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ABSTRACT 

A model that predicts the current density and potential distributions as a function of depth of discharge, discharge rate, 
and grid design has been developed for application to lead-acid batteries. The calculated potential distributions are in excel- 
lent agreement with the observations reported in a companion paper. The effects of the ohmic resistance of electrodes on 
capacity and distributions of potential, current density, and local active material utilization are discussed. It is demon- 
strated that the model can be used to optimize the design of grids or current collectors commonly used in lead-acid batteries. 

In a pr ior  paper  (1), a mathematical  model w a s  
described for predicting the potential distribution over 
the surface o~ electrodes. Th~s model was an extension 
of that introduced by Tiedemann et al. (2). In this 
model, the current density was assumed to be uniform 
over the electrode surface. Excellent agreement was 
found between the potential distribution predicted by 
the model and that measured experimentally in lead- 
acid cells immediately after the start  of discharge, 
i.e., for plates in the fully charged state. While ex- 
tremely valuable in evaluating various grid designs, 
one would also like to know the current density dis- 
tr ibution and hence the distribution of active material  
utilization during discharge. To obtain this informa- 
tion the assumption of uniform current density dis- 
tr ibution must be removed. 

Previously (3), we reported potential distributions 
measured on lead-acid electrodes of the motive power 
type and calculated the corresponding current density 
distribution based on the model of Tobias and Wijs- 
man (4). This approach is limited, however, to simple 
current collector geometries and to steady-state con- 
ditions. 

In this paper, we extend the model described in a 
companion paper (1) to handle a nonuniform distri-  
bution of current density. Our approach is similar to 
those reported by Vaaler and Brooman (5) and by 
Tiedemann and Newman (6). Vaaler and Brooman 
presented a model without the restriction of uniform 
current density distribution by treating the negative 
electrode as an equipotential surface. Later, Tiedemann 
a n d  Newman reported a :more comprehensive model 
which included the effect of cell polarization derived 
from a porous electrode model. Their mathematical 
descriptions were derived for symmetrical electrodes. 
Applications of these models have also been reported 
(7, 8). 

The model presented here describes the detaiIs of 
grid design variations in asymmetrical electrodes (both 
electrically and geometrically).  Cell polarization cor- 
relation was taken from experimental  data. The model 
includes the effects of active material  conductivity, 
electrode polarization, nonuniform current density dis- 
tribution, and grid design variations (number of hori- 

�9 Electrochemical Society Active Member. 
Key words: lead-acid battery, grid, current collector, modeling, 

optimization. 

zontal and vertical members, plate dimensions, single 
or multiple tabs and their locations, taper members, 
and diagonals of varying length, size, and their loca- 
tions). It predicts (i) cell voltage, (ii) potential dis- 
tributions on both positive and negative electrodes, 
(iii) current density distributions, and (iv) distribu- 
tion of local active material  utilization over the elec- 
trode surface all as a function of the discharge time, 
discharge rate, and grid design. 

Experimental 
A 12V automotive bat tery was assembled in the 

laboratory using factory-pasted plates. The bat tery 
contained six ceils connected electrically in series in 
which each cell had five positiv e and six negative 
plates. The positive grid was 1.6 mm thick and weighed 
58.9g. The negative grid was 1.2 mm thick and weighed 
45g. Both grids were 120 mm high and 142 mm wide. 
The weight of the pasted positive electrode was 156g 
and the pasted negative weighed 119g, 

To allow measurement of resistances of terminals, 
intercell connectors, and tabs, Teflon coated gold wires 
were attached to both ends of each component. The 
specific gravity of the electrolyte solution was adjusted 
to 1.265 g/cm 3 after formation. The terminal voltages 
and potential losses across the terminals, tabs, and 
intercell connectors were measured during discharge 
at different rates (25-500A) and temperatures (22 ~ 
50 ~ and --18~ The terminal bat tery  voltages ob- 
tained at room temperature were used for comparison 
with model predictions. The potentials measured at 
various locations on positive and negative electrodes 
were reported previously (1). 

To solve the grid model, it is necessary to measure 
the resistance of each grid segment between two ad- 
jacent nodes. The positive grid consists of 27 hori-  
zontal members and 10 vertical members, resulting in 
a total of 243 (27 X 9) horizontal segments and 260 
(26 X 10) vertical segments. Likewise, the negative 
grid contains 220 (20 X 11) horizontal segments and 
228 (19 X 12) vertical segments. The resistance of each 
of these grid segments was measured from horizontal 
and vertical bars cut from standard grids. 

Mathematical Model 
The overall  mathematical framework used in this 

study is summarized in the flow diagram in Fig. 1. 
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Fig. 1. Flow diagram showing the calculation steps used in this 
model. 

The indices i and j r epresen t  i th hor izonta l  and j th  
ver t ica l  members ,  respect ively ,  counted f rom a c o r n e r  
closest to the tab location. The model  is descr ibed by  
severa l  calculat ion steps. As an ini t ia l  condition, a 
u_niform cur ren t  dens i ty  d i s t r ibu t ion  was assumed 
(Step  I ) .  The resis tance of each grid segment  at (i, j)  
and .contributions of  the act ive ma te r i a l  conduct iv i ty  
were  de te rmined  for  a given t empera tu re  T, and the 
s ta te  o f  discharge,  Q (Step I I ) .  Using the cur ren t  
dens i ty  d is t r ibut ion  ca lcula ted  in the  previous  i t e ra -  
t ion step, the potent ia l  d is t r ibut ion  on the posit ive 
plate ,  Vp(i, j), and tha t  on the nega t ive  plate,  Vn(i, j ) ,  
were  calcula ted (Step I I I ) .  In  Step IV the potent ia l  
d is t r ibut ions  on the negat ive  p la te  were  super imPosed 
over  each locat ion of the posit ive node to get Vn* (i, j ) .  
In  Step V, the  cur ren t  densi ty  d is t r ibut ion  I(i, j )  was 
de te rmined  at each posi t ive node using an empir ica l  
v o l t a g e - c u r r e n t - t i m e  relat ionship.  The ba t t e ry  vo l t -  
age E was ad jus ted  unt i l  the  in tegra l  of the cur ren t  
dens i ty  dis t r ibut ion,  IT, equaled the appl ied  cur ren t  
density.  Steps I I I -V  were  repea ted  wi th  respect  to 
cur ren t  dens i ty  dis t r ibut ion.  

The convergence cr i ter ion was 1O-~, which is de -  
fined by  the ra t io  of the difference be tween  two suc-  
cessive cur ren t  densi t ies  at  each node to the present  
value.  If  this condit ion is satisfied at al l  nodes, the  
computa t ion  continues to the nex t  t ime s tep of dis-  
charge, namely ,  S tep  II. Usually,  i te ra t ion  s teps of less 
than  four  were  needed for a converged solut ion at each 
t ime step. Deta i led  descr ipt ions of each step are  given 
below. 

Grid member resistances.--Step H.- -The  cell  t em-  
pe ra tu re  and the amount  of active ma te r i a l  (PbO2 in 
the  posit ive and Pb in the negat ive  electrode)  va ry  
with  t ime dur ing  discharge.  Thus, the res is tance of 

each grid segment  has to be corrected for the cell  
t empera tu re  change and for the act ive mass cont r ibu-  
tion. The gr id  member  conductance,  the rec iprocal  of 
the resistance,  at a given t empera tu re  can be  es t imated 
by  

Khg( i , j )  -}- Kaa (i, i Q )  
Kh (i, j )  : [1] 

1 -~- Bt (T --  298) 

Kvs(i, j )  + Kva(i, j ,  Q) 
Kv(i, j) : [2] 

l + B t  ( T - - 2 9 8 )  

where  T is the  cell  t empera tu re  in K; Khg(i, j)  is the 
conductance of the  hor izonta l  gr id  segment  be tween  
nodes ( i , j )  and ( i , j  + 1); Kvg( i , j )  is the conductance 
of the ver t ica l  grid segment  be tween  nodes (i, j )  and 
(i + 1, j ) ;  Kha(i,j,Q) and Kva(i,j,Q) are hor izonta l  
and ver t ica l  components  of the act ive ma te r i a l  con- 
ductance  of a pel let ,  respect ively;  B t is the  t empera -  
ture coefficient of resistance.  

The t empera tu re  of the l ead-ac id  ceil was es t imated  
by  a s imple hea t  balance  equat ion  of 

dT hA 3600 Q 
= (T -- T,) + - -  [3] 

dt mC 4.184 mC 
where  

T 

where  T is the average cell  t empe ra tu r e  ( K ) ;  Ta is 
the  ambien t  t empera tu re ;  t is the discharge t ime in 
hours;  m is the  weight  of the cell  (3548g); C is the 
hea t  capaci ty  per  uni t  weight  of the cell ( c a l / g / K ) ;  
Q is the  heat  genera t ion  rate  ( J / sec )  ; hA is the  overa l l  
hea t  t ransfer  coefficient, h, mul t ip l ied  by  the surface 
a rea  of the cell,  A; Ic is the cur ren t  pe r  cell  (A) ;  n is 
the  number  o f  electrons in t h e  cell react ion;  F is the 
F a r a d a y  constant;  Ee is the revers ib le  cell  potent ia l ;  
E is the  t e rmina l  vol tage  of  a cell; S is the  en t ropy;  
w is the  react ion progress  var iable .  The heat  capaci ty  
of the  presen t  test  cell in the fu l ly  charged  s ta te  w a s  
es t imated as 0.222 c a l / g / K  and the hA as 394 c a l / K / h r .  

The effect of the active mate r ia l  conduct iv i ty  on the 
plate  resis tance was included using the method dis-  
cussed in the previous  pape r  (1). The active ma te r i a l  
conductivi ty,  Ka (~ -1  cm-1 ) ,  is defined by  the con- 
duct iv i ty  of a porous active mass e lement  of a uni t  
volume. Wi th  this definit ion of Ka, the ver t ica l  (Kva) 
and hor izonta l  (Kha) components  of the  act ive ma te r i a l  
conductance of a pe l le t  can be  de te rmined  f rom 

dta 
Kva(i , j ,  Q) - Ka(Q)  [4] 

b 

K~a(i, j ,  Q) = Ka(Q) dtb [5] 
a 

K a ( Q ) - - K o [ 1  Q(~'J)  ] [6] 
Qo 

where  dt is the  pla te  thickness and a and b are  lengths  
of the  ver t ica l  and hor izonta l  gr id segments,  respec-  
t ively;  Ko is the conduct iv i ty  of a porous act ive m a t e -  
r ia l  at the  ful ly  charged s tate  and 25~ Qo is the  
theoret ica l  ampere -hours  of act ive ma te r i a l  at the  
fu l ly  charged state;  Q is the ampere -hours  removed  
from the act ive ma te r i a l  at (i, j ) .  The conduct iv i ty  of 
the porous active mater ia l ,  Ka, was approx ima ted  b y  
a l inear  funct ion wi th  the  depth  of discharge at  each 
node, Q ( i , j ) .  The active mass conduct iv i ty  at the  
ful ly  charged state,  Ko, was repor ted  as 1969 ~ - i  c m - ,  
for the negat ive  and 32 ~ - 1  cm-Z for the posi t ive 
e lect rode (1). 

Potential distribution of. grids.--Step III.--A mathe -  
mat ica l  model  for predic t ing  the  poten t ia l  d i s t r ibu t ion  
of a p la te  was r epor t ed  in our previous  pape r  (1),  
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assuming tha t  the cur ren t  dens i ty  is un i fo rm over  the 
plate.  The gr id  was t rea ted  as a resis tance ne twork  of 
connect ing nodes where  the grid members  in tersect  
and Kirchoff 's  law was appl ied  to each node. Four  
equat ions  were  used to descr ibe  four  different  s i tua-  
tions shown in Fig. 2, which could arise wi th  the pres -  
ence of d iagonal  members .  The same equations were  
used in this  paper  except  for  the t e rm "apparen t  cur -  
ren t  densi ty."  The apparen t  cur ren t  dens i ty  used in 
paper  I was the constant  value,  I, bu t  this  was rep laced  
wi th  I ( i , j )  to descr ibe  the  apparen t  cur ren t  dens i ty  
as a funct ion of the locat ion of each node. The equa-  
tions cor responding  to Eq. [1]-[4]  of paper  I are  r e -  
wr i t t en  as 

[ V ( i , D  - -  V ( i - -  1 , D ]  g v ( i - -  L D  + [ V ( i , D  

- v ( i , i  - I ) ]  K h ( i ,  j - -  I )  + [ V ( i , D  - -  V ( i , .~  + I ) ]  

K h ( i , D  + [ V ( i , D  --  V ( i +  1, D ]  K , ( i , D  

+ 2Z(i , .~) A ( i , j )  = 0 [7] 

[V(i ,  j)  -- V ( i , j  -- 1)] Kh(/,  j -- 1) 4- [ V ( i , j )  

--  V ( i - -  1 , j ) ]  K v ( i - -  1, j )  4- [ V ( i , j )  - -  V ( i , j  4- 1)] 

K h ( i , j )  + [ V ( i , j )  - - V ( i +  1 , j ) ]  K v ( i , j )  4- [ V ( i , j )  

--  V d ( i - -  1, j --  1)]  K d ( i - -  1) + [ V ( i , j )  

- -  Vd(i + 1, j ) ]  Kd(i)  4- 2 I ( i , j )  A ( i , j )  ---- 0 [8] 

[V(i ,  j )  --  V ( i , j  -- 1)]  Kh(i ,  j - -  1) 4- [ V ( i , j )  

- v ( ~ -  1 , D ] K v ( i -  1,D + [V(~,D - Vd(i ,D] 

Kh(i, j)  (b /c )  4- [V(i,  j )  - -  V({ 4- l ,  j )  ] Kv(i, j)  

4- 2 I ( / , j )  A ( i , j )  = 0 [9] 

LVd(i, j)  - -  V ( i , j ) ]  K h ( i , j )  ( b /d )  4- [ V a ( i , j )  

-- V ( i  -- 1, j ) ]  Ka(i  -- 1) -t- I r a ( i ,  j )  --  V ( i , j  -F 1)]  

K h ( i , j )  (b /e )  4- [Vd( i , j )  --  V( i  4-1, j 4- 1)] Kd( i )  = O 

[101 

where  V(i ,  j )  is the po ten t ia l  at  the  node (i, j )  ; Vd(i, j)  
is the node po ten t ia l  of a ( l iagonal member  a t  an in~er- 
sec tmn be tween  ( i , j )  and [i, j 4 - 1 ) ;  K h ( i , j )  is the 
conauctance of the  hor izonta l  gr~d segmen~ between 
nodes ( i , j )  and ( i , j  4- 1); K v ( i , j )  is the  conductance 
of the ver t ica l  gr id  segment  be tween nodes (i , j)  and 
(~4-1,  j ) ;  K~(i) is the conductance of a d iagonal  

m e m b e r  segment  be tween  the i th row and the (i -F 1) th  
row; I ( i , j )  is the appa ren t  cur ren t  dens i ty  at  node 
(i, j ) ;  A(i ,  j )  is the  a rea  bounded by  dot ted  l ines (see 
Fig. 2) f rom which the node (i, j )  collects cur ren t  f rom 
the act ive mate r ia l ;  a, b, c, d, and e a re  the dis tances  
of segments  as shown in Fig. 2. 

Thus, a gr id  which has M hor izonta l  members ,  N 
ver t ica l  members ,  and  Na addi t iona l  nodes crea ted  by  
diagonal  member s  can be descr ibed by  MN -t- Nd equa-  
t ions and b y  an [MN 4- Nd, 2(N 4- d) 4- 1] m a t r i x  
where  d is the  n u m b e r  of d iagonal  members .  Refer  to 
paper  I for a de ta i led  explanat ion .  

The  resu l tan t  m a t r i x  was solved with  an  HP9835 
min icompute r  us ing the technique descr ibed b y  P ro -  
kopius  (9).  A t  a specified discharge t ime and t empera -  
ture  and wi th  the given resis tances of grid members  
and the given cur ren t  dens i ty  dis t r ibut ion,  the  po ten-  
t ials in each e lec t rode  can be de t e rmined  indepen-  
den t ly  at  al l  nodes. A s  the nodes in the negat ive  elec-  
t rode are  not  a l igned with  those in the posi t ive  elec-  
trode, the  ca lcula ted  g r i d  potent ia ls  in the  negat ive  
e lec t rode  were  super imposed,  wi th  a l inear  app rox i -  
mation,  over  the locat ion of the  posi t ive nodes. In  this 
way, po ten t ia l  losses in both electrodes were  de te r -  
mined  at  each locat ion of posi t ive  nodes. 

VoZtage-current- t ime-relat ionship.~From the poten-  
t ia l  losses in both electrodes,  the  cur ren t  dens i ty  

j v d ( i - l , j - 1  )., j 

�9 | [ -  _ ~ - 

F - - I  L --~, 
V( i , j+ l )  

, X-., 

l a )V(i+ 1,j} V i i +1 , j l '  ~ Vd(i+1,j } 

(a) (b) 

J 
. , '-l.J) I _ 

i-, ~(ij i '  ~- i - ' ,  ,,,~, " v(i.j.l~ 
v(i.,-,) " _ ~  v(,.,] ~ "~' "~ ,.J+,, 

- ,v,,+,,, ,  T ,  -@ ([ 
(c) (d) 

Fig. 2. Notation for indexing of nodes: (a) orthogonal intersec- 
tions; (b), (c), and (d) represent three situations for diagonal 
members intersecting horizontal segments. 

can be calcula ted at each posit ive node if a wel l -def ined 
vo l t age -cu r r en t - t ime  re la t ionship  is given. The r e l a -  
t ionship used in this s tudy  was the four  p a r a m e t e r  ana -  
ly t ica l  express ion r epor t ed  by  Shepherd  (10) 

RIo 
E = Es -- Nslc [Ii] 

Q 

where  Es, Ns, R, and Q are fitt ing paramete rs ;  Ir is the 
cur ren t  per  cell  in amperes ;  t is the  t ime of discharge 
in hours;  and E is the t e rmina l  vol tage of the cell. 
This equation was der ived  such that  the pa ramete r s  Es, 
NsIc, RIr and Q represent  equi l ib r ium cell  potentials ,  
res is t ive  potent ia l  losses in the cell, ac t ivat ion over -  
potent ia ls  a t  the fu l ly  charged state, and the cell  ca-  
pac i ty  in Ah, respect ive ly  (10). 

Equat ion [11], however ,  is inadequate  to de te rmine  
the effect of grid potent ia l  losses on the cur ren t  dens i ty  
d i s t r ibu t ion  along the electrode surface, as i t  is de-  
scr ibed  by  an overa l l  t e rmina l  vol tage E and a total  
cur rent  appl ied  to the  cell, Ir In  o rder  to descr ibe  the 
local cur ren t  dens i ty  d is t r ibut ion,  Eq. [11] was re-  
wr i t t en  as 

E -- Es -- Vp(i, j)  -- Vn* (i, j )  --  NI(i ,  j )A~ 

R I ( i , j ) A s  
- -  [ 1 2 ]  

tz(i, DAs 
1 

O, 

where As is the total apparent surface area of positive 
electrodes in a cell, I( i , j) is the apparent current den- 
sity at node (C, j),  E is the terminal voltage of a ce11, 
Nl( i , j )As is the resistive loss in the cell other than 
from the grid resistance, Vp(i, j) is the potential loss 
in the positive grid between a tab and a node (C, j ) ,  and 
Vn* (C, j) is the potential loss in the negative grid be- 
tween a tab  and a hypothe t i ca l  node at  the same loca-  
t ion as the posi t ive node (i, j ) .  

The overa l l  appl ied  current  per  cell, Ic, used in Eq. 
[11] is rep laced  with  the local  cur ren t  density,  I(i, j ) ,  
mult ip l ied  by  the to ta l  apparen t  surface area  of posi-  
t ive electrodes pe r  cell, As. The grid resis tance is ex-  
c luded f rom Ns of Eq. [11] and represen ted  wi th  Vp(i, j) 
and Vn* (i, j ) .  The p a r a m e t e r  N in Eq. [12] is then re -  
garded  as the res is t ive  component  in the cell  o ther  
than  grids. 

Equat ion [12] becomes ident ical  to Eq. [11] for  an 
ideal  cell  of zero grid resistance,  where  the  potent ia l  
losses in the grids are  absent  and the cu r ren t  densi ty  
is un i form over  the plate .  Under  this condit ions,  the 
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term, I(i,j)A9, equals Ic with the term Vp(i,j) + 
Y,* (i, j) being zero. 

The fitting parameters (E~, N, R, and Q) can be de- 
termined in two ways. Experimentally, they can be 
determined from polarization curves of an ideal cell 
of zero grid resistance using small cells (e.g., with an 
apparent surface area of 1 cm 2) or cells having highly 
conductive plates (e.g., lead-coated copper grids). Al- 
ternatively, they can be determined from a best fit 
between model predictions and polarization curves of 
cells of finite grid resistance. The latter approach was 
used here. 

Current density distribution.~Step V.~The local 
current density at node (i, j) can be calculated from 
Eq. [12] for a given cell voltage F.. The total current 
per plate, IT, then can be determined from the integral 
of the current density over the electrode surface 

M N 

~=1 ~=1 

where A (i, j) is the area from which a node (i, j) col- 
lects current from active materials. The A (i, j) is z/r ab 
at the corner of the plate, % ab at the node on the 
frame, and ab a t  the node other than on the frame 
members. If the calculated total current, IT, is different 
from the applied current, IJNp, where Np is the num- 
ber of positive plates per cell, then the cell voltage E 
was adjusted to calculate a new set of current density 
distributions. This calculation was repeated until the 
calculated total current, IT, agreed with the applied 
current (Ie/Np) within 10-~% deviation. 

Results 
Fitting parameters (E~, N, R, and Q) in Eq. [12] were 

determined from a best fit between model predictions 
and discharge curves of a standard 12V battery mea- 
sured at different rates (25-500A). They were Es -- 
2.0468, N -- --0.00153, R = 0.09167, and Q --- 48.0794. 
The voltage of a 12V battery was evaluated from 

Eb = 6E + RbZc 

where Eb is the terminal voltage of a 12V battery, E is 
the voltage of a cell, Ic is the current per cell, and Rb 
is the sum of resistances of two tenninals, five intercell 
connectors, and tabs used in battery assembly. The R~ 
was measured as 1.865 m42. 

The calculated and measured polarization curves are 
compared in Fig. 3. The dashed lines represent pre- 
dicted polarization curves of a battery containing ideal 
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t=ig. 3. Comparison between observed and predicted polarization 
curve= for = 12V automotive battery containing 11 plates per cell. 

plates of zero grid resistance and thus correspond to 
Eq. [11]. Solid lines represent the polarization curves 
predicted ~or a battery consisting of standard plates. 
A good agreement was found between data and predic- 
tions except for near the end of discharge where po- 
larization increases rapidly. 

Figure 3 shows that the ideal zero resistance grid 
has a negligible effect on the low rate capacity at 25A 
(or 14.7 mA/cm 2) but results in a significant capacity 
improvement at 500A (or 293 mA/cm2). At a cut-off 
voltage of 7.2V, the predicted cranking capacity of the 
standard batterY is 10 Ah and that of a battery em- 
ploying the ideal grid design is 16.4 Ah, leading to a 
possible 64% improvement. This is an upper limit 
which may be obtained by grid design modifications 
with no changes in the plate thickness and apparent 
current density. 

In Fig. 4, the potential distributions predicted at the 
fully charged state are compared with data (dashed 
curves) reported in our previous paper (1). The model 
predictions were obtained using resistances measured 
from each grid member segment and without the as- 
sumption of uniform current density distribution over 
the plate surface. It is shown that the agreement is ex- 
cellent with an average deviation being less than 5%. 

Normalized current density distributions predicted 
for different states of discharge are shown in Fig. 5 and 
6. At 500A, the initial current density distribution is 
extremely nonuniform, being 51-73% higher near the 
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Fig. 4. Comparison of initial grid potential distribution (in mY) 
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tab compared to the average current density and 27% 
lower near the bottom. As discharge continues, the 
current density distribution becomes more uniform be- 
cause the upper part  of the plate, which has been deeply 
utilized, polarizes more than the bottom. After a (J0 sec 
discharge or 8.33 Ah, the cell voltage drops to 7.5V 
with the current density distribution being nearly uni- 
form. 

During constant current discharge at 25A, the cur- 
rent  density distribution at the fulIy charged state is 
less pronounced than the case of 500A discharge but 
still is substantial, being 31-43% higher" near the tab 
than the average and 17% lower near the bottom (see 
Fig. 6A). The current density distribution becomes 
essentially uniform after 0.5 hr of discharge or 12.5 
Ah. After  1.5 hr of discharge (or 37:5 Ah) ,  the cur- 
rent  density near the bottom is significantly higher 
than that near  the tab. Clearly, electrode polarization, 
which depends on the local active material  utilization, 
is the major controlling factor compared to grid re-  
sistive losses in determining the current density dis- 
tribution near the end of 25A discharge. 

The local active material  utilization at a node can 
be calculated by integrating the current  density of the 
same node with respect to time. The results are shown 
in Fig. 7 and 8. The local active material  utilization 
(Ah/cm 2) was multiplied by the total surface area of 
positive plates in the l l - p l a t e  cell (i.e., 1700 cm 2) for 
the purpose of comparing directly with the overall  
ampere-hours discharged. With a discharge rate of 
500A, the distribution of the active material  utilization 
was highly nonuniform throughout the discharge even 
after 60 sec. The active material  near the bottom of the 
plate is utilized much less compared to that near the 
top (see Fig. 7B). Discharge could continue further to 
more fully utilize the active material  in the lower por- 
tion of the electrode but the bat tery voltage would be 
less than 7.2V, a voltage considered as a lower limif for 
engine starting. 

During discharge at 25A, the distribution of active 
material  utilization is more uniform compared to that 
of 500A discharge but still is significantly nonuniform 
as shown in Fig. 8A. However, near the end of dis- 
charge, the active material  is more evenly utilized 
over the plate surface (see Fig. 8B). As most of the 
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Fig. 7. Distribution of local state-of-discharge expressed as Ah/  
battery for a current of 500 A/battery or 100 A/plate at 22~ 
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active material  has been deeply utilized, further  dis- 
charge would lead to a rapid voltage drop caused by 
the aepletion of electrolyte in the pores of the elec- 
trode. 

Discussion 
In optimizing the design of batteries for high spe- 

cific power applications, the aim is to maximize the 
high rate perlormance while minimizing the weight 
of grids. ~'he high rate performance of a plate of a 
given electrode thickness can be improved by reducing 
the plate resistance. Reducing the weight of grids is 
desirable as it makes it possible to provide more active 
material  in a given electrode volume, thus increasing 
the overall  electrode capacity. Therefore, it is impor- 
tant to quantify the relationships between resistive 
losses in the grid, grid weight, grid design variations, 
and the high rate performance. 

Experimental  quantification of the effect of grid de- 
sign variations requires a large number of tests and 
in practice is impractical in view of time and effort 
involved in preparing grids of various designs. These 
effects were il lustrated here  using the model predic- 
tions. The eight different grid configurations studied in 
our previous paper (1) were used for purposes of 
comparing the effects of different grid designs. These 
were selected to illustrate the effects on the cell per-  
formance of varying (i) number, length, and location 
of diagonal members; (ii) number and location of 
tabs; and (iii) number and size of internal grid mem- 
bers. 

In our earl ier  work (1), we used the tab-to-corner  
potential difference as a measure for the cell perform- 
ance. In the present work, the calculated cell capacity 
to a 7.2V cutoff is used. The detailed grid configura- 
tions of interest were shown in Fig. 1A of our com- 
panion paper (1). The grid weight of each configura- 
tion was calculated based on the data in Table III  of the 
same paper  (1). The model was applied to eight dif- 
ferent l l - p l a t e  batteries containing negative and posi- 
tive plates of the same kind, namely; E-B, F-A, G-D, 
O-L, P-M, Q-N, U-R, and V-S (see Fig. 1A of 
paper I).  Also included was the combination E-A, a 
configuration presently being used in automotive bat-  
teries and used as an experimental  reference in this 
work. 

The predicted cranking capacities (at 500A per 
bat tery with a 7.2V cut-off voltage at 22~ for these 
eight different grid configurations are plotted in Fig. 9 
against the total weight of grids in the batteries. The 
ideal case is that of grid with zero resistance. The 
capacity for such a hypothetical situation is 16.4 Ah 
and is shown as the dashed line in Fig. 9. The capacity 
of the bat tery using production grids (combination 
E-A) was 10 Ah both as measured and as predicted 
from the model. For  a double tab design (combination 
Q-N) the cranking capacity is predicted to be 14.2 
Ah but with an increase of 7% in total grid weight. 
This improvement in capacity is due to the reduction 
in grid potential losses to 160 mV per cell from 305 
mV per cell in the standard design. The light weight 
grid configuration (V-S combination) has a tab at the 
1/4W position from the corner, two diagonals, and more 
than half of the internal horizontal members removed. 
A bat tery design of this configuration results in the re-  
duction of the grid weight by 35% or 1.2 kg/ba t te ry  
with the cranking capacity no less than obtained with 
the standard battery. 

The accuracy of the model was verified by the good 
agreement between measured and predicted potential 
distributions. To use the model as a means of pre-  
dicting the cell capacity, Shepherd's voltage-current-  
time relationship was used with fitting parameters 
evaluated near  the range of the current of interest. 
Generally, this equation was quite satisfactory. But 
near the end of discharge or during high rate discharge 
where the cell voltage drops rapidly, a greater  de- 
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Fig. 9. SLI battery capacities (at 500A and 22~ predicted for 
nine different grid combinations are plotted as a function of the 
total grid weight. Detailed grid configurations were shown in the 
Appendix of the companion paper (1). 

viation occurred which reduces the accuracy of the 
capacity predictions in Fig. 9. 

The present model can be used to predict the effects 
on the cell performance of a variety of grid design 
variations such as tab location, number and location 
of diagonal mem~bers, number and size of grid mem- 
bers, tapered configuration of frame and internal grid 
members, and the size of each pellet. However, the 
present model does not predict 'the effects on the cell 
voltages of electrode design or operation variables 
such as plate thickness, porosity, paste density, active 
surface area, thickness of the separator, and initial 
electrolyte concentration. A model for describing these 
electrode effects is being developed and will be re- 
ported in the future. 

Conclusion 
A mathematical model was developed that predicts 

the transient, two-dimensional (along the width and  

the height of the electrode) behaviors of lead-acid 
cells (i.e., cell voltage, current density distribution, 
grid potential losses, the distribution of  local active 
material utilization, and cell capacity) as a function 
of the depth of discharge, discharge rate, and grid 
design variations. An excellent agreement was found 
between data and predicted potential distributions. It 
was demonstrated that the model can be used (4) to 
describe detailed physical changes occurring in the 
electrode during discharge, (ii) to quantify the inter- 
actions between grid design, grid weight, and the cell 
performance, and (iii) to optimize the design of grids 
or current collectors for a variety of applications 
through a computer-aided design approach. 
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ABSTRACT 

When oxidized in a nonaqueous cell containing 1.0M LiC104 in propylene carbonate, polyacetylene develops a voltage 
of 3.4-4.0V vs. Li/Li + C10(.  Oxidation levels at least as high as [CH(C104)0.1o]x can be produced electrochemically and then 
reduced to the undoped state with nearly 100~ coulombic efficiency. The electrochemical doping (oxidation) process is 
only efficient when carried out with a min imum of l iquid electrolyte under  ultraclean conditions. Similar results are ob- 
served with a LiAsF6 electrolyte. Polyacetylene is an extraordinary material  of great importance for electrochemistry.  How- 
ever, on the basis of this and other published research, it is not yet clear that it offers major advantages over current elec- 
trodes for high energy density nonaqueous batteries. 

Po lyaee ty lene  is a fasc inat ing  new ma te r i a l  wi th  
ex t r ao rd ina ry  e lec t rochemical  proper t ies .  I t  is a s imple  
conjugated  organic  po lymer  which can easi ly  be syn-  
thesized by  the cata lyt ic  po lymer iza t ion  of acetylene.  
Po lyace ty lene  films can be chemical ly  oxidized and 
reduced  by  a va r ie ty  of species, such as halogens  
(I  and Br)  and var ious  o rgano-a lka l i  meta l  reagents ,  
such as n - b u t y l  l i th ium and sodium naphthal ide .  These 
react ions  are  genera l ly  re fe r red  to as p -dop ing  (ox ida-  
t ion) or n - d o p i n g  ( reduct ion) .  They produce com- 
pounds of the  type  (CHXy)x and (MuCH)x, in which 
y is typ ica l ly  in the  range  of 0-0.1. What  is most un-  
usual  about  po lyace ty lene  is tha t  p -  or  n -dop ing  
t ransforms it f rom a v i r tua l  e lectronic insula tor  into 
a lus t rous  po lymer  wi th  an electronic conduct iv i ty  
typica l  of meta ls  (1). 

The revers ib le  oxidat ion  and  reduct ion of po ly -  
ace ty lene  can also be car r ied  out e lec t rochemical ly  
in nonaqueous  e lec t ro ly tes  conta in ing  appropr ia t e  dis-  
solved anions or cations. These react ions  were  first 
descr ibed by  Nigrey  e t a l .  (2). The e lec t rochemical  
potent ia ls  of  oxidized po lyace ty lene  films (X ---- I, 
AsF6, Br, C104) are  typ ica l ly  3-4V vs. the  L i / L i  + 
electrode.  The potent ia ls  of the reduced  films (M --  
Li, Na) are  about  0.5-1.5V vs. that  of L i /L i+ .  Nigrey  
e t a l .  (2) and  MacInnes  e t a l .  (3) first suggested tha t  
the  oxidized and reduced  polyace ty lenes  might  be 
used as high vol tage anode /ca thode  couples in non-  
aqueous e lec t rochemical  cells. 

The genera l  goals of our  research have been to 
examine  those aspects of the chemis t ry  and e lec t ro-  
chemis t ry  of po lyace ty lene  which  influence its po ten -  
t ia l  appl ica t ion  in bat ter ies .  This paper  summar izes  
our  invest igat ions  of the s tab i l i ty  and e lec t rochemical  
oxida t ion  of  po lyace ty lene  in p ropy lene  carbonate  
conta ining LiC104~or LiAsF6. 

Stability 
Polyace ty lene  exists in eis and trans isomers (Fig. 1). 

Trans polyace ty lene  is the t he rmodynamica l ly  s table  
form. The cis i somer  can be produced  by  po lymer iza -  
t ion at  low (--78~ tempera tures ,  but  it  is uns table  
toward  isomerizat ion,  which  can be  induced by  hea t -  
ing o r  by  doping wiLh various chemical  species (5, 6, 
7). Po lyace ty lene  also se l f - reacts ,  fo rming  cross- l inks  
and defects. These react ions occur r ap id ly  at  e levated  
t empera tu res  (150~176 (5).  

The  s t ab i l i ty  of po lyace ty lene  has been s tudied  b y  
var ious  authors  (8, 9, 10, 11).  In  the  absence of a 

1Permanent  address: Department of Materials Science, Uni- 
versity of Pennsylvania, Philadelphia, Pennsylvania 19104. 
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supply  of counterions,  v i rg in  and doped po lyaee ty lene  
are  ex t r eme ly  react ive  wi th  oxygen.  When  films are 
exposed to small  concentrat ions of oxygen for shor t  
times, the reac t ion  appears  to be revers ible .  However ,  
dur ing  longer  exposure,  oxygen i r r eve r s ib ly  a t tacks  
the po lymer  chain and degrades  the conjugated  bond 
ne twork .  Oxidat ion  also embr i t t l es  the  mater ia l .  S imi-  
la r  revers ib le  and i r revers ib le  react ions are  observed 
with  other  oxidants.  We have observed tha t  iodine-  
doped polyace ty lene  i r r eve r s ib ly  degrades  above 60~ 
and films doped with  b romine  i r r eve r s ib ly  degrade 
above about  40~ (11). There  are ini t ia l  indicat ions 
(1I, 12) tha t  films doped  wi th  A s F s -  and  C104- are  
somewhat  more  stable.  

Electrochemical Experiments 
MacDiarmid  e t a l .  first demons t ra ted  tha t  films of 

po lyace ty lene  p repa red  by  the Sh i r akawa  technique 
can be read i ly  doped to semiconduct ing and meta l l ic  
s tates  wi th  a wide va r i e ty  of chemical  species (13, 14, 
15). In teres t  in the e lec t rochemis t ry  of po lyace ty lene  
began with  the demons t ra t ion  by  Nigrey  e t a l .  (2) 
that  po lyace ty lene  can be e lec t rochemical ly  oxidized to 

H H H H \ / \ / 
C ~ C  / \ / c - - c \  / 

/c--c c--c 
H H H / \ H  

CIS 

? ? Y H 
~C%c/C~c/C~c/C%c/ 

I I I I 
H H H H 

TRANS 
Fig. 1. Polyacetylene isomers 
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the metal l ic  s ta te  in react ions  that  are the e lec t rochemi-  
cal equivalents  of the chemical  doping reactions.  Many 
addi t ional  invest igat ions  of the e lect rochemical  re -  
actions of po lyace ty lene  have been repor ted  (16-21). 

Our  research has examined  the oxida t ive  (p -doped)  
e lectrochemical  react ions of po lyace ty lene  in p ropy l -  
ene carbonate  containing LiC104 or LiAsF6. I ts  p r in -  
cipal goals have  been to explore  the revers ib i l i ty ,  
coulombic efficiency, and  e lect rochemical  potent ia ls  as- 
sociated wi th  the react ions at var ious  levels  of dop-  
ing (values of y in [CHXy]x. 

The po lyace ty lene  films used in these exper iments  
were  p repa red  by  the technique first descr ibed by  
Sh i r akawa  (4). Po lyace ty lene  was t rans fe r red  and 
s tored under  vacuum, and manipu la ted  and s tudied in 
an iner t  a tmosphere  d ry  box. 

Exper iments  were  carr ied  out wi th  e lec t rochemical  

Li REFERENCE ELECTRODE 
(CHlx~ 

Pt MESH- 
ENVELOPE 

~ CLIPS 

~Li COUNTER 
ELECTRODE 

i-'-'~Ll QUI D LEVEL 
/ELECTROLY TE 

Fig. 2. Larger volume electrochemical cell 
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Nichrome Lead I Pt Lead 
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Carbonate 

Li on Ni M e s h ~  

CH) x on Pt Mesh 

I ~~Celgard' Separator 

Alumina Activated 

cells of the types  shown in Fig. 2 and Fig. 3. Elect rolytes  
were  p repa red  f rom Burd ick  and Jackson p ropy lene  
carbonate  which was dis t i l led and then perco la ted  
through n e u t r a l  ac t iva ted  a lumina  (F isher  or Woe lm) .  
The e lect rolyte  salts were LiAsF6 (U.S. Steel,  E lec t ro-  
chemical  Grade) ,  LiC104 (Al fa -Ven t ron) ,  and LiC104 
(Anderson  Physics) .  The salts  were  dr ied  at 180~ 
before  use. Af te r  the salts  were dissolved,  the e lec t ro-  
ly te  solutions were  purif ied by  a second percola t ion  
through ac t iva ted  alumina.  

Results 
Ser i e s  A.- -The  first series of exper iments  was car -  

r ied out  using the e lec t rochemical  cell  shown in Fig. 2 
and electrolytes  p r e p a r e d  f rom LiAsF8 and from 
LiC104 obta ined  f rom Alfa -Vent ron .  Data  f rom one 
set of e x p e r i m e n t s  using LiAsF6 are  desc r ibed  first. 
These exper iments  used a sample  of po lyace ty lene  of 
about  0.7 cm 2 in a rea  (2.8 mg) ,  he ld  in P t  mesh, 
along with  app rox ima te ly  10 cm 3 of 0.95M LiAsF~ in 
p ropylene  carbonate.  

The cell  was first s tudied  wi thout  any  po lyace ty lene  
in o rde r  to de te rmine  the e lec t rochemical  s tab i l i ty  of 
the  e lectrolyte .  The work ing  e lect rode was a la rge  
piece of P t  mesh, about  2 cm 2 in area, no rma l ly  used 
to hold the  sample  of polyace ty lene .  While  the po ten-  
t ia l  was s lowly  swept  f rom 2.7 to 4.0V vs.  L i / L i  + at  
2 mV/sec,  background  currents  of less than  3 ~A/cm 2 
were  observed be tween  3.2 and 3.75V. Around  3.8V, 
the cur ren t  began to rise and reached a value of about  
20 ~,A/cm2 at  4.0V. The solvent  had  a good window 
of s tab i l i ty  in the potent ia l  range  of 3.2 to 3.75V vs.  
L i / L i  +, but  decomposed at an increas ing ra te  at  h igher  
potent ials .  

With  the po lyace ty lene  sample  in place,  apprec iab le  
ox ida t ion  began at  a round  3.4V and the cur ren t  rose 
to jus t  over  3 mA/cm2 at 4.0V. Reduct ion was ob-  
served when the sweep was reversed.  

The po lyace ty lene  sample  was then r e pe a t e d ly  oxi-  
dized and reduced  to de te rmine  the m a x i m u m  ox ida -  
t ion level  which could be achieved and the revers i -  
b i l i ty  of the  reaction.  To oxidize the  film, the  po ten-  
t ia l  was increased in 100 mV steps from 3.5 to 3.9V. 
The e~per iment  was first car r ied  out  wi thout  a sample  
of polyacetylene .  The control  expe r imen t  demons t ra ted  
that  negl ig ible  background  cur ren t  passed up to po-  
tent ia ls  of 3.9V. Wi th  a sample  in place, cur rents  upon 
ini t ia l  polar izat ion were  much larger ,  typ ica l ly  0.5-1 
mA/cm2, on the basis of the geometr ic  a rea  of one side 
of  the polyacetylene.  At  each potent ia l ,  the  cur ren t  
decayed  r a p i d l y  to a v.alue tha t  r emained  a p p r o x i -  
ma te ly  constant.  The magni tude  of the  l imi t ing cur -  
ren t  increased wi th  increased polar iza t ion  vol tage  
(see Table I ) .  

A separa te  expe r imen t  under  essent ia l ly  ident ical  
condit ions was designed to de te rmine  the coulombic 
efficiency of the  ox ida t ion / r educ t ion  process. This ex-  
pe r imen t  s ta r ted  wi th  a f resh sample  of  polyace ty lene ,  
which a t ta ined  an  open-.circuit vol tage of 2.49V vs.  
Li /L i+ .  The film was oxidized (charged)  by  increas-  
ing its potent ia l  f rom 2.6 to 3.7V in 100 mV steps. At  
any  given potent ial ,  the potent ia l  was increased when 
the cur ren t  had  decayed  to app rox ima te ly  10% of its 
peak  value. To reduce  the film (d ischarge) ,  the p o -  

Table I. 

Potential  (V) I Limiting 
(Charge) ( i.r cm ~ ) 

I I 1.0cm 
Fig. 3. Sealed electrochemical cell of small electrolyte volume 

3.5 20 
3.6 24 
3.7 57 
3.8 157 
3.9 571 

Total 
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tent ia l  was stepped immediate ly  to 3.6V and then to 
3.0V in 100 mY steps. 2kgam, the potent ial  was de- 
creased wr~enever the current  decreasea to 10% of its 
ini t ia l  value at any  pomntml.  A final discharge step 
at 2.5V was carriec* out mr  24 hr. l iable II  summarizes 
the results. The m a x i m u m  oxidatmn level at tained 
(y in [CHXyJx) was 0.11, based on the total charge 
passed. However, the total charge recovered dur ing 
discharge indicated a real y value of only 0.023. This 
yielded an apparent  efficiency of charge storage and 
recovery only about 22%. 

We observed similar  results in other exper iments  of 
this type. Because this behavior might  have been the 
result  of some curious chemistry of the AsF6-  ion, 
the experiments  were repeated with an electrolyte 
o f  1.0M LiC104 in propylene carbonate. However, all 
of the results were consistent, regardless of the elec- 
trolyte salt. In  all cases, the coulombic efficiency of the 
polyacetylene electrode was very low. The charge 
recovered upon reduct ion indicated that  a ma x i mum 
oxidation level  of no greater  than 0.02-0.03 could be 
achieved before the oxidation process became very 
inefficient. 

Series B.- -The  results of Series A are inconsistent 
with previous reports by MacDmrmid and co-workers 
(see, ~or example,  2, 16-21) which have indicated that 
polyacetylene can be oxidized to y values of 0.07 with 
coulombic efficiencies of over 90%. They obtained 
these r e s u l t s  with electrochemical cells containing 
very small  amounts  of electrolyte. 

We evaluated one cell of this type, which was pre-  
pared by  members  of Professor MacDiarmid's research 
group. It  contained a polyacetylene electrode about 
1.12 cm 2 in area (2.7 rag). The polyacetylene was sepa- 
rated from a l i th ium electrode with Celgard TM, a 
porous polymeric separator. The electrode package 
was packed into the upper  par t  of a Small glas~ cell 
(see Fig. 3). The lower par t  was filled with activated 
alumina.  

The cell had undergone five charge-discharge cycles 
before it  was given to us under  the conditions of 0.050 
m A / c m  2 charge followed by discharge at 0.500 m A /  
cm 2 and an addit ional  exhaustive controlled poten-  
tial discharge at 2.5V vs. Li/Li  +. We then carried out 
seven addit ional  cycles. Table III  summarizes  the re- 
sults. 

In  each cycle, the polyacety]ene electrode film was 
oxidized at a constan~ current  of 50 ;,A/cm 2. During 

Table I I .  

Potential (V) % Cumulative oxidat ion 
(Charge) * Q (C) or reduction 

2.6 0.0002 
2.7 0.0004 
2.8 0.0005 
2.9 0.0005 0.01 
3.0 0.0010 0.02 
3.1 0.0020 0.03 
3.2 0.0045 0.07 
3.3 0.0095 0.14 
3.4 0.0190 0.28 
3.5 0.1017 1.10 
3 6 0.1070 1.90 
3.7 1.1740 11.00 

Tota l  cha rge :  1.4203 

(Discharge)  
3.6 0.0001 
3.5 0.0124 0.09 
3.4 0.0211 0.25 
3.3 0.0211 0.41 
3.2 0.0117 0.50 
3.1 0.0046 0.53 
3.0 0.0033 0.56 
2.5 0.2425 2.30 

Tota l  cha rge :  0.3168 
Eff ic iency:  22% 

" N o t  c u m u l a t i v e .  

Table Ill. 

Reduct ion  c u r r e n t  Qo/Q~ Qo/Ql 
% Oxidation* ( m A / c m  ~ ) ( % ) �9 * Tota l  %4 

6.96 0.56 48.7 92.1 
6.96 0.56 48.6 92.2 
7.00 0.56 52.7 92.1 
6.00 0.56 45.3 94.3 
3.00 0.28 50.0 90.0 
6.00 0.28 66.5 90.7 
6.00 0.14 60.5 84.8 

* 100y In (CHXv)~, oxidized at  0.050 mA/cm~;  ** at  cons tan t  
c u r r e n t ;  ~ cons tan t  c u r r e n t  plus  addi t ional  cont ro l led-potent ia l  
d i scha rge  a t  Z.5V. 

oxidation, the potent ial  of the cell slowly rose from 
about 3.79V at y _-- 0.03 to 3.9V at  y ---- 0.07. The cell 
was then discharged at three different currents:  500 
~A/cm z, 250 ;~A/cm "~, and 120 #A/cm ~, in separate ex- 
periments.  At all  three discharge currents,  the cell 
potent ial  immediate ly  fell to about 3.4V. It then con- 
t inued to decrease un t i l  it reached 2.5V. The constant-  
current  d ischarge was changed to an extended con- 
t rol led-potent ia l  discharge at that potential.  

About  50% of the charge could be removed dur ing 
the constant current  discharge at 500 ;~A/cm 2 before 
the cell potent ial  reached 2.5V. At the lower discharge 
currents,  60-65% of the charge was removed before 
the potential  reached 2.5V. The ini t ia l  peak currents  
dur ing  controlled potential  discharge were 500-800 
#A/cm 2. After  about 1 hr, the current  decayed to less 
than 50 ~A/cm 2. After  15 hr  at  2.5V, the current  was 
less than I ~A/cm 2. The controlled potential  discharges 
extracted an addit ional 30-40% of the ini t ial  oxida- 
tion charge, which yielded overall  coulombic efficiencies 
of 85-95%. 

Series C - - A n o t h e r  cell of this design (Fig. 3) was 
prepared. I t  used a polyacetylene sample of 1.3 cm 2 
(2.86 mg) supported on Pt  mesh of about 2 cm 2. The 
l i th ium counterelectrode was formed by pressing l i th-  
ium r ibbon  into a nickel support  mesh, and was about 
3 cm 2 in  area. The electrodes were separated by a 
Celgard K-442 polypropylene sheet. The cell contained 
about lg  of activated a lumina  (Woelm) as a continuous 
getter for impuri t ies  and about 1 cm ~ of electrolyte pre- 
pared from Burdick and  Jackson UV-grade propyl-  
erie carbonate which had been vacuum distilled and 
contained 1.0M LiC104. After  one f reeze-pump- thaw 
cycle, the cell was seared under  vacuum. 

The cell was charged at a constant  current  density 
of 50 ~A/cm 2 (based on the area of one side of the 
polyacetylene) and later  discharged in two steps, first 
at 500 #A/cm 2 unt i l  the potential  reached 2.5V, and 
then in  an extended control led-potent ia l  discharge at 
2.5V. The control led-potent ia l  discharge was general ly 
carried out for about 16 hr, dur ing  which the cell 
cur rent  decayed to less than 1 ~A/cm 2. A typical plot 
of current  vs. time dur ing  control led-potent ia l  dis- 
charge is shown in Fig. 4. 

The results of this exper iment  are summarized in 
Table IV, which presents the f ina l  open-circui t  volt-  
age at tained after charging as a funct ion of oxidation 
level. It also indicates the fraction of charge recovered 
dur ing cons tan t -cur ren t  discharge and the total charge 
recovered at constant current  and controlled potential. 
The data are listed in the order of increasing oxidation 
level. The real  order in  which the experiments  were 
carried out is i nd i ca t ed  by the numbers  in brackets 
after each value of y. Figure 5 plots the open-circui t  
voltage after charging as a funct ion of oxidation level. 

The results on coulombic efficiency clearly demon-  
strate that  nea r ly  all of the charge injected dur ing  
oxidation can be recovered if the reduction begins 
immediately.  However, regardless of the oxidation 
level, only about half  of the charge can be recovered 
under  the cons tan t -cur ren t  conditions used (500 ~A/ 
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y. Cell oxidized at 50 #A/cm 2 constant current. 

cm~). The r e m a i n d e r  can only be ex t rac ted  at  lower 
rates.  

To measure  the ra te  of se l f -d ischarge  of the cell, 
the polyace ty lene  was first charged to a y level  of 
0.03 and then discharged using the usual  constant -  
cu r r en t / con t ro l l ed -po ten t i a l  sequence. In  one exper i -  
ment  the discharge began immedia te ly ,  in the  other  it  
was de layed  whi le  the cell  stood on open circuit  for 
40 hr. The resul ts  are  summar ized  in Fig. 6. Imme d i -  
ate constant  cur ren t  discharge recovered 41% of the 

Table IV. 

Final  Qo/Ql Qo/Qi 
% Oxidation* poten t ia l  (V) (%)** Tota l  %~ C y c l e  

0.50 3.61 19.7 100.0 18 
1.00 3.59 2.1 100.0 12 
2.00 3.60 2.4 100.O 16 
2.50 3.68 3.5 93.2 20 
2.69 3.80 46.3 96.9 3 
3.00 3.80 39.2 73.1 1 
3.00 3.80 21.3 62.0 2 
3.00 3.80 41.6 96.8 8 
4.00 3.81 43.3 89.0 4 
4,00 3.83 45.5 92.5 5 
4.00 3.84 45.5 94.4 6 
5.00 3.84 45.6 89.7 7 
5.00 3.84 46.9 92.5 9 
5.00 3.82 46.1 93.0 10 
6.00 3.82 44.2 95.4 14 
7.00 3.82 41.6 95.6 19 
8.0r 3.86 50.9 88.9 11 
8.00 3.86 46.9 94.1 15 
9.00 3.86 44.6 91.2 17 

10.00 3.85 48.7 87.6 13 

* 100y in (CHX~)~; ** at  cons tan t  c u r r e n t  of  500 /~A/cm~-; T con- 
s tant  c u r r e n t  plus addi t ional  cont ro l led  po ten t ia l  d i scharge  a t  
2.5V. 
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2.8 
W 

40 
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QOUT / Q~N 
Fig. 6. Immediate and delayed constant current (500 #A/cm 2) 

reduction of polyacetylene originally oxidized to a level of y = 
0.03 at 50 #A/cm 2 in an LiCIO4-PC electrolyte. Charge fraction 
refers to fraction of the original doping level recovered upon re- 
duction. 

charge;  an addi t iona l  56% was recovered  dur ing  the 
subsequent  con t ro l l ed-po ten t ia l  discharge for a total  
coulombic efficiency of 97%. The in i t ia l  open-c i rcu i t  
po ten t ia l  was high, but  d ropped  sha rp ly  as the  resu l t  
of cell  resis tance when the d ischarge  cur ren t  was ap -  
plied. In  the o ther  exper iment ,  the 40 hr  de lay  re-  
su l ted  in a decrease in the open-c i rcu i t  potent ia l  of 
the cell. No change in the cel l  IR drop was observed.  
But, constant  cur re l~  discharge recovered  o n l y  21% 
of the in i t ia l  charge.  A tota l  of 61% was recovered  
af te r  the con t ro l l ed-po ten t ia l  step. 

Discussion 

Our exper iments  confirm previous  reports  of Mac-  
Dia rmid  et al. (16-19) tha t  po lyace ty lene  can be re-  
vers ib ly  oxidized (p -doped)  to composit ions of 
(CH[CiO4]on0)x and then reduced  wi th  nea r ly  100% 
coulombic efficiency. The resul ts  also i l lus t ra te  severa l  
aspects  of the s tabi l i ty ,  var ia t ion  in e lect rochemical  
potent ial ,  and e lec t rochemical  revers ib i l i ty  of po ly -  
acetylene.  These are  discussed in this section, which 
also reviews the prospects  for po lyace ty lene  as a ca th-  
ode mate r i a l  in nonaqueous bat ter ies .  

Our  resul ts  confirm that  the oxida t ion  of  po ly -  
ace ty lene  is h igh ly  efficient if  ca r r ied  out  wi th  a min i -  
m u m  of e lec t ro ly te  under  u l t rac lean  condit ions (for 
example ,  2-3 mg of po lyace ty lene  wi th  about  1 cm 3 of 
e lec t ro ly te  sealed under  vacuum wi th  A1203--exper i -  
menta l  Series  B and C). However ,  poor coulombic 
efficiencies were  observed w h e n  the same amount  of 
film was in contact  wi th  about  10 cm 3 of e lec t ro ly te  in 
a cell  which was not  sealed under  vacuum, but  
mere ly  opera ted  in a d ry  box. We assume that  the  in-  
efficiency observed with  the  la t te r  cell  was the  resul t  
of impur i t ies  in the electrolyte ,  a l though no thorough 
s tudy  of the  impur i t y  content  of the  var ious  e lec t ro-  
lytes  used in this invest igat ion has been carr ied  out. 

The observat ion that  even cells which use a min imum 
of e lec t ro ly te  can yie ld  poor Coulombic efficiencies 
dur ing  ini t ia l  ox ida t ion / reduc t ion  cycles (see, for 
example ,  Table  IV, cycle 1) suggests that  po lyace ty lene  
is ex t r eme ly  sensit ive to the presence of t races of 
impur i t ies  in the e lectrolyte .  The first ox ida t i on / r educ -  
t ion cycles wi th  a po lyace ty lene  e lect rode m a y  ac tua l ly  
he lp  pu r i fy  the electrolyte .  Whether  impur i t ies  are  in 
fact  the ma jo r  cause of poor  efficiency, however ,  can-  
not  be confirmed wi thout  a more  deta i led  s tudy  of 
e l ec t ro ly te /po lyace ty lene  interact ions.  
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We have also observed that only about 50% of the 
charge stored in oxidized polyacetylene (x = C104) 
at a current density of 50 ~A/cm z can be recovered 
at a constant-current discharge of about 500 ~A/cm 2 
before the potential of the electrode drifts sharply 
toward negative values. The remainder of the stored 
charge appears to be accessible, but only upon ex- 
tended controlled-potential  discharge at 2.5V vs. Li/  
Li +. These results imply that slow diffusion of C104- 
in polyacetylene may hinder the recovery of a large 
fraction of the stored charge. Results which also imply 
that the slow diffusion of anions in polyacetylene may 
limit the rate  of its electrochemical reactions have been 
presented by Will (23). 

The results shown in Fig. 6 also suggest that even 
under carefully controlled conditions, oxidized poly- 
acetylene (x = C104) undergoes considerable loss of 
charge t~pon standing on open circuit for 40 hr. This 
might be the result of the diffusion of C104- species 
deep into the polyacetylene fibrils or of slow self- 
discharge with the nonaqueous electrolyte. It might 
also be caused by the irreversible chlorination of poly- 
acetylene by C104-. 

There is no doubt that many of the oxidized poly- 
acetylene compositions are thermodynamically unstable 
toward irreversible oxidation of the conjugated-poly- 
mer backbone. As mentioned earl ier  in this paper, i r-  
reversible halogenation begins at 40~176 with B r -  
or I -  as the doping ion. The stabili ty of C104--doped 
compositions appears to be considerably greater, al-  
though recent reports of Abe et al. (24) and Winkle 
e t  al. (25) indicate that extended electrochemical cy- 
cling of polyacetylene with C104- may slowly result 
in  its irreversible chlorination. It may be that the 
degree of irreversible oxidation of polyacetylene is 
negligible if it is cycled within a carefully defined 
potential range. Fur ther  investigations of its long-term 
cyc le  life as a function of doping level are needed to 
resolve this point. 

In measuring the open-circuit  potential of C104-- 
doped polyacetylene as a function of C104- content 
(see Fig. 5). we observed two potential plateaus. This 
behavior contrasts with the smooth increase in open- 
circuit potential with doping level reported by Kaneto 
e t  al. (16). Our data were obtained at somewhat lower 
currents than those used by Kaneto e t  al. (20 ~A/mg 
film [50 ~A/cm 2] vs. up to 100 ~A/mg film) and are also 
based on complete oxidation/reduction cycles to oxi- 
dation levels chosen in a semi-random order. The data 
are quite consistent. They were not obtained at inap- 
propriately high current densities or electrode poten- 
tials. Why two plateaus are observed is not clear. How- 
ever, Abe et al. (24) have recently reported similar 
results. Perhaps two plateaus are an artifact, perhaps 
not. Nevertheless, these results underscore the need 
for a careful study of the interrelationshiu of the 
prel)aration conditions, structure, and moruholo~'v of 
polyacetylene and its electrochemical characteristics. 

All  of these results underscore the fact that  the 
most desirable properties of polvacetvlene--high elec- 
tronic conductivity, oxidizin~ and reducing power, and 
uti l i ty as an electrochemical e lectrode--are  observed 
with compositions that often are highly reactive or 
unstable. Polyacetylene is an extremely sensitive elec- 
trode material  which must be handled carefully dur-  
ing cell assembly, used only with highly pure electro- 
lytes, ,and cycled within strict potential limits. 

Possible bat tery appl~cations of polyacetylene have 
been widely discussed. Three types of batteries using 
polyacetylene as an electrode material  have been sug- 
gested (3). The first uses p-doped polyacetylene as a 
cathode material, most l ikely with a l i thium or simi- 
la r ly  high energy-densi ty anode; the second uses n- 
doped potyacetylene as an anode in combination with 
a cathode such as TiS2; and the third is an a l l -poly-  

acetylene battery in which the n-doped material  is 
the anode and the p-doped form is the cathode. 

On the basis of the information which has been 
published so far, two major factors appear to impede 
the application of polyacetylene in high energy-density 
rechargeable batteries. The first is the instabili ty of 
both virgin and doped polyacetylene, which has al-  
ready been discussed in this paper. The other is its 
apparently low gravimetric-  and volumetric-energy- 
densities, in either the p-doped (cathode) or n-doped 
(anode) form. 

To put polyacetylene in perspective, Table V com- 
pares the characteristics of a typical oxidized poly- 
acetylene cathode composition, [CH(C104) 0.10]x with 
TiS2, and a polyacetylene anode composition, 
[Li0.1oCH]x with pure Li. Note that it takes about 
twice the weight and nearly ten times the volume of 
the oxidized polyacetylene to store the same charge 
as TiS2. The characteristics of n-doped polyacetylene 
are similar. 

These calculations consider only charge and not 
cell voltage. To include voltage, Table VI summarizes 
four possible bat tery couples involving the anodes 
and cathodes drawn from Table V. The characteristics 
presented for polyacetylene n-doped with Li are 
based on currently available experimental  results. 
Kaner et al. (26) and Huq et al. (27) have indicated 
that n-doping of polyacetylene occurs readily in a 
highly pure electrolyte of 1.0M LiC104 in te t rahydro-  
furan (THF). Coulombic efficiencies for charge and 
immediate discharge are nearly 100% for doping levels 
up to 0.08. Above y = 0.08, the efficiency decreases in 
this part icular  electrolyte. The potential of the 
(LiyCH) x electrode varies from about 1.5V at y ---- 0.01 
to 0.5V for y : 0.08. 

As Table VI shows, the voltage of a Li/(CH[C104]0.10) 
cell is about 50% higher than a comparable Li/TiS2 
cell. Its price is increased weight and volume. Similarly, 
cells involving (LiyCH)x anodes sacrifice considerable 
potential, weight, and volume compared to their Li 
counterparts. One additional difference between the 
cathode materials is worth noting. Cells using TiS2 
have an invariant salt concentration in the electrolyte, 
whereas cells using polyacetylene cathodes inject ad- 
ditional electrolyte salt (here LiC104) into the electro- 
lyre during the discharge process. Sufficient solvent 
must be present to accommodate the additional salt. 

We have not attempted to estimate energy densities 
for complete cells. In such estimates, much clepends 
on the specifics of design. It is especially difficult to 
extrapolate the characteristics of active materials to 
the performance of a finished system when a radically 
different electrode material  is being considered. Never- 

Table V. Theoretical gravlrnetrlc and volumetric energy densities 
of selected electrodes 

Gravimetric Volumetric 
Electrode g/eq cmS/eq 

Ti~.  111.0 34.2 
[CH (C104) o.lo ]# 229.0 327.0 
Li 6.9 12.9 
[Lio.loCH]~ 137.0 195.0 

Table VI. Theoretical energy densities of selected couples 

Voltage Energy density 
Couple (V) (W.hr/kg) 

Li/TiS.o 2.0 454 
Li/[CH (CLOD o.~o]# 3.0 341 
(Lio.loCH) ~/TiS2 1.0 108 
(Lio.loCH) ~/ 
[CH ( ClOD o.lo]~ 2.0 146 

Voltages are estimated operating voltages. 
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theless, the results currently available for the electro- 
chemical pertormance of polyacetylene catt~odes and 
anodes suggest that they are conslaerably less mter- 
e.sting as mgh energy density camode ana anode ma- 
terials than materials such as TiS2 (28) and Li. 

We have also made no attempt to estimate the po- 
tential power densities that m~ght be achieved with 
polyacetylene electrodes. If energy densities are diffi- 
cult to estimate, power densities are more so, since 
power density is largely an engineering parameter. 
However, current data do not inc~catc that polyacety- 
lene is a major breakthrough in achieving high power 
densities. 

All of these estimates would be changed if the maxi- 
mum oxidative doping level of polyacetylene could be 
increased to 0.20 or 0.30 with high coulombic efficiency. 
On the basis of what we currently know, increasing the 
doping level would require either decreasing the volt- 
age of the polyacetylene cathode or identifying a non- 
aqueous electrolyte that is stable at potentials above 
3.9-4.0V vs. Li/Li +. Currently, the charging process in 
propylene carbonate containing LiC104 becomes in- 
efficient above y : 0.10. In this range, the electrode 
potential is greater than 3.9V vs. Li/Li +, and the non- 
aqueous electrolyte begins to decompose. Similarly, 
n-doped polyacetylene would be a more attractive 
anode if it could store more charge at potentials closer 
to that of pure lithium. 

Unfortunately, too Iittle is understood about the 
electrochemical reactions of polyacetylene to know 
whether, for example, the present doping levels are 
limited by an intrinsic characteristic of the doped state 
or by an extrinsic factor such as the morphology of 
the polymer. Logical directions for polyacetylene re- 
search include a search for new dopants and electro- 
lytes which will permit the material to be cycled 
efficiently to higher doping levels. In addition, the re- 
lationship between the structure of doped polyacety- 
lenes and their electrochemical behavior must be un- 
derstood to determine whether the currently achieved 
capacities might be increased by changing the physical 
characteristics of the material. 

To understand the structural/compositional/property 
relationship in polyacetylene is an exciting challenge 
for electrochemical research. Perhaps polyacetylene or 
some other polymer yet to be discovered will revolu- 
tionize batteries; perhaps not. Regardless, polyacety- 
Iene is a remarkable material which opens u.p new 
areas of electrochemistry and deserves continued re- 
search. 
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ABSTRACT 

Anodic dissolution of a luminum in hot chloride solutions produces a high density of fine etch tunnels  that extend along 
[100] directions. Tunnels evolve from cubic etch pits when all but one of the pit wall surfaces become Passivated; dissolution 
then occurs at the one active face at a rate that may initially be as high as 20 A/cm 2. Tunnels have square cross sections with 
sides - 1 tLm and aspect ratios as high as 100:1. Tunnel  growth may be considered a unique form of pitting cOrroSion in which 
dissolution and passivation occur simultaneously with a sustained balance between the two processes. 

Anodic  dissolution of a luminum in hot chloride solu- 
tions produces a high density of fine tunnels  that ex- 
tend along [100] directions. Tunne l  etching is used 
commercial ly to process tonnage quanti t ies of foil for 
use as electrodes in a luminum electrolytic capacitors. 
The tunnels  in these foils are typically 1-2 #m wide, 
40-50 ~m long, and present  at a densi ty of the order 107 
cm -2 (1, 2). 

Tunne l  at tack of a luminum was first reported in a 
s tudy of tap water  corrosion of 2S alloy (3). Edeleanu 
studied these structures in some detail, as part  of a 
larger s tudy on the propagation of corrosion pits (4). 
Corrosion scientists have general ly  not  paid much at-  
tent ion to tunne l  attack, perhaps because it appears to 
be a secondary feature of pi t t ing attack at room tem- 
perature.  

Tunne l  growth is difficult to s tudy because it is 
accompanied by general  crystallographic attack that 
masks tunne l  ini t ia t ion and confounds measurements  of 
tunne l  length. We were fortunate to find a combinat ion 
of p re t r ea tmen t / e t ch /me ta l  that  produces a uni form 
dispersion of nucleat ion sites with a high probabi l i ty  
that each site develops into a tunnel .  This made pos- 
sible a detailed and quant i ta t ive  s tudy of tunne l  growth 
and morphology without  interference from general  
crystallographic attack. We present  here the results 
of that  s tudy and we discuss the phenomenon as it 
may relate to pi t t ing corrosion. A model describing 
electrochemical events in the tunnels  is under  de- 
velopment  by  the authors. 

Experimental 
Specimens were 100 ~m-thick, 0-temper,  99.99% 

A1 capacitor-grade foil from Toyo A l u m i n u m  Com- 
pany. 2 This foil is fabricated to have a high cubicity 
texture,  so the surface is composed mostly of (100) 
planes and tunnels  grow normal  to the surface. Similar  
foil is available from other major  a luminum suppliers, 
but  each may  require a .different pre t rea tment  to get a 
tmiform dispersion of tunnels.  

Specimens were cleaned by  immersion for 10 rain 
at room temperature  in  ei ther 1N NaOH or 1N HC1. 
rinsed, and then immediate ly  t ransferred to the elec- 
trochemical cell. Anodic dissolution was in 1N HC1 at 
a constant  nomina l  cd of 50 or 200 m A / c m  2 for times 
between 0.1 and 10O sec, and at temperatures  40~176 
The potential  was measured vs. a ~saturated calomel 
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electrode at room temperature,  using a Luggin probe 
with tip placed 1-2 mm from the A1 surface. 

This h igh-pur i ty  metal  did not  undergo general  
corrosion in the HC1 etchant, even at elevated tem- 
peratures, dur ing the t ime required for these experi-  
ments. The dis tr ibut ion of init ial  etch pit sites is more 
uniform in HCI than in NaC1 solutions, and no solid 
oxidation product is formed in bulk  solution in HC1. 
The appearance of the tunnels  produced in  acid and 
neut ra l  chloride solutions is identical. 

Tunne l  features were studied by examinat ion of 
oxide replicas in the scanning electron microscope 
(SEM). Barr ier  oxide films 75 nm thick were deposited 
on the specimen surface and then the metal  was dis- 
solved in warm Br2-methanol solution. The outside 
film surface was mounted  on the specimen stub so 
that t h e  tunnels  extended toward the viewing direc- 
tion. These films are self-support ing and consume only 
25 n m  of A1 metal, so no significant smoothing effects 
are introduced at the magnifications used in this study. 

Results 
Qualitative aspects of tunnel growth.--The sequence 

of tunne l  growth is i l lustrated in  Fig. 1 for specimens 
that had been cleaned in NaOH and then etched at 
90~ 200 mA / c m 2. At 0.2 sec, only  a dispersion of 
small  cubic pits is present;  the shallow scallops cover- 
ing the surface are from the NaOH pretreatment .  At 
1.0 sec, the pit depth is significantly greater than 
width, i.e., the tunne l  s t ructure  has started. At 90~ 
and also at lower temperatures,  in i t ia l ly  only cubic 
pits are present  and tunnels  become evident  between 
0.5 N 1.0 sec. 

At 5.0 sec, tunnels  are well-developed along the 
three (100) directions. The tunnels  extending paral -  
lel to the original  surface lie just  under  the surface 
and originate from a side wall  of a cubic pit. Small  
etch pits are seen that  s tar ted some time after the first 
pits and will develop into later  generations of tunnels .  
No general  surface attack is evident. 

At 10 sec, the tunne l  a r ray  has a densi ty of vertical 
tunnels  on the order 106 cm -2 and exhibits a range of 
lengths and widths. Tunnels  are straight, symmetrical ,  
and usual ly  tapered, al though paral lel-s ided tunnels  
are f requent ly  seen. At 90~ the tunne l  width at the 
base is general ly  1.0 ~ 2.5 ~m on a side, but  occasion- 
ally some wider  tunnels  are seen. If etching at 90~ 
is continued, say, for 30 sec, tunnels  will  be 70-80 
~m long and will have tapered to a width of ,,,0.25 t~m. 

Width measurements  at specified tunne l  heights for 
short tunnels  superpose s imilar  data for long tunnels .  

13 



14 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY January I984 

Fig. 1. Tunnel growth sequence at 200 mA/cm ~, 90~ A: 0.2 sec; B: 1.0 sec; C: 5.0 sec; D: 10.0 sec. HaOH pretreatment 

That lateral  dimensions do not change wi th  t ime means 
that  all dissolution takes place at the tunne l  tip. This 
is a critical feature of tunne l  growth. Dissolution occurs 
in one direction and wall  surfaces are passive. 

Figure 2 shows some s t ruc tura l  details of tunnels  
grown at 70~ 200 mA/crn2 for 5 sec. The tunnels  have 
square cross section and the tip surface is smoot h , al-  
though sometimes what  appears to be growth facets 
are present, as on the right. There is a well-defined 
right  angle edge between tip face and wall; no 
rounded contours are evident.  Crystal s tructure not 
only  determines the direction of tunne l  growth, but  
the tunnels  grow by crystallographic dissoIution. In 
contrast  to the flat, general ly featureless tip surface, 
the walls are highly rippled with matching contours 
on adjacent  walls. The wal l - r ipple  density is the same 
at 90 ~ and 70~ ~10 ~ em -1. 

It  was thought that  because of the active na ture  of 

Fig. 2. Tunnel tips at 70~ 200 mA/crn 2, 5 sec 

the tunne l  tip dissolution might  occur for some in ter -  
val  that  would alter the tip appearance after the 
external  current  was shut  off. To prevent  any open- 
circuit attack, an etch was performed at 90~ in which 
the current  was stepped to a cathodic pulse of 50 m A /  
cm 2 for 20 msec prior  to open circuit. The appearance 
was unchanged by this procedure, suggesting no sig- 
nificant open-circui t  attack. A more thorough evalua-  
t ion of the potential  dis t r ibut ion following current  
reversal  is needed to determine how much dissolution 
may occur dur ing  the reversal t ransient .  

The s t ructural  details of t unne l s  from an etch in 
1N NaC1 (5) were found to be identical  to those of 
the tunnels  from an HC1 etch. The electrolyte com- 
position in the restricted geometry of the tunnels  is 
determined mostly by the dissolution rate of a luminum 
and will be a concentrated A1C13 solution, independent  
of the na ture  of the cation in the bulk  solution. 

Lower temperatures  tend to produce wider tunnels .  
The widest  tunnels  observed in this s tudy were about 
7 ~m, in samples etched at 60 ~ and 65~ No tunnels  
init iated if the temperature  were below 60~ con- 
firming an observation made by Jackson (2). How- 
ever, tunnels  would continue to grow at lower tem- 
perature after tunnels  had started at a higher tem- 
perature.  For  example, after 5 sec at 90~ the tem- 
perature was lowered to 40~ by rapid addition of 
cold etchant, and the etch was continued for 20 sec. A 
tunne l  that propagated dur ing this period is shown 
in  Fig. 3. The wider end section of the tunne l  de-  
veloped dur ing the 40~ etch. 

Quantitative aspects of tunnel growth.--Tunnel 
lengths were measured from micrographs like those 
in  Fig. 1. Using the convent ion that  the tongest t u n -  
nels had ini t ia ted when the current  was switched on, 
length  vs. t ime was determined for these first genera-  
t ion tunnels.  Different etch conditions were used and 
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Fig. 3. Effect of temperature decrease from 90~ to 400C during 
etch at 200 mA/cm "z. NaOH pretreatment. 

the several  sets of data are plotted in  Fig. 4. At longer 
times, the tunne l  densi ty is so high that  the location 
of a tunne l  base is obscured in 45 ~ views. In  those 
cases, the specimens were examined in cross sections 
prepared with conventional  metallographic techniques. 

From Fig. 4, it is seen that  nei ther  p re t rea tment  nor  
nomina l  cd had an effect on individual  tunne l  growth 
rate, al though tunne l  densi ty and tunne l  width de- 
pended on these par t icular  conditions. Conditions that 
affect t unne l  ini t ia t ion do not  necessarily h a v e  any 
effect on subsequent  t unne l  growth. 

The init ial  tunne l  growth rate increased with in-  
creasing temperature.  At 70 ~ and 80~ the growth rate 
was constant  up to ,-~55 ~m length and decreased 
slightly at longer lengths. The dashed port ion of the 
70 ~ curve  indicates that tunnels  perforated the speci- 
men at 80 sec. Therefore, a longer tunne l  length  would 
have been recorded if a thicker foil had been used. 

Tunne l  growth at 90 ~ and 97~ was quite different 
than at the lower temperatures.  Up to 65-70 #m, the 
length increased as t 0-7, and the g rowth  stopped when  
tunnels  reached a length of 70-90 ~m. 

Ini t ia l  growth rate vs. 1 /T is shown in Fi~.. 5. An 
addit ional data point at 60~ (not shown in Fig. 4) 
is also included. An  apparent  activation energy of 15 
kca l /mol  describes the process over the whole tem- 
pera ture  range. 

The relat ionship between growth rate and cd at the 
tunne l  tip is given by the relat ion 
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For A1, z = +3,  p = 2.7 g /cm ~, and M = 27, so i (A/  
cm e) ~_ 2.9 dl /d t  (~m/sec).  At 97~ the ini t ia l  cd 
was more than 20 A/cm z, and at 60~ the ini t ia l  cd 
was more than 2 A/cm z. The la t ter  is still quite high. 

The metal  weight loss dur ing  etching is 10-15% 
greater than calculated for the Faradaic charge. There 
is also a quant i ty  o~ H= evolved from the surface that  
is equivalent  to the excess weight loss. The gas may 
be evolved from the tunnels,  but  this has not  been 
directly observed. This occurs to the same extent  in 
neu t ra l  NaC1 solutions as in the acid solutions used 
here. 

The open-circui t  potential  was in the range --1.03 to 
--1.08V (SCE). Upon application of the current ,  the 
potential  increased to ca. --0.8V SCE and then re-  
mained constant  (_+5 mV).  The voltage rise at 50 
mA / c m 2 is shown in Fig. 6. The potentials include 
10 N 20 mV IR drop between foil and Luggin probe ,  
depending on the probe location with each specimen. 
A plateau dur ing the first second is p rominent  at 70~ 
but  gets smal ler  as temperature  increases. This could 
be associated with either pit  nucleat ion or tunne l  ini-  
tiation. Steady-state  t unne l  growth occurs at constant  
electrode potential.  

When the cd was increased to 200 m A / c m  2 in 50 
mA / c m 2 steps, the potential  increased in equal incre-  
ments, and the slope of the polarization l ine was close 
to the value estimated for the ohmic drop between 
Luggin probe and working electrode. Thus, ohmic po-  
larization controls the i - V  curve. This is in agreement  
with the observation that  t unne l  growth rate did not  
vary  with nomina l  ed (Fig. 4). Extrapolat ion of such 
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Fig. 6. Electrode potential (SCE) vs. time at 50 mA/cm 9 and 
several temperatures. 
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data to zero cd, as in Fig. 7, gives an estimate of E~l free 
of ex terna l  IR, but includes the IR drop within  the 
tunnels. Measurements  at  tempera tures  from 60 ~ to 
90~ gave a t empera ture  dependence of EA1 of about 
- -  1 mV/degree .  

Effect ol open-circuit and step changes.--To get an 
idea o f  how rapid ly  tunnel  growth can be quenched, 
the galvanostatm etch was in ter rupted for br ief  open- 
circuit  intervals.  For  example,  at 90~ and 200 m A /  
cm 2, the etch was in te r rupted  at 5 sec for an in terva l  
of 43 msec and then continued for a total etch t ime 
of 10 sec. The longest  tunnel  length seen in this speci- 
men was 30 #m, which is typical  of a 5 sec etch period 
(see Fig. 4). This exper iment  was repeated at 70~ and 
200 m A / c m  2, applying a 43 msec in ter rupt  at 15 sec 
wi th  a total  etch t ime of 3'0 sec. The tunnel  lengths 
were  characterist ic of a 15 sec etch period. 

Thus, 43 mse c on open circuit  is sufficient to quench 
tip dissolution. This was the shortest  in te rva l  used in 
these exper iments  and may be longer  than the mini-  
mum t ime needed for tip passivation. 3 At  t h e  t ime the 
open-ci rcui t  in terva l  was applied, the tip cd was 15 
and 5.5 A / c m  2 at 90 ~ and 70~ respectively.  

Instead of an open-circui t  interval ,  the nominal  cd 
was reduced f rom 200 to 50 m A / c m  2 over  the 43 msec 
span. An etch for 5 sec at each cd (I0 sec total) pro-  
duced tunnels 50 #m long. This is the same as for a 
s teady cd, indicating that  the step had no effect on tip 
cd. The reduct ion in nominal  cd was accommodated by 
an instantaneous reduct ion in active area, as shown in 
Fig. 8. The nonact ive tip area was repassivated at the 
same potent ia l  that  supported active dissolution on the 
rest of the tip face. 

a Conditions recently d e s c r i b e d  f o r  a commercial etch p r o c e s s  
using pulsed d.c. indicate that an open-circuit interval of about 
1 msee may cause tip passivatlon (13). 

Fig. 8. Step change in ed from 200 mA/cm'~ (5 sec) to SO mA/  
cm 2 (5 sec) at 90~ 

An increase in tempera ture  causes a wide tunnel  to 
break up into smaller  tunnels. Figure  9 shows tunnels 
that  were  grown first at 65~ and then had hot etchant  
rapidly added to raise the t empera tu re  to 90~ For  
smaller  tunnels to form it is necessary for passive 
zones to develop on the wide tunnel  tip, F rom this, we 
infer that  the passivation process occurs more readi ly  
at h igher  tempera ture .  The l imit ing tunnel  length at 
90 ~ and 97~ (Fig. 4) must be owing to passivation of 
the tip occurring more easily at these tempera tures  
than at lower temperatures .  

Discussion 
There are many  common features of tunnel  dissolu- 

tion and pi t t ing corrosion. Tunnel  growth  occurs in the 
neighborhood of  the pi t t ing potent ial  (2, 6), and in 
this potential  region the a luminum undergoes crystal-  
lographic attack (7). Dissolution at a high cd in re-  
s tr icted geometry  creates a local electrolyte  composi- 
t ion substantial ly different f rom the bulk. In this en-  
v i ronment  hydrogen evolut ion accompanies meta l  dis- 
solution. Repassivat ion is a rapid process and occurs 
at the dissolution potent ial  under  some conditions (8). 

Tunnel  growth may  be considered a special form 
of pit t ing corrosion. Its un ique  features are s imul tane-  
ous dissolution and passivation on adjacent  surfaces, 
and sustained balance be tween these two processes. 

In our experiments ,  pit nucleat ion and growth dur ing  
the first tenths of a second are s imilar  to the events 
reported for init ial  pi t t ing of iron and nickel  (9) in 
that  crystal lographic pits wi th  characterist ic d imen-  
sions of a few microns are produced. The tunnel  struc- 
ture starts when dissolution becomes l imited to one 
pit  face due to passivation of the other  faces. An ele-  
vated tempera ture  seems necessary for this passive 
film to nucleate.  

The reactions taking place at the tunnel  tip are 
most l ike ly  the same as occur dur ing convent ional  
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Fig. 9. Effect of temperature increase from 65~ to 90~ at 
200 mA/cm 2. 

pi t t ing  at this potent ia l .  This would be dissolution 
across an  adsorbed chloride l aye r  or perhaps  a thin 
ba r r i e r  sal t  l aye r  (9, 10); any  th icker  l ayer  is p re -  
c luded by  the c rys ta l lographic  na tu re  of the at tack.  
Tip pass ivat ion  m a y  resul t  f rom t ranspor t  of wa te r  
across this film to the  meta l  surface to form an oxide 
monolayer  tha t  blocks meta l  ion t ranspor t .  

I t  is difficult to de te rmine  whe the r  the  etch tunne l -  
ing process proceeds under  t r anspor t  or  under  ac t iva-  
t ion control.  Seeming to point  to act ivat ion control  are  
da ta  at  and be low 8O~ for which the tunnels  grow at 
a constant  ra te  as etching proceeds.  However ,  since 
there  is a significant IR drop along a tunnel ,  the  po-  
ten t ia l  at  the  tunne l  t ip must  decrease dur ing  etching 
but  st i l l  have no effect on dissolut ion rate.  For  example ,  
at  80~ the g rowth  ra te  is constant  at 10 A/cm2; if 
the solut ion res i s t iv i ty  is 1 ~ -cm,  then the IR drop 
increases 1 mV per  ~m of tunnel  length.  

At  90~ the tunnels  grow at a decreas ing rate,  a t  
constant  potent ia l ,  as e tching proceeds.  One might ,  
therefore,  expect  the growth  ra te  to decl ine as t 1/2 
under  diffusion control,  or  as t 1 under  ohmic control.  
The observed dependence  of t ~ is in te rmedia te  be -  
tween these and suggests mixed  control.  

The act ivat ion energy  over  the  t e m p e r a t u r e  range  
under  s tudy  was found to be 15 kca l /mol .  This is in 
the  lower  range  of values  associated wi th  chemical  
reactions,  and is h igher  by  severa l fo ld  than  values 
associated wi th  diffusion or  conduct ion th rough  liquids. 
However ,  because an act ivat ion energy  of 15 kca l /mo l  
is in the range observed for diffusion in solids, one 
could not  rule  out diffusion control  in a salt  film 
formed at  the tunnel  tip. 

There  are  two ways  to sus ta in  tunnel  growth.  The 
first is to have para l l e l  reac t ions  of t ip dissolution and 
wal l  passivat ion,  The r a t e  at which a uni t  s tep is 
dissolved must  equal  the ra te  at  which a uni t  length  
is passivated.  There  appears  to be no inheren t  l imi ta -  
tions in fitt ing any  of the  exper imen ta l  observat ions  to 
such a model. The presence of a pass ivat ing  wal l  film 
tha t  can spread  r e l a t ive ly  eas i ly  m a y  be the necessary  
qua l i ta t ive  difference be tween wal l  and tip tha t  sus- 
tains tunne l  growth.  A n y  mode l  based on this idea 

must  provide  a means  for  l imi t ing one reac t ion  to the 
wal l  and another  to the tip. 

The second way  to make  a tunnel  is by  sequent ia l  
dissolution and passivat ion.  A sequence consists of 
in i t ia t ion of a pi t  a t  the tunnel  tip, p i t  g rowth  to fill 
the tunnel  cross section, and pass ivat ion of this new 
surface. A new b reakdown  event  on the t ip  face then  
s tar ts  the  nex t  cycle. With in  the context  of this model,  
the  wal l  r ipples  may  be the height  of each sequence 
s tep  and the t ip facets a re  stages in pi t  growth.  A 
serious shor tcoming of this hypothes is  is tha t  since 
each  sequence step requi res  ini t ia t ion of wal l  pass iva-  
tion, i t  cannot easi ly  account  for  cont inued tunne l  
growth  af te r  a step change to low tempera tu re .  Also, 
i t  is not  clear  w h y  the center  l ine of the tunne l  r e -  
mains  fixed dur ing  growth.  Dissolution on the t ip 
face is expected to sp read  symmet r i ca l l y  f rom the 
b r eakdown  point.  This does not  happen.  Instead,  dis-  
solut ion stops near  the previous  wal l  boundary ,  inde -  
pendent  of the  point  of ini t iat ion.  

Tunnel  growth  dur ing  anodic dissolution is not  
unique to a luminum.  A high dens i ty  of microscopic 
tunnels  p ropaga t ing  along c rys ta l lographic  direct ions 
has been observed in stainless s teel  dur ing  s t ress -cor -  
rosion cracking (11), and in GaP and n - t y p e  GaAs 
dur ing  dissolut ion in methanol ic  C1 solut ion (12). 
These are  not  cubic systems,  as is a luminum.  I t  is not  
known if these al l  form by a s imi la r  mechanism.  
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A Simple Phase Transition Model for Metal Passivation Kinetics 
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ABSTRACT 

We present a minimal parameter kinetic model which describes the corrosion and passivation of metal surfaces. Two 
elementary steps are included, namely, the oxidation of surface metal atoms to produce adsorbed cations, and the subse- 
quent dissolution of these cations into the electrolyte. Oxide layer formation is represented by two-dimensional condensa- 
tion of adsorbed cations to produce a continuous phase; statistics of the condensation process are treated at the mean field 
level. The structure and magnitude of the i-V curve in the active-passive transition region is calculated for two cases: the 
limit of maximum passivation hysteresis (spinodal decomposition of the oxide phase), and the limit of zero hysteresis (equil- 
ibrated phase transition). Methods for analyzing experimental i-V curves to yield the rate constants associated with the 
model are presented. 

Passivation plays a crucial role in  the corrosion re- 
sistance and electrochemical behavior of many  metals. 
The remarkable  na ture  of the passivation effect is 
shown most clearly by polarization curves (i-V plots) 
of the active-passive t ransi t ion region, which reveal 
that the oxidatmn current  passes through a max imum 
and  then actual ly decreases with increasing anodic 
polarization. 

Detailed measurements  of the passivation process 
have been performed for metals  covering much of 
the periodic table (1, 2), using a variety of exper imen-  
tal techniques, many  of which are considerably more 
sophisticated than simple i-V curve measurements  (3). 
These results have provided both quali tat ive and quan-  
ti tative evidence for a wide range of microscopic re-  
actions, reflecting the fact that the formation of passive 
layers in real  systems involves a complex and in ter -  
related set of processes. 

As a result  of this complexity, there appears to be 
a shortage of exper imenta l ly  useful kinetic models that  
are simple enough to provide an overall  description of 
the active-passive t ransi t ion region with a min imal  
number  of kinetic parameters,  but  which contain pa- 
rameters  that have an in terpretable  physical signifi- 
cance (4-9). Such models, provided that  their  hmi ta -  
tions and assumptions are clearly understood, can be 
a valuable  aid to the experimenter .  

In  this paper, we describe a simple kinetic model for 
the passivation process which nevertheless can account 
for all of the characteristic features of the classical 
i-V curve for the active-passive transit ion.  The model 
contains only  two e lementary  rate processes, namely,  
the oxidative hydrolysis of surf'ace metal  atoms to 
produce adsorbed cations, and the dissolution of these 
cations away from the electrode surface. Passivation 
is effected by assuming that the rate of cation dis- 
solution decreases as the cation coverage increases, 
due to the stabil izing influence of oxide lattice bond 
formation. After  developing the model, we next  ex- 
amine  the predicted i-V curves for two extremes of 
passivation behavior:  the l imit  of max imum hysteresis, 
where the phase t ransi t ion between isolated cations and 
a condensed oxide layer  occurs via spinodal decom- 
position; and the l imit  of a ful ly equil ibrated phase 
transition, where the i~V curve will track the "tie 
line" describing a first-order phase t ransi t ion between 
dilute and condensed cation layers. For each limit, 
equations are developed which permit  the kinetic 
parameters  of the model to be de termined directly 
from exper imenta l ly  measured i -V curves. 

Development of the Model 
We begin by  assuming that  there are two e lementary  

steps which determine the overall  mechanism of cor- 
rosion and passivation: oxidative hydrolysis of surface 
metal  atoms to form adsorbed cations 

Key words: metals, electrode, corrosion, passivity. 
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M - - h e -  . >M"+(a) [1] 
kox 

followed by d~ssolution of cations into the electrolyte 
phase. The lat ter  process may involve cations that are 
isolated on the electrode surface 

M n+ (a) -"--> M a+ (,q) [2] 
k'd~s 

as well  as cations incorporated into the oxide layer 

M.+(o~), , >Mn+(~q) [3] 
k"dis 

In  particular,  we do not explici t ly consider the ele- 
men ta ry  steps by which isolated cations are incorpo- 
rated into the oxide layer. 

Instead, we fur ther  assume that the only feature 
which distinguishes an isolated adsorbed cation from 
a cation in the oxide layer  is the presence of a full 
complement  of nearest  neighbor cations. This permits 
us to treat the surface adsorbate layer as a lattice gas 
of interact ing cations, for which isolated cation be-  
havior is obtained in the l imit  as e --> 0 and oxide-like 
behavior  is obtained as e --> 1. 

Finally,  we assume that the dissolution rate con- 
stants defined in reactions [2] and [3] can actual ly 
be thought of as the two l imit ing extremes of a single, 
coverage dependent  dissolution rate constant, kdis(e) 

k'dis "- kdis(e -- 0) and k"dis "" kdis(e "-- 1) [4] 

The coverage dependence of kdis(e) is assumed to 
arise from the fact that  the difficulty of dissolving a 
cation will increase with the n u m b e r  of nearest  neigh-  
bor cations, due to the formation of lattice oxide bonds. 
With this assumption, it becomes possible to describe 
cation dissolution using a single rate constant, which 
does, however, depend strongly on the average cation 
coordination n u m b e r  at each value of e. 

The exact form of an analytic expression used for 
kdis(O) will depend on the na ture  of the microscopic 
interactions and on the level of approximation used 
to solve the populat ion statistics of the cation layer 
lattice. For our present  purposes, the assumption of 
pairwise additive interactions in the mean field ap- 
proximat ion provides a suitable i l lustrat ion of the 
effects we wish to describe. At this level of approxima-  
tion, the average desorption energy associated with 
cation dissolution, Ed, will be l inear ly  proport ional  to 
cation coverage 

Ed = Ed ~ n u ns~O [5] 

where ns is the saturat ion n u m b e r  of nearest  cation 
neighbors sur rounding  a surface cation in the oxide 
lattice, and w is the effective interact ion energy be-  
tween neighboring cations. The lat ter  will  include the 
decrease in solvation energy produced by  exclusion 
of water  l igands from a cation when  a new oxide 
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bond is formed, as well as the meta l -oxygen bond 
energy. Other factors which influence passive layer  
s tabi l i ty  (e.g., anion concentration,  pH, etc.) will also 
be included in the effective value of ~. 

If Eq. [5] is assumed to describe the average cation 
dissolution energy, then the rate constant for cation 
dissolution becomes 

kd~s = kUdis exp (--1~O) [6j 

where ~ = ns,~/RT and k~ represents the dissolution 
rate constant for an isolated adsorbed cation. Since 
this average rate constant describes the dissolution 
of all  cations (isolated and oxide-incorporated) ,  the 
rate expression for the dissolution current,  i, becomes 

i = kOdisO exp (--'80) [7] 

At steady state, of course, this will equal the rate of 
cation formation by reaction [1]. We expect that  reac- 
tion [1] will only occur on tnat  i ract ion of the metal  
surface which is not covered by adsorbed cations. 
Fur the r ,  we expect that the rate constant  for the oxi- 
dative hydrolysis process w i l l  have the Tafel- l ike 
behavior  typical ly associated with charge t rans ier  
processes. Thus we assume a rate expression for cation 
formation of the form 

i _-- k%x (1 -- O) exp (BV) [8] 

where B = aF/RT is the Tafel coefficient. 
To obtain an analyt ical  expression for the corrosion 

current  using either Eq. [7] or [8], we must  first find 
an expression relat ing O and V. El iminat ing  i from 
Eq. [7] and [8] and rearranging,  we can write 

1 
V : - -  [ - - ,80 --{-- In. (kOdis/kOox) + I n  (O/1 - -  o )  ] [9 ]  

B 

The key feature of Eq. [9] is that  for fl > 4, there 
will be potentials at which more than one value of O 
satisfies the equation. In  other words, mult iple  steady- 
state solutions for O(V) exist. This can be shown by 
examining  the sign of the first derivative of Eq. [9] 
with respect to O. 

This is i l lustrated in Fig. 1, where we show O(V) 
based on Eq. [9] for the case of ,8 = 6. The sigmoidal 
behavior  produces a potent ial  region where three dis- 
t inct values of o satisfy Eq. [9]. This behavior  is en-  
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Fig. I. Adsorbed cation coverage as a function of electrode 
potential, assuming a cation interaction parameter fl = 6. (cf. 
Eq. [9 ] ) .  

t irely analogous to a van der Waals loop (10), and 
represents tne mean  field approximation to a phase 
t ransi t ion between isolated cations (dilute phase) and 
a continuous oxide layer  (condensed pr~ase). The 
vertical tie l ine passing through O = 1/2 represents  the 
first order phase t ransi t ion predicted by more exact 
statistical mechanical  treatments.  The dashed portions 
of the upper  and lower branches that extend beyond 
the phase t ransi t ion tie l ine represent  excursions into 
the metastable regions of the condensed and dilute 
phase @-V curves, respectively. Physically, these re-  
gions are accessible if a nucleat ion barr ier  for phase 
t ransformat ion is present, which prevents  the condi- 
tion of the cation layer  from reversibly evolving along 
the phase transi t ion tie line. The open circles represent  
the unstable  region of the solution. 

For  larger  values of ~, the potential  range of t he  
mult iple  solution region increases. For smaller  values 
of ~, the range decreases, unt i l  mult ipl ic i ty  vanishes at 
'8 = 4. For  ~ < 4, only a single-valued,  nons ingular  
solution for O (V) exists. 

Examples of i -V curves calculated using these results 
for @(V) are shown in Fi.g. 2. The parameters  used in 
Eq. [7] and [8] are: k%x = 8 • 1032 mA/cm2; B = 57.6 
V - l ;  and koais = 1300 m A / c m  2 (11). The interact ion 
parameter,  /~, is varied between 0 and 6, in order to 
show the influence of at tractive interactions (i.e., oxide 
formation) on the shape of the i -V curves. For refer-  
ence, the asymptotic behavior  l imits (Tafel-l ike metal  
dissolution and constant rate oxide dissolution) are also 
shown. 

For the extreme case of ~ = 0, no current  ma x imum 
is observed. This i l lustrates that a simple two-step 
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Fig. 2. Current density-potenfi.l curves calculated for different 
values of the cation interaction parameter, 0 ~ ~ ~ 6. Other 
rate parameters fixed: k~ = 8 • 1032 mA/cm2; B = 57.6 V - l ;  
k~ = 1300 mA/cm 2. 
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model  based only on cation format ion  and uni form 
oxide dissolution (cf. Eq. [1] and [3J alone) cannot 
account for classic passivat ion behavior .  

For  ~ = 2, a cur ren t  m a x i m u m  is observed.  For  
= 4, which represents  the cri t ical  value of the in te r -  

ac t ion constant  in the mean field theory,  the ma x imum 
value of the  der iva t ive  of the cur ren t  wi th  respect  to 
po ten t ia l  in the  pass iva t ing  region reaches infinity 
(at  O ~- ~/2). 

For  fl = 6, the  s igmoidal  shape of the  O --= V curve 
shown in Fig. 1 resul ts  in a mul t iva lued  analyt ic  form 
for the  i-V curve in the ac t ive-pass ive  t ransi t ion re-  
gion. If  the cation l aye r  is fu l ly  equi l ib ra ted  when the 
potent ia l  passes through this region, we would expect  
the i-V curve to follow the d iscont inui ty  represented  
by  the hor izonta l  tie line. If  a nucleat ion process is 
requ i red  to convert  be tween  isolated cations and an 
oxide layer ,  then the i -V curve wil l  follow: the me ta -  
s table  branch dic ta ted by  the di rect ion of the poten t ia l  
sweep. In the l a t t e r  case, hysteresis  would be expected 
around the ac t ive-pass ive  t ransi t ion.  

Discussion 
Clearly,  the use of a two-s tep ,  var iable  ra te  constant  

model  based on a mean field t r ea tmen t  is a gross ap-  
p rox imat ion  to the complex  molecu la r  behavior  as-  
sociated with  the  format ion  and des t ruc t ion  of the 
passive l aye r  at a real  me ta l  surface.  In  par t icu lar ,  the 
assumpt ion tha t  the  passive oxide layer  can be modeled  
as a sa tu ra ted  mono laye r  of cations represents  a serious 
restr ict ion.  Of equal  concern is the  use of a l inear  
coverage dependence  for the effective dissolut ion en-  
e rgy  (cf. Eq. [5] ), when  in r ea l i ty  the  va lue  of Ed 
represents  an average  over  a compl ica ted  d is t r ibut ion  of 
step, ledge, and k ink  cation sites in the  passive film. 
However ,  the most  impor t an t  fea ture  of passive l aye r  
behav ior  is contained in the  model,  namely ,  the fact 
tha t  the  ra te  of cat ion dissolut ion must  be t rea ted  as a 
funct ion of cat ion (oxide)  coverage. 

With  these cautions in mind, we proceed to examine  
the l imi t ing  behavior  and majo r  s t ruc tu ra l  fea tures  of 
the  i -V curves p red ic ted  using this model.  Our goal 
is to re la te  these expe r imen ta l l y  measurab le  fea tures  
to the microscopic ra te  pa ramete r s  for  a given sys- 
tem. 

Asymptomatic behavior.--Cathodic potentials.--At 
sufficiently negat ive  values  of the potent ial ,  e wi l l  ap -  
proach zero (cf. Fig. 1). As seen f rom Eq. [8], the ob-  
served  current  wi l l  approach  the Tafe l - l ike  l imi t  as-  
sumed for meta l  dissolut ion from an ox ide - f ree  surface 

iT ---- k~ exp (BV) [10] 

Anodic potentials.~At sufficiently posi t ive poten,tials, 
O wil l  approach  unity.  As seen f rom Eq. [7], the  ob-  
served cur ren t  wi l l  a p p r o a c h  the constant  va lue  char -  
acter is t ic  of oxide dissolution in the passive region 

ip : kOdis exp (--/9) [11] 

We note  tha t  if  ip is known exper imenta l ly ,  then  kOdis 
can be de te rmined  using this equ.ation, p rovided  tha t  
the  value  of ~ can be found independen t ly  (see be low) .  

Structural features.--Maximum hysteresis.--The dis-  
t inguishing fea ture  of i -V curves in the  ac t ive-pass ive  
t rans i t ion  region is the  magni tude  and shape  of the 
cur ren t  maximum.  As noted in the descr ip t ion  of Fig. 
1 and 2, the  b ranch  of the analy t ic  e - V  curve which  
the ac tua l  i-V curve wil l  t r ack  is de te rmined  by  the 
size of  the nucleat ion ba r r i e r  associ'ated wi th  the  cation 
l aye r  phase t ransi t ion.  We wil l  first consider the  s i tu-  
a t ion resul t ing  for  the  m a x i m u m  bar r ie r ,  in which 
case the  i -V  curves wi l l  ex tend into the metas tab le  
region al l  the w a y  to the spinodal  decomposi t ion pointS. 

Different ia l  of Eq. [7] shows tha t  the m a x i m u m  cur-  
ren t  in this case occurs at em : 1/~. We can also see 
tha t  wi th in  the  context  of the  p resen t  model,  a me ta l  

surface will  not show a m a x i m u m  in its i-V curve un-  
less ~ > 1. In  other  words, the l a t t e r  condit ion r ep re -  
sents the min imum necessary cation in terac t ion  en-  
e rgy  to produce a passivat ing oxide layer .  

We can find the re la t ive  ampl i tude  of the cur ren t  
m a x i m u m  by subs t i tu t ing  ern back into Eq. [7]. The 
rat io of the m a x i m u m  current ,  ira, to the l imit ing cur-  
ren t  at  potent ia ls  we l l  into the  passive region,  ip, is 
then 

im/ip = [exp (~ --  1 ) ] / ~  [12] 

Thus a comparison of expe r imen ta l ly  de te rmined  values  
of im and ip wil l  provide  an es t imate  of ~. 

The potent ia l  at  which the m a x i m u m  current  occurs, 
Vm, is found by  subst i tu t ing em into Eq. [9] 

1 
Vm --- - ~  [ln (kOdis/kOox) --  In (~ -- 1) --  1] [13] 

Thus kOdis and ~ can be de te rmined  by  solving any two 
of the Eq. [11]-[13] s imul taneously .  Compar ison of the 
values obta ined using a l te rna t ive  methods wil l  provide  
a consistency check for the apparen t  accuracy of the 
model,  since the expe r imen ta l  quant i t ies  ip, ira, and Vm 
are  al l  i ndependen t ly  de termined.  

The spinodal  decomposi t ion points  of the metas tab le  
branches  of the e - V  curve (Fig. 1) are located where  
the  der iva t ive  of Eq. [9] wi th  respect  to e vanishes. The 
coverages at  these two points,  e +-, are  g iven  by  

1 / i  1 1 
e--- = - -  • " V  - - - = - ~ "Y [14] 

2 4 ~ 2 

provided  tha t  ~ - -  4. 
The potent ia l  at  each end point  is found by  subst i -  

tu t ing  Eq. [14] into Eq. [9], The potent ia l  range  be-  
tween  the  two points,  aV, which  corresponds to the 
m a x i m u m  range  tha t  can be  expected  for a hysteresis  
loop, is then 

A V : - ~  2 ~ 7 - - 2 1 n  - -  [15 ]  
B 1/3 

Equilibrated phase transition.~For systems where  
there  is no nuclea t ion  ba r r i e r  for conversion be tween  
the d i lu te  and condensed phases of the cat ion layer ,  
the re  wi l l  be  no hysteresis  loop dur ing  a cyclic po ten-  
t ia l  sweep. Instead,  the i-V curve wil l  t r ack  the phase 
t rans i t ion  tie l ine when passing th rough  the ac t ive-  
passive t ransi t ion region.  The potent ia l  of this tie line, 
V1/2, is given by  

[in (kOd~s/kOox) 0 VII~ -- ~ -- -~ ] [16] 

(cf. Eq. [9], wi th  e --  ~/z). Thus, for  mate r ia l s  which do 
not show hysteresis ,  Eq [16] should be used instead 
of Eq. [13] for  de te rmin ing  kOdis and ~ f rom exper i -  
men ta l  results.  

I f  the  i-V curve t racks  the equ i l ib r ium t ie  line, then 
we also note tha t  the m a x i m u m  current  wil l  not  reach  
the value  predic ted  by  Eq. [12]. Instead,  the  m a x i m u m  
wil l  occur at  the intersect ion of the phase  t rans i t ion  
tie l ine and the high current  low coverage b ranch  of 
the i -V curve. 

In  this  case, an exact  ana ly t ic  express ion cannot  be 
wr i t t en  for the  m a x i m u m  cur ren t  in the absence of 
hysteresis ,  i~*. However ,  a reasonable  approx ima t ion  
can be obta ined  b y  subst i tu t ing  VI/2 f rom Eq. [16] into 
Eq. [8], and  se t t ing O = 0. This p rocedure  wi l l  over -  
es t imate  ira* b y  at  most a factor  of two, in the  l imi t ing  
case of ~ = 4. For  values of ~ > 4, the approx imat ion  
r ap id ly  approaches  the  correct  value,  as seen e i ther  
f rom Fig. 2 or Eq. [14] (note that  0 < Ore* < O - ) .  The 
equat ion re la t ing  ira* to ip becomes 

ira*lip ----- exp (fl/2) [17] 

Equat ion [17] should be used ins tead of Eq. [12] to 
es t imate  ~ for sys tems which  do not  show hysteresis .  
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F ina l ly ,  we note that  many  real  sys tems would  be 
expected to show hysteres is  behavior  somewhere  be-  
tween  the ex t remes  of spinodal  decomposi t ion and 
equi l ib ra ted  phase t ransi t ion.  Solut ion in this  case wil l  
requi re  knowledge  of the  nuclea t ion  bar r ie r s  for  the 
oxide l a y e r  phase t ransi t ion,  which g e n e r a l l y  is not  
avai lable .  However ,  one simplif ied case can be con- 
s idered.  I f  we assume that  the coverage super sa tu ra -  
t ion at the  nucleat ion threshold  is the same for phase 
t ransi t ions  in e i ther  direct ion,  then comparison of Eq. 
[9] and [16] shows that  VI/2 is equal  to the a r i thmet ic  
average  of the observed potent ia l  l imits  of the  hys te re -  
sis loop, V + and V -  

VI/2  = ( V +  .3 c V - ) / 2  [18] 

Equat ion  [18] provides  a method to evalua te  VII2 for 
sys tems which exhib i t  l imi ted  hys t e re s i s .  (Equat ion 
[18] is accurate  in fact  even for the  l imi t  of spinodal  
decomposi t ion) .  Values  of ~ and k~ can then be de-  
t e rmined  as above. 

Summary 
We have descr ibed a min ima l  p a r a m e t e r  model  

which can reproduce  the impor t an t  fea tures  of the i-V 
curve in the  ac t ive-pass ive  t rans i t ion  region. The phys i -  
cal significance of each p a r a m e t e r  in the  model  has 
been discussed, a long with  methods  for  de te rmin ing  
the values of the pa rame te r s  using exper imen ta l  m e a -  
surements .  While  the model  is only  an approx imat ion  
to most rea l  systems, we bel ieve  that  it  does provide  a 
basis for  propos ing  and eva lua t ing  more compl ica ted  
pass ivat ion  mechanisms.  To this end, fu ture  work  
should be done both to assess the  u t i l i t y  of the model  
for  cor re la t ing  expe r imen ta l  da t a  and to theore t ica l ly  
examine  approaches  to loosening the res t r ic t ions  im-  
posed by  the assumpt ions  of the  model.  
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Diffusion Controlled and Transient Photocurrents of Photo-Oxidation 
Reactions at Polycrystalline  -Fe203 

M. Anderman* and John H. Kennedy* 
Department of Chemistry, University of California, Santa Barbara, California 93106 

ABSTRACT 

Steady-state photooxidat ion currents at polycrystal l ine ~-Fe203 electrodes with low band bending were found to de- 
pend significantly on the reducing agents present  in the electrolyte. Photooxidat ion of water at low band bending exhibi ted 
only transient  character. Diffusion-controlled photocurrents  for the photooxidat ion of I- and Fe(CN)64- in acidic solutions, 
and OH- in unbuffered neutral  solution were observed at an ~-Fe203 RDE and could be fitted to the Levich equation. The 
steady-state and the transient  photocurrents  are analyzed and discussed in terms of cathodic back-reaction of intermediate  
products  with conduction band surface forbidden electrons. 

The s emiconduc to r / e l ec t ro ly t e  in ter face  has been 
ex tens ive ly  s tudied  in the  las t  decade  or  so p r i m a r i l y  
because of i ts possible use for  solar  energy  conversion. 
When an ideal  semiconductor  is b rought  into contact  
wi th  a redox  coup le  in solution, equi l ib ra t ion  of  the  
e lec t rochemical  potent ia ls  of the  semiconductor  and 
the r edox  couple  wil l  occur. I f  the e lec t rochemical  po-  
ten t ia l  of the solut ion was in i t ia l ly  more  posi t ive than 
tha t  of an n - t y p e  semiconductor  ( the impor t an t  case 
for solar  energy  convers ion at  n - t y p e  semiconductors ) ,  
equi l ibra t ion  wil l  resu l t  in the format ion  of a deplet ion 
l aye r  inside the  semiconductor  wi th  u p w a r d  bending  
bands  (1). This electr ic  field wi l l  dr ive  e lect ron holes 
that  m a y  be genera ted  by  > bandgap  i l lumina t ion  
toward  the surface,  and wi l l  dr ive  pho togenera ted  
electrons toward  the semiconductor  bulk.  Thus, one 

~ Electrochemical  Society Act ive  Member. 
Key words: a-Fe203 photoanode, diffusion-controlled photocur- 

rent,  RDE pbotoanode, transient  photocurrent.  

can obta in  a pho topoten t ia l  'and a pho tocur ren t  be- 
tween the i l lumina ted  semiconductor  anode and a da rk  
meta l l ic  ca thode tha t  is immersed  in the same solut ion 
(1). 

Under  potent ios ta t ic  condit ions and a revers ib le  
e lec t ro ly te  couple  the ideal  model  predic ts :  (i) onset 
of pho tocur ren t  wil l  occur p r o m p t l y  fol lowing the on ,  
set of deple t ion  l aye r  formation,  i.e., jus t  anodic to the 
so-cal led  f la tband p o t e n t i a l ( V F B )  ; (ii) when a specific 
adsorpt ion  of the redox  couple does not  occur, the 
photocur ren t  should depend  on the  l ight  in tens i ty  and 
on the semiconductor  p roper t ies  bu t  should  be inde-  
penden t  of the r edox  couple; and (iii) no da rk  cur ren t  
is expected for a s table ideal  semiconductor  when the 
e lec t rode  potent ia l  is wi th in  the gap of the  semicon-  
ductor .  

The behav ior  of prac t ica l  semiconductor  anodes is 
usua l ly  less than  ideal.  Thus, (i) the  onset of  s t eady-  
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state photocurrent  often occurs a few hundred  mil l i -  
volts anodlc to the observed VFB; (ii) in a few cases 
(2-4) it has been found that the photocurrent  does de- 
pend upon the reduced species even when no shift of 
VFB by specific adsorption could be detected; and (iii) 
dark current  of various magni tude  has f requent ly  been 
observed in  the forbidden potential  zone. 

Since these three deviations from ideality will  usu-  
ally result  in a decrease of the optimal photocon- 
version efficiency, it is important  to investigate them. 
We have extended our studies on polycrystal l ine 
~-Fe203 anodes in aqueous solution to the use of the 
rotat ing r ing-disk electrode (RRDE). With it, the 
diffusion dependence of the photocurrent  was studied 
and the oxidation products were analyzed. A light 
shut ter  to investigate t rans ient  currents  has also been 
employed. It was found that not only may the redox 
species influence the photocurrent  but  that there exists 
a potential  range in which water  oxidation is com- 
pletely deactivated by a coupled cathodic reaction, 
while the photooxidation of some reducing agents 
occurs under  quant i ta t ive  diffusion-limited conditions. 
The results are discussed in terms of a back-react ion 
of the water  oxidation products with surface forbidden 
electrons. 

Exper imental  
Polycrystal l ine ~-FefO8 electrodes doped with 1 

atom percent  (a/o) SiC were prepared by sintering 
the appropriate pressed powder mixture  at 1350~ for 
14-20 i~r as described earlier (5). Gold was sputtered 
on the back surface to form ohmic contact. To assemble 
the ~-Fe203 electrode as a disk onto the Pine Ins t ru -  
ment  AFDTI36 Ring (demountab!e) -Disk  Electrode 
Assembly, the following procedure was used. The 
electrode was contacted to a stainless steel pin 
with si lver epoxy. The back surface was then in-  
sulated with black wax and a suitable Teflon cup 
was glued to the back surface using 5 min epoxy 
resin and Loctite 404 industr ia l  adhesive. While it 
is general ly desirable to polish a disk electrode 
for RRDE experiments,  we found that  polishing de- 
creased the photoactivity of the surface probably  by 
introducing surface defects. Thus, the flatness of the 
pellet surface was simply measured with a micrometer 
and only those electrodes that  were perfectly perpen-  
dicular  to the pin holder with deviations from flatness 
smal ler  than  50 ~m were used. After  th i s  check, the 
electrode and the Teflon back support  were gently 
machined on the edge to the exact diameter of the 
RRDE disk (0.625 cm diam, 0.307 cm 2 area) ,  leaving 
the Teflon cup a few micrometers oversize for a press 
fit. A small  amount  of Halocarbon 25-5S grease was 
applied around the electrode sides to ensure a good 
seal. The electrode was then pressed into the r ing disk 
assembly, washed with acetone and deionized water, 
and was then ready for use. The r ing electrode was 
plat inum. The only problem encountered with this 
procedure was that sometimes the hatocarbon grease 
seal had to be renewed after a few days of operation. 

The electrochemical cell was a 200 ml  all quartz 
cylinder covered with a Teflon lid. The cell included 
a SCE reference, Pt  wire counterelectrode separated 
from the main  compar tment  by fri t ted glass, and gas 
ent ry  tubes. The light source was a 150W xenon lamp 
that  delivered a l ight in tensi ty  of ,~500 mW/cm~ at 
the electrode surface: The light pa th  included a shutter  
(1 in.) ,  IR filter, reflecting mirror,  and a 10 cm quartz 
lens. The light beam reached the electrode through the 
bottom of the cell, and hence, passed through ,~8 cm 
of electrolyte solution. 

The electrochemical ins t rumenta t ion  consisted of a 
Pine Ins t rument  RDE-3 dual  potentiostat  in conjunc-  
t ion with X-Y recorder  and a Tektronix  564B stor- 
age oscilloscope. A Pine  Ins t rument  ASR motor with 
rotat ion speeds of 0-3820 rpm (0-400 sec-1) was used. 
The light shut ter  was Unibli tz  225L driven by a Uni-  

blitz SD 122 electronic shutter  drive uni t  that was 
pulsed by a Hewlet t -Packard  3311A function generator. 
Opening time of the shutter  was 2.0-2.5 msec. 

The experiments  in neut ra l  solutions were carried 
out with a COf-free electrolyte. Cell resistance was 
~100~2 arising predominant ly  from the bulk  resistance 
of the ~-Fe~O3 electrode. 

Results 
Photocurrent -potent ia l  curves for a polycrystal l ine 

a-Fe203 electrode in 1M NaOH is given in ]hg. 1. Curve 
2 is the s teady-state  photocurrent  as recorded at a scan 
rate of 10 mV/sec. Curve 1 snows the t rans ient  peak 
values that  were taken pointwlse with the oscilloscope 
at 50 mV intervals. The t ransient  peak exhibited a 
first-order decay into the steady-state value with a 
lifetime of <2 msec. When the shutter  was turned off, 
a cathodic t ransient  peak of slightly lower magni tude 
and similar lifetime was observed, in agreement  with 
earlier reports (6-8). The t ransient  and the steady- 
state photocurrent  converged into one curve about 800 
mV past the onset oi the t ransient  photocurrent.  

The VFB of similar a-Fe203 electrodes, determined by 
Kennedy  and Frese (9) from extrapolat ion of Mott- 
Schottky plots, was --0.73V vs. SCE in 2M NaOH. How- 
ever, in this work we have used a mhch s impler  and 
satisfactory method to measure VFB. The electrode po- 
tent ial  was stepped from the onset of the s teady-state  
photocurrent  in the cathodic direction in intervals  of 
25-50 inV. At some point the anodic t ransient  peak 
disappeared, and the electrode showed no photoeffect. 
If the electrode was stepped fur ther  in the cathodic 
direction, a small  cathodic t ransient  photoeffect was 
evident. The potential  a t  which no photoeffect was 
observed is taken to be VFB. Surprisingly,  this simple 
method gave highly reproducible results. The experi-  
menta l  uncer ta in ty  for a specific electrode was <50 mV, 
and the variat ion among different samples was <100 
inV. From this method, VFB in 1M NaOH was --0.8 +_ 
0.1V vs. SCE, in good agreement  with previous data 
(9-11). 

In  1M HCIO4 with no added redox couple, the general  
picture was similar  (curves 1 and 3 of Fig. 2). Anodic 
t ransient  photoeffects started ,~0.1V vs. SCE while 
steady-state photocurrent  began only at ,--0.SV vs. SCE. 
The two curves converged - - IV anodic to the onset 
of the t rans ient  photocurrent.  

Addit ion of 0.1M NaC1 to the 1M HC104 solution 
had no effect on the transient~photocurrent .  However, 
the s teady-sta te  photocurrent  moved cathodically 
(curve 2 of Fig. 2) so that it was between the t ransient  
and the steady-state photocurrents  of the chloride- 
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Fig. I .  Photocurrent-potential curves for a polycrystalline ~- 

Fe203 electrode in 1M NaOH. 1, Transient photocurrent taken 
pointwise with an oscilloscope, ands2, steady-state phot~urrent 
taken with a scan rate of 10 mV/sec. Electrode area ~ 0.307 cm 2. 
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Fig. 2. Photocurrent-potential curves for a-Fe~O3 in IM HCIO4. 
I, Transient photocurrent with no added redox species or in 0.1M 
NoCI or in 0.1M KBr. It is also the steady-state photocurrent- 
potentiul curve for 0.1M KBr/1M HCIO4. 2, Steady-state curve 
for 0.1M NaCI/1M HCIO4. 3, Steady-state curve for IM HCIO4 
(H20 oxidation). 4, Steady-state and transient curve for 0.01M 
KI/1M HCIO4 uncorrected for light absorption by the colored 
solution. 

f ree  solution. The convergence of the t rans ient  and the 
s t eady-s t a t e  photocur ren ts  now occurred at  a less 
anodic potent ial .  The effect of b romide  was even more  
pronounced.  In  fact, the  t rans ient  and the s t eady-s ta te  
photocurrents  were  essent ia l ly  identical ,  except  for a 
smal l  difference near  the onset  potent ia l ,  and they  
were  also ident ical  to the  t rans ien t  values for O.IM 
NaC1 and ha l ide - f r ee  solutions. VFB for  a l l  solutions 
as de t e rmined  by  the p rocedure  descr ibed above  was 
0.1 • 0.1V vs. SCE. 

Curve 4 in Fig. 2 is the corresponding curve for a 
0.01M KI /1M HC104 solution. I t  must  be noted tha t  
the  measured  pho tocur ren t  was reduced  due to ab-  
sorpt ion of l ight  by  the colored solution. In  this case, 
no t rans ien t  effect was seen. The onset of the photo-  
cur ren t  was a round  0.05V vs. SCE, and the VFB m e a -  
su rement  gave 0.0 • 0.1V vs. SCE. It  appears  from 
these resul ts  that  I -  was the only  species tha t  affected 
VFS b y  specific adsorpt ion  on the electrode surface. 

Even here,  the effect was r a the r  small ,  only  50-100 
mV. I t  is impor t an t  to note t ha t  only  t rans ient  effects 
that  have a l i fe t ime ~-2 msec (the opening t ime o f  
the  shut te r )  could be detected.  Da rk  current ,  Observed 
--1.SV vs. SCE, was on ly  s l ight ly  affected by  the add i -  
t ion of hal ide  ions to the solution. Da rk  cur ren t  was 
more  dependen t  upon the specific e lect rode used. 

Next,  the dependence  of the pho tocur ren t  on the 
ro ta t ion ra te  of the disk e lect rode for  ha l ide-con ta in ing  
solut ions was measured.  F igure  3 shows a pho tocur ren t -  
potent ia l  curve at  a ro ta t ion  f requency  of 196 sec -1 
f o r  2.88 • 10-4M KI /1M HC104 solution. I t  can be 
seen tha t  the  pho tocur ren t  was composed on t w o  
separa te  oxidat ion  waves.  The first one a lmost  reached 
a p la teau  va lue  tha t  was dependent  upon rota t ion 
speed (Fig. 3 inset)  but  was p rac t i ca l ly  unchanged  
when the l ight  in tens i ty  was reduced b y  a factor  o f  
two. The second oxida t ion  wave  s ta r ted  at  the same 
poten t ia l  at  which the s t eady-s t a t e  photooxida t ion  o f  
wate r  was observed in the ha l ide - f r ee  solut ion and 
exhib i ted  the same genera l  shape. Also, the dependence  
o f  the  photocur ren t  on the  ro ta t ion speed d iminished 
as the e lec t rode  potent ia l  was scanned anodicaUy f rom 
the p la teau  region. On the o ther  hand, the dependence  
o f  the  pho tocur ren t  uuon the  l ight  in tens i ty  grew, 
reaching a l inear  dependence  at 1.SV vs. SCE. 

F o r  a d i f fus ion- l imi ted cu r r en t  (Idl, mA)  at  an RDE, 
Levich gives (12) 

Idl "-" 0.62n FAD213v-1/6~I/2Cb [1] 

where  n is the  number  of e lectrons t r ans fe r red  in the 
reaction,  F is the F a r a d a y  constant,  A is the  e lec t rode  
a rea  (cm2), D is the diffusion coefficient (cm2/sec),  v 
is the  k inemat ic  viscosi ty (cm2/sec) ,  ,~ is the angular  
veloci ty  ( r ad / sec ) ,  and Cb is the concentra t ion of the 
diffusing species (M) in the bu lk  solution. 

Thus for  d i f fus ion- l imi ted cur ren t  at  an RDE, the 
cu r ren t  should depend  on the square  r o o t  o f  the ro-  
ta t ion speed. F igure  4 is Idl VS. wl/2 for the pho tocur ren t  
values at 0.45V vs. SCE taken f rom the curves shown 
in Fig. 3 ( inse t ) .  An excel len t  s t ra ight  l ine was ob-  
ta ined c lear ly  indicat ing tha t  the pho tocur ren t  was 
diffusion l imi ted  at  that  potential .  The theore t ica l  
s lope of the  l ine in Fig. 4 can be ca lcula ted  f rom Eq. 
[1] if the various factors are  known. A value  for  D o f  
1.72 X 10 -5 cm2/sec for I -  (13), and ~ = 10 -2 cm2/sec 
were  used. However ,  the  va lue  of n depends  on the 
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Fig. 3. Photocurrent-potentlal 
curve for an a-Fe.208 electrode 
in 2.88 X 10-4M KI/1M 
HCIO4. Rotation frequency: 196 
sec-Z; scan rate: 10 mV/sec. 
Inset: Photocurrent-potentlal 
curves in the plateau region of 
Fig. 3 as a function of the rota- 
tion frequency. 
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re la t ive  amounts  of I8-  and Is at  the surface (14) 

2 I -  - -  2 e -  -> Is n = 1 pe r  I -  [2] 

3 I -  - -  2 e -  -~ I s -  n = 0.67 pe r  I -  [3] 

By using K --  710 M -1 (15) as the  format ion  constant  
of I3-  and t ak ing  into account the  difference be tween  
the diffusion coefficient of I -  and I2 (14), a va lue  of 
n --  0.87 was ca lcula ted  for these conditions.  Wi th  these 
values  inser ted  into Eq. [1] 

die 
d=1/2 = 6.7 ~A-sec x/2 [4] 

in reasonable  agreement  with the exper imen ta l  slope 
of 6.1 / ~ - s e c  1/2. The  smal l  difference m a y  be a t t r i b -  
u ted  to adsorpt ion  of I2 on the surface ( !6 ) ,  which 
wil l  change the average  va lue  of n. Adsorp t ion  of I -  
is also the most  l ike ly  explana t ion  for the nonzero 
in te rcept  seen in Fig. 4. 

A de ta i led  s tudy  of photooxida t ion  compet i t ion  at  
an a-Fe2Oa photoanode using the r ing e lect rode wil l  
be given in a separa te  publ ica t ion  (17). However ,  i t  
can be noted here tha t  the collection efficiency for I2 
at  the  r ing  approached  100% (of the  theore t ica l ly  ex-  
pected va lue)  up to 0.5V vs. SCE and decl ined sha rp ly  
at  h igher  potent ials .  

In  a s imi lar  way,  B r -  and C1- in acidic solut ion and 
al l  ha l ides  in neu t r a l  or  modera t e ly  basic  solut ion 
(pH <12.4) exh ib i ted  photocur ren ts  dependent  upon 
the ro ta t ion speed in the po ten t ia l  region cathodic to 
the onset  of s t eady-s ta te  photocUrrent  for  the oxidat ion  
of w a t e r  ( O H - ) .  However ,  for these solutions,  the 
photooxida t ion  of wa te r  began before  a diffusion- 
l imi ted  p la teau  cur ren t  for X -  was achieved and no 
calculat ions as above .could be made.  

F igure  5 shows I -V  curves for a 6 • 10-4M 
F e ( C N ) ) 6 4 - / 1 M  HC104 solut ion at  var ious  rota t ion 
speeds.  F igure  6 is a Levich plot  for these data.  As in 
the  case of I - ,  the pho tocur ren t  showed a diffusion- 
l imi ted  p la teau  cu r ren t  wi th  an excel len t  fit to the  
Levich Eq. [1]. In  this  case, the pho tocur ren t  values  
were  almost  ident ica l  to the  dark  cur ren t  values  that  
were  obta ined at  a P t  d isk  e lect rode of the same size 
in the  same solut ion (curve 1 in Fig. 6). The diffusion 
coefficient for F e ( C N ) 6 4 -  ca lcula ted  f rom Eq. [I]  us-  
ing the  slope of the l ine in Fig. 6 was 0.52 X 10 -5 cm2/ 
sec and compared  ve ry  wel l  wi th  the value of 0.50 • 
10 -5 cm2/sec in 1M KC1 repor ted  b y  Jahn  and Vie l -  
st ich (18). 

F igure  7 shows I -V curves for an ~-Fe20.~ electrode 
in an unbuffered 2 X 10-4M O H - / 1 M  NaC104 solu-  
t ion at  var ious  ro ta t ion speeds. This measurement  was 
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Fig. 5. Photocurrenhpotential curves for an a-Fe~Oz electrode 
in 6 • 10-4M Fe(CN)64-/1M HCI04 for the first oxidation wave 
at various rotation frequencies, 
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carr ied  out  under  N2 or N2/O2 a tmosphere  to e l iminate  
the  influence of dissolved CO2 on the pH. Also, a 
single compar tmen t  cell  was used for these studies to 
main ta in  constant  pH and this was verified exper i -  
menta l ly .  

As with  I -  and Fe (CN)~  4- ,  the  pho tocur ren t  in 
di lute  base exhib i ted  a di f fus ion- l imited p la teau  r e -  
gion before  i t  rose to wha t  is a ppa re n t l y  a second 
oxidat ion  wave.  A plot  of Eq. [1] for  pho tocur ren t  at  
0.25V vs. SCE is given in Fig. 8. If  the diffusing species 
is assumed to be O H -  and its concentra t ion  is used in 
Eq. [1], the  ca lcula ted  diffusion coefficient is 2 X 10 -5 
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Fig. 7. Photocurrent-potential curves for on ~-Fe203 electrode 
in an unbuffered 2 X 10-4M OH-, /NoCIO4 solution at various 
rotation frequencies. 

cm2/sec. This value is significantly smaller than the 
typical reported values of 4.5-5.0 • 10-~ cm2/sec (19). 
This experiment wasrepeated several times with vary- 
ing OH-  concentration, supporting electrolyte, and 
electrode. In all cases, Levich plots were quite linear 
and Idl depended linearly with [OH-]  as predicted. At 
the same time, the slope was always about one-third 
of the calculated one. 

Discussion 
The results as shown in Fig. 1-8 and the additional 

data described above have shed some new light on the 
behavior of semiconductor photoanodes. It is the tran- 
sient photocurrent at these electrodes that behaves 
as expected at an ideal semiconductor. The transient 
photocurrent turns on right at VFB and it is indepen- 
dent of the redox couple in solution for a given VFB. It 
depends linearly on the light intensity and is inde- 
pendent of the rotation speed. The transient photo- 
current shifts 59 mV/pH (9) as does VFB (1), while 
the shift of the steady-state photocurrent may be 
somewhat different (5). Thus, the transient photo- 
current is controlled solely by solid-state processes. 

The degree to which this is also true for the steady- 
state photocurrent depends on the nature of the charge 
transfer at the electrode surface. 
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Fig. 8. I ' vs. ~1/2 plot for the data in Fig. 7 taken at 0.25V vs .  

SCE. Rotation frequencies: 12.25-100 sec-L 

Thus, redox species with fast charge-transfer kinetics 
exhibit almost ideal behavior even for the steady- 
state photocurrent. This is the case for I -  and 
Fe(CN)64-. As the charge-transfer kinetics become 
less rapid, as for C1- and H20, the photocurrent no 
longer behaves ideally. Hardee and Bard (6) proposed 
cathodic dark current coupled to the anodic photo- 
current as responsible for the transient effects they 
observed. Curran and Gissler (7) and, more recently, 
Iwanski et aL (8) have also studied these effects. Back- 
reaction of photooxidation products (or more likely, 
intermediates) with conduction band electrons via 
surface states is the probable cause of the several ob- 
servations reported here. At very small band bending, 
just anodic to VFB, electrons may still be accessible at 
the surface. Highly reactive photooxidized species, 
such as H20 .+, .OH, C1., etc., are capable of captur- 
ing these electrons causing a cathodic current com- 
ponent equivalent to the anodie photocurrent com- 
ponent. This results in no net steady-state photocurrent. 
As the band bending increases, the availability of 
electrons at the surface decreases So that the cathodic 
current component also &ecre,ases. Therefore, the 
anodic steady-state photocurrent increases. Finally, at 
sufficiently large band bending no electrons are avail- 
able to react at the surface and the cathodic current 
component disappears. At this potential, the steady- 
state photocurrent will converge with the transient 
photoeurrent and will also be independent of the redox 
species present. The amount of band bending required 
to overcome the cathodic current component clearly 
depends on the affinity of the photooxidized species for 
electrons, and the observed order: H20 '+, "OH, CI-, 
Br', I', Fe(CN)6 ~- is expected from electronegativity 
considerations. 

A rather exceptional result that emphasizes the 
importance of the process described above is displayed 
in Fig. 3 and 5. Under conditions at which water is 
thermodynamically oxidizable by the photogenerated 
hole and is present in large excess at the surface, dif- 
fusion-controlled oxidation of I -  or Fe(CN)64- with 
no oxidation of water was observed. Theoretical analy- 
sis of the influence of mass transfer and light flux on 
the photocurrent at photoelectrodes has recently been 
published by Bruckenstein and Miller (20). 

We now turn to the results of Fig. 7 and 8. First it 
should be noted that the consumption of OH-  at the 
surface will cause the surface pH to drop. This, in 
turn, will change the adsorption equilibrium at the 
surface involving OH-/H20 and will change VFB (1). 
A less anodic VFB means smaller band bending and a 
correspondingly smaller photocurrent. Thus, scanning 
of the potential in the plateau region (0.1-0.3V vs. SCE 
in Fig. 7) hardly changes the band bending but mainly 
affects the OH-/H20 adsorption equilibrium: When the 
surface pH drops to ,~3.5, the flux of H + (H30 +) 
away from the electrode surface becomes large enough 
to maintain a steady-state pH value at the surface. 
From that point, scanning the potential will increase 
the band bending and also the photocurrent. According 
to this model, the second oxidation wave corresponds 
to photocurrent at a surface pH of ,~3.5. The amount 
of OH-  depletion 'at the surface will depend on the 
normal diffusion-convection parameters, and hence, 
Levieh behavior is expected. 

An additional factor is that H20, which is a weaker 
nucleophile than OH-,  requires larger band bending 
to overcome back-reaction of intermediates. Thus, the 
first wave could be due to OH-  oxidation while the 
second wave is due to direct H20 oxidation. From 
these experiments, there is no unambiguous way to 
distinguish between these two models. 

Another observation needing discussion is the slope 
in Fig. 8. The good slopes observed for I -  and 
Fe(CN)64- exclude the possibility of experimental 
error. However, the OH-  oxidation reaction is not a 



26 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY January 1984 

one-step electron-transfer reaction, and the smaller 
slope is likely t o  be caused by the more complex 
kinetics. 

Damjanovic (21) has summarized many of the pos- 
sible paths for electrochemical O3 evolution. Many of 
these paths can be generalized under the following 
reaction scheme (22) 

kl 
S + OH-  ~ SOH + e -  [5] 

k - I  

SOH --> Products [6] 

where S stands for surface active site and k is the rate 
constant for the particular step. If reaction [5] occurs 
under diffusion-controlled conditions, its rate, v, will be 

vl : KD[OH-] [7] 

where KD is the appropriate diffusion factor which, 
in the case of an RDE, is 

KD -" 0.62 AD2/8~-1/6~ 1/2 [8] 

The rate of the back-reaction, v - l ,  is 

V--1 = k-I[SOH] [9] 

where k-1 is a potential (band bending) dependent 
rate constant. The rate of reaction [6] will be 

v2 ---- ks[SOft] [10] 

At a steady state, as is assumed for the case of an 
RDE 

Vl  --" ~)--I  "JI- V2 [11] 

Solving for the steady-state concentration of SOH 
one obtains 

Ko[OH-] 
[SOft] = [12] 

k~+ k-1 

If reaction [6] includes the slow step, the current will 
be 

k~ 
I' = nFvs -- FKD[OH-] 

k~ § k_, 

k~ 
- -  .0.62AFD2.'av-1/6~z/u[OH-] [13] 

k~ + k_, 

While the linear dependence upon [OH-] and ~1/2 
is retained, the values of the pseudo diffusion-limited 
current, I'dl, are reduced by a factor, k2/(ka-~ k-l) ,  
due to the back-reaction of equation [5], i.e. 

I ' d l  - -  I d l  [14] 
k2+ k-1 

The fit between the derivation above and the previ- 
ous results is straightforward. Reaction [5] in the for- 
ward direction is responsible for the transient photo- 
current while in the backward direction is responsible 
for the cathodic transient. Reaction [6] is a measure 
of the steady-state photocurrent. Experimentally it 
was found that k2/ (k2-~-k-D ~_ 0.3 so that the 
steady-state photocurrent occurs at a rate that is only 
one-third of the rate of the forward reaction [5], at 
that particular band bending. 

While it is not possible to be more specific about the 
nature of the adsorbed intermediates, which in fact 
are not yet known even for metal electrodes, the yen- 

eral scheme presented above fits all the experimental 
results reported in this work quite nicely. 

Conclusions 
The following have been observed and discussed 

for polycrystalline ~-FeuO~ photoanodes. 
1. The transient photocurrent fits the ideal semi- 

conductor/electrolyte interface model. 
2. The availability of surface-forbidden electrons at 

the surface to react with highly active intermediates 
causes a decrease in the steady-state photocurrent at 
low band bending in the presence of redox species 
exhibiting slow charge-transfer kinetics. 

3. Photoelectrochemical reactions that occur under 
diffusion control in aqueous solution have been estab- 
lished. 

The extension of these observations to other non- 
ideal semiconductors is possible and should be in- 
vestigated. TiO2 and WO3 have shown dependence of 
the photocurrent on redox species (2-4) and are likely 
candidates to exhibit similar behavior to that reported 
here for polycrystalline ~-Fe203. 
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ABSTRACT 

Basic electrochemical processes at GaAs, GaAsP, and GaA1As electrodes were studied in H~O~ aqueous solutions at 
several pH values. An analytical automatic system, which directly plots gallium concentration vs. potential,  allows the col- 
lection of information on corrosion processes. The approach of making continuous analysis of gallium ions, while dissolv- 
ing the semiconductor  at a preselected potential,  was used in conjunction with impedance  and ell ipsometric measurements  
in order to s tudy interfacial phenomena.  On the basis of these results, a mechanism for chemical  corrosion (etching) which 
involves electrons captured from semiconductor  surface states by H202 was proposed. Anodic polarization can also induce 
corrosion by hole generation in the valence band or by avalanche breakdown. As expected,  pH plays a fundamental  role in 
the corrosion process through the solubil i ty shift of the oxide layer. Fur ther  consideration is given to the effect of illumina- 
tion, with special emphasis  on p-type semiconductors,  for which it can lead to an inhibit ion effect on corrosion via a current  
doubling mechanism. Finally, applicat ion of selective etching is described for GaAs, GaA1As, and GaAsP hetero structures. 

Selec t ive  etching has  been the subjec t  of a number  
of invest igat ions  of in teres t  in connection wi th  I I I -V  
semiconductor  devices, he te ro junc t ion  laser  technol-  
ogy, and more genera l  mu l t i l aye r  device technology 
(1, 2). Fo r  prac t ica l  purposes,  the dissolution is gen-  
e ra l ly  car r ied  out  by  using redox  etchants,  wi thout  a 
thorough knowledge  of the mechanisms leading to the 
select ive corrosion phenomenon  (3-6).  The resul t  is 
a semiempi r i ca l  approach  which  is t ime consuming 
when a new specific p rob lem is encountered.  

So la r  ene rgy  conversion has s t imula ted  fundamen-  
ta l  research  in the  field of semiconductor  e lec t ro-  
chemis t ry  (7-9),  and processes associated with  semi-  
conductor  interfaces  a re  now be t t e r  understood.  How-  
ever,  this knowledge  is s t i l l  ve ry  difficult to exploi t  
d i r ec t ly  for the  invest igat ion of redox  systems tha t  
might  be sui table  for  select ive etching. F r o m  a p r a c -  
t ical  point  of  view, i t  means  tha t  the corrosion behavior  
of a pa r t i cu l a r  semiconductor  has st i l l  to b e  explored  
in deta i l  exper imenta l ly .  To solve such problems,  the 
choice of the per fec t  tool is not  obvious. Since corro-  
s ion involves e lec t ron  exchange  th rough  a so l id- l iquid  
interface,  it  follows that  e lec t rochemical  tools  seem 
to be the most appropr ia te .  In  the first instance, cur-  
r en t -vo l t age  curves  are  gene ra l ly  obtained.  However ,  
i t  has been observed in oxidizing media,  and this point  
wi l l  be discussed at  length  l a t e r  in this paper ,  that  
the anodic corrosion cur ren t  of a n - t y p e  semiconductor  
in the d a r k  is somet imes  exac t ly  compensated  for  by  
e lect rons  cap tu red  b y  the e tchant  over  a la rge  po ten -  
t ia l  range (2, 10-13). No informat ion  can be obta ined 
about  the corrosion ra te  for such s i tuat ion from clas-  
sical vo l t amperomet ry .  This necessi tates  an a l t e rna t ive  
way  of gaining fu r the r  insight  into the e lect rochemical  
behavior  of semiconductors .  

The ro ta t ing  r ing -d i sk  e lect rode (RRDE),  which has 
been l a rge ly  used for semiconductor  corrosion studies 
(see, for  example .  Ref. 14-17)I does not  per fec t ly  
suit  our gas evolving e tchant  (H202). Direct  se-  
quent ia l  chemical  analysis  of corrosion products  may  
give va luable  informat ion,  especia l ly  since the gal l ium 
ion concentra t ion vs. t ime can be conver ted  into cur-  
ren t  vol tage  curves.  Such a method  would  be tedious 
and t ime consuming unless a fast  au tomat ic  system for 

* Electrochemical Society Active Member. 
Key words: etching, semiconductor, H20~, photoelectrochem. 

tstry, corrosion mechanism, passivation, semiconductor technol- 
ogy, GaAs/GaAsP/GaA1As. 

Ga analys is  were  avai lable .  Consequently,  we have  
deve loped  a method  of invest igat ion based on the use 
of an automat ic  eolor imetr ic  system. Ga l l ium analysis  
is pe r fo rmed  at  the  out le t  of a t h ree -e l ec t rode  mic ro-  
e lec t rochemical  cell. 

As shown later ,  this  method,  which can be adap ted  
to redox  couples o ther  than  the H202 used here,  can 
lead to be t t e r  knowledge  of the  dissolut ion process and 
thus can make  the choice of select ive etching cr i te r ia  
easier.  In  the future,  this  technique might  be con- 
s idered as a complemen ta ry  tool for  e lect rochemical  
s tudies involving,  i.e., RRDE. In this  s tudy,  impedance -  
e lec t rode  measurements  and e l l ipsomet ry  were  also 
used in o rder  to complete  the  informat ion  gained f rom 
the ga l l ium concentra t ion curves.  

Experimental 
Materia~s.--Unless otherwise  specified, the I I I - V  

samples  used in this s tudy  were  (100) s ingle crystals .  
n -Type  gal l ium arsenide was S i -doped  bu lk  ma te r i a l  
wi th  donor dens i ty  ND ~ 10 is cm-~,  n - t y p e  Ga0.;Alo.3As 
(Si  d o p e d .  ND ~-, 2 �9 1017 c m - ~ ) ,  and GaAs0.6P0.4 (Te 
doped. ND ,'~ 4 �9 1016 cm -~) were  vapor  phase ep i tax ia l  
layers  grown on (100) GaAs subst ra te ,  wi th  a typ ica l  
thickness of 20 ~m. Exper imen t s  on GaAs were  pe r -  
fo rmed  a f t e r  e tching in H~SO4/H~O/H~O~ (3:1:1)  in 
o rde r  to remove the superficial  damaged  layer .  The  
ohmic contacts were  made  uSing a l loyed  tin on the 
back  of the  GaAs subs t ra te  under  N2 or  H2/N2 con- 
t ro l led  a tmosphere .  

Apparatus . - -The  microe lec t rochemica l  cell  wi th  
c on t i nuous  e lec t ro ly te  flow (4 m l  m n  -1)  is shown 
Fig. 1. Its genera l  design was d r a w n  f rom Ref. ( 1 8 )  
wi th  some modifications. The e lec t rode  (0.2 cm 2) can 
be  i l luminated ,  v ia  an opt ical  fiber, wi th  a 100W ha lo-  
gen lamp. In  o rder  to p reven t  the rmal  effects due to  
IR radia t ion,  a filter (wave leng th  bandpass :  400-650 
nm)  and an absorpt ion  cel l  filled wi th  wa te r  (2 cm 
thickness)  were  used. 

Exper iments  were  pe r fo rmed  using a convent ional  
potent ios ta t ic  sys tem (Tacussel  Solea S.A.) .  Suc-  
cessive prese lec ted  potent ia ls  were  appl ied  to the  
semiconductor  e lec t rode  for  10 rain whi le  the e lec t ro-  
ly te  flow leav ing  the cell  was ana lyzed  For  each v o l t -  
age ,  the  s tat ic  cu r ren t  was measu red  in  o rde r  to 
get  the corresponding cu r ren t -vo l t age  curves which, 
for  s implici ty,  have been  d r a w n  as cont inuous l ines in  

27  
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Fig. 1. Plan of the microelectrochemical cell 

in 

the var ious  figures. Be tween  two consecutive steps, 
e tching of the semiconductor  surface  was car r ied  out  
wi th  the help  of the e tchant  solut ion descr ibed in the 
previous  sect ion and a bypass  system. Al l  potent ia ls  
are  expressed  wi th  respect  to the sa tu ra t ed  calomel  
e lect rode (SCE).  

Electrolyte.--The choice of the e lect rolytes  and 
redox  sys tem was d ic ta ted  by  exper ience,  since ci tr ic 
acid and H~O2 a re  f requent ly  used for  GaAs etching 
as complexing  e lec t ro ly te  and oxidizing agent,  respec-  
t ively.  Moreover ,  this mixed  solut ion has good selec-  
t iv i ty  p roper t ies  for  G a A s P / G a A s  heteros t ructures ,  
since on ly  the l a t t e r  product  dissolves. Given  the poor  
buffer capabi l i ty  of ci t r ic  acid, we also used a phos-  
phate  buffer  in med ium pH range. Exper iments  in 
h ighly  acidic and a lka l ine  media  were  also car r ied  
out  by  adding H~PO4 or  NaOH to the solutions.  In  
eve ry  case, and unless  otherwise  specified, a 0.1M con- 
cent ra t ion  for  e lec t ro ly te  and 1% (33.3 ml of 30% 
H~O~ per  l i te r )  for H2Oz was chosen for  expe r imen ta l  
convenience.  Sod ium hydrox ide  was used for pH ad -  
jus tments .  

Gallium analysis.--At the out le t  of the microe lec-  
t rochemical  cell, Ga was analyzed  th rough  a ca lor i -  
met r ic  au tomat ic  sys tem (Auto Ana lyse r  II, Techni-  
con).  The measu remen t  involved the fol lowing stages: 
(i) decomposi t ion of excess H~O2 b y  h y d r o x y l a m i n e  
t r ea tment ;  (ii) format ion  of a colored Ga- rhodamine  
complex;  (iii) ex t rac t ion  of this complex  by  CC14; 
( iv) opUcal absorpt ion  measurements  of the  organic  
phase wi th  a spec t rophotometer  (work ing  wave length  
550 nm) .  

A ca l ibra t ion  curve  was d r a w n  wi th  s t anda rd  solu-  
tions of ga l l ium (the stock solut ion was p repa red  
f rom high pu r i t y  Ga meta l  dissolved in HC1) in the 
concentra t ion range of in te res t  (0-50 ~g m l - 1 ) .  Undeg 
our  expe r imen ta l  conditions, As and A1 ions do not  
in te r fe re  in  the Ga determinat ion .  Rela t ive  s t andard  
devia t ion  of the ca l ib ra t ion  curve was 2%. For  e xpe r i -  
ments  involving GaA1As mater ia l ,  a correct ion factor  was used in o rde r  to take  i n to  account  the  presence of 
30% of a luminum.  Conversion of ga l l ium concent ra -  
tions into cur ren t  was made  b y  assuming a s ix-hole  
corrosion process  (19). In  o rde r  to d is t inguish c lea r ly  
the  cu r ren t -vo l t age  curves  and the ga l l ium concen-  
t r a t ion-vo l t age  curves  in the  t ex t  and  figure captions, 
we use I = J (V)  for  the fo rmer  and I Ga = I ( V )  for 
the  la t ter .  

Impedance and ellipsometric measurements.--Ellip. 
sometr ic  measurements  were  ca r r i ed  out  wi th  an 
au tomat ic  spec t roe l l ipsometer  (20). In  addit ion,  ca-  
paci tance  measurements  were  pe r fo rmed  wi th  a po -  
tent iosta t ic  system, using an ATNE lock- in  ampli f ier  
and a H e w l e t t - P a c k a r d  Model  3325-A funct ion gen-  
erator ,  which  were  control led  by  an Apple  II  micro-  
computer .  The GaAs electrode 's  a rea  was 0.71 cm ~. 
Unless o therwise  specified measurement s  were  m~de 

Table I. Flatband potentials of n-type GaAs, GaAso.6PoA, and 
Gao.TAIo.:~ts 

p H  n - G a A s  n - G a A s o . ~ P o . i  n - G a o . ; A l o . ~ s  

0 - -  1 .02~ - -  1 .28"  - -  1.12 ~ 
( H ~ O , ,  0 . 5 M )  - -  1 . 0 8  b - -  1 . 4 2 e  - -  1 . 7 0 ~  

14 - -  1 .86"  - -  2 . 0 "  - 2 . 0  a 
( N a O H ,  I M )  - -  1 . 8 8  b - 2 . 2 0 r  - - 2 . @  

�9 Our results. bExtrapolated values from (21). 
c GaAsl-,P,: x = 0.39, extrapolated values from (22). 
d Ga~-=Al~As: x ffi 0.27, extrapolated values from (22). 

a t  a f r equency  of 1 kHz. F l a t b a n d  potent ia ls  of  the 
f r e s h l y  etched (cal led "clean" surface in the text ,  this 
t e rm being fu r the r  just if ied at  the end of the nex t  
section) n - t ype  semiconductors ,  obta ined  by  ex t r apo -  
la t ion of Mot t -Scho t tky  plots ca lcula ted f rom a series 
equiva lent  circuit,  at  two pH's,  are shown in Table  I. 
The measured  capaci tances  showed only  a weak  f re -  
quency dependence.  The resul ts  were  per fec t ly  r ep ro -  
ducible  even af te r  numerous  vol tage scans. These re-  
sul ts  are  in good agreement  wi th  those of o ther  au-  
thors  (21, 22), except  for  those of GaA1As (22). The 
reason for this  d iscrepancy is not  known. The pH de-  
pendence  of the f la tband is about  60 mV per  pH unit,  
except  for GaAsP  (51 mV per  pH uni t ) .  

Results and Discussion 
n- and p-Type GaAs.--In order  to have a be t te r  

under s t and ing  of the mechanism by  which a semicon-  
ductor  l ike GaAs cor rodes  in H20~ aqueous solution,  
bear ing  in mind tha t  such corrosion might  be used for  
select ive e tching of he teros t ruc tures ,  i t  is in teres t ing  
to compare  Fig. 2 and 3, which show the resul ts  ob-  
ta ined on n-  and p - t y p e  GaAs i n  an acidic 1% H202 
medium,  a t  room tempera ture .  
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Fig. 2. I ---- f(V) and IGa = I ( V )  curves (see tex t )  for n-type 
GaAs in 0.1M citrlcacid and 1% H 2 0 2 . - - e - - I c a  in the dark. 
- - O - -  IGa under illumination. ~ I = f ( V )  in the dark. 

�9 , I - -  f ( V )  under illumination. 
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Fig. 3. = I(V) and IGa = f(V~ curves for p-type GaAs in 0.1M 
citric acid and 1% H202. Symbols are the same as used in Fig. 2. 

With n - t y p e  GaAs,  in the dark,  on anodic scanning, 
we observe  tha t  corrosion begins  at  about  --1.0V, 
The Ioa = f (V)  curve thus exhibi ts  a character is t ic  
p l a t eau  before  a sharp  increase when  the potent ia l  
reaches  +0.5V. As p rev ious ly  stated, the lack of f a ra -  
daic cur ren t  in a large  range of po ten t ia l  where  cor-  
rosion occurs ( approx imate ly  --0.2 to +0.4V) should be 
noted. Under  i l luminat ion,  the corrosion is acce lera ted  
and  a m a x i m u m  appears  in the  Iaa = 5(V) curve at  
about  the same vol tage as the pho tocur ren t  peak  (see 
be low) .  This corresponds to a pass ivat ion  of the semi-  
conductor.  

Wi th  p - t y p e  GaAs in the dark,  the  resul ts  rare com- 
parable .  Over  a la rge  range of po ten t ia l  (be tween 
--1.0 and 0.0V), the corrorsJon ra te  remains  constant  
and,  as observed  wi th  n - t y p e  GaAs,  this  corrosion is 
not  accompanied  by  a fa radaic  current .  

The behaviors  of these two kinds  of mate r ia l s  differ 
s t rong ly  under  i l luminat ion.  Wi th  p - type ,  we observe 
tha t  the corrosion does not  increase  wi th  i l luminat ion,  
as i t  does for  n - t y p e  GaAs;  r a the r  it  vanishes when  a 
cathodic photocurren  t arises. 

In  o rde r  to exp la in  this  difference, we mus t  con-  
s ider  the f la tband values  of these mate r ia l s  at  this  low 
pH (--1.15V for n - t ype  and ~0.15V for p- type ,  re -  
spec t ive ly)  and  the pecu l ia r  redox  p roper t i e s  of H2Os 
(23, 24). I t  i s  wel l  known that  H20~ is a s t rong b i func-  
t ional  ox idant  whose two-s tep  reduct ion  involves an 
OI-t- rad ica l  in te rmedia te .  Two "microscopic" s t anda rd  
redox  potent ia l s  correspond to these two successive 
steps, the values  of which  have been es t imated  by  
Memming  to be wide ly  sepa ra t ed  f rom tha t  of the 
g lobal  H 2 0 2 / O H -  sys tem (-f-1.54V). According  to Fig. 
4, wi th  p - t y p e  GaAs,  hydrogen  perox ide  is capable  of 
giving rise to a cur ren t  doubl ing process (23, 24) 
where  each photon  induces a two-e lec t ron  t rans fe r  
across the  interface.  The cap ture  of a photoexc i ted  
e lect ron f r o m  the conduct ion band creates an OH" rad i -  
cal (v~hich has e m p t y  levels of low energy)  which is 
then able  to in jec t  a hole into the  valence band  of 
GaAs. The electr ic  field wi th in  the  deple ted  l aye r  be -  
ing d i rec ted  towards  the  bu lk  semiconductor ,  the  in-  
jec ted  holes are  dr iven  in this direct ion.  This p reven ts  
surface corrosion. This is the reason why  no corrosion 
is observed  under  i l lumina t ion  wi th  p - t y p e  GaAs. This 
cur ren t  doubl ing on p - t y p e  GaAs has ve ry  recen t ly  
been  observed by  Ger ischer  et al. (25). Wi th  n - t y p e  
GaAs, cur ren t  doubl ing is no longer  possible,  accord-  
ing to the d i rec t ion  of the electr ic  field, which  is now 

H202 

1 ~ OH" 

2 ) OH"  

O H T O  H - 

O(E)  ,og 
G a A s  V vs SCE ~O,E,; 

H 2 0  2 solution 

Fig. 4. Energy diagram at pH 2 of the GaAs-H202 interface (24). 
This diagram supposes an equal concentration of all the redox 
species. The stationary concentration of OH' being small (24), the 
overlap of the conduction band and of H202 is probably much 
better than represented here. 

direc ted  towards  the surface for  this range of po ten-  
tial. Electrons are  dr iven  to the bulk,  and holes to the 
surface,  where  they  cont r ibute  to semiconductor  dis-  
solut ion while  an anodic pho tocur ren t  appears  (Fig. 
2). This s i tua t ion  ( increase  of IGa) appears  as soon as 
the e lec t rode  potent ia l  becomes posi t ive of the flat-  
band potent ia l  of the mater ia l .  

The shapes of the curves of Fig. 2 and 3 are  easy 
to in te rp re t  at  high anodic and cathodic polarizat ion.  

Wi th  n - t y p e  GaAs in the da rk  (Fig. 2), the sharp  
increase of the corrosion at  s t rong anodic polar iza t ion  
fol lows exac t ly  the  increase  of the  anodic current .  I t  
has been shown that  this wave is an avalanche  b r e a k -  
down wave which depends  on doping level  and cr~rs- 
ta l lographic  defects of GaAs (26). The d iscrepancy 
observed be tween  the b r e a k d o w n  voltage shown in 
Fig. 2 and 5, a t  the  same pH, p r o b a b l y  resul ts  f rom the 
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Fig. 5. Voltamperometric curves for n-type GaAs in the dark in 
0.1 citric acid and several H202 concentrations. Voltage scanning 
rate: 100 mV min -1.  
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batch origin of the GaAs substrate .  Fo r  lower  poten-  
tials, in the dark,  the anodic b reakdown cur ren t  dis-  
appears  while  corrosion, as for p - t ype  samples,  de-  
creases. The difference lies in the fact that  for  more  
negat ive  potent ia ls  (less than --0.3V), a large cathodic 
wave arises and at  the same t ime corrosion stops�9 I t  
is logical  to postula te  tha t  this corrosion suppress ion 
at low potent ia l  is a consequence of the e lect rolyt ic  
reduct ion of H202 at  the interface by  electrons f rom 
the conduct ion band, which accumulate  when the  elec-  
t rode potent ia l  approaches  its f latband value. This 
reduct ion of H202 at  n - t ype  GaAs elect rode under  
cathodic polar izat ion is indica ted  by  the mass-dif fu-  
sion l imi ted  waves of Fig. 5. The same explana t ion  is 
given by  Gerischer  et al. for the observed chemical  
s t ab i l i ty  of n - type  GaAs in Br2 solut ion under  ca th-  
odic polar izat ion (12). 

Wi th  p - t y p e  GaAs in the da rk  (Fig. 3), such a r ap id  
reduct ion of H~O2 does not  occur at  the surface under  
cathodic bias, so the corrosion p la teau  remains  flat 
even at --1.0V. For  potent ia ls  more posi t ive than  
--0.2V, the large anodic wave,  which  is accompanied 
by a s trong corrosion, p robab ly  resul ts  f rom the hole 
accumula t ion  in the valence band and f rom the resu l t -  
ing break ing  of the  chemical  bonds of the semicon-  
ductor.  I l lumina t ion  has no influence here,  because of 
the migra t ion  of the holes towards  the bu lk  semicon-  
ductor.  

The final point  concerns how corrosion can occur 
in the dark,  wi thout  e lect ron t ransfer ,  in the in te r -  
med ia t e  range of potent ia ls  (--0.5 < V < § for  
n - t y p e  and V < 0V for p - t y p e ) .  

Such corrosion can only be exp la ined  by  a pu re ly  
chemical  process, i.e., by an exac t ly  compensated  ex -  
change of electr ic  charges be tween the semiconduc-  
tor, which is oxidized, and the oxidant ,  which is re -  
duced. This process can be represen ted  by  the fo l low- 
ing schemat ic  reac t ion  

GaAs ~- 3H202 + 6H + --> Ga + + + -t- As + + + ~ 6H20 

[1] 
The na ture  of the resul t ing  species depends  on the 

pH and complexing  power  of the electrolyte�9 This is 
ev iden t ly  the process by  which chemical  e tching of 
the semiconductor  proceeds at the rest  potent ial .  

The p rob lem is thus to expla in  how such a reduct ion 
of H~O2, at  in te rmedia te  potent ial ,  can be in i t ia ted  by  
high energy  electrons (Fig. 4), since f rom the classical 
theory  of e lec t ron t ransfe r  (7, 9, 10), these electrons 
can only  be cap tured  f rom the conduction band,  whose 
e lect ron concentrat ion,  for  these two mate r i a l s  in the 
dark,  is poor. In  the  absence of p inning of the Fe rmi  
level,  the e lect ron concentra t ion increases as the po-  
ten t ia l  of the semiconductor  becomes more  cathodic, 
but  this increase is therefore  not  consistent wi th  the 
observed  vol tage independence  of chemical  corrosion 
(see Fig. 3). Ano the r  exp lana t ion  mus t  be found. 

I t  is wel l  known that  a high concentra t ion of surface 
and interface  s ta tes  is a lways  presen t  at  the surface of 
GaAs, especial ly  near  the middle  of the bandgap  (27, 
28) and if the  surface is oxygen  covered (29, 30) as 
a f te r  e tching by  acidic H202 mix ture  (31). According 
to exper imen t s  conducted in vacuo, these electronic 
s tates  of ten resul t  f rom dangl ing bonds or a different  
band s t ructure  of surface atoms which have a high re-  
ac t iv i ty  for  the solvent  (32). This is cer ta in ly  the  case 
for our h ighly  react ive  acid etched surfaces�9 If  an 
e lect ron f rom such a surface s ta te  (examples  of which 
are d rawn  Fig. 4) is t r ans fe r red  to an adsorbed  H~O~ 
molecule,  i t  wil l  lead to a shor t  l ived OH" radical ,  
which is consequent ly  a t tached to a surface a tom wi th  
a weakened  bond to the surface. This OH' radica l  is 
thus in a favorable  s i tuat ion to capture ,  direct ly,  a 
second e lec t ron f rom t h e  same atom, wi thout  the  con- 
s t ra in t  of equa l i ty  be tween  donor  and acceptor  e lec-  
t ronic s tates  levels  requi red  by  the fa rada ic  t ransfe r  

through the Helmhol tz  layer .  This leads to a st i l l  less 
s t rong ly  a t tached a tom and to the progress ive  cor-  
rosion of the electrode.  

This mechanism may  exp la in  why  the chemical  
corrosion is potent ia l  independen t  and why  it  occurs 
in pa r t i cu la r  at the rest  potent ial ,  i.e., unde r  the e tch-  
ing conditions, (--0.075V for p - t y p e  and --0.245V for 
n - t ype  in our  case).  

Under  i l luminat ion,  for  p - t y p e  mater ia l ,  e lectrons 
are avai lable  in the conduction band,  which, by  means  
of a cur ren t  doubl ing  mechanism, p reven t  the corro-  
sion f rom continuing (Fig. 3). The cur ren t  doubl ing  
phenomenon is thus more rap id  than  the chemical  
corrosion process. This is in ag reemen t  wi th  the large 
photocathodic  wave  seen in Fig. 3. On the contrary ,  
as prev ious ly  stated,  wi th  n - type  semiconductors,  
photoholes  which appear  in the va l ence -band  contr ib-  
ute to corrosion by  chemical  bond break ing  (Fig. 2). 

This analysis  shows that,  in addi t ion  to anodic elec-  
t rochemical  corrosion resul t ing  from hole accumula-  
t ion in the valence band (p - type )  or  b reakdown  
(n - type )  and the photoelec t rochemical  corrosion by  
photoholes (n - type ) ,  s imple chemical  corrosion is an-  
o ther  ve ry  impor t an t  means  of corrosion which p r o b -  
ab ly  does not only  occur by  hole in ject ion into the  
valence band. Wi thout  any  doubt,  surface s ta tes  p l ay  a 
ve ry  impor tan t  role in the e tching mechanism, and 
this fact  is emphas ized  by  the pol ishing or de fec t - r e -  
veal ing ab i l i ty  of this k ind  of etch. 

Other semiconductors and pH e~ec t . - -F igu re s  6 and 
7 show that  in the same acidic corrosive medium,  the 
behavior  of GaAsP  and GaA1As can be expla ined  
using s imi lar  arguments�9 The values  of the f latband 
potent ia ls  of these mater ia ls ,  which are  s l ight ly  more  
negat ive  than  GaAs (Table I ) ,  suppor t  this argument .  
We observe that  GaAsP  (Fig. 6) exhibi ts  a much 
lower  chemical  corrosion ra te  than  the two o ther  
n - t y p e  mate r ia l s  (compare  Fig. 2, 6, and 7). 

An  e tchant  is genera l ly  composed of an ox idan t  
(here H202) and an acidic or  basic solubi l iz ing agent  
of the amphoter ic  oxide which grows at  the surface  
of the semiconductor  (33). F igure  8 shows tha t  the 
etching rate  (i.e., the chemical  corrosion at  the rest  
potent ia l )  of GaAs in H20~/I-~PO4 mix tures  at  var ious  
pH's  in the da rk  suppor t  t h i s  definition. The so lubi l i ty  
of GaAs increases s t rongly  in the regions of low and 

4 

3 

2 

,0-,0. 
G a A s  P i �9 ~ 

, / " " 0  
0,1M ! / . ,.,,. 

I I  
;i 
; i  # 

-~'5 -~ / ~ -6 .~  o //  
i/ 

V I S C E  
I. 

Fig. 6. I = f (V )  and /Ca = f (V)  curves for n-type GaAsP in 
H~PO4 0.1M and 1% H202. Symbols are the same as used in Fig. 2. 
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Fig. 8. Etching rate vs. pH curves in the dark of n-type GaAs in 
1:2 H202 30% and HsP04 2.4M mixture. 

high pH when the solubility of the oxides of the 
different elements of which the semiconductor is com- 
posed are known to be iarge (34). Thus, etching o f  
III-V semiconductors is only' efficient at low and high 
pH and is slow at intermediate values when the low 
solubility of the oxide protects the material. The two 
other materials show curves similar to the curve of 
Fig. 8, except for the lower solubility of GaAsP, which 
has been already noted�9 In acidic or alkaline media, 
this poor etching rate of GaAsP offers selective prop- 
erties for the removal of GaAs with respect to GaAsP 
layers in the GaAs/GaAsP heterostructure. 

31 

The effect of pH on the etching rate is clearly illus- 
trated by the form of the curves of Fig�9 9 obtained 
at pH 7. The chemical corrosion plateaus practically 
disappear, while the passivation peaks become very 
pronounced. Passivation, for these three materials, is 
very effective for voltages exceeding somewhat the 
passivation peaks. 

On the other hand, at pH 13, Fig. 10-12 show that 
chemical dissolution is effective again and that the 
passivation becomes less pronounced. 

In the absence of passivation, the corrosion rate is 
practically proportional to H~O2 concentration, as 
shown Fig. 10 and 12, in the cathodic range of po- 
tential (compare the values for iaa respectively with 
1 and 0.5% of H202). When passivation occurs (as, for 
example, for GaA1As and GaAs under illumination at 
0.0V), oxide layer formation governs the dissolution 
process and proportionality with H202 concentration 
no longer holds. 

All these observations are consistent with a corrosion 
mechanism which involves competition between the 
rates of oxide formation and dissolution. The second 
phenomenon prevails at low and high pH. However, it 
can also be noted that illumination sometimes rein- 
forces passivation (see Fig. 2, 7, 10, and 12, for in- 
stance). 

Passivation and oxide layer growth.--Spectroellipso- 
metric and impedance measurements were carried out 
in order to reveal the effect of oxide growths on the 
dissolution phenomenon in H202. n-Type GaAs was 
used exclusively for this study. 

First, capacitance measurements and Mott-Schottky 
plots were obtained in citric and phosphoric 0.1M 
media at pH 2 and 7 without H202 and for "clean" 
surface n-GaAs. The data were taken at 1 and 10 kHz. 
From the Mott-Schottky plots of Fig. 13 we obtained 
donors densities (ND) of about 7.1 • 1017 for 10 kHz 
and 1 kHz, which shows, as previously stated, a very 
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weak frequency dependence and a good agreement 
with the predicted values. No account was taken of 
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Fig. 10. I = f(VJ and Ioa = fr for n-type GoAs in H,~PO4 
0.1M and 1% H202 at pH 13. Symbols ore the same as used in 
Fig. 2 except for 0.5% H~,O2 solution. 
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same conditions as Fig. 10. 

surface roughness for the calculation of the doping 
level. The corresponding flatband potentials were fre- 
quency independent and compared favorably, allowing 
for the observed pH dependence with the values of 
Table I. Experimental  values of these fiatband poten- 
tials are identical for both solutions (citric and phos- 
phoric), indicating that for a given sample in indifferent 
electrolyte this quantity is determined by the pH solely. 
Hence for practical convenience, fu r ther  experiments 
were made in a phosphoric medium. The linearities 
over a large range of potentials of the Mott-Schottky 
plots (about 1.5V), as well as the perfect reproduci-  
bility of these plots even after numerous scans up 
to the highest voltage attained in capacitance measure- 
ments (deep depletion situation), show that the GaAs 
surface can be considered, from a practical point of 
view to be oxide free, even if such freshly etched sur-  
faces cannot be considered as completely exempt of 
oxygen (31). It was impossible to detect the presence 
of oxide by ellipsometry on surfaces so prepared. This 
justifies our term "clean." 

A second series of capacitance measurements were 
performed in a I-I~PO4 0.1M -b H202 1% pH 7 medium. 
These results, which are not shown here, should be 
discussed in conjunction with the IGa -- ~(V) curve 
for the n-GaAs of Fig. 9. Several points should be 
emphasized: (i) the range of potential where Mott- 
Schottky behavior was observed was very reduced 
compared to that in the previous media. (ii) The 
shape of the Mott-Schottky plots seemed to be very 
time dependent. 

These two points clearly support the assumption 
that in such a medium and for the considered range of 
potential, changes in the GaAs surface occur in agree- 
ment with the observed corrosion and passivation of 
this material  under these conditions. 
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Fig. 13. Mott-Schottky plots for 
"cleon" (I) and oxidized (2)n- 
type GaAs in: o. H3PO4 0.1M at 
pH 7. b. H3PO4 0.|M ~ 1% 
H~O~ at pH 7. Frequency: ] kHz. 

In  an  attempt to exp la in  such a n  evolut ion,  fu r the r  
exper imen t s  were  made  on the basis of the  1Go ~- 
] (V)  curve of Fig. 9. 

Fi rs t ,  a "clean" n - t y p e  GaAs elect rode was held  at  
--1.4V, i.e., on the cathodic side of the pass ivat ion peak,  
for  more  than  2h, the d i f ferent ia l  capaci tance being 
per iod ica l ly  and au tomat ica l ly  measured  af te r  a fast  
mic rocompute r  moni tored  shift  of the potent ia l  (less 
than  l s )  to 0.0V. The  measu red  capaci tance at  0.0V 
remained  pe r fec t ly  constant  and equal  to that  of the 
"clean" surface  a t  the same vol tage  (2 �9 10 -7 F �9 cm -2 
[see Fig. 13]) in a l l  cases. The "new" smooth and 
pol ished sur face  appea red  to be oxide free by  el l ipso-  
me t r i c  measurements ,  as the "clean" surfaces  were.  

Second, a "clean" e lec t rode  was held  at --0.75V, 
i.e., on the o the r  side of the  pass iva t ion  peak. Capaci-  
tance  measurement s  were  pe r fo rmed  for  more  than  
10h in the  same w a y  as before.  A fast increase  fol lowed 
by  a slow continuous decrease  of the capaci tance was 
observed.  El l ipsometr ic  measurements  proved  the 
growth  of an oxide layer  which appea red  to be l inked  
wi th  the  change of the  e lec t rode  capacitance.  

Third,  Mot t -Scho t tky  plots were  obta ined  for  such 
a de l i be r a t e ly  oxidized sample  in the different  media :  
H3PO4 0.1M, pH 7 and H3PO4 0.1M -t- 1% H202, pH 7. 
The resul ts  showed a good l inea r i ty  for both  solut ions 
over  a la rge  range  of potent ials .  This shows tha t  the  
oxide evolu t ion  ra te  could be neglec ted  dur ing  these 
exper iments .  F igure  13 shows that  plots obta ined  in 
bo th  media  were  identical ,  but  were  shif ted towards  
posi t ive potent ia ls  compared  wi th  the  plots obta ined 
for  the  "clean" sample  in the  first solution. I t  is wor th  
not ic ing tha t  such a phenomenon  in a nonaqueous  
medium,  p r o b a b l y  due to a large  potent ia l  drop across 
the  oxide  layer ,  has  a l r eady  been repor ted  by  1Vioris- 
son et  al. (27), as has been the lower  slope for the  
oxidized s a m p l e  compared  wi th  the  "clean" one. We 
have  no explana t ion  for  this  phenomenon  (note the 
two scales used in Fig. 13). 

Al l  these  exper imen t s  c lear ly  confirm tha t  in H20~ 
medium:  (i) the  decrease  of the n -GaAs  dissolut ion 
rate ,  above --1.1V (Fig. 9) is due to a pass ivat ion of 
the  semiconductor  caused b y  the growth  of an oxide  
layer .  (ii) the GaAs surface on the  cathodic side of 
these pass ivat ion  peaks  can be  considered oxide free. 

Application: selective etching.--From a knowledge  
of the  IGa ---~ f (V)  curves it is possible to explore  a 
n e w  way  of select ive e tching of the three  I I I -V  semi-  
conductors  considered here.  Refer r ing  to the  previous  

sections concerning the behavior  of these mate r ia l s  at 
pH 7 (when the pass iva t ion  is ve ry  efficient) be tween  
--1.5 and --1.1V, GaA1As is p ro tec ted  against  corro-  
sion by  passivat ion,  whi le  GaAs dissolves. The same 
is observed for GaAsP  be tween  --1.3 and  --1.1V. If  
the  vol tage of an he te ros t ruc tu re  involving GaAs and 
GaAIAs,  or  GaAsP,  is fixed wi th in  these ranges,  dis-  
solut ion of GaAs alone wil l  occur. This select ive p ro-  
cess of dissolut ion involves bo th  the  choice of an  ap-  
pl ied vol tage and the pass ivat ion phenomenon in 
oxidizing media.  Usual ly  these methods  a re  used in-  
dependen t ly  of each other, the  l a t t e r  being carr ied  
out  at rest  potent ia l  etching.  

P r e l im ina ry  exper iments  have been  pe r fo rmed  on a 
GaAs/GaA1As he te ros t ruc ture  at --1.2V in a H3PO4 
0.1M -{- 1% H202 aqueous solut ion at  pH 7. Dissolution 
began  f rom the  GaAs surface. The approx ima te  ob-  
served  se lec t iv i ty  rat io (etching ra te  of GaAs upon 
etching ra te  of  GaA1As) was about  10, fu r ther  ex-  
perirnents  are needed  for a b e t t e r  de te rmina t ion  of 
this ratio. 

I t  is wor th  not ing tha t  a f t e rwards  GaA1As interface  
exhibi ts  a smooth, mi r ro r l ike  surface. This is p robab ly  
due to the fact that  at  this potent ia l  (--1.2V) the 
r ema in ing  oxide l aye r  is thin and  helps  the  pol ishing 
process by  a diffusion mechanism. The qual i ty  of the 
surface  af ter  such se lec t ive  a t t ack  appears  to be one 
of the  most  impor tan t  advantages  of the method.  

The same technique was appl ied  to G a A s / G a A s P  
he te res t ruc ture .  In  this  case, the  na tu re  of the  surface 
is sa t i s fac tory  enough for prac t ica l  appl icat ions  but  
the  smoothness is not as marked  as for GaA1As. 
Therefore,  fol~ t h ~  last  type  of he te ros t ruc ture  there  is 
no grea t  advan tage  in using the technique with  ap-  
p l ied  voltage,  since, as a l r eady  stated,  se lec t iv i ty  is 
obta ined  d i rec t ly  in acid or  a lka l ine  media  at  the res t  
potent ial .  

The exper iments  descr ibed above show that  a p r e -  
cise knowledge  of e lect rochemical  behavior  permi ts  a 
r ap id  de te rmina t ion  of possible select ive etching p ro -  
cedures. 

Conclusions 
Using impedance  and e l l ipsometr ic  measurements ,  

we have shown that  a method based on direct  analysis  
of corrosion products  of the semiconductor  under  c o r -  
ros ion  condit ions leads to a be t t e r  unders tand ing  of 
the corrosion mechanisms involved for the I I I -V  
compounds concerned in this study.  The etching be -  
hav ior  of  H20~ appears  to be cont ro l led  by  an oxide 
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l ayer  format ion  vchich depends to a great  ex tent  on 
the pH. From this resul t  new expe r imen ta l  condit ions 
may  be es tabl ished in order  to solve prac t ica l  p roblems  
concerning select ive etching. 
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Catalytic Activity of Iron, Nickel, and Nickel-Phosphorus in 
Electroless Nickel Plating 

J. Flis 1 and D. J. Duquette 

Department of Materials Engineering, Rensselaer Polytechnic Institute, Troy, New York 12181 

ABSTRACT 

The catalytic activity for electrooxidation of hypophosphi te  and electroless nickel plating on iron, nickel, and 
electrolessly plated nickel (with 2.2-2.9 weight percent  (w/o) p) was investigated in an ammoniacal  solution o fpH 8.8 at 50~ 
by potential  measurements  and linear sweep vol tammetry  from -0.3V to 0.92Vvs. SCE. Cathodic polarization of any of the 
substrates (in 0.1M H2SO4) before testing or permeat ion of hydrogen th rough i ron  foils during testing reduced the incuba- 
tion t ime for electroless plating, increased anodic dissolution of the substrates in the passive region, and increased the hypo- 
phosphi te  electrooxidation on nickel and nickel-phosphorus at potentials of thermodynamic  stabili ty for nickel oxides or 
hydroxides.  The nickel-phosphorus substrate exhibi ted significantly higher activity than pure nickel, in a similar manner  
to the effect of cathodic polarization. The effect of cathodic polarization and hydrogen is associated with the electrochemical 
reduct ion of surface oxides, whereas the higher activity of nickel-phosphorus deposits (as compared to that of pure nickel) is 
explained by the lower protectivity of surface oxides on these deposits. 

Electroless nickel  p la t ing  f rom hypophosphi te  solu-  
tions proceeds spontaneously  on many  meta l  surfaces 
(1-5),  a l though the specifics of this process may  be 
of ,a different  nature .  Some noble  meta ls  (pal ladium,  

1 O n  leave  f r o m  Ins t i t u t e  of  P h y s i c a l  C h e m i s t r y ,  01-224 
Warszawa, Po land .  

Key words: electroless, nickel plating, iron, nickel, nickel-phos- 
phorus. 

rhodium, nickel,  cobalt,  gold) possess an intr insic  
cata lyt ic  ab i l i ty  to induce e lec t rooxidat ion  of hypo-  
phosphite,  and electroless n ickel  plat ing;  whereas  
some act ive metals  become cata ly t ic  due to the deposi -  
t ion of n ickel  f rom a solut ion by  a d isp lacement  r e -  
action. The l a t t e r  phenomenon  has been shown for 
iron, a luminum,  arrd be ry l l i um (2), ga l l ium and 
tha l l ium (6), magnesium,  zinc, and manganese .  The 
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cata ly t ic  ac t iv i ty  of copper  has been shown to be 
s t rongly  affected by  surface oxides  (7). The act ivat ion 
of copper  or  its al loys by  anodic t r ea tmen t  (4) or  by  
the  add i t ion  of~ chlor ide ions to a given pla t ing solu-  
t ion (8) is ev iden t ly  associated with  the r emova l  of 
these surface  oxides. 

Nickel  and  i ron induce spontaneous  electroless  p la t -  
ing of nickel,  but  the presence of surface oxides m a y  
cons iderab ly  pro long incubat ion t imes and decrease 
the  adhesion of the deposi ts  to the substrates .  In-  
vest igat ions by  Gaigher  and van  Wyke  (9) showed 
that  contaminat ion  of a n ickel  subs t ra te  due to ex-  
posure  to l abo ra to ry  a i r  resul ted in a b locky discon- 
t inuous g rowth  of n ickel  electrodeposi ts ,  in contras t  
to smooth m o n o l a y e r - t y p e  growth  for  uncontami-  
na ted  surfaces. 

The  ca ta ly t ic  ac t iv i ty  of a nickel  surface for  de-  
hydrogena t ion  of hypophosphi te  diminishes wi th  t ime 
(2, 3) i n  the absence of Ni 2+ ions. However ,  it  is 

sus ta ined  in the presence of these ions, even at  con- 
cent ra t ions  as low as 2 • 10-SM (2).  Gutzei t  (2) 
indica ted  tha t  the concentra t ion of Ni 2+ ions in the 
solut ion remains  constant  dur ing  a given exper iment .  
Nevertheless ,  i t  seems that  a smal l  amount  of deposi -  
t ion of electroless  n ickel  is also possible,  giving rise to 
the  cont inuat ion of the ca ta ly t ic  act ivi ty.  

Epi fanova  et al. (10) showed tha t  the  cata lyt ic  ac-  
t iv i ty  of electroless n ickel  for o x i d a t i o n  of hypo-  
phosphi te  was d is t inc t ly  h igher  than  tha t  of pure  
nickel.  This was expla ined  in te rms of the ca ta ly t ic  
act ion of phosphorus.  I t  is possible th,at the h igher  
ca ta ly t ic  ac t iv i ty  of n icke l -phosphorus  deposits  when 
compared  to that  of n icke l  m a y  also be due to o ther  
reasons, such as less vu lne rab i l i ty  to oxide format ion  
or  o ther  surface  contaminat ion,  or  to hydrogen  ab-  
sorbed by  the deposi ts  dur ing  plat ing.  The effect of 
surface  condit ions on growth  of the deposits  was 
stressed by  Caval lo t t i  and Salvago (6). Inhibi t ion  of 
electroless  p la t ing  and of hypophosphi te  e lec t roox ida-  
t ion by  oxy-anions ,  oxides,  or d issolved oxygen has 
been r epor t ed  b y  severa l  au thors  (7, 11-13). 

Hydrogen  has been shown to accelera te  electroless 
plat ing,  both by  par t ic ipa t ion  in the reduct ion of Ni 2+ 
ions (1-3, 14), and also by  reduct ion of surface  oxides  
(13). On the o ther  hand,  hydrogen  m a y  diminish the 
ca ta ly t ic  ac t iv i ty  of substrates ,  as it  was observed for 
pa l l ad ium (13). 

The p resen t  work  was unde r t aken  in o rder  to de-  
t e rmine  the effect of surface  oxides and of hydrogen  
on the incubat ion t ime for electroless  p la t ing  and on 
the cata ly t ic  ac t iv i ty  for e lec t rooxida t ion  of hypo-  
phosphi te  on subst ra tes  of iron, nickel ,  and nickel -  
phosphorus.  

Inves t iga t ions  were  carr ied  out  in an ammoniaca l  
hypophosphi te  solution, in which  electroless p la t ing 
produced  nickel-phosp1~orus deposi ts  wi th  2.2-2.9 w /o  
P (13). The ca ta ly t ic  ac t iv i ty  and e lec t rochemical  be -  
hav ior  of the  subs t ra tes  were  examined  by  potent ia l  
measurements  and l inea r  sweep  vo l t ammet ry .  

Experimental 
Tests were  carr ied  out  on annea led  Armco iron, 

99.9% pure  nickel ,  and p re fo rmed  electroless  n ickel -  
phosphorus  deposi ts  conta ining 2.2-2.9 w /o  P. 

Specimens of Armco i ron were  e lec t ropol ished in a 
solut ion of 940 ml  acetic acid (glacial)  W 60 ml  pe r -  
chloric acid, at 40-60V, while  specimens of nickel  
were  e lec t ropol ished in a solut ion of 100 ml  I-I2SO4 -b 
75 ml  H20, at 5-6V; both at  room tempera tu re .  Speci -  
mens  were  subsequent ly  washed  in dis t i l led water ,  
d r ied  in air, and then masked  wi th  (Microshield TM) 
l acquer  to obta in  an uninsu la ted  surface area  of 1 
cm 2. The lacquer  r emained  adheren t  and s table  for 
per iods  of app rox ima te ly  2 hr. Nicke l -phosphorus  
deposi ts  of ~ 3  ~rn thickness  were  g rown on e lec t ro-  

Table I. Composition of electrolytes 

So lu t ion  
d e s i g n a t i o n  

K N a  t a r t r a t e  
NaHzPO~. NiSO4.  KNaC~'-hO~. 28% Conc 

H20 6I-I~O 4H~O NH~OH H~O~ 
( g /  ( g /  (g /  ( m l /  (ml /  

l i t e r )  l i te r )  l i te r )  l iter) liter) 

P l a t i n g  
so lu t ion  

S u p p o r t i n g  
solution 

S u p p o r t i n g  
s o l u t i o n  w i th  
Nix+ ions  

S u p p o r t i n g  
solution w i t h  
s o d i u m  hypo-  
p h o s p h l t e  

13.25 13.1 
(0.125 (0.05 
mol/ tool/ 
liter) liter ) 

13.1 

28.1 70 ca .  15 

28.2 70 ca.  15 

28.2 70 ca .  15 

13.25 - -  28.2 70 ca. 15 

pol ished nickel  by immers ion into a p la t ing  solution 
(cf. Table I) at  50~ for 30 min. 

Specimens were  examined  under  the fol lowing con- 
dit ions:  (i) e lect ropol ished ( iron or nickel)  or  f reshly  
deposi ted (n icke l -phosphorus ) ,  tested wi thin  1 hr  
af ter  p repara t ion .  (ii) As  (i), fol lowed by  cathodic 
polar iza t ion  in 0.1M H2SO4 at a cur ren t  dens i ty  of 
100 A ~ m -2 for  10 min  and tes ted immed ia t e ly  af ter  
polar iza t ion  and r insing wi th  dis t i l led water .  (iii) As 
(i) ,  aged in a i r  at  50~C for 28 hr. (iv) As (i) ,  im-  
mersed  into 0.1M NaOH at 25r for 30 min. (v) Elec-  
t ropol ished i ron with  continuous permea t ion  of hydro -  
gen. 

A schemat ic  d rawing  of a specimen ins t rumented  
for hydrogen  permeat ion  is shown in Fig. 1. A 0.10 
m m  thick membrane  of annealed  Armco i ron was 
glued to a glass tube which then was filled wi th  0.1M 
H2SO4. The outer  por t ion of the membrane  served as 
the specimen's  react ion surface.  Permeat i6n  of hyd ro -  
gen through this surface was achieved by  cathodic 
polar izat ion of the inner  surface at  a cur ren t  densi ty  
of 100 A . m  -2. The ra te  of hydrogen  permeat ion  
th rough  Armco iron membranes  was  de te rmined  e lec-  
t rochemica l ly  (15) in  separa te  exper iments .  In these  
exper iments ,  the diffusion sides of the membranes  
were  e lec t ropla ted  with  pa l l ad ium and the membranes  
were  c lamped be tween  the two compar tments  of the 
e lect rolyt ic  pe rmeab i l i t y  cell. The diffusion compar t -  
ment  contained 0.02M NaOH wi th  a reference  elec-  
t rode of Hg/HgO/0.02M NaOH. A typica l  cur ren t  
t rans ient  f o r  hydrogen  pe rmea t ion  dur ing  cathodic 
polar iza t ion  of a membrane  is shown in Fig. 2. No 
hydrogen  gas bubbles  were  observed dur ing  the pe r -  
meat ion  exper iments .  

Specimens were  examined  in the  solutions l is ted in 
Table  I, p r epa red  f rom reagent  grade chemicals  and 
dist i l led water .  Sulfur ic  acid or, if necessary,  NH4OH, 
was added in amounts  appropr ia t e  to ad jus t  t h e  pH 
of the solutions to 8.8. Measurements  were  carr ied  out 
on s ta t ionary  specimens at 50.0 ___ 0.5~ in solutions 
deaera ted  by  purging  with  pure  ni trogen.  

Measurements  involved moni tor ing  of open-c i rcu i t  
e lect rode potent ials ,  and of l inear  sweep vo l t ammo-  
grams. Potent ia ls  were  measured  against  sa tu ra ted  
calomel  e lectrode (SCE) a t  25~ via  a Luggin  capi l -  
lary.  Vol tammetr ic  measurements  were  per formed  
u s i n g  single cathodic sweeps at a rate  of 1 mV/sec,  
beginning at  --0.3V vs. SCE. 

Results 
Open-circuit  potentials.--Changes of e lectrode po-  

tent ia l  for the subs t ra tes  af ter  immers ion  into elec-  
troless p la t ing  solutions are  shown in Fig. 3 and 4. 
The rest  potent ia l  of the  electroless p la t ing  was ap-  
p r o x i m a t e l y  --0.87V (7, 13). The t ime requi red  to 
reach this potent ia l  is defined as the incubat ion t ime 
and character izes  the ab i l i ty  of the subs t ra tes  to be-  
come act ive for electroless  plat ing.  
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Fig. 3. Open-circuit potential of electropolished iron (full lines) 
and of iron after cathodic polarization in 0.1M H2SO4 (dashed 
lines) upon immersion into the plating, supporting, and support- 
ing Jr NaH2PO2 solutions. An arrow with "H" indicates the start 
of hydrogen permeation through an iron membrane. 

0 

Fig. 1. Schematic drawing of a specimen unit for continuous 
permeation of hydrogen. (1) insulated wire, (2) glass tube, (3) 
0.|M H2SO4, (4) epoxy resin, (5) 0.10 mm thick iron membrane, 
(6) specimen surface. 

Figure  3 shows that  e lec t ropol ished i ron  becomes 
active af ter  achieving a potent ia l  a r res t  at  approx i -  
ma te ly  --0.5V. These poten t ia l  a r res ts  v i r t ua l ly  d is -  
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Pig. 2. Permeation of hydrogen (i~) through a 0.10 mm thick iron 

membrane during cathodic polarization at 100 A"  m -2  in 0.1M 
H~SO4, 50~ 
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Fig. 4. Open-circuit potential of nickel and nickel-phosphorus 
deposits after immersion into the plating so(ution (curves 1-4), 
supporting solution (5) and supporting with NaH~PO2 (6): (1) 
electropolished nickel, (2) nickel after cathodic polarization, (3) 
after exposure to air at 50~ for 28 hr, (4) after exposure to 0.1M 
NaOH for 0.5 hr. 

appeared  when specimens were  ca thodica l ly  polar ized 
in 0.1M H2SO4 before  testing. Pe rmea t ion  of hydro -  
gen th rough  iron membranes  also d iminished the ex-  
tent  of the potent ia l  arrest .  

In  the  suppor t ing  solut ion (Table  I ) ,  the  rest  po -  
t en t ia l  of i ron was app rox ima te ly  --0.78V. With  a 
hypophosphi te  addit ion,  the poten t ia l  was nea r ly  the  
same on an e lec t ropol ished surface,  but  on ca thodica l ly  
polar ized surfaces it shif ted to app rox ima te ly  --0.92V, 
a f t e r  a br ie f  ar res t  at  --0.78V. 

The incubat ion t ime for p la t ing  on electro.polished 
n ickel  (Fig. 4) was shor te r  than  tha t  for  iron, and was 
also subs tan t ia l ly  d iminished by  cathodic p repo la r i za -  
tion. Poten t ia l  ar res ts  were  observed at  app rox ima te ly  
--0.45V. 
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On n icke l -phosphorus  deposits,  the potent ia l  ar res ts  
observed at --0.45V were  s ignif icant ly  shor ter  than 
those observed on nickel,  indica t ing  h igher  ac t iv i ty  
of these deposi ts  for the ini t ia t ion of electroless  plat ing.  
In solut ions wi thout  Ni 2+ ions, potent ia ls  on nickel -  
phosphorus  d ropped  to lower  values  than  on nickel.  

Voltammetric measurements.--Measurements were 
made  in the  suppor t ing  solut ion with  and wi thout  the  
addi t ives  essent ia l  for p la t ing  (cf. Table  I ) ,  by  scan-  
ning the potent ia l  in the cathodic direct ion from 
--0.3 to --0.92V or lower.  Potent ia l  scanning was 
in i t ia ted  immed ia t e ly  upon immersion.  

Vo l t ammograms  on e lect ropol ished and ca thodical ly  
polar ized i ron  are  shown in Fig. 5 and 6. E lec t rooxida-  
t ion of hypophosphi te  in the  solution wi thout  Ni 2+ 
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Fig. 5. Voltammegrams for electropolished iron in the supporting 
solution with and without other components (cf. Table I), begin- 
ning at --0.30V. An arrow with "H" indicates the start of hydro- 
gen permeation through an iron membrane. Below the discontinu- 
ities the current is cathodic, except where anodic current is denoted 
by i+. 
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Fig. 6. Voltammograms for iron after cathodic polarization in 
0.1M H~SO4, measured in the supporting solution with and without 
other components, beginning at - -03V.  

ions began at  app rox ima te ly  --0.83 and --0.81V on 
e lect ropol ished and ca thodica l ly  polar ized iron, re -  
spectively.  ~[his was indica ted  by a deflection of the 
cathodic curves at these potent ials ,  fol lowed by  the 
appearance  o5 anodic cur ren t  loops. In  the solut ion 
containing ~ i  2+ ions, the e lec t rooxida t ion  of hypo-  
phosphi te  began  at  app rox ima te ly  --0.70V. 

Pe rmea t ion  of hydrogen  th rough  the specimen 's  
surface caused an increase in anodic cur ren t  in the 
passive region, but  did not  affect the e lec t rooxidat ion  
of hypophosphi te .  Cathodic polar iza t ion  of specimens 
pr io r  to test ing also increased the anodic cur ren t  in 
the passive region, wi thout  affecting the e lec t rooxida-  
l ion of hypophosphi te  (Fig. 6). 

Vol tammograms  on nickel  and n icke l -phosphorus  in 
various solutions are shown in Fig. 7-10. The curves 
were  measured  af ter  cathodic polar izat ion labe led  
"c.p." of specimens in 0.1M H2SO4. These vo l t ammo-  
grams show that  the n icke l -phosphorus  deposits  were  
signif icantly more  act ive than pure  nickel.  The higher  
ac t iv i ty  of the deposi ts  was indicated by  h igher  anodic 
currents  at  noble  po ten t i a l s  in al l  solutions, by  the 
occurrence of a peak  at a round  --0.78V in the p la t ing  
solution, and by  a s teeper  r ise in cathodic currents  at  
a pp rox ima te ly  --0.75V in the suppor t ing  solution with  
Ni 2+ ions. 

As in the case for iron, cathodic polar iza t ion  of n ickel  
and n icke l -phosphorus  in 0.1M H2SO4 before test ing 
cons iderab ly  increased anodic currents  at  noble  po-  
tentials .  At  more  active potent ia ls ,  cu r ren t  increases 
were  not  significant. The effect of cathodic polar izat ion 
was ev ident  in essent ia l ly  the  same poten t ia l  range  for 
both mater ia ls .  

Discontinuit ies  in the  vo l t ammograms  measured  in 
the so lu t ions  wi thout  NaH2PO2 (Fig. 8 and 9) indicate  
mixed  rest  potent ials .  Currents  m e a s u r e d  noble to 
these potent ia ls  r epresen t  anodic dissolution of the 
substrates .  The vo l t ammograms  show that  the anodic 
dissolUtion ra te  of n icke l -phosphorus  was higher  than  
that  of n ickel  and tha t  cathodic prepolar iza t ion  in-  
creased the ra te  0f dissolution of both  substrates .  

At  potent ia ls  noble to --0.5V, anodic currents  m e a -  
sured in the  hypophosphi te  containing solutions (Fig. 
7 and 10) were  v i r tua l ly  ident ical  to those me.asured 
in the hypophosph i t e - f ree  solut ions (Fig. 8 and 9) 
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Fig. 7. Voltammograms for nickel and nlckel-phosphorus deposits 
in the plating solution, beginning at --0.3V. Curves denoted by 
"c.p." were measured after cathodic polarization in 0.1M H2SO4. 
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in the supporting solution. 

on each substrate.  This suggests tha t  at  these po ten-  
t ials  the measured  current  was associated p r i m a r i l y  
with anodic dissolut ion of the substrates ,  and that  the 
e lec t rooxidat ion  of hypophosphi te  e i ther  did not  take  
place or was negligible.  An anodic cur ren t  measured  
at more  act ive potent ia ls  was ev iden t ly  associated 
wi th  e lec t rooxida t ion  of hypophosphi te .  This shows 
that  the hypophosphi te  e lec t rooxida t ion  became sig-  
nificant at  the potent ia ls  corresponding to rest  po-  
tent/Ms in the hypophosph i t e - f ree  solutions. The 
h igher  anodic dissolution cur ren t  corresponds to h igher  
e lec t rooxidat ion  cur ren t  near  the corrosion potent ials .  

In  the p la t ing  solu*Jon (Fig. 7) the e lec t rooxidat ion  
cur ren t  of hypophosphi te ,  act ive to --0.75V, reached  
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Fig. 9. Voltammogroms for nickel and nickel-phosphorus deposits 
in the supporting solution with added Ni 2+ ions. 
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Fig. !0. Voltammograms for nickel and nickel-phosphorus depos- 
its in the supporting solution with added NaH2PO~. 

higher  values than  in the solut ion wi thout  Ni 2+ ions 
(Fig. 10). On n icke l -phosphorus  deposits,  in the p la t ing 
solution, the increase in the cur ren t  active to --0.75V 
was grea te r  than on pure  n ickel  and showed a dis t inct  
peak  at  --0.78V. Nickel  showed only a s l ight  t endency  
to form a peak  at this potential .  

The increase in the  e lec t rooxidat ion  cur ren t  in the 
p la t ing  solution active to --0.75V coincided with  the 
s ta r t  of e lect rolyt ic  deposi t ion of nickel  on the sub-  
strates.  The l a t t e r  can be seen f rom cathodic curves 
in the suppor t ing  solut ion with  added  Ni2+ ions (Fig. 
9). The increased e lec t rooxidat ion  cur ren t  in the p la t -  
ing solut ion thus resul ts  f rom elect rolyt ic  deposi t ion 
of n ickel  on the  subs t r a t e~  

Discussion 
Measurements  of open-c i rcu i t  potent ia ls  show tha t  

the incubat ion t ime for electroless nickel  p la t ing on 
the respect ive  subs t ra tes  decreased  in the  sequence:  
i ron  > n ickel  > n ickel -phosphorus .  Oxida t ion  of speci-  
mens pr ior  to immers ion  increased the incubat ion t ime, 
while  cathodic polar izat ion decreased it. On iron, the 
incubat ion t ime w a s  also lowered  by  sa tura t ion  of the  
surface  wi th  hydrogen  as indica ted  b y  pe rmea t ion  
plateaus.  

The ma jo r  par t  of the incubat ion t imes  was as-  
sociated with  potent ia l  ar res ts  in the  range  of --0.45V 
for n ickel  and of --0.5V for iron. Vo l t ammograms  in 
the suppor t ing  e lect rolyte  showed tha t  the  potent ia l  
a r res t  for i ron was in the pass ive-ac t ive  region,  while  
that  for nickel  was a pp rox ima te ly  at the corrosion 
poten t ia l  (Fig. 8). This suggests tha t  these potent ia l  
arres ts  are  associated wi th  oxide  dissolution. 

The decrease in incubat ion t ime resul t ing  f rom 
cathodic prepolar iza t ion  or by  pe rmea t ion  of hydrogen  
can also be a t t r ibu ted  ma in ly  to the reduct ion  of sur -  
face oxides. This is ev idenced  by  h igher  anodic cur-  
rents  in the passive region on iron (Fig. 5 and 6), 
and also on n ickel  and n icke l -phosphorus  above thei r  
corrosion potent ia ls  (Fig. 8). 

Cathodic polar izat ion leads to the reduct ion  of sur -  
face oxides and p re sumab ly  sa tu ra tes  the specimen 
surfaces  wi th  hydro.gen. This absorbed  hydrogen  may  
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cont r ibute  to reduct ion  of oxides or hydroxides  which 
form thereaf ter ,  especia l ly  upon immers ion  into the 
p la t ing solutmn. Forma t ion  of oxides or  hydrox ides  on 
the subs t ra tes  in the  p la t ing  solutl0n can be surmised  
f rom the values of pH and of ini t ia l  potent ials ,  which  
indicate  t he rmodynamic  s tab i l i ty  for oxides or h y -  
droxides  (16). 

The vo l t ammograms  show tha t  e lec t rooxida t ion  of 
hypophosphi te  s ta r ted  at  potent ia ls  at  which oxides 
should be reduced.  On iron, this occurred a t  ca. --0.82V, 
which is app rox ima te ly  the equilibrim-a potent ia l  of 
the  F e ( O H ) J F e  reac t ion  (16); while  on nickel  and 
n icke l -phosphorus  this occurred at  a p p r o x i m a t e l y  the 
corrosion potent ials .  At  this potent ial ,  surface  oxides 
should be reduced  to a g rea t  extent ,  though not 
c o m p l e t e l y  (17-19). The effects of hydrogen  and of 
cathodic prepolar iza t ion  on the ini t ia t ion of p la t ing 
and  on the hypophosphi te  e lec t rooxida t ion  are associ- 
a ted  wi th  the reduct ion  of surface oxides. The hypo-  
phosphi te  e lec t rooxida t ion  was not  affected at  more  
act ive potent ials .  Nor was the hypophosphi te  e lec t ro-  
oxida t ion  affected by  evolut ion of hydrogen  at  ca. 
--0.7V, as has been r epor t ed  for  p a l l a d i u m  (13). 

The g rea te r  efficiency of the  n icke l -phosphorus  sub-  
s t ra te  (compared  to that  of nickel)  can also be ex-  
p la ined  in te rms of surface  oxides.  Larger  anodic dis-  
solut ion currents  on n icke l -phosphorus  than  those on 
nickel  indicate  tha t  the oxide layers  on n icke l -phos -  
phorus were  less protect ive,  which may  resul t  f rom 
thinner ,  less stable,  or discontinuous oxides.  Thus, 
the  incubat ion t ime for  n icke l -phosphorus  was shor ter  
and hypophosphi te  e lec t rooxidat ion  in the noble  po-  
ten t ia l  region was g rea te r  than ,are observed for nickel.  
At  potent ia ls  active to --0.65V in the solution wi thout  
Ni 2+ ions, hypophosphi te  e lec t rooxida t ion  was essen- 
t ia l ly  ident ical  for  n ickel  and for  n icke l -phosphorus .  
This indicates  that  the intr insic  ca ta ly t ic  ac t iv i ty  of 
the  two subst ra tes  is nea r ly  the same. The difference 
in the  ac t iv i ty  o.ccurs essent ia l ly  because of the pres-  
ence of surface oxides and can be a t t r ibu ted  to the 
difference in t he  pro tec t ive  proper t ies  of the oxide  
layers  on these substrates .  The exp lana t ion  of Epi -  
fanova et al. (10), which invokes a cata lyt ic  action of 
phosphorus  in electroless deposits,  does not  seem to 
be appropr ia t e  for  the present  case. The surface  of 
n icke l -phosphorus  deposits  is p robab ly  less contami-  
na ted  wi th  res idual  oxides or  o ther  species at  more  
nega t ive  potent ials .  This expla ins  the  s t e e p e r  r ise in 
the e lect rodeposi t ion cu r r en t  of n ickel  a t  --0.75V on 
these deposi ts  than  on nickel  (Fig. 9). I t  is sugges ted  
tha t  fas ter  e lec t rodeposi t ion of f resh nickel  on n ickel -  
phosphorus  deposi ts  from the p la t ing  solut ion is r e -  
sponsible  for  the h igher  e lec t rooxidat ion  cur ren t  on 
these deposi ts  be low --0.75V (Fig. 7). The f resh ly  
e lec t rodeposi ted  nickel  should possess high cata lyt ic  
ac t iv i ty  owing to low contaminat ion  of its surface.  

Elec t ro ly t ic  deposi t ion of n ickel  f rom a p la t ing  so- 
lu t ion (act ive to --0.75V) enhanced the hypophosphi te  
e lec t rooxida t ion  on nickel  and n icke l -phosphorus ,  
whereas  on iron i t  in i t ia ted  the  hypophosphi te  e lec t ro-  
oxida t ion  at  app rox ima te ly  this potent ia l  (Fig. 5 and 
6). In  the solut ion wi thout  Ni 2+ ions, the hypophos-  
phi te  e lec t rooxidat ion  on i ron began at  --0.81V or  
below. This shows that  for i ron in the  p la t ing  solu-  
tion, e lec t ro ly t ic  deposi t ion of n ickel  occurs dur ing  
the spontaneous  poten t ia l  shift,  fol lowed b y  e lec t ro-  
oxida t ion  of hypophosphi te .  This is in accord with  
the conclusion of  Gutze i t  (2). 

Conclusions 
Cathodic polar iza t ion  of iron, nickel,  and n ickel -  

phosphorus  in 0.1M H2SO4 before  test ing cons iderably  
d iminished incubat ion t imes for electroless n ickel  
p la t ing  on these substra tes .  A s imi la r  effect was caused 
by  pe rmea t ion  of hydrogen  th rough  the i ron surface.  

Poten t ia l  scans f rom --0.3 to --0.92V vs. SCE showed 
that  cathodic polar izat ion a n d / o r  the presence of h y -  
drogen in the  subs t ra tes  increased anodic dissolution 
of the subst ra tes  in the passive region,  and increased 
the hypophosphi te  e lec t rooxida t ion  on nickel  and 
n icke l -phosphorus  in ' the poten t ia l  range  of t he rmo-  
dynamic  s tab i l i ty  of n ickel  oxides or hydroxides .  

The activatin.g effect of cathodic polar iza t ion  and 
hydrogenj  can be en t i re ly  ascr ibed to the reduct ion of 
surface  oxides. 

Nicke l -phosphorus  deposi ts  showed lower  incuba-  
tion t imes for electroless p la t ing  of nickel,  g rea te r  
anodic dissolution in the passive region, .and grea te r  
hypophosphi te  e lec t rooxidat ion  in the  presence of 
oxides than  those observed for nickel.  This is a t t r ib -  
u ted to lower  protect iveness  of surface oxides on these 
deposits.  
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Morphological Instability in Nonsteady Galvanostatic 
Electrodeposition 

I. Effect of Surface Diffusion of Adatoms 

Ryoichi Aogaki and Tohru Makino ~ 
Department of Chemistry, The Institute of Vocational Training, 1960, Aihara, Sagamihara, 229, Japan 

ABSTRACT 

In non-steady galvanostatic deposition without any surface diffusion, it has already been reported that the average size of 
crystals formed on an electrode surface decreases with deposition time since large number  of crystal nuclei are successively 
generated due to high supersaturation of adatoms. However, when the crystal sizes become extremely small, it is necessary 
to consider the effect of the surface diffusion on crystal morphology. Therefore, we attempted to derive a degree of surface 
irregularity (dsi) equation including the surface diffusion to examine the time dependence of the maximum dis (dsi ~ ) .  It 
was found that the dsi ~ value obtained here becomes smaller with time than that neglecting surface diffusion. The relation 
between the spatial wavelength (~,~) corresponding to dsim~ and deposition time was obtained for the case where the sur- 
face diffusion cannot be disregarded, i.e., ~m~ initially decreases, but  approaches a certain constant value with time. Regard- 
ing ~,m~ as a measure of crystal size, it was obviously concluded that since the surface diffusion hinders the growth of crystal 
particles which develop from nuclei, the sizes do not decrease even after a long time passes. Moreover, as dsi~,~ is taken as a 
measure of increasing height of surface irregularity, it became clear that the surface diffusion also suppresses the growth 
rates of crystal peaks. 

In  gaivanostat ic deposition under  diffusion control, 
owing to high supersaturat ion,  a large n u m b e r  of crys- 
tal nuclei  grow to form minute  roundish particles wi th-  
out par t icular  crystal faces. It has been pointed out 
that  such growth is a t t r ibuted to instabi l i ty  accom- 
panied with the diffusion of depositing ions (1, 2, 9). 
Fur thermore ,  a general  expression for the variat ion of 
the surface morphology with increasing deposition 
t ime was derived for when the t ransi t ion from thermo-  
dynamic  equi l ibr ium to nonequi l ib r ium takes place 
(3). After  drawing three-dimensional  contour plot-  
t ing obtained from the theory, the average particle size 
and standard deviation were calculated. The results 
were compared with statistical data obtained from 
SEM photographs by means of image analysis; both 
results were in good agreement  (4). 

According to this theory, as the bulk  concentrat ion 
decreases and the current  densi ty  increases, the par-  
ticle size decreases with time, and finally converges  
into zero (2). This is an extreme case, but  to some 
extent  such a prediction may be possible in a case of 
low concentrat ion and high current  density. 

We at tempted to improve the theory by int roducing 
the effect of surface diffusion of adatoms. In  order to 
make clear the mechanism of unstable  growth, a ther -  
modynamic  condit ion was considered. 

Theoretical 
Dif]usion o] active ions in the electrolytic solution.~ 

Following the concentrat ion change of depositing ions 
nea r  the electrode surface, which arises from sudden 
deposition, a nonsteady mass t ransfer  occurs near  the 
electrode. We assume that the solution is in a sta- 
t ionary state and  contains a lot of support ing electro- 
lyte so that the migrat ion of the ions due to the pres-  
ence of electric field can be neglected :and there is 
no mass flow caused by fluid motion. 

First, we consider a case where any fluctuations do 
not  exist. Taking the electrode surface equal to the 
x -y  plane, the concentrat ion dis t r ibut ion in the present  
case has only one component  in the z-direction per-  
pendicular  to the surface; i.e., the diffusion equation 
neglect ing the terms of migrat ion and  mass flow (5) 

0C* (z, t) 02C * (z, t) 
= D [1] 

,Or Oz 2 
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is obtained, where C* (z, t) is the depositing ion con- 
centrat ion is nonfluctuated state, D is the diffusion 
cofficient, and t is deposition time. On the other hand, 
the fluctuation of the concentration, c(x ,y , z ,  t), im- 
posed on this system can be wri t ten  as follows (2) 

Oc(x, y, z, t) 
= DV2c (x, y, z, t) [2] 

0t 

where the migrat ion and mass flow effects are also 
disregarded. Such fluctuation component is general ly 
expressed by the superimposit ion of Fourier  compo- 
nents, as long as they are sufficiently small  compared 
with the nondis turbed  component.  Thus, a single com- 
ponent  corresponding to a set of wave number ,  (kz, ky) 
as was shown in the preceding paper (2), is represented 
as follows 

ck(x ,y , z , t )  "- co(z,t) exp [i(kxx + k~y) ] [3] 

where the subscript  k means that  the component  cor- 
responds to a single wave number ,  k = ~/kx 2 + ky 2. 
Then subst i tut ing Eq. [3] into Eq. [2] under  a quasi-  
steady condition 

I o c o ( z , t _ _ _ _ _ _ ) _ )  < <  IDk2co(z, OI 

using the variable separation method, the general  so- 
lut ion for c~ t) is obtained. It  is 

co(z,t) = (Ale -~z + A2e~z)~(t) [4] 

Here, A1 and A.2 are a rb i t ra ry  constants, and ~(t) is 
a function of the time. Because we should abandon a 
solution diverging in the bulk  solution (z -~ ~ ) ,  A2 = 
0 must  be held. The following equation is derived 

co(z, t) = Ale-kzfl(t) [5] 

[3] can be wri t ten as 

c~(x ,y ,z , t )  = A le -~z f l ( t ) e~+k~  ~ [3.1] 

Thermodynamic condition accompanied with mass 
trans]er.--In the electrolyte solution, the electrochemi- 
cal potential  of solute species, because of the electrode 
reaction, varies with location; consequently,  the species 
t ransfer  according to the inequali t ies of the potentials. 
This is a thermodynamical  dissipative process. I t  i s  
assumed that the species t ransfer  in keeping local 
equi l ibr ium (10). From this assumption, it can be 
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der ived  that  the var ia t ion  of the potent ial ,  ,I,, is equal  
to zero at  a l l  p laces  of the  e lec t ro ly te  solution,  and 

8,I, (x, y, z, t)  = 0 [6] 

This re la t ion  is the necessary  condit ion for ,I, (x, y, z, t)  
to be min imum.  If  the  t empe ra tu r e  and pressure  can 
be r ega rded  as loca l ly  homogeneous,  we can take  
�9 I , (x ,y , z , t )  as the e lec t rochemical  po ten t ia l  of active 
ionic species in the  presence of a large amount  of 
suppor t ing  electrolyte .  Measur ing  the e lec t rode  po-  
tent ial ,  V(x,  y, z, t),  at  an a r b i t r a r y  point  of the solu-  
t ion wi th  an e lect rode revers ib le  to the  active ions, if 
the  potent ia l  in the bu lk  solut ion is t aken  as the  
s tandard ,  a re la t ion  is g iven in the form 

,~ (x, y, z, t) : nFV (x, y, z, t) [7] 

Subs t i tu t ing  [7] into [6], it  follows that  

5V(x , y , z , t )  = 0 [8] 

However ,  the mass  t r anspor t  of the active ionic 
species induces the flow of e lec t ro ly t ic  cur ren t  in the 
solution, in  the presence of a large  amount  of sup -  
por t ing  e lect rolyte ,  the  e lec t ro ly t ic  cu r ren t  dens i ty  is 
app rox ima ted  (2) by  

"J(x,y,z , t )  : -- ~r [ V V ( x , y , z , t )  -- V H ( x , y , z , t )  

_ ~ ( x , y , t )  ~ ( z - - Z ) /  [9] 
n F  .1 

where  ~ is the e lec t r ic  conduct iv i ty  of the bu lk  solu-  
tion, H(x, y, z, t) is the  overpoten t ia l  of the deposi t ing 
ion, and r (x, y, t) is the surface  potent ia l  ar is ing f rom 
surface deformat ion.  And  ~ (z - -  Z) is {0, 0, ~ (z - -  Z)} 
w h e r e  5 ( z - - Z )  is the  g-funct ion,  and z = Z is the 
equa t ion  of the e lect rode surface.  In tegra t ing  Eq. [9] 
f rom a point  (x, y, oo), of the bu lk  solut ion to a point,  
(x, y, Z -  0), nea r ly  inside the electrode,  the equat ion 

l l z ' ~  Jz(x ,  Y, z, t) dz V ( x , y , Z - - O , t ) - -  V ( z =  ~ )  : ~  -o 

r (x, y, t)  
+ H (x, y, Z, t )  - H (z = oo) [10] 

nY 

is obtained.  Here,  V ( z :  0r and H ( z =  r162 a re  the  
e lec t rode  potent ia l  and concentra t ion overpoten t ia l  of 
the bu lk  solution, respect ively,  which  take  constant  
values.  And  Jz (x , y , z , t )  < 0 is defined for cathodic 
cteposition. Taking  the var ia t ion  of both  sides of [10], 
the  equat ion 

l l z * ~  8 V ( x , y , Z - - O , t )  : - ~  j z ( x , y , z , t ) d z  

~ ( x , y ,  t) 
+ n ( x , y , Z , t )  [11] 

n F  

is der ived,  Here,  jz(X, Y, z, t ) ,  ~ (x, y, Z, t ) ,  and r  
y, t) a re  the  f luctuation components  of the  e lec t ro-  
ly t ic  cur ren t  in the z-direct ion,  the  concentra t ion over -  
potent ia l ,  and the surface potent ial ,  respect ively .  In  
te rms of Eq. [8], Eq. [11] yields  the  fol lowing equat ion 

Z __1 j = ( x , y , z , t ) d z + ~ l ( x , y , Z , t )  r  : 0  

~' nF 
[12] 

Mass balance of adatoms at the electrode surface.~ 
Act ive  ionic species diffusing th rough  the solut ion 
rece ive  electrons to deposi t  as ada toms on the elec-  
tro.de surface.  Then they  move according to the  differ-  
ence of the  chemical  po ten t ia l  which changes wi th  
location, and  i s  f inal ly incorpora ted  into the crys ta l  
lat t ice.  The process ment ioned  above is schemat ica l ly  
shown in Fig. 1. Convent ional ly ,  the in terface  be tween  
the  double  l aye r  and the solut ion is denoted as z = 

Fig. 1. Schematic diagram for the mass balance near the elec- 
trode. At the electrode surface, both the surface diffusion and 
nucleation simultaneously occur. Since the electron exchanging 
process is not rate determining, it is assumed that the adatoms are 
kept in equilibrium with the lattice atoms. 

Z + 0 whi le  the one be tween  the double  l aye r  and 
the crys ta l  la t t ice is as z = Z --  0. As shown in Fig. 1, 
the mass balance in the double  l aye r  is c lear ly  wr i t t en  
as fol lows 

OCa~(x, y, t) 
+ V "~Jsur~=J~lux(Z-Z+O) 

Ot • 
- Jf~ux(Z = Z - 0) [13] 

where Cad is the  surface  concentra t ion of the adatoms 
and V ---- (O/Ox, O/OY). Jsurt is the  mass flux of the 

1 
adatoms on the surface,  namely  

~surf = --  DadV • Y, t) -~- bCacl(x, Y, t ~  [14] 

Here,  Dad is the diffusion coefficient of the  adatom, 
and b is its mobil i ty ,  which should sa t is fy  the Einste in  
re la t ion 

D a d  
b = [15] 

RT 

~ i s  a motive force or ig ina ted  f rom the potent ia l  d i f -  
ference caused by  surface deformat ion.  Thus in the 
presen t  case, the equat ion 

--  - -  V • 1 6 2  (x, y, t)  [18] 

is der ived  (1). Jnux(Z : Z + 0) denotes the mass flux 
of the  active ions going ver t ica l ly  into the  double  l ayer  
th rough  the solution. The expl ic i t  form is r epresen ted  
by  

. - )  

Jflux(Z = Z -t- 0) = D{n �9 VC(x,y,z , t)}z=z+o [17] 
- )  

where  n is a uni t  vector  no rma l  to the double  l aye r  
surface.  Jflux(Z = Z --  0) is the mass flux of the 
adatoms coming in and out  of the  interface be tween  
the double  l aye r  and the me ta l  lat t ice.  This process 
p rope r ly  takes  place at  the active sites, such as k inks  
and steps. 

As a resul t ,  the  deposi t ion cont inuously  proceeds and 
the surface morpho logy  changes wi th  t ime. The va r i a -  
t ion can be descr ibed by  

OZ(x,y,t)  { OCaa(x,y,t) } 
- -  42 1- Jflux(Z : Z --  0) 

Ot Ot 

[18] 

Moreover ,  subst i tut ing Eq. [18] into Eq. [13], the  ra te  
equat ion of the surface height  
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1 OZ ( x, Y, t) 
+ V. "Jsurf = Jnux(z = Z + 0) [19] 

Ot .L 

is obtained,  where  g is the mo la r  volume of metal .  
In the present  case, it is na tu ra l ly  assumed that  the 

ada tom concentra t ion  is equal  to tha t  in equ i l ib r ium 
be tween  the adatoms and the la t t ice  atoms. 2 Owing to 
the constant  ac t iv i ty  of la t t ice  atom, the equi l ib r ium 
adatom concentrat ion,  C~* is concluded to be con- 
s tant ;  i.e., independent  of location. Thus, t ak ing  the 
var ia t ion  of both sides of Eq. [19], it  follows that  

1 0 f ( z , y , t )  __ Dad Caa*V A~C,(x, Y, t )  
g Ot RT  

+ D {  0c (z, y, z, t)  } 0 z  z=z [20] 

where  [ ( x , y , t )  is the f luctuation component  of the 
surface height.  

Other re la t ions .~The nondis tu rbed  concentrat ion of 
the active ionic species in the  solut ion connected wi th  
an e lect rode has the  re la t ion 

C* (Z, t) = C* (Z*, t) [21] 

and the f luctuation component  is expressed  as 

c ( x , y , Z , t )  = c ( x , y , Z * , t )  + L ( t ) ~ ( x , y , t )  [22] 

where  Z* is the  average,  nond is tu rbed  he ight  of the  
e lect rode surface,  and L( t )  is the nondis tu rbed  con-  
cent ra t ion  grad ien t  of the deposi t ing ion, or  

L ( t )  = [233 
Ot z = Z *  

The concentra t ion overpoten t ia l  in the  presence of a 
lot of suppor t ing  e lec t ro ly te  is given in the form 

{ C ( z , y , z , t )  } R T  in [24] 
H ( z , y , z , t )  = n F  C * ( z =  oo) 

where  C* (z ---- oo) is the constant  concentra t ion of ac-  
t ive ions in the bu lk  of the  solution. Taking  the  va r i -  
a t ion on bo th  sides of [24], the equat ion 

R T  c ( z , y , z , t )  
(z,  y, z, t)  = [25] 

n F  C* (z, t)  

is obtained.  
The fluctuation component  of the  e lec t ro ly t ic  cur -  

ren t  has a we l l - known  re la t ion  for the mass flux of de-  
posi t ing ion at  an e lec t rode  surface, i.e. 

n .  ~(z ,  y, z , t )  = - - n r D { n .  Vc (x, y, z, t )}z=z [263 

Since the cur ren t  dens i ty  is conserved in the  solution, 
the  fol lowing conservat ive  equat ion for cur ren t  fluc- 
tua t ion  is der ived  

V " j = 0 [27] 

The increment  of the surface potent ia l  due to surface 
deformat ion  (11) is given as 

0 (x ,  Y, t)  = - -n~V•  y, t) [28] 

where  7 is the sur face  energy  of the  electrode,  

Derivation of dsi equation.--Before t rea t ing  al l  the  
equations wi th  regard  to var ious  fluctuations, we have  
to solve Eq. [1] for the case of ga lvanosta t ic  di f -  

2 According to the measurements by Bockris et at. (6, 7), the 
equilibrium concentration of adatoms at Ag electrode does not 
depend upon the bulk concentration of Ag ions and is likely to 
keep constant. 

fusion. For tuna te ly ,  this solution for  surface concen- 
t ra t ion  is the we l l -known  Sand 's  equat ion (8) 

2Jz* "X/  t "  
C * ( z = Z * )  - - C * ( z =  oo) - { - " ~ v ~ ' - D  [29] 

As shown in the previous  pape r  (2), as long as the 
fluctuation is smal l  compared  wi th  the nondis tu rbed  
component,  an a r b i t r a r y  f luctuation can be decom- 
posed into numerous  Four ie r  components  as well  as the  
concentra t ion fluctuation in Eq. [3]. The fluctuation 
of the surface i r r egu la r i t y  is 

~k(x, y, t)  = ~o(t) exp  [ i (kxx  + k~y)] [30] 

The cur ren t  dens i ty  fluctuation in the  z-d i rec t ion  is 

j zk (X ,Y ,Z , t )  = j z o ( z , t )  exp [ i ( k x x +  kyy)]  [31] 

The fluctuation of the concentra t ion overpotent ia l s  is 

~la(x ,y , z . t )  = ~l~ exp [ i ( k z x +  k~y)] [32] 

whe ther  or  not  this system is s table  can be comple te ly  
de te rmined  by  examining  the above components  wi th  
a single set of wave  numbers ,  (kx, ky). 

Subs t i tu t ing  Eq. [3], [5], [29], [30], [31], and  [32] 
into Eq. [12], [20], [22], [25], [26], and [28], respec-  
t ively,  and making  the procedure  s imi la r  to that  in the 
preceding  paper  (2),  the dsi  equat ion is ob ta ined  as 
follows (see Append ix )  

Step 1: O ~-- t ~-- t * 

in{~k (x, y, t ) /~k(x ,  y, 0)} 

~.1%2%,k'~ t z~-~lR Tk 
- r (--nFd~* + a w k 2 )  

(nF)  2 2D (nF)  4Jz*2 

DadCad * ~29[t 
k 4 [33] 

RT 

where  ~ = D (nF)2C*(z  = co) + ~RT, and t* denotes 
the  t rans i t ion  t ime when the surface concentra t ion  of 
the  deposi t ing ion falls  to zero, o r  

;~D(nF)2C * (z "-- o0) 2 
t* = [34] 

4J , ' 2  
S tep  2 : t > t *  

l n { ~  (x, y, t) l~k(z,  y, 0)} 

~n2DTC * (z = co) k 3 

4Jz*2 
~ T k  

+ (--nFJz* + ~-mk 2) 
2D (nF)  4Jz*2 

O, Jz* k DadCad*G2~t 
- - t - - t * )  k4 [35] 

nF R T  

These resul ts  indicate that  the  surface  diffusion term,  
DadCad*4227k4t/RT, s imply  adds to the dsi equat ions 
which were  prev ious ly  der ived.  Thus, the fol lowing 
approx ima ted  equations are  obta ined  

0___t_~t* 

ln{~k (x, y, t ) / f~ (x ,  y, 0) }app 

nFR------T --RTJz* -- g~k2 nFDC* (z = co) 

D adC ad * G~Tt 
+ -~ Jz* v - ~  RT  k4 [36] 
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and 

t > t *  

la{~k (x, y, t)/~k (x, y, 0) }~pp 

} : 3nFRT -- 3RTJ~*t -- nFD~%TC* (z : oo ) t ' k2  

DadCad*~2"yt 
k 4~ [37] 

RT 

Because the surface diffusion t e rm a lways  takes  nega-  
t ive value  and has the 4th power  of wave number ,  it  
is concluded tha t  the sur face  diffusion suppresses the 
uns tab le  growth.  Considering the re la t ionship  be-  
tween  the wave  number  and the wave leng th  (k : 
2=/k) i t  is p red ic ted  tha t  the  effect of the surface 
diffusion becomes significant wi th  the decreasing crys-  
tal  size. 

Discussion 
Occurrence ol unstable growth.~From the dsi  equa-  

tions obtained,  i t  is concluded that  the  dsi  becomes 
posi t ive  for cer ta in  wave  numbers  only  when the 
cur ren t  dens i ty  is negat ive ,  and that  the  dsi is nega-  
t ive for  al l  wave  numbers  when the cur ren t  dens i ty  
is posit ive.  This means that  the crys ta l  g rowth  be-  
comes uns tab le  only  in cathodic deposit ion;  i.e., the 
ini t ia l  surface fluctuations in t he rmodynamic  equi -  
l ib r ium develop with  increas ing t ime unt i l  the sur -  
face i r regula r i t i es  macros  copical ly emerge.  

The process of the uns tab le  g rowth  is schemat ica l ly  
expla ined  in Fig. 2. In  cathodic deposit ion,  the con- 
cent ra t ion  of the deposi t ing ion increases wi th  increas-  
ing distance f rom the electrode surface, so tha t  the 
top par t s  of the  surface f luctuation tend to p ro t rude  
into h igher  concentra t ion regions of the  solut ion than  
the bottoms.  Thus, the mass  flux at  the  top becomes 
l a rge r  than  the bottom. Moreover,  the concentra t ion  
in the  ne ighborhood of the top par ts  is p reven ted  
f rom reducing  by  the fol lowing manner .  The surface 
potent ia l  (~[x,y, t ] )  is p o s i t i v e a t  a convex part ,  whe re  
the f luctuation of the  cathodic cur ren t  dens i ty  (j=[z, y, 
z, t ] )  in the  z-d i rec t ion  takes a negat ive  value  because 
the nonfluctuated cathodic cur ren t  is defined negat ive  
and the mass t ransfe r  of ionic species is grea ter  than  
that  of concave parts .  So, f ~  jz(x,  y, z, t )dz  < 0 is 

obtained.  F r o m  Eq. [12], at  a convex por t ion  

C 

Metal C1 it_~l 
c 2  iiiiiiV, 

C2< Q 

g2< 51 
I 

Solution / - -  

I �9 

I~!;iiii!!iiiiiJiii~::: I 
ii!i!~:" I 

> 
Distance 

I:ig. 2. Process of the occurrence of instability. In cathodic 
deposition, the concentration distribution of metal ions has a 
positive slope, so that the higher part (~1) of the surface irregular- 
ity tends to protrude into higher concentration region than the 
lower part (~2). The surface concentration of metal ion Cz at ~1 
becomes higher than C~ at ~2. The mass flux at ~i increases more 
rapldly than at ~2; the higher the part, the more projects. 

, l  o 
~ ( x , y , Z , t )  = - - ~ -  j z ( x , y , z , t ) d z +  ~ ( z , y , t )  

n F  > 0  
[ 3 8 ]  

is derived. In other words, the concentration overpo- 
tential fluctuation, ~](x, y, Z, t) at a convex portion is 
positive. Therefore, using Eq. [25], the surface con- 
centration fluctuation, c(x, y, Z, t), at a top part is 
found to be positive, while c(x,y,Z,t) at the bottom 
is negative. As a result, a convex part is always sur- 
rounded by higher concentration of the depositing ion 
than is a convex part. This effect is thought to support 
the unstable process mentioned above, so that the 
unstable  growth  proceeds.  

El~ect o$ the surtace dif]usion o I adatoms.--Using 
the re la t ionship  obtained,  dsi-k curves  were  ten ta -  
t ive ly  d rawn  (Fig. 3). The value of concentra t ion CM*, 
8.0 X 10 -6 m o l / m  -2, was obta ined  by  averaging  the 
expe r imen ta l  da ta  of Bockris  et al. (6, 7). I t  was 
found tha t  e v e r y  dsi-~, curve  has a m a x i m u m  value,  
dsimax. It  and the corresponding wavelength ,  lmax, 
were  plot ted  agains t  the deposi t ion t ime, as shown in 
Fig. 4 and 5. 

In  Fig. 4, it  can be seen tha t  as the deposi t ion t ime 
elapses, due  to the effect of  the surface diffusion, the 
increas ing ra te  of the ,dsimax becomes s lower  than  tha t  
in the  case d i s regard ing  such effect. On the  o t h e r  
hand, the surface diffusion affects the value  of kmax 
more  dras t ica l ly  than  tha t  of dsimax. F igure  5 indicates  
the  resul t  of a compar ison of kmax consider ing the 
effect of the surface diffusion wi th  ~max neglec t ing  it. 
In  the  case where  the  surface diffusion is h indered ,  
~-max r a p id ly  decreases wi th  the deposi t ion time. In 
such case, i t  can be expected  that  as t ime elapses, 
much more pronounced  nuclea t ion  growth  successively 
takes  place, so that  the  average crys ta l  d imension de- 
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Fig. 3. Variation in the degree of surface irregularity (dsi)with 
wavelength (~) in Ag deposition after a constant current step is 
applied: Jz* = - -100 Am-2;  C*(z = ~ )  = 56.8 tool m-3 ;  

= 1.7 X 1 0 2 ~ - l m - i ; 7  = 1.1 Jm-2;  Dad = 2.2 X 10 -1~  
m2s-1; Cad* = 8.0 • 10 - 8  mol m-S; D = 1.55 X 10 - 9  
m2s-1; n = 1; F = 9.65 X 10 ~ C eq-1;  R = 8.31 J deg -1  
mol-1; T = 300K; ~ = 1.05 X 10 - 5  m~mo1-1. 1: t = 10s; 
2: t = 1.0s; 3: t - -  0.1s. 
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Fig. 4. Dependence of the maximum degree of surface irregularity 
(dsimax) on the deposition time for various current densities at the 
bulk concentration of Ag ion. C * ( z  = o~) = 56.8 mul m-3;  
~, = 1.0 Jm -'2. : Dad --" 2.2 X 10 -~'~ m2s-1; . . . . .  : 
Dad = 0.0 m2s -1 .  1: Jz* : - - 50  Am-2 ;  2: Jz* ' -  - -100 Am-2 ;  
3: Jz* = - -300  Am -2 .  Other data are the same as in Fig. 3. 
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Fig. 5. Dependence of the wavelength (~ .ma x )  corresponding to 
dsimax on the deposition time for various current densities at the 
bulk concentration of Ag ion. C*(z ---- ~ )  - -  56.8 mol m-3;  
3' = 1.0 Jm -2 .  : Da~ = 2.2 • I0  - l ~  m2s-Z; . . . . .  : 
Dad = 0.0 m~s -~-. I :  Jz* = --50 Am-~;  2: J=* = --100 Am-2;  
3: J=* - -  - -300 Am -~ .  Other data are the same as in Fig. 3. 

c r e a s e s  wi thout  l imi t  wi th  time. The growth  ra tes  of 
the crys ta ls  increase  v io lent ly  wi th  the  increasing t ime.  

This predic t ion  seems insufficient, pa r t i cu l a r ly  for  
the case w,here ~.max s tar ts  to decrease  to an infini- 
tes imal  va lue  at a r e l a t ive ly  ea r ly  stage of the depo-  
siUon; we have not  observed such ex t r eme ly  emal l  
par t ic les  as were  predicted.  I f  we in t roduce  the effect 
of the surface  diffusion, ~max indeed decreases at  an 
ear ly  stage, but  f inal ly converges a cer ta in  finite value;  
obviously,  such insufficiency as was ment ioned  above 
is improved.  

This t endency  becomes much c learer  for  the  case of 
low bu lk  concentra t ion  and high cur ren t  densi ty .  
F igure  6 shows the t ime dependence  of dsimax in the 
case of flow concentrat ion,  and Fig. 7 represents  the 
re la t ionship  be tween  the  deposi t ion t ime and ~max in 
the  same case. As shown in Fig. 6, the  surface  diffusion 

1.0 

x 
1 

E 
I/I 
"0 

/ 
t 

/ 
/ 

, 

/ 
/ /  

/ i 

10 -1 1.0 10 10 2 
t / s  

Fig. 6. Plots of the dsimax vs. the deposition time for the 
galvanostatic Ag deposition on an Ag electrode at the bulk con- 
centration of 5.68 mol m -~.  3' "-  1.0 Jm -2 .  : D ~  = 
2.2 X 10 - l ~  m2s-Z; . . . . .  : Dad = 0.0 m2s -z .  1: Jz* = 
- - 50  Am-2 ;  2: Jz* = - -10  Am -2 .  Other data are thesame as 
in Fig. 3. 

dras t i ca l ly  h inders  the increase  of the  dsimax value.  
In  Fig. 7, i t  is shown tha t  ~.max VS. deposi t ion t ime be -  
haves much different ly  f rom that  d isp layed in Fig. 5; 
f rom the ear ly  stage, it  takes  a constant  value  and 
decreases  no more  wi th  time. 
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Fig. 7. Plots of ~tmax VS. the deposition time for the galvano- 
static Ag deposition on an Ag electrode at the bulk concentration 
of 5 .68molm - 3 . 3 , =  1.0Jm - 2 . 1 : J *  * - -  z = - -50  Am-2;  2: Jz - -  
- -100 Am-2;  3: J * = - -300 Am -~.  Other data are the same as 
in Fig. 3. 
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Applying the conclusion obtained above to the actual 
system, it can be said that the particle sizes do not  
change after a long time passes. However, if the 
surface diffusion of adatoms is suppressed by some 
reasons, for example, the competit ive adsorption of 
other species (which has an inhibi t ing effect for the 
metal  adatoms),  the theory disregarding the surface 
diffusion may still be important.  In that case, nuclea-  
tion growth may occur vigorously everywhere on the 
electrode surface. 

Conclusion 
Because of the large contr ibut ion of the surface 

diffusion of adatoms during galvanostatic deposition it 
can be proved that particle size decreases with deposi- 
tion t ime into the infinitesimal dimension. After a cer- 
tain period of time, the crystals formed on the electrode 
tend to keep their sizes constant. At the same time, the 
growth rate of the crystal is somewhat  suppressed. 
However, when the surface diffusion of adatoms is 
blocked by the intense adsorption of other chemical 
species, the equations neglecting the surface diffusion 
are, as before, impor tant  to explain the rapid growth 
of minute  crystal particles. 

Manuscript  submit ted  Nov. 29, 1982; revised ma nu-  
script received ca. Ju ly  26, 1983. 
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APPENDIX 
___> 

On taking each variat ion of J (x, y, z, t) ,  V (x, y, z, t) ,  
H(x,  y, z, t),  and ~(x, y, t) in Eq. [9J and using Eq. 
[8], the following equat ion is obtained 

..-> 

j =  V ~ ( x , y , z , t )  - - .  ~ ( x ' y ' t )  ~ ( z - Z )  [A- l ]  
nF  

Subst i tut ing Eq. [A- l ]  into Eq. [27] in the solution, it 
follows that  

V2~l (x, y, z, t) _-- 0 [A-2] 

The fluctuations can be expressed in  terms of their 
number less  Four ier  components, so that  Eq. [A-2] must  
also hold for ~]~(x,y ,z , t )  with a single set of wave 
numbers ,  kx and k~. Substitutir~g Eq. [32] into Eq. 
[A-2J, and a d o p t i n g a  boundary  condition (Ylk[x, y, z, t] 
--> 0 at z--> Go), the solution of ~k(X, g , z , t )  is derived 
a s  

Ok(X, Y, Z, t) ---- Ble -kz  ~(t) exp [ i (kxx  -~ k~y) ] [A-3] 

where }(t) is an a rb i t ra ry  funct ion of t, and B~ is an 
arb i t ra ry  constant. From Ect. [1Ai, it is obvious that 
the z-component,  j z ~ ( x , y , z , t ) ,  has the following re- 
lat ionship with ,Ik(X, Y, Z, t) in an electrolyte solution 

0 
j ~ k ( x , y , z , t )  _ ~ z - - ~ ( x , y , z , t )  [A-4] 

0z 
By means of Eq. [31], [A-3] and [A-4], j z ~ ( x , y , z , t )  
is explicit ly expressed as 

jzk(X, Y, Z, t) -- -- zB~ke-kz  }( t )  exp [i(kxx + k.~y) ] 
[A-5] 

On the other hand, as far as the surface i r regular i ty  
.._> 

is small, normal  uni t  vector (n) of the surface can be 
approximated paral lel  to the z-axis, so that Eq. [26] 
can be rewritten as 

f Oc~(x , y , z , t )  } j z ~ ( x , y , z , t )  -~ -- nFD for z----Z 
Oz 

[A-6] 

Using Eq. [3], [A-3], and [A-6], current  densi ty fluc- 
tuat ion (jz~[x, y, z, t]) has a relat ion with concentrat ion 
fluctuation, (c~[x, y, z, t]) at the electrode surface 

j z ~ ( x , y , Z , t )  ~- -- n F D k c ~ ( x , y , Z , t )  [A-7] 

A subst i tut ion of Eq. [22] into Eq. [25] yields the fol- 
lowing equat ion 

RT c k ( x , y , Z * , t )  ~- L ( t )  ~ ( x , y , t )  
n~ (x, y, Z, t) = 

nF C* ( Z, t) 
[A-8] 

From Eq. [28] and [32], the relation between Ck and 
~ is obtained 

~k(x, y, t) : l}Tk2~k(x, y, t) [A-9] 

where ~k(x, y, t) is surface potent ial  with a single set 
of wave numoer .  J~y means ot Eq. [A-~J ann  [A-7J, 
tne equatlon 

J~k (x, y, z, t) dz = nFDck (x, y, Z*, t) [A-10] 

is derived. Subst i tut ion of Eq. [A-8], [A-9], and 
I.A-10j into Eq. I.lzj ymids the Iollowing equation 

ck(x, y, Z, t) 

~{~lTC* (z : Z* ) k 2 - -  R T L  ( t ) } 
~- ; ~ ( x , y , t )  [A-11] 

(nF)2DC * (z -~ Z* ) + ~RT 

Using Eq. [A-6] and [A-7], it follows that 

{ O c k ( x ' Y ' z ' t )  } = - k c k ( x ' y ' Z * ' t )  z=z* 

From Eq. [20], the following equation concerning the 
fluc~uarlon components hawng  a single set of wave 
numoer  is oD~amed 

1 0~k (x, g, t) Dan 
12 Ot - -  RT Cad*V-L~;k(x'y ' t )  

{ OCk(X,y,z , t )  } 
+ D [A-13] 

Oz z=z* 

Subst i tut ing Eq. [A-9], [A-11], and [A-12] into Eq. 
[A-13j, one Anally derives the dsi equation 

s l n { ' 2 k ( x , y , t ) / f k ( X , y , O ) }  = ~ ( k , t ) d t  [A-14] 

where 
~ a D k { R T L ( t )  -- 127C* (z = Z*)k  2} 

] ( k , t )  = 
(nF)2DC * (z ---- Z*) ~- ~RT 

DadCad * ~2~7 
- -  k 4 [ A - 1 5 ]  

RT 

LIST OF SYMBOLS 
t deposition time, s 
t* t ransi t ion time when surface concen- 

trat ion falls to zero, s 
x, y, z variables in Cartesian-coordinate sys- 

tem, m 
Z electrode surface height, m 
Z* nonper tu rbed  component  of Z, m 
Z § 0 the interface between the double layer 

and the solution, m 
Z -- 0 the interface between the double layer  

and the crystal lattice, m 
~(x ,g , t )  fluctuation component  of the surface 

height, m 
f k ( x , y , t )  equation of f ( x , y , t )  with a single set 

of wave numbers  (kx, k.,), m 
f~ (t) ampli tude of fk (X, y, t) ,  m 
C ( x , y , z , t )  concentrat ion of depositing ion, mol 

m-S 
C* (z, t) nonper turbed  component  of C(x,  y, z, 

t) ,  mol m -~ 
C*(z  = ~c) bulk concentrat ion of depositing ion, 

mol m -  3 
C* (z = Z) nonper turbed  component of C(x,  y,  z, 

t) a t z = Z ,  m o l m  -3 
C* (z = Z*) nonper tu rbed  component of C(x,  y, z, 

t) at z ---- Z* ,mol  m -8 
c (x, y, z, t) fluctuation component  of C (x, y, z, t) ,  

mol m -8 
c ~ ( x , y , z , t )  equation of c ( x , y , z , t )  with a single 

set of wave numbers  [k~, ky], mol m - s  
c ~ (z, t) ampli tude of Ck(X, y, Z, t ) ,  tool m -3 
Cad(X, y, t) adatom concentration, mol m -2 
C~a* equi l ibr ium adatom concentration, tool 

m - 2  
J (x, y, Z, t) current  density, A m - ~  

J~* (t) nonper tu rbed  z-component  of - J ( x , y  
z, t) ,  A m -2 
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j ( x , y , z , t )  

Jz (x, y, Z, t) 
J~k (x, y, z, t) 

j~~ (z, t)  
.-> 

Jsurf 

fluctuation component  of ~(x ,  y,z,  t ) ,  kz, k,~ 
A m  -2 n 

z-component  of j (x, y, z, t),  A m -2 _~ 
equation of j z ( x , y , z , t )  with a single n 
set of wave numbers  ( [kx, ky] ), A m -2 
ampli tude of Jzk (x, y, z, t ) ,  A m -~ 

mass flux of adatom, m o l - l m  -~ 
Jflux(Z : Z + 0) mass flux of depositing ions enter ing 

vert ical ly to the double layer, mol-1  
m - 2  

Jfl~x(Z = Z -- 0) mass flux of adatoms coming in and 
out of the interface between the double 

V ( x ,  y, z, t) 
V ( z  = ~ )  
5V (x, y, z, t) 
H (x, y, z, t)  

H ( z  = ~ )  
H* (z = Z* ) 

n (x, y, z, t) 
nk (x, y, z, t) 

n o (z ,  t )  
D 

Dad 

F 
R 
T 
L ( t )  

A1 
A2 
B1 
b 
dsi 
dsimax 

layer  and the metal  lattice, m o l - l m  -2 
electrode potential,  V 
V (x, y, z, t) at the bu lk  solution, V 
variat ion o~ V (x, y, z, t) ,  V 
concentrat ion overpotent ial  of deposit- 
ing ion, V 
H (x, y, z, t) at the bulk  solution, V 
nonper tu rbed  component  of H (x, y,z,  
t) a t z = Z * , V  
fluctuation component  of H(x, y, z, t), V 
equation of ~(x ,  y , z , t )  with a single 
set of wave numbers  (kz, k.~), V 
ampli tude of ~lk (X, y, Z, t) ,  V 
diffusion coefficient of depositing ions, 
m 2s - 1 
surface diffusion coefficient of adatoms, 
m2s - i 
Faraday constant, 96,500 C eq - I  
gas constant, 8.31 Jdeg-lmol -'I 
absolute temperature, K 
concentration gradient of depositing 
ion at the electrode surface, mol m -4 
arbitrary constant, mol m -3 
arbitrary constant, mol m -3 
arbitrary constant, mol m -3 
mobility of adatom, mol m-2J - i s -1  
degree of surface irregularity 
maximum value of dsi 

motive force on the electrode surface, 
Nm-1 
-~/-i 
wave number, m - i  

,~ (x, y, z, t ) 

&I,(x, y, z, t) 
Ol 

~(t)  
~(t) 

/~max 
( z  - -  Z )  
(z -- Z) 

,y 

V 
V 

J_ 

x- and y-components  of wave number ,  
m-1  
electron n u m b e r  exchanging at the 
electrode per one species 

uni t  vector normal  to the electrode 
surface 
surface potential  arising from surface 
deformation, J m o l -  1 
per turbed  component  of ~, Jmol - I  
electrochemical potent ial  of depositing 
ions, V 
variat ion of ,I, (x, y, z, t ) ,  V 
= D (nF )2C*( z  -= ~ )  + ~RT 
arb i t ra ry  function of deposition time 
arb i t ra ry  funct ion of deposition time 
wave length, m 
wave length corresponding to dsimax, m 

= {0, 0, ~ ( z -  z ) }  
5-function 
surface energy, Jm -2 
molar volume of crystal, mSmo1-1 
electric conductivity,  ~2- l m -  1 
= (O/ax, OIOY, OlOz) 
= (O/Ox, O/Oy) 
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Morphological Instability in Nonsteady 
Electrodeposition 

Galvanostatic 

II. Experimental Demonstration of the Surface Diffusion Effect of Adatoms by Means of Image 
Analysis 

Ryoichi Aogaki and Tohru Makino 1 
Department of  Chemistry, The Institute of  Vocational Training, 1960, Aihara,  Sagamihara,  229, Japan 

ABSTRACT 

In nonsteady galvanostatic deposition, where the surface diffusion of adatoms often plays an important role, the varia- 
tions in surface morphology of electrodes during deposition was examined experimentally. When the surface diffusion can 
be ignored, as has been reported, nucleation growth caused by high supersaturation of adatoms at an electrode surface is so 
violent that the average crystal size becomes smaller with increasing deposition time. In extreme cases particle dimensions 
diverge into zero after long periods. A large discrepancy exists between the actual deposition and theoretical prediction. To 
deal with this difficulty, the introduction of surface diffusion is sufficient. Surface diffusion tends to suppress the develop- 
ment  of the surface irregularities arising from nucleation growth, and consequently the average size of the crystals formed 
on the electrode increases somewhat with increasing deposition time. This was ascertained by several experiments con- 
cerning Ag deposition on Ag electrodes. 

As shown in the previous paper  (1), the surface dif- 
fusion of adatoms in galvanostatic deposition becomes 

1 Present  address: AHS Japan Company, 2-10-12, Akasaka, 
Minato-ku, 107, Japan. 

Key words: galvanostatic deposit ion,  unstable  crystal  growth, 
morphology, image analysis. 

very  impor tant  when the deposition occurs at low 
concentrat ion and high current  density. Under  such 
conditions, eleetrodeposition theoretically allows the 
crystal  sizes, formed on electrode surface to decrease 
infinitely, since m a n y  crystal peaks cont inuously 
emerge through the nucleat ion because of the high 
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supersa tu ra t ion  of adatoms. The surface diffusion 
seems to re l ieve  such difficulty. In  Ref. (1). it  is 
p red ic ted  that  the crys ta l  size reaches  a constant  
value af te r  a cer ta in  deposi t ion t ime elapses. 

However ,  t h a t  predic t ion  concerning the surface 
diffusion effect was der ived  from the behavior  of dsi-~ 
curves,  not  f rom the ac tua l ly  calcula ted crys ta l  sizes, 
which are obta ined  only  f rom th ree -d imens iona l  con- 
tour  p lo t t ing  by  means  of computer  graphics.  

In  the  p resen t  paper ,  using the procedures  of cal -  
cula t ion obta ined  f rom ano ther  previous  paper  (2), 
we s imula ted  the  surface morpho logy  in view of the 
surface-dif fus ion effect to obta in  the crys ta l -s ize  dis-  
t r ibut ion.  Af t e r  a comparison of the resul ts  wi th  ex-  
pe r imen ta l  da ta  given by  image analysis  of SEM 
photographs  of e lec t rodeposi ted  surface,  the effect of 
surface diffusion on crys ta l  par t ic le  size was examined.  

Experimental 
Exper iments  were  car r ied  out  for Ag deposi t ion on 

Ag electrodes in a solut ion of AgC104 wi th  a sup-  
por t ing  e lec t ro ly te  of 1M HC104. The Ag electrodes 
were  po lycrys ta l l ines  wi th  0.5 cm2~area, and they  were  
99.9.9% pure.  They were  chemical ly  pol ished in a 
chromic ac id /hydroch lo r i c  ac id /n i t r i c  acid mixture ,  
according to the Levins te in  and Robinson method  (9). 
Immed ia t e ly  a f t e r  Washing them severa l  t imes in 
twice-d i s t i l l ed  wa te r  wi th  a supersonic washer,  the 
pol ished p l a n a r  e lect rode was set on an e lect rode cell  
and soaked in the e lect rolyt ic  solution. The electrode 
cell  was ma in ly  composed of Teflon plates  (see Fig. 1). 
So electrodes could be easi ly  a t t ached  to the cell, they  
were  inser ted  f rom the back of the  cell  using a 
sc rewed  Teflon rod connected with  a P t  wire.  Al l  the 
exper iments  were  carr ied  out  in the s t a t ionary  solu-  
tion. Thus, the solut ion nea r  the  e lect rode surface was 
pro tec ted  f rom any movement  of the  solution by  the 
cy l indr ica l  wal l  pa r t  of a Teflon pla te  in front  of the 
electrode.  The Teflon pla te  and e lec t rode  were  made  
to come closely into contact  to inhibi t  the d is turbance  
caused b y  the leakage  of the  solution th rough  the gap 
be tween  them. Then, the  cell was immersed  in the 
solut ion for  the pol ished surface to face downward .  
This p reven ted  the agi ta t ion of the  solut ion f rom 
na tu ra l  convect ion because the l iquid  containing a 
large  amount  of deposi t ing ions was heavie r  than  the 
d i lu te  one. Consequently,  po ten t i a l - t ime  curves under  
ga lvanos ta t ic  cor~ditions were  in good agreement  wi th  
those p red ic ted  by  the usual  non ste~dy diffusion 
equat ion (3). 

The e lect rolytes  used were  AgC104 and  HCIO~, both 
of reagen t  grade  and made  by  Wako Pure  Chemical  
Industr ies .  The solut ions were  p repa red  with  twice-  

Fig. 1. Schematic representation of the electrolytic cell. A: 
working electrode; B: reference electrode; C: counterelectrade; 
E: Ag plata. 

dis t i l led wa te r  and  they  were  deaera ted  before and 
af ter  each expe r imen t  wi th  bubbl ing  ni t rogen.  Im-  
media te ly  aI te r  being deposi ted ga lvanos ta t ica l ly  for 
a g~ven per iod  of time, the samples  were  again r insed 
to be dr ied  by  N2 gas. SEM photographs  of the samples  
were  then taken.  F r o m  the photographs ,  the s ta t i s t ica l  
p roper t ies  of the  crys ta l  size, including the average  
d iamete r  and s tandard  deviat ion,  were  computed  by  
means of a Toyo Ink  Company,  Luzex 500 Image Ana-  
lyzer.  The d i ame te r  of a crys ta l  was defined as that  of 
a circle equiva lent  to the area.  

Calculations 
The surface morpho logy  was d rawn  in t h r e e - d i m e n -  

s ional  contour  plot t ing,  which was  calcula ted in ac-  
cordance wi th  the procedures  ment ioned  prev ious ly  
(2). Assuming a rec tangu la r  e lect rode surface  d iv ided  
into a mesh of 128 • 128 points,  r andom numbers  
genera ted  by  computer  were  assigned to each point.  
In te rpola t ion  be tween  ne ighbor ing  mesh-po in t  da t a  
y ie lded  a ma t r i x  wi th  256 • 256 da ta  points, which 
corresponded to the ini t ia l  f luctuation ( f ix ,  y, 0]) of 
surface height  ar is ing f rom microscopic deposi t ion 
and dissolution of metal .  

The ini t ia l  f luctuation (f[x,  y ,O])  exists in t he rmo-  
dynamic  equ i l ib r ium be tween  meta l  adatoms and ions 
nea r  the electrode.  When  the ions are  deposi ted on the 
surface by  the appl ica t ion  of a cur ren t  ga lvanos ta t -  
ically,  the  e lec t rode  sys tem t ransfers  to a nonequi -  
l i b r ium state.  Subsequent ly ,  the  meta l  ions succes-  
s ively  diffuse according to the e lect rode reaction.  In i -  
t ia l  microscopic surface fluctuations s imul taneous ly  
develop to yield many  macroscopic crys ta l  peaks.  Th i s  
process can be expressed in the fol lowing equat ion of 
Four i e r  image functions 

Z(kx, k~,t) ----F(kx, k~,t)Z(kx, ky, O) [1] 

where  Z(k~, k~, 0) and Z(kx, ky, t) are the image  func-  
tions of the ini t ia l  surface f luctuation and the  f luctua- 
t ion at  t ---- t, respect ively.  F(kx, k~, t) is the t ransfer  
function concerning galvanosta t ic  deposition. This is 
descr ibed by  two different  expressions of dsi  which 
are  given in Ref. (1). 

t ~ t* 

F(kx, ky, t) = exp ! . ~  --RTJz* 

4 * 1-D-C\ 

W 

DadCad *n2"/t 
k 4 ] [2] 

RT J 

t * < t  

F(k~, k~, t) -- exp -- 3RTJz*t 
3 ~ T  

--nFDI27C*(z-- ~ ) t * k '  } DadCaa*a',tRT k4] [3] 

where  t* denotes the  t rans i t ion  t ime  when  the su r -  
face concentra t ion of deposi t ing ions falls  to zero, or  

=D(nF)2C* (z -- ~)2 
$* = [4] 

4Jz*2 

Al l  the notat ions  of pa rame te r s  in these equat ions a r e  

the  same as in Ref. ( I ) .  
The in i t ia l  surface  f luctuation (~[x, y, O]) de te rmined  

at  the 256 • 256 da ta  points  was conver ted  to its 
Four i e r  image  funct ion (Z[kx, ky, O]) using two-  
d imens iona l  Four i e r  t r ans fo rm for x -  and y -coord i -  
nates. Descr ib ing the p rocedure  ma thema t i ca l l y  

Z(k~,ky, O) :--~ ~ ~ ~(x,y,O) 

exp [--i(k~X + k~y) ]dxdy [5] 
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is obtained. Then, the image function (Z[kx, ku, t]) at 
t ---- t is computed by means of Eq. [1]. Finally,  sur-  
face morphology at t : t is given by the following 
Fourier  inversion 

- -  Z (k=, By, t )  ~(x, y, t) -~ 2~ ~ 

exp [i(kxx 4- kyy) ]dkzdky [6] 

From s  we know how the crystal peaks are 
distr ibuted over the surface, which are defined as the 
parts above the roo t -mean-square  height of s y, t) .  
Their  average size and s tandard deviation can then be 
calculated. In these calculations, the surface diffusion 
coefficient and surface energy, which are un know n  
parameters,  can be determined by curve fitting of the 
results to the exper imental  data. 

Results and Discussion 
Figure 2 is an SEM photograph of the minute  crys- 

tal particles generated dur ing  galvanostatic deposi- 
tion. Figure 3 represents the three-dimensional  con- 
tour plott ing of the surface morphology under  the same 
conditions as in Fig. 2. Both figures have similar 
morphological features. Using the image analyzer, the 
crystal particles in Fig. 2 and 3 were converted into 
circles having areas equivalent  to the particles. The 
diameters were defined as the crystal sizes. Figure 4 
is a histogram of the crystal size distribution. It was 
obtained from the SEM photographs. From the surface 
morphology obtained theoretically, another histogram 
of crystal size dis tr ibut ion is given in Fig. 5. After  con- 
firming that  the histograms had Gaussian distributions,  
the mean crystal sizes and s tandard deviations were 
obtained from both experiments  and calculations. 

At first, crystal size-t ime curves were exper imental ly  
obtained. Then, utilizing the surface diffusion coeffi- 
cient and surface energy, which had already been de- 
termined by fitting the calculated data to observed 
ones, theoretical crystal size-t ime curves were cal- 
culated, where the average value of the data measured 
by Bockris et aI. (4, 5) was used as the adatom con- 
centration, i.e., C~d* : 8.0 X 10 -6 mol /m -2. Figure 6 
shows the results of the computation, where the diffu- 
sion coefficient de termined is D ~  _-- 1.6 X 10 -~~ m2s -~, 
which is in  good agreement  with the value of 5.0 X 
10 -2~ m2s -~ predicted by Bockris et al. (8). In  the 
figure, it is obvious that there is a large difference of 
the time dependence of crystal size as expected for 
the two cases, regardless of whether the surface dif-  
fusion is disregarded or not. 

In  the present  case, the average size which is dif- 
ferent from that in Ref. (7) increases to some extent  

0 # ~ ~- 

Fig. 3. Theoretical three-dimensional contour line plotting of an 
Ag surface deposited from a 56.8 mol m - t  Ag ionic solution with 
a large amount of supporting electrolyte at a time of 10s after 
a constant current step with a densffy of - -100 Am - 2  ap.plied. 
Every contour line is plotted at intervals of the standard deviation 
of surface height. D: 1.55 X 10 - 9  m2s-~; ~f: 0.55 Jm-2;  s  1.03 
X 10 -5 mlmol-1; ~r: 1.7 X 10 ~ ,Q-lm-Z; Dad: 1.6 X 10 -1~  
m2s-t;  Cad*: 8.0 X 10 - 6  mol/m-2;  T: 300K. 
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Fig. 2. SEM photograph of the crystal peaks formed on an Ag 
electrode in galvanostatic diffusion-controlled deposition in a 
solution of 56.8 mol/m - t  AgCIO4 4- 101 mol/m - 1  HCIO4. Deposi- 
tion time is 10s, and current density is - -100 Am -2.  

d /  
Fig. 4. Crystal size distribution formed on an Ag electrode in 

galvanostotic diffusion-controlled deposition in a solution of 56.8 
tool m - 3  AgCIO4 4- 101 mol m - 1  HCIO~. Deposition time is 3.0s, 
and current density is - -100 Am -~.  The size of a crystal is 
defined as the diameter of a circle equivalent to its area. 
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Fig. 5. Theoretical crystal size distribution formed on an Ag 

electrode in galvanostatic diffusion-controlled deposition in a 56.8 
mol m - a  Ag ionic solution. Deposition time is 5.0s, and current 
density is - -100 Am -2 .  Crystal size is defined as the diameter of 
a circle equivalent to a peak area in a three-dimensional contour 
line plotting. Other parameters used for calculation are the same 
as in Fig. 3. 
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Fig. 6. Crystal size distribution developed on an Ag electrode as 
a function of deposition time. Bulk concentration is 5.68 mol m -a ,  
and current density is - -10  Am -~ .  Solid dots represent the aver- 
age values of crystal sizes, and the bars above and below the dots 
are upper and lower error limits. The numbered curves correspond 
ta the two cases. Cul've 1; Da~: 1.6 X 10 - I ~  m2s -1 .  Curve 2; Dad: 
0.0 m2s -1 .  Other parameters used for calculation are; D: 1.55 X 
10 - 9  m2s-1; "/: 1.9 X 10 - 2  Jm-2;  ~ :  1.03 X ;a - 5  mSmol-1; 
~: 1.7 X 102 ,.Q,-lm-1; Cad*: 8.0 X 10 -6 mol m-2; T: 300K. 

with  increas ing t ime. In Ref. (7) i t  was shown tha t  
the  average  size decreases  wi th  deposi t ion  time. This 

was a t t r ibu ted  to the high super sa tu ra t ion  of adatoms,  
which promotes  the  successive format ion  of a number  
of new crys ta l  nuclei.  In o rder  to be t te r  examine  the 
surface diffusion effect, another  exper imen t  and cal-  
culat ion were  carr ied  out (see Fig. 7). Ignor ing  the 
surface diffusion, we see that  at  the beginning,  the 
average  crys ta l  size increases wi th  increas ing time, 
and af ter  reaching a m a x i m u m  value at  a cer tain depo-  
si t ion time, i t  begins to decrease wi th  time. This means  
that  the crys ta l  g rowth  or ig ina ted  by  nuclea t ion  has 
a cer tain induct ion time, which was predic ted  in Ref. 
(6). The presence of the induct ion t ime  m a y  be be-  
cause the supersa tura t ion  of ada toms dras t ica l ly  in-  
creases af ter  surface concentra t ion fal ls  to zero. 

However ,  the surface diffusion of adatoms mi t iga tes  
the nucleat ion g rowth  because deposi ted adatoms 
rap id ly  move to o ther  act ive sites, such as k inks  and 
steps. 

The effect of cur ren t  dens i ty  on crys ta l  g rowth  was 
examined.  F igure  8 shows the resul ts  at a cur ren t  
dens i ty  h igher  than in Fig. 6. The bu lk  concentra t ion 
was the  same as in Fig. 6, and the values  of the  sur -  
face diffusion coefficient (Dad) and the surface energy  

1 t 
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Fig. 7. Crystal size distribution developed on an Ag electrode as 
a function of deposition time. Bulk concentration is 56.8 mol m -3 .  
and current density is - -100 Am -~.  Curve 1; Da~: 1.6 X 10 - l ~  
mr2s -1 .  Curve 2; Dad: 0.0 m2s -1 .  Other parameters used for cal- 
culation are the same as in Fiq. 3. 
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Fig. 8. Crystal size distribution developed on an Ag electrode as 
a function of deposition time. Bulk concentration is 5.68 mol m -3 ,  
and current density is - -50  Am -2 .  Curve 1; Dad: 1.6 X 10 - l ~  
m2s -1 .  Curve 2; Dad: 0.0 m2s - I .  Other parameters used for cal- 
culation are the same as in Fig. 6. 
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Fig. 9. Dependence of Ag crystal size distribution on the current 
density. Deposition time is 6.0s, and the bulk concentration of 
AgCIO4 in a 103 rnol rn - 3  HCIO4 solution is 56.8 rnol rn -3 .  Solid 
dots represent the average values of crystal sizes and, the bars 
above and below the dots are upper and lower error limits. The 
solid line is the theoretical average value and the dotted lines 
depict the theoretical upper and lower error limits. D: 1.55 X 10 - 9  
rn%-l; 3': 0.55 Jm-2; ~ :  1.03 X 10 -5 m3mol-1; ~: 1.7 X 10 ~ 
D.--lrn--t; Dad: 1.6 X 10 -10  m % - l ;  Ca~*: 8.0 • 10 - 6  rnol m - 2 ;  
T: 300K. 
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Fig. 10. Time variation in the height of the cross-sectional pro- 
file for the silver electrode surface at a given point (y : 5.0/~rn). 
Current density is - -100  Am -2 ,  and bulk concentration is 56.8 
rnol rn -3 .  Other parameters are the some as in Fig. 9. 

(7) used for  the  calculat ions were  also the same as 
in Fig. 6. The expe r imen ta l  values  seem to agree  wel l  
wi th  the theore t ica l  curves.  This suggests tha t  the 
e lectrode surface has values of Dad and ~ independen t  
of the current  dens i ty  as long as the  bu lk  concentra-  
t ion remains  constant.  In o rder  to make  sure of this  
fact, ga lvanosta t ic  deposi t ion wi th  a constant  bu lk  
concentra t ion was per formed  at  var ious  cur ren t  den-  
sities. A t  the  same time, the  average  size and its 
s t andard  devia t ion  of the  crystals  were  calculated 
with  the constant  Dad and 3, which had a l r eady  been 
obtained.  As shown in Fig. 9, the exper imen ta l  resul ts  
are  in good agreement  wi th  the theore t ica l  computa-  
tions. I t  can be concluded that  in galvanosta t ic  depo-  
sition, Dad and "t depend only on the bu lk  concentra-  
t ion and not  on the cur ren t  density,  and that  the ave r -  
age size decreases wi th  decreas ing bu lk  concentrat ion.  

When  surface diffusion does not  cont r ibute  as much 
to c rys ta l  growth,  m a n y  new crys ta l  peaks  emerge 
(7). This phenomenon  was detected in profiles d rawn 
by computer ,  such as appears  in Fig. 10. I t  can be seen 
in Fig. 10 that  the peaks  do not develop ve r t i ca l ly  and 
that  no new peaks  p ro t rude  into the solution. This 
confirms that  surface diffusion suppresses the develop-  
ment  of the new crystals.  

Conclusion 
In  galvanosta t ic  deposit ion,  the surface diffusion of 

ada toms become~ impor t an t  at  low bu lk  concentra t ion 
and high current  density,  where  the  e lec t rode  surface  
has a t endency  to form new crys ta l  peaks wi th  in-  
creasing t ime because of the  high supersa tura t ion  of 
adatoms.  If in this case the  surface diffusion of the 
adatoms is h indered  for some reason, the nucleat ion is 
l ike ly  to yie ld  a number  of smal l  c rys ta l  peaks.  Con- 
sequently,  the average  size of the crys ta l  peaks  de -  
creases wi th  increasing time. Also, i t  can be concluded 
that  an induct ion per iod  is needed for  c rys ta l  fo rma-  
t ion ar is ing from nucleat ion.  At  the  beginning  of depo-  
sition, supersa tu ra t ion  is not  enough to genera te  new 
peaks  due to nucleat ion,  and  so the peaks  which have 
a l r eady  exis ted  grow to ra the r  la rger  sizes. Minute  
new crysta ls  s ta r t  to grow when supersa tu ra t ion  
reaches a sufficiently h igh  value.  The average  par t ic le  
s ize-deposi t ion t ime  curve, therefore ,  depicts  one 
m a x i m u m  value  which seems to correspond to the 
induct ion t ime of nucleat ion.  Surface diffusion sup-  
presses such decreas ing of the average  size since it 
obst ructs  new nuclea t ion  growth.  

In  cases where  surface diffusion is more  active, new 
crys ta l  growth  caused by  nucleat ion cannot be found 
in galvanosta t ic  deposit ion.  Both the calculat ion and 
expe r imen t  suppor ted  this predict ion.  
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Nucleation and Growth of Electroless Nickel Deposits on 
Molybdenum Activated with Palladium 

J. Flis 1 and D. J. Duquette 

Rensselaer Polytechnic Institute, Materials Engineering Department, Troy, New York 12181 

ABSTRACT 

Early stages of electroless nickel plating from an ammoniacal hypophosphite solution of pH 8.8 at 50~ with palladium- 
activated Mo were investigated using TEM and SEM, potential measurements, and LSV. It was shown that activation 
of molybdenum in a PdC12/HC1 solution resulted in the formation of palladium islands on the substrate. In the plating solu- 
tion, the nickel deposition took place simultaneously, but it took place independently on the palladium islands and on the 
molybdenum substrate. It was concluded that the nickel deposition on the molybdenum substrate occurred upon a thin 
layer of nickel, electrolytically deposited during a spontaneous potential shift. The role of the palladium islands was to cata- 
lyze electrooxidation of hypophosphite and induce the potential shift. A potential arrest at -0.7Vvs. SCE was observed on 
the palladium with a concomitant decrease in the oxidation rate of hypophosphite. This phenomenon was ascribed to com- 
petitive adsorption of hydrogen and possibly to poisoning of the palladium by a hydride (fl-PdH). In systems of palladium 
with molybdenum and palladium with nickel, a synergistic effect of small amounts of one metal on the catalytic activity of 
the other was observed. 

Electroless chemical deposition of nickel  from aque-  
ous solutions, described first by Brenner  and Riddell in 
1946-1947 (1), proceeds spontaneously only on some 
metals, such as nickel, cobalt, pal ladium, iron, a lu-  
minum, gold, and zinc. A few of these possess intrinsic 
catalytic activity, whi le  others (e.g., i ron and alu-  
m i n u m )  are believed to acquire catalytic activity after 
ini t ia l  deposition of nickel. Nickel deposition can take 
place due to a displacement reaction in a plat ing bath 
(2) or by an electroplated nickel  "strike." 

A common method for activation of noncatalyt ic  
substrates  involves immersion into HC1 solutions of 
PdC12, RhC12, or SnC12. Marton and Schlesinger (3) 
used the SnC12-PdC12 t rea tment  for obta in ing small  
catalytic sites on dielectric substrates. They found that 
on the activated dielectric substrates the deposition of 
nickel  starts only at certain specific sites and leads to 
the formation of islands. On nickel  and palladium, 
nickel deposition is homogeneous and shows no island 
structure.  The substrates investigated differed in their  
electron conductivi ty as well as in catalytic activity; 
dielectric substrates are nonconduct ing and nonactive;  
whereas nickel  and pal ladium are conducting and 
highly  active. 

The objective of this work  is to examine  the nuclea-  
tion and growth of nickel deposits on a nonact ive 
metall ic substrate  of mo lybdenum after activation in  a 
PdC1JHC1 solution. Electroless nickel  plat ing on 
molybdenum is described elsewhere (4-6). These 
investigations were carried out in order to determine 
the distr ibution of pal ladium on activated molybdenum 
substrates,  and to examine the growth of nickel  de- 
posits on a heterogeneous surface of molybdenum and  
palladium. 

The plat ing was carried out in an ammoniacal  hypo- 
phosphite solution. Deposits were examined using 
transmission electron microscopy (TEM), scanning 
electron microscopy (SEM) and energy dispersive 
spectroscopy (ED.S). The catalytic activity and elec- 
trochemical behavior  of molybdenum with pal ladium 
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were evaluated on the basis of potential  measurements  
and l inear  sweep vol tammetry  (LSV). These types of 
measurements  are justified in view of the widely ac- 
cepted opinion that  electroless deposition involves a 
charge- t ransfer  mechanism. Electrochemical mea-  
surements  in studies of. electroless deposition have 
been described by other investigators (7-14). 

Experimental 

The substrates examined were 99.7% molybdenum 
rolled sheet containing ~0.3% metall ic impurities,  and 
electrodeposited palladium. 

The molybdenum was electropolished in a solution 
of 12.5% H~SO4 (by volume) in ethanol, r insed with 
distilled water  and methanol,  and then masked with 
lacquer to obtain an uninsula ted  surface area of 1 cm 2. 
Thin foils f o r  TEM were prepared by the double- je t  
electropolishing technique in a solution of 12.5% H2SO4 
in methanol  at --50~ Activation was achieved by im-  
mersion into solutions of 1 g/l PdC12 -- 1 ml/l concen- 
trated HCI for chemical and structural analyses, or 
0.2 g/l PdCI2 q- 0.2, ml/l HCI for electrochemical 
studies, for periods of 5-300s. This was followed by 
washing in distilled water and methanol. Molybdenum 
specimens for SEM and EDS examinations were acti- 
vated by placing droplets of a PdCI2/IICI solution on 
the surface. 

Palladium substrates were obtained by Pd electro- 
deposition on pure copper from a solution of 0.8 g/1 
PdC12" 2H20 Jr 6,0 g/1 NaOH. The electrodeposition 
was carried out at room temperature at a current 
density of I00 A/m 2 for 200s, producing palladium 
layers of approximately 1 #m in thickness. 

In some experiments, specimens were cathodically 
polarized in 0.1M H2SO4 at a current density of i09 
A/m 2 for 600 sec prior to testing. Specimens were 
examined in the solutions listed in Table I. Sulfuric 
acid (98%) was added in amounts appropriate for ad- 
justing the pH of the solutions to 8.8 (at 25QC). All 
measurements were carried out on stationary speci- 
mens at 50.0 ~ ----. 0.5~ (pH at 5O~ was 8.3) in a 250 ml  
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round-bot tom flask provided with a reflux condenser, 
Luggin capillary, and a p la t inum wire as an auxi l iary  -0.3 
electrode. The solutions were deaerated by purging 
with pure nitrogen. 

Electrochemical examinat ions involved (a) moni tor-  
ing of open-circuit  electrode potentials upon immersion -0.4 
o f  specimens into solutions, and (b) LSV measure-  
ments. Potentials were measured against  saturated 
calomel electrode (SCE) at 25~ via a Luggin capil- ~-0.! 
lary. Voltammetr ic  measurements  were performed us- 
ing single cathodic sweeps at a rate of 1 mV/s, begin-  >~ 
n ing  at --0.JV vs. SCE. ~ -0.{ 

Uptake of hydrogen into the pal ladium substrates in z 
the plat ing solution was determined by an electro- 
chemical permeat ion method (15). Pa l lad ium was "0-0. 7 
electrodeposited on a 50 ~m-thick membrane  of Armco 
iron. The reverse (diffusive) side was electroplated 
with nickel  from a Wart 's solution at 100 A / m  S for 100s. 
The diffusion compartment  in the electrolytic per-  
meabi l i ty  cell contained 0.02M NaOH, with a reference 
electrode of Hg/HgO/0.02M NaOH. -0.S 

The growth rate of electroless deposits was deter- 
mined gravimetr ical ly on the p la t inum wire, which 
was electroplated with a nickel  layer ~0.2 ~m thick. 
(Deposited for 30 rain after reaching a mixed potential  
of - -0 .87V. )The  d~eposits were dissolved in concen- 
trated HNO~ and analyzed for phosphorus content by 
the molybdophosphoric acid method (16) with ab-  
sorbance measurements  being made at 380 nm. 
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Fig. I .  Open-circuit potential af molybdenum after immersion 
into the plating solution. Parameter is the time in seconds of pal- 
ladium activation in the solution of 1 g/I PdCI2 -I- 1 ml/I HCI. 
Cathodic polarization prior to testing (cp) was carried out in 0.1M 
H2SO4 at 100 A/m ~ for 600s. 

Results 
Open-circuit potential of molybdenum and palla- 

dium-activated molybdenum.--Changes of electrode 
potential  of the substrates upon immersion into the 
plat ing solution are shown in Fig. 1. The rest potential  
was about --0.4V. Molybdenum alone did not  fall be- 
low --0.bV, and no plat ing occurred on this substrate. 
Activation of molybdenum with pal ladium resulted in 
a potential  shift to ~-,--9.87V, (characteristic for the 
electroless plat ing in the solution examined) .  Two 
potential  arrests tended to appear on the potent ia l /  
time curves: the first at about --0.5V, and the second 
at about --0.7V. The former arrest decreased with in -  
creasing activation t ime (i.e., increasing amount  of 
pal ladium deposited on the surface),  whereas the la t ter  
increased with the activation time. Cathodic polariza- 
tion of specimens prior to testing v i r tua l ly  el iminated 
both potent ial  arrests. 

Open-circuit potential of palladium.--Changes of the 
potential  on pal ladium subjected to various surface 
t reatments  in different solutions are shown in Fig. 2. 
As in  the case of pal ladium-act ivated molybdenum,  
the mixed potential  of electroless deposition was about 

Table I. Composition of solutions 

KNa tartrate 
NaH2POz, NiSO~. KNaC~hOe. 28% 98% 

Solutian H20 6I-I20 4H20 NH~OH H~SOt 
designation g/I g/I g/I ml/1 ml/1 

Plating 13.25 13.1 28.2 70 ca. 15 
solution (0.I25 (0.05 

mol / l )  mol/1) 

Supporting 
solution -- -- 28.2 70 ca. 15 

Supporting 
solution with 
Ni ~+ ions -- 13.1 28.2 '70 c a .  15 

Supporting 
solution with 
sodium hypa- 
phosphite 13.25 -- 28.2 70 ca. 15 

- -0 .87V.  In  the support ing solution with hypophosphite 
(no Ni2+ ions),  the potential  dropped to values of 
about --0.92V. A potential  arrest at --0.7V was ob- 
served in both solutions. After the oxidizing surface 
t reatments  (aging in a i r  or immersion into 0.1M 
NaOH), substrates showed an addit ional  potential  
arrest  at about --0.5V. Cathodic polarization prior to 
testing el iminated the arrest at --0.5V and substant ia l ly  
reduced the time of arrest at --0.7V. In  the support ing 
solution (no hypophosphite or Ni 2+ ions), the stat ion- 
ary potential  was about --0.4V. 

Growth rate and phosphorus content in the de- 
posits.--At the mixed potential  of --0.8V, the average 
growth rate of the deposits on nickel-covered p la t inum 
was 14 _ 3 mg �9 m -2 �9 s -1. Assuming a density of the 
deposits of 7.85 kg/1 (17), this would correspond to an 
increase in thickness at a rate of (1.8 __ 0.4) X 10 -3 
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Fig. 2. Open-circuit potential of palladium upon immersion into 
various solutions after surface treatments as indicated at the 
curves. 
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~m �9 s -~. The deposits contained from 2.2 to 2.9 weight 
percent  (w/o) .  

Vol tammetr ic  measurements . - -To  comply with the 
extent  and direction of the open-circui t  potential  
shifts (Fig. 1 and Fig. 2), the potential  was scanned 
from --0.3V to --0.92V or below. Voltammograms for 
molybdenum,  pal ladium-act ivated  molybdenum,  and 
pal ladium in the support ing solution with and without 
other components essential for plat ing (c]. Table I) 
are shown in Fig. 3, 4, and 5, respectively. 

The polarization curves of molybdenum (Fig. 3) in 
the support ing solution and in the solution with sodium 
hypophosphite (NaH.~PO~) were similar, indicating 
that  hy.pophosphite did not  undergo electro-oxidation 
on this substrate.  However, the anodic current  of elec- 
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Fig. 3. Voltammograms on molybdenum in the supporting solution 
without and with other components (see Table I), starting at 
--0.3V. 
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Fig. 5. Voltammograms on palladium in the supporting solution 
without and with other components. 

t ro-oxidat ion of hypophosphite appeared in the solu- 
tion with NaH2PO2 and Ni 2+ ions (plating solution).  
It started at the potential  of nickel deposition, as seen 

�9 from the curve for the solution with Ni 2+ ions. Elec- 
t ro-oxidat ion of hypophosphite took place on a layer  
of nickel, electrolytically deposited on molybdenum 
during the potential  scan (in Fig. 3 the potential  of 
nickel deposition is shown as ENi2 +/Ni ~ 

Cathodic polarization of specimens in  0.1M H2SO4 
prior to testing shifted the corrosion potent ial  of mo- 
lybdenum towards negat ive values, but  did not affect 
electro-oxidation of hypophosphite. 

Deposition of pal ladium significantly activated the 
molybdenum substrate  both with respect to electro- 
oxidation of hypophosphite and its evolution of hydro-  
gen (Fig. 4). Hydrogen evolution started at a potential  
of --0.65V, whereas electro-oxidation of hypophosphite 
took place over the entire potential  range. Activation 
with pal ladium for a longer immersion time (30s) 
resulted in a decrease of anodic current  and in the ap- 
pearance of a distinct ma x i mum in current  at a poten-  
tial of about --0.65V, as compared to the shorter im- 
mersion time (10s). Common for the immersion times 
of 10 and 30s was a ma x i mum at about --0.82V. In the 
solution with NaH2PO2 (without Ni 2+ ions),  the 
anodic current  decreased steadily with decreasing 
potential.  

Voltammograms for pal ladium (Fig. 5) resembled 
those for the pal ladium-act ivated  molybdenum�9 Cath- 
odic polarization of pal ladium prior to testing increased 
the anodic current  at the start  of the potential  scan and 
smoothed the curves, e l iminat ing the ma x i mum ob- 
served at --0.65V. 

The vol tammograms allow an in terpre ta t ion  of some 
of the features of the potent ia l / t ime curves (Fig. 1, 2). 
The potential  arrests at about --0.5V were associated 
with the corrosion potentials of the substrates (as in-  
dicated by discontinuities on the vol tammograms) ,  
while the rest potential  of --0.87V in the plat ing solu- 
tion was t h e  mixed potential  of electrochemical 
processes involving oxidation" and reduction of hypo- 
phosphite, evolution of hydrogen, and reduction of 
Ni2+ ions. In  the absence of Ni 2+ ions, the mixed po- 
tent ial  was --0.92V. 

The potential  arrests on the pal ladium containing 
substrates at --0.TV may be associated with the de- 
creasing anodic current  for electro-oxidation of hypo- 
phosphite in this potential  region (Fig. 4, 5). A rela-  
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tionship between the potential  arrests and the decreas- 
ing current  is also apparent  from the effects of cathodic 
polarization, which reduces the potential  arrests and 
also smoothes the vol tammetr ic  curves, e l iminat ing the 
decrease in anodic current  (Fig. 5). 

The decrease in anodic current  on pal ladium below 
about --0.65V appears to be associated with hydrogen, 
which begins to evolve at about this potential. This can 
be deduced from the vol tammograms in the support ing 
solution, which show an increase of the cathodic cur-  
rent  above --0.65V (Fig. 4, 5). There is also a re la t ion-  
ship between the potential  arrests at --0.7V and hydro-  
gen evolution which can be deduced from a s imul tane-  
ous measurement  of the open-circui t  potential  and of 
hydrogen permeat ion (Fig. 6). Figure 6 shows that the 
potential  arrest on pal ladium electrodeposited on an 
iron membrane  began s imul taneously  with the per-  
meation of hydrogen through the membrane.  A rapid 
potential  drop below about --0.78V was accompanied 
by a marked increase in the hydrogen permeat ion rate. 

TEM examinations.--An electron micrograph of a 
molybdenum foil after activation in a PdC1JHC1 solu- 
tion is shown in Fig. 7. Pal ladium was deposited in 
smal l  islands (black spots in the micrograph) between 
0.01 and 0.1 ~m in diameter. The distr ibution of the 
pal ladium islands was random, and no correlation 
with dislocations or grain boundaries  in the foil was 
observed. Large portions of the molybdenum surface 
remained free of pal ladium deposits. 
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Fig. 6. Open-circuit potential (E) of palladium electrodeposited 
on iron membrane and permeation (ill) of hydrogen through the 
membrane upon exposure to the plating solution. 

Figure 8 shows a pal ladium-act ivated foil of molyb-  
denum after immersion in the plat ing solution unt i l  the 
open-circui t  potential  dropped to --0.80V. Upon at-  
ta ining this potential, the foil was quickly wi thdrawn 
from the solution and rinsed with distilled water  and 
methanol.  The black spots shown in Fig. 8 are islands 
of pa l ladium-nickel  deposits as identified by electron 
diffraction. The micrograph shows that at the early 
stages of electroless nickel plating, the deposition of 
nickel is not  confined to the pal ladium islands, but  
proceeds s imul taneously  on the ent i re  molybdenum 
surface, without connection with the islands. Radial 
spreading of nickel  deposits grown on the pal ladium 
islands was not observed. 

SEM and EDS examinations.--SEM and EDS were 
used to examine more advanced stages of electroless 
nickel plating. In order to s imulate the pal ladium is- 
lands, isolated droplets  of the activating solution of 
1.0 g/1 PdCI2 + 1.0 ml/1 HC1 were placed on molyb-  
denum surface. Figure 9 shows an SEM micrograph of 
the molybdenum surface with a circular spot formed 
by a droplet of the activating solution. As determined 
by EDS, the white area in the center of the spot was a 
deposit of palladium, whereas the white flowerlike 
features were corrosion products containing oxygen 
and chlorides. The dark patches in the central  area 
as well as the isolated white dots indicate that  the 
pal ladium deposit on the molybdenum substrate was 
not  uniform. 

Specimens with the spots of pal ladium were in part  
masked with a lacquer and exposed to the plat ing solu-  

Fig. 8. Electron micrograph of a palladium-activated molybdenum 
foil after immersion into the plating solution until open-circuit 
potential reached --0.80V. Black spots are deposits of palladium. 
Small gray circular patches are presumably deposits of nickel. 

Fig. 7. Electron mlcrograph of a molybdenum foil after immersion 
into solution of 0.2 g/I PdCI2 + 0.2 mVI HCI for los. Black 
spots are deposits of palladlum. 

Fig. 9. SEM micrograph of a circular spot on molybdenum, 
formed by a droplet of activating solution of I g/I PdCI2 Jr 1 ml/I  
HCI. White diffused area in the center is deposited palladium. 
White flower-like features are corrosion products. 
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tion. The t ime of the p la t ing  was measured  f rom the 
moment  of a t t a inmen t  of an open-c i rcu i t  po ten t ia l  of 
--0.80V and was var ied  f rom 8 to 40s. 

An SE~VI mic rograph  of a pa r t i a l l y  masked  specimen 
p la ted  for 1 0 s i s  shown in Fig. 10. A comparison of 
the masked  a n d  exposed areas  indicates  that  deposi t ion 
of  n ickel  occurred  both on the pa l l ad ium-con ta in ing  
spots and on the su r rounding  mo lybdenum surface. 
The nickel  deposi t  on the mo lybdenum surface was 
th inner  than  tha t  on the pa l l ad ium surface, and i t  
differed in appearance .  

This g rowth  pa t t e rn  cont inued for al l  of the t imes 
used. The nickel  deposi t  on the mo lybdenum and pa l l a -  
d ium subst ra tes  a f te r  p la t ing  for 40s is shown in Fig. 
11. The deposi t  on the mo lybdenum surface  st i l l  
r ema ined  th inner  than  that  on the pa l l ad ium surface.  
No indicat ion of  en la rgement  and coalescence of the 
n ickel  deposits  growing on the pa l l ad ium spots was 
ever  observed.  

As shown in Fig. 11, n ickel  deposi t ion on the mo lyb -  
denum surface af ter  40s was h ighly  nonuniform.  Ac-  
cording to analysis  b y  EDS, the  da rk  s tr ipes and 
patches  ind ica ted  bare  surface of molybdenum,  with  
only a smal l  amount  of nickel.  

E lementa l  analysis  of the deposits  grown on the 
mo lybdenum and pa l l ad ium subst ra tes  also was pe r -  
formed by  EDS. EDS spect ra  f rom molybdenum sub-  
s t ra tes  (wi th  and wi thout  pa l l ad ium act ivat ion)  a f te r  
p la t ing  for  var ious  t imes are  shown in Fig. 12. I t  can 
be seen that  the energy  peak  of nickel  in the region 
wi th  pa l l ad ium appea red  sooner and was m a r k e d l y  
h igher  than  that  of  the mo lybdenum region wi thout  Fig. 12. EDS spectra from the molybdenum strbstrates with and 

without palladium after plating for 8, 10, and 40s. Arrows indi- 
cate peaks of palladium (PdL~I = 2.838 keV) and of nickel 
(NiK~l ~ 7.477 keV). 

Fig. 10. SEM micrograph of molybdenum substrate with clrcular 
spots formed by droplets of the activating solution, after plating 
of an unmasked area for 10s. Nickel plated areas are brighter 
than unplated ones. Arrow indicates a border between a masked 
area (to the left) and plated area (to the right). 

Fig. !1. SEM micrograph of nickel deposit on (A) molybdenum 
region and (B) palladium-containlng region after plating for 40s. 

pal ladium.  Af te r  p la t ing  for 40rS, the n ickel  peak  on 
mo lybdenum with  pa l l ad ium was about  six t imes 
h igher  than the n ickel  peak  on mo lybdenum itself. 

The SEM and EDS examinat ions  suggest  tha t  the 
ra te  of nickel  deposi t ion on pa l l ad ium is cons iderably  
h igher  than  that  on molybdenum,  both for the ini t ia l  
s tage of a p la t ing  t ime of 8 or  10s (Fig. 10, 12) and 
also for its more  advanced stage of 40s (Fig. 11, 12). 
Al te rna t ive ly ,  there  m a y  be a de lay  in the ini t ia t ion of 
plat ing.  On the basis of the de te rmined  average  ra te  
of the n ickel  deposi t ion (1.8 • 10 -8 ~m �9 s - l ) ,  it  can 
be es t imated  that  af ter  10s of plat ing,  the average  
thickness  of the deposi t  was about  50 la t t ice  p a r a m -  
eters  of nickel.  This might  lead to supposi t ion that  the 
effect of a subs t ra te  should d i sappear  at  about  this 
thickness of n ickel  deposits. However ,  the  deposits 
obviously  were  not continuous (note s t r ipes  in Fig. 11). 

Discussion 
These microscopic invest igat ions have  shown tha t  

electroless deposi t ion of n ickel  on mo lybdenum around  
pa l l ad ium spots proceeds s imul taneous ly  wi th  and in-  
dependen t ly  of the deposi t ion on the pa l l ad ium spots. 
Growth  by  coalescence of the deposits  on pa l l ad ium 
spots was not  observed.  The growth  of n ickel  deposits  
on the mo lybdenum surface indicates  that  the ca ta-  
lyt ic  ac t iv i ty  of pa l l ad ium spots is not res t r i c ted  only 
to the spots themselves,  but  it  is also t r ansmi t t ed  to 
o ther  nonca ta ly t ic  areas  of a meta l  substrate .  I t  is 
sugges ted  that  this t ransmission occurs by  an e lec t ro-  
chemical  effect of pa l ladium,  involving ca ta ly t ic  elec-  
t ro -ox ida t ion  of HfPO~- with  a resu l tan t  po ten t ia l  
shif t  to negat ive  direct ion and an accompanying  elec-  
t ro lyt ic  deposi t ion of  nickel.  

As shown in the vo l t ammet r i c  curves (Fig. 3~5), h y -  
pophosphi te  undergoes  e lec t ro -ox ida t ion  on pa l l ad ium 
in the ent i re  range of  open-c i rcu i t  potent ia ls  on the 
subst ra tes  examined.  In  the p la t ing  solution, this leads 
to a potent ia l  shif t  to --0.87V (Fig. 1, 2). I f  this po ten-  
t ia l  shift  occurs on molybdenum,  then at  about  --0.78V 
nickel  wil l  s t a r t  to deposit  e lec t ro ly t ica l ly  and e lect ro-  
oxidat ion  of hypophosphi te  wil l  fol low on the deposi ted / 
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nickel. This is apparent  from Fig. 3, which shows a 
positive current  of electro-oxidation of hypophosphite 
in the plat ing solution. Evidently,  this is a consequence 
of the preceding nickel deposition on molybdenum. 
Growth of electroless nickel  deposits on molybdenum 
around pal ladium islands can be regarded as a result  
of electrolytic deposition of nickel, which is a good 
catalyst for electroless plating. The electrolytic deposi- 
tion of nickel under  open-circui t  conditions occurs 
dur ing the spontaneous potential  shift, when the po- 
tential  falls below about --0.78V. This potential  shift 
results from electro-oxidation of hypophosphite, which 
in tu rn  is ini t ia ted by pal ladium areas. Electroless 
nickel deposition on molybdenum surfaces thus are a 
~esult of a secondary electrochemical effect of pal la-  
diumi which provides nonact ive molybdenum with a 
thin layer of active nickel. 

Similarly,  a p re l iminary  deposition of nickel during 
the spontaneous potential  shift also occurs on palla-  
dium. This suggestion is supported by the vol tammo- 
grams in Fig. 4 and Fig. 5, which show that the anodic 
current  of electro-oxidation of hypophosphite in the 
solution with Ni 2+ ions increases with the decreasing 
potential  (below about --0.75V) and reaches a maxi-  
mum;  whereas in the absence of Ni 2+ ions, the current  
steadily decreases. The increase of the current  in the 
solution with Ni 2+ ions can be explained by electro- 
lytic deposition of some amounts  of nickel, which 
causes an enhancement  of the catalytic activity of the 
pal ladium substrate.  

P re l iminary  deposition of small  amounts  of nickel 
results in a discontinuous and porous layer consti tut-  
ing a heterogeneous surface of nickel and palladium. 
Thus, the enhancement  of the catalytic activity of 
pal ladium occurred when both metals, pal ladium and 
nickel, were s imul taneously  present  on the surface. 
This suggests a synergistic relationship between these 
two metals. This synergistic effect can also be observed 
for pal ladium with molybdenum.  The vol tammograms 
in Fig. 4 show that the anodic current  of electro-oxida- 
tion of hypophosphite on pal ladium-act ivated molyb-  
denum was higher after a short activation t ime (10s) 
than after a longer activation time (30s). 

The synergistic effect of pa l ladium and nickel  in the 
electro-oxidation of hypophosphite may be responsible 
for the observation that the growth of electroless 
nickel deposits on pal ladium spots is faster than on the 
molybdenum surface (Fig. 10-12). If the electroless de- 
posits were continuous and free of pores, the growth 
should be controlled by the catalytic activity of the 
deposits only  and be the same on the pal ladium and 
molybdenum substrates. However, the growth rate 
does depend on the type of substrate. This can be 
ascribed to porosity of the deposits and to the effect of 
the substrate  exposed through the pores. Alternat ively,  
the faster growth of the electroless deposits on the 
pal ladium spots may be explained in terms of the 
mechanism proposed original ly by Gorbunova and 
Nikoforova (18) involving reduct ion of Ni 2+ ions by  
hydrogen atoms 

Ni 2+ -~ 2H ~ Ni W 2H + [1] 

It is possible that the ini t ia t ion of nickel deposition on 
the pal ladium spots is accelerated through the above 
reaction, for which an addit ional source of hydrogen 
can be hydrogen absorbed in the palladium. Subse- 
quent  growth would thus be supported by the co- 
deposition of both H and Ni. This effect of absorbed 
hydrogen on the rate of the electroless plat ing is not 
straightforward.  Cathodic polarization considerably 
activates the substrates, diminishing the potential  ar-  
rests at --0.5 and --0.7V (Fig. 1, 2). This could be due 
in  part  to absorbed hydrogen and also to the reduction 
of surface oxides. 

On the other hand, there is an indication that hydro-  
gen inhibi ted electro-oxidation of hypophosPhite. This 
is i~dicated by the potential  arrest  on pal ladium at 

about --0.TV (Fig. 1, 2) and the decreasing current  of 
anvdic oxidation of hypophosphite (Fig. 4, 5), which 
coincided with the start  of hydrogen evolution at 
--0.65V (Fig. 4, 5) and its permeat ion through the 
metal  (Fig. 6). The inhibi t ing effect of hydrogen may 
be due to its adsorption on the surface and possibly to 
the formation of pal ladium hydride ~-PdH. Adsorption 
of hydrogen will be competitive to the adsorption of 
hypophosphite, and thus will  decrease the adsorption 
and the oxidation rate of the latter. Competit ive ad- 
sorption of hydrogen was suggested by Sazonova et al. 
(14) as being responsible for a decrease in adsorption 
of d imethylamine borane on plat inum. Hydrogen may 
also form the hydride ~-PdH that  can markedly  
diminish the catalytic activity of pal ladium (20, 21). It  
is noteworthy that the anodic current  from the oxi- 
dation of hypophosphite in the absenoe of Ni 2+ ions 
steadily decreased with potential  (Fig. 4, 5), which 
may be at t r ibuted to the increasing amount  of hydro-  
gen adsorbed on and by palladium. 

The geometrical pat tern  of discontinuities in the 
electroless nickel deposits on the pal ladium surface 
(Fig. 11) may have many  explanations.  Generally,  it 
may be associated with high in terna l  stresses and with 
poor adhesion of the deposits to the substrate.  Adhesion 
of deposits is normal ly  related to the b inding  and 
interracial  energies and also to the lattice parameter  
mismatch between deposit and substrate (22). In  con- 
sidering these factors, it is impor tant  to note that  the 
molybdenum substrate  is not really a bare  metal, but  
is largely covered with oxides. According to potent ial-  
pH diagrams (23), under  conditions of electroless 
nickel plat ing in the solution examined, an oxide of the 
MoO2 type is possible and must  be taken into account 
when adhesion of the electroless nickel deposits to 
molybdenum is being considered. 

Conclusions 
Electroless nickel  deposition was examined on mo- 

lybdenum which was activated with pal ladium by 
immersion into a PdC1JHC1 solution. This procedure 
results in the fo rma t ion  of pal ladium islands on the 
molybdenum substrate. In  the hypophosphite plat ing 
solution, the nickel deposition takes place on the pal-  
l ad ium islands and on the molybdenum substrate  si- 
mul taneously  and independently.  The deposition on the 
pal ladium islands appears to be considerably faster 
than that on the molybdenum substrate.  On the basis of 
vol tammetr ic  measurements  it is concluded that the 
electroless nickel  deposition on the molybdenum sub-  
strate actual ly occurs upon a thin layer  of nickel, 
which is electrolytically deposited dur ing a spontane-  
ous potential  shift in the cathodic direction. The pal la-  
dium islands act as catalysts for electro-oxidation of 
hypophosphite, which in tu rn  causes the potential  shift. 

Voltammograms indicate that the anodic current  as- 
sociated with oxidation of hyp0phosphite on pal ladium 
is increased when small amounts  of molybdenum or 
nickel are also present  on the surface. This suggests 
that small  amounts  of one metal  can exert  a synergistic 
effect on the catalytic properties of another.  This effect 
explains the observation that the growth of nickel de- 
posits on molybdenum with pal ladium is more rapid 
than that on molybdenum alone under  the same elec- 
trochemical conditions. 

Cathodic polarization prior to plat ing results in sub-  
s tant ial  activation of the substrates. This activation can 
be at t r ibuted to removal  of oxide layers ra ther  than to 
an effect of absorbed hydrogen on the  plat ing process. 

Upon immersion of pal ladium into the plat ing solu- 
tion a potential  arrest is observed at about --0.7V. This 
potential  arrest coincides with a decreasing electro- 
oxidation rate of hypophosphite and with the evolution 
of hydrogen. This phenomenon may be ascribed both 
to the competitive adsorption of hydrogen on the pal-  
ladium surface, which may decrease the adsorption and 
the oxidation rates of hypophosphite,  and  to a decrease 
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in the ca ta ly t ic  ac t iv i ty  of pa l ladium,  which m a y  be 
due to the format ion  of ~-PdH. 
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Cathode Characteristics of Organic Electron Acceptors for Lithium 
Batteries 

Shin-ichi Tobishima, Jun-ichi Yamaki, and Akihiko Yamaji 
Nippon Telegraph and Telephone Public Corporation, Ibaraki Electrical Communication Laboratory, Tokai, Ibaraki-ken, 

319-11, Japan 

ABSTRACT 

Discharge and charge characteristics of cathode-active materials for l i thium batteries were studied. Electron acceptors of 
charge transfer complex with high electron affinity were examined as cathode-active materials because they were expected 
to have high cell voltage. These electron acceptors are 2,4,7-trinitro-9-fluorenone (TNF), 2,4,5,7-tetranitro-9-fluorenone, 
7,7,8,8-tetracyanoquinodimethane, 9,10-phenanthrenequinone, and 13 other compounds.  Among these compounds,  TNF 
showed the highest  discharge capacity (1050 A-hr/kg) and the highest  energy density (2030 W-hr/kg). Cycle lives of TNF were 
400 and 54 t imes at charge-discharge capacity of 100 of A-hr/kg (1.2 electron transfer per 1 tool TNF) and 200 A-hr/kg (2.4 
electron transfer per  1 mol TNF), respectively. The cycle tests indicate reversibili ty of TNF up to two-electron transfer. 

L i th ium organ ic -e lec t ro ly te  ba t te r ies  a re  of great 
in te res t  as power  sources for  electronic devices be -  
cause of the i r  h igh  energy  densi ty.  Character is t ics  of 
l i t h ium bat ter ies ,  s u c h  as d ischarge  capacity,  cell  vol t -  
age, ene rgy  density,  and rechavgeabi l i ty ,  are  affected 
by  the selection of ca thode-ac t ive  mater ia ls .  In  o rder  
to d iscover  the best  ca thode-ac t ive  mater ia ls ,  many  
mater ia l s  have been examined  over  the last  severa l  
years  (1-3).  Most of those compounds are  inorganic  
compounds.  However ,  N-ha logen  compounds (4) and 
pyromel i t i c  d i anhydr ide  (5) a re  organic  ca thode-ac t ive  
mater ia ls .  I t  was repor ted  (6) that ,  theore t ica l ly ,  or -  
ganic compounds  had  much h igher  e lec t rochemical  
capaci t ies  than  inorganic  compounds.  Fur the rmore ,  
organic compounds,  hav ing  high e lect ron affinity, are 
expected  to have high cell  voltage. 

In  this work,  17 organic compounds,  which are  known  
as e lec t ron  acceptors  of charge t ransfe r  complex,  are  
tes ted as ca thode-ac t ive  mate r ia l s  for l i th ium ba t -  
teries. These e lec t ron  acceptors  were  chosen for two 
reasons.  Firs t ,  m a n y  of these compounds  have high 

e lec t ron affinity. Second, there  is a poss ib i l i ty  that  
these compounds wiI1 reac t  wi th  l i th ium revers ib ly ,  
at  leas t  for  one e lec t ron t ransfe r  process (7).  This 
could mean tha t  these organic  compounds can be used 
as rechargeable  ca thode-ac t ive  mater ia ls .  

Experimental 
2,4,5,7-tetranitro-9-f luorenone and 7,7,8,8~tetracyano- 

qu inodimethane  were  obta ined  f rom Aldr ich  Chemical  
Company.  Other  ca thode-ac t ive  mate r ia l s  were  ob-  
ta ined  from Tokyo Kasei  Company.  

A test cell  was used to evalua te  c-athode-active ma-  
te r ia l  proper t ies .  I t  had a flat configuration, as shown 
in Fig. 1. The l i th ium elect rode a rea  was 3.14 cm 2. 
The cathode e lect rode a r ea  was 4.91 cm 2. Current  den -  
s i ty  was ca lcula ted  using the l i th ium electrode area.  
Cathode mix tures  were  p r e p a r e d  by  mix ing  appropr i -  
ate amounts  of the active mate r i a l s  and acetylene black, 
obta ined  f rom Denk ikagaku  Kogyo Company.  A car-  
bon fe l t  sheet  (Nippon Carbon Company)  was used to 
p reven t  d i rec t  react ion be tween  the ca thode-ac t ive  
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Fig. i .  Test cell configuration and measuring system 
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mate r i a l  and  l i th ium metal .  The e lec t ro ly te  used was 
1 or 1.25M LiC104 (Kanto Chemicals  Company)  so- 
lut ion in p ropy lene  carbonate  (Tokyo Kasei  Company) .  
Water  content  was less than  200 p p m  (Kar l  Fischer  
method) .  Porous  po lypropy lene  sheet  (Polyplas t ic  
Company)  was used as the separator .  L i th ium disk 
anodes were  p repa red  by  pressing i n  l i th ium wires  
(Merck Company) .  Al l  cells  were  const ructed and 
tested in a d ry  box filled wi th  argon gas. 

Results and Discussion 
Discharge characteristics o:f organic electron accep-  

tots coupled with lithium.--Organic electron aceeptors  4 
used in this  work  a re  2,4,7-tr ini t ro-9-f luorenone 
(TNF) ,  7 ,7,8,8- tetracyanoquinodimethane (TCNQ),  "-~ 
9 ,10-phenanthrenequinone (PQ) ,  2,3-dichloro-5, 6-di -  ~ 3 
cyanobenzoquinone (DDQ),  and 13 other  compounds,  
m a n y  of which are  aromat ic  compounds.  F igure  2 .o 
shows the chemical  s t ruc ture  of TNF, PQ, TCNQ, and ~ 2 
DDQ. 

L i th ium cells were  d ischarged at  a constant  cur ren t  ~ 1 
of 1 m A  (0.32 mA/cm2) .  F igure  3 shows the re la t ion 
be tween  elect ron affinity (8) of organic  e lec t ron ac-  
eeptors  used and the corresponding cell vol tage mea -  
sured at  the in i t ia l  flat pa r t  of d ischarge  curves.  Cell  
vol tage  was found to have the  tendency  to increase 
wi th  increases in e lect ron affinity. 

F igure  4 shows discharge curves of TNF and 2,4,5,7- 
t e t ran i t ro -9- f luorenone  (TENF) .  F igure  5 shows dis-  
charge  curves of TCNQ, PQ, fluorenone, and fluorene. 
Most of the  d ischarge  curves showed two flat par ts ,  4 

y '  
/ ( 1 o  .,, .,, 

/ ? 
1.0 ' 

-t.2 -0.8 0 0.8 1.6 2.4 

Electron Affinity (e. v.) 
Fig. 3. Relation between initial cell voltage and electron affinity 

of organic electron acceptors. 1: 2,3-dichloro-5,6-dicyanobenzoqui- 
none (ChC60~[CN]2); 2: tetracyanoethylene (C2[CN]4); 3: 
7,7,8,8-tetracyanoquinodimethane (CeH4C.2[CN]4); 4: bromanil 
(C6Br402.); 5: chloranil (C6CI40~); 6: p-benzoquinone (C6H402); 
7: 2.4,7-trinitro-9-fluorenone (C~3HSNr3OT); 8: pyrornelitic dianhy- 
dride (C6H.~[CO]402); 9: m-dintrobenzene (CsH;[NO2]2); 10: 
phthalonitrile (C6H4[CN].2); 11: phenanthrene (C14HIo); 12: 
naphthalene (CIsHI~); 13: perylene (C~oH12); 14: anthracene 
(Cz;Hlo); 15: pyrene (C16Hzo). 

TNF 

{ { I { } 

200 400 600 800 1000 
Discharge Capacity {Ahr/kg) 

Fig. 4. Discharge curves of TNF and TENF at 1 mA 
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Fig. 2. Chemical structure of a: TNF; b: TCNQ; c: PQ; and d: 
DDQ. 

~ 3 ~_  ~ TCNQ 

\ \ - - "  

o ,6o 2;0 3;0 400 

Discharge Capacity (Ahr / kg) 
Fig. 5. Discharge curves of TCNQ, PQ, MAR, fluorenone, and 

fluorene at 1 mA. 

which were  fol lowed by  a g r adua l l y  decreas ing part .  
In  eases of TNF and TENF, two fiat par t s  were  not  
c lear ly  observed because the difference be tween  vo l t -  
ages in the first pa r t  and in the second par t  was smal l  
(about  0.24V). The d ischarge  capaci ty  of the first pa r t  
was a l i t t le  h igher  than  tha t  of the  second part .  The 
discharge capaci ty  of each par t  was n e a r l y  equal  to 
tha t  ca lcula ted on the basis of one e lec t ron t ransfer .  
I t  has been repor ted  (9, 10, 11) tha t  .x-conjugated 
organic  compounds are gene ra l ly  reduced  th rough  
s tepwise  two-e lec t ron  t ransfe r  in nonaqueous  media.  
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E n e r g y  a D i scha rge  a 
Cathode-act ive  densi ty  capac i ty  A v e r a g e  Uti l izat ion ( ~A ) ~, 

m a t e r i a l  Molecular  we igh t  (W-hr/~cg) (A-h r /k g )  vo l tage  (V) 1st step 2nd s tep 

E lec t ron  
t r a n s f e r  
n u m b e r  

Discharge  
c u r r e n t  
dens i ty  

( m A / c m  -~ ) 

TNF 315.21 2030 1050 1.92 96 82 
TENF 360.19 1590 810 1.96 86 85 
TENF d 1910 960 2.00 
PQ 208.22 710 320 2.20 88 84 
TCNQ 204.19 370 300 1.58 89 79 
9-fluorenone 180.21 270 170 1.62 53 50 
MAH 93.06 250 180 2.18 51 
a n t h r a c e n e  178.23 195 160 1.22 72 37 
p y r e n e  202.25 180 125 1.20 61 52 
p n c n a a t h r e n e  178.23 140 120 1.17 36 28 
pe ry l ene  252.32 110 70 1.65 65~ 
f luorene 166.22 112 108 1.04 39 28 
n a p h t h a l e n e  128.17 101 65 1.55 41 
PDA 213.12 279 135 2.07 55~ 
o-chloranil  245.88 250 106 2.30 18 2 
m-DNB 163.11 225 110 2.05 31 37 
o-bromani l  423,70 210 85 2.50 67 
p-benzoquinone 103.10 71 71 2,53 11 
ph tha lon i t r i l e  128.30 39 38 1.02 18 
TCNE 128.09 25 13 1.92 6 
DDQ 227.01 19 16 1.19 16 

11.9 
10.5 
12.7 
2.56 
2.30 
1.10 
0.54 
1.06 
1.12 
0.80 
1.30 
0.68 
0,40 
I . i0  
0.48 
0.68 
1.34 
1.12 
0.18 
0.06 
0.16 

0.32 
0.32 
0.32 
O.32 
0.32 
0.32 
0.32 
0.32 
0.32 
0.32 
0.32 
0.32 
0.32 
1.00 
1.00 
1.00 
1.00 
1.00 
1.OO 
1.0O 
1.00 

Cathode m i x t u r e :  act ive  m a t e r i a l  0.05g; AB 0.05g. 
Values  w e r e  based  only on the  ca tho2e-ac t ive  m a t e r i a l  we igh t  and  up to IV. 

b Values  w e r e  based  on one-e lec t ron  t r~as t ' e r  pe r  ca thode  1 tool. 
Values  w e r e  based  on two-e lec t ron  t r  ~.,lsfer pe r  ca thode  1 mol. 

d Cathode  mix tu re :  TENF 0.u3g; AB 0.1 g. 
TNF:  z,%7-trmitro-9-fiuore~one; I E N F :  2,~,5,7-tetranitro-9-fiuorenone; 
PQ: 9 ,1u-phenanthrenequinozm; TCNQ: 7, l ,8 ,8 - te t racyanoquinodimethane ;  MAH: male ic  anhydride~ 
PDA: p y r o m e h t i c  d ianhydr ide ;  m-DMB: m-dini t roDenzene;  "ICNE: t e t r a c y a n o e t h y l e n e ;  
DDQ: 2,3-dichloro-5,6-dicyanobcnzoquinone. 

These facts indicate that  the cathode reactions, cor- 
responding to the first and second plateau, are the 
production of radical anion and dianion, respecti'4ely. 
Details of the third reaction mechanism are not clear, 
but  the reaction may be the opening of benzene rings 
and /or  reaction of various funct ional  groups, such as 
- -CN, --NO2, --C1, and - -Br ,  with l i thium. 

Table I summarizes the discharge characteristics of 
various organic electron acceptors used in these cells. 
Discharge capacity and energy density were calculated 
only on the basis of cathode materials.  TNF showed 
the highest discharge capacity (1050 A-h r /kg )  and 
the highest energy density (2030 W-h r /kg ) .  TENF 
showed a 810 A - h r / k g  discharge capacity and a 1590 
W - h r / k g  energy density. 

From the discharge test results, it was found that  
TNF, TCNQ, and PQ showed high cell voltage, as well 
as high energy density. Other compounds, such as 
DDQ, bromanil ,  and chloranil,  showed ra ther  low 
energy density (see Table I) .  In  the next  section, more 
detailed cathode characteristics of TNF, TCNQ, and 
PQ are discussed. 

2,4,7-trinitro-9-fluorenone (TNF; m/o 315.21; 
ClaHsN307).--As mentioned earlier, TNF showed the 
highest discharge capacity (1050 A - h r / k g  up to IV at 
constant current  of 1 mA).  This value corresponded to 
about 12 Li tools per 1 mol TNF. The reason for this 
reaction mechanism is not perfectly clear, but  one 
possible explanat ion is ment ioned below. The ini t ial  
TNF reaction seems to be the stepw}se formation of 
r ad ica l  anion and dianion, according to Eq. [1] and 

[2]. This explanat ion is supported by the l i terature on 
cyclic Voltammetry of TNF (11) and the reduct ion of 
aromatic ni t ro compounds (ArNO2) in nonaqueous 
media (9, 12). 

ArNO2 + Li + + e -  --> (ArNO2) - ,  Li + [1] 

(ArNO~)-Y,Li + + L i  + + e - - - >  (ArNO~)2- ,2Li  + [2] 

Although what fur ther  reduct ion mechanisms there 
might be is not clear, ni t ro function in the dianion 
seems to react electrochemically with l i thium. The 
reduction of the dianion is supposed to occur, accord- 
ing to Eq. [3], as is the formation of nitroso function. 
This reaction is analogous to the reaction between 
aromatic nitro compounds and C6HsLi (12). 

(ArNOf) 2-, 2Li + + 2Li + + 2e-  

--> (ArNO) 2-, 2Li + + Li20 [3] 

Assuming Eq. [1], [2], and [3], eight-electron transfer  
per mol TNF is possible. As a further  reduced prod- 

Ar Ar 
uct, >NLi  and /o r  >NOLi  is possible (12). 

Ar Ar  
Discharge-capacity dependence on the acetylene 

black (AB) contents in cathode mixtures  was mea-  
sured galvanostat ical ly at 1 mA for each cell, where 
AB contents varied from 0% to 91%. AB compositions 
and their effect on the discharge characteristics of 
TNF are summarized in Table II. Capacity and energy 
dens i ty  increased with increasing AB contents and 

Table II. Cathode composition and discharge characteristics 

Cathode composi t ion  

TNF (g)  AB (g) AB con ten t  (%) 

Capacity  based  on 
only TNF w e i g h t  

( A - h r / k g )  

E n e r g y  dens i ty  on 
only TNF  we igh t  

(W-h r /k g )  
Cell capaci ty  

( m h r )  

0.05 0.000 0.00 295 603 14.8 
0.05 0.025 33.3 425 821 21.3 
0.05 0.050 50.0 1050 2030 52.5 
0.01 0.100 90.9 1150 2040 11.5 
0.00 0.100 100.0 (29*) 2.9 

* Based on AB weight .  
1.0V cut-off, 1 mA.  
TNF:  2,4,7-trinitro-9-fluorenone; AB: ace ty lene  black.  
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Fig. 6. Discharge capacity dependence on current density, IV 
cutoff, TNF/Li cell. 

sa tu ra t ed  at  a m a x i m u m  value near  1000 A - h r / k g  
and 200 W-hr /kg .  

Since discharge capaci ty  also depends  on discharge-  
cur ren t  density,  the effect of cur rent  dens i ty  on the 
discharge capaci ty  of TNF w'as s tudied.  A cathode 
mix ture  was made  of 0.05g TNF and 0.05g AB. Results  
are shown in Fig. 6. Discharge capaci ty  increased with  
decreas ing discharge cur ren t  and it a t t a ined  a max i -  
m u m  value of about  1000 A : h r / k g  at  a cur ren t  
densi ty  of 1 m A / c m  2. These two exper iments  suggest  
that  1.00% discharge  capaci ty  for the TNF cathode is 
about  1000 A - h r / k g .  

To examine  the poss ib i l i ty  of cycling TNF cathode 
mater ia l ,  a cycl ing test  of TNF coupled wi th  l i th ium 
was carr ied  out  at  var ious  charge-d i scharge  cap,acities 
( f rom 50 A - h r / k g  to 550 A - h r / k g ) .  The resul ts  for 
charge-d ischarge  capaci ty  of 50 A - h r / k g  are shown 
in Fig. 7. This va lue  corresponded to 0.59 Li mois per  
1 mol TNF. The numbers  shown in Fig. 7 are  cycle 
number .  Cells were  tested up to 700 times. 

Discharge Rest 
I . . . . .  I 

January 1984 

The charge-d i scharge  test  of the b l ank  test  cell, 
wi th  a ca thode cont~ain~ing only AB, was pe r fo rmed  
under  the  same condit ions as in the TNF cell  test. The 
charge-d ischarge  capaci ty  was 100 A - h r / k g  and the 
cur ren t  dens i ty  was 0.32 m A / c m  e. The re la t ionship  
be tween  the min imum or m a x i m u m  charge vol tage 
and cycle number ,  toge ther  wi th  the b lank  results ,  
are  summarized,  in Fig. 8 and Fig. 9. Curves "a" and 
"b" in Fig. 8 show min imum discharge  voltages of the  
TNF cell  and the b l ank  cell, respect ively .  Curves "a" 
and "b" in Fig. 9 show m a x i m u m  TNF cell vol tages 
and the b lank  cell, respect ively.  Min imum TNF cell  
vol tage  was 2.5V at the  first cycle  and becomes lower  
wi th  increas ing of cycle numbers ,  However ,  i t s  va lue  
was 1.8V even at  the 100th cycle. In  cases of the b lank  
test  (curve "b" in Fig. 8), m in imum vol tage is about  
1.2V from the first to the 35th cycle. M a x imum charge  
vol tage of the TNF cell (curve  "a" in Fig. 9) shows 
a r e l a t ive ly  constant  value of 3.7V from the first to 
the  100th cycle. However ,  in the b l ank  cell (curve 
"b" in Fig. 9), its value is more than  10V at  the 45th 
cycle. F rom these results,  it  can be concluded that  the 
TNF cathode reacts  wi th  l i t h ium revers ib ly .  

Table  I I I  summar izes  the cycl ing test condit ion and 
the TNF cathode cycle life. Cycle life was expressed 
as a cycle number  where  d ischarge  vol tage  was h igher  
than 1V. Cycle numbers  for 50 A - h r / k g  and 100 
A - h r / k g  discharge capacit ies were  691 t imes and 400 
times, respect ively .  However ,  in the  case of 200 A - h r /  
kg, cycle number  was 54 times. In  case of more than  
200 A - h r / k ~ ,  cycle life was ra the r  low. Table I I I  also 
indicates  tha t  TNF rechargeab i l i ty  becomes poor by 
reac t ing  with  three  mols of l i th ium per  one mol TNF. 

The rechargeab i l i ty  of TNF coupled wi th  l i th ium 
was observed for up to two l i th ium react ions for 1 mol 
TNF. This fact agrees wi th  the resul ts  of cyclic vol t -  
a m m e t r y  of TNF in nonaqueous solutions ( l l ) ,  which 
show the format ion  of revers ib le  TNF dianion. 

?,?,8,8-tetracyanoquinodimethane (TCNQ; m/o 204.I9; 
CIzH4N4).--As ment ioned  ear l ier ,  the  TCNQ cell  
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Table III. Charge-discharge characteristics of TNF coupled with 
lithium 

Charge-discharge Electron 
capacity (A-hr/kg) transfer number~ Cycle number~, 

50 0.59 691 
100 1.2 400 
200 2.4 64 
300 3.5 15 
400 4.7 7 
550 6.4 2 

Electrolyte: 1.25N LiCIO~-propylene carbonate; charge.discharge 
current density: 0.32 rnA/cm~; cathode mixture: TNF 0.01g, AB 
0.01g, 

�9 Calculated value corresponding to charge-discharge capacity. 
b Cycle number, where discharge voltage is higher than IV. 

showed a discharge capacity of 300 A - h r / k g  up to 1V. 
This value corresponds to 2.3 tool of Li per 1 tool 
TCNQ. The suspicion that  there is a cathode react ion is 
supported by stepwise formation of the radical anion 

(TCNQ'-)  and dianion (TCNQ2-) ,  for the reasons 
ment ioned below. TCNQ is known to react with at least 
1 mol of Li per 1 mol TCNQ by the reaction involving 

n-C4H9Li (13). TCNQ'-" (14) and TCNQ 2- (15) are 
reported as the reduct ion products of TCNQ. Polaro-  
graphic results of TCNQ in n onaqueous solution (15), 
show two-step reduction mechanism. Cell voltages 
calculated from hal f -wave potent ial  are about 3.2 and 
2.7V, respectively. This fact agrees with the TCNQ 
discharge test result;  i.e., the discharge curve showed 
two flat parts and decreasing third part, and cell 
voltage was 3.1V at the first flat part  and 2.6V at the 
second flat part. Discharge capacity at the first flat par t  
and the second flat part  is near  that calculated based 
on one-electron transfer  at each flat par t  of discharge 
(0.89 e -  at the first and 0.79 e -  at the second). 

In  sum, the init ial  reaction seems to be the forma- 

t ion TCNQ V and TCNQ 2-. The third reaction mecha-  
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nism is not  clear,  but  the format ion  of LiCN may  oc- 
cur, because cell vol tage at  the th i rd  par t  of d is-  
charge is h igher  than that  of the cathodic react ion of 
p ropy lene  carbonate  wi th  l i th ium (this value  is re -  
por ted  as about  0.6V vs. Li (16)) or  that  of AB. There-  
fore, it  was expected that  TCNQ could be cycled up to 
two-e lec t ron  t ransfer .  A cycle t e s t  on TCNQ was 
carr ied  out at  200 A - h r / k g  charge-d ischarge  capacity,  
which corresponds to 1.8 mols Li per  1 mol TCNQ. 

F igure  10 shows the TCNQ cell  charge-d ischarge  
curves. At  the  first cycle, both  d ischarge  and charge 
curves showed only  two flat parts.  Wi th  increasing 
cycle numbers ,  the discharge curve showed two flat 
par ts  and a th i rd  par t ,  but  the charge curve did not  
show a dis t inct  th i rd  part .  Wi th  increasing cycle num-  
bers,  u t i l iza t ion decreased at  the first and the second 
flat parts ,  based on two-e lec t ron  t r ans fe r .  Uti l izat ions 
of the first cycle, second cycle, th i rd  cycle, and four th  
cycle were  1.58, 1.35, 1.16, and 1.02 e - ,  respect ively.  
The cycle n u m b e r  was 4, where  discharge vol tage was 
higher  than 1V. So, the cathode react ion at  the  th i rd  
par t  of the d ischarge  is p robab ly  i r revers ible .  One pos- 
sible explana t ion  for this fact is that  th i rd  e lec t rochem-  
ical react ion included the format.ion of insoluble  and i r -  
revers ib le  LiCN. 

9,10-phenanthrenequinone (PQ; role 208.22; CI4HsO~). 
- - A s  ment ioned earl ier ,  the PQ cell showed 310 A - h r /  
kg  d ischarge  capaci ty  up to 1V. This value  cor re -  
sponded to 2.4 mol Li pe r  1 mol  PQ, when the A B / P Q  
weight  rat io was 1. We feel the  ca thode reac t ion  is a 

s tepwise  format ion  of P Q -  and p Q 2 -  for the reasons 
ment ioned  below. Quinones are  known to be r educed  
s tepwise ly  by  a two-e lec t ron  t ransfe r  process (17). 
Radical  anion and dianion ,are r epor ted  to be reduc-  
t ion products  (17, 18). Po la rograph ic  resul ts  of PQ in 
nonaqueous  solut ion (19) show a two-s tep  reduct ion 
mechanism.  Cell  voltages, ca lcula ted f rom ha l f -wave  
potent ial ,  a re  about  2.8 ,and 2.3V, respect ively .  This 
agrees wi th  the  d ischarge  test  results;  i.e., the dis-  
charge curve showed two fiat par t s  and a decreas ing 
th i rd  part .  Cell  vol tage is 2.7V at the first flat pa r t  
and 2.2V at the second flat pa r t  of the  discharge.  The 
d ischarge  capaci ty  at  the first and the second flat par ts  
of d i scharge  is near  that  ca lcula ted from one-e lec t ron  
t ransfe r  at  each pa r t  (0.88 e -  a t  the first and 0.84 e -  
at  the second) .  

The ini t ia l  PQ cathode react ion seems to be the 

format ion of P Q -  and pQ2- .  The th i rd  react ion mecha-  
n ism is not  clear,  but  the Li20 format ion  may  occur 
for  the reasons ment ioned  in t~e TCNQ section. 

The discharge capaci ty  dependence  on AB contents 
was measured  ga lvanos ta t ica l ly  at 1 mA. Results  are 
shown in Fig. 11. Discharge capac i ty  and energy den-  
sity, based on PQ weight,  increased with increasing 
AB contents and sa tu ra ted  to m a x i m u m  values near  350 
A - h r / k g  and 750 W - h r / k g ,  respect ively.  F rom the 
results,  i t  is found tha t  the addi t ion  of 50 w/o  or  more  
than  AB to PQ is necessary  to achieve a good cathode 
efficiency. 

Cycle tests of PQ were  carr ied  out at  200 A - h r / k g ,  
which corresponded to 1.6 mols Li per  1 mol PQ. F ig-  
ure  12 shows the result .  The cycle number ,  where  dis-  
charge vol tage was h igher  than 1V, was on ly  2. The 
discharge vol tage at  the 5th cycle was 0.8V. The dis-  
charge curves showed two flat par ts  and a th i rd  par t  
wi th  increasing cycle numbers ,  but  the charge curves 
did n o t  show a dist inct  th i rd  part .  This fact may  be 
a t t r ibu ted  to the format ion  of i r revers ib le  and in-  
soluble Li20, as ment ioned previously.  

Conclusion 
Cathode characteristics of organic  e lec t ron accepters  

for l i th ium bat te r ies  were  examined.  Based on the re-  
sults, the fol lowing conclusions were  reached.  

1. Cell  vol tage is p ropor t iona l ly  increased with  in-  
creasing electron affinity of organic  e lect ron accepters.  
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DDQ, TCNQ, bromani l ,  chlorani l ,  and TNF show high 
cell  vol tage values  of 3.4, 3.1, 3.0, 2.9, and 2.6V, respec-  
t ively.  

2. TNF shows the highest  discharge capaci ty  (1050 
A - h r / k g )  and the highest  energy dens i ty  (2030 W - h r /  
kg) of the mater ia l s  examined  for this work. TENF 
and PQ show energy  dens i ty  values of 1580 W - h r / k g  
and 710 W - h r / k g ,  respect ively .  However ,  the discharge 
capacit ies of DDQ, bromani l ,  and chlorani l  are  ra ther  
law. 

3. TNF rechargeab i l i ty  is good up  to a capaci ty  of 
two-e lec t ron  t ransfe r  pe r  1 mol TNF. The cycle life of 
TNF a t  100 A - h r / k g  i s  400 t imes and that  at  50 
A - h r / k g  is about  700 times. 

For  l i th ium secondary  bat ter ies ,  TNF is a promis ing 
ca thode-ac t ive  mater ia l .  
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K2CO3 Solid Electrolyte as a CO2Probe: Decomposition Measurements 
of CaCO3 
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ABSTRACT 

An electrochemical  cell using a K2CO3 solid electrolyte has been employed as a gas probe to measure the equil ibrium 
partial  pressure of carbon dioxide in COJsynthetic air mixtures at I atm total pressure in the temperature  range of 575-1025 
K. Stable reversible emf ' s  have been obtained in gas mixtures  containing as little as 9 ppm COz in air. The carbonate cell has 
also been used to measure the standard Gibbs energy change associated with the dissociation of calcium carbonate into 
calcium oxide and carbon dioxide in the tempera ture  range of 725-975 K. The thermodynamic  results are in good agreement  
with the publ ished data from the literature, thus validating the use of K~CO3 as a CO2 probe. 

The use of so l id-s ta te  galvanic  cells as expe r imen ta l  
tools for measur ing  the rmodynamic  proper t ies  of ma te -  
r ia ls  and gases is wel l  established.  One genera l  ca tegory 
of solid e lectrolytes  that  has recen t ly  received a t ten-  
t ion in our  labora tor ies  is r epresen ted  by  the chemical  
fo rmula  A~BXm. Our efforts have been main ly  devoted  
to the behavior  of a lka l i  sulfates in su l fu r / oxyge n  
a tmospheres  (1-3).  For  example ,  K~SO4, though en-  
t i r e ly  cation conducting,  has been successful ly  em-  
p loyed as a solid e lec t ro ly te  in measurements  of the 
equ i l ib r ium pa r t i a l  pressures  of SO2 (and SO3) in 
SO2/O2 gas mix tures  in the  t empe ra tu r e  range of 873- 
1173 K. S table  revers ib le  emf 's  have been obta ined  in 
S O J a i r  gas mix tu res  containing as l i t t le  as 0.1 ppm 
SO2. KeSO4 has also been used to m e a s u r e  meta l  oxide-  

* Electrochemical  Society Active Member. 
Key words: electrochemical cell, potassium carbonate, ealclum 

carbonate, decomposition, carbon dioxide, probe, thermodynam- 
ics. 

sulfate thermodynamic equilibria in the Ni-NiSO4, 
MgO-MgSO4, and MnaO~-MnSO4 systems (4). 

By comparison, the use of K2CO3 as a solid elec- 
trolyte for measuring the equilibrium partial pressure 
of CO2 in gases has received little attention. Except for 
preliminary measurements obtained at 1000 K that 
have been included in a former publication (1) and in an 
internal report at IRE.Q (5), no .systematic Work has 
been published on the K2CO3(s)/CO2(g), O2(g), Pt 
electrode. The previously published results have shown 
that the following cell could be used at I000 K to mea- 
sure the equilibrium partial pressure of CO2 in air 

Pt/CO2, O2/K2..CO3, AgSO4/Ag [1] 

(working)  ( reference)  

In the  present  invest igat ion,  this design wa~s modified 
and the fol lowing cell used 
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Fig. 1. Schematic representation of the K2C03 concentration cell used in the present investigation 

Au/CO2, O2/K2COJO2', CO2'/Au [2] 

(working) (reference) 

The Ag+/Ag  reference was replaced by a controlled 
CO2/O2 gas mixture,  since the lat ter  enables the part ial  
pressure of CO2 to be defined at different values. Also, 
Au electrodes were used, since it was observed that 
Pt  tends to react with the K2:CO3 solid electrolyte at 
high temperatures.  

By analogy with the mechanism proposed by Salzano 
and Newman (6) for half-cells of the type Pt, S02, 
O2/SO4 =, it is assumed that the following reactions 
take place at each electrode 

1/2 O2.(g) ~- 2e-  ~ 0 = (electrolyte) [3] 

CO2(g) § O = (electrolyte) ~_ C Q  = (electrolyte) [4] 

which lead to the overall  electrode reaction 

CO2(g) § 1/2 O2(g) + 2e-  ~ C O ~  = (electrolyte) [5] 

Therefore, the Nernst  equation for the electromotive 
force of the carbonate cell is 

RT Pco2Po2'/2 
E = - -  In [6] 

2F P'co2P'o2 V2 

By defining P'o2 and Fco2 at the reference electrode, 
it is possible to deduce the value of Pco2 at the working 
electrode from measurements  of the cell emf if Po~ 
is also known. 

If the oxygen potential  at both electrodes is that of 
air, i.e., Po2 ---- P'o2 ---- 0.21 atm, then Eq. [6] simplifies 
to 

R T  Pcoe 
E = I n -  [7] 

2F P'co~ 

For the case where Pco2 at the working electrode 
is the product  of dissociation of calcium carbonate, 
the following chemical reaction takes place in this 
electrode compar tment  

CaCO3(s) = CaO(s) + CO2(g) [8] 

If the activities of CaO and CaCO3 are unity, the 
s tandard Gibbs energy change of Eq. [8] is given by 

AG ~ : - - R T  In Pco2 [9] 

Hence, the emf measurements  can be used to deduce 
the s tandard Gibbs energy change of CaCO3 decomposi- 
t ion if the value of Poe at the working electrode is 
also known. 

Experimental 
The carbonate electrochemical cell used m the pres- 

ent investigation is schematically i l lustrated in Fig. 1. 
The cell design is s imilar  to that described in an earlier 
publicat ion on sulfate concentrat ion cells (4). The 
cell contained two gas circulating electrodes and one 
metal  oxide-carbonate-gas  electrode. The emf given 
by Eq. [7] was me,asured between any two of the 
electrodes. 

The 99.95% pur i ty  K2CO3 (see Table I) solid elec- 
trolyte pellet (1 cm diam X 0.5 cm thick) was pre-  
pared by pressing K2CO3 powder at 4000 kg/cm 2 and 
then sinter ing at 1025 K for a period of 48 hr. Since 
KeCO3 is hydroscopic, precautions were taken to en-  
sure that the humidi ty  levels were kept at a minimum.  

The gas circulating electrodes were CO2/air mixtures  
(9-12,000 ppm C Q )  flowing at controlled rates (40- 
500 m l / m i n  measured at 298K) over Au gauzes in 
contact with the electrolyte surface. The large gold- 
electrolyte contact surface promoted the electrode 
equilibria. In the case of CO2/air mixtures greater than 
i000 ppm CO2, the mixtures were prepared by in- 
jecting an appropriate quantity of pure CO2 measured 
with a gas syringe into plastic I0 liter Mylar bags 
already filled with synthetic air. The precision of the 
value of Pc02 in the preparation of these mixtures was 
about 3%. Commercially analyzed gas mixtures stored 
in cylinders were used for CO2 levels of less than I000 
ppm. For these cases the precision of the values of 
Pcoe was of the order of 1%. 

The calcium carbonate-oxide-gas electrode consisted 
of a 1 ml alumina crucible initi.ally containing pure 
calcium carbonate (calcite) powder (see Table I). 
In order to prevent any reaction between the calcium 
and potassium carbonates, it was important to avoid 
physical contact between the powder and the electro- 
lyte. An Au gauze connected to an Au wire was used 
as the electrode. The gold served to separate the 

Table I. Principal impurities in K~C03 and CaC03 

Impurities in CaCOs Impurities in K~COa 

SO~ 0.003% SO~ 0.004% 
Ba 0.005% N 0.001% 
C1 0.00@8% C1 0.093% 
Fe  0.0005% Fe 0.0005% 
Pb 0.0093% Pb 0.0005% 
Sr 0.05% PO~ 0.0,01% 
Mg 0.0005% Mg 0.01% 
Na 0.002% Na 0.02% 
K 0.003% 
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powder mixture  from the electrolyte as well as pro- 
mote the electrode equilibria.  The a lumina  crucible 
had a small  hole (1 mm diam) in its wall  and was 
exposed to air on the outside of the crucible. The hole 
was small  enough so that only small  amounts  of CO2 
diffused out of the crucible, and the part ial  pressure of 
COx inside was fixed by the calcium carbonate dis- 
sociation given by Eq. [9]. The hole was large enough 
to enable the air to slowly diffuse into the chamber so 
that when Pco2 was small, the equi l ibr ium part ial  pres- 
sure of O2 was effectively 0.21 atm. A similar  design 
has been succes:sfully employed in the study of metal  
sulfate/oxide equi l ibr ia  (4). 

At high temperatures  K2CO3 becomes ductile. A 
slight pressure applied to the housing (Fig. 1) caused 
a slight deformation of the pellet  which resulted in 
gastight electrode compartments.  In the case of the 
gas circulating electrodes, the seals were tested by 
connecting each compar tment  to a mercury  manometer  
and changing the total pressure by 10 cm of mercury.  
The compar tment  was considered gastight if the 
meniscus in the manometer  remained stable for at 
least 30 min. 

The cell t empera ture  was main ta ined  at __1 K by 
use of a 45 cm horizontal Lindberg 940W furnace. The 
temperature  was measured by two previously cali- 
brated Chromel -Alumel - type  K thermocouples placed 
on both sides of the electrolyte pellet, as shown in 
Fig. 1. The thermocouple emf signals were measured 
by a Keithley Model 191 mul t ivol tmeter  and showed 
the cell to b e  isothermal. The precision of the tem- 
perature measurements  was estimated to be 1 K. All 
cell emf signals between the two circulating gas elec- 
tro.des or between the circulating gas reference elec- 
trode and the carbonate-oxide-gas electrode were mea-  
sured by a Tacussel Aries 20;000 high impedance (1014gZ) 
mult ivol tmeter .  The thermocouple and cell emf's 
were ,also recorded on a two-pen SEFRAM chart re-  
corder. 

Results and Discussion 
At the reference electrode, the equi l ibr ium part ial  

pressures of oxygen, carbon dioxide, and the other 
gaseous species at 1 a tm total pressure and a 
fixed tempera ture  can be calculated from the ini t ial  
composition of the gas mixture  prepared at 298 K. 
The results of the free energy minimizat ion calcula-  
t ion performed at the F*A*C*T thermodynamic  data 
t rea tment  center  (7) are shown in Table Ii, where 
the equi l ibr ium part ial  pressures of the principal  
species have been calculated at 1025 K from an ini t ial  
gas mixture  of Pcoe ---- 12,00,0 ppm in air. It is clear 
from Table II that COs, O2:, and N2 are the prominent  
stable gaseous species, and that P'o2 effectively re-  
mains at 0.21 atm, since the ini t ial  concentrat ion of 
COs is dilute. However, at m u c h  higher  concentrat ions 
of COe and  for higher temperatures  it is evident  that  
P'o~ would no longer be 0.21 arm. In  such cases, the 
simDlified Nernst  relat ion given by  Eq. [7] would 
no longer b e  valid. Instead. it would then be necessary 
to measure P'o~ and use this equi l ibr ium value in  the 
expanded Nernst  Eq. [6]. This, however, was not  
necessary in  the present  study, since Pcoe = 12,000 

Table II. Computed equilibrium partial pressures of gas 
species at 1025 K and I atm from an initial gas mixture 

of 12,000 ppm COs in air 

S p e c i e s  P r e s s u r e  ( a t m )  S p e c i e s  P r e s s u r e  (arm)  

N~ 0.781 NO~ 0.274 (10 -~a ) 
O= 0.208 N=Os 0.688 (10 -zT) 
CO~ 0.119 ( 10 -1 ) N204 0.507 ( 10 -:9 ) 
NO 0.505 (10 -~) N 0.115 (10 -m) 
NO~ 0.222 (10 -G) N~O5 0.192 (10  -~)  
O 0.149 (10 -~) CNO 0.425 (10 -= )  
N=O 0.373 ( 10 -zo) CN 0.166 ( 1@ 40 ) 
CO 0.361 (10 -zz) C 0.159 (10 -~ )  
(9= 0.126 (10 -11 ) 

K2CO3 SOLID ELECTROLYTE 6 5  

ppm and T ---- 1025 K were the max imum concentra-  
tion and temperature  employed. 

Circulating gas electrode emf's.--In Fig. 2 are plotted 
the exper imental  emf results in the temperature  range 
525-10Z5 K for measurements  made between the cir- 
culat ing gas electrodes for two series of experiments  
corresponding to two concentrat ions of CO2 in syn-  
thetic air at the reference electrode. In the first series, 
measure,,nents were made with the reference electrode 
fixed at 1,099 ppm CO2, and the working electrode 
varied from 90.9 to 12,000 pp,m CO2. In the second 
series, the reference electrode was 948 ppm COs, and 
the working electrode 9.1 ppm CO2. Measurements 
were made after increasing or decreasing temperatures  
as shown, and in all cases the flow rate of the gas in 
each electrode was 200 m l / m i n  (measured at 298 K) 
at a total pressure of 1.0 atm. During the course of 
the experiments  the solid electrolyte pellet was often 
examined and replaced. No discoloration or contamina-  
tion of the pellet was ever detected. 

The solid lines in Fig. 2 correspond to the theoretical 
values obtained from the simplified Nernst  relat ion-  
ship of Eq. [7]. The agreement  between the theoretical 
and measured values is good, except for the case 
where the concentrat ion of CO2 is 9.1 ppm. The t h e o -  
retical values are also compared in Table III  with the 
l inear  expression of emf as a function of T obtained 
from a least square regression analysis of the results. 
EMF data are often extrapolated down to 0 K in order 
to de termine  enthalpy values. The nonzero values of 
"a" in Table III  calculated from the exper imental  
data i l lustrate the weakness of such extrapolations. 

In  Fig. 3 are plotted, at selected temperatures,  the 
measured emf (obtained from the regression analysis 
of Table III) as a function of Pco2 for the case of 1099 
p p m  COs at the reference electrode. The solid lines 
in this figure correspond to the theoretical values of 
Eq. [7]. 

From Fig .  2-3 and Table III  it can be seen that 
in most cases there is good ,agreement between the 
measured a n d  theoretical values, par t icular ly  when 
the concentrations of COs at the two electrodes are 
similar. During the course of the experiments  the elec- 
trodes were often short-circuited for several  seconds, 
and the t ime required to r e tu rn  to a stable emf was 
recorded. It was noted that the response t ime for 
stable emf's varied from less than 1 sec to several  
minutes,  depending upon the cell temperature  and 

R = 1099 ppm 
W=12OO0 ppm 

I o o  - , _ ~ = . o ~ , - o - ' - - ' " ~ R  = Io99  ppm - 
.e..Ge_oeCGe~m s ~ o ~ - - . - - - ' - -  W = 8500pprn 
g . . . . o ,  i ~ L - - U - G ~  ~ R = 1099 pprr 

e ~  �9 ~e-O~O ~0 W= 5500 ppn 
' eOe,ll, o~e-oe~ o o R=lO99ppm 

50 - -  �9 �9 E t  011 I _ _ I _ _ i _ _ I _ _ Q - - O  0 �9 {3 a ~ W  3500ppm 

�9 �9 R=lO99pprn 
o _ e O . o . o O o - q ~ l o - - o e o - m O - - ~  ~  -- --W=2OOOppr, 

0 - -  

~,~ - 50 - -- 

h.I ~ ~ ~ o ~ _ ~ _ o e  oe..oe o ~ o ~ . O . o  e 

@ ~ ~  ~ _ 
- JO0 ~o ~o~ R=IO99pp m 

- 150 - -  0 0 " "  0 R = 948  ppm - -  ~ W= 9.1 ppm 

I I I I [ I - 2 0 0  
6 0 0  7 0 0  8 0 0  9 0 0  t 0 0 0  I100 

T (K) 

Fig. 2. EMF results for the circulating gas electrode. �9 �9 : After 
temperature increase; O [~; after temperature decrease; 
calculated from Eq. [7] .  R: reference electrode; W: working 
(measuring) electrode. 
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Table III. Comparison of measured and theoretical electromotive 
force using circulating gas electrodes 

CO= concentration 
(ppm) 

Electromotiveforce(mV) 
E=a+bT 

Measured 
Working Reference (regression) 
electrode electrode a b 

25 

Theoretical 2o 
Standard (Eq. [ 7 ] )  
deviation a b 

LL 

9.1 984 33.04 -0.224 4.33 0 -0.200 :~ 
90.9 1099 12.73 - 0.119 1.15 0 - 0.107 LJ I 0 

2,000 1099 -- 3.23 0.029 0.64 0 0.026 
3~500 1099 -4.54 0.057 0.47 0 0.050 
5~500 1099 7.21 0.060 0.55 0 0.069 
8,500 1099 14.67 0.071 0.50 0 0.038 

12,000 1099 7.39 0.035 1.03 0 0.103 

concentrat ion of COs at the working electrode. The 
response t ime was longest at low temperatures  and /or  
low concentrat ions of CO2:. The results were rejected 
in those cases where the emf did not re tu rn  to its 
previous value or when stable values were difficult 
to obtain. For  the case where the concentrat ion of CO2 i 4o  
at the working electrode was 9.1 ppm, it became in-  
creasingly difficult to obtain stable values at the lower 
temperatures.  It  was impossible to obtain a stable emf 12o 
below 575 K even after 1 hr  regardless of the concen- 
t rat ion of COs. 8c 

Al though  the upper  tempera ture  l imit  was set at 
1025 K, there appears to be no reason why reversible 
emf's could not  be obtained up to the mel t ing point  of ~ 4c 
K2COs (1174 K) .  However, the electrolyte pellet  may  
become t o o  soft to support  the cell housing (Fig. 1) 
at such temperatures,  u_ o 

In  Fig. 4 are plotted the measurements  of the emf uJ 
at 923K as a function of flow rate of gas (measured -4o 
at 298 K) in the working electrode. The concentrations 
of CO2 were fixed at 2000 and 1099 ppm in the work-  
ing and reference electrodes, respectively. The flow -~o 
rate in the reference electrode was main ta ined  at 200 
ml/min .  It  was found that the measured emf was in -  

- 1 2 0  
dependent  of flow rate in the range 100-400 ml /min .  
Using the same temperature  and gas mixtures,  and a 
flow rate of 200 m l / m i n  in both circulating electrodes, -J4o 
an exper imental  r un  which lasted 40 days was carried 
out. At all times the difference between the measured 
and the theoretical emf (23.80 mV) was never  greater 
than 1.5 inV. This confirmed the s tabi l i ty  of the Au 
support ing electrodes. 

Decomposition of CaCO~.--In Fig. 5 are plotted 31 
emf measurements  made between the calcium car- 
bonate-oxide-gas electrode and the circulat ing gas 
reference electrode containin~ a concentrat ion of 1050 
ppm CO2 in  air flowing at 200 m l / m i n  through the gas 
compartment .  Measurements were made after both 

4 o  

E 20 

LL 0 

UJ - ~0 

-40 

-60 

-80 

-I00 

6 0  o / ~  / 7 2 3 K  

i , /  
- j /  - 

" ~ Theorel ical  

- -  J J J  �9 Regression analysis - 

/ / /  
�9 R e f :  1099  ppm CO 2 in synthetic air 

- 4  - 3  - 2  - I 

L Ogto P CO 2 

Fig. 3. EMF at selected temperatures as a function of Pco2. O: 
: calculated from Present investigation (regression analysis); 

Eq. [7] .  

"6 �9 �9 ~ 0  

Theoretical = 2 3 8 0  mY 

o ~ I I I I 
I O0 200 300 400 500 

Flow rate (ml rain -I) 

Fig. 4. EMF results at 923K as a function of flow rate with 
2000 and 1099 ppm CO2 in air in the working and reference 
electrodes, respectively. 
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Fig. 5. EMF results for CaCO3 dissociation with 1050 ppm CO2 
in air at the reference electrode, e :  Temperature increase; Q :  
temperature increase; : regression analysis of the results. 

increasing and decreasing temperatures.  Figure 5 
summarizes the results of four different exper imental  
runs  using different samples of K2COs electrolyte and 
CaCO8 powder. Examin, ation of the cell at the end of 
each r un  showed that  the electrolyte remained un-  
contaminated and that the calcium carbonate had not 
completely dissociated. 

Stable emf's were obtained in  the temperature  range 
725-975 K. Measurements made outside this range were 
rejected. At temperatures  much higher than  975K, 
the disso.ci'ation part ial  pressure of CO2 becomes so 
large that  the part ial  pressure of O~ defined by air 
diffusing into the crucible can no longer be approxi-  
mated at 0.21 atm, and so Eq. [7] is no longer valid. 
At 725 K, the dissociation part ial  pressure of CO2 is 
approximately  10 ~S arm; below this tempera ture  it  
becomes too small  to be measured. This is the same 
l imit  of CO2 detection that was observed using the 
synthet ic  CO2/air mixtures  described previously. 

Assuming a tempera ture  independent  enthalpy and 
entropy of dissociation of calcium carbonate, a l inear  
least squares regression analysis of the measurements  
leads to the following expression for the temperature  
dependence of the s tandard Gibbs energy change of 
Eq. [9] 

AG ~ ---- 169.55 -- 0.1443 T kJ (T ---- 725-975 K) [10] 
(s tandard deviation ----- 0.41 kJ) 
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Fig. 6. Comparison of the data tar the standard Gibbs energy 

change of the reaction; CaCO3(s) = CaO(s) ~ C02(g). 
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This computed  f r ee - ene rgy  express ion is compared  
with  the da ta  publ i shed  in the l i t e ra tu re  in Fig. 6 
and in Table  IV. The resul ts  are  in ve ry  good agree -  
men t  wi th  the  da t a  of H i l l  and  Winter  (8), who m e a -  
sured the t o t a l  pressure  of dissociat ion in the same 
t empe ra tu r e  r ange  as the p resen t  s tudy.  The difference 
be tween  the resul ts  of the presen t  s tudy  and the da ta  
of Hills  (9) and  Baker  (10), which were  ob ta ined  at  
h igher  tempera tures ,  can be a t t r ibu ted  to the effect 
of the smal l  t e m p e r a t u r e  dependence  of the en tha lpy  
and en t ropy  of the  react ion.  

Error analysis.--There are severa l  factors which can 
cause er rors  in the  measured  Pco2. As wel l  as er rors  
in p repa r ing  the reference  gas mix tu re  and measur ing  
the cell  t e m p e r a t u r e  and emf, er rors  can be crea ted  by  
impur i t ies  in the gas mixtures .  

Theoret ica l  calculat ions using the F*A*C*T the rmo-  
dynamic  da t a  t r ea tmen t  center  (7), show tha t  t race  
impur i t ies  of SO2 and C12 and  even I-I20 can have  
ca tas t rophic  effects upon the K2CO3 e lec t ro ly te  due  to 
the format ion  of K2SO4, KCI, and KOH. 

S tab le  emf's  are  most difficult to obta in  at  low con- 
centra t ions  of CO2 and low tempera tures ,  pa r t i cu l a r ly  
when there  is a large  difference in CO2 concentra t ion 
(and hence large  emf) be tween  the two elect rode 
compar tments .  

The e r ro r  in the  measured  concentra t ion of CO2 wi th  
respect  to the  e r ror  in the  measured  emf  (hE) ,  a t  a 
given t e m p e r a t u r e  can be de r ived  f rom Eq. [7] and  
is given b y  

%,er ror  : ( 1 - - e x p [  2F~E - - ~ - - ] )  •  [11] 

Table IV. Comparison of thermodynamic data for the reaction* 

Source ~H ~ (kJ )  AS ~ ( J / K )  T e m p  (K) 

Hill  and  W i n t e r  (8) 168.41 143.9 722-1177 
Bak e r  (10) 161.34 137.2 1175-1483 
Hills (9) 163.64 138,5 973-1173 
Present  s tudy  169.55 144.3 725-975 

* React ion:  CaCO3(s) = CaO(s)  + COe(g) .  

In the  case of the resul ts  of the  c i rcu la t ing  gas 
electrode,  assuming a precis ion of 1.5 mV in the m e a -  
sured emf's  for  concentrat ions  of CO2 > 100 ppm, it 
fol lows f rom Eq. [ i i ]  tha t  a t  873 K there  wi l l  be a 
m a x i m u m  e r r o r  of 3.9% in the measured  Pco~ at  these 
concentrat ions.  This e r r o r  decreases  wi th  increas ing 
tempera ture .  

With  respect  to the  measurements  of the CaCOa 
decomposit ion,  if  we assume an e r ro r  of __ 1 K in the 
va lue  of the t empera tu re ,  and an improbab le  e r ror  
of 2 mV in the measured  emf, it  fol lows f rom Eq. [7] 
tha t  overa l l  precision in the  measu red  Gibbs ene rgy  
wil l  be  in the order  of 500& This value  compares  
f avorab ly  wi th  the  expe r imen ta l  star~dard devia t ion  
of 0.41 kJ.  

Summary 
The equi l ib r ium pa r t i a l  pressure  of carbon dioxide  

in CO2/synthetic a i r  mix tu re s  has been successful ly 
measured  by  an e lec t rochemical  concentra t ion cell 
using K2CO~ as a solid e lec t ro ly te  in the temper,ature 
r ange  575-1025 K. Revers ib le  emf 's  were  obta ined  for  
mix tures  containing as l i t t le  as 9 ppm CO2 in air. The 
cell  response was less than  1 sec at high concentrat ions  
of CO2 at  high tempera tures .  An e r ro r  analysis  indi -  
ca ted a precision of 3-4% of  the va lue  of CO2 for 
concentra t ions  above app rox ima te ly  100 ppm CO2. 
The cell  was used to measure  the  the rmodynamic  
proper t ies  of ca lc ium carbonate  dissociat ion in the  
t empe ra tu r e  range 725-975 K. By a least  squares  ana ly -  
sis appl ied  to the  results,  the fo l lowing free energy 
express ion was ca lcula ted  

CaCOs(s)  -- CaO(s)  + CO2(g) [8] 

~G ~ = 169.55 -- 0.1443TkJ (T = 725-975 K) [10] 

wi th  a s tandard  deviat ion ---- 0.41 kJ. An e r ror  analysis  
indica ted  a precis ion of 500J. The measured  change in 
Gibbs  energy  is in good ag reemen t  wi th  the  publ i shed  
da ta  f rom the l i te ra ture ,  thus va l ida t ing  the use of 
K~CO8 as a CO2 probe.  

Manuscr ip t  submi t t ed  Dec. 4, 1982; revised m a n u -  
scr ip t  received Sept.  7, 1983. 
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Determination of Activity Coefficients for KCI at Elevated 
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ABSTRACT 

A real breakthrough in high temperature-high pressure electrochemical measurements will depend on the availability 
of precision reference electrode systems, which in turn require an accurate knowledge of activity coefficients of the refer- 
enee electrolyte solution. The paper summarizes available literature and evaluates different approximating equations. It 
also derives a new calculation method, which is applied on KC1 electrolytes and which seems to provide very accurate re- 
suits for activity coefficients at temperatures up to 300~ Reliable data have been derived for KC1 concentrations up to 
about 4 molal. 

The Ag/AgC1/KC1 reference electrode system is fre- 
quent ly  used in high tempera ture-h igh  pressure elec- 
trochemical measurements .  In  order to calculate the 
Nernst ian response of the system as a function of 
temperature,  activity coefficients at each temperature  
must  be known. Unfor tunate ly ,  l i terature  data on high 
tempera ture  activity coefficients are rather  scarce, 
par t icular ly  on KC1 electrolytes. 

An array of useful exper imenta l  results for simple 
aqueous solutions at elevated temperatures  is listed 
in Table I (7• mean molal  ionic activity coefficient; 
r molal osmotic coefficient). 

As can be seen in Table I, a complete set of activity 
data for NaCI is readily available for temperatures  up 
to 300~ (8, 9, 11-13). Data for the KC1-H20 system, 
however, are not, except for some recent ly published, 
isolated data  in the 200~176 range (40). In spite 
of the general  observation that  the individual  ionic 
character of the different alkali  metal  halides (.and 
probably most 1:1 electrolytes) is much less pro- 
nounced at high temperatures  (14. 15), there is a con- 
siderable difference between the activity coefficients 
for NaC1 arid KC1 at room tempera ture  (e.g., for lm  
NaC1 and KC1 at 25~ ~• -- 0.657 and 0.604, respec- 
t ively) .  This indicates th.at the NaC1 data cannot  be 
directly applied to the KC1 system over the whole 
temperature  range, as has been done in some earlier 
electrochemical investigations at moderately high tem- 
peratures. 

Existing Equations 
Different ways have been suggested in the l i terature 

to derive approximate KC1 activity coefficients from 
available data on other systems or from values at 
lower temperatures.  

Based on lower temperature  observations, Danielson 
(23) and Seys (24, 25) assumed that (0 In "y+_/aT)m is 
the same for NaC1 and KCI solutions. By combining 
this expression with the least squares fit cubic function 
of In 7• vs. T given by Gardner  (8) for NaC1 so lu-  
tions, and fitting the equation to the activity coeffi- 
cient value of lm  KC1 at 25~ Danielson obtained 
for 1 molal  KC1 solution 

In 7 • (T) ---- 2X13 -- 0.0213T -}- [0.5'8'97 • I0 -4]T  ~ 

- -  [0.568 X 10-7]T3 [1] 

where T is in degrees Kelvin.  
Following the same procedure, similar expressions 

may be derived for other concentrat ions 

0.5mKCI: l n T •  ----2.005 -- 0.0196T 

~- [0.5325 • 10-a]T 2 -- [0.5(}1 • 10-7]T ~ [2] 

* E l e c t r o c h e m i c a l  Socie ty  Act ive  Member .  
Key words:  e lectrolyte ,  e lectrode,  emf.  

2.0 m KCI: ln-~• (T) __- 1.597 -- 0.0181T 

-~- [0.5266 X 10-4IT 2 -- [0.543 X 10-7]T 3 [3] 

3.0mKCI: l n T •  ----- 0.884 -- 0.0127T 

[0.3999 X 10-4]T 2 -- [0.459 X 10-7IT 3 [4] 

Seys (24, 25) has used a graphic extrapolat ion method, 
based on the same principle, for est imating mean  ionic 
activity coefficients of 0.01N-0.1N KC1 solutions at 
elevated temperatures.  Although the basic equation 
of these methods can hardly he assumed to be exact 
at each temperature,  fair ly good approximations may 
be expected at elevated temperatures  and ra ther  low 
concentrations.  

Another  approximate calculation technique has been 
derived by Cobble (26) 

l ogT•  = log ~-+ (25~ -- [I'I~/(1 + I'1~)] 

�9 [ A T  T - -  A 7  25~ [5]  

which may  be obtained by using an extended form of 
the Debye-Hiickel  equation (Guggenheim equation) 

Table I. Activity-related data on high temperature aqueous solutions 

Reported Experio 
data mental Temp 

Ref. type method* Solute (~ Molal i ty  

( 1 ) 7 ~-, r emf  NaCI 15.45 0.002-0.1 
(2) 7 •  emf  NaC1 15-50 0.01-1.0 
(3) 7--, r emf  KC1 15-45 0.002-0.1 
(4) ~-----, r bp  NaC1 60-100 0.05-4.0 
(5) ~/• r bp  KBr 60-100 0.1-4.0 
( 6 ) ~ vp NaC1 25.100 1.0-6.1 
( 7 ) ~ vp NaCI 125-270 1.0-3.0 
( 8 ) r 7• vp NaCI 12 5.270 0.5-3.0 
(9) 3,----- camp NaCI 25.300 1.0-3.0 
(10) ~ vp NaCI 125-300 0.1.1 
(II, 12) ~, 7+--- vp  NaCI 75-30.0 (0)-sat 
( 13 ) 7• vp NaCI 130-350 0.5-5.0 
(11) ~ vp MgSOi 75-2@0 0.4-I.5 (4) 
( 11 ) ~ vp MgCI.~ 75-300 0.4-5 
(14) r  ~ •  vp  MgCh 25-3.00 (0)-sat  
(15) ~ vp Li-, Na-, 0-300 1 

CsC1 
(16) ~b isop a.o.KClt 99.6 (0.8-5) 
(17) ~b isop, a.o.KClt 121.1 (0.5-6.5) 
(18) ~b isop a,o.KClt 140.3 0.25-10) 
(38, 39) 4, isop Li-, K-, 110-200 (1-(3)-7) 

CsC1 
(40) @, ?----- isop Li-, K-, 225 (0.7-8) 

CsCI 250 (1.46-•) 
(19) 7 •  emf  HCI 0-00 0.001-0.1 
(20) 7--,  r emf  HC1 25-275 0.001-1.0 
(21) ~ emf  HC1 25-209 0.01-0.1 
(22) 7 •  ems HBr  25-200 0.001-1.0 

* emf: e lectrochemical  cell;  bp :  bo i l ing  po in t  e leva t ion ;  vp: 
vapor  pressure  lower ing ;  comp:  7 •  va lues  c o m p u t e d  f r o m  os- 
motic  coefficients g iven  in Ref. (4, 7) ;  isop:  i sopics t ic  compar i -  
son (vs. NaC1). 

t Da ta  r e p o r t e d  on (Na t1 ) ,  KC1, LiC1, CsCI, Na~SO~, BaCh, 
MgSO,, and  UO~SO~. 

6 8  
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log 'y  • --  --A'y T " Iz+ �9 z - I  �9 [IV,~(1 .-I- IVy)] 

+ 2 [ , +  �9 v - / v ]  �9 B(.~)  �9 m [8]  

and assuming that  the  concentra t ion dependen t  pa -  
r a me te r  Bomb, which var ies  f rom solute  to solute,  is 
independen t  of the t empera ture .  A7 T is given as 

A7 T --" [2JrAVApW/2.303] 1/2" [e2/ekT] 8/~ [7] 

Values  of A~ r t aken  f rom Cobble  (26) and Si lves te r  
and Pi tzer  (36), are  given for  different  t empera tu res  in 
Table II. These da ta  are  p re fe r r ed  over  those of Cohen 
(37) or  Dobson (27), since the  former  are  based on a 
fitt ing of more  l i t e ra tu re  data .  

The assumpt ion that  Br is independen t  of t empera -  
ture  has been p roven  to be incorrect  (9, 12, 27), and 
devia t ions  f rom the p red ic ted  behav ior  (Eq. [5]) m a y  
be expected.  The usefulness of  the method has been 
tested by  Macdonald  (28) for  low concentrat ions  of 
HC1 and HBr  (0.001, 0.01, and 0.1m). Addi t iona l  tests 
for  h igher  concentra t ions  and for  NaC1 solut ions are  
shown in Fig. 1 and 2. 

The differences be tween  c a l c u l a t e d  and measured  
ac t iv i ty  coefficients a re  r a the r  smal l  a t  lower  t em-  
pe ra tu res  a n d / o r  low concentrat ions.  Fo r  the NaCI-H20 
system, Eq. [5] gives values which are too low in the  
lower  t empe ra tu r e  range  and too high at  the h igher  
t empera tu re s  ( >  app rox ima te ly  250~ Deviat ions 
increase  wi th  increas ing concentrat ion.  

Dobson (27), using a Guggenhe im- type  express ion 
for 7 • wi th  two te rms 

l og~  • : [--z~ �9 A7 r"  P/~/ (1  -f. P/~) ] 

+ B . I + C .  I3/2 [ 8 ]  

and t ry ing  to t ake  into account the t empe ra tu r e  de-  
pendence  of these correct ion te rms (el. B of Eq. [6] ), 
gives the  fol lowing equat ion for the  mean  ionic ac t iv i ty  
coefficient of KCI  

log- / •  (T) : --  [A'v T �9 p /2 / (1  "1-/1/2) ] 

+ [--0.134964 + 0.599323 X 10 -8 X T] �9 I 

+ [0.052002 -- 0.20659 • 10 -8 X T] �9 13/2 [9] 

A n  analogous express ion is g iven for  HCI 

log v • (T) : --[AT T" I 1/2/(1 -{- 11/2) ] 

+ [0.232443 -- 0.2172 • I0 -s X T] �9 I 

+ [0.40129 -- 0.16861 X 10 -8 • T] �9 13/s [10] 

Equat ion [9] and [10] were  said to represen t  ac t iv i ty  
coefficients up to at least  5m and 150~ 

The va l id i ty  o f  these equat ions for es t imat ing  ac t iv i ty  
cofficients at  e leva ted  t empera tu res  has been tes ted in 
Fig. 1 and Tables I I I  and IV. Up to about  0.1m, Eq. [10] 

Table II. Debye-Hiickel parameter A7 T at different temperatures 

T ('C) A7 ~ T (~ A~/r 

10 0.4977 140 0.6693 
20 0.5053 150 0.6894 (0.6899)" 
25 0.5{)94 160 0,7106 
30 0,5139 170 0.7331 
40 0.5234 175 0.7451 
50 0.5339 180 0.7570 
60 0.5453 190 0.7824 
70 0.5575 200 0 , ~ 4  (0.8097)" 
75 0.5641 220 0.8690 
80 0.5707 225 0.8863 
90 0.5847 240 0.9381 

100 0.5997 250 0,983 (1.012) * 
110 0.6156 260 1.020 
120 0.6325 275 1.095 (1.198) * 
125 0.6415 280 1.120 
130 0.6504 300 1.248 (1,294) * 

325 1.475 
350 1,881 (2.026) * 

" Ref. (37). 
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Fig. 2. Mean ionic activity coefficients for NoCI in aqueous solu- 
tions as o function of temperature (full lines: calculated using Eq. 
[5] (26); data points are taken from (4, 11, 12). 

for HC1 gives p rac t i ca l ly  the same values  as Eq. [5]. 
F rom 0.2m on, however ,  ve ry  large  er rors  are  found, 
even at  low tempera tures .  Therefore,  the  equat ion for 
HC1 ac t iv i ty  coefficients as presented  b y  Dobson in 
Ref. (27) is considered to be in error.  There  m a y  also 
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Table III. Estimation of mean ionic activity coefficients for a lm KCI solution at elevated temperatures by means of 
different equations 

~-}-NaOl/7:-4-KC l 7" - l -NaO l  (~/~-KCI) est  & ~ K C |  b ~ '4 "KOI  c ~-I-KOld 
T (~ (r - r Eq. [17] Ref. (11, 12) cf. Eq. [17] Eq. [1] Eq. [5] Eq. [9] 

75 0.036 1.075 0.640 0.596 0.576 0.568 0.591 
100 0.035 1.073 0.624 0.582 0.583 0.545 0.580 
125 0.033 1.068 0.594 0.556 0.547 0.519 0.568 
150 0.029 1.060 0.557 0.526 0.525 0.491 0.548 
175 0.025 1.051 0.517 0.492 0.496 0.460 (0.526) 
200 0.020 1.041 0.474 0.455 0.459 0.428 (0.499) 
225 0.019 1.039 0.428 0.412 0.413 0.392 (0.467) 
250 0.018 1.037 0.378 0.365 0.360 0.350 (0.410) 
275 0.013 1.026 0.323 0.315 0.302 0.308 (0.384) 
300 0.008 1.016 0.261 0.257 0.243 0.258 (0.330) 

* Data given by Holmes and Mesmer are  0.412 at 225~ and 0.3,68 at 2500C (40), respectively. 
�9 Own derivation; ~ Danielson equation; e Cobble equation; ~ Dobson equation. 

Table IV. Comparison of calculated and observed mean ionic activity coefficients of a O.lm KCI solution at different temperatures 

CN~O~ - C K C ]  "/~'--~C:/T~--KO] 7~e~ 7• observed; 7• 
T (~ Ref. (1, 3) Eq. [17] cf. Eq.[17] Ref. (3) Eq. [9] 

15 0,0053 1.0107 0.7700 0.7697 - -  
25 0.0056 1.0113 0.7681 0.7679 0.7610 
30 ~ - -  0.7598 
35 0. 57 1.0115 0.7653 o. 9 
40 0.7568 
45 0.00"55 1.01--'11 0.76--18 0.~17 - -  

b e  some d o u b t  abou t  the  use fu lness  of  Eq.  [9], e spec ia l ly  
for  t e m p e r a t u r e s  h i g h e r  t han  150~ This  is ind ica ted  
in Tab le  I I I  and IV. KC1 ac t i v i t y  coefficients l a r g e r  
t han  the  ones  v~hich h a v e  been  e s t i m a t e d  for  NaC1 a re  
ca l cu la t ed  by  m e a n s  of  Eq.  [9] at  the  e l e v a t e d  t e m -  
pera tu res .  

Development of More Reliable Data 
A n o t h e r  me thod ,  wh ich  m i g h t  p rov ide  m o r e  r e l i ab le  

resu l t s  in our  case (bu t  wh ich  imp l i e s  the  a v a i l a b i l i t y  of 
some osmot ic  da t a )  is s imi l a r  to the  idea  sugges ted  by  
L indsay  et al. (14)�9 

E x p e r i m e n t a l  osmot ic  coefficient  da t a  a re  co r r e l a t ed  
by  a g e n e r a l  e q u a t i o n  of  the  f o r m  

= 1 - -  DH(~ ,  m)  -~ B m  ~- Cm2 -k . . .  [11] 

w h i c h  is r e l a t e d  t h r o u g h  the  G i b b s - D u h e m  re l a t i on  

r ( T ,  m )  = 1 + m m . d .  In ~*-- (T, m)  [12a] 

o r  ' s  
~ ( T , m )  = 1 + I n * ~ •  - m l n ~ •  � 9  

[12b] 

to an  e x t e n d e d  f o r m  of D e b y e - H i i c k e l  e q u a t i o n  w i t h  
bo th  a l i nea r  a n d  a q u a d r a t i c  co r r ec t i on  t e r m  

ln,~ • = --  [~m'/~/(1 + flm'/~)] + 2Bin -b 1.5Cm 2 [13] 

The  coefficients  ~ ( w h i c h  con ta ins  t he  ion-s ize  p a r a m -  
e t e r ) ,  B, and C a re  a d j u s t a b l e  t e m p e r a t u r e  d e p e n d e n t  
p a r a m e t e r s .  D H  (~, m)  is the  D e b y e - H t i c k e l  t e rm,  g iven  
b y  

D H ( p ,  m )  = [ a / ~ .  m]  ([1 -]- ~ m ~ ]  

- -  2 In  [1 + # m Y , ]  - -  [1  + ~ m ~ ' : ] - l )  [ 1 4 ]  

w h e r e  a is the  D e b e y e - H i i c k e l  l i m i t i n g  s lope  (a ---- A-~ v 
�9 I n  1 0 ) .  

Up to lm ,  the  e x p e r i m e n t a l  NaCt  osmot ic  coeffi- 
c ients  could  best  be  r e p r e s e n t e d  by  pu t t i ng  C - -  0 in 
Eq.  [11] (14) 

---- 1 --  D H ( ~ , m )  + B m  [15] 

A c c o r d i n g  to Fig.  3, i t  s eems  r ea sonab le  tha t  the  K C I  
osmot ic  coefficients  can  also be  desc r ibed  by  a s imi l a r  
equa t ion .  

Add i t iona l ly ,  i f  the  ~ p a r a m e t e r s  can  be  a s sumed  
to be  equa l  fo r  NaCI  and KCI,  ~ t h e n  

'~bNaCl - -  ~ b K c 1  = [BNaCI -- BKCI] " m [16] 

I t  fo l lows  tha t  

1 This is not unreasonable, since ion size parameters for NaC1 
and KCI may be expected to be nearly equal (35). A value of 
= 1.5 is typical. Even if the best fitting ~KC: is slightly different 
from ~-~acb we can assume a coefficient ~'EC~ which iS equal to 
~NaCl. Differences, introduced by using this new ~'KCl value, may 
be cancelled by a modified value for BKC~. 
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in [7•177 = 2[BNaCl --  BKCl] " m [17] 

Values of hB (=- BNacl --  BKCl) may  be d i rec t ly  est i -  
ma ted  f rom the plots  of r vs. t empe ra tu r e  for the  1 
mola l  solut ions (Fig. 3). The corresponding values  of 
(~bNaCl - -  ~bxc1) ,  7 • 1 7 7  and 7• are  shown in 
Table  I lL Ex t rapo la t ion  errors  may  be expected  to be 
lower  than  ca. 1%. 

The same procedure  can be fo l lowed at  o ther  con- 
centrat ions.  However ,  since less osmotic coefficient da ta  
are avai lab le  at  these concentra t ions  (Table  I ) ,  many  
da ta  must  be ex t rapola ted ,  and the expected  accuracy 
wi l l  be smaller .  

A test  for  the accuracy  of the method is shown in 
Table IV. R e m a r k a b l y  good agreement  is o b t ~ n e d  
be tween  the ac t iv i ty  coefficients ca lcula ted  by  means  
of the  presen t  method and values  and t abu la t ed  in 
si~andard texts.  E x t r e m e l y  close ag reemen t  is also ob-  
ta ined  wi th  the expe r imen ta l  da t a  of Holmes and Mes-  
mer  at  225 ~ and 250~ (40). 

I t  may  be concluded that  the  above  method  seems to 
provide  ve ry  re l iab le  resul ts  for  calculat ing tugh t em-  
pe ra tu re  ac t iv i ty  data.  However ,  sufficient osmotic data  
mus t  be avai lable .  Up to about  150~ these may  be 
p rov ided  by  resul ts  of Soldano et al. (16-18). At  more  
e leva ted  tempera tures ,  only  sporadic  r e s u l t s  are  ava i l -  
able  (14, 38, 40), and ex t rapola t ions  and in te rpo la -  
tions are  necessary.  Data  ob ta ined  f rom the o ther  equa-  
t ions might  p rov ide  add i t iona l  resul ts  (cf. Table  I I I ) .  

The final resul ts  of  the  calculat ions based on Eq. [17] 
are  presented  in Fig. 4. Some expe r imen ta l  da t a  points  
and resul ts  obta ined  b y  o the r  equat ions are  also shown. 

Conclusions 
Avai lab le  ac t iv i ty  coefficients for different  solut ions 

at  e leva ted  t empera tu re s  have been  summar ized  in 
Table I. Sufficient da t a  for  KC1 solutions,  which  are  of 
pa r t i cu l a r  in teres t  for h igh t e m p e r a t u r e  e lec t rochemical  
measurements ,  a re  not  p resen t ;  at  leas t  not  up to t em-  
pe ra tu res  of about  300~ which a re  especia l ly  impor -  
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Fig. 4. Estimated mean ienic activity coefficients for KCI ~elu- 
tions at elevated temperatures. Broken lines indicate NoCI activity 
coefficients for comparison. 
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tan t  for  a n u m b e r  of power  genera t ing  or cooling 
systems.  

Different  ways suggested in the l i t e ra tu re  for de r iv -  
ing app rox ima te  KC1 ac t iv i ty  coefficients f rom avai l -  
able  da ta  on o ther  e lec t ro ly tes  or  f rom values  at  lower  
t empera tu res  have  been evaluated.  None seems to 
be comple te ly  sat isfying,  and a new calculat ion method 
has been der ived.  The l a t t e r  is based on the knowledge  
of ac t iv i ty  da ta  for  NaCI and a l imi ted  n u m b e r  of 
osmotic coefficients or  KC1 solutions at  e levated  tem-  
peratures .  Rel iable  da ta  for KC1 ac t iv i ty  coefficients 
have been ca lcula ted  in this w a y  for t empera tu res  up 
to 300~ and concentrat ions  up to about  4 molal  (Fig. 
4). If addi t ional  osmotic da ta  for KC1 at  h igher  con- 
cent ra t ions  become available----such as those of Holmes 
and Mesmer  at 225 ~ and 250~ are  easi ly  
possible and more precise ac t iv i ty  coefficients can be 
obta ined at  h igher  concentrat ions.  

Compar ison of da ta  for NaCI and KC1 c lear ly  shows 
that  a subst i tu t ion of KC1 ac t iv i ty  coefficients by  NaC1 
values,  as has been done in most  of the  ear l ie r  elec- 
t rochemical  corrosion studies at  e levated  tempera tures ,  
can lead to imprecise  or erroneous conclus ions ,  espe- 
ciaUy a t  lower  o,r in te rmedia te  t empera tu res  and at 
modera te  or  h igher  solute concentrat ions.  

Manuscr ip t  submi t t ed  Apr i l  7, 1983; revised manu-  
scr ip t  received Ju ly  26, 1983. 

Leuven University assisted in meeting the publica- 
tion costs o] this article. 

LIST OF SYMBOLS 
I ionic s t rength  ( :  0.5 Y~imiz~) 
z+, z -  electronic charges of the posi t ive and nega-  

t ive ions 
v+, v -  s toichiometr ic  coefficients (v ---- v+ + v - )  
NA Avogadro ' s  n u m b e r  
pw dens i ty  of wa te r  
T absolute  t empe ra tu r e  (degrees  Ke lv in )  

d ie lect r ic  constant  of pure  wa te r  
k Bol tzmann 's  constant  
e absolute  electronic charge 
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Anodic Iridium Oxide Films 

XPS-Studies of Oxidation State Changes and 02-Evolution 

R. KStz, H. Neff, and S. Stucki 
Brown Boveri Research Center, 5405 Baden, Switzerland 

ABSTRACT 

The anodic oxidation of i r idium and O~ evolution on i r idium oxide films in 1N H2SO4 has been investigated using x-ray 
photoelectron spectroscopy. The binding energy of the O ls  level decreases with anodic polarization of the electrode while 
the relative amount  of oxygen compared to ir idium remains constant. The XPS results are consistent with a model  of subse- 
quent deprotonat ion of the anodic ir idium oxide upon anodic polarization. A reaction path for 02 evolution and corrosion on 
i r idium oxide is proposed. Valence band spectra of the oxide surfaces confirm the proposed model. 

I r id ium oxide  films have  a t t rac ted  much  a t tent ion  
recen t ly  for two reasons. Firs t ,  these films ekhib i t  high 
e lec t roca ta ly t ic  ac t iv i ty  for the  anodic oxygen  evolu-  
t ion (1, 2). Second, the  anodic i r id ium oxide  films show 
a pronounced e lec t rochromic  effect (3). 

The e lec t roca ta ly t ic  proper t ies  of i r id ium oxide films 
for  the O2 evolut ion react ion in acid e lec t ro ly tes  are  
excellent .  They  a re  only exceeded by  those of the 
ru then ium oxide. Both mater ia ls ,  however ,  suffer f rom 
subs tan t ia l  corrosion d u r i n g  O~ evolut ion at  high cur -  
ren t  densit ies.  The favored anode cata lys t  for wate r  
e lectrolysis  in acid  e lec t ro ly tes  turns  out  to be a mixed  
oxide  of  ru then ium and i r id ium (4).  

I n  o rde r  to gain a fu r the r  unders tand ing  of the O2 
evolut ion  mechanism on the mixed  oxides, we have in-  
ves t iga ted  the anodic behavior  of the  s ingle compon-  
ents. Recently,  we proposed  a model  for the O2 evolu-  
t ion react ion and corrosion on ru then ium oxides,  based 
ma in ly  on XPS  resul ts  (5). 02 evolut ion and corrosion 
on ru then ium star ts  f rom a surface  site wi th  Ru in the 
hexava len t  state.  Af te r  two consecutive depro tona t ion  
steps, oxygen  is re leased f rom RuO~. 

In the present  s tudy,  we have appl ied  x - r a y  photo-  
e lect ron spectroscopy (XPS) in o rder  to de te rmine  
changes in the composit ion of the i r id ium oxide elec-  
t rode  surface  leading  to the O2 evolut ion reaction.  On 
a meta l l ic  i r id ium electrode,  oxygen  evolut ion is p re -  
ceded by  the  format ion  of  a thin oxide  layer .  This was 
demons t ra ted  by  Mozota and Conway using vo l t am-  
m e t r y  (6) and recen t ly  in our l abo ra to ry  wi th  the aid 
of  XPS (7). The thickness of this oxide l aye r  can be 
increased subs tan t i a l ly  b y  per iodic  po ten t ia l  cycling. 
Oxide layers  grown b y  potent ia l  cycling exhibi t  an 

Key words: surface, electrode, ESCA, catalysis, electrolysis. 

e lec t rochromic  effect, which  resul ts  f rom a revers ib le  
redox  react ion of the i r id ium in the  bu lk  of the film. 
Because of the e lec t rochromic  effect, which might  be 
useful  for d i sp lay  applicat ions,  the  charge  s torage 
mechanism in i r id ium oxides  has been inves t iga ted  ex-  
tens ive ly  (31 8-11). McIn tyre  et al. (8) have demon-  
s t ra ted  tha t  the  e lec t rochromism is due to a cat ion-  
i n se r t i on  mechanism. In  an aqueous e lectrolyte ,  the 
charge ar is ing f rom the oxidat ion  or  reduct ion  of the 
film is compensated  by  a t ransfer  of protons b e t w e e n  
the  bu lk  of the film and the electrolyte .  The stoichi-  
ome t ry  of the t r ans fe r red  proton is e i ther  H + or  H80 +. 
I t  is, however,  not  c lear  whe ther  the above  mechanism, 
which has been proved with  a mi ld ly  sur face- insens i -  
t ive technique (Ruther ford  backsca t te r ing  spec t ros-  
copy) ,  holds also for the surface of the oxide  where  02 
evolut ion should take  place. I n  addit ion,  i t  has to be 
examined  whe the r  an analogous mechanism wi th  
proton t ransfer  can be fo rmula ted  for the oxygen  
evolut ion reaction.  

XPS  has been used effectively as  a sur face-sens i t ive  
technique in severa l  studies of e lec t rochemica l ly  modi -  
fied e lect rode surfaces  (12) .  Al though  there  a re  st i l l  
some questions as to wha t  ex ten t  the  e lect rochemical  
interface is p rese rved  upon emers ion and t ransfer  to 
the vacuum chamber,  the successful  corre la t ion of XPS 
resul ts  and e lect rochemical  pa rame te r s  demonst ra tes  
the usefulness of  this ex situ method for e lect rode sur-  
face analysis  (13). 

Experimental 
The XPS measurements  were  pe r fo rmed  in a Kra tos  

ES 300 electron spec t romete r  using non -monoch roma-  
t ized A1K~ radia t ion.  The overa l l  spect ra l  resolut ion  
was 1.2 eV, and the measu red  b ind ing  energies  were  
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ca l ib ra ted  agains t  the Au 4f~/~ l ine at  84.0 eV. The 
photoelect rons  were  detected at  no rma l  emission. 

The e lec t rochemical  expe r imen t s  were  pe r fo rmed  in 
1N H2SO4 using the s t andard  th ree -e lec t rode  po ten t io -  
stat ic a r rangement .  Al l  potent ia ls  a re  quoted wi th  r e -  
spect  to the s a tu ra t ed  calomel  e lect rode (SCE) .  The 
anodic i r id ium ox ide  films were  grown by  Per iodica l ly  
s tepping  the potent ia l  of a meta l l ic  i r id ium work ing  
e lect rode be tween  --0.25 VSCE and 4-1.30 VscE wi th  a 
s tep f reqt tency of 1 Hz. 

The i r id ium electrodes were  p r e p a r e d  as thin films 
by  rf  s p u t t e r i n g  f rom an i r id ium ta rge t  (4N) onto 
glass substrates .  I r id ium oxide films were  also p re -  
pa red  by  react ive  spu t t e r ing  of i r id ium in an Ar  
a tmosphere  wi th  an O~ par t i a l  pressure  of 10 -8 Torr  
(2). 

Before any  sequence of e lec t rochemical  measu re -  
ments,  the i r id ium samples  were  Ar  ion spu t te red  
unt i l  no oxygen or  carbon was de tec tab le  by  XPS. The 
electrodes were  removed  from the e lec t ro ly te  under  
potent ia l  control  and  immed ia t e ly  t r ans fe r red  to the 
e lec t ron spec t romete r  using a fast  inser t ion lock. 

Results 
In Fig. 1, v o l t a m m e t r y  curves are  shown for a me ta l -  

lic i r id ium elec t rode  and an anodic i r id ium-ox ide  film 
obta ined  b y  potent ia l  cycling. The charge  s torage 
capaci ty  of the oxide  is c lear ly  reflected by  the con- 
s iderable  b roaden ing  of the vo l t ammogram above 
0.5 VscE. At  more  cathodic potent ials ,  t h e  measured  
cur ren t  i s  comparable  to that  of the clean meta l  sur -  
face. The wave  at 0.7 VSCE for the i r id ium oxide is ac-  
companied  by  a colorat ion of the  film f rom clear  to 
da rk  b lue  in an anodic p o t e n t i a l  scan. S imi la r  curves 
have been measured  and discussed before  by  severa l  
authors  (8-11). 

The oxide formed on an i r id ium meta l  e lect rode due 
to one anodic scan up to 1.3 VSCE appears  to have  p rop -  
er t ies  comparab le  to those of the th ick anodic oxide.  
The  pronounced  waves in the vo l t ammogram of the 
oxide  at 0.7 VscE and at  1.15 VscE are  also indica ted  in 
the cathodic potent ia l  scan of the i r id ium meta l  elec-  
t rode ,at 0.75 VSCE and 1.I VSCE, respect ively .  

XPS resul ts  of anodic i r id ium oxide films are  dis-  
p l ayed  in Fig. 2. The anodic films were  grown to a 
modera te  thickness by  potent ia l  cycl ing and removed  
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f rom the e lec t rochemical  cell  at the respect ive  poten-  
tials. The posi t ion of the Ir  4f bands  is found to be inde-  
penden t  of the e lect rode potent ial .  Compared  to the Ir  
4f7/2 b inding  energy  of 60.9 eV for the meta l  (14), the 
I r  4f levels  of the anodic oxide  shift  to a h igher  b inding  
energy  by  1.5 eV, indica t ing  a surface l aye r  wi th  I r  in 
a h igher  oxida t ion  state.  

A more  pronounced  dependence  on the e lect rode 
potent ia l  was observed for the O ls leve l  (Fig. 2). At  
0.0V, where  the oxide  is bleached,  the  O ls  b inding  
energy  is 531.2 eV. Upon anodic polar izat ion,  the  O Is 
level  shifts to lower  b inding  energies  of 530,5 eV and 
529.8 eV, at  0.9 VscE and 1.25 VscE, respect ively .  If  the 
potent ia l  is kep t  a t  1.5 VSCE, where  O2 evolut ion oc- 
curs and the anodic oxide  s tar ts  to corrode, the O ls 
level  shifts  back  to 530.4 eV (not  shown in Fig. 2, but  
see Table I ) .  In  addi t ion to the shift  in b inding energy,  
a significant broadening  of the O ls  s t ruc ture  is noticed. 
The FWHM value increases f rom 2.1 eV at 0.0 VSCE to 
2.9 eV and 3.2 eV at 0.9 VscE and 1.25 VSCE, respec-  
t ively .  

The the rmal  s tab i l i ty  of the surface  species formed 
at  different  e lec t rode  potent ia ls  was tes ted b y  va ry ing  
the t empe ra tu r e  of the subs t ra te  in the  vacuum 
chamber .  F igure  3 shows the O l s -  and I r  4f~/~-level 
posi t ions as a funct ion of t empera ture .  Whi l e  the O ls  
b inding energies  differ s ignif icant ly  at  room t empera -  
ture  for  the  var ious  electrode potent ials ,  a common 
binding energy  is reached at  230~ (EB = 530.5 __. 0.2 
eV).  The oxide species fo rmed  at  0.9 VscE appears  to 
be the most s table  configuration. In  contras t  to the  O is 
levels,  the I r  4f~/~ levels  shif t  to lower  b ind ing  energies  
independent  of the e lec t rode  potent ials .  The  decrease 
in I r  4f~/~ b inding  energy  is p robab ly  due to d e h y d r a -  
t ion or  decomposi t ion of the anodic oxide.  

In  o rde r  to p rov ide  complemen ta ry  informat ion  
about  the  e lectronic  p roper t ies  of  the oxide surfaces,  

Table I. XPS-binding energies (...0.1 eV) and intensity ratios for 
anodic iridium oxide at different potentials (VscE) and 

temperatures (~ Far the O Is level FWHM-values are given 
in brackets. Electrolyte: 1 NH~SO4. 

Temperature Potential I r  4f7/~ O Is  (AEB) O 2s l o l h r  

RT 0.0 62.4 531.2 (3.1) 24.3 2.9 
0.9 62.3 530.5 (2.9) 23.1 2.9 
1.25 62.4 529.8 (3.2) 22.5 3.1 
1.5 62.5 530.4(3.1) ~ 

320 ~ 0.0 61,1 ,530.6(2.6) m 1.2 
0.9 61.3 530.5 (2.9) m 1.6 
1.25 61.9 530.3 (3.1) - -  2.3 

P O T E N T I A L / V s c  E 

Fig. 1. Voltammogram of iridium (---) and on anodic iridium 
oxide film ( ,) in IN  H~.~rD04. Scan rate: 100 mV/s; tempera- 
ture: 25~ area = ! cm 2. 
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XP spect ra  were  recorded  of the valence band  region. 
In  Fig. 4, the spec t ra  of  the clean polycrys ta l l ine  
i r id ium surface and of the oxides af ter  polar izat ion at 
0.OV and 1.25V are  plot ted.  The spec t rum of the clean 
surface  exhibi ts  the broad,  r a the r  s t ructureless  5d- 
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of clean iridium and anodic iridium oxide films polarized at 0.0 
VSCE and ].25 VSCE. A[Ka exitation, normal emission. 

band  of Ir ,  ex tending  to about  8 eV below the Fe rmi  
level  (15). Af te r  e lec t rochemical  oxide formation,  O 2s 
emission is evidenced at  24.3 eV and 22.5 eV. The 
s t rong m a x i m u m  r ight  be low the Fe rmi  level  for both 
polar izat ions can be a t t r ibu ted  to the t2g band  of the 
respect ive  compound,  assuming oe tahedra l ly  coordi-  
na ted  i r id ium (16). At  0.0V, this band is located at  2.5 
eV wi th  v i r t ua l ly  zero e lect ron dens i ty  at  the Fe rmi  
level,  while a t  1.25V, the center  of the t~g emission 
shifts to 1.8 eV, giving r ise to a nonzero electron 
dens i ty  at  EF. In addit ion,  a p ronounced  drop in emis-  
sion in tens i ty  f rom the t2g band is not iceable  upon 
anodic polar izat ion.  

The emission character is t ics  in the O 2p energy  r e -  
gion are also dependen t  on the e lect rode potent ia l .  The 
m a x i m u m  at 7.0 eV in the spec t rum for the e lectrode 
polar ized at  0.0V changes to a broad  p la teau  be tween  
4.0 eV and  8.0 eV. 

Discussion and Conclusions 
Severa l  mechanisms have been suggested for the 

charge s torage process in i r id ium oxide films (8 and 
references  the re in ) ,  the ma jo r i t y  of which assume a 
change in the I r  valence s tate  f rom III  to IV across the 
wave at  0.7 VSCE of  the vo l t ammogram.  Our XPS  re -  
sul ts  for the I r  4f b inding energy,  which was found to 
be potent ia l  independent  (Fig. 2), do not contradic t  
this assumption.  However ,  a definite corre la t ion of the 
expe r imen ta l  b inding energy  of the  Ir  4f level  wi th  an 
oxida t ion  s tate  of I I I  or  IV cannot  be made  f rom ava i l -  
able  data.  A b inding  energy  of 62.4 eV might  be in te r -  
p re ted  as i r id ium being in a t r iva l en t  s ta te  or  as a 
hydra t ed  i r id ium dioxide wi th  i r id ium in the t e t r a -  
va lent  state.  For  IrC13, a I r  4f b ind ing  energy  of 62.6 eV 
has been found by  Folkesson (17). On the other  hand, 
the Ir  4f level  at  61.9 eV (16) for the i r id ium dioxide 
might  be shif ted to h igher  b inding  energies  as a conse- 
quence of hydra t ion .  This has been observed before for 
ru then ium oxide films (5, 18). The re la t ive ly  sha l low 
min imum be tween  the two sp in-sp l i t  I r  4f levels for 
the e lectrodes polar ized at  O.9V and 1.25V (Fig. 2) may  
indicate  the presence of h igher  oxides.  A s imi la r ly  un-  
sa t i s fac tory  s i tua t ion  wi th  respect  to the in te rp re ta t ion  
of I r  4f b inding  energies  of i r id ium oxide films was 
encountered  by  Kim et al. (14). Therefore,  the  fo l low- 
ing discussion of the XPS data  wil l  be res t r ic ted  to the 
O l s  level.  

According to the oxide  pa th  (19) for the  oxygen  
evolut ion reac t ion  and to the  models  which  have  been 
sugges ted  for  the  charge s torage  mechanism,  there  a re  
three  oxygen  species, which m a y  contr ibute  to the in-  
tens i ty  of the O ls core level:  (i) oxide,  (ii) hydroxide ,  
and (iii) water .  The b inding  energies  of these species 
on I r  w e r e  es tabl ished f rom the fol lowing da ta  (see 
Table I I ) .  For  s ing le -c rys ta l l ine  IrOn, the  O ls b ind ing  
energy  was de te rmined  to be 529.8 eV (16). In  our l ab -  
oratory,  we found a b inding  energy  of 529.6 eV for 
po lyc rys ta l l ine  IrO2. Chemisorbed oxygen on I r  ex -  
hibi ts  a b inding  energy  of 529.8 (20). Fo r  hydrox ides  

Table II. XPS-binding energies (•  eV) of some relevant samples 

S a m p l e  Ir 4f~/= O l s  R e f e r e n c e s  

Anodic  62.4 531.2 
i r id ium oxide  530.5 Th i s  w o r k  

529.8 
IrO= 61.8 529.8 ( 16 ) 

61.8 529.6 T h i s  w o r k  
IrCh 62.6 - -  (17) 
H ~  on Ir -- 533.1 Th i s  w o r k  

Ir -- 532.1 (26) 
Fe  ~ 533.4 (23) 
Ni  ~ 533.2 (25) 
P t  -- 532.4 (24) 

OH on Ir - -  530.5 (26) 
Pt  - -  531.0 (24) 
Fe  -- 531.5 (23) 
Ni  -- 530.8 (25) 

FeOOH I 530.3/531.5 (22) 
N i (OH)=  I 531.4 (21) 
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of n ickel  (21) and i ron (22, 23), a somewhat  h igher  
b inding  energy  of 53.1.5 eV has been repor ted .  A b ind -  
Lag energy  a round  531 eV has been  measured  for hy -  
d r o x y l  species adsorbed  on meta ls  (24-26). We have 
found a b ind ing  energy  of 533.1 eV for wa te r  adsorbed  
on I t .  This is in ag reemen t  wi th  severa l  o ther  inves t i -  
gat ions of different  meta ls  (24-26). 

Assuming  tha t  only  these three  species, wi th  ap -  
p rox ima te  b inding  energies  of 529.6 eV (oxide) ,  531.0 
eV (hydrox ide ) ,  and  533.1 eV (wa te r ) ,  cont r ibute  to 
the  X P S  spectra,  we have deconvoluted  the measured  
O ls  bands.  I t  is ev iden t  in Fig. 5 that  the  contr ibut ion  
of hyd rox ide  species to the overa l l  O is  s ignal  de-  
creases wi th  anodic polar izat ion.  S imul taneous ly ,  the  
photoemiss ion in tens i ty  or ig ina t ing  f rom O ls  levels  of 
ox ide  species  increases.  The shif t  of the O ls  level  to 
lower  b ind ing  energies  at  anodic potent ia ls  can thus be 
unders tood  as a consequence of decreased OH cont r ibu-  
t ion and  increased oxide  intensi ty.  At  a po ten t ia l  of 
0.0V, on ly  hydrox ide  is found on the surface of the 
anodic  oxide  layer .  F u r t h e r  in format ion  about  the  
chemical  composi t ion of the e lect rode surface can be 
ga ined  f rom an analysis  of the re la t ive  in tens i ty  of the 
O ls  and  I r  4f~/2 levels.  Taking  into account a re la t ive  
sca t te r ing  cross section of 0.86 for I r  4f and 0.338 for 
O Is (27), and an ana lyzer  sens i t iv i ty  propor t iona l  to 
the  kinet ic  energies  (FRR mode) ,  we find a constant  
o x y g e n / i r i d i u m  rat io  of 3.0 _ 0.2 for a l l  three  polar iza-  
tions. These resul ts  demons t ra te  tha t  upon anodic 
polar izat ion the total  amount  of oxygen  species stays 
constant ,  whi le  the contr ibut ion  of oxide  species grows 
at  the expense  of hyd rox ide  species. 

Based on the above findings, we propose a mechanism 
for anodic processes on i r id ium which is ske tched in 
Fig. 6. S ta r t ing  f rom Ir(OH).% a depro tona t ion  step 
leads to the format ion  of I rO (OH)2 with Ir  in the t e t r a -  
va len t  state.  As indica ted  in Fig. 6, this first depro tona-  
t ion step is connected wi th  the colorat ion of the oxide 
film. Af t e r  two addi t ional  depro tona t ion  steps, IrO3 
is formed, w i th  I r  in the hexava len t  state, where  oxy-  
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Fig. 6. Model for charge storage and oxyg~ evolution on iridium 
electrodes. 

gen is spl i t  off. S imul taneous  up take  of one wa te r  
molecule  leads back  to t e t r ava len t  i r id ium as the 
s ta r t ing  posi t ion for the cycle. Al te rna t ive ly ,  IrO3 m a y  
corrode into the e lec t ro ly te  as IrO4 - =  ion (28). A 
s imi lar  mechanism has been suggested recent ly  for  Or 
evolut ion on Ru (5). 

In  o rde r  to decide whe the r  the anodic charge s torage 
process occurr ing in the bu lk  of the  oxide  holds also 
for  the oxide surface,  the first s tep of our proposed 
mechanism in Fig. 6 (Ir[OH]~ --> IrO[OH]2)  should be 
compared  with  known models  descr ibing the bu lk  re -  
action. Got tesfe ld  and Sr in ivasan  suggested a model  
based on e l l ipsomet ry  resul ts  which is in complete  
ag reemen t  wi th  our  findings (9). According to the 
redox  reac t ion  

Ir(OH)n ~ IrOx(OH)n-= + xH + + xe- [I] 

w i t h n  --  3 and x --  1, a proton is e jec ted  f rom the 
oxide  film upon coloration. A s imi lar  model  was p ro -  
posed by  Michell  et al. (10). These authors,  however ,  
found a t ransfe r  of two electrons for  the b leaching 
mechanism (n ---- 2, x --  2 in Eq. [1]) ,  which  might  be 
due to the wide potent ia l  s tep (--0.2 VSCE to 1.25 
VscE). Fo r  a potent ia l  step this wide, our  model  also 
suggests the t ransfer  of two electrons according to n = 
3 a n d x  = 2 

I r (OH)~  ~ I rO2(OH) + 2H + + 2 e -  [2] 

The second s tep  (see Fig. 6), however ,  does not  change 
the color of the oxide layer  and is connected wi th  the 
wave  at  1.15 VSCE of the  v o l t a m m e t r y  curve.  

The absence of s ignif icant  amounts  of H~O in the  
spect ra  of the O ls  level  and  the po ten t i a l - independen t  
O / I r  ra t ios  indicate  tha t  free I-I80 + ions, l ibe ra t ing  one 
H +, are  the ex te rna l  proton source or  s ink  dur ing  the 
redox reactions.  Water ,  bound  to the solid and serving 
as  "vehicle" for the proton,  would  give rise to an in-  
crease in O / I r  ra t io  upon bleaching.  This has been 
sugges ted  b y  McIn tyre  (8) and Burke  and Whelan  
,(11). I f  only  free protons are  considered,  the  mech-  
an i sm based on RBS measurements  suggested by 
McIn tyre  (8) predic ts  also a constant  O / I r  rat io.  The 
constant  O / I r  ra t io  at  the  oxide surface  is in discord 
wi th  the O H -  inser t ion mechanism proposed by  Beni 
et al. (29) for the bu lk  of the oxide. Obviously,  a t  the  
immedia te  surface  of the oxide, protons are  r ead i ly  
ava i lab le  f r o m  the bu lk  e lec t ro ly te ,  according to the 
Grot thuss  mechanism,  wi thout  s t rong in terac t ion  of 
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H20 with  the surface. It is, however,  possible that  
wa te r  bound to the surface evapora tes  or  dissociates 
af ter  emers ion under  UHV conditions. 

With  respect  to O2 evolution,  it  is o b v i o u s  that  the 
pro ton  eject ion step can be appl ied  consecut ively in 
o rder  to provide  the amount  of e lectrons requ i red  to 
l ibera te  oxygen  f rom IrOa. Al though re l a t ive ly  s table  
in  a lka l ine  electrolytes ,  IrOz decomposes read i ly  in 
di lute  sulfur ic  acid wi th  s imul taneous  02 evolut ion 
(30). Fu r the r  oxidat ion  of i r id ium to an oxidat ion  state 
h igher  than  the hexava len t  s tate is ve ry  unl ikely,  be -  
cause the existence of such a species has not  been es- 
tabl ished.  Therefore,  our model  is consistent  wi th  the 
known elect rochemical  oxide pa th  (19), if I r  in the 
t e t r ava len t  s tate is assumed to be the surface site. As 
has been discussed before for ru then ium (5), the 
species represent ing  t h e  s ta r t ing  posi t ion of the 02 
evolut ion cycle has to have a re la t ive  s tab i l i ty  on the 
respect ive  subs t ra te  in o rde r  to p reven t  heavy  corro-  
sion. The the rmodynamic  s tab i l i ty  of i r id ium com- 
pounds with  I r  in the t e t r ava len t  s tate is wel l  known 
and was confirmed by our  resul ts  (F ig .  3) for the 
species involved in anodic oxidat ion.  I t  can be shown 
by  vo l t ammet ry  that  on Ir, as wel l  as on po lycrys ta l l ine  
or  amorphous  IrOf, a film is genera ted  dur ing  Ot evolu-  
t ion wi th  proper t ies  s imi lar  to those of anodic i r id ium 
oxide. We assume, therefore,  that  our model  for O2 
evolut ion and corrosion holds not on ly  for th ick  anodic 
i r id ium oxide films, but  also for IrO2 and Ir  anodes. 

The valence  band spect ra  (Fig. 4) corrobora te  our  
in te rp re ta t ion  of the core- level  data. The change in 
vatence s ta te  f rom I r  ( I I I )  to I r  (V),  which did not  show 
up as a chemical  shif t  in the core level  spectra,  . gives 
r ise to the reduct ion of emission in tens i ty  of the tf~ 
band.  Upon anodic polar izat ion,  more  electrons per  
i r id ium a tom are  needed to fill the  O 2p shell.  Despi te  
its h igher  to ta l  popula t ion  of electrons in the i r id ium 
d -band  ( ~ ) ,  the hydrox ide  at  0.0 VSCE has a much 
lower  densi ty  of occupied states nea r  the Fe rmi  level.  
This resul t  is consistent  wi th  the ra the r  low electronic 
conduct iv i ty  found for b leached anodic i r id ium oxide 
film in e lec t rochemical  exper iments .  At  potent ia ls  
cathodic of 0.25 VscE, e lect rode reactions l ike H ad-  
sorpt ion or underpo ten t ia l  deposi t ion of Cu or Ag (31) 
take  place .only at the me ta l / ox ide  interface.  

At  a potent ia l  of 1.25V, the valence  band  spect rum 
is in good agreement  wi th  publ i shed  da ta  for IrO2, wi th  
emission f rom M-O a and M-O ~ orbi ta ls  at  7.9 eV and 
5.7 eV (16, 32). In  addit ion,  the posi t ion of the t.fg band  
at  1.8 eV indicates  that  oxide species dominate  at  1.25 
VscE. At  0.0 VSCE, the O 2p region is character ized by  
a s t rong band at 7.0 eV with  a weak  shoulder  at  l0 eV. 
We a t t r ibu te  the  band  at 7.0 eV to the M-O ~ band,  
whi le  tha t  at  10 eV is l ike ly  to have  OH a-bond ing  
charac te r  (22, 33, 34). Thus, the spec t rum at 0.0 VSCE 
is dominated  by  hyd roxy l  species. The above ass ign-  
ment,  which appears  to be ra the r  ambit ious in view of 
the low resolut ion of our  XPS va lence -band  data, was 
confirmed by  UPS measurements  on the same samples  
using He II  ex i ta t ion  wi th  a much be t te r  resolut ion 
and s igna l - to -no ise  ratio.  The UP spect ra  revea led  
bands  at  2.5 eV (tfg), 6.5 eV (M-O n) and 10.3 eV 
(O-H a) for  the sample  polar ized  at 0.0V and 1.8 eV 
(tfg) and 5.3 eV (M-O n) and 8.0 eV (M-O a) for 1.25 

VSCE polar iza t ion  (35). 
In  conclusion, we have demons t ra ted  wi th  the a id  of 

XPS that  oxygen  evolut ion on anodic i r id ium oxide is 
p receded  by  consecutive deprotonat ion  steps dur ing  
the anodic poten t ia l  scan. Upon deprotonat ion,  the 
re la t ive  amount  of oxygen is constant  while  the O ls 
b inding  energy  decreases.  The shift  in O ls b inding 
energy  is due to a t rans i t ion  from oxygen  bound as 
hydrox ide  to oxygen  bound as oxide.  

The first of  these depro tona t ion  steps goes together  
wi th  the known  elect rochromic  effect in anodic i r id ium 
oxides. Upon coloration, the s to ichiometry  at  the im-  
media te  oxide surface changes f rom I r (OH)~  to 

I rO(OH)2.  Oxygen evolut ion s tar ts  from the l a t t e r  
species along the known elect rochemical  oxide  path.  
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ABSTRACT 

Highly insulating red HgI~ shows a very small quantum yield for both anodic and cathodic polarization. This is due to 
the poor charge separation made by an insufficient electric field strength in the wide space-charge layer characteristic of 
l ightly doped materials. Quantum efficiencies exceeding 50% can be obtained for anodic polarization, however, through the 
artificial generation of a space-charge layer. In this approach,  use is being made of the photoconduct ivi ty  of HgI~. 
I l luminat ing the sample with light of wavelengths close to the bandgap of 2.1 eV at 300 K, leads- - in  conjunct ion with the 
t rapping processes occurring in HgI~--to a potential  dis tr ibut ion similar to an n-doped semiconductor.  We discuss the de- 
pendence of the spacial and temporal  bui ldup of this potential  distr ibution on the external  parameters  such as the il lumlna- 
tion intensities, wavelengths, and bias. Included is a discussion of the corrosion mechanisms of HgI2. 

Red ( te t ragonal )  mercur ic  iod}de has been exper i -  
encing .continued in teres t  th roughout  this century.  
Beginning wi th  invest igat ions  of its photoconduct iv i ty  
(1) and its exci ton s t ruc ture  (2), emphasi:s has 

shi f ted  toward  the appl ica t ion  of HgI2 as a nuc lear  
de tec to r  and spec t romete r  (3). 

Te t ragonal  Hg!2 has a bandgap  of 2.1 eV at room 
t e m p e r a t u r e  and exhibi ts  a ve ry  high res is t iv i ty  ( 1 ) -  
typ ica l ly  101~ ~ c m - - d e s p i t e  a r emarkab l e  amount  of 
e lementa l  impur i t ies  (4, 5). Insu}ating mate r ia l s  have 
not  been  commonly  used for photoe lec t rochemica l  
s tudies so fa r  because  of  the  lack  of efficient sepa ra -  
t ion of the e lec t ron-ho le  pai rs  created wi th in  the pene-  
t r a t ion  dep th  of sup rabandgap  light.  The separa t ion  of 
charge ca r r ie r s  usua l ly  (ex,cept in ex t r eme ly  thin crys-  
tals)  requi res  a s t rong electr ic  field such as is p resen t  
in the  deple t ion  region at  the  in terface  b e t w e e n  an 
e lec t ro ly te  and a su i tab ly  doped and biased semicon-  
ductor.  Recent ly ,  however ,  i t  has beeri shown tha t  a 
po ten t ia l  d i s t r ibu t ion  remin iscen t  of tha t  of a doped  
semiconductor  can be obta ined  b y  i l lumina t ing  the in-  
ves t iga ted  insula tor  wi th  two l ight  sources s imu l t ane -  
ous ly  (6). In  this  new approach,  t h e  appropr ia t e  doping 
for  the format ion  of a deple t ion  layer  at  the interface 
is ach ieved  by  mak ing  use of the photoconduct iv i ty  
of  the  crysta l ;  i.e., one of the  two l ight  sources provides  
rad}ation which  is only  w e a k l y  absorbed and hence 
produ~ces (mobi le  and fixed) charge carr iers  th rough-  
out  the bu lk  of  the sample.  Under  su i tab le  condit ions 
the  quan tum yie ld  for nonpene t ra t ing  ( suprabandgap)  
rad ia t ion  f rom the second l ight  source is thus in-  
c reased  dramat ica l ly .  

Doub le -beam exper iments  have been repor ted  in a 
number  of previous  publ ica t ions  (7). They  usua l ly  
deal  wi th  r e l a t ive ly  h igh ly  doped  semiconductors ,  
however ,  and the change of the  potent ia l  d is t r ibut ion  
in them is of a different  na tu re  than  tha t  r epor ted  here.  
One except ion }s an ar t ic le  on the su r face -pho tovo l tage  
d i f fus ion- length  measu remen t  in amorphous  sil icon 
(8).  

* Electrochemical  Society Active Member. 
Key words: photoconductivity, photodoping, potential distri- 

bution. 

In  this paper  we presen t  a s tudy  of the photoelee-  
t rochemical  proper t ies  of red  HgI2, as wel l  as its cor-  
rosion behavior .  We use the techniques ment ioned  
above. 

Experimental Procedures 
Crystal growth and characterization~--The single 

crysta ls  used in this work  were grown by s ta t ic  subl i -  
mat ion  from prepur i f ied  mater ia l .  A de ta i l ed  discussion 
of the growth  and charac ter iza t ion  processes has a l -  
r eady  been publ i shed  (4). Here  we want  to stress t he  
r e l a t ive ly  high degree  of perfec t ion  and convent ional  
pu r i t y  of these crystals .  We are  suppor t ed  by  the fol-  
lowing:  (i) low e tch-p i t  concentrat ion (<103/cm 2) of the 
a s -g rown crys ta l  faces; (ii) lack of s t r ia t ions  common to 
the usua l ly  appl ied  t empe ra tu r e  osci l lat ion growth  
methods  (9); (iii) anneal ing  at  75 ~ in iodine a tmosphere  
of the  s ing le -c rys ta l  p la tes  ( ~  5 • 5 mm, 2 m m  thick)  
used in this  invest igat ion.  These pla tes  were  c leaved 
from the as -g rown crystals  and e t ched  in an alcoholic 
solut ion of KI  before  anneal ing.  

Compared  wi th  HgI2 from other  laborator ies ,  the 
pu r i ty  of our  cry:stals is high (5).  However ,  s p a r k -  
source mass spec t rographic  analysis  revea led  that  our 
c r y s t ~ s  contained severa l  thousand ppm of hyd ro -  
carbon impur i t ies .  This led  to the suggest ion t h a t  our 
HgI2-crysta ls  were  ac tua l ly  c ta thra tes  or  in terca la tes  
of the  l ayer  s t ructure  (4). The influence of this  effect 
on the measured  phys ica l  p roper t ies  is p r e sen t ly  not  
known. 

Electrode preparation.--Like many  workers  before,  
we used carbon contacts  in o rde r  to avoid a chemical  
react ion wi th  the HgI2. The crysta ls  were  mounted  
on a brass  rod  su r rounded  by  ~a piece of Teflon tubing.  
Before embedding  the e lect rode in sil icone rubber ,  the  
crysta ls  were  usua l ly  th inned down to an appropr i a t e  
thickness of ~ 0.1-0.2 m m  b y  pee l ing  off successive 
layers  wi th  a se l f -adhes ive  tape. In  order  to remove  
an~- surface damage,  the  e lectrodes were  etched in 
1M K I  for up to 1 min. B y  this method  a per fec t ly  
smooth  and shiny sur face  was obtained.  

Electrolyte.raThe suppor t  e lec t ro ly te  used in a l l  the  
exper iments  was 0.5M I~SO4 in t r ip le -d i s t i l l ed  water ,  
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in which HgI2 is stable in the dark. Fe2+/Fe 's+ did not 
affect the s tabi l i ty  in the dark, nor  did it suppress 
photocorrosion at all. The only way to substant ia l ly  
reduce the degradation of the electrode surface by 
the anodic photocorrosion (described in more detail 
below) was found to be the use of a solution contain-  
ing the complex HgI42- (2 X 10 -2 -- 0.1M). The solu- 
tion was prepared by adding one mol fraction of 
HgCI~ to the support  electrolyte in addit ion to about  
four mol fractions of KI, the exact amount  being 
chosen in a way that led to a small  amount  of precipi- 
tated red HgI2: the solut ion was saturated with HgI2. 

Experimental setup.--In the electrochemical cell, 
a p la t inum wire served as the counterelectrode, and 
a saturated calomel electrode served as the reference. 
Instead of a potens an ordinary  power supply 
was used which allowed the applicat ion of voltages 
up to 70V between the counterelectrode and the wogk- 
ing electrode. The working electrode was grounded via 
the measur ing resistor (100a2-1 M~, depending on the 
current  to be measured) .  

Steady-state measurements.--The photocurrent  spectra 
and the current -potent ia l  curves were obtained by 
chopping the monochromatized beam of ,a high pres- 
sure xenon lamp at ~ 15 Hz, and recording the cor- 
responding voltages across the measur ing resistor with 
a PAR lock-in amplifier. As will be described below, 
the quan tum efficiency for monochromatic light was 
very  low unless the electrode was i l luminated in addi- 
tion with a long-wavelength  light source. This was 
achieved by filtering the light from a tungsten-f i la-  
ment  lamp through 8 cm of tr iple-dist i l led water and 
a Schott filter with an absorption edge just  below 
that of HgI2 (OG 590 or RG 610). The intensi ty  of 
this b road-band  light was varied either by operating 
the lamp at 12V or 6V or by insert ing a neu t ra l -dens i ty  
filter into the beam. We did not measure the absolute 
in tensi ty  of this light source. The room temperature  
optical properties (reflection and absorption) were 
measured by s tandard techniques. 

Time-dependent propert{es.--These were obtained with 
essentially the same setup except that both light sources 
could be chopped either s imul taneously  or in terchange-  
ably and at different frequencies. The signals were re-  
corded by means of a signal averager. 

Results 

Steady-State Photocurrent Measurements 
We observed a pronounced asymmetry  between 

anodic and cathodic polarization of the electrode. 
Numerous other workers have reported analogous ob- 
servations in photoconductivi ty measurements.  The 
photoresponse was restricted to a small  region at or 
near  the negative electrode (1). This corresponds to 
the anodic polarization in our photoelectrochemical 
experiments,  since in them the crystal-front  surfaces 
were at the  lower potential. In Fig. 1 the photocurrent-  
potential  curves for ,an anodically polarized electrode 
in 0.5M K2SO4 + 0.1M HgI~ 2- i l luminated  with 
strongly absorbed light of ~ _= 550 nm and with sub-  
bandgap radiat ion of different intensit ies (given in 
a rb i t ra ry  uni ts)  are shown. The filter used for the sub-  
bandgap i l luminat ion was OG 59.0. If the addit ional 
broad band light source is operated at high enough in-  
tensi ty (i.e., at 12V, with n o  neu t ra l -dens i ty  filters 
introduced into the beam),  then the current -potent ia l  
curves and the associated quan tum efficiency are the 
same for Schott filters RG 610 and OG 590. Using filters 
with a higher or lower lying cutoff leads to lower quan-  
tum efficiencies. 

The in tens i ty  of the monochromatic l ight beam was 
~__ 180 ~W/cm 2. The most pronounced feature of Fig. 
1 is the steep rise of the photocurrent  at small  poten- 
tials for h igh- in tens i ty  sub-bandgap radiation (top 
curve) .  This indicates the formation of a barr ier  region 
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Fig. 1. Photocurrent-potential curves at an Hgls electrode in 
0.SM K2SO4 -f- 0.1M Hgl42-.  The electrode is illuminated by a 
chapped monochromatic light source (~ ~ 550 nm, intensity ;~ 
180 /~W/cm 2) and by steady-state sub-bandgap light (tungsten 
lamp, filtered through H20 and Schott glass OG 590). The intensity 
of the latter is highest for the top curve O (100% in relative 
units), and decreases steadily for the other curves (curve ~(-: 14%; 
d-: 2.3%; # :  0.65%; X :  monochromatic illumination only). 

at the electrode surface. For monochromatic  i l lumina-  
tion alone (~. =_ 550 nm) ,  the phoLocurrcnt-potential  
cu rve  near ly  coincides with the potential  axis (bottom 
curve in Fig. 1). The photocurrent  is smal ler  by about 
two orders of magni tude  ( ~  0.3 ~A/cm 2 at 50 VSCE). 

All measurements  in Fig. 1 were performed by 
applying a voltage of 70V first and then recording the 
photocurrent  as a funct ion of decreasing cell voltage. 
Before any change of the in tensi ty  of the sub-bandgap  
radiation, the initial  voltage of 70V was reapplied. 
After  a wait ing period, the associated value for the 
photocurrent  was found to be equal to the original 
one (hence rul ing out a serious degradation of the 
surface).  The wait ing period became longer the smaller 
the in tensi ty  of the sub-bandgap  light. 

Other t ime-dependent  effects were observed at low 
voltages. After any change of voltage, the photocurrent  
slowly decreased for several minutes.  This t rans ient  
effect became more pronounced at lower sub-bandgap  
intensities. For the top curve in Fig. 1, the effect was 
observed below ~ 0.5 VSCE only, for the bottom curve 
below 10 VSCE. 

The l inear i ty  of the photocurrent  with the mono- 
chromatic l ight in tensi ty  depends s t rongly on the in-  
tensi ty of the addit ional  sub-bandgap  light source 
(Fig. 2). In Fig. 2, curves a, b, and c represent  the 

photocurrent  (electrode potential  60 VscE) as a func-  
tion of intensity.  The full  curves in this double log- 
plot correspond to a l inear  relationship (slope = 1). 
The addit ional light source was operated at 12V with 
OG 590 (curve a), at 12V with RG 610 (curve b),  and 
at 6V with RG 610 and an additional neu t ra l  density 
filter of 0.1% transmit tance (curve c). 

For  the s,ake of clarity, only the curves showing the 
most pronounced behavior have been displayed in 
Fig. 2. At k = 600 nm (curve b) the line.arity is not 
influenced at all by changes of the intensi ty  of the 
second light source. The opposite is true at 550 nm:  
for high intensi ty  sub-bandgap i l luminat ion (curve 
a), deviations from the l inear  relationship occur around 
1 mW/cm 2. On decreasing the in tensi ty  of the long 
wavelength light source, the.ce deviations occur at  
tower and lower intensit ies unt i l  for curve c there is 
no l inear  relations,hip in the ent i re  investigated range. 
In fact, the photocurrent  is even par t ly  quenched in 
this case, as can be seen by reducing the in tensi ty  of 
the monochromatic beam to the lowest value of 180 
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Fig. 2. Dependence of the photocurrent on the intensity of the 
monochromatic illumination. Electrode potential 60 VSCE, electro- 
lyte 0.5M K2SO4 "4- 2 X 10 -2M Hgl42-.  Curves a (;L = 550 nm) 
and b (~. "-- 600 nm) correspond to intense illumination with sub- 
bandgap light (curve a: tungsten IOmp 12V, filter OG 590; curve b: 
12V, RG 610). For curve c (~. ---- 550 nm) the intensity of the long- 
wavelength radiation was much smaller (tungsten lamp 6V, filtered 
with RG 610 and 0.1% neutral-density filter). The full curves have 
a slope of 1; they correspond to a linear relationship. 

~W/cm 2 (~ee tip of the  a r row in Fig. 2). The or iginal  
value  of the pho tocur ren t  at this in tens i ty  can be 
res to red  by  i l lumina t ing  the sample  wi th  long wave-  
length  l ight  of h igher  in tens i ty  (e.g., as in curve  a) 
for  seve ra l  minutes.  

F igure  3 shows the quan tum efficiencies (uncor-  
rec ted  for reflection losses) of an HgI2 e lect rode in 
0.SM K~SO4 + 0.1M I-IgI4-2 ~or anodic (curves  a and  
c) and cathodic (curve b) polar izat ion.  

Fo r  curves a and b, the  e lec t rode  was i l iumina ted  by  
monochromat ic  l ight  only.  In both cases the  response 
was l imi ted  to a n a r r o w  spect ra l  region a round  the 
onset  of the in t e rband  absorpt ion  ( inser t  Fig. 3). The 
anodic pho tocur ren t  changed dras t ica l ly  upon i l lumina-  
t ion of the  e lec t rode  wi th  a second lamp (curve c) 
provid ing  sub-bandgap  radia t ion  (Schot t  filter RG 
610). For  the  low monochromat ic  l ight  in tens i ty  used 
in this  measu remen t  ( app rox ima te ly  50 FzW/cm 2 on 
ave rage ) ,  the  appa ren t  quan tum efficiency remained  
at  a round  50% in the  spect ra l  range be tween  450 nm 
and 570 nm. Taking  into account the reflection losses 
at  the surface (R ~ 20% at 550 n m ) l e a d s  to a cor-  
rec ted  quan tum efficiency la rger  than  60%. For  ca th-  
odic polar izat ion,  however ,  the quan tum efficiency was 
not a l t e red  by  the addi t ional  i l lumina t ion  of the elec-  
trode. Hence, the ment ioned  a s y m m e t r y  be tween  anodic 
and  cathodic polar iza t ion  became even much more  
pronounced  when  the e lec t rode  was i l lumina ted  with  
the  second l ight  source. An addit ional ,  even more  
d ramat ic  manifes ta t ion  of this a s y m m e t r y  was found 
in the f requent  b reakdowns  encountered  in the ca th-  
odic case (under  i l lumina t ion) ,  sometimes at vol tages 
as low as 1V. No b reakdowns  happened  for the anodic  
polar iza t ion  up to the highest  appl ied  vol tage (70V). 

Photacorrosinn 
Anodic photocorrosion.--Mercury is a l r eady  in its 

h ighest  ox ida t ion  state ( 2 + )  in HgI2. I t  is c lear ly  the 
iodide which  is oxidized in  a~ anodic reaction.  The 
e lec t rode  was photocorroded in 0.5M K2SO4 for a t ime 
sufficient to y ie ld  10-4M I2 if iodide were  oxidized to 
I2 accordir~g to 

HgI2 4- 2h+ --> Hg+2 4- I2 [1] 

No e lementa l  iodine could be .detected, however ,  by  the  
v e r y  sens i t ive  iodo-s ta roh  reaction.  We have  t o  con-  

clude that  iodide is oxidized to a h igher  ox ida t ion  state.  
The react ion can be t en ta t ive ly  fo rmula ted  as 

HHgI~ 4- 12h + 4- 6H~O + SO42- 

HgSO4 4- 2IO8- 4" 12H + [1'] 

Since IO3- is a s t rong oxidiz ing agent,  i t  should  be 
able  to oxidize I -  to I2 in  an acidic solution. Af t e r  
adding  a few drops of HC1 and  K I  solut ion to the  
e lectrolyte ,  the  iodo-s ta rch  react ion indeed indica ted  
the  presence of I2. 

Opt ical  examina t ion  of  the e lect rode surface  r e -  
v e a l e d  clear  signs of photocorrosion even for  in ten-  
si t ies as low as 50 #W/cm 2 and af ter  a few minutes  
of exposure.  This was accompanied  by  a m a r k e d  de -  
crease of the pho tocur ren t  a t  wavelengths  be low 560 
nm. Addi t ion  of Fe2+ (up to 0.1M) d id  not  resul t  in 
any  visible reduct ion of the photocorrosion.  The in t ro-  
duct ion  of the  solut ion .containing the HgI42- complex  
(see p repara t ion  of the e lec t ro ly te )  did~ however ,  
resul t  in a v is ib ly  s lower  ra te  of de te r iora t ion  of the 
surface, at least  at  low intensit ies.  The oxidat ion  of 
adsorbed HgI~2- to iodate represents  a compet ing re -  
act ion that  could lead to s lower  photocorrosion.  The 
pho tocur ren t  was indeed s table  for a much longer  
t ime (several  hours at  low intensi t ies)  wi th  this elec-  
t rolyte .  

Cathodic polarization.--Cathodic photodecomposi t ion 
of HgI2 m i g h t  in pr inc ip le  lead  to the  reduct ion  of 
Hg 2+ to e i ther  Hg + or  Hg 0. Af te r  i l lumina t ion  of the 
e lect rode wi th  fi l tered whi te  l ight  (OG 590, for which 
the pho tocur ren t  at  --0.7 VSCE was 0.3 #A) for 2h, 
a ye l low layer  was observed on top of the electrode. 
This react ion produc t  was l ight  sensi t ive and assumed 
a grayish  colorat ion upon i l lumina t ion  wi th  whi te  
light.  Since it does not  seem to be so luble  in KI  (which  
Hg212 would  be)  the react ion product  p robab ly  con- 
sists of Hg~SO4. The most  l ike ly  react ion mechanism is 
thus 

2HgI2 + 2 e -  + SO42- -> Hg2SO4 4- 4 I -  [2] 

Transient Effects 
In o rde r  to shed some l ight  on the role p l ayed  by  the 

addi t iona l  l ong -wave leng th  l ight  source, pa r t i cu l a r ly  
wi th  regard  to the t ime -dependen t  efmcts a l r eady  
ment ioned  above, we decided to look at  the  t ime  
depend.ence of the pho tocur ren t  s ignal  itself. In  the  
fiist  expe r imen t  the sample  was i l lumina ted  wi th  
monochromat ic  l ight  (~. -- 550 nm) only. The l ong -wave -  
length  i l lumina t ion  was then swi tched on. In  o rder  to 
be able to dis t inguish be tween  the two contr ibut ions  
to the  photocurrent ,  the monochromat ic  beam was 
chopped wi th  1.5 Hz. In Fig. 4 two such sets of mea -  
surements  are  d i sp layed  (upper  curves:  to ta l  photo-  
current ;  lower  curves:  pho tocur ren t  due to the  sub-  
bandgap  i l lumina t ion  a lone) .  Both w e r e  taken  on the 
same electrode.  The middle  curves ( # )  show the be -  
havior  of the v i rgin  e lect rode (never  before  i l lumi -  
na ted) ,  whi le  the  o thers  (*) were  taken  af te r  the  
e lect rode had been i l lumina ted  severa l  times. The most 
s t r ik ing  fea ture  of all  these curves is the ex t r eme ly  
slow rise of the pho tocur ren t  associated wi th  the 
monochromat ic  radia t ion  (given by  the difference of 
the total  pho tocur ren t  and the s u b - b a n d g a p  contr i -  
but ion in Fig. 4). Moreover,  this r i se t ime diminishes  
when  the  .electrode has been  i l lumina ted  for  some 
t ime before  the exper imen t  ( top curve in Fig. 4). By 
contrast ,  the ini t ia l  r i se t ime of the photocur ren t  due 
to the sub-bandg,ap i l lumina t ion  is a lways  fast  (we 
have no explana t ion  for the hump seen in the  lower  of 
the  [ # ]  curves in Fig. 4). The decay t ime af ter  swi tch-  
ing off the  sub -bandgap  rad ia t ion  is nothing on the 
scale of Fig. 4 both for the total  and for the  pho tocur ren t  
due to the  pene t ra t ing  rad ia t ion  alone (examine  also 
Fig. 5 for  this  po in t ) .  
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Since the r i se t ime observed in Fig. 4 depend so 
s t ronglg  on the h is tory  of a sample  and because of the  
considerable  var ia t ion  f rom sample  to sample,  our dis-  
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Fig. 4. Time dependence of the photocarrent signal (~. ~ 550 nm) 
after switching on the sub-bandgap radiation (at t ~ 0s). 
Electrode potential 20 VSCE; electrolyte 0.5M K~SO4 + 2 • 
10-~M Hgl42-. The lower curves show the photocurrent due to 
the sub-bandgap radiation alone, the upper ones the total photo- 
current. # :  virgin electrode which was never illuminated before; 
~: same electrode after having been illuminated for several minutes. 

cussion wi l l  be l imi ted  to the qual i ta t ive  fea tures  of 
these exper iments .  The impor t an t  resul t  pe r t a in ing  
to Fig. 4 is tha t  the r i se t ime of the photocur ren t  af ter  
{he ini t ia l  app l ica t ion  of the l ong -wave leng th  rad ia -  
t ion is much  longer  than  the decay t ime af te r  shut t ing 
i~ off. Those two t imes may  be expected  to be of a d i f -  
ferent  physical  origin. 

The s i tuat ion is qui te  different  once the  sample  has 
been i r r ad ia t ed  for  some t ime wi th  s u b - b a n d g a p  l ight  
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Fig. 5. a: Photocurrent signal for chopped monochromatic illu- 
m~natlon (~. ~ 550 rim, v ---- 100 Hz) and continuous sub-bandgap 
radiation with electrode potential 10 VSCE; b: photocurrent signal 
for continuous monochromatic (X ~ 550 nm) and chopped (|00 Hz) 
sub-bandgap illumination with electrode potential 10 Vsc~. (full 
curve) and 20 VSCE (dashed curve). Same electrolyte as in Fig. 4. 
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(i.e., after reaching the saturation region in Fig. 4). 
The risetime then decreases dramatically. This is 
shown in Fig. 5 where the monochromatic light beam 
has been chopped at 100 Hz for continuous illumination 
by the sub-bandgap source (Fig. 5 a ) a n d  vice versa 
(Fig. 5b). A comparison of Fig. 5a and Fig. 5b shows 
that the amplitude of the modulation of the photocur- 
rent is practically the same in both cases. Hence, the 
risetime of the photocurrent associated with the onset 
of the sub-bar~dgap illumination is now of the same 
order of magnitude as the decay time after entering 
the dark phase (Fig. 5b). The risetime observed here 
must thus be due to a different mechanism than that 
one seen in Fig. 4. 

Figure 5b also shows that in the dark phase of the 
sub-bandgap radiation (with monochromatic illumina- 
tion), the photocurrent does not decay to zero (the 
photocurrent for monochromatic radiation alone, i.e., 
with no second lamp present at all, would be much 
smaller on this scale. See also Fig. 1). This becomes 
more pronounced the higher the electrode potential, 
as can be seen in Fig. 5b. Here the full curve is for a 
potential of 10 VSCE and the dashed one for 20 VscE. 

Discussion 
Before we enter the discussion of the experimental 

results presented above, we should like to summarize 
the main points a~ain: 

1. The photocurrent response of HgI~ to mono- 
chromatic light alone is limited to a narrow spectral 
region near the absorption edge. 

2. For anodic polarization, the quantum efficiency is 
increased drastically for wavelengths below 570 nm 
when the electrode is illuminated in addition to sub- 
bandgap light of high enough intensity. The cathodic 
photocurrent, however, is little affected. 

3. For a high enough intensity of the sub-bandgap 
illumination, the photocurrent due to the monochro- 
matic light saturates at relatively low voltages, indi- 
cating the formation of a depletion region near the 
electrode surface. 

4. The photocurrent varies linearly with the inten- 
sity of short-wave (X --~ 560 nm) monochromatic radia- 
tion only for as long as the intensity of the additional 
light is high enough. If it is not, the response to the 
short-wavelength radiation may be quenched. 

5. The improvement of quantum efficiency after 
switching on the sub-bandgap light source is a very 
slow process. It takes up to tens of minutes for low 
intensities of the sub-bandgap illumination. This rise- 
time is fastest for high sub-bandgap intensities and 
high voltages. 

6. Once the space-charge configuration leading to 
high quantum efficiency has been established by pro- 
longed illumination with sub-bandgap light, and after 
a (short) dark phase of the latter (in which the current 
decays almost to zero), the rise of the photocurrent is 
faster by several orders of magnitude upon renewed 
illumination of the electrode (the monochromatic 
source being on continuously). 

Most of the phenomena described above have been 
observed at relatively high electrode potentials (~  3 
VscE, with the exception of the current-potential 
curves). Thus, the kinetics of the charge transfer at 
the HgIJelectrolyte interface may be expected to be 
of minor in%portance for our discussion. We have to 
deal with the solid-state properties of HgI2 exclusively. 
Our main task is of course to explain the mechanism 
for the drastic increase of the quantum efficiency 
brought about by the illumination of an anodically 
polarized electrode with a second light source pro- 
viding broad-band long-wavelength radiation with a 
cutoff close to the absorption edge of HgI2 (in the 
following, this is called penetrating radiation). The 
high absorption coefficient (K ~ 104 cm -1 at ~. ~_ 550 
nm (10)) leads to a very short penetration depth 

for wavelengths beyond the absorption edge. In case 
of a linear potential distribution within the sample, 
the electric field strength would be below !04 V/cm 
even for the highest applied voltage of 70V and the 
thinnest crystals (~  0.1 mm). This would clearly be 
insufficient for efficient carrier separation, especially 
in view of the rather small hole mobility encountered 
in these compounds (3, 11). In fact, if we assume such 
a linear potential distribution in the dark, it is easy to 
see that illuminating the electrode with light of a 
short penetration depth could influence this potential 
distribution in a way detrimental to carrier separation. 
Due to their higher mobility, the electrons diffuse 
faster toward the back contact than toward the holes. 
The electric field generated by the resulting charge 
distribution is thus opposed to the external field (the 
electrode being polarized anod~cally). The total elec- 
tric field in the generation region is therefore definitely 
too weak. This situation is pictured in Fig. 6a, which 
shows the electric potenti=al for anodic polarization in 
the dark (curve 1) and under illumination by mono- 
chrom:atic light only (~. < 570 nm, curve 2). The cor- 
responding band diagram is shown in Fig. 6b. The 
experimental results provide compelling evidence for 
a profound change of the potential distribution upon 
the simultaneous illumination of the electrode by pene- 
trating radiation. The effective range of wavelengths 
of this additional light is confined to a rather narrow 
spectral region near the onset of the absorption in 
HgI2. In other words, in order to be efficacious, the 
long wavelength photons must be able to cause inter- 
band transitions and hence produce additional mobile 
carriers of both signs in the bulk of the electrode. Sub- 
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ous illumination with sub-bandgap photons (3). b: Band diagram 
corresponding to illumination mode 2. The dots in the figure rep- 
resent empty hole traps, c: Band diagram for illumination mode 3. 
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sequently, the holes become trapped in the bulk, so 
that the steady-state photocurrent is mainly carried 
by electrons. (There is a marked difference in mobili- 
tie~ for electrons [~  100 cmz/Vs] and holes (~ 4 cm"/ 
Vs), as has been shown by many authors (3, 11). 

Hence the irradiation of the sample with penetrat- 
ing radiation leads to a shirt of the electron Fermi 
level from a value near the middle  of the bandgap 
towards the conduction band. The insulator is thus 
transformed into an effective n-type semiconductor 
with a carrier concentration depending on the inten- 
sity of the penetrating radiation. The trapped holes 
play the role of the positively charged donors in an 
ordinary semiconductor. (Curve 3 of Fig. 6a shows 
qualitatively the potential distribution for this situa- 
tion, and Fig. 6c shows the corresponding band dia- 
gram [bOth again for anodic polarization].) 

With this picture in mind, we see that the asym- 
metry between cathodic and anodic polarization im- 
mediately becomes apparent. In the cathodic case, 
both the increased recombination rate due to the ac- 
cumulation of electrons at the surface and the poor 
mobility of the holes lead to a negligible photocurrent 
for nonpenetrating (i.e., short wavelength) radiation. 
In the anodic case, however, the electric field in the 
depletion region (Fig. 6c) will be able to separate 
the charge carriers produced by the nor~penetrating 
radiation. This will happen only if the ratio between 
the barrier's height and width is high enough. The 
barrier height and width are controlled not only by 
the applied voltage, but also by the intensity of the 
long-wavelength radiation, since the latter controls 
the doping level. In the depletion approximation, the 
barrier width depends on the inverse square root 
of the doping concentration. We are now able to ex- 
plain the nonlinear intensity dependence of the photo- 
current for nonpenetrating radiation (Fig. 2), and 
for low-level penetrating ra,diation. Only if the in- 
tensity of the latter is made high enough, so a de- 
pletion region forms, does one get a linear relationship 
over an appreciable range of intensities. Under the 
same conditions, the saturation at low potentials (Fig. 
1) and the high quantum efficiency follow suit. 

Without a more detailed investigation (by other 
means) of the trapping processes occurring in our HgI2 
crystals, it does not seem appropriate to construct an 
artificial trapping model which might explain the time 
dependence of the photocurrent shown in Fig. 4 and 5. 

It is, however, possible to give some qualitative 
arguments on the basis of the available experimental 
evidence. Figure 4 suggests a very slow buildup of the 
space-charge layer under sub-bandgap illumination 
which could result from the slow filling of deep hole 
traps. The latter might then be expected to be suffi- 
ciently long lived so that once they have been gen- 

erated, the response is governed by other processes 
which may very well be much faster (Fig. 5b). For a 
detailed discussion of these phenomena, the recom- 
bination mechanisms and eventual electron trapping 
will have to be taken into account. 

Conclusions 
We have shown that red HgI2, which is a material 

with an extremely high resistivity, can be optically 
doped so that photoelectrochemical investigations be- 
come feasible. A model has been proposed in which 
holes generated throughout the bulk by weakly ab- 
sorbed long-wavelength light are trapped and so act 
as ionized donors and convert the insulator into an 
effective n-type semiconductor. This greatly affects 
the potential distribution near the electrolyte inter- 
fac e . The much-improved carrier separation leads to 
a pronounced enhancement of the otherwise poor quan- 
tum yield up to values above 50% over a wide spectral 
range. 

The dependence of the steady-state photocurrent on 
applied potential and light intensity and the observed 
transient effects are in agreement with the model men- 
tioned above. 
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ABSTRACT 

The electrical resistance of the gas-solution mixture and the hydrodynamic pressure drop in a vertical cell operated 
under forced circulation of the electrolytic solution were measured. They strongly depended on the electrode configuration 
and the cell geometry, especially in narrow channels. One must be careful designing electrolyzers with gas evolution, other- 
wise the cell voltage increases extensivel:}: Relationships among the electrical resistivity, the gas void fraction, the flow rate 
or the Reynolds number, the friction factor, and others are obtained. 

The electrolyte conductivity in electrolyzers decreases 
when the solution contains gas bubbles, resulting in 
high cell voltage. The flow of the gas-solution mixture 
in a vertical cell depends on the configuration of the 
etectrolyzer and is classified into three types: blocked 
convection, natura l  circulation, and forced circulation 
(1). Of these, blocked convection is undesirable, 
especially in narrow channels since separation of gas 
bubbles from the two-phase mixture is difficult. Elec- 
trolyte circulates by gas lift when a downcomer is 
provided, which is a common feature of water electro- 
lyzers and chlor-alkali  cells. The gas voidage in the 
electrolysis zone, and hence the ohmic voltage drop, 
are decreased by natural  circulation in this case. The 
gas voidage can be further reduced by forced cir- 
culation, however, it is rarely used because a circula- 
tion pump is required. Most experiments described 
here were conducted under forced circulation to clarify 
the hydrodynamic behavior of the vertical cell with 
gas evolution since the analysis of natural  circulation 
of electrolyte was somewhat complicated. The results 
obtained are, of course, applicable to cells under 
natural  circulation when appropriate assumptions and/  
or modifications are used. 

The anolyte and/or  catholyte of the membrane- type 
chlorine cell are circulated between their compart- 
ments and respective reservoirs to maintain the sotution 
composition and temperature. Also, the current effi- 
ciency is improved somewhat by solution circulation, 
probably due to reduced concentrations of NaC1 and 
NaOH near the membrane in both sides. 

General ly  speaking, the interelectrode gap or the 
distance between ~he electrode and the separator must 
be small for reducing the IR drop and cell voltage. 
But good design is important otherwise the gas voidage 
in the narrow channel increases, resulting in large 
IR drop. 

Nonflat plate electrodes such as perforated plate, 
mesh, and expanded metal can release electrolytic gas 
bubbles in the space in the rear  of the electrode (2, 3), 
but these electrodes result  in friction loss of solution 
flow. 

This work deals with the hydrodynamic behavior 
of a vertical cell equipped with gas evolving elec- 
trodes of various kinds and the voltage characteristics 
of these systems. 

Experimental Procedure 
The flow sheet is i l lustrated in Fig. 1. The electro- 

lyre 0.2N NaOH, was pumped into the bottom part  
of cell through the flowmeter, and was sent back to 
a 30 liter reservoir where the solution temperature 
was controlled by both an electric heater (1 kW) and 
a cooling water  coil. 

* Electrochemical Society Active Member. 
K e y  w o r d s :  bubb le  effects, electrolyte conductivity, flat plate 

electrode, forced circulation, friction factor, gas void fraction, 
mesh electrode, pressure drop, v e r t i c a l  cell. 

A vertical PVC pipe (19 mm inner diam and 64 cra 
long), equipped with two platinized Pt  foil electrodes 
of 23 mm length and 3 mm width, was located above 
the test cell to determine the conductance of the two- 
phase mixture and hence, the gas void fraction at the 
cell top (ew). The  relationship between the gas void- 
age and the conductance was calibrated prior to the 
measurement. 

The returned solution was reserved in the cushion 
tank during the conductivity measurement to avoid 
any disturbance of the leakage current from the elec- 
trolyzer. Gas was purged out from the cushion tank 
and the reservoir. 

Two Luggin-Haber probes were positioned at  the 
center of the electrolyzer to evaluate the gas voidage 
(~c) at the point from the solution IR drop perpen- 
dicular to the electrodes. One probe protruded 1-5 mm, 
depending on the electrode spacing, from the flat plate 
counterelectrode, and another Luggin was located 
just at the electrode surface. 

The pressure drop between the top and the bottom 
of the electrolyzer was measured by a manometer 
connected with the pressure taps located at the respec- 
tive points. The distance between two taps was 90 cm, 
but the pressure drop presented in the text was on the 
basis of lm in distance. 

The electrolyzer, made of Lucite resin, is shown in 
Fig. 2. The  flat plate counterelectrode and the flat 
plate test electrode were made of a Type 304 stainless 
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:TROLYTE 
INLET 

(A) FRONT VIEW ( UNIT= rnm) 

Fig. 2. Electrolytic cell (A and B) and expanded metal (C) 

steel sheet (100 cm long, 9 cm wide, and 2 mm thick). 
A heavy copper bus bar  was bonded at the end of the 
steel plate longitudinally to ,avoid voltage drop in the 
electrode hardware. These electrodes were clamped 
together with a plastic spacer, and hence, the working 
area was 96 cm long and 3 cm wide. 

The electrode gap was varied in the range 1-20 mm 
with various spacers. The width of the space in the 
back of the nonflat plate electrode was also varied 
with theAspacers in the range 2.5-7.0 mm (see Fig. 2B). 

The nbnflat plate electrodes include the mesh elec- 
trodes (ME) and the expanded metal  electrodes (EX). 
The perforated plate electrode was also employed as 
reference. A mesh,  96 cm long and 3 cm wide, was 
soldered to the window frame (100 cm long and 9 cm 
wide) to fabricate the mesh electrode. Some examples 
of the meshes and expanded metals tested are listed in 
Table I. These materials were made of Type 304 stain- 
less steel with some exceptions, due to availabili ty in 
the market. Generally, the test electrode was used as 
cathode, and the counterelectrode as anode. 

January 1984 

Table I. Geometry of nonf/at plate electrodes 

Mesh 

Wire diam Open size Percent Resistances 
No. (mm) (ram) open (m~) 

ME-2 0.67 2.49 62.1 7.20 
4 0.60 1.36 49.1 4.67 
5 1.20 1.30 27.0 2,17 

12 0.254 0.592 49.0 18.50 
14 0.254 0.381 36.0 10.55 
L t 2.0 (2.4)" 2.2 22.7 0.50 

* transverse  

Expanded metal  

Resistance (rag)= 
Dimensions (ram) s 

Percent  Longi- Trans- 
No. T W B LW SW open tudinal verse 

EX-1 0.4 0.6 1.8 6.2 3.2 41 1.86 0.90 
2 0.5 0.7 2.4 8.2 3.6 36 2.30 1.07 

Cold ro l led  = For  1 crn • 1 c m  8 See Fig. 1C 

Caustic soda solution (0.2N NaOH) was electrolyzed. 
The operating temperature was 50~ The physico- 
chemical properties of the electrolytic solution at 50~ 
are as follows 

Specific resistance = 16.442 c r n  

Viscosity --  0.006101 g/crn see 

Density _-- 1.0215 g/cm s 

During electrolysis, hydrogen and oxygen evolved at  
the cathode and the anode, respectively, and mixed 
together because there was no separator between two 
electrodes. Thus, �89 mol H~ and Ya mol O~ were evolved 
for 1F. These gas bubbles cover the electrode surface 
and the overvoltage increases. On the other hand, 
the electrolyte resistance is increased by dispersion of 
bubbles. However, the surface coverage is small  since 
the solution flow diverts gas bubbles from the electrode 
in a vertical cell. 

The electrolytic current was varied in the range 
0-100A. The average current density was 34.7 A/dm~ 
at 100A of total current for a fiat plate electrode. 

The flow rate of solution was varied from 30 to 300 
cmS/sec. The interelectrode gap was a simple flow 
channel when a flat plate was used as the test elec- 
trode. On the other hand, the electrolytic solution 
could pass through the nonflat plate electrode to the 
back space, and hence, the actual flow rate in the 
electrolysis zone decreased. 

Results and Discussion 
Flat plate e~ectrode.--The terminal  voltage of the 

cell equipped with the flat plate electrode decreased 
with increase in the flow rate, especially at high cur- 
rents, and approached asymptotes as i l lustrated in 
Fig. 3A. At high flow rates, the terminal  voltage was 
almost linear with electrolytic current since the gas 
vo idage  was small even at  large currents (Fig. 3B). 
The cell voltage increased rapidly with an increase in 
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6 102. 6 O 

4 5J 4 

CURRENT (A) ELECTRODE GAP (turn) 

Fig. 3. Cell voltage as o function of the solution flow rate (A), 
the electrolytic current (B), and the electrode gap (C). Electrode - -  
flat plate. (A) Electrode gap ---- 2.5 ram. (B and C) Solution flow 
rate = 40 cm3/sec. 
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the e lec t rode  gap, especia l ly  for a smal l  gap (Fig. 3C) 
because of the d is t r ibut ion  of bubbles  across the elec-  
t rode gap in a wide  channel ;  tha t  is, most  of the bub-  
bles a re  c rowded n e x t  to the  electrode,  and on ly  solu-  
t ion flows in the center  of the  channel ,  while  bubbles  
are  un i fo rmly  d i s t r ibu ted  in a n a r r o w  channel .  I t  
differs f rom the resul ts  obta ined  under  na tu r a l  c i r -  
cula t ion and blocked convect ion (1, 2), where  the  cell  
vol tage  rises g rea t ly  when the e lec t rode  spacing be-  
comes smal l  because of large  gas voidage. 

F igure  4A shows examples  of  the solut ion res is t iv i ty  
and the gas voidage as funct ions of the flow rate.  The 
gas void fract ion (E) is r ep resen ted  by  Eq. [1] 

QG 
= . . . . . . . . .  [ 1 ]  

QG + SQs 

Genera l ly ,  the s l ip ra t io  (s) for  the  gas-solut ion  m i x -  
ture in e lec t ro ly t ic  cells is considered to be un i ty  (4, 5). 
Also, the  e lec t r ica l  res i s t iv i ty  of the  two-phase  mix tu re  
(p )  is a funct ion of �9 such as  

p 1 + 0.5. 
- -  = Maxwel l  [2] 

#o 1 --. 
a n d  

p 
-- = (1 - -  , )  - L s  Bruggeman [3]  

po 

Although  m a n y  have discussed the accuracy of these 
equat ions (6),  no significant difference is found in the 
range  ~ < 0.3 (7-10).  The gas void fract ion on the r ight  
side in Fig. 4A was ca lcu la ted  f rom Eq. [2]. 

Table  II  shows the vol tage balance  of the cell  wi th  a 
flat p la te  electrode.  At  low currents ,  the solut ion IR 
drop was on ly  one ten th  of the cell  vol tage when the 
solut ion flow ra te  was ~arge. On the  o ther  hand,  it  be -  
comes the 1,argest component  of the  t e rmina l  vol tage at  
la rge  amperages  and smal l  flow ra tes  because the re -  
duced res i s t iv i ty  (p/po) increases wi th  an increase in 
the amperage  and a decrease  in the  flow rate.  The re-  
s is t iv i ty  p is a lmost  independen t  of  the  in tere lec t r0de  
gap since the gas  voidage is a funct ion of the amperage  
or  the gas evolut ion ra te  and the solut ion flow ra te  
(see Eq. [1]) .  

The potent ia l  drop, E d -I- ~--~1, in Table I IB is 0.15V 
l a rge r  than  tl~,at of  Table  IIA, p robab ly  due to a smal l  
devia t ion  of the  posi t ion of the  Luggin  probe  and the 
e lec t rode  gap du r ing  fabr ica t ion  of the cell. Deviat ion 
of the d is tance  by  0.1 m m  causes a vol tage  drop of 60 
mV at 35 A/dine,  for example .  

The pressure  d rop  vs. flow ra te  curve is a lmost  in-  
dependen t  of the e lec t ro ly t ic  cur ren t  at  flow ra tes  
more  than  100 cm3/sec as shown in Fig. 5 because the  
ga~ void f rac t ion is a lmos t  negl ig ib le  even at  la rge  

2.0 i 40  

1.8 

>- 
I- 
.~ 1.6 
I,-. 
o3 

1.4 

1.2 

1.0 

(A) 
CURRENT(A) 

u I00 

A 75 

I I I I 

I00 200 

FLOW RATE (crn 3/see) 

2.0 

Table II. Voltage balance with a flat plate electrode 
(Interelectrode gap = 2.5 mm) 

(A)  At  f low ra te  = 150 c n ~ / s e c  

Current ,  A 

25 50 73 10O 

Anode  po ten t ia l ,  EA* 0.76 0.78 0.79 0.80 
Cathode  po ten t ia l ,  Ec* -1 .47  -1 .51 -1 .53  --1.55 
Decompos i t ion  v~l tage ,  Ed 

+ overvo l tages ,  ~ 2.23 2.29 2.32 2.35 
Solut ion  IR drop,  IR,ol 0.21 0.71 1.12 1.71 
T e r m i n a l  vol tage ,  Vz*" 2.44 3.00 2.44 4.06 

(B) A t  100A ( =  34~7 A / d i n  ~) 

F low rate~ cm~/~ec 

30 50 100 150 

Reduced res i s t iv i ty ,  p/po 1.75 1AO 1.23 1.17 
Solut ion  vo l t age  drop,  

lRso I * * * 2.49 1.99 1.75 1.66 
T e r m i n a l  vol tage ,  VT 5.00 4.55 4.25 4.15 
VT - -  1Re~l = E~ + Z~ 2.51 2.56 2.50 2.49 

1.8 

3 0 ~  
1.6 

u. I1~ 
,.~ ~ 1.4 

I0 1.2 

0 1.0 

* V vs. H g / H g O  
* "  VT = l~d + Z~ + IRsoZ 

" * *  E s t i m a t e d  IR drop  f r e e  of bubb le  = 1.42V. 

amperages .  At  low flow rates ,  the  p ressure  d rop  be-  
came negat ive ,  depending  on t h e  amperage ,  due  to 
gas lift.  I t  suggests c i rcula t ion  of the  two-phase  flow 
in a closed loop in the cell. The flow pa t t e rn  in a cell  
wi th  a pe r fo ra ted  electrode is i l lus t ra ted  in Fig. 1 in 
the  previous  pape r  (2). Cont r ibut ion  of such compl i -  
cated flow to the  reduct ion of the  gas void f ract ion 
in the in te re lec t rode  gap was small .  Therefore,  an 
appropr ia t e  design of the cell, especia l ly  the down-  
comer  or the  back  space, is impor tan t  if  one seeks to 
decrease the gas voidage b y  means  of n a t u r a l  c i rcu la -  
tion. 

The pressure  drop  in the cel l  equipped wi th  an ex-  
panded  meta l  e lec t rode  is s ignif icant ly large  compared  
to the  flat p la te  electrode,  due to tu rbulence  of the  solu-  
t ion flow, as i l lus t ra ted  by  the dot ted  l ine in Fig. 5. 

Thorpe  et aL proposed the f r ic t ional  p ressure  drop 
mul t ip l i e r  (,If) as follows (5) 

a P  T 
,I, = ,  [ 4 ]  

~J's 

Vogt in t roduced  a coefficient K, which  is a funct ion of 
e ( I 0 )  

dPT dPs  
= K .  [5] 

dx dx 

(B) 
FLOW RATE (cm3/ser 
0 40  

A 80  

[] 150 

I I , I I 

50 I00 

CURRENT (A) 

Fig. 4. Reduced resistivity (p/ 
po) as a function of the solution 
flow rate (A) and the electrolytic 
current (B). Electrode = flat 
plate; electrode gap - -  2.5 ram. 
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Fig. 5. PresSUre drop vs. solution flow rote curves. Electrode 
flat plate; electrode gap - -  5.1 mm. 

1 ]T (1 -}- e) n 
K = - -  = [6] 

1 - - e  is 1 - - e  

where  n is an exponent  depending  on the flow velocity,  
e.g.,n = 1 for l amina r  flow and n = 0 for fu l ly  de -  
veloped tu rbu len t  flow. Corre la t ion be tween  ,I, and K 
is as follow~ 

~, = K -  [7] 
H 

For  fu l ly  developed tu rbu len t  flow, Vogt obta ined Eq. 
[8] 

1 - -  0.Set 
,I, = . [8 ]  

l - - e r  

The mul t ip l i e r  ,t, eva lua ted  wi th  the exper imen ta l  re -  
sults was a function of the gas void fract ion and the 
e lect rode gap, as shown in Fig. 6, a power  ~aw, Eq. [9], 
fit the da ta  be t te r  than  Eq. [8] 

( 1 - - 0 " S E T  ) ~n 
@ = [9 ]  

l - - a T  

m = 840d + 0.5 [10] 

If  n = 0.25, we obta in  

( f  [l+er(x/H)]~ d H )  ~n" 

O.6 

ELECTRODE GAP �9 10.2ram 

0.5 / 
5,1ram 

r O O A �9 A 
0.4 

~ 0.~, 
3 00 4, 0 ~ �9 

0.2 O O / .  ~ * O~r. - " ~ C URRENT(A) 
o " , t ' ~  " _~-  o - - "  - ^ ^~ 

0 0 ~  f .  ".,~K �9 

1 3 ~  - e  IO.2 5.1 

0.0 ~ 1 ~  I I I I �9 2.5 
0 0,02 0,04 0.06 ode 0.10 0.12 

LOG (I -  eT /2 } / ( ] -  E T ) 

Fig. 6. Frictional pressure drop multiplier (~ )  vs, gas void frac- 
tion at the cell top. Electrode = f lat  plate. 

m '  = 750d + 0.8 [12 ]  

This equat ion  is too compl ica ted  for prac t ica l  use, and 
i t  gives a lmost  the same resul ts  as Eq. [9]. Al though a 
s imple  fo rm of ,I, can be found (11), i t  devia tes  signifi-  
cant ly  f rom exper iments .  

Because the f r ic t ional  pressure  d rop  mul t ip l i e r  de -  
pends on the geomet ry  of the  flow channel ,  as shown 
by  Eq. [9] and [11], fu r the r  work  is required.  

Nonflat plate electrodes.inMost of the  mesh elec-  
tro.des tested showed h igh  vol tages compared  to the  
flat p la te  e lect rode as shown in Fig. 7. The vol tage wi th  
the  expanded  meta l  e lect rode was a lmost  the  same as 
wi th  the flat p la te  electrode,  and a few mate r ia l s  such 
as ME-4 were  preferable .  

The cell  vol tage wa~ almost  independent  of the mesh 
size when  the back  space was small ,  but  the  vol tage 
of  the cell  having  a large  back  sphce increased as the 
mesh became l ighter  because the  two-phase  mix tu re  
could no t  escape f rom the electrolysis  zone to the back  
space. That  is, the ac tual  flow rate  in the electrolysis  
zone becomes smal l  at  a given flow ra te  when the back 
space is large,  resul t ing  in large  gas voidage. 

I f  the  back space was too large and the mesh was so 
t ight  the two-phase  mix tures  could not  pene t ra te  it, 
the cell  vol tage rose g rea t ly  as the in tere lec t rode  gap 
decreased,  jus t  as the vol tage of na r row cells having 
a pa i r  of the flat p la te  e lectrodes was h igh  (1).  The 
cur ren t  d i s t r ibu t ion  nea r  the  nonflat  p la te  e l ec t rode  
causes a large  solution IR drop, especia l ly  in the na r -  
row channel.  Both oxygen and hydrogen  overvol tages  
on the nonflat  p la te  e lect rode are  h igh  because of re -  
duct ion of the  e lec t rode  area,  which also causes high 
cel l  voltage.  

The reduced res is t iv i ty  a t  the ceil  top and at  the  
cen te r  of the  cell  are  shown in Fig. 8. The res is t iv i ty  
o.f the two-phase  flow at the cell  top is of course in-  
dependent  of the  e lec t rode  configuration, but  is only  a 
function of the gas void fract ion (Fig. 8A).  

On the o ther  hand, the res is t iv i ty  of the  two-phase  
system in the  electrolysis  zone depends g rea t ly  on the 
electrode configuration, as shown in Fig. 8B. Note that  
the  res is t iv i ty  in the e lectrolysis  zone is s ignif icant ly 
l a rge r  than  at the cell  top when  a bad ly  designed elec-  
t rode is employed,  suggest ing ve ry  large  gas voidage 
in the electrolysis  zone in comparison wi th  tha t  in the 
back  space. The expanded  meta l  electrodes,  both  EX-1 
and EX-2  in this figure, can re lease  e lec t ro ly t ic  gases to 
the back  side, resu l t ing  in low gas voidage arid cel l  
voltage.  

In  the  previous  p a p e r  (9), assumpt ions  of a l inear  
d is t r ibut ion  of a popula t ion  of gas bubbles  a long the 
ver t ica l  flat plate  e lectrode and also un i form d i s t r ibu-  
t ion pe rpend icu la r  to the electrode,  agreed  wi th  the  

z~ ME-2 ~ ME-f4 
~ 0 4 �9 L 

7 ~ O 5 �9 EX-I 

5 

3 I ! 
IOO 200 300 

FLOW RATE (cmJ/sec) 

Fig. 7. Cell voltage vs. solution flow rate curves. Electrode = 
nonflat plate; electrode gap = 1.1 ram; back space = 7.0 ram; 
electrolytic current = 100A. 
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Fig. 8. Reduced resistivity {p/po) vs. solution flow rate curves at 
the cell top (A) and at the center (B). Electrode - -  nonflat plate; 
electrode gap - -  1.1 ram; back space - -  7.0 ram; electrolytic cur- 
rent - -  IOOA. 

e:~periment. A n  es t ima ted  gas vo id  f rac t ion wi th  an 
assumpt ion  of ,c ---- er/2 is i l lus t ra ted  b y  the dot ted  
l ine  in Fig. 8B. A l l  of the e x p e r i m e n t a l  da ta  wi th  the 
mesh electrodes a re  signif icantly l a rge r  than  the do t ted  
line. 

Al though  a l a rge  por t ion  of e lec t ro ly t ic  gas bubbles  
can escape f rom the electrolYSis zone to the back  side 
th rough  the mesh,  the in te re lec t rode  space is s t i l l  
c rowded wi th  a s w a r m  of gas bubbles ,  and its gas 
voidage is greate  r than  that  in the back  space and also 
that  wi th  a s imple assumption:  ~c ---- eT/2. 

The cel l  geomet ry  such as the ra t io  of the e lect rode 
spacing (d) to the  dep th  of the back space (ds)  is also 
an impor t an t  factor  of p/po and ~, as shown in Fig. 9, 
for  example .  A s t ra igh t  l ine in the  figure shows ,c = 
,T/2. The  gas voidage in the electrolysis  zone is almost  
equal  to that  in the back  space if the rat io d/ds is 
large.  On the other  hand, a n a r r o w  space be tween  
two e lect rodes  was c rowded with  a swarm of gas 
bubbles  and the gas void f ract ion increased g rea t ly  
because  most of the solut ion passed th rough  the back 
space (Fig. 9A).  The gas void age in the  cell  equipped 
wi th  EX-1,  for  example ,  was a lmos t  un i fo rmly  pe r -  
pend icu la r  to the  e lec t rode  since the e lec t rode  pe r -  
mi t t ed  the  gas bubbles  to escape (Fig. 9B). 

Since a mesh in the flow behaves  as a tu rbu len t  
promoter ,  the pressure  d rop  of  the channel  is in-  
creased by  its insert ion,  as s'hown in Fig. 10 (also see 
Fig. 6). The pressure  drop in the  channel  wi th  ME-5 
was  v e r y  la rge  since this  mesh  was composed of th ick  
wires.  The  expanded  meta l  showed a la rge  pressure  
d rop  due to its configuration. Two meshes, ME-12 and 
ME-14, showed a r e l a t ive ly  smal l  res is tance to the 
two-phase  flow since these meshes were  fabr ica ted  
wi th  th in  wires  and tight.  The pressure  drop  is, of 
course,  a funct ion of  the  cell  geomet ry  as well.  
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Fig. 9. Gas void fraction at the cell top and at the center. 
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Fig. 10. Pressure drop vs. flow rate curves in the single-phase 
flow (zero current). Electrode = nonflat plate; electrode gap = 
1.1 mm; back space ---- 2.5 mm. 

The pressure  ,drop (~Ps)  is represen ted  as follows 

Us 2 H 
~Ps "- 4f - -  d [133 

2g~ De 

where  the equiva len t  d iamete r  of the flow channel  is 
roughly  shown by  Eq. [14] 

2w (d + dB -~- $) 
De - -  [14] 

W ~- d-Sds+ t 

The friction factor is a function of the Reynolds 
number Re and the slope of the logarithmic plots of 
f vs. Re are almost independent of the inserts, as shown 
in Fig. Ii. Consequently, we have an equation 

f ----- f l  Re -~ (400 < Re < 2000) [15] 

where fl is the standard friction factor at Re _-- 1, 
and is a function of the insert. 

The pressure drop vs. flow rate curves were almost 
independent of the rate of gas evolution even at large 
currents, except at low flow rates, smaller than 50 
crn3/sec, where the pressure drop became negative 
due to the gas lift. 
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The fr~.ctional pressure drop multiplier in the channel 
equipped with a mesh electrode agrees well with Eq. 
[9], as shown in Fig. 12, and the exponent m varies 
linearly with the cell geometry (d ~ dB), as shown 
in Fig. 13. 

C o n c l u s i o n  

'The cell voltage decreased with increasing flow rate 
since the gas void fraction decreased. The voltage of 
the narrow channel equipped with a pair of the flat 
pla~e electrodes was low when the flow rate of electro- 
lyte was large enough. 

The terminal voltage of the cell equipped with the 
nonflat plate electrode was rather high ~ompared to 
that with the flat plate electrode. Therefore, careful 
selection of the electrode material and appropriate 
design of the Cell equipped with the nonflat plate elec- 
trode are of great importance since the cell voltage is 
sensitive to the bubble effects. 

The mesh electrodes of ca. 50% open yielded the 
lowest cell voltage. Tight meshes woven with heavy 
wire retard gas bubbles passing through. However, 
the overvoltage and the electric resistance of these 
electrodes, and hence the cell voltage, are relatively 
low. 
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Fig. ]2. Frictional pressure drop multiplier ('t.) vs. gas void 
fraction at the cell top. Electrode ---- ME-2; electrode gap = 1,1 
ram; back space ' - -  7.0 ram. 

The expanded metal electrode permits gas bubbles 
to escape and contributes to the reduction of the cell 
voltage even at low flow rates. 

The logarithmic plots of the friction factor vs. the 
Reynolds number was linear, and the slope was inde- 
pendent of the electrode configuration. The standard 
friction factor fl depends on the type of electrode. 

The friction loss with the mesh electrode woven 
with thin wires less than 0.6 mm in diam was small. 
The friction loss with heavy wire mesh was large. Cold 
rolling enabled the reduction of the hydraulic resist- 
ance of mesh, whereas the open area was decreased. 

The frictional pressure drop multiplier ,I, was related 
to the gas void fraction with a simple equation. Con- 
sequently, these factors are useful for designing a 
vertical cell equipped with either a flat plate electrode 
or a nonflat plate electrode operated under forced 
circulation of electrolytic solution. The experimental 
results are also applicable for a cell operated under 
natural circulation. 

Manuscript submitted Jan. 19, 1983; revised manu- 
script received Aug. 1, 1983. 

LIST OF SYMBOLS 
c[ density of bubble-free solution, kg /m 8 
d electrode spacing, m 
dB depth of back space, m 
De equivalent diameter of channel, m 
Ed decomposition voltage, V 

friction factor 
I~ standard friction factor 

friction factor for single-phase flow 
]W friction factor for two-phase flow 
gc conversion factor for gravity acceleration, kg 

m/sec 2 kg 
H electrode height, m 
K coefficient 
m, ~n' components 
n component 
APs, dPs pressure drop of single-phase flow, kg /m ~ 
APT, dPr pressure drop of two-phase flow, kg/m ~ 
Qs solution flow rate, m3/sec 
QG gas evolution rate, mS/sec 
s slip ratio 
t electrode thickness, m 
Us flow velocity of solution, m/sec 
w electrode width, m 

distance, m 
e gas void fraction 
ec gas void fraction at the center of cell 
er gas void fraction at the cell top 

electrical resistivity of gas-solution mixture, 
~ m  
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Conductivity of Anodic Silver Chloride during Formation 
Theodore R. Beck* and David E. Rice 

Electrochemical Technology Corporation, Seattle, Washington 98107 

ABSTRACT 

Si lvere lec t rodes  were anodized in KC1, NaC1, LiC1, and HC1 solutions of concentration greater than 4N. High field con- 
duction was exhibi ted by the growing AgC1 film during the anodizing process at current  densit ies greater than 1 mA/cm 2- 
The high field barrier  film reverts to a porous high conductivi ty film at applied potentials greater than 20V or when the 
anodizing current is in terrupted or briefly reversed. 

Anodic  s i lver  chlor ide  films for  Ag/AgC1 reference  
e lec t rodes  are  commonly  formed in 0.05N KC1 or  0.1- 
1N HC1 at cur ren t  densi t ies  of  0.4-10 m A / c m  2 (1). 
Under  these conditions,  porous anodic films form with  
specific conduct ivi t ies  tha t  are  10-100 t imes (1-4) 
tha t  of bu lk  AgC1. The  conduct ivi t ies  of these films 
increase  wi th  the  concentra t ion  and conduct iv i ty  of 
t he  e lec t ro ly te  in which they  are  measured,  ind ica t -  
ing a p redominance  of  pore  conduction. 

The presen t  work  deals  wi th  fo rmat ion  of anodic 
AgC1 films in concent ra ted  (4-15N) solutions of KC1, 
NaC1, LiC1, and HC1. For  these electrolytes ,  there  is a 
region of cur ren t  densi t ies  in which AgC1 films exhib i t  
h igh  field conduction, i.e., exponent ia l  re la t ion of cur -  
r en t  dens i ty  to potent ia l ,  du r ing  the anodizing p ro -  
cess. There  is no sys temat ic  re la t ion  of  the film con- 
duc t iv i ty  to solut ion conduc t iv i ty  for  the  high field 
films, indica t ing  a bu lk  film effect. This region is i l -  
lus t ra ted  in Fig. 1. The high field conduct ion region 
occurs at  concentrat ions  wel l  above common usage for 
anodizing s i lver  for reference  electrodes,  which may  
account  for  i t  no t  being prev ious ly  observed and 
studied,  

Experimental 
Anod iz ing  exper imen t s  were  conducted wi th  s i lver  

d isk  or  r ec t angu la r  electrodes imbedded  flush in epoxy  
res in  insulat ion.  S i lver  f rom three  sources was used:  
99.999% pure  bead  (Cominco) ,  an unknown  but  high 
p u r i t y  rod, and 99.9% pure  wire.  The respect ive  d i -  
mensions  of the s i lve r  e lect rodes  were:  d ----- 1.8 ram, 
A = 2.5 mm~, length  : 2 ram; 1.6 • 3.2 m m  rectangle,  
A --  5.0 mm~, length  _-- 25 ram; d : 0.75 ram, A = 0.44 
m m  2, length  _-- 25 ram. P r e t r e a t m e n t  was sanding wi th  
no. 600 si l icon carb ide  pape r  and rubb ing  wi th  a cot ton 
swab under  the  e lec t ro ly te  solutions. Solutions were  
made  f rom ACS specification chemicals  and  dis t i l led  
water .  

A Pr ince ton  App l i ed  Research 173 potent ios ta t  was 
used for  the  constant  cur ren t  exper iments  wi th  a 
p l a t inum counterelect rode.  The s i lver  e lectrodes were  
moun ted  in the  anode facing up posi t ion so tha t  events  
could be observed under  a 60X binocular  microscope. 

" Electrochemical  Society Active Member. 
Key words: films, electrode,  currer~t density,  transients.  

Poten t ia l  t ransients  of the s i lver  e lectrodes were  m e a -  
sured in respect  to a sa tu ra ted  ca lomel  electrode.  Slow 
low current  dens i ty  t rans ients  were  recorded on a s t r ip  
char t  recorder ,  and fast  h igh -c u r r e n t  dens i ty  t rans ients  
were  recorded on a s torage  oscilloscope. Al l  exper i -  
ments  were  car r ied  out  at  room tempera tu re ,  21 ~ _. 2~ 

Results and Discussion 
Constant current experiments.--A typica l  potent ia l  

t rans ien t  at  constant  cur ren t  is shown  in Fig. 2. F ive  
dis t inct  regions of potent ia l  were  observed  over  most  
of the range  of cur ren t  densi t ies  for  high field conduc-  
tion shown in Fig. 1, a l though at  the h igher  cur ren t  
densit ies the regions A and B were  indist inct .  In  region 
A, the  poten t ia l  a t  low cur ren t  densi t ies  was close to 
tha t  of the  revers ib le  Ag/AgC1 couple. The s i lver  
surface color  g radua l ly  turns  b rown dur ing  the per iod  
of region A, and ,at the end of reg ion  A, a wave  o f  
different  t ex tu re  is seen moving f rom the edges to the  
center  of the electrode.  No visible change is seen in 
region B. At  the beginning  of region C, smal l  gas 

High-field conduction region 

Boundary 
values 

Common �9 KCI 
Usage Region �9 NaCl 
(Ref. l )  

Ohmic pore �9 LiCl 
conduction �9 HCI 

I I I I 
- 3 2- T o 

l og  i (A/cm 2 ) 

Fig. 1. Current denslty-concentration region for high field con- 
duction compored to region of common usage. 
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Fig. 2. Typical potential transient at constant current. Time scale 
is approximately 100s down to 0.1s depending on current density 
from 10 -3  to 10 A/cm 2. 

bubbles  sprout  from the surface. Starch-iodide paper 
touched to t h e  removed electrode tu rned  blue, indi-  
cating that the bubbles were chlorine. Dur ing  regioIi 
C, a whitish haze appears over the surface and in-  
creases with time of anodizing. 

Region D is a near ly  l inear  rise in potent ia l  with 
time. No visible change occurs on the surface other 
than a decrease in the gas evolution rate. The slope 
of the region D curve increases with current  density. 
As region E is approached, occasional spikes of decreas- 
ing potential  occur. The frequency increases with t ime 
and in region E the spikes become a continuous band. 
Zones of intense agitation and evolution of microbub-  
bles a r e  seen to move around the electrode surface 
dur ing  region E. The potential  of region E is near ly  
independent  of current  density. 

The only  reasonable phenomenon that could cause 
such a large increase in potential  in region D is increase 
in AgC1 film resistance due to thickening with time. 
The AgC1 thickness for a dense film would vary  with 
{ime as 

iM 
I - -  (t  - T1) [1] 

zFp 
and the conductivi ty is defined by 

il 
K = ~ [2] 

Ar 

A constant  slope in region D shows that  AgCI conduc- 
t ivity is constant at constant current  density, and it 
can be readily shown that 

- [3] 
zFp (de~dr) 

The value of M/zFp is 2.67 • 10 -4 cm3/C for AgC1. 
Values of K calculated from Eq. [3] and exper imental  

data for three concentrat ions of chloride solutions are 
given in Fig. 3. Because of the high solubil i ty of LiC1, 
a wide range of concentrations was possible with LiC1. 
Current  density was based on geometric area; no 
correction was made for surface roughness. Within 
exper imental  error, no difference was observed in 
conductivities for the three electrodes with purit ies 
from 3-9 to 5-9. 

Conductivi ty is seen to vary as the first power of 
current  densi ty  in Fig. 3. A l inear  relationship of con- 
duct ivi ty to current  density in Fig. 3 is consistent with 
high field conduction 

i =  ioexp ( #ar ~ [4] 
\ I / 

for which the integral ,conduct ivi ty ,  Eq. [2], is 

K = #i/ln (~/io) [5] 

The term in (i/io) varies slowly with current  density 
as discussed fur ther  on. The higher measured conduc- 

O, 1 N KCI L i t e ra tu re  data 
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HCI v 
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log  i I (A/cm 2 ) 

Fig. 3. Calculated conductivities of AgCJ during anodizing in 
chloride solutions at constant current (region D, Fig. 2) compared 
to literature data for conductivity of AgCI after formation in lower 
concentration chloride. 

tivities in the 6N and 15N LiC1 solutions are not ex- 
plained at this time. 

The vertical bar  at the lower end of the line for each 
concentrat ion in Fig. 3 indicates the current  density 
below which region D of Fig. 2 is not observed. These 
are the values plotted in Fig. 1. At lower current  
densities the region C is extended and becomes noisy 
or the potential  goes into violent  fluctuations. Some 
published conductivities for preformed AgC1 from 
the common usage region of Fig. 1 are given in Fig. 3 
for comparison. 

The theoretical value of # based on an ion hopping 
model (5) is 

~zFa 
~Th~o~ = [6] 

RT 

For a ~- 0.5 and the hop distance, a, equal to the sum 
of ionic diameters of Ag + and CI- ,  2(1.26 H- 1.81) = 
6.14A (6), the value of #Theor at 294K is 1.2 X 10 .6  
cm/V. The exper imental  values in Fig. 3 (# = K 
In (i/io) at i --- 1 A/cm ~) are 2-4 times this value, 
which may be at t r ibuted in  par t  to the term In (i/io) 
and in part  to surface roughness. 

The t rue current  densi ty  should be smaller  by the 
roughness factor, 7, and the true conductivi ty cal- 
culated by means of Eq. [3] should be smaller  by a 
factor of 72. The result  in Fig. 3 is that  the plotted 
exper imental  conductivi ty is high by a factor of 7. 
Birss and Wright (7) observed a roughness factor of 
2-4 by EDL capacitance measurements  for silver sur-  
faces polished with up to 1200 grade emery paper. In  
our experiments,  some electropolishing is to be ex- 
pected under  the growing AgC1 films. 

Superimposed triangular wave.--To confirm that the 
growing AgC1 films conduct by the high field mecha-  
nism, fast t ransient  experiments  were conducted dur -  
ing film growth in region D. A 10 Hz t r iangular  cur-  
rent  ~mve of am,plitude +--1.1 il was superimposed for 
a second or less on the steady anodizing current  il at 
certain potentials, r Current-vol tage  curves were dis- 
played on the storage oscilloscope. Results of a s e t  of 
experiments  in saturated LiC1 are shown in Fig. 4. 
The curves are clean and  reproducible at a frequency 
around 10 ttz, whereas lower frequencies disturbed 
the anodizing current  for too long a t ime and high 
frequencies gave hysteresis loops. The curves go 
mT~oothly through the origin and give negative poten- 
tials at negative cur ren t  densities; the Ag/AgC1 
reversible potential  is essentially equal to the SCE 
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Fig. 4. Potential-current density transients for 10 Hz triangular 
current density wove superimposed on the steady il  = 0.01 A/cm 2 
at various potentials. ~I ,  in region D (Fig. 2), saturated LiCI, 5 
mm 2 electrode. 

potential within the accuracy of the scale of Fig. 4. 
Increase in the amplitude of the triangular current 
density wave in the negative direction gave a sharp 
decrease in magnitude of the potential (higher con- 
ductivity), which, however, recovered to the Fig. 4 
displayed potentials on the positive sweep. This sharp 
decrease in potent!al (increase in conductivity) for a 
large negative current density sweep and recovery of 
potential suggests incipient pore or crack formation 
and healing. 

Data from Fig. 4 are plotted semilogarithmically in 
Fig. 5 in accordance with the high field equation. The 
curves become linear at the high current density ends 
but deviate at the low current density ends. Extrapola- 
tion of the linear region to zero potential in Fig. 5 gives 
io ---- 0.0022 _+ 0.0005 A/cm2 in the high field equation. 
Since the curves in Fig. 4 go linearly throughthe origin 
and are logarithmic in Fig. 5 at higher current densities, 
the hyperbolic sine function was fit to the data. 

i = 2io sinh ( ~ *  ~ [7] 
k l ] 

The inverse function 

s/nh-1 = T ~r [8] 

was used to replot data from Fig. 4 with io -- 0.0022 
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Fig. $. Replot of Fig. 4 curves on semilogorithmic coordinates 
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Fig. 6. Replot of Fig. 4 curves in accordance with hyperbolic 
sine function. r is the quasi steady-state potential at which the 
triangular wave is superimposed, io = 0.0022 A/cm 2, ii - -  0.01 
A/cm ~. 

A/cm% As shown in Fig. 6, the data plot as straight 
lines using Eq. [8]. Conductivity of anodically form- 
hug silver chloride appears to follow a function ana- 
logous to the Butler-Volmer equation of electrochemi- 
cal kinetics. 

Disc~sion.--The slopes of the lines in Fig. 8 can be 
used to calculate the parameter, I/~ 

-- = [9] 

The  va lue  of I at each potent ia l ,  r can be de te rmined  
f rom Eq. [1] i f  $1 is defined. The  va lue  of  T1 was de-  
t e rmined  f rom the zero potent ia l  in tercept  of the plot  
of the slopes of the curves in Fig. 6 vs. time from ~o 
(Fig. 2). The value of rl ---- 53 sec found corresponds 
approximately to Tz shown in Fig. 2. In other words, 
it appears that most of the current density in regions 
A, B, and C builds porous AgC1 and generates chlo- 
rine, rather than contributing to the barrier layer. 

Values of io for experiments over a range of anodiz- 
Lug current densities, il, for which measurements were 
feasible are plotted in Fig. 7. The linear least squares 
fit to these data in logarithmic coordinates gives 

io = 0.089 h o.sl [lO] 
for 0.003 < ~,1 < 0.06 A/cm s. 
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The value of io is not constant, but  varies as the 0.81 
power of the base applied current  density, i~. Assum- 
ing Eq. [10] to apply over the whole range of the ex- 
Periments,  0.00t < il < 10 A/cm 2, the value of In ( iJio)  
in Eq. [5] for steady-state anodizations varies from 
1.11 to 2.86. 

The. extrapolated current  density at which il -- io, 
and below which low field or ohmic conduction would 
always be expected, is il ---- io ---- 3.0 • 10 -6 A /cm 2, a 
value outside of the possible range of the present  ex-  
periments.  The low field conductivity from Eq. [7] 
would be 

Kn = 2io~ [11] 

The extrapolated lower l imi t /o  and ~ -- 5 • 10-6 cm/V 
from Fig. 3inEq. [I i]  give~a = (2) (3 X 10 -6) (5 X 
10 -6) -- 3.0 • 10 -11 S ' c m  -I. This value is in ap- 
proximate agreement with the intrinsic conductivity 
from the paper by Corish and Jaeobs (8), extrapolated 
to a temperature of 298 K. These results indicate that 
the conductivity of silver chloride at the high current 
densities (>10 -3 A/cm 2) reported herein are due to 
the intrinsic conductivity of AgC1 rather than ex- 
trinsic conductivity from impurities which give a 
value of about I0 -7 S �9 cm - I  (8, 9) for 5-9 purity silver 
chloride arrd 3 X 10 -6 S .cm - I  (8) for 3-9 AgCl. 
These literature conductivities were measured at small 
current densities with impedance bridges. Impurities 
in the silver electrodes would be expected to be di, 
valent and less noble than silver and be oxidized into 
the silver chloride as ionic impurities. 

Interruption of the current during the anodizing 
process in region D of Fig. 2 for periods of seconds 
or more followed by reapplying the current results in 
a restart through regions A to D. The periods of regions 
A, B, and C are shorter and the initial slope in region 
D steeper to the potential at which the current was 
interrupted compared to the first curve. The slope 
then becomes the same as the first curve. These data 
suggest that pores or cracks form in the barrier film 
when the current is interrupted and heal when the 
current is turned on again. 

The noise and erratic potentials in region C at low 
current densities also indicate an instability and open- 
ing of pores or cracks. The rapid decrease in the ab- 
solute value of the negative potential (increased 
conductivity) at negative current densities in the 
superimposed triangular current density wave (Fig. 4 
type experiment) also indicates opening of pores. The 
time for the conductivity to increase at negative current 
density in the negative sweep was observed to be about 
20 msec. Even more rapid cracking and healing is noted 
in Fig. 4 for the thicker films. The time for the short- 
est excursions in potential (conductivity increase) is 
less than a line width in Fig. 4, ,,~0.2 msec. 

The noise and the potential plateau in region E, Fig. 
2, also suggest a continuous widespread fracture and 
healing process in the AgCl film. The accompanying 
intense agitation by microbubbles of chlorine is also 
consistent with C1- discharge at high overpotential 
at the base of cracks in the AgCI layer. The existence 
of region E ~uggests that the thicker AgC1 layer  is 
under  considerable mechanical  strain. Since the po- 
tent ial  of region E is near ly  independent  of current  
density in the region 10 -3 < i < 10 A /cm 2 for a given 
electrolyte, the AgC1 film thickness in region E is 
near ly  independent  of current  density. The thickness 
is 

IE = ~A~E/In (i/iO) [12] 

from Eq. [5] and [2]. The barr ier  AgC1 film thickness 
in  region E is therefore about 1E -- (5 X 10 -6 cm/V) 
(20V) : 1 • 10-4 cm or on the order of one microm- 
eter, neglecting In 0/%).  

Bro and Marincic (10) observed a potent ia l - t ime 
dependence like that in Fig. 2 on galvanostatic charg- 
ing of si lver in  2M ZnCI2, 0.5M NaC104 solution at 

0.15 AJcm 2 but  did not t ry to explain it. They at t r ibuted 
their  plateau at 30V to Joule heating of their th in  
electrodes and onset of boiling. A much smaller  tem- 
pera ture  rise is expected for the relat ively more mas-  
sive silver electrode used in the major i ty  of the pres-  
ent  experiments  in which the 5 m m  2 rod was 25 m m  
long. The heat generated in  the growing AgC1 film 
from T1 to ~E in Fig. 2 is 

f: Qg = i~d~ [13] 

Subst i tu t ion of idz from Eq. [3] and [5] into Eq. [13], 
assuming @ -- 0 at T ---- ~1 and neg lec t ing ln  (i/io) gives 

~zFp p * ~  pzFm~ 2 

Qg = M'" !'~ r162 = 2-----M--- [14a 

The heat generated in an AgC1 film in region D, ir-  
respective of cur ren t  density, is approximately 

(5 • 10 -6) (202) 
Q~ = = 3.75 J / c m  ~ [15] 

(2) (2.67 • 10 -4) 

The sensible heat that can be absorbed by the si lver 
rod is 

Qs = pslsCpAT J / cm 2 [16] 

If all  of the heat generated is absorbed by the silver 
rod, the tempera ture  rise is 

3.75 
AT = ~ [17] 

pslsCp 
Handbook values of silver densi ty and specific heat 
(10) and I : 2.5 cm give 

AT --- (3.75)/(10.5) (2,5) (0.234) ---- 0.61~ [18] 

The time constant  for heat flow into the silver rod is 

D 
T = [19] 

(kJ~sCp) 

which for handbook data (10) for si lver gives 

T -- (2.5)2(10.5) (0.234)/4.19 -- 3.7sec [20] 

All  experiments  at current  densities <0.1 A /cm 2 had 
(~a -- zD > 3.7 sec SO that tempera tur  e rise would 
have been Of no consequence. At 10 A /cm 2, the value 
of (TE--  to) (Fig. 2) is about 0 .03secand  (T1-- to) is 
small  at this current  density. This value gives a heat 
conduction length of 0.2 cm from Eq. [19]. The tem- 
perature  rise of this length in  Eq. [17J gives AT : 7.6~ 
so that  tempera ture  rise should not  have caused a 
significant error in any of the experiments  with the 
silver rod or for the 5-9 Ag electrode which had about 
0.2 cm length in the epoxy resin. The temperature  rise 
should actual ly be smal ler  than these calculated values 
due to conduction of heat to the epoxy resin su r round-  
ing the si lver anodes and to t ranspor t  of heat  to the 
electrolyte solution. The temperature  rise at  the worst 
case by conduction wi thin  the AgC1 barr ie r  layer at 
20V is calculated to be .less than 0.5~ at 10 A /cm 2 
using a typical handbook value of conductivi ty for 
alkali  halide salts of ,~50 mW �9 cm -1 �9 K -1 (6). 

A question is whether  chloride ion c a n b e  t ransported 
from solution to the silver chloride surface fast enough 
dur ing the anodizing process. This question can be 
answered by comparing the t ime (ZE -- %) in Fig. 2 
to the t ime to deplete C1- at the surface .according to 
Sand's equation 

�89 ~l-~_ 
i -  = [21] 

(1 - - t - )  
Exper imental  values of TE VS. i in Fig. 8 are compared 
to Eq. [21] for C -  ~ 6 • 10 -3 mol /cm 3, D -  = 1 X 
10-~ cm2/sec, and t -  : -  0.6. Results in Fig. 8 show that  
chloride ion depletion is not a l imi t ing factor in reach- 
ing region E in 6h r C1- solutions. 
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Eq. 21 

~ 
0 

0 

~ T o 

log  i (A/cm 2 ) 

Fig. 8. Comparison of time to reach region E to time for CI -  ion 
depletion (Eq. [21]) as a function of current density in 6N CI - .  

Events  in regions A, B, and C of Fig. 2 m a y  now 
be specula ted  upon. Region A is p robab ly  d isso lu t ion  of 
s i lver  ion to form a supersa tu ra ted  solut ion of AgC1 
which prec ip i ta tes  AgC1 par t ic les  at  the  end of reg ion  
A as observed for  o ther  meta ls  and the i r  salts  (12, 13). 
Region B m a y  be the filling in of fur ther  AgC1 between 
the first par t ic les  b y  the mechanism of AgCln-n  + 1 com- 
p lex  format ion  and t r anspor t  descr ibed  by  Katan,  
Szpak,  and Bennion (14). As the voids be tween  pa r t i -  
cles fill in, the  ac tual  euren t  dens i ty  and overpoten-  
t ia l  r i se  at  the end of region B unt i l  chlor ide ion dis-  
charges at  the s i lver  surface to form C12. The voids 
continue to fill dur ing  region C unt i l  v i r tua l ly  complete  
coverage by  AgC1 at the me ta l  surface, and then the 
high field conduct ion process can start .  There is ap -  
p a r e n t l y  a compet i t ion  be tween  filling the  voids and 
cracking of the  exis t ing AgC1 layer .  High chloride ion 
concentra t ion which promotes  AgCln-n+ l  formation,  
a n d  high cur ren t  densit ies,  favor  the void filling p r o -  
cess over  the c r a c k i n g  process and thus ,  the fo rma-  
t ion of the ba r r i e r  AgC1 film. 

Fo rma t ion  of a ba r r i e r  l aye r  film has been repor ted  
b y  Birss and  Wright  (15) :~or s i lver  in 1N NaI  solution 
at  a cur ren t  dens i ty  of about  0.2 A / c m  2. They did not 
observe  the ba r r i e r  type  A g I  effect in 0.1N NaI. These 
observat ions  are  in accord wi th  the re la t ive  solubil i t ies  
of the s i lver  ha l ide  complexes  ~in chlor ide and iodide 
solution. F igure  1 shows that  the bounda ry  chlor ide 
concentra t ion at a cur ren t  dens i ty  of 0.2 A / c m  2 is 
about  5N. The so lubi l i ty  of AgC1 in 5N chloride is 
about  10-2N (15). S i lver  iodide has this so lubi l i ty  in 
0.9N iodide (16), which  is be tween  the concentrat ions  
forming and not  forming  b a r r i e r - t y p e  AgI  of Birss and 
Wr igh t  (15). Their  conduct iv i ty  of AgI  at  0.2 A / c m  2 of 
8.7 • 10 -5 is about  two orders  of magni tude  la rger  
than  the corresponding value for AgC1 in Fig. 3. 

Conclusions 

The fol lowing conclusions are  made concerning 
anodic fo rmat ion  of s i lver  chlor ide  in concent ra ted  
chlor ide  solutions. 

1. A ba r r i e r  l a y e r  film of AgCI exhib i t ing  high field 
conduction forms at  high cur ren t  densi t ies  in KC1, 
NaC1, LiCI, and HC1 solut ions at concentrat ions  grea te r  
than 4N. 

2. A super imposed  t r i angu la r  cur ren t  dens i ty  on the 
anodizing current  density; h, gives a response that  can 
be fit b y  the express ion 

( # ~  
i , - -  2io s inh \ - - ~ -  ) 

in which # ~ 5 • 10-6 c m / V  ,and io is a funct ion of the  
base cur ren t  density,  iI. 

3. The b a r r i e r  film rever t s  to a porous condi t ion at  
~r > 20V or when the anodizing cur ren t  is i n t e r rup ted  
or  briefly reversed .  
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LIST OF SYMBOLS 
a ionic hop distance, cm 
n area,  cm 2 
C concentrat ion,  m o l .  cm -3  
C,  specific heat,  J �9 g-1  . K-X 
d d iameter ,  cm 
D diffusivity,  cm 2 . sec -1  
F the Fa raday ,  96,500 C �9 equiv. - I  
i cu r ren t  densi ty,  A �9 cm -2 
io exchange cur ren t  densi ty,  A � 9  -2 
k t he rma l  conduct ivi ty ,  W �9 cm -1 �9 K -1 
I length  or  thickness,  cm 
M molecu la r  weight,  g �9 mo1-1 
Q heat  flux, J �9 cm -2 
R gas constant,  8.314 J �9 tool - I  �9 K -1 
t t r ans f e r ence  number ,  dimensionless  
T tempera ture ,  K 
z valence, equiv. �9 tool  -1 

fract ion of 'ionic hop distance to top of energy  
ba r r i e r  

# high field exponent ia l  constant ,  cm �9 V - I  
e lect r ica l  conduct ivi ty ,  S �9 cm -1 

Ka low fiel,d conductivity~ S .  cm -1 
# density,  g �9 cm -3 

t ime, see 
potential ,  V 
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ABSTRACT 

Seebeck coefficient and electrical conductivi ty are measured at 1300 K vs. oxygen partial  pressure in the Po range be- 
tween 2.12 �9 104-23 Pa. Comparative analysis of both parameters  indicates that  the mobil i ty term for electrJn holes in 
undoped CoO is changing vs. oxide composition. Its average value is: ~h' =- 0.33 - 0.03 crn 2 V -~ sec -~. S-ingiy ionized cation 
vacancies were established as predominant  defects for undoped CoO and doubly ionized cation vacancies for CoO-Cr~O8 
solid solutions. No simple relationship is observed between the concentration of Cr incorporated into CoO and the gener- 
ated hole concentration as predicted by the controlled valency theory. In contrast  to this theory, the exper imental  data indi- 
cate a strong decrease of the Fermi  energy EF vs. Cr concentration for CoO-Cr208 solid solutions. Accordingly,  significant 
interaction between point  defects in Cr-doped CoO crystal is postulated. The application of the Debye-Huckel  theory for 
strong electrolytes allows for the calculation Of EF which is in an agreement  with exper imental  results. The defect equilib- 
r ium constants are calculated for formation of singly and doubly ionized cation vacancies in CoO at 1300 K 

Kv' = [Vco '] [h ]fh'fv' PO2 -1/2 = 6.3 -+ 2.0 �9 10 .8 [Pa -1/2] 

and 

Kv" = [Vco ' ' ]  [h'] 2fv"fh.2 Po2 ~2 = 1.2 -+ 0.5 �9 10 -~1 [Pa-~t2] 

The e lect r ica l  conduct iv i ty  me thod  is f r equen t ly  used 
in s tudies  of s t ruc tura l  p roper t ies  of ionic crysta ls  
(1-3).  The in teres t  in this method is genera ted  be-  
cause of its h igh sens i t iv i ty  to defect  s t ructure.  In  
these studies, it  is genera l ly  considered tha t  e lect r ica l  
conduct iv i ty  is p ropor t iona l  to concentra t ion of elec-  
tronic carr iers  genera ted  dur ing  ionizat ion of c rys ta l  
point  defects. This requi res  an assumpt ion tha t  the  
mobil i t ies  of electronic carr iers  are independen t  of 
the i r  concentra t ion  and thus, of c rys ta l  composition. 
This is usua l ly  accepted for oxides exh ib i t ing  lower  
concentra t ion of defects.  However ,  if an increas ing 
concentra t ion of defects  leads to thei r  mutua l  in te rac-  
tions, the mob i l i t y  t e rm is changing.  Then the correct  
in te rp re ta t ion  of e lectr ical  conduct iv i ty  da ta  should in-  
volve independent  discussion of both  concentra t ion and 
mobil i ty .  

The effect of changing mobi l i ty  of electronic carr iers  
vs. crys ta l  composit ion is not significant in the in te r -  
pre ta t ion  of thermoelec t r ic  power  da ta  which  enables  
one to d i rec t ly  calculate  the  concentra t ion of electronic 
car r ie rs  in the crystal .  Fur the rmore ,  compara t ive  
studies of  both  e lect r ica l  cor~ductivity and the rmo-  
electr ic  power  enable  de te rmina t ion  of the mobi l i ty  
term.  

The purpose  of the present  work  is to pe r fo rm com-  
pa ra t ive  st~tdies of both electr ical  conduct iv i ty  and 
Seebeck effect for an oxide  crys ta l  as a function of its 
composit ion.  Both undoped CoO and CoO-Cr20~ solid 
solut ions were  chosen as model  systems.  

Proper t ies  of undoped CoO were  the  subjec t  of 
numerous  studies (4-9).  Recent  works  s t rong ly  indi-  
cate tha t  e lectrostat ic  in teract ions  be tween  point  de-  
fects a re  r a the r  impor tant .  The interact ions  producing 
a marked  devia t ion  f rom the ideal  point  defect  theory  
were observed  by  Cherts.and Mason  (lfl) who s tudied 
Seebeck effect vs. Po2. Morin and Dieckmann (11) have 
also found var ia t ions  of chemical  diffusion coefficient 
vs. crys ta l  composit ion tha t  is considered in te rms of 
defect  interact ions.  Al though different  observat ions  
were  repor ted  e lsewhere  (9), there  has been ,a g radua l  

Key words: Seebeck effect, electrical conductivity, nonsto~chi- 
ometry, Fermi energy, thermopower, cobaltous oxide, poin~ de- 
fect interactions. 

accumulat ion  of da t a  indica t ing  that  the  devia t ion  f rom 
idea l i ty  must  be taken  into account for undoped  CoO, 
especia l ly  at  h igher  ac t iv i ty  close to CoO-CoaO4 phase 
bounda ry  and  at  lower  t empera tu re s  (10). One may  
expect  that  these interact ions  should have  an effect 
on the mobi l i ty  of e lect ronic  carr iers  as well.  Compara -  
t ive s tudy  of both  e lec t r ica l  conduct iv i ty  and Seebeck 
effect is a possible quant i ta t ive  approach  of  solving this 
question. 

Cr -doped  CoO is even a be t te r  object  for  s tudies  of 
defect  in teract ions  since in this case, the concentra t ion  
of defects m a y  be easi ly  control led  wi th in  the solu-  
b i l i ty  region of the CoO-Cr203 system, which amounts  
to 1 atomic percent  (a /o )  at  1000~ (12). 

Definition of Terms 
The e lect r ica l  conduct iv i ty  of a p redominan t ly  p - t y p e  

semiconductor  m a y  be expressed  as 

= B~h.[h']e [1] 

where:  B is the constant  value involving sample  geom- 
e t ry  in cm -1, ~h" is the m o b i l i t y  of e lect ron holes in 
cm 2 �9 V -1 �9 sec -1, [h ']  is the concent ra t ion  of e lec t ron 
holes in cm -3, and e is the  e l emen ta ry  charge in C. 
Fo r  a meta l  deficient oxide Mel -yO,  la t t ice  e lec t roneu-  
t r a l i ty  requires  the  corre la t ion  be tween  the concen- 
t ra t ions  of quasifree holes :and .cation vacancies as p r e -  
dominant  la t t ice  defects  

[h ' ]  ----2[V"Me] + [V'Me] [2] 

w h e r e  V'Me and V"Me are  s ing ly  and doubly  ionized 
cation vacancies, respect ively.  

At  lower  tempera tures ,  format ion  of neu t ra l  vacan-  
cies VZM~ should also be  taken  into account. 

Depending  on t empe ra tu r e  and crys ta l  composit ion,  
the fol lowing three l imi t ing  cases may  be considered 

[V~Me] > >  [V'Me] ~- [V"Me] [3] 

[V'Me] > >  [VXMe] -~- [V"Me] [4] 

[ y " ~ ]  > >  [v~,~]  + [ v ' ~ ]  [5] 
where  

[V~M~] + [V'Me] + [V"Me] = y 

94 
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Accordingly ,  assuming appl ica t ion  of the  mass  action 
l aw  to defects  in crystal ,  the fol lowing re la t ionships  
m a y  be wr i t t en  for  the  concent ra t ion  of p redominan t  
defects as a funct ion of  T and Pos when  the c rys ta l  is in 
equ i l ib r ium with  Pos in the gas phase  

[VX/~e] -" const, po2Y, e x p  < --  ~ T ~  ) [3'a] 

[V'M~] = [h ' l  = const, po~ ~', exp  --  R-~ [4a] 

M,, = ~- [h ' ]  = const, po~ 1/6 exp RT 

[Sa] 
Genera l ly  for  ionized defects  we m a y  wr i t e  

1 n 
[VZMe ] = - -  [h ' ]  = const, po~ 1/n exp 

z .RT 

[6] 

where  constant  involves the  en t ropy  term,  AH~ is 
format ion  en tha lpy  of defects in crystal ,  and z is ioniza-  
t ion degree  of  cation vacancies which m a y  be re la ted  
to  n 

n---- 2(z  + 1) [6a] 

When  t r iva len t  cat ions F 3+ are  subs t i tu ted  into the 
la t t ice  exh ib i t ing  a deficit of me ta l  Mel -~O 

F203 ~-~ 2F'Me -~- V"Me -~- 30o [7] 

and  assuming that  [h ' ]  < <  [V"Me], the la t t ice  e lec t ro-  
neu t r a l i t y  condi t ion  acquires  the s imple  form 

1 
[V"Me] -- ~- [F'Me] [8] 

Then application of the mass action law leads to the 
relation 

~-  AHf 

[V" Me] --  Const. pos v" exp RT [9] 

In both t he rma l  and chemical  equ i l ib r ium 1/n in Eq. 
[6] m a y  be expressed  as 

{ 1 O l n [ h ' ] }  
-- = [10]  
Tt O In  PO2 T=const. 

Assuming  that  ~h' is independen t  of crys ta l  composi-  
tion, we obta in  by  combinat ion of Eq. [1] and [10] 

- -  = - -  [11]  
n 0 In Po2 r=const. 

Dete rmina t ion  of thermoelec t r ic  power  ~ enables  one 
to calculate  the Fe rmi  energy  of crys ta l  EF and, there-  
fore, the  concentra t ion of electronic carr iers ,  inde-  
penden t ly  of a knowledge  of the  mobi l i ty  t e rm ~h', 
which is r a the r  difficult to de termine .  Fo r  p - t y p e  semi-  
conductors,  a is in te rcor re la ted  wi th  EF and thus wi th  
[h ' ]  according to the re la t ion  

a -- -- + [12]  
e 

where: EF is the Fermi energy, Sv is the parameter re- 
ferring to vibrational entropy associated with the 
polaron environment, and k is the Boltzmann constant 
(8.6173 10 -5 eV �9 K-I). Taking into account the Fermi- 
Dirac  s%atistics 

[h ' ]  = {1 -I- (EF/kT)} -1 "~ [13] exp 
Nh. J 

where Nh. is density of states, Eq. [12] assumes the 
form 

k Nh.- [h'] Sv 
- -  -- In + -- [14] 

e [h ' ]  k 

Assuming  Nw > >  [h ' ] ,  the s imple  Maxwel l -Bo l t z -  
mann  statist ics m a y  be applied.  Consequent ly  

k N~. Sv 
= --In + ~ [15]  

e [h ' ]  k 

Assuming  EF > >  kT, Eq. [13] assumes the fo rm 

Nh. 
EF = kT  In [16] 

[h.] 

Assuming  Sv is independen t  of c rys ta l  composit ion,  the  
combina t ion  of Eq. [11] ,and [15] leads  to t h e  ex-  
press ion 

�9 [17] 
-- -- in Po2 r=const. 

A difference in the value  of 1/n calcula ted  according to 
Eq. [11] on one hand, and [17] on the other ,  resul ts  in 
the mobi l i ty  t e rm ;~h', which m a y  va ry  wi th  composi-  
tion. Combining Eq. [1] and [15], we obta in  the ex-  
press ion which enables  one to calculate  the  mobi l i ty  
t e rm 

e~ Sv 
In ;~h" = In ~ + In B --  In Nh. --  In e [18] 

k k 

Experimental 
The prepara t ions  were  obta ined  by  anneal ing  of co- 

p rec ip i ta ted  mix tures  of both  cobalt  and ch romium hy-  
droxides  at  1270 K for 5 hr. The p repara t ion  procedure,  
de t e rmina t ion  of Cr concentrat ion,  and spec t ra l  ana l -  
ysis of impur i t ies  a re  descr ibed e l sewhere  (12). The 
measur ing  se tup for  Seebeck effect and e lect r ica l  con- 
duc t iv i ty  is shown in Fig. 1. The CoO sample  in t h e  
form of a pel le t  was pl,aced be tween  the two P t  mea -  
sur ing electrodes [Fig. 1 (3)] .  The t empe ra tu r e  g rad i -  
ent  across the pel le t  was achieved by  two hea t ing  e le-  
ments  [Fig. 1 (10)] located on both sides of the pellet .  
The measur ing  setup was placed inside the a lundum 
tube [Fig. 1 (6)] .  The r equ i r ed  oxygen ac t iv i ty  in the  
chamber  was achieved by  Ar-O2 mix tu re  flowing 
th rough  the measur ing  tube. Before tak ing  the  mea -  
surements ,  the  sample  was s tandard ized  b y  hea t ing  
at  1300 K in a i r  and in argon unt i l  a constant  va lue  of 
e lect r ica l  conduct iv i ty  in the two consecutive runs  was 
reached.  

The Seebeck vol tage AV was measured  for s ix to 
eight  different  t empe ra tu r e  gradients .  The Seebeck co- 
efficient a was calcula ted f rom slopes of AV vs. AT de-  
pendences  

OV aV 
= ~ [19] 

~T AT 

The electr ical  conduct iv i ty  was measured  b y  t h e  
classical fou r -p robe  method for five different  vol t -  
ages ranging  be tween  0.5-5V (3).  

Results and Discussion 
Undoped CoO.--The  ob ta ined  expe r imen ta l  da t a  as 

wel l  as the  calcula ted values  of a at Poe ranging  f rom 
2.12 �9 104 to 23 Pa  and T _-- 1300 K are  l is ted in Table I 
and i l lus t ra ted  in Fig. 2. The  fol lowing re la t ionships  
m a y  be wr i t t en  for ~ and a vs. Po2, respec t ive ly  

In r = 1.74 + 0.258 In Poe [20] 

C~ex p = 0.352 --  0.0205 in Po2 [20a] 

Therefore,  we obta in  for  n, respect ive ly  
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Fig. 1. Measuring setup for 
Seebeck effect and electrical 
conductivity. (1) Gas inlet, (2) 
gas outlet, (3) measuring Pt 
electrodes, (4) thermoceuples 
PtRhlO-Pt, (5) oxygen gauge 
CoO, (6) aludum tube, (7) Pyrex 
joints, (8) Pt wires sealed 
through Pyrex glass, (9) furnace, 
(10) microheaters. 

n ---- 3.88 • 0.12 [217 

n ~ 4.20 • 0.24 [21a] 

Both Eq. [20] and [21] indicate that singly ionized 
cation vacancies predominate  in CoO foz the condi- 
tions under  study. Therefore, the following equi l ibr ium 
should be considered 

1/z O~ ~ Oo x + V'co + h [22] 

for which the equi l ibr ium constant is 

Kv, ---- [V'co] [h']Po2 -~/~ [23] 

Therefore, we assume the condition [4] and Eq. [4a] 
for calculation of [V'co] in undoped CoO. Appropri-  
ately, the e lectroneutral i ty  condition of the lattice Eq. 
[2] may be reduced to the form 

y p [ co] [h.] [24] 

Combining Eq. [15] and [23], we may calculate the en- 
tropy term 

Sv 1 t 1 ) c a  
'k = "2" In Kv, § - -  In Po~ -F - -  -- In Nh. [25] 

2 k 

Assuming full  ionization of cation vacancies in CoO, 
(Nh" -~- 1) and also taking Kv, after Kofstad (1) 

Kv, -- 10 -2 exp (--13,000/RT) 

Equation [25] leads to 

Sv 
= - - 0 . 868  __. 0.080 

k 

This value is close to that  determined for the wusti te 
phase by Seltzer and Hed (2) (Sv/k = --0.89). 

According to the theory of small  polarons, Sv may 
be evaluated as (13) 

Sv 
= ~E~/kT [26] 

k 

where Em ---- activation energy of mobility, and 

9----- 1 

According to Fisher and Tannhauser  (4), Sv for CoO 
is close to zero around Po2 ---- 1 Pa and  increases at very 
low Po2 values. Generally,  the component  of ~ resul t ing 
from Sv in Eq. [15] remains within 10 ~V K -1 (14). 

Table I. Determined values of aexp and In ~r as well as calculated 
C~calc for undoped CoO 

]In ~O 2 Gexp {~eale In  ff 

[p% in Pa] [mY �9 K -1 ] [mV �9 K -11 [~ in f~-l] 

9.97 0,391 0.374 1.294 
8.67 0.412 0.402 0.983 
8.12 0.415 0.414 0.889 
7.26 0.434 0.432 0.710 
7.19 0.425 0.434 0.685 
3.16 0,527 0.521 - -  0.452 

Thus, for CoO it is negligible. Generally,  it seems that  
for semiconductors for which conduction occurs accord- 
ing to a "hopping mechanism" and also for smaller  
deviations from stoichiometry, this assumption seems 
to be valid. If this is assumed, Eq. [25] leads to 

Nh" ---- 0.43 _ 0.03 

This va lue  seems reasonable if a significant concen- 
trat ion of defects is taken into account, as is the case 
for CoO where the defects in crystal cannot be con- 
sidered as an ideal solution (10, 11). 

Accordingly, assuming Sv -- 0 and Nh' = 0.43, we 
may calculate a from Eq. [15] (see Table I) .  As it 
results from the above consideration, both presented 
assumptions (i.e., Nh. = 1, Sv/k = 0.868 or Nh' : 0.43, 
Sv ~- 0) provide a satisfactory agreement  with the 
experiment.  However, the second possibility is more 
consistent with the theory of thermoelectric phenom- 
ena in crystals. Therefore, in the consider,ations below 
we assume that Sv ----- 0 and Nh" = 0.43. A good agree- 
ment  between exper imenta l  ~exp and  calculated a~alc 
values is observed. The inverse of oxygen exponent  n 
(Eq. [6]), computed from both r and ~, is close to 4, 

0.5 CoO 

0.5 

0.0 

% ~ o 

.c_ 0.4 

---0~ 

- ~ 0.3 
-1.0 ~. 

I I I I 1 I 

1' 3 5 7 9 11 

tn po 2 [ po 2 in Pc] 

Fig. 2. In ~ and ~ vs .  In P02 for undoped CoO at 1300K (B ~- 
3.7 cm-1). 

"7 
Y 
• 
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Table II. Parameter n in Eq. [8] reported in literature 

No. Authors n po 2 range (Pa) T (K) Experimen~ml meChod 

1. Fisher and 
Tannhauser (4) 

2. Morin (6, 7) 
3. Mrowee and 

Przybylski (15) 
4. Carter and 

Richardson (11) 
5. Chowdhry and 

Coble (9) 

I/3.8-I/4.3 I0~ I0 -~ 1190-1620 
I15.7-I/6.1 I0-~.I0-7 
1/4 10~-1~ 1270 
I/4.0-1/3.4 6.7 �9 10t-66.7 1570 

1/3.4 5.6 �9 10s-10 ~ 1420 

1/3.8-1/4.2 10~-10 ~ 1170-1310 

electrical conductivity 

electrotransport 
volumetry 

gravimetry 

electrical conductivity 

v~hich is in agreement  with singly ionized cation 
vacancies as major  type of defects as postulated in the 
l i tera ture  :at higher Po2 (4, 5). Table II summarizes 
some data  of n for CoO (4, 6, 7, 15, 16). 

The observed difference in n determined in the pres- 
ent  work from ~ on one side (3.88) and from a on 
the other (4.20) is beyond exper imental  error. In  de- 
te rminat ion  of n, we usual ly  assume that  #h' is con- 
stant  vs. oxide composit ion (1, 3). However, this as- 
sumption is not obvious for CoO. Therefore, assuming 
that n ---- 4.20, de termined from ~, is correct, Eq. [18] 
was applied to calculate the mobil i ty term #h" which 
is listed in Table III. I t s  average value in the Po2 
range under  s tudy  yields ~h' ---- 0.329 cm 2 V -~ sec - t .  
This value is in  good agreement  wi th  that  given by 
Fisher and Tannhause r  (4) (#h" ---- 0.4 cm 2 V -1 sec-1) .  
However, in contrast  to l i tera ture  reports (8, 17), the 
present  work indicates that f~h for CoO varies with Po2 
vs. crystal  composition. 

CoO-CrsO~ solid solutions.--Crystals of three differ- 
ent  concentrat ions of chromium were prepared con- 
ta ining 0.048, 0.49, and 0.90 a/o Cr. These concentra-  
tions are well below the solubil i ty l imit  of Cr in CoO 
which amounts  1 a/o (12). 

Figure 3 illustrates, as example, the dependence of 
both In ~ and ,~ vs. In Po2 at 1300 K for [Cr] ---- 0.048 
a/o. The parameters  n determined from both r (n~) and 

(n~) are shown in T~ble IV. As can be seen, both sets 
of data are close to four, which is in agreement  with 
the subst i tut io#al  mechanism of Cr incorporat ion into 
CoO 

Cr~O~ ~ 2Cr'co + V"co + 3 0 o  [27] 

where the e lectroneutra l i ty  condit ion requires 

[Cr'co] = 2[V"co] [28] 

The exper imenta l  values of Fermi  energy (EF)exp were  
determined from Eq. [12]. Curve 1 in Fig. 4 i l lustrates 
(EF)exp VS. [Cr'co] at Po2 -- 2.12 �9 104 Pa. A~ seen, (EF)exp 
ini t ia l ly  sl ightly increases by  0.03 eV and then sharply 

Table III. Mobility of electron holes #h" calculated from Eq. [1] 
and [18] (B - -  3.75 cm -1)  

in p% #h" 
(p% in Pa) (era ~ V 4 sec  4 )  

9.97 0.367 
8.07 0.343 
8.12 0.323 
7.26 0.337 
7.19 0.296 
3.16 0.310 

Avg .  0.329 "~ 0.025 

Table IV. Parameter n determined from cr (n~) and ~ (n.) for 
CoO-CrsO8 solid solutions at T = 1300 K 

No. Cr concentration (a/o) n~ na 

1. ~ 3.88 ~ 0.12 4.20 _ 0.24 
2. 0.048 4 1 4  • 0.07 4.25 • 0,36 
3. 0.49 4.60 4--- 0.20 4.52 • 0.21 
4. 0.90 3.83 - -  0.12 4.37 • 0.38 

decre,ases by 0.11 eV, relat ive to the value for undoped 
CoO. This final decrease of (EF)exp is in apparent  con- 
tradiction with the controlled valency theory. Accord- 
ing to this theory, the format ion of donor centers 
causes an increase in EF. 

Assuming doubly ionized cation vacancies V"co as 
predominant  defects in CoO-Cr~O~ solid solutions, the 
following equi l ib r ium should also be taken into ac- 
count. 

0 ~  V"co + 2h. WOo [29] 

for which the equi l ibr ium constant  is 

Kv, = iV"co] [h']2po2 - w  [30] 

Considering the condition Eq. [28], we obtain for [h.] 

[h.] _-- po21/4 (2Kv-) 1/2 [Cr'co] -1/2 [31] 

Assuming that for CoO Sv -- 0, and cons~deringEq. [18] 
and  [31] we may express EF vs. [Cr'co] 

kT l n [ C r ' c o ] - -  kT { ~-1 } EF= 2 2 l n 2 K v , , +  lnpo~ 

+ kTlnNh.  [32] 

Equation [32] enables one to calculate theoretical 
changes of EF vs. [Cr'co]. For calculations, we assume 
that for undoped CoO the concentrat ion of impurit ies 

to 

to 
C- 

0.0 �84 

-0.5 

-1.0 

-1.5 

CoO + 0.048 at .% Cr 203 

\ 

I I I I I , I, 

1 3 5 7 9 11 

In po2[ po 2 in PQ] 

0.5 

0.4 ' 

E 

0.3 

Fig. 3. In r and c~ vs. In Po2 for CoO + 0.048 a/o Cr at 1300 K 
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Fig. 4. Fermi energy EF plotted vs. [Crco]. (1) Experimental data, 
(2) calculated relative changes of EF using concentrations of 
defects, (3) theoretical dependence EF Vs. Cr'co calculated using 
defect activities. 

forming donor centers equals 0.01 a/o (12). This value 
was substituted in Eq. L32] instead of [Cr'co] for the 
undoped sample of CoO. The calculations lead to rela- 
tive changes of EF VS. [Cr'co] which is i l lustrated by 
curve 2 in Fig. 4. The observed increase of hEF is con- 
sistent with the generally acknowledged classical con- 
siderations resulting from the ideal point defect theory. 
As seen, however, there is a considerable discrepancy 
between the theoretical dependence and experimental 
results. The discrepancy indicates that the generally 
assm-ned defect structure model o~ CoO considering 
isotated point defects is not s,atisfactory. The model  
should invol~e interactions between defects as has bedn 
already considered (10, 11). These interactions are not 
negligible for undoped CoO and become considerable 
for Cr-doped CoO. 

Equation [23] and [30] ,as well as corresponding 
electroneutrali ty conditions Eq [24] and [28], involv- 
ing isolated point defects, enable one to calculate defect 
concentrations for undoped CoO (Fig. 5) and Cr-doped 
CoO (Fig. 6, 7). Formation of aggregates of four va- 
cancies was postulated by  Catlow and Stoneham (18) 
for CoO as well as for NiO and MnO. Formation of 
defect complexes was also considered by Perkins and 
Rapp (19) for NiO-Cr2.O8 solid solutions. The picture 
is even more complicated if cation interstitials are in- 
volved, as it has been postul.ated by Stiglich et al. (20) 
and by Mrowec et al. (15). Although the discussion on 
the defect structure model for CoO is still open, the 
results presented in this work indicate that the simple 
classical model involving Unasso'c~i~ed po in t  defects is 
not satisfactory. Therefore, in the considerations pre- 
sented below, activities of defects are used instead of 
concentrations and the Debye-Hfickel theory is applied 
to calculate appropriate equilibrium constants and re-  
sulting Fermi energy changes. 
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Fig. 5. Concentration of defects in undoped CoO at 1300 K 
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Fig. 6. Concentration of defects in Cr-doped CoO (0.048 a/o Cr) 
at 1300 K. 

Considering activities, Eq. 
the following forms 

IV'co] [ h' ] fh#V' 
K'v ,  = 

P 021/2 

[ V " c o ]  [ h ' ]  2 �9 ,}e2h" �9 N" 
po~ y2 

The Debye-Hiickel theory for strong electrolytes was 
applied to calculate the activity coefficients 

[23] and [30] assume 

[33] 

[34] 
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at 1300 K. 

1 zi2e2NA H 
In :fi = . . . .  [35] 

2e RT 1 -5 a 

where  e is the dielectr ic  constant  of the solvent,  zi is 
the  charge of the  ion, NA is Avogadro ' s  number ,  a is the 
dis tance be tween  ions, and 

~ /  4~e2 ~ Nizi2 [36] 
H = kT i=z 

where  Ni is the n u m b e r  of ions in cm 3 and the o ther  
pa rame te r s  have the i r  t rad i t iona l  meaning.  For  calcu-  
lations,  it  has been assumed that  e ---- 12.9 (21) and 

ao  
a - -  - -  --  3.01 �9 10 -8 cm 

A j / 2  

where  ao is the  la t t ice  p a r a m e t e r  equal  to 0.426 nm 
(4.26A) (4). In  calculat ions of ionic force 

I = - -  Nizi 2 [37] 
2 i=1 

the fol lowing defects  were  considered:  h', V'co, V"co, 
and Cr'co. Therefore,  considering appropr ia t e  s imple 
e lee t roneu t ra l i ty  condit ions [24] and [28], we obta in  

I = [h ' ]  [38] 

for undoped CoO and 

1 
I : -  {2[h.] -5 3[Cr'co]} [39] 

2 

for CoO-Cr20~ solid solutions. 
As resul ts  f rom Eq. [35] 

fh' = :fv' = :fCr" = f [40] 
and 

Iv" : ~ [41] 

The ca lcula ted  values  of ac t iv i ty  coefficients as wel l  as 
equ i l ib r ium constants  are l is ted in Table V and VI for 

Table V. Equilibrium constant Kv' for undoped CoO at 1300 K 

No.  

In  Po~ Kv,  KWV, 

(p% i n  Pa )  ~ (Pa-Z~) ( P a  4 ~ )  

1. 9.97 
2. 8.67 
3. 3.12 
4, 7.19 
S. 3.16 

0.491 1.56 �9 1 0 - '  3 .75  �9 l o s  
0.516 1.83 �9 10 -7 4 .88  �9 10 ~ 
0.520 2.26 �9 10-7 6.08 �9 10-J 
0.532 2.84 �9 10 -7 8.03 �9 1O -8 
0,656 1.99 �9 10 ~ 8.58 �9 1O "s 

* A v e r a g e  v a l u e  1-5 6.3 ~ 2.0 �9 l 0  s 

Table VI. Equilibrium constant Kv- for CoO-Cr203 solid solutions 
at 1300 K 

i n  P% Kv ~' K ' v , ,  

No. ( p% in  Pa )  f Sv,' ( P a  -1/2) ( P a  "~]2) 

0.048 a / o  Cr  
1. - 9 . 9 7  0.499 0.062 4.46 �9 10 -s 6.91 �9 10 -~o 
2. - 8 . 2 9  0.517 0.071 2.48 �9 l 0  -~  4.71 �9 10-11 
3. - 7 . 1 1  0.540 0185 6.91 �9 10 - ~  1.73 �9 lO - ~  
4. --3.16 0.436 0.036 5.34 �9 10 -9 4.08 �9 I O n  

0.49 a / o  Cr  
5. - 9 . 9 7  0.599 0.025 1.08 �9 10 -9 4.37 �9 10-u 
6. - 8 . 2 9  0.4(~9 0.028 1.37 �9 10 -9 6.41 �9 10-~ 
7. - 3 . 1 6  0.434 0.035 1.75 �9 10 -9 1.17 �9 1O -n  

0.90 a / o  C r  
8.  - 9 . 9 7  0.347 0.014 5.47 �9 10 -9 9.65 �9 I0  - ~  
9, - 8 . 1 4  0.363 0.017 5.49 �9 10 -9 1.03 �9 10 -zl 

IO. - 6 . 8 8  0.366 0,018 7.01 . 10 -9 1.68 �9 I0  - ~  
11. --3.16 0.~83 0.021 6.82 �9 10 -9 2.12 �9 10 -~a 

* A v e r a g e  v a l u e  5-11 1.2 • 5 �9 l 0  -zz 

undoped CoO and  Cr -doped  CoO ~amples. As can be 
seen, the equ i l ib r ium constants,  K ' v ,  and K*w calcu-  
la ted  f rom activit ies,  show signif icant ly smal le r  changes 
compared  to those calcula ted f rom concentrat ions,  ex-  
cept in the  case of Kv- da ta  for the  CoO sample  con- 
ta in ing the smal les t  concentra t ion of Cr (0.048 a / o ) .  As 
one can expect  in this case, the s imple e lec t roneu t ra l i ty  
condit ion [28] is not  valid.  Therefore,  the  average  
values  Of the equ i l ib r ium constants were  ca lcula ted  
for  posi t ions 5-11 (Table  VI) .  Accordingly,  the gen-  
e ra l  e l ec t roneu t ra l i ty  condi t ion involv ing  both s ingly  
and doubly  ionized cation vacancies should  be appl ied  

[V'co] + 2[V"co] = [h ' ]  4- [Cr'co] [42] 

Taking  into account Eq. [33], [34], [40], and  [41], we 
obta in  

f6[h ' ]2[h ' ]  + [Cr'co] --K*v,Po21A[h']]  4 

- -  2K*v,,Po2:/2 --  0 [43] 

Values of [h ' ]  were ca lcula ted  f rom Eq. [43] for a 
given Kv, and Kv,,. The sucessive approx imat ions  
method  was appl ied  for calculat ions of consistent  values  
[h ' ]  and f. Thus, de te rmined  values of [h ' ]  served to 
calculate  EF VS. [Cr'co] from Eq. [16]. This dependence,  
which is i l lus t ra ted  by  curve 3 in Fig. 4, shows a sat is-  
fac tory  agreement  wi th  expe r imen ta l  data,  again wi th  
the except ion of the case where  the concentra t ion of 
chromium is the smallest .  

Conclusions 
Compara t ive  studies of e lect r ica l  conduct iv i ty  and 

of Seebeck effect enables  one to de te rmine  the mobi l i ty  
of  e lectron holes. The mobi l i ty  t e rm is changing vs. 
oxide composit ion which is an indicat ion of defect  in-  
teract ions in undoped CoO. 

The resul ts  p resented  here  indicate  tha t  the  s imple 
defect  model  involv ing  unassociated point  defects is 
not  adequa te  to descr ibe  defect  s t ruc ture  of Cr -doped  
CoO. 



100 J. E[ectrochem. Soc.: ELECTROCHEMICAl : ,  SCIENCE A N D  T E C H N O L O G Y  January 1984 

Manuscr ip t  submi t ted  June  30, 1982; revised manu-  
scr ip t  received ca. Jan. 31, 1983. 

REFERENCES 

1. P. Kofstad,  "Nonstoichiometry,  Diffusion and Elec-  
t r ical  Conduct iv i ty  in Binary  Metal  Oxides," 
John Wi ley  and Sons, Inc., New York  (1972). 

2. M. S. Sel tzer  and  A. Z. Hed, This Journal, 117, 815 
(1970). 

3. J. Nowotny  and A. Sadowski,  J. Am. Ceram. Soc., 
62, 24 (1979). 

4. B. F isher  and D. S. Tannhauser ,  J. Chem. Phys., 44, 
1663 (1966). 

5. A. Dugnesnoy,  F. Marion,  and C. R. Hend, C,R. 
Acad. Sci., 256, 2862 (1963) 

6. F. Morin,  Can. Metall. Q., 14, 105 (1975). 
7. F. Morin,  This Journal, 126, 760 (1979). 
8. R. Dieckmann,  Z. Phys. Chem,, N.F., 107, 189 

(1977). 
9. U. Chowdhry  and R. L. Coble, J. Am. Ceram. Soc., 

65, 336 (1982). 
10. H. C. Chen and T. O. Mason, ibid., 64, C-130 (1981). 

11. F. Morin and R. Dieckmann,  Z. Phys. Chem., N.F., 
129, 219 (1982). 

12. J. Nowotny,  I. Sikora,  and J. B. Wagner ,  Jr.,  J. Am. 
Ceram. Soc., 65, 192 (1982). 

13. R. R. Heikes and R. W. Ure, "Thermoelec t r ic i ty ,"  
Interscience Publ ishers ,  Inc., New York  (1961). 

14. I. G. Ostin and N. F. Mott, Adv. Phys., 18, 41 
(1969). 

15. S. M r o ~ e c  and K. Przybylsk i ,  Rev. Int. Hautes 
Temp. et Re]ract., 14, 285 (1977). 

16. R. E. Car te r  and F. D. Richardson,  J. Metals, 6, 1244 
(1954). 

17. J. E. Stroud,  I. Bransky,  and N. M. Tallan,  J. Chem. 
Phys., 58, 1263 (1971). 

18. C. R. A. Cat low and A. M. Stoneham, J. Am. 
Ceram. Soc., 64, 234 (1981). 

19. R. A. Perk ins  and R. A. Rapp,  Metall. Trans., 4, 
193 (1973). 

20. J. J. Stiglich, D. H. Whitmore,  and J. B. Cohen, 
J. Am. Ceram. Soc., 56, 211 (1973). 

21. J. P. Cyr, These d 'E ta t  No AO 12542, l ' I r~ t i tu t  Na-  
t ional  Poly technique  de Lorra ine ,  1976. 

Photoelectrochemistry of WSe2Electrodes 
Comparison of Stepped and Smooth Surfaces 

H. J. Lewerenz, *,1 H. Gerischer,* and M. I.iJbke 

Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, D-I O00 Berlin 33, Germany 

ABSTRACT 

Smooth and s tepped surfaces of n-WSe, have very different propert ies  for adsorption and charge transfer. Adsorpt ion of 
OH- and I- is strong at s tepped surfaces, but  not observable at smooth surfaces. This is apparent  in flatband potential  mea- 
surements.  Photocurrent  voltage curves indicate  in the s teady state stow charge transfer rates with all redox couples. This 
leads to an inve r s iona t  smooth parts of the surface, while the high recombinat ion rate at steps prevents accumulat ion and 
makes them a sink for holes. I-  reacts faster than other redox couples with holes, and catalyzes further hole transfer. The 
presence of I2 in the solution modifies the surface chemically, and the blocking character of the contact is lost. 

Low suscept ib i l i ty  to photecorros ion has advanced  
the use of l aye red  compound t ransi t ion meta l  d ichal -  
cogenides in l iqu id - junc t ion  solar  cells. Considerable  
s tab i l i ty  and solar  conVersion efficiencies have been re -  
por ted  ( 1 - 5 ) .  This s tab i l i ty  agains t  photocorrosion,  
pa r t i cu l a r ly  for photoanodes,  has been a t t r i b u t e d  
to photot rans i t ions  involving quas i - in t rameta l t i c  d -  
bands.  These leave  M-X bonds l a rge ly  unaffected (1, 2). 
This, however ,  can only  be expected for perfect  
Van der  Waals  planes.  F rom g r o w t h  process, the ma-  
ter ia ls  are  known to exhibi t  a va ry ing  number  of steps, 
which have been discovered to act as recombinat ion  
centers  and to l imi t  conversion efficiencies. They also 
enhance photocorrosion (6-7).  

For  fundamenta l  invest igat ions,  the  morpho log ica l  
surface aniso t ropy of MX2 (M ---- W, Mo; X ---- S, Se) 
e lectrodes provides  the ~opportuni ty  to s tudy  two 
dis t inc t ly  different  types  of surfaces in situ. At steps, 
s t rong covalent  bonds can be formed wi th  components  
of the ambien t ,  but  the smooth surfaces are  main ly  
in te rac t ing  via  weak  Van der  Waals  bonding wi th  the 
envi ronment .  

At  steps, the chemical  in teract ion with  e lec t ro ly te  
species  is cons iderab ly  s t ronger  and introduces a va -  
r i e t y  of react ion possibil i t ies.  Adsorp t ion  (or chemi-  
sorpt ion)  can occur. This affects the sur face-s ta te  
energy  and densi ty  dis t r ibut ion.  Examples  of this wil l  
be given in this paper .  

* E l e c t r o c h e m i c a l  Soc ie ty  Act ive  Member .  
1 P r e s e n t  address:  Hahn-Meitner-Inst i tut  f u r  K e r n s  

Be r l i n  G m b H ,  B e r e i c h  S t r a h l e n c h e m i e ,  G l i c a i c k e r  Str .  10D, D-1000 
B e r l i n  39, G e r m a n y .  

K ey  w o r d s :  s e m i c o n d u c t o r ,  c h e m i s o r p t i o n ,  o v e r v o l t a g e ,  sur -  
faces .  

The genera l  coexistence of smooth and s t e p p e d  re-  
gions, whose re la t ive  a~eas v a r y  for each crys ta l  and 
depend on the surface  prepara t ion ,  makes  it impossible 
to p repa re  reproducib le  e lect rode surfaces. One can 
only demons t ra te  the genera l  t rend  by  compar ing  
samples  wi th  large  differences in surface perfect ion 
wi th  respect  to the i r  e lec t rochemical  behavior .  We 
repor t  here  such resul ts  ob ta ined  wi th  WSe2 crystals .  
The w e l l - know n  effectiveness of the I s - / I -  redox 
couple for high charge t ransfe r  rates  and reduct ion of 
corrosion (8, 9) deserves invest igat ion,  pa r t i cu l a r ly  of 
its microscopic in terac t ion  wi th  s tepped and smooth 
surfaces.  An  unders tand ing  of the role of steps and 
o ther  sur face  imperfect ions  on the pho to redox  reac -  
t ions and photocorrosion is impor tan t  for  an  u n d e r -  
s tanding  of l imits  and possible improvements  of l iqu id-  
junct ion solar  cells made  wi th  these mater ia ls .  

Experimental 
The n ,WSe2 crysta ls  used were  grown by s t andard  

chemical  t r anspor t  react ion (10). Smooth  and s t ruc-  
tu red  crys ta ls  were  selected f rom the same ba tch  upon 
visual  inspect ion wi th  a l ight  microscope.  Ohmic con- 
tacts were  made  wi th  H g - I n  amalgam,  fol lowed by  
A g - e p o x y  (Epoxy Prod.  40773) mak ing  contact  to a 
copper  rod, which was then encapsula ted  wi th  insu la t -  
ing epoxy  (Scotchcast  3M No. 4). Exper iments  were  
pe r fo rmed  with  a s tandard  th ree -e lec t rode  poten t io-  
s tat ic  a r r angemen t  using a P t  countere lec t rode  and a 
sa tu ra t ed  calomel  e lect rode (SCE) as re ference  elec-  
trode. Al l  potent ia ls  are  r e fe r red  to SCE. Al l  cu r ren t  
po ten t ia l  curves were  measured  wi th  ro ta t ing  e lec-  
trodes.  Solut ions were  made  f rom t r ip le -d i s t i l l ed  w a t e r  
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and analyt ica l -grade chemicals. The differential ca- 
pacitance has been measured by s tandard  techniques 
at 800 Hz. I l lumina t ion  was provided by a 100W tung-  
s ten- iodine  lamp with 5 m W / c m  2. 

Results 
The oppor tuni ty  to moni tor  the interact ion of elec- 

trolyte species with a semiconductor surface is pro- 
vided by capacitance measurements .  Corresponding 
flatband potentials (UFB), extrapolated from Mott- 
Schottky plots, allow the determinat ion of the semi- 
conductor band-edge positions. 

Figure 1 shows the influence of I -  concentrat ion on 
the flatband potential  of a smooth and two stepped 
WSe2 electrodes. For the smooth sample, very little de- 
pendence is noted, but  the stepped samples have a 
much more negative UFB and show a fur ther  cathodic 
shift when the I -  concentrat ion is changed from 10-4IV[ 
to 10-1M. Because of high Faradaic currents,  UFB could 
not be determined for I -  concentrat ion higher than 
10-2M at the s tepped-III  anode with the highest sur-  
face imperfection. Figure 2 shows the influence of pH 
on the flatband potential  of smooth and two highly 
s t ructured WSe.~ electrodes (stepped I and stepped II) 
in three support ing electrolytes�9 For the smooth sample, 
no measurable  dependence of fl'atband potential  on 
O H -  concentrat ion is found. The stepped samples show 
pronounced changes with pH in K~SO4 and KC1 but  not 
in KI. Changes are largest in K2SO4. For pH < 1, the 
value of U F B  Of a stepped sample is almost identical  to 
that of a smooth electrode. The overal l  change in flat- 
band potential  between pH 1 and 11 is AUFB = --0.25V. 
At the steepest part  of the curve a round pH ----- 5, the 
slope dUF~/dpH reaches 46 mV/pH. For a solution with 
1M CI- ,  U F B  at this part icular  stepped electrode is 
shifted at pH 1 towards more negat ive values than the 
smooth sample, but  approaches the values in K eSO4 for 
pH > 7. In  1M KBr, UFB is shifted somewhat  more 
cathodically at pH 1, and in 1M KI the shift of UFB 
reaches 200 mV. The influence of pH was no longer 
detectable in 1M KI solution within the error limits of 
our measurements�9 

The influence of the surface s t ructure  of WSe2 on 
photocurrent  voltage curves for two different redox 
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electrolytes is displayed in Fig�9 3�9 In  I - ,  the smooth 
surface shows a photocurrent  onset at  --0.2V, and a 
relat ively steep increase and saturat ion at +0.8V. The 
stepped sample shows a delayed onset in photocurrent  
and a considerably smal ler  slope of the I-V curve�9 It 
does not reach sa tura t ion  upon polarizing to -FI.IV. 
The behavior  of these electrodes in Fe (CN)64- is con- 
siderably worse with respect to the photocurrent  volt-  
age characteristics. Although the onset of the photo- 
c u r r e n t  coincides for the smooth electrode for both 
electrolytes, the raise with potential  is much lower for 
Fe(CN)64-  than for I - .  The photocurrent  of the 
stepped electrode in K4Fe(CN)6 is fur ther  reduced, 
and is approximately 1/6 of the current  of the smooth 
electrode in KI at 1.0V. Also indicated in Fig. 13 are the 
respective dark currents  for the smooth and the 
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KCI, pH 6. 
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s tepped sample�9 I t  is shown that  the anodic da rk  cur-  - -  1 
rents  increase  w.ith surface  imperfect ion.  

The influence of I -  on the photocur ren ts  was fu r the r  o 
examined  by  changing the I - c o n c e n t r a t i o n  and mon-  < 
i tor ing the I -V curves on s tepped and smooth samples  ~ 0 
(Fig. 4). I t  is noted  that  upon increas ing the I -  con- o 
cent ra t ion  on a s tepped sample  up to 10-SM KI, no -'-- 
dist inct  difference in photoresponse compared  to the 
base l ine in KC1 is found�9 A subs tan t ia l  increase  in cur-  "E 
r en t  and sh i f t  to more  nega t ive  bias, however ,  is ob-  ~ -1 
se rved  for  10-1M KI  a n d  much more  so if the  concen-  
t ra t ion is increased to 5.5M. On the smooth electrode,  a 
devia t ion  f rom the curve recorded  in KC1 is a l r eady  _z 
found for 10-SM KL This improves  fur ther  upon in-  ~ - 2  
creased I -  concentrat ion.  The steepness of the photo-  -u 
cur ren t  vol tage curve on the smooth  electrode is 
cons iderab ly  higher,  and the pho tocur ren t  reaches the  
sa tura t ion  region at  much  less posi t ive bias. 

- 3  A ve ry  drast ic  change of the surface chemis t ry  oct 
curs if I s -  is present  in the electrolyte�9 Electrodes wi th  
a large  number  of steps lose thei r  b locking charac te r  
in the potent ia l  range above 0V ('SCE) in the dark,  and 
thei r  cur ren t  vol tage  curves pass the open-c i rcu i t  po-  -h  
ten t ia l  Bnearly.  This potent ia l  approaches  the redox 
potent ia l  of the e lect rolyte .  

Figure.  5 shows the potent ia l  dependence  of the cur-  
rents  passing in the da rk  the contact  be tween  an iodine - 5 
and iodide conta in ing e lec t ro ly te  and n-WSe2 samples  
wi th  fou r  different  surface morphologies�9 The currents  
increase wi th  surface distort ion.  They  are  ve ry  smal l  
for the smoothest  e lectrode and larges t  for the edge of 
a crys ta l  exposed  to solution. - 6  

Discussion 
Influence of surface ~norphology.--The resul ts  are  

evidence of the influence of surface s t ruc ture  on the 
photoelec t rochemical  behavior  of l aye red  semiconduc-  
tors, and the except ional  role of the  I - / I s -  redox  
couple in the charge t ransfer  react ions a t  the WSe2 
e lec t ro ly te  interface.  This is s imi la r  to exper ience  with  
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c - -  stepped, d - -  edge of a crystal (surface l l~ ) .  

MoSe2 electrodes (ll). The s-p bonding orbitals be- 
tween meta l  and  chalcogene a toms are  located be low 
the dz2 orbi ta ls ,  which form the uppermost  valence 
band (12). The dz~ orbi ta ls  are  shie lded by  the Se 
layers  f rom in terac t ion  with  the ambient .  W atoms at  
s teps and other  surface defects can in te rac t  s t rong ly  
w i t h  components  of the e lec t ro ly te  because the d 
orbi ta ls  of the  W atom there  are  not  shie lded agains t  
ex te rna l  reactants .  These unsa tu ra ted  bonds of the W 
atoms can over lap  wi th  electronic orbi ta ls  of com-  
ponents  of the  e lec t ro ly te  and form n e w  chemical  
bonds, pa r t i cu l a r ly  those wi th  nucleophi l ic  reactants ,  
l ike O H -  and the hal ide  ions. Chemical  modification of 
such surface sites wil l  i n t roduce  surface or in ter face  
s ta tes  in the semiconduc to r -ene rgy  gap which act as 
recombinat ion  centers.  The poor  so la r -ce l l  pe r fo rmance  
of s tepped WSez electrodes has main ly  been a t t r ibu ted  
to this effect (13, 14)�9 

Our exper iments  show that  this in terac t ion  occurs 
a l r eady  in the  da rk  and leads to the negat ive  shif t  of 
the f la tband potent ia l  for e lectrodes wi th  s tepped  sur -  
faces, since the adsorpt ion  of negat ive  charge on the 
surface  leaves behind  a posi t ive counter  charge in the 
solut ion at a distance of the Helmhol tz  doub l e - l aye r  
dimension (Fig. 1, 2). The size of this shif t  depends  
necessar i ly  on the number  of surface si tes where  such 
a n  in terac t ion  is possible. Sa tu ra t ion  of the  react ive  
si tes  is approached  at  high concentra t ions  of  the i n t e r -  
act ing species in the electrolyte�9 On the most s tepped 
surface wi th  a la rge  excess of such sites in Fig. 1, a 
f l a tband-poten t ia l  shif t  of 59 mV per  concentrat ion 
decade is approached�9 F igure  2 d isplays  the  re la t ive  
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binding  of SO42-, C I -  and  I -  wi th  respect  to O H -  at  
steps. SO42- appears  to have negl ig ible  interact ion,  bu~ 
I -  is much more  s t rong ly  bound  than  O H -  and occu-  
pies al l  the  accessible chemisorpt ion  sites. Therefore,  
the pH has l i t t le  effect on UFB in the presence of a high 
concentra t ion  of KI. C1- and B r -  do not  in terac t  as 
wel l  as O H - .  Quant i ta t ive  re la t ions  are  difficult to ob-  
ta in  because of the l imi ted  control  and  reproduc ib i l i ty  
of surface p repara t ion .  

S~nooth surfaces.~Photocurrents in the presence of 
redox  systems increase  only ve ry  s lowly  wi th  posit ive 
bias. The reason for  the de layed  onset  of the photocur -  
rents  re la t ive  to the  posi t ion of the  f la tband potent ia ls  
and the s luggish increase  wi th  bias could  be a shift  of 
the band -edge  position. This comes about  because of 
the charging of surfaCe states,  which can capture  holes 
and accumula te  pOsitive charge to a sufficiently la rge  
tamount. Since the missing vol tage  drop of the  space 
charge  l aye r  would  in this case appea r  in the He lm-  
hol tz  double  layer ,  a high n u m b e r  of surface  states 
would  be needed.  The iner tness  to adsorpt ion  of these 
p lanes  makes  i t  difficult to assume this for a smooth 
Van der  Waals  plane.  F e r m i - l e v e l  p inning  appears ,  
therefore ,  insufficient as an explana t ion  for  the photo-  
cu r ren t -vo l t age  character is t ics  of  the smooth elec-  
trodes.  

A more  p laus ib le  exp lana t ion  is the assumpt ion tha t  
the e lect ron t ransfe r  ra te  is slow, and leads to an ac-  
cumula t ion  of holes unde rnea th  the  interface.  This ex-  
p lana t ion  has been discussed by  Reichmann (15), and  
/k lbery  et al. (16). In  this case, an invers ion l aye r  is 
fo rmed as was indica ted  a l r eady  for MoSe2 electrodes 
by  capac i ty -  and sur face-conduc t iv i ty  measurements  
under  i l lumina t ion  (17). 

The  fo rmat ion  of an invers ion l aye r  wil l  also affect 
the posi t ion of the bandedges  to some extent .  The ad-  
di t ional  electr ic  charge in an invers ion layer  can create  
a cons iderab ly  increased  field s t rength  at the surface,  
which  extends  th rough  the Helmhol tz  double  layer .  
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The addi t ional  vol tage drop in the Helmhol tz  double  
l aye r  due to this effect cannot, however ,  be as large  as 
that  genera ted  by  a high concentra t ion  of charged  
surface  states, but  this effect wil l  nonetheless  cont r ib -  
ute to the slow increase of the photocur ren ts  wi th  bias. 

Stepped surfaces.~At the surfaces wi th  a large  n u m -  
ber  of steps, surface recombina t ion  is enhanced con- 
s iderably .  There  is also some evidence tha t  dislocations 
or o ther  s t ruc tu ra l  defects a re  concent ra ted  in the bu lk  
near  s teps and increase  the ra te  of  recombina t ion  in 
this region of the bu lk  (14). This leads to a ve ry  in-  
homogeneous concentra t ion d is t r ibut ion  of holes in the 
space charge layer .  We can assume tha t  ho l e s  are con- 
sumed much fas ter  by  recombina t ion  at  s teps and in 
the sur rounding  bu lk  than at  smooth par ts  of the ~ur- 
face. The resul t  is that  the concentra t ion of holes 
a round  steps is much lower  than at the smoo th  parts ,  
and  a l a rge  concentra t ion g rad ien t  be tween  smooth-  
surface areas  and steps wil l  exist.  This causes a p re fe r -  
ent ia l  t r anspor t  of holes to the steps, as d i sp layed  in 
Fig. 6. The h igher  hole mobi l i ty  pa ra l l e l  to the layers  
wil l  fu r the r  contr ibute  to the increased dr i f t  of holes 
to steps on the surface. 

I f  the f latband potent ia l  is shi f ted  at the s tepped 
electrodes to more  nega t ive  values by  the adsorpt ion 
of anions which can be oxidized by  holes, such as I -  
ions, the consumption of this negat ive  surface charge 
can reverse  the  shif t  of UFB, as was observed for ad-  
sorbed S ~- on CdS (18). This is, however ,  un l ike ly  for 
solut ions wi th  ve ry  high I -  concentrat ion,  because the 
adsorpt ion  of I -  is a fast reaction,  and with  a large  
excess of iodide the genera ted  iodine wi l l  qu ick ly  be 
desorbed by  complexat ion  with  I -  ions. I t  must  be 
ment ioned  that  accumulat ion  of posi t ive charge in su r -  
face s tates  at  s teps also contr ibutes  to the slow increase 
of the photocu~rent  wi th  appl ied  voltage.  This comes 
about  by  an increase of the vol tage  drop in the He lm-  
holtz double  l aye r  and  a cor responding  shift  of the 
bandedges  to more  posi t ive potent ials .  The p r edom-  
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Fig. 6. Schematic representation of the motion of photogeneroted minority carriers near the edge of a step, Hole-concentration profiles 

parallel end perpendicular to the ~-axis are else indicated. 
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inant  effect of the steps, however ,  seems to be the in-  
crease of the recombinat ion  rate.  

The specificity of the iodide redox reaction.--In the 
absence of specific adsorption,  the in terac t ion  be tween  
the holes and the ions in solut ion wil l  be ve ry  weak  
due to the smal l  over lap  be tween  the dz~ orbi ta ls  and 
the  highest  occupied o rb i t a l  of the redox species. Con- 
sequently,  the charge t ransfe r  ra te  is low. These u n -  
favorable  condit ions are  less impor t an t  for iodide for 
two reasons. Firs t ,  its so lvat ion  shell  is more  w e a k l y  
bound, and  the ion i tself  m a y  be able to approach the 
surface closer than  o ther  redox  ions. Second, the iodine 
a tom as the react ion product  appears  to in te rac t  more  
vigorously  even wi th  the smooth surface. This wil l  
affect the t rans i t ion  s ta te  in which e lect ron t ransfer  
occurs and reduce the act ivat ion ba r r i e r  for hole t rans-  
fer. The adsorbed I a toms wil l  fu r the r  catalyze the 
e lect ron t ransfe r  f rom I -  ions to holes and enhance 
the  format ion  of the I2 molecule  in the second s tep of 
this redox reaction.  However ,  one st i l l  needs a ve ry  
high concentra t ion of I -  to make  the e lec t ron  t ransfer  
react ion at  the WSe2 surface so fast tha t  {he surface 
concentra t ion of holes is drasticalJ.y reduced  at  the 
smooth electrodes and the flux of minor i ty  carr iers  t o  
the  surface can approach  its l imi t ing value (cf. Fig. 4). 

A t  the s t epped  electrodes,  the I -  ions are  adsorbed 
and can react  wi th  holes .easily. However ,  this en-  
hanced charge t ransfer  ra te  has to compete wi th  the 
increased ra te  of recombinat ion.  The ca ta ly t ic  effect of 
adsorbed I a toms on the ra te  of hole t ransfe r  to other  
I -  ions can obviously  not fu l ly  compensate  for the in-  
creased losses by  recombinat ion.  The overa l l  resul t  is 
s t i l l  a s lower increase of the photocur ren t  wi th  the 
bias app l ied  than  a t  the smooth surfaces. 

If  iodine is p resen t  in the e lectrolyte ,  the surface 
seems to change comple te ly  in chemical  character ,  at  
least  a round  s teps and o ther  defects.  A l aye r  wi th  a. 
high concentra t ion of surface s ta tes  is formed.  The 
l aye r  catalyzes  e lect ron t ransfe r  to and from the con- 
duct ion band  to an ex t en t  that  da rk  cur ren t s  passing 
cont inuously  the  abscissa close to the  equi l ib r ium po-  

ten t ia l  of the redox system become possible (cf. Fig. 
5). The chemical  na ture  of this surface modification 
remains  to be de termined.  

Manuscr ip t  submi t t ed  Apr i l  4, 1983; rev ised  m a n u -  
scr ip t  received Ju ly  27, 1983. 
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Technical Notes , .  

Graphite Fiber as a Positive Electrode of Rechargeable Lithium Cells 

Yoshiharu Matsuda,* Masayuki Morita, and Hidenori Katsuma 
Department of Industrial Chemistry, Faculty of Engineering, Yamaguchi University, Tokiwa-dai, Ube, Yamaguchi, Japan 

Graphi te  compounds have  gained in te res t  as pos-  
s ible posit ive e lectrodes for  rechargeable  l i th ium cells. 
Thei r  cha rge -d i scha rge  character is t ics  have  been s tud -  
ied in organic  e lec t ro ly t ic  solut ions such as sulfolane 
(1),  d imethylsulf i te  (2, 3), and p ropy lene  carbonate  
(4, 5). The charge-d i scharge  react ions of g raphi te  
posi t ives are  be l ieved  to involve the in te rca la t ion-  
de in terca la t ion  process shown in Eq. [1 ] 

n C + A -  ~,charg%, C n ' A + e  [1] 
d ischarge  

* Electrochemical Society Active Memeber. 
Key words: lithium cell, graphite fiber, rechargeability, anion 

intercalation. 

where  n is an in teger  and A -  denotes an anion (2-5).  
Cell pe r fo rmance  is dependen t  on the va r ie ty  of the  
graphi te .  Bennion et al. (2) and  Ohzuku et al. (5) 
presented  some high-eff iciency charge-d i scharge  cycles 
using pyro ly t ic  g raphi te  positives. I t  is he ld  that  the 
edge face (para l le l  p lane to the c-axis  of the crys ta l )  
of the graphi te  s t ruc ture  is effective for the in te rca la -  
t ion react ion (4). This note presents  the use of carbon 
( g r a p h i t e )  fibers wi th  surfaces consist ing main ly  of 
the edge face of the graphite .  The charge-d i scharge  
behav ior  of the graphi te  fiber e lect rode was s tudied  
in p ropy lene  carbonate  (PC) solut ions of LiC104, 
LiBF4, and LiPF6. The results are discussed from the 
standpoint of the structure change. 
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Experimental 
A fel t  of g raph i te  fiber (Nihon Carbon Company,  

Limited,  GF-25A)  was used as the test  electrode.  I t  
was charac te r ized  by  x - r a y  diffract ion analysis  and 
scanning e lec t ron microscopy (SEM).  The fel t  was 
cut  into disks of 12.5 m m  d iame te r  (average  weight ;  
0.038g), and then  mounted  on a Teflon ho lder  wi th  
a P t  cur rent -co l lec tor .  The appa ren t  surface  area  ex-  
posed to the solut ion was 0.5 cm~. 

The  so lvent  PC was  purif ied and d e h y d r a t e d  b y  
the usual  methods,  as descr ibed e l s e w h e r e  (6, 7). The 
e lec t ro ly t ic  sal ts  (LiC104, LiBF4, and LiPF6) were  
e x t r a - p u r e  grade.  They  were  used af te r  d ry ing  under  
reduced  pressure  for  24 h r  or  more  (7). The concen- 
t ra t ion  of the e lec t ro ly te  was 1.0 tool dm -~. The wa te r  
contents  of the solut ion were  less than  80 mg dm-~.  

The charge-d i scharge  character is t ics  were  inves t i -  
gated using a ha l f -ce l l  test  wi th  an excess of the elec-  
t ro ly t ic  solut ion (about  100 cm3). A b e a k e r - t y p e  cell  
wi th  a P t  countere lec t rode  (16 m m  X 28 ram) was 
used. A SCE was used as the  reference  electrode.  The 
e lec t rode  poten t ia l  is r epor ted  against  the L i / L i  + cou- 
ple. The poten t ia l  of the L i / L i  + vs. SCE w a s  d i r ec t ly  
de t e rmined  by  separa te  exper iments .  I t  was --3.0V. 
The fel t  e lec t rode  was charged at  a constant  cu r ren t  
of 0.1 m A  (0.02 A dm -~) for  60 min. Discharging was 
done wi thout  a b reak  at  the same cur ren t  dens i ty  
unt i l  the e lec t rode  potent ia l  was 3.0V (vs. L i / L i + ) .  
The charge-d i scharge  cycle  was repea ted  at  leas t  six 
t imes. These e lec t rochemical  measurements  were  car-  
r ied out  under  a d r y  N2 a tmosphere  at  298 K. 

Results and Discussion 
Figure  1 shows SEM photographs  o f  the graphi te  

fiber before  its e lec t rochemical  use. The m a x i m u m  
length  of the  fiber was about  3 mm, and the average  
d i ame te r  was 10-15 ~m. The x - r a y  diffract ion pa t t e rn  
of the graphi te  fiber is shown in Fig. 2. This indicates  
tha t  the (100) p lane  of the g raph i te  s t ructure ,  as 
wel l  as the  (002) or  (004) plane,  is h igh ly  developed 

(002) (lO0) (004) 

I i i I 
20 40 60 80 

2e/deg 

Fig. 2. X-ray diffraction pattern of the graphite fiber electrode 

in the fiber. Thus the p lane  pa ra l l e l  to the c-axis  (so- 
called edge face) of the  graphi te  c rys ta l  is p r e fe ren -  
t i a l ly  exposed at the surface of the fiber. 

The charge-d i scharge  curves of a g raph i te  fiber 
e lect rode are  shown in Fig. 3, where  the charge (or 
d ischarge)  t ime of 60 rain corresponds to a capaci ty  of 
24 C g -1. The charging potent ia ls  r emained  a lmost  
constant  a f te r  the first 30 min, and the curves scarce ly  
va r ied  wi th  increas ing cycle numbers .  Dur ing  dis-  
charge, potent ia l  plateaus,  which  might  be a t t r ibu tab le  
to the de in terca la t ion  of the anion, were  observed.  
These resul ts  are  s imi lar  to those in d imethylsu l f i te  
solution, as r epor ted  by  D e s h p a n d e  and Bennion (3). 
There is no evidence for  in te rca la t ion  per se, but  the 
da ta  would be consis tent  wi th  the fo rmat ion  of a 
graphi t ic  acid sal t  as r epor ted  in works  on aqueous 
solutions (8, 9). The coulombic capacit ies ( A - h r  dis-  
charged)  tended to increase  wi th  cont inued cycling. 
The var ia t ion  in the x - r a y  diffract ion pa t t e rn  of the  
fiber was inves t iga ted  dur ing  tl~.e charge-d i scharge  
process. The in tens i ty  of each diffract ion peak  fe l l  
off wi th  r epea ted  cycling; though shif ts  in the diffrac-  
t ion angles were  not  observed.  This indicates  a de -  
creasing c rys ta ! l in i ty  of the graphi te  wi th  cycling. 
The increase in the coulombic capaci ty  wi th  r epea ted  
cycl ing is p r o b a b l y  re la ted  to the lowered  degree  of 
crys ta l l in i ty .  On t h e  o the r  hand,  the coulombic effi- 

Fig. 1. $EM photographs of the graphite fiber 
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Fig. 3. Charge-discharge curves of the graphite fiber electrode. 
A: in !.0 mol dm -~ LiCI04; B: in 1.0 rnol drn -3 LiBF4; C: in 1.0 
mol dm -8 LiPF6. 
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Fig. 4. SEM photographs of the graphite fiber after 6 charge- 
discharge cycles. A: in 1.0 mol dm -3 L[CIO4; B: in 1.0 mol dm -3 
LiPF6. 

ciency of the charge-d i scharge  cycle ( A - h r  dis-  
c h a r g e d / A - h r  charged)  increased in the order  of 
C104- < BF4-  < PF6- .  Such differences in the effi- 
ciency could resul t  f rom the difference in the extent  
of in te rca la t ion  dur ing  the charge. Pu r i t y  of the sal t  
is p robab ly  not  a main  factor  in the cycle efficiency 
because the impur i ty  contents were  low (e.g., < 1% 
in LiPF6 and < 0.1% in LiBF4) even in the solut ion 
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prepared .  The cycle efficiency would  depend  on the 
k ind  of anion to be in terca la ted ,  though the reason 
for  the difference in the reac t iv i ty  was not clarified 
in the present  work. 

There was l i t t le  change in the appearance  of the 
fiber e lectrode af te r  the charge-d i scharge  cycles, a l -  
though the resul ts  of x - r a y  diffraction analysis  showed 
a decrease of graphi te  s t ruc ture  in the fiber. F igure  4 
shows SEM photographs  of the graphi te  fiber after 
the s ix th  discharge in the LiC104 and LiPF6 solutions. 
There  was l i t t le  change in shape of the fiber except  
for some roughness  of the surface.  This should be an 
impor tan t  fea ture  for  the e lect rode of secondary  cells, 
and i t  suggests  that  such fiber e lectrodes abounding 
with  the edge face of the c rys ta l  are  favorable  for  
prac t ica l  use. However ,  fu r the r  a t tempts  should be 
made to improve  charge-d i scharge  efficiency, and the 
l ong - t e rm character is t ics  of the cycling should  also 
be inves t iga ted  for  real iz ing a prac t ica l  rechargeable  
cell. 
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Repassivation Behavior of Two Glassy Alloys in Sulfuric Acid with and 
without Chloride Ions 

Ronald B. Diegle, *'1 and David M. Lineman 2 

Battelle Columbus Laboratories, Columbus, Ohio 43201 

The excel lent  corrosion resistance of cer ta in  Cr-  
containing glassy al loys has been a t t r ibu ted  to the 
presence of ve ry  protec t ive  passive films, pa r t i cu l a r ly  
hydra t ed  chromium oxyhyd rox ide  (1, 2) . -The  degree 
of enr ichment  of Cr 3 + in such films can be g rea te r  than 
that  in films formed on crys ta l l ine  stainless steels con-  
ta ining comparab le  levels  of a l loyed Cr. P in the glassy 
s t ruc ture  g rea t ly  faci l i ta tes  enr ichment  of Cr '3+ into 
the passive film ( i ,  3, 4);  analysis  of repass ivat ion  
t ransients  (2, 5, 6) has sugges ted  that  P accelerates  
dissolution of the unfi lmed alloys, and that  this in tens i -  
fied dissolution promotes  the format ion  of passive films 

* E lec t rochemica l  Society Act ive  Member .  
1 P r e s e n t  address :  Sandia Nat ional  Labora to r ies ,  A l b u q u e r q u e ,  

New Mexico 87185. 
2 P r e s e n t  address :  C o m i n g  Glass Works ,  Corning,  New York 

14870. 
Key words :  amorphous ,  corrosion,  passivi ty,  t r ans ien t s .  

that  are  h ighly  enr iched in Cr 3+. The work  repor ted  
here  was unde r t aken  to analyze  the repass iva t ion  be-  
havior  of cer ta in  glassy al loys as influenced by  the 
meta l lo ids  P, B, and Si, and by chIoride ion in solution. 

Experimental 
Composit ions of the al loys that  were  used are  given 

in Table I. The alloys des ignated  2826A and S i /B  were  
glassy, and they  were  procured  f rom Al l ied  Chemical  
Corporat ion and p repa red  at  Battel le ,  respect ive ly ;  
both were  made by  the mel t  sp inning  process. The 
T316 stainless s teel  was p rocured  f rom a commercia l  
vendor  and i t  was included so tha t  repass iva t ion  be-  
havior  of the glassy al loys could be compared  with  
that  of a c rys ta l l ine  Cr-conta in ing  stainless  steel. 
Cur ren t  t ransients  were  genera ted  by  scra tching 
specimens that  were  potent ios ta ted  re la t ive  to a sa tu -  
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Table I. Compositions of alloys 

Composition, atomic percent .  

A11oy Fe NI Cr Mn Mo P B Si 

28~.6A 32 36 14 ~ ~ 12 6 
S i / B  32 36 14 - -  - -  12 6 
T3i6  65 11 18 2.0 I.'~ 0.0 ~ 2.0 

. Compositions of 2826A and T316 were quoted by suppliers 
and SUB was analyzed at Battelle. 

rated calomel electrode (SCE) in IN H2SO4, with or 
without addition of 1N NaCI. Scratching was performed 
with a spring driven sapphire stylus (7), and the 
transients were recorded on a waveform recorder 
(Physical Data Model 514A). This recorder could 
sample the signal at intervals as short as 0.5 ~sec, and 
thus it was more than adequate for resolving current- 
time behavior in the 10-3-1 sec range. The alloy elec- 
trodes were first abraded with 600 grit SiC paper to 
create a standard surface finish, then rinsed with ace- 
tone, air dried, and mounted to a Teflon holder prior to 
scratching. The average scratch area for each type of 
alloy was determined after several scratch events by 
means of a high power optical microscope equipped 
with a filar eyepiece. The scratches were approximated 
as being rectangular in cross section and sufficiently 
shallow that the area of the inside walls of the scratch 
could be ignored. Several areas were measured and 
then averaged for use in calculating current densities. 
(Only the scratch area, not the total exposed electrode 
area, was used to calculate current density.) 

Results 
Potentials in the passive range of polarization be- 

havior were selected for the scratching experiments so 
that well-developed passive films would form on the 
scratched areas. Anodic polarization curves for the 
three alloys are shown in Fig. 1 for 1N H2SO4. T316 
steel was polarized to 0.20V (SCE), which was in the 
passive potential region in both 1N H2SO4 and 1N 
H2SO4 ~- 1N NaCI. A potential further into the passive 
region was selected for the two glassy alloys, namely, 
0.60V (SCE); however, because this value exceeded 
the critical pitting potential of the Si/B alloy in 1N 
H2SO4 % 1N NaCI, a potential of 0.20V (SCE) was 
used for the Si/B alloy in Cl-containing 1N H2SO4. It 
was not considered critical to use the same potential 
for all three alloys because neither the passive film 
compositions nor the current passed should depend 
strongly on the applied potential over this potential 
range. 

Shown in Fig. 2 are typical current density-time plots 
measured at passive potentials. Two distinct regions 
are evident. In region 1, the current density decreased 
linearly with a slope of about --1 sec -I. After about 
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0.8 :" , ~  
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2S25~,  (" 
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10-6 10-5 10 -4 10 -3 
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Fig. 1. Polarization curves obtained in deaerated 1N H~S04 at 
room temperature. Scan rate - -  1 mV/sec. 
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Fig. 2. Typical anodic current transients obtained in 1N H~$O4. 
ib ~ 4"  10 - 5  , 4"  10 - 5  , and 2 - 1 0  - 4  A/cm s for 2826A, Si/B, 
and T316, respectively. 

700-I000 rnsec had elapsed, the current density de- 
creased at a slower rate, denoting region 2 behavior. 
The current density-time relationship was of the form 

( i - - i b )  : ( / p - - i b )  l 0  st [1 ]  

in which i is current density, ip is the peak current 
density measured, ib is the background or steady-state 
current density, s is the slope of the data in either 
region 1 or 2, and t is the time after ip occurred. This 
equation was integrated between appropriate limits to 
calculate the charge density passed in region 1, Q1, and 
in region 2, Q2. Repassivation parameters are presented 
in Table II, and they are the mean values from, typi- 
cally, three replicate experiments for each alloy. The 
effect on repassivation of adding 1N NaC1 to the elec- 
trolyte is shown in Fig. 3. The two stage semilogarith- 
mic current decay still occurred, but the dissolution 
current was substantially increased for the Si/B alloy. 
Repassivation parameters measured in the presence of 
NaC1 are presented in Table III. 

Discussion 
Hashimoto et al. (6) measured repassivation tran- 

sients on glassy Fe-10Cr-13B-7X alloys in 0.1N H~SO4, 
where X = Si, B, or P. They showed that P caused the 
most rapid current decay after abrasion, and Si the 
least rapid, although they did not analyze quantita- 

Table II. Repassivation parameters measured in deaerated 1N 
H~S04 at passive potentials a 

Potential is - ib QI Qa sl h 
Alloy [V(SCE)] (mA/cm s) (mC/cm s) (mC/cm 2) (seo-~) (sea<) 

T316 0.20 11.0 4.1 1.7 -1.09 -0.25 
2826A 0.60 11.9 3.6 1.8 -1.05 -0.38 
SUB 0.60 9,5 2.8 0,4 -1.37 --0,63 

�9 Results quoted are averages of, typically, three meaSure- 
ments. 

Table III. Repassivatloa parameters measured in deaerated 1N 
H2S04 -J- 1N NaCI at passiva potentials a 

Potential  is - ib Q~ Q~ sl sJ 
Alloy [V(SCE)] (mAlcm ~) (mC/cm 2) (mC/cm ~) (sea -I) (see "I) 

T316 0.20 3.3 10.2 5.1 -1.23 -0.26 
2826A 0.60 1,S 5.8 2.4 - 0.99 - 0.40 
Si/B 0.20 530.0 200.0 107.0 --1.06 --0.47 

�9 ResuRs quoted are averages of, typically, three measurements. 
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Fig. 3. Typical anodic current transients obtained in 1N H2SO4 

1N NaCI. ib ~ 3 �9 10 - 5  , 7 �9 10 - 4  , and 1 �9 10 - 3  A/cm 2 for 
2826A, Si/8, and T316, respectively. 

t ive ly  the kinet ics  of  cur ren t  decay. Reference to Fig. 
2 shows tha t  the repass iva t ion  ra te  for the S i /B  al loy 
was somewhat  fas ter  than that  of 2826A, and thus our  
results  r ega rd ing  the influence of meta l lo ids  a re  some-  
wha t  at  var iance  with  these workers .  However ,  the 
presence of  chlor ide ion m a r k e d l y  di f ferent ia ted the 
effects of P f rom Si in promot ing  rap id  repassivat ion,  
as ev ident  in Fig. 3 and Table III. 

I t  is in teres t ing  to compare  the Q1 values  to the 
charge requ i red  to form one monolayer  of passive film. 
As ~ first approx imat ion  and to s impl i fy  the ca lcula-  
tion, it  was assumed tha t  the only  cation present  in the 
film was Cr 8+. This was not  s t r ic t ly  true,  ye t  under  
some condit ions the  cationic fract ion of Cr, r e l a t ive  to 
Fe, Ni, and o ther  cations, can indeed be large,  especia l ly  
at  potent ia ls  wel l  cathodic to t ranspass ive  behavior  
(2, 4). Second, the film composi t ion was taken  to be 
CrO(OH)  ' H 2 0  because C r O x ( O H ) s - ~ . n I - t 2 0  has 
been postulated,  based on extens ive  XPS  analysis,  to 
comprise  a subs tan t i a l  p ropor t ion  of the passive film 
on glassy Cr -con ta in ing  al loys exhib i t ing  high corro-  
sion resistance (1, 2);  for this calculat ion x was taken  
to be 1. A n  es t imate  of  the monolayer  equiva lent  
cha rge  dens i ty  (MEQ) was made for a film of the 
above composit ion wi th  a densi ty  of 3 g / c m  ~ and th ick-  
ness of 0.3 rim. 

The ca lcula ted  charge densi ty  is 0.34 m C / c m  2, in 
agreement  wi th  the lower  range of 0.4-0.7 m C / c m  2 
ca lcula ted  by  F r a n k e n t h a l  for  Fe-24Cr  (8). However ,  
if the film is pure  CrO (OH) �9 H20 and select ive dis-  
solut ion of Cr f rom the a l loy does not  occur, then Fe 
and Ni must  be dissolved into solution; this dissolution 
would  increase  the total  measured  charge to 1.4 m C /  
cm 2, p rovided  tha t  P and B (in 2826A, e.g.) are  not  
oxidized.  [Both e lementa l  .and oxidized P have been 
found in the  passive film on a glassy a l loy (9).] I f  al l  
of the P and B are  oxidized to ps+ and B ~+, then the 
MEQ is increased fu r the r  to 2.0 m C / c m  ~. These calcu-  
la ted  values  of 1.4-2.0 m C / c m  2 are  less than  the ex -  
pe r imen ta l  v a l u e s  of 2.8-4.1 m C / c m  2 in Table  II. Al -  
though the agreement  is reasonable  given the uncer -  
ta int ies  in scra tch  a rea  and film composition, the l a rge r  
expe r imen ta l  values suggest  that  a por t ion of the mea -  
sured  Q1 charge represents  a l loy dissolution in addi t ion 
to repass ivat ion.  [Growth  to more  than  one monolayer  
is ru led  out  because region 1 obeys semi logar i thmic  

growth  kinetics,  which is expected for monolayer  film 
format ion  when meta l  dissolut ion is ra te  control l /ng 
(10).] The MEQ's for T316 and S i /B  alloys are, respec-  
t ively,  1.3 and 1.5 m C / c m  2. They are also less than  the 
Q1 values  in  Table II, again  suggest ing tha t  some al loy 
d~ssolution accompanied repassivat ion.  

' ~ . . . 

The effect of cl~lorlde addi t ion to the e lec t ro ly te  was 
to in tens i fy  dissolution dur ing repass iva t ion  of T3t6 
and especia l ly  Si/B,  as reflected by  increases in ip :-- ib 
and Qi. The effect was ve ry  pronounced for Si /B,  as 
shown in Table I IL Addi t ion  of chlor ide did  not, how-  
ever,  g rea t ly  a l te r  the ra te  of repassivat ion,  Sl. 

Concerning region 2, it  was observed that  if  cur ren t  
dens i ty  were  p lot ted  vs. t ime on log- log  coordinates  
(not shown) ,  the curves became l inear  at  the t ime in 
which region 2 behavior  was es tabl ished in semi- log 
plots, i.e., abou~ 700-1000 msec. The l inea r i ty  is sugges-  
t ive of a high field oxide growth  mechanism,  a l though 
the var iab le  slopes in this w o r k  prec luded  unequivocal  
identif icat ion of a recognized growth  ra te  law. Note 
that  the  Q2 values in Table  I I I  a re  equiva len t  to about  
one addi t ional  monolayer  of C r O ( O H ) .  H20 except  
for the S i /B  al loy;  i t is not  known why  this va lue  is so 
small .  The addi t ion of 1N NaC1 to the H~SO4 mode r -  
a te ly  increased Q2 for T316 s teel  and p ro found ly  in-  
creased Q2 for the S i /B  alloy. 

"The repass iva t ion  behavior  of the two glassy al loys 
and T316 steel  is s imi la r  in form, as ev ident  by  the two 
stage semi logar i thmic  cur ren t  decay in Fig. 2 and 3. 
The inclusion of  T316 s teel  in this s t u d y  was not  in -  
tended to imply  that  it  is a composi t ional  analog to the 
glassy alloys; ra ther ,  it  was inc luded as being r ep re -  
senta t ive  of Cr-conta in ing  c rys ta l l ine  s ta inless  steels; 
and therefore,  this s imi la r i ty  in cur ren t  decay was un-  
expected.  The presence of chloride ion had l i t t le  effect 
on repass ivat ion  of 2826A, whereas  i t  increased the 
region 1 dissolution, Q1, of T316. This difference in Q1 
p re sumab ly  resul ted  f rom the ab i l i ty  of 2826A to in-  
corpora te  Cr 3+ at r e l a t ive ly  high cationic concent ra-  
tions into the passive film, as demons t ra ted  by  the XPS 
work  of Hashimoto and co-workers  (11). However ,  Cr 
in the glassy al loy s t ruc ture  is not  a sufficient condi-  
tion for excel lent  passivity,  as evident  f rom the large  
amount  of dissolution accompanying  repass ivat ion  of 
the S i /B  al loy in ch lor ide-conta in ing  H~SO4. The 
combinat ion of 14% Cr, I2% P, and 6% B showed a 
cons iderably  fas ter  repass iva t ion  ra te  than  14% Cr, 
12% B, 6% Si in ch lor ide-conta in ing  1N H2SO4, but  
unexpec ted ly  and for yet  unknown reasons the reverse  
is t rue in 1N H2SO4 wi thout  chlor ide  ions. In  both of 
these environments ,  the behavior  of 2826A was only 
s l igh t ly  fas ter  than  T316 steel. As expected,  the repas -  
s ivat ion rates  were  s lower and requi red  more  dissolu-  
t ion to accomplish repass iva t ion  in the chlor ide-  
containing envi ronment  than in the env i ronment  w i th -  
out chlorides. The excel lent  chemical  s tab i l i ty  of 
2826A suppor ts  the contention (3) that  a synergism 
exists  be tween Cr and P in g lassy  alloys, and tha t  P 
can g rea t ly  increase the ab i l i ty  of Cr to confer pass iv i ty  
in very  corrosive e l ec t ro ly t e s .  
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The Determination of Ammonia in Copper Pyrophosphate Plating 
Solution 

Thomas M. T a m *  and John S. Zevely 

Lockheed Missiles and Space Company, Process Control Engineering, Sunnyvale, California 94086 

Copper  pyrophospha te  solut ions are  commonly  used 
for p la t ing  th rough-ho les  in p r in ted  c i rcui t  boards.  
Precise  moni tor ing  and control  of severa l  of the  solu-  
t ion const i tuents  is essent ial  for achieving a good 
qua l i ty  copper  deposit .  Recently,  a cyclic vo l t ammet r i c  
(CV) s t r ipp ing  technique has been shown to provide  
a measure  for the concentra t ion of effective b r igh tener  
(1) and ni t r i te ,  NOa-  (2), in this solution. We have 
found tha t  the CV technique can also be used to 
moni tor  the concentra t ion of ammonia ,  NI-Is, in the  so-  
lution.  

A m m o n i u m  hyd rox ide  or  ammonia  gas is added  to 
the solut ion to produce  a more  un i form and lus t rous  
deposi t  :and to improve  anode corrosion dur ing  elec-  
t ropla t ing .  Excess ammonia  can cause the  format ion  
of cuprous  oxide which can h inder  the adhesion of the  
copper  deposi t  to the  circui t  boa rd  (3). For  this r ea -  
son, ammonia  in the solut ion needs to be control led.  
The des i red  range  of to ta l  ammonia  in the solut ion is 
0.06-0.18M. 

Experimental 
Equipment.--The CV exper imen t s  descr ibed  here in  

were  pe r fo rmed  using a p l a t i num work ing  electrode,  
p l a t i num auxi l ia ry ,  and Ag/AgC1 reference  electrodes.  
The appara tus  has been  descr ibed  e lsewhere  (2). No 
r o u t i n e  main tenance  of the e lect rodes  was requ i red  
a f te r  in i t ia l  setup.  

The  pH of the solut ions was measured  using an  
Al t ex  (gel-f i l led)  combinat ion  pH electrode.  The elec.- 
t rode was ca l ib ra ted  agains t  pH 10 and 7 buffer  so-  
lutions.  A n  OriOn Ammonia  e lec t rode  was  used to 
measure  ammonia  in the  solutions. The e lec t rode  was 
p repa red  according to the manufac tu re r ' s  p rocedure  
for  measur ing  the ammonia  content  of solut ions wi th  
sa l t  content  above 1M, and was ca l ibra ted  using 1M 
potass ium pyrophospha te  solut ions which conta ined  
known  amounts  of NH4NOs. These pyrophospha te  so-  
lu t ions  had  ionic s t rengths  (~ = 10) s imi la r  to those 
of the copper  pyrophospha te  solut ions used in this  
s tudy.  The p H  of the pyrophospha te  solut ions was  ad -  
jus ted  to 12 to ensure tha t  NI-Ia was the  m a j o r  species 
in solution. The m e m b r a n e  of the  e lect rode was re -  
p laced when  i t  became discolored o r  when  s table  r ead -  
ings could not  be achieved.  This occurred af ter  1-2 
days  of ex tens ive  use. I t  was necessary  to reca l ib ra te  
the e lect rode af te r  about  2 h r  of use. The  concent ra -  
t ions of NHs in the test  solut ions were  de t e rmined  by  
using the ca l ib ra t ion  curve. 

* Electrochemical Society Active Member.  
Key words:  analysis, electrode, voltammetry. 

The pH and ammonia  electrodes were  connected to 
an Orion Model  901 Ionalyzer ,  which  gives a d igi ta l  
r ead  out. 

Solution.--The copper  pyrophospha te  solut ions used 
were  p repa red  by  dissolving copper  pyrophospha te  
(Cu2P207 �9 3H20) and potass ium pyrophospha te  
(I~P2OT) in deionized water .  Pure  pyrophospha te  so-  
lut ions were  p repa red  wi th  K4P207 only. The pH of 
the solut ions was ad jus ted  wi th  concent ra ted  potas-  
s ium hydrox ide  or  ni t r ic  acid. 

A m m o n i u m  n i t ra te  (NI-I4NOs) was added  to copper  
pyrophospha te  solut ions to v a r y  the  amount  of NHa 
in the solutions. The loss of NHs was kep t  to a min i -  
mum by  making  the measurements  wi th in  15 rain 
af te r  the solutions were  prepared .  

Current determinations at --0.26V I (Fig. / ) . - - T h e  
cur ren t  at  --0.26V is due to ammonia  (see Resul ts  and 
Discussion) and significant background  cu r ren t  (ib). 
This ib is difficult to reproduce.  To correct  for  it, the 
fol lowing procedure  was used:  A s t ra ight  l ine  was 
d r a w n  f rom --0.125 to --0.425V assuming tha t  the  ib 
increases l inea r ly  in this region. The difference in cur-  

1 All voltages reported herein are with respect to the Ag/AgCI 
electrode. 
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Fig. 1. Variation of cathodic peaks of copper pyrophosphate solu- 
tions with respect to NH4NO~. Experimental conditions, see Fig. 2, 
pH = 8.80. [NH4NO3] = 0.0M (A); 0.056M (B); 0.088M (C); 
0.153M (D). 
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rent between the total current and ib at --0.26V is 
due to ammonia. 

Results and Discussion 

Ogden and Tench have reported the stripping cyclic 
voltammogram of copper pyrophosphate solutions (1). 
They observed a small oxidation peak at 0.2V and 
the corresponding reduction peak at --0.3V. We have 
found that when NI-Is is not present in the copper 
solution, a similar cathodic peak is observed between 
-0.15 and 0.0V (Fig. 2). This peak is due to reduction 
of platinum oxide (4). 

When ammonia is added to the solution, a peak at 
-0.26V is observed (Fig. 1). As the pH of the solution 
is adjusted above 8.8, an additional peak at --0.38V 
is observed. 

The characteristics of these peaks are  as follows: 
1. --0.15-0.0V peak: this peak exists both in pyro- 

phosphate and copper pyrophosphate solutions. The 
position of the peak is pH dependent (Fig. 2), and 
the intensity of the peak is inversely proportional to 
the amount of NI-I~O3 added. 

2. --0.26V peak: this peak exists only when NH4NOs 
is added to copper pyrophosphate solutions. Its in- 
tensity is directly proportional to the amount of 
NH4NO3 added. Also, as the NH4NO3 concentration 
is maintained constant, and the pH is changed from 
8.0 to 9.0, the intensity of the peak increases. 

3. --0.38V peak: this peak shows up only in copper 
pyrophosphate solution when the pH is adjusted above 
8.8 (Fig. 2). 

These results are consistent with the interpretation 
that NI-I~, OH-,  and copper pyrophosphate ions are 
the active species that cause the changes of these 
peaks. The main concern of this study is the charac- 
terization of the peak at --0.26V. To accomplish this, 
the relation between NI-I~ and copper pyrophosphate 
complexes was first investigated. 

An Orion Ammonia electrode was used to measure 
the activity of NH8 in two sets of solutions. The solu- 
tions in Set A are copper pyrophosphate solutions, 
and those in Set B are pyrophosphate solutions. Both 
solutions contained various amounts of NH4NOs. The 
data shown in Table I are explained in terms of the 
dissociation of NH4 + 

a N H 3 a H  + 
NI-I4 + ~ N H s  + H + Qa = [1] 

[NI-Q+ ] 

where aNH3 and all+ are the activities of NI~ and 
H + measured by the ammonia and pH electrodes, re- 
spectively. The Qa term is the equilibrium quotient 
as defined. Notice the aNH3 values in both sets with a 
comparable amount of NH4NO3 added to them, are 
quite similar. In addition, Qa in both cases is not 
significantly different and is constant. 

The major chemical species in the copper solutions 
a r e :  [ C u ( P 2 O T ) 2  e - ]  : 0.35M and [ P 2 0 ~  4 - ]  : 0.27M. 
The equilibrium between copper (II) mona- and di- 

ELECTRODE POTENTIAL (VOLTS VS SCE) 

0,4 -0;3 -0.2 - 0 , 1  o.o 0 .1  0.2 0.3 0.4 0.5 
' I , I ~ I , i l 

(A)  

(C) 

Fig. 2. Variation of cathodic peaks of copper pyrophos~hate solu- 
tions with respect to pH. [Cu(P2Ov)26-] = 0.35M. pH = 8.00 
(A); 8.82 (B); 9.14 (C); 9.50 (D). Sweep rote - -  40 mV/sec; rota- 
tion speed = 3000 rpm; temperature ---- 25 ~ + 1~ 

pyrophosphate complexes in the pH range of about 
8-9 is shown in Eq. [2] 

Cu(PsOT)26- ~ CuP207 s- + P2074- [2] 

A treatment of this equilibrium (5) permits the 
evaluation of the concentration of CuPsOv ~- ions. Its 
concentration is calculated to be approximately 10-4M. 
If either copper species will complex with NHs, their 
concentration in solution should be enough to affect 
the aNH3 measured (Table I). The dissociation quotient 
Qa, also would not be a constant value as reported. It 
therefore can be concluded that the Cu(PsOz)2 s- and 
CuP~O72- do not form significant amounts of copper 
ammonia complexes. The changes in current density 
of the peak at --0.26V measured from the cyclic vol- 
tammograms correlate with changes in the aNH~. This 
relationship is shown in Fig. 3. When the Cu(P2OT)26- 
concentration is varied between 0.31-0.41M the inten- 
sity of the peak remains constant. (These are the 
control limits for our production baths.) We have 
stated that the --0.26V peak exists only when both 
copper and NH8 are present in solution. However, the 
copper species do not complex with ammonia. We 
therefore assign this peak to the reduction of copper 
on a platinum surface with NIQ adsorbed on it 

Pt rN~..3 Cu (P~OT)~ 6- 

The peak at --0.38V can be assigned to the reduction 
of Cu2+ on a platinum surface with OH- adsorbed 
on it. No quantitative data however has been obtained 
regarding this peak. 

Peak assignment.--The overall assignments of the 
anodic and cathodic peaks on the cyclic voltammogram 
of the copper pyrophosphate solution are as follows 
(Fig. 4): (A) oxidation of NO 2- and organic impuri- 
ties (7); (B) reduction of platinum, (C) reduction of 
Cu(P2OT)2  6 -  o n  Pt-NH3 surface; (D) reduction of 
Cu(P2OT)26- on P t -OH-  surface; (E) reduction of 
Cu(P2OT)26- on Pt-Cu surface; (F) oxidation of Cu 0. 

Table I. Activity of ammonia in Cu(P2OT)26- and P20"/'4- solutions 

S o l u t i o n  ( A ) �9 S o l u t i o n  ( B )  b 

[NH4 +] • 10-sM aNH c • 10-4M Qa x 1O-~M [NH~+] • 10-sM a*~H 3 • 10-~M Qa x 10- r im 

pH = 8.80 "4" O.01 2.2 4.0 3.0 2.1 4.0 S.O 
3.2 6.3 3.1 3.3 4.7 2.3 
5,8 9.2 2.8 8.5 8.0 2.3 
9.2 17.0 3.0 8.9 12.0 2.2 

15.3 30.0 3.0 15.7 21.0 2.1 
PH = 8.31 • 0.01 1.7 1.0 2.9 1.7 0.6 1.7 

3.3 2.0 2.9 3.4 1.4 2.1 
5.0 2.9 2.9 5.4 2.8 2.6 
9.1 6.2 3.5 9.8 4.7 2.5 

15.2 22.0 3.5 15.1 5.6 1.8 
Average: 3.1 ~- 0.3 2.2 ----. 0.4 

a [Cu(P~O,)~e- ]  = 0.35M; [P'X)7 ~-] = O.30M;/~ = lO. 
b [p~,o~-] = 1.OM; # = lO. 



Vol. 131, No. i C O P P E R  P Y R O P H O S P H A T E  P L A T I N G  S O L U T I O N  111 

0 , 0 6  

o.o~ / f I . , , A j A ~  ' ' ' ~  
0.04 

'~ 0.03 

0 ,02  

0 . 0 1  

/ , , 
i0.0 20.0 30,0 

ONH 3 x i0 -4 M 

Fig. 3. Dependence of current density (--0.26V) v s .  ONH3. Ex- 
perimental conditions, see Fig. 2. pH = 8.80 (A); 8.30 (O). 

Conclusions 
It has been shown that the CV technique can be used to monitor the concentration of effective bright- ener (1), the bu i ldup  of n i t r i te  (2), and organic  im-  

pur i t ies  (7) in copper  pyrophospha te  p la t ing  solu- 
tions. In  this  s tudy,  we have identif ied a cathodic peak  
at  --0.26V due to the presence of NI-Is. The cur ren t  
of the peak  is p ropor t iona l  to the aNH3 in the solution. 
The CV uni t  is not  as sensi t ive (min imum l imi t  ~ 1 
• 10-4M, NH3) as the Orion Ammonia  e lect rode 
(min imum detec t ion  l imi t  ,~ 10-SM, NI-Is). I t  is, how-  
ever,  a much more  durab le  system. The concentra t ion 
range of the ammonia  in the copper  pyrophospha te  
ba th  is wel l  above the l imi t  of the unit.  

F rom the equi l ib r ium study,  we found that  under  
these expe r imen t a l  conditions,  less than  2% of the  
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. . . . . .  I~ -o% ~ 012 o% 012 0!~ 016 01 . . . .  
ELECTRODE POTENTIAL (VOLTS VS SCE) 

Fig. 4. Peak assignments on the cyclic voltammogram af 
Cu(P~OT)26-. Experimental conditions, see Fig~ 2; pH = 8.65. 
Peak assignment, see text. 

NH4 + dissociates to give NI~ .  T h e r e  is no  e v i d e n c e  
to show tha t  NHs forms complexes  wi th  the  copper  
species present .  This resul t  was somewhat  surpris ing.  
The most  l ike ly  funct ion of ammonia  is  to modi fy  the  
surface tha t  copper  is p la ted  on (6). 

Manuscr ip t  submi t ted  Ju ly  11, 1983; rev ised  m a n u -  
scr ip t  received Sept.  6, 1983. 

Lockheed Missiles and Space Company assisted in 
meeting the publication costs o] this article. 

R~FERENCES 
1. D. Tench and C. Ogden, This Journal, 125, 194 

(1978). 
2. T. M. Tam and G. A. Fung,  ibid., 130, 874 (1982). 
3. T. W. Dini, "Modern Elect ropla t ing,"  3rd ed., F. A. 

Lowenheim,  Editor,  p. 205, Wi ley  Interscience,  
New York  (1974). 

4. A. Damjanovic ,  L. S. R. Yeh, and J. F. Wolf, This 
Journal, 127, 1945 (1980). 

5. J. I. Wat te rs  and A. Aaron,  J. Am. Chem. Soc., 75, 
611 (1953). 

6. C. Ogden and D. Tench, This Journal, 128, 539 
(1981). 

7. C. Ogden and D. Tench, Plating Sur]. Fin., 66, 45 
(1979). 

Composition and Crystallinity of Electroless Nickel 
Kazuyuki Sugita and Nobuo Ueno 

Department of Image Science and TechnoLogy, Faculty of Engineering, Chiba University, Chiba, Japan 260 

In the l i t e r a tu re  deal ing with  the deposi t ion  product  
of electroless  nickel,  severa l  studies have  been focused 
on the eva lua t ion  of proper t ies ,  such as coercivi ty  (1, 2), 
e lectr ical  res i s t iv i ty  (3, 4), and mechanica l  s t rength  
(5), and  the i r  corre la t ion  to phosphorus  or boron con- 
tent  in the  deposit ,  degree of crys ta l l in i ty ,  and size or  
or ien ta t ion  of grains.  I t  is known that  the composit ion 
and s t ruc ture  of the  deposit ,  in turn,  depend  on the 
subs t ra te  for deposi t ion (1, 2), method of ac t ivat ion or 
accelera t ion  (3, 6), type  of p la t ing  ba th  ( l igand or 
buffer sys tem and reducing  agent)  (1=3), and p la t ing  
condit ions inc luding  concentra t ion of each component ,  
pH of p la t ing  bath,  ba th  t empera tu re ,  and p la t ing  
dura t ion  (1, 5, 7, 8). 

Fo r  the  nickel  deposite~l f rom the p la t ing  solutions, 
in which NaHfPO2 is employed  as the  reducing agent,  
i t  was r epor t ed  that  the deposi t  was a N i -P  b i n a r y  
a l loy  (2, 5, 7). A s - p l a t e d  n ickel  deposi ted f rom acidic 
solut ion had a h igher  phosphorus  content  and was 

Key words: alloy, .analysis, deposition, ESCA. 

amorphous,  whi le  the n ickel  f rom a lka l ine  solut ion had  
a lower  phosphorus  content  and was crys ta l l ine  (5, 7). 
On the o ther  hand, Schwar tz  and Mal lo ry  have found 
that  two Ni -P  alloys containing app rox ima te ly  the  
same amount  of  phosphorus exhib i ted  different  mag-  
netic behavior  even af te r  hea t - t r ea tmen t ,  if they  were  
p repa red  f rom different  solutions (2).  The ini t ia l  
s t ruc ture  of  n ickel  film as -p la t ed  f rom electroless  
solut ion is genera l ly  considered to be metas table ,  but  
it  is t r ans fo rmed  to a more  s table  s ta te  by  aging or 
hea t - t r ea tmen t .  The s t ruc ture  and p r o p e r t y  of  aged 
deposits  should have the corre la t ion  With the  composi-  
tion, if  they  are  thoroughly  he a t - t r e a t e d  to a t ta in  to 
the  most  s table  s ta te  which is de te rmined  by  the phos-  
phorus content.  The resul t  suggests  that  the s t ruc ture  
of electroless n ickel  may  not  be de te rmined  only by  
the phosphorus content .  

The purpose  of  this  s tudy is to analyze  composit ion 
and c rys ta l l in i ty  of the n ickel  deposi ts  s imul taneous ly  
and  to find out  wha t  factors  o ther  than  phosphorus  
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content  govern  the s t ruc ture  and  p rope r ty  of the  Ni -P  
alloy. 

Experimental 
Specimen preparation.--The subs t ra te  was the po ly-  

(4,4 ' -bisphenylene e ther  pyromel l i t imido)  film Torey  
25KA, which was p r e l im ina r i l y  ac t iva ted  wi th  pa l -  
l ad ium for electroless plat ing.  Other  chemicals  used in 
this s tudy  were  of ex t ra  pure  grade.  The subs t ra tes  
were  immersed  in the electroless  solut ion for n ickel  
deposit ion.  The formula t ion  of electroless  solutions and 
p la t ing  condit ions are  l is ted in Table  I. 

The n ickel  deposi ted above pH 10.7 at  60~ was 
metal l ic  film t inged wi th  black,  whi le  the deposits  be-  
low pH 10.2 at  60~ a n d  those be low pH 10.4 at  52~ 
were  lus t rous  s i lver .  The ra te  of deposi t ion showed a 
m a x i m u m  at p H  10.2-10.5 when the ba th  t empe ra tu r e  
was kept  constant ,  and pH was changed as a p a r a m e t e r  
in the range  f rom 8.5 to 10.7. The m a x i m u m  rate  of 
deposi t ion at  60~ was calcUlated to be 0.34 ~ /min  at  
pH 10.2, assuming tha t  the dens i ty  of the deposi t  equals  
that  of pure  nickel.  The ra te  is ve ry  close to the value  
at  70~176 repor ted  in the l i t e ra tu re  (2). 

The nickel  deposi ted on the poly imido film was 
scraped off and  used as the sample  for x - r a y  diffraction 
measuremen t  and e lementa l  analysis.  

Composition of electroless deposits.~Nickel and 
phosphorus contents  were  measured  first by  chemical  
analysis :  the  n icke l  was de te rmined  by the d ime thy l -  
g tyoxime method  (9), and  the phosphorus  was by  the 
ammonium molybdophospha te  method (10). The de-  
ta i led p rocedure  in the l i t e ra tu re  was modified unt i l  
r eproduc ib le  values  were  obtained:  when nickel  meta l  
and phosphorus  pen taox ide  of ex t ra  pure  grade chemi-  
cals were  employed  as the s tandard ,  the observed  
values  coincided to the theoret ica l  wi th in  re la t ive  er -  
rors  of  ___4 and  •  respect ively .  

Then, some of  the nickel  deposits  on  the polyimido 
film were  analyzed  wi th  a VG Scientific E~CA Lab-5  
Spec t romete r  which uses A1K~ line as the x - r a y  source 
before  and a f t e r  argon ion etching.  

X-ray diffraction.--X-ray:reflection from the nickel  
deposits  was measured  wi th  a Rigakudenki  Diffractom- 
e ter  using FeK~ or  CuK~ line. 

Electron transmission microscopy and diffraction.- 
Clean subst ra tes  of  glass, on which copper  film was 
p re l imina r i ly  vacuum-evapora ted ,  were  immersed  in 
the electroless  n ickel  solut ion and the p la t ing  was 
in i t ia ted  by  contact ing w i t h  an  a luminum wire  for an 
ins tant  (7). At  the  complet ion of a p la t ing run, the 
copper  subs t ra te  was s t r ipped  from the deposits in an 
aqueous solut ion of chromic acid (500 g / l i t e r )  and sul-  
furic acid (50 g / l i t e r )  (8). A Japan  Electron Optics 
JEM-T6S and a Hitachi  HU-11D elect ron microscopes 
were  used for  the measurements .  The former  was op-  
e ra ted  at  60 kV and the l a t t e r  a t  75 kV. 

Results and Discuss{on 
Compositlon of nlckeZ deposits.~NickeI and phos-  

phorus  contents in the  nickel,  which was deposi ted 
f rom the p la t ing  solutions of var ious  pH are  i l lus t ra ted  
in Fig. 1. I t  was found that  the deposits  contained a few 
weight  percent  of phosphorus  and, besides nickel  and 
phosphorus,  a few weight  pe rcen t  of o ther  compo-  

Table I. Electroless solution and plating conditions 

Constituents, g/liter Literature (2) This study 

Nickel  sulfate 
NiSO4 �9 6H~O 25 25 

Sodium hypophosphite 
NaHaPO~ �9 H30 25 15-50 

Sod ium py rophospha t e  
Na~P~OT 50 50 

PH I0.0-10.5 8,5-10.7 
Ba th  t e m p e r a t u r e  70~176 50~176 
P la t ing  dura t ion  5 rain 1-4 min 

100 
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Fig. I. Nickel and phosphorus contents in deposits from plating 
bath of various pH [NaH~PO2 conc: 25 g/liter, 55~ dotted area: 
other component(s) than Ni and P. 

n e n t ( s ) .  The amount  of impuri t ies ,  phosphorus  and 
o ther  componen t ( s ) ,  was smal le r  in the  range  of pH 
9.5-10.5 than  in the range  of pH 8.5-9.0. Corre la t ion  
be tween  composit ion of the deposits  and concentra t ion 
of the reducing agent,  NaH2PO~, was s tud ied  and is 
shown in Fig. 2. The amount  of impur i t ies  was de-  
pressed  b y  lower ing  concent ra t ion  of NaH~PO~. I t  is 
found that  the  phosphorus and o ther  component  (s) in-  
corpora ted  in the nickel  deposi t  can be control led  by  
concentrat ion of NaH2PO~ as wel l  as pH of the p la t ing  
solution. 

The deposi ts  f rom pla t ing  solutions of pH 9.0 and 
10.0 were  taken  as an example  wi th  h igher  content  of 
impur i t ies  (des ignated  as Deposit-9,  hereaf te r )  and 
another  wi th  lower  content  of impur i t ies  (des ignated 
as Deposit-10, he rea f t e r ) ,  respect ively.  They were  
s tudied by  ESCA. The normal ized  spect ra  are  shown 
in Fig. 3 and the peak  intensi t ies  are in Table II. The 
first spec t rum was run  on the surface of the n ickel  
deposi t  film wi thout  argon ion etching, and the second 
and the th i rd  ones were  af te r  argon ion etching down 
to depths  of 5 and 20A, respect ively .  The  e tched  depth  
was es t imated  by  the sput te r  y ie ld  of the i ron film. The 
Nls peak  due to the subs t ra te  of poly imido was not de-  
tected, unt i l  the n ickel  film was etched about  100A 
deep. 

At  the surface of the n ickel  films, P~p and Ols peaks,  
as wel l  as Ni~p peak  due to nonmeta l l ic  nickel,  were  
observed for  both Deposi t-9 and Deposit-10. By the 
way,  the peaks around 860 eV of b inding  energy  are  
the  sa te l l i te  ones. At  a dep th  of 5 or  20A, Nizp peak  
due to nonmeta l l ic  nickel  was st i l l  intense for Deposi t -  

i00 ~ :;','P ~,.; . . . . .  0 

95 .' 

90' 10 
LL] 

85 " 15 

80 20 
20 40 60 80 

CONCENTRATION oF NAH2PO 2 (~/1) 

Fig. 2. Nickel and phosphorus contents in deposits from plating 
bath of various NaH2PO~ conc [pH 10.0, 55~ dotted area: 
other component(s) than Hi and P. 
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Fig. 3. Normalized ESCA 
spectra of nickel deposit film 
[NaH2PO~ cone: 25 g/liter, 
55~ upper: Deposit-9 from 
plating bath of pH 9.0, lower: 
Deposit-10 from plating bath of 
pH 10.0. 

9, whi le  Ni2p peak  due to meta l l ic  n ickel  became dom-  
inant  for Deposit-10. P2p and Ols peaks  at  a dep th  of 
5 or  20A were  as intense as those at  the  surface in the  
case of Deposit-9.  The in tens i ty  of P~p and Ols peaks  at  
a depth  of 5 or  20A was much smal le r  than  tha t  at  the 
surface in the case of Deposit-10. The peak  intensi t ies  
were  consistent  wi th  the resul ts  of chemical  analysis :  
in tense for  Deposi t -9  (P; 6.3%, others;  7.2%), but  weak  
for Deposit-10 (P; 3.2%, others;  2.0%). 

The resul ts  indicate  that  meta l l ic  n ickel  is contained 
in Deposit-10, whi le  most  of Deposit-9 is composed of 
nonmeta l l i c  nickel.  Shif t  of b inding energy  of 3-4.5 eV 
cannot  be ascr ibed to the difference be tween  c rys ta l -  
l ine and amorphous  states, but  indicates  different  
valence states of nickel,  meta l l ic  and nonmetal l ic .  
Then, i t  is considered tha t  Deposit-9 wi th  h igher  im-  
pu r i t y  content  is nonmeta l l ic  or  in te rmeta l l i c  com- 
pound. Moreover,  it  is confirmed tha t  oxygen  is con- 
tained,  more  or less, in the nickel  deposit,  and that  the  
deposit  is not  a N i -P  b ina ry  al loy bu t  t e rna ry  or quar -  
t e rnary ,  since hydrogen  is difficult to be detected by 
this method.  

CrystaZlinity of nickel deposits.--The crys ta l l in i ty  
was inves t iga ted  both by  x - r a y  diffract ion and by  
e lec t ron t ransmiss ion diffraction. The former  reveals  
the va lue  ave raged  over  many  n ickel  grains,  while  the 
l a t t e r  examines  the va lue  of a compara t ive ly  na r row 
a r e a .  

An influence of the  subs t ra te  on the c rys ta l l in i ty  of 
the deposi ts  was sugges ted  (2). In  our  s tudy,  x - r a y  
diffract ion was  obse rved  on the n icke l  deposi t  on the  

poly imido film, and  e lec t ron diffraction was on the 
deposi t  on the copper.  The coincidence of the  resul ts  by  
x - r a y  diffract ion wi th  those by  e lec t ron  diffraction 
indicates  that  t h e  c rys ta l l in i ty  of the  deposit  d id  not  
depend  on the subs t ra te  in this system. 

G r a h a m  et al. s tud ied  effects of var ia t ion  in phos-  
phorus content  of electroless  n ickel  deposi ted from 
a lka l ine -ch lo r ide -c i t r a t e  and ac id-su l fa te  baths,  and  
es tabl ished tha t  increase of phosphorus  content  br ings  
about  decrease  of c rys ta l l in i ty  and tha t  an ab rup t  
change in the s t ruc ture  occurs at  phosphorus  content  
of about  7% (5). Chow et al. demons t ra ted  tha t  n ickel  
film deposi ted f rom an a lka l ine -c i t r a t e  ba th  assumes a 
c rys ta l l ine  s t ruc ture  when the solut ion is s t rongly  
a lka l ine  (pH 10 or above) (7). 

In  this s tudy,  i t  was found that  the n ickel  deposits  
f rom the pyrophospha te  ba th  were  crys ta l l ine  above 
pH 9.4 when the the concentra t ion of NaH2PO2 was 
kep t  constant  at  25 g / l i te r ,  or be low 35 g / l i t e r  of 
NaH2PO2 concentra t ion when pH was kep t  constant  at  
10.0. The deposit  f rom the p la t ing  solut ion containing 
15 g / l i t e r  of NaH2PO~ a t  pH 10.0 was as h igh ly  c rys ta l -  
l ine as the n ickel  which was vacuum-evapora ted .  When  
these resul ts  of c rys ta l l in i ty  are  considered toge ther  
wi th  those of composi t ion ment ioned above, i t  is con- 
c luded tha t  decrease of c rys ta l l in i ty  is caused b y  in-  
crease of oxygen (or oxygen  and hydrogen)  content  (s) 
as wel l  as increase of phosphorus  content,  and tha t  
amorphous  n i c k e l  is composed of nonmeta l l ic  com- 
pound. The nickel  deposits,  which contained less than  
4 weight  percen t  (w /o )  of phosphorus  and more  than 
92 w/o  of nickel ,  were  crys ta l l ine  and metal l ic .  
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Table II. Peak intensity of ESCA spectrum 

Peak Nl~  Pz~ 01.. 

metallic nonmet, a b a b 
B.E. (eV) Sample Depth 831.30-851.95 854 .95-856 .35  128 .70-129 .55  132 .45-133 .10  5 2 8 .6 0 -5 2 8 .9 5  530.55-531.25 

Deposit-9 0 1794 0 61 0 3185 
(ioo) 

O'L 1794 61 3185 
(100) (3.4) (178) 

291 2596 0 124 304 42,59 
(10) (90) 

5 2887 124 450~ 
(1oo) (4.3) (153) 

166 935 0 132 1142 3452 
20 (15) (85) 1101 132 4594 

(10O) (12.0) (417) 

Deposit-10 0 1554 7 34 0 9253 
(IOO) 

o 1554 41 3253 
(100) (2.6) (209) 

4707 597 14 62 173 1594 
(89) (9) 

5 5304 76 1767 
(100) (1.4) (33) 

6,148 1091 18 67 5O3 1350 
20 (86) (14) 7539 85 1853 

(100) (1.1) (25) 

* The number in parentheses indicates intensity relative to Ni~ peak. 
*" Deposir and Deposlt.10 are those from plating bath of pH 9.0 and pH I0, respectively. 

Impurity in nickel deposits.inConsiderable amount 
of oxygen was directly" detected by ESCA with De- 

posi t -9 even after the surface layer of nickel oxide was 
etched away by argon ion bombardment. The oxygen 
incorporated in Deposit-10 was not negligible, either. 
Then, the impurity was found to be composed of phos- 
phorus and oxygen (or phosphorus, oxygen, and hy- 
drogen). 

Since both the phosphorus component and the other 
components(s) increased as the concentration of 
NaH~PO2, increased, it should be reasonable to consider 
that they came from the hypophosphite ion. Therefore, 
the results suggest the possibility that the nickel de- 
posit may contain, besides nickel phosphide, nickel 
phosphite as an impurity which was formed by oxida- 
tion of hypophosphite. The reactions which take place 
in the plating bath, including the side reactions, can 
be expressed by the following equations 

Ni + + -~ HsPCh- -t- 2 OH- -> H20 -t- H2POa- -}- Ni $ 

[1] 

H2PO~- + H20-> H2 t + HsPO~- [2] 

3H~PO~- -{- 2H + --> 3H20 + Hp.PO~- -{- 2P ~ [3] 

Ni + + Jc L-I~O~- --> H + -{-NiHPO3 [or Ni(H~PO~)~] 

[4] 

where, Eq. [1] is the main reaction of the electroless 
deposition which gives metallic nickel (4). 

In conclusion, the nickel film deposited from the 
ammoniacal pyrophosphate bath is not merely a Ni-P 
binary alloy, but contains oxygen (or oxygen and 
hydrogen). The crystallinity has a close relation to the 
amount of the impurities. The as-plated nickel can be 

kept as metallic and highly crystalline as the vacuum- 
evaporated one by controlling pH and concentration of 
the reducing agent. On the contrary, electroless deposi- 
tion of amorphous nickel, which is composed of non- 
metallic compound, is also possible. 
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ABSTRACT 

Plasma etching characteristics of tungsten films are studied in CF4 and in SF8 discharges. The etch rates are investi- 
gated as a function of electrode temperature,  oxygen and hydrogen additions, system pressure, and RF power. Relative 
fluorine atom concentrat ions are determined by optical emission spectroscopy. Results indicate that  tungsten etching is 
pr imari ly  controlled by fluorine atoms generated in the discharge in CF4 plasmas or when oxygen is added to the etch gases. 
In pure SFe, SFx species may play an important  role in the etch process. Hydrogen addit ions scavenge fluorine atoms and 
generate residues which inhibit  etching. 

Due to the  fine l ine geometr ies  r equ i red  for ve ry  
large  scale in tegra t ion  (VLSI) ,  in tense in teres t  has 
deve loped  in R F  glow d ischarge  e tching of meta l  films. 
Since a luminum and its al loys are  wide ly  used for  
in terconneet ions  in in tegra ted  cir much of  th e  
work  in p lasma e tching of meta ls  has centered a round  
these mater ia l s .  However ,  as the need  for  lower  re -  
s i s t iv i ty  and improved  contact  ba r r i e r s  arises, r e -  
f rac to ry  meta l s  such as  tungsten rece ive  increasing 
at tent ion.  Thus, an unders tand ing  of the  chemis t ry  of 
p l a sma-enhanced  etching of these mate r i a l s  is neces-  
sary.  

Tungsten p l a sma  e tching  has been  pe r fo rmed  both 
in ba r r e l  and in pa ra l l e l  p la te  reactors.  The p r i m a r y  
gases used have  been  CF4 and  CF4/O~ mix tures  (1, 2) 
a l though reac t ive  ion e tching (RIE)  of tungsten in 
SF6 has  also been r epo r t ed  (3).  I t  is be l ieved  tha t  
fluorine atoms formed b y  e lect ron impact  dissociat ion 
of  fluorine conta in ing molecules  react  wi th  t h e  tung-  
s ten sur face  to form tungs ten  hexaf luor ide as the final 
etch product .  There  are  no repor ts  concern ing  the use 
of ch lor ina ted  gases to etch tungsten.  Most l ike ly  'this 
is due to the lower  vola t i l i ty  of tungsten chlor ides  
(WC15, bp  275.6~ WCle, bp  346.7~ compared  to 
tungs ten  hexaf luor ide (WF6, bp  17.5~ 

Maeda  et aL (1) e tched tungs ten  wi th  pure  CF4 in 
a ba r re l  reac tor  at  13.56 MHz. They  r epor t ed  tha t  
there  was no etch r a t e  dependence  on t empe ra tu r e  
or  on etch t ime. In addit ion,  it  was found tha t  the  etch 
ra te  and the fluorine a tom emission intensi t ies  both  
decreased wi th  increas ing pressure .  They  conclude tha t  
the etching of  tungsten was  l imi ted  by  the supp ly  of 
act ive species. K u m a r  et al. (2) repor ted  the  e t c h i n g  of 
tungs ten  using 4% O2 in CF4 in an  electrodeless  cham-  
ber.  The etch ra te  increased  wi th  R F  power  sub-  
l inear ly .  

Wolfe  et al. (3) repor ted  the  reac t ive  ion e tching of 
tungsten using SFe/O2 mix tures  at  a pressure  of 10 
mtorr .  The etch ra te  of  tungsten decreased monoton i -  
ca l ly  wi th  the addi t ion  of  oxygen.  At  an SF6/O2 flow 
rat io  of 5.7, the  e tch ra te  of tungs ten  increased wi th  
pressure  f rom 80 n m / m i n  'at 5 m t o r r  to 200 r im/ra in  
at  30 mtorr .  

This paper  presents  the  resul ts  of ~ s tudy  in i t ia ted  
to inves t iga te  the  p l a sma-enhanced  etvhing of  t ung -  
s ten films. The  effect of  subs t ra te  t empera tu re ,  R F  

" Electrochemical Society Active Member. 

Power,  gas pressure ,  and  oxygen  and  hyd rogen  a d d i -  
t ions to CF4 and SF6 etch gases a re  s tudied  in a pa ra l l e l  
plate  p lasma  etching system. Opt ica l  emission spectros-  
copy is used as a diagnost ic  tool to de te rmine  re la t ive  
fluorine a tom concentrat ions  in the  etching a tmo-  
spheres.  

Experimental Procedures 
Unless o therwise  noted,  the  tungs ten  films were  ob-  

ta ined  via  p l a sma-enhanced  deposi t ion f rom WF6 and  
H2 (4).  The  deposi t ions were  car r ied  out  at  an e lect rode 
t empe ra tu r e  of 350~ and RF f requency of 4.5 MHz, 
an H2/WFe rat io of 3, a pressure  of 200 mtorr ,  and a 
power  dens i ty  o f  0.12 W / r  2. Spu t t e red  firms were  
deposi ted  in a Pe rk in  E lmer  Randex  spu t t e r ing  sys-  
tem at 20 m t o r r  and  0.55 W/cm 2. The tungsten films 
used for  etching studies were  typ ica l ly  0.4 ~m thick, 
dePosited onto borosi l icate  glass substra tes .  In  all  cases, 
th e  surface a rea  of tungsten etched was 6.5 cm 2. 

P lasma  etching was pe r fo rmed  in a 14 in d iam 
stainless  steel  rad ia l  flow reac tor  wi th  7 in d i am s ta in-  
less s teel  electrodes.  The samples  were  posi t ioned on 
the lower  g rounded  electrode,  which was separa ted  
f rom the uppe r  powered  e lec t rode  by  a d is tance  of 
2 in. The lower  e lec t rode  was hea ted  res is t ive ly  b y  a 
r ing hea te r  affixed to the  unders ide  of the electrode.  
Since no cooling capabi l i t ies  were  avai lab le  in this 
pa r t i cu l a r  reactor ,  the  min imum e lec t rode  t empera tu re  
ut i l ized for  the present  s tudy  was 60~ .This t e m p e r a -  
ture  a l lowed etch t imes g rea te r  than 15 min to be used 
wi thout  any  de tec tab le  increase  in e lec t rode  t e m p e r a -  
ture  as measu red  by  a sh ie lded  chromel -cons tan tan  
thermocouple .  

The pumping  sys tem consis ted of  a 50 cfm corrosion 
res is tant  mechanica l  vacuum pump wi th  a l iquid  n i t ro -  
gen cold t rap  posi t ioned be tween  the pump and  the 
e t c h  chamber .  The pressure  w~s a l t e r ed  by  th ro t t l ing  
th e  pmrtp at  a fixed flow rate.  A capaci tance m a n o m -  
e ter  was used to de te rmine  chamber  pressure .  

T h e  etch gases used in this s tudy  were  CF4 (99.7%) 
and  SFe (99.99%) obta ined  f rom Matheson Gas P r o d -  
ucts. No fu r the r  purif icat ion was a t tempted .  Oxygen  
(99.99%) was ob ta ined  f rom a l iquid  source,  and  was 
passed th rough  a Matheson no. 451 pur i f ier  be fo re  being 
mixed  with  CF4 or  SFe. The flow ra tes  of ind iv idua l  
gases were  contro l led  by  Tylan  mass  flow control lers ,  
a n d  the  gases were  mixed  p r io r  to en te r ing  the  e t c h  
chamber .  Etch ra tes  were  de t e rmined  g rav ime t r i ca l ly  
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by weighing samples before and after specific etch 
times. 

In order to separately evaluate the effect of  various 
plasma parameters on tungsten etch ra tes  and fluorine, 
atom .densities, a set of standard etch ,conditions was 
established. The conditions used were; 50W (0.2 W/  
cm2), at 4.5 MHz, 200 mtorr  pressure, 60~ electrode 
temperature, total flow rate of 75 sccm, and gas mix- 
tures of 10% O2 in ei ther CF4 or SF6. 

Optical emission studies were performed using a 
Plasmatherm (Model PSS-2) Plasma Scan Emission 
Monitoring System. The monochromator was positioned 
at a 4 in diam quartz window to monitor emission in- 
tensities. Relative fluorine atom densities were deter-  
mined by using argon (2% of the feed gas) as a tracer 
or "actinometer," and recording emission intensities 
of Ar (750.4 nm) and F (703.7 nm) as a function of 
plasma parameters (5). No change in F atom emis- 
sion intensity was observed fo r /~ r  additions up to  4%. 

Results and Discussion 
The etch depth of tungsten films in SF6/O2 or in 

CF4/O2 plasmas increases l inearly with etch time. 
Further,  when this l inear relationship is extrapolated, 
the line passes through the origin, indicating that no 
'lag time or initiation period exists at the start  of tung- 
sten etching. Such results are in sharp contrast to 
those observed during aluminum etching, wherein an 
induction period is typically observed (6). The cause 
of this difference in etch behavior is due to the fact 
that the native tungsten oxide does not present a 
barr ier  to plasma etching, whereas native aluminum 
oxide does. Aluminum forms strong bonds :with oxy-  
gen. However, tungsten forms an unstable oxide (vola- 
tile above 800~ A second consideration with regard 
to the observed etch differences between tungsten and 
aluminum relates to the heats of formation of the com- 
pounds involved in the two chemical systems. The heat 
of formation of the etch product WF6 (--421 kcal/mol)  
is much higher than those of the oxides (WOz, --136 
kcal/mol;  W2Os, --169 kcal/mol;  WOz, --201 kcal /mol) ,  
whereas the heat of formation of AICIs (--140 kcal /  
mol) is considerably lower than aluminum oxide (--398 
kcal /mol) .  These thermodynamic data are consistent 
with the observations that ion bombardment is needed 
to assist native aluminum oxide removal, while ion 
bombardment is not necessary for tungsten oxide etch- 
ing. Indeed, tungsten can be etched in a barrel  reac- 
tor with an etch tunnel that isolates the wafers from 
energetic ion bombardment (1). 

Temperature dependence of etch rates.--A.rrhenius 
plots of the etch rate  of tungsten in 90% SFs/10% O2 
and in 90% CFd/10% 02 plasmas are shown in Fig. 1. 
The apparent activation energy for both etching re-  
actions is 0.2 eV/mol. The agreement of activation 
energies for tungsten etching in CF4 and in SF6 plasmas 
suggests that the active etchant species and the re,ac- 
tion mechanism may be the same for both etch gases. 
The higher etch rates observed with SFs over CF4 
plasmas are apparent ly  due to the higher fluorine 
atom concentrations in SF6 plasmas (see optical emis- 
sion studies described below). 

The temperature dependence of tungsten etching 
observed in the present study disagrees with the results 
of Maeda et al. (1). Maeda used pure CF4 to etch 
tungsten in a barrel  reactor. They reported that the 
etch rate did not depend upon substrate temperature 
between 25 ~ and 320~ Differences in these two studies 
are probably due to the variation in fluorine atom 
concentration between CF4 and CF4/O2 plasmas. 
Clearly, a much lower concentration of fluorine atoms 
is present in CF4 relative to CF4/O2 plasmas (see 
below). Since fluorine ,atoms appear to be the pr imary 
etchant for tungsten in these discharges, the discrep- 
ancies between this study and that of Maeda suggest 
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basic differences in the rate-controll ing steps for CF4 
vs. CFJ02 plasmas. 

In pure CF4 discharges, the etch rate is most l ikely 
limited by reactant supply. That is, the generation of 
active species in the plasma, which is independent of 
temperature, is r a t e  limiting. Further,  fluorocarbon 
radicals generated in pure CF4 plasmas may polymerize 
and deposit on tungsten surfaces. The removal of these 
polymers or residues on tungsten surfaces must be 
considered in the etching mechanism. However, the 
addition of oxygen greatly increases the supply of 
fluorine atorns. Consequently, t h e  reactant su.p~pty is 
no longer rate limiting; instead, a surface reaction step 
becomes rate limiting in CF4/O2 plasma etching of 
tungsten. In addition, oxidation of fluorocarlwn radicals 
precludes the deposition of fluorocarbon polymers. 

Oxygen additions.--The effect of oxygen additions 
to CF4 on the relative fluorine atom density and on 
the tungsten etch rate is shown in Fig. 2. Although 
both fluorine atom density and etch rate go through 
a maximum, the peak etch rate  does not coincide with 
the maximum fluorine atom density. Such trends are 
identical to  those observed in the CF4/O2 plasma 
etching of silicon (7, 8). These results also substanti-  
ate the claim that fluorine atoms are the pr imary 
etchant for tungsten in CF4/O2 discharges. As in the 
case of silicon etching (7), oxygen additions to CF4 
enhance the production of fluorine atoms and reduce 
carbon containing residues, thereby increasing the 
tungsten etch rate. Further,  since fluorine and oxygen 
atoms compete for su~ace adsorption sites, a non- 
coincidence of the tungsten etch rate and the maximum 
fluorine atom concentration resul 'ts, exactly analogous 
to that observed in silicon etching (7). 

If direct electron impact excitation from the ground 
state to the emitting state is the dominant excitation 
process, then (5) the optical emission intensity, Ix, is 
given by Ix -- CNx[X], where C is a constant, iX] is 
the ground state concentration of species, X, and Ni = 
kzne is the excitation efficiency, a product of the rate 
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constant for direct excitation (k=) and the electron 
d e n s i t y  (ne). The normalized excitation efficienc:~ ob- 
served for argon atoms in this study is shown as a 
function of oxygen addition in Fig. 3. For comparison, 
these efficiencies are also given for results reported in 
Ref. (5) and (8). In all cases, the excitation efficiency 
decreases as the oxygen concentration increases. How- 
ever, results reported in this study and in Ref. (8) 
are essenti'ally the same, while the data from Ref. (5) 
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Fig. 3. Comparison of excitation efficiency as a function of 
oxygen concentration in CF4. 

shows a more rapid initial drop in excitation efficiency 
with oxygen content. In large part, the nonconstant 
pressure conditions in the study of Ref. (5) (36 mtorr 
at 0% O2, 44 mtorr at 20%, 37 mtorr at 66% O3) may 
be the cause of this difference. 

The observed decrease in the excitation efficiency of 
Ar and F atoms suggests that the enhanced fluorine 
atom concentration caused by oxygen addition cannot 
be due to an incr 'ease in the dissociation rate of CF4 
[threshold energy for CF4 dissociation and argon ex- 
citation energy are quite similar, 12 and 13.5 eV (:5), 
respectively~. Thus, the enhanced fluorine atom den- 
sity due to oxygen additions must be a result of reac- 
tions between oxygen atoms and radicals formed by 
the dissociation of CF4. Oxygen reacts with CF~ radicals 
to liberate fluorine atoms, thus minimizing CF= and F 
recombination. Indeed, m a n y  reaction schemes are 
possible rand these have been discussed ~reviously (7). 

Tungsten etch Fates and relative fluorine atom con- 
centrations in SF6 plasmas are shown as a function of 
oxygen content in Fig. 4." Again, the maximum ob- 
served in the fluorine atom density is consistent with 
that displayed by CFjO~ plasmas and is in agreement 
with results reported for silicon etching in SF6/O9. 
plasmas (9, 10). In a manner identical to CF4/O9. mix- 
tures, enhanced fluorine atom production via oxygen 
additions to SF6 can be explained by reaction of oxy- 
gen with SF~ radicals. Possible reaction schemes for 
SF6/O~ plasmas are discussed in Ref. (9). 

The maximum etch rate shown in Fig. 4 occurs 
with a pure SF6 discharge, which is in agreement with 
results reported on reactive ion etching of tungsten 
in SFs/O~ discharges as a function of oxygen addition 
(3). However, the maximum fluorine atom density 
which is four times higher than in a pure SF6 dis- 
charge, occurs at 30% oxygen. Clearly, competitive 
adsorption between oxygen and fluorine atoms on a 
tungsten surface cannot explain the maximum etch 
rate at such low fluorine atom concentrations. 

It is expected that the primary free radicals gen- 
erated in SF6 plasmas are SF5 and SF3 (11). When 
SF5 and S~3 migrate to the tungsten surface, they can 
undergo dissociative .chemisorption to form F, SF4, 
and SF~. Thus, in addition to electron impact dissocia- 
tion of SF6, another source of fluorine atoms is avail- 
able. Therefore, if such dissociative chemisorption 
occurs, SF= radicals may play an important role in 
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tungsten etching in pure SF6 discharges. Fur ther  sup- 
port for these conclusions arises from the observation 
that  the  apparent activation energy for tungsten etch- 
ing in a pure SF6 discharge is 0.07 eV/mol. However, 
stable oxyfluorides form in SF6/O~ plasmas (9), so 
that fluorine atoms may be the important  etchant 
species in the presence of .even small concentrations of 
oxygen. Currently, the ~e'asons for the striking dif- 
ferences beween the etch behavior of silicon and tung- 
sten in pure SF6 vs. SF6/O2 plasmas are unclear; 
nevertheless, in light of the 'above results, th~ differ- 
ences are probably related to variations in surface 
chemistry between these two film materials. 

Sulfur hexafluoride has a higher F /S  ratio and 
weaker sulfur-fluorine bonds than the corresponding 
F/C ratio and carbon-fluorine bonds in CF4. As a result, 
a higher fluorine concentration exists in SFJO~ dis- 
charges. This explains the higher tungsten etch rate in 
SFJO2  than in CF4/O2 discharges. In addition, sulfur 
forms compounds that are more volatile than similar 
carbon compounds. This is consistent with th e fact 
that no sulfur or sulfur compounds are detected by 
Auger analy~es after  tungsten etching in pure SF6 
discharges. Therefore, residues may not be a great 
concern in these plasmas. 

Hydrogen additions.~Hydrogen additions to CF4 
decrease the fluorine atom concentration dramatical ly 
due to the formation of relat ively stable HF. Indeed, 
the  emission intensity of fluorine (703.7 nm) quenches 
to zero after 10% hydrogen is added to CF4. No etch- 
ing is observed and the weight of the sample increases 
as a result of a film being deposited on the tungsten 
surface. A postetch Auger spectrum of the tungsten 
surface shows W, C, O, and F. Apparently,  a fluoro- 
carbon film with tungsten incorporation forms from 
simultaneous tungsten etching ,and plasma polymeriza- 
tion. These results are similar to previous reports of 
simultaneous aluminum etching and chlorocarbon film 
formation (12). In the present study, hydrogen atoms 
are efficient scavengers of fluorine atoms causing an 
increase in the concentration of gas phase fluorocarbon 
unsaturates which are precursers to polymer forma- 
tion. When the polymer film completely covers the  
tungsten surface, the film inhibits the etching of tung- 
sten. Such observations are in agreement with silicon 
etching studies using CF4/H2 mixtures (13). 

The addition of hydrogen to SF6 discharges signifi- 
cantly decreases the tungsten etch rate. The rate falls 
from 80 to 25 nm/min with 10% H2 added to SF6. 
However, the relative fluorine atom density is higher 
with 10% hydrogen addition than with pure SF6 dis- 
charges. The reasons for such observations are un- 
known, but the results again suggest that SFx radicals 
may be important  in the etching of tungsten. Of course, 
the decreased etch rate due to hydrogen additions also 
results from competitive chemisorption on the tung- 
sten surface between hydrogen and fluorine atoms or 
SFx radicals. 

Although Auger analysis did not detect sulfur on 
the tungsten surface during etching in SF6/O2 plasmas, 
a yellow deposit was observed on the base plate of 
the reactor. A u g e r  confirmed that this deposit was 
sulfur. Apparent ly  ion bombardment of the wafer 
combined with the sl ightly elevated electrode tem- 
peratures in this study, assist sulfur removal from the  
tungsten surface, thereby precluding deposition on 
the film. 

Pressure dependence.--The dependence of the etch 
rate  of tungsten and of the relative fluorine atom 
density on the reactor pressure are i l lustrated in Fig. 
5 and 6 for CF4/O~ and SF6/O2, respectively. Clearly, 
the  etch rate and the relative fluorine atom density 
vary greatly with pressure in CF4/O2 and 8F6/O2 
plasmas; however, the functional relationship of etch 
~ate with pressure in CFjO~ and SF6/O2 is quite dif- 
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ferent. As shown in Fig. 5, the etch rate and the rela-  
tive fluorine atom density in CF4/O~ both increase 
l inearly with pressure in the range of 100-500 mtorr. 
Unlike CF4/O~, the etch rate and the relative fluorine 
atom density in SF6/O2 plasmas increase with pres- 
sure and exhibit a maximum at 200 mtorr as indicated 
in Fig. 6. Above 200 mtorr, the etch rate and the rela-  
tive fluorine density both decrease as the pressure 
increases. 
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The results of Fig. 5 and 6 can be explained by con- 
sidering plasma energetics. As the total pressure in- 
creases, the ion energy drops; thus, the etch process 
will become more dependent upon a mechanism in- 
volving neutral reactive species. Therefore, the pres- 
sure dependence of the etch rate should be dominated 
by the relative abundance of neutral etchant species. 
As shown in Fig. 5 and 6, the functional relationship 
between the etch rate ,and the relative fluorine den- 
sity and the pressure dependence in their respective 
plasmas are quite similar. Again, this indicates that 
the active etchant for tungsten is fluorine atoms. 

An investigation of the excitation efficiencies of 
argon in both CF4/O2 and in SF6/O~ plasmas, indicate 
that the efficiencies decrease monotonically with in- 
creasing pressure. Although the electron density in- 
creases with pressure, the average electron energy, 
which is principally a function of the ratio of the elec- 
tric field to the pressure (E/P),  decreases with increas- 
ing pressure (14). The formation of excited argon 
species generally involves electrons with energies > 
13.5 eV. This corresponds to electrons in the high 
energy tail of the electron energy distribution function. 
Naturally, the energies of these electrons are extremely 
sensitive to pressure variation. 

Several factors are involved in the effect of pressure 
on fluorine atom density. (i) The collision rate of gas 
molecules with electrons will increase as pressure in- 
creases, thereby altering the generation rate of fluorine 
atoms; (ii) the electron energy decreases with a pres- 
sure increase which decreases the generation rate of 
fluorine atoms; and (iii) the fluorine atom residence 
time will increase with pressure, thereby increasing the 
fluorine atom density. These phenomena have opposing 
effects on fluorine atom density. As a result, the fluo- 
rine atom density reaches a maximum at a certain 
pressure which depends on the chemical system. 

Comparison of the dependence of the fluorine atom 
density on pressure in CF4 and in SF6 discharges (Fig. 
5 and 6) suggests that the electron energy in SF6 
plasmas is more sensitive to pressure variation than 
in CF4 plasmas. Such conclusions are confirmed by 
measurement of the excitation efficiency of argon in 
these two plasma atmospheres. The normalized excita- 
tion efficiency in SF6 discharges decreases much faster 
with pressure increases than in CF4 discharges. 

For comparison to the PECVD results, the etch rate 
of sputtered tungsten films was determined as a func- 
tion of pressure. The dependence of etch rate on CF4/ 
O2 pressure was identical to that shown in Fig. 5. 
However, the sputtered films etched at a rate 15% 
lower than the PECVD films. This result is probably 
due to the higher derLsity of sputtered (19 g/cm 2) vs. 
PECVD (16.8 g/cm z) films. 

RF power.--Both the electron density and the aver- 
age electron energy increase with RF power; thus, 
the rate of ionization, excitation, and dissociation of 
gas phase molecules increases. As a result, both the 
excitation efficiency and the relative fluorine atom 
density should increase with RF power in CF4/O~ and 
in SF6/O2 discharges..As shown in Fig. 7, this is the 
trend observed for SF~/O2 discharges. The identical 
situation is noted for CF4/O2 plasmas, except tl~at the 
etch rates are lower than those observed for SFq/O2 
by approximately a factor of 2.5. Clearly, this result is 
due to the lowered fluorine atom density in CF4/O2 
compared to SF6/O2~ plasmas. 

Summary 
Tungsten films can be etched in CF4 and in SF6 

discharges. Unlike certain other metal films, the native 
oxide on tungsten does not inhibit etching. Therefore, 
reproducible and controllable etch rates can be rou- 
tinely achieved in CF4/O2 and in SFJO~ plasmas. 

The etch rate of tungsten is strongly dependent upon 
oxygen additions. A maximum etch rate is observed 
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in 90% CF4/10% 02 plasmas, which is analogous to 
the trend observed in silicon etching in CF4/O~ dis- 
charges. With SF6, oxygen additions decrease the etch 
rate even though the fluorine atom density reaches 
a maximum at 30% O2. Such results suggest that SF~ 
radicals may play an important role in pure SF6 plasma 
etching of tungsten. The increased etch rate observed 
in SF6/O~ compared to CF4/O2 discharges is due to 
the higher fluorine atom density in SF6 plasmas. This 
fact, coupled with the observation that the apparent 
activation energy is identical for tungsten etching 
(between 60 ~ and 160~ in CF4/O2 and in SF6/O~ 
plasmas, indicates that fluorine atoms are the primary 
etchant in these atmospheres, and that the same re- 
action mechanism is probably operative in both dis- 
charges. With 90% CF~/10% O2 or 90% SF6/10% 02 
plasmas, increases in RF power increase tungsten etch 
rates. 

Hydrogen additions to CF4 and to SFB result in a 
scavenging of fluorine atoms, thereby decreasing the 
overall etch rate, and generating residues of carbon 
or sulfur. However, Auger results suggest that sulfur 
is easily sputtered from the wafer during etching in 
SF6 plasmas. 
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Deviation from Stoichiometry of Boron Monophosphide 
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ABSTRACT 

The deviation from stoichiometry of boron monophosphide  (BP) was controlled by heat-treatment.  The BP of n-type 
conductivi ty was caused by anti-site phosphorus or by phosphorus vacancy. The BP of p-type conductivi ty was caused by 
anti-site boron or by boron vacancy. 

Boron monophosphide  (BP) is one of the I I I -V  com- 
pound semiconductors .  I t  is wel l  known tha t  BP grows 
on Si subs t ra te  by  the t he rma l  reac{ion of B~H6 and 
PH3 in H2 (1). Two possible causes of the donor or  the 
acceptor  in the  BP have been repor ted  (2). This work  
shows tha t  the excess or  lack of boron or  phosphorus  
de te rmines  the conduct ion type  and res is t iv i ty  of the 
BP. 

Experimental Procedure 
The expe r imen ta l  appara tus  for the growth  of BP 

on Si subs t ra te  has a l r eady  been  repor ted  (3). n -Type  
BP (100) was grown at  950~ and p - t y p e  BP (100) 
at 1080~ on the Si (100) substrate.  Character is t ic  
crys ta l l ine  imperfect ions  such as {111} twins,  {211} 
twins,  and {111} p lana r  defects, exis t  a t  ea r ly  growth  
of BP less than  300A thick (4). However ,  the ha l f -  
o rder  s t r e a k  pa t t e rn  observed by  reflection e lect ron 
diffract ion (RED) from the surface of the 500A-thick 
BP shows a BP (100) - -c  (2 • 2) surface s t ruc ture  (5). 

The BP compound decomposes easi ly  when exposed 
in hyctrogen at  t empera tu re s  g rea te r  than  900~ Af te r  
t h e  ep i tax ia l  growth  of the BP, the BP surface  was 
covered to 500A wi th  SizN~ depos i ted  at 680~ by  the 
t he rma l  reac t ion  of SiI-I4 and NH~ in N2. Then, the  
sample  was hea ted  in N2. Af te r  the hea t - t r ea tmen t ,  
the SigN4 was removed  by  etching in ~hydrofluoric 
acid. The  BP is chemical ly  s table and cannot  be a t -  
tacked. The conduct ion type  of the  BP was de te rmined  
by  measur ing  thermoelec t r ic  power.  The res is t iv i ty  of 
the BP was measured  wi th  the four -po in t  p r o b e  
method or  by  measur ing  the ohmic c u r r e n t  th rough  
the BP. The BP was removed  by  p lasma  etching in a 
mix tu re  of CF4 (98%) and O~ (2%) or  by  a select ive 
removing  method  (6).  By measur ing  the sheet  res is t -  
ance and junc t ion  dep th  of the  diffusion l a y e r  formed 
in the  Si subs t ra te  dur ing  the hea t - t r ea tmen t ,  the  
amount  of boron or  phosphorus  diffused f rom the as-  
g rown BP was determined.  The complemen ta ry  e r ro r  
funct ion profile was assumed. 

Exper imental  Results 
Resistivity of as-grown B P . - - n - B P  (100) can be  

grown on Si (100) at  950~ and p - B P  (100) at  1080"C. 
The flow rate  of PH8 and B2H8 has to be va r ied  ac-  
cording to the  g rowth  tempera ture .  The res is t iv i ty  can 
be measured  by  the four -po in t  probe method  for n -BP  
grown on a h igh ly  doped p -S i  subs t ra te  and for  p - B P  
grown on a h igh ly  doped n -S i  subs t ra te  by  assuming 
p - n  junct ion isolation. The res is t iv i ty  ob ta ined  is 

* Electrochemical Society Student Member. 
* * E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
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10-2-10 -8 ~2-cm for both  as -g rown n -  and a s -g rown  
p-BP.  

Conduction type and resistivity of BP after heat- 
treatment.--After as -g rown  n-  or p - B P  covered wi th  
Si3N4 is hea ted  in N:2, a res is tor  wi th  two A1 elec-  
trodes,  as shown in the inset  of Fig. 1, is made  to mea-  
sure  the res is t iv i ty  of the BP. A diffusion l aye r  is 
fo rmed in the Si subs t ra te  hav ing  the same type  of 
conduct iv i ty  as the  BP. The resul ts  are  summar ized  
in Fig. 1 for a s -g rown  n-BP,  and in Fig. 2 for  a s -g rown 
p ,BP.  

The as -g rown n - B P  shows a h igh  res is t iv i ty  for  8 
min of h e a t - t r e a t m e n t  a t  1200~ and for 30 min  at  
1100~ For  longer  h e a t - t r e a t m e n t  t imes, i t  changes 
to p-BP.  The res is t iv i ty  of the  p - B P  decreases to as 
low as I0-Z ~ - c m  as the h e a t - t r e a t m e n t  t ime in-  
creases. The t r ea tmen t  t e m p e r a t u r e  of 1050~ is a 
character is t ic  one, where  the res is t iv i ty  is over  10 I0 
a - c m  for the h e a t - t r e a t m e n t  t ime of more  than  2 h, 
The conduct ion type  cannot  be de te rmined  by  the 
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ment of current-voltage characteristics through BP, after (a) the 
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convent ional  thermoelec t r ic  power  method.  At  1000~ 
the n - B P  does not  change its conduct ion type,  and its 
res i s t iv i ty  increases  g radua l ly  as the h e a t - t r e a t m e n t  
t ime is increased.  

For  the a s -g rown  p - B P  of Fig. 2, no change  of the 
conduct ion type  can be observed.  However ,  for  1200 ~ 
and l l00~ a peak  was observed in the resis t ivi ty.  For  
t r e a tmen t  t ime g rea te r  than  8 min  at  1200~ and for  
30 min  at  l l00~ the res is t iv i ty  decreased as the hea t -  
t r ea tmen t  t ime increased.  The final value of the re -  
s is t iv i ty  is less than  10 -:2 ~-cm.  At  1050~ a res is t iv-  
i ty  of more  than  101~ a - c m  was ob ta ined  for  the hea t -  
t r ea tmen t  t ime of more  than 3 h, and the conduct ion 
type  could not be measured  by  the convent ional  the r -  
moelect r ic  power  method.  A t  1000~ the type  of 
conduct iv i ty  d id  not  change f rom p - t y p e  for  hea t -  
t r ea tmen t  t ime of more  than  10 h. 

By the h e a t - t r e a t m e n t  at l l00~ for  30 rain on the 
a s -g rown  p-BP,  p - B P  acquires  a res is t iv i ty  of 150 ~ -  
cm. When given subsequent  h e a t - t r e a t m e n t  a t  1000~ 
for  severa l  hours,  a conversion of the conduct ion type  
f rom p - B P  to n - B P  was observed.  

Di#usion layer formed in Si substrate.--It  was found 
tha t  n - B P  acts as a source diffusing phosphorus  into 
the Si subs t ra te  and tha t  p - B P  diffuses boron into 
the Si subst ra te .  If  a p -S i  subs t ra te  is employed  for 
the g rowth  of n-BP,  and an n -S i  subs t ra te  is employed  
for  the growth  of p-BP,  diffusion layers  a re  found in 
the Si subs t ra te .  

Represen ta t ive  resul ts  for  a s -g rown  n - B P  for hea t -  
t r ea tmen t  a t  l l00~ are  shown in Fig. 3. Fo r  a h e a t -  
t r ea tmen t  t ime of less than  30 min, an n - t y p e  diffusion 
l aye r  was formed in the Si subst ra te .  The junc t ion  
dep th  (x#) increases  in p ropor t ion  to the square  root  
of the  h e a t - t r e a t m e n t  t ime ( t ) ,  and the shee t  res i s t -  
ance (Rs) decreases in p ropor t ion  to the  square  root 
of t ) .  Af t e r  30 min, a p - t y p e  diffusion l aye r  appea red  
on the n - t y p e  diffusion layer .  Its junct ion  dep th  (X#B) 
seems to increase  l i nea r ly  wi th  the increase  of the  
h e a t - t r e a t m e n t  time. The sheet  res is tance R~B de-  
creases s t eep ly  in comparison wi th  that  of R~. 

Discussion 
Total amount of phosphorus or boron in as-grown 

B P . - - T h e  res i s t iv i ty  of a s -g rown  n -  or  p - B P  in the  
range  f rom 10 -2 to 10 -3 ~Q-cm gives a ca r r i e r  concen- 
t ra t ion  of 1020-1021 cm -a  when  assuming an e lec t ron 
or  hole mobi l i ty  of about  15 cm2/V �9 s (7). A s - g r o w n  

103 
I I 

2 o sE 

J I s s  I01 Os 

XjB iJ S 

10 30 100 

HEAT TREATMENT TIME t (min) 

Fig. 3. Junction depth (xj; and sheet resistance (Rs) of phos- 
phorus or boron-diffusion layer formed in Si substrate. The heir- 
treatment temperature was 1100~ 
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n-BP  acts as a diffusion source of  phosphorus,  which 
forms an n - t y p e  diffusion l aye r  in the Si subst ra te .  A 
doul~le donor of an t i - s i te  phosphorus  is a cause of as-  
grown n - B P  (2). A s - g r o w n  p - B P  acts as a diffusion 
source of boron, which forms a p - t y p e  diffusion l aye r  
in Si substrate .  A double  acceptor  of an t i - s i te  boron is 
a cause of a s -g rown p-BP.  The excess amount  of 
phosphorus  or  boron contained in the a s -g rown  BP is 
es t imated  to be in the range of 1015 to 1016 cm-~  for  
the BP thickness of 500A employed  in the exper iment .  

Total amount of phosphorus or boron disused into 
the Si substrate.--From the sheet  resis tance (Rs~) and 
the junct ion dep th  (xip) given in Fig. 3, the phos-  
phorus  surface concentra t ion (Csp) can be obta ined  
by  apply ing  I rv in ' s  curve (8). As shown in Fig. 4, Csp 
is constant  a t  about  5.0 X 10 TM cm -a.  The to ta l  amount  
of phosphorus  (Qp) diffused into the  Si substrate ,  
which is a lmost  in p ropor t ion  to the square  root  of t, 
reaches about  2 • 1015 cm-2.  Af te r  25 rain of hea t -  
t rea tment ,  Qp reaches a sa tu ra t ion  point.  The diffusion 
coefficient of phosphorus  (Dp) can be es t imated  to be: 
De = 5.5 • 10 -13 cm2/s. This value  is a lmost  the same 
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Fig. 4. Surface concentration and total amount of phosphorus and 
boron diftused into Si substrate from the BP. The heat-treatment 
temperature was I |00~ 
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as the w e l l - k n o w n  phosphorus  diffusion coefficient at  
1100~ (9). 

The boron surface concentra t ion (CsB) and the total 
amount  of boron (QB) diffused over  the phosphorus  
diffusion l aye r  are  also obtained.  A s imple  calculat ion 
employing  t gives the resul t  of Fig. 4. Css is a constant  
of about  5.3 >< 1019 cm-~,  a value  l a rge r  than  tha t  for 
phosphorus.  QB seems to increase l i nea r ly  wi th  t. How-  
ever, by  employ ing  the ac tua l  t ime of boron diffusion, 
which is given as (t --  25) rain for l l00~ the total 
amount  of boron (QB') shown in Fig. 4 becomes in 
propor t ion  to the square root  of t. 

Qual i ta t ive  character is t ics  of BP according to the 
h e a t - t r e a t m e n t  a re  summar ized  in Fig. 5. At  hea t -  
t r ea tmen t  t empera tu re s  g rea te r  t han  1050~ the as-  
grown n - B P  f inal ly changes to p-BP.  By observing 
the 'diffusion l aye r  fo rmed  in the Si  subst ra te ,  i t  
was confirmed tha t  the n -BP  acted as a phosphorus  
diffusion source ( ' T '  in Fig. 5) and tha t  the  p - B P  
as a boron diffusion source ("3" in Fig. 5). The 
total  amoun t  of phosphorUs for 8 rain at  1200~ for 
25 min at 1100~ and for 120 rain at  1050~ is a l -  
most  the same as the same level  as the  excess amount  
of phosphorus  contained in the a s -g rown n - B P  (i.e., 
about  2-5 >< 1015 c m - 2 ) .  Boron diffusion can be ex -  
p la ined  as due to a boron vacancy  fo rmat ion  af te r  
s toichiometr ic  composition. The amount  of boron va-  
cancy in p - B P  was ascer ta ined to be a lmost  equal  to 
the total  amount  of boron diffused into the Si subs t ra te  
over  the  n - type  diffusion layer .  

e x c e s s  B excess P 

\ '[1200oc 8,, io ]'--/ 
~/plllOO ~ 30 rain |'~/ 

(21[i050 oC ....... 1 |(13 
.... 

(stoi hiomot ic ') 

I I i I 
P vacancy B vacancy 

Fig. 5. Qualitative characteristics at BI ~ due to the heat-treat- 
ment. 

For  as -g rown p-BP,  wi th  the h e a t - t r e a t m e n t  g rea te r  
than 1050~ as -g rown p - B P  keeps the p - t y p e  con-  
duct ivi ty.  The first boron diffusion into the Si sub-  
s t ra te  f rom p - B P  ("2" in Fig. 5) comes f rom the ex-  
cess boron on regu la r  phosphorus  sites, and  the second 
one ("3" in Fig. 5) comes f rom a boron on the r egu la r  
la t t ice sites, resul t ing  in a bo ron-vacancy  formation.  

A phosphorus -vacancy  format ion ("4" in Fig. 5) can 
also be expected.  I t  was confirmed that  the  s toichi-  
ometr ic  BP af te r  a p re l imina ry  h e a t - t r e a t m e n t  for 30 
min at ll0O~ of a s -g rown  n-  or p - B P  finally changed 
to n - B P  af te r  severa l  hours  of  hea t - t r ea tmen t  a t  
1000~ In this case, the analysis  of the phosphorus  
diffusion l aye r  was difficult, because Csp is lower  than  
CSB, and the to ta l  amount  of phosphorus  is too smal l  
for diffusion t empera tu re s  less than  1050~ 

Conclusion 
The dev ia t ion  of B p  f rom s to ich iomet ry  de te rmines  

its conduct ion type.  The type  obta ined  is de te rmined  
by  h e a t - t r e a t m e n t  a f te r  the BP surface was covered 
wi th  SizN4. n - B P  is given by  ant i - s i te  phosphorus  or  
phosphorus  vacancy,  and p - B P  is given by  ant i - s i te  
boron or  boron vacancy.  

Manuscr ip t  submi t t ed  May  4, 1983; revised m a n u -  
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A Method of Forming Contacts Between Two Conducting Layers 
Separated by a Dielectric 
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ABSTRACT 

A technique for vertically interconnecting two conduct ing layers separated by an insulater  is described.  The technique 
offers advantages over present  methods,  including complete  step coverage over vertical via walls and a planarized surface. 
In addition, this technique can be extended easily to form mult iconductor-insulator  interconnects.  Moreover, as device di- 
mensions are reduced to the micron and submicron level, the planarization and therefore the interconnection will improve. 
The method will have applications in integrated electronics and perhaps integrated optics and other semiconductor  
devices. 

In tegra ted  circui ts  contain severa l  e lec t r ica l ly  con- 
duct ing  layers  such as the sil icon itself, po lycrys ta l l ine  
silicon, and one or  more  layers  of metalliz 'ation. The 
conductors  are  s epa ra t ed  by  dielectr ic  layers  which 
a re  p re fe ren t i a l ly  e tched to make  in t e r l aye r  contacts. 
The in t e r l aye r  contacts  are  t r ad i t iona l ly  made  by  e tch-  
ing  holes (vias)  in the die lect r ic  p r io r  to the depos i -  
t ion of the  top conductor.  The d isadvantages  of  this 
method  are:  (i) incomplete  meta l  coverage over  the 
via  sidewall ,  and (ii) creat ion of  a nonp lanar  s t ruc-  
ture. 

The presen t  p a p e r  descr ibes  a procedure  which over-  
comes both d isadvantages  us ing a p lanar iza t ion  tech-  
nique. A s imi la r  technique has been suggested p re -  
v iously  (1). 

Interconnect Technique 
The p lanar iza t ion  consists of six basic steeps. 
Firs t ,  deposi t ion of a th ick conductor  l aye r  having  a 

thickness  at least  equal  to the sum of the s tandard  
f i rs t - level  conductor  and the insula tor  thicknesses.  

Second,  format ion  of p i l lars  on the first conductor  
( r a the r  than vias)  by  etching par t  of the th ick con- 
ductor  (Fig. l a ) .  

Third,  definit ion of  the  f i rs t - level  conductor  (Fig. l b ) .  
Four th ,  deposi t ion of a th ick insula tor  layer .  
Fifth,  appl ica t ion  of a viscous th ick l aye r  (e,g., 

photoresis t )  to a thickness grea te r  than  the p i l l a r  
he ight  in a manner  which  resul ts  in a p l ana r  surface  
(Fig. l c ) .  

Sixth,  e tchback  of the th ick viscous and insula tor  
layers  at  s imi la r  ra tes  ( the reby  exposing the  top of 
the  conduct ing p i l l a r s  [Fig. Id]  ).  

Seventh,  format ion  of the top conductor  (Fig. l e ) .  

Experimental 
Star t ing  mate r ia l s  consisted of  pol ished 3 in 20-50 

~ - c m  <100~  p - t y p e  Si wafers  wi th  75 nm of  t he rma l ly  
grown SiO~. Deposi t ion of the first conductor,  1300 
nm A1, was accomplishe~l in a Balzers  Model  450 PM 
Magnet ron  Sput te rer .  Sh ip ley  Microposi t  140'0-26 posi-  
t ive photores is t  was spun over  the  meta l  surface and 
exposed using a re t ic le  opposi te  in po la r i t y  to tha t  of 
a s t anda rd  .via pat tern .  The photores is t  was developed 
and the a l u m i n u m  wet  etched to form pi l la rs  750 nm 
high (Fig. l a ) .  Next,  the  f i rs t - level  meta l  mask  w~s 
defined, and the meta l  etched (Fig. l b ) .  The resul t ing  
s t ructure ,  as seen in Fig. 2, a scanning e lect ron micro-  
g raph  (SEM mic rog raph ) ,  shows 750 nm-h igh  pi l lars  
ex tend ing  f rom the r ema in ing  a l u m i n u m  film, which  
is 550 n m  thick. 

The insula t ing  layer ,  a 4% by weight  phosuhorous-  
doped SiO2 film, was deposi ted at  400~ to a thickness  
of 850 nm in a low t empera tu r e  chemical  vapor  depo-  

* Present address: Zoran  Corpora t ion ,  Sunnyva le ,  California 
94086. 

* ~ P r e s e n t  address :  Department of Mater ia ls  Eng inee r ing ,  
Technion ,  Hai fa  32000, Israel .  

Key words: etching, contacts, integrated circuits. 

sit ion (CVD) system. This thickness is somewha t  less 
than that  p rescr ibed  according to F i g .  le. As a con- 
sequence, a f te r  p l ana r i za t i0n  the  meta l  p i l la rs  were  
coplanar  with the SiO 2 sur face  over  the  bot tom meta l  
film, but  not  wi th  the SiO2 surface over  the  field re -  
gions of the wafer.  This technique,  however ,  can be 
eas i ly  ex tended  so as to p roduce  t ru ly  p l ana r  surfaces  
by  deposi t ing  a th icker  d ie lect r ic  (as i l lus t ra ted  in 
Fig. 1). Measurements  made  using a Tencor  Alphas tep  
prof i lometer  showed that  the  meta l  step heights  were  
reproduced  a f te r  SiO2 deposit ion,  t 'hereby indica t ing  
good comformal  coverage.  Sh ip ley  1400-33 Microposi t  
photores is t  was spun over  the  insula t ing SiO:~ l aye r  
using a Machine Technology, Incorpora ted  Omnichuck  
at  a spin  speed of 2840 rpm.  To ensure  good uniformity ,  
the  resist  was dispensed while  the wafer  spun at  
~90 rpm. Hexamethydis i l azane  was also appl ied  pr io r  
to the resist  to ensure  good adhesion. The wafer  was 
then baked  at  180~ for 30 min. Dupl ica t ion  of this 
procedure  on a test wafe r  wi thout  the  SiO~ and meta l  
layers  i n d i c a t e d  a photores is t  index of re f rac t ion  of 
1.65 and a thickness of 2240 nm. A photores is t  thickness  

Fig. 1. Schematic drawings showing the proposed method of 
vertically connecting two conductors. 
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Fig. 2. SEM mlcrograpk of the etched first conductor showing 
the pillar interconnects. 

of 2240 nm, as measu red  in the field, on wafers  wi th  
e t ched -me ta l  s~u.ctures was verif ied wi th  a Nano-  
metr ics  Nanospec. Measurements  on the Tencor  P ro -  
f i lometer  indica ted  tha t  the s tep height  of 750 n m  r e -  
sul t ing f rom the me ta l  p i l la rs  was reduced  to 50 nm. 
Thus, the me ta l  s teps were  p lanar ized .  

The meta l  p i l la rs  were  e~posed by  etching back  
the resist  and SiO2 layers  above the pil lars.  This was 
accomplished in an Appl ied  Mater ia ls  AME 8110 Re-  
active Ion Etcher.  By va ry ing  the CHF3:O~ sas  ra t io  
while ma in ta in ing  al l  o ther  etch parameters ,  constant  
e t ch- ra te  curves were  genera ted  for the  SiO2~ and the 
p lanar iz ing  photores is t  (Fig.  3). Etch condit ions were  
chosen so tha t  the  oxide and photores is t  e tched at the 
same rate.  As a consequence, the  p l ana r  res is t  surface 
profile is t r ans fe r red  into the oxide surface.  A s imi lar  
planarizatiozl  approach  was prev ious ly  descr ibed by  
Adams  and Capio (2). F igure  4, an SEM micrograph ,  
shows the etched back s t ruc ture  wi th  the  p i l l a r - t op  
surface exposed. Calculat ions indica ted  tha t  for the 
etch cycle used. the final photores is t  thickness over  
the  SiO~ laye r  in the field should be 530 nm. The mea -  
sured  thickness was 512 nm, ve r i fy ing  that  the etch 
per fo rmance  was consistent  wi th  predict ions.  This 
resis t  l aye r  was next  s t r ipped  in an asher.  

P r io r  to deposi t ing  the  second conduct ing layer ,  the  
surface of the  wafer  was exposed t o  an R F  backspu t t e r  
in the  magne t ron  spu t t e re r  in o rder  to r emo-~  the 
na t ive  oxide on top of the  conduct ing pil lars .  Without  
b reak ing  vacuum, a thin l ayer  100 nm of Ti -10%W 
al loy fol lowed by  1000 n m  of A1-2%Cu were  sput te red  
on the wafer .  The only purpose  for  depos i t ing  the TiW 
was to provide  an etch s top  in case the wafe r  had  to 
be s t r ipped  and etched fu r the r  in  the React ive Ion 
Etcher.  

The top  me ta l  l aye r  was defined by  wet  e tching both 
the AI -2%Cu  and TiW layers .  The completed  s t ruc -  
ture, consist ing of in terconnected  first-  to second- leve l  
me ta l  s t i tchthroughs,  is shown in Fig. 5. A cro~s sect ion 
of the in terconnect ing  s t ruc ture  showing the bo t tom-  
level  metal ,  the in terconnect ing  pi l lar ,  the insula t ing 
oxide ~lm. and the top- leve l  meta l  is shown in Fig. 6. 
The f i rs t - level  meta l  and field regions are  un i fo rma l ly  
covered by  the depos i ted  oxide  ensur ing e lect r ica l  
insula t ion be tween  the two conduct ing layers .  The 
u t i l i ty  of the  p lanar iza t ion  technique is demons t ra ted  
by  the p i l l a r  s t ructure ,  which  does not  suffer f rom step 
coverage problems  normall:~ encountered  in vi.a etching 
fol lowed by  meta l  deuosition. Moreover.  the  u lacma-  
etched insula t ing oxide  surface,  over  the f i rs t - level  
metal ,  is cop lanar  wi th  the top surface  of the pi l lar .  
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Fig. 3. Etch rotes of 4% p-doped SiO~ and planorizing photo- 
resist as a function of 02 gas concentration. 

Fig. 4. SEM micrograph of planarized Si02 surface with pillar 
interconnect exposed. 

This enhances step coverage and photo l i thographic  
definit ion in subsequent  processing steps. The top-  
p i l l a r  surface is c lear ly  in d i rec t  physical  cont'act wi th  
the top- leveI  metal .  

Results 
Electr ical  probe measurements  were  taken  in o rder  

to ensure tha t  contacts were  made be tween  the first 
,arrd second conduct ing layers  by  the in terconnect ing  
p i l l a r s  and whereve r  there  were  no p i l l a r s  tha t  the  
two conduct ing films were  e lec t r ica l ly  isolated.  The 
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Fig. 6. SEM micrograph of a cross section through a pillar inter- 
connect. 

Fig. 5. SEM micrograph of the completed interconnect structure 
on a stitchthrough test pattern. 

p a t t e r n  used to test  e lect r ica l  cont inui ty  be tween  the 
two meta l  layers  was a s t anda rd  s t i tch through pa t -  
te rn  consist ing of 108 rows of 20 contacts  pe r  row. 
Each contact  size was 2 X 2 ~ n  (a rea  : 4 ~rn~). A 
s tandard  over lapp ing  meande r  s t ruc tu re  wi th  3600 
crossovers was used to test  e lect r ica l  isolation. 

The  first-  and second- leve l  me ta l  widths  were  4 ~m. 
Test ing of these s t ruc tures  on a wafe r  processed ac-  
cording to the  procedure  given in the  previous  sect ion 
did not  resul t  in a posi t ive  con t inu i ty  test.  However ,  

a f te r  the wafer  was g iven  a s tandard  s in ter ing  t r e a t -  
ment  (450~ for 30 min  in a reducing a tmosphere  of 
15% N2 and 85% H~) contact  was made  and  showed 
tha t  a l l  of the  2160 contacts  in the  s t i t ch through  were  
e lec t r ica l ly  conducting. The measu red  resis tance was 
500fl, indicat ing a resis tance of 0.25.12 per  contact.  
Al lowing  0.18a for  the metal l izat ion,  the  ne t  contact  
resis tance is 0.07~ per  contact  (or ~3  • 10 -9  12-cm~ 
specific contact  res i s t iv i ty ) .  On the same die,  the 
meande r  s t ructures  showed e lec t r ica l  isolat ion up to 
15V dc. 

Conclusions 
A technique  for  in terconnect ing  two conduct ing 

layers  sepa ra t ed  by  an insula t ing film has been  demon-  
s t ra ted .  The technique does not  suffer f rom step cover-  
age problems  encountered  in s tandard  v ia - in te rconnec t  
fabr icat ion.  The surface of the in t e rmed ia te  insu la t -  
ing film is coplanar  wi th  top of the  in terconnect ing 
meta l  (p i l l a r s ) ,  and  provides  a smooth  surface  for  the 
second- leve l  metal l izat ion.  This technology  can be 
r ead i ly  ex tended  to mul t i l eve l  (>2 )  interconnects .  
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ABSTRACT 

A new HCI:CH3COOH:K2Cr207 system which is particularly suitable for use in etching solutions of GaAs crystals has 
been developed. This system can be classified into two individual regions, A and B, according to etching characteristics. 
The solutions in region A are light orange in color, while those in region B are dark brown. The rate-limiting process is the 
reaction rate limited in region A, and the diffusion limited in region B. This system, especially in Region A, provides high- 
quality etched surfaces without any undesirable roughness or etch Pits. Etching rates for (001) GaAs vary from 0.01 to 1 
~m/min, depending on the component proportion of the solutions and/or on the normal K2Cr207 aqueous solution. Ordinary 
mesa-shaped structures have been formed ~n etching stripes in (001) GaAs parallel to the [110] and [110] directions. The 
system does not erode photo~esists, and so is attractive for a variety of GaAs device applications. 

Chemical etching is one of the most commonly  em- 
ployed techniques in the semiconductor device and 
materials science fields. A number of investigators 
have reported on the etching characteristics of GaAs 
crystals (1). Recently, we have studied the prefer-  
ential etching characteristics of GaAs in solutions of 
various etchant systems (HC1, HNO3, HBr, etc.) and 
have demonstrated geometrically etched profiles pro-  
duced in the (001) planes of GaAs by employing these 
etchant systems (2). Important  factors determining 
the choice of an etchant a re ,  generally, the etching 
rates for the materials in question, the degree of sur-  
face quality, the solution chemical aggressiveness 
toward photoresist masks, and the desired etching 
profile for the relevant purpose. 

The most commonly used etchants for GaAs are 
various compositions of Br2-CHaOH, H~SO4-H20~-H~O, 
and NH4OH(NaOH)-H202-H20 (1). These solutions, 
however, tend to erode photoresist masks such as AZ- 
13503, and often provide little degree of reproduci- 
bil i ty of etched-depth control. In the fabrication of 
GaAs electron devices, e.g., field effect transistors 
(FET's),  the thickness of the active layer must be 
controlled with sufficient accuracy. Various depth pro-  
files ( impuri ty concentration, mobility, etc.) must be 
exactly measured by using etch removing techniques 
to characterize various kinds of devices based on such 
material  properties. 

In this paper, a new etching solution composed of 
HC1, CH~COOH, and K2Cr207 aqueous solution is de- 
veloped for the etching of GaAs. This system can be 
classified into two regions (A and B), according to the 
etching characteristics. Region A is the chemical- 
reaction rate- l imited process, while region B is the 
diffusion-limited one. This solution does not erode 
photoresists such as AZ-1350J, and gives high-quali ty 
etched surfaces. Etching rates for (001) GaAs vary 
from 0.01 to 1 ~,m/min, depending on the component 
proportion of the solutions and/or  on the normal 
K~CrzO7 aqueous solution. Such features are attractive 
for a variety of GaAs device applications. 

Experimental 
The GaAs single crystals employed were St-doped, 

n- type  with carrier  densities in the region of l0 TM 

cm -3. Studies were also performed on Cr-doped, semi 
insulating GaAs crystals, and it was found that t he  
etching rates were not affected by conductivities of 
the wafers. All  the wafers used were of (001) surface 
orientation with an uncertainty of one degree or less. 
After  being mirror- l ike  finished, degreased, and rinsed 
in deionized water, they were chemically etched in an 
H2SO4:I-I202:H20 = 3:1:1 solution for 1 min at 80~ 

Key words; GaAs, chemical etching, etching rate, etching pro- 
file. 

The etching solution was prepared by mixing HC1, 
CH~COOH, and K2Cr207 aqueous solution. The chemi- 
cals used were all of reagent grade. They were as fol- 
lows: HC1 (12N), CH~COOH (17N), K2Cr207 (purity 
--~ 99.8%), and H20 (deionized water) .  The composi- 
tion dependence of the etching rate was measured by 
changing the proportions of these etching solutions. A 
large quanti ty of solution was prepared to prevent  the 
etching temperature from rising and the etching solu- 
tion composition from varying during the experi-  
ments. Etching was carried out in a temperature-  
regulated water vessel without il lumination and st ir-  
ring. The etching solution temperature w a s  varied 
between 5 ~ and 60 ~ _ 0.5~ The etchant was freshly 
mixedpr io r  to each experiment. 

Etching studies were performed for the etching 
selected regions of (001) surface GaAs through win- 
dows in AZ-1350J photoresist mask. The desired geom- 
etries, in this case the window width of 30 ~m, were 
defined by standard photolithography techniques (3). 
After etching, removing the AZ-1350J mask, and rins- 
ing in deionized water, the etched depths were mea- 
sured from a step height between the etched and un- 
etched surfaces using an interference microscope. 
Etching profiles were also observed on the (110) and 
(i-10) planes perpendicular to the wafer surface 
under an optical microscope. 

Etching Rate 
The purpose of this section is to present accurate 

data of the etching rate as a function of composition 
proportion in the HCl:CH4COOH: (1N-K2Cr20~) sys- 
tem. The etching kinetics will be mentioned in detail 
in the next section. The dependence of the etching rate 
on composition m of the etchant HCI: CHsCOOH: (1N- 
K2Cr207) = m : l : l  by volume ratio (hereafter re- 
ferred to as H C I - m l l ) f o r  (001) GaAs at 20~ is 
shown in Fig. 1. The K2Cr207 solution was prepared 
by dissolving 14.7g K2Cr2OT in deionized water (100 
cm-3).  The data show that the etching rate increases 
with increasing m in the lower m-value region and is 
nearly constant in the higher m-value region (m 
2.0). For m-values lower than 1.5, the etchants are 
t ransparent and light orange in color. The etchants 
with m ~ 1.5, on the other hand, are dark brown in 
color. The etchants, especially in the region of m < 
1.5, provide high quality etch-pit  free GaAs surfaces. 

Figure 2 shows the dependence of the etching rate 
on composition n of the etchant HCl:CH3COOH: (1N- 
K2Cr~O7) ----- l : n : l  by volume ratio (HCK- ln l )  for 
(001) GaAs at 20~ As clearly seen in the figure, the 
etching rates decrease gradually with increasing n. In 
this case, the etchants are transparent and l ight  
orange in color within our experimental  range. An 
etched-surface quality is also very good within our 
measured n-value range. 

126 
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Fig. 2. The dependence of the etching rate on composition n of 
the etchant HCI:CH~COOH:(1N-K2Cr207) = 1:n:1 (HCK-lnl) for 
(001) GaAs at 20~ 

The dependence  of the e tching rate  on composi t ion l 
of the e tchant  HCl:CI-I3COOH: (1N-K2Cr2OT) = 1: l : I  
by  volume rat io  (HCK-11/)  for  (001) GaAs at  20~ 
is shown in Fig. 3. The etching ra te  increases wi th  in-  
creasing l, peak ing  at  I ___ 0.7 (,-~ 0.49 # m / m i n ) ,  and 
then decreases wi th  increas ing L The etchants  a re  
da rk  b rown  in color for  the  l -va lues  lower  than  0.55, 
and l ight  orange in the region of I ~ 0.55. The etchants  
also provide  h igh -qua l i t y  e t ch -p i t  free GaAs surfaces 
wi th in  our  expe r imen ta l  range.  

The etchants,  such as HCI: CIt~COOH and CI44COOH: 
(1N-K2Cr2OT) mix tures  do not  etch G a A s ,  but  the 
HCh (1N-K2Cr~OT) mix tu re  etches GaAs sufficiently. 
F igure  4 shows the etchir~g r a t e  as a funct ion of the  
solut ion of (1N-K2Cr2OT)/HC1 by volume rat io  for  
(001) GaAs at  20~ I t  can  be seen tha t  the  e tching 
ra te  is p ropor t iona l  to this  ra t io  in the  lower  ra t io  
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region,  showing a m a x i m u m  at  (1N-K2Cr2OT)/HC1 ~_ 
0.7, and then  decreases g radua l ly  wi th  increas ing 
ratio.  The e tched-sur face  qual i ty  is good wi th in  our  
expe r imen ta l  range.  

Dissolution Process 
We showed in Fig. 1-4 accurate  expe r imen ta l  da t a  

of the etching rate  as a funct ion of composit ion p ro -  
por t ion in the HCI:CHsCOOH: (1N-K2Cr207) system. 
It  was found that  the etchants '  being l ight  orange  in 
color p rovide  good reproduc ib le  e tching ra tes  and  
h igh -qua l i t y  e tched surfaces, the i r  be ing  da rk  b rown 
does not. In this  section, we sha l l  invest igate  in de-  
ta i l  the dissolut ion mechanism of this sys tem on GaAs 
of (001) surface or ientat ion.  

F igure  5 shows the t r i angu la r  coordina te  sys tem 
that  was used to represen t  the composi t ion of the 
HCl:CH~COOH:(1N-K2Cr~OT) system. Each ve r t ex  
corresponds to 100% of one of the const i tuents .  This 
figure presents  the composi t ion of the e tchant  b y  vo l -  
ume of the consti tuents.  S h o ~ n  in the f igure are  l ines 
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% 

HCI 

Fig. 5. Constant etching rate curves for (001) GaAs in the sys- 
tem HCI:CH3COOH:(1N-K2Cr2OT), at 20~ The numbers repre- 
sent etching rates in #m/min. 

of constant etching rate with its increment of 0.1 
~m/min, plotted as a result of a large number of in- 
dividual determinations. The triangular diagram can 
be divided into two individual regions, A and B. A 
corresponds to the light orange solution and B to the 
dark brown solution. The boundary between the re- 
gions A and B is given by the dashed line. As shah be 
shown, these, regions exhibit different etching charac- 
teristics. 

The etched depth as a function of time for (001) 
GaAs in the light orange (HCK-III )  and dark brown 
solution (HCK-511) is shown in Fig. 6. The data were 
taken at 20~ The stirring effect was examined for 
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GaAs in the solutions of HCI:CH~COOH:(1N-K2Cr.~OT) = 1:1:1 
(HCK-111) and HCI:CH3COOH:(1N-K2Cr2OT) = 5:1:1 (HCK-511) 
at 20~ 

these solutions by stirring the samples by hand. As 
clearly seen in the figure, the etched depths were found 
to have a nearly linear dependence on etching time for 
both the solutions with and without stirring. It is 
noted tb.~t the light orange solution did not show a 
clear stirring effect, as ~he dark brown solution did. 

Figure 7 shows the temperature dependence of the 
etching rate in the light orange (HCK~lll) and dark 
brown (HCK-511) solutions. The etching rates were 
found to increase exponentially with increasing etch- 
ant temperature in each etchant. The activation en- 
ergies were determined to be 11,6 kcal/mol for the 
HCK-111 and 4.6 kcal/mol for the HCK-511 etchant. 

It is well known that the dissolution process is 
either reaction-rate limited or diffusion limited (4,6). 
The r#action-rate limited process is a function of the 
chemical reaction rate, while the diffusion-limited 
process depends on the transport of etchant molecules 
by di~usion. The former process has a linear depen- 
dence of the etched depth d on etching time t, i.e., 
d cc t~.0, while the latter process has in general a re- 
lation of dcc t0.~. The diffusion-limited process usually 
has lower activation energy than the reaction-rate 
limited process, and is therefore relatively insensitive 
to temperature variations. In fact, Iida and Ito (7) 
have studied the etching characteristics of (001) GaAs 
in the tt2SO4:H202:H20 system and obtained activa- 
tion energies of 6-8 kcal/mol in high H~SO4 so- 
lution~ (diffusion limited) and 8-11 kcal/mol in low 
H2SO4 solutions (reaction-rate limited). Moreover, 
the diffusion-limited process shows notable stirring 
effect on the etching rate; the reaction-rate limited 
process does not. From these considerations, one can 
conclude that the light orange and dark brown solu- 
tions are due to the chemical-reaction rate-limited 
and diffusion-limited etching processes, respectively. 

Figure 8 shows the etching rate as a function of nor- 
mal k (kN-K2Cr2OT) in the HCl:CH3COOH:(kN- 
K2Cr2OT) -= 1: h 1 solution taken at 20~ The etching 
rate increases with increasing normal k in the region 
up to k ~ 0.2, and then saturates with k in the region 
higher than 0.2. In the low-k region (k ~ 0.2), the 
dependence of the etching rate R on k can be ex- 
pressed exactly by R r162 kl.0. For the k-value lower 
than 0.2, the etchants are dark brown in color (diffu- 
sion-limited process). The etchants with k > 0.2, on 
the other hand, are light orange (reaction,rate limited 
process). 

The microscopic etching mechanisms under consid- 
eration are thought to be very complex, since the de- 
pendence of the etching rates for (001) GaAs on the 
etchant-component proportions does not have simple 
linear relations; it indicates complicated behavior 
(see Fig. 1-4). Thus, at present, we cannot formulate 
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rate equations of dissolution processes for GaAs by 
taking into account the etchant-component propor- 
tions. However, one can expect from a phenomeno- 
logical aspect the following etching kinetics. The 
chemical reaction in the light orange solutions may 
be formally represented by the equations 

K~Cr2OT-> 2K + + Cr20~ ~- [1] 

Cr2072- + 14H + + 6e--> 2Cr 8+ + 7H~O [2] 

The Cr2Or ~- ion provides the light orange color, and 
its oxidation action would oxidize GaAs. The oxidized 
products can, then, be easily dissolved by HC1. A~ can 
be seen in Fig. 5, CH3COOH acts only as a diluent 
for these kinetics. The rate-limiting process is thought 
to be the surface reaction, such as oxidation of GaPs 
and dissolution of oxidized products. The case for the 
dark brown solutions should essentially be the same 
as for the light orange. The dark brown color would 
arise from various kiads of chromates. The rate-limit- 
ing process, however, is the diffusion of oxidizing 
agents. One can also point out that the K~Cr207 aque- 
ous solution in this system contributes to produce 
etch-pit free, high-quality surfaces and, moreover, to 
increase the etching rates of (001) GaAs with increas- 
ing its normal, k (see Fig. 8). 

Etching Profile 
Etching profiles are examined by cleaving the (001) 

GaAs wafer in orthogonal directions along the (110) 
and (1-10) planes. The profiles of (001) GaAs etched 
through AZ-1350J mask in the HCK-111 (light 
orange) solution are shown in Fig. 9a. It is clear from 
the figure that the profiles change in shape with a 
crystallographic rotation of 90 ~ about the L001] axis 
and that they exhibit clear crystal habits. The etching 
profile of the (110) cleavage plane exhibits the ordi- 
nary mesa-shaped plane iorming an angle of about 
70 ~ with respect to the (001) surface plane. The pro- 
file of the (i"10) cleavage plane also indicates the 
inclined plane whose side ~orms an angle of about 35 ~ 
with respect to the (001) surface plane. The etch- 
revealed plane forming an angle of about 70 ~ with 
respect to the (001) surface plane, observed on the 
(110) .cleavage plane, corresponds to the {2~'1} crys- 
tallographic plane. The {221} plane, in principle, forms 
an angle of 70.5 o with respect to the (001) surface 
plane. The inclined plane forming an angle of about 
35 ~ with respect to the (001) surface plane, observed 
on the (T10) cleavage plane, corresponds to the {112} 
crystallographic plane. This plane, in principle, forms 
an angle of 35.3 ~ with respect to the (001) surface 
plane. 

Fig, 9. A" etching profiles of (001) GaAs etched in the solution 
of HCI:CH3COOH:(1N-K2Cr2OT) - -  1:1:1 at 20~ B: etching pro- 
files of (001) GaAs etched in the solution of HCI:CH3COOH:(1N- 
K2Cr2OT) -~ 5:1:1 at 20~ 

The etching profiles of (001) GaAs etched through 
AZ-1350J mask in the HCK-511 (dark brown) solu- 
tion are shown in Fig. 9b. This solution provides the 
ordinary mesa-shaped structures with roundish tails 
at the etched bottoms for both the (110) and (1"10) 
cleavage planes. The profiles, however, do not exhibit 
clear crystal habit. The tangents of the etch-revealed 
walls form angles of 90 and 55 ~ with respect to the 
(001) surface planes for the (110) and (i"10) cleavage 
planes, respectively. 

It is known (7) that the reaction-rate limited etch- 
ant usually produces a fiat-etched bottom, but the 
diffusion-limited one provides a roundish tail near the 
frame of the window, similar to the present results 
(see Fig. 9a and b). We have found that all the light 
orange solutions studied produce the flat-etched bot- 
toms and that all the dark brown solutions provide 
the roundish tails at the etched bottoms. 

Conclusion 
A new etching solution composed of HC1, CI-I~COOH, 

and K2Cr207 aqueous solution has been developed for 
the etching of GaA~. This system can be classified into 
two individual regions, A and B, according to the 
etching characteristics. The solutions in Region A are 
light orange in color, while those in Region B are dark 
brown in color. The rate-limiting process is deter, 
mined to be the reaction-rate limited in Region A 
and the diffusion-limited in Region B. This system 
does not erode photoresists such as AZ-1350J, and 
provides high-quality etched surfaces without any un- 
desirable roughness or etch pits. Etching rates for 
(001) GaAs vary from 0.01 to 1 ~m/min, depending 
on the component proportion of the solutions. The 
rates increase linearly with increasing the normal 
K2Cr207 aqueous solution in the low normal region 
(-- 0.2N) and then saturate in the higher normal 
region. This system, especially in Region A, has re- 
producible etching rates and is thereby useful for 
GaAs device processing. The etching profiles are also 
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examined  by  cleaving the wafer  in or thogonal  d i rec-  
tions along the (110) and (1"10) planes.  Ord inary  
mesa - shaped  s t ruc tures  have  been  fo rmed  on etching 
s tr ipes in (001) GaAs wi th  sh iny  f la t -e tched bot toms 
in the solutions of Region A, and wi th  roundish  tai ls  
at the e tched bot toms in the solutions of Region B. 
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ABSTRACT 

Cr and Mn redistr ibut ion in various semi-insulating GaAs substrates annealed with or without  encapsulat ion have been 
investigated quanti tat ively using secondary ion mass spect rometry  (SIMS) and photoluminescence (PL). Mn was incorpo- 
rated into Cr-depleted sites (Ga vacancies); Cr out-diffusion can be explained by simple diffusion theory having critical Cr 
depletion concentration under  which no Cr deplet ion and Mn accumulation occur. While stress-enhanced diffusion takes 
place without  Mn incorporation in capped annealing, a large Cr out-diffused area appears in the case of capless (face-to-face) 
annealing of high-dose implanted  GaAs. This may be at t r ibuted to defects and surface dissociation. 

Semi- insu la t ing  GaAs subs t ra tes  provide  active 
layers  for h igh- speed  GaAs IC devices af ter  ion im-  
p lan ta t ion  and anneal ing processes. However ,  it  has 
been repor ted  tha t  these subst ra tes ,  usua l ly  doped 
with  Cr, are  t he rma l ly  unstable,  and show type  con- 
version dur ing  hea t - t r ea tmen t .  These phenomena  (1- 
3) are  r epor t ed ly  due to Cr out-diffusion and Mn ac-  
cumulat ion  at the surface, where  Mn serves as shal low 
acceptors.  However ,  the  re la t ionship  be tween  Cr de-  
ple t ion and Mn accumula t ion  has not  been quan t i t a -  
t ive ly  discussed yet .  

This paper  aims at  a be t te r  under s t and ing  of this 
re la t ionship  dur ing  var ious  k inds  of hea t - t r ea tmen t .  
Cr and Mn red i s t r ibu t ion  are  discussed in t e rms  of 
SIMS dep th  profiles f rom the i r  dependence  on annea l -  
ing t ime, ambien t  gases, anneal ing  t empera tu re ,  Cr 
concentra t ion in substrates ,  capping  films, ~nd ion 
implanta t ion .  Redis t r ibu t ion  mechanisms are  also dis-  
cussed. 

Experimental 
Semi- insula t ing ,  Cr -doped  wafers  used in this s tudy  

were  of (100) or ien ta t ion  and g rown b y  ~he hor izonta l  
B r idgeman  technique  (HB) and the l iquid  encapsula-  
t ion Czochralski  (LEC) method.  Their  in i t ia l  p r e p a r a -  
t ion was the  same as tha t  repor ted  b y  Watanabe  et al. 
(4). Annea l ing  was pe r fo rmed  at 700~176 The 
ambien t  gas was H2 purif ied by  a Pd  diffuser. In  the 
case of As4/H2, the mix tu re  gas was suppl ied  by  H2 
passing th rough  a GaAs chunk  s t ra iner  held  at the 
annea l ing  tempera ture .  Therefore,  the As4 a tmosphere  
was not  the same as control led  a tmosphere  technique 
(CAT) .  The  es t imated  arsenic  pa r t i a l  pressure  is lower  
than  5 • 10 -4 to r r  a t  800~ (5). Ion imp lan t a t i on  of 
Cr was done at  room t empera tu r e  at  300 keV wi th  a 
dose of 101s-1O 15 c:m -2, Spu t t e red  SiO2 and p lasma  
CVD Si3N4 films were  used as capping layers:  

An ion mic roana lyze r  wi th  02 p r i m a r y  ion b o m b a r d -  
ment  was used to obta in  the Cr, Mn, and o ther  im-  
pu r i t y  depth  profiles. Cal ibra t ion  of atomic concent ra-  
t ion was es tabl i shed  using s t andards  p repa red  b y  ion 

Key words: SIMS, GaAs depth analysis, annealing redistribu- 
tion. 

implanta t ion .  The Cr detec t ion  l imi t  was examined  
using an ep i t ax ia l ly  grown undoped GaAs film grown 
on GaAs substrate .  The min imum detec table  concentra-  
t ion of Cr was 5 X 1014 cm -3. Ta lys tep  was employed  
to measure  the  resu l tan t  c ra ter  depth.  While  an area  
of 250 ~m square was sput tered ,  secQndary ions were  
collected f rom the 60 ~an-diam cent ra l  area.  The dep th  
resolut ion  was checked using a 8600A Mo film on a 
Si substrate .  F rom the width  of the in terface  AdPd 
(the depth  resolut ion)  was found to be 8.7%, main ly  
due to knock-on  effects and spu t te r  redeposi t ion.  

Photoluminescence measurement s  were  carr ied  out 
at  4.2 K wi th  the  sample  immersed  in l iquid He, using 
an Ar  laser  as the  exci ta t ion source. 

Redistribution Resulting from Capless Annealing 
Figure  l a  and lb  show Cr and Mn depth  profiles for 

samples  annea led  in two different  furnaces at  8O0~ 
for lh  in H2 flow without  capping layers .  Both samples  
were  f rom the same wafer .  There  is a r emarkab le  
difference in the  amount  of accumula ted  Mn, whi le  the  
Cr profiles look alike.  This is one of  the  reasons why  
we bel ieve the Mn ma in ly  or iginates  f rom the ambien t  
gas, p re sumab ly  f rom heaters  th rough  the quar tz  tube.  

A second reason is the  large  amount  of accumula ted  
Mn in the deple ted  region. If  al l  the Mn concentra ted  
at  the  sur face  is to have come from the bu lk  ma te -  
rial,  then it must  have diffused dis tances  of up to 100 
t imes the thickness of this surface region. In o rder  to 
es t imate  the diffusion length  of Mn in GaAs a t  800~ 
for lh ,  we employed  the diffusion coefficient w i th  As 
repor ted  by  Sze (6). I t  comes to only  about  2 ~m~ at 
most, which is too smal l  to account for the  Mn ac- 
cumulat ion.  

A t h i r d  reason is tha t  when the sample  was annea led  
again  af ter  pol ishing off about  10 ~m from the surface, 
s imi la r  depth  profiles of Cr and Mn were  obtained.  
While  Kle in  e~ al. (2) r epor t ed  tha t  Mn began  to be 
dep le ted  by  the sequent ia l  heat ing and r emova l  of Mn 
which diffused to the surface,  we observed  a lmost  the 
same Mn accumulat ion  af ter  the hea t /po l i sh  cycle. 
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Fig. I. Cr and Mn redistribution of GoAs substrotes annealed in two different furnaces at 800~ for th in H~ without encapsulation 

Figure 2 shows PL spectra of the sample used in 
Fig. la. Peak A is reportedly carbon-related (carbon 
shallow acceptors), and peak B is due to Mn occupy- 
ing Ga vacancies (7). Peaks at 1.375 and 1.34 eV are 
attributable to peak B's LO phonon replica and its 2 
LO phonon replica, respectively. Interestingly, after 
being incorporated into the GaAs, Mn diffuses into 
the Cr-depleted region and occupies Ga vacancies dur- 
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Fig. 2. GaAs photolumlnescence spectra at 4.2 K. Sample is the 
same as Fig. la. 

ing H2 annealing, although the diffusion coefficient of 
Mn is reportedly larger than that of Cr. 

In order to understand the redistribution mecha- 
nism, the dependence of the Cr-depletion depth on 
annealing time was investigated. Figure 3 shows the 
depth of the Cr out-diffused region, which is defined 
as the depth where the Cr concentration becomes 84% 
of the original value, as a function of annealing time. 
Here, 84% is the value of erf(x/2~/D-t), when the x is 
equal to 2k/D--t. Open circles indicate H~ ambient gas, 
and open squares (8) As4/H~ (H2 flow with a GaAs 
strainer). Estimated values were calculated using the 
reported Cr diffusion coefficient (9) and the first term 
(erf[x/2k/D-t]) of the equ.ation reported by Smith 
et al. (10). Although the rough estimation (solid line) 
shows slightly higher values than experimental results, 
it is evident that the diffusion process is dominant in 
Cr redistribution, judging from the propertionality of 
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Fig. 3. Cr depleted depth as a function of annealing time. 

Samples are annealed at 800~ in H~ (circles) and in As4/H2 
(squares) without encapsulation. Solid line indicates the estimated 
value from the reported Cr diffusion coefficient in GaAs. 
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the deple t ion  del~,th to ~V/~. The d iscrepancy be tween  
es t imat ion and exper imen t  might  be a t t r ibu ted  to sur -  
face react ions  forming vo.lati!e Cr compounds.  

Kasaha ra  et aL (11) repor ted  that  Cr r ed i s t r ibu-  
t ion is cont ro l led  by  the pa r t i a l  pressure  of arsenic 
dur ing  anneal ing,  since the  in ter rac ia l  conductance 
decreases wi th  high arsenic  pa r t i a l  pressure.  However ,  
our  results  show no significant difference in Cr out -  
diffusion under  var ious  ambien t  gases up to anneal ing  
t ime of lh.  This is p robab ly  because our a tmosphere  of 
As4/H2 d id  not  reach  the sufficient arsenic pressure  to 
p reven t  the  loss of As and dissociation of GaAs. 

Next,  we inves t iga ted  the dependence  of Cr and Mn 
red is t r ibu t ion  on the or iginal  substra ' te Cr concentra-  
tion. F igure  4 shows Cr dep th  profiles in GaAs sub-  
s t ra tes  wi th  th ree  different  Cr concentrat ions.  Curves 
(a) and (b) are  for  Cr -doped  HB crystals ,  and curve 
(c) is for undoped LEC. Annea l ing  was pe r fo rmed  at 
800~ for l h  in H2. While  (a) and (b) show Cr dep le -  
tion, (c) shows no change in the Cr profile. Mn ac-  
cumula ted  in Cr -dep le t ed  regions. As a result ,  there  
was almost  no Mn accumulat ion  in t he  case of (c) .  

These resul ts  suggest  two impor tan t  points.  Firs t ,  
there  might  be a m in imum or  cr i t ical  Cr concentra t ion 
for  Cr deplet ion.  The level  is  about  5 X 1015 cm -~, 
which  is in good agreement  wi th  o ther  authors '  result~ 
(12, 13). Therefore,  no Cr deple t ion  takes place for 
Cr content  subs t ra tes  lower  than  that  cr i t ical  level.  
This cr i t ica l  concentra t ion shows no dependence  on 
anneal ing  tempera ture .  This suggests that  i t  might  
not  be due to the rmal  equi l ib r ium considerat ions.  More 
de ta i led  work  should be done. 

Second, Mn was incorpora ted  main ly  into Cr -de -  
p le ted  sites. Zucca (14) r epor ted  that  Mn diffusivi ty is 
large  under  a condit ion of Voa popula t ion  excess. Sze 
(6) repor ted  a dependence  of the  Mn diffusion coeffi- 
cient on the presence 9r  absence of As in the  ambien t  
gas, which in tu rn  would s t rong ly  effect the  number  of 
As vacancies in the  latt ice.  The precise role  of Ga and 
As vacancies in the red is t r ibu t ion  of Cr and Mn is s t i l l  
the sub jec t  of act ive discussion. 
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Fig. 4. Cr depth profiles as a function of Cr concentration in 
GaAs. (a) and (b) indicate HB Cr-doped substrotes, and (c) LEC. 
Annealing was performed at 800~ for lh without encopsulation. 
Mn profiles, which are not shown here, are located only in the Cr- 
depleted region. 

Redistribution Resulting from Cr Ion Implantation 
Cr ion - imp lan ted  samples  were  annea led  to inves t i -  

gate  the i r  Cr -dep le t ion  behavior.  F igure  5a, 5b, and 5c 
show Cr - imp lan t ed  GaAs subs t ra tes  wi th  101~, 1014, 
and 101~ cm -2 doses at  300 keV,  respect ively.  In Fig. 
5a, most of the implan ted  Cr on in te rs t i t i a l  sites out -  
diffused, and Mn accumulat ion  took place to the  same 
degr~ee as in the un~mplanted samples,  indicat ing that  
the Cr on Ga si te was also deple ted .  In this case, the 
accumulat ion of Cr at  the surface and the bumP lo-  
cated a round  Rp Jr- ARp repor ted  by  S imondet  et al. 
(15) were  not observed.  In Fig. 5b, Cr also out-diffused 
toward  the surface and pi led up with  the surface con- 
cent ra t ion  exceeding  the solid solubi l i ty  l imi t  in GaAs 
(2-3 • 1017 cm-~) .  

When  the dose exceeded the amorphous  l imit ,  a 
large  area  of C r  deple t ion  appeared ,  ex tending  to the 
same dep th  as the  r e g i o n  of Mn accumulat ion,  as 

s h o w n  in Fig. 5c. The Cr depth  profile does not  look 
l ike the er ror  function as pred ic ted  by  s imple  diffusion 
theory.  This m a y  be due to the  exis tence of a cr i t ical  
Cr concentra t ion which l imits  the  min imum Cr level.  
Even tak ing  into account the amorphous  area  
tha t  would be caused by  the dosage and the energy 
used, this region of enl~ance,d Cr out-diffusion seems 
to be too deep. In the  sample  annea led  at  850~ Cr 
deple t ion  ex tended  to ,a dep th  of 9 ~m. This resul t  is 
quite different  from tha t  (see Fig. 5) repor ted  by  
S imondet  et al. (15). Their  sample  was annea led  at  
772~ for 15 rain, a f te r  an implan ta t ion  of 3 X 1014 
Cr cm -2 at  190 keV. 

We consider  this enhancement  of Cr out-diffusion to 
be main ly  due to surface dissociation,  whi le  Magee 
et  al. (16) repor ted  that  out-diffusion was enhanced 
by  defects c rea ted  by  implanta t ion.  The sample  in 
Fig. 5c showed considerable  surface roughness  com- 
pa red  to lower  dosed samples,  which may  have been 
caused by  surface  t he rma l  dissociation. F igure  6a shows 
an SIMS secondary  ion image of 69Ga+, and Fig. 6b 
an image  taken by  a Nomarsk i  in ter ference  microscope. 
Al though  an 75As+ ion image could not  be ob ta ined  
because of the low ionizat ion yie ld  of As (about  3 
orders  of magni tude  lower  than  Ga) ,  As + dep th  p ro -  
files show tha t  the  surface region of this h igh ly  dosed 
sample  was more  As deficient than  the o ther  samples .  
We consider  this surface roughness to be due to Ga 
drople ts  (several  microns d iamete r )  resul t ing  f rom in-  
tense surface dissociation, which might  be enhanced by  
the recrystaUizat ion of the amorphized  region.  

The difference be tween  our  resul ts  and those re-  
por ted  b y  S imondet  et at. can be a t t r ibu ted  to this 
surface morphologica l  change.  Udagawa et al. (17) 
repor ted  tha t  the agreement  be tween  calculat ions of 
Cr deplet ion profiles and e xpe r ime n t a l  resul ts  were  
poor when samples  were  annea led  for  long times. This 
d iscrepancy was r epor t ed ly  caused b y  the s l ight ly  
matte surface, indica t ing  the ini t ia t ion of t he rma l  
dissociation. F u r t h e r  inves t igat ion wil l  be needed to 
discover  the cause of this  surface morphologica l  change. 

Redistribution Resulting from Capped Annealing 
Final ly ,  in o rde r  to compare  these resul ts  wi th  

capped annealing,  SIMS analysis  was pe r fo rmed  on 
GaAs subs t ra tes  capped wi th  3000A SiO~ or  1600A 
Si3N4 films. Here,  appropr ia te  e lec t ron b o m b a r d m e n t  
dur ing  dep th  profi l ing was employed  to p reven t  charg-  
ing up. 

F igure  7a and 7b sho~w As, Cr, and Mn depth  p ro -  
files of GaAs. These samples  were  annea led  in H2 for 
lh  at 800~ The As + pi le  up at  the  in ter face  might  
be a t t r ibu ted  to the w e l l - k n o w n  SIMS interface  effect. 
When  these samples  were  analyzed  af te r  r emova l  of 
these films using HF + H~O solution, Cr showed the 
same profiles as before  wi th  a comple te ly  flat As+ 
profile, and  no Mn was detected in e i ther  case. The 
amount  of Cr pi led up at the surface proved to be equal  
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to that  depleted from the bulk,  wi th in  an uncer ta in ty  
of 20%, indicat ing that  Cr does not  out-diffuse into 
capping films even when annealed at 800~ I n  addi-  
tion, these films were found to prevent  Mn invasion 
from the ambient  gas into the GaAs. 

Note t h a t  the Cr and Mn ion intensi ty  observed in  
the capping layers is anomalously  high. Actually, the 
Cr and Mn concentrat ions are very low, bu t  the ion 
intensit ies are greatly enhanced in the capping layers 
by  SIMS matr ix  e lement  effects. This was experi-  
men ta l ly  verified by SIMS on SiaN4 films which had 
undergone the same Cr implantat ion.  

Since the Cr-depleted regions were about  4 times 
as deep as those observed in capless annealing,  the 
stress field caused by  capping layers is thought  to en-  
hance Cr out-diffusion. This s train field could arise 
from thermal  mismatch between the capping film and 
the GaAs. 

As was the case for capless anneal ing,  a critical Cr 
concentrat ion for Cr depletion was observed. (In both 

Fig. 5. Cr and Mn redistribution in GoAs substrates annealed at 
800~ for lh in H.~ without encapsulation after ion-implanted at 
300 keV with 10 I~, 1014, and 10150 cm - 2  doses; (a, above left), 
(b, above right) and (c, left), respectively. The dotted line indicates 
Cr in-depth profile of as-implanted substrotes. 

cases, the substrate  Cr concentrat ion was well  below 
the solid solubil i ty limit.) Figure  8 shows the Cr depth 
profiles of GaAs subjected to capped anneal ing at 
800~ in H2. W h i l e  curve A shows Cr depletion, the 
Cr profile (B) (18) is not changed by  annealing.  There-  
fore, it can be said that  substrates wi th  a Cr concen- 
t rat ion lower than the critical level (about 5 • 1015 
cm -~) do not  suffer Cr depletion in capped annea l -  
ing. AlthoUgh the mechanism by which this critical Cr 
concentrat ion for depletion occurs is not  clear at pres-  
ent, it is probably  not due to thermal  equi l ib r ium con- 
siderations, since the critical Cr concentrat ion does 
not  depend on anneal ing temperature.  

The Cr depletion depth is plotted in Fig. 9 as a func-  
t ion of l IT  (anneal ing  tempera ture) .  The solid l ine 
indicates the estimated value from simple diffusion 
theory. Here we used D -- 4.3 X 10 a exp( - -3 .4 /kT)  
(7). The circles indicate capless anneal ing,  the t r i -  
angles ion- implan ta t ion  (with a 10 Is cm -2 dose), and 
the squares capped anneal ing.  There have been many  
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Fig. 6. ~9Ga+ secondary ion image by SIMS (a), and photograph by Nomarski differential interference microscope (b). Sample 
is the same as Fig. So. In this case, SIMS spacial resolution was arbout 1 #m, which was verified using 1 #m line and space patterns fabri- 
cated by electron beam exposure system and reactive sputter etching. 75As+ ion image could not be observed because of its weak ioniza- 
tion yield. 

different  diffusion coefficients for  Cr in GaAs values 
repor ted.  Sato (21) repor ted  1.6 X 10 -12 cm2/s at 800~ 
de te rmined  by  an analysis  of the conduct ive layer  
thickness resu l t ing  f rom capped anneal ing of Cr -doped  
GaAs. Wilson et al. (22) repor ted  Ds00oc to be 6.7 X 
10 -12 cm2/s f rom a dep th  analysis  of Cr in Cr -doped  
GaAs wi th  an ep i t ax ia l ly  grown GaAs layer .  This is 
large compared  to o ther  values.  Kasaha ra  et al. (11) 

r epor ted  D _-- 6.3 X 105 exp(--3.4/kT) using the dif-  
fusion equat ion wi th  the  in ter fac ia l  conductance (23). 
Judging  f rom Fig. 4 by  Kasahara ,  the p re -exponen t i a l  
t e rm might  be 6.3 X 103, which fixes Ds00oC at 6 X 10 -1~ 
cm2/s. S~mondet et al. repor ted  D _-- 2 X 10 -14 c'm2/s 
at  772~ from a "crude calculat ion" using SIMS depth  
profiles of Cr in-diffusion in implan ted  and annea led  
GaAs. This seems too small ,  if  de fec t -enhanced  diffu- 
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sion caused by ion implan ta t ion  is taken  into account. 
Therefore,  the vaIue given in Ref. 7 is adop ted  in this 
work.  

F rom this graph (Fig. 9), th ree  impor t an t  resul ts  
can be poin ted  out. Firs t ,  capless anneal ing  causes Cr 
deplet ion,  which can be exp la ined  by  s imple  'diffusion 
theory  in both HB and LEC crystals .  However ,  in 
anneal ing  at  750~ Cr deple t ion  and Mn accumula-  
t ion are  l imi ted  only  to a shal low region. Kasaha ra  
et al. (11) r epor ted  that  a lmost  no Cr out-diffusion 
was observed af ter  annea l ing  at  700~ At  these low 
tempera tures ,  the  surface reac t ion  necessary  to a l low 
Cr to evapora te  might  be the  r a t e - d e t e r m i n i n g  process 
for Cr deplet ion.  In  the  case of capped anneal ing  a 
deep d e p l e t e d  region was  observed  even for 700~ 
annealing.  This may  be because no surface react ion is 
necessary.  

The second point  to note  is the enhancement  of Cr 
out-di f fus ion by  ion i m p l a n t a t i o n - i n d u c e d  defec t s .  
Deveaud  et al. (24) repor ted  tha t  imp lan ted  (600 keV) 
Cr diffuses r ap id ly  when annea led  a t  800~ (Dso0oC > 
10 -12 cm2/s) .  Since our  resul t  at  800~ roughly  cor-  
responds to D ---- 5 • 10 - l e  cme/s, it  is c lear  that  de -  
fects by  ion implan ta t ion  def ini te ly  act to enhance Cr 
out-diffusion.  Perhaps  the  large  act ivat ion energy 
(about  5 eV) is due to surface dissociat ion react ions 
in addi t ion to de fec t -enhanced  diffusion. 

Final ly ,  in capless anneal ing,  Cr deple t ion  i s  e n -  
hanced  with  an ac t iva t ion  energy  s imi la r  to tha t  ob-  
served .after capless anneal ing.  

Conclusions 
Cr and Mn red is t r ibu t ion  dur ing  h e a t - t r e a t m e n t  has 

been inves t iga ted  using SIMS and PL. Mn was found 
to be incorpora ted  main ly  f rom the ambien t  gas into 
Cr -dep le t ed  sites. Cr out-diffusion can be expla ined  
by  s imple diffusion theory,  exceFt  for l o w - t e m p e r a t u r e  
anneal ing,  where  surface  reac t ion  effects might  domi -  
na te  behavior .  Cr out-diffusion is s t rong ly  enhanced 
in samples  undergoing capped anneal ing  or  high-dose 
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ion implanta t ion .  This enhancement  is a t t r ibu ted  to 
stress fields in the fo rmer  case, and defects  and surface 
dissociat ion in the lat ter .  There  exists  a cr i t ical  Cr 
concentrat ion for  Cr deplet ion.  GaAs subst ra tes  wi th  
lower  Cr content  than  this do not  exhibi t  Cr deple t ion  
regardless  of whe the r  they  have undergone  capless or 
capped anneal ing.  
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Electrochemical Deposition of Photosensitive CdTe and ZnTe on 
Tellurium 

Hendrik J. Gerritsen 1 

Institut fi~r Angewandte Physik der Universit(~t Karlsruhe, Karlsruhe, Germany 

ABSTRACT 

Two methods to prepare Cd and Zn telluride layers electrochemically on a Te electrode situated in 0.1M CdSO4 electro- 
lyte are described. Crystalline, photoelectrochemical ,  and spectral sensitivity propert ies of the layers are described. The 
simplicity of the preparat ional  methods and the various interesting semiconductor  and photochemical  propert ies of the 
resulting tel luride layers lend themselves well to instructional  purposes. 

A great  many  e lec t rochemical  deposi t ion methods  for 
cadmium and b i smuth  chalcogenides have been re-  
por ted  in the. l i te ra ture .  CdS and Bi2S2 have been 
formed by  anodic deposi t ion on Cd and Bi, respect ively,  
in S 2-  containing aqueous e lec t ro ly te  (1, 2, 3). While  
large  photo quan tum efficiency was repor ted  for Bi~S~ 
(4), layers  of CdSe s imi la r ly  p repa red  were  less sat is-  
fac tory  because of the i r  thinness (5). 

Cathodic coprecipi ta t ion o f  photosensi t ive  cadmium 
selenide and  te l lu r ide  layers  on a va r i e ty  of subs t ra tes  
f rom aqueous solut ion conta ining CdSO4 and SeO2 or 
TeO2 has been repor ted  (6, 7, 8). This method has more 
recen t ly  been ex tended  to nonaqueous e lect rolytes  as 
wel l  (9, 10). 

What  wi l l  be descr ibed  in this pape r  is the e lec t ro-  
chemical  deposi t ion of cadmium and zinc te l lu r ide  on 
a t e l lu r ium elect rode as subs t ra te  in 0.1M CdSO4 elec-  
t rolyte .  Two different  modes of opera t ion  were  studied. 
In  one, called Method I, no bias was appl ied  be tween 
the electrodes,  in the other,  Method II, the t e l lu r ium 
elect rode was biased s t rong ly  posi t ively.  The c rys ta l -  
l ine and photoelec t r ica l  p roper t ies  of layers  p repa red  
by  these two methods a re  descr ibed and compared  wi th  
each other.  Causes for the differences are  discussed. 

Experimental 
A te l lu r ium rod and a cadmium s t r ip  were  hung in a 

0.1M solut ion of cadmium sulfa te  in wa te r  and con- 
nec ted  with  each other  via  a 20 k ~  var iab le  res is tor  and 
a microamp mete r  (see Fig. 1). A high impedance  
vo l tmete r  was connected across the two electrodes,  and 
N2 could be bubbled  th rough  the electrolyte .  A va r i -  
able  ex te rna l  potent ia l  (V) was app l ied  in some of the 
exper iments .  

To p repa re  ZnTe, a meta l  zinc s t r ip  and a 0.1M ZnSO4 
solution were  used instead. Contact  to the  cadmium or  
zinc meta l  was made  b y  spo tweld ing  a P t  wire  to one 
side of  the 0.5 • 5 cm meta l  foil 0.05 cm thick. 

~Permanent address: Department of Physics, Brown Unlver. 
sity, Providence, Rhode Island 02912. 

Key words: cadmium, photoeurrent, polyerystalline deposit, 
preparation, telluride, zinc. 

Te was also contacted with  Pt  wire,  usual ly  by  send-  
ing an e lec t r ica l  cur ren t  th rough  the wire  and press ing 
t h e  red  glowing p l a t inum wire  into the Te rod. Some 
exper iments  were  pe r fo rmed  s ta r t ing  f rom smal l  
chunks of Te, which were  mel ted  under  a slow s t ream 
of d ry  n i t rogen in a P y r e x  mold. In  that  case, the con- 
tact ing wire  (p la t inum or  s t anda rd  t inned copper 
wi re )  was p laced  wi th  the Te in the mold  and became 
embedded  into the mol ten  Te. The heat  of a Bunsen 
burner  (450~ sufficed to mel t  the te l lur ium.  The 
mold  was covered wi th  a l id to minimize  contact  with 
the a i r  and  because Te tends to sub l imate  and its 

V 

Fig. 1. Basic setup to grow and measure CdTe and ZnTe layers 



VoI. I31, No. 1 CdTe  A N D  ZnTe  ON T E L L U R I U M  137 

vapors  a re  poisonous. The t e l lu r ium rod could be l i f ted  
easi ly  out of the mold  since Te shr inks  upon cooling. 

The Cd and Zn used were  99.97% pure ;  the Te was 
99.99% pure.  The electrodes were  degreased  wi th  
aceton, and the meta ls  fu r the r  c leaned by  immers ion  
in d i lu ted  HC1 and r ins ing in dis t i l led water .  The 
t e l lu r ium was c leaned by  immers ion  and s t i r r ing  in 5% 
(by  vo lume)  Br2 in methanol  for 10 min, fol lowed by  
more  s t i r r ing  in the  solut ion which was g radua l ly  
d i lu ted  w i t h m e t h a n o l ,  e n d i n g  up wi th  pure  methanol .  
Af te r  this t r ea tmen t  the po lyc rys ta l l in i ty  of the Te 
surface was c lear ly  vis ible  to the  eye. 

Method I 
Cadmium.--In this ve ry  s imple  method,  the cadmium 

and t e l lu r ium in the 0.1M CdSO4 solut ion form a ba t -  
tery.  The open vol tage of this ba t t e ry  i s  about  0.63V, 
a l though one Te e lec t rode  that  had been f reshly  
e tched for a long t ime ( l h  in 5% bromo methanol )  
gave 0.85V. Measurements  of the  potent ia l  of the Cd 
and Te vs. a sa tu ra t ed  calomel  reference  e lect rode in 
the 0.1M solut ion gave --0.69V for the Cd. This was in 
fa i r  ag reemen t  wi th  the  ca lcula ted  value  of --0.66V. 
Fo r  the Te, i t  va r i ed  f rom --0.06V to +0.16V depend-  
ing on the degree of etching prev ious ly  given. 

The cur ren t  tha t  flows when one connects the Cd and 
Te via a 20 kl% res is tor  corresponds to a flow of Cd 2+ 
onto the Te fol lowed by  format ion  of CdTe. In minutes,  
the  in i t i a l ly  large cur ren t  decays to a f ract ion of a 
mi l l iamp,  and the var iab le  resis tor  is reduced  to zero. 
In  most of the  exper iments  ! ~  was bubbled  th rough  the 
e lec t ro ly te  at  a s low rate,  but  in the few exper iments  
where  this was omi t ted  and the e lec t ro ly te  exposed to 
t h e :  open ambien t  air, the resu l tan t  films were  not 
no t i ceab ly  different.  Almost  all  the exper imen t s  on 
fi lm g rowth  were  pe r fo rmed  in the da rk  for reasons 
that  wi l l  soon become apparent .  

The progress  of fi lm format ion  was fol lowed by 
visual  observat ion,  by  measuremen t  of the shor t -c i rcu i t  
pho tocur ren t  of  the l aye r  upon br ie f  i l luminat ion,  and  
by  measuremen t  of the open-c i rcu i t  photovoltage.  A 
6 m W  HeNe  laser  wi th  wave length  of emission at 633 
nm was the i l luminat ion;  it  i l lumina ted  the  te l lu r ide  
l a y e r  in t h e  cadmium sulfa te  solution. 

In i t i a l ly  the color of the CdTe l a y e r  forming on the 
s i lve ry  Te subs t ra te  was golden, and the shor t -c i rcu i t  
current ,  observed  on the ~A meter ,  did not  change 
much upon i l luminat ion.  Af te r  4h of growth  the shor t -  
c i rcui ted d a r k  cur ren t  of + 4  .~A (flowing ex te rna l ly  
f rom the Te to the Cd) increased to + 5  ~A upon laser  
i l luminat ion.  As a funct ion of t ime of  film growth,  a 
color mosaic develops of gold, red, blue, and purp le  
areas,  t h e  da rk  cur ren t  decreases steadily,  and the 
pho tocur ren t  increases.  The size of the color domains  
appears  to be s imi lar  to tha t  of the po lycrys ta l l ine  
areas  p rev ious ly  observed on the Te substrate ,  that  is, 
f rom 1 to 10 m m  2. Af t e r  70h of growth,  the photocur -  
ren t  of  the  pu rp le  areas  is t yp ica l ly  + 180 ;~A, and tha t  
of the go lden-bronze  areas  is on ly  +50 ~A, whi le  the 
open-c i rcu i t  vol tage  was 290 mV. The t ime of a ppe a r -  
ance of the color mosaic did  depend on the previous  
etch given to the Te; a Te e lect rode tha t  had been given 
a long etch deveIoped the colors a f te r  only 24h. F i lm 
growth  af te r  one week  was ve ry  slow, but  a smal l  cur -  
ren t  kept  flowing, the color mosaic assumes deeper  
colors, and the photosens i t iv i ty  increases st i l l  s lowly  
in time. A te l lu r ium elect rode made  by  mel t ing  Te 
chunks in a P y r e x  form and placing them in the elec-  
t ro ly te  in air  (no N2 used) and shor t -c i rcu i t ed  wi th  the 
Cd e lec t rode  behaved  in a manne r  s imi lar  to that  of 
the po lycrys ta l l ine  Te rod; i t  was ve ry  sensi t ive to day-  
l ight .  

I t  should be ment ioned  tha t  no growth  occurred on a 
piece of t e l lu r ium which was lef t  for two weeks  in the 
solut ion and was not  ex t e rna l ly  connected wi th  the 
cadmium e l e c t r o d e .  

Zinc.--Less effort was expended  to g row ZnTe by  
this method than  was spent  on CdTe. I t  appeared  that  

Method II  worked  be t t e r  for zinc te l lu r ide  than Method 
I. The ba t t e ry  Zn/0.1M ZnSO4/Te has an in i t ia l  vol t -  
age of 1.2V. Af te r  shor tening via a 20 k ~  res is tor  for 
two days  in open air, the da rk  cur ren t  was s t i l l  r a the r  
large,  +20 #A. With  laser  l ight  this cur ren t  increased 
to +23 #A. The l aye r  had  a go ld /b ronze  color wi th  
indicat ion of a mosaic s t ruc ture  in the shades of gold, 
s imi lar  to, but  much less colorful,  than  tha t  observed 
in the CdTe layer .  

Method II 
This method  was discovered acc iden ta l ly  when  an 

a t t empt  was made to reverse  the flow of posi t ive meta l  
ions by  bias ing the Te e l e c t r o d e  pos i t ive ly  wi th  re-  
spect to the meta l  electrode.  Whi le  a fa i r  degree  of 
e lec t rocleaning was obta ined  by  app ly ing  a bias of 
about  + 0 . g v  (Te w.r.t. Cd) and d rawing  a smal l  re -  
versed cur ren t  for typ ica l ly  one day,  a ve ry  different  
behav ior  was observed  when a large  reverse  cur ren t  
was mainta ined.  

Layers  wi th  op t imal  photosens i t iv i ty  were  obta ined  
by  main ta in ing  a cur ren t  flow of --5 m A  going f rom Te 
to the me ta l  in the l iquid for about  10 min. This re -  
quires  a bias increased g r adua l l y  f rom + 1.3 to 4.5V. 
The resu l tan t  layers  were  sh iny  black,  wi th  some in-  
dicat ion of colors in the CdTe layer .  Exclusion of a i r  
by bubbl ing  th rough  of N~ appea r s  not  to make  much 
difference. 

Results and Discussion 
Current-voltage measurements.raThe measuremen t  

setup was ident ical  to tha t  used to grow the layers ,  as 
in Fig. 1. Ke i th ley  Ins t ruments  Elec t rometers  610C or 
602 (ba t t e ry  opera ted)  were  used for  the e lect r ica l  
measurements ,  whi le  the l ight  in tens i ty  of the  HeNe 
laser  was measured  wi th  a p h o t o m e t e r / r a d i o m e t e r  
system, EG&G Model 450. 

F igure  2 shows the resul ts  of a CdTe and a ZnTe 
layer .  The CdTe was grown wi th  Method I ( though 
CdTe layers  grown with  Method II  have a s imi lar  i -V 
charac te r i s t i c ) ;  the ZnTe was grown wi th  Method II. 
A rec t i fy ing  ba r r i e r  be tween  0 and + 0.SV is ev ident  
in both. A posi t ive  cur ren t  is defined as a cu r r en t  tha t  
flows in the  same direct ion as the cur ren t  in the shor t -  
ened-out ,  unbiased  ba t t e ry  that  is in the l iquid  f rom 
the meta l  towards  the te l lur ium.  In the  m e t a l - t e l l u r i u m  
bat tery ,  the Te has the  posi t ive potent ia l  w.r.t, the 
metal .  Therefore,  the  poten t ia l  wil l  be chosen as tha t  
of  the Te w.r.t, the  metal .  When  the Te, covered w i t h  
the te l lu r ide  layer ,  is biased negat ive ly ,  the photo-  
effects are  at  the i r  largest ,  but  also a ve ry  la rge  dark  
cur ren t  begins to flow. This was identif ied in the Cd 
sys tem as the  reduct ion o f  Cd 2+ at  the  CdTe layer ,  
forming Cd dendr i tes  a long crys ta l l i te  boundar ies  and 
along edges: The r ight  s ide of the i -V charac ter i s t ic  
shows blocking,  but  above +0.5V, curr~nt  begins to 
flow, .again leading  to format ion  of the  te l lu r ide  by  
Method II. 

An explana t ion  of the genera l  fea tures  of these 
curves must  include the semiconductor  p roper t ies  of 
the te l lu r ide  l aye r  and the na ture  of the e lectrolyte ,  
in which the  posi t ive me ta l  ions p lay  a special  role. I f  
one assumes that  p - t y p e  meta l  te l lur ides  are  formed,  
which cover themselves  wi th  an n - t y p e  invers ion layer  
at  the  e lec t ro ly te  interface,  one has an explana t ion  for 
the direct ion of the shor t -c i rcu i t ed  photocurrent ,  which 
is ca r r ied  in the l iquid by  Cd 2+ and is d ischarged at  
the CdTe l aye r  b y  the photoelectrons  present  at  the in-  
terface.  Appl ica t ion  of a posi t ive bias blocks that  pho-  
tocurrent .  However ,  one has a p rob lem unders tand ing  
the da rk  cur ren t  behavior .  I f  the p - n  junct ion  is as 
postulated,  then fo rw a rd  cur ren t  should  flow when the 
CdTe (and thus the  Te) is given a posi t ive b ias ,  while  
b locking is expected  for  Te at  negat ive  potent ia l .  A 
possible exp lana t ion  for the phenomenon shown in Fig, 
2 is that  for  nega t ive  bias, the me ta l  ions discharge on 
the tel lur ide,  and the charge t ransfe r  takes  place  by  
tunnel ing  th rough  the ve ry  thin n - l aye r .  In  the  posi t ive 
bias direction,  e lectrolysis  of the e lec t ro ly te  would 
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have  to t ake  place  to provide  the  necessary  car r ie rs  
and c h a r g e  t ransfer .  I t  seems plaus ib le  tha t  this r e -  
quires  vol tages  above W 0.5V. 

In  order  to obta in  addi t ional  confirmation regard ing  
this explanat ion ,  exper iments  were  done wi th  2 m m -  
thick me l t -g rown  polycrys ta l l ine  crysta ls  of p -CdTe  
and of n-CdSe,  grown by a modified Br idgman  tech-  
nique, as shown in Fig. 3 and 4. Except  for the differ-  
ence in slope, caused by  the ra the r  large  (15 k ~ )  re -  
sistance of the me l t - g rown  CdTe, Fig. 3 is in al l  essen-  
t ia l  points  ident ical  wi th  Fig. 2. In  contrast ,  in the  low 
res is t iv i ty  in n -CdSe  one sees the reversa l  of the d i rec-  
tion of photocurrent ,  as expected,  and also the  ex-  
t reme blocking (both  semiconductor  and e lec t ro ly te  
a re  b locking)  and la rge  fo rward  current .  A s imi lar  
character is t ic  was observed  when the same n -CdSe  
disk was placed in a 1M polysulf ide solution, a com- 
mon e lec t ro ly te  for this ma te r i a l  (Fig. 5). Since there  
was now a pho tocur ren t  at  zero bias, this e lec t ro ly te  
could be used as a photovol ta ic  cell, whi le  i t  could not  
b e  so used in the CdSO4 solution. 

Two a t tempts  were  made to grow n - t y p e  CdTe on Te. 
These a t tempts  were  inspi red  b y  the resul ts  obta ined 
in the cathodic codeposit ion method (8), in which  
addi t ions  of smal l  quant i t ies  of In~(SO4)a changed the 
p - t y p e  into n - type  mater ia l .  Layers  grown from 0.1M 
CdSO4, to which in one expe r imen t  was added  0.001M 
In~ (SO4)3, and in a second exper imen t  0.01M InCl, ,  by 
both Methods I and  II, came-out  as p - t y p e  wi th  char -  
acter is t ics  not  much different  f rom undoped  layers .  
Pe rhaps  the  fact  tha t  the layers  a re  grown on Te, 
which is a p -dopan t  for CdTe, expla ins  this negat ive  
result .  
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Light damage and recovery.--This effect was s tudied  
in CdTe :layers and consists of the fol lowing observa-  
tion: when  the l aye r  is i l lumina ted  by  a l ight  beam, the 
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closed-c i rcui t  pho tocur ren t  r ises rapid ly ,  comes to a 
s tands t i l l  and then decreases.  The speed of decrease  
depends  on the intensi ty .  At  the same time, one ob-  
serves  a w h i t i s h - g r a y  spot  on the layer .  Af te r  severa l  
hours  in the  dark,  the  spot d isappears ,  and the l aye r  
recovers.  The s tudy  of this effect was impor t an t  for  
two reasons:  first, to assure  that  the pho tomeasure -  
ments  done on the layers  could be pe r fo rmed  under  
condit ions (short  pulses of low in tens i ty  l ight )  where  
the effect was absent ;  second, the curious da rk  recov-  
e ry  held  out some possible hope for semiconductor  
systems in which l ight  damage  occurs. 

Quant i ta t ive ly ,  the  6 m W  laser  beam i l lumina t ing  
one of the sensit ive,  purp le  areas  on a CdTe film grown 
for one week  by  Method I gave a 200 ~A shor t -c i rcu i t  
photocurrent ,  which decayed  to 100 #A in 45s, leaving  a 
g r ay  whi te  spot of 3 m m  diam. Leaving  the cell  shor t -  
ened in the da rk  resul ts  in the shr ink ing  and final 
d i sappear ing  of the spot  a f te r  about  8h whi le  the photo-  
cur ren t  is back  at  200 ~A. If  one disconnects the shor t  
be tween  the Cd and Te, recovery  occurs af ter  about  
2�89 Chemical  analysis  de te rmines  tha t  the spot con- 
sists of Cd metal ,  as is to be expected.  As soon as pho-  
tocur ren t  flows in this system, cadmium plates  out  on 
the  CdTe. However ,  the  recovery  occurs because the 
cadmium spot  aets as the e lect rode of a Cd/Te  ba t t e ry  
which forms CdTe p robab ly  by  Cd movement  along 
the l aye r  and inward .  If  one keeps the Te and Cd elec-  
t rodes connected,  the  spot exper iences  compet i t ion 
f rom the Cd ~= flow of the t a t t e r  and  is expec ted  to dis-  
appea r  s lower  than  when the Te and Cd electrodes are  
disconnected.  This form of recovery  wil l  of course 
proceed s lower  and s lower  the th icker  and longer  the 
t e l lu r ide  l aye r  has grown. I t  would be in teres t ing  to 
see if  a s l igh t ly  nega t ive  bias of the  CdTe w.r.t, the  
Cd e lec t rode  might  make  the spot  grow by select ive Cd 
plat ing.  Such an effect would be s imi la r  to chemical  
deve lopment  in pho tography  and might  improve  the 
sens i t iv i ty  of this layer ,  which is p resen t ly  about  500 
m J / c m  2 for c lea r ly  vis ible  spots. The spectra l  range 
and revers ib i l i ty  makes  this s imple sys tem of some 
potent ia l  in te res t  as photographic  ma te r i a l  for s tudy  
of nea r  IR lasers.  

For  comparison,  l ight  damage  expe r imen t s  were  per -  
formed on the 2 r am- th ick  me l t -g rown  poIycrys ta l l ine  
p -CdTe  sample  in the same setup.  There  too, the l ight  
c rea ted  cadmium at the surface, but  recovery  did not  
occur. A clean Te rod was placed in the solut ion and 
ex te rna l ly  connected to the CdTe sample  which had 
the Cd spot. In  the  course of severa l  minutes  most of 
the  Cd had  migra ted  off from the CdTe sample  and 
onto the Te rod. 

Photovoltaic characteristics.--A CdTe l aye r  grown 
for 1 week  by  Method I was used in the  configuration 
of Fig. 1. I t  was i l lumina ted  by  a sp read -ou t  5 mW 
laser  beam, and the i / V  plot  was ob ta ined  by  vary ing  
the load resis tance f rom 0 to 20 k~]. The exper imen t  
was done in a t ime shor t  compared  to the t ime i t  takes  
the  Cd l aye r  formed to reduce  the  photocurrent .  The 
resul t  is shown in Fig. 6a and compared  wi th  the char-  
acter is t ics  of  the  2 ram-th ick ,  low-ohmic,  po lyc rys ta l -  
l ine n -CdSe  in a solut ion of polysulf ide consist ing of 
1M each of NaOH, Na~S, and S with  Pt  as counter -  
electrode.  The p -CdTe  l aye r  had an efficiency of 0.2%; 
the best  efficiency measured  for a s imi lar  l aye r  has 
been 0.4%. In comparison,  the p -CdTe  polycrys ta l l ine  
c rys ta l  of 2 mm thickness  showed a 0.55V open-c i rcu i t  
vol tage  and a photovol ta ic  efficiency of 16% at low 
l ight  levels where  the res is t ive vol tage drop across the 
crys ta l  does not  l imi t  the  cur ren t  or  the measured  
efficiency apprec iab ly .  

Spectroscopic characteristic.--Figure 7 shows the 
spect ra l  character is t ics  measured  for  the two type  CdTe 
layers  discussed in the text  and a po lycrys ta l l ine  CdTe 
disk. The values  on the o rd ina te  represen t  the shor t -  
circuit  pho tocur ren t  in a cell consist ing of the CdTe 
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Fig. 6. Photovoltaic characteristics: (a) electrodeposited CdTe on 
Te, (b) polycrystalline n-CdSe in polysulfide solution. 

l ayer  on Te (or the  CdTe d isk) ,  a Cd electrode,  and 
0.1M CdSO4 electrolyte .  The monochromator  used was 
a p r i sm- type  Zeiss M 4 G l l  which was i l lumina ted  with 
a 50W tungs ten /ha logen  lamp and ca l ib ra ted  with  a 
p h o t o m e t e r / r a d i o m e t e r  sys tem EG&G Model 450. The 
room t empera tu re  bandgap  of s ing le -c rys ta l  CdTe is 
about  1.5 eV, corresponding to 826 nm. Of in teres t  is 
the  r a the r  s teep r ise  in pho tocur ren t  wi th  decreas ing 
wave leng th  for  both the m e l t - g r o w n  CdTe and  the 
layer  grown by Method I, whi le  the pho tocur ren t  in 
the  l aye r  grown by  Method II  rises s lowly  and does 
not  seem to reach its p la teau  at 500 nm. 

A s imi la r  difference be tween  single crysta ls  (steep 
r ise)  and  e lec t rodeposi ted  layers  (g radua l )  has also 
been repor ted  for  CdSe (11), and for  CdS (12). 
The explana t ion  for the observat ions  in Fig. 7 would 
then be that  the e lec t rodeposi ted  p -CdTe  l aye r  grown 
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by Method II contains such a high density of ac- 
ceptors (> 1018 cm -8) that the space charge region is 
thin compared to the penetration depth of the light. 
Going towards shorter wavelengths decreases this 
penetration depth and produces more photocurrent in 
the space-charge region. It is significant that the CdTe 
layers prepared by Method I behave like melt-grown 
polycrystalline CdTe. ZnTe prepared by Method II was 
also measured (Fig. 8) and behaved similarly to the 
CdTe grown by Method II, with the exception that its 
bandgap is wider. That layer too seems to contain a 
high density of acceptors. 

Mechanism of layer formation.--Method i is straight- 
forward; the Cd/CdSO4/Te battery operates by migra- 
tion of Cd 2 + from the Cd to the Te electrode, discharge 
of the Cd 2 + to Cd, and subsequent formation of CdTe. 
Cd requires some time to diffuse through this layer  to 
recombine with Te, as demonstrated by the gradual 
disappearance of a light-damage Cd spot at the surface 
of the layer. The growth speed of a single-crystal CdTe 
domain seems dependent upon the crystal domain 
orientation of the Te substrate, as evidenced by the 
difference of interference colors in the color mosaic. 

Method II involves most likely a positive tellurate 
ion, perhaps injected into the solution as HTeO2 + 
(13 and 8) that combines with Cd 2+ from the solution 
and settles down on the Te electrode as CdTe. The re- 
sultant free positive charge presumably oxidizes water 
to O~, though the exact mechanism has not been 
studied. 

Crystalline and mechanical properties of the layers.- 
The layers of CdTe grown by Method I attach them- 
selves very strongly to the Te substrate. Their lively 
colors are due to a combination of interference and 
absorption effects and indicate: (i) their thickness is of 
the order of 0.1 to 0.2 ~m; (ii) the domains of area 
/-10 mme are single crystals. Well-defined Laue back- 
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scattering spots of the CdTe layers showed that the 
various differently colored areas correspond to various 
single- or twin-crystal orientations. 

The layers grown by Method II are black in appear- 
ance and attach well, but not as strongly to the tel- 
lurium as the layers grown slowly by Method I. There 
were no single-crystal lines observable in the Laue 
pattern of these layers. Chemical analysis and photo 
response indicate that both layers are metal telluride, 
but the stoichiometry has not been determined. 

Conclusions 
Two electrochemical deposition methods for the 

preparation of CdTe and ZnTe have been described. 
The layers have interesting properties in particular 
that single-crystal domain telluride layers can be pre- 
pared electrochemically. The many photoelectrochemi- 
cal effects observable in this simple system make it 
attractive for educational purposes as well, particu- 
larly since the toxicity aspects (cadmium sulfate 
solution) are not especially hard to control. 
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Pairing Effects in the Luminescence Spectrum of ZmSiO4:Mn 
D. J. Robbins, *,1 E. E. Mendez, E. A. Giess, and I. F. Chang* 

IBM T. J. Watson Research Center, Yorktown Heights, New York 10598 

ABSTRACT 

High resolution, low temperature  photoluminescence spectra of manganese-doped willemite (Zn~SiO4:Mn) single crys- 
tals have been measured.  "Hot" bands on the zero-phonon lines of the 4T~ excited state of Mnz, 2+ on inequivalent  si~es are 
observed at low Mn concentration between 4 K and 29 K. Their appearance is a t t r ibuted to vibronic (Ham) quenching of the 
first-order spin-orbit  interaction in the 4T~ excited state, by analogy with known propert ies  of Mnz~ ~+ in ZnS and ZnSe. At 
higher Mn concentration, addit ional lines appear  which are assigned to Mn pair centers involving subst i tut ion on nearest  
neighbor  Zn sites. Electron microprobe analysis shows that  the segregation coefficient of Mn incorporat ion in the crystal 
increases as the Mn concentration in the melt increases. This is indicative of pairwise incorporaUon during growth, and 
consistent  with the optical detect ion of Mn pairs in the crystals at higher Mn concentrations. The measured luminescence 
decay t imes depend on both Mn concentration and temperature  of the crystals, due to thermally activated energy transfer 
between Mn centers. 

Manganese -doped  wi l lemi te  finds prac t ica l  appl ica-  
t ion as a g reen-emi t t ing  phosphor  in both f luorescent 
l amp and d i sp lay  devices (1). In the pa r t i cu l a r  case 
of cathode r a y  tube devices, the basic Zn2SiO4:Mn 
sys tem (des ignated  P1) (2) is typ ica l ly  employed  in 
high luminance  applicat ions,  and when co-doped  wi th  
arsenic  (des ignated  P39) (2) i t  is used as an ant i -  
fl icker phosphor  for  in format ion  display.  The lumin-  
escence in a l l  these phosphor  appl icat ions  is tha t  of 
the d iva len t  Mn 2 .  ion subs t i tu ted  on Zn sites (3). 
Opt imiza t ion  of phosphor  efficiency and l i fet ime,  two 
impor t an t  prac t ica l  quanti t ies ,  depends  c r i t i ca l ly  on 
the detai ls  of i m p u r i t y  incorpora t ion  in the wi l lemi te  
la t t ice  (4). In this paper ,  we repor t  a high resolut ion 
spectroscopic s tudy  of Mn incorpora t ion  in wi l lemi te ,  
together  wi th  measurements  of luminescence l i fe t ime 
as a funct ion of both Mn concent ra t ion  and t empera -  
ture.  

The wi l lemi te  la t t ice has two inequiva len t  Zn sites, 
both having  four neares t  ne ighbor  oxygen  ions in a 
s l igh t ly  d is tor ted  t e t r a h e d r a l  (Td) configurat ion (5, 
6). Two inequiva len t  Zn t e t r ahed ra  and one Si t e t r a -  
hedron  a l t e rna te  in chains pa ra l l e l  to the  c-axis;  these 
chains are  l inked  on a th ree fo ld  screw axis in such a 
way  tha t  ne ighbor ing  inequiva len t  Zn t e t r ahed ra  form 
pairs  by  shar ing  corners,  the pa i r  axes ly ing  approx i -  
ma te ly  para l l e l  or  pe rpend icu la r  to the crys ta l  c-axis .  
Neares t  ne ighbor  cation in teract ions  be tween  ions on 
Zn sites therefore  occur be tween  the inequiva len t  Zn 
sites. Luminescence  is assigned to t ransi t ions  be tween  
the sp in -o rb i t  components  of the 4T1 exci ted  state and 
the SAi ground s ta te  of Mn 2+ in Td coordinat ion (7.). 
EPR studies  (8) o r ig ina l ly  showed tha t  Mn could be 
incorpora ted  on both Zn sites. Low t empera tu r e  pho-  
toluminescence spec t ra  (9-12) exci ted  by  broad  band,  
h i g h - e n e r g y  rad ia t ion  revea led  two zero phonon lines 
(ZPL's)  which were  a t t r ibu ted  (12) to Mnza 2+ ions 
on the two inequ iva len t  Zn sites, des ignated  A and B 
sites. The sha rp  ZPL's  were  repor ted  (12) at 2.455 eV 
(504.6 nm)  for  the MnA centers  and 2.404 eV (515.3 
nm)  for  the  MnB centers,  and confirmed by  Fe rn  and 
Chang (13). The energy  difference was suggested to 
be consis tent  wi th  the difference in c rys ta l  field 
s t rength  es t imated  f rom differences in Zn---O bond 
lengths  at  the two sites. However ,  the spec t ra l  reso-  
lut ion achievable  in these ea r l i e r  s tudies was l imi ted  
by  the use of po lyc ry s t a l l i ne  mater ia l .  In par t icu la r ,  
the l ine b roaden ing  observed  at  h igh Mn concentra-  
t ions (12) p rec luded  the observat ion  of i m p u r i t y  in-  
te rac t ion  effec~ at  h igher  doping levels.  

For  the p resen t  study,  single crys ta ls  of Zn2SiO4 in-  
c luding both  Mn and AS impur i t i es  have  been used 
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(14). P repa ra t ion  of the ma te r i a l  in s ingle c rys ta l  
fo rm al lows be t t e r  control  of i m p u r i t y  incorpora t ion  
and offers the poss ib i l i ty  of improved  spec t ra l  reso lu-  
t ion th rough  reduct ion of inhomogeneous line b road -  
ening. Select ive exci ta t ion of the MnA and MnB centers  
has been achieved using var ious  lines f rom an .A~r+ 
laser,  a l lowing spec t ra l  isolat ion of luminescence f rom 
the lower  energy  MnB centers  for  the first t ime. The 
A r  + laser  l ines at  501.7 and 514.4 nm provide  nea r -  
resonant  exci ta t ion  of the MnA and MnB centers,  r e -  
spectively,  and under  this  condi t ion of nea r - r e sonance  
addi t ional  fine s t ruc tu re  has been observed  at  low 
t empera tu re  in the region of the ZPL's.  The expe r i -  
menta l  p rocedures  employed  in this  s tudy  are  out -  
l ined in the sect ion on expe r imen ta l  techniques,  
and the resul ts  r epor ted  in the  resul ts  section. The 
significance of these resul ts  is discussed more  fu l ly  
la ter ,  and comparisons are  made wi th  the proper t ies  
of Mnzn 2+ in ZnS and ZnSe, where  analogous ef-  
fects of Mn impur i t y  concentra t ion  and t empe ra tu r e  
on the opt ical  spec t ra  have  been repor ted.  

Experimental Techniques 
Single  crystals  of Zn2SiO4 in the form of hexagona l  

pr isms severa l  mi l l imete rs  in size were  grown be tween  
1300 ~ and 960~ b y  the slow cooling ( l ~  of 
mol ten  solut ions of composit ion 5Zn2SiO4 ~- 3Pb~- 
ZnSi207. Mn and A s  impur i t ies  were  in t roduced  as 
MnF2 and As205, respect ively.  Crys ta l  composit ions 
were  de t e rmined  wi th  an Appl ied  Research  L abo ra -  
tory ' s  Scanning Elect ron Microprobe  Quantometer ,  
using the character is t ic  MnK~, AsL~, and PbM~ lines 
for low level  i m p u r i t i e s  and Mn ~ GaAs, and Pb ~ as 
reference mater ia ls .  Arsenic  is incorpora ted  into the 
wi l lemi te  crystals  to a lesser  degree  than  Mn, the  
segregat ion  coefficient for  As being more  than  an 
order  of magni tude  lower  than  tha t  for  Mn. Lit t le ,  if 
any, Pb is soluble in wi l lemi te  g rown in this  way. 
F u r t h e r  discussion of the c rys ta l  g rowth  and analysis  
p rocedures  is given in Ref. (14). 

High resolution, low t empera tu re  P L  spect ra  were  
measured  using a Spex  1402 0.75m double mono-  
chromator  and cooled RCA C31034A (GaAs)  photo-  
tube, wi th  exci ta t ion b y  selected l ines f rom the A r  + 
laser.  The samples  were  moun ted  in a v a r i a b l e - t e m -  
pe ra tu re  cryostat .  Luminescence  decay t imes were  
measured  be tween  5-300 K using a mechanica l  shu t t e r  
in the laser  beam. In o rde r  to improve  s igna l /no ise  
ra t io  in the decay  curves when a n a r r o w  bandpass  in 
the detect ion monochromator  was used, signals f rom 
repea ted  pulses were  added  using a Nicolet  11.74 s ignal  
averager .  

Results 
Chemical  analysis  and buoyancy  dens i ty  measu re -  

ments  have indica ted  a nonstoichiometr ic  c rys ta l  for -  

141 
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mula Zn1.968il.0404.04 for the wiUemite lattice (14). 
The results of 14 separate microprobe analy~es on 
Mn-doped crystals show that the number of Mn atoms 
per formula unit incorporated in the willemite crystal 
(denoted [Mn]=) is not a simple linear function of 
the tool fraction of MnF2 in the growth melt (denoted 
[Mn]m). The data points are plotted in Fig. 1, and the 
line represents a least squares fit giving the relation- 
ship 

[Mn]~ ~_ 75[Mn]m z +0.6[Mn]m + 0.0007 [1] 

This equation has been used to estimate the Mn con- 
centration in crystals used in the spectroscopic mea- 
surements for which no microprobe analyses were 
available. The results are shown in Table I. The frac- 
tional substitution of Mn for Zn in the willemite lat-  
tice is then approximately equal to [Mn]z/1.96, al-  
lowing for the nonstoichiometry of the crystal  for- 
mula. 

Figure 2 shows the low temperature Mn z+ lumin- 
escence spectra excited by different lines of the Ar+ 
laser. The two ZPL's, at tr ibuted to the high energy 
(MnA) and low energy (MnB) sites, are clearly seen. 
The relative intensities of these two ZPL's vary with 
excitation energy, even for relat ively high-energy and 
nonresonant excitation using laser lines at 473 and 458 
nm. This variation presumably reflects differences in 
the absorption spectra of Mn~+ ions on the inequiva- 
lent Zn-.~ites. The laser line at  514.5 nm (2.41 eV) is at 
too low an energy to excite luminescence from the 
MnA centers, and the lowest curve in Fig. 2 therefore 
represents the emission spectra from MnB centem 
alone. This is the first time that luminescence from 
the two inequivalent Mn centers in willemite has been 
clearly separated, and the technique reveals the vi- 
bronic sideband associated with the MnB site without 
interference from sidebands of the higher energy 
MnA site which are otherwise present. 

Figure 3 shows the luminescence spectrum excited 
at 458 nm at a series of temperatures  between 4.2 and 
29 K. These spectra were measured with a lower reso- 
lution detection monochromator, but the resolution is 
adequate to show that the ZPL's for both MnA and 
MnB sites have the "hot" components which appear 
as shoulders ~.,1 meV to high energy of the main lines 
as the temperature is increased. The effect is il lus- 
trated with better  resolution for the MnB center in 
Fig. 4; the upper figure shows the temperature de- 
pendence for a crystal of low Mn concentration 
( ~  0.3% Mn substituted for Zn), and the lower figure 
for a high Mn concentration (,~ 3% Mn). The depen- 
dence of lineshape on temperature and the appearance 
of the hot band 1.2 meV above the main line are most 
marked for the sample with lower Mn concentration. 
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Fig. 1. A plot of the number of Mn atoms per f0,rmula unit of 
willemite vs. the number of mols of MnF2 in the growth melt. Each 
melt contained 0.433 mols Zn. The data points represent 14 inde- 
pendent microprobe analyses. The fitted line is described by Eq. [1]. 
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Fig. 2. Low temperature photoluminescenee spectra of a Zn2Si04: 

Mn crystal excited by different lines of an Ar + laser. The laser 
line at 514 nm falls between the ZPL's far MnA and MnB centers, 
allowing isolation of luminescence from MnB centers. 

Stevels and Vink (12) noted that higher concentra- 
tions of Mn impuri ty  (>  1%) produced spectra in 
which the ZPL's for both MnA and MnB centers were 
less well resolved. However, this broadening is not 
simply the result of decreasing crystal perfection, and 
near-resonant  excitation of the two centers reveals 
additional fine structure in the region of the ZPL's. 
Near-resonant excitation of the MnA centers is 
achieved with the 501.7 nm (2.47 eV) Ar+ line, the 
5 K ZPL luminescence for a series of crystals with in- 
creasing Mn concentration being shown in Fig. 5. The 

T~ble I. Estimated Mn concentration in willemite crystals (Eq. [ i ] )  

Crystal [Mn]m* [Mn]x 

2277A 0.005 0.006 

2298A 0.005 0.006 

2279A 0.010 0.014 

2159B 0.020 0.043 

2299A 0.020 0.043 

2228A 0.025 
* G r o w t h  m e l t  c o n t a i n s  0.433 m o l  Z n .  

0.063 
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Mn crystal at different temperatures. As temperature increases, 
"hot" bands appear as shoulders on the high-energy side of the 
ZPL's for both MnA and MnB centers. 

solid a r rows  indicate  the peak  energy  of the  s ingle  
ZPL observed  at  low t e m p e r a t u r e  for crysta ls  wi th  
low Mn concentrat ion.  As the Mn doping level  in-  
creases addi t iona l  l ines appear ,  ma in ly  to h igher  en-  
e rgy  ( indica ted  b y  b roken  a r rows) ,  and s teadi ly  in-  
crease in  in tens i ty  unt i l  they  const i tute  the ma jo r  
fea tures  for c rys ta l  2228A. S imi la r  nea r - r e sonan t  ex-  
c i ta t ion of the MnB centers  is achieved wi th  the  514.5 
n m  (2.41 eV) At+  line, the  cor responding  ZPL lu -  
minescence being i l lus t ra ted  Jn Fig. 6. Aga in  the low 
Mn concentra t ion  crys ta ls  show a single ZPL at low 
t empera tu r e  wi th  add i t iona l  l ~ e s  increas ing in in -  
tens i ty  as the Mn doping level  increases. However ,  
for  these MnB centers  the ma jo r  new l ines appea r  a t  
lower  energy  than  the ZPL observed  at  low Mn con- 
centrat ion.  The observat ion  of single ZPL's  for  MnA 
and MnB centers  at  low concentra t ion  can be a t t r i b -  
u ted  t o  the dominance  of isola ted Mnz ,  s+ impur i t ies  
a t  low doping levels.  The a p p e a r a n c e - o f  addi t ional  
ZPL's  which  increase in in tens i ty  wi th  increas ing Mn 
concent ra t ion  is character is t ic  of Mn-Mn pai r  in te rac-  
tions. As discussed in the fo l lowing section, the fact  
that  the ba rycen te r  of the MnA luminescence shif ts  to 
h igher  energy,  whi le  tha t  of the  MnB luminescence 
shif ts  to lower  energy,  wi th  increas ing  Mn concent ra-  
t ion suggests that  the dominant  in terac t ion  involves 
neares t  ne ighbor  MnA-MnB pairs  in the wi l lemi te  
latt ice.  I t  can also be seen f rom Fig. 5 and 6 that  
whereas  the changes in l ineshape corre la te  s t rong ly  
wi th  changes  in Mn doping  level,  there  is no evidence 
for  spec t ra l  fea tures  cor re la t ing  with the As concen- 
t ra t ion  which  could be a t t r ibu ted  to in te rac t ion  be -  
tween  Mnzn 2 + and the As impur i ty .  

The decay curves  for the MnA and MnB centers  at 
var ious  t empera tu re s  were  sepa ra t e ly  measu red  using 
nea r - r e sonan t  exci ta t ion,  w i th  t h e d e t e c t i o n  mono-  
ch romato r  tuned  at  the  appropr i a t e  ZPL energy.  The 
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Fig. 4. High resolution photoluminescence spectra of the ZPL 
region for MnA centers at different temperatures: (a) low Mn con- 
centration and (b) high Mn concentration. The "hot" band in (a) 
is ~1 .2  meY above the ZPL (cf. Fig. 3). 

decays were  in genera l  not  s imple exponent ia ls ;  the 
t ime to decay  to 1/e of the  ini t ia l  in tens i ty  (t i le) for  
a series of crysta ls  is given in T a b l e  II  for the  MnA 
centers  and m Table I i I  for  the MnB centers.  At  low 
t empera tu r e  the MnB decay  is independen t  of Mn 
concentrat ion.  However ,  the  decay  t ime decreases  as 
the t empera tu re  increases,  the effect being more  sig- 
nificant at high doping levels.  Only  smal l  differences 
in decay t ime were  observed at  low t e m p e r a t u r e  for 
crys ta l  2228A when the detect ion monochromator  was 
set on the  peak  of ZPL's  a t t r ibu ted  to s ingle  MnB 
centers  and to MnA-Mns pairs.  The decay of the MnA 
centers,  on the  other  hand,  is measu rab ly  different  for 
high and low Mn Concentrations, but  the change wi th  
t empera tu re  is sma l l e r  than  for  the  Mns lumines -  
cence. The decay t imes observed at .-5 K for low Mn 
concentrat ions  are  i n  good agreement  wi th  values  re-  
por ted  by  Stevels  and Vink  (12), viz., 12 ms and 15 
ms for MnA and MnB sites, respect ively ,  at  1.6 K. 

Discussion 
Figure  I demons t ra tes  tha t  the re la t ionship  be tween  

Mn incorpora t ion  in a c rys ta l  and the mel t  concent ra -  
tion includes both l inear  and quadra t ic  terms.  A 
quadra t ic  dependence  is indicat ive of Mn pa i r ing  d u r -  
ing growth,  as shown by the fol lowing argument .  
Since the subs t i tu t ion  of Mn 2+ for  z n  2+ in the la t t ice  
main ta ins  charge neu t ra l i ty ,  and assuming tha t  ac t iv i -  
t ies are  p ropor t iona l  to concent ra t ion  in the mel t  a n d  
crys ta l  (i.e., a pp rox ima te ly  ideal  behav io r ) ,  the  t h e r -  
modynamics  of Mn incorpora t ion  can be descr ibed by  
the l aw of mass act ion as follows. I f  [Vzo] a n d  
[MnMn]x are  the zinc vacancy and M n - p a i r  concent ra-  
tions in the  growing crysta l ,  then  the  incorpora t ion  o f  
Mn as single ions is given by  

[Mn]m + [V]zn ~ [Mn]x s [2] 
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Fig. 5. High resolution photoluminescence spectra of the ZPL 
region for MnA centers for crystals with varying Mn concentration. 
The solid arrows indicate the ZPL energy at low Mn concentration, 
due to single ions. The broken arrows indicate lines appearing at 
high Mn concgntrotion and attributed to paffs. [Mn/Zn]m and 
[As/Si]m indicate the molar ratios of Mn/Zn and As/Si in the 
growth melt, respectively. The estimated Mn concentration in each 
crystal is given in Table I. 

[Mn]=s 
[mn]m[Vz:]  ---- Ks(T) [3] 

and as Mn-Mn  pairs by 

2[Mn]m + 2[Vzn] ~- [MnMn]= [4] 

[MnMn]= 
[~n]m2[VZn] ~ - -  Kp(T)  [5] 

The concentrat ion of Mn incorporated in  the crystals 
in the form of pairs is 

[Mn]x P = 2[MnMn]= [6] 

The total Mn concentrat ion in the crystal is then given 
by 

[Mn]x : [Mn]xp + [Mn]= s : {2Kp(T) [Vzn] ~} 

[Mn]m ~-4- {Ks(T) [Vzn]} [Mn]m [7] 

Table II. t l /e  for MnA 2+  site (excitation 501.7 nm) (ms) 

Sample [ Mn ] 
L Zn JM] 

5 o 68 ~ 98 o 

T(~ 

138 ~ 

2298A 0.011 10.7 10.7 12.8 9.9 

2228A 0.057 8.8 8.0 8.8 6.1 
i 

198 ~ 266 ~ 

9.1 8.3 

5.2 5.3 

(rim} 
516.0 515.0 

Zn 

~ e  

3 

>- 
F.- 

z 
bJ 
I-- 
Z 

w 

n~ 

JNE 
n~:' SITE 

0.012 0.136 
0.023 0.027 

0.046 0.000 

0.046 0000 

0.O58 

2.400 2.405 2.410 
ENERGy (eV) 

0.054 

Fig. 6. High resolution photolumlnescence spectra of the ZPL 
region for MnB centers for crystals with varying Mn concentration. 
See caption to Fig. 5 for details. 

The quadrat ic  term only appears for pair ing dur ing 
the growth process, which must  be energetical ly 
favored in  order to be significant. The high resolution 
optical spectra provide evidence for dominant  nearest  
neighbor MnA-MnB pair formation in the crystals at 
higher Mn concentrations. It  may therefore be the 
case that  s t ra in  energy associated with incorporat ion 
of Mn in wil lemite is minimized if two Mn ions sub-  
st i tute s imul taneously  in  neighboring inequiva lent  
zinc sites ra ther  than  as separated, isolated ions. 
Fur the r  work to establish the dependence of pair ing 
on growth temperature  and on zinc vacancy concen- 
t ra t ion is required to provide more insight into the 
mechanism of Mn incorporation. 

The observation of "hot" bands in luminescence 1.2 
meV (-~ 10 cm -1) to high energy of the ZPL's for 
both MnA and MnB single- ion centers in willemite is 
ent i re ly  analogous to the luminescence of M n z ~  + 
in ZnS and ZnSe (15, 16). There, "hot" bands are 
found ~ 10 cm -1 and -~ 11.5 cm -1, respectively, above 
the lowest ZPL for the Mn ions in Ta symmetry ,  i.e., 
subst i tut ional  on cubic zinc sites. In  addition, l umin -  
escence excitat ion spectra (15, 17) for Z n S : M n  and 
ZnSe :Mn reveal  that  the "hot" band  arises from a 
second ZPL lying above the lowest energy line. Con- 

Table III. t i /e  for MnB 2+ site (excitation 514.4 nm) (ms) 

T(~K) 

Sample r Mn ] 5 ~ 20" 34 ~ 59 ~ 88" 127 ~ 297" 
L Zn JM 

2277A 0.011 15.6 15.1 14.5 15.1 11.8 8.3 
t 

2159B 0.045 15.6 15.1 14.5 13.4 5.6 

2228A 0.057 15.6 15.1 13.4 10.5 7.5 5.1 2.7 
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s idera t ion  of f i r s t -order  sp in -o rb i t  coupl ing in the  4T1 
exci ted  state of Mn 2+ in Td s y m m e t r y  predic ts  the 
fol lowing o rde r  of components  (7) : r6 < rs(8/2) < r;, 
r s (5 /2 ) ,  using s t anda rd  nota t ion  (18). The observa-  
t ion of only  two ZPL's  has been a t t r ibu ted  to a com- 
plete  v ibronic  quenching of the f i r s t -o rder  sp in -o rb i t  
coupling by  s t rong coupl ing to a phonon mode of 
e - s y m m e t r y  (the Ham effect) (15, 17). The second-  
o rde r  sp in -o rb i t  coupl ing is not  quenched by  the vi-  
bronic coupling,  resu l t ing  in ass ignment  of the two 
lines as t ransi t ions  to the doubly  degenera te  levels 
represen ted  as (15) 

(i) [r~> and (3/x/i-ffl r s (8 /2 )  > 

- I/vqO I Fs (5/2) >) dower energy) 

(ii) IFs> and (i/v~-#Irs(3/2) > 

Jr 3/~/1-6 Its (5/2) >) (higher energy) 

This assignment is supported in the case of ZnS:Mn 
and ZnSe:Mn by analysis of Zeeman and uniaxial 
stress data (15, 17). The separation of the two com- 
ponents depends on second-order spin-orbit interac- 
tions summed over all multiplets of the d s configura- 
tion which differ by not more than one electron from 
the configuration of the 4TI state. A similar assignment 
must be supposed for the two lines in Fig. 4(a), al- 
though it is remarkable that almost identical behavior 
should be observed for Mn 2+ in Zn2SiO4 when the 
crystal field parameters and the phonon spectrum are 
very different from the zincblende semiconductors 
ZnS (16, 18). 

Mn pairs  have also been observed  in ZnS (16, 19), 
wi th  an t i f e r romagne t i c  sp in  couldling produ,cing ad-  
d i t ional  luminescence lines to low energy  of the ZPL 
for isolated Mnzn 2 + centers.  In  the case of ZnS, pa i r ing  
occurs be tween  Mn ions on equiva len t  sites. However ,  
for  wi l lemi te  the neares t  ne ighbor  in terac t ions  in-  
volve the inequiva len t  Zn sites, wi th  the poss ib i l i ty  of 
ZnA-ZnB pairs  hav ing  axes app rox ima te ly  pa ra l l e l  or 
pe rpend icu la r  to the crys ta l  c-axis.  The most  appro -  
pr ia te  model  for the M n - M n  in terac t ion  in an ionic 
compound l ike wi l lemi te  is l ike ly  to be mul t ipo la r  
(20), the  lead ing  t e rm being  the d ipo le -d ipo le  cou- 
pl ing in the Td s y m m e t r y  field, wi th  e lect ron exchange  
small.  The in terac t ion  be tween  neares t  ne ighbor  in-  
equivalent  MnA-MnB centers  is then  best  descr ibed as 
a s econd-o rde r  Davydov  in terac t ion  be tween  non-  
degenera te  t rans i t ion  dipoles  on the two centers,  
which are  mixed  via the crys ta l  potent ial .  The effect 
can be i l lus t ra ted  schemat ica l ly  by  a s imple  p e r t u r b a -  
t ion argument .  Denot ing the ground s ta te  wave func -  
tions of isola ted MnA and MnB centers  as ]r [r 
and using pr imes  for  the exci ted  s tates  ( taken  to be 
nondegenera te  for s impl ic i ty ) ,  the ze ro -o rde r  wave-  
functions for  the ground and lower  exci ted  states of a 
neares t  ne ighbor  pa i r  are  g iven by  the products  

~g --- l~bA> [r [8] 

~#e A = [~bA'> ]~B> [9] 

~e B = [~bA> ]~bB' > [10] 

T h e  Hami l ton ian  for  the pa i r  is of the fo rm 

~-~ --" ~-~A Jr ~-~B Jr Z-~AB [II] 

where HA, {-~B are the Hamiltonians for the isolated 
Mn centers, and ~AB represents the pair interaction, 
which is assumed small. Using perturbation theory, 
and retaining only the second-order terms involving 
the excited states, the energies of the pair states are 

Eg = EA ~ Jr EB ~ Jr <~bA~bB I ~-~AB ] '~bAAbB> [12] 

EAB 2 
Ee A = EA' Jr EB ~ Jr <@A'@B I ~AB I ~bA"r Jr -- 

A 
[13] 

~AB 2 
Ee B --  EA ~ -j- EB' "~- ~q~A(PB' l HAB ] %bA~bB"> - - '  

A 
[14] 

where  EA ~ EB ~ and EA', EB' are  the energies  of ground 
and exci ted  s tates  for isola ted MnA and MnB centers,  
and 

EAB 2 ---  ]<r162 [HAB [ ~ b A ~ b B ' > [ 2  [15] 

A : (EA' -- EA ~ -- (EB' -- EB ~ [16] 

The t rans i t ion  to the h igher  exci ted  pa i r  s ta te  the re -  
fore occurs at an ene rgy  

EAB 2 
(EeA -- Eg) : (EA' -- EA ~ Jr DA Jr : [17] 

,% 
where 

-- <~bA~bB]~-~AB[ ~bAAbB~> [18] 

and (EA' -- EA o) is the transition energy at an isolated 
MnA center. The transition to the lower pair state 
occurs at an energy 

EAB ~ 
(EeB -- Eg) --- (EB' -- EB ~ Jr DB -- -- [19] 

A 
where  

DB = <r I ~AB [ CA'r 

- -  < r 1 6 2  [ ~-/AB I CA'~B> [20]  

and (EB' -- EB ~ is the t rans i t ion  energy  at  an isolated 
MnB center.  The ne t  effect of the MnA-MnB pa i rwise  
in terac t ion  is, therefore,  to produce  shifts (SE A, 6E B) 
in the t ransi t ion energies compared  wi th  the isola ted 
centers, where  

EAB 2 
6E A : DA Jr -- [21] 

A 

EAB 2 
5E B = DB --  - -  [22] 

A 

If the different ia l  f i r s t -order  terms DA, DB are  small ,  
the second-o rde r  in terac t ion  predic ts  an upward  shift  
in energy  for t rans i t ions  at  the  MnA cente r  in the  pair ,  
and a downward  shif t  for t ransi t ions  at  the MnB 
center.  This is the sense of the ba rycen te r  shif ts  i l lus-  
t r a t ed  in Fig. 5 and 6, and it is for  this reason tha t  
we propose a dominant  neares t  ne ighbor  MnA-MnB 
pa i r ing  to expla in  the changes in l ineshape observed 
at  h igher  Mn doping levels.  The appearance  of ex t r a  
l ines in addi t ion  to the ba rycen te r  shifts for the pai rs  
can be accounted for  in te rms of the known  degen-  
e racy  of the MnA and MnB exci ted  s ta tes  (discussed 
in the previous  p a r a g r a p h ) ,  and the poss ib i l i ty  of 
forming inequiva len t  pairs  of different  symmet ry .  
However ,  no de ta i led  t r ea tmen t  of  the pa i r  fine s t ruc-  
ture  wi l l  be a t t empted  here. 

The an t i fe r romagnet ic  sp in  coupl ing be tween  n e a r -  
est  ne ighbor  Mnzn 2+ ions on equiva len t  sites in ZnS 
produces  a low tempera ture ,  pa i r  luminescence decay 
t ime a pp rox ima te ly  an o rde r  of magni tude  fas ter  than  
that  for single ions (19). The corresponding ZPL for 
the  sp in -coupled  pa i r  is shif ted ,~15 meV to low en-  
e rgy  (19). However ,  the p r edominan t ly  s e c o n d - o r d e r  
in terac t ion  be tween  inequiva len t  neares t  ne ighbor  
si tes in w i l l e m i t e  gives pa i r  l ine shifts which are  
much smaller ,  --~1 meV. This weaken ing  of the  pa i r  
interact ion,  combined with  spec t ra l  over lap  resul t ing  
from la rger  l inewidths ,  m a y  exp la in  why  no signifi-  
cant  difference in decay  t ime at  low t e m p e r a t u r e  was 
observed in wi l lemi te  when the detect ion monochro-  
ma to r  was tuned to l ines a t t r ibu ted  to pai rs  and  to 
single ions. Never theless ,  the  luminescence decay for  
both MnA and l~nB sites becomes faster as tempera- 
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lure increases. Tables  II  and II I  show that  the effect 
is g rea te r  as the Mn concentra t ion increases,  i.e., as 
the Mn in t e r - cen te r  energy  t ransfe r  becomes more  
facile, i nd i ca t i ng  a t he rma l ly  ac t iva ted  energy  t rans fe r  
to centers  wi th  l a rge r  recombina t ion  rates.  P re l im-  
ina ry  measurements  (21) on a number  of crysta ls  
st~ggest tha t  the luminescence efficiency at  room t em-  
pe ra tu re  does not  decrease  m a r k e d l y  at  h igher  Mn 
doping levels. The decrease in decay t ime at  h igher  
Mn concentrat ions  therefore  p robab ly  does not  reflect 
a "concent ra t ion-quenching"  (20) at  nonrad ia t ive  cen-  
ters in the crystals ,  bu t  r a the r  an ene rgy  t ransfe r  to 
complex  centers  involving Mn 2+ ions wi th  fas ter  r a -  
dia t ive  rates. The p robab i l i ty  of exci t ing such ce n t e r s  
is p resumed l a rge r  at  h igher  t empera tu res  and h igher  
Mn concentra t ion due to the increased ra te  of in te r -  
center  energy  t ransfe r  in the crystal .  The sens i t iv i ty  of 
the MnA decay  ra te  to the Mn concentra t ion even at  
low t empera tu r e  (Table II)  may  indicate a significant 
non the rma l  component  in energy t ransfe r  f rom the 
h igher  energy  MnA centers  to MnB centers.  Fu r the r  
efficiency measurements  a re  requi red  to confirm the 
possible usefulness of var ia t ions  in Mn concentra t ion 
for control  of  decay  t ime in phosphors  based on the 
Zn2SiO4: Mn system. 
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Archival Life of Tellurium-Based Materials for Optical Recording 
G. M. Biota* and D. Y. Lou 

Philips Laboratories, Briarcliff Manor, New York 10510 

ABSTRACT 

The archival life of digital optical recording air-sandwich disks is described in this paper. The optically sensitive materi- 
als are tel lurium-based alloys, and the substrates are polymethylmethacrylate .  Various techniques such as reflection, trans- 
mission, signal-to-noise ratio, and bit-error rate measurements  are used to characterize degradation. I t  is demonstra ted that 
bit-error rate measurements  are by far the most  sensitive. It is shown that  elemental  tellurium, when stored under  normal 
office conditions, has an archival life of at least several years when the optical disk is in the form of an air-sandwich disk. 
Tellurium alloys fabricated into an air-sandwich disk have a projected archival life of at least ten years. The projections are 
based on bit-error rate measurements  on air-sandwich disks stored under  accelerated degradat ion conditions for peri- 
ods of several years. Storage conditions which allow condensat ion of water vapor must  be avoided. Experiments  With disks 
having tri layers and containing the normally excellent  tel lur ium alloys show rapid  degradation. Such degradat ion is be- 
lieved to result  from electrochemical corrosion. 

Digi ta l  opt ical  recording  (DOR) is a new tech-  
nology which has been proven  on a p i lo t  product ion  
scale to be capable  of s tor ing large  amounts  of da ta  
(1-9).  Large  area  and volumet r ic  densi t ies  have been 
achieved.  Densi t ies  as high as 1011 bits  per  12 in d i am 
disk and up to 5 X 1011 bits pe r  surface of a 16 in 
d i a m  disk have  been demonst ra ted .  The thickness  of 
a two-s ided  a i r - sandwich  d isk  and its protec t ive  ca r -  
t r idge  is about  1 cm. Hence, densit ies pe r  a rea  and 
volume are  signif icantly enhanced compared  to cur ren t  

* Electrochemical  Society Act ive  Member. 
Key words: films, optics, corrosion, failure. 

magnet ic  recording  technology.  I t  seems l~kely tha t  
commerc ia l  products  wi l l  be in t roduced  in  the. nea r  
fu ture  in an office env i ronment  and as da ta  processing 
per ipherals .  In e i ther  case, media  are  r equ i red  on which 
the informat ion is stored.  

The three  pa rame te r s  most  impor tan t  for a success-  
ful  opt ical  recording  med ia  m:e a rch iva l  life, resolut ion,  
and sens i t iv i ty  (10). Severa l  ma te r i a l s  such as organic 
dyes (4), t e l l u r ium and o ther  meta l  t r i l aye rs  (1~1-12), 
amorphous  mater ia l s  (13), magne to -op t i ca l  mate r ia l s  
(6),  t ex tu red  surfaces  (14), si l icides (15), and, of 
course, t e l l u r ium-based  alloys (9) have  been  inves t i -  
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gated by m a n y  researchers .  Most of these mate r ia l s  
have shown to have  adequa te  pe r fo rmance  cha rac te r -  
istics as fa r  as resolu t ion  and sens i t iv i ty  are  concerned.  
This is especia l ly  t rue  as long as the  highest  s to rage  
densi t ies  are  not  required.  Cur ren t ly ,  t e l l u r ium al loys 
a re  the only group of mate r ia l s  on which  sufficient da ta  
have  been col lected concerning a rch iva l  life. I t  wi l l  
be shown tha t  a rch iva l  l ife w i th  these al loys is exce l -  
lent.  I t  was shown p rev ious ly  (16) tha t  the a rch iva l  
l ife of a i r - sandwich  disks wi th  e lementa l  t e l l u r ium 
was severa l  weeks  when  s tored  under  accelera t ing 
conditions. The magn i tude  of the acce lera t ion  fac tor  
was unknown at  tha t  t ime. 

In  this  paper ,  we wil l  discuss the var ious  cr i ter ia  
which are  commonly  used for  measur ing  a rch iva l  l ives 
of opt ical  recQrding media.  I t  wi l l  be demons t ra ted  
tha t  the b i t - e r r o r  ra te  (BER) is a much more  sensi-  
t ive p a r a m e t e r  than o ther  commonly  measured  pa-  
rameters ,  such as reflectivity,  t ransmission,  and s ignal -  
to-noise  rat io  (SNR) .  Nevertheless ,  the  o ther  p a r a m -  
eters  a re  useful  for  in i t ia l  screening n e w  mate r ia l s  for 
the i r  a rch iva l  qua l i ty  in  opt ical  record ing  technology. 
Subsequent ly ,  var ious  s torage condit ions and the i r  
poss ible  influence on the a rch iva l  l ife of the opt ical  
d isk  wi l l  be discussed. This wil l  also uncover  in forma-  
t ion r ega rd ing  condit ions and precaut ions  which must  
be adhered  to and  taken  for  s torage  of these disks 
under  no rma l  ope ra t ing  conditions.  The s torage con- 
dit ions are  not  a r b i t r a r i l y  selected:  they  take  into 
considera t ion tha t  the DOR disk  is packaged  in the 
w e l l - k n o w n  a i r - s andwich  disk. We wil l  descr ibe  the  
a i r - sandwich  disk tha t  uses po lyme thy lme tha c ry l a t e  
(PMMA) subs t ra tes  in some de ta i l  and e labora te  on 
its features.  

Air-Sandwich Disk 
The a i r - s andwich  disk,  shown schemat i ca l ly  in 

Fig. 1, consists of two PMMA subst ra tes  each coated 
with  a 30 nm layer  of e lementa l  t e l l u r ium or  a te l -  
l u r ium alloy. Somet imes  a po lymer  or acryl ic  subbing  
l aye r  is appl ied  on the sabs t ra tes  p r io r  to meta l  depo-  
sition. Many  subbing  layers  have  a de t r imen ta l  effect 
on disk a rch iva l  life. The da ta  repor ted  here  refer  to 
disks wi thout  subbing  layers .  The two ind iv idua l  disks 
are  separa ted  by  spacers  at the  inner  and outer  rad i i  
of the  in format ion  band.  Typical ly ,  the  informat ion  
band is be tween  70 and 145 m m  rad ius  for a 300 mm 
d i am disk. The inner  spacer  is usua l ly  PMMA, which  
is bonded  with  t ransfer  adhesive to the two ind iv idua l  
disks. A n  a l t e rna t ive  method  uses a ho t -me l t  adhesive 
tha t  also serves as a spacer.  The wid th  of this spacer  
ex tends  f rom the inner  rad ius  of the  disk, i.e., 35-55 
ram. The outer  spacer  of the a i r - sandwich  disk is e i ther  
an adhesive open-ce l l  foam strip,  5 m m  wide, or 3 mm 
of hot  me l t  fol lowed by  a 2 m m  acryl ic  adhesive for 
added  s t rength.  Al l  spacers  are  1 m m  thick. Of course, 
meta l  film is depos i ted  on the inside surfaces of  the  
a i r - s andwich  disk. 

The advantages  of the  a i r - sandwich  s t ruc ture  are  that  
the  sens i t ive  ma te r i a l  is p ro tec ted  f rom envi ronmenta l  
effects such as dust  and ope ra to r  handling,  ,as wel l  as 

SURFACE SUBBING LAYER 

Te ALLOY LAYER 

% F 
PMMA / " ~ , _ _  SPACER / 

Fig. 1. Schematic diagram of air-sandwich disk 

that  any  par t ic les  and smudges,  such as f ingerprints ,  
are  out of focus as ~a resu l t  of the subs t ra te  thickness  
being 1-1.2 ram. Because the t e l lu r ium is inside the 
s t ructure ,  the  opera tors  are  pro tec ted  f rom the pos-  
sible ha rmfu l  effects of te l lur ium.  Also, one has a two-  
s ided disk. 

The t e l lu r ium al loys are  made  by  mix ing  the ap-  
p ropr i a t e  elements,  sea l ing them in a quar tz  ampul ,  
and h e a t i n g t h e  ampul  at a t empera tu re  of about  600 ~ 
The ahoy  is vacuum depos i ted  by  flash evapora t ion  
on the PMMA substrate ,  which is ma in ta ined  at  room 
tempera ture .  The average  evapora t ion  rate  is 0.1 nm/s .  

We find it essent ial  to use a i r - s andwich  disks for 
a rch iva l  testing,  because tes t ing of single disks is 
compJ2cated by  the l ack  of  protect ion of the me ta l  film 
f rom the environment .  The a i r - sandwich  s t ruc ture  was 
found to be necessary  for cont inuous op t imum per -  
formance.  Al t e rna t ive  pro tec t ive  s t ructures  for  the 
sensi t ive m e d i a  can be devised,  however ,  we  find the 
a i r - sandwich  d isk  s t ruc ture  s imple to fabr ica te  as wel l  
as easy to operate ,  and it a t ta ins  excel len t  a rch iva l  l ife 
proper t ies .  

Measured Parameters 
To obta in  informat ion  concerning the a rch iva l  p rop-  

ert ies of an opt ical  recording medium,  possible changes 
of opt ical  pa rame te r s  as a funct ion of t ime mus t  be 
measured.  Optical  reflection and t ransmiss ion are  of ten 
chosen for measurement .  They  are  useful  for  in i t ia l  
screening,  s ince they  he lp  ascer ta in  if a new ma te r i a l  
has any  potent ia l  a s  an optical  recording  medium.  
These two pa rame te r s  can be measured  wi thout  pe r -  
forming opt ical  recording.  We found, as is shown in 
Fig. 2, that  consistent  opt ical  t ransmiss ion is a p re -  
requis i te  for good archiva l  life, but  by  no means  is it  
sufficient. The optical  reflection, measured  at  488 nm, 
of our  t e l lu r ium a l loy  is t yp ica l ly  44%, whi le  the 
t ransmiss ion is t yp ica l ly  7%. The un i fo rmi ty  of these 
pa rame te r s  wi th in  the  d isk  and be tween  disks is 
•  re la t ive ,  corresponding to .a thickness var ia t ion  
of •  nm. 

Ano the r  p a r a m e t e r  for de t e rmin ing  archiva l  l ife of 
DOR disks  is the s igna l - to -noise  ra t io  (SNR).  Of 
course, this requires  that  ac tua l  record ing  must  be 
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Fig. 2. Com,parison of various media parametersr such as BER, 

slgnal-to-second harmonic (S/SH), signal-to-nolse ratio (S/N), and 
optical transmission (T) as a function of storage time, indicating 
that BER is the most sensitive parameter. 
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performed.  Somet imes  video informat ion  is recorded  
off the air,  and the SNR is measured  over  a 4.2 MHz 
bandwidth .  However ,  for digi ta l  opt ica l  recording,  one 
must  recognize that  t rans la t ion  f rom SNR to b i t - e r r o r  
rates  is not  necessar i ly  s t ra igh t fo rward .  We have  m e a -  
sured  the SNR of d ig i ta l  informat ion  (a t 4 .2MHz band-  
width)  and, as shown in Fig. 2, i t  was found to be a 
prerequis i te  for  good a rch iva l  life. However ,  the fact  
tha t  SNR remains  unchanged does not  necessar i ly  
imply  tha t  the d ig i t a l  recording med ium is s table .  
S imi lar ly ,  we have measured  the s igna l - to - second  
harmonic  rat io  and found a comparab le  behav ior  as 
for  the  SNR. 

The p a r a m e t e r  which we find mus t  be measured  
for  de te rmin ing  archiva l  l ife proper t ies  of opt ical  
recording  med ia  is the b i t - e r r o r  rate.  In  a l l  eases t h e  
p resen ted  da t a  app ly  to the uncorrec ted  or  raw BER. 
The uncorrec ted  BER provides  t rue  d isk  charac te r iza-  
tion. Upon app ly ing  e r ror  correc t ion  codes, the com- 
binat ion of the disk BER and tim correc t ing  electronics 
results  in a correc ted  BER. It  wi l l  be shown la te r  tha t  
wi th  uncorrec ted  BER's of 10:4 correc{ed BER's of 
be t te r  than  10 -9 can be obtained.  

In  Fig. 2 we have  p lo t ted  the BER as a funct ion of 
t ime for an a i r - sandwiah  disk coated wi th  30 n m  of 
e lementa l  te l lur ium.  Also p lo t ted  are  SNR, opt ical  
t ransmission,  and s igna l - to - second  harmonic  rat io  
( S / S H )  for this  same disk. I t  can be seen tha t  the BER 
ca tas t rophica l ly  inc reased  a f t e r  about  2 weeks s torage 
at  a t empera tu re  of 45~ and a re la t ive  humid i ty  of 
95%, while  the  o ther  three  pa rame te r s  shown in Fig, 2 
were  s t i l l  unchanged  even a f te r  3 weeks. This demon-  
s t ra tes  tha t  the BER must  be d i rec t ly  measu red  in 
de te rmin ing  the a rch iva l  l ife of DOlt  media.  

The reason for the  above-men t ioned  observat ion  is 
tha t  t ransmiss ion and reflection measurements  are  
macroscopic parameters .  The areas  involved in these 
measurements  are  typ ica l ly  large  compared  to the 
spot size used for ac tua l  recording.  While  the SNlt  and 
S / S H  ratios requi re  ac tual  recording,  the measured  
values  r ep resen t  an average  of  a microscopic p a r a m e t e r  
over  a large  area.  Hence, changes in the  10 -4  range  
cannot  be measured.  The BER, however ,  is a b i t - b y -  
bi t  compar ison of the recorded informat ion,  and i t  
s imply  ~ u n t s  the  n u m b e r  of t imes tha t  a bi t  does not  
correspohd to wha t  was recorded.  BER is a microscopic 
measurement .  Therefore,  it is sensi t ive to levels  much 
lower  than  10 -4, as when we observed BER's of 10 -7. 

Consequen t ly ,  we wil l  use BER to de te rmine  a rch iva l  
l ife of our  media .  

Storage Conditions 
In  o rder  to genera te  mean ingfu l  a rch iva l  data,  one 

mus t  specify  the s torage condit ions for the DOR a i r -  
sandwich  disks.  One expects  to specify  test  condit ions 
which accelera te  the  degrada t ion  phenomena  in a spe-  
cific, w e l l - k n o w n  wayr This assumes tha t  one knows 
the t e m p e r a t u r e  dependence  of the  chemical  react ions 
responsible  for  degradat ion ,  e.g., ,an exponen t ia l  r e l a -  
t ion with  t empera tu re .  In  the  case of semiconductors  
this is genera l ly  a safe assumption.  Fo r  DOR a i r - s and -  
wich disks wi th  t e l lu r ium al loys as the sensi t ive  med ia  
this  is not  n e c e ~ a r i l y  the  case. I t  is expect.ed tha t  
e levated  t empera tu res  and e leva ted  re la t ive  humidi t ies  
accelera te  the  degrada t ion  reactions.  Since we are  op-  
e ra t ing  wi th  PMMA substra tes ,  a prac t ica l  upper  t em-  
pe ra tu re  for  these  tests is app rox ima te ly  45~ A t  
h igher  tempera tures ,  the  PMMA deforms  i r revers ib ly .  
Consequently,  one of the s torage  condit ions which  was 
se lec ted  is 45~ and 95% re l a t ive  humid i ty  (RH).  
Ano the r  s torage  condi t ion is room ambient ,  which is an 
average  t e m p e r a t u r e  of 22~ and an average  R H  of 
50%. In  o rder  to di f ferent ia te  be tween  the influence of 
e leva ted  t empe ra tu r e  and increased RH, another  s to r -  
age condi t ion is 45~ and 50% RH. A cyclic s torag e 
condit ion where  the  t empe ra tu r e  was changed be tween  

25 ~ and 45~ wi th  8h cycles, r amps  of 2h, and a con-  
s tant  RH be tween  90 and 95% was also used. As ex-  
pected,  no degrada t ion  of the recording media  was ob-  
served when  s tored at 0~ Hence, as  far  as media  
test ing is concerned,  we have four different  s torage con- 
dit ions:  (i) 45~ and 95% RH, (ii) room ambient ,  (iii) 
45~ and  5O% RH, and (iv) cyclic. Tempera tu re s  a round  
0~ were  used to test  the s t r eng th  of the seal. Many 
adhesives work  wel l  at  room t empera tu r e  and higher,  
but  becomes br i t t le  at  f reezing tempera tures .  Thus, 
low t empera tu r e  tests were  pe r fo rmed  on b lank  disks 
to select the p roper  seal ing technology.  

Archival Life 
Mil le r  modula ted  pseudorandom bi t  pa t t e rns  were 

recorded on a i r - s andwich  disks and in some cases on 
single, open disks. The recorder  had  a He-Ne  laser,  a 
da ta  ra te  of 2 Mbit /sec ,  and a spot  size of 0.8 ~m 
FWHM. The spot  was focused th rough  the PMMA sub-  
s t ra te  onto the  e lementa l  t e l lu r ium or  the  t e l lu r ium 
alloy. When measur ing  the  average  BER, a band of 
about  1 cm wide was recorded  with  the bi t  pa t t e rn  
genera ted  and compared  b y  an HP 8088A. In other  
measurements ,  the  recording consisted of a single t rack  
of da ta  d iv ided  into 32 sectors, each with  protec t ion  
bits, c lock-synchroniza t ion  bits, etc. Bit  by  bi t  com- 
parisons were  made.  BER values,  as wel l  as various 
s ta t is t ica l  in format ion  about  the er ror  dis t r ibut ions,  
could be obtained.  

Typical  BER resul ts  for m e d i u m - q u a l i t y  s ingle open 
disks coated wi th  30 n m  of  e lementa l  t e l lu r ium are  
shown in Fig. 3. Clean room (class 100) ambien t  s tor -  
age conditiOns are  des igna ted  by  the open circles, and 
the 45~ l tH storage conditions are depic ted  by 
the tr iangles.  For  single open disks s tored at  45~ 
95% RH, ca tas t rophic  degrada t ion  occurs af ter  2 days. 
However ,  s tor ing such disks under  clean room ambien t  
conditions,  we observed tha t  even af te r  2 y r  they  
st i l l  had  an unchanged  BElt.  Whi le  we do not  suggest  
using such  open single disks these resul ts  show that  
e lementa l  te l lur ium,  when p rope r ly  stored,  is a good 
DOR medium.  

BElt  d a t a  on a i r - sandwich  disks coated wi th  30 nm 
of e lementa l  t e l lu r ium are  shown in Fig. 4. Room 
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Fig. 5. B~ER as a function of storage, time for a single open disk 
stored at 45~ and 95% RH, coated with 30 nm tellurium alloy 
and recorded with a pseudorandom bit sequence. 

ambien t  and  45~ RH are the storage conditions. 
Again these are typical  results. Storing at the ac- 
celerated conditions shows that  catastrophic degrada- 
t ion occurs after about 2.5 weeks. Comparing the 45~ 
95% RH data  in Fig. 3 and 4 indicates that  near ly  an 
order of magni tude  is gained in storage t ime for an 
a i r - sandwich  configuration compared with a single 
open disk. As would be expected from the data shown 
in  Fig. 3, it is seen in  Fig. 4 that  room ambient  storage 
shows no .change in  BER data after 2 yr. Dividing the 
storage times to catastrophic degradat ion obtained from 
Fig. 4 results in  an acceleration factor greater than 45. 
Again  we confirm here that  e lemental  te l lur ium 
med ium is far better,  as we have often claimed, espe- 
cially if used in combinat ion with the a i r -sandwich disk 
configuration. 

Alloying of se lenium in  the te l lur ium results in a 
significant improvement  for the archival  life of DOR 
dis'ks. The data shown in Fig. 5 and  6 are BER data 
as a funct ion of storage time for s ing le  open disks 
and a i r - sandwich  disks containing 30 nm of the tel-  
l u r ium-se l en ium alloy. For  single open disks stored at 
45~ RH and recorded with pseudorandom data, 
catastrophic .degradation occurs after 3 weeks. This is 
approximate ly  one order  of magni tude  longer than with 
e lemental  te l lur ium;  significant improvement  is ob- 
tained. Storing an a i r -sandwich disk at the accelerated 
conditions of 45~ RH shows that even after  
nea r ly  2 yr  no change has occurred in the BER; and 
an  improvement  of at least 30 is obtained. Figure 6 
also shows the data for room ambient  storage and the 
single open disk for comparison. 

While the average BER is a simple and useful  
description of disk performance,  the possibili ty of ap- 
plying error correcting codes to the recovered data 
means  that  we also need informat ion about  the sta- 
tistical d is t r ibut ion of the errors. Figure 7 shows such 
a distribution. It was measured over about 109 bits, 
and is the dis t r ibut ion of the lengths of burs t  er rors  
detected on a typical  med ium-qua l i t y  disk. Most of 
the errors are r andomly  occurring s ingle-bi t  errors. 
Relat ively simple error correcting algorithms are 
readi ly available, and  have ~peen used in recordings 
with BER's of bet ter  th.an 10:-9! 
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Fig. 6. Normalized BER as a function of storage time for tellurium 
ahoy coated disks stored under various conditions. 

Discussion 
Improvements  in storage times between a i r -sandwich 

disks and single open disks of 10 and 30 were estab- 
lished for disks containing elemental  te l lur ium and 
Te-Se alloys, respectively. These improvements  are 
a t t r ibuted to two possible factors. One is that  the air-  
sandwich structure protects the metal  film from im- 
mediate exposure to water  vapor and chemioal pol- 
lutants  in the air. The other is that the a i r -sandwich 
protects the meta l  film from dusL Dust probably  con- 
tains metal  particles, for which it has been established 
that  corrosion is enhanced significantly when contacted 
by the Te or Te-Se film in the presence of water  vapor. 
The electrochemical potential  difference be tween  a 
metal  particle and the sensitive film is believed to be 
a major  factor for this rapid degradation. Since the air-  
sandwich disks are fabricated in a ~class 100 clean room, 
the a i r -sandwich disks are like m}niature clean rooms 
themselves. Single open disks stored in  a dust-free 
(class 100 clean room) condition show an archival life 
of at least 20 months. 

From the acceleration factors stated earlier, up to at 
least 45, one can conclude that  the a i r -sandwich disks 
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containing the Te-Se al loy have an archival  life of at 
least 20 yr and possibly as high as 75 yr  under  normal  
ambient  conditions. The uncorrected or raw BER data, 
being in the 10 -5 to 10 -4 range, together with the 
BER distr ibution data (Fig. 7) and the application of 
error correcting codes, show that our data demonstrate  
that sufficient archival life exists for our DOR medium. 
In  magnetic recording, BER's of at least 10 - s  are re-  
quired for sufficient archival  life; however, this per-  
tains to measurements  after at least sector rewrites 
and is therefore not equivalent  to our uncorrected 
BER. As stated earlier, correcting algorithms have 
been used to obtain BER's of better  than 10-9. Suffi- 
cient archival life is often specified a s  10 yr under  
no~mal storage and operating conditions as are cur-  
rent ly  used in data storage operations. Thus, we con- 
clude that our  DOR medium is superior to the current  
archival  medium, i.e., magnetic  tape. For comparison, 

we tested a magnetic  tape at  the 45~ RH con- 
ditions. It  was observed that the data was unretr ievab!e 
after  a few days of storage. 

From our measurements ,  we can conclude that the 
storage conditions of 45~ RH indeed accelerate 
the degradation for elemental  t e l lu r ium and for tel-  
l u r ium alloys on single open disks and mos t l ikely also 
for a i r -sandwich disks with the alloy. However, from 
the l imited data at 45~ RH, where no degradation 
was observed after  more than a year of storage, and 
from the earlier shown data, we cannot draw con- 
clusions concerning the  degradat ion mechanism itself. 
Also, the cyclic storage conditions for which we have 
not shown data  because of redundancy  indicate that  
this env i ronment  gives the same BER data as a func-  
t ion of time as the 45~ RH conditions. Possibly, 
longer storage times would allow such differentiation. 
Our ma in  objective is to demonstrate  that  a te l lur ium 
alloy is an excellent  DOR medium for storage times of 
up to 10 yr. 

Measurements  of shelf-life of optical, recording disks 
coated with elemental  t e l lu r ium have been reported 
earlier (17). In these measurements ,  the recording 
sensit ivi ty was measured as a function of storage time. 
It  was shown that h igh-humid i ty  storage conditions 
:degrade the films rapidly; this agrees with our archival 
data. 

In  addit ion to the s ingle- layer  films deposited on the 
PMMA substrates,  we have also looked at the applica- 
t ion of this alloy in a t r i layer  or bi layer  configuration. 
Figure 8 is an optical micrograph of what  happens to 
a b i layer  consisting of 100 nm of a luminum covered 
with about 20 nm of our tell~urium alloy upon storage 
for a few days at 45~ RH. Large corroded areas 
are observed. While the original  BER was about 10 -4, 
the data could not be retrieved after this storage time. 
We believe that  such degradation results when two 
different metals are in conta,ct with each other ,  or, in 
the case of the tri layer,  separated by a dielectric several 
tens of n m  thick. As is well known in metal lurgy,  an 
electrochemical potential  difference is set up in such a 
structure.  In the presence of any water  vapor, a corro- 
sion process can be activated. This can either oxidize 
the mirror,  i.e., the a luminum,  or the sensitive medium, 
i.e., the te l lu r ium alloy. This corrosion process pro-  
ceeds much faster than the s,imple oxidation degrada-  
tion occurring with single te l lur ium alloy fihns in air-  
sandwich disks. It is l ikely to be a mechanism similar 
to the corrosion/degradation process observed in single 
open disks when stored at 45~ RH. 

Pig. 8. Photograph of a bilayer 
disk containing the telludum 
alloy showing severe degrada- 
tion. Degradation is believed to 
result from electrochemical cor- 
rosion. 
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The fact  that  the PMMA subst ra tes  which we have 
used in this s tudy  are  very  pe rmeab le  to wa te r  vapor ,  
and to a lesser  degree  to o the r  poss ible  pol lutants ,  
a ppa ren t l y  p lays  no ma jo r  role. Degrada t ion  is no 
problem.  The on ly  condi t ion which we found must  be 
adhered  to is tha t  condensat ion of wa te r  vapor  mus t  
be prevented .  This is easy to accomplish even for s tor -  
uge at 45~ RH. One s imply  m u s t  not  put  the 
disk af ter  removal  f rom the env i ronmenta l  chamber  
d i rec t ly  onto a cold table.  No condensat ion was ob-  
served  when the disks were  left  in ambien t  condit ions 
af ter  r emova l  f rom the e n v i r o n m e n t a l  chambers.  In  
fact, the permea 'b i l i ty  of PMMA to wate r  vapor  is an 
advantage.  F r o m  separa te  exper iments  we concluded 
that  the equ i l ib r ium wate r  vapor  pressure  inside the 
a i r - sandwich  disk is es tabl ished in app rox ima te ly  10 
min. This ce r t a in ly  helps  to prevent  condensat ion of 
wa te r  vapor,  since the equi l ib r ium wa te r  vapor  pres-  
sure  is obta ined  very  rapid ly .  

Conclusion 
Tel lu r ium alloys deposi ted  on PMMA substra tes  and 

fabr ica ted  into a i r - sandwich  disks have proven to have  
an archiva l  life, when s to red  at 45~ and 95% re la t ive  
humidi ty ,  of at  least  2 yr. F rom our  data  on e lementa l  
t e l lu r ium we conclude that  the  acce lera t ion  factor  is 
a t  least  10, and  possibly  as much as 45. Hence, an 
a rch iva l  l ife for  the a i r - sandwich  d isk  with the a l loy 
can safe ly  be ex t rapo la t ed  to an archiva l  l ife of at 
least  10 yr  when the disks a re  s tored and used in no r -  
mal  computer  room environments .  This shows a s ig-  
nificant improvemen t  over  magnet ic  tape, the cur ren t  
med ium for l o n g - t e r m  storage.  
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Protection of n.GaAs Photoanodes by Photoelectrochemical Grafting 
of Poly (3-Methyl-thiophene) and Poly (3,4-Dimethyl-thiophene) 

Films 
G. Horowitz, G. Touriflon,* and F. Garnier 

Laboratoire de Photochimie Solaire, C iV~R.S., 94320 Thiais, France 

ABSTRACT 

Very adhesive poly (3-methyl-thiophene) and poly (3,4-dimethyl-thiophene) films were photoelectrochemical ly grown 
o n plat inum-plated n-GaAs electrodes. The stabili ty of poly (3-methyl-thiophene)-coated photoanodes is dependent  on the 
nature of the counterion used during the synthesis of the polymer. Best results were obtained with SO~CF3-. No film peeling 
was observed after a 17 h run in a Fe(CN)64-j3- aqueous solution under  30 mW/cm 2 tungsten lamp illumination. This is attrib- 
uted to the greater densi ty and smaller porosi ty of the  polymer  grown with this counterion. However, corrosion of the 
photoanode occurred, because of the reduction of the polymer  to its neutral form where its conductivi ty is drast ically low- 
ered. Reduction of the polymer fil m was also observed with poly(3,4-dimethyl-thiophene), but  a comparison between the 
absorpt ion spectra of electrochemically and chemically reduced polymers  suggests that the electrochemical reduction is 
not complete.  This can account for the lack of photocorrosion of GaAs after a 4 h run in a Fe(CN)64-! ~- electrolyte. The use of 
more oxidizing redox couples prevented the reduction of the polymer  film, but  led to a rapid photodiss01ution of the 
electrode. 

The deve lopmen t  of semiconduc tor -based  photoelec-  
t rochemical  (PEC) solar  cells  is m a i n l y  l imi ted  by  the 
p rob lem of pho todegrada t ion  of smal l  bandgap  elec- 
trodes.  A good s tabi l izat ion of GaAs has been obta ined 
by  adding selenide to the e lec t ro ly te  (1-3).  More re -  
cently,  po lymer  coatings have been employed  to p ro-  
tect  semiconductor  photoelectrodes.  One of the  most  
r epor ted  po lymers  is po lypyr ro le ,  which  has been 

* Electrochemical Society Active Member. 
Key words: photoelectrode stabilization, conducting polymer, 

gallium arsenide. 

shown to be a good conduct ing e lec t rochemica l ly  syn-  
thesized organic  po lyme r  on Au  or  P t  e lectrodes (4).  
Long t e rm s tahi l iza t ion (up to 450h) has been repor ted  
on po lypyr ro l e -p ro t ec t ed  n - S i  in var ious  aqueous so- 
lut ions (5-7).  Pro tec t ion  of n - G a A s  by  po lymer  coat-  
ing seems to be a more  difficult task. The repor ted  
s tabi l i t ies  in aqueous solution are  10-20 rain wi th  po ly -  
py r ro l e  (8) and  2h wi th  po lys ty rene  pendan t  
Ru(bpy)32+ complex  (9). I t  has been shown recen t ly  
that  o the r  conduct ing organic  po lymers  of the  same 
group as po lypyr ro l e  can be e lec t rochemica l ly  goner-  



152 J. Electrochem.  Soc.: S O L I D - S T A T E  SCIENCE AND T E C H N O L O G Y  January  1984 

ated, e.g., poly th iophene  and po ly fu ran  (I0). In  this  
paper ,  we show that  ve ry  adhesive fimzs of po ly (S-  
me thy l - th iophene)  and po ly (3 ,4 -d ime thy l - th iophene ) ,  
hereaf te r  cal led PMeT and PMe2T, can be pnotoelec-  
t rochemica l ly  gra f ted  on p l a t i n u m - p l a t e d  n -GaAs .  The 
protect ion oK the electrodes is shown to be dependent  
on the na tu re  of the  counterion.  Corrosion or pass iva-  
t ion of the GaAs surface  m a y  occur, depending on the 
counter ion and the monomer .  An  a t t empt  is made  to 
expla in  the lack of lor~g-term s tabi l izat ion of n - G a A s  
by  means  of conduct ing organic  polymers .  

Experimental 
Electrodes were  p repa red  f rom (100) and (111) 

n -GaAs  wafers  purchased  f rom RTC-Caen  (F rance ) .  
The doping level  ranged  f rom 1.5 to 2.5 X 101~ cm -a.  
Ohmic contacts were  made  by  evapora t ing  A u - G e  allos, 
and annea l ing  at  400~ under  N~ atmosphere .  A copper 
wire was a t tached  to the back contact  wi th  s i lver  epoxy  
cement.  The wafers  were  then  mounted  on glass tubes  
wi th  Tor r  Sea l  (Var ian)  resin. The active surface was 
pol ished wi th  1 pan d iamond  paste  and etched in 5 %  
b r o m i n e , m e t h a n o l  for 5-10s. I t  was then r insed  
thorough ly  w i th  ethanol .  

The p l a t i n u m  e lec t rop la t ing  was car r ied  out  in the  
da rk  under  --0.6 to --0.7 V/SCE cathodic polar iza t ion  
in an aqueous solut ion of (NH4)2PtCl6 and LiC104. 
Elec t rodeposi t ion  of po lymers  was pe r fo rmed  under  
tungsten i l lumina t ion  (ca. 30 m W / c m  2) in acetoni t r i le  
solutions conta ining 0.1M suppor t ing  sal t  and 1M dis-  
t i l led 3-methy!  or  3,4 d~methyl- thiophene.  The suppor t -  
ing e lec t ro ly te  was LiC104, Bu4NBF4, or Bu4NSO3CFa. 
The quan t i ty  of deposi ted Pt, as wel l  as the po lymer  
film thickness,  were  fol lowed by  using a d igi ta l  coulom- 
eter.  In te r fe romet r i c  measurements  tha t  were  car r ied  
out on p l a t inum electrodes s,howed a l inear  var ia t ion  
of the thickness of e lec t rodeposi ted  PMeT films as a 
function of the charge,  wi th  a slope of 10 A / m C  • 
c m - ~ ) .  This value  was used for  de t e rmin ing  the film 
thickness on p la t in ized GaAs. The s tab i l i ty  of p ro-  
tected n - G a A s  photoanodes w a s  tested by  measur ing  
the shor t -c i rcu i t  cur ren t  vs. t ime of an i l lumina ted  
cel l  wi th  a load resistan, ce of 1~. Elect rolytes  were  
p repa red  wi th  r e agen t -g r ade  chemicals  and dis t i l led  
water .  S t ab i l i t y  tests were  pe r fo rmed  in two different  
redox solutions:  (i) 0.1M K3Fe(CN)8 and 0.1M K4Fe(CN)6 
in 0.1M KC1 (pH --_ 7.3), and (ii) 0.1M FeC12 and 0.]M 
FeC13 in 0.1M HC1 (pH : 1.0). I - / I 3 -  and B r - / B r 2  
aqueous solutions were  p repa red  a s  follows: 1M KI, 
0.1M I2, 0.2M KCI and 0.2M KBr,  0.02M Br2, 0.1M KC1. 
I l lumina t ion  was ob ta ined  wi th  a tungsten l amp and 
was roughly  es t imated  as 30 m W / c m  2 with  no cor-  
rect ion for absorpt ion  by  the solut ion and po lymer  film. 

ResuJts 
Table I gives the po lymer iza t ion-onse t  potent ia ls  of 

pyr ro le  and th iophene  der iva t ives  on Pt  and i l lumi -  
na ted  p l a t i n u m - p l a t e d  n - G a A s  electrodes.  At tempts  to 
grow po ly th iophene  der iva t ive  films on naked  GaAs 
led to ve ry  inhomogeneous films, p robab ly  because 
corrosion competes  with po lymer iza t ion  at  the poten-  
t ia ls  used. No improvemen t  was obta ined  by  etching 
the e lect rode in 1:1 H2SO4/H~Oe solution, or  by  ru the -  

Table I. Polymerization onset petentlol on platinum and 
illuminated platinized n-GaAs electrodes. Electrolytic, solution: 

CH3CN-O.1M, supporting salt-IM monomer. The onset potentials 
do not depend on the nature of the supporting salt. 

Polymerization onset potential 
(V v s .  SCE) 

Monomer Pt Illuminated n-GaAs/Pt 

Pyrrole 0.8 0.2 
3-Me Thiophene 1.4 0.8 
3,4-Mes Thiophene 1.3 0.7 

nium p re t r e a tme n t  (1). Very  adhesive  films could be 
grown on p l a t i num-p l a t e d  t~aAs electrodes.  The best  
resul ts  were  obta ined  wi th  a charge of 10 m C / c m  2, 
corresponding to a thickness  of about  20A of p la t inum.  
Soanning e lec t ron micrographs  of a p la t in ized elec-  
t rode showed tha t  P t  films a r e  not  continuous and 
tend to leave uncovered islands. However ,  continuous 
po lymer  films could be grown on such p re t r ea t ed  
electrodes.  

L inear  sweep cyclic vo l t ammograms  of PMeT-  
covered P t  and i l lumina ted  platinized-Ga_As electrodes 
are  shown in Fig.  1. I t  mus t  be poin ted  out  tha t  the  
oxidat ion peak  is observed on &aAs only  under  i l -  
luminat ion,  whereas  the reduct ion peak  can also be 
obta ined in dark .  The 0.6V cathodic shift  of the peaks  
is s imilar  to the one observed on  the po lymer iza t ion  
onset potent ials .  

The ~dhesi0n of po lymer  films was checked by  ap-  
p ly ing  a piece of adhesive tape on the e lec t rode  and 
peel ing i t  off. No r emova l  of the  po lymer  film was ob-  
ta ined  for both PMeT and PMe2T. 

The corrosion behavior  of a naked  GaAs elect rode 
in an aqueous solut ion depends  on the pH of the elec-  
t ro ly te  (11, 12). At  neu t ra l  pH (e lec t ro ly te  i ) ,  both  
As208 and Ga2Os are  stable,  and GaAs is r ap id ly  
covered with  an oxide layer ,  l ead ing  to a sharp  de-  
crease of the photocurrent ,  as shown by  the dashed 
curve in Fig. 2. In  a~cidic e lec t ro ly te  (ii), Ga20~ is 
comple te ly  soluble, and a continuous dissolut ion of the 
e lect rode is observed,  wi thout  any  decrease of the 
photocurrent .  P la t in iza t ion  did not  change  the corro-  
sion behavior  of GaAs, p r o b a b l y  because of the d is -  
continuous charac ter  of the  e lec t rodeposi ted  P t  films. 

The evolut ion of the pho tocur ren t  wi th  t ime in 
e lec t ro ly te  i is shown in Fig.  2, 3, and 4 for  different  
po lyme r  films. The rap id  decrease  occurr ing wi th in  the 
first minute  is associated wi th  an e lec t rochemical  re-  
duct ion of the  film to its neu t ra l  form. This reduct ion  
is ev idenced by  the change of  color f rom d a r k  b lue  
to red  for  PMeT, and f rom da rk  blue to pale  b lue  for 
PMe2T films. I t  has also been verified by  measur ing  
the rest  potent ia l  of the  e lec t rode  in an acetoni t r i le  
solut ion of the  supporting, salt .  The fi lm could then 
be reoxidized to its conduct ing form. The rap id  de -  
crease of the photocur ren t  can then be a t t r ibu ted  to 
the increase of the ohmic resis tance of the  po lymer  
film, as wil l  be discussed in the fol lowing section. 

F igure  2 corresponds to a P M e T - B F 4 -  film. I t  is 
wor th  not ing the increase of the pho tocur ren t  dur ing  
the first hour. Dur ing  the course of the  exper iment ,  a 
whi te  insoluble  deposi t  appea red  on the surface, 
which g radua l ly  covered the electrode,  leading  to a 
decrease of the photocurrent .  The expe r imen t  was 
i n t e r rup ted  a f te r  3h and  t.he e lec t rode  was r insed  in 
dis t i l led  wate r  and b lown dry. The deposi t  appeared  
as l i t t le  pel lets  of oxide that  have  grown over  the 
po lyme r  film. This l a t t e r  was st i l l  covering the whole 
e lect rode surface.  Af te r  removing  the oxide  pel le ts ,  
po lymer  film corrosion pits could be seen on the elec-  
trode. The j - v  character is t ic  measured  before  the s ta -  
b i l i ty  test  is shown in the inset  of Fig. 2. The values  
for the pa ramete r s  of the cor responding  power  curve 
are  the following. Shor t -c i rcu i t  cur ren t  dens i ty :  5.7 
mA/cm2. Open-c i rcu i t  voltage.  0.54V. F i l l  factor:  0.50. 
The power  efficiency at  30 m W / c m  2 is thus 5%. An effi- 
c iency of 10.5% has been repor ted  for po lypy r ro l e -  
coated n - G a A s  in methanol  (8). A t t empt s  to obta in  
power  curves for uncoated GaAs fai led because  of the  
r ap id  pass iva t ion  of the  electrode.  

S imi la r  behavior  was observed wi th  PMeT-C104-  
films, wi th  a photocur ren t  m a x i m u m  occurr ing a f t e r  
only  15 rain. 

The pho tocur ren t  vs. t ime behav ior  of a PMeT-  
SO3CF3- film covered e lec t rode  is shown in Fig. 3. 
No deposi t  appeared  over  the  film af te r  17h. We ob-  
served a s low decay of the  photocurrent ,  which c a n  
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Fig. 1. Cyclic voltammogram 
of PMeT-BF4- on platinum 
and illuminated platinized-n- 
GaAs electrodes. Illumination by 
a tungsten lamp at 30 mW/cm 2. 
Scan rate: 50 mV/s. 
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Fig. 2. Short-circuit current vs. time for a bare (---) and PMeT- 
BF4--coated platinized ( ) n-GaAs photoanode, in aqueous 
0.1M K3Fe(CN)6, K4Fe(CN)6, KCI solution. The polymer layer is 
1000A thick. Illumination by a tungsten lamp at about 30 mW/ 
cm 2. A voltammetric curve for the protected electrode is shown in 
the inset (scan rate: 200 mV/s). 

be a t t r ibuted to the passivation of the semiconductor.  
Some corrosion pits were visible at the electrode sur -  
face af ter  removing the polymer film. 

The best protection was obtained with PMe2T- 
S Q C F ~ -  films, as shown in Fig. 4. No deposits on the 
film or corrosion pits on the electrode were observed 
after a 4h run  under  tungsten  lamp i l luminat ion.  

Exper iments  in solution ii led to similar results with 
all the polymer  films. After about lh  under  i l lumina-  
tion, the film cracked and peeled off the electrode. 
Dissolution of GaAs occurred dur ing  the course of the 
experiment.  

Finally,  Fig. 5 shows the correlat ion between the 
equi l ibr ium redox potent ial  and the open-circui t  volt-  
age (Vow) for a GaAs /P t /PMeT photoanode. Voc was 
taken as the difference between the onset of the photo- 
current  and the redox potential. The l inear  variation 

~t /  ~ 1'0 1~ 
minutes hours 

Time 

Fig. 3. Same as Fig. 2 for a GaAs/Pt/PMeT-SO~CFs- elec- 
trode. Film thickness: 1000A. 

observed has also been :reported for other GaAs/poly-  
mer  PEC cells (8, 9), and suggests the absence of 
Fermi  level pinning,  at least wi th in  the voltage range  
0.2-0.8 V/SCE. 

Discuss ion  
The lack of long- te rm stabilization of polymer-  

coated n-GaAs in aqueous solutions originates from 
film peeling that occurs after 10-20 min  with polypyr-  
role (8), and 2h for polystyrene Ru(bpy)32+ complex 
(9). With PMeT and PMe2T, one of the most remarkable  
features is that  film peeling only occurs after a sig- 
nifican~ corrosion of the photoanode. This is par t icu-  
lar ly  evident  in solution ii, where the GaAs dissolution 
is not prevented by the polymer, and where the film 
peels off the electrode only after a substant ia l  corrosion 
of the electrode. Moreover, a PMeT-SO~CF3--coated 
electrode could be r un  for 17h in solution i without  
any film peeling. 

The explanations can be given for the corrosion of 
polythiophene protected electrodes; first, the reduc-  
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Fig. 4. Same as Fig. 2 for a 
GaAs/Pt/PMe2T-SO~C F~- elec- 
trode. Film thickness: 750A. 
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t i on  of  t he  f i lm to i ts  n e u t r a l  ( s e m i c o n d u c t i n g )  fo rm,  
a n d  second ,  t h e  p o r o s i t y  of t h e  film. 1 

The  p o r o s i t y  of t h e  p o l y m e r  is c l e a r l y  s h o w n  b y  t h e  
g r o w t h  of o x i d e  pe l l e t s  o v e r  t he  f i lm w i t h  P M e T - B F 4 -  
a n d  P M e T - C 1 0 4 -  in  e l e c t r o l y t e  i. Th i s  f e a t u r e  cannot-  
b e  e ~ p l a i n e d  w i t h o u t  a s s u m i n g  t h a t  G a  o r  As  ions  
a r e  ab l e  to get  t h r o u g h  t h e  p o l y m e r  to t he  e l ec t ro ly t e .  
T h e  p o r o s i t y  of  P M e T  f i lms s e e m s  to b e  d e p e n d e n t  on  
t h e  n a t u r e  of  t he  c o u n t e r i o n  u s e d  fo r  t h e  e l e c t r o c h e m i -  
cal  s y n t h e s i s ,  s ince  n o  ox ide  g r o w t h  w a s  o b s e r v e d  
w i t h  SO3CF3- .  Th i s  is c l e a r l y  s h o w n  b y  t h e  s c a n n i n g  
e l e c t r o n  m i c r o g r a p h s  of  r e d u c e d  P M e T  fi lms,  grown.  
on  p l a t i n u m  e l e c t r o d e s  s h o w n  in  Fig. 6, w h i c h  r e v e a l  

1 one of the re ferees  suggested that the photocurrent bump in 
Fig. 2 and 4 could be due to a light filtering effect originating 
from a decrease ot the polymer absorption (see Fig. 7) as it is 
reduced. This can be discarded, since the reduction occurs within 
the first minute of the stabil ity test ,  whereas the photocurrent 
increase is a much longer process. 
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a m u c h  h i g h e r  d e g r e e  of p o r o s i t y  of  f i lms o r i g i n a l I y  
g r o w n  w i t h  C104-  c o u n t e r i o n .  T h e  m o r e  space  f i l l ing  
c h a r a c t e r  of S Q C F z -  f i lms cou ld  be  a t t r i b u t e d  to a 
b e t t e r  m a t c h  b e t w e e n  t h e  sizes of t h e  t h i o p h e n e  m o l e -  
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Fig. 5. Open-circuit voltage of a GaAs/Pt/PMeT-BF4- photo- 
anode-Pt counterelectrode PEC cell as a function of the redox 
potential of the electrolyte. The illuminatien is a 30 mW/cm 2 
tungsten light. Polymer film thickness: 1000A. 

Fig. 6. Scanning electron micrograph of 3000.~-thick reduced 
PMeT films on platinum. (a) Film grown with CIO4-  counterion. 
(b) Film grown with SO8CF3- counterion. 
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cule and the counterion. Studies of PMeT grown on 
P t  substrates have shown a higher density of the poly- 
mer  with SO~CFs- counterion, which could be ex- 
plained by a smaller  distance between the polymer 
chains (13). 

Reduction of the polymer  film occurred in both 
electrolytes i and ii. It is shown by the rapid photo- 
cur ren t  drop that takes place wi thin  the first minute  
of the experiment.  The reduction was clearly evidenced 
by put t ing back the electrode in an acetonitri le solu- 
tion where the PMeT film could be reoxidized as de- 
scribed in the previous section. A probable explana-  
t ion of the polymer  reduct ion is ,a positive shift of the 
redox peaks of PMeT from their  position in acetonitrile; 
a shift of ca. 0.35V has been observed on P t /PMeT 
electrodes (14). Corrosion of the photoanode could 
then occur, because the photocarriers a re  not  drained 
rap,idly enough towards the electrolyte through the 
polymer  film. The polymer reduction can also account 
for the low power efficiency (5%) observed on PMeT- 
coated GaAs photoanodes. 

The reduct ion of the polymer  induces a change of 
its color and  absorption spectrum. A complete dedoping 
can be obtained chemically in ammonia.  This gives red 
PMeT and  yellow PMe2T. The red color is also ob- 
tained on electrochemically reduced PMeT. Fur the r -  
more, e lemental  microanalysis  showed a doping level 
of 0.005% for chemical ly reduced and 0.010% for 
electrochemically reduced (at --0.2V/SCE) poly-3- 
methyl thiophene.  For comparison, the doping level of 
the conduct ing form is about  30%. The corresponding 
conductivities are 30 (~ • cm) -1 for the oxidized 
form and 10 -7 (s2 • cm) - I  for the reduced form (these 
values were measured on pressed pellets).  Then, the 
PMeT-coated electrodes are worked with a neut ra l  
(quasi- insulat ing)  protective illm; this explains the 
corrosion observed in electrolyte i. 

The pale blue color of reduced-PMe2T films indicates 
that  the reduct ion of this film is only partial. Absorp- 
tion spectra of oxidized and reduced-PMe2T films are 
shown in Fig. 7. These spectra were measured on 
PMe2T films grafted on semi t ransparent  Pt  electrodes. 
A complete ele,ctrochemical reduction of the film, 
leading to an  absorption spectrum similar  to the one 
measured on chemically reduced PMe2T, is only ob- 
tained at a highly reducing potential  ( - -4V/SCE) .  
The polymer film reported in Fig. 4 is then only par t ly  
dedoped. This explains the smaller  value of the init ial  

Fig. 7. Absorption spectra of 
oxidized and electrochemically 
reduced PMe2T-CIO4- films. 
The spectrum of the film reduced 
at --4V/SCE is equivalent to the 
one obtained for chemically re- 
duced polymer. Polymer flfm 
thickness: 1000A. PMe2T films 
grafted on semi-transparent Pt 
electrodes. 

8oo = 

photocurrent  drop, and can account for the bet ter  
stabil i ty of a PMe2T-coated GaAs photoanode. 

The reduct ion of the polymer film could be prevented 
by using a more oxidizing redox couple. A tr ial  has 
then been performed with a B r - / B r ~  aqueous solution. 
The exper iment  led to a rapid corrosion of the photo- 
anode with the formation of white insoluble Ga and As 
bromide. However, the blue color of the PMeT film 
proves that it has stayed in its conducting form. The 
open-circui t  voltage measured in this redox couple is 
surpr is ingly  high: 1.20V, approaching the bandgap of 
GaAs (1.42 eV). It  can be compared to the value re- 
ported by Noufi et al. on polypyrrole-coated GaAs (8) : 
1.37V in Fe(CN)P, 4 - / a - ,  NaOH aqueous solution. It 
must  be noted that the values reported in Fig. 5 can- 
not be  related to corrosion, since they have been mea-  
sured at open circuit, with no net current  flowing 
through the electrode. 

Conclusion 
Electrodeposition of PMeT and PMe2T films on GaAs 

seems to be more difficult than on polypyrrole.  Pre-  
deposition of p la t inum was necessary in order to obtain 
homogeneous films. However, very adhesive films were 
grown. They resist to the adhesive-tape peel test, and 
still  adhered to the electrode .even when corrosion 
evolved. The protection against  photocorrosion is only 
partial, because of the porosity of the film and its re-  
duction to its neut ra l  form. Long- term stabilization 
could be reached if a compromise is found between the 
nonreduct ion of the polymer  film, which requires a 
higher oxidizing redox couple, and the enhanced cor- 
rosion of GaAs with such a couple. 

Manuscript  submit ted June  1, 1983; revised manu-  
script received Sept. 7, 1983. 
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ABSTRACT 

The effect of reactive ion etching on silicon surfaces with NF~ diluted with argon and nitrogen was studied. Similar to 
the pure NF3 case, the Schottky barrier height was increased for p-Si and decreased for n-Si. This barrier modification was 
most effective at - 10% NF3, while the silicon-etch rate was reduced by an order of magnitude, as compared to pure NF3. The 
degree of ion bombardment,  as inferred from substrate dc bias, reached a maximum at -20% NF3 for argon-diluted cases, 
but increased monotonically from pure NF3 to pure N2 for nitrogen-diluted cases. Optical emission spectra indicated that 
atomic fluorine concentration decreases with increasing diluent content for both plasmas, with molecular nitrogen being 
the major product detected. 

Reactive ion etching (RIE) is becoming a commonly 
used processing technique in pa t tern ing high-resolu-  
tion structures in integrated circuits, because it com- 
bines the high selectivity of plasma etching with the 
anisotr0py of sputter  etching. Various thin film mate-  
rials have been etched under  a wide range of condi- 
tions (1). However, the surface properties of silicon 
after RIE have not been investigated in detail. In 
prior works, fluorocarbons were usual ly  used, and 
several  s t ruc tura l  (TEM and RHEED) and electrical 
measurements  (MOS retent ion time, DLTS) were per-  
formed on the etched surfaces (2-5). Also of relevance 
are two previous studies using low-energy  ion beams 
to s imulate  the damages created dur ing plasma etch- 
ing, one using argon (6), and another  using chlorine 
and fluorine as well  as argon (7). All  these studies in -  
dicated that p lasma- induced damages result  in changes 
in Schottky barr iers  and carrier lifetime, but  high- 
tempera ture  anneal ing  can at 16ast par t ia l ly  el iminate 
these changes. Our interests in s tudying the phenom-  
enon of RIE-re la ted damages are in its applications for 
control lably modifying Schottky barr ier  heights. An 
al ternat ive  technique towards this end is low-energy 
implanta t ion  of dopant atoms (8, 9). 

In  this paper, an examinat ion  of silicon surfaces after 
RIE with NF3-based plasmas b y  Schottky-diode char- 
acteristics and secondary ion mass spectrometry 
(SIMS) is reported. The discharge characteristics were 
monitored in situ with optical emission spectroscopy 
and  substrate dc voltage measurements ;  they too are 
reported herein. 

Experimental Procedure 
The RIE was performed in a commercial, paralIel-  

p la te- type reactor (Plasmatherm PK 1241). p-Type, 
( l l l ) - o r i e n t e d  and n- type,  (!00)-oriented,  silicon 

Key words: discharge, diodes, surfaces, spectra. 

wafers with a resist ivity of 1-4 ~ - c m  were cleaned in 
the usual  manne r  prior to loading into the reactor. 
They were then etched with 50-200W of RF power. The 
dc bias developed on the RF electrode was monitored, 
but  the plasma potential  was not  directly measured. 
The conditions used for the RIE were: gas flow rate of 
5-10 sccm, pressure of 60-90 mtorr,  substrate  tempera-  
ture of 4O~ etching time of 10 min, and electrode 
spacing of ,~5 cm. An automated optical spectrometer 
scanning between 200 and 800 nm was used to analyze 
the plasma emission spectrum. After  RIE and a s tan-  
dard cleaning cycle with H~O2/HzSO4, hot ni tr ic  acid, 
and HF dip, gold dots (1 mm diam and 2000A thick) 
were e-beam evaporated using shadow masks. Back 
ohmic contacts were formed by evaporat ing ~1 #m of 
A1. (The back side of the n - type  wafers were implanted 
with phosphorus at  1 • 1015/cm 2 and then activated 
before RIE and A1 deposition.) On some samples, A1 
was used to check the effect of the Schottky metal. 
SIMS was performed with a Cameca IMS 3-f ion 
microscope with a cesium pr imary  beam of impact 
energy of 17 keV and negat ive ion sampling. 

Results 
Previously, we have reported that RIE with pure 

NF3 leads to a gradual  increase in Schottky bar r ie r  in 
p-Si  and a decrease in n-Si  with increasing applied RF 
power up to 200W (10). After RIE, the silicon surface 
was examined with SIMS to determine the composition 
of the surface layers. A marked increase in fluorine 
(M/e of 19) was found; its in tegrated in tensi ty  is 

shown in Fig. 1 as a funct ion of applied RF power. It  
was also determined that  fluorine was present  0nly  up 
to ~500A. Other species, such as S i N -  and A 10- ,  were 
also found to be significantly higher on the etched 
surfaces, but  no systematic dependences on RF power 
were seen. The origins of the n i t rogen and a luminum 
species are a t t r ibuted to NF3, and reactor electrodes 
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reactor. 
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1~ and N2 increase  sl ightly,  as shown in Fig. 3. 
One of the ma jo r  l imi ta t ions  of using pure  NFa 

p lasma for Schot tky  ba r r i e r  ta i lor ing  is its e x t r e m e l y  
fast  si l icon etch ra te  (11, 12). I t  has been prev ious ly  
demons t ra ted  that  iner t  gases can be used as di luents  
in reducing  po ly -S i  and MoSi~ etch ra tes  (12). Under  
the presen t  condit ions used for  RIE, pure  NF3 plasmas  
etched crys ta l l ine  silicon quickly  (~5000 A / m i n ) ,  but  
d i lu t ing to only  10-20% with  argon or  n i t rogen  reduced 
the etch ra te  by  about  an o rde r  of magni tude .  F igure  4 
i l lus t ra tes  this t rend  for the case of 200W and 60 mtor r  
at  40~ Also shown is the etch ra te  of a posi t ive photo-  
res is t  (AZ1470) which ha rd ly  changes wi th  di lut ion.  

In  general ,  the Scho t tky  bar r ie r s  were  modified in 
these d i lu ted  p lasmas  in a w a y  s imi la r  to those ob-  
ta ined  wi th  NF~ alone. The I - V  character is t ic  of an 
unetched A u / n - S i  device is shown in Fig. 5, together  
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Fig. 4. The siliconand positive photoreslst (AZ1470) etch rates 
as a function of concentration of NF3 diluted with argon and nitro- 
gen. An RF power of 200W, a pressure of 60 mTorr, and a sub- 
strafe temperature of 40~ were used. 

and chamber  walls,  respect ively .  
F o r  100% NF~ plasmas,  the opt ical  emission in tens-  

i t ies of atomic fluorine and molecular  ni t rogen,  as 
wel l  as the subs t ra te  dc bias, increases wi th  increas ing 
RF power  (Fig. 2). This increase is due to the en-  
hanced dissociation of the NF3 molecules.  However ,  
the subs t ra te  bias decreases r ap id ly  at  h igher  p res -  
sures,  whi le  the opt ical  emission intensi t ies  of both  

Fig. 5. I-V characteristics of Au/n-Si diodes after RIE (200W and 
60 mTorr) in various NFJAr gas mixtures, a: unetched [control). 
b: 42. r 24. d: 11% NF~ in argon. 
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with those of samples etched in 11, 24 and 42% NF3 in 
NFJargon.  A decreasing barrier is seen with decreas- 
ing NFs content. Figure 6 shows the I-V characteris- 

Fig. 6 .  I - V  characteristics of Au/n-Si diodes after RIE in various 
NF,~/N~ gas mixtures, a: unetched (control). b:  3 2 .  c :  2 4 .  d :  11% 
NF,~ in nitrogen. 

Fig. 8. I-V characteristics of Au/p-Si diodes after RIE in various 
NF~Ng. gas mixtures, a: 32. b: 24. c: 11% NF~ in nitrogen. 

Fig. 7. I-V characteristics of Au/p-Si diodes after RIE in various 
NFJAr gas mixtures, a: unetched (control). b: 24. c: 11% NF~ in 
argon. 
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tics of Au/n-Si  samples etched in nitrogen-diluted NF3 
plasmas. A similar decreasing trend in barrier height 
can also be observed. Figure 7 and 8 show the I-V be- 
havior of gold/p-silicon diodes exposed to N F J A r  and 
NFJN2 plasmas, respectively. An increase in barrier 
height was seen with decreasing NFs percentage when 
compared to the unetched sample. 

By measuring log current v s .  voltage under forward 
and reverse biasing conditions, the Schottky barrier 
height and ideallty factor can also be deduced. These 
two parameters are shown in Fig. 9 as a function of gas 
composition of both Ar- and N2-diluted plasmas for the 
Au/n-Si  devices. A larger barrier-height change is 
accompanied by a greater deviation from unity of the 
ideality factor. For the p-Si devices, large vaiues of 
n (1.3-1.5) were obtained. Similar characteristics were 
observed for devices with aluminum for the Schottky 
metal. 

Substrate dc bias can be used to infer the degree of 
ion bombardment during RIE. Generally, it is higher 
during silicon etching than in an unloaded chamber. 
Also, different variations in this voltage were observed, 
dependent on whether argon or nitrogen was used for 
dilution. When the plasma becomes less NF8 rich with 
argon addition, the voltage increases up to ,~20% of 
NF3. Further dilution leads to a gradual drop until 
pure argon is reached (Fig. 10a). A monotonic increase 
has been observed with increasing nitrogen content, 
and the maximum occurs at pure N:2 (Fig. 10b). 
Despite the, different trends described, the dc biases for 
these two types of plasmas at the composition of most 
interests (10-20% NF3) only differs slightly. 

When the gas composition varies, there are substan- 
tial changes in concentrations of constituent atoms and 
molecules. These changes were monitored with optical 
emission spectroscopy for reactor under empty and 
silicon-loaded conditions. In these plasmas, the major 
spectral lines have been attributed to atomic fluorine 
(703.7 nm), argon (706.7 nm), and molecular nitrogen 
(297.7 nm). While the most intense Ne line is at 337.1 
nm, we have chosen to monitor the 297.7-nm line be- 
cause its intensity range is closer to those of argon and 
fluorine. Spectral lines that may be traceable to atomic 
nitrogen, F2or NFx (x ---- 1, 2, 3) were not identified. 

In general, atomic fluorine concentration (as in- 
ferred from line intensity) decreases with increasing 

dilution. Since atomic fluorine is believed to be the 
species responsible for silicon etching in fluorine-based 
plasmas (13), the decrease in silicon with decreasing 
NF8 percentage can be explained by the decrease in 
reactant concentration. The presence of a silicon wafer 
on the cathode (~10% area coverage) drastically re- 
duces the 703.7-nm line intensity (by N70%). As 
shown in Fig. 11, for either an empty or silicon-loaded 
reactor, the decrease in fluorine emission varies 
linearly with decreasing NF~ percentage, except at the 
extremes of the composition range. Furthermore, there 
is little difference between the At-  and N2-diluted 
cases (Fig. l la  v s .  b), indicating that nitrogen does not 
significantly suppress fluorine generation. However, 
such a correlation was not observed for NF~ diluted 
with He in a dc hollow-cathode reactor (!4). The rea- 
son is probably because of the difference in  diluent 
nature (helium v s .  argon and nitrogen) and in reaotor 
.configuration. While the variation of the other con- 
stituents (mostly argon and/or nitrogen) is monotonic 
for argon-diluted NF3, it is not for the N2-diluted ones 
(Fig. 12 and 13). As expected, the molecular nitrogen 
intensity increases with increasing nitrogen content, 
but at ~10% NF~ it reaches a local minimum, probably 
due to other competing reactions involving fluorine 
and nitrogen atoms. Furthermore, it can be noted that 
in the NFs/Ar case, the steep decrease in argon line 
intensity also occurs at low NF3 percentage. In con- 
trast to fluorine, loading the reactor with silicon only 
changes the levels of argon and nitrogen slightly, con- 
firming their inert chemical nature in the etching 
reactions. 

When only inert gases (argon and nitrogen) were 
used for RTE, the Schottky barrier change is very 
much dependent on reactor background-gas levels and 
chamber conditioning. Hence, they cannot be used 
reliably for the Schottky barrier modification. The 
exact nature of the damage has not been studied here, 
but it has been proposed (7) that it is a complex 
formed by a defect with a halogen atom. 

S u m m a r y  
Reactive ion etching of silicon surfaces with NFa 

diluted with nitrogen and argon have been shown to 
result in Schottky barrier shifts similar to those ob- 
tained with pure NFz. However, while NF8 plasma 
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Fig. 12. Optical emission intensity of atomic argon (706.7 nm) 
and molecular nitrogen (297.7 nm) as a function of gas composi- 
tion of NFJAr  mixtures. 

etched silicon at a relatively high rate, the diluted 
plasmas only etched silicon at much reduced rates 
(about 10% of that in NFs). The degree of ion bom- 
bardment upon argon and nitrogen addition follows 
different trends, reaching a maximum at 80% Ar dilu- 
tion. Optical emission spectra showed that fluorine 
concentration increases with increasing NF~ percent- 
age. Molecular nitrogen is the major reaction product 
detected. 
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(100) Silicon Etch-Rate Dependence on Boron Concentration in 
Ethylenediamine-PyrocatechoI-Water Solutions 

N. F. Raley,* Y. Sugiyama,' and T. Van Duzer 
Department of Electrical Engineering and Computer Sciences and the Electronics Research Laboratory, University of 

California, Berkeley, California 94720 

ABSTRACT 

The (100) silicon etch-rate dependence on boron concentration in ethylenediamine-pyrocatechol-~ater (EPW) solutions 
at 110~ has been measured by successive etching of boron-diffused silicon. The etch rate begins to decrease near 10'9cm -3 
and decreases approximately as the fourth power of doping over three orders of magnitude in etch rate. The etch-rate ratio 
between heavily and lightly doped silicon appears insensitive to pyrazine concentration from 0.01 to 6.0g/liter E, oxygen 
exposure of the etch solution, and light. The etch-rate decrease is sensitive to hole concentration and not to atomic concen- 
tration of boron or stress. The etch-rate dependence may be explained by assuming that the hydrogen-evolution cathodic 
half-reaction of the oxidation-reduction reaction is the rate-determining step. The reason for the etch-rate decrease as the 
hole concentration increases is given in terms of increased Auger recombination of large numbers  of electrons chemically 
produced at the silicon surface during etching. Excellent agreement with experiment is obtained. Similarities of this etch 
system and the phenomenon of silicon staining are discussed in terms of oxidation-reduction reactions. Application to con- 
trol of thickness and uniformity of boron-doped silicon membranes is discussed. 

Boron-doped silicon membranes  have been fab- 
ricated using e thylenediamine-pyroca techol -water  
(EPW) etching solutions for a var iey of purposes: as 
thin substrates to reduce backscat ter ing in  electron 
(1) or ion beam l i thography (2), to reduce scattering 
of t ransmit ted  radiat ion in x - r ay  l i thography (3), as 
thin highly doped barr iers  for Josephson junct ions  or 
super-Schot tky  diodes (4), as ink- je t  nozzles (5), and 
for the f a~ iqa t i on  of micromechanical  beams used 
in accelerometers (6, 7). In  almost all  cases, boron 
diffusions are used to stop the EPW-etchant  attack on 
silicon. Thus far, there has been very  little work re- 
ported on the etch-rate  dependence on boron or on 
the basic etchant  system itself. F inne  and  Kle in  (8) 
first reported the etchant  but  did not find any etch- 
rate dependence up to 8 • 1017 cm -3 boron. It  was 
reported la ter  that the etchant  stopped at 7 • 1019 
cm -3 (9), but  there was no detailed measurement  of 
the t ransi t ion region. Reisman et al. (10) discovered 
the effect of pyrazine and oxygen- induced benzoqui-  
none catalysts on the etch rate for l ight ly doped sil i-  
con in  EPW solutions. This is important ,  since the 
pyrazine and quinone concentrat ion in commercial ly 
available e thylenediamine  and pyrocatechol, respec- 
tively, varies from lot to lot. They briefly report  the 
e tch-ra te  dependence on boron in bulk  silicon wafers  
at two levels of heavy doping for high pyraz ine / low 
benzoquinone etch solutions and find the etch rate to 
be small  bu t  finite in the 102o cm -3 range. Seidel and 
Csepregi (11) reported a s tronger etch-rate  depen-  
dence on doping in  epitaxial  layers than that reported 
by Reisman et al. They used a s imilar  etch solution, 
except with somewhat  lower pyrazine concentrat ion 
and u n k n o w n  benzoquinone content. Ini t ia l  experi-  
ments  in our laboratory had indicated an etch rate 
approximately  an order of magni tude  smaller  than 
that  obtained by Reisman et al., al though still non-  
zero. There has been no indicat ion in the I i terature 
of the effect of pyrazine or benzoquinone on the heavy 
doping etch rate or etch-rate  measurements  on dif- 
fused layers. Also, there has been no report on the 
mechanism of the decrease of etch rate for EPW solu- 
tions. As a consequence of the scarcity of data, mem-  
brane  formation has been a trial  and error process. 

The purpose of the present  invest igat ion is to s tudy  
the etch-rate  dependence on boron concentrat ion in  

* E l e c t r o c h e m i c a l  Soc ie ty  S t u d e n t  Member .  
1 On leave  f r o m  the  E l e c t r o t e c h n i e a l  L a b o r a t o r y ,  I b a r a k i ,  

J a p a n ,  
K e y  w o r d s :  a n i s o t r o p i e  s i l icon  e t c h i n g ,  s i l icon  m e m b r a n e s ,  

boron  c o n c e n t r a t i o n  profiles.  

diffused layers, as this is the most common method of 
dopant  in t roduct ion in the fabricat ion of silicon mem-  
branes. The effect of catalyst concentrat ion and the 
dependence of the etch rate on light are also analyzed. 
Possible mechanisms for the etch-rate  decrease with 
doping are considered, and oxidat ion-reduct ion reac- 
tions are proposed to explain the observations. Design 
curves are calculated using the etch-rate  dependence 
and the diffusion profile employed in this s tudy as an 
aid in the de terminat ion  of etching time needed in 
order to obtain desired membrane  thickness and /o r  
uniformity.  The principles used here can be applied to 
any known concentrat ion profile. 

Experimental 
The s tar t ing  wafers used in  this s tudy were 51-76 

m m  diam, nominal  (100) or ientat ion ( ~  _1~  1-10 
~-cm,  300 ~m thick, and polished o n  one side. The 
wafers were of p- type conductivi ty in most cases. 
However, no difference was observed in  etching with 
n - type  wafers. 

Sample preparation.--Two different methods of 
etch-rate  measurement  were used, as shown in Fig. 1. 
In the method shown in Fig. !a, etching was done from 
the most heavily doped side of the wafer in such a 
way as to make a measurable  step. In  the method 
shown in Fig. lb, etching was done from the more 
l ightly doped side of a thick membrane  (4), and the 
remain ing  membrane  thickness was measured by ob- 
serving the m i n i m u m  energy for t ransmission of an 
electron beam. 

We will describe first the fabrication procedure for 
the etch-step method shown in Fig. la. The wafers 
were first degreased in tr ichloroethylene,  acetone, and 
methyl  alcohol and then rinsed in deionized water  and 
dried in ni t rogen gas. Following a 5s dip in  buffered 
HF (NH4F:HF ---- 5:1), the wafers were cleaned for  
10 min  in H2SO4:H202 : 4:1 solution. F i na l  c leaning 
was done in  RCA-1 solution (NH4OH:H202:H20 -- 
1:1:5) for 15 min  at 75~ Oxide on the wafers was  
then removed in buffered HF. The wafer was rinsed, 
dried, and immediate ly  loaded lying horizontal ly on a 
quartz boat in the boron predeposition furnace. The 
gas flows were 210 cm3/min of 1000 ppm B2H6/Ar, 13 
cm3/min 02, in a carrier gas of 1.3 l i te r / ra in  N~ and 
were set 30 min  prior to wafer  loading. The tempera-  
ture was measured using a Chromel -Alumel  thermo-  
couple connected to an Omega 199 thermocouple meter  
with an accuracy of __.2~ The diffusion was per -  
formed at 950~ for 45 rain. 
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Fig. I .  Sample geometries used to study successively etched 
silicon: (a) direct etch-step method; (b) electron-transmission 
method. The thickness of the oxide layers is in the range 2000- 
SO00A in both cases. In method (b), the thickness and area of the 
thick membrane are 1-5 ~m and 100 #m • 100 ~m; the thickness 
and area of the thin membrane are ,~0.3 #m and 10 ~m • 10 Fm. 

The ~1000A thick boron glass formed on the wafe r  
was removed  b y  di lu te  H F  ( H F : H 2 0  = 1:20) for  1 
min  in the dark.  T h e  etching was done in the  da rk  to 
p reven t  s ta in  format ion  on the heav i ly  doped p - t y p e  
sil icon surface, which occurs especia l ly  in di lute  H F  
solut ions in b r igh t  l ight  (12). No stains were  observed,  
especia l ly  af ter  a subsequent  RCA-1 clean designed to 
remove them. In o rder  to remove the SiB phase l aye r  
(,~50A) under  the glass, a wet  oxida t ion  at  800~ for  
15 min was per formed,  which grew ~200A oxide. The 
phase  l aye r  was r emoved  because i t  has  p roper t ies  
different  f rom boron-doped  si l icon and knowledge  of 
its e tching proper t ies  were  not  des i red  in this s tudy.  

Af t e r  BHF etching of the phase l aye r  oxide,  spu t -  
te red  SiO~ or  evapora ted  SiO was deposi ted as an 
e tchant  mask.  In  the first exper iments ,  SiO~ sput te r ing  
was pe r fo rmed  at  a base pressure  of ,~10 -6 to r r  in 8 
mto r r  A t :  O~ --  4:1 gas at ~1.4 W / c m  2 power  dens i ty  
for 3h, giving about  6000A. However ,  this process was 
found to cause spu t t e r  damage,  as ev idenced by  sheet  
resistance increases  of 10-20% af ter  sput ter ing ,  indi -  
cat ing tha t  the e lec t r ica l ly  active concentra t ion p ro -  
file had been  a l te red  ( refer  to Results  sect ion) .  In  
o rde r  to avoid damage,  1500A SiO layers  deposi ted at  
15A/s in 10 -6  to r r  vacuum were used instead, wi th  
no measurab le  shee t - res i s tance  change. The w a f e r s  
were then  scr ibed into % in. X u in. rectangles.  
Wax  was appl ied  along one edge (,~ Ys in. wide)  and 
baked  unt i l  hard ;  the mask  l aye r  was subsequent ly  
e tched in BHF in the dark.  Af t e r  wax  remova l  and 
cleaning, the wafers  were  r eady  for  sil icon etching. 

The fabr ica t ion  scheme for the e l e c t r o n - b e a m - t r a n s -  
mission method  shown in Fig. l b  was somewhat  more  
involved (4).  Firs t ,  a s i l icon wafer  was an iso t ropica l ly  
e tched to about  1-5 ~m thickness over  ~, 100 X 100 
#m area.  The rma l  oxide ( ~  2000A) was grown on both  
sides of the  wafe r  and s t r ipped  off the etched side. 
The p+ di f fus ion/wet  oxida t ion  as descr ibed above 
was per formed.  The bo t tom window (~-10 X 10 ~m) 
in t he rma l  oxide was opened using convent ional  e lec-  
t r o n - b e a m  l i thography  techniques.  Then, SiO2 or  SiO 
was deposi ted as before  on top as an e tchant  mask  
but  was not  pa t te rned .  This scheme a l lowed etch rate  
measu remen t  of the diffusion profile at  lower  concen-  
t ra t ion  ( ~  5 • 1019 cm -8) wi thout  the need for  p ro -  
longed etching of the h ighly  doped (,~ 1.5 X 102o 
cm - s )  surface  region. 

Silicon etching.--The sil icon etching appara tus  is 
shown in Fig. 2. Ni t rogen is bubb led  into the solut ion 
through a quar tz  diffuser a t  160 cmS/min in o rder  
to minimize the oxida t ion  of  the solut ion and to p ro-  
vide s t i rr ing.  Cool wa te r  is c i rcula ted  in the upper  
j acke t  in o rder  to condense evapora ted  solut ion vapor  
onto the walls. I t  is then  fed back  into the solut ion 
through a teflon valve. The solut ion leve l  does not 
change over  many  hours  of etching. The t empera tu re  
is moni tored  b y  a t he rmomete r  p laced  in the etch ba th  
and is ma in ta ined  at  !10 ~ + I~ The wafers  are  held  
in place by  the removable  quar tz  holder .  

The chemical  propor t ions  of the  e tchant  used were  
17 ml  E: 3g P: 8 ml W. The e thy lened iamine  was made  
by  J. T. Bake r  and the pyroca techol  was made  by 
MCB Company.  The pyraz ine  concent ra t ion  in a pa r -  
t icular  ba tch  of e thy lened iamine  was measured  b y  
u l t rav io le t  absorpt ion  at  3150A wave leng th  wi th  a 
Carey  219 spec t rophotomete r  using a vo lumet r ic  tech-  
nique. I t  was  in i t ia l ly  des i red  to keep  tl~e pyraz ine  
concentra t ion  low in the etch ra te  exper imen t s  in 
o rde r  to minimize  its effect. I t  was discovered la ter ,  
however ,  that  high pyraz ine  levels did not  seem to 
s ignif icant ly effect the e t ch - ra t e  rat io  be tween  heavy  
and l ight  doping. 

The silicon etchings were  pe r fo rmed  about  l h  af ter  
the solut ion was mixed  in o rder  to a l low s tabi l iza t ion  
of the solut ion t empera tu re  a n d  gas-flow rate.  The 
color of the etch solut ion at  this t ime was pa le  amber ;  
the color da rkened  s l igh t ly  a f te r  many  hours  of e tch-  
ing but  never  assumed the deep - r ed  colorat ion which 
is character is t ic  of EPW-e tch  solut ions subs tan t ia l ly  
exposed to air. Both heav i ly  and l igh t ly  doped wafers  
were etched at  the same t ime in o rde r  to best  charac-  
terize the e tch- ra te  ratio. Af te r  loading of the wafers  
in the quar tz  holder,  a 5s BHF dip fol lowed b y  
30s running  DI rinse was done to remove the nat ive  
oxide and r inse off HF. The wafers  were  immedia t e ly  
inser ted  into the si l icon etch wi thout  d ry ing  in o rde r  
to p reven t  re fo rmat ion  of the nat ive  oxide. At  this 
point, the si l icon surface was a lways  hydrophobic .  
Af te r  si l icon etching, the wafers  were  first r insed in 
running  DI wa te r  for  15s to remove most of the  
sil icon etchant.  This was fol lowed b y  a 5s BHF 
and a 30s final DI wa te r  rinse. The sil icon surface 
was again hydrophobic .  Af te r  res idual  organic  r e -  
moval  s teps and a subsequent  BH:F dip, the si l icon 
steps were  measured  and the etch process repeated .  
A l l  etchings were  pe r fo rmed  under  ye l low l ight ing 
except  where  otherwise  noted. 

Measurement accuracies.--The e tch-s tep  method  
shown in Fig. l a  was used for most  of the  measu re -  
ments  of heavy  doping etch rate.  The e tched-s i l icon 
step was measured  ind i rec t ly  as the  difference of the 
total  s tep (oxide and silicon) and the oxide thickness.  

Fig. 2. Schematic diagram of the silicon etching apparatus with 
reflux column. The wafers are loaded through the top of the beaker. 
The condensate is fed back into the etch solution. 
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The total step was measured using a Tencor a-step 
depth profiler. Oxide thickness was measured using a 
Gaer tner  Ll19 ellipsometer.  The total step and oxide 
thickness were in the 2000-5000A range. The difference 
between the measurements  of the depth profiler and 
the ell ipsometer on a 4700A thermal-oxide cal ibrat ion 
s tandard was ,~ 100A; the measurement  uncer ta int ies  
were _ 50 and ~ 5A, respectively. We estimate a 
worst case error  in etch depth of ,~150A. However, the 
oxide mask was removed from time to time on some 
samples and the silicon steps (about 400-1000A) were 
measured directly, using o n l y  the depth profiler, as a 
check against  the indirect  method.  In  most cases, the 
indirect  steps measured were in agreement  with the 
more accurate direct measurements.  For the direct 
method, the difference between the a-s tep and ell ip- 
someter on a 770A oxide s tandard  was very small  
(30A); the depth profiler measurement  uncer ta in ty  
was also reduced to ___ 20A. Thus, the worst case 
accuracy in etch steps in  these exper iments  is 50A 
out of 400A m i n i m u m  etch steps (less than 15%). 

In the second method, the silicon thickness after 
etching was determined by finding the max imum elec- 
t ron-beam voltage at which the t ransmit ted beam 
current  was zero. Thickness was then calculated using 
appropriate e lectron-range formulas, taking into ac- 
count the thickness of the oxide mask (13). The de- 
tails of this th ickness-measurement  technique will be 
published elsewhere. It  is sufficient to say that the 
uncer ta in ty  using this technique is, at worst, ~ 100A 
out of typical  1000A silicon thickness etched (about  
• 10%). 

The l ight-doping etch rate was measured using the 
first method on bulk  silicon, without the diffused layer, 
with 5000A thermal  or sput tered SiO2 as the mask. 
Typical etch steps measured were 3-30 ~m with about 
• 10% error. Approximate ly  • 5% of this error  is 
a t t r ibutable  to var ia t ion of the etch rate over the 
etching time due to solut ion oxygenat ion (refer to 
Results section). 

Concentration profile.--The atomic concentrat ion of 
boron in both damage-free and sput te r -damaged pro- 
files was determined by secondary ion mass spectrome- 
t ry  (SIMS) using a CAMECA Model IMS-3f with a 
negative oxygen ion as the sput ter ing ion to enhance 
yield. The ion beam was scanned over a 400 ~m area 
on a control chip from the same diffused wafer used 
in  the silicon e'tching exper iments  at a beam energy 
of ,~ 5 kV, ,-~ 1 ~A current  at ,~ 10 - s  torr  chamber 
pressure. The sput ter  etch rate was --500 A/min .  As 
boron na tu ra l ly  occurs as B10 and B l l  isotopes, both 
s ingly charged B10 and B l l  ions were monitored, and 
their  contr ibut ions added to obta in  the total boron 
concentration.  The accuracy in boron concentrat ion is 
general ly  quoted as being in the • 10-20% range or 
less, depending on the accuracy of the measurement  of 
a B l l  ion implanted cal ibrat ion s tandard  and the 
physical and chemical s imilari ty be tween sample and 
standard.  As discussed in  the Results section, the ac- 
curacy for our  profiles is ,,- • 5%, which is p robably  
due to our re la t ively simple analyt ical  situation. The 
depth scale accuracy is de termined by the accuracy in  
measurement  of the final sput tered crater depth (,~ 
• 5%) and the l inear i ty  of etch depth with t ime ( ~  
• 5%). The total depth scale error, then, is ,~ • 10%. 

Spreading resistance measurements  were also per-  
formed using Solid State Measurements  Model ASR- 
100 as a check of the electrical profile. The bevel  angle 
used was ,~ 0.25 ~ and the probe step increment  ,~ 3.0 
#m, giving a profile depth increment  of 150A. The 
probe spacing used was 20 #m with a probe weight of 
5.0g. 

Profile sheet resistance measurements  were made 
using a s tandard  four-poin t  probe technique with 0.67 
m m  probe spacing in order to compare to calculated 
sheet resistance. A Keithley Model 225 cur ren t  source 

provided 1 mA current  and separate Kei thley Model 
169 mul t imeters  monitored the probe cur ren t  and volt-  
age. The worst case accuracy in measured sheet re-  
sistance was ~ + 5%. The measured sheet resistance 
variat ion over a 25 • 25 m m  area for a given diffusion 
run  was __. 0.5%. It was __ 4.0% from run  to run.  

The profile in the surface region of sput te r -damaged 
samples was investigated using the incrementa l  sheet 
resistance (ISR) technique (14) using the method 
i l lustrated in Fig. la  to successively etch silicon. E v e n  
though finiteness of the sample size (1/~ in. X u in.) 
was taken into account, it was relat ively un impor tan t  
as the sample-size correction factor was approximately  
0.96. As a direct consequence, the electrical shunt ing  
effect of the nearby  unetched heavi ly  doped region 
under  the oxide mask was unmeasurab le  for the maxi -  
m u m  etched depth encountered in  these exper iments  
(,~ 1000A), as was confirmed by measured values of 
sheet resistance for samples with and without  this re-  
gion present. 

Oxygen, pyrazine, and light ef]ects.--The surface of 
a boron-diffused wafer ( ~  1.2 X 102~ cm -a)  and a 
bulk  wafer (,~ 1.6 • 10 TM cm -a)  were etched at var i -  
ous levels of solution oxygenation using the method 
shown in Fig. la  with an SiO mask. Some etching ex- 
periments  were performed in an open beaker  in order 
to fur ther  expose the etch solution to oxygen. These 
experiments  were done at low pyrazine concentra t ion 
( ~  0.01 g/ l i ter  E) in order to isolate the effect of oxy- 
gen. The etch rate at the surface of the boron-diffused 
wafer was also measured at high pyrazine levels 
(,~ 6 g/ l i ter  E) and in various light intensit ies ranging 
from etching in the dark to etching under  i l luminat ion  
of a 650W lamp held 6 in. from the etch solution. 

Results 
Etch solution characterization.--The absorbance at 

315,0A wavelength of typical e thylenediamine used to 
determine the etch-rate  dependence on boron concen- 
t rat ion is plotted in Fig. 3 as a funct ion of pyrazine 
concentrat ion added. The absorbance is given by  

abs = logt0 (Ii/It) [1] 

where I~ is the t ransmit ted  in tensi ty  through an empty  
reference quartz ce]l and It is the t ransmit ted  in tens i ty  
through an identical quartz cell filled with e thylene-  
diamine. According to Beer's law (15), IJIt - 10 acz 
where a is the absorption coefficient per uni t  concen- 
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Fig. 3. Absorbance of typical ethylenediamine as a function of 
added pyrazine at 3150~- wavelength. Cell path length is 1 cm. 
The data are described by this equation: absorbance ~ 9.79 
(pyrazine added) + 0.16. Original pyrazine concentration deter- 
mined here is 0.016 g/liter E. 
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tration of absorbent in a nonabsorbing medium, c is 
the concentration of absorbent, and I is the cell path 
length. In this case 

abs : alc [2] 
and 

d (abs)/dc -- at [3] 

assuming that the absorption coefficient ~ is a constant 
and independent of concentration c. In our case, pyra- 
zine is the absorbent and ethylenediamine is the non- 
absorbing medium. Referring to Fig. 3, if we assume 
that the absorbance is zero for pyrazine-free ethylene- 
diamine, then the original pyrazine concentration is 
approximately 0.016 g/liter E. The slope d (abs)/dc for 
our i cm cell was determined to be 9.79 (g/liter)-1. 
The slope obtained by Reisman et al. (10) for a 0.1 
mm path length, when corrected to 1 cm path length 
using Eq. [3], gives 10.3 (g/liter)-1, in good agree- 
ment with our result. 

The typical etch rate for lightly doped silicon as a 
function of time after solution mixing is shown in 
Fig. 4. Note that the initial etch rate is 27.5 ~m/h. 
Assuming that the activation energy of 8.4 kcal/mol 
(10) is independent of pyrazine concentration % to 
values as low as 0.01 g/liter E, then 

log ER110oC - -  1.694 + 0.134 log cp [4]  

which gives cp = 0.013 g/ l i ter  E, in good agreement 
with the measured result of 0.016 g/ l i ter  E, using 
ultraviolet absorption. Note that the etch rate in Fig. 4 
increases gradually as a function of time. An "oxygen- 
enhancement factor" Fo2 is defined as 

Fo2 : ERo (t)/ERo (0) [5] 

for low pyrazine solutions used here. It is a measure 
of solution oxygenation. The enhancement factor 
ranged from 1.07 to 1.72. In other experiments per-  
formed in open beakers, values as large as 2.92 were 
obtained. We believe this is because of exposure of the 
solution to oxygen due to backstreaming from the etch 
beaker top or to oxygen impuri ty  in the nitrogen bub- 
bling gas. We also believe this exposure is responsible 
for the slight change in etch-solution coloration after 
many hours of etching. Reisman et al. (10) have seen 
a similar effect when oxygen is bubbled into an etch 
solution init ial ly free of oxygen. However, they ob- 
served more drastic change in solution color from pale 
amber to deep red. As mentioned before, the color 
change in our samples was not drastic. This is most 
l ikely due to the difference in levels of oxygen expo- 
sure. 
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In general, we have not observed haze due to low 
pyrazine concentration on the lightly doped or heavily 
doped silicon surfaces, as was seen by Reisman et al. 
Haze was observed on only one occasion with a 10 TM 

cm -3 doped wafer. 

Concentration profiles.--The SIMS and spreading 
resistance results for the profile used for the etch-rate 
dependence are shown in Fig. 5a. The SIMS profile is 
only accurate past the first 150A; the corresponding 
time is required for the sputter-etch rate to stabilize 
because of the layer of native oxide (!6).  The depth 
at which the etch rate became stable was verified to 
be ~ 15,0A by observing the point at which the B+10 
and B + l l  ion current ratios with respect to total ion 
current were within a few percent of their s teady- 
state values. The fact that  the proportions of B10 and 
B l l  were 23% and 77%, respectively, which is close to 
the proportions in natural ly occurring boron (20% and 
80%) (17), is a good indication that the calibration fac- 
tors for B10 and B l l  ions are the same and that  there 
is negligible interference from Si3+ 30 ion in the B10 
signal. 
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There is a concentrat ion reduct ion from the surface 
to approximately 350A depth due to segregation of 
boron into the oxide dur ing  the 800~ wet oxidation 
step. The extrapolated concentrat ion value at the sur -  
face, neglecting the segregation effect, is ~ 1.5 X 102~ 
cm -~, which is very close to the expected solid solu- 
bi l i ty  of boron in silicon at the diffusion tempera ture  
(18). Fur thermore,  since the boron concentrat ion in 
our profile is always less than the expected solid solu- 
bility, the existence of electrically inactive boron 
caused by boron precipi tat ion is unlikely.  

The sheet resistance ~s of an a rb i t ra ry  doping profile 
Ns (x) is 

1 
p, --- [6] 

o ~ [1/p(xl  l dx  

where the resist ivity p(x) -- 1/qp(x) ;~(x) ,  q is  the  
electronic charge, and the hole concentrat ion p (x) and 
mobi l i ty  ~(x) are some functions of NB(x ) .  The sheet 
resistance calculated for the SIMS profile using pre-  
cise values for resist ivity as a funct ion of unprecipi -  
tated boron concentrat ion (19) is very close to the 
measured value, as seen in  Table I. This value is not  
very  sensit ive to the first 150A, assuming that  the 
concentrat ion is ,~ 1020 cm -3, so the fact that  the pro- 
file is not  well  known  there does not  appreciably affect 
the result. Note also that  since the measurement  un -  
cer ta inty in sheet resistance is __. 5% and  that the 
integrated doping profile gives the measured sheet re-  
sistance result, the doping uncer ta in ty  in  this case is 
closer to _+ 5% than ___ 10-20%. 

The sol id-solubil i ty concentrat ion and integrated-  
sheet resistance results allow us to conclude that the 
doping profile is correct and boron precipitat ion un -  
likely. In  addition, since differences between boron 
concentrat ion and hole concentrat ion due to deioniza- 
t ion effects are not  observed at high concentrat ions 
(19), we have plotted the SIMS result  as hole con- 
centra t ion in  Fig. 5a. 

Comparison of the spreading resistance profile to 
the SIMS profile indicates that  the profile shapes are 
in  quali tat ive agreement.  However, the calculated 
sheet resistance for the spreading resistance profile 
does not  give quant i ta t ive  agreement  with the mea-  
sured sheet resistance value, as seen in Table I. For  
this reason and the fact that the in terpre ta t ion  of raw 
data is more s t ra ightforward in SIMS analysis, the 
concentrat ion values used here are those determined 
from the SIMS profile. 

The profi les for those samples that  were sput ter  
damaged are shown in Fig. 5b. The SIMS profile was 
the same as that for undamaged  samples, indicat ing 
that  boron was not  displaced and that  the SIMS 
sput ter  etch rate was unaffected by  the damage. The 
electrically active concentrat ion for depths less than 
625A was determined by the incrementa l  sheet resist- 
ance technique assuming a bu lk  mobi l i ty  value of 53 
cm2/sec (19). The concentrat ion in this depth range is  
less than the boron concentrat ion determined by 
SIMS. This is consis tent  with the idea that the sputter  
damage creates donor traps at energy levels wi thin  
the  s i l icon-forbidden gap, which compensate the boron 

Table I. Comparison of measured sheet-resistance values to 
calculated sheet-resistance values based on profiles obtained using 

various methods (SIMS, ISR, spreading resistance). Results for 
undamaged and sputter-damaged samples are shown. 

Profile sheet resistance p, (~/[])  

Calculated 

Sample Measured SIMS/ISR Spreading resistance 

Undamaged 41.5 41.6 54.0 
Sputter-damaged 45.3 45.2 61.0 

acceptors (20, 21). We believe that  there is no damage 
past 625A, however, so that  the profile there is ident i -  
cal to the SiMS profile. This supposit ion is supported 
by the fact that a ma x i mum in electrical concentrat ion 
as obtained from spreading resistance data and a min i -  
m u m  in silicon etch rate were found to occur at ap-  
proximately  600A depth. The calculated sheet resist- 
ance for the resul tant  profile is very close to the mea-  
sured value, as seen in  Table I. It  should be noted that  
the donor traps cause ,~50% max increase in  ionized 
scattering centers relative to the ionized boron impur -  
ity; however, this increase should have negligible 
effect on the hole mobi l i ty  used to determine the hole 
concentrat ion in  the damaged region, since the hole 
mobil i ty  is re la t ively independent  of the scd~tering 
center  concentrat ion for concentrat ions in  the ,,~ 10 ~0 
cm -3 range (19). The in te res t  in  the damaged samples 
derives from the fact that  the effects of boron and hole 
COncentration on the etch rate can thereby be isolated, 
as we see below. 

Etch-rate dependence on hole concentrat iom--The 
successive etching aspect of the exper iment  made i t  
possinle to express the etch-rate  aa ta  as e tch-t ime 
integrals between position x and a common fixed ref- 
erence point  xr ~ x in  the concentrat ion profile as 

s 
retch ---- dx/ERp (x)  [7] 

where ERp(x)  is the concent ra t ion-dependent  e t c h  
rate, and retch is the t ime required to etch from x to 
xr. If we mul t ip ly  Eq. [7J by the l ight-doping etch 
rate ERo and cleline the etch-rate  ratio E R R ( x )  -- 
ERp (x)  /ERo, then s 

G ( x )  = ERotetch = d x / E R R ( x )  [8] 

or 
1 

ERR (x) _ [9]  
dG ( x ) / d x  

We use the etch-rate ratio so as to be able to com- 
pare etch-rate  results obtained under  different levels 
of etch solution oxygenat ion with different l ight dop- 
ing etch rates. 

A good fit to the data is In G (x) : -- ax W b, where 
a ---- 26.01 and b ---- 5.365 with G (x) in microns, and x 
is the distance from the surface in  microns. In  this 
case, E R R ( x )  : 1 /aG(x ) .  The etch-rate  ratio so d e -  
t e r m i n e d  as a function of position was then t rans-  
formed to a funct ion of hole concentrat ion using the 
SIMS profile in  Fig. 5a. The data were then fit to a 
straight line on a log-log scale using the least squares 
method as 

ERR (p) -- 2.8 • 10-Sp -4.3 [10] 

which is valid for concentrat ions in the range from 
,-, 3.0 X 1019 cm -a to 1.28 • 1030 cm -3. 

This result  is plotted in Fig. 6 along with assorted 
etch-rate ratios measured on bulk  wafers. Note that  
the etch-rate  ratio begins to decrease at approximately  
10 TM cm -3. The etch-rate  ratio found by Reisman et al. 
(10) for bu lk  wafers using 6 g/ l i ter  E pyrazine-e tch  
solutions is shown in  Fig. 6 for comparison. Approxi-  
mate ly  _+ 10% etch-rate  var ia t ion for concentrat ions 
less than 10 TM cm -3 is observed and is most l ikely due 
to differences in misorientat ion of the different wafers 
from t rue  (10.0) orientation,  as observed by F inne  a n d  
Klein  for wafers of nomina l  (111) or ientat ion (8). 
Final ly,  one can see using Eq. [10] that  the etch-rate  
ratio for the practical ma x i mum boron concentrat ion 
in  silicon is ,-~ 1.4 • 10 .4  for 2.0 • 1020 cm -8 boron 
doping. This corresponds to less than 1 A / m i n  for a 
typical light doping etch rate of 25 #m/h.  

Impor tan t  secondary results can be derived from 
consideration of the etch-rate  data obtained f~r sput -  
te r -damaged samples. In  the damaged region, the  e t c h -  
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etch step. A electron-beam transmission. [ ]  bulk wafers. The 
snlution proportions are 17 ml E:3g P:8 ml W and 0.016g pyruzine/ 
liter E. The etch temperature is 110~ �9 indicate data of Reis- 
man et al. for 6g pyrazine/liter E "B" etch (10). 

ra te  rat io was s ignif icant ly l a rge r  and hole concentra-  
t ion sma l l e r  than  the rat io  and concentra t ion  observed 
before  damage,  respect ively;  however ,  the boron con- 
cent ra t ion  remained  unchanged.  This resul t  indicates  
tha t  the e tch- ra te  rat io  depends  d i rec t ly  on the con- 
cent ra t ion  of holes and not  on the concentra t ion of 
boron. Fu r the rmore ,  for a given e tch- ra te  rat io at  a 
given depth,  the effective hole concent ra t ion  was cal -  
cula ted  using Eq. [10] and p lo t ted  in Fig. 5b in the 
damaged  region f rom the surface to 600A depth.  There 
is good agreement  be tween  the calcula ted points  and 
the hole concentra t ion profile obta ined using the in-  
c remen ta l  sheet  resistance method.  This resu l t  ind i -  
cates tha t  the only  effect of the sput te r  damage on the 
e tch- ra te  rat io  is to reduce the hole concentra t ion 
through boron compensat ion so tha t  Eq. [10] is stil l  
valid.  This conclusion is in agreement  wi th  the ob-  
se rva t ion  tha t  the heavy  doping etch ra te  increases 
s ignif icant ly as a resul t  of spu t te r  damage,  whereas  
the l ight  doping etch ra te  does not  change app re -  
c iably  compared  to etch rates  of undamaged  samples. 

Oxygen enhancement effects.--The effect of the oxy-  
gen enhancement  factor  (Fo2) on the e tch- ra te  rat io is 
shown in Fig. 7. We wil l  consider  da ta  at  a negl ig ib ly  
low (,~ 0.01 g / l i t e r  E) level  of pyrazine,  so tha t  the 
effects of pyraz ine  as an addi t ional  var iab le  are  e l im-  
inated.  For  high boron concentrat ions (,-, 1.2 • 1030 
cm-8) ,  i t  appears  tha t  the e tch- ra te  rat io  is nea r ly  in-  
dependen t  of Fo2 for  values  of 1.20-2.32. This covers 
most  of the  range of factors (1.07-1.74) encountered  in 
the exper iments  used to de te rmine  the e tch-ra t io  de-  
pendence on hole concentrat ion.  Simi lar ly ,  for lower  
boron concentra t ions  ( ~  1.6 • 1019 cm-~) ,  the e tch-  
ra te  rat io  is seen to be independen t  over  the 1.10-2.77 
measured  range.  Due to the smal l  oxygenat ion  effect 
( , - ,20%) on the e tch- ra te  rat io  compared  to the 
doping effect, correct ion of the da ta  p resen ted  in Fig. 
6 to the  oxygen- f r ee  condit ion was deemed unneces-  
sary.  

Pyrazine e~ects.--The effect of h igh  pyraz ine  leve l  
on the e tch- ra te  rat io  is shown in Fig. 7, a t  high boron 
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Fig. 7. Etch-rate ratio as a function of oxygen enhancement 
factor for various hole and pyrazine concentrations. O ~0.01 g/  
liter E. �9 6 g/liter E. 

concentrations only. First, note that the etch,rate ratio 
is relatively independent of Fo2 from 1.04 to 2.92 at 
6 g/liter E pyrazine concentration. The etch-rate ratio 
of 10 -~ (_. 25%) is very close to that for ~ 0.01 g/liter 
E pyrazine. Consequently, at any value of Fo2, the 
etch-rate ratio is relatively independent of pyrazine 
level. 

One must be aware that when a fresh etch solution 
of large pyrazine content (,~ 6 g/liter E) is oxygen- 
ated, the light doping etch rate actually decreases with 
increasing oxygen until a minimum is reached, and 
then increases monotonically. Therefore, for initial 
oxygenation times, Fo2 < 1.0, this makes it difficult 
to compare high pyrazine-etch rate results to etch- 
rate results obtained with low pyrazine-etch solutions 
at the same oxygen level where Fo2 > 1.0. Fvrther- 
more, it is possible to infer two different oxygen levels 
from the same Fos factor due to the nonmonoton~c 
dependence of etch rate on oxygen level. To avoid 
these difficulties, we define the oxygen factor for high 
pyrazine-etch solutions to be the value that would 
have been obtained at the oxygenation time of interest 
if the pyrazine concentration were approximately zero 
(in our case, ~ 0.01 g/liter E). This assumes identical 
oxygenation conditions and that the presence of pyra- 
zine does not affect the oxygenation of the solution 
(production of benzoquinone). In this way, over a 
wide range of pyrazine concentration, comparison of 
e t c h - r a t e  resul ts  is fac i l i ta ted  and the oxygen  factor  
t ru ly  reflects the ex ten t  of solut ion oxygenat ion.  

Light effects.--The e tch- ra te  rat io  for  the diffused 
surface was independen t  of incident  l ight  in the range 
s tudied for  low pyraz ine  levels  and Fo2 > 1.4. The 
va lue  of l ight  doping etch ra te  was also independen t  
of l ight,  as has been observed by  Reisman et al. (10), 
since the e t ch  ra te  fol lowed a continuous oxygen-  
enhancement  curve independen t  of l ight  conditions.  
No difference was observed be tween  whi te  and ye l low 
light. The a p p r o x i m a t e  l ight  in tens i ty  incident  on the 
etching appara tus  ranged f rom 0 to 0.44 W / c m  2 (650W 
Sunn gun wi th  3400K f i lament  t e mpe ra tu r e ) .  No 
measurements  of etch solut ion absorpt ion  were  made  
in the visible region (4000-7000A). However ,  we be -  
l ieve that  not more  than  ,~ 50% of the l ight  inc ident  
on our  e tch appara tus  is absorbed  by  the solut ion be-  
fore reaching the wafers.  Otherwise,  one would  not  be 
able to see the  wafers  in the etch ba th  as eas i ly  as is 
now possible. This conclusion agrees  wi th  the  absorp-  
tion measurements  made  by  Reisman et  al. (10) where  
l i t t le  absorpt ion  was found in the vis ible  region. 
Therefore ,  the m a x i m u m  l igh t  in tens i ty  inc iden t  on 
the wafers  was ,~ 0.22 W / c m  2. 
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Discussion 
A n y  proposed  etch mechanism must  exp la in  the 

cr i t ical  concent ra t ion  at  which the e t ch - ra t e  ra t io  de-  
creases, the --4:3 p o w e r - l a w  dependence  on hole con- 
centrat ion,  and the insens i t iv i ty  of the  e t ch - ra t e  rat io  
to oxygen,  pyrazine ,  and  light.  One mechanism could 
be the formation,  at h igh  boron concentrat ions,  of 
s lowly  e tched SiB4 precipi ta tes ,  whose ra te  of fo rma-  
t ion is p ropor t iona l  to the four th  p o w e r  of boron dop-  
ing. However ,  a~ the boron doping in the exper imen t s  
conducted  here  is less than  the so l id - so lub i l i ty  con- 
centrat ion,  boron should not  precipi ta te .  In  ac~dition, 
we have  shown t h a t  the boron doping is comple te ly  
e lec t r ica l ly  active;  tha t  would  not  be the case for  
h igher  res is t iv i ty  prec ip i ta tes  (22). 

A second mechanism could be that  the decrease in 
etch ra te  is caused b y  an increase  in boron- induced  
stress. The e tch- ra t io  dependence  on hole concent ra -  
t ion would  be rep laced  b y  a s imi lar  dependence  on 
tensi le  stress, since tensi le  s tress  is d i rec t ly  p ropor -  
t ional  to boron doping in the heav i ly  doped region 
(23), and  the boron is assumed to be e lec t r ica l ly  ac-  
tive. This mechanism would  expla in  the  cri t ical  con- 
cent ra t ion  level ,  since the concentra t ion at  which 
measurab le  tensi le  stress is developed for  boron in 
sil icon (~., 1019 cm -'~) (23) is close to the concent ra-  
t ion at  which the e t ch - ra t e  rat io  decreases.  However ,  
the reason for  the four th  power  dependence  is no t  

obvious .  To exp la in  the e tch- ra te  increase in d a m -  
aged samples ,  it  might  be supposed tha t  the argon-  
spu t te r  damage  re l ieves  tensile stress in the damaged  
region. This is conceivable,  s ince any  implan ted  argon 
a toms would  ter~d to expand  the si l icon la t t ice  due to 
the i r  l a rge r  atomic d iamete r  and offset the contract ion 
caused by  the sma l l e r  d iamete r  boron atoms. However ,  
i t  is necessary  to exp la in  the fact  tha t  the e tch- ra te  
rat io  in the damaged  region also depends  on hole con- 
cent ra t ion  in the same way  as in undamaged  regions. 
This requires  tha t  the net  tensi le  s tress  in the damaged  
region has  the same dependence  on net  hole concen- 
t ra t ion  as boron- induced  stress  on boron doping (the 
ne t  hole concentra t ion  is given b y  the difference be-  
tween  the boron concentrat ion and compensat ing  
donor-trap concentration). This situation seems un- 
likely, as the process of stress creation in the damaged 
and undamaged cases is quite different. In the undam- 
aged case, the tensile stress simply increases in direct 
proportion to the hole concentration, which depends 
on the n u m b e r  of boron atoms on subst i tu t ional  la t t ice  
sites. In  the  s p u t t e r - d a m a g e d  case, i t  is supposed tha t  
dechanneled  argon atoms displace si l icon a toms to 
in te r s t i t i a l  si tes to create  divancies (21) which act as 
the donor  t raps  p rev ious ly  ment ioned.  The stress  in 
this s i tuat ion,  however ,  depends  on the re la t ive  posi -  
t ion of the d isplaced si l icon atoms, the implan ted  
argon atoms, the  or ig inal  boron atoms (al l  of which 
can be on subs t i tu t iona l  or  in te rs t i t i a l  s i tes) ,  and the 
divancies.  The s i tua t ion  is fu r the r  compl ica ted  by  
argon damage  and a tom dep th  dis t r ibut ions ,  which 
are  no t  necessar i ly  the  same. This makes  it possible 
tha t  t r ap  concentra t ion has l i t t le  causal  re la t ion  to 
the argon concentra t ion  at  a given depth.  Since the  
embedded  argon atoms would be a main  source of 
s t ress  relief,  the re la t ion  be tween  n e t  hole concent ra -  
t ion and ne t  tensi le  s tress  a t  a given dep th  is indirect ,  
un l ike  the  d i rec t  dependence  in the  undamaged  case. 

To test  the s tress  hypothesis  fur ther ,  l igh t ly  doped 
p - t y p e  wafers  were  s t ressed in a can t i l eve r -beam 
fashion wi th  one end fixed and the o ther  end deflected 
to provide  the des i red  stress. The m a x i m u m  stress  
level  at  the  fixed end was calcula ted f rom e l emen ta ry  
beam mechanics  (24) to be 9.8 • l0 s dynes/cm~ for  
a s t ra in  of 7.5 • 10 -4, which corresponds  to ,--1.4 • 
1020 cm -a  bo ron-doped  sil icon wi th  no appl ied  stress  
(23). The etch ra te  was measured  using the e tch-s tep  
me thod  in Fig. l a  wi th  the rmal  SiO2 masks  and  wi th  

the  sil icon beam in tension and compression.  No e tch-  
ra te  decrease was observed at  var ious  posi t ions along 
the beam compared  to the unst ressed condition. Even 
though the s tress  levels requ i red  to s imula te  BOa 
molecules  (25) formed in the silicon lat t ice m a y  be 
somewhat  l a rge r  than  those used here  for  boron,  i t  
seems reasonable  to conclude that  s t ress  is not  a factor.  

Nevertheless ,  a var ia t ion  of the  stress mechanism 
has been proposed by  Pa l ik  et al. to accoun t  for  the 
e t ch - ra t e  decrease in K O H - e t c h  solut ions (25). They 
propose  tha t  the  bo ron- induced  ~train in the  si l icon 
la t t ice  at  h igh  doping levels  p romotes  the fo rmat ion  
of a s lowly  etched surface layer .  However ,  one mus t  
exercise  caut ion in app ly ing  the i r  resul ts  to our  ex -  
per iments .  Thei r  inves t igat ion ut i l izes a different  e tch 
solut ion (KOH and wa te r )  a t  a lower  e tch t empera -  
ture  (25~ wi th  no complexing  agent.  Even for KOH 
soluti:ons at  a h igher  etch t empe ra tu r e  (60~ the 
e tch- ra te  dependence  on boron concentra t ion  is differ-  
ent  f rom that  obta ined  for  EPW solu t ions  (11). I t  is 
also we l l  known  tha t  the magni tude  and or ien ta t ion  
dependence  of etch ra te  of l igh t ly  doped sil icon in 
KOH solut ions (26) is different  f rom tha t  in EPW so-  
lut ions (8). Consequently,  the r a t e -de t e rmin ing  reac-  
t ion m a y  be different  for  the two solutions, even 
though the main  solut ion const i tuents  be l ieved to be 
responsible  for  etching ( O H -  and H20) are  the same. 
Fur the rmore ,  one would expect  that ,  as a resul t  of 
spu t te r  damage and the consequent  increase  in defect  
concentrat ion,  the surface l aye r  proposed  by  Pa l ik  
c t a l .  (25) would be more l ike ly  to form and decrease 
the etch rate.  This is con t r a ry  to our  observat ions.  
F ina l ly ,  we obta in  exce l len t  ag reemen t  be tween  ex -  
pe r imen t  and the theory  based on a mechanism d i f -  
ferent  from s t ra in - induced  fo rmat ion  of surface  l ay -  
ers which we now develop.  

I t  is now clear  that  any  proposed mechanism for the 
e tch- ra te  decrease mus t  incorpora te  the fact  tha t  the 
e tch- ra te  rat io depends  on the hole concentrat ion.  I t  
is we l l  known  tha t  free e lect rons  a n d / o r  holes a re  
often involved in the chemical  react ions  tha t  take 
place in the etching of semiconductors  (27, 28). F inne  
and Kle in  (8) proposed that  the react ions involved in 
E F W  etching of si l icon were  ionizat ion of the  e thy lene -  
d iamine  base in solution, ox ida t ion- reduc t ion  of the  
si l icon surface forming hydrous  sil ica and hydrogen,  
and complexing of the hydrous  si l ica to a complex  
pyrocatechola te .  Since the ionizat ion s tep occurs very  
r ap id ly  and the complexing  s tep does not  n o r m a l l y  
l imi t  t h e  etch ra te  (8), the r a t e - d e t e r m i n i n g  step for  
the total  react ion must  be e i ther  the oxida t ion  or  r e -  
duct ion reaction.  We propose that  the r a t e -de t e rmin ing  
step f o r  the e tching of both  heav i ly  and l igh t ly  doped 
si l icon is the reduct ion  reaction.  The proposed ox ida -  
t ion- reduc t ion  react ions are:  for  oxida t ion  

Si + me + + 2 ( O H ) -  ~ Si(OH)22+ + (4 --  m ) e -  

[n] 
and for  reduct ion  

S i (OH)2  ~+ -t- S i (OH)~( su r f )  -{- k e -  -t- 4H20 

S i (OH)8  = 4- SiI-I~(surf) + 2H~O + (4 -- k ) e  + 

[12a] 
which is fol lowed by  

SiH2(surf)  + 2H20--) S i (OH)2 ( su r f )  + 2H2 [ t2b]  

where  e + signifies a hole,  e -  an electron,  and (surf)  
indicates  that  the c o r r e s p o n d i n g  chemical  reac tan t  is 
a t tached to the  silicon surface.  The values  of the  co- 
efficients m and k a re  such that  0 < m < 4 and 0 < k 

4, since the oxida t ion  s t a t e  of sil icon is four. The 
overa l l  reduct ion  react ion is then 

Si (OH)~ ~+ + k e -  + 4HzO-+ S i (OH)8  = 

+ 2Ha + ( 4 -  k)e+ [18] 
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Combining Eq. [11] and [13], the net  oxidat ion-reduc-  
tion reaction is 

Si § 2 ( O H ) -  + 4HeOo St(OH)8 ~ q- 2H~ 

q- (4 -- m -- k) e -  -t- ( 4 - - m - - k ) e  + [14] 

which is the same as that proposed by F inne  and Klein  
except for the addition of free carrfers. Note that  the 
net numbers  of electrons and holes in Eq. [14] are 
equal in order to main ta in  charge neutral i ty .  The 
reactions in  Eq. [11] and [12] are s imilar  to those 
proposed by Turner  (29) for germanium. Here, the 
monolayer  of hydroxide mainta ined at the silicon sur-  
face is indicated by S i (OH)a(sur f ) .  The reactions are 
different from those of Turner  in three ways: (i) the 
Si (OH) 22 + at the surface is converted into Si (OH) 6 =, 
which dissolves in solution; (if) the silicon hydride 
decomposes in the presence of water  to evolve two 
mols of hydrogen g a s  (30) and to regenerate the 
hydroxide monolayer;  and (iii) the n u m b e r  of holes 
and electrons involved are generalized. The first two 
differences are necessary in order for the reactions to 
agree with the observations of Finne  and Klein;  the 
third difference is to facilitate comparisons. In anode/  
cathode experiments  on germanium,  Turner  (29) 
found m ~ 2 and k ~ 4; we also believe that  k ~ 4, 
which fits our etch-rate  dependence results (Fig. 6), 
but  that m ~ 0. This is explained in the recombinat ion 
medel  section. 

It is impor tant  to note that if Eq. [13] is the etch- 
rate de termining step and the reverse reaction is neg-  
ligible, then the total etch rate is proport ional  to the 
production rate of hydrous silica and hydrogen. This 
production rate is, in  turn, proport ional  to the product  
of the deficient reactant  concentrations. Assuming in 
Eq. [13] that the electrons needed are deficient for 
heavily doped boron surfaces, then the etch rate is 

ER (p) .c~ n k = n4 [15] 

where n is the free-electron concentrat ion at the sil i-  
con surface being etched. For l ightly doped surfaces, 
the electron concentrat ion is not deficient. This fixes 
the etch rate at a value corresponding to some elec- 
t ron concentrat ion no, where no is the electron con- 
centrat ion below which the etch-rate  ratio is 1.0. 
Therefore, the etch-rate  ratio is 

ERR(p) = (n/no) 4 [16] 

valid for p such that ERR(p) ~ 1.0. Note that even 
though a fourth power dependence of reaction rate on 
concentrat ion is uncommon, it has also been observed 
in the formation of donor states in heat - t rea ted 
silicon (31). l~inally, even though the oxidat ion-reduc-  
tion reaction product St(OH)6 = proposed by F inne  
and Klein  appears in Eq. [14], it has not  been experi-  
menta l ly  verified in EPW solution to our knowledge. 
This may  be because St(OH)6 = is very quickly con- 
verted into a complex pyrocatecholate (8) and there-  
fore not  easily observable. An al ternat ive choice of 
reaction product is SlOe(OH)2 = as determined by 
Palik et al. for silicon etching in KOH solution (32) 
(Eq. [13] would then require two mois of water  in-  
stead of four in order to remain  balanced) .  However, 
the impor tant  point  here is that  the fourth power de- 
pendence is still  valid as it derives from the fact that  
four electrons are needed to reduce hydrogen to form 
the silicon hydride surface layer  and is independent  of 
the par t icular  si l icon-etch product which goes into so- 
lution. 

Recombination model.--The source of the electron 
concentration n and its dependence on the boron dop- 
ing must now be determined. It is unlikely that the 
source of electrons is the semiconductor near the sur- 
face, as the electron concentrat ion at the point  of 

etch-rate decrease (,~ 10~ cm-~)  is too low to explain 
the fact that the etch rate is independent  of light. The 
approximate electron concentrat ion induced by light 
of the in tensi ty  used is ~ 1015 cm -~, and it seems im- 
probable that  diffusion away from the surface or re-  
combinat ion would prevent  greater  than 10 ~ cm -a  
effective concentrat ion due to light from reaching the 
surface. Electron supply from the semiconductor bulk  
is not important ,  since there appears to be no etch- 
ratio difference for diffusions into p or n substrates. 

We propose, then, that the supply of electrons is 
generated by the chemical reaction a t  the semiconduc- 
tor surface and not provided by the semiconductor 
near  the surface or in the bulk. Specifically, the oxida- 
tion reaction in Eq. [11] generates electrons which 
can be used in the reduction reaction in  Eq.  [13]. 
This explains our choice for m ~ 0 in Eq. [ii] with 
It ~ 4; four electrons must be chemically generated 
in Eq. [ii] to satisfy the four electrons needed in Eq. 
[13]. Otherwise, electron sources other than chemical 
generation would be required in order for the net oxi- 
dation-reduction reaction in Eq. [14] to proceed, 
which we have shown to be unlikely. The idea that 
free carriers are generated at silicon surfaces during 
chemical etching is not a new one; it was proposed by 
Turner (28) to explain results obtained using the HF- 
HNO3 system to etch silicon. For example, if the 
chemical generation rate of electrons is greater than 
the generation rate due to light, the mechanism of 
electron supply through chemical generation would 
explain the fact thai light has no noticeable effect on 
the etch rate in the range studied. 

One can calculate the relative magnitudes of the 
chemical and light generation rates. From the known 
etch rate of (I00) silicon in EPW solution and knowl- 
edge of silicon bond density and lattice constant, it 
is found that ~ 1017 e/cm 2 s are needed to etch silicon 
at its maximum rate; these are presumably supplied 
chemically. In order to calculate the electron genera- 
tion rate due to light, we assume that only those elec- 
trons generated within a specific distance from the 
surface can participate in the etch reaction. It will be 
shown later that this distance is ~ 100A. Assuming a 
light intensity of 0.22 W/cm 2 corresponding to the 
maximum intensity used in these experiments, the 
useful electron generation rate due to light is then N 8 
X 1015 e/era 2 s, more than an order of magnitude 
smaller than the chemical generation rate. 

Assuming that the electron supply is predominantly 
generated chemically with negligible contribution 
from the semiconductor, we propose that the etch-rate 
decrease is due to fewer electrons recombining at the 
surface, since the enhanced recombination of electrons 
near the surface increases with boron doping. In this 
model, the electron concentration generated by the 
oxidation reaction in Eq. [ii] is independent of sur- 
face hole concentration, and the electrons are injected 
into the semiconductor to a distance Leff from the sur- 
face, which is probably about I00•. The tendency for 
these injected electrons to recombine at the surface 
and participate in the reduction reaction in Eq. [13] 
increases as the time taken to reach the surface from 
the injecLion distance Leff decreases. The time taken 
to reach the surface is Left/s 0 where so is the surface 
recombination velocity. Similarly, the tendency for 
these electrons to recombine in the semiconductor en 
route to the surface is proportional to the inverse of 
the electron lifetime ~n. Therefore, the concentration 
of electrons n recombining at the sllrface is 

so/L+ff ] 
n = . n o 

so/Leff -I- 1/Tn 
[ 1 7 ]  

where no is the ma x i mum concentrat ion of electrons 
recombining at the surface. It has been reasonably as- 
sumed that since the inject ion distance Leff is suffi- 
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ciently close to the surface, the electron velocity at 
any depth from the surface to Leff is well approxi-  
mated by the surface velocity So. When the electron 
lifetime is large compared to the t ransi t  time, n ---- no 
and the etch rate is the light doping etch rate. Subst i-  
tut ing Eq. [17j into Eq. [16] and rearranging,  the 
etch-rate ratio is 

ERR = [18] 
1 + Leff/So~n 

In layers heavily doped with boron in approximately 
10 ~s lifetime intr insic  silicon mater ial  and free of 
diffusion-induced defects, the l ifetime Tn is dominated 
by Auger recombinat ion and  given by K / p  2, where p 
is the hole concentrat ion and K -~ 8.33 • 10 ~~ cm -6 �9 s 
(33, 34). Inser t ing this expression into Eq. [18], we 
obtain 

ERR(p)  -- 1 + (p/pr [19] 

where 
Pc -= (soK/Leff) 2/2 [20] 

If we fit Eq. [19] at p ---- 102o cm -3 where ERR -~ 2.8 
• 10 -2 , t h e n p c  =- 5.5 • 101~ cm -3. Equat ion [19] is 
plotted for this value of Pc in Fig. 6; the agreement  
with exper iment  is very good. Using Eq. [20], so/Left 
---- 3.63 • l0 s s -I .  We assume that the surface re-  
combinat ion velocity so is determined by the mono-  
layer  of hydroxide main ta ined  at the silicon surface 
dur ing etching. For reasonable values of capture cross 
section o- ~ 10 - i s  cm -2, thermal  velocity Vth ~ (3kT/  
m)'/~ ~ 1.32 • 107 cm/s, and trap density Nt ~ 10 l~ 
cm -2 representat ive of thin oxide layers on silicon 
(35), So ~ 1.32 • 102 cm/s and Leff ~ 36A. This indi-  
cates that the doping profile is sampled over a very 
small  depth and that the concentrat ion being etched 
can be considered constant  and equal to the surface 
concentrat ion,  as has been tacitly assumed in all the 
etching experiments.  Note that  we have assumed a 
one-dimensional  path for the injected electrons. In  
reality, the silicon surface is composed of local, ad- 
jacent  oxidation and reduction sites, and the injected 
electrons t ravel  a curved two-dimensional  path from 
an oxidation site surface through the semiconductor 
to an adjacent  reduction site surface. The distance Leff 
can then be seen to be somewhat  larger  than the 
average oxidat ion-reduct ion site separation. 

Pyrazine and oxygen e~ects.--The independence of 
e tch-rate  ratio from pyrazine and oxygen content  seen 
in our experiments  can be explained by considering 
their  effect on the etch-rate  de termining  step. It has 
been shown in the model presented here that the re- 
duction half-react ion in  Eq. [13j is the etch-rate  de- 
t e rmin ing  step over the range of contaminant  levels 
studied. We propose that the effect of pyrazine and 
oxygen is to increase the rate of the oxidat ion-reduc-  
tion reaction in Eq. [14] without  affecting the com- 
plexing step; this, in turn,  means that these contami-  
nants  increase the rate of the reduction half-reaction.  
This can be seen from the following argument .  Reis- 
man  et al. (10) reported that  in the case of pyrazine 
additions to the etch bath there was a tendency for 
residues to form on the silicon surfaces unless addi- 
t ional pyrocatechol was added. They concluded that 
pyrazine increases the rate of the oxidat ion-reduct ion 
reaction, and residues form if the complexing step be- 
comes the ra te -de te rmin ing  step because of a lack of 
pyrocatechol. Reisman et al. also reported t h a t  "B" 
etch (18.8 ml  E: 3g P: 6 ml  W, presumably  with no 
pyrazine) that has been oxygenated increases the 
overall  etch rate, but  no residues are formed. The "B" 
etch has near ly  the same composition as that used by 
F inne  and Klein, in which the complexing step is 
saturated for the amount  of pyrocatechol used. The 
pyrazine content  in  the la t ter  was ~ 1.1 g/ l i ter  E; 

therefore, the complexing step was surely  saturated 
for ~ 0 g/ l i ter  E in "B" etch, and the only way oxygen 
could increase the etch rate would be to increase the 
oxidat ion-reduct ion reaction. 

Therefore, as pyrazine and /or  oxygen levels in-  
crease, it may be possible to increase the rate of the 
reduction reaction so that it is larger than the com- 
plexing step. In this case, the reduction reaction will 
no longer be the rate-determining step, and Eq. [15] 
will be invalid. In addition, residues will appear if the 
complexing step becomes the rate-determining step. 
However, Eq. [15] has been found to be in good agree- 
ment with our experiments, and residues were not 
observed. Therefore, we believe that the light and 
heavy doping etch-rate determining step remained 
the reduction reaction over the range of pyrazine and 
oxygen levels considered here so that the etch-rate 
ratio was independent of these contaminants. 

Different rate-determining steps for light and heavy 
doping etching may explain the fact that Reisman 
et al. observed an etch-rate ratio at a hole concentra- 
tion of 1.2 • 1020 cm -s more than an order of 
magnitude higher than observed here, using high 
pyrazine "B" etch (refer to Fig. 6). A possible scenario 
of etch-rate increase due to pyrazine would be as fol- 
lows. Suppose the high pyrazine level increased the 
rate of the reduction reaction by a factor of ten with 
respect to the rate with low pyrazine level. For initial 
etch-rate ratios less than 0.i, the reduction reaction 
would still be the rate-determining step for the heavy 
doping etch rate since the dopant limiting effect is 
dominant. However, the rate-determining step of the 
light doping etch rate may be changed to the com- 
plexing step. This is plausible, since Reisman et al. did 
observe residue formation. The rate of the complexing 
step would be less than that of the reduction reaction; 
suppose that the effective light doping etch rate in- 
creases by a factor of two. In this case, the etch ratio 
would increase by a factor of five due to pyrazine. If 
this analysis is valid, then the etch ratio may not be 
independent of pyrazine for levels above 6 g/liter E. 
The fact that tneir experiments were conducted on 
bulk wafers should not be an important difference ac- 
cording to the model presented here. However, if the 
resistivity of their wafers was 0.002 ~-cm instead of 
0.001 i~-cm, there would be good agreement with our 
results. 

Silicon staining correlation.--Finally, the correlation 
between the etch-ratio decrease and the silicon s ta in-  
ing phenomenon (12, 36, 37) is fur ther  evidence for 
the proposed oxidat ion-reduct ion reactions. Both ef- 
fects are predominant  for heavily boron-doped (100) 
silicon for concentrat ions greater than  ,~ 1019 cm-~. 
For high boron concentration, the common silicon 
stain compounds SiHx, SiO~, or SiHzO~, where 1.0 < 
x < 2.0 and 1.0 < y < 2.0, can be formed if any  of the 
reactants in the stain reaction are of insufficient con- 
centrat ion to allow the reaction to go to completion. 
This is correlated to the observed decrease in etch rate 
because of insul~icient electron concentration. The re-  
duction reaction in Eq. [12a] could be the s tain reac- 
tion since the possibility of the formation of silicon hy-  
dride exists. Furthermore,  in a way analogous to that  
by which insufficient oxidizing agent can cause staining 
(12), it is possible that it  is also caused by electron 
concentrat ion deficiency. 

For heavy n- type  doping less than 8 X 1019 cm -3, 
the etch rate is found to decrease only slightly (10), 
which correlates with the fact that  the stain phenome-  
non occurs to a lesser extent  than with heavy boron 
doping. In the heavy n- type  doping case, the rate-  
de termining step may be the oxidation reaction Eq. 
[11]. From arguments  s imilar  to those used in the 
case of heavy p- type doping, any holes needed in the 
oxidation reaction are assumed to be chemically gen-  
erated. However, the onset of near-surface  recombina-  
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t ion of these holes should  occur  at considerably  h igher  
n - t y p e  doping (as opposed to p - t y p e  doping)  because 
the surface recombinat ion  veloci ty  So for  holes is l a rge r  
than  tha t  for electrons.  This is because the hole t raps  
are l ike ly  to be associated wi th  surface ( O H ) -  ions 
whereas  the e lec t ron t raps  are  associated wi th  surface 
H+ ions (38); since there  are more  l a rge r  ( O H ) -  ions 
near  the surface in basic solution than  smal le r  H + 
ions, the t rap  dens i ty  and capture  cross section are  
cor respondingly  l a rge r  for holes than  for  electrons.  In  
addit ion,  the  dependence  of etch ra te  on n - t y p e  doping 
should be slight,  since m ~ 0 in Eq. [11]. These m a y  
be the reasons tha t  the e tch ra te  is only  s l ight ly  de-  
penden t  on heavy  n - type  doping in the range studied.  
Simi lar ly ,  l i t t le  or  no sil icon hydr ide  s ta in  would be 
formed,  since the reduct ion  react ion (Eq. [12a]) would  
go fu r the r  to complet ion than  wi th  p - t y p e  ma te r i a l  
due to the large e lec t ron concentra t ion wi th  n - type  
doping; also, l i t t le  or no silicon hydrox ide  s tain would  
be formed in the oxida t ion  react ion (Eq. [11]) because 
the ho le - reac tan t  concentra t ion should  be only s l ight ly  
deficient based on the s l ight  decrease in e tch rate.  

The previous  discussion might  seem to indicate  tha t  
the s ta in  would a lways  form at h igh boron dopings in 
the e tch- ra t io  exper iments .  However ,  the  silicon hy -  
dr ide  s ta in  is removed easi ly  in a lka l ine  solut ions wi th  
pH ~ 9 (36). As the pH of the EPW solut ion was 
measured  to be about  10 and may  ac tua l ly  be as h igh  
as 11, one can be sure  that  s i l icon etching was not  
impeded  by  a surface l aye r  of s ta in  residue.  

Applications 
For  applicat ions,  i t  is useful  to be able  to calculate  

the resu l tan t  membrane  thickness for a given concen-  
t ra t ion  profile and etch conditions;  this can be done 
using Eq. [8] and Eq. [10J and numer ica l  in t eg ra -  
tion. For  an in i t ia l  sil icon thickness xi, the final 
membrane  thickness xl  can be plot ted  as a func-  
t ion of the  product  of l ight  doping (1-10 ~ - c m )  etch 
ra te  and  etch time. This calculat ion was done for  xi = 
1 ~m and 5 /~m for the SIMS profile in Fig. 5a and 
is shown in Fig. 8. For  known xi ---- 1 /,m and l ight  
doping etch rate  ERo ,-~ 60 ~m/h  (measured  pr io r  to 
membrane  e tching) ,  the etch t ime is de te rmined  to be 
app rox ima te ly  20 min to obta in  a 1000A-thick mem-  
brane.  These curves can be easi ly  ex tended  to l a rge r  
ini t ia l  thicknesses by  calculat ing the addi t ional  l ight  
doping etch t ime needed to etch to the thicknesses tha t  
appear  in Fig. 8. Note tha t  the m e m b r a n e  can be 
etched away  en t i r e ly  in about  2h for  ER0 --  60 # m / h  
due to the finite etch ra te  even at  h igh  doping. Note 
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Fig. 8. Final membrane thickness x# as a function of product 
of light doping etch rate and etch time with initial silicon thick- 
ness x{ as parameter. The SIMS concentration profile used is 
shown in Fig. 5a. 

also for  a var ia t ion  in xi of 1-5 ~m, the un i fo rmi ty  
in final thickness is ~ 50A out of 500~. or  • 5%. 

This point  is e labora ted  in Fig. 9. The var iab le  ~crit 
is the t ime needed to e tch f rom the th innes t  region of 
the sample  to the posi t ion Xcrit at  which  the boron con- 
cent ra t ion  equals Pcrit. The quan t i ty  P~rit is the hole 
concentra t ion at  which the etch ra te  has reduced to 
90% of its m a x i m u m  value;  re fe r r ing  to Fig. 5a and 
Fig. 6. P crit "~ 1.3 X 10 !9 cm - s  at  Xcrit ' ~  3500A. The 
var iable  Ax is the in i t ia l  thickness var ia t ion  of the 
sample  and is set  for purposes  here  f rom 0.1 to 10 
/~m in Fig. 9. Note that  hx ---- 4/~m represents  the th ick-  
ness var ia t ion  shown in Fig. 8. F ina l  membrane  th ick-  
ness var ia t ion  is the rat io  of m a x i m u m  thickness di f -  
ference over  the sample  to the thickness at  the th in-  
nest  region, which gives wors t  case results.  The resul ts  
differ by on ly  a few percent  if normal ized  to the ave r -  
age membrane  thickness.  

Note tha t  the  un i fo rmi ty  for our  pa r t i cu la r  profile is 
best  nea r  50 #m on the abscissa. Note a lso  tha t  a z  --  
10 ~m corresponds to etching thick bu lk  wafers  wi th  
typica l  --+5 ffm thickness var ia t ion  over  the wafer  
d iameter ,  giving ,~ 16% min, final membrane  va r ia -  
tion, On the o ther  hand, hx _-- 0.1 ;~m can cor respond to 
the double -e tch  scheme as descr ibed  b y  Huang  and 
Van Duzer  (4),  where  less than  0.2% var ia t ion  over  
the wafer  can be expected.  In addit ion,  the  thickness  
var ia t ion  over  ind iv idua l  membranes  in these two 
cases can be cons iderab ly  less than  the var ia t ions  
s ta ted  over  the whole  wafer  because of the sma l l e r  
e tching a rea  and corresponding sma l l e r  value  of Ax. 
F ina l ly ,  l a rge - a r e a  membranes  (,.~ 0.9 cm X 0.9 cm) 
were  found by  Ruther fo rd  backsca t te r ing  to have ap-  
p rox ima te ly  7% thickness var ia t ion  (39). Assuming 10 
#m ini t ia l  thickness  var ia t ion  over  a 51 m m  diam 
wafer,  then Ax ~ 2 /~m over  each of these l a rge -a r ea  
membranes .  Using the s ta ted etch condit ions (39) of 
50 /~m/h l ight  doping etch ra te  and assuming a min i -  
mum etch t ime of l h  wi th  25 ~m ini t ia l  s i l icon th ick-  
ness, ERo X (etch t ime - -  t c r i t )  N 50(1-25/50) /~m ,~ 25 
ffm. The thickness var ia t ion  calcula ted in Fig.  9 is 
,,~4%, in reasonable  agreement  wi th  the observed  r e -  
sult. An exact  comparison is not  possible,  since these 
diffusions were  pe r fo rmed  at  1050~ for 15 min  and 
the calculat ion applies for a 950~ 45 min diffusion. 

A secondary  appl ica t ion  of the e tch- ra te  dependence  
is to the measuremen t  of e lec t r ica l ly  act ive su r f ace  
concentra t ion in heavi ly  doped boron layers  for  con- 
centra t ions  in the range ~ 0.5-1.5 X 1020 cm -8, p ro -  
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Fig. 9. Membrane thickness variation as a function of product of 
light doping etch rate and etch time after the critical concentration 
/~rit is reached where Perit ~ 1.3 • 10 TM cm -~.  The parameter 
is the initial thickness variation Ax. The etched sample (insert) is 
shown at a total etch time equal to refit. The SIMS concentration 
profile used is shown in Fig. 5a so that Xcrit ,~3500A. 
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vided that the profile variation at the surface is not 
too large. Analytical techniques such as SIMS and 
spreading resistance profiling often give questionable 
results at the surface (--100A) because of physical 
limitations. This was the case for the profile in Fig. 5a, 
where the surface concentration was determined in- 
stead by etch rate to be -- 1.1 • 1020 cm -3. 

Conclusions 
The etch-ratio dependence of (100) silicon in EPW 

solutions for high boron doping has been found to de- 
crease at ,~ 1019 cm-~ and follows a --4.3 power law 
dependence on doping over three orders of magnitude 
of etch-rate ratio. The etch rate is determined by the 
hole concentration and not by stress due to substitu- 
tional boron. 

The etch-rate ratio appears independent of solution 
oxygenation and pyrazine content in the ranges stud- 
ied, since the reduction reaction rate-determining 
step is unchanged as a function of these contaminants. 
The etch-rate ratio is independent of light intensity 
in the range studied, since the number of electrons 
generated by light that participate in the etch reac- 
tion is far smaller than the number of electrons gen- 
erated by the chemical etching reaction at the silicon 
surface. Furthermore, the independence of etch-rate 
ratio from light intensity has been shown to indicate 
that the number of electrons generated chemically is 
large compared to the equilibrium electron concentra- 
tion. 

An etching model has been proposed in which the 
electrons injected into the semiconductor by the oxi- 
dation reaction return to and recombine at the surface 
and thereby participate in the reduction reaction. It 
is proposed that the etch-rate decrease with increased 
hole concentration is due to insufficient electrons re- 
combining at the surface because of enhanced Auger 
recombination in the semiconductor. An equation for 
the etch-rate ratio which assumes that the reduction 
reaction is the rate-determining step is derived and 
gives excellent agreement with experiment. The oxi- 
dation-reduction reactions proposed can also explain 
the correlations between the dependence of the etch- 
rate ratio on heavy boron doping and the silicon stain- 
ing phenomenon. 

Design curves f o r  membrane fabrication are pre- 
sented as a guide in the calculation of etch time needed 
to obtain desired membrane thickness. It is shown 
that the final membrane thickness variation over a 
wafer can be as small as 0.2%, depending on the etch 
conditions, the initial thickness difference over the 
sample, and the doping profile. The etch-rate ratio can 
also be used to determine the hole  concentration at 
heavily boron-doped silicon surfaces. 
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ABSTRACT 

Cryogenically cooled lead-sulfide-selenide (PbSl_xSe~) diode lasers have been used in vehicle exhaust gas measure- 
ments. Diodes with a continuous wave (cw) operating temperature above 95 K would permit cooling with a small 
microminiature refrigerator. This would greatly enhance the possibility of practical applications. One important factor that 
prevents higher operating temperatures is the heat generated at the electrical connections to the diode (produced at the 
contact resistancel R~). Reproducible low R~ was not obtained for PbS and PbSI_~Se~ of low x compositions by the contact 
formation technology developed for PbSnTe  and PbS,_xSe~ of high x. A new method, in which the crystal surfaces are elec- 
trolytically etched (in HBr) followed by a nitric acid rinse, has resulted in a low R~ for all PbS,-xSex compositions. 

Operation of PbSI-~Se~ diode lasers at temperatures 
above 95 K is desirable for various practical applica-  
tions. One factor that  l imits the operat ing tempera ture  
is the ohmic heat (I2Rr generated at the meta l - semi-  
conductor interface when  a current  (I) is passed 
through a contact resistance (Re). For higher tempera-  
ture of operation, Rc should be as low as possible. 

The contact formation procedure developed for 
Pbl -xSnxTe crystals resulted in  low R~ rout inely  (1). 
When that fabrication procedure was applied to 
PbSl-zSex crystals, Rc was low for PbSe, bu t  very high 
for PbS. A high p- type  carrier  concentrat ion is neces- 
sary for a low Re. This is more difficult to achieve and 
main ta in  in PbS than in  PbSe, due to the na tu re  
of t h e i r  respective pressure- temperature-composi t ion 
phase diagrams. Results on mixed composition crystals 
with x ---- 0.18, 0.38, and 0.60 were inconsistent.  

An at tempt was made to de termine  which processing 
step, or steps, were responsible for the high Re. Care- 
ful examinat ion of the various steps suggested the fol- 
lowing. (i) The most l ikely cause of the large differ- 
ences in  Rc is the etching step. (ii) Improper  crystal 
handl ing (lapping, polishing, etc.), plating, and moun t -  
ing can cause poor Re. This, however, is t rue for all 
crystal compositions and was not  the cause of the dif- 
ference in Re results between PbS and PbSe. (iii) I t  
was also determined by  tests with n - type  and p- type 
samples ( ra ther  than p -n  junct ion diodes) that  low Ro 
was easily achieved on clean unt rea ted  n - type  PbS 
(i.e., facets or cleaved surfaces).  Low R~ was not 
achieved on similar  p- type surfaces without etching. 

Experimental 
Low resistance contacts to PbSnTe and PbSe crystals 

can be formed by squir t ing a s t ream of concentrated 
HBr over lapped p- type  surfaces and then r insing in a 
s t ream of deionized water. Concentrated H B r  was also 
used on PbS by  Ralston et al. (2), who reported low 
Rc (10 m a  at 15 K) for their  diodes. We were unable  
to reproduce their results. Tests were devised to deter-  
mine any  differences between HBr etching of PbSe and 
PbS. One such test was made to verify a suspected 
difference in etch rate. 

Similar  sized crystals of PbTe, PbSe, and PbS were 
weighed and then immersed in HBr for 3 rain and 
rinsed. The etch rate was determined by the loss of 
weight dur ing  the etch. Table I shows the etch rate 
for  PbS to be much greater  than for PbSe or PbTe. 
The high etch rate was related to the Ro for PbS, but  
the mechanism was not known. (See Discussion.) 

Electrolytic etching of PbSl-xSex, with HBr as the 
electrolyte, was studied as an a l ternat ive  to mechanical  
"tapping and polishing, and also for stripe geometry 
applications. Etching with the sample as the anode and 
a p la t inum cathode produces a red or yellow "film ''1 

1 A u g e r  a n a l y s i s  of the  film on PbSe showed  it  to  be  ~IOOA 
thick and contain excess  bromine  and oxygen .  T h e  chemical  and 
physical  propert ies  of  the fi lm suggest  the  compound SeOBr~ or 
PbOSe2B~.  

on the sample (depending on composition).  This film 
can be removed by a reverse polari ty etch or by a 
ni t r ic  acid rinse. This procedure resulted not  only  in 
good mater ia l  removal,  but  also in low Re. The elec- 
trolytic etch-ni tr ic  acid rinse (E-N) method was opti- 
mized and found to give consistently low Rc on both 
PbS and PbSe. The best results were obtained when the 
electrolyte was one par t  HBr, one part  H20 for PbSe 
(1:1) and 1:3 for PbS. 

The current  density was held at 20 m A / c m  2. The 
voltage was typical ly between 50 and 100 mV depend-  
ing on electrolyte concentration, crystal size, and 
crystal composition. Sample area was ~7  • 10 -4 cm 2. 
Under  these conditions the etch rate was ~ 2  ~m/min.  
Both the electrolyte and the HNO3 rinse were at room 
temperature.  

The following comparison was made between the 
HBr squir t  etch method and the E-N method: several 
as-cleaved n- type  PbS and PbSe crystals were con- 
ver ted to p- type by anneal ing at 700~ with a p- type 
source. The crystals were then etched by  one of three 
methods: HBr-squir t ,  HNO3 alone (dipped in a 
beaker) ,  or the E-N method. In  all cases, the samples 
were rinsed in deionized H~O after etching. All o ther  
processing steps were s imilar  for all samples. Electro- 
plated layers of gold, palladium, gold, and ind ium (in 
that order) formed the contacts (3). The samples were 
tested for Rc at 77 K. The results (shown in Fig. 1) i l-  
lustrate  the lower Rc (17 ml2) obtained on PbS with 
the E-N method compared to the HBr squir t  method 
(3~2). Also, the E-N method is superior  to the HNO3 
alone, i.e., the electrolysis improves the Re. 

The results of a similar  test on PbSe are given in  
Fig. 2. The E-N method was superior in this case also. 
A third study of Rc on PbS as a funct ion of hole con- 
centrat ion is shown in  Fig. 3. In  this test, all  the 
crystals were etched using the E-N method, but  had 
different hole concentrations due to anneal ing at tem- 
peratures of 900 ~ 700 ~ and 400~ The results i l lustrate 
that even with electrolytic etching, Rc wil l  be high 
when the hole concentrat ion is too low. (The 400~ 
anneal  resulted in a carrier concentrat ion of ~101S/cm.) 
This result  was expected, but  is included to i l lustrate  
the importance of achieving as high of a hole concen- 
t rat ion as possible o n  the PbS crystal surface. 

Discussion 
Auger  surface analysis showed that  both PbSe and 

PbS have similar  trace amounts  of Br and O, regard-  
less of how they were etched (each etched by the squir t  
or E-N methods).  It  is evident  that  the residue cannot 

Table I. Etch rate comparison 

Material HBr etch  rate ( m g / m i n )  

PbS 23.0 
PbSe 0.37 
P h T e  0.10 
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account for the difference in Rc by different etching 
methods. SEM studies showed a considerable surface 
texture difference between squirt and E-N etched 
samples,  especial ly  on PbS (see Fig. 4). The E-N 
method produces a coarse textured high surface area 
on PbS, whereas the squirt method polishes PbS and 
leaves the surface retatLvely .smooth. In Fig. 4a, the 
original  surface had been lapped, yet  squirt etching 
made it smoother. 

In the case of  PbSe, the slower etch rate of  the squirt 
method preserves the coarse texture produced by prior 
lapping, i.e.,  there is no polishing effect. The E-N 
method also produces a coarse texture, but the differ- 
ence between squirt and E-N  etching is not as pro- 
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Fig. 4. (a, top) PbS surface after H~r squirt etch. SF.M photos at 
85 and 850•  (b, bottom) PbS surface after E-N etch. SEM photos 
at 85 and 8 5 0 X .  



174 J. Electroehem. Soe.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  January 1984 

nounced.  I t  is then hypothesized that  the key  to 
achieving low Rc is the ab i l i ty  to achieve and main ta in  
a coarse surface t ex tu re  and tha t  in the case of PbS, 
such a surface can be  formed dur ing  e lec t ro ly te  etching 
in HBr. Fur the rmore ,  this t ex tu re  is ma in ta ined  dur ing  
subsequent  etching in HNOs. S imply  d ipping  a PbS  
crys ta l  in HNO8 also produces  a rough t ex tu re  bu t  r e -  
sul ts  in a somewhat  h igher  and less ohmic Re. We were  
not  able  to show by Auger  analysis  any  evidence of 
select ive etching which might  make  the surface meta l  
ricl~ and improve  bonding to the meta l  layers .  

The present  resul t  is consistent  wi th  an ea r l i e r  find- 
ing tha t  coarse surface t ex tu re  is requ i red  for making  
s table  low resis tance contacts  to Pb i -xSn~Te (4). The 
E-N method  developed in this s tudy  has enabled  us to 
produce coarse t ex tu red  surfaces on crysta ls  (such as 
PbS)  tha t  have a high etch ra te  in HBr  solutions. 

Summary 
The fol lowing s ta tements  summarize  our findings: 
1. The hydrobromic  acid squir t  e tching method  de-  

veloped for making  low resis tance contacts to PbSnTe 
and high x PbS1--~Sex does not  work  reproduc ib ly  for 
PbSz-xSex of  low x. 

2. Elec t ro ly t ic  hydrobromic  acid etching, fol lowed 
by  a n i t r ic  acid  rinse, gives low Rc for PbS l -xSex  of all  
composit ions.  

3. High Rr was re la ted  to a low car r i e r  concentrat ion 
in some PbS crystals .  

4. Studies  wi th  Auger  spectroscopy showed that  poor 
Rr was p robab ly  not  due to an insula t ing film or  res idue 
f rom the etching. 

5. Scanning e lect ron microscope studies showed tha t  
HBr  squir t  e tching polishes PbS  and resul ts  in a low 
surface area  texture .  The e lec t ro ly t ic  etch resul ts  in a 
h~gh surface area  texture .  This difference in t ex tu re  
m a y  expla in  the differences in ohmic contact  res is tance 
observed,  b u t  more s tudy  is needed to de te rmine  the 
na tu re  of the surfaces af ter  e tching and thei r  react ions 
wi th  the contact  mater ia l .  
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ABSTRACT 

A new method to determine depth profiles for carrier concentration in semiconductor  has been developed using infra- 
red ell ipsometry.  The method is based on theoretical  calculations which have shown that a carrier profile can be sensitively 
descr ibed by its infrared ell ipsometric parameters  as function of the incident  angle. Through measuring ell ipsometric pa- 
rameters and performing computer  anaylsis, carrier profiles for shallow-doped samples made by arsenic ion implantat ion 
were nondestruct ively determined.  The results are in good agreement  with those from the conventional  anodization 
str ipping method. 

The d e p t h  profile of the ca r r i e r  concentra t ion in 
sil icon is a fundamen ta l  p a r a m e t e r  for de te rmin ing  
device character is t ics .  Thus, measurement  of car r ie r  
concentra t ion  profiles is inevi tab le  for semiconductor  

p r o c e s s  technologies.  However ,  convent ional  measu r -  
ing methods,  e.g., the anodizat ion  s t r ipping  (1) or 
capaci tance methods  (2),  a re  destruct ive,  and are  so 
labor ious  that  they  have  been obstacles to the deve lop-  
men t  of LSI  technologies.  

Severa l  worker~ have  pe r fo rmed  opt ical  measu re -  
ments  of ca r r i e r  concentrat ions  in silicon. Rawlns  (3) 
measured  t h e r e s i s t i v i t y  of ep i t ax ia l  l ayer  b y  the in-  
f r a red  a t t enua ted  reflection method.  Jas t rzebsk i  et al. 
(4) de te rmined  the l a t e ra l  changes of car r ie r  con- 
cent ra t ions  in si l icon wafers  b y  measur ing  CO2 laser  
t ransmi t tanee .  In  the i r  papers ,  the  depth  profiles were  
assumed to be homogeneous.  Abe and Kato (5) and 
Wagner  and Schafer  (6) t r ied  to measure  car r ie r  con- 
cent ra t ion  dep th  profiles by  in f ra red  reflectance and 
t ransmi t tance  spec t roscopy (2.5-20 ~m).  Since reflec- 

Key words: semiconductor, infrared, ellipsometry. 

tanee  or t ransmi t tance  measurements  a re  no% so ac-  
curate,  it  has p roven  difficult to ,accurately de te rmine  
the  depth  profiles wi th  the~e methods.  

In  the presen t  paper ,  we show a new measur ing  
metho.d which makes  it possible to nondes t ruc t ive ly  
de te rmine  depth  profiles in less than  15 rain using 
in f ra red  e l l ipsometry .  

Principle 
Our new method is based on e l l ipsometry .  When 

l inear ly  polar ized l ight  is incident  to a sample  surface  
wi th  incident  angle  0, reflected l ight  is genera l ly  e l -  
l ip t ica l ly  polarized,  as shown in Fig. 1. Mathemat ica l ly ,  
this t r ans format ion  can be descr ibed  as follows. I f  
electr ic  vectors of the incident  (reflected) l ight  are  
decomposed into the s-  and p -po la r i zed  vcaves (Es and 
Ep [E's and E'p]) then they  are  connected in the 
manl"~er 

0 

E'~ 0 Rp exp ( icp) Ep 
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ncident plane 

P 
PS 

Fig. 1. Reflection ellipsometry. Incident linearly polarized light, 
with incident angle 8, is generally transformed into elliptically 
polarized light after reflection from the sample surface. Electric 
fields associated with incident and reflected light are decomposed 
into s, and p-axes, which are defined as those perpendicular and 
parallel to the incident plane, respectively. 

where  Rs  (Rp)  and es (r a re  changes in the ampl i tude  
and phase  for  the s-  or  p -po la r i zed  wave  af te r  r e -  
flection. E l l ipsomet ry  de te rmines  the A and ~, which a re  
defined as 

a = ~bv-r and tan  ~ = R p / R s  [2] 

These e l l ipsometr ic  pa r ame te r s  a re  de te rmined  
th rough  the Maxwel l  equat ions  (7) 

r o t e  ---- i ( ~ / c ) H  and  r~tH = -- i ( ~ / c ) ~ ( ~ ) E  [3] 

Here,  ~ is the  angu la r  f requency  of the  incident  l ight,  
and e(~) is the die lect r ic  funct ion of  the sample  and is 
used to descr ibe  the e lec t r ica l  o r  opt ica l  p roper t ies  of 
the sample.  In this  way, we can invest igate  the sample  
p roper t i e s  by  e l l ipsometry .  

The die lect r ic  funct ion for  a doped semiconductor  
(8) is 

4~NeS 1 
~(,a,) - -  ~| + eb(~,)  [41 

where  e, is the  d ie lec t r ic  consSant of a nondoped  sample.  
The second t e rm is due  to i n t r aband  t rans i t ions  and is 
d i rec t ly  p ropor t iona l  to free e lect ron or  hole concen-  
t ra t ion,  i.e., ca r r i e r  concentrat ion,  N. Here  In* is the 
ca r r i e r  effective mass,  e is the  e lec t ron charge,  and  
is the  ca r r i e r  r e l axa t ion  t ime. The  th i rd  t e rm  con- 
cerns rea l  in te rband  t ransi t ions  and can be neglected if  
we use in f ra red  l ight.  

In  the  case of  silicon, eb(Z) can be neglec ted  if we 
use an in f ra red  l ight  wi th  wave leng th  longer  than  1.09 
gm, and m* is 0.27 ~no ( too:electron rest  mass)  for 
n - t y p e  d~ping (9). The used  ~ va lue  is 1 • 10 -14 sec, 
which a p p r o x i m a t e l y  corresponds to the value  at  the  
e lect ron concentra t ion of 5 • 10 TM cm -3. 

F r o m  now on, we wil l  fix z at the  value  cor respond-  
ing to a CO2 lase r  wi th  10.6 gm wavelength ,  and in-  
s tead  of a d ie lec t r ic  funct ion we wil l  use the opt ical  
constants  defined b y  

V7 = n + ik [S] 
Here,  n is the re f rac t ive  index,  and  k is the  ext inct ion 
coefficient. 

F igu re  2 shows the in f ra red  opt ical  s t ruc ture  of the  
sample.  The first l aye r  is impur i t y  doped, and  in this  

1 s't 2 nd 
layer 

3 8  - 

! 
I 

(J') 

I 

8 

DEPTH (z) 
Fig. 2. The optical model of impurity doped semiconductor wafer. 

The first layer is inhomogeneous with the optical constant dis- 
tributions n(z) and k(z). The second layer is a homogeneous thick 
substrate with homogeneous optical constants. 

l aye r  car r ie rs  a re  usua l ly  d i s t r ibu ted  as shown. T h e  
second l aye r  is the  subst ra te ,  and  in this l aye r  ca r r i e r  
concent ra t ion  is homogeneous.  The corresponding 
opt ical  constants  a re  ca lcula ted  by  Eq. [4] and Eq. [5]. 
Once these opt ical  constants  a r e  de te rmined ,  the  e l -  
l ipsometr~c pa rame te r s  A and ~ can be ca lcu la ted  by  
solving the Maxwel l  equations.  In  this calculat ion,  i t  
was necessary  to get  r id  of the  in te r fe rence  effect in 
the th ick t r anspa ren t  subs t ra te  (10). 

F igu re  3 shows an example  of ca lcula ted  A and 
values.  In  this example ,  ca r r ie r  profiles a re  assumed to 
be Gauss ian  d is t r ibu t ions  wi th  th ree  wid ths  (W) and  
and inc ident  ,angles a re  changed  f rom 0 to 85 degrees.  
This calculat ion indicates  that  each ca r r i e r  d i s t r ibu-  
t ion corresponds to each (A, ~) locus when  the in-  
c ident  angle  changes cont inuously.  In  fact, the one - to -  
one correspondence can be p roven  for  the b o x - t y p e  
profiles. The proof  is shown in the Appendix .  

'General ly,  for each ca r r i e r  profile IN (z)]  the  opt i -  
cal constant  d i s t r ibu t ion  is un ique ly  de t e rmined  b y  
the equat ion 

[ 4nN(z)e2 1 ] 1/' 
n ( z )  "4" i k ( z )  -- e~ -- m * ~  2 1 -b i/~------~ [6] 

If  we consider  the n - k  plane  and the th i rd  axis  z 
(.depth), each ca r r i e r  profile is un ique ly  t r ans fo rmed  
into the spa t ia l  curve shown in Fig. 4a. Consider ing 
the A-~ plfane and  the th i rd  axis  ~ ( inc ident  angle) ,  
spa t i a l  curve a corresponds to spa t ia l  curve b. Al though  
an exact  ma themat i ca l  proof  of the one- to -one  cor-  
respondence  be tween  these two spa t ia l  curves  has not  
been a r r ived  at, we have concluded that  this corre-  
spondence is correct  f rom computer  exper iments .  

This one - to -one  correspondence  means  tha t  it  is 
possible to cons t ruc t  the  ca r r i e r  profi le  f rvm the  e x -  
p e r i m e n t a l  (A, @) values  fur  var ious  incident  angles.  
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Fig. 3. Calculated z,.~ curves. ~arrier profiles are assumed to 
be Gaussian distributions, N(Z) ~- No exp(--Z2/W2),  where No 
6 X ]019 cm -'s and W ~ 0.18, 0.36, and 0.54 #m. The substrate 
is a non-doped silicon wafer with a 100 #m thickness. Incident 
angles are changed from 0 to 85 degrees and the symbols are 
marked every five degrees for each line. 

Experiments and Analysis 
Figure 5 shows a schematic  d~agram of our  carr ier  

profiler. The l ight source is a CO2 laser. The CO2 laser 
beam is l inear ly  polarized by the meta l  grid polarizer  
and impinges upon the silicon wafer  wi th  incident  
angle 0. The reflected l ight becomes el l ipt ical ly polar-  
ized, and ~ and ~ fur this ellipse are  de te rmined  by 
the rota t ing analyzer method (11). The apparatus are 
all controlled by a mini,computer, and the  ell ipso- 
metr ic  parameters  • and ~ for each incident angle  0 
are obtained automatically.  The obtained (A, 4) values 
are input  to a large computer  to de te rmine  the carr ier  
profile, as will  be shown later.  

An  example  of some exper imenta l  results is shown 
in Fig. 6. The sample for this exper iment  vcas made 
by arsenic ion implanta t ion at an energy of 40 keV 
and a dose of 5 • 1015 cm -2, fol lowed by isothermal  
anneal ing at 1000~ for 40 min. We chose four  inci-  
dent  angles (65 ~ 69 ~ 73 ~ and 77 ~ near  the Brewster  
angle, because ~ is usual ly very  sensit ive to the sample 
propert ies  near  this angle. 

In order  to de termine  the carr ier  profile f rom these 
data we introduced an appropriate  carr ier  profile 
model  for ion impl,anted samples as shown in Fig. 7. 
This profile model  has four  adjus table  parameters :  No, 
P, W~, and W~. By adjust ing these parameters ,  a wide 
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Fig. 4. General relation between carrier profile and ~-r curve. 

a: Each carrier profile uniquely corresponds to the spatial curve in 
n-k-z space, b: The spatial curve in (a) corresponds to the spatial 
curve in A-~-0 space. 

range of carr ier  profiles can be included in this model.  
Using a large computer,  these four  parameters  were  
optimized for the calculated (4, 4) values to fit the 
exper imenta l  ones. The moving  range of the four 
parameters  were  10 x~ ~ No ~ 5 • 1020 cm -3, 0 ~--- P 
~-- 3 ~m, 0 ~ Wt ~ 10 ~m, and 0 ~ W2 L 3 #m. The 
opt imized values were  No _-- t.3 • 1020 cm -a, P ---: 
0.23 ~m, Wt -- 5.0 #m, and W2 : 0.098 ~rn. Results are 
shown in Fig. 6. The theoret ical  h-~ curve  is shown 
as a solid line. 

The discrepancy be tween  the theoret ical  and ex-  
per imenta l  values in Fig. 6 is a t t r ibuted to the fol-  
lowing reasons. (i) There  exists some exper imenta l  
errors  in the el l ipsometr ic  measurements .  In our ex-  
per imenta l  apparatus,  we est imate these errors at 
about three  degrees for both A and 4. (ii) The true 
car r ie r  profile may  not be exact ly  described by the 
profile model  shown in Fig. 7. 
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Fig. 5. Schematic diagram of the carrier profiler 
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Fig. 6. Experimental results and how they fit the theoretical 

values. The ( + )  symbols represent the experimental (A,r paints 
for the selected incident angles. The (X )  symbols represent the 
theoretical (A,~) points. Each is connected with its corresponding 
experimental points by a broken line. The solid line shows the (A,~) 
locus when a continuously changes from 65 to 77 degrees. 

Figure 8 shows the carrier profile of the sample. 
The solid line represents the carr ier  corresponding to 
the theoretical h-% curve. The ( + )  symbols represent 
the carrier  profile determined by the conventional 
anodization str ipping method. Both are in good agree- 
ment. 
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Fig. 7. Carrier profile model. The profile is assumed to be 

Gaussian: N(Z) = No exp[--(Z - -  P)2/W12] for Z ~ P and 
No exp[--(Z --  P)2/W2~] for Z > P. Here, No is the peak 
carrier concentration, P is the peak depth, W1 and W~ are the 
two widths of the Gaussian distributions. 
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Fig. 8. Carrier profile. The solid llne shows the carrier profile 
determined by our method, and the ( + )  symbols show the profile 
determined by the conventional destructive method. 

Conclusions 
The features of our method are outlined in Table I 

and compared with those for conventional methods. 
Comparison is made with respect to measurable range, 
resolution, and turnaround time. The measurable range 
and the resolution of our method were estimated by 
assuming the experimental  errors to be one degree 
for both A and 4. 

The weak point in our method is the minimum de- 
tectable density, i.e., 10 z~ cm -3. This limit is deduced 
from Eq. [4]; the dielectric function becomes insen- 
sitive to the carrier density when the ratio of the 
plasma frequency to the incident l i g h t  frequency 
( [4~rNe2/e=m* ]'/2) becomes sma l l .  This ratio is ,-,0.01 
for CO2 laser wavelength and the carrier density of 
101~ cm-S. However, the difficulty can be avoided if 
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we use a longer  wavelength .  Fo r  example ,  if  we  use 
a l ight  source  wi th  a wave length  of 30 ~m, then the 
m i n i m u m  de tec tab le  densi ty  goes down  to 1016 cm -~. 

In  summary ,  our  method  is super io r  to convent ional  
methods,  and wil l  become a n  efficient tool for  deve lop-  
ing LSI  technologies.  

A P P E N D I X  

Let  us show the one- to -one  correspondence be tween  
the h-~ curve and the ca r r i e r  profile in the case of the 
b o x - t y p e  profile as shown in Fig. A-1. For  a proof,  ~ve 
in t roduce  complex  var iab le  p --  tan~ exp (ih) ins tead 
of h and 4. Fo r  the box  profiles, p can be descr ibed 
(12) as 

D + E=  + F= 2 
p = [ A - l ]  

A + Bz + Cz~ 

w h e r e  

r{  4:rd 
x = e x p  L ~ (e - -  singe) v, ] [$,-2] 

is ~he inc ident  l ight  wavelength ,  0 is the  inc ident  
angle,  and d and e are, respect ively ,  the dep th  and the 
dielectr ic  constant  of the first l aye r  wi th  car r ie r  con- 
cen t ra t ion  N. In Eq. [A-1] ,  A, B, C, D, E, and F are  the 
functions of k, 0, N, and No (car r ie r  concentra t ion of 
the  subs t ra t e ) .  

Each box profile is r epresen ted  by  one poin t  in the 
N-d plane.  This poin t  is t r ans fo rmed  into the poin t  
in the complex p-plane th rough  Eq. [ A - l ]  and [A-2].  
Mathemat ica l ly ,  e l l ipsomet ry  defines a mapp ing  f rom 
the N-d plane  to the p-plane.  

Le t  us consider  the  proper t ies  of this mapping.  A n y  
region of the N-d plane  can be covered b y  the l ines 
pa ra l l e l  to the d - a x i s  as shown in Fig.  A-2a.  These 
l ines  are  t r ans formed  into the  x -p l ane  th rough  Eq. 
[A-2].  F igure  A-2b  shows three  examples  of this m a p -  
ping. Genera l  p roper t ies  are  as follows: al l  d = 0 
points  in the  N-d plane  correspond to the (1, O) point  
in  the  x-p lane ,  and as d increases along wi th  the line, 
the x- locus  makes  a sp i ra l  curve converging on the 
(0, 0) point  in the l imi t  d --> co. Fo r  smal l  N, the x -  
locus is l ike a circle, and as N becomes larger ,  the x -  
locus spira ls  inward.  

Since N is constant  on each line, A, B, C, D, E, and  
F in Eq. [ A - l ]  a r e  constants-on eacl~ lin~. Thus, ~ is a 
ra t ional  funct ion of x; tha t  is, Eq. [ A - l ]  represents  a 
conformal  mapp ing  f rom the x -p l ane  to the p-plane,  
as i l lus t ra ted  in Fig. A-2c. This  means  tha t  the  one - to -  

o n e  correspondence be tween  the x -  and p-loci is fu l -  
filled unless p ' ( x )  = 0 (' means  the der iva t ive  about  

d 
(a} 

N-d plane 
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X-plar ,. 

(b) 

j -plane 

(c) 
Fig. 10. Mapping by elllpsometry, a: any region of the N-d plane 

is covered by the lines like 1, 2, and 3. b: schematic diagram of 
x-loci corresponding to the lines 1, 2, and 3. c: conformal mapping 
from x-plane to p-plane. 

x) ,  Genera l ly ,  there  exis t  th ree  x -po in t s  t ha t  sa t isfy  
p' (x) --  0. However ,  we can a lways  select  an incident  
angle ~o avoid p' (x)  --  0. Thus, one - to -one  cor respond-  



Vol. 13I, No. 1 C A R R I E R  P R O F I L E S  IN S I L I C O N  179 

Table I. Features of respective carrier profile measurement methods 

Measurable range Resolhtlon 

Dens}ty (cm -z) Depth (#m) Depth (#m) Area (mm~) Turnaround time Remarks 

Conventional Anodization 10~e-5 x 10 ~ 0-10 ,~ 0.05 ~ 10 
method stripping method 

Capacitance 10~-10's 0.2-10 ~ 0.01 ~ 1 
method 

Our method Polarization of i0~7-5 x 10 ~o 0-i0 < 0.01 < 1 
reflected light -- 

4-5 hr Destructive 

4-5 hr 
Destructive 

< 15 m, in Noncontact and 
--  nondestructive 

ence be tween  x -  and  ~-points can be concluded. More-  
over, if there  is no crossing be tween  the x-loci ,  the 

N1 

N2 

N-d plane 

I 
I 
L 

dl d2 
(a) 

I X-plane 

(b) 
Fi 9. 11. Crossing between the two x-loci. Two points in the N-d 

plane, (Nl,dl) and (N2,d2), are transformed into the same point 
in the x-plane. 

one- to-one  correspondence be tween  N-d and ~-points 
is fulfilled. 

If the range of the N-d plane becomes larger ,  the 
crossing be tween  two x- loc i  occurs as shown in Fig. 
A-3. In this example ,  two points,  (N1, dl)  and (N2, 
d2) are  t r ans fo rmed  into the same poin t  in the  x -  
plane. However ,  even in this case, i t  is possible  to dis-  
c r iminate  be tween  (NI, dl )  and (N2, d2) b y  measur ing  
the e l l ipsometr ic  pa rame te r s  at  the  two inc ident  
angles. 

Let  us in t roduce  z (depth)  and 0 ( incident  angle)  as 
the  th i rd  axes in the N-d and p-planes,  respect ively .  
Al l  the box - type  ca r r i e r  profiles a re  represen ted  by  
the s t ra ight  lines in the N-d-z space, and these l ines 
have  the one- to -one  correspondence to the curves  in 
the p-O space. 
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The Effects of Substrate Oxygen Content and Preannealing on the 
Properties of Silicon Epitaxial Layers 
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Motorola, Incorporated, Semiconductor Research and Development Laboratories, Phoenix, Arizona 85008 

ABSTRACT 

A study was carried out to evaluate whether the quality of Si epitaxial layers could improve if they were deposited on 
substrates intrinsically gettered through thermal annealing. Three different two-step procedures were used to preanneal 
the substrates prior to deposition. Optical microscopy revealed the presence of defect-free (denuded) zones at the surfaces of 
preannealed substrates only when the initial concentrations of interstitial oxygen in the substrates were >1.5 x 10 's atoms 
cm -3, and if the high temperature step of the preannealing was carried out in a nonoxygen ambient. While the density of 
oxidation-induced stacking faults in the epitaxial layers showed no such dependence, the minority carrier generation life- 
times in the layers were strongly dependent  on the oxygen content and thermal history of the substrates. Layers deposited 
on preannealed substrates of high initial oxygen content exhibited the greatest lifetimes. It is believed that oxygen precipi- 
tates and related defects, when present in a substrate, getter metallic impurities introduced during processing away from 
the epitaxial layer and thus improve lifetimes. Such gettering appeared to be most effective when the substrates had both 
surface denuded zones and high densities of bulk defects. 

Dur ing  the past several  years, there has been an ex-  
tensive amount  of research in  the area of intr insic 
gettering in Si (1). Cttrrently, the major i ty  of the 
Si mater ia l  used for electronic device tabr icat ion is 
grown by the Czochralski (Cz) technique, and the in-  
corporation of oxygen in the Si durirtg Cz growth is 
well known.  The general  idea behind intr insic getter-  
ing is to make use of selective thermal  anneal ing  to 
cause the g rown- in  oxygen to precipi tate  in the bulk  
region of a wafer and to out-diffuse from the surface 
regions, resul t ing in the formation of defect-free sur-  
face regions. Devices subsequent ly  fabricated in such 
defect-free regions have been reported to exhibit  
bet ter  yield and /or  performance (2, 3). This is be-  
cause of the higher degree of crystallographic per-  
fection of the surface region, and the get ter ing abil i ty 
of the precipitates and related defects in the bulk to 
suppress s t ructural  defect formation and reduce con- 
taminat ion  by impuri t ies  in the surface region of the 
wafer (4, 5). 

The major i ty  of studies on intr insic  gettering to 
date, however,  has been focused on bulk  wafers. Rela-  
t ively li t t le work has been published about the effects 
of in t r ins ic  gettering on the  quali ty of ePitaxial  layers. 
There have been reports on the suppression of epitaxial  
stacking fault  formation by reducing the nucleat ion 
sites for t h e s e  stacking faults through the gettering 
action of SiO2 precipi tates  formed in the substrates 
(6, 7). It has also been reported that  minor i ty  carrier 
generat ion lifetimes in epitaxial  layers can be improved 
by using as substrates high oxygen content  wafers 
that have been.  intr insical ly  gettered prior  to depo- 
sition (8). Thus it  appears that  epitaxial layer qual i ty 
can be improved if through successful intr insic get- 
ter ing the substrate provides  a defect-free surface 
region (the so-called denuded zone) to form a good 
epi /substrate  interface, ~n.d bu lk  defects to act as 
sinks for contaminat ing impurities.  

Recently, however,  it has been reported (9) that  a 
high tempera ture  annea l  as used in the earlier studies 
(2, 4, 8) can no longer consistently induce the intr insic 
gettering effect in the higher qual i ty  Si wafers cur-  
rent ly  available. The reason suggested is that  as crystal 
growth techniques impr,oved, wafers nowadays contain 
svaaller and fewer g rown- in  nuclei for the formation 
of oxygen precipitates and  related defects (9, 10). Con- 
sequently,  e single high tempera ture  annea l  may not 
always induce the higher densi ty of bulk defects neces- 
sary for effective intr insic gettering. Instead, two-step 

*EIectrochemical Society Active Member. 
Key words: epitaxial silicon, intrinsic gettering, minority car- 

rier generation lifetime. 
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anneal ing procedures must  be used (9-11). Here t h e  
low. temperature  annea l ing  step creates nuclei  and 
causes g rown- in  nuclei  to grow in  size. On the  other 
hand, the high tempera ture  :step causes dissolution of 
nuclei and out-diffusion nea r  the wafer surfaces as 
well as the growth of oxygen precipitates and  related 
defects in  the bulk. Two-step anneal ing procedures 
can much more consistently result  in the formation 
of surface denuded zones and a high densi ty of bulk  
defects. So far, there apparent ly  has been only one 
published report  on the .deposition of epitaxial  Si on 
substrates in which denuded zones have been formed 
and the reduct ion of epitaxial  microdefects achieved 
by two-step anneal ing (12). In  this paper, we report 
our findings on the effects of various two-step sub- 
strate preanneal ing  procedures on the s t ructural  and 
electric,al properties of epitaxial  layers subsequent ly  
deposited on those substrates. 

Experimental Procedures 
The substrates used in the present  s tudy were dis- 

Iocation-free, p- type  (B-doped, ~,60-i i0 ~ - c m ) ,  76 
mm diam Cz wafers of (100) orientation.  All  the 
wafers were from the same ingot, whi.ch was treated, 
in accordance with common manufac tur ing  practices, 
with a donor thermal  anneal  a t  650~ for 1.5h prior 
to processing. The interst i t ial  oxygen and subst i tu-  
t ional carbon concentrat ions in  these wafers were de- 
termined by measur ing the room tempera ture  infrared 
(IR) absorption at wavelengths around 9 ~m (13) and 
16 ~m (14), respectively, and using the appropriate 
scaling factor to mul t ip ly  the absorption coefficient, a. 
In  the case of subst i tut ional  carbon, its concentrat ion 
(Csub) is given by the relat ion (Csub) = 1.1 X 1017 a 

atoms cm -s  (ASTM F123-74). The concentrat ion of  
interstiti~al oxygen (Oint) is given by  the relat ion 
(Oint) ~ 4.81 X 1017 a atoms cm -a (ASTM F121-79). 
The ini t ia l  (i.e., pr ior  to any  two-step anneal ing)  con- 
eentrat ion of interst i t ial  oxygen, (Oint)i, in each wafer 
was determined,  and the range was from 8.48 • 10 Iz to 
2.03 • 101~ atoms cm -3. The ini t ia l  values of (Csub) in  
these wafers were low, ranging from 4 • 1016 atoms 
cm -3 in those from the tang end of the ingot to n o t  
detectible (<1 • 10 TM atoms cm -3) in those from the 
seed end. All the concentrat ion c~ata described in this 
paper vcere obtained from IR absorption me.asurements 
made using a Pe rk in -E lmer  180 double-beam spectro- 
photometer. During the course of the study, IR absorp- 
tion in some wafers was also measured using a Nicolet 
170 SX Fourier  Transform IR spectrophotometer.  The 
two different techniques gave values of (Olnt) wi th  e x -  
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cellent agreement.  All  wafers were scribe marked for 
identification. 

The wafers were then divided into four groups. After  
being cleaned, each of the first three groups was heat-  
t reated using a different two-step preannea l ing  pro- 
cedure. The wafers in the fourth group were set aside 
as controls and were not  annealed.  The three different 
p reannea l ing  procedures used were" (i) a low/h igh  
anneal  consisting of 16h at 800~ in N~ followed by 
18h at 1050r in O3 (Procedure 1), (ii) a low/high an-  
neal consisting of 16h ,at 650~ folio:wed by 4h at 1050~ 
all in N2 (Procedure 2), and (iii) a h igh / low anneal  
consisting of 4h at 1050~ in Ns followed by 64h at 
650~ in 0.2 (Procedure 8). According to published re-  
sults ,and Studies in  our tab0ratory (10, 15, 16), these 
procedures have been found to cause the formation of 
bu lk  precipitates and denuded zones in wafers w~h  
h i g h  (Oint) i .  On complet ion of the anneals,  surface 
oxides were str ipped off using HF and the final con- 
centrat ion of interst i t ial  oxygen, (Oint) f ,  in each wafer  
was determined from IR absorption measurements  as 
des.cribed above. 

Next, epitaxial  deposition was made on all four 
groups o~ wafers. After  being cleaned, the wafers were 
loaded onto an Applied Materi:als AMC 7600 reactor. 
Then approximately  0.1-2.0 ~m of Si was removed from 
the surface of each substrata  by in situ HC1 etching at 
approximate ly  1160~176 Finally,  approximately  
10~15 ~xn of p- type  (B-doped, ~1 ~ -cm)  epitaxial  lay-  
ers were deposited at 1150~176 using SIC14 as the 
Si source, and at a rate of approximately 0.65-1.0 ~m 
rain-1.  

After  deposit ion of the epitaxial  layers, each of the 
four groups of wafers was divided into two lots. One lot 
was wet oxidized for the evaluat ion of oxida t ion- in-  
duced stacking faults  (OISF),  and  the other  lot set 
aside for electrical characterization. The wafers were 
thus divided into a total of eight different lots. The 
wet oxidation procedure consisted of: (i) ramp u p  from 
650 ~ to 1050~ in N~ + 1% 02, (ii) 2h at 1050~ in tI2 
+ O3 (torch used, plus 2% HC1 added for the last 45 
rain) ,  and  (iii) ramp down from 1050 ~ to 650~ in N2. 
The surface oxide layers (~7000A) formed on each of 
the wafer  so oxidized were then stripped off with HF, 
and the wafer was cleaved into two halves such that  the 
cleavage plane was (110) oriented. Cleaved halves 
were then immersed for 1 min  in  a Secco etch (17) 
which has an etch rate of ,-,1.5 ~ m i n - L  Structural  de- 
fects thus delineated were observed using optical mi-  
croscopy. The OISF density in the epitaxial  layer  was 
measured at four points tt~at lay in a straight line para l -  
lel and close to the cleaved edge. Two of the points 
were 38 m m  apart  and  equidistan.t from the center  of 
the cleaved edge. The other  two were 56 mm apart  
and also equidistant  from the center  of the cleaved 
edge. The cleavage plane was examined to determine 
if a denuded zone was present  in the substrate. Wafers 
from four of the eight lots were so studied. 

MOS capacitors were fabricated onto the surfaces of 
the epi taxial  layers of the other four lots of wafers 
set aside for electrical ctmracterization. The fabricat ion 
procedure basically consisted of: (i) growing ~1000A 
of gate oxide at  1050~ on the epitaxial  layer  surface, 
(ii) an ion implanta t ion  of B (using an  energy  of 50 
keV ,and a dosage of 1015 ions cm-2)  into the back side 
o.f the substrate  to facilitate the making  of ohmic con- 
tacts, (iii) a post implantat ion anneal  at 900~ in N2 
for 0.5h, (iv) a front-s ide deposition of ~,,10,000A of A1, 
(v) photoli thographic pa t te rn ing  and etching to form 
capacitors (26 mils diem) and guard rings (separated 
from the cap-~citor by a 0.2 rail gap),  and (vi) an  anneal  
at 465~ in forming gas for 0.5h. Using these capacitors, 
measurements  of capacitance and current  t ransients  
were made after  the capacitors were pulsed into deep 
depletion. The epitaxial  minor i ty  carrier  generat ion 
l ifetime (,)  was deduced from these measurements  

using calculations based on the Zerbst method (18, 19) 
with ~ being determined from the slope of a curve 
which is a plot of the measured generat ion current  vs. 
the normalized deplet ion depth. The measurement  sys- 
tem consisted of a Pr inceton Applied Research 410 C-V 
plotter and a Keithley 619 e lec t rometer /mul t imeter ,  
controlled by a Hewlett  Packard 85 desktop computer 
system, and a probe station. Measurements  were made 
inside a dark enclosure at either room tempera ture  or 
40~ Due to the t ime consuming rmture of each mea-  
surement ,  only  four or five capa,citors per  wafer  were 
sampled. These capacitors were located typical ly at four 
points lying on the two orthogonal  diameters  of the 
wafer with each point  approximately  20 mm from the 
wafer center. In  some cases the capacitor at  the wafer 
center was also used for the measurement .  

Results and Discussion 
Oxygen precipitation and denuded zone format ion . - -  

The reduction of (Oint), defined as h ( O i n t )  "~ (Oin t ) i  - -  
(Oint)f, that had occurred in the substrate wafers due to 
preanneal ing  Pro:cedures 1-3 are shown in  Fig. 1, as 
a funct ion of (Oint) i .  The data indicated that  the mag-  
ni tude of A (Oint)  depended s t rongly o n  (Oint ) i .  In  the 
cases where Procedures 2 and 3 were used (see Fig. lb  
and lc, respectively),  a(Oint) became significant (>1 
• 101~ atoms cm -8) o n c e  (Oin t ) i  exceeded approxi-  
mately 1.4-1.5 X 10 TM atoms cm -~. Fur thermore,  for 
substrates with (Oin t ) i  > 1.9 X 10 TM atoms cm-a,  p re -  
anneal ing with Procedure 2 clearly resulted in higher 
values of A (Oint) than those obtained using Procedure 3. 
However, as shown by Fig. la, p reannea l ing  with 
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,Fig. 1. Reduction in the interstitial oxygen concentration 
[A(Oint)] as a function of the initial concentration of interstitial 
oxygen [(Oint)i] in substrates: (A) preannealed using Procedure 1 
( 0 ) .  (B): preannealed using Procedure 2 (E l i  (C) :  preannealed 
using Procedure 3 ( e ) .  
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Procedure  1 resul ted  in even h igher  • (O in t ) ,  at  leas t  
when (Oint)i ~ 1.5 X 10 TM atoms cm -3. I t  is genera l ly  
agreed that  some outdiffu~ion of oxygen f rom the 
surface regions of a wafer  occurs dur ing  the high t em-  
pe ra tu re  annealing.  I f  the amount  of in te rs t i t i a l  oxygen 
so lost f rom a subs t ra te  dur ing  two-s tep  anneal ing  is 
neglected,  ~(Omt) is then  indicat ive  of the amount"of  
in ters t i t ia l  oxygen  tha t  has  p rec ip i ta ted  due to the p r e -  
anneal ing  procedure .  

Data  ga thered  b y  observing the Secco-e tched (110) 
c leavage planes  of the we t -ox id ized  wafers  tend  to 
suppor t  this (see Table  I ) .  Subs t ra tes  tha t  had  (O in t ) l  
:> 1.5 X 10 is a toms cm -3 and were  p reannea led  using 
Procedures  1-3 exhib i ted  a high dens i ty  of defects.  On 
the o the r  hand,  subs t ra tes  wi th  ( O i n t ) i  ~ 1 . 5  X 10 TM 
a toms  cm -~ had  been p reannea led  using Procedures  
2 and 3, but  these subst ra tes  showed ve ry  l i t t le,  if 
any,  defects. When  present ,  the  dens i ty  of these defects  
increased wi th  increas ing h (Om0,  as can be seen  in 
Fig. 2. While  i t  is appa ren t  tha t  P rocedures  1-3 a l l  
caused the fo rmat ion  of oxygen  precip i ta tes  and  re la ted  
defects in the  substrates ,  no denuded  zones were  ob-  
served in those subs t ra tes  p reannea led  using P ro -  
cedure 1 (see Fig. 2d).  Conversely,  denuded  zones wi th  
thicknesses of 20-40 ~m were  found in all  the sub-  
strafes wi th  (Oint)i :> 1.5 • 10 TM atoms cm -3 and p re -  
anneal ing  using Procedure  2 (see Fig. 2c) or  Procedure  
3 (see Fig. 2a and 2b).  In  the subst ra tes  that  were  not 
p reannea led  (contro ls ) ,  no defects  could be seen when  
the i r  c leavage planes  were  observed under  the opt ical  
microscope, i r respec t ive  of (Oint)  i. 

The absence of denuded  zones in subs t ra tes  p r e -  
annea led  using Procedure  1 led to the  speculat ion tha t  
because the  high t empera tu re  (1050~ step was car -  
r ied out  in an O2 ambien t  the out-diffusion of dis-  
solved oxygen  f rom the s~zrface regions of the sub-  
s t rafes  was re tarded.  Subsequent  sp l i t - lo t  exper iments  
in which wafers  were  annea led  using Procedure  1 wi th  
the 1050~ step be ing  carr ied  out in e i ther  a N2 or O2 
ambien t  were  per formed.  Denuded zones were  ob-  
served in wafers  annea led  with  the  1050~ step carr ied  
out in a N2 ambient .  However ,  the  thicknesses of these 
denuded  zones were  much th inner  (,~10 ~m) than  those 
obta ined using Procedures  2 and 3. Again, no denuded  
zones were  found in wafers  annea led  wi th  the 1050~ 
step car r ied  out in an  O2 ambient .  These evaluat ions  
were  car r ied  out  immed ia t e ly  af ter  the two-s tep  an-  
neal ing and not  af ter  ep i tax iaI  deposi t ion as in the  
or iginal  exper iments .  Thus the poss ib i l i ty  tha t  the  
~n situ epi e t ch -back  (of ,~2 F,m) removed  a ve ry  thin 
denuded  zone can be ru led  out. Fur the rmore ,  a d ry  
oxidat ion  of 18h at  1050~ wil l  only  consume about  
3500A of Si, an amovnt  that  is insignificant in the  
considerat ion for denuded  zone formation.  

I t  is possible that  af ter  16h at 800~ re la t ive ly  l a rge -  
sized precip i ta tes  a n d / o r  nuclei  form nea r  wafe r  sur -  
faces, and  the subseauen t  step at  1050~ becomes less 
effective in causing the i r  dissolut ion and out-diffusion 
in o r d e r  to form d e n u d e d  zones. Car ry ing  ou t  the 
1050~ s tep in O:~ makes  this  even less effective. The 
exper imen ta l  resul ts  discussed so far  do indicate  that  
(Oint)i, the  annea l ing  sequence (h igh / low vs. l o w /  

Table I. Oxygen precipitation in the substrates as observed on 
Secco-etched (110) cleavage planes 

Substrate 
preanneal  
procedure 

Initial  substrate  oxygen concentrat ion (cra~) 

< 1.5 x 10 ~ > 1.5 x 10 TM 

800~176 Precipi tat ion 
(Procedure I) No denuded zone 

659~176 No precipi tat ion Precipi tat ion with 
(Procedure 2) denuded zone 

1050~176 No precipi tat ion Precipi tat ion with 
(Procedure 3) denuded zone 

None No precipi tat ion No precipitat ion 
(ConCrol) 

Fig. 2. Optical micrographs of Secco-etched (|10) cleavage 
planes of wafers with substrutes, (A) and (B): preannealed using 
Procedure 3. (C): preannealed using Procedure 2. (D): preannealed 
using Procedure 1. (Oint)i and A(Oint) for each substrate are given 
beneath the corresponding micrograph. 

high) ,  and the anneal ing  ambien t  a re  among the factors 
that  influence the way  in which oxygen prec ip i ta t ion  
OCCURS, 

Oxidation induced stacking ]aults in the epitaxial 
layers.--The s t ruc tura l  cha rac t e r i s t i~  of the  ep i tax ia l  
layers  were  examined  af ter  wet  ox ida t ion  and  Secco 
etching. The OISF  ,density in the  layers  deposi ted on 
subs t ra tes  tha t  were  p reannea led  using Procedures  2 
and 3 as wel l  as on subs t ra tes  tha t  were  not  p r e a n -  
hea led  (controls)  ar c shown in Fig. 3, as a funct ion of 
(Oint) i in the  substrates .  Each da ta  poin t  represents  the 
averaged  densi ty ,  and  the spread  be tween  the m a x i -  
m u m  and min imum densi t ies  observed  is also ind i -  
cated: 

The da t a  do not  indicate  a s t rong cor re la t ion  be-  
tween  OISF  .density and (Oint)i. Densi t ies  in genera l  
were  lowest  in epitaxi.al layers  deposi ted  on subs t ra tes  
prearmealed  using Procedure  2 (see Fig. 3b) and 
highest  in layers  deposi ted on :control substrates ,  es- 
pec ia l ly  for those wi th  high values of ( O i n t ) i  (see Fig. 
3a).  I t  appears  that  whi le  success~al in t r ins ic  ge t t e r -  
ing through the use of two-s tep  anneal ing  g rea t ly  r e -  
duces the OISF dens i ty  on the surfaces of wafers  (10, 
16), the effect is less pronoun.cod in epitaxi,al layers  
deposi ted on such two-s tep  annea led  substrates .  

FinalIy ,  whi le  the  h ighes t  OISF  densi t ies  shown in 
Fig. 3 were  <800 cm-2,  densi t ies  in layers  deposi ted  
on subst ra tes  p reannea led  using Procedure  1 were  :>104 
cm -~. I t  is known tha t  dis locat ion loops are  genera ted  
at  oxygen prec ip i ta tes  (5). The heavy  prec ip i ta t ion  
that  had  occurred throughout  these subs t ra tes  a f te r  
p reannea l ing  with  Procedure  1 (wi th  no denuded  
zones formed)  most  l i ke ly  resul ted  in a high dens i ty  
of d i s loca t ions  at  the sub:strate surfaces. These dis-  
locations in  tu rn  gave rise to defect ive  ep i / subs t r a t e  
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Fig. 4. Minodty carrier generation lifetime (T) in epitaxial hyers 
as a function of (Oin0i in substrates. Layers with �9 < 0.1 Fs are 
indicated by arrows, with solid arrowheads for substrates pre- 
annealed using Procedure 2 or 3 and open arrowheads for control 
substrates. All other symbol designations are the same as in Fig. I 
and Fig. 3. 

interfaces on the subsequent  deposition of the epitaxial  
layers, and allowed dislocations to propagate through 
the growing layers. The presence of these dislocations 
in the epitaxial  layers created a large n u m b e r  of centers 
to nucleate OISF on the subsequent  oxidat ion of the 
layers, as can be seen on close inspection of Fig. 2d. 
The significantly higher OISF densi ty in these layers 
compared to those observed in the other three lots 
of wafers (i.e., >104 vs. <:800 cm -2) is  indicative of 
poorer s t ruc tura l  quality.  This is reflected in  the elec- 
trical properties of these layers, as will be described 
below. 

Minority carrier generation lifetime in the epitaxial 
layers.~Figure 4 shows ~ in the epitaxial  layers as a 
funct ion of (Oi~t)i in the substrates.  Each data point  
corresponds to the averaged lifetime, and the spread 
between the m a x i m u m  and m i n i m u m  values of T de- 
termined is also shown. The response t ime of the ex- 
per imenta l  setup l imited the lowest measurable  value 
of T to 0.1 ~s. Epitaxial  layers with T <: 0.1 ~s are in -  
dicated by arrows (see lower left port ion of Fig. 4);  
solid arrowheads indicate that the substrates had been 
preannealed using Procedures 2 or 3, and open arrow- 
heads ind ica te  control substrates.  

First  we will  discuss the values of x in layers de- 
posited on substrates preannealed  us ing Procedure 1 
(as indicated by the symbol  0 and all located in the 
lower r ight  port ion of Fig. 4). In  this group, the values 
of z were low (typical ly <: 1 ~s), a fact that  is not  
unexpected i n  view of the poor s t ruc tura l  qual i ty  of 
these epitaxial  layers (OISF densi ty > 104 cm-2) .  The 
rest of the data in Fig. 4 show the following trends 
(see Table II  for a summary) .  (i) For the epitaxial  
layers deposited on substrates with (Oint) i <: 1.2 • 10 ls 
atoms cm -8, the values of T were below the measure-  

ment  l imit  of 0.l ~s, irrespective of whether  the sub-  
strate had been annealed.  (ii) In cases where the sub-  
strates had (Oint)i in the range of ~ 1.2-1.5 X 10 TM 
atoms cm -~, the values of T in layers deposited on 
substrates preanncated us ing Procedures 2 and  3 ( in-  
dicated by the symbols �9 and e ,  respectively, in Fig. 
4) increased from , -  1 to ~ 10 ps as (Oint)i increased. 

in layers deposited on control substrates remained 
< 0.1 ~s. (iii) When the substrates had (Oint) i ~ 1.5 X 
10 TM atoms cm -3, the values of T in layers deposited 
on substrates preannealed using Procedures 2 and 3 
increased to as high as 80 ~s and averaged around 20- 
40 ns, with no strong dependence on (Oint) i. The life- 
times in layers deposited on control substrates were 
now measurable,  but  their  values w e r e  typically a 
factor of 2-3 lower than  those in layers deposited on 
preannealed substrates with comparable (Oint) i . . ( i v )  
For substrates with (Oint)i in the range of ~ 1.2 X 10 TM 
to 2.0 • 101s atoms cm -8, ~ in a layer deposited on a 
substrate preannealed using Procedure 2 was always 
slightly higher  than that in a layer deposited on a 
substrate with comparable (Oint)i but  preannealed  
using Procedure 3. 

Table II. Minority carrier generation lifetimes in epitaxial layers 
deposited on preannealed (using Procedures 2 and 3) and 

control (not preannealed) substrates 

In i t ia l  
s u b s t r a t e  o x y g e n  

c o n c e n t r a t i o n  ( c m ~ )  

E p i t a x i a l  m i n o r i t y  c a r r i e r  
g e n e r a t i o n  l i f e t i m e  (~s)  

Preannealed substrate Control substrate 

<~ 1.2 • 10 TM <~ 0.1 <~ 0.1 
1.2-1.5 • 10 TM ~1-10  <~ 0.1 
> 1.5 • 10 ~s ~ 20-40 N 5-15 
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The lifetime data for epitaxial  layers deposited on 
substrates preannealed using either Procedure 2 or 3 
can be explained if defects in the bulk  regions of these 
substrates had given rise to gettering effects in the 
cases where (Oin t ) i  w a s  high. As ment ioned earlier, it 
had already been determined that  ei ther Procedure 2 
or 3 could create denuded zones and bulk  defects in 
substrates with (Oint)  i ~ 1.5 X 1018 atoms cm -3. In -  
trinsic gettering effects would thus be expected to be 
highest in such substrates;  values of z in the layers 
deposited on such substrates indeed were consistently 
the highest. As (Oin t ) i  in the substrates gradual ly 
decreased below ,-~ 1.5 • 10 TM atoms cm -3, corre- 
sponding .decreases in A(Oin t ) ,  together wi~h the ab-  
sence of bulk  defects and denuded zones, had been 
observed. Get ter ing effects would be expected to 
diminish as we!l, and values of �9 did .drop from ~ 10 
to ,-, 1 #s as (Oint)i in the substrates decreased from 

1.5 to ,-, 1.2 • 1018 :atoms cm -8. It  was not  possible 
to ,determine if this t rend continued when (O~nt) i in 
the substrates was < 1.2 • 1018 atoms cm -8, since 
values of �9 in layers deposited on such substrates were 
below 0.1 ~s. It is not unreasonable  to expect T to 
eventual ly  level off at a lower l imit  o f <  0.1 ~s when 
('Oint) i in the substrates .were so low that no gettering 
effect whatsoever was induced through preanneal ing.  

As for the ,cause of the degradation in �9 and the 
na ture  of the gettering mechanism, t h e r e  does not 
appear to be a direct  correlation to OISF densities in 
the epitaxial  layers. Whereas the difference in values 
of T were large (<  0.1 ~s vs. > 10 ~s), there were no 
significant differences in OISF densities between the 
layers deposited on substrates of vary ing  (Oin t ) i  values 
and preannealed  using Procedures 2 and 3 (see Fig. 
3b and 3c). Fur thermore,  even the highest densities 
in these cases (which tended to be found in layers 
deposited on preannealed  substrates with low (Olnt)  i; 
this class of layers had �9 < 0.1 #s) were much lower 
than the OISF densities in 1.ayers deposited on sub-  
strates pre~ann.eale.d using Procedure 1 ( <  500 vs. 
> 104 cm-2) .  Nevertheless,  this lat ter  class of layers 
still had T > 0.1 ~s .consistently. 

However, it has been reported that  OISF-rela ted 
degradation in electrical properties was observed only  
when the stacking faults were decorated with im- 
purities (20, 21). It has also been reported that metal-  
lic impurit ies such as Fe, Cr, Ni, Cu, and Au could 
often be introduced as contaminants  dur ing  epitaxial  
processing (22, 23). It has been shown that  intr insic 
gettering as induced by two-step anneal ing  has the 
abil i ty to make use of bulk  defects to getter heavy 
metals such as Cu away from the surface denuded zone 
(24). It is possible that  in the present sturdy impurit ies 
and /o r  impur i ty-decora ted  stacking faults in the epi- 
t.axi.al layer had a strong influence on ~. Preannea l ing  
of substrates with low (Oint)i did not result  in the 
formation of bulk  precipitates and related defects, 
and thus no sinks were provided to getter metall ic 
impuri t ies  out of the epitaxial  layers. As (O in t ) i  in  the 
preanneale,d substrates increased, the gettering effect 
began to come into play, w i t h  max imum effectiveness 
being achieved in s.ubstrates with high (Oint)  i where 
both denuded  zones and bulk  defects were formed. In  
the substrates preannea led  using Procedure 1, bu lk  
defects were present, but  the get tering effectiveness 
was probably  reduced be,cause of the absence of de- 
nuded zones. 

In fact, the proposed model could explain all the 
data except for those in layers deposited on control 
substrates with high (Omt)i. Even though no bulk de- 
fects were observed in these substrates under the opti- 
cal microscope (and none were expected since these 
substrates were not preannealed), the values of T in 
the layers deposited on these substrates were substan- 
tially higher than those in layers deposited on control 
substrates with low (Oint)i. This phenomenon has been 

observed previously (8). It is possible that in control 
substrates microprecipitates of oxygen too small  in 
size to be detected using optical mmroscopy, but  still 
possessing a certain degree of gettering ability, exist. 
These microprecipitates are believed to be present  in 
the as-gro~vn Si crystal and can act as nuclei  for fur-  
ther precipitat ion on receiving subsequent  thermal  
annealing.  The growth or dissolution of these micro- 
precipitates is dependent  0n (Oint)  i and the tempera-  
ture of the subsequent  anneal  (25). For a given value 
of (Oint)i, there is at  .each tempera ture  a .critical size 
above which a microprecipitate will grow and below 
which it wil l  shr ink or dissolve. In  the control sub- 
strate.s with low (Oint) i ,  it is possible that  these micro- 
precipitates were smaller  than the critic:al size at the 
high temperature  experienced .during epitaxial  pro- 
cessing, and the microprecipitates wou~d dissolve. The 
critical size is smaller, though, for the same tempera-  
ture in the control substrates with high (Oint) i .  Thus 
the microprecipitates in these substrates would not 
shr ink or .dissolve and might  possibly provide some 
abil i ty to getter metal l ic  impurities,  though not as 
effectively as high (Oint)  i substrates preannealed using 
Procedure 2 or 3. Fur ther  work is necessary to get a 
bet ter  unders tanding  of the mechanisms involved in 
control substrates with high (Oint)  i. 

Finally,  it should b.e ment ioned that  while l ifetime 
is s t rongly .dependent on measurement  technique and 
resistivity of the mater ial  (26), as well  as on the ther-  
mal processing the mater ia l  has received (23), it is 
not directly related to the oxygen content  of the ma-  
teri'al. The lifetimes of :material grown by the float- 
zone technique can be very high, even though such 
mater ial  contains much less oxygen than Cz material .  
However, the results of the present  s tudy do indicate 
that oxygen precipitates and related defects, when  
present in the bulk region of a wafer, getter impuri -  
ties away from the wafer  surfaces and so remove the 
lifetime degradin~ effects of the impuri t ies ,  Since 
oxygen precipitat ion depends on the oxygen concen- 
trat ion of the material,  l ifetime is thus indirect ly 
related to oxygen content. 

Summary 
Silicon epitaxial  layers have been deposited on pre-  

annealed (prio.r to deposition) and control (not pre-  
annealed) substrates with ini t ia l  concentrations of 
interst i t ial  oxygen ranging from 8-20 • 1017 atoms 
cm -~. All  the substrates were wafers taken from the 
same ingot of Si to el iminate variations that  could 
possibly arise due to different thermal  histories dur ing 
crystal growth. Three different two-step preannea l ing  
procedures were used, including high/ low and low/  
high tempera ture  anneals in different ambients .  The 
degrees of oxygen precipi tat ion .due to the pTeannealing 
were monitored.  Surface denuded zones free o.f pre-  
cipitates and related defects, as observed using optical 
microscopy, were found in preannealed substrates only 
when their ini t ial  concentrations of interst i t ial  oxygen 
were > 1.5 • 10 TM atoms cm -~ and when the high tem- 
perature step of the preanneal ing  was carried out in a 
nonoxygen ambient.  

Minori ty  carrier  generat ion hfetimes (determined 
using measurements  of capacitance re laxat ion time) 
in the epitaxial  layers deposited on substrates with low 
init ial  oxygen concentrat ions ( < 1.2 • 1018 atoms 
cm -3) were below the measurement  l imit  of 0.1 ~ ,  
irrespective of whether  the substrates had been pre-  
annealed or not. The lifetimes of layers deposited on 
control substrates with high ini t ial  oxygen concentra-  
tions averaged ,., 10 ss. Lifetimes in layers deposited 
on preanneale.d substrates with high init ial  oxygen 
concentrations averaged another  factor of 2-3 higher 
(.and reached as high as 80 ~s) if the substrates had 
surface denuded zones. In both cases, high ini t ial  oxy- 
gen concentrat ion meant  > 1.5 • 10 TM atoms cm -s.  
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It is believed that oxygen precipitates and related 
defects, when present in the substrate, getter metallic 
impurities introduced during processing away from the 
epitaxial layer and thus improve lifetimes. Such get- 
taring appeared to be most effective when the sub- 
strafes had both surface denuded zones and high den- 
sities of bulk defects. Of the three different two-step 
substrate preannealing procedures used, the low/high 
procedure of 16h at 650~ at 1050~ (all in N2) 
appeared to provide somewhat better gettering (in 
terms of generally lower densities of oxidation induced 
stacking faults and higher lifetimes in the epitaxial 
layers) than the high/low procedure of 4h at 1050~ 
in N2/64h at 650~ in 02. 
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Characteristics of Sputter-Deposited Mo Films 
Masamitsu Suzuki and Kazuyoshi Asai 

Nippon Telegraph and Telephone Public Corporation, Atsugi Electrical Communication Laboratory, Tokyo, Japan 

ABSTRACT 

Plasma etching characteristics and electrical resistivities for sputtered Mo films on GaAs substrates were studied. The 
plasma etching rate of the films depends largely on deposition rate. High etching rates and electrical resistivities are ob- 
tained by lowering deposition rates. Anisotropies both in the side etching rates and electrical resistivities are found in inter- 
mittently deposited Mo films resulted from rotating the substrate holding table. It is concluded from SEM, x-ray, and Auger 
analyses that the principal factors dominating these film characteristics are the anisotropically grown grains caused by 
oblique incident-angle deposition and oxygen adsorption in grain boundaries of the Mo films. 

Molybdenum films have been used in Si MOS LSI's 
as gates and interconnections (1, 2, 3) because of their 
thermal stability (4), low resistivity (5), and plasma 
etching availability (6). The authors have proposed 
using Mo films as the self-aligned submicron Schottky 
gates for GaAs IC's (7). 

In this paper, detailed studies on the plasma etching 
characteristics and the electrical resistivities of 
sputtered Mo film deposited on GaAs substrates are 
described. Mo films were prepared by sputter deposi- 
tion for good adhesion on GaAs substrates. As for Mo 
film patterning, a CF4 + 5% 02 plasma etching tech- 
nique was adopted because of its superior etching 
controllability over wet etching. 

I t  was found that the resistivity and etching rate of 
Mo film largely decrease with an increasing sputter 

Key words: films, metals, integrated circuits, etching. 

deposition rate. Lateral anisotropic characteristics 
were also found in the films deposited by intermittent 
deposition (ID). These resulted from rotating the sub- 
strate holding table in our film deposition setup, shown 
in Fig. 1. 

To explain these facts, the structure of the sputtered 
Mo films and the effect of 02 absorption were studied. 

Experimental 
Molybdenum films were deposited on semi-insulat- 

ing (100) GaAs wafers with planar magnetron sput-  
tering equipment. A diagram showing the substrate 
holding table and the sputter target is presented in 
Fig. 1. The Mo target was located off the rotating axis 
of the substrate holding table, and was 65 mm above 
the sample zone. The table rotated at speeds between 
0 and 6 rpm. Target and table diameters were 10 em 
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equipment. @ 10C 
and 35 cm, respectively. The depositing a r e a  w a s  3 
times larger  than the Mo target, that  is, about  30 cm 
diam. Argon pressure during film deposition was set at 
4 • 10 - s  torr. RF or dc power was applied to the tar-  
get. The thickness of the Mo films prepared was about 
0.3 ~m. 

When the table was rotated dur ing deposition, Mo 
film was deposited in te rmi t ten t ly  on the substrate, be-  
cause the substrate repeatedly passes the deposition 
region (ID Mo). When the table was s ta t ionary and 
the substrate was fixed unde r  the target, Mo was de- 
posited on the substrate surface cont inuously (CD 
Mo). To clarify fur ther  explanations, axes A and B 
are defined with respect to the table rotat ing and 
radial  directions, respectively, as shown in Fig. 1. 

The Mo films were etched by CF4 + 5% 02 plasma 
in a bar re l - type  etcher with an A1 etch tunnel .  Etch- 
ing pressure and power were 0.3 torr and 50W, re-  
spectively. Under  these conditions, GaAs substrates 
were not  etched. The amounts  of the Mo etched in 
both depth and side directions were measured by 
Talystep and SEM, respectively. Using Mo stripes 3 
#m wide and 832 #m long, which were delineated by 
ion milling, Mo film resistivities were measured in 
the A and B directions. Molybdenum film structures 
were examined by SEM and  x - ray  diffraction. Oxygen 
absorption was measured by Auger electron spectros- 
copy. 

Results 
Plasma etching characteristics.--Molybdenum film 

etching rates vs. sputter  deposition rates are shown in 
Fig. 2. Table I lists the sample preparat ion conditions 
used throughout  this study. In the case of !D films, 
deposition rates indicate average deposition rates de- 
fined by a ratio of the film thickness to the total depo- 
sition time including nondeposi t ing intervals.  The ID 
cases are shown on the left of the dashed division l ine 
in Fig. 2; the CD cases are shown on the right. From 
these results, the following characteristics can be 
stated: (i) vertical depth etching is faster than side 
etching in all cases; (ii) in the case of ID Mo films, side 
etching in direction B is faster than in direction A; 

Table I. Sample preparation conditions 

Table  
Sputter  Deposi t ion rotation Deposition 

No. power mode  speed rate 

1 dc 15OW Intermittent 123 A / m i n  
2 RF 500W deposition 6 rpm 145 A/rain 
3 dc 335W (I'D) 245 A/re_in 
4 de 720W 442 A/rain  
5 de 150W Continuous 7~0 A/rain 
6 RF 500W deposition 0 rpm 87(} A / m i n  
? dc 335W (CD) 140:0 A/vain 

w 

Iintermittent Continuous 

�9 

"&. Depth 

Sidew~,, 
I I "eLi.. _CL I 

30 200 500 1000 2000 
Sputter Deposition Rate(Almin) 

Fig. 2. Relation between etching rates and sputter deposition 
rates for sputtered Mo films. The deposition rate for the ID Mo 

films indicates the average deposition rate defined by the ratio of 
film thickness to total deposition time. Etching rates for CD Mo 
films are on the right of the dashed division line; etching rates for 
ID Mo films are on the left. A and B indicate side etching rates 
in the directions A and B, respectively. For sample preparation 
conditions, see Table I. 

(iii) both vertical  and side etching rates decrease 
rapidly with increasing sputter-deposit ion rates and 
are independent  of RF and dc power sources. 

It  may be noted that the etching characteristics are 
discontinuous between the ID and the CD cases. When 
parameters  a, b, and c are defined as: a = (vertical  
etching rate) / (side etching rate along A direct ion);  
b = (vertical etching r a t e ) / ( s i de  etching rate aIong B 
direct ion);  c : a/b, the differences on the etching 
properties are represented by  these parameters.  Here, 
a = 6.9, b = 5.2, c ~ 1.3 for the ID cases, and a ---- b 
2.2, c = i for the CD cases. This suggests an abrupt  
change in Mo film structure between the ID and CD 
Mo films. 

Different edge shapes between ID and CD line pat-  
terns delineated by plasma etching also were observed 
by SEM, as shown in Fig. 3. In  the ID Mo films, edge 
shape is anisotropic. That  is, the line edge paral lel  to 
direction A shows many  deep notches (Fig. 3a), and 
the line edge paral lel  to B is smoother (Fig. 3b). In  
the CD Mo films, the l ine edge has nei ther  anisotropic 
shapes nor notches (Fig. 3c). 

Another  difference between etching characteristics 
for these two mode films was observed in SEM photo- 
graphs shown in Fig. 4. In  the case of ID Mo films, 
isolated columnar  crystal grains were observed in a 
sl ightly etched film (Fig. 4a). In  the case of CD Mo 
film, such columnar  grains are not  seen in a sl ightly 
etched film; the film seems to be un i formly  etched 
(Fig. 4b). 

These observations about the pa t te rn  edge shapes 
and the slightly etched surfaces suggest that  ID Mo 
films have some i r regular  grain s t ructure  while CD 
Mo films have uniform grain structure.  

Electrical resistivity.--Figure 5 shows resistivities 
for both ID and CD Mo films as a funct ion of the 
sputter  deposition rates. The resistivities for the ID 
Mo films show anisotropies s imilar  to the side etching 
rates as presented with two separate curves on the left 
of the dashed division l ine in the figure. The resis-  
tivities for the CD Mo films are shown on the r ight  of 
the dashed division line. From Fig. 5, it is also clear 
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that  for both  CD and ID cases film res is t iv i ty  decreases 
wi th  increas ing  film deposi t ion rate.  
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} I I 
1000 2000 5000 

Rate (A/min)  Sputter Depsition 
Fig. 5. Electrical reslstlvitles vs. sputter deposition rates, rA and 

rB are resistivity values in directions A and B, respectively. Re- 
sistivities of the continuously deposited Mo films are isotropic. For 
sample preparation conditions, see Table I. 

Fig. 3. SEM photographs of pattern edge shapes for Mo films 
etched with a photoresist masking. The photoresist has been re- 
moved. (a) and (b) are pattern edges parallel to directions A and 
B for the same intermittently deposited Mo film, respectively; (c) 
is the pattern edge of the continuously deposited Mo film. Sample 
preparation conditions: (a) and (b) ID, RF 500W, 6 rpm, 145 A /  
min; (c) CD, dc 335W, 1400 A/min. 

Discussion 
Structural  anisotropy of Mo fgms. - -To inves t iga te  

the cause of the anisotropies  observed  in side etching 
rates  and e lect r ica l  res is t ivi t ies  of the ID Mo films, 
more  precise analyses  were  per formed.  Firs t ,  x - r a y  
diffraction was measured.  A clear  and large  in tens i ty  
peak  of x - r a y  diffracted b y  (110) crys ta l  planes  of Mo 
and smal l  peaks diffracted by  other  c rys ta l  planes  
such as (2.11) were  observed for al l  Mo films studied.  
F igure  6 shows in tens i ty  rat ios I(211)/I(11o) vs. sput te r  
deposi t ion rate.  The CD Mo films a r e  be t t e r  o rde red  
in the (110) direction,  while  the ID Mo films include 
many  (211) d i rec ted  g r a i n s  (the ful ly  d isordered  value 
of I(~11)/I(1~o) is 0.39 from ASTM) .  

The table  rota t ion was first suspected to cause these 
anisotropies.  F igure  7 shows plots of resis t ivi t ies  rA, 
~'B and the rat io of rA/r  B VS. ro ta t ion speed. The resul ts  
show that  the table  ro ta t ion speed does not  affect the 
anisotropies.  Consequently,  another  possible cause of 
the anisotropy,  the obl ique angle  be tween  the incident  
YIo par t ic les  and the Substrate surface, w a s  inves t i -  
gated. 

Exper iments  to inves t iga te  the obl ique angle  depo-  
sit ion effect were  set up, as shown in the inset  in Fig. 
8. In  the exper iment ,  the subs t ra tes  were  t i l t ed  f rom 

Fig. 4. SEM photographs of Mo films" slightly etched surfaces. 
(a) Intermittently deposited Mo film, (b) continuously deposited Mo 
film. Sample preparation conditions: (a) ID, dc 335W, 6 rpm, 
245 .A/min; (b) CD, dc 335W, 1400 ~ 'min.  

0.10 

0 

0.05 

]ntermittent 
Deposition (I D) 

Continuous 
Deposition (C D) 

0 I I I 
0 1000 20OO 3O0O 

Sputter Deposition Rate (A/min) 
Fig. 6. Ratios of 1(211) to 1(11o) vs. sputter deposition rates, 

where 1(211) and I(11o) are diffracted x-ray intensities from (211) 
and (110) crystal plane of molybdenum, respectively. For sample 
preparation conditions, see Table I. 
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Fig. 8. Anisotropic resistivities of Mo films continuously deposited 
on a tilted GuAs substrate. Plot shows rA/rB vs. tilting angle O. 
The directions A and B are the same as in Fig. 1, at 0 degrees. 
Sample preparation condition: CD, dc 335W. 

0 to 80 degrees, and Mo was deposi ted wi th  CD mode. 
The resis t ivi t ies  rA and rB of the Mo films were  mea -  
su red  along the  slope direct ion A and the direct ion B 
pe rpend icu la r  to the direct ion A, respect ively .  They 
are  p lot ted  vs. t i l t ing angle  in Fig. 8. The m a r k e d  
an iso t ropy  can be seen. The rat io  rA/rB increases 
p r o m i n e n t l y  wi th  the t i l t  angle  increase.  

This an i so t ropy  was found to be induced by  s t ruc-  
tu ra l  an iso t ropy of the film. F igure  9 shows SEM 
photographs  of the 70 ~ t i l t - ang le  deposi ted Mo film. 

Fig. 9. SEM observations for anlsotropic film structure of a tilt- 
angle deposited Mo film. Tilt angle is 70 ~ . (a) Cross section 
parallel to direction A, (b) surface of the as-deposited film ob- 
served from deposition direction, (c) the Mo film surface etched 
for Ss, observed from the deposition direction. Sample preparation 
condition: same as in Fig. 8. 

Columnar  crys ta l  grains  growing toward  the deposi t -  
ing direct ion are  seen in Fig. 9a, which shows a cross 
section along the A direction.  The photographs  in Fig. 
9b and 9c are  v iewed from the ver t ica l  direct ion of 
the  film surface. F igure  9b shows an as -depos i ted  sur -  
face and Fig. 9c shows a surface etched by  p lasma  for 
5s. The anisotropic  gra in  s t ruc ture  is c lear ly  ob-  
served.  The gra ins  have a t endency  to grow fas ter  in 
the  B direct ion and  s lower  in the A direction,  resul t ing  
in a p l a t e l e t - l ike  grain.  This p l a t e l e t - l ike  gra in  shape 
causes aniso t ropy in res is t iv i ty  of the t i l t - ang le  de-  
posi ted Mo film. Fur the rmore ,  fast  gra in  b o u n d a r y  
etching is ev ident  in Fig. 9c, which shows a deep g r a i n  
boundary ,  which resul ted  af ter  only  5s of p lasma e tch-  
ing, and grains isolated from eactl other.  The notched 
edges shown in Fig. 3 also re la ted  wel l  wi th  these 
anisotropic  gra in  shapes. 

In  the  real  film deposition, when the d ivergent  p ro -  
ject ion of the spu t te red  Mo par t ic les  is taken  into ac-  
count, as i l lus t ra ted  in Fig. 10, the subs t ra tes  on the 
ro ta t ing  table  ~vere subjec ted  to the  t i l ted  s tate  re -  
peatedly .  Consequently,  oblique deposi t ion can be rea -  
sonab ly  v iewed as the  cause of the aniso t ropy of the 
in t e rmi t t en t ly  deposi ted films. 

Oxygen enhanced etching at Mo grain boundaries.-  
I t  has been repor ted  (5) that  EB-evapo ra t ed  Mo film 
consists of co lumnar  crys ta l  grains, and tha t  its e lec t r i -  
cal res is t iv i ty  is affected s t rongly  by  oxygen content  
in gra in  boundaries .  I t  is fel t  that  spu t te red  Mo films 
also include oxygen in gra in  boundaries ,  and that  the 
percentage  of oxygen affects the i r  resist ivit ies.  ID Mo 
films are  expected to contain more  oxygen  than  CD Mo 
films because  of oxygen absorpt ion  dur ing  nondeposi -  
t ion intervals .  This speculat ion is consistent  wi th  
l a rge r  resis t ivi t ies  for ID Mo films as shown in Fig. 5. 
Fur the rmore ,  the addi t ional  oxygen  absorpt ion in ID 
cases is confirmed by  AES analysis.  F igure  11 shows 
Auger  profile data  on O2 contents for an ID Mo film. 
The depth  profile of 02 is wavel ike .  The wave leng th  
for the O2 s ignal  jus t  coincides wi th  spu t te r  deposi ted 
film th ickness / ro ta t ion .  The  peaks  of the  profile indi -  
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Fig. 10. Tilt angle deposition in the intermittent deposition. 
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Fig. 11. Auger profile data on 02 contents of the intermittently 
deposited Mo film. Sam,pie preparation condition: ID, dc 720W, 
6 rpm, 442 Jk/min. 

cate the presence of the add i t iona l ly  absorbed  oxygen 
in the ID Mo film. 

In o rder  to ver i fy  the oxygen-enhanced  etching 
phenomenon,  oxygen  annea led  Mo films were  p repa red  
and etched. F igure  12 shows etching amounts  vs. etch-  
ing t ime for the CD Mo films, in the i r  as -depos i ted  
state, annea led  at 460~ for 3 min each in N:2 or H2 
a tmosphere  (l ine 1), and annea led  in 02 a tmosphere  
(l ine 2). The CD Mo films annea led  in N2 or H2 a tmo-  
sphere  exhib i t  the  same etching r a t e  as tha t  of the 
as -depos i t ed  sample.  However ,  for the CD Mo films 
annea led  in O:2 a tmosphere ,  a surface layer  ~1000A 
thick was etched wi th  the same r a t e  (5200 A / m i n )  as 
that  of the ID films. These results  seem to suppor t  the 
poss ib i l i ty  tha t  oxygen  absorbed  in the  gra in  bound-  
aries of Mo film dur ing  the deposi t ion periods acceler-  
ates the CF4 p lasma etching rate,  especial ly  in the ID 
Mo films. 

Conclusions 
Plasma  etching and e lect r ica l  res i s t iv i ty  charac te r -  

istics for spu t te red  Mo films were  studied. Both e tch-  
ing ra te  and  res is t iv i ty  depend  la rge ly  on deposi t ion 
rate.  Anisotropies  in both characteris t ics ,  which were 

AnneaLed otZ-+60~ for3min. 

i n  

, - .  o ( 

1 (o---as deposited 
r l ' - - -  i n �89  

�9 ~ . . ~ ~ ' ~  

N + /~ X 
i i i  i l l  

I I I I 
1 2 3 4 

Etching Time ( min ) 
Fig. 12. Etching characteristics of continuously deposited M<~ 

films annealed in various atmospheres. (1): as-deposited and an- 
nealed in N2 or H2 flow. (2): annealed in O~. Sample preparation 
condition: CD, dc 335W, 1400 fl-/min. 

observed in the in t e rmi t t en t ly  deposi ted Mo films, are  
the resul ts  of the obl ique inc iden t -ang le  deposi t ion and 
the oxygen absorpt ion  at  gra in  boundaries .  
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ABSTRACT 

The optimum condition for Sb diffusion into silicon using a silicon wafer lapped with AleO~ powder and a sapphire 
wafer as an auxiliary wafer has been determined. To obtain higher Sb concentrations-as high as the solid solubility Of Sb 
into s i l l c o n - t h e  SbzO3 vaporized source concentration has to be kept over 0.4 tool percent (m/o) during diffusion. A 
nonoxidizing atmosphere and a small distance between the diffusion and auxiliary wafers are desirable. Although sheet 
conductance obtained by utilizing a lapped silicon wafer depends on the number  of uses it has, that obtaind by the sapphire 
wafer is independent  of use number.  When A1~O3 is present on the diffusion wafer beforehand, the diffusion concentration 
increase is similar to that with the auxiliary wafers with AlsO3 on their surface. The process presented here has no effect on 
phosphorus impurity diffusion. The solubility change of elemental Sb in the mult icomponent  glass film grown on the diffu- 
sion wafer is presented to explain the higher Sb concentration when A1~O3 is present. 

In bipolar  IC fabrication, Sb-bur ied  layers are more 
effective than As-bur ied  layers for lowering auto- 
doping from the buried layer during epitaxial growth 
(1). However, two problems remain  in conventional  
Sb-diffusion processes. One is diffusion-induced de- 
fects such as erosions (2, 3), which hinder  normal  
epitaxial  growth and decrease device yield. The other 
is difficulty in obtaining high carrier concentrat ions at 
the surface of the diffuse:d layer (4). Al though SbC13 
and Sb (C2H50) a have been proposed as dopant sources 
to avoid the former  proble~m, the lat ter  problem has 
yet to be resolved (5). 

Recently, a new Sb-diffusion technique that avoids 
both these problems has been presente,d (6-8). This 
new technique uses auxi l iary silicon wafers lapped 
with AlcOa powder. Di~usion wafers in this method 
are set face to face with auxi l iary  wafers in an open- 
tube system using Sb208. The behavior of the new 
diffusion process has a l ready been investigated, and it 
has been confirmed that the effect of the auxil iary 
wafer on Sb diffusion was due to the presence of the 
A120~ on its w'afer surface (9). 

However, the effects of the auxi l iary wafer and 
diffusion conditions have not yet been explained. These 
conditions include dopant-source concentration, diffu- 
sion atmosphere, diffusion temperature,  and so on. 
This work describes opt imum conditions and the diffu- 
sion mechanism for th is -new diffusion technique. 

Experimental Procedures 
Sa~nple preparation.--Diffusi,on silicon wafers em- 

ployed in this s tudy were Czochralski-grown (CZ) 
(100) oriented, p- type with a resistivity of 10-30 
~-cm. Four  different types of auxil iary wafers 
were prepared. Auxi l iary  wafers in the first group 
were silicon wafers polished with no. 1200-1500 A1203. 
Those in the second, third, and fourth groups were 
wafers deposited with chemical vapor deposition 
(CVD) A120,~ film (about 50-100 n m  thick),  wafers 
implanted wi th  a dose of 1 • 10 ~ A1 + ion s /cm ~ at 
47 keV, and sapphire s ingle-crystal  wafers. 

When auxi l iary  wafers of the first group were ut i -  
lized, the sheet conductance (r of the diffusion wa-  
fer depended on the n u m b e r  of uses of the auxil iary 
wafers. Therefore, the wafers of these ~roups were 
changed every exper iment  unless s~ecif}eally desig- 
nated. 

Key wor4s: glass, solubility, mass  spectroscopy .  
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Diffusion was performed through a two-zone furnace 
system, as s~hown in Fig. '1. Dry ni t rogen was used as a 
carrier gas. To investigate ~s dependence on an oxidiz- 
ing atmosphere, a little dry  oxygen gas was mixed into 
the n i t rogen gas. In  the first furnace zone, Sb2Os pow- 
der was charged in a Pt  boat and heated to either 750 ~ 
or 800~ In  the second, diffusion and auxi l iary  wafers 
were set on a fused-silica holder ,at 1025~176 The 
distance d between the diffusion and auxi l iary wafers 
was varied from 2 to 32 mm to determine the influence 
of d on ~s. 

To evaluate the applicabil i ty of our process to im- 
purities other than Sb, phosphorus diffusion was carried 
out with l iquid-source POC13. The source l iquid was 
mainta ined at 20~ A large flow (3000 cma/min)  of 
ni t rogen yeas Sent through the diffusion tube. During 
impur i ty  deposition, a low flow (150 cm3/min) of n i -  
trogen wa~ bubbled through the POCls. A low flow of 
oxygen (50 cmZ/min) was mixed in to facilitate POCI~ 
decomposition into P205. 

Sample anaIysis.--C,oncentration profiles of Sb in the 
diffusion wafers were obtained by  a differential con- 
ductivi ty method (10). Sheet resistance (ps) of the 
diffusion 1.ayer was measured with a four-point  p,robe 
after the glass was etched away. The ~s is obtained from 
the reciprocal of this ps measurement .  The concentra-  
tion of Sb in the glass layer grown on the diffusion wa- 
fer was measured by ion microanatyzer (IMA). These 

1st 2nd 

f Diffusion wafer 

203 , =, 
\ %-~ ~-~ Auxiliary wafer 

Fig. 1. Experimental apparatus. Diffusion was mainly executed 
at the condition of 2 mm for distance (d) between the diffusion 
and auxiliary wafers. 
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samples  for IMA were sput ter  etched using 13 keV O + 
ions at a rate of about 6 n m / m i n .  The glass tb2,ckness 
grown on the samples was measured by  ellipsometry. 

Results 
Influence o~ dopant,source concentration.--The dif- 

fusion of Sb was carried out using both the new and 
convent ional  processes at Sb203 dopant-source  concen- 
trations in the carr ier  gas in the range of 0.1-1.0 m/o.  In  
this new  process, the silicon wafers polished with No. 
1200-15.00 AI~O~ were used for the auxi l iary  wafers: The 
glass layer  grown on the diffusion wafers was measured 
by IMA. The relat ive in tensi ty  of 122Sb in  the layer  is 
shown in Fig. 2. This in tens i ty  directly corresponds to 
its concentration. Accordingly, it becomes evident  that  
glass concentrat ion using convent ional  technique is 
proport ionate to dopant-source concentration.  How- 
ever, the glass concentrat ion in the new process varies 
at approximately  the square of the dopant-source con- 
centration.  This suggests that the Sb glass-formation 
mechanism obtained by the new process differs ent i rely 
from that obtained by conventional  processes. 

The Rutherford backscattering (RBS) spectra for 
the diffusion wafer at 0.65 m/o  of source concentrat ion 
has already been repormd (6). Sb yield in a glass layer 
obtained by this technique was about 10% of that ob- 
tained by  conventional  techniques. At the same source 
concentrat ion in Fig. 2, it could be confirmed that  the 
Sb concentrat ion in a glass layer using the new tech- 
nique is also about 10% of that orbtained by the con- 
vent ional  one. 

The thickness of the glass layer observed under  dop- 
ant  conditions similar  to Fig. 2 is given in  Fig. 3. In the 
glass layer, oxygen is formed by  the reaction 

2Sb203 ~ O 4- Sb205 + 2Sb [1] 

Generally,  the glass thickness is proport ionate to the 
oxygen concentration.  Therefore, if the chemical equi-  
l ib r ium Eq. [2] is formed 

(0) (Sb205) (Sb) ~ 
= K [2] 

(Sb2Os) 2 

where K is equi l ibr ium constant, the thickness is pro- 
port ionate to the square root of Sb203 source concen- 
tration. This agrees wi th  the ,experimental data of con- 
vent ional  method. However, al though the thickness 
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Fig. 2. Normalized Sb intensity in the gloss layer grown on the 
diffusion wafer vs. Sb203 source concentration. O and �9 indicate 
the intensity obtained by the new and conventional processes, 
respectively. 
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Fig. 3. Gloss film thickness dependence on Sb208 source con- 
centration. 

obtained by the new process is proport ionate to source 
concentration, this may be because the (Sb) 2 te rm 
of Eq. [2] is close to constant  in  the p,rese~ce of A1203 
in  the glass layer  on the diffusion wafer (9). 

The relat ion of diffuszon wafer ~s and Sb~O3 source 
concentrat ion are shown in Fig. 4. The ~s using the 
new process s t rongly depends on source concentration. 
At a source concentrat ion of less than 0.2 m/o,  the 
technique has a negat ive  effect on high concentrat ion 
Sb diffusion. This is because ~s's obtained by the new 
process are lower than those obtained by  a conven-  
t ional one. 

cs's obtained by  .conventional processes are inde-  
pendent  of those in the range 0.1-0.4 m/o, and sl ightly 
increase in the region over 0.4 m/o. 

The reason zs in the new process rapidly decreased 
at source concentrat ions below 0.2 m/o  is impor tant  in  
unders tanding  the diffusion mechanism obtained from 
the new technique. 

Diffusion under variant source concentrations.--The 
diffusion process des.cribed above was carried out at a 
constant-source concentrat ion f o r  the entire diffusion 
t~m~e. Here, to determine the dependence of diffusion 
behavior on time, this source con,centration was con- 
trolle.d as shown in Fig. 5,a. 

The resul tant  surface concentrat ion Co :and carrier 
concentrat ion profiles of the Sb diffusion layer  are 
shown in Fig. 5b and Fig. 6. Dis t r ibut ion results labeled 
15 min, 30 min,  and 60 rain in Fig. 6 correspond to 
diffusion time. The Co obtained by conventional  pro-  
cesses is near ly  constant d u r i n g  diffusion time. How- 
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gas phase. However, that obtained by conventional  
methods is stable and similar to the results shown in 
Fig. 4. 

Effect o] oxygen in the carrier gas. - -An effect of oxi- 
dizing atmosphere is shown in Fig. 7. Even when the 
O2/(N2 + 02) ratio is changed to 0, 1, 2, and 4%, re- 
sults obtained by convent ional  processes are approxi-  
mate ly  14.9 m ( ~ / [ ~ ) - I  in all cases and hardly change. 
In  contrast, zs obtained by the new process become 
40.0, 31.3, 26.3, and 16.7 m(s at  the respective 
ratios, and gradual ly  decrease as the O2 content  in-  
creases. 

A previous paper  (9) reported that comparison of 
the Sb concentrat ion at the silicon surface Co with 
the Sb concentrat ion at glass-silicon interface Cr for 
e lemental  Sb produced good results. Therefore, it was 
concluded that  carrier concentrat ion in silicon de- 
pended on the concentrat ion of e lementa l  Sb at  the 
glass-silicon interface. From this point of vievr it can 
be assumed that  the CT levels o'btained by the new 
process decrease as oxygen increases. The reason for 
the Cr decrease is not clear. However, in our process 
there is no doubt  that something effective for high-  
concentrat ion Sb diffusion onto the diffusion wafer 
depends on several diffusion conditions. 

Here the Cr of the convent ional  process cannot be 
high in comparison with that obtained by the new 
process, because the Co obtained by the former pro-  
cess is lower than that  obtained by the lat ter  process, 
as shown in Fig. 6. On the contrary,  the Sb concen- 
trat ion in the glass layer  on the diffusion wafer in the 
convent ional  process is higher than that in the new 
process, as shown in Fig. 2. Thus, it should be con- 
sidered that the Sb concentrat ions in glass layer  are 
no relation to the Cr. The factors which determine 
the Cr wil l  be described in another section. 

Dependence on the diffusion temperature.--Let ~s" 
and ~s c be defined as the sheet conductance obtained 
by the new process and by convent ional  processes, 
respectively (6). The value ~ ,  -- ~s c should reveal 
the effect on Sb diffusion obtained by  the new tech- 
nique. 

The relationship between vicini ty distance d and the 
~s ~ -- ~s c with diffusion tempera ture  as a parameter  is 
given in Fig. 8. Here, ~c are 23, 3.1, 0.78, and 0.25 
m ( s  -1 at diffusion temperatures  of 1200 ~ 1100 ~ 
]050 ~ and 1025~ respectively. 

1 _  I 

0 0.5 1.0 1.5 2.0 
Depth into silicon ()Jm) 

Fig. 6. Carrier concentration profiles obtained by the new ( A ,  C), 
[ ] )  and conventional ( A ,  t ,  Ig) processes. 

ever, the Co in our process at 15, 30, and 60 rain of 
diffusion time w,as 7.0 • 1019, 6.0 X 1019, and 4.0 • 
1019 cm -3, respectively. Large decreases in Co oc- 
curred between 30 and 60 min. These correspond 
to the decrease of Sb203 s o u r c e  concentrat ion from 
0.47 to 0.05 m/o.  Thus, it provides that diffusion in the 
new process is very sensitive to dopant-source con- 
centration. Both constant-source concentrat ion through 
the diffusion time and its being above 0.4 m/o are 
necessary for our process. 

This may  mean  that the interface condition between 
the glass layer and silicon substrate  with the new 
technique is affected by Sb203 concentrat ion in the 
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Fig. 7. Effect of oxygen content in nitrogen carrier gas on 
diffusion. 
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A~s distance d between the diffusion and auxi l iary  
wafers becomes smaller,  vs p -- ~s e of the wafer increases 
remarkably .  When distance d is about 6-8 m m  or 
greater, the effect of the auxi l iary  wafer decreases 
drastically, and a~, a t ta ined becomes identical  to q /  
realized by convent ional  methods. 

From the dependence o~ ~s ~ -- cs e on diffusion tem- 
perature,  it is known that distance d which is effective 
in our process decreases with diffusion temperature.  
The relat ion between r -- ~s ~ and d in  Fig. 8 is repre-  
sented by 

( ~ ,  - -  ~ )  = ~ o  e x p  ( - - d / ~ ' )  [3] 

where ~so and  k' are functions of diffusion tempera ture  
and source concentration.  ~so and ~.' correspond to the 
increase in Sb amount  created by the effect of the 
auxi l iary  wafer and  mean  free distance of the ma-  
terial  diffused from the auxi l iary  wafer surface to 
the diffusion one. 

The ~.' values obtained from Fig. 8 are  4.3, 3.6, 1.9, and 
1.05 m m  for diffusion temperatures  1200 ~ 1100 ~ 1050 ~ 
and 1025~ respectively, k' should correspond to the 
diffusion length of activated species emitted from the 
surface of auxi l iary  wafer. The species are perhaps 
A1-Sb complex oxide. 

D e p e n d e n c e  u p o n  d i s tance  d a t  v a r i o u s  source  con -  
c e n t r a t i o n s . - - A t  a source concentrat ion under  0.2 m/o, 

diffusion using the new technique has a negative effect 
on high-concentra t ion Sb diffusion, as seen in  Fig. 4. 
The d in that diffusion was 2 mm and smaller  than k' 
at 1200~ as shown in  Fig. 9. If d is larger  than  ~.', 
it is expected that as a t ta ined with this new condition 
will differ from those at ta ined with the former one. 
Therefore, the relationship between zs and d with 
source concentrat ion as parameters  were examined. 
The result  is shown in Fig. 10. At a 0.17 m/o  source 
concentration, as obtained by the new process is also 
lower .than that obtained by convention'al processes. 
However, r increases with d, a n d  cs with a d of 32 
m m  is near ly  equal to that obtained for the conven- 
t ional processes. 

In high and low source concentrations, the effects 
of the ne w  process vary  drast ical ly as d decreases. 

C o m p a r i s o n  b e t w e e n  A1203-1apped w a f e r  and  sap -  
p h i r e . - - W h e n  silicon wafers are l~apped with no. 1200- 
1500 Al2Oa as the ,auxiliary wafer, as of the diffusion 
wafer  depends on the n u m b e r  of uses of the auxi l iary 
wafer. Therefore, these wafers were changed every 
experiment.  To clarify the role of the auxi l iary wafer 
in the diffusion runs, these wafers were not  changed; 
they were used sequentially.  

Variat ion of qs obtained with these polished silicon 
wafers is shown in Fig. 11 by' O. In this figure, the zs 
variat ion obtained with the sapphire s ingle-crystal  wa- 
fers as an auxi l iary  wafer  is denoted by A. Compared 
with as obtained by Si and sapphire wafers, it becomes 
clear that in practical use the la t ter  auxi l iary  wafer is 
more useful than the former. Therefore, the result  
shows that AI~O~ is effective for Sb diffusion. 

With the decrease of ~s obtained by sequential  use of 
the AI.~:O8 lapped wafer, it is assumed that the A1203 
on the surface of the auxi l iary  wafer is diffused out 
dur ing the diffusion procedure (9). Hence, the A1203 
concentrat ion reached on the diffusion wafer is lOwer 
than  that  which could contr ibute to higher concentra-  
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Fig. 9. Dependence of mean free distance ~' of the material out- 
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temperature T. 
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Fig. 11. Comparison of diffusion usi:ng AI203-1apped wafer ( 0 )  
and sapphire (Z~) as auxiliary wafers. 

tion Sb diffusion in  the diffusion wafer, as shown in 
Fig. 11. 

Di~usion in the auxiliary wafer itself:--The depen-  
dence of as on the four different types of auxi l iary  
wafers is shown in Table I. In  this table, "Diffusion 
wafers" indicates that  as was measured for diffusion 
wafers uti l izing foul: different types of auxi l iary  wafers, 
and "Auxi l iary  wafers themselves" shows that  the as 
was measured for the auxi l iary wafer (CVD-AIeO3, A1 + 
implanta t ion) .  

Since ~s of "Diffusion wafers" are higher (46.08- 
54.95 m [ f t / ~ ] - l )  than those obtained by convent ional  
method (I6.64 m [ a / f ~ ] - ~ ) ,  it becomes apparent  that  
all these auxi l iary  wafers br ing desirable results. Such 
results confirm that  the effect of the auxi l iary  wafer 
o n  Sb diffusion is due to A1203 presence on its surface 
(9), as seen in Fig. 11. 

However, the #s of "Auxi l iary  wafers themselves" 
should be noted. The ~s for "AI + implanta t ion"  is 40.82 
m(~/VD -1, and sui tably high as compared with that 
obtained by  convent ional  methods. Therefore, it is 
shown that the effect of A1 (probably from the AlsO3 
because of changes occurring dur ing  pre thermal  t reat-  
ment  for diffusion) presented on the diffusion wafer 
itself beforehand is s imilar  to that of auxi l iary  wafers, 
which have A1203 on their surfaces. The ~s for "CVD- 
AltOs" (29.85 m(~2/V1) -1 is not  so large as those ob- 
tained by  conventional  methods. This takes in con- 
sideration the fact that  CVD-A1208 film (about 50-100 
n m  thick) on the wafer acts as a diffusion mask dur ing  
the ini t ial  period of diffusion. 

Phosphorus diffusion using auxiliary wa~ers.--It is 
expected that the ne~v process using auxi l iary  wafers 
may be useful  in impur i ty  diffusions other than Sb. 
However, the new process has no appreciable effect on 
diffusion with a phosphorus oxychloride (POCI~) source, 
as is shown in Tabl.e II. This shows that the new pro-  
cess is useful  for limite, d impurities.  These are diffi- 
cult to diffuse in a surface concentrat ion as high as the 

Table I. Sheet conductance (~s) obtained by the new and 
conventional techniques. In the new technique four different 
types of auxiliary wafers were used. Diffusion temperature, 

diffusion time, and distance (d) were 1200~ 45 rain, and 4 ram, 
respectively 

January 1984 

Diffusion w a f e r s  

Auxi l iary  wafers  
themselves  

Shee t  conductance 
Techn iques  or, ( m [ ~ / [ ] H )  

Conventional 16.64 
Ne w process 
( Used  auxi l ia ry  

wafe r s )  
s apph i re  54.35 
CVD-AI~O3 54.95 
AhOs lapping  52.36 
A1 + imp lan ta t ion  46.08 
CVD-AlsOs 29.85 
AI+ implan ta t ion  40.82 

Table Jl. Sheet conductance of phosphorus-diffused layer using 
and without auxiliary wafer lapped with AI203 powder 

Sheet conductance 
r (m[~/O] -I) 

Impurity Conditions New process Conventional 

900~ 30 rain 44.3- 48.1 47.6- 50.3 
Phosphorus 990~ 30 rain 155.0-168.1 163.9-172.4 

II00~ 30 mln 408.2-434.8 434.8-469.5 

soli'd solubility (12). Our phosphorus diffusions were 
executed at high concentration conditions as described, 
in the section on experimental procedure. Further in- 
vestigation will be necessary at the lower flow (<150 
cmS/min) condition of nitrogen bubbled through the 
POC~. 

Discussion 
I t  was confirmed that  i~ s obtained by  the new tech- 

nique rapidly decreased at dopant-source concentra-  
tions below 0.2 m/o,  arid became lower as compared 
with that  obtained by the convent ional  technique (Fig. 
4). However, in such low dopant-source concentrations, 
if d between the diffusion and auxi l iary wafers was 
increased, as obtained by our technique was increased 
to as much as that by the convent ional  technique, as 
seen in Fig. 10. Fur thermore,  the diffusion of the new 
process was .dependent upon  several  diffusion condi-  
tions. 

To obtain high concentrat ions of Sb diffusion with 
our process, source concentrat ions have to be kept as 
high as 0.4 m/o  throughout  the diffusion procedure. 
The ~s obtained by the new process gradual ly  de- 
creased as 02 content  increased. However, continuous 
presence of A1~O8 on the auxi l iary  wafer was necessary 
for higher concentrat ion diffusion. Results described 
above are too complex to discuss briefly. A similar phe-  
nomenon  is not seen anywhere  but  in oar reports 
(6,9).  

Here, the effects of e lemental  Sb can be assumed. 
Elementa l  Sb is created on the auxi l ia ry  wafer  using 
A!203 and is emitted toward the diffusion wafer. When 
Sb diffusion is carried out at 1200~ for 30 rain in  a 
0.65 m/o source concentration,  the thickness of the glass 
layer obtained by  conventional  techniques (,~71 rim) is 
roughly s imilar  to that obtained by the new technique 
(--56 nm) .  

This glass should be produced according to a chemical 
reaction such as 

2Sb20~ + 3Si ~ 3Si02 ~- 4Sb [4] 

If the glass layer is assumed to be twice that  of the 
Sb atomic radi i  (1.45~_), the Layer obtained by our 
technique is 193 layers. Because the Sb atom concen- 
t rat ion is 3.3 • 102e atoms/cm~, the amount  of ele- 
menta l  Sb per layer is about 1.0 • 1015 a toms/cm 2. 
Therefore, the total formation amount  of e lemental  
Sb in the glass layer  is high (,~1017 cm-2)  and similar  
to that obtained by the convent ional  method. Conse- 
quently,  it is difficult to just i fy that  such high concen- 
trations of e lemental  Sb at the interface are affected by 
the amounts  of e lemental  Sb emitted from the auxil iary 
wafer. Another  model is necessary. 

For the above reasons, it is impor tant  for unders tand-  
ing our  diffusion mechanism to know why surface 
concentrat ions obtained by  convent ional  techniques are 
lower than those obtained by the new technique. 

A large quant i ty  of A1, probably  AI~O~, was de- 
tected in  the glass layer  grown in the diffusion uti l izing 
an auxi l iary  wafer (9). The A1203 is t ransferred from 
th e auxi l iary  wafer. This A1203 transfer  is supported by 
the described results (Fig. 11). 

At present, considerations, such as that  the solid 
soLubility of e lemental  Sb in the glass layer  depends 
on the amount  of A1203 present  in the layer, most 
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n a t u r a l l y  expla in  the diffusion mechanism obta ined  by  
the new process.  

Here,  the  chemical  react ion and t ransfe r  pa th  of e le -  
menta l  Sb a re  as shown in Fig. 12. 

When a Sb2D~ source is supplied,  Sb20~ reacts  wi th  
the  A1203 on the sur face  of the aux i l i a ry  wafer  and  
produces  (A1-Sb)  Ox. 

The (A1-Sb)Ox  is diffused toward  the diffusion 
wafer  by  gas phase  diffusion. 

However ,  Sb208 reacts  wi th  Si (diffusion wafer )  and 
produces  SiO2 and e lementa l  Sb, as is seen in Eq. [4]. 
The SiO~ forms a glass layer .  

E lemen ta l  Sb is d iv ided  into four components .  F i r s t  
is the component  diffused into Si (SbA in Fig. 12). The 
second is that  in glass (SbB). The th i rd  and four th  are  
those tha t  diffused out  into the  gas phase (Sbc) ,  and  
that  diffused into aux i l i a ry  wa~ers (SbD), respect ively.  

Thus, e i ther  by  decreas ing  dis tance  d (Fig. 8) or  by  
increas ing Sb20~ source concentra t ion (Fig. 4), the  
(A1-Sb) Ox amounts  reached on the glass l aye r  increase.  
Therefore,  the  e lementa l  Sb concentra t ion at  the glass-  
si l icon interface  grows as the  effect of the n e w  process 
reveals.  

A t  a low Sb203 source concentrat ion,  the Sb~O8 con- 
cent ra t ion  in the glass l aye r  becomes smaller .  There -  
fore, e l ementa l  Sb concentra t ion drops dras t ica l ly  
(Fig. 4). 

At a low Sb208 source concentra t ion and at  a smal l  
dis tance be tween  the diffusion and aux i l i a ry  wafers,  cs 
decreases  more  as compared  to the convent ional  p ro-  
cess, because Sb2Os source is consumed by  the 
aux i l i a ry  wafer  (Fig. 10). 

According  to these considerat ions,  the  key  in in te r -  
p re t ing  the diffusion mechanism may  be the  so lubi l i ty  
change of e lementa l  Sb in the mul t i component  glass 
(SiO~, A1203, Sb203, and e lementa l  Sb) .  However ,  to 

suppor t  this diffusion model,  the effective concent ra-  
tions of Sb203 and A12Q in the glass l aye r  on the  sur-  
face of the diffusion wafe r  wil l  have to be revealed.  

The op t imum diffusion condit ions for  h igher  Sb 
concentrat ion using the new process are  shown in Fig. 
13. The o p t i m u m  condit ions are  the  re~ion d iv ided  by  
the definite concent ra t ion  of the host  (~b203) 'and the 
assist ing i m p u r i t y  concentra t ion (A120~). At  lower  
concentrat ions  of both  Sb~O~ and A1203, the  surface 
concentra t ion of Sb diffusion o b t a i n e d  by  the n e w  ~ro-  
cess is lower  than that  obta ined b y  the convent ional  
one (Fig. 4, 10). When the host  source and the assist ing 
concentra t ion increase,  the surface concentra t ion of the  
diffusion wafer  increases to as high as the solid solu-  
b i l i t y  of Sb in silicon. However ,  when  these concen-  
t ra t ions  increase  more, two prob lems  result .  One is 

sb~ t 
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SiO 2 [ Si 
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Fig. 12. Assumption of chemical reaction and transfer path of 

elemental Sb in the new diffusion process. 

O 

..13 
u3 
v 

E 

o 
:Iz 

YY 

inef fect ive 

Assisting impurity (A[203) 
Fig. 13. Conception of optimum diffusion conditions for higher 

Sb concentration. 

surface  defects,  such as surface erosion (2). The 
o ther  is contaminat ion  by  the assist ing A120~ impur i ty .  

Fur the rmore ,  in  the  diffusion descr ibed  (6, 9), the 
only usable  ma te r i a l  is A12Os. However ,  i t  is expected 
tha t  some o ther  ma te r i a l  might  also prove  usable,  as 
shown in Fig. 13. Such detai ls  can be clarified in fur ther  
invest igat ions.  

Conclusion 
The op t imum condit ions for  h igher  Sb diffusion into 

silicon wi th  aux i l i a ry  wafers  were  clarified. The fo l l ow-  
ing resul ts  were  ob ta ined  f rom the new diffusion pro-  
cess: 1. To o,btain h igher  Sb concentra t ion diffusion 
using an aux i l i a ry  Wafer, Sb20~ source concentra t ion 
in a n i t rogen ca r r i e r  gas has  to be kept  :as high as 0.4 
m/o  dur ing  the ent i re  diffusion process. 

2. When a very  smal l  amount  of oxygen  is m i x e d  into 
the n i t rogen ca r r i e r  gas,  the sheet conductance ob-  
ta ined by  the new process decreased.  

3. Both high Sb203 source concentra t ion and a 
smal l  d is tance be tween  the diffusion and aux i l i a ry  
wafers  are  effective in the new process. 

4. A l though  the sheet  conductance obta ined  by  
ut i l iz ing an A12Os-lapped wafer  depends  on the number  
of uses, that  obta ined  by a sapphi re  wafe r  is indepen-  
dent  of the n u m b e r  of uses. 

5. When A120~ is present  on the diffusion wafer  
beforehand,  the effect of A1203 on Sb diffusion is a lmost  
the same as that  of a u x i l i a r y  wafers  having A12Elz on 
the i r  surface.  

6. The new process has  no effect on phosphorus 
diffusion. 

7. To expla in  diffusion behavior ,  so lub i l i ty  change 
of e lementa l  Sb in the mul t i componen t  glass is d is-  
cussed. 
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A Scanning Auger Electron Spectroscopic Study of Particulate Defects 
in Metallurgical-Grade Silicon 

J. H. Thomas I I1 , *  R. V.  D 'Aie l lo ,  and P. H. Robinson* 

RCA Laboratories, Princeton, New Jersey 08540 

ABSTRACT 

Metallurgical-grade silicon, used as a substrate material for low-cost epitaxial solar cells, purified by the heat-exchange 
method leaves some metallic particulate residue in the purified ingots. Scanning Auger electron spectroscopy has been 
used to elementally identify the particulate residue exposed in sections from purified ingots. Particle composition (V, Ti, 
Ni, Fe, A1, and C rich silicon) was found to be position sensitive within an ingot and to depend on the source of MG feedstock. 

An al ternate ~ow-cost method of producing silicon 
solar cells uses commercial metal lurgical -grade silicon 
as a substrate mater ial  (1). ~ar ious  methods have 
been described to improve the qual i ty of this silicon 

Electrochemical Society Active Member. 
Key words: heat-exchange me~hod, solar cells, metallic impuri- 

ties. 

such as the heat-exchange method (HEM) (1). In  
these studies (1), it was shown that residue contami-  
na t ion  in the substrate produces defects in the epi- 
taxia l  silicon layer  and results in a lower cell yield. 
The composition, nature,  and dis tr ibut ion of defects or 
impurit ies within a refined ingot is impor tant  to the 
characterization of the refining process as well as 
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Fig. 1. Ingot 015. (Top) 
Micrograph of a typical defect 
(60•  (Bottom) Auger spec- 
trum ef this defect after sputter- 
ing 10 min. 
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Fig. 2. Ingot 015. (Top) Micrograph of the defect in Fig. 1 at 
300X. (Bottom) Fe Auger elemental map (300X) showing Fe dis- 
tribution (after sputtering). 

unders tand ing  the contaminat ion of the epitaxial  sili- 
con layer. 

Small  beam Auger  electron spectroscopy has been 
applied with considerable success to the characteriza- 
tion of solar cell materials  (2-7). The g e n e r a l ' m e t h -  
odology of application is well established. However, 
surface studies using this technique must  be viewed 
with caution, especially on topographically rough sur-  
faces such as those encountered in this work (7). In 
this paper, results o f  an Auger  electron spectroscopic 
s tudy of defects in HEM refined metal lurgical -grade 
silicon are presented. The elemental  composition and 
compositional variat ions of part iculate defects were 
studied with respect to their  position in the ingot. 

Sample Preparation 
The details of silicon refinement using HEM are 

described elsewhere (1, 8). Ingots of Hanna  Mining 
Company feedstock (8) (Ingot 015) and Silicon 
Smelters, Limited, South Africa feedstock (8) (Ingot 
020) silicon were refined by double solidification using 
the heat -exchange method. Slabs were sliced from the 
top, middle, and  bottom of the ingots to s tudy the dis- 
t r ibut ion of particles in the resolidified material .  

The slabs of silicon were polish-etched in an HF: 
HNO3(1:6) etchant (8). The silicon immediate ly  sur-  
rounding defects near  the surface of a slab etched 
faster than the "bulk" silicon, leaving a pit and ex- 
posing the surface of the defect at the bottom of the 
pit. Pits and defects vary  from ~10 to 50~0 #m in d iam- 
eter. Some defects are larger since they occur along 
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extensive grain boundaries.  A total of six samples (top, 
middle, and bottom of Ingot 015 and Ingot 020) were 
studied by Auger electron spectroscopy. 

Instrumental Approach 
Scanning Auger microprobe (SAM) studies were 

performed using a Physical Electronics Industr ies  
Model 545 system equipped with a Physical Electronics 
Industr ies  Model 20-015 rastered ion gun for sputter  
microsectioning samples in depth. This system main-  
tains a base pressure of less than 3 • 10 - l ~  tort. 
Sput ter ing was performed by backfilling the vacuum 
system to a static pressure of 5 • 10 -5 torr argon. Ar-  
gon sputter  rates w e r e  about 50 A / m i n  (relative to 
Ta~O~) at 2 keV ion energy. Auger  measurements  and 
video display were performed at an electron beam po- 
tent ial  of 3 keV using an electron beam current  to give 
a beam size of about 10 ~m FWHM. Spectra were ob- 
tained using processed modulat ion to the CMA in the 
derivative mode. Micrographs were obtained by  mea-  
sur ing the sample absorbed current.  Auger  e lemental  
maps were made by adjust ing the spectrometer to a 
given elemental  peak and using this analog signal to 
Z-modulate  the monitor  oscilloscope with raster posi- 
tion. Most mappings were obtained at a lock-in  time 
constant  with 20 ms and required 1 min per frame. 
Elemental  l ine scans were obtained by scanning the 
electron beam in the X direction With Y = 0 (midpoint  
of the micrograph) and displaying the Auger intensi ty  
as Y modulat ion on the oscilloscope. 

Metall ic Defects 
Figure 1 shows a typical defect from Ingot 015 (top) 

taken in the absorbed current  mode at 60• (Ee "- 3 
keV). At this magnification, not  much detail is ob-  
served. The defect appears as a mound (~100 ~m 
diam) at the bottom of a shallow etch pit. Because of 
the intr insic  5-10 ~m resolution of this ins t rument ,  
higher magnification does not yield any  fur ther  detail. 
The major i ty  of the defects studied were similar  in 
appearance at this resolution. The electron beam size 
was sufficiently small  so that the beam could be cen- 
tered on the defect and Auger  analysis performed at 
this point. 

The crater region was sputter  cleaned for 10 min  re- 
moving about 500A of mater ial  (relat ive to the sputter  
rate of Ta2OD and an Auger  spectrum of the defect 
was obtained. This spectrum is shown in Fig. 1 below 
the micrograph of the defect. The spectrum is displayed 
from 0 to 1000 eV for the lower trace and from 1000 to 
2000 eV for the upper  trace. The lower trace shows the 
elements St, Fe, Ni, Ti, V, O, and Ar, and the upper  
trace shows Si and A1. This spectrum is qual i ta t ively 
representat ive of most of the Auger  spectra taken in 
this study. Two points must  be made: (i) all the de- 
fects studied contain silicon as a major  const i tuent  and 
(if) argon is observed as a result  of implanta t ion  due 
to sput ter ing at 2 keV and will henceforth be ignored. 
Sput ter ing sequent ia l ly  removes carbon contaminat ion 
reveal ing an oxygen-r ich  surface. The most significant 
peaks aside from Si were Fe and Ni. AI, Ti, and V are 
observed under  the oxide layer  that measures perhaps 
100A thick. Fur ther  sput ter ing does not significantly 
change the spectrum as shown. 

Semiquant i ta t ive  analysis was performed by mea-  
sur ing the peak- to-peak signal intensit ies and apply- 
ing' tabulated e lemental  sensitivity factors as described 
in Ref. (9). This procedure yields a normalized surface 
composition of Si (50%), A1(16%), Fe (29%), Ni (2.5%), 
V(1.5%),  T i ( l % ) ,  and O(1%) at a depth of 500A. 
Data are accurate to within a factor of --+30%. There-  
fore, the major  consti tuents of this typical defect are 
Fe and A1 in addition to St. It is possible that conditions 
are favorable for silicide formation and the defect rep- 
resents a combinat ion of FexSi compounds. This pro- 
cedure is useful to determine qual i ta t ively an ordering 
of e lemental  composition for a given signal strength.  
Unfortunately,  t rue quant i ta t ive  analysis is not possi- 
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Fig. 3. Ingot 015. Auger ele- 
mental line scans are shown for 
Fe, Ni, AI, and V at 300X.  
Lines are taken at the midpoint 
of the 300X micrograph (Fig. 
2). 

Fig. 4. Ingot 015 (top). (A) 
Micrograph of another defect 
(60X) .  (B) Same defect at 
(150X).  (C) Fe line scan show- 
ing two prominent peaks [dots 
on micrograph (B)] due to top- 
ography. (D) Silicon Auger ele- 
mental map showing topographl- 
tally enhanced features. Note 
the substrate is silicon. 

ble due to surface topography effects that dominate the 
Auger signal in tensi ty  (10), in this case, of extremely 
rough defects at the bottom of etch pits: In  addition, 
quant i ta t ive analysis requires a detailed knowledge of 
many  other factors, e.g., preferent ial  sputtering. This 
is beyond the scope of this study. 

Figure 2 shows an absorbed current  micrograph of 
the same defect at 300 X. Immediate ly  below the micro- 
graph is shown the corresponding Fe Auger map. The 
Fe map was obtained by using the 702 eV LMM Fe 
transi t ion (the most intense peak in the derivative 
spectrum).  The most intense portion of the Fe map 
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may correspond to a peak in  Fe concentration. The Fe 
peak does not correspond exactly to the "geometric" 
center, but  lies slightly to the r igh t -hand  side of the 
observed defect. The dark regions in the map may cor- 
respond to lower Fe but  not necessarily zero Fe due to 
the reduction in sensit ivity at the small  t ime constants 
required to perform an analog map. 

By plott ing the Auger  peak ampli tude as a function 
of X position (Y is centered on the micrograph),  a 
more quant i ta t ive  evaIuat ion of the e lemental  concen- 
t rat ion gradient  can be obtained. Figure 3 summarizes 
l ine scans for Fe(702 eV), Ni(856 eV), A1(1389 eV), 
and V (470 eV) for this defect. All the elements shown 
have similar  distr ibutions across the defect and reach 
a max imum concentrat ion near  the center of the defect 
region. This dis t r ibut ion is representat ive  of many  of 
the defects studied. In performing Auger  analysis of 
defects, it is therefore necessary to characterize the 
position (X, Y) where the electron beam is placed. 

Topographic Effects 
Some defects show considerable concentrat ion var ia-  

tion across the sputtered cross section. An example of 
this behavior  is shown in Fig. 4. Two absorbed-cur ren t  
micrographs are shown at 60 and 150• Even with the 
poor resolution of the electron beam, surface details 
are readily observed. To demonstrate  the effects of 
topography on the apparent  e lemental  composition of 
the defect, a Si (91 eV) elemental  map and an Fe (702 
eV) elemental  line scan at 150• are included. The Si 
map shows features simiIar to the micrograph. Since 
the substrate is Si, the bright  regions of the map are 
due to topographically enhanced Si detection or elec- 
tron emission and probably represent  an overall  change 
in the electron yield in this region. Auger  spectra show 
that Si is actual ly less concentrated in this defect re-  
gion. The Fe l ine scan is equal ly dramatic, showing two 
peaks in Fe concentration.  The Fe concentrat ion peaks 
occur at the black dots on the 150 • micrograph. Again, 
Auger  spectra show that  in fact the low Fe concentra-  
tion region between the peaks correlates with an over-  
all reduction in detected current  (electron yield).  Al-  
though topography tends to reduce the apparent  use- 
fulness of the mapping technique, e lemental  in tensi ty  
correlations with micrograph features aid in ' the,  un -  
ders tanding of the chemical composition of the defects. 

C a r b i d e / O x M e  Defects 
Most of the defects studied contain heavy elements: 

Fe, Ni, V, Ti, etc. There are a few defects that appear 

I I I 
7 0 0  8 0 0  9 0 0  I 0 0 0  

Fig. 5. Ingot 020. Anger 
spectrum of a carbide-like de- 
fect after sputtering 20 min. 

similar  in physical s t ructure  (,--100 ~m diam at the 
bottom of an etch pit) but  contain no detectable heavy 
elements. A sample Auger spectrum from a defect in 
Ingot 020 (bottom) is shown in Fig. 5. Auger peaks are 
observed for Si, C, O, and Ar after sput ter ing the sur-  
face for ,~1.0 min. Using the peak- to-peak  amplitudes 
with appropriate e lemental  sensit ivi ty factors (9), the 
Si to C ratio is found to be 2. This indicates that Si is 
in the form of a carbide, SizC. Figure 6 shows a 300X 

Fig. 6. Ingot 020 (bottom). (A) Micrograph of the defect of Fig. 
5 (300X). (B) Carbon Auger elemental map (300X). 
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micrograph and a corresponding carbon e lementa l  map. 
Carbon is peaked  in the center  of the defect  region. 

Defect Compositional Gradients 
To character ize  and summar ize  defect  composi t ional  

var ia t ions  from Ingots 015 and 020, Auger  spec t ra  were  
obtained af te r  sput te r ing  each defect  ~10 min. Peaks  
were observed for Si and  A1, Fe, Ni, V, Ti, O, C, and  S 
and va r ied  wi th  ingot  and posit ion wi thin  the ingot. 
Ampl i tudes  var ied  wi th  the type  of defect, heavy  metal ,  
or  carbide.  The e lect ron beam was posi t ioned wi th  the 
aid of the micrographs  and subsequent  e lementa l  m a p -  
ping information.  An assessment of the ampl i tudes  of 
t-he observed  Auger  peaks  was used to qua l i t a t ive ly  
:rank the ingots corresponding e lementa l  concentrat ion 
as large,  medium, or  small .  These  data  were  used to 
genera te  Fig. 7 and 8 which  summar ize  the e lementa l  
composit ion of 20 defects s tud ied  from the two ingots. 
Detected e lements  are l is ted i n  the left  column. The 
posit ion of the sample  in the ingot  and the defect  
number  are  l is ted hor izontal ly;  each column represents  
the qual i ta t ive  magni tude  of the e lementa l  concen- 
t ra t ion;  the la rges t  circle corresponds to the larges t  
in r ank  and the smal les t  to the smal les t  in rank.  In  this 
way, the defect  e lementa l  composit ion can be v iewed as 
a function of posit ion in the ingot. 

Al though only  four  defects  at  most  were  s tud ied  at  
each ingot  position, t rends  are read i ly  observed  f rom 
Fig. 7 and 8. In Ingot  015, most of the defects s tudied 
contain heavy  e lements  (Fe, etc.) .  No ca rb ide - type  
defects were  observed wi thin  the s amp le  of  nine de-  
fects studied. Heavy  e lement  concentrat ion,  tha t  is, the 
number  of heavy  elements  incorpora ted  in the defects, 
appears  to be more  concentra ted  at the ingot top. Fe -  
rich defects or A l - r i ch  defects occur at  the bottom. 
Also, O and S are  more  p reva len t  at the bot tom of this 
ingot. V was not  detected at  the bottom. In comparison,  
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Fig. 7. Ingot 015. Defect characterization and distribution in the 
ingot. 
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Fig. 8. Ingot 020. Defect characterization and distribution in the 
ingot. 

defects in Ingot  020 are  Fe - r i ch  throughout  but  a sig- 
nificant n u m b e r  of ca rb ide - r i ch  defects a re  also ob- 
served  in the middle  and bottom. In general ,  Ingot  020 
contains fewer  meta l l ic  elements,  excluding Fe, than 
does Ingot  015. The grad ien t  in the ingot is for heavy  
meta l  containing defects or  par t ic les  to be concentra ted  
at  the ingot  top and the l ighter  ox ide / ca rb ide  type  de-  
fects to be concent ra ted  toward  the bot tom of the ingot. 

Conclusions 
Par t icu la te  defects in me ta l lu rg i ca l -g rade  silicon are 

easi ly observed  by  Auger  e lect ron spect roscopy using a 
modest  spat ia l  resolution.  Ion microsect ioning by  spu t -  
te r  profi l ing shows that  the defects are  composed of 
silicon a l loyed or  compounded with  meta ls  (Fe, Ni, Ti, 
V, and  A1), as observed in some ea r l i e r  s tudies  of s im-  
i la r  ma te r i a l  (11), and carbon or  oxygen  to form car-  
bides or oxides  (12). Depth profi l ing the par t ic les  
shows that  the surface is ox ide - r i ch  and the bulk  
(>500A) is r e l a t ive ly  uniform in composition. Defect  
composit ion is pos i t ion-dependen t  wi th in  a given ingot  
wi th  l ight  e l ement - r i ch  defects concent ra ted  at the bot-  
tom and heavie r  e l emen t - r i ch  defects concentra ted  at 
the top. This d is t r ibut ion  is not consistent  wi th  wha t  is 
expected or observed in studies (11) by  o ther  me th -  
ods. Considerable  differences in composit ion were  
noted for  defects f rom Ingot  015 as compared  wi th  In-  
got 020. This is due to the differences in impur i t ies  
found in the r aw  feedstock mate r ia l s  used in forming 
the silicon ingots. In  general ,  this s tudy  has demon-  
s t ra ted  the u t i l i ty  of  scanning Auge r  e lect ron spec-  
t roscopy as appl ied  to defect  charac ter iza t ion  in meta l -  
lurgical  grade silicon. I t  is also shown that  impur i t ies  
detected by bu lk  analysis  methods (8) segregate  as 
s i l ic ide- l ike  par t ic les  dur ing  solidification. 
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ABSTRACT 

In order to increase the conductivity of polysilicon lines used in polysilicon VLSI technology, silicides (e:g., WSi2, MoSi2, 
and TaSi2) are presently being considered as overlays on the polysilicon lines. One advantage of a polysilicon/silicide struc- 
ture is that, presumably, it is an oxidizable, self-passivating structure. Under certain oxidation conditions similar to those 
employed in polysilicon FET processing, voids may develop in the polysilicon layer and/or undesirable oxides lacking 
structural integrity may develop on the silicide surface. The oxidation mechanisms governing these phenomena are herein 
discussed. 

As sem}conductor device dimensions continue to 
decrease, the need to enhance the conduct ivi ty  of 
doped polysilicon interconnections and gate electrodes 
in VLSI circuits becomes increasingly acute. Refrac- 
tory metal  silicides (e.g., TiSi2, WSi2, MoSi2, and 
TaSi3) are present ly  being considered as overlays to, 
or replacement  for, polysilicon lines as a means of 
increasing the conductivi ty of these lines while still 
re ta ining an oxidizable s t ructure  for self-passivation 
(1). This structure,  consisting of a metal  silicide layer 
directly on top of a polysilicon film, is referred to as 
the "polycide" s t ructure  while the word "silicide" re-  
fers only to the metal  silicide layer  on top of the poly-  
silicon film. 

The kinetics of the oxidation of the polysi l icon/  
silicide (polycide) s t ructure  have been previously re-  
ported (2, 3). It has been found that atoms from the 
under ly ing  polysilicon layer  diffuse through the sili- 
cide film to the top silicide surface, where the silicon 
is oxidized, while the silicide layer  itself is not  oxi- 
dized. We have found (4) that, under  certain oxidizing 
conditions, voids may form in the polysilicon layer 
and /o r  undesirable  oxides which lack s t ruc tura l  in-  
tegri ty may grow on the top surface of the silicide 
layer. 

Geipel, et al. (5) have reported extensively on the 
microstructural ,  processing, and MOS characteristics 
of the polycide films. The purpose of this present  ar t i -  
cle is to elaborate on the oxidation characteristics of 
the polycide s t ructure  and, in particular,  to specify the 
conditions under  which the aforementioned oxidation 
phenomena  take place. 

Experimental Procedure 
In order to ful ly investigate the oxidation character-  

istics of the polycide structure,  various silicon/silicide 
structures were formed. The s tandard  procedure for 
forming the polycide s t ructure  consists of first deposit- 
ing 400 n m  of in si tu phosphorus-doped polysilicon on 
45 n m  of thermal  oxide grown on a <100> p- type  sili- 
con substrate. A 350 nm layer  of WSi2 is then coevap- 
orated on top of the polysilicon layer  in a dual e -beam 
evaporator. The entire s t ructure  is then annealed at 
1000~ (1273K) for 30 min  in an iner t  ambient  in 
order to homogenize and to lower the resistivity of the 
WSi2 layer. The b lanket  polycide s t ructure  is then 
pat terned by CF4:02 plasma etching, using photoresist 
as an etch mask. The pat terned polycide film is subse- 
quent ly  subjected to a d r y - w e t - d r y  oxidation process 
at 1009~ (1273K) so as to form about  240 n m  of 
oxide on top of the WSi2 layer  and a substant ia l  oxide 

Key words: tungsten,  tungsten silicidej silicide, polycide, re- 
fractory m a t e r i a l s .  

layer  along the edges of the pat terned polycide s t ruc-  
ture. 

In order to elucidate the polycide oxidation charac- 
teristics and the ensuing results,  two slightly different 
structures were also formed and investigated. In  o n e  
case, the polysilicon layer  was deposited by e -beam 
evaporation of intr insic silicon onto the thermal  oxide 
which was immediate ly  followed by the coevaporation 
of the WSi2 layer. Thus, the intr insic polysilicon and 
the WSi2 layers were deposited sequent ia l ly  in the 
same e-beam evaporator  without  breaking the evapo- 
rator vacuum between the deposition of the t w o  
layers. The resul t ing s t ructure  is s imilar  to that of the 
usual  polycide s t ructure  except that the polysilicon 
layer  is intr insic  (undoped) instead of being doped 
with phosphorus. Some of the resul t ing b lanket  films 
were subsequent ly  annealed and oxidized, while other 
films were annealed, patterned,  and then oxidized. 

A second s t ructure  was also formed which star ted 
with 45 nm of thermal  oxide grown on a <100> p- type 
silicon wafer. The oxide was pat terned to form 2 #m 
wide openings down to the substrate.  A layer  of WSi2 
was then coevaporated onto the oxide pat tern  and an-  
nealed at 1000~ (1273 K) in an iner t  atmosphere. This 
procedure resulted in regions of WSi2 on top of 45 nm 
of oxide (regions A) and regions of WSi2 on top of 
bare silicon (regions B), as i l lustrated in  Fig. 1. This 
s tructure was then subjected to a d r y - w e t - d r y  oxida- 
tion cycle which resulted in the growth of 500 nm of 
oxide over both regions A and B. 

Results and Discussion 
Voids . - -We have observed that  the oxidation of the 

polysilicon/WSi2 s t ructure  under  the aforementioned 
conditions results in the formation of voids in the 
polysilicon layer, as indicated in Fig. 2. In the pat-  
terned polycide structure,  the voids form first and 
are largest near  the edges of the pat terned polycide 
structure.  Smaller  voids are general ly  observed away 
from the pat terned edges. The voids range in size from 
a few tens of nanometers  to over a micron in diame- 

A B A I B A 

\ / WSi2 \ / ) 
OXIDE \ / OXIDE \ [ OXIDE i~ 

Si 

Fig. 1. Patterned oxide structure with WSi2 coevapnrated over 
the entire structure. 
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Fig. 2. Large voids are observed in the polysilicon layer of an 
oxidized polysilicon/WSi2 blanket structure. 

ter. The smal le r  voids are  bounded  b y  the polys i l icon/  
WSi2 interface  whereas  the l a rge r  voids span the en-  
t i re  thickness of the polysfl icon film. 

Crowder  and Zi r insky  (3) have shown tha t  the oxi-  
dat ion mechanism of a polysi l icon/WSi2 s t ruc ture  in-  
volves the diffusion of silicon atoms from the po ly -  
si l icon layer  to the  top surface of the si l icide film 
where  the si l icon is oxidized.  Throughout  the ox ida-  
tion process, the sil icide film remains  re la t ive ly  inert .  
The presence of voids in the polysi l icon l aye r  in the 
present  exper iments  appa ren t ly  resul ts  f rom a net  
flux of sil icon atoms f rom this l ayer  wi th  an insuffi- 
cient counterflux of o ther  atoms. 

The nonuni form dis t r ibut ion  of the voids in the 
polysi l icon l aye r  and the i r  var ia t ion  in size indicates  
that  vacancy  supersa tu ra t ion  and nucleat ion occur at  
p r e fe r r ed  sites. One possible cause of this effect is the 
presence of a sil icon diffusion bar r ie r ,  such as a po ly -  
sil icon na t ive  oxide, at  the polys i l icon/s i l ic ide  in te r -  
face. This diffusion ba r r i e r  would inhe ren t ly  have a t -  
tendant  weak  points  or  pinholes  through which  the 
silicon could eas i ly  diffuse. Hence, these points  would  
become sites for  void nucleat ion and growth.  

In  o rde r  to ascer ta in  if a polysi l icon na t ive  oxide  
was present ,  and act ing as at  least  a pa r t i a l  diffusion 
bar r ie r ,  a l aye r  of intr insic  sil icon and a film of WSi2 
were  sequen t ia l ly  deposi ted in an e -beam evapora to r  
wi thout  b reak ing  the evapora tor  vacuum of 5 • 10-~ 
tor r  be tween  depositions.  In  this manner ,  the presence 
of a polysi l icon na t ive  oxide was minimized,  if not  
to ta l ly  e l iminated.  Oxidat ion  of b lanke t  films produced 
in this manne r  resul ted  in no voids in the polysi l icon 
layer.  Thus, pinholes  in the polysi l icon na t ive  oxide 
contr ibute  to the format ion  of large  discrete voids in 
the polysi l icon layer .  (Al though the e - b e a m  evapo-  
ra ted  polysi l icon also differs f rom the convent ional  
doped CVD polysi l icon in that  the l a t t e r  has a high 
concentra t ion  of phosphorus,  l a te r  exper iments  show 
that  phosphorus  is unre la ted  to void format ion. )  

In o rde r  to gain a more quant i ta t ive  unders tand ing  
of the factors  cont r ibut ing  to the void fomation,  the 
pinholes in the polysi l icon nat ive  oxide were  s imu-  
la ted by  2 #m wide str ips  de l ibe ra te ly  etched into a 
t he rma l ly  grown oxide on a sil icon wafer.  (See Fig. 
1.) Since the nat ive  oxide thickness  on a bare,  l igh t ly  
doped s ing le -c rys ta l  silicon wafer  is be l ieved to be 
thinner than that on heavily doped polysilicon, the 
presence of any native oxide on the silicon wafer in 
the etched spaces may be assumed not to inhibit the 
diffusion of silicon from the substrate. (Indeed, the 
experimental results support this assumption.) After 
deposition and annealing of the WSi2 film on the pat- 
terned oxide, the wafer was oxidized and a uniformly 
thick 500 nm oxide was grown over both regions A 
(WSi2 on oxide) and B (WSi~ on the silicon substrate). 
Where a 2 #m wide B region lies between two 2 #m 

wide A regions or  be tween  a 2 ~,m and a 30 ~m wide A 
region, voids do not form in the sil icon subs t ra te  in 
the B regions (see Fig. 3). However ,  voids a re  ob-  
se rved  exclus ively  in the  si l icon subs t ra te  in those  B 
regions which  separa te  two 30 ~m wide A regions, as 
~hown in Fig. 4. 

Two things are  immed ia t e ly  evident  f rom Fig: 3 
and  4. Firs t ,  the role of phosphorus  in void format ion  
is exc luded  since the voids also form in the  l igh t ly  
bo ron-doped  substrate ,  in a s imi la r  fashion to the 
voids which form in the phosphorus -doped  polysi l icon 
layer.  Second, the micrographs  c lear ly  show the con- 
sumpt ion  of si l icon atoms f rom the wafer ,  where  the 
sil icon diffusion is uninhibi ted.  The consumpt ion  of 
sil icon atoms e i ther  results  in the movemen t  of the  
WSi2/Si  interface (Fig. 3) or  in the  fo rmat ion  of 
voids (Fig. 4). 

The re la t ive  area  rat ios of the silicon source (B re-  
gions) to the si l icon dra in  (A regions)  contr ibutes  to 
the format ion  of voids in the silicon subs t ra te  dur ing  
oxidat ion.  If AA and AB are  the respect ive  areas  of re -  
gions A and B, and if AA/AB = 15/2 ---- 7.5, as in the 
case of Fig. 3, then voids do not form in the unde r ly -  
ing silicon. Rather ,  the WSi2 l aye r  moves towards  the 
sil icon subst ra te  in the opposi te  direct ion of the si l icon 
flux. If AA/A~ : 3.0/2 ---- 15, then voids wil l  form in 
the sil icon subst ra te ,  as observed in Fig. 4. These re-  
sults indicate tha t  the format ion  of voids in the po ly -  
cide s t ruc ture  is dependent  upon the local a rea  f rac-  
t ion of the pinholes  in the polysi l icon na t ive  oxide. If  
the rat io of the oxidized area  to the (po lys i l i con  na-  
t ive oxide)  pinhole  a rea  is large,  then there  is a high 
flux of silicon atoms through  th e pinhole.  This resul ts  

Fig. 3. A: cross-sectional view of alternating regions A (WSi2] 
SiO~,/Si substrate) and B (WSiJSi suhstrate). A uniformly thick 
oxide layer has grown over both structures. No voids are observed 
at the WSi2:/Si substrate interface. The A region at the left is 
30 #m wide. 

Fig. 4. A similar cross section to that in Fig. 3, except that the 
area ratio of region A to region B is much greater than 1. Large 
voids have formed in the silicon substrate in region B which is 
adjacent to two ]0 ~m wide A regions. 
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in a supersatura t ion of vacancies at the pinhole and 
subsequent  void formation. 

Based on the findings of Crowder and Zir insky (3), 
it had been anticipated that  the WSi2 film would mi -  
grate toward the substrate dur ing  the oxidation pro- 
cess and thus  provide the necessary flux of atoms to 
counter  the flux of silicon atoms supplying the oxida- 
tion reaction. This is the case in Fig. 3, where AA/AB is 
small. In  the case where voids form, however,  the 
movement  of the WSi2 layer  toward the substrate is 
almost nonexistent ,  so as not  to be sufficient to offset 
the flux of silicon atoms from the polysilicon layer. 
Consequently,  there is a net  flux of vacancies from the 
free surface to the polysilicon layer. 

This phenomenon  of vacancy flux to counter  an 
atomic flux is s imilar  to the Ki rkenda l l  effect, after 
the work of Smigelskas and Kirkendal l  (7). If the 
excess vacancy concentrat ion or vacancy supersa tura-  
tion becomes great enough, vacancies will condense to 
form voids. Based on classical nucleat ion theory, Seitz 
(8) and Barnes and Mazey (9) concluded that homo- 
geneous nucleat ion of voids by the accumulat ion of 
individual  vacancies is improbable.  However, if the 
vacancies condense on relat ively large defects, i.e., by 
heterogeneous nucleation,  the required supersatura-  
tion for void nucleat ion may be considerably less than 
that for homogeneous nucleation.  In particular,  Res- 
nick and Seigle (10) and Balluffi (11) have concluded 
that  the vacancy supersa tura t ion  need only be on the 
order of one percent  for heterogeneous nucleat ion of 
voids. The observation that  the smal ler  voids are 
bounded by  the polysilicon/silicide interface implies 
that this interface acts as the nucleat ion site for the 
voids. 

The predominance of voids at the edges of the pat-  
terned polycide structures results from the fact that 
the polysilicon layer  in these regions must  supply 
silicon for the oxidation of both the top polycide sur-  
face and the side of the pat terned structure.  Hence, 
the critical supersaturat ion for void formation occurs 
first at the edges of the pat terned polycide structure 
and later  wi thin  the inter ior  of the pattern.  

Once a void nucleates, it continues to grow and to 
act as a sink for vacancies, and as a source for silicon 
atoms. This feature of voids results from the void/ 
polysilicon surface acting as a high diffusivity path for 
the silicon atoms from the interior of the polysilicon 
layer up to the polysilicon/silicide interface. Vignes 
and Badia (12) demonstrated in the Fe-Ni system that 
the presence of voids results in an abnormal increase 
in the interdiffusion coefficient. Therefore, the pres- 
ence of voids enhances rather than inhibits the ki- 
netics of the diffusing specie (s). 

Once the silicon atoms from the polysilicon layer 
reach the silicide layer, they are capable of rapid 
lateral diffusion. Hence, the oxide on the silicide sur- 
face is of a uniform thickness despite a nonuniform 
distribution of voids in the polysilicon layer. From 
our oxide pattern in Fig. I, it is apparent that the 
lateral silicon diffusion in WSi2 is rapid enough to 
assure uniform oxide growth to a lateral range of at 
least 15 ~m during oxidation. The high lateral dif- 
fusivity is apparently oxidation-induced where a 
lateral vacancy flux exists. 

In order to analyze the factors contributing to the 
formation of voids, the diagram in Fig. 5 shows the 
basic structure involved in the potential formation of 
voids. Area A represents the total oxidized area that 
is supplied by the diffusion of silicon atoms from the 
WSi2/Si interface of area a. A differential volume of 
dV = a .  d is constructed just  below this interface 
in order to moni tor  the atomic fluxes. The thickness, d, 
of this differential volume may be chosen to be suffi- 
ciently small  so that  the atomic and vacancy concen- 
trations may be regarded as constant wi thin  this vol- 
ume. Also, the a tomic/vacancy diffusion through the 
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Fig. 5. Schematic of the patterned oxide structure with eoevap- 
orated WSi2 after oxidation. The appropriate diffusive fluxes are 
also shown. 

perimeter  of this volume may be assumed to be negl i -  
gible. 

Consider three major  atomic fluxes, Jsi, Jwsi, and J'si, 

associated with this volume, dV. J'si is the flux of sili- 

con atoms from dV to the oxidizing interface, ~wsi is 

the flux of silicide molecules into dV, and J'si is the 
flux of silicon atoms from the bu lk  silicon to dV by 
self-'diffusion from the substrate.  

In nonsteady-sta te  conditions, the net  atomic flux 
of atoms or molecules into dV will  be nega t ive  due 
to a loss of silicon atoms. In order to conserve space 
or lattice sites wi thin  dV, there must  be a counterflux 

of vacancies, ~v, into dV, presumably  f rom the oxidiz- 
ing free surface. Therefore 

Jv + )s, + Jwsi + = 0 m 

From Fick's second law, the relationship between "Jv 
and the vacancy concentrat ion is 

ONv 
V �9 Jv -- [2] 

Ot 

By applying Gauss's theorem to dV 

Jvl �9 $1 -- Jw  �9 S~ = 

f (0 v 0 
- - i-)dV----fNvdV [a] 

Ot 

where Jv1 and ~v2 are the vacancy fluxes at the top 
and bottom surfaces of dV, respectively. Since areas 
$1 and S~ are both equal to area a, and since /gv is 
assumed to be constant  throughout  dV, Eq. [3] be-  
comes 

(Jvl -- Jvu)a = ONv(a �9 d) [4a] 
0t 

o r  

Jr1 Jv2 d ONv - -  = - -  - -  [ 4 b ]  

At the top surface of dV, J'si = 0; therefore, from Eq. 
[ 1 ]  

where proper sign considerations have been taken. At 

the bottom surface of dV, J%st -~ Jsi  -~ 0 or 

J v e  = - -  J'si [6] 

Subst i tut ing Eq. [5] and [6] into Eq. [4], we get 

~ ( ONv 
~s i  - Jwsi  - J's~ = d , , - ~ - -  ] [ 7 ]  

si is the flux of silicon atoms to be oxidized a n d  i t  

may be expressed as 
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"~si = p A dl [8] 
M a d t  

where p is the densi ty and M is the molecular  weight  
of SiO2 formed over area A on top of the silicide film. 
The variable l is the top oxide layer  thickness and 
dl/dt is the oxidation rate. 

Although no explicit expressions can be wr i t t en  for 

Jwsi and J'si, they are both dr iven by  the vacancy 
concentrat ion in dV. Therefore, to a first-order ap- 
proximation 

Yws, + Y's, = =Nv [9] 

where a is a proport ional i ty constant, assumed to 
depend only on temperature.  Subst i tu t ing Eq. [8] and 
[9J into Eq. [7], we arr ive at the expression 

c~Nv p A dl ~Nv 

0"-t----M a dt d [10] 

In order to solve Eq. [10], we assume at t = 0 that  
the vacancy concentrat ion is Nv(0) and, afterward, a 
constant  oxidation rate dl/dt = r is maintaihed.  It is 
easy to show then that 

_ - 1 - -  exp - -  �9 t 
M a a d" (~ + Nv(O) e x p - -  ~ [11] 

Equat ion [11] describes the change of vacancy con- 
centrat ion at the silicon surface immediate ly  below 
the WSi2 layer. For times t > >  d/~, the exponent ial  
terms become negligible, and a s teady-state  value of 
Nv is reached, namely  

p A r 
Nv ~- ~ ~ - -  [12] 

M a 

The steady-state  value of Nv is proport ional  to the 
oxidation rate r and to the area ratio A/a. In  practice, 
the oxidation rate does change with time (e.g., when 
an oxide layer has grown sufficiently thick that the 
oxidation rate becomes parabolic).  However, the basic 
conclusion that Nv is proport ional  to r holds if the 
oxidation rate does not change appreciably over t ime 
on the order of d/~. 

For a given oxidation rate or a set of oxidation 
rates, the area ratio parameter  A/a will de termine the 
s teady-state  vacancy concentration. If Nv is below a 
critical value Nv% no voids will form, but  the WSi2/Si 
interface will migrate toward the substrate  due to the 

~wsi flux. If Nv exceeds Nv c, vacancies will  condense 
to form voids. The results depicted in Fig. 3 and 4 
show the role the area ratio parameter  A/a plays in 
de termining whether  or not Nv exceeds Nv ~. 

In order to confirm the dependency of void forma- 
tion on the oxidation rate, dl/dt, the s tructure in Fig. 1 
was capped with 50 n m  of CVD oxide prior to thermal  
oxidation. In this manner ,  the init ial  oxidation rate 
was subs tant ia l ly  reduced from that of the uncapped 
structure.  Accordingly, no voids formed in the B re- 
gions, even when  the area ratio was as large as 15. 

The vacancy concentrat ion times ~ is shown in  Fig. 
6 as a funct ion of oxidation t ime and area ratio, A/a. 
The curves are based upon oxidation rate data pro- 
duced by  Roberts (13) and upon Eq. [10]. As can be 
observed from the graph, the s t ructure  with the A/a 
ratio represented by curve 1 has the highest vacancy 
concentrat ion at the s tar t  of the wet oxidation cycle, 
and it is this s t ructure  that  results in voids in the 
substrate. The oxidation conditions represented by 
curves 1 and 2 do not  result  in voids in the substrate.  
Thus, the critical vacancy concentrat ion to nucleate 
voids must  lie between the peak concentrat ions of 
curves 1 and 3 for this structure. 
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Fig. 6. Vacancy concentration in the subs trate as a function of 
the patterned oxide structure ,in Fig. 5 and of the oxidation cycle. 

Silicide oxidation.--Another p h e n o m e n o n  t h a t  m a y  

occur upon oxidation of the polycide s t ructure  is that  
the silicide layer  itself may be oxidized. Several  au-  
thors have looked at the oxidation of tungsten  silicide 
films deposited on SiO~ (2, 14-16), on s ingle-crysta l  
silicon (14), and on polysilicon (2, 16). Mohammadi  
et aL (14) have demonstrated that  dry oxidation of 
WSi2 films on SiO~ at 1000~176 results in the for- 
mat ion of SiO2 and WOz, the l a t t e r  of which is a vola- 
tile oxide at these temperatures.  Sinha (15) has shown 
that when WSi or WSi2 are deposited on SiO2 and 
oxidized at temperatures  at or above 900~ the silicon 
in the silicide film oxidizes first and then  the remain-  
ing free tungsten oxidizes. 

This results in the silicide film breaking up and lift-  
ing off the substrate in localized areas, and the oxida- 
tion is then regarded as being "destructive." Zir insky 
et aL (2) have demonstrated that, when  deposited on 
polysilicon, the WSi2 layer mainta ins  its integri ty  
when subjected to steam oxidation. 

In the course of the present  experiments,  b lanket  
WSi2 films were deposited on polysilicon films and on 
oxidized silicon wafers. These films were then oxi- 
dized at 1000~ in  wet oxygen (steam) for 12 or 22 
rain; the results are shown in Fig. 7. The l ighter  re-  
gions on the wafers are where the silicide layer  has 
been destructively oxidized. After an oxidation time 
of 12 min, more than half of the WSi2 layers on the 
SiO2 film has oxidized. After 22 rain, near ly  all of the 
silicide layer  on the SiO2 film had oxidized, but  only 
a small portion of the silicide on the polysilicon film 
had oxidized. The results of this exper iment  suggest 
that  the presence of an under ly ing  oxide film results in 
the oxidation of the silicide layer, and the rough oxide 
region propagates with oxidation time. 

An SEM micrograph of a region where the silicide 
film in the polycide structure had begun to oxidize is 

Fig. 7. Blanket WSi2 films on polysilicon or on Si02. The wafers 
have been oxidized in wet oxygen at 1000~ for the specified times, 
The light regions are where the WSi2 layer has been "destructively" 
oxidized. 
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Fig. 8. The polycide structure in which the silicide layer has 
been oxidized. Voids are observed in the polysilicon layer and at 
the silicide/oxide interface. 

shown in Fig. 8. In the micrograph, voids are present 
in the polysilicon film, indicative of pinholes in the 
polysilicon native oxide. The oxidized silicide layer 
is 0.95 am thick, which is about three times thicker 
than the as-annealed silicide film. Finally, a layer of 
presumably SiO2 is on top of the oxictized silicide 
layer, and small voids are observed at the SiO2/silicide 
interface. The expansion of the silicide film and the 
formation of voids at the SiO2/silicide interface prob- 
ably result from the formation of the volatile WOs 
compound within the silicide film. 

Although silicon diffuses from the polysilicon layer 
during the oxidation process, apparently the rate of 
silicon oxidation is greater than the diffusional supply 
of silicon from the polysilicon layer. Consequently, the 
silicide film itself also starts to oxidize. This is be- 
lieved to occur when there are extended native oxide 
regions on the polysilicon layer, so that the A/a  ratio 
is very large. 

Summary 
Several unique features, with regard to the oxida- 

tion of the polycide structure, have been discussed in 
this paper and are summarized as follows: 

1. Upon oxidation of the polycide structure, voids 
may form in the polysilicon layer. These voids nu- 
cleate at the polysilicon/silicide interface and grow 
into the polysilicon film itself. 

2. The voids are due in part to a polysilicon native 
oxide which acts as a barrier to the diffusion of silicon 
from the polysilicon to the top silicide surface. The 
diffusion of silicon from the polysilicon films takes 
place at localized regions at the silicide/polysilicon 
interface where there are believed to be pinholes in 
the native oxide. 

3. As a result of the localized diffusion of silicon 
from the polysilicon layer, there is a counterflux of 
vacancies from the free surface to the polysi!icon 
layer. These vacancies condense to form voids in the 
polysilicon layer. 

4. Two process and/or material parameters influ- 
ence the formation of voids in the polysilicon layer. 
The first of these is the relative area of pinholes in 

the polysilicon native oxide. If the ratio of the area 
being oxidized, A, to the area of the pinhole in native 
oxide, a, is nearly equal to 1, then voids are not likely 
to form. If, however, A/a  > >  1 then voids will tend 
to form. Consequently, voids are more prevalent near 
the edges of patterned polycide structures than in the 
interior of such structures. The second factor which 
promotes void formation is a high oxidation rate. 

5. Despite the formation of voids in the polysilicon 
layer, the oxide above the silicide film is of uniform 
thickness and does not reflect the presence or absence 
of voids in the underlying polysilicon film. This uni- 
form oxide thickness results from the rapid lateral 
diffusion of silicon in the silicide film relative to the 
oxidation rate of silicon at the oxide/silicide interface. 

6. Under certain oxidation conditions, the silicide 
layer itself may oxidize, resulting in an expansion or 
thickening of the silicide layer up to three times its 
original thickness. The oxidation of the silicide layer 
is favored by the same oxidation conditions that pro- 
mote voids in the polysilicon layer, namely, rapid 
oxidation rates and an oxide layer which inhibits the 
diffusion of silicon from an underlying silicon source. 
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Minimum Wafer Thickness by Rotated Ingot ID Wafering 
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ABSTRACT 

The efficient utilization of materials is critical to certain device applications such as silicon for photovoltaics or diodes 
and gallium-gadolinium-garnet for memories. A variety of slicing techniques has been investigated to minimize wafer thick- 
ness and wafer kerf. This paper presents the results of analyses of ID wafering of rotated ingots based on predicted fracture 
behavior of the wafer as a result of forces during wafering and the properties of the device material. The analytical model 
indicated that the min imum wafer thickness is controlled by the depth of surface damage and the applied cantilever force. 
Both of these factors should be minimized. For silicon, a min imum thickness was found to be approximately 200 x 10-6m for 
conventional sizes of rotated ingot wafering. Fractures through the thickness of the wafer rather than through the center 
supporting column were found to limit the min imum wafer thickness. The model suggested that the use of a vacuum chuck 
on the wafer surface to enhance cleavage fracture of the center supporting core and, with silicon, by using < 111> ingots 
could have potential for reducing min imum wafer thickness. 

Some devices are much .more dependent  on mater ia l  
cost than others. Such devices include photovoltaics, 
high power diodes, and magnetic  bubble  memories. 
Improved wafering technology to reduce both wafer 
thickness and ker~ loss has been employed in an at-  
tempt to increase mater ial  util ization. One approach 
which has been proposed and i~vestigated i s  to rotate 
the ingot dur ing  ID wafering. This permits the use of 
th inner  blades because of the reduced depth of cut. 
Additionally,  the smal ler  lever  arm of the unsupported 
wafer should reduce stresses and tendency to fracture. 
The apparent  advantages of this technique have not 
been realized in practice and this s tudy was made in 
an at tempt to analyze the reasons for the unsatisfactory 
performance and to determine if fundamenta l  l imita-  
tions existed or if fur ther  modifications to the tech- 
nique might be useful. Exper imenta l  efforts to use ro- 
tated ingot ID wafe r ing  general ly resulted in  fracture 
of the wafers as wafer thickness was redu.ced. The 
failure usual ly  took the form of circular cracking 
often to the point  where the entire center of the wafer 
was broken out. This occurred in spite of efforts to 
precisely align 'the axis of the rotated ingot perpen-  
dicular to the ID blade. 

In a previous paper, Ref. (1), fracture mechanics 
analysis was utilized to derive an equation describing 
the stress conditions of a wafer dur ing  conventional  
ID wafering. This equation predi.cted the mi n i mum 
wafer thickness as a function of diameter  for ID saw- 
ing. The required wafer thickness increased with in-  
creasing wafer di 'ameter and, for silicon, was apprecia- 
bly smaller  than existing SEMI star~dard. 

In  this paper, fracture mechanics concepts were ex- 
tended ,to analyze the loading .conditions of a wafe r  
dur ing rotation ingot ID wafering. It is anticipated 
that this analyt ical  model can provide a guideline 
est imating the allowable wafer  thickness vs. diameter  
for rotation ingot ID wafering in terms of fracture 
mechanics parameters.  The analysis was conducted for 
silicon but  would be applicable to other materials  using 
appropriate input  data. 

Fracture Mechanics Model 
A wafer with center support  subjected to a canti-  

lever  force can be considered to represent  the stressed 
condit ion of a wafer dur ing  rotation ingot ID wafering 
as shown in Fig. 1. The .diameter of the rigid center 
support, d, can be considered to be the diameter  of 
the center  core (uncut  area) during rotat ion ingot 
wafering. The avplied canti lever  force, P, on the vcafer 
may be due to saw blade vibrat ion and surface tension; 
it increases with .cutting rate (1). The force on a wafer 
dur ing  slicing could be either a dis t r ibuted loading or 

Key words: silicon, photovoltaic, fracture mechanics analysis. 
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a concentrated force. In  either case, an equivalent  con- 
centrated force P (as shown in Fig. 1) could be used 
to describe the force conditions affecting a wafer dur-  
ing rotation ingot ID slicing. 

Fracture  of materials  is the result  of the extension 
of a pre-exis t ing flaw under  stress. Fracture  mechanics 
defines that (f~r a given stress level) the flaw size 
required for the onset of rapid propagation and frac- 
ture  is called the critical crack size (ac). This critical 
size in tu rn  depends upon the values .of the critical 
stress in tensi ty  factor (Kic) for the material.  There-  
fore, the fracture s t rength of material  is controlled by 
ac and Km of the material.  For a small  semicircular  
flaw, the relationship equation of fracture stress (r 
as a function of ac and Kic was derived (1) and can 
be approximately expressed as 

Kzc 
= [1] 

Thus, to de termine  the failure in any direction, it is 
necessary to determine r from Kic and ac. Kic is a ma-  
terial  constant,  although directional,  and ac is a funct ion 
of wafering technology, related to the surface damage. 

Application of a force P at the edge of the wafer 
results in a stress both in the wrafer and  in the center 
support (see Fig. 1). These stresses can result  in fail- 
ure by propagation of microcracks in directions A or B, 
respectively. The propagation through the wafer thick- 
ness (A direction) destroys the wafer; propagation 
through the central  core (B direction) results in a 
usable wafer  with a central  nib. 

Considering first the stress in the wafer (failure in 
direction A),  the ma x i mum stress in the wafer was 

Fig. 1. A circular thin wafer, center supported, is subjected to a 
cantilever force P. 
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found to occur at the edge of the center  support and 
can be expressed analyt ical ly  (2) in an equation 

P 
�9 A : ~ ~ [2] 

w h e r e  ~A = s,tress i n  t h e  w a f e r  a t  t h e  e d g e  o f  t h e  c e n t e r  
support, P : applied canti lever  force, t = wafer thick- 

r  r162  

hess, ~ ---- - -  ~.r e~, and A:r en is Fourier  series in 
o 

which en is a funct ion of , = Poisson's ratio, d = diam- 
eter of center support,  D = wafer  diameter, n = 0, 1, 2, 
. . .  oo. 

Subst i tu t ing Eq. [1] into Eq. [2], the wafer thick- 
ness, t, can be wri t ten  as 

t~ = VmCA" v ~  [3] 
K~c 

where acA = critical flaw size for propagation in direc- 
tion A and PA = allowable force to cause crack propa-  
gation in direction A. A computer  calculation of/~ as a 
function of d/D for n up to 30 and ~ = 0.22 for silicon 
(3) i s  shown in Fig. 2. Thus Eq. [3] expresses the 
relat ionship between the required wafer thickness and 
di~ameter. 

Next, considering the tendency of the stress in the 
center support  to cause crack propagation in direction 
B, the fiber stress, cs can be expressed from structure  
analysis (4) as follows 

16PBD r = -  [4] 
~d~ 

Substituting Eq. [I] into Eq. [4]~ the allowable applied 
force (PB) of the center  core in terms of wafer diam- 
eter and fracture mechanics parameters,  can be wri t -  
ten in the form 

"V~7~ Kic d~ 
p~ = ~ _  -- [5] 

In this equation, PB and acB are allowable force and 
critical crack size, respectively, for the center core. 
However, in this case, the total le r~th  of the c r a c k i n  
B direction should be the deuth of the cut plus the 
surface damage flaw in the center core. 

Appl ica t ion  of Ana ly t ica l  Mode l  to Silicon 
Application of the model to ID wafering of rotated 

ingots is s t ra ight-forward.  The analysis here will  be 
l imited to silicon but  can be a~plied to other materials. 
The fracture mechanics studies (5) on single crystal  
silicon found that the criti.cal stress in tens i ty  factor 
K~c in several  crystal l ine planes is as follows 

Kic -- 0.82 MNm -*/2 in {111} 
KIe = 0.90 MNm -s/s  in {110} [6] 
KIc = 0.95 MNm -*/~ in {100} 

Thus the easy fracture ,direction is {111}. However, 
because the differences in Kic are small, the difference 
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Fig. 2. Factor fi as function of d/D for silicon 

will be ignored and hll calculations will use {111} 
fracture data. Figure 3 shows the difference between 
{100} and {111} fracture in the B direction. The typi-  
cal wafer surface damage from ID sawing was mea-  
sured (6) and found to be approximately  50 ~m or 

ac = 50 X 10-6m [7] 

Subst i tu t ing these values of Km and ac into Eq. [3], 
the allowable applied force, PA, for wafer failure at 
several wafer tlzicknesses for slicing 100 X 10-3m 
ingots is shown in Fig. 3. Equation [3] shows that PA 
decreases with increasing aca. 

As shown in Fig. 3, the m i n i m u m  required wafer 
thickness without  cracking at the very small  values of 
d (e.g., 3 X 1 0 - ~ m ) i s  very sensitive to the force P 
(in general  P = PA = PB). Therefore, decreasing the 
cutt ing rate near  the small  d region is very impor tant  
for rotat ion ingot wafer ing in order to minimize de- 
flection of the wafer and P. 

Predictions for the wafering operation from Fig. 3 
can be summarized as follows: 

1. At each wafering thickness, the al lowable force 
on the wafer decreases with decreasing center  core 
diameter.  In  other words, the probabi l i ty  of cracking 
a wafer dur ing rotation ingot wafering increases with 
increasing depth of cutting. 

2. The allowable applied force P for a wafer de- 
creases very rapidly as the center  core diameter  is 
reduced to a very small  value (e.g., 3 X 10-Sm). There-  
fore, cracks in the wafer  in direction A are usual ly 
found near  the center of the wafer  from rotation ingot 
wafering. 

3. During typical conventional  ID slicing at a cutt ing 
rate of 51 X 10 -~ m/min ,  "P" has been estimated (1) 
to be 0.5N. Using P = 0.5N, a 200 • 10-6m-thick wafer 
is very l ikely to crack at d = 50 X 10-am, and a300  
X 10-~m-thick at  d ~ 14 X 10-~m. 

A successful rotation ingot wafering occurs when a 
wafer is broken off from the ingot at the center core 
without  generat ing ,cracks in the wafer. According to 
this model, the force for crack propagation in the "B" 
direction must  be reached before that  in the "A" di- 
rection. As ment ioned before, the total crack size in 
Eq. [5] is expressed as 

1 
a ~ B = y ( D - - d )  + a ~  [8] 

Since a~ .<< 1/~ (D -- d), the crack size in B direction 
can be wri t ten  as follows 

- -  a : 5 0 x  lO-6rn 700x lO-6m - - ~  

c 600x I0 -6rn ~ \ 
------ a : 8 x 1 0  -6 

c rn 500 x 1 0 _ 6 m ~  L \ 

\ \ 

f FRACTURE OF / / /  _ ,_ 6"/ ~ /  ~ / /  / 
~COREWITH ~_~/~r  ~ / p ~ll p Z/io 6"/ I /  / /  

.~ I~ VACUUM <<<-'/.~ - - / ~ /  ~ / ,%  / , /  / / 
~o CHUCK ~ § ~/ § ~ 7 / 

// /'/,;;'// 

,,~ / -: ! " 

0,01 O ,  I 1.0 10 

FORCE (P), NEWTON 

Fig. 3. Fracture force (P) vs. core diameter for rotated ingot 
wafering of 100 mm wafers. 



208 J. E lec t rochem.  Soc.: S O L I D - S T A T E  S C I E N C E  AND T E C H N O L O G Y  J a n u a r y  1984 

1 
o~B = - ~  (D - d) [9] 

Substi tut ion of Eq. [9] into [5], the al lowable f racture  
force (PB) of the center  core is wr i t ten  in a form 

P B  = - -  KIc [10] 
116 DN/D -- d 

Using Kic ---- 0.82 MNm -a/2, the fracture force PB in 
Eq. [i0] for the .center support core in B direction as 
a function of core diameter is plotted in Fig. 3. If any 
applied force PB is again equivalent to 0.5N, the frac- 
ture of the wafer center supporting core for a 100 X 
10-3m diameter wafer can occur. In Fig. 3, at d -- 2.3 
X 10-3m, Eq. [5] states that PB VS. the d is independent 
of the wafer thickness. Thus 600 X 10-era thick wafers 
can be sliced at regular cutting speed (P equivalent := 
0.5N) and the'center core will fracture at 2.3 X 10-~m 
(see point X on Fig. 3). A 500 X 10-6m thick wafer 
can be sliced by reducing cutting force (0.5N) from 
near d = 3.5 • 10-~m at a rate following its P vs. d 
curve to d ----- 1.9 X 10-3m where fracture of the center 
core occurs at P ---- 0.29N (see point Y on Fig. 3). Wafer 
thickness smaller than 300 X 10-6m is possible as the 
force P be further reduced to smaller than 0.05N. This 
analytically calculated d value and wafer thickness 
have the same magnitude as that observed in typical 
silicon wafers (7). 

Special procedures in wafering have demonstrated 
the abil i ty to reduce surface d,amage to 8 X 10-6m 
(8). Subst i tut ing a~A = 8 X 10-6m into Eq. [3], the 
curves of P vs. d for t = 100 X 10-6m, 200 >< 10-6m, 
and 300 X 10-6m are plotted in Fig. 3. The in ter -  
sections of these curves and PB curves suggest that  
a m in imum wafer  thickness can be fur ther  reduced 
to less than 200 X 10-6m. Therefore,  this analytical  
model  suggests that  it is very  important  to minimize 
the wafer  surface damage and the applied force, es- 
pecially at small  d region, to achieve the min imum 
usable wafer  thickness. 

The present  rotation ingot wafer ing  of silicon is 
mostly carr ied out wi th  <100> ingots. Because the 
fracture strength of the mater ia l  is direct ly  propor-  
t ional to K~e, as shown in Eq. [1], the al lowable f rac-  
ture force for the center  core in <100> can be grea ter  
than that  in <111> axis, because Kic on {100} is greater  
than Kic on {111} as shown in Eq. [6]. Thus, if <111> 
ingots were  used, easier f racture  in the central  core 
would occur. However ,  the difference is small  for sili-  
con, as shown in Fig. 3. A possible useful feature  of 
<111> silicon ingot is that  the fracture surface of sili- 
con in {111} was found (5) to be a clean cleaved frac-  
ture, while  f racture  surface in o ther  crystal l ine planes 
reveals  rough crack branching.  

It may also be possible to control f racture by increas-  
ing the a~)plied stress in B direction. This might  be 
accomnlished by means of a uni form force on the wafer  
paral le l  to its axis (e.g., by a vacuum chuck).  The 
application of a vacuum chuck to rotation in~ot wafe r -  
ing is shown .~chematicallv in Fi~. 4. The total vacuum 
force on a wafer  can be calculated by 

~D 2 
F = q [11] 

4 

where q = vacuum pressure, max q is 1 atm = 0.1 
M N m -  2. 

The relat ionship of D and d can be expressed in a 
form 

D ~/~ 
- -  - -  [ 1 2 ]  

d q 

where  Ca = nominal  stress in the center  core. 
Because of the existence of stress concentrat ion in a 

deep groove, Eq. [12] can be rewr i t t en  as 

l 
A*/~ ~ 

/ 
-T 

- - - - -  d 

J_ 

{NGOT 

~'~ ~VACUUM 
~'~r CHUCK 

~ " x .  W A F E R  

Fig. 4. Schematic showing the application of vacuum chuck to 
rotatmn ingot wafering. 

D V,,~ 
- -  ~ [ 1 3 ]  

d ~tq 

where  kt -- stress concentrat ion factor in the bottom 
of the groove and ~c ---- stress on the flaw. 

The stress concentrat ion factor, kt, for  a grooved 
bar in  tension is normal ly  determined f rom the ratio 
of groove root  radius (r) and d and D. For  rotat ion 
ingot ID slicing, the typical  value of r /d  is very  small  
(e.g., 0.02), and D/d  is very  large (e.g., 20). Avai lable  
data (9) do not cover  the appropriate  rap.ge of values 
for r, d, and D, and thus kt is imprecise. However ,  this 
factor in a machined notch of bri t t le  materials  has a 
ve ry  large value because microcracks are usual ly found 
in the bot tom of the notch. The radius of the micro-  
crack (r) may be on the order  of 10-Pm and the value 
of r /d  can be an ex t remely  small  value. Kt is taken 
conservat ively  here as 15, but could easily be as high 
as several  hundred. 

Assume that  

D ---- 100 X 10-3m 
kt : 15 
K~c -- 0.82 MNm -,S/2 
acB = 50 X 10-6m 

Subst i tut ing these values into Eq. [1] and [13], the 
calculations indicated that  the f racture  of the center  
core occurs at D/d  = 6.6 or d = 15 X 10-3m, as indi-  
cated by the line in Fig. 3. In this case, considerable 
saving in cutt ing t ime and blade wear ing  can be ex-  
pected. In addition, this auxi l iary  force on the wafer  
can increase the clearance for the blade. It  should 
be noted that it is impor tant  to use an ingot in which 
min imum Kic is al igned para l le l  to the wafer  surface 
({111} for Si) to mainta in  clean cleaved fracture  in B 
direct ion as ment ioned previously.  

These results suggest that  rotat ional  ID wafer ing  
does have potent ial  for very thin wafers.  The analysis 
should be in terpre ted  only that  such an approach is 
possible. Technical  difficulties, such as proper  lubrica-  
tion, minimizat ion of vibration, and control of blade 
en t ry  into the ingot, are not  minor. 

Conclusions 
i. An analyt ical  model  of a thin circular  wafer,  sup- 

ported by a center  core and subjected to an equivalent  
cant i lever  force at the wafer  edge was used to describe 
the loading condition of a wafer  durir~g rotat ion ingot 
ID wafering.  

2. A fracture  mechanics concept was found to be use- 
ful to der ive  the relat ionship equation for the al lowable 
wafer  thickness vs. diameter  as 

t 2 -- ~/~a~A PA# [14] 
KIc 

where  # is a factor relat ing to the ratio of D and d and 
Poisson's ratio v. 

3. It is important  to reduce applied force "P" by 
minimizing saw vibrat ion and cutting rate  in order  to 
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main ta in  min ima l  w~fer thickness,  especia l ly  at  smal l  
center  core d iameter .  

4. The a l lowable  thickness is dependen t  upon the 
dep th  of surface damage  (flaw size ac) of the wafer .  
The m i n i m u m  wafer  thickness  can be fu r the r  reduced  
to a p p r o x i m a t e l y  200 • 10-6m for the convent ional  
wafer  d iameters  of 100 • 10-Sm when  the depth  of 
wafer  surface damage  can be reduced to less than  8 • 
10-6m. 

5. P rope r  a l ignment  of easy f rac ture  di rect ion ({111} 
for  sil icon) wi th  the w a f e r  surface and use o f  a vac-  
uum chuck  to assist  f rac ture  in the cen te r  core direc-  
t ion is shown to have grea t  potent ia l  to obta in  min i -  
mum thickness  wafers.  Considerable  saving in cut t ing  
t ime can be expected.  
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The Semiconductor-Electrolyte Interface 
Photocurrent and Related Parameters in Cadmium Telluride 
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ABSTRACT 

The CdTe-aqueous electrolyte interface is s tudied both in the dark and under  i l lumination for n- and p-type single crys- 
tals. F rom the anodic and cathodic currents are deduced information about  the stabili ty of the semiconductor  electrode 
which agrees fairly well with decomposi t ion potentials calculated from thermodynamic  data. For  n- and p-CdTe, hydrogen 
evolution prevails to cathodic decomposit ion.  For  n-CdTe, linear Schot tky plots are obtained only after a photoetching in 1M 
NaOH solution. The flatband potential  then measured is consistent  with that  obtained for p-CdTe. Both are pH indepen- 
dent. The minori ty  carrier diffusion length and the Urbach 's  slope are deduced from photoelectrochemical  measurements .  
They change with the dopant  and the free carrier concentrat ion and agree with each other. Informat ion is then obtained 
about  the quality of the samples. 

The I I - IV  compound cadmium te l lu r ide  p resen ts  
different  p roper t ies  (energy  gap ca. 1.5 eV, d i rec t  
t ransi t ion,  n-  or  p - t y p e  conduct iv i ty ,  large  a tomic  
numbers  of the  components ,  etc.) which make  i t  a t -  
t rac t ive  for  appl ica t ions  as different  as g a m m a  and 
x - r a y  detectors  or  photovol ta ic  devices (1). However ,  
the  prac t ica l  use of this ma te r i a l  up to now is l imi ted  
ma in ly  by  the imperfect ions  of the crys ta l l ine  s t ruc ture  
both  in the bu lk  and in surface.  For  example ,  the  d i f -  
fusion length  of the  minor i ty  carr ier ,  a p a r a m e t e r  which  
reflects the  perfec t ion  of the  crys ta l ,  remains  genera l ly  
smal l  (ca. 1 ~m) thus l imit ing,  e.g., the efficiency of 
CdTe solar  cells. 

In  e lec t rochemis t ry ,  cadmium te l lur ide  received a t -  
tent ion main ly  in v iew of  so lar  applicat ions.  However ,  
n -CdTe  presents  a poor  s t ab i l i t y  under  i l lumina t ion  in 
aqueous soIvents;  fur ther ,  the p rob lems  of the e lec t rode  
sur face  p repa ra t ion  are  numerous  and not  ye t  sotved 
(2). The p - t y p e  cadmimn  te l lu r ide  also received a t -  
tention,  bu t  the  f la tband po ten t ia l  va lue  severe ly  h i n -  
ders  its use as a photoca thode  in a l iquid photovol ta ic  
cell  though the e lec t rochemical  behav ior  appears  to be 
s impler  than  for n - t y p e  (3).  

In  the present  work,  we presen t  the e lec t rochemical  
behav ior  of n -  and p - t y p e  CdTe in suppor t ing  e lec t ro-  
ly te  (pH range  0-14) both in the d a r k  and under  i l -  

* E lec t rochemica l  Society Act ive  Member. 
1 P e r m a n e n t  a d d r e s s :  L a b o r a t o i r e  de Physique des Solldes, 

C N I ~  92195 Meudon  Pr inc ipa l  Cedex,  F rance .  
Key wor~s: H-VI semiconductor,  electrode,  optics, doping.  

lurnination. Thus an attempt is presented to correlate 
the nature of the dopant and the free carrier density 
with two selected physical parameters (minority carrier 
diffvsion length and Urbach's slope of the absorption 
tail). 

Experimental 
Single c rys ta l  cadmium te l lur ide  wafers  a re  cut f rom 

ingots grown e i the r  by  a Br idgman  technique (n - type )  
or  the t rave l ing  hea te r  me thod  (THM) ( p - t y p e ) .  
Various doping and free ca r r i e r  concentra t ions  are  
used: 

n - type :  1.5 • 1015 cm -a  not  in ten t iona l ly  doped 
8 • 10 iv cm -a  In  doped  

p - type :  4 • 1015 cm-3  not in ten t iona l ly  doped 
3 • 10 TM cm -a  and 7 • 1016 cm -a  P doped. 

The e lec t rode  surface in contact  w i th  the e lec t ro ly te  
is ca. 10 m m  2 and the back  face is p rovided  wi th  an 
ohmic contact:  

n - type :  I n - H g  a ma lga m under  Hz a tmosphere  for 2 
mn ,at 300~ 

p - type :  a chemical  deposi t  of gold is diffused by  
hea t ing  to 300~ in He a tmosphere  for  3 mn 

In each case, a gold wire  is so ldered  to the ohmic con-  
tact  and the electrodes are  glued in epoxy  resin except  
the front  face which is pol i shed  to a mi r ro r  finish (d ia-  
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mond paste  0.25 ~m), P r io r  to e lect rochemical  opera-  
tion, the  e lectrodes are  chemical ly  etched:  15s in 1% 
b romine -me thano l  solution at ca. 5~ (n - type )  and 
3 mn in 10M N.aOH solut ion at  40~ ( p - t y p e ) .  These  
etchants  p reserve  the surface s to ich iomet ry  of the sam-  
ples and avoid the  growth  of oxide layers  tha t  are  t o o  
th ick  (4).  

Elect rolytes  are  p r epa red  f rom Mil l ipore  purified 
wate r  and  high pur i ty  grade  chemicals  (Merck sup ra -  
pur ) .  S t i r r ing  of the solut ion is achieved b y  gas bub-  
bl ing (02 or  Ar)  when necessary.  The reference  elec-  
t rode is a me rcu ry -mercu rous  sul2ate e lect rode denoted 
by  MSE (0V vs.  MSE ----- +0:65V vs.  NHE) .  N H E : n o r -  
real  hydrogen  elec~rode. 

A 250W tungsten ha logen l amp  is used as a l ight  
source, and l ight  fluxes a r e  measured  by  means of a 
si l icon photodiode (PIN 10D-SB, UDT).  Measure-  
ments  consist ma in ly  of s t eady- s t a t e  cur ren t  vol tage 
curves in the da rk  and under  i l lumina t ion  and of im-  
pedance measurements .  Fu r the r  deta i l s  about  the  e x -  
pe r imen ta l  techniques have  a l r e a d y  been publ i shed  (5). 

Result~ and Discussion 
St eady- s t r a t e  cu r r en t -vo l t age  curves  for  n -  and  

p - t y p e  CdTe in the d a r k  and under  i l lumina t ion  at  pH 
0 and 14 are  presented  in Fig. 1 and 2. The main  resul ts  
coming from these measurements  a re  collected in 
Table I and iI.  We notice first that  the observed re-  
duct ion and oxidat ion  currents ,  cor re la ted  to reactions,  
are in good agreement  for n -  and p - t y p e  electrodes 
both  at  pH 0 and 14. F u r t h e r  exper iments  a t  in te r -  
media te  pH values  have been achieved whose resul ts  
match  wel l  those repor ted  here;  therefore  in the fol-  
lowing we deal  only  wi th  pH 0 and 14. Thermodynamic  
energy  values used in the computa t ion  of the s tandard  
potent ia ls  Eo are  taken  f rom the l i t e ra tu re  (6).  

O x i d a t i o n  r e a c t i o n s . - - A c c o r d i n g  to previous  work  
(3a),  possible decomposi t ion react ions  are  

CdTe + 2p + -~ Cd 2 + + Te 

(IM HClO4) Eo ---- --0.73V vs. MSE [i] 

pH ---- 14 

CdTe + 2 O H -  + 2p + --> HCdO2-  + H + + Te 

(1M NaOH) Eo ---- --0.97V vs .  MSE [2] 

Such react ions  are  possible  wi th  n - t y p e  mate r i a l s  in 
the da rk  on ly  at  ~arge band bendings.  They can take  
place at i l lumina ted  n - t y p e  e lect rodes  or  p - t y p e  elec-  
t rodes in the d a r k  as soon as holes are  avai lable  in 
surface.  

Exper imen ta l ly ,  anodic  react ions  are observed at  po-  
tent ia ls  Eox such as 
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Fig. I .  Typical current and photocurrent,(medulated)vs, poten- 
tial characteristics for CdTe/ IM NaOH junctions. The photocur- 
rent is measured at 850 nm. n-CdTe: 1.5 • 10 .5 cm -e ,  dashed 
line; p-CdTe: 3 X 10 ts cm -S, full line. 
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Fig. 2. Typical current and photocurrent (modulated) vs. poten- 
tial characteristics for CdTe/1M HCI04 junctions. The photocur- 
rent is measured at 850 nm. n-CdTe: 1.5 X 10 TM cm -3 ,  dashed 
line; p-CdTe: 3 X 10 TM cm -S, full line. 

I n - t y p e  ( i l lumirrated) Eox ~ --0.8V vs. MSE 
pH 0 / 

L p - t y p e  (da rk )  Eox--~ --0.8, --0.7V vs .  MSE 

p H  = 14 [ n - t ype  ( i l lumina ted)  Eox--  ~ --0 .8Vvs.  MSE 

t p - t y p e  (da rk)  Eox -~ --0.95V vs. MSE 

At both pH's,  the e xpe r ime n t a l  potenti,al values a re  in 
good agreement  wi th  the  the rmodynamic  react ions 
repor ted  in Eq. [1]-[2] .  F rom the above considerat ions,  
i t  is possible to deduce tha t  the oxida t ion  process of 
CdTe takes place wi thout  energy  bar r i e r  as soon as 
the free car r ie rs  involved (holes) are  avai lab le  in suffi- 
cient amount  close to the semi, conductor  surface. 

In the dark,  at  n -CdTe  electrodes,  anodic decom- 
posi t ion takes place  at  potent ia l  s g rea te r  than  + 0.8 to 
+ 1.0V and only for free car r ie r  densi t ies  sufficiently 
la rge  ( >  101T cm-S) .  We dedu~ce then that  the associ- 
a ted  processes do not  involve holes f rom the valence 
band  but  e lectrons from species in solution which are  
in jec ted  in the  conduct ion band by  tunneling.  Such 
processes necessi ta te  large band bendings  and have 
been observed  wi th  other  n - t y p e  semiconductors  such 
as ZnSe (7).  

R e d u c t i o n  r e a c t i o n s . - - T h e s e  processes seem more  
complicate d than  in the former  case due to the pos-  
s ib i l i ty  of hydrogen  evolution.  

Exper imen ta l  evidence of  cathodic currents  takes 
place in the fol lowing potent ia l  ranges (Table  II)  

I n - t ype  (da rk)  Ered --~ --0.8, --1.0V vs.  MSE 
pH 0 ! 

L p - t y p e  ( i l lumina ted)  Ered--~ --0.7V vs .  MSE 

n - t y p e  (da rk)  Ered "~ --1.0V vs.  MSE 
pH 14 ! 

l p - t y p e  (il lumin.ated) Ered ~-- --I1.0V vs .  MSE 

These expe r imen ta l  values mus t  be cor re la ted  with  
the  t he rmodynamic  da ta  (3a) 

CdTe + 2H + -~ Cd -5 H2Te 

Eo --  --1.65V vs.  MSE 
p H - ' 0  

2H + + 2 e -  -> H2 

Eo ---- --0.65V vs.  MSE 

pH ~ 14 

CdTe + 2 e -  --> Cd + Te ~-  

Eo ---- --2.11V vs. MSE 

2H20 + 2 e -  -~ H~ -~ 2 0 H -  

Eo = --1.46V v~. MSE 

[3] 

[4] 
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Table ]. Anodic and cathodic currents at the CdTe/1M HCI04 
interface 

Potential (V) 

dark 

n-CdTe 

light 

dark 

p-CdTe 

light 

particular a) 
indications 

-9.o -1.8 -1.65 -1.2 -0.8 -o.7] -0.7 -0.65 -o.3 

reduction I < 

I . 
reduetlon 

reduction 

no curreht ,, 

I 
I 
i 
I 
I 

b 

i < 

" > I 

reduction 

J I 
no current 

; I 

I 1 

oxidation 1 k 
] 

J 

toxidation 

P 
E d 

oxidation 

1 
I 
I 
] 

H+/H2 vPf b 

-. > 

> 

+i. 0 

oxidatTon @ 

a) Vf bn is the flat band potential for n-CdTe ; V~b for p-CdTe 

E n d : standard potential of the cathodic decomposition CdTe + 2H + + 2e- - Cd + H2Te 

EPd : standard potential of the anodic decomposition CdTe + 2p + - Cd ++ + Te 

Table II. Anodic and cathodic currents at the CdTe/IM NaOH 
interface 

Potential (V) 

dark 

n-CdTe 

light 

dark 

p-CdTe- 

light 

particular a) 
indications 

-9.5 -2.11 -1.8 -1.46 -1.2 -i.0 -0.97 -0.8 -0.9 +0.8 

.reduction 

.I 

E n 
d 

I J 

.... I' reduction 
I 

I I 
I I 
I I 
I ! 

reduction 

I 

< no current 

, ! 
oxldation no current 

I 
I 
J 
I 
I 
I 

! 
I 

I 

<-- no 

current, 
I 
i 
$ 

no current oxidation 

I 
I I 
I , I 

oxidat ion Ireduction 
I I 

I I 

' I I 
I I 

oxidation 

> 

) 

a) V~f b and V~b have the same meaning as in table I. 

n 
E d : standard potential of the cathodic decomposition CdTe + 2e - Cd + Te-- 

E~ : standard potential of the anodic decomposition CdTe + 2OH- + 2p + - HCd02 + H + + Te 

It appears that hydro,gen evolution reaction may  
compete with decomposition. At p- type  electrodes and 
for small  photon fluxes ( <  1014 cm-2) ,  hydrogen can 
be exper imenta l ly  produced without  fur ther  modifica- 
t ion of the electrochemical behavior.  At n - type  ma-  
terials, hydrogen evolves in  the d.ark at potential  be-  
l o ~  --1.0V vs. MSE and the electrode remains  u n -  
perturbed.  The lat ter  case will be discussed later  to- 
gether with the de terminat ion  of the flatband poten-  
tfal value. 

However, at p - type  ele'etrodes and pH's 0 and  14 a 
cathodic de~x)m~omtion of the semfconductor together 
with hydrogen evolution can be evidenced for large 
band bendings (potential  below --3V vs. MSE) and 
large photon flux thus suggesting that decomposition 
is a slow p,rocess as compared to hydrogen evolution. 

Influence o] dissolved oxygen.--This influence is 
noticeable with p- type  materials  for which a dark 
cathodic current  exists co,rrelated to the presence of 
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oxygen in solution. This .dark ,current is diffusion 
l imi ted  thus suggest ing tha t  oxygen  reduct ion  takes  
pl~ace by  hole in ject ion into the semiconductor  valence 
band. Due to the lack  of influence of the addi t ion  of 
H20~ .in solution, the mechanisms of oxygen reduct ion 
are  not  ye t  clear.  

Flatband potential .--In the previous  sections, the 
s l ight  influence of pH on the expe r imen ta l  potent ia l  
values must  be outl ined.  Such an observat ion  suggests 
that  the f ia tband condit ions do not  depend  on the pH. 
In this  direct ion,  de te rmina t ion  .of the  f iatband po ten-  
t ia l  ~'rFB has been a c ~ e v e d  both by  capaci tance (C) 
and modul,ated pho tocur ren t  (!ph) measurements .  In  
the la t te r  case, a l inea r  plot  i2ph vs. V enables  the  de-  
t e rmina t ion  of VFB (8). 

N- type . - -A  good Schot tky  behavior  ( l inear  plot  C -2  
vs. V ) i s  obta ined only a f t e r  a photoetching of the 
e lect rode (3 mn at V ---- + 1.0V vs. NISE in 1M NaOH 
solut ion) .  The impor tance  of photoe tching  for  I I -VI  
semiconductor  electrode~ has recen t ly  rece ived  pa r -  
t icular  a t tent ion  (9). This t r ea tmen t  is necessary to 
obta in  reproducib le  results  in the whole  pH range.  
Results  are presented  in Fig. 3. We found 

VnFB ____. --1.SV vs. MSE 

a resul t  in fa i r  agreement  wi th  l i t e ra tu re  (2). This 
value  is a lmost  pH independent .  

P-type . - -The  Schot tky  behavior  is ob ta ined  wi th  only  
the chemica l  e tching (see above) .  The resul t  is 

V'rB ~ --0.3V vs. MSE 

The plot  of i2ph VS. V is shown in Fig. 3 and is pH inde-  
pendent .  

We observe  that  

I VnFB -- VPFBI ,~ Eg = 1.5 eV 

The invariance of VFB with pH may probably be 
accounted for by  a specific in terac t ion  be tween  the  
aqueous e lec t ro ly te  and the te l lu r ide  anion of CdTe. 
Such a behavior  has a l r eady  been observed for o ther  
I I -VI  compounds,  especia l ly  for CdS (10), and ex-  
p la ined  by  a s imi la r  argument .  

We now compare  the poten t ia l  VH2 at which h y -  
drogen evolut ion takes place at n -CdTe  (see above)  
a n d  VnFB . We have 

Vn~ ~_ --  1.0V vs. MSE 

and the  difference 

F-  

D 
O 
O 
O 
13. 

v 

Fig. 3. Reciprocal squared 
capacitance and squared photo- 
current vs. potential plots for 
CdTe/1M NaOH junctions, e :  
n-type; VnFB "- --1.8V vs. 

MSE. Capacitance measured at 
100 kHz. O :  p-type; VPFB = 
--0.3V vs. MSE. Wavelength 
850 nm. 

]VH2 -- VnFBI ~ 0.8V 

iS ve ry  laPge. A s imi la r  phenomenon is observed  wi th  
many  o ther  n - t y p e  semiconductors  and pa r t i cu l a r ly  
n - G a P  for which a specific in terac t ion  wi th  H + ions 
has been invoked  (11). In  view of the resul ts  Obtained 
with  p -CdTe  electrodes,  a s imilar  assumpt ion  seems 
possible  here.  

Material characterization.--The 'above resul ts  sug-  
gest that  the condit ions can be fulfi l led in o rder  to 
achieve a photoelec t rochemical  de te rmina t ion  of a 
phys ica l  p a r a m e t e r  such as the  minor i ty  car r ie r  d i f -  
fusion length  L. These conditions have been deta i led  
e lsewhere  (12), and  we do not  emphasize them in 
this paper .  We only. ment ion  tha t  the L de te rmina t ion  
lies on the use of the G~irtner mode l  (13) for the  de -  
scr ipt ion of the iph VS. V characteris t ic .  

Fulf i lment  of .conditions 

I 
~L < <  1 a ---- opt ica l  absorpt ion  coefficient 

[5] 
~W < <  1 W ---- space ,charge region width  

enables  us to express  the pho tocur ren t  iph as 

iph = K a ( W  + L) K --  constant  [6] 

By plot t ing iph (in a r b i t r a r y  units)  vs. W (computed 
by  the Schot tky  re la t ion) ,  the  de t e rmina t ion  of L be-  
comes simple. The L values  for CdTe are  repor ted  in 
Table  I I I  and can be compared  to other  resul ts  (13). 
We not ice  tha t  for s imi lar  doping  and free car r ie r  
densities,  our  resul ts  are in fa i r  ag reemen t  wi th  those 
obta ined by  other  methods.  The L values we obta in  
are  ra the r  smal l  (< 1 ~m) and ver i fy  a pos ter ior i  
condit ion [5] and jus t i fy  the method.  Genera l ly ,  smal l  
L values  have been obta ined  for CdTe which  are  a t -  
t r ibu ted  to defects in the  mater ia l .  Another  poss ibi l i ty  
to correla te  the  defect  dens i ty  (connected wi th  the 
dop,ant) w i th  a phys ica l  p a r a m e t e r  is given by  the 
Urbach 's  rule  which indicates  that  the opt ica l  ab-  
sorp t ion  tai l  obeys the ana ly t ica l  equat ion 

---- ao exp [S (E~ -- E) ] [7] 

where a o is a constant, Eg the energy gap, E the photon 
energy, and S (-- ~/kT) is Urbach's slope. The com- 
plete Urbach's rule which includes the variation with 
temperature of S has already been extensively studied 
for CdTe (14). Different interpretations are possible 
for relation [7] (15), we only keep in mind that 

' t :  . . . . . . . . . .  I I _3 _2 

i 

%. 

_4 _3 -j2~.,-" 
, , I  ,,, J ...... 

VOLTAGE 

I I 1 
_I 0 1 

15_ 

% t 

10_ 

. .  v& 
.1 "-. 0 1 

I ..-I l I 
[ V / M S E ]  

s 

z 

<2 < 

o 



Vol. 131, No. 1 SEMICONDUCTOR-ELECTROLYTE INTERFACE 213 

Table III. Minority carrier diffusion length (L) and Urbach's 
slopes (5) deduced from phatoelectrochemical measurements. The 

free carrier concentration (N) is measured by Hall effect 
(Van tier Paw) 

Conduction p p p n n 

D o p a n t  U n d o p e d  P P U n d o p e d  I n  
N 

( e r a  -8) 4 • 10 ~ 3 • 10 ~ 7 • 10 ~e 1.5 • 10 u 8 x 10 ~r 
S 

( e V  -z) 93 35 27 94 52 
L 

( ~ m )  0.85 0.15 0.09 0.25 0.15 

Urbach's slope is directly connected with the defects 
of a semiconductor and their ionization, possibly 
introdt~ced by a dopant, and that a small value of S 
corresponds to a large amount of defects (Fig. 4). 

In the absorption tail, the a values are low and con- 
ditions [5] hold. Thus, the rel.ated photocurrent iph can 
be expressed by relation [6] which combined with 
Eq. [7] leads to 

iph = K~o (W + L) exp [S(Eg - -  E)J [8] 

This equation indicates that the photocurrent tail and 
the absorption tail may lead to similar information 
about the defects in a semiconductor (S value). 

Equation [8] is verified with our CdTe samples and 
the results which are independent of the band beading 
in the semiconductor are reported in Table III. We 
notice that a doping with phosphorus leads to S values 
much sInaller than in the other cases. This observation 
may probably be correlated with the particular prop- 
erty of P to produce defects in CdTe (16). 

Summary 
The CdTe-aqueous electrolyte interface presents 

behavior which is analyze~t carefully. The information 
deduced from electrochemical measurements indi- 
cates that this interface presents a reproducible 
Schottky behavior which enables us to determine the 
minority carrier diffusion length and the Urbach's slope 
of a set of different CdTe samples. These parameter 
determinations may be ,accurately compared to others 
and enable us to produce information about the defects 
in the CdTe single crystals. 

Manuscript submitted June 12, 1983; revised manu- 
script received Sept. 20, 1983. 
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Techn ca]l Notes 

End Point Detection for Reactive Ion Etching of Aluminum 

Kwang O. Park and Fredrick C. Rock 

GTE Laboratories Incorporated, Advanced Components Technology, Waltham, Massachusetts 02254 

The fabr ica t ion  of VLSI  circuits  requi res  many  steps 
of del ica te  d ry  etching processes to de l inea te  f ine- l ine 
pat terns .  In  d ry  etching processes, a v iable  technique 
that  enables  the detec t ion  of the complet ion of an 
etching process is requi red  to p reven t  over  or  unde r -  
etching. In a typica l  end-po in t  detect ion scheme, a 
pa r t i cu la r  chemical  species produced dur ing  the e tch-  
ing process is observed  by  moni tor ing  a re levan t  spec-  
t ra l  l ine as the etching process consumes the sub-  
s t ra te  mater ia l .  The t ime to t e rmina te  the process can  
then be in fe r red  f rom the changes in chemical  compo- 
sition of the plasma. In  the past,  when A1 was etched 
especia l ly  in the pure  CC14, SIC14, or BCI~ gas, the 261 
nm band has been used for end-po in t  detection. This is 
because it is a ma jo r  molecular  A1C1 emission band in 
the UV range overshadowing  the 522-nm emission in 
the vis ible  range.  In this  note we repor t  resul ts  on the  
use of the 522 nm b a n d  emi t ted  from molecular  A1C1 
for end-po in t  detect ion of A1 etch in the free chlor ine 
containing gas p lasma and the re la t ive  mer i ts  of this 
procedure.  

Etching was per formed  in a p l a n a r - t y p e  e tcher  wi th  
pa ra l l e l -p l a t e  electrodes,  as shown in Fig. 1. Chamber  
pressure  dur ing  etching was ma in ta ined  at  0.6 torr .  A 
13.56 MHz RF power  supp ly  was employed  in this ex-  
per iment .  A monochromator  ( Ins t rument  SA Model 
H-2) was used to take  emission spectrum. A signal  
f rom a band  of  in teres t  was obta ined b y  tuning the 
monochromator  to the  peak  of the  band,  and the in-  
tensi ty  vs. t ime profile was recorded on a s t r ip  char t  
recorder .  A Hamamat su  Model R928 photomul t ip l ie r  
was used as the  detector.  

A1 and its al loys have been reac t ive ly  ion etched 
effectively in p lasmas  consist ing of SIC14, C12, and BC13 
gases (1, 2). The t rans ient  emission spec t rum m e a -  
su red  f rom a p lasma  consist ing of 130 cm 2 SIC14, 100 
cm 2 C12, and 50 cm 2 BC18 is shown in Fig. 2. I t  has been 
found expe r imen ta l l y  that  this pa r t i cu la r  gas composi-  

Key words: end point detection, RIE of A1, optical emission 
spectroscopy. 
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Fig. 1. Schematic of the experimental etcher (PK2440 PF.JI~IE 
system) with o monochromator and a QMA. 

tion resul ts  in an exce l len t  etch ra te  (about  400 n m /  
min at  0.5W/cm 2 appl ied  power  densi ty)  wi th  an aniso-  
t ropic profile and quickly  removes  na t ive  a luminum 
oxide. The spec t rum shows C12 bands  at  257 and 307 
nm, SiC1 bands  at 282 and  287 rim, and BC1 "bands at 
272 and 278 nm. Al l  of these molecules  are  reac tan t  
species in the plasma.  The spec t rum also shows addi -  
t ional  bands at 261 and 522 nm due to molecu la r  A1C1 
(3), which  is the ma jo r  react ion produc t  of A1 etching 
(2). The 261-nm band  is assigned to the t ransi t ion 
AIII  --> Xl~ in the singlet  state,  and the  522-nm band 
may  be a t t r ibu tab le  to the t rans i t ion  B3~ --> AaII in the  
t r ip le t  s tate (4). Atomic  AI(1) l ines at  394 and 396 nm 
a r e  also seen. Severa l  of these bands have been p rev i -  
ously used for end-po in t  detection. Specifically,  the 
261-nm band due to A1C1 has been wide ly  used for this 
purpose  because i t  is wel l  reso lved  and is of h igh in-  
tens i ty  dur ing  A1 etch with  CC14, SIC14, BC18, etc. 
(5-7).  When  A1 is etched, uspecial ly wi th  mix tures  ,~f 
SIC14, C12, a n d  BC13, the  261-rim band has a high 
in tens i ty  when  there  is a luminum remaining.  This high 
in tens i ty  s tar ts  to fal l  as the etching is completed.  
However ,  there  is an over l app ing  intense and broad 
C12 band at  257 nm which is reduced dur ing  the e tch-  
ing and begins to r e tu rn  as the etching approaches  
complet ion (8). The resul t  is that  the signal  at 261 nm 
first decreases as the etching is completed  and then 
begins to i n c r e a s e  a g a i n  as the C12 band returns,  as 
shown in Fig. 3. Consequently,  end-po in t  detect ion 
wi th  this s ignal  can be uncerta in ,  especia l ly  when C12 
gas is added  to the  other  gases to enhance A1 etch rates. 
The in tens i ty  of the 261-nm s ignal  is expected to i n -  

~" c o ( ? )  

I I I I I 5100 200 300 400 600 
WAVELENGTH (nm) 

Fig. 2. Transient optical emission spectrum of the SiCI4 + CI2 + 
BCI.~ plasma during A.I RIE. This spectrum is uncorrected for system 
response. 
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Fig. 3. Intensity vs. time of the 261 nm band during A! -t- l%Si 
etching. 
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Fig. 4. Intensity vs. time of the 522 nm band during AI -I- 1%Si 
e t c h i n g .  

crease sharp ly  once etching is ini t iated.  I t  then reaches 
a s t e a d y - s t a t e  max imum.  However ,  it  has been ob-  
se rved  that  in A1 etching there  is a lways  an induct ion 
per iod  of some degree which is associated wi th  the 
remova l  of na t ive  a luminum oxide (2). The dura t ion  
of an induct ion per iod  depends  s t rongly  on the qual i ty  
of A1 films, the composit ion of e tchant  gases used, and 
o ther  factors,  inc luding the env i ronmenta l  condit ions 
of the  etching chamber .  The in i t ia l  g radua l  increase  in 
the in tens i ty  of the 261-nm signal,  as shown in Fig. 3, 
is a t t r ibu tab le  to the  s low etching caused by na t ive  
a luminum oxide. The ex ten t  of the dura t ion  of the 
peak  in tens i ty  is r e la ted  to the A1 film thickness  and 

Fig. 5. An SEM picture of 1 #m-thick AI -t- 1%Si film which 
was etched using the end-point detection technique shown ~n Fig. 4. 

the  etch rate.  However ,  while  AI(1) lines at  394 and 
996 n m  a re  free f rom interference,  they  tend  to have 
low intensi t ies  and somet imes  are  difficult to find. The 
522 nm band not  on ly  has a high intensi ty,  but  also is 
wel l  isolated and easy to locate because it is free from 
in te r fe rence  wi th  the ne ighbor ing  bands. 

,Figure 4 shows the ac tua l  use of the 522-nm signal  
for end-po in t  detect ion dur ing  react ive  ion etching of 
three  sample  B-in wafers  1 ~m thick A1 ~ l % S i  films 
wi th  an above-ment ioned  gas mixture .  Some delay  in 
522 nm emission af te r  ini t ia t ion of the RF  discharge 
is apparen t  in Fig. 4. This is because  of the t ime re-  
qu i red  for the p roper  match ing  of the system impe-  
dance. As the etching is completed,  the s ignal  in tens i ty  
s tar ts  to fall;  it  drops even tua l ly  to the sus ta in ing level  
of the discharge.  The end point  of the etching is c lear ly  
evident  because there  are  no conflicting emissions 
over lapp ing  the 522 nm band s ignal  near  the end of 
t h e  etching process. To clear  the res idues  remain ing  
on the substrate ,  the  subs t ra te  was de l ibe ra t e ly  over -  
e tched by  ex tend ing  the etching per iod b y  about  20% 
past  indica ted  etch completion.  F igure  5 shows an SEM 
picture  of 1.0 ~rn th ick A1 ~ l % S i  film, which was 
etched employing  the 522 nm end-po in t  detect ion 
technique.  

Manuscr ip t  submi t t ed  March 14, 1983; revised manu-  
scr ipt  received Ju ly  29, 1983. 

GTE Laboratories assisted in meeting the publica- 
tion costs oJ this article. 

REFERENCES 
1. R. F. Reichelderfer ,  Solid State TechnoI., 25, 160 

(1982). 
2. K. Tokunaga,  F. C. Redeker ,  D. A. Danner ,  and 

D. W. Hess, This Journal, 128, 851 (1981). 
3. "Tables of Constants  and Numer ica l  Data," Simone 

Bourcier,  Editor,  Pe rgamon  P r e s s  Ltd., Oxford  
(1970). 

4. D. Sharma,  J. Astrophysics, 113, 210 (1951). 
5. K. O. Park ,  Abs t rac t  196, p. 318, The Elect rochemical  

Society  Extended  Abstracts ,  Vol. 89-1, San F r a n -  
cisco, California,  May 8-13, 1983. 

6. B. J. Curtis,  Solid State Technol., 23, 129 (1980). 
7. C. S. Korman,  ibid, 25,115 (1982). 
8. J. E. Spencer  and B. Y. Shu, Abs t rac t  151, p. 239, 

The Elec t rochemical  Society Extended  Abstracts ,  
Vol. 82-2, Detroit ,  Michigan, October  17-21, 1982. 



Improved Conductivity in Polysilicon Films by Pre-annealing 
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Doped polycrys ta l l ine  sil icon is used as MOS t rans is -  
tor gates and interconnects  in many  kinds of micro-  
electronic devices and in tegra ted  circuits.  The polys i l i -  
con film is usua l ly  deposi ted by low-pressu re  chemical  
vapor  deposi t ion (LPCVD) techniques,  and subse-  
quent ly  doped by e i ther  a POC18 diffusion process at 
app rox ima te ly  1000~ for 30 min, or by  ion imp lan ta -  
tion fol lowed by  anneal ing  at  be tween  850 and 950~ 
Doping of polysi l icon films by  ion implan ta t ion  is be -  
coming more  popula r  because of ten it means fewer  
processing steps and /o r  lower  processing tempera tures ,  
which is impor tan t  for VLSI  fabricat ion.  

Wi th  ion implan ta t ion  for doping polysi l icon films, it  
is difficult to ob ta in  sheet  resis t ivi t ies  be low 40-50 ~ / D ,  
because a large fract ion of the implan ted  atoms diffuse 
to the polysi l icon gra in  boundar ies  upon pos t implant  
anneal ing,  become t r apped  and, therefore,  do not con- 
t r ibute  to e lect r ica l  conduct iv i ty  (1). The e lect r ica l  
conduct iv i ty  of doped polysi l icon thin films can be in-  
fluenced by  many  factors (1-8),  including crys ta l l i te  
size and or ienta t ion;  potent ia l  ba r r ie r s  (8), dopant  
(4, 5) and oxygen  segregat ion (6) at  gra in  boundaries ;  
and stress  and other  effects. Increased  polysi l icon con-  
duc t iv i ty  has been achieved by pulsed (9, 10) or  cw 
laser  annea l ing  (11-13), which affords a means  to in-  
crease the active car r ie r  concentrat ions  and to increase 
the  size of the crys ta l l i tes  and so achieve h igher  con- 
duct iv i ty  in polysi l icon films. 

Recently,  we have found that  s ignif icant ly lower  
res is t iv i ty  of i on - imp lan ted  polysi l icon films can be ob-  
ta ined by  p reannea l ing  at a t empera tu re  be tween  1O00 ~ 
and 120O~ for 30 min in an iner t  ambien t  pr ior  to 
doping the polysi l icon by  ion implanta t ion ,  or  by 
POCI~ diffusion (14). The polysi l icon film samples  
were  p repa red  by  LPCVD at 620~ The films were  0.5 
~m thick, deposi ted on 0.5 ~m of SiO2 the rma l ly  grown 
on (100)-or ienta t ion  s ing le -c rys ta l  silicon wafers.  This 
ensured that  there  would  be no ep i tax ia l  r eg rowth  
dur ing  the  p reannea l ing  process. I t  is also the con- 
f iguration in which doped polysi l icon films are  most 
f r equen t ly  used in in tegra ted  circuits. 

Except  for the controls, the samples  were  p re -  
annea led  at t empera tu res  ranging  f rom 1000 ~ to 1200~ 
for 30 min in d ry  n i t rogen  pr ior  to doping by  ion im-  
plantat ion.  They were  then ion - imp lan ted  e i ther  with 
31p+ ion at 50 keV with  a fluence of 1018 cm -2, or with 
riB+ ions at  50 keV wi th  a fluence of 6 • 1015 cm -2. Al l  
samples  were  capped with  ~0.5 ~m of SiO2 by CVD at 
450~ to p reven t  cross contaminat ion  before  furnace  
anneal ing  at  950~ for 30 rain to ac t iva te  the implan ted  
atoms. The capping oxides were  then s t r ipped  and the 
sheet  resis t ivi t ies  were  eva lua ted  using four -po in t  
probes.  

Table  I summarizes  the resul ts  of sheet res is t iv i ty  
measurements  by  four -po in t  probes on ion - implan ted  
polysi l icon films that  were  p reannea led  at  100O ~ 
1200~ The control  samples  were  not  preannealed ,  and 
the i r  sheet  res is t ivi t ies  are  in the range usua l ly  ob-  
tained.  Samples  p reannea led  at  1000~ showed a 
s l ight  improvemen t  in shee t  resist ivi t ies;  this var ied  
f rom 6% to 9%. Subs tan t i a l  improvements  in sheet  re -  

1Present address:  Dept. of Electrical Engineering, Rutgers  
Universi ty ,  Piscataway,  NJ 08854. 

Present  address:  Wes tern  Electric,  Al lentown,  PA 16193. 
Key words:  ion implantation,  diffusion, anneal ,  CVD. 
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sist ivi t ies  were  obta ined  for l l00~ preanneal ,  30% for 
the 31P-implanted polysi l icon sample  and 48% for the 
l iB - imp lan t ed  sample.  These improvements  increased 
to wel l  over  50% if h igher  p reannea l  t empera tu res  
could be  tolerated.  Obviously,  h igher  p reannea l  t em-  
pe ra tu res  a n d / o r  longer  p reannea l  t imes resul ted  in 
the g rowth  of l a rge r  average  crys ta l l i te  size and, 
therefore,  fewer  gra in  boundar ies  to t rap  the implan ted  
ions. 

The above-desc r ibed  exper iments  were  repea ted  
wi th  LPCVD amorphous  si l icon deposi ted at  560~ 
Polysi l icon formed from amorphous  silicon is cu r ren t ly  
being used ins tead of LPC~-D polysi l icon in many  de-  
vice and circuit  appl icat ions  because of its improved  
surface  smoothness (15-19). Table  II  summarizes  the 
resul ts  of p reannea l ing  of LPCVD amorphous  silicon 
films pr io r  to doping by  POC13 diffusion at 950~ for 
30 min, o r  by  ion- implan ta t ion  (and subsequent  post-  
implan t  anneal  at  950~ for 30 min) .  For  samples  
doped by the POC13 diffusion technique,  the improve -  
ments  a re  11% for p reannea l ing  at 1000~ and 23% at 
l l00~ Results  for the i on - imp lan ted  samples  show 
improvements  va ry ing  f rom 4% for samples  p re -  
annea led  at  1O00~ to 32% at l l00~ Thus, p r eannea l -  
ing of silicon films deposi ted in e i ther  po lycrys ta l l ine  
or  amorphous  form resul ts  in subs tant ia l  improvemen t  
in film resis t ivi ty,  even for convent ional  doping with  a 
POC13 source, which can be considered to provide  an 
infinite source of dopant  impuri t ies .  Scanning e lect ron 
microscopy was used to examine  the var ious  samples 
in the above exper iments ,  and no de tec tab le  change in 
surface roughness  could be observed  at  2OK magnifica-  
tion. S imi la r  resul ts  were  obta ined by  Harbeke  et al. 
(15). 

Table I. Sheet resistivities of polysilicon films deposited in 
polysilicon form (LPCVD at 620~ prean,ealed at different 

temperatures, followed by doping by ion implantation and 
subsequent annealing 

Preanneal temp. 
(30 min preanneal) 

Sheet  resist ivity,  ~/D 

~ip implant, 50 keV, nB implant, 50 keY, 
1016 cm -s dose 6 X 1O ~ cm -~ dose 

Control 48.6 • 2.2 87.5 • 0.7 
(no preanneal) 

IO00~ 44.1 • 0.7 82.5 • 1.8 
1050~ 43.1 -- 0.7 63.1 ~ 0.5 
llOO~ 34.3 • 0.8 45.1 -- 9.1 
1150~ 26.9 • 1.2 36.9 -- 0.2 
1200~ 22.3 ~ 0.I 33.5 -- O.l 

Table II. Sheet resistivities of polysilicon films which were 
deposited in amorphous form (LP'CVD at 560~ pre-annealed at 

different temperatures, followed by doping by conventional 
diffusion (POCI3) or by ion implantation and subsequent annealing 

Sheet  resist ivity ,  9 / D  
Preanneal  

in N2 ~P implant,  nB implant,  
(30 rain POCh 50 keV, 50 keV, 

preanneal) diffusion 10 ~e cm -~ dose 6 • 10 ~ cm -~ dose 

Control (no 15.2 :-~ 0.5 61.6 ----- 0.3 76.0 ~ 0.6 
preanneal) 

1900~ 13.6 -- 0.2 69.2 • 0.9 72.9 • 0.4 
llO0~ 11.7 _..T. 0.2 42.1 ---- 0.4 52.0 +---. 0.3 
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In conclusion, we have shown that a preannealing 
step of 1100~ for 30 min in dry nitrogen, applied to 
either polysilicon films or LPCVD amorphous silicon 
films, can substantial ly improve sheet conductivity and 
be incorporated into many IC processes, in which such 
preannealing can precede source and drain implants 
to minimize dopant diffusion. 

Manuscript received June 8, 1983. 
RCA Laboratories assisted in meeting the publica- 

tion costs of this article. 
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Use of a Liquid Electrolyte Junction for the Measurement of Diffusion 
Length in Silicon Ribbon 
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In the last 10 years there has been a rapid expansion 
in the technology of s!licon sheet growth (1). A key 
parameter  for the evaluation of this material  for pho- 
tovoltaic applications is the minority carrier diffusion 
length. For single crystal and epitaxial  silicon the sur-  
face photovoltage (SPV) technique (2) is a standard 
ASTM test method for the determination of minority 
carrier  diffusion length (3). However, the conductive 
oxide glass pressure contact which is used to detect the 
surface photovoltage in the ASTM method is unsuitable 
for sheet silicon because of the uneven nature of the 
surfaces. The liquid-semiconductor junction, which acts 
very much like a Schottky barr ier  (4), lends itself very 
well to the problem of contacting irregular  surfaces. 
The feasibility of using a liquid junction for diffusion 
length measurement was first demonstrated by Fabre 
et al. (5), who reported spectral response measure- 
ments of Si photoelectrodes. More recently Moore (6) 
has applied the liquid junction to measurement of 
diffusion lengths in n- type amorphous silicon using the 
SPV method. We would like to report  the successful 
application of a liquid electrolyte-semiconductor junc- 
tion to the measurement of SPV diffusion lengths in 
p-type,  polycrystall ine silicon ribbon. The use of the 
liquid junction greatly reduces the time and labor in- 
volved in the measurement compared to that required 
with a more conventional A1-Schottky barr ier  process 
which was previously employed in this laboratory (7). 
By using the liquid junction it has been found possible 

* E l e c t r o c h e m i c a l  Soc i e ty  Ac t ive  Member. 
Key words: s e m i c o n d u c t o r ,  cell ,  pho tovo l t a i c .  

to measure samples directly from crystal growth, thus 
eliminating etching or any other sample processing. 

The p- type Si ribbon used in this study was grown 
by the edge-defined film-fed growth (EFG) tech- 
nique (8) with a typical resistivity of 3-5 ~-cm and 
thickness in the range of 0.25-0.40 mm. A Teflon cell, 
shown in Fig. 1, was used to hold 1 X 2 in. ribbon 
samples. A 0.1M solution of tetrabutylammonium 
perchlorate ((C4H9)4NC104) in methanol was used as 
the electrolyte. Initial measurements were made with 
0.002M methylviologen hydrate added to the solution 
to form a redox couple with a potential near the con- 
duction band. However, it was found that the addition 
of methylviologen was unnecessary due to the Fermi 
level pinning effect produced by surface states at the 
silicon-solution interface (9). A P t  wire was used as a 
solution reference electrode, A layer of In foil was 
Dressed against the ribbon to make the back contact. 
Subsequent to this study it was found that a sheet of 
silver impregnated rubber (Chomerics Materials In-  
corporated, Woburn, Massachusetts) was a more prac- 
tical contact material.  A 2V reverse bias voltage was 
applied across the liquid junction to prevent any sig- 
nificant band bending from occurring at the back con- 
tact, which is weakly rectifying in nature. The SPV 
apparatus basically consists of a chopped mono- 
chromator light source with a feedback control circuit 
which adjusts the light intensity to maintain a constant 
photovoltage at the sample junction. The monochroma- 
tor wavelength is stepped through 12 points between 
870 and 1000 nm. The 1/e penetration depth of the light 
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Fig. 1. Cross section of liquid junction cell 

( l / a )  ranges from 22 to 120 microns between these 
wavelengths.  The data are collected and fitted with a 
computer. The apparatus and data analysis is described 
in more detail  in Ref. (7). The absorption coefficients 
used in the analysis were determined from absorption 
and reflection spectra of polished r ibbon samples and 
are given in Table I. 

In  order to determine whether  the minor i ty  carrier 
diffusion lengths (Ln) measured with the l iquid junc-  
t ion cell were correct, two comparison experiments  
were conducted in which samples were measured both 
with an a luminum-Scho t tky  barr ier  and with the 
l iquid junction.  In  the first exper iment  a set of 7 Si 
r ibbon and 5 float-zone Si samples were processed into 
A1-Schottky diodes with s intered A1 back contacts, us- 
ing the procedure given in Ref. (7). The float-zone 
samples were annealed at 12000C for various times up 
to lh  in an Ar/O2 ambient  which degraded the diffusion 
lengths from 145 down to 14 microns. The Ln values 
were measured, and the samples were then etched in a 
50% solution of HF in H20 to remove the A1-Schottky 
barr ier  from the front surface. The samples were then 
remeasured with the l iquid junct ion cell. The Ln re- 
sults which are plotted in Fig. 2a indicate that both 
junct ions yield the same Ln values with exper imental  
error. A least squares fit of the data gives a slope of 
1.00 _ 0.05 and an intercept  of 2 • 3 microns, with 
s tandard  deviations given for the uncertainties.  One 
problem encountered with some of the samples mea-  
sured with the l iquid junct ion was a slow exponent i -  
ally decaying component in the photo-voltage, having 
a magni tude  of 5-15% of the ini t ial  photovoltage. The 
decay typically had a time constant  in the range of 3-5 
min  and significantly decreased in magni tude  after the 
cell was i l luminated  with strong white light (50 m W /  
cmS) for 1 min. This slow decay in the photovoltage 
w a s  not observed with A1-Schottky junctions, indicat-  
ing that  it is a surface phenomenon occurring in the 
vic ini ty  of the si l icon-electrolyte interface. In  the 
second exper iment  a set of 33 r ibbon samples w a s  

measured with the liquid junct ion cell, unetched, as 
received from crystal growth. The photovoltages ob- 
served in these samples were in general  lower by a 
factor of 3-5 than the etched samples previously mea-  

Table I. Absorption 
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Fig. 2. Comparison of diffusion lengths measured with the liquid 
junction vs. an AI-Schottky junction. (o) Etched samples with 
sintered AI back contacts, measured with liquid junction subse- 
quent to measurement with AI-Schettky barrier: /~ ribbon samples, 
(~) O2 at annealed float zone Si samples. (b) Ribbon samples 
measured, unetched, with liquid junction first and then with AI- 
Schottky barrier after etching. 

sured, but  the drift  problem was no longer present. 
The samples were subsequent ly  etched for 90s in a 
s tandard  4:1 ( H N O J H F )  solution and for 15s in a 9:1 
etch, to remove the SiC/SiO2 surface films formed in 
crystal growth. Next, the samples were treated with a 
3:1 30% HfO~/H~SO4 solution for 1 rain to produce a 
thin oxide layer on the surface and a 125A A1 film was 
evaporated on the front  surface to form a t ransparent  
Schottky barrier.  The diffusion lengths were then re- 
measured and the results for both junct ions are plotted 
against each other in Fig. 2b. The least squares fit of 
this data gives a slope of 0.998 • 0.038 and an intercept  
of 0.2 _ 1.1 microns, confirming that  both types of 
junct ions yield the same results. It should be noted that 
the differences in t ransmission and reflectance between 
the St-A1 junct ion  and the l iquid junct ion  were found 
to be insignificant over the wavelength  range used. 

In  order  to verify that  the nonohmic pressure con- 
tact to the back of the samples was not in t roducing any 
error into the Ln measurements;  a set of 8 unetched 
r ibbon samples was measured with the liquid junct ion 
cell and then remeasured after being provided with an 

coefficients of Si ribbon 

~. (nm) 870 900 910 920 930 040 950 960 9'70 980 990 1000 
a (era -~-) 440 329 293 261 232 906 182 160.3 139.4 119.6 100.6 83.1 
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ohmic back contact. The ohmic contact was formed by 
etching the back surface with 4:1 and 9:1 etchants and 
then rubbing on a layer of Gain eutectic alloy. The 
addition of the ohmic back contact did not have any 
effect on the Ln values measured. 

In conclusion, the liquid-electrolyte junction de- 
scribed here provides a practical means of measuring 
the SPV diffusion length of p-type EFG Si ribbon and 
should be applicable to other types of sheet grown Si. 
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The Current-Voltage Characteristics of MOS Structures as Measured 
with Triangular and Sinusoidal Voltage Sweep Methods 

K. Nitsch, I. Turlik, and M. SJaby 
Institute of Electron Technology, Technical University of WrocIaw, Poland 

The triangular voltage sweep method has been 
generally used for evaluating the mobile 
charge concentration(l,2,3). The fundamental 
analytical expression and the method for esti- 
mating the mobile charges concentration with 
current-voltage characteristics to the tri- 
angular voltage have been presented in papers 
by Marciniak and Tangena (3,4). It has been 
shown that the fundamental relations of the 
TVS method enables one to determine the mo- 
bile charge density in MOS structures when a 
sinusoidal signal of a low frequency is used. 
It is also possible to use the same measure- 
ment system for investigating the dielectric 
relaxation effects with a small dc signal. 
This is an additional advantage of the method 
proposed here (5). 

The equivalent conditions of both methods 
have been defined by the comparison of TVS 
and SVS characteristics. 

THE RESPONSE OF THE MOS STRUCTURE TO SINUSOI- 
DAL AND TRIANGULAR SIGNALS IN A QUASI-EQUILI- 

BRIUM STATE 

The essential condition for identification 
of the mobile charge in dielectric films of 
the MOS structure is a quasi-equilibrium state 
during the experiment; that is, under sweep 
conditions so slow that the ionic charge dis- 
tribution can equilibrate continuously with 
the externally applied voltage (i). Usually 
in the TVS method, this quasi-equilibrium con- 
dition can be realized experimentally at the 
elevated temperatures in the range above 150~ 
~t sweep rates less than I00 mV/s. 

Based on the analysis of current-voltage 
characteristics of MOS structures in a quasi- 
equilibrium state presented by Kuhn, the 
current response of the MOS structure to an 
ac signal may be written as 

V 
f 

i= - dQ(V,t) : d__(C(V) dV + 
dt dt~ 

[1] 
~ ? 

0 

where :  Q(V, t )  i s  t h e  t o t a l  c h a r g e  i n d u c e d  a t  
the semiconductor electrode; C(V) is the 
differential MOS capacitance; p (x) is the mo- 
bile charge concentration in the dielectric 
layer; and xois the thickness of the dielec- 
tric layer (the direction of the x-coordinate 
is chosen so that x=0 for the metal-dielectric 
surface, and x=xofor the dielectric-semi- 
conductor surface). 

For the triangular signal, V=-e~t, and 
using d/dt=-*~d/dV from Eq. [ 13 we obtain 

icv~:_+~c(v)• 9(x,V)dx [2] 
dV~ x 0 

Further, if we choose a sinusoidal signal as 
the applied voltage, V=V m �9 sintot, and using 
d/dt=*-VmCOSt0t, we can get the following form 

i (V) = -+ VmtO cos 60 t C (V) 
[3] 

+VmtOCOSO3t d ~% ?(x,V)dx 
- ~Xo 

Thus, it is possible to calculate the density 
of mobile charges in quasi-equilibrium con- 
ditions for triangular and sinusoidal signals 
from Eq. [2] and [33, respectively 

vo 
s : 1 r c (v)J dv [4] 

~" J-Vo ,.V~ 
= l IEi(V)-VmO0COStOt C(V)~ dV [5] 

Vmt0 cos60t -/Vo 

Comparing Eq. [4] and [5~, we notice that the 
density of the mobile ion charge defined by a 
triangular signal is equivalent to the density 
determined by a sinusoidal one when 

~ =Vm LO cos 60t [6] 

220 
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For ~t=0 we obtain 

Vm 

This allows one to measure the frequency of a 
sinusoidal signal corresponding to the applied 
~otential sweep rate in the TVS method. For 
example, using Vm=5V and the typical values of 
the potential sweep rate (0(=5§ mY/s) for 
the quasi-equilibrium state, we obtain the 
frequency range of a sinusoidal signal 

00 =10 -3 -~ 10 -2 Hz 

The density of the mobile charge defined by 
Eq. [4] and [5] is directly proportional to 
the area between the polarization current 
curve and the envelope of the rectangle or the 
ellipse corresponding to the capacitance of 
the dielectric layer (in practice, at elevated 
temperature, C(V)~Cox in all the range of 
applied voltages) (Fig. i). 

I 

h.- 

V 

Fig. i. Illustration for determining the 
density of the mobile charge by TVS and 
SVS methods. 

The formula for calculating the density of 
the mobile ion charge using the TVS method has 
the following form (3) 

Q Ip x [9] 
q O( 

For a sinusoidal signal, this formula may be 
written as 

q Vm~ 

The quality evaluation of the dielectric 
layer can also be made by measuring the mate- 
rial parameters by means of a small ac signal 
of a very low frequency (5) in the same 
measurement system. 

A typical I-V characteristic of an ac 
small signal is shownin Fig. 2. 

I 

l V 
l 
l 
J 

Fig. 2. I-V characteristic of MOS 
structure for a small ac signal at an 
elevated temperature. 

The material parameters (the components of the 
complex capacitance C*=C ' + jC" and tan 6 ) 
can be determined from the following relation- 
ships 

C'=I0 

Vmax 

 ,,12 _ Ill 3 -~max ~ o 

Vmax 

tan~=[I2ax - 1 

Taking into account the geometrical capaci- 
tance, we can estimate the components of the 
complex permittivity. 

RESULTS AND DISCUSSION 

The I-V characterisitcs of the MOS struc- 
tures have been measured for comparison of 
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the results of TVS and SVS methods. The MOS 
structures were formed by the thermal oxida- 
tion of the n-type silicon wafers of a resis- 
tivity ~ =3 ~6 /Icm with the aluminum gate. 
The thickness of the oxide layer was i00 nm, 
and the contacts were made by evaporated alu- 
minum dots about imm diam and 0.3 ~m thick. 
Some measurement results have been shown in 
Fig. 3 and 4. 

10 
? 

'-4~5 

-10 

- 2  -1 0 1 2 
4pPUES VOLTAGE : VOLrS J 

Fig. 3. Experimental SVS characteristics 
for T = 480 K. (i)~0=0.4 Hz; (2)60=0.2 Hz; 
(3)~=0.04 Hz; and (4)~0=0.02 Hz. 

"7 2 Io 
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APPLIED V O L ~ G E  ( V O L T S )  

Fig. 4. Exlerimental TVS characteristics 
for T=480 K. (i)~=i V/s; (2)~=0.5 V/s; 
(3)~=0.i V/s; and (4)o~=50 ms/s. 

The current-voltage characteristic was 
measured using Keithley 610C electrometer, 
Hewlett Packards H203A function generator and 
a slow triangular wave function generator. 

The measured frequency was chosen according to 
Eq. [79. The concentration of the mobile 
charge has been evaluated based on the I-V 
characteristics of the MOS structures for the 
sinusoidal and triangular voltage sweep methods. 
The agreement of results for both methods has 
been obtained, however, the differences in 
measured values were caused by the integra- 
tion error of the experimental curve (• 
Table I shows the typical values of Q measured 
using TVS methods. 

Table I. 

TVS SVS 

Q[10 10c3 
50 8.62 

i00 5.53 
500 4.94 

2.10 -2 
4,10-2 
2,10-1 

8.68 
5.53 
4.91 

The results obtained using the TVS and SVS 
methods confirm that these methods are equiva- 
lent, because the results are nearly the same. 
Thus, the TVS and SVS methods can be used 
interchangeably depending on the measurement 
setup. The differences in values of the mobile 
charge concentration for both methods are con- 
tained within the range of the method's error. 
The advantage of applying this method is the 
possibility of determining the dielectric pa- 
rameters. These parameters can be obtained 
in the known way from I-V characteristics 
during one measurement cycle. Results of the 
SVS method may be compared in a simple way 
with results obtained by the TVS method accord- 
ing to the relationship in Eq. [6] given in 
this paper. 
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Determination of the Minimum Surface Enrichment of Molybdenum 
Required to Inhibit Active Dissolution of an Fe-Cr-Ni-Mo Alloy 

R. C. Newman* and E. M. Franz 

Brookhaven National Laboratory, Materials Technology Division, Upton, New York 11973 

I t  is becoming clear that  molybdenum i nh i b i t s  
local ized corrosion o f  s ta in less steels 
through i t s  e f fec t  on the anodic d isso lu t ion 
k ine t i cs ,  rather than by any mechanism which 
could be discovered by analyzing the f u l l y  
developed passive f i lm.  Wanklyn ( I )  has emph- 
asized the importance of  MoO 2 as a compound 
which is read i ly  formed and is stable at 
r e l a t i v e l y  act ive potent ia ls  in mi ld ly  ac id ic  
solut ions.  I t  is also k i n e t i c a l l y  stable in 
strongly ac id ic  solut ions because of the 
necessity for reductive d isso lu t ion as Mo 3+. 
In the passive state at much higher potent ia ls  
there is a tendency for depletion of Mo in the 
passive f i lm.  Hashimoto et al (2) and Goetz and 
Landolt (3) have both detected high concentr- 
at ions of  Mo on surfaces subjected to pro- 
longed act ive d isso lu t ion .  The chemical state 
of  Mo in these experiments is controversial  - 
perhaps Mo(Vl)(2). Brox and Olef jord (4),  
using an Fe-Cr-Mo a l loy ,  showed in addi t ion 
that  elemental Mo was enriched in the surface 
fol lowing act ive d isso lu t ion ,  and suggested 
that  an " i n te rmeta l l i c  surface phase" was 
present. With respect to local ized corrosion, 
i t  is l i k e l y  that  Mo is enriched on the 
surface during the small amount of  d isso lu t ion 
which precedes repassivat ion of an inc ip ien t  
local ized corrosion s i t e ;  the excess Mo may 
then dissolve during prolonged passivat ion,  or 
may be present so loca l l y  that  i t  cannot be 
detected by surface analysis.  In the present 
work we have measured the charge density 
required to deact ivate f reshly  generated 
surfaces of  an Fe-Cr-Ni-Mo a l loy  in the range 
of potent ia ls  where rapid act ive d isso lu t ion 
occurs in the absence of  Mo. This charge 
densi ty is used to calculate the maximum 
possible surface coverage of  Mo as a funct ion 
of exposure time of the new surface. 

A novel dual electrode assembly was used to 
compare the bare surface behavior of  Fe-Cr-Ni 
and Fe-Cr-Ni-Mo al loys (compositions in Table 
I ) .  Annealed 1 mm plates of both al loys were 
mounted on edge in a block of epoxy resin,  
with a spacing between them of about I mm, and 
ground to a 600 g r i t  f i n i sh .  A separate elec- 
t r i c a l  connection was made to each specimen 
(Figure I ) .  The specimen block was f ixed to the 

*Electrochemical Society Active Member 

bottom of a p las t ic  cel l  containing a platinum 
counter electrode and a saturated calomel 
reference electrode (SCE). Two Stonehart model 
BCI200 potent iostats were used in the inverted 
mode to control the potent ia ls  of  the two 
specimens at the same value, with the platinum 
counter electrode grounded. The two current 
outputs were fed through 60 Hz f i l t e r s  to two 
channels of  a Nicolet  d i g i t a l  osci l loscope 
(model 2090). A diamond pencil was used to 
make a single scratch across the width of  both 
electrodes. Although the width and depth of 
the scratches were only reproducible to w i th in  
about 25%, they were always constant to w i th in  
10% across both electrodes for a given scratch. 
This gave a high degree of confidence in the 
comparison of the bare surface behavior o f  the 
two a l loys.  The scratch width was 75 + 20~m, 
with a depth of about 20~m; the apparent 
scratch area was therefore taken as 0.1 + 0.03 
mm 2. The scratch currents were low enough (and 
the solut ion conduct iv i t ieS high enough) that  
no noticeable in teract ions occurred between the 
ohmic potent ia l  f ie lds  of  the two electrodes. 
The maximum IR drop to a scratch was less than 
10 mV (5). 

Most of  the measurements were made using 
1.5M H2S04 at 22oc; a few were made with IM 
HCI. For the su l fu r i c  acid, both electrodes 
were passivated at +300 mV (SCE) before pulsing 
to the potent ia l  of  i n te res t ;  react iva t ion  was 
slow enough to permit scratching in the 
act ive range with a low base current.  For HCI, 
where passivat ion of one a l loy was not poss- 
i b le ,  the electrodes were coated with a th in 
layer of lacquer and the scratches made 
through th is  layer.  

Molybdenum sharply reduced the anodic current 
densi t ies in the act ive range, as shown fo F 
su l fu r i c  acid in Figure 2. The steady-state 
act ive to passive t rans i t i on  for  a l loy  A was at 
-275 + 5 mV for th is  so lut ion.  When the al loys 
were~cratched in the passive range for 1.5M 
H2SO 4, t he i r  current decays were v i r t u a l l y  
ind is t ingu ishable  as shown in Figure 3. This 
is evidence that  Mo does not influence the 
early growth of the passive f i lm,  and therefore 
that  i t s  ef fects should be sought in the ac t ive  

223 
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range of potentials. Figure 4 shows the trans- 
ients obtained at -300 mV, where passivation 
did not occur; very similar results were 
obtained in both H2SO 4 and HCI at -350 mV. 

Both alloys showed an in i t ia l  current peak, but 
w i th in  200 ms the current on the Mo alloy (B) 
had fallen sharply below i t s  companion. After 
2 s the ratio of the currents was about 10, and 
alloy A had almost reached i ts steady state. By 
comparing this steady state with that of the 
surface as a whole, i t  was shown that the 
estimate of the scratch area was accurate and 
that the roughness of the scratch was comparable 
with that of a 600 gr i t  f inish. Using the 
apparent scratch area, the charge densit~ passed 
on alloy B after 2 s was about 3.5 mC/cm ~. For 
a mean oxidation number of just over 2 and a 
roughness factor of about 2 for the scratched 
surface, this represents at most 5 atom layers 
of alloy oxidized (the roughness factor is not 
l ikely to be less than 2). For a bulk Mo 
concentration of 2.7 wt.% (1.6 at.%), the 
maximum possible surface concentration of Mo at 
this stage is therefore no more than 8 at.%. 
The in i t ia l  peak seen for both alloys is 
probably due to preferential dissolution of 
iron, leaving a surface enrichment of nickel and 
chromium - i t  is notable that the charge density 
under this peak (~4 atom layers) would leave 
about one monolayer of (Cr + Ni) i f  iron was 
perfectly selectively dissolved. 

Mechanism of Molybdenum Effect 

The present results could be consistent with 
several possible effects of molybdenum, of which 
we wil l  give two examples. First,  Mo may be 
retained in the elemental form during preferen- 
t ia l  dissolution of iron; 8 at.% is then a 
reasonable surface concentration at which 
agglomeration of Mo atoms might begin to occur, 
for instance at surface steps (the mean Mo-Mo 
distance being between 3 and 4 substrate latt ice 
spacings). Frankenthal (6) showed that the f i r s t  
stages of passivation of Fe-Cr alloys required 
charge densities equivalent to less than one 
monolayer of oxidized metal, and concluded that 
most of the in i t ia l  current decrease involved 
deactivation of heterogeneities; i f  these were 
already saturated with elemental Mo, then the 
active current density could also be 
dramatically reduced by quite small coverages 
of Mo. Second, 8 at.% Mo may be sufficient to 
cover most of the surface i f  i t  reacts to form 
a hydrated oxide monolayer such as MoOp.2HpO (7). 
The main drawback of this mechanism is-that bulk 
MoO 2 is not stable at pH:O and E :-100 mV; 
however, thermodynamic data for tRe "two- 
dimensional" phase are not available. On balance 
we favor the accumulation of elemental Mo (to 
-8 at.%) as the primary deactivating process; 
under appropriate conditions, this may be 

followed by formation of a 2- or 3-dimensional 
network containing Mo(IV). Experiments with 
Fe-Cr-Mo alloys, where active dissolution 
occurs at lower potentials, are in progress 
and should resolve the role of MoO 2. 

Conclusions 

1. 1.6 at.% Mo does not affect the f i r s t  few 
seconds of repassivation of an Fe-Cr-Ni 
alloy in 1.5M sulfuric acid. 

2. 1.6 at.% Mo sharply decreases the active 
current density on a new surface after the 
passage of a quantity of charge equivalent 
to about 5 atom layers of alloy. 

3. These results show that molybdenum acts at 
a sub-monolayer level in i ts primary 
inhibit ing effect on active dissolution of 
stainless steels in sulfuric or hydrochloric 
acid, but has no effect on the repassivation 
rate in sulfuric acid. 
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Table 1 Compositions of Alloys 

wt.% Cr Ni Mo Fe 

A 18.7 10.3 bal. 

B 16.6 11 .0  2.7 bal. 

Key words : alloy, corrosion, passivity 
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Fig. 1 Specimen assembly for comparative 
scratching electrode measurements. 

Fig. 3 Repassivation kinetics of alloys A and 
B in 1.5M H~SO 4 at +350 mV (SCE). Scratch area 
Was 10 -3 cm ~. 
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Pig. 2 Anodic polarization behavior of alloys 
A and B in 1.5M H2SO 4 at 22oc. Potential sweep 
rate was 1 mV/s. Pretreatment was 600 grit 
grinding plus -1,0 V (SCE) for 60 s. 

Fig. 4 Decay of active current for alloys A 
and B scratched in 1.5M H2SO 4 at -300 mV (SCE). 
Scratch area was 10 -3 cm 2. 



Photoelectrochemical Response of GaPc-C1 Thin Film Electrodes 
Using Two Photon Sources and Two Illumination Directions 

W. Buttner, P. Rieke, ond N. R. Armstrong* 
Department of Chemistry, University oI Arizona, Tucson, Arizona 85721 

The measurement of photocurrent 
response as a function of illumination 
wavelength, photocurrent spectroscopy, has 
been used in the characterization of many 
semiconductors and photoconductors (1-6). 
In our own studies of thin films of tri- 
and tetravalent metal phthalocyanines (Pc) 
and silicon phthalocyanines, photocurrent 
action spectra have been used to verify the 
identify of the majority photoproduced 
charge carriers, and estimate their average 
diffusion length (%) before recombination 
(5, 6). The photocurrent spectra were found 
to depend upon the direction of illumina- 
tion. For frontside illumination, illumi- 
nation from the electrolyte side, the pho- 
tocurrent spectra mimicked the absorbance 
spectra, a broad featureless peak between 
550 and 850 nm. With backside illumination 
(made possible by illumination through the 
semitransparent conductive substrate) two 
maxima were observed at 575 and 795 nm with 
severe attenuation of the photocurrent in 
the highly absorbing region between these 
two peaks. This directional effect is 
explained by considering the relationships 
between the point of carrier creation, the 
direction in which it must migrate and the 
thickness of the GaPc-CI film. The experi- 
mentally determined condition of oxidative 
current implies that either hole must move 
towards the dye/electrolyte interface or 
electrons must move in the opposite direc- 
tion. Since in frontside illumination the 
photocurrent response parallels the absorp- 
tion spectra we must conclude that the pho- 
tocurrent does not depend on the penetra- 
tion depth of the light, (I/8) where 8 is 
the absorption coefficient (104<8<i05 cm -1 
between 550 and 850 rim). Thus holes must 
be the mobile, photoproduced charge carrier. 
With backside illumination highly absorbed 
photons having a small penetration depth 
create holes very near the substrate/Pc 
interface. The photocurrent maxima occur 

at the condition where I/8=d-s where d is 
the thickness of the Pc film and s is the 
average diffusion length before recom- 
bination (5). Using thin GaPc-CI films 
(<200 nm), we estimate that I/8 = 5 x 10 -5 
cm at 575 nm and 795 nm. Estimates of the 
film thickness, d=700 nm, ascertained from 
visible spectra of the dissolved Pc film in 
pyridine, allows an estimation of s = 200 
nm for Figure la. 

Previous experiments have shown that 
polychromatic illumination of the Pc film 
produces photocurrents that seem to be in 
excess of those predicted by experiments 
using monochromatic sources (5-9). Photo- 
currents observed voltammetrically using 
polychromatic sources also show little 
dependence upon illumination direction in 
contrast to illumination with monochromatic 
sources. Figures i, b-d, indicate the reason 
for these observations. The action spectra 
shown were all obtained using a monochroma- 
tized Xenon arc source, modulated at i00 Hz, 
and lock-in-amplifier (Ortec-Brookdeal) 
detection of the photocurrent response from 
the i/V converter of the potentiostat (ECO 
551). Figures 1 b-d represent spectra 
obtained by backside illumination with that 
"probe" source and frontside illumination 
using an unmodulated "pump" laser source. In 
the case shown, a 632.8 nm He-Ne was used, but 
qualitatively similar results have been 
obtained using CW lasers at 514.7 nm, 457.1 
nm (Argon ion laser) and 325 nm (He-Cd 
laser). As the power of the CW source was 
increased, the modulated photocurrent at each 
wavelength increased and the photocurrent 
maxima converged slightly, corresponding to a 
shift in the wavelength maxima of up to 25 
nm. The ratio of 8 at 600 nm to that at 575 
nm is ca. 1.5 to I, I/8 decreases by a 
corresponding amount which indicates that % 
has increased from 200 nm to ca. 350 nm. 
Since % is a potential dependent parameter, a 
similar effect could also be produced by 
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increasing the applied bias potential to 
the photoelectrode. If taken to its 
theoretical limit (which is generally not 
practical), the backside action spectra 
should converge on the frontside action 
spectrum or the absorbance spectrum. 

The idea of using one modulated and 
one unmodulated illumination source has 
been previously reported for various photo- 
current spectroscopies (I, 10). In most 
cases it was necessary for the modulated 
probe source and the CW pump source to 
illuminate the electrode at the electrolyte 
interface, since the electrodes were not 
thin films nor were they on optically 
transparent backings. As shown in Figure 2 
for our experiments, the absorption pro- 
files of the opposed pump source and probe 
source will overlap different regions depen- 
dent upon the absorptivity, B, of each. The 
pump source may produce charge carriers that 
occupy trap or recombination sites near the 
front surface -- the greatest distance away 
from the origin of the photoproduced holes. 
The presence of hlgh concentratlons of unmo- 
dulated charge carriers from the pump source 
increases the overall conductivity of the Pc 
film, allowing for a more efficient har- 
vesting of the modulated carrier from the 
Au/Pc interface. The backside-induced photo- 
current increases in accordance with the 
increase in s to s 

The photocurrent enhancement at 632.8 
nm using a modulated, low power, He-Ne source 
and two different pump sources is quantitated 
in Fig. 3. The maximum photocurrent enhan- 
cement obtained is greater than a factor of 2 
for the 514.5 nm pump and slightly less than 
a factor of two for the 457.9 nm pump -- nor- 
malization to the absorptivities as these two 
wavelengths shows these enhancements to be 
nearly equal. The maximum enhancement is 
obtained with only small additions of pump 
power, corresponding to a probe-to-pump 
flux ratio of up to 300:1. Beyond this 
point the effect of each pump source 
decreases and the photocurrent enhancement 
saturates. In this same region of pump 

flux to the frontside of the Pc film, the 
total photocurrent (a.c. + d.c.) increased 
non-linearly with increasing light flux 
(i~I0"65). Such a non-llnear relationship 
coincides with the expectations of the 
model of Rose which postulates a distribu- 
tion of shallow and deep hole ~raps in the 
band gap region of the photoconductor (11). 
Experiments in progress also showthat the 
effect of the pump light source may also be 
to reduce the barrier height for charge 
transfer at the Au/Pc interface which should 
likewise yield a non-linear photocurrent vs. 
light intensity dependence. 

Polychromatic illumination of the Pc 
film and other photoconductor thin films 
results in a sizeable fraction of the 
charge carriers produced being used to 
create a more conductive channel for a small 
hole population, whichactually produces 
the photocurrent response. Further optimi- 
zation of these photoconductive materials 
requires that the barriers t~ hole transport 
be significantly reduced, i.e., that s be 
made comparable or larger than the Pc film 
thickness. Two-photon photocurrent 
spectroscopies are promising in their ability 
to quantitate the effect on photoelectroche- 
mical performance of defect states. These 
experiments also suggest ways by which the 
photoconductivity of thin films for pho- 
toelectrochemical or reprographic applica- 
tions might be controlled using multiple 
sources which illuminate the photoconductor 
from two different directions. 

This research was supported by grants 
from the National Science Foundation, CHE 
17571, and from IBM Corporation. We also 
gratefully acknowledge the use of a He-Cd 
laser for these and subsequent studies from 
the San Francisco Laser Center. We also 
thank Prof. Jo E. Pemberton of this 
Department for the loan of the argon ion 
laser. P. Rieke acknowledges support in 
the form of the C. S. Marvel Graduate 
Fellowship. 
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Figure Captions 

i. Photocurrent action spectrum (lock-in 
amplifier output vs. wavelength) for a 
GaPc-CI/Au-MPOTE electrode immersed in a 
pH=4 (0.2 M KHP), 0.05 M hydroquinone 
solution, held at a bias potential of 
+0.4 volts vs. Ag/AgCI. a) Backside 
illumination using a monochromatized (2 
nm bandpass) Xenon arc lamp. Spectrum 
corrected for lamp/monochromator power 
transmission fluctuations. No added 
pump. b)-d) As in (a), but with CW, 
632.8 nm He-Ne laser, illumination of the 
front surface of the Pc film at the pump 
power densities shown (laser diffused to 
ca. i cm2) '. 

2. Schematic of the absorption profiles for 
a modulated-probe, backside illumination 
source, and a CW-pump, frontside illumi- 
nation source. Photogenerated holes 
created at the backside, migrate to the 
electrolyte interface under bias, reacting 
with the solution reducing agent. 
Average carrier diffusion length, ~, is 
increased to s with the added pump. 

3. Enhancement of the modulated photocurrent 
from the backside illumination as a func- 
tion of flux of pump photons to the front- 
side of the Pc film. Conditions as in 
Figure I, but with a 0.04 mW/cm 2, 632.8 nm 
He-Ne, probe source and a 514.5 nm and a 
457.9 nm CW pump source. 
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Reports on Electrochemical Society Summer Fellowship Awards 
During the summer of 1983, the following graduate students received $1500, representing the three Summer Fellowship Awards of 

The Electrochemical Society. 
Ms. Rosalie G. Tompson, University of Missouri-Columbia, was designated as the winner of the Edward Weston Fellowship. 
Mr. Bob L. Wheeler, The University of Texas at Austin, was awarded the Colin Garfield Fink Fellowship. 
Mr. David F. Tessier, University of Ottawa, Canada, was selected as the recipient of the Joseph W. Richards Fellowship. 
The Summer Fellowship Awards are made "without regard to sexl citizenship, race, or financial need, to a fellow or teaching assist- 

ant pursuing wor k between the degrees of B.S. and Ph.D. on a subject in a field of interest to The Electrochemical Society." They are 
intended to cover a period during which the recipient has no financial support for the continuance of his or her work. 

The Edward Weston Summer Fel- 
lowship Report 

Ms. Tompson's report is given below. 
The goal of this work was to use inelastic electron tunneling 

sPectroscopy (lETS) to study the reaction of SOCIs with alumi- 
num oxide and, in particular, to determine intermediate prod- 
ucts in the reaction, lETS (1) is a sensitive technique for de- 
tecting monolayer coverages of a molecular species adsorbed 
on an oxide layer. Tunnel junctions are fabricated as a sand- 
wich of metal (usually AI), metal oxide, dopant (molecule of in- 
terest), and metal (usually Pb). To obtain spectra, the junctions 
are cooled, to 4.2 K, and a variable d-c bias voltage and an a-c 
modulation signal are applied. Peaks in the resulting second 
harmonic vs. bias voltage correspond to the vibrational fre- 
quencies of the dopant molecule and phonons of the sand- 
wiching metal electrodes. The useful range is 30 meV (240 cm -z) 
to 500 meV (4000 cm-]). Previously, lETS has been successfully 
used in our laboratory to determine the reaction intermediates 
of the CCI4/aluminum oxide system (2). 

This project was based on literature studies of the reactions 
of SOCIs with metals and metal oxides (most notably with Li in a 
Li/SOCIs battery system). These studies had indicated that 
metal chlorides, free sulfur, and SO= could be expected to result 
from such a reaction. Other products could include SOsCIs, 
SsCI=, SCI2, $20, and HCI (from reaction with water on the alumi- 
num oxide surface). Reaction intermediates might also be seen 
(e.g., various metal chloride and sulfur chloride radicals, SO 
and SO radicals and SOCI-). Further, sulfur bonded to bare AI 
atoms of the oxide surface might possibly be observed al- 
though such bonds are often difficult to detect with tunneling. 
The first step in the process was to fabricate aluminum oxide 
tunnel'junctions doped with SOCIs. The usual doping and fabri- 
cation procedures, and modifications thereof, did not provide 
high quality junctions or spectra. Junctions doped with 4-12/~1 
of pure SOCI= were unusable since the SOCIs reacted strongly 
with the thin oxide layer and the underlying AI. Junctions doped 
with 4-12 /~1 of SOCIs dissolved in benzene at con- 
centrations ranging from 0.1 to 10% SOCI2 by volume were also 
of poor quality (low resistance with noisy spectra). The spectra 
from these junctions, however, did yield surprising results. No 
metal chloride stretches were seen, nor were there any other 
stretches observed which involved chlorine. There were indica- 
tions of AI-S bonds, of SOs and other sulfur-oxygen type bonds, 
and possibly of benzene on the surface. One possible interpre- 
tation of these results is that the SOCI2 chlorinated the benzene 
before the solution was applied to the metal oxide surface. As a 
consequence, the complex was adsorbed on the oxide surface. 
Previously, benzene when used as a solvent has not been seen 
in tunneling spectra. Since these spectra were noisy, the results 
obtained are not yet conclusive. Current plans include at- 
tempting to fabricate tunnel junctions with very small amounts 
of pure SOCIs. 
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The Colin Garfield Fink Summer 
Fellowship Report 

Mr. Wheeler's report is given below. 
A method for the simultaneous determination of the absorp- 

tion coefficient, ~, and the minority charge carrier diffusion 
length, L, of semiconductor electrodes was evaluated. The 
method is based on electronical ly  d i f ferent iat ing the 
photocurrent as a function of applied potential and, hence, is 
called the differential pt'iotocurrent (DPC). This method, first 
proposed by Sukegawaetal.  (1) for solid-state devices, involves 
the simultaneous modulation of the incident radiation (at fl) 
and the applied potential (at f2) with detection of the inter- 
modulation photocurrent (at I&-f,l). a and L were determined for 
a p-GaP single-crystal in contact with an aqueous Eu 3+ solutiOn. 
The values for c~ were 400 n m -  8.1 x 104 cm -~ and 450 n m -  6.9 
x 104 cm -1. The value of L determined for the samPle was 0.10 -_+ 
0.01/~m. The values agree quite well with literature values. The 
DPC technique has the advantage that the measurements are 
conducted with the semiconductor in the same configuration 
normally used in photoelectrochemical cells. One drawback, 
however, is that any deleterious effects the electrolyte has on 
the semiconductor, such as surface recombination or the for- 
mation of surface states, could affect the measurement. An ad- 
ditional complication is a filter effect caused by the species pro- 
duced at the photoelectrode. This effect would be absent in 
s01id-state measurements on step junctions and care must be 
used in matching the wavelengths of interest to regions where 
the redox couple to be used doesnot absorb. In addition, the 
method is very model dependent (i,e, the photocurrent is fit to 
the Giirtner model, and any inaccuracies in the model will be 
manifested in the results). Apart from the determination of 
and L, this method holds promise as a means for detecting sur- 
face states which play a role in the product ion of the 
photocurrent. When the photocurrent increases steadily to- 
wards saturation as a function of the reverse bias, as predicted 
by the well known Giirtner model, the differential photocurrent 
decreases monotonically and reaches zero as the photocurrent 
reaches saturation. Any inflection in the steady increase in the 
photocurrent will be magnified in the plot of the differential 
photocurrent with respect to reverse bias. This inflection in the 
photocurrent can be attributed to surface states acting as 
recombination sites. This has been illustrated by a plot of the 
differential photocurrent vs. voltage for n-MoSes, which has 
been shown by the a-c impedance technique to have surface 
states. At the same potential at which the states were found by 
a-c impedance, a large dip occurs in the di f ferent ial  
photocurrent. However, except for determining the energy dis- 
tribution of the surface states with respect to the bandedges, no 
quantitative information appears readily available. 

In addition, polycrystalline films of MoSes were studied. The 
films were grown by vapor transport from MoSe2 powder and 12 
as a transport agent. The chemicals were placed in a quartz 
tube and evacuated at liquid nitrogen temperature and sealed. 
The tube was then placed in a split tube furnace kept at 900~ 
for approximately one week. At that time, a suitable portion of 
the tube was held under running water to condense the I~ vapor. 
Polycrystalline films of MoSe2 had grown above the original 
charge. The films were quite sturdy and could be removed from 
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the quartz in most cases. Electrodes were made with both the 
rough surface, which was towards the charge during growth, 
and the smooth surface, which was against the quartz tube, ex- 
posed to the electrolyte. Preliminary results show that both 
types of electrodes were able to photo-oxidize bromide. 
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The Joseph W. Richards Summer 
Fellowship Report 

Mr. Tessier's report is given below. 
The electrochemical hydrogen evolution reaction (HER) has 

proved a useful model system in the study and kinetic treatment 
of simple, as well as of more complex electrode reactions (1,2). 
Much work has been done on the elucidation of the rate- 
determining step(s) in the HER at metals of widely differing ad- 
sorptive and catalytic properties and from diverse electrolyte 
solutions (3-5). Of equal interest has been the question of the 
mechanism and molecular mechanics of the initial step, in acid 
media, of the discharge of the hydrated proton and the transfer 
and chemisorption of the resulting H atom on the electrode 
surface. 

Comparative studies at various metal electrodes on the dis- 
charge of, and H= evolution from the unhydrated H30 + ion as 
found in salt-like strong acid "monohydrates" and from H+aq in 
solutions of the same acid in excess water have recently been 
reported by Conway and Tessier (6). The steady-state polariza- 
tion behavior at Hg electrodes differed markedly from that at the 
more catalytic Ni and Pt surfaces. In particular, at Pt and Ni, the 
observed rates of the HER from 1M CF~SO~H are ca. 10-25• 
greater than from the monohydrate, CF3SO3-H30+; this order 
was found to be reversed at Hg cathodes. The temperature de- 
pendence of the HER was discussed in terms of current ideas 
about electron and proton transfer in electrochemical reac- 
tions, the state of hydration of H § and the role of discharge from 
paired CF~SO3- and H30 § ions. 

Linear potential sweep cyclic voltammetry experiments allow 
the elementary H-adsorption/desorption step in the HER at Pt to 
be studied independently from the overall H2 evolution process. 
The electrochemical reaction responsible for the formation of 
adsorbed H at  Pt in acid solution can be written as 

kf 
M + H+ + e - ~ M H  [1] 

1 - 0 Co k, 0 

where 0 is the fractional coverage of the surface by H, kfand k, 
are  the indicated rate constants, Co is the concentration of H + in 
the outer Helmholtz plane, and the surface concentration of 
metal sites is represented by the quantity (1 - O). 

In the absence of mass-transport limitations and of diffuse 
double layer effects, the net current density for reaction [1 ] at 
any potential, E, is given by (7) 

- QdOIdt = i = -Q{k f (1  - O)Co exp(-13FE/RT) - 
k,O exp [(1 - [~)FE/RT]} [2] 

In a linear potential sweep experiment, E = E~, + St, and under 
reversible conditions (low sweep rate, S), the coverage O ad- 
justs to an equilibrium value for every value of potential, corre- 
sponding to the electrochemical adsorption isotherm for H on 
M. However, at relatively higher sweep rates, the current is de- 
termined increasingly by one or other of the two terms in Eq. 
[2], and the peak potential Ep,i,, progressively differs from that 
obtaining under reversible conditions, E u .... (7). 

Under completely irreversible conditions, at a sufficiently 
high sweep rate, the quantity Ep = Ep.~ - Ep,,~v is given by (7) 

Ep = b Iog(S ..... ) = b Iog(-S) [3] 

where b = RT/f lF and So,p,~ = (RT/~F) kf(~-~)k, ~ Co(~-~L Thus a 
Tafel-like extrapolation of Ep vs. log(S) to E u = 0 yields log(So.D), 
the reversibility parameter, which is related to the standard rate 
constant ko by 

So.p = (RTIt3F)ko Co ('-~) [4] 

The characteristic rate parameter, ko, derived from the esti- 
mated So.p for the elementary H-adsorption/desorption process 

at Pt is then susceptible to a temperature study so that an analy- 
sis of the activation parameters analogous to that reported pre- 
viously for the overall HER from H + in different states of hydra- 
tion (6), can be made. 

This part of the work, concerned with the temperature de- 
pendence of the kinetics of the H-adsorption process at Pt, was 
carried out during the tenure in 1983 of the Joseph W. Richards 
Summer Fellowship of the Electrochemical Society. 

Experimental 
The potentiodynamic sweep method was employed as de- 

scribed elsewhere (7). A Nicolet 2090 digital oscilloscope 
served to record the i-E profiles. An internal reference electrode 
or a specially-made low-impedance reference electrode com- 
partment was used in the measurements at high sweep rates. 
Cell design and minimization of the Pt working electrode sur- 
face area reduced the magnitude of IR losses which were offset 
by means of an adjustable positive feedback IR-drop compen- 
sator (12). High purity CF~SO3H solutions were prepared from 
the purified monohydrate as described previously (6). The anhy- 
dride, (CF3SO2)20, prepared by the dehydration of the acid over 
"P205" (13), was reacted with D20 to yield CF3SO3-D30 + which 
was further purified. 

The anodic H-desorption process was studied since, at 
higher S, the conjugate H-adsorption/desorption peaks overlap 
and are obscured by the onset of H= evolution currents. A slow 
(1 Vs -1) cathodic sweep and a cathodic potential holding period 
of 0.2s was used in order to achieve surface equilibration prior 
to the analytical anodic scans. 

R e s u l t s  

Typical cyclic voltammograms obtained at Pt electrodes in 
the " m o n o h y d r a t e "  salt CF3SO3-H~O § and 1M aqueous 
CF3SO~H are shown in Fig. 1. 

In the 1M solution, the H-adsorption region of the i-E profile is 
similar to that previously observed id HCIO4 solutions (7), indi- 
cating a relatively small degree of specific adsorption of the an- 
ion. The competitive adsorption of CF3SO~-, e.g., with SO~-, 
PO4 ~-, and CIO4-, has been studied previously by cycl ic 
voltammetry in dilute aqueous solution (8), and it was con- 
cluded that CF3SO3- is adsorbed to approximately the same ex- 
tent as CIOc. Electrical double layer capacitance studies at Hg 
have indicated that the anion is not strongly adsorbed at this 
metal either (9). 

In the acid monohydrate, the H adsorption region is apprecia- 
bly shifted to less positive potentials as is evident in the cyclic 
voltammogram (Fig. 1); also the onset of surface oxidation of Pt 
is shifted to more anodic potentials. Both these observations 
probably result from greater anion adsorption in the monohy- 
drate "melt". Such effects on the Pt profile are known to occur 
in the presence of strongly adsorbed anions, e.g., in sulfuric 
acid solutions containing even trace quantities of halide ions 
(10, 11). 

The characteristic sweep rates, So,p, above which the anodic 
desorption of H from Pt is kinetically irreversible, is shown in the 
plot of Ep vs. log(S) plot in Fig. 2. So.~ for the 1M solution is com- 
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CF3SO~H at  3 1 3  K at  a Pt electrode. Sweep rote 9 2  mV s i. 
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CF~SO3H(D) at 313 K. 

7C 

parable to the values reported for HCIO4 solutions (7). In the 
monohydrate, a smaller value of So,p is observed; slower kinet- 
ics were also observed under steady-state polarization for the 
HER at Pt from the monohydrate as compared with the 1M acid 
solution (6), in contrast to the steady-state behavior at Hg. Note 
that in dilute acid media, the presence of strongly adsorbed an- 
ions on the Pt electrode surface has been shown to increase the 
rate of H-desorption (7). 

Apparent activation energies, AH$~pp, were determined from 
plots of So,JT (~ ko) vs. T -1 derived from experiments over the 
temperature ranges 273-333 K (1 M aq CF3SO3H) and 313-345 K 
(CF3SO3- H~O--). The resulting AH*app values and the derived fre- 
quency factor ratio, corrected for double layer effects (6), ap- 
pear in Table I. The frequency factor ratio, A(1 M)/A(H30, +) = 73 
is significantly greater than the value of ca. 10 -1 for the steady- 
state HER.at Pt (6). This difference is primarily due to the com- 
parable AH$app values for the H-desorption reaction in these two 
solutions; the changes in the rates themselves between the two 
solutions are similar for the overall HER, and for the elementary 
H-desorption process. Based on the observed frequency factor 
ratios, the conjugate H-adsorption/desorption reactions do not 

Table I. ~'/tapp valve and derived frequency factor ratio corrected for 
double layer effects 

Solution ~J-/t.pJkJ tool -1 So.p/v s -1 

CF3SO=-H30 + 24.4 7,3 
1M CF3SO~H 19.7 82.0 

F r e q u e n c y  factor ratio A(1M)/A(H30 +) = 73 at 313 K. 

seem to be important in determining the rate of the HER at Pt 
from these solutions, However, there may be some similarity in 
behavior of the HER at Hg (where electron transfer is believed to 
be rate determining), and of the H-desorption reaction at Pt. 

The H/D kinetic isotope effect was also investigated for the 
H-desorption process and the Ep vs. log (S) plot for the 1M 
CF3SO3H(D) is shown in Fig. 3. A decrease in So,p of ca. 2x was 
found on substitution of D for H. Further work is currently in 
progress on the study of the H/D isotope effect on this reaction 
at Pt in the 1M aqueous and the monohydrate solutions as a 
function of temperature. 

The results described briefly above, combined with other 
work related-to the HER, will be presented in detail in a forth- 
coming publication. Additional experimental studies on the 
growth of surface oxide films at Pt in the novel CF~SO3-H~O + 
"melt" will also be reported shortly. 
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ABSTRACT 

The discharge capacity of Li/SO2 cells was examined at high current and temperatures.  D cells rated at 8 Ah delivered 
over 7 Ah at 5A current  and 55~ while cells discharged at 72~ gave 7 Ah at 3A. The cells were analyzed for residual  l i thium 
and sulfur dioxide. Spent  cathodes were analyzed by infrared spectroscopy. A parasitic reaction was found in which Li2S20~ 
and S were formed, presumably  by reaction of Li2S204 with SO2. This reaction became noticeable only under  extreme com- 
binat ion of high rate and temperature.  

Li th ium/SO~ cells a re  useful  power  sources for de-  
vices requ i r ing  high dra in  pe r to rmance  at low t em-  
pera tures .  Such cells genera l ly  are  of a j e l l y  rol l  de-  
s ign wi th  layers  of l i th ium toil,  separator ,  and porous 
carbon cathode.  The electrodes are  su r rounded  by  a 
h ighly  conduct ive  nonaqueous  e lec t ro ly te  consist ing of 
an organic  solvent  (usua l ly  ace ton i t r i l e ) ,  a sal t  (usu-  
a l ly  l i th ium b romide ) ,  and  su l fur  dioxide,  which 
serves  as a soluble  cathode ma te r i a l  (1). In  the 
course of cell  d ischarge  the l i th ium anode is oxidized,  
and  the SO2 soluble cathode is reduced.  The dis-  
charge product ,  identif ied as l i t h ium di th ioni te  (2), 
prec ip i ta tes  in the porous cathode and even tua l ly  
m a y  pass ivate  it. Such cells have open-c i rcu i t  vol t -  
ages  nea r  3V and discharge  at  a round  2.8V, de l iver -  
ing 140-150 W h / l b  over  the cells '  l ife (3, 4). Typical  
SO~ D cells have  shor t -c i rcu i t  cur ren t s  of over  100A 
and can de l iver  30A pulses at  specific powers  of over  
300 W/ lb .  In  the course of d ischarging cells at  e levated  
tempera tures ,  i t  was observed that  some cells de l ivered  
less than  the usual  capaci ty.  We d ischarged  a number  
of LO25SX and LO26SX D- type  SO2 cells a t  different  
ra tes  and  t empera tu re s  to de t e rmine  the extent  and  
magni tude  of this dec l ine  in capacity.  We used in f ra red  
spect roscopy and specific chemical  analysis  to ident i fy  
products  of the  cells. We repor t  the  resul ts  here.  

Experimental 
The LO26SX, a he rme t i ca l ly  sealed sp i r a l ly  wound D 

cell, was se lec ted  .as a test  vehicle  for this s tudy.  The 
LO26SX is d is t inguished by  its ba lanced cell  chemis t ry  
in which  the rat io  of Li  meta l  and SO2 soluble  cathode is 
nea r  uni ty.  This pa r t i cu l a r  cell  is r a t ed  at  8 Ah  at 267 
m A  at 25~ Capacit ies  were  ca lcula ted  to a 2V cutoff 
and cells used for  chemical  analyses  were  not  dis-  
charged below 2V. Cells were  d ischarged at 21 ~ 55 ~ and 
72~ on se lec ted  loads, as wel l  as at  constant  currents ,  
wi th  da ta  collection e i ther  b y  a Linseis  LD-12 re -  
corder  or  an HP 1000 computer ized  da ta -acquis i t ion  
system. 

Cells which were  used for  chemical  analysis  were  
p laced  in a specia l ly  made  stainless  s tee l  bomb and 
punctured.  The vola t i le  ace toni t r l le  and  SO2 Were 

Key words: lithium, sulfur dioxide, nonaqueous electrolyte, 
high temperature ciischarge, capacity loss, decomposition, lith- 
ium dithionite, infrared, thermal analysis. 

w i thd rawn  under  vacuum and collected b y  cooling a 
flask wi th  l iquid  ni t rogen.  The su l fur  d ioxide  removed  
f rom the cell  was then  de t e rmined  iodometr ica l ly .  The 
remain ing  cell  wi th  its e lect rodes  was then t r ans fe r r ed  
to an argon-f i l led  glove box and disassembled.  Re-  
s idual  l i th ium was es t imated  by  weighing  the r ema in -  
ing anode. The ca rbon  cathode was then  analyzed  b y  a 
va r ie ty  of methods.  Su l fu r  in  the  d ischarged cathode 
was de te rmined  g rav ime t r i ca t ly  by  ex t rac t ing  the 
cathode wi th  CH2CI~ in a Soxhle t  ext rac tor .  The 
CH2CI~ was then  removed  wi th  a ro t a ry  evapora to r  
and the remain ing  sulfur  weighed.  Di thioni te  was de -  
t e rmined  by  leaching the cathode wi th  deae ra t ed  pH 
10 buffer. The leachate  was ana lyzed  for  d i th ioni te  
by  adding  an al iquot  to an excess of the Cu( I I )  a m -  
mine complex  and spec t rophotomet r ica l ly  measur ing  
the des t ruct ion  of Cu( I I )  (5). Di th ionate  was de te r -  
mined  by  first oxidizing the leachate  wi th  a lka l ine  
KMnO4. The MnO~ produc t  was removed  by  filtering. 
Al l  sulfur  oxyanions  except  d i th ionate  are  conver ted  
to sulfa te  in this step. The solut ion of d i th ionate  was 
then digested wi th  me tavanada t e  in H2SO4. The d i -  
th ionate  was then  de t e rmined  by  back  t i t r a t ion  wi th  
KMnO4 (6). 

The ex t r eme ly  in te res t ing  compound l i th ium di th io-  
ni te  (Li2S204) was p repa red  by  reduct ion  of su l fur  
d ioxide  wi th  the  l i th ium benzophenone ketyl .  THF 
was refluxed wi th  Call2 under  argon for  severa l  days  
and then dis t i l led  into a ca re fu l ly  d r ied  flask. The 
flask was t aken  into an argon-f i l led  glove box w h e r e  
a s l ight  excess of va c uum-d r i e d  benzophenone was dis-  
solved in the THF. To this solut ion smal l  pieces of 
l i th ium foil were  added  wi th  st irr ing.  The solut ion 
r ap id ly  tu rned  the intense blue of the  benzophenone 
radica l  ion. Su l fur  d ioxide  was then  bubb led  into this  
solut ion th rough  a f r i t t ed-g lass  tube.  The blue color 
of the solut ion r ap id ly  disappeared,  rep laced  b y  a 
m i l k y  white  suspension in the THF. The whi te  solid 
was collected by  filtering, washed  wi th  CS~ to r e -  
move any sulfur ,  and washed wi th  CH~CN to remove  
res idual  benzophenone.  P u r i t y  was de t e rmined  to be 
app rox ima te ly  70% b y  Rohm's  method  (5).  L i th ium 
di th ionate  was p r e p a r e d  b y  oxida t ion  of SOn wi th  
MnO2 to form a mix tu re  of manganous  d i th ionate  and 
sulfate.  The sul fa te  and M n ( I I I )  were  removed  by  
prec ip i ta t ion  wi th  hot  s a tu ra t ed  Ba(OH)2.  The resu l t -  
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ing bar ium dithionate hydrate  crystallized after water  
was removed with a rotary evaporator. The BaS206 
was dissolved in  water  and converted to L i 2 8 2 0 6  by Cell no. Load (~) H r  of service Capaci ty (Ah) 
precipitat ing the Ba 2+ with Li2SO4 solution. The ex- 
t remely soluble Li2S206 was isolated as a crystal l ine 

9F 0.4 0.751 4.898 hydrate after reducing the solution in volume. A n-  lOF 0.4 0.907 5.834 
hydrous mater ia l  was obtained by vacuum drying at 
approximately 60~ Li th ium thiosulfate was prepared 11G 0.0 1.359 5.965 
by metathesis of potassium thiosulfate with LiC104 in 9G 0.8 2.399 8.027 
water. The slightly soluble KCIO4 was filtered off and 10G 0.8 2.555 8.457 
the Li2S203 crystallized on cooling after the solution 6D 1.0 3.246 8.686 
was concentrated. The remain ing  sulfur  oxyanions 12D 3.266 8.666 

12E 3.174 8.465 were obtained from Ventron or Pfaltz & Bauer. In f ra -  12F 3.182 8.458 
red spectra were recorded with a Pe rk in -E lmer  Model 
683 spectrometer. The solid samples were finely 6F 2.0 6.192 8.538 
ground with KBr  in  an agate mor tar  and pressed into 6E 5.0 15.158 8.524 
a disk to give consistent samples. Considerable care 

7D 55,0 165.07 8.612 
was required to get a satisfactory spectrum of a dis- 7E 55.0 151.58 7.867 
charged cathode because of the carbon present. Best 7F 55.0 150.39 7.847 
results were obtained by using a very dilute KBr 
pellet combined with expansion of the t ransmit tance 
scale. 

Results 
Cell testing.--Standard LO26SX cells were dis- 

charged at 21 ~ 55 ~ and 72~ on loads varying from 9D 0.4 0.694 4.499 
0.4 to 55fl. Capacities, shown in Tables I-III ,  were 10D 0.4 0.666 4.307 
calculated to a 2V cutoff. Cell capacity is shown as a llE 0.6 1.077 4.754 
funct ion of load and discharge tempera ture  in  Fig, 1. 
The increased currents  d rawn from the cells have 9E 0.8 1.863 6.270 

10E 0.8 2.067 7.001 
little effect on capacity at 21~ where the LO28SX 
delivers nea r  its rated 8 Ah at currents  of over 6A. As 8A 1.o 8.204 8.833 

12A 1.0 2.535 6.751 the tempera ture  is increased, cell capacity remains es- 12B 1.0 2.491 6.597 
sential ly unchanged at lower currents  with cells de- 12c 1.0 2.454 6.507 
l ivering the 8 Ah rated capacity on 512 load (approxi-  14A 1.0 2.539 6.774 

148 l.O 2.561 6.803 
mately  0.55A). The combinat ion of high current  and 14c 1.0 2.451 6.529 
high tempera ture  resulted in  a decreased cell capacity. 6c 2.0 5.779 7.998 
This decrease can amount  to 3.5 Ah under  the extreme 
conditions on 72~ tempera ture  and 0.4~ load. 6B 5.0 15.410 8.696 

From the plot in Fig. i, it is clear that the LO26SX 7A 55.0 170.87 8.903 
drops below the rated 8 Ah capacity only under  high 78 55.0 154.43 8.032 
current  discharge and high temperatures.  The results 7c 55.0 151.95 7.902 
at 21 ~ 55 ~ and 72~ clearly show that the progressive 
nature  of this phenomenon with temperature.  The heat 
generated by the cell on discharge abo  plays an im-  
portant  role. The voltage and wall  temperature  of an 
LO26SX cell discharged at 2A are shown in Fig. 2. The 
wall tempera ture  rose to some 89~ dur ing  the dis- 
charge, and it can be safely presumed that more severe 
temperatures  could be measured internal ly .  The de- 
cline in  capacity only at  high currents  and  high tern- 

Table I. Discharge of LO26SX cells at ambient temperature 

Celt no, Load (f~) Hr of service Capacity (Ah) 

9A 0.4 1,244 7.949 
9B 0.4 1.228 7.890 
10A 0,4 1.261 7,997 
10B 0.4 1.239 7.862 
10C 0.4 1.307 8.368 
l l H  0.4 1.086 6.944 
I l K  0.4 1.194 7.572 

9H 0.6 1.951 8.537 
9I 0.6 1.857 8.089 
10H 0.6 1.836 8.030 
10I 0,6 1.840 8.020 
l l A  0.6 1.981 8.637 
l l B  0.6 1.902 8.357 
l lC  0.6 1.966 8.590 

111 0.8 2.657 8.908 
l l J  0.8 2.674 8.946 

6G 1.0 8.188 8.619 
61 2.0 6.351 8.817 
6H 5.0 15.833 8.931 
14D 5.0 14.856 8.378 
14E 5.0 14.703 8.296 
14F 5.0 14.401 8.115 

7G 55.0 167.29 8.761 
7H 55.0 172.48 9.041 
71 55.0 169.02 8.851 

Table II. Discharge of LO26SX cells at 55~ 

Table III. Discharge of LO26SX cells at 72~ 

Cell no. Load (~) Hr of service Capacity (Al l)  

peratures is due to an in terna l  temperature  well  over 
72~ At  these high temperatures,  side reactions may 
occur which are un impor tan t  at lower temperatures.  

Analysis of cells.--We evaluated the processes tak-  
ing place in  the cell by infrared spectroscopy and 

9 

. C 7  

85 

I I I I I 
3 0.1 0.5 I0  5.0 I0.0 

CURRENT~/kMPS 

Fig. 1. Capacity to 2V of LO26SX cells as a function of average 
discharge current. 
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specific chemical an,alysis. Infrared spectroscopy is 
a particularly suitable technique for studying the 
cathode, since it can detect relatively unstable ma- 
terials in situ before possible reaction during ex- 
traction or isolation procedures. After some prelimi- 
nary experiments with mulls, we selected dilute sam- 
ples of finely ground cathode in KBr as a sampling 
technique. Infrared spectra of cathode from cells dis- 
charged at room temperature and 72~ at l~t are 
shown in Fig. 3 and 4. Both cathode spectra are char- 
acterized by absorbances at approximately 1090, 1020, 
and 905 cm - t ,  while the cathode discharged at ele- 
vated temperature has three additional bands at 1240, 
1170, and 970 cm-1. A series of spectra of cathodes 
from cells discharged under increasingly severe condi- 
tions revealed that the bands at 1240, 1170, and 970 
become relatively more intense as the severity of 
temperature and rate increases. 

The increase in intensity of the new bands led us to 
suspect that at high rates and temperatures the ex- 
pected Li2S~O4 (lithium dithionite) product might 
either decompose or fail to form. To test this hy-  
pothesis we had a number of cells analyzed for sulfur 
dioxide and lithium dithionite after discharge. Re- 
sults are shown in Table IV. As shown by the data in 
Table IV, cells discharged at high rates and cur- 
rents had substantially less dithionite than calculated 
from the diminished capacity, and only approximately 
50% as much as cells discharged at room tempera- 
ture. The analyses of discharged cell cathodes clearly 
showed that new chemistry was .appearing under the 
extremely severe discharge conditions. To see whether 
this new chemistry was due to dithionite decomposi- 
tion, we compared the infrared spectra of Na2S204 
before and after heating at 5~ in a sealed Ni- 
manic crucible in a Mettler TA2000 DTA. The DTA 
exotherm occurred at 192~ The only identified 
decomposition product was Na2S20~ from its IR. We 
noted that the IR of Na2S204 was not similar to that 
of a discharged cathode containing Li2S204 and specu- 
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lated that L i 2 8 2 0 4  might react differently from 
Na2S204 .  An authentic solid sample of L i 2 S 2 0 4  w a s  
prepared by oxidation of lithium-benzophenone ketyl 

Table IV. Analysis of LO25SX and LO26SX cells for Li2S204 and S02 

Grams S0~ Grams SsO~-~ Grams* SsOr ~ 
Cell no. Temp(~ i (A) Q (Ah) (found) (found) (calc.) % SsO+ -s yield 

LO26SX 
1 72 19 (2.5A avg) 5.47 9.45 9.46 13.06 72.4 
2 72 5.46 9.90 8.90 13.03 68.3 
3 25 6.82 6.41 15.87 16.28 97.5 
4 25 7.14 6.09 15.67 17.05 91.9 

LO25SX 
D5 71 1~ (2.5A) 6.22 10.20 11.06 14.86 74.4 
C3 71 5.53 11.95 9.87 13.21 74.7 
I)4 25 2 ~  (O.13A) 8.58 5.38 19.17 20.52 93.4 
C4 25 8.49 5.10 20.44 20.29 100.7 

* The calculated amount  of di t ldonite i s  b a s e d  on the  assumed cell reaction:  2LI + 2SOs -~ Lia.~O,. 
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by SO2 in carefu l ly  d r i ed  THF. Quan t i t a t ive ly  our  
product  was only  about  70% pure.  The in f ra red  spec-  
t r um of this ma te r i a l  (Fig. 6) was a lmost  ident ica l  to 
that  of a d ischarged cathode. Thermal  analysis  demon-  
s t ra ted  tha t  Li2S204 showed no reac t ion  be low 170~ 
only  s l ight ly  lower  than  Na2S204. This was somewhat  
unexpected  given the difficulty of p r epa r ing  Li2S204. 
F igure  7 shows the DSC resul ts  for  Li2S~O4 heated  at  
40~ in a P e r k i n - E l m e r  DSC-4. 

Examina t ion  of cathode spec t ra  f rom cells tes ted at 
h igh t empe ra tu r e  pointed to the presence of a d i -  
th ionate  in the cathode. A commercia l  sample  of 
Na2S206 is shown in Fig. 8. The absorbance  at  1240 
cm -1 is v e r y  s imi lar  to tha t  in the cathode spec t rum,  
white the band at  1000 cm -1 could be masked  by  the 
1020 cm -1 di th ioni te  band. A specific analysis  for d i -  
th ionate  de t e rmined  that  0.055 tools of Li28206 were  
presen t  in a cell  d ischarged at 72~ on 1~ load. We 
p repa red  an authent ic  sample  of Li.2S206 and found its 
IR pa t t e rn  to be  s imi la r  to tha t  of Na~S2Oe. A dis -  
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Fig. 6. Infrared spectrum of Li2S204 prepared by reduction of 
SOs with benzophenone ketyl. 
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Fig. 8. Infrared spectrum of Na25206 showing absorbances at 
1240 and 1000 cm -1 .  

charged cell  was analyzed  for  ~ulfur by  leaching the  
cathode wi th  methylene  chloride.  The solid p roduc t  
(0.96g) was identif ied as e lementa l  sulfur  by  its char -  

acteris t ic  powder  diffraction pat tern .  While  this iden t i -  
fied two products  of the h igh  t empe ra tu r e  reaction,  
namely,  S and Li2:$206, there  were  st i l l  two absorbances  
in the in f ra red  which had not  been  assigned, 1170 and  
970 cm -1. To ident i fy  the  source of these absorpt ions  a 
number  of sal ts  of sulfur  oxyanions  were  examined  
by  IR. The unassigned absorbances  are  not  due  to 
Li~SO4, Li2SO3, or  Li2S203, as shown by  Fig. 9, for  
example .  The anions $20~ 2-  and $4062- were  also 
e l iminated.  The IR spect ra  of K2S205 and Na~S20~ were  
genera l ly  similar ,  and we suggest  tha t  Li2S205 is also 
present  in the  cathode, as shown in Fig. 10. 

To de te rmine  whe the r  this capac i ty  degrada t ion  at  
high cur ren t  and  t empe ra tu r e  was r e l a t ed  s t r ic t ly  to 
cell  d ischarge or  could be created in s torage of p a r t l y  
d ischarged cells, LO26SX cells were  50% discharged at  
25~ and then  s tored at  72~ for  a week.  At  the  end 
of the week  the in f ra red  spec t ra  of the  cathodes showed 
only  the three  absorbances  due to l i t h ium dithionite .  
This observa t ion  suggests  tha t  the  react ions  respons i -  
ble  for  the  capaci ty  decl ine occur  main ly  du r ing  the 
format ion  of l i th ium di th ioni te  r a the r  than  as a sub-  
sequent  reac t ion  in the cell.  
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Fig. 9. Infrared spectrum of Li2S2Os, for comparison with spectra 
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Fig. 10. Infrared spectrum of K~$205 showing the absorbances at 
1170 and 970 cm -1.  

Discussion 
The reduction of SO2 in aprotic solvents is known to 

occur via an ini t ial  one-electron transfer to form a 
radical anion, (8, 9). In extremely dilute solutions in a 
coordinating medium like DMF, the electron transfer 
process is reversible 

SO2 + e- ~ S O~- [ 1 ] 

The SO2- radical anion itself is an unstable species and 
may react by a variety of methods. In acetonitrile sol- 
vent with a Li + supporting electrolyte, the most easily 
available mode of reaction is dimerization to dithio- 
nite followed by rapid precipitation of the lithium salt 
(2, 13). This dithionite formation from the short-lived 
radical ion occurs almost quantitatively in SO2 cells 
discharged at 25~ as shown by the average dithionite 
yield of 95.9% based on the stoichiometry in reactions 
[i] and [2] 

2SO2- ~--, $2042- n u 2Li + -> Li2S2O4 [2] 
In DMF or under more unusual conditions the SO2- 
radical ion may coordinate with SO2 to form a complex 
ion (8, 10) 

SO2- + SO2 ~ S~O4- [3] 

We suggest that this complex ion might react further 
with the radical  ion to form a dianion, apparent ly simi- 
lar  to trithionate, which would decompose to give the 
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detected products of lithium dithionate and sulfur 

S204- + SO2- -* S~O82- -> S + $206 [4] 

The characteristic 1200 cm -I band of trithionate was 
never observed in a cathode IR spectrum, however. 

The S02- ion has also been found to disproportionate 
in solution to give sulfite and sulfur monoxide. The 
sulfur monoxide is extremely unstable and will dis- 
proportionate to rapidly form sulfur and SOs (II) 

2SO~.- -> SO + SO32- 

,~)S + SOs [5] 
The sulfite ion itself is known to form pyrosulfite in 
aqueous solutions (12). Thus we have a plausible 
mechanism for explaining the presence of pyrosulfite 
as  w e l l  

S O s ~ -  + SO~. ~ S~Os-= [6] 
It is at least as notable that the infrared spectra 

gave negative evidence for the presence of two ex- 
pected byproducts, Li2SO4 and Li~S~Oj. The l i thium 
sulfate had been found on analysis of cells stored for 
extremely long times at high temperatures, while thio- 
sulfate has been proposed as a cell product in certain 
circumstances. The different pat tern of products clearly 
points to the electron transfer  involving SO~- being 
involved in these reactions, as opposed to slow side 
reactions involving the LiBr and SOs electrolyte com- 
ponents. 

The amount of dithionate found, 0.055 reals, corre- 
sponds roughly to the capacity decrease in such a cell. 
It  is quite tempting to ascribe the capacity loss to a 
reaction such as 

SO~ 
2SO2 + 2Li-~ 2Li + + 2SO2- > 2Li + + SzO~ ~- 

2Li + + S~O62- -> Li2S206 + S [7] 

In this reaction three equivalents of SO2 produce two 
of current with formation of S and LizS206. Coupled 
with disproportionation of the SO2 radical ion to even- 
tual ly form S and Li2S205, this offers a facile explana- 
tion for the capacity loss phenomenon, although the 
available data are far from defnitive.  

Conclusion 
Lithium/sulfur  dioxide cells discharged under con- 

ditions of high current and high temperature deliver 
less capacity than cells discharged at the same currents 
at room temperature or at elevated temperature and 
low rates. Analysis of these cells with diminished ca- 
pacity revealed substantially less Li2S204 discharge 
product than in normally discharged cells. The quan- 
t i ty of dithionite present was only 75% of that expected 
from the cell capacities. The loss in capacity is also 
accompanied by side reactions forming elemental S, 
Li~S2Os, and Li2S2Os. It is l ikely that these side reac- 
tions occur during discharge, since par t ly  discharged 
cells stored at 72~ do not show spectroscopic evidence 
of deterioration. The side reactions appear to lead to 
premature cathode passivation, since cells had both Li 
and SO2 present at the end of discharge. Our results 
show that the redox chemistry of SO2 in organic sol- 
vents is a complex problem. Cell capacity and cell 
chemistry are both sensitive to factors which are not 
yet completely understood. 

Manuscript submitted June 23, 1983; revised manu- 
script received Sept. 19, 1983. 
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Electrochemical and Ellipsometric Investigations of Passive Films 
Formed on Iron in Borate Solutions 

I. The Kinetics of Film Growth on Iron at Constant Anodic Potentials 

Z. Szklarska-Smialowska 1 and W. Kozlowski 

Institute of Physical Chemistry, Polish Academy of Sciences, Warsaw, Poland 

ABSTRACT 

The kinetics of passive film formation on iron in borate buffer solution has been studied at different anodic potentials. 
The process of film growth has been found to occur in four dist inct  stages. About  80-90% of the total  film thickness formed 
in lh  grows during the initial two stages which last for only 1-3s (depending upon potential). The electric field strength 
across the film is not constant  but  decreases with progressing film growth. The thickness of the film determined 
ell ipsometrically is less than that  calculated from the electric charge consumed. The process of anodic film formation is 
accompanied by the dissolution of iron which occurs over the whole range of potentials. 

The ra tes  at  which  pass ive  films grow on the surface 
of i ron have  been  s tudied e i ther  by  e lec t rochemical  
techniques,  in which  the anodic cur ren t  dens i ty  is 
measured  ~ a funct ion of t ime (1, 2), or  e l l ipsomet r i -  
ca l ly  by  measur ing  the opt ical  pa rame te r s  for  the 
evolving film (3-6).  This l a t t e r  technique d i rec t ly  
yields  the  film thickness  as a funct ion of t ime which  
can be used to test  var ious  models  for  the  growing 
anodic film. In the m a j o r i t y  of cases, e l l ipsometr ic  
measurements  began app rox ima te ly  1 min af ter  a 
constant  anodic  potent ia l  was appl ied,  i.e., at  a t ime 
subsequent  to the deve lopment  of a major  par t  of the  
film. As far  as we are aware,  on ly  in two studies  (3, 
6) have  a t tempts  been made  to de te rmine  the ra te  of 
f i lm-g rowth  dur ing  the ini t ia l  minu te  fol lowing the 
appl ica t ion  of the potent ial .  

A pa r t i cu l a r ly  large  body of in format ion  on the 
ini t ia l  process of film growth  on iron has been  provided  
by  K r u g e r  and Calver t  (3).  They found that  film 
growth  occurs in three  stages. In the first stage, a l inear  
re la t ionship  exists  be tween  the film thickness  and the 
square root  of t ime. The authors  (3) suggest  that  du r -  
ing this s tage the  film growth  is control led  by  the di f -  
fusion of O H -  ions to the  e lectrode surface.  Dur ing  
the second stage, a number  of complex processes occur  
which cannot  be  character ized by  any  s imple ra te  law. 
The th i rd  stage, i.e., tha t  of the s t eady-s t a t e  growth,  
can be descr ibed equa l ly  wel l  by  e i ther  a logar i thmic  
or  inverse logar i thmic  law. F rom the inverse  logar i th -  
mic re la t ionship,  the so-ca l led  jump dis tance has been 
es t imated  to be 10A, and the act ivat ion energy  equal  
to 1.8 eV. This value  of the jump  dis tance is much 
l a rge r  than  the value  expected for  Fe2Os, which is 
about  3A. I t  is wor th  ment ioning  that  o ther  authors  
(4, 5) have  also found j u m p  distances much l a rge r  
than  3A. 

Many  theore t ica l  models  have been proposed to 
exp la in  the  kinet ics  and mechanisms of film growth  on 
metals.  The inverse  logar i thmic  model  proposed  by  

Z Present  address:  Department  os Metallurgical  Engineering,  
The  Ohio State Universi%y, Columbus,  Ohio 43210. 

Mort and Cabre ra  (7) assumes f ie ld-ass is ted cat ion 
diffusion and un i fo rm field s t rength  across the  film. 
The logar i thmic  model  of Feh lne r  and Mott  (8) p ro -  
poses that  anion diffusion is responsible  for film growth  
and that  the field s t reng th  in the film is independent  
of thickness.  Ano the r  logar i thmic  model  deve loped  by  
Sato and Cohen (9) postula tes  that  f ie ld-assis ted place 
exchange of me t a l -oxyge n  pairs  is responsible  for film 
thickening.  This mode l  is appl icable  to ve ry  thin  films 
only. Chao et al. (10) recen t ly  proposed a model  based 
on the movemen t  of poin t  defects  in a chemical  po-  
ten t ia l  and electrostat ic  field. These authors  propose 
that  oxygen  anions "are responsible  for g rowth  of the  
p r i m a r y  passive film. 

Most models  presented  to date consider  passive films 
to be semiconductors  or  " incipient"  semiconductors  by  
vi r tue  of d ie lec t r ic  b r eakdown  (10). A different  ap-  
proach has been  adopted  b y  Cahan and Chen (11). 
In the i r  "chemiconductor"  model,  the passive film o n  
i ron is p ic tured  as an insula t ing fer r ic  oxyhydr ide .  
Smal l  nonstoichiometry ,  p r i m a r i l y  due to Fe  2+ nea r  
the  meta l - f i lm interface  and to Fe  4+ near  the fi lm- 
solut ion interface,  affect the local  conduct iv i ty  in the  
film. 

The objec t ive  of the  present  work  was to use e lec t ro-  
chemical  and e l l ipsometr ic  techniques to charac ter ize  
the kinet ics  of film growth  on i ron  in bora te  buffer  
solut ion of pH 8.45. E xpe r ime n t a l  da ta  has  been  col-  
lected from the first few moments  (~0.2s)  to up to 
lh  a f te r  the appl ica t ion  of a constant  anodic potent ia l .  
Pa r t i cu la r  emphasis  has been p laced  on cor re la t ing  
the resul ts  obta ined  using the e lec t rochemical  and 
e l l ipsometr ic  techniques,  so tha t  a consistent  p ic ture  
can be developed of the evolut ion  of the  passive film 
as a funct ion of t ime. 

Experimental Procedure 
A n  Armco i ron  spec imen wi th  an exposed a r e a  o f  

0.5 cm e was mounted  in a Teflon holder .  The specimen 
surface was first mechan ica l ly  ground  wi th  emery  
papers  finishing with  800 grit ,  then  pol ished wi th  1 
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#m d iamond  paste ,  and f inal ly e lec t ropol ished in a 
mix tu re  of glacial  acetic acid and perch lor ic  acid (20: 1) 
at a cur ren t  densi ty  of 2 A �9 cm -'~ for 2-5s. This t rea t -  
ment  did not  cause etching or roughness.  Before in i -  
t ia t ing e x p e r i m e n t a i  measurements ,  the specimen was 
washed with  dis t i l led wa te r  and methanol .  

Two bora t e  buffer solut ions of pH 8.45 were  used: 
0.02M H3BO3 4- 0.005M Na2B40~ (solution 1); and 
0.15M I-IsBO3 4- 0.0357M Na2B407 (solution 2). These 
solutions were  p r e p a r e d  using Ana ly t i ca l  Reagent  
grade  chemicals  and t r ip le  d is t i l led  water .  The solu-  
tions were  deaera ted  by  bubbl ing  argon (99.99%) for 
at least  24h before the exper iment .  A l l m e a s u r e m e n t s  
were  made  a t  22~ 

The e l l ipsometer  used was a Rudolf  Research Model  
2000 equipped wi th  a revolv ing  analyzer .  The l ight  
source was a tungsten iodine l amp from which mono-  
chromat ic  l ight  of 546.1 nm wave leng th  was obta ined  
using an in te r fe rence  filter. 

The McCrackin  (12) computer  p r o g r a m  was used 
to evalua te  the opt ical  constants  of i ron and of the 
film formed on it. In  the case of double  l ayer  films, 
the  re f rac t ive  indexes  were  calcula ted on the assump-  
tion that  these films were  composed of two homo-  
geneous layers ,  one on the top of another ,  wi th  different  
opt ical  constants.  

Before measurements  of the opt ical  constants  of 
iron, the specimens were  ca thodica l ly  reduced  with  a 
cu r ren t  dens i ty  of 0.02 A �9 m -2  dur ing  20 min. Dur ing  
the las t  per iod  of the cathodic reduct ion,  the solut ion 
in the e lec t ro ly t ic  cell was exchanged.  

Opt ica l  pa rame te r s  were  measured  for  f i l l s  fo rmed 
at  constant  potent ia ls  at  100 mV in te rva ls  over  the  
range  of --0.5 to 0.8V. 

The A and ,# pa rame te r s  were  measured  wi th  an 
accuracy  of __.0.03 ~ and _0.01 ~ respect ively ,  which 
corresponded to an accuracy of film thickness  de te r -  
mina t ion  of 4-0.01 to 4-0.02 nm. 

A l l  potent ia ls  are  re fe r red  to the sa tu ra ted  calomel  
electrode.  The kinet ics  of film growth  were  s tud ied  for  
per iods  ex tend ing  f rom about  0.2s to 60 min af te r  
appl ica t ion  of the potent ia l ,  dur ing  which  t ime changes 
in  the  opt ical  pa rame te r s  and cur ren t  densi t ies  we re  
recorded.  

Results 
In  o rder  to character ize  e lec t rochemica l ly  the  s tud ied  

system, anodic  polar iza t ion  curves  were  ob ta ined  in 
both solut ions at a scan ra te  of 1V_per min  (Fig. 1). 
The m a x i m u m  cur ren t  cor responding to the ac t ive /  
pass ive t rans i t ion  occurred  at  --0.6V. The passive 
poten t ia l  region ex tended  up to 0.85V. The cur ren t  
dens i ty  in the  whole  poten t ia l  region was h igher  in 
the  more  concent ra ted  solut ion (solution 2). 
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I~ig. 1. Anodlc polarization curves for Armco iron in: solution i 
0.2M H3BO,s -I- 0.005M Ha2B407 �9 10 H20 pH 8.45; and solution 
2 0.15M H~BOa -1- 0.375M Na2B407 �9 10 H20 pH 8.45. 

The opt ica l  pa r a me te r s  of f i la~ obta ined  af ter  pas -  
s ivat ion of the i ron  for 60 min  in both  solut ions are  
shown in Fig. 2. The values  of n ( ref rac t ive  index)  
and k (absorpt ion  coefficient) changed s ignif icant ly  in 
the range of potent ia ls  from --0.5 to about  --0.1V 
in solut ion 1 and f rom --0.5 to --0.3V in solut ion 2. 
With in  these potent ia l  regions,  the  values  of n and k 
increased in solut ion 1 from 2.1 to 2.45 and f rom 0.09 
to 0.22, respec t ive ly  and in solut ion 2 f rom 1.7 to 2.2 
and f rom 0.06 to 0.15, respect ively.  In s tagnan t  solu-  
tions, a second l aye r  deve loped  on those films which  
exhib i ted  lower  opt ical  pa rame te r s  (n = 1.6-1.8 and 
k = 0.015-0.05). In s t i r red  solutions, this second l aye r  
was not  formed.  

In the second poten t ia l  region,  i.e., f rom --0.1 to 
0.SV in solut ion 1 and f rom --0.3 to 0.SV in solution 2, 
the f i l l s  could be descr ibed by  only one value  of n 
and k in both s t i r red  and uns t i r red  solutions.  As shown 
in Fig. 2, these values also changed wi th  the pass iva-  
t ion potent ial ,  bu t  this effect was less p ronounced  in 
the second potent ia l  region. In solut ion l,  n increased 
from 2.45 to 2.6 and k f rom 0.22 to 0.36, while  in solu-  
tion 2, n increased from 2.2 to 2.5 and k f rom 0.15 to 
0.25. 

As is c lear ly  shown in Fig. 3, the changes in opt ical  
pa rame te r s  occurred only  dur ing  the in i t ia l  30s of 
polar izat ion;  af ter  . this both  n and k reached t ime 
independen t  values in both solutions. 
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Fig. 2. Dependence between opticdl parameters n and k and po- 
tential measured in solutions 1 and 2. 
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Fig. 3. Optical parameters n and k vs. time measured in solu- 
tions 1 (dashed line) and 2 (solid line) at 0.0V (AAL), 0.4V (D IE) ,  
and O.8V ( O  @). 



236 J. E l e c t r o c h e m .  Soc. :  E L E C T R O C H E M I C A L  SCIE N CE  A N D  T E C H N O L O G Y  F e b r u a r y  1984 

Due to film thickening,  the cur ren t  dens i ty  decreases 
wi th  increas ing pass ivat ion t ime at constant  potent ial .  
An  example  is given in Fig. 4. In  solution 1, at  po ten-  
t ials ranging  f rom 0 to 0.8V, the dependence  of log i on 
log t is non l inear  in the ini t ia l  per iod  f rom 0.2 to 1.2s, 
thereaf ter ,  two l inear  regions can be dis t inguished:  
f rom 1.2 to 5-10s; and from 5-10 to 1200-1800s. Af te r  
this period,  i drops be low 0.01 A .  m -2. At  the same 
pass ivat ion potentials ,  the  ini t ia l  cur ren t  dens i ty  is 
h igher  in the more concentra ted  solut ion 2 than  in 
solution 1 and in the  ini t ia l  second, the  i vs. t curve 
is more pronounced in solut ion 2. With in  the  second 
p ass ivat ion region, the cur ren t  decay  is more  p ro -  
nounced in solut ion 1, and wi th in  the th i rd  passivat ion 
region, the slopes of al l  i vs. t curves are  s imilar .  

An example  of the  re la t ionship  be tween  film th ick-  
ness (d) as de te rmined  e l l ipsomet r ica l ly  in solution 1 
and log t is p lo t ted  for different  pass ivat ion potent ia ls  
in Fig. 5. In this figure, I denotes the ini t ia l  process of 
oxidat ion las t ing f rom about  0.2 to 0.5s. I t  is noted  
that  d is a nonl inear  function of log t and is po ten t ia l  
dependent .  Within  the nex t  region ( I I ) ,  the re la t ion-  
ship be tween  d and log t is l inear.  Higher  rates  of film 
growth  and l a rge r  film thicknesses are  observed wi th  
increasing potent ial .  This oxidat ion stage ends at ~.,2s 
at 0.6V and at  N6s at  --0.2V. The th i rd  s tage ( I I I )  of 

100 

~BV 

o.~v 

&l I- 

K 
0.01~ , i,i,,, , , i ,iiii i i IRI,,I[ I I I ,,,,,L 

I 10 10o 1000 10000 
t,[ser 

Fig. 4. Changes of current density during passivation of iron in 
solutions I (AI @) and 2 (Z~[] O )  at 0.0, 0.4, and 0.8V. 
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Fig. 5. Dependence between film thickness determined elllpso- 
metrically and passivation time in solution 1 at different potentials. 
Consecutive steps of film formation at 0.8V are marked in the 
graph. 

approx ima te ly  8-30s dura t ion  is character ized by  in te r -  
media te  oxida t ion  rates  be tween  stages I I  and IV. This 
stage can be rega rded  as t rans i t ion  f rom stage II  to 
IV. In the four th  s tage (IV),  the re la t ionship  be tween  
d and log t is l inear  and the oxidat ion  ra te  is r e l a -  
t ive ly  low. Relat ionships  be tween  d and log t measured  
in solut ion 2 do not differ subs tan t i a l ly  f rom those 
obta ined in solut ion 1. 

F rom these da ta  it  is appa ren t  that ,  at a given anodic 
potent ial ,  80-9.0% of the  film thickness a t ta ined  in l h  
of passivat ion i s  formed wi th in  the ini t ia l  10-30s. 

Figures  6 and 7 show the effect of potent ia l  on film 
thickness at the end of each pass ivat ion  s tage in solu-  
tions 1 and 2, respect ively .  In  Fig. 8, the film thickness  
measured  in solut ion 1 is p lo t ted  as a function of the 
charge  dens i ty  (Q) ca lcula ted  f rom the log i vs. log t 
curve. I t  should be noted that  in Fig. 8 only  the  final 
three  s tages of film growt'h can be dist inguished,  as 
the ini t ia l  s tage of about  2s dura t ion  cannot  be cal-  
culated by  the technique employed.  The same types  of 
curves were  obta ined in solut ion 2. 

Discussion 
These e l l ipsometr ic  measurement s  indicate  tha t  the  

opt ical  pa ramete r s  of passive films formed in lh  are 
potent ia l  dependent .  Two potent ia l  regions can be  
dist inguished.  In the first region, which occurs at more  
negat ive  potent ials ,  the  composi t ion and proper t ies  of 
the  film, as charac ter ized  by  its opt ical  parameters ,  
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Fig. 6, Thickness of film formed in solution 1 measured at the 
end of each consecutive step of film growth as a function of 
potential. 
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Fig. 7, Thickness of film formed in solution 2 measured at the 
end of each consecutive step of film formation as a function of 
potential. 
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change more  s ignif icant ly  wi th  pass ivat ion  ~potential. 
Also, the  re f rac t ive  indexes  of the film are  r e l a t ive ly  
low, suggest ing the format ion  of hydrox ides  or  oxy -  
hydroxides .  In  ,the second region,  at  more  anodic po-  
tentials ,  the  effect of po ten t ia l  is less pronounced,  and  
the opt ical  pa rame te r s  suggest  tha t  the film is com- 
posed of oxides  and hydroxides .  In i t ia l ly ,  the  va lues  
of n and k v a r y  as a funct ion of t ime, but  in about  
10-30s they  assume constant  levels.  

Some charac ter i s t ic  differences occur in the opt ical  
pa r ame te r s  of films formed in so lu t ion  1 as compared  
with  those formed in solut ion 2. At  the  same pass iva-  
t ion potent ia l ,  lower  n and k values  were  measured  
in solut ion 2. This suggests  that  films formed in solu-  
t ion 2 are  r e l a t ive ly  less dense and contain a g rea te r  
ra t io  of oxyhydra t e s  to oxides.  Fu r the rmore ,  a g rea te r  
amount  of boron m a y  be occluded f rom solut ion 2 as 
boron is incorpora ted  in films formed in bora te  solu-  
tions (13-15). 

S imul taneous  e l l ipsometr ic  and  cur ren t  decay  mea -  
surements  at  constant  po ten t ia l  show tha t  film growth  
occurs in severa l  stages. Fou r  s tages  can be d is t in-  
guished in plots  of film thickness vs. log t ime, but  only  
th ree  s tages  appear  in plots  of d vs. charge dens i ty  
(Q) ,  because  the method  employed  for the  de t e rmina -  
tion of Q does not  revea l  the ini t ia l  s tage  I. 

Based on the film thickness as a funct ion of potent ia l  
da t a  shown in Fig. 6 and 7, the field s t rength  values  
(e) cor responding to di f ferent  pass ivat ion  per iods  have 
been ca lcula ted  using the fo rmula  

~V 
, - -  [ 1 ]  

Ad 

where  V is the appl ied  anodic potent ia l ,  and  d is film 
thickness.  The resul ts  given in Table  I indicate tha t  
the average  field s t rength  is the h ighest  in stage I and 
decreases  s ignif icant ly dur ing  the  fol lowing pass iva t ion  
per iods  as d and t increase.  

Table I. Mean field strength of passive films, ~ (in V �9 cm -1)  

C o r r e l a -  Correla- 
tion tion 

S o l u t i o n  1 coeffi- S o l u t i o n  2 eoeffi- 
P a s a l v a t i o n  p e r i o d  e c i e n t  e cient 

Stage I 1.8 x l f f  ~ 0.74 L 8  x 10 �9 0.96 
Stage I + I I  5.4 • 106 0.92 4.3 • 10 ~ 0.99 
Stage I + H + IH 4.9 • 10 ~ 0.97 4.0 • l 0  e 0.98 
Stage I + II + HI  + IV 3.9 x 10 ~ 0.98 3.5 • 10 ~ 0.98 

I 1 1 do 

Using al l  of the e lec t rochemical  and e l l ipsometr ie  
data,  the anodic charge per  uni t  volume of film dur ing  
each pass ivat ion  per iod  has been calcula ted as shown 
in Fig. 9 ~or solut ion 1. The charges consumed in 
s tages I and II  and I - I I I  are  grea te r  in solut ion 1 than  
in solut ion 2, bu t  the to ta l  charge  consumed af ter  
polar iza t ion  for  l h  is g rea te r  in solut ion 2. In  Fig. 9, 
the rat ios of ~Q/~d for different  oxides,  hydroxides ,  
and oxyhydrox ides  of i ron  are  also included.  Fo r  these 
calculations,  the fol lowing densi t ies  (expressed in 
g .  cm -8) have been taken  into considerat ion:  Fe2Oa 
5.249; Fe~O4 5.18; 7 -FeOOH 4.09; F e ( O H ) a  3.6 and 2.44; 
and F e ( O H ) ~  3.4. As noted  before,  two poten t ia l  r e -  
gions in the re la t ionship  be tween  oxida t ion  potent ia l  
and n and k are  noted in Fig. 9. For  states I and II  and 
I - I I I ,  the  increase in AQ/Ad is more  pronounced  at lower  
potentials .  This is  especia l ly  t rue  in solut ion 1. How-  
ever,  for  the total  I - IV  period,  increases in AQ//~d are  
more  pronounced  at  h igher  potent ials .  By compar ing  
the theore t ica l  val, ms of ~Q/~d wi th  expe r imen ta l  
data ,  it  can be assumed that  wi th in  the first po ten t ia l  
region be tween  --0.5 and OV the film being formed 
contains i ron in the oxida t ion  s ta te  of + 2  and +3.  
The charge per  uni t  volume corresponds a pp rox ima te ly  
to tha t  of Fe (OH)~  and Fe(OH)~.  The increase  in 
AQ/~d with increasing potent ia l  can be a t t r ibu ted  to 
a l a rger  Fe~+/Fe  ~+ rat io  and to a reduced content  of 
wa te r  in the film. The fact tha t  the charge associated 
wi th  s tages  I and  II  is less than  the theore t ica l  value  
for -y-FeOOH format ion  seems to suggest  that  h yd rox -  
ides are also formed.  

The effects of po ten t ia l  on AQ/Ad for  s tages  I I I  and  
IV in solut ion 1 are  shown in Fig. 10. Dur ing  s tage I I I  
in both  solutions,  these ra t ios  increase  wi th  increas ing 
poten t ia l  f rom about  --0.2V, but  a re  only s l igh t ly  
affected by  changes in E. I t  is ev ident  that  for both  
stage II  and IV, the  values  of AQ/Ad grea t ly  exceed 
those theore t i ca l ly  p red ic ted  for any  oxide or h y -  
droxide  of iron. The omission of surface roughness  
coefficient which is es t imated  at  1.2-1.6 (16-18) can-  
not  be the ma in  reason for this discrepancy,  because to 
match  the expe r imen ta l  resul ts  wi th  theore t ica l  values  
one should assume a roughness  coefficient for film IV 
to be 7-8 which would  be unreal is t ic .  Ano the r  reason 
m a y  be associated wi th  the occurrence of the  i ron 
dissolut ion in addi t ion to film formation.  To de te rmine  
w he the r  dissolut ion m a y  occur dur ing  the anodic ox ida -  
t ion of i ron in bora te  solution, color imetr ic  analyses  
were  made  on specimens af te r  45h of anodic po la r iza -  
t ion at  var ious  potent ia ls  in solut ion 1. Unfor tuna te ly ,  
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Fig. 9. Ef fect  of potent ia l  on 
Q/d for stages I and I I ,  I - I I I ,  
and I - I V  of passivation in sotu- 
t ion | .  
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the analyt ic  technique employed was not  precise enough 
to determine the amoun t  of iron dissolved in  short 
time periods. The results plotted in Fig. 11 indicate 
that in  addit ion to Fe 3+, small  ,amounts of Fe2+ are 
also present. In  this figure, the calculated a m o u n t s  of 
Fe z + which can be dissolved dur ing  ellipsometric mea-  
surement  for lh  are indicated by dashed lines for both 
solution 1 and 2. Based on the charge density values 
used in film formation at various potentials and on the 
calculation of the charge densities required to form 
films of thicknesses determined ellipsometrically, the 
excess of the charge was estimated. For this estimate, 
a roughness coefficient of 1.0 was used. In  solution 1, 
the film was assumed to be Fe~O8 having a density of 
5.0 g .  cm -3. In solution. 2, an average value for the 
assumed mixture  of Fe~O~ with FeOOH corresponding 
to the formula Fe202.2sOH provi,'ded a density of 4.7 
g - c m  -~. The estimated excess charge was used to 
calculate the amount  of Fe a+ dissolved. These calcula- 
tions indicated that larger amounts  of i ron were dis- 
solved dur ing passivation in solution 2 than in solution 
1. 

If it is assumed that  the dissolution rate does not 
change with time, the amount  of Fe  ~ + dete~rmined ana-  
lytically after lh  of passivation was less than that  
estimated. This differen,ce could be a t t r ibuted to a t ime-  
dependent  dissolution rate where the rate decreases 

- - F e - - * F e 2 0 3  

- -Fe - - . -Fe30  ~ 

~ F e - - ~ F e O O H  

- - '  Fe--~ Fe(OH) 3 

Fe --~ Fe(OH} 2 
- -  Fe._.. Fe(OH} 3 

, I I , r 1 I I l , , t 
0 0.5 ESCE,[V] 1.0 

wi th increasir~g passivation time, and/or to the oc- 
currence of iron in the f i lm at a valency higher than 
3 + .  

As stated earlier, the development  of passive films at 
constant anodic potentials has been found to occur in 
four stages. This aErees in essence with the findings of 
Kruger  and Calvert  (3), but  we have found an addi-  
t ional stage so that  our stages I and II  appear as stage 
I in their study. 

Stage / . - - I t  is impossible, in practice, to determine 
the effect of oxidation time on film thickness in stage I 
as it lasts for only 0.2s, and a very  thin film forms in 
this stage. Presumably,  its thickness does not exceed a 
uni t  cell of Fe2s i.e., about 0.83 rim. It appears rea-  
sonable that ini t ia l ly an adsorption film forms which is 
then t ransformed into a t r idimensional  phase film. 

Stage I I .mAfter  a crit ical film thickness is a t ta ined 
at the end of stage I, the growth rate increases and d 
becomes a l inear  function of log t. At the beginning  of 
stage II, d is a funct ion of ~ ,  and 70-80% of the film 
developed in  this stage grows at a square root re la t ion-  
ship between thickness and time (Fig. 12). It  was 
found that the growth rate was higher in solution 2, 
but  the durat ion of proport ional i ty between d and A/t 
was shorter in solution 2 than in  solution 1. 
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Fig. I0.  Q/d as a function of potent ial  for oxidation stages I I I  
and IV  in solution 1. 
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estimated from the surplus of charge (dashed line). 
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Fig. 12. Dependence of film thickness on time for films grown in 
solution I .  

A l inea r  re la t ionship  occurs be tween  t and the anodic 
charge densi ty ,  Q. This appears  to indicate  tha t  the 
to ta l  charge  is used in the format ion  of only  one com- 
pound. Calculat ions have shown that,  dur ing  film 
growth  in both solutions,  the  field s t rength  decreases 
s ignif icant ly in this stage, f rom about  107 V .  cm - I  
t o 4 - 5 X  108"cm -1. 

I t  should be noted that  dur ing  the in i t ia l  per iod  of 
s tage II, two l inea r  re la t ionships  are  effective as fol lows 

1/d -- A + B log t [2] 
and 

1/d -- A'  4 B" In t/d~ [3] 

Constants  B and B' are  l i nea r  funct ions of the  pass iva-  
t ion potent ia l ,  bu t  the  " jump dis tance" ca lcula ted  on 
these bases is a p p r o x i m a t e l y  10 - s  n m  instead of the 
p red ic ted  value  of about  0.3 nm. This suggests  tha t  in 
s tage II  the inverse  logar i thmic  model  of film growth  is 
not  valid.  

Stage I I I . - -The film growth  ra te  in this s tage is in-  
t e rmed ia t e  be tween  those in s tage II  and IV. A s l ight  
increase  in opt ical  pa rame te r s  is noted suggest ing e i ther  
(i) changes in  the composit ion of the  whole  film or  
(ii) format ion  of a new l aye r  on top of the previous  
film. The first assumpt ion  should  be re j ec ted  as it  has 
been shown by cathodic reduct ion  exper imen t s  tha t  
the film formed in stage II  does not  change its p rop -  
er t ies  (21). 

The re la t ionship  be tween  film thickness  and charge  
dens i ty  is not  l inear  which  appears  to indicate  tha t  
compl ica ted  processes  occur in this stage. Dur ing  par t  
of this stage, a l inear  dependence  is observed be tween  
both d and 1/d vs. t. However ,  ca lcu la t ions  based on 
the  inverse  logar i thmic  re la t ionsh ip  indicate j ump  dis-  
tance values  of app rox ima te ly  0.01 n m  ins tead of the  
pred ic ted  0.3 rim. 

Stage IV . - - In  agreement  wi th  K r u g e r  and Calver t  
(3) and Lukac  et al. (5), s tage IV is the  s t eady-s t a t e  
g rowth  s tage which can be descr ibed by  e i ther  a log-  
a r i thmic  or inverse  logar i thmic  ra te  law. The use of 
Eq. [2] for  calculat ion of the j u m p  dis tance gives values  
of 0.94 and 0.86 nm for solutions 1 and 2, respec-  
t ively,  whi le  the respec t ive  values obta ined  using Eq. 
[3] are  0.92 and 0.83 nm. 

Assuming that  the  film growth  kinet ics  a re  control led  
by  a diffusion process wi th  no ion migra t ion ,  the fol-  
lowing equat ion can be used to calculate  the apparen t  
diffusion coefficients that  a re  effective dur ing  the va r i -  
ous oxidat ion  stages observed up to t = 60 rain 

d = ~ [4] 

where  D is the effective ( apparen t )  diffusion coefficient 

(diffusivi ty) ,  and d is the  film thickness  (diffusion 
distance)  a t ta ined  in oxida t ion  t ime t. The da ta  p lo t ted  
in Fig. 13-15 for films obta ined  at  pass ivat ion po ten-  
t ials  of 0, 0.2, 0.4, and 0.8V indicate  that  in the m a j o r -  
i ty  of instances D is a l inear  funct ion of d. Only  for 
the  t ime per iod  cover ing stages I - I I I  in solut ion 2 do 
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Fig. 13. Apparent diffusion coefficient as a function of film 
thickness at the end of the period of time covering stages I and 
II in solutions 1 ( O )  and 2 (@).  
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Fig. 14. Apparent diffusion coefficient as a function of film 
thickness at the end of the period ef time covering stages N i l  in 
solutions 1 ( Q )  and 2 (O) .  
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Fig. 15. Apparent diffusion coefficient as a function of film 
thickness after 60 min of passivation in both solutions 1 and 2. 
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two exper imenta l  points  devia te  g rea t ly  f rom the 
l inear  relat ionship.  For  films of the same thickness  
formed in the t ime per iods  covering stages I and II  
and I-III, calculations lead to much higher D values 
for films formed in solution 2 as compared with solu- 
tion i. Calculations also show that the apparent dif- 
fusivities in stages I and If are four orders oi magnitude 
larger ,  and in stages I - I I I  are three orders  of magn i tude  
l a rge r  than D values computed  for the whole pass iva-  
tion t ime of 60 min (Fig. 15). The conclusion can be 
drawn,  therefore,  that  the outermost  film l aye r  formed 
in stage IV is p r i m a r i l y  responsible  for the  sharp de-  
cline of the film growth  ra te  and for the increased 
pass ivi ty  of iron. 

The D values calcula ted for  stages I and I I  are  of 
the o rde r  10 -14 cm 2. s -1, hence too smal l  to cor-  
respond to diffusion processes occurr ing in an aqueous 
electrolyte ,  and they  should be a t t r i bu ted  to the dif-  
fusion of some species in the solid film. Even though 
the apparen t  diffusion coefficient was calcula ted on the 
basis of a s implif ied assumption,  the resul ts  indicate  
that  the proper t ies  are  not  homogeneous to the whole 
film. I t  appears  reasonable  to conclude tha t  e i ther  
different  species control  diffusion in stage IV than  in 
preceding  stages or  significant changes occur in the  
composit ion of the outermost  film l aye r  dur ing  stage 
IV. 

It  is genera l ly  accepted tha t  passive films on iron 
contain water .  For  example ,  Rahmer  (19) found that  
the amount  of w a t e r  d iminishes  with pass iva t ion  t ime. 
According  to Konno and Nagayama  (13), ex t e rna l  film 
layers  contain less wa te r  than in te rna l  ones. Okamoto 
(20) claims tha t  the concentra t ion of wa te r  in the 
passive film on stainless  steels decreases when both 
the anodie potent ia l  and pass ivat ion t ime are  increased.  
Sato (21-23) assumes tha t  the inner  par t  of the film 
is anhydrous  while  the outer  par t  is hydra ted .  

The e l l ipsometr ic  da ta  indicate  that  wi th  increasing 
potent ia l  the film increases in densi ty .  This effect is 
more pronounced  in stage I than  in stage III,  and 
p robab ly  is due to increased concentra t ion of i ron 
cations and decreased concentra t ion of wa te r  in the 
l a t t e r  stage. 

No change in the opt ical  pa rame te r s  be tween  s tages  
I - I I I  and stage IV are  revea led  e l l ipsometr ical ly ,  but  
this m a y  be due to the re la t ive  thinness  of the ou te r -  
most layer ,  and  hence its insignificant contr ibut ion  to 
the opt ical  p roper t ies  of the whole film obta ined  in 
60 min. Dist inct ion be tween  the inner  and outer  l aye r  
would be possible if the opt ical  pa rame te r s  of both  
layers  were  s ignif icant ly  different,  which does not 
seem to occur. 

Calcula ted  D values for  films obta ined in both solu-  
tions 1 and 2 dur ing  the total  pass ivat ion per iod  (stages 
I-IV, t ----- 60 min)  are  ident ical  and suggest  tha t  the 
ex te rna l  layers  in these two solutions are  the same: 

As is known (24, 25), ions der ived  from the e lect ro-  
ly te  (for example ,  C1-)  m a y  be incorpora ted  in the 
ex te rna l  and, as we believe,  most pro tec t ive  film layer ;  
this seems not  to occur in the in te rna l  layer .  I t  can be 
assumed, therefore,  tha t  the ex te rna l  l ayer  is com-  
posed of hydrox ides  toge ther  wi th  anions incorpora ted  
f rom the electrolyte .  The presence of wa te r  (hydroxy l  
ions) might  be responsible  for the more  pro tec t ive  
proper t ies  of the ou te r  film layer .  For  example ,  the 
high resis tance of F e - C r  al loys is a t t r ibu ted  to the 
presence of chromium hydrox ide  in the passive film 
(26). However ,  some more  sophist icated exper iments  

should be made  to ver i fy  the above in terpre ta t ion .  
On the basis of the da ta  obtained,  it  can be s ta ted  

that  the  kinet ics  of film growth  on iron is a ve ry  
complicated process which cannot  be descr ibed sa t is -  
fac tor i ly  by  any  of the exis t ing models  as there  is in-  
sufficient in format ion  in the mechanis~ms of processes 
occurr ing in different  stages of film growth.  Fo r  ex-  
ample,  l i t t le  useful  basic da ta  exists on: (i) the  effect 

of pH and e lec t ro ly te  composi t ion on film growth,  
especial ly  in the  ini t ia l  stage; (if) the  d is t r ibut ion  of 
Fe ~+, Fe e+, H + ( O H - ) ,  and 0 2 -  in the film at  different  
anodic potent ia ls ;  and (iii) the  quan t i ty  of i ron d is -  
solved dur ing  anodic pass ivat ion  under  various ex-  
pe r imen ta l  conditions. 

Conclusions 
1. In both solutions examined,  the electr ic  charge 

consumed in film Iormat ion  in the  in i t ia l  per iod  of 
anodic oxidat ion  (stages I and II, t > i s )  is less than  
the theore t ica l  charge calcula ted for FezO~ formation,  
even if  the  roughness  coefficient is not  considered. This 
implies  that ,  dur ing  this in i t ia l  oxida t ion  period,  com-  
pounds wi th  lower  densi t ies  form, such as hydrox ides  
or oxyhydroxides .  

2. With  increas ing oxida t ion  time, the charge  r  
sume.d per  uni t  of film volume increases to values  ex-  
ceeding that  requ i red  for Fe20~ formation.  

3. Oxidat ion  occurs in four  dis t inct ive  stages char -  
ac ter ized  by  different  ra tes  of film g rowth  and different  
values of the electr ic  field. 

4. The electr ic  field s t rength  decreases  as oxidat ion  
proceeds f rom stage I to s tage IV. 

5. The film formed in s tage I is ve ry  thin,  p r o b a b l y  
mono laye r  or  less. 

6. The film formed in s tage I I  is th ickest  and grows 
at the highest  ra te  re la t ive  to the  o ther  oxidat ion  
stages.  

7. The growth  ra te  in stage I I  increases  wi th  in-  
creasing anodic potent ial ,  bu t  the effect of potent ia l  
is insignificant in both s tages I I I  and IV. 

8. The opt ical  constants  of the  film change signifi-  
cant ly  in s tage II  and s l ight ly  in s tage III, but  r emain  
constant  in s tage IV. 

9. In stage II, the film thickness is a l inear  function 
of -v/}, whi le  films formed in s tages  I I I  and  IV grow 
according to a logar i thmic  ra te  law. 

10. None of the exis t ing models  can be appl ied  to the  
expe r imen ta l ly  observed kinet ics  of film growth  on i ron 
in bora te  solutions. 

11. Growth  of anodic films on i ron in bora te  solu- 
tions is accompanied by  the t ransmiss ion of i ron ions 
to the e lectrolyte .  

Manuscr ip t  submi t t ed  Jan.  11, 1983; rev ised  m a n u -  
scr ipt  received Sept.  23, 1983. 
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Halide Nuclei Theory of Pit Initiation in Passive Metals 

T. Okada 

Industrial Products Research Institute, Ministry of International Trade and Industry, Yatabe, Tsukuba, Ibaraki 305, Japan 

ABSTRACT 

A kinetic approach is used to test the theory of pi t  initiation in passive metals in contact  with a solution containing 
aggressive ions. A new process, hemispherical  hal ide nuclei  formation at the surfac.e of the passive film and inward growth 
under  restr icted conditions, is introduced.  The possibi l i ty of nuclei  growth is discussed, taking into account the irreversible 
thermodynamic  stabili ty of the system. The direction of the irreversible change of a system consist ing of the metal  sub- 
strate, the passive filml the halide nuclei, and the solution is determined using the general evolution criterion of irreversible 
thermodynamics  proposed by Glansdorff  and Priogogine. A critical radius of the halide nucleus r* is deduced.  This radius 
must  be surpassed for growth and pit t ing to take place. The present  theory explains the nature of the pit initiation processes, 
especial ly some characteristic values of the pit t ing phenomenon,  such as the critical pit t ing potential  and the induction 
period of pit  nucleation. 

P i t t ing  is a specific fea ture  of local ized corrosion in 
which areas  of a pass ive  me ta l  surface b reak  down 
local ly  as a resul t  of p re fe ren t i a l  a t tack  by  aggressive 
ions in a corrosive envi ronment .  P i t t ing  has a t t rac ted  
much a t ten t ion  recen t ly  because of its p rac t ica l  im-  
pl icat ions.  According  to the "Alles  oder  Nichitsgesetz" 
of pass iv i ty  (1), act ive and passive areas  should not  
coexist  on a un i fo rm meta l  surface.  However ,  dur ing  
the p i t t ing  process, the condit ion of the  meta l - so lu t ion  
in ter face  at  the  bo t tom of the  pi t  becomes different  
f rom the res t  of the me ta l  sur face  (2, 3). Once the 
surface  of a passive me ta l  is des t royed locally,  this 
i tself  br ings  about  a more  corrosive envi ronment ,  due 
to the local  ha l ide  ion concentrat ion,  a change in the  
pH of the local solution, and the subsequent  local 
polar iza t ion  at the  pi t  bottom. Thus, p i t t ing  turns  out 
to be a s table  condi t ion (4). 

Genera l ly ,  two stages of the p i t t ing  process a re  con- 
s idered  by  most authors  (3, 5) : the stage of pi t  in i t ia -  
t ion which  t e rmina tes  wi th  the  appearance  of the  first 
p i t  af ter  a cer ta in  t ime of incubat ion,  and the stage of 
pi t  p ropaga t ion  and its p rese rva t ion  due to the sub-  
sequent  local  corrosive environment .  The former  stage 
is assumed to include the degenera t ion  of the  passive 
film, but  this mechanism is not  ye t  clear.  The p ro -  
cess of pi t  genera t ion  is r ega rded  as a stochastic p ro -  
cess (6), which  turns  to the nex t  s tage where  local  dis-  
solut ion proceeds at  the pits  thus formed.  

Somet imes  sha l low hemispher ica l  pits  a re  observed  
dur ing  pi t t ing  corrosion of a luminum or  stainless steel  
(3). These cases resemble  the s i tua t ion  dur ing  e lec t ro-  
pol ishing of  the  metal .  Here  the  cont inuat ion  of the dis-  
solut ion reac t ion  caused by  a degenera t ion  of the  meta l  
surface  is more significant than  the change in composi-  
t ion of the solut ion at  the  pi t  bo t tom (7). I t  seems 
plaus ib le  tha t  the  degenera t ion  of the me ta l  surface oc- 
curs pr ior  to the  appearance  of the  pits. 

Key words: pitting corrosion, irreversible thermodynamics,  
halide nucleation, initiation. 

Vet te r  (8) and Vermi lyea  (9) s t ressed in the i r  
theory  of p i t t ing  corrosion tha t  when the po ten t ia l  of a 
passive meta l  was shif ted anodica l ly  in hal ide  solutions,  
the s ta te  changed f rom the passive film being s table  
to the  meta l  hal ide  be ing  stable the rmodynamica l ly .  
This theory  appears  to be valid,  especia l ly  when elee-  
t ropol i shed- l ike  p i t t ing  is considered.  However ,  these 
authors  only  examined  the in terchange  be tween  two 
phases, the meta l  oxide and the meta l  hal ide,  f rom 
the point  of v iew of t he rmodynamic  s tabi l i ty ,  and  did 
not  microscopical ly  consider  how the me ta l  hal ide  was 
genera ted  on the surface of a passive metal .  

On the o ther  hand, according to the " t rans i t ional  
hal ide  complex"  theory  of p i t t ing  corrosion (10), p i t -  
t ing star ts  at the  point  where  sufficient ha l ide  ions 
jo in t ly  adsorb on the passive film so that  t hey  form a 
t rans i t iona l  complex  with  a la t t ice  cation at  the  passive 
f i lm-solut ion interface.  This idea  seems at t ract ive ,  be -  
cause it deals  wi th  the format ion  of a meta l  hal ide  f rom 
a microscopic poin t  of view. 

In this s tudy,  an a t t empt  was made  to descr ibe the 
process of p i t  in i t ia t ion beginning  with  the premise  tha t  
p i t t ing  occurs th rough  format ion  of meta l  hal ides  on 
the passive film, t he reby  tak ing  into account the  micro-  
scopic s tab i l i ty  of the halides.  A theore t ica l  basis is 
presented,  wi th  the  assumpt ion  tha t  the process of pi t  
in i t ia t ion consists of passive film degenera t ion  by  
ha l ide  nuclei  format ion  on the film and growth  inwards .  

The modeL--Figure 1 i l lus t ra tes  the  process  of pi t  
format ion  on a passive metal .  Suppose tha t  a ha l ide  
"nucleus",  hemispher ica l  in shape and wi th  a rad ius  r, 
is formed on the passive film surface of thickness  L. If  
this nucleus is s table  and grows cont inuously,  i t  wi l l  
pene t r a t e  the passive film which protects  the me ta l  
surface.  Then the uncovered  meta l  dissolves r a p i d l y  
th rough  the nonpro tec t ive  meta l  halides,  thus fo rming  
a pit .  But  if this nucleus  is not  s table and does not  
grow, i t  d i sappears  and the m e t a l  r emains  in a passive 
state.  
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Sol. ~ Mz+ 

~'X- MX 

/ // Mz-~ 
<- L~ 

Fig. I. Illustration of a process leading to pit initiation. M: 
metal, MO: passive film, MX: metal halide, Sol.: solution. I Passive 

I 

Whethe r  the nucleus grows or  not  should be de te r -  I f i lm  
mined  re fe r r ing  to the i r revers ib le  the rmodynamic  s ta -  
b i l i t y  conditions, because the sys tem under  considera-  
t ion is in a nonequ i l ib r ium state. As wil l  be shown 
later ,  the  nucleus  s tar ts  to g row in a s tab le  manne r  
when  its rad ius  passes the cri t ical  value  r*, but  it  even-  
tua l ly  d isappears  when the radius  is sma l l e r  than  r*. 
This s i tua t ion  resembles  the case of the  prec ip i ta t ion  
of a solute f rom a sa tu ra t ed  solution, in which a cr i t ical  
rad ius  also exists for the format ion  of a solute nucleus  
(11). 

Theory 
The general evolution criterion.--One of the most  

genera l  re la t ionships  so far  obta ined  in i r revers ib le  
the rmodynamics  which indicates the direct ion of the 
i r revers ib le  change of a sys tem is the so-ca l led  gen-  
e ra l  evolut ion cr i te r ion  proposed  by  Glansdorff  and 
Pr igogine  (12) 

5xP - fZJkd~XkdV ~-- 0 [1] 
k 

That  is, in a sys tem of t ime- independen t  bounda ry  con- 
ditions, an i r revers ib le  change proceeds so tha t  the  t ime 
der iva t ive  of the forces mul t ip l i ed  by  the conjugated  
fluxes becomes negat ive  unt i l  the sys tem reaches  a 
s t eady  state. Suppose that  the t empe ra tu r e  is kept  
constant  so that  the hea t  flux can  be ignored.  Then the 
processes occurr ing in the sys tem shown in Fig. 1 are: 
the t ranspor t  of ion species in the passive film; the in-  
terface react ion where  the me ta l  oxide changes into 
the  meta l  hal ide;  and the t ranspor t  of species th rough  
the meta l  ha l ide  and the dissolution react ion at  the  
in terface  be tween  the passive film or the meta l  ha l ide  
and the solution,  so that  

6xP --  8XPMO + ~)XPMO/MX + 8xPMx 

+ 8xPMx/S + 5xPMo/s [2.i] 
wi th  

5XPMO = fMOZJkd~XkdVMo [2.2] 
k 

5xPMo/MX --" f MO/MXF.JkdtXkdSMo/MX [2.3] 
k 

8xPMx = f MXY.JkdtXkdVMx [2.4] 
k 

6xPMx/s ---- f MX/S~JkdtXkdSMx/s [2.5] 
k 

6XPMO/S ---- fMo/s~Jkd~XkdSMo/s [2.6] 
k 

in which VMO is the volume of the passive film, SMO/MX 
is the in ter face  be tween  the oxide and the ha l ide  nu-  
clei, VMX is the  volume of the ha l ide  nuclei,  and S~x/s 
and SMO/S are  the ha l ide  nucle i - so lu t ion  and the ox ide -  
solut ion interfaces,  respec t ive ly  

Processes occurr ing  wi th in  the sys tem are  depic ted  
schemat ica l ly  in Fig. 2. The const i tuent  meta l  and the 
oxygen ions take par t  in the t r anspor t  processes in the  
passive film. The x -ax i s  is pe rpend icu la r  to the meta l  
surface and is d i rec ted  towards  the solution. For  s im-  
pl ici ty,  on ly  one-d imens iona l  t r anspor t  along the x -ax i s  
wi l l  be taken  into account. Designat ing the meta l  and 
the oxygen ions as M and O, respect ively,  the flux of 
each species pe r  uni t  cross section in the  oxide  film is 

February I984 

- X -  = M z+ 
~'-X- 

H20 

[So,u.onl 
Fig. 2. Schematic representation of processes occurring within 

the system consisting of the metal, the passive film, the halide 
nucleus, and the solution. 

expressed by  the fol lowing t r anspor t  equat ion (13, 14) 

Zi ( Ui-- ~i,zi,Fa&~o/~) 
Ji ~ ~ vinia e x p  - -  , i - -  M, O 

IZil RT ' 
[3] 

where  vi is v ibra t iona l  f requency,  ni is concentra t ion of 
i -species  in the oxide layer ,  a is " jump-d is tance" ,  ai is 
" t ransfer  coefficient", z1 is charge of the ionic species, 
h~o is potent ia l  difference wi thin  the oxide  layer ,  and 
8 is thickness of the oxide layer .  

The force corresponding to each flux is 

1 s  
Xi-- T 0x' i=M,O [4] 

where ~i is the electrochemical potential of i-species in 
the oxide layer. Su,ppose that a major part of the gradi- 
ent of electrochemical potential arises from the electric 
field in the oxide layer, and that the potential changes 
linearly through the oxide layer, so that 

1 A~I,o 
x i  = ~- ziF L ----'C7' i = M, O [5] 

Here r '  is the " thickness"  of the me ta l  hal ide  in the 
simplif ied model  in which hemispher ica l  ha l ide  nu -  
clei are  sca t tered  over  the surface of the passive film 
surface, and accordingly,  would  have the o rde r  of 
magni tude  

r' = 7r [6] 

where  the rat io  of the  area  occupied by  the ha l ide  
nuclei  on the surface of the  passive meta l  is des ignated  
as 7. 

Consider  now the imag ina ry  t ime der iva t ive  ar of 
the radius  r of the ha l ide  nucleus. The resu l t an t  
change of the force 8Xi would  be expressed  as follows 

ziF{ 8A<I'~ ( L -  r ' )2 7Ar ) a X ~ = - ~ - -  8r , i = M , O  [7] 

Using the above re la t ionship,  Eq. [2.1] can be wr i t t en  
as 

1 I 8A<I,o 8XPMO -- ~- {ZFJM --  2FJo} L - -  r '  

+ (L -- r,)2 ~r L -- --nrSN3 S 

1 ( 7 4 r  =-- I  ~ 5 ~ r  [8] 
T L --  r '  

where  I ~ is the total  cur ren t  passing from the me ta l  to 
the solution, S is the surface area  of the  meta l  in con-  
tact  wi th  the solution, and N is the n u m b e r  of ha l ide  
nuclei  genera ted  p e r  uni t  a rea  of the  me ta l  surface. 
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The fol lowing react ions are  considered to occur at 
the interxace be tween  the ha l ide  nucle i  and the pas -  
sive oxide 

M z+ (oxide)  + z X -  (hal ide)  --> MXz(hal ide)  [9.1] 

O 2-  (oxide)  + 2H + (hal ide)  --) H20(ha l ide )  [9.2] 

The pa r t i a l  react ion cur ren t  dens i ty  of the respect ive  
reactions,  iM and 20, can be expressed  as follows if the 
backward  reac t ion  ra te  ~s ignored 

iM -- kM exp L ~  R'f 

e x p (  ~aMzFA(I'MO/Mx ) [10.1] 
RT 

i o = k o e x P L  RT J exp RT 

e x p (  2a~176 ) [10.2] 
RT 

where  kM, ko are  the ra te  constants,  #M(1), /~0(1) are  
chemical  potent ia ls  of M *+ and O 2-,  respect ively,  in 
the  passive film at the interface wi th  the hal ide  nuclei, 
#x(2) ,  #H(2) are chemical  potent ia ls  of X -  and H +, re-  
spect ively,  in the hal ide  nuclei  at the in terface  wi th  
the oxide, aM, ao are  t ransfe r  coefficients, and AgPMO/MX is 
the Galvani  potent ia l  difference at  the in terface  be -  
tween  th.e oxide  and the hal ide  nuclei.  The chemical  
affinity of each react ion is 

Avi = #M(1) + Z;~X(2) + ZFA#/'MO/MX [11.1] 

Ao = ~o(1) + 2#H(2) -- 2FA(I'Mo/Mx [11.2] 

So tha t  Eq. [2.3] becomes 

2ar2NS t i~t 
~xPMo/Mx = ~ ~ [~M(!) + Z~x(2) 

io 
+zlV6A'~MO/MX] --  ~ [5#O(1) + 26#H(2) 

- -  21VfAOMO/MX] 1 [12] 

Transpor t  of M ~+, X - ,  H +, and H20 occurs in the  
ha l ide  nuclei.  Suppose  that  the ionic conductance is 
r e l a t ive ly  high in the ha l ide  so that  a l inear  re la t ion 
holds be tween  the fluxes and the forces�9 In this  case, 
Eq. [2.4] could be wr i t t en  as (Append ix  A) 

2ar2NS f [ 
8xPMx -~ .... J'M 8#M(2) -- 15#M(3) 

3T 

J'M 6 r ]  + J ' x [  6 # x ( 2 ) - - 6 ~ x ( 3 )  ~- zFSA%V/,X ~,MV----- ~ 

J'x ] [ 
- -  FgACx _ 6~" + J'H 5#H(2) --  8,~H(3) 

nrXV'X 

- } [ + FSAtx  _--------- 8r + J 'w 6~w(2) --  8~w(3) 
~HV~H 

~'WV'W 

where  J'~, J'x, J'H, J'w are  fluxes of M z+, X - ,  H +, and  
H20, respect ively ,  in the  ha l ide  nuclei;  #i(2),  #i(3) 
(i __7_ M, X, H, W) are chemical  potent ia ls  of each species 
in the hal ide  at the in terface  wi th  the oxide  and wi th  
the solution, respect ively;  ~'i (i = M, X, H, W) is the  
average  concentra t ion of each species wi th in  the hal ide;  
and  v'i (i _-- M, X, H, W) is the mobi l i ty  per  uni t  force 
of each species wi th in  the halide.  

The fol lowing react ions might  proceed at the in te r -  
face be tween  the ha l ide  and the solut ion 

M z+ (hal ide)  --> M z+ (solut ion) [14.1] 

X -  (solution) --> X -  (hal ide)  [14.2] 

Ignor ing the backward  rate,  the pa r t i a l  reac t ion  cur ren t  
densi ty  of each react ion is 

(~M(3) a'MZFA~Mx/S ) [15.1] 
i'M : k'M exp , ~ )  exp ( RT 

�9 ( ~ x ( 4 )  ~ ( a'xFz'r ) [15.2] 
~'x -- k' exp \ ~ / exp RT 

where  k'M, k'x are the ra te  constants,  ~x(4) is the chemi-  
cal potent ia l  of X -  in the solution,  a'M, a'x are  t ransfer  
coefficients, and A~MX/S iS the Galvani  potent ia l  differ-  
ence at the in terface  be tween  the ha l ide  nuclei  and the 
solution. The chemical  affinity of each react ion is 

A'M : #M (3) --  #M (4) + zFA~Mx/S [16.1] 

A'X ---- ~x(4) --  #x(3) + FAq'MX/S [16.2] 

Equat ion  [2.5] becomes 

~r2NS i i'M 
5xPMx/S --  ~ ~ [8/~M(3) --  ~#M(4) 

i 'x } 
+ zF~ZX*MX/S] + ~ [~x (4 )  -- ~ x ( 3 )  + FSACMX/S] 

[17] 

Fol lowing the same procedure  as s ta ted  above for 
the react ions occurr ing at  the in terface  be tween  the 
oxide  and the solut ion where  the ha l ide  nuclei  is not  
generated,  it  might  be t rue  for Eq. [2.6] tha t  

( 1  - -  7 ) S  i " M  
8xPMo/S "- - -  [8/ZM (3') 

T zF  

- -  8#M (4') + zF~A~MO/S] [18] 

where  i"M is the dissolut ion cur ren t  dens i ty  of M z+ 
through  the oxide-so lu t ion  interface;  /ZM(3'), /~M(4') a re  
the chemical  potent ia ls  of M z+ wi th in  the  oxide  and the  
solution, respect ively,  at  the oxide-so lu t ion  interface;  
and Ar is the Galvani  potent ia l  difference at  the  
oxide-solu t ion  interface�9 It  is assumed that  the  pas-  
sive film does not grow or dissolve at  the in terface  
wi th  the  solut ion and, consequently,  tha t  the  s teady  
dissolut ion of M ~+ takes place  whi le  the reac t ion  pa r -  
t ic ipated in by  0 2 -  is nea r ly  in equi l ibr ium.  

Equations o] continuity.--A re la t ionship  should exist  
be tween  the fluxes for each por t ion of the sys tem;  the 
metal ,  the passive oxide, the ha l ide  nuclei,  and the 
solution. Here  fluxes are descr ibed in a s teady  state 
and no mate r ia l s  or  charges are  accumula ted  or  con-  
sumed local ly  because the change of the sys tem p ro -  
ceeds ve ry  slowly.  

The total  cur ren t  I ~ f rom the meta l  to the solut ion 
is wr i t t en  as if there  is no e lect ron conduct ion in the  
oxide l aye r  

I ~ ---- (ZFJM --  2FJo) S 

= IM + Io [19] 

where  IM and  Io are the  contr ibut ions  by  M z+ and O 2- ,  
respect ively,  to the  total  cur ren t  I ~ I ~ can be divided 
into two par ts ;  I, which flows through  the ha l ide  nucle i  
into the solution, and I', which flows d i rec t ly  th rough  
the oxide-so lu t ion  interface  

I ~ = I + I' [ 2 0 ]  

The change in the  cur ren t  I ~ resul t ing  f rom the change 
in r is ma in ly  due to I, because the cur ren t  dens i ty  of 
dissolut ion th rough  the hal ide  nucle i  is much l a rge r  
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than that  through the oxide-solution interface, so that  

(3I ~ ~ (52" [21] 
B 

It  is obtained f rom Eq. [3] and [19] that  

(3io = ~MzFaI~ + 2~oFalo < 5Ar 7Ar } 

R T  L--r--' + ( L - - r ' ) 2  (3r 

[22] 

it was assumed here that (3n#ni'= 0 (i = M, O) in the 
oxide film. Equation [8] then becomes 

1 R T ( L  -- r ' ) I  ~ 
(3xPMo = (310 [23] 

T aMzFaI~ + 2aoFalo 

It  can be writ ten at the oxide-halide nuclei inter-  
face that 

I -- 2~r2NS (iM + io) [24] 

Taking the derivative of Eq. [24] and using Eq. [10.1] 
and [10.2] 

iM [(3#M(1) + Z(3#X(2)] + iO [(3/~0(1) + 25~H(2)] 

- 
2~r2NS 

- -  (iM~MZF + 2io~oF) SA@MO/MX [25] 

Assuming that  M ~+ and O ~- are near ly  in equilibrium 
in the oxide film so that 

2(3~M(1) + Z(3~O(1) ---- 0 [26] 

and fur ther  assuming that  an approximation of the 
equilibrium condition holds between the chemical po-  
tentials of H+ and X -  in the halide 

5;~(2)  + 5~x(2) = 0 [27] 

Substituting Eq. [25]-[27] into Eq. [12], and assuming 
for simplicity that  

~,o - -  -- ~M [28] 
it is shown that  

8xPMo/~x = R iM + io ~I --  ~ ISr 
zFiM -- 2Fio r 

2nr~ N S 
-~ - -  (1 -- ~M) (iM + iO) 5ACMO/MX [29] 

T 

It can be writ ten for the transport  of species within 
the halide nuclei that  

I : ~r2NS (zFJ'M -- FJ 'x  + FJ '~)  [30] 

Taking the derivative of Eq. [30] and rearranging 

zFn--'~V'M [(3#M (2) -- 6#M (3) ] 

- -  Fn'xv'x[(3~x(2) - -  ~;~x(3) ] 

+ F n ~ v ' ~ [ 6 ~ ( 2 )  -- (3#~(3)] _ __i (31 I ~r 
~rNS nrsNS 

(z2F2~'MV' M -~- F2~'xV'x + F2~'HV'H)(3ACX [31] 

I t  is assumed that  an approximation of equilibrium 
condition holds between the chemical potentials of 
M z+ and X -  and between the chemical potentials of 
H + and X -  in the halide 

5 ~ ( s )  + ZS~x(S) = 0, s ---- 2, 3 [32.1] 

(3~(3) + (3;~x(3) = 0 [32.2] 

Substituting Eq. [27], [31], [32.1], and [32.2] into Eq. 
[13] and ignoring the flux of HsO, it can be shown that 

6xPMx -- 3 ~  Ax(~r~NS) ~ -~x 

d'2 M d'2 X J'2 H ] (3r t 
+ - + - + - 7- [33] 

~'MV'M '~%'X'/)'X 't%'H~'H 

where 
AX ~ Z2F2~'MV'M + F2~'xV'x + FU~'HV'H 

-- �9 [ 3 4 ]  
"I'M 

and UM and T'M are the ionic equivalent conductance 
and the t ransport  number  of M z+, respectively, in the 
halide. 

The following equation holds at the interface be- 
tween the halide nuclei and the solution 

I = ~r2NS (i'~ -5 i'x) [35] 

Taking the derivative of Eq. [35] and using Eq. [15.1] 
and [15.2] 

RT ( 5 I - - - - 2 I  8 r )  
i'MS#M(3) -{- i'XS~X(4) -- ~r2N ~ r 

- -  (c~'MzFi'M + a'XFi'X)6A<I'Mx/S [36] 

Disregarding the chemical potential  change of ions in 
the solution 

(3;~,(4) = 0, i -- M, X [37] 

and assuming for simplicity that  

~'~ = ~'x [33] 

Eq. [17] can be rearranged as follows 

) (3xPMx/s = ~ -  1 + . - - -  ~ I  (3r 
~'M r 

T L zF i'M 

- -  (i '~ + i'x) ] (3hCMx/s [39] 

The chemical potential of M z+ at the interface be- 
tween the passive film and the solution does not  shift 
greatly, so that  

(3#M(3') ---- 8#M(4') = 0 [40] 

Then Eq. [18] beomes 

1 
(3xPMo/S = --/'SA@MO/S [41] 

T 

From Eq. [2], [21], [23], [29], [33], and [41] it is 
shown that  

f R T ( L  -- r ' ) I  ~ 2 I 
T(3~IP : aMZFaIM + 2~oFalo + 3h----x nrNS 

[ } o, 
+ "ZF~M ~ 2Fio i'M / 

_ -- nr2NS ~ + -- 

3 AX "PdMV'M 

J'2x J'2H .] [ i M  "{" "~0 
-~ ~'xV'x b ~'nv 'n + ZFiM -- 2Fio 

+ ~  i+ ~'~ -7  

a'M ZFi'M + Fi 'x ) ISACMX/S + I'SACMo/s [42] 
+ i -  ZF i'M 

Empirical re la t ions .~The current  I passing through 
the halide nuclei increases with an increase in r, be-  
cause the current coming out of the metal substrate 
concentrates mostly on the halide nuclei in spite of 
the large resistance of the oxide film. The following 
relationship is now assumed 

I ---- A;~rxNS [43] 
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here  A and x are  constants,  x takes  a value  be tween  1 
and 2. A is a lmost  the dissolut ion cur ren t  pe r  cross 
section of the ha l ide  nuclei  (Append ix  B) ,  and can be 
expressed empi r i ca l ly  using the ex t e rna l l y  appl ied  
poten t ia l  of the  me ta l  E and the concentra t ion of X -  
in the  solut ion Cx 

A ~_. i = kxCxn exp  ( �9 ~ F E )  RT [44] 

where  kx, n, and ~ are  constants.  
The cu r ren t  passing th rough  the in terface  be tween  

the oxide  and the hal ide  nuclei  can be expressed em-  
p i r i ca l ly  as 

( ~ACMO/MX ) [45] 
I = 2x#NSK exp RT 

where  K and ;~ are  constants.  F rom Eq. [43] and [45] 

2 - - x  RT 
5~MO/MX = - -  - -  5r [46] 

S imi lar ly ,  the cur ren t  pass ing th rough  the interface 
be tween  the  hal ide  nuclei  and the solut ion can be ex-  
pressed empi r i ca l ly  as 

i = wr2NSK, exp ( fl~FA~Mx/s ) [47] 
RT 

where  K '  and B' are constants.  F rom Eq. [43] and [47] 

2 - - x  RT 
8AtMX/S = --  8r [48] 

r ~ 'F 

The poten t ia l  difference at  the oxide-so lu t ion  i n t e r -  
face is assumed to be n e a r l y  constant  

8AtMo/s - -  0 [49] 

Actual ly ,  the composit ion of the so lu t ion  in contact  
wi th  the ha l ide  nuclei  differs  f rom tha t  of the  so lu t ion  
in contact  wi th  the passive film so tha t  a potent ia l  
difference should arise wi th in  the solut ion due to the 
ion t ranspor t ,  but  this effect can be d is regarded.  Equa -  
t ion [42] can be r ewr i t t en  using Eq. [43], [44], [46], 
[48], and [49], as 

5xP = F ( L ,  r , i)  ~r [50.1] 
wi th  

F ( L , ? ' , { ) - - ~ - - - ~ -  ;~LX a a 

Xx F 
/xr• 1 ] [50.2] 

- -  ( 2 - - x ) ~ z  hx RT 

Here  XL, XI, and Xx are  posi t ive constants  defined by  

I M +  Io 
;,L -- [50.3] 

aMZIM + 2aOZO 

i ~ a + i o  1 ( i ' x ~  1 
~Z=ziM_2io + -  1 +  + ( 1 - - a ) - -  Z i'M / 

+ ( 1 +  a'M Z i 'M- - i ' x )  1 
= - -  - -  [50.4] 

z ~'M fl' 

I2 2 nT2NS [ ( x _ l )  1 ( I ) 2  
Xx Axr2NS 3 Ax nr2NS 

d'2 M J'2 x d'2 H ] 
+ ~,~,,,---~ + ~,.v,~ + ~, , , , ~  j [5o.5] 

and have  an o rde r  of magni tude  of 1 (Append ix  C).  

Pit initiation.--According to Eq. [1], the whole sys-  
t em changes i r r eve r s ib ly  so tha t  the  r i gh t -ha nd  side 
of Eq. [50.1] becomes negat ive.  Therefore,  if F(L, ?', i) 
is negat ive ,  then 8r > 0, and  the ha l ide  nuclei  would  
s ta r t  to grow. In Fig. 3, the change of F(L,c, i )  with  
r was i l lus t ra ted  schemat ical ly .  If  the re  were  a ha l ide  

F(L,r , i )  

245 

0 

E1 Ep E2 

Fig. 3. Variation of F(~L,r,i) (case X ~ 2 in Eq. [50.2]) as a 
function of the radius r of the halide nuclei. E1 :> Ep ~ E2, Ep: 
pit initiation potential at which r* = rmax. 

nucleus  whose radius  were l a rge r  than  the cri t ical  
rad ius  r*, it  would grow cont inuously  unt i l  i t  b roke  
th rough  the pass ive  Illm and caused pi t t ing.  

For  s impl ic i ty  let  x be 2, since the cur ren t  coming 
out  of the me ta l  subs t ra te  easi ly  concentrates  in the 
ha l ide  nucle i  because the  passive film is not  th ick  
enough. The cri t ical  rad ius  r* in  this case is 

L 
2~L - -  

r* = [51] 
kx F 

a Ax RT 

It  can be s~en f rom Eq. [44] and [51] that  r* increases 
p ropor t iona l ly  to the passive f i lm thickness L, and  de-  
creases wi th  the increase  in the potent ia l  of the me ta l  
E and the X -  concentra t ion Cx in the solution. 

In  o rde r  for p i t t ing  to occur, r* must  be smal ler  
than  the m a x i m u m  s ta t i s t ica l ly  a t t a inab le  value  ?'max. 1 
Equat ion [51] gives at  r* = ?'max 

~ kxCx n exp = 2~.L - -  'y 
AX RT ~ / ~1 ?'max 

[52] 

Consequently,  a pi t  wi l l  form when the potent ia l  E ex-  
ceeds Ep, as shown in Eq. [52]. This potent ia l  can be 
re fe r red  to as the p i t  in i t ia t ion  potent ia l ,  or the po-  
ten t ia l  of pi t  nucleat ion.  

Discussion 
An i r r egu la r  cur ren t  osci l lat ion was observed before  

pi t  format ion  when the meta l  was polar ized anodica l ly  
in solutions containing ha l ide  ions (17). This observa-  
t ion agrees qua l i t a t ive ly  wi th  the present  theory  in 
which i t  was assumed tha t  the pi t  is not  genera ted  
immed ia t e ly  at  the flaw of the passive film, but  a f te r  
the  "hal ide  nuclei"  g row inwards  or  d iminish  at  the  
surface of the passive film. 

Subs t i tu t ing  Eq. [B.1] arm [B.5] into Eq. [51] and 
using the re la t ionship  

~xRx "~ 1 [531 

the po ten t ia l  difference wi th in  the hal ide  nuclei  a t  the  
pi t  in i t ia t ion potent ia l  can be es t imated  

F 1 
= 2~ .L-  (L --  '~?'max) [54] ~xAtx RT *" a 

1 *'max call be replaced by L when the passive film is not very 
thick. Usually, rmax would have a value in nanometers. 
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The thickness of the passive film might  be measured 
in nanometers  or some tens of nanometers,  whereas 
a would be several  tenths of a nanometer  so that L/a  
would have the magni tude of several tens of nanom-  
eters. It can be concluded from the above equation 
that Atx is larger  than  some tenths of volts at the pit 
ini t iat ion potential.  This implies that the pit ini t iat ion 
potential  becomes more positive than  the thermody-  
namical ly  estimated potent ial  for the halide formation 
on the surface of the metal  by an order of magni tude 
of 1V. 

If the passive film thickness is not very thick, then 
x *_ 2 in Eq. [43]. Equat ion [52] holds in this case, 
which states that pits will appear as the concentrat ion 
Cx increases and the potent ia l  of the metal  exceeds Ep. 
Equation [52] fur ther  predicts the relat ionship 

nR T  
Ep = c o n s t .  -- ~F In Cx [55] 

which agrees with m a n y  exper imenta l  results (15, 18, 
19). 

On the other hand, if the passive film is thick, • in 
Eq. [43] is less than 2, so that there should be cases 
where pit ini t iat ion and passive film breakdown can- 
not occur when the film thickness increases wi th  the 
increase in the potent ial  or when it  increases at a 
constant potential  with time. 

The induct ion period T is considered to be one of the 
most characteristic variables of the pit ini t iat ion pro-  
cess. This is the t ime required for the first appearance 
of the pit after the establ ishment  of conditions for 
pi t t ing (19, 20). Suppose that the critical radius r*, 
which is the min imum necessary size for growing 
halide nuclei,  is given by Eq. [51]. The volume of the 
nucleus is 2~r'3/3. A sufficient n u m b e r  of X -  should 
be supplied by  t ransportat ion at the passive film-solu-- 
tion interface so that  this size of nucleus can appear by 
fluctuation or by any  other process.2 The time required 
to meet  this condition can be regarded as T, then the 
relat ionship 

~/~o~ r* [56] 

should exist between z and r*. Equat ion [56] coupled 
with Eq. [44] and [51] leads to 

2~FE 
In ~ = const. -- 2n In Cx - -  - -  [57]  

RT 

Jacob (10) exper imenta l ly  obtained the re-  Hoar and 
lat ionship 

In r : const. -- m In Cx [58] 

and Heusler  and Fisher (20) stressed the relat ionship 

l n z  : cons t . / ( ln  Cx/Cx~) (ln CH/CHr (E -- Ep) [59] 

where Cxr and CHc are the critical concentrations of 
X -  and H +, respectively, above which pi t t ing can 
occur. The above two relationships coincide qual i ta-  
t ively with Eq. [57]. 

Aggressive ions are known to cause passive film 
th inn ing  (19), which accelerates the pit formation. It 
should also be ment ioned that  once a flaw in the pas-  
sive metal  is attacked by aggressive ions, this creates 
preferent ia l  penet ra t ion  of these ions at that  point. 
These effects make the pi t t ing phenomenon more com- 
plicated and are therefore not  considered explicit ly in 
this study. 
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I~ should be noticed that halide formation has become ther- 
modynamically stable under these conditions, and that halide 
nucleation is possible if one only considers the local situation 
around a halide nucleus to be generated. However, the irreversi- 
ble system as a whole does not permit the stable existence of 
halide nuclei whose radius is less than r*. 

APPENDIX A 
Let the x-axis pass through the center of a hemi- 

spherical halide nucleus into the solution. The flux of 
eael~ species within the halide is considered to be so 
fast because of the high ionic conductance that it can 
be expressed similarly to the case of the transport of 
ions in solution, i.e. 

J ' i = - - n ' i v ' i - ~ ,  i = M , X , H , W  [A.1] 

where n'i, v'i, and : i  are the concentration, the mobil i ty  
per un i t  force, and the chemical potential,  respec- 
tively, of the i-species in tile halide. In  general,  the 
flux can be expressect as a funct ion of y', the radial 
distance from ~ne x-axis. Assuming that  the electro- 
cllemmas potent ia l  changes l ineamy along with the x-  
axis 

~(2,  y ' )  -- ~ ( 3 )  
J'i(r') = n'iv'l [A.2] 

where n'i  is the average concentrat ion of i-species 

within the halide, ~i(2, y ')  is the chemical potential  of 
i-species upon the inter~ace between ttm oxide and the 
hanoe at the ctistance y' from the x-axis. 

Let the equmlectrocnemlca[ potent ial  plane be par-  
allel to the mter iace between tne solution, so that  

#'T-(2, r ' )  : [~i(2,0) -- ~ ( 3 ) J  ~/'~-- y'2 + ~ (3 )  
r 

[A.a] 
Equations [A.2] and [A.3] give 

- 

J't(r') = J't -- n'i~)'i [A.4] 
r 

Then Eq. [2.4] leads to 

2 I - , ,  7 i ( 2 , 0 ) - - ~ 1 ( 3 )  
~xPMx : "~" ~r3NS --~ •n iv i 

r 

[ 8~i(2,0) --8#1(3) +ziFSAr J 'l  8r ] 

r r ~'IV' i r 

[A.5] 
Designating ~(2, 0) ---- ~i(2), Eq. [A.5] becomes Eq. 
[13]. It should be noted that the rate and the affinity 
of the interracial reactions between the oxide and the 
halide nuclei could be a function of y' generally, but 
such effects were disregarded here and they were all 
represented by those at y' -- 0, i.e., at the deepest point 
of the halide nuclei (see Eq. [12]). 

APPENDIX B 
Suppose that  the halide nucleus is an ionic conduc- 

tor. If the specific resistance of the halide is designated 
by Rx, then 

1 ~r2NS 
I : A t x  [ B . 1 ]  

Rx r 
and 

I ~rNS 
~I = - -  8r + ~ 5htx [B.2] 

r Rx 

In the case where the halide nuclei  have a very  high 
ionic conductivity,  so that the potent ial  difference 
through the halide nuclei  is substant ia l ly  determined 
by the potential  of the metal  and is almost constant  
through the progress of the i rreversible change, i.e. 

8atx'---- 0 [B.3] 
Eq. lB.2] becomes ~ 

I 
8I : -- 8r [ B . 4 ]  

r 

This case corresponds to x _-- 1 in Eq. [43]. 
On the other hand, in the case where the dissolution 

reaction rate through the halide nuclei  can be assumed 
for hemispherical  pi t t ing corrosion (15, 16) 
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I ---- 2~r~NSi [B.5] 

here  i is a dissolution cur ren t  per  uni t  of in ter face  a rea  
of the hal ide nucleus which contacts  wi th  the oxide. In  
this case, z = 2 in Eq. [43]. Compar ison of Eq. [B.1] 
or  lB.5] wi th  Eq. [43J would  yie ld  

A - -  i [B .6 ]  

A P P E N D I X  C 

The case of x --  2 would be  enough to ver i fy  the  
point.  With  the use of Eq. [30J and [34] 

1 I z [ -~ nr2N S -- 

J'2M J a x  J'UH 1 

+ ~'MV'M + -- § J n'xv'x ~'HV'H 

2 
- - -  nr2NS [n 'xv 'x (Fn'HV'HJ'M 

3 

- -  zFn'MV'MJ'H) Z +-n,HV,H (Fn'xv'xJ'M 

-~- ZF~,'MV'MJ'x) 2 -~-"~'MV'M (Fn'~v'HJ'x 

..~ F~t'XV'X J'H) 2 ] / ff 'MV'Mn'xV'xn'nV'H 

(Z2F2ff'MV'M -~ F2n'xV'x -~- Fs~'HV'H) 

"- 0 Axr2NS > 0 [C.1] 

The l e f t - hand  side of Eq. [C.1] is pu t  to XxI21Axr~NS. 
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Polarization Behavior of the Nickel Electrode in Molten Sulfides 

C. T. Liu* and O. F. Devereux* 
Department of Metallurgy and Institute of Materials Science, University of Connecticut, Storrs, Connecticut 06268 

ABSTRACT 

Polarization behavior of the Ni-200 electrode in 75% Na2S-25% FeS at 1000~ under  H2-0.32% H2S at 1 atm is linear over an 
overpotential  range of -600 -< W -< 600 mV and is consistent  with resistance polarization in the electrolyte. Similar polariza- 
tion behavior  of the 304 stainless steel electrode and of the Ni-200 electrode in 85% NasS-15% NiS suggests that  the charge 
transfer mechanism is a sulfide/polysulfide exchange reaction. Nonelectrodic dissolution of nickel  in the 75% Na2S-25% 
FeS melt  occurs at 1.6 • 10 .6 g c m  -2 s -1, apparent ly  due to oxidation by H~S. Anomalously high dissolution rates are attrib- 
uted to trace polysulfide. 

The v i r tua l  omnipresence  of sul fur  in fossil fuels 
raises  concern regard ing  su l fu r -caused  corrosion in 
high t empe ra tu r e  fuel  u t i l iza t ion and conversion p ro -  
cesses. In  par t icu la r ,  coal conversion procresses opera te  
under  condit ions of low oxygen poten t ia l  (1), in which 
many  meta l  sulfides are  s tab le  (2), and at  t empera tu res  
sufficient for  these sulfides to be molten,  r ende r ing  reac-  
tor  s t ruc tures  subject  to ca tas t rophic  fa i lure  by  hot  cor-  
rosion (3). S imi l a r  concerns may  be voiced concerning 
the sod ium-su l fu r  ba t te ry ,  which opera tes  at  consider-  
ab ly  lower  t empera tu re s  (ca. 400~ in the presence 
of sodium polysulf ide (3).  Considerable  insight  wi th  
regard  to react ion rates  and mechanisms in such hot  
corrosion processes may  be gained th rough  e lec t rode  
polar iza t ion  studies;  our  recent  exper ience  with  the  
n ickel  e lect rode in mol ten  sodium carbonate  (4) 
p rompted  the fol lowing s tudy  of the polar izat ion be-  
hav io r  of n ickel  e lectrodes and of the  nonelectrodic  
dissolut ion of n ickel  in mol ten  sulfide mixtures .  

* Electrochemical Society Active Member. 
Key words: electrode, nickel, sulfide, dissolution, polarization. 

Experimental System 
Our polar izat ion cell  has been descr ibed prev ious ly  

(5). I t  is l imi ted  to t empera tu res  not  g rea t ly  in ex-  
cess of 1000~ and employs  a reference  electrode which 
is, in effect, revers ib le  to sodium ion (6). The l a t t e r  
fact led us to consider  sodium sulfide (Na2S) as the  
corrosive e lect rolyte ;  however ,  the  meI t ing point  of 
this compound has been repor ted  as 1180~C, p ro -  
h ib i t ive ly  high for our appara tus  (7-10). (Other  values  
as low as 950~ have  been repor ted  (11-13). These 
values,  however ,  m a y  be due to pa r t i a l  oxida t ion  of 
the sulfide samples  invest igated;  Courtois (8) r e -  
por ted  a mel t ing point  of 1180~ for Na2S, but  a 
l iquidus  t empe ra tu r e  of 950~ for  the  87% Na~S-13% 
Na2SO4 solution.) Consequently,  we selected ferrous  
sulfide (FeS)  as a mel t ing  point  lower ing  solute,  
p r i m a r i l y  because of the ava i l ab i l i ty  of considerable  
da ta  on the Na~S-FeS sys tem (12, 14, 15), a l though in 
re t rospect  another  a lka l i  sulfide might  have been 
preferable .  We used the eutect ic  composit ion of 25 
weight  pe rcen t  (w/o)  FeS,  mel t ing  at  650~ reported 
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by Kopylov and Novoselov (14) to exist between 
NafS and 5NafS �9 2FeS. A crude DTA measurement  of 
this mix ture  gave a mel t ing point  of 686~ in 
reasonable agreement  with the published value. Al- 
though FeS nomina l ly  displays excellent electronic 
conduction (it may contain as much as 20% excess 
sulfur  and is, therefore, a p- type semiconductor 
through formation of Fe+S), Vel ikanov e t a l .  (15) 
reported that conductivities of molten Na2S-FeS mix-  
tures vary  only  slightly with composition up to 45 
mol percent (m/o)  (48 w/o)  FeS, implying  that in 
this range melt  conductivity is pr imar i ly  ionic. The 
equi l ibr ium between solid iron and the 75% Na2S-25% 
FeS melt  at 1000~ was estimated (16) to occur at 
PHfs/PH2 : 2.4 • 10 -8, while the equi l ibr ium be- 
tween solid nickel and the nickel-sa tura ted sulfide 
melt  at 1000~ was given by Nagamori  and Ingraham 
(17) as PHfs/PH2 : 4.0 X I0 -3, del ineating a nar row 
range of gas compositions in which both the electro- 
lyte and the nickel electrodes are stable. The cell en-  
v i ronment  was fixed at the midpoint  of this range 
(PHfs/PH2 = 3.2 X 10 -S) using a certified s tandard  
mixture  from the Matheson Company. 

Experimental Procedure 
Dissolution and polarization experiments  were con- 

ducted in a vertical tube furnace with proport ioning 
temperature  control. The electrolyte cell was housed 
in a closed end mull i te  tube, 3.5 in. od, which termi-  
nated in a vacuum-t igh t  water-cooled flange which 
permit ted electrical, mechanical,  and gas flow feed- 
throughs. Nickel specimens were prepared from Ni- 
200 rod 0.25 in. diam, mechanical ly polished with 
600 grit  SiC paper, and washed and dried prior 
to use. Specimens were approximately 0.4 in. long 
(ca. 2.3 cm 2 exposed surface) and  were cemented to 
a lumina  tubes with a lumina  cement (Ult ra-Bond 552, 
Aremco Products, IncorPorated).  The a lumina  tubes in 
tu rn  passed through the vacuum flange closing the top 
of the furnace tube and permit ted positional control 
through sliding O-r ing  seals as well  as housing elec- 
trode wires dur ing polarization. Approximately 100g 
of electrolyte was employed in each run. This was con- 
tained in  a recrystallized a lumina  crucible for dis- 
solution experiments,  or graphite crucible for po- 
larization experiments.  The lat ter  also served as coun- 
terelectrode. Ferrous sulfide was purchased as 99-t-% 
FeS from Great  Western Inorganics Company; Na~S 
was prepared by dehydrat ing reagent-grade NafS .  
9H20 from J. T. Baker Chemical Company in two 
stages: first, the hydrated sulfide was stored in a des- 
sicator, which was evacuated daily, for several weeks; 
this removed approximately  70% of the water. After-  
ward, the dessicated sulfide was slowly heated to 200~ 
under  a 1 torr  vacuum and stored in a dessicator for 
future  use. Thermogravimetr ic  analysis demonstrated 
that  this procedure removed 95% of the water, and 
that  heating to higher temperatures  was counterpro-  
ductive in that  sulfate was formed. 

The components of the electrolyte were thoroughly 
mixed, then held at 200 ~ in  the cell overnight  under  
the HfS/H2 mixture.  Subsequent ly  the ceil was slowly 
heated to 1000~ and held for a m in imum of lh  to com- 
plete moisture removal  and permit  reduction of any 
sulfate present. The init ial  flow rate of the cell gas was 
25 cmZ/min; prior to mel t ing of the electrolyte it was 
set at 100 cmS/min for the remainder  of the experi -  
ment.  Equi l ib r ium calculations indicated that  the elec- 
trolyte was stable against oxidation at a i r - leak rates 
approximat ing the gas flow rate, while Kopylov's data 
indicate that  NafS is stable against hydra t ion at PH~.O 
= 1 arm at temperatures  above 190~ (18). 

Potentiostatic polarization measurements  were per-  
formed using the nickel  specimen as working electrode, 
the graphite crucible as counterelectrode, and the pre-  
viously described reference electrode (6). Potent ia l  

was fixed by s tandard ins t rumentat ion,  employing a 

fixed step rate of 2 mV/20s. The potent ial  sweep w a s  
from max imum cathodic potent ia l  (--800 mV) to maxi-  
mum anodic potential  (400 mV),  and then back to 
maximum cathodic potential. Polarizat ion data were 
directly recorded as potential  vs. log current.  

Several  nonelectrodic dissolution experiments  were 
performed s imultaneously  by the simple expedient of 
suspending several mounted specimens over the melt  
at once. At the onset of the test, one specimen would 
be lowered into the melt, followed by the others at 
fixed intervals  of 10 or 20h. No significant weight 
change occurred prior to immersion;  i.e., the nickel  
specimens were in theory and in fact iner t  to the 
cell atmosphere. Weight change was established by 
weighing clean specimens before and after immersion.  

Results 
Polarizat ion was l inear  over the potent ia l  range  

studied; a typical  curve, redrawn from the as-recorded 
semiiog plot, is shown in Fig. 1. The abscissa is not 
normalized to uni t  area because of the obvious change 
in speczmen surface area that  occurred dur ing  each 
test. The ini t ial  (cathodic-to-anodic) polarization curve 
has a slope of 0.78ll; this value was typical. In some, 
but  not all, runs the anodic curve showed a slight 
hysteresis; Fig. 1 shows a slope of 1.0211 for the anodic 
portion of the anodic-to-cathodic polarization. Using 
an aqueous electrolyte of known conductance, we 
estnnated the cell constant to be 1.4 cm-Z; with this 
value and the conductance measured by Velikanov, 
et al. (15) for 62% Na2S-38% FeS at 1000~ 1.8 ~ -1  
cm -1, the electrolyte resistance was estimated as 0.7811. 
This excellent  agreement  (again, the data of Velika- 
nov, et al. show very little variat ion with composition 
in this range) strongly implies that the observed po- 
larization is a t t r ibutable  to ohmic resistance of the 
electrolyte. In agreement  with this a comparable ex- 
per iment  using a different working electrode, 304 s ta in-  
less steel, gave a cell resistance of 0.80ll, demonstra t -  
ing little, if any, effect of electrode mater ial  on cell 
resistance. The cell resistance at 900~ using the nickel 
electrode, was found to be 0.75~, implying an activation 
energy for electrolytic charge t ransport  of --1.16 kcal /  
mol. This may  be meaningful ;  cell resistance was 
found to be reproducible and small, negative activation 
energies have been reported for other salts (11). 

Nonelectrodic weight loss measurements  from three 
runs ( thir teen specimens) are plotted in Fig. 2. All 
measurements  save those for the longest immersion 
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Fig. 1. Linear polarization plot for Ni-200 in 75% No2S-25% 
FeS at 1000~ Initial specimen area: 2.3 cm 2. Potential measured 
vs. CO, CO2(Pt)JNa~CO~ electrode (0.38 atm CO~ 0.62 otto CO2). 
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Fig. 2. Nonelectrodic weight loss measureme.ts for Ni-200 in 
75% Na~5-25% Fe5 at 1000~ Initial specimen area: 2.3 cm 2. 

t ime in each run  fit a l inear  dissolution rate of 3.7 X 
10 -6 g s -1, or 1.6 • 10 -0 g cm -2 s -1. This is clearly at-  
t r ibutable  to oxidation of nickel by H2S 

Ni + H2Se~_Ni+ +S = + Hz [I] 

which must occur until the melt approaches saturation 
with nickel sulfide; that is, the value for PH2s/PH2 em- 
ployed for these experiments is just below the value at 
which nickel and nickel-saturated nickel sulfide are in 
e q u i l i b r i u m  (aNi ,~ aNis ,~ 1) ,  while the electrolyte for 
these studies ini t ia l ly  contains no nickel (aNis = 0) 
and never  attains more than a few percent  nickel  
(aNis < <  1). In  each run  the specimen immersed first 
(i.e., that  with the longest immersion time) shows a 
disproport ionately high dissolution; this is discussed in 
the next  section. 

Discussion 
The But le r -Volmer  equation, which describes the net  

ra te  of a single electrode reaction controlled by elec- 
t ron transfer,  is wr i t ten  

i = io[eCZ-~>n,F/zcr _ e--~n~F/RT] [2] 

where i is the observed current ,  io is the exchange cur-  
rent,  ~a is the activation overpotential ,  ~ is a symmet ry  
factor (0 < ~ < 1), and R, T, and F have their usual  
meanings.  The exponent ia l  terms may be expanded, 
and when na is sufficiently small, Eq. [2] reduces to 

i : io~%aF/RT [3] 

i.e., l inear  activation polarization. The region of val idi ty  
of Eq. L3J is greatest when ~ ---- 0.5, in whzch case it may 
be shown that the l inear  relat ion is about 10% in error  
when tn~l = 1.5 R T / F ,  or 0.1t~5V at 1000~ The region 
of val idi ty is smaller  for other values of ~, approach- 
ing 0.022V as /~ approaches either 0.0 or 1.0. Lineari ty  
of current  with potential  was observed, however, over 
a significantly greater  overpotent ial  range, from --600 
to +600 mV. Invoking a simple model, that  the ob- 
served overpotent ial  may be regarded as the sum of a 
charge t ransfer  overpotential  and an ohmic potent ial  
.drop in the electrolyte, it is clear that only a small  
portion of the observed overpotent ial  is a t t r ibutable  to 
charge t ransfer  and that the remainder  is ohmic. This is, 
of course, in agreement  with the excellent  correlation 
be tween measured cell resistance and publ ished con- 
ductance values (15). As a corollary to this observa-  
tion, the exchange current  density must  be re la t ively 
large to permit  a cell current  of 850 mA (current  den-  
sity ,~ 370 mA cm -2) to be carried wi th in  the l inear  

range of Eq. [2]. That  is, the overpotent ia l  is c learly 
the sum of two l inear contr ibutions;  that  due to con- 
duction in the electrolyte is inheren t ly  linear,  while 
that  due to charge t ransfer  is l inear  only if io is greater  
than  the ratio of the m a x i m u m  current  at which l inear -  
i ty is observed to the m a x i m u m  value of ~ a F / R T  at 
which l inear i ty  can be observed. Thus, we may infer 
that io-~-- 370/1.5 = 250 mA cm-% 

We may  pos tu l a t e  as l ikely candidates for the 
mechanism of charge t ransfer  at the electrode sur-  
face the reactions 

Ni ve  Ni+ + + 2e -  [4] 

Fe + + ~ Fe + + + + e- [5] 

S= = + S=~S,+= = + 2 e -  [6] 
and 

H2 + S = ~ H~S + 2 e -  [?] 

Of these, the s imilar i ty  of the polarization behavior  of 
Ni-200 and 304 stainless steel electrodes suggests that  
reaction [4] is not dominant .  Similarly,  a single po- 
larization exper iment  performed with a nickel electrode 
in an electrolyte of 85% Na2S-15% NiS yielded a curve 
identical  to those obtained with the 75% Na2S-25% 
FeS electrolyte, demonstra t ing that  reaction [5] is not 
dominant .  1 Reaction [7] does not seem the probable 
charge t ransfer  mechanism because it must  necessarily 
experience concentrat ion polarization; oxidation of CO 
and of H2 at the nickel electrode in mol ten sodium 
carbonate at substant ia l ly  higher pressures entails  
l imit ing diffusion currents  of the order of a few m A /  
cm 2 (4, 19), values inconsistent with the high currents  
passed by this electrode. 

Thus, by e l iminat ion we infer that  the p redominant  
charge transfer  mechanism is a sulfide/polysulfide ex-  
change. In this context, the departure  from l inear i ty  
seen dur ing anodic polarization and the increased cell 
resistance dur ing  the anodic port ion of the anodic- to-  
cathodic sweep could be interpreted as a concentrat ion 
polarization involving sulfide by the following argu-  
ment:  as noted above, the measured overpotential  may  
be regarded as the sum of an activation or charge 
t ransfer  overpotent ial  and .an ohmic potential  differ- 
ence 

From Eq. [3] 
~RT 

~ = % F  IS] 

and, wri t ing the ohmic resistance of the cell as r and 
the electrode area as A 

~]r "- i A r  [I0] 
o r  

= q - ~  + r iA  --- tAreff [11] 

where, again, iA  is the measured cell current .  The 
effective resistance of the cell (reff) increased from 0.78 
to 1.02~2 as a result  of anodic polarization. Inasmuch 
as the value of reef during subsequent  cathodic polariza- 
tion is not affected, it is clear that the parameter  that 
controls the change in slope is not  electrode area (A),  
but  the exchange current  densi ty  (/o) for the anodic 
reaction. This parameter  is proport ional  to the product  
of reactant  activities (21), e.g., from reaction [6] 
io oc asx=as =, or, if x ---- 1 and t ransfer  of a single elec- 
t ron is rate controlling, io o: as =. From the foregoing 
estimate that  io ----- 250 mA cm -2 and given that  A ---- 2.3 
cm 2, it is clear that  R T / i o A F  ~: 0.2~2, which is close in 
magni tude to the observed change in rein The mecha-  

1 A l t h o u g h  in ana logy  to iron,  n ickel  has  h i g h e r  oxidation 
states,  the  l a rg e  posi t ive f r e e  e n e r g y  change  fo r  t h e  reaction 

Fe~Os + 2NiO ~ 2FeO + Ni~Oa 
AG ~ = 759 k c a i / m o l  a t  25~ (13, 20),  sugges t s  t h a t  t hese  will  be  
f o r m e d  only at  m e r e  oxidizing potentials t h a n  t h a t  required for 
formation of Fe  +++. 
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nism for the change in slope is, thus, as follows: d u r -  
ing in i t ia l  anodic polar iza t ion  the ac t iv i ty  os sulfide, 
as = , at the e lectrode surface is large and the exchange  
cur ren t  densi ty  is apprec iab ly  in excess of its min i -  
m u m  value, 250 mA cm-2.  Dur ing  this por t ion  of the 
polar iza t ion  sweep, charge t rans fe r  polar iza t ion  is in -  
significant in comparison to the ohmic potent ia l  differ-  
ence. However ,  as a resul t  of anodic polar izat ion,  the 
anolyte  is enr iched in polysulf ide (Sl+x--) and the ac-  
t iv i ty  of  sulfide is cor respondingly  decreased.  The r e -  
sul t ing decrease in the magni tude  of the exchange cur -  
ren t  densi ty  causes a significant charge t ransfe r  con- 
t r ibut ion  to the total  overpotent ia l ;  the  effective in-  
crease in the  cell  resis tance due to this effect can be 
0.2a ( app rox ima te ly  equal  to the observed change) 
wi thout  enta i l ing a subs tan t ive  depa r tu re  f rom l inear -  
ity. The cus tomary  approach  to asymptot ic  behavior  
associated wi th  concentra t ion polar izat ion is, in fact, 
seen at the upper  end of the ca thodic - to -anodic  sweep 
in Fig. 1; this region of the curve was somewhat  
smoother  and of more  t rad i t iona l  appearance  in o ther  
exper iments .  This concentra t ion  polar izat ion persists,  
i.e., na remains  inverse ly  p ropor t iona l  to the reduced 
value of io, as long as the e lectrode is anodic. When the 
electrode becomes cathodic, react ion [6] reverses,  
S~.x = is consumed, and the ac t iv i ty  of sulfide is r e -  
s tored to its in i t ia l  value. 

Fo l lowing  both polar izat ion and dissolution exper i -  
ments  in the 75% Na~S-25% FeS melt ,  subs tant ia l  
quant i t ies  of a cubic  N i -Fe  prec ip i ta te  (N i :Fe  ~ 4: 1) 
were  recovered.  We a t t r ibu te  this to a loss of  su l fur  
f rom the me l t  due to reduct ion  by  hydrogen,  coupled 
with  a na r rowing  of  the s to ichiometr ic  range of NiS 
and FeS as the  mel t  was cooled to room tempera ture ,  
r a the r  than to cathodic reduct ion of the metals.  

The d i spropor t iona te ly  high weight  loss of the first 
specimen immersed  in each dissolut ion exper imen t  is 
consistent  wi th  the existence of a low level  of po lysu l -  
fide ion in the a s -me l t ed  electrolyte .  Thomas and Rule 
have  repor ted  that  sod ium disulfide is ex t r eme ly  s tab le  
(22), and Tegman's  pos tu la ted  dis t r ibut ions  of the 
concentrat ions of S =, $2 =, . . .  Ss = as functions of equi -  
l i b r ium Ps2 (23) suggest  at least  t race levels of $2 = 
in our  system, for  which Ps2 -=-- 5.3 • l0 - s  arm. In our  
p repara t ion  of anhydrous  Na2S we observed a faint  
yel low color, which is associated with the  presence of 
the  disulfide Na2S2 (10, 24). The disulfide ion would 
funct ion as an oxidiz ing agent,  and the presence of 1% 
Na2S2 in the 100g mel t  would  account for the dissolu-  
tion of 0.6g of  n ickel  via the react ion 

Ni -~ S~= ~<-~- Ni ++ -~2S = [12] 

which is of the order  of the anomalous  ini t ia l  weight  
toss. 

F igure  3 shows a pol ished section through the n e a r -  
sur face  region of a specimen subsequent  to a dis-  
solut ion exper iment .  The high in t r a -  and in t e rg ranu la r  
void dens i ty  in this region is qui te  suggest ive of hy -  
drogen in jec t ion  under  the influence of  a large fugaci ty  
grad ien t  due to react ion [1], a l though a somewhat  
comparable  s t ruc ture  wi th  evidence of sulfide inclu-  
sions has been noted in gas-phase  a t tack  of iron by  
H2S (25). However ,  EDX analysis  showed no indica-  
t ion of  sul fur  in the sample  shown in Fig. 3. 

Conclusions 
Polar iza t ion  of Ni-200 and 304 stainless  steel  e lec-  

t rodes in 75% Na~S-25% FeS and 85% Na.2S-15% NiS 
mel ts  at 1O0O~ is l inear  over  an overpoten t ia l  range of 
--600 (cathodic)  to 600 mV (anodic) ,  wi th  a cell r e -  
sistance consistent  wi th  publ ished values  for conduc-  
t iv i ty  of the  e lectrolyte .  Charge  t rans fe r  overpoten t ia l  
can account for on ly  a smal l  por t ion of the measured  
overpoten t ia l  and  is a p p a r e n t l y  unre la ted  to corrosion 
of the  electrode:  I t  is a t t r ibu ted  to a sulf ide/polysulf ide  
exchange react ion wi th  an exchange cur ren t  dens i ty  in 

Fig. 3. SEM micrograph of section through a Ni-200 specimen 
exposed to 75% Na2S-25% FeS for 10h at 1000~ The specimen 
surface is seen at the upper left-hand corner. Marker is 100 ~m. 

excess of 250 m A  cm -2. Nonelect rodic  dissolution of 
n ickel  in the 75% Na~S-25% FeS  mel t  at  1000~ occurs 
at 1.6 X 10 -6 g cm -2 s -1, corresponding to a dissolution 
current  at the rest  potent ia l  of 5.3 • 10 -3 A cm -2. An 
anomalous ly  high ini t ia l  dissolut ion ra te  is a t t r ibu ted  
to t race polysulf ide in the melt .  
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Solution of Some Integral Equations Occurring in the Theory of 
Electrochemical Nucleation and Growth 

S. Fletcher* 
CSIRO , Institute o/Energy and Earth Resources, Division of Mineral Chemistry, Port Melbourne, Victoria 3207, Australia 

ABSTRACT 

A formula is derived for the average value of any crystal growth parameter observed during electrochemical nucleation 
and growth. The formula contains a Volterra integral equation of the first kind and therefore cannot always be solved expli- 
citly. However, it can be solved under  certain conditions, and these are discussed. The most important solutions are col- 
lected into tables. 

A large par t  of electrochemical nucleat ion theory 
deals with the prediction of the t ime evolution of the 
mean value properties of ensembles of crystals (1-8). 
The purpose of the present  work is to describe some 
new solutions to this problem for the special case where 
all crystals have the same geometry, grow by the same 
mechanism, and are independent  of each other and of 
electrode boundaries.  Solutions are established using 
integral  equat ion methods. As usual  in the theory of 
integral  equations, the Dirichlet  notat ion y _-- f (x)  is 
used to mean  both "y is a funct ion of x" and "f(x)  is 
the value of the funct ion y at a par t icular  x." Through-  
out the text, parentheses, ( ) ,  are reserved for this 
notation, square brackets, [ ], for mult iplication,  and 
braces, { }, for functionals. The superscript  primed, as 
in the funct ion f ' (x ) ,  denotes the first derivative of 
the funct ion with respect to the a rgument  x. 

Derivation of Ensemble Average Quantities in 
Terms of Integral Equations 

We begin with an example. Suppose we are in ter -  
ested in the total volume of an ensemble of hemi-  
spherical crystals which are nucleat ing and growing 
on a ba t te ry  plate over the in terval  (o,t). One way to 
write this is as the sum of the volumes of all of the 
crystals considered independent ly  (4) 

NCt) 

VN(t) = ~-~ -~ -R1  (Tj, t) 8 [1] 
j=l 

Where R1 (z, t) is the radius of one crystal that appeared 
at t ime T and is observed at time t, and N (t) is the ex- 
per imenta l ly  observed number  of crystals at t ime t. 
Another  way of wri t ing VN(t), valid for large N(T), 
is to approximate it by its expectation value E{VN(t)}. 
This la t ter  approach, which is useful  when the Tj are 
closely spaced, is used in the present  work. In  par -  
ticular, N(T) is chosen to be so large that  it can be 
described by  a continuous rea l -va lued  funct ion of 
over at most a finite number  of intervals  in the range 
0 --~ T --~ t. Thus N(T) is assumed to be arbi t rar i ly  
close to its expectation value E{N(T)), and since the 
conditional probabi l i ty  densi ty of the times ~ at which 
crystals appear has the form (4) 

* Electrochemical ~ociety Active Member. 
Key words: electrodeposition, crystallization, kinetics, nuclea- 

tion. 

[N'(z) O - -  ~ 
p ( ~ 1 0 ~ - ~ t )  = j ~ '  ~-~t 

t O, otherwise 
[2] 

then it follows that the expectation value of the volume 
of one crystal is 

g2 E{VI(t)} = -~-Rl(%t)~p(~[O~---z~--t)d~ [3] 

given only that all crystals grow via the same mecha-  
nism. Hence the expectation value of the total volume 
VN (t) of the ensemble of crystals is 

E{VN(t) } "- "-{-R1 (% t) 3 N'(~)  dr  [4] 

which is therefore a good approximation to Eq. [1] 
when  N(T) is large. 

The above approach is easily generalized to the ex- 
pectation values of other crystal growth parameters.  
Defining some extensive property kN(t) of an en-  
semble of N(t )  crystals, then its expectation value is 
clearly 

s E{x~(t)} = ~1(% t)N'(~)d~ [51 

where h (r, t) is the value of ~ for one crystal appear-  
ing at t ime z and observed at t ime t, and the whole 
equation has the form of a Volterra integral  equation 
of the first kind (5, 7). 

A specialization of Eq. [5] of some exper imental  
interest  occurs when h ( r , t )  has a power law de- 
pendence on crystal radius, for crystal growth in any 
n u m b e r  of dimensions. In this case, the expectation 
value of ~N(t) can be expressed in the form 

f: G(t ;  ~) = RI(T, t)~N'(~)d~ [8] 

where G (t; ~) is some funct ion of time for a specified ~. 
Exper imenta l  parameters  that can be represented in 
this way include crystal volumes, surface areas, per iph-  
eral lengths, and electrical charges. The first der iva-  
tive of Eq. [6] is interest in~ too. This is because other 
exper imental  parameters,  such as l inear  crystal growth 
rates and electrical currents,  have representat ions in 
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the form G'( t ;K) .  Such derivatives are obtained by 
applying the generalized Leibnitz formula (8) to 
Eq. [6]. Hence, if Ri (t, t) ---- O then 

s ~ G'( t ;~ )  = K R i ( ~ , t ) ~ - i ~ R l ( T , t ) N ' ( T ) d ~  [7] 
0t 

Explicit Formulas for Ensemble Average Quantities for 
Cases Where Crystal Radii Have Power-Law 

Dependences on Elapsed Time 
To compare theoretical and exper imental  values of 

ensemble average quanti t ies it is desirable to solve 
Eq. [6] and [7] for specified N ( t )  and R ( t ) .  Of par-  
t icular  interest  in  electrochemical nucleat ion theory 
is the case when the kernel  Ri (3, t) ~ is a function of 
It -- 3] only (1, 2), for in that case the radius of a 
crystal appearing at t ime ~ and observed at t ime t 
depends only on the elapsed time It -- ~], not  on some 
complex parameter  connected with t ime varying  
growth rates in  the interval  (3, t).  Then Eq. [6] takes 
the form of a convolution integral  of the first kind 

s H (t; ~) = R l ( t  - ~) ~N' (~) dr [81 

Table I. Solutions of the integral M(t;y) for various assumed forms 
of N'(t) 

N ' ( t )  M($ -" y)  

/;Y+/- 
1 

y + l  
f ( y  + 1) F (x  + 1) 

t ~ t ~+~+1 = B ( x  + 1, y + 1)tin+v+1 
F(x  + y + 2) 

F (y  + 1) l ' ( x  + 1) / 
t~( t  + a) z+~ t ~+~+~ a ~+~ ~Fx ~ x + 1, 

r ( x  + y + 2) 

- (z + 1);  : c+  y + 2; - 

R e ( y  + 1) > 0 ,  R e ( x  + 1) > 0 ,  largt/,-I < T  
r(y + 1) r(x + 1) 

t ~ exp ( -  a t )  tx+~ +l ~F1 ( x  + 1~ 
r ( x  + y + 2) 

x + y  + 2; -at) 
r(u + 1) r(x + 1) 

M(t;x) M(t; ~ + y  + 1) 
r(x + y + 2) 

and from this a n u m b e r  of solutions can be obtained 
by means of Laplace transforms and the convolution 
theorem. A par t icular ly  interest ing subset of solutions 
is that for which R i ( t  -- T) ~ has a power- law depend-  
ence on elapsed time It -- T], as is expected for crystal 
growth under  interracial  control at constant  potential  
(1, 2). Then Eq. [6] can be wr i t ten  in the form 

s M(t;  y )  = It - -  ~]~N'(~)d~ [9] 

which is soluble under  a very wide range of conditions 
(9), being re la ted to the Riemann-Liouvi l le  fract ional  
integral  of order (y + 1). 

Another  advantage of seeking conditions for which 
the kernel  RI(T, t) K has a power- law dependence on 
elapsed time is that  the derivat ive of Eq. [9] is easily 
found. Thus 

fo M'( t ;  y) = y [ t  -- T]Y-IN'(T)d~ [10] 

which is also related to the Riemann-Liouvi l le  frac- 
t ional integral.  In  fact, it follows by induct ion from 
Eq. [9] and [10] that  for a power- law dependence of 
R (T, t) ~ on It -- 3] not only can crystal  growth param-  
eters be discussed in terms of Eq. [9] but  so can their  
n-fold derivatives. This useful proper ty  means that, 
on the power- law model, the solutions of both Eq. [6] 
and [7] can be obtained directly by solution of Eq. [9]. 

Some explicit solutions of Eq. [9] are collected in 
Table I for various assumed funct ional  forms of N ' ( t ) ,  
and some other forms of E q. [9] are listed in Table II 
for certain values of y. Using the results in these tables 
it is possible to reconstruct  all the known formulas 
for ensemble average quanti t ies arising in nuclea t ion/  
growth at constant  potential  (1, 2). Many new results 
can be derived also. To i l lustrate this assertion, two 
new formulas are now derived for electrical currents  
caused by two-dimensional  nuclea t ion  and crystal 
growth. 

Two Solutions of the Integral M(t;y) of 
Experimental Interest 

Power - law  appearance rate and power- law growth 
rate of crystals in two-dimensional  nucleation and 
g r o w t h . - - A  "classical" problem in electrocrystallization 
theory is the derivat ion of the electrical current  caused 
by the two-dimensional  nucleat ion and growth of 
independent  circular crystals, in response to a poten-  
tial step (1-3). The general  result  is found from Eq. 
[6] and [7]. I t  is 

Table II. Other forms of the integral M(t;y) for various assumed 
values of y 

y Other form 

0 

0, 1, 2 . . .  

Y> - - 1  

--l<y<O 

M ( t ; 0 )  = N ( t )  - - N ( 0 )  

M(t;1)= yo' yo' N'('r)drd/: 

fYY M ( t ; y )  = y !  . . . N ' ( t ) . . . d t  dt  dt  

(y + 1) -fold 

(y + 1)-fold . . .  dt  dt  d$ 

N ( t )  I t  - r l ~  -1 M ( r ; I D  dr 
r(y) r ( i  - y) 

(Abel's inversion formula) 

Qmo~ t "  
I (t) = .]o A 2~Ri (T , t )R ' I (T , t )N ' (T )d~  [11] 

Now let us assume that  at constant  potential  the n u m -  
ber of crystals has a power- law dependence on time 

N (t)  = at~ [12] 

Let us also assume that the radius of a circular crystal  
has a power - l aw.dependence  on elapsed time after 
nucleat ion 

R i (T , t )  = b i t  -- ~]~ [13] 

Then from Eq. [9] and Table T, we deduce 

Qmon r (2y  + 1 ) r ( x )  
I ( t )  = - - ~ x a b  2 [2y + x] t~+x-1  

A r (2y  -t- x -t- 1) 
[14] 

and if x and y are non-negat ive  integers 

Qmon (2y) Ix! 
I ( t )  = xab 2 t 2y+x-1 [15] 

A (2y + x -- 1) ! 

A useful check on this result  is that  the cases of (x, y) 
---- (0, 1) a n d  (1, 1) are the famil iar  ones of ins tan-  
taneous and progressive nucleation,  respectively (1-3). 

A n  active site modeL- -Th is  model is identical to that  
considered above except that  the number  of crystals 
is controlled by the activation rate of special sites at 
which nucleat ion is preferred (4). Assuming a first- 
order depletion rate of sites, N ( t )  is given by the fol- 
lowing Fredholm integral  equat ion of the first kind 
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[16] 

where N0 is the total number of active sites and m (~) 
is the probability density of sites having activation 
rate ~. (It is assumed that ~ is not time varying.) This 
equation simplifies if alI active sites have the same 
probability of nucleation; in that case 

Inserting this equation instead of Eq. [12] into ]~q. [11] 
leads to the analogue of Eq. [15] 

I(t) Q~On__A ~ab2t2~zF'( 1 ; [ 2 y - ~ l ] ; -  a~0t ) [18] 

where the function ~Fz (a; c; z) is Kummer's confluent 
hypergeometric series (8), and y is given by Eq. [13]. 
A check on this result is the substitution y = 1, which 
yields 

[19] 

a formula already known in the literature (2). 

Conclusions 
A general equation has been derived for ensemble 

average values of crystal growth parameters arising 
in electrochemical nucleation and growth (Eq. [5]). 
The equation has the form of a Volterra integral equa- 
tion of the first kind. For cases of crystal growth in 
which the Volterra kernels had power-law depend- 
ences on elapsed time after nucleation, it was shown 
that the Volterra integral could be replaced by a 
simpler integral of the Riemann-Liouville type (Eq. 
[9]). Solutions of this last integral were tabulated for 
forms of N'(t), and values of y, of interest to electro- 
chemists (Tables I and II).  To illustrate the use of 
these tables, two new formulas were derived for elec- 
trical currents caused by two-dimensional nucleation 
and growth. The formulas were checked by showing 
that well-known results were recovered when ap- 
propriate assumptions were made. 
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LIST OF SYMBOLS 
VN total volume of N crystals considered in- 

dependently 
RI(~, t) radius of one crystal appearing at time 

and observed at time t 
p(z) probability density of times �9 at which 

crystals appear 
p (T[0 ~ ~ ~ t) conditional probability density of times 

T at which crystals appear, given that they 
appear only in the range O ~ �9 ~ t 

N (t) number of crystals at time t 
N'(t) appearance rate of crystals at time t [i.e., 

the first derivative, with respect to time, 
of N (t) ] 

E{x} expectation value of x 
I (t) electrical current at time t 
I1 (T, t) electrical current at time t due to a single 

crystal appearing at time T 
Qmon electrical charge required to form a mono- 

layer 
A electrode area 
~N(t) any time varying property of an ensemble 

of crystals 
G(t; ~) a Volterra integral equation of the first 

kind for specified K 
H (t; ~) a convolution integral equation of the first 

kind for specified K 
M(t; y) an integral equation of importance in nu- 

cleation theory, related to the Riemann- 
Liouville fractional integral of order (y Jr 1) 

a, b, x, y numerical constants 
(a, b, c,z) (in Dirichlet notation). Variables of hy-  

pergeometric series 
constant activation rate of sites 

1F1 (a; c; z) Kummer's confluent hypergeometric series 
(8) 

2F1 (a, b; c; z) Gauss's hypergeometric series (8) 
r (a) gamma function (8) 

(a, z) incomplete gamma function (8) 
B (a, z) beta function (8) 
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Initiation of Electroless Nickel Plating on Copper, Palladium- 
Activated Copper, Gold, and Platinum 

J. Flis* and D. J. Duquette 

Materials Engineering Department,  Rensselaer Polytechnic Institute, Troy, New York 12181 

ABSTRACT 

The catalytic activity of copper, palladium-activated copper, gold, and plat inum for electro-oxidation of hypophosphite 
and electroless nickel plating was investigated in an ammoniacal solution ofpH 8.8 at 50~ by potential measurements and 
linear sweep voltammetry from -0.3 to -0.92V vs. SCE. Early stages c~ nickel plating on copper-palladium substrates were 
studied by scanning electron microscopy in conjunction with EDAX. It was found that palladium-activated copper and gold 
were catalytically active in the entire range of potentials examined; copper was active below -0.6; plat inum was not active at 
all. Small amounts of electrolytically deposited nickel considerably increased the electro-oxidation rate of hypophosphite 
on copper, gold, and palladium. TEM examinations showed that activation of copper in a PdC12/HC1 solution resulted in the 
deposition of palladium in the form of separate patches. Electroless nickel deposition on copper substrates with separate 
palladium spots took place on copper and palladium independently of each other. The deposition on palladium was faster 
than that on copper. It was concluded that the activation of copper substrates around palladium spots occurred solely 
through a spontaneous potential shift, induced by electro-oxidation of hypophosphite on the palladium spots. It was sug- 
gested that small amounts of one metal synergistically enhanced the catalytic activity of the other metals. 

Electroless nickel  plat ing (1-3) is an autocatalytic 
process whose ini t ia t ion is the result  of the catalytic 
activity of a given substrate. After  ini t iat ion of the 
plating, the process proceeds spontaneously on the 
deposited-nickel  layer. It  is believed that the rate of 
film growth is largely determined by the activity of 
the newly formed nickel layer. This is cer tainly true 
for thick layers; however, the growth of thin layers 
may still be affected by the substrate. 

The authors of this work have previously reported 
(4) that the growth of nickel deposits on pal ladium 
occurred more rapidly than the growth on molyb-  
denum, even when the deposits were of the order of 
17 n m  thick. This enhanced growth may be caused by 
small  amounts  of pal ladium being exposed in the 
deposit, and it may indicate a synergistic effect of small  
amounts  of pal ladium on the catalytic activity of sub- 
sequent  nickel deposits. A synergistic effect of one 
metal  on catalytic activity of another  metal  seemed 
to appear in systems of pal ladium with nickel and 
pal ladium with molybdenum (4). This effect may ac- 
count for the observation by Lelental  (5) that electro- 
less deposits of nickel on copper had higher catalytic 
activity than on nickel alone. It can be expected that 
small  amounts  of nickel, deposited at the start  of 
plating, may also alter the catalytic activity of a sub-  
strate. This can be important ,  especially for substrates 
with general ly poor catalytic activity and for substrates 
whose inherent  activity is masked by surface reaction 
products. 

The objective of this work was to investigate the 
ini t ia t ion and early growth of electroless nickel plat-  
ing on copper, pal ladium-act ivated copper, gold. and 
plat inum. These metals were chosen because of differ- 
ences in catalytic activity and in other chemical prop- 
erties, characteristic of the elements of the VTII and IB 
groups of the periodic table. Pa l lad ium and gold are 

* on l eave  f r o m  Inst i tute  of  Phys ica l  Chemis try ,  01-224 War- 
szawa, Poland.  

Key words: electroless, nicke l  plat ing,  copper ,  pal ladium,  gold.  

good catalysts for electroless nickel  plat ing (1); c o p -  
p e r  can be made active by an anodic  t rea tment  (3) 
or by addition of chloride ions into the bath (6, 7); 
p la t inum is not  active under  open-circui t  conditions 
(1). The inertness of p la t inum is in contrast  to the 
behavior of other t ransi t ion metals, which are good 
catalysts both for electroless nickel  plat ing and for 
hydrogenat ion-dehydrogenat ion reactions (l,  2). 

This work examines the effects of early nickel de- 
posits on the catalytic activity of the substrates and 
the effects of pal ladium and copper substrates on more 
advanced stages of electroless nickel plat ing in an 
ammoniaeal  hypophosphite solution. 

Experiments 
Investigations were performed on 0.1 mm- th i ck  foils 

of high pur i ty  copper, on vacuum deposited gold, and 
on p la t inum wire. 

The copper foil was electropolished in  a solution 
of 20% HNO~ in methanol  at a voltage of 6V at about  
0~ r insed with distilled water and methanol,  and 
then masked with lacquer to obtain an uninsulated~ 
surface area of 1 cm 2. Thin foils for TEM were pre-  
pared by double- je t  electropolishing in a solution of 
33% H N Q  in methanol  at a temperature  below --20~ 
Activat ion of copper was achieved by immers ion into 
a solution of 1 g/1 PdC12 % 1 ml/1 concentrated HCI 
or 0.2 g/1 PdCI2 ~- 0.2 ml/1 HC1 for 5s (for electron 
microscopy). Specimens for SEM and EDAX examina-  
tions were activated by placing separate droplets o f  
the solution of 1 g/1 PdC12 + 1 ml/1 HC1 on the surface 
and leaving them unt i l  dry. 

Gold substrates were ob t a ined  by vacuum evapora-  
tion of gold on electropolished copper foils. 

P la t inum wires were cleaned in 35% HNO3 a n d  
then cathodically polarized in 0.1M H2SO4 at a current  
density of 100 A �9 m -2 for 600s. 

Specimens were examined in the solutions listed i n  
Table I. The solutions were prepared from analyt ical -  
grade reagents and distilled water. Sulfuric acid (98%) 

Table I. Composition of solutions 

KNa tar tra te  
Solut ion  des ignat ion  NaH2PO~;I-I20, g / l  NiSO4 - 6H~0, g/1 KNaC4H~Oe �9 4I-I_~O, g/1 28% NI-I~OH, ml /1  98% H2SO~, g/1 

P la t ing  so lut ion  13.25 13.1 28.2 70 ~ 15 
(0.125 mol /1)  (0.05 mol /1)  

Support ing  solut ion - -  - -  28.2 70 ~ 15 
Support ing  solut ion 

w i t h  Ni  2. ions - -  13.1 28.2 70 ~ 15 
Support ing  so lut ion  

w i t h  sod ium hypophosphi te  13.25 - -  28.2 70 ~ 13 

2 5 4  
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was added in amounts  appropriate for adjust ing the 
pH of the solutions to 8.8 (at 25~ All measure-  
ments  were carried out on s tat ionary specimens at 
50.0 ~ __ 0.5~ (pH at 50~ was 8.3) in a 250 ml round-  
bottom flask provided w i t h a  reflux condenser, Luggin 
capillary, and a p la t inum wire as an auxi l iary electrode. 
The solutions were deaerated by purging with purified 
ni t rogen gas. 

Electrochemical examinat ions involved (i) moni-  
toring of open-circui t  electrode potentials after im-  
mersion of the specimens into the solutions, and (ii) 
l inear  sweep vol tammetr ic  (LSV) measurements.  Po-  
tentials  were measured against saturated calomel 
electrode (SCE) at 25~ via Luggin capillary, and 
throughout  this paper are referred to as SCE. Voltam- 
metric measurements  were performed using a single 
cathodic sweep at a rate of 1 mV �9 s -~, beginning at 
--0.3V. 

The growth rate of the deposits at controlled po- 
tentials was determined from weight gains. 

Resul ts  

Open-circuit potentiaL~Changes of electrode poten-  
tials of the substrates after immersion into the plat-  
ing solution or a s imilar  solution without Ni 2+ ions 
are s h o w n  in Fig. 1. All potentials shifted in  the cath- 
odic direction on immersion, but  only in the cases of 
pal ladium-act ivated  copper and gold did they reach 
a potent ia l  of about --0.87V (characteristic of electro- 
less plat ing of nickel) .  The potentials of copper and 
of p la t inum at tained s ta t ionary values of about --0.45 
a n d - - 0 . 6 5 V ,  respectively, at which no plat ing took 
place. In the solution without Ni 2+ ions, the potential  
of gold dropped to a value about 0.5V more negative 
than that  in the pla t ing solution. 

As determined previously (4), the electroless nickel  
deposits contained from 2.2 to 2.9 weight percent  
(w/o)  P. 

Voltammetric measurements.~The measurements  
were made in the support ing solution with and without  
components essential for plat ing (cL Table I) by 
scanning the potent ial  in the cathodic direction from 
--0.3 to --0.92V or below. This potential  range and 
direction of scanning were chosen in order  to model  
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Fig. 1. Open-circuit potential of copper, palladium-activated 
copper (activation in the solution of 1 g/I PdCI2 + 1 ml/I HCI for 
5s), gold, and platinum after immersion into a plating solution 
(solid lines) or into a supporting solution with NoH~PO~ but with- 
out Ni 2+ ions (dashed line). 

the spontaneous shift of potential  under  open-circui t  
conditions (Fig. 1). Voltammograms for the substrates 
examined are shown in Fig. 2-5. 

From Fig. 2 it can be seen that electro-oxidation of 
hypophosphite on freshly electropolished copper started 
at potentials slightly below --0.6V. This was mani -  
fested by the appearance of anodic current  loops in 
the solutions containing NaH2PO2. In solutions without  
NaH2PO2, the current  was cathodic in this potential  
region. The electro-oxidation current  was diminished 
when the solution was aerated or when a i r - formed 
film was present  on the copper surface. In  order to 
grow the oxide film, electropolished specimens were 
kept in air for two weeks. Figure 3 shows that the 
anodic current  loop on copper with an a i r - formed 
oxide appeared at more negative potentials than on 
freshly electropolished copper. On freshly electro- 
polished copper a significant difference was observed 
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Fig. 2. Volta mmograms on freshly electropolished copper and 
palladium-activated copper (activation in 0.2 g/l PdCI~ -{- 0.2 
ml/I HCI for 5s) in the supporting solution with and without other 
components (of. Table I), starting at --0.3V. Below the discon- 
tinuities in the curves the current is cathodic, except where the 
anodic current is denoted by i+ .  
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Fig. 3. Yoltammograms on electropolished copper, stored in lab- 
oratory air for two weeks. 
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between  anodic cur ren t  loops in the Na/-I~PO~ con- 
ta in ing solut ion wi th  and wi thout  1",Ii 2+ ions, when  
po tenua l s  were  be low about  --0.TV (Fig.  2). The 
anodic cur ren t  in the solut ion wi thout  bli z~ ions de -  
creased, whereas  in  the solut ion wi th  Ni  2+ ions i t  
increased m a r k e d l y  at potent ia ls  be low --0.7V. ~Yom 
the curve in the solut ion with  added  Ni 2+ ions alone 
i t  can be concluded tha t  the reduct ion  of Ni z+ ions 
began at  about  --0.7V. 

The m a r k e d  increase  in the e lec t ro -ox ida t ion  cur-  
ren t  in the p la t ing  solut ion be low --0.7V can thus be 
associated with  e lec t ro ly t ic  deposi t ion of n ickel  on the 
copper substrate.  I t  m a y  also be no ted  tha t  e lec t ro-  
oxidat ion  on copper  wi th  an a i r - fo rmed  oxide  (Fig. 3) 
s t a r t ed  at  app rox ima te ly  the same potent ia l  as the dep-  
~.sition of nickel ,  and  m a y  be r e l a t ed  to the  n ickel  
deposit ion.  

A n  increase in  the  e lec t ro -ox ida t ion  current  below 
the potent ia l  of e lec t ro ly t ic  deposi t ion of n ickel  was 
also apparen t  for the pa l l ad ium-ac t iva t ed  copper (Fig. 
2), ,and for gold (Fig. 4). E lec t ro -ox ida t ion  of hypo-  
phosphi te  on these subs t ra tes  took place in the ent i re  
po ten t ia l  range  f rom --0.3V th rough  the mixed  po-  
tentials.  A t  potent ia ls  be low --0.7V, the anodic cur -  
rent  decreased in the solut ion wi thout  Ni a+ ions, and 
in the solution with  Ni 2 + ions it increased with  a max i -  
mum at app rox ima te ly  --0.8V. 

Vol tammet r ic  curves on p l a t i num (Fig. 5) in the 
suppor t ing  solut ion and in the solution with  NaH2PO~ 
were  similar ,  indica t ing  that  hypophosphi te  did not  
undergo e lec t ro -ox ida t ion  on this subs t ra te  in the 
potent ia l  range  examined.  However ,  an anodic cur ren t  
was observed  as a deflection in the cathodic current  
curve be low --0.8V in the solut ion with  NaH2PO2 and 
Ni 2+ ions (p la t ing  solut ion) .  The deflection s ta r t ed  at 
a potent ia l  at which there  also appeared  a deflection 
of a cathodic curve in the suppor t ing  solutions with 
Ni 2+ ions. The l a t t e r  deflection showed a decrease in 
the hydrogen-evo lu t ion  cur ren t  caused by  deposi t ion 
of n ickel  on p la t inum.  This po ten t ia l  is des ignated  as 
ENi2+/Ni o. Evident ly ,  e l ec t ro -ox ida t ion  of hypophos-  
phi te  occurred on a l aye r  of nickel,  e lec t ro ly t ica l ly  
deposi ted on p la t inum dur ing  the potent ia l  scan. 

The Tafel  slopes for the cathodic curves of hydrogen  
evolut ion in the  suppor t ing  solut ion were  about  250, 
120, and 60 mV/decade  on copper,  gold, and p la t inum,  
respect ively.  
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Fig. 4. Yoltammograms on gold in the supporting solution as a 
function of solution additives, starting at --0.3V. 
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Fig. 5. Voltammogra,ms on platinum in the supporting solution 
as a function of solution additives, starting at --0.3V. 

Discont inui t ies  in the  vo l t ammograms  correspond to 
rest  potent ials .  They  indicate  tha t  in Fig. 1, the  res t  po-  
ten t ia l  of copper  (--0.45V) was at i ts  corrosion po ten-  
tial, and tha t  of p l a t inum (--0.{J5V) corresponded to 
the potent ia l  of the hydrogen  electrode.  The p la teau  po-  
tent ia l  of --0.87V observed in the p la t ing  solut ion was a 
mixed  poten t ia l  for electroless n ickel  plat ing.  In  the 
absence of Ni 2+ ions, the mixed  poten t ia l  was --0.92V. 

The vo l t ammograms  shown in Fig. 2 and 4 suggest  
that  e lect rolyt ic  deposi t ion of n ickel  on copper  and gold 
s ta r ted  at a round  --0.TV. In  o rde r  to de te rmine  the dep-  
osition of n ickel  a t  specific potent ia ls ,  p la t ing  was pe r -  
fo rmed on copper  under  potent ios ta t ic  conditions,  
Average  deposi t ion ra tes  were  eva lua ted  f rom weight  
gains af ter  potent ios ta t ic  polar iza t ion  in the p la t ing  
solut ion for  per iods  ranging  f rom 15 rain to 2h. Re-  
sults are  given in Fig. 6. The deposi t ion was a l r eady  
discernible  at --0.725V, and increased wi th  decreas ing 
potent ial ,  a t ta in ing  a Tafe l - type  dependence  with  a 
slope of 90 mV/decade  be low --0.78V. These resul ts  
provide  evidence that  deposi t ion of n ickel  on copper  
s t a r t ed  at  least  at  --0.725V, or about  0.15V more  posi-  
t ive than the p la t eau  poten t ia l  of electroless  n ickel  
p la t ing  (Fig. 1). 

TEM, SEM, and EDAX examination.--An electron 
mic rograph  of a copper  foil  a f te r  ac t ivat ion in a PdClY 
HC1 solut ion is shown in Fig. 7. The e longated  black 
patches  and sma l l e r  g ray  dots a re  deposi ts  of pa l l a -  
dium. The mic rograph  shows that  the copper  subs t ra te  
surface contains  is lands of pa l l ad ium ra the r  than  un i -  
form coverage.  Nevertheless ,  i t  was h igh ly  act ive for  
e lec t ro -ox ida t ion  of hypophosphi te  and for n ickel  
p la t ing (Fig. 2). 

In  o rder  to examine  the pa l l ad ium is lands in more  
detail ,  separa te  drople t s  of the  ac t iva t ing  solut ion of 
1 g/1 PdCl~ 4- 1 ml/1 HC1 were  placed on a copper  
surface  and a l lowed to dry.  F igure  8 shows an SEM 
micrograph  of the copper  surface,  wi th  two ci rcular  
spots fo rmed  by  droplets  of the ac t iva t ing  solution. A 
par t  of one of the  spots is shown at  h igher  magnif ica-  
tion in Fig. 9. The i r r egu la r  b lack  fea tures  are  sites of 
localized dissolut ion of copper  (pi ts) ,  a round  which 
enhanced deposi t ion of pa l l ad ium occurred ( l ight  d i f -  
fuse fea tures ) .  The smal l  whi te  is lands (,,,0.2 ~m 
d iam)  a re  pa l lad ium.  

These fea tures  indicate  tha t  the re  were  areas  on the  
ac t iva ted  copper  surface, such as the  pi ts  o r  regions 



Vol. 131, No. 2 ELECTROLESS Ni PLATING 257 

I() 2 

T i n  

'E 

-3  
~-10 
n,, 

Z 
0 

Q 

O 
-4 

10 

I I I I I 

o 

I I I I I 1 
- 0 . 7 5  - 0 . 8 0  - 0 . 8 5  

POTENTIAL )V  vs SCE 

Fig. 6. Potential dependence of the rate of nickel deposition on 
copper in the plating solution. The slope of the linear portion is 
90 mV/decade. 

Fig. 8. SEM micrograph of a copper substrata with palladium 
containing circular spots, formed by droplets of an activating 
solution of lg / I  PdCI~ + ml/I HCI. 

Fig. 9. SEM mlcrograph of the copper substrata as in Fig. 8, 
showing the palladium containing spot (below arrow) at higher 
magnification. The irregular black sites are corrosion pits, while 
the diffuse lighter regions around them are deposits of palladium. 

Fig. 7. Bectron micrograph of a copper foil after immersion 
into a solution of 0.2 g/I PdCI2 + 0.2 ml/I HCI for 5s. The black 
patches ere deposits of palladium. 

between the islands, which remained free of pal la-  
dium. Nickel plating on these areas would be expected 
to occur differently from plating on the deposited 
palladium. 

Specimens containing palladium deposits were par t ly  
masked with lacquer and exposed to the plating solu- 
tion. The time of plating was measured from the mo- 
ment when the open-circuit  potential attained a value 
of --0.80V, and varied from 1 to t2s. 

Figure 10 shows the interface between pal ladium 
containing and pal ladium-free surfaces, after plating 
for 3s. The small black dots on the palladium-deposited 
surface are corrosion pits in copper; and the dark 
patches on the pal ladium-free surface are disconti- 
nuities in the nickel deposit. The discontinuities are 
characteristic of early stages of nickel plating. They 

Pig. 10. SEM micrograph of nickel deposits on copper substrata 
with palladium (below arrow) and without palladium (above ar- 
row), after electroless plating for 3s. Note the nonuniformity of 
the deposit on the copper substrata without palladlum. 



258 J. E~ectrochem. Soc.: E L E C T R O C H E M I C A L  SCIENCE A N D  T E C H N O L O G Y  

also occurred on the pa l l ad ium-depos i t ed  surfaces 
when the p la t ing  t ime was shor te r  ( l s ) .  As the n icke l  
deposits  became thicker,  the  discontinui t ies  d isap-  
peared.  

The difference in the appearance  of n ickel  deposits  
on the areas  wi th  and wi thout  pa l l ad ium indicates  tha t  
the ra te  of deposi t  on the copper  sur face  was s lower 
than that  on the  pa l l ad ium surface, or, a l te rna t ive ly ,  
that  the  ini t ia t ion of n ickel  deposi t ion is de layed  on 
copper  re la t ive  to pal ladium.  This implies  indepen-  
dent  nucleat ion of the deposits on each of the surfaces. 
An  enhanced deposi t ion of n ickel  on the  copper sur -  
face occurred only in the  regions ad jacent  to pa l lad ium,  
suggest ing a shor t - range  effect of the  pa l lad ium.  

The independent  nucleat ion on the two subs t ra tes  was 
observed to be independen t  of p la t ing  time. SEM mi -  
crographs of pa r t i a l l y  masked  specimens p la ted  for  6 
and 12s are  shown in Fig. 11 and 12, respect ively .  

The independence of the nickel  deposi t ion on copper 
and pa l l ad ium was also shown by the EDAX examina -  
tions. The EDAX spect ra  f rom copper  subs t ra tes  wi th  
and wi thout  pa l ladium,  af ter  p la t ing  for Various times, 
are shown in Fig. 13. I t  can be seen that  the n ickel  
peak  on the spec t rum from copper  wi th  pa l l ad ium 
appeared  ear l ie r  and was larger '  than  the nickel  peak  
from copper  alone. This indicates  tha t  the ra te  of 
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Fig. 11. SEM micrograph of a copper substrate with palladium 
containing spots, after plating of an unmasked area (left from 
arrow) for 6s. 

Fig. 12. SEM mlcrograph of a copper substrate with a palladium 
containing spot, after plating of an unmasked area (below arrow) 
for 12s. 

Fig. 13. EDAX spectra from a copper substrate with and with- 
o~t palladium, after electroless plating for I,  3, 6 and 12s. Arrows 
indicate x-ray energy peaks of palladium (Pd Lc~l - -  2.838 keV) 
~nd nickel (Ni K~I - -  7.477 keV). 

nickel  deposi t ion on pa l l ad ium was grea ter  than  on 
copper alone. Af te r  p la t ing for 12s, the n ickel  peak  on 
copper  wi th  pa l l ad ium was about  1.6 t imes h igher  than  
the peak  on copper alone. F rom the da ta  shown in 
Fig. 6, i t  fol lows tha t  the deposi t ion ra te  at  an open-  
circuit  potent ia l  of --0.86V was about  15 mg �9 m -~ 
�9 s -1. Assuming  the dens i ty  of deposits  to be approx i -  
ma te ly  7.85 kg/1  (8),  the deposi t  on copper  a f te r  a 12s 
p la t ing  would be expected to be about  23 nm thick (65 
la t t ice  pa ramete r s  of n ickel ) ,  and the deposi t  on copper  
wi th  pa l l ad ium to be about  37 nm th ick  (105 la t t ice  
pa rame te r s ) .  I t  should be noted tha t  the effect of the  
pa l l ad ium on the deposi t ion process was s t i l l  observed  
af ter  this thickness of nickel  deposit  accumulated.  

Discussion 
This work  agrees wi th  ear l ie r  resul ts  (1-3),  which 

showed that  gold and pa l l ad ium-ac t iva t ed  copper 
exe r t  h igh cata lyt ic  ac t iv i ty  for electroless n ickel  p l a t -  
ing, whi le  copper  alone and p la t inum are  not  active 
under  open-c i rcu i t  conditions. Vol tammet r ic  measu re -  
ments  have shown that  e lec t ro -ox ida t ion  of hypophos-  
phi te  occurs on gold and pa l l ad ium-ac t iva t ed  copper  
at thei r  open-c i rcu i t  potent ials ,  and tha t  on copper  
it  occurs only at  more  negat ive  potentials .  On p l a t i num 
it  does not  occur unless n ickel  is e lec t ro ly t ica l ly  de -  
posi ted on this subst ra te .  

I t  is appa ren t  that  the ca ta ly t ic  ac t iv i ty  of the sub-  
strafes cannot  be d i rec t ly  re la ted  to the i r  e lectronic 
s t ructure,  in par t icular ,  to the filling of d e lec t ron 
shells. In electrocatalysis ,  i t  is essent ia l  tha t  reac t ing  
species first adsorb on the catalyt}c surface before  any 
charge t ransfer  takes place. I t  has been suggested tha t  
in the e lec t ro-ox ida t ion  of hypophosphi te  the reac t ing  
species are  hypophosphi te  anions (1-3).  Adsorp t ion  of 
these ions on an e lect rode surface takes place  by  dis-  
p lacement  of o ther  species such as oxides,  adsorbed 
wa te r  molecules,  or organic compounds.  

Presumably ,  p l a t inum lacks ca ta ly t ic  ac t iv i ty  for  
electrole~s p la t ing  as a resu l t  of chemisorp~ion of non-  
reac t ing  species, which prevents  adsorpt ion  of  hypo-  
phosphi te  anions. The presence of a s t rong ly  adsorbed 
species on p l a t i num is suggested b y  the h igh  va lue  of 
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the Tafel  s lope in the solut ions used (,~60 mV/decade ,  
see Fig. 5). This value is twice as large  as the Tafel  
slope obse rved  on p l a t i num in acid med ia  L32 m V /  
decade at 50~ (9) ]. A large  value  of the Tafel  slope for 
hydrogen  evolut ion also was observed on copper  elec-  
trodes.  In  the suppor t ing  solut ion the slope was mea -  
sured as 250 mV/decade  (Fig. 2); in acid media  i t  is 
128 m V / d e c a d e  at 50~C (9). Nevertheless ,  the lack  of 
cata lyt ic  ac t iv i ty  at  noble  potent ia ls  can be associated 
wi th  the presence of surface oxides ra the r  than  ad-  
sorbed organic species. The signifteance of oxide films 
in d iminishing the ca ta ly t ic  ac t iv i ty  of copper  is ap-  
pa ren t  f rom Fig. 2 and 3. 

The ca ta ly t ic  ac t iv i ty  of the subs t ra tes  is effective 
only  dur ing  the ini t ia t ion period.  This ac t iv i ty  is a l -  
te red  as soon as n ickel  deposits  begin to form. The 
vo l t ammet r i c  measurements  have shown that  on cop- 
per,  pa l l ad ium-ac t iva t ed  copper,  and gold, the ca ta-  
ly t ic  ac t iv i ty  increased m a r k e d l y  at  a potent ia l  of ap-  
p rox ima te ly  --0.7V, when nickel  s t a r t ed  to deposit .  
2~pparently, at this potent ia l  nickel  was deposi ted 
e lec t ro ly t ica l ly  wi thout  the par t ic ipa t ion  of hypophos-  
phi te  and accordingly  was free of phosphorus.  In 
pract ice,  the phosphorus- f ree  n ickel  wi l l  be expected 
to e lec t ro ly t ica l ly  deposi t  dur ing  the spontaneous  
potent ia l  shift, before the subsequent  electroless deposi -  
t ion of phosphorus  containing layers.  The nickel  thus 
deposi ted induces subsequent  e lec t ro-ox ida t ion  of hy -  
pophosphi te  on p la t inum subst ra tes  (Fig. 5), and also 
cons iderab ly  increases the e lec t ro-ox ida t ion  cur ren t  on 
al l  o ther  subs t ra tes  (Fig. 2 and 4). The increase of the 
e lec t ro -ox ida t ion  cur ren t  on copper and gold resul ts  
p r i m a r i l y  from the higher  ac t iv i ty  of nickel  itself. How,  
ever, it  is also possible that  smal l  amounts  of nickel  act 
synerg is t ica l ly  wi th  the substrates .  A synergis t ic  action 
has been suggested p rev ious ly  in the systems of mo lyb -  
denum wi th  pa l l ad ium and of pa l l ad ium with  n ickel  
(4). Synerg i sm seems to be also p laus ib le  for sub-  
s t rates  of copper  or gold wi th  nickel.  This suggestion 
for  the copper -n icke l  sys tem can be suppor ted  by  the 
observat ion  of Le len ta l  (5), who showed that  the cata-  
lyt ic  ac t iv i ty  of n ickel  wi th  copper was higher  than 
tha t  of pure  copper. 

The occurrence  of a synergis t ic  effect appears  to be 
ever  more p robab le  for  the pa l l ad ium-n icke l  system. 
The high ca ta ly t ic  ac t iv i ty  of pa l l ad ium is fur ther  in-  
creased at the s ta r t  of nickel  deposi t ion at about  
--0.7V, as seen for  the pa l l ad ium-ac t iva t ed  copper  in 
Fig. 2. Also, electroless nickel  deposi t ion on the pa l l a -  
d ium spots occurred more  rap id ly  than  tha t  on the 
copper subs t ra te  (Fig. 10 and 13), and cont inued to be 
more rap id  for a significant period,  even when the 
pa l l ad ium could be expected to be almost  en t i re ly  cov- 
ered wi th  the n ickel  deposit .  

Under  open-c i rcu i t  condit ions copper  did not in i t ia te  
electroless plat ing,  because its corrosion potent ia l  
(,~ --0.45V) was more noble  than the potent ia l  region 
of ca ta ly t ic  ac t iv i ty  (below --0.6V). In  o rder  to ac-  
t ivate copper,  the e lect rode potent ia l  must  be shif ted 
be low at least  --0.6V. It  is suggested that  the ac t iva-  
t ion of copper  by  isolated patches or spots of pa l l a -  
d ium is accomplished solely by  the potent ia l  shift  r e -  
sul t ing f rom e lec t ro-ox ida t ion  of hypophosphi te  on the 
pa l l ad ium patches or spots. 

At  potent ia ls  active to ,~ --0.6V, the copper  subs t ra te  
becomes active, and be low about  --0.7V it is addi t ion-  
a l ly  ac t iva ted  by  e lec t ro ly t ica l ly  deposi ted nickel.  
E lec t ro -ox ida t ion  of hypophosphi te  and electroless 
p la t ing  on the copper  subs t ra te  thus proceed indepen-  
den t ly  of the pa l l ad ium patches or spots. 

The act ivat ion of the copper  by  pa l l ad ium spots is 
l imi ted  to the in i t ia t ion period.  This is demons t ra ted  
by  the independen t  g rowth  of the  n ickel  deposi ts  on 
copper  and the pa l l ad ium spots (Fig. 10 and 13) ,  and 
by  the lack of any  rad ia l  spreading  of n ickel  deposits  
growing on the pa l l ad ium spots. 

In i t ia l  deposits  of pa l l ad ium and nickel  on copper 
differed in appearance  from those on molydenum (4). 
On copper  the pa l l ad ium deposi ts  were  i r r egu la r  and 
diffuse (Fig. 7), while  on mo lybdenum they  were  cir-  
cular  and sha rp ly  deftned. Nickel  deposits  on molyb-  
denum had e longated discontinuit ies,  whi le  on copper  
they  were  free of such discontinuit ies.  I t  was also ob-  
served that  adhesion of electroless  n ickel  to copper  was 
s t ronger  than to molybdenum.  The difference in the  
appearance  and adhesion of the deposits  on copper and 
mo lybde num is l a rge ly  aasociat~d with  the absence or 
presence of surface oxides. The po ten t i a l -pH d iagrams 
of these meta ls  in wa te r  (10) indicate  that,  at  the pH 
and potent ia ls  p reva i l ing  dur ing  electroless plat ing,  the 
copper subst ra tes  should be free of oxides,  but  that  
the mo lybdenum subs t ra tes  m a y  be covered with  MoO2. 

Conclusions 
Potent ia l  scans f rom --0.3 to --0.92V vs. SCE in-  

d ica ted  that  e lec t ro-ox ida t ion  of hypophosphi te  in an 
ammoniaca l  solution occurred on gold and on pa l l a -  
d ium-ac t iva t ed  copper  over the ent i re  potent ia l  range,  
whi le  on copper  it  o c c u r r e d - o n l y  below --0.6V. In 
the presence of a i r - fo rmed  o x i d e ,  the e lec t ro -ox ida-  
tion on copper  s ta r ted  at  more negat ive  potentials .  
P la t inum was not  ca ta ly t ica l ly  active in the potent ia l  
range examined;  however ,  e lec t ro -ox ida t ion  of hypo-  
phosphi te  on this subs t ra te  occurred af te r  n icke l  had  
been e lec t ro ly t ica l ly  deposi ted du r ing  the potent ia l  
scan. 

Small amounts of electrolytically deposited nickel 
strongly enhanced the electro-oxidation current of hy- 
pophosphite on copper, gold, and palladium. This can 
be associated with the high catalytic activity of freshly 
deposited nickel and/or with a synergistic effect of small 
amounts of nickel on the catalytic properties of the 
other metals. 

Activation of copper by immersion into a PdCI2/HCI 
solution resulted in the formation of separate palla- 
dium patches on the copper substrate. In the plating 
Solution, the nickel deposition on copper with indi- 
vidual palladium spots took place on the palladium 
spots and on copper independently of each other, the 
deposition on the palladium spots being .considerably 
faster than that on copper. 

It is concluded that the activation of the copper 
surface surrounding separate palladium spots occurs 
solely through a spontaneous potential shift due to the 
electro-oxidation of hypophosphite on the palladium 
spots. No radial spreading of nickel deposits' growihg 
on the palladium spots was observed. 
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Electrodeposition of Copper on Platinum (111) Surfaces Pretreated 
with Iodine. 

Studies by LEED, Auger Spectroscopy, and Electrochemistry 
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ABSTRACT 

Studies by low energy electron diffraction (LEED) and Auger spectroscopy of copper electrodeposi ted on well- 
characterized plat inum (111) surfaces from aqueous sodium perchlorate solutions are reported. Pr ior  to electrodeposition, 
the p la t inum (111) surface was pretreated with I2 vapor  in ultrahigh vacuum to form a P t ( l l l )  (x/7 x x/7) R19.1~ 
superlattice, which protected the plat inum surface and the surface of the electrodeposit  from at tack by the electrolyte and 
contaminat ion by  residual gases. The results were as follows: electrodeposit ion took place in two narrow, overlapping 
underpotent ia l  deposit ion linear scan vol tammetric  peaks followed by  one conventional bulk  copper  deposit ion peak. 
Underpotent ial  deposit ion produced an ordered layer. The first underpotent ial  deposit ion peak formed a (3 x 3) 
superlatt ice in which the unit  cell contained four iodine atoms and a comparable number  of Cu atoms per  nine surface Pt  
a toms (~c~ = ~ = 4/9). At complet ion of the underpotent ia i  deposi t ion process a (10 • 10) coincidence lat t ice was present  in 
which 0cu = 8/9 and 0, = 4/9. The iodine Auger signal was not  appreciably affected by  Cu deposition, indicating that  the iodine 
atoms were present  in the topmost  layer of the surface at all Cu coverages. 

Elect rodeposi t ion and e lect rocrystaUizat ion are the 
subject  of numerous  in teres t ing  studies (3). Surface  
s t ruc ture  of an elect~odeposit  at  the atomic level  is an 
aspect  about  which there  is l i t t le  informat ion,  how-  
ever, since most  work  has deal t  wi th  convent ional  (i.e., 
s t ruc tu ra l ly  undefined) surfaces. In  two previous  
ar t ic les  we repor ted  studies of e lec t rodeposi ted  s i lver  
on i od ine -p re t r ea t ed  P t ( l l l )  by  LEED (1, 2) and 
quant i ta t ive  Auge r  spec t roscopy (2). Studies  by  LEED 
of the  s t ructures  of a wide var ie ty  of surfaces in u l t r a -  
h igh vacuum have  revea led  tha t  s t ruc tures  resembl ing  
s ing le -c rys ta l  p lanes  are  fo rmed  on the surface of a 
s ingle crys ta l  only  under  very  special  c i rcumstances 
(4). Chemisorbed layer  s t ruc ture  is l ikewise  a sensi-  
t ive funct ion of many  var iables  (4). Each stage of 
underpo ten t ia l  deposi t ion is sensit ive to surface s t ruc-  
tu ra l  characteris t ics ,  as evidenced d i rec t ly  by  da ta  in 
the previous  ar t ic les  (2, 3) and ind i rec t ly  b y  resul ts  
r ev iewed  in (5) and  (6). In  par t icu lar ,  s tudies of 
deposi t ion of copper on convent ional  P t  surfaces have 
been repor ted  (6, 7). Vapor  deposi t ion of meta ls  on 
wel I -charac te r ized  surfaces has been the subject  of 
studies (8).  Halogen chemisorpt ion on wel l -def ined 
surfaces is also beginning  to receive a t tent ion  (9-12). 
In  the  presen t  ar t ic le  we repor t  an exp lora t ion  of the 
s t ruc ture  and composit ion of copper e lect rodeposi ted  
on wel l -charac te r ized  iod ine -p re t r ea t ed  P t ( l l l )  sur-  
faces using LEED, Auger  spectroscopy,  and cyclic 
voI tammetry .  The purpose  of p re t r ea t ing  the P t ( l l l )  
surface wi th  iodine vapor  (9) was to protect  the 
P t ( l l l )  subs t r a t e  and the e lec t rodeposi ted  copper  
f rom side react ions wi th  the e lec t ro ly te  and res idual  
gases (11). 

Experimental 
The ins t ruments  and procedures  employed  for these 

s tudies  were  descr ibed in previous  ar t ic les  (1, 9, 10, 
13-15). The P t ( l l l )  s ing le -c rys ta l  e lectrode was 
o r i en ted  and  pol ished so that  all  six faces were  c rys ta l -  
]ographica l ly  equivalent .  Before each use, the crys ta l  
was c leaned b y  A r  + ion b o m b a r d m e n t  and annea led  
by  resis tance heat ing,  af ter  which LEED and Auge r  
spectroscopic charac ter iza t ion  confirmed tha t  an 

ordered,  a tomica l ly  clean Pt  (111) surface was present .  
Af te r  t r ea tmen t  wi th  an I2 vapor  beam equiva len t  
to 10 -6 tor r  (9) for severa l  minutes,  the crys ta l  was 
again  character ized.  The resul t ing  P t ( l l l )  (k /7)<  k/7) 
R19.1~ super la t t ice  (9) was then va lved  off f rom the 
LEED chamber ,  brought  to ambien t  p ressure  wi th  
argon, and the e lec t rochemical  cell was int roduced.  
The cell was then r insed and filled wi th  e lectrolyte ,  the 
crys ta l  immersed  into the solution, and vo l t ammet r i c  
cu r r en t -po ten t i a l  scans run.  Electrode potent ia ls  were  
measured  wi th  respect  to a Cu /Cu  ~+ (10-3M in 1M 
NaC104) hal f -ce l l ;  however ,  for the sake of continui ty,  
potent ia ls  are  repor ted  wi th  respect  to the Ag/AgC1 
(1M NaC1) reference,  based upon di rec t  compara t ive  
measurements  involving the two half-cel ls .  Al l  ap-  
pa ra tus  contact ing the solutions were  const ructed of 
P y r e x  glass and Teflon, and thorough ly  c leaned to 
remove surfactants .  Solut ions were  p r e p a r e d  wi th  
wate r  pyro lyzed  wi th  oxygen  (16), dist i l led,  and  then 
sa tu ra t ed  wi th  pure  ni trogen.  Fol lowing  complet ion of 
the electrolysis,  the e lec t ro ly te  was d ra ined  away,  the 
crys ta l  was r insed wi th  water ,  and the e lec t rochemical  
r  was va lved  off f rom the crystal .  Af te r  sorpt ion 
and  cryogenic pumping  (5 min) ,  the crys ta l  was char -  
acter ized once again  b y  LEED and A u g e r  spect ros-  
copy. At  the end of the procedure ,  copper  was removed  
by electrolysis  fol lowed by  br ie f  ion bombardment .  
Each resul t  was verif ied at  least  five times. These elec-  
t rodeposi t ion  processes proved  to be h igh ly  r ep roduc i -  
ble. 

Results 
Pt (111) and iodine.--The clean Pt  (111) surface  

y ie lded  the ideal  (1 X 1) LEED pa t t e rn  repor ted  by  
other  workers  (17) (Fig. l a )  cor responding to the  
hexagona l  (111) surface s t ruc tu re  shown in Fig. 2a. 
Sa tu ra t ion  of the surface produced  the LEED pa t t e rn  
shown in Fig. lb,  cor responding to the Pt  (111) (-~7 ><. 
,~/7-) R19.1~ s t ruc ture  shown in Fig. 2b. This "~v/7 '' 
surface, p rev ious ly  shown to be res i s tan t  to a t t ack  by  
.a va r i e ty  of ~olvents, surfactants ,  and  e lec t ro ly tes  (1, 
~2, 11) was the s ta r t ing  point  for the e lec t rodeposi t ion 
studies  descr ibed in this art icle.  
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A u g e r  spect ra  of  the P t  (111) surface (Fig. 3a) con- 
ta ined only t ransi t ions  ass ignable  (18) to Pt, in  agree -  
ment  wi th  previous  work  (19). Auger  spec t ra  of the 
Pt  (111) (~v/7" X V~') R19.1~ sur face  (Fig. 3b) con- 
~ains a double t  due to iodine (507 and 518 eV) and 
Pt  in tensi t ies  decreased to 65% of the levels for clean 
Pt  (111). P rev ious ly  r epor ted  (1, 2, 9, 10) quant i ta t ive  
A u g e r  (14) resul ts  were  dupl ica ted  in this  work;  a t  
m a x i m u m  c la r i ty  of the -v/7"LEED pat tern ,  t h e  surface  
uni t  cell  contained three  i od ine  atoms per  seven sur -  
face Pt  a toms (ei = 3/7 = 0.43). Numerous  repl ica te  
LEED pa t t e rns  and Auger  spect ra  were  obta ined for 
this super la t t ice .  No evidence of beam damage or  o ther  
a r t i f a c t s  was found. Auger  da ta  a re  summar ized  in 
Table  L 

Immersion of the surface in aqueous solutions.~ 
Previous  work  has shown tha t  the "x/7-superlattice is 
s table  t oward  the argon a tmosphere ,  aqueous perch lo-  
ra te  electrolytes ,  and evacuat ion (1, 2). No changes in 
Auger  spec t rum or  LEED pa t t e rn  were  found af te r  
evacuat ion of the crys ta l  fol lowing exposure  to the a r -  
gon a tmosphere ,  or  immers ion  into 1M aqueous 
perch lora te  conta ining di lu te  Cu 2+ (fol lowed b y  r ins-  
ing wi th  w a t e r ) .  That  is, aqueous HC104/NaC104/ 
Cu (C104)~ mix tures  did not  react  chemical ly  wi th  the 
~/7"surface, and  were  removed  b y  water ,  which evap-  
o ra ted  wi thout  de tec table  residues.  These tests i l -  
lus t ra te  the pass iva t ing  influence (11) of iodine atoms 
chemisorbed on Pt  (20). Wi thout  such p re t r ea tmen t ,  
p l a t i num reac ted  with  perchlor ic  acid dur ing  emersion 
( removal )  or  evacuat ion wi th  pa r t i a l  loss of surface 
o rde r  and format ion  of a deposit  of chlor ine  and oxy-  
gen (13). P r e t r e a t m e n t  of the sur face  wi th  iodine was 
therefore  he lpfu l  in ma in ta in ing  the surface  in a we l l -  
defined state for the purposes  of the  present  exper i -  
ments.  

Electrodeposition of copper.~When immersed  at  
open circui t  into aqueous Cu +~ (10-3M) in 1M HC104 
(pH = 3), the  %/7 surface  y ie lded  the cu r ren t -po ten -  
t ial  t race (21) shown in Fig. 4; the figure shows the first 
scan s ta r t ing  f rom the res t  potent ia l .  This negat ive  
going in i t ia l  scan consisted o~ two n a r r o w  (10 mV full  
width  at  hal f  of m a x i m u m )  underpo ten t i a l  deposi t ion 
peaks  v e r y  close toge ther  (0.252 and  0.244V vs. A g /  
AgC1), and a wave for deposi t ion of  bu lk  copper  wi th  
a h a l f - w a v e  poten t ia l  of about  --0.03V. A wave  r a the r  
than  a peak  resul ted  f rom the use of  a ve ry  slow scan 
r a t e  (0.28 mV/s )  combined wi th  s l ight  v ibra t ion  of the  
crysta l .  The heights  and  areas  of the first two peaks  
were  independen t  of  Cu 2+ concentra t ion above about  
10-4M and were  d i rec t ly  p ropor t iona l  to scan rate,  as 
expected for  underpo ten t i a l  deposi t ion (5, 6). The 
th i rd  peak  was p ropor t iona l  to Cu 2 + concentra t ion and 
d i sp layed  the morpho logy  of a process contro l led  by  

the diffusion of Cu ~ +. When the direct ion of potent ia l  
scan was reversed,  the corresponding dissolut ion peaks  
were  observed.  Noticeable  differences in morpho logy  
b e t w e e n  negat ive  and posi t ive going scans indicate  
that  t h e s e  p r o c e s s e s  involve  smal l  but  not  negl igible  
act ivat ion energy.  As can be seen f rom Fig. 4, the 
deposi t ion t race contains ba r e ly  pe rcep t ib l e  shoulders  
on the two p rominen t  underpo ten t ia l  peaks.  When  a 
second cycle was recorded,  minor  changes in mor -  
phology occurred,  pa r t i cu l a r ly  the d i sappearance  of 
the  smal l  shoulders.  Otherwise  the t races we re  con- 
stant.  Appea rance  or  d i sappearance  of those smal l  
shoulders  cor re la ted  wi th  the  presence or absence of a 
s l ight  excess of iodine above that  requ i red  to form the 
~/7 superla t t ice .  When Cu 2+ was omit ted  f rom the 
solution, the vo l t ammet r i c  cur ren t  was negl igible  
( l e s s  than 1% of  the corresponding peak  he ight ) .  This 
lack  of background  cur ren t  fu r the r  i l lus t ra tes  the 
pass ivat ing  effect of iodine p r e t r e a tme n t  (20, 22), a n d  
inc iden ta l ly  testifies to the pu r i t y  of the reagents  a n d  
the  s t ruc tura l  r egu la r i t y  of the subst ra te .  

Electronic  in tegra t ion  of the e lectrolysis  cu r r en t  as 
a funct ion of  t ime y ie lded  the coulometr ic  da ta  i n  
Table I, in which Q represents  the  charge (~,C/cm 2) to 
deposi t  copper,  s ta r t ing  f rom the ini t ia l  potent ia l  
( typ ica l ly  0.365V) and scanning to the specified po ten-  
t ia l  a t  which the e lec t rode  was emersed  f rom the solu-  
tion. The e lect rolyt ic  charge to r e tu rn  to 0.365V (via 
the posi t ive going dissolution scan)  cor responded ve ry  
closely to that  for the  deposi t ion s c a n s  i n  the potent ia l  
range  from 0.365 to --0.10V. Packing  dens i ty  of  copper  
was ca lcula ted  by  means  of the F a r a d a y  l aw 

Q - Qb : nFArcu  [1] 

where  A is the  geometr ic  a rea  of  the s ing le -c rys ta l  
e lect rode (0.7723 cm2), rcu is the packing  dens i ty  ex-  
pressed i n  mols/cmU, and n is the n u m b e r  of e lectrons 
to reduce the Cu 2+ ion. The magni tude  of n was a s -  
s u m e d  to be two in this system, since Auge r  spec t ra  
did not  indicate  the presence of counterions (Fig. 3c) 
necessar i ly  present  if  the adsorbed  copper  a toms were  
pa r t i a l l y  charged.  Also, this n va lue  is consistent  wi th  
s t ructures  indica ted  by  the LEED pat terns ,  as de-  
scr ibed below. A s imi lar  s i tuat ion was r epor t ed  in a 
previous  work  (2). Divid ing  rcu by  the packing  dens-  
i ty  of P t  a toms in the P t  (111) p lane  converts  the re -  
sul ts  into more  fami l ia r  units  

ecu : rCu/(2.490 X 10 -9)  [2] 

Based upon coulometr ic  data,  the two underpo ten t ia l  
deposi t ion peaks  taken  together  ( from the s ta r t ing  
point  of the scan, 0.365V, to complet ion  of the peaks  
at  0.200) resul ted  in deposi t ion of 0Cu --  0.84, which  is 
not iceably  less than  a ful l  monolayer .  I t  i s  n o t  p o s s i b l e  

Table I. Electrochemical, Auger and LEED data for electrodeposited copper 

Voltammetry~ 
A u g s r  spectroscopy~ 

Relative Relative 
Emersion (Q - Qb)/A, s 0cu, from iodine Auger  platinum Auger  

Surface treatment  potential ,  V /~C/cm �9 Eq. [1], [2] signal signal, 160 eV LEED pattern 

Is vapor~ - -  - -  1.~) 0.66 (~/7 • vT)R19.1" 
Atop UPD peak 1 0.252 ~ 8  0.250 1.00 0.63 (3 • 3) 
Between UPD peaks 0.248 177 0.370 1.00 0.54 (3 • 3) + 

(10 • I0) 
Atop UPD peak 2 0.244 253 0.530 0.91 0.47 (3 • 3) + 

(I0 • I0) 
After  UPD peak 2 0.200 403 0.840 0.90 0.31 (10 x 10) 
Af ter  UPD on ion-born- 0.150 425 0.886 -- -- Diffuse 

barded surface 
Af ter  UPD on pre-elee- 0.150 514 1.070 - -  ~ Diffuse 

trolyzed surface 

1Experimental  conditions for  Auger  spectroscopy,  as in Fig. 3; for vol tammetry,  as in  Fig. 4. 
~After  pretreatment  with  I2 vapor, the  iodine  Auger  current  was 1.06 hA, corresponding to an iodine atom packing density (8I) of 

0.45. 
SBackground charge densities, Qb/A, w e r e  as follows: 31 ~C/cm ~ at 0.252V; 32 at 0.248; 34 at 0.244; 45 at 0.200; 91 at 0.150 (I.B.), 

and 91 at 0.150 (pre-electrolyzed) .  
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Fig. 1. LEED patterns. A: Pt(!11), 66 eV. B: Pt(111) (%/~ X 
~/7) R19.1~ 85 eV, 8i = 0.45. C: Pt(111) (3 X 3) - -  ( a c u  " -  

0.25, 8i ~ 0.45), 66 eV, atop UPD peak 1. D: Combined (3 X 3) 
and (10 X 10) patterns (0cu = 0.53 ~I = 0.45), 82 eV, atop 
UPD peak 2. E: Pt(111) (10 X 10) (~r ~ 0.84, ei = 0.41), 82 
eV, after UPD peaks. F: As in D, except 41 eV. G: Pt(111) (10 X 
10) (0cu ----- 0.84, ~I ---- 0.41), 80 eV, after bulk dissolution peak 
3'. H: Pt(111) (3 X 3) (ecu = 0.37, 8i ----- 0.41), 66 eV, between 
dissolution peaks. I: Pt(111) (~/7' X N / ~  R19.1~ 66 eV, follow- 
ing complete dissolution of Ca. 

to sepa ra te  the  areas  of the two peaks  wi thout  making  
assumptions  regard ing  thei r  morphologies .  

Auger spectra of eIectrodeposited copper.--Auger 
spec t ra  observed fol lowing e lect rodeposi t ion of Cu onto 
the  ~/7 surface are  typified by  Fig. 3c, ob ta ined  on 
complet ion  of the first underpo ten t i a l  deposi t ion peak.  
Only  peaks  due to I, Pt, and  Cu are  presen t  in the 
spectra.  A s t r ik ing  fea ture  of the spectra  is tha t  the 
iodine Auger  signal,  seen as a double t  at  507 and 518 
eV, was influenced only s l igh t ly  by  deposi t ion of Cu; 
while  the Pt  signals s teadi ly  vanished as the P t  was 
covered over  wi th  Cu. Clearly,  iodine a lways  consti-  
tu ted  the outermost  surface layer .  Each new Cu layer  
was appa ren t l y  located benea th  the iodine layer .  Mul -  
t iple cycles of Cu deposi t ion and dissolution spanning  
per iods  of  l h  or more  did not  lead  to remova l  of io- 
dine, even though the solut ion contained no dissolved 
iodine. Removal  of iodine occurred on ly  when the 
sur face  was s t rong ly  anodized. Potent ia ls  g rea te r  than 
1.0V were  requ i red  (20). This dissolution process gave 
rise to a p rominen t  posi t ive peak  at  1.0V (2) 

Iads -t- 3H20-'> IO3-  -+- 6H + + 5 e -  [3] 

Of the Auge r  s ignals  a t t r ibu ted  to Cu (18), on ly  the 

peak  at 920 eV was resolvable  f rom signals  due to P t  
(Fig. 3c). The s igna l - to-noise  character is t ics  of the  Cu 
peaks  were  judged  insufficient for quant i ta t ion  in the  
p resen t  exper iments .  

LEED patterns of electrodeposited copper.--LEED 
pat terns ,  obta ined  for  deposi t ion of amounts  of Cu on 
the ~/7~surface corresponding to emersion at  var ious  
points along the vo l tammet r ic  curve, are  shown sche-  
mat ica l ly  in Fig. 4. Photographs  of the LEED pa t t e rns  
appear  in Fig. 1. Sha rp ly  defined LEED pa t te rns  were  
present  at all  s tages of Cu deposi t ion or  dissolution. 
Accordingly,  the s t ruc ture  of the surface was read i ly  
monitored.  S tab i l i ty  of the e lectrode potent ia l  of the 
sys tem is i l lus t ra ted  by  the observat ion  tha t  for depo-  
sition of copper,  emersion, r ins ing wi th  dis t i l led wa te r  
at open circuit,  examina t ion  by  LEED and Auger,  and 
immers ion  back  into Cu 2+ solut ion at  open circuit ,  
the rest  potent ia l  was found to be close to the  ini t ia l  
emers ion potent ial .  Subsequent  v o l t a m m e t r y  showed 
no changes from the behav ior  represen ted  by  Fig. 4, 
indica t ing  the absence of any  recons t ruc t ion  dur ing  
rinsing. LEED examinat ions ,  etc. 

S imple  immers ion  and emers ion at  0.365V wi thout  
apprec iab le  e lect rodeposi t ion conserved the ~/7 LEED 
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) 

Fig. 2. Surface structures. A: Pt(111) (1 • 1) clean surface structure; Pt surface atoms are located at points of intersection of the 
grid. B: Pt(111) (~/7" X ~ / ~  R19.1~ superlattice; circles represent van der Waals radiiof I atoms. C: Pt(111) (3 X 3) (0r - -  0i 
4/9); Cu1(111) layer forming a (3 X 3) coincidence lattice with Pt(111); solid circles represent I atoms; open circles, Cu atoms. D: 
Pt(111) (10 X 10) (0r = 8/9, 0i = 4/9). 

pattern unchanged from that prior to immersion. At 
the top of the first underpotential  peak, the LEED pat-  
tern was (3 X 3) (Fig. lc, 0.252V, 0cu ---- 0.25). LEED 
observations made at several points along the first 
peak revealed that the ~/7 pat tern faded and the 
(3 X 3) beams brightened as deposition proceeded. 
Beginning near the midpoint between the underpo-  
tential peaks, the (3 X 3) pat tern began t ransforming 
into the (10 X 10) pattern, as shown at two different 
beam energies in Fig. le and lf, in which spots forming 
rhombic groups of four spots located near  the integral-  
index, and (__.1/3, __.2/3) :and equivalent positions dis- 
played the greatest intensity. Beam intensity varied 
sharply  with energy as usual. As a result  not all of the 
beams were visible at any given energy. At completion 
of the UPD peaks, the Cu coverage w a s  0cu -- 0.84. 

I I I I I I I 

C 

J 1.85 pA/e V" 

I I I I I I I 

I4.25 pAAIV ~ 

150 200 250 300 ~50 400 450 500 550 ~50 900 950 

KINETIC ENERGY (eV) 
Fig. 3. Auger spectra. A: Cleon surface, Pt(111). B: Pt(111) 

(~v/~ X ~/7)  R19-1 ~ (spectrum was the same after immersion 
in 1M HCI04). C: Between UPD peaks I and 2. 

When the direction of potential scan was reversed, 
dissolution of  the Cu deposits occurred (peaks 1', 2', 
and 3' of Fig. 4). LEED patterns obtained at various 
stages during dissolution ,appear in Fig. lg  through li. 
As can be seen, these patterns were equivalent  to 
those observed at the same Cu coverages during depo- 
sition. Complete dissolution of Cu occurred, producing 
the "x/7 pat tern (Fig. li) equivalent to that  observed 
prior to deposition (Fig. lb) .  Oxidative dissolution of 
adsorbed iodine atoms and oxidation of  the Pt  surface 
commenced at about 0.95V, as usual (20), and pro-  
duced a disordered oxygenous layer. 
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POTENTIAL ,VOLTS vs, SILVER CHLORIDE 

Fig. 4. Cyclic current-potential carve for deposition of Cu at 
the Pt(111) ( ~ / 7 - X  ~/7-) R19.1~ surface. Experimental condi- 
tions: lO-aM Cu ~+ in 1M HaCI04. Scan rate, 0.28 mV/s. 
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Effect of surface disorder on electrodeposition.-- 
Pt  (111) surfaces  which had  been subjec ted  to ion-  
b o m b a r d m e n t  o r  e lec t rochemical  oxida t ion  and reduc-  
tion were  subjec ted  to e lec t rodeposi t ion under  condi-  
t ions ident ica l  to those descr ibed  above for  the ~/7 
super la t t ice .  

I o n - b o m b a r d m e n t  of the Pt  (111) surface  for  a few 
minutes  (500 eV A r  + ions, 5.6 # A / c m  e) caused the 
LEED pa t t e rn  to become diffuse, as usual.  Subsequent  
t r ea tmen t  wi th  Is vapor  produced  a d i sordered  ad-  
sorbed l aye r  hav ing  an iodine Auger  s ignal  about  20% 
weake r  than  for  the ~/7 super la t t ice .  

One cycle of e lec t ro ly t ic  ox ida t ion  and reduct ion  of 
the  A/7 surface  (a scan at  10 mV/s  f rom 0.2 to 1.2 to 
0.0 and back  to 0.2V vs. AgC1, in 1M HC104 e lec t ro ly te  
s a tu r a t ed  wi th  iodine)  p roduced  a diffuse LEED pa t -  
te rn  and an iodine Auge r  s ignal  which was a few pe r -  
cent  weake r  than  for  the -x /7 - super l a t t i ee .  

A compar ison of the behavior  of surfaces  thus p r e -  
pa red  toward  vo l t ammet r i c  e lect rodeposi t ion of Cu is 
p rov ided  in  Fig. 5, where  the  first sweep is shown in 
each case. As can be seen, one effect of the d isorder  
in t roduced  e i ther  by  i o n - b o m b a r d m e n t  or b y  e lec t ro-  
ly t ic  redox  was to degrade  the sha rp ly  defined vo l t a m-  
met r ic  peaks  into a broad  hump having no dis t inguish-  
able  fine s t ructure .  LEED pa t te rns  for CU e lec t ro-  
deposi ted on the d isordered  surfaces were  diffuse. A 
10 mV shift  of  the  unde rpo ten t i a l  deposi t ion process 
toward  less posi t ive potent ia l s  was found for  the  d is -  
o rde red  surfaces.  The amount  of Cu e lec t rodeposi ted  
at  underpo ten t i a l  increased somewhat  because  of the 
disorder ;  the  increase was most  not iceable  (27%) for 
the e lec t ro lyzed  surface.  

Discussion 
LEED pa t te rns  ob ta ined  for amounts  of deposi ted 

Cu present  at  numerous  points  a long the cyclic cur -  
r en t -po ten t i a l  curves were  sha rp ly  defined, demon-  
s t r a t ing  that  underpo ten t i a l  deposi t ion of Cu on Pt  
(111) (A/7 X %/7) R19.I~ is an ordered  process at  al l  
stages. This rule  is i l lus t ra ted  by  the LEED photo-  
g raph  in Fig. ld,  which was obta ined  m i d w a y  through  

. . . .  I . . . .  I . . . .  I - - , '  ' ' I . . . .  I . . . .  

g 
, , , i  . . . .  I . . . .  I . . . .  I . . . .  , , , ,  

O.I 0 .2  0 .3  0 .4  
P O T E N T I A L ( V O L T S  vs. A g C l )  

Fig. 5. Electrodeposltion of Cu at the ~/7 superlattice and 
surfaces disordered by ion-bombardment or electrolytic cycling. A: 

-Pt(111) (~ /7  X %/7)R19.1~ surface. B: . . . .  ion 
bombarded, then saturated with 12 vapor. C: . . . . .  electrolytically 
cycled, then saturated with aqueous I~. Experimental conditions 
as in Fig. 4. 

the underpo ten t i a l  deposi t ion process;  spots of the 
(3 X 3) and (10 X 10) pa t t e rns  a re  present .  That  is, 
each new s t ruc tu re  fo rmed  on a por t ion  of  the  surface,  
leaving  the r ema inde r  of the  surface unchanged  unt i l  
the ent i re  surface  was conver ted  to the new structure .  
S imi la r  resul ts  were  found for Ag  on the A/7 surface 
(1, 2). 

I t  can be seen f rom the da ta  in Table  I, tha t  the  first 
s tage of Cu underpo ten t i a l  deposi t ion (peak  1 of Fig. 4) 
forms a surface unit  cell  having  (3 X 3) s y m m e t r y  
and conta ining four  iodine a toms and a comparab le  
number  of Cu atoms per  nine  surface  P t  atoms. Qual i -  
t a t ive  LEED does not  define the locat ions of a toms in 
the in te r io r  of  the unit  cell, however .  A model  s t ruc-  
ture consistent  wi th  the  resul ts  appears  in Fig. 2c. In  
construct ing this model, the Cu and I a toms were  as-  
s igned to thei r  re la t ive  posi t ions pa ra l l e l  to the (111) 
p lane  in the cubic (zinc blende,  also cal led spha ler i te )  
s t ruc ture  of CuI (23). In the  (11I) d i rec t ion  of CuI, 
the Cu and I a toms form a hexagona l  ne twork  wi th  
a Cu-I  in te ra tomic  dis tance of 2.63A. Super imposed  on 
Pt  (111), this hexagona l  ne twork  would  form the 
(3 X 3) la t t ice  i l lus t ra ted  in Fig. 2c. The dis tance be-  
tween Cu atoms is somewha t  sma l l e r  in CuI (3.72A) 
than in the  (3 X 3) super la t t ice  (4.16A). A re laxa t ion  
of tha t  sor t  is a t t r i bu tab le  to differences in bonding 
of the b i l ayer  in CuI re la t ive  to adsorpt ion  on Pt  (111). 
Iodine  was assigned to the upper  p lane and Cu to the 
lower  p lane  in ag reemen t  wi th  the  constancy of Auger  
in tens i ty  for iodine. P lacement  of the CuI b i l ayer  in 
re la t ion to the Pt  (111) net  is a r b i t r a r y  at  this t ime. 
The qual i ta t ive  significance of this model  is tha t  the  
spec tacu la r  s tab i l i ty  and orderedness  of  the  (3 X 3) 
s t ruc ture  appears  to s tem from its close re la t ionship  
to the  ( I l l )  p l ane  of c rys ta l l ine  CuI. 

S table  (3 X 3) s t ruc tures  have been repor ted  for 
chemisorpt ion systems involving HBr  (24), C12, and 
Br2 (12a) on Pt  (111), and Br2 (12d) on Ag  (111). A 
cons iderab ly  less s table  (3 X 3) s t ruc tu re  was fo rmed  
by  t r ea tmen t  of  the  P t  (111) surface  wi th  Ir2 vapor  
(12a) or  an aqueous solut ion of I2 (11). This lesser  
s t ab i l i ty  of the (3 X 3) s t ruc ture  in the  absence of Cu 
is a t t r ibu tab le  to the lack  of a s imple b i l ayer  s t ruc ture  
such as CuI (111). 

A re l a t ed  s t ruc tu re  was pos tu la ted  to exp la in  the  
(3 X 3) LEED pa t t e rn  for  e lec t rodepos i ted  Ag on Pt  
( l l l ) - I  (2), in v iew of the observa t ion  that  the Cu 
coverage (0cu ----- 4/9) is less than  that  for  the cor re -  
sponding Ag s t ruc ture  (0Ag = 5/9) .  This surface s t ruc-  
tu ra l  difference finds a pa ra l l e l  in the s t ruc tura l  differ-  
ences which exist  be tween  solid AgI  and CuI. Fo r  in-  
stance,  AgI  adopts  hexagona l  (wurz i te )  and cubic 
(zinc b lende)  s t ructures ,  whi le  CuI exhibi ts  on ly  the 
zinc b lende s t ruc ture  (23). 

Upon complet ion of the underpo ten t ia l  peaks  (ecu = 
0.84) and cont inuing into deposi t ion of bu lk  Cu, the  
LEED pa t t e rn  contained f r ac t iona l - index  beams  at  
some of the posi t ions character is t ic  of P t  (111) (10 X 
10) s y m m e t r y  (Fig. l d - g ) .  The br igh tes t  of these 
f r ac t iona l - index  beams were  presen t  as rhombic  
groups loca ted  near  the  (--+1/3, --+2/3) and  equiva len t  
positions, as wel l  as nea r  the i n t eg ra l - i ndex  beams. 
This same LEED pa t t e rn  was observed  for Cu (111) 
af ter  sa tura t ion  wi th  C12 vapor  (12d) ; tha t  is, e lec t ro-  
deposi t ion of  Cu on a halogen p r e t r e a t e d  P t  (111) 
surface  produced the same LEED pa t t e rn  as halogen 
adsorpt ion  on a Cu (111) s ing le -c rys ta l  surface.  The 
rhombuses  of  1 /10- index spots a re  pa ra l l e l  to the  
l a rge r  rhombuses  defined by  the (1 X 1) uni t  mesh. 
Accordingly ,  the  f r ac t iona l - index  mesh is not ro ta ted  
and  therefore  the  R30 ~ aspect  of  the (6 ~/3--'X 6 A / ~  
R30 ~ s t ruc ture  proposed in Ref. (12d) cannot  be correct,  
a l though 6 A/3------ 10.39 is close to the  observed  uni t  
mesh size of (10 X 10). Accordingly ,  this  is a (10 X 
10) pa t t e rn  wi th  sys temat ic  absences.  A model  s t ruc-  
ture  consis tent  wi th  these observat ions  is shown in Fig. 
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2d. This structure is derived from the previous one 
(Fig. 2c) by adding one Cu atom at each unoccupied 
center of the large equilateral triangles formed by the 
previously deposited Cu atoms, and compressing the 
resulting superlattice slightly along the furrows of the 
Pt (111) surface. The resulting structure preserves the 
original CuI (111) bilayer structure, while forming an 
octahedral environment around the Cu atoms in the 
bilayer, adding a second layer of Cu atoms. Pairs of 
Cu atoms are separated by distances of approximately 

and ~,/3-/2 in the R30 ~ direction, but achieve exactly 
(10 • 10) registry with the Pt (111) substrate. Slight 
compression of the lattice is understandable in terms 
of increased rigidity of the superlattice when another 
layer of Cu atoms is added to the original CuI bilayer. 
In keeping with the experiment, the structure of this 
(10 • 10) superlattice would not permit deposition of 
further Cu without bond breaking, disruption of the 
structure, or other difficult steps, similar LEED pat- 
terns have been reported for Kr on the basal plane of 
graphite by Chinn and Fain (25), and for I on Ag 
( i l l )  and Au (11i) by Farrell e ta l .  (12), and for 
C1 on Ni (111) by Erley and Wagner (26). For each of 
these latter systems, a (~/3 • V'3~ R30 ~ LEED pattern 
appeared (12) at a halogen packing density of 8 ----- 1/3, 
followed by the complete (10 • 10) or related pattern 
at higher packing densities. In agreement with these 
observations, the (10 • 10) structure in Fig. 2d is 
closely related to the intermediate (3 • 3) structure 
(Fig. 2c) and aL~o to the preceding intermediate state 
consisting of halogen atoms chemisorbed on the (111) 
plane (Fig. 2b). Formation of this structure would 
require only small adjustments in atomic coordinates 
and does not appear to inwlve any difficult stages. 

Dissolution of Cu preserved the LEED patterns ob- 
served with the corresponding coverage along the 
deposition scans. Removal of Cu was apparently quan- 
titative, since the familiar (~,/7 • ~r R19.1 ~ LEED 
pattern (Fig. lb) reappeared (Fig. li) following the 
final dissolution peak (1' of Fig. 4). Clearly, the depo- 
sition and dissolution processes approached structural 
reversibility under the conditions of these experiments. 

Comparison of LEED data for vapor-deposited 
metals (8) with patterns observed for electrodeposited 
Ag (1, 2) and Cu reveals some interesting differences. 
Vapor deposits tend to give complex LEED patterns 
resembling coincidence lattices, and in many cases are 
disordered until annealed, whereas the electrodeposits 
reported here were formed in an ordered state at room 
temperature. A clear analogy exists between I, which 
preserves surface order and cleanliness in the deposi- 
tion of Ag and Cu on Pt, and As which promotes epi- 
taxy in vapor deposition of Ge on GaAs (27). The 
(~/~-•  ~r R19.1 o LEED pattern observed for I2 
(9, 12a) and HI (10) on Pt (111) has been reported 
also for Na on Ag (111) and Bi on Cu (111) (Sb). 
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ABSTRACT 

A model presented previously by one of the authors (1,2) is reviewed and extended. Aspects of this model which were 
not previously available in the open literature are considered, and the model is extended to include previously neglected 
terms in the governing differential equations, fractional reaction orders in the current density-overpotential expression, and 
mass-transfer coefficients to account for mass-transfer resistance of the reactants to the faces of the porous electrode. The 
model is used to predict quantities of interest for oxygen reduction in an acidic aqueous solution in a porous carbon 
electrode. 

Many models of gas fed hydrophylic porous elec- 
trodes have been proposed as reviewed recent ly by 
Chizmadzhev and Chirkov (3) and by Tilak et al. (4). 
Unfortunately,  nei ther  of these reviews ment ions  
Darby's  model (1, 2) which is based essentially on mea-  
surable quanti t ies of the wettable porous electrode 
of interest  and the t ransport  and kinetic properties of 
the reactants involved. The purpose of this work is to 
extend Darby's  homogeneous model (1) and to present 
predict ions based on this model which include frac- 
t ional reaction orders and external  mass- t ransfer  co- 
efficients for the reactants. 

Homogeneous Model 
Darby's  (1) homogeneous model is a conceptualiza- 

t ion of the chemical, electrochemical, and physical 
processes that occur wi thin  a hydrophylic  gas fed 
porous electrode. Figure 1 schematically presents the 
representat ion used here for a region of a gas fed 
porous electrode which is assumed to be small  com- 
pared to the dimensions of the electrode. Note that the 
figure shows the gas pore to be open at both ends, 
which may be the case in some small volume elements 
within the electrode; however, the figure does not mean  
that large gas channels exist from the gas side to the 
electrolyte side of the electrode. A closer look at Fig. 1 
reveals that the gaseous reactant  in the pore is 
assumed to be in local chemical equi l ibr ium with the 
l iquid phase as indicated by Cci(z), which represents 
the l iquid phase composition of the gaseous reactant  
at the gas-l iquid interface (where a l iquid pore in ter -  
sects a gas pore).  Fur ther  inspection of Fig. 1 indicates 
that  the concentrat ion of the dissolved gaseous reactant  
varies with depth (y) into the liquid filled pore as in -  
dicated by Co(y,  z) .  Also, note that the coordinate y is 
normal  to the gas-l iquid interface and, consequently, is 
not in the same direction with respect to z for all pores 
(see Fig. 1 and the List of Symbols) .  

Once the gaseous reactant  has dissolved into the 
electrolyte at the mouth of a l iquid-fil led pore, the dis- 
solved gas diffuses into the pore and reacts along the 
walls of the pore. It  is assumed here that no concen- 
t rat ion gradient  exists across the liquid-fil led pore. 
The flux of the dissolved gaseous reactant  (Nc) is 
given by  

, dCe Ce 
NG = --D Gz -~y -5 ~ (NG -5 Nj) [1] 

where J represents the l iquid phase solvent  whose con- 
centrat ion is approximately C and  

D'Gj = DGj r [2] 

(r and T will be discussed la ter) .  Since C is typical ly 
�9 Electrochemical  Soc ie ty  Act ive  Member.  �9 * Electrochemical Society Student Member.  
Key words:  fuel  cell ,  diffusion, mass  transport. 
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>> CG, Eq. [1] can be simplified to 

dCG (y, z) 
NG ~- --D'GJ [33 

dy 

The electrochemical reaction that occurs along the pore 
walls is 

gG + 1L + n e -  ~_. pP [4] 

and the mater ia l  balance for the dissolved gaseous re-  
actant is 

dNG 

dy nF CGo k ~ / 

exp ( 'n"F vl) ] [6] . 

where cathodic current  density and overpotential  have 
been chosen to be positive in order to be consistent 
with Darby (1, 2). The boundary  conditions that apply 
are as follows 

at y----0 CG----CGi(z) [6] 
and 

dCG 
asy--> o0 CG(Y,Z) = 0 ,  and ----0 [7] 

dy 

which when applied to Eq. [5] yields 

for g' ---- 1 
CG -- Cci'exp (--KI'/2y) [8] 

and 

for g' _-- 1 

I g' -- 1 t S/(l-g') CG(Y, z) --- CGi(z) 2'I,(~-~ ~'/, ~I -5 1 [9] 

where 
~1 : YK1V~ [CGi (Z) ] (g'-l)/2 [10] 

and 

Cdz) 

~ - ~ - -  Electrolyte 

Gas ~ a c U o n  Zones 

- ~ - Z  " Y A  

Fig. 1. Schematic of the homogeneous model for a single gas 
pore (i). 
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i%sg CL (z) ~ r ~ ~'F 

D GjnFCGo g 

[11] 

It  is important  to note that Eq. [8] and [9] apply only 
when the dissolved gaseous species is consumed. 

Equation [9] can be used to derive an expression 
for the rate of consumption of the gaseous reactant 
per unit of electrode volume (RG) 

dCG l [12] RG -" --agD'Gz ~ ~=o 

which by using Eq. [9] becomes 

RG -- agD'Gj - -  [Col(Z)] (g'+l)/2 [13] 
g ' + l  

where ag is the surface area of the gas-filled pores per 
unit of electrode volume and will be discussed below. 

The dissolved gas that is consumed by the electro- 
chemical reaction must be supplied by diffusion of the 
gaseous reactant from the electrode/gas interface. This 
gives rise to the mater ial  balance equation for the 
gaseous reactant within the gas-filled pores 

dNG 
2C RG " -  0 [14] 

dz 
The flux of the gaseous reactant (NG) is 

Po dXG 
NG = --D'GI - - - -  + XG(NG + NI) [15] 

RT dz 
where 

and 
X G  - -  PG/Po [16] 

[17] D%I -- DGI 
.g 

(~g will be discussed presently). Since NI : 0 (I rep- 
resents N~ typically), Eq. [15] can be simplified to 

PoD'GI dXG 
NG : [18] 

RT(1 -- XG) dz 
Substitution of Eq. [13] and [18] into Eq. [14] and 
let t ing 

I; = z/d [19] 
yields 

'{ 
d~ 

D'GIPo dXG :ds _ _  
( 1 - - X ) R T  df g" + l 

[Col(z) ]r [20] 

Equation [20] can be simplified by using Eq. [11] for 
KI, Henry's law for CGi(Z) and CGo 

CPo 
Col(z) = XGi(z) [21] 

H 

where at z = 0 (for no mass-transfer resistance to the 
electrode from the bulk gas) 

CPo 
Coo ---- CGI (Z ---- 0) = XGo ~ [22] 

H 

and the definition of the tool fraction of the liquid re- 
actant (XL) 

XL : CL (z)/C [23] 

and its value at the electrode/electrolyte interface at 
z = d (for no mass-transfer  resistance to the elec- 
trode from the bulk electrolyte) 

Xno : CLo/C --- CL (z : d)/C [24] 

When mass-transfer  resistance occurs, X~o still  repre-  

sents the mol fraction of the gaseous reactant  in the 
bulk gas, but XG(f = 0) is no longer equal to XGo and 
similarly for XL(~ = 1.0) and XLo. Since XG = XGi, 
substitution of Eq. [21]-[24] into Eq. [20] yields 

d ~ 1 dXG } -.~ KGXG(g'+I)/2XLI'/2 [25] 
d~ 1 " Xo d~ 

where 

KG "- 
agdSRT ~ 2i'osgD'GjC t '/~ 

D'GI (g' --k 1 ) ~/~ nFPoHXg'GoX"Lo 

A similar equation can be derived for the tool frac- 
tion of the liquid reactant. The starting point is a flux 
expression for the liquid phase reactant 

dXL 
NL -~ --CD'Lj--C-" + XL (NL + Nj) [27] 

CtZ , 

where 
D'Lj = DLj ~gz [28] 

Nj and NL are often related in a simple manner 
through the stoichiometry of the electrochemical reac- 
tion. For the case considered here, the electrochemical 
reaction is 

O~ + 4H + + 4e-  ~ 2H~O [29] 

in an aqueous solution. 1 Thus, J is H sO and H + is the 
liquid reactant L. Then, according to Eq. [29], the 
flux of J is related simply to the flux of L 

1 
N j  = --  - - N L  [30] 

2 

which when substituted into Eq. [27] yields 

--CD'Lj dXL 
NT. = - -  [31] 

X, dz 

2 

Equation [4] (or [29]) shows that the rate of 
consumption of the liquid reactant is related simply to 
the rate of consumption of the dissolved gaseous re-  
actant 

l 
RL = -- Rs [32] 

g 

The liquid phase reactant must be supplied from the 
bulk electrolyte as described by the material balance 
equation for L 

dNL 
'd'z + RL " -  O [33] 

Substitution and simplification as before yields 

df X,. d~ 
1 - -  

2 
where 
KL __ agldS { 2i'osD' oJP,, } '/" 

D'LJ (g' -~- 1) 1/2 gnFCHXg'GoXI'Lo 

Equations [25] and [34] are the governing equations 
for the mol fractions of the gaseous reactant within 
the gas-filled pores (XG) and of the liquid reactant 
within the liquid-filled pores (XL). The boundary con- 

i It should be noted that in systems operating above the boil- 
ing point of the electrolyte the water produced in Eq. [29] would 
evaporate and leave the cell via the gas phase. 
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ditions for these equations are as follows 

at ~ = 0  

dXT. 

d~ 
D'GI dXG 

k ~  [XG(~ = 0) -- XGo].= -- 
d d~ 

[363 

[371 

and 

at t = l  
dXG 
- -  = 0 [38] 

d~ 
D'Lj dXT. 

kml [XL(~ "- 1) -- XLo] = - -  [39] 
d d~ 

where king and kml are external  mass- t ransfer  coeffi- 
cients. (Note that  when both k~g and kml become in- 
finitely large, Darby 's  original boundary  conditions 
are obtained.) Values for king and kml can be predicted 
for simple systems such as f l o w  between flat plates 
[see Ref. (5), e.g.,] and can be determined experi-  
mental ly  for more complicated systems. 

Before proceeding with a solution of the governing 
equations for XG(f) and XL(f), let us consider the dis- 
tribution of the porosity of the electrode between the 
gas and liquid pores. The differential pressure (P -- Po 

1 atm) determines the fraction of the porosity (r 
filled with gas (Vg) and the fraction filled with liquid 
(~1) by assuming that  the radius of the largest flooded 

pore is 
27 cos o 

r ,  = [401 
P 

Equation [40] states that the gas pressure in the gas- 
filled pores is balanced by  the surface tension of the 
liquid in the flooded pores. If  we assume that  the pores 
wet easily, all pores larger than re will be gas-filled 
and all pores smaller than re will be flooded. A cumu-  
lative pore size distribution function [] (re) ] can be de- 
fined as the fraction of the total pore volume which 
has pore radii greater than re 

s f(re) = , , ( r )dr  [411 

where ,a (r) is the pore size distribution function and is 
assumed here to be normal  

1 1 r . ] [42] 
= 

where ~ and r represent the mean pore radius and the 
s tandard deviation of the distribution, respectively. 
Substitution of Eq. [42] into Eq. [41] yields 

](re)--  r~ ~ e x P L - - ~ - \ - 7 ]  J dr [43] 

which can be rewrit ten in a more convenient form by 
first breaking the integral into two parts 

,,.,-.s: { . * 

- - y : e  { - j ~  exp [ - - 1  ( ~ - Z ) s  ] } dr 

[44] 

[453 

and by defining a dimensionless pore radius r '  

1 r - - r  
rp  - -  _ _  

Then, in terms of r '  Eq. [44] becomes 

February 1984 

or 
a ~  

- - r  = 2 [52] 

(or some other constant).  I f  Eq. [52] is t rue for the 
electrode as a whole, then it is reasonable to assume 
that it is also true for the gas-filled pores 

a g _  a _  
m re = 2 = - -  r [53] 

where 7g is the mean pore radius of the gas-filled pores 
which can be normalized in a manner  similar to re 

~ , g  = I_ r'g -- 7 [543 
~/2 

Expressions for ~ and then a~ can be obtained in 
terms of the pore size distribution parameters (E, r as 
follows. Since Pg is defined to be the normalized pore 
radius such that one-half of the gas pore volume is 
contained in pores with radii larger than Pg, the cumu- 
lative pore size distribution function f(Pg) is simply 
one-half of the cumulative pore size distribution for 
the gas-filled pores [f(r'~) ] 

f(Pg) = l ( r '~) /2  [55] 

An expression for Pg can be obtained from Eq. [55] 
by using an equation for f(E'g) which is analogous to 
Eq. [48] for f(r'e) 

[1 - -  e r f  ( r " g )  ] / 2  ~-~ f ( r ' e ) / 2  [56] 

which can be rearranged to 

err (~'g) = 1 --  f(r 'e)  [573 
o r  

~g = err  -1 [1 - -  f(r 'e)  ] [ 5 8 3  

y ~o 1 (_r ,2)  r ' 
J(r 'e) = o aV'~-- ~ exp 

1 P r ' o  
�9 ~o exp ( - - r '2 )~v/2dr '  [46] 

o r  

i If,,. 
f(r 'e) -- 2 ~-*'o exp ( - - r '2 )dr  ' [47] 

which simplifies to 

J(r 'e) = [1 -- err ( r~ ) ] / 2  [48] 

Thus, the fraction of the porosity filled with gas (r is 
simply 

Cg = ~f (r 'e )  [49] 

and the fraction filled with liquid (r is 

Cz = r - -  Cg [ 5 0 ]  

Both Cg/z and r are used to modify the free stream 
diffusion coefficients (see Eq. [2] and [17]). The value 
used here for z was chosen arbitrarily. (It may  be 
possible to determine a value for z by measuring both 
r and D'cj.) 

The porosity (r gas phase porosity (r and the 
BET-type specific surface area (a) can be used to de- 
termine an expression for the surface area of the gas- 
filled pores per unit of electrode volume (ag). 

The desired expression for ag can be obtained by as- 
suming that  the pores are tortuous cylinders with a 
mean pore radius of ~" and by considering the ratio of 
a t o r  

pore wall surface area 

a electrode volume 2~rzd 2 
- -  = = - -  - -  _ _  [51] 
r pore volume ~S~d r 

electrode volume 
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Then according to Eq. [49] and [50], Eq. [58] can be 
wr i t t en  as 

r':g : err  - I  (r162 [59] 

which  when  combined wi th  Eq. [54] y ie lds  an  ex -  
preasion for  r s 

~s - -  ~ ' { -  ~v/~r e r r -1  (r162 [60] 

Subs t i tu t ion  of Eq. [60] into Eq. [53] y ie lds  

a~g/~ 
a g  : _ [ 6 1 ]  

r -}- ~/2-~" err  -1 (r162 

which, by  using Eq. [48]-[50],  becomes the des i red  ex-  
press ion for  a~ 

a~'(1 --  err  r 'e) 
[62] 

a~ = 2{r '+  V ~ ' ~ e r f - 1  [(1 + e r f r ' e ) / 2 ] }  

F igure  2 shows the dependence  of a~ on the difference 
be tween  the gas pressure  and the e lec t ro ly te  pressure  
(P) .  As shown in Fig. 2, % is ve ry  sensi t ive to P f rom 
about  7 to 12 psi. 

Results and Discussion 
The appa ren t  cur ren t  dens i ty  ( to ta l  c u r r e n t / p r o -  

j ec ted  area  of the e lec t rode)  of the porous e lec t rode  
can be de te rmined  f rom the flux of the gaseous reac tan t  
into the  porous e lec t rode  

g~ 
--- N G I ~ = 0  [ 6 3 ]  

n F  

which  by  using Eq. [18] becomes 

KA dXG 
i : - -  [64] 

1 --  X~ d~ ~=0 
w h ~ e  

nFPoD'GI 
KA - [65] 

gdRT 

The grad ien t  of the mol  f ract ion of the  gaseous species 
(dXG/d.~)needed in Eq. [64] can be de t e rmined  f rom 
XG(~) which  can be obta ined  by  solving Eq. [25] and 
[34] subject  to  the  bounda ry  condit ions given by  Eq. 
[36]-[39].  D a r b y  (1) found XG(~) [and XL(~) ] b y  as- 
suming that XG and XL <-.: I SO that the governing 
equat ions for  XG and X L become 

d2XG 
- -  K G X G ( g ' +  1)/2XL1"/2 [ 6 6 ]  

dt~ 

d~XL 
- -  K L X G  ( g ' +  I)/2XLl'/2 [67] 

d~2 

/ J  

7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 

P (psi)  

Fig. 2. Dependence of the surface area of the gas pores per unit 
of electrode volume (a s) on the differential pressure across the 
electrode (P). 

AcCording to Sepa et al. (6), g' = 1 and l' - -  1 or  1.5 
for react ion [29] depending  on the overpotent ia l .  
D a r b y  (2) solved a pp rox ima te ly  Eq. [66] and [67] for  
g' = 1 and l' --  1 by  assuming tha t  

and  
XL : XLo[a' + (1 --  a ' ) ~ ]  [69] 

which sa t is fy  the bounda ry  condit ions (Eq. [36]-[39])  
for inf ini tely la rge  ex te rna l  mass - t r ans fe r  coefficients 
and by  subst i tu t ing  Eq. [68] and [69] into Eq. [66] and 
[67] and eva lua t ing  the resul t  at  f : 0 to de te rmine  a' 
and b 

[( ) K L 2 X G o  2 2 - -  K L 2 X G ~  1 + ~ 1 [70] 
a'  : 1 -F 8XL-------~ 8XLo 

b = KG(XLoa')V* [71] 

Final ly ,  appl ica t ion  of Eq. [64] gives the des i red  ex-  
pression for the cu r ren t  dens i ty  

i : X G o K A b  [72] 

Again,  Eq. [72] is based on the assumpt ion  tha t  XG 
a n d  X L are  both much less than  1 which  is not  a good 
assumpt ion if XGo and XLo are  on the o rde r  of 0.1 as is 
the case here. To re lax  this assumption,  Eq. [25] and 
[34] were  solved by  using Newman ' s  numer i ca l  t ech-  
n ique (5, 7) for the fixed and var iab le  pa rame te r s  con- 
s idered here  as shown in Table  I (see Table  I I  for  a 
typ ica l  set of ca lcula ted  p a r a m e t e r  va lues) .  

F igure  3 shows a comparison be tween  the p red ic ted  
mol fract ion d is t r ibut ions  for the simplif ied and com- 
ple te  governing equations cases, and Fig. 4 presents  a 
comparison of the  pred ic ted  cur ren t  densi t ies  for  both  
cases. Also shown in Fig. 4 is the  p red ic ted  l imi t ing  
cur ren t  dens i ty  according to Aus t in  (8, Eq. 6.38a) 

(nFD'GI)XooPo, 
i L  --" [73] 

d RT 
where  

In [ (1 - -  X G o )  - 1 ]  
: [ 7 4 ]  

X o o  

Tab le  I. System parameters used for calculations 

F i x e d  P a r a m e t e r s  

G a s  p h a s e  XGo = 0.21 
E l e c t r o l y t e  XLo = 0.127, C = 0.05 t o o l / a m  a, 

,y ffi 75 d y n / c m ,  0 = 0 ~ 
H e n r y ' s  l a w  c o n s t a n t  H = 3.99966 • 101~ d y n / c m  ~ 
P o r o u s  m e d i u m  @ = 0.5, 15, d = 0.2 e ra ,  

= 5 x ~ o ~  am,  ~" ffi 1.5 x 10-' e m ,  c h a r a c t e r i s t i c s  
a ffi 1.5 x 10 ~ c m V e m  a 

M o I e e u l a r  d l f f u s I v i t i e s  D ~  = 0.2 ern21s 
DLJ - -  2 X 10 -a e m ~ / s  
Do~ ffi 1 x 10-8 c m ~ / s  

K i n e t i c  p a r a m e t e r s  n '  = 4, ~ = I / 2 ,  i'~s = iold, 
g '  = 1.0,  T = 298.15 K 

S t o i c h i o m e t r i c  c o e f f i c i e n t s  g = 1, ~ -- 4, n = 4 

V a r i a b l e  P a r a m e t e r s  ( w i t h  t y p i c a l  v a l u e s )  

G a s  p h a s e  
K i n e t i c  p a r a m e t e r s  

Po = 1.0212 • 10 e d y n l e m  �9 
io = 10 -~ A l e m  2, F = 1.0, # = O.1V 

Table II. Calculated parameters for g' : 1.0, io "-" 10 -~  A/cm 2, 
I '  = 1.0, Po = 1.6 atm, and 11 - -  0.1V 

r  = 0.4867 
Cg = 0.0138 
a~ = 2.29 x 10 ~ em~/cm s 
K o  = 2.19 
K,'. = 3.12 
KA = 2.23 x 10 4 A / r  
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Fig. 3. Mol fraction distributions for the complete governing 
equations model (Eq. [25] and [34]) with infinitely large 
king and k~n], and Darby's approximate solutions (Eq. [68] and 
[69]) to the simplified governing equations (Eq. [66] and [67]). 
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Fig. 4. Comparison of predicted current densities by the com- 
plete model with infinitely large king and km], Darby's approximate 
solutions, and Eq. [73] for the limiting current density with io = 
10-5 A/cm 2, 

Subst i tut ion of the appropriate values from Tables I 
and II  into Eq. [73] an, d [74] gives iL ----- 5.27 X 10 -8 
A / c m  2. Notice in Fig. 4 that  for large values of ~, the 
,predictions of the complete model are significantly 
different from those of Darby's  approximate solution. 
This is due to the importance of the neglected terms in 
the governing differential  equations for the two cases 
(.compare Eq. [25] and [66] and Eq. [34] and [67]). 

It  is interest ing that  the predict ion of the l imi t ing cur-  
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rent density by Austin's equation falls between these 
two cases. This is due to using an effective diffusion 
coefficient for oxygen (D'GI) in Austin's equation 
which is the same as the effective diffusion coefficient 
(D'm) used in both of the other cases. If D'GI is deter- 
mined by multiplying D'm by ~/T, instead of Cg/T, then 
the limiting current density predicted by Austin's equa- 
tion is 37.6 (i.e., ~/~g) times larger than that shown in 
Fig. 4. 

The limiting current density for the complete model 
(as shown in Fig. 4) is plotted in Fig. 5 together with 
other limiting current density values at different differ- 
ential pressures P. Also shown in Fig. 5 are the limit- 
ing current density predictions of Darby's approxt- 
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Fig. 5. Limiting current density dependence upon P for the 
complete model with infinitely large king and kmb Darby's approxi- 
mate solution, and Eq. [73] with io - -  10 -5  A/cm 2. 
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Fig. 6. Predicted current density dependence on ~ and P for 
the complete model with infinitely large king and km] where io 
1 0 - 5  A/cm2. 
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mate solution and Eq. [73] again with D'cz determined 
with Cg instead of r (note that Cg depends upon P). 
Figure 5 clearly shows that a maximum limiting cur- 
rent density is predicted at approximately P -- 12 psi 
for the system considered here. 

Figure 6 shows how the current density below the 
limiting current density depends on the differential 
pressure (P) for various values of ~I. Experimental 
current density values (3) have a similar dependence 
on P and ~1 as shown in Fig. 7. Figures 6 and 7 are pre- 
sented here for qualitative comparison only, since not 
enough information is available for a quantitative 
comparison between Darby's model and the experi- 
mental data presented in Fig. 7. 

Figures 8 and 9 demonstrate how the kinetic param- 
eters l' and io effect the predicted current densities. 
These figures show that predicted current densities de- 
pend upon these parameters to the extent that it 
should be possible to determine values for l' and ~o by 

i i 

200 ~ 

.: oo 

16 32 48 

P, cm Hg 

Fig. 7. Experimental current density (3) dependence on "q and P. 

g ' =  1.0 

7 P = 8.82 psi S 

/ / /  
6 ~ ' = /  

5 

~'<< 4 ~ / / j ~ ' :  1.5 

% 
I-- 
x 

3 

2 

1 

0 ~ ,  , l ~ i [ i i l i , I i i 
0 6 12 18 24 30 

• 102 (v)  

Fig. 8. Comparison of predicted current densities for various 
liquid reactant reaction orders for the complete model with 
infinitely large king and kmz when io ~ 10 -5  A/cm 2. 

E o 

E 

% 
"r-- 
• 

OE 
0 

io = 1 X 10 -3 A m p / c m ~  

/ ." 
/ ." 

/ ." 

I 
�9 : 

a �9 
"~ io = 1 X 10 -5 Amp/cm 2 

, : 
I : 
/ : 

m 

,i 
l : 

/-~- " io = 1 X 10 -4. Amp/cm 2, 
J : 
! : 
! 

I : 
! : 

l 

/ 
/ 
i 

I / u I / 
/ 

/ 
A, I 

~' = 1.0, g' = 1.0 
P = 8.82 psi 

6 12 18 24 30 
~ •  102 (V) 

Fig. 9. Effect of the exchange current densltyon the predicted 
current densities for the complete model with infinitely large kmg 
and k~z. 

comparison of data to predicted values using least 
squares, nonlinear fitting, for example. 

Finally, the effect of the external mass-transfer co- 
efficients is demonstrated in Fig. 10 and 11. Figure 10 
shows how the mass-transfer resistance to the elec- 
trode can alter the mol fraction distributions within 
the electrode, and Fig. 11 presents the effect of finite 
values of king and kml on the predicted current density. 
Figure 11 clearly demonstrates that for large values of 
~1 the predicted current density can be reduced signifi- 
cantly if external mass-transfer resistance of the re- 
actants to the electrodes is important. 
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Fig. 10. Effect of external mass-transfer coeffic|ents (kml and 
king) on the predicted mol fractions for the complete model when 
io = 10 -5  A/cm 2. 
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Fig. I1. Effect of external mass-transfer coefficients (kml and 
king) on the predicted current densities for the complete model 
when io = lO -5  A/cm2. 

Conclusion 
Darby ' s  model  of a gas fed hydrophy l i c  porous elec-  

t rode is useful  because i t  includes impor tan t  fea tures  
of hydrophy l i c  porous e lect rodes  which are  of ten ne-  
glected. For  example ,  it  includes a pore size d i s t r ibu-  
t ion for  a porous electrode which can be de te rmined  
expe r imen ta l ly  and used in the model. 

The extensions p resen ted  here  (consider ing the com- 
plete  governing  equations,  f ract ional  react ion orders,  
and mass - t r ans fe r  coefficients) should aid in da ta  ana l -  
ysis and e lect rode design. 
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LIST OF SYMBOLS 
a specific surface area,  cmf/crn a 
ag gas pore  surface area  pe r  unit  e lectrode vol-  

ume, cmf/cm 3 
C total liquid phase concentration, mol/cm a 
CL concentration of liquid reactant, mol/cm 3 
CGi concentration of the dissolved gas G at the gas- 

liquid interface, mol/cm 3 
CGo concentra t ion of gaseous reac tan t  at  the gas-  

e lec t ro ly te  in ter face  at  z ----- 0 (see Eq. [22]),  
m o l / c m  a 
e lect rode thickness,  cm 
diffusivi ty of the gas phase reac tan t  in gas 
phase iner t  component ,  cm2/s 
effective diffusivi ty of gas phase reac tan t  in gas 
phase iner t  component  in a porous medium,  
cm2/s 
diffusivity of the gas phase reactant in liquid 
phase solvent, 'cmf/s 
effective diffusivity of the gas phase reactant in 
liquid phase solvent in a porous medium, cmf/s 
diffusivity of liquid phase reactant in liquid 
solvent,  emf/s 

d 
DGI 

D'GI 

DGj 
! D a~ 

DL$ 

D'LJ effective diffusivi ty of the l iquid phase reac tan t  
in  porous medium,  cmf /s  

F Fa raday ' s  constant,  96487C/mol 
f (r'e) f rac t ion of total  pore  volume in gas-f i l led pores  

(i.e., cumula t ive  pore  size d i s t r ibu t ion  for  r 'e) 
g s toichiometr ic  coefficient for  gas phase reac tan t  

in overa l l  e lect rode react ion 
g' react ion o r d e r  wi th  respect  to gas phase r e a c -  

t a n t  
H Henry ' s  l aw constant ,  d y n / c m  s 
i cu r r en t  density,  A / c m  s 

exchange cur ren t  pe r  uni t  of p r o j e c t e d  area  o f  
the electrode,  A/cm2 

i'o exchange cur ren t  ~per uni t  of act ive cata lyt ic  
surface area,  A/Era 

KA p a r a m e t e r  used to calculate  i, A / c m  ~ 
KG dimensionless  p a r a m e t e r  for  gas phase  c o m p o -  

n e n t  
Kr. dimensionless  p a r a m e t e r  for  l iquid phase  com- 

ponent  
km~ gas phase mass - t r ans fe r  coefficient, cm/s  

l iquid phase mass - t r ans fe r  coefficient, cm/s 
l s to ichiometr ic  coefficient for  l iquid phase  reac-  

t an t  
z, reac t ion  o rde r  wi th  respect  to l iquid  phase r e -  

ac tant  
Ni mola r  flux of species i (i = G, J, I, L ) ,  too l /  

cm2-s 
n number  of e lectrons involved  in overa l l  e l e c -  

t rode  react ion 
n' number  of electrons in e lect rode reac t ion  
P different ia l  p ressure  _-- Po --  1.01325 X 106 

dyn/cm2 
PG par t i a l  p ressure  of the gaseous r eac t an t  G, dyn/ 

c m  2 
Po absolute  gas pressure,  d y n / c m  ~- 
R gas constant ,  8 .3143J/mol-K 
re radius  of a pore  in which gas- l iquid  interface 

wi l l  be located, cm 
r'e normal ized  radius  of the largest" flooded pore  

mean  pore  radius,  cm 
mean  pore  radius  of gas-f i l led pores,  cm 

r'g normal ized  mean  pore  radius  of gas-f i l led pores  
s specific accessible cata lyt ic  surface area,  cmf /  

cm 3 
T absolute t empera ture ,  K 
XG mol fract ion of gas phase reac tan t  
XGo mol fract ion oi  gaseous reac tan t  at  the bu lk  

phase -e lec t rode  in ter face  (i" ---- 0) 
XL mol fract ion of l iqu id -phase  reac tan t  
XLo mol fract ion of l iquid r e a c t a n t - b u l k  phase 

(~ = 1) 
y depth  into a l iquid filled pore, normal  to the 

gas- l iquid  interface,  not  in the same direct ion 
wi th  respec t  to z for  al l  pores, cm 

z distance f rom the bu lk  gas-e lec t rode  interface  
into the porous electrode,  cm 

Greek Symbols 
t ransfer  coefficient 

a ( r )  pore  size dis t r ibut ion,  cm-1  
'1 polar izat ion (dr iv ing  force) ,  V 

surface tension of e lectrolyte ,  d y n / c m  
poros i ty  

eg poros i ty  of gas-f i l led pores  
r poros i ty  of l iquid-f i l led  pores  
r s t anda rd  devia t ion  of pore  size d is t r ibu t ion  

function, cm 
T tor tuos i ty  
0 contact  angle,  degrees  

dimensionless  coordinate,  z/d 
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Electrochemical Photocapacitance Spectroscopy Method for 
Characterization of Deep Levels and Interface States in 

Semiconductor Materials 

Ron Haak and Dennis Tench 

Rockwell International Science Center, Thousand Oaks, California 91360 

ABSTRACT 

The recently developed electrochemical photocapacitance spectroscopy (EPS) method for characterization of deep lev- 
els in semiconductors is described. Topics discussed include the advantages of the method, experimental considerations, 
and the determination of state densities and kinetic parameters (associated with state population/depopulation). Both 
steady-state and transient capacitance changes are treated mathematically. Data for n-GaAs, p-GaAs, n-CdSe, a-Si and 
p-Zn~P~ are presented to illustrate the wide applicability of the method and its sensitivity to both bulk and interface states, 
including those observed by other characterization methods. 

Electrochemical photocapacitance spectroscopy (EPS) 
has recently been shown to be a sensitive means for 
characterization of deep levels in semiconductor mate- 
rials (1). In the present paper, the EPS technique is 
described and illustrative results are presented for a 
variety of s ingle-crystal  and polycrystall ine materials. 
Since the intent of the authors is to encourage and 
facilitate use of EPS by both physicists and electro- 
chemists, considerable detail  is given in areas expected 
to be unfamiliar to either group of scientists. I t  should 
also be emphasized that the focus here is on covering 
the practical aspects of applying the method rather  than 
on providing a comprehensive quantitative treatment. 

EPS Method 
In EPS, the capacitance of a reverse-biased semi- 

conductor electrode is measured as a function of the 
wavelength of incident sub-bandgap light. The elec- 
trostatic situation and possible phototransitions for an 
n- type semiconductor are depicted in Fig. 1. In the 
dark, all of the negative charge in the electrolyte Helm- 
holtz layer must be compensated by fixed ionized 
donors so that the space-charge layer extends deep into 
the semiconductor. At sufficiently anodic bias voltages 
(except at very high charge-carr ier  concentrations), 
the space-charge capacitance is generally small (<0.1 
;,F/cm2) compared to the Helmholtz layer  capacitance 
(~20 ~F/cm~). In this case, the impedance of the inter-  
facial region is dominated by the space charge, so that 
additional charge, introduced by optical populat ion/de-  
population of traps or interface states, significantly 
affects the thickness of the space-charge layer  and is 
readi ly detected as a change in capacitance. Transitions 
from bandgap states (electron traps) into the conduction 
band introduce additional fixed positive charge to the 
semiconductor space-charge region (or at the inter-  
face), reducing the thickness of the space-charge layer  
and increasing the capacitance. Similarly, transitions 
from the valence band to bandgap states (hole traps) 
result  in a decrease in capacitance. Charge may also 
be introduced into the semiconductor space-charge re-  
gion by localized transitions from the ground state 

Key words: semiconductor traps, electrochemical detection, 
gal l ium arsenide, cadmium selenide, amorphous silicon, zinc 
phosphide. 

to an excited state of an impuri ty (or defect center), 
followed by thermal injection of charge into one of the 
semiconductor bands (see Fig. 1). For p- type semicon- 
ductors, the capacitance change assc>ciated with a given 
type of transition is opposite in sign to that for an n- 
type material. 

Typical plots of capacitance vs. wavelength (for 
sweeps from low to high photon energies) yield a series 
of plateaus and/or  peaks, each corresponding to the 
population/depopulation of a given bandgap state. 
Plateaus are obtained for transitions that directly in- 
volve one of the semiconductor bands and can con- 
seqaently be effected by light covering a wide range of 
energies above a certain threshold. Peaks are obtained 
for localized transitions which are effected only by 
light of a relatively specific energy. The onset energy 
of the capacitance change yields the energy of the 
state, relative to the appropriate bandedge. For local- 
,ized transitions, the peak energy may be more de- 

n-TYPESEMICONDUCTOR 

CONOOCT'ONBA O 

OONORLEVEL 
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Fig. 1. Schematic representation of a reverse-biased n-type 
semiconductor, and typical phototransitions involved in electro- 
chemical photocapacitance spectroscopy. 
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~cript ive.  When  t r ap  sa tu ra t ion  s a t ta ined,  i.e., al l  
s tates  of a given energy  are  popu la t ed /depopu la t ed  
by the avai lab le  light,  the magni tude  of the capaci tance 
change yields the dens i ty  of states.  Otherwise,  the 
l a t t e r  can of ten be de te rmined  f rom the t ime depen-  
dence of the photocapaci tance  af ter  in i t ia t ing  i l lumina-  
tion. In  many  cases, bu lk  and interface s tates  can 
read i ly  be d is t inguished f rom the effect of the elec-  
t rode bias voltage, which de termines  the thickness of 
the space-charge  l aye r  and  thus the number  of bu lk  
states responding but  has l i t t le  effect on the potent ia l  
drop at the interface,  i.e., across the Helmhol tz  region.  

The advantages  of the EPS method can be sum-  
mar ized  as follows. Firs t ,  charged or d ischarged states 
produced by  photot rans i t ions  genera l ly  accumula te  in 
the  space-charge  l a y e r  or  a t  the  interface,  causing an 
in tegra l  effect on the capaci tance so that  the sens i t iv i ty  
of EPS is g rea t ly  enhanced in comparison to techniques 
based on s imple photocur ren t  measurements .  Also, in 
contrast  to EPS, techniques based on a net  flow of cu r -  
ren t  cannot  r ead i ly  dis t inguish the effects of charge 
t ransfer  media tors  in the solution f rom those associ- 
a ted wi th  interface states. Compared  to the analogous 
sol id-s ta te  photocapaci tance  technique,  EPS is also 
more sensit ive,  since leakage  currents  can be consider-  
ab ly  reduced in e lec t rochemical  systems by  ad jus t ing  
the ava i l ab i l i ty  of electronic s tates  in the e lectrolyte ,  
and the m o n o l a y e r - s h a r p  junct ion  wi th  t r anspa ren t  
e lec t ro ly tes  pe rmi t s  more  l ight  to be focused on the 
area  of interest ,  i.e., the space-charge  region.  In  add i -  
tion, compared  to techniques l ike  deep level  t rans ient  
spect roscopy (DLTS) ,  EPS is r e la t ive ly  s t ra igh t fo r -  
ward  and can be pe r fo rmed  rapid ly ,  since the blocking 
contact  is formed s imply  by  immers ing  the semiconduc-  
tor in an electrolyte ,  and measurements  are  pe r fo rmed  
at  ambien t  t empera tu re  and pressure .  Al though s lower  
wave length  scans requ i r ing  severa l  hours m a y  be re-  
quired to s tudy  slow states  or to minimize da ta  scat -  
ter, EPS spec t ra  wi th  good resolut ion  can often be ob-  
ta ined over  a 2 eV range  in 15 min. With  the  proper  
choice of e lectrolyte ,  EPS is al~o nondest ruct ive .  On the 
o ther  hand, since EPS is an in situ elect rochemical  tech-  
nique, the e lec t ro ly te  can be chosen to pe rmi t  char -  
ac ter izat ion of electronic states associated with  the 
semiconduc tor -e lec t ro ly te  in ter face  or  passive films, 
e.g., oxides. EPS could also be used for e lec t rochemical  
profiling, in which layers  of the semiconductor  are 
e lec t rochemical ly  dissolved be tween  measurements .  I t  
should also be ment ioned that  EPS is sensi t ive to both 
donor and acceptor  s tates  in the same mater ia l ,  whereas  
minor i ty  car r ie r  t raps  are  ex t r eme ly  difficult to char-  
acterize by  DLTS. EPS m a y  also be appl icable  to the  
charac ter iza t ion  of oxide films on meta l  electrodes.  

Density of bulk s ta tes .~In  calculat ing densi t ies  of 
states,  i t  is convenient  to assume tha t  exhaus t ive  de -  
p le t ion of charge carr iers  wi th in  the semiconductor  
space-charge  region prevai ls ;  this is just if ied for the 
smal l  photocapaci tance  changes n o r m a l l y  observed.  In  
this case, the  cont r ibut ion  of ionized bu lk  s ta tes  of 
dens i ty  n to the capaci tance C is given by  the wel l -  
known Mot t -Scho t tky  (2, 3) express ion 

1 8~E 
--  [i] 

C 2 esce~ 

for which k T / e  and the poten t ia l  drop in the  e lec t ro-  
lyre have  been neglected (o ther  symbols  are  defined 
be low) .  The net  number  of ionized states, which de te r -  
mines the magni tude  of the measured  capacitance,  is 
equiva lent  to the net  semiconductor  charge resul t ing  
f rom the equi l ib r ium be tween  the rmal  and optical  
emiss ion /cap ture  processes for both pos i t ive ly  and 
nega t ive ly  charged centers. Since we are  concerned 
wi th  the  change  in capaci tance associated wi th  opt ical  
popu la t ion /depopu la t ion  of  specific deep levels,  i t  is 
appropr i a t e  to wr i te  the ne t  dens i ty  of ionized s ta tes  
(n~) as  

nn : St + ~ o  [2] 

where  nt is the densi ty  of opt ica l ly  p o p u l a t e d / d e p o p u -  
la ted t raps of a specific energy,  and no is the ne t  densi ty  
of ionized states present  under  i l lumina t ion  with  l ight  
of energy  jus t  below the onset  of the t rans i t ion  of in-  
terest.  Note that  the s ign of the change in charge p ro -  
duced by  the specific photot rans i t ion  under  s tudy must  
be considered, i.e. nn increases when the exis t ing space 
charge is enhanced and decreases when it  is d imin-  
ished. 

Rewr i t ing  Eq. [1] in terms of nn and no and subst i -  
tu t ing in Eq. [2], we obta in  

8~E 
n t  - -  "+" (Co 2 - -  C 2) [3] 

r 

where  C is the capaci tance measured  with  l ight  of 
suff ic ient  energy  for popu la t ion /depopu la t ion  of the 
trap,  Co the capaci tance measured  with  l ight  of energy 
jus t  be low the onset for the t rap  under  s tudy,  E the 
e lect rode bias potent ia l  vs. UFB (f latband po ten t i a l ) ,  
~so the semiconductor  dielectr ic  constant,  and e the elec-  
t ronic charge. Thus, the dens i ty  of bu lk  t raps  (per  cm 3) 
popu la t ed /depopu la t ed  by  i l luminat ion  can be read i ly  
calcula ted f rom the associated photocapaci tance  change 
according to 

1.4 • 1020E 
nt = - (Co 2 --  C 2) [4] 

e$C 

where  capaci tance  is in ~F/cme, and  E is in volts  vs. 
UFB. When the t rap is in i t ia l ly  popu la t ed /depopu la t ed  
to ta l ly  and is fu l ly  depopu la t ed /popu la t ed  ( sa tura ted)  
by  the light,  nt ---- Nt ( the total  t rap  dens i ty ) .  This is 
the  case for a sufficiently deep t rap  (for which the rmal  
emission is negl ig ible)  when the associated capaci tance 
p la teau  or peak  is insensi t ive to the  l ight  intensi ty.  An 
impl ic i t  assumption,  of course, is tha t  the popula t ion  of 
only  one t rap  level  changes in the spec t ra l  region of 
interest .  

Density o] interface states.--For the  t r ea tmen t  given 
here,  i t  is assumed that  in terface  states do not  them-  
selves respond to the measurement  vol tage p e r t u r b a -  
t ion and, therefore,  affect the capaci tance (only  when 
charged)  via  a change in the  poten t ia l  d i s t r ibu t ion  be-  
tween the semiconductor  space change region and the 
e lect rolyte  Helmhol tz  layer .  1 In this case, we rewr i t e  
the Mot t -Scho t tky  expression sti l l  assuming tha t  the 
semiconductor  space-charge  capaci tance dominates  the 
e l ec t rode  impedance,  but  now al lowing for  the  e lec-  
tro.de potent ia l  being d is t r ibu ted  be tween  the semi-  
conductor  and the electrolyte ,  i.e. 

1 8~h@~ 

C 2 esceno 
CB] 

and since 
A~bsc = E - -  ACH [6] 

and 
e n t  

aCH : [7]  
CH 

where  5~bs~ is the potent ia l  drop across the semicon-  
ductor  space-charge  region, no the  bu lk  cha rge -ca r r i e r  
concentrat ion,  hCH the potent ia l  drop across the  elec-  
t ro lyte  Helmhol tz  layer ,  ni the  dens i ty  of ionized in t e r -  
face s tates  (per  cm2), and CH the capaci tance  of He lm-  
holtz layer .  Thus we have  

1 8~(E --  hCH) 8hE 8~enx 
: - - -  + - -  C8 ]  

C 2 esceno esoeno escnoCH 

Since A~sc ~ E when ni : 0 

1 1 8 ~ i  
[9] 

C 2 Co ~ Esc~oCn 

X Note that in the absence of interface states the ~otential 
drop across the Helmholtz layer is practically constant with elec- 
trode potential over the range of interest to the present work. 
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s o  tha t  

ni  = - -  [10]  
8~ Co 2 C2 

where  C is the capaci tance wi th  in terface  s tates  ionized, 
and  Co the capaci tance in the absence of in ter face  s ta te  
ionization. 

Taking  CH ---- 20 # F / c m  e, which  is its typ ica l  value 
(4), we have 

ni : 8.7 X 10 -7~scno - [11] 
Co s C2 

where capacitance is in ~F/em 2. 

D e e p  l e v e l  k i n e t i c  c h a r a c t e r i s t i c s . - - T h e  kinetics  of 
processes involved  in filling and empty ing  deep t rap  
levels  can also be s tudied by  EPS. In this case, the 
photocapaci tance  t rans ients  are  measured  af ter  in i -  
t ia t ion and af ter  in te r rup t ion  of i l luminat ion.  The gen-  
era l  express ion 2 for  the  change in the  concentra t ion of 
ionized s ta tes  wi th  t ime is 

dns  
: ki(Ns --  ns) --  karts [12] 

d t  

where  ns is the dens i ty  of ionized states, N~ the to ta l  
dens i ty  of  t rap  states, ki the  ionizat ion constant,  kn the  
neu t ra l i za t ion  constant,  and  t t ime. Note tha t  kl and kn 
inc lude  te rms for both t he rma l  and opt ical  processes. 

In tegra t ion  of Eq. [12] y ie lds  

I n  [ ( k i -  ~ k n ) n s  - -  kiNs]  "- - -  (k i  -~- k n ) t  -}- K [13] 

where  K is the  in tegra t ion  constant .  
The components  of ki and kn depend  on the na tu re  of 

the  state. For  a s ta te  tha t  becomes more posi t ive when 
ionized 

ki - -  ent -J- en ~ -j- Cp [14] 

kn  ----- ep t -~- %0 .]_ Cn [15] 

whereas  for a s tate tha t  becomes more  nega t ive  when 
ionized 

kt = ep t -t- %o .~_ Cn [16] 

kn = ent Jc en ~ + Cp [17] 

where  en t and  ep t a re  t he rma l  emission ra te  constants,  
en o and %o optical  emission ra te  constants,  and Cn and 
cp capture  ra tes  for electrons and holes, respect ively .  
The var ious  processes involved can be visual ized with  
the  aid of Fig. 2. Note tha t  an increase in posi t ive 
charge produces  an increase in C for an n - t y p e  semi-  
conductor  but  a decrease  for  a p - t y p e  mater ia l ;  a 
decrease  in posi t ive  charge produces  the opposite 
effects. 

The capture  ra tes  include a factor  for  the  appropr ia t e  
minor i ty  ca r r i e r  concentrat ion,  i.e. 

SThe t rea tment  given here  is similar to tha t  presented by 
Miller et al.  (5) except that  the  equations are derived in t erm 
of ionized states .  

DECREASES 
POSITIVE 
CHARGE 

CONDUCTION BAND 

INCREASES 
POSITIVE 
CHARGE 

et o e 
fl n 

T Cp 

| 

BANDGAP STATE 

VALENCE BAND 

c n 

Fig. 2. Schematic diagram depicting the various ionization and 
neutralization processes for a semiconductor bandgap state. 

cn = ~n~nn [18] 

and 
Cp : ~pvpp [19] 

where  #n and ~p are  capture  cross sections, vn and vp 
average  the rmal  velocities,  and n and p charge carr ier  
concentrat ions.  Equat ions  [18] a~.d [19] are  for e lec-  
t rons and holes respect ively .  

D e e p  l e v e l s  in  w i d e - b a n d g a p  ma ter ia l s . - - -O f  special  
in teres t  from a prac t ica l  s tandpoin t  is the charac te r iza-  
t ion of deep t raps  in r e l a t ive ly  w i d e - b a n d g a p  extr ins ic  
semiconductors ,  for  which  the rmal  emission processes 
and the concentra t ion of minor i ty  carr iers  can of ten be 
ignored.  Fo r  a specific example ,  consider an n - t y p e  
m a t e r i a l  containing a deep e lec t ron t rap  tha t  is neu t r a l  
when filled and pos i t ive ly  charged when empty.  In  
this  case, en t and cp are  t aken  as zero, i.e. 

ki : en~ [20]  
a~d 

kn : ep t ~- %0 .~_ Ca [21] 

Fi rs t  consider  repopula t ion  of the states in the da rk  
af te r  at  least  a por t ion of them have been ionized by  
i l luminat ion.  Since en o and ep ~ are  also zero in this  
case, ki ---- 0 and kn : ep t -~- en, so that  Eq. [13] reduces  
to 

-- In ns : (ep t -~- Cn) t -~- K [22] 

of nt  and ni f rom Eq. [3] and [I0] for ns 

8~E 
(Co s -- C 2) ] : (ep t -J- cn)t J- K [23] 

es~e .I 

Subst i tu t ion  
yie lds  

--in [ 

for  bu lk  states, and 

[ escnoCH ( 1 1 
- -  In  

8~: Co 2 C2 

for in terface  

{ Co 2 - CtS 
in  

Co 2 - Ct=~2 

for  bu lk  states,  and 

1 1 

] = ( e p t + C n ) t +  K 

[24] 

states. Solving for  K at  t = 0, we have  

" -  - -  (ep  t n u Cn) t  [25]  

1 I ]_.. (ept.~. Cn) $ 
Ct_-_92 

[26] 

for  in terface  states (where  Ct and Ct=o represen t  C at  
t ime t and t ---- 0, respec t ive ly) .  

Thus, plots of In [(Co 2 --  C t 2 ) / ( C o  2 - -  Ct=os)] for  
bulk  states or In [ (1/Co 2 --  1 / C t 2 ) / ( 1 / C o  2 - -  1/Ct=0 s) ] 
for  in terface  states vs. t ime should y ie ld  a s t ra igh t  l ine  
of slope (ep t -~- Cn). For  states sufficiently above the  
valence band in energy,  ep t c a n  also be taken  as zero 
and Cn is obta ined  direct ly .  When this is not  the case, 
cn, which  is p ropor t iona l  to n, can be eva lua ted  f rom 
the effect of in jec t ing  a known  concentra t ion  of m a -  
j o r i t y  carr iers  (e lect rons) .  This can be accomplished by  
momen ta r i l y  reducing  the bias vol tage (6).  A l t e r n a -  
t ively,  in e lec t rochemical  systems,  it  is possible to ad-  
jus t  the da rk  current ,  which de te rmines  the  overa l l  
va lue  of n th rough  the space charge region b y  adding  
appropr ia t e  solut ion redox  couples tha t  inject  ma jo r i t y  
carr iers  into the semiconductor .  The more  negat ive  the  
redox  poten t ia l  of the couple, the  g rea te r  the t endency  
to in jec t  electrons. I t  should be ment ioned  tha t  ana lo-  
gous procedures  could be used to eva lua te  minor i ty  
ca r r i e r  capture  ra tes  f rom EPS measurements .  In  this 
case, minor i ty  carr iers  would  be in jec ted  b y  momen-  
t a r i ly  fo rward  bias ing the  semiconductor  (6) or  em-  
ploying solut ion redox couples tha t  a re  sufficiently 
posi t ive for n - t y p e  semiconductors  or sufficiently nega-  
t ive for  p - t y p e  mater ia ls .  

Now consider  the  change in photocapaci tance  w i t h  
t ime af te r  in i t ia t ing  i l luminat ion.  Since ns ---- 0 at  t = 0, 
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Eq. [13] becomes 

1 i n [ l _  ( k l + k n )  ] ns = t [27] 
(kl- kn) kiNs 

Having determined kn from photocapacitance decay 
studies we can readily calculate kl when Ns is known, 
i.e., when trap saturation can be attained. Otherwise, 
kl and Ns can be determined by iteration to attain the 
best fit for Eq. [27]. If' the photon flux (I) is known, 
the optical cross section (~n ~ can be extracted from en ~ 
(which equals ki in this case) since ea o -- aaoI. 

Experimenta Considerations 
Fflectrolyte se lec t ion .wFor studies, of a specific elec- 

trochemical system, EPS measurements are, of course, 
.made in si tu in the electrolyte of interest. In other 
cases, however, an electrolyte must be selected. 

Interface states associated with oxygen adsorption or 
surface oxides can readily be studied by EPS in aque- 
ous solutions, in which oxide interracial structures are 
apparently stable. Note that for n-CdSe (see Results 
section), interface states associated with oxygen ad- 
sorption are found to be practically unchanged in 
aqueous systems compared to the vacuum. In EPS, the 
environment, i.e., electrode potential and solute/solvent, 
can also be easily varied. Such studies can provide 
valuable information about oxidation/passivation phe- 
nomena. 

In cases for which there is flexibility in the choice 
of electrolyte for EPS measurements, two prime con- 
siderations are the electrolyte optical transmission and 
electrical conductivity. Ideally, the electrolyte should 
be transparent to light ranging in energy from the 
bandgap down to midgap, which permits the entire 
bandgap region to be probed (via transitions involving 
both bands). Solvents that are sufficiently polar can 
generally be rendered electrically conductive via dis- 
solution of appropriate salts. Tetraalkylammonium 
salts are typically used with the nonaqueous solvents. 

Optical transmission spectra for some key solvents 
are shown in Fig. 3 and 4; the cell path length was 1.0 
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F e b r u a r y  1984 
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Fig. 4. Optical absorption spectra for chloroform and deuterated 
chloroform (1.0 mm path length). 

mm, which is approximately equivalent to the thick- 
ness of electrolyte through which light passes in the 
EPS cell used in the present work. The useful range for 
water (Fig. 3), which is limited by the onset of ab- 
sorption associated with O-H stretching, is seen to ex- 
tend down to about 0.9 eV (1350 nm). Note that the 
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Fig. 3. Optical absorption spectra for water and acetonitrile 
( I .0 mm path length). 

transmission cutoff for alcohols would be similar to 
that of water. Aeetonitrile (Fig. 3) exhibits no sig- 
nificant absorption features down to about 0.75 eV 
(1650 nm) where the onset of sharp absorption peaks 
associated with the C-H bond is observed. At energies 
between 0.75 and 0.55 eV, several sharp spectral fea- 
tures are evident, but considerable light transmission 
also occurs. Thus, aeetonitrile can be used with little 
concern down to 0.75 eV, and between 0.75 and 0.55 eV 
with caution. In all cases, EPS spectra should be closely 
examined to determine which features might result 
from solvent absorption. The effects of the latter can be 
checked by varying the solvent or the thickness of the 
electrolyte layer in the light path. Chloroform, which 
contains only one C-H bond, exhibits significantly 
weaker absorption (the only pronounced spectral fea- 
tures are two sharp peaks at 0.52 and 0.73 eV) so that 
its useful range extends to at least 0.5 eV (Fig. 4). 
The effects of solvent absorption features associated 
with hydrogen can be even further reduced by use of 
deuterated solvents. Figure 4 also shows the transmis- 
sion spectrum for deuterated chloroform (a readily 
available solvent); the good transmission character- 
istics extend to beyond 0.5 eV (the only pronounced 
spectral feature is a sharp peak at 0.55 eV), permit- 
ting bandgaps in the 1 eV range to be probed. 

Another consideration in selecting a solvent is the 
stability of the semiconductor in the electrolyte. Al- 
though chemical instability may be a problem in some 
cases, the primary concern is the effect of photogener- 
ated minority carriers, which migrate to the interface 
and can result in dissolution of the semiconductor 
and/or film formation. It should be emphasized at the 
outset that, in our experience, such effects are gen- 
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eral ly small  and do not  appreciably affect shor t - te rm 
EPS measurements .  In  the case of bulk states, even 
long- te rm measurements  may  not  be affected by a slow 
rate of photodissolution, but  film formation, when it 
occurs, is l ikely to cause the baseline capacitance to 
drift  with time, making  quant i ta t ive  inferences more 
difficult. For studies of inter~ace states, both photo- 
dissolution and film formation are l ikely to affect the 
s t ructure  of the interracial  region and interfere  with 
EPS measurements .  It  should be ment ioned that al-  
though the less polar nonaqueous solvents general ly 
provide greater inheren t  s tabil i ty against  semiconduc- 
tor photodissolution, there is also a greater tendency 
toward film formation in such media. 

Photodissolution and film formation processes can 
general ly be great ly suppressed or practically el imi-  
nated by  incorporat ion of sui table redox species in 
the electrolyte. In  this case, photogenerated minor i ty  
carriers are removed as they arrive at the interface 
(before semiconductor .degradation can occur) by 
reaction with the redox species, which is s imul tane-  
ously converted to another  soluble species. The sta- 
bil izing effect of redox species is to some extent  re- 
flected in the redox couple potential,  but  other factors 
are also impor tant  in this respect, and the effect of the 
couple on the interface characteristics and dark current  
must  be considered. For  example, specific adsorption 
of redox species can affect the interracial  s tructure 
and the semiconductor/electrolyte  potent ia l  dis t r ibu-  
tion, and may  result  in an increase in dark current.  
Ideally, both halves of the couple should be t ransparent  
to l ight in the energy range of interest  (or be present  
in small  concentrat ion) and should not adsorb s trongly 
on the semiconductor. Fortunately ,  a large n u m b e r  of 
redox couples have been studied for use in stabilizing 
electrochemical solar cells; even the least stabilizing of 
those reported in the l i terature  would p r o b a b l y - b e  
effective for the extremely small  currents  flowing dur -  
ing EPS measurements .  

It  should also be ment ioned that  some electrolyte 
redox species may  exchange electrons with interface 
states, affecting their  populat ion and hence the magni -  
tude of any corresponding EPS spectral feature. Such 
effects may be undesirable  in some cases, but  can also 
be exploited to investigate the extent  to which a par-  
t icular  interface state mediates electron transfer  be-  
tween the semiconductor and the electrolyte. Charge 
transfer  mediat ion undoubted ly  plays an impor tant  
role in the funct ioning of many  electrochemical sys- 
tems, par t icular ly  those involvin~ electrocatalysis, but  
its fundamenta l  aspects have remained obscure. 

Measurement ]requency.--The voltage per turbat ion  
f requency employed in EPS measurements  can to some 
extent  be used as an adjustable parameter  to maximize 
the signal to noise ratio and, in that  manner ,  the sensi- 
t ivity to capacitance changes. In this case, the frequency 
is chosen to yield a relat ively large value for the capaci- 
tive reactance, as indicated by a large phase shift 
(70o-90 ~ ) between the voltage per turbat ion  and the 
current  response. When there is appreciable frequency 
dispersion, this procedure will  lead to some uncer ta in ty  
in the calculated densities of states, but  the associated 
error  is general ly  very small  for smooth single-crystal  
electrodes and is typical ly much less than an order of 
magni tude  even for polycrystal l ine materials.  In  any 
case, measurements  made at a given frequency should 
provide a relat ive measure of the densi ty  of a par-  
t icular  state. 

Errors associated with f requency dispersion can be 
minimized if the source of the dispersion is known. 
Genera l ly  speaking, high f requency measurements ,  for 
which the effects of surface inhomogeneities and lattice 
defects are minimal ,  are considered more reliable. This 
is often not the case for polycrystal l ine films having ap-  
preciable porosity, since, because of the tortuous cur-  
ren t  paths involved, a large port ion of the pe r tu rba -  

tion voltage at high frequencies may fall across the 
electrolyte rather  than the semicon0uctor.  Therefore, 
for porous films low frequency measurements  may  be 
more reliable. 

Measurements  at various per turbat ion  frequencies 
can a~o provide addit ional  inmrmat ion .  For example, 
the exchange of electrons between interface states and 
electrolyte species in response to the voltage per tu rba-  
tion, which may occur under  some bias potent ial  con- 
ditions, is l ikely to be a re la t ively slow process which 
contributes to the measured capacitance only at low 
frequencies, In this case, the associated EPS spectral  
feature will  vanish as the per tu rba t ion  frequency is 
increased, 

Electrode bias voltage.--The electrode bias potent ial  
is typically varied over the range where the semicon- 
ductor is reverse biased and the .dark current  is min i -  
mal. As already mentioned,  the magni tude  of EPS spec- 
t ra l  features associated with bu lk  states general ly  
varies l inear ly  with the space-charge depletion width, 
whereas those associated wi th  interface states are re la-  
t ively potent ial  insensitive. Thus, bulk  and interface 
states can typically be dist inguished from the effect of 
the electrode bias potential.  Identification made in this 
way can readily be verified by changing the solvent  or 
adding surfactants to the electrolyte. The surfactants 
typical ly have a large effect on the energies /popula-  
tion of interface states but  have little effect on the EPS 
characteristics of bulk  states. 

Changes in the populat ion of interface states with 
electrode bias voltage can also be detected by EPS. In  
this case, the magni tude  of the photocapacitance change 
corresponding to the interface state should vary  ra ther  
abrupt ly  over a l imited potential  range as the state 
populat ion changes; this contrasts with the Mott- 
Schottky behavior associated with a bulk  state. It  
should also be ment ioned that the potential  dependence 
of the populat ion of an interface state is l ikely to be 
affected by the presence of redox species in the elec- 
trolyte, which can exchange charge with the state. 

Experimental Details 
Figure 5 shows a block diagram of the apparatus 

used in the present  work. Complete computer  control 
was provided by a Hewlett  Packard 9826 desktop com- 
puter. The real and imaginary  components of the elec- 
trode impedance were .determined by a Solartron Model 
1172 frequency response analyzer  which automatical ly 
averages over many  per turba t ion  cycles. The per tu rba-  
tion voltage was typical ly 10 mV (rms) ,  al though larger 
voltages are sometimes used for highly resistive mate-  
rials. The impedance of the counterelectrode (Pt) and 
lead inductance effects were el iminated from the mea-  
surement  by use of a Stonehart  Model BC 1200 poten-  
tiostat (which employs a dual working electrode lead,) 
in  the three-electrode mode. A Tektronix  Model AM501 
differential amplifier was employed between the po- 
tentiostat  and the frequency response analyzer,  Mono- 
chromatic i l luminat ion  (1-2 m W / c m  2) having a band-  
width of ,-~8 nm (depending on the slit dimensions and 
diffraction grating) was provided by a 1000W tungs ten-  
halogen lamp 8 via an Ins t ruments  SA Model HT-20 
turre t  monochromator.  Appropriate  o rder ing /neu t ra l  
density filters were inserted automatically.  

With the apparatus described here, capacitance 
changes of 0.01% can be measured. This corresponds to 
a detectabi l i ty  l imit  for both bulk  and interface states 
(the latter expressed per cm 2) of 0.02% of the overall  
charge carrier concentration. 

The electrochemical cell was gIass with a quartz 
optical window and a Teflon top through which cell 
~connections were made. The electrolyte volume was 
~200 ml. An iner t  atmosphere was mainta ined via 

3 The spectral output for this lamp is relatively monotonic; for 
most other light sources, particularly Xe lamps, it is important 
to take into account intensity variations with wavelength. 
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Fig. 5. Block diagram of the EPS apparatus 

argon bubbl ing  th rough  the solution. The p l a t inum 
countere lec t rode  was isolated f rom the main  cel l  com-  
p a r t m e n t  via  a glass frit .  The reference e lect rode was a 
double  junc t ion  sa tu ra ted  calomel  e lect rode (SCE) or  
Ag/AgC1 in aqueous solutions, and an A g / A g  + (aceto-  
ni tr i le/0.1M AgNO3/0.1M t e t r a e t h y l a m m o n i u m  pe r -  
chlorate)  in nonaqueous electrolytes .  Al l  bias voltages 
are  given re la t ive  to the f la tband potent ia l  (UFB), 
which was de t e rmined  by  ac impedance  measurements  
as a function of po ten t ia l  (values typ ica l ly  agreed  wi th  
those observed for  pho tocur ren t  onset) .  

Semiconductor  electrodes,  wi th  appropr ia t e  ohmic 
contacts, were  moun ted  in po lyes te r  resin (Torr  Seal, 
Varian,  Incorpora ted)  so that  only the desired surface 
was exposed to the e lectrolyte .  The area  of the exposed 
semiconductor  surface was usua l ly  0.2 cm e, pe rmi t t ing  
total  i l luminat ion  of the surface. For  la rger  electrodes.  
the  d a r k  capaci tance associated wi th  the un i l lumina ted  
port ion of the exposed surface was sub t rac ted  from a l l  
measured  capaci tance values.  Single  crys ta l  e lectrodes 
were  genera l ly  pol ished using aqueous s lurr ies  of suc-  
cessively finer a lumina  powders  to a par t ic le  size of 
0.3 #m before  etching; thin film mate r ia l s  received no 
mechanica l  p re t rea tment .  The fol lowing etching p ro -  
cedures were  used. GaAs electrodes were  immersed  in 
50/50 volume percen t  (v /o )  H2SO4/H;O2 (30%) for 
,,,10s. CdSe electrodes were  etched in ,-,50 v /o  HNOs for 
~,10s, then  d ipped  in aqueous polysulf ide solution (1.0M 
S -t- 2.5M Na2S -t- 1.0M KOH) to remove  excess Se 
f rom the surface.  Amorphous  Si specimens were  used 
as obtained.  Zn~pr2 electrodes were  etched in 1 v /o  b ro -  
m i n e / m e t h a n o l  for 5-10s. 

Results and Discussion 
Deep traps in n-GaAs .~The  sens i t iv i ty  o f  EPS to 

some of the  more common deep t raps  in n -GaAs  is 
i l lus t ra ted  by  the spec t rum for hor izonta l  Br idgman  
mate r i a l  (<100>)  shown in Fig. 6; corresponding pho-  
to t ransi t ions  are  depic ted  in the  insert .  The impor t an t  
fea tures  a p p a r e n t l y  correspond to the  "B" s tate  (7, 8) 
(decrease in capaci tance at  0.73 eV),  the  "EL2" leve l  
(9, 10) ( increase in C at  0.83 eV),  chromium (11) 
(peak  at 0.92 eV super imposed  on EL2 wave) ,  and  an 
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Fig. 6. EPS spectrum (measured at 5 kHz} and associated 
energy levels/phototransitions for n-GaAs (0.SV vs. UFB) in 0.1M 
tetraethylammonium perchlorate/acetanitrile solution. 

unidentif ied donor s ta te  at  1.09 eV. Al l  of these t rans i -  
t ions exhib i t  the e lec t rode-po ten t i a l  dependence  ex -  
pected for bu lk  states.  Some surface p re t r ea tmen t s  in-  
t roduce an addi t ional  donor  s ta te  at about  0.70 eV 
which appa ren t ly  resides at  the interface,  since the as-  
sociated capaci tance change is potent ia l  independent .  
Based on the capaci tance changes, the densi t ies  of a l l  
bulk  states detected are  N1014/cm 8, which are  reason-  
able values when compared  to l i t e ra tu re  da ta  for s imi la r  
mater ia l .  Also secondary  ion mass spectroscopy (SIMS) 
analysis  indica ted  that  the  chromium concent ra t ion  in 
our ma te r i a l  was 2 • 1014/cm 3, 

Comparison with DLTS . - -~  di rec t  comparison be -  
tween EPS and DLTS was made  for a l i qu id -encap-  
sula ted  Czochralski  (LEC) p - G a A s  specimen (<100>);  
a typica l  EPS spec t rum and the assumed pho to t rans i -  
t ions are shown in Fig. 7. Wi th  DLTS, on ly  the hole 
t rap  (acceptor  level)  corresponding to the  sharp  ca-  
paci tance increase at  0.69 eV in the EPS spec t rum was 
detected.  Both methods  y ie lded  about  the  same densi ty.  
for  this state,  1015/cm ~. Three  addi t ional  s tates  were  
detected by  EPS, corresponding to a capaci tance de-  
crease at  ~0.74 eV (electron t r ap ) ,  a peak  at  0.9 eV 
(p robab ly  a localized impur i ty  t rans i t ion) ,  and an in-  
crease in capaci tance at  1.06 eV (hole t r a p ) .  Al though  
the sum of the energies of the 0.69 and 0.74 eV levels  
corresponds closely to the bandgap  (1.42 eV),  com- 
p ]emen ta ry  t ransi t ions  involving the same center  are  
not  involved.  This was shown c lear ly  f rom the t ime de-  
pendence of the capaci tance upon shif t ing the wave -  
length  f rom one value  to ano ther  or  in te r rup t ing  i l lu-  
minat ion.  For  example ,  if 1500 nm l ight  is blocked,  the  
,capacitance r ap id ly  increases to a s lowly decaying 
value  because the l i fe t ime of the  occupied 0.74 eV level  
is r e l a t ive ly  shor t  ( < l s ) ,  whereas  that  of the occupied 
0.69 eV hole t rap  is ve ry  long (at leas t  s eve ra l  m in -  
urea).  

Interface states at n-CdSe.--The sens i t iv i ty  of EPS  
to interface states is bes t  i l lus t ra ted  by  da ta  obta ined 
for n-CdSe,  for which in ter face  s ta tes  associated wi th  
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oxygen  adsorpt ion  p lay  a dominant  role (12, 13). F ig -  
ure  8 shows an EPS spec t rum and associated photo-  
t ransi t ions  for  a chemical ly  e tched s ingle  c rys ta l  of 
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Fig. 8. EPS spectrum (measured at 5 kHz) for chemically etched 
single-crystal n-CdSe (0.7V vs. UFB) in 0.SM KOH solution (curve 
1) and surface photovoftage spectra for oxygen-adsorbed (curve 2) 
and vacuum-cleaved (curve 3) slngle-crystal n-CdSe. Surface 
photovoltage data taken from Ref. (12); ACPD ~ change in con- 
tact potential difference. Reproduced with permission of North 
Holland Publishing Company, Amsterdam, from Surf. Sci., 69, 62 
(1977). 

n-CdSe  (c leaved pe rpend icu la r  to c-axis)  in a basic  
aqueous e lec t ro ly te  (curve 1), as wel l  as surface pho-  
tovol tage spec t ra  (curve 2 and 3) r epor t ed  by  Bri l l son 
(12) for oxygen-adso rbed  (70% coverage)  and vac-  
uum-c leaved  (LEED-ordered)  s ing le -c rys ta l  n -CdSe  
surfaces. Three  capaci tance increases /p la teaus ,  associ- 
a ted wi th  t ransi t ions  f rom donor s tates  a t  1.04, 1.28, 
and 1.34 eV to the conduct ion band,  are evident .  Note 
that  there  is also a ba r e ly  d iscernible  capaci tance de-  
crease at  ~1.6 eV, which corresponds to a t rans i t ion  
f rom the valence band to an ionized donor s ta te  located 
jus t  be low the conduct ion band;  this s ta te  occurs in 
much h igher  concentrat ions  in some po lycrys ta l l ine  
mater ia ls .  

The s imi la r i ty  be tween  the  surface photovol tage  
spec t rum for the oxygen-adsorbed  surface and the 
EPS s p e c t r u m  is s t r iking,  indica t ing  that  the surface  
oxide s t ructure  is s imi lar  in the  two envi ronments  and 
tha t  the same bandgap  states a re  involved.  The 1.04 
eV transi t ion,  and  poss ibly  the  t rans i t ion  at 1.28 eV 
(not resolved by  the vacuum technique) ,  mus t  involve 
interface  states associated wi th  oxygen  adsorpt ion,  
since no change in surface photovol tage  was observed 
for the  vacuum-c leaved  CASe (curve 3) in this  energy  
range.  The 1.34 eV t rans i t ion  is a ppa re n t l y  intr insic  to 
CdSe, since it is ev ident  in the photovol tage  spec t ra  
for both vacuum-c leaved  and oxygen -adso rbed  CdSe 
crystals .  EPS da ta  for n - C d S e  s ingle  crystals  wi th  
var ious  surface p re t r ea tmen t s  also indicate  tha t  both  
the 1.04 and 1.34 eV t ransi t ions  are  associated with  in-  
terface states. Fo r  example ,  a l though the same t rans i -  
t ions are  observed  in al l  cases, concentra t ions  of the 
1.04 and 1.34 eV states  are  reduced  by  photoetching 
and g rea t ly  increased by  mechanica l  polishing.  EPS 
data  for  n -CdSe  in aqueous solutions also corre la te  ex-  
t r emely  wel l  wi th  o ther  so l id-s ta te  l i t e ra tu re  data  for 
oxygen-adso rbed  surfaces [e.g., (13)].  As an indicat ion 
of the  sensi t iv i ty  of the EPS method,  the concent ra-  
t ion of the  1.04 eV interface  s ta te  ca lcula ted  according 
to Eq. [2] from the da ta  in Fig. 8 is 3 • 1012/cm ~, and 
tha t  of the 1.28 eV s ta te  is 5 • 10n/cm 2. 

Amorphous silicon.--EPS has also been  appl ied  suc-  
cessfully to charac ter iza t ion  of amorphous  silicon. F ig -  
u re  9 shows an EPS  spec t rum on three  di f ferent  scales 
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Fig. 9. EPS spectrum for a-Si (measured at 10 kHz) in 0.1M 
tetrabutylammonium perchlorate/acetonitrile. 
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(offset) for an a-Si specimen (deposited on stainles~ 
steel) in an acetonitrile electrolyte. Two relatively 
weak transitions (onsets at L13 and 1.34 eV) and four 
stronger transitions (onsets at 1.41, 1.50, 1.58, and 1.77 
eV) are resolved as a series of plateaus, all correspond- 
ing to excitations from states within the mobili ty gap 
to the conduction band. Apparently,  both band-tai l  
states and gap states (14) in a-Si can be detected by 
EPS. 

Kinetic studies.--Finally,  EPS evaluation of deep- 
level kinetic parameters will be i l lustrated for one 
specific case. Figure 10 shows a typical EPS spectrum 
obtained for thin film p-ZnsP2 (prepared by chemical 
vapor deposition on tungsten-coated silicon steel). Note 
that at wavelengths longer than 1100 nm the capaci- 
tance scale is 100-fold more sensitive and the EPS 
curve is offset. There are two well-defined peaks (0.74 
and 1.02 eV) presumably corresponding to localized 
impuri ty transitions, and two capacitance increases 
(onsets at 1.08 and 1.27 eV) corresponding to transi-  
tions from the valence band to bandgap states. The 1.08 
eV level is apparently an interface state since it varies 
considerably with surface pretreatment,  sometimes ob- 
scuring the 1.02 eV peak. The other states apparently 
reside in the bulk. 

Consider the 0.74 eV bulk state in p-ZnzP~. The time 
dependence of the photocapacitance after initiation and 
interruption of 1680 nm illumination is shown in Fig. 11. 
Figure 12 shows a plot of In [(Co 2 -- Ct2)/(Co 2 -- Ct=02)] 
vs. time in the dark, which, according to Eq. [25], 
should yield a straight line of slope k~. The good lin- 
eari ty at longer times is evident. Note that the initial 
rapid decrease in C, which results in a non-zero in- 
tercept, is probably caused by edge effects. Figure 13 
shows the photocapacitance rise data from Fig. 11 and 
the theoretical curve (solid line) obtained by com- 
puter fitting the data to Eq. [27] us ing the kn value 
from Fig. 12; the good fit is evident. Calculated values 
for Ns and ko are also given in Fig. 13. The value for 
hrs (1.4 • 1016/cm s) is slightly higher than that calcu- 
lated from the overall capacitance change (8.5 • 10t5/ 
cm~), since trap saturation had not been attained. In 
cases for which the capacitance change is independent 
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of illumination intensity, the two calculated values for 
Ns are found to be equivalent. 

Summary and Conclusions 

EPS has been demonstrated to be an extremely sen- 
sitive means for characterization of deep electronic 
levels in a wide variety of semiconductor materials. 
Application of the method, which is nondestructive and 
provides in situ electrochemical information, is rela-  
t ively straightforward and rapid; the blocking contact 
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being formed simply by immersing the semiconductor 
in a liquid electrolyte and measurements are made at 
ambient temperature and pressure. Information con- 
cerning the energetic location, density, and population/ 
depopulation kinetics for both bulk and interface states 
is provided. 
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Performance and Discharge Characteristics of Ca/LiCI, LiNOJLiNO3, 
AgNOJNi Thermal Battery Cells 

G. E. McManis,* M. H. Miles,* and A. N. Fletcher* 

Chemistry Division, Research Department, Naval Weapons Center, China Lake, California 93555 

ABSTRACT 

Thermal battery cells utilizing molten LiNO3 as an oxidizing electrolyte with calcium anodes have been characterized 
for high rate discharge conditions. The presence of small amounts of AgNO3 greatly improves the cathode reaction. Half-cell 
studies of anode characteristics show little variation of anode potential with temperature. Gassing at the anode-electrolyte 
interface increases with temperature and current density. Overall anode consumption rates increase with increasing tem- 
perature, while anode coulombic efficiencies dro p at high rates of discharge (300 mA/cm-2). Cathode half-cell data reveal 
that high rate reduction of AgNO~ dissolved in LiNO3 yields masses of dendritic growth at low temperatures (260~176 
while at higher temperatures (> 400~C) correspondingly fewer dendritic structures are observed. Cell experiments show 
anticipated current-voltage-temperature relationships, effectively mirroring half-cell experiments. Cell voltages sustain 
over 2V at 75 mA/cm -2 for periods which vary according to temperature of discharge. 

Extensive research has been directed toward the de- 
velopment of a new generation high power-densi ty 
thermal bat tery system for high rate discharge appli-  
cations to replace the Ca/LiCI-KC1/CaCrO4 system, 
which has been in use since World War II. The Ca/ 
CaCrO4 system exhibits a highly complex cathodic re-  
action. Furthermore, CaCrO4 is a known carcinogen, 
and chromium is a strategic material  with minimal 

�9 E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

U.S. reserves (1). An ideal thermal bat tery  system 
would be capable of rapid activation, achieving high 
energy and power densities over a wide operating 
range of temperatures, and sustaining high current 
densities without utilizing strategic or toxic materials. 

Much progress has been made in the development of 
new anode materials (LiA1, LiSi, LiB) and in the 
development of transit ion-metal  sulfide cathodes (FeS, 
FeS2), but the electrolyte most commonly used re-  
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mains  the LiC1-KCI eutectic mel t ing  at 352~ (2). A 
lower  e lec t ro ly te  mel t ing  point  would  minimize both 
the quant i ty  of pyrotechnic  heat ing ma te r i a l  and the 
quan t i ty  of insula t ion requ i red  for cell  ac t ivat ion and 
discharge.  

L i th ium n i t r a t e  is a s t rong oxidiz ing agent  wi th  the 
dr ied  reagent  g rade  mel t ing near  255~ As an oxidiz-  
ing salt, the need for a separa te  cathodic l aye r  (such as 
CaCrO4) is e l imina ted  (3). The calcium anode in con- 
tact  wi th  mol ten  LiNO3 wi thout  added  hal ide  passi-  
vates, and r ap id ly  forms a nonstoichiometr ic  calcium 
oxide film. This film prevents  reaching the t rue  
equi l ib r ium potent ia l  and the passage of la rge  cur ren t  
densitie~ (4). The addi t ion of hal ides produces corro-  
sive a t t ack  of the film wi th  subsequent  p i t t ing  and 
thinning of the  film a l lowing for high ra te  discharge 
at  useful  potent ia ls  (4-6).  Chloride ion concentrat ions 
over  20 mol percent  (m/o)  have been found op t imum 
for high ra te  discharges (7). 

Al though n i t ra te  species are  reducible ,  the e lectrode 
product  of insoluble  Li20 prec ip i ta tes  on the cathode 
and prevents  high ra te  discharge due to film res is t iv i ty  
(8, 9). The presence of AgNOs in the LiNO3 elect rolyte  
al lows the reduct ion of s i lver  ions to be ut i l ized as the 
cathodic reaction, as wel l  as the reduct ion of n i t ra te  
ions (10). The s i lver - ion  reduct ion  in mol ten  LiNO3 
has been shown to sus ta in  100 m A / c m  -2 wi thout  
severe  polar izat ion.  

A the rmal  ba t t e ry  system uti l iz ing these concepts has 
evolved w i t h  a cell configuration of Ca/LiC1, L i N O J  
LiNO~, A g N O J N i .  LiNO3 is incorpora ted  into a f iber-  
glass b i n d e r / s e p a r a t o r  wi th  LiC1 l aye red  nea r  the 
anode and a l aye r  of AgNO3 in LiNOa wi th  Cab-o -S i l  
b inder  near  the cathode cur ren t  collector. Such a de-  
sign assures C1- concentra t ion and isolat ion at the 
anode-e lec t ro ly te  in terface  and maximizes  the AgNO3 
concentra t ion near  the nickel  cur ren t  collector.  The 
fiberglass LiNO3 separa to r  effectively prevents  the 
format ion  of dense insoluble  resis t ive AgC1 layers.  The 
ca tholyte  l ayer  of AgNO3 in LiNO3 with  Cab-o -S i l  
b inder  al lows for an opt imal  concentra t ion of AgNO~ 
near  the cathode. The Cab-o -S i l  serves to improve  the  
low t empera tu re  character is t ics  by  control l ing catho-  
lyre  flow and dendri t ic  growth  of s i lver  reduced onto 
the  Ni cur ren t  collector.  

LiNOz solutions. Tempera tu re  control  was •176 The 
solut ion was quiescent  except  for convect ive currents .  

Cell  test ing procedures  have been discussed p rev i -  
ously (7). Anode vs. re fe rence-e lec t rode  potent ia ls  
were  de te rmined  wi th  a d igi ta l  e lec t rometer  (Kei th ley  
Model 615). Galvanos ta t i c  condit ions were  main ta ined  
using a constant  cur ren t  source (Kei th ley  Model  225). 
Tempera tu re  was moni tored  by  a d igi ta l  t he rmomete r  
wi th  analog output  (F luke  Model  2165A). Cell  vol t -  
ages, appl ied  current ,  and t empera tu re  were  moni tored  
by  mul t ime te r s  ( H e w l e t t - P a c k a r d  Model 3938A) and 
logged by  a the rmal  p r in te r  ( H e w l e t t - P a c k a r d  Model 
5051A). Other  da ta  channels  were  moni tored  on y vs. t 
recorders .  

Results and Discussions 
Anode performance characteris t ics .--Previous work  

showed that  chlor ide ion concentra t ion nea r  the anode 
has a g rea t  influence on open-c i rcu i t  and high cur ren t -  
densi ty  anode potent ia ls  (4, 7). Beyond 20 m/o,  added  
C1- does not  influence per fo rmance  significantly.  The 
thin l aye r  of  high C1- concentra t ion nea r  the anode 
allows for op t imum discharge characteris t ics ,  but  
gives poor act ivat ion t imes because of the t ime re-  
qui red  for  solvat ion of the LiC1 pr io r  to depassivat ion 
of the anode. The effect of t empera tu re  on anode po-  
ten t ia l  is minimal ,  as shown in Fig. 1. The dura t ion  of  
discharge for ident ical  anodes, however ,  is seen to drop 
signif icant ly at h igher  t empera tu res  because of the 
r ap id  chemical  oxidat ion  of Ca by  the LiNOs e lec t ro-  
lyte.  The var ia t ion  in the amount  of calcium was held  
to less than  _+_0.25 • 10 -4 mols Ca (less than  10 m / o ) .  

In Fig. 2, s imi la r ly  t rea ted  anodes were  discharged 
to O.0V (vs. A g / A g  + re ference) .  As is shown, peak  
anode coulombic efficiency and consumption min imum 
occur in the  region of about  310~ Comparison to Fig. 
1 reveals  no significant difference in discharge curves 
o ther  than  t ime above 2V and a s l ight ly  h igher  anode 
potent ia l  at  310~ I t  is thus apparen t  that  anode film 
thickness,  as governed by  the corrosive ac t iv i ty  of C1- 

Exper imental  
Nickel current collectors were cut from 0.010 in. 

thickness of Ni (99.9%, ROC/RIC),  leads were 18 
gauge Ni wire  and spo t -we ld  at tached.  Anodes were  
const ructed by  spot weld ing  disks punched from Ca 
r ibbon  of  0.020 in thickness (99%, ROC/RIC)  to Ca /  
Fe b imeta l  disks. Both the Ca foil and the b imeta l  
disks were  degreased  in d ichloroe thane  and cleaned 
in a d i lu te  solut ion of HNO3 in d ime thy l fo rmamide  
unt i l  no da rk  oxide film was vis ible  p r io r  to spot we ld -  
ing. 

LiC1 (Mall inkrodt ,  Ana ly t i ca l  Reagent), KC1 (Mathe-  
son, ACS reagen t ) ,  LiNO3 (Baker ,  "Bake r -Ana lyzed"  
Reagent ) ,  and LiNO2 (Grea t  Wes te rn  Inorganics,  
99% pure,  monohydra te )  were  dr ied  overnight  at  
125~ under  vacuum pr ior  to use. Some decomposi t ion 
of the LiNO~. H20 was noted,  and weight  loss was 
consistent  wi th  the loss of a wa te r  of hydra t ion .  AgNO3 
(Baker  and Adams,  ACS Reagent )  was ground to a fine 

powder  by  mor ta r  and pestle before  use. 
Anode  pe r fo rmance  exper iments  to de te rmine  cu r -  

r e n t - v o l t a g e - t e m p e r a t u r e - c a l c i u m  consumption r e l a -  
t ionships were  conducted in porcela in  crucibles 
(Coors) wi th  0.25 in d iam anodes, P t  foil countere lec-  
trodes, and A g / A g  + reference  electrodes.  Tempera -  
ture control  was to •176 on a the rmos ta ted  porce la in -  
surface  hot plate.  

Cathode per fo rmance  character is t ics  for  deposi t ion 
poten t ia l  and deposi t  morpho logy  exper iments  were  
conducted in s imi lar  crucibles  wi th  20 m / o  AgNO3 in 
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Fig. 2. Effect of temperature on anode consumption and anode 
ef f ic iency  for constant  current discharges at  300 m A / c m  - ~  in 
LiNO3. 

anions, l imits  d ischarge t ime and g radua l  film bui ldup  
at  in te rmedia te  tempera tures ,  a l lows for polarizat ion,  
and hence less than  100% ut i l izat ion of the calcium 
metal .  At  t empera tu res  of 365~ and higher,  the chem- 
ical ox ida t ion  ra te  is e x t r e m e l y  rapid.  The e lec t ro-  
chemical  oxida t ion  is thus compet ing  with  r ap id  film 
format ion  by  the direct  react ion of Ca and LiNO3, and 
cell d ischarge  t imes are  shor tened and coulombic 
efficiency is lowered.  

F igure  3 shows that  the per formance  of the calcium 
anode is be t te r  a t  305~ than  at  e i ther  275 ~ or  375~ 
Anode  polar iza t ion  is significant at  cur ren t  densi t ies  
above 100 m A / c m  -2 at  both 275 ~ and 375~ The 305~ 
discharges  up to 200 m A / c m  -2  show a n e a r l y  l inear  
anode potent ia l  vs. log i relat ionship.  

Previous  s tudies  (7, 11) of la rge  cells containing 
LiCIO4 have revea led  that  calcium anode deflagrat ions 
occur at high t empera tu res  because of O~ genera t ion  at  
the anode-e lec t ro ly te  interface.  Dur ing  the present  
studies on mol ten  ni t ra tes ,  it  was noted that  gas evolu-  
tion at  the anode e lec t ro ly te  in ter face  was a funct ion 
both of t empe ra tu r e  and of cur ren t  density.  This 
gassing is due to the chemical  react ion of calcium wi th  
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Fig. 3. Effect of temperature on anode potentials at various 
current densities in LiN03. 

molten  n i t ra tes  to produce  N~O and N2 but  not  02 (12) 

14Cats) + 6LiNO3r 14CaOcs) 

+ 3Li~Or + N2Ocg) + 2N2(r [I] 

The compara t ive  voI tammetr ic  s tab i l i ty  of the  calcium 
anode  at  low tempera tu res  despi te  vigorous gas evolu-  
t ion suggests that  the react ion does not  produce  oxy-  
gen. At  h igher  t empera tu res  (over  425~ Ca/LiC1, 
LiNOJLiNO3,  A g N O J N i  cells show occasional  anode 
deflagrations,  which m a y  be due  to 02 genera t ion  b y  
the the rmal  decomposi t ion of LiNO3, as in Eq. [2]. 

A 
LiNO~cD ~--- LiN02cD + 1/20~(~) [2] 

Cyclic vo l t ammet r i c  studies have noted an increase  in 
n i t r i te  ox ida t ion -wave  peak  currents  consistent  wi th  
LiNO3 the rmal  decomposi t ion in the region of 400 ~ 
500~ (9, 13). Other  workers  have repor ted  tha t  the 
decomposi t ion becomes apprec iab le  on ly  above 720 K 
(447~ (13). 

The alternative decomposition reaction (Eq. [3]) 
has been reported to be negligible up to 600 K (327~ 
(13). Thermogravimetric analysis (TGA) of LiNO3 
confirms those reports, but reveals that above 550~ 
decomposition to the oxide becomes quantitative 

2LiNO3--> Li20 -5 2NO2 --~ 1/2 02 [3] 

The use of fiberglass b inders  in mol ten  LiNO8 ap-  
pears  to be feasible only for s h o r t - t e r m  (less than 20 
rain)  ba t t e ry  applicat ions.  LiNO8 at tacks  SiO2 over  a 
per iod  of t ime  at t empera tu res  up to 350~ wi th  a 
more  rap id  a t tack  at h igher  tempera tures .  Pure  mol ten  
LiNO2 immedia t e ly  a t tacks  SIO2, forming  je l ly l ike  
SiO32- compounds.  Much of the observed a t tack  of 
LiNO3 on SiO2 m a y  be a t t r ibu ted  to the combined ag-  
gressive ac t iv i ty  of Li + and NO2-.  The NO2- species 
must  be character ized as a definite b inder  aggressor.  

Anode efficiency and consumption are  complex func-  
tions of anode size and avai lab le  calcium. It  should  be 
r emembered  that  CaO is formed both by  the chemical  
and the e lect rochemical  reactions.  

Cathode performance characteristics.--Half -cell 
studies  of the s i lver  ion cathode center  on the mor -  
phologic character is t ics  of deposi ted s i lver  me ta l  and 
the deposi t ion poten t ia l  as a funct ion of t empera ture .  
Galvanos ta t ic  deposit ions on nickel  subs t ra tes  at  high 
rates  show large  masses of dendri t ic  ma te r i a l  when the 
e lec t ro ly te  is at  260~176 Above 400~ l i t t le  den-  
d r i t i c  g rowth  is seen because of the ex t reme  oxidiz ing 
na tu re  of the mol ten  LiNOz electrolyte .  

Cell performance characteristics.--A total  of 48 Ca/  
LiC1, LiNOJLiNO3,  A g N O J N i  the rmal  ba t t e ry  cells 
were  discharged at constant  t empera tu re  and constant  
current .  In  Table  I, data  are shown for constant  t em-  
pera ture ,  constant  cur ren t  discharges  at  261~ 310 ~ and 
400~ Data  (where  re levant )  are  indica ted  as mean  -+- 
s t andard  devia t ion  of the ind iv idua l  values.  Below 
250~ LiNO~ is solid, and  the cell is not  e lec t rochemi-  
ca l ly  active. At  t empera tu res  over  425~ anode  de-  
f lagrations p rompted  by  O2 genera t ion  f rom the 
the rmal  decomposi t ion of n i t r a t e  occur. 

F igure  4 represents  a typical  complete  cell d ischarge  
for a 1/2 in d iam cell app rox ima te ly  4 m m  thick ut i l iz-  

Table I. Cell discharge characteristics 

P a r a m e t e r  

T e m p e r a t u r e  261oc 310oc 400oc 
N u m b e r  of tests 4 3 8 
P e a k  ce l l  v o l t a g e  2.46 • 0.09V 2.57 • 0.04V 2.42 • 0.28 

(75 mA/cm -=) 
Time above 80% 89.7 • 7.7s 90 • 4s 70 -~ 4s 

peak vo l tage  
e - / C a  0.61 --  0.04 0.643 • 0.005 0.53 • 0.13 
D e f l a g r a U o ~  0 0 ~. 
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Fig. 4. Single cell discharge at 75 mA/cm - ~  using a 1.26 cm 2 
cell. 

ing the ca tholyte  l aye r  at  12 weight  percent  (w/o)  
Cab-o -S i l  in (20 m/o  AgNO3 ~- 80 m/o  LiNO3) wi th  
appl ied  facial  pressure  (~105 Pa ) .  Oxide ions gener -  
a ted at  the cathode form both CaO and Li20. The 
resis t ive effects of oxide prec ip i ta t ion  and anode pas -  
s ivat ion p roduce  lower  cell  vol tages than  those seen in 
ha l f -ce l l  discharges f rom the outset  of discharge.  Cell  
~resistance is found to increase to a m a x i m u m  at the 
end of discharge.  Overa l l  anode potent ia l  shows some-  
wha t  poorer  per formance  than in ha l f -ce l l  tests. This 
is p robab ly  because of  s i lver  ion migra t ion  to form 
resis t ive AgC1, and  blocking of active anode  sites by  
insoluble  res is t ive CaO. 

Conclusion 
Thermal  b a t t e r y  cells based on the sys tem Ca/LiC1, 

LiNOJLiNO~,  A g N O J N i  show promise  for the rmal  

ba t t e ry  high ra te  discharge appl icat ions  wi thout  ut i l iz-  
ing s t ra tegic  or toxic mater ia ls .  While  cell  pe r formance  
character is t ics  have  ye t  to be fu l ly  optimized, 1.26 cm 2 
cells producing  over  2V at 75 m A / c m  -2 have been 
demons t ra ted  with  60s discharge times. Anode func-  
t ional  range is be tween  275~176 wi th  appl ied  facial  
p ressure  and a min ima l  amount  of calcium. Anode po-  
tent ia l  is r e l a t ive ly  insensi t ive  to t empera ture ,  bu t  
d ischarge capaci ty  is op t imized  a t  about  310~ for  75- 
100 m A / c m  -2 discharge rates.  

Manuscr ip t  submi t ted  Jan.  9, 1983; rev ised  m a n u -  
scr ip t  rece ived  ca. Aug. 1, 1983. 

The Naval Weapons Center assisted in meeting the 
publication costs o] this article. 
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The Lithium-Boron Alloy Anode in Molten Nitrate Electrolytes 
G. E. McMonis,* M. H. Miles,* and A. N Fletcher* 

Chemistry Division, Research Department, Naval Weapons Center, China Lake, California 93555 

ABSTRACT 

Potentiostat ic studies of Li(B) anodes in molten LiNO3 at 300~ indicate that at 80% peak open-circuit  voltage, a broad 
flat discharge at 780 m A c m  -2 is obtained. Galvanostatic discharge studies show stable anode potentials more negative than 
- 3 V  (vs. Ag+/Ag) in LiNO3 at 300 mA cm -2 over a temperature  range of 270~176 At temperatures  above 350~ 
deflagrations of the anode were often observed, part icularly after deep discharge. Electrolyte composit ion is a key factor in 
determining the current density-potential  and potent ial- temperature characteristics of the Li(B) anode in molten nitrates. 
Exper iments  in equimolar  LiNO3-KNO3 exhibit  open-circuit  anode potentials up to 0.2V less electronegative to that  seen in 
equimolar  LiNO3-NaNO3 electrolyte. In a like fashion at 300 m A c m  -2 and 300~ the use ofLiNO3 -KNO3 equimolar  electro- 
lyte results in Li(B) anode potentials up to 0.45V more positive than those seen in LiNO3-NaNO3 equilmolar  electrolyte and 
up to 0.85V more positive than that  seen in LiNO3 electrolyte. Single cell tests integrating the Li(B) anode with existing silver 
ion cathode technology exhibit  stable cell potentials in excess of 3V at 300 mA cm -2 at 300~ The two phase composi t ion of 
t h e  Li(B) alloy allows for exceptional  anode stabili ty at the high anode potential  of elemental  lithium. 

The l i t h ium-boron  a l loy has  been d e v e l o p e d  as  an 
a l t e rna t ive  anode  ma te r i a l  for  t he rma l  ba t t e ry  app l i -  
cations demand ing  high cell voltages, h igh discharge 

* Electrochenfical Society Active Member. 
Key words: cell, current density, fused salts, oxidation. 

rates,  and good energy  and power  dens i ty  charac te r i s -  
tics. Previous  studies by o ther  worke r s  have  been done 
in LiCI-KCI eutect ic  electrolyte,  and have cha rac t e r -  
ized the Li (B) al loy as a two phase composite  ma te r i a l  
having a re f rac to ry  Li7B6 m a t r i x  suppor t ing  in te r s t i -  
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tial elemental l i thium which acts as the anode material  
to produce potentials near those of free elemental 
li thium (1-12). 

The LimB6 matr ix retains structural integrity up to 
600~ or higher (1, 4, 5) in LiC1-KC1 electrolyte. The 
structural  integri ty of the anode is part icularly im- 
portant above 188~ where intersti t ial  elemental l i th- 
ium is molten and labile. Elemental li thium within the 
matr ix "wicks" to the anode-electrolyte interface sim- 
ilar to the behavior of nickeI-fel tmetaI-l i thium anodes, 
thus presenting a continually renewed lithium surface 
for electrochemical reaction (1, 4, 5). This capability 
allows for extremely high discharge rates with re- 
ported discharges to 80.00 mA cm -2 in LiC1-KC1 eu- 
tectic electrolyte without severe anode polarization (5). 

Molten ni trate electrolytes are attractive media for 
thermal bat tery applications because of their oxidizing 
nature, low toxicity, and low melting points. In elec- 
trochemical cells utilizing active metal  anodes in 
molten nitrates, corrosion processes are inhibited 
through the formation of nonstoichiometric passivat- 
ing oxide films (13, 14). The thickness, structural in- 
tegrity, and ionic conductivity regulate cation migra-  
tion across the film and hence the current density 
which may be passed without extensive anode polariz- 
ation due to cation accumulation within the film 
(13, 14). 

The presence of aggressive species at the film-elec- 
trolyte interface that compete for adsorption with pas- 
sivating nitrate anions introduces corrosive attack at 
the film. Adsorbed nitrate anions tend to "heal" the 
film while the addition of an aggressive anionic species 
(e.g., CI- ,  Br - ,  or I - )  produces breaks and localized 
pitting corrosion on the anode (I4). Film breakdown 
allows for free passage and migration of cationic 
species and thus an unimpeded anode reaction at close 
to the equilibrium potential (13). 

Previous studies in molten nitrate electrolytes have 
considered pr imari ly  the calcium anode in systems 
with either added halide or oxyhalide anion species 
(13-17). A relat ively tight calcium oxide film is rapidly 
formed on the calcium anode in molten LiNOz. This 
film acts to polarize the .anode by retaining cationic 
species within the film unless depassivating halide 
species attack. Potentiostatic experiments reveal a 
surge of current indicative of film breakdown immedi- 
ately on addition of CI- ,  B r - ,  or I -  species (13). 
Thermal.  bat tery cells based on calcium anodes in 
molten li thium nitrate electrolytes utilize a thin layer 
of LiC1 near the anode which attacks the passive film 
on solvation by molten LiNO~ at activation (15). 

The molten nitrate electrolyte thermal bat tery cells, 
as previously reported, utilize the reduction of silver 
ions as the major cathode reaction (15, 17, 18). This is 
accomplished by utilizing a catholyte layer composed 
of 20 tool percent (m/o) AgNO3 in LiNOa that is ren-  
dered immobile by the addition of 12 weight percent 
(w/o) Cab-O-Sil  as a binder. The electrolyte per se is 
LiNO3 with a fiberglass (SiOf) binder. 

The objective of this work was to integrate extant 
molten nitrate thermal bat tery cell technology with the 
Li(B) alloy anode material  to achieve a thermal bat-  
tery cell capable of the high cell voltages and high 
rate discharges characteristic of l i thium anodes while 
retaining the low melting point and oxidizing ad- 
vantages of the molten nitrate electrolyte. Li (B) avail-  
abil i ty and experimental  considerations limited work 
presented here to electrolyte temperatures over 250~ 
A future communication will  discuss Li(B) anode be- 
havior below 250~ in molten nitrates. 

Experimental 
All salts were reagent grade and were dried over- 

night under vacuum at 125~176 prior to use. The 
electrolyte wafers were constructed by dipping fiber- 
glass filter paper disks (Gelman Type A, 0.3 mm thick- 
ness and 6.35 mm diam) into molten electrolyte. The 

electrolyte wafers were immediately assembled into 
cells to minimize moisture pickup. 

Anodes were constructed by punching disks (6.35 
mm diam) from 75 atom percent (a/o) (65 w/o Li) 
Li(B) foil (0.5 mm thickness) in an argon-filled dry 
box and prompt spotwelding of Li (B) disks to a stain- 
less steel backing followed by spotwelding a nickel 
lead wire. Completed anodes were used immediately. 
An L-shaped reference electrode (0.1m Ag+/Ag)  was 
used to monitor anode potential. 

Cyclic voltammetric and potentiostatic experiments 
were conducted either in platinum crucibles where the 
crucible acted as counterelectrode or in porcelain cru- 
cibles where a platinum screen acted as the counter- 
electrode. Cyclic voltammetric experiments utilized a 
Pt working electrode, while a Li (B) working electrode 
was used in potentiostatic experiments. Cyclic voltam- 
mograms were generated using a Princeton Applied 
Research Model 173 potentiostat with a PAR Model 
175 universal programmer. 

Galvanostatic experiments utilized a Keithley Model 
225 constant current source and a Hewlet t -Packard 
data acquisition system which has been previously 
described (15). Temperature measurements utilized 
Chromel-Alumel thermocouples with a digital ther- 
mometer (Fluke, Model 2165A). Cell testing technique 
has been previously described (15, 16). 

Results and Discussion 
At current densities of 300 mA cm -2, cell voltages 

of approximately 3V are obtained as shown in Fig. 1. 
The cell construction featured the li thium (boron) al- 
loy anode in contact with a LiNOz binder wafer which, 
in turn,-contacted a layer  of Ag~qOs-LiNOs in binder 
with a platinum cathode current collector. During dis- 
charge, slight gassing was noted at the anode-electro- 
lyte interface. 

Half-cell  studies of Li (B) anode discharges revealed 
an extremely high current density capability when 
potentiostated at 80% of the peak open-circuit voltage. 
Figure 2 demonstrates the potentiostatic discharge of 
a Li(B) anode at --2.56V vs. the Ag+/Ag  reference. 
The broad flat characteristic curve corresponds to a 
current density of 780 mA cm -2 which represents the 
maximum sustained current density for the Li(B) 
anode in molten LiNOa assuming an 80 % peak voltage 
cutoff. 
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0,o { r l i [ 

0 30 60 
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Fig. 1. Cell discharge at a constant current density of 300 mA 
cm - 9  (anode area) at 310~ Peak cell potential : 3.02V. 
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Fig. 2. Potentiostatic discharge of the Li(B) anode at 290~ in 
LiNO3. Open-circuit potential was --3.2V vs .  Ag+/Ag.  The anode 
was potentiostated at 80% peak OCV (--2.56V). 

The e lec t ro ly te  composit ion is also a major  factor in 
de te rmin ing  anode per fo rmance  character is t ics  below 
350~ Figure  3 i l lus t ra tes  the effect of va ry ing  elec-  
t ro ly te  composit ion on anode cu r ren t -po ten t i a l  r e l a -  
t ionships at  300~ I t  is ev ident  that  in equimotar  
LiN02-KNO~ severe  anode pass ivat ion occurs at  300 
mA cm -2  whi le  in LiN02 and in equimolar  LiN02-  
NaNO3 electrolytes  much  less polar izat ion due to pas-  
s ivat ion is noted.  

The passive film on Li (B) al loy anodes differs qua l -  
i t a t ive ly  f rom that  seen on Ca anodes. The addi t ion of 
LiC1 to LiNO~-KN02 elect rolytes  wi th  L i (B)  anodes 
at  300 m A  cm -2  serves only to cause the anode poten-  
t ia l  to become less e lectronegat ive.  This is in contras t  
to Ca anodes that  polar ize  seve re ly  in pure  mol ten  
LiN03 at 300 mA cm -2, but  show a decrease in passi-  
vat ion as hal ide  concentra t ion increases. 

The  Li (B) anode  m a y  be modeled  as a mol ten  l i th -  
ium l iquid phase suppor ted  on a r igid ma t r i x  of LivB6. 
E l emen ta l  l i th ium is he ld  wi thin  the ma t r i x  by  its 
o w n  surface tension and, as the react ion proceeds,  ex-  
pended  l i th ium at the anode-e lec t ro ly te  in terface  is 
rep laced  b y  fresh e lementa l  l i th ium "wicking"  f rom 
the depths of the anode. The actual  l i t h ium-e lec t ro ly t e  
in terface  is governed by  a LieO film (19, 20) but, 
owing to the mechanica l  ins tabi l i ty  of a film floating 
o n  a mol ten  anode, pass iva t ing  or  blocking effects a re  
min imal  (13, 14). 

Li (B) anodes of ten deflagrate in mol ten  n i t ra te  eleC- 
t ro lytes  at  t empera tu res  above 350~ The predel ic t ion  
to def lagrate  at  h igh e lec t ro ly te  t empera tu res  is ac-  
centuated  dur ing  deep discharge.  At  380~ the ten-  
dency for anode deflagrat ion decreases in the order  
KN02 > >  NAN02 > >  LiNO3. The p robab i l i ty  of anode 
deflagrat ion drops wi th  t empera ture .  Below 350~ in 
mol ten  LiNO~ electrolyte ,  the L i ( B )  anode is r e l a -  
t ive ly  s tab le  and  def lagrat ion-free .  
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Fig. 3. Effect of current density on anode potential in various 
molten nitrate electrolytes at 300~ 
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During  the discharge of  L i ( B )  anodes, significant 
anode oxidat ion products  prec ip i ta ted  and were  
identif ied as e lementa l  boron resul t ing f rom oxidat ion  
of the suppor t ive  LiTB6 m a t r i x  to l i th ium ions and e le-  
menta l  boron. The degree of a t tack  in the LiTB6 ma t r i x  
is dependent  on tempera ture ,  cur ren t  density,  and 
e lec t ro ly te  composit ion wi th  grea ter  amounts  of e le-  
men ta l  boron prec ip i ta te  noted in KN02 and NaNO3 
containing electrolytes  than  in LiN02 electrolytes .  

Addi t ion  of KO2 to a L i N 0 2 .  KN02 mel t  wi th  a 
L i (B)  anode was observed  to increase  the corrosion 
ra te  of the LiTB6 matr ix .  In  addit ion,  L i (B)  anodes 
immersed  in mol ten  NaNO3 or  KN02 showed immed i -  
ate format ion  of an e lementa l  boron prec ip i ta te  fol-  
lowed by  deflagrat ion of the anode. These resul ts  sug-  
gest that  O22- and C~- species tha t  exis t  in NaNO~ 
and KN02 melts  a re  aggressive agents  agains t  the 
LiTB6 matr ix .  In  LiNO3 containing melts,  O~ 2-  and O l -  
species  exist  at  much lower  concentrat ions  than the 
more  s table  0 2-  ion. However ,  owing to the  observed 
corrosive power  of 022- and O2-,  even smal l  amounts  
in the n i t ra te  mel t  are  sufficient to severe ly  degrade  the 
Li7B6 matr ix .  The presence of 02 = and 0 2 -  species 
has al to led to corrosive a t tack  on such iner t  metals  as 
P t  and Ni in mol ten  n i t ra tes  (21). 

In  high t empera tu re  mel ts  (over  350~ two factors 
predispose the anode to deflagration.  Firs t ,  e lec t ro ly te  
a t tack  on the suppor t ive  ma t r i x  increases to form 
la rger  and l a rge r  surface  pools of e lementa l  l i th ium 
and, secondly,  the surface  tension of the l i th ium within  
the ma t r i x  decreases according to the re la t ion (22-24) 

"v : ~'o (1 --  T/Tc) n [1] 

where  "v is the surface tension and Tc is the cri t ical  
t empera tu re  of the mol ten  meta ls ;  n re la tes  a scal ing 
constant  which may  be assumed to be un i ty  (22-24). 
As the surface tension of the e lementa l  l i th ium de-  
creases, the "wicking" rate  increases and the net  a rea  
of exposed l i th ium increases.  The f resh ly  exposed 
l i th ium reacts r ap id ly  wi th  the mel t  but, owing to the  
mechanical  ins tab i l i ty  of a film on a l iquid surface, 
unpass iva ted  Li is cont inuously exposed. The react ion 
of the mel t  wi th  f resh ly  exposed l i th ium becomes 
dominant  at h igher  t empera tu res  and, as its ra te  in-  
creases, so does the l ikel ihood of the rmal  r u n a w a y  and 
anode deflagration.  Also, as the anode area  increases,  
so does the quan t i ty  of res is t ive Li.20 prec ip i ta te  
formed and thus, cell potent ia l  and anode  potent ia ls  
reflect a growing resis t ive Li20 layer .  

As would  be expected from the above model,  a s ig-  
nificant t empe ra tu r e -po t en t i a l  re la t ionship  is noted at  
appl ied  current .  Anode potent ia ls  a t  open circui t  and 
at 100 mA cm -2 as a funct ion of t empera tu re  are 
shown in Fig. 4. F igure  5 i l lus t ra tes  the effect of v a r y -  
ing cur ren t  dens i ty  on anode potent ia ls  at  three  fixed 
tempera tures .  

A the rmodynamic  examina t ion  of L i ( B )  cells is 
complicated by  the role that  the Li7B6 ma t r i x  and its 
reac t ion  products  m a y  p lay  in the discharge react ion.  
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Fig. 4. Effect of temperature on anode potential in molten 
LiN03 electrolyte. B is open-circuit potential, A is potential at 
100 mA cm -2.  
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Fig. 5. I:ffect of current density on anode potential at three 
temperat,,res in LiNO.R electrolyte. 

Previous calculations have indicated the high theoreti- 
cal anode and cell potentials possible with elemental 
lithium/molten nitrate electrolytes (19, 20). 

Cyclic voltammetric studies at 100 mVs - I  of the 
LiNO3 electrolyte before and after Li(B) anode dis- 
charge reveal an extensive nitrite oxidation peak ap- 
pearing after discharge and no anomalous peaks which 
might be associated with lithium-boron oxides or elec- 
troactive anode reaction products. It should be noted 
that elemental boron is insoluble and readily precipi- 
tates. 

Assuming the LiTB6 matrix is inert and that the re- 
action is chiefly lithium oxidation, the thermodynamic 
calculations for the cell reaction 

Li(D + AgNO~d) -~ Ag<s) + LiNOscD [2] 

yields AG o : --79.4 kcal at 300~ hence E 0 = 3.44V. 

Summary 
An examination of the Li (B) alloy anode in molten 

nitrate electrolytes reveals high rate discharge charac- 
teristics in the temperature region 270~176 

Galvanostatic studies show no appreciable anode 
polarization in molten L iNQ at 300 mA cm -2. High 
current density polarization is more evident in LiNO3- 
NaNO3 and LiNO3-KNO3 electrolytes. 

Above 350~ anode degradation in molten nitrate 
electrolytes is severe and deflagration may occur. This 
is attributed to both an increase in the LiTB~ degrada- 
tion reaction rate and to the increased mobility and 
fluidity of elemental lithium within the LiTB6 matrix. 

Potentiostatic studies of the Li(B) alloy anode at 
300~ in LiNO3 at 80% peak open-circuit voltage re- 
veal a flat discharge rate at approximately 780 mA 
cm -2. This high current density is approximately an 
order of magnitude above that obtainable in conven- 
tional Ca/LiC1, KC1/CaCrO4 thermal battery cells. 

Single cell tests at 300 mA cm -2 utilizing a Ag + 
cathode in conjunction with the Li (B) anode in molten 
LiNO~ demonstrate concept feasibility at high rate dis- 
charges with cell voltages of approximately 3V. 
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The Electrocatalysis of Oxygen Evolution on Perovskites 

John O'M. Bockris* and Takaaki Otagawa*t 
Department of Chemistry, Texas A&M University, College Station, Texas 77843 

ABSTRACT 

Measurements of the oxygen evolution reaction have been made on eighteen substituted perovskites containing first- 
row transition metal ions. Rates are reported at equilibrium and at an overpotential of 0.3V. Electrode kinetic parameters are 
given, including roughness factors. The rate does not depend on semiconductor-type properties. It increases as the pH of 
zero charge, at which the occupancy of OH- and H + at the interface becomes equal, moves in an alkaline direction, with 
decrease of magnetic moment,  with decrease of stability of the perovSkite lattice, with decrease of the enthalpy of formation 
of the transition metal hydroxides, and with increase in the number  of d-electrons in the transition metal ion. The accuracy 
of the roughness factor measurements are affected by weakness in knowledge of true double layer capacities. The value 
assumed here, 60 ~F cm -2, may be accurate to only -+ 100%. Models are given which suggest that the pores are active through- 
out. The correlations between the rate and electronic properties are consistent with rate-determining steps which involve 
desorption of OH radicals, e.g., iV[- -OH + OH+ r-A~.M~...H~O~ + e-. An MO discussion suggests that the electrocatalysis in- 
creases with increased occupancy of the ant ibonding orbitals of Mz-OH. Earlier interpretations include the concept that 
an increase of the rate occurs because of increasing overlap between the e, orbitals of the transition metal ion and the sp~ 
orbital of O. However, this theory is based on only three different materials, in which rate-determining step changes. An 
interpretation based upon nonstoichiometry is shown to be consistent with observed trends, but  insufficient to explain 
their magnitude. The electrical and chemical contributions to the rate are analyzed. The value of a is related via bond 
strength considerations to the M~-OH bond strengths. The relative electrocatalysis discussed is limited to an overpotential 
which corresponds to a practical range of rates on the faster catalysts. A volcano relation for oxygen evolution on 
perovskites seems likely. Future electrocatalysts are predicted. 

General  concepts of electrocatalysis based on the 
fundamenta l  aspects of the rate equation for electron 
transfer,  par t icular ly  for hydrogen evolution and oxy-  
gen reactions on phase oxide-covered (or free) metals, 
have been thoroughly discussed by Appleby (1). 

The first a t tempt  to rationalize the electrocatalysis 
of oxygen evolution was made by Ruetschi and Delahay 
(2) in 1955. They plotted the overpotential  at constant  
current  densi ty against M-OH bond strength [but cf., 
Conway and Bockris (3) ]. 

More recently, several  theoretical approaches to 
rationalize the electrocatalysis of oxygen evolution on 
oxides have been made by Tseung and Jasem (4), 
Trasatt i  (5) and Matsumoto et al. (6-10). 

Tseung and Jasem (4) suggested that there is a cor- 
relat ion between the redox potential  of an oxide couple 
of the electrocatalyst and the reversible potential  of the 
oxygen evolution reaction. No mechanistic rat ionaliza-  
tion was suggested. Correspondingly, Trasatt i  (5) found 
that a somewhat volcano-shaped curve could be ob- 
tained by plot t ing overpotentials as a function of the 
e n t h a l p y  chan~e for the lower- to-higher  oxide t ransi-  
tion in the catalyst. 

Between 1977-1981, Matsumoto et al. (6-11), de- 
veloped the theory of ~* band formation. The essential 
condition for high catalytic activities of oxygen evolu- 
tion on perovskites is that a broad r band  is formed 
and that the t ransi t ion metal cation exists in a higher 
oxidation state. These authors '  concepts do not  involve 
chemical bonding. 

In this work, a systematic investigation v~as made to 
correlate the electrocatalytic properties of pero~Tskites 
(ABO.~) for oxygen evolution with their  electronic 
structures, with stress upon  the characterization of 
the bondin~ of surface oxygenated intermediates,  as a 
correlat ing factor. 

Experimental 
Preparation of perovskites.--The t ransi t ion metal  

oxides with substi tuted perovskitic s t ructure [(A~-~Ax'- 
BO.~)), where A is a lanthanide  (mainlv  La),  A' is an 
alkal ine earth (main ly  Sr) ,  and B is a first-row transi-  
tion metal]  were chosen in order to s tudy the electro- 
catalytic activities for oxygen evolution systematically. 

* E lec t rochemica l  Society Act ive  Member .  
t P r e s e n t  address :  A r g o n n e  Nat ional  Labora to ry ,  EES Division, 
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The addition of the A' ion was necessary to give suffi- 
cient conductivi ty for most of the compounds. 

The perovskites were synthesized by  high tempera-  
ture solid-state reactions (11-20). Binary  oxides or 
carbonates with high pur i ty  (~-99.999%, Aldrich or 
Alfa) were used as s tar t ing materials.  The appropriate 
amount  of each reagent required to give the desired 
metal  ion stoichiometry was weighed and mixed me- 
chanically for 2h. The uni formly  mixed powder was 
then placed in a Pt-covered A l undum combustion 
boat (Fisher) and fired in an appropriate atmosphere 
(12-20) at 1100~176 for a total of 30-70h, with 
f requent  regr inding and retiring of the products. The 
pure  l an thanum nickelate crystals were synthesized by 
a coprecipitation technique (21). X - r a y  diffraction pat-  
terns were taken for each powder to confirm the com- 
pound concerned. The electrodes (in pellet form ) were 
then made by pressing powders at 300 kg cm -~ and 
sintering at 1000~ No b inder  was added. 

Solid-state surface studies.--The resistivities and 
Hall effects for the surface of pellets were obtained by 
the method of van der Pauw (22). Impedance measure-  
ments were carried out by a lock-in  analyzer  approach 
(23). Measurements of the magnetic  susceptibilities 
were carried out by the Faraday  method (24). The 
physicochemical characterizations of La0.gSr0.1CoO~ 
electrodes by XPS are reported elsewhere (25). 

Electrochemical kinetic studies.--Electrode kinetic 
parameters  were determined main ly  in 1M NaOH by 
potentiostatic cur ren t / t ime  relations at varying poten-  
tials. A PAR Model 173 potentiostat /galvanostat ,  fitted 
with a PAR Model 376 current /vol tage  converter, was 
used to control the electrode potential .  The detailed 
procedures for the steady-state potentiostatic experi-  
ments  to obtain various kinetic para~neters are de- 
scribed elsewhere (26). 

Surface areas.--The surface areas of powders and 
electrodes were determined by BET and by double 
layer  charging curves, respectively. 

Cyclic voltammograms, taken in the flat double layer 
(dl) charging region and l imited to a 50 mV potential  
range, were used to obta in  a dl capacitance (27, 28). 
This value was then used to determine the roughness 
factor by assumin~ a theoretical value of the dl capaci- 
tance for a smooth surface. The potential  was swept 
by connecting the output  of a PAR Model 175 universal  
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programmer  to the external  potential  signal input  of 
the potentiostat.  An X-Y recorder (Hewlett  Packard 
Model 7010B) was used to plot the cur ren t /po ten t ia l  
curves. Errors in, and the significance of, these surface 
area measurements  are discussed below. 

Measurements o$ acid-base properties.--The poten- 
tiometric acid-base t i t ra t ion method (29-33) was used 
to investigate the concentrat ion of O H -  groups on the 
surface of perovskites in powdered form in aqueous 
solution. The exper iments  were made using a pH meter  
(Orion Research Model 811) with a combinat ion pH 
electrode (Si lver-Si lver  Chloride Internals ,  Miniature,  
Sargent-Welch,  cat. no. S-30078-10). A glass t i t ra-  
tion cell, containing a water  jacket, was used. A 
powder of ,~0.3g was introduced into an aqueous solu- 
t ion'  (25 ml)  of 0.004M KOH and 0.01M KC1 (J. T. 
Baker  Chemical Company) and kept suspended over-  
night. St i r r ing was accomplished by means of a Teflon- 
covered magnet  and a magnetic  st irrer (Thermolyne 
Corporation Model S-7805). A constant  temperature  
circulator (HAAKE Model FK) was used to keep the 
solution temperature  at 25~ The t i t rat ion cell was 
sealed carefully and was under  a CO2-free N2 stream, 
to avoid any  CO2 contaminat ion from air, throughout  
the experiments.  The t i t ran t  was 0.1M HC1 (J. T. 
Baker  Chemical Company) .  A microburet te  with a 
Teflon plug stopcock (Sargent-Welch,  cat. no. S-10945- 
50C) was used. 

Then, the t i t rat ion was carried out by  adding 0.05- 
0.1 ml quanti t ies  of the t i t rant  successively, pH values 
were cont inuously  recorded on an X- t  recorder 
(Fisher Recordall  Series 5000) to ensure the establish- 
men t  of a s teady state. 

The t i t rat ion curve thus obtained was compared with 
that previously obtained in the b lank  solution to de- 
termine the excess O H -  charge on the surface and, 
thus, to obtain the pH at which the amount  of O H -  
and H + at the surface becomes equal (zero point  of 
charge [zpc] ). 

Results and Experimental Rate Correlations 
Solid-state parameters.--Solid-state parameters  are 

summarized in Table I. 

I Th is  gives  rise to a pH va lue  of  ~11.4. I t  is i m p o r t a n t  to k e e p  
the  p o w d e r  in an a lkal ine  solut ion initially, s ince perovsk i te - type  
oxides t e n d  to dissolve in a s t rong  acid solution.  

The electrodes were all p- type semiconductors;  the 
charge carrier densities were 10~-10~s cm-~, and the 
resistivities were 10-~-10 -~ ~ cm. The Hall  mobil i ty  
averaged around 30 cm 2 V -~ s -~. The Mott-Schot tky 
plots indicated a p- type semiconductor behavior at the 
surface with a flatband potent ial  of 0.20-0.50 (V vs. 
NHE).  

The magnetic susceptibil i ty (Fig. 1) varies with tem- 
perature and also varies great ly among the perovskites 
examined. LaNiO~ showed a paramagnet i sm (even be-  
low 100 K) ,  while La0.9Sro.~CoO~ showed a ferromag- 
net ism with Tc -~ 221 K (i.e., La0.gSr0.~CoOa becomes 
paramagnet ic  at  room tempera ture) .  Strong ferromag- 
net ism and ant i fer romagnet ism were observed at room 
temperature,  on Lal-~SrzMnO~, and La~-~Sr~FeOs, re-  
spectively (Tr for LaMnOz was 346 K) .  

Sur]ace areas.--The BET measurements  showed sur -  
face area values of ,~15 m 2 g-1 for powders and varied 
li t t le among the compounds (Table I).  The values of 
15 m e g-1 are in agreemen~ with those obtained in an 
examinat ion of perovskites by Crespin and Hall (35a). 
However, they differ from values observed by Mat-  
sumoto et al. (11), who obtained a value in the region 
of 2 m 2 g - L  Doubtless these differences arise from 
differences in particle size of s tar t ing materials.  

Typical cyclic vol tammograms at various sweep rates 
for La0.gSro.~MnO~ and La0.9Ce0.~CoO~ are presented in 
Fig. 2. The anodic and cathodic currents  were equal in 
magnitude,  and the charging current  was l inear  with 
the sweep rate. The dl capacitance was calculated 
from the slope of the charging current  vs. sweep 
rate. The roughness factors were then determined by 
assuming a dl capacitance of 60 ~F cm -2, according to 
the views of Levine and Smith for oxide surfaces (34). 

The dl capacitance values and roughness factors on 
various perovskite electrodes are summarized in Table 
I. The electrochemically active surface areas (rough- 
ness factors) were 100-1000 in terms of the ratio 
of the active to the apparent  external  surface area. The 
electrode prepared by  a coprecipitation technique 
(LaNiO~) extended this factor to about 5000. 

Surface charges.--Figure 3 shows a typical  t i t rat ion 
curve on LaCoO~. The coverage (~ [surface charge den-  
sity, q_+]) vs. pH relations of cobaltates is shown in 
Fig. 4. 1.4 X 10 ~ sites cm -2 was assumed to be a ful l  

Table I. Physicochemical and solid-state properties of perovskites 

Vfb 
BET area~" zpc? CD'. Roughness  ~,, (V vs. /~e~t 

Pe rovsk i t e  ( m f g  -1) (pH)a  (F cm-~) ~ factorr p (~ cm)~  (cmfV-~ s-X) e n ( c m ~ )  f NHE)g  (~B) h 

LaNiOs 15.2 8.9 3.4 x I0 ~1 5.6 • i0 ~ 1.22 x I0 -8 3.15 x I0 ~ 1.63 x 1O ~o 0.30 1.43 
LaNiOs* 12.8 9.2 4.5 x 10 -s 7.5 x 102 5.49 x 10 -~ 2.68 x 101 4.25 x 10 ~ 0.25 
LaCoOa 12.6 6.7 1.4 • 10 -2 2.4 x 10-o 4.22 2.65 x 101 5.39 x 10 le 0.65 2.92 
Lao.aSro.iCoO8 18.1 7.2 7.2 • 10 -8 1.2 x 102 4.18 x I0 -~ 3.55 x 10 ~ 4.21 x 10 ~ 0.39 3.95 
Lao.eSro.4CoO8 14.5 8.2 9.0 • 10 -8 1.5 • 16 a 4.38 x 1O -~ 2.25 • 102 6.35 x i019 0.09 
Lao.oCeo.iCoOs 9.6 7.3 6.3 • I0 ~8 1.0 x 10 ~ 7.44 7.05 1.19 x 10 I~ 0.40 
Lao.gTho.iCoOs$ 8.4 7.1 1.1 • 10 -8 1.8 • 10 ~ 1.54 6.01 x 10 ~ 6.74 x 10 ~6 0.25 
Ndo.gSrs.iCoO8 9.0 7.4 7.0 x 10 -2 1.2 x 10 ~ 8.92 x 10 -2 9.99 x 101 7.02 x 1017 0.23 
Gdo~Sro.iCoO3$ 15.8 6.5 6.0 x 10 -~ 1.0 • 10 a 3.48 1.73 • i0  ~ 1.04 x 10 le 0.54 
Lao ~SrosFeO8 8.1 7.6 3.6 x 10 ~ 6.0 x I0 ~ 1.80 5.82 x 101 5.97 x I0 le 0.50 
Lao.sSro.sFeOs 19.3 8.6 2.0 x 10 -1 3.3 x 10 ~ 1.46 x 10 -1 9.39 x 10 ~ 4.55 x 1017 0.46 (3.11-4.65) I 
LaMnO~ 21.2 7.0 4.0 • 19 --o 6.7 x 10 ~ 1.62 2.75 • 10 ~ 1.40 x 10 ~ 0.02 14.95 
LaogSro.~MnOs 9.8 7.3 8.4 x 1O -s 1.4 x 1O e 8.20 x I0-~ 1.73 x i0 ~ 2.96 x i0  ~ -0 .02  
Lao ~Sro.~MnOs 14.6 8.2 7.3 x 10 -2 1.2 x I0 ~ 2.89 x I0 -~ 1.16 x 101 1.87 x i0  a~ 0.I0 
Lao.sKo.fMnO~ 9.5 7.6 4.4 x I0 ~ 7.3 • I0 s 2.81 x I0 -z 1.39 x 101 1.60 x I0 as --0.01 
Lao.~Cao.sMnO~ 14.9 8.2 4,6 x I0- ~ 7.6 • I0 ~ 2.01 x 10 -2 1.81 x i0  ~ 1.57 x i0  ~s 0.18 
Lao.sSro.sCrOa 25.4 5.7 7.8 x i0 -~ 1.3 x I0 ~ 6.54 • i0  -~ 2.51 x 19 ~ 3.81 x i0  ~ 0.17 
LaVO~ 19.4 6.6 4.7 x 10 -s 7.8 x 10 ~ 2.60 2.00 x 10 ~ 1.20 x 10 ~ 0.37 (1.16-2.18) J 

t Values  fo r  powders .  
Zero  poin t  of cha rge :  the  pH a t  wh ich  the  amount  of OH- and H* at  the  su r f ace  b e c o m e s  equa l  

b Double  l aye r  capac i tance  by  the  cyclic v o l t a m m e t r i e  me thod .  
Roughness  fac tor ,  ca lcu la ted  b y  a s s u m i n g  a dl capac i tance  of 60 #F cm-~ fo r  a s m o o t h  oxide surface  (34). 

d e.~ Resist ivi ty,  Hal l  mobil i ty ,  and  c a r r i e r  densi ty ,  m e a s u r e d  at  50 Hz, r e spec t ive ly  (25).  
F l a tband  po ten t ia l  in 1M NaOH, m e a s u r e d  a t  5-100 Hz (25). 

h Effect ive m a g n e t i c  m o m e n t  in Bohr  m a g n e t o n s  (25). 
i Values  fo r  LaFeO3 and SrFeOs. 

Values  fo r  Lao 7Sro ~CrO3 and LaCrOa. 
* X-ray  analysis  showed  tha t  this  substance  consisted of LaNiO3, La~NiO4, and NiO, as a m ix ed  mul t tphase .  
t X-ray analysis  showed  a mu l t i phase  (perovsk i te  and ThO2) and a poor  crystal l inity for  LaogTho.lCoO3 and  Gdo.~Sro.lCoOs, respec-  

t ively.  
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Fig. 1. Temperature dependence of magnetic susceptibility. A magnetic field of 5 kG was used for LaNiO~ and LaMnO~. Te designates 
Curie temperature. 

coverage (35a). The values of q• were estimated from 
the difference between the t i t rat ion curves, with and 
without powders, using the following relat ion (29, 31) 

F . ~ V . C  
q_+ = [1] 

S . , ~  

where F is the Faraday constant, ~V the difference in 
the volume of the t i t ran t  (0.1M HC1) in the presence 
and /o r  absence of the powder at a given pH, C is the 
concentrat ion of the t i t rant  (0.1M), and S is the BET 
surface area and ~ is the amount  of powder used. 

The surface charge depends l inear ly  on pH. The fig- 
ures reveal several  different l inear  sections of the 
coverage vs. pH relat ion for each material.  At pH in the 
alkal ine region, the coverage approaches 100 ~C of 
O H -  per actual BET-based cm 2 of the electrode mate-  
rial  in powdered form. A similar  tendency was observed 
on the other perovskites. 

E 

~0 
E 

0 

a.) LaoeSrolMnO3 
�9 F , r , 

100mVsec ' 2OmVsec ' 

b.) Lao 9CeolCoO3 

'E 

(~ ~ 20mVsec 

100mVsec ' 

h �9 . . . .  0 34 0 6 0 38 0 40 0 34 0 36 0 38 0,40 

P o t e n t i a l  ( V v s  N H E )  P o t e n t i a l  ( V v s .  N H E )  

Fig. 2. Cyclic voltammograms, limited to the potential range of 
0.34-0.39 (V vs. NHE), in O2-saturated 1M NaOH at 25~ for 
Lao.gSro.lMnO~ (a) and Lao.oCeo.lCoO~ (b). 

These values may be compared with those in the 
l i terature.  Thus, Levine and Smith (34) show a theo- 
retical plot for the charge as a funct ion of pH which is 
similar, though sl ightly more curved, to that of the ex- 
per imenta l  values obtained here. Aktinson et al. (33a) 
obtained coverage-pH data  for, e.g., FeOOH in KC1, 
which resemble in shape those obtained in the present  
work. In  particular,  the work of Kita et al. (29), who 
worked in the presence of KC1, had straight l ine sec- 
tions in charge-pH plots similar  to those observed here. 

It  is possible to derive capacitances from the mea-  
surements  obtained here (cf. Fig. 4) by assuming that 
the behavior  of the surface is Nernst ian (32) where-  
upon 

8q ~q 8pH 
C = - -  = - -  [2] 

5V 5pH 8V 
with 

8V 
= 0.059 

6pH 

On the bas i s  of Eq. [2], capacitance values of ap-  
proximately  200 ~F cm -2 in the vicini ty of zpc are ob- 
tained for most of the perovskites studied. 

In  comparison with this are the values quoted by  
Levine and Smith (34) where the max imum values are 
said to be 160 ~F cm -2 for SiO~ and ZnO, and the work 
of Bowden et al. (33b) who give values of about 290 
~F cm-~ for most oxides other than SiO2. Thus,  our 
present  values are clearly consistent with those in  the 
l i terature.  It  could be that they may  need, however, 
correcting downwards because we have used, in the 
evaluat ion of the area, the BET values for packed 
powders, whereas the values in dispersions would be 
expected to be somewhat  higher (35b). 

The values of the pH at which the surface-adsorbed 
O H -  and H + are eaual  (zpc) were 7-9 (pH) (Table I ) .  
This value increased with an increase in the degree of 
Sr substitution. 
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Fig. 3. Typical titration curve of perovskite powder (LaCo03). 
Electrolyte: O.O04M KO,H -I- O.01M KCI (25 ml). 0.3g of powder 
was used. 

Kinetic parameters ior oxygen evolution on perov- 
ski tes.--The potent ia l  vs. log i plots for La1-xSrzCoO3 
are  p resen ted  in Fig. 5. The Tafel  slopes for  oxygen  
evolut ion at  lower  overpoten t ia l s  were  43, -,,65, ,~120, 
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Fig. 4. Coverage (surface charge density) of cobaltates as a 
function of pH. 1.4 X 101~ sites cm -~  was used for full coverage. 

,-,125, 200, and 175-235 m V / d e c a d e  -1 for  LaNiOs, 
Al-~Az'CoOs (A = La, Nd, Gd; A '  = Sr, Ce, Th) ,  
La l -xSrzFeOs ,  Lal-xAx'MnO8 (A'  --  Sr, K, Ca) ,  
LaI-xSrzCrOs,  and Lal-xSrxVOs,  respect ively.  The r e -  
act ion order,  wi th  respect  to O H - ,  was close to unity.  

Table  II  summarizes  the kinet ic  pa rame te r s  for  oxy-  
gen evolut ion (26). Current  densi t ies  a re  expressed in 
terms of r ea l  surface area,  t ak ing  into account the 
roughness  factors.  I t  is in teres t ing  to note tha t  the r e -  
act ion order  in Table  II  shows a decrease  which pa ra l -  
lels the decrease of ~ or the  increase  of Tafel  p a r a m -  
eter  a. The react ion o rde r  m a y  be a sensi t ive pa rame te r  
wi th  oxides and may  be re la ted  to the detai ls  of the 
mechanism.  An  example  of such mechanisms to ac-  
count for  this para l le l i sm is fu l ly  discussed e lsewhere  
(26). 

Correlations with physicochemical properties.--Flat- 
band potent ia l  (VFB), ca r r ie r  dens i ty  (n) ,  and  Hal l  
mobi l i ty  (;~H) are  typical  bu lk  proper t ies  of semicon-  
duct ing pe rovsk i t e - type  oxides. However ,  no obvious 
correlat ions be tween  ca ta ly t ic  act ivi t ies  and the pa -  
ramete rs  were  found. 

A fa i r  corre la t ion was found be tween  the e lec t ro -  
ca ta ly t ic  act ivi t ies  and the pH at  which the sur face-  
adsorbed H + and O H -  are  equal  (zpc) .  The ca ta ly t ic  
ac t iv i ty  increases as the zpc becomes more  alkal ine.  
However ,  some scat ter  was observed in this cor re-  
la t ion and i t  is possible that  this arose f rom the fact  
that  the solutions in which the zero point  of charge  was 
measured  contained CI - ,  which could have been ad-  
sorbed to a different  ex ten t  upon the var ious  pe rov-  
skites (a l though KC1 concentra t ion was 10-2M, the 
adsorpt ion  would not  be expected to have been g rea t ) .  

The react ion ra tes  for  oxygen  evolut ion on pe rov-  
skites are  p lot ted  against  magnet ic  moments  (~eff) in 
Fig. 6. The values of  ~erf for  Lal-.~SrxFeO~ were  est i -  
ma ted  f rom those for LaFeOs and SrFeO~. The plot  for  
LaMnO3 was omit ted,  since i t  gave an anomalous ly  
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Fig. 5. Potential vs. leg i plots on cobaltates in I M  NaOH at 
25~ (iR corrected). 
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Table II. Kinetic parameters based on real surface areas for oxygen evolution on perovskites 

Roughness Tafel slope Reaction i (A cm-S) 
Electrode factor �9 (V decade-i) ~ a~ order a /o (A cm -~) e at ~ = 0.3V a(V) = 

LaNiOah 5.6 x 10 a 0.04,3 1.37 0.95 1.1 x 10 -ze 1.3 x 10 -~ 0.51 
L aNiOa i  7.5 x 10 ~ 0.(~65 0,91 1.10 7.8 x 10 -1~ 2.9 x 10 -~ 0.66 
L a C o O a  2.4 x I (P 0.070 0.84 0.70 1.5 x 10 -~o 1.6 x 10 -e 0.69 
Lao ~ro.~CoO~ 1,2 x 10 = 0.068 0.89 0,98 6.6 x 10-n 2.5 x 10-e 0.67 
Lao.oSro,~CoO~ 1.5 x 10 ~ 0.064 0.92 0.84 2.1 x 10 -z~ 1.0 x 10 -~ 0.62 
Lao,~Ceo, lCoOs 1.0 x 10 ~ 0.062 0.95 0.94 1.1 x 10 -~o 6.9 x 10 -o 0.62 
Lao.~Tho.lCoO~ 1.8 X 1O= 0.065 0.91 0.70 2.5 x 10 - u  1,0 x 10-o 0,69 
Ndo.oSro.~CoO~ 1,2 x 10 ~ 0.065 0,91 0,85 3.3 x 10 -~  1.4 x 10 -~ 0.68 
Gdo,~Sro.~CoO~ 1.0 x 10 ~ 0.070 0.85 0.68 4.0 x 10 - n  7.2 x 1O-~ 0.73 
Lao.~Sro.sFeO~ 6.0 x 10 ~ 0.130 0.45 0.82 4.2 x 10 -~ 5.0 x 10-~ 1.09 
Lao.~Sro.~FeO~ 3.3 x 10 ~ 0.110 0.54 0.75 1.7 x 10 -~ 8.1 x 10-~ 0.97 
L a M n O s  6.7 x 10 e 0,126 0.47 0.65 2.1 x 10 -lo 5.0 x 10 -s 1.22 
Lao.~Sro.lMnOs 1.4 x i0~ 0.125 0.47 0.65 5.1 x i0 -z~ 1.3 x 10-7 1.16 
Lao.eSro.~MnOs 1.2 x 10 ~ 0.125 0.47 0.60 5.9 x 10 -lo 1.8 • 10-~ 1.15 
Lao.sKo.~MnOs 7.3 x 10 ~ 0,125 0.47 0.65 1.9 x 10~ lo 5.3 x 10-s 1.21 
Lao.~Cao.sMnO~ 7.6 x 1O~ 0.130 0.45 0.63 1.7 x i0 -o 3.5 x i0-~ 1.14 
Lao.~Sro.~CrO~ 1.3 x i0 a 0.200 0.30 0.25 1.4 x 10-~ 3.2 x 10 -s 1.77 
LaVO~ 7.8 x 10 = 0.175 0.34 ~0 6.1 x 10 -lo 2.7 x 10-s 1.63 

* R o u g h n e s s  f a c t o r ,  c a l c u l a t e d  b y  a s s u m i n g  a d l  capacitance of 60 # F  cm-= f o r  a s m o o t h  o x i d e  s u r f a c e  (34) .  
b T a f e l  s l o p e  i n  t h e  l o w e r  o v e r p o t e n t i a l  r e g i o n .  
r T r a n s f e r  c o e f f i c i e n t :  a = 2 . 3 1 ~ T / b F ,  w h e r e  b is  a T a f e l  s lope .  
d R e a c t i o n  o r d e r  w i t h  r e s p e c t  to  O H -  a t  constant  potentials, 
�9 E x c h a n g e  c u r r e n t  d e n s i t y  i n  t e r m s  of  r e a l  s u r f a c e  a r e a .  

C u r r e n t  d e n s i t y  in  t e r m s  of  r e a l  s u r f a c e  a r e a  f o r  oxygen evolution at an overpotential  of 0.3V. 
~ T a f e l  l i n e  i n t e r c e p t  ( T a f e l  p a r a m e t e r  a ) :  a = - b  l o g  i~. 

LaNiO~ p r e p a r e d  b y  a c o p r e c i p i t a t i o n  t e c h n i q u e .  
i M u l t i p h a s e ;  L a N i O 8  + La~NiO~ + N i O .  
J M u l t i p h a s e ;  Lao, oTho.zCoO= + ThO=. 

high va lue  of ~eff (~eff = 14.94). However ,  this value  is 
indicat ive of a s t rong fe r romagne t i sm and was associ- 
a ted wi th  a poor  ca ta ly t ic  act ivi ty.  If one ignores the 
p lo t  for La0.sSr0.2CrO3, which showed l i t t le  oxygen 
evolut ion due to ins tab i l i ty  under  the  anodic condi-  
tion, i t  m a y  be seen in Fig. 6 that  the e lec t rocata ly t ic  
ac t iv i ty  decreases as the magnet ic  moment  increases. 
or as the magne t i sm changes from pa ramagne t i sm to 
fe r ro /an t i f e r romagne t i sm.  

Correlations with thermodynamic properties.~Naka- 
m u r a  et al. (36) s tudied the  chemical  s tab i l i ty  of pe rov-  
ski tes  LaBO3 (B ---- V, Cr, Mn, Fe, Co, Ni) by  the rmo-  
g rav ime t ry  at  1000~ in a control led  Po2 a tmosphere .  
The s tab i l i ty  l imits  of the perovski te  phases expressed 
in te rms of - - log  Poe* (Po2* = cri t ical  oxygen par t i a l  
pressure  in bar )  were  g rea te r  than  21.1 for LaCrO~ 
and LaVO3, 16.95 for  LaFeO3, 15.05 for LaMnO3, 7.0 for 
LaCoO3, and ~0.6 for LaNiO3; hence, la t t ice  oxygens 
become eas i ly  re leased in this sequence. The e lec t ro-  
ca ta ly t ic  act ivi t ies of oxygen  evolut ion are  p lot ted  
against  this  cr i t ical  oxygen pa r t i a l  pressure  in Fig. 7. 
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Fig. 6. Current density (based on real sudace area) for oxygen 

evolution on perovskites at an overpotentiol of 0.3V vs .  effective 
magnetic moment, #e~r. 

There  is a t endency  that  the lesser  the  s tab i l i ty  at 
1000~ the be t te r  the electrocatalysis .  

The react ion ra tes  of oxygen evolut ion on perovski tes  
are p lot ted  against  AHf of the hydrox ides  and M-OH 
bond s t rength  in Fig. 8 and 9, respect ively.  The M-OH 
s t reng th  was calculated,  based on the method  of 
Ruetschi  and Delah,ay (2), wi th  correct ions made  by  in-  
cluding the e lec t ronega t iv i ty  term, as suggested by  
Conway and Bockris  (3).  Table  Is summarizes  these 
the rmodynamic  proper t ies .  A l inear  correlat ion,  l imi ted  
to the descending branch of a volcano curve, is seen 
(Fig. 9); the e lectrocatalysis  decreases as the M-OH 
bond s t rength  increases.  

The  the rmodynamic  dat.a to which reference  can be 
made  here  are  unfo r tuna te ly  not  those of the  pe rov-  
s,kite itself, nor  to that  of the subs t i tu ted  perovski tes  
containing,  e.g., s t ront ium.  Appropr i a t e  the rmodynamic  
da ta  have not  ye t  been publ ished for these mater ia ls .  
What  we have used here,  encouraged b y  the cor re la -  
tions obtained,  are  data  for  the corresponding oxides, 
e.g., Cr(OH)3,  etc. We have  l imi ted  these oxides to 
those of the t r iva len t  metal .  This arises out of the evi-  
dence f rom the work  of N a k a m u r a  et aL (20), and 
also some ESCA measurement s  (25) r e fe r red  to below, 
tha t  the surface of La0.9Sr0.1CoOs consists of the  t r i -  
va len t  cobal t  and oxygen vacancies over  the  range  of 
potent ia ls  which we used in the  p resen t  work .  

-4 

I LaNiO3 
e~ -5 

II 

.~ LaCo03 
& 

- 8  I 
5 1 ~0 1'5 2'0 

- log Po~ (s tabi l i ty  limit) 

Fig. 7. Current density (based on real surface area) for oxygen 
evolution on perovskites at  an overpotential of 0.3V v s .  the sta- 
bility limits of perovskites in terms of -- log Po2* at 1000~ 
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Table Ill. Thermodynamic properties of transition metals and related hydroxides and oxides 

,~Ht ~ tool-Z) = M-OH b o n d  s t r e n g t h  ( k c a l  mol -~) 
Transition AHt" (kcal mol-1) b 

m e t a l  Mm(OH)~ M~mOs 2MuO ~ M~zzzO3 X~z(ey)c Dcov(M.OH) d D~on(M-OH)* D(M-OH) t 

N i  - 162.6 - l 12 .0 t  - 13.0 1.75 64.6 57.5 122.1 
C o  - 176,6 - l lS .Ot ? - 21.5" 1.70 69.2 61,2 130.4 
F e  - 1 9 7 . 0  J - l ~ l . 9 t  J - -69.2  1.64 76.0 65.8 141,6 

t - 196.5 l -- 57,0* 
M n  - 212.0 S - 191.9t  - 4 5 . 1  1.60 81.0 69.0 150.0 

- -232.1  
Cr - 247.1 - 269.7 - 102 1.56 92.7 72.2 164.9 
V ? - 290.0 - 96.0 1,45 i07.0~7 81.5 188.57 

a Standard-enthalpy o f  formation; t Hydrated oxides (37, 38). 
b Enthalpy change f o r  t h e  l o w e r - t o - h i g h e r  o x i d e  transition; * l o w e r  o x i d e  is MsO~ (5, 38, 39). 
r Electronegativity (Allred-Rochow) values for transition elements in the valence (II) (40). 
dDr ---- 10.35 - ~,H~~ where 10.35 (kcal moL-~) ana hHf ~ are the enthaipies of formation of OH(g) (37) and MuZ(OH)~, 

respectively (2). 
�9 DloB(iVI-OH) = 23.06 (X~ - XoH) =, w h e r e  XoH w a s  e s t i m a t e d  a s  ..-3.3 ( 4 0 ) .  
rD(M-OH) - Dr + Dloa(M-OH). 

~H~ ~ f o r  V~Os w a s  u s e d .  

Correlations wi th  d-electron configuration.--In Fig.  
10, t h e  c a t a l y t i c  a c t i v i t i e s  f o r  o x y g e n  e v o l u t i o n  o n  
p e r o v s k i t e s  a r e  p l o t t e d  a g a i n s t  t h e  n u m b e r  of  d - e l e c -  
t r o n s  of  e a c h  t r a n s i t i o n  m e t a l  ion  in  p e r o v s k i t e s .  
T h e  n u m b e r  of d - e l e c t r o n s  was  a s s i g n e d  b a s e d  o n  t h e  
t r i v a l e n t  t r a n s i t i o n  m e t a l  ions  in  p e r o v s k i t e s .  T h e  r e -  
a c t i o n  r a t e  i n c r e a s e s  w i t h  a n  i n c r e a s e  of t he  n u m b e r  
of  d - e l e c t r o n s .  

Discussion 
Degree of validity of the roughness ~actor measure-  

ments . - -There  a r e  t w o  a s s u m p t i o n s  in  t he  r o u g h n e s s  
f a c t o r  m e a s u r e m e n t s :  ( i )  t h e  o n l y  r e a s o n  fo r  t h e  d i f -  
f e r e n c e  of  t h e  c a p a c i t a n c e  o b s e r v e d  is due  to r o u g h -  
ness ;  d o u b l e  l a y e r  c a p a c i t a n c e  fo r  t h e  p e r o v s k i t e  p e r  
r e a l  u n i t  a r e a  is t h a t  of  a n o n p o l a r i z a b l e  i n t e r f a c e  
w h i c h  h a s  a c a p a c i t a n c e  p e r  r e a l  s q u a r e  c e n t i m e t e r  of  
60 ~F c m - 2 .  e (ii) T h e  c a p a c i t a n c e s  u s e d  in  t h e  d e -  
t e r m i n a t i o n s  w e r e  those  of  t he  s o l i d / s o l u t i o n  i n t e r f a c e  
a n d  not ,  e.g., t hose  of  t he  S c h o t t k y  b a r r i e r  w i t h i n  t h e  
s e m i c o n d u c t o r .  

Utilizing a similar method, it would b e  p o s s i b l e  to  s e l e c t  16 
~F cm-2 as the reference value, because this is the capacitance 
of  the Hg/soiution interface on the negative branch. However, 
the present work was carried out (cf. Fig. 11) in a region near 
or positive to the flatband potential, and, hence, the more appro- 
priate capacitance for reference is that of the Hg/solution inter- 
face on the positive branch. This is less constant in n u m e r i c a l  
value. 60 ~F cm-~ h a s  b e e n  t a k e n  a s  a t y p i c a l  value (34). 

In  r e s p e c t  to t he  c o m p a r i s o n  w i t h  Hg,  t h e  v a l i d i t y  is 
l e s s e n e d  b y  t he  d i s c o v e r y  of F r u m k i n  et al. (41) ,  t h a t  
t h e  dl  r e g i o n  on  v a r i o u s  m e t a l s  w h i c h  do n o t  a d s o r b  H 
s i g n i f i c a n t l y  v a r i e s  f r o m  ca. 16 to ca. 25 ~F c m - 2  o n  t h e  
n e g a t i v e  b r a n c h .  I n d e e d ,  i t  h a s  b e e n  s u g g e s t e d  t h a t  t h e  

T h o m a s - F e r m i  s c r e e n i n g  l e n g t h  in  a m e t a l  c o n t r i b -  
u t e s  to t h e  n e t  d l  c a p a c i t a n c e  a n d  cou ld  m a k e  t h e  t r u e  
v a l u e s  of  t h i s  q u a n t i t y  a p a r a m e t e r  c h a r a c t e r i s t i c  of  
t h e  m e t a l  (42, 43) [ h o w e v e r ,  t h e  l i m i t s  of  t h i s  v a r i a -  
t i o n  do n o t  s e e m  to e x c e e d  t h e  r a n g e  16-25 #F  c m - 2  
(41) ] .  

T h e s e  c o n t r i b u t i o n s  l e s s e n  t h e  n u m e r i c a l  c e r t a i n t y  of 
t h e  m e t h o d  used.  B e c a u s e  of  t h e s e  i n t r i n s i c  diff icul t ies ,  
t he  r o u g h n e s s  f a c t o r s  p r o b a b l y  do n o t  h a v e  a b s o l u t e  
s ign i f i cance  b e t t e r  t h a n  ___ 100 %. 

I t  is i n t e r e s t i n g  to n o t e  t h a t  t h e  e l e c t r o c h e m i c a l  a n d  
B E T  a r e a s  a r e  n o t  p a r a l l e l .  A p a r a U e l i t y  Would  b e  e x -  
p e c t e d  i f  t h e  s a m p l e s  u s e d  fo r  b o t h  m e t h o d s  h a d  b e e n  
t h e  s a m e  (44) .  U n f o r t u n a t e l y ,  i t  was  n o t  p o s s i b l e  to 
s u b j e c t  t h e  p e l l e t s  w h i c h  w e r e  u s e d  as t h e  e l e c t r o d e s  to 
a B E T  e x a m i n a t i o n  b e c a u s e  t h e  B E T  a p p a r a t u s  w h i c h  
was  a v a i l a b l e  w a s  n o t  su f f i c i en t ly  s e n s i t i v e  to r e g i s t e r  
p r e s s u r e  c h a n g e s  w i t h  pe l le t s .  T h e r e f o r e ,  l i g h t l y  p a c k e d  
p o w d e r s  w e r e  u sed  a n d  t h i s  d i f f e r ence  i n  f o r m  is p r o b -  
a b l y  t h e  o r i g i n  of  t h e  f ac t  t h a t  t h e r e  is no  c o n s t a n t  r a t i o  
b e t w e e n  t h e  e l e c t r o c h e m i c a l  a n d  B E T  m e a s u r e m e n t s .  
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With respect to the dl na ture  of the capacitance ob- 
served, this would depend on the shape of the capaci- 
tance/potent ia l  curve. An  example is shown in Fig. 11. 
There ~re clearly three regions. In the cathodic side, a 
Mott-Schottky plot is visible. In  the anodic region 
positive to ca, 0.8V (NHE), a pseudo-capacitance region 
is visible and correlates v~ith the region of measure-  
ments  of O~ evolution. The values of capacitance in the 
region near  0.4V and positive to it, inc luding the char-  
acteristic hump, seem l ikely to represent  p redominant ly  
dI capacitances. The potential  range of 0.34-0.39V was 
used in the determinat ion of the dl  capacitance by the 
cyclic vol tammetry  technique on the substance shown 
(Nd0.pSr0.1CoO~). 

Pseudo-eapacitan.ce effects which could arise from 
the oxidation of the Bm-B w certainly should not be ex- 
pected in the range in which the capacities have been 
taken because of the evidence from the ESCA data 

12 , o~O~, , . ' ~ 3 . 2  
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o 2.4 ~:3 
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0 ] ~ U  I , ' -- ~ : ~ . . . . . .  0 . 0 

-0.4 0.0 0.4 0.8 
Po ten t i a l  (V vs. N H E )  

Fig. I1. Capacitance vs. potential plot and Mott-Schottky plot 
on Ndo.9Sro.~CoOe in O2-saturated 1M NaOH at 25-100 Hz. 
Values are expressed in terms of geometric surface area. 

that, in  the case of the cobalt perovskites, the cobaltic 
ions remain  the dominat ing occupiers of the surface, 
together with some oxygen vacancies which would in -  
crease with the value of substi tut ion,  x (25). It  must  
be recalled that there is only a very small  potential  
range in which the capacitance values were taken. This 
range was par t icular ly  chosen so that  it was outside 
indications of pseudo capacitance or the influence of 
the possible space charge in  the perovskite, as shown 
in, e.g., Fig. 11. 

A rat ionalizat ion of the change in properties from 
those characteristic of a semiconductor (see also values 
of carrier  densities in Table I) and those of a metal  
can be made on the basis of the specific adsorption of 
O H -  ions. In  Fig. 4, it  is shown that at pH ,-,12 in the 
region of potential  at which the measurements  were 
made (open-circui t  potent ia l ) ,  O H -  ions are s trongly 
adsorbed.S It is shown elsewhere (26) that  an occu- 
pancy of ~10% of the surface states would make 
changes of potential  in the Helmholtz layer  ~100 times 
greater than changes wi th in  the semiconductor.  It  
is noteworthy that  on Nd0.pSr0.1CoO3, the O H -  adsorp- 
t ion becomes detectable at about 0.2V (NHE), near  the 
region at which the capaci tance/potent ial  curve changes 
its na ture  (i.e., metall izat ion begins) .  

Porosity and activity on perovskites.--The large 
roughness factor raises the question of a model  by 
which so much of the inter ior  surface of these micro- 
porous electrodes could be active. One may  just i fy  
the order of magni tude  of the surface area by the 
following example. Suppose the porous electrode con- 
sists of uniform cylindrical  pores of 1 ~m diam; its 
porosity is 50%, and the depth of a pore is 0.5 ram. The 
real area of such a body per apparent  square centi-  
meter  of surface is 1000 cm 2. Various assumed shapes 
and depths of pores gave results in  this order (46). 

The real  exchange current  densi ty (io) for oxygen 
evolution on perovskites was typically varied over the 
range 1 0 - i L l 0  -9 A cm -2 (Table I).  This observation 
indicates that  the oxygen evolution reaction is highly 
irreversible;  therefore, the diffusion impedance be-  
comes small  in influence, and the reactivi ty would be 
expected to spread uniformly to a considerable frac- 
t ion of the in ter ior  surface of the microporous elec- 
trodes (47). The highest reaI current  densi ty was 
10 -5 A cm-2; bubbles tended to form at about 10 -a  A 
cm -2. Most of the in te rna l  area is, therefore, free of 
bubbles .4 

One may, therefore, regard the microporous perov- 
skite electrodes as p lanar  electrodes in dealing with 
their  kinetics. This view may be supported by the 
following observations made on RuO2 electrodes. In  
the case of Ti-supported RuO2 electrodes, in which 
RuO2 layers are highly porous with large surface area 
values, it has been shown that the rate of chlorine 
evolution was independent  of both the roughness factor 
and the oxide loading of these anodes (48), while the 
oxygen evolution rates were dependent  upon the t rue 
( ra ther  than the apparent)  area of these electrode sur -  
faces (49). This observation indicates that the chlorine 
evolution reaction, which is highly reversible, occurs 
ma in ly  at the external  surface of these microporous 
electrodes, while a much greater  degree of the elec- 
trode area is active in  oxygen evolution. 

Interpretation of rate correlations.--The following 
observations can be made based on the rate correla- 
tions given in the Results section. 

The values of adsorption of OH- on perovskites (e.g., on man.  
ganite) correspond to those  near full  coverage.  But this would  
not be possible if there were a charge retention of uni ty  [anion 
repulsion (45)]. Hence,  the highly  covered surfaces  indicate 
OH o- ions, i.e., partial charge transfer  and the consequent  forma- 
tion of quantum Mates in the surface  associated with such bond- 
ing. 

~The freedom from bubbles  and low dii~ustonal impedance  
leaves only a potential ohmic impedance  to reduce the activity 
of the pores. In an ideal cylindrical pore 0.05 em deep,  and wi th  
a maximum real current density of 10-~ Acm -2, the ohmic p.d. 
in the pore is lO-6V. 
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First, a~odic oxygen evolution on perovskites occurs 
on metallized structures.  Thus, no correlation exists 
between reaction rates and VFB. Bond, rather  than 
band, concepts should be s,tressed (50). 

Second, the value of the pH at which the concentra-  
tion of O H -  and H + particles is equal (zpc) is a mea-  
sure of O H -  bond s t rength  of the surface to O H - .  It 
was found that  a weak correlation exists between 
(i)0.3v and the pH of zero charge. Those perovskites 
which have a more alkaline pH of zero charge would 
tend to have a weaker bond s t rength of O H - .  

Third, fer ro-ant i fer romagnet ism in perovskites lies 
in the superexchange interact ion between the t ransi-  
t ion me~al ion and the lattice oxygen (13, 51-53). 
Hence, a s trong interact ion would be expected be-  
tween the t ransi t ion metal  ion and the oxygenated 
species on the perovskites which exhibit  a fe r ro /an t i -  
ferromagnetism. This would explain the correlation in 
Fig. 6, in the sense that electrocatalysis of oxygen 
evolution decreases as the bond strength of Mz-OH 
increases (cf. Fig. 9).5 

Fourth,  the tendency, shown in Fig. 7, to increase 
catalysis with decreased stabil i ty of the oxide may 
indicate that a high catalytic activity for oxygen evolu- 
t ion on perovskites is associated with ease of loss of 
lattice oxygens and /o r  ease of formation of oxygen 
vacancies, i.e., weaker  bonding of oxygenated species 
to the lattice. 

Fifth, the d-correla t ion shown in Fig. 10 suggests that  
the reaction site for oxygen evolution on a perovskite-  
type oxide is a first-row transi t ion metal  ion (B ion) .  

Sixth, i n  gas phase catalysis, a double peak pat tern 
predicted by crystal-field effects on bond s t rength  is 
observed (55, 56). The observed d-correlat ion in Fig. 
10 does not  follow a double peak pattern,  indicating 
that the crystal-field effect upon electrocatalysis is not 
significant in perovskites. This observation may sug- 
gest that a rea r rangement  of d-electron configuration 
occurs at the surface of a perovskite as a result  of 
more splittings of d-orbi ta ls  due to the unsatura ted  co- 
ordinat ion (57). This new d-elect ron configuration 
could have a decisive role in electrocatalysis in terms 
of bond formation between an in termediate  and the 
surface. 

Seventh, it has been shown that electrocatalysis of 
oxygen evolution on perovskites depends pr imar i ly  on 
the local interact ion between a reaction site ( t ransi-  
t ion metal  B ion) and an intermediate.  The observa- 
tions in  Fig. 8 and 9 suggest that  the reaction rate of 
oxygen evolution on perovskites is determined by the 
difficulty of removal  of OH intermediates,  ra ther  than 
adsorption of OH intermediates.  Breaking of the M z- 
OH bond is involved in the ra te -de te rmin ing  step. 

Therefore, it seems reasonable to assume that  a com- 
mon ra te -de te rmin ing  step occurs in a path of oxygen 
evolution reaction on a series of perovski te- type oxides. 
The correlation between rate at a constant potential  
and the calculated value of bond s t rength (Fig. 9) is 
an analog of a s imilar  correlation observed for hydro-  
gen evolution (3), in which ra te -de te rmin ing  electro- 
chemical desorption occurs on the various t ransi t ion 
metals. 

ElectrocataZysis in terms of a rate-determining OH 
desorption mechanism.--The facts adduced above show 
that the l ikely mechanism under ly ing  electrocatalysis 
of oxygen evolution on perovskites involves a ra te-  
de termining  M-OH desorption (M is B ion in ABO~). 
However, it has been found (58, 59) that  there are a 
n u m b e r  of individual  kinetic characteristics of the 
electrolytic oxygen-evolut ion reaction that demand 
some variat ion in the details of the mechanism, and 
an invest igat ion (26) has shown that  consistency can 

~Well-known suggestions by Tseung (54), which relate the 
paramagnetism of O~ to its positioning on the electrode surface, 
apply to the O= reduction process, but O= cannot be involved in 
the rate determining in the evolution reactions reported here. 

be brought  to these facts by the assumption that dif- 
fering M-OH bond strengths among the perovskites give 
rise to different isotherms. 

The mechanism0 found most consistent with the 
kinetics data is 

S t e p a :  M z + O H - ~ - - M z - O H + e -  [3] 

rds 
S t e p b :  M z - O H + O H -  ; M  z . . . H = O 2 + e -  [4] 

Step c: (H2Oz)phys + O H -  ~__ (HO~-)phys + H20 [5] 

Step d: 

(HsO~) phys + (HO2-)  phy8 ~--- HsO + O H -  + O2t [6] 

Two dimensional  potent ia l -energy diagrams, based 
on a Morse funct ion approach (60, 61), Ior the pro-  
posed mechanism for oxygen evolution, are qual i ta-  
t ively shown in l~4g. 12. 

In  Step a, the water  molecule, or iginal ly adsorbed to 
a reaction site (M z) can be replaced by an O H -  ion 
by means of proton transfers. Hence, a successful elec- 
t ron transfer  ( transmission coefficient K ~1)  may occur. 

In  Fig. 12, the dashed curve represents a s i tuat ion 
with a lower adsorption energy for OH species as ex- 
pected in n~ckelates, i.e., a smaller  activation energy 
for Step b. Ferri tes would be expected to have a higher 
adsorption energy and, hence, a larger activation en-  
ergy. This view is consistent with the correlations 
shown in Fig. 6, 7, 8, and 9. 

Electrocatalysis in terms of MO theory.--A schematic 
of a model for the active surface of the perovskite is 
shown in Fig. 13. The {001} plane containing the t rans i -  
t ion metals is l ikely to be an active reaction surface. 
A simple model of such an oxide surface is the MO~ 
(M is a t ransi t ion metal  ion; O is an oxygen ion) 
cluster; 3d (er t2~) levels wil l  split  fur ther  because of 
the lower symmet ry  near  the surface. 

According to the calculations for SrTiO8 by Wolfram 
et al. (57, 62, 63), the % levels of the MO6 cluster 
(bulk) split into the dx2.y2 and dz2 levels, with the 
dz2 state lying below the dx2.y2 state at the surface. The 
t2~ levels split into the double degenerated dxz and d~z 
states and the singlet dzy state. These energy levels are 
schematically shown in the upper  par t  of Fig. 14. 

Assuming that these d-levels calculated for SrTiO3 
also hold for other perovskites, one may assign the 
d-electron configuration of the t ransi t ion metal  ion at 

B In the case of lanthanum nickelate, the participation Of lattice 
oxygens is considered (26), which gives the reaction order with 
respect to OH- as unity. 

o 
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Fig. 12. Potential energy diagrams for a rate-determlnlng OH 
desorption mechanism. 
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Fig. 13. Schematic model for the active surface of the perovskite, 
in which transition metal B ion is electrochemically active. 

the  surface of pe rovsk i t e - type  oxides, as shown in 
Fig. 14. The energy  differences can be seen only qual i -  
ta t ively.  In  cobaltates,  a h igh spin configuration (64) 
is shown. A low spin  configuration is also possible. I t  
can be seen in Fig. 14 that  the dze orb i ta l  wi l l  be oc- 
cupied by  an electron only in cobal ta tes  or  nickelates.  

A l ike ly  electronic s t ruc ture  of OH is: ls  2 2s 2 (2p~ -5 
ls)2 2p~2 2p,* (57). The bonding state is an oxygen 
2pz orb i ta l  ~-bonded to a hydrogen  ls  state.  The oxy-  
gen 2px and 2p~ o rb i t a l s  r emain  as nonbonding.  

Bulk Surface 

i l  eg - -  

t~~ ---'-~i, 

MOs 

d 2 d 3 d 4 d 5 d e d r 

dx2_y2 

dz~ t--  f 

dxy 

M05 V 3+ Or 3+ Mn s§ Fo a+ Co a+ Ni 3+ 
(h.s.) 

Mn 3+ Ni 3+ 
o-* o* 

= ?' 7r ~';.:~2p,, 2p~, 

\ ~,q4--2p~ + ls ~ /~h--2p= + ls 
"-"~S o. ~--,j OH 

Fig. 14. d-electron configuration of transition metal ions at the 
surface of perovskites (above); MO diagrams for the Mz-OH 
bonding at the surface of perovskites; manganites and nickelates 
(be low) .  

The possible orbital interactions between a transition 
metal ion at the surface of perovskites and an OH 
species are as follows. The dz 2 of a transition metal ion 7 
will overlap with the 2pz + ls orbital of an OH, form- 
ing v-type orbitals, while the dxz (d~z) orbital will 
interact with the 2p= (2py) of an OH, giving ~-type 
orbitals. Neither the dx2.y2 nor the dxu orbital will mix 
with the OH orbitals, because of symmetry conserva- 
tion. 

Based upon the d-electron configuration and the 
possible orbital overlaps, MO diagrams for the Mz-OH 
bonding at the surface of perovskites are shown for 
manganites and nickelates in the lower part of Fig. 14. 
The following observations can be made from the 
qualitative MO diagrams. 

First, the OH species is a saturated ligand, having 
almost filled p-orbitals. Therefore, the contribution of 
:r-bondings, i.e., back bonding (65), to the Mz-OH 
bonding would be negligible, especially in the case of 
Co s + of Ni~ +. 
Second, since the bonding orbitals of Mz-OI-I are 

readily occupied by electrons from OH species, elec- 
trons from the d-orbitals of the surface transition metal 
in perovskites will occupy the antibonding orbitals of 
Mz-OH. Thus, it is expected that the bond strength of 
Mz-OH would decrease as the number of d-electrons 
increases. 

Third, it has been postulated that the bond order 
is approximately proportional to the bond energy (66). 
The estimated bond orders for Mz-OH bonding at the 
surface of perovskites decrease in the following se- 
quence. V~+:2.5, Cr~+:2.5 > Mn3+:2 > Fe3+:l.5 > 
COS+: I-1.5 s > NiS+: 1. The trend in bond order is in 
agreement with that bond strength determined thermo- 
dynamically (Fig. 9). 

Fourth, electrons in the dz2 orbital, e.g., in Ni 3+ or 
high spin Co 3+ , may play an important role in achiev- 
ing high reaction rates, since these electrons tend to 
occupy the ~* an t ibonding  of Mz-OH, resul t ing in a 
weaker  bond. 

Fifth,  the observed poor  cata lyt ic  ab i l i ty  on vanadi tes  
a n d / o r  chromites may  be in te rp re ted  by  the fact  that  
a h igher  oxidat ion  state eas i ly  forms on these ma te -  
r ials  (38), forming a too 'stable surface complex of 
OH species. Thus, these perovski tes  cannot  serve as 
electrocatalysts ,  since fu r the r  reactions,  which lead  
to the  _formation of oxygen,  have difficulty in p ro -  
ceeding. 

Earlier interpretations.--Matsumoto et al. have  con- 
t r ibu ted  m a n y  publ ica t ions  (6-11, 67) in which an in-  
t e rp re ta t ion  of the re la t ive  react ion rates  measured  
according to the geometr ic  surface are  given. The 
essence of their  view concerns the  over lap  in tegra ls  
be tween  the spz orb i ta l  of O (or O containing species)  
and the eg orb i ta l  of the t rans i t ion  meta l  ion, which 
are  seen as being re la ted  to the a* charac te r  of the  
bands in the perovskite .  

According to them, the impor tan t  pa r t  of the  evolu-  
t ion of oxygen  depends upon the discharge of HzO or  
O H -  to adsorbed  OH th rough  the ~* band,  which is 
assumed to extend to the  surface. The r a t e -de t e rmin ing  
steps assumed by  Matsumoto et al. are  based on ex -  
per iments  wi th  only three  t rans i t ion  metals ,  namely ,  
Mn, Fe, and Co. These e lements  and the i r  perovski tes  
are  taken,  in the i r  view, to give r ise to a r a t e - d e t e r -  
mining  step of the discharge of O H -  for the  Mn con- 
ta ining compounds (6). For  the i ron and cobal t  com- 
pounds,  they  conclude tha t  MOH -5 O H -  ~ M O -  -5 
H~O is the r a t e -de t e rmin ing  step (7, 8, 10). 

The  in t roduct ion  of band  theory  b y  Matsumoto et al. 
is apprecia ted,  a l though it has some counter  difficulties 
in neglec t ing  bond concepts which seem f ru i t fu l  in 
cata lyt ic  discussions. The pr inc ipa l  difficulty is the  

T h e  x-axis is  t a k e n  i n  t h e  d i r e c t i o n  p e r p e n d i c u l a r  to  the  r e -  
act ion s u r f a c e  i n  F i g .  13. 

s B.O. = 1 f o r  l o w  sp in .  B.O.  = 1.5 f o r  h i g h  sp in .  
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lack of possibility of making  plots with their  work that  
extend over more than three materials.  It is easy to 
change the ra te -de te rmin ing  step and obtain agree- 
ment  with Tafel slopes in ad hoc manne r  if there is 
no requi rement  for consistency within  a group of mate-  
rials. In the present  work, (e.g., as shown in Fig. 10) 
there is a consistent correlation between the current  
at an overpotential  of 0.3V and six different materials.  
It is difficult to avoid the conclusion that the rate-  
de termining  step in this group must  be the same and 
to see this as a more l ikely model than that of Matsu- 
moto et al. with changing ra te -de te rmin ing  steps. A 
more certain judgment  with respect to their work, 
compared with our own, must  await  a provision of 
data involving more t ransi t ion metals. 

Trasatt i  (5) [c/. Tseung and Jasem (4)] considers 
that a volcano relat ion should exist for the electro:  
catalysis of oxides in the sense that the rate should at 
first increase with the enthalpy change of the lower-  
to-higher  oxide t ransi t ion and then decrease (after the 
entha lpy  has reached about 80 kJ mol -1) .  Some de- 
gree of s t ructural  rat ionalizat ion can be seen in the 
sense that  adsorption of a component (e.g., OH) on the 
oxide concerned would be expected to parallel  the 
heat of formation on the compound in the next  valency 
state. Conversely, Trasatt i  does not relate his observa- 
tions to any par t icular  mechanism for oxygen evolu- 
tion and, correspondingly, to any  ra te -de te rmin ing  step , 
although the direction of the dependence of the rate 
upon bonding considerations would vary  with this. 

Plot t ing our data as a function of the enthalpy change 
of the lower to the higher oxide t ransi t ion (AHt ~ 
gives the correlation shown in Fig. 15, which is con- 
sistent with those made in Fig. 7, 8, and 9. There is, 
thus, consistency between the detailed mechanistic view 
suggested here and the more general  indications of 
Trasat t i  (5) [c]. those of Tseung and Jasem (4)].  Thus, 
the parameter  of AHt ~ would be expected to be parallel  
to the M-OH bond strength. 

Potential o/ comparison ]or electrocatalysis.--Nor- 
really, the io values are used in electrocatalytic com- 
parisons (1). However, such values may not  offer 
useful  data from the viewpoint  of a comparison of 
rates at practical cur rent  densities. Table II shows 
that  LaNiO3 has an io value among the lowest of the 
materials  examined, but, as a consequence of the low 
Tafel slope, the value of the real  current  density passed 
at an overpotential  of 0.3V is the highest observed (21). 

-4 I I I I I 

Ni 
c~ -5 
o 

H 

~---6  
E " ~  Fe 

"~ an o 
_o -7 

-8 i I i I , I i I i I 
-20 -40 -60 -80 -100 

AH~ of Lower to Higher Oxide (kcal mo1-1) 

Fig. 15. Current density (based on real surface area) for oxy- 
gen evolution on perovskites at an overpotential of 0.3V vs. enthalpy 
change of lower-to-higher oxide transition. The transition metal 
ions in perovskites are indicated with different symbols. 

It is clear that the practically impor tant  region for 
comparison is that of tile low overpotent ial  section of 
the Taiel  region, and here the overpotential  of 0.3V 
has been a rb i t r a rdy  chosen as the comparison potential.  

However, such use of current  density at a certain 
overpotential  means that if the Tafel slopes differ, as 
they do here (see Table II) ,  there will  be a different 
electrical contr ibut ion to the rate,, i.e., in terpreta t ions  
of electrocatalysis cannot be made on the basis of 
bonding considerations alone without  relat ing the 
change of such contributions to other factors (e.g., 
radical  coverage which may alter  Tafel slopes and, 
therefore, the electrical contr ibut ion for a given over-  
potential) .  Table IV shows the contr ibut ion to the rate 
of the e ~F/RT term in the Tafel equation. 

Of relevance here is the plot of the overall  t ransfer  
coefficient (a) as a function of the n u m b e r  of d-elec- 
trons in the t ransi t ion metal  ions of perovskites (Fig. 
16). Thus, a increases smoothly with the n u m b e r  of 
electrons which occupy the d-levels. This can be seen 
to influence directly the s t rength of OH bonds to the 
t ransi t ion metal  ion, when the lat ter  becomes weaker 
as the d-occupancy increases. In  turn,  the steady-state 
OH coverage affects the isotherm effective in the ki-  
netics and changes ~, i.e., changes the electrical contri-  
but ion to the free energy of activation. 

Therefore, the general  rule found here, that  increas- 
ing weakening  of the M-OH bond for the group of 
perovskites concerned increases the rate, is un im-  
paired by considerations which separate chemical and 
electrical contributions to practical values of the catal- 
ysis. But the discussion shows that  the relat ive rate 
of oxygen evolution on these catalysts is strictly de- 
pendent  upon a choice of potential  range. The pres-  
ent range considered refers to current  densities of over 
100 mA cm -2 (based on geometric area) on the better  
catalysts. 

The ef]ect of substitution and nonstoichiometry.--In 
order to obtain sufficient conductivi ty in the perovskites 
( A B Q ) ,  it  is necessary to subst i tute some of the A 
ions by ions of lower valency, e.g., Sr2+. When a cer- 
tain amount  of divalent  s t ront ium substi tutes for the 
t r ivalent  l a n t ha num in a perovskite, there may  be 
two results to compensate for the change of charge. 
Some of the B 3+ ions can be changed into B 4+. Al-  
ternatively,  oxygen vacancies can be introduced. 

We choose to accept the lat ter  model because of the 
work of Nakamura  et al. (20). These workers ex- 
amined the perovskite La0.gSro.lCoO~ in  respect to the 
rate  of oxygen desorption from the surface. They 
concluded that  the effect of the increase of the Sr2+ 
content  x is to introduce oxygen vacancies ra ther  than  
Co 4+ ions. Addit ional  evidence was obtained in our 
own work in examining  the same substance by ESCA 
(25). The results show that  in the potential  range for 

Table IV. Overpotential contributions to the rate of the 
oxygen-evolution reaction at constant overpotential on different 

groups of perovskites 

Transition 
m e t a l  T a t e l  

in perovskite  0t slope 

2 R T  
N i  0-~  0 ~ 1.5 4 x 10 ~ 

3 F  
R T  

Co 0.2 < 0 < 0.8 ~ 1.0 1 x 10 5 
F 

2RT 
F e ,  M n  0 -* 1 - -  0.5 3 x 10 ~ 

F 
2RT 

V, C r  ? > - -  > 0.5 < 10 ~ 
F 

C o v e r a g e  o f  Mz-OH. 
" 7  = 0.3V. 
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Fig. 16. Transfer coefficient of oxygen evolution at lower over- 

potentials on perovskites vs. number of d-electrons of transition 
metal ions in perovskites. The transition metal ions in perovskites 
are indicated with different symbols. 

oxygen evolution reaction there existed in the surface 
of the perovskite only Co HI and oxygen vacancies. 
On this basis it is assumed that  a similar model exists 
for the rest of the perovskites reported on in this paper. 

In  Fig. 17 it is shown that some increase in the cur-  
rent  at constant overpotent ia l  occurs with x. This is 
indeed consistent with our  model, according to which 
the rate of oxygen evolution would increase with an 
increasing lessening of the B-OH bond strength, and 
also with the description of Nakamura  et at. (20), who 
found that the desorption of O increases in rate as the 
Sr 2+ content  increases, i.e., as the number  of oxygen 
vacancies is increased. Thus, the increase of oxygen 
vacancies can be seen as a decrease in the average 
bonding energy of O to the lattice. 

A contrast in this view can be seen with that  which 
would arise had it been assumed that the effect of in-  
creasing the subst i tut ion x upon the lattice is to cause 
a corresponding n u m b e r  of Co 4+ ions to exist in  the 
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surface. Then, as x increases, the B-OH bond s t rength 
would increase and one would expect, on the present  
model, for the rate to fall. The fact that Fig. 17 shows, 
however, an increase in the rate is consistent with the 
weakening of M-O bonding in the lattice, which cor- 
responds to the introduct ion of oxygen vacancies. 

Our view is consistent with the predict ion of Trasatt i  
(5) that an impor tant  factor in oxide electrocatalytic 
activity is related to the degree of nonstoichiometry.  
However, it correspondingly shows that this is not  the 
main  factor involved in the variat ion of the electro- 
catalytic activity, which changes over three orders of 
magni tude  with al terat ion of the t ransi t ion metal  ion 
at constant  stoichiometry. 

A voZcano relationship?--The data  in  the present  
paper  suggest that  rate increases as Mz-OH decreases. 
A ra te -de te rmin ing  step consistent with this is (inter 
alia) 

Mz-OH + O H -  --> M z . . .  H~O~ + e -  [4] 

The analogy which this step forms to that  in hydro-  
gen evolution on t ransi t ion metals (1, 3) 

M-H 4" HsO+ 4" e -  -~ M 4" H2 4" H~O [7] 

suggests that, as the bonding to the oxide surface fur-  
ther weakens, the rate of Eq. [4] increases sufficiently 
so that  another  reaction in the same kinetic sequence 
becomes rate determining.  By analogy with the si tua- 
t ion in  hydrogen evolution, this would be 

M z 4" O H -  ~ Mz-OH 4" e -  [3] 

An elementary  consideration of potential  energy sur-  
faces shows that the dependence of rate upon Mz-OH 
would reverse in trend;  the rate would decrease with 
increasing occupancy of the an t ibonding  orbital  of 
Mz-OH. Thus, a plot Of rate at a given overpotential  
against some measure of Mz-OH strength would pass 
through a maximum.  Such a plot is shown in Fig. 18. 
A similar suggestion, without  mechanistic commitment ,  
has been made by Trasatt i  for oxide catalysts (5). 

A low value of AHf o of Rh2Os, --68.3 kcal mo1-1 (37) 
(cf. Table III) ,  suggests that the perovskites with a 
second-row transi t ion metal  ion, e.g., Lal-=Sr=BOs 
(B ---- Mo, Ru, Rh) (68, 69), may exhibit  a very weak 
bonding of Mz-OI-I, and, hence, could be members  of 
the lef t -hand branch of a volcano plot. The molyb-  
denum containing compound may show a faster rate 
than the other compounds ment ioned because of the 
relat ively high ~Hf o of MoO2 [--130 kcal mol-1  (37)]. 
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I t  must  be s t ressed tha t  the points  shown in Fig. 18 
refer  to specula t ive  predic t ions  of oxygen evolut ion 
on perovski tes  containing the meta ls  indicated.  They 
have, for  example ,  no th ing  to do with  expec ta t ions  of 
the r e l a t ive  oxygen-evo lu t ion  ra te  on, e.g., RuO2 (or 
NiO) where  there  is evidence tha t  the  ra te  pred ic ted  
here  for  perovski tes  would be r eve r sed  for  oxides (59). 

Prediction of electrocatalysis.--Figure 19 gives the 
plots  of Tafel  l ine in tercepts  (Tafel  p a r a m e t e r  a) e of 
oxygen evolut ion vs. the number  of d -e lec t rons  of 
t rans i t ion  ions in the  various pe rovsk i t e - type  oxides. 
This corre la t ion  in te rms of number  of d-e lec t rons  can 
be fu r the r  ra t ional ized  by  plot t ing Tafel  l ine in tercepts  
against  the n u m b e r  of e lectrons occupying the an t i -  
bonding  orbi ta ls  of Mz-OH (c]. Fig. 14), as shown in 
Fig. 20. In Fig. 20, the e lec t rocata ly t ic  ac t iv i ty  based on 
Tafel  l ine intercepts  increases as the number  of elec-  
t rons  occupying the an t ibonding  orbi ta ls  increases.  

Thus, l an thanum nicke la te  (LaNiOs) gives the  h igh-  
est e lec t roca ta ly t ic  ac t iv i ty  among the perovski tes  
s tud ied  (21). The high ca ta ly t ic  ac t iv i ty  observed  on 
the NiCo204 spinel  (4) is in agreement  wi th  this p re -  
diction, since i t  contains ca ta ly t ica l ly  active species, 
Ni :I and Co nI. 

On the basis of Fig. 20, one might  predic t  that  LaCuO~ 
(71) would  be a be t t e r  ca ta lys t  than LaNiQ~, since 
its d s electrons would contain a g rea te r  n u m b e r  of 
an t ibonding  positions. However ,  ir~stability of the Cu n[ 
compounds would  be expected in aqueous solut ion 
(72); it  is possible that  s tabi l iza t ion could be achieved 
by  replacing, some Cu 3+ b y  Cu ~+ in a compound such 
as Lal-xCezCuO3. 

Stability aS electrocatalysts.--Some of the  catalysts  
examined  were  polar ized  for t imes up to 40h. A typica l  
example  obta ined  on La0.gSr0.1CoO3 is shown in Fig. 
21. Under  the anodic polar iza t ion  at  25 m A c m  -2, the  
e lect rode potent ia l  rose  g radua l ly  dur ing  the first 26h. 
I t  became constant  a f te r  20h. XPS s tudy  showed tha t  
the cobal t  species presen t  was only Co III at the surface  
af te r  this anodic polar izat ion (25). 

0 This  m e t h o d  o~ comparing electrocatalysis has been used par-  
t i cu la r ly  by  Sr in ivasan  e t  aL (70). 
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in O2-saturated 1M NaOH at 25~ under a galvanostatic condition. 

Also, LaNiO3 exhib i ted  a s table  pe r fo rmance  for 
over  70h at  100 m A  cm -~, which corresponds to an 
overpo ten t ia l  of 300 inV. 

Summary  
A n  increase  in the ca ta ly t ic  ac t iv i ty  for e lec t ro ly t ic  

evolut ion of oxygen on perovski tes  occurs in pa ra l l e l  
wi th  a high occupancy of an t ibonding  orbi ta ls  of M z- 
OH. 
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Adsorption of 3-phenyl- 1 -propanol on Gold Electrode from Perchloric 
Acid Solutions 
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ABSTRACT 

Adsorption parameters of 3-phenyl-l-propanol and some other co-phenyl alkanols were calculated after the isotherm of 
0/(1 - O)" = Kad~' Xorg. The adsorption peaks appeared at 0.70 and 0.35V (vs. SCE) for the adsorbate. The peak near 0.70V seems 
to be due to ~r-electron interaction of the benzene ring and another peak at 0.35V to the alcohol group as side chain. The peak 
height of coverage-potential curve at 0.35V became larger depending upon the number  of carbon atoms in the aliphatic 
alcohol group on the benzene ring. The differential capacity was measured by a rapid rectangular single-pulse technique, 
and the voltage-time curve was memorized electrically set by a "Wave Memory." Then, the reproducibility of the_capacity 
measurement  became approximately within -+6%. The values of n and the standard free energy of adsorption (AG ~ of the 
adsorbate at 0.70V were calculated as 2.8 and -7.4 kcal/mol, respectively. 

In the adsorption of benzene compounds on e l e c -  
t rode  surface, the ~-electron interact ion between the 
adsorbed molecule and the electrode surface plays a 
dominant  role (1). As reported in a previous paper 
(2), the adsorption peak of benzoic acid appears at 
0.60V (vs. SCE), and the peak seems to be due to ad-  
sorption of benzene r ing by its ;~-electron interact ion 
on the gold electrode. In this report, adsorption of 3- 
pheny l - l - p ropano l  (PPA) on gold electrode was s tud-  
ied. The adsorption peak was found at 0.70V. However, 
we found out that the new peak appeared at 0.35V. 
Peak height of the coverage-potential  curve became 
larger depending upon the n u m b e r  of carbon atoms in 
the aliphatic alcohol group on the benzene r ing from 
the coverage data of benzyl  alcohol, 2-phenyl  ethanol, 
and 3 -phenyl - l -p ropanol .  Kinetic parameters  were 
calculated after the concept of competit ive adsorption 
by Bockris and Swinkels  (3, 4), Dahms and Green (5), 
and Conway and Dhar  (6). They assumed that  one 
molecule of an organic substance took the place of n 
molecules of water  on the electrode surface. Lawrence 
and Parsons (7) calculated the n value from the geo- 
metr ical  ratio of the area occupied by the organic 
molecule to the one by water  molecule. Dahms and 
Green (5) calculated the value for adsorption of aro- 
matic hydrocarbons on gold electrode with radiotracer 
technique. 

Experimental 
Gold electrode.--The gold electrode which was used 

as the working electrode which was made from poly- 
crystall ine pure gold (99.99%, Tokur ik i  Manufac tur ing  
Company Limited) and was sheathed in  a Teflon rod 
(2). The electrode surface was polished before each 
series of electrochemical works with very fine emery 
papers and then polished with dilute suspension of 600 
mesh dichromium trioxide polishing powder. The elec- 
trode surface was reduced by set t ing the potential  near  
--0.20V for 20 min or more. The surface condition of 
the reducing process was observed by drawing a cyclic 
vol tammetr ic  curve of the gold electrode. The appar-  
ent surface area of the electrode was 0.049 cm 2, and 
the roughness factor as calculated with the method of  
Brummer  and Makrides (8) was 1.4. 

Counter and polarizing electrodes.--A gold cyl indr i -  
cal mesh and plate were used as counter  and polariz- 
ing electrodes, respectively. All  potentials were mea-  
sured against SCE. The electrochemical cell contained 
main  and s tandard  cell uni ts  of SCE with a Haber-  
Luggin capillary. The s tandard  cell was separated 
from the main  cell by  a glass fri t  and a closed stop- 
cock. 

Key words: adsorption, gold electrode, 3-phenyl-l-propanol, dif. 
ferential capacity. 

Measurements.--Perchloric acid solution (0.1M) w a s  
prepared as the support ing electrolyte. PPA as the 
adsorbate was dissolved in the solution. All  the ex-  
per iments  were carried out at 30~ in thermostated so- 
lutions which w e r e  deoxygenated with pure ni t rogen 
gas bubbling.  The working gold electrode was polar-  
ized by a potentiostat  (HA 101, Hokuto Denko Com- 
pany  Limited).  The potentials and currents  were 
checked by a digital mul t imeter  (DMM-126A, TOA 
Electronics, Limited) dur ing the run. 

Differential capacity measurement  was performed 
with rapid rectangular  single pulse techniques (9). 
This method consists of measur ing the slope of a volt-  
age-t ime curve of the working electrode at the onset, 
or at a time close to it, of a rectangular  current  pulse. 
The voltage-t ime curves were memorized by a set of 
"Wave Memory" (E-5001, NF Circuit Design Block 
ComPany, Limited) with 2 ms /word  imput  and dis- 
played them on a X-Y recorder (at 10 ms/word)  olaf- 
put or on an oscilloscope. The differential capacities 
were computed from the curves by our original com- 
puter  program. This was based on Barradas and 
Valeriote's (10). The reproducibil i ty of the capacity 
data became less than 6% in the range of 0:0-0.9V. 

Results and Discussion 
Coverage-potential curves.--Differential capacities 

were measured in the range --0.2-0.9V with 0.05V step 
for 1.0 X 10 -~ to 1.0 >< 10-4M of PPA aqueous solu- 
tions. The capacity-potential  curves in 0.1M perchloric 
acid with different additions of PPA are shown in Fig. 
1. Schmid and Hackerman (11) described the magni -  
tude of the capacities. The shapes of the capacity- 
potential  curves were dependent  on the exposed face 
of gold electrode and the concentrat ion of perchloric 
acid as the support ing electrolyte. In the capacity- 
potential  curve of 0.1M perchlori.c acid in Fig. 1, the 
magni tude of the capacities was a little lower than 
the data of Schmid and Hackerman,  and the shape was 
close to the results of a (110) face s ingle-crysta l  gold 
electrode for 0.1M of the acid (11). The differential 
capacity data of the saturated PPA solution (0.04M) 
were calculated by the straight line relationship be- 
tween logari thmic concentrat ion of an adsorbed sub-  
stance and its capacity (12). The calculated differen- 
t im capacities were used as the ones of full coverage. 

Coverages were calculated with the simplified form 
(14) from Frumkin ' s  model (13) 

C_-Co(l--~) +C~.o [13 

where C0 is the capacity of the support ing electrolyte, 
C1 the one of ful l  coverage, and C the capacity for 
coverage ~. 

Coverage-potential  curves are shown in Fig. 2 from 
1.0 • 10 -4 to 0.01M of PPA; the curve of 2-phenyl  
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ethanol  (EPA) of 5.0 • 10-4M (dot ted  l ine)  is p r e -  
sented for  comparison.  The  adsorp t ion  m a x i m u m  of 
thei r  solutions of P P A  showed at  0.35 and 0.70V. In 
the case of EPA solutions,  the peak  heights  a t  0.35V 
were  r e l a t ive ly  sma l l e r  than  the ones at 0.70V. In 
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Fig. 2. Coverage-potential curves of 3-phenyl-l-propanol. Solid 

lines, from bottom to top, 1.0 X I 0 - 4 M ,  5.0 • 10-4M,  1.0 X 
10-aM, 5.0 X 10-8M,  and 1.0 X 10-~M PPA. Dotted line, 
5.0 X 10-4M PEA. 

PPA solutions, the heights at 0.35V became larger than 
the ones at 0.70V in any concentration. 

Calculations ol adsorption parameters.--For se lec-  
t ion of adsorpt ion  isotherm, an excel len t  rev iew was 
presented  b y  Conway et al. (15). The problems  of  mo-  
lecular  size factor  and eva lua t ion  of in terac t ion  te rms 
in adsorpt ion  isotherms were  r epor ted  by  Conway and 
Dhar  (16). Adsorp t ion  of a solute f rom a solution must  
be a compet i t ive  process be tween  the adsorba te  mole -  
cule and the solvent  one. The compet i t ive  adsorpt ion 
of two species f rom a l iquid  phase has been  t rea ted  
by  numerous  authors  by  means  of L a n g m u i r  i sotherm 
(17-19). Temkin ' s  i so therm was appl ied  to t he  ad-  
sorpt ion of neu t r a l  molecules  by  De lahay  and Mohi lner  
(20). The compet i t ive  adsorpt ion  of species wi th  di f -  
fe rent  sizes was discussed by  Dahms and Green  (5), 
Bockris  and  Swinkels  (3, 4), and Conway and Dhar  
(6). 

Af te r  Dahms and Green  (5), an equ i l ib r ium is as-  
sumed to be es tabl ished be tween  solvent,  adsorbed  
solvent,  organic species in aqueous solution, and  a d -  
s o r b e d  organic  species 

n Waterads + Orgsol = n Watersol -t- Orgads [2] 

where  n is the  n u m b e r  of adsorbed  wa te r  molecules  
which occupy the same surface a rea  as one molecule  
of the adsorbate .  

Under  ideal  conditions, the e lec t rochemical  po ten t ia l  
of the adsorbed organic en t i ty  in Eq. [2] m a y  be 
wri t ten  

~org, ads - -  ~ '%rg,  ads "~ RT In e [3] 

and the e lec t rochemical  po ten t ia l  of the adsorbed  
wate r  is given by  

~w, ads =V~ ads Jr- RT In (1 --  e) [4] 

The e lec t rochemical  potent ia ls  of the adsorba te  in 
aqueous solut ion are  wr i t t en  by  

~org, sol = ]~~ sol 2r RT In Xorg" sol [5] 

/~w, sol : ~~ sol -t- R T  In Xw,  sol [6]  

where  Xor~, sol and Xw. ~ol are  the  tool f ract ions of  o r -  
ganic and water ,  respect ively.  

The difference in s t andard  f ree  energy  is expressed  
by  using the e lec t rochemical  potent ia l s  

~ ~  = ~~ ~,  - ~~ - n (~~ ~ - ~o~.,ol) [7] 

Dahms and Green  obta ined f inal ly the  fol lowing lso-  
t he rm f rom dilute  aqueous solut ions of the organic ad-  
sorba te  

( (1 - -  0)" - -  Xor~,sol �9 exp --  - ~ -  / - -  Kads �9 Xorg, sol 

[8] 
where  Xor~. sol represents  the  mol f rac t ion of the  o r -  
ganic species in the solution, and Kads is the adsorpt ion  
equi l ib r ium constant  expressed  with  real  fraction.  

Equat ion [8] can be expressed  b y  using mol c o n c e n -  
t r a t i o n  (c) 

8 
= S. e [g] 

(1 - -  O)" 

where  B is the adsorpt ion  equ i l ib r ium constant  ex -  
pressed with  mol concentrat ion.  B is re la ted  to /{:ads 
as Kads : 55.5 X B (6). The re la t ionship  be tween  cov- 
e rage  and log c for  P P A  is shown in Fig. 3. The ob-  
se rved  values (plots)  agreed  with  the solid l ine which 
was ca lcula ted  f rom Eq. [9] as n ~ 2.8, except  at  
h igher  coverages.  In  the case of h igher  coverages,  the  
in terac t ion  p a r a m e t e r  (a) should be considered.  Var i -  
ous isotherms wi th  the p a r a m e t e r  a were  proposed  by  
F r u m k i n  (17), Hil l  (21), and others.  
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Fig. 3. Coverage-log c curve of 3-phenyl-l-propanol. Open 
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as n ---- 2.8. 

The Eq. [9] can be modified by introducing the a as 
follows 

8 
B �9 c = exp (-- 2a0) [10] 

(I - -  8)" 

This equation was proposed by Parsons (22). From Eq. 
[10], values of a were calculated as 0.13 and 0.37 for 
0.01 and 0.005M of PPA, respectively. The positive 
value of a means an attractive interaction between the 
adsorbed molecules. The other parameters are shown 
in Table I for benzyl alcohol (BZA), EPA, and PPA. 

The values of AG -~ (at 30~ at 0.70V for benzene 
(23), BZA, and PPA were --4.9, --7.5, and --7.4 kcal /  
mol, respectively. Thus, the two w-phenyl alcohols 
seem to adsorb strongly and benzene weaMy among 
these compounds on a gold electrode. 

According to the experimental  results, the adsorp- 
tion peaks appeared at 0.65, 0.70, and 0.70V for BZA, 
EPA, and PPA, respectively. These peaks seem to be 
due to the interaction between =-electrons of the ben- 
zene rings and the electrode surface. A peak at 0.35V 
seems to be due to the alcoholic groups as side chains. 
This conclusion was supported by the evidence that  
the n-propyl  alcohol was adsorbed on a gold electrode 
at 0.35V. Thus, PPA showed a two-position adsorption 
at 0.35 and 0.70V on a gold electrode. Taking into ac- 
count the geometric ratios of the ~-phenyl alkanols to 
water  molecules, the values of n in Table I are rea-  
sonable. 

Conclus ion  
In the differential capacity measurements by a 

rapid rectangular single pulse technique, the "Wave 

Table I. Adsorption parameters of benzyl alcohol, 2-phenyl 
ethanol and 3-phenyl-l-propanol 

Compd. BZA* EPA* PPA 

Ads. max. 0.65V 0.70V 0.35V 0.7OV 
rL 3.7 2.9 3.2 2.8 

AG ~ --7.5 • 0.6 --8.6 ----- 0.5 --7.7 • 0.5 -7.4 • 0.4 
Kads ( x i0 ~) 2.57 + 0.15 1.55 • 0.00 3.71 -- 0.22 2.26 • 0.14 

* The data were obtained with Pt (counter, polarizing) and Au 
(working) electrodes. 

Memory" was successfully employed for the voltage- 
time curve measurements. The calculation process of 
the capacities became easier and faster then, and the 
reproducibil i ty of the capacity data was less than 6%. 

3-phenyl- l -propanol  showed a two-position adsorp- 
tion at 0.35 and 0.70V vs. SCE on a gold electrode. The 
adsorption peak at 0.70V seems to arise from the in-  
teraction between the ~-electron of the benzene r i n g  
and the electrode surface. Another peak at 0.35V seems 
to be due to an adsorption of alcoholic group o n  the  
benzene ring. 

The peak heights of coverage-potential  c u r v e s  at  
0.35V increased with the number  of carbon atoms in 
the alcoholic groups. 

The values of n at 0.70V for benzyl alcohol, 2-phenyl 
ethanol, and 3-phenyl- l -propanol  were 3.7, 2.9, a n d  
2.8, respectively. These values were reasonable, taking 
into account the geometric ratios of the ~-phenyl al-  
kanols to water  molecules. 

The- s t andard  free energy of adsorption AG ~ for  
benzyl alcohol and 3-phenyl - l -propanol  at 0.70V w e r e  
--7.5 and --7.4 kcal/mol,  respectively. 
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ABSTRACT 

The catalysis and inhibit ion of formic acid electro-oxidation that  may accompany metal-submonolayer  formation on 
polycrystal l ine plat inum was studied quanti tat ively using the rotating ring-disk electrode (RRDE) technique. Under  
controlled flux conditions one can attain l imiting current  behavior for the oxidation of formic acid and thereby determine 
the upper  limit for the opt imum adatom coverage for lead and bismuth. These values are found to be 30-35% of the real area 
of the p la t inum electrode. The electro-oxidation exper iments  in this paper  are correlated with the l i terature dealing with 
polycrystall ine and single-crystal studies of hydrogen adsorption and formic acid oxidation at p la t inum to explain differ- 
ences of the behavior of various underpotent ial  deposi ted (UPD) species. The poisoning of the electro-oxidation process of 
formic acid requires the presence of adsorbed hydrogen or unhindered access to the first adsorbed intermediate  C. OOH that 
is produced.  During the initial stages of UPD, submonolayers  of silver or copper do not deposit  significantly on Pt(100), the 
plane that  is responsible for most  o f the  electro-oxidation offormic acid. Therefore, UPD silver or copper cannot inhibit  
poisoning of the formic acid oxidation process by decreasing hydrogen adsorption, or restricting access to C OOH via a third 
body mechanism. Bismuth, lead, and other UPD species with radii  larger than plat inum do deposi t  significantly on Pt(100) 
at low UPD coverages, and can therefore slow the poisoning of the formic acid process on this plane. 

Research on the oxida t ion  of formic acid on nobIe 
meta ls  and its e lect rocata lys is  has been going on for  
more than a cen tury  (1-3).  In te res t  in this process has 
gained considerable  momen tum in the  past  two dec-  
ades due to the process 's  significance in the  fuel  cell  
technology and because the s impl ic i ty  of the formic 
acid molecule  provides  a model  for the  e l ec t ro -ox ida -  
t ion of o ther  organic fuels. A formic acid oxidat ion  
mechanism that  describes the pr inc ipa l  exper imen ta l  
resul ts  involves,  as the ini t ia l  s t a g e ,  an oxida t ive  
e lec t rosorpt ion  step (4, 5) resul t ing  in the weak ly  ad -  
sorbed ca rboxyl  adradial ,  COOH, and H +. The car-  
boxy l  ad rad ia l  is bonded to ~ne e lect rode site and  m a y  
then e i ther  be e lec t ro-oxid ized  d i rec t ly  to CO2 and H + 
or  react  wi th  o ther  adsorbed species on the p la t inum 
surface  and t rans form into organic  poisons. These poi-  
sons inhibi t  fu r the r  oxidat ion  of formic acid by  b lock-  
ing those react ion sites requ i red  in the ini t ia l  s tage of 
the oxidat ion.  The s imi la r i ty  be tween  adsorpt ion  
products  p roduced  f rom formic acid  and methanol  oxi-  
dat ion under  po ten t iodynamic  (4) and potent ios ta t ic  
(6, 7) control,  and tha t  the ini t ia l  in terac t ion  of 
CH3OH wi th  an ac t iva ted  e lect rode resul ts  in the loss 
of  the th ree  hydrogens  on the carbon a tom (8), led 
Capon and Parsons to deduce that  the chemical  com- 
posi t ion of the ma jo r  poisoning species in formic acid 
oxida t ion  is COH, which  is s t rong ly  adsorbed at  three  
ad jacent  e lect rode sites. A minor  poisoning species, 
wi th  the s t ruc ture  C(OH)e  occupying two ad jacent  
sites, has also been suggested as being involved in the 
inhibi t ion process (4). A de ta i led  rev iew of the work  
in acidic media  pr ior  to 1973 (9) and the in te rp re ta t ion  
of  the cyclic vo l t ammograms  on noble meta ls  (10) a re  
avai lable .  

Significant catalysis  of the oxidat ion  of formic acid 
is caused by  the presence of submonolaye r  amounts  of 
some foreign meta l  atoms, e.g., Hg (11), T1, Cd, Bi, and 
Pb (12). These submonolayers  form by the unde rpo -  
tent ia l  deposi t ion (UPD) on p la t inum and o ther  noble  
metals .  Also, o ther  s t rong ly  adsorbed species, such as 
S H - ,  CH~CN, etc., ca ta lyze the e lec t ro-oxida t ion  of 
formic acid (11). UPD of Cu and Ag on p l a t inum in-  
h ibi t  this react ion (12). Two theories a re  cu r ren t ly  
used to expla in  the cata lyt ic  effect of UPD monolayers :  
(1) UPD prevents  hydrogen  adsorpt ion  on p la t inum 
and the reby  in ter feres  wi th  COH format ion  (12, 13); 
and (ii) the UPD species f't~nctions as a so-cal led  
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" thi rd  body"  which diminishes  the  p r o b a b i l i t y  o f  an 
encounter  be tween  two adsorbed  species that  resul ts  
in the format io  ~ of poisons (11, 14). A s imi la r  process 
is be l ieved to decrease  the hydrogen  evolut ion rate  
along wi th  UPD of copper  (15). The poisoning of the 
hydrogen  evolut ion process by  species such as R-CN, 
S, and  S H -  is also expla ined  th rough  this effect. Thus, 
the word  "catalysis"  is used in the context  of formic 
acid e lec t ro -ox ida t ion  in the sense of p reven t ing  a de-  
crease in the in i t ia l ly  rap id  rate,  r a the r  than  increas ing 
the  ini t ia l  ra te  at  an ac t iva ted  electrode.  

In  this work,  the ro ta t ing  r ing -d i sk  e lect rode (RRDE) 
technique was app l i ed  to s tudy  the  e f fec t  of va ry ing  
UPD submonolayer  coverages of l ead  and b i smuth  on 
the catalysis  of formic acid e lec t ro-ox ida t ion  at  p l a t -  
i n u m  electrodes in acidic media.  Concentrat ions  of 
formic acid in the range  of 10 -6 to 10-~M were  used. 
Under  these conditions,  mass - t r ans fe r  l imi ted  currents  
could be achieved that  not  on ly  a l lowed the s tudy of 
the ca ta ly t ic  effects in a s imple manner ,  but  a l so  m a d e  
possible the control  of  the ra te  of e lec t rode  poisoning 
dur ing  the es tab l i shment  of the UPD ada tom equi -  
l i b r ium-cove rage  isotherm. The e lec t rocata lys is  by  
UPD lead  and b i smuth  and the inhibi t ion effects of 
UPD copper and s i lver  are  expla ined  in te rms of 
p l a t inum si te  preference  on Pt(100) and P t ( l l l )  o f  
the  UPD species and the  formic acid oxida t ion  r e a c -  
t ions .  

Experimental 
Chemicals and equipment.--Solutions were  p r e p a r e d  

with  wa te r  purif ied in a Mi l l i -Q TM R e a g e n t - G r a d e  
Wate r  Sys tem (Mil l ipore  Corporat ion,  Bedford,  Massa-  
chuset ts) .  Reagent  grade  chemicals  were  used in the  
prepa ra t ion  of the  suppor t ing  e lec t ro ly te  and stock 
solutions. Concentrat ions  r epor ted  for formic acid as-  
sumed 90% pur i ty  of the r eagen t -g rade  formic acid. 
Ni t rogen was used to remove  oxygen  f rom the so lu-  
tions. 

Exper imen t s  were  pe r fo rmed  a't 25 ~ ___ 0.5~ Elec-  
t rode potent ia ls  were  measured  using a sa tu ra ted  
calomel  e lectrode (SCE).  

Al l  e lec t rode  potent ia ls  r epor ted  in the t e x t  are  
given vs. SCE. Note that  the  t e rm "underpoten t ia l "  is 
used in the text ,  and that  it  differs f rom the  t e r m  "po-  
tent ia l ."  The "underpoten t ia l "  is the quan t i ty  m o s t  
closely re la ted  to the  equ i l ib r ium iso therm for  the  
ada tom being studied.  Fo r  example ,  i t  is advantageous  
to descr ibe  processes involving the UPD of lead  in 
terms of its underpotent ia l ,  where  the  "underpoten t ia l "  
is the  difference b e t w e e n  the  p o t e n t i a l  a p p l i e d  to the  
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disk e lec t rode  and the potent ia l  of a bu lk  lead  elec-  
t rode in that  pa r t i cu la r  solution. 

Unless otherwise  s ta ted  0.12M HC104 solut ion was 
used as the suppor t ing  electrolyte .  

The two p la t inum-r ing ,  p l a t i num-d i sk  electrodes 
used in the exper iments  were  constructed in this l ab-  
ora tory .  Their  dimensions were:  (i) d isk  radius  
of 0.38 cm; r i ng - inne r  rad ius  of 0.40 cm; and r ing-  
outer  rad ius  of 0.49 cm. (ii) disk rad ius  of 0.38 cm; 
r i ng - inne r  rad ius  of 0.40 cm; and  r i ng -ou te r  rad ius  of 
0.52 cm. Teflon was used as the insula t ing  mater ia l .  
The r ing -d i sk  e lect rode pa rame te r s  N (16) and ~2/s 
(17) were  N = 0.38 and ~2/a _-- 1.08 for the first e lec-  
trode, and N = 0.42 and ~2/s _-- 1.4 for the second elec-  
trode. These electrodes were  polished before  each ex -  
pe r imen t  to a final m i r ro r  finish using 0.05;~ E-alumina 
on Buehler  microcloth (Buehler  Limited,  Evanston,  
I l l inois ) .  The countere lec t rode  was a p la t inum wire.  
The e lec t rode  ro ta tor  was manufac tu red  by  Pine In -  
s t ruments  Company  (Grove  City, Pennsy lvan ia ) .  

The design of the four -e lec t rode  potent ios ta t  has 
been descr ibed e lsewhere  (18). An Eclipse S/200 min i -  
computer  (Data  Genera l  Corporat ion,  Southboro,  
Massachuset ts)  was the basis of a digi ta l  da ta -acqu i s i -  
t ion sys tem developed in this l abo ra to ry  (19, 20). Al l  
expe r imen ta l  sequences were  computer  control led  and 
the  da ta  were  s tored  on magne t i c -d i sk  car t r idges.  

Preparation of lead-ring, platinum-disk electrode.-- 
Hydrogen  evolut ion on p la t inum s t rong ly  in ter feres  
wi th  lead  deposi t ion from Pb ~+ solut ions in acidic 
media  (E ~ _-- --367 mV) and a meaningfu l  convect ive-  
diffusion control led cur ren t  for the react ion Pb 2+ + 
2e ~ Pb at  the r ing  e lec t rode  cannot  be a t ta ined  under  
these  conditions.  A s imple  p r e t r ea tmen t  of the r ing 
e lect rode (19), which forms a few monolayers  of the 
UPD metal ,  does not y ie ld  reproducib le  r ing  responses 
for  collection and sh ie ld ing  exper iments .  Hence, p r io r  
to each UPD expe r imen t  be tween  50 and 100 mono-  
layers  of l ead  were  deposi ted on the r ing  e lect rode 
f rom a 0.015M P b ( I I ) / 1 M  NaC104 solut ion (s l ight ly  
acidified to pH ---- 5 by  HC104) at  --0.55V (ve ry  low 
cur ren t  densi ty)  while  the disk e lec t rode  was poten t io-  
s ta ted  at  +0.SV. The r ing currents  for  the reduct ion of 
Pb 2+ tha t  were  then observed in di lute  solutions of 
Pb  2+ (10-6-10-4M) were  s table  to wi th in  5%, p ro -  
v ided the r ing electrode had been potent ios ta ted  at 
negat ive  potent ia ls  ( <  --0.55V). Thick lead  deposits  
were  avoided in o rder  to minimize  ,r in the  
collection efficiency. 

The r ing  p r e t r ea tmen t  for the b i smuth  UPD studies  
fol lowed the p rocedure  of Re idhammer  et al. (19). 

Calculation of lead and bismuth coverage.~The sur -  
face coverage  of ada tom (e) is defined in terms of the 
number  of p l a t i num surface si tes occupied by  the ad-  
atom. The number  of occupied p l a t inum surface si tes 
is ca lcula ted  f rom the charge requ i red  to form one 
mono laye r  of adsorbed hydrogen,  as de te rmined  in the 
manne r  descr ibed below, minus  the charge  requ i red  to 
oxidize adsorbed hydrogen  f rom an e lec t rode  on 
which adatoms have adsorbed.  The de te rmina t ion  of 
the b i smuth  ada tom surface  coverage was based on 
the p rocedure  descr ibed b y  Cadle and Brucl~enstein 
(25), who in turn  used the approach  or ig ina l ly  sug-  
gested by  Bowles (26). The charge requi red  to form 
one mono laye r  of b i smuth  atoms from Bi ~+ is, on this 
basis, 460 ~C cm -2  for  an e lec t rode  wi th  a roughness  
fac tor  of 1.43 (25). Fo r  l ead  (atomic radius  ---- 1.75A), 
a close packed  l aye r  was assumed.  This corresponds to 
a value  of  260 ~C cm -~ for the charge requ i red  to form 
a monolayer  f rom Pb ~+ (27, 28). Al l  coverages re -  
por ted  have  been corrected for the surface roughness  
of the p l a t i num disk  electrode.  

Determination of platinum-disk area by hydrogen 
adsorption charge measurement - -The  surface  rough-  
ness of the p l a t i num-d i sk  e lec t rode  was de te rmined  
according to the modified p rocedure  sugges ted  b y  

Biegler  et al. (21) and adopted  b y  Capon and Parsons 
(4);  the charge  in the area  bounded by  the hor izonta l  
por t ion of the cu r ren t -po ten t i a l  (i-E) curve af te r  ox-  
ide reduction,  and the potent ia l  at the cur ren t  min i -  
mum just  before  the r is ing por t ion of the hydrogen  
evolut ion curve corresponded to a f rac t ional  hyd ro -  
gen coverage of 0.77. In  0.12M HC104, the potent ia l  
range for cur ren t  in tegra t ion  is be tween  W0.16 and 
--0.23V. This p rocedure  has also been verif ied using 
independen t  r i ng -d i sk  e lec t rode  techniques (22). 

Firs t ,  the e lec t rode  w a s  poten t ia l  cycled be tween  
oxygen  and hydrogen  evolut ion for a few minutes  in 
the suppor t ing  e lec t ro ly te  (at  0.2 V s -1)  and r ep ro -  
ducible  i-E curves were  obtained.  Next,  the  disk was 
potent ios ta ted  at  0.0V for 15s and then at  1.2V for 60s. 
The potent ia l  of a s ta t ionary  disk was then scanned 
ca thodical ly  at severa l  scan rates.  The charge requ i red  
for hydrogen  adsorpt ion  was measured  and averaged  
and the  surface  roughness calcula ted using the gen-  
e ra l ly  accepted value  of 210 ~C cm -2  for the  mono-  
l aye r  charge dens i ty  of adsorbed  hydrogen  (23). The 
precis ion and reproduc ib i l i ty  of  this method  is the  
same as o ther  recen t ly  proposed methods  for  p l a t i num 
surface area  measurement  that  a re  also based on hy -  
d rogen-adsorp t ion  charge (24). The  p l a t inum elec-  
t rode surface roughness  typ ica l ly  ranged  f rom 1.8 to 
2.6. 

Determination of the Nernst potential for  Pb 2+ solu- 
tions in 0.I2M HClO4.--The equi l ib r ium (Nernst)  po-  
ten t ia l  (EN) was de te rmined  by  measur ing  the open-  
circuit  potent ia l  of  the l ead - r ing  e lect rode of the  RRDE 
at a ro ta t ion speed of 2500 r p m  before  and af te r  each 
exper iment .  The exper iments ,  r epea ted  daily,  y ie lded  
a value of  --0.492 _ 0.003V for 10-4M Pb solution. 

The  open-c i rcu i t  potent ia l  of the l ead - r ing  e lect rode 
in the p re t r ea tmen t  solut ions was --0.418 +_ 0.002V. 
The Nerns t  potent ia ls  for  b i smuth  were  measured  ac-  
cording to Ref. (19) and  (25). 

Disk potential programming for the determination of 
UPD coverage of lead and bismuth.--The d i sk -p rog ram 
sequence for  lead  coverage de te rmina t ion  is shown 
schemat ica l ly  in Fig. 1. The purpose  of the steps are  as 
follows: (A) Removes any lead  and oxidizable  im-  
pur i t ies  f rom the electrodes.  (B) Reduces the p l a t inum 
oxide formed in step A. Electrode rota t ion is s topped 
dur ing  this s tep in o rder  to minimize mass t ransfe r  of 
Pb ~+ to the disk. (C) Removes unwan ted  UPD lead  
formed dur ing  step B by  an anodic pulse  of short  d u r a -  
tion. (D) Deposits UPD lead  at  the disk potent ia l  of 
in teres t  and sets the des i red  rota t ion speed s imul tane-  
ously. (E) Str ips  lead by  po ten t ia l - scann ing  in a posi-  
t ive direct ion ( l inear  scan ra te  ---- 200 mV s - l ) .  

The r ing-sh ie ld ing  response dur ing  step D and the 
r ing-col lec t ion  response dur ing  s tep E were  recorded  
and processed to de te rmine  UPD coverages~ 

The r ing-  and d i sk-po ten t ia l  sequences used by  
R ie dha mme r  et al. (19) were  fol lowed (wi th  addi t ion 
of s tep C above)  for the de te rmina t ion  of unde rpo t en -  
t ia l  b ismuth  coverage.  

Results and Discussion 
Irreversible deposition of bismuth on platinum.m 

I r r eve r s ib le  deposi t ion of UPD bismuth  on p l a t i num 
has a l r eady  been demons t ra ted  by  the RRDE technique 
(25). Dur ing  the s t r ipping  of UPD b i smuth  only 90% 
leaves the p l a t i num surface and the remain ing  10% is 
i r r eve r s ib ly  adsorbed.  This 10% mus t  be t aken  into 
account when calcula t ing the  UPD b i smuth  coverage,  
for once Bi .3+ has been  in t roduced  into the solution, 
the p l a t inum surface  wil l  never  be en t i re ly  free of 
b i smuth  af te r  the first UPD deposi t  forms. Only me-  
chanical  pol ish ing can remove this i r r eve r s ib ly  a d -  
sorbed bismuth.  

In  the case of lead, however ,  no measurab le  i r r eve r -  
s ible  UPD occurs on p la t inum.  No significant differ-  
ences were  detected (be tween  0.0 and 1.2V among the 
disk cu r ren t -d i sk  po ten t ia l  (iD-ED) c u r v e s  obta ined  by  
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Fig. 1. Potential program sequence for UPD lead on o bare 

platinum electrode. Details and significance for each step is given 
in the text. 

repe t i t ive  scanning ( f rom --0.5 to 1.2V) a f resh ly  made  
and pol ished p la t inum electrode in 0.12M HC104, and 
the same thorough ly  r insed e lect rode tha t  was sub-  
jec ted  to any one of the fol lowing t rea tments  in which 
the e lect rode was: (i) subjec ted  to 30 rain of cont inu-  
ous deposi t ion and s t r ipp ing  of lead monolayers ,  (ii) 
exposed for  12h to 0.1M lead  n i t r a t e  solution, or  (iii) 
tested for i r revers ib le  deposi t ion on an oxidized elec-  
t rode (25). 

Af te r  a bulk  lead deposit  is s t r ipped  off the p l a t inum-  
r ing  electrode,  it  must  be po ten t ia l -cyc led  a few min-  
utes in HC104 solut ion before  it recovers  the or ig inal  
p l a t inum i-E character is t ics  in the ox ide - fo rmat ion  
region. 

Behavior o] lead in the UPD reg~on.--The difference 
be tween the work  functions of lead and p la t inum is 
about  1.4 eV. This produces  a UPD region for lead  of 
~0.6V that  begins,  in a 10-hM solut ion of Pb 2+, jus t  
negat ive  of p la t inum oxide format ion  and extends  wel l  
into the hydrogen  evolut ion region. The UPD behavior  
of lead  at  p l a t inum in acidic solut ions can only  be 
s tudied  prac t ica l ly  in the region posi t ive of the hyd ro -  
gen evolution.  This UPD region coincides wi th  the 
formic acid oxida t ion  region.  

A typical  p l a t inum disk (iD-ED) curve (29), along 
wi th  the  corresponding l ead - r ing  current ,  disk po ten-  
t ia l  (iR-ED) curve at  a r ing potent ia l  of ER = --0.6V 
is shown in Fig. 2. Shie ld ing  of the  r ing  begins at  a 
disk potent ia l  of ~-0.05V. 

Unlike the UPD behavior  of lead  at  gold (30), where  
more  than  one UPD cur ren t  peak  is observed (31), the 
r ing-col lec t ion  cur ren t  accompanied the e lec t ro-  
oxida t ion  (s t r ipping)  of the  UPD lead  from the p l a t i -  
n u m - d i s k  surface shows only one prominen t  peak.  
Hydrogen  evolut ion obscures the  s t r ipping process of 
bu lk  lead  in acidic (pH < 4) solutions.  The unshie lded  
l e ad - r i ng  e lect rode cur ren t  is s l ight ly  h igher  than  the 
lead  convect ive-diffusion cur ren t  for a 10-~M Pb solu-  
t ion (11.5 #A) p robab ly  because hydrogen  evolut ion 
occurs at  the r ing e lect rode edges, or on bare  P t  sites. 

A n  example  of the  effect of the p la t ing  t ime on d i sk-  
s t r ipping and r ing-col lec t ion  currents  is shown in Fig. 
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10-5M pb2+-0.12M HCIO4 solution ER ---- --0.6V (vs. SCE), 
m = 2500 rpm, and scan rate = 50 mV s - l .  

3 for 10-hM Pb 2+ in 0.12M HC104 at  an underpoten t ia l ,  
EUPD : -~-0.hV (step D in Fig. 1). Eup~ is the  differ-  
ence be tween  the potent ia l  appl ied  to the  disk e lec-  
t rode and the potent ia l  of a bu lk  lead  e lec t rode  in the 
solut ion being studied. The growth  of the l ead  UPD 
deposit  is v i r t ua l ly  complete  a f te r  20, 45, and 200s in 
10 -4, 10 -5, and 10-6M solutions of Pb 2+, respec-  
t ively.  The effect of disk pla t ing potent ia l  on d isk-  
s t r ipping  and r ing-col lec t ion  currents  (step E in Fig. 
1) is shown in Fig. 4 for EUPD ~ -]-0.hV. The t ime re -  
sponse of the disk e lect rode cur ren t  and the r ing elec-  
t rode shielding cur ren t  dur ing  the adsorpt ion  of lead  
on the p la t inum disk are  shown in Fig. 5 for different  
values  of EUPD. The r ing cur ren t  becomes unshie lded  
as the disk cur ren t  drops to zero. The in te rp re ta t ion  of 
the  t rans ient  behavior  for the ideal  sys tem of s i lver  
UPD on gold was taken  f rom S w a t h i r a j a n  and Bruck-  
enste in  (32). 

The procedures  for  the  de te rmina t ion  of coverage 
by  using the underpo ten t ia l  r ing-col lec t ion  (Fig. 4) 
and r ing-sh ie ld ing  (Fig. 5) responses are  descr ibed in 
deta i l  e l sewhere  (19, 33, 34). The lead  UPD coverage 
values  obta ined  by  these two independen t  methods 
agree  wi thin  5%, while  ind iv idua l  exper iments  a re  re -  
producib le  wi th in  2% from day to day.  The total  lead  
coverage as a funct ion of the EUpD is shown in Fig. 6. 
This i sotherm agrees  wi th  the i so therm repor ted  b y  
Schmidt  and Wuthr ich  (35), who employed  the thin 
l a y e r - t w i n  e lect rode technique.  

Limi$ing currents for the ]ormic acid oxidation at 
an RDE.--According to Capon and Parsons (4), in the  
region where  Had is t he rmodynamica l ly  unstable ,  the  
d ispropor t ionat ion  react ion [2], which involves the 
formic acid molecule  (pKdiss : 3.75), occurs pa ra l l e l  
to the main  oxida t ion  pa thway ,  reac t ion  [1] 
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HCOOH->H + +COOH+e-~ CO2+H + +e [I] 

HCOOH + COOH-~ COH + CO2 + H,20 [2] 
�9 coo 

Reaction [2] is the principal  poisoning reaction. 
Decreasing the supply of dissolved HCOOH should 

preferent ia l ly  reduce the rate of poison formation. The 
la t ter  rate is slow (4) as compared to the rate of the 
main  current  producing reaction sequence, Reaction 
[1], which becomes mass- t ranspor t  limited. However, 
in the hydrogen adsorption region, the main  poisoning 
reaction 

COOH + 2Had "-) COH -~ H20 [3] 
�9 e e D  

is very  fast (4), and the surface becomes inactivated 
before mass t ranspor t  of formic acid becomes rate de- 
termining.  

As expected, outside the Had region formic acid oxi- 
dation indeed exhibits l imit ing current  behavior  at 
low concentrat ions (10-5-10-~M) in the presence of 
lead or b ismuth at p la t inum RDE. Figures 7 and 8 
show typical i-E curves for the first disk electrode in 
2 X 10-3M formic acid solutions. At low rotat ion 
speeds a wider l imit ing current  potential  range can be 
achieved under  potent iodynamic conditions before the 
surface is deactivated by the poisoning species or the 
surface oxides. 

The plot of the l imit ing current  (obtained dur ing  the 
positive going potential  scan) vs. ~i/2 is l inear  between 
400-3600 rpm for 10 - s  to 5 X 10 - s  concentrat ions of 
HCOOH in the presence of 10-4M bismuth  or lead. The 
diffusion coefficient for formic acid, calculated from 
the improved form of the Levich equation, assuming a 
two-electron overall  reaction, is 0.97 X 10 -5 cm 2 s -z 
in the presence of lead and 0.98 X 10 -5 cm 2 s -1 in the 
presence of bismuth.  The value obtained from a K o u -  

tecky-Levich analysis of the kinetics in 1.52 X 10-SM 
formic acid in 2 X 10-2M HCOONa and IM KC1 is 
1.5 X 10 -5 cm 2 s - I  (36). 

It is interesting to note that in the presence of bis- 
muth (Fig. 8), a wider limiting current potential 
range is obtained during the positive going potential 
scan, since part of the adatom layer always remained 
on the surface. 

The limiting current at the rotating platinum-disk 
electrode is not maintained, if the potential is held 
constant in the UPD region. Enough HCOOH eventu- 
ally diffuses to bare platinum surface sites and then 
participates in the disproportionation reaction [2]. The 
disk current decays steadily, and the surface continues 
to poison until no sites are available for the initial 
oxidative electrosorption step (reaction [1]). The 
decay rates vary  with underpotent ial ,  a result  that  
demonstrates the effect of the UPD coverage on the 
rate of the poison formation. Dur ing  the ini t ial  stages 
of the poisoning process, this var iat ion in poisoning 
rate can be correlated with the ins tantaneous adatom 
coverage determined in the presence of formic acid. 
In Fig. 9 the t ime dependence of the l imit ing current  
decay is shown as a funct ion of potential  in the pres-  
ence of lead adatoms. Because of the changing adsorp- 
tion characteristics of electrodes held at constant  po- 
tent ial  (10, 37), we did not at tempt to s tudy the ini t ia l  
poisoning rates quanti tat ively.  However, these rates 
increase with an increase of the mass- t ransfer  rates to 
the electrode. 

Determination of UPD coverage in the presence of 
~ormic acid.--In 0.1M unst i r red  solutions of HCOOH 
several minutes  are required for the p l a t inum surface 
to become saturated by the organic residues formed at 
0.0V (4). This sa tura t ion  t ime is longer than 20s when  
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the disk electrode rotates at 600 rpm (38). Therefore, 
we conclude that at concentrat ions of formic acid be-  
low 10-SM and for cation concentrat ions above 10-SM, 
the formation of adsorbed intermediates  is slow and 
that  the available p la t inum surface is not appreciably 
reduced, while Pb 2+ and Bi 8+ ions reach equi l ib r ium 
coverage. The conditions for this assumption are best 
at anodic potentials (>0.0V) where the organic resi-  
dues are less stable (4) and equi l ibr ium UPD coverage 
is reached rapidly  because of lower equi l ibr ium cov- 
erage values. For  example, in  10-4M Pb 2+ solutions, 
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Fig. 8. Disk electrode i-E curves far 2 X 10-SM formic acid in 
0.12M HCIO4 in the presence of I0-4M Bi 3+ showing the depen- 
dence of the limiting current on the rotation speed. ~ -- 900 
rpm (A), 1600 rpm (B), 2500 rpm (C), and 3600 rpm (D). Scan rate 

50 mV s -1. First electrode. 

equi l ibr ium surface coverage at 0.3V (~25%) is estab- 
lished in less than 5s at 2500 rpm. 
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Fig. 9. Decay of the limiting current as a function of potential 
for second electrode in 2 X 10 -8  solution of HCOOH in 0.12M 
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electrode potential was held at 0.20V (vs. SCE) (A), 0.25V (B), 
0.28V (C), 0.32V (D), 0.36V (E), 0.38V (F), and 0.42V (G). 

The effect of the formic acid concentra t ion on the 
r ing-col lec t ion  cu r ren t  peak  is shown in Fig.  10 for 
t0 -4M Pb 2+. At  high concentra t ions  of formic acid, 
the  UPD lead  coverage does not  have  t ime  to reach its 
equ i l ib r ium value  before products  from the poisoning 
react ion cover a significant f ract ion of the e lect rode 
surface. This effect is more  pronounced  at  lower  con- 
centra t ions  of the  cation. We assume that  the equi-  
l ib r ium ada tom iso therm and the equi l ib r ium iso therm 
for the organic residues are  re la t ive ly  independen t  of 
o n e  another .  

The formic acid oxidat ion  current ,  10 min af ter  
es tabl ishing an equi l ib r ium lead  coverage, was ob-  
ta ined  at a n u m b e r  of underpoten t ia l s  at 400 and 900 
rpm. These da ta  were  used to obta in  plots  of formic 
acid oxida t ion  cur ren t  vs. lead  UPD coverage, and are  
shown in Fig. 11. The s lowest  ra te  of poisoning occurs 
at  a lead  coverage range  of (30 _ 3)%.  

The  op t imum lead  ada tom coverage va lue  repor ted  
by  others  (39) was about  50%. We ' sugges t  tha t  these 
h igher  coverage es t imates  (39, 40) resul t  f rom the way  
in which the microscopic a rea  of the p l a t inum elec-  
t rode  was determined.  The potent ia l  jus t  before  
the rise of the cur ren t  due to a hydrogen  evolut ion on 
the p la t inum electrode corresponds to a hydrogen  cov- 
erage of 0.77 (4, 21), not  unity.  The un i ty  assumption 
that  was made  leads to an underes t ima te  of ~20% of 
the microscopic p la t inum surface area,  and the re -  
por ted  values of 50% would  then become 50 • 0.77 ----- 
39%. 

Previous  worke r s  have  de te rmined  ada tom cover-  
ages by  in tegra t ing  s t r ipping  peaks.  Since there  is a 
change in point  of zero charge  wi th  UPD coverage,  
there  could be a sys temat ic  e r ror  associated wi th  a 
charging cur ren t  that  accompanies  the change in cov- 
erage (41, 42). However ,  under  cer ta in  condit ions the 
potent ia l  scan can lead  to a compensat ing  charging 
current .  This ent i re  ma t t e r  is discussed e lsewhere  (31). 

The  opt imal  b i smuth  coverage occurs at  (35 _ 3)% 
also, as is seen in Fig. 12. In  this case again the HCOOH 
oxidat ion  cur ren t  becomes insignificant a t  0 - -  50%. 

The op t imal  ada tom coverages for m a x i m u m  elec-  
t rocata lys is  repor ted  above const i tute the  upper  cover-  
age l imit  for  such measurements .  Exper imen t s  per -  
formed at h igher  HCOOH concentrat ions  in uns t i r r ed  
solutions (12, 39) must  resul t  in a significant pa r t i a l  
coverage of the p l a t inum surface by  the organic  poi-  
sons before UPD equ i l ib r ium is reached.  Therefore,  
UPD coverages  es t imated  unde r  such condit ions wi l l  
y ie ld  coverage values  lower  than  the  t rue  ones. 

Inhibition effects by UPD.wThe underpo ten t i a l  dep-  
osition of copper  or  s i lver  on p l a t inum inhibi ts  the 
oxida t ion  of formic acid (12). This e~ect  is more  p ro -  
nounced with  si lver.  Both s i lver  and copper  a re  not  
e lec t rocata lys ts  for the formic acid oxida t ion  react ion;  
therefore,  it  is not  surpr i s ing  tha t  when they  cover the  
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platinum surface by more than a monolayer the oxida- 
tion process stops. Reaching monolayer coverage is 
possible, under equilibrium conditions, in the potential 
region where formic acid oxidation takes place (ex- 
cluding the formic acid third anodic peak). However, 
even a very small UPD silver coverage on platinum 
has an inhibiting effect. 

In Fig. 13 the effect of 5 • 10-6M Ag + on the i-t 
curve of 10-SM HCOOH in 0.12M HC104 is shown. The 
potential was jumped to ~0.29V after the electrode 
pretreatment (steps A, B, and C in Fig. 1). More than 
20s was required for equilibrium silver coverage to be 
reached in 2 • 10-SM silver solutions (43). In 5 • 
10-6M solutions of Ag +, the UPD rate was much 
slower, ~50s (32). If a third-body (11, 14) catalytic 
mechanism were operative over the entire polycrystal- 
line platinum surface, the Ag adatoms would prevent 
poison formation (11, 14) during the initial stages of 
UPD. However, this result was not found. 

Potentiodynamic experiments also show this accel- 
erated poisoning effect. Figure 14 shows the i-E curve 
in the same solution used in Fig. 13. Equilibrium silver 
coverage is not reached at a high potential scan rate of 
200 mV s -1 in very dilute solutions; however, the 
formic acid oxidation current is substantially de- 
creased. Likewise, no catalysis occurs during the initial 
stages of the copper underpotential deposition. 

Clearly, the hydrogen inhibition, or the third-body 
mechanism, does not apply to formic acid oxidation in 
the case of submonolayer amounts of silver and cop- 
per. However, these kinetic data can be explained us- 
ing the results of recent studies at single-crystal plat- 
inum, as can the electrocatalysis by UP]:) lead, bismuth, 
and other UPD species of atomic radii greater than 
platinum. 

The oxidation of formic acid is strongly dependent 
on the platinum plane at which it occurs (44). In par- 
ticular, the UPD studies of formic acid oxidation lie in 
the potential region where the oxidation in the absence 
of UPD occurs principally at Pt(100), since the rate 
at Pt(100) is about ten times the rate at P t ( l l l )  (44). 
The rate on Pt ( l l0)  is also significant: about 40% of 
Pt(100). Thus, if any adatom is preferentially de- 
posited on P t ( l l l )  during its initial stages of UPD, 
the hydrogen inhibition or third-body effect will op- 
erate solely on this plane, which contributes only to a 
small extent to the total formic acid oxidation current. 
Simultaneously, the Pt (100) and Pt (110) planes, which 
have little or no adsorbed adatoms, will poison quickly, 
and the total external current will drop rapidly. If the 
adatom deposits to a significant extent on Pt(100) and 
Pt (110) during its initial stages of UPD, it will inhibit 
hydrogen adsorption and will also be available as a 
third body, and thus inhibit the poisoning process on 
the faces which are most responsible for the oxidation 
current. As will be shown below, silver and copper 
initially deposit on P t ( l l l )  at e ~ 0.5, while lead, 
bismuth, and other adatoms with radii larger than that 
of platinum do not preferentially deposit on Pt (111) at 
low UPD coverages. 

0 .6  

,o1 ...... [ ! i o., 
0.6 i o.o 

~ -.tl 

~ 0 .2  

~ ; - .6  

o . o l  .... i I 
0 3 0  6 0  9 0  J 2 0  - .  e 

TIHE ($J 
Fig. 13. Effect of silver UPD on the oxidation current of 10-~M 

HCOOH Jn 0.12M HCIO4. The potential was jumped to ~0 .29V  
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Low surface  coverages (<0.5) of silver,  copper,  and 
adatoms p re fe ren t i a l ly  inhibi t  the adsorpt ion  of weak ly  
bound hydrogen  sites on po lycrys ta l l ine  p la t inum 
(29, 45). These w e a k l y  bound hydrogen  sites have 
been associated wi th  P t ( l l l )  (46-48). We conclude 
tha t  the ini t ia l  stages of UPD of s i lver  and  copper  at  
po lyc rys ta l l ine  p l a t i num occur at  P t ( l l l )  on sites 
hav ing  s imi lar  sur face  energies.  In  contradis t inct ion,  
l ead  and b i smuth  show no significant p re fe ren t ia l  in-  
h ib i t ion  of the  var ious  hydrogen  adsorpt ion  sites at low 
UPD coverages (29), and therefore  a significant 
amount  of ada tom deposi t ion can occur on Pt(100) 
and P t ( l l 0 ) .  Thus, the ini t ia l  stages of ada tom cover-  
ages of si lver,  copper, lead, and b i smuth  meet  the re -  
qu i rements  set for th  in our  .hypothesis for  exp la in ing  
the differences in e lec t roca ta ly t ic  behavior  of different  
adatoms.  

In  general ,  ada toms wi th  rad i i  g rea te r  than tha t  of 
p l a t i n u m  tend to be more  r andomly  d is t r ibu ted  on the 
var ious  p l a t inum faces of po lycrys ta l l ine  substrate ,  
and so should show elect rocata lys is  of the  formic acid 
oxida t ion  process at  po lycrys ta l l ine  pla t inum.  For  ex-  
ample,  mercury ,  wi th  a radius  grea te r  than  p la t inum,  
cata lyzes  formic acid e lec t ro -ox ida t ion  (11) and shows 
no p re fe ren t i a l  inhibi t ion of hydrogen  adsorpt ion (29). 

F igure  15 i l lus t ra tes  the var ious  points made  above. 
I t  contains the  ID-ED curves for the UPD-ca t a lyzed  
e lec t ro -ox ida t ion  of 10-3M formic acid solut ion in 
0.12M HC104 at  different  l ead  ion concentrat ions.  I t  is 
c lear  f rom the pos i t ive - to -nega t ive  poten t ia l  scans 
tha t  subs tan t ia l  poisoning b y  react ion [2] to form 
COH occurs unt i l  at  least  10-~M lead  ion is present  in 
solut ion and that  increas ing the concentra t ion of lead 
ion to as high as 10-SM improves  this pa r t i cu la r  p rob-  
lem only sl ightly.  

I t  is also c lear  tha t  a ve ry  low concentra t ion (10-6M) 
of lead  ion cata lyzes  the  oxida t ion  of formic acid only  
modes t ly  compared  to a solut ion wi thout  any  lead  ion 
dur ing  the pos i t i ve - to -nega t ive  potent ia l  scan. This is 
the  potent ia l  region in which the poisoning process to 
COH occurs via  react ion [2]. Dur ing  the nega t ive - to -  
posi t ive poten t ia l  scan, the ex ten t  of poisoning is m a r k -  
ed ly  reduced  by the presence of 10-6M lead  ion. In  the 
poten t ia l  region more  negat ive  than  0 V, the poisoning 
process to form COH proceeds  via e lec t rosorbed h y -  
drogen according to react ion [3]. This poisoning in-  
hibi t ion indicates  tha t  low surface coverages of lead  
r ead i ly  block those surface sites upon which hydrogen  
electrosorbs.  This conclusion is consistent  wi th  our 
previous  comments  and does not  imply  tha t  UPD lead 
is adsorbed  on only  one  kind of surface site. Also, we 
note tha t  the poisoning pa th  th rough  e lec t rosorbed hy -  
drogen is s ignif icant ly suppressed by  low coverages of 
UPD lead, a resul t  consistent  wi th  the  poss ib i l i ty  of 

UPD lead  to block two adsorbed hydrogen  atoms per  
lead  atom. 

The UPD cata ly t ic  effect dur ing  the pos i t ive- to -  
negat ive  potent ia l  scan is s t rongly  concentra t ion a n d  
potent ia l  dependent  for potent ia ls  in the  range  +0.23 
to --0.10V. This dependence  arises f rom three  sources, 
one that  increases  the  ra te  of oxidat ion  and two that  
decrease  it. 

Up to the  op t imum surface coverage at  a given scan 
rate,  poisoning is suppressed  by  h igher  UPD coverages.  
This op t imum coverage is reached at  different  po ten-  
t ials for different  solut ion concentrat ions  of lead ion 
because the nonequi l ib r ium surface coverage is p ro-  
por t ional  to both solut ion concentra t ion and t ime (and 
hence potential)-. Af te r  the op t imum coverage is ex -  
ceeded, physical  b locking of p la t inum sites in ter feres  
wi th  the p r ima ry  e lec t ro -ox ida t ion  pa th  of formic 
acid. Also, the ra te  of the unca ta lyzed  e lec t ro -ox ida t ion  
of formic acid decreases for  classical  e lec t rochemical  
reasons, i.e., the ra te  constant  of react ion [1] decreases 
as the potent ia l  decreases.  The in t e rp lay  of these three  
factors wil l  resul t  in an op t imum solut ion concent ra -  
tion of lead  ion for the ca ta ly t ic  process at  a pa r t i cu -  
l a r  rota t ion speed for a given ra te  of potent ia l  scan 
in the pos i t ive - to -nega t ive  direction.  

The nega t ive - to -pos i t ive  potent ia l  scan I-E curves 
merge,  for prac t ica l  purposes,  for l ead- ion  concent ra-  
tions above 10-SM when the poten t ia l  is more  posi t ive 
than  0.25V. This s i tua t ion  arises because the  surface 
coverage of UPD lead  approaches  equ i l ib r ium in these 
solutions at  the expe r imen ta l  scan rate.  Coverage is 
de te rmined  by potent ial .  The observed  differences be-  
tween the I-E curves under  discussion arise f rom the 
sl ight  concentra t ion dependence  of i so therm depic ted  
in Fig. 6. 

The in te rp re ta t ion  of po ten t iodynamic  da ta  is com- 
pl icated,  as was rea l ized by  previous  worke r s  who 
used cyclic vo l t ammet ry  at  a s t a t iona ry  e lect rode to 
s tudy  the oxida t ion  of formic acid (12). The use of 
the ro ta t ing  disk and r ing-d i sk  e lect rodes  simplifies 
this in te rp re ta t ion  by  provid ing  re l i ab le  es t imates  o f  
UPD surface  coverage dur ing  the potent ia l  scan. 

Conclusions 
The residues formed on the surface  of a p l a t inum 

electrode dur ing  the e lec t ro-ox ida t ion  of formic acid 
can decrease the amount  of the p la t inum surface a rea  
ava i lab le  for  the underpo ten t i a l  deposi t ion process of 
a foreign ada tom necessary to cata lyze the oxidat ion  
reaction.  The amount  of this decrease wil l  be de te r -  
mined  by  the concentrat ions  of the  dissolved species. 
The surface of the p l a t inum electrode not  covered 
wi th  organic  residues must  be de te rmined  in o rde r  to 
calculate  the ac tual  ada tom coverage dur ing  the formic 
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acid oxidation process. This problem can be minimized 
by using low concentrations of formic acid and en- 
hanced mass transfer of the UPD species. Under these 
conditions, a limiting formic acid oxidation current 
can be obtained over a wide potential region at the 
rotating disk electrode. The decay of this limiting disk 
current can then be monitored as a function of the 
adatom surface coverage, which is determined by us- 
ing the ring electrode of the RRDE. 

The dependence of the oxidation current of formic 
acid and the selectivity for adatom UPD on the orien- 
tation of the crystal planes of platinum explains why 
adatoms with radii greater than the platinum atom are 
capable of catalyzing formic acid oxidation, while very 
low coverages of atoms with smaller radii appear to 
have substantial inhibiting effects. 
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The Transport and Kinetics of Photogenerated Carriers in Colloidal 
Semiconductor Electrode Particles 

W. John Albery* and Philip N. Bartlett* 
Department of  Chemistry, Imperial  College, London SW7 2A Y, England 

ABSTRACT 

The transport and kinetics of photogenerated majority and minority carriers in a spherical semiconductor particle of 
colloidal size are considered. The Poisson-Boltzmann equation is solved for the sphere, and the potential distribution in the 
particle is obtained. The recombination of the carriers according to Hall-Shockley-Read kinetics gives rise to a number  of 
different cases, for which equations describing the flux of photogenerated species in the external solution are obtained. 
Kinetic case diagrams show how the different cases are related to each other and how they depend upon such variables as 
the irradiance, the Fermi level in the electrolyte, the surface rate constants, and the radius of the particle. Three different 
strategies which could lead to devices for efficient solar energy conversion are found and discussed. 

The use of semiconductor  particles as m i c r o h e t e r o g e -  
neous  electrodes for solar energy conversion (1, 2) or 
photocatalysis (3, 4) has aroused considerable interest.  
In  discussing these systems most authors have assumed 
that  the semiconductor  particles behave in a s imilar  
fashion to macroscopic electrodes made of the same 
material .  For instance, Gr~tzel and F rank  (5) have 
published a simple description of the response of a 
particle to a pulse of light. In '  this paper  we present  a 
more complete theoretical description of the photogen- 
erat ion of holes and electrons in the particle, their  
t ransport  and recombinat ion kinetics, and the kinetics 
of their  reactions at the surface of the particle. We 
give expressions for the efficiency of the particle sys- 
tem and how it depends upon the above-ment ioned 
parameters.  We show that  the particles behave very 
differently from their  macroscopic analogues. We find a 
number  of different kinetic cases, and from these 
cases we deduce that  there are three different ways of 
achieving efficient solar energy conversion. The condi-  
tions for these three different strategies are derived 
and discussed. Throughout  we present  the theory for 
p- type particles. 

Model 
We consider a spherical  particle of radius rs doped 

so that the Debye length of the mater ia l  is LD; the ab-  
sorption coefficient for the light (~) gives rise to an 
absorption length, Le, where L~ _-- a -1. We assume 
that the particle is so small  that  rs < <  L~ ~ 10 -4 cm, 
leading to un i form irradiance (I) inside the particle 
and uni form photogenerat ion of holes and electrons 
(g), where 

g -- I /Le [1] 

In  this paper  we consider only the steady state. Under  
steady-state conditions, the net  flux of electrons (j) 
leaving the conduction band of any particle must  bal -  
ance the net  flow of holes from the valence band. The 
collection efficiency (N) of the particle is then the 
ratio of photogenerated electrons or holes leaving the 
particle compared to the n u m b e r  of photons absorbed 
by the particle. Using Eq. [1] 

4~rs2j j 3jLe 
N = - - -  = ~ = - -  [2] 

(4/3)~rsSg 1/3 rsg Its J 

The paramete r  J (_-- I / 3 I r s L ~  - I )  descr ibes  the  i n -  
w a r d  flux of photons that  are absorbed by  each par t i -  
cle. In  wri t ing Eq. [2], we assume that  the loss of elec- 
trons and holes from the particle takes place in a rea-  
sonably uni form fashion all over the surface of the 
particle. A more complicated s i tuat ion will  be found 
if, for instance, the particle is coated wi th  Pt  in  a 
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single localized patch. Under  these conditions the  
t ranspor t  and kinetics of the carriers will  depend u p o n  
the detailed geometry of the coating, and one cannot  
expect to devise a general  theory for such a situation. 
Providing that  the materials  like Pt  are dispersed over 
the whole surface, we can describe the kinetics of the 
removal  of electrons or holes by the following equa-  
tions 

j = kn'ns : kp'ps -- k_p' [3] 

where ns is the surface concentrat ion of electrons in  
the conduction band, and Ps is the surface concentra-  
tion of holes in the valence band. In  Eq. [3] we assume 
(for a p- type particle) that there is no thermal  injec-  
tion of electrons from the solution into the conduction 
band, but  with k-~  we allow for the thermal  inject ion 
of holes (majori ty  carriers) into the valence band. In  
the dark j - :  0, and we can define ps D, the surface con- 
centrat ion of holes in the dark, as 

ps D = k -~ ' / kp '  [4] 

This concentrat ion is fixed by  the redox systems in  the  
electrolyte. Using Eq. [4] we can el iminate  k-~ '  from 
Eq. [3] to obtain 

j = kp' (Ps -- Ps D) [5] 

The rate constants kn' and k~' are electrochemical rate 
constants with uni ts  of cm/s -1. If ei ther react ion is 
confined, say to Pt  covering an area A on the surface, 
then 

kn' = k~" (A/4nrs 2) 

where k~" is the rate constant  for the Pt  catalyst .  

Distribution of Potential 
Since the particle has spherical geometry, we cannot 

assume, as others have done (5), that the width of the' 
depletion layer is given by the equat ion for a p lanar  
macroscopic electrode; we must  solve the Poisson- 
Boltzmann equat ion for the sphere. For the depletion 
layer, the Poisson-Bol tzmann equat ion may be wr i t ten  
in dimensionless variables as follows 

_~ 0 ,~o 

where 
p = r /Lo  

[7] 
0 = r  

r is the distance from the center of the particle, and 
is potential  measured wi th  respect to the center of the  
particle so that r : 0 at r = 0. 

In tegrat ion of Eq. [6] yields 

1 
o = .~ (o - ow)  ~ (1 + 2 p w / o )  [8] 
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where  we have used the bounda ry  condit ions tha t  o 
and (O0/Op) : 0 at  ~ ~ pw, the inside edge of the de -  
ple t ion layer .  For  large par t ic les  where  the width  of 
the deple t ion  l aye r  is smal l  compared  to the radius  of 
the par t ic le ,  p ~ pw throughout  the deple t ion  layer ,  
and Eq. [8] simplifies to 

8 : u (o -- pw) ~ 

This is the same result as for a planar electrode. For 
a thin depletion layer close to the surface of the 
sphere, the spherical geometry does no% affect the 
potent ia l  dis t r ibut ion.  

Fo r  smal l  col loidal  par t ic les  rs ,-~ 10-6 cm, the radius  
of the par t ic le  m a y  be smal le r  than  the width  of the 
deple t ion  layer ,  so tha t  pw = 0, wi th  e = 0 and (00/0p) 
= 0 at  r = 0. Equat ion  [8J then simplifies to 

o = p2/6 [9] 

Under  these conditions,  the  whole  of the par t ic le  is 
dep le ted  of m a j o r i t y  car r ie rs  and there  is no f ie ld-f ree  
region. 

We now discuss the condit ions under  which  Eq. [9] 
wil l  hold. In  Fig. 1 we compare  the poten t ia l  d i s t r ibu-  
t ion in a macroscopic p l ana r  e lect rode wi th  tha t  in a 
small  spher ica l  part icle .  Fo r  both  cases we assume 
that  the Fe rmi  level  is fixed by  a redox couple in the 
e lec t ro ly te  which has shif ted its posi t ion by  an amount  
cor responding to ~F f rom i~s posi t ion at flatband. In  
the p l ana r  case (assuming no F e r m i - l e v e l  p inn ing) ,  
this means  tha t  OF describes the poten t ia l  drop across 
the deple t ion  l aye r  of wid th  W. Fo r  the par t ic le ,  rs is 
too sma l l  for  this full  po ten t ia l  difference to be deve l -  
oped. F rom Eq. [9] the m a x i m u m  value  of e is 

1 
8s --  -~  (r , /LD) ~ [10] 

W---~ 
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Fig. 1. Comrparison of the potential distribution and Fermi levels 
for a macroscopic planar electrode and for a spherical particle. 

Hence the par t ic le  wil l  be comple te ly  deple ted  and Eq. 
[9] wil l  hold when 

or  when 
rs < 3'/=W --  (6 OF) Y= LD [11] 

Fo r  colloidal  par t ic les  where  rs is, for  instance, 10 - e  
or  smaller ,  i t  is l ike ly  that  the condi t ion in  Eq. [11] 
wil l  be satisfied, that  is, that  the par t ic le  wi l l  be com- 
p le te ly  dep le ted  of its ma jo r i t y  car r ie rs  and  that  the 
potent ia l  d is t r ibut ion  wil l  be given by  Eq. [9]. This is 
a ma jo r  difference be tween  the smal l  spher ica l  par t ic le  
and the macroscopic electrode.  Fur the rmore ,  since es 
m a y  be much smal le r  than 0F, there  m a y  be much less 
potent ia l  difference wi th in  the par t ic le  than wi th in  the 
macroscopic deplet ion layer .  A n  even more ex t reme  
s i tuat ion is when rs > 6YzLD giving es < 1. Under  
those condit ions the par t ic le  can be t r ea ted  as be ing  
field free. Final ly ,  0F m a y  be re la ted  to ps D 

OF = in P F B  D - -  in p s  D [19-] 

where  PFB D is the concentra t ion of m a j o r i t y  car r ie rs  
in the da rk  at f la tband and i s  equal  to the charge-  
ca r r i e r  dens i ty  of the macroscopic mater ia l .  The p a -  
r a me te r  8F p lays  the same role for  semiconductor  
par t ic les  as the  e lec t rode  poten t ia l  does for  the  mac ro -  
scopic case. 

Transport  in the Part ic le  
The different ia l  equat ion descr ibing the photogen-  

e ra t ion  o~ the mino r i t y  carr iers ,  thei r  t r anspor t  by  
diffusion and by  migrat ion,  and the i r  recombina t ion  
m a y  be wri t ten,  using Eq. [9], as 

Dn 8 (  On n r  ~ ) 

r ~ @r ~r 3LD ~ 

Diffusion Migra t ion  Genera t ion  
(or  d r i f t )  

-- v = 0 [I3] 
Recombination 

where  n is the concentra t ion of e lectrons and v is the  
ra te  of recombinat ion.  In tegra t ion  of Eq. [13] shows 
that  p rov id ing  

g < <  D ns/LD ~ [14] 

then the d is t r ibut ion  of n is given b y  a Bol tzmann d is -  
t r ibut ion  in the po ten t i a l  descr ibed by  Eq. [9]. 

Subs t i tu t ion  f rom Eq. [1], [2], and [3] a l lows us to 
r ewr i t e  the condit ion in  Eq. [14] as 

N D,, r, 
1 < < -  [15] 

3 LD kn" LD 

In Eq. [15] it  is l ike ly  tha t  both  Dn/LD are  l a rge r  than  
k J  and rs is l a rge r  than  LD (gs ~> 1). Hence, unless N 
is ve ry  small ,  the condit ion in Eq. [15] is l i ke ly  to 
hold, and the electrons wi l l  obey a Bol tzmann d is t r i -  
bution. The low value  of N wil l  be ob ta ined  when  re -  
combinat ion kinet ics  are  ve ry  rapid,  and unde r  these 
condit ions the last  two terms in Eq. [13] could give a 
un i fo rm dis t r ibut ion  in the  part icle .  Such cases a re  so 
inefficient as to be un in te res t ing  and wil l  not  be fu r -  
t he r  considered.  A s imi la r  a r g u m e n t  can be used for  
the holes. The conclusion tha t  both electrons and holes 
obey the Bol tzmann  d is t r ibut ion  agrees  wi th  our  
ea r l i e r  work  (6) on recombina t ion  in the  deple t ion  
l aye r  of macroscopic electrodes.  F igure  2 shows the 
resul t ing  concent ra t ion  profiles for  the e lectrons and 
holes. 

I t  should  be  noted  tha t  the charac ter i s t ic  t ime for  
the  t r anspor t  of the electrons in the dep le ted  par t ic le  
is given by  LD2/Dn and not  rs2/D~ as s ta ted  by  Gr~tzel  
and F r a n k  (5). Migra t ion  is more  efficient than  diffu- 
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Fig. 2. Typical concentration profiles for electrons and holes ,n- 
side a p-type spherical particle where p - -  r/Ln and Ps is the 
surface of the particle. 

sion, and the field assists the t ranspor t .  I t  is, therefore,  
even more  cer ta in  that  car r ie rs  pho togenera ted  in a 
smal l  pa r t i c le  wi l l  reach  the surface  before  being 
des t royed  b y  recombinat ion .  Gr~tzel  and F r a n k  as-  
sume that  once a ca r r i e r  has reached the surface  i t  is 
bound  to be lost f rom the  par t ic le .  We do not  agree  
wi th  this assumption.  Next  we explore  the fate  of the  
carr iers .  Wil l  they  be lost  f rom the par t ic le  th rough  
the kn' and kp' react ions  or  wi l l  they  recombine  in the 
par t ic le?  

Recombination Kinetics 
In  our  previous  work  (6) we expressed  the equat ion 

for  the H a l l - S h o c k l e y - R e a d  (7, 8) model  in k inet ic  
te rms 

1 1 1 1 
- -  = + "t [16]  
v ki~ ~ k~p 

I II III 

In  this  equat ion  n and p are  g iven  b y  the Bol tzmann  
d is t r ibu t ions  

n = n, exp (0 -- 08) [17] 
and 

p = p ,  exp  (0s - -  e) [18] 

Because the par t ic le  is small ,  i t  is un l ike ly  tha t  a l l  
three  te rms in Eq. [16] wi l l  be significant.  We the re -  
fore consider  in tu rn  four cases, I, I i ,  III ,  and  I / I I I .  In  
the las t  case te rms I and I I I  become equal  a t  some 
value  of r inside the  par t ic le .  

As shown in Fig. 3, the  main  losses f rom recombina-  
t ion for  case I occur near  the surface  and for  case I I I  
at the  center.  For  case II  the Bol tzmann factors  cancel  
out, and  the loss is un i form throughout  the  par t ic le .  
Fo r  case I / l I I ,  case I is found ( low value  of n) nea r  
the cen te r  and case I I I  nea r  the  surface;  the m a x i m u m  
loss is at  the bounda ry  be tween  the two cases. 

The  genera l  express ion for  l~/is 

S:' r ~ v d r  

N = 1 [19] 
1 

3" gr,8 

The p rob lem is to work  out  the va lue  of the in tegra l  
and the numera to r  of Eq. [19] using Eq. [2], [3], [5], 
[7], [9], [16], [17], and [18]. The de ta i led  work ing  is 
g iven in the Appendix ,  and the resul ts  a re  col lected in 
Table  I. We also include express ions  for  a f ie ld-f ree  
par t ic le  which  wil l  ar ise  when  0s < 1 and the field is 
negligible.  

We now discuss these expressions.  The terms in the  
denominators  =compare the ra te  constants  for  r ecombi -  
nat ion kl, km and k2 wi th  the ra te  constants  for  re -  
act ion at  the surface  k~' and  kp'. Fo r  case I (e8 > 1), 
we m a y  wr i te  

= - -  [203 
k~" rs kn' s 

This m a y  be compared  wi th  the s imi la r  express ion for  
the macroscopic  case (9) where  

kt  Lo ~I ( a ~ 9 ~  -1  

k.' (2eo) V= = k'-~" \ Oz /0  [21] 
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Fig. 3. Kinetic case diagram 
for case A (see Eq. [27])  and 
for es > I .  The conditions and 
the zones of dominance for the 
different kinetic cases are dis- 
played as a function of the flux 
j and the position of the Fermi 
level described by eF. For the 
mixed 1/11 zone, the boundary 
is at the surface of the particle 
on the solid lines passing 
through O and at the center of 
the particle on the broken lines 
passing through Q. 
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Table I. Results far N 

Case a ~ : rse/6Lv2 b N 

1 

II ~ 

# 8 > 1  
I + 3 kxLD~/ka ' r ,  

1 
# 8 < 1  

III a 8, > 1 

8 , < i  

i + k x r , / 3 k :  

1 

kII ra N I Ts I 
1 + :3k,,, [pm, + s~:.'x.,, -' 

1 

1 +  

1 

1 +  k2rs [ 3 p , D L e 3  Nlr, +~--~] 
1 

1 +  

I ,  I I I  o, ~ ~, > 1 

�9 Cases  I, II ,  and  I I I  r e f e r  to  th e  dominant  t e r m  In Eq. [16] 
for  HalLShock ley-Read  kIne t ics .  

b 0, > 1 c o r r e s p o n d s  to  pa r t i c l e s  wi th  field. 8. < 1 m e a n s  that  
the  part ic les  are  field f ree .  

c T h e  s a m e  r e s u l t  is ob ta ined  r e g a r d l e s s  of  the  size of  0.. 
d C = (3/2) (67)W~ = 6.51. 
* T h e r e  is no resu l t  for  #, < 1 because  u n d e r  t h e s e  cond i t ions  

t h e r e  can  be  no sh i f t  in  m e c h a n i s m  f r o m  I to  I IL 

f t .  ~ : r .  2 + 3 L ~ I n  
kp" 

The inverse  grad ien ts  in Eq. [20] and [21] descr ibe  
the distances near  the surface  over  which 0 decreases  
by  1 or  the concentra t ion of e lectrons fal ls  to e -1 of 
its value at  the surface. The recombina t ion  in this dis-  
tance can compete wi th  the loss th rough  the surface.  
F u r t h e r  into the par t ic le  (or macroscopic e lec t rode) ,  
the field keeps the concentra t ion of minor i ty  car r ie rs  
so low tha t  recombina t ion  is negl igible .  This is not  
t rue for the f ie ld-f ree  case, where  recombinat ion  takes  
place throughout  the part icle .  The denominators  of the  
o ther  three  cases ' i n  Table I contain 3 terms.  This is 
because the concentra t ion of  holes m a y  be dominated  
by  e i ther  the concentra t ion in the da rk  (psD), w i th  
negl igible  pe r tu rba t ion  by  the l i g h t  or  by  the  photo-  
genera ted  concentrat ion.  Inspect ion shows tha t  th e  
rat io  of the las t  two te rms in each case is the same. 
F rom Eq. [2] and [5] 

NI rs 
PS D "~ - -  --- PS [22] 

3k;  L~ 

For  case II  the exponent ia l  te rms for  the loss by  re -  
combinat ion cancel  out so tha t  there  is a un i fo rm 
veloci ty  of react ion th roughout  the volume of the  
part icle .  Both the recombina t ion  and the loss of minor -  
i ty  car r ie rs  a re  p ropor t iona l  to n and so 

kH rs Ps (4/3) ~rs ~ kli Ps ns 

3kn' 4~rs2 k,;' ns 

In this case the resul t  does not  depend  upon the field. 
For  case III, where  the recombina t ion  is p ropor t iona l  
to the concentra t ion of holes, wi th  the field, the la rges t  
concentra t ion (Po) is at  the center  and main ta ins  its 
value for  a sphere  of rad ius  of about  3LD. F r o m  Eq. 
[2] 3LJNI rs -~ j-1 and so 

k2 LD 3 C exp (Ss) Ps 3L~ k2 LD 3 C Po 

r~2 " N z r ~  - r~ j 

This rat io  compares  the loss of holes b y  k~ in  the  con- 

t ra l  sphere  wi th  the loss th rough  the surface. Fo r  the  
f ie ld-free case, the  rat io  is 1/3 k2rsps/j, and recombina-  
t ion takes  place throughout  the sphere.  

Case I / I I I  is more complicated.  The p a r a m e t e r  r .  de -  
scribes the radius  where  t e rm I and t e rm II  ! in Eq. 
[16] are  equal.  The ra te  of recombina t ion  is la rges t  at  
this value,  and r .  can va ry  be tween  rs, which corre-  
sponds to the bounda ry  wi th  case I, and LD, which 
corresponds to the  b o u n d a r y  wi th  case III. Inspect ion 
shows that  as a rough approx imat ion  the t e rm in the  
denomina tor  of case I / I I I  is the  geometr ic  mean  of 
those in te rms I and III. This case does not  exis t  for  
0s < 1, because i t  is the field which changes the k i -  
ne t i c s .  

Kinetic Case Diagrams 
We now discuss how the different  cases  in  Table  I 

are  re la ted  to each o ther  as a funct ion of first the  flux 
( j ) ,  of car r ie rs  l eav ing  a par t ic le ,  and second, the  con- 
cent ra t ion  of m a j o r i t y  car r ie rs  in the dark ,  which  is 
re la ted  by  Eq. [12] to OF. The quant i t ies  j and OF are  
the analogues of the photocur ren t  and e lec t rode  po-  
tent ia l  for  a macroscopic electrode.  Fo r  a par t ic le ,  eF 
will  be fixed by  the redox  couples p resen t  in the  e lec-  
t ro ly te  solution. We s tar t  by  consider ing the cases 
where  0s > 1 and a field is p resen t  in the par t ic le .  

F rom Eq. [16] the boundar ies  be tween  the different  
cases are  as follows 

I / I I  P - "  kl/kn [23] 

II/IIl n - -  k~/kIx [24] 

The bounda ry  be tween  I and  I / I I I  wi l l  be when  0. - -  
os or  f rom Eq. [A-16] 

kl  ns = ks Ps [25] 

The bounda ry  be tween  I / I I I  and  I I I  wi l l  be when  0. 
- -  0 or  f rom Eq. [A-16] 

(kl pJkg. ns) = exp (2#s) [26] 

We find that  depending  on the rat io  (kp'kl/k~k,,') 
th ree  different  tYpes of behav ior  can be found 

(kp' kl/kn' k2) < 1 [27] 

1 < (h:~,' k l / ka '  ~2) < exp (g0s) = exp T (rJLv)2 

exp (20s) < (k~' kz/k.' k2) [29] 

We now consider  each case in turn. F igu re  3 shows 
the kinet ic  ease d i ag ram for Eq. [27]. The main  zones 
on the d iag ram are  the  cases descr ibed by  Eq. [27] 
and [23] wi th  a smal l  in te rmedia te  zone. The case de -  
scr ibed by  (Eq. [29]) ( the k2p te rm)  does not  appea r  
because the kinet ic  condit ion in Eq. [17] for  Eq. [27] 
assumes tha t  inside the par t ic le  the produc t  k2p wi l l  
a lways  exceed kin. The reason for  this is tha t  kp' is 
sufficiently smal l  for  i t  to be difficult for  the holes to 
be lost at the surface. The dot ted  l ine OQZ divides  the  
Eq. [28] case into a zone where  the concentra t ion  of 
holes is de te rmined  by  the unpe r tu rbed  d a r k  concen-  
t ra t ion  (ps v) and a zone where  the pho togenera ted  
concentra t ion is s ignif icant ly l a rge r  than  psD; unde r  
these condit ions the react ion at  the  in ter face  is i r r e -  
versible.  The boundar ies  a re  then  de t e rmined  by  Eq. 
[23]; the solid l ines show where  the te rms  are  equal  
at  the surface, and the b roken  l ines where  they  are  
equal  at  the center  of the par t ic le .  I t  is sa t i s fac tory  
that,  apa r t  f rom numer ica l  terms,  the  express ion for  N 
for case II  in Table I agrees wi th  tha t  for case I on 
the boundar ies ;  the second t e rm in the denomina to r  
for  case II  is dominant  on the ver t ica l  boundaries ,  and, 
using Eq. [2] ( j  ---- 1/3 NIrs/L~), the th i rd  t e rm on the  
hor izonta l  boundaries .  
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Next  we consider  the in te rmedia te  case descr ibed  by  
Eq. [28], where  the kinet ic  rat io  is roughly  in balance.  
The kinet ic  case d iag ram is shown in Fig. 4. Compar ing  
the horizontal  lines, compar ison with  Fig. 3 shows tha t  
the boundar ies  OA and PQR are  the same. The l ine QZ 
st i l l  separa tes  the zones where  the  concentra t ion  of 
holes is de t e rmined  by  the t he rma l  concentra t ion or  by  
the photogenerat ion.  The boundar ies  OD, OB, and XY 
are  given by  Eq. [25], [24], and [30], respect ively .  The 
p a r a m e t e r  #J- is ~the l imi t ing  va lue  of e., and  describes 
the locat ion of the reac t ion  zone for the I / I I I  case 
inside the par t ic le  at the poin t  where  on increas ing the 
i r r ad iance  the case II  region ceases to exis t  

exp (0, L -- es) : (k2 k,~'/kx k2,') l/, [30] 

Above the l ine XQZ increas ing i r rad iance  increases  
j,  n, and p, but  does not  a l t e r  the  re la t ive  balance  of 

kin and k2p. Hence 8, does not  change;  i t  remains  equal  
to 0, L. Depending  on the kinetics,  0. L can va ry  be tween  
0 and es. When e, L is equal  to es nea r ly  al l  the par t ic le  
has case I kinetics.  Under  these conditions,  Fig. 4 r e -  
duces back  to Fig. 3 wi th  the points  O and X coinci-  
dent  and the l ine OB a dis tance 0s above QR. Aga in  
it is sa t i s fac tory  tha t  the different  express ions  for  N in 
Table I are in reasonable  agreement  on the boundaries .  

F ina l ly  we tu rn  to case C, expressed  b y  Eq. [29], 
where  the rat io  is now large. The kinet ic  case d i ag ram 
is shown in Fig. 5. Because of the l a rge  kinet ic  rat io 
at  high i r rad iance  there  are  not  many  holes (kp' is 
l a rge) ,  and so t e rm III  wi l l  domina te  the whole  of the  
part icle .  Compar ing  Fig. 4 and 5 the  boundar ies  OA, 
OB, OD, and PQ are  ident ical .  The boundar ies  QT and 
QU are der ived  f rom Eq. [26]. If in Fig. 4 one takes  
o, L towards  zero, the whole of the par t ic le  becomes 
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Fig. 4. Kinetic case diagram 
for case B (see Eq. [28]) and 
for es > I .  The boundaries AO 
and PQR are the same as in Fig. 
:3. The boundary OB now lies 
lower than the boundary OC in 
Fig. 3 corresponding to the dif- 
ference between Eq. [27] and 
[28]. 

Flg. 5. Kinetic case diagram 
for case C (see Eq. [29]) and 
for es > 1. The boundaries OA, 
OD, OB, and PQ are the same 
as those in case B in Fig. 4. The 
boundary QR in Fig. 4 lies above 
the boundary QT in this figure, 
corresponding to the difference 
between Eq. [28] and [29]. 
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case III. The points  Q and X become coincident,  and 
Fig. 4 and 5 match.  The f ield-free eases in Table I are  
discussed below. 

Discussion of Kinetic Cases 
The kinet ic  case d iagrams show how the different  

solut ions for N in Table I are  l inked  together  and how 
they  depend on the pho togenera ted  flux ( j)  and on OF, 
where  OF is de te rmined  by  the redox proper t ies  of the 
solution. Severa l  genera l  conclusions can be drawn.  
First ,  the concentra t ions  of the carr iers  and the i r  fate 
inside the par t ic le  are  ve ry  dependen t  on the ra te  con- 
s tants  for  the react ions at  the surface  kn' and kp'. 
These ra te  constants wil l  often depend  on the concen-  
t ra t ions of redox  species in the solut ion and can the re -  
fore be varied.  Second, since throughout  its volume 
the par t ic le  is deple ted  of ma jo r i t y  carr iers ,  the con- 
cent ra t ion  of m a j o r i t y  car r ie rs  may  be ve ry  small ,  and 
the terms ma jo r i t y  and minor i ty  may  be misleading.  
For  instance, in the case where  the concentra t ion of 
pho togenera ted  holes is s ignif icant ly l a rge r  than  the 
concentra t ion in the dark,  f rom Eq. [3] 

ns/Ps ~ kp'/kn' 

T h e  re la t ive  size of the concentra t ions  of holes and 
electrons depends  on the rat io  of the su r face - ra t e  con- 
s tants  and not  a t  al l  on how the par t ic le  was or ig ina l ly  
doped.  Third,  for  smal l  pa r t i c l e s  the amount  of band 
bending  as given by  0s wil l  be much smal l e r  than  tha t  
found in macroscopic  semiconductors .  This suggests 
that  the effects of the field are  less impor t an t  and tha t  
reasonable  es t imates  of t r anspor t  and kinet ics  may  be 
obta ined  by  assuming tha t  the  par t ic le  is field free. 
Four th ,  the value  of ps D de te rmines  the impor t an t  pa -  
r a me te r  oF (see Eq. [2J), which p lays  the same role as 
the e lec t rode  potent ia l  for macroscopic electrodes.  In  
any expe r imen t  this p a r a m e t e r  should be control led  
and not  lef t  to chance. Final ly ,  which k ine t ic  case is 
found m a y  depend on the i r radiance.  Increas ing the 
l ight  in tens i ty  increases j, and  this is equiva len t  to 
moving upwards  on the kinet ic  case diagrams.  

Turning  now to some more pa r t i cu la r  points,  in Fig. 
6 and 7 we have  simplif ied the kinet ic  case d iagrams  
by  ignor ing al l  border l ine  cases. If  0s is not  too large  
(corresponding to smal l  par t i c les ) ,  then the zones of 
exis tence of the border l ine  cases wi l l  be zmall .  The 

simplif ied d iagrams give approx ima te  expressions for 
N from Table I, together  wi th  contours which show 
how N varies  in  the different  zones, p rov ided  one as-  
sumes for  the moment  tha t  N < <  1. Decreas ing the 
da rk  concentra t ion of holes increases N in zones III, 1 
and II, 1. I t  is in teres t ing  tha t  in zone II, 2, the flux j 
wil l  depend  on the square root  of the i r rad iance  II/g. 
Zone IlI ,  1 is curious because, if  N is small ,  then one 
finds that  

rs 2 I/L~ ~_ k2 LD 8 C ps D exp (as) [31] 

This equat ion matches  the photogenera t ion  over  the  
whole spher ica l  par t ic le  wi th  the case - I I I  r ecombina -  
tion, which is de te rmined  by  the concentra t ion of 
holes in the da rk  recombining at  the center  of the 
part icle.  Equat ion [31] has to hold all  over  zone III, l i  
Re la t ive ly  smal l  changes in I or  in ps D wil l  violate  
the condit ion and lead  to sha rp  changes in N and NI. 
For  instance, an increase in the i r rad iance  (hi )  where  
&I/I ,~ N, wil l  shift  the sys tem f rom case I to c a s e  
III, 2 giving a steep increase in N and the flux, j - -  NI. 
For  low values of N, case III, 1 is metas table .  The tie 
l ines in the inset  show how the sys tem wil l  change 
ab rup t ly  f rom the lower  cases to case III, 2. The s im-  
plified d iagrams  in Fig. 6 and 7 also descr ibe the field- 
free resul ts  in Table I. 

F inal ly ,  it  is in teres t ing  to note tha t  for  most  c a s e s  
a decrease in  rs leads  to improvements  in N. This is 
t rue of case I I I  when one r emembers  that  in the ex-  
ponent ia l  t e rm 0s ---- rs2/6 LD 2. For  this case the ad-  
vantage  of the smal l  par t ic le  is tha t  there  is no c e n t r a l  
haven where  the holes can congregate  before  recom-  
bining. For  case II, where  the  recombina t ion  ra te  is 
uniform, the sma l l e r  the value  of rs, the g rea te r  the 
area  to volume ratio. Hence the surface  processes a r e  
favored  compared  to recombinat ion.  The one except ion 
is case I wi th  the field: Here N is g rea te r  the  l a rge r  
the value  o f  rs is. This arises because in this case the 
field is he lpfu l  in that  i t  concentrates  the minor i ty  
carr iers  at  the surface. The op t imum value  of r for 
efficient solar  energy  conversion wil l  be discussed be-  
low. 

To unders tand  these systems and to opt imize the i r  
design for  efficient conversion, i t  wi l l  be necessary  to 
find out to which kinet ic  case a pa r t i cu la r  sys tem be-  
longs. The var ia t ion  of N wi th  var iab les  such as the 

Fig. 6. Simplified kinetic case 
diagram for case A (Eq. [27]).  
The schematic contours show 
that N increases as one moves 
toward the southeast corner of 
the diagram. 
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14 

irradiance (I),  the surface rate constants and their 
re levant  concentrat ions (k :  and kp'), and the con-  
centra t ion of holes in the dark (ps D) should enable 
this to be done. 

Solar  Energy Conversion Ef f ic iency 
While N measures the efficiency of convert ing the 

flux of photons to a flux of chemical products, the 
power conversion efficiency also depends on the differ- 
ence in free energy of the two products being pro-  
duced. (For photogalvanic cells the equivalent  quant i -  
ties are current  and voltage.) We are interested in 
this paper  in t h e  efficiency of the semiconductor par-  
ticles, and we will ignore problems that occur after 
the product ion of the species in the electrolyte solu- 
tion, such as concentrat ion polarization or losses by 
homogeneous back reactions. In this paper  we are not  
concerned with how the products are used. To find the 
power conversion efficiency, we therefore consider the 
following artificial system containing two redox cou- 
ples, one of which reacts with the electrons in the con- 
duct ion band,  and the other of which reacts with the 
holes in  the valence band  

O + e c ~ R  

R'  + pv,-e.. O' 

We also assume that  the back reaction of R is negli-  
gible. To tap the energy we then fur ther  postulate 
that we have two wonderful  selective electrodes, one 
of which, X, is reversible to the O/R couple and the 
other, Y, to the O'/R' couple. It is interest ing that  we 
a l s o  have to assume that  the reaction be tween R and 
O' is negl igibly slow. If this reaction does take place 
then there will  be efficient recombinat ion in the elec- 
trolyte and no current ;  this s i tuat ion is the analog of 
using an unselective metallic electrode in a photogal- 
vanic cell where recombinat ion takes place in  the elec- 
trode. Now the power produced per  un i t  area of par t i -  

cle by such an  a r rangement  will  be given by  the prod- 
uct of the flux (j) and the difference in  the electrode 
potential  of the two couples. This difference can con- 
venient ly  be plotted as a Fermi  level in  the usual  en-  
ergy diagram, as shown in Fig. 8. In  order to prevent  
the back inject ion of electrons into the conduction 
band, we have sacrificed a few kT in  the position of 
the O/R couple. As shown, the O' /R '  couple and the 
electrode Y play the same part  in this system as the 
ohmic contact at the back of a macroscopic semicon- 
ductor electrode. It  is this couple which determines 
ps D and OF. It can be seen that  the fur ther  EF' lies 
above the edge of the valence band, the lower ps D is 
but  the more energy is lost. In  the case of the macro-  
scopic semiconductor this energy is lost in  the semi-  
conductor as the photogenerated carriers are separated 
by the field. In the case of the particle the free energy 
is lost in  the i r reversibi l i ty  of the R' ~ O' reaction. It  
must  be remembered  that  the position of the Fermi  
level for the O'/R' couple includes the (RT/F) In ( [O ' ] /  
[R'] ) term, which arises from the entropy of mixing 
in  the electrolyte solution. This discussion suggests 
that  to obtain the largest possible voltage ~E, o n e  
should locate Ep' so that 0F "-- es. This minimizes the 
voltage loss but  mainta ins  the field throughout  the 
particle. However, as shown in Fig. 6 and 7, in certain 
cases N is increased if one lowers ps D or increases OF. 
The opt imum power will be obtained by  sacrificing 
voltage to obta in  the max imum current .  

We define the power conversion efficiency ('r) for 
monochromatic light of an energy that matches the 
bandgap as 

7 -- N(1 -- 0F/@BG) [ 3 2 ]  

where eBO describes the energy of the bandgap. The 
opt imum value for a device for solar energy conversion 
(10) is 

eBG = 60 [33] 

which corresponds to a bandgap of 1.5 eV. 
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Fig. 8. Diagram showing the conversion of solar energy into elec- 
trical energy for a particle and for a macroscopic semiconductor 
(broken lines). The energy loss is given by OF in both cases; in the 
macroscopic semiconductor this occurs in the bulk of the semicon- 
ductor material, while in the case of the particle it occurs at the 
particle electrolyte interface. 

Three Different Strategies for Efficient Conversion 
With these considerat ions,  three  possible s t ra tegies  

emerge.  Opt imized devices can be found for  cases I, 
II, 1, and III, 1 in Fig. 6 and 7. We need not  consider  
cases II, 2, and  III, 2, because for  these cases increas-  
ing 0F wil l  not  increase the collection efficiency, bu t  
wil l  decrease (0BG -- 0F) and hence ~. 

We now discuss each s t r a t egy  in turn.  F i r s t  we con- 
s ider  the s i tua t ion  where  kn' is large  and the photo-  
genera ted  minor i ty  carr iers  are removed  rap id ly  f rom 
the par t ic le .  The low value of n then means  tha t  the 
kinet ics  are  case I. Recombinat ion  inside the par t ic le  
is not affected by  the concentra t ion of ma jo r i t y  car-  
riers.  We assume that  this concentra t ion is r e l a t ive ly  
unpe r tu rbed  f rom its value  in the dark  and is given by  
ps D. As discussed above, we can then  set ps D so tha t  

1 1 
oF : Os : -~ (rs/LD) ~ : -~ p2 [34] 

We would  l ike 0F to be as smal l  as possible. This  is 
achieved wi th  a smal l  value  of p. The express ion for  
N can be wr i t t en  

1 
N = kl LD [35] 

1 - t - 3 - -  
kn' 

The kinet ic  rat io  is smal le r  the l a rge r  the value  of p. 
Hence there  is an op t imum value  of p, and one does 
not want  a f ie ld-free part icle .  

Subs t i tu t ion  from Eq. [33], [34], and [35] in  [32] 
fol lowed by  different ia t ion allows one to find for  differ-  
ent  values of (kl  LD/ku') these op t imum values  for  p 
together  wi th  the  corresponding values  of N, % and 
~F. The resul ts  are  p lo t ted  in Fig. 9. The insets show 
how, for  any  pa r t i cu la r  value  of (kl LD/k, ' ) ,  7 var ies  
wi th  p, or, in o ther  words,  how cr i t ical  i t  is to match  
the radius  of the par t ic le  to the Debye  length.  In  the 
main  par t  of the  d i ag ram the b roken  l ines show the 
values of p where  7 is 80% of its m a x i m u m  value.  F rom 
the resul ts  in Fig. 9, we can conclude that,  even with  
the  op t imum choices of rJLD and of  OF, the  device 
wil l  be hopeless ly  inefficient unless 

k , '  > kl  LD [36] 

Systems tha t  meet  this condit ion do not  requi re  very 
precise  match ing  of rs to LD; i t  is sufficient for  the 
radius  to be sma l l e r  t han  8 t imes  the  Debye  length.  

I t  is also necessary  to remove  the holes f rom the 
part icle ,  and this requi res  for  N ,-~ 1 that 

kp' > j / p , o  [37] 

where  J is defined in Eq. [2]. I f  this condi t ion  is 
violated the concentra t ion of holes wi l l  bui ld  up a t  the  
center  of the part icle .  Wi th  the condit ion tha t  0 F --  
0s, the center  of the par t ic le  is close to being field free, 
and so a significant increase in the concentra t ion of 
holes wil l  lead to the  par t ic le ' s  becoming metal l ic .  In  
Eq. [37] we can t h e r e f o r e w r i t e  

Ps D "~ pFB D ex~ ( -- 8F) [~8] 

giving 

kn,' > J exp @F)/PFB v [39] 

Turn ing  nex t  to case II, 1, the  express ion  for  N from 
Table  I is 

1 

1 
1 + --- kII LD PFB D ~e exp ( - -  y 

N =  

[4O] 
The kn te rm can be reduced to insignificance (N ,~ 1) 
by  increas ing ~s in the  exponent ia l  term. However ,  
increas ing ps increases OF, and so once again  there  is 
an op t imum value of #s: Results  for  the op t imum 
values of p~, N, % eF, and kp' are  shown in Fig. 10. 
Again  the insets show how -~ var ies  wi th  ps. The 
condit ion for  kp' is the same as tha t  for  the s t ra tegy  
given in Eq. [39]. This condi t ion is the same as the 
bounda ry  be tween  cases II, I and II, 2, and makes  
cer ta in  that  the sys tem has not  crossed this boundary .  
Turning to kn', we find tha t  for  N = 1 

k l L n >  kn' > kII J/k2 [41] 

The first par t  of this condit ion means  that  N in case I 
is < 1 and that  i t  is necessary  to cross f rom I into II, 1 
to increase N, even though this wil l  reduce 7 b y  re -  
ducing (0BG -- OF). The second par t  of this condit ion 
ensures that  the sys tem lies below the hor izonta l  l ines 
in Fig. 6 and 7 and so wil l  cross f rom case I into case 
II, 1. 

Re turn ing  to Fig. 10, i t  can be seen tha t  in case II, 1, 
values  of 0F can usua l ly  be found which main ta in  N 
and 7 close to unity.  However ,  a large  va lue  of 0F 
may  violate  the condit ion for  kp' in Eq. [39]. The 
results  in Fig. 10 show tha t  

0F ~___ In (kII  LD PFBD/kB ' )  [42] 

since this  is the  value  requ i red  to reduce the  k,i  t e rm  
in Eq. [40] to insignificance. Subs t i tu t ion  of this  va lue  
in Eq. [39] gives 

kp'kn' > kII JLD [43] 

For  a successful  II, 1 device we  requi re  k,~' to sat isfy  
the condit ions in Eq. [41] and k~' to sa t i s fy  Eq. [43]. 
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Fur the rmore ,  there  has to be a f a i r ly  precise  match ing  
of the radius  of the  par t ic le  to the Debye  length,  as 
shown in Fig. 10. 

F ina l ly ,  for  case III, 1 f rom the resul ts  in Table I, 
we find tha t  wi th  the  field 

3 C k~ LE exp ~-  ps 2 ps D 

N -- 1 -- [44] 
pJ 1 

Different ia t ion shows tha t  the kinet ic  t e rm  is min i -  
mized  wi th  

ps = 3 [45] 

giving a s imi la r  resul t  to tha t  for  the f ie ld-f ree  pa r t i -  
cle. Fo r  this case, as discussed above, we want  smal l  
par t ic les  wi th  es close to un i ty  so as to p reven t  accumu-  
lat ion and loss of the holes in the center  of  the par t ic le .  
The kinet ic  t e rm  is fu r the r  reduced  b y  reducing ps n, 
but  this also increases  Of. Subs t i tu t ion  of Eq. [12], 
[44], and  [45] in Eq. [32] for  7 and different ia t ion 
shows tha t  the op t imum value  is 

9I 
ps  D -~ [46] 

C 0BG e 1-5 k~ Lc 
giving 

and 
_~ (1 --  eF/0~G) [47] 

0F = In [PFBD/(ps  D) m] [48] 

For  these condit ions to be possible and for  the sys tem 
to be in case III, 1 we requi re  

kp' > C eSG e 1"5 k2 LD/9 [49] 

10p= 20 

3" 
6 ~  

r l  Fig. 9. The conditions for the 
optimum power production for 
case I. The diagram shows how 
the optimum values of N, 9/, ps, 
and eF depend upon the case ! 
kinetic parameter (3 kl LD/k~); 
kp' must be greater than the 
values shown. The insets at each 
particular value of (3 kl Ln/k~ ~) 
shaw how 3', the power conver- 
sion efficiency, varies with /~ 
( - -  rJLD). The broken lines 
show the values of ps, for which 
~, is 80% of its maximum value. 

I i I 

3 k 

toglo(3klLo/k'.) 

~. '  < kxi J /K~ [50] 
and 

kn' < C eBO e t's LD/9 [51] 

Equations [49], [50], and [51] refer to the III, 2, If, I, 
and I boundaries of zone III, 1 in Fig. 7, respectively. 
A further condition for k.' is that it must be large 
enough to prevent a buildup of electrons comparable 
to the doping density 

kn' > J/PFB n [52] 

Inspect ion of the  condit ions in Eq. [36]-[52] for  the 
three  different  s t ra tegies  shows tha t  there  a re  the th ree  
character is t ic  pa ramete r s  of the system, as given in 
Table II. To simplify,  we have assumed tha t  kl - -  k~. 
Typica l  values  for each p a r a m e t e r  a re  also given. We 
can now combine the condit ions in Eq. [36]-[52] in a 
single d i a g ra m (Fig. 11), which  shows how the s t r a t -  
egy to be fol lowed depends  upon the v i ta l  k ine t ic  
pa rame te r s  k,~' and kp'. 

I t  is not  surpr i s ing  tha t  case I requi res  a large  value  
of k~' (N 10~ cm s -1)  to remove the minor i ty  car r ie rs  
and has a much less severe  condi t ion for  kp'. Con- 
versely,  case III, 1 requi res  a la rge  va lue  of kp" to 
remove the holes but  a much less severe  condit ion for  
k,'. The in te rmedia te  case II, 1, where  recombina t ion  
is p reven ted  by  removing  both  holes and electrons,  
has a mixed  condit ion involv ing  bo th  k,,' and kp'. F ig -  
ure  11 shows tha t  for efficient conversion at  leas t  one 
of the ra te  constants  k,~' or  kp' h a s  to be r a the r  large  
(.-. 104 cm s -1)  in o rde r  to remove the car r ie rs  f rom 
the par t ic le  and the reby  p reven t  recombina t ion  in the  
almost  f ie ld-f ree  part icle.  The va lue  of OF requ i red  for  
opt imizat ion  for  an efficient device increase  f rom case 
I (OF ,~ O) th rough  case II, 1 (Fig.  10) to case H I  (Eq. 
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[481). In part icular ,  for  case III  using the values in 
Table II we find that  0F ~ 20 or a third of the value 
of 0BG. For  this reason the na tura l  s t ra tegy  of r emov-  
ing the minor i ty  carriers rapidly  (I) is to be pre fe r red  
to s t ra tegy III, where  the ma jo r i ty  carr iers  are a l lowed 
to accumulate.  In the la t te r  case it would be bet ter  to 
change the doping type (n to p or p to n) of the semi-  
conductor  and hence conver t  a case I I I  s i tuat ion to a 
case I. Finally, our work  shows the importance of 
matching the radius of the part ic le  to the Debye 
length. For  nea r ly  all  of the op t imum cases the radius 
should be a few mult iples  of the Debye length.  
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A P P E N D I X  
In this Appendix  we der ive  the results in Table I. 

We start  by der iv ing expressions for the surface con- 
centrat ion ns and Ps by e l iminat ing j be tween Eq. [2], 
[3], and [5] 

1 
ns -- --~ grsN/kn' [ A - l ]  

and 
1 

ps -~ ps n -~- -~- grsN/kp' [A-2] 

Table II. The three parameters in Eq. [36] - [52]  

Parameter Typical value 

kl LD ~ ks LD 10 ~ cm s -~ a 
kiTdlks I0 -~ era s -I b 
J/PFB n 10 ~ Cra S -I e 

L k l  ~ 10 lo S -1 LD ~ 1 0 -e  era. 
b J = 1/3 I (rs/L~) I ~ 10 -~ real cm -2 s -~ (10). 

v~ ~ 3 x 10-~ cm L~ ~ i0-~ giving J = 10-1o real cm-~ s-~; kiilk~ 
10 ~ mol-~ em a corresponding to a shift from term I to term III 

in E q .  [16] ~ t  p ~ 1O -o mol cm -~. 
Value of $ as in note b with pFB D ~ 10 -? real elm -~. 

i. I i 
10 15 20 

Log, m(k~Lop~ 3 k~) 

lnk'p 

[n(k2L o) 

in (J/pFOB) 

Eqn[52] 

/ I]I,1 
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/ /  
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]I,1 
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t//E/q/~n[43]~ 
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Eq~[36] 

\Eqn.[39] 

Ln(kl J/k 2) [n(klL o ) lok'  
Fig. 11. Diagram showing how the three different optimum 

strategies depend upon the values of the surface rate constants 
k~' and k ' n.  For simplicity we have assumed that kl - -  kg. Effi- 
cient systems are found towards the northeast corner. The broken 
line separates case A systems from case C. 

For each of the cases in Table I we have  to evaluate  
the in tegra l  K where  

-- '~J0r'rSvdr [A,3] 

and v is given by Eq. [16]. 
For  case I 

v -- kxn : kzns exp (0 --  #s) [A-4] 

where  f rom Eq. [9] 

exp (e) : exp (ps/6) - - e x p  (D) [A-5] 

Subst i tut ion f rom Eq. [Ab] and [A4] in Eq. [A3] gives 

s~p./6z~ 
-" klnsLD 3 exp ( - -  Les) 63/3 ~0 ~2 exp (~2) d~ 
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[A-6] 
where  

Ps -- rs/LD 

Assuming tha t  ps is s ignif icant ly g rea te r  than  1, say  
g rea te r  than  8, for  there  to be s ignihcant  band  bending  
(es > 10), then  we can in tegra te  Dy par t s  

1 
61/2 r ~2 exp (~2) d~ = ~-  ps exp (~0s) 

1 [o,/6v~ 
-- -- 6 I/~ exp (~) d~. 

2 *,o 

1 

because the second in tegra l  is negl igible  compared  to 
the  or ig inal  in tegral .  Subs t i tu t ion  m Eq. [4j-L0] gives 

K = 3 k~%rsLD ~ [A-7]  

El imina t ion  of us and K be tween  Eq. [A-1] ,  [A-7] ,  and 
[19] gzves the  resul t  for  iV in Tame 1. For  ns i tself  we 
obta in  

1 
--~ p8 ~ g 

ns = [A-8] 
' L  3 k l + p s k ~ /  D 

F o r  case I I  th roughout  the sphere  

V = ~II ns  Ps 
so tha t  

1 
= -- k n  nspsrs s [A-9] 

3 

El imina t ion  of ns, Ps, and  K be tween  Eq. [A-1],  [A-2],  
[A-g] ,  and [19] gives the resul t  for  N in Table  L 

For  case I I  

v = k~. p = k~ Ps exp (es - -  e) [A=10] 

Subs t i tu t ion  f rom Eq. [A-5] and [A-10] in Eq. [A-3] 
gives 

K = k2 Ps LD "~ exp (0s) 63/2 X2 exp ( - -  Z 2) d~ 
0 

N C k2 Ps LD a exp (Os) [A-11] 

where  
C : (3/2) (6~)1/" : 6.51 

and we have  assumed tha t  ps/6�89 is g rea te r  t han  4. 
El iminat ion  of p~ and K be tween  Eq. [A-2],  [A-11],  

and  [19] gives the resul t  for N in Table  I. The resul t  
for  Ps is 

1 
Ps D -~- -~- gps LDkp' 

Ps : [A-12] 
1 "b C k 2 L D e x p  (0s)/kp'  p~ 

For  the I / I I I  case we fol low the approach  of Sah 
et a~. (11). F r o m  Eq. [16] 

1 1 1 

v kzn k2p 

and there  is some value  of e, 0. (0 < 0. < 0s) where  

kzn,  = k~p, -- ko [A-13] 
Then 

1 
v = -  k0 sech (0 --  e.) [A-14] 

2 

and has its m a x i m u m  value  at  8 = e.. 
F r o m  Eq. [A-3] and [A-14] 

s 
: 3 (3 /2 ) ' / ' koLD z 0�89 sech (0 --  0,)d$ 

~ 3 (3/2) '/, ko LD 3 '0, ~,~ se th  (~.) dL 

= (3~r/2) k0r, LD 2 [A-15] 

where  

r . /LD --  (0./6) �89 [A-16] 

App ly ing  the Bol tzmann d is t r ibu t ion  to Eq. [A13] 

exp (0, -- es) : (k2Ps/kzns)�89 [A-17] 
and 

ko = (klk2psns) �89 [A18] 

El iminat ion  of Ps, ns, k0, and ~ be tween  Eq. [ A - I ] ,  
[A-2],  [A-15], [A-18], and [19] gives the resul ts  for  N 

in Table I. 
The express ion for  r .  in Table  I is de r ived  by  sub-  

s t i tu t ing  f rom Eq. [ A - l ] ,  [A-2],  and  [A-17] into Eq. 
[A-15].  
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Mechanisms of Charge Transfer at the Semiconductor-Electrolyte 
Interface 

I. Kinetics of Electroreduction at Dark of Fe(CN)63- and IrCI62- 
in Aqueous Solution on a Sintered Nb-doped n-SrTi03 

Electrode: Influence of pH 
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ABSTRACT 

The dark cathodic reduction of Fe(CN)e 3- and IrCl62- in aqueous solution on a sintered Nb-doped SrTiO3 electrode, at 
acidic and basic pH, has been studied as a function of the potential and concentration of the oxidized species. With 
Fe(CN)83-, two different regions are observed. At low band bending (high ~urrent-density region), the current saturates with 
increasing concentration of oxidant species, and a pH-independent Tafel slope of -130 mV is found. By contrast, at higher 
band bending (low current-density region), the current is proportional to the electrolyte concentration, and the Tafel slope 
increases dramatically at basic pH with respect to that at acidic pH. Ullman's model of isoenergetic electron transfer lim- 
ited by transport resistance in the semiconductor depletion layer cannot account for this behavior. However, our results are 
compatible with the two-step kinetic model of charge transfer, involving bandgap surface states, proposed by Vandermolen 
et al. (16). At least two sets of surface states with different energies within the bandgap actively mediate charge transfer 
through the semiconductor electrolyte interface. Experiments with IrCle 2- show that these surface states could result from 
the interaction of the semiconductor surface with H +, OH-, and H20 solvent species. 

Both n-TiO2 and n-SrTiO3 are wide-bandgap semi- 
conductors whose behavior as photoanodes in photo- 
electrochemical cells for water splitting has been in- 
tensively studied. However, charge transfer at the 
interface is still far from being understood. Due to 
their strong ionic character these oxides have a high 
ionization potential, and consequently the overlap be- 
tween the valence band and the filled levels of water 
molecules is negligible, which makes impossible a 
direct, isoenergetic transfer of electrons from the 
water molecules to the valence band during water 
photo-oxidation. 
There is experimental evidence that bandgap surface 

states can capture holes photogenerated in the val- 
ence band (1-7). These surface states could mediate 
the isoenergetic transfer of electrons from the water 
molecules. We have recently shown (8, 9) that these 
surface states could involve surface hydroxyls gen- 
erated by interaction of the semiconductor with the 
electrolyte. Both in n-TiO2 and in n-SrTiO~ the val- 
ence band is made up of filled O: 2p orbitals, while the 
conduction band proceeds from the empty Ti:3d (t2g) 
orbitals. At the surface, in the last atomic layer, the 
crystal field symmetry of the Ti4+ and 02- ions is 
lower than in the bulk, which splits the Ti:3d and 
0:2 p orbitals with formation of new energetic levels 
in the bandgap. This is supported by the cluster cal- 
culations of Kowalski et al. (10). Besides, both Ti 4+ and 
02- surface ions have a great activity towards solvent 
OH- and H + ions, respectively, giving rise to different 
types of chemisorbed OH- groups (surface states) 
(11), some of them with energies within the band- 
gap (10). These surface states have been recently used 
by the authors (12) in a simple model of water photo- 
oxidation. 
Another unknown mechanism is that concerning 

the dark cathodic reduction of oxidized electrolyte 
species (13-18). The question arising is whether the 
transfer of electrons from the conduction band to the 
empty levels of the electrolyte is direct (isoenergetic) 
or if it is an inelastic process mediated by surface 

Key words: semiconductor, interface, electroreductton, kinetics. 

states. The study of this process could lead to indus- 
trial applications, as the growing importance of elec- 
tro.catalysis shows (19). We have shown recently (20) 
that dark reactions can act as back reactions during 
water photo-oxidation on SrTiO3 and TiO2 photoanodes 
in a photoelectrochemical cell, producing characteristic 
photocurrent transients responsible for an important 
decrease of the quantum efficiency. 
Neither TiO2 (15, 16) nor SrTiOs (16) follow the 

simple model for electron transfer from the conduction 
band to oxidized electrolyte species typical of other 
well-behaved semiconductor oxides like n-ZnO (21, 
22): their Tafel slopes are higher than 60 mV, and the 
cathodic current tends towards a saturation value upon 
increasing the concentration of the oxidant. Bard et al. 
(15) were the first to invoke mediation of charge 
transfer by surface states in order to explain the 
anomalously high Tafel slopes. More recently, Vander- 
molen et al. (16) found Tafel plots with two different 
regions: at higher currents the Tafel slope was 60 mY 
and there was current saturation, while at lower cur- 
rents the Tafel slope was higher than 60 mV and the 
current was proportional to the concentration of oxi- 
dant. They proposed a two-step kinetic model involving 
bandgap surface states to explain this phenomenon of 
current saturation, which had never before been ob- 
served in electrochemistry. Later, U11rnan (23) at- 
tributed current saturation to transport resistance in 
the space-charge region due to the low carrier mo- 
bilities in the wide bandgap semiconductors used. 

In the present work, we study the dark cathodic 
reduction of Fe(CN)s 3- on a Nb-doped, sintered 
SrTiO.~ electrode, using as supporting electrolyte IM 
Na2SO4 at pH 3 and 11. At smaller band bendings (i.e., 
at higher currents) the cathodic current (j-) reaches 
a saturation value at increasing concentration of the 
oxidized species (Cox). In this region, the Tafel slope 
is --120 mV and pH independent. In the region of 
higher band bendings (i.e., at lower currents), the 
current is proportional to the concentration of oxidant, 
and the Tale1 slope is very sensitive to the electrolyte 
pH. 

326 
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These resul ts  cannot  be expla ined  by  Ul lman 's  model.  
However ,  they  are  compat ib le  wi th  the  two-s tep  
mechanism proposed  by  Vandermolen  et at. (16), in-  
volving media t ion  of charge t ransfe r  by  surface  states. 
We th ink  tha t  these surface states resul t  f rom the 
in terac t ion  of the  semiconductor  surface wi th  the dif-  
ferent  species ( O H - ,  H +, and H20) of the solvent  
(24), and whose energy  wi th in  the bandgap  depends  
on the pH. 

These resul ts  a re  in agreement  wi th  our  previous  
findings about  the influence of pH on the da rk  e lect ro-  
reduct ion of O2 on n-TiO2 (18), giving fur ther  suppor t  
to our  previous  model  (8, 9), in which different  OH 
groups covering the semiconductor  surface  in aqueous 
med ium are  active centers  for charge t ransfe r  be tween  
the semiconductor  and the electrolyte ,  not  only  in 
wate r  photoelectrolysis ,  but  also in the  e lec t roreduct ion  
at  da rk  of dissolved oxidized species as well.  F ina l ly ,  
we es t imate  some of the  pa rame te r s  charac te r iz ing  
these surface s ta tes  and put  fo rward  some hypotheses  
about  the influence of pH on thei r  origin. 

Exper imental  
Electrode.--The s in tered  SrTiO3 elect rode containing 

5 weight  percent  (w/o)  Nb~O5 was p repa red  by  the 
Labora to i re  de Chimie du  Solide, Bordeaux,  France ,  
f rom the single oxides (25). The res is t iv i ty  was 3 a c m ,  
and the geometr ica l  surface in contact  wi th  the  elec- 
t ro ly te  was ~0.25 em 2. No chemical  or  mechanica l  p r e -  
t r ea tmen t  of the  e lec t rode  was effected. 

Materials.--All chemicals  were  reagent  grade.  The 
suppor t ing  e lec t ro ly te  was 1M Na2SO4, whose pH was 
ad jus ted  to 3 and 11 wi th  H~SO4 and NaOH, respec-  
t ively.  The oxidized species ,were K3Fe(CN)6 and 
H2IrC16, in concentrat ions  f rom 10 -8 to 10-1M. Ul t ra -  
pu re  wa te r  was obta ined f rom a M i l l i - R O + M i l l i - Q  
(Mill ipore,  Bedford,  Massachuset ts)  assembly;  solu-  
tions were  p rev ious ly  deoxygena ted  b y  N2 bubb l ing  
wi th  vigorous magnet ic  s t i r r ing.  

Current measurement .~A s imple  one -compar tmen t  
cell was used (18), w i t h a  smooth Pt  sheet  as aux i l i a ry  
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electrode,  and a sa tu ra t ed  c a l o m e l  e lec t rode  (SCE) as 
reference.  The potent ios ta t  was a Potent ioscan POS 73 
f rom Wenking.  Currents  were  measured  wi th  a digi ta l  
mul t imeter ,  Ke i th ley  177 Microvol t  DMM. P r io r  to ex-  
per iments  wi th  each solution, the e lect rode was lef t  in 
contact  wi th  it for 24h. S ta t iona ry  currents  were  mea -  
sured  a l lowing 13-30 min  at  each polar iza t ion  potent ia l  
to ensure es tabl i shment  of equi l ibr ium.  F resh  e lec t ro-  
ly te  was used in each measurement .  

Capacitance measurement.--Tomkiewicz's method 
(26) was used in the range 60 Hz-10 kHz. The wave-  
form genera to r  was a Leader  LAG-125, and the lock- in  
amplif ier  a PAR 5204. 

Results 
Characterization el the semiconductor: M ott-Schottky 

plots.--In Fig. 1 we give plots  of 1/C 2 vs. V (C =_ dif -  
f e ren t ia l  cel l  capacitance,  V ---- polar iza t ion  poten t ia l  
vs. SCE) in 1M Na2SO4, p H  11 at  severa l  frequencies.  
Each l ine is the  resul t  of a least  squares  fit to at  least  
30 points obta ined at  successively increas ing and then  
decreas ing  potent ials .  The slope increased wi th  in-  
creasing frequency,  a l though al l  the  l ines had  a common 
intersect ion point  ( f la tband potent ia l  VFB) wi th  the 
abscissa axis. According  to Tomkiewicz  (26), if this  
behavior  is due to e lect rode inhomogenei ty , ,  then the 
measurements  at  the highest  f requency  most  accura te ly  
correspond to the space -cha rge  layer .  Therefore,  in the  
fol lowing we only show measurements  a t  30 kHz, the 
m a x i m u m  frequency we could use. 

In  Fig. 2 we give the  Mot t -Scho t tky  plots  in 1M 
Na~SO4 at pH 3 and 11. Addi t ion  of K3Fe(CN)6 o r  
H2IrC16 did not affect the results.  Two s t ra ight  l ines 
wi th  the same slope are  ob ta ined  in the in te rva l  --0.6 
to + IV vs. SCE. The shif t  of VFB wi th  pH is of 63 m V /  
pH unit,  the typica l  Nerns t ian  behavior  of oxides wi th  
H+ and O H -  as po ten t ia l  de te rmin ing  ions (27). 

F rom the s lope of the  Mot t -Scho t tky  equat ion 

Csc -~ = (2/qceoNDA 2) (V - -  V F B  - -  kT/q)  [1] 

where  Csc is the d i f ferent ia l  capaci tance  of the  semicon-  
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Fig. 1. Mott-Schottky plots of Nb-doped n-SrTiO~ for several frequencies in IM  Na2504, pH 11 
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Fig. 2. Mott-Schottky plots of Nb-doped n-SrTiO3 at 30 kHz in IM  Na2SO4, pH 3 and 11 

ductor deplet ion layer, we can obtain the donor  con- 
centrat ion ND, provided we know the semiconductor 
dielectric constant  (e) and the true surface area in 
contact with the electrolyte (A).  (co is the vacuum per-  
mi t t iv i ty) .  Assuming e : 300 (28) and a roughness co- 
efficient ,-~4, we obtain from the exper imental  slope ND 
_~ 1019 cm-8, For comparison, ND can be also calcu- 
lated from the conductivi ty ~ and the mobi l i ty  
through the equation ND -- r assuming that  most 
donors are ionized at room temperature,  as is the case 
with Nb-doped TiO2 (29). The value of the mobil i ty  
necessary to obtain the same ND as from Mott-Schot tky 
plots is ~0.1 cm 2 V - i  s -1, about two orders of magni-  
tude lower than that of 6 cm 2 V -1 s -1 measured for 
monocrystal l ine SrTiO~ (30). This large decrease in 
mobil i ty  can be explained by carrier t rapping at 
grain boundaries  in the sintered mater ia l  (31). 

Mot t -Scho t t ky  plots of highly doped semiconductors.  
~ F o r  Eq. 1 to hold, it is necessary that 

Csc  < <  C H [ 2 ]  

(CH = differential capacity of the Helmholtz layer) ,  
in which case it is 

Cs > >  ~r [3] 

where Cs and ,~r represent  the potential  drop in the 
depletion layer of the semiconductor and the change in 
the potent ial  drop (r  of the Helmholtz layer brought  
about by polarization, respectively. Lineari ty  of C -2 vs. 
V plots is usual ly  taken to mean  that  Eq. [2] and [3] 
apply to the system under  study. However, de Gryse 
e t a l .  (32) have shown that  in highly doped semi-  
conductors, as is the case here (ND ,~ 1 • 1019 cm-3) ,  
C-2 vs. V plots are also linear, al though Eq. [1]-[3] do 
not  hold. According to them, under  these circum- 
stances, i.e., when the capacity of the depletion region 
is comparable to that of the Helmholtz layer and 
therefore a sizable fraction of applied potential  drops 
in the Helmholtz layer, Eq. [1] must  be subst i tuted for 
with 

C -2 = CH-2[1 ~ (2CH2/eeoA2qND) (V - -  VFB --  k T / q ) ]  

[4] 

It  is remarkable  that Eq. [1] and [4] predict the 
same slope in C-2 vs. V plots, although in Eq. [4] the 
intercept  with the abscissa axis is shifted, relative to 
that of Eq. [1], towards more negative potentials by 
the amount  

aV = qeeoND/2CH2 [5] 

For  CH = 2 X 10 -5 F cm -2, AV becomes already sig- 
nificant at ND -~-- 1019 cm -e. 

De Gryse e ta l .  (32) also obtained a formula relat ing 
A~b H t o  ND 

ACH "-- , ~b s . . . .  [ 6 ]  
CH 2 q 

This formula, together with the obvious 

V -- VFB "- Cs + ~r [7] 

allows us to calculate hCH/r as a funct ion of polariza- 
tion potential.  Taking e = 300 and C = 2 X 10 -5 F 
cm -2, we have obtained in this way A~H as a function 
of (V -- VFB) (Fig. 3). For  the first 0.8V it is Ar162 
,~1, i.e., about half  of the change in applied potent ial  
goes to the Helmholtz layer  and only the other half 
to the depletion region 

The value of VFS obtained from the Mott-Schot tky 
pl0t in Fig. 2 should now be corrected by AV = 0.1V 
according to Eq. [5]. Therefore, VFB is --1.15V at pH 11, 
and --0.65V at pH 3, about  200 mV negative of E ~ 
(H+/H9),  as usual ly  found for SrTiOs (28). 

We can now construct  with the help of Fig. 3 the 
diagram of energy levels in Fig. 4, which shows the 
potential  dependence of the semiconductor energy 
levels with respect to those of the electrolyte. This 
diagram will be used later  on. We have taken E~ 
(Fe[CN]0~- /Fe[CN]04-)  _ ~-0.25V vs. SCE, with a 
reorganizat ion energy ~ = 0.75V both at pH 3 and 11. 
This value of k is that  obtained from measurements  on 
ZnO (22) in the pH range 4.8-12.0 although, accord- 
ing to theoretical calculations (33), k should change 
from 0.63V in a strongly basic medium to 1.5V in a 
s t rongly acidic medium. 

Dark cathodic reduction of Fe (CN)63- . - -Res idua l  
currents  in the absence of oxidized species were 10 -7-  
10-SA. At potentials negative of the H+/H~ redox 
couple, there was a large increase of cathodic current  
corresponding to H.2 evolution. The residual currents,  
when significant, were subtracted from the currents  
of the oxidized species. 

In  Fig.. 5 we give a semilog plot of the reduct ion 
current  densi ty  vs. potential  for different concentra-  
tions of K3Fe(CN)6. As ment ioned above, the true 
area of the electrode was taken to be 1 cm 2. The families 
of curves on the left-  and r igh t -hand  sides correspond 
to pH 11 and 3, respectively. All the current  values 
are free from mass- t ranspor t  effects, for which purpose 
strong agitation was needed at the highest currents.  
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Fig. 3. Dependence of 4,a and 
A@I~ on the applied polariza. 
tion (V - -  VFB) according to 
Eq. [24] .  The following param- 
eters were assumed: �9 = 300, 
CH = 20 #zF cm -~ ,  ND = 10 ~g 
c m - 8  

Two segments can be clearly appreciated in each 
curve. At higher currents there is, both at pH 3 and 11, 
a segment with a slope of ~130 mV at potentials more 
negative than --0.1 and --0.55V, respectively. However, 
at lower currents the behavior at pH 11 is very dif- 
ferent  from that at p i t  3. At  pH 11 there is a nearly 
horizontal plateau, with a slope of ~2.2V, between 

0 . 0 ~  - ~  1 1 I I 
l ,O 2,0 

V - V f b  I V 

--0.5 and +0.1V, while at pH 3 only a short se~'nent 
with a slope of ~320 mV appears between --0.1 and 
+0.1V. At potentials more positive than +0.1V, the 
slope decreases drastically at the two pH values. 

Dependence of the cathodic current on the concen- 
tration of F e ( C N ) s 3 - . ~ A s  already found by Vander- 
molen et aL (16), at a given potential current  satura-  

p H 3  

/ I ' , Z  .. 

,rCtl 

Pot. vs SCEIV 

I ll__ 
. . . . .  

 ik. .0o, 

+I 0 

- +2.0 

Fig. 4. Diagram of energy levels of n-Sr TiO3 at pH 3 and 11, and of the empty and filled levels of the Fe(CN)63-/Fe(CN)64- and 
IrCI62-/IrCI6~- couples. The shift of Ee (bottom of the conduction band) at the semiconductor surface with increasing positive polariza- 
tion has been taken from Fig. 3. In the diagram for pH 11 the two sets of surface states have been included; their position is that at the 
flatband condition. The energetic distribution of the surface states is not known. 
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Fig. 5. Tafel plots of the log of the current density vs. potential for different concentrations of Fe(CN)6 8- ,  at both pH 3 and 11 

t ion is found only  in the segment  of h igher  cur rents  
(in our case that  wi th  a slope of 130 mV),  while  the 
normal  behavior  (i.e., propor t iona l i ty  be tween  cur ren t  
and concentra t ion)  was observed only  in the segment  
of lower  currents  wi th  a h igher  Tafel  slope. 

The empi r ica l  re la t ionship  be tween  cur ren t  j -  and 
concentra t ion Cox in the segment  of h igher  currents  
was the same found for the first t ime by  Vandermolen  
et al. (16) 

j--sat " Cox j -  = .  [83 
K + Cox 

In this equat ion of the L a n g m u i r  type,  j - sa t  is the 
sa tura t ion  cur ren t  reached at high enough concen- 
t rat ions,  and K is a constant.  We show in Fig. 6 typica l  
curves of j -  vs. Cox at  --0.6 and --0.8V, where  the  
typical  sa tura t ion  behavior  can be apprecia ted .  We 
can rea r range  [8] into 

1 K 1 1 
: - -  F . [ 9 ]  

J- J-sat Cox J-sat 

A plot of I/j- vs. I/Cox gives a straight line of inter- 
cept 1/ j - sa t  and slope K/j-aat. These plots a re  included 
in Fig. 6. 

In  Fig. 7 we have  plot ted  log J-sat  vs. V. Two para l l e l  
s t ra ight  lines are obta ined at pH 3 and 11, respect ively.  
Their  l a te ra l  d isp lacement  shows prac t ioa l ly  the  same 
Nerns t ian  behav ior  as found for VFB (Fi~. 2). In  the 
segment  of lower  currents ,  the classical p ropor t iona l i ty  
be tween  cur ren t  and concentra t ion is obeyed at  the  
two pH values, i.e. 

j -  = K '  " Ca\ [10] 

In  Fig. 8 we show such behavior  at  different  potent ia ls  

for  pH ---- I I .  Obviously,  K '  increases wi th  increasing 
negat ive  p o t e n t i a l  

Dependence of log j -  on band bend ing .uWi th  the  
da ta  of Fig. 3 we can now plot  log j -  vs. Cs, at both  
pH 3 and 11. The plot  for  10-2M Fe (CN)63-  is given 
in Fig.  9. At  lower  band  bendings  (r < 0.3V) and 
h igher  currents ,  the same p lo t  wi th  a Tafel  slope of 
,~65 mV is obta ined  at pH 3 and 11, whi le  at  h igher  
band  bendings  the currents  at  pH 11 are  cons iderably  
h igher  than  at pH 3. 

Discussion 
Models for charge transfer . - -Two different  mecha-  

nisms could be envisaged to account for the  t ransfe r  
of e lectrons from the conduction band  to empty  elec-  
t ro ly te  levels:  (i) isoenerget ic  t r ans fe r  of e lect rons  
f rom the bot tom of the conduction band at  the surface 
to the empty  levels  of the oxidized species th rough  the 
Helmhol tz  l aye r  at  the  semiconduc tor -e lec t ro ly te  in t e r -  
face. In  the  following, this wi l l  be des ignated  the 
classical model  of f luctuating energy  levels.  (ii) In- 
elastic charge t rans fe r  th rough  bandgap  surface  s ta tes  
in a two-s tep  mechanism:  riffling of surface states wi th  
conduct ion band electrons,  and fur ther  isoenerget ic  
t ransfe r  to empty  e lec t ro ly te  levels (15). 

The model  to be used mus t  be coherent  wi th  the  
exper imenta l  results,  which can be summar ized  by  
two main  features:  the cur ren t  sa tu ra t ion  wi th  in-  
creasing ox idant  concentra t ion in the region of h igher  
cur rents  (i.e., lower  band bendings) ,  where  the Tafel  
slope is ~130 mV and independent  of pH, and the 
existence of a second region wi th  lower  currents  (i.e., 
hi~her  band bendings)  where  there  is p ropor t iona l i ty  
be tween  current  and ox idant  concentrat ion.  In  this  
region the Tafel  s lope s t rong ly  depends  on the pH. 
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Let  us t r y  the two models  separa te ly .  

T h e  c lass ical  m o d e l  is i s o e n e r g e t i c  charge  t r a n s f e r . -  
This mode l  was first developed by  Marcus (34) and 
then by  Ger ischer  (35). Different  ma themat i ca l  ap-  
proaches  based on this f luctuating energy  model  have  
been made  to find an expl ic i t  re la t ionship  be tween  
current  and potent ia l  (36-39). Morr ison (39) obta ined 
the fol lowing simplified formula  

10-4 v 
-0.8 

I 

E 

- 0 ~  
Potentio( vs 5CE / V 

Fig. 7. Tafel plot of the saturation current density, (J-sat) ys. 
potential for ferricyanide, both at pH 3 and 11, taken from Fig. 6. 
Note the parallelism of the two straight lines with a slope of ~130 
mV. 

Fig. 6. Plots of the current 
density, j - ,  vs. ferricyanide con- 
centration, Cox, at pH 11, for 
polarization potentials of --0.SV 
(left) and --0.6V (right) vs. 
SCE, which are within the sotu. 
ration region, with a Tafel slope 
of 130 mV, in Fig. 5. The same 
data are also plotted as 1~j-  
vs. I/Cox in order to show that 
they obey a Langmuir-type 
equation (Eq. [8]); the inter- 
section with the vertical axis 
gives US j - sa t .  

5 lO 
I I . 

Cox/lO-2N 

j -  = qwinsdCox  / \ - - ~ - / |  exp 4 k k T  ' " in]  

In this approx imat ion  it is assumed that  a l l  ions w i th -  
in a distance d of the surface  are act ive in cap tur ing  
electrons and have the same capture  cross sect ion vi, v 
is the the rmal  veloci ty  of e lec t rons  in the  conduct ion 
band,  k the reorganiza t ion  energy,  E~s the  bo t tom o f  
the conduction band at the surface,  and Eox the more  
p robab le  energy  leve l  of the  oxidized species, n,  is the  
dens i ty  of e lectrons at  the  surface,  and depends  on 
the band bending  according to 

ns -- nb�9 exp -- q Cs/kT [12] 

where ~b is the bulk density of conduction band elec- 
trons. 

This classical model predicts that, provided Ees does 
not change with polarization, the current is propor- 
tional both to ns and Cox, and therefore cannot give 
account of the observed current saturation. However, 
Ullman (23) has r ecen t ly  proposed that  cur ren t  l im i t a ,  
t ion could be due to t r anspor t  res is tance in the  space-  
charge  region of low mobi l i ty  mater ia ls ,  such as TiO~, 
SrTiOs, and a-Fe2Os, the only semiconductors  in  which 
this phenomenon has been observed.  

The empi r ica l  Eq. [8] is also p red ic ted  by  Ul lman,  
according to whom it is 

~--sat ~- (qDnND/I) (e-#/Daw [r [13] 
and 

K --" Dn/~c Z Daw (,~) Vs [14] 

where Dn ---- ~kT/q is the diffusion coefficient of the 
electrons,  Z is the  Debye  length  of the  space charge  
reg ion  

Z -- (2eeokT/q2ND) I/' [!5] 

= qr is the barrier height of the depletion layer 
in adimensional units, and Daw (~) v2 is Daw's function, 
which, for  �9 ~--- 2.5, is given wi th  an  e r r o r  l ower  than  
3% b y  the express ion 

Daw (r I/, = (0.5 + 0.4/r (r ,h [16] 

In our  case, wi th  ND --  1 X 1029 cm -s ,  Dn --  2.5 X 
10 -8 cm 2 s -z  (~ ---- 0.1 cra~ V -1 s -Z) ,  a n d ,  --  300, f or  

= 11.7 (r ---- 0.3V) the  value  of ~--sat predic ted  by  
Eq. [13] is 0.2 A c m  -2, about  4 orders  of magni tude  
h igher  than  the expe r imen ta l  one (Fig. 7). Therefore,  
Ul lman 's  mode l  .does not  seem to fit our  e x p e r i m e n t a l  
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Fig. 8. Plot of current density 
vs. ferricyanide concenti'ation at 
pH 11 in the proportionality re- 
gion corresponding to the 
plateau in Fig. 5. 

results. Furthermore, it cannot give account of the 
segments with high Tafel slope in the log j -  vs. V 
plots observed both by Vandermolen et al. (16) and 
in this paper. 

The surface states trapping kinetic  mode l . - -As  
stated above, Bard et al. (15) were the first to invoke 
mediation of charge transfer by surface states in order 
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to explain anomalously high Tafel slopes. Later, Van- 
dermolen et al. (16) (in the following designated as 
VGC) were the first to observe current saturation, 
which they interpreted with a two-step trapping ki- 
netic model also involving surface states. 

According to the VGC model, charge transfer is 
mediated by bandgap surface states overlapping empty 
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Fig. 9. Plots of current density vs. voltage for 10-~M Fe(CN)63- at pH 3 and 11, and for 10-2M IrCI6~- at pH 3. Note different 

potential scales for pH 3 and 11; the shift of 0.45V is necessary to make the saturation region of Fe(CN)6 a -  at pH 3 coincide with that 
at pH 11. This shift corresponds to the differen:e between VFB at pH 3 and 11, so that the three curves have the same horizontal axis of 
(V - -  VFB), and therefore the same axis of Cs. Values of (V - -  VFB) and r are given in the upper horizontal axis. 



Vol. 131, No. 2 S E M I C O N D U C T O R - E L E C T R O L Y T E  I N T E R F A C E  3 3 3  

levels  of the  oxidized species, and therefore  involves 
two steps:  t ransfe r  of electrons f rom the conduct ion 
band  at  the surface  to the  sur face  s ta tes  wi th  a ra te  
constant  kl, and t ransfe r  of e lectrons f rom the surface 
s ta tes  to the  empty  levels  of the oxidized species wi th  
a ra te  constant  k2. Assuming tha t  the reverse  ra te  
constants  are  negligible,  Eq. [7] of VGC (16) can be 
simplified to 

klnsCox 
j -  : --qNss [17] 

kl  
- -  ns -5 Cox 

F r o m  so l id -s ta te  theory  i t  is known  tha t  kl  = w ,  
where  v is the mean  the rma l  speed of conduct ion band  
electrons and �9 is the e l ec t ron-cap tu re  cross sect ion 
of the  sur face  states,  k2 depends  on the degree  of ove r -  
l ap  of the  levels  of surface  s ta tes  wi th  those of the  
oxidized species, according to the  classical model.  

Two l imi t ing  s i tuat ions are  read i ly  apparen t  for the 
L a n g m u i r - t y p e  Eq. [17]. At  concentrat ions  of the  oxi -  
dized species h igh  enough for the first s tep to be 
ra te  l imit ing,  i.e., so high tha t  

kl  " ns < <  k2Cox [183 

and consequent ly  al l  the  surface s ta tes  are  p rac t i ca l ly  
empty ,  then the l imi t ing  value  of the  cur ren t  (sa tu-  
ra t ion  current ,  J-sat)  is given b y  

j - s a t  ~--- - - q  " Nss �9 kl  " ns [19] 

whe re  Nss is the  dens i ty  of surface states.  According  
to Eq. [19], the  vol tage dependence  of the cur ren t  is 
de te rmined  by  ns(V) (Eq. [12]),  which means  tha t  
the value  of the Tafel  slope depends  on whe the r  al l  
of the  appl ied  vol tage changes drop in the semicon-  
ductor  deple t ion  l a y e r  (Tafel  s lope : 60 mV) or drop 
pa r t i a l l y  in the  Helmhol tz  l aye r  (Tafel  s lope ~ 60 mV) .  

The  o the r  l imi t ing  s i tuat ion obtains when 

klns >> k2Cox [20] 

Then the t ransfer  of e lectrons f rom the surface states 
to the  e lec t ro ly te  is ra te  l imit ing,  and al l  the surface 
states are  p rac t i ca l ly  fi l led at  the s t eady  state.  Under  
these conditions,  the  cur ren t  is p ropor t iona l  to the  
concentra t ion of oxidized species 

j -  : qNssk2Cox [21] 

It  is ev ident  that  in this range  the cur ren t  does not  
depend  on ns; therefore ,  an infinite Tafel  slope mus t  
be ob ta ined  when Eq. [20] holds. 

The saturation range.--The VGC mode l  predic ts  a 
Tafel  s lope of 60 mV in this range for the case of an 
ideal  semiconductor  where  Eq. [2] holds. However ,  
both  at  pH 3 and l l  we find a Tafel  slope mean  value  
of about  130 mV for 10-2M ferr icyanide ,  s l ight ly  va r i -  
able  wi th  Cox. This d i screpancy  has a r eady  exp lana -  
t ion in the dependence  of VFB on the appl ied  vol tage 
(Eq. [5]) .  As we have shown in the expe r imen ta l  sec-  
tion, due to the  high value  of ND, for V - -  VFB ~ ( ] . S V ,  

about  half  of the  appl ied  po ten t ia l  drops in the  H e l m -  
holtz l aye r  (see Fig. 3), which  means  that  a Tafel  
slope of  about  120 mV should  be expected in our  case. 
I t  could be thought  tha t  some degree  of Fe rmi  level  
p inning  b y  surface s tates  could produce  an addi t iona l  
drop of the appl ied  vol tage in the Helmhol tz  layer .  
However ,  this poss ib i l i ty  must  be discarded,  as the 
Mot t -Scho t tky  plots  a re  l inear  (Fig. 2). 

Dependence o] the Tafel slope on the polarization. 
Necessity of postulating at least two sets of surface 
States.--The dramat ic  increase of the  Tafel  slope wi th  
increas ing band  bending  (decreas ing n~) in the p ro -  
por t iona l i ty  region ( j -  cc Cox) (Fig. 5), where  Eq. [20] 
holds, is incompat ib le  according to Eq. [17] wi th  a 
single monoenerget ic  popula t ion  of  sur face  states. F o r  
a monoenerge t ic  d is t r ibut ion ,  Es~, wi th  a single kz, the 

change f rom the sa tu ra t ion  region (klns << k~Cox) 
to the p ropor t iona l i ty  region  (klns ~ >  k2Cox) wi th  
increas ing band  bending  requires ,  for  constant  Cox, 
that  ks decreases much more  r a p id ly  than  ns; this is 
only  possible if Cs < <  ASH, i.e., if there  is F e r m i  level  
pinning,  which is not  the case here.  

To expla in  this behavior ,  two sets of su r face  s tates  
media t ing  e lec t ron  t rans fe r  can be invoked.  Fo r  the 
sake of s impl ic i ty  le t  us assume tha t  these two sets 
are  monoenerget ic ,  and  are character ized by  the p a r a m -  
eters  (Ess, Nss, kl, k~) and (E'ss, N'ss, k'l, k'2), respec-  
t ive ly  (Fig. 4). Now Eq. [17] should be changed into 

J- -- J-1 -5 J-2 -- --qCoxns I Nsskl 

[ kl 
k--~ ns -5 Cox 

-5 --k' lN'ssk' ns -5 Cox ' ]  [22] 

where  J-1 and j - 2  represen t  the  cont r ibut ion  of both  
sets of surface s ta tes  to the to ta l  current .  

Let  us assume that  in the  poten t ia l  reg ion  --0.8V < 
V < -50.1V (Fig. 5) i t  is 

k~Cox > >  klna [23] 
and 

k'sCox < <  k'In= [24] 

Then, the  to ta l  cur ren t  can be wr i t t en  

j -  : --q (Nssklns + N'ssk%Cox) [25] 

Fo r  large  values of ns, tha t  is, in the  more  negat ive  
potent ia l  range of Fig. 5 (--0.SV < V < --0.6V),  a 
Tafel  s lope of 120 mV is observed,  which  means  tha t  

O (log j - )  O (log j - z )  a (log n,)  
- -  - -  --- 120 m V  

OV OV OV 

for this  heav i ly  doped semiconductor ,  as a l r eady  d is -  
cussed. Therefore,  in this range  the second te rm in the 
parenthes is  of Eq. [25] can be neglected.  As ns de-  
creases ( increasing band bending)  the first t e rm in Eq. 
[25] becomes negligible,  and  j -  : j2 -  : --qN'ssk'2Cox. 
As far  as Ok'2/OV -- 0, i t  mus t  be Oj2-/OV = 0, and an 
infinite Tafel  s lope mus t  appear .  This s i tua t ion  holds 
app rox ima te ly  in Fig. 5 for --0.6V < V < -50.1V; a 
t rue  p la teau  is not  obta ined  in this po ten t ia l  region be -  
cause of the fact  that  a f ract ion of the appl ied  po ten-  
t ia l  does drop in the  Helmhol tz  l ayer  (Fig.  3). A t  the 
more  posi t ive potent ia ls  (i.e., V > 0.1V) ns is so low 
that  Eq. [24] no longer  holds; Eq. [25] mus t  then  be 
subs t i tu ted  for  b y  

j -  : --qns (Nsskz -5 N'ssk'D [26] 

and a d ramat ic  decrease  of the Tafel  s lope is observed 
again.  

Influence o] pH on the proportionality (low current- 
density) region.--It is r ead i ly  appa ren t  in Fig. 5 tha t  
pH m a r k e d l y  affects the p ropor t iona l i ty  region.  A s imi -  
lar ,  not  so m a r k e d  effect was observed by  VGC. 
They a t t r ibu ted  i t  to a change in the  re la t ive  posi-  
t ion of the energy  levels  at  the  semiconductor  sur face  
wi th  respect  to those in solution, causing a change in 
k'2. Effectively, f rom Fig. 4 it  is ev ident  tha t  upon in-  
creasing the pH from 3 to 11, k.2 decreases and k'2 in-  
creases, which expla ins  why  the currents  in the p ro -  
por t iona l i ty  range are  h igher  at pH 11 than  at  pH 3. 
Actua l ly ,  an energy  dis t r ibut ion  of surface states, in-  
s tead  of  two separa te  monoenerge t ic  populat ions,  
would  expla in  the  resul ts  at  pH 3, where  the  increase 
of the Tafel  slope is much  lower  than  at  pH 11. A sec- 
ond, separa te  set of surface s ta tes  has  to be pos tu la ted  
only  when  the Tafel  s lope increases  d r ama t i ca l l y  in a 
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large  vol tage range,  as is the case for p H  11 be tween  
--0.5, and  -50.1V. 

A possible a l t e rna t ive  explana t ion  of the influence 
of pH on the p ropor t iona l i ty  region is tha t  the s tates  
E'ss are  main ly  present  at basic pH, as a consequence of 
the in terac t ion  of the semiconductor  surface wi th  the 
solvent  (H +, O H - ,  and H20 species) .  In  o rde r  to e luci -  
date this point,  the  d a r k  e lec t roreduct ion  of IrC162- at  
pH 3 has been compared  to tha t  of Fe (CN)63-  at  pH 
11 (Fig. 9). The use of IrC162- was dic ta ted  because 
its redox  potent ia l  is ,-,0.hV more posi t ive than  tha t  of 
the fe r ro / fe r r i cyan ide .  This value  is ~pprox imate ly  
equal  to the increase in VFB brought  about  by  a de-  
crease of 8 pH units. Therefore,  a l though k of IrC162- 
is 0.1-0.2 eV lower  than  tha t  of F e ( C N ) e  3-  (33), the 
degree  of over lap  (and therefore  the  currents )  should 
be essent ia l ly  the same in the two cases, p rovided  that  
first, the surface s tates  are  unaffected by  pH changes,~ 
and second, ne i the r  anion adsorbs specifically, as is ap-  
pa ren t  f rom the i r  l ack  of influence on the capacitance.  
The absence of a p la teau  in the Tafel  p lot  of IrC1B 2-  
at  pH 3 (Fig. 9) seems to give evidence that  a new set  
of surface states appears  at pH 11 that  is not  p resen t  
at pH 3. The posi t ion of the h igher  l imi t  of the  new 
states,  Ess', can be in fe r red  f rom the  posi t ive  l imi t  of 
the p la teau  in Fig. 5, -50.1V vs. SCE, assuming tha t  the 
new surface s tates  begin  to be empt ied  at this  potent ial .  
Wi th  the he lp  of Fig. 3 it  is r ead i ly  ob ta ined  that  the 
h igher  l imi t  of E'ss is ~LOV below the bo t tom of the  
conduct ion band,  as is depic ted  in Fig. 4. 

Tafel plot with lrCl6~-.--The Tafel  p lot  obta ined 
wi th  IrC16 e -  at  pH 3 is shown in Fig. 9. The cur ren ts  
a re  much higher  than  those observed wi th  Fe  (CN)6~-;  
they  are  even h igher  than  the sa tura t ion  currents  de-  
p ic ted  in Fig. 7, which runs  con t ra ry  to the  VGC model,  
according to which  the magni tude  of the sa tu ra t ion  cur-  
ren t  is independent  of the oxidized species. VGC 
(16) found that,  effectively, the  sa tura t ion  cur -  
ren t  on TiOe and SrTiO8 was the same for Fe  3+, 
Fe (CN)6  s - ,  and IrC162-. Unfor tunate ly ,  we could not  
conduct  exper iments  at  h igher  concentrat ions  of 
IrC162-, a s  we were  reaching  diffusion l imi ted  cur -  
rents.  A possible explana t ion  for this anomalous  be -  
havior  is tha t  in our  electrode,  perhaps  because it was 
p o lycrys ta l l ine  and heav i ly  Nb-doped,  the in teract ion 
of IrC162- wi th  SrTiO3 at  pH 3 created new surface 
s tates  at  a concen t ra t ion  low enough for them not  to 
influence the  capacitance,  but  high enough for the 
sa tura t ion  cur ren t  to be much h igher  than wi th  
Fe  (CN) 6 ~-  . 

The Tafel  p lot  of IrCl6 a-  is app rox ima te ly  a s t ra igh t  
l ine wi th  a slope of ,~250 inV. The absence of a seg-  
ment  at  h igher  cur rents  wi th  a slope of ~130 mV 
seems to indicate  tha t  wi th  IrC16 ~- the  r a t e - l imi t i ng  
step is the t ransfe r  of charge f rom the surface states to 
the  oxidizing species (Eq. [20]), in agreement  wi th  the  
above hypothesis  tha t  j - sa t  is much h igher  than  wi th  
Fe (CN)6  s - .  The s lope of 250 mV is difficult to just ify,  
as i t  is equal  to (0 log [Nss �9 k~]/OV) -~ (see Eq. [21]) 
and  both  Nss and k~ change wi th  e lect rode polar iza t ion  
in an unknown  way.  

Estimation o] some characteristic parameters of the 
sur]ace states.--The VGC model  has been shown to 
exp la in  qua l i t a t ive ly  our  expe r imen ta l  results.  A quan-  
t i ta t ive  analysis  involves a precise  knowledge  of 
the ac tual  d i s t r ibu t ion  of surface states, which is fa r  
f rom being  known.  However ,  it  can be useful  to make  

some calculat ions wi th  the s imples t  approach  of a 
monoenerget ic  popula t ion  of sur face  states.  

The sa tura t ion  region yields severa l  parameters .  
F rom the exper imen ta l  da t a  of r (V) (Fig. 9) and  
J-sat (V) (Fig. 7), a combinat ion of Eq. [12j and [19] 
yields the product  Nsskl = j-sat/qns. Besides, the s l o p e  

of l / j -  vs. 1/Cox plots  (Fig. 6) is equal  to kl" ns/ 
k2.  jsat, f rom which k j k 2  and Nssk~ are  easi ly  ob-  
tained.  The values  of these  pa rame te r s  at  pH 11 for two 
different  potent ia ls  are  given in Table I. I t  becomes 
evident  tha t  there  is a d i s t r ibu t ion  of surface states,  
as kl/k2 increases wi th  increasing 4s. For  a monoen-  
ergetic popula t ion  of  surface s ta tes  nea r  the conduction 
band, kl/k~ should decrease,  as kl  must  be constant  and 
k2 should  increase  wi th  anodic polar iza t ion  due to a 
be t te r  over lapping  of  the  surface s tates  wi th  empty  
energy  levels  of the  e lec t ro ly te  (Fig. 4). I t  is therefore  
necessary  to assume an energy  d is t r ibu t ion  of surface 
states in which kl increases wi th  decreas ing energy.  

Origin and nature oJ the sur]ace states.--The resul ts  
p resen ted  here  seem to prove the presence on SrTiO3 
of surface states which  are  present  at  pH 11 and absent  
at pH 3, and tha t  therefore  would be or ig ina ted  by  in-  
te rac t ion  of n-SrTiO3 wi th  the  so lvent  (H~O, H +, and  
O H - ) .  The surfaces  of s t rongly  ionic oxides  such as 
TiO2 or  S r T i Q  present  two different  in t r ins ic  surface 
states,  known as ionic or  Tamm surface s tates  which  
correspond to Tis 4+ cations and Os anions, respect ively .  
Because of the  lower  s y m m e t r y  of both  Ti and O 2-  
sites at  the semiconductor  surface wi th  respect  to the 
bulk,  the empty  Ti :3d  (t2g) orbi ta ls  responsible  f o r  

the conduction band should be shif ted downwards  into 
the  bandgep  at  the  same t ime tha t  the ful l  O2:2 p or -  
bi ta ls  responsible  for  the valence band  are  shif ted up-  
wards.  However ,  it  has  been es tabl ished by  photo-  
emission exper iments  that  the electronic s t ructure  of 
these surface  states is not  different  f rom that  of the 
bu lk  (40), i.e., a decrease of the surface cat ion coord i -  
nat ion seems not  to be sufficient to genera te  bandgap  
surface states. Surface  poin t  defects  associated to su r -  
face oxygen vacancies (2Ti 8+ --  Vo)s give r ise to band-  
gap surface  s tates  in both  TiO2 and SrTiO~ (31). The 
in terac t ion  of these surface s tates  wi th  e lec t ro ly te  O H -  
ions has been thought  to give rise to Ti3+-OH - su r -  
face groups, behaving  as e lect ron traps,  able  to media te  
e lect ron t ransfe r  f rom the conduct ion band to elec-  
t ro ly te  e m p t y  levels  (12, 41). Both Tis and Os 2 -  ionic 
surface states must  in te rac t  s t rong ly  wi th  the e lec t ro-  
lyte  (39). The Tis ionic s tates  act as Lewis  acids, t ak ing  
a couple of e lectrons from the orbi ta ls  of O H -  wi th  a 
fa i r ly  s t rong in terac t ion  tha t  shif ts  the  s ta te  nea re r  the  
conduct ion band. 

Tis -50H-soln .  ~ ( T i : O H - ) ~  

The  O e - : 2 p  ionic states behave  as Lewis bases, s h a r -  
ing the i r  e lectron pa i r  wi th  the e m p t y  ls  orbi ta ls  ~f  
H+, also wi th  a fa i r ly  s t rong in terac t ion  that  shifts 
the state nea re r  the valence band 

O~ 2- + H+~ol~.-~ (O2-:H+) s 

For water molecules contradictory results have been 
obtained about the dissociative character of their ad- 
sorption on TiO2 and SrTiO3. According to Somorjai 
et al. (42, 43), H~O adsorbs on TiO2 wi thout  dissocia-  
t ion on s ing le -c rys ta l  s toichiometr ic  surfaces,  and dis-  
soc ia t ive ly  on ve ry  heav i ly  Ti3+-doped surfaces. The 
same authors  found that  H20 seemingly  adsorbs wi thout  

Table I. Parameters characterizing the surface states of the Nb-doped n-SrTiO~ electrode and their charge-transfer 
characteristics in the saturation range of the cathodic reduction of Fe(CN)6 ~ -  

p H  Pot. vs. SCE, V ~ . , V  n , , e m  -8 j - . a t ,  A c m  ~ Ns~ x k~, e m  s --1 N .  x k2, e m s  ~ kl/1r 

11 --0.8 0.1'/ 1.3 x 10 ~6 6 x 10-'. 2.9 • 10-1 2.9 • 10 ~ 1.0 x 10" 
11 --0.6 0.30 3.5 x 10 .~ 8.6 x 10 4 2.65 6.3 x 10 .4 4.2 x 10 s 
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dissociation on SrTiO~. More recently, Kurtz and Hen- 
rich (44) have shown that the presence of Ti 3+ surface 
ions alone is not sufficient to catalyze the dissociative 
chemisorption of H20 on either TiO2 or Ti20~: defect 
sites, associated with Ti3+-O-vacancy complexes, 
probably catalyze H20 dissociation. 

A polycrystalline sample of a given material  should 
show a higher activity than a single crystal of the 
same material, due to the imperfections (defect sites) 
of the surface (45). Recent IR studies of anatase powder 
(46) have shown that TiO~ in contact with water vapor 
is covered by a monolayer (,~1015 tool cm-2) of water, 
half of which is physisorbed molecular water, and the 
rest is covered, 2/3 by Br5nsted acid sites, (O-2:H+)s ,  
and 1/3 by Br5nsted basic sites, (Ti -OH-)s .  The 
surface concentration of H+ and OH-  varies with pH, 
and for most semiconducting oxides this produces a 
Nernstian dependence of VF B o n  pH, i.e., @VFB/aPH --~ 
60 mV (47). The point of zero charge (pzc) is the pH 
at which the surface concentration of H + ions is equal 
to that of OH-  ions. At the pzc, which is near pH 7 
both for TiO2 and SrTiO3 (48), the semiconductor 
surface could be schematized by the following model 

.OH- H + 

_Os 2- <' 
--H20 

which includes both acid and basic OH surface groups. 
The amphoteric character of the surface is manifested 
when the electrolyte pH is different from the pzc. At a 
pH < pzc, a fraction of OH groups (basic in character) 
coordinated to Ti surface ions capture protons from 
the solution 

.OH- /H20 
+H+-~ TisLH20 / 

while the acidic O group will  either remain unaltered 
or ionize H+ / H  + 

- O s  2 - /  ~ - O s  2 -  +OH - 

The net result will obviously be a decrease of the ratio 
[OHH-]s/[H+]~. At pH > pzc water  molecules co- 
ordinated to Tis groups will dissociate giving protons to 
the solution 

OH - ~ . OH- 

+H + 

while the acidic O group will be neutralized 
oH20 

- O s  ~ H 2 0  + O H - " - ~  - O s 2 -  H20 

and consequently the ratio [OH- ] J [H + ] s will increase. 
IR spectra .of anatase powder that had been equili- 
brated with water of different pH values give support 
to this scheme (49). 

Recently, Tomkiewicz (50) detected, by means of 
subbandgap electroreflectance spectroscopy, what he 

believes to be intrinsic surface states at TiO~ in an 
aqueous iodide solution, with a maximum 1.3 eV below 
the conduction band. According to him, in the absence 
of iodide these intrinsic states interact strongly with 
OH-  ions and/or  H20 molecules and shift towards the 
conduction band, which makes them undetectable by 
electroreflectance. It could be possible that these states 
correspond to surface Ti ions. 

Origin of the anomalous electrochemical behavior oS 
SrTi03, TiOe, and ~-FeeOs.--Zinc oxide (ZnO) has 
about the same bandgap and electron affinity (and, 
therefore, ionization potential) as TiO2 and SrTiOs. 
However, its electrochemical behavior obeys the classi- 
cal model of direct, isoenerget}c charge transfer (22, 
51, 52). This difference cannot be attr ibuted to differ- 
ences in overlap, as the position of the bands is about 
the same. Its origin, therefore, should be looked for in 
the difference of the respective intrinsic surface states. 

The main difference between the electronic structure 
of ZnO and those of TiO2 and SrTiOa is the character 
of the conduction band: it is 4s and 4p for ZnO (53), 
while for Ti oxides it is Ti: 3d (t2g). Therefore, the 
interaction of the intrinsic surface states with the 
solvent should be different in the two cases. Truncation 
of the crystal lattice at the surface produces a split t ing 
of the Ti4+:3d (tfg) orbitals so that the T i -OH-  surface 
groups should be below the conduction band. The ionic  
surface states associated with Znf+r4s orbitals seem 
to lie less than 10 mV below Ee (54); therefore, it 
seems reasonable to assume that the Zn~-OH levels 
are within the conduction band. This means that con- 
duction band electrons in ZnO must be transferred 
isoenergetically from the bulk to overlapping electro- 
lyte levels, while in the cases of TiO2 and SrTiOa an 
electron arriving from the bulk to the surface goes to 
bandgap energy levels from which it can be trans- 
ferred to overlapping electrolyte levels. 

Current saturation in the dark cathodic reduction of 
oxidized electrolyte species has also been found with 
~-Fe203 (55), another transition metal  oxide with 3d- 
type conduction band. Therefore, of the four wide 
bandgap semiconducting oxides whose electrochemical 
behavior has been studied, only ZnO, the only one 
without d-orbitals in its conduction band, shows the 
ideal behavior observed with low bandgap covalent 
semiconductors. This gives some support to the idea 
that the surface states present in transit ion-metal  ox- 
ides and mediating charge transfer to the electrolyte 
involve 3d orbitals of the metallic cation interacting 
strongly with O H -  and HfO donor species of the sol- 
vent. 

Conclusions 
The dark electroreduction of Fe (CN)63- and IrC162- 

on a sintered SrTiO3 electrode at pH 3 and 11, as a 
function of the concentration of oxidized species, can- 
not be explained by the classical mechanism of i so -  
energe t i c  charge transfer, not even when Ullman's 
model (23) of current control by transport  resistance 
in  the space-charge region is used together with the 
classical mechanism. They can be explained by the 
two-step mechanism, with mediation of the charge 
transfer by surface states postulated by VGC (16). 

We would like to stress that Ullman's model, although 
not applicable to our results, could fit other systems 
in which the charge transfer from the semiconductor 
to the electrolyte are limited by the charge transport  
within the space-charge region, and not by the charge 
transfer from the surface state to the electrolyte. In 
any case, the observation of saturation currents pre-  
dicted by Ullman's model for low mobili ty materials, 
even in the absence of surface states particpating in 
semiconductor-electrolyte charge transfer, as could 
be the case for ZnO, would necessitate the use of 
techniques where the measurements of high currents 
are not hindered by diffusion limitation. 
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We have found, as have VGC, that at lower band 
bendings (i.e., higher currents) the current satu- 
rates with increasing concentration of the oxidized 
species. This anomaly clearly indicates that at least 
two sets of surface states mediate charge transfer. 

We have al~o found that in the proportionality range 
the Tafel slope drastically changes with pH, which 
shows that the set of surface states active in this range 
results from the interaction of intrinsic ionic surface 
states of Ti4+:3d (%g) orbitals with donor species (OH- 
and H~O) of the solvent. This conclusion is reinforced by 
the fact that the Tafel plot at pH 3 with IrC16e-, whose 
empty levels are at about the same energy relative to 
the semiconductor as those of Fe(CN)6 ~- at pH 11, 
shows no plateau in the proportionality region. How- 
ever, the electroreduction currents for IrC162- ions 
reach values considerably higher than the saturation 
currents for Fe(CN)63-. This fact is in contradiction 
with the results of VGC relative to single crystals, 
and with the prediction of the VGC model that 
saturation currents should be independent of the 
nature of the oxidized species. Although we have no 
proper explanation for this discrepancy, it could be 
assumed that in the same way that the surface states 
involved in the transfer of charge are sensitive to pH, 
they could be also influenced by the nature of the 
ox}dized species, this effect being much more notice- 
able in sintered, polycrystalline electrodes. 

Manuscript submitted March 3, 1983; revised manu- 
script received Sept. 16, 1983. 
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ABSTRACT 

Titanium, thermally oxidized titanium, and single-crystal TiO2 have been coated with polyvinylferrocene by an argon- 
vinylferrocene radio frequency plasma discharge. Voltammetry is observed consistent with the oxidation of ferrocene sites 
in the polymeric coating at potentials 1.5V positive of the flatband potential for TiO2 in CH,CN. As the thickness of the oxide 
phase is increased, the ease with which ferrocene sites are oxidized decreases. Comparisons are made to TiO~ substrates 
coated with polyvinylferrocene by evaporative deposition; these electrodes give a more classical blocking response. The 
plasma discharge physically alters the semiconductor surface, most likely by generating surface states. In addition, the 
voltammetric response for plasma-c0ated TiOJpolyvinylferrocene electrodes is improved if conducting materials (e.g., Pt 
or glassy carbon) are also present in the plasma reactor during plasma deposition. We show that very small minority carrier 
oxidation currents can be measured by trapping the oxidative charge as ferricenium in the polymer film via potentiostatic 
experiments at quite positive potentials. 

Research on chemical modification of electrode sur-  
faces anticipates the t ime when an electrode material,  
a chemical modifier, and a method of modification can 
be assembled as a package that will predictably per-  
form in electrocatalysis, electrosynthesis, or some 
other area of electrochemical concern (1). Tailoring 
electrodes for specific applications relies, in  large part, 
on the predictabi l i ty of the electrochemical properties 
of the final product. Predictabi l i ty  may  be jeopardized 
if the modification method unexpectedly  alters funda-  
menta l  characteristics of the electrode mater ia l  itself. 
This paper describes such an example for n-TiO.2. 

Some modification methods do appear to affect the 
substrate,  the prime example being radio f requency 
(RF) plasma treatments.  Reactive surfaces, capable 
of bonding with in s i tu reagents, have been generated 
for carbon substrates by removal  of surface oxides 
dur ing  plasma cleaning (2, 3). Recently, Armstrong 
reported that exposing a gold metall ized-plast ic elec- 
trode to an oxygen BF plasma created a form of re-  
ducible gold oxide that was not  observed in the 
vo l tammet ry  of bulk  gold or other types of gold films 
exposed to the plasma (4). 

Work in  our laboratories shows that  RF plasma 
polymerizat ion can affect changes in the inheren t  
properties of an electrode substrate.  The electrochemi- 
cal response of TiO2 electrodes plasma coated with 
polyvinylferrocene differs from that of unt rea ted  TiO~ 
in a solution of ferrocene. F r ank  and Bard demon-  
s trated that  at potentials positive of --0.8V (SCE), 
only  reductions are possible at s ingle-crystal  or poly-  
crystal l ine TiO2 in acetonitri le (5). The (dark) oxida- 
tion of ferrocene (E ~ = +0.4V [SSCE]) in solution 
at TiO~ does not  occur. By analogy, the oxidation of 
ferrocene sites immobilized at a TiO2 surface should 
not occur. However, for plasma-coated TiO~, ferro- 
cene sites are oxidized and in a potential  region where 
n-TiOu (EBG ---- 3 eV, EFB ~ --1.0V [SSCE] in CH3CN) 
is no rma l ly  considered blocked to electron transfer.  
We shall present  evidence that this occurs because the 
plasma t rea tment  alters the surface energetics of the 
semiconduct ing TiO2 electrode. 

Experimental 
The vinylferrocene plasma-polymeriza t ion proce- 

dure has been described previously (3, 6). Plasma re-  
actor geometry B (6, 7) was chosen; this geometry re-  

Key words: semiconductor, modified electrode, voltammetryj 
trapping, plasma polymerization. 

sults in a high rate of polymer film formation an d  l e s s  
degradation of ferrocene sites (8). Ti tanium,  thermal ly  
oxidized t i tanium, s ingle-crystal  TiO~, pla t inum,  and 
glassy carbon substrates were mounted  as electrodes 
after plasma coating to avoid introduct ion of other 
materials  into the plasma. 

Because subtle changes in the polymer film's char-  
acteristics resulted after imbibing solvent  from Varian 
Tort  Seal (7), a very high MW epoxy was used to 
mount  and mask the edges of electrodes. The two 
components (epoxy and versamide resin, 40-60 w/w)  
cross-l ink avoiding release of solvent, or any other 
small  molecule, into the polymer. A sample of the 
hardened epoxy soaked in 0.1M Et4NC104/CI~CN for 
24h appeared physically unaltered,  and the i -E back- 
ground of the electrolyte at a Pt  working electrode 
remained unaffected. Mounted electrodes were stored 
in air for several  days before electrochemical use to 
increase the chemical s tabil i ty of ferrocene sites in 
the plasma polymer film (7-9). 

Ti disks (punched from 0.67 mm-th ick  99.992% Ti 
foil, Alfa Vent ron) ,  6 mm diam, were polished to a 1~ 
finish with diamond paste (Buehler)  and degreased 
with hexane. T i tan ium samples designated as Ti(0 
min)  were used without  deliberate thermal  oxidation, 
al though the nat ive  oxide which forms upon exposure 
of Ti to moisture or air  (~20A) (10) was unavoidable.  
Specimens designated as moderately oxidized (Ti /  
TiO2 [x min] )  were heated on a hot plate in air for x 
min. This mild form of thermal  oxidation yielded 
shiny, golden Ti/TiO2 specimens from the polished, 
si lvery Ti. Specimens designated as extensively oxi- 
dized (Ti/TiO~ [x rain, 600~ ) were heated in air at 
600~ in a muffle furnace for x rain, colored samples 
resulted, where the color depended on length of heat-  
ing. The dull, gray-colored oxide layer  which results 
after heat ing Ti in a flame ( l l )  was not  seen. The 
depth of the oxide layer, as generated by  either form 
of heat ing with time, was not measured. Based on 
color, a Ti sample heated even 1 rain at 600oC had a 
thicker oxide layer  than a sample heated for 30 rain 
on a hot plate. Increasing the length  of t ime the Ti 
was heated was used as a qual i tat ive gauge of oxide 
depth. These samples were not  reduced in hydrogen. 

Single-crysta l  TiO2 samples (1 • 2 m m  2) were a 
gift from Professor H. O. F inklea  (Virginia Polytech-  
nic Inst i tute  and State Univers i ty) .  These samples had 
been reduced in hydrogen at 650~ for 10 rain to in -  
crease the concentrat ion of charge carriers. The face 
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of the crys ta l  was pol ished to 1~, degreased  in hexane,  
and etched for 10 min at  70~ in a solution of 5:1:4 
I-INO3:HF:H20. P t  and glassy carbon samples were  
pol ished to 1~ and degreased  before  p lasma coating. 

F i lms  of convent ional  po lyv iny l fe r rocene  [AIBN-  
in i t ia ted  po lymer iza t ion  of v inyl fe r rocene  in benzene 
(12)] were  deposi ted on Ti/TiO~ and s ing le -c rys ta l  
TiO2 b y  evapora t ing  micro l i te r  al iquots  of a solution 
of 0.1 mg P V F c / m l  toluene (0.47 mM in Fc si tes) .  

Elec t rochemical  exper iments  were  per formed  in 
convent ional  cells and referenced to a sod ium-sa tu -  
ra ted  calomel  e lectrode (SSCE).  A PAR 173 poten t io-  
s ta t /ga lVanosta t  wi th  PAR 179 digi ta l  coulometer ,  PAR 
175 universa l  p rogrammer ,  and Houston 2000 XY re -  
corder  were  used. X - r a y  photoelect ron spec t ra  were  
taken  on a du Pont  Model 650B elect ron spect rometer .  
Peak  positions were  referenced to C ls  as 285.0 eV. 
The Pt  spec t rum of Fig. 7 was obta ined on a MacPher -  
son Model 3600 e lec t ron spec t rometer  wi th  posit ions 
re fe renced  to Au 4f as 78.0 eV. 

Vinyl fer rocene  (Pfal tz  and Bauer)  was used as r e -  
ceived. B i s -2 ,2 ' -b ipy r id ine -b i s -4 -v iny lpy r id ine ru then -  
i u m ( I I )  hexaf luorophosphate  was p repa red  and elec-  
t ropo lymer ized  as p rev ious ly  descr ibed (13). Te t r a -  
e thy l ammon ium perch lora te  (Southwes te rn)  was 
dr ied  at  50~ in a vacuum oven before  use. Acetoni -  
t r i le  (MCB) was dr ied  by  s tor ing over  ac t iva ted  4A 
molecu la r  sieves (Linde)  or used immed ia t e ly  af te r  
ref lux and dis t i l la t ion f rom Call2 (Alfa  Vent ron) .  

Results and Discussions 
X P S . - - F o r  uncoated,  mode ra t e ly  oxidized Ti/TiO2 

samples,  the  b ind ing  energy  difference of the O ls  and 
Ti 2p~/2 bands  equals  71.5 eV. This value  agrees wi th  
that  r epor ted  by  Armst rong  for TiO2 (14), demons t ra t -  
ing tha t  our mi ld  the rmal  oxidat ion procedure  gener -  
ates the t i t an ium dioxide  phase. 

A th r ee -minu te  a rgon-v iny l fe r rocene  p lasma dis-  
charge produces  a po lymer  film sufficiently th ick t'0 
block most of the x - r a y  photoelectrons  emi t ted  f rom 
the TiO2. Compare  Fig. 2d and 2b (uncoated vs. coated)  
to see the  d iminut ion  of the Ti 2p s ignal  a f te r  p lasma 
coat ing mode ra t e ly  oxidized t i tanium.  

The Fe  2p3/2 region for po lyv iny l fe r rocene  films 
p lasma deposi ted on TiO2 under  our RF  p lasma po ly-  
mer iza t ion  condit ions shows the p redominance  of a 
na r row  F e ( I I )  band  at  709 eV. A broad,  h igher  b ind -  
ing energy  component  due to p l a s m a - d a m a g e d  Fe  (III)  
sites at 712 eV is a lways  present  (Fig. l a ) .  This gen- 
e ra l  spec t rum has been  observed for  po lyv iny l fe r ro -  
cene powder  harves ted  f rom the p lasma reactor  walls ,  
and for po lyv iny l fe r rocene  films p lasma deposi ted on 
Pt, g lassy carbon, and RuO2 (15). By XPS, the type  of 
p lasma po lymer  film tha t  forms is independent  of the 
subs t ra te  on which  i t  deposits.  

Electrochemistry 
Thermally oxidized Ti plasma coated.--The aqueous 

and nonaqueous  e lec t rochemis t ry  of po lyv iny l f e r ro -  
cene films p lasma deposi ted on conduct ing subst ra tes  
has been documented  (3, 6, 8, 16, 17). The typica l  
cyclic vo l t ammet r i c  response in CH3CN is that  of a 
symmet r i ca l ly  shaped  wave, wi th  smal l  but  nonzero 
peak  separat ion,  at  a formal  potent ia l  character is t ic  
of the f e r r i cen ium-fe r rocene  couple. 

Po lyv iny l fe r rocene-coa ted  TiO2 should  not  exhibi t  
any  fa rada ic  response. Instead,  T i / T i O J P P V F c  exh ib -  
its v o l t a m m e t r y  consistent  wi th  ferrocene oxidat ion  
and fe r r icen ium reduction.  The vo l tammet r ic  response 
is re la ted  to the oxide l aye r  thickness;  vo l t ammet r ic  
revers ib i l i ty  degrades  as oxide thickness  increases  
(see Fig. 2). 

Both anodic and cathodic vo l tammet r ic  peaks  are  
observed  for Ti(0 m i n ) / P P V F c  samples.  For  the elec-  
t rode shown in Fig. 2a, anodic peak  cur ren t  decreased 
25% b y  the fifth cycle, fas te r  than  the decay of fer i ' i -  
cenium sites in a comparab ly  aged film on P t  (9). Cy-  
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Fig. 1. XPS spectra of the Fe 21~/2 and Ti 2p~/~,z/~ regions for 
uncooted ond plasmo-polymerized-vinylferrocene-cooted somples of 
moderately oxidized titanium. A: Fe 2p3/~ spectrum for Ti/TiO~/ 
PPVFc, S ---- 1640 counts/s. B: Ti 2p spectrum for Ti/TiO~/PPVFc, 
S = 205 counts/s. C: Fe 2p3/2 spectrum for Ti/TiO2, S --  680 
counts/s. D: Ti 2p spectrum for Ti/TiO2, $ = 5460 counts/s. 

cling Ti (0 m i n ) / P P V F c  samples  to vol tages  more  posi-  
t ive than  the ferrocene oxidat ion  wave  resul ts  in an 
ini t ia l  increase in oxida t ion  cur ren t  tha t  subs tan t ia l ly  
diminishes on subsequent  scans as the Ti passivates.  
The vo l tammet r ic  response af ter  such a vol tage  excur -  
sion resembles  tha t  for modera t e ly  oxidized p l a sma-  
coated samples,  as discussed below. Elect rochemical  
genera t ion  of an oxide l aye r  is indicated.  

The genera l  response observed af ter  p lasma deposi t -  
ing PVFc on mode ra t e ly  oxidized t i t an ium is seen in 
Fig. 2b and 2c. Wel l -def ined  anodic and cathodic peaks  
are  present  in the ini t ia l  scan of the film, bu t  are  sep-  
a ra t ed  by  more than 250 mV. F igure  2c is seen af ter  
severa l  subsequent  scans. The ferrocene oxidat ion  
wave  is spread  out, but, in teres t ingly ,  the cathodic 
wave  is s t i l l  p resen t  and wel l  defined, a l though shif ted 
to more negat ive  potent ials .  Fe r r i cen ium sites are  be -  
ing reduced,  so fer rocene sites must  continue to be 
oxidized, a l though a dist inct  oxidat ion  wave  is absent.  

The average  surface  coverage ca lcula ted  f rom the 
first anodic scan for six mode ra t e ly  hea ted  samples  
(0, 1, 3, 5, 10, and 20 min) ,  a f te r  batch p lasma coating, 
was 8.0 ~ 1.0 X 10 -9 mol cm-~,  a coverage consistent  
wi th  that  observed when Pt, glassy carbon, or RuO2 
are  p lasma coated under  the same expe r imen ta l  con- 
ditions (7). The var iance  in ind iv idua l  surface cover-  
ages from the mean  is --12%. Thus, mode ra t e ly  r ep ro -  
ducible  po lymer ic  coverage can be p roduced  on mul -  
t iple  samples  coated in a given p lasma  exper iment .  

Extens ive ly  oxidized t i tanium,  p lasma coated wi th  
PVFc, exhibi ts  the behavior  seen in Fig. 2d. An ox ida -  
t ion wave  is never  observed,  even on the ve ry  first 
anodic scan or for  Ti heated for jus t  one minu te  at  
600~ However ,  a cathodic peak  is st i l l  observed,  bu t  
at  a potent ia l  shif ted to even more  nega t ive  values,  
--0.3 to --0.SV (SSCE) .  This wave  is not  due to solu-  
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Fig. 2. Variability of the cyclic voltammetric response in O.|M 
Et4NCIO4JCH~CN for Ti, moderately oxidized Ti, and extensively 
oxidized Ti after exposure to a RF argon-vinylferrocene plasma. A: 
Ti (0 min)/PPVFc, v ~ 0.2 V/s. B and C: Ti /Ti02 (20 min)/PPYFc, 
v - -  0.1 V/s. B: initial cyclic, S ~- 78 p,A/cm 2. C: fifth scan, S 
32 ~A/cm 2. D and E: Ti/TiO2 (1 min, 600~ ~, - -  0.2 V/s. 
E: Esw,a increased to -f- 1.5V. 

t ion contaminants ,  as background  scans at  clean, un-  
coated Pt, or  TiO~ show no t race of it. F igure  2e dem-  
ons t ra tes  that  the peak  cur ren t  for this cathodic 
process increases  as the  anodic poten t ia l  l imi t  (Esw.a) 
of the cycle is increased to more  posit ive voltages.  

We assign this cathodic peak  at  ~- --0.4V to reduc-  
t ion of fer r icenium.  An  anodic overvol tage  exists;  
the fe r r icen ium reduct ion  peak  is not  observed unless 
the vol tage  sweep is ex tended  wel l  posit ive of the 
formal  po ten t ia l  for the f e r r i cen ium/ fe r rocene  couple. 
Roughly,  as l ength  of hea t ing  at  600~ is increased 
(and thus as oxide dep th  increases)  the overvol tage  
for  fer rocene oxidat ion  is increased.  The cathodic 
charge  measured  for the fe r r icen ium reduct ion wave  
is, wi th in  cer ta in  vol tage  ranges,  p ropor t iona l  to the  
anodic switching potent ia l .  T i tan ium samples  heated 
for  5, 10, or  25 rain at  600~ and then p lasma coated 
wi th  po lyv iny l fe r rocene  have n e a r l y  equiva lent  slopes 
for the  l inear  por t ion of thei r  Qc vs. Esw.a curves, Fig. 
3a-3c (281, 255, 287 #F, r e spec t ive ly ) .  A sufficiently 
th ick oxide l aye r  can be prepared ,  e.g., 100 min at  
600~ to cause the fe r r icen ium reduct ion peak  to 
vanish, i.e., the o r ig ina l ly  pred ic ted  cyclic vo l t am-  
met r ic  response of T i /T iO2/PPVFc  be tween  -t-2.0 and 
--  1.0V is now observed.  

Observing fer rocene oxidat ion  at Ti/TiO~ is the 
p r i m a r y  phenomenon.  The f e r rocene / f e r r i cen ium elec-  
t rochemical  process at  TiO2 is not  nerns t ian  revers ible ,  
even when both anodic and cathodic waves  are  presen t  
in the vo l t ammogram.  Oxidat ion  of fer rocene sites in 
the p o l y m e r  becomes increas ingly  more  difficult to 
achieve as the  TiO2 phase  deepens.  Despite the va r i -  
ab i l i ty  in the'  vo l t ammet r i c  response for T i O J P P V F c ,  
the common factor,  regard less  of oxide depth,  is that  
ferrocene sites, immobi l ized  in a p lasma-depos i t ed  
po lymer  at  TiO2, can be oxid ized  at  potent ia ls  1.5V 
posi t ive of EFB for TiO~ in CH3CN. 

Thermally  oxidized Ti evaporatively coated.--Ferro- 
cene centers  can also be placed at  the  semiconductor  
surface by  evapora t ion  of solut ions of po lyv iny l f e r ro -  
cene p r e p a r e d  by  convent ional  po lymer iza t ion  me th -  
ods. This less act ive form of modification was inves t i -  
ga ted  to dis t inguish be tween  the effects of p lasma ex-  
posure on TiO2 and possible F e r m i - l e v e l  p inning  of 
the semiconduct ing  phase  (18) due to coat ing of the  
surface with. a redox polymer .  

In  the XPS  of PVFc films evapora t ive ly  deposi ted 
f rom toluene,  only  the  na r row  band at  709 eV for 
F e ( I I )  is seen; oxidized a n d / o r  damaged  iron sites a re  
not  present  in such films, as indica ted  by  the absence 
of a band  at  712 eV (15). P l a sma  po lymer ized  films are  
c ross - l inked  and incorpora te  oxygen  upon exposure  to 
a i r  (19). Consequently,  the  env i ronment  su r rounding  
fer rocene sites in a p l a s m a - p r e p a r e d  sample  of po ly -  
v iny l fe r rocene  should differ f rom tha t  in convent ion-  
a l ly  p r epa red  polyvinyl fer rocene .  Nonetheless,  the  
fer rocene moie ty  is known to r ema in  r eve r s ib ly  oxi-  
d izable  for both types  of films deposi ted on conduct ing 
subst ra tes  (15-17). 

The v o l t a m m e t r y  of PVFc evapora t ive ly  deposi ted 
on Ti/TiO~ subst ra tes  does not  m i r ro r  tha t  of p l a sma-  
deposi ted po lyv iny l fe r rocene  films. The resul ts  s t i l l  
depend  on the oxide thickness,  however .  Ti/TiO2 (10 
rain, 600~ exhibi ts  ne i the r  an o x i d a t i o n  wave  
nor  fe r r icen ium reduct ion  peak  (Fig. 4a),  un l ike  the 
p l a sma-coa t ed  analog, where  a re reduc t ion  peak  is ob-  
served  af ter  sweeping to potent ia ls  more  posi t ive than  
0.8V. An  evapora t ive ly  coated, mode ra t e ly  oxidized 
subs t ra te  (Ti/TiO2 [25 m i n i )  also shows no ferrocene 
oxidat ion  wave, unl ike  its p l a sma-coa t ed  analog (Fig. 
2b),  but  does show a re reduct ion  wave  at negat ive  po-  
tent ia ls  a f te r  sufficiently posi t ive poten t ia l  sweeps 
(compare  Fig. 4b and 4c). 

Evapora t ing  PVFc  on f resh ly  pol ished Ti produces  
vo l t ammet ry  as in Fig. 4d and 4e. On the first scan 
(Fig. 4d) a broad,  i l -def ined oxida t ion  wave  occurs 
fol lowed upon scan reversa l  by  a reduct ion  peak  at  
--100 mY; by  the second scan (Fig. 4e),  the Ti has 
pass iva ted  to the ex ten t  that  no oxida t ion  wave  is 
p resen t  at all, bu t  a smal l  cathodic peak  at  --100 mY 
persists.  For  comparison,  the vo l tammet r ic  response of 
P t  evapora t ive ly  coated wi th  PVFc  is seen in Fig. 4f. 
Based on the vo l tammet ry ,  these evapora t ive ly  coated 
electrodes respond as though a much th icker  oxide 
l aye r  were  present  than on the p l a sma-coa ted  T i /  
TiO2 electrodes.  

These comparisons show tha t  exposure  to the  p l a sma  
discharge has had a g rea t  effect on the appearance  and 
qual i ty  of f e r rocene / f e r r i cen ium e lec t rochemis t ry  at  
TiO2. The p la sma-coa ted  Ti/TiO2 is be t t e r  behaved  
e lect rochemical ly ,  i.e., i t  is easier  to see the oxidat ion  
and r e - r educ t ion  of ferrocene si tes in the  po lymer  
over layer .  Based on the s imi lar  e lec t rochemis t ry  ob-  
served  for evaporat ivel•  vs. p lasma-coa ted  po lyv iny l -  
ferrocene films on meta l l ic  and me ta l l i c - l ike  subs t ra tes  
(15-17) ,  the po lymer ic  env i ronment  can be a s sumed  
not  to cause these differences for  coated Ti/TiO~. 

Single-crystal TiOz/polyvinyl ferrocene.- -A plasma 
discharge is a ve ry  act ive means  of creat ing a po ly -  
mer -coa ted  electrode,  unl ike  solvent  evaporat ion.  One 
reason tha t  T i /T iO2/PPVFc  reacts e lec t rochemica l ly  
as though a th inner  oxide were  presen t  might  be due 
to th inning  of the oxide phase dur ing  exposure  of 
Ti/TiO2 to the p lasma discharge.  Thermal  oxidat ion  of 
Ti produces  a more  c r ack - f l ee  ox ide  than  one elec-  
t rochemica l ly  generated,  but  channels  s t i l l  exis t  (20). 
A th inner  oxide provides  more  direct  access to the 
under ly ing  Ti th rough  such channels.  

To explore  the  poss ibi l i ty  of p lasma  thinning,  we 
used s ing le -c rys ta l  TiO2 as the subs t ra te  in both evap -  
ora t ive  and p lasma coat ing exper iments .  No conduct-  
ing Ti was present ,  so p lasma th inning  should  have 
been of no consequence. Accordingly ,  we expected  
l i t t le  difference be tween  the e lec t rochemis t ry  observed  
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Fig. 3. Cathodic charge mea- 
sured for the reduction of ferri- 
cenlum sites in films of plasma- 
polymerlzed vinylferrocene de- 
posited on extensively oxidized 
titanium as a function of the 
anodic switching potential, v - -  
0.2 V/s, 0.1M Et4NCIO4/CHsCN. 
A: Ti/TiO~ (10 min, 600~ 
PPVFc. B: Ti/TiO2 (25 min, 
600~ C: Ti/TiO2 (5 
rain, 600~ D: Ti/TiO2 
(50 rain, 600~ E: T i /  
TiO~ (100 rain, 600~ 
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for plasma- and evaporat ively applied coatings; spe- 
cifically, no ferrocene oxidation should have been ob- 
served either directly (an anodic peak or anodic cur-  
rent)  or indirect ly (a cathodic peak resul t ing from the 
reduction of obliquely oxidized ferrocene sites). This 
result  was obtained; cyclic vol tammetr ic  scans of both 
plasma- and evaporat ively coated films of polyvinyl -  
ferrocene on s ingle-crystal  TiO2 in b lank  electrolyte 
between +2.0 and --1.0V are identical and indis t in-  
guishable from a background scan of uncoated TiO~ 
in the same solution. A more forcing voltammetric  ex- 
per iment  produced the results described below. 

Single-crystal Ti02 charge trapping.--A reduction 
peak is not observed when uncoated s ing le -c rys ta l  

TiC2 is potentiostated at very  positive potentials in a 
ferrocene solution and then cycled to negative poten-  
tials. If a small  oxidation current  does flow, and any  
ferrocene molecules are oxidized, they diffuse away 
before being detected by their reduction at a potent ial  
closer to EFB of the material.  Ferrocene embedded in 
a polymeric film and coated at the electrode surface 
cannot diffuse away. Any  ferrocene centers which do 
get oxidized are retained as ferr icenium centers and 
can be detected in a negative potential  scan. The 
charge under  the cathodic peak is, thus, a measure of 
the leakage oxidation current .  Recognizing this, we 
briefly explored the charge t rapping property of fer-  
rocene polymer layers as a method of detecting ex- 

Fig. 4. Voltammetrlc response 
for TiO2 substrotes evaporatively 
coated with conventionally pre- 
pared polyvinylferrocene, 0.1M 
Et4NCIO4/CHsCN. A: Ti/TiO2 
(10 rain, 600~ v "-- 
0.1 V/s, S "- 16 ~A/cm 2. B and 
C: Ti/TiO2 (25 min)/PVFc, 
v = 0.1 V/s, S - -  16 p,A/cm2. 
C: Esw, a ~-  0.iV. D and E: 
Ti (0 min) /PVFc,  v = 0.1 V/s, 
S "-- 32 #A/cm~. D: first scan. 
E: second scan. F: Pt/PVFc, v 
= 0.1 V/s, S = 140 ~A/cm 2. G 
and H: single-crystal TiO~/ 
P~ Fc, v = 0.2 V/s, S -" 4 /~A/  
cm g. G: potentiostated at 
1.56V for 5 rain prior to scan 
to negative potentials. H: poten. 
tlostated at 1.73V for min. 
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t r eme ly  smal l  levels  of fer rocene oxida t ion  at  ve ry  
positive, no rma l ly  blocking potent ia ls  at  s ing le -c rys ta l  
TiO2. These potent ios ta t ic  exper iments  also showed 
tha t  g rea te r  l eakage  currents  flow when the po lymer  
film is appl ied  by  p lasma deposit ion.  

Af te r  potent ios ta t ing  an evapora t ive ly  coated s ingle-  
c rys ta l  TiO2 e lec t rode  at  +1.56V for 5 min, a t race of 
a cathodic wave  is observed at --0.66V (see Fig. 4g).  
By increas ing Epot to +1.73V and t to 50 rain, the re -  
sults in Fig. 4h are  obtained.  The posi t ion of the peak  
remains  at  --0.66V and, as expected,  the peak  magn i -  
tude has increased.  The increase in d ischarged f e r r i -  
cenium sites is 30% for the 1O-fold increase in t ime. 
Thus, even for s ingle-crys ta l ,  evapora t ive ly  coated 
TiO2/PVFc, some ferrocene sites become oxidized at  
ve ry  posi t ive potent ia l s  wi th  t ime. We es t imate  f rom 
the  accumula ted  charge tha t  the  cur ren t  flowing to 
produce  these peaks must  be o f  the o rde r  of a few 
hundred  picoamperes .  

S ing le -c rys ta l  TiO2 electrodes p lasma coated with  
po lyv iny l fe r rocene  (TiO2/PPVFc)  and potent ios ta ted  
for 5 rain at  posi t ive vol tages  produce l a rge r  cathodic 
peaks  than  evapora t ive ly  coated s ing le -c rys ta l  TiO~ 
electrodes.  As wi th  the cyclic exper iments  at  T i / T i O J  
PPVFc,  a threshold  potent ia l  exists. A reduct ion  
wave  is not seen if the appl ied  Epot is negat ive  of  this 
threshold  potent ial ,  even though posi t ive of E ~ for 
fer rocene oxida t ion  (see Fig. 5). The threshold  po ten-  
t ia l  lies be tween  +0.75 and + I . 0 V  (SSCE).  As the 
curves  obta ined  for Epot ~ + l . 0 V  i l lus t ra te ,  once posi-  
t ive  of this  threshold  potent ial ,  more  posi t ive poten-  
t ials produce l a rge r  reduct ion peaks;  the charges 
under  these cathodic peaks  are  0.3, 1.6, and 5.5 ~C, 
respect ively .  

Increas ing  the dura t ion  of potent ios ta t ic  control  for 
TiO2/PPVFc also resul ts  in a l a rge r  cathodic peak.  
Two minutes  at  + 1.5V produces  the wave  seen in Fig. 
5a; the wave  in Fig. 5b resul ts  af ter  increas ing the t ime 
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Fig. 5. Linear potential sweep voltammograms for single-crystal 
T iO~ plasma coated with polyvinylferrocene after a potentiostafic 
experiment at positive voltages for 5 min, 0 .1M Et~NCIO4/CH3CN,  
v = 0.2 V/s .  A and B: T iO~/PPVFc held at 1.6V for the stated 
times. A:  2 min. B: 5 min. 

to 5 min. If  a constant  oxidat ion  leakage  cur ren t  is as-  
sumed  (i ---- q/ t ) ,  4.2 and 4.9 n A  anodic currents  
would produce the cathodic peaks in Fig. 5a and 5b, 
respect ively.  At  least  a 20-fold increase  in the observed  
oxidat ion  leakage  cur ren t  resul ts  from exposing s ingle-  
c rys ta l  TiO2 to the  RF  plasma.  This resul t  is consistent  
wi th  the above resul ts  on Ti/TiO2, so tha t  p lasma  
th inning  of the TiO2 film on T i /T iO2/PPVFc  electrodes 
can be ru led  out  as the  p r i m a r y  origin of the improved  
e lect rochemical  behavior  of these electrodes.  

Unfor tunate ly ,  fe r rocene  is a poor candida te  as a 
charge  s torage med ium because fe r r icen ium is chemi-  
cal ly  uns table .  The e lec t rochemical  ac t iv i ty  of fe r ro-  
cene-modif ied meta l l ic  e lectrodes decreases wi th  t ime 
poised in the fe r r i cen ium s ta te  (9, 22). Fo r  p l a sma-  
po lymer ized  films of  po lyv iny l fe r rocene  on Pt,  a f e r r i -  
cenium hal f - l i fe  of a pp rox ima te ly  20 min is obta ined  
af te r  cur ing the film in a i r  for 2 weeks  (9). T i O g  
PPVFc  also exhibi ts  an appa ren t  loss of fe r r icen ium 
sites. The charge for the curve in Fig. 5 obta ined at 
+ l . 5 V  (5.5 #C; 5 min potent ios ta t ing)  is 3.7 t imes 
grea te r  than  that  la te r  obta ined  for Fig. 5b (1.5 #C; 
same t, Epot). The e lect rode had undergone  severa l  
potent ios ta t ic  exper iments  be tween  the t ime these 
curves were  recorded;  some fe r r icen ium decay un-  
doub ted ly  occurred.  Consequently,  we br ief ly  exp lored  
an a l te rna t ive  charge s tor ing film. 

TiO2/poIy- [Ru(bpy)e(vpy)  z] z + . m P o l y p y r i d y l r u t h e -  
n ium complexes are  known for the i r  chemical  s t ab i l i ty  
and durabi l i ty .  TiO2 can be coated by  the e lec t ropoly-  
mer iza t ion  of v iny l  monomers  of pyr id ine  or  b ipy r i -  
d ine  coordinated to R u ( I I )  (13). E lec t ropo lymer iza -  
t ion occurs af ter  cycl ing into t h e  l igand-cen te red  
reductions,  react ions which occur at potent ia ls  where  
TiO2 is not  blocked.  The oxidat ion  of the R u ( I I )  
centers  (E ~ > >  E ~ )  has not been repor ted  for these 
po lymer  films orL TiO2. 

[Ru(bpy)~(vpy)~]2+  was e lec t ropo lymer ized  f rom 
CI-I~: CN onto Ti/TiO~ (5 min, 600~ and s ing le -c rys ta l  
TiO2. In monomer - f r ee  e lectrolyte ,  the  l i gand-cen te red  
reduct ions are  observed at  both types of coated speci-  
mens, confirming that  the p o l y p y r i d y l r u t h e n i u m  po ly -  
mer  is present .  Under  cycl ing conditions,  no oxida t ion  
to Ru (III)  or i ts r e - r educ t ion  wave  is ever  seen, for  
e i ther  e lect rode substrate .  

I f  Ti/TiO2 (5 min, 6O0~ (bpy)~(vpy)s ]~  + 
is potent ios ta ted  at  potent ia ls  posi t ive of the  E ~ for 
this couple (at  meta l l ic  electrodes,  1.25V ( S S C E ) ) ,  a 
ca thodic  wave  appears  at  170 mV upon sweeping  to 
nega t ive  potentials .  Cathodic peak  cu r ren t  increases 
as Epot is increased.  A plot  of Qc vs. Epot is l inear  for 
Epot ~ 1.BY (SSCE),  wi th  a slope of 64 __. 3 ~F. 

The reproduc ib i l i ty  of the  amount  of cathodic charge 
accumula ted  for a Ti/TiO2 (5 rain, 600~ 
[Ru(bpy )2 (vpy )2 ]  2+ specimen dur ing  repe t i t ive  po-  
ten t ios ta t ic /ca thodic  cycl ing exper iments  was inves t i -  
gated briefly. Table  I shows that  for repe t i t ive  scans 
at  a given Epot, the charge measured  under  the  cathodic 
wave is nea r ly  invar iant .  This indicates  tha t  charge  
t r app ing  by  the po lymer  film does not  r ap id ly  decay 
with t ime as i t  d id  in the po lyv iny l fe r rocene -coa ted  
electrodes.  

A cathodic wave  was, however ,  never  observed  for 
s ing le -c rys ta l  T i O J p o l y - [ R u ( b p y ) 2 ( v p y ) ~ ] 2 + ,  even 
af ter  potent ios ta t ing  the modified e lect rode at  +2.45V 
for 30 min. The formal  potent ia l  of the p o l y p y r i d y l r u -  
then ium po lymer  is 850 mV more  posi t ive than  tha t  for 
the  ferrocene polymer .  Recal l  that  s ing le -c rys ta l  TiO2/ 
PVFc also requ i red  ex t remes  in t ime and Epot (50 rain 
at  1.73V) to achieve a significant and wel l -def ined  
response. Thus, while  increased chemical  s t ab i l i ty  of 
the e lect roact ive  center  is necessary for  a good charge 
s torage candidate ,  a low oxida t ion  potent ia l  (nea re r  
tha t  of fer rocene)  is also impor tant .  

Plasma ef]ects.--Gentle modification methods  (evap-  
ora t ive  deposi t ion of po lyv iny l fe r rocene  or  e lec t ro-  
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Table I. 

Epot (V VS. SSCE) a Cathodic charge (/~C) b Capacitance (F~) e 

2.06 33,7 18.5 
2.07 38.0 20.9 
2.10 39,5 21.4 
2.05 86.4 20.2 

Avg. 20.3 ~ 1.2 ~,F 
1.86 16.9 10.6 
1,82 16.1 10,2 
1.79 14.6 9.5 
1.80 15.9 10.3 

Avg. 10.2 ~ O.S F1 r 

! 2 r a in  po ten , t ios ta t ic  experiment. 
b C h a r g e  ,measured~-under  c a t h o d i c  p e a k  w i t h  a p l a n i m e t e r .  
e C a p a c i t a n c e  c a l c u l a t e d  a s  q / [Epo t  (V ?)8. NI-IE) ]. 

polymer iza t ion  of [Ru(bpy) .~(vpy)~]  2+ onto Ti/TiO2 
or s ing le -c rys ta l  TiO~) produce po lymer -coa ted  elec-  
t rodes which behave  as c lass ical ly  ant ic ipated  based 
on the blocking behavior  of this semiconductor  at  po-  
tent ia ls  posi t ive of EFB. AS shown, it  is only  because 
the e lec t roact ive  species a re  immobi l ized  at  the elec-  
t rode surface that  the more  ex t reme  electrochemical  
exper imen t  of potent ios ta t ing  at ve ry  posi t ive vol t -  
ages al lows us to detect  the product ion of any  oxidized 
species by its subsequent  discharge.  

Af te r  p lasma coating, TiO.2 e lec t rochemical ly  re -  
sponds as though it  were  a more  conduct ing mater ia l .  
The p lasma  discharge p robab ly  affects the surface 
energet ics  of the semiconductor  th rough  surface 
damage,  a l though both the p lasma power  (severa l  
wat ts )  and t empe ra tu r e  (the gas t empe ra tu r e  is near  
ambien t )  are  mild.  The re la t ive  ease of ferrocene oxi-  
dat ion at  modera t e ly  and ex tens ive ly  oxidized Ti /  
TiO~JPPVFc suggests  that  the p lasma  discharge has 
in t roduced  in te rmedia te  levels  (surface states)  into 
the  bandgap  region. 

We do not  know the chemical  iden t i ty  of these states. 
We have found, however ,  that  somewhat  analogous 
effects can be produced by  the presence, of o ther  ma-  
ter ia ls  in the A r  p lasma  discharge,  as shown by the 
fol lowing expe r imen ta l  results.  Reversible,  pers i s ten t  
e lect ron t ransfe r  for  f e r rocene / f e r r i cen ium sites is 
observed when mode ra t e ly  oxidized Ti is exposed to 
an a rgon-v iny l fe r rocene  p lasma  discharge in the pres -  

i c 

-E 

S 

I.O 0.5 V vs SSGE 0 

Fig. 6. Cyclic voltammograms for moderately oxidized Ti plasma 
coated in a RF argon-vinylferroeene discharge with Pt electrode 
su*bstrates present in the plasma reactor, 0.1M Et~NCIO~'CH3CN, 
v = 0.2 V/s. A: first scan, S = 64 ~A/em 2. B: scan after patentio- 
stating at 0.75V for 15 min, S = 16 #A/cm~. 

ence of smal l  pieces of conduct ing subs t ra tes  (Pt, 
g lassy carbon, RuO2). The character is t ic  vo l t ammet r ic  
response in seen in Fig. 6a. Both anodic and cathodic 
branches  are  present ,  wi th  AE, > 90 mV. This is a 
smal le r  zlEp than is observed  for the ini t ia l  scan of 
modera t e ly  oxidized Ti p lasma coated wi th  PVFc in 
the  absence of conduct ing subs t ra tes  (AEp > 250 mV) .  
More impor tan t ly ,  the  anodic wave  persists  beyond 
five scans. F igure  6b is ob ta ined  af te r  potent ios ta t ing  
the electrode of  Fig. 6a at 0.75V for 15 min; this is the 
t ime equiva lent  (for v ---- 0.2 V/s)  to more  than 100 
cycles wi thout  loss of the anodic wave or subs tant ia l  
shif t ing of E,.c to more  negat ive  potent ials .  Revers ible  
oxida t ion  and r e - r educ t ion  of ferrocene centers  (qa ---- 
qc) at  the character is t ic  E ~ (0.4V) c lear ly  occurs. 

The only new var iab le  in the deposit ion procedure  
is the addi t ion  of meta l l ic  substances into the p lasma 

Fig. 7. XPS spectrum of the 
Pt 4f region for a moderately 
oxidized Ti sample plasma 
coated in a RF argon-viny|ferro- 
cene discharge with Pt foil pres- 
ent in the plasma reactor. 
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reactor. The electrochemistry now resembles that of a 
conducting electrode coated with a ferrocene polymer. 
A possible explanation is that the oxide layer is now 
doped by atoms of the metallic substance. 

The properties of Ti and TiO2 have been shown to 
be markedly affected by the addition of trace quanti- 
ties of noble metals. The presence of ppb Pt ions in a 
corrosive solution is known to reduce corrosion of Ti 
to negligible levels and improve its use as an electrode 
(23). Alloying Ti with <0.1% Pt, other noble metals, 
or even graphite also provides this protection (24). 
Deliberate doping of polycrystalline TiO2 with noble 
metals has been shown to produce an impurity band 
in the bandgap region which affects the photoelectro- 
chemical properties of the material, often decreasing 
the effective bandgap and shifting the photoresponse 
towards the visible (25). 

If  in our experiment, the plasma dislodges trace 
amounts of Pt (or C or Ru) into the plasma gas, intro- 
duction of a dopant onto the TiO~ surface during 
plasma discharge would appear likely; an enhanced 
electrochemical response of Ti/TiO2/PPFVc could then 
result. To confirm this hypothesis, a 1 min argon- 
vinylferrocene plasma-coated Ti/TiO~ sample, pre- 
pared in the presence of a strip of Pt foil, was analyzed 
by XPS. In addition to the usual Fe 2p.~/2 spectrum, 
the Pt 4f region clearly shows the Pt 4f doublet (Fig. 
7). This confirms that the plasma discharge can" trans- 
fer material from one substrate in the plasma reactor 
to another, even under conditions of low power dis- 
charge. 

Conclusions 
The RF plasma argon-vinylferrocene discharge 

modifies TiO2 in two respects: first, by coating the 
electrode with an electroactive species, and second, by 
altering the surface energetics of the semiconductor, 
resulting in a less severe blocking response by TiO2 at 
potentials positive of EFB. Regardless of the depth of 
the oxide phase, a TiO2 electrode plasma coated with 
polyvinylferrocene exhibits better ferrocene/ferri- 
cenium voltammetry than its evaporatively coated 
analog. 

The mechanism for the improvement is the physical 
interaction of the plasma with the semiconductor sur- 
face; this most likely generates surface states in the 
bandgap region. This manner of introducing surface 
states/defects may have some utility for the photoelec- 
trochemical and corrosion behavior of TiO2 and other 
semiconductors. The plasma discharge may also be 
used to dope only the outer surface of the semiconduc- 
tor. This approach is less material intensive than add- 
ing a uniform, bulk amount of dopant during the syn- 
thesis of the semiconductor, and may offer an alterna- 
tive to ion implantation. 

Immobilized redox sites at n-TiO2, and presumably 
other semiconductors, capture and store charge leaked 
across the space-charge region. This storage is ana- 
logous to the preconcentration step in anodic stripping 
voltammetry where reduced ions amalgamate with 
the Hg electrode. In this case, holes are concentrated 
as oxidized sites in the polymer film and stripped from 
the film during the scan to more negative potentials. 
This analogy reveals the possibility of using polymer- 
modified semiconductor electrodes to analytically de- 
termine trace amounts of electroactive reactants. 
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PAS Testimony to Duplex Structure of Passive Film on Iron 

Kotato Ogura* 

Department of Applied Chemistry, Yamaguchi University Ube 755, Japan 

Akira Fujishima* and Kenichi Honda 

Department of Synthetic Chemistry, The University of Tokyo, Hongo, Tokyo 113, Japan 

Photoacoustic spect roscopy (PAS)  has been em-  
ployed for  the inves t igat ion of the solid surface (1-3).  
This technique has been appl ied  to the examina t ion  of 
e lect rode surfaces;  e.g., to measure  the absorpt ion 
spectra  of the e lect rode surface (4, 5). In these studies,  
however,  the expe r imen ta l  p rocedure  is accompanied 
by  a t ransfe r  of an e lect rode into the PAS cell th rough  
the a tmosphere .  Such procedure  is defec t ive  in app ly -  
ing PAS to the invest igat ion of thin anodic film l ike on 
iron, because a i r - fo rmed  oxide must  na tu r a l l y  affect 
the acoustic s ignal  character is t ic  of anodic film. Hence, 
in the  appl ica t ion  of PAS to the s tudy  of thin anodic 
film, i t  is requis i te  that  the  expe r imen t  is pe r fo rmed  
in situ without  involving a t ransfe r  of a sample  to the 
atmosphere.  One of our  groups has recen t ly  developed 
an in situ P A S  technique (6), and this method has 
been appl ied  to the  s tudy  of the e lec t rode/so lu t ion  
interface  involving the oxide  l aye r  on Au (7, 8) and 
the cathodic decomposition" of CdS and ZnO (8). 

The presen t  paper  describes the use of this method 
to invest igate  the pass iv i ty  of iron. Optical  s tudies  of 
pass iv i ty  of i ron have been carr ied  out  ex tens ive ly  
(9-18), and the opt ical  thickness of the passive film 
has been wel l  established.  However ,  there  is no agree -  
ment  on whe the r  the passive film consists of a s ingle 
l aye r  (9-13) or two layers  (14-18) wi th  different  
composition. Recent  opt ical  results  seem to suppor t  
single l aye r  model.  Revie et al. (11) claim from thei r  
da ta  by  Auge r  e lect ron spect roscopy that  the passive 
film is a hyd ra t ed  ferrous  oxide  with ge l - l ike  s t ruc-  
ture, and this oxide is degraded  to ~Fe~Oa dur ing  the 
heat ing by  the beam in the e lect ron diffraction camera.  
O 'Grady  (12) refused the existence of FeaO4 f rom 
his M~ssbauer study.  Chen and Cahan (13) have de-  
scr ibed the passive film as an insula t ing  fer r ic  oxyhy-  
droxide.  However ,  our  PAS data  obta ined here  are 
incompat ib le  wi th  these models  and p re fe r  the two-  
l aye r  model.  

The opt ical  evidence p resen ted  so far  for the two-  
l a y e r  model  is not  sufficient. The  electron diffraction 
pa t t e rn  of 7Fe203 is ve ry  close to that  of FeaO4, and the 
d iscr iminat ion  of Fe304 from 7Fe~O3 by  this method is 
ve ry  difficult (19). In  a polar izer  r e a d i n g ( P ) - r e d u c -  
tion t ime plot  that  was obta ined  from the e l l ipsomet-  
ric exper imen t  by  Ho and Ord (16), the inflection cor-  
responding to the t rans i t ion  from vFe203 to Fe804 is 
ve ry  vague  and, hence, is unable  to be conclusive evi-  
dence for the existence of two layers.  Seo et al. (17) 
in te rp re ted  the i r  Auger  spec t ra  to suggest  a duplex  
s t ruc ture  consist ing of "TFe20~ and FeaO4. However ,  as 
pointed out by  Revie et al. (11), the sample  was t rans-  
f e r red  th rough  the a tmosphere  in thei r  exper imen ta l  
technique, and thei r  Auge r  spect ra  must  involve the 
spec t rum character is t ic  of a i r - fo rmed  oxide.  

" Electrochemical Society Active Member. 

Experimental 
A one -compar tmen t  cell  was used wi th  a P t  wire  

countere lec t rode  and a sa tu ra ted  calomel  re ference  
e lect rode (SCE).  The work ing  e lec t rode  was a 0.2 
m m  thick fiat i ron (pur i ty :  99.9%) pla te  of about  1 cm 2 
area.  A TDK piezoelectr ic  disk (PZT 51c-C10-2) was 
a t tached to the rea r  of the Fe e lect rode wi th  epoxy  
resin. Care was taken  to ensure  that  the Fe e lect rode 
was e lec t r ica l ly  insula ted  f rom the piezoelectr ic  disk, 
and the disk from the solution by  the epoxy  resin. The 
Fe  electrode surface was polished mechanica l ly  wi th  
emery  papers  before  use. A Spect ra  Physics SP164 Ar  
ion laser  was used as  the l ight  source. The incident  
l ight  (wave length  514.5 nm and its l ight  power  0.2W) 
was in t e r rup ted  at  80 Hz by  a NF-CH-353 mechanical  
chopper,  and i r r ad ia t ed  on the  Fe electrode.  The signal  
f rom the piezoelectr ic  t ransducer  was synchronous ly  
detected wi th  a NF-LI-574  lock- in  amplifier.  Ex te rna l  
acoustic and electr ic  noise was reduced  using a sh ie ld-  
ing box made of i ron and lead. 

Elect rochemical  measurements  were  car r ied  out  
wi th  a usual  potent ios ta t  together  wi th  a potent ia l  
p rogrammer .  The e lec t ro ly te  was 1.0M potass ium 
phosphate  + 0.05M sodium te t rabora te  buffer solut ion 
which was deae ra t ed  wi th  n i t rogen gas p r io r  to the 
beginning of an exper iment .  Before each anodizat ion,  
the specimen was polar ized  at --1.0V for 5 rain in 
order  to r emove  the a i r - fo rmed  oxide  on iron. 

Results and Discussion 
Figure  1 shows the cu r ren t -po ten t i a l  and the photo-  

acoustic s igna l -po ten t ia l  curves of i ron at  pH 8.0. The 
i-E curves show the typical  beh.avior of an i ron elec-  
t rode in a weak  a lka l ine  buffer solut ion (20) when  the 
potent ia l  is scanned be tween  --1.2 and --0.4V (curve 
a) ,  --1.2 and 0V (curve b ) ,  and --1.2 and +0.8V 
(curve c).  In  the acoustic curve a '  cor responding to 
curve a, the s ignal  begins to increase  at app rox ima te ly  
--0.8V at which anodic cur ren t  commences to flow. 
The increase  in the photoac0ust ic  s ignal  is due to an 
increase  in the absorpt ion of l ight  a t  the e lectrode 
surface, which reflects the change in the absorp t iv i ty  
of the surface. Hence, this resul t  leads  to the conclu- 
sion that  the i ron surface s tar ts  to be covered wi th  an 
oxide at --0.8V. On the reverse  scan, the acoustic 
signal  begins to decrease at  the same potent ia l ;  i.e., the 
oxide s tar ts  to disappear .  According to the e lec t ro-  
chemical  exper iments  combined wi th  a chemica! 
analysis  (14), such oxide should be FeaO4. 

In  curve c', the acoustic s ignal  continues increas ing 
be tween --0.8 and +0.SV on the anodic scan. However ,  
the grad ien t  of the magni tude  of the acoustic signal  vs. 
potent ia l  changes at  about  --0.4V. This implies  that  a 
different  type of i ron oxide  begins to grow on Fe804 at  
about  --0.4V. This oxide  must  be 7Fe~Oa or  7FeOOH 
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Fig. 1. Photoacoustic signal-potential and current-potential 

curves of the iron electrode in the 0.1M potassium phosphate 
0.05M sodium borate solution of pH 8.0. Potential scanningrate: 
100 s/V; ~: 514.5 nm. 

which has been assumed as an outer layer in the two 
layer model. On the reverse scan, the i-E curve shows 
a cathodic peak around --0.4V. This peak has been in- 
vestigated in detail by the potentiodynamic or the 
galvanostatic method, and it is attributed to the reduc- 
tion of 7Fe203 (21, 22). The corresponding acoustic 
signal decreases via two steps: first, at about --0.4V 
and second, at --0.9V. This result therefore supports 
the existence of two layers on iron, and the reduction 
of -~Fe~O8 and Fe304 occurring at about --0.4 and 

--0.9V, respectively. As seen from this figure, and also 
pointed out previously (22), the current peak corre- 
sponding to the reduction of Fe304 is not observed be- 
cause of the large cathodic current of hydrogen evolu- 
tion. This was one of the reasons why the existence of 
Fe~O4 was doubtful. However, these photoacoustic 
data evidently indicate the simultaneous reduction of 
Fe~O~ with the hydrogen evolution. 
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Analysis of an Aluminum Plating Bath Using 27AI-NMR Spectroscopy 
G. A. R. van Dijk and H. C. A. M.  Smoorenburg 

Philips Research Laboratories, 5600 JA Eindhoven, The Netherlands 

The electrodeposition of aluminum is not possible 
from an aqueous electrolyte because of the strong 
electronegativity of the metal. Deposition can be 
achieved in an ether-based bath, from which water 
and oxygen are excluded (1-3). It is difficult to deter- 
mine the exact bath composition of such solutions, 
which contain AIC13 and LiA1H~, without interfering 
with the complex chemistry of the system. In this note, 
we show that 27A1-NMR spectrometry is a suitable 
method for analyzing such solutions, and we present 

Key words: electrolyte,  electrode, spectra, eleetrodepositlon. 

results for a plating system based on AIC13, LiA1H4, 
and tetrahydrofuran (THF). To identify possible bath 
components, we separately synthesized a number of 
complexes and compared their spectra with those of 
practical plating solutions. 

27AI-NMR Spectroscopy Results 

Possible bath constituents.--The most important 
species which may be present in a plating bath based 
on A1CIJLiA1H4/THF are listed in Table I. T h e s e  
species were prepared from mixtures of A1Cla and 
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Table I. Possible constituents of an AI-electroplating bath: 
characteristic ~TAI resonance lines 

Chemical Component Line- Coupling 
shift (=A1) in THF-- Coupling width.~ constant-- 

(ppm) solution multiplicity (Hz) JA1-H(Hz) 

116 AlH~lz- singlet b 1500 -- 
(triplet ex- 
pected) b 

114 AIHCh- doublet 203 329 
108 A1H3 �9 2 T H F  s i n g l e t  b 3000 - -  

( q u a r t e r  ex- 
pected) b 

103 A1Ch- singlet 5-20 -- 
97 A1Hc quintet 54 175 
90 A1H~C1 �9 2THF singlet b 2500 

(triplet ex- 
pected) b 

77 AIIICI~ �9 2 T H F  s i n g l e t  b 1300 
( d o u b l e t  ex-  
p e c t e d )  b 

64 A1Ch �9 2THF singlet 317 -- 
20 A1Cb �9 4THF+ singlet broad -- 
0 Ail (HeO) d ~+ singlet 7 

�9 Linewidth as determined in the H-decoupled ~Al-spectra. 
b Quadrupole relaxation dominates. 

LiA1H4 as described in Ref. (4, 5). Al(H20)63+ was 
used as an externa l  chemical  shift reference.  

For these species, we determined the re levant  27A1- 
NMR resonance lines (Table I) .  The measurements  
were  made using a Nicolet  NT 200 spect rometer  (at 
B -- 4.7 T; 52,130 MHz ~TA1 frequency)  with a mul t i -  
nuclear  broad-band probe. The spectral  wid th  was 450 
ppm. A 90 ~ pulse wi th  a pulse length of 21 ~s was used. 

"Fresh" bath.--From the data given in Table I, it is 
possible to obtain information about the composition 
of the plat ing bath. The spectrum of a fresh bath is 
shown in Fig. 1. The dipolar interact ion be tween  the 
At and the H-nucle i  can be removed by decoupling, 
which simplifies the spect rum (Fig. 2). From this par-  
t icular  spectrum, we obtained the values given in 
Table II for the concentrat ion of the various species 
in a bath containing 14 mol percent  (m/o)  LiA1H4 and 
86 m / o  A1C13 in THF (respectively,  0.2 and 1.2 mol 
l i t e r - I ) .  

Fresh 
Bath 

Coupled 

Doublet 

150 100 50 0 PPN 

Fig. I .  2~'AI-NMR-spectrum of a "fresh" hydride-type AI elec- 
treplating bath, 

Table II. Concentration of species in a "fresh" AI bath 

Components ~A1 chem. shift (ppm) Concentration (m/o) 

A1Ch �9 2THF 64 70 
36 

A1HCh �9 2THF 77 t 34 
A1CI~- 103 18 
A1HCh- 114 12 

"Aged" bath.--With the protracted use of a given 
plat ing bath, the qual i ty  of the plated A1 deteriorates.  
The NMR-spec t rum for such an "aged" bath is shown 
in Fig. 3. This bath ini t ia l ly  contained 1.3 mol l i ter  -1 
A1C13 and 0.3 mol l i ter  - I  LiAII-I4. Af te r  nine months 
operation, it was no longer  possible to deposit A1 layers  
of satisfactory quality.  The adhesion of the meta l  to 
the substrate was poor, and the plated metal,  which 
showed a black surface, reacted with  water .  In Table 
III, the composition of this "aged" bath is given. 

It  is clear that  the components which contain hy-  
dride (A1HCI~. 2THF and A1HC13-) are no longer  
present  in the plat ing solution. Possible causes are 
leakage of oxygen  or water  into the plat ing vessel. 

"Replenished" bath.--If the deter iorat ion of the bath 
described above is caused by the loss of the hydride 
compounds, it should be possible to restore the original  
bath qual i ty  by adding hydr ide  containing components.  
One could direct ly  add the missing species or com- 
pounds capable of forming the missing hydr ide  con- 
taining components by react ing with  the remain ing  
chloride. In Fig. 4 we see the effect of the addit ion of 
LiA1H4 to the "aged" bath. Replenishing is also possi- 
ble with A1Hs �9 2THF, which can be easily prepared as 
a crystal l ine solid (6). This has the great  advantage  of 
avoiding the a d d i t i o n  of ext ra  l i th ium ions to the 
system. The Li is codeposited with  the A1 at bath con- 
centrations above 0.6 mol l i ter  -1 or at high plat ing 
rates. The qual i ty  of a luminum deposited f rom the re-  
plenished bath was comparable to that  obtained f rom 
the fresh bath. 

Cyclic V o l t a m m o g r a m s  
To i l lustrate  the effect of bath aging on the electro-  

chemistry,  cyclic vo l tammograms were  taken for the 

Old 
Bath 

, I I i , , I I I I I I , I i i i - " 5 0  

150 100 50 0 PPM 

Fig. 3. 2/Al-NMR-spectrum of an "aged" hydride-type AI electro- 
plating bath. 

Fresh 
Bath 

Decoupled 

_ _ J '  __ 
I I I I I I I - I  I I I I I I I I I I I r I 

150 100 50 0 PPM 
Fig. 2. ~'AI-NMR-spectrum oF a "fresh" hydride-type AI electro- 

plating bath (decoupled). 

Replenished 
Bath 

. . . . .  D e c o u p  d 

i i i I i i I I I I I I I I I I I i I 

150 100 50 0 PPM 

Fig. 4. 2';'AI-NMRIspectrum of . "replenished" hydride-type AI 
electroplating bath (decoupled). 
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Table III. Concentration of species in the "aged" AI bath 

Components 2'Ale hem. shift (ppm) Conc (m/o) 

A1Ch .2THF 64 56 
AICI4- 103 44 

Original components: 1.3 tool liter-~ A1Cls + 0.3 real l i ter  --1 
LiA1H~ h'l THF. 

Table IV. Concentration of species in the replenlshed bath 

Components ~A1 chem. shift (ppm) Concentration (m/o) 

A1Cls �9 2THF 64 74 I 38 
A1HC12 �9 2THF 76 L. 86 
AICh- 103 22 
AII-ICIs- 114 4 

Original components: 1.3 mol liter -1 A1Ch, 0.3 mol liter -1 
LiA1H4; 0.25 tool liter -1 LiA1H~ added for replenishing. 

The A1C13.2THF-A1HCI~. 2THF-peak has been separated with 
curve fitting. 

three bath compositions described above (Tables 
I I - IV) .  

Because of the na ture  of our system, the direct use 
of a reference is not  possible. We used an Al-quas i -  
reference electrode (99.9.99% A1 wire) .  This was 
placed behind the Pt  working electrode and connected 
by a Luggin capillary through the working electrode 
with the active surface. This was done to decrease the 
IR drops considerably (7). The counterelectrode was 
99.999% A1. Contact between the counter  and refer-  
ence electrode was avoided by placing the reference 
electrode in a Teflon holder. Prior  to the experiment,  
the working electrode was plated with an A1 layer  for 
30s at 5 m A / c m  -2. The results are shown in  Fig. 5. 
Curve 1 refers to a "new" A1 plat ing bath from which 
layers of good qual i ty are deposited. The anodic and 
cathodic waves are clearly recognizable. The peak- 
peak distance is ra ther  large because of the still con- 
siderable IR drop (Ru ~ 1~). Curve 2 shows the result  
of an "aged" bath. No currents  above 0.2 mA are ob- 
served, indicat ing that with the depleted solution ex- 
t reme polarization is required for the electrolytic 
deposition of metal.  In  this situation, either coprecipi- 
ration of Li and A1 or reduction of the solvent  is to be 
expected (8). Curve 3 shows that the anodic and ca- 
thodic waves are restored completely after replen-  
ishing. 

The vol tammogram is a clear indication that the hy-  
dride containing species are the essential catalytic 

2O 

10 
J 

(mA: 
0 

-10 

-20 

3 

2 2 

1 3 - ~ ~ ~  SCAN-RATE : 10 mY sec 4 

-500 -3 0 -1 0 100 500 
~l (m~vs.QRE) 

Fig. 5. Cyclic voltammogrems of the AI eleetroplating bath using 
on AI quasi-reference electrode. Curve 1, "fresh" bath; curve 2, 
"aged" bath; curve 3, "replenished" bath. 

species in the "cyclic" electrode process for A1 electro~ 
plat ing (9). 

Conclusion 
27A1-NMR spectroscopy is very suitable for ident i -  

fying the consti tuents of an A1 electroplating solution. 
The essential role of the hydride is clear and it is 
possible to keep such a plat ing bath  in  opt imum con- 
dition by replenishing species which are lost by 
"dragged-in" water  or oxygen. 

Manuscript  submit ted  Ju ly  5, 1983; revised m a n u -  
script received Aug. 15, 1983. 

Philips Research Laboratories assisted in meeting 
the publication costs of this article. 
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Electrochemical Deposition of Conducting Ruthenium Oxide Films 
from Solution 

D. P. Anderson and L. F. Warren 
Rockwell International Science Center, Thousand Oaks, California 91360 

In  the last decade, rutheniu~m oxide, RuO~ (x --~ 2), 
has been used extensively as the active anode electro- 
catalyst cor~stituent forCl2  and O~ evolution reactions, 
in chlorate production, and in metal  e lectrowinning 
from mixed chloride-sulfate solutions (1-3). More 
recently, this mater ial  has been incorporated in sev- 
eral  l ight- induced water  electrolysis schemes (4-8) and 

Key words: aqua Ru(II) complex, anodic deposition, oxygen 
catalyst. 

apparent ly  possesses the abil i ty to inhibi t  CdS photo- 
corrosion by acting as a hole scavenger (6-8). The 
numerous  applications for this catalyst mater ial  cer- 
ta in ly  war ran t  fur ther  studies of its electrochemical 
properties on a var ie ty  of substrates, e.g., semicon- 
ductors. The lack of a simple technique for controlled 
deposition of ru then ium oxide onto conducting sub-  
strates prompted us to investigate an electrochemical 
approach to this problem. We .describe here a new 
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method  for e lec t rodeposi t ing conduct ing hyd ra t ed  
ru then ium oxide filras ~rom s table  aqueous solutions 
containing a ru then ium (II )  complex.  

As wi th  hydrous  manganese  oxide (MnOx) (9-10) 
i t  was assumed that  anodic e lect rodeposi t ion of RuOz 
m a y  take place f rom an aqueous solut ion of the cor-  
responding M 2+ ion. P repa ra t ion  and isolat ion of a i r -  
sensi t ive aqua ion Ru(OH2)~ ~+ sal ts  are,  however ,  
tedious procedures  involving use of expens ive  and re-  
active RuO4 and ion-exchange  ch romatography  (11). 
A more  accessible aqua r u t h e n i u m ( I I )  species is 
Ru(~16-C6H6) (OH2)~2+; this is obta ined f rom the very  
s table o rgan �9  complex  [Ru G16-C6H6) CI2]~, 
which forms in v i r tua l ly  quant i ta t ive  yie ld  f rom com- 
merc ia l  R u C l s .  3H20 and 1,3- or  1,4-cyclohexadiene 
(12). Trea tment  of an aqueous solution of this species 
with two equivalents  of  AgBF4 genera ted  the ye l low-  
aql la ted Ru(~6-C6H6)(OH.2)~ 2+ species (12, 13), which 
appeared  to be s tab le  indefini tely over  a wide range 
of pH values.  (Al though air  sens i t iv i ty  was not ap-  
parent ,  typical ly ,  the solut ions were  s tored  under  an 
iner t  a tmosphere . )  The coordinated  bsnzene stabil izes 
the r u t h e n i u m ( I I )  oxidat ion  state compared  wi th  the 
aqua Ru(OH~)62+ ion (11). 

The anodic e lect rodeposi t ion of hydrous  RuO~ on a 
ro ta t ing  P t  disk e lect rode (400 rpm)  took place at a 
constant  potent ia l  (§  vs. SCE, corresponding to 
a cu r ren t  densi ty  of ca. 1 m A / c m  -~) f rom room tem-  
pe ra tu re  aqueous solut ions containing the Ruff16- 
C6H~) (OH2)~ ~+ complex  (0.04M), ad jus ted  to p H  5. 
0.1M sodium perchlora te  was used as suppor t ing  elec-  
t rolyte .  No precaut ions  were  made  to exclude oxygen 

Ag  + 
[Ru (~6-C6HD C1~]2 .... > Ru (~6-C6H6) (OH2) 8 ~+ 

--AgC1 

February I984 

- - T  [ [ T [ 1 

- 1 . 6  - -  

- 1 , 2  - -  

-0.8 - -  in pH 4 buffer - - ~  

~ -  -0.4 - -  �9 e ~  -- 
E . "  " � 9 1 8 8  

F- 0.0 
Z �9 �9 
W �9 � 9 1 4 9 1 4 9  ~: ; �9 

L~ +0.4 - -  � 9 1 4 9 1 4 9  �9 o e 

+0.8 ~ 0.01 M__ Fe (CN)64- - -  
added 

+1.2 - -  

+1.6 --  

] I 
+0.8 +0.4 +0.2 0.0 -0.2 

ELECTRODE POTENTIAL (V vs SCE) 

Fig. I. Cyclic voltammograms at 50 mV/s for an el�9149 
ruthenium oxide film (600A.) on Pt in a room temperature pH 4 
buffer (phthalate), with (solid curve) and without (dotted curve) 
added left�9 (0.0IM). 

----T I T T T r 

-0.8 

~ 0.0 - -  - -  

== 

+0,4 

O.'IM HC10 4 

+0,8 

_ _ _ 1 _ ~ _ _ _ I  I 1 J J___. 
+1.0 +0,8 +0,6 +0,4 +0.2 0.0 -0.2 

ELECTRODE POTEFJTfAL (V vs SCE) 

Fig. 2. Cyclic voltammograms of an electrodeposited ruthenium 
oxide film (1000A) on Pt in 0.1M HCI04 (pH 1.5, roam tempera- 
ture); the potential sweep direction was changed (designated by 
arrows) from anodic to cathodic at increasing 100 mY intervals; 
sweep rate .SO mY/s. Sweeps start at - -0.1V in the direction of 
more positive potentials. 

f i lms appea r  to  be m o r e  p rone  to d i sso lu t i on ;  th is  is 
perhaps  indicat ive of g rea te r  poros i ty  (16). The re -  
versible  behav ior  of these films has been a t t r ibu ted  to 
a mixed  va lency  Ru ( I I I - IV)  ox ide /hyd rox ide  in which 
a rap id  redox  process ( involving pro tonat ion)  can 
occur wi th  kinet ic  faci l i ty  (15), i.e., formal ly ,  RuO2 -t- 
H + H- e -  ~e~--RuO(OH). 

Slow dissolution of the f resh e lec t rodeposi ted  ru-  
t h e n i u m  oxide films occurred  dur ing  potent ia l  cycl ing 
in aqueous electrolytes .  In  the pH 4 buffer solution, the 
films remained  intact  p rov ided  cycl ing was l imi ted  to 
the range  of -F0.6 to --0.2V.1 At  more  posi t ive 

z Th e  theore t i ca l  doma in  of passivation of ruthenium,  corre- 
sponding to t h e  f o r m a t i o n  of RuO~ �9 2I-I~O and  Ru(OH)a ,  is l imi ted  
to a 600 m V  r a n g e  a t  loll 4 (12). 

+0.9V 
~ RuO= + C6H6 [1] 
p H - , 5  

Fi lms  of thickness corresponding to 20-30 mC/cm2 were  
typ ica l ly  grown, though much th icker  films are a t t a in -  
able  because the deposits  are conducting. Using a cubic 
approx imat ion  of the RuO2 uni t  cell of 4.6A, these 
charges correspond to nomina l  thicknesses of 600- 
1000A, assuming 100% deposi t ion efficiency. 

The resu l t ing  smooth brown films were  conduct ing 
in aqueous electrolytes;  this was apparen t  from the 
s table  anodic-depos i t ion  cur ren t  and from thei r  be -  
hav io r  in the presence of a redox  couple. F igure  1 
shows the cu r ren t -po ten t i a l  character is t ics  of a 600A 
film on Pt  in a pH 4 buffer (phtha la te)  e lec t ro ly te-wi th  
and wi thout  added  Fe (CN)84-  ion; the vo l t ammet r i c  
behavior  of the redox couple is essent ia l ly  unaffected 
by  the presence of the oxide  film. S imi la r  behav ior  
was observed with  ferrocene in an acetoni t r i le /0 .1M 
t e t r a e t h y l a m m o n i u m  perchlora te  e lectrolyte ;  however ,  
the vo l tammet r ic  response of the film i tself  was grea t ly  
suppressed in acetoni t r i le  re la t ive  to aqueous e lec t ro-  
lytes  (14). These resul ts  pa ra l l e l  our  findings with 
e lec t rodeposi ted  hydrous  MnOz and other  t rans i t ion  
meta l  oxide films (10). 

The revers ib le  na tu re  of the e lect rodeposi ted  ru -  
thenium oxide was fu r the r  demons t ra ted  by  its be-  
havior  in 0.1M perchlor ic  acid (pH 1.5, shown in Fig. 
2), where  at  any  potent ia l  in the sweep an Mmost 
revers ib le  behav ior  was observed as the sweep d i rec-  
t ion was changed.  This was manifes ted  as a r ap id  cur-  
ren t  change f rom anodic to cathodic at a magni tude  
n e a r l y  the  same as that  on the immed ia t e ly  previous  
anodic sweeps. The cu r ren t -po ten t i a l  profiles for our  
e lec t rodeposi ted  films are qua l i ta t ive ly  s imi la r  to those 
of the revers ib le  films genera ted  by  anodic /ca thodic  
po ten t ia l  cyclinq of ru thenized  Pt  and (oxidized)  Ru-  
on-glass  e lectrodes (15). Differences may  be a t t r ibu ted  
to the pa r t i cu la r  e lec t ro ly tes  employed;  in addi t ion,  our  
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potentials in the anodic sweep, an anodic current re- 
sulted which was apparently due to both dissolution, 
involving solu,ble higher oxidation states, and water 
oxidation; at high pH's (~10), dissolution predomi- 
nated, and orange RuO42- streamed off the electrode 
surface. In acidic electrolytes, oxygen evolution was 
observed at potentials ~0.8V; polarization curves in 
0.5M H2SO4 indicated that the overvoltage for oxygen 
evolution on the RuOx films is less by 320 mV than 
that on Pt (18). Dissolution was also evident, however, 
and emphasized the importance of stabilizing ruthen- 
ium oxide by combination with TiO2 or other oxides 
(1, 15, 16, 19). 

In conclusion, it is possible to electrochemically de- 
posit conducting films of hydrated ruthenium oxide 
from an aqueous solution of the benzeneruthenium (II) -  
aqua complex. The films slowly dissolve in aqueous 
electrolytes upon potential cycling, yet appear to be 
catalytic with regards to water oxidation. 
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An Electrochemical Synthesis of Dichlorobutenes from Butadiene as a 
New Process in the Chloroprene Production System 

Yoshio Takasu,* Yoshiharu Matsuda,* Michiko Harada, and Misao Masaki 
Faculty of Engineering, Yamaguchi University, Ube, Yamaguchi, Japan 

Hiroyuki Watanabe 
Toyo Soda Manufacturing Company, Research Laboratory, Shin-nanyo, Japan 

Chloroprene (C1CH--CHCH--CH2), an important 
industrial material, is usually produced by elimination 
of hydrochloric acid from 3,4-dichloro-l-butene(3,4- 
DCB) which is synthesized from butadiene and 
chlorine by chemical reaction at about 300~ In the 
latter reaction, trans-l,4-dichlorobutene(trans-l,4- 
DCB) is also formed, but it is isomerized to 3,4-DCB 
with a catalyst. The elimination of hydrochloric acid 
from 3,4-DCB is performed with ethylenediamine 
(EDA) forming EDA solution of EDA. 2HC1. The 
authors have reported in the previous papers (1, 2) 
that dichlorobutenes (DCB) could be formed by elec- 
trolysis of butadiene in an anolyte solution of ace- 
tonitrile (MeCN)-CoC12 which was separated from 

* Electrochemical Society Active Member. 
Key words: butadiene, electrolytic chlorination, ethylenedi- 

amine, dichlorobutene. 

the catholyte (H20-NH4C1) by an anion-exchange 
membrane. 

This work has been done to develop an electro- 
chemical synthesis process of DCB as a new process in 
the production of chloroprene from butadiene utiliz- 
ing the EDA-EDA. 2HC1 solution and MeCN-CoC12 
solution as the catholyte and the anolyte, respectively. 
The advantages of this process are as follows: (i) the 
elimination process of hydrochloric acid from EDA- 
EDA-2HC1 solution is utilized in the electrolytic 
chlorination process of butadiene; (ii) it does not need 
the use of expensive and toxic chlorine; and (iii) the 
chlorination of butadiene is performed at room tem- 
perature. Although studies on the electrolytic chlorina- 
tion of alkenes have been carried out by many investi- 
gators (3-5), those of butadiene have scarcely been 
reported (0). 
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Experimental 
Potent ios ta t ic  e lectrolyses  were  pe r fo rmed  by  use of 

a convent ional  P y r e x  glass H- type  cell wi th  a sepa ra -  
tor  of an an ion-exchange  m e m b r a n e  (Asahi  Glass 
Company,  "Se lemion-ASV"  made  of po lys tyrene ;  3 cm 
d iam) :  A graphi te  p la te  of 2 cm d i am and a graphi te  
p la te  of 3 cm diam were  used as the anode and the 
cathode, respect ively .  Highly  purif ied bu tad iene  was 
bubbled  into the anoly te  (MeCN containing 0.5 mol  
dm - s  CoC12, 40 ml)  dur ing  electrolyses  in o rde r  to 
keep the concentra t ion of bu tad iene  in the anolyte  at 
a constant  value,  ca. 2 mol dm -3. Te t r aa lky l ammon ium 
chlor ide  was thought  to be usab le  in the  solute  of the  
anolyte,  but  the cur ren t  efficiency for the format ion  
of DCB in the  electrolysis  using MeCN-Me4NC1 
anolyte  was low (ca. 60%).  The ca tholy te  (40 ml)  was 
an aqueous solut ion of  NH4C1, NaC1, HC1, or  an EDA 
solution containing EDA �9 2HC1. Acetoni t r i le  was dr ied  
with  molecular  sieves (5A) and CatI2, and then dis-  
t i l led twice. Butadiene  and its der ivat ives  were  de te r -  
mined by gas ch romatography  (TCD; Sil icone Gum 
SE30-Chromosorb WAW; He) .  The  e lec t ro ly t ic  cell  
was set  in a wa te r  ba th  the rmos ta ted  at 25~ 

Results and Discussion 
Table  I presents  the  expe r imen ta l  condit ions and 

the cur ren t  efficiencies for the format ion  of DCB. Ap-  
p rec iab le  amounts  of bu tad iene  der iva t ives  o ther  
than  3,4-DCB and t r ans - l , 4 -DCB (such as c is - l ,4-  
d ich lo ro-2-bu tene  or  4 - v i n y l - l - c y c l o h e x e n e )  were  
not  detected on the gas chromatograms.  The cur ren t  
efficiency for  d ichlorobutene  format ion  is defined as 
the  percentage  of the quan t i ty  of e lec t r ic i ty  tha t  
passed th rough  the cell, and was ca lcula ted  by  assum- 
ing that  the chlor inat ion  was a two-e lec t ron  reaction. 
The quan t i ty  of e lec t r ic i ty  passed in these runs, 483C, 
is that  requ i red  to convert  ca. 4% of butadiene  ini -  
t i a l ly  dissolved in the anolyte  into DCB. In the  elec-  
t rolyses  using an aqueous solut ion of such salts  as 
NIQC1, NaC1, o r  HC1 as the catholytes ,  the  cur ren t  
efficiencies for the format ion  of DCB were  96-98%. On 
the o ther  hand, when EDA solut ion of E D A .  2HC1 
(0.5M) was used as the catholyte,  the cur ren t  effi- 
c iency a t ta ined  only 42%. As shown in Fig. 1, the  cur -  
ren t  efficiency in the electrolysis  using this catholvte  
s t rongly  depended on the concentra t ion of  EDA �9 2HC1, 
and gave a m a x i m u m  value  at  1.5 reel  dm -s .  The low 
cur ren t  efficiency obta ined  when E D A - E D A .  2HCI is 
used as the ea tholy te  is most  l i ke ly  due to t ransoor t  
of EDA to the anolyte  (solvat ing C1-)  and subse-  
quent  oxidat ion.  The oxida t ion  wil l  occur e i ther  d i -  
r ec t ly  at the anode or media ted  since EDA-EDA �9 2HC1 
is l ike ly  to be more  react ive  than butadiene.  F igure  2 
shows that  the addi t ion of a smal l  amount  of wa te r  to  
the anolvte  imnroved  the cur ren t  efficiency to n e a r l y  
100%. The addi t ion of wa te r  might  a l low wate r  solva-  
tion of C1- and thus less EDA t ranspor t  across the 
membrane .  The exis tence of a smal l  amount  of  wa te r  

Table I. Current efficiency for the formation ef dichlorobutenes 
using various compositions of electrolytes 

Current  efficiency 

trans-l,4. 
Catholytes 3,4-DCB DCB Total  

H~O -NI-LC1 (1M) 46 52 98 
H~O-NaC1 (1M) 44 53 97 
H20-HC1 (1M) 37 59 96 
EDA-EDA �9 2HC1 (0~SM) lS 27 42 
EDA-EDA �9 2HC1 (1.SM) 28 57 85 
EDA-EDA 22-IC1 (0.5M)-I-~o (1,TM) 37 61 98 

Anolyte: MeCN-CoCI~ (0,5M)-C~qe (2M); separator:  anion-ex- 
change membrane;  anode material :  carbon plate; cathode mate- 
rial: carbon plate; anode potential:  1.7V v s .  Ag/AgC1; amount of 
anolyte: 40 ml; amount  of catholyte: 40 ml; amount  of  electric- 
ity passed: 483C; temperature :  25~ 
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in the E D A - E D A .  2HC1 solut ion m a y  be permiss ib le  
in the recovery  of EDA by dist i l la t ion.  I t  was observed,  
however ,  that  the membrane  was g r adua l l y  ha rmed  by  
the ca tholy te  in dura t ion  of the e lectrolysis  when 
E D A - E D A .  2HC1 was used as the catholyte.  

I f  an an ion-exchange  membrane  which is not  
ha rmed  by  these e lect rolytes  can be obtained,  this 
e lectrolysis  process could be considered for indus t r i a l -  
ization. Because the cur ren t  efficiency for the  fo rma-  
tion of DCB is high, this process can be combined wi th  
the e l iminat ion  process of hydrochlor ic  acid f rom 
E D A - E D A .  2HC1 solut ion formed in the product ion 
process of chloroprene  f rom DCB by EDA. 

The fol lowing react ion schemes can be proposed  for 
the reaction.  

The cathode reac t ion  is 

H+ + e -  -~ 1/2H2 [1] 
The anodic react ion is 

C I - ~  C1. + e -  [2] 
CH2=CHCH=CH2 + C1 �9 --> 

[CH~CHCHCH2C1 <---> CH2CH=CHCH~CI] [3] 

[CH2~CHCHCH~Cl <--> CH2CH--~CHCH~C1] + C1 �9 

CH2--CHCHClCH2Cl + ClCH2CH~---CHCH=Cl [4] 
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Preparation of Vanadium-Tungsten-Oxide Wadsley-Roth Phases by 
Electrolytic Reduction of Molten Salts 

L. F. Schneemeyer and V. Tierney 
AT&T Bell Laboratories, Murray Hill, New Jersey 07974 

Many  f r a m e w o r k  meta l  oxides are  in te res t ing  as 
mate r ia l s  which  can revers ib ly  incorpora te  l i th ium 
atoms into the i r  crys ta l  lat t ices (1). The ex ten t  and 
ra te  of the  l i th ium inser t ion react ions  makes  some of 
them candidates  for  use as posi t ive e lect rode mate r ia l s  
for ambien t  t empera tu re  secondary  bat ter ies .  Two 
compounds,  V2WO~.5 and V2.4Wo.6071 (2), both  mem-  
bers of a class of compounds known as Wads ley -Ro th  
phases (3), have  recen t ly  been shown to be par t i cu-  
l a r l y  sui table  for such appl icat ions  (4). 

Wads ley -Ro th  phases have  s t ruc tures  in which 
blocks of co rne r - sha red  M O 6  (M : V, W) oc tahedra  
are  connected th rough  regions of  edge sharing,  or 
c rys ta l lographic  shear. These mate r i a l s  have p rev i -  
ously  been produced  as powders  by  so l id-s ta te  syn-  
thesis in which appropr ia t e  quant i t ies  of the s ta r t ing  
mate r ia l s  V~O5, VO2, and WO3 are  ground together ,  
then hea ted  in evacuated  si l ica tubes unt i l  s ingle-  
phase samples  are  obtained.  Electrolysis  of mol ten  
salts is an a l te rna t ive  method which has been used in 
the p repa ra t ion  of oxides containing t rans i t ion  metals  
in reduced  oxidat ion states.  Large  we l l - fo rmed  crys-  
tals of a lkal i  tungs ten  bronzes, vanad ium spinels, and 
mo lybdenum dioxide are  among the mate r ia l s  which 
have been obta ined  by  this technique (5), 

An a t t rac t ion  of e lec t rochemical  synthesis  of ma te -  
r ials  such as V~WO~.5 and V2.4Wo.6Oz Wads l ey -Ro th  
~phases is the deposi t ion of a film of  act ive ma te r i a l  
d i rec t ly  onto a conduct ing subs t ra te  to form an elec-  
t rode  for an ambien t  t e m p e r a t u r e  secondary  ba t te ry .  
The cur ren t  work  was unde r t aken  to inves t iga te  the 
feas ib i l i ty  of p repa r ing  t ungs t en -vanad ium-ox ide  
Wads l ey -Ro th  phases e lec t rochemical ly .  While  no 
prev ious ly  unknown phases were  found in this s tudy,  
the e lec t rochemical  synthesis  of VeWOT.5 and V2.4W0.607 
f rom V205 + WO~ mel ts  at T ---- 750~176 was 
achieved.  Fur the rmore ,  single crysta ls  of V2WOT.5 of 
subs tan t ia l  size, su i table  for  phys ica l  p r o p e r t y  m e a -  
surements ,  have  been grown.  

Experimental 
The appa ra tus  used for  the e lec t rochemical  c rys ta l  

g rowth  is shown in Fig. 1. The mel t  was contained in 
a h i g h - p u r i t y  rec rys ta l l i zed  a lumina  crucible  (Coors) .  
Cracking  of the crucible  resul t ing  f rom expans ion  of 
the mel t  upon cooling l imi ted  use of a crucible  to one 
run.  The crucible  was seated in a g raphi te  support .  
This assembly  was contained under  N2 wi th in  a quar tz  
vessel  i tself  inside a L indbe rg  crucible  furnace.  Melts  

1The phase reported in the l i terature and referred to in this 
paper as having the composition V~,4Wo..O7 has recent ly  been 
shown to exist over  the composition range V2.~Wo.b-OT-V2.sWo.~O~. 

* Electrochemical  Society Act ive  Member. 
Key words: inorganic,  electrode, synthesis. 

were  p repa red  from ana ly t i ca l -g rade  reagents  which 
were  dr ied  before  use. A high density,  high pur i ty  
pyro ly t ic  g raph i te  rod, P t  wire  and foil, and tungsten 
foil  (Alfa, 99.9%) were  var ious ly  employed  as cathode 
mater ia ls .  A Pt - fo i l  e lect rode served as the anode. No 
significant a t tack  on the Pt  by  the mel t  was observed.  
Fol lowing deposit ion,  traces of V205 and WO8 were  
removed  by  washing with  w a r m  5% aqueous NH4OH. 

A Pr ince ton  Appl ied  Research (PAR) Model  173 
po ten t ios ta t /ga lvanos ta t  equipped  wi th  a Model  179 
digi ta l  coulometer  was used for  c rys ta l  g rowth  exper i -  
ments.  Samples  were  examined  by  x - r a y  diffract ion 
on a Rigaku  Powder  Dif f rac tometer  using CuK~ r a d i a -  
t ion and a scan speed of 2 ~ rain -1. Scanning  e lec t ron 
micrographs  were  taken  wi th  an Autoscan 100 Scan-  
ning Elect ron Microscope (Cambr idge  Ins t ruments )  
opera ted  at  25 kV. 

Results and Discussion 
Wads ley-Roth  phase t ungs t e n -va na d ium oxides of 

composit ion V2WOT.5 and V~.4W0.607 were  p repa red  b y  
the electrolysis  of fused mix tures  of WO8 and V~O5. 
Table I l ists the expe r imen ta l  condit ions for the  
growth  of these mater ia ls .  Reduct ions were  car r ied  out  
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Fig. i .  Schematic representation of molten salt electrolysis 
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Table I. Experimental conditions for the growth of some tungsten-vanadium-oxides by fused-salt electrolysis 

Melt composition Melt temperature Current density Cathode Product 

V205 800~ 100 mA/cm 2 Graphite rod VO~ 
lWO3:12.5V~O5 750"C 200 mA/em 2 Pt foil V2WO~.6 + 

V~.4Wo.eO~ 
lWOs:9V~O5 770~ 2{~0 mA/cm~ Pt foil V2WO,.~ + 

V:. ~Wo. eO, 
lWOs:4.SV~O~ 785~ 50-400 mA/em~ Pt foil V~WO,.~ 

Pt wire 
Graphite rod 

1WO~: 4V~O~ 820 ~ ~ ~ -- 

0.67Na~WO~:0.22V~O~ 700~ 20 mA/em~ Graphite rod V~-~W~O~ 
:0.11WO~ ~c ~ 0.2 

under  galvanosta t ic  control.  Cur ren t  densit ies in the 
range of at  leas t  50-200 m A / c m  2 were  found to give 
crys ta l l ine  deposits. At  cur ren t  densi t ies  below 50 
m A / c m  2, l i t t le  or  no product  was recovered,  p re sum-  
ab ly  because sufficient cur ren t  must  be passed to over -  
come a compet ing back reaction. The t empe ra tu r e  in 
most exper iments  was held jus t  above the mel t ing  
point  of the vanad ium pen tox ide - tungs ten  t r ioxide  
mixture .  The mel t ing point  of this mix ture  increases 
wi th  increas ing propor t ion  of tungsten tr ioxide.  Runs 
for a given mel t  carr ied  out at h igher  t empera tu res  
showed no significant var ia t ion  in the phases produced 
or, qual i ta t ively ,  in the product  recovered.  

The rat io of tungsten to vanad ium in the mel t  is 
found to control  the phase of the product  formed.  I n  
the absence of WO3, the electrolysis  of mol ten  V205 
yields e longated pr i smat ic  crystals  of VOz (6,7). A t  
the lowest  concentrat ion of WO3 examined  in this s tudy  
(1W: 25V), a mix tu re  of V~WO7.5 and V2.4W0.607 is 
formed dur ing the electrolysis.  F rom a lW:  9V melt ,  
V2WOT.5 is formed exclusively.  The mel t ing t empera -  
tures of mix tures  wi th  st i l l  h igher  tungsten t r ioxide  
concentra t ion is above the t empera tu re  at  which 
V2WO7.5 is known to t ransform to a V205 s t ruc ture  
type (8). Scanning electron micrographs  of V2WO7.5 
crystals  grown from a 1WO~:4.5V~O5 mel t  (1W:9V) 

at 785~ at a cur ren t  dens i ty  of 50 mA/cm2 onto a P t  
wire  cathode are  shown in Fig. 2 at  two magnifications.  
Eight  s ided rod - shaped  crysta ls  ~0.5 m m  long are  
observed.  Crysta ls  of up to severa l  mi l l imete rs  in 
length  have been grown. Precession photographs  of 
one crys ta l  verified the unit  cell as that  r epor ted  for 
V2WO7.~ and suggested some disorder  along the unique 
axis of the monoclinic uni t  cell. A scanning e lect ron 
micrograph  of one end of one such V2WOT.5 crys ta l  is 
shown in Fig. 3. Evident  are  the we l l -deve loped  faces 
of this crystal .  The growth  of this c rys ta l  resu l ted  in a 
large  void in its center.  S imi la r  voids were  not  ob- 
served in other  crystals .  

The e lec t rochemical  format ion  of the Wads ley -Ro th  
phases (V2WOT.~ and Ve.4W0.6OT), r a the r  than W - s u b -  
s t i tu ted  VO2 phases,  is interest ing.  The electrolysis  of a 
sodium tungsta te  mel t  conta ining WO~ and V.205, as 
l is ted in Table  I, does y ie ld  needles  of W~Vl-xO2 with  
x ~0.2 as de te rmined  f rom re la t ive  peak  heights  in an 
x - r a y  fluorescence exper iment .  Since electrolyses  of 
V20~-WO3 melts  were  carr ied  out at  t empera tu re s  of 
750~176 whi le  the Na2WO4 ~ V~O5 W WO3 mel t  was 
main ta ined  at  700~ a difference of only  50~176 
t empera tu re  is assumed to be of minor  impor tance  in 
the de te rmina t ion  of the  phase of the resul t ing  ma te -  
rial.  Of grea te r  impor tance  to the na tu re  of the resu l t -  
ing mate r i a l  may  be the re la t ive  ac id i ty  of the melt .  In  
the p repara t ion  of members  of the mixed  spinel  sys tem 
(C01+zV2-~O4) by  fused salt  electrolysis,  i t  was 

shown tha t  more reduced  products  were  formed wi th  
increas ing  bas ic i ty  of the flux (9).  S imi la r  behavior  is 
observed in this system. Here, the  more  basic mel t  
fo rmed from Na2WO4 d- WOn + V205 yields  a~ its 
p roduc t  tungs ten-subs t i tu ted  VO2, whi le  the re la t ive ly  
more  acidic WO~-V205 melts  y ie ld  V2WOv.5 and 
V2.4W0.6OT. A re la t ionship  be tween  mel t  composit ion 
and oxygen  ac t iv i ty  at  the cathode thought  to control  
the composit ion of the product  phase in e lec t rochemi-  
cal tungs ten-bronze  syntheses (10) m a y  also be  a 
factor  in this system. 

Al though  crys ta l l ine  samples  of the  Wads ley -Roth  
phase me ta l  oxides (V2WOv.5 and V2.4W0.607) have 
been obta ined e lect rochemical ly ,  the  present  s tudy 
d o e s  not  address  opt imizat ion  of product  yields.  Also, 

Fig. 2. Scanning electron mlcragraphs at two magnifications of 
V2W07.5 crystals deposited on Pt wire at 50 mA/cm 2 under gal- 
vanostatic control. Tmeit ~ 785~ 

Fig. 3. Scanning electron micrograph of one end of a V~WOT.~ 
crystal deposited onto a Pt wire at 50 mA/em 2 under galvanostafic 
control. Tmelt ~ 78YC. 
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traces of the melt which cling to the samples following 
deposition are difficult to preferentially dissolve. The 
use of alternative melts such as alkali halide-based 
melts to achieve ~ the deposition of V2WOT.~ and 
V~.4W0.607 or optimization of deposition conditions 
based on the present melt are possible approaches to 
countering these limitations. 

In summary, the electrochemical synthesis of 
V2WO7.5 and V~.4W0.607 in the form of crystalline de- 
posits on conducting substrates as economical as car- 
bon has been demonstrated, and shows promise for the 
fabrication of battery electrodes. Growth of single 
crystals of V2WOT.5 of suitable size and quality for 
l~hysical property measurements has been achieved. 
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Oxidation Characteristics and Electrical Properties of Low Pressure 
Dual TCE Oxides 

Y. C. Cheng and B. Y. Liu* 
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ABSTRACT 

A detailed investigation is conducted on the oxidation characteristics and electrical properties of very thin gate oxides 
(70-400~), prepared by a novel two-step trichloroethylene (dual TCE) oxidation process. It is demonstrated that very thin 
oxide films can be accurately and reproducibly prepared under  a variety of oxMation conditions. A reversal of relative oxi- 
dation rate of (111) and (100) silicon surfaces is observed at low oxygen partial pressure similar to that reported by earlier 
researchers. In  addition to this observation, we find that the reversal is also strongly dependent  on the TCE flow rate. Min- 
ima are observed in AV~B and V~B as a function of TCE flow rate. While the former results agree with earlier work, the mini- 
mum in the latter case is located differently, at a lower flow rate. The breakdown fields on oxides grown by various tech- 
niques are compared, and dual TCE oxides are shown to have good breakdown characteristics. 

Recently, great interest  has been expressed in very 
thin gate oxide (1). This has been motivated by the 
requi rement  of a very thin gate as the key element  in 
the basic circuit device in VLSI circuits, and the ap- 
plication of thin oxide in electrically al terable read-  
only memory devices. For 1 ~m channel  length 
MOSFET's, oxides of the order of 200A will be used as 
the dielectric layer under  the gate electrode. In  order 
to rout inely  produce reliable oxides of this thickness, 
various oxida t iontechniques  have been proposed (2-7). 
These novel oxidation methods are necessary because 
the well-established s tandard  dry oxidation at high 
temperature  is not satisfactory, mainly  because of (i) 
difficulty in controll ing accurately the thickness of the 
thin oxide layer  because of the fast oxidation rate, and 
(it) poor oxide quali ty as manifested by low electric 
field breakdo.wn and a large amount  of interface 
charge. 

To c i rcumvent  the former difficulty, the oxide is 
usual ly  grown either at low tempera ture  or under  low 
part ial  pressure (2, 3). The second problem can 
basically be solved by a two-step process (5-7), which 
consists of an ini t ial  period of low temperature  oxida- 
tion to provide a high dielectric breakdown strength, 
and a final phase of h igh- tempera ture  oxidation to pro- 
vide a good oxide-silicon interface (8). In  order to 
encompass both of the above advantages and to pro-  
vide addit ional  beneficial passivation abil i ty against  
mobile ions, a two-step HC1 oxidation technique has 
been proposed (6). While it has been established that 
HC1 oxidation (9) provides a number  of benefits, it 
does have some practical problems in implementat ion,  
as HCI is a highly corrosive and dangerous gas. As a 
bet ter  al ternat ive,  a dual  TCE process has recent ly  
been suggested to grow reliable thin gate oxide (7). I t  
was reported that  very  thin oxide (70-400A) with high 
in tegr i ty  can be rout inely  produced with this tech- 
nique.  

However, in order to assess whether  or not the dual  
T C E  oxidation technique can be eventua l ly  adopted 
and implemented  in any  practical manufac tur ing  

* on leave from South China Institute of Technology,  Guang- 
zhou, China, 

Key word~: thin sil icon oxide, oxidation, triehloroethylene.  

process requir ing thin oxide layers, the o x i d a t i o n  
characteristics and the properties of these oxides must  
be well understood. This article is a detailed investiga- 
tion of the dual TCE process. 

Experimental Methods and Results on 
Oxidation Characteristics 

For the present  studies, p- type <111> oriented sili- 
con wafers with a resistivity of 1-4 ~-cm, and n - type  
<100> oriented wafers with 2-3 12-cm were used. 
These were cleaned by a s tandard cleaning procedure 
and were subsequent ly  oxidized in a resis tance-heated 
furnace at various temperatures  in the presence (or 
absence) of a small  amount  of TCE. TCE vapor was 
added to the oxidizing ambient,  which consisted of dry 
oxygen and dry nitrogen. The part ial  pressure of oxy- 
gen was controlled by adjust ing the relative proportion 
of oxygen and nitrogen. The amount  of TCE was con- 
trolled by varying the flow rate of another  dry n i t ro-  
gen inlet  through a bubbler  filled with purified l iquid 
TCE kept at 0~ 

The dual TCE process consists of a low temperature  
dry oxidation, a low temperature  TCE oxidation, and a 
high temperature  TCE oxidation with low oxygen 
part ial  pressure. This can be followed by ni t rogen an-  
neal ing if necessary. More detailed informat ion on this 

Table I. Summary of two dual TCE oxidation processes and a 
two-step dry oxidation process 

Two-step 
Step Conditions Dual A Dual B dry oxide 

1 Gas (ml /min)  08(500) 08(500) O~ (50@) 
Temp. (~ 850 850 850 
Time (rain) 10 10 25 

2 Gas O2:TCE/N2 O2:TCE/N2 
(ml/rain ) 500:25 500:30 
Temp. (~ 850 850 
Time (min) 25 20 

3 Gas N2:O2:TCE/N2 N2:Oe:TCE/N~ N~:O2 
(ml/min) 1350:150:25 13~0:i50:9 1350:150 
Temp. (~ 1050 1050 1050 
Time (min) 46 74 82 

4 Gas (ml/min) N2(1350) N2(1350) N~(1350) 
Temp. (~ 1050 1050 1050 
Time (rain) 20 20 20 

3 5 4  
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oxidation technique can be found e lsewhere (7).  The 
essential features of two dual TCE processes and a 
two-step dry oxidation (for comparison) are sum-  
marized in Table I. 

The oxide film thickness  was measured by a Rudolph 
el l ipsometer at a wave length  of 5461A, taking the si l i-  
con refractive index to be 4.040-0.031i (3) .  Dielectric 
breakdown measurement  was performed with the alu-  
m inum dots biased negat ive ly  for p-Si,  or posit ively 
for n-Si ,  i .e. ,  with n-type or p- type  Si in accumulation. 
The breakdown voltage was measured when  the cur- 
rent reached a magnitude of 0.01 mA. Fixed oxide 
charges and mobile  ions were deduced from the flat- 
band voltages based on the high frequency capacitance 
measurements.  

As indicated in Table I, the dual TCE oxidation 
technique actual ly  consists of two processes (7) .  
Therefore, the relationship between the overall  thick-  
ness and time must  be accurately determined for a 
g iven  dual TCE oxidation process. The experimental  
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plots of oxide thickness as a function of TCE treat- 
ment  time at Po2 (oxygen partial pressure) = 0.05, 
0.1, and 1.0 atm are shown in Fig. l a - l c ) ,  respectively.  

In Fig. la, where  the oxygen partial pressure is very  
low (Po2 -- 0.05 atm),  experimental  results from both 
high and low oxidation temperature show that the oxi-  
dation rate is faster on a (100) surface than on a (111) 
surface. This is consistent wi th  the observation of the 
occurrence of a reversal of relative oxidation rates of 
< 1 1 1 >  and < 1 0 0 >  oriented substrates at low oxygen  
partial pressures (2, 3). However,  there is one major 
difference: earlier observations were made in an at- 
mosphere containing oxygen or water vapor and inert 
gases, whereas the case in question contained chlorine 
species in addition to the above gases. However,.  the 
same phenomenon of reversal occurs in both situations. 

The oxide  thickness vs. t ime characteristics are s im- 
ilar to the general ly  observed l inear-parabolic  type of 
behavior (2).  The higher the oxidation temperature, 
the faster and closer to the parabolic behavior is the 
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Fig. 1. (a, upper |eft) Measured oxide thickness vs. TCE oxida- 
tion time for p-type (e) and n-type ( •  Si at Po2 = 0.05 atm. 
Total oxidation time is 10 rain dry oxidation ~- TCE oxidation 
time at 850~ and 5 min dry oxidation + TCE oxidation time at 
1050~ (b, upper right) Same as a, but Po~ = 0.1 atm. (c, left) 
Same as a, but P.~ ~= 1.0 atm. 
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280 growth. At a lower temperature,  the growth is slow, as 
expected, and the characteristics are almost a straight 
line. However, there is another  impor tant  controll ing 
factor, i.e., the TCE flow rate, which modifies the oxi-  ~~ 
dation rate in  a significant manner .  In  fact, a higher 
TCE flow rate behaves as if it t ransforms the oxidation 
characteristics to that of a higher temperature.  ~0 

Figure lb  shows similar oxidation characteristics, 
but  at somewhat higher oxygen part ial  pressure 
(Po2 = 0.1 arm).  An interest ing observation is found 2~o 

at 1050~ When the TCE flow rate varies, a reversal  
of relative oxidation rates of (111) and (100) surfaces 
occurs. This happens when there is hardly  any  change o5 200 

of oxygen part ial  pressure and the temperature  is con- 
stant.  The oxidation characteristics at lower TCE flow 
rate and at lower tempera ture  are similar  to those ~ ~80 
normal ly  observed, i.e., the oxidation rate at the <IIi> 
oriented surface is faster. 

Figure lc presents results when the oxygen part ial  ~6o 
pressure is 1 atm. The oxidation characteristics are 
similar  to the case of oxidation in pure oxygen, except 
that the rate is faster due to the presence of tr ichloro- 
ethylene. ~o 

The effect of oxygen part ial  pressure and TCE/N~ 
flow rate on the oxide thickness of two dual TCE oxi- 
dation processes is summarized in Fig. 2. In general, ~0 
silicon substrates with <111> oriented surfaces are 
oxidized more readi ly than substrates with <100> 
orientations at the same oxidation temperature  and 
oxidant  pressure. However, at lower Po2 (Po2 ~ 0.07 
a tm at I050~ and Po2 "" 0.04 arm 850~ this depen-  
dence of oxidation rate on orientat ion is reversed. As 
ment ioned earlier, this behavior is almost identical to 
that of oxidation in pure oxygen (2). 

Another  reversal  in the oxidation rate was observed 
when the TCE/N~ flow rate was increased. Typical ex- 
per imenta l  results are summarized in Fig. 3 to i l lus-  
trate the effect of TCE flow rates on the oxide growth 
at different oxygen partial  pressures. A comparat ively 
higher TCE flow rate will br ing a reversal  in the oxi- 
dation rate. The higher the oxygen part ial  pressure, 
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P02 , Oxygen Partial Pressure (atm) 

Fig. 2. The effect of O~ partial pressure on the thickness of p- 
type (e)  and n-type ( X )  SiO~ films grown by TCE oxidation 
process at 850~ and 1050~ toxid ~ 10 min dry oxidation + 10 
min TCE oxidation at 850~ and toxld ~ 5 min dry oxidation 4- 
10 rain TCE oxidation at 1050~ N~ + 02 + TCE/N2 ~ 1500 
ml/min and TCE/N~ - -  4.5 ml/min. 
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Fig. 3. The effect of TCE/N~, flow rate on the thickness of TCE 
oxides for 1050~ oxidation at different partial oxygen pressure. 
toxid - -  5 min dry oxidation + 40 rain TCE oxidation and N2: 
O~:TCE/N2 = 1425:75:V for Po2 - -  0.05 (broken line); toxid = 
5 min dry oxidation -I- 20 min TCE oxidation and N~:O2:TCE/N~ 

1350:150:V for Po2 = 0.1 (solid line). 

the higher the TCE flow rate needed to affect the re-  
versal. In  general, the higher the TCE flow rate, the 
faster will <100> oriented surfaces be oxidized com- 
pared to <111> oriented surfaces, at both 0.05 and 0.1 
atm of oxygen part ial  pressure. 

The exper imenta l  data show that  the oxide thickness 
can be accurately and reproducibly controlled by the 
oxidation time, once a par t icular  set of oxidation con- 
ditions is given. The oxidation kinetics are not  ful ly  
understood at present, and fur ther  discussion is de- 
ferred to a later  section. 

Electrical Properties of Dual TCE Oxides 
To assess the overall  qual i ty of the dual  TCE oxides, 

we have measured the flatband voltages, analyzed the 
passivation ability, and examined the dielectric break-  
down characteristics. Figure 4 summarizes the experi-  
menta l  results of flatband voltages as a funct ion of the 
TCE flow rate. Similar  to earlier results (10), a min i -  
m u m  in flatband voltage is observed. However, the lo- 
cation of the m i n i m u m  in the present  case is different 
from that of the earlier work; the present  m i n i m u m  
occurs when the TCE flow rate is about  10 ml /min ,  
whereas in the other case it occurs when  the flow rate 
is around 50 ml /min .  To appreciate the difference, we 
should note that in the present  work the oxide thick- 
ness is of the order of 100-200A, while in the previous 
work (10) the oxide thickness varied from 900 to 
1650A. It has been reported (11) that fixed oxide 
charge densi ty depends on the thickness of the oxide 
layer; it increases in magni tude  as the oxide thickness 
decreases. This effect may be related to our  observa-  
tion. Another  impor tant  difference is that  the oxygen 
part ial  pressure in the present  case is low compared to 
that of earl ier  work. However, it remains  to be con- 
firmed whether  or not  the location of the m i n i m u m  
varies with the oxide thickness and /o r  oxygen par t ia l  
pressure. 

The usual  tempera ture  bias stress is applied to the 
samples to deduce the amount  of mobile Na + ions 
from the flatband shift, AVFm Figure 4 shows a typical 
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Fig. 4. The effect of TCE/N.2 flow rate on VFB and AVFB at 
Po2 ---- 0.1 atm, T ---- 1050~ toxid - -  5 rain dry oxidation + 20 
rain TCE oxidation and N2:O~:TCE/N.2 ---- 1350:150:V for n-type 
< 1 0 0 >  Si. 

set of the  expe r imen ta l  data.  A min imum is observed 
in aVFB and occurs  a round  the same region as in the 
ea r l i e r  work  (10) when the TCE flow rate  is app rox i -  
ma te ly  50 ml /min .  In  te rms of mobi le  ion density,  the 
m in imum value  of aVF~ corresponds to 2-3 • 109 cm -2, 
showing  the  effectiveness of the  pass ivat ion abil i ty.  

F igure  5 summar izes  two sets of expe r imen ta l  resul ts  
for two different  dua l  TCE processes. These curves 
c lea r ly  show tha t  the  pass ivat ion  effect is not  achieved 
a b r u p t l y  as a funct ion of the oxidat ion  t ime. This ex-  
pe r imen ta l  resul t  impl ies  that  the usual  threshold  be-  
hav io r  observed  in HC1 oxides  is not  found here. In -  
stead,  the  pass ivat ion  abil i ty,  i.e., in te rms of d imin i sh-  
ing the mobi le  ion density,  is acqui red  gradual ly ,  as 
shown in Fig. 5. In  o rder  to achieve a m in imum ac-  
ceptable  level  of mobi le  ions, a m in imum per iod  of 
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TCE t r ea tmen t  t ime is required.  This effect m a y  set  a 
l imi t  on the  m i n i m u m  a t t a inab le  oxide thickness.  An  
op t imum process design must  be de te rmined  f rom the 
oxidat ion  character is t ics ,  the effect of TCE flow rate,  
and the pass ivat ion  proper t ies ,  if  the dual  TCE process 
is to be implemen ted  as a product ion  process. 

Ano the r  impor tan t  e lec t r ica l  p rope r ty  is the b r e a k -  
down character is t ics .  In  an  ea r l i e r  work  (7), we p r e -  
sented an analysis  of the dielectr ic  b r eakdown  s t reng th  
as a function of  var ious  TCE oxida t ion  processes. 
F igure  6 shows typical  b r eakdown  character is t ics  of 
two-s tep  d ry  oxides and dual  TCE oxides.  The d ry  
oxide  MOS diode showed a fast  t rans i t ion  f rom an 
in i t ia l  h igh resis t ive s ta te  (Fig. 6a) to a conduct ive 
s ta te  (Fig. 6b) once the  m a x i m u m  field exceeded the 
b reakdown  field s trength.  However ,  this type  of ab rup t  
t ransi t ion was not  observed in dual  TCE oxides  (Fig. 
6c and 6d) unt i l  the cur ren t  increased to a level  of a 
few hundred  microamperes .  This b r eakdown  charac-  
ter is t ic  suggests  tha t  the  b r eakdown  is nondes t ruc t ive  
before m a x i m u m  equi l ib r ium cur ren t  is exceeded.  
This implies  tha t  its b r eakdown  vol tage is improved  
somewhat  over  that  of a two-s tep  d ry  ox ide  sample.  

The b reakdown  cur ren t  (i.e., the  m a x i m u m  equi l ib-  
r ium cur ren t  jus t  p r io r  to b r eakdown)  of var ious  ox-  
ides is summar ized  in Table  II. The two-s tep  d r y  ox i -  
dat ion sample  yields a b reakdown  cur ren t  only  of the 
order  of 10 #A. The b r eakdown  cur ren t  in oxide films 
grown b y  two different  dual  TCE oxida t ion  processes 
is l a rge r  by  one to two orders  of magni tude ,  at  about  
150-215 +~A and 500-800 #A, respect ively .  These re -  
sults suggest  that  oxide  films, ob ta ined  b y  the dual  
TCE technique,  have good oxide in tegr i ty  and superb  
dielectr ic  b r eakdown  propert ies ,  a t t r ibu tes  that  a re  
idea l ly  su i ted  as the key  e lement  in MOS circuits  in  
ve ry  large  scale appl icat ion.  
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Fig. 5. The effect of TCE treatment time and TCE flow rate on 
sodium passivation at 1050~ toxtd = 5 m~n dry oxidation + 
TCE 4- treatment time. N2:O2:TCFJN.2 ---- 1350950:50 (e)  and 
1425:75:40 (X). 

Fig. 6. Typical breakdown characteristics of the different oxides 
for < ! 0 0 >  n-Si. Positive voltages were applied to 0.6 X 0.6 mm~ 
A! dot electrodes, a) and b) are for two-step dry oxide (260A) 
just prior to breakdown (5V per horizontal division) and after 
breakdown (10 #A per vertical division), respectively, c) is for 
dual ICE oxide A, where oxide thickness is 240A. with 100 ~A 
per vertical division and 5V per horizontal, d) is for dual TCE 
oxide B, where oxide thickness is 310A with 50 ~A per vertical 
division and 5V per horizontal. 
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Table Ih Comparison of the breakdown properties, fixed charge density, and passivation capability against mobile ions for 
various oxides 

Oxidations Oxide thickness Breakdown field Breakdown current Fixed charge density, Mobile Na+ density 
cycles (A) (MV/cm) (/LA) Qs, (cm -s) (crn -~) 

D u a l  T C E  A 240 10.42 150-215 5.38 - -  6.49 x 10 ~o 3.8 x 10 zo ~ 1.9 • l 0  n 
Dual TCE B 310 10.32 500-800 5.71 ~ 6.20 x 10 ~o 2 • 10 ~ ~ 4.5 x IiP~ 
T w o - s t e p  260  7.69 < 10 3 . 8 6 - ,  4.31 x 10 m 1 x 1 0 n , - ,  1.03 x 1 ~  

d r y  o x i d e  

To give an overa l l  comparison of samples  p r epa red  
f rom various oxida t ion  processes, Table  I I  summarizes  
the b r eakdown  proper t ies ,  charge density,  and  passi-  
r a t ion  capabi l i ty  against  the mobile  ions. F rom this 
table, it  can be  in fe r red  that  the dual  TCE B oxi-  
dat ion cycle gives an overa l l  super ior  oxide  film in 
most respects.  The improvemen t  in qual i t ies  over  that  
of the s t anda rd  or two-s tep  d ry  oxidat ion is r e m a r k -  
able. More inves t igat ion could be done to faci l i ta te  a 
prac t ica l  implementa t ion .  

Discussion and Conclusion 
In  the search for a v iable  method to rou t ine ly  grow 

ve ry  thin gate  oxides wi th  re l iab le  quali t ies,  we have  
examined  in some deta i l  a novel  technique cal led dual  
TCE process. I t  is s imi la r  to a two-s tep  d ry  oxidat ion  
method,  except  tha t  the oxida t ion  a tmosphere  contains 
also a smal l  amount  of  t r ichloroethylene,  and so p ro-  
vides the added  benefits of a high dielectr ic  b r eakdown  
s t rength  and pass ivat ion agains t  mobi le  sodium ions. 
I t  is also analogous to a two-s tep  HC1 technique,  ex -  
cept that  TCE is known to be easier  and  safer  to 
handle  than  HC1. 

There  are  a few character is t ic  proper t ies  concerning 
the dua l  TCE process.  A reversa l  of r e l a t ive  oxida t ion  
rates  of <111> and <100>  or ien ted  silicon subst ra tes  
is observed at low oxygen  pa r t i a l  pressures  and at  
compara t ive ly  fast  TCE flow rates.  The observed r e -  
versa l  is s imi lar  to that  repor ted  for d ry  oxida t ion  at 
low pressure  (2, 3), except  i t  is compl ica ted  by  the 
presence of TCE. The oxida t ion  kinet ics  of the  p res -  
su re -dependen t  reversal ,  wi th  respect  to the  o r i en ta -  
t ion of the substrate ,  cannot  be sa t is fac tor i ly  exp la ined  
in te rms of the Dea l -Grove  or  Cabre ra -Mot t  mechan-  
isms, even for an a tmosphere  of only  oxygen  and in-  
e r t  gas. Wi th  the  added  complicat ion of the  act ive role 
p l ayed  by  t r i ch loroe thy lene  in  oxidat ion,  the kinet ics  
is even more  complex than  the previous  case. In  add i -  
t ion to p ressu re -dependence  on oxygen,  the observed  
reversa l  in the re la t ive  oxida t ion  rates  is a s t rong 
funct ion of TCE flow rate.  The mechanism demands  a 
more  de ta i led  invest igat ion,  and a model  is being 
developed.  

The influence of t r i ch loroe thy lene  on f la tband vo l t -  
ages of MOS capaci tors  has been repor ted  b y  Heald  
etal .  (10). S imi la r  observat ions  are  also made  in the 
presen t  invest igat ion,  wi th  the except ion of one majo r  
difference in the expe r imen ta l  resul ts  and at  least  two 
impor tan t  differences in the expe r imen ta l  Conditions. 
In the ear l ie r  work  (10), min ima  were  observed in 
f la tband (VFB) and shift  in the f la tband vol tage 
(AVFB) as a funct ion of TCE flow rate,  and  both min i -  
ma  occur at  about  50 ml /min .  Our  resul t  for AVF~ 
agrees  wi th  that  of  Heald  etal. (10), but  our  min imum 
in VFB is at  a much  lower  TCE flow rate.  This differ-  
ence may  be due to the fact the  oxygen pa r t i a l  pressure  
is ve ry  low in the p resen t  case, of the o rder  of 0.1 a t m  

compared  to about  1 a tm in the other  case, and also to 
the  fact  our oxide is v e r y  thin, on the  o rde r  of 200A 
as compared  to about  1600A of ea r l i e r  work.  As a 
consequence it is impossible  to s imul taneous ly  min i -  
mize VFB and AVFB as a function of t h e  TCE flow 
rate.  This res t r ic t ion  means  tha t  we can only locate a 
r ange  of flow rate,  e.g., be tween  30 and 40 m l / m i n  
where  both the fixed oxide charge dens i ty  and the 
mobi le  ion dens i ty  a re  re la t ive ly  low, bu t  not  at  a 
m in imum value.  

While  the dual  TCE oxide possesses a good pass iva-  
tion abil i ty,  the  acquir ing of the capabi l i ty  agains t  
mobi le  ions is r a the r  gradual ,  not  exhib i t ing  the 
threshold  behavior  as in the s t andard  HC1 oxide (12). 
This resul t  implies  that  there  is a lower  l imi t  on the 
oxide thickness,  since a m in imum TCE t r ea tmen t  t ime 
is requi red  to obta in  the pass ivat ion capabi l i ty .  The 
mechanism of the chlor ine atoms'  neut ra l iz ing  the 
sodium ions has not  been  inves t iga ted  in detail .  I t  is 
not  known whe the r  the pass ivat ion mechanism is the 
same in both thin and thick oxide layers .  In par t icu la r ,  
the dependence  on the TCE flow rate  requires  a ve ry  
de ta i led  and sys temat ic  inves t igat ion if the mechanism 
is to be wel l  understood.  

In  this paper ,  we have presented  genera l  p roper t ies  
of a novel  oxidat ion process to grow u l t r a th in  but  r e -  
l iab le  oxide  layer .  We find tha t  the  overa l l  qual i t ies  
are acceptable  for  semiconductor  appl icat ion,  when 
compared  to the exis t ing two-s tep  d r y  oxidat ion  and 
dual  HC1 process. Wi th  its added advantages  over  HC1 
oxidat ion,  the  dual  TCE oxidat ion technique presents  
i tself  as a ve ry  promis ing  candidate  to become a v iab le  
manufac tu r ing  process to p repa re  the necessary thin 
oxide layers  in semiconductor  work.  In summary ,  we 
find that  the present  oxida t ion  process provides  an 
accura te  control  of the oxide thickness,  good oxide 
in tegr i ty  in te rms of high b r eakdown  field, low dens i ty  
of in terface  charges,  and pass iva t ion  ab i l i ty  agains t  
mobile  ions. 

However ,  we st i l l  have occasional ly  observed hy -  
steresis,  especia l ly  if the  op t imum TCE flow ra te  is not  
used, in a manner  s imi la r  to that  repor ted  in the 
ear l ie r  TCE work  (10). This can be e l imina ted  by  ap-  
p ly ing  bias s tress  cycl ing a couple of times. This as-  
pect  of proper t ies  wi l l  fu r the r  be invest igated,  to-  
gether  wi th  our  ongoing work  on s tudies  in surface 
mobi l i ty  of ve ry  thin oxide  MOSFET's ,  analysis  of the 
oxidat ion kinetics,  and exper imenta t ion  with  novel  IC 
s t ruc tures  employ ing  thin  oxide layers  f rom dual  TCE 
process. 
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Surface Charges in a ZnO-B20 -SiO  Glass/Silicon System 
Y. Misawa, H. Hachino, S. Hara, and M. Hanazono 

Hitachi, Limited, Hitachi Research Laboratory, Hitachi, Ibaraki, Japan 

ABSTRACT 

ZnO-BzO3-SiO2 glasses of different composi t ions were prepared and the surface charges in glass/silicon systems in 
which these glasses were used, were studied by measur ing the capacitance-voltage curves of~metal-glass-silicon capacitors. 
The effects of glass film thickness,  glass composit ion,  and conductivity (n-and p-types) of silicon substrates on surface 
charges in glass/silicon systems were investigated. The surface charge density of n-type silicon changed in the negative 
direction with increasing glass film thickness and became constant with a thickness of more than 20 ~m. The more negative 
the glass charge, the lower was its surface-state density. The surface-charge densi ty of glass coated n-type and p-type silicon 
substrates were found to be linearly related. The surface charge density of mixed glasses with different surface charge den- 
sity was also investigated. 

G l a s s e s  which have  as pr inc ipa l  components  ZnO- 
B~Os-SiO2 are  wide ly  used as surface pass ivants  for 
s u c h  sil icon power  devices as thyr is tors ,  t ransistors,  
and diodes. Since these glasses a re  e lec t r ica l ly  s table  
at  h igh t empera tu re s  and in high electr ic  fields (1, 2), 
*~hey can read i ly  be  appl ied  as a th ick  film, and they  
are  res is tan t  to humid i ty  and have low ionic mobil i ty .  
However ,  in Order to a l low be t te r  designing of glass 
pass iva ted  sil icon devices, it  is necessary  to under s t and  
the surface  charge configurat ion in a glass /s i l icon sys-  
tem. The effects of addi t ives  to ZnO-B2Os-SiO2 t e r t i a r y  
glasses on the surface charge  dens i ty  and C-V (capaci-  
t ance -vo l t age )  shif t  wi th  B-T (b i a s - t empera tu re )  
t r e a tmen t  have  a l r eady  been  repor ted  (3). We have  
descr ibed  the surface charge configurat ion of ZnO- 
B~O~-SiO2 glasses to which  PbO, Sb208, and SnO were  
added  (4) when fired under  var ious  conditions.  

However ,  no one has ye t  r epor ted  on the surface  
charge  configurat ion of the t e r t i a ry  ZnO-B203-SiO2 
glass /s i l icon system. Therefore ,  we p repa red  samples  
of ZnO-B~O3-SiO2 glasses of  different  composit ions 
and inves t iga ted  the surface  charge configurations in 
the resu l tan t  g lass /s i l icon systems.  We also inves t i -  
gated the surface charge configurations in a mixed  
glass /s i l icon system. 

Experimental 
Glass preparation.--The zinc oxide, boron oxide, 

and si l icon oxide components  were  each weighed con- 
s ider ing  the weight  loss tha t  occurs dur ing  the fusion 
process. The weight  loss of each ma te r i a l  was com- 
puted  f rom the  weight  change dur ing  the fusion 
process. These mate r ia l s  were  then mixed  in a r evo lv -  
ing mixer .  The mixed  powder  was fused at  1300~ in 
air. The fused glass was then  poured  into cold water .  
The glass f l i t s  tha t  were  p roduced  were  ground in a 
b a l l  mil l  to give mean  par t ic le  sizes of about  4 ~m. 
Table  I shows the composit ion of the glasses produced.  

Measurements.--The sur face-charge  dens i ty  (NFB) 
in a g lass /s i l icon sys tem was measured  b y  forming 
meta l -g lass - s i l i con  (MGS) capacitors.  The MGS ca-  
paci tors  were  p r e p a r e d  according to the f o l l o w i n g  
procedure .  An  e lec t rophore t ic  method  was used to de -  
posi t  the glass powder  on a sil icon subs t ra te  (Table  
I I ) .  Before glass deposit ion,  about  2 #m of the  si l icon 
wafer  sur face  was e tched off. The deposi ted glass 
powder  was fired in oxygen  at  700~ Metal  e lectrodes 
(d iamete r  2 ram) were  formed on the glass film by  
evapora t ing  aIuminum.  Devia t ion  of glass film th ick-  
ness u n d e r  the e lec t rode  of each sample  was less than 

Key words: charge, films, glass. 

3 #m. Samples  wi th  la rge  bubbles  and pin holes i n  
glass films were  not used for the C-V measurements .  
The capaci tance of the MGS capaci tors  was measured  
wi th  an M1S capaci tance mete r  (Model  MI  312F, 
Sanwa  Radio Measurement  Works)  at  a f requency  of 
I MHz. Vol tage  was appl ied  to the  sample  using a d c  
vol tage  source connected to the capaci tance meter .  
Vol tage r amping  was done manual ly .  The vol tage  shift, 
wi th  hysteresis ,  of the C-V curve was about  severa l  
volts. This vol tage corresponded to a surface  charge 
dens i ty  of 1010 cm -2, which was ve ry  small ,  and hence 
neglected.  

Results and Discussion 
Relation between surface-charge density and glass 

film thickness.--MGS capaci tors  using glass no. A in 
films of var ious  thicknesses were  p repa red  by  control-  
l ing the deposi t ion time. The re la t ionship  be tween  sur -  
face charge dens i ty  and glass film thickness  is shown 
in Fig. 1. The sign of  the  su r face-charge  dens i ty  is 
defined as follows. The posi t ive  sign is the  di rect ion of 
accumulat ion  on n - t y p e  si l icon surfaces,  whi le  the  
negat ive  sign is the  di rect ion of invers ion on the same 
surfaces.  When a glass film is thin, the surface  charge 
is posit ive.  However ,  the surface charge shifts r ap id ly  
in the negat ive  direct ion wi th  increas ing film thickness 
and becomes negat ive  wi th  a glass film thickness of 9 
gin. The surface charge  dens i ty  is constant  wi th  a glass 
film thickness  of more  than 20 ~m. 

This t endency  is the  same as tha t  of A1203-Si sys tem 
(5). Therefore,  assuming that  the sur face-charge  d i s -  

Table I. Glass composltions (w/o) 

Glass no. ZnO B~O8 SiOI 

A 65.4 24.5 10.1 
B 68.0 21.0 11.1 
C 62.5 27.5 10.0 
D 68.4 20.0 11.6 

Table II. Properties of silicon substrates 

Conductivity type n p 

Dopan~ Phosphorus Boron 
Resistivity, ~ - em 9-15 8-12 
Crystal orientation 111 111 
Method of production CZ* CZ* 
Surface finish Mirror polish Mirror polish 

* CZ: Czochralski. 
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Fig. I .  Relationship between surface-charge density and glass 
film thickness. 

t r ibut ion  is the  same for the same glass film thickness,  
the  re la t ion  be tween  su r face -cha rge  densi ty  (NFB) 
and glass film thickness  can be approx ima ted  for  the 
A12Os-Si sys tem (5) by  

NFB ( X )  = - - ( A -  B -a=) [1] 

where  NFB (X) is the sur face-charge  dens i ty  of a 
MGS capaci tor  wi th  a glass film thickness  of x, and 
A, B, and ,~ a re  constant  values.  When  A, B, and 
a a re  ca lcula ted  f rom the expe r imen ta l  values  in Fig. 
1, A : 2 X 10 '11, B : 1.9 X 10 TM, and ~ : 2.39 X 10 "g. 
The expe r imen ta l  re la t ionship  be tween  surface charge  
dens i ty  and glass film thickness can be expressed as 
fol lows 

NFB (X) "- --  (2 X I0 II - -  1.9 X I0 TM e -s'~gx1~ 

[2] 

Equat ion [2] is shown as a sol id l ine in Fig. 1. In  Fig.  1 
the calcula ted solid line agrees  wel l  wi th  the exper i -  
menta l  values.  F rom this curve, i t  can be deduced that  
many  posi t ive charges exist  at the glass-si l icon in t e r -  
face and in the glass film near  tha t  interface.  Negat ive  
charges  exis t  deeper  in the  glass film. I t  is be l ieved 
tha t  the  posi t ive charges are  ma in ly  donor type  sur -  
face states,  

BfJect o] gIass composition on surSace charge den- 
sity.~Four glasses wi th  different  composit ions were  
p repa red  and  the su r face-charge  dens i ty  and sur face-  
s ta te  dens i ty  of the g l a s s / n - t y p e  si l icon systems in 
which these glasses were  used, were  measured.  Table  
I I I  ~hows the su r face-charge  densit ies  obta ined  by  the 
measurements .  The values  represen t  the means  for  s ix 
samples.  Sur face -charge  densi ty  depends s t rong ly  on 
g l a s s  composition. The sur face-charge  dens i ty  shifts 
in the  negat ive  direct ion with  increas ing B~O3 and de-  
creasing ZnO and SiC2 content.  F igu re  2 shows the  
re la t ionship  be tween  sur face-s ta te  densi ty  and energy  
level  for  glasses wi th  different  sur face-charge  den-  
sities. As can be seen f rom Fig. 2 and Table  III,  the 
more  negat ive  the sur face-charge  dens i ty  of a glass, 
the  lower  is its su r face - s ta te  density.  The energy  level  
of the  m a x i m u m  sur face-s ta te  dens i ty  does not depend  
on glass composit ion.  I f  surface  s ta tes  a re  donor  type,  
those which  exis t  above  the F e r m i  leve l  (above 0.3 

Table III .  Measured surface-charge density for glasses fired 
on n-type silicon substrates 

Surface-charge dens i ty  
Glass no.  (unit/cm~) 

A - - 2 x l O  ~ 
B 0 
C - 3 x lO,U 
D + S x l O  ~ 
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Fig. 2. Surface-state density of glasses with different surface- 
charge density fired on n,type silicon vs. energy level. 

eV) act as posit ive charges and those which exist  be -  
low the Fe rmi  leve l  (below 0.3 eV) act as neu t ra l  
charges.  Therefore ,  the more  nega t ive  the sur face-  
charge  dens i ty  of a glass, the lower  its posit ive charges 
due to surface states.  On the o ther  hand, if surface  
s tates  a re  acceptor  type, those which  exist  above the 
Fe rmi  leve l  act as neu t r a l  charges  and those which  
exis t  below, act as nega t ive  charges.  Therefore,  as sur -  
face-charge  dens i ty  of  a glass becomes more  negat ive,  
there  are  more  negat ive  charges due to surface states.  
As ment ioned above, whe ther  donor or acceptor  types,  
the more  nega t ive  the  sur face-charge  dens i ty  of a 
glass, the more  negat ive  charges there  are  due to sur -  
face states. That  is, glass composit ion main ly  affects 
the  sur face-s ta te  densi ty  of a glass /s i l icon system. 

E~ect  of the conductivity type of silicon substrates 
on surface charge density.--We have a l r eady  repor ted  
briefly on the effect of the conduct iv i ty  type  of silicon 
subst ra tes  on surface charge dens i ty  (3). In  this paper ,  
the re la t ion be tween  the su r face -cha rge  dens i ty  of 
glass fired on n - t y p e  or p - t y p e  silicon is descr ibed as 
shown in Fig. 3. The l inear  re la t ionship  indicates  tha t  
there  is no difference in the  sur face-charge  dens i ty  

+ 6  

~ u + 4  
~=o C 

~ ' - "  +2 c" 

m 0 

- 4  -2 0 +2 +4 +6 +8 4-10 

Surface Charge Density fo r  
p t ype  Silicon (1011 c m  z)  

Fig. 3. The relationship between surface-charge density of 
glasses fired on n-type silicon and p-type silicon. 
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for glass fired on n-type or on p-type silicon; it is the 
same regardless of the glass composition. The relation- 
ship between the two surface-charge densities can be 
expressed by the following empirical equation 

2 
NFB (n) = yNFB (p) -- 2 X I0 Iz [3] 

where NFB (n) is the surfa.ce-charge density of the 
glass fired on n-type silicon and NFB (p) is the surface- 
charge density of the glass fired on p-type silicon. 
Surface-charge density due to fixed charges and mo- 
bile charges does not depend on the energy level of 
silicon, that is, the Fermi level. Therefore, it is be- 
lieved that the difference in the surface-charge density 
observed for glass fired on n-type and p-type silicon 
originates in the surface states that exist between the 
Fermi levels of n-type and p-type silicon. 

Surface-charge density of mixed glass with different 
surface-charge density.--Glasses A and B with mea- 
sured surface-charge density of --1.8 • 1011 cm -2 and 
+0.4 • 1021 cm -~, respectively, and with the same 
particle size distribution were mixed together in dif- 
ferent ratios. Figure 4 shows the relationship between 

surface-charge density and mixing ratio. The surface- 
charge density of the mixed A-B glass, which changed 
in proportion to the mixing ratio, is between the den- 
sity of the individual glasses. The diameter of the glass 
powders (4 ~m) is small compared with that of the 
electrode (2 mm) on an MGS capacitor. Therefore, it 
is assumed that the composite surface-charge density 
is the average of the surface-charge density of glass 
n o .  A and glass no. B. 

Conclusions 
Surface charges in a ZnO-B~O~-SiO2 glass/silicon 

system were studied by changing the glass film thick- 
ness and glass composition. The surface-charge density 
of the glass/silicon system was observed to shift in a 
negative direction with increasing glass film thickness, 
becoming constant at a thickness of more than 29 #m. 

The ~urface-charge density shifted in a negative 
direction with increasing B208 and decreasing ZnO 
and SiO2 content. Glasses with a more negative surface 
charge density had a lower surface-state density. A 
linear quantitative relation existed between the sur- 
face-charge density of glass fired on n-type silicon and 
that fired on p-type silicon. The surface-charge density 
of mixed glasses with different surface-charge density 
changed in proportion to the mixing ratios. 
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Purification of Optical Waveguide Glass Forming Reagents: 
Phosphorus Oxychloride 

J. W. Mitchell and J. E. Kessler 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Low temperature sublimation is shown to significantly reduce the metal and --P--OH containing impurity levels of 
pracUcal-grade phosphorus oxychloride. Regular distillation and sub-boiling distillation are also effective for removing 
--P--OH impurities and provide products with I14-I19 ppm of residual --P--OH. The purification efficiencies of these 
physical methods are compared with that resulting from chemical treatment to convert --P-OH impurities into other spe- 
cies. A method based on chemical reaction followed by low temperature sublimation is described for removal of--POH 
from practical-grade material and reduction of trace materials to low ng/ml levels. 

Volatile glass forming reagents of high purity with 
respect to trace transition elements, --H, and --OH 
molecular impurities are now widely used for pro- 

Key words: trace metal impurities, IR spectra of POCh, sub- 
limation, sub-boiling distillation. 

duction of optical waveguide glass compositions v i a  
vapor-phase oxidation at elevated temperatures. Needs 
for analytical and purification methods for vapor-phase 
glass forming chemicals have motivated several pre- 
vious investigations (1, 2, 3). The advantages a n d  
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efficiency of low temperature sublimation for the 
purification of reagents, which are liquid at ambient 
conditions, have already been reviewed (2). The po- 
tential broad applicability of the method for remov- 
ing soluble and particulate metal containing species 
from a variety of fluids was demonstrated by the 
easily executed sublimation of a variety of reagents 
and solvents. In particular, several reagent liquids 
now used as semiconductor dopants or CVD reagents 
are easily sublimed at low temperature. This paper 
reports results of investigations of the application of 
this method to the purification of phosphorus oxy- 
chloride (POC13), a phosphorus dopant for optical 
waveguide fabrication. 

Experimental 
Apparatus and procedures.--The apparatus used for 

batch scale production of 0.5 liter quantities of puri- 
fied POCla is shown in Fig. 1. The apparatus, con: 
structed of fused silica and Teflon, was operated inside 
of a PVC exhaust hood. To minimize container con- 
tamination, all parts of the apparatus were leached 
for several days in IN HNO3, followed by rinsing in 
distilled water. After a final 12h leaching in IN HC1 
at 80~ and soaking in distilled water for several 
hours, the apparatus was rinsed with distilled, demin- 
eralized water and dried in a laminar flow hood. Air 
admitted to the assembled and evacuated vessel was 
prefiltered through 0.4~ Teflon filters. 

Sublimation was accomplished by freezing the sample 
to be purified as a thin shell on the walls of the round- 
bottom flask by rotating the container and contents 
continuously in a cryogenic bath. After this flask was 
attached to the apparatus, the entire system was 
evacuated to a few mm of Hg pressure. The reagent 
was sublimed from the round-bottom flask, and the 
sublimate was collected in the chamber, which was 
placed in a Dewar filled with a dry-ice-methanol 
mixture. /k source for latent heat of sublimation was 
provided by room air in contact with the sublimer 
flask during sublimation. Additional heat was some- 

times provided by a heat lamp. Mass flow of vapors 
from the sublimer to the collector was induced by 
continuous evacuation of the apparatus. 

Following sublimation, the purified sample was 
recovered from the collection vessel by dismantling 
the apparattm, crushing the solid with Teflon rods, 
and then transferring the solid to precleaned and well- 
dried containers. However, it proved most convenient 
to allow the sublimate to melt in the assembled ap- 
paratus and then to transport the liquid via suction 
through Teflon tubing connecting the collection vessel 
to an evacuated container from which transfer to the 
final storage vessel was made. Samples were then 
stored as the frozen solid in Teflon bottles. 

A standard Pyrex apparatus was used for refluxing 
or distillation of POCI~. A modification of a previously 
described apparatus (4) was used for sub-boiling dis- 
tillations under a positive pressure of nitrogen which 
was dried by passage through a Drierite column. 

Reagents and analysis.--Reagent grade POCI~ (Alfa 
Ventron) was prefiltered for some studies by vacuum 
suction through a 0.2/~ FG-fiuoropore (Millipore) filter 
unit. 

Aliquots of the original and purified samples were 
analyzed for trace metals by atomic absorption spec- 
troscopy (AAS) following complete hydrolysis and 
direct injection of the resulting solution into carbon 
rod analyzers. Details of the analytical procedure have 
been reported elsewhere (5). Monitoring of the 
- -P - -OH impurity levels was done by infrared spec- 
troscopy. The procedure described by Pasteur pro- 
vided semiquantitative results on the overall - - P - - O H  
levels of starting reagents and purified products (6). 
All IR spectra were measured in either 3 or 4 mm 
pathlength cells. 

Results and Discussion 
Trace metal impurities.--Reagent grade POC13 is 

badly contaminated with trace metals. This is indicated 
by AAS determinations of a chemical showing 440, 
1450, <5, 135, 5, 11, and 23 ng/g of Fe, Ni, Cu, Cr, Co, 
Mn, andZn, respectively. Analysis of five lots of POCls 
for Fe showed 689, 2220, 310, 210, and 253 ng/ml. The 
levels of Ni, Fe, and Mn are reduced drastically by 
s i m p l y  filtering the reagent, as shown by the results 
in  Table I. These data add to a growing body of evi- 
dence documenting that metallic impurities present 
in  particulate matter are a primary factor limiting the 
ultimate state of purity attainable for powdered and 
liquid reagents, Water, soluble solid reagents Na2COs, 
NaC1, NaAc, and KI particulates, separated by filtra- 
tion and analyzed by x-ray milliprobe fluorescence, 
showed significant amounts of elemental impurities 
(7). Unfiltered silicon tetrachloride has been found 
by analyses to be heavily contaminated with metal 
impurities (8). However, careful filtration transforms 
th i s  c h e m i c a l  into  an ultrapure reagent. All elements 
Of interest except Fe are below the 1 ng/ml level. 

R e s u l t s  in Table I also show s ign i f i cant  f u r t h e r  i m -  
p r o v e m e n t  in  the purity of unfiltered r e a g e n t - g r a d e  

Table !. Analysis of poa8 

Starting After Low temp. 
Element material filtering sublimation 

Ni 1245 • 70 45 ND* 
99 ND 

Fe 433 -'," 6 151 23 "4" 8 
Cu 11 64 18 
Cr 28 18 ND (<  1) 
Zn 12 14 ND 
Mn 14 0 2 
Co ND (<  1) ND ND 

Fig. 1. Subl|mat;on agparatus 
Range of impurities determined by AAS, ng/g. 
�9 ND is not detected, (NI), (Cr), (Co), and (Zn) < 1; (Mn) 

< 05 ug\/g. 
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POC13 by processing through a single sublimation. The 
impurity level of the singly sublimed sample (23 ng/g 
Fe, <1 ng/g Ni) compares well with that of expensive 
commercially available purified materials, Product 1 
(15 ng/g Fe and 19 ng/g Ni) and Product 2 (37 ng/g 
Fe, <1 ng/g Ni). Further reduction in the iron level 
of additional POC18 samples has occurred, with 15 
ng/g being the lowest level achieved for reagent-grade 
POC13 after a single sublimation. This level of purity 
via low temperature sublimation is not the ultimate 
with respect to iron. Such is indicated by significantly 
better results for aqueous hydrazine where a reagent 
with an initial iron level of 41 ng/ml was reduced to 
the 2 ng/ml level (9). Using the sublimation method, 
1 kg quantities of POCl3 have been purified and sup- 
plied to various investigators. 

--POH impurities.--Phosphorus oxychloride contains 
significant levels of - -POH impurities, as indicated by 
the IR spectrum in Fig. 2a. Gas chromatographic-mass 
spectrometric analytical studies to identify specifically 
the various P--OH impurities are underway. These 
impurities may include (HO)z---PO(C1)8-x, where 
x --~ 3, HPOs, H3PO2, H~PO~, and H~PO4. Because of 
the higher volatility of POCI~ in comparison to these 
various possible - -POH containing impurities, badly 
contaminated POCI3 (> 1% --OH impurities) is puri- 
fied significantly during a single sublimation (Fig. 2b). 
The sublimed material contained ~260 ppm o f - - P O H  
impurities. Determining whether these residual im- 
purities were originally present in the starting mate- 
~ials and were sublimed simultaneously with POC13 or 
whether they resulted from moisture contamination 
during the sublimation process is important for further 
improvement of the purification efficiency with respect 
to ---OH. 

Hydroxyl containing impurities in phosphorus oxy- 
chloride can also be removed during simple distilla- 

2.5 
100 

8o 

60 

40 

20 

z 
0 

u) 0 (/) 

of) 

MICROMETERS 
3 4 5 6 
I I I I 

(o)  

I00~ ] I I l 

I (bl 
80p 

60 - 2890T; -OH 

4 0  

2O 

SYM. STR. 
0 I J L t 

4000 5000 2500  2000 1800 1600 

WAVENUMBER (cm -I) 

Fig. 2. IR spectra of POCI~. a, top: practical-grade POCIs. b, 
bottom: practical-grade POCI~ after sublimation. 

tion. Crude reagent-grade material (>  1% ~POH)  is 
converted during one distillation into a product con- 
taining 110 ppm of P ~ O H  (Fig. 3a). Further careful 
distillation oz reagent-grade material via repetitive 
sub-boiling distillations yielded a product of similar 
purity 120 ppm of P- -OH (Fig. 3b). In view of the 
quiescent nature and high separation efficiency of the 
sub-boiling distillation process, it is not likely that the 
residual P--OH impurity resulted from entrainment or 
covaporization of impurities originally present in the 
starting material. Contamination of the product by 
residual moisture within the nitrogen-purged distil- 
lation system is the more probable source of the 
residual P--OH. Although either sublimation or con- 
trolled distillation may be applied to produce a rea- 
sonably high purity product (15 ppb Fe and ~-- 250 
ppm - -P- -OH)  from crude, commerially available, 
reagent-grade POC13, maintenance of the - -P - -OH 
purity level over long periods, of storage will require 
the most stringent precautions against ,contamination 
by moisture. 

In a previous report, chemical reactions between 
- -P - -OH and PC15 were proposed for the "=drying" of 
phosphorus oxychloride (10). It was also projected 
that refluxing slightly hydrolyzed POCls to create 
chlorophosphorus anhydrides would be useful for re- 
moval of - -P--OH. The P--OH content of practical- 
grade POCI~ (> 1% - -P- -OH)  is unchanged by vigor- 
ous refluxing with 1% PC13 for 2h in a dry nitrogen- 
purged reflux condensor. Thus reflux reactions of 
- -P - -OH such as 

- -P - -OH + POC13 ~ C12POPOCI~ + HC1 [1] 

P--OH + PC13 ~=~ CI~POPC12 + HC1 [2] 

appear to be negligible (Fig. 4a). However, under con- 
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Fig. 3. IR spectra of distilled POCI~. a, top: normally distilled 
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I)CIs added and refluxed for 2h. B, bottom: 2% PCI3 added, re- 
fluxed for 2 h, saturated with CI~ and UV treated, H~ purged for 
ih. 

ditions prescribed for the in situ generation of PCIs, 
significant chemical reaction of - -POH occurred, as 
indicated in Fig. 4b. A second 1% (v/v) fraction of 
PC13 was added to the 500 ml sample shown in Fig. 4a, 
and CI~ was added until the solution acquired a dis- 
tinct yellow coloration. After a 5 min irradiation in a 
R ayonet Photochemical Reaction, the solution was 

Fig. S. IR spectra of chemi- 
cally reacted and sublimed 
POCla. a, top: 1% PCI~ added, 
CI~ saturated, UV irradiated, 
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purged with d ry  nitrogen for lh. Reduction in P--OH 
is clearly evident, while broadening of the 2600 cm -1 
band could reflect the formation of anhydrides of 
phosphorus acids. The broad-banded region 3600 
to 2900 cm -z indicate the presence of residual amounts 
of several .different types of - -P--OH.  Thus, infrared 
estimates of the residual - -P - -OH content could not 
be attempted. 

Barns (10) found the procedure described above for 
treatment of the sample in Fig. 4b to remove most of 
the - -P - -OH from commercially available Ultrex 
POCla. This product had been preliminarily purified by 
the supplier to remove trace metals using a fractional 
freezing process. However, it was grossly contaminated 
with - -P--OH. The satisfactory chemical conversion 
o f - - P - - O H  in the prepurified material indicates that 
the practical-grade product contained structurally dif- 
ferent - - P - - O H  containing impurities which are re- 
sistant to chemical conversion. Such compounds would 
have been removed from Ultrex reagents during puri- 
fication by fractional freezing. The predominant P--OH 
species in this material would then be the expected 
product resulting from the reaction of POC13 with 
atmospheric moisture according to 

POCls + H~O ~ HO--POCI~ + HCI [3] 

This product in turn seems to react readily with PC15 

HO--POCI2 + PC15 ~ C]4P--O--POCI2 + HCI [4] 

while more complex species, for example (OHz-- 
POCh-x (x -- 2 or S), appear to be more chemically 
resistant. 

Practical grade POCI~ (Fig. 2a) has been decontami- 
nated completely with respect to - -P - -OH impurities 
by chemically converting sublimable - -P - -OH moieties 
(reaction 3) into less volatile products via reaction 
4. Following treatment of the initial sample (Fig. 2a) 
with 1% PCI~, addition of C12, UV irradiation (3000A) 
for 15 min, and purging with nitrogen, the spectrum in 
Fig. 5a was obtained. Low temperature sublimation of 
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this p roduc t  p rov ided  the sample  wi th  the  spec t rum 
shown in Fig. 5b. This essent ia l ly  comple te  remova l  of 
- - P - - O H  combined wi th  a s imul taneous  significant re-  
duct ion  of trace" e lements  has conver ted  inexpensive,  
p rac t i ca l -g rade  reagents  into high pu r i t y  f iber -opt ic -  
grade  mater ia l .  The ba tchwise  subl imat ion  s tep could 
in pr incip le  be replaced  by  a cont inuous dis t i l la t ion 
wi th  negl ig ib le  loss in purif icat ion efficiency. Subs t i tu -  
t ion of the d is t i l la t ion  step would  be dependent  upon a 
knowledge  of the phys ica l  p roper t ies  of react ion p rod -  
ucts and  those of any  remain ing  impuri t ies .  Ident i f ica-  
t ion of such impur i t ies  are  impor tan t  areas  for on-  
going ana ly t ica l  invest igat ions.  
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ABSTRACT 

Several  types of aiternative carbothermic reduct ion processes for the product ion of silicon metal  were studied by using 
a model  which is applicable to nonequil ibr ium systems with countercurrently flowing phases. The processes studied in- 
clude a conventional silicon arc furnace, a silicon arc furnace working at elevated pressures, and a new process called the 
boot furnace (BF) process. The results indicate that  the high pressure alternative cannot compete  with the conventional 
furnace. The BF process should give markedly  higher silicon yields as well as a purer  product  but  complicated process 
equipment  is demanded.  Many of the alternatives s tudied might  constitute improvements  compared  with the conventional  
process, but  addit ional  exper imental  results are required for conclusive evidence. 

The convent ional  carbothermic  reduct ion  process of 
s i l ica to meta l l ic  si l icon in submerged  arc  furnaces  is 
ve ry  complex.  Severa l  gaseous, l iquid,  and  condensed 
species are involved in chemical  react ion because of 
the  high  t empera tu re s  wi th in  the  process area. At  the 
same t ime the chemical  env i ronment  makes  a de ta i led  
prac t ica l  inves t iga t ion  nea r ly  impossible.  Addi t iona l ly ,  
the infeas ib i l i ty  of control l ing the  in te rna l  heat  and 
mass  flows implies  tha t  the  cur ren t  process yields  are  
far  be low the theore t ica l ly  a t ta inable .  Prac t ica l  and 
theore t ica l  aspects  of s i l icon product ion  have been  
thorough ly  discussed in severa l  previous  publicat ions,  
(e.g., (1 -4 ) ) .  

Consistent  ma themat i ca l  models  for the  convent ional  
sil icon arc furnace  process a re  n o r m a l l y  bui l t  upon 
mass and energy  balances  and the computa t ion  of 
chemical  equ i l ib r ia  consider ing on ly  a l imi ted  number  
of react ion formulas.  However ,  if the a im is to s tudy 
conceptual ,  a l t e rna t ive  processes, the  need to specify 
a react ion scheme in advance  can be a m a j o r  obstacle.  
The lack  of  expe r imen ta l  da t a  m a y  also r ende r  the  
resul ts  f rom such a t he rmodynamic  analysis  doubtful .  
For tuna te ly ,  compute r  p rograms  employ ing  f r ee -en -  
e rgy  minimiza t ion  o r  any  o the r  equiva lent  sophis t i -  
cated a lgor i thm for the calculat ion of chemical  equi -  
l ib r i a  e l imina te  the  need  to spec i fy  such reac t ion  
schemes, and the reby  a l low the use of a genera l ized  
formalism. 

Key words: inorganic, plasmas, thermodynamics, reduction. 

S O L G A S M I X  (5) is a f r ee - ene rgy  min imizer  w h e r e  
the  equi l ib r ium mix tu re  m a y  contain a gas phase  and 
condensed phases of invar ian t  or  va r iab le  composit ion.  
Pa rame t r i zed  ac t iv i ty  coefficient expressions for species 
in nonideal  phases must  be specified by  the user.  A 
recen t ly  deve loped  ex tended  routine,  S O L G A S M I X -  
REACTOR (6), s imula tes  nonequi l ib r ium processes 
wi th  coun te rcur ren t ly  or  cocur ren t ly  flowing phases. 
A reac tor  is conceptua l ly  d iv ided  into a n u m b e r  of 
segments,  and the SOLGASMIX f r ee -ene rgy  min i -  
mizer  is ut i l ized for  comput ing  rates  and  t empera tu re s  
of  the  s t eady-s ta te  flows over  the segment  boundar ies  
for  each species, i.e., for a condit ion charac ter ized  by  
a to ta l  ba lance  in ma te r i a l  and en tha lpy  inputs  a n d  
outputs.  Heat  t ransfe r  and chemical  kinet ics  a re  con- 
s idered  ind i rec t ly  by  a l lowing a por t ion  of the  flowing 
ma te r i a l  to bypass  some stages of the  reac tor  bed wi th -  
out  any  reaction.  This approach  has been successful ly  
appl ied  to severa l  a l t e rna t ive  ca rbo thermic  reduct ion  
processes for  si l icon or s i l i con-a l loy  product ion  (2, 7).  

In  this p a p e r  a model  be t te r  than  those publ i shed  
ear l ie r  (2, 6) for  the  convent ional  silicon furnace 
(CSF)  process wil l  be described.  The new fea ture  is 
tha t  the  model  furnace  contains a hot  pa r t  which 
should  depict  the  arc  zone of an opera t ing  si l icon 
furnace.  Resul ts  f rom S O L G A S M I X - R E A C T O R  s imu-  
lat ions wil l  also be presented  for a new process, the  
boot furnace (BF)  process,  and  for  two modifications 
of the  CSF process,  one in which the  format ion  of 
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metal l ic  s i l icon in the upper  pa r t  of the furnace is 
considered,  and one work ing  at  e leva ted  pressures.  

The Silicon Arc Furnace Process 
General overv i ew .~The  chemical  processes tak ing  

p lace  inside a si l icon arc furnace,  where  s i l ica is 
ca rbo thermica l ly  reduced to sil icon metal ,  can be out -  
l ined by  two overa l l  reactions.  These react ions are  
based pa r t l y  upon resul ts  f rom a previous  s imula t ion  
(2), and p a r t l y  upon expe r imen ta l  observat ions  of the 
format ion  of meta l l ic  si l icon in the  upper  par t s  of the 
furnace (8). 

In  the  upper  par t s  of the furnace .an exothermic  re -  
action occurs as follows 

(y --  2U + 1) 
C(s )  + yS iO(g )  ~ uSi(1) + 

3 

(2y --  u - -  1) ( 2 u - -  y + 2) 
+ SiO~(1) + CO(g) [i] 

3 3 

SiC (s) 

The y value,  which  is dependent  on the amount  of 
avai lable  energy,  increases  wi th  decreas ing reac t ion  
tempera ture .  The u value is a measure  of the  amount  
of sil icon meta l  fo rmed b y  d i sproper t iona t ion  of 
SiO (g) .  This is due  to the  low surface  t empe ra tu r e  of 
the si l ica lumps,  which, unl ike  the carbon suppl ied,  
do not  take par t  in any  exothermic  chemical  reactions.  
Moreover,  the fur ther  reac t ion  of the condensates  Si(1) 
and  SiO~(s, l)  m a y  be hampered  b y  kinet ic  barr iers .  
A more  de ta i l ed  discussion is given below. The gaseous 
react ion products ,  p r edominan t ly  CO and  unreac ted  
SiO, escape from the furnace,  whereas  the  condensed 
phases descend and react  in the  lower  regions where  
the  main  pa r t  of the  energy  is supplied.  The overa l l  
react ion can be wr i t t en  

SiO2(1) + ( x - - v ) S i C ( s )  + vC(s )  

( 2 x - -  v --  1)Si(1)  + (2 --  x ) S i O ( g )  + xCO(g)  [2] 

The  x value,  which is de t e rmined  by  the re la t ion  be-  
tween  charge consumpt ion and energy  supply,  increases 
wi th  increas ing reac t ion  t empera tu re .  The var iab le  v 
represents  the amount  of unreac ted  carbon or ig inat ing  
f rom the electrodes or  f rom the charge. 

The economy of a si l icon furnace  is s t rong ly  de -  
penden t  on the ex ten t  of react ion [2]. An  increased 
value of x, which corresponds to a h igher  equ i l ib r ium 
t empera tu re  and a h igher  ene rgy  consumpt ion per  mol  
sil ica charged,  implies  ,an improved  y ie ld  of silicon 
meta l  and a lower  SiO content  and the rmal  po ten t ia l  
of the gases leav ing  the lower  regions of the furnace.  
This has the  effect tha t  the  amount  of SiO lost  as top 
gas is depressed.  Thermal  po ten t ia l  is used here  to de -  
note the  ene rgy  which can be emi t ted  by  the gas by  
cooling and by  chemical  react ion dur ing  its passage 
th rough  the charge.  The re la t ive  influence of x on the 
meta l  recovery  is much more pronounced than  the 
influence on the energy  consumption.  By assuming that  
the  pa r t i a l  pressure  of SiO is close to constant  in the  
hot te r  zone of the furnace,  an increased value of v 
resul ts  in reduced  amounts  of SiC reac ted  and Si p ro -  
duced. The factor  u m a y  also be of impor tance  if the 
si l icon me ta l  fo rmed  in the uppe r  pa r t  of the  furnace  
is inaccessible for react ion unt i l  it  reaches the  lower  
regions. 

The react ions  [1] and [2] can be combined to give a 
total  rea.ction fo rmula  for  the si l icon furnace  

(n --  z --1)  
SiO2(s) + nC(s )  ~ zSi(1) + S iC(s )  

2 

( 3 - -  n - -  z )  (n + z +  1) 
+ S iO(g )  + CO(g)  [3] 

2 2 

where  n denotes  the ca rbon- to - s i l i ca  ra t io  in the 
charge.  The  si l ica yie ld  (mol Si produced per  mol 
s i l ica  charged)  is denoted  b y  z and is equal  to 

z : -  [ 3 u ( n - - v )  + (2x --  v - - 1 )  (2ny --  nu  --  

n + 3 ) ] / ( 2 v y  -- v u - -  v + 3) [4] 

The fol lowing conclusions can be made  about  the  
var ious  var iables  in reac t ion  [3]. z should be as la rge  
as possible,  n should  be as la rge  as possible,  but  the 
SiC production,  a di r ig ible  factor,  mus t  be l imited.  
Higher  y values give improved  si l ica yields  and an 
a lmos t  unchanged  energy  consumption,  but  technical  
p roblems  with  the  condensat ion products  arise. Higher  
u values give improved  s i l ica  yields,  but  increased 
amounts  of the  condensat ion  products  give rise to 
mechanica l  problems,  x should be as large  as possible, 
but  is nea r ly  impossible  to control,  v should be as low 
as possible,  and has l imi ted  dlr igibi l i ty .  

Model description.--In the SO L G A SM IX -RE ACTOR 
(6) approach,  the  sys tem is d iv ided  into a smal l  n u m -  
ber  of segments  and the p r o g r a m  calculates rates  and 
t empera tu res  of the s t eady , s t a t e  flows over  the seg-  
ment  boundaries .  The solut ion technique employed  is 
one of repet i t ive  subst i tut ion,  and the i te ra t ion  process 
m a y  proceed in e i ther  d i rec t ion  th roughout  the reac-  
tor, f rom top to bot tom or  f rom bot tom to top. F lows 
opposi te  to the i te ra t ion  direct ion ca lcula ted  f rom a 
previous  i te ra t ion  (or in i t ia l  es t imate)  are  used as 
inputs  to the nex t  i terat ion,  whereas  flows in the other  
di rect ion are  ca lcula ted  as the  i te ra t ion  proceeds.  

By in t roducing  user-specif ied d is t r ibut ion  coefficients, 
an approx imate  means  is p rovided  for  inc luding chem-  
ical  kinet ic  effects and  hea t  t ransfer  in the program.  
These coefficients were  or ig ina l ly  designed to r ep ro -  
duce the  macro /mic ro  channel ing  effect in arc  furnaces,  
where  gases f rom the bo t tom m a y  escape r ap id ly  
through the furnace  top wi thout  the recondensat ion  of 
volat i les  or  t e m p e r a t u r e  equal iza t ion  which equi l ib-  
r ium would  predict .  In  effect, these coefficients give 
the  user  a means  of p revent ing  some of the gases or 
condensed phases incoming to a specific segment  f rom 
enter ing  into reactio n a n d / o r  heat  exchange.  Thus, 
some por t ion of the  raw mate r i a l  input  or  the  in te r -  
media te  react ion products  is a l lowed to bypass  one or 
severa l  segments .  Since the  values which these dis-  
t r ibut ion  coefficients assume are  difficult to predict ,  
they  must  be de t e rmined  by  empir ica l  comparison be -  
tween calculat ion and exper iment .  They  are influenced 
by  the n u m b e r  of segments  chosen for  the model  and 
the t empera tu re  d is t r ibu t ion  in the segments ,  but  a re  
useful  for  inclusion of kinet ic  effects wi thout  the  add i -  
t ional  complex i ty  of calculat ing ind iv idua l  react ion 
a n d / o r  heat  t ransfe r  rates.  

The the rmodynamic  da ta  for  the  chemical  sys tem 
considered (Si, C, O, A1, Ca, Fe)  is t aken  f rom the 
J A N A F  Thermochemica l  Tables (9), which gives values  
for t empera tu re s  up to 6000 K. In addi t ion to the gas 
phase containing 28 species, there  is a metal l ic  phase 
assumed not  to contain any molecu la r  associations, i.e., 
the  atomic species Si, A1, Ca, and Fe, and a slag phase  
containing the dis t inct  compounds SiO2, /%/O1.5, CaO; 
and FeO. The solid phases considered are  C, SiO2, SiC, 
A1203, CaO, and FeO. No da ta  in the l i t e ra tu re  could 
be found giving ac t iv i ty  coefficient expressions in the  
di lute  solut ion range  for  the  mul t i component  l iquid  
phases, which therefore  a re  t rea ted  as ideal  wi th  ac-  
t ivi t ies equal  to tool fractions.  This s imple model  for 
the  chemis t ry  of the contaminat ing  meta ls  is thought  
to be just if ied at  least  for  qua l i ta t ive  considerat ions,  
because of the  low concentrat ions  of the impur i t i es  
and  the uncer ta in t ies  in the t he rmodynamic  da ta  for 
the  const i tuents  of the l iquid phases.  

The conventional silicon ]urnace process.--In order  
to get results  as general ized as possible in the  mode l -  
ing, a convent ional  si l icon furnace  (CSF)  is defined. 
This does not  re la te  to a specific furnace  but  is a hypo-  
the t ica l  one which behaves  s imi la r ly  to most  modern  
furnaces.  The pa rame te r s  of  the model,  whose mean-  
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ing is d, escribed elsewhere (2), take values as follows. 
The reactor is divided into six segments. The raw 
material (1 mol S~O2, 2:5 �9 10-a mol of the impurities 
A120~, CaO, and FeO, and a calculated amount of 
carbon, see below) is supplied to the top segment 
(segment 1). The total energy supply (885 kd/mol  
SiO= charged) is constrained to the temperature of 
segment 4, which is determined to be 2340 K in ad- 
vance, and is distributed so that 80% goes to segment 
5, 15% to segment 4, and 5% to segment 3. In addition, 
5 kJ  is withdrawn from the top segment because of 
the pyrolysis of the wood chips intermixed with the 
raw material. The carbon supply is adjusted so that 
a constant reaction temperature above the boiling point 
of the reactants (5500 K) is reached in the arc zone of 
the model (segment 5), which results in no net pro- 
duction/consumption of SiC. Of the total amount of 
carbon supplied (1.826 mol/mol SiO2 charged), 0.15 
and 0.10 tool reaches the segments 4 and 5, respectively, 
thereby simulating the low reactivity of the carbon 
electrodes in the upper parts of the furnace. The en- 
thalpy o'f this chemice/ly bypassed carbon is changed 
according to the reaction temperatures in the upper 
segments. The condensed phases entering one seg- 
ment react completely in that  specific segment, but 
the intermediate gaseous reaction products are dis- 
tr ibuted so that 80% reacts in the next upper segment, 
15% bypasses one segment before reaction, and 5% 
bypasses two segments before reaction. Some of the 
condensed material  will probably bypass the high 
temperature zone of an operating furnace. This is 
accounted for in the flow scheme by letting the chemi- 
cal input to segment 6 consist of 1% of the slag pro- 
duced in segment 3 and 50% of the metal  produced 
in segment 4. The total pressure in segment 1 is 1.01 
times the assigned pressure (101.325 kPa) ,  in seg- 
ment 2 the factor is 1.02, in segment 3 1.04, and in the 
remaining segments 1.07. 

Figure 1 shows the calculated s teady-state  gaseous 
and condensed phase flows over the segment bound- 
aries. To i l lustrate the chemical reactions taking place 
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f i g .  | .  Calculated flows (real/real SiO~ charged) in the con- 
ventional silicon furnace (top) and distribution of silicon and the 
contaminating metals between slag and other condensed phases 
(bottom). Parameter values are given in the text. 

in the reactor, a l inear change in flow is indicated 
within the segments. The calculated silica yield is 
0.819, and the energy yield (mol Si produced p e r  MJ 
energy supplied) is 0.925. The dependency of some 
key factors on the silica and . energy yields has been 
investigated earlier (2). I t  was found that the correla- 
tion between the yields and the s i l ica-to-energy feed 
ratio and the elementary carbon supply to the lower 
segments is significantly negative. An increased top 
cooling causes increased silica yields but influences 
the energy yield only to a minor extent. The impurity 
content of the raw material  has only a marginal effect. 
However, in the production of silicon containing alloys, 
the Si activity in the metallic melt is reduced and sub- 
stantial ly higher yields can be obtained. 

The influence of the variable u in reaction [1] is 
investigated by cooling 50% of the SiO leaving the 
reactor to 500 K. The enthalpy produced is supplied 
to segment 1, and the condensates Si and SiO~ are 
recycled either to segment 1 or to segment 4. The re-  
maining parameters are the same as for the CSF pro- 
cess. 

The predicted result of this recycling is that the 
silica yield increases to 0,823 (segment 1) and 0.864 
(segment 4), respectively. The silica yield is practically 
not modified at all for the first case, since the higher 
SiO activity in segment 1 induces only an enhanced 
silicon circulation within the reactor. The condensates 
are excellent reactants and when they are recycled to 
segment 4, the improved silica yield is obvious. The 
SiO activity is now determined by the constant tem- 
perature of 2340 K in segment 4, and the extra SiO 
(Si + SiO~) supplied must react to some extent with 
SiC to produce Si and CO. 

The overall reaction temperature in the part  of an 
operating furnace where Si metal  is formed is prob- 
ably rather constant, and therefore the SiO dispro- 
portionation should be beneficial to the process. How- 
ever, the condensates probably occur in a finely 
divided and reactive state which has the effect that 
the major  part  reacts before it reaches -the metal for- 
mation zone of the furnace. The assumption that the 
amount of outgoing SiO is equal to that condensed 
to Si and SiO~ within the furnace may be an over- 
estimation, and that therefore the overall  effect of the 
SiO disproportionation is limited. Figure 2 illustrates 
the flows within a reactor where the condensation 
products are recycled to segment 4. 

At present, a direct quantitative comparison of tem- 
perature and composition of the internal flows of inter-  
mediate species in an operating furnace with the simu- 
lated condition in the model is not possible. However, 
the directly measurable factors, including carbon and 
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Fig. 2. Calculated flows (real/real SiO~ charged) in o modified 

conventional silicon furnace where 50% of the SiO leaving the 
furnace is cooled to SOOK, the enthal W produced supplied to 
segment 1, and the condensation products (Si and SiO~) recycled 
to segment 4. 
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silica yields, energy yieM after compensation for heat  
losses, temperature and composition of product and 
of the gases escaping from ditterent parts of the charge 
surface, changes in operation when charge composition, 
energy supply, and furnace geometry is changed, have 
been shown to be in excellent agreement. 

The agreement between simulation results and the 
real  process is not surprising, since the fundamental  
principles of the algori thm are identical with those 
used for calculating typical countercurrent distillation 
processes. This can be exemplified by the term "seg- 
ment" used here, which has its direct counterpart  in 
theoretical plates~ The requirements for using these 
principles are that the deviation from both enthalpy 
balance and chemical equilibrium in one point must be 
more or less proportional to the heat-  or mass-transfer 
rates or the reaction rate, and that at least some phases 
have opposite flow directions. As is the case in the 
calculation of distillation processes, equilibria are never 
assumed or stipulated to be reached in any point. The 
departure from equil ibrium only indicates the direc- 
tion in which the reaction should proceed and to some 
extent the reaction rate. A silicon furnace is much 
more complicated than a distillation process, but  
SOLGASMIX~REACTOR is developed to cope with 
these complications. 

Al te rna t i ve  Processes 
Three al ternative processes and one modification of 

the CSF process for carbothermic reduction of silica 
have been simulated: the silicon bl'ast furnace (SBF) 
process (2), the bottom loaded furnace (BLF) pro- 
cess (6, I0, 11), the boot furnace (BF) process (I0, 
1,1), and the high pressure silicon furnace (HPSF) 
process. 

S~Licon blast furnace process.--In the SBF process, 
which is discussed in detazl elsewhere (2), a mixture 
of silica and carbon is fed at the top and oxygen gas 
is injected at  the bottom. The feasibility of the process 
is .doubtful because os the high consumption and en- 
suing high costs of carbon and the large amount of im- 
purities introduced. Combined production of silicon 
and h~at energy by this method is theoretically pos- 
sible, but the technical problems involved can hardly 
be solved within the limited economical scope avail-  
able. 

Bottom loaded ;furnace process.--In the BLF process 
(6, 10, 11), which seems to have many advantages, 
silica and energy are fed with a controlled speed into 
the bottom of the furnace. Compared with the CSF 
process, there is a reduction in the carbon consumption 
by 10%, while the silica and energy consumption is 
reduced by 20%. The economical incentive available 
for finding new technical solutions is thus great, and 
despite the fact that problems remain to be solved, 
the BLF process has a good chance of becoming more 
profitable than the conventional processes of today. 
The BLF process will be treated in greater  detail  in 
Iuture work. 

Boot Surnace process.--The principle of the BF pro- 
cess (10, 11) is shown in Fig. 3. A mixture of silica 
and carbon, with a molar ratio SiO2/C ~ 1, is fed to 
a zone within which the energy supplied is sufficient 
to cause the formation of an equimolecular gas of SiO 
and CO. Any surplus of silica which may be introduced 
after the gas production stage can then extract most 
of the contaminating metal  compounds present in the 
gas. The purified gas flows into a reactor charged with 
carbon. Nearly 50% of the SiO reacts with SiC in the 
lower parts, producing Si and CO; almost all of the 
remaining SiO reacts with carbon, reproducing the 
consumed amount of SiC. The extra energy needed 
for silicon formation from SiO and SiC can be sup- 
plied at the sites of gas or silicon production or in be-  
tween them. If the goal is to make metallurgical  qual-  
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Fig. 3. Overall principle of the BF process 

i ty or if the feed material  is sufficiently pure, the en- 
circled part  of Fig. 3 may be omitted. 

By using SOLGASMIX-REACTOR, three different 
alternatives of the BF process have been simulated. 
In the first, 1 mol of SiO2 and C, together with impuri-  
ties and a sufficient amount of energy, is supplied into 
an arc heater represented by segment 5 (see Fig. 3 
with the encircled par t  omitted).  In the second al terna- 
tive, 1.1 mol SIO2, 1 mol C, impurities and a sufficient 
amount of energy for volatilizing all carbon is supplied 
into an arc heater (segment 5). The slag and metal  
melts formed, containing most of the impurities, are 
discharged, while the gas phase is fed to the reactor 
proper  (segment 4) together with more energy to ob- 
tain a maximum silica yield. The third alternative is 
equal to the second with the exception that the gas 
phase (from segment 6) reacts with another 0.1 tool 
SiO~ (in segment 5) before it reaches the reactor. The 
input of impurities and the pressure gradient are the 
same as for the CSF process. The reactor (segments 2 
through 4) and the gas burner (segment 1) are identi- 
cal in the three different alternatives. The other param- 
eters of the reactor model are chosen as described be- 
low. 

The incoming material  to the reactor consists par t ly  
of the volatile SiO~-C mixture to segment 4 and 
par t ly  of a sufficient amount of carbon to segment 2 
to give optimum yield. The amount of oxygen gas 
needed to combust CO and SiO completely is injected 
into segment 1. As mentioned previously, energy is 
supplied to segment 4, which always contains SiC 
(alternatives 2 and 3). Segment 1 has a constant tem- 
perature of 500 K, and enthalpy is gained by the cool- 
ing. No condensation reactions occur, and therefore the 
intermediary reaction products leaving one segment are 
assumed to react completely in, the adjacent segment. 

The predictions from the simulations indicate that 
this type of reactor produces silicon with a high yield, 
and with the alternatives 2 and 3 a high purity product 
is obtained. The carbon consumption lies between 2.065 
and 2.094 mol/mol Si produced, but the part  of the 
consumption which exceeds two leads only to SiC 
and/or  SiO production. The variation in silica yield, 
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which is 0.954, 0.860, and 0.764 for the th ree  cases, r e -  
spect ively,  is caused by  9% (case 2) and 17% (case 3) 
of the s i l ica charged  being used only  as an impur i t y  
ex t rac tan t  or absorbing  med ium for the gas before  i t  
enters  the  sil icon producing  reactor .  If this  f ract ion of 
the s i l ica supp ly  is w i thd rawn  from calculat ion,  the  
yield is over  0.9 for a l l  th ree  a l ternat ives .  The energy  
consumed /mol  Si  p roduced  is nea r ly  ident ica l  and lies 
be tween  1000 and 1037 kJ.  The impur i t y  content  of the 
sil icon meta l  p roduced  var ies  in an in teres t ing  way. 
F r o m  being 0.5 mol percen t  (m/o)  for the first a l t e r -  
native,  it  is reduced to only  0.05 m/o  for  the two other. 
This l a t t e r  equa l i ty  is caused by  atomic i ron remain ing  
in the gas phase af ter  the first washing stage. This 
i ron wi l l  not  be oxidized and ex t rac ted  wi th  the slag 
because of the  low pa r t i a l  pressure  of 02 at the  second 
supp ly  of silica. Most of the i ron is ins tead w i thd rawn  
in the meta l  mel t  in the  gas producing  segment.  I t  is 
impor t an t  to point  out  here  that  accurate  ac t iv i ty  co- 
efficient express ions  descr ib ing  the nonideal  mix ing  in 
the  slag and meta l  phases are  lacking and al l  solut ions 
are  t rea ted  as being ideal.  I t  is thus impossible  to 
d r a w  any  f a r - r each ing  conclusions concerning the fates 
of the contamina t ing  metals,  but  the genera l  t rends  
be tween  different  resul ts  should give a good i l lus t ra t ion 
of wha t  wi l l  happen  in an opera t ing  process. The 
en tha lpy  produced  by  the combust ion in the gas bu rne r  
is of the same o rde r  (757 to 767 k J / m o l  Si produced)  
as the  e lec t r ica l  energy  suppl ied  to the process. 

In  Fig. 4 the  flow d i ag ram of a l t e rna t ive  1 is p re -  
sented.  The si l ica and  carbon suppl ied  to segment  5 
react  to a 1:1 mix tu re  of SiO and CO. Because of the  
surplus  energy  also suppl ied  to segment  5, SiO reacts  
in segment  4 wi th  SiC forming  Si and CO. Most of the 
remain ing  SiO reacts  wi th  carbon to CO and SiC in 
the  upper  segments.  A par t  of the carbon incoming to 
segment  2 reaches segment  4 because of the high t em-  
pe ra tu res  in the  reactor ,  which a l low a cer ta in  p res -  
sure  of SiO to exis t  over  carbon. In  the top segment  
the re  is a complete  combust ion of the  incoming gases 
to CO~ and SiO2. 

The possibi l i t ies  of a technical  rea l iza t ion of a BF  
process a re  promis ing  because the consumption of 
r aw  mate r ia l s  and ene rgy  is lower  compared  to the 
p r e s e n t - d a y  process; moreover ,  the re  is no condensa-  
t ion of s i l ica in the  upper  par t  of the  furnace.  Many  
technical  p roblems  are  the reby  avoided,  for instance, 
the  need for  a mechanica l  t r ea tmen t  of the  charge, and 
the e lect rodes  need not  pass th rough  the charge.  Since 
there  is no need for  connections f rom the outside to 
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Fig. 4. Calculated flows (mol/mol SiO2 charged) in a BF proce~ss 
where 954 kJ is supplied to segment 5 and where the charge con- 
sists of 1 mol of Si02 and C together with impurities to segment 5, 
0.97 tool C to segment 2, and 1.01 tool 02 to segment 1 (see Fig. 3 
excluding the encircled part). 

the inner  par ts  of the furnace,  except  for  gas supp ly  
and outlet ,  the closing of the  furnace  is s implif ied and 
the energy  recovery  process, exemplif ied by  segment  1, 
wil l  be much easier  to realize. The process has some 
drawbacks .  The efficiency of an arc hea te r  is not  as 
good as that  of a carbon electrode.  Also, the p red ic ted  
t empera tu res  in the reac tor  a re  very  high, which m a y  
cause ma te r i a l  problems.  On the o ther  hand,  t empera -  
ture  m a y  be lowered  cons iderab ly  before  the yields  
drop to the  same level  as wi th  cur ren t  arc  furnace  
technology.  

The conclusions d r a w n  f rom the model ing  of  the 
BF process indicate  that  this product ion  method may  
be a v iable  a l t e rna t ive  when  the goal  is to produce  
meta l lu rg ica l  silicon, high pur i ty  silicon, or  si l icon 
alloys. 

High pressure silicon ]urnace process.--The pr inc ip le  
of the H P S F  process is me re ly  a convent ional  si l icon 
furnace  work ing  at e levated pressures.  The p a r a m e t e r  
values for the CSF and HPSP  processes a re  all  iden t i -  
cal, the  assigned pressure  excepted.  

F igure  5 i l lus t ra tes  the consumpt ion of carbon,  silica, 
and energy  pe r  mol Si p roduced  in the H P S F  process 
re la t ive  to thei r  respect ive  values  for the  CSF process 
(Fig. 1) as a funct ion of the assigned pressure .  The 
raw mate r i a l  costs are  d ras t ica l ly  reduced  at a pressure  
of 0.4 MPa. Between  0.4 and 0.8 MPa the condit ions 
are  p rac t i ca l ly  constant .  Fo r  pressures  0.8 MPa and 
above, the consumption of s i l ica and energy  increases 
according to the lower  en tha lpy  content  of the gases 
incorpora ted  in the condensat ion reactions.  La rge r  
amounts  of gas must  then condense in o rder  for the 
charge ma te r i a l  to be heated.  Moreover,  the equi l ib-  
r ium is displaced to a g rea te r  ex tent  towards  SiO 
condensat ion by  increas ing pressure .  These two factors 
cause a large  flow of SiO~ which must  be compensated  
by  a h ighe r  SiC product ion.  Thereby  the ex t ra  a m o u n t  
of carbon requi red  in the charge  would  give r ise to 
addi t ional  SiO condensat ion due to the cooling effect. 
The react ions in segment  4 are  only  modera t e ly  dis-  
p laced with  a s l ight  increase  in pressure .  In  this  seg-  
ment,  the gas phase, consist ing p r i m a r i l y  of SiO and 
CO, is in equ i l ib r ium with  the condensed phases SiC 
and Si, and because of the constant  t empe ra tu r e  of 

LO 
Cq 

0 

tg 

0 -i-, 

.m 

"10 
(.) 

"10 
2 
E)_ 

0 
E 

0 
E 

"5 
Q. = 

100 

90 = . . . . . . . . . .  _T h__eo L U rai t_ of .t.b ~.. C_. i_nEu_t . . . . .  - t  

/ 

[ 
- -  energy inpu t  

I _  . . . . . . . .  Th._eor:_ [irn_it of the_S_iO2._input , , . . . .  : . . . . . . .  : . . . .  

0.3 Q5 0.7 0.9 

Total  p r e s s u r e / M P a  

Fig. 5. Carbon, silica, and energy inputs per mol Si produced 
for the HPSF process relative to their respective values for the CSF 
process. 



370 J. Electrochem. S'oc.: S O L I D - S T A T E  SCIENCE A N D  T E C H N O L O G Y  February 1984 

2340 K, the  quot ient  p(SiO)/p(CO) is constant.  At  a 
to ta l  pressure  in excess of 0.8 MPa, p (SiO) reaches the 
value  at  which SiO2 can coexist  with SiC and Si, caus-  
ing the si l ica yie ld  to drop. Since the energy  needed 
for mel t ing  this SiO2 is low below about  0.9 MPa and 
the energy  consumption dur ing  gas product ion is st i l l  
being reduced,  the  energy  consumption increases la te r  
than the sil ica consumption.  

At  pressures  above 0.9 MPa, the energy  consumption 
for mel t ing the growing amount  of SiO2 is so high tha t  
it  m a r k e d l y  affects the overa l l  energy  consumption.  
Carbon consumpt ion decreases  wi th  increasing pres-  
sure  in the pressure  in te rva l  s tudied because the  car -  
bon consumption caused by  the SiO product ion de-  
creases when the condensat ion becomes more effi- 
cient at h igher  pressures .  

F igure  6 shows a flow d iagram of an H P S F  process 
wi th  an assigned pressure  of 0.6 MPa. I t  is ev ident  tha t  
the condensat ion of SiO increases and the SiO losses 
decrease compared  with  the CSF process in Fig. 1. 

The possibil i t ies for a technical  rea l iza t ion of an 
H P S F  process a re  p robab ly  l imi ted  despi te  the  process '  
many  advantages.  There  are  in pr incip le  four  different  
connections to the inner  par t  of the furnace  which 
must  be mainta ined.  (i) The gas outflow mus t  pass 
through a pressure  reducing valve. (ii) The silicon mel t  
must  be d ischarged with  pressure  reduct ion but  wi th-  
out a s imul taneous  escape of gas. (iii) Energy  must  be 
supplied,  e.g., electrodes.  (iv) The r aw  mate r i a l  
must  be en te red  via  a lock system. 

These  four  factors, as well  as the  grea te r  need for 
mechanical  t r ea tmen t  of the charge caused by  the ex-  
tended condensation,  and  the safe ty  aspects  of hav ing  
high t empera tu re  and pressure  inside a furnace,  make  
it hard  to bel ieve that  such a process wil l  be eco- 
nomica l ly  just i f iable wi th  the normal  size of p resen t -  
day  furnaces.  This technique,  however ,  may  be ut i l ized 
in smal l  process units for product ion of  special  qual-  
ities. 
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Fig. 6. Calculated flows (mol/mol SiO2 charged) in a modified 

conventional silicon furnace working at an assigned pressure of 0.6 
MPo. 

Future Aspects 
The s imulat ion of the  six different  types  of furnace  

models  discussed above indicates  the k ind  of in forma-  
tion which can be ex t rac ted  f rom the calculat ions and 
the l imi ta t ions  of using the SOLGASMIX-REACTOR 
program.  In the future,  a de ta i led  inwestigation of the 
possibil i t ies of a technical  rea l iza t ion of the BLF p ro -  
cess wil l  be presented.  In  a re la ted  project ,  severa l  a l -  
te rna t ive  product ion methods  for ceramic mater ia ls ,  
pa r t i cu l a r ly  SijN4, wil l  be presented  and evaluated.  

Despite the fact tha t  the usefulness of the S O L G A S -  
MIX-REACTOR model  m a y  be l imi ted  by  the lack  of 
cr i t ica l ly  assessed the rmodynamic  da ta  in many  sys-  
tems, there  is s t i l l  at least  one impor tan t  area  for 
p rog ram development ;  namely,  t r ea tmen t  of geometr ic  
and dynamic  informat ion  by  a f in i te -e lement  approach 
to account for  s ta t ic  and dynamic  effects of inductance,  
mass and hea t  t ransfer ,  ma te r i a l  flow, diffusivity~ and 
kinetics.  Again,  the d r a w b a c k  is the lack of da ta  re -  
qui red for  the  calculat ions.  As demons t ra ted  in this 
work, it  seems that  the most  advantageous  w a y  to 
get quant i ta t ive  resul ts  is to use a method which 
t rea ts  empir ica l  data. Different  pa r ame te r  combinat ions  
may  then be var ied  unt i l  agreement  wi th  a known 
process is achieved.  The p a r a m e t e r  values  thus found 
can then be used to s imulate  s imi lar  processes. 
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Thermal Oxidation of Transition Metal Silicides on Si: Summary 

M. Bartur and M-A.  Nicolet 
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ABSTRACT 

Thin films of almost all transition metal silicides, on a Si substrate, oxidize and form 8i02 o n  their surfaces upon anneal- 
ing in an oxidizing ambient. In applications of these silicides as interconnects in integrated circuits, the oxidation char- 
acteristics of a silicide and the SiO2 growth rate are important. A compilation of the available data concerning silicide oxida- 
tion kinetics is presented. Generalization based on the data as presented is difficult. In this summary, we explore the pro- 
cesses controlling the oxidation of metal silicides and point out commonalities and differences between differenbsilicides. 
We review the four steps controlling silicide oxidation: oxidant transport through the oxide, reaction at the silicide/oxide 
interface, net transport of Si atoms with respect to metal atoms in the silicide, and reaction at the silicide/Si interface. The 
diffusing species through the silicide during oxidation correlates with the moving species in silicide formation. A discus- 
sion of a mechanism which explains why the oxidation rate of some silicides on a Si substrate is faster than that of bare Si is 
presented. It is concluded that silicides formed via metal diffusion oxidize faster than silicides formed via Si diffusion. 

With the advances in Si technology, scaling of de- 
vices to micro size imposes severe requirements  for the 
interconnect ion lines on the chip. The commonly used 
poly-Si  becomes inadequate  because its lowest pract i -  
cal resistivity is ,-~400 ~ cm (1). The possibil i ty to 
use silicides as in terconnect  mater ia l  in integrated 
circuits has generated extensive explorations (2-5). 
The most impor tant  desired properties of an in ter -  
connect mater ia l  are low resistivity and the possibility 
to form electrically insula t ing thermal  oxide. The re-  
ported resistivities of all Si-r ich t ransi t ion metal  sili- 
cides (6) are at least one order of magni tude  lower 
than highly doped poly-Si.  In  this paper, we invest i-  
gate the processes controll ing the oxidation of metal  
silicides. 

All  metal  disilicide films rest ing on an excess Si sub- 
strafe investigated so far, except HfSi2 and NbSi2, 
form SiO2 as a result  of thermal  anneal ing  in  an oxy- 
gen envi ronment .  Below the grown SiO2 film, the 
silicide is preserved morphologically. The oxidation 
kinetics of different silicides are summarized in Table 
I. This table shows that different silicides have differ- 
ent oxidation kinetics, which differ from the kinetics 
of Si oxidation. The reported oxide thickness, which 
results from oxidation at the low tempera ture  range, 
for different silicides varies by more than 50%. Also, 
different authors disagree about the oxidation behavior  
of a silicide under  dry oxidat ion.  For TaSi2 (14) or 
WSi2 (16), it has been reported that there is no oxide 

K e y  w o r d s :  o x i d a t i o n ,  t r a n s i t i o n  m e t a l  s i l i c i d e s ,  m a s s  t r a n s p o r t .  

growth under  dry  conditions, bu t  other researchers 
have shown that  these silicides do oxidize in dry  O2. 
Such variat ions cannot be a t t r ibuted solely to the dif- 
ferent  analyt ical  techniques used by different authors 
(Tallystep, RBS, AES, and cross-section TEM, mul t i -  
beam in ter ferometry) .  One explanat ion commonly ad- 
vanced is that  the oxidation behavior  depends on the 
details of the silicide preparat ion technique. Also, the 
way the oxidation of the sample is started seems to be 
very important  for some silicides (5, 13). 

In  this paper, the impor tant  processes controll ing the 
oxidation kinetics are summarized, and the common- 
alties and differences between different silicides are 
pointed out. 

Major  Processes 
The oxidation process can be separated into four 

distinct steps: 

1. Diffusion of the oxygen containing m o l e c u l e s  

through the SiO2 layer. 
2. Reaction at the sil icide/oxide interface. 
3. Net t ransport  of Si atoms relat ive to the metal  

atoms in the silicide. 
4. Reaction at the Si/silicide interface which releases 

Si from the substrate.  

We comment on these processes in sequence. 
1. The t ransport  through the growing oxide is the 

only  diffusion-controlled process which yields a para-  
bolic t ime dependence in the oxidation kinetics. We 

Table I. Kinetics of Si02 growth by thermal annealing of silicide films on various substrates in oxidizing ambient 

Kinetics Activation 
Silicido ~ = thickness Rate constants at temperature energy (eV) Temperature 

film Substrate t = time Condition BIA (cm/s) B (cmSls) (~ BIA B range (~ Ref. 

Si Si <?> xS + Ax = B(t + r) wet 3.6 x 10-s 8.0 x 10- Is 1000 1.96 0.71 920-1200 7 
xS + Ax = B(t + ~) dry 2.0 x 10-" 3.3 x 10 -i~ 1000 1.99 1.24 650-1200 7 

Si <?> xS + Ax = B(t + ~) wet 5.6 x I0 -s 6.4 x 10- ~ I000 2.00 1.39 900-1050 8 
Si(poly) x" + Ax = B(t + v) wet 6.6 x 10- s 6.4 x 10- ~ 1000 2.10 1.61 700-1100 9 
S i  <iii> x 2 = St wet 5.I x I0 -la i000 1.05 700-1000 I0 

<100> ~ = B t  dry 3.1 x 10-4 1000 1.39 650-1100 I0 
Si <111> x" = Bt wet 2.2 x 10-~ 900 1.05 700-900 11 
Si <I00> } 
S i ( p o l y )  ~ = B t  d r y  I . i  x 1 0 - u  900  1.40 700-900 I I  
SiO2 
SiO~ x s + A x  = B(t + r )  dry 2.8 x 10-" 1.9 x 10- I~ 1000 1.90 1.60 900-1100 12 
Si  < ? >  x~ + A x  = Bt  w e t  1.2 x 10 -7 1.0 x 10-- ~s 1000 0.84 1.10 800-1000 13b 
Si ~?> x s + Ax = Bt wet I.I x 10 -7 1.0 x 10-- ~ i000 0.92 I.i0 800-1000 13 
Si <?> x" + Ax = B t  wet 1.0 x 10 -7 l.O x 10- ~s I000 0.99 I.i0 800-1000 I$ 
Si(poly) xS = B t  wet 1.4 x 10-~ 1000 1.40 900-1060 14 

Si(poly) t 
St <100> x" = Bt dry 2.8 x 10 -It I000 1.20 800-1200 I$ 

<III> 

Si  < ? >  x" + A x  = B t  w e t  8.2 x 10-  s 1.0 x 10-- ~s 1000 0.93 1.10 800-1000 13 
S i ( p o l y )  x I . ~  = B * t  w e t  B*  = 4.4 x 10-  Is �9 I000  1.00 1000-1200 16 
S i O ,  x ~.s2 = B * t  w e t  B*  = 6.9 x 10-- ~ a 1000 0.40 1000-1200 16 
Si <?> x s + Ax = Bt wet 1.3 X 10 -7 6.8 x i0 -18 i000 l.O 1.30 800-1000 13 
Si < ? >  x ~ + A x  = Bt  wet 5.8 x 10- s 8.5 x 10 -~  1000 1.3 1.20 800-1060 13 

TiSb 
TiSi. 
CoSis 

NiSi2 

MoSi. 
MoSis 
RhSi 
Rh~Si~ 
TaSb 

TaSis 
WSb 

WSis 
IrSii.75 

�9 U n i t s  o f  B *  a r e  in  c m  a n d  s w i t h  a p p r o p r i a t e  p o w e r s .  
b D a t a  f r o m  R e f .  (13 )  w a s  e x t r a c t e d  f r o m  F i g .  1 a n d  2 i n  t h e  t e m p e r a t u r e  r a n g e  o f  

3 7 1  

800~176 
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adopt  the l i nea r -pa rabo l i c  oxidat ion  re la t ion (7) 

x 2 + A x  = B ( t  + T)  [1] 

where, x is the oxide  thickness,  t the oxidat ion  time, B 
is the parabol ic  ra te  constant,  B/A  is the l inear  ra te  
constant,  and T is a fi t t ing p a r a m e t e r  tha t  takes into 
account the ini t ia l  ( t rans ien t )  o x i d e  growth.  The 
va lue  of B is contro l led  only  by  the diffusion process 
of the  ox idan t  in the  SlOe, whi l e  tha t  of A depends  on 
the react ions at  the interfaces  and the t r anspor t  
through the  si l icide layer .  F igure  1 depicts  a compar i -  
son of  the parabol ic  ra te  constant  B vs. t empera tu re  
for oxide growth  on Si and different  si l icides for wet  
and d ry  oxidat ion.  Fo r  d r y  oxidat ion,  the data  gener -  
a ted  by  different  authors  (over a 30-year  span)  
c lea r ly  fit one process wi th  one act ivat ion energy.  Even 
the da ta  for  wet  oxidat ion  can be taken  as bas ica l ly  
indica t ive  of one process  only.  The da ta  of NIurarka 
etal .  (l~t) for TaSi2 (l ine 4a) do not  agree  wi th  other  
repor t s  (13, 20) nor  do they  wi th  the genera l  picture.  
We wil l  ignore those data.  Var ia t ion  in the pa r t i a l  
pressure  of wa te r  vapor  can expla in  some of the  o ther  
differences there.  The f i rs t -order  conclusion is that  the 
diffusion process th rough  the oxide is the same dur ing  
oxida t ion  of  al l  silicides. This fact impl ies  that  the 
equ i l ib r ium concentra t ion of the ox idant  in the oxide 
and the diffusion coefficient th rough  the oxide are  the  
same regardless  of the subs t ra te  ( < S i > ,  poly-Si ,  or  
different  s i l ic ides) .  In  o ther  words,  the physical  p rop-  
er t ies  of the oxide  are  the same. In fact, a recent  s tudy  
(21) has shown that  oxides grown on different  sil icides 
have s imi la r  proper t ies  (density,  dielectr ic  constant ) .  

2. The  react ion at  the  si l iCide/oxide interface  is the 
most difficult s tep to explore .  We wil l  not  discuss the 
react ion ra te  here.  We wil l  on ly  e labora te  on a first-  
o rde r  the rmodynamics  a rgument  to predic t  the  oxide  
formed.  The. ox ida t ion  of thin films does not necessar i ly  
fol low such equi l ib r ium laws, but  the a rgument  gives 
some genera l  indica t ion  about  the process. The gener -  
al ized chemical  equi l ib r ium reac t ion  at  this interface,  
assuming l imi ted  oxygen supp ly  (in o ther  words, that  
al l  oxygen  at  this in ter face  is r eac ted) ,  and unl imi ted  
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supply  of  Si f rom the subs t ra te  can be wr i t t en  as 

( y / x  + 1/2)Si  + MyO ~ y / x M ~ S i  + 1/2SiO2 [2] 

where  MxSi describes genera l ized  si l icide wi th  meta l  
M and M to Si ra t io  of x, and MyO denotes genera l ized  
meta l  oxide wi th  M to O rat io y. This equat ion ex -  
presses a balance be tween  the format ion  of SiO2 or the 
dissociation of the siiicide and the format ion  of a me ta l  
oxide. F igure  2 [ taken  f rom Bar tu r  (22)] depicts 
~HB~ s tandard  heat  of the above reaction.  Posi -  
t ive ~HB ~ means  that  meta l  oxide  wil l  form, whi le  
negat ive  AHR ~ predicts  SiO2 format ion  (22). 

F r o m  Fig. 2, we conclude tha t  al l  t ransi t ion meta l  
silicides, except  Zr and Hf, wi l l  grow SiO2. However ,  
both exceptions,  as wel l  as Ti, Nb, and Ta, might  be 
considered marg ina l  cases, because the values  used to 
calculate  5Hn ~ are  uncer ta in  and app ly  only to room 
tempera ture .  Kinet ics  m a y  p lay  a ma jo r  ro le  in these 
cases. Oxidat ion studies of ZrSi2 have not  been re -  
ported.  HfSi2 (23) and NbSi2 (24) have been repor ted  
to d is in tegra te  and to form a mix tu re  of meta l  and Si 
oxides. TiSi2 does form a SiO2 l aye r  upon oxida t ion  
(8, 9), but, according to a recent  r epor t  (25), it  does 
so on ly  at  t empera tu res  above 900~ Below this t em-  
pera ture ,  t i t an ium oxide is formed.  This observat ion  
might  also expla in  the NbSi~ oxida t ion  resul ts  tha t  
were  obta ined  at  low tempera tures .  We can conclude 
that  the the rmodynamica l  a rgument  correc t ly  predic ts  
the genera l  ox ida t ion  behavior  and identifies the m a r -  
ginal  cases for which it cannot aff i rmat ively predic t  the 
outcome. Thermodynamics ,  of course, a t tempts  to p re -  
dict only  which oxides may  form. The chemical  reac-  
tions at that  in terface  are  not considered. These un-  
explored  react ion rates  are  a factor  in the l inear  ra te  
constant  B/A.  

8. The Si t r anspor t  ( re la t ive  to the  me ta l  atoms in 
the si!icide) dur ing  oxidat ion is a second factor  that  
might  affect A. The a rgumen t  that  the method of si l i -  
cide p repa ra t ion  affects the oxidat ion  kinet ics  might  be 
a t t r ibu ted  to different  charac te r i s t i cs  of mass t rans-  
por t  th rough  the si l icide layer .  Here, we concentra te  
on the question of which species moves. The diffusion 
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TRANSITION 
mechanism and the diffusion coefficient will not be 
explored because of the lack of sufficient experimental  
data. 

The possible cases of a diffusion of Si, metal, or 
both across the silicide are described in Fig. 3. For two 
independent moving species--moving singly or simul- 
taneously in either direct ion-- there are eight different 
possible combinations. Three possibilities can be ruled 
out since they do not preserve the silicide, as is ob- 
served experimentally.  The fifth case is unlikely, but 
is retained for the sake of completeness. To resolve the 
possible cases experimentally,  inert marker  experi-  
ments must be conducted. The results of such experi-  
ments performed for silicide oxidation are matched to 
the proper schematic description and are also depicted 
in Fig. 3. 

4. Reaction at the Si/silicide interface during oxida- 
tion is similar in nature to the reaction at that inter-  
face during silicide formation. Silicide formation is 
usually diffusion not reaction controlled (except CrSi2) 
at low temperatures at which the reaction can be 
analyzed. The rates of Si consumption, however, are 
roughly the same in both the oxidation experiments 
performed at high temperatures and these silicide 
formation experiments at the low temperatures. Be- 
cause at those rates the reaction at the Si/silicide inter-  
face is fast, it must be negligible also at high tempera-  
ture during oxidation. 

Discussion 
Table I shows that different silicides yield different 

oxide thicknesses for identical oxidation conditions. 
However, the data in Fig. 2 demonstrate that the diffu- 
sion of the oxidant through the SiO2 proceeds simi- 
lar ly  for all silicides (values of B in Eq. [1] are 
basically the same).  The observed differences in the 
oxide thickness must be, therefore, caused by dis- 
similarities in the l inear (early) part  of the oxidation 
process (different values of B/A in Eq. [1]). Accord- 
ing to Fig. 3, CrSi~, CoSi2, NiSi~, PdSi, and PtSi oxidize 
by dissociation with metal  as the main diffusing 
species. The dissociation is induced by the reaction of 
the oxidant with the silicide. The fact that excess Si 
is generated for some silicides suggests that this reac- 
tion proceeds quite readily. The net  Si transport  
through the silicide is much faster than the transport  
of oxidant through the oxide. If these two processes 
(reaction and transport) have high rates, the l inear 
rate constant in Eq. [1] (B/A) must be large. As a 
result, the process is dominated entirely by the para-  
bolic rate constant B, and Ecl. [1] simplifies to 

I 
Fe Ru Os 

I 
I I 
C0 Rh Ir 

METALS 

Fig. 2. The difference between 
the standard heats of reaction 
AH~ (per oxygen atoms) of the 
two reactions which preserve the 
stoichiometry of the silicide 
layer, forming Si02 on the sili- 
cide and reconstituting more 
silicide with the silicon sub- 
strafe, and forming metal oxide 
and precipitating out elemental 
silicon. For metals that have 
more than one oxide, a range of 
AH~ values that is determined 
by the reaction is shown. 

Ni Pd Pt 

x~ - Bt [2] 

Under this condition, since B is determined by the 
oxidant diffusion through the oxide, we expect the 
oxidation rate to be the highest possible, and inde- 
pendent of the substrate on which SiO~ grows. Indeed, 
in the silicides that dissociate during oxidation (CoSi2, 
NiSi2, PdSi, and PtSi), we find oxidation rates higher 
than those of Si and the refractory metal silicides, 
especially at low oxidation temperatures. In effect, 
these silicides act as catalysts, because they oxidize 
(and dissociate) more easily than Si, and this promotes 
high oxidation rates. 

To explore a possible connection between the trans- 
port across the silicide during oxidation and during 
silicide formation, we compared the dominant diffusion 
species during the two processes (Table If). From Fig. 
3 and Table II, we find that dissociation during oxida- 
tion happens in all the silicides (NiSis, PdSi, PtSi) 
where the metal is the moving species during silicide 
formation. For CoSi2, one expects, accordingly, that Co 
is the moving species during silicide formation, but this 
prediction has yet to be verified experimentally. An 
exception is CrSi2, which also dissociates, while Si 
moves during silicide formation. But this silicide grows 
linearly with time [is reaction limited (6)], so that the 
moving species during silicide formation might be set 
by the boundary condition and not by diffusivities. The 
comparison suggests a rule: during oxidation of a sili- 
cide that forms by a diffusion-limited process, the 
dominant moving species is the same as in the silicide 
formation. In silicide formation or oxidation we deal 
with the same bulk, and hence the same relative 
magnitude of diffusivities. If during silicide formation, 
which usually occurs at lower temperature than oxi- 
dation (for comparable Si consumption rates),  the 

Table II. Dominant diffusion species during silicide formation 
and oxidation 

Dominant diffusion species 

Silicide During silicide formation During silicide oxidation 

TiSis Si (6) Si (26, 27) 
CoSis -- Co (28) 
NiSi~ Ni (29) Ni (28) 
PdsSi Si (30); Si and Pd (6) 
PdSi Pd and Si a Si ? (28) 
PtSi Pt (6) Pt (27) 
CrSi~ Si (6) Cr (27) 

�9 This is an indirect conclusion s sample preparation as de- 
scribed by the authors (28). 
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Fig. 3. The different possible 
moving species for moss trans- 
port during silicide oxidation. 
The experimenta! results are de- 
scribed. 
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process is a l r eady  diffusion controlled,  one expects  
that  the react ion at  the Si /s i l ic ide  in ter face  wil l  not 
control  the process dur ing  oxidat ion ei ther .  Hence (as-  
suming s imi la r  ac t ivat ion energies) ,  we infer  s imi la r  
bounda ry  condit ions genera ted  by  the chemical  reac-  
t ion at  the  interfaces.  Therefore,  s imi la r  bu lk  and 
interface  proper t ies  resul t  in s imi lar  atomic fluxes in 
both cases. 

Conclusions 
The var ia t ion  in the  oxidat ion  kinet ics  be tween  Si 

and silicides, and be tween  the sil icides themselves,  is 
due to a different  l inear  ra te  constant  (B /A) .  In pa r -  
t icular ,  sil icides in which the meta l  is the moving 
species oxidize more  r ap id ly  than bare  Si and only a 
parabol ic  g rowth  ra te  is observed exper imenta l ly .  S i l l -  
cides in which Si is the  moving species are  usua l ly  
formed at high t empera tu res  and the l imi ted  Si diffu- 
sion th rough  the si l icide might  impede  the oxida t ion  
and cause l inea r  ra te  t e rm change. Enhanced oxidat ion  
ra tes  a r e  des i rable  in IC processing, since dopant  diffu- 
sion in the Si wi th  the a l r eady  formed junct ions  should 
be minimized.  The fact  that  an enhanced oxidat ion  ra te  
is associated wi th  sil icides formed by  meta l  diffusion 
and can be successful ly oxidized at  low t empera tu res  
gives addi t ional  benefits for IC processing. Those si l i -  
cides a re  usua l ly  formed at  r e l a t ive ly  low t e m p e r a -  

tures (less than  450~ wi th  be t t e r  control  than  r e -  
f rac to ry  meta l  silicides, where  Si diffuses dur ing  
formation.  When the meta l  moves dur ing  silicide 
formation,  the Si /s i l ic ide  in terface  is expected  to be 
smooth. K i rkenda l l  voids are  not expected.  Also, f rom 
line wid th  considerat ions and for se l f -a l igned  devices, 
i t  is p re fe rab le  (5) that  the meta l  moves dur ing  s i l i -  
cide formation.  

We thus conclude that,  in those respects,  silicides 
formed by  meta l  diffusion have potent ia l  for IC in te r -  
connects. 
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Ion Beam Etching of Silicon, Refractory Metals, and Refractory Metal 
Silicides Using a Chemistry Assisted Technique 

J. D. Chinn, W. Phillips, I. Adesida, and E. D. Wolf 
National Research and Resource Facility for Submicron Structures, School of Electrical Engineering, Cornell University, 

Ithaca, New York 14853 

ABSTRACT 

The etching characteristics of silicon and two refractory metals (Ti, Mo) and four refractory metal silicides (TiSi2, TaSi~, 
MoSi2, PtSi) are described using a technique called chemically assisted ion beam etching (CAIBE). In this technique, reac- 
tive C12 gas is introduced into a sample chamber in conjunction with, and relatively independent of, a broad beam of Ar + 
ions. Incremental increases in the C12 partial pressure caused linearly increasing etch rates for all materials investigated, 
except for SIO2. In the case of silicon, correlation between broad beam CAIBE and ultrahigh vacuum (UHV) etching studies 
was made. The relative etch rate increase of the refractory metals and silicides investigated were found to be related to the 
vapor pressures of the reaction products. Additional studies have shown that various residual gas contaminants such as 
hydrogen, oxygen, and H20 can influence etching mechanisms by reducing the reactive C12 flux or by forming stable ox- 
ides. Linewidths with dimensions below 0.6 ~m have been obtained in polycide (a stacked silicide/polysilieon) structures 
with an etch selectivity > 9:1 between the film layers and SiO2 using CAIBE. 

As m i n i m u m  feature sizes diminish in VLSI silicon 
gate-MOS devices, the relatively low electrical conduc- 
tivity of polysilicon interconnects can decrease device 
performance by increasing RC time delays. Improved 
characteristics have been obtained by the use of re- 
fractory metals-metal silicide/polysilicon composite 
gate structures, which can significantly increase the 
conductivity and allow high temperature processing 
after metallization. Hovcever, fine-line patterning of 
composite structures .can pose problems where low 
volatile metal halides are present. In general, a pattern 
transfer technique which combines both physical and 
chemical mechanisms is desired for high selectivity and 
for anisotropic etched walls. These mechanisms are in- 
volved in most dry etching techniques, such as plasma 
etching (PE) and reactive ion etching (RIE). However, 
one major drawback of planar plasma processing is in 
the indirect method of determining the process pa- 
rameters (RF power, pressure, flow rate, etc.). Further- 
more, planar techniques do not allow direct control of 
the fluxes arriving at the sample surface. Greater con- 
trol over the fluxes can be achieved through the use of 

Key words: plasma, integrated circuRs, interconnects. 

broad-beam ion sources in which the ion energy and 
current can be varied independently. However, even in 
a technique like reactive ion beam etching (RIBE), 
there is little control over the chemical-etch component 
which results from the neutrals effusing from the ion 
source. In the technique used in this work, chemi- 
cally assisted ion beam etching (CAIBE), a chemically 
reactive gas is introduced into the sample chamber in 
conjunction with either inert or reactive ion bombard- 
ment. This technique allows for a large range of rela- 
tively independent control over the chemical compo- 
nent of the etching process by varying the partial pres- 
sure of the reactive gas and the physical component by 
controlling the ion beam's energy and current. Large 
increases in selectivity and etch rates over ion milling 
have been reported for GaAs (1, 2) using this tech- 
nique. In addition, it has been demonstrated that 
CAIBE can be used to control etch-wall profiles from 
directional overcut to undercut sidewalls in Si (3, 4). 

For polycide structures, general pattern transfer re- 
quirements include anisotropic profiles without under- 
cutting of the polysilicon layer along with a selective 
etch stop. Most of the work that has been reported on 
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the patterning of refractory metals and their  silicides 
has been confined to fluorine gas systems usirLg RIE 
(5-10). Isotropic etching often occurs and undercut 
profiles can result in high fluorine-content environ- 
ments. Less undercut in the patterning of polysilicon 
(11-13) and polycide s t ruc tures  (14) has been reported 
when chlorinated plasmas are used. In this paper, we 
report  experimental  results using the CAIBE technique 
to etch St, refractory metals Mo and Ti, and refractory 
metal silicides TiSi~, TaSi2, MoSt2, and. PtSi with C12 as 
the reactive background gas. This technique has also 
been used to pat tern polycide structures with dimen- 
sions below 0.6 ~ra. 

Exper imental  
The CAIBE experimental  apparatus used in this 

study was a modified, Varian/Extr ion RE-580 RIBE 
system; it is shown schematically in Fig. 1. Several 
modifications made on the system include a hollow 
cathode electron emitter within the ion source and a 
gas tube through which controlled amounts of C12 gas 
can be admitted into the sample chamber. In a hollow 
cathode, thermionic ionization of argon occurs. From 
this small inert-gas plasma, electrons are extracted for 
impact ionization of either inert or reactive gases 
within the source. This type of cathode results in stable 
ion currents with less than 5% fluctuations over hours 
of operation. The ion source produces a flood beam ca- 
pable of etching wafers up to 10 cm in diam. The diam- 
eter  of samples processed in these experiments how- 
ever di,d not exceed 2 cm. A Faraday cup is located 
adjacent to the sample and is connected to a current 
integrator-ratemeter  for measuring the total ionic 
charge dose and current density. 

The reactive chemical component is controlled by 
varying the flow rate of CI~ gas into the sample cham- 
ber. At chamber pressures of 10-4 torr, the mean free 
path of a gas molecule is sufficiently long that the 
chemical flux can have directionality. Etching in the 
CAIBE mode with directed chemical fluxes (1, 15-18, 
29) has shown total etch-yield increases as high as 
80 times compared to pure physical sputtering. How- 
ever, etch uniformity and profile control under these 
conditions are dependent on the impingement direction 
of the  chemical and ionic fluxes (1). Thus, in order 
to better  utilize the CAIBE technique, etch uniformity 
was improved using a nondirected chemical flux ar-  
riving at the sample surface by diffusion processes. 

Samples were mounted on aluminum wafers by 
mechanical clips and by thermal paste on the back 
side. Samples of Ti, Mo, MoSi2, and TaSi2 were pre- 
pared by sputtering from a pure metal or composite 
target. TiSi~ and PtSi were prepared by E-beam evapo- 
ration of the pure metals, and silicide formation was 
performed by heating in a vacuum furnace. N + poly- 
silicon was grown by LPCVD followed by a phos- 
phorus implant of 5 X 1015/cm 2 and drive in. Samples 
for etch yield and etch rate studies were patterned by 
photolithography with AZ1350 resist and measured by 
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Fig. 1. Schematic of CAIBI: system 

an Alpha-Step surface profiler. High resolution pat-  
terns (<  0.6 ~m) were prepared by E-beam lithog- 
raphy followed by Cr metal 1Lftoff. By using the cur- 
rent integrator, Faraday cup, and load-lock system, 
samples were exposed to a predetermined charge 
dose for a fixed ion current density and time. Sam- 
ple temperature was maintained below 80~ under 
all etch conditions by clamping the sample holder to 
a freon-eooled stage and by passing argon between 
the stage and sample. 

R e s u l t s  a n d  D i s c u s s i o n  
Over the past several years, UHV plasma chemistry 

studies have provided valuable information and 
insight into dry etching mechanisms. One such area 
is in the importance of ion-surface interactions. This 
has led to rapid development of RIE, and its use 
instead of the ear l ier  FE technique. However, direct 
comparisons between ideal UHV environments and 
etching systems used for semiconductor manufacturing 
generally cannot be made, because of fundamental dif- 
ferences between the two. In the planar techniques of 
PE and RIE, the sample is immersed in a plasma and 
exposed to high fluxes of ions, electrons, and radiation. 
In the CAIBE technique, experimental conditions are 
more closely related to UHV environments. In this 
study, we compared experimental  data obtained by 
Gerlach-Meyer et al. (15) in a UHV environment to 
data obtained in our modified commercially available 
machine. Good correlation between the two systems is 
obtained. 

In Fig. 2, the etch rate of silicon is shown for various 
ion energies with incremental increases of C12 gas 
admitted into the sample chamber. It can be observed 
that for flow rate increments of 3 sccm of C12, near ly  
linear increases in the Si etch rate were measured. 
Higher etch rates with the same relative etch rate 
increases were observed with further Clz gas additions 
until constrained by the pumping speed of system. 
Etch rates up to five times larger than ion milling 
rates were obtained. In examining these enhanced etch 
rates, the Ar+-sput te r  yield was used as a comparative 
reference. The sputter yields obtained in these ex- 
periments show fMrly good agreement with other 
published data (16-17), as shown in Table I. Our 
slightly higher sputter yields can be attr ibuted to 
nonideal conditions of a higher residual gas back- 
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Table I. Comparison of Ar +-etch yields in Si 

Si Sputter Yield due to Ar + Bombardment ~ 

This work Ref. 15 Ref. 17 Ion Energy 
eV 

500 

1000 

Data for normal ~rtcldeftce ions 

.70 

1.08 

.86 

�9 9 .92 

ground as compared  to the UHV environment .  CI~ gas 
was then  admzt ted into the sample  chamber ,  and  a 
pa r t i a l  p ressure  was es t imated  using a quadrup le  mass 
spectrometer .  By using a zero o rde r  approx imatmn,  we 
measured  a pa r t i a l  p ressure  increase  of ~5.0 • 10 -~ 
to r t  of CI~ lo r  each increase  of 3 sccm admi t ted  into the  
sample  chamber .  The chemical  flux of C12 impinging  
on the sample  surface  was es t imated  using s ta t i s t ica l  
mechanics  th rough  the fol lowing express ion 

~ C  
F l u x  = ~ :: 

4 

where  c is the mean  veloci ty  and n the par t ic le  den-  
s i ty  for a room t empera tu re  gas. This gives an est i -  
ma ted  C12 flux on the sample  of , ,3.6 • 10~/cm2-s 
at a flow ra te  of 9 sccm. Using the da ta  of Fig. 2, these 
etch condit ions (1000 eV wi th  9 sccm C12 flow) gave 
a to ta l  y ie ld  of , ,2.7 Si a toms per  incident  ion. This 
is in good agreement  wi th  resul ts  obta ined  in a UHV 
envi ronment  (15), as shown in Table II. The s l ight ly  
lower  to ta l  yields  ob ta ined  in our  exper iments  p r o b -  
ab ly  resul ts  f rom using a nondi rec ted  chemical  flux 
and a rough es t imat ion  of the  ac tua l  C12 par t i a l  p res -  
sure. In  addit ion,  spu t te r  depos i ted  Si  was used in 
the UHV study,  and a h igher  poros i ty  could resul t  in 
h igher  etch yields  in the  presence of C12 under  At+  
b o m b a r d m e n t  than  ob ta ined  in our  studies,  in which 
crys ta l l ine  Si  was used. In  the work  by  Ger lach-Meyer ,  
C12 gas was d i rec ted  at  the  Si surface in the presence of 
low ion currents  (~--0.01 m A / c m  2) wi th  a chemical -  
f l u x - t o - i o n - a r r i v a l - r a t e  rat io  ,-~160:1. The to ta l  a tom 
yie ld  showed a n e a r l y  l inear  dependence  on the C12 flux 
be low some sa tu ra t ion  flux. Above  a cer ta in  sa tura t ion  
flux (high C12 impingement  ra tes ) ,  the total  Si a tom 
yie ld  was independen t  of the  flux and was de t e rmined  
by  the mass and energy  of  the  incident  ions. 

High chemica l - f l ux - to - i on -a r r i va l - r a t e  rat ios com- 
pa rab le  to those obta ined  in the UHV studies  could 
not  be  obta ined  in our  expe r imen t a l  appara tus ,  because  
of vacuum pumping  constraints  and opera t ion  of the  
ion source. Thus, a CI~ impingement  ra te  in which 
surface  sa tura t ion  is observed  in the  UHV studies  could 
not  be obta ined  in these exper iments .  The etch yields  
at  the  CI~ pa r t i a l  pressures  used were  thus l imi ted  by  
the ava i l ab i l i ty  of CI~ for  react ion with  Si. The etch 
yie lds  increased  l i nea r ly  wi th  changes in the  C12 pa r t i a l  
pressure ,  as indica ted  in Fig. 2. The  ion currents  p ro -  

Table II. Comparison of total silicon atom yields for various Cl~ 
gas flux-to-ion-ratios 

CI2 flux rate CAIBE Yield Cl2 flux/ion ratio 

from this work 2.7 2.3 

ref. 15 

from this work 

ref. 15 

3.6 xlO~/cm 2 sec 

2.5 x 1015/cm2 sec 

3.2 160 

2.1 

2.8 

1.55 

4 0  

duced by  the b r o a d - b e a m  source were  also an order  of 
magni tude  g rea te r  than  f rom the UHV ion gun. Under  
our  expe r imen ta l  conditions,  the  chemica l - f l ux - to -Ar  +-  
a r r iva l  ra te  ra t io  was ,.~2.3:1 (vs. 160:1), and  fa i r ly  
good agreement  in the total  y ie ld  was st i l l  obta ined 
be twen the ideal  UHV and our  broad  beam results .  
This suggests  tha t  the etch yields  a re  dependent  on 
the energy  of the  incident  ion and the react ive  chemi-  
cal flux, but  not  on the  ion flux be low some sa tura t ion  
level  of the chemical  flux. Fo r  a h igher  ion current ,  
the to ta l  a tom yie ld  is s t i l l  the same, but  the  Si a toms 
are r emoved  at  a fas ter  r a t e  de te rmined  by  the ion 
flux. This is an advan tage  of the CAIBE technique 
over  o ther  p l ana r  techniques in f inding the des i red  
process parameters .  F r o m  UHV or  CAIBE yie ld  data,  
the re la t ive  e tch- ra te  ra t ios  ( the select ivi ty)  for di f -  
ferent  film layers  wi th  the same background  gas con- 
dit ions are only de t e rmine d  by  the ion flux. In  PE or 
RIE techniques,  var ious  pa ramete r s  have to be ad jus ted  
in order  to de te rmine  the op t imum select ivi ty.  

In  the  opera t ion  of b r o a d - b e a m  ion sources, an order  
of magni tude  pressure  difference across the  ex t rac t ion  
grids usual ly  exists. The t ransmiss ion of the  gr id  set 
used in these exper iments  was a pp rox ima te ly  50%. 
Thus, a por t ion of the  reac t ive  gas background  diffuses 
ups t r eam into the  source, where  it i s  ionized and then  
accelera ted  back  toward  the  subst ra te .  As the flow of 
react ive  gas into the sample  chamber  is increased,  the  
h igher  chamber  pressure  resul ts  in increased currents  
both  wi thin  the  source and the ex t r ac t ed  beam. Hence, 
CI~+ and CI+ ions are  present  in the  ex t r ac t ed  beam. 
In o rder  to qua l i t a t ive ly  measure  the  amount  ~ chlo-  
r ine wi th in  the beam, the increase  in the beam cur ren t  
for changes in the background  gas pressure  were  mea -  
sured.  In Fig. 3, i t  can be observed  tha t  for  large  flow 
ra tes  of C12 gas into the sample  chamber ,  the  beam 
composit ion approaches  nea r ly  65% Ar+  and 35% C12 + 
and C1 +. In  these exper iments ,  opera t ion  of the  ion 
source was ad jus ted  to main ta in  a constant  ion cur ren t  
density.  The role of CI~+- and Cl+- ion  b o m b a r d m e n t  
in the presence of CI~ gas on the total  etch y ie ld  has 
not  been inves t iga ted  in UHV environments .  Studies  
a re  needed in this a rea  to de te rmine  if the react ive  
ions s ignif icant ly increase the etch yie ld  or behave  
effect ively l ike Ar  + ions in in i t ia t ing  etch reactions.  
P r e l i m i n a r y  etch ra te  exper iments  of Si  and C12 + 
and C1 + ions wi th  CI~ gas impinging  f rom the back -  
ground gas have indica ted  that  the  chlor ine ions be -  
have s imi la r ly  to A r  + ions o r  tha t  the ion-ass is ted re -  
action be tween  the  C12 background  gas and the Si 
surface dominates  the etching mechanisms.  
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Fig. 3. Total ion beom current for various CI~ flow rates. The 
increa,se in ion beam current is attributed to the CI2 background 
gas entering the source. The amount of CI~ + and CI + is shown as 
o percentage of the total beam current. It is assumed that the 
At+  in the ion beam remains constant. 
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Table III. Comparison of etch rate increases 

R e l a t i v e  E t c l ~  
I ~ . t e  I n c r e a s e ~  200 177 136 127 75 62 40 35 
A / m i n .  I / 

�9 Ar t. Beam �9 Normal Incidence 500 eV 
DOSE : 0.04 C/cm 2 0.26 mA/cm 2 
Increments of 3sacra CI 2 in Background 

Under  s imi la r  expe r imen ta l  etch conditions, Ti, TiSi2, 
TaSiz, Mo, MoSi2, and P tS i  samples  also showed l inear  
incrementa l  e t ch- ra te  increases  wi th  CI~ addit ions.  
However ,  the  enhanced etch rates were  lower  than  
those  of Si. F igure  4 shows the etch rates  obta ined  for 
TaSiz under  the same .conditions as the Si  exper iments .  
Table I I I  l ists the  re la t ive  e t ch - ra t e  increases caused 
by  adding 3 sccm increments  of C12 gas for different  
mater ia ls .  By examin ing  the vapor  pressures  (19-22) 
of the various chlor ide react ion products ,  it  can be 
observed tha t  the  re la t ive  e tch- ra te  increases of Table  
I I I  correspond to the re la t ive  chlor ide  vapor  pressures  
of Fig. 5. A high vapor  pressure  imp l i e s  a high e tch-  
ra te  increase.  Etch rates  of o ther  types  o f  mater ia l s  
should be dependent  on the vapor  pressure  of the  final 
react ion products .  In Fig. 5, we have l is ted the down-  
s t ream mass spec t romet ry  react ion products  for the 
mater ia l s  etched. 

In CAIBE, subs t ra te  t empera tu res  have also been 
repor ted  to add nonl inear  effects to the etch rates  (18) 
especia l ly  wi th  mate r ia l s  which form low vapor  pres-  
sure react ion products .  Our sample  t empera tu res  are  
assumed to be the same for al l  mate r ia l s  since the ion 
dose and cur ren t  were the same. The subs t ra te  t emper -  
a ture  effect has been repor ted  in the etching of GaAs 
w i t h  p lasmas containing chlor ine  (23, 24) and bromine  
(25). This implies  that  raised sample  t empera tu re s  in 
beam processing aid  in increas ing the e tch  rates.  How- 
ever,  in a beam process, the ac tual  surface t e m p e r a t u r e  

where  the ion beam deposits  ene rgy  wi th  the  subs t ra te  
is unknown.  It  may  be quite high. 

Ref rac tory  meta l s  o t ten  exh ib i t  the p rope r ty  of 
forming s table  and low sput te r  y ie ld  oxides. Thus, 
background  oxygen containing gas contaminants  can 
influence etching mechanisms and etch rates.  In  most 
chlorine containing systems, I-I~O is a common r e -  
s idual  gas, and is known to s ignif icant ly influence the 
etch ra te  of o ther  mate r ia l s  which have a high affinity 
for oxygen,  such as a luminum.  In  order  to inves t iga te  
the  effects of the  background  gas contaminants ,  t race  
amounts  of Ha, O2, HCI, and C12 (wi th  t races of H~) 
were  added  to the sample  chamber  wi th  the resul ts  
i l lus t ra ted  in Fig. 6. Addi t ions  of H2 to the sample  
chamber  had  no measu rab le  effect on the etch rates.  
However ,  when smal l  t races of  O2 were  added,  etch 
rates were  d r a ma t i c a l l y  reduced  on al l  r e f r ac to ry  
meta ls  and silicides except  for PtSi.  In  ion mill ing,  Ti 
is a popula r  masking  mate r i a l  because i t  has a high 
affinity for  oxygen and low sput te r  yield.  The e tch- ra te  
decrease observed wi th  oxygen addi t ions is a t t r ibu ted  
to the get ter ing  p r o p e r t y  o f  the ma te r i a l  and the low 
sput te r  y ie ld  of the  oxide. 

HC1 was the most  abundan t  res idual  gas in our sys-  
tem. This is a common occurrence even in w e l l - p u m p e d  
and w e l l - t r a p p e d  vacuum systems which have  been 
exposed to chlor ine  conta in ing compounds.  When  ad -  
di t ional  amounts  of HC1 were  added  to the sample  
chamber ,  the etch rates  showed l i t t le  change, as in 
the  case wi th  H2 addit ions.  When  traces of He were  
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added with CI~ additions, a decrease in the etch rates 
occurred. The reaction of H2 and C12 to form HCI has 
presumably occurred. HC1 is thought to be a stable 
molecule that does not contribute to the etching mecha- 
nisms. Thus, introducing H2 is believed to reduce the 
C12 part ia l  pressure, which reduces the etch rates. Ad- 
ditions of H2 to fluorocarbon gas systems in PE and 
RIE reduces the fluorine concentration by forming 
stable HF (26-27), which does not contribute to the 
etching mechanisms of Si and SiO~. A similar effect 
is thought to have occurred in these CAIBE experi-  
ments. 

Oxides are not readily etched in most chlorine gas 
systems. This property can be utilized to pattern se- 
lectively polycide structures. The etch rates of poly- 
silicon and most refractory metals increased over ion 
milling rates under ion bombardment in the presence 
of CI~, while the SiO2 etch rate remained approxi-  
mately the same. To demonstrate the applicabili ty of 
the CAIBE technique to device fabrication, we have 
etched submicron features in a TaSi2/polycide stacked 
structure (Fig. 7). No undercut of the polysilicon was 
observed, and a selective etch was achieved. Damage 
to gate oxides is thought to be similar to other etch- 

Fig. 7. Scanning electron micrograph of a TaSi2 polycide struc- 
ture. Etch conditions: Ar § at 570 eV for 180s followed by Ar § at 
400 eV for 300s with a CI~, flow rate of 9 sccm. 
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ing techniques, such as RIE. In CAIBE, surface damage 
was shown to be related to the dose of the C12 flux 
(28) in compound semiconductors. With a high chemi- 
cal flux, ideality factors of Schottky diodes using cur- 
rent-voltage (I-V) measurements were found to be 
near unity and increased with lower chemical fluxes. 
CAIBE should be useful in device fabrication. 

Summary 
Comparative studies of broad-beam Ar + ion pro- 

cessing and UHV studies were made using C12 as the 
chemical assist component, and good correlation with 
the etch yields of Si was obtained. The etch rates of 
various refractory metals and metal silicides have been 
compared in CAIBE, and the relative etch-rate in- 
creases observed are direct ly  related to the vapor 
pressure of the reaction products. Background gas 
contaminants, such as oxygen and H2O, can influence 
the etch rates by reducing the C12 flux and by forming 
stable oxides. 
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Study of the Solubility of Silica in Forsterite by Solid State EMF 
Measurements 
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G. Borchardt*, 1 
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ABSTRACT 

By an EMF method, we measured the activity of silica (asio2) as a function of composition in the homogeneity range of 
forsterite (Mg2SiO4) including the compositions in equilibrium with the pure neighboring phases (MgO and MgSiO3, respec- 
tively) in the phase diagram. The experiments were performed at 1300 <- T -< 1780 K using a solid electrolyte which contained 
MgF2 dispersed in a Mg2SiO4 matrix. On the basis of the results, published data on the ionic conductivity and the resulting 
ideas on the dominant defects are critically discussed. Consequences for future transport experiments are investigated. 

Magnesiumorthosilicate (Mg2SiOD is a model sub- 
stance for earth scientists and materials scientists. De- 
spite an increasing number of papers on the physical 
and chemical properties of this compound and its 
olivine-type solid solutions, it has not yet been possi- 
ble to unambiguously identify the lattice defects via 
which transport of matter occurs in pure Mg2SiO4 
(forsterite) at high temperatures. Assuming dilute 
solution theory to be valid, defect equilibria in ternary 
oxides, including silicates with olivine structure, espe- 
cially Mg2SiO4, had already been formulated some 
decades ago. The progress made since those days with 
regard to the formal aspects of the problem may be 
gathered from the bibliographies of recent papers 
published in this field (1-3, 10). (For the sake of 
brevity we only quote the most recent article on pure 
forsterite of the respective research groups or a re- 
view paper.) The experimental data referred to most 
frequently are the electrical conductivity measure- 
ments of Pluschkell and Engell (4). Recent diffusivity 
measurements (5-9), which in principle also may be 
used as a test of the theoretical hypotheses, could not 
yet be interpreted unambiguously. This seems to be 
due to an insufficient characterization of the samples 
used during most of the experiments. 

It must be stated that the original questions are n o t  
fully answered. This is mainly due to two facts, which 
are somewhat interrelated: first, the physical proper- 

* Electrochemical Society Active Member. 
1Present address: Fachbereieh MetaUurgie und Werkstoffwis- 

senschaften, TU Clausthal, D-3392 Clausthal-Zellerfeld, Germany. 

ties (ionic conductivity x, diffusivities D~) were mea- 
sured either as a function of concentration [X(Xsio2) 
(4) ] or on samples with poorly defined composition 
[Di (5-9)]; instead, they should have been measured 
as a function of the thermodynamic activities of t w o  
of the constituent elements in the homogeneity range 
of the ternary oxide in order to allow a sound thermo- 
dynamic treatment. Second, with high defect concen- 
trations the dilute solution approach, usually practiced 
in defect thermodynamics (2), and the concept of  
constant mobilities (independent of the composition 
of the crystal at P, T = constant) (4) are no longer 
applicable as associations of defects may occur (1, 10). 

In this paper, we present experimental results on 
the activity of a constituent oxide, SiO~, in Mg2SiO4 
as a function of composition and of temperature at a 
fixed oxygen activity. With the results it is possible 
to define the silica-rich part of the homogeneity range 
of Mg2SiO4 between 1300 and 1780 K and to reinterpret 
published data on the ionic conductivity at least quali- 
tatively with respect to the nature of the defects in- 
volved. Further, guidelines for planning and perform- 
ing future diffusivity and deformation experiments can 
be derived. 

Defect Equilibria 
For the details on the formulation of defect equi- 

libria within the frame of the dilute solution approach 
we refer to the literature mentioned above. Summariz- 
ing the preliminary results which, strictly speaking, 
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are sophisticated speculations based on crystal  chem- 
istry rules, the phase diagram, and only one set of ex- 
periments (4), the concept general ly accepted until 
now may  be described as follows: (i) pure forsterite, 
which is stoichi0metric with regard to both the cation 
to anion ratio [(nMg + nsi)/no ---- 3/4] and the magne-  
sium to silicon ratm (nM~/~%Si -- 2), apparent ly  has 
Frenkel - type  defects in the magnesium sublattice as 
majori ty  defects. (ii) At sufficiently high temperatures 
up to about  1800 K, Mg2SiO4 readily dissolves excess 
silica (several mol percent  [m/o] ) ,  but  appreciably 
less excess magnesia ( < 0.1 m/o)  (4). At still higher 
temperatures,  according to recent results, the solubil- 
i ty of magnesia drastically increases and forsterite in- 
corporates between 0.7 and 2.4 m/o  of magnesia (11). 
In the case of magnesia-r ich forsterite, the major i ty  
defects might  be either Mg#" and Vsd' or Vo z" and 
Vs~' in the Kr6ger~Yink notation. The incorporation 
of silica is consiaered to create either VMg ~' and Vo 2" 
or  VMg '~' and Sisd" as major i ty  defects. Associations of 
defects are generally neglected (3). 

This paper  deals with experimental  results for asio2 
= Y(Xsio2) in the silica-rich portion of the homoge- 
nei ty range of Mg2SiO4. We therefore confine our-  
selves to the theoretical t reatment  of the correspond- 
ing defect equilibria. With the defect concentrations to 
be expected in this composition range according to the 
appreciable solubility of silica, dilute solution defect 
thermodynamics  will no longer be applicable. Because 
of the high concentrat ion of defects, a Debye-Hiickel-  
type calculation of the electrostatic interaction only is 
not  possible either. It  will t,herefore be necessary to 
adopt a formal t reatment  including defect complexes. 

We shall treat  two models, which we shall call A 
and B. They  will be formulated using the Kr6ger-  
Vink notation. 

A A A A 
Model A.--1 = VMg 2', 2 = Vo ~', 3 = [VMg, Vo]5 4 = 

Mg~ 2', a~ = x~ �9 1i being activities, x~ [or  also (i)]  being 
a molar  fraction, 1i being an activity coefficient 

SiO~ ~-Mg~SiO4 + 2Vo 2' + 2VM~' 

(VO2') 2 (VMg2') 2 
K ~ - ~  = �9 F v o  �9 12VMg 

asio~. 

"- al 2 " as S " a-lsio2 [i] 

MgMg z r VMg 2' -}- Mg~" 

KlS-~ --- (VM& r (Mg~ 2" ) " 1VMg " IMg = al �9 a4 [2] 

]TO 2" -F VMb'~' ~-- [VM,, Vo] ~z 

[VM~, Vo] ~ 1 
K2-3 - -  " ~[VMg, VO] z 

(Vo 2") (VMg 2') IVO* IVM, 

= a~ �9 ~-~ �9 a,-~ [3] 

with the electroneutral i ty condition 

(Vo 2") + (Mg~ 2') ---- (V~g 2') [4] 

and the mass balance with regard to oxygen 

[VMg, V o ] ~ +  (Vo 2') =2~ ,  8 = X s i o ~ - - l / 3 - - 0  [5] 

where ~ is the excess silica concentration (~ ---- 0 cor- 
responds to the stoichiometric composition of the 
forsterite).  

The equilibrium constants K2-~, i ---- 1, 2, 3 being 
unknown, the defect  "concentrations cannot be calcu- 
lated. In  order  to get a formal  similarity to the well-  
known relationships of the dilute solution approach, 
we combine Eq. [1], [2], [3], and [5], wheref rom we 
obtain upon differentiation 

0 In as~os 0 In asio~ 2 

ahaI~  

ha asio~ 

0 In I3 1 
+ K2-~ " I.~ -1 / [6] 

0 in asio~ J 

This equation reduces to 0 In (VMg2')/O ln asio2 -- 1/4 
for 1i = constant, K2-3 = 0, and (VMg 2') ,-, 6. 

The value of 1/4 for the characteristic slope corre-  
sponds to the absence of any defect association. The 
opposite extreme would be a .complete association of 
the defects, which means (VMg 2') _~ 10, Oln (VMg2')/  
0 In asio~ -- 0. 

With [VMg, Vo] x ~, 8 and constant and finite values 
for the activity coefficients 1i, Eq. [6] yields in this 
limiting case 01n ([VMg, Vo]x)/olnasm~ = 1/2 as in 
the dilute solution approach. 

A A A A 
Model B.--I = VMg 2', 2 ---- Sii 4", 3 = SiMg 2', 4 = Mg~', 
A 

5 = [V~g ~', SiMg2'] z 
a,2 �9 a~ 

2SIO2 ~ Mg2SiO~ + 2VMg 2' + Sii 4', K2-7 "-" 
a2sioz 

MgMg x ~- VMg 2' + M g ~ ' ,  

VMg 2' -~- Sii4. ~ SiMg 2', 

[7] 

K2-~ = al �9 a4 [2] 

as 
K 2 - 8  - "  [8] al �9 I ~  

VM 2' SiMg2. ~,~ SiMg~. ] x, g "~- [VMg 2', 
a5 

al �9 aa 

C9] 
with the electroneutral i ty condition 

(Mg~2") + (SiMg 2") -}-2(Si~ 4") -- (VMg 2') [10] 

and the mass balance with regard to silicon 

8 
[VMg ~', SiMg2'] x + (SiMg ~') + (Sii 4") = ~-  [11] 

From a procedure analogous to that  which yielded Eq. 
[6], a ra ther  complicated expression results. Simplify-  
ing by setting Ii = constant, we get  

o l n x l  _ ( ~91n8 _ 2  ) 

0 In asio2 0 in asi02 

. [ K 2 - s K 2 - 9 , s - l  xl~ q- K~-s,~-111-1Xl-q- , , - 2 , , - 1 ]  

K2-81z -111 - i  x,  + 211-2 I3 -1 

[12] 

Equation [12] reduces to 0 In (VMg2')/O lnasio~ --- 2/3 
f o r ] i  = 1, K2-s  ---- K2-9 = 0, and xl = (VMg 2') ,~ 6. 
This describes the absence of any defect association. If  
(VMg ~') ___ 0 and 01n (VMg2')/Olnasio~ ~_ 0, which 
corresponds to the near ly  complete association of the 
point defects (according to Eq. [9]),  Eq. [12] reduces 
to 0 In ([VMg 2', SiMg2"]x)golnasio2 __~ 2, which implies 
([VMg 2', SiMg2'] x) -~ 8, Jfi being constant and finite. For  
partial  association (according to Eq. [8]), Eq. [12] 
would yield 01n (VMg2')/olnasio~ = 1 with the ap-  
propriate general assumptions as mentioned above 
being valid. Equations [6] and [12] relate the experi-  
mental ly  determined quant i ty  0 in 5/0 In asio2 to the 
variation of a defect concentration with composition 
0 In (VMg2')/0 In asio2. 

The (total) ionic conductivity K(asio2) can be cal- 
culated from ~(Xsio2) (4) and asioi(Xsio2) (this work) .  
In special cases (i.e., if the transference number  of one 
defect species i., close to 1) we get 
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0 in 

a In asio2 
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0 In ,ct 0 In x l  0 In ul  
= , ,  - ~  -, 

0 In asio2 ~0 In asio2 0 In as~os 

t1"~l [13] 

In t,he dilute solution approach, the mobilities ui are 
assumed to be constant. As will be seen below, this is 
most probably not true for the silica-rich portion of 
the homogeneity range of forsterite. 

Experimental 
Preliminary remarks.--For the  expe r imen t a l  de t e r -  

mina t ion  of s i l ica in fors ter i te ,  we used an electro= 
chemical  method  which  had  been  descr ibed e lsewhere  
(12) and which is based on the appl ica t ion  of a special  
fluoride e lec t ro ly te  being present  as a second phase in 
a so-ca l led  " iner t  skeleton."  

We used the two concentra t ion  cells 

Pt/2VIgO, Mg2SiO4//Mg~SiO4 (-{- M g F 2 ) / / 2 M g O  
I /~I 

�9 SiO2(1 -]- 3 5 ) / P t  [14] 

Pt/MgSiO~, Mg2SiO4//Mg2SiO4 ( +  M g F 2 ) / / 2 M g O  
I I I  

�9 SiO~(1 + 3 b ) / P t  [15] 

The measured  EMF (E) reflects the 'difference in the 
si l ica act ivi t ies  on both  sides of the e lec t ro ly te  

/ asi~ / 
E = (RT/4F) In asio2(I) [16] 

F rom our  publ i shed  da ta  (12), s t anda rd  free en-  
tha lpy  values  for  the react ions  

2MgO + SiO2 ~ Mg2SiO4 

AGi7 ~ [ J / m o l l  - -  -- 58,423 -- 4.44 T, T[K]  [17] 

Mg~SiO4 + SiO~ .~ 2MgSiO3 

AGI6 ~ [J/tool] = -- 18,247 -{- 8.96 T, T[K] [18] 

are taken for the calculation of the activity values 
asios in forsterite. 

From cell [14], one obtains 

( 4F IE~I --  58,423 --  4.44 T ) 
asioz(14-II)  = exp RT 

and  f rom cell  [15] 
/ 

asio~(15-II) = exp ( 
\ 

[19] 

4F IE21 --  18,247 + 8.96 T 
] RT 
[20] 

February I984 

Table I. Composition of the samples and of the electrolyte used 
in the experiments 

Porosity 
Sample no. xszo~ p [g/cm c] (hV/Vm)  Phases present 

1 0.310 3.05 0.051 MgO, Mg~SiO~ 
2 0.336 2.84 0.072 Mg2SiO, 
3 0.340 2.76 0.094 Mg~SiO~ 
4 0.345 2.92 0.093 Mg~SiO~, 
5 0.350 2.74 0.066 MgaSiOs, 
6 0.3'56 2.90 0.095 MgaSiO4, 
7 0.370 2.94 0.922 Mg~iO4, (MgSiOs) 
8 0.395 2.97 0.978 Mg~iO4, MgSiO8 

9 0.392 3.00 0.039 Mg2SiO4, (MgF~) 
(electrolyte) X~F~ ---- 0.0~5 

x:~go = 0.683 

Sample preparation.--Fine gra in  powders  of r eagen t -  
grade  MgO and SiOs were  t he rma l ly  p re t rea ted ,  tho r -  
oughly  mixed  wi th  a smal l  amount  of b inder  (oleine 
acid) and compressed  (5 • l0 s Pa)  before  being first 
s in tered  in a i r  for  12h at  1200~ Then, the t empera -  
ture  was increased to 1450~ for ano ther  96h. A f t e r -  
ward,  the samples  were  r ap id ly  cooled to room t em-  
pe ra tu re  and control led  by  opt ical  microscopy and 
x - r a y  diffraction.  Densi t ies  were  de te rmined .  The 
complete  set  of samples  is g rouped  in Table  I toge ther  
with the electrolyte .  

EMF measurements and results.--The measurement s  
were  made  in  air. Up to about  1080~ quar tz  glass was 
used for the construct ion of the  appara tus ;  above 
1080~ a lumina  was used. 

Depending  on the tempera ture ,  s table  EMF values  
were  reached af te r  about  0.5-2h af te r  a change of the  
measur ing  tempera ture .  The EMF was measu red  wi th  
a digi ta l  vacuum tube vo l tmete r  (R = 1010fD. Table  I I  
shows the measured  EMF values  for cell  [14] together  
wi th  the as~o2 da ta  ca lcula ted  f rom Eq. [19], as a func-  
t ion of  t empe ra tu r e  and composit ion.  Table  IH gives 
the cor responding  informat ion  as obta ined  f rom cell  
[15]. Wi th  the aid of our  data,  we ca lcula ted  the e lec-  
t r i ca l  conduct iv i ty  as a funct ion of t empe ra tu r e  and 
si l ica ac t iv i ty  f rom publ i shed  l i t e ra tu re  values  for  the  
conduct iv i ty  as a funct ion of t empe ra tu r e  and com- 
posi t ion (4). The resul ts  are  represen ted  in Table IV. 

Discussion 
In o r d e r  to faci l i ta te  the in te rp re ta t ion  of the n u -  

merous  da t a  points  in the  s i l ica- r ich  pa r t  of the  homo-  
genei ty  region, we re fe r  to Fig. 1, 2, and 3. In  Fig. 2, 
the t e m p e r a t u r e  independent  character is t ic  s lope in 
the l inea r  range  is n~ : 0 in  ~/0 In asio2 ~-~ 1.42. Equa-  
tion [12] shows us that  1 ~ n~ -~ 2 might  be t en ta t ive ly  
exp la ined  b y  a complex  format ion  involv ing  the equi -  

Table II. The EMF values for E as obtained with the e~pedmental setup according to Eq. [14] as a function of composition 
and temperature (top) and the values for E obtained using Eq. [15] (bottom) 

zslo s 0.810 0.336 0.340 0.345 0.350 0.356 0.370 0.395 

1300 1.2 (1.6) 103.2 (1.6) 119.9 (2.1) 132.2 (2.3) 139.0 (1.4) 144.6 (1.7) 148.5 (2,1) 149.0 (1.8) 
1480 0.7 (1.4) 102.6 (1.9) 122.4 (1.8) 135.3 (1.9) 143.1 (1.6) 151.3 (2.0) 154.2 (2.3) 154.9 (1.6) 
1600 1.9 (1.6) 1015 (1.2) 123.9 (2.5) 137.4 (2.1) 145.9 (2.1) 154.5 (1.7) 159.7 (2.2) 161.0 (I.7) 
1780 2.1 (1.7) 16'3.0 (2.1) 126.3 (1.7) 142.7 (2.0) 152.5 (1.9) 160.2 (2.6) 166.3 (2.0) 165.7 (1.7) 

0~10 0.336 O.340 

1300 146.2 (4.5) 44.3 (4.5) 30.9 (2.61 
1460 168 3 (2.7) 54.0 (3.1) 36.7 (3.1) 
1600 161.1 (3.2) 57.2 (2.4) 37.5 (2.2) 
1780 167.0 (1.8) 64.2 (2.0) 40.6 (2.3) 

The data given in parentheses are the absolute values of the 
experimental error. 
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Table I l l .  The activity of silica asia2 as calculated from the EMF values 

xsloj + 0.310 0.336 0.340 0.345 0.3'50 0.356 0.370 0.395 ++ 
1015 -23.33 2.67 6.67 11.67 16.67 22.67 36.67 61.6'/ 

1300 0.0026 0.003 0.105 0.191 0.296 0.377 0.464 0.530 9.539 0.643 
1480 0.0~51 0.005 0.127 0.236 0.354 0.452 0.586 0.641 0.655 0.666 
1600 0.0072 0.~8 0.138 0.264 0~91 0.500 0.642 0.747 0.775 0.745 
1780 0.011 0.012 0.166 0.305 0.468 0.604 0.738 0.866 0.852 0.857 

+ as.% for amgo = 1 according to R6g.et aL (12). 
++ astoa for a M g S L O  s = 1 according to B, og et aL (12). 

Table IV. The ionic conductivity as a function of silica activity and temperature as calculated from the literature (4) with 
the aid of our activity data 

Xato s 0.3359. 0.3378 

astog . nSiOI 

0.3424 0.3516 0.3609 nlr ~'x 

~ ( 1 ) )  

[ , ]  [ , ]  [ , 1  ,o o,.o.<,> 
K ,r K In 

,,.,o. ,' 

1300 0.081 1.38 x 10 -o 0.149 3.49 x 10 -s 0.243 3.80 x 10 J 0.399 4.13 x 10 ~7 0.533 2.08 x 10 -7 4.885 0.942 
1480 0.098 1.39 x 10 -7 0.181 1.35 x i0-o 0.298 1.62 x I0 -5 0 .490  2.68 x 10-s 0 .656  2.35 x 10s 4.834 1.090 
1600 0.107 1.69 x I0 -e 0.199 9.72 x I0 -e 0 .329  1.12 x i0-~ 0 .542  2.57 x !0 -4 0 .727  3.03 x 10 .4 4.849 1.120 
1780 0.128 3.83 x I0 -~ 0.236 1.13 x 10-4 0 .389  1.35 x 10 -8 0 .637  4.32 x 10 -~ 0 .851  7.38 x 10 -~ 4.954 1.216 

The states 0 and 1 in the last column correspond ~o the compositions with maximum and minimum values of the conductivity for 
a given temperature (see Fig. 3). 

l i b r i a  d e s c r i b e d  b y  Eq. [8] a n d  [9].  As  a b s o l u t e  v a l -  
ues  of  t h e  d e f e c t  c o n c e n t r a t i o n s  a r e  n o t  k n o w n ,  t h e  
q u a n t i t i e s  i n  t h e  t e r m  i n  b r a c k e t s  in  Eq.  [12] c a n n o t  
b e  f u r t h e r  d i s c u s s e d  now.  A c c e p t i n g  t h e  i dea  t h a t  t h e  
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Fig. 1. The homogeneity range of farsterite. (The asia2 values 
far aMeo(T)  = 1 and aMgsio3(T) = 1 were calculated from (12), 
the connection to the experimental curves of this work being rep- 
resented by broken lines.) 

a c t i v i t y  coeff ic ients  fi do n o t  v a r y  too m u c h  w i t h  c o m -  
p o s i t i o h  a n d  t h a t  t h e i r  n u m e r i c a l  v a l u e s  a r e  m o r e  o r  
less  close to 1, t h e  n u m e r i c a l  v a l u e  of  t h e  t e r m  in  
b r a c k e t s  c a n  be  s i t u a t e d  b e t w e e n  a b o u t  0.5 ( K 2 - s ,  
K2-9 < <  I) and about 1 (/{2-9 < <  I, /{2-8 > >  i)  ac- 
cording to the comments on Eq. [12] above. 

With this in mind, we can estimate the dependence 
of defect mobility on the activity and/or  concentration 
of silica. A general feature of the dependence of con- 
ductivity on activity (see Fig. 3) is a high value of the 
slope n~ = ~ In ~/~ In asia2 ~--- 4.9 in the central part  
and a region of saturation on both ends of the s-shaped 
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Fig. 3. The ionic conductivity of forsterite as a function of silica 
activity. (The ionic conductivity data were taken from (4): for a 
given temperature, ~ = constant for xsio2 ~ 0.3352.) The slope 
oi: the fall line yields A In (K/~o)/~ In asio2 = 4.9 (see text and 
Table IV). For 1480 and 1300 K the Ig K-Ig asio~ curves s~ow a 
similar behavior and yield the same slope in the linear part. 

which have already been tentatively discussed by 
other authors (1, see also (I0) for MgSiO3), are the 
most probable majority defects in Mg2SiO4, which con- 
tains excessive silica. Further, the reinterpretation of 
the published conductivity data on the basis of our 
experimental findings reveals a strong dependence 
of the mobility on the composition of the forsterite 
in the silica-rich part. As a further consequence, 
it cannot be excluded that the differences between 
the published values of silicon and oxygen diffusivities 
(5-9) may be partially due to the different states of 
the crystals used with regard to the value of the ther- 
modynamic activity of silicon and magnesium. As the 
different crystal growth methods may lead to pro- 
nounced differences in composition of the single crys- 
tals an experimental control by an EMF measurement 
is strongly advisable prior to further measurements of 
transport properties or deformation kinetics. 

Finally, EMF measurements of the type presented 
here should be carried out also in the silica-deficient 
part of the homogeneity range, and, if possible, at 
more than one value of the oxygen potential and as a 
function of total pressure at a given temperature. Fur- 
ther lattice dynamics calculations (13) may shed some 
light on the energetics of the defects postulated above 
from a more empirical point of view. 
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curves, which give rise to an apparent slope n~ ___ 1.1 
(see Table IV). 

In the dilute solution approach (1, 2, 4) conductivity 
or diffusivity measurements are usually evaluated on 
the basis of constant mobilities us. In the case given 
here, such a procedure would (erroneously) yield the 

clear cut answer: n~ ___ 1.1 ~ 1; therefore VM~ 2' and 
SiMg 2' should.be the majority defects. In reality, the 
situation is much more complicated: inserting the ex- 
perimental values in Eq. [12] and [13] and assuming 

^ 
the simplest case of one mobile species 1 -- VM~ 2', 
the dependence of the mobility ul on the activity of 
silica can be placed in the interval 4.3 < O In ul/ 

0 In asio2 < 4.6. This indicates a rather strong depen- 
dence on concentration. The possible objection that 
the discrepancy between 01n K/a ln asiog. __~ 4.9 and 
0 In ~/0 In asio2 --~ 1.4 may be entirely due to the term 
in brackets in Eq. [12] must be rejected because this 
would require a negative value for K~-s. 

Conclusion 
From our experimental asio2(Xslo2) data and the 

~(xsle2) data of Pluschkell and Engell (4), it must be 
concluded that magnesium vacancies VMg 2~ and com- 
plexes of the type [VMg2',lSii4] ~" and [2VM~', Sii4"] x, 
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Defect Luminescence of Thin Films of Cu20 on Copper 

R. Gilbert Kaufman* and R. T. Hawkins 
Standard Oil Company (Indiana), Amoco Research Center, Naperville, Illinois 60566 

ABSTRACT 

Films of Cu20, 30 ~m thick, have been grown on copper metal foil at 1000~ in 1% O2/Ar, heat-treated without O2 present 
at a number  of lower temperatures, and quenched in water. The room temperature emission at 980 nm and its excitation 
spectrum, attributed to relaxed excitons at copper vacancies, are similar to reported photoluminescence from thick crys- 
tals. Apparent quenching of luminescence by interaction among vacancies is observed for sufficiently high copper vacancy 
concentration. Heat-treatment does not produce copper vacancies, but  redistribution of vacancies can increase their 
photoluminescence by nearly two orders of magnitude. Under the present copper oxidation conditions, the enhanced con- 
centration of copper vacancies near the Cu20 surface suggests that the rate of oxidation is limited by the diffusion of these 
vacancies. 

The properties of Cu20 have been studied for decades. 
This research has been largely confined to bulk  crys- 
ta l l ine samples. Another  approach to the s tudy of the 
properties of materials  is to examine thin films. Such 
an approach raises the possibili ty that  film properties 
may be found which are significantly different from 
bulk  properties of the same material ,  as has, for ex-  
ample, been observed in the case of the luminescence 
of phosphors. Fur thermore ,  the mechanisms which pro- 
duce these differences in properties are in themselves 
of interest.  For  example, films are not necessarily un i -  
form or in  thermodynamic  equil ibrium, and the choice 
of conditions of formation of the film, especially the 
choice of substrate,  can control the chemistry and 
s t ructure  of the resul t ing film. In part icular ,  variat ions 
over the thickness of a film can produce gradients in 
mater ial  properties, such as defect s tructure.  

Films of Cu20 on copper metal  constitute an in ter -  
esting system for the s tudy of such gradients of point 
defects. Good qual i ty films are re la t ively easy to pre-  
pare, with at least one s t ructure  having substant ial  
grain size (1). Such Cu~O films are nonstoichiometric, 
with composition a funct ion of oxygen part ial  pres-  
sure dur ing  film growth. Characteristic emission and 
excitation photoluminescence spectra of bulk  Cu~O 
have been a t t r ibuted to relaxed excitons at copper 
and oxygen vacancies (2, 3). Hawever,  no analogous 
studies have heretofore been done for films of Cu20 
on copper, which would be expected to be copper rich 
in the region next  to the metal  and copper poor at the 
exterior surface of the film, nor  has any effort been 
made to use photoluminescence  to monitor  vacancy 
concentrations. Since the usual  Hall measurements  
and four point  probe conductivi ty measurements  to 
determine vacancy concentrat ion are not possible with 
Cu~O films on copper metal, photoluminescence ap- 
pears to be a very sensitive, well developed technique 
to monitor  vacancies. 

We present  here the results of a s tudy of the corre- 
lat ion between the vacancy photoluminescence of films 
of Cu2D on copper metal  and the conditions of prepara-  
tion of these films. 

Experimental 
Copper coupons 1.0 • 1.2 • 0.05 cm of Marz grade 

copper, nomina l ly  five nines  purity,  from Materials 
Research Corporation were oxidized at 1000~ in a 
flowing stream of 1% O2 in 1 atm of argon to obtain 
Cu~O films of 30 ~m thickness, as measured by weight 
gain. The average grain size of the films was general ly 
greater  than 100 ~rn. These films were either left as 
grown or subjected to a heat - t rea tment ,  which con- 
sisted of holding the sample in flowing argon at a 
specific tempera ture  in the 300~176 range for 15 
min  and then manua l ly  removing it from the argon 

* Electrochemical Society Active Member. 
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conductor .  

atmosphere and quenching it in water. The films ma in -  
tained excellent  optical qual i ty throughout  this prepa-  
rat ion and thus required no polishing or etching. 

Emission spectra were excited at 633 n m  with an 
unfoeused HeNe laser, and were measured using a 
Rofin 6000 monoehromator  (with a silicon photodetec- 
tor) together with a series of prefilters for fur ther  
wavelength discrimination. Excitat ion spectra were 
measured at i0 n m  intervals  over a 450-69'0 n m  range, 
using as a source the emission of a 150W xenon arc 
lamp, filtered by a grat ing monochromator  (Oriel 
Model 7240) in series with two 11 n m  bandpass in te r -  
ference filters (Ditric) to el iminate second-order  and 
scattered light from the grating. These excitation 
spectra were detected With a silicon photovoltaie and 
a series of cutoff filters, including a l rnm thick CdTe 
crystal. Photoluminescence signals were all corrected 
to constant  excitation intensity.  

Results 
The photoluminescent  emission of 30 ~m thick Cu20 

films on copper metal  at 25~ excited by the 633 n m  
HeNe laser line, consists of a single band  centered at 
980 nm, as shown in Fig. 1. Several  cutoff filters were 
used to remove the exciting light, which appeared in  
the first and second orders of the monochromator  
t ransmission with different intensities, so that  any 
significant in tensi ty  of emissions at 700 and 800 nm 
could be observed. Neither are present  at room tem-  
perature,  although subsequent  experiments  have shown 
that they do appear under  633 n m  excitat ion at 77 K. 
The CdTe filter was found to be the most efficient at 
removing exciting light while only reducing the 980 
nm emission as shown in Fig. 1 (d), and was therefore 
used in the subsequent  measurements  of excitat ion 
spectra. 

The excitation spectra for 980 n m  emission at 25~ 
are shown in Fig. 2 for four 30 ~m Cu20 films. Com- 
parison of the spectra of (A) and (B) demonstrates  
that a 15s etch in 8N HNO3, which removes 7-8 ~m, 
increases the photoluminescence of as-grown films, 
while not causing any  marked change in the spectral 
structure.  Thus, a nonluminesc ing  "dead" layer  is ap- 
paren t ly  present  on the .surface. However, the excitat ion 
spectrum of (C), which was heat - t rea ted  at 500~ is 
observed to differ qual i ta t ively from that  of (A),  and 
also to be over an order of magni tude  more intense. 
Moreover, etching clearly affects a heat - t rea ted sample 
significantly more than an as-grown sample, as is 
shown by the difference between (C) and (D) in Fig. 
2. More than half the luminescence is removed with the 
quar ter  of the film that was part  of a dead layer  before 
h e a t - t r e a t m e n t  Several  features should be noted about 
these spectra. First, all spectra display excitation peaks 
at 570 and 620 nm. Second, the ratio of excitat ion effi- 
ciency in the I ~ 480 n m  region to that in the ~. < 480 
nm region is significantly greater  for the heat- t reated 
samples than for the other ones. Final ly,  the excitat ion 
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Fig. 1. Oscilloscope display of 
emission spectra from 30 #m 
Cu20 a t  25~ 20 nm bandpass, 
633 am HeNe excitation: (A) 
no filter before monochromator; 
(B) Corning 2-58 (nominally 640 
nm high pass) filter; (C) Corn- 
lag 2-64 (nominally 650 nm 
'high pass) filter; (D) 1.0 mm 
pal!shed CdTe filter (bandgap 
at ~. ~ 855 am). Fine structure 
on (A) and'(D) are the wave- 
length markers which show the 
maximum intensity at 980 nm. 

at 690 rim, al though weak, is well above the background 
noise in all  spectra and appears to be a part  of a longer 
wavelength excitation which is not  accessible with 
the apparatus at hand. This feature at 690 n m  is thought 
(3) to be a direct excitation of a relaxed exciton at a 
copper vacancy. 

Another  exper iment  was performed to measure cop- 
per vacancy photoluminescence intensi ty  as a function 

of depth in a Cu~O film. For this purpose, an 80 ~m 
thick film of Cu20 was grown on copper and heat-  
treated at 50,0~ (15 min  in argon followed by a water  
quench, as with the other samples discussed here) .  The 
emission intensity,  excited at 690 n m  and detected at 
room temperature  with a CdTe filter, was repeatedly 
measured as the film was etched with 8N HNOs. The 
80 ~m thickness was chosen to increase the n u m b e r  of 
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possible etch cycles over what  would be the case for a 
typical 30 ~m film. Figure 3 shows the photolumines-  
cence in tensi ty  as a function of the thickness of Cu20 
remaining.  The fluctuations and otherwise nonl inear  
behavior  of the emission in tensi ty  as the first ~30 ~m 
of Cu2:O was removed suggests that complex concen- 
t ra t ion gradients of the luminescing species exist in 
this surface region. In  contrast, the l inear  behavior  of 
emission in tensi ty  with the removal  of the remaining 
50 ~m of Cu20 suggests that  the concentrat ion of 
luminescing centers is constant in this region adjacent  
to the copper metal. 

The emission in tens i ty  was found to have a strong 
dependence on the tempera ture  used in the h e a t -  

500 600 700 
Wavelength (nm) 

Fig. 2. Excitation spectra for 980 nm emission: (A) as grown; 
(B) 15s etch in 8N HNO3; (C) heat-treated at 500~ but not 
etched; (D) heat-treated at 500~ and eched for 15s in 8N HHO3. 

690 nm excitation 
o 

o/[,o 
/ 

1 -  o 

0 10 20 30 40 50 60 70 80 
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f 

Fig. 3. Emission intensity excited at 690 nm vs. remaining film 
thickness for 80 ~m Cu20 film, heat-treated at 500~ etched in 
steps in 8M HNO~. 
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t r ea tmen t  p rocedure  discussed ear l ier .  F igure  4 shows 
the room t e m p e r a t u r e  emission in tens i ty  exci ted  at 
570 and  690 nm as a funct ion of h e a t - t r e a t m e n t  t em-  
pera ture .  F o r  both  exci ta t ion  wavelengths ,  a m a x i m u m  
in the  photo luminescence  occurs in the  range  be tween  
400 ~ and 500~ Fur the rmore ,  as can be seen in Fig. 4, 
and  as is shown expl ic i t ly  in Fig. 5, the rat io  of the  
emission in tens i ty  exci ted  at 570 nm to tha t  exci ted  
at  690 nm increases monotonica l ly  wi th  increas ing 
h e a t - t r e a t m e n t  t empera tu re  over  the range  exper i -  
men ta l l y  s tudied.  The causes of these hea t - t r ea tmen t  
effects wil l  be discussed below. 

Discussion 
A por t ion  of the s tab i l i ty  d iagram for the  copper -  

oxygen sys tem is shown in Fig. 6 (4). At  1000~ Cu20 
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Rg. 5. Ratio of emission (~ . .>  855 nm) intensity for 570 nm 

excitation to that for 690 nm excitation vs. heat-treatment tem- 
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is s tab le  for  a range  of oxygen  pa r t i a l  pressures  over  
five orders  of magni tude  wide.  Fo r  the exper iments  re -  
por ted  here,  the Cu20 film growth  condit ions (1000~ 
in a 10 -2 arm oxygen  pa r t i a l  p ressure)  were  
chosen to l ie wel l  wi th in  the  s table  region for Cu~O 
in o rde r  to ensure tha t  there  would  be no separa te  
phase  of CuO on the surface. Certainly,  no Cu20 film 
p repa red  in this  work  should  be expected  to have  been  
in  t he rmodynamic  equ i l ib r ium wi th  the  oxidiz ing 
a tmosphere  th roughout  the  film dur ing  growth.  In  fact, 
if  the nons to ich iomet ry  of Cu20 is v iewed as being 
due  e i ther  to the solubi l i ty  of CuO in Cu20, or equ i -  
va len t ly  to the concentra t ion  of copper  vacancies in 
CuaO, then the layer  of Cu20 near  the copper  me ta l  
should  have few copper  vacancies,  whereas  the  l aye r  
of Cu20 near  the ex te r io r  surface  should have many  
copper  vacancies,  and might  poss ibly  have  been near  
equ i l ib r ium wi th  the  oxidizing a tmosphere  dur ing  
growth  if the  diffusion of copper  vacancies away  f rom 
the surface is slow compared  to the oxidat ion  of Cu.,O 
to CuO. The copper  vacancy  gradients  across Cu20 
films grown in this m a n n e r  and the modification of 
these gradients  by  subsequent  h e a t - t r e a t m e n t  s t rongly  
affect the photoluminescence  proper t ies  of Cu20 on 
copper,  as wi l l  be discussed below. 

Fo r  s ing le -c rys t a l '  Cu20, three  broad  photo lumines-  
cent  bands  have been repor ted  in the  l i t e r a tu re  (2, 3, 
5, 6). Emissions at  720 and 820 nm (both at  77 K)  are  
associated wi th  r e l axed  excitons at  oxygen vacancies,  
and  the emission at  930 nm (also at 77 K)  is due to 
r e l axed  excitons at  copper  vacancies. These ass ignments  
a re  suppor ted  by  the observat ions  tha t  the two shor t  
wave leng th  emissions are  comple te ly  suppressed by  
h e a t - t r e a t m e n t  in a tmospheres  wi th  O2 par t i a l  p res -  
sures  exceeding 1 torr,  and tha t  the  long wave leng th  
emission is suppressed  b y  h e a t - t r e a t m e n t  in vacuum. 
The copper  vacancy emission fea ture  has been  ob-  
served (6) to b roaden  and shif t  to longer  wave lengths  
wi th  increas ing t e m p e r a t u r e  and r ema in  reso lvab le  
at room t empera tu re  as a peak  at about  960 nm. There -  
fore, identif icat ion of the 980 nm emission observed 
in this work  as being due to r e l axed  excitons at  copper  
vacancies is s t ra igh t forward ,  especia l ly  considering the 
la rge  concentra t ion of copper vacancies expected  with  
the Cu20 growth  procedure  used here.  Studies  of Cu20 
exci ta t ion spect ra  at  77 and 1.6 E: have  shown tha t  the 
r e l axed  exci ton emission at copper  vacancies is r ead i ly  
observable  for  al l  wavelengths  f rom 830 to be low 500 
nm. The opt ical  absorpt ion  of Cu20 above 640 nm is 
ve ry  weak  and an exci ta t ion band  at ,~780 n m  has 
been a t t r ibu ted  to direct  exci ta t ion at copper  vacancies 
(3). Below 640 nm, exci ta t ion is considered to be in-  
d i rec t  wi th  energy t ransfe r  f rom the absorbing host  
la t t ice  to the luminescing vacancy  center.  The present  
observat ion  of 980 nm emission exci ted  f rom 450 to 
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690 n m  at 25~ is therefore  not  unexpec ted  and con- 
s is tent  wi th  low t empera tu re  measurements .  

The  s t rong dependence  of the in tens i ty  of photo-  
exci ted luminescence f rom re laxed  excitons at  copper 
vacancies upon the t empe ra tu r e  of a br ie f  h e a t - t r e a t -  
ment  of these Cu~O films in the absence of oxygen is 
a new and for tuna te  observat ion.  Copper vacancies are  
ce r ta in ly  no t  being produced  b y  a 15 min  h e a t - t r e a t -  
men t  in argon at  500~ ye t  the  in tens i ty  of the  980 
nm emission exci ted  at  690 nm is increased by  over  an 
order  of magni tude  wi th  this procedure ,  as shown in 
Fig. 3. Thus, the impl ica t ion  is tha t  the increase in 
copper  vacancy photoluminescence  is induced by  a 
t he rma l ly  assisted red is t r ibu t ion  of these vacancies,  as 
is consis tent ly  borne out  by  the expe r imen ta l  resul ts  
repor ted  here.  As was ment ioned above, the  1000~ 
oxidat ion  of Cu20 to CuO at the surface of a film may  
be v iewed as the  creat ion of copper  vacancies there.  
These vacancies subsequent ly  diffuse toward  the cop- 
per  substrate,  so tha t  if the ra te  of ox ida t ion  is fas ter  
than  the ra te  of the subsequent  diffusion, a l aye r  of 
vacancies wi l l  collect  on the surface.  The da ta  of Fig.  
2 (C) and (D) suppor t  this d i f fus ion- l imi ted  model  of 
the oxida t ion  process, s ince the remova l  of the surface 
region by  etching a 500~ hea t - t r ea t ed  sample  removes  
a d ispropor t ionate  pa r t  of the luminescence.  F u r t h e r -  
more,  the large  peak  in the luminescence f rom near  
the surface region in Fig. 3 also suppor ts  this  model.  
In contrast ,  the rise in luminescence fol lowing etching 
of a s -g rown samples,  as shown in Fig. 2 (A) and (B) ,  
as wel l  as the dip in luminescence near  the surface 
shown in Fig. 3, would  seem on first inspect ion to re -  
fute a di f fus ion- l imited model.  However ,  these resul ts  
can be exp la ined  wi th  the addi t ional  assumpt ion  that  
the  luminescence of r e l axed  excitons at  copper  vacan-  
cies is "concentra t ion  quenched" at sufficiently high 
concentrat ions,  as is known to be the  case wi th  lumi -  
nescence of F centers  in a lka l i  hal ides (7), p r e sumab ly  
due to format ion  of a nonluminescent  decay  pa th  by  the 
in terac t ion  of two or  more  centers.  The sl ight  increase  
of 980 n m  luminescence shown in Fig. 3 at  the surface, 
as compared  wi th  the concentra t ion quenched min i -  
mum jus t  be low the surface, m a y  then be expla ined  
by  a loss of oxygen,  and thus copper  vacancies,  at  the  
surface by  the process 

2 CuO --> Cu20 "t- �89 O~ 

dur ing  the h e a t - t r e a t m e n t  of this  film, resul t ing  in less 
concentra t ion quenching at  the surface. 

Thus, h e a t - t r e a t m e n t  suppl ies  the necessary  energy  
to give sufficient mobi l i ty  to copper vacancies so that  
they  can diffuse toward  the  copper  meta l  substrate ,  
t he reby  break ing  up  nonluminescent  clusters of these 
vacancies near  the  surface. The effects of h e a t - t r e a t -  
ment  of t empera tu re s  up to ~500~ are  dominated  by  
the b reakup  of vacancy  clusters, t he reby  reducing con- 
cent ra t ion  quenching in the surface region and increas-  
ing photoluminescence.  For  h e a t - t r e a t m e n t  t empera -  
tures  above 500~ enough vacancies diffuse to (and 
d i sappea r  at)  the copper  subs t ra te  dur ing  the 15 min  
p rocedure  to reduce the  luminescence,  as is shown in 
Fig. 4. F igu re  5 shows fur ther  evidence of the b reakup  
of vacancy clusters by  hea t - t r ea tmen t ,  in that  the rat io  

of the luminescence exci ted by  the 570 nm light,  which 
is s t rongly  absorbed at the surface of the film, to tha t  
of the {~90 nm light,  which  is absorbed  weak ly  and 
therefore  un i fo rmly  throughout  the Cu20 film, increases 
monotonica l ly  wi th  increas ing h e a t - t r e a t m e n t  t em-  
pera ture .  The comple te ly  absorbed  570 nm l ight  is 
p re fe ren t i a l ly  absorbed  in the concent ra t ion-quenched  
dead l aye r  on the surface, resu l t ing  in reduced  photo-  
luminescence efficiency. H e a t - t r e a t m e n t  removes  the 
concentra t ion quenching by  vacancy  diffusion, and the 
apparen t  efficiency of luminescence exci ted by  570 
nm l ight  increases.  

Summary 
In summary ,  this is the  first r epor t  of room tem-  

pe ra tu re  copper  vacancy luminescence in thin films of 
Cu20 on copper  metal .  F i lms  of good opt ical  qual i ty  
were  p repared ,  wi thout  etching, which had  photo-  
luminescence emission and exci ta t ion spect ra  s imi la r  
to those repor ted  for  much th icker  crystals .  F u r t h e r -  
more, this is the  first demons t ra t ion  tha t  a br ie f  hea t -  
t r ea tmen t  of such films in the  absence of oxygen wil l  
a l low copper  vacancies to diffuse, t he reby  reducing  
vacancy concentrat ions where  luminescence is 
quenched by  in teract ions  among vacancies. Final ly ,  this 
is the  first r epor ted  use of photoluminescence to s tudy  
vacancy gradients  in films. The resul ts  suggest tha t  for 
Cu~O films grown on copper  at  1000~ in a 1% O~/Ar 
a tmosphere ,  the r a t e -con t ro l l ing  s tep in copper  ox ida -  
t ion is the diffusion of copper  vacancies to the copper,  
since a steep grad ien t  of CuO (or equivalent ly ,  copper  
vacancies)  occurs nea r  the Cu20 surface. Moreover,  
when the CuO concentra t ion is sufficiently high, the 
copper  vacancies appear  not  be be luminescent .  
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ABSTRACT 

A comparison of HC1 and trichloroethylene (TCE) as chlorine bearing gaseous additives to the oxidizing ambient  for 
growing thermal oxide on silicon at 1150~ was made. According to a thermodynamic analysis of the gas phase species at 
comparable partial pressures of chlorine in the reactor, the major difference in the gas phase composition is about an order 
of magnitude lower partial pressure of H20 and HC1 in the TCE system. The parabolic rate constants at 1150~ at approxi- 
mately the same partial pressures of C12 in both systems over a range of input  HC1 feed rates of 0-120 cm3/min HC1 per liter of 
dry 02 (and comparable rates of TCE/N2 mixture) were similar, being only marginally lower for the TCE system, although 
the equil ibrium HC1 and H20 contents of the TCE reactor were an order of magnitude lower. The addition of HC1 and TCE 
were both found to result in significant increases on inversion times of carriers as determined by capacitance vs. time mea- 
surements of pulsed MOS capacitators. 

With the recent  cormentration of semiconductor de- 
vice fabricat ion in  the MOS area, much research has 
originated to enhance the electrical properties of 
thermal  oxide on silicon. Much of this research has 
been concerned with the addition of a chlorine bear-  
ing species to the oxidizing ambient.  In i t ia l ly  work in 
this area was concerned with the addit ion of HC1 to 
the oxidizing ambient  (1-3). More recent  studies in -  
dicate that t r ichloroethylene (TCE) may also be used 
to enhance the properties of thermal  oxide layers 
(4-5). 

Oxidation in  the presence of these two halogen con- 
ta in ing compounds is reported to increase both the 
oxide breakdown strength and the minor i ty  carrier  
l ifet ime in the silicon (6). In addition, the oxide 
charges associated with thermal ly  oxidized silicon are 
reportedly reduced. Many of the studies done concern-  
ing HC1- and TCE-grown oxides have been done using 
several  oxidation temperatures  while main ta in ing  a 
var ie ty  of fabricat ion constraints.  

In  this work, the effects of adding similar amounts  
of HC1 and TCE dur ing  the oxidation process step 
while main ta in ing  identical oxidation temperatures  
and device fabricat ion constraints in both systems were 
studied. A comparison of the HC1- and the TCE-oxida-  
t ion systems was made  on three bases. First,  the equi-  
l ib r ium part ial  pressures of the chemical species pres-  
ent in the gas phase in each system were compared at 
s imilar  additions of HCI and TCE. This comparison 
was made based on the part ial  pressure data obtained 
using the SOLGAS computer  program (7). A second 
comparison of these two systems was made based on 
the oxide growth kinetics of each system. The final 
comparison of these two systems dealt with the mea-  
sured minor i ty  carrier  l ifetime values of carriers in the 
bu lk  silicon of MOS test s tructures fabricated for this 
study. 

Experimental Procedure 
The oxidation tempera ture  used in this study was 

held constant  at 1150 ~ _ 2~ in both systems. The 
gases in the HC1 system were first preheated to the 
oxidation temperature,  prior to enter ing the flat zone 
of the furnace.  This procedure was under taken  in  or-  
der to ensure that the gaseous reactions were com- 
pleted prior to impinging on the silicon wafers. The 
flow rate of gaseous TCE was controlled by varying  
the flow rate of filtered dry ni t rogen through a bubbler  
filled with l iquid TCE. The bubble r  tempera ture  was 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

held constant  at 3 5 ~  O.5~ In  both systems the wafers 
were first inserted into the oxidation furnace in  the 
presence of n i t rogen for 5 rain. In  the TCE system, a 
dry O2 oxide layer  was grown for i rain prior to the 
addition of TCE/N2. This process technique was neces- 
sary in order to obtain good qual i ty oxides. Wafers 
which were fabricated without  the 1 rain dry 02 oxide 
layer  were found to produce pit ted oxides. 

For this study, MOS capacitors were fabricated on 
< I 0 0 >  oriented, n - type  silicon wafers, having a bulk  
resist ivity of 7-8 Qcm. The wafers were chemically 
cleaned using both high and low pH peroxide solutions. 
The wafers were then oxidized using the additions of 
0, 5, 10, 30, 60, and 120 cmS/min of both HC1 and TCE/  
N2, while main ta in ing  a constant  flow rate of 1.0 1/min 
of dry 02 in each system. Oxidation times were varied 
to result  in an oxide thickness of approximately  1000.~ 
for each of the various flow rates of HC1 and TCE/N~. 
Wafers were given a high tempera ture  annea l  in N2 
for 5-10 rain, following the oxidation sequence, and a 
slow pull  of the wafers from the furnace tube was used 
in order to avoid interface and lattice stresses. The 
a luminum dots were then E-gun  evaporated through 
a metal  mask. The oxide was etched from the back of 
the wafers, and then metallized to ensure a good back-  
side contact. The MOS test s tructures were annealed at 
500~ for 5 rain in ni t rogen to remove radiat ion dam-  
age which resulted from the E-gun  evaporat ion 
technique. 

In  addition to these test structures, a similar  process 
was used to produce the oxide-growth kinetics in both 
systems for each flow rate of HC1 and TCE/N2. Wafers 
were cleaned and inserted into the oxidation system as 
ment ioned previously. Oxide growth times of 10, 20, 
30, and 60 min  were used at each flow rate of HC1 and 
TCE/N2, followed by 5 min  anneal  in N2. Wafers were 
then removed from the oxidation furnace for thickness 
measurements  using the ellipsometric technique. 

Results and Discussion 
Thermodynamic analysis.--The SOLGAS computer  

program (7) was used to obtain the equi l ibr ium part ial  
pressures of the chemical species present  in the HC1 
and TCE systems at an oxidation tempera ture  of 
1150~ The data input  to this program requires the 
thermodynamic  properties of all possible species in  the 
system, as well as the input  concentrat ions of the 
chemical elements contained in each of these two sys- 
tems, for each flow rate of both HC1 and TCE/N2. The 
program is designed to use an  i terat ive procedure to 
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minimize the Gibbs free energy of the specific system 10 -1 
in order to calculate the equilibrium partial pressures 
of the chemical species. 

In the TCE system, the actual concentration of TCE 
introduced into this system is limited by the vapor 
pressure of TCE at the bubbler temperature. Using a 
bubbler temperature of 35~ the gram-atoms of each 
element may be determined at each of the various 
flow rates. 

The most significant species to be found in these two 
systems are shown in Fig. 1 and 2. These two figures 
represent the partial pressure data bf the chemical 
species in each system, plotted at the various added 
flow rates of HC1 and TCE/N2. In the HC1 system it 
was found that the partial pressures of H20 and CI2 
are equal. A similar plot for the TCE system indicates 
that the partial pressure of H20 is more than one order 
of magnitude lower than the partial pressure of C12. 

A further comparison of these two systems, based on 
the SOLGAS data, indicates that the partial pressure 
of H20 in the HC1 system is higher than in the TCE/ 
N2 system, whereas the partial pressure of C12 is nearly 
the same in each system, when compared at similar 
flow rates of HC1 and TCE/N2. Note that the HC1 
part ia l  pressure in the HC1-O~ system is nearly an 
order of magnitude larger than the HC1 partial pres- 
sure in the TCE/N2-O2 system at the same input flow 
rates. Further reference to these curves reveals the 
presence of HOC1, C10, and HO at much lower levels 
in each system. 

Oxide growth kinetics.~The oxide-growth curve for 
the HC1 system and the TCE/N2 system are presented 
in Fig. 3 and 4, respectively. An analysis of these two 
sets of curves clearly indicates that the oxidation rate 
of silicon increases as the input concentration of HC1 
and TCE in the oxidizing ambient is increased. 

The parabolic rate constants for these two systems 
have been derived from these two sets of curves using 
the general relationship for the oxidation of silicon (9) 

mo 2 + A m o = B  ( t + r )  [i] 
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n~ 
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Fig. 1. Partial pressure vs. added cm~/mln of HCl for the chemi- 
cal species of the HCI system. 
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Fig. 2. Partial pressure vs. added cm2/min of TCE/N~ for the 
chemical species of the TCE system. 
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Table I. The parabolic rate constants of the HCI and TCE systems 

Flow rate HC1 TCE 
em/min ( x 10 ~/~Vmia) ( x lO-~/~Vmtn) 

HC1 A N D  TCE O X I D E S  ON Si  

Fo r  la rge  t imes, this equat ion  reduces  to the  p a r a -  
bo l i c  re la t ionship  

xo s = Bt  [2] 

where  Xo is the oxide  thickness  (#m),  B is the  p a r a -  
bo l i c  ra te  constant  (#m2/min) ,  and  t is the oxide 
g rowth  t ime (min) .  The oxide  thickness  da ta  was fitted 
to this equat ion using the least  square.s method  in 
o rde r  to de te rmine  the B constants  at  each flow ra te  
of HC1 and  TCE/N2. 

The values  of  the  parabo l ic  ra te  constants  in these 
two sys tems are  qui te  comparab le  at  the  same input  
ra te  of HC1 and TCE/N2, as shown in Table  I. Note 
tha t  of  the ma jo r  s p e c i e s i n  the  oxidiz ing ambients ,  the 
chlor ine  is the on ly  one which  is p resen t  in app rox i -  
m a t e l y  the  same composit ion in both ambients .  In  the 
HC1-O~, ambien ts  both  HC! and H20 are  presen t  in 
levels nea r ly  an o rde r  of magni tude  g rea te r  than in the  
TCE/N2 ambients .  This resul t  f u r the r  suppor ts  the  hy -  
pothesis  of Tress le r  et aL (10) tha t  the act ive gaseous 
species wi th  r ega rd  to kinet ics  of ox ida t ion  and pass i -  
vat ion in chlor ine bea r ing  oxidiz ing ambients  is CI~. 
The s l igh t ly  lower  values  of the parabol ic  ra te  con- 
s tants  for the  TCE/N2-O2 ambien ts  m a y  be due to the  
second-orde r  effect of the reduced  H~O concentrat ion.  

Minori ty  carrier l i f e t ime . - - In  orde r  to de te rmine  the 
effects of HC1 and TCE/N2 on the bu lk  l i fe t ime of 
car r ie rs  in the MOS test  s t ructures ,  oxides  were  grown 
in the presence of var ious  concentra t ions  of these two 
chlor ine  species, as ment ioned  previously .  The mea -  
su remen t  technique consists of app ly ing  a deep de-  
p le t ing vol tage step to the meta l  electrode,  af ter  in i -  
t i a l ly  bias ing the devices into the  accumula t ion  mode. 
A typ ica l  capaci tance vs. t ime (C-t )  curve  is shown in 
Fig. 5. The l i fe t ime of car r ie rs  m a y  be der ived  f rom 
the slope of  this curve using a technique which has 
been descr ibed by  He iman  (11). For  this s tudy,  the 
invers ion t ime (ti) (4), de,fined as the t ime requ i red  
for  the C- t  curve to go f rom the deep deple t ion  to the 
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5 5.44 5.19 12 
I0 534 5.43 
30 6.23 6.06 ~ lO 
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120 7.~ 7.00 ~- 
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+'6 

] I I l I l I 

o - HCI flow, I0 minute anneal, slow pull 

- TCE/N z flow, IO minute anneal, slow pull 

I I I i I 

l lO  

t i  ~ i  
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dC 

0 { I I I I 
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Fig. 5. Experimental C- t  curve of the pulsed MOS capacitor 
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Fig. 6. Inversion time vs. HCI and TCE/N2 flows using a 10 min 
high temperature anneal and a slaw pull in bath systems. 

invers ion mode, has been used to compare  the  effects 
of adding var ious  concentrat ions  of HC1 or  TCE to the 
oxidizing ambient .  

F igure  6 represents  a graphic  analysis  of the  da ta  
der ived  f rom these test  s t ructures .  I t  is appa ren t  tha t  
the shapes of these two curves are  s imi lar  and that  the 
addi t ion  of 5 cm3/min of HC1 or TCE/N2 resul ts  in 
longer  invers ion t imes than the measu red  values  for  
d r y  O2-grown oxides. The larges t  values  of ti occurred  
at  added  flow rates  of 60-120 cmS/min of  HC1 or TCE/  
N2. A reduct ion in invers ion t ime w a s  found at  add i -  
tions of 30 cm3/min of H C l o r  TCE/N~. S imi la r  findings 
have  been repor ted  by Declerck et al. (4) for the TCE 
system. A viable  exp lana t ion  for the reduct ion  in ti at  
these flow rates  has not been de termined,  but  the  
occurrence of these lower  values  has been found to be 
reproducible .  

Conclusions 
The equi l ib r ium pa r t i a l  pressures  of the possible 

chemical  species in the HCl ,and TCE oxidat ion  systems 
have been ca lcula ted  at  1150~ At  nea r ly  equal  pa r t i a l  
pressures  of chlor ine in the  two systems,  for  a given 
flow ra te  of  HC1 or TCE/N2, the pa r t i a l  pressures  of 
H20 and HC1 were  found to be app rox ima te ly  an o rde r  
of magni tude  lower  in the TCE system. 

The kinetics of the rmal  oxida t ion  at  1150~ in the 
presence of HC1 and TCE are  s imi la r  at  a pp rox ima te ly  
the same pa r t i a l  p ressure  of C12, a l though the H20 and 
HC1 par t i a l  pressures  a re  much lower  in the TCE sys-  
tem. These resul ts  lend suppor t  to an ea r l i e r  hypo the -  
sis that  C12 is the impor t an t  act ive species in the 
the rmal  ox ida t ion  of sil icon wi th  re fe rence  to the 
growth  kinet ics  and passivat ion.  

The measuremen t  of the capaci tance vs. t ime c u r v e  
of the pu lsed  MOS capaci tor  has been found to be a 
convenient  me thod  of de te rmin ing  the invers ion t ime 
of carr iers  in devices fabr ica ted  using var ious  process-  
ing constraints .  The addi t ion of HC1 and TCE were  
found to resul t  in a significant increase  in invers ion 
t imes (up to a factor  of 30 t imes g rea te r )  when com- 
pa red  to values  der ived  f rom test  s t ruc tures  which 
were  fabr ica ted  in the presence of d r y  C~. 
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The Relation Between Two-Probe and Four-Probe Resistances on 
Nonuniform Structures 
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ABSTRACT 

A general relation between the two-probe resistance (spreading resistance) and the four-probe resistance on 
nonuniform resistivity structures is derived. Numerical  techniques are presented and discussed for the evaluation of these 
equations for nonuniform structures. The relation between the four-probe resistance, Z(x, S), and the incremental  sheet 
resistance, ~t(x), is shown to arise in the limit as the probe spacing becomes large compared to the distance to an insulating 
boundary.  Specific examples  are drawn from calculations on implant- type structures into substrates having insulating 
boundaries  near the end of the implanted region (junction isolation), as well as those where the insulating boundary is far 
from the implanted region (emulating the back surface of a same conductivity-type substrate). Also presented is a method 
for the self-consistent calibration of spreading resistance profiles utilizing Z(x,S). 

Recently,  Dickey  (1) has proposed  that  the  two-  
p robe  spreading  resis tance measu red  on the surface 
of a thin, nonun i fo rm resis t ivi ty ,  junc t ion- i so la ted  
l aye r  is a l inear  funct ion  of the  loga r i thm of the probe  
spacing (S) wi th  a s lope p ropor t iona l  to the four -  
probe  sheet  resis tance and an in tercept  which m a y  be 
re la ted  to the probe  radius.  The basis of the conjec ture  
is an image  calculat ion of the :spreading resis tance of 
a thin l aye r  of un i form res i s t iv i ty  over  an insulator .  
Fo r  this case, the  spreading  resistance (R) is of the 
form 

R = P ln(S/a)  [1] 

where  p is the res is t iv i ty  of the  layer ,  t is the thickness 
of the layer ,  S is the spacing be tween  the probes,  and a 
is the  e lect r ica l  p robe  radius.  As the sheet  resis tance 
of the  l aye r  is jus t  p/t ,  Eq. [1] would  suggest  tha t  the  
spreading  resis tance is l inea r  in the  logar i thm of the  
probe  spacing (In S)  wi th  a s lope propor t iona l  to the 
sheet  resis tance.  For  layers  of nonuni form res is t iv i ty  
fo rmed  by  junc t ion- i so la ted  boron diffusions wi th  j unc -  
t ion depths  up to 4.3 #m, this conjec ture  has been 
shown to be va l id  (to wi th in  a few percent )  when the 
probe spacing expe r imen t  is pe r fo rmed  and the resul ts  
compared  wi th  the  sheet  resistance obta ined  by  means  
of four -p robe  measurements  (1).  

As the  app l icab i l i ty  of this conjec ture  to genera l  
classes of s t ruc tures  was unknown,  severa l  inves t iga-  
tions (2, 3) were  prev ious ly  unde r t aken  making  use of 
model  spread ing  resis tance da ta  (4). These probe  spac-  
ing expe r imen t  simulatio~ls indica ted  tha t  the  p robe  

* Electrochemical Society Active Member. 
Key words: four-probe resistance, probe-current density, probe 

radius, probe separation, profile analysis, resistivity, sheet resist- 
ance, spreading resistance. 

spacing e xpe r ime n t  would  give the correct  incre-  
menta l  sheet  resis tance in the  surface region of junc -  
t ion type  as wel l  as heav i ly  doped  implan t  and  diffu- 
sion s t ructures .  This conclusion was ob ta ined  b y  com- 
pa r ing  the inc rementa l  sheet  res is tance obta ined f rom 
the probe spacing e~per iment  s imula t ion  to tha t  ob-  
ta ined f rom direct  calculat ion of the  res is t iv i ty  profile. 
This conclusion was not  a l te red  when severa l  forms of 
the  p robe -cu r r en t  dens i ty  (5) were  used in the calcula-  
tions. For  l ighly  to mode ra t e ly  doped layers  over  sub-  
s t rates  of the  same conduct iv i ty  type,  the conjecture  
was found not  to hold. In  addit ion,  deep layers ,  typica l  
of power  device s t ructures ,  were  found to present  wha t  
aPpears  to be a b r eakdown  of the conjecture .  Also, these 
invest igat ions showed tha t  the in te rp re ta t ion  of the in-  
te rcept  in te rms of a p robe  radius  was not  we l l  founded.  
Hence, the use of the  probe  spacing expe r imen t  as a 
way  of obta in ing  the probe  radius  is not  war ran ted .  

The purpose  of this  pape r  is to der ive  a genera l  r e l a -  
t ion be tween  the four -p robe  resis tance and the two-  
probe spread ing  resistance.  I t  is of u tmost  impor tance  to 
emphasize  tha t  the four -p robe  resis tance is not  neces-  
sa r i ly  the sheet  resistance,  but  is r a the r  a genera l ized  
four -p robe  resistance.  In  the  discussion which follows, 
the  four -p robe  resistance refers  to the general ized four -  
probe  resistance,  the two-p robe  resis tance is the  two-  
p robe  spreading  resistance,  and the inc rementa l  sheet  
res is tance is r e fe r red  to as the sheet  resistance.  
Al l  of these quanti t ies  are  functions of depth.  I t  wil l  be 
shown that  the four -p robe  resis tance is re la ted,  in cer-  
ta in wel l -def ined limits,  to the sheet  resistance.  In  add i -  
tion, i t  wi l l  be  shown that  the  fou r -p robe  res is tance 
can a lways  be obta ined  f rom measurements  of  the  
spreading  resistance.  The l a t t e r  provides  for  a s imple  
re la t ion  be tween  the two-p robe  and the fou r -p robe  re -  
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sistances. In addition, the relation between the four- 
probe resistance and the Dickey conjecture is eluci- 
dated. Finally, a self-consistent procedure for deter- 
mining the probe radius parameter used in spreading 
resistance profile analysis is developed. Throughout the 
paper, the symbol "In" is used to refer to the natural 
or Naparian logarithm, and the symbol "log" is used 
for the base-10 logarithm. 

Derivation of Relation Between Two-Probe and 
Four-Probe Resistances 

Consider a material of nonuniform resistivity. Four 
probes are placed on the surface of the material in an 
in-line configuration with adjacent probes separated by 
a distance S. The outer two probes are the source-sink 
combination for the current, while the inner two probes 
are the voltage sensing probes. It is important to em- 
phasize that value of S is arbitrary and need not be in 
the range of values usually used for traditional four- 
probe sheet, resistance measurements. Following the 
general development associated with the Laplace equa- 
tion multilayer analysis (6, 7), the 5V/I  or resistance 
between the inner two probes, denoted by Z(x,  S), is 
given by 

Z(x,S)  = 2p(x) A(x,~){Jo(~S)  

-- Jo(2hS) }Iv(ha)d~ [2] 

where x is the depth, p (x) is the nonuniform resistivity, 
J~(kS) is the first-order Bessel function, A (x,)~) is the 
kernel of the integral and is related to the details of the 
underlying resistivity structure, I~(~a) is the Hankel 
transform of the generalized probe-current density nor- 
malized to unit current (5), v in Iv(ha) is an index 
which refers to the specific form of the current density 
(3, 5), and ~. is the integration variable. As will be 
shown in the subsequent development, ~Z(x, S) / in  2 
approaches the sheet resistance as the separation be- 
tween the probes becomes large compared to the dis- 
tance to an insulating boundary. 

Next, consider the same material contacted by a two- 
probe configuration typical of spreading resistance 
measurements. The two-probe spreading resistance 
at the probe spacing equal to S is given by 

{ Jl(ha) 
R (x, S) : 4p (x) A (x, ~.) ha 

J0(hS) ~ Iv(ha)d~ [3] 
2 J 

while the two-probe spreading resistance at the probe 
spacing equal to 2S is given by 

~0 ~ { Jz(~.a) R(x ,  2S) = 4p(x) A ( x , ~ )  ha 

Jo(2~.S) ~ Iv(~a)dL [4] 
2 J 

By subtracting Eq. [3] from Eq. [4], it is easy to show 
that the four-probe resistance given by Eq. [2] may be 
simply written as 

Z(x ,S)  = R(x,  2S) -- R(x, S) [5] 

Equation [5], which is the desired relation between the 
two-probe and four-probe resistances, states that the 
four-probe resistance at a given value of the separa- 
tion, S, may be simply obtained from the two-probe 
spreading resistance by taking the difference between 
the spreading resistance evaluated at 2S and the 
spreading resistance evaluated at S. The central point 
of the present work is to calculate the four-probe re- 
sistance by means of Eq. [2] and to investigate the be- 
havior of the function for various structures and as a 
function of the probe separation. 

In order to complete this section, consider the impli- 
cations of the Dickey conjecture, i.e., that the spreading 
resistance is linear in the logarithm of the probe spacing 
In S, with a slope proportional to the sheet resistance. 
If this is the case, the derivative of the spreading re- 
sistance with respect to In S should under certain well- 
defined conditions be related to the sheet resistance. 
Hence, it is quite natural to consider the derivative of 
the two-probe spreading resistance (as given by Eq. 
[3] ) with respect to in S. By making use of the chain 
rule, this derivative, denoted by D(x,  S), may be 
written as 

dR (x, S) dR (x, S) 
D(x,S)  : d i n s  - - S  dS [6] 

Substituting Eq. [3] into Eq. [6] and carrying out the 
derivative of the J0 (~.S) Bessel function inside the in- 
tegral (8) yields 

l" D ( x , S )  = 2p(x) A(x,~)~SJz(kS)Iv(ha)d)~ [7] 

The focal point of the calculations presented here is to 
consider the functions Z ( x , S )  and D(x, S) as defined 
by Eq. [2] and [7], respectively and to show how they 
are related to the sheet resistance defined as 

1 
~(x) = [B] 

SI ' 1 d~ 
p(x') 

Numerical Evaluation of Z(x,S) and D(x,S) 
For a particular resistivity structure, the sheet resist- 

ance defined by Eq. [8] may be obtained by direct nu- 
merical summation or integration. The four-probe re- 
sistance and the derivative function were evaluated by 
making use of the recursion relation for the kernel, i.e. 

A (x - d, h)r -t- ~(x:.-- d) tanh 0~d) 
A (x, h) --- [9] 

v(x  -- d) ~- ~ ( x ) A ( x  -- d, X) tanh (~.d) 

where d is the sublayer thickness and ~(x) is the con- 
ductivity. The above Iorm is from Berkowitz and Lux 
(9) and is lully equivalent to the original iorm of the 
recursion relation presented by Choo et al. (10). A 
useful feature of the recursion relation as given by Eq. 
[9] is that it is easy to obtain the form of A (x, h) for 
a uniform layer over an insulating boundary, a con- 
ducting boundary, or no boundary. By making use of 
the resistivity structure along with the appropriate 
boundary condition, it is possible to construct the ker- 
nel of the integrals involved in the functions Z(x ,  S) 
and D (x, S). Evaluation of the resulting integrals has 
been accomplished by means of two numerical inte- 
gration techniques. The first is the trapezoidal-Rom- 
berg technique first used by D'Avanzo et al. (11, 12) in 
the evaluation of the arrays of partial integrals in- 
volved in the implementation of spreading resistance 
correction factor integrals. This technique has also been 
used to generate model spreading resistance data (Eq. 
[4]). The second technique makes use of a 1250-point 
integrator. 

Extensive testing indicates that the two integration 
techniques agree well. Because the 1250-point inte- 
grator takes far less CPU time than the trapezoidal- 
Romberg technique, most of the calculations presented 
here were obtained by means of that technique. For 
certain situations, a 10,000-point integrator was used. 
This form allows for evaluation of the integrals over 
an interval much larger than the one used in the 1250- 
point scheme. Evaluation of the derivative function, 
D ( x , S ) ,  using these latter two techniques sometimes 
leads to convergence problems. This is due to the 
large value of the upper limit required in the evalua- 
tion of the integral for the case of large probe spacing 
and thick, same-conductivity type substrates. For these 
situations, the integrand of D (x, S) decays to zero very 
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slowly,  and  the  t r apezo ida l -Romberg  technique was 
used to ensure  the convergence of the integrals .  Fo r  
the  cases which were  invest igated,  this technique 
(with an ad jus tab le  :upper l imit)  led  to convergence.  This 
convergence p rob l em was not  seen in the calcula t ion 
of the fou r -p robe  resistance.  This is due to the more  
rap id  decay of the in tegrand  of the fou r -p robe  res i s t -  
ance integral .  

A l is t ing of the F o r t r a n  p rograms  used in the  1250- 
point  and  10,000-point schemes m a y  be obta ined  f rom 
ei ther  of the authors  upon request .  

Calculation of Z(x,S) for Two-Layer Structure 
These in tegra t ion  techniques were  ex tens ive ly  tes ted 

on va ry ing  thickness  un i fo rm layers  over  an infinite 
subs t ra te  of constant  resis t ivi ty,  and i t  was found 
tha t  the  four -p robe  resistance,  the der iva t ive  function, 
and the sheet  res is tance were  r e l a t ed  by  

z (x , s )  = ~(x) [10] 

1 
D (x, S) = - -  ~ (x) [11] 

The above results were obtained provided that the 
subs t ra te  res is t iv i ty  was large  compared  to the  re -  
s is t iv i ty  of the top l aye r  (i.e., for a uni form laye r  over  
an insu la to r ) ,  and  that  x /S  is small .  Fo r  the s i tuat ion 
where  x /S  was comparable  to or l a rge r  than  unity,  the  
re la t ions g iven  by  Eq. [t0] and [11] d id  not  hold. This 
is to be expected,  since the t rad i t iona l  sheet  resistance 
model  (embodied in Eq. [8] ) is obta ined  for  the s i tu-  
at ion where  the probes  are  spaced wide ly  re la t ive  to 
the l aye r  thickness and where  the assumption of pa ra l -  
lel  conduction in the l aye r  holds as a result .  For  x /S  ~-- 
1, Z(x,  S) represents  the  hV/I  measured  be tween  the 
two vol tage-sens ing  probes.  However ,  for x /S  ~ 1, 
the function D (x, S) cannot be re la ted  in a meaningfu l  
way  to a measu rab l e  physical  quant i ty .  The behavior  
of the surface value  of Z(x ,S )  as a function of the 
rat io  of the  probe  separa t ion  and the layer  thickness  
(S/t)  is p resented  in Fig. 1. The specific s t ruc ture  is 
a var iab le  thickness,  1~ �9 cm, l aye r  over  an insula t ing 
boundary .  

The function Z(x ,  S) was also eva lua ted  for  a gen-  
era l  t w o - l a y e r  s t ructure.  The behavior  of Z(x,  S) for a 
wide range  of t /S  (for fixed probe  spacing) and l aye r  
res i s t iv i ty  is presented  in Fig. 2...The subs t ra te  is in -  
f ini tely th ick and has a res is t iv i ty  of 1 ~ �9 cm. The r e -  

/ 

--i [1- Image solution 

1 

-2 
LOG[LAYER THICKNESS/PROBE SPACINGI 

Fig. 2. The four-probe resistance of a uniform layer over on 
infinitely thick substrate of ! ~ ' cm resistivity fo~ a wide range of 
layer resistivity and layer thickness to probe spacing ratio. The 
data are for a fixed value of probe spacing and represent the de- 
pendence of the four-probe resistance on layer thickness and top 
layer resistivity. The region in which the Dickey conjecture has 
validity and utility immediately adjoins the square marked I. In 
this region, the linear dependence of log (AV/I) on the resistivity 
indicates that the shorting effects of the substrate are not severe, 
and the negative slope A(lag [~V/ I ] ) / (~  log [t/S]), indicates that 
the four-prabe resistance varies inversely with layer thickness and 
that therefore the sheet resistance is a physically meaningful 
quantity. In the region to the left of II, the four-probe resistance 
shows too little dependence on the layer resistivity to be of interest. 
The region marked by III is not generally considered for the use 
of four-probe measurements. However, it is clear from the linear 
dependence of log (~V/I) on log (p) that the sensitivity of the four- 
probe measurement to the layer resistivity is actually greater here 
than anywhere else on the surface displayed. 

suits  were  also compared  wi th  those obta ined f rom a 
poin t -source  image s imulat ion of the four -p robe  re -  
sistance. A comparison of the resul ts  for these two 
computa t iona l  schemes is presented  in Fig. 3. The cal -  
culat ion of Z(x,  S) agreed wi th  the image solution to 
the  ful l  accuracy expected f rom the in tegra t ion  tech-  
nique. This is t rue  even though the probe radius  and 
the var iable  ~ in Eq. [2] were  var ied  over  wide l imits.  
This confirms the independence  of the fou r -p robe  re -  
s is tance to detai ls  of the cur ren t  in jec t ion  process, i.e., 

10 4 ' ' ' ' ' ' " 1  ' ' ' ~ ' ' " 1  , r , ~ a l , 'L .  

10 3 

10 2 

101 , , q ,  , , , , i  I , , , ,  , , , , I  , , , ,  , , ,  

0.01 u. I 10 

PROBE SPACING/LAYER THICKNESS 

Fig. 1. The behavior of the surface value of Z(x,$) as a function 
of the ratio of the probe spacing and the layer thickness. The 
specific structure is that of a varying thickness, 1 O, �9 cm, layer 
over an insulating boundary. If the ratio S/t is greater than 1.67, 
the four-probe resistance deviates from In (2)/(nt) by less than 1%. 

- - - - / m a g e s o l u t i o n  / / / /  / / 

'-4-pcobe resistances in parallel / ~ / - - / 4  / / -  -~1 

1 - 1  

-1 0 1 

LOG [LAYER THICKNESS/PROBE SPACING] 

Fig. 3. The results obtained by combining the four-probe re. 
sistance shown in Fig. 2 in parallel with 1/(2~S), the four-probe 
resistance of an infinite uniform substrate of 1 ~ ~ cm resistivity, 
for S = 100 Fm. The dashed surface is the one shown in Fig. 2. 
The relative deviation in the four-probe resistances calculated by 
the respective methods for the point at the lower right corner is 
about 10%. 
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to the probe current density. The surface in Fig. 2 
has been subdivided into three regions, denoted by I, 
II, and III. It is important to note that distinct bound- 
aries of these three regions are not possible, as there is 
a continuous change from one region to the next. The 
region denoted by I is that of small top layer resistivity 
and a large spacing to thickness ratio (S/t > 1). In 
this region, the sheet resistance is a well-defined quan- 
tity and the Dickey conjecture is valid. In region II, 
the probe spacing is still large compared to the top 
layer thickness (S/t > 1), but the top layer resistivity 
is increasing. Note that the slope of the surface in this 
region decreases, indicating that the substrate resistiv- 
ity is dominating the four-probe resistance. Conse- 
quently, the four-probe resistance may not be used to 
obtain information about the layer resistivity. Finally, 
the region III  is that in which the layer thickness is 
a sizable fraction of, or greater than, the probe spac- 
ing. This is a nonstandard region for the operation of a 
four-point probe in as much as the sheet resistance is 
not a well-defined quantity here. However, since the 
AV/I is a linear function of the layer resistivity, the 
four-probe resistance is a useful measure of layer re- 
sistivity. 

C a l c u l a t i o n  of Z(x,S) for  N o n u n i f o r m  Layers 
Model resistivity data corresponding to a shallow 

Gaussian implant into varying resistivity same-conduc- 
tivity-type substrates were used in these calculations. 
The substrate resistivities which were used were 126.46, 
12.82, and 1.38 ~ �9 cm, respectively. These corre- 
spond to substrate doping levels of 1014, 1015, and 
10 TM cm-S, respectively. In all cases, the substrate 
thickness was taken as 350 ~m, the approximate thick- 
ness of a standard silicon wafer. A typical example of 
the resistivity data which was used in the calculations 
is presented in Fig. 4. 

The results of these calculations of Z(x,S)  and 
i~ (x) are contained in Fig. 5-7. For the case of the 126 
1~. cm substrate, the behavior of Z(x,S)  as a func- 
tion of S in the surface region is dominated by the re- 
sistivity of the implanted layer. Z(x, S) in this region 

is almost independent of the probe spacing, indicating 
that the sheet resistance is well defined in this region. 
For substrate resistivities larger than 126 ~ . c m ,  the 

10 5 . . . . . .  
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DEPTH (~ m) 

Fig. 5. The behavior o.f :~Z(x,S)/ln (2) for the shallow implant 
into a 126.46 12 �9 cm substrate. The substrate is 350 #m thick. The 
values of S and the corresponding curves are: A = 25 #m, B = 
50 #m, C = 100 #m, D = 200 #m, and E = 500 #m. The curve 
denoted by F is the corresponding four-probe sheet resistance cal- 
culated according to Eq. [8].  
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Fig. 4. Typical plot of the resistivity profile used in the calculo. 
tions of the text. The specific structure is that of a shallow implant 
into a 126.46 ~ �9 cm substrate. 
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Fig. 6. The S-behavior ~Z(~S) / In (2 )  ~ r a  shallowlmplant 
i n c a  12.82~-cmsubstrate .  Thenota t ionas to theSva luesand  
the corresponding curves follows that of Fig. 5. 
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Fig. 7. The $ behavior of ~Z(x,$)/In (2) far a shallow implant 
into a 1.38 ~ �9 cm substrate. The notation follows that of Fig. 5 
and 6. 

Dickey  conjec ture  wi l l  hold.  As the subs t ra te  res is -  
t iv i ty  .decreases f rom 126 to 12.82 ~ �9 cm (from 
Fig. 5 to Fig. 6), the  effects of subs t ra te  shor t ing  are  
c lea r ly  evident .  In  Fig.  6, the  dependence  of Z ( x , S )  
on S in the  surface region has much the same behavior  
as is observed in the subs t ra te  region. There  is a dis-  
t inct  advan tage  in using a smal l  probe  spacing; there  is 
more  informat ion  about  the l aye r  in Z (x, S) for smal l  
values of S. Final ly ,  as the  subs t ra te  res is t iv i ty  is fu r -  
the r  decreased f rom 12.82 to 1.38 1~ �9 cm (from Fig. 
6 to Fig. 7), the effects of subs t ra te  shor t ing  are  
so severe  tha t  i t  is doubt fu l  that  even at  the  smal les t  
spacing tha t  there  would  be sufficient resolut ion  in 
Z(x,S)  to recover  much informat ion  about  the  im-  
p lan ted  surface layer .  

Fo r  the  in t e rmed ia te  subs t ra te  res is t iv i ty  case, i.e., 
for  those cases where  the  subs t ra te  value of Z(x, S) 
minus the  surface  value of Z(x, S) is significant, the 
effect of the  subs t ra te  can be e l iminated.  This m a y  be 
done by  using the equat ion 

ZsZ 
Zefr -- - -  [12] 

Zs --  Z 

where  Zerf is the value  of Z expected at the surface for 
an insula t ing  subs t ra te  and Zs is the subs t ra te  value 
of Z(x,S). This formula  assumes tha t  the  l ayer  four -  
p robe  resis tance can be added  in paral le l .  

For  al l  of the  cases considered,  the fou r -p robe  r e -  
sistance was found to be independen t  of the  p robe-  
cur ren t  dens i ty  and the probe  rad ius  used in the  cal -  
culations.  The fou r -p robe  resistance was found to de- 
pend only  upon the res i s t iv i ty  profile.  This forms the 
basis of the  ca l ib ra t ion  procedure  presented  below. 

Calibration of Spreading Resistance Profile Data 
A common difficulty associated wi th  the  analysis  of 

spreading  resis tance profile da ta  arises from the fact  
that  the  classical re la t ion be tween  Lhe spread ing  re -  
s is tance and the res i s t iv i ty  for a un i fo rm mater ia l ,  i.e. 

R = p [13] 
2a 

is, in general ,  not  adequate,  in that  the probe rad ius  
(a) m a y  be a funct ion of the res is t iv i ty  of the m a t e -  
rial.  There  are  a n u m b e r  of methods  which are  cur -  
r en t ly  used to account for this difficulty. Firs t ,  there  
is the suggest ion tha t  a series surface  ba r r i e r  res i s t -  
ance mus t  be included.  Second, on p u r e l y  a rb i -  
t r a r y  grounds,  the empir ica l  fo rmula  (11) 

a = 2a [14] 

is used with  the value  of a de t e rmined  f rom the fit of 
the  curve eva lua ted  at  1 ~ �9 cm. Third,  the  p robe  radius  
is assumed to be a funct ion of the resis t ivi ty,  and the 
form of the  function should be ob ta ined  f rom measure -  
mea ts  on a ser ies  of un i form cal ibra t ion  samples.  How-  
ever,  the point  of v iew which  is adopted  here  is tha t  
the so-ca l led  probe rad ius  (a) is mere ly  a mode l -  
dependent  p a r a m e t e r  to account for the fact  tha t  the 
cur ren t  dens i ty  nea r  the pressure  contact  of a sp r ead -  
ing resis tance probe  is, in general ,  not  known.  Inas -  
much as the  analysis  techniques c u r r e n t l y  used assume 
a single form of the  probe  cur ren t  density,  regard less  
of the detai ls  of the  res i s t iv i ty  profile in the mater ia l ,  i t  
is c lear  tha t  the  ent i re  idea  of a p robe  rad ius  as a p h y -  
s ical ly  measurab le  quan t i ty  must  be abandoned.  In  i ts 
place, a se l f -consis tent  technique for obta in ing the 
ad jus tab le  p a r a m e t e r  (a) which makes  no assumptions  
about  the physical  in te rp re ta t ion  of the  pa rame te r  is 
proposed.  The basis of the  technique being proposed is 
founded in the fact that  the funct ion Z(x, S) is inde -  
penden t  of the pa rame te r  a as wel l  as the  detai ls  of 
the cu r ren t  inject ion process,  i.e., the p robe -cu r r en t  
density.  I t  depends  only  upon the res i s t iv i ty  profile. 
The res is t iv i ty  profile obta ined  f rom spreading  re -  
sistance da ta  analysis  is, however ,  dependent  upon the 
choice of the p a r a m e t e r  a. Hence, the  fou r -p robe  re -  
sistance obta ined  f rom res is t iv i ty  profiles in te rp re ted  
f rom spread ing  res is tance da ta  wi l l  depend  ind i rec t ly  
upon the choice of a used in the  spreading  resis tance 
da ta  analysis.  

In  this section, the  ra t ionale  for such a se l f -con-  
sistent  ca l ibra t ion  scheme and a deta i led  descr ip t ion  of 
the procedure  to be used are  presented.  I t  is impor tan t  
to note that  this method  is based upon the fou r -p robe  
resis tance r a the r  than  the sheet  resistance.  The former  
quan t i ty  has more  genera l  significance, and there  is 
no necess i ty  to res t r ic t  the appl ica t ion  to junc t ion-  
isolated structures.  

An outl ine of this method is as follows. Firs t ,  the  
spreading  resis tance is measured  as a funct ion of the  
probe spacing on the top surface of the sample  being 
profiled and is fit (using po lynomia l  regression ana ly -  
sis, for example)  to a curve represen t ing  the spread ing  
resis tance as a funct ion of probe  spacing. Then, by  
using a value of the probe  spacing which affords m a x i -  
mum sensi t iv i ty  to the in te res t ing  por t ion  of the  dopant  
profile (by  choosing the region of Fig. 3 where  the  
function Z(x, S) is p ropor t iona l  to p), Z(x, S) is ca l -  
culated from R(x,S)  and R(x ,  2S) according to Eq. 
[5]. Second, the sample  is beveled,  and the sp read ing  
resis tance is measured  as a function of dep th  (i.e., 
along the bevel led  surface)  for  the same value  of S 
used to calculate  Z(x,S) .  Third,  using a mu l t i l aye r  
analysis  scheme, the res i s t iv i ty  profile is ca lcula ted 
f rom the sp read ing  resis tance profile for  severa l  values  
of the  p a r a m e t e r  a. Of course, these  should be in a 
range  of values  which  would  be considered to be rea -  
sonable.  Fif th,  these res is t iv i ty  profdes (which depend  
pa rame t r i ca l ly  upon the set of a values)  are used to 
de te rmine  Z(S: a) according to Eq. [2]. The nota t ion 
Z(S: a) is used to denote the calculated four -p robe  
resis tance which  depends  ind i rec t ly  upon a th rough  
the in te rp re ted  res is t iv i ty  profiles. Sixth,  by  in te rpo la -  
tion, the calcula ted Z(S;a) which agrees wi th  the  
measured  fou r -p robe  resis tance ( f rom the first s tep)  
is found. The va lue  of  a thus de te rmined  represents  
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MEASURE THE 
SPREADING RESISTANCE 

PROFILE 

CALCULATE TRIAL 
RESISTIVITY PROFILES 
FOR SEVERAL VALUES 

OF THE RADIUS a 

FOR EACH PROFILE, 
CALCULATE Z(0, S; a) 

FIT A SMOOTH CURVE 
THROUGH THE 

CALCULATED Z(0, S; a) 

USING THE CURVE, 
CHOOSE a SUCH THAT 

Z(0, S; a) AGREES 
WITH THE MEASURED 
4-PROBE RESISTANCE 

MEASURE THE 4-PROBE 
RESISTANCE ON THE TOP 
SURFACE OF THE SAMPLE 

Fig. 8. Schematic diagram of calibration procedure 

the self-consistent value of a for t h e  profile in ques- 
tion. This calibration procedure is graphically sum- 
marized in Fig. 8. 

To determine the sensitivity of this procedure in 
the evaluation of the probe radius parameter, this 
method was tested on model spreading resistance data. 
The model data were generated from the resistivity 
profiles employed to calculate the Z(x ,S)  data pre- 
sented in Fig. 5-7. In all cases, the Choo uniform cur- 
rent density was used along with a probe radius of 
a ~ 2 #m. The surface values of the spreading re- 
sistance, R(0, S), was expressed in terms of a poly- 
nomial in S by means of a standard polynomial least- 
squares fitting routine. A typical plot of R (0, S) vs. S 
is given in Fig. 9. The spreading resistance as a func- 
tion of depth and for a fixed value of the probe spac- 
ing was then analyzed according to the Berkowitz-Lux 
correction factor scheme (9) as well as the Dickey 
local-slope technique (1). This analysis was carried 
out for a values over the range of 1 to 3 ~n. Typical 
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DEPTH (pro) 

Fig~. 10. The effect of the choice of the value of a upon the 
interpreted resistivity profile. The specific structure is that of the 
shallow implant into a 126.46 ~ "cm substrote. The values for a 
ore A ~- 3 r~m, B : 2 ~m, and C : 1 ~m. The probe spacing is 
25/~m. It should be noted that the qualitative features of the pro- 
files are not sensitive to the choice of a and that variation of a has 
the effect of shifting the profiles up and/or down. The Berkowitz- 
Lux correction factor scheme has been used to obtain these re- 
sistivity profiles. 

resistivity profiles which depend parametrically upon 
the choice of the value of a are shown in Fig. 10. The 
corresponding resistivity arrays, p(x; a), which depend 
.parametrically upon the choice of a value, were used 
in the 1250-point integration scheme to obtain the 
corresponding four-probe resistance denoted by Z(x, 
S; p[x;a]) .  The surface values of these four-probe 
resistances were then graphically compared with the 
surface four-probe value determined from the poly- 
nomial-fitted R(0, 2S) and R(0, S). Figure 11 contains 
the results of a typical plot of the surface value of 
the four-probe resistance against the assumed value 
of the probe-radius parameter for the case of S : 25 
~un. From the plot, it is clear that the curvature is 
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Fig. 9. The surface value of the calculated spreading resistance 
as a function of the probe separation. The specific structure is that 
of the shallow implant into a 126.46 ~ �9 cm substrate. I t  is this 
curve which is f i t ted by means of a polynomial f i t  and used to 
calculate the surface value of Z(x,S) according to Eq. [5] .  
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Fig. 11. Typical plot of the dependence of the surface four- 
probe resistance on the probe radius used in the analysis of the 
model spreading resistance data. Curve A is that obtained from 
the Berkowitz-Lux correction factor scheme, while curve B is that 
obtained from the Dickey local slope technique. The former yields 
a = 2 ~m, while the latter yields a ----- 1.7 ~m. The value of the 
probe spacing is S - -  25/Lm. 
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Fig. 12. A series of plots of the results of the calibration investi- 
gation for several values of the probe spacing. The values of the 
probe spacings and the corresponding curves are: S ~- 25 ~m (A), 
S = 50 ~rn (B), S = 75 #m (C), and S = 100 ~m (D). In all cases, 
the Berkowitz-Lux correction factor scheme was used. 

sufficient to p rov ide  sens i t iv i ty  and yie ld  the value of 
a = 2 ~an, which was or ig ina l ly  used in the genera t ion  
of the  spreading  resistance.  In  addit ion,  to show that  
the sens i t iv i ty  is not degraded  by  var ia t ion  of the probe 
spacing, the resul ts  of the analysis  for severa l  values 
of the probe  spacing are  presented  in Fig. 12. I t  is 
impor tan t  to emphasize that  the curva ture  must  be 
sufficient to p rov ide  for the  evalua t ion  of the value  
of a. Should  the curve be found to be flat, this would 
prec lude  the use of this procedure .  

Conclusions 
A der iva t ion  for the fou r -p robe  resis tance Z ( x , S )  

and its re la t ion  to the two-p robe  spreading  resis tance 
R (x, S) has been  presented.  The calculat ion of Z(x,  S) 
for  a wide range  of res is t iv i ty  s t ructures  and probe  

February X984 

separa t ion  has been  presented  and discussed. I t  was 
shown that  the  sheet  resistance,  ~ (x) ,  is obta ined  f rom 
Z(x,  S) for  isolated s t ruc tures  wi th  S /x  > 1. In  add i -  
tion, it  was shown tha t  the funct ion Z ( x , S )  can be 
used to se l f -cons is tent ly  obta in  the probe  radius  pa -  
r a me te r  (a) used in spreading  resis tance profile ana ly -  
sis. 
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Defect Characterization in Monocrystalline Silicon Grown Over SiO2 
J. T. M c G i n n , *  L. Jastrzebski , *  and J. F. Corboy 

RCA Laboratories, Princeton, New Jesey 08540 

ABSTRACT 

Crystallographic defect structures in monocrystal l ine silicon films grown over SiO2 layers have been characterized by 
cross-section and planar t ransmission electron microscopy. Overgrowths of epitaxial  silicon films on SiO2 layers have been 
seeded from single crystal substrates through openings in the SiO2 layers. Defect structures have been studied as a function 
of substrate orientation, seeding procedure,  and growth temperature.  Defect densities have been dramatically reduced 
through first-order optimization of the above parameters.  

Single crys ta l  g rowth  over  amorphous  subs t ra tes  has 
received considerable  a t ten t ion  recen t ly  (1-8).  Such 
s t ruc tures  a re  po ten t ia l ly  useful  in the  area  of sol id-  
s tate device fabricat ion.  Successive overgrowth  of s i l i -  
con above sil icon oxide m a y  make  possible the  fabr ica -  
t ion of three=dimensional  devices. A n u m b e r  of ap-  
proaches  have been a t t empted  in an effort to achieve a 
uniform, defec t - f ree  overgrowth  of  monocrys ta l l ine  
si l icon above an amorphous  insula tor  such as SiO2. 
These approaches  may  be d iv ided  into the two genera l  
categories  of seeded (5-8) and  unseeded (1-4) growth.  
In  the case of the  seeded growth,  a single crys ta l  seed 

* Electrochemical Society Active Member. 

of the desired or ienta t ion  is in contact  wi th  an a m o r -  
phous or  po lycrys ta l l ine  silicon film which has been  
deposi ted upon an amorphous,  insula t ing  layer .  I f  i t  is 
possible to p re fe ren t i a l ly  mel t  the  deposi ted sil icon 
film in the v ic in i ty  of the single c rys ta l  seed, c rys ta l -  
l izat ion of the mel t  f rom the seed can occur via  l iquid  
phase epi taxy.  Various techniques have been adopted  
to opt imize the  crys ta l l iza t ion process. The most  suc-  
cessful have been the scanning laser  technique (5, 6) 
and the s t r ip  hea te r  method (7, 8). Large  gra ins  of un -  
seeded silicon have been shown to spontaneous ly  re -  
sul t  f rom the laser  annea l ing  of amorphous  or po ly -  
c rys ta l l ine  ,films on SiO2 subb ing  layers  (4). The un -  
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seeded technique for producing monocrystalline films 
over amorphous layers is referred to as graphoepitaxy 
(i-3). In this technique, the surface of the amorphous 
layer is patterned with a series of grooves. The groove 
morphology and the pattern geometry are specifically 
tailored to induce nucleation of a deposited silicon 
film with a specific orientation (2). 

The seeded technique mentioned above requires that 
the silicon films be elevated to a temperature above 
their melting point. If it is desired to fabricate three- 
dimensional device structures, such high temperatures 
could produce an undesirable redistribution of impuri- 
ties in those devices which had been buried below the 
insulating layer. In the unseeded technique, grapho- 
epitaxy, considerable difficulty has been encountered 
in a t t empts  to produce  h igh -qua l i t y  si l icon films. 

Due to the difficulties inhe ren t  in the above tech-  
niques,  an a l t e rna t ive  approach  of producing  single 
c rys ta l  sil icon overgrowths  v ia  seeded chemical  vapor  
deposi t ion (CVD) has been a t t t empted  by  Jas t rzebsk i  
et  al. (9) and McGinn et al. (10). S imi la r  work  has 
been done wi th  GaAs  ove rg rowth  by  Mel lend e t  at. 
(11). This pape r  repor ts  the findings of a TEM e x a m -  
inat ion of the micros t ruc ture  of seeded si l icon films 
grown over  SiO2 s t r ips  v ia  a chemical  vapor  deposi t ion 
technique.  

Experimental 
Samples  were  p repa red  by  t h e r m a l l y  oxidiz ing the 

surface  of e i ther  (100) or (111) sil icon wafers.  Para l le l ,  
per iodic  channels  were  e tched th rough  the oxide ex-  
posing the under ly ing  Si surface.  The repea t  dis tance 
of the  r ema in ing  s t r ips  of SiO2 was 26 ~m. Samples  
wi th  oxide  s t r ip  widths  of e i ther  6 or 20 ~m were  p r e -  
pared.  The edge of  the oxide  s t r ip  was a l igned along 
e i ther  the [01~] or  [2~i'] d i rect ions on the (111) 
wafers  and  along e i ther  the [001] or [011] direct ions 
on the (100) wafers.  These s t ructures  wi l l  be r e fe r red  
to as ( h k l ) - [ u v w ]  s t ruc tures  ind ica t ing  the (hkl)  
p lane  of the  subs t ra te  and the [uvw] d i rec t ion  of the 
edge of the  oxide strip.  The films were  grown in a 
r a d i a n t - h e a t e d  ba r re l  reactor .  The sil icon films were  
deposi ted  in a series of g rowth -e t ch  s teps using a 
mix tu re  of SiH2C12, H2, and HC1. The gas flow ra tes  
were  0.75, 82, and 2 l i te rs / ra in ,  respect ively .  Each 
g rowth  step w a s  fo l lowed by  an e tching step using an 
HC1, H2 m i x t u r e  wi th  the  same gas flow as in the  
g rowth  step (9).  These g rowth  condit ions were  de-  
s igned to suppress  the  g rowth  of po lycrys ta l l ine  si l i -  
con over  the  oxide  whi le  pe rmi t t i ng  the  growth  of 
single c rys ta l  ep i tax ia l  s i l i c o n / T h e  ep i tax ia l  Si g rew 
up through  the channel  openings  and then proceeded to 
expand  l a t e r a l l y  across the surface of the  SiO2. Cross 
sections for  TEM studies were  cut e i ther  normal  to the 
subs t ra te  sur face  or a long a {111} p lane  incl ined to 
both the subs t ra te  surface and the oxide  s t r ip  in o rde r  
to enhance the v is ib i l i ty  of cer ta in  c rys ta l lograph ic  
defects. Shear  s tress  measurements  t aken  in the s i l i -  
con overgrowth  were  accomplished b y  measur ing  the 
devia t ion  f rom or thogona l i ty  in a symmet r i c  001 
selected area  t ransmiss ion  e lec t ron diffract ion pa t t e rn  
(14). 

Observations 
In  samples  p r e p a r e d  f rom (111) Si wafers ,  the  chan-  

nels  in the  SiO2 l aye r  were  e tched a long e i ther  [01i"] 
o r  [21f] direct ions.  Defects in the si l icon ove rg rowth  
were  observed for al l  s t r ip  width  and channel  o r ien-  
tations. When  the channels  were  e tched along [01f] 
directions,  an a s y m m e t r y  irL the faul t  s t ruc ture  about  
the  center  of the SiO2 s t r ips  was observed  as shown in 
Fig. 1. In  this configuration, the  ove rg rowth  above the 
lef t  s ide of the  oxide  s t r ip  was twin  re la ted  to the 
subs t ra te  whi le  the overgrowth  above  the r ight  side 
r e t a ined  the subs t r a t e '  or ientat ion.  Beyond the r ight  
edge of the oxide  str ip,  i r r egu l a r  twins formed pockets  
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Fig. 1. Lateral overgrowth viewed in cross section above a (111) 
silicon wafer. The oxide strip runs along the [011] direction. The 
fault structure is unsymrnetricolly distributed about the center 
plane of the oxide strip. A (111)-[011] structure. 

in the ep i tax ia l  sil icon ex tend ing  f rom the surface to 
the subs t ra te  overgrowth  interface.  

When  the channels  were  etched along [211] d i rec -  
tions over  (111) wafers,  the defect  s t ruc ture  did not  
d i sp lay  the a s y m m e t r y  of the  (111) - [011"] samples.  
F igu re  2 shows an incomple te  ove rg rowth  of a (111)-  
(211) sample.  Here  the growth  was s topped jus t  as the  
two growth  fronts met  above the center  of the oxide  
str ip.  The ove rg rowth  in this case r e t a ined  the or ien-  
ta t ion of the  subs t ra te  above both sides of the oxide  
strip.  Numerous  microtwins  are  present  wi th in  the 
ove rg rowth  as a re  bands of dislocations,  but  the  a s y m -  
m e t r y  in twin s t ruc tures  observed  in the (111)-[011] 
sample  is absent.  

In  samples  p r epa red  f rom (100) silicon wafem, the  
channels  in the SiO2 l aye r  were  etched along e i ther  
[011] or  [001] direction.  When  channels  were  etched 
along [011] direct ions,  the sil icon which ove rg rew the  
SiO2 was h igh ly  defect ive (Fig. 3). This defect  region 
was bounded below by the  oxide s tr ip,  above by  the 
free surface,  and  l a t e r a l l y  by  the (111) and  (111) 
planes.  The p redominan t  defect  f ea tu re  observed 
wi thin  this volume was macrotwins .  Commonly  70- 

Fig. 2. Lateral overgrowth viewed in cross section above a (111) 
silicon wafer. The oxide strip runs along a [21"[] direction. A 
(111)- [ 2 [ [ ]  structure. 
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90% of the volume of the defective region was twin 
related to the substrate. Mierotwins over the oxide 
were also observed. Above the center of the oxide strip, 
an incoherent grain boundary extended from the 
sample's surface to the base of the overgrowth. The 
boundary was presumably formed when the silicon 
growth fronts emanating from the two edges of the 
SiO~ joined above the center of the oxide strip. 

When channels in the SiO~ layer were etched along 
[001] directions on (100) wafers, a dramatic improve- 
ment in the quality of the overgrowth was achieved. 
Above 6 #m wide oxide strips, high quality silicon was 
grown as in Fig. 4. A void at the base of the overgrowth 
above the center of the oxide str ip was the only com- 
monly observed defect. Occasionally, isolated stacking 
faults or microtwins were observed in the overgrowth. 
A grain boundary above the void where the growth 
fronts joined was not observed. 

Silicon (100) overgrowths above 20 ~m wide, [001] 
oxide strips displayed a wide variation in defect struc- 
tures (Fig. 51 and 6). In highly defective samples, 
stacking faults lying along {111} planes, the central 
void and associated grain boundary and dislocation 
networks emanating from the edges of the oxide strip 
(Fig. 5) were all present. In low defect density sam- 
ples, as seen in Fig. 6, only scattered dislocations and 
the central void were observed. On a given side of the 
central boundary, only two of the four possible {111} 
stacking fault planes were active. Across the boundary, 
only the remaining two {111} stacking fault  planes 
were active. The normals to the stacking fault planes 
comprising an active pair are symmetrically disposed 
about the [001] direction (i.e., the edge of the oxide 
str ip).  On a given side of the central grain boundary, 
only that pair  of {111} planes which forms a closed 
tetrahedron with the central grain boundary and the 
overgrowth-oxide interface was found to be active. 
The active pair  of stacking faults to one side of the 
oxide are clearly displayed in Fig. 7 which was cut 
from a (100)-[001] sample so that the face of the 
cross section was a {111} plane. By imaging the region 
of the fault under various diffraction conditions which 
render the fault invisible (I2, 13) it is possible to ob- 
serve the dislocations in the fault plane. Applying the 

g �9 b = 0 invisibility criterion, where b is the Burgers 

vector of the dislocation and g is the diffraction vector, 
it was determined that the bounding dislocations and 
therefore the stacking faults were of the a/6 <211> 
type. Figure 8 is a planar view of the overgrowth-SiO2 
interface. The stacking faults and microtwins (pre- 
sumably caused by the formation of a/6 <211> faults 
upon successive planes) are seen to have formed in 
pairs along two intersecting {111} planes. The line of 
intersection extended from the edge of the oxide 
through the remaining overgrowth. Each of the stack- 
ing faults extended from this line of intersection to 
the central void along its respective {111} plane. Also 
in Fig. 8, a periodic set of dislocations is seen edge on 
along the edges of the oxide strip. Irregularit ies in the 
interface between the overgrowth and the oxide were 
often visible. Occasionally, the center void was absent 
and an oscillatory interface was observed above the 
center of the oxide strip, not shown in this work. A 
second set of oscillations in the Si-SiO2 interface was 
observed further away from the central void. These 
oscillations were observed as parallel  contrast bands 
when a planar  sample containing the interface was 

Care must  be taken in analyzing Fig. 5. The plane of the  
cross section is a (001). The saml~le has been rotated in the  mi- 
croscope about the [100] direction to obtain the  [011] v iew 
shown in Fig. 5. Under these conditions, the pairs of stacking 
faults to one side of the oxide will  intersect  the sample's surface  
in parallel traces. The two members  of the right-side pair can 
be distinguished in Fig. 5 by the narrow, (li'l), and the  broad, 
(lff), projections they make onto the (011) plane of the micro- 
graph. To the left of the figure the stacking faults overlap and 
are not individually resolvable. 
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imaged under dynamic conditions as in Fig. 8. These 
oscillations correspond in number and spacing to the 

Fig. 3. Dorkfield-brightfield pair of micrographs showing a 
cross-sectional view of a lateral overgrowth above a (100) silicon 
wafer with the oxide strip runn,ing along the [011] direction. A 
(100)- [011] structure. 

Fig. 4. A microgtaph of a (100)-[001] structure above a 6 #m 
oxide strip. The faces of the cross section were cut along (011) 
planes. 
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Fig. 5. A micrograph of a (100)-[001] structure above a 20 #m 
oxide strip. The overgrowth contains a high density of stacking 
faults, a central void, and grain boundary. The faces of the cross 
section were cut along (001) planes. The sample was rotated 45 ~ 
about the [100] to obtain this micrograph. 

Fig. 6. A cross-sectional micrograph of a low defect density 
overgrowth on a (100) wafer with the oxide strip running along the 
[001] direction. 

growth -e t ch  cycles which  occurred  dur ing  the ELO 
deposit ion.  

A void on the unders ide  of the oxide  s t r ip  approx i -  
ma te ly  1-3 ~m f rom the edge of the oxide  was com- 
monly  observed  in the  (100) samples.  The voids were  
typ ica l ly  i r r egu la r  in shape, but  confined to the bot tom 
of the  oxide  s t r ip  tending  not  to ex tend  into the s ingle 
c rys ta l  sil icon region of the subs t ra te  (Fig. 6). 

Shear  s tress  measurement s  (14) were  taken  along 
the ove rg rowth -ox ide  in ter face  in both high and low 
defect  dens i ty  samples .  In  the high defect  dens i ty  
samples,  the  shear  stress was be low the de tec table  
levels.  In  the low defect  dens i ty  samples,  shear  stresses 
of 3,6 • 109 d y n / c m  2 which changed sign s y m m e t r i -  
ca l ly  across the center  of the  oxide  s t r ips  were  m e a -  
sured.  

Discussion 
The specific na tu r e  of the defect  genera t ion  in the  

overgrowth  film has been shown to be h igh ly  sensi t ive  
to the c rys ta l lographic  or ien ta t ion  of  both  the sub-  
s t ra te  and the edge of the oxide  strip.  This may  be 
unders tood  in the case of the ELO films grown on 
(100) wafers  if these or ienta t ions  are  considered r e l a -  
t ive to the  slip p lanes  in sil icon as wel l  as the  d i rec-  
tions in which a dislocation must  run  in o rde r  to be in 
a m in imum energy  configuration. 

A n u m b e r  of mechanisms m a y  induce stress  in the 
overgrowth :  (i) A sl ight  misa l ignment  of t h e  ELO 
film as i t  expands  over  the ox ide  l aye r  would  p reven t  
perfect  a tomic bonding of the two growth  fronts  as 
coalescence occurs. Such misa l ignments  whe the r  l ead-  
ing to d is tor ted  atomic bonds or to a low angle gra in  
b o u n d a r y  at the point  of  coalescence would  inev i t ab ly  
resul t  in in te rna l  stresses. (ii) Stress  m a y  resul t  f rom 

Fig. 7. The two active sets of stacking faults to one side of the 
oxide strip are observable. This sample is an inclined cross section 
of a (100)-[001] specimen. The faces of the cross section were 
cut along the (111) plane, 

t he rma l  gradients  dur ing  cooling, or  (iii) to differ-  
ences in the the rmal  coefficients of expans ion  be tween  
si l icon and SiO2. The disposit ion of these in te rna l  
stresses re la t ive  to the (111} slip planes and the <110>  
direct ions wi l l  s t rong ly  influence the  deformat ion  
mechanisms ava i lab le  for the re laxa t ion  of the crystal .  

In  samples  p r epa red  on (111) wafers  wi th  the oxide 
runn ing  along a [01T] direction,  the  micros t ruc ture  
was asymmet r i c  about  the center  of the SiO2 strip.  The 
fabr ica ted  Structure,  consist ing of the oxide  s t r ip  and 
the ne ighbor ing  channels,  contained a p lane  of m i r ro r  
s y m m e t r y  which is pe rpend icu la r  to the p lane  of the 
subs t ra te  and passes th rough  the center  l ine of the 

Fig. 8. Planar view of the overgrowth-oxide interface in a (100)- 
[001 ] sample. 



402 J. EIectrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  February 1984 

oxide str ip.  This is a (2fD plane in the silicon. Since 
the (211) plane is not c rys ta l lograph ica l ly  a mi r ro r  
plane,  symmetr ic  stresses imposed on the two sides of 
the oxide s t r ip  woul  d not  be expected  to be re l ieved  
by ident ica l  processes. Extens ive  evalua t ion  of the 
ELO films on (111) sil icon have not  been carr ied  out  
due to the poor prospects  for achieving defec t - f ree  
mater ia l .  No a t t empt  has been made  to formula te  a 
mechanism for faul t  format ion  wi th in  the ELO l ay -  
ers grown over  (111) substra tes .  I t  is s imply  noted tha t  
the observed faul ts  were  consistent  wi th  the sym-  
metr ics  imposed by  the c rys ta l lography  and the fabr i -  
cated structures.  

In  samples  grown over  (100) wafers  wi th  the oxide 
s tr ips  along [011] directions,  in te rna l  stresses which 
occurred dur ing  g rowth  or  subsequent  cooling were 
idea l ly  s i tua ted  to nucleate  dislocations In te rna l  stress 
r isers,  such as the edges of the  oxide str ip,  oscil lat ions 
in the sil icon-SiO~ interface,  the cen t ra l  gra in  bounda ry  
and associated void, all  r an  along the [011] di rect ion 
and were  possible si tes for nucleat ion of perfect ,  low-  
energy dislocations.  Once nucleated,  these dislocations 
would have been free to gl ide along ei ther  the ( l lY) or 
(111) planes.  

When the oxide s t r ip  ran  along a [001] d i rec t ion  on a 
(100) substrate ,  the lines of high in te rna l  stress did not  
coincide with  a direct ion along which dislocations could 
be eas i ly  nucleated.  Any  dislocat ion ly ing  along a 
[0(~1] direct ion would have been in a h igh -ene rgy  s ta te  
and thus would have  requ i red  a h igh  in te rna l  stress for 
nucleat ion.  In  cases where  sufficient in te rna l  stress 
exis ted for  dislocation nucleat ion,  a long an edge, the 
expe r imen ta l  resul ts  suggest  tha t  these dislocations 
were the  source of the  active pa i r  of s tacking faul ts  
which or iginate  at the edge. If  these dislocations were  to 
act as a source of the pairs  of s tacking faul t  which 
are  shown in Fig. 7 and 8, the Burgers  vec tor  of the 
dislocation would by necessi ty be l imi ted  to that  di -  
rect ion which could s l ip in both of the active s tacking 
faul t  planes.  

The proposed  model  for s tacking  faul t  genera t ion  is 
consistent  wi th  the  na tu re  of the s tacking faul ts  ob-  
served above the oxide on (100) samples  wi th  [001] 
oxide strips. Shear  s t ra in  measurements  made  in the 
overgrowth  indica ted  that  samples  wi th  low s tacking 
faul t  densit ies had  shear  s t ra ins  of 3.6 X 109 d y n / c m  2 
whi le  the shear  s t ra in  in h ighly  faul ted  samples  was 
be low detec table  l imits.  This suggests tha t  the s tacking 
faults  are  genera ted  as a s t ra in  re l ief  mechanism. 
Stacking  faults  m a y  or iginate  at a number  of locations 
where  the local  s t ra in  would be expected to be high. 
Namely,  the ove rg rowth -ox ide  interface and the gra in  
boundary  above the center  of the oxide s t r ip  would  be 
points of high in te rna l  strain.  The model  for s tacking 
faul t  genera t ion  given above has used the edge of the 
Si/SiO2 interface as the  site of nucleat ion.  At  the S i /  
SiO2 interface,  s t ra in  is genera ted  due to the differences 
in the the rmal  expansion coefficients across that  in te r -  
face. In addit ion,  the edges of the oxide as wel l  as the 
undula t ions  in the Si/SiO2 interface  m a y  act as s tress  
risers. 

Ano the r  possible model  is tha t  along the centra l  
gra in  boundary ,  local atomic r ea r rangemen t s  neces-  
s a ry  to accommodate  the la t t ice  mismatch  be tween  the  
coalesced growth  fronts p roduced  strains  sufficient to 
nuclea te  s tacking faults.  If  s tacking faul t  nucleat ion 
were  to occur along the centra l  gra in  b o u n d a r y  at a 
height  of more than half  the  width  of the  oxide, the 
resul t ing  s tacking  faul t  would then be free to ex tend 
beyond the edge of the oxide strip. This is a conse-  
quence of the fact  that  the apex formed by  the pa i r  of 
act ive s tacking  faults  l ies along a <101>  direct ion 
which is incl ined at 45 ~ to the surface of the oxide. I t  
should be noted tha t  a s tacking faul t  ex tending  beyond 
the edge of the  oxide has never  been observed.  The 

ma jo r  s tacking faul ts  emerge f rom a na r row  region 
near  the edge of the oxide str ip.  In addit ion,  s tacking  
faults  have been observed in overgrowths  which do not  
contain centra l  gra in  boundaries .  These observat ions  
suggest  that  a heterogeneous  nuc lea t ion  along a l ine at  
the edge of the oxide was the act ive mechanism for 
faul t  format ion  r a the r  than the homogeneous  nuclea-  
t ion of the faul ts  over  the face of the centra l  gra in  
boundary .  The or igin of the gra in  bounda ry  is un -  
clear. The b o u n d a r y  m a y  have been formed due to a 
misa l ignment  of the  two coalescing growth  fronts or  
as a resul t  of plast ic  deformat ion  af te r  a continuous 
overgrowth  had formed.  

A cent ra l  void is found above the midd le  of the oxide  
s t r ip  and coincides wi th  the bo t tom of the gra in  bound-  
a ry  discussed above in (100)[001] samples.  The origin 
of the  void is p r e suma b ly  re la ted  to the inhibi t ion of 
the t ranspor t  of the silicon bear ing  species, in the gas 
phase,  to the  surface  of the oxide s t r ip  jus t  p r io r  to the 
coalescence of the advancing growth  fronts. The shape 
of the  growth  fronts wi l l  depend upon the growth  con- 
dit ions of the CVD process as well  as the c rys ta l lo-  
graphic  or ienta t ion  of the advancing  faces. P re sum-  
ably,  the growth  fronts  in the (100)-[00,1] samples  
form almost  ver t ica l  wal ls  (15) which inhibi t  the  
t r anspor t  of the si l icon species to the bot tom of the  
canyon formed by  these wal ls  jus t  p r io r  to coalescence. 
This reduced  access of the  si l icon species, in the gas 
phase, to the  oxide surface m a y  account for the de -  
crease in the separa t ion  of the  growth  s t r ia t ions  as the 
center  of the oxide s t r ip  is approached  in Fig. 8. 

Conclusions 
The seeded overgrowth  of Si v ia  CVD on s t r ips  of 

SiO2 above single crys ta l  Si subst ra tes  has been shown 
to be a v iable  process for the  product ion  of device 
grade Si films. The faul t  s t ruc tures  of the Si over -  
growth  can be s t rong ly  influenced by  the choice of a 
number  of c rys ta l lographic  pa rame te r s  such as sub-  
s t ra te  and oxide s t r ip  edge orientat ion.  

The s tacking faul ts  which are  genera ted  in the over -  
g rowth  of (100) subs t ra tes  wi th  the oxide s tr ips  along 
[001] direct ions appear  . to arise as mechanisms of 
s t ra in  reduction.  The s t ra in  is p r e sumab ly  in t roduced 
as a resul t  of the differences in the the rmal  co- 
efficients of expans ion  be tween  the Si overgrowth  and 
the SiO2 strips. It is suspected tha t  the faults  are  gen-  
e ra ted  dur ing  the cooling of the s t ructures  a f te r  the 
overgrowths  are  formed. A number  of prac t ica l  steps 
may  be taken in o rde r  to fu r the r  reduce the in te rna l  
s t ra in  exper i enced  by  the Si overgrowth.  These in-  
clude the following: (i) use of th inner  insulat ing films, 
(ii) ta i lor ing the edges of the insula t ing  film to reduce 
the local s t ra ins  at those points, (iii) matching  the 
the rmal  expansion coefficients of the insula t ing l aye r  
more closely to that  of the  Si overgrowth,  and (iv) re-" 
duction of the growth t empera tu re  to minimize the 
differences in the rmal  expansion be tween the over -  
growth  and the encapsula ted  oxide. 

Manuscr ip t  submi t ted  Sept.  30, 1982; revised m a n u -  
scr ip t  received Oct. 27, 1983. 
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Void Formation in Phosphosilicate Glass Film with Heat-Treatment in 
H2 Atmosphere 
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ABSTRACT 

The void formation process and phosphorus behavior in phosphosil icate glass film deposi ted by chemical  vapor  depo- 
sition techniques were investigated. The films were heat-treated three times, first in N2 atmosphere for densification, then 
in H2 or N2 atmosphere,  and after that in N~ atmosphere.  It was found that (i) void formation takes place with the third heat- 
t reatment  in N~ atmosphere,  (ii) with the second heat- treatment in H2 atmosphere,  absorbance of P=O band at 1330 cm -~ 
decreases and absorbance of band at 1250 cm -I increases, but further absorbance change does not take place with the third 
heat-treatment.  The gain in absorbance of the band at 1250 cm -1 is proportional to the loss in absorbance of the P=O band at 
1330 cm -1. The quanti ty of phosphorus products  formed with heat-treatment in H2 atmosphere was est imated from the 
absorbance change of the P = O band at 1330 cm -1. Comparing the quanti ty of the phosphorus  products  with the void size and 
number,  it was proposed that the phosphorus  products  are gaseous species at high temperature,  and the quanti ty of the 
gaseous species determines the product  of the void number  in the PSG film and square of the void size. 

Phosphosi l icate  glass (PSG)  films deposi ted by  
chemical  vapor  deposi t ion (CVD) techniques are  im-  
po r t an t  mate r ia l s  for insula t ion layers  in MOSLSI  (1).  
To design a su i tab le  MOSLSI  fabr ica t ion  process  using 
the PSG film, it  is necessary  to c la r i fy  the s t ruc tu ra l  
change of the PSG film wi th  h e a t - t r e a t m e n t  in var ious  
kinds  of a tmosphere ,  because the PSG films are  hea t -  
t rea ted  under  a va r i e ty  of condit ions for  such p u r -  
poses as glass flow (2), densification of the films (3),  
or  s tab i l iza t ion  of MOS devices (4). In  a previous  
work  (5), it  was found that  void format ion  in the PSG 
film and decreas ing of P = O  band absorbance  take  
place s imul taneous ly  wi th  h e a t - t r e a t m e n t  in H2 a tmo-  
sphere above 1O00~ However ,  the causes of the void 
fo rmat ion  and the  phosphorus  behav ior  in the PSG 
film with  the h e a t - t r e a t m e n t  in Hz a tmosphere  have  
not  been clarified. 

In  the present  work,  the P S G  films were  hea t -  
t rea ted  under  var ious  condit ions three  t imes to obta in  
an accurate  re la t ionship  be tween  the void format ion  
and the in f ra red  (IR) spec t rum change. I t  was found 
tha t  the void fo rmat ion  and IR spec t rum change take  
place sepa ra te ly  wi th  sequent ia l  h e a t - t r e a t m e n t  in H2 
and N2 atmospheres .  Fo r  the PSG film h e a t - t r e a t e d  in 
H2 a tmosphere ,  the void format ion  takes  place under  
the subsequent  h e a t - t r e a t m e n t  in N2 a tmosphere .  A b -  
sorbance of P = O  band at 1330 cm -1 decreases,  and 
absorbance  of band  at  1250 cm -1 increases,  indica t ing  
fo rmat ion  of phosphorus  products  wi th  the h e a t - t r e a t -  
ment  in H2 atmosphere .  However ,  fu r the r  absorbance  
change does not  take  place wi th  the subsequent  hea t -  
t r ea tmen t  in N2 a tmosphere .  Void size and number  are  
compared  wi th  a gain in the phosphorus  produc t  

Key words: void formation,  phosphosil icate glass, chemical  
vapor  depos i t ion ,  P = O  band absorbance. 

quanti ty,  and the void fo rmat ion  mechanism in the  
PSG films is discussed. 

Experimental 
The PSG films were  deposi ted  at  420~ in a hor i -  

zontal  reac tor  using a SiI-I4-PHj-O~-N~ gas sys tem and 
then densified wi th  the first h e a t - t r e a t m e n t  in N~ 
a tmosphere  at  100O~ The film thickness  (TpsG) was 
about  5600A a f t e r  the densification. The subs t ra tes  
used were  p - t y p e  Si wafers  of 30-50 ~2 cm wi th  m i r r o r -  
pol ished (100) surfaces. The subs t ra tes  were  t he rma l ly  
oxidized before  the PSG film deposi t ion in o rder  to 
p reven t  phosphorus  diffusion into the subs t ra te  f rom 
the PSG film (6).  

Af t e r  the  first h e a t - t r e a t m e n t  in N2 a tmosphere  at  
1000~ the PSG films were  h e a t - t r e a t e d  in H2 or  N~ 
a tmosphere  at  var ious  tempera tures .  Then the films 
were  he a t - t r e a t e d  in Na a tmosphere  at  t empera tu re s  
h igher  than that  of the second hea t - t r ea tmen t .  Under  
these conditions,  i t  was confirmed using x - r a y  fluores- 
cence technique that  the f ract ion of phosphorus  lost  
is less than  3% and weight  loss of the PSG film is 
not  detected wi th in  expe r imen ta l  error .  TpsG was m e a -  
sured  wi th  a Taylor  Hobson Talystep.  The no rma l  IR 
spec t rum and the dif ferent ia l  IR (DIR) spec t rum of 
the PSG films were  measured  wi th  a doub le -beam IR 
spect rophotometer .  To obta in  the dep th  profiles of ab -  
sorp t ion  coefficients due to P = O  bonds and S i - - O  
bonds, measurements  of the no rma l  IR absorbance  and 
etching of the PSG film in H F  solut ion were  repeated .  
The phosphorus  concentra t ion of the  P S G  film was de-  
t e rmined  by  x - r a y  fluorescence techniques and neu-  
t ron  ac t iva t ion  analysis.  The size and the n u m b e r  of 
the void in the PSG film were  obta ined  f rom observa-  
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tion of the PSG film cross section using a scanning 
electron microscope. 

Results and Discussion 
T~sa and IR spectrum ehanges.--The PSG films 

heat-treated in He or N2 atmosphere at 900~ were 
next heat-treated in Ne atmosphere for 40 rain at 
various temperatures. Figure 1 shows the change of  
TpsG with the third heat-treatment for the PSG film 
containing 9.5 weight percent (w/o) phosphorus. TpSG 
increases with increasing the third heat-treatment 
temperature for the PSG film second heat-treated in 
He atmosphere, but does not increase for the PSG film 
second heat-treated in N~ atmosphere. From these re-  
sults ,  it is expected that the second heat-treatment in 
H~ atmosphere contributes to void formation in the 
PSG film with the third heat-treatment in Ne atmo- 
sphere, because Tpsa increase is caused by the void 
formation (5). 

The IR spectra of the PSG films were measured 
after the second heat-treatment in H~ or N~ atmo- 
sphere. No IR spectrum change was found for the PSG 
film heat-treated in N2 atmosphere. The typical IR 
spectra of the PSG films before and after the heat- 
treatment in H2 atmosphere are shown in Fig. 2. It 
is found that with the heat-treatment in He atmo- 
sphere the absorbance of the P ~ O  band at 1330 cm -1 
decreases and the absorbance of the S i~OH band at 
3700 cm -1 increases. The DIR spectrum was mea- 
sured by placing the PSG film second heat-treated in 
Ha atmosphere in the sample beam in the spectropho- 
tometer and placing the PSG film second heat-treated 
in N2 atmosphere in the reference beam of the spectro- 
photometer (shown in Fig. 2). Four peaks are found in 
the DIR spectrum: a concave peak at 1250 cm -1, indi- 
cating an appearance of a new band; convex peaks at 
ll00 cm -~ and 1000 cm -~, indicating a decrease in P ~ O  
band vibration absorbance; and convex peak at 1330 
cm -~, indicating a decrease in vibration absorbance of 
P - O  bond connected with three bridging oxygen 
atoms. Further IR spectrum change did not take place 
with the third heat-treatment in N2 atmosphere at 
higher temperature. 

From these results, it is suggested that structural 
change with the second heat-treatment in H~ atmo- 
sphere causes the void formation with third heat- 
treatment in N2 atmosphere at higher temperature. 

Structural change in the PSG film.~To clarify the 
structural change in the PSG film with heat-treatment 
in He atmosphere, a quantitative study was made of 
the absorbance changes of P = O  band at 1330 cm-Z, 
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Fig. 1. Change of Tpsc with the third heat-treatment in Ne 

atmosphere for 40 rain. Open circles and closed circles are results 
for the PSG film second heat-treated in H2 atmosphere and N~ 
atmosphere at 900~ for 160 rain, respectively. The PSG film phos- 
phorus concentration is 9.5 w/o. 
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Fig. 2. IR and DIR spectra of the PSG film heat-treated in H2 
atmosphere. (a) and (b) are IR spectra of the PSG film before and 
after heat-treatment in H2 atmosphere at 900~ for 160 rain, 
respectively. (c) is DIR spectrum measured by placing the PSG 
film which is second heat-treated in N~ atmosphere in the refer- 
ence beam of the spectrophotometer. (1), (2), and (3) point to 
convex peaks at 1330, 1100, and 1000 cm -1,  respectively. (4) 
points to concave peak at 1250 cm -1.  The PSG film phosphorus 
concentration is 9.5 w/o. 

P--O band at 1000 cm -1, Si--OH band at 3700 cm -1, 
and band at 1250 cm -1 with heat-treatment in I-Is 
atmosphere. Figure 3 shows the relationship between 
P---O band absorbance at 1330 cm -1 (Ip=o) and P--O 
band absorbance at 1000 cm -1 (/P-O) for the PSG 
film with heat-treatment in H2 atmosphere at various 
temperatures. Here, the plots for the same phosphorus 
concentration and heat-treatment temperature were 
obtained for various heat-treatment times. Ip-o  is pro- 
portional to Ip=o. This means that the quantity of 
phosphorus atoms whose bonding configuration is 
changed with the heat-treatment in H2 atmosphere can 
be evaluated from a change in either I r - o  or Ip=o. 
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Fig. 3. Relationship between Ip=o and IP--O with heat-treat- 

ment at various temperatures in H~ atmosphere for various phos- 
phorus concentrations. 
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Figure 4 shows the band absorbance gain at 1250 
cm -1 (~I125o) with heat-treatment in H~ atmosphere 
as a function of the P--O band absorbance loss at 1330 
cm -1 (-- Zllp=o). It is found that hI1:250 is proportional 
to -- AIp=o. Figure 4 shows Si--OH band absorbance 
gain (hlsi-oH) with the heat-treatment in H~ atmo- 
sphere at 850~ for the PSG film containing 9.5 w/o 
phosphorus. Msi-oH increases with increasing -- AIp=o 
and then is saturated. The Si--OH bond numbers per 
unit volume (NoH) for the PSG film with -- AIp=o of 
1 X 10 -1, before and after the heat-treatment in H~ 
atmosphere, are 3 • 10 TM and 6 X 1019 cm -8, respec- 
tively. This is calculated from the relationship ob- 
tained by Moulson et al. (7) between the Si--OH band 
absorbance at 3700 cm - I  and the Si--OH bond con- 
centration. The NOH gain is 3 • 101# cm -a with the 
heat-treatment in H~ atmosphere. This is negligibly 
small compared with the quantity of phosphorus atoms 
whose bonding configuration was changed (about 1 X 
1021, because the - -~Ip=o change [1 • 10-1] corre- 
sponds to one quarter of total phosphorus atoms [4 X 
1021 cm -3]) with the heat-treatment in H2 atmosphere. 

From these results, it is proposed that the dominant 
products formed in the PSG film wRh the heat-treat- 
ment in H2 atmosphere are phosphorus species which 
have an IR absorption band at 1250 cm -1. The phos- 
phorus species may consist of a P-=O bond connected 
with OH or H atoms, because the absorption band of 
P = O  bond vibration shifts toward a lower frequency 
from 1330 cm -1 when bridging oxygen connected with 
the phosphorus in the PSG film is replaced by OH or 
H atoms (8). Further investigation, such as direct 
analysis of gaseous species in the void, is necessary to 
clarify the construction of the phophorus species at 
high temperature. 

Next, the product quantity was estimated from the 
P---O band absorbance loss at 1330 cm -1 in place of 
using absorption band gain at 1250 cm-1 in order to 
avoid measurement error due to the effect of other 
bands around the band at 1250 cm -1. Figure 5 shows 
the heat-treatment time dependence of Ie=o/I(p=o)o 
with heat-treatment in H~ atmosphere for various 
phosphorus concentrations (I[p=o]0 is lp=o for the 
PSG film before the heat-treatment in H9 atmosphere). 
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Fig. 5. Heat-treatment time dependence of Ip=o/l(p=o)o in 

H 2 atmosphere for various temperatures. 

Ip=o/!(p=o)o decreases exponentially with an increase 
in heat-treatment time (t). Disregarding phosphorus 
concentration, IP=o/l(p=o)o is approximated by 

Ip=o/I(p=o)o "- exp (-- kt) [1] 

where k : 110 exp (-- 3.5 • 104 cal /mol /RT)s  -1. The 
absorption coefficients of the P : O  band are distributed 
uniformly throughout the PSG film for the film heat- 
treated in H2 atmosphere, as shown in Fig. 6. There- 
fore, the number of the products (Np) per unit vol- 
ume in the PSG film which have the absorption band 
at 1250 cm -z, is expressed by 
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Fig. 4. --AIe=o dependences of ~!12so and Alsi-OH with heat- 

treatment at various temperatures in H2 atmosphere for various 
phosphorus concentrations. 
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Fig. 6. Depth profiles of P = O  band and $ i - -O band absorption 

coefficients (Ae=o and Am-o)  for the PSG film heat-treated in Ha 
atmosphere at 900~ 
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Np = Mop=o)0(1 -- exp [-- kt ] )  [2] 

where  Mop=o)0 is the n u m b e r  of P = O  bonds in the 
unit  volume of the PSG film which is not  hea t - t r e a t ed  
in H2 atmosphere .  

Relationship be tween void size and product quantity. 
- - F r o m  the resul ts  descr ibed in the previous  section, i t  
is obvious that  the phosphorus  produc t  quan t i ty  is p ro -  
por t ional  to --  AIp=o. In this section, - -AIp=o is com-  
pa red  wi th  the size and number  of voids formed wi th  
the th i rd  h e a t - t r e a t m e n t  in N2 atmosphere .  The void 
format ion  mechanism is also discussed. 

F igure  7 shows TpsG af te r  the th i rd  h e a t - t r e a t m e n t  
as a funct ion of --  AIp=o for the PSG film conta ining 
4.5-9.5 w /o  phosphorus.  TpsG increases wi th  an in-  
crease in --  AIp=o for  the PSG film conta ining 9.5 w/o  
phosphorus,  but  TpsG scarcely  increases for the PSG 
film containing less than  7.0 w /o  phosphorus.  I t  seems 
that  TpsG increase,  i.e., void formation,  is inh ib i ted  by  
an increase in PSG-f i lm viscosi ty due to reduct ion  in 
phosphorus  concentrat ion.  Therefore,  the  dependence  
of void size and number  on --  AIp=o was inves t iga ted  
for  the PSG film containing 9.5 w/o  phosphorus,  so 
tha t  the effect of PSG film viscosi ty on void size could 
be neglected.  

Firs t ,  the var ia t ions  of the void size and n u m b e r  
wi th  the h e a t - t r e a t m e n t  in N2 a tmosphere  were  in -  
ves t iga ted  for the PSG film whose - - A I p = o  is con- 
stant.  F igure  8a shows cross-sect ional  views of the  
PSG film hea t - t r e a t ed  in N2 a tmosphere  at  950~ for  
var ious  per iods  of t ime a f te r  the h e a t - t r e a t m e n t  in H2 
a tmosphere  at  900~ for 240 min. Many  small  voids are  
formed at  the first s tep in the h e a t - t r e a t m e n t  in N~ 
atmosphere ,  and the voids tend to ga ther  locally.  As 
a result ,  t hey  become larger ,  and TpsG increases. Mean 
void size (L) and total  void number  pe r  square  cent i -  
me te r  (Nv) in 5600A-thick PSG film can be obta ined  
f rom Fig. 8a. The resul ts  are  shown in Fig. 8b. As 
h e a t - t r e a t m e n t  t ime in N2 a tmosphere  increases,  L 
increases and is sa tura ted ,  and Nv decreases and be-  
comes constant.  F igure  9 shows the L dependence  on 
Nv. It  is found that  L is p ropor t iona l  to Nv-'/2. 

Next,  the L and Nv dependences  on - - A I p =  O were  
obta ined for  the PSG film with  sa tu ra ted  L growth.  
F igure  10 shows the resul ts  wi th  the h e a t - t r e a t m e n t  in 
N2 a tmosphere  at  950~ for 360 min for the PSG film 
second hea t - t r e a t ed  for  var ious  per iods  of t ime in I-I2- 
a tmosphere  at  900~ Nv is p ropor t iona l  to - -AIp=o ,  
and L is constant  in spite of --  AIp=o. 

The re la t ionship  be tween  L and  pressure  in  the void 
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atmosphere at 1000~ for 40 min for various --AIP=o. --AIp=o 
was changed with heat-treatment in H2 atmosphere at 900~ for 
various periods of time. 

Fig. 8. Change of r and Nv with the third heat-treatment in N2 
atmesphere at 950~ for the PSG film heat-treated in H2 at- 
mosphere at 900~ for 240 min. (a) is scanning electron micro- 
graph showing cross sections of the PSG film after the second heat- 
treatment and (b) is heat-treatment time dependence of r and Nv. 
The PSG film phosphorus concentration is 9.5 w/o. 

is discussed be low to expla in  the effect of the quan t i ty  
of phosphorus  products  on void formation.  Assuming 
tha t  the voids are  spher ica l  (the radius  [r] is defined 
as r : L /2)  and L is de te rmined  by  the pressure  in 
the void and surface energy  of the PSG film, the 
gaseous pressure  (P) in a void, the void volume (V) 
and r can be descr ibed by  
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Fig. 9. Relationship between r and Nv for the PSG film second 

heat-treated in H~ atmosphere at 900~ for 240 min followed by 
heat-treatment in N2 atmosphere at 950~ for various periods of 
time. The PSG film phosphorus concentration is 9.5 w/o. 
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heat-treated in H2 atmosphere at 900~ for various periods of 
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PV = nET [3] 
and 

27 
P = -- [4] 

where 7 is surface energy of the PSG film, R is ideal 
gas constant, n is the quantity of gaseous species in a 
void, and T is absolute temperature. Since n is Mp/Nv 
(Mp is total quantity of the gaseous species per square 
centimeter in 5600A-thick PSG film and V = 4/3 ;~r3), 
Mp can be obtained from Eq. [4] and [3] as follows 

8m 
Mp= r2 (--~) Nv [5] 

The product of r 2 and Nv is constant under the condi- 
tion that --AIp=o is constant, as shown in Fig. 9. 
Therefore, from Eq. [5], it  is considered that Mp is 
constant regardless of the third heat- t reatment  time 
in N2 atmosphere, assuming that 7 change is negligi- 
bly small. On the other hand, Nv is proportional to 
-- A/p=o when L is independent of -- Alp=o, as shown 
in Fig. 10. This means that Mp is proportional to 

-- AIp=o, i.e., the quantity of the phosphorus products 
formed with the heat- t reatment  in H2 atmosphere. 

Therefore, it is proposed that the phosphorus prod- 
ucts formed with the heat - t rea tment  in H2 atmosphere 
are gaseous species at high temperature,  and the quan- 
t i ty of the gaseous species determines the product o f  
L ~ and Nv. 

Conclusion 
The PSG films were heat- t reated sequentially three 

times in N2, H2, and Ne atmosphere. It was found that 
the void formation takes place with the third heat-  
t reatment in N2 atmosphere. The absorbances of P = O  
band at 1330 cm -1, and P - -O  bands at ll0O and 
1000 cm-1 decrease, and the absorbance of the band at  
1250 cm -1 increases with the second heat- t reatment  in 
H2 atmosphere. However, no further  absorbance 
change takes place with the third heat - t rea tment  in 
N~ atmosphere. The quantity of the phosphorus prod-  
ucts formed with the heat- t reatment  in H2 atmosphere 
was estimated from the absorbance change of the P = O  
band. Comparing the quantity of the phosphorus prod- 
ucts formed with the second heat- t reatment  in H2 at-  
mosphere with the void size and number, it is proposed 
that the phosphorus products formed with the second 
heat- t reatment  in H2 atmosphere are gaseous species 
at high temperature,  and the quantity of the gaseous 
species determines the product of the void number in 
the PSG film and square of the void size. 
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Passivation and Maskless Processing with Anisotropic Etches in 
Silicon 

D. J. Day, G. W. R. Middleton, T. W. Janes, J. C. White,* and V. J. Mifsud 
Royal Signals and Radar Establishment, Great Malvern, Worcestershire, England 

ABSTRACT 

The passivation of silicon surfaces to anisotropic etches by ion and electron beams is demonstrated. The mechanisms 
for passivation is attributed to oxide growth induced by lattice damage and strain. Its application as a maskless etch process 
or etch stop for fabrication of nonplanar microstructures is discussed. 

Anisotropic or preferential  etching of different crys- 
tal planes in silicon has been exploited widely for 

* Electrochemical Society Active Member. 
Key words: ion and electron beams, etch-st~p. 

microengineering of mechanical (1) and electrical (2) 
structures. In such applications conventional masking 
techniques employing etch-resistant  materials are used 
to define an etch surface with edges aligned to planes 
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of lower  etch rate.  By sui table  choice of crys ta l  o r ien ta -  
t ion and mask shape, fine geometr ies  of grooves, holes, 
and points  can be obtained.  

I t  has been found that  these etches are  not  only 
anisotropic  but  can also be select ive in that  etching is 
inhibi ted  in h ighly  doped (>10 TM cm-~)  si l icon (3). 
This has p rompted  the use of heavi ly  doped buried 
layers  as etch stops (4, 7), to give se l f - s topping  control  
on etch depth.  A n  appa ren t l y  differe~zt form of se lec-  
t iv i ty  has been repor ted  employing  e lect rochemical  
etching (5) where  the surface potent ia l  is he ld  so tha t  
etching occurs for ma te r i a l  of one doping level  but  
cause pass ivat ion to etching in ma te r i a l  of another  
doping level  or  type  (6).  The e lect rochemical  cell  em-  
ployed and pen recorder  traces of the cell  currents  du r -  
ing etching of a p - t y p e  crys ta l  and a diode layer  of Janes  
(6) are  shown in Fig. 1 and 2. The pass ivat ion  of the 
p - t y p e  surface was identif ied with an oxide  film since 
the surface  could be res tored  by  a shor t  oxide etch 
(10:1 buffered HF) .  This surface pass iva t ion  by  an 
oxide has also been a t t r ibu ted  as the mechanism for 
e tch-s top layers  (7). The compet i t ion be tween  surface 
react ions would  therefore  seem to be the common 
mechanism for se lec t iv i ty  of these etches, wi th  doping 
or  cell  po ten t ia l  as the ex te rna l  means of influence. I t  
is influence r a the r  than  control,  however ,  that  is usu-  
a l ly  obta ined by  these techniques since spontaneous  
pass ivat ion can  occur because of a va r i e ty  of expe r i -  
menta l  conditions, and an  e lement  of nonreproduc i -  
b i l i ty  easi ly  arises if surface h is tory  is not  controlled.  

I t  is the  purpose  of this paper  to repor t  a new pass i -  
vat ion process associated wi th  ion implan ta t ion  tha t  
affords far  be t te r  control  over  surface etching. The re -  
p roduc ib i l i ty  obta ined  wi th  this technique makes  it po-  
t en t i a l ly  useful  in defining a se l f -a l igned mask or e tch 
stop for fabr icat ion of nonp lanar  micros t ruc tures  (8). 
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Observation 
It is observed tha t  ion implan ted  si l icon surfaces 

are  pass iva ted  to anisotropic  etches, e.g., e thy lened i -  
amine or potass ium hydrox{de. Imp lan ted  pa t te rns  are  
therefore  lef t  in re l ief  by  those etches. This is shown 
in Fig. 3, which shows an unannea led  arsenic implan t  
(1014 cm -2 at 80 keV) with  1~ line width,  re l ief  etched 
to 0.6#. This pass ivat ion  is spontaneous  for  unannea led  
implants  and  persis ts  even a f t e r  ex tended  annealing,  
e.g., 1.5h at  10O0~ Its occurrence seems to be de te r -  
mined by  the s u r f a c e  concentra t ion of implan ted  
species and can be observed in both  d i rec t ly  implan ted  
surfaces as we l l  as those implan ted  th rough  thin films 
of oxide or resist,  p rov ided  a threshold  surface con- 
cent ra t ion  is exceeded.  The threshold  for  passivation,  
however ,  varies  wi th  both implan t  species and etch con- 
dit ions,  but  is genera l ly  found to be of the order  1017 
cm -3. F o r  example ,  an a r sen ic - implan ted  surface of  
1013 cm-2  a t  80 keV can be read i ly  re l ief  e tched (e.g., 3 
min in e thylene dimmine at  50~ while  a s imi lar  
boron implan t  wi l l  etch under  the same condit ions to a 
dep th  of nea r ly  2000A before passivat ion is observed.  
Threshold concentrat ions for  implan ts  are  signif icantly 
different  f rom that  r epor ted  for etch stops in bu lk  si l i-  
con (>10:19 c m - a ) .  

The threshold  for occurrence,  however ,  is less im-  
por t an t  for  device processing than the s tab i l i ty  of the 
pass iva ted  surface. I t  is found that  pass ivat ion breaks  
down af te r  p ro longed  exposure  to etches. This b r e a k -  
down is complicated by  a dependence  on implan ted  
species, dose, and area, as wel l  as etch t empera tu re  and 
e lect rode bias. Line widths  of 1~ have been rel ief  e tched 
to severa l  microns for an implan t  dose of !014 cm -2. 
F ree ly  suspended slices wil l  b r eak  down before  those 
held  at a surface potent ia l  in an e lec t rochemical  cell. 
No e lect rochemical  e tching of the unpass iva ted  surface 
seems to take  place;  it  is found to be a p redominan t ly  
chemical  process. Un implan ted  regions,  however ,  can be 
pass ivated  e lect rochemical ly .  Moreover,  a l though the 
s tab i l i ty  of the implan ted  surfaces increases wi th  dose, 
the di f ferent ia l  etch ra te  of the un implan ted  regions is 
observed to decrease.  Typical  ra tes  would  be 0.25 ~ /min  
at  1018 cm-S down to 0.1 # / m i n  a t  1015 cm - s  for  e thy l -  
enediamine  at  50~ 

Discussion 
The s imples t  in te rpre ta t ion  of these observat ions  is 

to regard  them as an extension of the e tch-s top mecha-  
nism for the case of doping by  ion implanta t ion .  The 
high peak  concentra t ion  and finite range  of an im-  
p lan ted  profile combine wi th  an eas i ly  verified requ i re -  
ment  for  oxide  to etch at a s low rate  to give a s imple 
model  for p,assivation b r eakdown  and stabil i ty.  The 
quest ions this  in te rp re ta t ion  raises a re  then di rec ted  
t oward  the differences in the r epor t ed  behavior  of bu lk  

P TYPE WAFER DIODE 

7 

6 

~- 5 z Lu 

3 
J 

TIME 0-5 mrn/SEC 

Fig. 2. Cell currents vs. time Fig. 3. Unannealed arseMr implant. 0.6/z relief 
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and imp lan ted  surfaces and what  new aspects  of the 
mechanism of pass ivat ion  these i l luminate .  

I t  is not  only  the  significant decrease in observed 
threshold  for  de tec tab le  pass ivat ion  tha t  is unexpec ted  
in this work,  bu t  also the  fact  tha t  these impur i t ies  
need not  be electr}cally active. To confirm if the  elec-  
t ronic  or  ionic na tu re  of the i m p l a n t e d  species made  
any  signifi~cant cont r ibut ion  to the surface condition,  
implan ta t ion  of s i l icon in sil icon was inves t iga ted  to 
emula te  the  cont r ibut ion  .of res idual  c rys ta l  damage  
and strain.  F igure  4 shows a cross sect ion of  an unan -  
nealed silicon implan t  (1014 cm-2  at 80 keV)~ indica t -  
ing tha t  no difference could be found in the pass ivat ion 
character is t ics  of these unannea led  implants .  In  this 
case, anneal ing  caused pass iva t ion  to appea r  p re fe ren -  
t i a l ly  at  the  p e r i p h e r y  of the implant .  This suggests  
that  la t t ice  damage  or  s t r a in  makes  a considerable  con- 
t r ibu t ion  to the  free energy  of the  surface. Imp lan ted  
surfaces having  a high free energy due to c rys ta l  dam-  
age wil l  oxidize  more  r ead i ly  under  condit ions of no r -  
mal  surface  oxidat ion  (9). I t  is reasonable  to expect  
a s imi la r  associat ion wi th  passivat ion.  There  is one in-  
consistency wi th  this s t ra in  a rgument :  anisotropic  
etches are  used for microfabr ica t ion  of sil icon on sap-  
ph i re  (SOS) wafers  wi th  l i t t le  comment  on nonuni -  
fo rmi ty  or passivation,  la t t ice  mismatch  in this case 
being a known  source of s t ra in  in the  thin sil icon l ay -  
ers. Implan ta t ion  and re l ie f  e tching were  a t t empted  in 
both SOS and polysi l icon wi th  equal  success. Thus 
la t t ice  s t ra in  tha t  has achieved some form of t he rmo-  
dynamic  equi l ib r ium or r e l axa t ion  does not  seem to in-  
fluence surface react ions in the same way  as non equi-  
l ib r ium processes such as implanta t ion .  

To pursue  this point  fur ther ,  nonequi l ib r ium energy  
deposi t ion associated wi th  an e lect ron beam was in-  
vest igated.  The different  energy- loss  mechanisms ap-  
p ropr i a t e  to e lectrons and ions, d iscernable  f rom the i r  
d iverse  ranges  of penet ra t ion ,  wi l l  also de te rmine  the  
na tu re  and  d is t r ibut ion  of c rys ta l  damage  they  p ro -  
duc~. I t  is quest ionable,  therefore,  if  an e lect ron beam 
would  also induce pass ivat ion to these etches and 
a l low direct  wr i t ing  of pa t te rns  for re l ief  etching. A 
l i thographic  e lect ron beam system wi th  a beam width  
of 0.2~ at  20 keV and capable  of 5 • 10-~ C/cm~ dose 
was used to wr i te  a test  pat tern .  1 Only  weak  images of 
smal l  re l ief  and poor un i fo rmi ty  could be produced 
(see Fig. 5). These were  read i ly  over  e tched to leave 
a pers i s ten t  s i lhouet te  (Fig. 6). The image was en-  
hanced by  decreas ing the etch t empera tu re  (e thy lene-  
d iamine)  f rom 50~ to room tempera ture .  Local  en-  

The pattern consisted of 100~-square fields containing 20 lines 
varying in width between 0.06 and 1.25~. 

Fig. 5. Etched electron beam test mask 

Fig. 6. Overetching of electron beam mask 

hancement  also occurred at  si tes where  mask  over lap  
occurred giving double  exposure  (see Fig. 5) or  o ther  
surface damage  occurred,  e.g., tweezer  marks,  as shown 
in Fig. 7. Al l  of this  lends suppor t  to the  role of la t t ice  
damage  and s t ra in  in favor ing passivat ion.  

Fig. 4. Unannealed sil;con ;mplant 2.5# relief Fig. 7. Etch eahancement at surface dama~ 
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Fig. 8. Novel MOS devices 

The weak images make it diffieutt t~ comment on the 
resolution obtainable by electron beam passivation. 
The line widths, however, appear to be similar and not 
representative of the lithography. This suggests that 
the variance of the energy loss distribution function 
(10) is comparable with the largest lithographic line 
widths, i.e., .~1~. Maskless processing of relief-etched 
structures would therefore seem possible employing 
electron beams at high exposures and/or beam currents 
and limited resolution. 

February 1984 

Conclusions 
The passivation of silicon surfaces to anisotropic 

etches by ion and electron beams has been demon- 
strated. The observation of this passivation has been 
shown to be limited by the duration or stability of the 
passivation rather than its occurrence. It has been 
argued that the occurrence of this passivation is due to 
surface conditions favoring the formation of an oxide 
that itself etches relatively slowly. It has also been 
argued that such surface conditions are induced by 
nonequilibrium lattice defects and strain produced by 
the ion or electron energy loss, while the stability re- 
flects the depth over which this oxide growth is fa- 
vored. 

Finally, exploitation of this passivation for process- 
ing microstructures would seem to lie with small-scale 
nonplanar devices or self-aligned isolation. Figure 8 
shows two such novel MOS structures that we are in- 
vestigating. The grooved gate device allows small self- 
aligned structures that have improved threshold and 
punch-through characteristics, while the vertical struc- 
tures allow submicron channel lengths to be defined by 
etching to deep implant channel stops. If such non- 
planar structures are as successful as ultra-small de- 
vices, this technique could prove valuable for maskless 
processing with ion beam lithography. 

Manuscript submitted Feb. 18, 1983; revised manu- 
script received July 25, 1983. 
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CI Incorporation at the Si/Si02 Interface during the Oxidation of Si 
in HCI/02 Ambients 
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ABSTRACT 

Transmission and analytical electron microscopy, nuclear backscattering, and secondary ion mass spectroscopy 
have been used to study the incorporation of C1 at the Si/SiO2 interface during the oxidation of Si. Oxidations were 
carried out in the range of 1100~176 for 10-120 min and with HC1 additions from 1-13%. It was found that a critical 
concentration of C1 (2 • 10~Scm -2) is required before a Cl-rich phase is observed. X-ray microanalysis indicates that the 
matrix in the interfacial region still contains at least about 2 • 1015 cm -2 as the Cl-rich phase forms. These two observa- 
tions suggest that the Cl-rich phase formation takes place in order to reduce the reacted C1 supersaturation.in the SiO2 
matrix. Agglomerates, whose growth occurs by thickening and/or coalescence phenomena, are the final morphology ob- 
served during the continuing C1 incorporation. Models relating Na-ion passivation to the Cl-rich phase are shown to re- 
quire modification in terms of the microstructural development.  

The oxidation of silicon in chlorine-containing ambi- 
ents is known to cause chlorine incorporation into the 
SiO2 near the Si/SiO2 interface il,. 2). For several oxidation 
conditions, phase separated regions have been observed 
(4-6). It has been asserted that both chlorine incorporation 
and sodium neutralization are related to the development  
of the Cl-rich phase formed at the Si/SiO2 interface (3-5). 
Recent  CI concentration vs. distance profiles through the 
bulk oxide determined by secondary ion mass spectros- 
copy (SIMS) were interpreted to be the result of field- 
aided diffusion (7). The profiles show the chlorine con- 
centration to increase exponentially toward the Si/SiO2 
interface where a peak occurs. Auger analysis-sputter 
profiles indicate the interface C1 peak is <~3 nm thick 
(7, 8). This peak is presumably the result of the Si/SiO2 in- 
terface acting as a "sink of the electrochemical potential" 
for C1 (7). Simple steady-state diffusion models have been 
proposed to describe the C1 incorporation as a function of 
oxide thickness (7-9). 

To improve the understanding of C1 incorporation, we 
have carried out detailed determinations of both the 
Si/SiO2 interface microstructure and the chlorine concen- 
tration and its lateral distribution along the interface. The 
interface morphology was determined by transmission 
electron microscopy (TEM). The total C1 content was ob- 
tained using nuclear backscattering (NBS) measurements  
(1, 2). The analytical electron microscope (AEM) [i.e. with 
the microscope operating in scanning transmission 
(STEM) mode] was .used to determine the local C1 
concentration at the interface. The CI concentration 
profile was investigated in depth on several samples by 
SIMS. The effect of the initial oxide thickness on the 
chlorine incorporation process has also been studied. 
These results will be discussed with the objective of try- 
ing to understand the processes controlling chlorine in- 
corporation. The relationship between the Cl-rich phase 
morphology and the Na-ion passivation models is briefly 
considered. 

Experimental 
Samples were prepared by thermal oxidation of (100) 

silicon (As-doped, 5-10 tlcm) in ambients containing 02 
and HC1. The oxidation temperature ranged from 1100 ~ to 
1200~ and the oxidation time from 10 to 120 min. The 
HC1 volume concentration in the input gas mixture varied 
from 0 to 13%. Wafers to be oxidized were pushed rapidly 
into a resistance heated furnace and allowed to stand for 5 
rain in flowing nitrogen (or argon) for thermal equil- 
ibration. Oxidation was started by shutting off the inert 

*Electrochemical Society Active Member. 
1Present address: Center for Solid State Science, Arizona State 
University, Tempe, Arizona. 
Key words: oxidation, impurity, analysis. 

gas and turning on the mixture of HC1 and 02 with a pre- 
established volume mixing ratio. The total flow rate was 
kept at 1000 cm3/min. At the end of oxidation, the OJHC1 
flow was stopped, the furnace was purged with nitrogen 
for 5 min, and the wafers pulled out of the furnace 
rapidly. 

The thickness and refractive index of the oxide films 
were determined from ellipsometric measurements.  For 
two-step oxidations, the initial dry oxides with thickness 
ranging from 0 to 80 nm were  first grown at 1125~ in the 
dry O~ ambient. The subsequent oxidations were carried 
out at 1125~ with 6% HC1 and 1200~ with 3.5% HC1 for 
oxidation times from 10 to 40 min. The thickness of the 
initial oxide was determined by ellipsometry. The chlo- 
rine content of the oxide films was measured by NBS of 
2.8 MeV alpha particles using a 3.5 MeV Van de Graaff ac- 
celerator. A silicon detector was positioned at a scattering 
angle of 165 ~ The C1 content was obtained by comparing 
the total number  of counts above background in the chlo- 
rine and oxygen peaks (1, 2). The samples were aligned so 
that channeling occurred in the (100) Si substrates in or- 
der to reduce the background under the C1 peaks. 

The chlorine depth profiles were determined by sec- 
ondary ion mass spectroscopy. The samples were sput- 
tered with an Ne + beam at 5 kV (10). C1 concentrations 
were determined by use of an ion-implanted standard. 
The beam was sawtooth-rastered and gated to restrict the 
detected sample to the central 8% of the sputtered area. 

Specimens for examination by electron microscopy 
were prepared by chemically jet-etching the Si from the 
back of the wafer using 9HNO3:lHF solution (6, 11). The 
etching formed a bowl-shaped depression through the sil- 
icon wafer leaving the oxide film supported across a hole 
in the silicon wafer. Details of the apparatus and methods 
are given in Ref. (9). 

A Philips EM400T TEM/STEM with facilities for x-ray 
microanalysis was used throughout  this study. All micro- 
graphs were taken with the microscope operating in the 
TEM mode at 120 kV. A quantitative metallographic anal- 
ysis of the microstructures was carried out and the results 
will be reported in detail elsewhere (16). For x-ray micro- 
analysis, the microscope was operated in the STEM mode 
using a 10 nm diam electron beam. The x-rays produced 
by the electron beam-specimen interaction were detected 
and analyzed by an EDAX energy dispersive spectrom- 
eter and a Tracor Northern 2000 minicomputer  system. 
(To avoid blocking the path of the x-rays produced at the 
Si/SiO2 interface by the remaining silicon wafer, the oxide 
layer must face upward after inserting the sample in the 
microscope.) The chlorine composition averaged through 
the whole x-ray emitting volume was calculated using the 
Cliff-Lorimer equation (12). 
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_Col = kc,~i /c l  [1] 
Csi ' lsi 

where  kc~si = the Clif f -Lorimer factor, which  is 1.05 (15) at 
the  opera t ing  vol tage (120 kV), Csi = the average  mass  
compos i t ion  of  si l icon in the analyzed region, Cc~ = the 
average mass compos i t ion  of  chlor ine in the analyzed re- 
gion, Icl = the ne t  total  n u m b e r  of chlor ine x-ray counts  
(above background) ,  and Isi = the  net  total  n u m b e r  of  sili- 
con x-ray counts.  The  mass  compos i t ion  ratio of  chlor ine  
in the  third phase  part icle and in the  mat r ix  can be ob- 
ta ined by the fol lowing equa t ion  

CC1 P (/CIP/ISi P) Csi P 
- [ 2 ]  

Cc, M (Ic,M/Isl M) Csi M 

where  superscr ipts  P and M refer to data  taken wi th  the  
e lec t ron  b e a m  on the  part icle and in the  ma t r ix  nearby.  
The  fact that  mos t  of  chlor ine  exists  in a very  thin layer at 
the  S i O J S i  interface means  that  Csi P = Ca ~, i f  the  e lec t ron 
b e a m  is p laced at points  wi th  the  same spec imen  thick- 
ness  (13, 15). This  condi t ion  can be  obta ined  by m o v i n g  
the  b e a m  along a th ickness  (extinction) fringe, due  to the  
th in  crystal l ine silicon layer be low the oxide.  U n d e r  this 
condit ion,  the  equa t ion  for the  compos i t ion  ratio becomes  

Ccl p Icle/Isi e 
- - -  [ 3 ]  

CCI M Iclr~l/Isi M 

The sil icon composi t ion ,  Cs~, is composed  of  contr ibu-  
t ions f rom Si02 and Si and is obta ined f rom 

C~i = Cs~o~Vs~o2 + CsiVsl [4] 
Vsio~. + Vsi 

Cs~o2 is the silicon compos i t ion  in SiO2, which  is 0.467, and 
Csi is the silicon compos i t ion  in Si, wh ich  is 1. Vs,o~ and 
Vsi are the  respec t ive  x-ray emi t t ing  vo lumes  after taking 
into account  the b e a m  spreading.  The  equa t ion  used  to 
calculate  these  vo lumes  (Eq. [7] below) cons iders  the  
spread b e a m  to be that  v o l u m e  conta in ing  90% of the 
t r ansmi t t ed  electrons (15). A schemat ic  sketch  showing  
the  inc ident  e lec t ron-beam size d, beam spreading  b~ at 
the bo t tom exi t  of  SiO~, and beam spreading b2 at the  bot- 
t om exi t  of  a thin si l icon layer is p resen ted  in Fig. 1. After  
integrat ion,  the x-ray emi t t ing  vo lumes  in the  SiO~ and 
the Si are, respect ive ly  

Vsio2- rrtsice b~ 2 4 (d2 + bid + - ~ )  [ 5 ]  

Vs~ =---4-- (d + b,) 2 + (d + bJb2 + - -  [6] 

The effect ive  beam spreading  b, and b2 in SiO2 and Si can 
be calculated using the  equa t ion  

Z 
b = 625 ~ (p/A) '~2 t 3'2 [7] 

Fig. 1. Schematic representation showing the diameter of the incident 
electron beam, d, and the beam spreading bl and bz in the Si02 and 
the Si, respectively. 

where  b is in cm, Z is the a tomic  number ,  A is the a tomic  
weight ,  Eo is in keV (=120 keV), p is the  dens i ty  in g/cm 3, 
and t is the  film th ickness  in cm. For  SiO~, the  average  
a tomic  n u m b e r  (10) and a tomic  weight  (20) were  used. 
The oxide  th ickness  is k n o w n  from the  e l l ipsomet ry  mea- 
surements .  The si l icon layer  th ickness  is e i ther  obta ined 
f rom the  known  ex t inc t ion  d is tance  in Si or by using con- 
tamina t ion  spot  separat ion me thods  (13). The  ex t inc t ion  
dis tance  for the  (220) ref lect ion f rom Si is 76 nm. 

The va lue  of  Cc, de t e rmined  using the m e t h o d  de- 
scr ibed above  can be c o m p a r e d  with  the  va lue  calculated 
independently from NBS. The Cl composition is obtained 
by averaging the total C] determined from backscattering 
measurements throughout the whole x-ray emitting vol- 
ume. The Cl mass composition is equal to the ratio of the 
C] weight to the total weight in the x-ray emitting volume 

N [ ~(d + b02/4 ] w~ 
CclC aj = [8] 

p, Vsio2 + p2 Vsi 

N (C1/cm 2) is the C1 concent ra t ion  obta ined  f rom back- 
scat ter ing measurement s ,  7r(d + bJ2/4 is the  area exc i ted  
by the  e lec t ron beam of size (d + bl) at the  SiO2/Si inter- 
face, w~ is the  weight  in g rams  of  one C1 atom. Vsi02 and 
Vsi are the x-ray emi t t ing  vo lumes  in SiO2 and Si. In  the 
above  equat ion,  all of  the  chlor ine is a s sumed  to exis t  in 
the  SiO2 interface. This is a good approx ima t ion  as we see 
f rom the  SIMS profiles p resen ted  here  and e l sewhere  (7). 
Most  of the C1 is wi th in  5 n m  of the  in terface  for 100-200 
nm thick SiO2 films. 

Results 
The Si/SiO~ interfacial morphology was determined as a 

function of HCI ambient concentration or oxidation time 
for samples prepared at 1200 ~ 1170 ~ 1150 ~ and II00~ We 
present a few micrographs to show the essential features 
of the phase development. Detailed studies will be re- 
ported separately (16). The line seen in each micrograph 
corresponds to a length of 0.5/xm. In agreement with pre- 
vious work, we have not seen any diffraction effects that 
would indicate the Cl-rich phase was crystalline. 

Figure 2a shows a sample in which no Cl-rich phase 
could be seen even though it contains Cl. Figures 2b-2d 
show the phase develop with an increase in number and 
size of individual particles. The initial stages of agglomer- 
ation are seen in Fig. 2d at which point a larger scale lat- 
eral nonuniformity appears. Figure 2e shows a typical mi- 
crostructure of the Cl-rich phase when the agglomeration 
is more complete. These larger particles are widely 
spaced, have irregular shape, show increased contrast in 
the microscope, and are always surrounded by smaller 
particles. 

Figure 3 shows results of the CI determinations by NBS 
as a function of the ambient HCI concentration for 
samples prepared at 1200 ~ 1150 ~ and II00~ with the oxi- 
dation times 30, 30, and 60 rain, respectively. The three 
straight lines were drawn to pass through the origin. The 
CI contents appear to increase monotonically with in- 
creasing HCI concentration. A rapidly increasing region 
as the third phase particles are developing (2,3) is not 
obvious in the data presented here. It is possible that this 
effect may be within the error limits of our data. 

Figure 4 is the plot of the chlorine content as a function 
of the oxidation time for samples prepared at 1200 ~ 1170 ~ 
and I125~ with various HCI concentrations. All curves 
appear to follow a similar time-dependent behavior. 
Again, a rapidly increasing region is not apparent for the 
oxidation conditions used here, nor has it been reported 
previously for CI content as a function of oxidation time. 

The Cl concentrations as a function of the initial (dry) 
oxide thickness are shown in Fig. 5 and 6 for samples pre- 
pared at i125 ~ and 1200~ The CI content of the oxide 
films is seen to decrease as the initial oxide thickness is 
increased. This decrease is very slight at the lower tem- 
perature but becomes more pronounced at higher 
temperatures and longer times. Figures 7a and 7b are two 
electron micrographs which indicate that a smaller 
portion of the interface is covered by the particles (less 
Cl-incorporated) for a larger initial oxide thickness. TEM 
observa t ion  shows no Cl-rich part icles at the  SiO2/Si inter- 
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Fig. 2. TEM micrographs of an oxide film 
grown at 1200~ for 30 min in a (a) 2% 
HCI/O2 mixture, CI content: (2.3 -- 0.5) • 
1015/cm~; (b) 3% HCI/O2 mixture, CI con- 
tent: (2.9 • 0.6) • 1015/cm 2, interfacial 
coverage: 9%; (c) 4% HCI/O~ mixture, inter- 
facial coverage: 54%; (d) 6% HCI/O2 mix- 
ture, CI content: (6.2 • 0.95) • 1015/cm~, 
interracial coverage: 53%; and (e) 7% 
HCI/O2 mixture, CI content: (3.2 • 0.45) • 
1015/cm 2, interracial coverage: 21%. 
~Sample (e) was grown at !150~ for 30 
min. The agglomerates do not develop at 
higher temperatures.] 

face for the  samples  co r respond ing  to the resul ts  shown 
in Fig. 5. The  indiv idual  Cl-rich part icles  were  obse rved  
(Fig. 7) only for those  samples  cor responding  to the  data  
of  Fig. 6 wi th  C1 concent ra t ions  ->3.0 • 1015/cm2. 

The  local chlor ine compos i t ion  at the  S i O J S i  in terface  
was inves t iga ted  us ing x-ray microanalys is  wi th  the  elec- 
tron mic roscope  in the  S T E M  mode.  Severa l  samples  pre- 
pared  at 1150 ~ and 1200~ were studied. It was found that 
the electron beam must be focused on the area with a thin 
silicon layer beneath the oxide, otherwise either very lit- 
tle or no chlorine was detected. Presumably, the 
H N O J H F  e tchant  r emoves  the  Cl-containing phase  upon  
contact .  

Table  I lists the resul ts  f rom x-ray microanalys is .  The 
th i cknesses  of  the  SiO2 film and the  sil icon layer re- 
qu i red  for the calcula t ion of  the  average Si compos i t ion  
in the  x-ray emi t t ing  v o l u m e  are shown in Table  II. Fig- 
ure  8 is one exam ple  indica t ing  where  the x-ray micro-  
ana lyses  were  carr ied out. Before  the  data  acquisi t ion,  the  
s p e c i m e n  was t i l ted away f rom the  two-beam condit ion,  
wh ich  e l imina tes  the  th ickness  fringe, makes  the  par t ic les  
easier  to see, and avoids the  possibi l i ty  of  anomalous  
x-ray genera t ion  (14). The s p e c i m e n  was t i l ted back  to the  
(220) ref lect ion after the  data  analysis.  By  observ ing  the  
carbon con tamina t ion  spots  that  form dur ing microanaly-  
sis, it was possible  to check  that  the  points  analyzed were  
a long the  same th ickness  fringe. 

For  the  sample  showing  no Cl-rich particles,  chlor ine  
appears  to be un i fo rmly  dis t r ibuted over  the  in terface  
wi th in  the  reso lu t ion  l imi t  of  the  m ic ro scope  (Fig. 2a). For  
oxida t ion  condi t ions  wh ich  show isolated par t ic les  (Fig. 
2b or 2c), the ratio of  ch lor ine  concen t ra t ion  in the  part- 
icle to that  in the  mat r ix  ranges  f rom 2 to 4. This  composi-  
t ion ratio was found to increase  slightly wi th  the  part icle 

size. The  compos i t ion  ratio, however ,  is as h igh  as 7 for a 
sample  showing  c o m p l e x  phase-separa ted  regions,  i.e., 
agglomera tes  (Fig. 2e). S E M  observa t ion  of  the  oxide  sur- 
face of samples  wi th  agglomera t ion  are bumpy ,  presuma-  
bly due  to the  th icken ing  of these  larger phase-separa ted  
regions.  The  ' a v e r a g e  si l icon composi t ion ,  C~, was 
de t e rmined  us ing Eq. [3]. Equa t ion  [1] was then  used  to 
calculate  the  average  chlor ine  composi t ion ,  Co,. These  
va lues  of  Cc, are in reasonable  ag reemen t  wi th  the  nuclear  
baeksca t te r ing  values  of  Cc, ca' ca lcula ted in Eq. [8]. Note  
that  the  C1 concent ra t ion  obta ined  f rom backsca t te r ing  
m e a s u r e m e n t s  is an average va lue  wi thou t  tak ing  into ac- 
coun t  the  nonun i fo rm dis t r ibut ion  of  C1 a long the  S i O j S i  
interface.  The beam d iamete r  in the  backsca t te r ing  mea- 
su remen t s  is 2 mm.  The Cc~ obta ined  f rom x-ray microa-  
nalysis comes  pr imar i ly  f rom the  chlor ine in the  in ter face  
region. This  is due  to the  fact that  the  net  total  n u m b e r  of  
chlor ine x-ray counts  f rom C1 in the  bu lk  oxide  (accord- 
ing  to the  SIMS results) wou ld  be be low the  m i n i m u m  de- 
tec table  n u m b e r  of  counts  calculated by the  relat ion 
3(2/clb) 1/2, where  Icl b is the  background  counts  under  the 
chlor ine  peak  (15). 

The  C1 concentra t ion,  after mak ing  convers ion  of  Ccl 
we igh t  pe rcen t  (w/o) to N(C1/cm 2) using Eq. [8], is shown 
in the  last c o l u m n  of Table  I. For  the three  samples  wi th  
obse rved  Cl-rich phase  particles,  the  mat r ix  conta ins  2-2.5 
• 1015 C1/cm ~ i n d e p e n d e n t  of the  state of agg lomera t ion  of  
the Cl-rich phase.  

F igures  9 and 10 show chlor ine  and hyd rogen  profiles 
for samples  prepared  unde r  condi t ions  where  ind iv idual  
part icles  of  the  Cl-rich phase  are observed  (Fig. 2b and 
2c). The  oxygen  data are inc luded  to show the un i fo rmi ty  
of the  ion yield and the  sharpness  of the  Si/SiO2 interface.  
Ion implan ted  s tandards  wi th  C1 in SiO~ were  used  to cali- 



414 J. Electrochem. Sac.: SOLID-STATE SCIENCE AND TECHNOLOGY February 1984 

xlO 15 

7 

6 

'=E 5 

== 4 

z 3 

2 

I 

'1 

/ ~ ~ 7  �9 I lO0~ 60  MIN 

0 1150~ 30  MIN 

�9 A 1200~ 30  MIN 

0 
0 2 4 6 8 I0 12 14 

% HCL 
Fig. 3. CI content of SiO~ films as o function of the ambient HCI vol- 
ume fraction at 1100 ~ 1150 ~ and 1200~ with oxidation times 60, 
30, and 30 rain, respectively. 

I =E 
(J 

h i  

X 
0 
Z 

(.1 

i016 

i015 

I ' ' ' I ' ' ' ' .  

/ . O j A -  l l ~  

= / 0 1170~ 
) / �9 1200~ - 

I , , , I , , , ,  

I0  3 5 I0 4 

xlOI5 I ' I ' I ' I ' I 

5 f HCL/O 2 OXIDATION TIME - 

1125~ �9 30  MIN " 

,~" 4 o 20  MIN - 

r �9 I0 MIN - 

3 

_z 2 

I 

2 0  4 0  60  8 0  

INIT IAL OXIDE THICKNESS (NM)  
Fig. 5. CI content of SiOe films as a function of initial dry oxide 
thickness with the second-step oxidation carried out at 1125~ for 
10, 20, and 30 min with 6% HCI. The initial oxide was grown at 
1125~ in dry 02. 

xlO 15 

5 

~ "  4 
'=E 
0 

bJ 

X 
0 
Z 
- -  2 
..J (.) 

| ' I ' I ' I ' I 
L H C L / O  z OXIDATION TIME: �9 4 0  MIN 
I ~ o 20  MIN 

, I * I , I , I 

0 20  4 0  60  8 0  

OXIDATION TIME (SEC. )  

Fig. 4. CI content of Si02 films as a function of the oxidation time at 
various growth conditions. 

b r a t e  t h e  C1 c o n c e n t r a t i o n  sca l e .  T h e  C1 p r o f i l e s  a r e  s i m i -  
la r  to t h o s e  r e p o r t e d  b y  R o u s e  (7), T h e  m a j o r  d i f f e r e n c e  
b e t w e e n  t h e  p r o f i l e s  r e p o r t e d  b y  M o n k o w s k i  et al. (17), 
R o u s e  (7), a n d  t h o s e  r e p o r t e d  h e r e  is  t h e  c o n t i n u e d  de-  

IN IT IAL OXIDE TH ICKNESS (NM) 

Fig. 6. CI content of Si02 films as a function of initial dry oxide 
thickness with the second-step oxidation carried out at 1200~ for 
10, 20, and 40 rain with 3.5% HCI. The initial oxide was grown at 
1125~ in dry 02. 

c r e a s e  in  C1 c o n c e n t r a t i o n  t h r o u g h o u t  t h e  b u l k  o f  t h e  ox-  
ide .  T h i s  d i f f e r e n c e  a p p e a r s  to  b e  d u e  to  t h e i r  b a c k -  

Table I. The chlorine composition ratio and the local chlorine concentration at the SiOJSi interface obtained from x-ray microanalysis 

Oxidation Microstruetural  Csi Cc] Ccl TM N 
Samples  condit ions characterization Cc]~/Ccl M (w/o) (w/o) (w/o) ( x 10 ~ CYcm 2) 

1 1200~ 20 mi n  No third phase  0.98 +- 66 0.26- + 0.35 1.26 
2% HC1 particles 0.11 (a) 0.02 

2 1200~ 100 mi n  Isolated particles 2-4 75 O.30(b) 0.40 2.0 
2% HC1 0.53(c) 6.0 

3 1150~ 30 min  Isolated particles 1.75 -+ 0.25 75 0.20(b) 0.36 2.0 
5% HC1 0.60(d) 3.4 

4 1150~ 30 mi n  Agglomera ted  7.2 -+ 0.50 75 0.39(b) 0.61 2.6 
7% HC1 particles 2.72(e) 17.0 

(a) Composi t ion  ratio of two points  in the  matr ix;  (b) in the  matrix;  (c) for particle size 40-45 nm; (d) for particle size 30 nm;  (e) on an 
agglomerate.  
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Fig. 8. STEM micrograph of an Si/Si02 sample prepared at 1150~ for 
30 min in a 7% HCI/O~ mixture. Positions where CI analysis were 
carried out are indicated. 

Discussion 
Phase Development.--The m i c r o s t r u c t u r e s  m a y  be  

c lass i f ied in to  t h r e e  types ,  i.e., m i c r o s t r u c t u r e s  w i t h  no  
Cl-r ich phase ,  w i th  i n d i v i d u a l  Cl-r ich p h a s e  par t ic les  w i th  
c i rcu la r  cross  sect ion,  a n d  t h o s e  in w h i c h  t h e  Cl-r ich 
p h a s e  h a s  a c o m p l e x  s h a p e  w h i c h  we will s i m p l y  refer  to 
as agg lomera te s .  F i g u r e  11 s u m m a r i z e s  th i s  i m p o r t a n t  
cha rac te r i s t i c  of t h e  m i c r o s t r u c t u r e  as a f u n c t i o n  of  t he  
ave rage  ch lo r ine  c o n t e n t  a n d  o x i d a t i o n  t e m p e r a t u r e .  We 
h a v e  u s e d  t h e  to ta l  c h l o r i n e  c o n t e n t  as a va r i ab l e  to clas- 
sify t h e  m i c r o s t r u c t u r e  d e v e l o p m e n t  i n s t e a d  of  t h e  t i m e  
a n d  HCI co n cen t r a t i o n ,  w h i c h  are  the" e x p e r i m e n t a l  pa- 
r amete r s .  The  m o t i v a t i o n  for  th i s  cho ice  is t h a t  t h e  micro-  
s t r u c t u r e  is c o n t i n u a l l y  c h a n g i n g  d u r i n g  t h e  o x i d a t i o n  
p ro ce s s  b e c a u s e  t h e  Si/SiO2 in te r face  is m o v i n g  d u r i n g  

i 023  

Fig. 7. TEM microgrophs of Si/Si02 samples prepared at 1200~ for 
40 min in a 3.5% HCI/O~ mixture with the initial oxide thickness (a, 
top) 77, (b, bottom) 22 nm. The initial oxide was grown at 1125~ in 
dry 02 ambient. 

g round ,  w h i c h  l imi t ed  t he  m i n i m u m  de t ec t i on  level  to 
10'9/cm 3 vs. 10Wcm 2 for t h e  i n s t r u m e n t  u s e d  in th i s  work.  
The  h y d r o g e n  profi les  are  genera l ly  s imi la r  to t h a t  re- 
p o r t e d  by  B u r k h a r d t  for a s t e a m - g r o w n  ox ide  (18). The  
large  e r ro r  ba r  i n d i c a t e d  for  t he  h y d r o g e n  c o n c e n t r a t i o n  
is due  to t he  fact  t h a t  we d id  no t  use  our  i o n - i m p l a n t e d  
s t a n d a r d  for h y d r o g e n  in SiO2 d u r i n g  th i s  se t  of  measu re -  
men t s .  However ,  it was  u s e d  d u r i n g  t he  overa l l  ser ies  of  
m e a s u r e m e n t s  so t h a t  we h a v e  a r e a s o n a b l y  accu ra t e  
ca l i b r a t i on  for t he  h y d r o g e n  c o n c e n t r a t i o n .  The  ve ry  
large  c o n c e n t r a t i o n s  n e a r  t he  in t e r f ace  are u n c e r t a i n  s ince  
t hey  w o u l d  no t  be  c o n s i s t e n t  w i th  t he  ca l i b r a t i on s  for a 
" m i n o r "  i m p u r i t y  in an  SiO2 mat r ix .  

Table II. The Si02 and silicon-layer thickness used for x-ray 
microanalysis 

Samples 1 2 3 4 

t~o2(nm) 126 280 144 147 
ts, (nm) 42 85 76 76 
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Sample prepared at 1150~ in 5% HCI-O2 mixture by a 30 rain oxi- 
dation. A few of the actual data points are shown in the vicinity of the 
error bar on the hydrogen profile. 
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function of oxide chlorine content at various oxidation temperatures. 

t he  oxida t ion .  Therefore ,  s ince  t he  ch lo r ine  is a lways  
f o u n d  to be  p r imar i ly  s e g r e g a t e d  to t he  in te r face  it m u s t  
also move ,  and,  thus ,  the  Cl-r ich p h a s e  par t ic les  " m o v e . "  
We specif ical ly  do no t  s ugges t  t ha t  th i s  is a m a c r o s c o p i c  
" d r a g g i n g "  m o t i o n  b u t  r a t h e r  t he  resu l t  of  c o n t i n u o u s  
f o r m a t i o n  by  c h e m i c a l  r eac t i ons  (growth)  at  t he  Cl-r ich 
phase-silicon (Si/SiO2) interface and decomposition reac- 
tions at the Cl-rich phase-oxide interface. In terms of this 
variable, the necessary condition for the C]-rich phase to 
form is that the total Cl content exceeds 2 • 1015 Cl/cm 2. 
However, from Fig. 11 we see that this does not appear to 
be a sufficient condition. This minimum concentration is 
similar to the solubility limit of a single-phase region. 
This is a "quasi-thermodynamic" condition and would 
not be expected to describe the kinetic aspects of the new 
phase development (31). 

Before discussing the kinetic aspects of this phase de- 
velopment, it is worth inquiring as to the nature of the 
phase. We have noted that from the electron diffraction 
information the phase is noncrystalline. The x-ray micro- 
analysis found the Cl areal density in the phase of -4 • 
1015 Cl/cm 2. Cl concentration vs. depth profiles using 
SIMS show an interfacial peak 3 • i0 -~ cm wide and aver- 
age volume concentration of -1921 Cl/cm 3 (7). Since the 

area  f rac t ions  are -10%,  we see th i s  ave rage  v o l u m e  con-  
c e n t r a t i o n  is c o n s i s t e n t  w i th  w h a t  one  ca lcu la tes  for  t he  
par t ic les ,  i.e., 4 • 1015/3 • 10 -~ - 1022C1/cmZ in the  Cl-r ich 
phase .  However ,  t he  m i c r o g r a p h s  s h o w  t h a t  the  Cl-r ich 
p h a s e  is m o r e  t r a n s p a r e n t  to t h e  e l ec t ron  b e a m  t h a n  SiO2. 
Thus ,  e v e n  w i th  t he  i n c r e a s e d  c o n c e n t r a t i o n  of  t he  h i g h e r  
a t o m i c  n u m b e r  e l ement ,  C1, the  overal l  e l ec t ron  and /o r  
a t o m i c  dens i t y  is less. Ca lcu la t ions  a s s u m i n g  e las t ic  scat- 
t e r ing  s h o w  t h a t  to a first a p p r o x i m a t i o n  e v e n  i f  t he  3 n m  
t h i c k  "pa r t i c l e"  were  a vo id  in  a 250 n m  Si/SiO~ layer  i t  
w o u l d  h a v e  on ly  - 2 %  inc rease  in  t r a n s m i s s i o n ,  w h i c h  is 
c lose to t h e  l imi t s  of  c o n t r a s t  v i s ib le  to the  h u m a n  eye. 
Thus ,  we m u s t  c o n c l u d e  t h a t  we are dea l ing  w i t h  a ve ry  
low dens i t y  n o n c r y s t a l l i n e  phase .  I f  t he  d e n s i t y  were  
a b o u t  ha l f  t h a t  of SiO~, i t  w o u l d  m e a n  an  Si c o n c e n t r a t i o n  
of  -10~2/cm3 a n d  an  o x y g e n  c o n c e n t r a t i o n  of - 2  • 
1022/cm ~. Th i s  wou ld  be  c o n s i s t e n t  w i th  a m o l e c u l a r  com- 
pos i t i on  s u c h  as Si203C1~ as s u g g e s t e d  b y  severa l  a u t h o r s  
(19, 20). S u c h  c o m p o u n d s  h a v e  b e e n  iden t i f i ed  in t he  gas 
p h a s e  (21). T h u s  we are dea l ing  w i t h  a p h a s e - s e p a r a t i o n  
p roce s s  s imi la r  to t h a t  f o u n d  in m a n y  si l icate  g lasses  (22). 

In  an  e x t e n s i v e  s t u d y  of  p h a s e  s e p a r a t i o n  of  Na20-CaO- 
SiO2 glasses,  t he  p roces s  was  f o u n d  to p r o c e e d  by  nuc lea-  
t ion  a n d  g r o w t h  wi th  t he  cr i t ica l  n u c l e u s  r ad ius  b e i n g  - 2  
to 3 n m  (23). This  sma l l  size r e s u l t e d  e v e n  t h o u g h  the  in- 
ter facia l  e n e r g y  was f o u n d  to be  only  - 4  ergs/cmE This  
c o m p a r e s  w i th  so l id / l iqu id  in te r rac ia l  ene rg i e s  ( such  as 
one  m i g h t  cons ide r  t he  c rys ta l l ine  St /glassy SiO~ inter-  
face) - 2 0 0  e rgs /cm 2 (24). Therefore ,  s ince  t h e  par t ic les  we 
see are >10 nm,  we are  p r o b a b l y  o b s e r v i n g  t h e  g r o w t h  of 
t h e  p h a s e  fo l lowing nuc lea t ion .  Also, s u c h  low in te r fac ia t  
ene rg i e s  as f o u n d  in (23) w o u l d  be  c o n s i s t e n t  w i t h  t he  
large  n u m b e r  of  pa r t i c les  we see  in  the  i n d i v i d u a l  par t ic le  
in t e rva l  of  the  p h a s e  d e v e l o p m e n t  a n d  w i th  the  re- 
l u c t a n c e  of  t he  pa r t i c les  to c o a r s e n  and  agg lomera te .  I t  is 
also l ike ly  t h a t  t he  ac tua l  n u c l e a t i o n  e v e n t  occurs  on  t he  
Si/SiO2 in terface ,  w h i c h  ha s  b e e n  s h o w n  to posses s  m o n a -  
a tomic  s teps,  etc., t h a t  wou ld  faci l i ta te  t he  n u c l e a t i o n  
(25,33). T h u s  t h e  k ine t i c s  we are o b s e r v i n g  are t he  r e su l t  
of t he  g r o w t h  p roces s  of  t he  Cl-r ich phase .  The  observa-  
t ion  t h a t  C1 can  segrega te  la te ra l ly  ove r  d i s t a n c e s  m u c h  
la rger  t h a n  the  ox ide  t h i cknes s ,  e.g., a g g l o m e r a t e  spac- 
ings,  o b s e r v e d  in Fig  2e, impl i e s  t h a t  t he  C1 d i f fus iv i ty  is 
la rge}  We agree  w i th  t he  p r e v i o u s  s u g g e s t i o n  t h a t  the  
g r o w t h  p roces s  is con t ro l l ed  b y  t he  in te r fac ia l  c h e m i c a l  
r eac t i ons  a n d  no t  b y  C1 t r a n s p o r t  (7). We will  d i s cuss  
t he se  r eac t i ons  shor t ly .  We p o i n t  ou t  t h a t  in  no  case  was  
t he  Cl-r ich p h a s e  s een  to cove r  t he  in terface .  W h e n  ag- 
g l o m e r a t i o n  occur red ,  t he  in te r fac ia l  coverage  d e c r e a s e d  
s ignif icant ly ,  w h i c h  is c o n s i s t e n t  w i th  t he  abi l i ty  of  C1 to 
d i f fuse  lateral ly.  

Final ly ,  t he  lack of  c o n v e n t i o n a l  c o a r s e n i n g  as agglom-  
e ra t ion  occu r s  ( exempl i f i ed  b y  the  a b s e n c e  of a Cl-de- 
n u d e d  zone  a r o u n d  t h e  agg lomera te s )  is c o n s i s t e n t  w i t h  a 
ve ry  low in te r fac ia l  e n e r g y  b e t w e e n  SiO2 and  t h e  Cl-r ich 
p h a s e  as s u g g e s t e d  above .  S i n c e  t he  Cl-r ich p h a s e  g r o w t h  
is a p p a r e n t l y  in t e r face -con t ro l l ed ,  we w o u l d  i n t e r p r e t  t he  
c l u s t e r i n g  a n d  a g g l o m e r a t i o n  as follows: if  some  Si/SiO2 
in te r fac ia l  f ea tu re  r e s u l t e d  in an  e n h a n c e d  C1 r eac t i on  
rate,  t he  n e w  p h a s e  w o u l d  n u c l e a t e  a n d  g row rap id ly  in 
t h a t  region.  Thus ,  pa r t i c les  wou ld  con tac t  a n d  agg lomer -  
ate. Yet, t he  smal l e r  pa r t i c les  n u c l e a t i n g  nea rby ,  bu t  no t  
g rowing  as fast, w o u l d  sti l l  be  p re sen t ,  as t he  m i c r o g r a p h s  
show.  The  rap id  la tera l  C1 d i f fus ion  to t h e s e  e n h a n c e d  re- 
ac t ion  s i tes  wou ld  s u p p r e s s  Cl-r ich p h a s e  f o r m a t i o n  in be- 
t w e e n  t h e s e  regions .  Thus ,  the  la te ra l  n o n u n i f o r m i t y  
s h o u l d  be  m o r e  a p p a r e n t  w h e n  t he  a g g l o m e r a t e s  are  seen.  
At  t he  lower  t e m p e r a t u r e s  of  1150 ~ a n d  1100 ~ we w o u l d  
e x p e c t  the  in te r fac ia l  r e ac t i ons  to be  m o r e  sens i t i ve  to 
in te r fac ia l  n o n u n i f o r m i t i e s .  In  a g r e e m e n t  w i t h  th i s  idea, 
m o r e  c lu s t e r ing  a n d  a g g l o m e r a t i o n  p h e n o m e n a  are  ob- 
s e rved  vs. u n i f o r m l y  d i s t r i b u t e d  par t ic les  (9). 

Chlorine incorpora t ion . - -The  r e su l t s  for  t he  t o t a l  chlo-  
r ine  i n c o r p o r a t e d  as a f u n c t i o n  of  t i m e  or HC1 c o n c e n t r a -  
t ion  are gene ra l l y  c o n s i s t e n t  w i t h  t h o s e  p r e v i o u s l y  re- 
p o r t e d  (2, 5, 8). H o w e v e r ,  a r a p i d  i n c r e a s e  in t h e  so -ca l l ed  
" t h r e s h o l d "  r e g i o n  is n o t  a p p a r e n t  as in  ou r  ea r l i e r  re- 
su l t s  (2). We be l i eve  th i s  is m o r e  a m a t t e r  of  exper i -  

~At least with respect to the 02 diffusivity which controls the ox- 
idation process in the range of thicknesses obtained here. 
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mental  conditions than of different phenomena.  All of 
the C1 depth profiles reported here and elsewhere show 
the chlorine to be segregated to the Si/SiO2 interface. 
Thus, the C1 must  dissolve in the oxide and diffuse to 
the interface. The Doremus model  of molecular  solution 
and diffusion of gases in S i Q  appears to explain the Si 
oxidation kinetics as well as more recent  isotope redis- 
t r ibution exper iments  (26, 27). Therefore, if we apply 
these ideas to the C12 and HC1 transport, the concentra- 
t ion of diffusing species would be ~<10 TM cm -3 and thus 
undetec ted  by either SIMS or NBS measurements .  As 
previously suggested by Monkowski  et al. (4), and dem- 
onstrated by Sheu et al. (28), C12 appears to be the gas 
phase species controll ing C1 incorporation. We then as- 
sume C12 arrives at the Si/SiO2 interface where it reacts 
and is incorporated into the SiO2. In the initial stages of 
incorporat ion (C1 -< 2 x 10'5/cm~), this is a laterally uni- 
form process as indicated by the x-ray analyses and ab- 
sence of Cl-rich particles. The C1, and apparently hydro.  
gen, are incorporated into the SiO2 network as the oxide 
forms at the interface. These reactions will compete  
with the oxidation reactions and the outcome will be 
controlled by the local activities at the interface. One 
factor which could act to favor the interfacial H an.d/or 
C1 incorporat ion is the lowering of the viscosity of the 
SiO2 as a result of the inclusion of these network-modify- 
ing species (29). This would enhance the viscous flow 
which has been suggested as one mechanism of accom- 
modat ing the vo lume change (volume per St) upon oxi- 
dation (30). As shown by the x-ray microanalysis,  this 
process occurs throughout  the entire range of C1 in- 
corporation studied here (Table I). Thus this process is 
the incorporation mechanism up to total C1 contents  of 
- 2  x 10 '~ cm -2. The weak dependence  of the total C1/cm 2 
on initial oxide thickness indicates that  the C12 transport  
is not the rate-limiting step in the incorporat ion process. 
Also, as noted above, the large lateral distances (~1 ~m) 
over which the C1 segregation takes place (when ag- 
glomerates  occur) is consistent  with a large diffusivity 
for C1. Therefore, it appears that  the chemical  reaction 
incorporating C1 into the network is the most  important  
step in the kinetics of incorporation. Thus, fitting the 
steady-state diffusion models  for C1 incorporat ion to the 
total C1/cm 2 should not be a good method  for 
determining the C12 diffusivity (8). 

As the Si/SiO2 interface moves during oxidation, chlo- 
rine incorporated in the SiO~ at the interface ends up in 
the "bu lk"  oxide. This C1 is probably unstable due to the 
increased O2 or H20 activity of these indiffusing 
oxidants.  Diffusing O2 is not found to exchange with 
network oxygen nearly as much as H20 (26, 27). There- 
fore, the likely displacement  reaction is that OH replaces 
C1 in the network, i.e. 

1 1 
Si--Cl + H~O -~ --St--OH +HCI (or H2 + -~- C12)[9] 

This would reduce the C1 concentrat ion as the interface 
moves,  or as oxidation proceeds, and we look at a point 
fixed with respect to the outer oxide surface. This is 
quali tat ively consistent  with the C1 depth profiles. The 
C1 released in the bulk would diffuse back to the inter- 
face where it would react again, resulting in a net accu- 
mulat ion process. 

When the C1 concentrat ion reaches a value such that 
the total C1 > 2 x 1015 cm -2, the Cl-rich phase becomes 
stable. As noted above, the nucleat ion stage was not ob- 
served and the growth of the particles beyond -30-40 
nm is limited. Instead of more lateral growth, increased 
numbers  of particles are nucleated. As suggested above, 
this is consistent  with several observations. First, inter- 
facial energies be tween two amorphous phases (phase 
separation in silicates) can be very low; second, if  the in- 
corporation is reaction-controlled, it should only occur 
at the Si/SiO2 interface and not on the "lateral"  surfaces 
of the particles; third, the clustering and lateral 
nonuniformity  of the individual  particles may indicate 
"he terogenous"  nucleat ion on the Si/SiO2 interface to be 
rate controll ing (especially at lower temperatures).  Since 
the matr ix  remains saturated at 2 x l0 TM Cl/cm 2 and the 
Cl-rich phase has about 4 x 1015 Cl/cm 2, as the interface 

becomes  increasingly covered bY the particles the addi- 
t ional C1 incorporation is due to the new phase forming. 
This process will be the principal C1 incorporat ion pro- 
cess above about 25% interfacial coverage. However,  we 
do not find more than 60% of the interface covered for 
the condit ions studied here. As suggested above, the ac- 
tual value of interfacial coverage at which agglomerat ion 
becomes  important  is not  as well defined as the condi- 
t ions for individual  particle formation. It appears to de- 
pend on enhanced local reaction rates for C1, perhaps 
due to nonuniformit ies  on the interface. It has been sug- 
gested that  a gaseous phase may be present under  these 
high chlorine incorporat ion conditions (31). We will not 
consider  this part of the problem anY further. 

Returning to the quest ion of the C1 incorporat ion 
when the Cl-rich phase is present, we must  give further 
considerat ion to the moving reaction interface aspect of 
the process. Since the part icles always appear to be "at" 
the interface, they must  effectively "move"  with the in- 
terface. As we noted previously, this must  be the result  
of the Cl-rich phase being converted to SiO~ by reaStions 
at its interface with the bulk SiO~. A similar argument  
has been suggested by Monkowski  et at. (19). We sug- 
gested a composi t ion for the phase of Si203C12. Thus this 
reaction involves replacement  of 2 C1 by O or possibly 
by 2 OH. This latter reaction (involving OH) would again 
seem more likely due=to spatial restraint, i.e., the two 
silicons bonded to the C12s would not have to be close 
enough to bond to the single oxygen. This is consistent  
with the large hydrogen content  of the oxide. Also, the 
considerable C1 concentrat ion in the oxide away from 
the interface could imply that, in addition to the C1 in- 
corporation into the matr ix between the particles, the 
SiO2 formed from the Cl-rich phase also contains C1 in 
its network. Since the Cl-rich phase is of low mass den- 
sity, t ransport  of the released C1 within the particle back 
to the Si interface should be very rapid. Again, reaction 
at this interface would cont inue to be the rate- 
controll ing step so that similar kinetics should be ob- 
served throughout  the complete  range of C1 incorpora- 
tion. However,  again we note that the simple 
steady-state diffusion models  with a single "incorpora- 
tion rate constant" should not be a useful way to try to 
model  the incorporat ion process. For all conditions, at 
least two chemical  reactions are involved in the net C1 
incorporation "reaction." It would appear that  model ing 
studies which try to fit the C1 concentrat ion vs. depth 
profiles, as well as the total C1, could give the additional 
information needed to unders tand the overall C1- 
incorporat ion process. 

S o d i u m  n e u t r a l i z a t i o n . - - T h e  fact that complete  so- 
dium neutralization is achieved in the samples con- 
taining sufficient incorporated C1 (by increasing the ox- 
idation t ime or the ambient  HC1 concentration) is, in 
general, consistent with the evidence for Cl-rich phase 
development  in the tempera ture  range 1100~176 The 
model  suggested by Stagg and Boudry for Na § neutrali- 
zation is that the Na + diffuse laterally to the large ag- 
glomerate  particles where  the charge exchange  takes 
place (32). According to these authors, the samples be- 
longing to the agglomerated phase regime contain C1 
higher than 3 • 10'5/cm 2 for all the oxidation tempera- 
tures (5). However,  in addit ion to the agglomerates we 
have observed individual  particle microstructures  for 
samples with C1 content  higher than 3.0 x 1015/cm 2. 
These individual  particles are also seen in samples with 
C1 content  < 3.0 • 1015/cm 2. For  these samples with rela- 
t ively low oxide  chlorine content, Stagg and Boudry 
have demonstra ted that the sodium ions at the SiO~/Si 
interface can only be partially passivated. However,  
complete  passivation should be achieved more quickly 
in these samples with the more closely spaced individ- 
ual particles. This situation contradicts their  model  for 
neutralization based on the sodium interface diffusion 
(32). How the individual  particles are correlated with the 
sodium passivation still needs to be resolved by 
determining both the microstructure  and passivat ion on 
the same samples. However,  we have shown that  the lat- 
eral diffusion/agglomerate model  needs modification 
when compared to the trends in the microst ructure  
development .  



418 J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  February  1984 

We next consider the implications of the similar 
trends in the dependence of the microstructure develop- 
ment and the sodium passivation on the so-called ballis- 
tic model for neutralization (3). In this model, only the 
Na + ions arriving at the interface which "hit" a Cl-rich 
phase particle are neutralized. For oxides grown as a 
function of the HCI concentration at 1150 ~ and 1200~ 
with the same oxidation time of 30 rain, the individual 
particle microstructure falls in the so-called "threshold" 
region of Rohatgi's passivation results (3). 3 The area 
fraction generally does increase with the passivation, 
implying qualitative agreement. But instead of the inter- 
face becoming covered by the Cl-rich phase above the 
"threshold" as required by the ballistic model for 100% 
passivation, we find the areal fractio~n to remain ap- 
proximately constant at ~0.5 or to decrease. Thus in 
spite of qualitative similarities, this model is also incon- 
sistent with the quantitative features of the microstruc- 
ture development (as well as with Na + lateral diffusion.) 

Summary 
We have presented data on C1 content and C1 segrega- 

tion as a function of oxidation conditions. There is good 
agreement between data obtained by NBS and AEM tech- 
niques. This data has led us to conclude that chemical re- 
actions at the interface and in the bulk oxide are the pro- 
cesses controlling .chlorine incorporation. When the 
interfacial C1 concentration and the relative C1 and oxy- 
gen incorporation rates reach critical values, a Cl-rich 
phase forms. The phase is amorphous and contains about 
twice the C1 of the SiO2 matrix. The development of this 
phase controls additional C1 incorporation over a range of 
oxidation conditions. The upper end of this range is 
reached when complex shape agglomerate particles of a 
Cl-rich phase appear. We have not attempted to discuss C1 
incorporation in the agglomerate regime other than to 
note that the x-ray microanalysis tells us that agglomer- 
ates act as strong sinks for C1 and are apparently substan- 
tially thicker than the initial particles. 

The Cl-rich phase appears to nucleate on the Si/SiO~. in- 
terface. The phase develops as individual particles with 
extensive nucleation and limited lateral growth. This and 
the lack of conventional coarsening phenomena are con- 
sistent with a very low interracial energy between the C1- 
rich phase and SIO2. Similar low energies have been ob- 
served in phase separation in silicate glasses. The 
agglomeration and clustering that then occurs at higher 
C1 contents is suggested to be due to locally enhanced C1 
reaction rates at the Si/SiO2 interface. This is consistent 
with the suggestion that the Cl-rich phase formation is an 
interface reaction controlled process, not C1 transport 
controlled. Finally, while the Na-ion neutralization is gen- 
erally consistent with the phase development, a more 
careful comparison shows that the currently proposed 
models of the process are incomplete. 
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ABSTRACT 

A surface planarization process for multilevel metallization structure is proposed for higher packing density and 
higher yields in fabricating LSI's. The technique makes use of the ECR plasma deposition method and a lift-off process. 
The deposition method is suited for the lift-off process, because of its directional deposition properties and low tempera- 
ture deposition. The surface planarization process yields a flat surface. Fine patterns in the upper layer are obtained. 
The potential for using this technology for manufacturing the MOS LSI is verified by the good yield and fine A1 pat- 
terns for 1 kbyte associative memory fabricated with this process. 

For higher packing density in LSI's, a multilevel metal- 
lization structure must be improved by miniaturization 
and by increasing the number  of layers. In microfabrica- 
tion technology, lithographic techniques and dry etching 
techniques have contributed to the rapid progress in re- 
duction of the lateral dimensions for the patterns. In 
contrast to such rapid advancement, the thickness of the 
insulating and conducting films for multilevel intercon- 
nection cannot be appreciably reduced, because of wiring 
resistance and parasitic capacitance. Thus, the LSI sur- 
face step height increases compared with the lateral di- 
mensions of the pattern with increasing LSI packing den- 
sity. In this case, the surface step causes poor step 
coverage of a deposited thin film, short circuiting, or 
breakage in conducting lines. In addition, the pattern size 
uniformity in the lithographic process becomes worse. 

In order to solve these problems, planar technology for 
the interconnection layer has been used. For example, 
there are several planarization techniques, such as anodic 
oxidation (1), lift-off (2-4), glass flow (5), surface leveling 
(6), polymer film coating (7), and etch back employing 
RIE (8). Anodic oxidation can form completely planar in- 
terconnection metallization (1). In this process, the unan- 
odized metal remains in the spaces between the lines, and 
a reduction in cross-sectional area for the metal line oc- 
curs. Thus, it seems that these factors interfere with 
miniaturizing the LSI's  pattern, because it is difficult to 
further decrease these factors. The lift-off process for sur- 
face planarization utilizes A1 evaporation on the 
photoresist without heating the substrate (2, 3). Thus, A1 
film has a poor step coverage at the sidewall of the 
through-hole contact or at the surface step of the underly- 
ing film pattern edge. Furthermore, the MOS LSI fabri- 
cation process utilizes CVD film deposition or H2 heat- 
t reatment at about 400~ substrate temperature. In these 
heating processes, hillocks will grow easily for A1 film 
evaporated (9). There is another lift-off process, which can 
obtain fine-featured smoothly tapered metallization pat- 
terns by using a polyimide as the lift-off layer (4). In this 
process, the remaining surface steps interfere, increasing 
the number  of metallization's levels. The P-glass flow 
process, which makes the surface smooth (5), requires 
1000 ~ to 1200~ heat-treatment and still leaves the surface 
step. The surface leveling process makes use of organic 
material flow and its etching, using conditions that etch 
the photoresist and the underlying P-glass at nearly the 
same rate (6). Although this process also can obtain a 
smoothed surface without high temperature heat-treat- 
ment, the surface step still remains. There is another pro- 
cess, utilizing a polyimide as an interlevel dielectric (7). 
Although the film is highly resistant to heat, it seems to 
be difficult to obtain a uniform miniaturization because 
of film-thickness variations. The etch-back process, em- 
ploying RIE, can be used to obtain a smoothed surface 
(8). In this process also the surface step still remains. 
There are other planar technologies which have the po- 
tential for the application to planar interconnection. For 

Key words: multilayer metallization, planar interconnection, 
lift-off, ECR plasma deposition. 

example, there is a technology which employs a low tem- 
perature photo-CVD oxide (10) in conjunction with a lift- 
off. Using this technology, the fabrication of a fully re- 
cessed field isolation (11) had been attempted. 

This paper introduces a new planar technology for 
multilevel metallization with a high packing density (12). 
In this process, surface planarization is carried out em- 
ploying the lift-off technique. This lift-off utilizes electron 
cyclotron resonance (ECR) plasma deposition, which has 
such features as high directionality, high quality, and low 
temperature deposition (13). Thus, in this lift-off process, 
the processing ease depends mainly on the deposited 
film, and not on the stencil. Furthermore, this lift-off util- 
izes anisotropic dry etching for pattern formation. There- 
fore, it is suitable for miniaturization and multilevel for- 
mation of metallization. In the following sections, a fun- 
damental planar process, ECR plasma deposited film, 
lift-off yield, and the application to LSI fabrication are 
described. 

Manufacturing Process 
The fundamental  process steps for making planar inter- 

connections are shown in Fig. 1. Details of these steps are 
as follows. 

Step A.~Fi r s t  A1 layer etching with a resist mask using 
a dry etching technique. AI(Si) film 0.6 um thick as a 
first A1 layer is deposited by using a magnetron sputter 
evaporation technique. The substrate temperature  is 
about 300~ A projection printing technology is used for 
the photolithography. The photoresist layer is 1.5 um 
thick, and the min imum pattern size is a 2 ~m lines and 
spaces. First A1 interconnection patterns are etched away 
in a parallel plate plasma etcher using 0.25 torr CC14 gas. 
All these methods are generally used in the metal inter- 
connection formation. 

Step B.--Sil icon dioxide (SIO2) deposition, using the 
ECR plasma deposition method. The SiO2 film thickness 
deposited by the ECR plasma deposition method is the 
same as in Step A. 

Step C.--Sidewall  deposited film etching with wet 
etchant. 

Step D.--SiO2 film lift-off from the resist by resist 
removing. More details for steps C and D are indicated in 
Table I. Ammonium fluoride/hydrofluoric acid/ethylene 
glycol solutions shown in Table I are used to make the 
SiO2 and A1 etching rate ratio large (14). The lift-off proc- 
ess itself is completed in process 3 of Step D in Table I. 
But, in case the lifted-off material adheres on the wafer 
surface again, a high pressure water method is employed, 
which can remove the adhesive material without giving 

Table I. Detail process conditions of Step C and Step D 

1. Slight etching, ammonium fluoride/HF/ | 
ethylene glycol solutions, 5 rain es ~ Step C 

2. Deionized water rinse, 10 rain 
3. Ultrasonic cleaning in acetone, 10 rain x 2 tim 
4. High pressure water cleaning, 1200 psi, 90s ~ Step D 
5. J-100 cleaning (90~176 trichlorethylene boiling J 
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Fig. 1. The lift-off process. A: 
parallel plate plasma etching. Bi 
ECR plasma deposition. C: slight 
etching. D: lift-off. E: interlevel 
insulator and second AI layer 
formation. 
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any scratch on the wafer surface. Since the strength of the 
adhesion is too weak to be removed by the high pressure 
water method, the removal is completed perfectly. 1200 
psi water pressure is used. 

Step E.--Filling the remaining groove by interlevel in- 
sulator deposition. Second AI layer formation on the sub- 
strate. CVD SiO2 0.8 t~m thick is deposited at 400~ sub- 
strate temperature. The second A1 interconnection 1.0 tLm 
thick is formed by using the above-mentioned method. 

Features of this process are as follows. After a pattern 
having a steep side wall is formed by using parallel plate 
plasma etching, the sunken place formed by the etching 
is buried using the ECR plasma deposition. This process 
is suitable for miniaturization, because it utilizes aniso- 
tropic characteristics both in etching method and deposi- 
tion method. Next, the processes added to the conven- 
tional LSI process are only Steps B, C, and D. With regard 
to photolithography, generally used process conditions 
are utilized. Thus, this process can be applied easily to 
the conventional process by adding Steps B, C, and D. 

ECR Plasma Deposited Film Properties 
Ttie ECR plasma deposition apparatus allows the per- 

formance of high quality thin film deposition at room 
temperature without the need for thermal reaction (13). It 
does this by enhancing the plasma excitation efficiency 

and the bombardment  effect of ions with moderate ener- 
gies on the deposition reactions through using a micro- 
wave ECR plasma generation and a plasma extraction by 
a divergent magnetic field method. SiO~ film can be de- 
posited by introducing O~ and Sill4 into the plasma and 
specimen chamber, respectively. The deposition rate in- 
creases from about 200 to 400 A/rain at the gas flow rates 
of O~ 10 cm3/min and SiI-I4 10 cm3/min in the microwave 
power from 50 to 300W. Table II shows the fundamental  
characteristics of ECR SiO2 deposition used in this study. 

Step coverage.--Figure 2 shows step height and tapered 
angle dependence on deposited SiO2 thickness. CVD SiO2 
is also shown for comparison. The substrate is silicon, 
which is etched away to form lines and spaces 1 ~m deep. 
For CVD SiO2, the trench becomes filled when the de- 
posited film thickness becomes greater than 2 tLm. How- 
ever, for ECR SiO2, the trench is not filled yet to the same 
deposited thickness. The tapered angle for ECR SiO2 is 
constant, even when the ECR SiO2 thickness is 2 /~m, 
while that for CVD SiO2 increases after decreasing. For 
CVD SiO2, with increasing deposited film thickness, the 
trench is filled when the tapered angle starts increasing. 
In this way, in the ECR plasma deposition method, the 
deposited film surface keeps the substrate shape. Film 
thickness deposited on the sidewall is about a third of 
that deposited on the fiat surface. The reason that the 

Fig. 2. Step height and tapered 
angle dependence on deposited- 
SiO= thickness. 
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Table II. Fundamental characteristics of ECR plasma deposited film 

Reaction gases ~ SitL (pure) 
t O2 

Microwave power 100W 
Pressure 2 • 10 -4 tort 
Temperature 40~176 
Deposition rate 260 A]min 
Etching rate by BHF* (25~ 

flat surface 590 AJminr 
sidewall > - 5 ~rn/min 

Refractive index 1.45-1.47 

10 cmS/min 
10 cm~/min 

*(NI~F 40 weight percent):(HF 50 volume percent) = 10:1 (volume 
ratio). 

tReference data; thermal oxide (wet 1100~ 700 gJmin. 

step coverage of the ECR SiO2 becomes a characteristic 
shape (as mentioned above) is the high directionality of 
the ECR plasma deposition. The directionality is consid- 
ered to be produced by the following mechanism. After 
ions are extracted from the plasma chamber by a mag- 
netic field, they are accelerated towards the substrate by 
the electric field in the plasma stream. In this process, 
these ions have no collision for the other gas molecules 
because of the low gas pressure (mean free path is 20 - 30 
cm). In addition, the neutral species having no 
directionality scarcely deposit on the specimen (13). 

Film etching rate and other properties.--The etching 
rate for the ECR SiO2 deposited on the flat surface was 
examined using buffered solution containing 10% HF as a 
function of the solution temperature (10 ~ - 35~ In this 
temperature range, the etching rates for the ECR SiO~ are 
almost the same as those for the thermally grown silicon 
dioxide film which was etched simultaneously. The re- 
fractive index measured by ell ipsometry is almost con- 
stant at values from 1.45 to 1.47 in wide range of micro- 
wave power. In the infrared absorption spectrum for the 
SiO~ film deposited at 100W microwave power, the Si-O 
bond peak is clearly observed at 1065 cm -1 wave number, 
but no Si-H bond peak is observed. From these results, it 
is clear that the SiO2 film deposited on the flat surface 
has a dense structure. This is because the substrate is 
bombarded by the ions having a energy (-20 eV) suitable 
for the deposition reaction. In addition, hydrogen or other 
impurities are difficult to contain in the film during its 
growth because of the low gas pressure (13). 

Figure 3 is an SEM micrograph of a cross-sectional 
view, before etching and after etching. During etching 
with HF, the film on the sidewall is removed, while the 
film on the flat surface is shallowly etched. As a result, 
the structure (Step C) shown in Fig. 1 is obtained. Figure 
4 shows the change in the cross-sectional view with etch- 
ing time. The sidewall-deposited film is already removed 
after 0.2 rain. Since the etching rate of the sidewall- 

Fig. 3. SEM micrograph showing the cross-sectional view change ~n 
step coverage by slight etching 

deposited film is markedly large in the wet etchant con- 
taining HF, the exact value of the etching rate in the 
etchant cannot be obtained. However, from the experi- 
mental results shown in Fig. 4, the value is roughly esti- 
mated to be more than a hundred times that of the flat- 
surface-deposited film. The differential etch rates for the 
ECR SiO~ on the flat surface and the sidewall are ex- 
plained as follows. Since there is no bombardment  of ions 
on the sidewall, the deposition reaction at the sidewall is 
not enough; it allows hydrogen and poor molecule bonds 
to remain in the film: As a result, a loose structure film is 
deposited on the sidewall. In spite of that, a dense struc- 
ture film is deposited on the flat surface because of the 
ion bombardment  (13). Space d, shown in the cross- 
sectional view, increases gradually with increasing etch- 
ing time. The space d increasing rate is almost the same 
as the etching rate for the flat-surface-deposited film. 
The tapered angle does not change, even if the etching 
t ime increases. The tapered angle is determined by the ra- 
tio of the thickness between the sidewall-deposited film 
and the flat-surface-deposited film. From the tapered an- 
gle shown in Fig. 4 (-71~ the ratio is about 1:3. 

Effect of fiatband voltage and mobile ions.--Figure 5 
shows the flatband voltage dependence on the SiO2 
thickness. With regard to MOS diode fabrication using 
ECR plasma deposition, the sample has three layers, 
namely, from the silicon surface, the thermal oxide, the 
ECR SiO2, and A1 gate electrode. For comparison, the 
thermal oxide flatband voltage is also shown. After oxi- 
dation or ECR plasma deposition, no heat-treatment is 
made. The A1 electrode is deposited at room temperature 
by the heat-resistance method in order to prevent other 
effects on the MOS diode. In this result, the fixed charge 
density for MOS diode using ECR SiO2 is less than that 
using wet SiO2 (15). It is considered that  this difference is 
due to the fact that the dry SiO2 is formed between the 

0.51HF(50 ):H  ~ 190  Be oQ 
04L "3:'~176 Jso  

I - ~ 0.2 i o$ 
ll After Etching 

; ,b4o  
ETCHING TIME(min) 

Fig. 4. Change in cross section 
with etching time. 
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Fig. 5. Flotband voltage shift as a function of oxide thickness 

ECR SiO2 and the silicon surface for the MOS diode using 
the ECR SiO2. Because both flatband voltages are almost 
the same level, no damage is introduced to the fixed 
charge density by the ECR plasma deposition method. 

Furthermore, the mobile ion density for the ECR SiO2 is 
evaluated by using the above-mentioned MOS diode in 
the TVS method (16). The mobile ion density is less than 
the detectable min imum value (about 5 x 109 cm-2). Thus, 
it is suggested that no mobile ion contamination is intro- 
duced by the ECR plasma deposition method. In this 
way, with regard to fixed charge density and mobile ions, 
the ECR plasma deposition has no problems in MOS LSI 
fabrication. 

Lift-off Yield and Surface Flatness 
In our lift-off technique, lift-off yield and surface 

flatness depend on many factors, such as stencil shape, 
the slight etching amount  before lift-off, ECR SiO, thick- 
ness, etc. Here, among these factors, the A1 layer and ECR 
SiO2 thicknesses are both fixed at 0.6 ~m. Figure 6 shows 
the dependence of the lift-off yield or the surface flatness 
on the slight etching amount  before lift-off. The interlevel 
insulator thickness is 0.8 ~m. The yield is evaluated by in- 
spection of the wafer surface using an optical microscope. 
A good evaluation corresponds to the wafer having no 
lift-off remainder. For the case where the slight etching 
amount  is small, lift-off yield for the line patterns (2 ~m 
wide) is completed easily, but the lift-off for the square 
patterns (9 ~m 2) is not completed. The incompleteness of 
the latter is caused by the photoresist edge shape, which 

tapered angle is small in the four edges of the square pat- 
tern. In this way, the opt imum condition for the slight 
etching amount depends on the photoresist shape in de- 
tails. Thus, when the tapered angle of the photoresist is 
small, as mentioned above, by increasing the slight etch- 
ing amount, the good yield of the lift-off is obtained in 
good reproducibility, as shown in Fig. 6. However, the 
greater the slight etching amount  is, the worse surface 
flatness the process offers. With increasing the slight 
etching amount, bottom width B and step height D, 
which are shown in thecross-sectional view in Fig. 6, in- 
crease gradually. Then, both B and D increase rapidly, as 
shown in Fig. 6. Thus, taking the lift-off yield and the sur- 
face flatness into account, in the present case mentioned 
above, the slight etching amount  is appropriate in the 
0.05-0.10 ~m range. 

Figure 7 shows surface flatness dependence on 
interlevel insulator thickness. A cross-sectional view of 
the sample structure is shown in the figure. The slight 
etching amount  before lift-off is about 0.05 ~m. After the 
lift-off process, B defined for the remaining groove 
shown in Fig. 6 is nearly zero. Width W decreases gradu- 
ally with increasing interlevel insulator thickness. Step 
height D diminishes rapidly and becomes less than 0.15 
~m when interlevel insulator thickness increases. The re- 
maining groove is filled easily, and the planarized surface 
is obtained by depositing the interlevel insulator used in 
the conventional process. An SEM micrograph of a cross- 
sectional view of this planarized structure is shown in 
Fig. 8. The buried first A1 line is 2 ~m wide. The CVD 
SiO2 used as the interlevel insulator is 0.8 ~m thick. On this 
planarized structure, a second A1 layer is formed. 

LSI Fabrication 
Test element group fabrication.--Before this technology 

was appl ied to LSI fabrication, it was evaluated by ap- 
plying to a test element group (TEG), which is designed 
for evaluating the 2 ~m rule MOS technology (17). This 
TEG contains a number  of patterns for LSI elements, 
such as enhancement  MOS FET, depletion MOS FET, p-n 
diode, and multilevel metallization. In most of these char- 
acteristics, there is no specific characteristic difference 
between the element applied by the present technology 
and a conventional technology. However, for the two- 
level AI interconnection, resistance and deviations in the 
second A1 wiring are different from those in conventional 
interconnection. Figure 9 shows the experimental values 
for the second A1 wiring, under  which the first A1 wiring 
level is planarized by using the present technology. For 
comparison, the experimental  values for a conventional 
structure are also shown. These sample structures are 
drawn in the figure. There are 2006 cross points between 
the first A1 line and the second A1 line. Yield for the sec- 
ond A1 line is 97-100%. The experimental values for the 
second A1 wiring resistance for the planarized structure 
can be combined to form a straight line. This line can be 

o 

1 i o 1 4  L J L 0 " 0.05 0.10 0.15 0.20 0.2 0.6 0.8 

AMOUNT OF SLIGHT ETCHING (jJm) THICKNESS L(pm) 
Fig. 6. Step height and bottom width dependence on slight etching Fig. 7. Surface flatness dependence on interlevel insulator deposited 
amount, thickness. 



Vol. 131, No. 2 LSI FABRICATION 423 

Table III. Layout rules, dimensions, numbers, and length for the AI two- 
level interconnections 

First A1 layer Second A1 layer 

Minimum width 3.0 #m 5.0/zm 
Minimum space 2.0 Izm 3.0/zm 
Thickness 0.6 tzm 1.0 ~m 
Number of interconaections 7550 162 
Total wiring length 777 mm 456 mm 
Number of through holes 41,500 15,000 
Through hole size 2/~m 2 3 ~m ~ 

Fig. 8. SEM micrograph of buried AI line. Cross-sectional view 
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Fig. 9. Second AI wiring resistance comparison. Second AI line width 
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extrapolated to the origin. The straight line, which com- 
bines the experimental  values for the conventional struc- 
ture, cannot be extrapolated to the origin. These two 
straight lines are parallel, and difference AR in the figure 
is the resistance caused by the surface steps of the first 
A1 layer. Thus, the second A1 line resistance for the 
planarized structure is less than that for the conventional 
structure. As can be seen in the same figure, resistance 
deviations are also caused by the uoderlying layer surface 
flatness. 

MOS LSI fabrication.--Evaluation procedure.--Logic 
LSI's  require complicated connections and large areas for 
the metal  interconnections. Thus, the problem of the in- 
terconnections has a great effect on the logic LSI 's  yield. 
The importance of the problem becomes larger as the 
LSI 's  change into VLSI's. In this study, a 1 kbyte associa- 
tive memory (18) which has a two-level A1 interconnec- 
tion is regarded as TEG for the evaluation of the LSI 
interconnection. Since the importance of the interconnec- 
tion fabrication is great in this memory, it is suitable for 
evaluation of the present technology. As an evaluation 
procedure for the effectiveness of the present technology, 
the comparison between the conventional technology and 
the present technology was carried out in the LSI fabrica- 
tion process and function testing. The wafers applied to 
the above technologies were fabricated in the same lot ex- 
cept the planarization of the first A1 interconnection. The 
memory  contains about 34,000 MOS transistors. Chip size 
is 4.1 m m x  4.95 ram. The 2 izm n-channel E/D MOS pro- 
cess is used. Table III shows the interconnection scale, 
such as layout rules, dimensions, numbers, and length for 
the interconnection in the region where cell areas are 
arranged. 
Evaluation results. First, observation results about LSIs '  
first A1 interconnection fabrication are explained. In the 

present technology, a planarization process is added to 
the conventional process after etching the first A1. In this 
case, in spite of the various surface steps in the actual LSI 
surface, the reason that the present technology is success- 
fully completed is as follows. The factors causing the sur- 
face steps, when the first A1 layer is etched away and the 
photoresist on it is not removed yet, are local oxidation of 
silicon (LOCOS), poly-Si, first through hole, and the first 
A1 line. In this structure, the LOCOS surface step is 
smooth. The poly-Si surface step becomes smooth, be- 
cause the glass flow process is carried out for the PSG 
film covering the poly-Si. Furthermore,  steep steps at the 
first through hole for the contact between the first A1 
and the diffused layer of Si substrate or between the first 
A1 and the poly-Si gate electrodes are filled by the 
photoresist coated on the first A1 layer. Thus, there are 
steep steps only at the edges of the first A1 interconnec- 
tion pattern and the photoresist on it. Consequently, the 
present technology can be applied to the first A1 pattern 
without changing the conventional process, by only 
adding a few new processes. In the slight etching before 
the lift-off, the wet etchant mentioned in Table I scarcely 
attacks the A1 layer and has an appropriate etching rate 
for the slight etching of SiO2. Figure 10 shows the LSI 
surface after the slight etching mentioned above. Only the 
sidewall of the first A1 line and photoresist appear. Sur- 
face steps, except  for the first A1 line, are the ones caused 
by LOCOS and poly-Si gate electrode. It is suggested that 
this structure is very suitable for the lift-off. 

Next, the observation results regarding LSI 's  second A1 
interconnection fabrication is explained. The Ibresent 
technology is different from the conventional technology 
in the condition of exposure and etching, but the process 
steps of both technologies are the same. In the conven- 
tional technology, since there are surface steps on the wa- 
fer surface, photolithography requires a slight overexpo- 
sure time in order to prevent short-circuiting of the A1 
lines. Thus, the breakage in the Al lines is apt to occur on 
the upper part at the surface step. In addition, in the case 
that the interlevel insulator sidewall on the first A1 line is 
almost vertical, short circuiting is apt to occur. In the 
present technology, breakage or short-circuiting rarely 
occurs, because the substrate surface is fiat. In this case, 
since the small surface depression (< 0.15 t~m) after the 
interlevel insulator deposition (see above) is completely 
filled by the second Al film, an appropriate exposure 
condition, which is almost the same as one for the fiat 
surface, can be applied in order to offer correct lines and 
spaces. In addition, it is easy to observe the photoresist 
pattern of the Al lines by the optical microscope, because 
the underlying layer surface is fiat. Figure I0 shows an 
SEM micrograph of this LSI surface after fabricating the 
second A1 interconnection. This is the same place as that 
shown in Fig. 10. Since, the first A1 line is fully 
planarized, the steps caused by the first A1 line are not 
shown in the picture. The steps by field isolation and 
gate electrode are shown. 

In this LSI, in order to connect directly the second A1 
interconnection to the poly-Si gate electrodes or Si- 
diffused layer, a buffered metallization, formed by the 
first A1 layer (5 /~m 2) has been used under the second AI 
layer (17). By using this buffered metallization, it is easy 
to connect an interconnection with another one lying in a 
different layer without a specific fabrication process. An 
SEM micrograph of the through hole where buffered met- 
allization is used is shown in Fig. 11. The conventional 
through hole is shown in Fig. 11. For the first A1 layer's 
planarization, no surface step caused by the buffered met- 
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Fig. 10. SEM micrograph of application to LSI fabrication 

ing layer surface's flatness. The technology is applied to 
the first metallization of the 1 kbyte associative memory, 
in order to verify its potential for use in MOS LSI fabrica- 
tion. Since the steep steps are only at the edge of the first 
A1 interconnections, the present technology can be ap- 
plied to a conventional LSI fabrication process without 
introducing any serious changes in the process condition. 
However, several additional processes, such as ECR 
plasma deposition, slight etching, and lift-off, are intro- 
duced to the two-level interconnection fabrication. 
Finally, it has been shown that this technology offers a 
great advantage for LSI fabrication, because it leads to a 
good yield and fine A1 interconnections are easily 
obtained. 
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Fig. 11. SEM micrograph of through hole contact between second AI 
layer, and the diffused silicon layer using a buffered metollization of 
first AI layer. 

allization is observed under  the second AI line at the 
through hole, while a large surface step is observed in the 
conventional through hole. In the usual LSI fabrication 
process this structure is not used because it decreases the 
LSI yield. In the present technology, since the buffered 
metallization is planarized, the good yield is obtained. 

The wafers applied to the present technology and the 
wafers applied to the conventional technology, which 
were fabricated in the same lot, were compared by testing 
16 function patterns. In the good chip numbers  passing 
the etch test pattern or all test patterns, the wafers ap- 
plied to the present technology have a better yield than 
the conventional one. As a result, it was shown that the 
present planar technology offers a great advantage for 
LSI fabrication. 

Conclusion 
Planar interconnection technology, utilizing a lift-off 

process, which makes use of the ECR plasma deposition 
method, is presented. The deposition method features 
high directionality, high quality, and low temperature 
deposition. These features are suitable for the lift-off pro- 
cess. By using these features, the lift-off is easily com- 
pleted after etching the sidewall-deposited film on the A1 
line and the resist film. The remaining groove, which is 
formed after the lift-off, is completely filled with the 
interlevel insulator deposition on the substrate. The sur- 
face step after planarization is less than 0.15 t~m. The SiO2 
etching amount  for the sidewall-deposited film is appro- 
priate in the 0.05-0.10 tLm range, taking the surface 
flatness and the lift-off yield into account. 

The present technology has no specific effect on the 
characteristics of LSI elements, such as a MOS FET. 
However, the resistance and the deviations in the upper 
metal interconnections decrease, because of the underly- 
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ABSTRACT 
We describe a numerical  model of the coupled gas-phase hydrodynamics and chemical kinetics in a silicon chemical 

vapor deposition (CVD) reactor. The model, which includes a 20-step elementary reaction mechanism for the thermal 
decomposition of silane, predicts gas-phase temperature, velocity, and chemical species concentration profiles. It also 
predicts silicon deposition rates at the heated reactor wall as a function of susceptor temperature, carrier gas, pressure, 
and flow velocity. We find excellent agreement with experimental deposition rates, with no adjustment of parameters. 
The model indicates that gas-phase chemical kinetic processes are important in describing silicon CVD. 

The chemical vapor deposition (CVD) of solid materials 
is an important method for producing solid films with 
high purity and uniformity. Some important applications 
of CVD include the manufacture of microelectronic de- 
vices and silicon solar cells. Even though CVD has wide- 
spread use, a fundamental  understanding of the interplay 
among its constituent elements is missing. A unified the- 
oretical picture of CVD requires input from the fields of 
gas-phase chemical kinetics, fluid mechanics, surface 
chemistry, and materials science. 

In this paper we describe a two-dimensional mathemat- 
ical model of the coupled gas-phase kinetics and hydro- 
dynamics in a laminar-flow chemical vapor deposition 
reactor. Specifically, we have studied a reactor in which 
silicon is deposited as the result of the thermal decompo- 
sition of silane. This system was chosen for its relative 
simplicity and its importance to the microelectronics in- 
dustry. Nevertheless, our model is quite general, and thus 
can be applied to other CVD systems if the appropriate 
gas-phase reaction mechanisms are known. 

Our model couples the chemical rate equations w~th t~e 
boundary layer equations describing the hydrodynamics, 
producing a system of parabolic partial differential equa- 
tions which are solved numerically. We employ a rela- 
tively simple reaction mechanism to describe the inho- 
mogeneous gas-surface chemistry. Ultimately we should 
include a more detailed model of the surface chemistry, 
but presently we are primarily interested in a quantitative 
description of the gas phase. Moreover, as we discuss 
later, this gas-phase model alone is very successful in de- 
scribing CVD experimental observables. Our treatment of 
the gas phase is greatly aided by our earlier work on mod- 
eling combustion chemistry (1, 2). Also, our modeling is 
performed in conjunction with experimental measure- 
ments of chemical species concentrations in the gas 
phase (3). 

Our principal purpose in this paper is to present a com- 
plete description of the mathematical and numerical 
formalism of the model. There have been many other the- 
oretical approaches to modeling CVD, however, most of 
these models have not considered the possibility of gas- 
phase chemistry. The present model is the most detailed 
model of the gas phase in CVD to date. 

Below we present details of the model, including the set 
of govern ing  partial differential equations, the reaction 
mechanism describing SiH~ pyrolysis, and the numerical 
solution method. We also present computed temperature, 
velocity, and chemical species concentration profiles. We 
compare predicted deposition rates with experimental 
results. 

Key words: CVD, growth, kinetics, transport. 
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Model Formulation 
Transport equations.--We assume in this work that the 

boundary layer approximations are valid. That is, the 
Navier-Stokes equations can be reduced to a system of 
parabolic partial differential equations describing the 
conservation of mass, momentum,  energy, and species 
composition. The approximation relies on the existence 
of a principal flow direction in which convective trans- 
port is dominant  and diffusive effects are negligible. In 
this approach the pressure is impressed on the flow by 
the boundary conditions and is uniform in the cross- 
stream direction. The imposition of pressure replaces the 
cross-flow momentum equation entirely. 

After making the boundary layer approximations, we 
use the Von Mises transformation (4) to cast the equations 
in a form in which the stream function replaces the radial 
coordinate as an independent  variable. This transforma- 
tion eliminates the mass conservation equation, replacing 
it with an integral. Additionally, it eliminates any explicit 
reference to the cross-stream convective terms in the re- 
sulting system of equations. 

The system of equations which form our model are de- 
scribed as follows 

Momentum 

Ou op o ou 
+ --ox = pu -~ -  (putty ~ ox -~- )  + ~ [ 1 ] 

Species 

8Yk 
pU 3X = 6JkWk -- pU ~-~ (Y~pYkVk,) (k = 1, K) [2] 

Energy 

OT 0 puc~ ~ = pu ~ (pu@o ) 

K K OT 

- - u y .  Z W [3] 
k = l  k = l  

State 

R 
p = p - -  T [4] 

W 
The diffusion velocity Vk~ is given in the new coordi- 

nates by 
Dk ~Xk 

V~ : - X---/puY~ 0~ [5] 

In these equations, the independent  variables x and 0 
represent the axial coordinate and stream function, re- 



426 J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  F e b r u a r y  1984 

spectively. For an axisymmetric flow, the parameter a is 
1, and y represents the radius measured from the flow 
centerline. For a = 0 the equations are in planar coordi- 
nates. In both cases, the cross-stream coordinate y is a de- 
pendent  variable and is given in terms of stream function 
by the following integral 

yo + i  _ [61 
~-+- i  j0 pu 

or, in the differential equation form that we actually use, 
by 

Oy ~ +1 ~ + 1 
- -  - - -  [ 7 ]  

05 pu 
Other variables are given by: u, the axial fluid velocity; 

p, the mass density; p, the thermodynamic pressure; T, 
the temperature; Yk, the mass fraction of the kth species; 
Xk, the mol fraction of the kth species; W~, the molecular 
weight of the kth species; R, the universal gas constant; g, 
the acceleration of gravity; Dk, the binary diffusion co- 
efficient of ' the  kth species into the mixture; ~, the mix- 
ture viscosity; ~,, the mixture conductivity; cp, the speci- 
fic heat at constant pressure; hk, the specific enthalpy of 
the kth species; $k, the rate of production of the kth spe- 
cies by chemical reaction: W, the mixture 's  mean molec- 
ular weight. 

The transport properties (viscosity, thermal conductiv- 
ity, and diffusion coefficients) are temperature depend- 
ent and are obtained from Lennard-Jones parameters for 
each of the chemical species using standard techniques 
(5-8). The specific formulas employed are discussed in 
detail by Kee and Miller (9). 

We compute thermodynamic properties (heat capaci- 
ties, entropies, and enthalpies) for each of the chemical 
species from temperature-dependent fits of data [JANAF 
when available (10)] in the form used by the NASA chemi- 
cal equilibrium code (11). Thermochemical  data were not 
available for Sill2, Sill3, St=H=, Si2H3, Si2H4, Si2Hs, and 
Si2H6. For these species we used the results of an exten- 
sive set of electronic structure calculations by Binkley 
(12) to estimate entropies, energies, and harmonic vibra- 
tional frequencies. Standard statistical mechanical tech- 
niques (13) were used to convert the frequencies and en- 
ergies to cp (T), h(T), and s(T), which were then fit to the 
polynomial form of Gordon and McBride (11). In the code 
all chemical production rate terms, thermodynamic prop- 
erties, and equation of state variables are evaluated by ap- 
propriate subroutine calls to CHEMKIN (14), a general- 
purpose package of chemical kinetics Fortran sub- 
routines. 

Boundary conditions.--The two different channel types 
treated here, axisymmetric and planar, each require 
slightly different boundary condition formulations. In 
both cases the equations are parabolic, so boundary con- 
ditions are specified for u, T, Yk, Y, and p at the boundary 
x = 0. However, since the x coordinate is time-like for 
purposes of numerical solution algorithms, the boundary 
conditions at x = 0 may be regarded as initial conditions. 
In equations of this type (differential/algebraic equations), 
all of the initial conditions are not independent.  Once u, 
T, Y~, and p are specified at x = 0, the cross-stream veloc- 
ity v follows as an integral of the mass conservation equa- 
tion. In stream function coordinates, where v has been 
eliminated as a variable, it follows that the physical coor- 
dinate y must be consistent with the other initial 
conditions. 

The channel walls (or an axis of symmetry and a wall) 
define the flow boundaries. In stream function coordi- 
nates, the walls correspond to streamlines, or lines of con- 
stant stream function. By definition, flow is tangent to 
streamlines; thus, no flow crosses a wall (or axis of sym- 
metry). The boundary condition, corresponding to either 
the lower wall or the axis of symmetry, is applied at ~ = 0. 
The other boundary condition is applied at ~0, where @0 is 
determined from Eq. [6] when ~ and u are evaluated at the 
initial conditions, and an initial mesh in y is specified. 

For axisymmetric problems, an axis of symmetry is 
specified at ~ = 0 by 

0u 0T aYk 
. . . .  0 [8] 

0~ 0~ 0~ 
In addition, we specify that y = 0 at ~ = 0. 

On solid walls we specify the no-slip boundary, u = 0. 
In some cases we specify T itself, while in others we spec- 
ify a heat flux, i.e., a temperature gradient. Zero gradi- 
ents are imposed for the mass fractions of species that do 
not react at walls (implying no mass flux to the wall). For 
species that react at the wall, the boundary conditions are 
more complex, and are discussed below. 

Chemical reactions at solid surfaces.--The boundary 
conditions on chemical species concentrations at a heated 
surface depend on the extent to which each species un- 
dergoes surface reactions. Some species react at the 
heated surface, depositing silicon. In this model we con- 
sider two types of deposition reactions, depending on 
whether  the species is a saturated or unsaturated com- 
pound. 

Because of the reactive nature of unsaturated chemical 
species, we assume that they react with the solid surface 
with unit probability and release molecular hydrogen; in 
this model these species are Sill,  Sill2, Sill3, Si2H2, SigH3, 
Si2H4, and Si~H~. Species that react with unit probability 
on the surface cannot exist there (because they react in- 
stantaneously), and thus the boundary condition for those 
species is given by 

Ysi~ = YsiH2 = YsiH3 = YSi2H2 = Y,Ci2H3 = Ysi2H4 = YSi2H5 = 0 
[ 9 ]  

Results of our model are relatively insensitive to this 
boundary condition. For example, changing the assumed 
surface-reaction probability from 1 to 0.8 changes the pre- 
dicted deposition rate by 5% or less. 

We assume that the species H, Si2H6, and inert carrier 
gases do not react at the surface. These species have zero 
flux to the surface, and thus we enforce the following 
boundary conditions 

Vy~ = Vysi2H6 = 0 [10] 

We use the empirical silane surface reaction coefficient 
of Farrow (15) to describe the deposition due to Sill4 re- 
acting at the surface. The ' fraction of silane molecules that 
decompose upon collision with a heated surface is given 
by 

Y = 5.45 exp (-8556/T) [11] 

However, only a fraction of the silane that decomposes 
at the surface leads to the formation of solid silicon. Ac- 
cording to Farrow's data, this fraction is given by 

o- = 7.6 x 10 -3 exp (3535/T) [12] 

We assume, as did Farrow, that the rest of the silicon 
formed by the surface decomposition diffuses away from 
the surface as gas-phase silicon atoms. 

The surface-decomposition fraction (y) is incorporated 
into the model  as a boundary condition on the Sill4 con- 
centration. This reaction coefficient is defined as the 
fraction of the silane flux into the boundary which is de- 
composed. At steady state, the net flux (incoming minus 
outgoing flux) at the boundary is equal to the surface re- 
action rate. The ratio of the flux that would be present 
for a fractional reaction probability to the flux for a unit 
reaction probability equals the fraction of the flux which 
is decomposed. In other words, this ratio is equal to ~/of 
Eq. [11], and the boundary co~dition derived from this re- 
lationship is 

(VysiH4) = Y(J,siH4)v=l [13] 

The notation (J,siH4)7=I refers to flux which would exist if 
the concentration of SiI-L were zero on the boundary, i.e., 
unit reaction probability. 

From Eq. [12] we can calculate the amount  of gas-phase 
Si atoms formed as a fraction (1 - o-) of the silane decom- 
posed at the surface. Equation [14] determines the flux of 
St(g) away from the surface 

-Vv~iYsi VysiH4 YSiH4 
(1 - or) [14] 

Wsi Wsi~4 
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We n o w  n e e d  a r e l a t i ons h i p  b e t w e e n  t h e  f lux of  reac-  
t ive  spec ies  in to  t he  sur face  a n d  t he  f lux of  h y d r o g e n  
away  f rom the  surface.  T h e  h y d r o g e n  t ha t  was  in i t ia l ly  
t i ed  up  in s i l icon c o n t a i n i n g  spec ies  is r e l eased  w h e n  t h e  
s i l icon is depos i t ed .  In  our  m o d e l  the  h y d r o g e n  a t o m  
flux to t he  sur face  is b a l a n c e d  by  a f lux of  m o l e c u l a r  hy- 
d r o g e n  ' f r o m  the  surface.  (These  i n c o m i n g  h y d r o g e n  
a t o m s  are c o n t a i n e d  in t he  sur face  r eac t i ng  species.)  This  
r e l a t i onsh ip  is s t a t ed  in  t he  fo l lowing b o u n d a r y  c o n d i t i o n  

V~H2YH2 VysiHYsiH VySiH2YsiH2 3V~sia~YsiHa - - - -  - - - t -  § 
Wa~ 2Wsm WsiH2 2WsiHz 

2V,.~in4Ysi~ ~ Y~si2n2Y~i2n2 3Yysi~naYsi2H3 + + " �9 § 

WSiH4 WSi2H2 2WsieH3 

+ 2V,~si~Ys~4 + 5 V ~ s ~ Y s ~  

Ws~2~ 2Wsi2H~ 
[15] 

The  cross-f low ve loc i ty  m u s t  v a n i s h  at b o t h  t he  u p p e r  
a n d  lower  b o u n d a r i e s  of  a channe l ,  i.e, v = O. In  s t r e a m  
f u n c t i o n  coo rd ina t e s  th i s  is a c c o m p l i s h e d  by  r e q u i r i n g  
t h a t  t h e  phys i ca l  c o o r d i n a t e  y is zero at  t he  lower  sur face  
(or axis  of  symmet ry ) ,  a n d  t h a t  y equa l s  t he  c h a n n e l  
w i d t h  (or radius)  at  t he  u p p e r  s t r e a m l i n e  %. However ,  
s ince  t he  e q u a t i o n  for y [7] is first  order ,  we n o r m a l l y  
cou ld  no t  r equ i r e  tw o  b o u n d a r y  cond i t ions .  We o v e r c o m e  
th i s  r e s t r i c t ion  by  r e t a i n i n g  t he  p r e s s u r e  as d e p e n d e n t  
var iab le .  The  ex t ra  b o u n d a r y  c o n d i t i o n  t h u s  a l lows us  to 
ob ta in  t h e  u n i q u e  p r e s s u r e  f u n c t i o n  p(x) ( sub jec t  to the  
g iven  v a l u e  o f p  at  x = 0), w h i c h  is c o n s i s t e n t  w i t h  h a v i n g  
two  wal ls  (or one  wal l  a n d  an  axis  of  s y m m e t r y )  in  the  
p rob l em.  D u r i n g  t he  c o u r s e  of  t h e  so lu t ion  we  m u s t  de- 
t e r m i n e  t he  p(x) w h i c h  a l lows the  two b o u n d a r y  condi-  
t i ons  on  y($) to be  sa t is f ied s imu l t aneous ly .  In  o the r  
words ,  t he  p r e s s u r e  d rop  is c o m p u t e d  to b a l a n c e  the  
shea r  forces  e x e r t e d  by  t h e  walls  on  t he  fluid. 

Chemical  reaction m e c h a n i s m . - - T h e  k ine t i c s  of  Sill4 
t h e r m a l  d e c o m p o s i t i o n  ha s  b e e n  t he  s ub j ec t  of  a n u m b e r  
of  s tud ie s  (16-20). T he  r eac t i on  m e c h a n i s m  for  s i lane  de- 
c o m p o s i t i o n  e m p l o y e d  in t h i s  w o r k  is g iven  in Tab le  I. A 
f u r t h e r  d i s c u s s i o n  of t he  r eac t i on  m e c h a n i s m  is p r e s e n t e d  
e l s e w h e r e  (21). I t s  d e v e l o p m e n t  was  in  e s sen t i a l ly  two 
stages.  Firs t ,  a la rge  s y s t e m  of  120 e l e m e n t a r y  r eac t i ons  
was  c o n s t r u c t e d .  U s i n g  t h a t  m e c h a n i s m ,  we p e r f o r m e d  
e x t e n s i v e  sens i t iv i ty  ana lys i s  (w i thou t  a n y  t r a n s p o r t  ef- 
fects). F r o m  th i s  ana lys i s  we  d e t e r m i n e d  t h a t  s i lane  pyrol-  
ysis  u n d e r  c o n d i t i o n s  of  i n t e r e s t  cou ld  be  d e s c r i b e d  as a 
c o n s t r a i n e d  e q u i l i b r i u m  p r oces s  (22). T h a t  is, t h e  t i m e  ev- 
o lu t i on  of all t h e  spec ies  c o n c e n t r a t i o n s  is d e t e r m i n e d  
s t r ic t ly  b y  t he  in i t ia l  s i lane  d i s soc ia t ion  step,  w h o s e  ra te  
coeff ic ient  has  b e e n  e x p e r i m e n t a l l y  d e t e r m i n e d  (16). 
S u b s e q u e n t  r ad i ca l -mo lecu le  a n d  rad ica l - rad ica l  reac- 

Table I. Reaction mechanism 

Reaction Refer- 
number  Reaction A ~ E~ ~ ence 

R1 SiI-I4 --* SiH~ + H2 5.00E12 52.2 (16) 
R2 SiI-I4 --* Sill3 + H 3.69E15 93. (17, 21) 
R3 SiI-I4 + Sill2 --~ Si2H~ 5.01E12 1.29 (18) 
R4 Si2H4 + H2 --* SiI-I4 + Sill2 6.22E16 2. (21) 
R5 SiI~ + H -~ Sill3 + H2 1.04E14 2.5 (19, 20) 
R6 Sill4 + Sill3 --* Si~H~ + H2 1.77E12 4.4 (21) 
R7 Sill4 + Sill --* SiI-I3 + Sill2 1.38E12 11.2 (21) 
R8 Sill4 + Sill --* Si2H~ 2.93E12 2. (21) 
R9 SiI-I4 + Si --* 2Sill2 9.31E12 2. (21) 
R10 Si + H2 --* Sill2 1.'15E14 2. (21) 
R l l  Sill2 + Sill --* Si2H3 1.26E13 2. (21) 
R12 Sill2 + Si --* SigH2 7.24E12 2. (21) 
R13 Sill2 + Si3--* Si2H2 + Si2 1.43Ell 18.8 (21) 
R14 H2 + Si2H2 ~ Si2H4 2.45E14 2. (21) 
R15 H2 + Si2I-I4 --* Si2Hs 9.31E12 2. (21) 
R16 H2 + Sill --* Sill3 3.45E13 2. (21) 
R17 Hz + Si2 --* SigH2 1.54E13 2. (21) 
R18 H2 + Si214_~ -~ Si2H~ 2.96E13 2. (21) 
R19 SizH~ + H--~ Si2H-3 8.63E14 2. (21) 
R20 Si + Si3 --+ 2Si2 2.06E12 24.1 (21) 

a Arrhenius parameters for the rate constants in the form ki = A~ 
exp (-EJRT). The units of A~ depend on the reaction order, but are 
given in terms of tools, cubic centimeters, and seconds. Ea is in 
kcaYmol. 

t i ons  s i m p l y  act  to shuff le  t he  i n t e r m e d i a t e  spec ies  con-  
c e n t r a t i o n s  to t h e i r  c o n s t r a i n e d  e q u i l i b r i u m  values.  
Therefore ,  in t he  in t e re s t s  of  s impl i c i ty  in t he  b o u n d a r y  
layer  c o m p u t a t i o n s ,  we r e d u c e d  t he  r eac t i on  m e c h a n i s m  
to t he  c u r r e n t  20-step m e c h a n i s m .  Over  t he  r a n g e  of  in ter -  
es t  th i s  r e d u c e d  r eac t ion  set  r e p r o d u c e s  t he  e s sen t i a l  fea- 
t u r e s  of  t he  full  m e c h a n i s m ,  i.e., t h e  in i t i a t ion  s tep  is 
co r rec t  a n d  t he  c o n s t r a i n e d  e q u i l i b r i u m  c h a r a c t e r  is pre- 
served.  

As pa r t  of  t h e  ana lys i s  of  t h e  r eac t i on  m e c h a n i s m  we 
d id  a fo rmal  sens i t iv i ty  ana lys i s  (23), a n d  d e t e r m i n e d  
smal l  sens i t iv i t i es  for all ra te  c o n s t a n t s  e x c e p t  t h e  init ia-  
t i on  step. In  addi t ion ,  in t h e  b o u n d a r y  layer  ca lcu la t ions ,  
we d id  a ser ies  of t es t s  in  w h i c h  each  of  t h e  ra te  c o n s t a n t s  
of  t h e  s e c o n d a r y  r eac t i ons  (R2-R20) were  a rb i t r a r i ly  in- 
c r ea sed  a n d  d e c r e a s e d  b y  a fac to r  of  10, a n d  we  f o u n d  
t h a t  t h e  p r e d i c t e d  d e p o s i t i o n  ra tes  w e r e  unaf fec ted .  On 
t he  o the r  hand ,  s imi la r  t es t s  show a m e a s u r a b l e  s 'ensitiv- 
i ty to  t he  in i t i a t ion  step.  Th i s  sens i t iv i ty ,  of course ,  de- 
p e n d s  on  t he  pa r t i cu la r  t e m p e r a t u r e  a n d  flow cond i t ions .  

Numer ica l  method.--Method-of-lines fo rmula t ion . - -Our  
gene ra l  a p p r o a c h  is t h a t  of  t he  method-of - l ines .  Af te r  dis- 
c re t iza t ion  of  t h e  spat ia l  der iva t ives ,  n u m e r i c a l  so lu t ion  
of  t he  r e s u l t i n g  s y s t e m  of d i f fe ren t ia l / a lgebra ic  e q u a t i o n s  
(DAE's)  is a c c o m p l i s h e d  w i t h  a code  d e v e l o p e d  b y  
Pe t zo ld  (24) ca l led  D A S S L .  D A S S L  solves  t he  e q u a t i o n s  
in  a m a r c h i n g  fashion ,  s t a r t i ng  f rom the  inf low b o u n d a r y  
(x = 0) a n d  go ing  t o w a r d  t he  out f low b o u n d a r y .  The  code  
i m p l e m e n t s  a va r iab le -order ,  va r i ab le - s t ep  a l g o r i t h m  
b a s e d  on  t he  b a c k w a r d  d i f f e r en t i a t i on  f o r m u l a  (BDF)  
m e t h o d s  (25). These  are  s t ab le  m e t h o d s  t h a t  a re  pa r t i cu -  
lar ly well  su i t ed  for  so lu t ion  of  t h e  s t i f f  e q u a t i o n s  t h a t  oc- 
cu r  in  c h e m i c a l  k ine t i c  mode l s .  The  D A S S L  code  chooses  
a s e q u e n c e  of  t i m e  s t eps  (ac tual ly  x - c o o r d i n a t e  s teps)  
s u c h  t h a t  the  local  t r u n c a t i o n  e r ror  in  t he  m a r c h i n g  direc-  
t ion  is con t ro l l ed  to w i t h i n  a p respec i f i ed  e r ro r  to le rance .  
The  genera l  a p p r o a c h  in u s i n g  D A S S L  is to wr i t e  a res id-  
ual  f u n c t i o n  g(t, y, y') at e ach  m e s h  point ,  w h i c h  is zero 
w h e n  t he  e q u a t i o n s  are satisfied.  D A S S L  i te ra tes  on  t he  
so lu t ion  at  each  t i m e  s tep  un t i l  t h e  a p p r o x i m a t e  so lu t ion  
y a n d  y '  are suff ic ient ly  accu ra t e  a n d  so g is zero. 

We m a k e  the  d i s t i n c t i o n  he re  b e t w e e n  s t a n d a r d  fo rm 
o rd ina ry  d i f fe ren t ia l  e q u a t i o n s  (ODE's)  w h i c h  are  wr i t t en  
as y' = f(t,  y), a n d  DAE's ,  w h i c h  are w r i t t e n  in t he  m o r e  
gene ra l  f o rm  g(t, y, y') = O. For  our  pu rpose ,  s y s t e m s  of 
D A E ' s  are  d i s t i n g u i s h e d  f r o m  o rd ina ry  s y s t e m s  of  para-  
bol ic  e q u a t i o n s  by  (i) an  inab i l i ty  to i so la te  one  t ime- l ike  
de r iva t ive  pe r  e q u a t i o n  ( the  x de r iva t ives  in  t he  b o u n d a r y  
layer  p rob lem) ,  and /o r  (ii) c o u p l e d  e q u a t i o n s  w h i c h  h a v e  
no  t ime- l ike  der iva t ives .  The  f o r m e r  s i t ua t ion  occurs  in 
ou r  e q u a t i o n s  w h e n  b o t h  Ou/Ox a n d  OpDx a p p e a r  in  t he  
m o m e n t u m  equa t ion .  The  l a t t e r  s i tua t ion  occu r s  in  t he  
e q u a t i o n s  def in ing  t he  spa t ia l  coo rd ina t e  y in  t e r m s  of  
t he  s t r e a m  f u n c t i o n  via  Eq. [7], a n d  in spec i fy ing  a uni-  
fo rm p r e s s u r e  across  t he  channe l .  The  b o u n d a r y  condi-  
t ions  in  t he  y - coo rd ina t e  are also r e g a r d e d  as a lgebra ic  
equa t ions .  

A p p r o x i m a t i o n  of  the  spa t i a l  de r iva t ives  is accom-  
p l i shed  by  finite d i f f e rence  r e p r e s e n t a t i o n s  on  a f ixed 
gr id  in t he  s t r e a m  func t ion .  In  t he  m o m e n t u m ,  species ,  
a n d  e n e r g y  equa t ions ,  we a p p r o x i m a t e  t h e  s e c o n d  der iva-  
t ives  w i th  c o n v e n t i o n a l  c en t r a l  d i f f e rence  f o r m u l a s  as  

w h e r e  t h e  s u b s c r i p t  j d e n o t e s  t he  j t h  gr id  point .  We ap- 
p r o x i m a t e  t he  first der iva t ives ,  as n e e d e d  in  Eq. [3], b y  
cen t r a l  d i f f e rences  as 

a T  Tj+, - T~_I 
- -  ~ [ 1 7 ]  

We eva lua te  t e r m s  w i t h  no  der iva t ives ,  s u c h  as t he  chemi -  
cal p r o d u c t i o n  ra te  in  Eq. [2], u s i n g  t he  c o n d i t i o n s  ex- 
i s t ing  at  ~.  L ikewise ,  t he  coeff ic ients  of der iva t ives ,  s u c h  
as pu in  Eq. [1], are also e v a l u a t e d  at  ~j. 
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Integral conditions such as Eq. [6] (or, equivalently, 
first-order ODE's) are differenced according to the trape- 
zoidal rule as 

yj~+~ - yj_~+~ 2 
(~ + 1) [18] 

It is important to represent the integral equations as first- 
order differential equations and include the variables 
such as y~+~ in the dependent  variable vector. The reason 
for this choice is associated with the structure of the Jaco- 
bian matrix which is needed ultimately to solve the prob- 
lem. When Eq. [18] is used, the number of dependent  vari- 
ables increases, but the Jacobian remains banded (a very 
desirable feature). On the other hand, i fy  ~+~ is considered 
as a coefficient in the transport equations as defined by 
the integral Eq. [6], then the Jacobian loses its banded 
property and the required computer storage increases 
enormously. 

Boundary conditions.--We treat the boundary mesh 
points the same way logically as we do the interior points. 
That is, we consider each dependent  variable as an un- 
known on the boundaries and solve a system of equations 
to determine its value. Since the boundary equations usu- 
ally do not involve marching derivatives, using such a 
formalism requires that the full system be solved as a sys- 
tem of DAE's. The procedure may appear inefficient 
when the boundary values are known exactly and there- 
fore need not be considered as variables. However, its ad- 
vantage is that all boundary conditions, regardless of 
complications (e.g., surface reactions involving many spe- 
cies), are treated in the same manner logically. Thus the 
boundary conditions of a problem can change without 
changing the logical structure of the dependent  variable 
vector and the Jacobian. Changing from one set of bound- 
ary conditions to a completely different set requires very 
little programming effort. Moreover, with this formalism, 
boundary conditions on one equation may be functions of 
variables which would nominally be associated with an- 
other equation. For example, a surface reaction boundary 
condition typically involves several species concentra- 
tions and temperature. 

As a final note on the numerical method, we discuss 
application of the uniform pressure condition. Since it is 
uniform, we could consider the pressure as a single com- 
ponent in the dependent  variable vector. However, since 
the pressure appears in each equation at each mesh point 
(either directly as ap/ax or indirectly in transport property 

evaluations), using only one variable is undesirable be-  
cause so doing destroys the block tridiagonal Jacobian 
structure. We therefore consider the pressure to be an un- 
known at each mesh point, and solve an equation that 
forces the pressure at adjacent mesh points to be equal, 
i.e., dp/d@ = O. Although we increase the number  of de- 
pendent variables, we retain the desired Jacobian struc- 
ture. The finite difference equation at the mesh points 
states simply that pressure at adjacent nodes is equal 

pj - p~+, = 0 [19] 

The boundary condition applied to Eq. [19] is that y at the 
outer channel wall is equal to the physical coordinate at 
the wall. In other words, there is no explicit boundary 
condition on pressure per se, but the needed boundary 
condition on y is used implicitly. Note that unlike Eq. 
[18], which involves nodes j and j - 1, Eq. [19] involves 
nodes j and j + 1. This indexing is needed to maintain the 
block tridiagonal Jacobian structure. We evaluate Eq. [18] 
at the inner boundary and Eq. [19] at the outer boundary; 
therefore they are both part of the boundary condition 
specification at their respective boundaries. 

Predictions of Model 
The computer  model predicts a large number of experi- 

mentally observable quantities in the CVD ceil; these are 
discussed individually below. These predictions fall into 
three broad categories: gas-flow properties, chemical 
species concentration fields, and deposition rates. Calcu- 
lated fluid flow quantities include temperature fields, 
flow streamlines, and velocity fields; these are plotted in 
Fig. I .  

Two dimensional temperature contours predicted by 
the model are given in Fig. la for a typical run. The in- 
coming gas temperature, at the left of Fig. la, is taken as 
300 K. The gas is heated from contact with the hot lower 
surface, causing temperature gradients above the suscep- 
tor. Temperature profiles predicted depend on susceptor 
temperature, flow rate, and carrier gas. As an example, in 
Fig. 2 we compare temperature profiles under different 
flow conditions at a fixed susceptor temperature and 
distance along the susceptor. 

Temperature profiles in Fig. 2 for He and H~ are almost 
identical because their transport properties are very simi- 
lar. However, gas-phase chemistry rates and deposition 
rates are dramatically different in these two carrier gases. 
The effect of flow velocity on temperature profiles is il- 
lustrated in Fig. 2. Increasing the He flow rate by a factor 
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of two creates a sharper temperature gradient; the gas has 
shorter residence time in the heated region, and therefore 
higher temperatures cannot extend as far into the gas. 
Temperature profiles in N2 carrier are much steeper than 
in He because nitrogen has a much smaller thermal con- 
ductivity. Although N~ and He are both inert CVD carrier 
gases, they are not completely interchangeable. The dis- 
similar temperature profiles will make the extent of gas- 
phase reactions much different. 

Flow streamlines predicted by the model are plotted in 
Fig. lb. The streamlines are forced away from the suscep- 
tar at its leading edge. The physical explanation for this 
phenomena is simple. When the gas enters the heated re- 
gion it expands. Because, by definition, the volume flow 
rate between two streamlines is constant, the y position of 
the lower streamline must  increase. Most of the expan- 
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sion of the gas takes place at the leading edge of the sus- 
ceptor, so the streamlines remain relatively horizontal 
doWnstream. Figure lc shows velocity contours for a typi- 
cal calculation. We assume the velocity profile at the inlet 
to be fully developed, i.e., parabolic. The velocity profile 
remains roughly parabolic further downstream, but the 
maximum velocity increases due to expansion of the gas. 

Chemical species concentrations result from gas-phase 
chemical reactions in the fluid-flow field. Because the 
reactions are very temperature sensitive, they exhibit a 
2-D spatial variation with the gas-phase temperature. The 
resulting concentration profiles are thus a sensitive func- 
tion of susceptor temperature, flow velocity, and carrier 
gas. Thermal decomposition of silane is rapid in the gas 
phase close to the hot susceptor. The model predicts the 
Sill4 concentration profiles as a function of distance along 
the suceptor, as illustrated in Fig. 3. At the inlet there is a 
uniform concentration of room temperature Sill4 above 
the susceptor. Downstream, chemical reactions, primarily 
reaction R1, deplete silane in the gas phase. The depletion 
is greater and the concentration profile is broader as dis- 
tance downstream increases. 

Figure 4 depicts the sensitivity of predicted silane par- 
tial pressure profiles to carrier gas and flow rate. The 
silane profile in the nitrogen carrier is steeper than in he- 
lium, due to the  different temperature profile, as dis- 
cussed above, which results in different decomposition 
rates. Because the gas-phase temperature is higher in He 
than in N2 at a given height above the susceptor, more 
silane decomposition occurs in He and the si]ane partial 
pressure is reduced. 

Hydrogen is a product of the Sill4 decomposition reac- 
tion. Thus, an excess of H2 used as a carrier gas tends to 
equilibrate the decomposition, resulting in less SiH~ de- 
composition. This suppression is reflected in the silane 
profile in Ha carrier gas plotted in Fig. 4. At a given tem- 
perature, there is much less decomposition of Sill4 in H2 
than in He. As a result, there is less silane depletion in H~, 
and the deposition rate (discussed in the next section) is 
much less than in He. 

Gas velocity has an important effect on the gas-phase 
concentration profiles. As gas velocity is increased, the 
residence time of silane in the heated region is reduced. 
Therefore, when gas-phase kinetics are slow (at low tem- 
peratures), the Sill4 does not react as extensively, and 
there is less depletion in the silane partial pressure 
profile. Figure 4 shows this result when the gas velocity 
is doubled in He carrier gas. 

Because H~ is a product of the silane decomposition, 
the H2 concentration profiles are closely related to those 
of Sill4. Figure 5 is a plot of hydrogen concentration 
profiles for a calculation in He carrier. The H2 concentra- 
tion increases with distance along the susceptor and is at 
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Fig. 3. Silane mass fraction pro- 
files as a function of height above 
the susceptor and distance along 
the susceptor for a typical calcu- 
lation. Input conditions: susceptor 
temperature = 1000 K, average 
gas velocity = 12 cm/s, 1.74 torr 
Sill4 in 620 torr He. 
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maximum near the surface, where si]ane decomposition 
is most rapid. 

We computed concentration profiles for all chemical 
species in the reaction scheme (Table I). AS an example of 

the behavior of a typical intermediate species, we plotted 
profiles of Si~H~ in Fig. 6. The SieH~ profile increases 
with distance along the susceptor as more chemical reac- 
tions take place. However, the SigH2 concentration drops 
to zero at the surface, due to the boundary condition de- 
scribing deposition (Eq. [9]). Since it has a large gradient 
at the surface, Si2H2 makes a large contribution to the 
deposition rate in He carrier gas, as we discuss in the next 
section. 

We observed that a reaction zone begins at the leading 
edge of the susceptor, and it moves outward and down- 
stream as the silane is depleted and heat diffuses out. In 
this zone chemical production and depletion takes place; 
outside the zone only transport processes are active. We 
also observe that the secondary reactions are all equili- 
brated in the reaction zone. In high temperature cases, 
even the initiation step equilibrates in the reaction zone. 
The position of the reaction zone is determined both by 
heat transfer away from the heated susceptor and mass 
transfer processes in the gas phase. The process is quite 
analogous to what occurs in a diffusion flame [see for ex- 
ample, Miller and Kee (26)]. 

We picture the process as one in which a reaction zone 
moves away from the susceptor, eating into the unreacted 
silane. There is a diffusive flux of silane into the reaction 
zone from the cold region, and there is little diffusive 

Fig. 5. Hydrogen mass fraction 
profiles as a function of height 
above the susceptor and distance 
along the susceptor. Input condi- 
tions are the same as in Fig. 3. 
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flux of silane out of the reaction zone to the susceptor. In 
high temperature cases, nearly all the silane is depleted in 
the reaction zone, while in low temperature cases, the 
silane is not all depleted in the reaction zone because the 
initiation step is slower. The intermediate species that are 
chemically produced in the reaction zone diffuse in both 
directions. The species that diffuse to the susceptor ulti- 
mately react on the surface and deposit silicon. The spe- 
cies thai diffuse into the cold region remain essentially 
frozen or unreacted (far from equilibrium) until the reac- 
tion zone ultimately reaches them, and reaction occurs. 

Within the reaction zone we find a state of "constrained 
equil ibrium" (22). That is, all reactions, except  the initia- 
tion step, a r e  sufficiently fast that they are essentially in 
chemical  equilibrium. The species production and deple- 
tion rates are controlled by diffusive transport and ther- 
modynamic  considerations, rather than individual reac- 
tion rates. Therefore, we find that the deposition rates 
and the species profiles are insensitive to the specific 
rate constants used (except the initiation step). This is for- 
tunate, since there are few measurements  of elementary 
rate constants for the reaction of the silicon intermediate 
species. However, in many cases the thermodynamic 
properties that are needed to compute equilibrium con- 
stants have been measured, and the others can be esti- 
mated from ab initio electronic structure computations 
(12). 

D e p o s i t i o n  Rate  Pred ic t ions  
A common feature of many CVD systems is that the ap- 

parent activation energy for deposition rates at high tem- 
peratures is much smaller than at low temperatures. At 
high temperatures the CVD reactions are very fast. In this 
case, the deposition rate is l imited by the rate at which re- 
active species can diffuse to the surface, and is not sensi- 
tive to temperature. There have been many models for sil- 
icon CVD in the high temperature regime (27-46). Usually 
these models assume that silane does not react in the gas 
phase, but instead reacts instantaneously at the hot sur- 
face. Thus, the Sill4 concentration at the surface is set to 
zero as a boundary condition. In many high temperature 
models, parameters, such as boundary-layer thickness 
and diffusion constants, are adjusted so that predicted 
deposition rates match experimental  data. 

At low ~emperatures, the apparent activation energy for 
deposition is much  larger than at high temperatures. Be- 
cause reactions at low temperature are relatively slow, 
these lower deposition rates have previously been attrib- 
uted to the kinetics of surface reactions (47-55). 

Figure 7 presents a comparison between experimental  
and theoretical deposition rates as a function of distance 
along a 1323 K susceptor in H~ carrier gas. The log of the 
deposition rate vs. distance, from Eversteyn et al. (29), 
was found to be linear, and is represented in Fig. 7 as the 
solid line. Results of our numerical  model are plotted as 
the square symbols. The agreement between theory and 
exper iment  is excellent without adjusting parameters. 

At 1323 K, gas-phase decomposi t ion of silane is very 
fast, and the deposition rate is l imited by the rate of diffu- 
sion of silicon containing species to the surface. The cal- 
culation in Fig. 7 indicates that for these experimental  
conditions, the radical Sill2 is primarily responsible for 
the deposition. 

It is useful to compare our model  with ones that make 
the assumptions typically employed in modeling high 
temperature silicon CVD. These assumptions are that 
gas-phase decomposit ion of the Sill4 does not occur and 
that Sill4 reacts instantaneously at the surface, i.e., its 
concentration is zero there. The results plotted in Fig. 7 as 
triangles are obtained when our numerical model is used 
to solve the fluid flow equations with gas-phase chemis- 
try suppressed and the concentration of silane set to zero 
at the surface, to mimic the previous models. Agreement  
is very close between the two models, although the me- 
chanisms are dramatically different. This apparent incon- 
sistency is readily explained. The Sill4 reacts very rapidly 
in the gas phase close to the susceptor, creating a steep 
concentration gradient. This silane concentration gradi- 
ent is nearly equal to that in the second calculation, in 
which the Sill4 concentration was set to zero at the sur- 
face. In addition, the Sill2 formed near the surface via re- 
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Fig. 7. Comparison of theoretical and experimental deposition rates 
as a function of distance along the susceptor. Experimental data from 
Eversteyn et al. (29) is well described by the solid line. Points are 
from model calculations with the following input-conditions: susceptor 
temperature = 1323 K, overage gas velocity = 17,5 cm/s, 0.76 torr 
Sill4 in 1 atm of H~, cell height = 2 cm. Squares are results of the full 
model. Triangles are results when gas-phase chemistry is omitted and 
the Sill4 concentration on the surface is set to zero. Diamonds are re- 
sults when gas-phase chemistry is omitted and the Sill4 surface con- 
centration is obtained from Eq. [I  1]. 

action R1 diffuses rapidly toward the surface with a diffu- 
sion constant close to that of silane. Thus, the rate of dif- 
fusion of silicon containing species toward the surface is 
almost identical in the two calculations. 

The assumption that silane reacts with unit probability 
upon collision with the surface is in variance with experi- 
mental results (15, 56-61). Deposition rates calculated 
when gas-phase chemistry is again suppressed and the 
surface-reaction probability from Eq. [11] is used as the 
silane boundary condition are plotted in Fig. 7 as dia- 
monds. This calculation indicates that the measured 
silane reaction efficiency at the surface is not sufficient 
to explain the deposition rates of Eversteyn et al. (29), and 
that gas-phase reactions must be included. 

Deposition rates predicted by our model  as a function 
of temperature,  carrier gas, and total pressure are plotted 
in Fig. 8. The range of conditions covered in Fig. 8 repre- 
sents a rigorous test of the model. Experimental  deposi- 
tion rates for a simple cell geometry that can be described 
well by our two-dimensional model were available only 
for the case of H2 carrier gas. The data of van den Brekel 
(62) are plotted in Fig. 8 as solid triangles. Agreement  be- 
tween experimental  and theoretical deposition rates is ex- 
cellent over the temperature range 700~176 The 
model  quantitatively predicts the deposition rates, as well 
as the transition between the high temperature behavior 
(weak temperature dependence) and low temperature be- 
havior (much higher apparent activation energy). The cor- 
rect prediction of the low temperature rate is significant 
because our model includes only the simple surface reac- 
tion mechanism described by the boundary conditions, 
Eq. [9] through [14]. In our model, at low temperatures the 
apparent activation energy for deposition is principally 
due to the temperature dependence of the gas-phase reac- 
tions in Table I. 

The remaining theoretical predictions in Fig. 8 are in 
qualiti t ive agreement with experimental  deposition rate 
behavior (49, 63, 64). The model  predicts two distinct tem- 
perature regions, where the apparent activation energies 
are significantly different. At 1 aim total pressure 
(APCVD) the low temperature deposition rate in He car- 
rier gas is much higher than in H2, while at high tempera- 
tures they are almost equal. The activation energy is 
nearly equal in He and H2 for low temperature APCVD. 
The knee in the APCVD plot occurs at a temperature 200 
degrees higher in H2 than in He carrier. For the case of 6 
torr total pressure (LPCVD) the deposition rate is much 
greater than for APCVD, and there is very little depend- 
ence of deposition rate on carrier gas. The knee in the He 
curve is shifted to higher temperature as the total pres- 
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Fig. 8. Deposition rates predicted by the model (open symbols) as a 
function of temperature, total pressure, and carrier gas. Input condi- 
tions for all calculations: average gas velocity = 60 cm/s, 0.76 torr 
Sill4 in either 760 torr of Carrier gas (APCVD) or 7.6 torr of carrier gas 
(LPCVD), cell height = 1.25 cm. Deposition rates for APCVD and 
LPCVD are calculated 15 cm and 1 cm from the leading edge af the 
susceptor, respectively. Experimental data of van den Brekel (62) is 
given by the solid triangles. The solid curves have been drawn to dis- 
tinguish between sets of calculated results. 

sure is reduced with the silane partial pressure held 
fixed. 

Many of the reaction rate constants in Table I were esti- 
mated. However, all of the calculations represented by 

Fig. 1-8 were performed with the same set ~ of rate con- 
stants, diffusion coefficients, etc. There has been no ad- 
jus tment  of parameters in the model to obtain agreement 
with experimental  CVD data. 

The chemical species that contributes most to the depo- 
sition pr_ocess changes with experimental  conditions. Fig- 
ure 9a gives the percent contribution to the deposition 
rate of the various silicon containing chemical species in 
H2 carrier gas, over the temperature range 600~176 At 
low temperatures, the silane surface decomposit ion reac- 
tion described by the boundary conditions in Eq. [11] 
through [13] contributes most to deposition. Below about 
700~ gas-phase reactions are very slow in H2 carrier gas. 
Presence of the excess of H~ inhibits the rate of decompo- 
sition by shifting the equilibrium toward the reactants. At 
higher temperatures, Sill2 becomes the most important 
species contributing to deposition. SiH~ is the product of 
the first step in the decomposition mechanism of silane. 
It is assumed to react at the surface with unit probability 
to form solid silicon and liberate Hs gas. 

Figure 9b is a similar plot for He carrier gas. Gas-phase 
chemistry is much faster in He than in H2 and so, even at 
600~ the surface decomposition of Sill4 is not nearly as 
important as in H2 carrier. At temperatures below about 
1000~ SisHs is the species that contributes most to the 
deposition rate. SisHs is formed primarily because of the 
series of reactions R1,-R4,-R14. Each of these reactions is 
suppressed in an excess of Hs, which is why Si2H2 is 
unimportant  in Fig. 9a. At higher temperatures, Si2 and 
Sis make the largest contribution to the deposition rate. 
These chemical species are formed in the reaction se- 
quence RI,-R4,-R14,-R17,-R20, and -R13. This reaction se- 
quence is also suppressed in H~. 

Large concentrations of Sis and Si3 are predicted in the 
gas phase, close to the susceptor. The model  predicts 0.01 
torr partial pressure of Si2 above the susceptor at 1000~ 
in He carrier gas for the conditions described in Fig. 8. On 
the basis of these model  predictions, Ho and Breiland (65) 
recently have used laser-excited fluorescence to detect 
Si2 above the susceptor in a CVD reactor. This observation 
of Si2 is a dramatic confirmation that the gas phase is far 
from thermodynamic equilibrium [in which Si2 concen- 
tration would be roughly 2 x 10 -18 ton-, for the conditions 
of their experiment  (65)]. The presence of Sis is predicted 
to turn on very rapidly with temperature, and to be sup- 
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pressed by about 5 orders of magnitude in an atmosphere 
of H~ carrier. The behavior of the Six and Si3 concentra- 
tions closely mimic experimental  observations of gas- 
phase nucleation of particulates in a CVD reactor. Partic- 
ulates are observed to form very rapidly above a 
threshold~temperature and are suppressed in H2 carrier. It 
is possible that the reaction pathway leading to Si2 and Si3 
is the precursor to the formation of these nucleation 
particles. 

Summary 
We have presented results of a detailed mathematical 

model of the coupled hydrodynamics and gas-phase 
chemical kinetics in the CVD of silicon from silane. The 
model has been used to predict gas-phase temperature, 
velocity, and chemical species concentration fields. The 
model also predicts deposition rates as a function of ex- 
perimental variables, such as susceptor temperature, car- 
rier gas, pressure, and flow velocity. Predicted deposi- 
tion rates were in excellent agreement with experimental 
data in Fig. 7 and 8, without use of adjustable parameters. 

The model indicates that at high temperatures silane 
decomposes very rapidly in the gas phase. Radicals 
formed from this decomposition diffuse to the surface 
and are primarily responsible for the deposition. The low 
temperature deposition rate was also described well by 
our gas-phase kinetics model. The success of the model at 
low temperature is significant, because the temperature 
dependence of the deposition rate there has previously 
been attributed to the rate of reactions on the surface. 

These results indicate that the gas phase is very impor- 
tant in silicon CVD. The role of the gas phase merits 
much more attention than it has previously been given. 
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SiOx, The Silicon-Oxygen System 
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ABSTRACT 

Reactive sputter deposition of refractory oxides, under conditions in which the reaction between the sputtered species 
and the oxygen is isolated to the deposition surface, has been experimentally investigated, and results have been obtained 
for the formation of SiO~ (0 < x < 2). It is shown that the dependence of the deposited film stoichiometry on oxygen pressure 
and the incidence rate of silicon can be correlated with reported results of oxygen adsorption onto single-crystal silicon 
surfaces and amorphous silicon surfaces. This correlation is made in terms of oxygen exposure and, in our work, a dynamic 
exposure (LD) is defined for steady-state synthesis conditions by placing the origin of a moving reference frame at the depo- 
sition surface. This correlation shows that the sticking coefficient of oxygen onto room temperature substrates is indepen- 
dent of oxygen coverage (i.e., surface stoichiometry) for coverages less than 0.8. This requires that a mobile precursor ad- 
sorption process be operative for oxygen in our experiments.  The deduced pressure-independent oxygen sticking 
coefficient is 1.5 to 4.1 x 10 -8. 

Sputter deposition of refractory compound films of 
high quality from compound targets is difficult because 
of the low mechanical integrity of such targets, their low 
thermal conductivities, inherently low deposition rates, 
poor stoichiometry control, and the often substantial con- 
tamination incurred during ,the sputter target preparation 
(1-5). These difficulties may be diminished by reactive 
sputtering in which the target, consisting of the metal 
component,  is sputtered using a gas mixture consisting of 
an inert'~gas (typically argon) and a reactive component, 
one element of which is active in the formation of the de- 
sired compound (1, 2, 6-11). Despite present drawbacks, 
associated with the difficulty of closely controlling film 
stoichiometry, reactive sputtering often yields much 
higher quality films at deposition rates somewhat higher 
than those attained using compound targets. 

The purpose of the work presented in this paper was to 
develop the reactive sputtering synthesis process so that 
continuous layers of controllable structure and composi- 
tion could be formed in a reproducible and routine man- 
ner. In this paper we report the results of our studies on 
the reactive deposition of the oxides of silicon (SiO~). 
Films of SiO~ (0 ~< x ~< 2) were synthesized at high rates 
onto substrates held at room temperature. A systematic 
investigation of the structure-composition-synthesis pro- 
cess variables was conducted for this system, and it was 
clearly demonstrated that films of controllable stoichi- 
ometry, varying over the range  SiO0.1 to SiO~, can be 
reproducibly synthesized at rates (>5 A/s) equal to or 
greater than those typically encountered in industry. In 
addition, the substrate temperature during synthesis was 
held close to the ambient condition (% ~ 65~ The low 
temperature nature of this process is a unique feature of 
high industrial potential, as it provides a method for 
forming SiOx passivating films that does not include 
t ime-temperature cycling which could degrade existing 
device structures. 

Experimental Approach and Procedures 
The experimental  approach was to design experiments 

so that reaction between the sputtered species (St in this 
case) and the reactive gas (02) was forced to occur at the 
deposition surface. It was believed that under such condi- 
tions, high deposition rates plus control of structure and 
stoichiometry would be attainable through control of the 
relative rates of incidence of the two reactive components 

Key words: sputtering, refractories, deposition. 

onto this surface. Additionally, if such control were possi- 
ble, it would facilitate both modeling of the reactive sput- 
tering process and experimental  reproducibility in both a 
given laboratory and between laboratories. 

The experimental  arrangement (type II) used was de- 
signed to isolate the sputter-source plate from the oxygen 
gas, maintaining it in an inert argon gas atmosphere while 
introducing an oxygen pressure at the substrate. Two ap- 
proaches were taken here. In the first (type IIA), argon 
and oxygen were brought into the chamber separately, 
with the oxygen inlet surrounding the substrate and the 
argon introduced as under normal sputtering conditions. 
In these experiments, the oxygen, though localized at the 
substrate, was nonuniformly distributed. Also, although 
higher oxygen concentrations were attainable, source 
contamination by oxygen still limited the experimental  
range. A series of experiments was performed using this 
apparatus, in which the rate of incidence of silicon was 
held constant and the oxygen pressure at the substrate 
varied. In this work, the source to substrate distance was 
11.5 cm and (100) single-crystal silicon wafers were used 
as substrates. The silicon incidence ra te  was 2.9 A/s (1.45 
x 1015 Si atoms/cm2s). Oxygen incidence rates were varied 
from 0 to 8 x 1017 OJcm2s (0 ~< Po~ ~< 1.6 mtorr). 

A second-generation apparatus (type IIB) was designed 
so that the range of oxygen pressures could be extended 
and the distribution of oxygen at the deposition surface 
would be uniform. Two gas ring sources, one for argon 
and the other for oxygen, were fabricated with the gas in- 
lets in each ring consisting of slits 0.002 in. wide on the in- 
ner diameter of two-piece annular structures. For oxygen, 
the sample was mounted in the ring with the oxygen di- 
rected down onto the substrate. For argon, the ring was 
mounted near the sputter source with the argon stream 
directed at the sputter-source target. This arrangement is 
schematically shown in Fig. 1. Improved film uniformity 
both in thickness and composition was attained with this 
apparatus. Additionally, oxygen pressures approximately 
twice those accessible without the argon isolation ring 
were usable without oxidation of the silicon source plate 
in the magnetron sputter_ head. For these experiments,  sil- 
icon incidence rates were 3.4, 5.9, and 8.2/~Ys or 1.72 x 101~ 
Si/cm~s, 2.9 x 1015 Si/cm2s and 4.1 x 10 is Si/cm~s, respec- 
tively. The general oxygen pressure varied from 0 to 0.6 
mtorr (0.08 Pa) in the system. This is considerably lower 
than the oxygen pressure at the substrate, which was not 
locally measured in these experiments.  



Vol. 131, No.  2 S Y N T H E S I S  O F  R E F R A C T O R Y  O X I D E S  435 

Fig. 1. Experimental apparatus used in type IIA experiments. The 
center of the sputter source, argon ring, oxygen ring, and substrate 
were vertically aligned. Deposition was initiated by shutter motion 
after the flow of argon and oxygen was established. 

In summary, experimental  apparatus allowing reactive 
sputter deposition, in which the chemical reaction occurs 
at the deposition surface, has been developed. In the fol- 
lowing, experimental  results for SiOx films synthesized 
in this manner will be presented. Specific emphasis will 
be placed on the stoichiometry control and uniformity. 

E x p e r i m e n t a l  Resul ts  
Type IIA experiments were performed with substrates 

11.5 cm away from a 5 cm diam planar magnetron sputter- 
deposition source. Oxygen was introduced at the sub- 
strafe; argon was generally introduced into the vacuum 
chamber. Argon pressure was held constant at 2.1 mtorr, 
and the total system oxygen pressure varied from 0 to 1.5 
mtorr by flow rate control. The silicon source was RF ex- 
cited with a resulting deposition of 2.9 A/s at the substrate 
onto single-crystal (100)-orientation silicon substrates. 
Analysis of the film thickness and refractive index by 
ellipsometry indicated that the oxygen distribution at the 
substrate was nonuniform. Additionally, oxygen contami- 
nation of the sputter source was observed at oxygen pres- 
sures greater than 1.5 mtorr. 

A second experimental  arrangement, type IIB (Fig. 1), 
was constructed, and experiments similar to those per- 
formed above were carried out. A 7.5 cm diam planar 
magnetron source, a 12 cm source-to-substrate spacing, 
oxygen pressures from 0 to 0.6 mtorr total system pres- 
sure, and silicon deposition rates of 3.4, 5.8, and 8.2 A/s 
were used. The lower range of oxygen pressures neces- 
sary here indicates that the partial pressure of oxygen  at 
the deposition surface was at least a factor of 4 to 5 larger 
than the increase in total system pressure resulting from 
the introduction of oxygen. 

In the following, a systematic presentation of the re- 
sults obtained with configuration type IIA will be made 
and then compared to those obtained using configura- 
tion type IIB on the basis of the relative rates of incidence 
of oxygen and silicon. The uniformity of the deposit at- 
tained using configuration type IIB will also be demon- 
strated. 

Steady-state synthesis was established by use of a con- 
stant flow rate of 02 into the deposition chamber  at the 
substrate surface and a constant rate of incidence of sili- 
con atoms onto the deposition surface. SiOx formation 
was initiated by opening a shutter which isolated the sub- 
strate from the silicon sputter source so that both Si and 
02 (at the constant) flux were incident on the substrate 
and the film was of uniform stoichiometry throughout its 
thickness. A series of synthesis experiments  was per- 
formed with constant Si deposition rate, deposition time, 
source-to-substrate distance, and argon pressure, while 
the oxygen pressure was varied from 0 to 1.5 mtorr. Film 
thickness and relative index were determined using 
ellipsometric techniques (~ = 6328A; angle of incidence = 
70~ Film thickness was also measured using mechanical  
stylus techniques at steps introduced by masking. 

The composition of these films was deduced from the 
refractive index data correlation with results reported for 
SIPOS material (12) and by electron microprobe analysis 
of four of our samples. The-refractive index has been c o r -  

related with oxygen concentration in both SIPOS films 
and our films, as shown in Fig. 2. Oxygen contents were 
measured using electron microprobe analysis techniques 
in both cases. 

The thickness of our type IIA-deposited SiOj films, as 
determined using mechanical stylus techniques and 
ellipsometry, are presented in Fig. 3 as a function of oxy- 
gen pressure during synthesis. The data points represent 
the average thickness observed at different step posi- 
tions; the vertical bar provides the range of thickness ob- 
served for a given sample. This  wide variation results 
from drift in the oxygen pressure during a given experi- 
ment as well as a nonuniform oxygen distribution at the 
substrate. Since the oxygen incidence rates on the sub- 
strate increase linearly with pressure, a linear dependence 
of tf with Pc2 is expected if a constant fraction of incident 
oxygen atoms results in the formation of SiC2 clusters 
with the specific volume of SIC2. Departures from the ex- 
pected linearity could be related to two primary sources; 
(i) oxygen contamination of the target which reduces the 
Si incidence rate, and (it) the incorporated oxygen does 
not all form SiO~ clusters with the expected equilibrium 
specific volume, but rather takes forms with different 
sPecific volumes. At the highest oxygen pressures, the 
measured thicknesses are smaller than predicted, a result 
we interpret as being caused by sputter-source contami- 
nation with oxygen. 

The optical transmission of the films deposited on the 
masks was indicative of the oxidation state of the films. 
It is exPected that the transmission will increase as the 
oxygen content increases. Even with the increasing film 
thickness observed with increasing oxygen pressure, the 
transparency inc reases  in a nearly monotonic fashion 
with increased oxygen pressure during synthesis. At the 
highest oxygen pressures the deposits are transparent, as 
expected for SIC2. 

The refractive index for these films was also observed 
to systematically vary with oxygen pressure from that ex- 
p_ected for silicon (nf ~ 3.6 [amorphous] to 3.8 
[crystalline]) to that observed for amorphous SiC2 (nf 
1.45). The nf values were measured on films deposited 
onto (100) Si substrates using standard ellipsometric tech- 
niques (~ = 6238A; angle of incidence = 70~ These results 
are plotted as a function of oxygen pressure during syn- 
thesis in Fig. 4. The extent of the blocks surrounding 
each data point represents the effect of the variation of 
Pc2 during synthesis as well as the nonuniform distribu- 
tion of oxygen at the substrate. Oxygen concentration in 
our films determined using the refractive index-composi- 
tion relation (Fig. 2) are plotted vs. Pc2 during synthesis in 
Fig. 5. Examination of the samples indicated that 
nonuniform flow of the oxygen, and therefore, 
nonuniform oxygen pressure, at the substrate was the pri- 
mary cause of the variations in composition and film 
thickness. 
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Fig. 2. Refractive index, as determined by ellipsometry, correlated 
with oxygen concentration as determined by electron microprobe anal- 
ysis for four SiO~ films formed by reactive sputtering and CVD- 
synthesized SIPOS films reported in the literature. 
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Fig. 3. SiO~ film thicknesses for type IIA experiments as deter- 
mined by ellipsometry and mechanical stylus techniques (Rsi = 29 
A/s) as a function of oxygen pressure. 
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Fig. 4. Refractive index (nf) as determined by ellipsometry for the 

films of Fig. 3 (type IIA) as a function of oxygen pressure. 

The sys tem was modif ied  (type IIB) as already de- 
scr ibed  (Fig. 1), and a series of depositior~s made  us ing  sil- 
icon depos i t ion  rates of 3.4, 5.4, and 8.2 A/s wi th  total  sys- 
t em o x y g e n  pressures  of  0 to 0.6 mtorr .  Note  that  these  
oxygen  pressures  are app rox ima te ly  a factor of  4 to 5 
smal ler  than  those  used  in the  type  I IA exper iments .  This 
d i f ference is be l ieved  to be due  to an increased  oxygen  
part ial  pressure  at the  depos i t ion  surface resul t ing f rom 
the  more  effect ive a r r angemen t  for in t roduc t ion  of oxy- 
gen at the  substrate  fixture. 

The  increased h o m o g e n e i t y  of  the  films fo rmed  us ing 
the  type  I IB sys tem is shown in Fig. 6, whe re  refract ive 
index  and film th ickness  are plot ted  as a funct ion  of ra- 
dial d is tance  f rom the  subs t ra te  edge to the  wafer  center. 
The  substra tes  used  were  7.5 cm diam (100) si l icon wa- 
fers, cen te red  benea th  the  depos i t ion-source  center  in the  
oxygen  ring. The  decrease  in refract ive  index  f rom the  
center  of  the  substrate  to the  edge  is very  slight, indicat- 
ing near ly  cons tan t  s toichiometry.  Near  the  edge,  the  re- 
f ract ive index  drops rapidly because  of  a sl ight over- 
p ressure  of oxygen  in that  reg ion  and shadowing  of  the  
inc ident  si l icon by masking.  The  film th ickness  varies by 
app rox ima te ly  16% over  a d is tance  of  3.0 cm. This is 
s l ightly larger  than the  expec t ed  var ia t ion of  approxi-  
mate ly  12%. The var ia t ion is a result  of  the  depos i t ion  
profi le of  the  sput ter  source. It  is ind ica t ive  of  a composi -  
t ion var ia t ion over  3.0 cm of approx imate ly  1 a tom per- 
cent  (a/o). The  compos i t iona l  un i formi ty  o f  this sample  is 
so demons t ra ted .  

It  is useful  to compare  the  results  of  these  type  I IB syn- 
thesis  runs  wi th  the type  I IA results.  This is done  in Fig. 
7, where  oxygen  concen t ra t ion  in the  films, as deter- 
m i n e d  by the  refract ive  i ndex  correlat ion,  is p lo t ted  as a 
func t ion  of  the  re la t ive  rates of inc idence  of  02 and sil icon 
(VoJVsi). The  si l icon rate of  inc idence  was es t ima ted  by 
normal iz ing  the depos i t ion  rate to a uni t  area so that  a 
v o l u m e  rate was defined, and dividing this by the  a tomic  
v o l u m e  of si l icon ( - 2 0 A b  (i.e., 1 A/s ~ 5 x 1014 atoms/  
cm2s). The  inc idence  rate of  oxygen  was calculated f rom 
the  part ial  pressure  of  oxygen  assuming  a t empe ra tu r e  of  
300 K. Also plot ted  on this figure for compar i son  is the 
data of  Rit ter  (13), where  react ive  synthesis  of  SiOx was 
carr ied out  us ing e lec t ron-beam evapora t ion  techniques .  
The  genera l  behavior  observed  is s imilar  for all three  sets 
of data. The  lower  inc idence  rate ratios of  type  I IB as 
compared  to type  I IA e x p e r i m e n t s  is be l i eved  to be the  
resul t  of  a higher  oxygen  concen t ra t ion  at the  substrate  
due  to a more  effect ive  means  of oxygen  in t roduc t ion  be- 
ing used.  The  low oxygen  pressures  for oxide  format ion  
in the  work  of  Rit ter  (13) will be d i scussed  more  fully 
below. 

Mechanism of Reaction 
The expe r imen ta l  resul ts  p resen ted  demons t r a t e  that  

the synthes is  of  s i l icon-oxygen films under  control led  
condi t ions,  des igned  so that  react ion be tween  sil icon and 
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oxygen  occurs  at the  depos i t ion  surface, a l l ows  format ion  
of  films of  reproduc ib le  s to ich iomet ry  and h i g h  uniform- 
ity onto r o o m  t empera tu r e  substrates.  So far we have 
been  discuss ing our  resul ts  in t e rms  of the  relat ive rates 
of inc idence  of the  two react ing species onto the  deposi-  
t ion surface. It is impor t an t  at this po in t  to cons ider  ex- 
pe r imen ta l  results  r epor ted  by other  invest igators  con- 
cerning the  adsorp t ion  of  oxygen  onto sur faces  of  bu lk  
single crystals and of  amorphous  silicon. Such  surfaces 
are static in that  the  n u m b e r  of Si a toms  is f ixed by the  
charac ter  of  the  initial surface. In  our  exper iments ,  a dy- 
namic  mov ing  surface, in wh ich  both  si l icon and oxygen  
are suppl ied  to a m o v i n g  surface  (i.e., where  a film is be- 
ing grown) is s tudied.  

More sophis t ica ted  exper iments ,  in wh ich  u l t rahigh 
v a c u u m  studies of  oxygen  absorp t ion  on high index  sili- 
con planes  (14, 15, 16) and amorphous  sil icon (17), have  
been  reported.  In  these  studies,  the  oxygen  was observed  
to be absorbed with the  coverage  being a l inear  funct ion 
of  oxygen  exposure  in L a n g m u i r s  (torr/s). S t ick ing  proba- 
bil i t ies are small  (2 • 10 -4 t o 3  x 10 -3) and s t rongly af- 
fected by the  p resence  of exc i ted  oxygen.  Addit ional ly ,  
the  o x y g e n  is absorbed  in an unreac ted  state. This  reac- 
t ion (Si + O2 -* SiOD is apparen t ly  s t rongly cata lyzed by 
the  p resence  of small  amoun t s  of  carbon (16). Adsorp t ion  
on amorphous  si l icon does not  appear  to be substant ia l ly  
different  f rom absorp t ion  on (111) or (110) si l icon sur- 
faces. The  st icking coeff ic ient  of  oxygen  on si l icon (111) 
and (110) surfaces were  r epor t ed  to be  2 x 10 -4 and 6 x 
10-% respect ively .  The  h igher  va lue  on (110) surfaces can 
be exp la ined  by its h igher  index  and the  possibi l i ty  of  
surface step effects. 

In  o ther  works  (14, 15, 16), the  s t icking coeff ic ient  (S) 
was de t e rmined  by analysis of  expe r imen ta l  data  ob- 
ta ined  us ing  Auger  e lec t ron spec t roscopy  (AES) (14, 15, 
16), High  resolut ion  e lec t ron spec t roscopy  (HRES) (14, 
15), and e l l ipsomet ry  (E) (14, 15). It was a s sumed  in all 
these  expe r imen t s  that  the  coverage  (O) was di rec t ly  pro- 
por t ional  to the  in tens i ty  of  the  signal mon i to red  which  
was de t e rmined  as a func t ion  of  oxygen  exposure  (L), and 
that  uni t  coverage  was a t ta ined w h e n  the  expe r imen ta l  
s ignal  saturated.  U n d e r  these  assumpt ions ,  the  coverage  
d e p e n d e n c e  of  the  s t icking coeff ic ient  S(~) cou ld  be de- 
r ived  as 

d vP  
- - ( 0 )  = S ( O ) -  [ 1 ]  
d t  No 

where  0 is the  fract ional  coverage,  p the  pressure,  v = 3.48 
x 102o molecules/cm2s torr, and No the  n u m b e r  of  surface  
si tes avai lable  for absorpt ion.  

The re la t ionship  be tween  coverage  and exposure  is 
similar  to the re la t ionship  be tween  compos i t ion  and rela- 
t ive  rates of  inc idence  shown in Fig. 7. A more  direct  
compar i son  can be made  if our data are d isplayed in 
t e rms  of the oxygen  concent ra t ion  given as x in SiO~ with  
0 ~< x ~< 2 and a dynamic  exposure  Lb. The  correspond-  
ence  be tween  coverage  and x in SiOx is clear  if  we 
as sume  that  the  absorbed  species is O~ and that  uni t  cov- 
erage is at tained when  there  is one oxygen  m o l e c u l e  ab- 
sorbed for each si l icon surface atom. 

Dynamic  exposure  (LD) is def ined by the  t ime  neces-  
sary to depos i t  a mono laye r  of si l icon a toms used  in the  
ca]culat ion of  oxygen  exposure  at p ressure  Pov The num- 
ber  of  a toms  on an exposed  (111) si l icon surface  is calcu- 
la ted  to be  -3 .96 x 10Wcm 2. The  rate of inc idence  of  sili- 
con a toms (Vsi) has  been  a l ready g iven  as Vsi = Rsi/Vs~, 
where  Rsi is the  depos i t ion  rate in A3/s and Vsi is a tomic  
v o l u m e  of silicon. The  t ime  (r) to depos i t  one mono laye r  
(i.e., 3.96 x 1014 a toms/cm ~) is t hen  

3.96 x 1014 3.96 x 1014 Vsi 
T - - [2] 

v~i Rsl 

Thus,  a dynamic  exposure  LD for oxygen  can be def ined 
a s  

LD = Po2T [3] 

where  Po2 is g iven in torr and r in seconds.  Dur ing  a 
s teady-state  synthesis  exper iment ,  static exposu re  and 
dynamic  exposure  are analyt ical ly  equ iva len t  at small  
t ime  steps. 

Our expe r imen ta l  resul ts  are p lot ted  as x in SiO~ vs .  dy- 
namic  exposure  calculated,  as out l ined above,  in Fig. 8. 
The  resul ts  of  Ri t ter  (13) are also plot ted  for compar ison .  
The  differences are striking. First,  the  dynamic  exposure  
range,  in Langmuirs ,  over  wh ich  our  data e x t e n d  is ap- 
p rox ima te ly  10 -4 to 10-3L. In  o r d e r  to gain the  same re- 
sults, Ri t ter ' s  exposure  range was app rox ima te ly  10-8L to 
10-2L. No clear explana t ion  for this appears  in the  data  of 
e i ther  invest igat ion.  It  is likely, though,  that  in Ri t ter ' s  
w o r k  a substant ia l  a m o u n t  of  exc i ted  oxygen  was pres- 
ent. The  absorp t ion  and react ion probabi l i ty  of  exc i ted  O2 
is orders  of  magn i tude  h igher  than  those  of  u n e x c i t e d  O~. 
Therefore ,  the  react iv i ty  of  the  oxygen  in the  evapora t ion  
e x p e r i m e n t  was  u n d o u b t e d l y  s t rongly inc reased  by  the  
expe r imen ta l  a r r angemen t  used.  In  our  work,  t he  o x y g e n  
was in t roduced  at the  substra te  in an unexc i t ed  state. The  
subst ra te- to-sput ter-source  spacing was large e n o u g h  to 
m a k e  the  coupl ing  b e t w e e n . t h e  p lasma and the  deposi-  
t ion surface  min ima l  (a character is t ic  of  p lanar  magne-  
t ron systems). Addit ional ly,  substra te  hea t ing  'consis tent  
wi th  the  depos i t ion  paramete rs  (Ts < 65~ was obse rved  
for e x t e n d e d  synthes is  expe r imen t s  (>2h), even  wi th  
nonwate r -coo led  substrates,  showing  that  the  source-  
subs t ra te  coupl ing  was minimal .  

It is useful  to compare  coverage  (14, 15) as de t e rmined  
by E, HRES,  and A E S  wi th  our data for x in SiO~ vs .  ex- 

I I [ I 1 

Type ~ J~- I ?Jsi = L45xlOISIcm2 ssc) ~ I ! ~ i=  L72 xlOtS(cmZ I$c) -z 
TypeH B ~k = Z.9 ~tO*5{cm z sac) "E- 

~SL: 4.} xlOIS(cm z SaC) *l 
2.0 

1.6 

i~ 1.2 

~ 0.8 

0.4 

10 "8 10 -7 10 -6 {0- 5 10-4 }0-3 10-2 

L D DYNAMIC EXPOSURE (Torr-sec) 

Fig. 8. Oxygen concentration (x in $iOx) as o function of LD for 
films deposited using the type IIA and liB experimental arrangements 
and time thermal source data of Ritter (]3). 
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p o s u r e  (LD), as s h o w n  in Fig. 9. T he  qua l i t a t ive  b e h a v i o r s  
are s imilar ,  and  q u a n t i t a t i v e  a g r e e m e n t  occurs  w i t h  re- 
spec t  to the  e x P o s u r e  r a n g e  i nvo lved  (i.e., 10 .4 to 10 -3 
torr/s). This  ~/hlSlies t h a t  t he  ra te -con t ro l l ing  s tep  in t he  
syn thes i s  p rocess  is iden t i ca l  to t h a t  in t he  a b s o r p t i o n  
p roces s  of  O~ q n  sil icon. Hence ,  our  r a t e -con t ro l l ing  s tep  
is the  a b s o r p t i o n  of  02 w i t h  r eac t ion  to fo rm SiOx oc- 
cu r r i ng  once  t he  a b s o r p t i o n  s tep  has  t a k e n  place.  

The  s lopes  of  t h e  fi lm s t o i c h i o m e t r y  cu rves  (x in  SiO~) 
are s t eepe r  t h a n  t h e  a b s o r p t i o n  curves ,  i m p l y i n g  a some-  
w h a t  la rger  s t i ck ing  coefficient .  W h e n  p l o t t ed  in a l inea r  
m a n n e r  (Fig. 1O), t he  r e l a t i ons h i p  b e t w e e n  it a n d  x in SiO~ 
is o b s e r v e d  to be  a l inea r  f u n c t i o n  of  e x p o s u r e  w i t h i n  our  
e x p e r i m e n t a l  scat ter .  Th i s  shows  t h a t  t he  s t i ck ing  
coeff ic ient  of o x y g e n  is i n d e p e n d e n t  of  coverage ,  a con- 
d i t ion  w h i c h  can  be  e x p l a i n e d  (18, 19, 20) by  t he  p r e s e n c e  
of a m o b i l e  p r e c u r s o r  to t he  c h e m i s o r p t i o n  event .  There-  
fore, i t  is qu i t e  l ikely tha t ,  in  our  work,  a m o b i l e  p r e c u r s o r  
of  O2 a d s o r b e d  on to  t he  sur face  ex is t s  and  faci l i ta tes  the  
c h e m i s o r p t i o n  process._ 

A s t i ck ing  coeff ic ient  (S) for 02 on to  our  m o v i n g  depo-  
s i t ion  sur face  can  also be  e s t i m a t e d  for t h e s e  data.  I f  we 
a s s u m e  un i t  coverage ,  w h e n  x = 2 for x in  SiO~, t he  cover- 
age can  be  l inear ly  r e l a t ed  to x b y  0 = x/2. At c o n s t a n t  
p r e s s u r e  (p) the  t ime  ra te  of  c h a n g e  of  t he  cove rage  (0) can  
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Fig. 9. Experimental results for type I IA (I) and type liB ( 0 ,  I ,  A)  
compared to the reported results of oxygen coverage on Si(111) sur- 
faces as determined by HRES (~ ) ,  ellipsometry (�9 and Auger analy- 
sis (A) ,  assuming that dynamic exposure (LD) and exposure (L) are 
equivalent. 
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Fig. 10. x in SiOx as a linear function ofL  D (fords) allowing estima- 
tion of S for oxygen in the type IIA and type liB experiments (see Eq. 
[1]). 

be  re la ted  (Eq. [1]) to t he  s t i ck ing  coefficient ,  S(0). 
The  s t i ck ing  coeff ic ients  de r ived  on  th is  bas is  are in  the  
r a n g e  1.56 x 10 .3 to 4.17 x 10 -3. These  n u m b e r s  are a fac- 
to r  of 5 to 20 la rger  t h a n  the  v a l u e  r e p o r t e d  by  I b a c h  (14) 
(S = 2.2 x 10 -4) for an  a tomica l ly  flat (111) surface.  This  
i nc r ea se  in S m a y  be  due  e i the r  to the  p r e s e n c e  in our  
w o r k  of  ac t iva t ed  o x y g e n  or to an  e n h a n c e d  reac t iv i ty -of  
our  a m o r p h o u s  SiOx su r face  re la t ive  to ideal  c rys ta l l ine  
surfaces .  The  la t ter  e x p l a n a t i o n  is c o n s i s t e n t  w i th  t he  ef- 
fects  of  su r face  s t eps  on  t he  s t i ck ing  probabi l i ty .  I t  wou ld  
r equ i r e  6-8% of  t he  sur face  a t o m s  to be  a s soc ia t ed  w i th  
sur face  s t eps  to a ch i eve  s t i ck ing  probab i l i t i e s ,  as we h a v e  
inferred.  C o m p u t e r  s i m u l a t i o n  s tud ies  of a m o r p h o u s  sur- 
faces  by  Garofo l in i  et al. (21) t e n d  to s u p p o r t  th i s  in te rpre-  
ta t ion.  

The  o b s e r v e d  i n d e p e n d e n c e  of t h e  s t i ck ing  coeff ic ient  
on  0 for O2 on  the  s i l icon sur face  can  be  e x p l a i n e d  by  a 
m e c h a n i s m  in w h i c h  a p h y s i s o r b e d  m o b i l e  p r e c u r s o r  
s ta te  for o x y g e n  ex i s t s  on  t he  s a m p l e  sur face  pr io r  to 
c h e m i s o r p t i o n .  This  a l lows 02 molecu le s  to m o v e  on  the  
sur face  so that ,  at  s u b s t a n t i a l  coverages  (0 = 0.5), t he  re- 
m a i n i n g  u n o c c u p i e d  c h e m i s o r p t i o n  s i tes  are access ib le .  A 
s imp le  m o d e l  (21) of  t h e  c o m b i n e d  p h y s i s o r p t i o n - c h e m i -  
so rp t i on  p roces s  gives t he  s t i ck ing  coeff ic ient  S(0) for t he  
c h e m i s o r b e d  s ta te  as 

~(1 - 0) 
s(o) = [4] 

(1 + rJrc) - 0(1 + rJrm) -~ 
w h e r e  0 is t he  coverage ,  a t he  f r ac t ion  of i n c i d e n t  gas mol-  
ecu les  en t e r i ng  t he  p r e c u r s o r  state,  r~ the  ra te  of desorp-  
t ion,  rm the  ra te  of  migra t ion ,  a n d  re t he  ra te  of  t r a n s i t i o n  
f rom the  p r e c u r s o r  to t h e  c h e m i s o r b e d  state.  In  t he  l imi t  
of 0 ~ 0, t he  s t i ck ing  coeff ic ient  So is g iven  by  

OL 

So - [5] 
(1 + rJrc) 

The  r e l a t i onsh ip  b e t w e e n  rd a n d  rc is easi ly  e x p l a i n e d  in 
t e r m s  of  a po ten t i a l  e n e r g y  d iagram,  as seen  in Fig. 11. 
There ,  t he  po ten t i a l  e n e r g y  of  an  a d s o r b e d  o x y g e n  mole-  
cule  is p lo t t ed  as a f u n c t i o n  of t he  m o l e c u l e ' s  d i s t ance  
f rom the  sol id surface.  In  Fig. 11, qp r e p r e s e n t s  t he  hea t  of  
p h y s i s o r p t i o n  and  E,  t he  ac t iva t ion  e n e r g y  for  t r a n s i t i o n  
f rom the  p h y s i s o r b e d  to t he  c h e m i s o r b e d  states.  I f  we as- 
s u m e  t he  rat io  of  t he  p r e - e x p o n e n t i a l  fac tors  of  rd and  rc is 
Ki, t h e n  

rJrc = K~ exp  [ -  (qp - Ep)/RTJ [6] 

w h e r e  R is t he  gas  c o n s t a n t  a n d  T the  a b s o l u t e  t e m p e r a -  
ture .  E q u a t i o n  [5] t h e n  b e c o m e s  

So = [7] 
1 + K~ exp  ( -  [qp - E,]/RT) 

In  all l i ke l ihood  a = 1 at  low s u b s t r a t e  t e m p e r a t u r e s ,  so 
t h a t  t he  q u a n t i t y  1 + K1 exp  ( -  [q, - Ep]/RT) is equa l  to  

A 

D \  /C 

B 

F 

t 
qp 

L 

A d a t o m -  S u r f a c e  A t o m  D i s t a n c e  

Fig. 11. The intramolecular potential (V~) vs .  distance illustrating 
the potential wells for both chemisorption and physisorption. The 
physisorbed state (DEF) represents the mobile precursor with an ad- 
sorption energy gp. If the activation energy Ep, for transition from the 
precursor to the chemisorbed state (ABC) is less than qp, the activa- 
tion energy for chemisorption is zero. 
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approximately 500, since S = 2 x 10 -3. Therefore, to a 
good approximation 

So = ~ exp [qp - Er]RT] [8] 

indicating that chemisorption occurs with an activation 
energy close to zero (i.e., q, > Ep), a phenomenon found 
(22, 23, 24) in the oxidation of many metals. 

The result of this interpretation is that the residence 
t ime of a physisorbed oxygen molecule on the surface 
and its migration rate determine the number of chemi- 
sorption sites accessible per physisorbed molecule and, 
therefore, the chemisorption rate. Hence, as the substrate 
temperature is increased at fixed oxygen pressure and 
silicon incidence rate, the oxygen concentration in the 
SiOx deposit will decrease. This is observed in the react- 
ive deposition of many oxides. The increase is due to the 
decrease in residence t ime of physisorbed molecules on 
the deposition surface relative to the increase in physi- 
sorbed oxygen mobility with increasing temperature. 
Therefore, the reactivity of oxygen and the depositing sil- 
icon is decreased by increasing substrate temperature. 

Conclusions 
A series of experiments,  in which the reaction between 

oxygen and silicon during reactive sputtering is forced to 
occur at the deposition surface, has been performed and 
analyzed. A suitable technique was developed for iso- 
lating the magnetron sputter source from the ambient ox- 
ygen and SiO~ films over the complete range of stoichi- 
ometry, 0 < x < 2, prepared. These films were of 
excellent uniformity in both thickness and index of re- 
fraction. An incidence frequency ratio of 02 to Si - 500 
was required for the formation of SiO2 films. 

The present data have been found to correlate well with 
ultrahigh vacuum oxygen adsorption experiments on 
clean single-crystal Si surfaces. A sticking coefficient for 
oxygen of 1.5 to 4 • 10 -3 was inferred. The sticking coef- 
ficient was found to be independent  of coverage (i.e., sur- 
face stoichiometry). An appropriate model was deduced 
to be physisorbed oxygen in a mobile precursor state 
prior to chemisorption. Such a model yields a consistent 
explanation of the temperature dependence of the stoichi- 
ometry of reactively sputtered oxides in general and SiOx 
in particular. These results demonstrate that fundamental  
information concerning the interaction of oxygen and 
various elements-is  accessible through systematic reac- 
tive deposition experiments  in which the reaction is local- 
ized to the  deposition surface. 
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A B S T R A C T  

CdS films were  g rown  by spray pyrolysis  in a n i t rogen a tmosphe re  in an a t t empt  to r educe  the  oxygen  con tamina t ion  
and therefore  the  resistivity.  This  wou ld  r educe  the  loss due  to series res is tance in solar cells fabr icated f rom them.  It  was 
de te rmined  that  the  oxygen  con tamina t ion  could  not  be r educed  in this way  due to the  fact that  a maj or source  of  oxygen  is 
the  solvent,  water.  Fur ther ,  the  films were  found to conta in  more  chlorine, carbon,  and, in some  instances,  t in than  was 
previous ly  thought .  I t  is sugges ted  that  these  impur i t ies  are respons ib le  for the  resis t ivi ty  of  SP  films be ing  more  s t rongly 
affected by o x y g e n  adsorp t ion  than  are vapor  depos i ted  or s intered films, and the  resis t ivi ty  of  SP  films be ing  ex t r eme ly  
sensi t ive to the  depos i t ion  t empera tu re  of  the  film. 

The  spray pyrolysis  (SP) (1-3) m e t h o d  for p repar ing  
CdS films is an economica l ly  at t ract ive m e t h o d  for pro- 
duc ing  CdS based solar cells (4-8) because  it can easily be 
scaled up for mass  product ion ,  and the  depos i t ion  tem- 
pera ture  of  320~176 is relat ively low. However ,  because  
the  start ing mater ia l s  conta in  m a n y  different  e lements ,  
the  chemica l s  are in aqueous  solution, and the  films are 
g rown  in air, the  potent ia l  for film con tamina t ion  is 
great. 

One of  the  pr imary  con taminan t s  is though t  to be oxy- 
gen adsorbed  on the  surface  and at the  grain boundar ies  
(2, 3). The  oxygen  increases  the  resist ivi ty by decreas ing  
both the carrier  concen t ra t ion  and the  mobi l i ty  wi th  the  
lat ter  effect  being more  p ronounced  (2, 3, 9). Fur ther ,  the  
effect  can be enhanced  by hea t ing  in air (2, 3), or an oxy- 
gen a tmosphe re  (9), and it  can be reduced  by heat ing  for 5 
min  at 400~ in H~ or by heat ing  in a v a c u u m  or a n i t rogen  
ambient .  That  the  S P  films do conta in  a substant ia l  
a m o u n t  of  oxygen  has been  shown by Auger  s tudies (10). 
Also, the  authors  conc luded  that  the  oxygen  contamina-  
t ion was a direct  resul t  of  g rowing  the  films in air. 

The larger resis t ivi ty of  the  as-grown films reduces  the  
solar eff ic iency th rough  a h igher  series res is tance and, 
therefore ,  a smaller  fill factor. The  eff iciency can be  in- 
c reased  by the  hydrogen  anneal,  but  this is a somewha t  
expens ive  and dangerous  procedure .  In  this  work  we in- 
ves t iga ted  the possibi l i ty  of  e l iminat ing  this step alto- 
ge ther  by growing  the  films in a n i t rogen ambien t  and 
the reby  r emov ing  the  source  of  the  oxygen  contamina-  
tion. We did this by compar ing  the  l ight and dark resis- 
tivities, the film compos i t ion  as de t e rmined  by X P S  mea- 
surements ,  and x-ray d i f f rac tometer  2~ scans of  air g rown 
and n i t rogen grown films. 

Our efforts to e l imina te  the  oxygen  con tamina t ion  were  
not  successful ,  and we show that  this is due  to wate r  f rom 
the  aqueous  solut ion being the  pr imary  con tamina t ion  
source. Further ,  we show that  the  films conta in  more  
chlor ine  and carbon than  was previous ly  thought ,  and 
specula te  that  o ther  c o m p o u n d s  form f rom these  ele- 
ments ,  and they  enhance  the  sensi t ivi ty  of  the  f i lm's  re- 
s ist ivi ty to oxygen  adsorp t ion  and t empe ra tu r e  changes.  

Experimental Procedure 
The appara tus  cons is ted  of  a l iquid  tin bath  hea ted  by a 

hot  plate inside a bell  jar, a spray sys t em,  and a cradle 
that  could  be used  to raise or  lower  the substrate .  The  hot  
plate  was set such that  the  surface  of  the  glass substra te  
res t ing on top of  the  tin bath  was 340~ w h e n  there  was 
no spray present.  This  t empera tu re  was chosen  because  
Ma and B u b e  (3) de t e rmined  that  the conduc t iv i ty  at this 
substra te  t empera tu re  is at a local m a x i m u m ,  and other  
invest igators  have  used  a s imilar  depos i t ion  t empera tu re  
(4, 10). 

* Electrochemical Society Active Member. 
' Present address: The Standard Oil Company, Cleveland, Ohio 

44115. 
Key words: solar cells, oxygen adsorption, impurities, XPS, 

x-ray diffraction. 

The  spray solution, which  is ident ical  to that  used  by 
Ma and Bube,  was equ imola r  0.1M c a d m i u m  chlor ide 
(CdC12) and th iourea  [CS(NH2)2]. It  was difficult  to dis- 
solve the  CdC12 in the  dis t i l led water  so it was necessary  
to hea t  the  solution. 

The  solut ion was p u m p e d  at 0.5 ml /min  by a syr inge 
pump,  and it was a tomized  into a fine spray by air or dry 
n i t rogen flowing th rough  a stainless steel  nozzle located 
7 in. above  the  substrate.  At  this he ight  the  spray coated  
the  substrate  uniformly.  A spray ca tch  was used  to pro- 
tect  the  substrate  unt i l  the  spray sys tem reached  its 
s teady state ( - 2  min). The  polygard  plast ic tub ing  carry- 
ing the  solut ion was wate r  cooled  by a coppe r  coil  
w r a p p e d  a round it, and it was fur ther  p ro tec ted  f rom the  
hea t  by a l u m i n u m  foil. 

The  substrates  were  squares  1 cm on a side cut  f rom 
mic roscope  slides. They  were  thoroughly  w a s h e d  in a 
glass c leaning solut ion and then  repea ted ly  r insed in dis- 
t i l led water.  

In  a typical  run  the  substra te  was loaded  into the  cra- 
dle, the  bell  jar  was lowered,  the  sys tem was in some  in- 
s tances  purged  wi th  dry  n i t rogen  (<1 p p m  02), the  power  
was  tu rned  on, the spray was  turned  on w h e n  the  sub- 
strate r eached  its s teady-state  t empera tu re  ( -20  min), the  
spray ca tch  was r e m o v e d  after the  air bubbles  had been  
purged  f rom the  solut ion line, the  film was depos i ted  for 
10 min  (to a th ickness  of  -7~) ,  the  spray catch was set in 
place, the  spray and power  were  tu rned  off, and the  sub- 
strate was a l lowed to cool  off  e i ther  above  (fast cool) the  
tin bath  or on (slow cool) it. S o m e  of  the  films were  then  
annea led  in air at 400~ for 30 min  or in dry n i t rogen for 5 
rain at 400~ 

Ohmic  contacts  were  made  to some  films by depos i t ing  
i nd ium spots  0.7 m m  in d iamete r  (d) and 1.6 m m  apar t  (l), 
and  then  anneal ing the  film in a N2 a tmosphe re  at 225~ 
for 5 min.  It  was found  that  it was easier  to m a k e  contacts  
to the  air-grown films than it was to the  N2-grown films. 
The  contacts  were  assessed to be ohmic  w h e n  the  I-V 
curves  were  linear. The  sheet  resis tance,  R, in the  dark 
and under  room i l luminat ion  was then  de te rmined ,  and 
the  resistivity,  p, was ca lcula ted  using the  re la t ionship  

p = Rdt/l 

where  t is the film thickness .  The  th ickness  was mea- 
sured us ing  an SEM. The  SEM was also used  to e x a m i n e  
the film morphology.  An  a t t empt  was also m a d e  to mea- 
sure the  carr ier  concentrat iOn and the  mobi l i ty  us ing a 
Hall  effect  appara tus  and the  van der  P a u w  techn ique .  

Three  X P S  profiles of  four  separate  films were  taken.  
One profile was taken at the  surface, ano ther  after  100A 
of mater ia l  had been  spu t te red  off, and a third after  500A 
had been  removed.  The  e l emen t s  present  were  identi-  
fied, and thei r  concent ra t ions  were  compu ted  f rom thei r  
peak  heights  us ing k n o w n  cross sections.  Of  the  four  
films e x a m i n e d  one was air grown,  s low cooled  (AS); an- 
o ther  was air grown,  fast cooled  (AF); the  th i rd  was air 
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Table II. The elemental composition of air grown, slow cooled (AS); air 
grown, fast cooled (AF); air grown, fast cooled, nitrogen annealed 

(AFN); and nitrogen grown, slow cooled (NS) films as determined by 
XPS analysis. 

Film depth Element a/o AS a/o AF a/o AFN a/o NS 

Surface Cd 15.2 19.2 18.8 16.0 
S 13.5 18.3 11.2 1.25 
C1 11.3 15.4 18.8 14.7 
O 19.3 13.1 20.7 22.6 
C 39.5 34.0 27.7 27.9 

Sn 1.2 0.0 2.7 6.3 
100A Cd 33.2 32.7 26.0 22.7 

S 22.8 22.8 14.2 25.2 
C1 25.4 33.4 28.4 12.7 
O 18.6 9.4 17.4 24.8 
C 0.0 0.0 14.0 9.3 

Sn 0.0 1.6 02 5.3 
500A Cd 33.1 33.1 23.7 27.8 

S 27.1 28.0 24.1 24.7 
CI 22.7 31.2 26.9 10.3 
O 17.1 7.6 15.4 31.6 
C 0.0 0.0 9.9 0.0 

Sn 0.0 0.0 0.0 5.5 

Fig. 1. SEM micrograph of the film morphology (1250• 

grown,  fas t  cooled,  n i t r o g e n  a n n e a l e d  (AFN); a n d  t h e  las t  
was  n i t r o g e n  grown,  s low coo led  (NS). 

X-ray  d i f f r a c t o m e t e r  20 s c a n s  we re  m a d e  to d e t e r m i n e  
if  t he  c u b i c  a n d  t he  h e x a g o n a l  p h a s e s  of  CdS  were  pres-  
ent ,  to assess  w h e t h e r  t h e r e  was  any  p re f e r r ed  or ienta-  
t ion,  and  to see  if  o the r  c rys ta l l ine  ma te r i a l s  we re  p resen t .  
CuK~ r ad i a t i on  was  u s e d  in th i s  s tudy.  A fi lm _was pre- 
p a r e d  u n d e r  o n e  of t he  four  c o n d i t i o n s  (ANF, NS, AF,  or 
AS) e x a m i n e d ,  a n n e a l e d  in  air, a n d  t h e n  r e - e x a m i n e d .  In  
add i t ion ,  t he  A S  film was  e x a m i n e d  af te r  a 2 r a in  w a s h  in  
d is t i l led  w a t e r  a n d  af ter  a 5 m i n  wash .  

Experimental  Results 
T h e  m o r p h o l o g y  of  t he  f i l m s  g r o w n  u n d e r  d i f f e ren t  

c o n d i t i o n s  was  qu i t e  s imilar .  A r e p r e s e n t a t i v e  e x a m p l e  is 
s h o w n  in  Fig. 1. Th i s  m o r p h o l o g y  is s imi la r  to  t h a t  s een  
b y  Alaee  a n d  R o u h a n i  (10). 

The  res is t iv i t ies  of  f i lms g r o w n  u n d e r  s imi la r  condi-  
t ions  cou ld  va ry  u p  to an  o rde r  of  m a g n i t u d e .  However ,  
t h e r e  we re  t rends ,  a n d  t h e s e  are  i l l u s t r a t ed  in Table  I 
w h e r e  t he  d a r k  and  l igh t  res is t iv i t ies  of  a s e q u e n c e  of  
f i lms (NS, AF, AS, a n d  AFN)  are l isted. T h e r e  it is s een  
t h a t  t he  NS res i s t iv i ty  is less t h a n  t he  A F  res i s t iv i ty  
w h i c h ,  in  tu rn ,  is less  t h a n  t he  AS resis t ivi ty .  Also,  t h e  
A F N  res i s t iv i ty  is s imi la r  to t h a t  of t h e  N S  sample .  T h e  
re su l t s  for t he  Hal l  effect  m e a s u r e m e n t  on  an  A S  film 
were  t h a t  ~x = 66 cm~/V-sec a n d  n = 2.1 • 1014 cm -3. This  
m e a s u r e m e n t  y ie lds  a res i s t iv i ty  of  453 D,-cm w h i c h  is 
l a rger  t h a n  t he  res i s t iv i ty  m e a s u r e m e n t s  m a d e  on  s imi la r  
f i lms u s i n g  t he  o the r  res i s t iv i ty  m e a s u r e m e n t  t e c h n i q u e .  

The  X P S  da ta  in  Tab le  II, l ike  t he  A u g e r  da ta  of  Alaee  
a n d  R o u h a n i  (10), s h o w  t h a t  t h e  f i lms c o n t a i n  large  
a m o u n t s  of  oxygen ,  ch lo r ine ,  a n d  sur face  ca rbon .  Per-  
h a p s  t h e  m o s t  s t r ik ing  fea tu re  is t h a t  t he  n i t r o g e n - g r o w n  
fi lm c o n t a i n s  more ,  no t  less, o x y g e n  t h a n  t he  o the r  
films. In  add i t ion ,  it c o n t a i n s  t in  t h r o u g h o u t  w h e r e a s  
n o n e  of t h e  o the r  f i lms do. A n o t h e r  i m p o r t a n t  f ea tu re  is 
that  all of  t h e  fi lms con t a in  sur face  ca rbon ,  b u t  on ly  t h e  
a n n e a l e d  fi lm c o n t a i n s  c a r b o n  a t  t h e  500,~ dep th .  

T h e  d i f f r ac tome te r  20 s c a n s  for 23 ~ <20 <33 ~ are s h o w n  
in  Fig. 2-5. T h e r e  it is s een  t h a t  b o t h  t he  cub ic  phase ,  rep- 
r e s e n t e d  b y  t he  (200) (20 = 31 ~ peak,  and  t h e  h e x a g o n a l  
phase ,  r e p r e s e n t e d  b y  t he  (10]'0) (20 = 25 ~ a n d  (10T1) (20 = 
28.5 ~ ) peaks ,  are  p resen t .  H o w e v e r  t he re  are two addi-  
t i ona l  p e a k s  at  24.5 ~ a n d  30.5 ~ ( ind ica t ed  by  t h e  ar rows)  in 

Table I. The light and dark resistivities for nitrogen grown, slow cooled 
(NS); air grown, fast cooled (AF); air grown, slow cooled (AS); and air 

grown, fast cooled, nitrogen annealed (AFN) films 

p-light p-dark 
f~-cm ~l-cm 

NS 1.5 1.7 
AF 26 44 
AS 76 190 
AFN 3.9 4.8 

all of  t h e  as -grown f i lms e x c e p t  t h e  N F  film, a n d  t h e s e  
p e a k s  are  e l i m i n a t e d  by  t h e  a n n e a l  in  t h e  N S A  a n d  A F A  
fi lms a n d  are Teduced  in  t h e  ASA. They  are f u r t h e r  re- 
d u c e d  in t h e  la t ter  fi lm by  t h e  2 ra in  w a s h  in d is t i l led  
wa te r  a n d  are e l i m i n a t e d  b y  t h e  10 ra in  wash .  I t  can  also 
be  seen  t h a t  t h e  a n n e a l  i n c r e a s e s  t h e  peat~ h e i g h t s  of m o s t  
of  t h e  CdS  peaks .  

Discussion 
Our  res i s t iv i ty  da ta  s u p p o r t  t h e  s u g g e s t i o n  t h a t  t he  re- 

s i s t iv i ty  is i n c r e a s e d  b y  a d s o r b e d  o x y g e n  (9, 11-13). T h e r e  
s h o u l d  b e  t h e  m o s t  a d s o r b e d  o x y g e n  in AS films, less in  
A F  films, a n d  t h e  leas t  in  NS films. Also, t h e  s imi la r i ty  
of  t h e  NS a n d  A S N  res i s t iv i t i es  i nd i ca t e  t h a t  a t  l eas t  some  
of  t h e  a d s o r b e d  o x y g e n  can  be  r e m o v e d  b y  a n  a n n e a l  in  
n i t r o g e n  (9). 

o 

I I 

( a )  

I I I I I I I I 

j (b) 
I ~ I t I I 33 3'i 2b 2'7 2'3 

28  
Fig. 2. 28 diffractometer scans for a nitrogen grown, fast cooled film 
(a) in the as-grown condition and (b) after a 30 min air anneal. 
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Fig. 3 . 2 0  diffractometer scans for a nitrogen grown, slow cooled film 
(a) in the as-grown condition and (b) after a 30 min air anneal. 

The mobi l i ty  calculated f rom the  Hall  effect  data  is 
comparable ,  but  the carrier  concent ra t ion  is a couple  of  
orders  of  magn i tude  less than  those  of  Ma and B u b e  (3). 
One  possible  explana t ion  for our  smal l  carr ier  concentra-  
t ion is that  the  films are ao t  h o m o g e n e o u s  as they  mus t  
be in order  for the  van der  P a u w  m e t h o d  to be applicable.  

- / 5 ,~ 
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~11 2 9 2LF 2i5 2 

2 e  
Fig. 4. 20 diffractometer scans for an air grown, fast cooled film (a) 
in the as-grown condition and (b) after a 30 rain air anneal. 
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Fig. 5. 28 diffractometer scans for an air grown, slow cooled film (a) 
in the as-grown state, (b) after a 30 rain anneal in air, (c) after o 30 
rain air anneal and a 2 min wash in distilled water, and (d) after the 
film was washed for 10 min. 
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This could also be why the resistivity measurements  
made using the van der Pauw technique were larger. This 
explanation is plausible because the films contain exces- 
sive amounts of oxygen and chlorine, and in some in- 
stances a second phase is detected. 

According to the XPS measurements,  there is a sub- 
stantial amount of oxygen present even when the films 
are grown in nitrogen. The likely explanation is that a ma- 
jor source of oxygen contamination is the solvent, water. 
Moreover, the nitrogen-grown film contains more oxygen 
because it has more tin which is better able to getter the 
oxygen, it contains more tin since the tin bath is not 
coated by a protective oxide film. That having a metal 
present which can getter oxygen increases the oxygen 
content, was also observed by Alaee and Rouhani (10), 
who found that films containing much indium also con- 
tained more oxygen. The tin and the extra oxygen pres- 
ent in the nitrogen grown films could also be responsible 
for the greater difficulty in making ohmic contacts to 
them. 

Even though the nitrogen-grown films have more oxy- 
gen incorporated into them, they have lower resistivities. 
We speculate that this is due to oxygen being gettered 
from the CdS film by the extra tin, and also due to less 
oxygen being adsorbed during the cool down. Most of the 
resistivity changes caused by oxygen have been attrib- 
uted to adsorbed oxygen, not oxygen incorporated into 
the lattice. 

Others have also determined that the films contain an 
excessive amount of chlorine (6, 10). We were unable to 
determine in what form the chlorine was present. We did 
look for CdCI2 diffraction peaks but detected them only 
when a white film formed when the spray was not a fine 
mist. 

The surface carbon contamination was also observed 
by others (6, i0). Carbon was found at the 500A depth 
only in the annealed sample so it must be removed by the 
formation of gaseous species. The anneal does drive some 
of the carbon in, and this could be a factor in the resistiv- 
ity changes. 

The extra x-ray peaks at 24.5 ~ and 30.5 ~ indicate that a 
phase other than the CdS phases is present. We use the 
word indicate because the (200) and (I010) peaks appear 
to split. However, the unknown peaks indicated by the ar- 
rows do not always appear, and can be reduced or elimi- 
nated by an anneal or by rinsing the film in water. We 
thus attribute these variable peaks to a second phase. 
This phase is eliminated or its concentration is greatly re- 
duced by the air anneal possibly because it goes into solu- 
tion at the higher temperature, and it is removed by wash- 
ing because it is water soluble. An extra x-ray peak was 
observed by Ma and Bube (3) who attributed it to a (220) 
reflection of the rock salt CdS phase, and Alaee and 
Rouhani (i0) found some extra peaks which they attrib- 
uted to hydrated CdCl2. We are not able to compare these 
results with ours because in neither case did they list the 
26 values. 

There are a number of experimental observations that 
can be explained by these "impurity phases." First, the 
dark resistivity in the SP films (2, 3, 9) is much more sen- 
sitive to oxygen adsorption than either evaporated (3, 14) 
or sintered CdS (15) films because the impu~ties  greatly 
enhance the effect. Also, the extreme sensitivity of the 
dark resistivity to the deposition temperature (3) can be 

attributed to the precipitation and dissolution of the "im- 
purity phases." The dependence the resistivity has on the 
state the impurities are in can also be used to explain the 
effects the deposition rate has on the resistivity that were 
observed by Ma and Bube (3). 

Other observations made from the x-ray data are, in 
general, similar to those of others. These include that 
there is a substantial amount  of the cubic phase present 
in films deposited at 340~ as is evidenced by the exist- 
ence of the (200) peak (1, 3, 16, 17), there is not a strong 
preferred orientation in the hexagonal phase as is indica- 
ted by the simultaneous appearance of the (1010) and 
(101-1) peaks (1), and the peak heights are enhanced by an 
air anneal possibly due to an increase in the film 
crystallinity (1). There is, however, some preferred orien- 
tation as is indicated by the relative peak heights. If  the 
orientation were completely random the 10T1/1010 ratio 
would be 4/3 and the 111/200 ratio would be 5/2. This, 
clearly, is not the case as the (10T0) peak heights are larger 
than the (10]-1), and the (200) peak heights are larger than 
the (111). 
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ABSTRACT 
A number of iron and iron arsenide films have been grown using oentacarbonyl iron and arsine by conventional 

organo-metal chemical vapor deposition (OM-CVD) on single-crystal GaAs. Auger sputter profile on a 1240A-thick iron 
arsenide sample gave a composition consistent with the intended compound, FeAs2, a narrow-gap semiconductor. Infra- 
red transmission data on the same film yielded an optical gap of 0.16 -+ 0.01 eV, which compares with the known electri- 
cal gap of 0.22 eV for bulk FeAs2. An apparent catalytic action of pentacarbonyl with arsine allows the iron arsenide to 
form from arsine at low temperatures near 300~ The low temperature of growth suggests the possibility of forming 
heterostructures between a narrow-gap semiconductor and a ferromagnetic film. Such a structure was successfully 
grown on GaAs. 

Recent work by Prinz and Krebs (i) has shown that 
high quality epitaxial Fe can be grown on GaAs surfaces 
for film thicknesses less than 1 ~m. These thin epitaxial 
films were deposited by the molecular beam epitaxy 
(MBE) technique using high purity elemental Fe as the 
source. In those experiments, the optimum growth condi- 
tions, as determined by reflection high energy electron 
diffraction and ferromagnetic resonance occur for sub- 
strate temperatures between 175~176 

More recently, Kaplan and Bottka (2) have shown that 
high quality epitaxial Fe on GaAs surfaces can also be 
grown using chemical vapor deposition (CVD) by decom- 
posing the organo-metal (CO)sFe thermally on the sub- 
strafe at 200~ in an ultrahigh vacuum chamber. In that 
UHV-OM-CVD process, in-situ Auger electron spectros- 
copy (AES) and low energy electron diffraction (LEED) 
analysis was used to characterize the growth process of 
the Fe film~. Those studies showed that Fe growth on 
GaAs proceeds by layer rather than island formation. The 
LEED data elucidated the nature of the atomic arrange- 
ment of Fe on GaAs for various surface orientations for 
the first few monolayer coverage. 

In the present work, we investigated the growth of 
films of iron and one of its compounds, the narrow-gap 
semiconductor FeAs2, on GaAs by the more conventional 
technique of OM-CVD, which uses H2 as a carrier gas to 
transport the OM species to the substrate. The conven- 
tional technique is simple, efficient, and amenable to 
large scale application. 

We have found that with care normal OM-CVD tech- 
nique does allow the production of Fe and FeAs2 films on 
GaAs. Indeed, to our knowledge, this study has produced 
the first synthesis of FeAs~ in thin film form. This syn- 
thesis is apparently aided by a catalytic enhancement of 
the decomposition of the arsenic source (ASH3) in the 
presence of the iron source, pentacarbonyl iron (CO)sFe, 
which allows FeAs2 to be formed at a relatively low sub- 
strafe temperature. 

Experimental 
The ver t ical  OM-CVD reactor  used  in these  experi-  

ments  (Fig. 1) is a conven t iona l  se tup used  to grow high 
qual i ty  GaAs and A1GaAs/GaAs on GaAs substra tes  but  
with the  addi t ion of the  (CO)sFe source added  to the  man-  
ifold. The  reactor  gas mani fo ld  and mix ing  sys tem were  
cons t ruc ted  f rom pass iva ted  stainless steel tubing.  Par ts  
were  e i ther  we lded  or  jo ined  with vacuum-compa t ib l e  
VCR fittings. The  sys tem utilizes mass flow control lers  
for control  of  the  var ious  gaseous flow rates and pneu- 
mat ical ly  control led  be l low valves  for swi tching  all gase- 
ous flows. 

The carrier gas used was ultrahigh purity, palladium- 
purified hydrogen. The arsenic source was ultrahigh pu- 

Key words: semiconductor, CVD, heteroepitaxy. 

rity arsine conta ined  in a commerc ia l ly  suppl ied  h igh  
pressure  cylinder.  The  99.5%-grade (CO)sFe f rom Alfa 
Vent ron  was twice  v a c u u m  disti l led and t ransfer red  into 
a stainless steel  cy l inder /bubble r  which  was held  at 24~ 
dur ing  growth.  All sa turated vapors  and gases were  
m i x e d  and di lu ted with  H~ in a mani fo ld  prior  to intro- 
duc t ion  into the reactor.  

The  GaAs substrates  were  undoped  l iquid-encapsu-  
lated Czochralski  (100) or iented wafers  wh ich  were  bro- 
mine -me thano l  pol ished,  cleaned, and e tched  in 1:1 
NH4OH:H~O prior to loading into the reactor.  

The  cold-wal led growth vessel  was a quar tz  cyl inder  
coupled  to the  mani fo ld  wi th  ul t ra torr  fittings. The 
sample  res ted on a si l icon carbide-coated graphi te  sus- 
cep tor  and was RF induc t ive ly  heated.  

Growth of Fe Films 
Typical  g rowth  condi t ions  for Fe  on GaAs are shown  in 

Table  I. I ron  films grow easi ly in the  t e m p e r a t u r e  range  
150~176 and the  o p t i m u m  tempera tu re  is at 200~ This 
is s imilar  to that  found in MBE and in UHV-OM-CVD ex- 
per iments .  The growth  rate depends  upon  the  partial  
pressure  of  (CO)~Fe in the  reactor.  For  typical  flows of  15 
cm3/min of  hydrogen  th rough  the  (CO)sFe bubb le r  and 1 
l/rain of H2 dilution, the growth  rate was about  200 A/min,  
as de t e rmined  f rom Dek tak  measurements .  

The sample  t empera tu re  and its surface IR  emiss iv i ty  
was mon i to red  dur ing  growth  with  an I rcon  p y r o m e t e r  1 
opera t ing  in the 2-2.6tL spectral  range. At  200~ and jus t  
pr ior  to growth,  the value  of the  GaAs substra te  emissiv-  
ity was 0.7. U p o n  ini t iat ion of growth,  this va lue  d ropped  
to 0.29, indica t ing  the  format ion  of  a metal l ic ,  infrared 
ref lect ing film. The  g rown  Fe  fi lms are h ighly  reflec- 
t ive (Fig. 2), show no indica t ion  of  ta rn ishing wi th  t ime, 
and are very  s t rongly bonded  to the  GaAs substrate.  A to- 
tal of  15 Fe/GaAs samples  were  grown. 

Growth of FeAs~ Films 
There  are a n u m b e r  of  c o m p o u n d s  which  can be 

fo rmed  be tween  iron and arsenic,  inc lud ing  Fe2As, FeAs, 
and FeAs2. The  last compound ,  iron di-arsenide,  appears  
natural ly  as the  minera l  loel l ingi te  (3), and its g rowth  is 
favored  by  an arsenic-r ich e n v i r o n m e n t  dur ing  format ion.  
I t  is a narrow-gap semiconduc to r  whose  proper t ies  have  
been  part ial ly studied. 

Bulk FeAs~ has been grown (6) by the vapor transport 
method in the temperature range 600~176 but, to our 
knowledge, thin film FeAs2 had never been previously 
synthesized. FeAs2 has the cell dimension (4-7) of a = 
5.300A, b = 5.983A, and c = 2.882A, an enthalpy of forma- 
tion of 10.4 kcal/mol (8, 9), specific gravity of 7.4 (I0), and 
is diamagnetic (ii, 12). 

i Ircon Radiation Thermometer Series 300 C, manufactured by 
Ircon, Inc., Niles, IL 60648. 
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~ A s H  3 

E x h a u s t  M a s s  F l o w  C o n t r o l l e r  

H2"-~~ ' l o  ~(~ (~COF)sFe H2 

o~ RF Coi l  

E x h a u s t  

Fig. 1. OM-CVD system used in the growth of Fe and FeAss an 
GoAs. Arsine and hydragen enter from tanks located to the right and 
are exhausted through a bubbler and a burner (neither shown) to the 
left. The substrate is rotated at approximately 30 rpm. 
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Table I summarizes the growth conditions of FeAs2 on 
GaAs. These films grow in the temperature range 200 ~ 
400~ and the optimum growth temperature seems to be 
near 3QO~ considerably below the vapor transport tem- 
perature used for bulk growth (6). We believe that the low 
temperature growth of FeAs~ in our OM-CVD system may 
result from a catalytic action of Fe or (CO)sFe on the de- 
composition rate of ASH3. Schlyer and Ring (13) have ob- 
served pyrolytic decomposition of (CH3)3G a and PH3 over 
product-crated walls at 240 ~ and 270~ On the basis of 
their analysis, the authors propose that AsH3 and (CH3)3 
Ga can catalytically decompose at low temperatures on 
GaAs surfaces after surface adsorption and formation of 
complexes. A similar surface catalysis may be operable in 
our case. 

The grown films are highly reflective, and their emis- 
sivity during growth is about 0.7, similar to GaAs and 
distinctly different Irom the surface emlsslvlty of the 
growing iron films. The high emissivity is consistent 
with the low diffuse reflectivity of loellingite (14). The 
iron di-arsenide films have low surface conductivity, are 
soft, and show no signs of degradation after nine-month 
exposure to the atmosphere. 

X-ray diffraction measurements at grazing incidence 
was attempted to obtain crystallographic information 
about the thin FeAs~ film. However, results were incon- 
clusive due to the strong background signal of the GaAs 
substrate. 

Figure 3 shows the sputter Auger profile of one of the 
six FeAs2-grown films. Atomic concentration estimates 
from this data indicate that the preferred stoichiometry is 
nearer FeAs~ rather than FeAs or Fe2As, two other possi- 
ble formations. The interface between the film and the 
substrate is about 80A wide. The Ga and carbon peak was 
monitored but not found in the film. The observed 20% 
drop in the As atomic concentration in going from FeAs2 
into GaAs is near the 23% atomic concentration difference 
expected between the two compounds. Interferometric 

Table I. Growth condition for Fe and FeAs2 on GaAs 

Fe FeAs2 

Reactor pressure (torr) 760 760 

Growth temperature (~ 150-300 200-400 

Optimum growth temperature (~ 200 300 

Total gas flow (l/rain) 1.0 1.1 

(CO)~Fe source temperature (~ 24 24 

HJ(CO)~Fe bubbler flow (cm3/min) 15 10 

Arsine flow (cm3/min) - -  90 

Growth rate (A]min) 200 80 

Fig. 2. Typical Fe film grown on single-crystal GaAs 

--~I I I I I I I I I I 

_ Fe ~~"~ / 
o. 

GaAs 
~ ~ r a t e  z �9 o _ As 

-4Sl I I I I 1 I I I I 
1 0 0 0  1 5 0 0  

Sputter Ion Dosage, ~A-min/cm 2 

Fig. 3. Sputter Auger profile of FeAs2-grown film. Variation of Au- 
ger elemental sensitivity factars are included. Interferametric mea- 
surement an the sputtered crater gave estimate of the film thickness 
and its growth rate. Film thickness is 1240 • 50~. 

m e a s u r e m e n t s  o n  t h e  s p u t t e r e d  c r a t e r  g a v e  e s t i m a t e  o f  
t h e  f i lm t h i c k n e s s  a n d  i ts  g r o w t h  ra te .  M a t r i x  e f f e c t s  
w e r e  t a k e n  in to  c o n s i d e r a t i o n  i n  p r e s e n t i n g  t h e  d a t a  in 
Fig.  3. T h e  e f f ec t  o f  p r e f e r e n t i a l  s p u t t e r i n g  in  s t o i c h i o m e t -  
r ic  ra t io  is n o t  k n o w n .  

I n f r a r e d  t r a n s m i s s i o n  m e a s u r e m e n t s  w e r e  c o n d u c t e d  
o n  t h e  g r o w n  1240A f i lm s a m p l e  p r o f i l e d  in  F ig .  3 a n d  
on  a c o m p a n i o n  G a A s  s i n g l e - c r y s t a l  s u b s t r a t e .  F i g u r e  4 
p r e s e n t s  t h e  r e s u l t s  in  t e r m s  o f  t h e  n o r m a l i z e d  ra t io  o f  
s a m p l e  t r a n s m i t t a n c e  to  t h a t  o f  t h e  s u b s t r a t e  o v e r  t h e  re- 
g i o n  f r o m  3.5 to  20/~m.  T h e  e l e c t r i c a l  g a p  o f  FeAs2 de t e r -  
m i n e d  f r o m  t h e  t e m p e r a t u r e  d e p e n d e n c e  o f  a b u l k  
s a m p l e  is  0.22 eV (11) a n d  t h a t  e n e r g y  l ies  a l m o s t  e x a c t l y  
at t h e  e n e r g y  w h e r e  t h e  n o r m a l i z e d  t r a n s m i s s i o n  h a s  
r i s e n  h a l f  way.  I f  w e  d e f i n e  t h e  o p t i c a l  g a p  c o n v e n t i o n -  
al ly as  t h e  e n e r g y  at  w h i c h  t h e  a b s o r p t i o n  c o e f f i c i e n t  is 
104 c m  -1, a n d  n e g l e c t  i n t e r f e r e n c e  e f f ec t s  in  t h e  o p t i c a l l y  
t h i n  s a m p l e ,  t h e  o p t i c a l  g a p  o f  t h e  d e p o s i t e d  f i lm is 0.16 
• 0.01 eV. T h e  o b s e r v e d  g a p  e n e r g y  d i f f e r e n c e  o f  0.06 eV 
b e t w e e n  t h e  b u l k  a n d  o u r  f i lm s t e m s  f r o m  t h e  d i f f e r e n t  
m e t h o d s  o f  d e t e r m i n i n g  g a p  e n e r g i e s .  T h e  b u l k  c o n d u c -  
t i v i t y  vs. t e m p e r a t u r e  m e a s u r e m e n t  g i v e s  t h e  e x t r a p o -  
l a t e d  gap  e n e r g y  at  0 K,  w h e r e a s  o u r  op t i c a l  d a t a  w e r e  
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Fig. 4. Normalized ratio of sample transmittance (FeAs2) to that of 
the GaAs substrate in the infrared. Arrow indicates the electrical gap 
energy (I i) of FeAst. Uncertainty in the measurement is shown by the 
bar at the right lower corner. 

taken at 300 K. The 2 x 10 -4 eV/K gap variation is close to 
the value observed in most semiconductors. The sample 
transmission data reveal repeatable optical structures 
within the measured range which are absent in the GaAs 
substrate and which appear to be real properties of the 
film. 

Summary 
Conventional OM-CVD has been used to grow high 

quality films of the metal Fe and one of its compounds, 
FeAs2, upon single-crystal GaAs. The successful growth 
of the narrow-gap semiconductor FeAs2 raises the possi- 
bility that less well-known narrow-gap semiconductors of 
the type (Fe, Ni, Co)-(P, As, Sb) may be possible. In addi- 
tion, the growth of compatible Fe and FeAs2 films within 
the same OM-CVD system offers promise that hetero- 
structures involving metal and narrow-gap semiconduct- 
ors may be fabricated in a simple manner by OM-CVD. 
This possibility is accentuated by the low temperature re- 
quired at which FeAs2 grows from arsine in the presence 

of pentacarbonyl iron. Because of this relatively low 
growth temperature, attempts were made to deposit 
alternate thin layers of FeAs2/Fe on GaAs. We were suc- 
cessful in a preliminary growth of a FeAsJFe/FeAsJFe  
heterostructure, whose overall thickness was approxi- 
mately 150A, on single-crystal GaAs. The resulting het- 
erostructure has a brilliant luster, and is strongly bonded 
and lasting. Further work is needed to characterize its 
properties. 
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Oxygen-Doped Molybdenum Films for MOS Gate Application 
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Atsugi-shi, Kanagawa Pref., 243-01 Japan 

ABSTRACT 

Intentionally oxygen-doped Mo films (MoOx) for MOS gate electrodes are investigated to  eliminate the penetration 
of implanted As ions into the silicon substrate through the gate electrodes and gate oxides. The MoOx films are pre- 
pared by reactive sputtering of Mo in-a mixture of Ar and 02 gases. Depth profiles of As ions and MOS C-V curves are 
measured to estimate stopping properties. For as-deposited MoO/ films, whose oxygen concentrations are higher than 
20 atom percent (a/o), As ion penetration depth is within 0.15 ~m under 100 keV As ion implantation. This depth is about 
one third of that in normal Mo films. This excellent stopping property can be attributed to the nearly amorphous struc- 
ture, which suppresses As ion channeling in the films resulting from oxygen doping. The resistivity of MoOx films with 
39 a/o oxygen after annealing at 1000~ for 30 min is 25 ~12-cm, which is only three times as large as that for normal Mo 
films. In MoOx gate MOS structures, MOS characteristics are independent  of oxygen concentrations in the films, and 
are almost the same as the characteristics for normal Mo gate electrodes. 

Thin molybdenum (Mo) films have been attracting 
much attention as self-aligned gate electrodes and inter- 
connections for highly packed MOSFET integrated cir- 
cuits (1, 2). The reason for this is their low resistivity, high 
temperature resistance, and high density (10.3 g cm-3), 
which is beneficial for ion implantation masking materi- 

Key words: metals, integrated circuits, ion implantation, 
sputtering. 

als. Nozaki, however, has reported that unwanted deple- 
tion modes have been observed in Mo gate MOSFET 
characteristics when arsenic (/~s) ion implantation is 
carried out using Mo gates as masks (3). Fujinaga has 
pointed out that the main cause of this phenomenon is 
the anomalous penetration of As ions into the silicon sub- 
strate caused by As ion channeling in some columnar Mo 
grains (4). To improve stopping properties, silicon nitride 
(5) and molybdenum nitride (6) coatings on Mo films, as 
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well  as a direct  n i t r ida t ion  t echn ique  for Mo .gate elec- 
t rodes  (4, 7), have  b e e n  proposed .  

The  authors  propose  the  adopt ion  of  oxygen -doped  Mo 
(MoOx) gate  e lec t rodes  having  a s imple  fo rmat ion  process  
for a power fu l  mask ing  mater ia l  against  ion implanta t ion.  
Degrada t ion  in conduc t iv i ty  and MOS character is t ics  is 
s h o w n  to be low c o m p a r e d  wi th  normal  Mo gate  elec- 
trodes.  MoO~ films were  prepared  by the react ive  sput- 
te r ing  of  Mo in an Ar and 02 gas mixture .  The  electr ical  
and s t ructura l  proper t ies  of  these  films were  investi-  
gated, and the  effect  of  oxygen  doping into Mo films on 
MOS character is t ics  was e x a m i n e d  us ing MoOx-gate MOS 
capacitors.  

Experimental Procedures 
MoOr films (0.2-0.6 /~m thick) were  depos i t ed  on oxi- 

dized si l icon wafers  at r o o m  tempera tu re  in a mix tu re  of  
Ar and O5 gases us ing an RF planar  magne t ron  sput ter ing 
apparatus .  A pure  Mo target,  with nomina l  pur i ty  of  
99.95%, was used. Pr ior  to deposi t ion,  the  depos i t ion  
c h a m b e r  was evacua ted  to 3 x 10 -7 torr  by a turbo  molec-  
ular pump.  The  oxygen  concent ra t ion  (Co) in the  MoO~. 
films was contro l led  wi th in  the  range of  3-39 a tom per- 
cent  (a/o). by vary ing  the  part ial  pressure  of the  O~ gas in- 
t roduced  into the  c h a m b e r  be tween  0 (undoped)  and 2.5 • 
10 -~ torr. A 3 a/o concen t ra t ion  was observed  as a back- 
g round  va lue  w h e n  no O5 gas was in t roduced,  at which  
the  partial  pressure  of  res idual  02 gas in the  Ar-intro- 
d.uced c h a m b e r  was less than 5 ~< 10 -8 torr, as measu red  
by a quad rupo le  mass  analyzer.  The part ial  p ressure  of  Ar 
gas and RF  d~posi t ion power  were  7.5 x 10 -a torr  and 1.5 
kW, respect ively .  After  deposi t ion,  several  of  the  samples  
were  annea led  in the  t empera tu re  range of  600~176 for 
30 min  in an N~ ambient .  

The  Co was measu red  by Auger  e lec t ron spec t roscopy  
(AES) for the  as-deposi ted  state us ing sensi t ivi ty  correc- 
t ions for the cons t i tu t ional  e lements  (8). The  measure-  
m e n t  error  in this m e t h o d  was at mos t  several  a tom per- 
cent;  the  m e a s u r e m e n t  accuracy  of  the relat ive concentra-  
t ion among  samples  was better.  The  dep th  d is t r ibut ion  of  
oxygen  in the  films was un i fo rm and changed  ve ry  lit t le 
even  after anneal ing  at 1000~ for 30 min. 

Arsenic  ions were  imp lan ted  at room t empera tu re  into 
the  MoO~ films and gate e lec t rodes  of  MOS capaci tors  at 
100 keV energy  to a dose. of 1 • 10 ~6 ions-cm -2. The  im- 
p lanta t ion  angle  was 6 ~ f rom the  normal  to the  sample  
surface. The  arsenic dep th  profiles were  measu red  by 
S IMS (Cameca,  IMS-3F). 

The  film s t ructure  was inves t iga ted  us ing an x-ray 
di f f ractometer .  The  average grain size for Mo and molyb-  
d e n u m  oxide  (in this exper iment ,  only MoO~) was de- 
t e rmined  f rom the  b roaden ing  of  the  di f f ract ion peaks 
of  Mo(211) and MoO2(l10)(llf) ,  respect ively ,  us ing 
Scher re r ' s  equa t ion  (9). The  morpho logy  of  the  surfaces 
and c leaved  sect ions of  the  films were  observed  by a 
scanning  e lec t ron mic roscope  (SEM). 

The  electr ical  resist ivi ty of  the  films was de t e rmined  
by a four-point  probe  m e t h o d  in con junc t ion  wi th  thick- 
ness  m e a s u r e m e n t s  us ing a Talystep (Rank Taylor  Hob- 
son). 

To clarify the effects  of  oxygen  doping  into Mo gate 
e lec t rodes  on MOS characteris t ics ,  basic MOS capaci tor  
s t ruc tures  were  fabr icated on p-type (5 f~em) (100) si l icon 
wafers.  The  gate  oxide  was g rown in dry  O5 at 950~ to 40 
and 140 n m  thick. S tep  e tch ing  was carr ied out  on the  140 
n m  th ick  ox ide  to have  four  ox ide  steps. Af ter  the  deposi-  
t ion 0.2 /~m-thick MoO~ films onto the  oxide,  gate  elec- 
t rode  areas 500 ~m square  were  def ined by photol i thog-  
raphy  and wet  ehemiea l  e tch ing  in a m i x e d  solut ion of  
H3POs, HNO3, and CH~COOH. Severa l  wafers  were  im- 
p lan ted  wi th  As ions, and bo th  the  implan ted  and unim-  
p lan ted  samples  were  annea led  in N2 at 1000~ for 30 min. 
Next ,  low t empera tu re  anneal ing  in a m ix tu r e  of  H2 and 
N~ at 450~ was carr ied out  for 30 min  to r educe  bo th  in- 
terface t rap dens i ty  and fixed ox ide  charge  dens i ty  in the  
MOS structures .  U n d e r  these  anneal ing  condi t ions,  the  
m o l y b d e n u m  oxide  in the  films was not  reduced.  

The  work  func t ion  of  MoO~ gate e lect rodes  was ob- 
t a ined  by measur ing  1 MHz C-V flatband vol tages  as a 
func t ion  of  gate  ox ide  thickness .  In addit ion,  interface 
trap densi t ies  were  es t ima ted  by quasis ta t ic  C-V measure-  
ment .  
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Fig. 1. Depth distribution profiles of implanted As ions in 0.6 ~m 

thick MoO~ films. Smooth curves represent LSS theoretical distribu- 
tions for Co = 0 and 35 a/o. 

Results and Discussion 
Arsenic ion stopping properties.--Figure 1 shows depth  

d is t r ibut ion  profiles for the  As i o n s  imp lan ted  into 0.6 
/~m th ick  MoOx films. For  compar ison ,  two calcula ted 
profiles are shown as smooth  curves.  These  profi les rep- 
resent  L S S  theoret ica l  d is t r ibut ions  in samples  wi th  Co = 
0 and 35 a/o. Here,  it is a s sumed  that  (i) film s t ructures  
are amorphous ,  (ii) ion d is t r ibut ion  profiles in the  films 
are Gaussian,  and (iii) the  densi ty  for MoOx films, dMoox 
(g cm-~), is calculated f rom the  bulk  densi t ies  of  Mo (dMo = 
10.3 g cm -3) and MoO2 (dMoo2 = 6.44 g cm -3) in accordance  
wi th  Co (a/o), and is exp res sed  as 

3 Co 
(100 - -~  Co) AMo + ~ AMoO2 

dMoo~. = [1] 
3 A~o Co AMoo2 

(100 - ~ -  Co) ~ + - ~ - "  dMoo2 

where  AMo is the a tomic  weigh t  of  Mo (95.9), and A~oo2 is 
the  molecu la r  we igh t  of  MoO2 (127.9). Fo r  MoO~ films 
with  Co = 3 a/o, the  deep  penet ra t ion  of  As ions is ob- 
served.  At  the  dep th  of  0.3 ~tm, which  is a typical  gate 
e lec t rode  th ickness  in refractory meta l  gate MOS devices  
(10), As ions are still de tec ted  and an exponen t i a l ly  dis- 
t r ibu ted  tail  is shown. This  tail is p robably  caused by As 
ion channe l ing  in co lumnar  Mo grains in the  films (4). 
With an increase in Co f rom 3 to 35 a/o, the  As concentra-  
t ion near  the  film surface increases,  and the  penet ra t ion  
depth  becomes  shal lower.  Here,  the  As concen t ra t ion  be- 
low 2 • 10 TM cm 3 is due  to background  noises  in the  SIMS 
measurements .  For  films wi th  Co = 35 a/o, the  experi-  
menta l ly  de te rmined  dis t r ibut ion  comes  closer to the  
L S S  theoret ical  d is t r ibut ion  for a dens i ty  of 8.6 g cm -8, 
ca lcula ted f rom Eq. [1]. 

The  excel len t  s topping  proper t ies  of  MoOx films were  
also conf i rmed by the  MOS C-V m e a s u r e m e n t  of  MOS 
capacitors,  as shown in Fig. 2. For  examples  wi th  Co = 5 
a/o, the  C-V curve  for imp lan ted  capaci tors  shifts remark-  
ably to the  nega t ive  d i rec t ion  of  gate bias f rom that  for 
un imp lan t ed  capacitors.  For  compar ison ,  the  C-V curve  
for imp lan ted  capaci tors  wi th  Co = 22 a/o is also shown in 
Fig. 2. The  C-V curve  rough ly  agrees wi th  that  for unim- 
p lan ted  capaci tors  wi th  Co = 5 a/o. When Co was h igher  
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Fig. 2. 1 MHz C-V curves for 
MoO~.(0.2 /~m)/SiO~(40 nm)/Si 
capacitors surrounded by a 0.85 
/~m-thick oxide guard band. Sev- 
eral samples were implanted with 
As ions at 100 keV energy to a 
dose of 1 • 10 TM ions-cm -~. 
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than 20 a/o and the  MoOx films were  th icker  than  0.2 ~m, 
no large shift in the C-V curves  was observed  after  As ion 
implantat ion.  The C-V shift  in the  samples  wi th  Co = 5 a/o 
is p robably  caused by in ter face  traps at the  S iOJS i  inter- 
face, as well  as changes  in carr ier  concen t ra t ion  at the  sili- 
con substra te  surface resul t ing  f rom the  pene t ra t ion  of  As 
ions into the  substra te  (11). Therefore,  it is sugges ted  that  
oxygen  doping (Co = 20-35 a/o) into Mo films in the film 
prepara t ion  process  is ve ry  ef fec t ive  for p reven t ing  the  
pene t ra t ion  of imp lan t ed  As ions into the  sil icon sub- 
strate. 

Film structure.--The r emarkab le  i m p r o v e m e n t  in the 
s topping  proper t ies  of  MoO~ films is p r e s u m e d  to be due  
to the  s t ructural  change  caused  by the doped  oxygen.  Fig- 
ure  3 shows x-ray d i f f rac tometer  traces for as-deposi ted  
MoO~ films with  Co = 3, 22, and 35 a/o. It is found that  the  
film wi th  Co = 3 a/o (Fig. 3a) consists  of  preferent ia l ly  ori- 
en ted  <110> Mo grains pe rpend icu la r  to the  film surface. 
The  in tens i t ies  of  the  (110) peak and o ther  diffract ion 
peaks  f rom Mo b e c o m e  lower  wi th  an increase in Co (Fig. 
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Fig. 3. X-ray diffractometer traces for as-deposited MoOx films 

with (a) Co = 3 a/o, (b) Co = 22 a/o, and (c) Co = 35 a/o. 

3b) and a lmos t  d i sappear  at Co = 35 a/o (Fig. 3). This  sug- 
gests that  the  doped  oxygen  suppresses  Mo grain growth  
dur ing  deposi t ion,  and makes  the films near ly  amor- 
phous.  Therefore,  the  high s topping proper t ies  of  MoO~ 
gate e lec t rodes  can be a t t r ibuted  to the  a m o r p h o u s  struc- 
ture which  suppresses  the  ion channe l ing  effect  in Mo 
grains. 

Next ,  anneal ing effects  on film s t ructures  were  investi-  
ga ted  for normal  process  tempera tures .  F igure  4 shows 
x-ray d i f f rac tometer  t races  for films with  Co = 22 a]o an- 
nea led  at 1000~ Both  MoO~ and Mo are found to be 
s t ructura l  componen t s ,  and the  Mo(l l0)  ref lect ion inten- 
sity is h igher  than that  for as-deposi ted  films (Fig. 3b). 
The diffract ion peaks  for MoO2 were  also observed  when  
Coo was above  7 a]o. F igure  5 shows the  ref lect ion inten- 
sities for Mo and MoO~ as a func t ion  of  anneal ing  t emper -  
ature for films wi th  Co = 3 and 39 a/o. For  films with  
Co = 39 a/o, abrupt  increases  in both MoO2(l10)(l lf)  and 
Mo( l l0)  peak  intensi t ies  are observed  in the  t empera tu re  
range  of  600~176 This  resul t  indicates  that  the  doped  
oxygen  in the  films, which  m a y  exis t  as a Mo-O solid so- 
lu t ion at the  boundar ies  of  fine Mo grains before  anneal-  
ing, crystal l izes into a MoO~ accompan ied  wi th  Mo grain 
growth  in the  range be tween  600 ~ and 800~ Above  800~ 
the  MOO2(110)(111) peak  in tens i ty  a lmos t  reaches  satura- 
tion. The  Mo( l l0)  peak  in tens i ty  increases  sl ightly in the  
same m a n n e r  as for films with  Co = 3 a/o. These  resul ts  
show that  MoO2 crystal l izat ion is a lmos t  c o m p l e t e d  in an- 
nea l ing  be low 800~ whereas  Mo grain g rowth  con t inues  
at t empera tu re s  of  over  800~ F igure  6 shows di rec t ly  ob- 
se rved  S E M  images  of  MoOx films. The  as-deposi ted  
films have  flat surfaces and very  fine grains (Fig. 6a and 
6b), whereas  an increase in grain sizes is obse rved  after  
annea l ing  at 1000~ (Fig. 6c and 6d). In  these  images,  no 
di f ference can be seen be tween  the  samples  wi th  Co = 3 
a/o and those  wi th  Co = 39 a/o. Grain  size for both  Mo and 
MoO~ after  anneal ing  at 1000~ measu red  by x-ray dif- 
fraction,  was about  0.15 ~ m  diam for all samples .  This  is 
respons ib le  for the  lack of  d i f ference obse rved  be tween  
the samples  wi th  Co = 3 a/o and those  wi th  Co = 39 a/o. 

F r o m  these  results,  it is conc luded  that  by annea l ing  at 
1000~ near ly  a m o r p h o u s  MoO~ films b e c o m e  polycrys-  
tal l ine films composed  of  Mo and MoO~ grains hav ing  al- 
mos t  the  same diameters .  

Electrical resistivity.--Figure 7 shows electr ical  resist iv- 
i ty for 0.33 tem thick MoOr films as a func t ion  of  anneal-  
ing tempera ture .  The  resist ivity,  which  increases  as a re- 
sult  of  oxygen  doping  for as-deposi ted  films, decreases  
s l ight ly after  anneal ing  up to 600~ However ,  i t  decreases  
abrup t ly  in the  t empera tu re  range b e t w e e n  600 ~ and 
800~ and saturates  above  800~ After  annea l ing  at 
1000~ a resis t ivi ty  of  25 ~ft cm can be  ob ta ined  for films 
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Fig. 4. X-ray diffractometer 
traces for C. = 22 a/o films an- 
nealed in N2 ambient at 1000~ 
for 30 min. 

with Co.= 39 a/o, which is only 3 times as large as that for 
normal Mo films (Co = 3 a/o, 9-10/~12 cm). The resistivity 
of the MoOx films can further be decreased close to that 
for pure Mo film by a high temperature annealing in ei- 
ther H2 or a mixture of H2 and N2 (12). Indeed, a resistivity 
of 1 0 / ~  cm was obtained for Co = 39 a/o by annealing at 
1000~ in a mixture of H2 (10%) and N2 for 5 min. 

The abrupt decreases in resistivity in the temperature 
range between 600 ~ and 800~ (Fig. 7) agree well with the 
MoO2 and Mo grain growth characteristics as shown in 
Fig. 5. On the other hand, the bulk resistivity for MoO~ (90 
/~12 cm) (13) is much higher than that for pure Mo (5.3 y~  
cm). Thus it is thought  that the abrupt decreases in resis- 
tivity are attributed to the occurrence of electron conduc- 
tion through the highly conductive Mo grains which grow 
in accordance with the conversion of doped oxygen into 
crystallized MOO2. 

For the resistivity of MoOx films (Co = 3-39 a/o) an- 
nealed above 800~ it was found that it was nearly a lin- 
ear function of the number  of Mo grain boundaries per 

unit length (reciprocal of average Mo grain size <D> in 
MoO~ films), when electron conduction through the 
highly resistive MoO~ grains was eliminated. This elimi- 
nation procedure was performed by substracting an 
equivalent MoO2 layer-thickness, calculated from the Co 
and bulk densities for Mo and MOO2, from the total MoO~, 
film thickness. Furthermore,  the extrapolated resistivity 
at 1/<D> = 0, which approximately represented the in- 
trinsic resistivity of Mo grains in the films (14), was less 
than 8 tzl2 cm for Co = 3-39 a/o. This value is only 1.5 times 
as large as the bulk resistivity for pure Mo. From these re- 
sults, it is suggested that, in addition to the highly resist- 
ive MoO~ grains, the contribution of electron scattering at 
the Mo grain boundaries to film resistivity is relatively 
large compared with that due to lattice defects or impu- 
rity scattering in Mo grains. This is similar to the conduc- 
tion mechanism in undoped Mo films (15). 

Characteristics of MoOx gate MOS structures.--An im- 
portant parameter for MOS characteristics in new gate 
materials is the work function, which is obtained from the 
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Fig. 5. Variations in x-roy reflection intensities for Mo(110) peaks 

(Co = 3 and 39 a/o) and Mo02(110)(11 f) peaks (Co = 39 a/o) as a 
function of annealing temperature in N2 ambient for 30 rain. 

Fig. 6. SEM images showing surfaces and cleaved sections of (a) 
and (b) as-deposited, and (c) and (d) 1000~ annealed MoOt films 
with Co = 3 and 39 a/o. 
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metal-semiconductor work function difference, ~bMs, given 
as an intercept of flatband voltage vs. oxide thickness, 
shown in Fig. 8. Prior to flatband voltage measurements,  
samples were annealed at 1000~ in N2 for 30 rain fol- 
lowed by low temperature annealing in a mixture of H2 
and N2 at 450~ for 30 min. The difference in CMs values 
for MoO~ films with Co = 5-30 a/o is only 0.03V, which is 
within the experimental error. Therefore, the work func- 
tion (4.8 + 0.03V) obtained from the (bMs is almost indepen- 
dent of Co. This result is comparable with the Mo and Mo 
nitride work function of 4.69 -+ 0.03V, which is indepen- 
dent of the nitrogen concentration (16). Furthermore, this 
result suggests that MoOflSiO~ interfaces in the MOS 
structures continue to be dominated by the contact be- 
tween Mo grains and SiO2 in spite of the existence of 
large MoO2 grains in the gate electrodes. In addition, 
fixed oxide charge density (Nf) calculated from the slope 
of flatband voltage vs. oxide thickness relation, is as low 
as 2.3 • 10 ~~ cm -2, and interface trap density (Dit) is less 
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than 5 • 101~ -2 eV-'. These results are also indepen- 
dent of C,,. 

From these results, it is concluded that the effect of ox- 
ygen doping into the Mo films on MOS characteristics is 
negligible and that the good MOS characteristics of MoO~ 
gate MOS structures are confirmed. 

Conclusion 
The effects of oxygen doping on Mo films has been in- 

vestigated from the viewpoints of As ion stopping proper- 
ties, film structure, electrical resistivity, and MOS char- 
acteristics. 

The penetration depth of implanted 100 keV As ions in 
MoO~ films decreases from 0.4 ~m (in normal Mo films) 
to 0.15/~m, with an increase in oxygen concentration (Co) 
to higher than 20 a/o. This remarkable improvement can 
be attributed to the amorphous film structure, which 
suppresses the ion channeling effect in Mo grains. 

The resistivity, which increased as a result of oxygen 
doping in as-deposited films, decreases abruptly after an- 
nealing above 600~ After annealing at 1000~ a value of 
25 ~11 cm is obtained for Co = 39 a/o, which is sufficiently 
low for MOS gate electrodes. The abrupt decreases in re- 
sistivity in the 600~176 range can be explained by the 
electron conduction through highly conductive Mo 
grains, which grow in size because of the conversion of 
doped oxygen into crystallized MOO2. 

The work function of MoO~ gate electrodes in MOS 
structures is independent  of Co. The fixed oxide charge 
density and interface trap density are also sufficiently 
low. Therefore, it is concluded that MoOx film is a possi- 
ble metal gate material for overcoming As ion penetration 
observed in normal Mo gate structures. Moreover, this 
material is compatible with the polysilicon gate process. 
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Photoresist Adhesion Promoters for Gold Metallization Processing 

J. N. He lber t  

Motorola, Incorporated, Semiconductor Products Sector, Process Technology Laboratory, Phoenix, Arizona 85008 

The final step in the fabrication of integrated circuits 
requiring lithographic pattern delineation is usually met- 
allization. In this step, a metal film is deposited, litho- 
graphically patterned using a polymeric resist, then se- 
lectively etched, either wet chemically or dry, using the 
resist pattern mask (1). The result is an intricate metal 
line network connecting the appropriate transitors, resis- 
tors, and other devices of the integrated circuit (IC). 

Two metals are widely used in IC metallization pro- 
cesses--a luminum and gold. While aluminum is attractive 
from a cost point of view, gold is very resistant to chemi- 
cal corrosion and is also much less prone to the electro- 
migration effect which becomes very important when 
metallization lines become very small, as is the case for 
very large-scaled IC's (1). 

When using gold as the metallization layer, where metal 
patterns <2-3 ~m wide are concerned, it becomes impera- 
tive that the polymeric resist has excellent adhesion to 
t h a t  surface. Various (and sometimes intermittent) de- 
grees of resist pattern adhesion failure to gold have been 
observed at Motorola in the fabrication of advanced bipo- 
lar circuits and RF modules. As a result, an extensive 
amount  of work has been expended to find silane adhe- 
sion promoting agents for gold, and the results of this 
search are reported in this note. 

Silane coupling agents for mineral surfaces are well 
known (2), but silane promoters for gold are virtually un- 
known for IC resist metallization processes. These agents 
promote polymer adhesion to mineral surfaces through 
the chemical interaction with surface silanol moieties en- 
countered at the surfaces of these systems (2-4). Gold has 
a surface drastically different in that it does not possess 
these surface adhesion promoting sites because it is a no- 
ble metal and is essentially corrosion resistant (5). As an 
example for comparison, the surface of a luminum metal 
is known to be easily chemically oxidized, while gold 
does not oxidize even under 02 plasma conditions (6). 
Therefore, coupling agents for which a different adhesion 
promoting mechanism is operative are needed more for 
gold than for oxidizing metals, minerals, and the syn- 
thetic dielectric layers encountered in electronic device 
fabrication. 

A practical experimental  approach for testing poly- 
meric resist (i.e., positive photoresist) adhesion during 
pattern development  has been adopted. The test pattern 
(or metal etch mask) is one that yields a series of un- 
exposed resist islands of varying dimensions from 0.5 to 5 
~m wide and 4 to 20 ~m long, surrounded by larger ex- 
posed and developed areas. Prior to resist spinning by 
conventional spinning techniques, the gold substrates 
were water rinsed and dried 30 min to 1 h at 200~ Gold 
wafers, utilized for simulated wafer rework testing, were 
cleaned with acetone, followed by 10-30 min of 02 plasma 
cleaning at 300W. The commercially available promoters 
(Petrarch Systems, Incorporated) were applied as dilute 
solutions 0.3-7% by weight in acetone. The promoter  
coated substrates were not thermally cured prior to 
photoresist (PC-129-SF or Allied P-2025) application. The 
photoresist, however, was cured 30 min at 90~ in air. 
Control substrates were not treated with promoters and 
usually exhibited 50-90% island image "lifting" when ad- 
hesion failure occurred (see Fig. 1). In some control tests 
no "lifting" occurred, but inferior adhesion was observed 
at pattern edges. Adhesion failure in control samples 
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occurred most frequently when the lithographic exposure 
was E-beam (Cambridge EBMF-II), but adhesion failure 
was also observed on optically (Cobilt 2020H) exposed 
control substrates. 

When the gold testing substrates were primed with 
promoter  solutions of silanes containing phosphorus 
(DPETS), carbonyl (TMSA), or sulfur (BTPTS) or (MPTS), 
no adhesion failure was ever  observed (i.e., 0% resist is- 
land loss) as is depicted in Fig. 2. Test wafers for all four 
systems were capable of withstanding 30-40% over- 
development  without  incurring any test pattern island 
"lifting," and adhesion promotion on both new and re- 
worked gold test wafers was achieved. Control samples, 
on the other hand, often failed even when the control 
substrates were underdeveloped,  as is the case for the 
substrate pictured on the left-hand side of Fig. 1. Under- 
development  is indicated by resist nonclearing around 
the edges of the' writ ten outer squares. 

Similarly dramatic adhesion enhancement  has been 
demonstra ted and reported for silane promoted sili- 
con dioxide substrates (2-4, 7, 8). These results were 
achieved due to the chemical  interaction of organosilane 
promoters  with the surface silanols of that particular 
substrate system. Analogous surface moieties, aluminols 

(--A1--OH), are also present  on oxidized a luminum 
samples, and good adhesion has been observed for this 
substrate due to chemical  interactions between adhering 
polymeric  films and these surface groups (6, 9). In con- 
trast, gold surfaces are free of surface adhesion pro- 
moting groups like si]anols as pointed out earlier; there- 
fore, any photoresist  adhesion enhancement  observed 
for it must  be attr ibuted to a different and unique pro- 
motion enhancement  mechanism. In fact, tests carried 
out with the halogenated, a lkoxy or amino silanes suc- 
cessfully tested for improving resist adhesion to SiO2 
surfaces of Ref. (2-4, 8) failed to demonstra te  improved 

Fig. 1. Optical micrographs of "lifted" photoresist test images. The 
pointers mark areas where island images or parts of them are missing 
due to adhesion failure following exposure and development. 
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emission and infrared spectroscopic results which were 
consistent with a chelation-like interlayer bonding 
mechanism (9, 10). Although these studies do not deal 
with adhesion promoters per se, they do illustrate the 
principle of a weak chemical bonding mechanism at the 
interface between metal and organic and/or polymeric 
layers. There is no inherent  reason why a silane con- 
taining oxygen would not interact similarly to yield a 
more organic-like and resist adhering gold metal sub- 
strate from one of less adhering. As for the silanes con- 
taining phosphorus and sulfur, it is well-known that sta- 
ble gold complexes involving ligands containing these 
elements  have been synthesized (5). Thus, gold has an 
affinity for chemical interaction with these elements 
and most probably with silanes containing them. 

In  conclusion, it is felt that the improved resist adhe- 
sion of this work is due to the chemical interaction of 
the chelating silanes to the gold surface-atoms, which 
creates an improved and adhering substrate to resist 
from one previously more chemically inert  or non- 
adhering. 
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Fig. 2. Optical micrographs of gold test island images where photo- 
resist adhesion has been promoted with TMSA. The areas around the 
gold island images have been ion-milled to the substrate and the 
photoresist has been removed by O~ plasma etching. 

adhesion to gold test wafers. Definitive improved resist 
image adhesion to gold was observed only with the four 
silane adhesion promoters listed above. 

The improved lithographic resist adhesion to gold, ob- 
served for test wafers pr imed with the four silanes of 
this work, is at tr ibuted to a complexation or chem- 
isorption mechanism. The --C~=O of TMSA, - - S - -  of 
BTPTS and MPTS, and -~P- -  of DPTS are moieties ca- 
pable of acting as chelating or chemisorption sites for 
the molecular silanes; thus, creating layer to layer 
bonding with greater strength than that observed where 
just  van der Waals interactions occur to the gold surface 
atoms. Polymeric adhesion of oxygen containing poly- 

O 
H 

mers (e.g., tCH2--C(CH3)--~--OCH3~) to metal surfaces 

has been recently at tr ibuted to metal-oxygen-polymer 
complexation, as evidenced by observed x-ray photo- 
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A 3.8/ m Period Sawtooth Grating in InP by Anisotropic Etching 
C. J. Keavney' and Henry I. Smith 

Massachusetts Institute of Technology, Research Laboratory of Electronics, Cambridge, Massachusetts 02139 

Anisotropic etching has often been used to create unu- 
sual structures in crystals. The technology is highly de- 
veloped in the case of silicon, and many useful devices 
and applications have been realized (1-5). While many rea- 
gents are known which will etch the (100) planes of InP 
faster than the ( l l l )A  planes (6-8), there is no known etch- 
ant which is as highly selective for InP as KOH is for St. 
Accordingly, the production of sawtooth and square-wave 
profile structures on a fine scale in InP is problematical. 
We describe here a procedure which has been used to 

1Present address: Spire Corporation, Patriots Park, Bedford, 
Massachusetts 01730. 

make 3.8 ~m period gratings with sawtooth profiles on 
the (100) surfaces of InP wafers. 

Hydrobromic acid (HBr) was selected as the etchant in 
this experiment, because it was shown by Adachi and Ka- 
waguchi (6) to reveal ( l l l )A planes in InP, and because it 
is compatible with photoresist masking. The ratio be- 
tween (100) and ( l l l )A  etch rates was not high enough at 
room temperature to achieve useful sawtooth profiles, 
but it was found that this ratio increased at lower temper- 
atures. This increase is expected from the assumption 
that the etch rate is activation limited and follows a sim- 
ple Arrhenius rate equation, and that the anisotropy re- 
sults from a higher activation energy for the ( l l l )A  plane 
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Fig. 1. Scanning electron micrograph of a sawtooth profile grating 
etched in InP with HBr. The grating period is 3.8/~m. 

than for the (100) plane. A temperature of -15~ was 
found to  give a sufficiently high anisotropy. 

The samples used in this work were cleaved from com- 
mercially available (100) Sn-doped InP wafers. After pol- 
ishing, a corner of each wafer was etched with 1:1 HC1 
(12N) and H202 (30%) solution for 30s at room tempera- 
ture. This etch produced elongated pits on the (100) sur- 
face. Because it also etches the ( l l l )B  planes faster than 
the ( l l l ) A  planes, the long directions of these pits indi- 
cate the line of intersection of the ( l l l )A  planes with the 
surface. These pits are useful for aligning the grating 
mask. 

The wafers were then cleaned by ultrasonic agitation in 
a sequence of solvents: trichloroethylene, acetone, and 
methanol. They were immersed in 60% KOH in water at 
50~ for 20 min, then washed in detergent (with ultrasonic 
agitation) and rinsed in deionized water. An adhesion 
promo'.er, octadecyl dimethyl [3-(trimethoxysilyl) propyl] 
ammonium chloride, known as DMOAP, was applied 
(other adhesion promoters are expected to work as well), 
and then 0.5 t~m of Shipley ~ AZ1350B positive resist was 
spin-coated onto the wafers and prebal~ed according to 
the manufacturer 's  recommendations.  

A photomask with a 3.8 ~m period grating was placed 
in contact with the wafer. The lines on the grating were 
aligned manually with a cleaved edge of the wafer, in the 
same direction as the long axes of the pits which were 

2Shipley Corporation, Newton, MA 02158. 

etched into the wafer corner beforehand. This ensured 
that the ( l l l )A  planes would form a sawtooth grating. 
The resist was exposed, developed, and postbaked ac- 
cording to the manufacturer 's  recommendations.  After 
development,  the grating lines were about 1.4 t~m wide. 

The etching was carried out in a glass beaker at 
-15~ with agitation. The etchant was 9N (48% by 
weight) HBr. The etch was stopped when undercutt ing of 
the resist lines caused them to begin to lift off of the wa- 
fer; this took about 10 min. The resist was stripped, and 
the sample was examined in an optical microscope and a 
scanning electron microscope (Fig. 1). As can be seen in 
the electron micrograph, the remaining (100) portion of 
the top of each sawtooth is about 0.4 ~m wide. The bot- 
toms of the grooves, where two ( l l l ) A  planes meet, ap- 
pear sharp at the resolution of the micrograph. The origin 
of the ripple on the ( l l l ) A  facets is not known. 

Assuming that the resist mask will lift off when the flat 
tops of the sawtooth structure reach 0.4 tLm in width, a 
ratio of (100) etch rate to ( l l l ) A  etch rate of at least 8.3 is 
needed in order for the grooves to be completely etched 
before the resist mask fails. Our result shows that HBr 
at -15~ meets this requirement.  We have made other 
measurements  which indicate that HBr at 4~ has a ra- 
tio of about 7.7. 

In summary, HBr at -15~ has been used to etch a 
3.8 ~m period sawtooth grating in (100) InP through a 
photoresist mask. The observation tha t - reduc ing  the 
temperature of the etch increases the anisotropy indicates 
that the activation energy (as described by an Arrhenius 
rate law) for the (111)A surface is greater than that for the 
(100) surface. 
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Deep Donor Levels in He Implanted n-Type Silicon 
Masahiro Yoshizawa, Masayasu Miyake, and Hiroyuki Harada 

Nippon Telegraph and Telephone Public Corporation, Atsugi Electrical Communication Laboratory, 1839, Ono, 
Atsugi-shi, Kanagawa, 243-01 Japan 

In VLSI fabrication, ion beam technology using light 
ions (H, He) has many applications, such as ion beam li- 
thography (1, 2) and FIPOS technology (3). In these tech- 
nologies, it is important  to investigate the energy level, 
concentration profile, and annealing behavior of damage 
produced by ion implantation. There have been many 
works on damage produced by proton implantation (4-6). 
However, there have been only a few studies on damage 
produced by He implantation (7). Energy levels and con- 
centration profiles of deep levels in He-implanted Si 
have been studied for a 5 • l0 s cm -2 implantation dose 
without annealing by using the DLTS method (7). For ap- 
plying He implantation to the preceding technologies, 

Key words: Schottky C-V method, implantation damage, en- 
ergy level, annealing behavior. 

however, it is necessary to study the properties of the 
damage in a higher dose range. 

In the present study, energy levels and the concentra- 
tion profiles of deep levels in n-type Si produced by He 
implantation with doses of 10 TM - 1015 cm -2 are investi- 
gated by the Schottky contact C-V measurement  method. 
The implantation energy dependence of the peak depth 
and the annealing behavior in an N2 atmosphere between 
500 ~ and 700~ are also reported. 

CZ n-type <100> silicon wafers with 0.83 - 0.92 12-cm 
resistivity were used. Arsenic was implanted into the 
back side of the wafers at 100 keV with a 1015 cm -2 dose, 
and the wafers were annealed at 900~ for 30 min to ob- 
tain an ohmic contact. Helium ions were implanted into 
the wafers at 40 - 150 keV with a 10 TM - 1015 cm -2 dose. 
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After  anneal ing  in an N~ a tmosphe re  at 5000 - 700~ for 30 
rain, Au e lect rodes  (0.155 m m  diam) were  evapora ted  on 
the  wafers  in order  to obtain  Schot tky  contacts,  and A1 
back contac ts  were  evaporated.  

In the  C-V m e a s u r e m e n t  (8), the  concent ra t ion  profile 
is g iven by the  wid th  of  the  space charge  layer (Xm) and 
the  concent ra t ion  of  the  level  (Nm). For  the  deep level,  the  
observed  profile obta ined  by using xm - Nm is an appar- 
ent  profile, and is not  equal  to the  actual  profile of  the  
deep  level. For  the  deep  level  p roduced  by implanta t ion ,  
donor  and acceptor  levels  can be ident i f ied f rom the  
shape  of the observed  peaks.  The  n u m b e r  of  peaks  equals  
the  n u m b e r  of levels. The  C-V m e a s u r e m e n t s  having tem- 
pera ture  variat ions separate  the  deep  and shal low levels. 

F igure  1 shows the  apparen t  concent ra t ion  profile mea- 
sured  by the Scho t tky  C-V m e t h o d  at d i f ferent  measure-  
m e n t  tempera tures .  H e l i u m  implan ta t ion  was pe r fo rmed  
at 60 keV with  a dose of  1015 cm-E The anneal ing  tempera-  
ture w a s  600~ A flat concent ra t ion  profile deeper  than 
0.9 /zm shows the  substra te  impur i ty  concentra t ion,  
which  is 6 x 101~ cm -3. Two donor  peaks are observed.  We 
call the  smal ler  Xm peak level  1, and the  o ther  level  2. Fig- 
ure  2 shows the  t empe ra tu r e  dependence  of  the  apparen t  
peak depths  of  the  two levels.  Leve l  2 is a deep level, 
s ince the  apparent  peak dep th  decreases  wi th  an increase 
in tempera ture .  The apparen t  peak  depth  of  level  1 de- 
creases  wi th  an increase  in t empera tu re  be low 30~ and 
does not  shift above  30~ This indicates  that  the  energy  
of level  1 (El) is near ly  equa l  to the  Fe rmi  level  at 30~ 
which  is Ec - El = 0.21 eV, and level  1 is a deep  level  be- 
low 30~ The energy  of  level  2 (E2) is deeper  than El, be- 
cause  the  apparen t  peak  depth  of  level  2 changes  in the  
h igher  t empera tu re  range;  that  of level  1 does not  change.  
The  measu red  profile above  30~ equals  the  actual pro- 
file of  level  1. The  peak  dep th  of  level  1 at 60 keV is de- 
t e rmined  to be 0.48/~m. 

S ince  level  2 is a deep  level  and level  1 is shal lower  than 
the Fe rmi  level  above  30~ E2 and the  concen t ra t ion  of  
level  2 (N2) are expres sed  as the  fol lowing equa t ions  (8) 

f;;/; e(Er - E2) _ No(xm - x2) 2 + NI(x) dxdx '  [1] 
q2 2 m 

Xm OXm 
Ne(x2) = (Nm - No - N l [ X m ] ) -  [2] 

X 2 0 X  2 ;m 
OXm No(x~ - x2) + Nl(x) dx  

2 
-- - [3] 

ax2 No(xm - x2) + Nl(xm)(Xm - 3:2) 
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Fig. 1. Apparent concentration profiles measured by the Schottky 
C-V method at different measurement temperatures. 
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where  No is the substra te  impur i ty  concentra t ion,  Nl(x) is 
the  concent ra t ion  of  level  1 at depth  x, and xm and x2 are 
the depths  at which  the  levels  1 and 2 cross the  Fe rmi  
level,  respect ively.  

It  is t hough t  that  level  1 and level  2 are related to the  
damage  p roduced  by He implanta t ion.  Thus it is re levant  
to a s s u m e  that  the  actual  peak  dep th  of  level  2 is equal  to 
that  of  level  1. U n d e r  this assumpt ion ,  energy  level  E2 is 
calculated to be Ec - E2 = 0.52 eV from Eq. [1] in the  tem- 
pera ture  range of  above  30~ The peak concen t ra t ion  of  
level  2 is de t e rmined  to be 1.5 • 10 TM cm -~, using Eq. [2] 
and [3] and the  concent ra t ion  profile of  level  1. The  
obta ined  peak concen t ra t ion  of  level  2 is equal  to that  of 
level  1. 

F igure  3 shows the  implan ta t ion  energy  d e p e n d e n c e  of  
the  actual  peak dep th  of  the  levels.  The  points  represen t  
expe r imen ta l  data  in the  p resen t  study. The solid l ine is 
the  ca lcula ted  curve  of  the  peak  depth  of  the  energy  
t ransfer  rate into a tomic  d i sp lacements  f rom the  ex- 
t ended  L S S  theory  (9). This cor responds  to the  peak 
dep th  of  the vacancy  concentra t ion.  Both  are in good 
agreement .  The  concen t ra t ion  profile ob ta ined  in the 
present  s tudy is near ly  Gaussian.  It was conf i rmed that  
these  two levels  have  the  same  anneal ing  behav ior  in the  
500 ~ - 700~ range, and have  the  same peak concent ra t ion  
in the  dose  range of  1014 ~ 1015 cm-E The peak  concentra-  
t ion decreases  as the  annea l ing  t empe ra tu r e  increases.  
Both  peaks  d isappear  after a 30 rain anneal ing  at 700~ 
w h e n  the  dose is 101~ cm -2, and disappear  after a 30 min  
anneal ing  at 600~ when  the  dose  is 10 TM cm-E 

Three  levels have  been  observed  in He imp lan t ed  
n-type Si at Ec - 0.18, Ec - 0.23, and Ec - 0.41 eV using the  
D L T S  m e t h o d  (7) for a dose of 5 x 108 cm -2 w h e n  anneal-  
ing is not  performed.  The  E~ - 0.18, Er - 0.23, and Er - 
0.41 eV energy  levels  have  been  identif ied as the  A center  
(O-V), the  d ivacancy  center,  and the  phosphorus  vacancy  
center  (P-V), respect ively.  The  P-V center  cannot  be  ob- 
se rved  in the present  study, because  the  concen t ra t ion  of  
the  cen ter  is less than  the  substra te  concentra t ion.  The  A 
center  and the  d ivacancy  center  have  been  also observed  
in a p ro ton- implan ted  Si (6) or  an e lect ron- i r radia ted Si 
(7). The  Ec - 0.21 eV energy  leve l  ob ta ined  in the  present  
s tudy is ten ta t ive ly  ident i f ied as a d ivacancy  f rom its an- 
nea l ing  th resho ld  (6). In  the  previous  studies,  the  E~ - 
0.52 eV energy  level  has not  been  observed,  because  the  
range  of the  measu r ing  t empera tu re  is not  h igh  enough.  
For  the  e lec t ron- i r radia ted  Si, the  Ec - 0.54 eV energy  
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level ,  w h i c h  is iden t i f i ed  as a d i v a c a n c y  center ,  ha s  b e e n  
o b s e r v e d  in t he  p h o t o c o n d u c t i v i t y  m e a s u r e m e n t  (10). The  
E~ - 0.52 eV e n e r g y  level  in  t h e  p r e s e n t  s t u d y  is c lose  to 
th i s  level,  and  is iden t i f i ed  as a d ivacancy .  B o t h  levels  
o b s e r v e d  in t he  p r e s e n t  s t u d y  are  c o n s i d e r e d  to b e  di- 
v a c a n c y  cen te rs .  This  is c o n s i s t e n t  w i t h  t he  r e su l t s  t h a t  
b o t h  levels  h a v e  t h e  s ame  p e a k  dep th ,  c o n c e n t r a t i o n ,  a n d  
a n n e a l i n g  behav io r .  

I n  s u m m a r y ,  t he  d e e p  l eve l s  p r o d u c e d  b y  He i m p l a n t a -  
t i on  we re  s t ud i ed  in  a d o s e r a n g e  of 10.14 ~ 10 '5 c m  -2 by  t he  
S c h o t t k y  con t ac t  C-V m e a s u r e m e n t  m e t h o d .  Two deep  
d o n o r  levels  h a v i n g  t he  s a m e  p e a k  d e p t h  a n d  concen t r a -  
t ion  w e r e  observed." E n e r g y  leve ls  are  loca ted  at  Ec - E, = 
0.21 eV, a n d  Ec - E~ = 0.52 eV. I m p l a n t a t i o n  e n e r g y  de- 
p e n d e n c e  of  t he  p e a k  d e p t h  of  t he  levels  is in  good  agree-  
m e n t  w i th  t he  ca l cu la t ed  p e a k  d e p t h  of  v a c a n c y  concen-  
t r a t i on  profi le  f rom the  e x t e n d e d  L S S  theory .  T h e s e  two  
levels  h a v e  t h e  s a m e  a n n e a l i n g  b e h a v i o r  b e t w e e n  500 ~ 
a n d  700~ It  is t h o u g h t  t h a t  t he  levels  can  be  iden t i f i ed  
b e c a u s e  of  d ivacanc ies .  
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Equilibrium Calculations for the Si-H-CI System from 300 to 3000 K 

Carlyle S. Herrick* and Rony A. Sanchez-Martinez 
General Electric Company, Corporate Research and Development, Schenectady, New York 12345 

The Si-H-CI system is an important concern to semicon- 
ductor technology since at least four different compounds 
belonging to that system have been used as starting mate- 
rials in the manufacture of merchant silicon for the semi- 
conductor trade, or for the deposit of solid epitaxial layers 
in silicon device fabrication. These activities are sup- 
ported by a considerable amount of available information 
on equilibrium compositions at temperatures below 1700 
K, approximately the melting point of solid silicon (I-i0). 
Exploratory experiments or surveys at those higher tem- 
peratures comprising the liquid range of silicon find no 
comparable support in the literature. Only fragmentary H9 
and sometimes conflicting equilibrium data are available SiCl4 
(i, 2). To fill that need, this note describes the results of SiHCl3 

SiH2C12 
equilibrium calculations covering the temperature range SiH3C1 
from room temperature to 3000 K. The term silane homo- Sill4 
log as used here may refer to any compound in the series HCI 
Sill4, SiH3CI, SiH2CI2, SiHCI3, and SiCl4. SiCl3 SiCl~ 

A n u m b e r  of  a u t h o r s  h a v e  e m p l o y e d  a va r i e ty  of  com- SiC1 
pure r  codes  to solve  t h e  e q u i l i b r i u m  ca lcu la t ion  p r o b l e m  Si9C16 
(1, 2, 8, 10). We u s e d  a mod i f i ed  ve r s i on  of  t h e  s y s t e m  free CI~ 

. . . .  C1 ene rgy  m l m m l z m g  code p r e p a r e d  b y  G o r d o n  and  McBr ide  H 
(11). I t  r o u t i n e l y  p e r f o r m e d  a s e c o n d  e q u i l i b r i u m  calcu-  Sill 

Si 
* Electrochemical Society Active Member Si2 
Key words: silanes, chlorosilanes, conversion, yield. Sis 

l a t i o n  u s i n g  t h e  o u t p u t  of  t h e  first  c a l c u l a t i o n  as i n p u t  
for  t h e  s econd .  C h e c k i n g  t h e  code  in t h i s  way  p r o v e d  to 
b e  n e c e s s a r y  for  r e l i ab le  r e su l t s .  T w e n t y  c h e m i c a l  spe- 
c ies  w e r e  c o n s i d e r e d  in  e a c h  ca l cu la t ion ,  m o r e  t h a n  in  
p r i o r  s tud ies .  H e a t  capac i ty ,  e n t h a l p y ,  a n d  e n t r o p y  da ta  

Table 1. Equilibrium partial pressures in atmospheres calculated for 
total P = 1.0 atmand CI/H = 0.1 

1 0 0 0 K  1 6 0 0 K  2 2 0 0 K  2 8 0 0 K  

0.938 0.875 0.848 0.742 
2.43 • 10 -2 1.43 • 10 -3 6.45 x 10 -6 1.64 • 10 -7 
2.76 • 10 -2 2.46 • 10 -3 3.07 • 10 -5 1.50 • 10 -6 
8.87 • 10 -4 3.07 • 10 -4 1.63 • 10 -5 1.94 • 10 -6 
1.80 • 10 -5 2.01 • 10 -5 4.16 • 10 -6 1.16 • 10 -6 
3.72 • 10 -7 9.00 • 10 -7 6.11 • 10 -7 3.61 • 10 -7 
8.19 • 10 -3 9.02 • 10 -2 1.16 x 10 -1 1.11 • 10 -I 
3.53 • 10 -4 4.38 • 10 -3 4.82 • 10 -4 8.26 • 10 -5 
1.23 • 10 -4 3.30 • 10 -2 3.12 • 10 -2 2.00 • 10 -2 
6.45 • 10 -13 3.14 • 10 -6, 5.80 • 10 -4 8.53 • 10 -3 
7.97 • I0 -s 1.76 • 10 -9 4.68 • 10 - 'a 1.78 • 10 - 's 
2.11 • 10 -15 1.43 • 10 -9 1.22 • 10 -7 1.21 • 10 -6 
1.85 • 10 -11 4.14 • 10 -~ 5.14 • 10 -4 7.23 • I0 -a 
2.18 • 10 -9 5.03 • 10 -5 5.15 • 10 -9 7.00 • 10 -2 
2.88 • 10 -~4 2.02 • 10 -7 1.52 x 10 -4 5.38 • 10 -3 
1.64 • 10 -'6 9.36 • 10 -6 3.56 • 10 -4 3.42 • 10 -2 
1.01 • 10 -21 2.49 • 10 -'0 5.17 • 10 -6 1.41 x 10 -3 
4.71 • I0 -~  5.53 • 10 -11 1.18 x 10 -6 2.72 • 10 4 
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CIIH'= 1. CI/H =.I 

P = I. ATM P = I. ATM 

February 1984 

CI/H = BI 

P = I. ATM 

Fig. 1. Calculated equilibrium 
conversions, gas phase composi- 
tions, and yields for the condensa- 
tion of solid or liquid silicon from 
individual silane compounds or 
from mixtures. CI /H=I .0 ,  0.1, 
0.01. P =1.0  atm. 
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were obtained from JANAF tables (12) in combinat ion 
with the most recently reported values of heat of forma- 
tion (8, 13). 

Calculations included the entire range of temperatures  
at which elemental  silicon might  be condensed from 
equi l ibr ium gas from room temperature  up to the boil- 
ing point of silicon at about 3500 K. In no case did sili- 
con vapor saturate equi l ibr ium gas at a temperature  
above 3000 K. Since thermally ionized species occur 
only to a very minor  extent  below the boiling point of 
silicon, they were no.t considered in this work. Also 
omit ted was considerat ion of possible unfavorable ki- 
netics at temperatures  near ambient. 

Equi l ibr ium vapor  phase composi t ion values calcula- 
ted at four widely separated temperatures  are listed in 
Table I. The data for the two lower temperatures,  and 
others, have been compared  with published data from 
four separate sources (3, 5-7). All major consti tuents and 
most  minor  ones agree well. SIC13 values are an excep- 
tion, being two orders of magni tude greater than previ- 
ously reported (6, 7). This small difference is thought  to 
be due to more recent  thermodynamic  data and the 
larger number  of chemical  species considered. 

The results of many equi l ibr ium calculations are cor- 
related in Fig. 1 and 2. In both figures, the three graphs 
compris ing each vertical column all relate to the pres- 
sure and composi t ion condit ions listed at the top of the 

f4 " ~ c t  

s!.:& 

3000 1000 2000 3@0e f00~ 2000 

TEMPERATURE, K TEMPERATURE, K 

column. In each case, the topmost  graph shows equilib- 
r ium conversion data, the middle graph shows equilib- 
r ium composi t ion data, and the bot tom graph has equi- 
l ibr ium yield data. Conversion refers to the degree of 
complet ion of the reaction to form condensed phase ele- 
mental  silicon, while yield refers to the amount  of such 
silicon formed in unit vo lume of equi l ibr ium gas. 

Figure 2 illustrates one novel  way in which equilib- 
r ium data can be arranged to give a broad view of con- 
densed phase elemental  silicon availability. Compari- 
sons made in a horizontal direction show the effects of 
changing relative compositions,  (Fig. 1) and of changing 
system total pressure (Fig. 2). Comparisons made in a 
vert ical  direction show the effects of choosing various 
silane homologs or intermediate mixtures thereof. Note 
that vertical lines are isotherms and due to system inva- 
riance a single gas phase composi t ion describes the 
equi l ibr ium behavior of all of the different s t a r t ing  
compounds.  

Along any isotherm, both conversions and yields of 
mixtures  of neighboring silane homologs may be found 
by a linear interpolation between the two curves on Fig. 
1 and 2 based on relative proportions of the constituents.  
Of course the input relative proport ions of silane 
homolog and hydrogen must  change for different silane 
compounds  or mixtures  in order to maintain C1/H 
constant. 
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P= I. ATM P= 21ATM 
P = .I ATM 

CI/H = . I  C I /H  = .I Cl /H = .1 
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Fig. 2. Calculated equilibrium 
conversions, gas phase composi- 
tions, and yields for the condensa- 
tion of solid or liquid silicon from 
individual silane compounds or 
from mixtures. P=I .O,  0.1, 0.01 
atm. CI/H = 0.1. 

There are a number  of special cases for mixtures.  For 
example,  1-1 molar  mixtures  of silanes which differ in 
const i tut ion by two hydrogen atoms will normally have 
the same atomic composi t ion (add HC1 to Sill4) as the 
pure silane compound of intermediate  consti tut ion and 
will therefore give identical  results at equil ibrium. Simi- 
larly, 2-1 or 1-2 mixtures  of silanes which differ by three 
hydrogen atoms will have the same atomic composi t ion 
and give identical equi l ibr ium results as one of the two 
intermediate  silanes. Addit ional  special cases exist for 
mixtures  of silane differing by four hydrogen atoms. 

Addit ions of HC1 or C12 produce equi l ibr ium changes 
which are proport ional  to the changes they create in the 
atomic composi t ion of the feed in exact ly the same mare 
her as for mixtures. Special  cases also occur in the same 
way. See the left-hand co lumn of Fig. 1 for an example.  

Figure 2 can provide prel iminary answers to a number  
of quest ions related to increasing silicon production. 
For example,  in some instances the conversion and yield 
curves are bimodal,  with a min imum ocurring at the 
melt ing temperature  of silicon and maxima at both 
lower and higher temperatures.  In column 2 of Fig. 1, it 
is apparent  that silicon processes operating near the left- 
hand peak (solid silicon region) for the conversion of  
SIC14, SiHC13, or SiH2C12 would enjoy substantially- 
higher  conversions and the same yield if  operated near 
the right-hand peak'( l iquid silicon region). 

A second example  in column 2 of Fig. 1 originates 
from the near equali ty of conversion of  SIC14 at the right- 
hand peak m ax im um  (liquid silicon) and the conversion 
of SiHC13 at the silicon melt ing temperature.  Any pro- 
cess using SiHC13 near the melt ing tempera ture  could 
maintain the same conversion but change to SIC14 as the 
feed material by raising the  operating tempera ture  to at- 
tain the right-hand peak. The bot tom graph in column 2 
of Fig. 1 suggests a yield decrease of about one-half for 
that exchange.  The overall result  is that an operator who 
could double reactor space velocity or reactor vo lume or 
an equivalent  combination,  could also enjoy whatever  
price differential existed between the two feed 
materials. 

Many other factors enter  into silicon processing deci- 
sions, particularly those relating to silicon purity. It is 
possible, therefore, that advantages suggested by equi- 
l ibr ium data such as the examples  above may not be 
compatible with some other process requi rement  in a 
particular situation. 

Manuscript  submit ted Nov. 22, 1982; revised manu- 
script  received ca. Aug. 17, 1983. 

General Electric Company assisted in meeting the pub~ 
lication costs of this article. 
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Patterning of Tantalum Polycide Films 

R. W. Light* and H. B. Bell* 

Sandia National Laboratories, Albuquerque, New Mexico 87185 

Gate level interconnect composed 
of a layer of doped polysilicon 
covered by a refractory metal sili- 
cide (polycide structure) is becoming 
an important feature of some inte- 
grated circuit technologies (I). 
These composite structures retain the 
relatively well characterized poly- 
silicon/SiOp interface while permit- 
ting a lower resistivity than possi- 
ble with polysilicon alone. Dry 
etching chemistries used for pattern- 
ing polysilicon are not generally 
compatible with these composite mate- 
rials, often producing an undesirable 
etched line profile or other compli- 
cations. For example, a fluorine 
based plasma will typically etch the 
polysilicon out from under the sili- 
cide resulting in an overhang that 
will reduce step coverage by subse- 
quent depositions. It has been 
recently shown that by adding C19 to 
an SF 6 plasma, a continuous pro[ile 
can be formed on Ta polycide lines 
(2). In this paper we discuss the 
etching behavior of TaSi2/polysilicon 
{ilms in a BCI3/CI 2 based reactive 
ion etching process. Control of the 
etched line profile by variation of 
the process parameters will be empha- 
sized. 

EXPERIMENTAL 

TaSi2/polysilicon (polycide) sam- 

~ les are prepared by depositing 3000 
of LPCVD polysilicon on thermally 

oxidized 100mm diameter silicon 
wafers, phosphorus doping the poly- 
silicon to 30 R/~ , cleaning the 
polysilicon surface in 50:1 HF, and 
sputtering 3000 ~ of TaSi^ onto the 
polysilicon from a composile target. 

Key words: 
etching. 

semiconductor, plasmas, 

The wafers are coated with 1.8 p m 
of KTI 820 photoresist and patterned 
with 2, 3, 4, and 5 ~m lines and 
spaces. Single film samples of 
TaSi 2 and polysilicon films are 
prepared in a similar fashion on 
oxidized silicon wafers. SiO. etch 

. 
rates are determined from oxldlzed 
wafers patterned with a photoresist 
grid pattern. 

A Plasma Therm, Inc., Hexetch 640 
reactive ion etching system with a 
3000 W, 13.56 MHz rf power supply is 
used for this study. This reactor 
holds 24, i00 mm diameter wafers on a 
central, vertically configured, hexa- 
gonal cathode enclosed in a bell jar. 
RF power is applied to the cathode 
and is regulated to maintain a preset 
dc self bias voltage on the cathode. 
The wafer holding cathode and the 
be~l jar are temperature regulated at 
30vC. SiO 2 coated wafers are placed 
in wafer Iocations not containing 
sample wafers. The system pressure 
is fixed at i0 mT and the total gas 
flow at 40 sccm. Endpoint is deter- 
mined by monitoring the intensity of 
the 451 nm C12 + emission signal. 
Profile data are obtained by SEM. 

RESULTS AND DISCUSSION 

The etched line profile of the 
polycide structure is a function of 
the dc self bias voltage, the BCI3/ 
Cl 2 ratio and the number of wafers in 
the reactor (loading). A slightly 
sloped, continuous profile is desired 
to give adequate step coverage by 
later deposition processes. The 
effect of the dc self bias voltage 
and the percentage of C12 in BCI 3 on 
the character of the etched profile 
is illustrated in Fig. 1 for polycide 
wafers (one wafer load) etched to 
endpoint. As the dc self bias volt- 

459 
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age increases (more negative) and/or 
the Cl 9 percentage in BCI~ decreases, 
the lateral etch ra~e of the 
TaSi~ layer decreases relative to the 
vertrcal etch rate. While a fluorine 
based process often produces lateral 
etching of the polysilicon layer, 
lateral etching of the TaSi~ layer 
dominates with this application of 
BCI~/ Cl~ chemistry. Loading also 
affects the line profile with the 
relative lateral etch rate of 
TaSi 2 decreasing with an increase in 
the number of wafers. For example, 
in Fig. i, the profile obtained at 
60% C12, -300 V, and one wafer in the 
reactor displays a lateral etching of 
the TaSi 2 layer. If the number of 
wafers is increased to 6 or more, the 
profile no longer appears undercut. 
At voltages less than -300 V (more 
positive), TaSi 2 undercut can be 
reduced with incgeased reactor load- 
ing but cannot be totally eliminated. 
These profile dependencies are simi- 
lar to those found for reactive ion 
etching of Al/Si with BCI3/CI 2 mix- 
tures (3). 

The profile dependence on BCII/ 
composition and load is consis~- 

~ with a sidewall passivation model 
in which the boron species limit the 
lateral etching reaction by recom- 
bining with the C1 etching species in 
the absence of ion bombardment (4). 
In this description of etch direc- 
tionality decreasing the percentage 
of C12 in BCI~ or consuming C19 by 
using larger water loads at constant 
dc bias voltage increases the rela- 
tive concentration of boron type 
recombinants. The dependence of line 
profile on dc self bias voltage is 
consistent with positive ion assisted 
chemistry occurring on the bombarded 
surfaces. Lateral etching of the 
polysilicon layer was not detected 
under any of the experimental con- 
ditions. 

A significant loading effect is 
observed for both the polycide and 
photoresist films with the etch rates 
decreasing as the number of wafers in 
the reactor is increased. Both the 
TaSi 9 and the polysilicon components 
of the polycide composite contribute 
to the observed loading effect as 
shown in Fig. 2 for 20% Cl~ in 
BCI 3 and -300 V dc bias. A slightly 

sloped continuous polycide profile is 
obtained when the etch rates of poly- 
silicon, TaSi^, and photoresist are 
similar. A 3.~ pm wide polycide line 
etched with 20% Cl in BCI3, -300 V, 
and a 12 wafer loa~ is shown in Fig. 
3. The original photoresist line 
profile must have a slope to obtain 
this degree of taper on the etched 
line. Sloped photoresist profiles 
may be formed by a judicious choice 
of photolithographic parameters 
and/or postdevelopment bake tempera- 
tures. Linewidth variation of 3.0~m 
lines wafer to wafer and within a 
wafer etched under these conditions 
is typically +5% (~). The combined 
loading effec~ observed for polycide 
films is shown in Fig. 4 for 20% and 
60% CI^ in BCI 3 and -300 V dc bias. 
SiO~ e~ch rates range between 40 and 
70 ~/min with adc self bias voltage 
of -300 V, 20% to 60% Cl 2 in 
BCI 3, and 1 to 18 wafers in the 
reactor. 

CONCLUSION 

Fine line patterning of Ta poly- 
cide interconnect can be achieved 
with a BCI~/CI 2 reactive ion etching 
process. The etched line profile is 
a function of the BCI~/CI 2 composi- 
tion, the dc bias vollage, and the 
wafer load. A continuous, tapered 
line profile can be obtained by using 
wafer loading conditions in which the 
TaSi 2, polysilicon, and photoresist 
etch rates are similar. This type of 
profile is often necessary to insure 
adequate step coverage by later depo- 
sition steps. 
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Conformal Step Coverage of Electron Beam-Assisted CVD of Si02 and 
Si3N4Films 
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We have recently reported electron beam 
essisted chemical vapor deposition (CVD) of 
silicon dioxide (Si02) and silicon nitride 
(Si3N 4) films at low (200~ substrate tempera- 
tures (1,2,3). Herein, we examine the ability 
of the electron beam deposition technique to 
conformally cover patterned aluminum and poly- 
silicon steps. 

Conformal coverage of such uneven features 
by deposited dielectric layers without thin- 
ning and cusping is important in multilayer 
metal devices. Thinning of dielectric side- 
walls lowers interlayer breakdown voltages and 
cusping causes step coverage problems in 
subsequent metallization steps. 

Details of the experimental arrangement 
and the electrical, physical and chemical 
properties of both SiO 2 and Si3N 4 films de- 
posited using the electron beam assisted CVD 
technique have been presented elsewhere 61, 2, 
3). Reactant gases used for the deposition 
of SiO^ and Si3N 4 films include nitrous oxide 

z 
and ammonia as respective oxygen and nitrogen 
donors. The silicon donor was 5% silane in 
nitrogen. 

The deposition technique uses an electron 
beam to generate a spatially confined plasma 
reaction volume. To a first approximation the 
plasma region is a planar sheet with cross 
sectional area 1 x 25 mm. Deposition occurs 
at rates up to 500 ~/min on a heated sub- 
strate (150-500~ located directly beneath 
the planar region defined by the electron beam 
generated plasma. 

To study the step coverage properties of 
the electron beam deposition technique aluminum 
was sputter deposited (8000~ thick) upon a 
thermal SiO 2 (i000~ thick) covered silicon 
wafer. The wafer was masked using conventional 
photolithography and wet chemically etched to 
achieve aluminum lines i0 to 20 ~m wSde. 
Separately a polysilicon layer (4000A thick) o 
was deposited over another thermal SiO 2 (1000A 
thick) covered silicon wafer. The polysilicon 

was also masked and standard dry processing 
techniques were used to achieve polysilicon 
lines i0 to 20 ~m wide. 

SiO 2 layers were then electron beam 
deposited on both aluminum and polysilicon 
patterned silicon wafers. The SiO 2 films 
were deposited at a substrate temperature of 
350~ with a N20/SiH 4 mass flow ratio of 20 
and a chamber pressure of 0.3 Torr. The 
electron beam discharge current and voltage 
were 50 mA and 4 kV, respectively. 

Separately Si3N 4 films were electron beam 
deposited at substrate temperatures of 350~ 
with a NH3/SiH 4 mass flow ratio of 60 and a 
total chamber pressure of 0.35 Torr. The 
electron beam current and voltage were 25 mA 
and 4.2 kV, respectively. 

After electron beam SiO 2 and Si3N 4 deposi- 
tion the silicon wafers were cleaved revealing 
the coverage over aluminum and polysilicon 
steps using a SEM. For the case of poly- 
silicon steps the wafer was etched in a 1 M 
KOH solution in order to distinquish the 
polysilicon and SiO 2 or Si3N 4 interface while 
aluminum covered wafers were cleaved at 77 K 
to obtain sharp metal lines. 

Figure 1 (a,b,c,d,) shows electron beam 
deposited SiO^ and Si3N 4 films conformally 
covering both aluminum and polysilicon patterns. 
A slight cusping of the 0.5 ~m SiO 2 film in 
figure Ib at the base of the polysilicon step 
is evident. Optimization of the deposition 
conditions to reduce cusping has not been 
undertaken. Figure id depicts smooth Si3N 4 
coverage to the right of the polysilicon step 
while coverage on the surface of the step is 
rough due to the uneven polysilicon. Likewise 
the electron beam deposited SiO 2 and Si3N 4 
films conformally cover the surface of aluminum 
steps as in figure la and Ic. Film thinning 
over step sidewalls is less than i0 percent as 
measured by inspection of the SEM micrographs. 
Also, no film cracking was visible for all 
of the SiO 2 and Si3N 4 layers investigated (0.4 
~m to 5 ~m thick). 
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Fig. i. SEM photographs of electron beam 
deposited SiO 2 and Si3N 4 over 8000 ~ A1 and 
4000 ~ poly-Si steps. A, above: 1 ~un SiO 2 
over AI. B, top right: 0.5 )/m SiO 2 over poly- 
Si. C, center right: 1 ~Im Si3N 4 over AI. D, 
bottom right: 1 ~m Si3N 4 over Al. 



In Situ Preparation of Undoped p-Type CdTe by Cathodic 
Electrochemical Deposition 

Juan I-labrest 
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Recently, photovoltalc materials researchers 
have been investigating the use of several 
II-VI semiconductor compounds (e.g., CdS, 
CdTe, CdSe) in a new technlque-- 
electrochemical deposition (I). Low-cost 
preparation of polycrystalline CdTe as an 
absorber material has also been investigated 
for p-CdTe/n-CdS heterojunctlon solar cells 
(2). This paper presents details about the 
in-situ preparation of p-type CdTe deposited 
on polished stainless steel and low-sheet- 
resistance indlum-tln oxide (ITO). The 
deposition process was carried out in an 
aqueous solution (18 M~-cm delonlzed water) 
containing CdSO 4 (IM) and saturated TeO 2. 
The solution pH, a parameter that mainly 
regulates the deposition rate in the 
potentlostatlc mode, was adjusted by adding 
more ~SO 4 to a previously chosen value. The 
pH range that produces uniform thin films is 
2.0-3.5 (3). Several material combinations 
have been tested for the counter-electrode. 
The best, most reproducible results were 
obtained by using a platinum loll with an 
area similar to that of the cathode in 
combination with a short rod of tellurium 
(99.9999) acting as an auxiliary anode. The 
reduction reactions at the electrode, 

+ 

Cd 2+ + 2e- + Cd [I] 

+ 

HTe02 + + 3H++ 4e- + Te + 2H20 [2] 

lead to the compound formation at the 
cathode, under stolchiometrlc conditions that 
are controlled by the cathodic potential 
(4). Therefore, at potentials more positive 
than a certain value [-660 mV vs. standard 
calomel electrode (SCE)] reaction [2] is more 
favorable than reaction [1], resulting in an 
undoped semiconductor material with a p-type 
majority carriers intrinsic conduction caused 
by excess Te atoms placed interstitially (5). 
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Special emphasis has been given to preventing 
electrolyte poisoning by undesired neutral or 
ionized impurities. Small amounts of 
chlorine atoms, which may come from the ref- 
erence calomel, have been observed by Auger 
electron spectroscopy in a few samples 
deposited from aged electrolytes. A 

mechanism of impuriflcation could be the CI 2 
molecule formation at the anode, its 
diffusion through the liquid, and a 
subsequent reduction to CI- at the cathode 
and immediate incorporation in the film. In 
any case, the chloride ions lead to a 
compensation of acceptor centers, resulting 
either in an increase in resistivity or in a 
change in majority carriers type (6). The 
electrolytic cell was operated potentlostatl- 
cally by means of a PAR Potentlostat- 
Galvanostat Model 173. A PAR Digital 
Coulometer Model 179 was used to determine 
film thickness during deposition. Cell temp- 
erature was kept at 82 ~ • ~ C, and a low- 
speed magnetic stirrer aided in solution con- 
vection. The CdTe zlncblende structure 
appears clearly in the X-ray diffraction dia- 
grams of samples grown at potentials ranging 
from -620 to -660 mV (vs. SCE). A second 
phase of tellurium is observed with materials 
grown at more positive potentials. The 
preferred orientation found in slngle-phase 
samples grown on stainless steel, the only 
kind analyzed by the X-ray diffraction, is 
[Iii]. Scanning electron microscopy has 
revealed an average grain size of about 5 
~m. For samples grown on ITO substrates, the 
grain size appears to be significantly 
smaller (<I ~m). 

As we already pointed out about reactions [I] 
and [2], one can conclude that the electrical 
resistivity depends upon material 
stoichiometry. In order to find out the 
Cd/Te ratio, compositional measurements by 

electron probe for mlcroanalysis measurements 
were performed. Results showed that the Te 
and Cd atomic percentages decrease and 
increase, respectively, as the cathodic po- 
tentlal is made more negative, and that both 
atomic percentages equal unity for a 
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potential of about -660 mV (vs. SCE). These 

results are in agreement with those obtained 
from X-ray diffraction diagrams. 

Electric properties of thin films (with a 
thickness of 0.7-1.3 pm) prepared by in-situ 
electrochemical deposition have been examined 
in devices consisting of a conductive 
substrate, a CdTe thin film, and metallic 
dots. Since the CdTe/Au contact behaves dif- 
ferently whether the semiconductor is p- or 
n-type (7), and p-CdTe/In is a Schottky 
barrier (8), the behavior of these two 
contacts becomes a criterion for determining 
the material majority carrier type. 
Therefore, several gold and indium dot 
contacts i.I x 10-2cm 2 in area were 
evaporated (pressure =10 -6 tort) on each 
sample through a metallic mask. Before any 
evaporation occurred, samples were etched in 
a hot KOH solution to remove any remaining 
superficial Te that would either shunt the 
evaporated contacts or distort the results, 
due to a TeO isolant thin layer in series x 
with the device. A method has been described 
(9) that enables us to measure the bulk re- 
sistivity as well as the specific contact 
resistivity. 

Fig. 1 shows the dependence of the bulk re- 
sistivity on cathodic potential in devices 
formed by a stainless steel substrate, an un- 
doped p-CdTe junction, and an ohmic gold con- 
tact. The base stainless steel/p-CdTe 
contact is made ohmic by depositing a few 
atomic monolayers of Te before CdTe 
deposition begins. In Figure I, the vertical 
bars represent the resistivity variation 
found at different dots located along the two 
dimensions of the sample surface (with an 
area of =2 cm2). The CdTe/Au contact behaves 
ohmlcally in a wide range of applied 
voltages; in contrast, the CdTe/In presents a 
Schottky barrier characteristic. These 
results demonstrate the p-type property of 
the reported material. Figure i also shows 
that bulk resistivity is notably decreased by 
the incorporation of excess Te into the 
materials crystal lattice. Note that the 
range for slngle-phase CdTe preparation is 
quite short (40 mV, approximately). In fact, 
high infrared transmission values demonstrate 
that there is not a Te second phase in films 
grown in this range. Specific p-CdTe/Au 
contact resistivity values depending on bulk 
resistivity range from 2 to 2 x 10 -2 ~-cm 2. 
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In a recent presentation (I), we showed 
the existence of an anodic wave at about 0.6V 
vs. Hg/Hg2SO 4 in the cyclic voltammogram of 
iron phthalocyanine (FePc) film electrodes in 
0.05 M H2SO 4 solution. We now present results 
of investigations by rotating ring-disc elec- 
trode and Raman spectroscopic techniques which 
indicate that this wave is associated with the 
anodic dissolution of the FePc film. This 
observation is relevant to the problem of 
stability of phthalocyanine electrodes for 02 
reduction. 

Experimental.--FePc films supported on 
gold electrodes were prepared by (I) evapora- 
tion of 0.2-0.25 wt.% FePc/pyridine solutions 
on the Au surface and (2) by vapor deposition 
under high vacuum. Further experimental 
details and instrumentation are the same as 
described in previous publications (2,3). All 
potentials were measured against a Hg/Hg2SO 4 
reference. 

Results and Discussion.--The anodic 
behavior of FePc films in 0.05 M H2SO 4 solu- 
tion is exemplified in the cyclic voltRmmogrem 
at a rotating disc (with ring) electrode as 
shown in Fig. la. Both peak current and peak 
potential appear to vary with film thickness 
but are independent of the presence of oxygen 
in the solution. Integration of the area 
under the wave indicates that the charge pas- 
sed corresponds to multiple layers of material 
being involved in the oxidation process. At 
low scan rates, (<5mv/sec) the integrated 
charge is directly proportional to the weight 
of FePc film taken for evaporation, and hence 
also to the film thickness. Complete quanti- 
tative oxidation of the film can be accom- 
plished coulometrically by holding the poten- 
tial at about 0.75V. Fig. 2.shows the relation 
between the weight of the FePc film (W) and the 
charge (Q) passed during controlled potential 
oxidation. From the slope of the line in Fig. 
2, we calculate the number of electrons in- 
volved in the oxidation process to be 1.2• 

Measurements of current at the Au ring 
were also made as a function of ring potential 

while simultaneously scanning the disc poten- 
tial. A typical result is shown in Fig. lb. 
Significant ring current is measured with the 
ring potential set at about -0.2V and at more 
negative values. Thus the anodic oxidation 
process results in the production of a soluble 
species which is reducible on a Au electrode. 
Cyclic volt~mmetry shows that the reduced spe- 
cies is not re-oxidizable at a Au electrode. 
Following excursion of the potential to +0.75V 
and beyond, we find by microscopic examination 
that the electrode surface is as smooth and 
clear as before the FePc film was laid on it. 

To determine whether the film is indeed 
dissolving anodically or whether the iron cen- 
ter is coming off the macrocycle as is common- 
ly believed, laser Raman spectroscopic examin- 
ation of the film "in-situ" was undertaken. 
If the FePc were dissolving, we expect the 
Raman bands due to the whole molecule to dis- 
appear following the anodic oxidation. If 
only the iron center were removed, the phthalo- 
cyanine framework should remain and give a 
spectrum somewhat different from that of the 
original FePc (3,4). Results showed that on 
scanning the potential very slowly to +0.8V, 
the whole FePc spectrum disappeared completely. 
We also followed the intensity of a prominent 
band, e.g. at 1520 cm -I, in the Raman spectrum 
of FePc as a function of potential. Our nor- 
mal coordinate analysis (5) shows this band to 
be a mixture of normal modes due to C-N and 
C-C stretches as well as C-N-C angle deforma- 
tion. A typical result is shown in Fig. 3. 
Disappearance of this band and the whole spec- 
trum at 0.8V indicates removal of the FePc 
from the electrode surface. Since we find no 
greenish blue particles in solution that would 
indicate a spalling-off of the FePc film, we 
are lead to conclude that the film is irre- 
versibly anodically oxidized and passes into 
solution either as a solvated cation or other 
soluble entity. 

While the results described above were 
obtained with films prepared by solution evap- 
oration, we observed the same anodic dissolu- 
tion behavior with films prepared by vapor 
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deposition on Au substrates under high vacuum. 
This is in contrast with observations made by 
Green and Faulkner (6) who claim to have found 
that FePc undergoes an irreversible electro- 
chromic change on oxidation. They, however, 
used a different electrolyte and electrode 
substrate. 
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Reports on the Energy Research Summer Fellowship, Awards 

During the summer of 1983, the following Students were awarded Energy Research Summer Fellowships. Each award carried with 
it a grant of $2000. 

Mr. Jesds A. del Alamo, of Stanford University, Stanford, California. 
Mr. Jean-No61 Gorce, of the Georgia Institute of Technology, Atlanta, Georgia. 
Mr. D. B. Graves, of the University of Minnesota, Minneapolis, Minnesota. 
Mr. Leslie C. Hardy, of Northwestern University, Evanston, Illinois. 
Mr. James A. Osborn, of Rutgers University, Piscataway, New Jersey. 

The Energy Research Summer Fellowship Awards are made "without regard to sex, citizenship, race, or financial need. They are 
made to graduate students pursuing work between the degrees of B.S. and Ph.D., in a college or university in the United States or 
Canada." The recipients' projects are in fields relating to energy research or of interest to The Electrochemical Society. The Awards 
were sponsored by the Department of Energy and made by the Summer Fellowship Committee of the Electrochemical Society. 

Jesds A. del Alamo was born in Soria, Spain. He received his 
Ingeniero de Telecomunicacio~ degree from the Universidad 
Polit~cnica de Madrid, Spain, in 1980, and his M. S. degree from 
Stanford University, Stanford, California, in 1983. He is working 
on his Ph.D. degree at Stanford. 

Mr. del Alamo has received numerous awards, and has been a 
visiting student at Katholieke Universiteit Leuven in Belgium. 
and the University of Edinburgh in Scotland. 

Mr. del Alamo's report is given below. 

Epitaxial Growth of Heavily 
Phosphorus-Doped Silicon 

Material problems have so far precluded a systematic charac- 
terization of heavily doped Si. The intrinsic and technological 
limitations of as-grown crystal, diffused or implanted layers 
have permitted only partial knowledge of the band structure 
and minority carrier properties of heavily doped Si. An under- 
standing of the physics of heavily doped Si is of enormous im- 
portance for VLSI bipolar transistors, high concentration solar 
cells, and low temperature CMOS. 

Epitaxially grown heavily doped Si is a good candidate for 
carrying out this fundamental study because of its ability to fab- 
ricate flat and very abrupt impurity profiles, lack of limitations in 
layer thickness, and technological simplicity. The problems to 
solve are the incorporation of dopant species in the growing Si 
layer to obtain the high doping levels of interest and the control 
of the density of defects to allow the fabrication of test devices. 

Epitaxial heavily doped Si by itself may be of interest as a ma- 
terial for VLSI bipolar base regions if grown under low pressure, 
low temperature conditions, because of the tight control of im- 
purity profiles it allows and the lack of compensation of impuri- 
ties. Its use has already been reported in the fabrication of 
hyperabrupt IMPATT Si diodes (1). 

Experimental  
In this work epitaxial heavily phosphorus doped Si has been 

grown on <100> B-doped 0.1-0.2 D.-cm substrates. All the ex- 

periments were carried out in a horizontal, RF-heated epitaxial 
reactor (Hugle Model HIER II) operating at atmospheric pres- 
sure. The quartz reactor tube had an effective cross section of 
27 cm = above the susceptor. The silicon carbide-coated graph- 
ite susceptor was tilted at an angle of 2 ~ Hydrogen was used as 
the carrier gas at a flux of 79 I/min. Silane was the source of sili- 
con at a partial pressure of 10 -3 atm in all cases. Phosphine was 
delivered as the dopant source through a double-dilution sys- 
tem. With PHs tanks of 1 and 5% (in H=), partial pressures rang- 
ing from 1.2 x 10 -6 to 3.3 • 10 -3 atm were reached in the reac- 
tion chamber. All depositions herein reported were done during 
10 min at 1050~ Prior to growth, all wafers were vapor etched 
in 5 • 10 -3 atm HCI for 4 min at 1200~ 

One quarter of a 3 in. wafer was processed at a time. After 
epitaxy, it was sawn into 7 x 7 mm = chips. On these chips the 
characterization of the layers was carried out by a combination 
of techniques: spreading resistance, groove and stain, van der 
Pauw measurements, and Secco etch for defect count. 

Characterizat ion and Discussion 
Figure 1 shows a typical spreading resistance profile. The 

carrier distribution throughout the layer is very flat, and an 
abrupt transition occurs at the interface. The small bump near 
the junction and the slightly lower surface concentration are ar- 
tifacts of the spreading resistance numerical algorithm. 

Figure 2 collects the resulting electron concentration in the 
epitaxial layer vs. the partial pressure of PH3 in the reaction 
tube. Electron concentrations as high as 1.5 • 1020 cm -3 were 
obtained. In the lower concentration range, from 1.7 • 10'9 to 
approximately 6 • 10 TM cm -3, the electron concentration is pro- 
portional to a power of the PH3 partial pressure with an expo- 
nent of - 0.3, in good agreement with theoretical predictions of 
Bloem et al. (2) of 0.25. At higher concentrations, the.electron 
concentration rolls off. 

The physical orig!n of this power-law dependence of the P 
concentration in the epitaxial layer is based on the following re- 
actions (2) 

PH3(g) ~ 1 3 -~- P2(g) + -~" H2(g) 
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If the semiconductor is intrinsic, n = n~ (T), and 

[p+] ~ (pOp~)~12 [7] 

If it is extrinsic 

n = [P+] [8] 

and 

[P+] ~ (po~,~).' [9] 

The intrinsic carrier concentration in Si at 1050~ is between 
10~s and 10~s cm-~; its value is not well known (3, 4). In any case, at 
the levels of doping obtained in the present experimental work, 
the growing Si layer is definitely extrinsic, and Eq. [9] applies. 

Our exponent of 0.3 rather than 0.25 as indicated by Eq. [9] 
may be due to small divergences in the computer result (5). 

The deviation from this power law at higher partial pressures 
of PH3 may lie in the failure of Eq. [8] because of incorporation 
of inactive P in the growing layer, or the failure of the Henry's 
law (k = P~ [P]st) as solid solubility is approached. Total P acti- 
vation in epitaxial Si layers have been demonstrated up to a 
concentration of 3 • 10 TM cm -3 (5). SIMS analysis of our samples 
will reveal the reason for the lower electron concentration at the 
higher PH3 levels. 

Fig. 1. Spreading resistance profile of a typical heavily doped epitaxial 
region. 
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Fig. 2. Epitaxial layer electron concentration vs. initial partial pressure 
of PH3 in the reactor (ternp = 1050~ PS~H4 = 10=2 otto). 

1 
-~- P2(g) ~ P(s) 

P(s) ~- P+(s) + 1e- 

We have in this case the following equilibrium constants as de- 
fined by Bloem et al. (2) 

K1 - [1] 
PPH3 PPR3 

[P] 
K~ = (p-~- 2 [ 2 ]  

[P+]" n 
IQ [3] 

[ P ]  

Figure 3 shows the growth rate vs. partial pressure of PH3. The 
growth rate is fairly constant up to a level of = 4.10 -4 atm, above 
which it decreases abruptly. Similar results have been found by 
Gupta (6) in the AsHJSiH4 and B2HJSiH4 systems. It is interest- 
ing to note that the deviation of the power-law dependence of 
the electron concentration vs. the PH.~ partial pressure occurs at 
approximately the same point as the decay in the growth rate. 
This coincidence suggests that both effects may be related to 
the reaction kinetics, rather than the dopant incorporation in 
the Si. 

Figure 4 shows electron mobility vs. electron concentration 
in the layer. Both measurements were obtained by measuring 
resistivity and Hall mobility in a van der Pauw setup, with a mag- 
netic field of 1.12 kG at 23~ The Hall coefficient was assumed 
to be equal to unity, as the work of Nakanuma (5) suggests. 
Each data point represents an average of five measurements 
carried out at five different current levels. The data here re- 
ported closely follow the NBS data (7) and extend the range be- 
yond their maximum concentration. Their analytical fitting sig- 
nificantly diverges at the high doping range. The fitting to the 
experiments of Massetti et al. (8) is lower at the very high con- 
centration regime, probably due to the large scattering of their 
experimental data. 

Figure 5 collects the density of etch pits defined by Secco 
etch in 5 man. The defects seem to be perfect or misfit disloca- 
tions. There appears to be a strong correlation between doping 
level and defect density. The values here reported are compati- 
ble with the fabrication of test devices for the characterization 
of minority carrier behavior. 

S u m m a r y  

Heavily doped epitaxial silicon has been grown in a PHJSiH4 
system. Electron concentrations as high as 1.5 x 10 ~~ cm -3 have 
been obtained. At the highest doping range the electron con- 
centration diverges from theoretical expectations. The origin of 
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[P+] = Ka K. - -  K1 Ka K b -  [4] 
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Lu 
Bloem e t  al .  computed the equilibrium concentration in H2 ~: 

of P, P2, P4, PH, PH2, and PH3 as a function of the input concen- n, 
tration of PH8 at several temperatures. A thermodynamical ap- -r 
proach was used by assuming that equilibrium in the gas phase ~- 
is attained near the silicon surface. The result of their calcula- ~o 
tion showed that at high partial pressures of PH3 n, 

pp~ - K (pOpH3)l/2 [5] 

where p~ ~ represents the initial partial pressure of PH3. 
In Eq. [4] we therefore have 

(p~ 
[P+] = K K, K, Kb - -  [6] 
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Fig. 3. Epitaxial layer growth rate vs. initial partial pressure of PHa. 
(1050~ pst~ = 10-3 otto). 
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ous lines represent fittings to experimental data of the indicated 
authors. 
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Fig. 5. Density of etch pits defined by Secco etch vs. electron concentra- 
tion. 

this discrepancy is not clear. Electron mobilities have been 
measured. The obtained values agree very well with previous 
measurements on bulk and thermally diffused silicon. The de- 
fect density in the epitaxial layers allow the fabrication of test 
devices for the characterization of heavily doped silicon. 
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Voltammetric Investigation of a 
Selenocarbonyl-lron Porphyrin 

The discovery of cytochrome P450 possessing a biochemi- 
cally active iron-carbene bond (1) prompted us to investigate 
related model compounds. The iron-carbene bond in the cyto- 
chrome P450 hemoprotein was generated during the metabolic 
reduction of polyhalogenated compounds. Knowledge of 
carbene-iron porphyrin redox stabilities is essential for com- 
prehending the role played by this moiety in cytochrome P450. 
A series of synthetic, isoelectronic carbene-iron porphyrin 
compounds are presently under investigation in this laboratory. 
These include the carbonyl, thiocarbonyl, and selenocarbonyl 
complexes of 5,10,15,20-tetraphenylporphinatoiron(ll). Of pres- 
ent interest is the selenocarbonyl iron porphyrin, TPPFeCSe. 
This complex is one of just a few complexes containing a Fe- 
C=Se bonding arrangement. The paucity of metalloseleno- 
carbonyl complexes is a result of the lack of stable precursors 
such as CSeCI2 or CSe2. 

The preparation of TPPFeCSe was accomplished via a modi- 
fication of the procedure presented by Battioni et al. (2). The 
synthesis requires three consecutive reactions. 

C6HsCH2CI + KSeCN --~ C6HsCH2SeCN + KCI [1] 

C6HsCH2SeCN + CHCI3 N a ~  H C6HsCH=SeCCI~ + NaCN + H20 
[2] 

C6HsCH2SeCCI3 + TPPFeCI Na/Hg TPPFeCSe + products [3] 

The reductive electrochemistry of carbene-iron porphyrins 
has been investigated (3, 4). The initial injection of one electron 
occurs reversibly while the injection of a second electron is suc- 
ceeded by chemical complication s . The electro-oxidation of 
TPPFeCS has been extensively inveStigated (5). This complex 
underwent two discrete one-electron quasireversible oxi-da- 
tions. This is unlike the C=O complex of Fe-porphyrins, in 
which the oxidation resulted in the dissociation of the Fe-C 
bond (6, 7). 

The purpose of this report is to provide a detailed description 
of the synthesis and the oxidative electrochemistry of the only 
known selenocarbonyl iron porphyrin. 

E x p e r i m e n t a l  

The chemicals used were or were presumed to be highly 
toxic. SeTenium containing compounds gave off a noxious 
odor. All reactions were carried out under a well-ventilated 
hood. Selenium containing waste products were disposed of by 
treatment with sodium hypochlorite solution. 
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this discrepancy is not clear. Electron mobilities have been 
measured. The obtained values agree very well with previous 
measurements on bulk and thermally diffused silicon. The de- 
fect density in the epitaxial layers allow the fabrication of test 
devices for the characterization of heavily doped silicon. 
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Material.--Benzylselenocyanate (C6HsCH2SeCN) was ob- 
tained via modification of the procedure used by Jackson (8). To 
100 ml of acetone, 10.0g of potassium selenocyanate was 
added. This mixture was stirred for 15 rain until all of the potas- 
sium salt dissolved. To this solution was added a slight excess, 
(10.0g) of benzylchloride. The solution was vigorously stirred 
for 1 h at room temperature, at which ti me a white precipitate de- 
veloped. The KCI precipitate was removed by filtration. The fil- 
trate was cooled to 10 ~ -+ 2~ and left to stand for30 rain. A sec- 
ond crop of solid KCl was removed by filtration. The remaining 
solution was reduced to approximately 30 ml and set aside to 
permit crystallization of the desired product. Over a 2h period, 
white crystals grew. They were filtered and twice recrystallized 
from acetone. A melting point of 72~176 was obtained (litera- 
ture value (8) was 71.5~ This product was obtained in a 74% 
yield based on potassium selenocyanate. 

Benzyl trichloromethyl selenoether (C6HsCH=SeCCI3) was ob- 
tained using the procedure used by Makosza and Fedorynski (9) 
for their synthesis of the analogous sulfur compound. 4.40g of 
benzyl selenocyanate and 70 mg of the phase;transfer agent 
triethylbenzylaminium chloride (TEBA) were dissolved in 8.00g 
of chloroform. This mixture was stirred at room temperature for 
30 min. To this solution, 4.5 ml of 50% NaOH was added drop- 
wise over a period of 10 min. The reaction was maintained at a 
temperature of 40 ~ -+ 2~ for a period of 4h and allowed to cool 
to room temperature. 20 ml of water was added to the mixture, 
and then the organic and aqueous layers were separated. The 
aqueous layer was extracted with three 15 ml portions of CHCI3. 
These extracts were combined with the initial organic phase. 
This solution was washed thrice with water, dried, and the solu- 
tion volume was reduced by evaporation in vacuo at 50~ The 
remaining liquid was vacuum distilled. A transparent, light- 
yellow liquid was collected at 67 ~ +- 2~ and 5 -- 5 mm Hg. An 
NMR spectrum obtained on the distillate was comparable to 
that reported by Battioni et al. (1). Based on the benzyl seleno- 
cyanate, the yield of benzyl trichloromethyl selenoether was 
69%. 

150 mg of TPPFeCI was obtained by twice extracting a 
dichloromethane solution of (TPPFe)=O with 20 ml portions of 
2M aqueous HCI, drying the organic layer over anhydrous 
Na2SO4, and reducing to dryness on a rotary evaporator. The 
u-oxo iron porphyrin dimer had been prepared previously by 
the method of Adler eta/. (10). The porphyrin monomer was dis- 
solved in 45 ml of freshly distilled benzene and placed in the 
central compartment of a three-compartment Schlenk pot. In 
the two remaining compartments were placed 80 mg of benzyt 
trichloromethyl selenoether and 2 ml of a 1.5% Na/Hg amalgam, 
respectively. The entire system was taken through five freeze- 
pump-thaw cycles to remove all oxygen and then maintained 
under an atmosphere of N~. At this point, the reducing agent 
was introduced to the porphyrin solution, and this mixture was 
stirred for 15 min. Benzyl trichloromethyl selenoether was then 
added, and the mixture was vigorously stirred for lh.  Conse- 
quently, the porphyrin solution changed from a dark brown to a 
blood red. The mixture was filtered and evaporated to dryness. 
The remaining purple solid was dissolved in dichloromethane 
and applied to a column of neutral alumina. With dichlorome- 
thane as the eluting solvent, a fast moving red band separated 
from a slower moving dark brown-green band and a stationary 
black one. The first band gave a visible spectrum characteristic 
of TPPFeCSe (2). Based on TPPFeCI, the yield was calculated at 
38%. 

The supporting electrolyte, tetrabutylammonium perchlorate 
(TBAP) was obtained from the Eastman Chemical Company. 
Prior to use, TBAP was recrystallized three times from absolute 
ethanol and vacuum dried for 24h. 1,2-dichloroethane was ex- 
tracted successively from concentrated sulfuric acid and dis- 
tilled water. The resultant organic phase was dried over anhy- 
drous MgSO4, filtered, fractionally distilled over phosphorous 
pentoxide in a nitrogen atmosphere, and stored in the dark over 
4A molecular sieves. 

Instrumentation.--Cyclic voltammetric experiments were 
carried out on an EG&G Princeton Applied Research Model 
174A Polarographic Analyzer. A conventional three-electrode 
setup was used with a Pt button working electrode, a Pt wire 
counterelectrode and a saturated calomel electrode (SCE) as 
reference. Aqueous contamination of the electrochemical solu- 
tion was minimized by isolating the reference electrode via a 
fritte. Voltammograms were recorded on a Houston Omni- 
graphic 2000 X-Y recorder. To compensate for solution resist- 

ance, positive feedback was employed using the accessory 
174-50 Polarographic Analyzer Interface. 

Differential pulse voltammetry was performed using the in- 
s t rument  ment ioned above except  that the mainframe 
polarographic analyzer was modified to allow user selection of 
the pulse direction independent of the potential sweep direc- 
tion. For the differential pulse experiments, a potential scan 
rate of 10 mV/s was employed. The pulse interval was main- 
tained at 0.5s while the pulse amplitude varied between 5 and 
100 mV. 

Coulommetric and chronocoulommetric experiments were 
carried out using an EG&G Princeton Applied Research Model 
173 Potentiostat/Galvanostat. Coulommetry was executed in a 
specially designed microvolume sealed cell. Large surface 
working and counter Pt electrodes were substituted for those 
used in the voltammetric experiments. Visible spectral mea- 
surements were taken using a Tracor Northern Opt ical  
Multichannel Analysis System. 

All solutions were deoxygenated by passing a stream of 
solvent-saturated prepurified N2 into the solution for at least 10 
min prior to acquiring voltammetric data. To maintain an 
O2-free environment, the solution was blanketed with N2 during 
all experiments. All potentials reported herein were referenced 
to the SCE and were uncorrected for liquid-junction potentials. 

R e s u l t s  a n d  D i s c u s s i o n  

A solution of TPPFeCSe in 0.10M TBAP/1,2-dichloroethane 
gave a visible spectrum with a predominant Soret band at 408 
nm and a corresponding extinction coefficient of 2.24 • 105. Al- 
pha and beta bands were located at 551 (e = 9 • 10 ~) and 524 nm 
(e = 17 x 10~), respectively. These values are similar to those 
repor ted by Batt ioni  et al. (2) for the pentacoord inated 
TPPFeCSe complex in benzene. A comparable visible spectrum 
was reported for the analogous TPPFeCS complex (5); how- 
ever, it had a less intense Soret band. 

In the 1,2-dichloroethane solution, TPPFeCSe underwent two 
consecutive electro-oxidations. Typical cyclic voltammograms 
depict these events in Fig. 1. Cyclic voltammetric scan-rate 
studies from 20 to 500 mV/s were carried out on the first oxida- 
tive process. In this range of potential-sweep rates, the ratio of 
anodic to cathodic peak currents were all near unity. Calculated 
EI~ values remained constantly at 0.83V. The ratio of the anodic 
peak current to the square root of the scan rate was found to be 

UJ 
r'r- 
Pr" 

r{~ " 1.o 

P O T E N T I A L  (V v s  SCE) 
Fig. 1. Cyclic voltammograms obtained for the electro-oxidation of 
TPPFeCSe in 0.1M TBAP/1,2-dichloroethane. The upper trace depicts 
the first oxidation of TPPFeCSe, and the lower trace depicts both the 
first and the second oxidations of TPPFeCSe. Both cyclic voltammograms 
were obtained at a potential-scan rate of 200 mV/s. 
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Table I. Cyclic voltammetry study of TPPFeCSe ~ 

S c a n  - -  Ep ,a -  Ep;2-  Ep , a -  
r a t e  ip~ E,.~ Ep.r h E  E,/2 E,~.. v j/2 E,/2 E,,~ E~/2 

T P P F e C S e ~ [ T P P F e C S e ]  + + e 
0.500 0.98 881 784 96 802 832 31.3 79 30 49 
0.200 1.01 872 793 79 801 832 32.9 71 31 40 
0.100 0.97 867 796 71 800 832 31.6 67 32 35 
0.050 0.98 865 799 67 800 832 33.1 65 32 33 
0.020 1.00 863 801 62 800 832 33.2 62 31 31 

[ T P P F e C S e ] + ~ [ T P P F e C S e ]  ~+ + e 
0.500 - -  1155 1059 96 - -  1107 - -  - -  - -  48 
0 .200 - -  1149 1067 82 - -  1108 - -  - -  - -  41 
0.100 - -  1141 1069 72 -- 1105 - -  -- -- 36 
0.050 - -  1139 1072 67 - -  1106 - -  - -  - -  33 
0.020 - -  1138 1074 64 - -  1106 - -  - -  - -  32 

1Complex was dissolved in 0.1M TBAP/1,2-dich]oroethane. Potentials are given in mV, Scan rates are in V/s. Currents are in/zA. 

Table II. Differential pulse voltammetry study of TPPFeCSe 1 

P u l s e  Ep(_~- ip~+__L_~ 
amplitude Ep(+) WIaI+~ Ep<_, W,~(_~ E,= Ep(§ ip~_, 

T P P F e C S e  m [ T P P F e C S e ]  + + e 
5 837  105 842 103 840 5 1.05 

10 837 118 848 120 842 i i  1.02 
25 828 125 854 125 841 28 1.04 
50 817 134 868 132 842 51 1.04 

lO0 792 158 892 157 842 lO0 1.00 
[ T P P F e C S e ] + ~ [ T P P F e C S e ]  2+ + e 

5 1112 102 1117 102 1114 5 1.06 
lO l l l O  116 1121 119 i l l 6  i i  1.Of 
25 1102 123 1127 123 1114 25 1.02 
50 1093 136 1141 130 1117 48 1.02 

100 1070 160 1168 155 1119 98 1.00 

' C o m p l e x  w a s  d i s s o l v e d  i n  0 .1M T B A P / 1 , 2 - d i c h l o r o e t h a n e .  P o t e n t i a l  a r e  g i v e n  i n  m y .  P u l s e  a m p l i t u d e s  a r e  i n  m V .  
=Wl= = p e a k  w i d t h  a t  h a f t  h e i g h t .  

independent of scan rate. The separation between anodic and 
cathodic peak currents decreased from 96 mV at 500 mV/s to 62 
mV at 20 mV/s. A separation of 59 mV would be expected for a 
totally reversible one-electron transfer. Furthermore, at a scan 
rate of 20 mV/s, Ep,a - Ep/2,a and Ep,a - Ev2 values were calcula- 
ted to be 62 and 31 mV, respectively. Theoretical values for a to- 
tally reversible one-electron transfer are 56.5 and 28 mV, re- 
spectively. A summary of the cyclic voltammetry studies of 
TPPFeCSe is given in Table I. 

Typical differential pulse voltammograms of TPPFeCSe in so- 
lut ion are shown in Fig. 2. A series of d i f ferent ia l  pulse 
voltammetric scans with pulse amplitudes ranging from 5to 100 
mV were carried out on the first oxidation. At a pulse amplitude 
of 5 mV, the peak width at half height gave a value of 104 -+ 2 mV 
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Fig. 2. Differential pulse voltammograms of the electro-oxidations of 
TPPFeCSe in 0.1M TBAP/1,2-dichloroethane. The upper trace was ob- 
tained by superimposing negative potential pulses on a linear-potential 
ramp. The lower trace was obtained by superimposing positive potential 
pulses on a linear-potential ramp. The pulse amplitude was set at 25 inV. 

and increased to 157 - 2 mV at a pulse amplitude of 100 mV. For 
a reversible one-electron transfer the peak width at half height 
is expected to a•proach 90.4 mV as the pulse amplitude ap- 
proaches zero. Differential pulse voltammograms were ob- 
tained by imposing first positive and then negative potential 
pulses on linear-potential ramp. This permitted analysis of data 
with the Birke's method (11). Separation between potential 
peaks [Ep(_) - Ep(§ were within 1 mV of the pulse amplitude. 
Current ratios were about unity. The EI~ value of 0.84V was in- 
dependent of the pulse amplitude but slightly more positive 
than the value obtained via cyclic voltammetry. A summary of 
the differential pulse voltammetric data of TPPFeCSe is given in 
Table I1. 

Cyclic and differential pulse voltammograrns were also ob- 
tained in the characterization of the second charge-transfer 
event. Cyclic voltammetry yields a E~  value of 1.1 lV  regardless 
of scan rate. At a scan rate of 20 mV/s, the separation between 
anodic and cathodic peak was measured at 64 mV while Ep.a - 
Ela gave a value of 32 mV. Both these values increased with in- 
creasing scan rate. Via inspection of the differential pulse 
voltammograms, EI~ was calculated at 1.12V with no apparent 
dependency on pulse amplitudes. Peak current values for this 
second electro-oxidation resembled that of the first. The peak 
width at half height was measured at 102 -+2 mV. In considering 
Birke's criteria, the ratio of the current peaks resulting from the 
positive and negative application of potential pulses on a linear 
ramp were again essentially unity. The potential separation be- 
tween these current peaks were all within 2 mV of the applied 
potential pulses. 

Taken collectively, the voltammetric results indicate that the 
electro-oxidation of TPPFeCSe in 1,2-dichloroethane is best 
descr ibed as taking place in two d iscrete one-electron 
quasireversible charge transfers. Exhaustive electrolysis at 
0.97V resulted in a charge transfer of 1.02 electron per equiva- 
lent. Subsequent electrolysis at 1.35V resulted in a charge 
transfer of 1.08 electrons per equivalent. Reversal of the poten- 
tial to the initial potential of zero charge (0.12V) gave a charge 
transfer of 2.21 electrons per equivalent. 

Chronocoulommetric experiments were employed to deduce 
the diffusion coeff icientof TPPFeCSe in solution. A value of 9.7 
-+ 0.3 x 10 -6 cm2/s was obtained. From this value and cyclic 
voltammetry results, the heterogenous rate of electron transfer 
was computed (12) as 4.6 -+ 0.4 • 10 -2 cm/s. This value resides 
just within the boundary zone suggested by Matsuda and Ayabe 
(13) for a quasireversible electron transfer. 

By analogy to TPPFeCS (5), the following reaction pathway is 
proposed for the electro-oxidation of TPPFeCSe. 

TPPFe(II)CSe ~- [TPPFe(III)CSe] + [4] 
e 
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[TPPFe(III)CSe] § ~ [TPPFe(III)CSe] =+ [5] 
e 

The first oxidation process involves a metal-centered reaction. 
The abstraction of the first electron occurs from a metal orbital. 
The second oxidation process involves the production of a por- 
phyrin cation radical. The second electron is removed from a 
porphyrin 7r orbital. 

Future research wi l l  cons ider  the e lec t ro reduct ion  of 
TPPFeCSe and investigate the redox mechanism of TPPFeCSe 
in the presence of the nucleophiles. 
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Plasma Enhanced Chemical Vapor Deposition 
My work is aimed towards a more quantitative treatment of 

plasma-enhanced chemical vapor deposition (PCVD) primarily 
as used in microelectronics manufacturing processes. The spe- 
cific objective of the research is to predict the behavior of PCVD 
reactors given operating conditions or changes in operating 
conditions. This will be possible only if the roles of physical 
transport and chemical kinetics in the overall deposition pro- 
cess, including in particular the role of the highly nonequilib- 
rium gas discharge plasma, are understood. 

The strategy for achieving this goal is to combine measure- 
ments from a carefully designed experimental reactor with re- 
sults from a mathematical model of the reactor. The experiment 
and model are complementary tools: the model results, vali- 
dated by comparison to experimental measurements, can be 
used to extend and generalize experimental results. 

The reactor is designed with parallel-plate electrodes (RF at 
13.56 MHz). The lower electrode is powered. It is porous, so that 
the reactant gas may pass through and impinge on the heated, 
grounded upper electrode upon which film deposition takes 
place. The flow is always laminar, since PCVD reactors are 
operated at pressures around 1 torr, which keeps the Reynolds 
number, typically, at less than 10. The stagnation-point flow 
configuration is one of the easiest flows to model, since a trans- 
format ion of the equat ions of mot ion results in a single 
nonlinear ordinary-differential equation describing axial and 
radial velocities. This configuration will give a radially uniform 
rate of deposition over a significant portion of the deposition 

plate. Besides the equation of motion, additional model equa- 
tions include chemical species, balances, an energy balance, 
and equations describing the behavior of the discharge. The 
fluid mechanics, heat, and mass transfer equations have been 
solved for this configuration. 

Another key feature of the experimental reactor is the use of 
the quartz crystal microbalance to measure, in situ and in real 
time, the rate of film deposition. This deposition-rate measure- 
ment is based on the change in resonant frequency of a thin 
slice of piezoelectric quartz crystal as a thin, solid, adherent film 
is deposited on the surface of the crystal. This technique is well 
recognized and several commercial devices are available for 
room temperature processes. We are extending the technique 
to higher temperatures (200~176 by using dual crystals, one 
exposed to f i lm deposi t ion,  the other shielded, both 
experiencing the same temperature. The temperature problem 
arises because crystal resonant frequency is a very sensitive 
function of temperature as well as film thickness. 

The stagnation-point f low parallel-electrode reactor is simple 
and relatively easy to model. The well~defined flow field and in 
situ film deposition measurement could make this configura- 
tion as popular in the study of CVD as the rotating disk electrode 
is in the study of liquid phase electrochemical systems. Natu- 
rally, any CVD system of interest can be studied using this con- 
figuration: we concentrate on deposition of transition metals 
and silicides, because these films are currently of considerable 
practical interest. 
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Mr. Hardy has studied at the University of Akron. He has 
worked as an Associate Research Chemist for the A. E. Staley 
Manufacturing Company. 

Solid Polymer Electrolytes 
Solid electrolytes are currently the subject of intensive re- 

search, and solid-state rechargeable batteries are one of their 
principal potential uses. Most solid electrolytes are ceramic or 
glassy inorganic materials in which one charged species is mo- 
bile and the countercharge is held in a fixed lattice position. 
Thus the electrical properties displayed by these conductors 
may be attributed to a known charge carrier. Unlike solvent- 
swollen ion exchange resins, solid-polymer electrolytes are sol- 
vent free. In poly(ethylene oxide) complexed with sodium io- 
dide, for example, the salt is dissociated so that either ion may 
be mobile. Knowledge of relative mobilities of the oppositely 
charged ions is important for fundamental studies as well as 
various applications. To date, determination of the transport 
numbers for ions in solid-polymer electrolytes has been difficult 
and experimentally inconsistent from one laboratory to an- 
other. Here we report the study of chloride conduc'~ion in anhy- 
drous films of poly(diallyldimethylammonium chloride) plasti- 
cized with poly(ethylene glycol) (average MW = 300). In this 
polymer electrolyte, the positive countercharge is anchored in 
the polymer backbone where its mobility is limited to backbone 
fluctuations and not diffusion of the polymer chain, since the 
time scale of experimental measurements is short (alternating 
current measurements from 10 Hz - 500 kHz). 

Variable temperature conductivity of the chloride ion in the 
amorphous polymer matrix yields curved plots of In (o-T) vs. I/T. 
This behavior, which is similar to that of diffusion of small mole: 
cules through polymers, has been seen previously for other 
amorphous polymer electrolytes. Transport of ions in these ma- 
terials may be described by equations similar to the WLF equa- 
tion rather than the Arrhenius law. 

An important reason for the use of poly(diallyldimethylammo- 
nium chloride) is that the positive charge on the nitrogen is sur- 
rounded by four aliphatic groups, thus separating opposite 
charges somewhat to allow for possible mobility. Tight ion pair- 
ing has been shown to significantly reduce the mobility of 
charge carriers in solid-polymer electrolytes. 

Use of plasticizers is known to increase polymer chain flexi- 
bility and free volume, and decrease the glass-transition tem- 
perature. These changes are also known to increase ionic con- 
ductivity in solid-polymer electrolytes. The conductivity of 
brittle pure polymer at 25~ was not measurable on our instru- 
ments, while the flexible plasticized polymer has conductivities 
on the order of 10 -" (Q-1 cm-1) at 25~ to 10 -5 at 100~ Prelimi- 
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nary results indicate that increasing the plasticizer level from 
0.32 to 0.65 weight fraction (mole ratios of chloride to hydroxyl 
of 2 and 0.67, respectively) increases conductivity by about 100 
times at room temperature. 

AC complex impedance data collected over the frequency 
range of 10 Hz - 500 kHz with platinum ion blocking electrodes 
were used to calculate bulk conductivity of samples. Complex 
impedance plots are typical of those seen for ionic conductors 
with blocking electrodes. Although calomel electrodes are nor- 
mally used with liquid electrolytes, their use with the solid chlo- 
ride conductor was found to be successful. Complex imped- 
ance data collected using the ion-reversible electrodes indicate 
that chloride ions are mobile and may be transferred across the 
electrode-electrolyte interface. The spur due to double-layer 
capacitance seen for ion blocking electrodes is converted to an 
arc for charge-transfer resistance, as predicted by 
impedance/frequency response theory, and as has been seen 
for other solid-polymer electrolyte systems. 

In addition to the conductivity data discussed above, these 
polymer electrolytes have been characterized by IR spectro- 
scopy, differential scanning calorimetry, hot-staged polarized 
microscopy, and x-ray diffraction. 

Further work will include dc polarization studies with ion 
blocking and ion-reversible electrodes. Conductivity of differ- 
ent anions of varying size and geometry along with different 
quaternary ammonium polymers may also yield useful informa- 
tion on the nature of charge transport in solid-polymer electro- 
lytes. In addition, extending variable frequency measurements 
down to 10 -4 Hz should facilitate interpretation of complex im- 
pedance plots since the relative mobilities of the charged spe- 
cies are known. This situation is different from other cases, 
where techniques have been used in which either charged spe- 
cies may be mobile. 
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gree at Rutgers University Graduate School in Piscataway, New 
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Mr. Osborn's research has centered around the use of chemi- 
cally modified carbonaceous supports for the immobilization of 
enzymes and coenzymes, their use as analytical sensors, and 
the characterization of the modifed surfaces. 

The area of immobilized enzymes in analytical chemistry has 
received widespread attention over the past ten years. The im- 
mobilization of enzymes onto various electrode materials has 
been motivated by several factors, including the provision of 
convenient and straightforward measurement of species of bio- 
logical and clinical interest. As the use of immobilized enzymes 
in analysis continues to be developed, research dealing with ef- 
fects of immobilization on biological molecules has also kept 
pace. 

His interest in immobilized enzymes was motivated through 
his work on a project involving the use of activated carbon as a 
support for the immobilization of enzymes. Activated carbon 
was ground and sifted to a uniform size with subsequent modifi- 
cation involving the well-known linking agent, cyanuric chlo- 
ride. Steps were also taken to increase the surface hydroxyl 
functionality concentration with which the cyanuric chloride 
presumably reacts specifically. The cyanuric chloride activated 
surface was then used to react with the enzyme chymotrypsino- 

gen through its lysine residues. It was shown that samples pre- 
pared this way retained a higher specific activity than on 
samples that were prepared by physical adsorption of the en- 
zyme. Activated carbon was chosen due to its high surface area 
and electrical conductivity among other things. 

Characterization of the cyanuric chloride modified activated 
carbon was accomplished by the potentiometric titration of the 
hydrolysis product: chloride ion. This helped to evaluate the ef- 
fects of various surface pretreatments on the eventual loading 
of cyanuric chloride. These results were also correlated with the 
results of thermal analysis of the samples. 

The enzymes, alcohol  dehydrogenase and glycerol 
dehydrogenase, were both investigated by attachment to spec- 
troscopic grade graphite rods through a procedure similar to 
the above in an attempt to sense for ethanol and glycerol 
amperometrically. The inability to oxidize the NADH reaction 
product cleanly and reproducibly led to further investigation of 
the electrochemistry of both free and immobilized NADH. 

The electrocatalytic and electrochemical properties of thin 
films of the coenzymes FMN and FAD irreversibly adsorbed on 
highly ordered pyrolytic graphite were examined in buffer solu- 
tions which contained ferricyanide, NADH, and dissolved oxy- 
gen. The latter gave the most pronounced effect on 
voltammograms of the thin films with the other two giving 
irreproducible or no effects indicating an interaction. 

Currently, his work centers around attaching the enzymes 
chymotrypsin and trypsin to spectroscopic grade graphite elec- 
trodes and attempting to observe.a change in activity with 
change in surface potential. Since it has been shown that an im- 
mobilized enzyme is greatly affected by its microenvironment, 
the change in potential might then conceivably have an affect. 

Attempts to observe the above effects were at first hampered 
by preparations of tow overall activity, making observation of 
small changes difficult. In an attempt to increase the binding 
sites for covalent attachment of the enzymes, a poly(acrylic 
acid) film was first adsorbed from aqueous solution by the elec- 
trode. The next step involved the activation of the carboxylic 
acid groups with a water soluble carbodiimide. The electrodes 
were then reacted with the appropriate enzyme. Such prepara- 
tions have demonstrated both increased activity and stability. 
The properties of the preparations have been investigated with 
regard to the effect on activity ofpH, ionic strength, metal ions 
in solution, temperature dependence, and certain other com- 
parisons between the free and immobilized preparation, includ- 
ing the effects of several inhibitors. 

The activity of the preparations was determined by a spectro- 
scopic technique. A closed flowing system which allowed for 
continuous mixing and monitoring of the absorbance of the 
substrate solution was used in conjunction with a three elec- 
trode system in order to observe the effects of surface potential 
change on the activity. The reference electrode was a miniature 
SCE, the auxiliary electrode a coiled Pt wire, and the working 
electrode made up of theenzyme immobilized graphite rod. The 
coiled Pt wire was placed concentrically around the working 
electrode in a system designed to minimize the volume of sub- 
strate solution. At this point, applied potentials have been ob- 
served to have a pronounced effect on the apparent activity of 
the rods. 

The need for a uniform surface for subsequent.modification 
was also motivated by a project involved in observing the 
potentiometric response of peptidase electrodes to various 
substrates and inhibitors. Thus far, chymotrypsin and trypsin 
have been immobilized via the previous procedure. These elec- 
trodes have responded to substrates and an inhibitor thus far. 
The dependence of response on concentration has also been 
observed. The effects of inhibitors on further response to sub- 
strates is also being investigated. 
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ABSTRACT 

The spinel systems Lie_zxM~+~Cl4 (M = Mg, Mn, Cd) with 0 -< x -< 0.33 has been studied by means of impedance measure- 
ment, differential thermal  analysis, and x-ray diffraction analysis. The ionic conductivity increases and the activation en- 
ergy for conduct ion decreases with increasing x within the solid solution range, 0 -< x - 0.20 in Li2-exMg~+~C14, 9 -< x -< 0.24 in 
Lie_2,Mn~+,.C14, and 0 -< x <- 0.05 in Lie_2, Cd~+., C14. The highest  conductivity is found to be 1.5 • 10 -~ Scm -1 in Li~ .~eMn, 2~C14 at 
room temperature  and 0.35 Scm -~ in Li~ 9Cd~ ,~C14 at 400~ The three  chloride spinels exhibi t  a first-order phase transit ion 
and a diffuse transition. The diffuse transi t ion temperatures  decrease with increasing x. 

Sol id l i t h ium ion conductors  having  h igh  ionic con- 
duc t iv i ty  a re  of pa r t i cu la r  in teres t  for the  L i -based  
h igh  energy  dens i ty  bat ter ies .  Many  systems have  been 
s tudied  to search  high l i th ium ion conduct iv i ty  solids 
(1-10).  Recent ly ,  a new class of l i t h ium ion conductors,  
LieMC14 (M = Mg, Mn, Fe, Cd) ,  has been repor ted  by  
Kanno et al. (11) and Lutz  et  al. (12), which has a high 
ionic conduct iv i ty  at  e levated  tempera tures .  The com- 
pound Li~MC14 has been de te rmined  by  the neut ron  
diffract ion method  to have the inverse  spinel  s t ruc ture  
(13 ) ;  hal f  of the  l i th ium ions are  t e t r ahed ra l l y  su r -  
rounded  b y  chlor ide  ions, and the o ther  half  of them, 
toge ther  wi th  the  M ions, a re  d i s t r ibu ted  s ta t i s t ica l ly  
over  the oc tahedra l  sites. Lutz  et al. (14) found the re -  
vers ib le  phase  t rans i t ion  f rom the sp ine l  s t ruc ture  to a 
cubic defect  s t ruc ture  at  a high t empe ra tu r e  wi th  the  
he lp  of di f ferent ia l  t he rma l  analysis  and  high t empera -  
ture  x - r a y  diffract ion analysis .  Of these compounds,  
LieCdC14 has the h ighest  conduct iv i ty  of 0.35 Scm -1 at  
400r the  va lue  of which is comparab le  or  more  than 
tha t  of the  high l i t h ium ion conductors  r epor ted  p re -  
viously.  

A sol id  solut ion Lie-=~MI+xC14 m a y  be expec ted  to 
h.ave h igher  ionic conduc t iv i ty  than  the s toichiometr ic  
compound because the subst i tu t ion of M e+ ion for Li + 
ion could p roduce  the l i th ium ion vacancy which  leads 
to h igh  Li + ion conduct ivi ty .  The solid solut ion 
Li~-ezCdl+zC14 has  been examined  briefly by  Kanno 
et al. (11). Lil.gCdl.0.~C14 was found to have  h igher  con- 
duc t iv i ty  than  LieCdC14. 

In this  s tudy,  the e lec t r ica l  p roper t ies  of the  solid 
solut ion sys tems L ia-eAVII+xCI~ (M = Mg, Mn, Cd) are  
examined .  Fur ther ,  the  phase  t ransi t ion in these sys-  
tems is discussed on the basis of the resul ts  of e lec-  
t r i ca l  conduct iv i ty  measurement ,  d i f ferent ia l  t he rmal  
analysis ,  and h igh  t e m p e r a t u r e  x - r a y  diffract ion tech-  
nique.  

Experimental 
Reagent  grade LiCl, CdC12, and MnC12 dr ied  under  

vacuum at  e levated  t empera tu res  were  used as s t a r t -  
ing mater ia ls .  Dehydra t ed  MgC12 was p r e p a r e d  b y  
hea t ing  MgC12 �9 NH4C1 �9 6H20 under  vacuum at 400~ 
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chloride, spinel structure. 

The mel t ing  points  of these chlorides were  in g o o d  
agreement  wi th  the r epor ted  values.  The appropr i a t e  
quant i t ies  of LiC1 and MC12 (M = Mg, Mn, Cd) were  
ground together  and  were  pressed  into pel le ts  under  
90 MPa in an argon-f i l led  glove box. Then the pel le ts  
were  hea ted  in an evacuated  P y r e x  tube  for  one week  
at  a t empera tu re  jus t  be low the corresponding mel t -  
ing points.  X - r a y  p o w d e r  pho tographs  were  taken  by  
a D e b y e - S h e r r e r  camera  using n ickel - f i l te red  C u I ~  
radiat ion.  The .powder  samples  were  encapsula ted  in 
glass capi l lar ies .  Si l icon powder  was used as an in-  
t e rna l  s tandard .  Different ial  t he rma l  analysis  (DTA) 
vcas carr ied  out  for  the sample  sea led  in a Vycor  tube 
under  vacuum; a-A1203 powder  sealed in a Vycor  tube  
of the same size was used as a s tandard .  The e lec t r ica l  
conduct ivi t ies  were  measured  in the t empe ra tu r e  range  
be tween  room t empera tu r e  and 500~ in a d r y  a r g o n  
gas flow. A sample  of  about  0.7g was pressed  under  a 
pressure  of 60 MPa into a pe l le t  of 10 m m  diam. The 
densit ies of the pel lets  were  about  80% of the  t h e o -  
re t i ca l  densit ies  ca lcula ted  f rom the la t t ice  pa ramete rs .  
Ionica l ly  b locking electrodes were  obta ined  b y  evapo-  
ra t ing  gold on both sides of the pellets .  The conduc-  
t iv i ty  was measured  at  f requencies  be tween  5 Hz a n d  
500 kHz using an HP 4800A vector  impedance  meter .  
The resistances were  de r ived  by  in te rp re ta t ion  of com- 
p lex  impedance  p lane  d iagrams  of the  data. The EMF 
of the  cell,  LiTiSJL~21VICh/TiS2, was measured  to de -  
t e rmine  the  ionic t r anspor t  number .  Commerc ia l  grade 
t i t an ium disulfide was used wi thout  fu r the r  purif ica-  
tion. The l i th ium in terca la t ion  compound LiTiS2 was 
p repa red  by  the reac t ion  of n - b u t y l  l i t h ium wi th  TiS~ 
(15). 

Results and Discussion 
X-ray measurement .--X-ray powder  diffract ion pa t -  

terns of the samples  obta ined  at  room t e m p e r a t u r e  
showed the cubic spinel  s t ruc tu re  r epor t ed  prev ious ly  
( 1 i - I 4 ) .  The observed la t t ice  p a r a m e t e r  of the s to i -  
chiometr ic  compound LieCdC14 at  room t e m p e r a t u r e  
(10.635A) is in good agreement  wi th  the va lue  re-  
por ted  by  Lutz et al. (10.635A) (14) and b y  van Loon 
and de Jong (10.637A) (13), whi le  those of LieMgC14 
(10.426A) and Li~MnCl4 (10.491A) a re  s l igh t ly  d i f -  
ferent  f rom the repor ted  values.  The la t t ice  pa rame te r s  
for the  sys tems Lis-s~Mgl+xCl4, Liz-9.xM~l+zC14, and  
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Li2-~xCdl+xC14 are  shown in Fig. 1 as a function of x. 
The la t t ice  pa rame te r s  decrease  l inea r ly  wi th  increas-  
ing x for  0 ~ x ----- 0.20 in Li2-2xMgl+xC14, for 0 ~ x 
0.24 in  Li2-2~Mn~+zC14 and for 0 --~ x --~ 0.05 in 
Li2-2xCd1+xC14. The sol id  solut ion range in Li2~-~x- 
Cdl+xC14 is r a the r  smal l  compared  with  the other  sys-  
tems because the ionic radius  of cadmium is r a the r  
l a rger  than  that  of  l i thium. The x - r a y  powder  diffrac- 
tion pa t te rns  of the samples  wi th  x < 0 showed the 
lines due  to IAC1 and those of the samples  wi th  a h igher  
x value than  the solubi l i ty  l imi t  showed the lines due 
to MCl2. The decrease  in the la t t ice  pa rame te r s  by  sub-  
s t i tut ion of Li + for  M e+ ion in Li2-2zM1+xC14 could 
be expla ined  by  assuming that  one l i th ium ion vacancy 
is produced by  each d iva lent  cat ion subst i tu ted into 
l i th ium ion sites to keep the charge neutra l .  Haneba l i  
et al. (16) repor ted  that  Li2-2xVl+xC14 with  spinel  
s t ruc ture  showed the decrease  in the la t t ice  p a r a m e t e r  
wi th  increas ing x. They also suggested the format ion  
of l i th ium ion vacancies by  subst i tut ion of l i th ium ions 
by  d iva len t  meta l  ions. Lil.60Mgl.20Cl4, Lil.521Vlnl.24C14, 
and Lil.90Cdl,o~C14 should  have  10%, 12.5%, and 2.5% 
l i th ium ion vacancies,  respect ively .  The radius  of mag-  
nes ium ion for t e t r ahed ra l  coordinat ion (CN4), 0.58A, 
and for oc tahedra l  coordinat ion (CN6), 0.67A (17), is 
ve ry  close to l i th ium ion for the corresponding co- 
ordinat ion,  0.59 and 0.67A. In view of the ionic radius,  
excess magnes ium ion in Lie-exMgl+~C14 could occupy 
both the oc tahedra l  and t e t r ahedra l  sites. On the other  
hand, the radi i  of manganese  ion (0.83A for CN6) and 
cadmium ion (0.95A for CN6) are  l a rge r  than  tha t  of 
l i th ium ion. Therefore,  i t  could be considered that  the  
excess d iva len t  ions occupy only  the oc tahedra l  sites, 
which are  more  open compared  to the t e t r ahedra l  sites. 
t t aneba l i  et al. (16) sugges ted  that  vacancies were  p ro -  

duced on the oc tahedra l  sites in Li2-~xVl+xCl4 f rom 
analogy to oxide spinel  such as A2+M4+O3 (A : iYl/1, 
Co, Zn and M-----Ti, Mo) .  However ,  a more  deta i led  
s t ruc ture  de te rmina t ion  wil l  be necessary to discuss 
the sites of vacancy.  

Magnet ic  suscept ibi l i t ies  x were  measured  to de te r -  
mine the spin s ta te  of Mn 2+ ion in Li2MnCI4 with  the 
help of a F a r a d a y  balance f rom 78 K to room t empera -  
ture. The sample  was contained in evacuated  silica 
tube. The suscept ibi l i t ies  a re  wel l  descr ibed  by  the 
Curie-Weiss  law. The magnet ic  momen t  5.42 BM ob-  
ta ined f rom the pa ramagne t ic  suscept ib i l i ty  is close 
to the  calcul.ated value,  5.92 BM, which corresponds to 
the value of high spin Mn 2+ ions in the  oc tahedra l  en -  
v i ronment .  

Electrical conduct iv i ty . - -The  electr ical  conductivi t ies  
were  measured  in the t empera tu re  range  be tween room 
tempera tu re  and 500~ The conduct ivi t ies  of the sam-  
ples wi th  ionical ly  blocking e lect rodes  showed a f re-  
quency dependence  over  the t empera tu res  examined.  
In  o rder  to es t imate  the bu lk  resistance,  the da ta  were  
p lot ted  in the  complex impedance  planes,  X ( imagi -  
n.ary component)  vs. R ( real  component ) .  The typica l  
resul ts  of Li~/YlnC14 at  27 ~ and 304~ are  shown in 
Fig. 2. The high f requency  semicircle  in the imped-  
ance d i a g ra m at room t empera tu re  is due to a para l l e l  
combinat ion of the bu lk  e lec t ro ly te  res is tance wi th  the  
bu lk  capacity.  The bu lk  resis tance was obta ined by  
the ex t rapo la ted  r ea l - ax i s  intercepts  of the semicirc le  
at  a lower  frequency.  The impedance  d iagram at 304~ 
appears  to consist of a s t ra ight  line, and  no semicircle  
due to bu lk  capaci ty  is observed.  The e lec t ro ly te  r e -  
sistances are  obta ined b y  ex t rapo la t ion  to the  real  axis. 
The t empe ra tu r e  dependence  and the composit ion de-  
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pendence of the conductivity, #, of Li2-~M~+~C14 
(NI = Mn, Mg, Cd) are shown in Fig. 3, 4, and 5, where 
dotted lines indicate two-phase structures as described 
later. The Arrhenius plots showed a change in slope 
at a high temperature.  The temperatures of the con- 
ductivity knee decrease with increasing x in Lie-2~- 
M1 +~C14. The conductivity knee will be discussed in the 
later section. At room temperature, the conductivity 
vs. composition curves show a maximum conductivity 
of 1.5 X 10-~ Scm -1 at x = 0.24 for Li2-.2zMn~+xC14, 
3.4 • 10 -~ Scm -~ at x = 0.20 for Li2-exMg~+zCl~, and 
2.9 X 10-6 S~m - I  at x = 0.05 for Li,.-2zCd~+~C14. The 
compositions that exhibit  the maximmn conductivity 
correspond to the phase boundary of the solid solution 
Lie-~M1 + ~C14. At  a higher temperature,  such as 400 ~ C, 
no significant composition dependence of the conduc- 
t ivity is found. The composition dependence of the 
activation energy for conduction calculated from the 
logarithm of the conductivity vs. reciprocal of the ab- 
solute temperature curve is observed in Li~-exM~+~C14 
both above and below the conductivity knee. At lower 
temperatures, the samples that show the maximum 
conductivity have the lowest activation energy: 48 
kJmol-1  for Li~.~Mn~.~4Cl4 and Li~.~MgL~C14, and 54 
kJmol-1 for Li~.gCdi.0~C14. The maximum conductivity 
and lowest activation energy of the samples of the 
phase boundary in the solid solution Li.2-2~Mi+~C14, 
which may have the highest mol fraction of l i thium 
ion vacancy, suggest that the conduction of the l i thium 
ion seems to be affected by the number  of lithium ion 
vacancies produced by substitution of Li+ ion for M2+ 
ion. LisNIC14 transforms to a cubic defect structure 
at high temperatures, which has a structural l i thium 
ion vacancy. No composition dependence of the con- 
ductivity at high temperatures may indicate that t rans-  
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port via lithium ion vacancies is not the proper way 
to understand the phenomenon. 

The EMF of the cell LiTiSJLi2MnC14/TiS~ was mea- 
sured to determine the ionic transport  number, where 
LiTiS2 was prepared chemically by using n-buty l l i th -  
ium, and the EMF of the cell Li/LiC104 in propylen 
carbonate/LiTiS2, 1.8V, agreed very closely with that 
reported previously (18). The open-circuit  voltage of 
0.58V at room temperature was in good agreement 
with 0.59V calculated from free enthalpy change of 
the reaction TiS2 + Li = LiTiS~ (18). This result  
suggests that the ionic transport  number is near ly  
unity at room temperature. 

Decomposition potential.--The decomposition poten- 
t ial  was measured with the help of the cell Pt/Li~MC14/ 
Pt under vacuum at 400~ for Li2MnC14 and Li2CdC14, 
and at 480~ for Li2MgC14. A dc current was applied 
across the cell. The current vs. applied voltage curves 
are shown in Fig. 6. The decomposition potentials were 
estimated to be 1.2, 1.1, and 1.3V for Li2MgC14, 
Li2MnC14, and Li2C,dCl4, respectively. The decomposi- 
tion potentials are not well-defined, since the chemical 
potentials at neither electrode were defined. They do, 
however, give an indication of the stabil i ty of these 
phases. 

Phase transition of the systems Li~-2xM1+~CI4.--Fig- 
ures 7, 8, and 9 show the temperatures of the conduc- 
t ivity knees and the phase transition temperatures ob- 
tained by DTA together with the results of high tem- 
perature x - r a y  diffraction photographs of Li2-2xMnl + z- 
C14, Li2-2xMgl+xCA4, and Li~-2~Cdl+~C14, respectively. 

In Li2-2~Mnl+xC14, solid-state transition tempera-  
tures, T~, obtained by DTA increase with x from 417oa 
at the stoichiometric composition to 537~ at x = 0.33. 
The temperatures of the conductivity knees, T~o~d, ob- 
tained by the electrical conductivity measurement, de- 
crease with x. No peak in DTA curves corresponding 
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to the conductivity knees was observed. The high tem- 
perature x - r ay  photographs of the samples with x -- 
0.24 and 0.33 above T1 showed the patterns with NaC1 
type cubic structure, which was reported by Lutz et aL 
(14) in the stoichiometric compound. Therefore, the 
transition temperatures in the solid solution system 
obtained by DTA correspond to a transition from the 
spinel structure to NaCl type cubic phase. No signifi- 
cant difference between x - r ay  photographs was found 
below and above T~ond. 

In Li2-2xMgl+=C14, the solid-state transition tem- 
peratures obtained by DTA also increase with x from 
518~ at x = 0.0 to 541~ at x = 0.1. For the samples 
with z > 0.1, no solid-state transition was observed in 
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Fig. 6. The current, A, vs. voltage, V, curves for the cell Pt/ 
Li~MCI4/Pt. 
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the DTA curves. The x - ray  diffraction photograph of 
the sample with x -- 0 at 540~ showed the pat tern 
with cubic defect NaC1 structure. The solid-state t ran-  
sition is related to the transition from the spinel struc- 
ture to the cubic defect NaC1 structure. The tempera-  
tures of the conductivity knees decrease with increasing 
x as in L%-2~Mnz +~C14. There is no peak in DTA curves 
corresponding to the temperature of the conductivity 
knees. The x- ray  photograph of the sample with x = 
0.33 at 200~ showed mixed spinel phase and MgC12. 
The photograph at 300~ however, showed no extra 
lines due to MgC12. The composition of the phase 
boundary of the solid solution Li2-2xMgl +xCl4 at 300~ 
is x = 0.33 or more. 

In Li2-~zCdl+xC14, phase transitions obtained by 
DTA are rather  complicated compared with those in 
Li2-2xMn, +xCl4 and Li2-2xMgz +xC14. Three solid-state 
phase transitions were observed; T1 vcas observed only 
in the stoichiometric compound at 305~ Tg. was ob- 
served for the samples with x > 0.1, and T3 observed 
for all the samples with x > 0. Lutz et hi. (14) re-  
ported the transition T1 and T3 for the stoichiometric 
compound. X- ray  diffraction photographs below the 
transition temperature T3 showed the pattern with the 
spinel structure and those above T3 the pattern with 
a cubic NaC1 structure. These results suggest that the 
transition temperature T3 is related to the phase t ran-  
sition from the spinel phase to a cubic defect NaC1 
structure. No clear difference was observed in x - ray  
diffraction photographs below and above the transition 
temperatures T~ and T~. The temperatures of the con- 
ductivity knees decrease with increasing x. There is 
no peak in DTA curves corresponding to the tempera-  
tures of the conductivity knees. Further,  x - r ay  diffrac- 
tion photographs showed that the solid solution range 
of the system Li2-~Cdl+xC14 broadens with increas- 
ing temperature.  

In all the systems Li2-~zMl+xCl4, the conductivity 
knees were observed between 300 ~ and 200~ Lutz 
et al. (12) suggested that the l i thium lattice deforma- 
tion occurred gradually below the phase transition 
temperature from a spinel structure to a defect cubic 
structure, and that  the conductivity knee was related 
to an order-disorder  type phase transition. 

O'Keefe (19) empirically classified ionic solids into 
three categories with respect to fast ionic conduction. 
Class I solids do not undergo "nonconducting-conduct- 
ing transformation" in the solid state but become highly 
conducting only upon melting. Class II  solids, such as 
notably Ag + and Cu + salts, exhibit a first-order phase 
transition to the high conducting state. There are also 
a number of salts in which the nonconducting-con- 
ducting transformation is not a first-order transition as 
in class II  solids but is spread out over a substantial  
temperature range. Such salts are classified as class 
III. The transition was named the Faraday  (diffuse) 
transformation. The diffuse phase transitions were 
found in CaF~ (20) and PyAgsI7 (Py: pyridinium ion) 
(21). CaF2 shows a conductivity knee at about 1160~ 
The diffuse phase transition is associated with disorder 
of the anion sublattice. The cation lattice retains the 
fcc structure through the phase transition. The activa- 
tion energy changes from 200 to 140 kJmol-Z below 
and above the conductivity knee. PyAgsIv also has 
diffuse phase transition associated with disorder of the 
cation sublattice, and a conductivity knee was found 
at around 52~ In the lower temperature phase, not 
all the Ag + ions are completely mobile, while in the 
higher temperature phase, all are mobile. The transi-  
tion in the system Li2-~xMz+xC14 obtained by the 
electrical conductivity measurement also seems to be 
classified as a diffuse type transition. The decrease of 
transition temperatures with x in Li2-2xMl+xC14 sug- 
gests that the order-disorder  transition temperature 
is decreased with the incorporation of l i thium ion 
vacancies. In Li2-~AYlnz+xC14, the transition tempera-  
ture at the composition x = 0.33 obtained by conduc- 
t ivity measurements was higher than the transition 
temperature at x = 0.24. X-ray  diffraction photo- 
graphs at 20 ~ and 200~ of Liz.34Mnl.33C14 showed the 
diffraction lines due to a mixture of the spinel phase 
and MnCt2, while those at 300~ showed only lines due 
to a spinel phase. Therefore, the change in slope at 
280~ does not correspond to an order-disorder  transi-  
tion. Fur ther  comment on an order-disorder  transition 
must await studies based on heat capacity measure- 
ment and more detailed high temperature x - r ay  ex- 
periments. 

Conclusion 
The solid solution with spinel structure, Li2-~MI+x- 

CI~, has been examined and found to have high ionic 
conductivity. Lil.gCdz.05C14 shows the highest conduc- 
t ivi ty of 3.5 • 10 -1 Scm -1 at 400~ which is higher 
than that of Li14Zn (GeO4) 4, reported previously with 
the highest conductivity in the temperature range 
300~176 At room temperature,  Lil.52Mnl.2~C14 ex- 
hibits the highest conductivity of 1.5 X 10-5 Scm-1. 
In spite of the high conductivity, the solid solutions 
show the low decomposition potential of about 1.I- 
1.3V. Because of this value, the utilization of this elec- 
trolyte in batteries will be limited. 
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Quantitative Phase Analysis of Crystalline and Amorphous 
Components of Positive Plates in Lead-Acid Batteries Operated under 

Simulated Electric-Vehicle Service 
K. Harris, R. J. Hill, and D. A. J. Rand 

Institute of Energy and Earth Resources, CSIRO Division of Mineral Chemistry, Port Melbourne, Victoria 3207, Australia 

ABSTRACT 

The crystalline and amorphous component phases of positive plates taken from lead-acid batteries in simulated 
electric-vehicle service were examined by quantitative XRD analysis. They were compared with independent determina- 
tions from electrical measurements and wet chemical analysis. Changes in temperature, discharge current, the ratio of 
a-PbO~:fi-PbO.~, and the amount of amorphous material are correlated with the capacity and cycle life of the batteries. 

The ability of a lead-acid battery to supply and store 
energy depends on the initial electrochemical activity 
of the material in the positive plate and the rate at 
which this activity is lost during cycling. Utilization 
of the active mass at the beginning of service is a 
function of the discharge current density, the rate of 
electrolyte diffusion into the plate, the total surface 
area of the active material, the .degree of electrical 
contact between the particles of material in the plate 
and between the particles and the current collector 
(grid), and the intrinsic electrochemical activity of 
the particles themselves. These factors are found to 
change both during a given discharge cycle and be- 
tween subsequent discharge cycles, so that the battery 
is eventually unable to supply a useful discharge rate 
and/or amount of energy. 

The relationship between the composition of the 
formed positive-plate material and some of its per- 
formance characteristics has been a subject of continu- 
ing interest for almost fifty years (1-21). In the 
charged condition, the positive plate consists of a lead- 
alloy grid supporting variable amounts of the poly- 
morphs ~-PbO2 and ~-PbO2, both of which are con- 
verted to PbSO4 during discharge (22). The relative 
proportions of the two forms of PbO2 have been found 
to influence the discharge capacity (4-6, 8, 9), me- 
chanical strength (6, 7), oxygen overvoltage character- 
istics (9), pa r t i c le -and  pore-size distribution (8, 9, 
12), and surface area (8, 12) of the active material. 
In addition, measurements of the amount of PbSO4 
produced on discharge and/or left unconverted at the 
end of charging can provide information about the 

Key words:  amorphous ,  cell, energy convers ion,  phase trans- 
formation.  

efficiency of the charge/discharge process and t h e  
nature and whereabouts of any material which is not 
participating in the cell reaction. Changes in the rela- 
tive proportions of the PbO2 and PbSO4 phases, and 
quantitative measurements of the utilization of the 
active material are, therefore, of particular importance 
in attempts to understand and improve the performance 
characteristics and cycle life of lead-acid batteries. 

In addition to these crystalline phases, numerous 
studies have documented the presence of poorly crys- 
talline, or "amorphous," material 1 in battery plates, 
and changes in its abundance according to the method 
of plate preparation and cycling history have been re- 
ported (11, 12, 16, 17, 19, 20, 23-26). Indeed, Caulder 
and Simon (23) have suggested that there is an in- 
verse relationship between the degree of structural 
order of PbO2 and its electrochemical activity, and that 
the amount of the inactive (ordered) variety increases 
during charge/discharge cycling (23, 24, 27, 28). How- 
ever, since these observations have been disputed (29), 
the need for more quantitative estimates of the active 
and inactive components is apparent (22, 29). 

The application of an XRD method to the analysis 
of positive plates of lead-acid batteries has already 
been reported (21). However, that study involved 
analysis of only the crystalline component phases. In 
the present work, we have further developed this tech- 
nique for determining both the crystalline and the 
amorphous components of large numbers of samples 
taken from the positive plates of lead-acid batteries 
operated under simulated electric-vehicle service. In 

1 The  term "amorphous," as used in this paper,  refers  to mate- 
rial which does  net  give rise to normal  x-ray diffraction peaks, 
either because it is truly structureless, or because  the particle  
size is very  small  (~.e., ~ 100A). 
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order to assess the performance of such plates, the 
XRD phase analysis results have been compared with 
independent measurements obtained from electrical 
parameters and wet chemical analysis, with particular 
emphasis being placed on the role of the amorphous 
component in the cell reaction. 

X - R a y  D i f f r a c t i o n  M e t h o d  for  P o s i t i v e - P l a t e  
Phase  A n a l y s i s  

The method that we have selected for the analysis 
of the positive-plate material is a version of the in- 
ternal standard technique (30-37) specifically designed 
to (i) minimize the diffraction problems associated with 
the particular phases under study, and (ii) address 
questions relating to battery performance. The amount 
of amorphous material present in battery plate sam- 
ples is determined accurately by the use of CaF2 as the 
reference phase. 

As discussed by Chung (32, 33) and others (34- 
37), the fundamental equation relating phase concen- 
tration (W) and diffracted peak intensity (I) in the 
internal standard method is 

W~ = (IJI~) (Ws/RIO [ 1 ]  

where RI~, the so-called reference intensity ratio, is a 
constant for a given phase i in the presence of an in- 
ternal standard s (in the present case, CaF2) added 
in the weight proportion Ws. The weight fraction of the 
phase i (W~) is obtained simply by measuring the in- 
tensity ratio Is/Is, given that Ws is known and RIi has 
been determined previously for a mixture containing 
the same weight fraction of s. 

For reasons outlined previously (21), we have chosen 
not to obtain values of RIi from measurements of I'JIs 
in synthetic samples of known WJWs, that is, from 
calibration curves corresponding to the rearrangement 
of Eq. [1]: RIr --_ (IJIs)(Ws/W~). Instead, we have 
decided to calculate RIi from first principles using the 
known structural and x-ray scattering properties of 
the individual phases, that is, from the expression 

RI~ -" (Q~/Qs) (Ds/D~) [2] 

where Q is the calculated powder diffraction intensity, 
and D is the product of the unit-cell volume and mass 
of the unit-cell contents (in atomic mass units) for 
each phase (21, 38). 

The weight percentages (w/o) of the different 
phases are determined using Eq. [1]. Any difference 
between the sum of the determined weight percentages 
and 100% is assigned to the amount of amorphous ma- 
terial present in the sample. A complete description of 
the method, including details of the preparation of 
samples, the regions of diffraction record scanned, the 
treatment of backgrounds, and the calculation logic, 
has been presented elsewhere (21, 39). 

Test Batteries and Operational Procedure 
The XRD phase analysis method was applied to sam- 

ples taken from the positive plates of test lead-acid 
batteries subjected to charge/discharge cycles that 
simulated electric-vehicle service in an urban environ- 
ment. Details of test station design and charging pro- 
cedure have been reported previously (21, 39-46). The 
batteries themselves consisted of six 2V cells joined in 
series, with each cell containing four positive and five 
negative flat plates and having a nominal capacity of 
60 Ah (20h rate). Positive plates were wrapped in 
fiberglass cloth. The cell containers had detachable lids 
and the intercell connectors were specially designed to 
allow the batteries to be disassembled easily for col- 
lecting plate specimens at various stages of cycle life. 

All of the batteries were operated under the Aus- 
tralian Electric Vehicle Association (AEVA) standard 
driving schedule (47) shown in Fig. 1. The current pro- 
files of two vehicles operating over the .&EVA driving 
schedule were obtained. The vehicles involved were a 
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electric van. 

Battronic electric van on loan from the Australian Lead 
Development Association, and an Induction Motor Pro- 
pulsion (IMP) van developed by Gosden (48) under 
the sponsorship of the Australian National Energy Re- 
search, Development and Demonstration Council. The 
Battronic van has a ten-year-old design, whereas the 
IMP van is representative of present-day electric 
vehicle design, having ac motor drive and micro- 
processor-controlled operation with a regenerative 
braking facility. 

The current profiles of the two vans were scaled down 
from those experienced by the vehicle battery packs to 
equivalent rates for the test batteries used in the lab- 
oratory simulated studies (Fig. 1) The scaling factor 
was equal to the ratio of the test-battery capacity to 
the vehicle-battery capacity. After scaling down, test 
batteries operating under the simulated Battronic van 
profile experienced an average discharge current of 
30.5A, whereas those under the IMP van profile drew 
only 12.4A (Table I). As a result, test batteries with 
the same nominal capacity at the 20li rate have 
different capacities in the simulated service of the IMP 
and Battronic vehicles, and have markedly different 
initial ranges over the AEVA schedule (Table I). A 
comparison of the performance of batteries under 
simulated driving of the two vans therefore enables an 
assessment to be made of the advantages gained by the 
introduction of advanced vehicle design. For all bat- 
teries tested, smooth-current discharge was used and 
terminated at 9.6V. The end of useful battery life was 
taken as the point at which the discharge capacity, con- 
verted to the 20h rate, had fallen to 75% of the nominal 
value at 25~ 
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Table I. Characteristics and performance summary of test batteries 

Battery 

Parameter  T1 T2 T3 T4 T$ 

Simulated driving profile IMP ~- Battronic 
Sb content of grid (w/o) 6. 5.3 5.3 5.3 ~ 
Average AEVA ~ discharge current (A) 12.4 ~ 30.5 30.5 30.5 30.5 
Operating temperature (~ 25. 25. 40. 50. 60. 
Capacity at the  average AEVA rate at 25~ (Ah)8 38.1 28.5 28.5 28.5 28.3 
Initial range of vehicle over the AEVA schedule (kin) 92. 28. 28. 28. 28. 
Battery life 4 (charge/discharge cycles) 157. 116. 157. 245. 341. 
Distance traveled during battery life (kin) 13,225. 2621. 3692. 7&90. 1{}337. 
Initial a-PbO~:fl-PbO2 ratio (charged) 0.868 0.819 0.378 0.975 0.~69 
Failure a-PbO~:~-PbO~ ratio (charged) 0.124 0.165 0.113 0.165 0.184 
Weight shed material (g cycle -~) 3.29 0.97 1.92 1.30 1.80 
Water added (ml cycle -~) 8.9 3.4 8.0 21.7 61.6 

~Australian Electric Vehic le  Association standard driving schedule (47). 
Incorporates the effects of regenerative braking. 
All batteries have a nominal capacity of 60 Ah at the 20h rate at 25~ and a posltive-plate active-material  density of 4.58 kg liter-L 

' Defined as the point at which the battery capacity has fal len to 75% of its nominal  value at the AEVA rate at 25~ 

More than 60 batteries of various types have now 
been cycled under  s imulated electric-vehicle service in 
our laboratories. We report  herein the detailed quant i -  
tative XRD phase analysis results obtained from five of 
these batteries, spanning a range of operating tempera-  
tures (25~176 two different ini t ial  ~-PbO2:~-PbO2 
ratios (~0.4 and ,-~0.9), and two different discharge 
currents  (for Battronic and IMP vans) .  These and 
other characteristics of the five test batteries are sum-  
marized in Table I. 

The five batteries were operated at 25 ~ (two bat-  
teries),  40 ~ 50 ~ and 60~ in thermostatically controlled 
water baths. At various stages of cycle life, the bat -  
teries were disassembled and specimens (1 cm 2) of 
charged and discharged grid/act ive mater ia l  were 
collected from the plates with a specially designed set 
of cutters. Sampling was rotated between plates and 
cells so that all plates were treated equally. Dur ing  the 
sampling procedure, care was taken to preserve the 
fiberglass wrapping around the plates, and to min i -  
mize plate separation and disturbance.  Earl ier  studies 
(42-44) have shown that periodic sampling of this k ind 
has no deleterious effect on ba t te ry  capacity or cycle 
life. However, heavier  sampling (e.g., samples from all 
24 positive plates at one time) can severely diminish 
bat tery  performance.  

Results and Discussion 
XRD analyses of "single-phase" samples.--Before ap- 

plying the XRD method of phase analysis to samples 
taken from batteries, studies were made on several  
commercial ly available samples of chemically prepared 
CaF2, ~-PbO2, and PbSO4, together with ~-PbO~ pre-  
pared by oxidation of/~-PbO at 340~ (11), and ~-PbO2 
and ~-PbO~ prepared by  electroformation of positive 
bat tery  plates in 1M NaOH and 4M H2SO4 (49), re-  
spectively. The results are given in Table II. 

For  all samples analyzed, the integrated observed 
peak intensities for each scan region a~reed closely 
with the calculated values. Compared to the diffraction 
pat terns from chemically prepared a-PbO2, the pat-  
terns from a-PbO2 prepared by electroformation in 1M 
NaOH had much higher backgrounds and broad tails on 

the peaks. Both of these factors indicate that  a signifi- 
cant proport ion of the crystallites have sizes less than 
about 0.2 #m, and give rise to the possibility that many  
of #hese particles are too smal l  to diffract at all and 
may  therefore contr ibute  to an amorphous compo- 
nent.  This was confirmed by analysis; e.g., in Table II 
the eleetroformed ~-PbO2. sample is seen to contain 
about 48% of its mass as amorphous material .  

Chemically prepared ~-PbO2 is also poorly crystal-  
l ine (Table II) with a variable amorphous content  be- 
tween about 20 and 35 w/o, but  both electroformed and 
chemically prepared /~-PbO~ usual ly  contain less than 
15 w/o of noncrysta l l ine  material .  In  addition, both 
~-PbO2 and ~-PbO~ usual ly  contain small  amounts  of 
the other polymorph. In  contrast, PbSO4 was found 
(Table II) to be essentially 100% crystal l ine and very  
pure. 

Kordes (,12) used a combinat ion of x - r ay  and neu -  
t ron diffraction methods to determine the proportions of 
amorphous and crystall ine mater ia l  in various sam- 
ples of PbO2. I t  was found that the amorphous con- 
tent  of a-PbO2 was in the range 40-70 w/o and that  of 
~-PbO2 in the range 18-50 w/o. As found in our  s t u d i e s  
(Table II) ,  the amount  of amorphous mater ia l  was de- 
pendent  on the method of preparat ion of the lead di-  
oxide. 

The ranges of values shown in Table II  for each sam-  
ple were obtained from repeated analyses of samples 
prepared by different operators, using different sample 
thicknesses, gr inding times, and weights. Values sug-  
gest that the results are conservatively reproducible to 
within about  5 % by weight for all four components. As 
discuzsed below, XRD analyses were also performed on 
various synthet ic  mixtures  of PbSO~ and ~-PbO~ (and 
, -PbO2 in other studies not reported here) in order  to 
check the accuracy and precision of the method. In  a l l  
cases, the XRD results were well within 5 w/o of the 
known compositions of the mixtures.  

XRD analyses of positive plate material.~Figure 2 
shows the progressive changes in the ~-PbO2, ~-PbO2:, 
PbSO4, and amorphous mater ial  contents for both the 
charged [plots (a)] and the discharged [plots (b)] s t a t e  

Table II. Results of XRD phase analyses of "single-phase" materials (w/o) 

a-PbO~ /3-PbO~ PbSO, Amorphous  

Sample Min. Max Min. Max Min. Max MLn. Max 

a-PbO~: chem. prep. 1 77.7 82.1 0.0 2.4 0.0 19.4 23.2 
chem. prep.~ 05.3 70.8 2.4 2.9 0.0 28.2 33.5 
electros 44.4 46.0 6.5 6.9 0.0 47.0 48.9 

~-PbO2: Univar AR 1.6 3.3 91.1 98.1 0.0 0.9 - 0 . 4  7.0 
electro formed 4.0 5.2 83.1 86.2 0.0 10.9 14.1 

PbSO,: Unilab LR 0.0 0.0 98,1 10L1 --I.1 1.9 

1 Different samples prepared using the  same chemical  method.  
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Fig. 2. Phase composition 
(w/o) of (a) charged and (b) 
discharged positive plates from 
test battery 1"4 after AEVA 
cycling at 50~ discharge 
under the Battronir profile. 

of bat tery T4 as a function of the number of cycles of 
simulated electric-vehicle operation. These plots for 
bat tery T4 are typical of those found for the other four 
batteries tested. In order to discuss trends in plate com- 
position with cycle life, groups of analyses typical of 
the early, middle, and late stages of operation have been 
averaged and presented in numerical form in Table 
III. Also included in Table III  are the amounts of active 
material  (crystalline plus amorphous) discharged to 
PbSO4 at each of these three stages of cycle life. 

Inspection of the phase analysis results summarized 
in Table I I I  shows that: 

(i) Utilization of the posit ive-plate active material  
during the early and middle stages of bat tery operation 
was about 50% higher with the IMP than with the 
Battronic van driving profile (cf. batteries T1 and T2 
operated at 25~ This difference is due to the lower 
average discharge current required by the IMP pro- 
file and leads to a much greater initial driving range 
for this vehicle (Table I) .  

(ii) For a given vehicle current-profile, utilization of 
active material  during the early stages of bat tery 
operation increased more or less uniformly with tem- 
perature from a value of ~18 w/o for bat tery T2 at 
25~ to -~36 w/o for T5 at 60~ A similar observation 
has been reported by Asai e ta l .  (50). Active material  
utilization remained fair ly constant during the early 
and middle stages of bat tery life, and declined sharply 
during the final stage of operation. These utilization 
rates are typical for batteries operated under the high 
rates of discharge experienced in electric vehicles. 

(iii) The five test batteries began service with 
~-PbO2:~-PbO2 ratios between 0.37 and 0.98, and sub- 
sequent charge/discharge cycling reduced this ratio to 
0.11-0.18 at failure (Table I) .  This decline in the oxide 
ratio was found to be more rapid with increase in tem- 
perature and decrease in discharge rate. This can be 
explained by the fact that both of these operating con- 
ditions promote penetration of the electrolyte into the 
active material  and hence decrease the pH in the in- 
terior of the plates. This leads to an environment more 
favorable to the formation of fl-PbO~ from ~-PbO2 
(through PbSO4) on recharging. 

(iv) At all stages of bat tery operation, the conversion 
of a-PbO~ to PbSO~ was less than that of ~-PbO2 to 
PbSO4, e.g., for bat tery T2, the maximum conversion 
rates of , -PbOs and fl-PbO~ were 5 and 30%, respec- 
tively. Both rates increased with temperatures, e.g., for 
bat tery T5, the maximum conversion rates of ~-PbO2 
and ~-PbO2 were 20 and 45%. respectively. However, 
whereas the conversion of ~-PbO2 remained approxi-  
mately the same throughout the life of each battery, 

the conversion of ~-PbOz dropped significantly (to 
values around 20%) as bat tery failure was approached. 
Since analysis showed that the a-PbOz resided pre-  
dominantly in the interior of the plates during the 
middle and late stages of bat tery operation, it is con- 
eluded that the loss of PbOs activity is pr imari ly  
associated with the lead dioxide present in the ex- 
ternal portions of the plates, i.e., those areas most 
affected by loss of interpartiele contact through active 
material  "softening." 

(v) Throughout bat tery life, the PbSO4 content of 
the charged plates reraained fairly constant, esl~eeially 
at high temperature.  The amount of PbSO4 produced 
during bat tery discharge was significantly reduced in 
the final stages of operation. These results, and those of 
others (51), suggest that the decline in bat tery capacity 
is due not to sulfation of the positives in the charged 
state, but to an inabili ty of the PbO~ to be r e d u c e d  

during discharge. Electrical isolation of the active ma- 
terial by grid corrosion, therefore, does not appear to 
be a major cause of failure, since decreased reactivity 
would then be observable during both the charge and 
discharge processes. A more l ikely explanation for the 
decline in bat tery performance is the electrical isola- 
tion of unconverted PbO2 particles by the growth of 
PbSO~ particles or films during discharge (8, 52-55). 

(vi) The amount of amorphous material  in the posi- 
tive plates varied between 10 and 29 w/o for the bat-  
teries studied and may be compared to a value of 34 
w/o determined by Kordes (12). Within a given bat-  
tery, there is a tendency for the amount of amorphous 
materi~Ll to increase as cycling proceeds (Fig. 2), and 
for the material  in inner portions of the plate to be less 
crystalline than in the outer parts. 

(vii) The variabil i ty of phase composition between 
adjacent plates in any one bat tery was higher in the 
discharged than in the charged state. This again sug- 
gests that it is the reduction of PbO~ to PbSO4 which 
is the life limiting factor in bat tery performance, ra ther  
than the oxidation of PbSO4 to PbOz. In other studies 
reported both below, and previously (21, 39, 43, 44), 
we have observed that individual plates within a bat-  
tery do indeed develop their own unique phase com- 
positions as cycling proceeds and that this nonuniform- 
ity can lead to severe loss of capacity and cycle life. 
It was found that plate uniformity was maintained for 
longer periods of time at higher temperatures of opera- 
tion. 

Comparison of X R D  analyses wi th  alternative mea-  
surements  of battery performance.--Electrical mea-  
surements . - -From a knowledge of the weight of t h e  
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Table III. Average XRD phase composition (w/o), amount of active material discharged (w/o), and selected PbS04 chemical 
analyses for positive plates during the early, middle, and late stages of operation of the five test batteries listed in Table I 

Battery 

Amount of 
Cycle number of active Total S 
each sample con- Average phase composition (w/o)  material converted 

Stage of Battery tributing to average discharged a to PbSO~ 
operation 1 condition 2 phase compositions a-PbO2 B-Pb0~ PbSO~ Amorphous (w/o) (w/o) 

T1 E C 24, 43, 63 9.87 59,10 8.83 22.73 1 
D 9.07 87.23 38.27 17.43 27.94 

/ 
(IMP, C 82, 103 10.55 85.45 11.35 12.65 

25~ M D 8.80 37.00 34.85 19,60 30.25 
! 

L C 139, 181, 222 7.20 57.87 9.47 25.47 10.17 / 
D 6.73 50.63 18.93 23.67 J 

T2 E C 19, 44 21.30 52.70 3.60 22.35 
D 20.15 35.99 21.65 22.25 18.05 

(Battronic, M C 67, 90 14.65 84.28 3.05 18,10 
25~ D 14.65 46.35 20.70 18.38 17.90 

L C 118, 148 10.70 64.80 7.70 16.85 
D 10.10 50.30 24.08 15.85 16.35 

T3 E C 26 9.9 70.2 9.0 10.9 1 
D 9.0 47.1 24.0 19,9 24.0 

(Battronic, bI C 83 8.8 78.3 2.4 10.5 
40~ D 8.8 53.6 28.8 8.8 26.4 

L C 109 8.2 72.8 3.3 15.7 
D 7.5 58.1 24.2 18.1 20.9 

T4 E C 19, 89, 59, 80, 1Ol 8.14 69.22 2.51 20.10 
D 7.99 42.05 28.11 21.82 27.32 

(Battronic, M C 122, 143, 164, 185 7.83 63.78 2.38 26.00 
50~ D 6.45 42.00 28.05 25.55 23.67 

L C 206, 228, 258, 290 9.65 58.55 3.02 28.76 
D 7.89 45.25 17.80 29.25 15.20 

T5 E C 20, 42, 62, 85 9.93 78.28 3.83 9.98 
D 7.78 42.03 31.45 18.73 36.37 1 

(Battronic, M C 127, 168 12.10 74.85 2.10 11.20 
50~ D 9.85 47.50 28.95 13.80 29.45 

L C 208, 251, 300 12.30 66.83 3.20 17.67 
D 16.97 52.57 15.70 20.77 15.60 

Not 
determined 

8.75 
80.78 

8.83 

28.42 
1.2.06 

30.78 

Not 
determined 

7.02 
40.08 

6.02 
88.55 

9.87 
26.88 

Not 
determined 

1E --- early. M = middle. L = late. 
C = charged. D --- discharged. 

~Amount  = Z(net  positive changes (D.C) in PbSOt and amorphous material). 

act ive ma te r i a l  in the posi t ive p la tes  (,.~590g pe r  cel l ) ,  
i t  is possible to calculate  the  weight  percentage  of 
PbSO4 produced  b y  the passage of a given amount  of 
e lec t r ic i ty  dur ing  discharge.  The weight  percentages  of 
PbSO4 so ca lcula ted  (assuming no shedding of ma te -  
r ia l )  for each of the cycles at which the ba t t e ry  was 
sampled  for  XRD analysis  are  p lo t ted  for  ba t te r ies  T2 
and T4 in Fig. 3. Also shown are  the  corresponding 
values  of the  weight  percentages  of PbSO~ (and amor -  
phous mate r i a l )  p roduced  dur ing  d ischarge  of the ba t -  
ter ies  (as de t e rmined  by  XRD analys is ) ,  together  wi th  
the  values  of PbSO4 content  obta ined from chemical  
analysis  (LECO method)  of the total  sulfur  content  of 
the same samples  (Table  I I I ) .  

Despi te  the  fact  tha t  the  PbSO4 contents ca lcula ted  
f rom capaci ty  measurements  are  averages  over  all  six 
cells in the ba t te ry ,  whereas  the XRD and chemical  
analysis  values  a re  s ing le -sample  est imates  f rom a 
quan t i ty  of ma te r i a l  app rox ima te ly  equal  to 0.6% of 
the  mass of only  one of  the  four posi t ive plates  in one 
of the  cells, there  is good agreement  be tween  the three  
PbSO4 curves for  each ba t t e ry  in Fig. 3. Why the XRD-  
der ived  values  should, on average,  be s l igh t ly  lower  
than  the e lect r ica l  and chemical  values is unclear ,  but  
i t  could be re la ted  to the fact  that  the discharge of 
amorphous  PbO~ to amorphous  PbSO4 cannot be de -  

tected by  XRD phase analysis  alone; the para l le l i sm of 
the XRD and chemical ly  de te rmined  values suggests 
that  this is indeed the case. 

Chemical measurements.--Attempts to de te rmine  the 
overa l l  composit ion of the bu lk  active ma te r i a l  b y  
chemical  analysis  for  lead  are  l imi ted  by  the uncer -  
t a in ty  associated wi th  the assumpt ion of a valence s ta te  
for  lead, the level  of nonstoichiometry,  a n d / o r  the  
presence of i n t e rmed ia t e  oxides,  wa te r  molecules,  h y -  
d roxy l  groups, etc. (11, 22, 56). However ,  the sul fur  
p resen t  in cycled plates  is unambiguous ly  presen t  as 
PbSO4 (no basic lead sulfates were  vis ible  in the  d i f -  
f ract ion pa t t e rns ) ,  and this ma te r i a l  is not  affected b y  
any  of the problems associated with the oxide phases. 
Any  excess in the sulfur  content  of the  charged  or  d is -  
charged bulk  ma te r i a l  (de te rmined  by  chemical  means)  
over  that  measured  in the crys ta l l ine  fract ion (by  XRD 
phase analysis)  must  therefore  represen t  the su l fur  
contained wi thin  the amorphous  mater ia l .  

Samples  of pos i t ive -p la te  active ma te r i a l  f rom ba t -  
t e ry  T4 in both the charged and discharged states,  and 
also samples  f rom two o ther  test  ba t te r ies  a f te r  slow 
discharge at the 20h rate,  were  subjec ted  to total  sulfur  
analysis.  The resul ts  a re  p lot ted  in Fig. 4 against  the 
corresponding XRD est imates  of the  c rys ta l l ine  PbSO4 
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Fig. 3. Comparison of XRD-determined utilizotion of positive 
material in test batteries T2 and "1"4 with the correspanding amount 
determined either coulometrically or chemically. ( A )  Ah converted 
to equivalent PbSO4 (w/o). (In) XRD determination of active ma- 
terial discharged (w/o). (O)  Total S content converted to equiva- 
lent PbSO4 (w/o). 

content of other portions of the same samples. The 
least squares linear regression line through all the data 
points for T4 is indicated by the dashed line (correla- 
tion coefficient = 0.991), and the 1:1 relationship be- 
tween total S and PbSO4 content is drawn as a solid 
line (labeled as 100% crystall ine).  The error in each 
total S measurement is estimated to be about 1% (rela-  
tive to the amount determined) ; the error  bars for total 
S have been omitted from the low-value data points 
(<2 w/o) since they are within the width of the data 
point itself. A uniform error of about ___2 w/o (abso- 
lute) is estimated to apply to all the values obtained 
from XRD analysis. 

The most obvious feature of the data plotted in Fig. 4 
is that  the amount of crystalline sulfate in bat tery 

[ ' I ' I'- ' l ' l ' I ' 

plates, when obtained from XRD measurements, is 
always significantly less than the amount calculated 
from determination of the total S content. Assuming 
that the total S values are not in doubt, this feature 
could be due to: (i) the presence of a systematic error 
in the XRD method of analysis whereby the amount 
of PbSO4 is consistently underestimated, or (ii) the 
presence of noncrystalline PbSO~, which is measured 
by the total S analysis, but is not detected by XRD 
analysis. 

As a check on the accuracy and precision of the XRD 
method in the context of this experiment, five synthetic 
samples were prepared containing a 1:1 by weight 
mixture of CaF~ (internal s tandard) with Unilab 
PbSO4 and Univar #-PbO2; the lat ter  compounds were 
in the ratios 0:100, 10:90, 20:80, 40:60, and 60:40, re -  
spectively. Unilab PbSO4 and Univar #-PbO~ are known 
to consist of 100 and 95 w/o crystalline material,  
respectively (Table II) .  The five mixtures were then 
subjected to XRD phase analysis, and the resultant  
crystalline PbSO4 contents were plotted against the 
total S weight percentage (Fig. 4). For all five syn- 
thetic samples, the theoretical l : l  line lies Well within 
the estimated error of the XRD determination, adding 
further credence both to the accuracy and to the esti- 
mated precision of the XRD phase analysis method. 
The deviation of the T4 test bat tery analyses from the 
theoretical 1:1 (i.e., 100% crystalline) relationship in 
Fig. 4 is therefore considered to be real and to be due 
to the presence of amorphous PbSO4 in the plates. 

Chemical and XRD analyses of samples taken from 
bat tery T2 operated at 25~ exhibited the same rela-  
tionship between the crystalline PbSO4 and the total 
S content as that observed in Fig. 4 for bat tery T4 at 
50~ This suggests that the temperature of operation 
has little, if any, effect on the partitionir~g of the PbSO4 
between the crystalline and amorphous components. 

Role of the amorphous component in positive-plate 
material.--Of parti:cular interest is the fact that not 
only is there PbSO4 in the amorphous fraction, but that 
the amount of this noncrystalline sulfate increases with 
the amount of crystalline PbSO~. For example, for a 
T4 bat tery sample ostensibly containing no crystalline 
sulfate, the intersect of the regression line in Fig. 4 
suggests that there is actually 0.4 w/o total S present, 
corresponding to 4.1 w/o amorphous PbSO~, whereas 
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for  a sample  conta in ing 30.0 w/o  crys ta l l ine  PbSO4 
there  is an addi t iona l  12.1 w /o  of amorphous  PbSO4. 

Taking  ba t t e ry  T4 as a case in point,  the  amount  of 
amorphous  ma te r i a l  increased f rom 20 to 29 w/o  d u r ,  
ing cycle life (Table  I I I ) .  However ,  there  was no sig- 
nificant change in the amorphous  content  be tween  the 
charged and discharged states  at any  stage of cycle 
life. The increase  in the  deviat ion of the exper imen ta l  
PbSO4 line f rom the 100% crys ta lhne  l ine in Fig. 4 
as the sulfa te  content  increased cannot,  therefore,  be 
re la ted  to a cor responding  increase  in the  to ta l  amount  
of amorphous  ma te r i a l  in the plates  as they  were  dis-  
charged.  Instead,  the  propor t ion  of PbSO4 in the  
amorphous  f ract ion must  be increasing,  i.e., amorphous  
dioxide (e i ther  ~-PbO2 or ~-PbO2) must  be d ischarg-  
ing to amorphous  PbSO4. Behavior  of this k ind  was 
typ ica l  of a l l  five test bat ter ies .  In  only th ree  cases in 
Table I I I  (T1, middle  life; T3, ea r ly  life; T5, ea r ly  l i fe)  
was a significant change in the amount  of amorphous  
mate r i a l  observed dur ing  discharge.  This suggests tha t  
the processes of charge and discharge gene ra l ly  t ake  
place be tween  par t ic les  of b road ly  equivalent  size 
dur ing  the opera t ion  of the bat ter ies ,  i.e., crys ta l l ine  
ma te r i a l  converts  to crys ta l l ine  mater ia l ,  and amor -  
phous to amorphous.  

Table  IV presents  calculat ions of the re la t ive  u t i l i -  
zation of the amorphous  and crys ta l l ine  fract ions of 
the  pos i t ive -p la te  active ma te r i a l  of ba t ter ies  T2 and 
T4, together  wi th  corresponding resul ts  for another  
test  ba t t e ry  subjec ted  to a slow discharge at  the 20h 
ra te  ( top r i gh t -hand  corner  of Fig. 4). For  a given 
bat tery ,  the  resul ts  show that,  wi th in  the  accuracy of  
the  de te rmina t ions ,  there  is l i t t le  difference in the 
degree of ut i l izat ion of the  two forms (i.e., crys ta l l ine  
and amorphous)  of  lead dioxide in bat ter ies  opera ted  
under  e i ther  s imula ted-e lec t r i c -veh ic le  or s low-d i s -  
charge conditions. Thus, i t  appears  that  par t ic le  size 
(as de l inea ted  in the presen t  s tudy)  has l i t t le,  if any, 
effect on the  ac t iv i ty  of the pos i t ive-p la te  mater ia l .  
As discussed above, the  ut i l izat ion of both  forms of 
lead d iox ide  increases both wi th  increase in t empera -  
ture and with  decrease in discharge rate.  

The indica t ion  that  amorphous  lead dioxide has the 
same elect rochemical  ac t iv i ty  as c rys ta l l ine  lead di-  
oxide  is somewhat  surpr i s ing  when it is noted that  
neut ron  diffraction studies (25, 39) have shown tha t  
pa r t  of the  amorphous  component  is a l ead - r i ch  in te r -  
media te  oxide  with  ,-~40% lead  a toms in the  P b ( I I )  
va lency  state.  I t  can only  be  concluded at  this  stage, 
therefore,  that  this in te rmedia te  oxide has a s imi lar  
e lec t rochemical  ac t iv i ty  to near -s to ich iomet r ic  PbO2. 

Battery cycle life and equivalent distance t rave led . -  
Of the three  pa rame te r s  tested in the presen t  s tudy,  
namely ,  opera t ing  t empera tu re ,  d ischarge  current ,  and  
initial a-PbO$:~-PbO~ ratio,  the fo rmer  two exer t  by  
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and equivalent kilometers traveled (~] IMP, [] Battronic) plotted 
as a function of operating temperature for batteries TI -T5.  

far  the  greates t  influence on overa l l  ba t t e ry  pe r fo rm-  
ance (Table  I ) .  

In  Fig. 5, the  number  of charge /d i scharge  cycles 
and equiva lent  k i lometers  t r ave led  for  each of t h e  
five test ba t ter ies  have been plot ted agains t  the ope ra t -  
ing tempera ture .  For  the four  bat ter ies ,  T2-TS, sub-  
jected to the Bat t ronic  van discharge  profile, the im-  
p rovement  in ba t t e ry  per formance  with  t empera tu re ,  
as given by  both cycle life and equiva lent  k i lometers  
t raveled,  is d rama t i c  (see also Table I) ; both measures  
of per formance  are  improved  b y  more  than a factor  
of th ree  on ra is ing  the t empera tu re  f rom 25 ~ to 60~ 

Al though  the increase in ba t t e ry  pe r fo rmance  with 
t empera tu re  appears  to be r e l a t ive ly  uniform, i t  is 
in teres t ing  to note that  the two bat ter ies  (T2 and T4) 
wi th  ini t ia l  a -PbOe:~-PbO2 rat ios a round  0.9 (Table  
I)  l ie  above the smooth  curves in Fig. 5, whereas  the 
two ba t te r ies  (T3 and T5) wi th  a low ini t ia l  oxide  
ra t io  (i.e., around 0.4) l ie be low the curves.  A h igh  
va lue  for  the ini t ia l  ~-PbO~ content  of the  formed 
plates  therefore  appears  to be advantageous  to ba t -  
t e ry  performance,  a lbei t  to an ex ten t  less than that  
effected by  increasing the opera t ing  t empera tu re .  The 
fact tha t  even a modest  correla t ion obtains be tween  
the ~-PbO~:~-PbO2 rat io and cycle life is somewha t  
surpr is ing,  since for most of the ba t te r ies  (especia l ly  
T4 and T5 opera ted  at  h igher  t empera tu res )  the l ead-  

Table IV. Calculation of relative utilization rate of amorphous and crystalline lead dioxide in test batteries T2 (25~ and 
1"4 (50~ in the early (E), middle (M), and late (L) stages of battery life, and in another test battery subjected to a slow 

discharge at the 20h rate at 25~ 

S l o w  
T2 T4 d i s c h a r g e  

Quant i ty  Proces s  E M L E M L E 

Crysta l l ine  PbO2 ( c h a r g e d  s ta te ) ,  A ( w / o )  a-PbO2 + fl-PbO2 74.0 78.9 75.8 77.4 71.6 68.2 
Crystallive PbSO, produced, B (w/o) Discharge-charge 18.1 17.7 16.4 25.6 23.7 14.7 
Equiva len t  crys ta l l ine  PbO~ produced ,  C ( w / o )  B x 0.789* 14.3 14.0 12.9 20.2 16.7 11.6 
Ut i l i zat ion  of crys ta l l ine  PbO2 ( % )  100 x (C/A) 19.3 17.7 17.1 26.1 26.1 17.0 
Amorphous PbSO~ ( c h a r g e d  s ta te ) ,  D (w/o) Total S-crystallhle 5.2 5.3 4A 4.5 3.6 6.5 
A m o r p h o u s  PbSO~ ( d i s charged  s ta te ) ,  E (w/o) Total S-crystalline 9.1 7.7 6.7 12.0 10.5 9.1 
A m o r p h o u s  PbSO4 produced ,  F (w/o) E - D 3.9 2.4 2.3 7.5 6.9 2.6 
Equivalent amorphous PbOs produced, G (w/o) F • 0.789* 3.1 1.9 1.6 5.9 5.4 2.1 
A m o r p h o u s  PbOe ( c h a r g e d  s ta t e ) ,  H (w/o) Total amorphous D 17.2 12.8 12.5 15.6 22.4 22.3 
Uti l izat ion of  a m o r p h o u s  PbO~ (%) I00 • ( G / H )  18.0 14.8 14.4 37.8 24.1 9.4 

71,4 
56,5 
44.6 
62.5 

3.7 
23.7 
20.0 
15.8 
24.6 
64.2 

t Data  for  T2 and T4 obta ined  f r o m  Tabl2  IH; data  for  s low d i scharge  ba t t ery  not  g i v e n  in detail .  
* Rat io  f a c t o r  = ( m o l e c u l a r  w e i g h t  P b O , ) / ( m o l e c u l a r  w e i g h t  PbSO~). 
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dioxide ratio was lowered to a value around 0.15 early 
in the service life. This suggests that  the ratio itself is 
not important, but that it is the conditions of curing 
and/or  formation of the plates (giving rise to an ini- 
tially high ratio) that  determine the final performance 
level. 

A comparison of the performance of bat tery T1, 
operated at the same temperature (25~C) as T2 but 
under the IMP driving profile, shows that the lower 
average discharge current (12.4 compared to 30.5A, 
Table I) results in a 35% improvement in cycle life 
and a five-fold increase in equivalent kilometers t ra-  
veled. It can be seen from Fig. 5 that a similar im- 
provement in vehicle range under the Battronic profile 
would only be achieved by operating the same bat-  
tery above 60~ The advantages of advanced vehicle 
design are obvious. 

Mode of battery Jailure.--Detailed examination of 
the XRD phase analysis results presented in Fig. 2 
and Tables III  and IV reveals that the onset of bat tery 
failure is associated with several factors. 

(i) An accelerating decline in the conversion rate 
of ~-PbO2 to PbSO4, both in the crystalline and amor- 
phous components, despite the fact that the overall 
PbO~ content of the charged plate remains relatively 
constant (especially at low temperatures) .  Neutron 
diffraction, structural,  and electrochemical activity 
studies discussed elsewhere (25, 39) suggest that 8- 
PbO2 particles in bat tery plates remain intrinsically 
electrochemically active and that the inabili ty of bulk 
~-PbO2 to discharge is probably a consequence of the 
individual particles becoming electrically isolated from 
each other in the active mass and from the current 
collecting grid itself. Similar conclusions have been 
drawn by other workers (8, 53-55), although the pos- 
sibility of a loss in electrochemical activity of the 
PbO~ itself has received support (23, 24, 27, 28, 52, 
57, 58). Since the majori ty of the PbSO4 produced on 
discharge continues to be converted back to PbO2 on 
charge, progressive encapsulation of the PbO2 by in- 
sulating particles or films of PbSO4 would appear to 
be the more l ikely mechanism for this electrical isola- 
tion (as opposed to passivation of the grid by PbSO.~ 
films). The former mechanism is eminently feasible, 
since PbSO4 particles grow at the expense of PbO2 
particles and are able  to convert back toPbO2 since 
they remain in contact with the electrolyte. 

(ii) An increase in the amount of amorphous ma- 
terial. The amorphous material  displays a somewhat 
more rapid decline in utilization with batter)- cycling 
than the crystalline component (Table IV). A rise 
in temperature may be expected to increase the 
amount of fine-grained material  with cycling, and we 
note (Table III) that batteries T3, T4, and T5 do indeed 
display the greatest relative increases in the amor- 
phous component over their service life. 

(iii) An increase in the variabil i ty of posit ive-plate 
phase composition and active material  utilization (see 
par t icular ly  batteries T1-T3 operated at lower tem- 
peratures) .  The occurrence of an occasional sulfated 
plate has been accepted in the past as a consequence 
of variabil i ty in plate manufacture, but this has not 
been considered to be a major  cause of failure (44). 
However, measurements of the potentials of positive- 
and negative-plate groups in individual cells of bat-  
teries monitored during charge/discharge cycling have 
shown that catastrophic declines in bat tery capacity 
can be related to the failure (i.e., sharp drop in dis- 
charge voltage) of a positive-plate group in only one of 
the cells (39). Subsequent XRD phase analysis of the 
positive plates in the failed cells has often revealed 
that one or more of the plates are heavily sulfated in 
the charged state. The heavy sulfation has therefore 
contributed to a sharp decrease in the electrical con- 
ductivity of the active material  and thus to a rapid 
decline in its discharged voltage (8, 54, 55). Why only 

certain plates are sulfated when the majori ty  of the 
others in the battery, and indeed in the same cell, are 
not, remains to be determined. Whatever the cause 
of sulfation, it is clear from Fig. 2 that the operation 
of a bat tery at high temperature promotes the main- 
tenance of a more uniform distribution of phases be- 
tween the plates and prevents the early formation of 
"hard" sulfate. 

(iv) An increased rate of shedding in the cell ob- 
served (by potential measurements) to fail first. None- 
theless, the amount of material  shed was not sufficient 
by itself to cause cell failure. No marked increase in 
the rate of material  shedding from the plates was 
observed on raising the operating temperature from 
25 ~ to 60~ (Table I) .  

(v) Negative plate degradation at high tempera-  
tures. For example, autopsies conducted on T5 operated 
at 60~ revealed that swelling and mossing of the nega- 
tive plates took place. This lead to internal shorting 
of the battery. In addition, the grids of the positive 
plates were found to be in a badly corroded state and 
extremely fragile. Since this bat tery was observed to 
maintain a relat ively uniform plate composition dur-  
ing its considerable period of service, it is l ikely that 
batteries operated at high temperature fail by a dif- 
ferent mechanism (namely, posit ive-plate grid cor- 
rosion and/or  negative-plate mossing) from those 
operated at lower temperatures (namely, plate in- 
homogeneity/sulfation of the charged plates).  

Summary and Conclusions 
Application of the XRD phase analysis procedure to 

single-phase samples of various chemically and electro- 
chemically prepared varieties of PbO~ and PbSO4, and 
to synthetic mixtures of these compounds, has demon- 
strated the viabili ty of the method for phase analysis 
of positive plates of lead-acid batteries. This conclu- 
sion has been confirmed by comparisons of XRD re-  
sults for real bat tery plates with those for independent 
estimates of composition obtained from electrical mea- 
surements and wet chemical analysis. 

Studies of batteries operated under simulated elec- 
tric-vehicle service at four temperatures, two ratios 
of the PbO2 dimorphs, and two mean discharge currents 
have indicated that the overall utilization of active 
material  increases substantially with increasing tem- 
perature and decreasing current. The utilization of 
~-PbO2 is observed to be higher than that of ~-PbO~ 
under all conditions. The amount of ~-PbO2 declines 
rapidly during the early stages of bat tery operation due 
to an irreversible converMon to fl-PbO2, but the uti l i-  
zation of this oxide remains fairly constant, whereas 
that of ~-PbO2 declines. This observation may explain 
why batteries with higher initial values of the a-PbO2: 
fl-PbO2 ratio appear to have longer cycle lives. 
D e c l i n e  in bat tery capacity at all temperatures is 

brought about by the failure of the /~-PbO2 particles 
to be reduced to PbSO4 on discharge, ra ther  than a 
failure of the PbSO4 to be oxidized on charge. This 
suggests that electrical isolation of the ~-PbO2 particles 
is the cause of capacity loss rather  than the develop- 
ment of extensive grid corrosion. However, at low 
temperatures of operation, variabi l i ty  in phase compo- 
sition between individual positive plates can be quite 
large, and the occasional development of a few heavily 
sulfated charged plates can lead to the failure of the 
entire battery, even though the majori ty  of the plates 
are not sulfated. 

At higher temperatures of operation, the positive 
plates are more uniform in composition and failure of 
the bat tery does not result from heavy sulfation of a 
few individual plates. Instead, the battery, fails due to 
negative-plate swelling and mossing, and/or  the pres- 
ence of substantial posit ive-plate grid corrosion. 
Nevertheless, as at lower temperatures, the capacity of 
the bat tery slowly declines throughout the middle and 
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later stages of operation as the conversion efficiency of 
~-PbO2 to PbSO4 decreases. 

Comparison of XRD results with wet chemical ana- 
lysis results shows that the amorphous PbO2 compo- 
nent of the positive plates discharges at a similar rate 
to that of the crystalline component, but that the 
amorphous material utilization declines somewhat 
more rapidly with cycling. Since the amorphous con- 
tent of plates varies from only l0 to 29 w/o, and in- 
creases slightly during cycling, the presence of amor- 
phous material has only a small adverse effect on over- 
all battery performance. Nevertheless, the results sug- 
gest that the amorphous content should be kept to a 
minimum during plate manufacture. 
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ABSTRACT 

A process to manufacture the positive plate of the lead-acid battery that  eliminates conventional curing and formation 
steps via the direct incorporat ion of PbO2 active material  into the grid is described. "Precharged" plates made from a mix- 
ture of tetrabasic lead sulfate, PbO~, and water were found to be strong and capable of delivering first cycle (i.e., with no 
formation) cranking rate capacity which was 35% of conventionally produced plates tested in the same format. Full  capacity 
is obtainable within three to five charge-discharge cycles. At this point, the precharged plates were found to be structurally 
i n d i s t i n g u i s h a b l e  f rom c o n v e n t i o n a l l y  p r o c e s s e d  p la tes .  To ensu re  in t hese  in i t i a l  s t ud i e s  tha t  the  PbO~ was 
electrochemically active, the material  was obtained from electrochemically formed conventional  positive plates. The suc- 
cessful use of chemically prepared PbO2 is demonst ra ted  in the following paper. This new process is simple and will allow 
the manufacture of ready-to-use plates on modern automated expanded metal platemaking equipment.  

The w o r k  descr ibed  in this pape r  addresses  a rad ica l  
approach  to l ead -ac id  ba t t e ry  manufac tu re  which 
would  resul t  in a ~ s impler  processing technology more  
amenable  to modern  au tomated  expanded  meta l  p la te  
making  equ ipment  and would  offer the marke t i ng  ad-  
van tage  of a t ru ly  d r y  charged ba t t e ry  wi th  an " in-  
finite" shelf  life. To aid in  the unders tand ing  of the  
significance of this work,  a br ie f  descr ipt ion o~ cur ren t  
l ead -ac id  ba t t e ry  processing technology is r equ i red  
(1 ,2) .  

Convent ional  ba t t e ry  plates  are  made f rom a s t a r t -  
ing ma te r i a l  consist ing of an incomple te ly  oxidized 
Pb powder  (Pb,  PbO or thogonal  and te t ragona l  forms) ,  
somet imes  mixed  wi th  Pb304 in var ious  ratios.  This 
powder  is mixed  w i th  H2SO4 and wa te r  to form a 
pas te  which is then appl ied  to a lead al loy grid. Subt le  
differences exist  be tween  the posi t ive and negat ive  
pastes, but  the reac t ive  paste  chemis t ry  is not  differ-  
ent. Numerous  complex  chemical  react ions  occur du r -  
ing the mix ing  of this reac t ive  paste  leading to PbSO4, 
PbO �9 PbSO4, 3PbO �9 PbSO4 �9 H20, 4PbO �9 PbSO4, and 
Pb804 in var ious  re la t ive  concentrat ions  depending on: 
(i) s ta r t ing  ma te r i a l  composit ion;  (ii) re la t ive  amount  
of acid and wa te r  added;  and (iii) mixing  ra te  and 
mix ing  tempera ture .  The pas ted  plates  are  a l lowed 
to cure, usua l ly  for severa l  days.  Dur ing  curing, the  
wa te r  is r emoved  f rom the plates  in a manner  such 
tha t  dissolved compounds are deposi ted at  paste  pa r -  
t icle contact  points  in a manner  analogous to cement  
se t t ing (1). Addi t iona l  chemical  react ions occur du r -  
ing curing which can change the re la t ive  concent ra-  
tions of the species in the pas ted  plate.  Addi t iona l ly ,  
shr inkage  of the paste  f rom the grid members  m a y  
occur dur ing  curing. This shr inkage can de le ter ious ly  
affect the resu l t ing  ba t t e ry  plate ,  pa r t i cu l a r ly  when 
nonan t imonia l  al loys are used in the ba t t e ry  grids. 
The Variables influencing the cur ing process are time, 
t empera tu re ,  and humidi ty .  Af te r  curing, the  plates  
are  immersed  in acid and a format ion  cur ren t  which 
anodica l ly  forms lead  d ioxide  at the posi t ive and cath~ 
odical ly  forms sponge lead at  the negat ive  is appl ied  
to the  plates  for  an ex tended  per iod  up to about  24h. 
This format ion  cur ren t  generates  a conduct ive ne t -  
work  of posi t ive and nega t ive  active mate r ia l s  and an 
in tegra l  g r id / ac t ive  mass  interface.  Both phenomena  
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aid in the subsequent  discharge of the ba t t e ry  p l a t e s  
by  forming a conduct ive ne twork  be tween  the grid and 
the  active mass. Addi t iona l ly ,  much specula t ion  re -  
gard ing  the product ion  of a lead  dioxide  (in the posi -  
t ive p la te)  of in t r ins ic  e lec t rochemical  ac t iv i ty  exists 
in the l i t e ra tu re  and is discussed in the fol lowing pape r  
(3). The var iables  to be considered dur ing  format ion  
are:  (i) cur ren t  densi ty;  (ii) acid concentrat ion;  (iii) 
t ime; and (iv) the composi t ion of the cured plate.  The 
above-men t ioned  process  var iables  are  considered cr i t i -  
cal to the  fo rmat ion  of a good posit ive pla te  and this 
topic has been the subjec t  of numerous  technical  papers  
(4-6).  The numerous  var iables  involved in conven-  

t ional  l ead-ac id  ba t t e ry  manufac tu re  and the i r  con- 
comitant  effect on ba t t e ry  per formance  make  a s imple r  
more  control lable  manufac tur ing  scheme h igh ly  de-  
sirable.  

Consequently,  the goal  of this work  was the direct  
incorpora t ion  of the active masses (i.e., lead  dioxide 
and sponge lead)  into a grid, thus e l imina t ing  the p ro -  
cess steps of cur ing and formation.  In  even tua l  appl i -  
cation, it  would be des i rable  for these "precharged"  
electrodes when incorpora ted  in an au tomot ive  s t a r t -  
ing, l ighting,  and  ignit ion (SLI)  ba t t e ry  to be capable  
of de l iver ing  sufficient c ranking  rate  capaci ty  to s ta r t  
an automobi le  wi th  subsequent  charging by  the auto-  
mobile 's  e lect r ica l  sys tem genera t ing  the addi t iona l  
reserve  capacity.  In  addi t ion to provid ing  a s impler ,  
more contro l lable  au tomated  process, this envisioned 
manufac tu r ing  scheme would  offer a type  of d r y -  
charged product  wi th  an ex tended  shelf  life. Since 
these ba t t e ry  plates  need not  come in contact  wi th  
sulfur ic  acid pr io r  to the i r  use, t h e  sulfa t ion of the  
act ive masses which l imits  convent ional ly  manufac -  
tu red  ba t t e ry  shelf  l ife would  not  occur. 

Work  on the p recharged  posi t ive e lect rode process 
has been d iv ided  into two areas:  (i) deve lopment  of 
a technique to incorpora te  PbO2 into a grid in a dis-  
chargeable  form, and (ii) ident i fy ing  a chemica l ly  
produced but  e lec t rochemical ly  act ive form of PbO2 
which may  be incorpora ted  into the above process. The 
first topic is covered in this paper .  The second is the 
subject  of a subsequent  pape r  (3). The method  of 
p repara t ion ,  performance,  and character is t ics  of posi -  
t ive e lectrodes produced  via  this novel  process have 
been descr ibed in two pa ten t  appl ica t ions  (7, 8). A 
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process for manufac tur ing  a p recharged  negat ive  elec- 
t rode will  be repor ted  at  a la te r  date. 

Experimental  
Exper imen ta l  evaluat ion  of the p recharged  active 

mass formula t ions  was conducted on 40 • 68 • 2 m m  
grids cast in a Pb-0.065% Ca-0.50% Sn al loy as shown 
in Fig. 1. The test  cell  consisted of one test posit ive 
be tween two convent ional ly  manufac tu red  negat ive  
plates  f rom the Exide 10 A - h  smal l  rechargeable  ba t -  
t e ry  separa ted  by  microporous  rubbe r  separators .  Posi -  
t ive polar izat ion was recorded vs. a Hg/Hg~SO4 re fe r -  
ence e lec t rode  in the same solution. The e lec t rochemical  
evaluat ion  was conducted in 100 ml of 1.280 sp gr  su l -  
furic acid electrolyte .  Cells were  d ischarged (wi thout  
any  pr io r  "boost" charging)  at  a 10A (200 m A / c m  2) 
c ranking  ra te  at  room tempera ture .  Capaci ty  was m e a -  
sured as the t ime in seconds to reach 500 mV posi t ive 
polar izat ion.  Capaci ty  is also expressed in this work  
as ut i l izat ion efficiency; i.e., the percentage  of the theo-  
re t ica l  a m p e r e - h o u r  capaci ty  based on the weight  of 
active ma te r i a l  de l ivered  by  the expe r imen ta l  plate.  
The cells were  then recharged  to a potent ia l  l imi t  of 
2.5V wi th  in i t ia l  cur rent  dens i ty  l imi ted  to 60-80 mA, 
and the process was repea ted  unt i l  five cranking  ra te  
discharge capacit ies  were  recorded.  

The genera l  processing scheme involved apply ing  a 
wa te r  pas te  of the  p recharged  active mass to the grid 
fol lowed by  ho t -press ing  the pas ted  grids be tween  two 
stainless s teel  p la tens  at 130~ for  30-60s at about  36 
MPa (5200 ps i ) .  The p recharged  electrode pe r fo rm-  
ance was compared  to that  of convent iona l ly  produced 
posi t ive e lectrodes tested in the same format .  

Results 
To separa te  the  in t r ins ic  ac t iv i ty  considera t ion of 

e lec t rochemica l ly  produced  lead dioxide f rom p re -  
charged formulat ions,  ini t ia l  exper iments  were  con- 
ducted with lead dioxide  obtained by  crushing pel le ts  
f rom wel l  fo rmed posi t ive plates.  The ini t ia l  approach  
to b inding the  lead d iox ide  into the grid was to 
thorough ly  mix  lead dioxide  and 0.5 w/o  (weight  pe r -  
cent)  Teflon 1 (du Pont  K-10) powder  in a mechanical  
m i x e r  wi th  subs tant ia l  shear ing  action. The mass was 

Registered trademark of the  E. I. du Pont  de Nemours and 
Company. 

then wet wi th  water ,  pasted,  and pressed into grids 
as descr ibed above. One batch of p la tes  made  in this 
manner  was overpas ted  by  0.8 m m  (0.030 in) to de-  
te rmine  if any  benefit  was incur red  f rom the addi t ional  
compact ing action. Tef lon-bonded plates  and the l ab -  
o ra to ry  s t anda rd  plates  made by  convent ional  paste  
technology are  descr ibed in Table  I, and  the discharge 
character is t ics  are  presented  in Table II. No capaci ty  
at  the cranking  ra te  .was observed wi th  Teflon-b~nded 
electrodes,  and dur ing  charge, the act ive m a ~ s  was 
observed to mechanica l ly  d is in tegra te  f rom the grids. 
Some electrodes f rom the~e two batches  were  then 
tested at a 10 m A / c m  2 rate.  The f lush-pasted electrodes 
exhib i ted  poor first cycle capaci ty  and could not  me-  
chanica l ly  to lera te  the subsequent  charging.  The over -  
pas ted  electrodes could wi ths tand subsequent  charging 
but  s t i l l  were  far  infer ior  to the s t andard  plates  even 
af ter  a th i rd  cycle low rate  condit ioning discharge.  

At  this point  i t  was concluded that  ma te r i a l  which 
could add mechanica l  suppor t  to the p recharged  act ive 
mass and could addi t iona l ly  be conver ted  to lead di-  
oxide on charging would be beneficial. Te t rabas ic  lead  
sulfa te  (TTB) was identif ied as a possible ma te r i a l  
which could serve  this purpose.  TTB has a f ibri l lar ,  
need le - l ike  morphology~ as shown in Fig. 2. TTB is 
used in place of a convent ional  paste  by  Wes te rn  Elec-  
tr ic to manufac tu re  the round cell  for s t a t ionary  float 
service appl icat ions  (9). The advantages  of a TTB 
paste  are:  (i) it  may  be p repa red  f rom w a t e r ,  (ii) 
shr inkage  dur ing  curing is e l iminated,  and (iii) in-  
creased cycle l ife pe r fo rmance  has b e e a  repor ted  (9, 
10). The improved  cycle life per formance  of p la tes  
formed f rom a TTB paste  appears  due to its metaso-  
mat ic  conversion to PbO2. (9, 10) in which the ini t ia l  
TTB morpho logy  is mainta ined.  Metasomes are  gen-  
e ra l ly  charac ter ized  as hard,  dense mate r ia l s  due to 
thei r  diffusional g rowth  mechanism, analogous to zone 
refining (9). A p p a r e n t l y  the resul tan t  in ter locking 
pr i smat ic  needles  of PbO~ act to de lay  the active mass  
shedding.  The presence of needles  of PbO2 in con- 
vent ional  pastes  (p re sumab ly  resul t ing  f rom the T T B  
in the cured mass) has add i t iona l ly  been corre la ted  to 
improved  cycle life behavior  (11). One d rawback  of 
posi t ive plates  p roduced  f rom a TTB paste  is the longer  
format ion t ime requ i red  and the necess i ty  to form 
in low grav i ty  acid (1.001-1.005) to p reven t  sulfat ion 
of the  TTB (12). TTB is oxidized to PbO2 via the fol-  
lowing react ion (5) 

Table I. Active mass weight, porosity, and theoretlca! capacity of 
Teflon-banded precharged electrodes and lab standard 

positive electrodes 

Theoret ical  
Act ive  mass capacity 
weight  (g) Porosity,  % (A �9 h)  

Flush-pasted 31.3 ~ 0.57 40 7.01 ~ 0.128 
0.8 mm (30 rail) 40.9 ~ 1.9 38 9.16 --  0.426 

overpasted 
Lab standard 25.9 --  1.1 41 3.80 ~- 0.246 

Fig. 1. The smalJ Pb-0.065% Ca-0.50% Sn cast grid used in this 
study. Dimensions are 40 • 68 X 2 mm. 

Table II. Discharge times of Teflon-bonded and lob standard 
positives at a 10 mA/cm 2 rate to a 1.75V cuteff 

Cycle 

Average  data from four  electrodes 

Discharge t ime (s) 
Teflon-bonded positives 

Lab standard 
Flush-pasted Overpasted positives 

1 16.1 32.2 203 
2 0 39.3 203 
3 0 126,9" 203 
4 0 52.2 203 

* 2 mA/cm ~ conditioning discharge. 
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Table III. Performance of TTB-bound precharged positives using 
battery plate Pb02 at two degrees of overpasting at 200 mA/cm 2 

cranking rate 

A v e r a g e  of  s ix  e lec trodes  

TTB-hound 
precharged  pos i t ives  

0.8 m m  0.25 mm 
(30 roll) (10 raft) Lab 

Over- Over- s tandard 
pasted  oas ted  posit ives* 

Fig. 2. Scanning electron micrograph of tetrabasic lead sultate 
('i-I'B) as received from the Eagle-Picher Company. 

4PbO �9 PbSO4 -~ 6H~O --> 5PbO2 

-t- 10e- -t- SO4 = -t- 12H+ 

lg  of TTB converts to lg of PbO2, and a 15% volume 
reduction accompanies the conversion. 

A mix of 30 w/o TTB and 70 w/o PbO~ obtained 
from bat te ry  plates was thoroughly blended in a wire 
mill, and 29 ml  of water  was added per 100g of mix. 
Grids were then hand-pas ted  and hot-pressed. A scan- 
n ing  electron micrograph of a pellet of this active mass 
after hot-pressing is shown in Fig. 3. In  this par t icular  
micrograph, the PbO2 is a chemically prepared mate-  
rial  from Eagle-Picher.  The characteristics of these 
plates along with their  first and second cycle perform- 
ance are shown in Table III. Note that  included in the 
25.9g of precharged active mass is 30% of mater ial  
(TTB) which is incapable of delivering capacity. These 
plates were able to deliver first discharge capacity at 
the cranking rate (200 mA/cm2),  and exhibited im-  
proved discharge capacity after their  first charge. Note 
the ini t ial  polarization (IP) characteristic in Table IIL 
This is the voltage drop just  after the discharge cur-  
ren t  is applied to the plate and is a t t r ibuted to IR 
losses in f lhe  gr id/act ive mass and at the gr id/act ive 
mass interface. In  the first cycle, the IP for the pre-  
charged plates is somewhat larger than for s tandard 
plates and may be rat ionalized by insufficient in ter -  
particle and grid/act ive mass contact resul t ing in 
larger "IR" losses relative to the s tandard plates. The 
decrease in IP with subsequent  cycl ing indicates the 
development  of a more integral  active mass and grid/  
active mass interface. The bulk  porosity of these plates 
is somewhat lower than one would encounter  in auto- 
motive plates (~45%)  but  porosity could perhaps be 
increased later  by judicious choice of PbO~ particle 

Active  mass  29.6 ~ 0.71 25.9 - -  0.87 25.9 ~ 1.1 
we ight  ( g ) 

Poros i ty  (%) 39 40 41 
IP (mV) Ist discharge 346----.4 332-----18 2 6 4 •  

2nd discharge 273 • 9 273 - -  6 
Discharge 1st discharge 59.9 + 5.4 57.5 • 6.5 160 • 15 

t ime(s )  2nd discharge 114 ~ 15 123 ~ 3 
Uti l ization effi- 1st discharge 2.51 "4- 0.23 2.76 + 0.31 7.61 _ 0.75 

c iency (%) 2nd discharge 4.78 ~ 0.63 5.89 • 0.14 

* Convent ional  wel l - formed plates  after 10 charge-discharge 
cycles.  

size and size dis tr ibut ion or even with the use of pore 
formers if necessary. 

Some overpasting of the grid to enhance the effec- 
tiveness of the pressing operat ion was found to be 
beneficial. The data of Table III  shows, however, that 
an overpaste as large as 0.8 mm (30 mil)  is not  neces- 
sary and that somewhat  higher uti l ization efficiencies 
are obtained with the 0.25 mm (10 mil)  overpaste. 

The active mass after three discharge and two charge 
regimes is shown in Fig. 4. No evidence of TTB is ob- 
served, indicat ing its near ly  total conversion to PbO2. 
This active mass appears more integral  and it is ap- 
parent  that the conversion of TTB to PbO2 has acted 
to cement the s tructure together. The cranking rate 
performance of these precharged plates expressed as 
uti l ization efficiency dur ing  the first fi~;e cycles is 
shown in Fig. 5. By the third cycle, the cranking rate 
performance of the precharged plates is wi th in  the 
error range of the convent ional  positives. 

Discussion 
A limited amount  of work was done to bet ter  unde r -  

s tand the role of tetrabasic lead sulfate as a b inder  in 
the active material.  Study of a n u m b e r  of scanning 
electron micrographs of the active mater ia l  after hot-  
pressing but  before immersion in acid (similar  to Fig. 
3) seemed to indicate li t t le if any mechanical  in terac-  
t ion of the PbO2 particles with the needle-shaped TTB 
fibers. To determine if the morphology of the TTB had 
any effect on the ini t ia l  performance of the plate, a 
mix of PbO~ and 30 w/o TTB was prepared from TTB 
that had been ground in a mortar  and pestle. The TTB 
before and after gr inding is shown in  the SEM's of 

Fig. 3. Scanning electron micrograph of "precharged" positive 
plate made with 30% TTB and 70% Eagle-Picher (medium cure) 
lead dioxide prior to exposure to sulfuric acid. 

Fig. 4. Scanning electron mlcrograph of "precharged" positive 
active material in the charged state after three discharge-rechalge 
cycles. 
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Fig. 5. Utilization efficiency at cranklng rate (200 mA/cm 2) vs. 

cycle number for TTB-bound positives compared to standard posi- 
tives. PbO2 obtained from formed SRB positives. 0.25 mm (10 mil) 
overpasting of a 30% TTB-70% PbO2 mix. 

Fig. 6. Af te r  assembl ing  these plates  into cells, the  
capaci ty  on the ini t ia l  discharge was very  s imilar  to 
plates  made  wi th  "as- rece ived"  TTB. It  was noted, 
however,  that  the plates  with ground TTB seemed to 
charge more r ap id ly  and by  the th i rd  d i scha rge - re -  
charge cycle, the capaci ty  was in the range of conven-  
t ional  plates  having s imi lar  densi ty  and pore  size dis-  
t r ibu t ion  character is t ics .  P la tes  were  also made  using 
no b inde r  of any  kind.  Af te r  hot -press ing,  these plates  
are  reasonably  s t rong and on ini t ia l  discharge,  they 
exhibi t  capaci ty  and ut i l izat ion efficiency grea ter  than  
p recharged  plates  made wi th  TTB. But  on subsequent  
cycles these plates  de te r iora ted  r ap id ly  due to severe  
shedding  of the PbOf. 

F r o m  these exper iments ,  it  is concluded that  the TTB 
makes  no contr ibut ion to the mechanical  proper t ies  of 
the pla te  in the ho t -pressed  condit ion and that  a hot -  
press opera t ion  in i tself  results  in a p la te  able to 
wi ths tand handling.  The TTB does, however,  provide  
effective b inding action on charge and through sub-  
sequent  d i scharge- recharge  cycles. Fur ther ,  the mor-  
phology of the TTB is not impor tant .  In  fact, b inding 
of the  pla te  is acce lera ted  if the character is t ic  needle  
shape of the TTB is des t royed by  gr inding  to effect ively 
decrease the par t ic le  size of the TTB in the mix. A p -  
parent ly ,  b ind ing  or cement ing  action on cycl ing re -  
sults f rom local  dissolution and reprec ip i ta t ion  and is 
m a r k e d l y  p romoted  by  the presence of the te t rabas ic  
lead sulfate.  

Conclusion 
These ini t ia l  studie:s have shown that  using TTB and 

ba t t e ry  pla te  PbO2, a "precharged"  posi t ive pla te  may  
be manufac tu red  by  a scheme which e l iminates  the  
convent ional  process steps of cur ing and formation.  In 
the ini t ia l  discharge with  no pr io r  formation,  these 
"precharged"  electrodes del iver  ,~35% of the c ranking  
ra te  capaci ty  at  room t empera tu r e  re la t ive  to con- 
ven t iona l ly  p repa red  positives. Addi t iona l  capaci ty  is 
then  genera ted  f rom the "cycle up" capabi l i ty  of these 

Fig. 6. Scanning electron micrographs ot tetrabasic lead sulfate 
before (A, top) and after (B, bottom) grinding. 

plates  dur ing  subsequent  charge or d i scharge- recharge  
cycles. 

Clearly,  a manufac tur ing  process of this t ype  offers 
the advantages  of a process more  amenable  to au to-  
ma ted  continuous ba t t e ry  pla te  manufac ture .  Add i -  
t ionally,  as wi th  a l l  d ry - cha rged  bat ter ies ,  ~these ba t -  
ter ies  could be shipped at  1/3 less weight  since they 
need not  come in contact  wi th  acid unt i l  r eady  for sale, 
and the l imi ted  shelf - l i fe  problems resul t ing  f rom a re-  
active paste  would not  be encountered.  

This work  addressed the p rob lem of incorpora t ing  
ba t t e ry  PbO2 into a d ischargeable  s t ructure .  Clearly,  
an economical  way  of  p repar ing  an e lec t rochemica l ly  
active form of PbO2 to be incorpora ted  into this p ro -  
cess is required.  The fol lowing paper  addresses  the 
effect of various PbO2 samples on p recharged  pe r -  
formance and p la te  morphology,  and presents  cycle  
life data  results.  

I t  is recognized that  much work  remains  to be  done 
to prove and to optimize the  proposed  new process.  
The cr i t ical  effects of Iow t empera tu re s  on discharge 
performance,  among m a n y  factors, had not  been eva lu -  
ated at the  t ime work  on the concept was discon- 
t inued. 
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ABSTRACT 

A positive lead-acid battery electrode made by the direct incorporation of PbO2 and a binder into the grid was described 
in the previous paper (1). The performance of"precharged" PbO2 electrodes formulated with PbO2 from various sources is 
reported in this paper. The PbO2 samples were first characterized by x-ray diffraction, wet chemical analysis, differential 
scanning calorimetry, thermogravimetric analysis, BET surface area, and particle size distribution. Positive plates made 
from these PbO2 samples were constructed using tetrabasic lead sulfate and other materials as binders according to the 
"precharged" plate concept previously described (1). Performance of these plates correlates with active material morphol- 
ogy and PbO~ particle size rather than any intrinsic PbO2 activity. Tetrabasic lead sulfate (TTB) and lead sulfate were shown 
to be the preferred binding materials for the "precharged" positive plate. Plates made with about 30% TTB and strength- 
ened for early cycle performance with dynel fiber and Teflon' for green strength exhibited supel:ior cycle life performance 
on a simulated automotive cycle life test relative to conventionally prepared positive electrodes. 

A previous paper (1) described a novel lead-acid 
bat tery manufacturing process using tetrabasic lead 
sulfate (TTB) and lead dioxide to form a "precharged" 
positive plate which could be discharged at the auto- 
motive cranking rate. The lead dioxide used in that  
work was obtained from well formed conventionally 
processed bat tery plates to eliminate the effect of any 
intrinsic activity differences between bat tery and 
chemically produced lead dioxides. Clearly, for such a 
plate-making process to be economical, a relat ively in- 
expensive chemically prepared PbO2 would have to be 
suitable. 

Numerous studies have been reported in the l i tera-  
ture concentrating on the differences between chemi- 
cally and electrochemically prepared lead dioxide. 
Chemical analysis indicated that, in general, electro- 
chemically prepared lead dioxide was nonstoichio- 
metric, whereas chemically prepared lead dioxide was 
nearly stoichiometric (2, 3). Using differential ther-  
mal analysis (DTA) and x - ray  diffraction (XRD), it 
was shown that bat tery p l a t e l e a d  dioxide exhibited a 
considerable defect structure compared to chemically 
produced lead dioxide (4). Using nuclear magnetic 
resonance, other workers detected the presence of two 
types of combined hydrogen in bat tery plate lead di- 
oxide compared to one form of combined hydrogen in 
chemically prepared samples (5). In addition, more 
combined hydrogen was observed in bat tery lead di- 
oxide than in the chemical lead dioxide. The bat tery 
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positive capacity loss was at tr ibuted solely to the grad- 
ual  conversion of the active form of lead dioxide to the 
inactive form during cycling. This inactive form of lead 
dioxide was indistinguishable from the reagent grade 
chemically prepared material.  Using DTA, these w o r k -  
ers iden t i f i edan  exothermic peak near 200~ in bat-  
tery lead dioxide which was not present in chemically 
prepared samples (6). This peak was associated with 
the presence of combined hydrogen and at tr ibuted to 
the reordering of the lead dioxide lattice with the evo- 
lution of oxygen and combined water. During cycling, 
this peak area decreased (along with the bat tery plate 
capacity) and eventually disappeared with the thermo- 
gram becoming indistinguishable from that obtained 
from reagent grade lead dioxide. Other researchers, 
using neutron powder diffraction were able to show 
that bat tery lead dioxide contained hydrogen in the 
lattice along with an associated lead deficiency (7). 
Finally, other workers studying chemically and electro- 
chemically prepared lead dioxide found amorphous 
material  in the electrochemically prepared sample (8). 
The decrease in positive plate performance was at-  
tr ibuted to the conversion of the "intrinsically" active 
amorphous lead dioxide to the nonactive crystalline 
form during cycling. Inelastic neutron scattering has 
also been used to attempt to distinguish between 
chemical and electrochemical forms of PbO2. Moseley 
et al. found that both forms contained hydrogen prob-  
ably in the form of water (9). Varma and co-workers 
found PbO2 from bat tery plates to be associated with 
water  molecules (10). Much evidence and speculation 
in the l i terature suggest that the intrinsic electro- 
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chemical  inac t iv i ty  of chemical  lead dioxides would  be 
a ma jo r  ba r r i e r  to its use in a posi t ive electrode.  

Consequently,  this work  focuses on the effect of 
var ious  lead dioxide samples  on "precharged"  posi t ive 
performance.  In  addit ion,  the influence of active ma te -  
r ia l  par t ic le  size, porosi ty,  and pore size dis t r ibut ion,  
as wel l  as a l te rna te  b inding mater ia l s  in place of TTB, 
and cycle life pe r fo rmance  of the "precharged"  posi-  
t ives are  repor ted .  The b inding  ma te r i a l  must  convert  
to lead dioxide dur ing  the first few cycles of p la te  life. 

Experimental 
The processing and evaluat ion  of "preeharged"  posi-  

t ive electrodes is as descr ibed in the preceding  paper  
(1). Various lead dioxide samples  were  obta ined I rom 
commercia l  sources for eva lua t ion  in the p recharged  
posi t ive format .  These samples  along with  lead dioxide 
f rom ba t t e ry  plates  were charac ter ized  by  thermal  
g rav imet r ic  analysis  (TGA) ,  different ial  scanning 
ca lo r imet ry  (DSC),  XRD, wet  chemical  analysis,  BET 
surface area,  and par t ic le  size dis tr ibut ion.  Bulk  po-  
ros i ty  and pore size d is t r ibut ion  of the precharged  
electrodes and th ree  convent ional ly  cured and formed 
lab s tandard  batches of va ry ing  bulk  poros i ty  were  
character ized by  mercu ry  poros imetry .  

Tribasic  lead sulfate  and s imple lead  sul fa te  were  
su'bsti tuted for  TTB in the p recharged  format  and 
evaluated.  Final ly ,  one p recha rged  e lect rode batch was 
cycle life tested using an accelera ted  test  regime having 
re la t ive ly  high discharge rate  and considerable  over -  
charge. The test  consisted of discharge at  3A for 4 min, 
fol lowed by  a 5A-2.5V per  cell charge for 10 min, 
fol lowed by  1 rain at  open circuit. Discharge and 
charge  currents  were  ad jus ted  to account for s l ight  
weight  differences in the var ious  electrode groups 
tested. The test  is character ized by  a shal low discharge 
at a reasonably  high ra te  (20 rain ra te  for the s t andard  
electrodes)  fol lowed by  subs tan t ia l  overcharge.  This is 
the  type  of regime encountered  in automot ive  appl ica-  
tions. The test was t e rmina ted  when the cell polar iza-  
t ion was grea te r  than  625 mV pr ior  to complet ing  4 min 
of discharge.  This test is nons tandard  but  would be ex-  
pected to yie ld  a val id  comparison be tween  the exper i -  
menta l  e lectrodes and convent ional ly  p repa red  plates  of 
the  same size. 

Results 
Pb02 characterization.--A n u m b e r  of lead dioxide  

samples  were  incorpora ted  into the "precharged"  posi -  
t ive fo rmat  and evaluated.  The oxides used, thei r  BET 
surface  area, and wet  chemical  analysis  a re  shown in 
Table  I. The reagen t  grade  samples  (Baker ,  Mal l inck-  
rodt,  and Eag le -P iche r  ASC) were  al l  character ized 
b y  a high PbO2 content  and a BET surface area  in the  
r ange  of 0.7-1.0 m2/g. E ag le -P icher  also prod'~ces lead 
dioxide samples  of increas ing surface area  for  use as 
cur ing agents to p romote  po lymer  cross- l inking.  The 
Eag le -P iche r  high surface a rea  samples  were  a l l  p ro -  

Table I. Chemical analysis and BET surface area of various Pb02 
samples 

Chemical analysis BET 
Sample Source %PbO~ % S O ~  (mS/g) 

A Battery PbOe* 98.0 2.3 9.0 
B Eagle-Picher (ASC) 98.9 N 0.7 
C Eagle-Picher (slow 90.0 N 6.0 

cure} 
D Eagle-Picher (medium 88.8 ~ 8.0 

cure) 
E Eagle-Picher (fast 91.5 - -  12.0 

cure} 
F Eagle-Picher ("faster" 83.5 - -  27.0 

cure) 
G Baker reagent 98.9 - -  0.7 
H Mallinckrodt 100.2 - -  0.8 

* Obtained from well  formed battery positive plates. 

duced in the same basic manner  as the reagent  grade 
samples;  i.e., chemical  oxidat ion  of a d iva len t  lead 
compound. The chemical  analysis  of these mate r ia l s  
was ~90% PbO~ with  XRD indicat ing the presence of 
Pb~O4. The ~-PbO2 po lymorph  was the only form indi -  
cated by  XRD in al l  the above samples.  The ba t t e ry  
p la te  lead dioxide obta ined  f rom a convent ional ly  cured 
and formed posi t ive plate  contained 93% PbO= and ex-  
h ibi ted  a BET surface area  of 9 m2/g. XRD indica ted  
the  presence of a smal l  amount  of the ~-PbO2 po ly -  
morph  in addi t ion to the ~-PbO2 polymorph.  

The par t ic le  size d is t r ibut ions  of the var ious  lead 
dioxide  samples  are  given in ]~ig. 1. The ba t t e ry  PbO2 
Sample  A consisted of par t ic les  in the 1-3.0~ range.  The 
Eag le -P iche r  ASC Sample  B was typica l  of the re-  
agent  grade samples  wi th  a r e la t ive ly  broad  par t ic le  
size dis t r ibut ion.  The Eag le -P i che r  high surface area  
samples  a l l  exh ib i t ed  r e l a t ive ly  sharp par t ic le  size diS- 
t r ibut ions which become shif ted to the submicron 
range as the BET surface area  increased.  The h igher  
surface area  of the chemical  lead dioxides resul ts  f rom 
par t ic les  of smal le r  and sma l l e r  d iameter ,  whereas  the 
re la t ive ly  high surface a rea  of the ba t t e ry  sample  
resul ts  f rom its roughened i r regu la r  s t ructure.  

Thermograv imet r i c  analysis  (TGA) was obta ined 
for the various PbO2 samples  af ter  oven dry ing  them 
overnight  at 130~ to remove surface water .  The TGA 
weight  loss of the ba t t e ry  PbO2 was 2% up to 300~ 
under  argon at  10 psig and 10~ heat ing.  The 
weight  loss of all  the other  samples  under  the same 
conditions was less than 0.05%. DSC for these lead  d i -  
oxide samples  are  shown in Fig. 2. The region of spe-  
cific in teres t  is the v ic in i ty  of 200~ where  var ious  
workers  have  a t t r ibu ted  an ex0thermic  peak  observed 
in ba t t e ry  PbO2 to the react ion (6) 

200oC 
PbO2[OH] (d isordered)  ,~, PbO2 (ordered)  [1] 

This exo thermic  peak  was observed in the ba t t e ry  lead 
dioxide Sample  A and no evidence of the peak  was 
seen in the chemical ly  p repa red  samples,  consistent  
wi th  the repor ts  in the l i t e ra tu re  and noted above. 

Active material characterization.--The active ma te -  
r ia l  poros i ty  character is t ics  as de t e rmined  by  mercury  
intrusion,  and per formance  on a room t empera tu r e  
c ranking  ra te  (200 m A / c m  2) discharge test  of three  
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Fig. 1. Particle size distribution of various lead dioxide samples: 
BAT-Pb02 obtained from battery plates; ASC-Eagle-Picher reagent 
grade PbO~; E.P.-S Eagle-Picher (slow cure) Pb02; E.P.-M Eagle- 
Picher (medium cure) Pb02; E.P.-F Eag[e-Picher (fast cure) Pb02; 
E.P.-FF Eagle-Picher ("faster" cure) Pb02. 
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Fig. 2. Differential scanning calorimetry for various lead dioxide 

samples. As identified in Fig. 1. 

conventionally prepared positive electrodes of different 
bulk porosity are shown in Table II. Note that while the 
active mass weights remain roughly the same, the bulk 
porosity range is --10%. A measure of pore size distribu- 
tion is the pore radii at which 50, 80, 90, and 95% of the 
pore volume is intruded. In all three batches, 95% in- 
trusion occurs by the time the pore radii have de- 
creased to 0.03-0.06~. In going from a bulk porosity of 
35 to 45%, the pore radii at which 50% intrusion occurs 
increases from 0.562 to 1.52~. In other words, bigger 
pores become apparent as the bulk porosity increases. 
The high rate discharge time increases with increasing 
porosity. 

In Table III, the characteristics of "precharged" posi- 
tive electrodes made with 30% TTB and 70% of the 
various PbO2 samples and processed as described pre- 
viously (1) are given. Water was added to these mixes 
so as to obtain pastes of similar plasticity. Larger 
amounts of water were required for the higher surface 
area lead dioxide samples. The mercury intrusion data 
may be classified into three groups for comparison with 
the standard electrodes. Precharged plates made with 
Sample A battery PbO2 exhibit similar intrusion data 

to the lab standards. Plates made with high surface 
area PbO~ exhibit 50% intrusion at ,~0.1~ and 95% ino 
trusion at ~0.03~. Conversely, plates made with low 
surface area reagent grade PbO2 exhibit 50% intrusion 
at >1.0~ and 95% intrusion at ~0.4~. The significance 
of these data is exemplified by considering the pore 
volume distribution vs. pore radii shown in Fig. 3. The 
lab standard and precharged plates made with battery 
PbO2 have a relatively large range of pore sizes. The 
precharged electrodes made with large particle reagent 
grade PbO~ (Sample B), consists of large pores. Those 
made with high surface area PbO2 (12 and 27 m2/g) 
(not shown in Fig. 3) consist of pores less than 0.1~ 
radii. A reasonable compromise is found in the medium 
cure PbO~ Sample D. 

Performance 
The performance of the preeharged plates to five 

high rate discharges (200 mA/cme) with no charge 
prior to the first discharges is shown in Fig. 4. Capacity 
is expressed here as utilization efficiency; i.e., the per- 
centage of the theoretical ampere hour capacity based 
on the weight of the active material delivered by the 
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Fig. 3. Plates characterized by pore volume distribution: STAND-- 

lab standard positive plate from Batch 10, BAT--precharged posi- 
tive plate made from battery PbO~; ASC--precharged positive 
plate made from Sample B Eagle-Picher reagent grade PbO2; 
E.P,-M--precharged positive plate made from Sample D Eagle- 
Picher (medium cure) PbO2. 
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Table II. Plate characteristics and cranking rate discharge of lab standard positives 

March  I984 

Electrode ID 

Hg porosimetry intrusion (/~) Cranking rate 
Active mass (200 mA/cm 2) 
weight (g) Bulk porosity (%) 50% 80% 90% 95% discharge time (s) 

Utilization 
efficiency (%) 

Batch 10 
Batch 11 
Batch 12 

2 5 . 3 •  35.3 0.562 0.112 0.052 0.0328 1 6 4 . 0 •  
2 5 . 0 •  38.5 0.889 0.217 0.0647 0.0350 249.0--.+35.6 
24.0• 45.6 1.52 0.562 0.198 0 .0610  263.4--+24.0 

Table III. Precharged plate characteristics 

8.03• 
12.02• 
13.58"4-1.28 

Mix Active mass weight (g) Bulk porosity (%) 

Hg porosimetry intrusion (~) 

50% 80% 90% 95% 

70% B a t t e r y  PbO~. (Sample  A) .30% TTB 
70% E a g l e - P i c h e r  ( A S C ) - ( S a m p l e  B)-30% TTB 
70% E a g l e - P i c h e r - ( S a m p l e  E)~30% TTB-95 m l  H20 
70% Eagle-Picher-  ( S a m p l e  D) -30% TTB 100 m l  
70% E a g l e . P i c h e r - ( S a m p l e  F)-3(~% TTB-115 m l  I-I~o 

26.4 • 0.86 40.7 
23,3 ~ 0.76 47.6 
24.5 • 0.99 42.6 
27.1 • 1.94 40.8 
21.4 ~" 0.97 49.0 

0.464 0.126 0.0497 0.0319 
1.07 0.736 0.711 0.464 
0.0667 0.0427 0.0344 0.0281 
0.133 0.0762 0.0533 0.0331 
0.0649 0.0418 0.0300 0.0242 

Table IV. Plate characteristics of a precharged positive batch using Eagle-Picher (fast cure) sample E PbO2 at 
various conditions 

Chemical analysis Intrusion volume (~) 

Electrode state %PbO~ %SO~ BET, m~/g Bulk porosity 50% 80% 90% 95% 

After pressing 62.5 2.7 7 42.6 0.0667 0.0427 0.0344 0.028 
After lh  in acid 58.8 7.8 4 38.0 0.0577 0.0381 0.0296 0.0242 
After 1st charge 76.1 6.7 21 39.7 0.0638 0.0381 0.0293 0.0237 

experimental  plate. No first cycle capacity was ob- 
tained at this rate from precharged electrodes made 
with reagent grade lead dioxide (Sample B), although 
these electrodes did "cycle up" after subsequent  charge. 
The first cycle performance of the precharged elec- 
trodes made with the 27 m2/g PbO~ (Sample F) was 
remarkable,  especially when one considers the pres- 
ence bf 30% inactive mater ia l  in the active mass 
weight. These electrodes were not able to withstand 
subsequent  charging, and it is suspected that this de- 
terioration is related to the active mater ial  pore size 
distribution. The Eagle-Picher  (Sample E-fast  cure) 
precharged plate exhibited reasonable first discharge 
performance with subsequent  "cycle up" capability. 
However, the Eagle-Picher  (Sample D-medium cure) 
precharged plate seemed to offer the best compromise 
between first cycle performance and "cycle up" capa- 
bil i ty which approached that of the Batch 11 lab s tan-  
dard positive electrodes (Table II) .  

The physical plate characteristics of a batch of pre-  
charged positives made from Eagle-Picher  Sample E 
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Fig.,4. High rate discharge (200 mA/cm 2) utilization efficiency 
vs. cycle number of various precharged positive plates made with 
30% TTB-70% PbO: ASC-Eagle-Picher reagent grade PbO~; 
E.P.-M Eagle-Picher (medium cure) Ph02; E.P.-F Eagle-Pieher 
(fast cure) PhO,2; E.P.-FF Eagle-Pieher (faster cure) PbO2. 

PbO~ were characterized at three times; (i) after 
pressing, (ii) after soaking in acid for lh  but  not  dis- 
charged, and (iii) after discharge followed by the first 
charge. The data are presented in Table IV. The plates 
show a decrease in PbO2 and an increase in SO4 after 
soaking in acid for lh. The data correlate with the 
fact that the acid specific gravi ty  was also observed 
to drop dur ing this soak along with the porosity de- 
crease. A 15% volume increase is associated with PbO$ 
--> PbSOd. The 3.9% drop in PbO2 would account for a 
1.58% SO4 increase, whereas we observe a 5.1% in-  
crease in SO4. Presumably,  the TTB or an impur i ty  
therein is sulfating. A certain amount  of sulfation may 
be beneficial by acting to hold the PbO~ particles in 
contact. After  charging, the pore size dis tr ibut ion re-  
mains the same, but  the BET surface area and the 
PbO2 content increase. This data would seem to indi -  
cate that the bulk  porosity and pore size dis tr ibut ion 
of these precharged plates do not  change significantly 
on put t ing  them in acid and on charging, whereas the 
BET surface increases to that of a s tandard plate, ap- 
paren t ly  by nucleat ion of an ar ray  of extremely smal l  
particles on the surfaces of the s t ructure  present. 

Tribasic lead sulfate as a b inder . - -A  batch of pre-  
charged plates was made with 30 w/o (weight percent)  
tribasic lead sulfate-70% Eagle-Picher  medium cure 
PbO2 (Sample D). Tribase also has a needle- l ike  mor-  
phology and should convert  to PbO~ via 

3PbO �9 PbSO4 �9 H20 -5 4H20 

-+ 4PbO2 + 8H + + H2SO4 + 8e- [2] 

These plates exhibited extensive sulfation after sub- 
mersion in acid and no first discharge capacity was de- 
rived from them. They did, however, exhibit good ca- 
pacity after four or five 200 mA/cm 2 dis,charges and 
recharge cycles. The extensive sulfation of the tribase 
precharged plates apparently severely decreased the 
plate porosity and limited its initial discharge capabil- 
ity. Therefore trihasic lead sulf~{te is not a suitable 
"binder" for these plates. 

PbS04 as a binder wi th  dynel  and Te]Zon.-- Neutra l  
lead sulfate, PbSOd, was also tried as a b inder  for the 
PbO2. Because prior work had shown that in the hot-  
pressed condition, the sulfates do not  contr ibute to  
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the mechanical strength of the plate, additions of 1 
w/o dynel fiber and 0.5 w/o Teflon were also made to 
the mix to improve the "green" strength. Dynel fiber 
is commonly used in positive plates to strengthen the 
active material. The Teflon was added to the dry pow- 
der mix as an emulsion, and dried over night�9 Sufficient 
water was then added to provide the desired consist- 
ency for pasting. In these experiments, 75 w/o Eagle- 
Picher medium cure PbO2 (Sample D-Table 1) was 
mixed with 25 w/o of either TTB or PbSO4. The per- 
formance of these plates in the 200 mA/cm 2 discharge 
test at room temperature is shown in Fig. 5. The initial 
performance was very good for both batches with ca- 
pacity increasing markedly in the first few cycles. The 
better initial discharge performance of the plates made 
with PbSO4 may be attributed to the absence of sul- 
fation. The initial performance of the batch of plates 
made with TTB is somewhat lower than those made 
with PbSO4, however these plates also "cycled up." 
These plates were cycle life tested with the rather 
severe test described above. After 3000 cycles these 
electrodes showed 20% failure (2 out of 19) compared 
to 40% failure after 1500 cycles (4 out of 10) for lab 
standard electrodes (Batch 11 of Table II). 

Conclusion 
A process for making positive battery plates not 

requiring curing or formation and using high surface 
area chemically prepared lead dioxide mixed with TTB 
or lead sulfate has been described. During their first 
discharge, these plates deliver roughly 40% of the 
cranking rate capacity of conventionally prepared posi- 
tive electrodes. In the first few discharge-recharge 
cells, the TTB or lead sulfate is converted to lead di- 
oxide and acts to cement the structure together and 
increase the capacity to that of standard conventionally 
produced plates. 

The precharged plate bulk porosity and pore size 
distribution is controlled by the particle size distribu- 
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Fig. 5. High rate discharge (200 mA/cm ~) utilization efficiency 
of precharged positive plates made with 75% Sample D Eagle- 
Picher (medium cure) PbO2 and strengthened with 1 w/o clynel 
fiber, 0.5 w/o Teflon, and either PbSO4 or TTB as "binder" 
material. 

tion and morphology of the lead dioxide used to make 
the plates. The plate porosity characteristics and lead 
dioxide morphology and size, rather than intrinsic 
lead dioxide activity, are apparently the critical pa- 
rameters dictating the precharged positive performance. 
Tetrabasic lead sulfate and neutral lead sulfate appear 
to be suitable "binder" additives at about the 25 w/o 
level, Although a material such as tribasic lead sulfate 
which sulfates heavily and blocks the plate porosity 
is not acceptable, a certain amount of sulfation may 
be beneficial to precharged electrode performance. 

Plates made from TTB with 1 w/o addition of dyne1 
fiber and 0.5 w/o Teflon significantly out-performed 
standard positive electrodes on a cycle life test which 
simulated but was more severe than the SAE J-240 
test used to characterize automotive starting, lighting, 
and ignition (SLI) batteries. 

This envisioned process for manufacturing positive 
battery plates (a process for making negative battery 
plates will be reported later) would appear simpler 
and more amenable to continuous automated manu- 
facture than the conventional process. Additionally, 
the marketing advantage of a truly dry-charged SLI 
battery with extended shelf life enhances the attrac- 
tiveness of this scheme. 
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The Lithium/Sulfuryl Chloride Electrochemical Cell 
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ABSTRACT 

The development  of a practical sulfuryl chloride-based l i thium/oxyhalide cell technology has been delayed by anode 
corrosion and cathode polarization problems encountered when the standard oxyhalide cell electrolyte and cathode formu- 
lations are used. The anode stabili ty problem can be significantly alleviated by the use of a reverse polarity cell design, the 
substi tut ion of Li2B~0CI,0 for LiA1C14 as the electrolyte salt, and the addi t ion of a suitable cosolvent (SO2 or SOC12). Further,  at 
least under  ambient  temperature  storage and discharge conditions, anode passivation is completely absent with hermetic- 
ally sealed Li/SO2C12 cells of this type. Cathode polarization can be reduced most effectively by the use of a suppor ted  plati- 
num cathode material. This cathode material  also results in substantial ly increased discharge capacities, although the over- 
all reaction s toichiometry is unaffected by the catalyst. Finally, SO2C12 thermal decomposi t ion measurements  indicate that, 
as the temperature  of  the SO2C12 electrolyte in a hermetic cell is increased from 25 ~ to 80~ the pressure differential across- 
the cell case will rise to about 3.5 atm. Then, as the temperature  is decreased to a lower value, the pressure differential will 
also decrease to the equil ibrium value characteristic of that  lower temperature,  indicat ing a thermally stable, reversible 
system. 

Soon af ter  the d iscovery  of the l i t h ium/ th iony l  chlo- 
r ide  e lec t rochemical  cell,  opt imizat ion  s tudies  led to 
the  deve lopmen t  of s torable,  h igh per formance  cells 
sui table  for a var ie ty  of appl icat ions  (1, 2). I t  was 
real ized,  however ,  tha t  cells wi th  su l fury l  chlor ide 
(SO2,C12) r a the r  than th ionyl  chlor ide  (SOC12) as the 
oxyhal ide  might  offer some advantages.  In  par t icu lar ,  
the  higher  OCV of the Li/SO~C12 system (3.90V for 
Li/SO2C12 vs. 3.65V for Li/SOCI~) should t rans la te  
into h igher  load voltages. Fur ther ,  the absence of e le-  
menta l  sul fur  as a discharge produc t  wi th  SO2C12 might  
lead to improved  capacit ies and to improved  safety 
character is t ics  (3). However ,  even though the ek-  
pected load vol tage and capaci ty  advantage  was ob-  
served  at  low cur ren t  densi t ies  wi th  cells containing 
P T F E - b o n d e d  carbon cathodes, i t  was lost a t  h igher  
rates  (this was appa ren t ly  a cathode per formance  
prob lem)  (4). Fur ther ,  Li/SO2CI2 cells were  found to 
undergo se l f -d ischarge  at  a ra te  at  least  twice that  
exper ienced  wi th  Li/SOC12 cells (5). Ano the r  source 
of concern has been the tendency of SO~C12 to undergo 
the rmal  decomposi t ion to SO2 and C12, leading  to h igher  
in te rna l  cell pressures  and to possible effects upon cell 
chemis t ry  (3, 6). 

Severa l  techniques have  been suggested for the a l -  
levia t ion  of the  cathode polar izat ion and anode corro-  
sion problems.  Among the techniques proposed for  the 
reduct ion of cathodic polar izat ion are  the  use o~ a 
ve ry  high surface area  carbon b lack  in place of the 
s tandard  Shawin igan  b lack  .cathode ma te r i a l  (3), the  
addi t ion of halogens to the  SO2C12 e lec t ro ly te  (7, 8, 9), 
and the use of suppor ted  p la t inum to cata lyze the 
e lec t roreduct ion of the oxyhal ide  (5, i0, 11, 20). The 
only suggested technique for reducing  the sever i ty  of 
the anode corrosion p rob lem has been the t rad i t iona l  
one of employ ing  a cell design which minimizes  the 
amount  of metal l ic  cell ha rdware  that  is both in con- 
tact  wi th  the anode and exposed to the oxyhal ide  elec-  
t ro ly te  (12). 

Repor ted  here  are  the resul ts  of an inves t iga t ion  de-  
signed to find opt imal  solut ions to the  anode corrosion 
and cathode polar izat ion problems.  Addi t ional ly ,  the  
the rmal  decomposi t ion of the oxyhal ide  has been in-  
vest igated.  

Experimental 
Electrolytes.-- The SOCI~ and SO2C12 were  obta ined 

f rom Hooker  Chemical  Company and Aldr ich  Chemical  
Company,  respect ively.  They were  dis t i l led over  l i th -  
ium before  use. F luka  a luminum chlor ide  was used 
wi thout  fu r the r  purification. L i th ium chloride (Baker  
Chemical)  was ground in a mor t a r  and dr ied in vacuo 

* Electrochemical Society Active Member. 
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odes, 

at 160~ for 30h pr ior  to use. Solut ions of LiA1C14 were  
p repa red  by  dissolving the r equ i red  amount  of A1C18 
in the oxyha l ide  fol lowed b y  the addi t ion  of excess 
LiC1. These e lect rolytes  were  purif ied by  refiuxing over  
l i th ium for 15-20h. The p repa ra t ion  and purif icat ion 
of the Li2B10Cl~o has been descr ibed prev ious ly  (13). 
A 0.25M Li2B10Cl~o in SO,oC12 e lec t ro ly te  was p repa red  
by  d i rec t ly  dissolving the requi red  amount  of Li2B~0Cll0 
in purif ied SO2C1~. In some cases, a quan t i ty  of purif ied 
SOC12 or  SO~ was also added  to the Li~BloCll0/SO~C12 
electrolyte .  

Lithium/oxyhalide cells.--AA-size Li/SOCI2 and L i /  
SO2C1~ cells were  used in much of the  expe r imen ta l  
work.  S t anda rd  bobbin-des ign  cells w i th  l i th ium anodes 
and P T F E - b o n d e d  Shawin igan  b lack  cathodes were  
used for much of the work  (1, 4). Addi t iona l ly ,  a r e -  
verse po la r i t y  A A  cell  design was employed  (5). In 
cells of this type, the 8.3 cm 2 P T F E - b o n d e d  Shawin igan  
b lack  cathode is pressed agains t  the  inside wal l  of the 
304 stainless steel  can, and  the centra l  cyl indr ica l  l i t h -  
ium anode is connected to the  insu la ted  te rmina l .  T h e  
s t andard  and reverse  po la r i t y  cells  conta ined glass-  
fiber s epa ra to r  pape r  and were  filled wi th  about  4 cm ~ 
of the oxyhal ide  electrolyte .  They a l l ' c o n t a i n e d  p re -  
weighed 0.65g l i th ium anodes and were  he rmet i ca l ly  
sealed via TIG welding.  Final ly ,  some exper iments  
were per formed  using p lanar  geomet ry  cells in P y r e x  
containers  wi th  g round-g lass  joints  and g l a s s - to -me ta l  
feed throughs  for the lead wires  (14). The cathodes 
employed in these cells were  formed from P T F E -  
bonded Shawin igan  black with  or wi thout  the addi t ion 
of 10% suppor ted  p la t inum.  

Cell discharge, self-discharge, and voltage delay.w 
Sets of twelve  iden t ica l ly  constructed hemet ica l ly  
sealed A A  cells were  s tored for  one month  at  ambien t  
t empera tu re  before  being examined.  Dur ing  the one-  
month  s torage period,  microca lor imet r ic  measurements  
were  pe r fo rmed  using a Tronac Model  350 calor imeter .  
The s tored  cells were  discharged briefly th rough  501~ 
loads to de te rmine  the degree of anode pass ivat ion 
(vol tage  delay)  resul t ing  f rom the open-c i rcu i t  s tand.  
Then, two- th i rds  of the s tored  cells were  d ischarged to 
t e rmina t ion  th rough  200~t loads. The resul t ing  dis-  
charge curves were  analyzed  to yield the average  
p la teau  voltages and capacit ies (to a 2.0V cutoff).  Next,  
the se l f -d i scharge  character is t ics  of the discharged 
and undischarged s tored cells were  de te rmined  in the 
fol lowing way. The cells were  cut open in an iner t  
a tmosphere ,  and the remain ing  meta l l ic  l i th ium was 
removed,  washed with purif ied THF, and a l lowed to 
dry. The amount  of r emain ing  l i th ium was then de-  
t e rmined  by  an ac id-base  t i t ra t ion  p rocedure  to obta in  
the  amount  of l i th ium consumed b y  se l f -d ischarge  d u r -  
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ing storage or during the combined periods of storage 
and discharge. 

Sets of identically constructed hermetic and non- 
hermetic cells were also discharged to termination 
across a series of constant loads to yield average cur-  
rent densities ranging between 2 and 200 mA/cm 2. The_ 
load voltages were recorded as a function of time, 
and the discharge characteristics were obtained from 
analyses of the resulting discharge curves. 

Product analysis.--A number of cathode-limited 
Li/SO2C12 cells in Pyrex  containers and with Shawini- 
gan black and 10% plat inum on Shawinigan black as 
cathode materials were discharged to termination at a 
2 mA/cm 2 rate. The fully discharged cathodes were 
removed from the cells and leached with pure SO2C12 
to remove most of the residual LiA1C14 electrolyte 
salt. (The amount of LiA1C14 remaining after the 
SO2C1~ leach was determined by atomic absorption 
analysis.) After vacuum drying, the cathode materials 
were weighed and leached with distilled water to re-  
move the LiC1 discharge product. Then, potentiometric 
chloride ion titrations were performed using a 0.1M 
AgNO8 solution with a Ag/AgCI ion-sensitive elec- 
trode. The ti tration results, adjusted for the amount of 
residual LiA1C14 not removed by the SO2C1~ leach, 
were compared with the amount of C1- that would 
be contained within each cathode assuming the over- 
all discharge reaction to be 

2Li -I- SO2C1~--> 2LiC1 ~ SO2 

Microscopic analysis.--Lithium foil samples were 
prepared for scanning electron microscopic (SEM) 
analysis by the following procedure. Strips of freshly 
exposed lithium (Foote Mineral Company) were sealed 
in glass ampuls filled with purified SO2C12, 1.8M 
LiA1C14 in SO2C12, and 0.25M Li2B10Cll0 in SO2C12.. The 
samples were stored at ambient temperature for one 
or two month intervals. The ampuls were then opened 
in an argon-filled dry box and the lithium samples 
were removed, washed with purified THF, and mounted 
for analysis. The mounted samples were transferred 
to a JEOL Model JSM-U3 SEM without exposure to 
air. 

Gas pressure measurements.--Five milli l i ter quanti-  
ties of purified S O2C12 containing 1.8M LiA1C14, 0.1M 
A1C13, or 0.01M A1CI~ were sealed within a Monel tube 
fitted with a Monel pressure gauge. In some cases, the 
tube also contained 20 mg of Shawinigan black with or 
without the presence of 10% supported platinum. These 
samples were stored in a thermostatically controlled 
oven. With each sample, the equilibrium pressure with-  
in the sealed tube was recorded as a function of in- 
creasing and decreasing temperature for temperatures 
between 50 ~ and 80~ 

Results and Discussion 
Li/oxyhalide cells with SOCI~ and S02Cl2 electro- 

lytes.--Standard configuration (case negative) hermeti-  
cally sealed AA-size Li/SOC12 and Li/SO2Cl~ cells were 
discharged to termination at ambient temperature 
through constant loads ranging between 2 and 100~1. 
These cells contained as electrolytes 1.8M solutions of 
LiA1C14 in the two oxyhalides. Typical discharge curves 
obtained with SOC12 cells discharged through 20Q loads 
are compared in Fig. 1. The average load voltages and 
the discharge capacities obtained from such discharge 
curves are plotted vs. the log of the average discharge 
rate in Fig. 2 and 3, respectively. (Each plotted point 
in Fig. 2 was obtained by averaging over the plateau 
portion of the complete .constant load discharge curve 
of a separate Li/SOCI~ or Li/SO2C12 cell. The discharge 
capacities were obtained by integrating the discharge 
curves to a 2.0V cutoff.) 

At discharge rates no higher than a few milliamperes 
per square centimeter of geometric surface area, the 
average load voltages obtained with the two oxyhalides 
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are similar. However, the higher the discharge rate, the 
lower the load voltage obtained with the SO~C12 elec- 
trolyte relative to that obtained with the SOC12 elec- 
trolyte. In contrast, as shown in Fig. 3, the Li/SO2C12 
cells yielded capacities far greater  than those obtained 
with the SOCI~ electrolyte. In fact, for discharge rates 
above 15 mA/cm 2, the use of the SO2C12 electrolyte 
produced capacities between 2 and 3 times those ob- 
tained with the standard SOC12 electrolyte. 

Typical l i thium corrosion, voltage delay, and per-  
formance results obtained with standard configuration 
SOC12 and SOaCI~ AA cells stored for one month at 
ambient temperature are compared in Table I. 

Listed first in Table I are the average amounts of 
lithium consumed by self-discharge during storage 
(expressed as ampere-hour equivalents).  As indicated, 
about twice as much lithium was lost through self- 
discharge with SO2=CI2 as with SOC12. 

Listed next are the average voltage delay charac- 
teristics obtained with the two electrolytes. The initial 
load voltage and the plateau voltage measured when 
the stored cells were briefly discharged through 50~ 



J. Electrochem. Soc.: E L E C T R O C H E M I C A L  

l ( I f I I i I I r I 

ELECTROLYTE: 
~ ' k  �9 1.8M LiAICI 4 in SOCI 2 
~ O1.8M LiAICI 4 in SO2CI 2 

\ ~ CATHODE MATERIAL: 
\ ~o SHAWINIGAN ACETYLENE 

loo 

4 9 4  

1000 

1 ( ]  I I I I I I I I I I I 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 

C (Ahr) 

Fig. 3. AA size Li/oxyhalide cell capacity data 

loads a re  both indicated,  as is the t ime requ i red  for 
the load vol tage to reach 90% of the p la teau  value.  
Clearly,  the anode passivat ion incurred  with  the 802C12 
elec t ro ly te  is much less severe  than is that  with SOC12. 

Lis ted nex t  a re  the average  p la teau  voltages, the 
average  discharge rates,  and the capacit ies (to a 2.0V 
cutoff) character is t ic  of the two groups of s tored cells 
when discharged through 200~ loads. In keeping  with  
the  f resh cell polar izat ion data, there  was no significant 
difference be tween the average  load voltages obta ined  
with  the two oxyhal ides .  Moreover,  the SO2Cls cells 
y ie lded  discharge capacit ies that  were,  on average,  
about  15% be low those obta ined wi th  SOCI~. 

The final en t ry  in the table  is the amount  of l i th ium 
anode mate r i a l  lost through se l f -d ischarge  dur ing  the 
combined per iods  of s torage and discharge.  With  the  
SOC12 electrolyte ,  no significant l i th ium corrosion oc- 
cur red  whi le  the cells were  being discharged.  In  con- 
trast ,  wi th  S O2C12 nea r ly  as much l i th ium was lost du r -  
ing discharge as was lost  on storage. 

With  the except ion of the  improved  vol tage de lay  
character is t ics ,  the A A  cells containing the SO2C12 
e lec t ro ly te  appa ren t l y  offer no advantages  over  those 
containin~ SOC12. On the contrary,  the severe  cathodic 
polar izat ion and anode corrosion problems encountered  
with  SO2C12 would  seem to make  its use h igh ly  im-  
pract ical .  

Table I. Standard configuration Li/oxyhallde AA cells stored 
ane month at ambient temperature--l.SM LiAICI4 electrolytes 

SOCIs SO=Cb 

Li lost during storage 0.12 Ah 0.23 Ah 
50~ discharge 
Init E --> load E 1.45 ~ 3.00V 2.45 ~ 3.20V 
t to 0.9 load E 6.0s LOs 

20~2 discharge 
E avg 3.34V 3.35V 
I avg 16.7 mA 16.8 mA 
C (to 2.0V) 2.15 Ah 1.84 Ah 
Li lost during storage 

and discharge 0.13 Ah 0.42 Ah  

S C I E N C E  A N D  T E C H N O L O G Y  March I984 

Anode passivation and corrosion.--In the s t anda rd  
configuration (case negat ive)  cy l indr ica l  cell, a sub-  
s tan t ia l  amount  of meta l l ic  cell  h a r d w a r e  is both in 
e lectr ical  contact  wi th  the  anode and exposed  to the 
electrolyte .  ()n the assumpt ion tha t  the high se l f -d is -  
charge ra tes  observed with  SO2C12-based electrolytes  
a re  at  least  p a r t l y  due  to the  reduct ion of SO2Cle upon 
this exposed h a r d w a r e  (wi th  the  s imul taneous  ox ida -  
t ion of the l i th ium anode ma te r i a l ) ,  a so-ca l led  re -  
verse po la r i t y  (case posi t ive)  cell  design was deve l -  
oped. With  cells of this type,  the l i th ium anode is 
connected to the insula ted  t e rmina l  so tha t  there  is 
much less exposed meta l  ha rdware  in e lect r ica l  contact  
wi th  the  anode. The averaged  anode corrosion, vol t -  
age delay, and per formance  resul ts  obta ined wi th  
s t andard  and reverse  po la r i ty  Li/SO~C12 cells s tored 
for  one month  at  ambien t  t empera tu re  a re  compared  in 
Table  II. As indicated,  the po la r i ty  reversa l  technique 
resul ted  in an  approx ima te  50% reduct ion in the se l f -  
d ischarge ra te  dur ing  both s torage and discharge.  How-  
ever,  po la r i t y  reversa l  had  no effect upon the vol tage 
de lay  character is t ics  of the s tored  cells. F inal ly ,  the 
case posit ive cells exhib i ted  s l ight ly  h igher  load vol t -  
ages. So, except  for  a smal l  loss of capacity,  po la r i ty  
reversa l  has an overa l l  beneficial effect upon the char -  
acterist ics  of the  s tored cells. Nevertheless ,  the corro-  
sion rates  exper ienced wi th  the reverse  po la r i t y  cells 
are  s t i l l  much h igher  than  could be to le ra ted  in most 
applicat ions.  

I t  is known that,  wi th  Li /SOCle cells, the subst i tut ion 
of l i th ium closoboranes,  e.g., Li2B10Cll0, for  LiA1C14 in 
the e lec t ro ly te  s ignif icant ly a l ters  the na tu re  of the  
pass ivat ing LiC1 film (13, 15, 16). Fur ther ,  SOC12 cells 
with the  Li2Bl0Cl~0 e lec t ro ly te  salt  often exhib i t  im-  
proved  vol tage de lay  and se l f -d ischarge  characteris t ics .  
So. exper iments  were  pe r fo rmed  in o rder  to de te rmine  
whe the r  s imi la r  per formance  imurovements  might  also 
resul t  f rom the use of the  Li~B10Cl~0 sa l t  in SO2C12 
electrolytes .  

That  the e lect rolyte  salt  m a y  p l ay  a decisive role in 
de te rmin ing  the Li/SO2Cl~ se l f -d ischarge  ra te  is cer-  
t a in ly  sugqested b y  the microca lor imet r ic  data  l i s ted  
in Table III. The table  compares  the hea t  outputs  mea -  
sured on the twent ie th  day  of ambien t  t empe ra tu r e  
s torage with  reverse  po la r i ty  SO2C12 cells as a function 
of the mola r  concentra t ion of LiA1C14. (The t abu la t ed  
values are the averages  of da ta  obta ined with  severa l  
ident ical  cells.) As indicated,  the  h igher  the salt  con- 
centrat ion,  the g rea te r  the ra te  of heat  evolution.  

Table II. Standard and reverse polarity Li/SO~CI2 AA cells 
stored one month at ambient temperature--l.SM LiAICI4 

electrolytes 

Standard Reverse 
configuration polarity 

Ll lost during storage 0.23 Ah 0.1O Ah 

50~ discharge 
Init E -~ load E 2.45 -~ 3.20V 2.45 --* 3.20V 
t to 0.9 load E 1.0s LOs 

200~ discharge 
g avg 3.35V 3.4~V 
I avg 16.8 mA 17.0 mA 
C (to 2.0V) 1.84 Ah 1.74 Ah 
Li lost during storage 

rand discharge 0.42 Ah 0.26 Ah  

Table III. Heat output measured on the twentieth day of ambient 
temperature storage with reverse polarity Li/SO2CI2 AA cells as a 

function of UAICI4 concentration 

LIA1Ch Heat output (~W) 

0.00 210 
0.25 328 
1.80 1006 
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The performance results obtained with reverse po- 
lar i ty  A.A cells containing 1.8M LiA1C14 and 0.25M 
Li2B10Cl~0 in SO2C12 as electrolytes a~ter being stored 
for one month at ambient temperature are compared 
in Table IV. As indicated, the salt substitution reduced 
the rate of lithium corrosion to a value within the 
standard error l imit  for this experiment,  both during 
storage and discharge through a 200~t load. Further,  
the use of the al ternate electrolyte salt resulted in a 
150 mV rise in average load voltage, and in the virtual 
elimination of anode passivation. (In fact, the voltage 
delay incurred when the stored cells were discharged 
through a 50~ load was so slight as to be undetectable 
on a sensitive high speed recorder.) The only negative 
result of the salt substitution was a further loss of 
capacity. 

The use of the Li2B10Cll0 salt  to form the SO2Cla 
electrolyte is at least as effective in the elimination of 
anode passivation and corrosion as the corresponding 
salt substitution with SOC12. To investigate this phe- 
nomeno~ SEM analyses were performed upon li thium 
samples stored at ambient temperature for one and 
two month intervals in pure SO2C1~, in SO2C12 con- 
taining 1.SM LiA1C14, and in SO2C12 containing 0.25M 
Li~B~0Cl~0. The surfaces of the lithium samples stored 
in the pure oxyhalide, after one month storage, give 
no indication of the formation of surface films (see 
Fig. 4a). However, the surfaces of the samples stored 
in the two electrolyte solutions were all found to be 
covered by films of LiC1. With the LiA1C14 electrolyte, 
the LiC1 films were composed of closely packed, well-  
formed crystallites ranging in size between 2.5 and 25 
~m (see Fig. 4b). In contrast, with the Li2BloCl10 elec- 
trolyte, the LiC1 films were generally amorphous in ap- 
pearance, with the largest recognizable crystallites 
being about 2/~'n in size (see Fig. 4c). (In general, the 
surfaces of the samples stored in the electrolytes for 
two months were very similar in appearance to the sur-  
faces of the samples stored for only one month. 

The performance improvements achieved by  the use 
of a reverse polar i ty  cell configuration and by salt  
substitution are listed in Tables II and IV. As indi-  
cated, the combination of these two techniques re-  
sulted in a reduction in the rate of anode corrosion to 
a value almost below the level of detectability, the 
vir tual  elimination of voltage delay, and in a 200 mV 
increase in load voltage at a 1.6 mA/cm 2 current den- 
sity. Unfortunately, these performance improvements 
were accompanied by a 10% reduction in average dis- 
charge capacity. 

This capacity limitation can be overcome by the 
addition of a cosolvent (SO2 or SOC12) to the SO2C12 
electrolyte. Typical results achieved by the addition 
of 25% SOC12 to the 0.25M LieB~0Cll0 in SO2C12 elec- 
trolyte are presented in Table V. (Comparable results 
have been obtained by the addition of 7.5% SO~ to 
the electrolyte.) As indicated, the use of the cosolvent 
increased the average discharge capacity from 1.66 to 
1.94 Ah. Furthermore, this was accomplished without 
a reduction in average load voltage, without initiating 

Table IV. Reverse polarity LI/SO2CI2 AA cells stored one month 
at amb|ent temperature--l.SM LiAICI4 and 0.25M Li2BloCllo 

electrolytes 

1.8M LiAICh 0.25M LizBzoCho 

Li Iost during storage 0.10 A h  0.00 A h  

50~ d i scha rge  
In i t  E -~ load E 2.45 -~ 3.20V No detectable 

vo l t age  de lay  
t to 0.9 load E LOs (Load  E = 3.47V) 

200~ discharge 
E avg  3.40V 3.55V 
I avg  17.0 m A  17.8 m A  
C (to 2.0V) 1.74 Ah 1.66 Ah 
Li lost during storage 

and discharge 0.26 A h  0.Ol Ah  

Table V. Reverse polarity Li/SO~CI2 AA cells stored one month 
at ambient temperature--0.25M Li2B~oCIlo electrolyte 

Withou t  cosolvent  Wi th  25% SOCIa 

Li lost during storage 0.00 Ah 0.01 Ah 

50~ discharge No voltage delay No voltage delay 
Init E ~ load E (Load E = 3.47V) (Load E = 3A4V) 

t to 0.9 load E 

200~ discharge 
E avg 3.65V 3.56V 
I avg 17.8 mA 17.8 mA 
C (to 2.0V) 1.66 Ah 1.94 Ah 
Li lost during storage 

and discharge 0.01 A h  0.01 Ah 

Table VI. Heat output measured on the twentieth day of ambient 
temperature storage with reverse polarity Li/SO2CI2 AA cells as a 

function of electrolyte composition {all cells contained 0.25M 
Li,~BloCI I0) 

Cosolvent Heat output (~W) 

none 666 
7.5~o SO~ 160 

25% SOC1- 172 

anode corrosion, and without causing any detectable 
voltage delay. ~The cosolvent apparent ly improves the 
cathode utilization efficiency, perhaps by modifying 
the nature of the crystalline LiC1 deposited within the 
porous cathode.) 

In Table VI are listed the microcalorimetry results 
obtained with reverse polari ty SO~C12 cells on the 
twentieth day of ambient temperature storage. These 
cells contained as electrolytes 0.25M solutio~ns of 
Li2B10Cll0 in SO2C12 without a cosolvent, with the 
addition of 7.5% SO~, and with the addition of 25% 
SOCI~. As indicated, the use of a cosolvent also re-  
duces the rate of heat evolution by a factor of four, 
suggesting that, in addition to improving the cathode 
utilization efficiency, the cosolvent may also further 
reduce self-discharge. 

In Fig. 5 is shown a typical discharge curve for a 
reverse polari ty AA cell with 0.25M Li2B10Cll0 in SO2C1~. 
containing 25% SOCI~ as electrolyte and stored for 
one month at ambient temperature before being dis- 
charged through a 200~ load. A 3.57 average plateau 
voltage was achieved at a 2 mA/cm2 discharge rate. 
The capacity was approximately 2.1 Ah. In Fig. 6 is a 
typical initial load voltage vs. time (voltage delay) 
curve achieved with a reverse polari ty AA cell with 
the electrolyte stored for one month at ambient tem- 
perature before being discharged through a 5012 load. 
This curve demonstrates that, even with the use of a 
sensitive high speed recorder, no anode passivation 
was detected with any of the stored cells containing 
the closoborane electrolyte salt. 

Cathode per$ormance.--It is apparent from the Li /  
SOCI~. and Li/SOsC12 AA cell polarization data ( s e e  
Fig. 2) that the standard acetylene black Li/oxyhal ide 
cell cathode material  is not a par t icular ly  good cata- 
lyst for the electroreduction of SO2C12~. This fact be-  
comes more and m o r e a p p a r e n t  the higher the dis- 
charge rate. As indicated above, several techniques 
have been suggested for the alleviation of the cathode 
polarization problem, including the use of an alternate 
high surface area carbon black as the cathode material  
(3), the addition of halogens to the SO2C1~ electrolyte 
(7, 8, 9), and the doping of the acetylene black cathode 
material  with substances that catalyze the electroreduc- 
tion of the SO~C12 (5, 10, 11, 17). Of the known c a t a -  
l y t i c  cathode additives, supported platinum i s  t h e  
most efficient, par t icular ly at high discharge rates. 
(It has been suggested that the platinum facilitates the 
d e c o m p o s i t i o n  of SO~C12 at the electrode s u r f a c e  s o  t h a t  
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Fig. 4. Micrographs of lithium surfaces stored in SO~CI~ for one 
month at 25~ A, upper left: pure SO~CI2. B, upper right: i .8M 
LiAICI4 in S0~CI2. C, left: 0.25M I-i~BtoCIlo in SO~CI9.. 

the reduction of SOeC12 proceeds through chlorine, 
even with a SOs-saturated electrolyte  (19).  

Cathode l imited Li/SO~C12 cells wi th  planar e lec-  
trode geometry  and wi th  1.8M LiA1C14 in SO2C12 as 
electrolyte were  discharged at ambient  temperature 
across a series of constant loads so as to produce aver-  
age discharge rates ranging between  10 and 200 m A /  
cm 2. Duplicate  tests were run with  cells containing 
1 cm 2 X 1 m m  PTFE-bonded Shawinigan acetylene 
black cathodes with  and without the presence of 10% 
supported platinum. The resulting discharge curves 
were  analyzed to yield the polarization and discharge 
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Fig. 5. 200Q discharge curve for reverse polarity Li/SO~CI2 AA 
cell stored for one month at ambient temperature. 

capacity data shown in Fig. 7 and 8, respectively.  
(Figure 7 is a semilogari thmic  plot of the  average cur- 
rent density vs.  the average plateau load voltage. Fig-  
ure 8 is a semilogarithmic plot of the average current 
density vs. the discharge capacity to a 2.0V cutoff.) 

As shown in Fig. 7, the higher the discharge rate, the 
greater the decrease in polarization that results from 
the use of the supported plat inum electrocatalyst.  For 
instance, at a 200 m A / c m  2 current density, an average 
load voltage of about 3.0V is obtained wi th  the sup-  
ported platinum cathode material  vs. 2.15V in the ab- 
sence of the supported platinum. As shown in Fig. 8, 
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Fig. 6. 50,0, discharge curve for reverse polarity Li/$O2Cl~ AA 
cell stored for one month at ambient temperature. 
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Fig. 7. Li/SO2CI~ cell polarization data 
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Fig. 8. Li/SO2CI~ celt capacity data 

70 

the use of the suppor ted  p l a t i num cathode ma te r i a l  
also resul ts  in m u c h - i m p r o v e d  cathode ut i l iza t ion effi- 
c iency over  the ent i re  range  of discharge rates.  For  in-  
stance, at 20 m A / c m  2 a four - fo ld  increase  in cathode 
ut i l izat ion efficiency is accomplished by  the addi t ion  
of 10% meta l l i c  p l a t i num to the  cathode. Typical  20~ 
constant  load Li/SO2Cl~ discharge curves obta ined  
wi th  and wi thout  the ca ta lys t  are  compared  in Fig. 9. 

In  Fig. 10 are  compared  polar iza t ion  curves char -  
acter is t ic  of Li/SOCI~ and Li/SO2C12 cells wi th  10% Pt  
on Shawin igan  b lack  cathode and with  1.8M LiA1C14 
electrolytes .  I t  is appa ren t  that ,  w i th  this cathode m a -  
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Fig. 9. Li/SOzCI2 cell discharge curves 
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Fig. 10. Li/oxyhalide call polarization data with 10% Pt on 
Shawinigan black cathodes. 

ter ial ,  the  a pp rox ima te ly  300 mV difference in OCV 
exper ienced  wi th  the  two oxyhal ides  is main ta ined  
even at  cur ren t  densi t ies  in the 100-200 m A / c m  2 range.  
The corresponding Li/SOCI~ and Li/SO2Clz cell d is-  
charge  capacit ies (to a 2.0V cutoff) a re  compared  as a 
funct ion of log I in Fig. t l .  As shown, the capacit ies 
obta ined  with  the S02C12 e lec t ro ly te  a re  fa r  super io r  to 
those obta ined  wi th  SOC12 for cur ren t  densi t ies  ranging  
over  two orders  of magni tude .  

The overa l l  Li/SO~C12 cell  react ion has been demon-  
s t ra ted  to be 

2Li + SO2C12--> SO2 + 2LiCI 

Accord ing  to this reaction,  one mol  of LiC1 is p ro -  
duced pe r  mol of d ischarged l i thium. Exper imen t s  
(descr ibed above) were  pe r fo rmed  to de te rmine  if a 
change in the  overa l l  react ion s to ich iomet ry  might  
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Fig. 11. Li/oxyhalide cell capacity data with 10% Pt on Shaw- 
inigon black cathodes. 

result from the addition of supported platinum to the 
acetylene black cathode material. With the cathodes 
not containing any supported platinum, the titration 
results predicted discharge capacities 1.3% greater than 
the measured capacities [in agreement with the earlier 
results of Gilman and Wade (3)]. With the cathodes 
containing 10% supported platinum, the titration re- 
sults predicted discharge capacities 6.0% greater than 
were actually measured. Thus, it was concluded that, 
for both cathode materials, the discharge of a Li/SO2Clz 
cell at a moderate rate results in the formation of one 
tool of LiC1 for every tool of oxidized lithium 
anode material. To further substantiate this conclusion, 
the discharged cathode materials were subjected to a 
battery of qualitative analytical tests designed to in- 
dicate the presence of any other discharge product that 
might be insoluble in the SO2C1~ electrolyte (18). No 
indication of the presence of any other product was 
found, save for a trace of SO4 = possibly produced by 
the hydrolysis of a small amount of residual SO,C12 
that might not have been removed during the vacuum 
drying step. 

SOzCl2 decomposition.~The relative thermal insta- 
bility of SO2C1~ (compared to SOC12) is well recog- 
nized (3, 5, 10, 19). It is well established that, in the 
presence of a suitable catalyst, SO~CI~ decomposes to 
SO~ and CI~ 

SO~C12 ~- S02 + C12 

The extent of decomposition increases with increasing 
temperature. From a practical point of view, therefore, 
the usefulness of SO~Cl2-based electrolytes will be 
partly determined by the thermal stability of the 
SO2Cl2 and by the reversibility of the decomposition 
reaction. As described above, the equilibrium decom- 
position pressure has been measured as a function of 
temperature (for temperatures between 50 ~ and 80~ 
Five milliliter quantities of purified SO2C12 containing 
1.aM LiAICI4, 0.1M AICI~, or 0.01/VI AICI3 were used. In 
some cases, the SO2CI2 solutions were in contact with 20 
mg portions of Shawinigan black with or without the 
presence of 10% supported platinum. The experi- 

mental results are compared in the log pressure vs. 
reciprocal temperature plot shown in Fig. 12. 

As indicated, the equilibrium pressures are indepen- 
dent of the identity and concentration of the dissolved 
compound and of the presence and ider;tity of the 
high surface area material. Moreover, no evidence of 
any hysteresis was observed with increasing and de- 
creasing temperatures. However, the equilibrium pres- 
sures were attained much more slowly with the 0.01M 
A1C18 solution than with 0.1M A1Cla and 1.aM LiA1CI4 
solutions. Finally, the absence of any dissolved AIC!8 or 
LiA1C14, much lower final pressures were obtained 
(even after more than 24h at temperature). This suggests 
that the dissolved material functions as a catalyst for 
the decomposition, presumably by a chloride exchange 
mechanism. Thus, as the temperature of the SO2Cls 
electrolyte in a hermetically sealed cell is increased 
from 25 o to 80~ the pressure differential across the 
metal case will rise to about 3.5 atrm Then, as the tem- 
perature is decreased to a lower value, the pressure 
differential will also decrease to the equilibrium value 
characteristic of that lower temperature, indicating a 
reversible dissociation for SO, CIr. 

Summary and Conclusions 
Traditional Li/SOCI~ cell technology is based upon 

the use of an acetylene black cathode material coupled 
with LiA1CI4 dissolved in the oxyhalide as an electro- 
lyte. However, when this approach is taken with SOsCls 
rather than SOC12 as the oxyhalide, anode corrosion 
and cathode polarization problems are encountered, 
which have discouraged the development of a practical 
Li/SO2Cl~ cell technology. 

It has been found that, by the use of a reverse po- 
larity cell design, the substitution of Li~B10Cl10 for 
LiA1C14 as the electrolyte salt, and the addition of a 
suitable cosolvent (SO2 or S OCI~), a hermetic Li/ 
SO2C12 cell is achieved by which can be realized the 
recognized potential advantages of SO~C12-based elec- 
trolytes (high load voltages and capacities with the 
absence of elemental sulfur as a discharge product), 
coupled with a low self-discharge rate and (at least 
under ambient temperature storage and discharge con- 
ditions) the complete absence of voltage delay. 
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Fig. 12. S02CI2 decomposition pressure vs. reciprocal tempera- 
ture. 
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Cathode polarization can be reduced most effectively 
by the use of a supported platinum cathode material. 
For instance, at a 20U mA/cm "~ discharge rate, polariza- 
tion is reduced by 0.85V through the addition of 10% 
metallic platinum to the acetylene black cathode ma- 
terial. Further, with this .cathode material, the ap- 
proximately 300 mV difference in OCV experienced 
with SOC12 and SO2C1~ electrolytes is maintained on 
load, even at current densities in the 100 to 200 mA/ 
cm 2 range. Increased cathode utilization efficiencies also 
result from the use of this catalytic additive. However, 
the increased capacities do not result from a change in 
the overall reaction stoichiometry. The use of sup- 
ported platinum cathode materials in hermetic cells 
with electrolytes selected primarily for their effects 
upon anode stability and passivation will be the sub- 
ject of a later report. 

Finally, the thermal decomposition of SO2C12 has 
been studied for temperatures between 50 ~ and 80~ 
as a function of the presence and concentration of dis- 
solved A1CI~ or LiAIC4. The dissolved material ap- 
parently functions as a catalyst for the decomposition 
reaction. However, the equilibrium decomposition pres- 
sures are independent of the presence or absence of 
acetylene black cathode materials. With SO2C12 electro- 
lyte solutions, no hysteresis is observed with increas- 
ing and decreasing temperatures, indicating a re- 
versible thermal dissociation. 
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Electrochemical and Ellipsometric Investigations of Passive Films on 
Iron in Borate Solutions 

II. Cathodic Reduction of Passive Films on Iron 

Z. Szklarska-Smialowska* and W. Kozlowski 

Institute of Physical Chemistry, Polish Academy of Sciences, Warsaw, Poland 

ABSTRACT 

Passive films formed under strictly controlled conditions during anodic polarization of iron in borate buffer solution 
were reduced in the same solution with a constant cathodic current. The cathodic charge consumed for the reduction of 
passive film was greater than the theoretical value calculated under the assumption that Fe20~ was reduced to Fe 2+. The 
higher the oxidation potential was and the longer oxidation time was employed, the greater was the consumed charge found 
experimentally. At certain characteristic thicknesses of the passive film associated with changes in film growth during its 
formation, inflections of the E,.,d vs. time and Ered Vs. film thickness were observed. 

Investigations of passive films on iron have usually 
been performed by measuring either the film growth 
during the anodie oxidation of metal or the cathodic 
reduction of the oxide film. No detailed studies aimed 
at elucidating mechanisms of both these processes on 
the same specimen and in the same electrolyte have 
been carried out so far. The purpose of the present 
work was to undertake such studies in continuation of 
our previous investigation of passive film formation 

" Present address: Department of Metallurgical Engineering, 
The Ohio State University, Columbus, Ohio 4 3 2 0 1 .  

(1). This approach was thought to be useful in pro- 
viding a better understanding of the nature of several 
consecutive passivation stages found by Kruger and 
Calvert (2) and in our work (I) .  The set of Armco 
iron specimens and the two borate buffer solutions of 
pH 8.45 differing in I-IsBO3 and Na2B407 content were 
the same as those used in the first part of this work (1). 

If a low constant cathodic current density is applied, 
two plateaus appear in the graph of consumed charge 
as a function of potential. The first plateau is commonly 
attributed to the reduction of the external film layer, 
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and the second p la teau  to the reduct ion of the in te rna l  
l ayer  of Fe~O4 (3-7).  According to others  (8-10),  the 
anodic film contains a single l ayer  of ~-Fe~O3 which  is 
reduced  to Fe  2+ and Fe  o. I t  has also been assumed tha t  
the reduct ive  dissolut ion of the  film is accompanied 
by  other  reduct ion processes occurr ing  in the  solid 
phase. Fo r  example ,  such mechanisms have been p ro -  
posed by  Sato e t a l .  (11), and Chen and  Cahan (12) 
for ga lvanosta t ic  and potent ios ta t ic  reduct ion,  r espec-  
t ively.  The fol lowing expression is used to calculate  film 
thickness  (d) 

QMw 
d =  

zFpr 

where  Q is the  cathodic charge consumed, Mw -- m o -  
lecular  weight  of the  compound undergoing  reduct ion,  
z ---- number  of electrons used, F --  F a r a d a y  constant ,  
p = dens i ty  of the compound,  r ~. roughness  coefficient. 
Because ne i the r  the  exact  chemical  composi t ion of the 
reduced compound nor  the  roughness  coefficient is 
known,  a r b i t r a r y  values  are  commonly  assumed for 
Mw, z, p, and r. Therefore ,  the resul ts  obta ined  are  un-  
cer ta in  and must  be t r ea ted  wi th  caution. Even if the 
chemical  composit ion is wel l  defined, the  dens i ty  of a 
ve ry  thin film m a y  wel l  differ from that  a t t r ibu ted  to 
the bu lk  phase.  Moreover ,  wa te r  molecules  and anions 
present  in the  e lec t ro ly te  can be incorpora ted  into the 
film. Roughness coefficients, p a r t i c u l a r l y  in the case of 
passive films, are  unknown.  

Exper imenta l  
The measurements  were  car r ied  out  wi th  t he  same 

Armco iron which  was used to s tudy the anodic ox ida -  
t ion process (1).  In  fact, the cathodic reduct ion  was 
commenced in the same e lec t ro ly te  solut ion immed i -  
a te ly  af te r  the  pass ivat ion expe r imen t  was completed.  
A constant  cur ren t  of 17 ~A �9 cm -2 was used. Dur ing  
reduct ion,  the potent ia l ,  cathodic charge,  and changes in 
opt ical  constants  were  recorded.  This procedure  was 
chosen because dur ing the t ime requ i red  to change the 
e lectrolyte ,  t ak ing  into considerat ion tha t  the cell  had 
a volume of 0.5 l i ter,  the exposure  of the e lect rode to 
the argon a tmosphere  could resul t  in modification of 
the surface film. However ,  the p rocedure  employed  had  
also some po ten t ia l  d isadvantage,  namely ,  tha t  if ferr ic  
ions passed into solut ion dur ing  oxidat ion,  t hey  could 
be reduced  to ferrous,  which would lead  to an ex-  
cessive consumption of cathodic charge. Calculat ions 
showed,  however ,  tha t  this factor  would  give rise to a 
negl igible  e r ror  in the cathodic charge consumed dur -  
ing film dissolution. 

Ano the r  process which can occur dur ing  the cathodic 
reduct ion  of anodic films should be taken  into con- 
s iderat ion.  Fe r rcus  ions formed in the reduct ion  p ro -  
cess would  prec ip i ta te  as Fe (OH)2  on the film surface 
if  the  so lubi l i ty  product  of this compound in the elec-  
t ro ly te  were  exceeded.  

The t ime dependence  of Fe  2+ concentra t ion dur ing  
cathodic reduct ion  of the passive film at  different  cur -  
ren t  densi t ies  is shown in Fig. 1. These values  were  
ca lcula ted  f rom the fo rmula  

2i 
C(0, t )  --" ~ / ~ "  

nF~D 

Fick 's  second law and the Laplace  t r ans fo rm method  
were  used, wi th  in i t ia l  and final bounda ry  taken  as 
t = 0, x ~ -  0, C -- 0, and t ~- 0, x--> oo, C - *  0. The 
fol lowing equat ion was also used 

i = n F D  [ 8 - ~ ] z =  ~ 

for x ---- 0 and t > 0, and  fol lowing values  were  t aken  
for calculat ions:  i = 0.17, 0.1, and 0.05 A �9 m-2 ;  n = 1, 
and  D = 10 -5 cm 2 �9 s - L  The concentra t ion of Fe(OH)2 ,  
1.26 • 10 -7  tool �9 cm -s ,  at  which  the so lubi l i ty  produc t  

/ ' 

0 1  I I I I I I I 

10 20 30 40 50 60 70 
t [ ,ec] 

Fig. 1. Concentration of Fe 2+ at the electrode as n function of 
reduction time. Reduction currents 0.17, 0.1, and 0.05 A/m 2. 

is exceeded at  pH 8.45, is m a r k e d  in Fig. 1. This va lue  
was ca lcula ted  f rom the so lubi l i ty  produc t  (Kso = 
[FeOH + ] [ O H - ]  --  10 -9,4) es tab l i shed  by  Misawa (13). 
I t  is seen tha t  a t  i --  0.17 A �9 cm-2,  the  so lubi l i ty  p rod -  
uct  is exceeded a l r eady  af ter  4s of the cathodic reduc-  
tion. At  i = 0.05 A �9 cm-2,  this t ime per iod is 46s. 

Some evidence t ha t  F e ( O H ) ~  prec ip i ta tes  dur ing  re -  
duction on the film surface and hampers  exi t  of Fe2+ 
can be ga thered  f rom the difference observed in the 
B~ vs. 5a curves obta ined  in solut ion 1 in the  course 
of the oxidat ion  and reduct ion .processes  (Fig.  2). A t  
the beginning of the reduct ion  process,  ~ increases for 
an almost  constant  value  of ,% while  the  8~ vs. ~ 
curve ob ta ined  dur ing  reduct ion  was h igher  than that  
obta ined  dur ing  oxidat ion.  So, values  of n and k are  
s l ight ly  decreased  dur ing  reduction.  This seems to in-  
dicate that  the presence of hydrox ide  affects the ave r -  
age opt ical  proper t ies  of the film. These effects were  
ev ident  only  in solut ion 1 for films formed at  high 
anodic potent ia ls  and for oxidat ion t imes longer  than  
10 rain. 

Results 
Varia t ions  in potent ia l  and  film thickness  wi th  t ime 

dur ing  the cathodic reduct ion process have been m e a -  
sured for films grown in solut ion 1 for 1.5, 10, 30, 600, 
and 3600s, and for those grown in solut ion 2 for  1.5, 

1.2 

1s S 
,.~ E =0.6V 
~,~,~ 0,8 

0.6 �9 9 "Y~ 

0.4 f ~ -  

0.2 

J -; 4 -I 4 J 4 4 
~'~,[d~g] 

Fig. Z. ~ vs. ,~& measured during oxidation of iron ~nd Feduc- 
lion of iron oxide in solution l .  
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10, 30, 1200, and 3600s. Only some of the results obtained 
will be presented here, because the character of rela- 
tionships recorded for times longer than 1.Ss were 
similar. Typical examples of potential vs. cathodic 
charge curves obtained for films formed at various 
anodic potentials and for different time periods a r e  
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Fig. 3. Dependence between potential and cathodic charge during 
the reduction of films formed in |.Ss at different anodlc potentials 
in solution i .  
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Fig. 4. Dependence between potential and cathodic charge during 
the reduction of films formed in 30s at different anodic potentials 
in solution I,  
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Fig. 5, Dependence between potential and cathodic charge dur- 
ing the reduction of films formed in lh in solution 1. 
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Fig. 6. Dependence between potential and cathodic charge during 
the reduction of films farmed in lh in solution 2. 

given in Fig. 3-6. In these graphs, characteristic points 
based on ellipsometric measurements of film thickness 
vs. reduction potential at constant current density are 
marked by the letters "A," "B," "C," and "D;" their 
meaning will be discussed later. 

During reduction of times formed in short oxidation 
times, i.e., 1.5s, a rapid drop of potential to about --0.76 
and --0.95V occurred in solutions 1 and 2, respectively. 
After these potentials were attained, further changes 
were insignificant. Specimens oxidized for t --  10s in 
both solutions showed potential plateaus (or bends) 
which were more pronounced for films grown for a 
longer time at higher anodic potentials, especially in 
solution 2. 
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Comparison of the curves obtained leads to the con- 
clusion that the cathodic charge necessary to reach the 
potential plateau (about --0.8 and --0.95V in solutions 
1 and 2, respectively) in,creases with both anodization 
time and oxidation potential, 

Figures 7, 8 (solution 1), and 9 (solution 2) com- 
pare changes in film thickness with cathodic charge 
density. Thicknesses were determined ellipsometrically 
for films formed at different oxidation potentials as 
marked on the respective curves. 

During reduction of films grown for 1.5s in both 
solutions, a linear dependence initially exists between 
film thickness and charge density. Later, the reduction 
rate and film thickness diminish, and the d vs. Q rela- 
tionship becomes nonlinear. During reduction of films 
grown for t ~-- 10s, the linear segment of the d vs. Q 
curve is preceded and followed by nonlinear segments. 

Hence, for passivation times longer than 10s, and 
passivation potentials higher than about --0.1V in 
solution 1 and --0.3V in solution 2, the relationship 
between film thickness and cathodic charge density 
indicates that reduction occurs in three stages charac- 
terized by different reduction rates of the film. 

The following conclusions can be reached on the 
basis of the results obtained for both solutions: 

1. The longer the passivation time of iron at the 
given potential, and the higher the anodic potential for 
the given passivation time, the higher the charge con- 
sumed in film reduction is. 

\ \ \ \_ 
~, Vk ~ ~ ,  jo,2v 

1 L - 
- o ~ v ' ~ ~  ~ 

o .o.4w " - ' , . . ~ ~ ' - - ~ , - _ ~ : ,  '~ " 
10 20 30 c4r] 

Q, [-&-.-~ ] 
Fig. 7. Dependence between film thickness determined ellipso- 

metrically and cathodic charge for specimens possivated for 1.5s 
in solution 1 at different potentials. 
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Fig. 8. Dependence between film thickness determ|ned ellip- 
sometrically and cathodic charge for specimens passivated for 30s 
in solution 1. 
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Fig. 9. Dependence between film thickness determined ellipso. 
metrically and cathodic charge fnr specimens passivated lh in 
solution 2. 

2. The higher the passivation potential and the 
longer the passivation time, the greater the thickness 
of the film reduced in the final stage of reduction is. 

3. The charges consumed for the reduction of films 
formed at the same potential and time are higher for 
films grown in the dilute solution 1 than in the more 
concentrated solution 2. 

The last observation appears to suggest that less 
dense films are formed in solution 2 relative to solu- 
tion 1. 

Figures 10-14 show typical examples of changes in 
potential vs. film thickness during galvanostatic re- 
duction of films formed at different passivation po- 
tentials and times. Results obtained in solution 1 are 
plotted in Fig. 10-12, and those in solution 2 are given 
in Fig. is. 
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F;g. 10. Dependence between reduction potential and film thick- 
ness determined ellipsometrically for specimens passivated for 1.5s 
in solution 1 at different potentials. 
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in solution 1. 
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Fig. 13. Dependence between reduction potential and film 
thickness determined ellipsometricaily for specimens pesslvoted 
for lh in solution 2. 
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Fig. 14. Cathodic charge consumed for the reduction of film 
formed in Stages A-B (a), B-D (b), and D-Me (c) i .  different 
periods of time and at different anodic potentials; solution 1. 

For  films formed over  about  1.Ss, the  re la t ionship  
be tween  cathodic po ten t ia l  and film thickness  shows 
two l inear  segments  a t  h igher  anodie  potent ials .  The 
in i t ia l  decrease of potent ia l  w i th  thickness  is fas ter  
than  the  final decrease.  However ,  dur ing  reduct ion of 
films formed over  10s, and at  E - -  --0.1V in solut ion 1, 
and at  E ~-- --0.2V in solut ion 2, the  poten t ia l  vs. d 
curves exhib i t  four  l inear  segments,  which  are  more  
pronounced  for  films oxidized for  a longer  t ime at  
h igher  anodic potent ia ls .  

In  Fig. 10-13, points  at  which changes in slope of the  
E vs. d curves occur are  marked  "B," "C," and "D," 
whi le  "A" indicates  a film formed over  60 rain. The 
same le t te rs  are  m a r k e d  in cer ta in  plots  of d vs. Q 
and E vs. Q. I t  is seen tha t  points  B and D in  the E vs. 
d plot  also appea r  in E vs. Q and d vs. Q plots, whi le  
poin t  C is c lear ly  not iceable  in the  E vs. d r e la t ion-  
ship but  is absent  in the d vs. Q plot.  

The ind iv idua l  reduct ion  steps tha t  appea r  in the  
g vs. d and E vs. Q re la t ionships  correspond to the four  
oxida t ion  stages discussed in the  first pa r t  of our  work  
(1). Specifically,  the  A - B  step showing reduct ion of 
the  outermost  film layer  corresponds to the  oxida t ion  
Stage IV; B-C corresponds to Stage III, C-D to Stage 
II, and D-Me  (reduct ion of the m e t a l - a d h e r i n g  l aye r )  
to the oxida t ion  Stage I. However ,  film thicknesses  
at  potent ia l s  cor responding  to the  point  D are  h igher  
dur ing  reduct ion  than  dur ing  oxidat ion.  

I t  follows f rom the expe r imen ta l  resul ts  that :  
'1. The poten t ia l  va lues  corresponding to poin t  B 

range  f rom --0.50 to --0.53V in solut ion 1 and f rom 
--0.51 to --0.53V in solut ion 2. These potent ia l s  are  
independen t  of both  pass ivat ion potent ia l  and t ime. 

2. Potent ia l  va lues  corresponding to po in t  C range  
f rom --0.57 to --0.60V in both  solut ions and are  in-  
dependent  of pass ivat ion  potent ia l  and t ime. 

3. Poten t ia l  values  corresponding to point  D range  
f rom --0.7 to --0.77V in solut ion 1 and f rom --0.8 to 
--0.86V in ~olution 2. These values  become lower  for  
g rea te r  thicknesses of films to be reduced  dur ing  the 
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D-Me step. Reduct ion  of the film ended at  potent ia ls  
ranging  f rom --0.76 to --0.86V in solut ion 1 and f rom 
--0.85 to --0.95V in solut ion 2. 

Calculated values  of the  cathodic charge (Q) con- 
sumed for the reduct ion  of the anodic film of d --~ 1 
nm and. an a rea  of 1 m 2 in three  consecutive s teps 
A-B, B-D, and D-Me are  collected in Fig. 15 and 16 for 
solut ion 1 and 2, respect ively.  These graphs  corre la te  
values of (AQ/hd)red with  pass ivat ion  potent ia ls  and 
t ime. 

The (hQ/~d)red values  for the B-D step app ly  to al l  
potent ia ls  s tudied because a l inear  dependence  exists  
be tween  film thickness  and charge.  Fo r  the  A - B  and 
D-Me steps, average  values  were  considered for  each 
ind iv idua l  step, in accordance  wi th  the fact  tha t  no 
l inear  dependence  exists  be tween  d and Q. 

It  follows f rom Fig. 14 that:  
1. The hQ/Ad ra t ios  dur ing  the  D-Me s tep are  

grea te r  in solut ion 1 c o m p a r e d  with  those in solut ion 2, 
but  the opposite is t rue  for the B-D step. For  the  A - B  
step, both  solutions give r ise to s imi la r  values  of ~Q/ 
hd. 

2. Fo r  a l l  the  reduct ion steps, the hQ/hd  ra t ios  in -  
crease wi th  increas ing oxidat ion  potent ia l  and passi-  
r a t i on  t ime. The influence of potent ia l  is most p romi -  
nent  in step A-B.  At  cons tan t  oxidat ion  t ime,  5Q/hd,  
for both  steps A-B  and B-D, is a l inear  funct ion of 
potent ia l  s ta r t ing  f rom about  0.0 V in solut ion 1 and 
about  --0.2V in solut ion 2. The difference in hQ/hd 
obta ined  for  specimens oxidized in solution 2 for 30 
and 60 min are  insignificant.  

Discussion 
In  Table I, ca lcula ted  values a re  given for the ca th-  

odic charge necessary  to reduce a uni t  volume of film 
containing a definite compound of iron. Charges  con- 
sumed for reduct ion f rom Fe 3+ to Fe2+ and f rom Fe  '~+ 
to Fe  ~ are  l is ted in the uppe r  and lower  pa r t  of the  
table,  respect ively.  

Since it is possible tha t  at  potent ia ls  more  negat ive  
than  those corresponding to point  D, Fe s+ could be 
reduced  to Fe ~ and the f ract ion of  the cathodic charge 
could be consumed in the reduct ion of hydrogen  ions, 
on ly  s teps A - B  and B-D, dur ing  which the above two 
react ions could not  occur, wi l l  be discussed here.  

Comparison of the theore t ica l  charges given in the 
upper  pa r t  of Table  I wi th  those found expe r imen ta l l y  
(Fig. 14) indicates  tha t  in most cases the l a t t e r  are  
much g rea te r  than the former.  Only  for low oxidat ion  
potent ia ls  and shor t  oxidat ion  t imes are  the exper i -  
men ta l  resul ts  close to the theore t ica l  data.  There  are  
two l ike ly  reasons for  this difference in charges:  (i)  
dur ing  film growth  and reduct ion,  roughening  of the  
sur face  takes  place, and (ii) reduct ion to Fee+ p ro -  
ceeds f rom an oxidat ion  degree higher  than  Fe~+. 

Considerat ions  based on the resul ts  of e l l ipsometr ic  
measurements  and  on ten ta t ive  calculat ions of the 
most p robab le  var ia t ions  in the roughness coefficient 
have  led to the conclusion that  surface roughening  
alone could not  be responsible  for the  observed excess 
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of cathodic charge consumed. Fo r  example ,  increased 
pass ivat ion potent ia l  has been found to increase the  
ref rac t ion  index sl ightly,  whi le  surface roughening  
produces  an opposite effect. A l though  surface roughen-  
ing can p r o b a b l y  occur dur ing  both  anodic and cath-  
odic reduct ion  (3), this fact  is expected to have an 
insignificant effect on the cathodic charge consumed. 

Much more  impor t an t  effects might  be expected  if 
reduct ion  f rom an oxida t ion  degree  h igher  than  Fe  3+ 
occurs. 

The occurrence of highly oxidized iron compound in 
passive films was p resumed b y  severa l  authors  (3, 14, 
15). Accord ing  to Nagayama  and Cohen (3),  the  i n t e r -  
na l  (i.e., i r on -adhe ren t )  l aye r  of the  film is composed 
of Fern4, while  the ex te rna l  l ayer  is composed of Fe20~, 
bu t  contains i ron oxidized to Fe e+ on the surface. 
Konno and Nagayama  (13) claim tha t  in the ou te r -  
most film l aye r  the  average  oxidat ion  degree  signifi-  
can t ly  exceeds that  of Fe3+. Using XPS method,  they  
found an average  valence  of iron in the film equal  to 
3.59. Higher  oxida t ion  degrees  have also been assumed 
by  Chen et al. (15), and others.  

Taking into considerat ion the occurrence of h igher  
oxidized iron (above Fe  8+) in the ex te rna l  pa r t  of 
film, average  oxida t ion  degrees (v) were  ca lcula ted  
assuming different  values  of the  roughness  coefficient 
( r ) .  For  r :__ 1, high, unreal is t ic  values were  obtained.  
I f  r --~ 1.5 was assumed, the computed  v value was 
s l ight ly  h igher  than  3 +  for the reduct ion step and 
s l igh t ly  lower  than  3 +  for the B-D step. A t  longer  
oxida t ion  times, and h igher  anodic potent ials ,  h igher  
v values were  obtained.  The v values  obta ined  for  
r ---- 1.5 seem probab le  and are  lower  than  those found 
by  Konno and Nagayama  (14). 

As ment ioned before,  four  dis t inct  s tages are  ob-  
served dur ing  both  the  anodic oxidat ion  and the ca th-  
odic reduct ion  of oxide  film. In  addit ion,  a t  film th ick-  
nesses corresponding to the character is t ic  points  B 
and C, the  reduct ion potent ia ls  are  independen t  of 
both  oxidat ion  potent ia l  and t ime. Since, at  the charac-  
ter is t ic  points  B and C, the film thicknesses ob ta ined  
from measurements  of  the  change in d vs. t dur ing  
anodic oxidat ion,  and f rom the changes in d vs. E d u r -  
ing cathodic reduct ion,  are  the same, it  can be deduced 
that  dur ing  oxidat ion  Stages II, III ,  and IV at  a given 
anodic potent ial ,  no substant ia l  change in film com- 
posi t ion occurs, i r respect ive  of  t ime  of oxida t ion  and 
reduct ion.  

There  is no agreement  in the  pe r t inen t  l i t e ra tu re  
regard ing  e lec t rochemical  reac t ions  responsible  for  two 
waves  on the E vs. t curve dur ing  cathodic reduct ion  
of passive films at  constant  cur ren t  density.  

I t  seems reasonable  to assume that  a bend appears  
in the g vs. t plot  when a character is t ic  po ten t ia l  is 
reached at  which the film adopts  cer ta in  specific p rop -  
er t ies  (composition, conduct ivi ty,  dens i ty)  l ead ing  to 
a subs tant ia l  change in the  mechanism and ra te  of the  
fu r the r  process of oxidat ion  or  reduct ion.  I t  would  be 
p r e m a t u r e  to specula te  on the ac tua l  composi t ion and 

Table I. Calculated cathodic charge necessary to reduce a unit volume of film containing a definite compound of irn. 

Compound (~_~.) [ C red m-'~m ] d i t tos  ] Mw Type of reaction 

FesOs  6.34 5.24 159.70 FesOs  ~ 2 F e  ~+ 
FesOa  6.04 5.00 159.70 FesOs  -~ 2 F e  s+ 
Fe~O, 4.32 5.18 231.50 Fe~O, -~ 3 F e ~  
F e O O H  4.44 4.09 88.63 F e O O H  ~ F e  2+ 
FesO2.5OH 5.33 4.66 168.70 FesO~.5OH -~ 2Fe~" 
FesO~.5OH 5.72 5.00 168.70 F e s O ~ 5 O H  ~ 2 F e ~  
F e ( O H ) a  3.25 3.60 106.87 F e  ( O H ) z - ~  F e  2§ 
F e  ( O H  ) s 2.20 2.44 10,6.87 F e  ( O H  ) 8 ~ F e  s+ 

FesO8 12.68 5.24 159.70 Fe2Os ~ F e  2§ + F e  ~ 
FesO4 8.64 5.18 231.50 Fe~O,-~ 2Fe ~ + Fe* 
Fe~O~ 12.96 5.18 231.50 Fe~O4--~ F e  ~ + 2 F e  ~ 
FesO4 17.28 5.18 231.80 F e s O j  ~ 3Fe*  



VoL I3I,  No. 3 I N V E S T I G A T I O N S  O F  P A S S I V E  F I L M S  I I  505 

s t ruc ture  of the film having these character is t ic  p rop -  
ert ies.  

Conclusions 
1. In bora te  solut ion of pH 8.45, the cathodic charge  

consumed for the reduct ion of passive film is g rea te r  
than  the theote t ica l ,  ca lcula ted  charge. 

2. The charge consumed for reduct ion of passive 
film is g rea te r  for h igher  oxidat ion  potent ia ls  and 
longer  oxida t ion  times. 

3. The charge consumed for reduct ion of passive film 
in bora te  buffer solut ion of p H  8.45 depends  on the 
concentra t ion of H3BO~ and Na2B407 and is less in 
the more  concent ra ted  solut ion 2 than  in the  di lute  
solut ion 1. 

4. At  cer ta in  character is t ic  thicknesses of the pas -  
sive film, which  correspond to changes in the g rowth  
of the film dur ing  its formation,  inflections of the Ered 
VS. t and Ered VS. d curves are  observed.  These charac-  
ter is t ic  film thicknesses occur at constant  potent ia ls  
independen t  of e i ther  the oxidat ion  potent ia l  or  t ime. 

Manuscr ip t  submi t t ed  Jan. 11, 1983; rev ised  m a n u -  
scr ip t  rece ived  Sept.  23, 1983. 
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Atmospheric Sulfidation of Copper Alloys 
I. Brasses and Bronzes 

G. W. Kammlott, J. P. Franey, and T. E. Graedel 

AT&T Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Although it is widely recognized that copper  alloys are subject  to sulfidation upon exposure to the atmosphere,  the 
information available on the sulfidation rates of these alloys has come largely from field exposures under  uncontrolled 
conditions.  To gain more definitive information on the rates and processes involved in atmospheric  sulfidation of copper 
alloys, we exposed nine copper  alloys (brasses, nickel-subst i tuted brasses, and other common compositions) to low concen- 
trations of hydrogen sulfide in humidif ied air. Among the specific results are the following. (i) The resistance to 
sulfidation of the brasses was 50-100 times better  than that  of pure copper. (ii) The substi tut ion of nickel for part  or all of the 
zinc produces  alloys even more resistant to sulfidation for low to moderate  exposures; at longer exposures their  behavior is 
mixed. (iii) Beryll ium copper  and phosphor  bronze are somewhat  more resistant to sulfidation than copper except  for long 
exposures,  when all three behave similarly. (iv) A silicon bronze sulfidized more rapidly than copper for most  exposure  
periods. (v) Alloying copper with 10% a luminum yields an alloy with a sulfidation resistance nearly as good as the brasses. 
These results are discussed in conjunction with the information available on oxide growth on these alloys, and it is demon- 
strated that the sulfidation resistance of the alloys is quite similar to their resistance to oxidation, once an initial oxide film 
has formed. The degree to which the surface oxide film inhibits copper diffusion is thus reflected in the oxidation and 
su]fidation behavior of a given alloy. The results indicate that the performance in sulfidizing environments of equipment  
containing copper alloy components  or parts can thus be markedly  influenced by the part icular  alloys selected by the phys- 
ical designer. 

Unal loyed  copper  is va lued  h igh ly  as a me ta l  be -  
cause of i ts h igh  e lect r ica l  conduct iv i ty  and ease of 
fabr icat ion.  Among the d isadvantages  for cer ta in  ap-  
pl icat ions are  its re la t ive  softness and its suscept ib i l i ty  
to cer ta in  forms of a tmospher ic  corrosion. These dis-  
advantages  can be minimized,  however ,  by  a l loying  
the  copper  wi th  other  meta ls  to form harder ,  more  
cor ros ion- res i s tan t  al loys while  re ta in ing  much of 
copper ' s  good workab i l i t y  proper t ies .  

Among  the t race  gases presen t  in the a tmosphere ,  
those conta in ing sul fur  in a reduced chemical  s ta te  
a re  often the  most de t r imen ta l  to copper.  The cuprous 
sulfide that  forms under  a tmospher ic  condit ions de -  
grades  its e lect r ica l  and mechanica l  surface proper t ies ,  
as wel l  as its appearance .  Al though  the rates  of sulf ida- 
t ion of the copper  al loys are  gene ra l ly  considered less 
rap id  than  that  of pure  copper  (1, 2), few quant i t a t ive  
da ta  a re  avai lable .  In  a relate.d paper  (3), we repor t  
on studies of the sulf idat ion of coppe r -n i cke l - t i n  al loys 
by  hydrogen  sulfide (H2S), one of the most  react ive  of 
a tmospher ic  corrodants .  In  this paper ,  we descr ibe  
s imi lar  studies dea l ing  with  severa l  brasses  and re la ted  
nickel  alloys, toge ther  wi th  common al loys of copper  
conta ining the e lements  a luminum,  bery l l ium,  phos-  

phorus,  and silicon. Taken  together,  the  studies provide  
quant i ta t ive  informat ion  on the sulfidation charac te r -  
istics of v i r tua l ly  a l l  the copper  a l loy families,  inc lud-  
ing most of the common mate r ia l s  in indus t r ia l  use. 

Experimental Technique 
Sample characteristics.--Nine different  al loys were  

se lected for this s tudy;  the i r  character is t ics  a re  p r e -  
sented  in Table  I. Five of the al loys form a group 
composed of  brasses (copper-z inc  a l loys) ,  a l loyed 
brasses (al loys of copper,  zinc, and <4% addi t ional  
e lements ) ,  and alloys in which  nickel  has been sub-  
s t i tu ted  for par t  or al l  of the zinc (nickel  si lver,  copper  
n icke l ) .  The remain ing  four  al loys were  chosen to 
exp lo re  the sulf idat ion behavior  of copper  a l loyed wi th  
other  metals .  In  addi t ion to the e lements  shown in 
Table I, smal l  ( < 1 % )  amounts  of o ther  meta ls  (Pb, Fe, 
etc.) are typica l  const i tuents  of some of these alloys.  

The al loys were  p rocured  in a va r i e ty  of commer -  
c ia l ly  avai lab le  forms. Al loys  17200, 46400, 51000, 63000, 
and 65500 were  received as 2.5 cm d iam rods. Al loys  
44300 and 71500 were  rece ived  as 2.4 cm d iam tubes 
wi th  wal l  thicknesses  of ~0.2  cm. Al loys  26000 and 
75200 were  rece ived  in sheet  form. Wafers  were  cut  
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Table I. Characteristics of samples 

Properties  

Designation Composition (w/o) Rockwell Hardnessw 

CDA Coder Common name Cu Zn Ni Sn Other Typical This work Corrosion resistance* 

46400 Naval brass 60 39 1.0 B55-95 B69 F-E 
75200 Nickel  s i lver 65 17 18 0.5 Mn, 0.3 Fe B40-90 B26 E 
71500 Copper nickel  65 1 32 1.0 Mn, 1.0 Fe B35-80 B85 E 
260 ( }0  Cartridge brass 70 30 Bll-93 B93 F-E 
44300 Admiralty  brass 71 27 1.0 0.8 As  B37-73 B88 G-E 
17200 Beryl l ium copper 98 2.0 Be B58-99 B96 G-E 
51000 Phosphor bronze 94 0.3 5.0 0.3 P B26-97 B79 G-E 
65500 Silicon bronze 95 1 0.6 3.2 Si, 1.0 Mn B40-95 B93 G-E 
63500 Aluminum bronze 85 0.3 0.2 10 A1, 3.0 Fe, 1.5 Mn B96-98 B97 G,E 

* From Smith (4) : F = fair, G = good, E = excellent. In the discussion section, the  differences and similarities between these  
ratings and our results are described, t Designation system administered by the Copper Development  Association. w Typical values  
are from Ref. (31). Values of samples used m this work were  determined following the complete  surface preparation and polishing 
sequence. 

from the rods and sectioned, producing  wedge- shaped  
samples  of rad ius  1.2 cm. The tubes were  opened by  
a s ingle cut along thei r  axes, rol led flat, and cut to 
produce  samples  of dimension 1.0 cm • 1.0 cm. The 
s h e e t  samples  were  cut to sizes s imi lar  to those of the 
tube samples.  

The sample  hardness  was measured  wi th  a Wilson 
Hardness  Tester,  Model  no. 3JR-PL,  using a 100K 
Rockwel l  B scale. Al loy  75200, which had the lowest  
hardness  value,  was fur ther  examined  wi th  a Wilson 
Superficial  Hardness  Tester,  Model no. 3JS, using a 
15T scale. The resul t ing  values  are  given in Table I. 

Al though l i t t le  quant i ta t ive  informat ion  on the su l -  
f idation rates  of any  of these al loys is avai lable ,  qual i -  
ta t ive  assessments  of the i r  corrosion resis tance have 
been presented  b y  Smi th  (4). These assessments,  r e -  
produced in the last  column of Table I, suggest  that  
t h e  corrosion resis tance of most of the mater ia l s  is 
sat isfactory,  a l though al loys 46400 (naval  brass)  and 
2 6 0 0 0  (car t r idge  brass)  r a n k  below the  o ther  mater ia ls .  
Smith ' s  ra t ings  apply ,  of course, to genera l  field ser-  
vice r a the r  than  to exposure  to a s ingle corrosive 
species (as we s tudy) .  We compare  his assessments 
wi th  our own resul ts  l a te r  in this paper .  

Sample preparation.--The reproduc ib i l i ty  of a tmo-  
spher ic  corrosion is influenced m a r k e d l y  by  the surface 
p repara t ion  of the samples  (5, 6). Careful  and con- 
sistent  sample  p repa ra t ion  is thus vi ta l  if corrosion 
exper iments  a re  to be of m a x i m u m  usefulness.  Our 
approach  to sample  p repa ra t ion  was to cut the samples  
to the des i red  size, anneal  t hem if desired,  and then 
p repare  the surfaces by  mechanica l  pol ishing tech-  
niques. The first s tep in the polishing process was wet  
smoothing on 600 gri t  A1~O3 paper.  This was fol lowed 
by  sequent ia l  wet  pol ishing with  A1203 powders  (7). 
This pol ishing sequence y ie lded  a surface wi th  mean  
roughness  ~0.3 ~m. Repl icate  samples  produced b y  
this technique showed var ia t ions  in sulfidation ra te  of 
~2%,  much less than that  of rep l ica te  samples  p re -  
pa red  by  e tch ing  techniques (8). 

Sample exposure.--Nine samples  of each of the nine 
al loys were  exposed to hydrogen  sulfide in wet a i r  
for per iods  ranging  f rom 1-170h. The thicknesses of 
the sulfide films which formed were  then de termined.  
In  severa l  cases, sulfidation behavior  that  was pa r -  
t i cu la r ly  in teres t ing  led us to expose addi t ional  sam-  
ples to s tudy  that  behavior  in more detail .  As a result ,  
this analysis  is based on resul ts  f rom a to ta l  of 100 
samples.  

The corrosive env i ronment  to which the samples  
were  exposed consisted of 3.0 __ 0.2 par ts  per  mil l ion 
(ppm)  of hydrogen  sulfide gas in humidif ied a i r  (RH ---- 
93 • 3%) at room tempera tu res  (20 ~ • I~  H2S con- 
centra t ions  h igher  than  a small  f ract ion of a ppm are  
ra re  in field envi ronments  (9). I t  has been repor ted ,  
however ,  tha t  the  sulf idat ion of pu re  copper  is a l inea r  

function of to ta l  H~S exposure  (10). I f  we assume this 
dependence  to hold also for copper  alloys, we can use 
H2S concentrat ions  h igher  than  ambien t  levels to 
accelera te  the  ra te  of sulfidation (i.e., to shor ten  t h e  
exposure  t ime)  of the  alloys.  

The detai ls  of the mul t ipo r t  corrosion exposure  
chamber  and its accessories are  descr ibed e lsewhere  
(11) ; we summar ize  them briefly here  for convenience.  
Each of the samples  was a t tached to a flexible inser t  
sized to fit one of the por ts  of the exposure  chamber ;  
this pe rmi t t ed  samples  to be inser ted  and wi thd rawn  
r ap id ly  and wi thout  not iceably  a l te r ing  the corrosive  
environment .  Control  of the  H2S concentra t ion in the 
chamber  was achieved by  using po lymer  permeat ion  
techniques.  The wate r  content  of the a i r  was var ied  
by  ad jus t ing  the por t ion  of the a i r  supp ly  tha t  passes 
th rough  the humidifier .  A dew point  hygromete r  and 
hot  wire  anemomete r  moni tored  the dew poin t  and 
flow ra te  continuously.  Each sensor  was sampled  pe-  
r iodica l ly  th roughout  the exposure  per iod  by  a ded i -  
cated desktop computer  system; the resul t ing  values 
for  the  exposure  condit ions were  der ived  f rom s ta-  
t is t ical  analyses  of these data.  

Sample examination and analysis.--The morphology 
of the copper  sulfide films was s tudied wi th  a K e n t -  
Cambr idge  2A scanning e lect ron microscope equipped 
with  a so l id-s ta te  x - r a y  detector  and a mul t ichanne l  
analyzer .  The thicknesses of the corrosion films were  
de te rmined  b y  energy-d i spers ive  x - r a y  analysis  
(EDXA).  The p repa ra t ion  of thickness s tandards  nec-  
essary  for this method is discussed e lsewhere  (12). The 
ca l ibra t ion  curve tha t  resul ted  re la ted  the rat io  of 
intensi t ies  of sulfur  and copper  x - r a y s  to the thickness 
of the  Cu~S sulfidation film. The thickness values  were  
accurate  to •  or •  rim, whichever  was smal ler .  

Results 
The sulfidation of the three  brasses is shown in 

Fig. 1, together  wi th  da ta  prev ious ly  acquired (8) on 
the sulfidation of "oxygen-f ree ,  high conduct iv i ty"  
copper  (99.99% pure ) .  I t  is apparen t  that  the sulf ida- 
t ion rates  of the brasses are  al l  lower  than  tha t  of 
copper,  and that  the ra tes  of the brasses are  r a the r  
closely grouped.  The highest  of the three,  ca r t r idge  
brass  (a l loy 26000), has a sulf idat ion ra te  about  1 / 5 0  
that  of copper. This pe r fo rmance  is s ignif icant ly be t t e r  
than  that  of car t r idge  brass  on a l ong - t e rm f ie ld-ex-  
posure test  (13). Since both sulfidation and chlor ida-  
t ion of samples  are common in field exposures,  this 
resul t  may  suggest  that  the  resistance of a l loy 2 6 0 0 0  
to sulfidation is be t te r  than  its resis tance to chlor ida-  
tion. A d m i r a l t y  brass  (a l loy 44300), which differs f rom 
car t r idge  brass  chiefly in the subst i tut ion of ~1% t i n  
and ,~1% arsenic for ~2% zinc, shows essent ia l ly  the  
same sulfidation rate.  The best  resis tance to sulf idat ion 
is d i sp layed  b y  nava l  brass  (a l loy 46400), in which the 
copper  is a l loyed wi th  zinc to a h igher  percentage  t h a n  
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The sulfidation of copper is known to be markedly  
reduced by  alloying the copper with nickel (13). In  
Fig. 2, we explore the sulfidation of alloys s imilar  to 
nava l  brass in  degree of alloying, but  with nickel  
subst i tuted for half  (nickel silver, alloy 75200) or 
near ly  all (copper nickel, ahoy 71500) of the zinc. At  
the shorter  exposures, the addit ion of nickel reduces 
the sulfidation rate below even that of naval  brass. 
The low hardness of alloy 75200 (Table I) is consistent 
with its measured average grain size of 0.09 mm, a 
size that  is characteristic of a ful ly annealed material .  
Thus, the sulfidation resistance may be somewhat en-  
hanced by  anneal ing.  At longer times, the sulfidation 
rate of alloy 75200 becomes equal to that  of nava l  
brass. For the longest exposure, the rate of alloy 75200 
sulfidation exceeds that  of nava l  brass. Similar  poor 
performance at long exposure times has been seen in 
a similar alloy exposed to field envi ronments  (14). 
Alloy 71500 shows superior sulfidation resistance at 
low and moderate exposures, but  the sulfide film thick- 
ness increases rapidly  near  E = 70 ppm �9 h to near ly  
that  of copper. Our  data provide quant i ta t ive  support  
for LaQue and Copson's s ta tement  (13) that  "the high- 
zinc brasses and the nickel  silvers are more resis tant  
to ta rn ishing than copper," at least for low and mod-  
erate exposures. 

The samples with smal ler  fractions of al loying corn- 

Fig. 1. Cuss film thickness as 
a function of total exposure {the 
product of exposure time and 
H2S concentration) for pure cop- 
per and for three common 
brasses: cartridge brass (alloy 
26000), admiralty brass (alloy 
44300), and naval brass (alloy 
46400). The estimated error bars 
are shown for each data point. 
The linear and quadratic lines 
on this and the following graphs 
are least squares fits to the data 
points, except that the final 
alloy 26000 point is eliminated 
from the fit (see text). Alloy 
samples receive a total HsS ex- 
posure of 10 ppm �9 h in about a 
year's time at the average urban 
location (8). 

ponents showed considerable variation in their sul- 
fidation behavior. In Fig. 3, the sulfidation of copper 
is compared with those of two a11oys containing about 
95% copper: phosphor bronze (alloy 51000) and silicon 
bronze (alloy 65500). The sulfidation rates of all  three 
materials  are rather  high. That  of silicon bronze is very 
similar  to that of copper, both showing a steady in= 
crease in sulfidation followed by  t ransi t ion to a l imi t ing 
sulfide thickness of ,-,250 n m  Cu2S under  our exposure 
conditions. These results are consistent with field ex- 
posure results for this alloy (13). The sulfidation be-  
havior of phosphor bronze is quite different. At low to 
moderate exposures it is significantly more resistant  
to sulfidation than are the other two materials.  At 
E ,-- 20 ppm �9 h, its sulfidation rate increases suddenly 
to that  of cop~per, which it follows thereafter.  

Figure 4 compares copper sulfidation with that  of 
bery l l ium copper (alloy 17200) and a luminum bronze 
(alloy 63000). The resistance to sulfidation of the a lu-  
m i num bronze is much bet ter  than that  of copper, 
ra ther  close to that of the brasses, and monotonic 
throughout,  as has been seen for similar  alloys in field 
tests (13). The bery l l ium copper sulfidizes at a rate 
about a factor of five below that  of copper for low 
and moderate exposures, bu t  at E _-- ,~10 ppm �9 h, the 
rate suddenly increases to that  of co~)Der, which it 
follows thereafter.  Although alloys 51000 and 71500, 
and possibly 260.00 and 75200, exhibit  somewhat  the 
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ALLOY 46400 

Fig. 2. Cu~S film thickness as 
a function of total exposure for 
copper, naval brass, and for 
alloys in which nickel is sub- 
stituted for some or all of the 
zinc in an alloy of approximate 
naval brass composition: nickel 
silver (alloy 75200) and copper 
nickel (allay 71500). The fitted 
lines in the lower right graph 
were clone without the final 
point (alloy 75200) and final 
three points (alloy 71500) so as 
to summarize the low and mod- 
erate exposure data. 
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same characteristics in their  sulfidation rates, tl~e rate 
behavior  of alloy 17200 is the most clearly defined sig- 
moid in our data. 

To summarize the data, of the n ine  alloy samples 
tested, five (26000, 44300, 46400, 63000, and 75200) are 
markedly  superior to copper in resistance to sulfidation, 
one (65500) is similar to copper in that  respect, and 
three (17200, 51000, and 71500) exhibit  behavior  
superior to copper at low and moderate exposures and 
essentially equal to that  of copper for higher exposures. 

Discussion 
The results of this work demonstrate  that the com- 

mon brasses are one to two orders of magni tude  more 
resistant to H2S sulfidation than is pure copper. The 
subst i tut ion of nickel  for a port ion of the zinc pro-  
duces an alloy at least as resistant  to sulfidation as are 
the brasses. A l u m i n u m  also forms sulfidation resistant  
alloys with copper. The relative merits  of copper nickel 
(alloy 71500), phosphor bronze (alloy 51000), and 
bery l l ium copper (alloy 17200) from the s tandpoint  
of resistance to sulfidation depend largely on the use 
to which they are put. This is a consequence of the 
sigmoidal behavior  of their  sulfidation curves. Gener-  
ally satisfactory performance at low exposures gives 
way to performance similar  to that of copper at higher 
exposures. These sigmoidal curves, apparent ly  the 
first to be observed for sulfidation, are perhaps the 
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most in t r iguing feature of our data. They indicate the 
existence of at least three different regimes of sulfida- 
t ion behavior.  The first, at low exposures, is character-  
ized by moderate increases in sulfidation with exposure. 
The second, at in termediate  exposures, shows a rapid 
increase in the sulfidation rate with exposure, perhaps 
reflecting a breakdown in the protective oxide layer.  
The third, at long exposures, shows a t ransi t ion to a 
regime in which a l imit ing film thickness is approached. 
Sigmoidal corrosion curves have occasionally been seen 
in oxidation studies (15-18). The explanat ion given is 
that  the ini t ial  stage of oxide adsorption on the meta l  
surface is followed by the growth of oxide nuclei  (16, 
19-20). This growth is rapid, since the ini t ia l  resistance 
to nucleat ion has been overcome. Once the nuclei  have 
grown enough to coalesce, new oxide mus t  form atop an 
oxide layer, and the diffusion rate through that layer 
becomes the ra te- l imi t ing  step (16, 20). 

The si tuat ion in the present  case differs in that  the 
sulfide layer  must  be grown atop the existing oxide 
layer. [Auger analysis (21) shows that  there is very 
little growth of sulfide wi thin  the oxide layer or of 
addit ional  oxide growth dur ing sulfidation.] Diffusion 
of metal  ions through the oxide layer will  thus provide 
a relat ively uni form damping of the sulfidation rate in 
all  regimes. We envision the sequential  picture as 
follows. In  the first stage, individual  H~S molecules are 
adsorbed randomly  onto the oxide layer. When Cu2S 
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nuclei  become sufficiently wel l  fo rmed [p robab ly  at  
defect  sites in the  oxide la t t ice  or  at  surface  i m p e r -  
fections (8)] ,  more  r ap id  l a t e ra l  g rowth  occurs. This 
s tage ends when a coalesced sulfide l aye r  is fo rmed by  
the intersect ing,  growing Cu~S islands. The requ i re -  
merit  for Cu + diffusion through both the oxide and sul-  
fide layers  then produces  an exponent ia l  approach  to 
the sur face  film thickness produced  af ter  long ex-  
posures.  

A rema in ing  i tem of discussion is the re la t ionship  be-  
tween the sulfidation ra te  behav io r  of the  different  
al loys and the i r  composition. Li t t le  sulfidation re -  
search on these al loys is avai lable ,  but  thei r  oxidat ion  
has been inves t iga ted  fa i r ly  extensively.  The success 
of an a l loying  const i tuent  in minimiz ing  oxidat ion  is 
s t rongly  re la ted  to the  s t rength  and pe rmeab i l i t y  of the 
ini t ia l  oxide film that  forms on the a l loy (22). In  the  
case of a brass, a z inc- r ich  oxide layer  is fo rmed  
(23, 24); this l aye r  is r e l a t ive ly  imperv ious  to diffus- 
ing copper  ions and thus inhibi ts  both oxida t ion  and 
sulf idat ion (24, 25). Nickel  forms a mixed  oxide when 
a l loyed wi th  copper  (26-28) and is a good oxidat ion  in-  
h ib i to r  on ly  at  r e l a t ive ly  high (>10%)  concentra t ions  
(27, 29). Copper  r ich al loys wi th  a luminum form films 
of ~-A120~ which a l low modera t e  Cu + diffusion 
(30) ]. The effect of be ry l l ium is to form a thin pro tec-  
t ive film of BeO which pa r t i a l l y  inhibi ts  oxida t ion  (22). 
When  sil icon is a l loyed wi th  copper,  the  surface  film 
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Fig. 3. Cu2S film thickness as 
a function of total exposure for 
copper, phosphor bronze (alloy 
51000), and silicon bronze (al- 
loy 65500), two alloys that con- 
tain approximately the same 
percentage (-~95%) of copper. 
For ease in comparison, the two 
groups of data for alloy 51000 
close to the transition region 
are given separate linear fits 
and joined by eye. 

is l a rge ly  SiO2 (18), but  it  is both  pe rmeab le  to copper  
ions and subject  to rup tu re  (18) and thus  pcovides 
l i t t le  oxidat ion  protec t ion  (30). 

The da ta  we have presented  indicate  tha t  the sulf ida- 
t ion resis tance of the copper  al loys is quite s imi l ia r  to 
the i r  resis tance to oxida t ion  fol lowing the format ion  of 
the ini t ia l  surface oxide film. Since each process in-  
volves the diffusion of copper  ions f rom the bu lk  ma-  
te r ia l  through the oxide layer ,  i t  is c lear  that  this  diffu- 
sion is ra te  l imi t ing for most  of the sulfidation ex-  
posures in our  work.  Some of the  influences of a l loy 
composit ion on corrosion m a y  reflect thei r  ind iv idua l  
react ion and diffusion character is t ics .  Fo r  example ,  
brasses are  known to lose zinc f rom surface layers  as 
par t  of the  corrosion process (2, 25, 32), a process 
which changes both the morpho logy  and composit ion 
of the surface layers.  In  a subsequent  study,  we wil l  ex -  
amine the re la t ionships  of sulfide l aye r  g rowth  to 
localized forms of corrosion and dea l loying  of samples  
exposed to control led  corrosive a tmospheres  in the  
labora tory .  

A final topic of in teres t  is the  comparison of our  re -  
sults wi th  the "corrosion resis tance" assessments  of 
Smi th  which appea r  in Table I. His qual i ta t ive  ra t ings  
suggest  that  the n ickel  al loys 71500 and 7520.0 have the 
highest  resiw tha t  car t r idge  brass  (a l loy 26000) 
and nava l  brass  (a l loy 46400) are  sometimes only  fair ,  
and tha t  the others  a r e  roughly  equiva lent  a n d  of high 
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Fig. 4. Cu~$ film thickness as 
o function of total exposure for 
copper, beryllium ,copper (alloy 
17200), and aluminum bronze 
(alloy 63000). For ease in com- 
parison, the groups of data for 
alloy 17200 close to the transl. 
tlon region are given separate 
linear fits and joined by eye. 
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corrosion resistance. For sUlfidation, at least, our quan- 
titative results (for sulfidation only, rather than for the 
more general field corrosion to which Smith's assess- 
ment applies) differ with some of Smith's ratings and 
permit more precise comparisons in all cases. At high 
exposures, the brasses are superior. Alloying with 
nickel in place of zinc produces mixed behavior. Alu- 
minum bronze is quite resistant to sulfidation, as is 
beryllium copper at low and moderate exposures. Phos- 
phor bronze is relatively poor except for low ex- 
posures. Alloying with silicon appears to be of no 
advantage from a sulfidation resistance standpoint. 

It is apparent that there are wide differences in sul- 
fidation susceptibility among the common industrial 
alloys of copper, and that physical designers concerned 
with such susceptibility can greatly improve the sul- 
fidation resistance of their designs by careful selection 
of the appropriate copper alloy. 

Manuscript submitted Dec. 10, 1982; revised manu- 
script received June 6, 1983. 

AT&T Bell Laboratories assisted in meeting the 
publication costs ol this article. 
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Atmospheric Sulfidation of Copper Alloys 
II. Alloys with Nickel and Tin 

G. W. Kammlott, J. P. Franey, and T. E. Graedel 

AT&T Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

In order to assess quanti tat ively the sulfidation characteristics of industr ial ly used alloys of copper, we have exposed a 
variety of copper-nickel-t in alloys as well as the pure metals to hydrogen sulfide in humidified air. The thicknesses of the 
result ing sulfide films were then detei 'mined. Nickel and tin were very resistant to sulfidation and copper  alloys con- 
taining at least a combined  total of 8% of these metals were resistant as well. The rate of sulfidation for the 92 CrY4 Ni/4 Sn 
alloy is decreased with respect  to copper  by a factor of about four for moderate  exposures. The rate continues to decrease as 
more alloying metal  is added  to the copper, reaching an equivalent rate of <0.2 nm Cu2S yr -1 for an alloy of 78 Cu/15 Ni/8 Sn in 
a typical  field environment.  The content  of nickel in the alloy appears to be more important  to the inhibition of sulfidation 
than the tin content.  A spinodal alloy after heat- treatment is less resistant to sulfidation than the same alloy as cold-worked. 
Annealed 725 alloy (89 CrY9 Ni/2 Sn) is more  prone to initial sulfidation than is the same alloy when work hardened. The 
results of this and earlier work demonst ra te  that alloys of copper  containing at least 10% of any of the common alloying 
metals are some thir ty times more  resistant  to sulfidation than pure  copper. 

Pu re  copper  is sub jec t  to progress ive  sulfidation upon 
exposure  to a tmospher ic  envi ronments  containing r e -  

a c t i v e  sul fur  compounds.  Some of its al loys are  much 
more  corrosion resis tant .  Exper ience  has demons t r a t ed  
t h a t  al loys conta ining more  than  a few percen t  of 
n ickel  a re  r e l a t ive ly  t a rn i sh - f ree  under  normal  use 
conditions.  This qua l i ta t ive  knowledge  is often insuffi- 
cient, however ,  as when a mate r ia l s  scientist  a t tempts  
to pred ic t  an ahoy ' s  behavior  in a severe  corrosive en-  
v i ronmen t  or  when new al loys are  p r epa red  for which 
n o  field exper ience  exists.  

The object  of the presen t  work  is to p rov ide  quan t i -  
ta t ive  informat ion  on the a tmospher ic  sulfidation of 
severa l  t e r n a r y  al loys of copper,  toge ther  wi th  the base 
metals.  Because of the i r  indus t r ia l  ut i l i ty ,  especia l ly  for  
e lect r ica l  and electronic applicat ions,  we have pe r -  
fo rmed corrosion expe r imen t s  on "copper, nickel,  and 
tin, and  on c o p p e r / n i c k e l / t i n  t e r n a r y  al loys of va ry ing  
composition, spinodal  s t ructure ,  and hardness.  The re -  
sults of those exper iments  a re  descr ibed here.  In  a 
companion paper  (1), we descr ibe  the  resul ts  of s imi-  
l a r  exper iments  on al loys of copper  wi th  zinc, silicon, 
bery l l ium,  and a luminum.  

Experimental Technique 
The meta ls  and alloys selected for these exper imen t s  

a r e  represen ta t ive  of a va r i e ty  of spinodal  and non-  
spinodal  mate r ia l s  in common indus t r ia l  use. Their  
p roper t ies  are  summar ized  in Table  I. Our  exper imen t s  
included s imul taneous  exposure  of copper  meta l  to 
provide  a base l ine against  which the sulf idat ion of the  
samples  could be compared.  The copper  was of the  
"oxygen-f ree ,  h igh conduct iv i ty"  type  of 99.99% 
pur i ty .  Nickel  and t in meta l s  were  also exposed  in -  

dividually so that their sulfidation sensitivities could 
be assessed; both were 99.99% pure. The alloys were 
taken from manufactured Stock. Their compositions 
are accurate to �89 %. 

The samples used in the experiments had surface di- 

mensions of about 1 • 2 cm and were about 2 mm 
thick. Surface preparation of the samples, exposure to 
corrosive environments, and post-exposure examina- 
tion and analysis followed techniques previously de- 
scribed (1). 

Table I. Properties of samples 

Designation Nominal 
composition (w/o) Percent 

CDA Common cold- 
coder  n a m e  Cu Ni  Sn Other  werk~  Hardness*  

11000 Copper 100 35-40 52 RB 
N i c k e l  - -  100 - -  - -  0 5.3 Brinnel l  
Tin ~ -- 100 -- 0 70 Vickers 

72600 4/4  92 4 4 - -  75-78 84 Rs  
72700 9/6  85 9 6 - -  75-78 31 Rc 
72800 10/8 82 10 8 - -  75-78 38 Ro 
72900 15/8 77 15 8 - -  75-78 $7 Rc 
51000 Phosphor  

bronze  95 - -  5 0.2P 50-60 93 R s  
72500 Work-  

h a r d e n e d  89 9 2 - -  21 85 RB 
72500 A n n e a l e d  89 9 2 - -  0 27 R s  
72700 9/6  

Spinodal  85 9 6 - -  75-78 43 Re 

t Des ig na t io n  s y s t e m  a d m i n i s t e r e d  by  Copper  D e v e l o p m e n t  As-  
sociat ion.  

F r o m  Ref .  (16) .  
* RB and Re va lues  r e f e r  to the  R o c k w e l l  B and C scales ,  and 

w e r e  m e a s u r e d  as part  of  this  wo rk .  T h e  Brinnel l  and  V i c k e r s  
va lues  are  f r o m  Ref .  (15) .  
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Results 
Sulfidation ol nickel and tin metals.--The susceptibil-  

ities of unal loyed nickel and t in to sulfidation were 
examined by exposing samples of the metals to the cor- 
rosive env i ronment  for periods of as long as 3 weeks, 
i.e., to a total exposure of ~1500 ppm �9 h. Such an ex- 
posure is equivalent  to approximately a century of re- 
duced sulfur  exposure in a typical  env i ronment  or to 
approximately 10 yr in an extremely corrosive envi ron-  
ment  (2). The surfaces of these samples did not  un -  
dergo degradation visible to the naked eye dur ing that  
period, nor was any sulfur  detectable by SEM/EDXA 
techniques. These results set upper l imits of ~0.2 nm 
to the amount  of sulfide film present  on the samples. 
Since less than 5 min  in such an env i ronment  is suffi- 
cient to grow 1 nm of sulfide film on copper, the sulfi- 
dation rates of nickel and t in under  our conditions are 
less than i0 -4 that of copper and may be disregarded 
in our subsequent  analyses. Such low sulfidation rates 
for nickel  and t in are qual i ta t ively consistent with the 
results of other investigators (3-6). 

Sulfidat~on ol Cu/Ni/Sn alloys of di~erent composi- 
t i o n . ~ T e r n a r y  alloys of copper, nickel, and t in custom- 
ari ly consist of ~75  weight percent  (w/o)  copper. The 
nickel to t in ratio is general ly between one and two. 
For our tests, we selected four alloys in commercial 
use, as shown in Table I. The nickel content of the 
alloys ranged from 4 to 15 w/o, and the total alloying 
metals content  from 8 to 23 w/o. The sulfidation of these 
alloys upon exposure to the H.~S atmosphere is shown 
in Fig. 1. It  is evident  that  the resistance to sulfidation 
increases with decreasing copper content. The vertical  
l ine labeled E~ is the total  exposure received in a 10 
yr  period at a typical field H2S concentrat ion of 1 
ppb (2). Although clearly a crude approximation of a 
l ifetime exposure, the intercepts of the fitted curves 
with this exposure l ine suggest that for alloys contain-  
ing at least 15% of the alloying metals, <10 nm of sul-  
fide film can be expected dur ing  a 10 yr exposure to 
a field env i ronmen t  with typical  concentrat ion of re-  
duced sulfur  gases. ( In  general,  of course, other 
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Fig. 1. Film thickness as a function of total exposure for Cu/Ni /  
Sn ternary alloys. The lines on this and most of the following graphs 
are least squares fits to the logarithms of the data points. That for 
the 72600 alloy is fit only to the first five data points (see discus- 
sion of Fig. 3 in text). 

corrosive agents are present  as well, so our results are 
probably lower limits to the corrosion anticipated in 
field service.) 

To show the dependence of sulfidation on alloy com- 
position m more detail, and for comparison of the re- 
sults with those for pure copper, Fig. 1 also includes 
a vertical  l ine at a total exposure of 2.5 p p m .  h. (At 
this exposure, the te rnary  alloy sulfidation has pro- 
ceeded far enough for the differences to be dis- 
tinguished, while that for copper has not yet  reached 
the exponent ial  fall-off region).  Using the intercepts 
of the fitted curves with the E2.~ line, we then proceed 
to plot in Fig. 2 the film thickness (r as a function of 
nickel content. The data have the form 

log (42.5) : 1.70 -- 0.15I [1] 

where (I) is the nickel content  in weight percent. The 
sulfidation rate is decreased by about a factor of four 
from that  of pure copper for the 72600 alloy; this factor 
becomes approximately two hundred  as the content  of 
alloying metals is increased to 15 Ni/8 Sn. 

EfJect ol individual alloy constituents on sulfidation. 
inTo examine in more detail  the effects on sulfidation 
of the nickel content  of the alloy, exposures were 
conducted with samples of phosphor bronze, an alloy 
containing ~5  w/o tin, a very small  amount  of phos- 
phorus, and no nickel. In  Fig. 3, the results of these 
exposures are compared with those of the 72600 alloy, 
which has near ly  the same tin content  as phosphor 
bronze, in addition to ~ 4  w/o nickel. We have noted 
previously (1) that  phosphor bronze shows sigmoidal 
behavior, as seen also in Fig. 3. Figure 3 shows that  sig- 
moidal behavior  appears to be a property of the 72600 
alloy as well, but  the rapid increase in the sulfidation 
rate occurs at about twice the exposure required to pro-  
duce the same effect in phoshor bronze. Thus it appears 
that the presence of the nickel reduces sulfidation sig- 
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Fig. 2. Film thickness (v/) as a function of weight percent nickel 
for E = 2.5 ppm/h. 
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Fig. 3. Film thickness us a function of total exposure for the 
72600 alloy (solid line) and for the 51000 alloy (dashed line). The 
sigmoidal curves are fit by eye. 

nifi.cantly at the longer exposure times, a result in 
qualitative agreement with experiments on high-tem- 
perature corrosion of copper-nickel alloys by sulfur 
vapor (5). 

A similar approach was used to examine the effects 
of tin content on sulfidation. The comparison was made 
between the 72800 ahoy (85 Cu/9 Ni/6 Sn) and the 
72500 ahoy (89 Cu/9 Ni/2 Sn). The elimination of 4 
w/o of alloying tin has little effect on the sulfidation 
rate (Fig. 4). 

We conclude from Fig. 3 and Fig. 4 that the presence 
of nickel in these ternary alloys is more important for 
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72700 alloy (solid line) and for the 72500 alloy (dashed line). 
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their corrosion resistance than is the presence of tin. 
Additional evidence is provided by studies of a high-tin 
bronze (70-75 Cu/20-25 Sn/1-5 Pb) described in more 
detail elsewhere (7). Its sulfidation rate proved to be 
between that of pure copper and of phosphor bronze, 
i.e., relatively susceptible to sulfidation. 

E~ect o~ spinodal structure on sulfidation.~Ternary 
alloys of copper, nickel, and tin may be heat-treated to  
develop an extremely fine modulated structure which 
provides a substantial increase in mechanical yield 
strength (8, 9). The structure so developed is charac- 
terized by a wavelength of approximately 10 nm and 
a compositional amplitude of ~1 w/o Sn. The data dis- 
cussed above would suggest that a variation of this 
magnitude should not noticeably influence sulfidation 
kinetics. To investigate this prediction, we performed 
parallel exposure tests on samples of the 9/6 ahoy prior 
to and following a heat-treatment to develop the 
spinodal structure (10). The results are presented in 
Fig. 5. Although both alloys are relatively resistant to 
sulfidation, the segregation produced by the spinodal 
heat-treatment is seen to have increased the tendency 
of the alloy to sulfidize. The effect is approximately 
equivalent to reducing the quantity of alloying nickel 
from 9 to 4% (see Fig. 1). The apparent anomaly in 
these data may be explained by the fact that coincident 
with spinodal decomposition in the matrix, equilib- 
rium precipitation occurs at the grain boundaries. Cor- 
rosion reactions are favored at such boundaries (11). 

E~ect of work hardening on sulfidation.~Corrosion 
of various types is often influenced by cold-working 
(12). To examine this phenomenon for copper alloys, 
we annealed samples of the 72500 alloy in air at 100~ 
Metallographs of the annealed and work-hardened (i.e., 
as-received) samples are shown in Fig. 6. Matched 
samples of the annealed and wurk-hardened samples 
were then exposed to the corrosive atmosphere. The 
results are plotted in Fig. 7. It is apparent that the 
work-hardened material was more resistant to initial 
sulfidation (by a factor of two to three). The result 
appears contradictory to that for the spinodal alloy(~in 
which grain boundaries seem to play a central role in 
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Fig. 5. Film thickness as a function of total exposure for the 
72700 alloy prior to and following heat-treatment to produce 
spinoda| structure. 
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Fig. 6. Metallographs of the 72500 alloy in the work-hardened 
condition: as-received (a, top); after annealing (b, bottom). 
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Fig. 7. Film thickness as a function of total exposure for annealed 
(solid line) an'd work-hardened (dashed line) samples of 72500 alloy. 

sulfidation. We note, however, that heavily cold-rolled 
copper develops a preferred texture different from that 
of the fully annealed form (13), and that the oxidation 
rate of copper differs with the crystal face that is ex- 
posed (4). We suggest that sample texture may have 
been an important cause of these results. The results 

are consistent with those obtained by other workers on 
binary alloys of copper and nickel at temperatures of 
320~176 (14). We will report subsequently on ex- 
periments to determine whether the effect is restricted 
to copper-nickel alloys or is somewhat more general. 

Discussion and Summary 
Sulfidation rate testing of pure metals has quantified 

previous observations that nickel and tin are quite sul- 
fidation resistant, while copper sulfidizes readily. The 
addition of nickel and tin to pure copper decreases 
sulfidation at a rate exponentially dependent on the 
amount of alloying nickel. Thus, 92 Cu/4 Ni/4 Sn sul- 
tides much less rapidly than pure couper, and increas- 
Lug the nickel content to 9 w/o lowers the rate such 
that little formation of sulfide film may be expected in 
a typical field environment. 

To investigate the relative merits of nickel and tin as 
sulfidizing inhibitors in alloys, commercial alloys hav- 
Lug similar concentrations of one metal and dissimilar 
concentrations of the other were exposed tn corrosive 
environments. At 9 w/o Ni, the removal of 4 w/o Sn 
(from 6 to 2) had little effect on sulfdation. At 4-5 
w/o Sn, the removal of 4 w/o Ni (from 4 to 0) re- 
sulted in formation of thick sulfidation films at lower 
exposure. Such a result is consistent with an interpre- 
tation that sulfidation is inversely related to nickel con- 
tent, a result supported by corrosion studies of bronzes 
(copper-tin alloys not containing nickel). 

Comparative sulfdation tests of an 85 Cu/9 Ni/6 Sn 
alloy prior to and subsequent to spinodal heat-treat- 
ment demonstrated that the spinodal structure tends to 
sulfdize more rapidly, although the rate is still moder- 
ate. This result must be related to the structure of the 
spinodal alloy, perhaps involving modification of the 
composition at grain boundaries. 

Comparative sulfidation tests of 72500 alloy (89 Cu/ 
9 Ni/2 Sn) in annealed and work-hardened states dem- 
onstrated that the latter was the more resistant to 
sultidation. This result may reflect the influence of 
texture on sulfidation and is consistent with work by 
others on copper-nickel binary alloys, but is in con- 
trast with the conventional picture that the cold-work- 
ing of materials increases their tendency to corrode 
(12). We are now engaged in detailed metallographic 
analyses in conjunction with corrosion experiments to 
explore in detail the relationship between corrosion 
and cold-working of copper alloys. The results will be 
reported separately. 

When the sulfidation results of this work and of our 
work on brasses and bronzes (1) are compared with 
the alloy compositions, it can be seen that the sulfida- 
tion rate reflects the percentage of alloying consti- 
tuents. In Fig. 8, this relationship is displayed. To con- 
struct the fgure, the sulfide film thickness at a moderate 
total exposure of 10 ppm-h is plotted as a function of 
alloying percentage. It can be seen that the percentage 
of alloying metal is a reasonably successful ordering 
parameter. Obviously, the behavior of the individual 
alloying metals is responsible for deviations from the 
general pattern. Several of these deviations deserve 
comment. Beryllium-copper (alloy 17200) is signifi- 
cantly more resistant to sulfidation at this moderate 
exposure than would be suggested by its alloying per- 
centage. Silicon-bronze (alloy 65500) is less resistant 
to sulfidation than might be anticipated. In general, it 
appears that alloys of copper containing at least 
ten percent of any of the common high-percentage 
alloying metals (Zn, Ni, Sn, A1) are some thirty times 
as resistant to sulfldation as is pure copper, and that no 
major improvement in sulfidation resistance results 
from alloying copper to a degree higher than about 10 
percent. 
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Inhibition of Low Temperature Hot Corrosion by Zn, Na Mixed 
Sulfates 

Relation Between Sulfation and Corrosion Reactions 

James G. Foggo, I I I ,  Douglas  B. Nordman ,  and R. L. Jones*  

Naval Research Laboratory, Chemistry Division, Washington, DC 20375 

ABSTRACT 

Zinc effects in low temperature hot corrosion (LTHC) were investigated by examining the sulfation of C0304 and NiO by 
SO3 in 50 tool percent (m/o) ZnSO4-Na2SO4 melts at 700~ Sulfation was substantially reduced as compared to sulfation in 
pure Na2SO4, especially for C0304. Corrosion tests with ZnSO4-Na2SO4 deposited on BC-21 composition CoCrA1Y, showed 
LTHC to be inhibited under SO3 concentrations up to 500 ppm. The results demonstrate that the corrosive properties of 
Na2SO4 melts are significantly affected by ZnSO4. LTHC inhibition is postulated to result from reduced solubility of COSO4 
in the ZnSO4-Na2SO4 melt, and/or formation of"barrier" films on the oxide and metal surfaces. 

Zinc anodes, and occasionally Zn-containing coatings, 
are used to protect sea water ballasted fuel tanks on 
ships. With gas turbine powered ships, the possibility 
of zinc contamination of the fuel causes concern, since 
zinc has been reported to produce intergranular corro- 
sion in nickel-based superalloy turbine blades (1). 
However, Canadian Navy ship gas turbines have 
burned zinc-contaminated fuel, with ZnSO4 being 
formed on the hot section blades, with apparently 
little harm (2). Canadian studies indicate, in fact, that 
2.5-5.0 weight percent (w/o) additions of ZnSO4 in- 
hibit hot corrosion in aggressive 90 w/o NaeSO~-10 w/o 
NaC1 melts at 900~ (2). Only cobalt-based super- 
alloys were tested, but nickel-based blades withstood 

* Electrochemical Society Active Member. 
Key words: corrosion, fused salts, coatings, s u l f i d a t i o n ,  m e t a l s .  

corrosion in the ship engines apparently as well as co- 
bait-based vanes, indicating that ZnSO4 may protect 
both metals under some circumstances. 

Other tests also suggest Zn may have inhibitive 
effects. In 900~ burner rig trials, Zn was more effec- 
tive as an inhibitor additive than Cr for Mar M-509, 
IN-792, and IN-738, but not for corrosion susceptible 
IN-100 (3). In addition, early NRL low temperature hot 
corrosion (LTHC) experiments showed that 50 tool 
percent (m/o) deposits of ZnSO4-Na2SO4 (eutectic 
mp 470~ gave essentially no corrosion of BC-21 
CoCrA1Y (a Co-based gas turbine blade coating used 
in Navy shipboard engines) at 700~ whereas severe 
corrosion was produced by molten Co-, Ni-, Fe-, or 
Cu-Na mixed sulfate deposits (4). 

These instances of apparent hot corrosion inhibition 
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by zinc have not been explained. For 700~ hot cor- 
rosion, the sulfation of cobalt and nickel oxides in the 
presence of Na2SO4 to form low-melting mixed Co,Na- 
or Ni,Na-sulfates on the blade surface is known to be 
crucial (5-7). Conceivably therefore, ZnSO4 could in- 
hibit LTHC by interfering with the sulfation of Co or 
Ni oxides, or by affecting other reactions in the mixed 
sulfate formation. 

Accordingly, experiments were undertaken (i) to 
investigate mixed sulfate formation and decomposition 
reactions in the presence of ZnO/ZnSO4, and (ii) to 
determine whether ZnSO4 can inhibit 700~ hot cor- 
rosion of BC-21 CoCrAlY blade coating under SO3 
concentrations relevant to Navy marine gas turbine 
operation. 

Experimental 
The general procedures and apparatus have been 

described previously (6, 8). The expernnents were 
conducted at 700 ~ + 5~ in multizone constant tem- 
perature tube furnaces fitted with a catalytically inert 
(quartz) combined furnace tube and analytic trap 
system which allowed determination of the SO~ and 
SOs concentrations in the exhaust gas. Filtered labora- 
tory air at 200 ml/min was used as the furnace gas, 
with electroni.c controllers providing input of con- 
trolled concentrations of SO2 or equilibrated SO2-SOs 
(obtained by placing a platinum catalyst upstream in 
the 700~ temperature zone). The cormentrations 
ranged from approximately 100-3000 ppm (1 • 10 -4- 
3 • 10-s arm) SOz, where SOx -- SO2 -t- SO3, and 
were controlled to _10% as verified by gas analysis. 
Since SOs appears to be the critical species, our discus- 
sions will refer principally to SOs concentrations, al- 
though the SOs, in fact, is present in an SO2-SOs mix- 
ture. 

The metal oxides studied were fine powders of 
99.998% purity (Puritronic grade, Johnson Matthey 
Chemicals). The sodium sulfate was ACS certified re- 
agent grade (Fisher) and the anhydrous SO2 of 99.98% 
purity (Matheson). For the mixed metal oxide-sodium 
sulfate experiments, a stock of each mixture was pre- 
pared, with thorough mixing and grinding, and then 
samples (usually 250 mg) were taken from this stock 
for each individual experiment. The powder specimens 
were spread evenly (without compaction) over the 
bottom of glazed porcelain boats (Coors 6A, 97 • 16 
• 10 mm od) in a layer 1-2 mm thick. The sample 
size and arrangement were chosen to facilitate equi- 
liberation with the furnace gas, and to simulate (to 
some degree) the thin sulfate films occurring on tur- 
bine blades. 

Two different CoCrAlY specimens were employed in 
the corrosion experiments. One was a 5 mil PVD coat- 
ing of CoCrAlY [20.9Cr, 12.9A1, 0.32Y, bal CO (w/o)]  
on Rene 80, and the other a bulk casting of CoCrAlY 
alloy [22Cr, llA1, 0.5Y, bal Co (w/o)] .  The composi- 
tions, listed here as provided by the suppliers, are 
within BC-21 specifications. No difference in corrosion 
behavior between the two specimens was noted. No 
analysis was made of the Rene 80, which was assumed 
to be within alloy specifications. The corrosion speci- 
mens were mounted in epoxy and metallurgically 
cross-sectioned (with dry polishing) and then ex- 
amined by scanning electron microscopy/energy dis- 
persive x-ray analysis (SEM/EDXA) using a 20 ~ 
specimen tilt angle and palladium anticharging coating. 

Results and Discussion 
ZnO catalysis.~The sulfation of Co304 and NiO ap- 

pears to involve SO3 specifically (6, 8). However, this 
fact has been obscured because these oxides catalyze 
the reaction, SO~ ~ �89 O2 : SO~, and sulfation can 
be obtained even when the furnace gas contains only 
SOs. To understand the sulfation of ZnO, it is impor- 
tant to know, therefore, whether ZnO is catalytic for 
the SOz-SOs equilibrium reaction. Accordingly, tests 

were made where air containing 500 ppm SO~ was 
passed at 200 ml/min over 100 mg samples of ZnO or 
CosO4 powders maintained at 700~ in porcelain boats. 
Zinc oxide produced SOJSO~ ratios of 0.03-0.05 (very 
near the "blank" obtained without any oxide present) 
whereas Co:aO4 consistently produced SO3/SO~ ratios 
of about 0.4. 

Zinc oxide thus evidently has low catalytic activity 
for the SO~-SOs reaction. There was no weight gain for 
either ZnO or CosO4, indicating that neither oxide is 
directly sulfated under these conditions. 

Evolved SOJSO$ ratios Srom mixed sul]ate decompo- 
sition.--Zinc sulfate has been reported to evolve SO~. 
upon decomposition, while nickel sulfate and cobalt 
sulfate were found to yield SOs (9). Since SO3 is 
more corrosive than SO~ in mixed sulfate corrosion 
(10), sulfate mixtures containing ZnSO4 might, if they 
produce SO2 rather than SOs, be less corrosive than 
pure NiSO4-Na~SO4 or CoSO4-Na~SO4 deposits. The 
thermal decomposition of 50 m/o mixes of CoSO4- 
Na2SO4 and ZnSO4-Na2SO4 under air alone (200 ml/ 
rain) at 700~ was theremre compared. The decom- 
positions were carried out under two conditions: in 
porcelain boats where no substrate effect would be 
expected, and on CoCrA1Y surfaces where corrosion 
reactions can enter. Both sulfate mixtures melted and 
flowed initially, giving sulfate layers of less than 1 mm 
thickness. As found in previous research (4), there 
was extensive corrosion of the CoCrA1Y under the 
CoSO4-Na~SO4 deposits, but very little apparent cor- 
rosion under the ZnSO4:Na2SO4 deposits. 

The data from the decomposition experiments are 
preeented in Table I. Although the SOJSOz ratios 
showed considerable variation between individual ex- 
periments, clear trends in behavior are nonetheless 
evident. 

In particular, we note that, except for Co,Na sulfate 
on CoCrAi.Y, the ratios obtained were generally well 
above the equilibrium ratio of 1.1 for SOJSO2 for the 
SOz-SOs-air system at 700~ (11). Both Zn,Na- and 
Co,Na-mixed sulfates must therefore evolve SO8 as 
the major decomposition gas, and differences in cor- 
rosivity of the two mixed sulfates cannot be explained 
on the basis that one emits SO2 and the other SOs. 

The origin of the SO2 in the decomposition gas has 
not been established, but presumably some SOs could 
be converted to SO2 by catalysis by the oxide pro- 
duced during decomposition. Mass spectrometric 
studies of the thermal decomposition of pure sulfates 
have shown that catalysis by oxides within the sulfate 
powder affects the SOJSO2 ratio, tending to move it 
toward equilibrium (12). This possibility would be 
consistent also with Co,Na sulfate (CocO4 being a 
better catalyst than ZnO) showing lower SOJSO~. 
ratios than Zn,Na sulfate for decomposition on por- 
celain. The ve ry  low SOz/SO2 ratios (0.6-0.3) mea- 
sured for decomposition of Co,Na sulfate on CoCrA1Y 
suggest, on the other hand, that SO~ is being consumed, 
or reduced to SO~, by corrosion reactions with the 
CoCrA1Y. 

Single sulyate formation.--As a basis for study of 
mixed sulfate formation, the equilibrium SO8 partial 
pressures required for formation of the pure sulfate 
(or oxysulfate) from ZnO, Co304, and NiO were de- 
termined. In these determinations, the SOs concentra- 

Table I. Evolved S0~/S02 ratios in 700~ decomposition of 
mixed sulfates in air flowing at 200 ml/min 

R a n g e  o f  observed 
Mixed  sulfate Substrate  SOs/SOJ rat ios  

50 m / o  ZnSO~-Na~SOI P o r c e l a i n  8.7-2.0 
50 m / o  ZnSO4-Na~SO4 CoCrAIY 3.6-0.9 
50 m / o  CoSO~-Na2SO4 P o r c e l a i n  4.0.0.8 
50 m / o  CoSO~-Na~SO~ CoCrAIY 0.8.0.3 
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tion in the air flowing over 100 mg samples of the 
respective oxides in porcelain boats at 700~C was in- 
creased at 24h intervals until a weight gain was ob- 
tained which indicated formation of the sulfate or 
oxysulfate. The SO~ concentration was subsequently 
increased for two or more tests (using fresh oxide 
samples each time) and the 24h weight gains then 
extrapolated to zero (as indicated in Fig. 1) to define 
the SO3 equilibrium pressure. The species formed were 
identified by x - r ay  diffraction and confirmed to be 
CoSO4 and NiSO4 for the cobalt and nickel oxides, but 
ZnO.  2ZnSO4 for ZnO. From Fig. 1, the equilibrium 
SO3 concentrations at 700~ are indicated to be 250 
ppm (2.5 • 10 -4 atm) for ZnO-ZnO �9 2ZnSO4, 600 
ppm (6.0 • 10 -4 atm) for Co~O4-CoSO4, and 1250 ppm 
(1.25 • 10 -s  atm) for NiO-NiSO4. 

For  the t reatment  in Fig. 1 to be valid, it is neces- 
sary that the oxides react only with SO~. This was 
shown previously for CosO4 (8) and NiO (6). Two ob- 
servations from the present work indicate that ZnO 
also reacts specifically with SOs. This was shown first 
in experiments in the sulfation of ZnO where the 
platinum catalyst was removed at two concentrations 
which had given sulfation. No sulfation then occurred 
in ei ther case (Fig. 1), even though the total SOx con- 
centration (SO~ : SO2 q- SO~) remained unchanged. 
The second observation was in the sulfation of 50 m/o 
ZnO-Na~SO4 (see below). In this case, in the early 
time periods when the rate of ZnSO4 formation was 
high, the exhaust gas was found to be depleted in SO3 
(but not SO2), giving SOJSO2 ratios of the order of 
0.5-0.7. As the ZnSO4 formation became completed, 
the SO~ levels increased, and the exhaust SOJSOa 
ratios returned to the equilibrium value of 1.1. Thus 
sulfation of ZnO appears clearly to occur via reaction 
with SO3, and not SO2. 

The validi ty of the sulfation experiments was veri-  
fied by calculating the standard free energies for the 
sulfation reactions as written below, using the relation- 
ship hG ~ = - -RT  In K and the equilibrium SO~ partial  
pressures determined in Fig. 1, and then comparing 
these energies with the standard free energies from 
the l i terature 

3ZnO(s~ + 2SO3r = ZnO �9 2ZnSO~s) [1] 

5O 

[ ]  ZnO 
ZnO, NO Pt CATALYST 

, o -  

90 

~, _ I so 

10 40 

30 

0 l_ ~ /  I 20 
0 400 800 1200 1600 2000 

SO 3 (ppm) 10 

Fig. 1. Equilibrium S03 concentrations for sulfation of metal 
oxides at 700~ (Note: the "ZnO, no Pt catalyst" results are 
plotted for comparison at the S08 concentrations achieved with 0 
equilibrated SOx; the actual SO~ levels in the absence of Pt were 
below 50 ppm in both cases.) 
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Table II. Free energy of formation (kcol/mol) at 700~ 

Turkdogan Barin-Knacke 
Sulfate Present work (13) (14) 

ZnO �9 2ZnSO~ - 3 2  ~ 1 -30 .6  "+ 0.7 -28 .7  
CoSO~ -13.8_.+0.6 - 1 6  •  - 11 .9  
NiSO4 -1 2 .9 -~  0.6 -12.9+--0.6 -18 .1  

1/3 Co304~s) + SOs~g~ -- CoSO4(s~ + 1/6 O2~g) [2] 

NiO(s~ + SO~(g> -- NiSO4(s~ [3] 

These energies, 'along with their  expected uncertain- 
ties which were calculated assuming t h e  SO~ con- 
centrations to be within +--20% and the temperature 
within ___5 ~ are compared in Table II  with data from 
the literature. There is good agreement except per-  
haps for the COSO4 value which, according to Turk-  
dogan, has a high uncertainty. The equil ibrium SOs 
part ial  pressures determined here can therefore be 
taken as being of good accuracy. 

The kinetics of sutfation for the different oxides 
were also studied to a l imited extent. Representative 
data are shown in Fig. 2 where the SO~ concentrations 
used were 500 ppm (2• equilibrium) with ZnO, 800 
p~pm (1.3• equilibrium) with CosO4, and 1600 ppm 
(1.3X equilibrium) with HiO. The difference in yield 
is most l ikely inherent with the oxides, and not caused 
by the slight differences in relative SO3 sulfation 
pressures. Notice also that the high yield for ZnO is 
to the oxysulfate, and not the sulfate which comes at 
a higher Psos. Studies of NiO vs. CoO sulfation have 
shown CoO to sulfate significantly more rapidly and 
to a greater extent than NiO as the result of the forma- 
tion of a Co304 layer on the CoO surface (15). 

Most to be noted in Fig. 2 are the low yields of both 
COS04 (~50%) and NiSO4 (~40%),  even though 
thermodynamics predicts that there should be complete 
conversion to the sulfate. The failure to obtain 100% 
yields is not unusual, however, since the problem of 
achieving complete sulfation even under highly favor- 
able thermodynamic conditions is well known. Gen- 
eral ly it is thought that sulfate films form on the oxide 
particles and act as "barrier" layers which reduce ac- 
cess of SO~ to the remaining oxide in the particle in- 
terior (16). 

Mixed sulfate format~on.--As pointed out in  the 
introduction, the sulfation of Co and Hi oxides to form 
low melting mixed Co,Ha and Ni,Na sulfates is a crit i-  

~ 3ZnO+ 2S03 ~ ZnO.2ZnSO 4 
Co304 + 3SO 3 ~--~ 3 COS04 +1/202 
NiO + SO 3 ~ NiSO 4 

I I I I 
40 80 120 160 200 240 280 320 360 

TIME (HRS) 

Fig. 2. Sulfation kinetics of metal oxides at 700~ 

400 
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cal step in low temperature hot corrosion (5-7), and 
we are interested therefore in determining what effect 140 
ZnO/ZnSO4 might have in these p rocesse~. Pure zinc 
sulfate is highly hydrophilic and difficult to keep dry. 130 
Consequently, our experimental procedure was to gen- 
erate ZnSO4 in situ by bringing 250 mg specimens of 120 
50 m/o ZnO-Na2SO4 to equilibrium under different 
SO~ partial pressures at 700~ Weighed quantities of 110 
CosO4 (90 mg) or NiO (84 mg) were then added to 
the ZnSO4-Na2SO4 melt, with the subsequent sulfa- 
tion of the Co304 or NiO (at the same temperature and 100 
SO3 level) being followed by monitoring of the weight 
gain. The quantities of reagents were selected so that, ~ s0 
if all the oxides were completely sulfated, the final 
solution would be 33 m/o each in ZnSO4, NaSO4, and ~ so 
Co or Ni sulfate. Complete sulfation wouhi correspond 
to 90 mg weight gain with ZnO, and to 84 or 90 mg ~ 70 
gain with Cos04 or NiO, respectively. ~ 

A liquid phase occurs in the ZnSO4-Na2SO4 system ~ 60 
at 700~ once the ZnSO4 concentration exceeds ,~20 
m/o (17), arid there was a question as to whether this 
liquid phase would interfere with sulfation of the s0 
remaining ZnO. However, nearly complete conversion 
(i.e., 50 m/o ZnSO4 formation) was achieved within 40 
48-72h in each experiment (c% Fig. 3 and 4), which 
indicates that access of SOs to the ZnO was not sig- 30 
nificantly hindered by the presence of the intervening 
liquid ZnSO4-Na2SO4 film. Similarly, it is assumed 20 
that sulfation of the added oxides, which were wetted 
by and incorporated into the ZnSO4-Na2SO4 melt at 
temperature, was not significantly affected by reduced 10 
transport of SOs through the liquid ZnSO4-Na2SO4 
phase. 

A second set of experiments was run for comparison 
using CosO4 (90 mg)-Na2SO4 (320 mg) and NiO (84 
mg)-Na~SO4 (320 mg) mixtures which would lead to 
33 m/o Co(or Ni)SO4-67 m/o Na2SO4 if completely 
sulfated. Thus, the same amount of "solvent" sulfate 
was available in each set of experiments, with the only 
difference being that the cations are Na + only in the 
one case, but mixtures of Zn + + and Na + in the other. 
This direct comparison allows the influence of Zn to 
be the most clearly seen. 

The Weight gain data for representative ZnO-Na~.SO4- 
Co304 experiments are given in Fig. 3. Notice that 95% 
conversion to ZnSO4 is achieved even at 175 ppm SO3, 
which is below the 250 ppm SOs concentration shown 
earlier to be required for Zn oxysulfate formation. 
Evidently ZnSO4 formation is promoted by solution in 

lOO 

90 

8o 

7o 

~ so 

501j I ~ 50m/oZnO-NazSO4+ Co304 
i 40~/ 175ppmS03 ~ 14mloC~ sO4 " ~ 

=0 = = ,o  =nO-=a ,SO,+  0o=O, 
I I / | ~  ~ , U U  ,pm =03 ~ 14 m/o C0304- Na2SO 4 - " 

2O 
II ~ o  m/o ZnO-Na2SO 4 + Co304 

10 ~- uuu ppm ~u 3 [ ]  14 m/o C0304-Na2S()4 - " 

/ 
[ t I I I ~ I I I 1 
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Fig. 3. Effect of ZnO on sulfation of CosO4-Na2S04 at 700~ 

- - 0  

D ADDITIONS 

w O 50 m/o Z n O -  Na2SO 4 -~ NiO 
175 ppm SO 3 ~ 33 m/o N i O -  Na2SO 4 

50 m/o Z n O -  Na2SO 4 + NiO 
500 ppm SO 3 ~ 33 m/o NiO-Na2SO 4 

I 1600 ppm SO 3 [ ]  50 m/o ZnO-Na2SO 4 + NiO 

I I I I ] I I I I 
0 20 40 60 80 100 120 140 160 180 200 

TIME (HRS) 

Fig. 4. Effect of ZnO on sulfation of NiO-No2S04 at  700~ 

Na~SO4; the same effect has been seen earlier where 
the formation of CuSO4-MnSO4 solid solution caused 
CuSO4 to be generated at SO~ concentrations normally 
producing the oxy~ulfate (18). Conversely, the weight 
gains indicate that conversion is not totally complete 
even at 1600 ppm SOs (Fig. 4), and traces of ZnO 
could in fact be found by analysis (see below). The 
ZnSO4 was very near 50 m/o, however, and the sulfate 
was fully molten as predicted by the phase diagram. 

When the CosO4 was added, surprisingly little fur- 
ther sulfation occurred, with the apparent weight gains 
deriving from the sulfation of CosO4 ranging from 
only ,..5 mg at 175 ppm SOs to ,-~10 mg at 800 ppm 
SO8. This contrasts to the behavior for Co304 in Na2SO4 
(also shown in Fig. 3) where, for the same total amount 
of "solvent" sulfate and SOs concentration, weight 
gains corresponding to nearly ten times greater sulfa- 
tion of CosO4 were obtained. Thus, the presence of the 
Zn cation appears to very strongly inhibit the sulfation 
of Co~04. 

Note that substantial sulfation of CosO4 oecum in 
the presence of Na2SO4 at SOs levels, e.g., 175 ppm, 
well below the 600 ppm SO3 equilibrium concentration 
found here for the sulfation of.pure solid Co804 at 
700~ This is possible because the COSO4 activity is 
lowered by dissolution in Na~SO4. Lowering of the 
COSO4 activity occurs also in Zn,Na sulfate, but evi- 
dently to a lesser extent. Advantage of this solution 
behavior is taken in industry where, e.g., the use of 
Na2SO4 has been proposed to improve yields in the 
sulfate roasting of Co, Cu, Ni, and Zn ferrites (19). On 
the other hand, complete sulfation of the Co304 did 
not occur, with the Zn,Na sulfate melts, even at 800 
ppm SOs which exceeds the 600 ppm SOs level re- 
quired for direct sulfation of CosO4. This point will be 
discussed in a later section. 

Essentially the same sulfation behavior was seen at 
the 175 and 500 ppm SOs concentration levels for ZnO- 



Vol. 131, No. 3 L O W  T E M P E R A T U R E  HOT C O R R O S I O N  519 

Na~SO4-NiO (Fig. 4), wi th  only  ve ry  l imi ted  sulfa t ion 
of NiO appear ing  to occur in contras t  to the  NiO-  
Na~SO4 sys tem (also Fig. 4). A t  1600 ppm SOs, how-  
ever, (i.e., above  the 1250 ppm equi l ib r ium concent ra-  
t ion level  for  direct  sulfat ion of NiO),  there  was sub-  
s tan t ia l  sul fa t ion of NiO in the Zn,Na sulfate melt ,  
wi th  sulfat ion proceeding  at  a finite ra te  even af ter  
100h at  t empera tu re .  

Mixed sulfate analysis.---At the end of the sulfa t ion 
runs,  se lected specimens  of the res idual  mixed  su l fa t e /  
oxide masses were  analyzed  by  d c  argon p lasma atomic 
emission spec t romet ry  to ver i fy  the amounts  of sulfa te  
formed.  The specimens were  taken  up in di lute  acid 
(0.01N H2SO4) to p reven t  possible  prec ip i ta t ion  of 
Zn(OH)2  or  Co(OH)2,  wi th  the solutions f i l tered 
through 0.47~ Mil l ipore  filters to remove the insoluble  
oxide residue. Care was taken  to ensure tha t  the su l -  
fates were  comple te ly  dissolved and tha t  the f i l tered 
oxides were  wel l  r insed.  Control  tests were  also made 
which  indica ted  that  there  should be l i t t le  (~10%)  
dissolut ion of the res idua l  oxide by  the di lute  acid 
wash  solut ion with  the  techniques used. The f i l tered 
oxides were  not  quan t i t a t ive ly  analyzed,  but  they  were  
examined  by  EDXA in the SEM which confirmed tha t  
a t race of ZnO rema ined  unsul fa ted  even at 1600 ppm 
SO~. 

The resul ts  in Table I l l  show good agreement  be -  
tween  the expected and found quant i t ies  of ZnSO4 
and NiSO~ in the  sulfa t ion of ZnO-Na2SO4-NiO (Sam-  
ple  2). However ,  the  values  for COSO4 in sulfa ted 
ZnO-Na~SO4-CosO4 (Samples  1 and 3) were  more  
than twice  as high as expected,  whi le  the  ZnSO4 re -  
sul ts  were  low. A check of the ana ly t ica l  p rocedure  
using a solut ion containing a known amount  of CoSO4 
(Sample  4) gave mode ra t e ly  high results,  but  ana ly t i -  
cal inaccuracy  is not  l ike ly  the cause of the  Samples  
1 and 3 discrepancies.  Rather ,  it  appears  tha t  ZnSO4 
may  be p a r t i a l l y  d isplaced as ZnO from the ZnSO4- 
IVa2SO4 mel t  as the  added  CosO4 is sulfa ted and goes 
i n t o  solution.  The observed  weight  gain for "CosO4 
sulfa t ion"  then would  be the net  difference be tween  
the weight  loss resu l t ing  f rom ZnSO4 going to ZnO, 
and the weight  gain for  Co~O,~ going to COSO4. Re-  
ca lcula t ing  the da ta  in Table  I l l  on this basis gives 
expected weights  for CoSO4 of 20 m ~. for  Sample  1 and 
28 mg for S,ample 3. The subs tan t i a l ly  be t t e r  agreement  
of these  values wi th  the  ana ly t ica l  resul ts  suggests 
that  ZnSO4 is in fact displaced from the mel t  as CosO4 
is sulfated.  

Solution behavior.--It is wel l  known,  e.g., f rom met -  
a l lurgy,  tha t  the  so lubi l i ty  of a species in a mel t  can 
be s t rongly  affected by  the in t roduct ion  of a second 
species into the  melt .  The effect, which is often cha r -  
acter ized th rough  " in teract ion"  pa rame te r s  (20), m a y  
be e i ther  to increase or reduce  solubil i ty.  In  the  s tudy  
at hand,  the presence of ZnSO4 in the N'a~SO~ mel t  
c lear ly  appears  to reduce the so lubi l i ty  of CoSO4. 

Table III. Mixed sulfate analysis by dc argon plasma atomic 
emission spectrometry 

Expected  Analyt ic  resul ts  (• 5%) 
sulfates  f rom 

Sample weight  gain Co Ni  Zn 

1 11 rag CoSO, 28 mg - -  
(500 ppm SOs, 175 mg ZnSO~ CoSO~ 

Fig. 3) 

2 25 mg NiSO4, - -  27 mg 
(500 ppm SOs, 175 mg Zn~SO~ NiSO4 

Fig. 4) 

3 12 mg CoSO4, 27 mg - -  
(175 ppm SOs, 173 mg ZnSO4 CoSO4 

Fig. 3) 

4 27 mg CoSO~ 33 mg - -  
(Test  ( f rom 50 mg CoSO~ 

standard) CoSO~ �9 7H~O) 

166 m g  
ZnSO4 

175 mg 
ZnSO4 

157 mg 
ZnSO~ 

Beyond this, however ,  there  m a y  also be ba r r i e r  
film formation,  as suggested by the fol lowing l ine of 
reasoning.  Severa l  exper imen t s  were  run  u s i n g  SOa 
levels  which exceeded the equi l ib r ium SOa concen- 
t ra t ion  de t e rmined  here  for 700~ sulfa t ion of solid 
Co304 (600 ppm)  and NiO (1250 ppm)  in air.  When  the 
mix tu res  were  only  the  me ta l  oxide and Na2SO4, the 
resul t  was essent ia l ly  complete  sulfat ion of the meta l  
oxide  (e.g., 14 m/o  Co~O4-Na2SO4 in Fig. 3). However ,  
when the mix tu re  contained ZnO/ZnSO4, only  l imi ted  
sulfat ion of the  meta l  oxide occurred,  pa r t i cu l a r ly  for 
CoaO4 (cf. Fig. 3). F rom a the rmodynamic  basis, com-  
plete sulfa t ion would be expected  even in this case. 
Given free access of SOa, the CosO4 should sulfa te  and  
dissolve in the mel t  unt i l  its so lubi l i ty  is exceeded,  
and then solid COSO4 should be produced  unt i l  the 
r ema inde r  of Co~O4 is consumed. This is the behav ior  
seen wi th  the SO~-Co,O4-Na2SO4 sys tem (7). The lack  
of complete  sulfa t ion under  h igher  than  equ i l ib r ium 
SO3 par t i a l  pressures  is the re fore  indi rec t  evidence 
tha t  a compound or  ba r r i e r  l aye r  is forming on the 
CosO~ surface which in ter feres  wi th  fu r the r  su l fa t ion  
of the  oxide. 

The reac t ion  kinet ics  indica ted  in Fig. 3 are also 
consistent  wi th  this theory;  i.e., the re  is a quick weight  
gain af ter  CoaO4 addi t ion  (corresponding to ba r r i e r  
film format ion)  and then l i t t le  fu r ther  react ion (be-  
cause of b a r r i e r  film stifling of the sulfa t ion reac t ion) .  
The ba r r i e r  film could be p rec ip i t a ted  CoSO4 itself,  
d isp laced  ZnO, or  a combinat ion of both.  The  slow, 
cont inued sulfa t ion of NiO at 1600 ppm SO~ (Fig. 4) 
suggests  that  the ba r r i e r  film formed in this case i s  
not as pro tec t ive  as tha t  fo rmed wi th  ZnSO4-N'a~SO4- 
CosO4, perhaps  because ZnO is not  be ing  displaced 
f rom the mel t  (cf. Table  I I I ) .  

Corrosion tests with ZnSO4-NazSO4.--The 700~ cor-  
rosion of BC-21 CoCrA1Y was s tudied using (i) d e -  
posits of 50 m/o  ZnSO4-Na2SO4 under  air, or  (ii) d~- 
posits of 50 m/o  ZnSO4-Na2SO4 or ZnO-Na2SO4 under  
175 and 500 ppm concentrat ions  of SOa in air. In  the  
l a t t e r  case, the ZnO-Na2SO4 was found to be quickly  
conver ted  to ZnSO4-Na2SO4, wi th  no d iscernible  d i f -  
ference then seen in the  corrosion behavior .  The m a -  
jo r i ty  of work  therefore  was s imply  wi th  ZnSO4- 
Na2SO4 deposits.  The deposi ts  me l ted  and flowed at  
t empera ture ,  giving final sul fa te  layers  of genera l ly  
less than  0.5 m m  thickness.  

The res idual  salts on the  corroded specimens were  
not  ana lyzed  because ve ry  smal l  quant i t ies  were  in-  
volved. However ,  ana lyses  of the  sul fa te  sal ts  on low 
t empera tu re  corroded turb ine  blades  rou t ine ly  show 
wate r  soluble  Ni and Co, but  not  (p resumab ly  because 
the SOs pa r t i a l  pressure  is not  h igh enough) Cr or  A1. 
Mixed sulfa te  format ion  involving Co and Ni, bu t  not  
Cr or A1, would therefore  be expected in the p r e s e n t  
exper iments  (see be low) .  

As in our  ear l ie r  observat ions  (4),  l i t t le  corrosion 
was found wi th  50 m/o  ZnSO4-NaeSO4 under  air ;  i.e., 
where  s imply  the t he rma l  decomposi t ion of ZnSO4- 
Na2SO4 is involved.  This contras ts  to t he rma l  decom-  
posi t ion of 50 m/o  CoSO4-Na2SO4 on CoCrA1Y which 
produces  severe  corrosion (4).  Typical  resul ts  a re  
shown in Fig. 5 which is for  r a the r  th ick deposi ts  of 
ZnSO4-NaeSO4 on a section of bu lk  CoCrA1Y. No cor-  
rosion is vis ible  under  the  heavy  ZnSOs-Na2SO4 layer ,  
but  there  are smal l  pi ts  on the  bot tom of the  sect ion 
which  p robab ly  resul t  f rom a thin film of su l fa te  
creeping to the unde rnea th  of the section. These pi ts  
d i sp lay  the  morpho logy  which is character is t ic  of low 
t empera tu r e  hot  corrosion (7). F igure  5 shows also 
that  as the  sulfa te  decomposes,  ZnO is deposi ted out  
both  at  the a i r - su l fa te  and su l f a t e -me ta l  interfaces.  
P r e suma b ly  therefore,  the SOs par t i a l  pressure  wi th in  
the sulfate  l aye r  is less than  1.75 • 10 .4  atm. since 
this pressure  was shown sufficient to main ta in  >45 m / o  
ZnSO4 in Na2SO4 in our  su l fa t ion  s tudies  (Fig. 3 a n d  
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Fig. 5. ZnSO4-Ha~$O4 (50 
m/o) on hulk BC-21 composition 
CoCrAW after 24h in air at 
700~ The characteristic two- 
phase structure of the alloy is 
visible in the metal. 

4). Thus, one exp lana t ion  for ZnSO4-Na2SO4 deposits  
not  corroding CoCrA1Y may  be that  the SOs pa r t i a l  
pressure  wi th in  the deposi t  is too low for significant 
cobal t  sulfat ion to occur. 

Corrosion of CoCrAIY by mix tures  of ZnSO4-CoSO4- 
Na2SO4 was also studied,  and i t  was found tha t  as long 
as the  ZnSO4 concentra t ion exceeded the CoSO4 con- 
centrat ion,  corrosion was inhibi ted,  but  when the COSO4 
concentra t ion was l a rge r  by, e.g., two to one or more,  
the CoCrA1Y was corroded.  

When  tests were  made  under  SOs, l i t t le  corrosion 
was genera l ly  seen for specimens exposed up to 150h 
under  175 ppm SO3. A represen ta t ive  test  specimen 
cross section is shown in Fig. 6 where  x - r a y  mapp ing  
identifies the  ZnSO~-Na2SO4 surface l aye r  and shows 
that  the  sulfa te  film contains essent ia l ly  no cobalt.  
Some typica l  LTHC pi t t ing  corrosion did occur in the 

175 ppm SO8 tests, especia l ly  in thin areas  of the su l -  
fate deposits.  However ,  the  to ta l  corrosion was a lways  
much less than  occurred wi th  equiva lent  Na2SO4 or 
CoSO4-Na2SO4 deposi ts  for the same Pso8 and t ime of 
exposure,  so ZnSO4 c lear ly  inhibi ts  LTHC in this sense. 

Corrosion expe r imen t s  were  also conducted using 
500 ppm SO3. More a t tack  was noted than  with  175 ppm 
SO3, but  corrosion was st i l l  subs tan t ia l ly  less wi th  
ZnSO4-Na2SO4 than  for equiva lent  t imes of exposure  
wi th  Na2SO~ alone. 

The corrosion pits  formed under  175 and 500 ppm SO8 
were  found almost  i nva r i ab ly  at  the th in  edge ra ther  
than  under  the th icker  por t ion  of the ZnSO4-N'a~SO4 
deposit.  The ZnSO4-Na~SO4 mix tu re  was mol ten  at  
700~ but  not to ta l ly  fluid. Thus the sulfa te  at  the de-  
posit  edge may  not  be 50 m/o  ZnSO4-Na2SO4, but  m a y  
contain less ZnSO4 which  would make  the edge sites 

Fig. 6. ZnSO4-Na~S04 inter- 
face with BC-21 composition 
CoCrAIY coating after 146h 
under 175 ppm S08 in air at 
700~ 
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more corrosion susceptible. When the sulfate deposits 
on corroded specimens were examined by low power 
light microscopy, color micrographs were obtained 
which clearly showed localized reddish (rich in COSO4) 
regions in the greenish-white ZnSO4-Na~SO4 surface 
film. This shows that the sulfate deposits are only 
sluggishly miscible at 700~C, and gives reason to ex- 
pect that the wetting and mixing properties of the sul-  
fates, as well as the specific sulfate concentration, will 
be critical in determining the effectiveness (and re-  
producibili ty) of ZnSO4 inhibition of 70O~ hot corro: 
tion of CoCrA1Y. 

The corrosion of the Rene 80 blade metal  was not 
studied explicitly, since the CoCrA1Y coating is meant 
to provide the principal protection of the blade against 
hot corrosion. However, several instances were ob- 
served where the specimen was corroded severely at 
its cut edge (i.e., where both the coating and blade 
metal are exposed to sulfate and SOa) even though the 
CoCrA1Y coating over the body of the specimen was 
essentially unattacked. A representative example is 
shown in Fig. 7. 

The x - ray  maps in Fig. 7 indicate (~) that there is a 
sulfur concentration near the corrosion front, and (ii) 
that Ni and Co are intermingled throughout the corro- 
sion phase which is evidence of substantial intertrans-  
port of cobalt and nickel in the corrosion process. This 
corrosion may be similar to "cut-edge" attack of 
CoCrAiY-coated Rene 80 by pure Na2SO4 (no SO3 
overpressure) at 885~ which appears to involve an 
internal liquid nickel sulfide (21). In the present case, 
examination at high magnifi.cation did not reveal the 
large sulfide phases found with 885~ corrosion. At 
700~ under 175 ppm SO3, it may well be (although it 
cannot be proved here) that the morphology in Fig. 7 
results from formation of mixed Co,Ni,Na sulfates, 
with sulfides not being principally involved. 

In either event, it is possible that accelerated cor- 
rosion could occur if the CoCrA1Y coating on a Ni- 
based blade were penetrated, even in the presence of 
"inhibitive" Zn.Na sulfate. Also, Ni-based alloys may be 
more susceptible to Zn,Na sulfate corrosion than cobalt 
alloys, especially at higher SO~ concentrations, as indi- 
cated by the substantial NiO sulfation shown in Fig. 4. 
The degree of corrosion may differ depending on the 
inherent corrosion resistance of the Ni alloy, as seems 
to be the case in the 90O~ burner rig testings cited (3). 

Conclusions 
The sul~ation of Co304 and NiO in molten eutectic 50 

m/o ZnSO4-Na2SO4 is substantially reduced as com- 
pared to their sulfation in the presence of an equiva- 
lent amount of Na~SO4. The reduced sulfation appears 
to be caused by decreased solubility of COSO4 and 
NiSO4 in ZnSO4-Na~SO4 as ,a result of solute-solute in- 
teractions with ZnSO4, and/or  formation of a barr ier  
film (perhaps displaced ZnO or precipitated CoSO4 or 
NiSO4) on the metal  oxide surface which inhibits 
further sulfation of the remaining oxide. 

Although corrosion is not totally halted, the low 
temperature hot corrosion of CoCrA1Y is inhibited by 
deposits of ZnSO4-Na~SO4 for SOa concentrations up to 
500 ppm. The post-test  morphologies are consistent 
with inhibition being caused by reduced COSO4 solu- 
bility in the sulfate surface film. 

In particular, the present investigation demonstrates 
that the chemical and corrosive properties of sulfate 
melts can be significantly affected by addition of sec- 
ondary sulfates. The methodology should be applicable 
for the study of other potential hot corrosion inhibitor 
additives. 
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ABSTRACT 

The at tack of fluoride on passive nickel  has been studied in strongly acidic solutions (1M HC104) and weakly acidic and 
alkaline buffers. Two main potential  ranges with different kinetics of metal dissolution were found. In the whole passive 
range, the corrosion current densi ty is increased. Up to 1.1V, the transfer of the Ni ~+ ions from the oxide into the electrolyte is 
catalyzed by HF with an electrochemical reaction order of  1.63. This leads to a thinning of the oxide film to a higher electri- 
cal field s trength and consequently to the increased stationary corrosion current  density. At potentials e ~ 1.2V, an NiF2 
overlayer is formed on the rest of the passivating oxide. This leads to an electrochemical  reaction order of -0.79 for HF. The 
kinetics of the two potential  ranges are explained with appropr ia te  mechanisms involving the formation o fa  NP+F - surface 
complex or the presence o fa  passivating fluoride film. Fluoride may be seen as a s impler  model system for the other hal- 
ides which cause a localized breakdown of  passivity. 

The action of aggress ive  anions on passive m e t a l s  
l ike  i ron and nickel  leads  to a local ly  or genera l ly  in-  
creased dissolut ion rate.  Among  the halides,  fluoride is 
of special  interest .  I ts presence yields  only a genera l  
increase of the  corrosion ra te  in s t rongly  acidic solu-  
tions, which  faci l i ta tes  the in te rp re ta t ion  of the re -  
sults (1). Consequently,  it  can aid in deeper  insight  
into the  processes occurr ing dur ing  the b reakdown  of 
passivi ty.  Pass ive  n ickel  and iron in fluoride conta in-  
ing e lec t ro ly tes  may  thus be seen as model  systems for 
localized corrosion in the  presence of o ther  aggressive 
anions, especia l ly  chloride.  In  this work,  we examine  
the influence of fluoride on the pass ivi ty  of n ickel  in 
acidic solutions. In  a second part ,  we  s tudy  the th ick-  
ness and composit ion of the  films formed before  and 
af ter  the fluoride a t tack  by  surface analysis  l ike  x - r a y  
photoelec t ron spectroscopy (XPS)  and low energy ion 
scat ter ing spectroscopy ( ISS) .  These resul ts  he lped  to 
in te rpre t  the  e lec t rochemical  findings. 

* Electrochemical  Society  Act ive  Member.  
Key words:  passivity,  breakdown of passivity,  corros ion of  

nickel  in HF solutions.  

Experimental 
For  the n ickel  e lec t rodes  a 99.95% mate r i a l  of Vak-  

uumschmelze  Hanau w,as used. Smal l  f lag-shaped elec-  
t rodes of 1.7 cm2 surface area  were  e lec t ropol ished in 
an H2SO4-H20 mix ture  (2), soldered to a copper  wire,  
and fixed to a glass tube.  The contact  a rea  was cov- 
e red  with  epoxy  resin. For  surface analysis ,  the  p re -  
t rea ted  specimens were  r insed  with  t r i p ly  dis t i l led 
wa te r  and cut close to the epoxy  covered part .  Rota t ing  
disk electrodes were  p repa red  from a 5 m m  diam cyl in-  
dr ica l  ma te r i a l  embedded  in e p o x y  resin. Detai ls  about  
the specimen p repa ra t ion  and the expe r imen ta l  setup 
were  briefly descr ibed p rev ious ly  (3). Al l  solutions 
were  p repa red  f rom chemical ly  pure  substances  (pro 
analysi) and t r ip ly  dis t i l led water .  Most exper iments  
were  pe r fo rmed  in 1M HC104 and some in ph tha la te  
buffer pH 4.9 (0.05M KH phtha la te  plus 0.023M KOH) 
and bora te  buffer pH 8.0 (0.05M I-i~BO3 plus  0.039M 
KOH) .  Af te r  prepass iva t ion  of the specimen at  appro -  
pr ia te  e lectrode potent ia ls  for  typ ica l ly  1 and  2h, fluo- 
r ide was added  b y  1 cm 8 of a concent ra ted  HF solut ion 
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or by solid KF. All  exper iments  were performed at 
25 ~ + 0.~.~ H g l H g ~ S O 4 / O . 5 M  H~SO4 served as a refer-  
ence electrode. All  potent ial  values are given in refer-  
ence to the s tandard  hydrogen electrode and  are cor- 
rected for l iquid junc t ion  potentials.  

Results 
The current  densi ty  potent ia l  curve m fluoride con- 

raining electrolytes has been described previously 
(1, 4) and is given again in Fig. 1. In  1M HC104, nickel  
has a large passive range of > IV ,  with a transpassive 
increase at ~ > 1.5V. A step at ca. e = 1.8V is due to 
the overlap of the decrease of the dissolution cur ren t  
by the formation of a nickel  III  oxide layer  and an 
increase of the cur ren t  of oxygen evolution.  This be-  
havior is s imilar  to 1M H=SO4 (5). The addit ion of 
fluoride causes a general ly  increased current  density 
(Fig. 1). The max imum current  of active dissolution, 
however,  is decreased by one order of magnitude.  The 
step in the transpassive region is still observed; how- 
ever, all features of the polarization curve are shifted 
by about  0.1V in the anodic direction. A broad current  
peak with its m a x i m u m  at ~ ---- 1.15V is obtained in the 
passive range. The HF concentrat ion does not influence 
the peak position, and the max imum current  increases 
only sl ightly with HF concentrat ion (Fig. 2). The two 
current  min ima  (I and II) ,  however, are markedly  
affected. Min imum I increases and m i n i m u m  II  de- 
creases with HF concentration. During the action of 
HF, a general  attack of the surface is obtained. In 
addition many  small  pits are formed on the grains, pa r -  
t icular ly at  the grain boundaries  (1). However, the 
diameter  of these hemispheric pits does not grow 
larger than 2 #m in more than lh. Therefore, they 
cannot be related to the increase of the current  density 
to several macro-2 ,  i The metal  surface appears un -  
changed and bright  or roughened, depending on the 
achieved cur ren t  density and time of exposure. No 
current  density at the minima depends on the s t i r r ing 
of the electrolyte or the rotat ion of the disk electrode up 
to --~2000 rpm. Therefore, these processes are not con- 
trolled by diffusion processes. At the current  ma x i mum 
at 1.1V, a visible dark blue film is formed. It  has a good 

�9 adhesion to the metall ic substrate  and cannot be 
washed off in a jet  of water. A sufficiently vigorous 
s t i r r ing of the electrolyte, e.g.,  ~400 rpm for the rotat-  
ing disk, leads to a removal  of the visible film at the 
current  max imum and an increase of the current  to a 
new nontranspor t -controUed level. At the falling edge 
of the m a x i m u m  at ~ = 1.2-1.3V, current  oscillations are 
observed for rotated and nonrotated electrodes, and 
only a temporary  par t ly  covering visible film is 
formed. These oscillations are also found in fluoride 
containing sulfuric acid (4). 

No covered pits were found after careful in situ and ex situ 
inspection with an optical and scanning electron microscope of 
high resolution. Therefore, localized corrosion can be excluded. 
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Fig. 2. Potentiodynamic polarization curves of nickel in 1M HCI04 
with different concentrations of HF. 

For a prepassivated specimen, the corrosion cur ren t  
densi ty  in 1M HC104 shows a pronounced change with 
time af ter  the fluoride addition. The results for the two 
characteristic potentials at the min ima  of Fig. 1 are 
shown in Fig. 3a and 3b for different HF concentra-  
tions. For m i n i mum I, the current  increases faster with 
higher HF content  and achieves a plateau in every case. 
This final s ta t ionary value increases with the HF con- 
centration. At m i n i mum II, a peak is obtained, espe- 
cially for high HF contents, with a final approach to a 
s ta t ionary plateau value. The cur ren t  peak gets smal ler  
with decreasing HF and vanishes for [HF] = 0.001M, 
vchereas the plateau value increases. This completely 
different behavior  saggests that the corrosion mecha-  
nisms are different for the two parts of the passive 
range. Figure 4 compares the s tat ionary values of the 
polarization curve in 0.1M HF containing 1M HC104 
with potent iodynamie results. The change of the current  
densi ty  from the active dissolution to the mi n imum I 
is less pronounced when stat ionary conditions have 
been achieved. 

A double logarithmic plot of the s ta t ionary cur ren t  
densities and  the HF concentrat ion for the two repre-  
sentative potentials (minima I and II) shoves a l inear  
relat ionship (Fig. 5) 

, = 0 .5V:  l o g  i - -  1.75 -b 1.63 l o g  [ H F ]  [1] 

, = 1.4V: log i = --1.4 -- 0.79 log [HF] [2] 
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Galvanos ta t ic  t rans ients  of spec imen af te r  reaching  

potent ios ta t ic  s t a t ionary  condit ions reflect the  charac-  
ter is t ics  of the potentiodynramic polar iza t ion  curve. If  
the  galvanosta t ic  cur ren t  is h igher  than  the s t a t ionary  
potent ios ta t ic  va lue  at  ~ --  0.5V, s l ight ly  more posi t ive 
e lec t rode  potent ia ls  are  achieved af ter  an in te rmedia te  
max imum.  If  sma l l e r  values are  chosen, the potent ia l  
falls  in the  region of act ive dissolut ion af ter  a p la teau  
near  0.5V (Fig. 6a). Its length  decreases wi th  the  given 
cur ren t  densi ty .  The t ime is used appa ren t l y  for the 
r emova l  of the r ema in ing  passive film. 

Fo r  a specimen p re t r ea t ed  at  ~ ---- 1.4V, the poten t ia l  
falls in two steps (Fig. 6b).  The length  of the first s tep 
at  �9 ~ 1.4V decreases l inea r ly  wi th  the cur ren t  density.  
Apparen t ly ,  the devi.ation of the s t a t iona ry  cur ren t  
corresponds to the  r emova l  ra te  of a surface  layer .  The 
second step is of equal  l ength  for  al l  appl ied  cur ren t  
densit ies,  ind ica t ing  tha t  the  surface of the  e lect rode is 
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Fig. 3. Increase of the current density with time on nickel 
specimen prepassivated for 2h in 1M HCIO4, after the addition of 
different concentrations of HF. a, left :  = " -  0.SV, minimum I. b, 
above: ~ - -  |.4V, minimum II. 

in the  same s i tuat ion when the first s tep is finished. 
Apparen t ly ,  the same surface layer  has to be moved. If  
h igher  cur ren t  densi t ies  than  ic.s = 0.06 mA~rn -2 are  
chosen, potent ia l  osci l la t ions wi thin  the  range of the 
second m i n i m u m  are found. For  sufficiently high cur-  
ren t  densit ies,  the ampl i tude  of these oscil lat ions may  
cause the  poten t ia l  to drop  to e ~ 0.5V and finally into 
the act ive potentiral range  (curve 5 in Fig. 6b).  These 
ga lvanos ta t ic  t rans ients  suggest  that  passi.vating films 
are  removed.  

In F - - f r e e  1M H~SO4, a change from potent ios ta t ic  to 
galvanosta t ic  condit ions causes damped  poten t ia l  oci l la-  
t ion with  a final constant  value in the  t ranspass ive  
range  or nega t ive ly  damped  oscil lat ion wi th  a final 
con,st,ant ampl i tude  (4). When  this ampl i tude  is high 
enough, a change to the h igher  values  of oxygen  
evolut ion is observed  ra the r  than  a drop  to the potent ia l  
range  of active dissolution,  which  migh t  be a conse- 

10 2 

101 
Fig. 4. Stationary polarization 

cu.e of nickel in 1M HEI04 h~l:: 10 o plus 0.1M HF (solid line), values u 
30 rain after HF addition, pre- 
passivated for 2h in 1M HCIO4, 
compared to the potentiody- .~. 10  -1 
namic polarization curve (dashed " -  
line). O :  stationary current 
density at ~ - -  1.15V with 10 -2. 
vigorous stirring (RDE) without 
fluoride layer. 

10-3. 

0 

visibl~l~lyer 

o 

I! current oscil|otions 
V 
i 
I 

| I 

0.5 1.0 1.5 2-0 
e / V  



Vol. 131, No. 3 P A S S I V I T Y  O F  N I C K E L  525 

101 

10 0 

U 
< 10 -1 
E 

10-2 

Ni 

1 M HC[04 
pH = 0.1 
ip=f([HF]) 
E=0.5 V 

/ 

I I 

10-3 10 -2 
[HF] Imole dm -3 

(a) 
10 -3 

10-1 

quence of the  smal le r  cu r r en t  densit ies wi th in  the  
pass ive  range  of F--~'ee solutions. No poten t ia l  osci l la-  
t ions are  r epo r t ed  for  pure  perch lora te  solut ions but  
t hey  a re  found in F -  containing e lec t ro ly tes  (4). 

The na ture  and composi t ion of these films cannot  be 
deduced only f rom elect rochemical  exper iments .  For  
this  purpose,  surface ana ly t ica l  methods,  such as XPS  
and ISS,  have been appl ied  (6). They show a p ro-  
nou~ced difference of the  surfaces for the  two charac-  
ter is t ic  ranges  of the  polar iza t ion  curve. At  m in imum I 
up  to the  m a x i m u m  at e = 1.1V, a pass ivat ing  oxide 
film is found wi th  a r educed  thicknes~ compared  to the  
H F - f r e e  solution. About  6A of the  remain ing  oxide 
(NiO) are  covered by  8A of n ickel  hyd rox ide  [Ni(OH)2]. 
At  r > 1.2V (min imum I I ) ,  th ick films of NiF2 cover 
the  th inned  oxide  l aye r  (4A).  The thickness  of these 
fluoride films decreases wi th  increas ing e lec t rode  po-  
ten t ia l  f rom severa l  thousand angst roms at the  cur ren t  
m a x i m u m  (visible l aye r )  to a few nanometers  at min i -  
m u m  II. They appa ren t ly  reduce the  corrosion process 
to the  smal l  values  at  m i n i m u m  II. 

Fo r  h igher  pH values  (phtha l ic  acid p H  4.0, ph tha la te  
buffer p H  4.9) s imi la r  fea tures  are  found for the  po-  
la r iza t ion  curves (Fig. 7a). The cur ren t  densit ies are  
smaller ,  and  the  peak  of the m a x i m u m  is shif ted by  
--60 mV/pH.  In  bora te  buffer  pH 8.0, no peak  is found 
in the  pass ive  range,  a n d  the  cur ren t  dens i ty  is in-  
creased only  s l igh t ly  b y  the fluoride addi t ion  (Fig. 7b) .  

Discussion 
The di f ferent  e lec t rochemical  behav ior  of n ickel  in 

the  two character is t ic  po ten t ia l  regions of m i n i m u m  I 
and II  is in t e rp re ted  as a consequence of two different  
pass iv i ty  mechanisms.  F igure  8 shows a phase  d i a g ra m 
of a passive film on n ickel  wi th  the  r e l a t ed  processes. A 
high e lec t r ica l  field s t r eng th  wi th in  the passive l aye r  
causes the  migra t ion  of Ni 2+ ions for  compensat ion  of 
the  dissolut ion reac t ion  and a possible  1,ayer fo rmat ion  
at  the  oxide e lec t ro ly te  interface.  The potent ia l  drop 
e25 de t e rmines  the charge  t r ans fe r  react ion of Ni 2+ or  
its complexes  wi th  F - ,  i.e., the corrosion reac t ion  [4] 
(see be low) .  F o r  s t a t ionary  condit ions,  when the  l a y e r  
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Fig. 5. Increase of stationary current density in I M  HCIO4 plus 

HF as a function of the HF concentration, a, left: e - -  0.SV, mini- 
mum I. b, above: e = i.4V, minimum II. 

is ne i the r  growing nor  get t ing thinner ,  this  po ten t ia l  
drop  is de te rmined  by  the equ i l ib r ium [3] of the  for -  
mat ion  of anions at  the  l aye r  .~urface, i.e., O 2-  for an 
oxide and F -  for a fluoride. In  the case of passive iron,  
this leads to a character is t ic  pH dependence  of the 
logar i thm of the s t a t ionary  corrosion cu r ren t  dens i ty  
(7). For  uns ta t ionary  conditions,  e2~ m a y  conta in  an 
overpoten t ia l  because react ion [3] wil l  occur in e i ther  
di rect ion and  the equ i l ib r ium might  be d is tor ted .  Fo r  
nickel,  the s ta t ionary  dissolut ion cur ren t  dens i ty  is 
potent ia l  dependent  (5). Therefore,  one has  to assume 
that  e2,~,s is changing with  the e lect rode potent ia l  e. 
This, in turn,  requi res  .a change of the  composi t ion of 
the oxide  su r f ace  or, in o ther  words,  of its oxida t ion  
s ta te  (8). In this regard ,  the  s i tuat ion of  passive n ickel  
is more  compl ica ted  than  tl~at of iron. The smal l  po ten-  
t ia l  dependence  of the cur ren t  dens i ty  depic ted  in Fig. 1 
in H F- f r e e  HC104 should  be seen as a consequence of 
the appl ied  po ten t iodynamic  condit ion when compared  
to the  station~ary values  in 1M H2SO4 of Ref. (5).  

The t rans fe r  of N 2+ ions f rom the  oxide into the 
e lec t ro ly te  is ca ta lyzed b y  fluoride. This process is 
s imi lar  to the  catalysis  of the corrosion of passive i ron 
in sulfa te  (7), chloride (9), or  fluoride (10) containing 
electrolytes .  We assume tha t  the  Ni 2 + ions at  the  oxide  
surface  are first complexed  af ter  react ion [4]. This 
s~rface complex  is t r ans fe r red  into the  e lec t ro ly te  by  
the  ion t rans fe r  react ion [5] and f inal ly t r ans fo rmed  to 
a h igher  complexed  anion b y  reac t ion  [6]. 

H20 ~-~ Oox 2 -  + 2Haq + [3] 

Niox 2+ + H F a q ~  NiFad + + Haq + [4] 

NiFad + -> NiFa~ + [5] 

NiFaq + + 3HF ~ NiF,~aq 2-  + 3Haq + [6] 

Assuming  equ i l ib r ium for react ion [4] and tak ing  reac-  
t ion [5] as the  r a t e - d e t e r m i n i n g  step, one gets for  the  
s t a t ionary  corrosion cur ren t  dens i ty  ic,s 

ir = 2kF[NiFad + ] exp e~,~,s [7] 
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Fig. 6. Galvanostatic transients of nickel electrodes, prepassivated for 2h at e in 1M HCIO4, in 1M HCIO4 plus 0.1M HF with cur- 
rents higher or smaller than the stationary potentiostatic values, a, top: E = 0.SV, minimum I. b, bottom: ~ = 1.4V, minimum II. 

wi th  [NiFad § ] be ing  the  sur face  concentra t ion of the  
in t e rmed ia te  complex.  

F r o m  the equi l ib r ium for the  e lect rosorpt ion [4] 
fol lows 

[Niox ~+] [HFaq] exp --  
[NiFad+ ] = [Haq + ] RT 

The e lee t rosorp t ion  va lency  ('t) takes  into account  tha t  
on ly  par t  of the total  potent ia l  d rop  r is effective 
because of the own dimensions  of the anion. ~ m a y  
also include a possible  pa r t i a l  e lect ron exchange be-  
tv~een adsorbens  and adsorbate  (11). 

Equat ion [8] is a Langmui r  i so therm for the  e lec t ro-  
sorpt ion equ i l ib r ium [4], as is shown more  c lear ly  by  
in t roducing the surface  coverage  (0) of the  fluoride 
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[Niox 2 + ] 
o [HFaq] e x p (  A G ~  

1 -- 0 [Haq+ ] RT 
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[Niox~ + ] is the surface concentration of those nickel 
ions not  t ransformed into a surface complex, or, in 
other  words, it is the concentration of the free ad- 
sorption places. The adsorption constant a depends on 
the pH .and the potential drop e~.s.s at the oxide elec- 
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Fig. 8. Phase diagram for a passivated nickel electrode in HF 
containing electrolyte with the related electrode reactions, a: 
Surface catalytic mechanism of HF, minimum I. b: Mechanism in 
presence of a fluoride layer, minimum II. 

trolyte interface. 0 is the concentration ratio of the 
surface complex and the sum of the f lee and occupied 
adsorption places [Niox2+]t = [NiFad +] + [Niox z+] 

[NiFad + ] a [HFaq] 
0 = = [103 

[Niox~+]t 1 § a[HFaq] 

Introducing 0 in Eq. [7] yields 

io.s = 2kF0 [NioxS+]t exp e~.s [II] 

From the equilibrium of reaction [3], one gets the 
pH dependence of ~s.8.s 

e2.3.s = e~ - -  0.059 pH [12]  

Introducing Eq. [10] and [12] in [11] and assuming a 
small surface coverage 0 < <  1 with a[HFaq] < <  1 so 
that  Henry 's  adsorption isotherm is valid with 0 = 
a [I-IFaq], one gets 

ie~ : ic,s ~ [HFaq] exp {--2.303 pH (= + ~ -- 1) } [13] 

[14]  

This mechanism yields the following electrochemical 
reaction orders for HF and H + 

d log ic..  d log ~., 
=I; --=l--a--V [15] 

d log [HFaq] d pH 

Assuming a higher  N i2+-F-  complex for the corro-  
sion mechanism, a higher  reaction order  is obtained 
for  HF  as follows 

21-1F "1" Niox s+ ~ NiF2.ad "1" 2Haq + [16]  

NiFs,ad -* NiFs,aq [17] 

2HFaq -t- NiF~,aq ~- NiFZ-4,aq "1" 2Haq + [18] 

The electrosorption equilibrium of Eq. [16] leads to a 
Langmuir  isotherm similar to the case of the associa- 
tion of two adsorbed species. This equilibrium yields 
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the  fol lowing equat ion 

[NiF2,ad] [HFaq] 

' i  0 - -  [Niox 2+] - - [ H a q + ]  2 
--exp( AG~ 

RT 

( 27F '~ 
exp ~2~ ) [193 

Apply ing  Eq. [12] for  the  equ i l ib r ium of O e -  format ion  
yields  

0 a'  ( AGO ) 
---- [HFaq] = [HFaq] exp 

1 --  O R T  
[ 27F ) 

exp  / - - ~ o 2 , s , s  exp {4.606 (1 --  7 ) p H )  [20] 
\ R T  

[NiF2oad] a '  [HFar 2 
0 -- ---- [21 ]  

[Niox~+]t 1 + a'[HFaq] 2 

For  the  r a t e - d e t e r m i n i n g  s tep [17], one obtains  

ir ---- 2k'F [NiF2,ad] = 2k 'F 0[Niox2+]t [22] 

In t roducing  Eq. [20] and [21] in [22] and apply ing  
Henry ' s  law wi th  a'[HFaq] < <  1 for Eq. [21], one gets 

ic,s = ic,s ~ [HFaq] 2 exp {4.606 (1 --  7)pH} [23] 

ic,s ~ = 2k 'F  [Niox2+]t exp R T  

-- "~%~.s [ 2 4 ]  exp R T  

d log ic,s d log/~,s 
= 2 ;  - - = 2 - - 2 ~  [25] 

d log [HF] d pH 

The expe r imen ta l  va lue  for the reac t ion  order  of 
HF (1.63) is be tween  those of the two discussed 
mechanisms.  If the  s implif icat ion of Henry ' s  l aw is no 
longer  valid,  reac t ion  orders  < 2 wi l l  resul t  for HF 
also for  the  second mechanism (Eq. [16]-[18]) .  Af te r  
Eq. [21] and [22], 0 wi l l  va ry  with  [HFJ, causing a 
change f rom a second-order  l aw to no dependence  for 
high surface coverages when sa tu ra t ion  is achieved.  
With  the expe r imen ta l  resu l t  of 1.63 for  the HF re-  
act ion order ,  we favor  the second mechanism (Eq. 
[16]-[18]) .  Af t e r  the  first mechanism (Eq. [ 4 ] - [6 ] ) ,  
only  a reac t ion  o rde r  --~ 1.0 is expected (Eq. [10], [11], 
[15] ). 

ic,s decreases  wi th  increasing pH af ter  the  exper i -  
ments.  Af t e r  Eq. [25], this cannot  be unders tood for 
7 --~ 1 wi th  the  second mechanism (Eq. [16]-[18]) ,  
but  i t  would  not  contradic t  Eq. [15] of the first one. 
However ,  one has to t ake  into account tha t  hydrogen  
fluoride (pK -- 3.45) is fu l ly  dissociated at  pH 5 and 
tha t  the fluoride anion might  be involved in the  dis-  
solut ion process ins tead of HF. Thus the H + ion no 
longer  par t ic ipa tes  in the  e lec t rosorpt ion  react ions 
[4] and  [16], which in tu rn  changes the  pH dependence  
of the  s t a t iona ry  cur ren t  to d log ~c.s/d p H  = --  (~ + 7)  
for  the  first mechanism (Eq. [4]-  [6]) ,  and to d log it,s~ 
d pH = --27 for the  second one (Eq. [16]-[18]) .  These 
c i rcumstances  exp la in  the high decrease  of ic,s with 
increas ing pH and complicate  the in terpre ta t ion ,  es-  
pec ia l ly  in a lka l ine  solut ions where  smal l  ic,s values  
are  found. 

The f luor ide- induced dissolution mechanism leads to 
a th inning  of the oxide  film in the potent ia l  range  of 
m in imum I, as has been found by  XPS analysis  (6). 
About  2 min af ter  the addi t ion of HF, the th inning  of 
the  passive l aye r  is finished, and a new s t a t iona ry  
state for  i~,s is achieved (Fig. 3a).  The th inner  oxide 
l aye r  resul ts  in a h igher  e lect r ica l  field s t rength,  p ro -  
v id ing  a sufficient ion t ranspor t  to compensate  the in-  
creased s t a t iona ry  dissolution current  densi ty  at  the  
ox ide -e lec t ro ly te  interface,  No fluoride was found by  

XPS  at  the s,urface of the specimen af ter  HF exposure  
at m in imum I af ter  ca re tu l ly  r insing with  t r ip ly  dis-  
t i l led wa te r  (6).  These findings suppor t  fur ther  the 
surface ca ta ly t ica l  mechan i sm and make  impossible  
exp lana t ion  by  a chemical  change of the  passive layer .  

Wi th  increasing e lec t rode  p o t e n t i a l  (e), the cur ren t  
dens i ty  rises to its max imum.  Apparen t ly ,  the  po ten-  
t ia l  drop  e2,3 increases,  which  leads  to a h igher  con-  
cen t ra t ion  of fluoride complexes  o r  surface coverage 
of F -  via the e lec t rosorpt ion  equ i l ib r ium of react ion 
[16]. These effects are  in favor  of the anodic d issolu-  
t ion process, a' increases exponent ia l ly  wi th  the po-  
tentiml drop  e2,3,s (Eq. [19], [20]),  which causes a de-  
crease of the r e a c t i o n  order  of HF a f t e r  Eq. [21] and 
[22]. When ~ monolayer  of NiF2 is obtained,  ic,s should 
no longer  increase  wi th  [HFaq]. This is appa ren t ly  the  
s i tuat ion when a continuous NiF2 l aye r  is formed at  
the current  m a x i m u m  (e = 1.1V). The current  values  
of the  po ten t ivdynamic  polar iza t ion  curve show a very  
reduced  dependence  of the  HF concentra t ion a t  these 
potent ia ls  (Fig. 2). 

The high cur ren t  densi t ies  at  the m a x i m u m  lead to 
the  format ion  of a visible NiF2 layer ,  p r e sumab ly  by  
precipi ta t ion.  The composit ion of this l aye r  has been 
de te rmined  by  XPS analysis  and by  comparison with  
s tand.~ds  (6). This pass ivat ing  NiF2 layer  reduces 
the corrosion cur ren t  densi ty .  The change from an 
oxide to a fluoride l aye r  has pronounced consequences 
for the  mechanism at min imum II. The potent ia l  drop  
~25,s for s ta t ionary  conditions is now de te rmined  by  
the equ i l ib r ium of F -  format ion  [26] on a fluoride 
l aye r  

I-IFaq ~ F I -  + Haq + [26] 

Ni~ 2+ -* Niaq 2+ [27] 

Niaq 2+ + 4 H F a q ~  NiF4,a~ 2-  + Haq + [28] 

With  the ion t ransfer  of Eq. [27] as the  r a t e - d e t e r -  
mining  step, one obtains  

[ 2a 'T  ,, ) 
ic,s : 2k"F [Nil 2+ ] exp  ~, ~ �9 2,a _ [29] 

The e lect rochemical  equi l ib r ium [26] leads to the fol-  
lowing dependence  for the potent ia l  difference d'2,8 at 
the f luor ide-e lec t ro ly te  in terface  

~F- + ~H + -- ~HF -- F~"~ + F~"~ : 0 

Inserting the concentration dependence of the chemical 
potent ia ls  #i - -  ~i ~ + R T  in  ai and in t roducing  e"2,8 --  

1 
e"2 --  e"3 and eo"2,8 : z #i o for the sum of the s tan-  

F 

dard  potent ia ls  ~i o, one gets 

e"2,3 = e~ --  0.059 pH -- 0.059 log [HFaq] [30] 

Inser t ing  Eq. [30] in [29] y ie lds  

ic,s = i~ -2~" exp (--4.606W' pH) [81] 

ic,s ~ = 2k"F[Ni l  2+ ] exp  o,, R T  ~ 2~ [32] 

This resul ts  in the fol lowing e lec t rochemical  react ion 
order  for HF and pH 

d log ic,s d log i~,s 
- -  2,a"; - - :  - - 2 a "  [ 3 3 ]  

d log [HF] d pH 

With the  measured  value  of --0.79 for  the HF react ion 
order  at  m in imum II, one obtains a" ~ 0.4 for  the 
charge t rans fe r  coefficient. This is a reasonable  value  
for  the  ion t ransfe r  step. 

The approach to the  new ss  condi t ion for ~c,s 
at  min imum II  with t ime af ter  the H F  addi t ion  (Fig.  
3b) is caused by  the th inning  of the  pass iva t ing  oxide  
and the fo rmat ion  of the NiF2 over layer .  The  cu r r en t -  
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t ime behav ior  coresponds c losely  to the  resul ts  of the 
surface analysis.  The th inn ing  of the  oxide  l aye r  is 
completed  a t t e r  1 rain (6) when the  cur ren t  achieves 
its in te rmedia te  m a x i m u m  (Fig. 3b) .  The fol lowing 
cur ren t  decrease occurs in close re la t ion  to the  fo rma-  
tion of the  NiF2 over layer .  S t a t iona ry  condit ions are  
achieved af ter  ca. 10 rain. 

The remova l  of the vis ible  n ickel  fluoride film at  the 
cur ren t  m a x i m u m  of Fig. 1 by  vigorous s t i r r ing  wi th  
~400 rpm goes along wi th  a complete  r emova l  of any  
fluoride at  the surface as has been found by  XPS  anal -  
ysis (6). This shows tha t  the  surface ca ta ly t ica l  mecha-  
nism of m i n i m u m  I is s t i l l  effective at the  cur ren t  
max imum.  

The po ten t ia l  oscil lat ions of Fig. 6b should be seen 
as a consequence of the  form of the cu r r en t -dens i t y  
potent ia l  curve and of changes  wi th in  the  surface 
layers  wi th  t ime. These processes are  not  fu l ly  unde r -  
stood, .although they  l~ave been  a l r eady  r epo r t ed  for 
s imi la r  condit ions for  this sys tem (4).  Apparen t ly ,  
damped  oscil lat ion occurs in both direct ions of min i -  
m u m  II  if i ~ is. However ,  if the  po ten t ia l  drops  below 
the va lue  of the cur ren t  max imum,  it does not  recover  
and moves to m in imum I wi th  the r e l a t ed  changes of 
the  surface layer .  As i is too smal l  to main ta in  the  po-  
ten t ia l  at  m in imum I (cf. Fig. 1), e has to drop to the 
active reg ion  wi th  a complete  r emova l  of the  passive 
film. I f  i ( is, a final s table  s i tuat ion is achieved only  
wi th  an act ive e lect rode poten t ia l  in any  case. 

Conclusions 
The presence of aggressive anions affects decis ively  

the passive corrosion cur ren t  density.  In  a lower  po-  
ten t ia l  range  the passive l aye r  of n ickel  is th inned by  
the act ion of I-IF (min imum I) .  This causes a h igher  
e lect r ica l  field s t reng th  and an increased corrosion cur -  
ren t  density.  The t rans fe r  of the  n ickel  ions f rom the 
oxide to the e lec t ro ly te  is ca ta lyzed by  the format ion  
of a fluoride complex at  the surface.  The e lec t rochemi-  
cal reac t ion  o rde r  for  H F  is 1.63. In  the  second min i -  
mum, the  corrosion cu r ren t  is decreased by  the fo rma-  
tion of an NiF2 ove r l aye r  wi th  a th inned  oxide s t i l l  
p resen t  undernea th .  According  to the changed chem- 
i s t ry  of the  surface, a different  mechanism is effective. 
The react ion o rde r  of H F  is --0.79. This is a conse- 
quence of the equ i l ib r ium of F -  format ion  on the sur -  
face, which  de t e rmines  the  po ten t i a l  difference e2,a a t  
the  fluoride l aye r - e l ec t ro ly t e  interface.  

The effect of anions on the  dissolution kinetics of 
pass ive  meta ls  is ra~her common. In m a n y  cases, a 
localized a t tack  is observed,  i.e., as for i ron and nickel  
in solut ions of the  o ther  hal ides .  In  these cases, the in-  
creased cur ren t  dens i ty  leads to a local accumula t ion  
of the  corrosion products  and hence of the  halides.  This, 
in turn,  in, creases the  ca ta ly t ic  ac t iv i ty  wi th  a severe  
th inning of the passive film Land its complete  removal .  
The high ha l ide  concent ra t ion  thus prevents  a re -  
pass ivat ion of the  growing  pits  au toca ta ly t ica l ly .  S imi-  

lar ly ,  a high bu lk  concent ra t ion  of chlor ides  (~---1M) 
m a y  preven t  the fo rmat ion  of a pass ive  film com- 
p le te ly  (12, 13). 

The genera l  a t t ack  of  the passive oxide by  acidic HF 
solutions in comparison to the  local  effects of the other  
hal ides  m a y  be a consequence of the s t ronger  co~nplex- 
ing ab i l i ty  of fluoride. Therefore,  i t  might  not  be nec-  
essary  to accumula te  corrosion products  and  the reby  
fluoride by  an intense local  or  genera l  me ta l  dissolution.  
HF adsorbs most r ead i ly  at  the  to ta l  passive surface,  
so that  the  format ion  of two-d imens iona l  sa l t  nucle i  
does not  dominate  the breakdown,  as in the case of 
i ron in chlor ide solut ions (9). The more  genera l  a t tack  
of fluoride on passive n icke l  or i ron (10) simplifies 
the complicated process of localized corrosion. In  this  
regard ,  fluoride is a model  sys tem for the b r eakdown  of 
passivi ty.  The complexing  and ca ta ly t ica l  capabi l i ty  of 
the  hal ides  should be seen as the ma in  source of 
b r e a k d o w n  of pass iv i ty  and local ized corrosion,  A 
fu r the r  suppor t  by  ohmic drops  in la rge  pits, espe-  
c ia l ly  when they  are  occluded, and acidification by  h y -  
drolysis  which, however ,  is not  effective in a l r e ady  
s t rong ly  acidic solutions, m a y  help  to s tabi l ize  the  pi t  
growth.  
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ABSTRACT 

Amorphous iron-zirconium alloys, ranging in composit ion from FegoZrl0 to Fe33Zr~7, have been studied by anodic polari- 
zation and passivation decay in 1N sulfuric acid. The results showed a composit ional  enhancement  of corrosion resistance 
with increasing zirconium concentration. Auger  electron spectroscopy indicated that  exposure to the sulfuric acid solution 
enhances the surface zirconium concentration with respect  to the bulk of the exposed alloy and also with respect  to the 
as-deposi ted surface composit ion.  X-ray photoemission spectroscopy shows that the passive film is a mixture of zirconium 
oxides and hydroxides  and iron oxides and hydroxides.  

As pa r t  of its mission to cormerve resources,  the 
Bureau  of  Mines is s tudy ing  the factors l ead ing  to the 
corrosive degrada t ion  of mate r ia l s  f rom exposure  to 
react ive  species, especial ly  in mining  and meta l lu rg ica l  
processing environments .  Metal l ic  glasses, because of 
thei r  amorphous  character ,  which e l iminates  c rys ta l -  
l ine defects~ and because they  can be formed over  wide 
ranges of compositions,  have significant potent ia l  for 
mate r ia l s  appl icat ions  in envi ronments  suscept ible  to 
corrosion. This potent ia l  was demons t ra ted  in i t ia l ly  by  
Hashimoto et al. (1), who discovered that  severa l  i ron-  
based amorphous  al loys have corrosion proper t ies  
super ior  to those of c rys ta l l ine  al loys of s tainless steel. 
Subsequent ly ,  severa l  amorphous  al loys have been 
s tudied to de te rmine  thei r  corrosion proper t ies .  For  a 
recent  review, see Waseda and Aust  (2). 

There  are  two majo r  groups of a l loy sys tems which 
form amorphous  s t ructures :  m e t a l - m e t a l  and me ta l -  
metal loid.  Resul ts  of Hashimoto et al. indicate  that  the 
incorpora t ion  of a metal lo id ,  e.g., phosphorus,  carbon, 
or  boron, into a meta l  to form an amorphous  a l loy  
resul ts  in a chemical ly  uns table  a l loy and does not  
anodica l ly  pass ivate  in acidic solut ions (3). However ,  
the inclusion of a second meta l  to form a t e rna ry  sys-  
tem often resul ts  in anodic pass ivat ion and g rea t ly  im-  
proves corrosion resistance.  

Me ta l -me ta l  amorphous  al loys have  not  been as ex -  
tens ive ly  studied.  Naka  et al. (4) examined  the corro-  
sion behavior  Of amorphous  Cu~0Zrs0 and CusoTisa and 
compared  thei r  resul ts  wi th  Cu, Zr, and Ti po lyc rys ta l -  
l ine meta ls  and wi th  Cu-Zr  and Cu-Ti  po lycrys ta l l ine  
alloys. Thei r  da ta  indicate  that  these m e t a l - m e t a l  
amorphous  al loys have super ior  corrosion resis tance 
compared  to c rys ta l l ine  al loys of  s imi lar  composition. 
However ,  based upon ava i lab le  data, Waseda and Aust  
(2) and Hashimoto (5) conclude that  the enhancement  
in corrosion behavior  due to amorph ic i ty  is much 
grea te r  in me ta l -me ta l lo id  systems than in me ta l -  
meta l  systems. Waseda  and Aust  (2) and Hashimoto 
(5) concluded that  in m e t a l - m e t a l  systems the corro-  
sion proper t ies  of the al loy are  p r inc ipa l ly  de te rmined  
by  the most  corrosion res is tant  metal .  If  such is the 
case, an amorphous  m e t a l - m e t a l  a l loy can be p ro -  
duced for a specific corrosion env i ronment  based on 
the corrosion behavior  of the ind iv idua l  components.  

Subsequent  work  by  Walms ley  (6) indica ted  tha t  
perhaps  m e t a l - m e t a l  amorphous  sys tems are  not su-  
per ior  to crys ta l l ine  mate r ia l s  if c rys ta l l ine  defects 
can be e l iminated.  Walms ley  s tudied the Cu-Zr  amor -  
phous sys tem ranging  f rom CussZr15 to Cu~oZrs0. The 
corrosion resis tance of amorphous  Cu-Zr  is be t t e r  than  
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tha t  of  c rys ta l l ine  systems at  low c o n c e n t r a t i o n s  o f  Zr. 
This is because of the presence of a lpha-Cu,  which d o e s  
not  pass iva te  in the c rys ta l l ine  system. However ,  at  
high Zr compositions, a l l  phases contain  Zr, and the 
amorphous  and crys ta l l ine  mate r ia l s  d i sp lay  compar -  
able corrosion proper t ies .  Therefore,  the au thor  con- 
cludes tha t  any  enhancement  in corrosion resis tance is 
due to lack of c rys ta l l ine  defects ins tead of the amor -  
phic i ty  of  the  films. 

Based upon these l imi ted  s tudies  of m e t a l - m e t a l  
amorphous  alloys, the effect of c rys ta l l in i ty  vs. com- 
posit ion is not  clear.  This s tudy is concerned wi th  t h e  
composi t ional  effect on the e lec t rochemis t ry  of i ron-  
z i rconium amorphous  al loys formed by  ion spu t te r ing  
onto a vi t reous  carbon substrate .  Anodic  polar iza t ion  
and pass ivat ion decay tests were  conducted in IN 
H~SO4 to s tudy  corrosion proper t ies .  Af te r  e lec t ro-  
chemical  testing, the  surface films were  charac ter ized  
by  Auger  electron spectroscopy (AES) and x - r a y  
photoemissiorL spect roscopy (XPS) .  

Experimental 
Zirconium samples  were  cut f rom Alpha  1 high 

pur i ty  (99.9%) 0.25 m m  foil into 1.9 cm squares,  chemi-  
cal ly  pol ished with  a solut ion of ni t r ic  and hydro -  
fluoric acids in h i g h - p u r i t y  (HP) wa te r  ( res is t iv i ty  of 
18 Ml l - cm) ,  r insed  in HP water ,  and dr ied  in a s t r eam 
of d ry  ni trogen.  

High pur i ty  (99.5%) 0.25 m m  Mater ia ls  Research  
Corpora t ion  iron foil was cut  into 1.9 • 1.3 cm samples,  
degreased  sequent ia l ly  in acetone and methanol ,  and 
r insed wi th  HP water .  Po lycrys ta l l ine  Fe l2Cr  and 
Fe l8Cr  were  cut into 1.9 cm squares  f rom sheet  stock, 
ground with  180 through 600 gr i t  si l icon carbide  paper ,  
annea led  for 2h at  600~ under  an argon atmosphere ,  
p ickled  in a 20% ni t r ic  acid solut ion wi th  a few drops  
of HF added,  and r insed wi th  HP water .  The iron, 
Fel2Cr ,  and Fe l8Cr  samples  were  then e lec t ropol ished 
in a 9:1 volume ra t io  of glacial  acetic acid and 70% 
perchlor ic  acid solution, r insed  wi th  HP water ,  a n d  
dried in a s t ream of d ry  ni trogen.  

Vitreous carbon was used as a subs t ra te  for the 
amorphous  F e - Z r  films because i t  is not  expected  to  
form a good galvanic  couple wi th  the  F e - Z r  film nor  
react  wi th  1N H2SO4. Vitreous carbon sheet  stock, 2 
mm thick, was cut into 1.9 cm squares,  ground wi th  
320 through 600 gri t  si l icon carbide  paper ,  and pol ished 
with  5 and 0.05 ~m gamma a lumina  powders .  Af te r  
polishing, a few smal l  pits could be seen in an o the r -  
wise h igh ly  pol ished surface.  Pol ished samples  were  
sequen t ia l ly  degreased  wi th  acetone and methanol ,  

1Reference to specific trade names or manufacturers is for 
identification only and does not imply endorsement by the Bu- 
reau of Mines. 
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rinsed with HP .water, and dried in a stream of dry 
nitrogen. 

Amorphous Fe90Zrl0, Fes0Zr2o, FesoZr40, Fe~0Zr~o, and 
Fe~Zr67 samples were produced by argon ion sputter-  
ing from a pellet of desired composition onto a vitreous 
carbon substrate. The substrate was cooled by either 
liquid nitrogen or water  during sputtering. Prior to 
sputtering, the chamber vacuum was in the 10 -6 Pa 
range. Deposition rates were between 50 and 100 nm/  
min utilizing argon ions. In order to verify that the de- 
posited films were amorphous, we utilized Mossbauer 
spectroscopy with a 57 Co in Rh source. The magnetic 
and hyperfine interactions of thick amorphous and 
polycrystall ine Fe-Zr films have been previously 
studied by Mossbauer spectroscopy and correlated with 
x - ray  diffraction studies (7, 8). Films which were 
amorphous based upon x - r a y  diffraction demonstrated 
significantly different Mossbauer spectra compared to 
polycrystall ine films. Therefore, we were able to verify 
amorphicity of films which were too thin for x - r ay  
analysis and were deposited on vitreous Carbon sub- 
strafes. Composition of selected alloys was verified by 
proton-induced x - r ay  emission. 

All electrochemical tests were run in a 1 l i ter  modi- 
fied Greene cell (9) equipped with a nitrogen gas 
bubbler, a platinum sheet counterelectrode, and a 
glass Luggin probe connected by a solution bridge to a 
saturated calomel electrode (SCE). All potential mea- 
surements were with respect to the SCE and converted 
to the normal hydrogen electrode (NHE). The 
samples were held in a polycarbonate sample holder 
with a FETFE Teflon O-ring sealing the exposed re-  
gion from the remainder of the sample. Depending on 
the O-ring size, 1/3 to 1/2 cm 2 of the sample surface 
was exposed. The test solution was 1N H2SO4 which 
had been deaerated by bubbling nitrogen gas through 
the solution 12h prior to the test. The nitrogen puri ty 
was 99.998% with ~10 ppm oxygen, <2 ppm hydro-  
gen, and ~1 ppm methane. 

After  electrochemical testing, Fe-Zr amorphous 
samples were analyzed with Auger electron spectros- 
copy (AES). One analysis was performed on an un- 
tested portion of the film and another on the region 
w h i c h  had been exposed to 1N H2SO4. Base pressure of 
the AES system prior to use was 1 • 10-6 Pa. A pri-  
mary  beam of 4 ~A, 5 keV electrons was used to excite 
Auger electrons, which were then detected by a 
cylindrical mirror  analyzer. The analyzer was modu- 
lated at 1300 Hz with 2V peak to peak. To obtain 
depth profiles, inert gas sputtering was used. An argon 
ion beam was obtained at 2.5 keV utilizing a pressure 
of 5 • 10 -~ Pa. The ion beam was rastered over an 
area of approximately 2 • 3 mm. The electron beam 
had a diameter (full width at half maximum) of ap- 
proximately 150 ~m and was aligned in the center of 
the rastered area. The ion sputter  rate was calibrated 
against a 100 nm thick TasO5 film. No correction was 
made for variation in sputtering due to different 
matrices. 

X- ray  photoemission spectroscopy (XPS) was used 
to determine the chemical nature of the as-sputtered 
amorphous films and the passive films formed in 1N 
H~SO4. Passive films were formed by placing samples 
into solution at a selected potential (the "hold-release 
potential" shown in Table I) and holding them at this 
potential until the current reached steady state. Then 
the samples were withdrawn from the solution, rinsed 
in HP water, and dried in dry nitrogen. XPS analyses 
were performed by Perkin-Elmer,  Edison, New Jersey, 
utilizing a Mg Ka source and a Physical Electronics 
Model 560 system. All spectra were charge corrected to 
the 284.6 eV peak of carbon. Each sample was analyzed 
in two areas: inside and outside the exposed region. 
Ini t ial ly a survey scan was done in each region to de- 
termine film composition. This was followed by high 
resolution scans of each peak to determine chemical 
s t r u c t u r e .  

Table I. Passivation decay times and potentials and corrosion 
potentials for Fe-Zr amorphous aJloys and for polycrystalline 

Fe-Cr alloys, Fe, and Zr 

Metal or td (mean, Ehold-release Ecorr 
alloy min) NO. samples ( V N ~ )  ( V ~ , z )  

Fe 0.23 • 0.04 2 1.492 - 0.29 
Fe~Zr~o 2.8 -~ 0.8 2 0.592 -0 .19  
FeGoZr~o * 2 0.592 --0.20 
Fe~oZr~o �9 1" 0.592 -- 0.23 
Fes3Zr67 �9 1 0.592 --0.26 
Zr �9 1 0.592 - 0 . 2 4  
Fel2Cr 20 • 17 6 0.742 --0.25 
Fel8Cr 2130 1 0.84Z ~ 0.26 

* Samples  w e r e  stil l  p~ss lve  at the end of  the 2.s day test .  

Two electrochemical tests were used for evaluating 
the corrosion properties of the amorphous alloys, poly- 
crystalline Fe, Zr, Fel2Cr, and Fel8Cr in deaerated IN 
H2SO4. Anodic polarization was used to indicate 
whether a part icular  metal  would passivate in the 
test environment and to compare its passivation abili ty 
with those of other metals tested. Prior to anodic 
polarization, the Fel2Cr and Fel8Cr alloys were 
cathodically reduced at --17/~A/cm 2 until the potential 
dropped discontinuously, indicating that the air-  
formed oxide had been reduced. Cathodic reduction 
was not done on the amorphous Fe-Zr  alloys, poly- 
crystalline iron, or polycrystalline zirconium. The 
oxide film on iron dissolved readily upon being placed 
in solution. Zirconium was not reduced to elim.~nate 
the possibility of introducing hydrogen into the matrix. 
Instead of cathodic reduction, zirconium samples were 
placed in solution at open circuit and allowed to reach 
a steady potential before testing was begun. Amor-  
phous Fe-Zr alloys were not cathodically reduced, 
since AES showed that the air-formed oxides were 
only tens of nanometers thick. Polarization scans were 
run potentiodynamically in the anodic direction at 60 
V/h, beginning at potentials negative to the corrosion 
potential (E~orr). [See Ref. (I0) for a definition of the 
corrosion potential.] However, for zirconium scans, the 
current in the region of the corrosion potential was 
so low that it  could not be recorded potentiodynami- 
cally. Instead, the region between _I00 mV of E~orr 
was obtained galvanostatically and incorporated with 
the potentiodynamic results into Fig. I. Passivation 
decay tests were conducted by placing the sample in 
the test cell at or near the passive potential having the 
lowest current density as determined from the anodic 
polarization curve, holding the selected potential until  
a quasi-steady-state current was achieved, and then 
releasing potential control and monitoring open-circuit  
potential (Ec~) vs. time. A sample was determined to 
have lost passivity when Eoc reached the corrosion 
potential, the lat ter  having been determined from 
anodic polarization (see Fig. l ) .  If the sample had not 
reached the corrosion potential after 2.5 days, the test 
was terminated in order to avoid leakage of solution 
into the sample holder. An active-passive metal  will 
remain passive as long as its potential is anodic to the 
pr imary passive potential (Epp) defined in Ref. (10). 
However, few active-passive metals remain passive at 
open circuit; most drift back to the corrosion potential. 
The passivation decay time (td) defined in Fig. 2, is a 
measure of the metal 's abil i ty to remain passive and 
allows comparisons to be made between samples in a 
given test environment. 

Results and Discussion 
Polarization curves for Fe-Zr  alloys are shown in 

Fig. 3. The cathodic portion of the scan is shown only 
for Fes~Zr6v since it is similar for all the amorphous 
Fe-Zr  alloys tested. Increasing the zirconium concen- 
tration decreases the critical anodic current density 
until  t h e  a c t i v e - p a s s i v e  current peak is not found in 
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Fig. 2. Possivation decay test 

t h e  Fes0Zr40 or  Fe~Zr67 curves.  The polar iza t ion  curve  
for  FesoZr~0 (not shown) fits be tween  those of Fe60Zr40 
and Fe~Zr67 and also lacks the  ac t ive-pass ive  cur ren t  
peak.  The absence of an ac t ive-pass ive  peak  Seems to 
indicate  that  the  hydrogen  reduct ion  curve intersects  
the me ta l  oxidat ion  curve on ly  in the passive region 
(11). 

A comparison of the polar izat ion scans for po ly -  
crys ta l l ine  Fe, Zr, Fe l8Cr ,  and amorphous  Fe83Zr67 in 
Fig. 1 shows that  Fe~Zr6~ has a signif icantly lower  
cur ren t  dens i ty  than Fe18Cr or  iron. In  addit ion,  
amorphous  FezaZr6~ compares  f avorab ly  to z i rconium 
above 0.4V NHE, but  z i rconium exhibi ts  s ignif icant ly 
lower  cur ren t  densi t ies  be tween  the corrosion po ten-  
t ia l  and  app rox ima te ly  0.4V NHE. The corrosion po-  
tent ia ls  l is ted in Table  I are  the crossover potent ia ls  
for the  po ten t iodynamic  polar iza t ion  scans. Table  I 
shows tha t  the corrosion potent ia l  of the  amorphous  
i ron-z i rcon ium alloys becomes more  nega t ive  as the 
z i rconium concentra t ion is increased.  This t rend  sug-  
gests tha t  increas ing the zi rconium concentra t ion m a y  
decrease the hydrogen  exchange cur ren t  dens i ty  (io) 
as defined in Ref. (10). Ext rapola t ion  of the cathodic 
branches  of the  curves shown in Fig. 3 indicates  tha t  
the amorphous  F e - Z r  al loys t rend  toward  lower  io 
values  as the Zr concentra t ion increases.  However ,  this 
could also be due to a l te ra t ions  in the anodic pa r t i a l  
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Fig. 3. Polarization curves of Fe-Zr amorphous alloys in de- 
aerated 1N H ~ O 4  at 60 V/h.  A: Fe33Zr67. B: Fe6oZr4o. C: 
FesoZr2o. D: FegoZrlo. 

process or a combinat ion of a l tera t ions  in both  anodic 
and cathodic processes. I t  should  be noted  tha t  po ly -  
c rys ta l l ine  i ron does not fit this t rend,  s ince E~orr of 
i ron is more  negat ive  than  for any  of the amorphous  
alloys.  

The  corrosion cur ren t  densi ty  as defined in Ref. (10) 
was also determined.  Owing to the r e l a t ive ly  fast  
polar izat ion scan ra te  used, these values  a re  not  r e -  
ported.  However ,  t h e  t rend  observed  was that  in -  
creasing the z i rconium concentra t ion lowered  the cor-  
rosion current  dens i ty  for the  amorphous  i ron-  
z i rconium alloys. 

The potent ia ls  used to pass ivate  each s a m p l e  pr io r  to 
pass ivat ion  decay are  given in Table  I. The potent ia l  
of 0.592V NHE, which  is the poten t ia l  where  the min i -  
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mum passive current density of Feg0Zr10 occurs, was 
selected as the hold-release potential for the passiva- 
tion decay test on zirconium and iron-zirconium alloys. 
As Fig. 3 shows, this is in the passive region for each 
of the samples which has an identifiable active-passive 
region. Polycrystalline Fe and Fel2Cr samples were 
held at the potential determined from their polariza- 
tion curves to yield the minimum passive current. 

The results from Table I show that a significant in- 
crease in passivation decay time can be gained by in- 
creasing the zirconium concentration of an iron-based 
amorphous alloy. It should be noted that Fe60Zr40, 
FesoZrso, and Fe3~Zr67, which are above the critical 
composition for loss of active-passive peaks, main- 
tained passivity for the maximum duration of the test. 

These data compare favorably with the results of 
Walmsley (6) on amorphous Cu-Zr alloys in 0.1N 
H~SO4. His data also show a continuous decrease in the 
active-passive peak with increasing zirconium concen- 
tration until at Cus~Zr68 it disappears completely. Di- 
rect comparisons are not possible due to different solu- 
tion concentrations and different scan rates. 

Linear polarization was performed on an FesoZr~0 
amorphous alloy after a 2.5 day passivation test in 
which the potential had remained at 0.274V NHE for 
the previous 1.5 days. The corrosion rate was deter- 
mined from linear polarization to be 0.8 ~m per year, 
indicating the alloy is probably passive at this poten- 
tial. As a test of the stability of this passive potential, 
the sample was potentiostated to the corrosion poten- 
tial of FesoZrso (--0.23V NHE) and released. The 
potential drifted back to 0.274V. This implies that the 
passive film is not easily reduced. For this film reduc- 
tion to occur, the potential may have to be held to 
--0.23V for some time or at an even more negative 
potential. 

Even though Hashimoto (5) concluded that metal- 
metal systems generally do not possess extremely high 
corrosion resistance compared to metal-metalloid sys- 
tems, the effect of alloying with a metal can yield a 
much more corrosion resistant material than a metal- 
metalloid system if the alloying metal is chosen to have 
good corrosion properties. This is demonstrated by 
comparing the data for FesoZr~0 with those of Hashi- 
moto et aZ. (3) for amorphous alloys with 20% metal- 
loid. The critical current density (10) for Fes0Zr2o is 
more than two orders of magnitude lower than that 
for Fe-IZr-13P-TC. 

The results of four AES analyses are shown in Fig. 
4-7 for FesoZr~o and Fee0Zr40 amorphous alloys. From 
these the effects of both composition and exposure to 
the test solution can be seen. The deposited low 
zirconium alloy (Fes0Zr~0) shows zirconium depletion 
and high oxygen levels in the surface region (<5 nm 
deep). A comparison of Fig. 4 and 5 demonstrates the 
effect of exposure to IN H~SO4 on the surface film. As 
can be seen, the near surface region (<2 nm) of the 
sample exposed to IN H~SO4 is significantly enhanced 
in zirconium and depleted in iron with respect to their 
relative concentrations in the bulk. The higher 
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Fig. 4. AES depth profile of FesoZP~o as deposited amorphous 
alloy. Z~: oxygen. O : iron. I-1: zirconium. 
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Fig. 5, AES depth profile of FesoZr2o amorphous ofloy offer pos- 
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Fig. 6. AES depth profile of Fe6oZr4o as deposited amorphous 
alloy. A:  oxygen. O : iron. D :  zirconium. 
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Fig. 7. AES depth profile of Fe6oZr40 amorphous alloy after 
passivation in 1N H~SO4 Z~: oxygen. C) : iron. I-I: zirconium. 

zirconium alloy (Fe60Zr40) shows the same effect, but 
because of higher initial zirconium concentration, the 
zirconium enhancement in the passive film is not as 
pronounced (Fig. 6 and 7). Other compositions tested 
demonstrate the same phenomenon with increasing 
zirconium composition of the as-deposited alloy, until 
Fea~Zr67, at which the enhancement of surface 
zirconium is not detected. 
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XPS da ta  agreed  wel l  wi th  p rev ious ly  de te rmined  
AES data. Surface  films on as -depos i ted  amorphous  
al loys consisted of iron, zirconium, oxygen,  and car -  
bon. Af t e r  exposure,  su l fur  was present ,  and the i ron 
to z i rconium rat io  had changed to indicate  significant 
surface enhancement  of zirconium. High resolut ion 
scans revea led  that  surface  carbon was presen t  as 
graphi t ic  carbon. Oxygen scans indica ted  a mix tu re  
of meta l  oxide and hydrox ide  wi th  a l a rge r  hydrox ide  
cont r ibut ion  in the exposed region. High resolut ion 
scans of i ron and z i rconium peaks verified the pres -  
ence of both  oxides and hydrox ides  and that  h y d r o x -  
ides were  enr iched af ter  exposure  to the test  solution. 
I ron  oxides were  de te rmined  to be a mix tu re  of Fe203 
and Fe~O4. High resolut ion scans of  sul fur  showed that  
al l  su l fur  was presen t  as sulfate.  

These AES and XPS  resul ts  indicate  tha t  the  im-  
p rovement  in corrosion proper t ies  of amorphous  F e - Z r  
al loys in 1N H2SO4 is pa r t i a l l y  due to a composi t ional  
effect in the surface region,  p robab ly  caused by  the 
loss of i ron into solution. Therefore,  this system's  cor-  
rosion proper t ies  would be de te rmined  more by  the 
effect of z i rconium than  by  tha t  of iron. This agrees  
wi th  the idea expressed  by  Hashimoto  (5) tha t  the  
corrosion proper t ies  of amorphous  m e t a l - m e t a l  al loys 
are  ma in ly  de te rmined  by  the content  of the e lement  
having  the h igher  corrosion resistance.  This raises the 
poss ibi l i ty  that  amorphous  m e t a l - m e t a l  al loys can be 
se lec ted  based upon the high corrosion resis tance of 
one m e m b e r  bu t  having  mechanical ,  physical ,  or o ther  
p roper t ies  of the base  metal .  

Conclusions 
The a l loying  of z i rconium to form amorphous  i ron-  

base al loys resul ts  in significant enhancement  of cor-  
rosion proper t ies  in 1N H2SO4, compared  to po ly -  
c rys ta l l ine  i ron and i r o n - c h r o m i u m  alloys, as demon-  
s t ra ted  by  both anodic polar izat ion and passivat ion 
decay. AES and XPS  resul ts  show tha t  the passivat ion 
of the amorphous  al loys is due to surface enr ichment  
of zirconium. XPS data  demons t ra te  tha t  the  passive 
film is a mix ture  of i ron and z i rconium oxides and hy -  
droxides .  

The corrosion da ta  agree  wi th  previous  studies 
showing that  the corrosion proper t ies  of m e t a l - m e t a l  
amorphous  al loys are  de t e rmined  by  the  meta l  wi th  
the highest  corrosion resistance.  This is in contrast  to 
me ta l -me ta l lo id  amorphous  alloys,  which  can d isp lay  
s ignif icant ly be t te r  corrosion resis tance than  any  of the 
component  elements .  However ,  i t  is impor tan t  to note 
that  this does not  imp ly  that  me ta l -me ta l l o id  a m o r -  
phous al loys have super ior  corrpsion proper t ies  com- 
pa red  to m e t a l - m e t a l  amorphous  alloys. The da ta  
obta ined  in this s tudy  showed that  the  amorphous  Fe -  
Zr  system has be t te r  corrosion resis tance than  many  
me ta l -me ta l lo id  amorphous  alloys.  

Manuscr ip t  submi t ted  March  30, 1983; rev ised  manu-  
script received Sept.  30, 1983. 
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ing the publication costs o] this article. 

REFERENCES 
1. M. Naka,  K. Hashimoto,  and T. Masumoto,  J. Jpn. 

Inst. Met., 38, 835 (1974). 
2. Y. Waseda  and K. T. Aust,  J. Mater. Sci., 16, 2337 

(1981). 
3. K. Hashimoto,  K. Asami,  M. Naka,  and  T. Masu-  

moto, Corros. Sci., 19, 857 (1979). 
4. M. Naka,  K. Hashimoto,  and  T. Masumoto,  J. Non- 

Cryst. Solids, 30, 29 (1978). 
5. K. Hashimoto,  Sci. Rep. Res. Inst. Tohoku Univ., 

Series A, Suppl., 28, 201 (1980). 
6. R. G. Walmsley,  Ph.D. Dissertat ion,  S tanford  Uni-  

versi ty ,  Stanford,  CA (1981). 
7. C. L. Chien and K. M. Unruh,  J. Magn & Magn. 

Mater., 31-34, 1587 (1983). 
8. M. Ghafari ,  U. Gonser,  H. G. Wagner,  and N. Naka,  

Nucl. Instrum. Methods, 199, 197 (1982). 
9. N. D. Greene,  NASA repor t  no. AD 609718 (1965). 

10. "Conventions Appl icable  to Elect rochemical  Mea-  
surements  in Corrosion Testing," Section G-3, p. 
884, and "S tanda rd  Reference Method for  Mak-  
ing Potent ios ta t ic  and Po ten t iodynamic  Anodic  
Polar iza t ion  Measurements ,"  Sect ion G-10, p. 
906, Pa r t  10, Amer ican  Socie ty  for Test ing and 
Mater ia ls ,  Phi ladelphia ,  P A  (1982). 

11. N. D. Greene,  Corrosion, 18, 186t (1962). 

Multivalent Ions in the Electrical Double Layer: The Extended Mean 
Spherical Approximation 

C. J. McClanahan and D. A. McQuarrie 

Department of Chemistry, University of California, Davis, California 95616 

ABSTRACT 

An extension of the mean spherical  approximation,  MSA, is used to study the restr icted primitive model  of the electrical 
double layer involving multivalent  ions. Comparisons are made between this approximation,  the MSA, and the Poisson- 
Boltzmann approximation.  

The e lec t r ica l  double  l aye r  is p reva len t  in a l a rge  
va r i e ty  of systems of in teres t  in chemis t ry  and biology. 
I t  also plays  an impor tan t  role  in many  technological  
processes. In  m a n y  instances,  the ionic solut ions con- 
ta in  mul t iva l en t  ions which ve ry  signif icantly effect the 
behav ior  of these systems. Of these mul t iva len t  ion 
solutions,  those containing a mix tu re  of d iva len t  and 
monovalen t  ions are  the  most commonly  found in 
double  l aye r  systems. 

'Recently,  the s ta t is t ical  mechanica l  in tegra l  equat ions 
used to descr ibe  bu lk  ionic fluids have been appl ied  to 
the  p l a n a r  e lec t r ica l  double  layer .  This has been done 
in an effort to consis tent ly  account for  ion size which 
is not  done in the  s imple r  Poisson-Bol tzmann approx i -  

mation,  P B A  (1-3).  Many  of these in tegra l  equat ion 
approaches  have not  ye t  been used to s tudy  the effects 
of mul t iva len t  ions on the s t ruc tu re  and t h e r m o d y -  
namics  of the  double  layer .  There  is, however ,  a l im-  
i ted amount  of Monte Carlo da ta  ava i lab le  (4). Here 
we use an extension of the mean spher ica l  app rox i -  
mation,  MSA, to inves t iga te  mul t iva len t  systems and 
compare  the results  wi th  the MSA and the PBA. 

Development 
The wal l  is considered to be hard,  of un i form charge 

density,  eE/4~, and of dielectr ic  constant  e. The ionic 
solut ion is modeled  as a neu t r a l  m ix tu r e  of charged 
hard  spheres  in a un i fo rm med ium of d ie lec t r ic  constant 
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�9 . Note that no image or specific solvent effects are 
accounted for. Ions of type i are of diameter a~, have a 
valence z~, and are of number density, ~, in the bulk 
fluid. The wall-particle Ornstein-Zernike equation for 
this system is (5) 

h w l ( X )  -~ Cwt(X) J1- 2~ ,OJ dttcu(t) , ] z - t  dshwj(S) 

[1] 

where hwi(X) is the wall-particle indirect correlation 
function, in which x is the distance from the wall to the 
particle, hwi(X) is related to the wall particle correla- 
tion function, gwi (x), by 

hwi(X) = gwl(X) -- 1 [2] 

The function cfj(t) is the bulk direct correlation func- 
tion for ion pairs i, j. A closure relation and specification 
of ci~(t) is required before Eq. [1] can be solved for 
hwl(x). In the approximations considered here, the 
bulk MSA direct correlation function is used for cij (t). 
The MSA for the wall particle correlation functions in- 
volves setting 

hwj(X) = - 1  x <~j/~ [3] 

CwJ (X)  : --zjfleEog x > aj/2 [4] 

where e is the magnitude of elementary charge and 
# = 1 /kT  with k being the Boltzmarm constant and T 
the temperature. Blum has solved Eq. [1] in this ap- 
proximatio n using the Wiener-Hopf technique as ap- 
plied by Baxter (5, 6). The solution is in terms of the 
factor,correlation functions for the corresponding bulk 
problem. It leads to analytic expressions for both the 
correlation functions and the poiential drop across the 
interface. The MSA is a linearized theory and is only 
applicable at small dectric fields. It is very desirable 
to develop a theory which would describe the interface 
at higher electric fields yet would not have to be solved 
numerically. One possibility is to try to improve the 
wall-particle direct correlation function by adding to it 
a sum of parameterized exponentials, i.e., setting 

where the Anj and/~nj are parameters to be determined 
by some means. We now turn to solving Eq. [1] using 
Eq. [3] and [5] as closure relations and return to the 
problem of determining the Anj and ~ni. 

The method of solving the extended mean spherical 
approximation, EMSA, has been briefly given by Blum 
and Henderson (7). It is quite similar to Blum's solu- 
tion of the MSA. For completeness and to ~ d  in under- 
standing the application of the MSA to multivalent 
ionic solutions, we present a condensed derivation of 
the solution. 

To aid in the analysis, we introduce the short range 
functions cot~ (r) and COwi (x) defined by 

zizje 2 
c u (r) = cou (r) - ~ ~ [61 

and 
ewRx) = C~ - Cw~(X) [7] 

where in the EMSA 

Cwi (x)  -" --z~SeEx + ~--r Anl exp (--PntX) [8] 
1% 

Multiplying Eq. [1] by ~ taking the Fourier trans~ 
form, and using Eq. [6] and [7] gives 

where the matrices are defined by the components 
" ~  

"hwl (k) -- dxelkxhwl (x) [i0] 
~o 
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dxeikxcOwl(X) [11] 

dxemXCwi (x) [12] 

Sio =.d(k) -" lim - -  drr (sin kr) coij(r) 
,~-->.0 k - 

- DU/(W- + #2) [13] 
where 

Di~ = ztzl~z [141 
and 

a~ = 4z~e2/, [15] 

Blum has ~rgued that via the Weiner-Hopf technique 
the bracketed term in Eq. [9] can be factored, i.e. 

I / - -  c ( k )  ] = Q (k) QT ( _ k) [ 16] 

where the superscript T denotes transpose. The factor 
correlation functions are defined by 

v S[ dretkrQtl(r) [17] Qtj(k) -- 8tj -- n 

where 
LIJ "- (~rt- ~j)/2 [19] 

By combining Eq. [9] and [16], we obtain 

Fourier inverting Eq. [20] for x > au2 yields 

~/~hwi(x)  -- h / ~  drhwk (x  -- r)Qkl(r) 
h~ kl 

= -- drCwhPlo (r -- x) [21] 
k k/~ 

where 

P k j ( Z )  = " ~  Pi *0 

The COwk(k) term gives no contribution to this inverse 
since it is a bounded function without singularities in 

the complex half-plane, I m k  < 8, where QT(_/r is 
also nonsingular. A contour around the lower complex 
plane may be used to show that the term vanishes. 
Dividing Eq. [21] by V ~  and using Eq. [2] and [3] it 
may be rewritten as 

X* f z - -  O'k/2 
gwi(X) ~.r pk,, Xk J -  drgwk (X -- r) Qki(r) -- 1 

k 

-- V ~ ,'m/~ dr~bwkPki (r -- Z) [23] 

The Laplace transform of Eq. [23] is 

= 

9 ;  

- C241 

where 

drCwh (r) P~  (r - x) [25] (s) = dxe -sx ,/~ 

and 

(s) u = 5u - pi S dxe-=QiJ (r) [26] 
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In his oareful analysis of the solution of the MSA 
for the bulk system (8, 9), Blum has derived explicit 

expressions for Q(s) U and its inverse. For the case of 
similar size ions 

Qij -~ (s) = ~ij Jr ~--~ po (s) Jr z~o~zj P• (s) [273 

where p = ~pl and ~ = ~zppl. po(s) is the hard core 
i 

portion given by 

1 + po (s) (1 -- ~I) ~s~esa = [28] 
12~L(s) Jr S(s)e  sa 

with 

L ( s )  = I + - E - r t  s + 1 + 2 , 1  [29] 

S(s) = (l-~)~s~+ 6 ~ ( 1 - ~ ) s ~  
Jr 18n 2s -- 12~i(I Jr 2,]) [30] 

and ~ -- pa~/6. The charge portion is defined by 

1 + P•  (s) = s~ 
s2 + 2rs + 2r2(1 - e - ~ )  

[31] 

where 
2at : ~/ i  + 2~ -- I [32] 

and 
K 2 = a2~ [33] 

Before we can invert Eq. [24] to obtain gwi(X), a 

suitable expression for Fj(s) (Eq. [25] ) is needed. This 

in turn requires an expression for Pij(k) = ~/p--~ 

.{~)T(--k)}lj -1 where Q~j(k) is given in Eq. [17]. Not- 
mg that  

QiJ(--is) = ~/~11 Q i j ( S ) V ~  [34] 

where Q(s) is given in Eq. [27], we have 

= V 7: 
Pl } T 

, J  

zm~zj 
= 8u + - - e o ( s )  + (s) [35] 

p 

Now since Pij(x) = 0 for x < a/2, inverting Eq. [25] 
and changing variables gives 

Fj(z) = V ~dr'~wk(Z + r')P~j(r') 

Using Eq. [8] in [36] yields 

Yj(=) = ~ "~/-~'-- z~eE ~" dr(= + r ' )Pkj(r ' )  
k v #j ,r 0 

+ ~ ~ k  Aak y :  dr 'e - ,n , (z+, ' ) "kJ(~ ' )  
k,. " PJ 

= -- lira peE Zk r - -  

s~O k pj 

Jr , ~  ~ / F  ~j Anke--lZ"kZPkJ (l~k) 

[38] 

[37] 

where 
- s PkJ (s) = dre-srPkj (r) [38] 

With the use of Eq. [35] and [28]-[33], it can be shown 
that 

z k (s) = o [391 
,s-~O k 

and 

= - , j / ,  [40] 
s~0 ,aS k 

Thus 

F j ( x )  - -  - -z jpeEx/~  

+ Y ,  - AakPkJ (~k)  e-,~/2/(~ + #~) [411 
/r 

or 

F j ( s ) -- -- zjfleEe-sa~/~/ Ks 
- 

+ AakPkj(~r~)e-al~(s+~k)/(e + 1~)  [42] 

Equation [42] combined with Eq. [24] is essentially 
the solution to the problem. All that  is required is the 
Laplace inverse of this expression. Analytic expressions 

have been derived for the inverses of Po(s) and P• (s) 
(10). The EMSA solution simply involves these ex- 
pressions and their convolutions with an exponential 
function. 
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@ I 
0 - O. I -0.2 

Charge Dens i ty  (c /m 2) 
Fig. 1. Diffuse layer potential as a function of charge density 

on the wall for ___1 and Jr2 _ I electrolyte solutions of the same 
ionic strength with r - -  0.425 nm, T = 298K, e = 78.5, and 
<rx = 0.9877. The concentration of the ___1 solution is 0.5M. The 
solid curves mark the PBA results and the broken curves mark the 
MSA and EMSA results as labeled. 
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By choosing the parameters in Eq. [8] such that 

Z~l,wl(,cC) -- --t~,seEz -}- ~ ~-~ Bne -~',,= 
t # 

and 

[43] 

pmwt(Z) = p ~ Ane-~,,= [44] 

where An, Bn, #n, vn are the EMSA parameters, the solu- 
tion is greatly simplified. In this instance, the local net 
charge density is given by 

Zlplgwi(Z) "-~ [ b  n u ~ B'n IF(z) 

s - ._, v.B% exp [ - ~ ( x -  t ) ] F ( t ) d t  [45] 

where F(z)  is the Laplace inverse of [1 + P'(s)]/% B'n 

= Bn[1 + P"-* (vn)], and b = ~eg/k. The total local 
number density is 

plgwi(Z) -'p [ 1  + ( I -  ~)' A% ] go(x) 
I+ 2-q 

(1 s ._, #,A.'~ exp [ - ~ n ( X  t)]go(t)dt 
1 +  2~1 . 

[46] 

w~ere go(t) is the inverse of (1 + 2~)[1 + P'o(s)]/ 
s(1 -- ~)2; that is, the distribution function for hard 
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/I// 
r 
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r I 
0 0.1 0.2 

Cha rge  D e n s i t y  (C /m 2)  

Fig. 2. Diffuse layer potential as a function ef charge density for 
o positively charged wall. The results for the • (dotted line), 
+2- -1  (solid line), and + 2 •  (dashed line) cases are given. 
The PBA and EMSA results are the upper and lower set of curves 
as labeled. The model parameters are listed in Fig. 1. 

spheres near .a hard wall and A'n "- An[l + ~~ 
For Eq. [45] and [46] the values at contact are 

4 ts 

['+" Z,,] 
~ pigwl(~/2) = / ,  (1 --  ~1) ~ b [48] 

}$ i 

The ,difluse layer  potent ial  is 

- :  . Zlpl 
e i 

b (1 -- #srs) 

K2 

gw,(Z) dz [49] 

4~ ~ B_.~. [50] 
eK n P n  

Note that the first term in each of these expressions 
corresponds to the MSA solution of this problem. 

Now we can return to the question of how to deter- 
mine the parameters used in the EMSA. Several differ- 
ent approaches have been used for the symmetric elec- 
trolyte case. These can roughly be groupe~ into two 
categories; one in which the parameters are used to 
cause the results to agree with theoretical .constraints or 
with specific results from other approximations and the 
other in which Eq. [8] is fitted to a reasonable ap- 
proximation for the direct correlation function. In the 
case of ,a mixture of divalent and monovalent ions, 
there are usually too many parameters for the first 
type approach to be used. The second approach is ac- 
tually an adaptation of the EMSA used in describing 
bulk ionic systems. An approximate ~i(x) is obtained 
by using a hypernetted chain, HNC, type closure rela- 
tion 

r  = - -FeEz  -t- gwl (z)  - -  1 - -  I n  [ gw l ( x ) ]  [51] 
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"~ 0.04 
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C h a r g e  D e n s i t y  ( c / m  2) 

Fig. 3. Diffuse layer potential as a function of charge density on 
the wall demonstrating how it varies with the amount of divalent 
cations present. These results are for the EMSA. The solutions have 
the same ionic strength. The curves for + 2 •  cases are labeled 
by the ratio of -}-2 to --}-1 ions, k = 0.005, k --  0.05, and k - -  
0.25. • case (solid line), •  case (dotted line). The model 
parameters are listed in Fig. I. 
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Fig. 4. Reduced net charge density as a function of distance 
demonstrating how it varies with the amount of divalent cations 
present. In all cases, ~ - -  0.9877, and the other model parameters 
ore listed in Fig. 1. The wall has a charge density of --0.15 C/m S. 
Gwd(X') and x' are defined in Fig. 5 and ~ = Z zi 2 #i. The solid 

l 
curves give the results for the +__1 and + 2 - - 1  cases as labeled. 
The results for the +2___1 case with divalent to monovalent cation 
density ratios of k = 0.25 (dotted line) and k = 0.05 (dashed 
line) are given. 

with  an approx ima te  gwi (x) .  The analogy to the  method  
of Medina -Noyo la  et aL (11) would  be to use 

gwi(X) : exp (--zibe ~x)  [52] 

Another  possibi l i ty,  in hopes of obta in ing  be t t e r  r e -  
sul ts  at  h igher  electr ic  fields, would be to use the  
app rop r i a t e  gwt(X) f rom the PBA using a S te rn  type  
l aye r  to account for ion size (12). Wi th  the gwi(x) 
chosen, the  pa rame te r s  of the EMSA can eas i ly  be 
de t e rmined  by  a curve fitting procedure .  

Results 
One of the  most  impor tan t  quant i t ies  associated wi th  

the  e lect r ica l  double  l aye r  is the potent ia l  drop across 
the interface.  I t  was found tha t  use of Eq. [52] in 
Eq. [51] leads to unreal i s t ic  resul ts  for the  diffuse 
l aye r  po ten t ia l  except  at  low surface charge densities.  
Therefore,  the  appropr i a t e  PBA gwi(X) was used in 
Eq. [51] and much more  reasonable  resul ts  were  ob-  
tained.  F igures  1-3 show these results.  In  most in-  
stances, only  two exponen t ia l  t e rms  or four  p a r a m -  
eters  were  used in Eq. [8]. The genera l  t rend  is for 
the  EMSA to pred ic t  a diffuse l aye r  po ten t ia l  of lower  
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Fig. 5. Plot of the reduced net charge density vs. distance for the 
+ 2 •  case. Here x' = x / ~  - -  0.5 where x is the distance mea- 
sured from the wall. Gwd(X')/p2 = �9 gwi (X ' ) / l ~  where p~ is the 

t 
bulk density of the + 1  ion. The ratio of + 2  to + 1  ions is 0.05 
and crK - -  0.9877. The model parameters are listed in Fig. 1. The 
wall has a charge density of --0.15 C/m 2. PBA (solid line), EMSA 
(dashed line), and MSA (dotted line). 

magni tude  than the PBA, the  difference increas ing 
with  the  absolute  value  of the  charge densi ty.  This 
t rend  is consistent  wi th  the Monte Carlo and HNC 
results  for the +_.1 ion case (12, 13). The re la t ive  po-  
s i t ioning of the  curves in the EMSA for the  different  
cases such as _+1, + 2  --  1, and + 2  _.+ 1 is the same as 
in the PBA. Note tha t  the EMSA diffuse l aye r  po ten t ia l  
is much more  real is t ic  than the l inear  MSA resul t .  Fig-.  
ure  3 shows tha t  the  magn i tude  of the  diffuse l aye r  
potent ia l  decreases wi th  an increase  in the re la t ive  
amount  of d iva len t  cations at  constant  ionic s t rength.  
This is due to the ab i l i ty  of the d iva len t  ions to screen 
the charged wal l  more  effect ively than  the monova len t  
ions. 

The s t ruc ture  of the interface appears  to be s imi la r  
to tha t  p red ic ted  by  the PBA. F igures  4 and 5 show 
typica l  d is t r ibut ions  of reduced  net  charge densit ies.  
The EMSA can be seen to be a g rea t  improvemen t  
over  the MSA in this regard:  

Al though not shown in Fig. 1-5 the ag reemen t  of 
EMSA and PB wi th  Monte Carlo da ta  is qui te  good 
(13). There  are  no MC d a t a  for  2-1-1 systems,  bu t  
Fi,g. 6 shows the reduced  e lec t ros ta t ic  potent ia l  e~/kT 
as a function of dis tance f rom the wal l  for a 2-1 elec-  
t ro ly te  for  a nega t ive ly  charged wall .  This sys tem has 
been shown to have a g rea t  d i screpancy  be tween  PB 
and Monte Carlo da t a  (14). Most unusual  is the dip 
in the  poten t ia l  nea r  the wal l  as p red ic ted  b y  the 
Monte Carlo data;  the poten t ia l  ac tua l ly  becomes 
negat ive.  The EMSA demons t ra tes  this  same behav io r  
even though the Poisson-Bol tzmann wal l  par t ic le  
corre la t ion  funct ions are  used for input  in the  d i rec t  
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Fig. 6. Reduced electrostatic potential as a f,,nction of distance 

from the wall for a - I -2--1 electrolyte. The divalent ion has a 
concentration of 0.SM and the surface charge density is --0.1512 
C/In s . 

correlation f~nction. In an effort to try to improve 
the EMSA results, the gwi(X) obtained from the EMSA 
~vere used in Eq. [51] in place of the Poisson-Boltzmann 
distribution functions. This new direct correlation 
function v~as then used to obtain new gwi(X). The 
procedure was carried out twice and the results are 
labeled EMSAI in Fig. 6. This demonstrates a possible 
way of improvir~g the EMSA. 

The explanation for the dip in the r curves is 
pictured in Fig. 7. Here the EMSAI ion distributions 
are seen to oscillate about their bulk value of 1, causing 
the potential to change signs. This prediction of a 
counterion concentration less than the bulk value is 
very unusual. Such oscillations cannot be predicted 
by the PBA. The EMSAI ion distributions are nearly 
identical to the Monte Carlo data for this case. 

S u m m a r y  
The EMSA is a convenient analytic approximation 

which describes the electrical double Layer much more 
accurately than the MSA. Also, it can easily be applied 
to multivalent ionic solutions. These results demon- 
strate the ~ersatility of the EMSA. However, it is 
difficult at the moment to assess their accuracy. The 
EMSA is an improvement of the MSA and apgears to 
be quite useful in studying the electrical double Layer. 
The procedure used here, while easy to implement, is 
restrictive since no size delaendence is accounted for 

i PB 
/ i  EMSA I - - -  
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cJwi 
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0 ~ I I I I 
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Fig. 7. The ion distributions as a function of dlstance from the 
wall a +2--1 electrolyte. The electrolyte concentratlon and the 
surface charge density are the same as in Fig. 6. 

in the direct correlation function. It is very desirable 
to adapt approaches similar to those used for the • 
case (7) to these multivalent electrolyte cases or t o  
develop new procedures which could account more 
consistently for size effects. 
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Film Thickness Determination of PMMA on InP by Ellipsometry 

Richard Scheps 1 
Department of  Electrical Engineering, Colorado State University, Fort Collins, Colorado 80523 

ABSTRACT 

The thickness of polymethylmethacrylate (PMMA) films deposited in solution on InP  is measured by ellipsometry to 
determine its dependence on terminal spin speed. The PMMA solution behaves as a steady-state Newtonian fluid. Film 
thickness in excess of the periodic thickness is measured by combining data taken at three angles of incidence; a procedure 
for applying this technique is discussed. The main feature consists of assigning the film index from data taken at the inci- 
dent angle where the ellipsometer readings are most sensitive to film index, and using this index in determining the film 
thickness at the other two angles. The basis supporting this procedure is presented, and the dependence of the ellipsometric 
model on uncertainties in the assignment of film and substrate optical constants is discussed specifically in terms of its 
effect on the three-angle technique. 

It  was recent ly shown (1) that the thickness of 
polymethylmethacryla te  (PMMA) films on GaAs can 
be measured el l ipsometrically for films as thick as 
2.7#. The sensit ivity of the ellipsometric data to film 
index and film thickness is angle dependent,  and in 
the course of performing film measurements  on GaAs 
it was found that certain measurements  were highly 
imprecise and led to large uncertaint ies  in the film 
thickness. In  the present  work, the three sets of data 
are treated somewhat differently. The data set from 
the incident  angle most sensitive to film index is used 
to assign the film index. This index is then used in the 
analysis of the other data points to obtain the film 
thickness. This procedure considerably simplifies the 
data generat ion and analysis tasks and results in more 
precise film thickness determinations.  

The work that follows presents the basis for t reat ing 
the data in this manner .  The angle dependence of the 
ellipsometric sensi t ivi ty is presented for a range of di- 
electric films on InP, and the method for selecting the 
data set that determines the film index is described. 
The influence of uncertaint ies  in the substrate optical 
constants on the accuracy of the film index and thick- 
ness is addressed, and results of film thickness ellip- 
sometry of PMMA on InP  are presented. 

Theory 
The model used for the representat ion of ell iptically 

polarized light and the in terpre ta t ion of the ellip- 
sometric data was described in detail by McCrackin 
et al. (2). The For t ran  program used in the data ana ly-  
sis is that described by them (2) (referred to below as 
M.PSS) and was provided by McCrackin (3). The 
MPSS equations show that the ell ipsometer readings 
are periodic in film thickness. The ell ipsometer used in 
this work allows incident  angles (~) of 30 ~ 50 ~ or 70 ~ 
Using a film index of 1.49 [the index of PMMA at 632.8 
nm (4) ] the periodic film thicknesses (T~) are 

T30 -- 225.42 n m  

Ts0 --- 247.58 n m  [1] 

T~0 = 273.63 nm 

The film thickness d can be wr i t ten  as 

d ----- t~ -b n~T~ [2] 

where t4~ is the "residual" thickness, that is, the film 
thickness less an integral  mult iple  of T~, and n~ is an 
integer  --~ 0. 

It has been shown for the film measurements  on 
GaAs (1) that ellipsometric data taken at three angles 
of incidence uniquely  determine the n4~ and d for 
thickness as great as 2.7~. The method relies on the 
fact that the T~ are different at each angle, and the 
relat ive magni tudes  of the residual  thicknesses t$ are 
used to select the appropriate quant i ta t ive expression 

1 Present address: Naval Ocean Systems Center, Code 8113, San 
Diego, California 92152. 
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to calculate the n~. A table re la t ing the magni tudes  of 
the residual film thickness to the expressions for n~ 
was presented by the author  (1) for films of index 1.49. 

To obtain accurate film thickness values, one needs 
to measure  the PMMA film index after deposition. 
However, the ell ipsometer is not equal ly sensitive to 
the index at all three angles of incidence. For example, 
at a given angle the residual  film thickness may be 
close to T$. In  such a case the coordinates are deter-  
mined by the substrate optical constants, and one could 
not expect to obtain film index data near  T4~ with rea-  
sonable accuracy without  an ell ipsometer having high 
angular  resolution capabilities. This suggests that a 
more appropriate method would be to assign the film 
index from data taken at the angle of incidence where 
the ell ipsometer is most sensitive to film index. This 
index is then inserted into the For t ran  program, and 
the other two data points are analyzed to determine 
the film thickness only. The film thickness de te rmina-  
tion is then made from the residual thicknesses using 
the method of the author (1) with the assigned film 
index. The method for de termining which data set is 
most sensitive to film index is s traightforward;  it re- 
quires mapping the data points on grids where the el- 
l ipsometer readings and film optical constants are 
parameters.  This method is i l lustrated below. 

Experiment and Results 
The ell ipsometer used in the present  work is a 

Gaer tner  Model Ll17 with a compensator fixed at 
+45 ~ . Two sets of polarizer and analyzer  readings are 
taken at each angle of incidence, and the computer 
program uses the average of these two readings. The 
relationship between the two sets of data is  

P 1  - -  P 2  + 90 ~ 

A1 = 180 ~ -- A 2  [3] 

where A1, P l  and A2, P2 are the first a n d  s e c o n d  s e t  
of analyzer  and polarizer readings, respectively. T h e s e  
readings are related to h a n d  ~ by 

= 270 ~ - -  2 P 1  

= A1 [4] 

The ellipsometer angular  resolution is 0.1 ~ and the r e -  
s e t t a b i l i t y  was found to range from 0.1 ~ for the 30 ~ 
angle of incidence measurements  to 0.5 ~ for the 70 ~ 
angle of incidence. 

Prior to performing the film thickness measurements ,  
a n u m b e r  of InP  substrates were examined ellipso- 
metr ical ly  to assign the optical constants. Substrates 
were iron doped, cut in the (100) plane, and chemo- 
mechanical ly polished. The surface t rea tment  con- 
sisted of a light scrub, a 3 min  etch in 10 weight per-  
cent (w/o) HIO~, followed by a rinse in deionized d i s -  
t i l l e d  water  and blowing dry with dry ni trogen.  Sub-  
strates treated in this m a n n e r  gave reproducible optical 
constants. 

5 4 0  
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Data on the bare substrates were taken at three 
angles of incidence, but  the 70 ~ data were considered 
the most accurate. Determinat ion  of the substrate opti- 
cal constants resulted from the average of many  mea-  
surements  on a number  of substrates taken at 70 ~ 
Figure 1 i l lustrates the sensit ivity of • and ~ to 
changes in the optical constants at the different angles 
of incidence. The complex refractive index can be 
wr i t ten  as 

n "-- N --  i k  ---- N(1 -- iK) [5] 

where K -- k / N .  The ins t rumenta l  resolution is shown 
in the figure, as well  as the l i terature value (5) and 
exper imenta l ly  determined value for the optical con- 
stants. These values are N : 3.42, K = 0.0813, and N ---- 
3.47 _+ 0.02. K = 0.13 +__ 0.01 for the l i terature  and ex- 
per imenta l ly  determined optical constants, respec- 
tively. The figure i l lustrates the reason for preferr ing 
the 70 ~ data, and also indicates that resolution or re- 
set tabi l i ty  limits cannot account for the discrepancy 
between measured and l i terature  values. (Note that 
while these limits are the r same for both the polarizer 
and analyzer  readings, the factor of 2 in Eq. [4] makes 

twice as uncer ta in  as 4.) 
A similar  discrepancy was observed for GaAs (1), 

and its source remains unknown.  One possible source 
is ins t rumenta l  misal ignment ,  which MPSS indicates 
is critical for accurate substrate  optical constant  de- 
te rminat ion  (but  not  critical for accurate film thick- 
ness measurements ) .  No special a l ignment  procedures 
were followed in this work. A native film on the sub-  
strate is another  l ikely possibility. InP  is known (6) 
to develop oxide films, and no exceptional precautions 

r  30 ~ 

r ~ 

were taken to inhibi t  film growth. For reasons men-  
tioned in the Theory section, the ell ipsometer could 
not be expected to provide accurate thickness and in-  
dex data for a thin nat ive  film. HOwever, analyzing the 
"bare substrate" exper imental  data as if it were a film- 
covered substrate, using the l i terature values for the 
substrate optical constants, and assigning the film in-  
dex arbi t rar i ly  to 1.5 results in a film thickness deter-  
minat ion of 2.8 nm. For the subsequent  film analysis, 
the exper imenta l ly  determined optical constants were 
used. 

Substrates prepared as above had films deposited by 
spinning a solut ion of 9 w/o 496 K PMMA in chloro- 
benzene for 60s. Fi lms were then baked for 75 min  at 
160~ Fi lm thickness was general ly  un i fo rm wi th in  
5% up to 0.5 n m  from the sample edge. 

The central  issue in this work is the minimizat ion of 
film thickness errors when s imul taneously  using data 
taken at different incident  angles and, hence, different 
sensitivities. Figures 2 and 3 i l lustrate  the var ia t ion of 
,% and ~ with film thickness for the three incident  
angles and for a series of film indexes. The curves are 
shown for a complete cycle of film thickness: the ~ and 

values repeat for films in excess of the periodic film 
thickness T~. The origin of each curve is given by the 
%̀ and ~ for the bare substrate  (N ---- 3.47, K -- 0.13) 
and for films of thickness n~T4,, as in Eq. [2]. 

When the film index is unknown,  the steep slopes 
near  the origin for the curves t ranslate  the uncer ta in ty  
in the analyzer  reading to uncer ta in ty  in the film in-  
dex, and hence uncer ta in ty  in the film thickness. This 
thickness uncer ta in ty  is par t icular ly  large for a, 
points just  above the origin, where  adjacent  index 
curves have film thicknesses close to the appropriate 
T~. Figure 4 presents the origin region for the 50 o 
curves in greater  detail. The method used in this work 
to determine the film index and thickness was to map 
the Z~, ~ points for a given sample on curves such as 
those shown in  Fig. 2 and 3. The film index was then 
assigned using the data at that  incident  angle where 
the adjacent  film index curves showed the greatest  
separation. The other two data points were analyzed 
with the assigned film index, and the resul t ing t~ give 

K = .t O 

I= 3.4Q 

r 70 ~ 

RESOLUTION: 

_L 
T 

x :  N = 3,4Z; K =.08 
O: N = 3,47;K =.13 

6 7 8 9 9.5 29 30 30,5 40 41 

{DEGREES) 

Fig. 1. Bare substrate ellipsometry coordinates for incident 
angles of 30 ~ 50 ~ and 70 ~ For each angle of incidence, a grid 
of substrate N and K values is used to generate corresponding A 
and ~ coordinates. The locus of `%, ~ points for fixed N or fixed K 
is drawn in the figure as a vertical or horizontal line, respectively. 
The instrumental resolution in .A and ~ units is shown, end the 
literature ( X )  and present work ( Q )  values for N and K are 
indicated. Note breaks in horizontal scale. Grid lines at 50 ~ and 
30 ~ are unlabeled but correspond to the 700 grid lines. 

f~176 180 --  N = 1.3 

16Q - -  

~ :  30 ~ 

/ 

30. 6O - - 9 0  40 ~O E0 
~(DEGREES) 

Fig. 2. Locus of `%, ~ points for films of index N and thickness d 
as shown, far incident angles of 50 ~ and 30 ~ . Film thickness is 
shown directly on curves in nm. Note scale expansions for 30 ~ 
curve relative to 50 ~ (factor of 2 for bath horizontal and vertical 
axes). 
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Fig. 3. Locus of A, ~ coordinates for films of index N and thick- 
ness d as shown, for a 70 ~ angle of incidence. Film thickness in nm 
written directly on curve. 

the total film thickness using the three-angle  technique 
as described by the author  (1). 

The results of the film thickness vs. spin rate mea-  
surements  are shown in Fig. 5. Points were taken at 
spin rates ranging from 2800 to 8000 rpm. The charac- 
teristic spin curve is very s imilar  to that found for 
GaAs. An earl ier  s tudy of the dependence of photo- 
resist film thickness on final spin velocity (7) at-  
tempted to fit the data to an equation of the form 

d = b ~  [6] 

where d is the film thickness in nm and ~ is the angu-  
lar velocity in 1000 rpm. The photoresists examined by 
O'Hagen and Daughton (7) gave angular  velocity ex- 
ponents  in the range of --0.4 to --0.7. The exponent  
for a s teady-state  Newtonian fluid is predicted (8) to 
be --2/3. The data for PMMA was fitted to Eq. [6] us- 
ing a l inear  regression least squares fit and resulted in 
the curve 

d : 2549.7 ~-0.663 [7] 

The close agreement  between the angular  velocity de- 
pendent  exponent  in Eq. [7] and the steady-state New- 
tonian exponent  indicate that t ransient  effects due to 
solvent volat i l i ty are unimportant .  Substrate  type and 
topography also appear to have little effect on the 
"Newtonian-mess"  of the 9% PMMA solution. 

The var iat ion in calculated film thickness as a func-  
tion of substrate optical constants was measured for a 
range of N and K chosen to be symmetr ic  about the 
value used in  this work and include the l i tera ture  

/ ~  -,J 

J// 
21 280 
i ~ : SO s 

.290 (1.3) 
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i 

2 
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N~ " 1%,=1 .E  [~'~4Q N=1.4 
39 30,5 31 

~, (DEGREES) 
Fig. 4. Detail of 50 ~ curves in Fig. 2; d in nm and H as labeled. 

Near A = 180 ~ film thickness points are labeled with the corre- 
sponding film index in parentheses. Note scale difference between 
ordinate and abscissa. 
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Fig. 5. Film thickness as a function of terminal spin speed for a 
solution of 9% PMMA in chlorobenzene. Dots are data points, line 
is least squares fit to data. 

value at the limit. Calculations at all three angles of 
incidence showed the range of film thickness to lie 
between 1 and 3 n m  of the value obta ined with N -- 
3.47, K _-- 0.13 when the film index was fixed at 1.49. 
In  cases where the film index is unknown,  the film 
thickness uncer ta in ty  for the same range of substrate  
optical constants is general ly larger. A variat ional  
computat ion was performed in which the For t ran  pro- 
gram was required to find both the film thickness and 
index as the substrate  parameters  were varied. For a, 

coordinates near  t ,  ---- 100 nm, the range  of substrate  
parameters  produced film indexes of 1.49 __. 0.1. F i lm 
thickness variat ions were similar  in magni tude  to those 
found when the film index was fixed. Over the thick- 
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ness range  50 n m  --~ t~ - -  (T~ -- 50 nm)  and the same 
range of substrate  optical constants, the film index 
var iat ion is larger and ranged from between 1.45 and 
1.53 at 30 ~ to between 1.44 and 1.55 at 70 ~ . The corre- 
sponding film thickness variat ions were wi thin  +_5 nm 
in all cases, except for the 70 ~ point  at 200 nm, which 
showed a var iat ion of 15 rim. In  evaluat ing  the effects 
of substrate optical constants on film thickness accu- 
racy, it should be recognized that the range of substrate 
parameters  used for the var iat ional  calculations is 
much greater  than the exper imental  uncer ta in ty  of the 
bare substrate  ellipsometry, and for the results pre-  
sented for PMMA on InP  there is little impact of the 
substrate parameter  uncer ta in ty  on film index and 
thickness. 

Conclusion 
The technique of assigning the film index from el- 

l ipsometric data taken at one angle of incidence re-  
duces the inaccuracies involved in using the three-  
angle technique for measur ing  film thickness. The 
el l ipsometr ic  sensi t ivi ty to film thickness at three 
angles of incidence is discussed for the case where the 
film index is known, as well  as for the case where the 
film index must  be determined.  This leads to a graphi-  
cal evaluat ive  technique to assess the most favorable 
data with which to assign the film index, and allows 
one to assess the expected accuracy of the results. Un-  
certainties in assigning the substrate  optical constants 
are seen to have only  a small  effect on the film thick- 
ness accuracy w h e n  the film index is known, but  may 
be larger  when the substrate  parameter  uncer ta in ty  is 
large and the film index is unknown.  Results of the 

film thickness dependence on spin rate are given for 
PMMA on InP, and it is concluded that the film thick- 
ness varies inversely as the 2/3 power of the te rminal  
spin speed. 
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Relationships among Electrochemical, Thermodynamic, and Oxygen 
Potential Quantities in Lithium-Transition Metal-Oxygen Molten Salt 

Cells 
N. A. Godshall, *,~ I. D. Raistrick,* and R. A. Huggins* 

Department of Materials Science and Engineering, Stanford University, Stanford, California 94305 

ABSTRACT 

The interdependence of thermodynamic parameters, phase equilibria, and electrochemical measurements can be used 
as a powerful tool in the development of high specific energy cells. These principles were used in the analysis of electro- 
chemical experiments performed on ternary lithium-transition metal-oxide (M = Mn, Fe, and Co) positive electrodes. The 
free energies of formation of LiMnO2, Li~FeO4, LiFeO~, and LiCoO2 were found to be -178.21, -399.88, - 154.18, and -131.62 
kcal/mol at 400~ The electrochemical displacement reactions were found to be reversible in LiC1/t<C1 molten salt cells over 
a range of 0.0-3.0 Li equivalents per tool at current densities of 5-15 mA]cm 2. The equilibrium potentialvs. Li was found to be 
a logarithmic function of the calculated oxygen partial pressure for any tie triangle in which LifO is present, or for any tie 
triangle containing ternary oxide phases Li.,IMO, which are only marginally stable with respect to LifO and the relevant 
binary oxides MO~. Compounds with oxygen partial pressures above 10 -25 arm were found to be unstable in LiC1/KC1 elec- 
trolyte at 4OO~ 

The reversible work AGr of a secondary electro- 
chemical cell is direct ly related to its equi l ib r ium po- 
tent ial-composi t ion (E-x) curve 

Yj ~Gr -- --zF Edx [1] 

The total free energy change in the electrochemical 
reaction therefore represents the integral  of the equi -  
l ib r ium potent ial  curve (1, 2). That  is, the computed 
hGr of a given reaction represents the area under  the 
curve, bu t  by itself, says nothing of the shape of the 
curve. 

* Electrochemical Society Active Member. 
Present address: Altus Corporation, San Jose, California 95112. 
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The free energy change of the electrochemical r e -  
a c t i o n  can be wr i t ten  as 

~Gr - h G ~  -- aG~ [2] 

That  is, the available energy stored in  a cell is l imited 
by  the difference between the free energy of forma-  
t ion ~G~ of reactants  and products. Therefore a high 
energy cell is the resul t  of formation of very  stable 
products from very unstable  reactants. Fur the rmore  
since the ul t imate choice of stable products is l imited 
(e.g., Li20 in the case of l i th ium-based  systems, and 
elements such as Fe),  the search for high energy cells 
must  focus p r imar i ly  on hhe search for re la t ively  un -  
stable reactant  materials.  
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Phase equilibria within a multicomponent system 
are determined by the thermodynamic state of lowest 
free energy. This thermodynamic state can be moni- 
tored by reversible (open-circuit) electrochemical 
measurements, which thereby yield phase equilibria 
information. Conversely, a knowledge of the phase 
equilibria in a system affords a direct means of cal- 
culation of electrode capacity (number of equivalents 
per mol of reactant) in an electrochemical system, 
while thermodynamic data can be used to predict the 
reversible voltage. 

The overall Composition of a ternary  positive elec- 
trode material  LizMOy will, in general, pass through 
one-, two-, and three-phase regions of a ternary phase 
diagram as lithium is added to it in an electrochemical 
cell. One-phase and two-phase equilibrium in a ter-  
nary system at constant temperature and pressure 
have nonzero degrees of freedom (F = 2 and F = 1, 
respectively),  so that both the composition of one or 
more phases, and the reversible potential of the cell 
vary with Li composition (x). Solid-solution electrodes 
suck as TiS2 and NbSe~ are examples of single-phase 
electrodes (3). 

Not until three phases coexist in equilibrium a t  
constant temperature and pressure, is a ternary sys- 
tem t ruly  invariant (F = 0). The resulting region of 
phase equilibrium in a ternary  phase diagram must 
have the shape of a triangle. The Gibbs phase rule for 
an isothermal isobaric ternary system dictates that an 
area bounded by four or more sides violates thermo- 
dynamic equilibrium. The reversible potential vs. Li 
will be the same for any composition lying within a 
three-phase tie triangle. An electrochemical titration 
resulting in a change in the overall composition within 
the same tie triangle involves only changes in the 
amounts of the three phases present, not in their com- 
positions, and is known as a displacement reaction. In 
general, displacement-reaction electrodes contain as 
many phases (P) as they contain components (C), so 
that electrochemical cells containing them yield con- 
stant voltage plateaus. This is different from solid- 
solution electrodes, where the potential varies with 
composition, even under conditions of zero current 
flow. 

Equilibrium Oxygen Partial Pressure Calculations 
Free energy calculations based on Eq. [1] and [2] 

predict that many binary and ternary transition metal 
oxides should yield quite high cell voltages vs. lithium. 
In particular, the higher oxides should yield the highes~ 
cell potentials because of their larger  free energy of 
reaction AGr upon reduction by lithium. Unfortunately, 
this principle is somewhat offset by the fact that many 
of these higher oxides have been found to reduce to 
lower oxides when in contact with some electrolytes, 
such as the common LiC1/KC1 molten salt. For this 
reason, it was determined that an analysis of the equi- 
l ibrium oxygen part ial  pressures of these transition 
metal  oxides was necessary. 

An Ellingham diagram (4) is a common means of 
graphically representing AG~ vs. temperature data, as 
il lustrated in Fig. 1 for the case of several manganese 
oxides. Each (solid) line represents the Gibbs free 
energy of formation of an oxide phase from its ele-  
ments M and 02 

2/y M + 0~--> 2/y MOy ~G~ [S] 

Each formation reaction is usually written on a "per 
tool Oe" basis so that lines in an Ellingham diagram 
are generally parallel, since the gaseous O2 accounts 
for most of the entropy change of the reaction • 
which is manifested in the slope of the hG~ -- T lines. 

An equilibrium oxygen partial  pressure scale was 
later  added to the standard Ellingham diagram to per-  
mit a graphical means of determining the Po2 above 
these oxides (5). It is important  to note, however, that 
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Fig. 1. Ellingham diagram illustrating "integral" (solid Dine) and 
"difference" (dashed line) formation reaction lines for manganese 
oxides. 

this is valid only for reactions where reactants and 
products are at equilibrium, and is not generally true 
for reactions describing the formation of a compound 
from its elements. Only the lowest line in Fig. 1 (MnO) 
represents both a "formation" and "equilibrium" re-  
action. Higher oxide lines (solid lines Mn~O4, Mn203, 
and MnO2) represent "formation" reactions of these 
products, but are not true "equilibrium" lines since 
elemental Mn would not be stable in contact with 
these higher oxides. 

The equilibrium oxygen part ial  pressure Po~ above 
two oxides in equilibrium at a given temperature and 
total pressure depends, therefore, not on the free en- 
ergies of formation AG~ of these oxides from their  
elements; but rather on the free energy of reaction 
AGr of the higher oxide MOp from its next lower oxide 
MOp 

2 ~ ( y - - p )  M O p + O ~ 2 / ( y - - p )  MOp AGr [4] 

This free energy of reaction is given by 

&Gr = 2 / ( y  -- p) [hG~ (MOp) - &G~ (MO~)] [5] 

The free energies of reaction between neighboring 
manganese oxides (again on a "per mol O2" basis) are 
i l lustrated by the dashed lines of Fig. 1. They repre-  
sent the differences between the formation reaction 
(solid) lines after adjustment for the stoichiometric 
numbers. They also lie higher in the diagram since the 
AG values of these "difference" reactions are smaller 
in magnitude than those for the formation, or "in- 
tegral" reactions. Furthermore, the "difference" lines 
represent the true stabil i ty regions of each oxide, as 
i l lustrated in Fig. 1. They also yield proper oxygen 
part ial  pressure information when used in conjunction 
with the Po2 scale of Fig. 1. 

The oxygen part ial  pressure when the two oxides 
are in equilibrium may be found analytically through 
the use of 

~Gr --  - - R T  In K [ 6 ]  
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since the equilibrium constant K for reaction [4] is 
given by 1/Pos if both oxides remain pure and in their 
s tandard states. That is 

AGr - -  +RTlnpo~ [7] 

so tha t  this specific value of oxygen part ial  pressure 
is given by 

Po2 = exp (AGr/RT) [8] 

It is useful to define a logarithmic parameter  Po ana- 
logous to the hydrogen ion concentration parameter  
pH 

Po ---- -- log Po2 [9] 

This oxygen potential parameter  may therefore be 
calculated directly from the free energy of reaction 
[4] and the absolute temperature 

Po : -- ~Gr/(2.303 RT) [10] 

The variation of oxygen part ial  pressure with overall  
composition in the manganese-oxygen system is i l -  
lustrated in Fig. 2. This system is used as an example 
because it contains several binary oxide phases. In 
this case, the composition parameter  was chosen as the 
oxygen/manganese ratio, or "y" in MOp. The variable 
stoiehiometry of single-phase regions is i l lustrated on 
the abscissa through the use of heavy clark lines. The 
oxygen potential Po is plotted on the ordinate, but may 
also be given by the free energy of reaction hGr at 
fixed temperature (Eq. [10]). As discussed above, the 
range of Po2 over which a phase is stable is determined 
by the equilibrium with its two neighboring phases; 
one stable at lower oxygen pressures, and the other 
stable at higher oxygen pressures. 

The oxygen part ial  pressure is seen to remain con- 
stant in two-phase regions (F : 0), but may vary 
over many orders of magnitude in single-phase re-  
gions ( F  : 1). This is a direct result of the Gibbs 
phase rule at constant temperature and total pressure. 
The dashed lines shown within single-phase regions 
are schematic only; they are not typical ly linear func- 
tions of composition. The equilibrium oxygen part ial  
pressures at 400~ of all first-row transition metal 
binary oxides were calculated from Eq. [4]-[10] and 
are i l lustrated in Fig. 3. 

The expected high voltages of some li thium cells 
with transition metal  oxides as positive electrodes can- 
not be realized with LiC1-KC1 molten salt electrolytes 
because it has been found that the highest oxides re-  
duce to lower oxides in this electrolyte at 400~ This 
is because their  equilibrium oxygen part ial  pressures 
are higher than the Po2 present in the LiC1-KC1 salt. 
F o r  instance, MnO2 and LiMn~O4 yield very high theo- 
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Fig. 2. Eqailibrlum oxygen 
partial pressures exhibited by 
manganese oxides as a function 
of composition at 400~ 

retical voltages vs. lithium, but were found to reduce 
when placed in this molten salt. 

In order to determine the limit of Pos for which no 
reduction will  occur in this electrolyte, many binary 
and ternary  transition metal  oxides were individually 
mixed with solid LiC1/KC1 powder and placed in 
molybdenum tubes. They were then immersed in mol- 
ten LiC1/KC1 at 400~ for approximately 18h. This 
was followed by ambient temperature x - ray  analysis 
under Kapton film. It was found that all oxides with 
calculated oxygen part ial  pressures above 10-~  arm 
either reduced to well-defined lower oxides (e.g., 
Fe20~ reduced to Fe304) or yielded amorphous x- ray  
patterns (e.g., MnO2). Below 10 - ~  arm (solid line in 
Fig. 3), all binary oxides were found to be stable in 
the LiC1/KCI molten salt. The stabili ty ranges of the 
binary oxides were then used to project  the approxi-  
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Fig. 3. Equilibrium oxygen partial pressures of binary flrst-row 
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helium glove box, Po2 = 10 - e  arm (dashed line); LiCI /KCI elec- 
trolyte, Po2 = 10 -25  atm (solid line). 
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mate positions of isobaric Os lines within a ternary 
phase diagram, since the constant partial pressures 
above two neighboring binary oxides provide an esti- 
mation of where ternary O3 isobars intersect the legs 
of a Gibbs composition triangle. 

Equilibrium Potential-Composition Curves 
The electrochemical reduction of LixMOy cathodes 

by reaction with lithium was studied in cells of the 
type 

( -- ) A1,Li0.gA1/LiC1-KCI(1)/[LixMOy] ( + )  

M -- Mn, Fe, Co 

The cathode material (positive electrode) was a ter- 
nary compound composed of lithium, oxygen, and the 
first-row transition metals Mn, Fe, or Co (1, 2). The 
e~ectrochemical reactions were found to be reversible 
at 400~ Electrochemical reduction and oxidation was 
performed at current densities of 5-15 mA/cm 2. The 
current was repeatedly interrupted so that the equi- 
librium, or open-circuit, cell potential was obtained 
as a function of Li composition (6). The changes in 
composition were calculated from the integrated cur- 
rent and Faraday's law. Two equilibrium potential- 
composition curves are illustrated in Fig. 4 and 5 for 
the initial electrode compositions of FesO4 and LiFesOs, 
respectively. 

The tie triangles in each ternary system were thus 
determined by plotting the extent of the various con- 
stant voltage plateaus, determined by reacting lithium 
with several different initial compositions, on each 
respective Gibbs composition triangle, Fig. 6. Tie lines 
exist where steps occur between plateau voltages, Fig. 
7. The three phases present in each tie triangle were 
confirmed by x-ray diffraction analyses of samples 
taken from the positive electrodes. 

This technique also permits a determination of the 
thermodynamic properties of these intermediate ter- 
nary compounds where little or no literature data 
existed thus far (7). The integral free energy of for- 
mation (hG~ of each initial compound was calculated 
by integration of its respective equilibrium potential 
curve according to the equation 

I z 1 AG~ (LixMOQ = z F  Edz  + yAGf ~ (LifO) [11] 

The flee energies of formation at 400~ of LiMnO~, 
LisFeOr LiFeO2, and LiCoO~ were calculated this way 
and found to be --178.21, --399.88, --154.18, and --131.62 
kcal/mol, respectively. 

The activities of all species are constant in any three- 
phase region of a ternary system at constant tempera- 
ture and pressure. Furthermore, the activities of all 
species, not just the electroactive one (Li), may be 
calculated within each tie triangle, so long as the free 
energy of formation of each of the three equilibrium 
phases is known. Oxygen partial pressures may be 
calculated for each tie triangle by writing an equilib- 
rium reaction between O2 gas and the three phases 
of which the tie triangle is composed. For example, in 
the case of the MnO, Li20, LiMnO2 tie triangle 

4MnO + 2Li20 + O2-~ 4LiMnO2 [12] 

for which, at 400~ 

AGr ~- -- 146.68 kcal/mol 02 Po2 -" 2.37 • 10 -4~ arm 

[13] 

Analytical Relation Between Tie Triangle Voltages 
and Oxygen Partial Pressures 

Any relationship between the voltage vs. lithium E 
and the oxygen partial pressure Po2 would be of funda- 
mental importance, for it would allow oxygen partial 
pressure calculations to be used to predict equilibrium 
voltages of lithium electrochemical cells. It is also 
possible to extend such a relation to other alkali metal 
(Na, K, etc.) cells, and other cathode materials (e.g., 
sulfides). However, such a relation would be expected 
to carry a constraint, since a ternary system (C = 3) 
would not, in general, have the activity of one com- 
ponent vary directly as a function of only a second 
component. 

It was therefore desired to analytically derive the 
relation between E and Po2 in a ternary system to 
better understand any voltage limitation imposed by 
the Po2 limitation (10 - ~  arm) of the LiC1/KC1 elec- 
trolyte. The general equilibrium equation for a ternary 
tie triangle composed of two binary transition metal 
oxides (MOy and MOy-x) and lithium oxide (Li20) 
may be written as 

2x Li + MOy-> x Li20 + MOu-~ AGr [14] 

where the free energy of this reaction is given by 

Fig. 4. Equilibrium potentlal~ 
composition curve for the initial 
composition FEB04. 
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when the ternary reaction [14] is written as the sum- 
mation of two binary reactions according to Hess's law 

MO~-~ x / 2  Os -}- MOy-x aGr 1 = --RT In K [16] 

2x Li + x / 2  O2"-> x Li20 hGr 2 : xAGf ~ (Li20) [17] 

Reaction [16] specifies the equilibrium oxygen partial 
pressure above two adjacent binary transition metal 
oxides, and reaction [17] represents the formation of 
Li20. Substitution into Eq. [15] yields 

E -- -- AGr/zF : -- AGrl/ZF -- AGrS/zF [18] 

The charge number z of reaction [14] is given by [2x]. 
So long as both binary transition metal oxides of reac- 
tion [16] remain pure and in their standard states, 
their activities may be taken as unity, resulting in 

E = R T / ( 2 x F )  In (po2) xl~ -- AGr ~ (Li20)/(2F) [19] 

Simplification results in a linear relation between E 
and In Po~ with a slope of R T / ( 4 F )  and a Y-intercept 
of 2.654V. 

IE --_ R T / ( 4 F )  In (Po2) -- ~ad  (Li20)/(2F) I 
/ 

[20] 
m 

This, of course, may alternately be expressed in terms 
of log Po~ and Po 

E -- --2.303 R T / ( 4 F )  log (Po2) --hGf ~ (LifO)/(2F) 

[21] 
and 

E = --2.303 R T / ( 4 F )  Po -- AGd (Li20)/(2F) [22] 

Experimental Relation Between Tie Triangle Voltages 
and Oxygen Partial Pressures 

The electrochemical titrations of lithium into Li~3VIOy 
cathodes were used to experimentally determine the 
equilibrium potentials E of tie triangles in the ternary 
systems containing manganese, iron, and cobalt. In 
addition, the free energies of formation hGr ~ of inter- 
mediate ternary compounds were then calculated by 
integration of the equilibrium potential-composition 
curves. This, in turn, permitted the calculation of 
equilibrium oxygen partial pressures Po2 of the same 
tie triangles for which E values were determined ex- 
perimentally. Both values are listed in the tie triangles 
of Fig. 7. An uncertainty remains in the Li-Fe-O ter- 
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T=400~ 
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3 

Fig. 5. Equilibrium potential. 
composition curve for the initial 
composition LiFosOs. 

nary system regarding the relative stability of the 
LiFeOe/Fe~O4 tie line vs. the LiFesOs/Fe tie line, il- 
lustrated by the dash-dot lines in Fig. 7(b). 

The equilibrium voltage vs. Li of each three-phase 
region is plotted as a function of the equilibrium oxy- 
gen partial pressure of that region in Fig. 8. The re- 
sult is a linear relationship between E and the log- 
arithm of Po2 of the form 

E = m log Po2 + b [23] 

The equation for the experimental line of Fig. 8 was 
found to be 

IE = 1.45 X lO-21npo ,+  2.65v] [24] 

Extrapolation of this line results in X- and Y-inter- 
cepts of 

E :O.OV P o - - 8 0  

P o = 0  E =2.65V 

Like the analytical derivation leading to Eq. [20], 
these experimental data indicate that Li20 is a pri- 
mary factor in this relation, since the X-intercept is the 
same as the equilibrium oxygen partial pressure above 
a mixture of Li and Li20 at 400~ and the Y-intercept 
is the theoretical voltage of a lithium/oxygen cell at 
400 ~C. Furthermore, the slope of this line was found to 
be ( R T / 4 F ) ,  where the factor of 4 is the number of Li 
equivalents required to react with 1 tool of O2 to form 
LifO. 

Equation [20] was derived for tie triangles contain- 
ing Li20, such as the Mn,Li20,MnO tie triangle in- 
cluded in Fig. 8. In addition, it was found that the po- 
tentials of binary first-row transition metal monoxides, 
when compared with their equilibrium oxygen partial 
pressures, also follow the relation of Fig. 8. This relation 
is therefore generally valid for any tie triangle contain- 
ing Li20 and two binary oxides as constituents. 

Although most tie triangles in these ternary Li-M-O 
systems are not composed of Li20 and binary transition 
metal oxides, they were exrperimentally found to also 
follow the linear relation between E and In Po2 of Fig. 
8 and Eq. [20]. Specifically, all tie triangles studied in 
the lithium-manganese-oxygen ternary system have 
Li20 present as one phase, but the two higher voltage 
triangles have ternary oxide phases present-not just 
binary oxides as used in the analytical ,derivation shown 



548 J. EIectrochem. Sac.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY March I984 

Oxygen 

' ~  

\/ V V V V ia v v ' ~  

Oxygen 

A E~ 
/~- ~ au=l,5OXlO -~ 

/ \ ==,=5.3,.xlo-" 

z~ v / \ / ~,NnO~ 

,~ ~ X~TT. / -- ~"~~ " \ 

LJ. ~ v v v v v v v v v ~ n  

Oxygen 

~ Fe203 
o' 

I..,i L i ~ ~ ~ x r  ~ 0 4  '^~ ''x'~~'d': V.~."̀ V V ~  ~ Fe 

Oxygen 

Fig. 6. Constant voltage plateaus found in the (o, top) Li-Mn-O, 
(b, middle) Li-Fe-O, and (c, bottom) Li-Co-O ternary systems at 
4000C. 

above. However, their lithium and oxygen activities 
were still found to obey Eq. [20]. Conversely, two tie 
triangles studied in the lithium-iron-oxygen ternary 
system have binary oxides, yet contain no Li20. They, 
too, were found to follow this relation. 
This correlation may be extended to tie triangles not 

containing Li20, so long as the ternary oxide phases o~ 
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which the tie triangles are composed are only margi- 
n~ally stable with respect to Li20 and their neighbor- 
ing binary oxides. The marginal stabilities of most 
ternary oxides studied in this work explain why the tie 
triangles cited above in the manganese and iron sys- 
tems correspond closely to this relation, although it is 
strictly valid only for tie triangles containing Li20 and 
binary transition metal oxides. That is, a ternary oxide 
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Fig. 8. Relation between tie triangle voltages and equilibrium 
oxygen partial pressures in Li-M-O systems at 400~ 

which is only marginally stable with respect to other 
oxides behaves as though it were composed of the 
proper amounts of Li20 and binary oxide MO~, for 
which the E vs. Po2 derivation is exact. 

Furthermore, tie triangles with phases much more 
thermodynamically stable than their "weighted aver- 
ages" will deviate from this relation in a predictable 
manner. Tie triangles with reactant phases significantly 
more stable than their "weighted averages" will have 
voltages lower than those predicted by this relation. 
Conversely, triangles withproduct  phases significantly 
more stable than their "weighted averages" will have 
voltages higher than those predicted by this relation. 

An example of the latter is given by the LiCoO2, CoO, 
Co tie triangle, which has an equilibrium oxygen partial 
pressure of 10 -~0 atm (the same as that between CoO 
and Co). The voltage vs. Li predicted by Fiq. 8 is 
1.684V, but was found experimentally to be 1.807V. The 
voltage of 1.684V would have been observed had the 
ternary compound LiCoO2 not existed. The fact that it 
is considerably more stable (14.9%) than the "weighted 
average" increases the voltage to 1.807V, since in this 
triangle, LiCoO2 is a product phase. 

Conclusions 
The free energies of formation of four intermediate 

ternary oxides (LiMnO2, LisFeO4, LiFeO2, and LiCoO2) 
were determined from electrochemical experiments, 

and found to be --178.21, --399.88, --154.18, and --131.62 
kcal/mol, respectively, at 400~ Lithium could be re- 
versibly reacted with these oxides at current densities 
of 5-15 mA/cm 2 over a range of 0.0-3.0 eq/mol at volt- 
ages of 1.0-1.8V vs. Li. Compounds lying closer to the 
oxygen corner of these ternary lithium-metal-oxygen 
systems yield higher cell voltages, because these higher 
oxides represent less stable compounds. They therefore 
yield greater energy when reduced to more stable com- 
pounds during the electrochemical reactions which oc- 
cur within the cell. This effect, unfortunately, is some- 
what limited by the fact that the highest oxides of each 
system have been found to reduce to lower oxides when 
placed in the molten salt electrolyte. That is, their 
equilibrium oxygen partial pressure is too high when 
in contact with the LiC1-KC1 salt. For instance, MnO~, 
LiMn204, V205, CuO, and Cu~O yield very high theo- 
retical voltages vs. lithium, but were found to reduce 
when placed in molten LiC1/KC1 salt. The linear rela- 
tionship between cell voltage (E) and oxygen potential 
(In Po2) imposes a maximum cell voltage of 1.820V vs. 
Li on cells utilizing oxide cathode materials in contact 
with LiC1/KC1 molten salt electrolyte at 400~ For a 
limit of 10-25 arm, the [RT/(4F) In Po2] term of Eq. 
[201 represents a loss of 0.835V from an idealized 
lithium/oxygen (1 arm) cell, which would have an 
equilibrium voltage of 2.654V. 

The oxygen partial pressure limit of 10-~ atm (E -- 
1.820V) imposed by the LiC1/KC1 electrolyte or its sur- 
roundings represents, perhaps, the largest impediment 
to the development of even more desirable oxide cells. 
So lon~ as an alloy of lithium (e.g., Li-A1 or Li-Si) is 
required in the anode compartment, the specific energy 
of a cell cannot be increased significantly by simply 
finding longer plateau materials. This is because the 
additional energy of reaction obtained from longer 
plateau materials is offset by the weight of the addi- 
tional alloying element required. Therefore, the specific 
energy of these ce]ls can be significantly increased only 
by increasing their operating voltages, which requires 
that the oxygen partial pressure limit be increased. 
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ABSTRACT 

The influence of lattice defects produced by mechanical polishing of the surface upon the photoelectrochemical prop- 
erties of polycrystalline SrTiO:~ anodes was investigated. The lattice defects were correlated to various subbandgap energy 
levels. Part of them were attributed to local Ti-O bond weakening; they should lie close to the bandedges thus causing a 
tailing of the bandgap absorption and a shift of the flatband potential towards more positive values. Deeper subbandgap 
states resulting from Ti-O bond breaking should render the semiconductor strongly sensitive to visible light. However, 
these lattice defects should also act as recombination centers causing a decrease of the hole diffusion length and therefore a 
decrease of the photocurrent efficiency. 

Suitable semiconducting anodes for photoelectroiysis 
of water must satisfy the following main conditions: (i) 
chemical stability against photocorrosion; (ii) a band- 
gap small enough ( < 2.3 eV) for maximum efficiency; 
(iii) ability to spontaneously drive the photodecom- 
position of v~ater. This last condition requires that the 
conduction bandedge is well above the H+/H~ redox 
potential in the aqueous electrolyte. 

n-type SrTiO3 has attracted widespread attention be- 
cause of its chemical stability. Besides, it requires 
no biasing to generate H2 and O~.: its low electron 
affinity fixes the bottom of its empty Ti 4+ :3d conduc- 
tion bandedge above the H+/H~ redox level (1). Un- 
fortunately, the very large bandgap energy, E~ ~ 3.2 
eV for the intrinsic material (2), precludes its use for 
solar energy .conversion. A strategy to partially elimi- 
nate this above inconvenience consists of doping the 
semiconductor with Cr 3 +, either homogeneously (1, 3) 
or by diffusion from the surface at high temperature 
(4). Thus, a new cathodic Cr3+:3dS valence band is 
formed inside the bandrgap, giving rise to an im- 
pressive photosensitization at high anodic bias due to 
Cr s+ to Ti 4+ charge transfer. However, under the nor- 
mal working conditions required for a photocell, i.e., 
no bias and steady illumination, the quantum effi- 
ciency both for visible and UV light is too low because 
the chromium levels also act as recombination centers 
which lower the photoresponse (3). 

Some of us have also reported that SrTiO8 electrodes 
become strongly sensitive to visible light by appropriate 
surface pretreatments such as mechanical polishing 
(5, 6). As shown in Fig. 1, the visible response was 
related to the existence of [O: 2p]bb and [Ti: 3d (t2~) ]bb 
subbandg,ap states [bb is the bond-breaking associated 
with broken Ti--O bonds produced by the abrasion of 
the surface (6)]. On the other hand, it is well known 
that lattice defects produced by mechanical polishing of 
ZnO (7), GaAs (8), or TiOe electrodes (9, 10) act as 
traps for electrons and holes, leading to an increased 
recombination and so to a significant diminution of the 
photocurrent. 

In the present work, the photoelectrochemical be- 
havior of polished SrTiO3 polycrystalline anodes, desig- 
nated as [pol-SrTiOa], is compared wit.h that of un- 
polished samples symbolized by [o-SrTiO.~l. This com- 
parative study is based upon the determination, from 

Key words: junctions, semiconductor, energy conversion. 

voltage and wavelength dependences of the quantum 
efficiency, of the physical parameters determining the 
behavior of the electrodes. 

Experimental 
Details concerning the anode fabrication and the sur- 

face treatment have already been reported (5). The 

T 

Fig. 1. Schematic illustration of the visible photoconduction 
mechanisms giving rise to a visible photocurrent: electrons can be 
photoexcited from the occtrpied [O:2p]bb states to the conduction 
band (process 1) or from the valence band to empty [Ti:3d (t2g)]bb 
states (process 2). 
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experimental  apparatus used for the electrochemical 
measurements has also been described previously (11). 
The electrolyte was a 1M Na2SO4 solution; the pH -- 8 
was adjusted by addition of I-I~SO4. The electrode po- 
tentials are quoted relative to the saturated calomel 
electrode (SCE). The photoelectrode was illuminated 
with a 150W Xe lamp followed by a Bausch & Lomb 
grating monochromator. Photocurrent efficiencies were 
measured with a high impedance HP 3478 A program- 
mable mult imeter  coupled to a 4032 Commodore com- 
puter. The photon flux reaching the electrode surface 
was determined by means of a calibrated EG&G 4000 B 
silicon photovoltaic detector. 

The real part  of the relative permittivity (,'r) of the 
sample was deduced from capacitance measurements 
using a 1680 General Radio Capacitance bridge. 

A Keithley high impedance multimeter allowed ac- 
curate determination of the sample conductivity. 

Results 
Emphasis was given to the photocurrent efficiency ~i 

calculated from 
~'( l lSht)  - -  i ( d a r k )  [1] 

,1 = qIo 

where i(l~slat) and i(dark) are current densities under il- 
hunination and at dark, respectively, Io represents the 
photon flux absorbed by the photoe!ectrode, and q is 
the electronic charge. 

Reflectivity of the samples was measured with a 
Cary 17 speetrophotometer. Polishing produced no 
noticeable change in reflectivity in the UV region (k < 
370 rim), while it decreased the reflectivity in the 
visible region (Fig. 2). 

Photocurrent effciency-voltage (~-V) and photocur- 
rent efficiency-wavelength (~-k) characteristics.mFig- 
ures 3a and 3b show typical ~I-V curves at 370 nm 
(bandgap illumination) and at 470 nm (subbandgap 
illumination). The ~-k dependences are given in Fig. 4 
at IV vs. SCE. 

A substantial increase of the pol-SrTiOs photore- 
sponse to visible light can be observed. However, a sub- 
stantial decrease of the efficiency in the UV region is 
also observed. These effects were observed in all of the 
samples studied. 
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Fig. 3. Photocurrent efficiency vs. potential: (a, top) ~. = 370 
nm; (b, bottom) ~. = 470 nm. 

Flatband potential VFB and ionized donor density 
concentration, ND.--These parameters can be reason- 
ably estimated from the theory of depletion layer pho- 
toeffects developed by G~irtner (12) and discussed by 
several authors (13-16). Using this model, Kennedy 
and Frese (13) calculated that 

ha (1 -- ~I) = --aW -- In (1 -I- Lp) [2] 

where a is the semiconductor absorption coefficient, bp 
is the hole diffusion length in the bulk (outside the 
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depletion layer), and W is the depletion layer width 
given by 

( 2,'r,o ) '/' 
W -- k--~- D (]2" -- VFB ) ~/= [3] 

where ,'r and ,o have the usual meaning and (V -- VFB) 
iS the band bending with VFB being the flatband po- 
tential. 

Implicit in Eq. [2] is also the absence of carrier re- 
combination at the semiconductor-electrolytle inter- 
face, i.e., that the transfer of holes from the semicon- 
ductor to the electrolyte is not the limiting step (17). 
This has been proved to be valid at sufficiently large 
voltages [ (V -- VFB) > IV] for several sintered semi- 
conducting electrodes including undoped TiO2 (11), 
A1- and Nb-doped TiO2 (18, 19), and BaTiO~ (13). We 
have recently shown (20) tha t  a source of surface elec- 
tron-hole recombination at low band bending is the 
reduction by conduction band electrons of species pho- 
togenerated during water photoelectrolysis, such as 
O~ and  H20~. This recombination process, with rates 
depending on (V -- VFB), is independent of the physi- 
cal bulk properties of the semiconductor and represents 
a general limitation of Eq. [2] for most oxide photo- 
anodes. 

Provided that aLp < <  1, i.e., 1 -k alp __. aLp, Eq. [2] 
can be written 

In (I --  ~) = - - ~ ( W  + Lp) [4] 

Besides, if W > >  Lp one gets 

In (1 - ~) = -- =W [5] 

These two assumptions are generally valid for pene- 
trating radiations (~ > 104 cm-~) and for not heavily 
doped semiconducting oxides (N D ----- I0 Is cm -8) (21). 

Combination of Eq. [3] with Eq. [5] leads after 
squaring to 

[In(1 -- n)] = = - -  (V -- WF,) [6] 
qND 

According to Eq. [6], the plot of [ln(1 --~I)]2 vs. po- 
tential should be linear, the intersection with the ab- 
scissa giving VFB. 

Figure 5, deduced from Fig. 3a, shows [In(1- n)] = 
vs. potential curves at 370 nm. They present a good 

linearity above 0.5V (SCE), i.e., for V -- VFB ~ 1.IV. 
G~rtner's model does not apply at lower band bend- 
ings because of electron-hole recombination at the 
electrode surface (20) and also at the depletion layer 
for the polished sample (see Discussion). 

The flatband potentials obtained by extrapolation 
are given in Table I. These values are in good agree- 
ment with those obtained from the UV photocurrent 
onset potential (Fig. 3a). Besides, the donor density 
concentration, ND, ear, be calculated from the slope 
of the plots, provided the real part of the relative per- 
mittivity, ,'r, and the absorption coefficient at 370 nm 
are known. A frequency-independent value of 200 was 
obtained for e'r in the range from 0.1 to 100 kHz, and 
a (370 nm) is 2.6 • 108 cm -t (22). The calculated 
ND values are included in Table I. It is to be remarked 
that the difference in ND between the polished and 
the unpolished samples is a real effect and not an 
apparent one due to changes in reflectivity, as polish- 
Jng has nearly no effect on the diffuse reflectivity in 
the UV range (see Fig. 2). 

Bandgap ene~'gy, Eg.--This parameter is contained, 
together with the incident photon flux hv, in the fol- 
lowing expression valid for indirect bandgap semicon- 
ductors, as is the case for SrTiO8 (23) 

(h~ - Eg)~ 
a = A [7] 

h~ 

where A is a constant. 
Algebraic manipulation of Eq. [4] and [7] leads to 

[-- hvln(!  -- n)]v= -- Av= (W + Lp)V= (by -- Eg) [8] 
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Fig. 5. Determination of VFB and N D  from [In (1 - -  ~1)] 2 vs. 
potential plots at ~. = 370 nm. 
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Table I. Experimental physical parameters at room temperature for the samples studied 

W ( 10-~ era) 
r �9 cm 4 VFB (V) ND (10a~ cm -~) E~ (eV) Lp (era) at IV vs. SCE 

o-SrTiO8 10 -2 -0 .70  1.7 3.15 3.1 x 10-6 (370 nm) 4.7 
pol-SrTiOs 10 -1 -0 .60  3.1 2.95 9.6 x 10-7 (370 nm) 6 x 10-~(470 nm)  3.4 

Therefore, a plot of [-- hvln (1 --~)]y2 against hv 
allows the determination of Eg. 

Figure 6, obtained from Fig. 4, shows a linear varia- 
tion of [ - - h v l n ( l - - ~ ) ]  ~/2 vs. hv (for hv > 3.3 eV). 
The intercept with the hv axis gives the Eg value 
(Table I). 

Hole di~usion length, Lp.--Equation [2] allows Lp 
to be estimated. By introducing the value of W in Eq. 
[2] it can be written 

-- ln(l -- TI) = =Wo(V -- VFB) '/2 -~- In(l + alp) [9] 

where, for the sake of clarity, the ratio (2er'eJqND)'/2, 
whose parameters are now known, is designated as 
Wo. 

According to Eq. [8], the plot of -- in(1- ~1) vs. 
(T~_ T~FB)I/2 should be linear with a slope S = aWo 
and an intercept 

S 
i n ( l + a L p ) = l n  ( l + ~ o o L P )  

from which Lp is obtained without needing to know 
the value of a. 

Figures 7a and 7b are the corresponding plots at 
370  n m  f o r  both samples and at 470 nm for [pol. 
SrTiOz]. They ,are deduced from Fig. 3a and 3b and 
from the previously determined VFB. Straight lines 
are obtained at high anodic bias where recombination 
does not exist and G~irtner's model applies. From ex- 
trapolation of the straight line obtained by minimum 
least squares fitting, reliable Lp values can be obtained. 
They are included in Table I. As can be seen, the as- 
sumption W > >  Lp, which allowed ~/'FB and ND to be 
determined through Eq. [5], is now justified. The e r r o r  
in VFB which is incurred by neglecting Lp in Eq. [9] 
is 0.09V which is not significant because the accuracy 
in ~ is not better than _10%, at the most. 

Discussion 
The two main effects of polishing on the photoelec- 

trochemical properties of sintered n-SrTiO3 electrodes 
are sensitization to visible light and decrease of the 
photoresponse to UV radiation. This qualitative be- 
havior has been found to be general for the different 
samples studied, and has been discussed elsewhere 
(6). On the other hand, in an attempt to correlate this 
behavior with the physical properties of the electrodes, 
we have shown that G~rtner's model holds for the 
sc-electrolyte junction in the band bending region 
(V -- VFB > 1.1V) of negligible electron-hole recom- 
bination, both in the sc surface and in the depletion 
region. The experimental data shown in Table I should 
not be considered as reproducible to the last significant 
figure for different n-SrTiO3 samples, but as typical 
of the effect of polishing on the physical parameters of 
n-SrTiOs. A more precise study should compare m e a :  
surements on several samples and probably should 
take into account additional information about the 
polishing effects; however, this exceeds the aim of the 
present work. 

The main features observed in Table I, that polishing 
brings about, are a ~hift of VFB towards positive values, 
an apparent increase of ND, and a noticeable decrease 
of both Eg and Lp. The increase of N D upon polishing 
has also been reported to occur with TiO2 (24) and 
ZnO (25). This result is not surprising since lattice 
defects can behave as hole traps at the illuminated 
electrode, giving rise to an accumulation of positive 
charge in the depletion layer and to an apparent in- 
crease of the donor concentration. The decrease of Eg, 
as well as the positive shift of VFB, could reasonably. 
be related to a tailing of the band gap absorption due 
to energy states near the bandedges. These states are 
very likely associated with Ti--O bonds whose c o -  
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valency  is weakened  in the d i so rdered  latt ice.  A T i - - O  
bond weaken ing  means  tha t  loca l ly  the spl i t t ing  be-  
tween the oxygen:  2p orbi ta ls  and the t i t an ium:  3d 
(t2g) orb i ta l s  is reduced.  This or ig inates  [0:2pJbw and 
[Ti :3d (tSg)]bw subbandgap  states (bw meaning  bond 
weakening)  close to the valence and conduct ion bands,  
respect ively .  As the f la tband potent ia l  of the pol ished 
sample  is 0.1V less negat ive  than  that  of the unpol -  
ished electrode,  the [Ti:3d (2g)]bw centers  should ap-  
p r o x i m a t e l y  l ie  wi th in  0-0.1 eV below the conduct ion 
band of the unpol ished sample.  Besides, Eg [o-SrTiO3] 
--  Eg [pol-SrTiOs] ____- 0.2 eV; thus, the  [0:2p]bw levels  
l ie wi th in  0.1 eV above the unpe r tu rbed  valence band.  
The shoulder  in the ~l-~, ac t ion spec t rum observed at  
410 nm (3.0 eV) can be  a t t r ibu ted  to these levels  
(.dashed l ine of  Fig. 4). As i l lus t ra ted  in Fig. 8, the  
Ti---O bond weaken ing  must  not  be misunders tood with  
the Ti-O bond b reak ing  that  in t roduces  the  above 
ment ioned  [0:2p]bb and [Ti:3d]bb centers.  

F inal ly ,  we mus t  r e m a r k  that  the charging  of the  
ta i l ing  sur face-s ta te  band genera ted  by  polishing,  
which is accompanied  by  a decrease of the net  nega-  
t ive surface ch.arge, could also contr ibute  to the ob-  
served shift  of VFB in the anodic direction.  

F igure  4 c lear ly  shows that  bandgap  s ta tes  gener -  
a ted du r ing  pol ishing have a dele ter ious  effect on the 

Ti:3d(tzg)COndbond Ti:3d(t2g) cond. band 1 

Av T 
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[o-SrT~ 03] [poI-Sr Ti 0,] 

Fig. 8. Schematic of the modification of the band structure near 
the surface of [pol-SrTiO3]. 

UV photoeur ren t  efficiency. Thei r  influence can be 
descr ibed as follows. 

In  Eq. [2], absence of recombina t ion  at  the  dep le -  
t ion layer  was assumed.  However ,  this  assumpt ion can-  
not  app ly  in the presence of a high dens i ty  of r ecom-  
b ina t ion  centers,  as has been recen t ly  t rea ted  by  J a r -  
re t t  (26). In  fact, for  a hole  to reach  the in ter face  wi th  
the  e lectrolyte ,  i ts  l i fe t ime ~r mus t  be equal  to or 
g rea te r  than  its t rans i t  t ime ~t across the  electr ic  field. 
In t roducing  the concept of "gain" used in photocon-  
duc t iv i ty  exper iments ,  i t  mus t  be Q = Tr/~t ~ 1. 

Q can be written (27) 

Lp'2qSN D 
Q = 2e'~kT' [i0] 

where we distinguish the hole diffusion length in the 
depletion layer, L'p, from Lp in the bulk. Then the 
condition for eff}cient electron-hole separation in the 
electr ic  field region becomes (27) 

2e'~okT 
Lp '2 �9 N D ~" [II] 

q~ 

For  Q < 1, Eq. [5] (which appl ies  to e lec t ron hole 
pai rs  genera ted  wi th in  the deplet ion l ayer )  mus t  be 
wr i t t en  

~] - -  Q[1 - e - a w l  [12] 

According to Eq. [2], a l l  the e lec t ron-hole  pairs  photo-  
genera ted  wi th in  a (Lp + W) d is tance  f rom the sur= 
face must  pa r t i c ipa te  efficiently in the  photoeurrent ,  
p rov ided  that  Q ~ 1. A s imple calculat ion mak ing  use 
of the  da ta  of Table  I shows this to be the case for  t h e  
unpol ished sample.  So', .applying Eq. [11], i t  can be 
shown tha t  L'p ~ 7.5 X 10 -6 cm and there fore  L'p --~ 
2.4 Lp. 

On the o ther  hand,  the net  decrease  in the qu an tum 
efficiency in the  UV region for the  pol ished e lec t rode  
(Fig. 4) cannot be exp la ined  by  a s imple  decrease of 
W and Lp (Table  I ) .  In  fact, let  us compare  for  in-  
stance ~max in Fig. 3 at  340 nm for the  two samples.  
Since Q ~-- 1 for the  unpol i shed  electrode,  we can wr i te  
according to Eq. [4] 

In ( I  - -  0.41) ---- - -  a ~ o  . m  ( W  -I- Lp) 
= --.~4~nmX5.01X10 -s [13] 

Hence, as4on~ = 1.05 • 104 cm-L Using the same 
reasoning for the polished sample, and assuming the 
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same ~340 nm) it should be for Q ~ l a n d  (Lp + W) = 
3.5 X 1O -5 (Table I) 

: 1 - -  e - - (Lp  + w )  : 0 . 3 1  [14] 

This value is higher than the experimental one of 0.24. 
Obviously this discrepancy in n must result ~rom partial 
recombination inside the depletion layer. 

The actual value of Q can be given by the relation 
between both values of n, i.e., Q - 0.24/0.31 ~- 0.78, 
which upon insertion in Eq. [10] gives us: L'p -- 3.7 
X 10 -e  cra.  

The influence of polishing on the recombination pro- 
cess could therefore be summarized in the following 
way: [0:2p]bb and [Ti:3d(t2~)]bb levels generated in 
the bandgap act as hole and electron traps, respectively, 
producing a measurable decrease of the carrier life- 
time. In the perturbed layer, but outside the depletion 
layer, Lp decreases by a factor of ~3; this decrease 
does not affect ~], as W > >  LD. This factor cannot be 
calculated in the depletion layer (i.e., for L'p), but it 
is expected to be considerably greater than that  ob- 
tained for Lp, since for the unpolished sample it has 
been shown that L'p > 2.4/-~ (probably L'D >> Lp), 
while for the polished one it is only L'p ,~ 5 Lp. Con- 
sequently, the decrease of the quantum efficiency in 
the UV region after polishing is mainly due to increas- 
ing electron-hole recombination inside the electric field 
region. These results are in agreement with the model 
proposed recently by Lam and Franceschetti (28) for 
undoped and transition metal-doped sintered semi- 
conducting oxide photoanodes, which took into account 
recombination of carriers within the depletion layer. 

Recently, Praet et al. (10), working with TiO2 single- 
crystal electrodes, arrived at the conclusion that polish- 
ing reduces Lp by a factor ranging from 3 to 183. Only 
the lowest value is ccmparable to that found in this 
work for polycrystalline SrTiO3. 

It becomes apparent that the optimum photoresponse 
is not necessarily achieved by enhancing the polishing 
effect in order to create a larger density of subbandgap 
states, but by balancing the losses due to recombination 
against the increase of the photoresponse in the visible 
region. It must also be pointed out that the holes 
photogenerated in the polished sample by visible (~ = 
470 nm) and UV (~ = 370 nm) light have quite similar 
Lp values (Table I). If the visible response observed 
for [pol-SrTiO3] electrode was mainly due to carrier 
excitation from the [0:2p]bb states to the conduction 
band (Fig. 1, mechanism 1), much lower values of L, 
would then have been obtained for k ---- 470 nm than 
for ~ ---- 370 nm, due to a partial localization of the 
photogenerated holes into the [0:2p]bb centers (small 

polarons). As this does not occur, most of the holes 
are photogenerated in the valence band of [POl- 
SrTiO3] electrode. Consequently, the visible photo- 
current should be mainly due to electron excita- 
tion from the valence band to the empty [Ti:3d]bb 
subbandgap states, followed by tunneling to the con- 
duction band (Fig. 1, mechanism 2). 

Manuscript submitted June 6, 1983; revised manu- 
script received Oct. 31, 1983. 
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Vacuum Evaporated CdSe, xTe Thin Films for Electrochemical 
Photovoltaic Cells 

Michael  A. Russak and Charles Creter 

Grumman Aerospace Corporation, Research and Development Center, Bethpage, New York 11714 

ABSTRACT 

CdSe1_~Te~ thin films have been produced over a wide range of x values by concurrent vacuum evaporation of the 
constituent elements. The most consistent results in terms of producing single-phase material were obtained when sub- 
strate temperatures were in the range of 350~176 Photoelectrochemical evaluation of the resultant thin films indicated 
postdeposition heat-treatment and surface etching were necessary to maximize photovoltaic outputs. A dependence of 
photoelectrochemical behavior, bandgap, and efficiency on x value was also found. The maximum efficiency recorded 
was 7.4% for a CdSeo.sTe0.~ composition under simulated AM2 conditions. 

~Phe thin film CdSe/aqueous  sulf ide-polysulf ide pho-  
toelect rochemical  sys tem has received a g rea t  deal  of 
a t ten t ion  in recent  yea r s  as a po ten t ia l ly  pract ical ,  low-  
cost system for photovol ta ic  appl icat ions  (1-6).  How-  
ever,  even though CdSe electrodes wi th  sunl ight  con- 
version efficiencies (0) of over  6% have a l r eady  been 
repor ted  (7), the bandgap  of CdSe (1.72 eV) is not 
idea l ly  matched  to the solar  spectrum. This m a y  be 
u l t ima te ly  a l imi ta t ion  on obta in ing  conversion effi- 
ciencies in excess of 10% when countere lec t rode 
polar izat ion losses a re  encountered  in ac tual  cell  
s t ructures .  Ideal ly ,  a semiconductor  wi th  a bandgap  of 
1.45 eV, such as CdTe, would provide  the  m a x i m u m  
photovol ta ic  efficiency for t e r res t r i a l  appl icat ions  (i.e., 
AM1 to AM2 condit ions)  (8, 9). However ,  CdTe has 
been repor ted  to be s table  in se lenide  and te l lur ide  
containing electrolytes ,  but  only  pa r t i a l l y  s table  in 
sulfide containing electrolytes .  The h ighly  colored 
na tu re  of the  former  e lec t ro ly tes  diminishes the ad-  
vantage  of the more  favorab le  bandgap  by  increas ing 
the short  wave length  photocur ren t  losses. As a result ,  
no significant improvemen t  in efficiency of the CdTe/  
Sen -2 sys tem compared  to the CdSe/Sn -2 system has 
been repor ted  (10). Also, the ex t reme  air  sens i t iv i ty  of 
the se lenide  and te l lur ide  containing e lec t ro ly tes  p re -  
sents a p rob lem for prac t ica l  devices. 

For tuna te ly ,  a promis ing  compromise has been 
identif ied where  po lycrys ta l l ine  electrodes have been 
produced  f rom mix tures  of CdSe and CdTe that  have 
a bandgap  of ,--1.45 eV and the photovol ta ic  output  
s tab i l i ty  of CdSe alone in sulf ide-polysulf ide elec-  
t ro ly te  (11, 12). In  par t icu lar ,  an e lect rode of 
CdSe0.65Te0.3~ composit ion p repa red  by  s inter ing a 
mix tu re  of  CdSe and CdTe has been produced  wi th  

,~8% (11). 
We have found tha t  CdSel-~Te~ al loy films for  pho-  

toelect rochemicaI  soIar  cells can also be p roduced  by  
a concurrent  e lementa l  vacuum evapora t ion  technique.  
This pape r  presents  our findings on the eva lua t ion  of 
these thin film electrodes in aqueous sulf ide-polysulf ide 
e lectrolyte .  

Experimental 
CdSel -xTex thin films were  deposi ted by  the concur-  

ren t  vacuum evapora t ion  of the const i tuent  e lements  
f rom three  independen t ly  control led  resis t ive hea ted  
sources a r r anged  in a pa ra l l e l  geometry.  Each source 
w a s  cont ro l led  by  a microprocessor -dr iven  feedback  
contro l ler  ac t iva ted  by  an osci l la t ing quar tz  crys ta l  
monitor .  The ac tua l  vacuum system used is shown in 
Fig. 1, wi th  the three  automat ic  deposi t ion control lers  
(Sloan Technology Corporat ion,  Santa  Barbara ,  Cal i -  
fornia)  in the background.  The key  fea ture  of this sys-  
tem is the  tubu la r  shie lding a r r angemen t  of the crys ta l  
moni tors  by  which no in te r fe rence  be tween  deposition~ 

Key words: semiconductor, thin films, electrolyte, energy con. 
version. 

sources is regis tered.  The ver t ica l  baffles b e t w e e n  
sources minimize ex t raneous  hea t ing  of  one source by  
the ad jacen t  one, which could o therwise  be a p rob lem 
due to the  low power  level  r equ i red  to evapora te  the 
e lements  used. High pur i ty  (5N + or 6N) e lements  in 
1-5 mm shot  form were  used as the source mate r ia l s  
(Alpha  Division, Vent ron  Corporat ion,  Danvers,  Mas-  
sachusetts,  or Atomergic ,  Incorpora ted ,  Pla inview,  
New York) .  

Ind iv idua l  deposit ions of each e lement  indica ted  t h a t  
there  was app rox ima te ly  a 10% thickness  g rad ien t  for 
Se in going f rom lef t  to r ight  across the  12 cm sub-  
s t rafe  holder.  The Te grad ien t  is also about  10% in t h e  
opposite  direction.  The thickness  of Cd was found to 
va ry  by  less than  5% in going f rom the center  to the  
edges of the  subs t ra te  holder .  To minimize  the effect 
of these gradients ,  the subs t ra tes  were  p laced in a 
5 • 5 cm area  in the center  of the subs t ra te  holder  
for the t e rna ry  evaporat ions.  The source to subs t ra te  
distance was 45 cm. The subst ra tes  were  t i t an ium sheet  
(0.25 mm)  that  had been  carefu l ly  c leaned and then  
etched in a di lute  H C I : H F  etchant  to p rov ide  a sl ight  
surface roughness,  which promoted  good film adhe r -  
ence. The subst ra tes  were  c lamped to the copper -b lock  
subs t ra te  holder,  into which ca r t r i dge - type  hea ters  and  
a thermocouple  were  inser ted  to provide  subs t r a t e  
t empera tu re  control  dur ing  the deposit ion.  Tan ta lum 

Fig. I. Triple source vacuum deposition system used to produce 
CdSel-xTex thin film. 
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baffled evapora t ion  boats, the type  commonly  used for  
sil icon monoxide  evaporat ion,  were  used for the Cd 
and Se, bu t  the Te reac ted  wi th  the t an t a lum boats  
a n d  an AI~O~ crucible  was used. 

Qual i ta t ive  chemical  analysis  of the  thin films was 
done by  energy  dispers ive  analysis  of x - r a y s  (EDAX) 
at  Grumman,  and  quant i t a t ive  composi t ional  da ta  
were  genera ted  using a wave leng th  d ispers ive  e lect ron 
microprobe  (EPMA) at  the Solar  Ene rgy  Research 
Ins t i tu te  (SERI, Golden,  Colorado) .  X - r a y  diffract ion 
analysis  was done using a d i f f rac tometer  wi th  CuK~ 
radia t ion .  

The thin film elect rode mount ing  procedures  a n d  

photoe lec t rochemica l  test  f ixturing employed  have  
been descr ibed p rev ious ly  (3). I -V  character is t ics  
were  measured  in aqueous 2.5M Na2S-1M S-1M KOH 
e lec t ro ly te  using a p l a t inum countere lec t rode  and a 
sa tu ra t ed  calomel  reference  e l e c t r o d e  in a s t anda rd  
potent ios ta t ic  a r rangement .  W h i t e  l ight  measurements  
were  done using a s imula ted  AM2 spec t rum prov ided  
by  a W - I  ELH lamp  mounted  in a dichroic parabol ic  
reflector (13). A 0.25m gra t ing  monochromator  wi th  a 
1000W Xe l ight  source was used to genera te  mono-  
chromat ic  I - V  curves  and spect ra l  response data.  Al l  
l ight  in tensi t ies  were  measured  wi th  a ca l ib ra ted  
thermopi le  detector .  

Results and Discussion 
Thin fiZm deposition.--Several deposi t ion p a r a m e t e r -  

var ia t ion  studies were  conducted in o rder  to es tabl ish 
the  re la t ionships  among deposi t ion conditions,  r e -  
su l tan t  film composit ion and s t ructure ,  opt ical  and 
electronic proper t ies ,  and cu r ren t -vo l t age  behavior .  
Three  cr i t ical  deposi t ion pa rame te r s  for producing  
s ingle-phase ,  c rys ta l l ine  t e r n a r y  thin films of a specific 
composit ion were  found: subs t ra te  t empe ra tu r e  (Ts), 
the  Se to Cd atomic vapor  s t ream ratio,  and the to ta l  
Se -5 Te to Cd atomic vapor  s t ream ratio.  The most  
cr i t ical  s teps in opt imizing the photovol ta ic  output  of 
the t e r n a r y  thin film electrodes were  postdeposi t ion 
h e a t - t r e a t m e n t  and chemical  surface  t r ea tmen t  
(e tching)  of the hea t - t r e a t ed  electrodes.  

Based on previous  exper ience  wi th  producing  CdSe 
thin film elect rodes  by  vacuum evaporat ion,  two depo-  
s i t ion r~egimes were  inves t iga ted  in the most  deta i l  
(3, 5, 14). In i t ia l ly ,  a series of t e rna ry  deposit ions was 
done, dur ing  which Ts was he ld  at  100~ the total  Se 
-}- Te to Cd atomic rat io  was set at  three,  and the rat io 
of Se to Te was varied.  This genera l  approach  was 
analogous to tha t  taken  in producing  the CdSe films 
deposi ted wi th  excess Se, which have produced  the 
highest  efficiencies r epor ted  to date  (3, 6). The com- 
posi t ion and associated EDAX spec t ra  (a f te r  firing 
at  500~ for 15 min)  for this series of deposi t ions are  
shown in Fig. 2. The var ia t ion  of I -V  per formance  for 
these films, which were  only  pa r t i a l l y  c rys ta l l ine  as 
deposited,  was found to depend  on postdeposi t ion 
h e a t - t r e a t m e n t  t empera tu re ,  t ime, and atmosphere .  
H e a t : t r e a t m e n t  in the range  of 400~176 in a i r  p ro -  
duced the e lect rodes  wi th  the  best  photovol ta ic  output  
(~ --5%, AM2),  which is s imi la r  to the  resul ts  ob ta ined  

i n  the CdSe system. However ,  measuremen t  of the  
act ion spec t ra  of these electrodes showed ve ry  l i t t le  
extens ion of response into the near  IR, as would  be 
expected  with  the addi t ion  of increas ing amounts  of Te 
into this a l loy system. X - r a y  diffract ion analysis  re -  
vea led  the films were  a mix tu re  of CdSe and TeO2 
ra the r  than  a CdSe expanded  la t t ice  as would  be ex-  
pec ted  wi th  the addi t ion  of up to 0.22 mol fract ion Te 
(15, 16). So, even though the presence of Te was ma in -  
ta ined  in these films throughout  thei r  processing, as 
indica ted  by  EDAX, i t  was incorpora ted  in a nonphoto-  
act ive manne r  in the  final processed electrode.  Pos t -  
deposi t ion processing in vacuum or  iner t  gas a t -  
mosphere  was not successful in producing  good photo-  
vol ta ic  qua l i ty  CdSe, -~Tex ma te r i a l  f rom films de-  
posi ted  under  these condit ions.  

Fig. 2. EDAX spectra showing variation in relative amounts of 
Se and Te in alloy films deposited at 100~ and heat-treated at 
500~ in air. 

As a resul t  of these findings, i t  was concluded tha t  a 
be t te r  approach to producing  s ing le-phase  CdSe l -xTez  
films would  be to insure  the  se lected compound fo rma-  
tion by  deposi t ion at high Ts fol lowed by  subsequent  
h e a t - t r e a t m e n t  to opt imize I -V  output .  I t  was found 
that  a ful l  range of s ing le -phase  crys ta l l ine  CdSel -xTex  
films (0 --~ x ~-- 0.53) could be p roduced  by  the direct  
react ion of the e lements  on subs t ra tes  he ld  at  300 ~ 
450~ At  t empera tu res  be low 300~ the films were  
genera l ly  on ly  pa r t i a l l y  c rys ta l l i zed ,  whereas  at  Ts > 
450~ even though the films were  crystal l ine,  film ad -  
herence was poor and Te could not  a lways  be put  in 
the film. The ac tua l  x va lue  in the as -depos i ted  t e rna ry  
film was found to depend on the Se to Cd rat io  dur ing  
deposi t ion and Ts. This 'is shown in Table  I, where  the  
dependence  of a l loy composit ion on this rat io is p r e -  
sented for Ts = 400~ X - r a y  diffraction analysis  indi -  
cated that  al l  these films were  s ing le -phase  ma te r i a l  
wi th  a s t rong texture .  F i lms  A through  E had  hex -  
agonal  wur tz i te  s t ructures ,  wi th  la t t ice  pa rame te r s  in-  
creasing wi th  increased Te content,  whereas  film F 
had a cubic sphaler i te  s t ructure .  These findings are  in 
agreement  wi th  those a l r e ady  repor ted  for this a l loy 
sys tem (15, 16). The columnar  micros t ruc ture  of 
these films was qui te  evident ,  as shown in Fig. 3, which  
is a scanning e lec t ron mic rograph  ~ of film C. Ano the r  
t rend  in the t e r n a r y  films was tha t  at  a constant  Se to 
Cd rat io  and fixed Te rate,  less Te was incorpora ted  
into the film as Ts was increased.  This behav ior  is 
shown in Table  II  for atomic vapor  s t r eam rat ios  of 
0.63 to 1 to 0.9 for Se, Cd, and Te, respect ively .  The 
data  t rends  summar ized  in Tables I and II  indica te  tha t  
t he rmodynamica l ly  i t  is easier  to form CdSe than  to 

Table I. Dependence of thin film composition* on Se to Cd 
atomic vapor stream ratio at Ts = 400~ 

A t o m i c  A t o m i c  
rat io  rat io  

( calcu- C o m p o s i t i o n  ( a / o )  (meao 
Sam- l a t e d )  s u r e d )  

p le  Se :Cd**  Cd Se  T e  S e : C d  

A 0.90 51.06 -'- 1.42 48.38 --  1.35 0.56 • 0.07 0.95 
B 0.80 51.10 - -  1.93 46.22 - -  1.74 2.67 - -  0.88 0.90 
C 0.63 51 53 ~ 2.57 39.76 • 1.98 8.72 - -  0.43 0.77 
D 0.58 50.86 ----- 2.73 36.59 ----- 1.31 12.55 ~ 0.85 0.72 
E 0.61 50.38 - -  3.38 32 5t  - -  1.14 17.08 +_ 2.09 0.65 
F 0.31 49.61 • 1.34 23.80 - -  0.64 26.60 - -  0.72 0.48 

* C h e m i c a l  c o m p o s i t i o n  d o n e  u s i n g  an e l e c t r o n  m i c r o p r o b e  
w i t h  CdSe and  CdTe  s ing le -crys ta l  s tandards .  

** T h e  T e  d e p o s i t i o n  ra te  w a s  c o n s t a n t .  
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Table II. Variation in Se and Te content of CdSel-xTex 
thin films with Ts for Se:Cd:Te ratio of 0.63:1:0.9 

Composit ion (a/o) 

Ts (~ Cd Se T e  

350 51.22 --+ 0.60 35.62 • 0.42 13.16 4" 0.04 
375 51.U2 ~ 224 37.43 ----. 1.79 11.55 .,T. + 0.55 
400 51,53 "+" 2,57 39.76 ----- 1.98 8.72 --  0.43 
425 51.10 - -  1.52 47.22 -- 1.30 2.30 ~ 0.21 
450 50.58 -~- 1.01 49.42 • 0.98 < 1 

Fig. 3. SEM micrograph of fifm C (Table I) showing roughened 
titanium substrate and columnar microstructure of thin film. 

form the CdSel -xTex t e rna ry  when sufficient Se is 
present .  This is consistent  wi th  the difference in heats  
of format ion  for  CdSe and CdTe (17). 

The composi t ional  un i fo rmi ty  of the  thin films p ro -  
duced by  the e lementa l  evapora t ion  method was 
checked using the e lect ron microprobe.  F igures  4-6 
show the composit ion var ia t ion  found in a CdSe, a 
CdTe, and  a CdSe0.sTeo.2 (film C, Table I)  film al l  de -  
posi ted  at  Ts = 400~ As can be seen f rom these r e -  
sults, the re  is ve ry  l i t t le  composi t ional  var ia t ion.  

Photoelectrochemical evaluation.--As found wi th  
CdSe thin films produced  by  e lementa l  evaporat ion,  
the as-depos i ted  CdSel -xTex films exhib i ted  ve ry  poor 
photovol ta ic  response. I t  was therefore  necessary to 
hea t - t r ea t  them to o p t i m i z e  their  I -V  per formances  
(5). Postdeposi t ion h e a t - t r e a t m e n t  in a i r  in the range 

of 400~176 p r o v i d e d  the best  photovol ta ic  pe r -  
formance.  The re la t ionship  be tween optical  bandgap  
and t e rna ry  composit ion was de te rmined  by  not ing the 
longest  wave length  of l ight  for which a pho tocur ren t  
was observed  for each electrode.  In  these exper iments ,  
a polysulf ide e lec t ro ly te  was used for junct ion  fo rma-  
tion. The electrodes were  photoetched before  test ing 
(18, 19), then he ld  in reverse  bias to insure  p rompt  
pho togenera ted  ca r r i e r  separat ion.  Lock in detect ion 
was used to measure  the  photoresponse.  The resul ts  

7 B .  

are  summar ized  in Fig. 7. The  Eg values  used for CdSe 
and CdTe in this figure were  de te rmined  for thin film 
electrodes deposi ted by  coevaporat ion  of Cd ~- Se and 
Cd -F Te, respect ively ,  at  Ts --  400~ There  is a de-  
crease in bandgap  with  increas ing Te content  to a 
m in imum at an x value  of ,-,0.5, a f te r  which i t  in -  
creased up to the value  of 1.45 eV for CdTe. I t  should  
be noted  that  the min imum of  1.36 eV occurs for a 
film that  is of the cubic s t ructure ,  which is in ag ree ,  
ment  wi th  p rev ious ly  repor ted  resul ts  (15, 16). The 
cubic p h a s e  is, ho.wever, photoe lec t rochemica l ly  less 
s table  than the hexagonal  phase in sulf ide-polysulf ide 
e lec t ro ly te  and therefore  of less in teres t  for ac tua l  
photovol ta ic  cell  appl icat ions  (16). 

Photoelec t rochemical  per formance  of thin film elec-  
t rodes in this a l loy sys tem was also invest igated.  The 
significant findings were  tha t  as x was increased up to 
0.53, the resu l tan t  spect ra l  response ex tended  fu r the r  
into the nea r  IR, as shown in Fig. 7. However ,  only  for 
x < 0.25 d id  J ~  increase  wi th  the  addi t ion  of  Te. The 
f la tband potent ia l  (VFB), measured  by  de te rmin ing  the 
high in tens i ty  photocur ren t  onset  potent ia l ,  became 
more posit ive.  There  was less band  bending  in the 
electrode,  and  the open-c i rcu i t  vol tage  (V~r de -  
creased. Also, as the Te content  increased,  the l ight  
I -V  curve developed a "foot" character is t ic  nea r  the 
Vow, which is indicat ive  of a r ecombina t ion -domina ted  
behavior  r a the r  than  one dic ta ted  by  da rk  cur ren t  
(20). In addition, for x > 0.25, the photoetching t r ea t -  
ment  was less effective in improving  the I -V per f0 r -  
mance. Table  I I I  summarizes  the var ia t ion  of VFB,Vor 
lto ( m a x i m u m  wavelength  of photoresponse) ,  and 
m a x i m u m  AM2 conversion efficiency (nmax) as a func-  
t ion of Te content.  F igures  8-10 show the effect of pho-  
toetching t r ea tment  on the I - V  per formance  of CdSe, 
CdSe0.sTeo.2 (film C),  and  CdSe0.47Te0.as (film F)  
electrodes.  
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Fig. 5. Compositional uni- 
formity of a CdTe film deposited 
by coevaporation of Cd and Te 
at Ta = 400~ 
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The da ta  in Table  I I I  indicate  there  is a m i n i m u m  in 
the VFB VS. composit ion re la t ionship,  which corre la tes  
wi th  the  min imum in the  bandgap  of the a l loy films. 
The m i n i m u m  also corresponds to the m a x i m u m  in 
spec t ra l  response. This t r end  is con t ra ry  to that  r e -  
por ted  in the  CdSe l - zSx  thin film system, where  a 
m a x i m u m  in VFB was found with  a l loy composit ion 
(21). These resul ts  a re  also unexpected ,  based on re-  
por ted  values  of e lec t ron affinity for CdSe (4.95 eV) 
and CdTe (4.28 eV) (22). Since the e lec t ron affinity of 
the t e rna ry  should be be tween  these two values,  a 
more  negat ive  VFB should resul t  for the a l loy film 
compared  wi th  CdSe. Yet, the VFB of  n-CdTe (single 
c rys ta l )  has been  measured  to be somewhat  posi t ive 
of CdSe (single c rys ta l )  (23). Al though,  in some 
cases, the conduc t ion-band  energy  level  of CdTe has 
been  p laced  be low that  of  CdSe on a composite  redox  

o 

I I I I 

T e  Fig. 6. Compositional uni- 
formity of a CdSeo.sTeo.2 (film 

Cd C) deposited by simultaneous 
evaporation of Cd, Se, and Te at 
TB = 400~ 

couple-semiconductor  energy  diagram,  imply ing  a 
more  posi t ive VFB (24). There  is obviously  some dis-  
ag reement  here,  and  the observed var ia t ion  of VFB 
(and Voc) wi th  Te content  cannot  be exp la ined  solely 
by  considerat ion of the e lec t ron affinities of CdSe and 
CdTe. I t  is poss ible  that  the surface  condit ion of these 
e lect rodes  changes wi th  increas ing Te content  in such 
a manner  tha t  a change in the Helmhol tz  l aye r  po ten-  
t ia l  drop occurs. This drop could then shift  the VFB to 
more  posi t ive values  (20). This would  be consistent  
wi th  the pers is tence of the "foot" character is t ic  in the 
I - V  curves shown in Fig. 8-10 wi th  increas ing x value,  
even af te r  photoetching.  

F u r t h e r  inves t igat ion of the  CdSe l -xTex  thin film 
character is t ics  was car r ied  out  by  a p p l y i n g  a Ga r tne r  
model  analysis ,  in which, if the  junct ion  is assumed to 
be a Schot tky  ba r r i e r  and recombina t ions  can be ne -  
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Fig. 7. Dependence of bandgap on composition in CdSel-=Te= 
alloy system. 

glected in the space charge layer ,  wi th  sufficient r e -  
verse bias the monochromat ic  quan tum yie ld  (~m) is 
given b y  (25) 

~m = 1 - -  e'~Wo/1 + ~Lp [1] 

where  a is the absorpt ion  coefficient at  a pa r t i cu l a r  
wavelength ,  Lp is the minor i ty  ca r r i e r  diffusion length,  
and We is the deplet ion wid th  given by  

-We = (eoeAV/2qN) I /2  [2] 

where  ~o is the  pe rmi t t i v i t y  of free space, e is the  semi-  
conductor  dielectr ic  constant,  aV is the ba r r i e r  height,  
which has a m a x i m u m  value  of [VF~ - -  Vredex] ,  q is 
the e l emen ta ry  charge, and N the m a j o r i t y  ca r r i e r  
density.  I f  Eq. [2] is subs t i tu ted  into Eq. [1], then the  
re la t ionship  be tween  ~m and the appl ied  reverse  bias 
vol tage  (Va) can be wr i t t en  as 

in  (1 , - -  ~m) = =(eeo/2qN) 1/2 

(V~B - -  Va) ~/2 - -  In (1 + ~L~) [3] 

Then a plot of In (I -- #m) vs. (VFB -- Va) I/2 should 
yie]d a straight line (at high enough reverse bias) 
with a slope of --a(eeo/2qN) I/~ and intercept of 
- - l n  (1 + a l p ) ,  f rom which N and Lp can be obtained,  
p rovided  a is known.  

Table Ill. Variation of flatband potential, open-circuit voltage, 
spectral response, and efficiency of CdSel-~Tex thin film 

electrodes a 

V F B  roe  A t e  ~ ' /max  
Sample  Composi t ion (V) (V) ( n m )  (%) 

CdSe -- 1.60 0.67 730 4.7 
A CdSeo.~Teo,ot -1 .59  0.60 770 4.8 
B CdSeo.o~Teo.~ --1.55 0.58 785 5.1 

CdSeo,s~Teo.n ~ --1.53 0,55 810 5.8 
C CdSeo.slTeo.~9 -1 ,50  0.53 840 7.4 
D CdSeo ~Teo.~ -1 .45  0.49 850 5.0 
E CdSeo.~Teo.;3 --1.38 0.44 862 4.2 
F CdSeo.4~Teo.sa -- 1.25 0.37 910 2,6 

CdTe --1.45o - -  845d < 1 

'= All va lues  t a k e n  a f t e r  chemiea l  e tch  Lu 25% HNOs and  pho- 
toe tch  t r e a t m e n t s .  

b This  is a ca lcu la ted  composi t ion based  on deposi t ion parame-  
ters  and not  ac tua l ly  m e a s u r e d .  

L i t e r a t u r e  va lue  fo r  n-CdTe single c rys ta l  (23). 
d D e t e r m i n e d  wi th  p- type CdTe th in  film e l ec t rode  p roduced  

by c oevapora t i on  o f  Cd and Te.  

lS  - -  - - -  v~ = 0.52 V 

Jsc = 11 mA/cm 2 

FF = 0.62 

lo . . . . . . .  ~ = 4.8% 

) , :  -  A,c 2 ",'-,,. 
~ = 4.7% ~ %  

EREOOX \ 

f , , 
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POTENTIAL VS SCE, V 

Fig. 8. I-Y curves for CdSe/thin film electrode before ( 
after ( . . . . .  ) phetoetching treatment. 
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Fig. 9. I-Y curves for CdSeo.sTeo.~ (film C) electrode before 
) and after ( . . . .  ) photoetching treatment. 

2O 

- - -  - -  Voc = 0,42 V 
Jsc = 15mA/crn2 

, o  
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t I I I 
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Fig. 10. I-g curves for CdSeo.47Teo.51 (film F) electrode before 
) a n d  a f t e r  ( . . . .  ) p h o t o e t c h i n g  t r e a t m e n t .  

The analysis  was car r ied  out  using 700 nm radiat ion,  
a wave length  where  absorpt ion  occurs in the bu lk  of 
the mater ia l ,  t he reby  e l imina t ing  surface effects, and  
a values  de te rmined  in our l abo ra to ry  for  the CdSe 
and CdSei -xTex  films in Table III.  The resul ts  of this  
analysis  indica ted  tha t  the N levels  were  fa i r ly  con- 
stant.  However ,  the Lp and quan tum yie ld  (~m) values  
decreased signif icant ly as x increased beyond 0.2. 
These resul ts  are  summar ized  in Table  IV. They  sup-  
por t  the explana t ion  that,  for this type  of film, r e -  
combinat ion dominates  the I -V  pe r fo rmance  a s  x 
increases.  

The m a x i m u m  photovol ta ic  per formance  for  these 
films was recorded for the  CdSe0.sTe0.2 composit ion 
(Fig. 9) ; ~l = 7.4% was obtained.  In  this  case, the  pho-  
toetching t r ea tmen t  had  a significant effect on the  l ight  
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Table IV. Variation of N, Lp, and r with x for CdSel-xTe:c 
thin film electrodes 

Sample z value N (cm -~) Lp (~m) Cm (at 700 rim) 

0.00 8 x 10 ze 0,38 0.62 
A O.01 3 x 10 za 0.20 0.68 
B 0.05 4 x 10 zo 0.22 0.72 
C 0.19 5 x 10 ze 0.18 0.61 
D 0.25 8 x 1~  e 0.11 0.49 
F_, 0.33 1 x 10 z7 0.01 0.39 
F 0.53 7 x 10 ze 0.08 0.40 

and da rk  I - V  curves.  SEM micrographs  of the film be-  
fore and af te r  e tching (Fig. 11) revea l  a select ive etch 
pa t t e rn  tha t  increases  the e lec t rode  surface  area  and 
the reby  improves  l ight  collection and e lect rode k ine t -  
ics. But the e tching also improves  the long wave leng th  
photoresponse  of the electrode.  This is evidenced by  the 
change in the act ion spec t rum of this e lect rode shown 
in Fig. 12. Photoe tching  signif icantly flattens out  the 
action spec t rum at longer  wavelengths  where  absorp-  
t ion is occurr ing outside the space charge layer .  This 
indicates  that  the  bu lk  proper t ies  of the film have 
improved.  However ,  the  absorpt ion  edge i tself  is s t i l l  
r a the r  broad,  indica t ing  that  there  are  t ransi t ions  oc- 
cur r ing  with  less than full  bandgap  l ight  due to energy 
levels  wi th in  the bandgap.  Any  changes at  shor ter  
wavelengths  are  obscured by  the e lec t ro ly te  absorp-  
tion below about  520 nm. The reasons for the decrease 
in effectiveness of the photoetching t r ea tmen t  at x 
0.20 are  not  known at  present .  However ,  based  on the 
resul ts  shown in Table  IV, the  decreas ing Lp found at  
x > 0.20 indicates  that  the electronic t r anspor t  p rope r -  
ties of the films are  poor in this composit ion range  and 

Fig. 11. SEM pictures showing surface of film C before ana 
after photoetching treatment. 

m a y  be the most dominan t  factor  control l ing the I -V 
behavior ,  regard less  of the  condit ion of the near  sur -  
face region.  
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Fig. 12. Effect of photoetching on spectrol response character- 
istics of CdSeo.sTeo.2. electrode with 7.4% conversion efficiency 
after photoetching. 

The output  s tab i l i ty  of  these electrodes was found to 
fol low a t rend  s imi la r  to tha t  a l r e ady  repor ted  for 
s lu r ry  pa in ted  CdSel -xTex ma te r i a l  (16, 26). F i lms  A 
to C have been run  for severa l  weeks  at  the m a x i m u m  
power  point  under  constant  i l lumina t ion  (,-,100 m W /  
cm 2, IR-f i l te red  Xe arc) wi th  less than 5% decrease  in 
efficiency. F i lms  D, E, and  F showed decreases in 
power  output  of 15%, 40%, and 75%, respect ively ,  
af ter  two weeks  of constant  i l luminat ion.  

Summary 
The concurrent  e lementa l  evapora t ion  technique 

has been shown to be a su i tab le  method for the deposi -  
t ion of  a l loy films in the  CdSex-xTex system. The 
cr i t ical  deposi t ion pa rame te r s  were  found to be the 
subs t ra te  t empe ra tu r e  and the Cd to Se vapor  s t ream 
ratio.  The composi t ional  un i fo rmi ty  of the  films was 
excel lent ,  and the photovol ta ic  output  improved  wi th  
increas ing  x va lue  up to x ---- 0.20, above which i t  de-  
creased. In  general ,  as the Te content  in  the  films in-  
creased (over  the range  of 0 --~ x ---- 0.53) the spec t ra l  
response of the film was shi f ted  to longer  wavelengths ,  
but  the quan tum efficiency and the minor i ty  ca r r i e r  
diffusion length  decreased.  As a result ,  the I -V  curves 
took on a recombina t ion  domina ted  shape, r a the r  than 
one dic ta ted by  da rk  current .  However ,  an op t imum 
combinat ion of spect ra l  response, e lec t rode  band bend-  
ing, and t r anspor t  p roper t ies  occurred for the 
CdSe0.szTe0.19 composition, resu l t ing  in a power  con- 
vers ion efficiency of 7.4% under  s imula ted  AM2 con- 
ditions. 
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Electrochemical Removal and Concentration of Hydrogen Sulfide 
from Coal Gas 

Hyun S. Lim*t and Jack Winnick* 
Georgia Institute of Technology, Atlanta, Georgia 30332 

ABSTRACT 

An electrochemical membrane  concentration cell was demonstra ted as an effective means of removing and 
concentrating H~S from a hot gas stream. The device consists of a high temperature  molten sulfide electrolyte with porous 
carbon electrodes. The process-gas is passed through the cathode chamber,  where H2S is selectively removed. With passage 
of current, the anion migrates to the anode, where elemental sulfur is evolved. Removal rates and cell overpotentials are 
reported as functions of current densities, gas flow rates and composition, and temperature.  

The produc t  gas f rom advanced  coal  gasifiers wi l l  
l i ke ly  be ut i l ized in combined-cyc le  or mol ten  carbon-  
a t e -based  energy conversion systems.  Whether  used in 
this or  s imi lar  manne r  for electr ic  power  genera t ion  
or  conver ted  to SNG for direct  use, nea r ly  al l  the 
su l fur  must  be removed.  Hydrodesul fur iza t ion  con- 
verts  the complex  su l fur  species p r i m a r i l y  to H2S. 

Current  processes for  H2S removal  are  based on 
aqueous scrubbing  (e.g., Selexol,  Rect isol) .  Regenera -  
t ion of the  sc rubbing  l iquor  can provide  a concen-  
t r a ted  s t ream of H2S, which can then  be conver ted  to 
e lementa l  sulfur  in the Claus process. A l t e rna t ive  
processes produce  SO2, which must  then be reduced  to 
yield sulfur.  There  is a need for  a s imple r  process 
which would  opera te  at  or near  gasifier' t empera tu re s  
(700~176 

Elect rochemical  membrane  concentra tors  have been 
used to remove  di lute  levels of contaminant  gases and 
to concentrate  them into by -p roduc t  s t reams,  Elec t ro-  
chemical  concentra t ion involves an e lec t rochemical  
react ion at  one electrode and the reverse  react ion at  
the o ther  electrode.  Thus, there  is no net  cell reaction,  
but  there  is a net  t ransfer  of mass f rom a region of 
low concent ra t ion  to a region of high concentrat ion.  

We here  examine  the appl icat ion of an e lec t rochemi-  
cal concent ra tor  to remove HeS from coal g a s  and 
concentra te  i t  into usable  form. In concept, the con- 
t amina t ed  coal gas is fed to the cathodes of a mu l t i -  
cell  s tack of e lect rochemical  concentra tors  onera t ing  
at  the  gasifier t empe ra tu r e  and pressure.  E lementa l  

*Electrochemical Society Active Member. 
Present address: E. I. du Pont de Nemours Company, Mar- 

tinsville, Virginia 24112. 

su l fur  is emit ted  I rom the anodes. The c lean-up  p r o ,  
cess, as envisioned, would  not  involve sc rubbing  and 
concomitant  loss of sensible  hea t  and pressure  head.  
Transfer  of the H2S is effected by  diffusion th rough  
porous electrodes,  migra t ion  of sulfide ions th rough  
the membrane ,  and evolut ion of sulfur  at  the  o ther  
electrode.  

Theory 
Elect rochemical  m e m b r a n e  cells have been used to 

pur i fy  gaseous components.  For  example ,  oxygen  has 
been ex t rac ted  f rom air  or o ther  gaseous mix tures  (1).  
The O2 is se lect ively  removed  from the gas m i x t u r e  
at  one electrode,  t r anspor ted  ionical ly,  and emi t ted  
at  the  o ther  electrode.  Oxygen  is r educed  at  the  ca th-  
ode to form hydrox ide  ions 

O~ + 2H20 -~ 4e -~ 4 O H -  [1] 

Four  hydrox ide  ions are  t r anspor ted  through the m e m -  
brane to the  anode  where  oxygen  is l ibe ra ted  

4 O H -  ~ 02 + 2H20 + 4e [2] 

Oxygen pur i t ies  g rea te r  than  97% are  obtained.  
In pr inciple ,  the gas f rom a coal gasifier containing 

H2S could be s imi la r ly  fed to the  cathode of an e lec t ro-  
chemical  cell  where  the  H~S is reduced  to form sulfide 
ion 

H2S @ 2e--> H2 -}- S 2-  IS] 

With  passage of current ,  the  sulfide ion would  migra te  
to the anode th rough  the membrane .  At  the anode, 
e lementa l  su l fur  vapor  would  be genera ted  
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S 2 -  _> 1/~ S~ + 2e [4] 

The driving force is supplied by an external dc power 
source. The minimum potential required to drive the 
concentration cell can be calculated from the Nernst 
equation 

RTIn[ (arts) ca (ass) anv2 ] [5] 
E = E0 -- nF (aH2s)c, 

where 
-- ~FEo -- AG~ [Sa] 

(aH2)ea - "  P " (CH2)c4~t [5b] 

(an2s)ca -" P " (CHzS)ca [5C] 

(as2) an = P �9 (Cs2) an [5d] 

a, P, C are activity of gaseous species, pressure, and 
concentration, respectively. 
At 927~ Eo is about --162.2 mV based on two-elec- 

tron transfer and 7.48 kcal for the Gibbs free energy 
of formation of H2S (2). The equilibrium voltage for 
90% removal and concentration to 90% $2 from 0.65% 
H2S is about 437 mV at 1 atm. For operation of the 
entire process at 10 atm, the equilibrium voltage is 
about 497 inV. 

The success of electrochemical concentration de- 
pends first on the selection of proper electrode mate- 
rials and the stability of the electrolyte at the operat- 
ing conditions. The criteria for electrode selection are 
primarily stability and conductivity in the hot sulfide 
environment. Thermodynamic analysis has indicated 
that gold, platinum, and carbon are the most stable 
materials. However, gold and platinum are so expen- 
sive that their use in a full-scale cell is not feasible. 
Carbon electrodes were therefore evaluated as both 
anode and cathode. 

It is necessary to identify an electrolyte which is 
stable and whose melting point is compatible with coal 
gasification processes (700~176 No data exist for 
alkali sulfides, but the eutectic temperature of a bin- 
ary alkali sulfide (xz-yz) can be predicted from the 
model proposed by Lumsden (3). The eutectie tem- 
perature is given as 

KN~ + ~ H ~  
T = [6] 

( A S f , z  - -  R In Nz) 

where Nz, N~, aHf.,, and aSf,~ are tool fractions of zz 
and yz in the mixture, and enthalpy, and entropy of 
pure xz, respectively. K, the interaction parameter, in- 
dudes the London and polarization forces. The eutectic 
temperatures of Na2S/K2S and Na2S/LisS were esti- 
mated with K -- 0. Sharrna (4) estimated the heat of 
fusion based on Temkin's model of the phase equi- 
librium between lithium sulfide and iron sulfide. 
Eutectics are predicted at 920 and 1125 K with 40 tool 
percent (m/o) Na~S, 60% KsS and 63% Na2S, and 37% 
Li2S, respectively. These mixtures appeared to be rea- 
sonable choices for preliminary experiments. 

Other reactions are possible besides those desired 

H~S + COs ~=~ COS ~- HsO [7] 

H ~  + CO ~=~ COS + Hs [8] 

Reactions [7] and [8] indicate the amount of COS 
formed at equilibrium. At 927~ [7] and [8] both 
show a maximum of 10-4 mol fraction COS in equilib- 
rium with the inlet H~S in the gas from an advanced 
gasifier (see Table I). Several species in the process 
gas may also react with the electrolyte 

M~S + H~O ~ M=O + H2S [9] 

M~S + 2H20 ~=~ 2MOH + H=S [10] 

MsS + 4H20 r + 41-Is [11] 

M2S + H=O + CO= ~=~ M, CO3 + H~S [12] 

Table I. Typical gas composition from advanced air-blown 
gasifie~ (6) 

Component m/o 

14.0 
N= 48.0 
CO 29.0 
CO= 3.0 
CH, 3.3 
~ S  O.'/ 
COS Trace 

2.0 

The reactions show the tendency of the electrolyte 
anion to be converted from sulfide to some other 
species. Thermodynamic tables (5) were used to esti- 
mate the equilibrium for each reaction based on lith- 
ium as the cation. At 927~ reactions [9], [10], and 
[11] are negligible; their equilibrium constants are 
2.966 X 10 -4, 3.96 • 10 -4, and 7.11 • 10 -7, respectively. 
Reaction [12] is the only one of consequence. There- 
fore, for this reaction, the thermodynamic analysis is 
made based on each of lithium, sodium, and potassium 
as the cation in the electrolyte. Their equilibrium con- 
stants are 0.058, 0.053, and 0.008, respectively, at 927~ 
The equilibrium is driven to the left with increasing 
temperature. The electrolyte containing potassium as 
the cation is the most resistant to conversion from sul- 
fide to carbonate. The equilibrium constant of 0.008 
would limit the outlet H2S to about 5 • 10-4%. This 
is equivalent to 99.9% removal of H2S using the gas 
composition from advanced gasifiers (6). 

Experimental 
To test  the  concept,  a sma l l  ce l I~s im i la r  to  a m o l t e n  

carbonate  fue l  ce l l  was constructed.  A schemat ic  o f  the 
cell housing is shown as Fig. 1, and the assembled cell 
is shown in  Fig. 2. The cell housings are made of dense 
graphite; the process gas was introduced and removed 
through 0.635 cm Al~O3 tubes. A thermocouple was in- 
serted close to the gas flow channel with a 316 stain- 
less steel tube, which also acted to transmit current 
from the potentiostat/galvanostat. 

�9 p 

- T -  

1 _1 
2"~ "l ~ .  Thermoco,Jple Well 

PT 

Inlet ~ l O u t l e t  Port 

Fig. 1. Schematic diagram for cell housing 
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Inlet ~ ~ . / ~  Outlet 

I / / /  ~II/ / / / / / / / / /  / / IL I /  s .~ Flow Channel 
,I ~1 I, '--' ~ ~ ! : . ~  C ..... t Collector . . . . . . .  . . . . . . . . .  , 

[ ~ . , / ~ , ,  ,, j ,  ,, ,, , , . .  ~ c a t n o d o  
~-JP'-~.~I~ Current Collector 

' / ~ / / J  Flow Channel 

V / / / / / / / / / / / / / / /  / /  A' Ca,ho.e.oa ,n0 

Fig. 2. Schematic, diagram for assembled cell with AI~O3 ring 

The process gas is p reven ted  f rom leaking  out by  
wet  sealing, which is p roduced  by  contact  wi th  the 
e l e c t r o l y t e : t i l l e d - m e m b r a n e .  Direct  contact  be tween  
the mol ten  e lec t ro ly te  and g raph i t e  housing produces  
degradat ion,  which was p reven ted  by  thin, dense a lu-  
mina  shims. The face seal  be tween  shim and housing 
was sufficiently leak  free. 

Carbon electrodes having  a poros i ty  of 52%, th ick-  
ness of 4.5 mm, and 3.175 cm d iam were  purchased  
f rom Ul t ra  C a r b o n  Company.  They are  used as both 
anode and cathode. 

The e lec t ro ly te  mix tu re  was re ta ined  in a membrane  
composed of a porous iner t  ma t r i x  ma te r i a l  (MgO),  so 
that  the e lec t ro ly te  mass r emained  in a semisol id  state 
at  the Operating condition. Hot press ing and impreg -  
nat ion were  the two techniques employed  to m a n u -  
fac ture  the membrane .  The hot  press ing involved e lec-  
t ro ly te  and ma t r i x  ma te r i a l  compression at  6000 psi at  
t empera tu res  jus t  be low the e lec t ro ly te  mel t ing  point.  
Impregna t ion  involved mel t ing  of e lec t ro ly te  into the  
pa r t i a l l y  s intered ma t r i x  ma te r i a l  in a vacuum furnace.  

The process gas is a s imula ted  syn-gas  purchased  
f rom Matheson Gas Products .  Condensing wa te r  vapor  
caused severe  problems  wi th  the gas chromatograph;  
absorpt ion of the wa te r  ups t ream a l te red  the H2:S con- 
tent.  Fo r  this reason, most  tests were  run wi th  a gas 
composed of 50% H2, 0.65% H2S, and the balance  N~. A 
few tests were  run  wi th  CO2 p re sen t  (CO formed 
in situ due to the  wa te r -gas  shif t  react ion)  to test  the 
effect of react ion [12]. 

The gases were  analyzed wi th  a H e w l e t t - P a c k a r d  
5840 Gas Chromatograph  with  a the rmal  conduct iv i ty  
detector .  Most of these tests were  conducted  with  hy -  
d rogen  in the anode. This a l lowed s imple analysis  of 
the anode effluent as H2S ra the r  than  $2. 

Syn-Gas.--~>~ 

Fig. 3. Experimental apparatus N, , ~<~ 

H, b ~<] 

Elect rochemical  measurements  were  made  using a 
PAR-371 Po ten t ios ta t /Ga lvanos ta t .  Most da ta  were  
taken  in the galvanosta t ic  mode. The ohmic resistance 
of the  cell  was es t imated using the cur ren t  in te r rup t ion  
technique.  F igure  3 shows the appara tus  and flow sys-  
tem. 

Results and Discussion 
Elec t rochemica l  measuremen t  made  in a cell  such 

as this, tha t  is, wi th  porous electrodes and an im-  
mobil ized electrolyte ,  a re  sub jec t  to exper imen ta l  un-  
cer ta int ies  l a rge r  than those typica l  of measurements  
wi th  p lanar  e lectrodes in free e lectrolyte .  This is due, 
for the  most  par t ,  to the uncer ta in  and var iab le  act ive 
a rea  and the~ poss ib i l i ty  for voids wi th in  the tile. 
Fur the rmore ,  the  e lec t ro ly te  is subject  to vary ing  po ly -  
sulfide content.  

Al though  anhydrous  Na2S and Li2S were  purchased,  
the  ini t ia l  large  amounts  of polysulf ide lowered  the 
mel t ing  point.  A slow lower ing  of cell  impedance  was 
observed as the  t empera tu re  c l imbed to 785~ S imul -  
taneously,  large quant i t ies  of H2S were  seen in both 
anode (H2) and cathode ( fuel -gas)  exi t  gas s t reams  
due to react ion be tween  He and sulfur  sPecies which 
emi t ted  f rom the polysulfides. At  about  840~ a sharp  
fu r the r  decrease in impedance  occurred,  indicat ing 
mel t ing  of the  s table  e lectrolyte .  The t empe ra tu r e  cor-  
responded closely to the t empera tu re  (852~ predic ted  
by  the Lumsden  equation.  

The open-c i rcu i t  potent ia ls  were  measured  as func-  
tions of t empera tu re  and H~S and H2 concentrat ions  in 
cathode and anode stre:ams. The open-c i rcu i t  potent ia l  
p red ic ted  by  the Nernst  equat ion was calcula ted using 
the out le t  concentra t ion of gas species. Table  II  shows 
measured  and calcula ted open-c i rcu i t  po ten t ia l s ,  H~S 
outlet  concentrat ion f rom cathode and anode s t reams,  
and tempera ture .  The discrepancies  be tween  ca lcula ted  
and measured  open-c i rcu i t  potent ia ls  are  p robab ly  due 
to concentra t ion differences be tween  the electrode 
interfaces and bulk  streams.  

The polar izat ions were  lowered  wi th  the ho t -p ressed  
membrane ;  cur ren t  densit ies above 30 m A / c m  2 were  
a t ta ined at  cell  overpoten t ia l s  be low 540 mV. A large  
ohmic drop prevented,  the  cell wi th  the impregna ted  
membranes  from opera t ing  at  cur ren t  densi t ies  above 
15 mA/cm2. This can be a t t r ibu ted  to discont inui t ies  
wi th in  the  ma t r i x  ma te r i a l  and poor  wet t ing  be tween  
the e lec t rode  and membrane .  However ,  the impreg -  

Potentiostatl 
Galvanastat 

Oscilloscope ~ ] '~-4 I Temperature 
~ _ ~  ._.__L , . ~  I Controller 

r .ooze It'urnace G eChromato0r ph 

~Rotameler 0 Pump ~, ., Electrical Connection 
~) Voltmeter 

Q Needle Valve (><~] Toggle Valve (~ Ammeter 
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Table II. Observed and calculated open-circuit potential 

OCPob, OCPc~, (I-hS) (I-hS) 
(mY) (mV) ca(%) an(%) T e m p  (~ 

- 8 0  - 88 0,50 0,15 791 
- 7 5  - 50 0,46 0.31 805 
- 78 - 100 0.49 0.11 795 

nat ion  method  produced  a high res idua l  s t reng th  so 
that  ex tended  cell  opera t ion  was possible.  

The dependence  of the overpo ten t ia l  on the  flow rate,  
H2S inlet  concentrat ions,  a n d ' t e m p e r a t u r e  was inves t i -  
gated wi th  the  impregna ted  membrane .  The etiect on 
overpoten t ia l  of cathode flow rate  is shown in Fig. 4. 
The overpoten t ia l  at  constant  cur ren t  densi ty  decreases  
wi th  increased flow rate.  increas ing  the gas flow ra te  in 
the  cathode cav i ty  increases the mass  t ransfe r  coeffi- 
cient of the reac tants  f rom the  bu lk  of the gas phase to 
the e lec t rode  reac t ion  area.  As the mass t ransfer  coeffi- 
cient increases the  gas-phase  l imi t ing cur ren t  increases 
and the concentra t ion overpoten t ia l  drops.  The over -  
po ten t ia l  at  constant  cur ren t  densi ty  decreases wi th  in-  
creasing t empera tu re .  This is due  to lowered  e lec t ro ly te  
res is tance and increased so lub i l i ty  of H2S gas, as wel l  
as enhanced kinetics.  At  low t empera tu r e  (710~ 
the ove rpo ten t i a l  increased s teep ly  as the  cu r ren t  den-  
s i ty  increased,  indica t ing  a l imi t ing  cur ren t  densi ty.  
Lower ing  of overpoten t ia l  wi th  increas ing H2S inlet  
concentra t ion is shown in Fig. 5. As the inlet  H2S con- 
cent ra t ion  increases  the l imi t ing  cur ren t  increases p ro -  
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Fig. 4, Overpotential vs. current density at 840~ 0.65% H2S 
concentration. 
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por t ional ly ,  consequent ly  l o w e r i n g  the concentra t ion  
overpotent ia l .  

I t  should be emphasized tha t  the quant i ta t ive  resul ts  
are  h igh ly  dependen t  on the phys ica l  construct ion of 
the electrodes and m e m b r a n e  (for reasons s tated 
ea r l i e r ) .  Pe r fo rmance  m u s t  improve  wi th  mate r ia l s  
opt imizat ion.  The t rends  found, however ,  a re  con- 
s idered  significant.  

The resul ts  for  r emova l  efficiency as a funct ion of 
cur ren t  dens i ty  wi th  an in le t  gas conta ining 0.43 % HaS, 
50% H2, and tne balance N2 are  shown in ~ig. 6. The r e -  
moval  efficiency is increased by  increas ing the cu r r en t  
densi ty.  Remova l  efficiencies of 98.8% were achieved at  
flow ra tes  as high as 260 cm3/min.  The H2S concent ra -  
t ion was reduced to as low as 50 p p m  at  the  cathode,  
and 3.2% of H2S was achieved at  the anode. This anodic 
value  is not  v iewed as a real  l imi t  for the process but  
mere ly  as a resul t  of  the  min imum flow needed  to 
t ransmi t  samples  to the analyzer .  

H2S removals  ,at open ci rcui t  were  observed dur ing 
these runs. Removal  at open circui t  may  be due to diffu- 
sion of I-[2S from the ca thode chamber  th rough  the 
e lec t ro ly te  t i le  to the  anode. A n  effective diffusion co- 
efficient of 9 • 10 -4 cm2/s was obta ined based on the 
H2S molar  flux th rough  the membrane  f rom the cathode 
to anode at  open circuit .  This high diffusional flux is 
not seen in w e l l -ma nu fa c tu r e d  membranes ;  i t  is p rob -  
ab ly  due to gas channels  in our  crude ones. Back diffu- 
sion of H2S f rom anode to cathode became significant 
when the H2S concentra t ion  at  the  anode was high. The 
remova l  efficiencies, as ad jus ted  for the  diffusion of H2S 
th rough  the membrane ,  a re  shown in Fig. 6. 

The cur ren t  efficiency as a funct ion of cu r ren t  den-  
s i ty is shown in Fig. 7. The Current efficiency is the 
ra t io  of the mols of H2S removed  to the  theore t ica l  
mols tha t  could be r emoved  b y  2F of electr ici ty .  High 
current  efflciencies were  achieved at  low cu r r en t  den-  
sity. Observed cu r r en t  efficiencies grea te r  t han  100% 
were  due to diffusion of H2S from cathode to anode at  
ve ry  low currents  (and hence ve ry  low remova l s ) .  A 
s teady  hydrogen  flow was necessary  for the  anode to 
de l iver  its effluent to the  chromatograph.  At  these 
conditions,  the exi t ing anode  H2S concentrat ions  were  
lower  than  those exi t ing  the  cathode. This would  neve r  
be the  case in a commerc ia l  .device. A g radua l  decrease  
in the  cur ren t  efficiency wi th  increas ing cur ren t  den-  
s i ty  was observed.  The low cur ren t  efficiency at  high 
cur ren t  dens i ty  is appa ren t ly  due in pa r t  to back  d i f -  
fusion o f  H2S from anode to cathode. The ad jus ted  
cur ren t  efficiencies are  also shown in Fig/7 .  

A p r e l i m i n a r y  a t t empt  was made to assess the r e l a -  
t ive impor tance  of ac t ivat ion and concentra t ion over- 

Fig. 5. Overpotential vs. cur- 
rent density at 918~ 

I 
20 



566 J. Blectrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  March I984 

RO. 6. Removal efficiency as 
o function of current density. 
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potent ial .  This a t t empt  Was h indered ,  perhaps  crucial ly,  
by  the  absence of a re ference  electrode.  However ,  a 
large  flow of pure  hydrogen  was main ta ined  at the 
anode to depolar ize  i t  as much as possible. A t rans ien t  
ga lvanosta t ic  pulse technique was used. The ohmic po-  
la r iza t ion  is p resumed  to appear  in less than  1 ~s. On 
p l ana r  electrodes,  ac t ivat ion polar iza t ion  is expected 
to occur in 10 -~ to 10-4s (7).  Concentra t ion polar iza-  
t ion decays in the  range of  10 -4  to 10-3s (7) The 
porous carbon electrodes in use here have s lower  de-  
cay response because the gas concentra t ion in the  pores 
changes more  s lowly than  that  at  a p l ana r  electrode.  

There  was a dis t inct  difference in the  shape  of the  
decay curves for runs  at  different  t empera tu res  (8). 
The response a t  805~ was cons iderab ly  s lower  than  
those at  840 ~ and 896~ If  one assumes tha t  the ac-  
t iva t ion polar iza t ion  decays  p r i m a r i l y  f rom 10 -3 to 
10-~s and concentra t ion polar iza t ion  f rom 10-2s on, 
some re la t ive  measure  can be made.  A rough Al l en -  
Hickl ing plot  was made,  based on galvanosta t ic  pulses 
made  at  five currents .  The exchange cur ren t  densi t ies  
(p resumed at  the  cathode) were  found to be 4.6 and 3.3 
m A / c m  2 at  the h igher  tempera tures .  Yet, at  the lower  
t empera ture ,  an exchange  cur ren t  dens i ty  of 9.0 m A /  
cm 2 was calculated.  Lower ing  of the t rue  in ter fac ia l  
a rea  wi th  increased t empe ra tu r e  m a y  be the cause of 
this,  poss ibly  th rough  increased e lect rode flooding. The 
concentrat ion polar izat ion,  however ,  was much more  
severe  at  the lower  t empera ture ,  showing typ ica l ly  six 
t imes that  for the  h igher  t empe ra tu r e  runs. This effect 

I I I 
I 0  15 20  

CURRENT DENSITY (mo/cm 2 )  

m a y  be due to the so lubi l i ty  of the H~S, which increases  
in the  me l t  wi th  increas ing tempera ture .  Wi th  the  low 
concentrat ions  of H2S in the cati~ode gas, the dissolved 
H2S or  one of its products  is l ike ly  the  l imi t ing reac-  
tant.  

The effect of e lect rode thickness  was also explored.  
Increas ing thickness of porous graphi te  had no de le te r i -  
ous effect on cell performance.  The usual  th ickness  used 
was 0.762 ram. However ,  e lect rodes  up to 4.5 m m  were  
tested.  These resul ts  indicate  gas-phase  pore  diffusion 
is not  controll ing.  

Most tests were  pe r fo rmed  wi th  the  anode depo-  
lar ized wi th  hydrogen.  No effect on H2S remova l  effi- 
c iency at  the cathode was observed when the H2 was 
replaced  wi th  N2. In nondepolar ized  tests, an increase 
of 50 mV at 15 m A / c m  ~ was needed over  the depolar ized  
vol tage to ma in ta in  galvanosta t ic  conditions. However ,  
p lugging of  the anode outlet  tube  with  condensed sul-  
fur  was observed.  The tube was unplugged  by  purg ing  
wi th  hydrogen,  which conver ts  the  condensed su l fur  to 
hydrogen  sulfide. 

When  s imula ted  syn-gas  (SSG) conta ining 0.3% H2S, 
30% H2, 20% COs, and  ba lance  N~ was fed into the 
cathode, a gas composi t ion of 12.8% CO, 7.2% C02, 
12.8% H20, 17.2% H2, 0.3% H2S, and ba lance  Ns is p re -  
dicted f rom the wa te r -gas  shif t  react ion equi l ib r ium 
calculat ion at  9Z7~ 

The wa te r -gas  shift  react ion was s tudied b y  passing 
SSG through a s ta in less-s tee l  loop inside the  furnace.  
The  COs concent ra t ion  at  in le t  and out le t  were  corn- 
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pared .  Conversion of 44.4% and 54% CO2 was observed 
a t  927 ~ and 1027~ respect ively .  The rmodynamic  ana l -  
ysis ind ica ted  tha t  45% and 64% of the  CO2 should be 
conver ted  to CO at 927 ~ and 1027~ respect ively,  with 
SSG containing 30% Ha and 20% CO2. Thus, the w a t e r -  
gas shift  reac t ion  has a ~ast ra te  of react ion and is close 
to equi l ibr ium.  

Wi th  COa and H20 f rom the wa te r -gas  shif t  reac-  
tions, the  e lec t ro ly te  anion m a y  be conver ted  f rom 
sulfide to carbonate  by reac t ion  [12]. The CO2: concen- 
t ra t ions  at  the  exi t  f rom the loop and cathode were  
compared  at 936 K and found to be similar .  This indi-  
cated that  there  is l i t t le  or  no CO2 remova l  by  the 
mol t en  Na~S-Li~S mix tu re .  X - r a y  powder  diffract ion 
analysis  indica ted  tha t  there  was no d i sp lacement  of 
sulfide ions by  carbonate  ions in the  e lectrolyte .  The 
effect of po tass ium sulfide in the e lec t ro ly te  was not  
exp lored  expe r imen ta l l y  due to problems  wi th  K2S 
purification. However ,  K2S is most favored t h e r m o d y -  
namical ly .  There  was no effect seen on H2S remova l  
efficiency of the COz, and no CO2 was evident  in the  
anode exhaust .  

The cell po ten t ia l  responded  sha rp ly  to ca thode gas 
composit ion.  When  mix tu re s  s imi lar  to the SSG, bu t  
wi thout  H2S, were  introduced,  the cell potent ia l  in-  
creased s tead i ly  at  about  100 mV/min .  Add ing  CO2 to 
the gas had  no effect. Reinser t ing  the H2S brought  the 
poten t ia l  back  to its or ig inal  level.  

Current  was he ld  constant  for  severa l  hours at  a 
t ime. I t  was changed in s teps of 5 or 10 m A / c m  2. The 
out le t  gas concentra t ions  responded  immedia t e ly  ~ and 
r ema ined  wi th in  10% of the i r  new values  over  the 
s t eady  state. Gas samples  were  taken  eve ry  30 min 
or  e v e r y  hour. Some steps in current  were  posi t ive and 
some negative,  so that  repl ica t ion  occurred.  There  was 
no not iceable  hysteresis .  

Most of the  resul ts  r epo r t ed  here  came from an ex-  
p e r i m e n t  which r an  cont inuously  for 100h. Some o ther  
exper imen t s  ran  over  500h each. Upon disassembly,  the 
carbon electrodes were  pa r t i a l l y  wet ted  by  electrolyte .  
The electrodes were  conductive,  and no s t ruc tu ra l  
damage  was observed even under  scanning e lect ron 
microscopy.  

Economic Analysis 
The concept  of e lec t rochemical  concentra t ion must  

be shown to be an  economica l ly  v iable  method  for  re -  
moving H~S f rom the process s t r eam of a coal gasifier. 
A p r e l i m i n a r y  economic feas ib i l i ty  s tudy  was based on 
a capac i ty  of 10,000 TPD of I l l inois  no. 6 coal  using a 
Texaco a i r -b lown  gasifier. 

The power  needed to dr ive  the e lec t rochemical  cell 
can be es t imated  f rom vol tage  and cur ren t  demand.  
The theore t ica l  po ten t ia l  is ca lcula ted  to be about  0.5V. 
However ,  var ious  overpotent ia l s  associated wi th  the  
rea l  process wi l l  p robab ly  br ing  the to ta l  r equ i red  vo l t -  
age to nea r  1V. The cur ren t  needed to remove 100% of 
the  HaS is d i rec t ly  calcula ted f rom F a r a d a y ' s  law to be 
21.5 X 106A based  on two-e lec t ron  t ransfer .  On this 
basis, the power  demand  is 21.5 MW, or  about  1.5% of 
the  output  of the plant .  This value compares  f avo rab ly  
wi th  the  u t i l i ty  demand  by  the Selexol  process,  which  
is about  4.7% of the p lan t  output  (9). Capi ta l  costs are  
es t imated  based on the design of a ba t t e ry  s imi la r  to 
NASA' s  "Energy  Conversion Al te rna t ives  S tudy  for 
Mol ten  Carbonate  Fue l  Cells" (ECAS) (10). The total  
a rea  r equ i r emen t  to remove H2S comple te ly  was based 
on a l imi t ing  cu r ren t  dens i ty  of 50 m A / c m  2, which is a 
conservat ive es t imate  at  h igh tempera ture .  Current  
densi t ies  of 160 m A / c m l  are  r egu l a r l y  achieved in 
mol ten  carbonate  fuel  cells (MCFC) wi th  to ta l  overpo-  
ten t ia l  of  about  300 mV. A ma jo r  difference be tween 
the MCFC and our  device  is the comuosit ion of the  
oxidant .  The MCFC operates  wi th  up to 30% COa, whi le  

1 Some 15 rain were needed to deliver a gas sample from the 
cell to the chromatograph. 

our  H2S cell  wil l  have ex i t  H~S concentration~ of a 
few hund re d  par t s  pe r  mil l ion.  

A closer expe r imen ta l  anamg is the  mol ten  carbonate  
CO2 concentrator ,  under  deve lopmen t  ~or N A S A  ap-  
pl icat ions (11). Here,  the  oxictant typ ica l ly  contains 
0.4% COs (in air)  and can be purif ied to about  200 
ppm. The cathodic overpo ten t i a l  at  50 m A / c m  2 is 
typ ica l ly  a few hundred  mil l ivol ts  (11). This cell  uses 
opt imized ha rdware ;  the e lec t ro ly te  t i les and porous  
electrodes have been developed for the MCFC over  the  
past  twen ty  years .  

The l imi t ing  cur ren t  dens i ty  due to gaseous diffusion 
of the H2S from the bu lk  gas has been  ca lcula ted  f rom 
s t a n d a r d  mass t ransfe r  corre la t ions  (8).  Wi th  a gas 
flow of 350 cra/s,  this l imi t  is about  150 m A / c m  2, as-  
suming that  the bu lk  H2S concentra t ion is 10% of the 
in le t  (90% remova l ) .  Pore diffusion in a p r o p e r l y  de -  
signed e lec t rode  has been found to be un impor t an t  
(11). Fur ther ,  since we have  a l r e a dy  achieved 35 
m A / c m  2, we feel 50 m A / c m  2 is real izable .  

A tota l  superficial  a rea  is then  calcula ted at 4.3 • 
104 m 2 with  a capi ta l  inves tment  of $24 mill ion.  The 
cost is es t imated  based on the ECAS value  for a 
MCFC p lan t  of about  $140/m 2 (1976 do l la r s ) ,  which 
was then a rb i t r a r i l y  scaled up by  a factor  of four  to 
$560/m 2. There  is c lear ly  a g rea t  dea l  of unce r t a in ty  
in this figure. However ,  a Selexol  p lan t  of the  same 
HaS capaci ty  is es t imated  to cost over  $200 mill ion,  an 
order  h igher  than the concent ra tor  est imate.  

Conclusions 
The feas ibi l i ty  of e lect rochemical  concentra t ion for 

r emova l  of H2S f rom coal gas at h igh  t empera tu re s  
was demonst ra ted .  The concept  was tes ted  wi th  a 
b ina ry  mix tu re  of Na2S and LiaS as the e lectrolyte ,  
and porous carbon as electrodes.  The graphi te  e lec-  
t rode  housings were  assembled  wi th  A1203 gas tubes  
and found to be iner t  a t  the  opera t ing  conditions.  The 
mol ten  sulfide is ve ry  s table  in the reducing  env i ron-  
ment,  and carbon electrodes were  s table  even at  a to ta l  
cell  potent ia l  of 1.8V. 

A 98.8% remova l  efficiency of H2S has been achieved 
wi th  the  SSG containing no CO2 wi th  reasonable  levels  
of polar izat ion.  Curren t  densi t ies  above 35 mA/cm2 
were  a t ta ined  dur ing  tests using a cell  of 7.92 cm~ 
superficial  are~. 

A p r e l i m i n a r y  expe r imen t  wi th  gas conta ining CO2 
indica ted  that  the  remova l  efficiency of H2S does not  
depend  on CO~. X - r a y  powder  diffract ion analysis  in-  
d ica ted  tha t  there  was no measurab le  d i sp lacement  of 
sulfide b y  carbonate  ions in the e lectrolyte .  

P r e l i m i n a r y  economic analysis  indicates  tha t  the 
capi ta l  and opera t iona l  costs for the  e lec t rochemical  
concent ra tor  are  favorable  at  this  ea r ly  s tage of de -  
velopment .  
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A Quantitative Examination of the Mixed Potential Mechanism in 
Mineral Flotation 

K. C. Pillai and J. O'M. Bockris* 

Department of  Chemistry, Texas A&M University, College Station, Texas 77843 

ABSTRACT 

The origin of  the present work lies in a suggestion by Salamy and Nixon, which was implemented by Tolun and Kitch- 
ener, and has become the principal  theory of some types  of flotation. However, it has never been subject  to quantitative 
verification. The electrochemical  kinetics of oxygen reduction and those of the anodic oxidation of potassium ethyl xan- 
thate were examined first individually and then together. The mineral  substrates used were iron pyrites and galena. The 
cathodic Tafel slope on pyrites was 110 mV, and the order of reaction 1.2. On galena, the slope was 120 inV. In anodic reac- 
tions, the Tafel slope on pyri tes  was 95 mV, and the order 0.7. On galena, the slope was 240 inV. Results obtained with O2 
alone and xanthate alone verified the theory. Results obtained when the components  were mixed gave agreement  only if 
the excess of the adsorbed xanthate  on the oxygen kinetics was taken into account. 

In  mechanisms  suggested for flotation of sulfide 
minera l s  in the presence of xan tha te  collectors,  one 
m a y  dis t inguish  ea r ly  views, e.g., chemical  (xan tha te  

xanth ic  acid ~--- adsorbed  acid) (1), and ion ex-  
change theor ies  ( rep lacement  of sulfide ions of the  
mine ra l  by  xan tha te )  (2, 3). However ,  these were not  
consistent  wi th  Plaks in ' s  d i scovery  of the  depend-  
ence of the  flotation process on an oxygen  content  in 
the  solut ion (4). 

This d iscovery  was consistent  wi th  a suggestion of 
S a l a m y  and Nixon (5) (which they, however ,  had  
appl ied  expe r imen ta l l y  onIy to a me rcu ry  sur face) :  
tha t  the donat ion  of electrons by  the oxidat ion  of 
xan tha te  was coupled to the supp ly  of electrons to 
reduce  oxygen.  P laks in  (4) himself,  however ,  sug-  
gested tha t  the pa r t  p l ayed  by  the O2 was to cause 
ga lena  (PbS)  to change f rom a surface of n - t y p e  to 
p - type ,  and  thus faci l i ta te  anion (i.e., xantha te )  ad -  
sorpt ion [cf. P laks in  and Shafeev  (6), Guarnasche l l i  
(7), Dixon et al. (8), and Richardson (9)] .  

Tolun and Ki t chene r  (10) are  genera l ly  credi ted  
wi th  hav ing  or ig inated  the mixed  potent ia l  theory,  
though they  the~nselves a t t r ibu te  i t  to Sa lamy  and 
Nixon (5). By mak ing  pola rographic  measurements  on 
PbS in the  presence of xanthate ,  Tolun and Ki tchner  
found tha t  the po ten t ia l  of flotation (i.e., the  open-  
circui t  potent ia l  of PbS  in the presence of both xan -  
tha te  and O~) was be tween  the ini t ia l  anodic cur ren t  
for  xan tha te  ox ida t ion  and the corresponding cathodic 
cur ren t  for  oxygen reduct ion.  This was qua l i t a t ive ly  
consistent  wi th  the i r  model.  Woods (11, 12), showed 
that,  by  using a bed of sulfide minera l  part icles ,  flota- 
t ion could be achieved wi thout  oxygen by  changing 
the potent ia l  to the  more posi t ive region, which would  
arise were  a mixed  potent ia l  mechanism wi th  O2 al-  
lowed  to occur on the  same electrode.  However ,  l a t e r  
s tudies  by  Biegler  et al. (13) of O~ reduct ion on dif -  
fe rent  samples  of pyr i t e  (FeS2) fai led to show any 
corre la t ion  be tween  the character is t ics  of O~ reduct ion 
and the semiconduct ing  proper t ies  of the  sulfide used. 

Severa l  pa ra l l e l  works  of impor tance  have appeared.  
Fue r s t enau  et aL have  r epor t ed  the  e lec t rochemical  
oxidat ion  of xan tha te  on FeS2 (14); and the oxidat ion 
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xanthate. 

of potass ium d ie thy l th iophospha te  on Cu~S has b e e n  
s tudied  by  Chander  and  Fue r s t enau  (15). In  par t icu lar ,  
ex  si tu IR s tuaies  have  been made  by  the to rmer  (14) 
of the  surface  species (by  mix ing  the x a n t h a t e - t r e a t e d  
FeS~ wi th  a minera l  oil as a mul l  for the JR),  which 
they  found to be d ixanthogen.  Quite s imi la r  s tudies 
were  carr ied  out i ndependen t ly  by  Maj ima  and Takeda  
(16). However ,  Granvi l l e  et al. (17) have shown ev i -  
dence f rom IR studies tha t  on PbS the dominat ing  
species is lead  xantha te .  

An in teres t ing  cont r ibut ion  was made  b y  A h m e d  
(18), who set up connected e lec t rochemical  cells con- 
sisting, e.g., of two electrodes of PbS,  one in deaera ted  
xan tha te  solut ion and the o ther  in deae ra ted  solut ion 
of the same k ind  but  lacking  in xanthate .  When O8 was 
bubb led  over  the l a t t e r  electrode,  a cur ren t  was ob-  
served be tween  the  two electrodes in qua l i t a t ive  agree -  
merit wi th  a mixed  potent ia l  Concept. 

Somasundaran  [cf. Hea ly  (19, 20), Fue r s t enau  (20), 
and Goddard  (21) ] made  e lect rochemical  contr ibut ions  
of a different  kind.  They  are  well  summar ized  in a 
recent  rev iew of Somasundaran  and Goddard  (21). 
However ,  the  systems t rea ted  here  were  l a rge ly  oxide  
minerals ,  and the models  used for  the in te rp re ta t ion  
of the da ta  do not  involve  e lect rode kinetics,  since 
there  is no evidence tha t  02 reduct ion is a v i ta l  pa r t  
of the mechanism of flotation. Here,  the crux of the  
discussion is the  degree to which  it is possible to re -  
gard  the  interfaces  concerned as being subjec t  to po-  
ten t ia l  de te rmin ing  absorbing  ions (Nernst ian)  or  
polar izable  and hence subject  to double l aye r  theory  
(S te rn ian) .  Charge  generat ions  (22), e lect ros ta t ic  ad-  
sorpt ion (23), and  some evidence for the role of ion-  
molecular  complexes (24) have been studied.  

In  summary ,  for the sulfide minerals ,  the re  is qual i -  
ta t ive  evidence for  a mixed  poten t ia l  v iew of t h e  
mechanism by  which the col lector  comes onto t h e  
surface pr io r  to flotation. However ,  many  of the  facts 
are  sub jec t  to the P laks in -o r ig ina t ed  type  of in t e rp re -  
tat iop,  in which changes in the  semiconduct in~ p rop -  
er t ies  of the interface dominate  e lectrode kinet ic  fea-  
tures.  There  has  been  no quant i t a t ive  proof  of the  
mixed  potent ia l  theory.  Fur ther .  if the mixed  po ten-  
t ia l  theory  is valid,  the impl ica t ion  for the  s t ruc ture  
of the  collector  is tha t  it  must  not  only  have  a s t ruc-  
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ture  which adsorbs on the minera l  and oxidizes as 
well in  the appropriate  potent ial  range, bu t  it should 
also have suitable catalytic proper ty  for the 02 reduc-  
t ion reaction. The present  work is aimed at the elucida- 
t ion of these matters.  

Experimental Details 
Materials 

Specimens of the minerals  pyri te  and galena (6.5 
cm 3) were obtained from Wards Natura l  Science Es- 
tabl ishment ,  Incorporated. The pyri te  was of Spanish 
origin and galena was from Sweetwater  Mines, Mis- 
souri. 

Kodak potassium ethyl  xanthate  (KEX) was pur i -  
fied by dissolving in acetone and recrystall izing three 
times by addit ion of ether. The crystals were then 
stored in  a dry ni t rogen atmosphere. Prior to the ex- 
periment,  a fresh KEX solution in the electrolyte was 
prepared. 

Measurements of Semiconductor Properties 
The resistivities and Hall  mobili t ies for the surface 

of .mineral disks were obtained by the method of 
Van der Pauw (25), developed for samples of a rb i t ra ry  
shape. The exper imenta l  details are similar  to those 
reported elsewhere (26). 

Electrode Preparation 
About 2-3 mm thick and 0.5-1 cm 2 surface area 

specimens were cut from the massive materials  using 
a diamond saw. Contact to the electrode was made by 
at taching a copper lead to one surface of the electrode 
with a conducting silver epoxy cement. The exposed 
copper lead and the back side of the electrode were 
then coated with a nonconduct ing epoxy and the 
hardened-capsule  t ight-fit ted into a Teflon holder. This 
a r rangement  proofed the electrode against the effects 
of possible leaks. The ohmic na ture  of the electrical 
contact was checked by measur ing the current-vol tage  
characteristics of the electrode. 

The electrode surface was prepared before each 
electrochemical run  by hand polishing for about  5 min  
each with a succession of finer grades of silicon car- 
bide paper, down to 600 grade. The electrode was then 
degreased with spectropure trichloroethylene, and 
washed thoroughly with deoxygenated tr iple-dist i l led 
water  prior to immers ion into the exper imental  solu- 
tion. 

Electrochemical Measurements 
A convent ional  th ree-compar tment  glass cell with 

a three-electrode system was used. A saturated calo- 
mel  electrode was the reference electrode; however,  
the potentials are expressed on the normal  hydrogen 
scale. 

To obtain E-log i data, the s teady-state  potentio-  
static polarization technique was used. The steady- 
state current  was read at each applied potential.  It  
was found that  this was established after 3-4 min. The 
potent ial  was controlled by a PAR potentiostat  (Model 
173), and the cur ren t - t ime  curves were recorded with 
a y - t  ( Indust r ia l  Scientific, Incorporated) recorder. 

Cyclic vol tammograms were recorded as pre l iminary  
measurements ,  using the above setup coupled with a 
p rogrammer  PAR Model 175. 

The exper iments  were carried out in borate buffer of 
pH 9.1 (a pH near  to that of the flotation process). 
The electrolyte was pre-electrolyzed at a current  
densi ty of 1 m A / c m - ~  for 15h. Exper imenta l  solutions 
of KEX were prepared by adding small  volumes (0.2- 
0.3 cm 3) of a concentrated solution of KEX, prepared 
freshly each day, to a pre-electrolyzed base electro- 
lyte. All  operations were carried out in an all-glass 
assembly under  an N2 atmosphere. 

Measurements  w i t h  different part ial  pressures of 
O~. were achieved by  mixing  02 and N2 under  con- 
trolled-flow conditions using flowmeters (Flowrater,  
Fischer and Porter  Company) .  

XPS measurements  of the electrode surface before 
and after contact with the collector were carried out 
and will be reported elsewhere (27). 

Methodology 
Three methods of surface t rea tment  of the mineral  

electroaes were tried to thud out which method would 
give the most reproducible  results.  The first method 
involved the procedure as described in  the Electrode 
preparat ion section. The second method consisted of 
the same procedure followed by etching in HChH20  
(1: 3) solution for 15 min, and then by thorough wash- 
ing in deoxygenated conductivi ty water  pr ior  to in t ro-  
duction into the exper imenta l  solution. In  the final 
set of experiments,  the electrode surface was prepared 
as given in the Electrode preparat ion section, followed 
by electropolishing for 3 m m  at 0.375 A c m  -2 in  a 
mix ture  of conc H3PO4 and HCI:H~O (1:4) solution 
saturated with CrO3 (28). The last  method resulted 
in the formation of a thick oxide film on the electrode 
surface, giving high Tafel slopes, e.g., of 250 mV 
decade - i ,  for 02 reduction at Po2 = 1 in pH 9.1. 

Although the first and second methods gave similar  
results, the most reproducible results and those with 
the most l inear  Tafel plots for 02 reduction were ob- 
tained by following the first method of surface prepa-  
ra t ion (see Electrode prepara t ion) ,  followed by a cy- 
cling of the electrode potential  at a scan rate of 1 mV 
s - l ,  s tar t ing from the open-circui t  potential  (Eopen) 
and going towards more negat ive  potentials unt i l  the 
cathodic reduct ion of FeS2 started (in the absence of 
02 and xantha te) .  Then, the reverse scan was carried 
out in more positive regions unt i l  the anodic oxidation 
of FeS2 began in the absence of xanthate.  Such a scan 
(with re turn  to Eopen) was carried out only  once. This 
approach was followed because it was the most repro-  
ducible of those examined. After  scanning  between 
about 0.0 and --0 .4V.  NHE, the electrodes was dis- 
connected from the potentiostat.  The potent ial  was 
then observed to change over about 30 mV unt i l  reach- 
ing, after about  30 min, a rate of var iat ion of a round 
1 mV in 5 min. Potentiostatic t ransients  were then 
commenced. 

While the above sequence of potent ial  cycling was 
adopted for O2 reduction studies, for xanthate  oxida- 
t ion under  an N2 atmosphere, the electrode was scanned 
first in the more positive, ra ther  than the more 
negative, direction. This ensured that  the oxidized 
product of xanthate  formed on the electrode in the 
anodic cycling step was reduced and did not  exert  
any  influence on the subsequent  i - t  measurements .  

Results 
Pyrite 

Semiconductor parameters.--The FeS2 was found to 
be an n - type  material ;  the charge carr ier  densi ty was 
3.9 • l0 Is cm -3, and the resist ivi ty was 4 • 10 -2 ~ cm. 
The Hall  mobi l i ty  was around 4.5 • 101 cm 2 V -1 s -1. 

Current-voltage curves.--02 reduction on FeS2.-- 
The Tafel plots for 02 reduction obtained on an FeS2 
electrode in pH 9.1 borate buffer at Po2 = 1 and 0.33 
are shown in  Fig. 1. The n u m b e r  of exper iments  at 
each pressure was 5-10. 

The cathodic Tafel slope (--be) for 02 reduct ion is 
110 _+ 5 mV decade -1 for both Po2 = 1 and 0.33. The 
exchange current  density (io,~) was calculated by 
extrapolat ing the l inear  port ion of the Tafel l ine  to 
the theoretical equi l ib r ium potent ial  (Ee,c). The Ee.e 
values for O~ reduct ion in pH 9.1 are +0.690V (NHE) 
for Po2 = 1 and -t-0.683V (NHE) for Po2 = 0.33. The 
respective extrapolated io,~ values are 4.6 _ 0.3 X 
10 -12 A cm -2 and 1.0 _+ 0.3 X 10 -12 A cm -2 of appar-  
ent  electrode area. 

The cathodic reaction order with respect to 02 pa r -  
t ial  pressure is 
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Fig. 1. E-log i plots for 02 reduction at FeS2 electrode in borate 
buffer oH 9.1. - ,%- ,%-:  Po2 - -  1. - 1 7 - D - :  Po2 = 0.33. 

~ l n i c  ] = 
[ ~-1~ ~o2 j~,pH 1.2 

KEX oxidation of FeS2.--The E-log da ta  for  the  anodic 
oxidat ion  of KEX s tudied  at  10-2M and 10-aM con- 
centra t ions  under  a N~ a tmosphere  are  given in Fig. 2. 
The anodic Tafel  s lope (ba) for xan tha te  oxidat ion  is 
95 _ 5 mV de cade-Z at  both  concentra t ions  of KEX 
studied. 

In  xan tha t e  oxidat ion,  one has to calculate  a re -  
vers ible  redox potent ia l  necessary for  the computa t ion  
of the exchange current  density,  but  one has to meet  
the  difficulty that  the  components  of the  redox couple 

S -  
I 
C = S  

/ 
x- -- H5C20 

S S 
II II 

x~ = HsC20--C---S--S--C--OC2H5 

where x- is the ethyl xanthate anion and x2 is the 
diethyldixanthogen, are not sufficiently soluble to be 
used at ratios corresponding to unit molarity or ac- 
tivity for each component. To calculate, therefore, a 
reversible redox potential, it is necessary to choose 
some arbitrary concentration of the KEX, and as- 
sume that an equilibrium is set up with diethyldi- 
xanthogen, the solubility of which is small. According 
to Fuerstenau et el. (14), the solubility of x2 at 9,5~ 

_,1~ ~ , i i 
lO-~ lO-= lO1-1 lO  ~ 

C u r r e n t  D e n s l t y / m A  c m  -z  

Fig. 2. E-log i plots for KEX oxidation at FeS2 electrode in borate 
buffer pH 9.1. - A - A - :  CKEX = 10-2M. - U - I l l - :  CKEX "=  
10-aM. 

pH 9.4, and KEX concentra t ion of 2 • 10-~M is 5.0 
• 10-6M. The exper imen ta l  work  of Maj ima  and 
Takeda  (16) gives the redox potent ials ,  de te rmined  
on P t  electrodes,  for severa l  homologues of xan tha te  
in solut ion in equ i l ib r ium wi th  the corresponding di-  
xanthogens  at  saturat ion.  For  KEX at 10-ZM, the de -  
t e rmined  redox  poten t ia l  is 0.13V (NHE),  and at  10-2M 
is 0.07V (NHE).  The values of Maj ima  and Takeda  
(16) a re  reasonably  in agreement  wi th  the data  of 
Fuer s t enau  et al. (14), e.g., at KEX 1O-2M and the 
corresponding x2 at  5 • 10-6M for pH 9.4 ( the Ma j ima  
and Takeda  values  were  at  pH --  9), the  Fuer s t enau  
et al. value is 0.087V (NHE),  and the  Maj ima  and 
Takeda  va lue  is 0.07V (NHE) (ac t iv i ty  coefficients 
neglec ted) .  Correspondingly ,  on an FeS2 electrode,  the  
res t ing poten t ia l  a t ta ined in the presence of 10-2M of 
KEX was 0.062V (NHE).  I t  was thought  appropr ia te ,  
therefore,  to calculate  the  exchange cur ren t  dens i ty  
(io.a) for the xan tha te  oxida t ion  at  the  de te rmined  re-  
vers ib le  potent ia l  0.07V (NHE).  

The io,a value  at  this condit ion is 1.0 X 10 -6 A cm -2 
(i.e., at 1O-2M concentra t ion of KEX) .  At  10-SM KEX 
[Ee,a ---- +0.13V (NHE)] ,  the  io,a value  is 9.0 • 10 -7  A 
c m - 2 .  

The anodic react ion o rde r  wi th  respect  to KEX is 

[ ~ l n i a  ] 
---- 0.71 

0 In [ x - ]  

Mixture of Oz and KEX.--The Tafel  plots recorded for  
the 02 reduct ion and xan tha te  oxida t ion  when both 
02 and KEX are  presen t  together  are  given in Fig. 3. 
This corresponds to the sys tem in which Po2 = 1 and 
C K E X  = 10-2M, and we designate  this sys tem A. The 
Tafel  l ines for the corresponding concentrat ion of O2 
reduct ion and xan tha te  oxidat ion,  t aken  in the absence 
of each other,  are  super imposed  onto Fig. 3 for a com- 
parison.  I t  is ev ident  that  the anodic oxidat ion  of xan -  
thate  remains  unaffected wi thin  the  exper imen ta l  e r ror  
in the  presence of 02. The O2 reduct ion  is, however ,  
ca ta lyzed about  40 t imes in the  presence of xantha te ,  
wi thout  any  indicat ion in change of the reduct ion  
mechanism. The io.c measured  for the 02 reduct ion 
react ion in the presence of 1O-2M KEX is 2.7 _ 0.3 X 
1 0 - n - A  cm -2. The mixed  potent ia l  (Era) and the open-  
circuit  cur ren t  (i~, the ra te  at  which the collector is 
being used up) were  calcula ted by  the ex t rapo la t ion  
of the l inear  port ions of the  Tafel  lines. However ,  since 
the xan tha te  oxidat ion  process does not  show a l inear  
Tafel  region in the mixture ,  a t angent  wi th  a slope of 
95 mV was d rawn to the  anodic polar iza t ion  curve to 

34 
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Fig. 3. E-log i plots ~ot FeS2 electrode in borate buffer pH 9.1. 
~ - O - C ) - :  O~ reduction (po2 = I)  in the presence of | 0 - 2 M  KEX. 
- e - e - :  KEX oxidation (CKEx ---- 10-2M) in the presence of O~ 
of Po2 = 1. : Measurements in the absence of other 
component. 
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calcula te  these parameters .  1 The Em and im values  of 
the mix tu re s  a re  0.167V (NHE) and 9 • 10 -6 A cm-2,  
respect ive ly .  

The Tafel  plots  for O8 reduct ion  and xan tha te  ox ida -  
t ion when  both Os and x a n t h a t e  were  p resen t  were  
recorded for  different  combinat ions  of Po2 and xan tha te  
concentrat ions,  as follows. B: Po2 --  1 and CKEX --" 
10-SM. C: Po2 = 0.33 and CKEX = 10-SM. D: Po2 = 0.33 
and CKEX 10-~M. These are  shown in Fig. 4-6. These 
graphs  are  d rawn  in a w a y  s imi lar  to tha t  of Fig. 3, in 
which  the ind iv idua l ly  measured  anodic and cathodic 
curves  are  super imposed  for  comparison.  In  al l  these 
systems,  the  genera l  behavior  is s imi lar  to tha t  shown 
in Fig. 3 for  sys tem A (i.e., Po2 : 1 and CKEX - "  
10-~M), except  tha t  in systems wi th  Po~ : 0.33, the  
--be is decreased to 70-75 mV by  K E X  (from 110 mV 
wi thout  i t ) .  The Em and im values  of the  mix t u r e  are  
given in Table  I. 

Wi th  these expe r imen ta l  values  of Em and im ob-  
ta ined  for  the mixtures ,  the  coefficients of the  va r i a -  
t ion of Em and im wi th  reac tan t  concentra t ion were  
calculated.  These are  given in Table  II. 

Galena 
E~ectrode pretreatment.--The surface  t r ea tmen t  p ro -  

cedure,  as descr ibed in the  Elec t rode  p repa ra t ion  sec-  
The cho ice  of  a p o te n t ia l  at  w h i c h  to take this t a n g e n t  is  

arbitrary. This  one  has  th e  advantage that it agrees with the  
siope in the absence of oxygen. 

34 

o 

I 1/=t 100 % ,  ,;-o to-~ 
Current  Densi ty /mA cm ~2 

Fig. 4. E-log i plots at Fe$2 electrode in borate buffer pH 9.1. 
- O - O - "  02 reduction (po2 = 1) in the presence of 10-3M 
KEX. - e - e - :  KEX oxidation (CKEX = 10-SM) in the presence 
of O2 of Po9 = 1. : Measurements in the absence of 
other component. 
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Current  Densl ty/rnA cm =2 

Fig. 5. E-log i plots at FeS~ electrode in borate buffer pH 9.1. 
- O - O - :  09, reduction (PO2 = 0.33) in the presence of 10-2M 
KEX. - e - e - :  KEX oxidation (CKEx : 10-:ZM) in the presence 
of 09, of PO2 ~ 0.33. : Measurements in the absence of 
other component. 

-.21~0_ 4 l 
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Current  Densi ty /mA r -2 

Fig. 6. E-log i plots at FeS2 electrode in borate buffer pH 9.1. 
- Q - O - :  02 reduction (po2 = 0.33) in the presence of 10-3M 
KEX. - l - e - :  KEX oxidation (CK~.X = 10-3M) in the presence 
of 02 of Po2 = 0.33. : Measurements in the absence of 
other component. 

tion, was found to give reproducib le  results .  The o ther  
two methods (cf. Methodology section, above) ,  namely ,  
the  one involving etching in HChHaO (1:3) solut ion 

- f o r  15 min pr io r  to in t roduct ion  into the  expe r imen ta l  
solution, and the one in which  the e lec t rode  was chemi-  
ca l ly  pol ished (28), gave i r r ep roduc ib le  resul ts  for O8 
reduct ion.  Hence, the  surface p repara t ion  by  pol ishing 
wi th  different  grades of e m e r y  paper ,  degreas ing  wi th  
t r ichloroethylene,  and  ending wi th  a thorough wa te r  
wash, was adopted in the  fu r the r  s tudies  wi th  P b S  
electrodes.  

Even with  this me thod  of surface  p repara t ion ,  the  
cycl ing of the  e lec t rode  poten t ia l  was found to affect 
the subsequent  i - t  measurements .  Thus, the  anodic p o -  
l a r i z a t i o n  of PbS was found to affect the  cathodic cur -  
rent ,  p robab ly  because of e lec t rode  dissolution in the  
anodic region. Hence, the  e lect rode potent ia l  was not  
cycled pr ior  to the i - t  measurements .  The e lect rode was 
in t roduced into solution, the  rest  potent ia l  was es tab-  
lished, and the i - t  measurements  were  then  car r ied  out. 

Semiconductor parameters.--The PbS  was found to 
be an n - t y p e  mater ia l ;  the  charge car r ie r  dens i ty  was 
9.8 • 10 TM cm-Z, and the res is t iv i ty  was 7 • 10 -1 ft cm. 
The Hal l  mobi l i ty  was a round  9.0 X 101 cm2 V -1 s -1. 

Current-voltage curves.--The Tafel  plots for the 
cathodic 02 reduct ion  alone and the anodic xan tha te  
oxida t ion  alone, on PbS,  a re  shown in Fig. 7. The --be 
for Po2 = 1 is 120 __ 10 mV decade -1, and io.~ at  Ee ,  c Of 
-{-0.690 (NHE) is 2.8 __+ 0.3 • 10 -12 A cm -2. 

The E- log  i plot  for xan tha te  oxida t ion  (conc ----- 
10-2M) is l inear  over  a smal l  cur ren t  dens i ty  region,  
and the ba has a high value,  i.e., 240-260 mV decade-1 .  
The io.a at  Eo,a of 0.07V (NHE) is 2.4 • 10-~ A cm-S.  
The E- log  i plot  shows a depolar iza t ion  at  h igher  cur -  
ren t  densi t ies  (slope _-- 45-50 mV),  and this is fol lowed 
by  a region in which the cur ren t  decreases  wi th  in-  
c reas ingly  posi t ive potent ia l .  This indicates  an inhib i -  
t ion of the  e lec t rode  processes.  S imi la r  behavior  was 
not  observed with  FeS2. 

The measuremen t  of O2 reduct ion  and xan tha te  oxi -  
dation,  carr ied  out  in the presence of O2 (Pos "- 1) and 

Table I. Experimental Ern and im values obtained in solutions 
containing 02 and KEX 

Systems 

(A) (B) (C) (D) 

E,~ V 0.17 0.19 0.10 0.18 
t= x 100 A cm4 9.00 7.30 2.20 $~0 
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Table II. Experimental coefficients pertinent to the mixed potential situation 

CK'~X constant po s constant 

Systems (A) / (C) ~qystems (B) / (D) Systems (A) / (B) Systems (C) / (D) 
(CK~x = l~)-Zm) (CK~x = 10-~m) (po= = I) (PO= = 0.23) 

[aEmla log po=]z-, ~n 0.i~0 0.002 ~ 
[8 log im/O log p%]x-. ~n 1,300 0.700 ~ 

[dEml~ log [X-]Dos, ~n - -  - -  --0.023 --0.08~ 
[~ log iml~ lOg [X-] 3~0=, ~n -- -- 0.100 =~0.180 

KEX (conc -- 10-2M) together, are given in Fig. 8. 
When O2 is added to the xanthate  in solution, the ba 
for xantha te  oxidation has a higher value, i.e., 240-260 
mV decade -1. However, the rate of oxidation of xan-  
thate is increased by  about  2.5 times in the presence of 
O~. The 02 reduction is inhibi ted by about 10 times in 
the presence of xanthate,  although the --bc remains  the 
same. The io,, and io,c, correspondingly, are 5.6 • 10 -z  
A cm-= and 1.4 • 10 -14 A cm -s,  respectively. The Em 
and im values in the mixture  are --0.065V (NHE) and 
1.6 X 10-7 A cm -2, respectively. 

Discussion 

Pyrite 
Oxygen reduction kinetics.--To elucidate the mecha-  

n i sm of reduct ion of O= and FeS~, some seventeen 
reaction schemes for Os reduction have been con- 
sidered, and these are given in Appendix  1. 
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Fig. 7. E-log i plots at PbS electrode in borate buffer pH 9.1. 
A: 02 reduction (PO2 = 1) in.the absence of KEX. B: KEX oxida- 
tion (CKEx - -  I 0 -2M)  in the absence of 02. 
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Fig. 8. E-log i plots at PbS electrode in borate buffer pH 9.1. 
- C ) - ( ~ - :  O~ reduction (po~ ---- 1) in the presence of lO-2M 
KEX. - 0 - 0 - :  KEX oxidation (CKEx = 10-2M) in the presence 
of 02 of Poz ~--- I .  : Measurements in the absence of 
other component. 

Mechanisms C9, C12, C14, and C16 are the only 
ones of the mechanism in Table A - I  which give a 
[OE/O In i] of 2RT/F and [~ in  ic/O In Po2] of unity,  
with the first step rate de termining (rds).  These four 
mechanisms proceed through H202 (HO~- in  alkal ine 
solution) as an intermediate.  H202 was identified in t h e  
02 reduction at the FeS~. electrode, in HC104 acid solu- 
tion (13), and in alkal ine solutions (32). However, 
these above four mechanisms with the first step as r d s  
also predict that 

0 (2.3pH) s,g 

The available exper imental  data  indicate that  O~ re-  
duction at noble metals (33, 34) and at FeS2 (13, 32) 
is pH dependent  at pH > 4. These four mechanisms 
can be regarded as not  applicable in the present  
studies, since they were carried out at pH 9.1. 

The present  exper imenta l  results are, however,  con- 
sistent with mechanism C17, which involves H20~ as a n  
intermediate.  The reaction scheme is 

O2 + H20 ~ [O2H+]ads + O H -  [I] 

JOsH+]ads + e-> [O2H]ads [II] 

JOsH]ads -{- e ~ [O2H-]ads [III] 

2 [ O 2 H -  ] ads ~--  O~ + 2 O H -  
[IVJ'- 

0 2  + 2H~O + 4e ~=~ 4 O H -  

With step H as rds, and with the condition that  the in -  
termediates [O~H + ]ads and [O2H]ads are present  at l im-  
i t ingly low coverages, i t  is evident  that  this mecha-  
n ism does predict  finite values for the pH dependence 
of ic (cf. Table A- I ) .  

The solvent displacement mechanism has not  been 
considered here (see below) because, s tudying reactions 
involving H~ and O2 evolution or their dissolution, one 
is concerned either with zero water  displacement [as 
with H~O + discharge (40)], or with the displacement  
of one (as, probably,  when  direct electron t ransfer  to 
O2 occurs). 

Xanthate oxidation ~nechanism.nVarious react ion 
schemes for xanthate  oxidation have been worked out 
and are complied in Table III. The anodic mecha-  
nisms 3 and 4 are s imilar  to 1 and 2, respectively, bu t  
they have the desorption of dixanthogen as an  addi-  
t ional  reaction step. Table I I I  indicates that  none of 
the kinetic parameters  for the mechanisms listed are in 
agreement  with the values reported here for ba and 
[d In ia/d In CKEX] E. 

In  organoelectrochemical reactions, the competit ion 
between adsorbed intermediates and water  molecules 
may be impor tant  (41). Further ,  in flotation mecha-  
nisms, water  displacement by  the collector has an effect 
on hydrophobicity.  Accordingly, kinetic parameters  
have been calculated in terms of solvent displacement 

.s Step [IV] is often quoted in the oxygen reduction literature 
(29, 31, 33). However, it involves the diffieuRy of surface anion 
recombination. This may be diminished in two ways. Thus, image 
forces reduce the repulsion (35}; and also, it seems reasonable 
to supvose that charge transfer adsorption occurs, i.e., the sur- 
face charge on the anion must be < 1. For example, anion ad- 
sorpt,:on on perovskites (36) shows full coverage with respect to 
OH- in alkaline solution, and this would not be possible unless 
partial charge transfer had occurred. 
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Table III. Proposed mechanisms and related kinetic parameters for xanthate oxidation 

L a n g m u i r  T e m k i n  (0.2 < # < 0.8)* 

%E/~ In i [0 In i/O In CK~X]~ OE/O In  i [~ In i /8  In  Czsx]~ 

Rate-determining step 0 -* 0 ~ ~ 1 0 ~ 0 0 --> 1 

I.  x-  ~ Xad. + C 2RT/F  - -  I - -  2 R T I F  1.0 
Xads + Xads ~-~ X$ R T / 2 F  oo 2 0 R T / F  1.0 

2.  X -  ~--- Xads + e 2 R T / F  - -  1 - -  2RT/F  1.0 
xads + X-~-X~ + �9 2RT/3F 2RT/F 2 i RT/F 1.5 

3. x-  ~- X~,  + e 2RT/F  - -  1 2RT/F  1.0 
xads + Xad, ~ x~a  , RT/2F oo 2 ~" 2RT/F  0.5 
X~ffid , ~- X~ R T  / 2F ~ 2 0 2RT/F  0.5 

4. x -  ~- xad,  + e 2 R T / F  - -  1 2RT/F  1.0 
x ~ ,  + x-~-X~,d . + e 2RT/3F 2 R T I F  2 "1- 2RT/F  1.0 
x~e  s ~ x~ RT/2F  ~ 2 0 2RT/F 0.5 

�9 Te rak in  i n t e r ac t i on  p a r a m e t e r  f o r  t h e  i n t e r m e d i a t e s  is a s s u m e d  to be  equal .  

Table IV. Solvent displacement mechanisms for xanthate oxidation* 

L a n g m u i r  T e m k i n  (0.2 < 0 < 0.8) 

aE/~ (2.3 In i) [0 in i/O In  CK~X] s aE/O (2.3 In i) [0 in ilO I n  CK~X]~ 

Rate-determining step # -~ 0 0 ~ I 0 -~ 0 # ~ i 

1. x - ~ x a d s  + e 152 ( m  = 1.5) 1 - -  152 ( m  = 1.5) 1.00 
X,d, + X,as ~ X~ 34 On = 1.5) 285 (m---= 1.5) 2 0 60 1.00 

( i n d e p e n d e n t  of  m )  

2. x -  ~ X , d .  + e 152 ( m  = 1.5)  - -  1 - -  152 ( m  = 1.5)  1.00 
XadB + X ' ~ X ~  + e 43 ( m  = 1 .5)  99 ( m =  1.5)  2 1 60 1.50 

( i n d e p e n d e n t  of m )  

3. X-~-Xad, + e 152 ( m  = 1.5) 1 - -  152 ( m  = 1.6) 1.00 
xa~, + Xad. ~ x~d , 44 - ~ 0  - 6 0  - 1 . 0 0  

( m  = 1 . 5 ,  ~ = 0)  ( m  = 1 . 5 ,  I = 6)  ( m  = 1.5,  I = 6)  
2 0 

46 -15 - 4 5  -1 .30  
( m  =1.5, l = 6) (~n = 1.5, I = 6) ( m  = 1.5, I = 7) 

x~,,a, ~xl 38 (L = 6) 143 (i = 6) 

2 0 | 0 .00  
40 (l = 7) 122 (~ = 7) 

4. x -  v~ x,d,  + e 152 ( m  = 1.5) - -  1 - -  152 ( m  = 1.5) 1.00 
xaa, + x - ~  X2ad . + e 62 324 --60 --0.50 

( m  =1.5, I = 6) (m = 1.5, 1 = 6) (~, = 1.5, L = 6) 
2 1 

66 522 --45 --0.83 
( m  = 1.5, ~ = 7) ( m  = 1.5, ~ = 7) ( ~  = 1.5, I ffi 7) 

x~ad , ~ x .  38 (~ = 6)  143 ( i  = 6) 90 0 .67  
( m  = 1.5, l = 7) 

2 0 
40 (~ = 7) 122 ( m  = 7) 94  0 .64 

( m  = 1.5, l = 7) 

E x p e r i m e n t a l  96 --  5 0.71 

* m and  I a r e  the  n u m b e r  of  w a t e r  mo le c u l e s  r ep l aced  by  one molecu le  of  Xad, an d  X~ad s, respec t ive ly ,  m = 1.5 an d  I = 0-7 ( see  
t ex t ) .  

mechanisms (41), and the results are given in Table 
IV. The mechanism 4 with step 3 as the rds, and with 
the intermediates  following the Temkin  adsorption 
isotherm, predicts ba of 90-95 mV 3 and [0 In iJO in 
CKEX]E = 0.67-0.64, which are in good agreement  with 
the exper imenta l  values of 95 _ 5 mV and 0.71. 

The reaction scheme is, therefore 

x -  '~--- Xads + e IV] 

Xads -~- X--  ~ X2ads "~- e [ v E  

X2ads "~ X2 

2x-  ~=2 x~ + 2e 
[VIII 

w i t h  s t e p  V I I  a s  r d s ,  a n d  X2ads f o l l o w i n g  a T e m k i n  a d -  
s o r p t i o n  i s o t h e r m .  T h e  c o r r e s p o n d i n g  c u r r e n t  d e n s i t y  

i s  ( 4 1 )  

~ T h e  r a n g e  ar ises  because  of u n c e r t a i n t y  in t he  n u m b e r  of 
w a t e r  molecu les  d isplaced by d ixan thogen .  Th is  has  b e e n  t aken ,  
on t he  basis of space filling models ,  as 6-7. 

l~ FE ] 
i+Vli = 2Fk+vn.o0x2 exp (1 - ~) eo'-'~ R--T- 

�9 exp.[(1 -- e)Ir0] [134 

where l -- the n u m b e r  of water  molecules replaced by  
one molecule of X2ads, ~ and 6 are the dipole moment  
and the diameter  of water  molecule, respectively; eo --  
un i t  electronic charge; r0 is a funct ion of the surface 
coverage 0 of the adsorbed intermediates.  The symbols 
7 and e are symmet ry  factors. 

4 In  t ak ing  m r  and  r to be  the  T e m k i n  p a r a m e t e r s  f o r  the  in- 
t e r ac t ion  of x~d~ wi th  X~d ~, we  fol low Gileadi  and  S tone r  (41). In  
fact ,  t h e r e  is no  prec ise  just i f icat ion for  a s suming  t h a t  the  in ter-  
act ion p a r a m e t e r s  in a T e m k i n  fo rmu la t i o n  should  be  p ropor -  
t ional  to t h e  n u m b e r  os w a t e r  molecu les  wh ich  an  a d s o r b e n t  dis- 
places,  i.e., to the  ad so rb en t ' s  size. Converse ly ,  th is  t r e a t m e n t  is 
a t  leas t  b e t t e r  t h a n  t h e  p r ev ious  t r e a t m e n t s  wh ich  a s s u m e  
iden t i ty  of all t h e  T e m k i n  �9 values .  In  fact ,  r wil l  t e n d  to  i nc r ea se  
wi th  the  size 0s the  adsorben t .  
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The quantity ro can be calculated from the equilib- 
r ium step [VIJ ~ 

1 1 

r0 = In ~ [Kw,o] ~-"* �9 [x-]~-"*- exp cob RT 

�9 e x p  l - - m  RT [2] 

w h e r e  m is the number  of water molecules replaced by 
one molecLUe or Xads. 

Theremre 
051 

i+vxi = K[X~] l-"* exp (1 -- 7) F-~-~-- [3] 

H e n c e  

[ 8 E ]  _-- 1 1 2.303RT 

b a =  01ogi+vH x- ( l / l - - m )  ( 1 - - 7 )  F 

[ 01ni+w, ] 0.51 

O l n [ x - ]  ~ = ' ( l - - m )  

The parameters m and l require the area occupied 
by the adsorbed species x and x2. The projected sur-  
face areas for the discharged radical are 16.0 A" and 
62.6 A s, respectively, for the orientation in which the 

planar par t  S \ C = S  lies on the surface with the alkyl 
/ 

O 
group pointing into the solution. These values were cal- 
culated considering molecules as spherical and ar-  
ranged in hexagonal close packing. With a value of 
10.2 A 2 for water, 6 m and I are 1.5 and 6-7, rezpectively. 
The kinetic parameters are thus 90-94 mV, and 0.67- 
0.64. 

These considerations are based on a model in which 
there are no multilayers. In the flotation region for 
reSt ,  there is evidence for their absence (42-44). The 
findings of recent XPS measurements (27) also indi- 
cated that the mineral surface contains less than a 
monolayer of the collector. Gardner and Woods (12) 
have interpreted sweep measurements in a more anodic 
region to indicate multilayer formation of dixanthogen 
on FeS2. However, (i) if multilayer formation were 
uniform, steady-state xanthate oxidation partnered 
by oxygen reduction would be difficult to conceive 
(45), (ii) the i- t  transients do not increase their rate 
of decline with time at more anodic potentials where 
the suspected multilayers would be thicker, (iii) in 
Ahmed's results (18), hydrophobicity could be rapidly 
(i.e., < ~100-200 ms) turned on and off by closing 
and opening the circuit, which would be improbable if 
dixanthogen were present in multilayers, and (iv) it 
is possible that the calculations by Gardner and Woods 
(12) of the coulombs in the sweep regions were in- 
creased by  solute readsorption. 

Mixed potenfia~ modeL--The rate equations for the 
02 reduction and xanthate oxidation can be written 
a s  

ic ---- --4Fockc~ [H + ] exp [--~FE/RT] [4] 
and 

0.5i 

ia = 2FOaka ~ [ x - ]  i-,~ exp (l m---------) (1 -- 7) FE/RT 

[5]  

s i t  is correct  to cons ider  only  s t ep  [VII ( a n d  n o t  IV]} w h e n  
evo lv ing  v0 in  t h e  T e m k i n  m o d e .  T h u s ,  a p p l y i n g  t h e  T e m k l n  con- 
dit ions to IV] ,  one obtains r0x,,,~, = - EF  + ln[x-1  + cons t . ,  i .e.,  
#x~ ,  is  l i n e a r  w i t h  potent}al .  In  t h e  d e d u c t i o n  o f  Eq .  [2] ,  w e r e  
8,a,  expressed  In t erms  of  I V ] ,  n o  c h a n g e  in  t h e  e x p o n e n t i a l  
t e r m s  of  [2] would  occur. 

e This  value  w a s  c a l c u l a t e d  b y  a s s u m i n g  h e x a g o n a l  c lose  pack-  
i ng  o f  ~ o n  t h e  e l e c t r o d e  s u r f a c e  a n d  n o  d i m e r  formation.  

where 0c and 0a are the areas over which the cathodic 
and anodic reactions, respectively, take place, and kc Q 
and k a  o a r e  the respective rate constants under zero- 
field conditions. 

Equations [4] and [5] can be expressed, in terms of 
the exchange current density as 

/~ = ioc exp [--fiF(E - -  E e , c ) / R T ]  [4'] 

ia = io,a exp ~ ('i -- 0/)F (E -- Ee,a)/RT [5'] 

For the mixed potential theory to be applicable to 
a system, in which the above two are the partial re- 
actions which determine the open-circuit mixed po- 
tential Em and the corresponding current i~, the fol- 
lowing conditions should be satisfied 

= +a = +"* [6] 
and 

E = Em [7] 

The applicability of the mixed potential model can be 
tested by two methods. 

Method I: Calculation of E"* and /. , .--Combining Eq. 
[4'] and [5'] to get Em and /~  

E., = (~a + ~c) F L. ,a 

a% ~ a  
+ Ee,c + Ee, a [8] 

aa + ~ aa + ao 
and 

n'e ~m 

exp 
Ga 

where 
(1 - -  7 ) I  

1--77~ 

" ] 
- - "  RT Ee,eell  [ 9 ]  

and 

[ 01ogi"* ] _ b. 
01ogPo~ x-,~H ba + ]bc] 

{ 1 + [  0 l~ (0c/0a) ] 
O log Poz x- ,~H 

} 01o 0  ] 
0 log Poz . 

[ 0 l~ kc~ ] [11] 
+ 01ogPo2 x-,~H 

and 
Ee,celt ---- Ee.c -- Ee,a 

By knowing io.a and io.c values in the mixture (from 
Fig. 3-6), Em a n d / ~  can be calculated, since ac a n d - a  
are known. These calculated values of Em and im Can 
be compared with experimentally obtained values in 
the mixture. 

The degree of agreement is high, as shown in Table 
V. 
Method 2: Test of di~erentials.--Equating Eq. [4] and 
[5], we get 

[ OEm ] -- --ba]bc[ 
0 logPo2 x-,pH ba + [bct 

{ 1 + [ 01~ (8J. 0a) ] 

O log po~ x-,pn 

[ 81~176176 ] } [10] 
+ O log Po9 x-,pH 
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Table V. A comparison of experimental and calculated Em and im 

Em V im X I0 e A cm ''~ 

Experi- Calcu- Expe~i- Calcu- 
Systems mental lated mental  lated 

(A) p%=land 
Cx~,x = I0-~ 0.17 0.10 9,00 7,20 

(B) p%= land 

CKZX = 10-8 0.19 0.19 7.30 7.80 
(C) pos = 0.33 and 
CKZX = 10-s O.10 0.08 2.20 1.40 

(D) p% = 0.33 and 
CKEX ~ i0 -~ 0,18 0.17 3.30 2.40 

As a "zeroeth" approximat ion ,  le t  it  be assumed tha t  
the  pressure  te rms in the  paren theses  are  zero. A com- 
par i son  of the  ca lcula ted  values  wi th  the expe r imen ta l  
values  is then as Iol lows (Table  VI) .  

The resul t s  of Table  VI show poor  consistency be-  
tween  fact  and model.  In  reconsider ing Eq. [10] and 
[11], i t  .seems reasonable  to continue to accept  a 
negl ig ib le  var ia t ion  of ra te  constant  wi th  pressure ,  but  
to admi t  tha t  the re la t ive  occupancy of cathodic and 
anodic si tes (0c/0a) m a y  depend  upon oxygen  pressure.  
One can then ca lcula te  the  change of ~c/0a caused by  
a change of oxygen  pressure  ( the assumpt ion is that  
the  discrepancies  of Tabld VI are  due en t i re ly  to this  
va r i a t ion ) .  

Consider ing the sys tem ( A ) / ( C ) ,  one finds, thus, the  
value  of 1.3 for  

[ ~ l ~  1 

~ 2  J x--,pH 

i.e., a change of 1O t imes in Po2 causes a change of 19.9 
t imes  in in. F r o m  Eq. [4] and the values of Table  VI 

(ic)~o2 : 1 (0c)P02 : 1 
- -  10 

(ic)pos : 0.1 (0c)po2 = 0.1 

e x p [  - #F (0"150) ] 
RT 

where  0.150 is the corresponding change of the  mixed  
potent ia l .  Hence 

(0~)~os = 1 
,-~ 677 [12] 

(Sc)~o2 : 0.1 

S imi l a r  reasoning,  appl ied  to the  anodic  reaction,  
shows tha t  

(0a)PO2 -- 1 
= 0.53 [13] 

(#a)po~ : O.l 

The sum of #c and 0a at  each pressure  m a y  be taken  
as un i ty  for each pressure,  respect ively .  The resul t ing  
two equations,  together  wi th  Eq. [12] and [13], y ie ld  
the  values  of Table  VII.  The same approach  can be 
appl ied  to the  sys tems (B) / (D) .  

The large change is not irrational in view of the attractive in- 
teraction between xanthate and radicals from oxygen reduction 
(see F~g. 3 and Fig. 5). 

Table VI. Experimental and calculated coefficients (with the 
assumption of cathodic/anodic area ratio independent of 02 

pressure) 

Systems (A)/(C) 
(i.e., at a constant 
CK~X = lO-SM) 

Sysiems (B) / (D) 
(i.e., ~.t a constant 

CKBX = IO'~M) 

Experi- Calcu- Experi.  Calcu- 
mental  fated mental lated 

~g,~ ] 
0.150 0.044 0.002 0.048 

a l o g p o  e x - , ~  
V deeade-~ 

[ ~ log 'm ] 1.308 0.500 0.700 0.500 
a log po s -' x-, ~ 

Table VII. Calculation of degree of occupancy of FeS~ surface 
with cathodic and anodic sites 

p% = 0.1 :' pe a : 1 

0, 0, 0, #~ 

Systems ( A ) / (C) 0.013 0.990 0.480 0.520 
Systems (B) / (D) 0.890 0.110 0.460 0.540 

I t  can be seen (Table  VII)  tha t  the  mode l  used 
(mixed  poten t ia l  hypothesis ;  negl ig ib le  pressure  depen-  
dence of ra te  constant  but  pressure  dependence  of ca th -  
od ic /anodic  site ra t io)  gives a~ reasonable  o rde r  of 
changes for the system ( A ) / ( C ) ,  in which K E X  is a t  
10-zM and the oxygen pressure  varies  by  ten  t imes.  
However ,  for the  sys tems ( B ) / ( D )  (KEX = 10-3M),  
the resul ts  a re  unfavorable ,  0c decreas ing anomalous ly  
wi th  increase  of oxygen  pressure .  I t  is possible tha t  
this  d iscrepancy arises because, in the systems ( B ) /  
(D) ,  there  is a compet ing oxida t ion  of the  subst ra te .  
Some evidence for  this can be seen by  the increased 
deviat ion ( f rom Tafel  re la t ion)  of the i -V curves  in 
Fig. 4 and 6. 

Galena 
The Os reduct ion  on PbS  wil l  be assumed to occur 

th rough  a mechanism s imi lar  to tha t  on FeSs. The only  
evidence avai lab le  is tha t  --be on PbS  has  the same 
s lope as on FeS2, i.e., 120 mV decade-1 .  

The high ba va lue  (>240 mV) observed for xan tha te  
oxidat ion  on PbS  can  be expla ined  in te rms of the  
anodic mechanism 4 (Table  IV) is opera t ive  on PbS  
(solvent  d i sp lacement  mechanism)  wi th  the  s tep I I  as 
the  rds, and the in te rmedia te  fol lowing a Langmui r  ad -  
sorpt ion i so therm wi th  8 -> 1. At  more  posi t ive po ten -  
t ia ls  (see Fig. 7), the  slope changes to one of 40 mV 
and this would  be consistent  wi th  mechanism 4, a l -  
though step I I I  would n o w  be the rds. 

The decrease of the  xan tha te  oxida t ion  ra te  ob-  
served  at  higer  potent ia ls  (Fig. 7) indicates  that  t h e  
surface compound fo rmed  on P b S  in the presence of 
KEX is chemical ly  different  f rom that  on FeSs, where  
the cur ren t  increases cont inuously  wi th  potent ial .  In 
the  case of PbS,  i t  is possible tha t  s tep I I I  of the  m e c h a -  
n ism 4 (Table IV) m a y  be the rds, as long as the  
sur face  coverage of X2ads is small .  Wi th  increase  in 
0x2,a~, there  is a poss ib i l i ty  tha t  X2ads is conver ted  to 
surface  compounds such as lead  e thyl  xan tha te  and e le-  
menta l  su l fur  (17), which can inhibi t  the  fu r the r  e lec-  
t ron t ransfe r  reac t ion  at  the  interface.  

Coming to the mixed  poten t ia l  model,  as appl icable  
to PbS  in the  mix tu re  of O~ and K E X  (Fig. 8), the  e x -  
pe r imenta l  values of Em and im [--0.065V (NHE) and 
1.6 • 10-7A cm - s ]  are  in good agreement  wi th  the  ca l -  
culated values f rom Eq. [8] and [9] [--0.078V (NHE) 
and 1.35 • 10-7A cm-~] .  

Comparlsan ef the Belmvlar at FeS2 and Pb$ 
02 reduction.--The io.c va lues  for 02 reduct ion  a t  

Po2 = 1, of 4.6 ___ 0.3 • 10 -12 A cm -2  and 2.8 _ 0.3 • 
10 -12 A cm-2  at  FeS2 and PbS  electrodes,  respect ively ,  
indicate  a h igher  cata lyt ic  ac t iv i ty  of FeS2 for  this  
reaction.  This is in accordance .wi th  studies (46, 47) on 
e lec t roca ta ly t ic  reduct ion wi th  thiospinels  of the  t r a n -  
si t ion elements.  

Both FeS2 and PbS are  semiconductors  (see Ex-  
pe r imen ta l  sect ion) .  A value  of 0.5 for the  t ransfe r  co- 
efficient (,~) for the  Oe reduct ion  at  both  FeS2 and PbS  
indicates  the  absence of a Scho t tky  ba r r i e r  wi th in  t h e  
sulfides (48) and tha t  the semiconductor -so lu t ion  i n -  
t e r p h a s e  proper t ies  p redomina te  over  the  semicon-  
duc tor  proper t ies .  Surface  s tates  a re  ev iden t ly  p r e s e n t .  

Xanthate oxidation.--FeS2 shows a h ighe r  io.a value  
for  xan tha te  oxida t ion  (1 • 10-6A cm -2 for  Cxzx = 
10-2M) than  P b S  (2.4 X 10-7A c m - S ) .  These values  
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differ by too small a degree to justify significant theo- 
retical interpretation. 

The consistence found with a Temkin isotherm for 
xanthate oxidation of FeSz (but Langmuir for PbS) 
may be related to the Fe-Fe distance (3.82A) compared 
with the Pb-Pb distance in PbS (4.18A). The adsorbed 
organics are probably orthogonal to the electrode sur- 
face (see Xanthate oxidation section, above), and may 
adsorb on the metal sites (49). The lateral interaction 
between the same organic molecules apart at these 
two distances would be in a ratio of around 1.5:1 (FeS~ 
to PbS). 

Mixture o 5 0 z  and KEX.--The oxidized xanthate 
present on the surface accelerates 02 reduction of FeS2; 
it inhibits it on PbS. This is in accordance with the 
literature that the hydrophobic species that forms on 
FeS2 is different from that on PbS (~14, 16, 17). 

Conclusions 
1. The mechanism of O2 reduction on both FeS2 and 

PbS involves the rds of O2H+ads + e --> OeH~ds. H~O2 
is an intermediate. 

2. The mechanism of the oxidation of xanthate oc- 
curs through a solvent displacement mechanism. The 
rds is the desorption of dixanthogen for FeS2; and 
Xads ~- X-- --> X2ads ~- e f o r  P b S .  

3. The mixed potential theory is consistent with the 
measured electrode kinetics with respect to the com- 
parison of Em and im values. The measured differential 
coefficients [OEm/O log PO2]x-.pH and [0 log im/O log 
PO2]x-,pH are, however, different from the values pre- 
dicted by the simple model, in which the cathodic to 
anodic area ratio (er is assumed independent of 02 
partial pressure. By considering the variation of ec/0a 
with 02 partial pressure, s it is possible to bring 
a consistency between the theory and experiment, in 
systems containing high concentrations of KEX in 
solution. When KEX concentration is low, theory and 
experiment are not in good agreement. This may be 
due to partial oxidation of the substrate. 

4. Within this situation, the mixed potential theory 
is consistent with the available data. 
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s T he  or igin  of such a va r ia t ion  m a y  ar ise  f r o m  reac t ion  of the  
adso rbed  x a n t h a t e  i n t e r m e d i a t e  and  a possible peroxide .  En- 
h a n c e m e n t  of t he  oxygen  k ine t ics  could come as a r e su l t  of 
bubble  adhesion.  
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Use of the Junction Between Two Solid Electrolytes for the 
Potentiometric Measurement of Gaseous Oxides 

A. B~langer,* M. Gauthier,* and D. Fauteux* 

Institut de recherche d'Hydro-Qu~bec, Varennes, Quebec, JOL 2PO, Canada 

ABSTRACT 

The contact between two solid electrolytes such as a stabilized zirconia and potassium sulfate can be used to measure  
the activity of volatile oxides, SO2 or SO~ for instance. On this basis, a new type of sensor has been designed which produces 
stable voltages logari thmically dependent  on the concentration of the gas to be measured.  This principle was extended to 
the measurement  of other gaseous oxides, namely carbon oxides, using K2CO~ as the electrolyte. The range of these sensors 
covers a few parts per  mill ion to several thousand parts per  million and their  operating temperature  varies from 600 ~ to 
900~ 

The las t  years  have wi tnessed many  publ ica t ions  on 
the appl ica t ion  of  solid e lect rolytes  for  ana ly t ica l  p u r -  
poses, the  best  known being the oxygen  sensor  in 
which a s tabi l ized  zirconia is used as the e lec t ro ly te  
(1, 2). More recent ly ,  the  opera t ing  pr inc ip le  of  the 
oxygen  sensor has been appl ied  to o ther  types  of po-  
ten t iomet r ic  devices,  especia l ly  for the  measuremen t  
of gases conta ining halogen and volat i le  oxides (3, 4). 
In  the  l a t t e r  category,  a new type  of so l id -e lec t ro ly te  
sensor  has  been developed and pa t en ted  at  IREQ for 
measur ing  the ac t iv i ty  of gaseous oxides in a i r  or  in 
combust ion gases; i t  has proven  pa r t i cu l a r ly  su i tab le  for  
measur ing  carbon and su l fur  oxides  (3-5).  In  these ap -  
plications,  the solid e lec t ro ly te  contains  an a lka l ine  
or a lka l ine  ea r th  sa l t  of the  oxyanion  cor responding  to 
the  oxide whose ac t iv i ty  is to be measured.  For  SOS 
and SOs, potass ium sulfate  is used for example ,  whereas  
for CO and CO2 the e lec t ro ly te  wi l l  consist bas ica l ly  of 
K~COs. In  the  case of the  su l fur  oxide  sensors,  the  
e lec t rode  reac t ion  m a y  be  wr i t t en  as fol lows (6) 

SOs(g)  + V~O~(g) + 2 e - ~ S O ~ - ( s )  [1] 

In  the  sul fur  oxide  sensor,  the  me ta l  e lect rodes  are  
comprised  of p l a t inum or gold, according to whe the r  
the  to ta l  sul fur  content  is to be measured  or  jus t  the  
SOs wi thout  modi fy ing  the gas phase equ i l ib r ium (7, 8). 

The deve lopment  of the  new sensor  involved  s tudy -  
ing different  types  of re ference  electrodes,  of which the 
most impor t an t  so far  as su l fur  oxides  axe concerned 
are  (i) gas re ference  e lect rodes  based on ci rculat ion of 
a known mix tu re  of SO2 and ai r  (6), (ii) gas reference  
electrodes ob ta ined  by  the the rmal  decomposi t ion of a 
sul fa te  (7),  (iii) A g / A g  + type  of re ference  e lec t rode  
[1% Ag2SO4 added  to the K2SO4 of the e lect rode (6)] ,  
and (iv) zirconia reference  e lec t rodes  where  two solid 
e lec t ro ly tes  are  brought  into contact,  one containing the 
oxyanion  of the oxide to b e  measured,  e.g., K2SO4, the  
o ther  being s tabi l ized zirconia (7). 

The s tabi l ized zirconia re ference  e lect rode enters  
into the fol lowing e lec t rochemical  chain 

Pt, SO8 (g) ,  O~ (g)/K~SO4//ZrO~-Y20~/O~ (g) ,  P t  

measu remen t  a tmosphere  zirconia  reference  
sys tem 

�9 Electrochemical Society Active Member. 

During  the development ,  the  s tabi l ized  zirconia  re fer -  
ence  was found to be far  less s table  than  the  o ther  
three,  despi te  its prac t ica l  advantages .  Fo r  example ,  if 
used discont inuously  o n  a da i ly  basis, the  cell  EMF m a y  
va ry  b y  severa l  tens of mi l l ivol ts  for no appa ren t  r ea -  
son. The na tu re  of the  a tmosphere  su r round ing  the 
z i rconia-sul fa te  junct ion  had  a considerable  influence 
on the EMF stabil i ty.  This was eas i ly  solved b y  seal ing 
the z i rconia-su l fa te  junct ion  wi th  a sui table  ceramic 
product ,  whereupon  the re ference  s ignal  became far 
more  s table  (7). 

The foregoing observat ions  led to a s tudy  of  the  
mechanism involved in  the influence of the  junct ion  
a tmosphere  on the signal.  The first s tep in this  s tudy  
was to examine  the equi l ibr ia  at  the t r ip le  junct ion  
be tween  the solid sulfate,  the s tabi l ized zirconia, and 
the gas phase 

2 -  2 -  

so4 (s) o (s) 

(K2SO ~) (stabillzed zlrconia) 

A first t r ea tmen t  of these equ i l ib r ia  and some p re -  
l im ina ry  resul ts  were  presented  recen t ly  (9, 10). For  
these studies,  an expe r imen ta l  device was des igned 
which would  opt imize the contact  be tween  the gas  
phase and the e lec t ro ly te  junc t ion  by  means  of a v e r y  
smal l  z i rconia  t ip s l igh t ly  embedded  in the  K2SO4 (or 
K.2CO~) electrolyte .  The device comprises three  to ta l ly  
independen t  a tmospheres ,  so tha t  the  junc t ion  a tmo-  
sphere  can be changed wi thout  modi fy ing  the other  
two (see Expe r imen ta l ) .  

The aim of this paper  is to discuss the  mechanism 
opera t ing  at  these junct ions  and to p resen t  de ta i l ed  
expe r imen ta l  resul ts  which demons t ra te  the  poten t ia l  
in teres t  of the  t r ip le  junct ion  for ana ly t ica l  purposes,  
especia l ly  for  moni tor ing  t race gaseous const i tuents  
such as SO2, SO3, CO, and CO~. Elec t ro ly t ic  junct ion 
sensors are  the  p roduc t  of technologies ve ry  s imi la r  to 
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those employed for detectors with metallic electrodes. 
A detailed insight into the different models and the 
variety of measuring instruments that exist may be 
gained from the l i terature (3-7), so that only the sec- 
tion of the sensor where the various electrochemical 
equilibria are established will be described here (see 
Fig. 1 and 2a). 

Experimental  Mater ia ls  and Procedures 
The techniques used for the preparation of the gas 

mixtures and of the electrolytes, as well as the ex- 
perimental  setups, were reported in previous papers 
(4, 5, 7). Briefly, three similar setups were used, as 
schematized in Fig. 2. The three-atmosphere sulfur 
oxide sensor (Fig. 2a) comprises an airtight alumina 
crucible containing a mixture of powdered MgSO4 and 
MgO which determines the part ia l  pressures of SO~, 
SO~, and 02 in the crucible through thermal decom- 
position of MgSO~ at the temperature of measure- 
ment. For this atmosphere (referred to as S) the elec- 
trode is made of platinum. The second atmosphere (O) 
is s imilarly generated by the equilibrium between Pd, 
PdO, and O~, which are sealed inside the zirconia- 
doped (ZrO~-Y20~) oxygen minisensor (11, 12); again, 
the electrode is made of platinum. Finally, the third 
atmosphere (J) is established by circulating gas mix- 
tures of SO~: and O~ through the sensor. A platinum 
catalyst is placed in the inlet tube of the sensor to en- 
sure that the equilibrium between SO~, SO2., and O~ is 
reached. 

The two-atmosphere sulfur oxide sensor (Fig. 2b) is 
similar to that of Fig. 2a, except that the oxygen sensor 
was unsealed and the Pd-PdO mixture withdrawn so 
that the atmosphere (O) is replaced by the circulating 
atmosphere (J) ,  which serves at the reference gas. 

perforated 
ZrO~-Y20~ Pt foil ~ wtring 

Pt wire oxygen gauge .. / /  
\ with Pd-PdO ref , , ~ /  alum,no 

flow ~ ~ ~ 1  (~._...t~J'~MgmiOxtMurg: 0'~ 
direction % . . . .  ~ . . . . .  ~ . . N . ~  ~ ' /  

2-hates p;ofinum K~S04 alumina ring 
quartz tube catalyst electrolyte 

alumina ring 
ZrO2-Y20~ 

platinum mini-gouge P t ~  \ 
wire without separate w l r l n n  ~ 

reference gas ....... \ \ 

d i r e c t l o n ~  

/ z a l  / I / ~ : / /  / / / / / i / ~ /  

/ 2-holes / plahnized 
quartz tube alumina tubes K2SO. 

electrolyte 

B 
Pt wire 

~ Mg O- MgS04 
mixture 

~erf~orated 
Pt foil 

ZrO2-CaO lip fiat atumma seat gold w,re \ / 

/ ; > . . . . . . . . . . . . . .  & ' ~ " 4 / / / / / / J  

/ 4_Nholes \ 
Au wire alumina tube K2C03 electrolyte 

Fig. 2. Schematic of sulfur oxide (A) 3-compartment sensor, (B) 
sulfur oxide 2-compartment sensor, and (c) carbon oxide 2-comparto 
ment sensor. 

Fig. i. Photograph showing details of the tip of the sensing ele- 
ment of the sulfur oxide 2-compartment sensor. The components 
from top to bottom are: (1) dual-port quartz tube (~ in ~-~ 3 ram); 
(2) oxygen minigauge (r = 2 ram; I = 10 mm) and platinum 
wire (r = 0.2 mm); (3) IQS04 electrolyte pellet (r = 7 ram; 
I = 3 ram); (4) alumina spacer with platinum wire; (5) perforated 
platinum grid with platinum wire forming the electrode; and (6) 
alumina crucible containing powdered MgO and MgS04. 

For the two-atmosphere carbon oxide sensor (Fig. 2c), 
the ZrO2-Y203 oxygen minisensor was replaced by 
calcia-stabilized zirconia (ZrOz-CaO). As in Fig. 2b, 
atmosphere (O) is the same as atmosphere (J) .  The 
reference atmosphere (C) is defined by circulating a 
gas mixture consisting of a known concentration of COs 
in air. 

Results and Discussion 
General expression ~or the electromotive force 

(EMF) . - -The  electrochemical cell of the measurement 
junction may be described as (3) 

S J o 
/ / 

S03,02 K2S04 I ZrO2-Y203 I 02 (Pt) (Pt) 
I SO2 I . - ' ~ ' o 3  (g) 

The EMF resulting from this electrochemical chain 
may be expressed as follows if the electrochemical po- 
tential of the majori ty  carriers is assumed to be con- 
stant within each electrolyte 

~~ = ~Jo2- [2] 
and 

#SK+ = ~J~+ [3] 
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where the indexes O~- and K + identify the majority 
carriers while J, O, and S denote the interface. Assum- 
ing also that equilibrium is reached at the different 
interfaces, then 

at S: SO3 + V~ O~ + 2e- + 2K + l~  K2SO4 [4] 

at J: SO~ -f- 2K + + O ~- ~ K~SO4 [5] 

a tO:  O ~ + 4 e - ~ : ~ 2 0 2 -  [6] 

from which the following expressions can be derived 

~Sso s -}- ~/Z #So 2 -~ 2#SK+ -P 2~Se - - "  #SK2so 4 [7] 

/~Jso3 + 2~JK+ "{- ~z02- = #JK2SO4 [8 ]  

~~ -I- 4/~~ - = 2~~ - [9] 

The last three equations yield the difference in the 
electrochemical po~enual or the electrons 

~ -- 1 1 i 

_ = _ E - 4 - ' s ~  + E + 
[i0] 

The difference in internal electrical potential is 

i i i i 
a~ = - --~#Ssos -- -~-~Sos + ~-{ ~~ + -~- #'so~ [11] 

From which the EMF is obtained by expressing the 
chemical potential o~ the different species 

RT RT 
E : . . . . .  ~llll In pSso~ -- - -  In pSo~ 

2F 4F 

RT RT 
-}- ~ i n  p~ -t- ~ I n  Paso~ [12] 

The general expression of the cell EMF becomes 

RT Pasos (p~ '/= 
B = l n - -  [13] 

2F pSsos (pSo~.) '/= 

The sensor EMF depends only on the SOs partial 
pressure at the junction whenever the reference atmo- 
spheres (O) and. (S) are fixed; the junction then acts 
as a specific SO~ detector. Experimentally, there are 
a number of situations which can be described by Eq. 
[13]. On the one hand, for sulfur oxide references of 
the circulation or decomposition type, Fig. 2b and 2c, 
we can experimentally fix pSo= ---- 0.21 in air. On the 
other hand, when the sensor includes only two inde- 
pendent atmospheres, pOo2 can be replaced by pZo=. 
Finally, as previously shown (4), Paso~ and Paso s can 
be expressed in terms of (P~so~hn, which is the SO~ 
concentration of the gas mixture prepared at room tem- 
perature in the laboratory for circulating past the elec- 
trolytic junction (4, 6) 

P Z s o 2 t  n - -  p J s o 2  -.{-- PZso 3 [14] 

If fully catalyzed, the different species are related by 
the equilibrium constant 

PZsoz �9 (P~o~) '/= 
K = [15] 

P~soa 
of the reaction 

SO~ ~ SO~ 4- �89 O= [15a] 

On the basis of Eq. [14] and [15], Eq. [13] becomes 

(pasoDt,,+ ] . (pOoz) ~,= 
K 

1 -f (P~os) '/= 
E = [16] 

pSso s . (pSo2) V= 

For a two-atmosphere sensor, the index O merely h a s  

to be replaced by (J), since the atmosphere becomes 
common. Then 

RT RT 
E = C + ~ In (p~so,] ~ + ~ In p~o~ 

RT 
-- In [K Jr (Pao~) ] [16a] 

~F 

where C is a constant that includes the sulfate reference 
signal. This expression is identical in all aspects to the 
one derived for sensors with metallic electrodes (7). 
Relations [16] and [16a] are valid only if the gases 
reaching the junction have been suitably catalyzed to 
~espect relation [15]. 

Two-atmosphere sul]ur oxide sensor.~The variation 
in the EMF for a two-atmosphere quartz device 
sketched in Fig. 2b as a function of In Paso~ ~, is given 
in Fig. 3. These results agree with the theoretical be- 
havior predicted by Eq. [16] and [16a] for a two- 
atmosphere sensor using a reference sulfur oxide atmo- 
sphere obtained by decomposing an equimolar mixture 
of MgO and MgSOr The pSso~ value resulting from this 
decomposition reaction may be obtained from the 
literature. The decomposition equilibrium of sulfates 
has been studied using many analytical techniques. 
Mention may be made, among others, of the work by 
Marchal (14) (total pressure measurement), Dewing 
and Richardson (15) (differential thermal analysis), 
Skeaff and Espelund (16) (Po~ measurements) and, 
finally, Kellogg (17) (review article). For the purpose 
of this study, Skeaff and Espelund's data (16) were 
used because they were obtained under experimental 
conditions similar to ours and are in fairly good agree- 
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Fig. 3. EMF of a sulfur oxide 2-compartment sensor (Fig. 2b) 
plotted vs. S02/air gas mixtures circulating at the junction. These 
results show the influence of the flow rate with and without o 
catalyst at two temperatures; 7900 and 650~ ~ l id  lines show 
calculated values by Eq. [16] while the dotted lines describe the 
experimental results. 
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ment  with ours. The lat ter  authors proposed the fol- 
lowing thermodynamic  data for the decomposition of 
magnes ium suha te  according to the reaction (valid 
between 940.and 1230 K) 

MgSO4--> MgO ~- SO3 (g) [17] 

AH ~ = 69.73 kcal mo1-1 

AS ~ = 44.27 c a l K - 1  mo1-1 

These values can then be used to calculate AG ~ and, 
therefore, Pso~ in  Eq. [13J and [16] since 

[MgO]pSsoa 
Kdecomp. ---- eXP ( - - A G ~  --  --  pSso 8 [18] 

[MgSO4J 

assuming that the activities of the two pure solids equal 
unity. 

On the other hand, to calculate the equi l ibr ium con- 
s tant  K [15], the expression put  ~orward by Kellogg 
(17) was slightly modified to take account of the more 
recent results compiled by Stern and Weise (18) 

5590 
log10 K -- 8.987 1.2157 log10 T [19] 

T 

where T is in  Kelvin.  
Combining relations [18] and [19] with [16], the 

value of the EMF of a two-compar tment  sensor can 
be determined for all values of PJso2 in. The calculated 
curves are shown as continuous lines fo r  two tem- 
peratures in Fig. 3. At 790~ the curve runs through 
the exper imental  points for the entire range of PJso2 in 
for all flow rates shown, provided that the gas passes 
over a suitable catalyst mainta ined at the sensor oper-  
at ing tempera ture  before it reaches the zirconia-sul-  
fate junct ion.  For lower temperatures,  the calculated 
curve deviates from the exper imental  points even when 
the gases are circulating slowly over the catalyst, prob- 
ably because of incomplete catalysis of the reaction 
[16]. Actually, even with catalysis, the flow rate al- 
ways has a considerable influence on the signal, which 
was not the case at the higher temperature.  Catalysis 
is even more noticeably incomplete at higher concen- 
trations, so much so that  above 1000 ppm, the EMF 

reaches a m a x i m u m  and can even drop again slightly 
if the concentrat ion is fur ther  increased, which is in -  
dicative of a serious poisoning of the catalyst. 

Figure 4 i l lustrates the performance of the sulfate- 
zirconia sensor (two atmosphere device, Fig. 2b) as 
a function of the variat ion in  the oxygen content  of the 
gas circulating at the junct ion.  When Eq. [16a] was 
used to calculate the theoretical values, the curves ob- 
tained often differed from the exper imental  results. 
This behavior  is believed to result  from the difficulty 
in main ta in ing  a constant temperature  throughout  the 
sensor, par t icularIy  when one or more atmospheres are 
circulating. For this reason, it was felt that  for com- 
parat ive purposes an analytical  expression describing 
only the expected trends of the results would be 
preferable. In  Eq. [16], PJso2in and pSso3 can be con- 
si.dered constant and the relat ion becomes 

R T  R T  [ 
E = C + - ~ - - l n  (P~o~) ~ -  2---F-ln 1-~ 

K] 
(PJo2) 1/g 

[20] 
and e l iminat ing  the ,constant C 

R T  R T  
E' = ': In  pao~ - -  - In [K + (PJo~)'/'] [21] 

2F 2F 

The calculated values of the two terms in Eq. [21] are 
given in Table I at three temperatures.  Since the value 
of C in Eq. [20] is unknown,  the values of E' have no 
absolute meaning;  therefore it was del iberately de- 
cided to have the calculated and exper imental  points 
meet  at one point, at Po2 = 20.8% in air (numbers  in 
parentheses in Table I) .  For instance, at  T _-- 583~ 
and Po~ ----- 20.8%, the e~perimental  EMF is 170 inV. 
Using Eq. [21], the calculated value of E' is --35 mV. 
Since the expe r imen ta l  and calculated curves are to 
meet at Po~ ---- 20.8%, the correction will. be zero at 
this part icular  point. Thus in Fig. 4, the EMF is 170 mV 
in air. For  Po~ ---- 10.18%, E' ---- --50 mV, the correction 
will be [--50 -- ( - -35)]  = --15 mV, as in Fig. 4, at 
Po2 : 10.18% EMF ~- 170 -- 15 -- 155 mV, and so on. 

The agreement  between the calculated values of 
Fig. 4 (continuous line) and exper imenta l  points is 

Fig. 4. EMF of a sulfur oxide 
2-atmosphere sensor (Fig. 2b) 
plotted vs. oxygen content of 
the gas circulating at the junc- 
tion at different temperatures. 
The sulfur dioxide concentration 
used for each curve is shown in 
parentheses. The continuous 
lines describe the theoretical 
profile calculated from Eq. [21]. 
The dotted lines show the slope 
of RT/2F and RT/4F, respec- 
tively, at low and high po~ (see 
text). 
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Table I. Calculated data using Eq. [21] to obtain the dotted 
profiles described in Fig. 4 

Table II. Data used to calculate the expected position of the 
experimental curve in Fig. 5 by Eq. [16] 

E' (Eq. [21]) 

T = 583~ T = 650~ T = 800~ 
O= (%) (mY) (mY) (mY) 

0.56 - -  121 - -  155 - -  251  
1.13 - -  103 - - 1 3 3  - - 2 2 1  
4.8 - -  67 - -  87  - 158 
10.18 --50 --66 -126 (92) 
20.8 -35  (170) --44 (279) --97 (--20) 
48.8 --17 - - 2 5  - - 6 4  ( - - 1 1 8 )  

100.0 - 3  - 8  -37  
RT 

84.9 91.6 106.5 
2F" 
K 0.78 0,21 1.24 

general ly  satisfactory, except at extreme temperatures  
and concentrat ions Le.g., (Pso2) in  ~- 10 ppm at 800~ 
and (Pso2)in = 1000 ppm at 6o0-C] when catalysis ef- 
fects or detection limits can have an influence. This 
will  be discussed later. 

Fur thermore,  two border l ine cases exist which s im- 
plify Eq. [21], as shown by the dotted lines in Fig. 4. 
In  accordance with Eq. [21], the signal varies with a 
slope of RT/4F at low temperatures  for high Po2 (K < <  
Poz) and a slope of RT/2F at high temperatures  for low 
Po~ (K > >  Po2). These two l imit ing conditions at high 
and low Po2 are interest ing because they allow el imina-  
t ion of the signal  dependence on Pos by simple elec- 
tronic subtract ion of the EMF of a zirconia oxygen 
sensor, which is a funct ion of R T / 4 F  [see Ref. (4)].  

Three-atmosphere sulfur oxide sensor.--The results 
presented in Fig. 5 were obtained with a th ree-a tmo-  
sphere quartz a r rangement  (Fig. 2a) using the Uni -  
versity of Grenoble minisensor  (see Exper imenta l ) .  
The figure shows plots of the sensor EMF vs. (PJso2)in 
for three operat ing temperatures.  

As with the two-atmosphere  sulfur  oxide sensor, 
gas phase equi l ibr ium is not  achieved at low tempera-  
tures (SO3 favored),  par t icular ly  when the sulfur  oxide 
concentrat ion is high; this produces a clearly visible 
deviat ion in the curve. At higher temperatures,  e.g., 
780~ catraly~sis is excellent  and the curve is l inear  up 
to (PJso2)in ----- 10,000 ppm (___1%). However, the de- 
tection threshold for sulfur oxides is bet ter  at lower 
tempera ture  (0.3 ppm) whereas the sensor response 
ceases to be l inear  at 800~ for (PJso2)in ~ 10 ppm. 
The theoretical  slope of the curves in Fig. 5 was drawn 
through the mean  o f  the exper imenta l  points (con- 
t inuous l ine) .  

In  order to calculate the theoretical position of the 
curve exactly, it is essential to refer to the general  ex- 
pression of the EMF, i.e., Eq. [16], in  which the t em-  
pera ture  dependence of the two reference electrodes 

600~ 648~ 705~ 780~ 
Parameter (873 K) (921 K) (978 K) (1053 K) 

RT 
- -  (mV) 86.6 91.4 97.0 104.5 
2F 
K (atm)~/s 0.1019 0.2427 0.4324 1.0091 
Kdeo = pSsoa 1.65 x 10 -s 1.34 x 10-~ 1.24 X 10 -e 3.12 x 10 "~ 

(atm) 
(ps%)~/2 0.458 0.458 0.458 0,458 

(atm)~/= 
(p~ 2) z/'-' Pd- 

PdO (10) 2.47 x 10-~ 5.67 x 10-= 1.35 x 10 -~ 3.61 x 10-1 
(atm) ~/2 

E at (pJs%) i~ 
= i0-r atm r + 210 + 163 + 105 + 20 
(mV) 

is taken into account: pSso3 ---- f (MgO-MgSO4) and 
Po2 =- j" (Pd-PdO) .  When (PJs02)ia is equal  to 10 -4 
atm (100 ppm),  for example, the ca/culated EMF's are 
respectively 210 mV (at 600~ 105 mV (at 705~ 
and  20 mV (at 780~C). The corresponding curves are 
shown by short dotted lines in Fig. 5. The data used 
for the calculation are summarized in Table II. 

Considering all exper imental  errors and, in par t icu-  
lar, the inevi table  tempera ture  gradient  inside the 
sensor, the agreement  between calculated and experi -  
menta l  curves may  be considered satisfactory. In  fact, 
a tempera ture  difference of 20~ between the measured 
temperature  and the crucible temperature  can account 
for a 20 mV shift in the exper imental  EMF (•  ~_ 
1 mV/~ while an equivalent  temperature  difference 
between the measured temperature  and that of the 
p la t inum catalyst at the inlet  can be responsible for 
an addit ional  6 mV shift in the EMF (AE/At ~_ 0.3 
mY/~ C). 

Figure 6 shows the dependence of the signal of the 
three-atmosphere  sensor on the oxygen content  of the 
gas circulating at the junction.  Again the exper imenta l  
curves show very good agreement  with the calculated 
values. In  fact, the Po2 dependence of Eq. [16] can be 
expressed very s imply if (PJso2)in,  (pOo2)1/= pSso3, and 
pSo 2 are constants. Thus, the following equation is ob-  
tained 

E " - -  In 1-~ [22] 
2F (PJo2) '/= 

o r  

R T  R T  
E" : .... In  [K -]- (PJo2) V=] - - .  In (P$02) ~ [23] 

2F 2F 

The la t ter  expression shows that  the EMF of the sen-  
sor will be independent  of Po2 when the temperature  is 
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Fig. 5. EMF of sulfur oxide 3- 
comportment sensor (Fig. 2a) 
plotted vs. S02 concentration in 
air for three temperatures. The 
dotted lines describe the experi- 
mental performance of the 
sensors compared to theoretical 
prediction (continuous line). 
Short dotted lines indicate the 
calculated position of the curves 
using Eq. [16] (see text). 
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150 

t00 Fig. 6. EMF of sulfur oxide 3- 
compartment sensor (Fig. 2a) 
plotted vs. po~ of the gas cir- 
culating at the junction. The 
results were obtained at three ~ 50  
temperatures: 595~ (10 ppm), :~ 
7050 C(100 ppm), and 780~ ~" 
(1000 ppm). The sulfur dioxide 
concentration used for each uJ 0 
curve is shown in parentheses. 
The continuous line describes 
the calculated behavlor of the 
EMF. At low concentrations, the 
three dotted lines correspond to -,50 
the RT/4F values predicted by 
relation 123] at low pog. 

-1oo 
O. ~ 
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- 

Oxygen concentration in Nitroqen (%1 

low at high levels of p302; ill other words, for K < <  
(P J02)v2. On the other hand, at high temperatures  and 
low P J02, the slope of the ,curve E vs. In P J02 will be 
RT/4F, i.e., when K > >  (PJ02) 1/2. This dependence of 
the signal on P02 is summarized in Table III. For easier 
comparison of the results, the calculated curve was 
made to fit the exper imental  values for PJo~ : 0.21 a tm 
(continuous line in Fig. 6). The general  agreement  be-  
tween the two curves may be considered quite satis- 
factory considering the inevi table  catalysis and ther-  
mal -grad ien t  problems encountered with this type of 
device. 

Interference study.--Finally in this study, an at tempt 
was made to determine the sensi t ivi ty of this type of 
sensor to the presence of other gases norm.ally found 
in stack effluents. A two-atmosphere sulfur  oxide sen- 
sor was used for these tests. The results may be found 
in Table IV. 

These results appear to confirm that  sulfate-stabil ized 
zirconia junct ions are v i r tua l ly  insensitive to the pres-  

Table !11. Calculated data from Eq. [23] to obtain the 
theoretical profile described in Fig. 6 

E" (Eq. [23]) 

po s in T = 595~ T = 705~ T = 780~ 

nitrogen (%) (mY) (mV) (mY) 

0.032 -69  -136 --184 
~062 -59 -132 --169 
0.58 -30  -80  - - I21 
1,13 - 2 4  -68  --107 
1.2 --23 -67  --105 
4.8 --13 --46 --78 
6.0 --12 --45 --77 

10.18 --10 --36 --65 
20.8 --7 --28 --53 
48.8 --5 - 2 0  --41 

100.0 - 3  --15 --32 
RT 
-- (mV) 43.1 48.6 52.2 
4F 
K ( arm ) 1~ 0.094 0.432 1.61 

Table |V. Sensitivity of the sulfur oxide sensor to some other 
gaseous species 

I0, I00, or + 1,000 ppm no influence 
1000 ppm SO~-air NO2 

I0, 100, or I000 + 10% COJ no influence 
ppm SO~-air 

100 ppm + 100 ppm no influence 
SOs-air HCI (after 10 min) 

ence of interferants ,  as already shown for sulfur  oxide 
sensors with metal l ic  electrodes (4). 

Two-atmosphere carbon oxide sensors.--The follow- 
ing test (Fig. 7) was performed on a setup adapted 
for use with a reference electrode obtained by circulat-  
ing a known concentrat ion of CO2 in air  (Fig. 2c). The 
sensor consists of an a lumina  cyl inder  comprising two 
pairs of tubes that  serve as gas inlets and outlets. The 
pointed zirconia rod is located at the outlet  of one of 
the pairs. The first tests were performed using the 
ZrO2-Y203 minisensor,  as in the case of the sulfur  ox- 
ides but, it was soon realized that  this mater ial  was 
being chemically attacked by the K2C0~ pellet, making  
the EMF very unstable.  This problem was solved by 
replacing the y t t r ia -doped zirconia by calcia-doped 
zirconia. For similar reasons, the p la t inum electrodes 
in contact with the K2CO3 electrolyte had to be re- 
placed by gold. 

The expression for this sensor EMF is s imilar  to the 
one used for sulfur oxides except that  the gaseous 
species detected, in this case CO2, is the same as the 
one used to prepare the gas mixture  at room tempera-  
ture. Fur thermore,  at the sensor operat ing tempera-  
ture, the thermodvnamic  equi l ibr ium between CO, 
CO2, and 02 is total ly shifted towards CO2 (Keq ~-~ 1010 
in  air  at 700~ For these two reasons, it is unneces-  
sary to use the notat ion (PJco2)~n as in the case of SO2. 
The electrochemical cell describing the carbon oxide 
sensor is 

C J 0 

The half-react ion corresponding to the carbon oxide 
electrode is 

CO2 + ~ O2 + 2e-  ~ CO~2- [23] 

which yields the expression for the EMF of a two- 
atmosphere sensor 

RT In PZc~ ' (P~176 '~ 
E = [24] 

2F pCco2 �9 (pCo2) ~', 

where (C) refers to the carbonate reference interface. 
In  Eq. [24] the indexes (O) and (J) are the same since 
they correspond to a common atmosphere. 

As i l lustrated in Fig. 7, the plot of the potential  vs. 
the log of the concentrat ion of the gaseous oxide cir- 
culat ing at the junct ion  produces straight l ines with 
slopes of RT/2F as a funct ion of in  Pco2 and RT/4.F as 
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Fig. 7. EMF of o carbon oxide 
2-compartment sensor (Fig. 2c) 
plotted vs. COs concentration in 
air (lower curve) and vs. Po~ 
when the carbon oxide content 
(PJco2)in is constant (upper 
curve). 

a funct ion of in  pao 2. The calculated slopes appear as 
the continuous lines in the same figure. Curve E vs. in 
PJco2, as expected, crosses zero when the atmosphere 
circulating at  the junct ion and in the carbonate  refer-  
ence compar tment  is the same. Contrary to the sulfur  
oxide sensor, in which one or two reference atmo- 
spheres, namely  (S) and (O), are established by ther-  
mal  decomposition of solid powder mixtures,  carbon 
oxide sensors have a single reference atmosphere (C) 
which is obtained by circulating a gas mix ture  of a 
known composition of COs in air. As ment ioned earlier, 
at the sensor opez~ating temperature,  the thermody-  
namic  equi l ibr ium shifts towards COs, and the kinetics 
of the g.as-phase reaction are sufficiently rapid, making 
the use of a catalyst unnecessary.  Fur thermore ,  in the 
design of the carbon oxide sensor, the reference atmo- 
sphere (C) and the junct ion  atmosphere (J) are so 
close to each other that  l i t t le thermal  gradient  could 
exist. This is not t rue for the sulfur  oxide sensor, for 
which the theoretical values of the EMF calculated 
by Eq. [16] and the exper imental  values have to be 
corrected to take into account the effect of thermal  
gradients (see Fig. 5). For  the carbon oxide sensor, 
since there are no thermal  gradients, the e~per imental  
and theoretical values o~ the EMF are close, which 
el iminates the need for any  correction term. 

At concentrat ions below 500 ppm, the same curve 
shows a deviat ion corresponding to a lower detection 
threshold, apparent ly  characteristic of the electrolyte, 
in  this case K2CO3 (19). The lower detection level 
could be associated with the dissociation of CO3 s -  to 
give K20 and CO2, a process which can be quite im-  
portant,  especially if the solubil i ty of the K20 in 
K2COz is high. The detection threshold always increases 
with the temperature :  in the case of K2SO4, for ex-  
ample, the deviat ion starts at ~10  ppm at 800~ 
whereas at 600~ the curve is still l inear  at concentra-  
tions :as low as 0.3 ppm (see Fig. 5). It  is also wor th-  
while ment ion ing  that  the lower detection level is of 
the same order of magni tude  for gaseous oxide sensors 
using metall ic electrodes. It  may  thus be concluded 

that  this phenomenon is not  related to part ial  solu- 
bi l i ty of the zirconium oxides in K2CO3 or in I~SO4. 

The study of the sensor with a carbonate-zirconia 
junct ion  was completed by examining the device re-  
sponse for mixtures  of combustible gases and /or  in te r -  
ferants in ,air. These results, listed in Table V, are 
expressed in terms of deviations from the response of 
the sensor to a gas mixture  containing 1000 ppm of 
CO2 in air. Because complete oxidation of most gases 
is reached in those tests, the value of +29 mV for C2H4 
is not surprising, since two molecules of CO2 are 
formed for each C2H4 that enters  the sensor. In  the 
case of CH4, the device would need to incorporate a 
catalyst in the inlet  port to reach total oxidation of 
the molecule, especially at high flow rates. 

Conclusion 
The results obtained from various tests on a sensor 

with an electrolytic junct ion demonstrate  advantages 
for analyzing gaseous effluents containing sulfur  or 
carbon oxides, especially for stack monitoring.  Its 
operat ing principle is the same as that  of a gaseous- 
oxide sensor using metall ic electrodes; in part icular ,  in 
the case of the two-atmosphere sensor, the EMF ex- 
pression is identical to that  of an equivalent  sensor 
with metall ic electrodes. 

Table V. The effect of some gases on the signal of the carbon 
oxide sensor 

A EMF's at different flow rates 
(reference atm: 1000 ppm COa in air) 

1 c m a / m i n  10 e m ~ / m i n  50 cmS/mln 
Gas  m i x t u r e  ( m V )  ( m V )  ( m V )  

1000 p p m  CH4-air -- 5 -- 15 --39 
10@@ p p m  C~-I~- + 29 + 29 + 25 

a i r  
1009 p p m  CO-air  0 0 + 3 
1000 p p m  CO~/a i r  - -  - -  

+ 10% H~O ( a f t e r  5 ra in )  
lOOO p p m  CO~/a i r  ~ ~ 

+ 10 p p m  HC!  ( a f t e r  5 r a in )  
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Both types of sensor produce a stable potentiometric 
signal that can be measured with a modicum of elec- 
tronic equipment. When the gases are not catalyzed, 
the sulfur oxide sensor can act as a SOs-specific sen- 
sor; otherwise, the total sulfur content is measured. 
For continuous use on a long-term basis, particularly 
at high SO2 values, junction-type devices will probably 
have a better lifespan because they do not comprise 
metallic electrodes, which are susceptible to aging and 
can consequently induce malfunctions of the probe. 

The EMF of the sensor is sometimes independent of 
Po2 at the junction (Eq. [13]), or the dependence on 
Po2 can be eliminated through a signal compensation 
device. This is easily achieved by attaching a metalli'c 
electrode to the minisensor of a three-atmosphere sen- 
sor and subtracting the signal from this complementary 
oxygen sensor electronically from the sulfur oxide 
signal (4), thus obtaining an oxygen-independent sig- 
nal. In this particular case though, care should be 
taken in the choice of the complementary metallic 
electrode to minimize aging problems associated with 
the aggressive conditions normally encountered in 
chimney stacks. 
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Ion Transport in the Polymer Electrolytes Formed Between 
Poly(ethylene succinate) and Lithium Tetrafluoroborate 

R. Dupon,* B. L. Papke, M. A. Ratner, and D. F. Shriver* 

Department of Chemistry and Materials Research Center, Northwestern University, Evanston, Illinois 60201 

ABSTRACT 

Solid electrolyte complexes of poly(ethylene succinate), PESo, and LiBF4 were prepared by heating the salt with the 
molten polymer. The complexes were completely amorphous over the concentration range 1:1 to 3:1 polymer repeat 
units: metal cation. At salt concentrations above the 1:1 composition, a salt phase was present, and at salt concentrations less 
than 3:1, free crystalline polymer was observed. Within the 1:1 to 3:1 concentration range, increasing salt concentration was 
accompanied by decreasing conductivity, and increasing glass transition temperatures.-This behavior is discussed in terms 
of free-volume theory, with dynamical corrections. 

Recent studies reveal an interesting and potentially 
useful class of solid polymer electrolytes formed by the 
interaction of polyethers with alkali metal salts (1-3). 
The formation of these polymer salt complexes appears 
to be facilitated by a high concentration of polar groups 
in the polymer, high polymer chain flexibility which 
permits polymer reorientation for the effective sol- 

ration of a salt, small lattice energy for the salt, and 
low cohesive energy density of the polymer (4). With 
these ideas in mind, we have studi~:l the interaction of 
poly (ethylene succinate),/,  with alkali 

O O 
II II 

(O-- (CH2) 20- -C- -  (CH2) 2C--) n (I) 

* Electrochemical Socir Active Member. metal salts. This host polymer has the requisite high 
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concentra t ion of po la r  groups and judging  f rom the 
r e l a t ive ly  low glass t rans i t ion  tempera ture ,  's ( - - I ~  
the po lymer  chain is f a i r ly  flexible. Also the value  of Tg 
and mechanica l  p roper t ies  suggest  that  the  cohesive en-  
e rgy  dens i ty  is low. 

We repor t  here  the first p repara t ion  and charac te r iza-  
t ion of the po lymer  salt  complexes  formed be tween  
PESc and a lka l i  meta l  salts, along with  informat ion  on 
the e lect r ica l  p roper t ies  of these mater ia ls .  A very  
br ief  p r e l i m i n a r y  descr ip t ion  of this sys tem has ap -  
peared  (3). 

Experimental  
Poly  (e thylene  su.cci~ate) (Aldr ich)  was dissolved in 

chloroform, filtered, p rec ip i ta ted  wi th  hexane,  air  dried,  
and then dr ied  under  high vacuum. Reagent  grade 
LiBF4 (Pfal tz  and Bauer)  was dr ied  by  hea t ing  under  
vacuum at 125~C for 12h. In f ra red  spec t ra  were  used to 
check for  the  presence of wate r  in the purif ied salt ,  
po lymer ,  and  po lymer  electrolytes .  Only anhydrous  
mate r ia l s  were  used for e lec t r ica l  measurements .  S t a r t -  
ing mate r ia l s  and complexes  were  man ipu la ted  in a ni-  
t rogen-f i l led  glove box or a i r - f r ee  appara tus .  Poly  (e th-  
y lene succinate)  �9 LiBF4 complexes were  p repa red  by  
heat ing above  the po lymer  mel t ing  point  on in t imate ly  
ground  s toichiometr ic  mix tures  of anhydrous  po lymer  
and sal t  contained in a Teflon dish. Tempera tu res  on 
the order  of  125~ were  typ ica l ly  used. The samples  
were  then cooled s lowly  over  a per iod of 2h. 

In f r a red  spec t ra  were  recorded using a Pe rk in -  
E lmer  399 gra t ing  in f ra red  spec t rophotometer  for sam-  
ples in the fol lowing form: LiBF4 as a Nujol  mul l  and 
PESc as a cast film from chloroform solution. The IR 
spec t ra  of pure  PESc were  obta ined using the cast sam-  
ple  contained in an evacuable  cell  and P E S c .  LiBF4 
complexes  as hea t -p ressed  films be tween  KBr  plates.  

The pure  po lymer  and the respect ive  complexes be-  
tween  sealed glass plates  were  examined  at 12.5 power  
magnificat ion using a Lei tz  Wetz lar  polar iz ing micro-  
scope equipped wi th  a Met t le r  FP52 hot  stage. The 
hea t ing  ra te  was typ ica l ly  10~ 

Different ial  scanning ca lo r imet ry  measurements  were  
pe r fo rmed  on samples  sealed in P e r k i n - E l m e r  a lumi -  
num volat i le  sample  pans using a P e r k i n - E l m e r  DSC-2 
ins t rument  equipped wi th  a l iquid n i t rogen cooling 
system. A dry  he l ium a tmosphere  was main ta ined  over  
the sample  chamber ,  and t rans i t ion  t empera tu res  were  
obta ined  by  ex t rapo la t ion  of a plot  of observed t rans i -  
t ion t empe ra tu r e  vs. (heat ing rate)1/2 to zero heat ing 
rate.  

X - r a y  diffract ion pa t te rns  were  de te rmined  using 
CuK~ rad ia t ion  on pressed samples  pro tec ted  f rom the 
a tmosphere .  Sca t te r ing  and receiv ing slits were  ad-  
jus ted  to opt imize sample  i l luminat ion.  Sl i t  widths  
were changed at  the same 2e locations for  al l  samples  
and the scans at different  sl i t  widths  were  over lapped  
in o rder  to es t imate  re la t ive  peak  intensit ies.  

Conduct ivi t ies  were  measured  using complex admi t -  
t ance / impedance  techniques over  the  f requency range  
5 Hz to 500 kHz. Samples  were  pressed (under  an iner t  
a tmosphere)  a t  10,000 psi into 0.5 in. d iam pellets .  
Samples  which  were  r e l a t ive ly  noncompl ian t  were  
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pressed at 50 ~ Elec t r ica l  measurements  were  made  in 
a special ly  designed two-e lec t rode  K e l - F  cell, which 
pe rmi t t ed  exclusion of the a tmosphere .  Ion blocking 
p la t inum disks 0.5 in. diam, 0.005 in. thick, were  used 
as electrodes.  Var iab le  t empera tu re  measurements  were  
per formed  in a the rmos ta ted  fo rced -a i r  heat ing cham-  
ber  which was  control led  by  a Bruke r  B-ST 100/700 
t empe ra tu r e  control  unit.  Tempera tu res  were  moni -  
tored to wi th in  ~0.1~ by  an i ron-cons tan tan  the rmo-  
couple. Al l  connect in~ leads were  coaxial  cable. The 
da ta  was collected using a Hewle t t  Pa c ka rd  4800A vec-  
tor  impedance  meter ,  which is accurate  to •  unde r  
our  conditions. 

Results 
The average  molecu la r  weight  of the PESc was de-  

t e rmined  to be 1700 from the sharp mel t ing  endotherm 
of this po lymer  using the empir ica l  mel t ing  point  (Tin)- 
molecular  weight  re la t ionship  (5) 

1~Tin : 2.59 X 10 -8 ~- 0.179/M [1] 

The l imi t ing s to ichiometry  of the po ly (e thy l ene  suc-  
c ina te ) -L iBF4 c:omplex fo rmat ion  was de te rmined  by  
physical  measurements  on mate r ia l s  p r epa red  wi th  va r -  
ious po lymer  to me ta l  sal t  ratios. The x - r a y  diffract ion 
pa t te rns  of pure  polymer ,  salt ,  a n d u n r e a c t e d  mix tu res  
agreed  wel l  wi th  the publ i shed  da ta  (6, 7). In  contras t  
to the  h ighly  crys ta l l ine  pa ren t  PESc, al l  of the PESc-  
LiBF4 complexes were found to be amorphous.  Crys-  
ta l l ine  phases which were  observed in the  PESc-LiBF4 
mater ia l s  a lways  matched wi th  the pure  po lymer  or  
pure  salt. The m a x i m u m  salt  concentra t ion in the  com- 
p lex  was thus es tabl ished as one po lymer  repea t  uni t  
pe r  sa l t  fo rmula  unit,  ___10%. As judged  by  x - r a y  d i f -  
f ract ion and opt ical  microscopy,  the PESc �9 LiBF4 com- 
plexes  remain  comple te ly  amorphous  as the salt  con- 
cent ra t ion  is p rogress ive ly  decreased to a value  of 3:1 
polYmer repea t  units pe r  LiBF4. These amorphous  
mater ia l s  range from a hard  p las t ic - l ike  mate r ia l  at  
1:1 concentrat ion to compl iant  r ubbe ry  species at  3:1 
s toichiometry.  

Below sal t  concentra t ions  corresponding to the rat io  
3:1 PESc:LiBF4,  c rys ta l l ine  regions of uncomplexed  
PESc appeared.  These were  observed as spherul i tes  
when  v iewed through  the polar iz ing  microscope,  and 
the i r  iden t i ty  was confirmed by  the presence of x - r a y  
diffraction peaks at  d -~ 3.80A and 4.39A. The in f ra -  
red spec t ra  of the pure  po lyme r  (Fig. 1) showed sharp,  
wel l -def ined bands  over  the  spec t ra l  range 700-4000 
cm -1, whereas  the spec t ra  of the complexes  are  b road  
and diffuse, especia l ly  in the 1500-1000 cm -1 region,  
which is character is t ic  of amorphous  po lyes te r  sys tems 
(8) Comparison of the spec t ra  before  and a f te r  com- 
p lex  format ion  revea led  no de tec table  shifts for any  of 
the po lymer  band positions. Spec t ra  obta ined  for amor -  
phous samples  cooled to 77 K d isp layed  no significant 
improvemen t  in resolution.  Judg ing  from the publ i shed  
kinetics of crys ta l l iza t ion of po ly ( e thy l e ne  succinate)  
(7. 9-11) and various anneal ing  expe r imen t s  which we 
pe r fo rmed  on the complexes,  the amorphous  phases do 
not  ar ise  f rom supercooled glassy  PESc. 

i i I 
3500 3000 2500 20OO 

I I I 
1600 1200 BOO 

W A V E N U M B E R S  

Fig. 1. Infrared spectrum of 
PF.Sc �9 LiBF4, 2:!. 
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Table I. Comparison of glass transition temperatures and 
conductivities for PESc �9 LIBF4 complexes at various 

stoichiometries 

Ratio of Conductivity 
PESc to LiBF; T=, K at 65~ (~ cm) -z 

(Pure PESc) 272.1 
3:1 288.2 3.4 x 10 ~ 
2:1 288.4 1.8 x 10 -e 

1.5:1 9.95.8 4.9 x 10 --~ 
1:1 299.7 2.0 X 10 -',r 

The observed change in mechanica l  r ig id i ty  and in  
e lectr ical  conduc t iv i ty  (see below) over  the  1:1 to 3:1 
range p rompted  an invest igat ion of the glass t rans i t ion  
tempera tures .  The values  of Tg were  found to increase  
wi th  increas ing sal t  concentrat ion,  Table  I. The t rend  
in glass t rans i t ion  t empera tu res  thus para l le l s  qua l i t a -  
t ive changes in mechanica l  proper t ies .  

Complex  admi t t ance  plots of the  conduct iv i ty  re -  
sponse in these systems, using ion-b locking  electrodes,  
were  consistent  wi th  a model  equiva lent  circuit  con- 
ta ining a capaci tance (geometr ic)  in pa ra l l e l  wi th  both  
a resis tance (bu lk)  and a second capaci tance (double  
l aye r ) .  Such a combinat ion  should resul t  in a single 
a rc  fol lowed by  a spur  when p lo t ted  in the complex  
plane.  A rep resen ta t ive  plot  is shown in Fig. 2 for a 
P E S c .  LiBF4 sample  at  70~ With in  the  1:1 to 3:1 
s to ich iomet ry  range,  the conduct iv i ty  decreases d r a -  
ma t ica l ly  as the sa l t  concentra t ion increases,  Fig. 3. In  
addit ion,  a gent le  curve is obta ined  when the conduc-  
t iv i ty  da ta  a re  p lo t ted  in Arrhen ius  coordinates,  Fig. 4, 
which agree wi th  expecta t ions  for  amorphous  conduc-  
tors. I t  should  be noted that  samples  of pure  PESc ex-  
hibi ted a conduct iv i ty  response outside of the measu r -  
ing capabi l i ty  of the  vector  i,mpedance mete r  over  the 
t empera tu re  range  25~176 The uncomplexed  po ly -  
m e r  thus has a conduc t iv i ty  less than 10 -9 ( a  c m ) - 1  
over  this t empe ra tu r e  range.  

As s ta ted above, at  sal t  concentrat ions  lower  than  
the 3:1 s toichiometry,  uncomplexed  crys ta l l ine  po lymer  
appea red  in the x - r a y  diffract ion pat terns .  In  the 3:1 to 
4:1 s to ich iomet ry  range,  a large  decrease in conduct iv-  
i ty  is observed as ,a second phase of c rys ta l l ine  PESc 
appears .  Be tween  4:1 and 5:1 s toichiometry,  the  
amount  of  c rys ta l l ine  PESc continues to increase  bu t  
the  conduct iv i ty  remains  n e a r l y  constant  and low, Fig. 
3. 
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Fig. 2. Representative complex admittance plot for PE~ �9 LiBF4, 
3:1, complex at 70 ~ using Jon-blocklng electrodes. 
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Fig. 4. Variable temperature conductivity for PESc" LiBF4:1:1 
( e ) ;  2:1 (A ) ;  3:1 ( � 9  6:1 (-]-). 

Discussion 
The iden t i ty  of the charge carr fer  in P E S c .  a lka l i  

me ta l  sal t  complexes has not  been de te rmined  u n a m -  
biguously,  however ,  severa l  l ines of evidence suggest  
that  both cation and anion mobi l i ty  are impor tan t .  The 
absence of an obvious electronic conduct ion mecha-  
n ism in pure  PESc and the observed low conduct iv i ty  
of this ma te r i a l  suggest  that  the conduct iv i ty  of the 
complex  is ionic in nature .  The s imi la r i ty  in the  ob-  
served magni tudes  of the conduct iv i ty  for  a va r i e ty  of 
Li+ salts  (LiCF~SO3, LiCFsCOO, LiBF4) impl ica tes  
the Li + ion as a charge ca r r i e r  (3). 

To fu r the r  c lar i fy  the  na tu re  of the mobi le  species, 
the  conduct iv i ty  responses of P E S c .  NaCF~SO3 com- 
plexes  were  inves t iga ted  using both ion-b lock ing  Pt  
e lectrodes and sodium ion- revers ib le  ama lgam elec-  
trodes.  The complex  admi t tance  spec t rum of P E S c .  
NaCF3SOz using ion-b lock ing  P t  e lectrodes consists of 
an arc fol lowed by  a spur .  This behavior  may  be effec- 
t ive ly  modeled  with  an equiva lent  c i rcui t  containing a 
capaci tance ( appa ren t ly  geometr ic)  in pa ra l l e l  wi th  
both a resis tance ( appa ren t ly  bu lk  e lec t ro ly te )  and a 
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second capacitance (apparently electrical double layer). 
The admittance plots obtained using sodium ion-re- 
versible Na-Hg electrodes consisted of a single vertical 
line, a result which may be modeled by an equivalent 
circuit containing a capacitance (geometric) m paral- 
lel with a resistance (bulk). Since the magnitude of 
the double layer capacitance was greatly reduced by 
the use of sodium ion-reversible electrodes, the cation 
is implicated as a charge carrier. However, it appears 
from preliminary measurements, performed with a 
polarization cell, that the transference number for Na + 
is on the order of 0.1 at 60~ therefore the bulk of the 
current is carried by the anion (12). 

The conductivity behavior observed in the PESc.  
LiBF4 stoichiometry range 1:1 to 3:1 demonstrates that 
effects other than that of charge carrier concentration 
dominate the ion mobility. The temperature dependent 
conductivity, whether of Arrhenius form or in a form 
related to amorphous behavior, contain a prefactor 
which predicts increasing conductivity with increasing 
carrier concentration. The observation of the opposite 
behavior indicates that changes in the physical charac- 
teristics of the PESc.  LiBF4 complexes dominate the 
conductivity response. 

Decrease of conductivity with increasing carrier con- 
centration is well known in framework solid electro- 
lytes, where it is associated with strong correlation of 
the charge carriers (13). It has also been observed 
previously for polymeric solid electrolytes such as 
cross-linked poly(ethylene oxide) (14) and poly(pro- 
pylene oxide) (15). 

Large amplitude polymer segmental motion is 
thought to be important in the ion transport process in 
polymer electrolytes (3, 14-16). The variation in ionic 
conductivity with carrier concentration in the PESc.  
LiBF4 complexes may be attributed to the relative 
freedom of mobility of polymer chain segments. The 
3:1 PESc.  LiBF4 stoichiometry represents the lowest 
salt concentration for which complex formation is 
complete, i.e., no crystalline regions of uncomplexed 
polymer remain. As salt concentration is increased 
above the 3:1 ratio, the rigidity is observed to increase, 
and higher glass transition temperatures and dimin- 
ished conductivity result, apparently due to the pro- 
gressive immobilization of polymer chains. It is, how- 
ever, noteworthy that in the present case the varia- 
tions in conductivity (and in apparent fluidity) are 
so sizable, given the very small change in glass tran- 
sition temperatures. Table I shows only small changes 
in glass transition temperature over the same stoi- 
chiometry range for which Fig. 3 shows large conduc- 
tivity variation, and over which the apparent viscosity 
rises sharply. The inverse viscosity, or the fluidity, is 
given, using simple flee-volume type arguments (14, 
17) 

n_l ._ C exp [ Ea 7V* ] [2] 
kT VF~ + ~(T -- Tg) 

Here C is a constant, Ea an activation energy for poly- 
mer rearrangement, and 7 a geometric factor account- 
ing for free-volume overlap; V* and Vfg are, respec- 
tively, the minimum hole size to accommodate the 
moving chain segment and the free volume at Tg; and 

is the derivative of free volume with temperature. 
Upon changing from 1:1 to 3:1 salt concentration, only 
a and Tg in Eq. [2] will change very much. But the 
very small Tg change (17 ~ out of 300) substituted into 
Eq. [2] will not lead to substantial changes in ,1-1 
unless a is very large. 

Again using free-volume theory, the ionic conduc- 
tivity can be written (14) 

"yV~* 

cT--~oexp -- VFg+a(T--Tg) 

Ea-~ Eb + W/2e ] 
kT J [3] 
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where ~0 is temperature-independent, V2* is the mini- 
mum hole size for an ionic hopper, and the second 
activation-energy term in the exponent characterizes 
the ion-pair dissociation and activated jumping. The 
simple point to be made is that the observed sharp 
peak in Fig. 3 appears to go beyond the free-volume 
result, Eq. [3]. The essential behavior of the r prod- 
uct should, from comparison of Eq. [3] with Eq. [2], 
follow the sample fluidity if free-volume ideas hold. 
This is reasonable in a free-volume context: as T is 
increased above Tg, the volume available for motion, 
either of polymer chains or of solvent, should increase 
proportionally to T -- Tg. As Tg increases, with in- 
creased salt concentration, the free volume should 
drop, decreasing both ~T and n-1. What is not expected 
is the very sharp drop of Fig. 3, given the small change 
in Tg. A possible explanation for this lies in the kinetic 
behavior of the free volume: if the polymer motions 
occur slowly (high viscosity), the ions may not be 
able to take advantage of the free volume for trans- 
port. This possibility was alluded to by Cohen and 
Grest (17), and forms the basis of a dynamic percola- 
tion theory being developed in this laboratory (18). 
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An X-Ray Radiography-Densitometry Technique for the Quantitative 
Determination of Metal Deposit Profiles 
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ABSTRACT 

The application of x-ray radiography in conjunction with high, resolution optical densitometry for the quantitative de- 
termination of metal deposit profiles parallel and perpendicular to the substrate surface is described. The principles of the 
technique and the range of its applicability are discussed. The technique is applied to the study of zinc deposition on highly 
porous carbon foams from circulating aqueous zinc bromide solutions. The effect of substrate pore size on the zinc distribu- 
tion is explored. Zinc is found to deposit predominantly on the porous substrate/electrolyte and substrate/current collector 
interfaces. Smaller pore size favors smoother and more uniform deposits throughout the substrate. 

Battery electrodes often contain the active mater ia l  
distr ibuted within a porous conducting substrate. 
Examples are Zn electrodes uti l izing porous carbon 
substrates, as employed in Zn-C12 (1, 2), Zn-Br~ (3-5), 
and Ni-Zn (6) batteries. Repeated charge and dis- 
charge sometimes leads to a redis t r ibut ion of the active 
mater ial  and concomitant  changes in electrode per-  
formance. Thus, techniques that  allow a study of the 
effect of various electrode and process parameters  on 
the metal  dis t r ibut ion across and within the porous 
substrate are of interest.  X - r ay  radiography is one 
such technique. 

In  the past, x - r ay  radiography has main ly  been 
used in bat tery  studies to determine the porosity of 
separators (7) and electrodes (8), or to establish the 
position of a l iquid electrolyte or reactant  in capillaries 
(9, 10). 

In  this paper, the application of x - ray  radiography 
in conjunct ion with high resolution optical densi tom- 
etry for the quant i ta t ive  de terminat ion  of the depth 
and surface profile of metal  deposits in porous sub-  
strates (11) is discussed. The technique yields quan-  
t i tative information with excellent spatial resolution 
in cases where the x - r ay  absorption coefficient of the 
metal  deposit is considerably larger than that of the 
substrate.  Depending on the magni tude  of the absorp- 
tion coefficient and the theoretical density, the metal  
deposit may be a few mil l imeters  thick; in that  case, 
sufficient x - r ay  in tens i ty  is t ransmit ted  to the film. 
These conditions are met for electrodes which employ 
porous carbon substrates and active materials  such as 
Zn. Results on the deposition of Zn on a highly porous 
carbon substrate  in Zn-Br2 cells with electrolyte flow 
parallel  to the electrode surface are described. The 
effect of substrate pore size on the Zn dis tr ibut ion in 
the substrate  and on its surface is examined. 

The technique is readily applicable to s tudying the 
effect of a var ie ty  of electrode and process parameters  
on metal  deposit morphology. Fur thermore,  the 
changes in deposit morphology as a function of plat ing 
t ime ,can be investigated. 

Experimental 
Zn was deposited in Zn-Br2 cells on porous ret icu-  

lated vitreous carbon (RVC) foams 1 cemented to 
graphite current  collector plate 2 with a conductive ad- 
hesive. 3 The dimensions of the foam and the graphite 
plate are 10 X 10 • 0.2 cm and 13 X 12 >< 0.64 cm, 
respectively. A Nation 120 cation exchange membrane  
(E. I. du Pont  de Nemours and Company) was spaced 
0.2 cm from the carbon foam, separating the bromine 
electrode from the foam. A schematic diagram of the 
cell design is shown in Fig. 1. 

* E l e c t r o c h e m i c a l  s o c i e t y  A c t i v e  Member .  
i P r o d u c e d  by  Chemotron ics ,  Incorporated ,  now F r a n k l i n  Engi-  

neer ing ,  A n n  Arbor ,  Michigan.  
Union  Carbide,  Grade  CGW. 
D y l o n  Industr ies ,  Incorporated ,  Grade  GC. 

A peristaltic pump was used to circulate the elec- 
trolyte at a flow rate of 160 cma/min, equivalent  to a 
Reynolds number  of 2500. The electrolyte entered into 
a free electrolyte gap at the bottom of the cell and 
exited through another  free electrolyte space at the 
top. This aided a t ta in ing uni form electrolyte flow 
across the electrode surface. A rubber  gasket around 
the edges of the foam prevented the electrolyte from 
flowing through the foam. Foams of two different 
average pore diameters, namely,  0.22 and 0.45 ram, 
were employed. These foams are designated by the 
manufac turer  as 100-pore and 45-pore foam, based 
upon an average n u m b e r  of 100 and 45 pores per inch, 
respectively. The open cellular s t ructure  of these foams 
is shown in the scanning electron micrographs (SEM's) 
of Fig. 2a and b, taken at a magnification of 30X. The 
void volume of both foams is about 97%. The values 
for surface a rea /vo lume ratio and resist ivity are 26.2 
cme/cm '3 and 0.5 ~ �9 cm for the 45-pore foam and 65.6 
cm2/cm 3 and 0.3 ~ �9 cm for the 100-pore foam, respec- 
t ively (11). Zn deposition, corresponding to bat tery 
charging, was performed at room temperature  at a 
constant  current  density of 25 mA/cm~ for 4h in 30 
weight percent  (w/o)  aqueous ZnBr2 solution. Re- 
agent grade chemicals and double-dist i l led water  
were used in prepar ing the solution. After Zn deposi- 
tion and prior to obta ining x - r ay  radiographs, the cell 
electrolyte was removed, and distil!ed water  was 
circulated through the cell at 160 cm3/min for 10 min. 
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Fig. I. Half-cell schematic showing vitreous carbon foam sub- 
strafe on graphite pWate with electrolyte flaw parallel to surface. 
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Fig. 2. SEM's of vitreous carbon foams at 30X magnification. 
A, left: 45-pore foam. B, right: 100-pore foam. 

X-ray  radiographs were taken of the face and cross 
sections of the electrodes with a Hewlett  PaCkard 
Faxi t ron  series x - r ay  system. Polaroid 55 posit ive/  
negative film was employed. A quant i ta t ive  measure o f  
the zinc density profile perpendicular  to the foam 
surface was obtained through densitometer measure-  
ments  of the radiograph film negatives at a magnifica- 
tion of 20 X. An automatic recording microdensi tometer  
(Joyce-Loebel  Model MKIIIC) with slit dimensions 
8 X 0.04 mm was employed for this purpose. The 
quant i ta t ive  results, obtained with the densitometer,  
were compared with SEM's of electrode surfaces and 
cross sections. In  order to examine the Zn profile per-  
pendicular  to the foam, three 6 ram-wide segments 
were cut from the top to the bottom of the electrode. 
The location of these segments is shown in  Fig. 3, a 
photomicrograph of the foam face. 

Principle of Measurement Technique 
The measurement  principle is shown in the three 

schematic drawings of Fig. 4. A segment of height H 
(10 cm), width W (6 mm) ,  and total thickness L -}- Lp 
(foam 2 ram; plate 6.4 mm) is cut from the electrode 
and placed on x - r ay  film with x- rays  penet ra t ing  the 
width W. The largest  a t tenuat ion  of the incident  x - ray  
beam intensi ty  occurs in regions of high metal  density; 
the beam is essentially una t tenua ted  in areas where 
only  carbon foam is present. The t ransmit ted  x - ray  in -  
tensi ty thus produces an image on the film negative, in 
which the lightest areas correspond to areas of highest 
metal  density in the electrode cross section. The radio-  
graphs shown in this paper are film positives for which 
the opposite is true. 

In  the densi tometer  evaluat ion of the film negatives, 
visible light, confined by a slit, penetrates  a 0.04 ram- 
wide section of the negat ive  at a time, and the t rans-  
mit ted light in tensi ty  is measured with a photomult i -  
plier tube;  the highest light in tensi ty  corresponds to 
areas with the densest metal  deposit on the electrode 
segment.  This is indicated schemat ica l ly  in the lower 
par t  of Fig. 4. 

Actually,  the densitometer records the optical densi ty 
of the film negat ive by comparison with the density of 
an optical a t tenuator  or gray wedge. The principle of 
operat ion of the densi tometer  is based on a true 
double-beam light system, in which two beams from 
a single light source, one of which pas_~es throt, gh the 
sample film negative,  are switched a l te rnate ly  to a 
single photomultiplier .  If the two beams are of differ- 
ent  intensity,  a signal is produced by the photomult i -  
plier, which, after amplification, causes a servo motor 
to move the optical a t tenuator  which reduces the in -  
tensi ty difference to zero. In  this way, a cont inuously 
nu l l  balancing system is obtained, in which the posi- 
t ion of the optical a t tenuator  is made to record the 
optical density at any  par t icular  part  of the film 
negative. 

The quant i ta t ive  relationship between the apparent  
metal  density in the carbon foam and the recorded 
optical densi ty is readi ly  obtained. When a beam of 

Fig. 3. Photomicrograph of carbon foam (10 by 10 cm) at 1 X,  
showing three segments used for radiography. 

x-rays  penetrates  a mater ial  of known width W, its 
in tensi ty  is a t tenuated according to 

JXR ---- oJXR exp [--~W] [la] 

where  oJxR is the incident  beam intensity,  Jxa the 
t ransmit ted  intensity,  and ~ the l inear  x - ray  absorp- 
tion coefficient of the material .  In cases where the 
density of the mater ia l  is different from the theoreti-  
cal bu lk  density of the solid, it is more convenient  to 
write Eq. [la] in terms of the mass absorption coeffi- 
cient #/p and the apparent  density papp 

Jxa ---- oJxR exp[ - -  (n/p) @app W] [ lb]  

~/p is related to the x - ray  wavelength  k according to 

~/p = Kz4k ~ [2] 

where K is a constant, and z is the atomic number .  
Thus, the absorption coefficient increases s trongly with 
increasing wavelength.  

In  the present  study, the continuous x - r ay  spectrum 
or white radiat ion of a tungsten  tube at 30 keV was 
employed (12). The shortest wavelength at which 
radiat ion is emitted is 0.413A, and the peak in tens i ty  
occurs at 0.54A. Toward longer wavelengths,  the in -  
tensi ty decreases, a t ta ining a value of 18% of peak 
in tens i ty  at 1A. 

The x - r ay  mass absorption coefficients for a n u m b e r  
of elements of interest  in bat tery  research are sum-  
marized in  Table I as a funct ion of the x - r ay  wave-  
length (13). At the K and L absorption edges of the 
heavier  elements, the absorption coefficients show a 
discontinuity.  This is indicated in the table by lines 
leading through the table. 

At the peak intensi ty  of 30 keV tungsten radiat ion at 
0.54A, C has a mass absorption coefficient of only 0.31 
cmf/g. Therefore, with the exception of A1, the x - ray  
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Fig. 4. Schematic diagram of radiography-densitometry pro- 
cedure. 

absorption of C is negligible compared to that  of the 
elements listed in Table I. In the present case of Zn de- 
posited on a carbon foam of 3% theoretical density, 
the effect of the carbon foam is not  detectable. 

The optical density (degree of darkening)  of the de- 
veloped film negative, D, is related to the logari thm of 
the exposure in a "characteristic curve." In  the normal  
working range of the film, the relationship is expressed 
by 4 

D -- "v log E [3] 

where "v is the development  factor and 

Many industrial x-ray films yield a linear density-exposure re- 
lationship and, hence, result in a different form of Eq. [5]. 

Table I. X-ray mass absorption coefficients for selected elements, 
# /~  (cm2/g) 

(A) C A1 Ni Zn Br Ag Cd Pb 

0.1 0.14 0.15 0.30 0.35 0.50 1.05 1.10 3.41 

K 

0.2 0.15 0.26 1.25 1.51 2.31 5.19 5.51 
/ 

0,3 0.17 0.50 3.68 4.09 7.i5 16.07 17.03 / 11.9 
/ 

0.4 0.23 1.03 8.68 10.47 15.97 35.89 38.04/ 26.6 

0.5 0.31 1.93 1 6 . 1 9  19.54 29.78 / 9 . 4  lO.O 49.7 
/ 

0.6 0.42 3.22 27.00 32.58 49.66/15.7 16.8 82.9 

/ / 
0.8 0.83 7.21 60.38 72.88 111.07/ 35.3 3 7 . 6 / 1 7 6 . 5  

1.o 1.54 13.5o 113.o4 136.44 7.29 66.1 70.3 66.6 

E - JXR' t [4] 

the exposure of the negat ive  to the constant  x - r a y  in -  
tensity, JxR, for time t. Combining Eq. [ lb]  and [4] 
results in  

D = "v log oJx~t -- (7/2.3) (~/p)Wpapp [5] 

The optical density is thus l inear ly  related to the ap- 
parent  metal  density in the foam, and the radiograph 
is a t rue map of the metal  density distr ibution paral lel  
or perpendicular  to the foam face as long as the expo- 
sure range of the film is not exceeded. Calibrat ion of 
the optical density curve in terms of apparent  metal  
densi ty is obtained by de termining  the total area under  
the D vs. x curve, which corresponds to the total known 
amount  of metal  deposited into a given electrode 
volume. 

The requi rement  to stay in the l inear  exposure 
range of the film places inherent  l imitat ions on the 
applicabil i ty of the technique. For x-rays,  the density 
range from D -- 0.1 to 4 is feasible. The incident  beam 
exposure, oJxat, must  be chosen such that D = 4 is not 
exceeded for the mi n i mum value of papp present  in the 
electrode. The largest possible value of papp that still 
results in discernible film darkening  is then fixed by 
Eq. [5] with D : 0.1 for specified film properties, mass 
absorption coefficient, and mater ial  width W. In  the 
case of Zn with ~/p = 10.5 cm2/g for the short wave-  
length l imit  of the spectrum and W -- 6 mm, this leads 
to a m a x i m u m  value of papp : 1.8 g/cm 3 or 26% of 
theoretical density. 

Results and Discussion 
Scanning eZectron microscopy.--SEM's of the surface 

and a cross section of 45-pore foam after Zn plat ing 
with 25 mA / c m 2 for 4h at N R e  - -  2500 are presented in 
Fig. 5. The SEM's relate to the center segment  of the 
electrode (cf. Fig. 3) and were taken at a magnifica- 
tion of 30• from the surface and 14• from the cross 
section. The major  features of the Zn deposit evident  
from the SEM's are a nodular  Zn growth at and near  
the surface of the foam, no discernible Zn deposit in 
most of the interior, and some Zn particles near  the 
foam/graphi te  plate interface. Not evident  from the 
SEM's, but  clearly visible in the optical microscope, is 
a continuous Zn coating on the foam strands in the 
interior  and on the graphite plate surface. 

For comparison, Fig. 6a and b show the equivalent  
SEM's of the Zn deposit on the 100-pore foam, demon-  
s t rat ing the effect of smal ler  pore size. The deposit on 
the foam surface consists of a larger n u m b e r  of smaller  
Zn nodules, and they are more evenly dis tr ibuted 
across the surface. A somewhat larger n u m b e r  of small  
Zn particles is alto visible in the inter ior  and at the 
plate interface of the foam. 

The observed differences in Zn morphology between 
45- and 100-pore foam are most l ikely due to the 
larger surface area and lower resistivity of the latter. 
This results in a larger number  of nucleat ion sites for 
Zn growth and in  more uni form current  density. 

Fig. 5. SEM's of 45-pore foam after Zn plating from 30% ZnBr~, 
solution with 25 mA/cm 2 for 4h at NRe ~ 2500. A, left: electrode 
face at 30X.  B, right: electrode cross section at 14X.  
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I:ig. 6. S EM's of |00-pore foam with Zn deposited for 4h at 25 
mA/cm 2. A, left: electrode face at 3 0 X .  B, right: electrode cross 
section at 1 4 •  

The character is t ic  b imodal  Zn dis t r ibut ion,  wi th  
m a x i m a  in appa ren t  Zn dens i ty  occurr ing at the two C 
foam interfaces,  corresponds to long pla t ing times. I t  is 
to be expected  tha t  the Zn dis t r ibut ion  in the  ini t ia l  
stages of p la t ing  is different  and changes wi th  t ime as 
the Zn deposit  a l ters  the conductance of the foam sub-  
s t ra te .  

Radiography.--Figures 7a and b show x - r a y  rad io-  
graphs  of the  surface  and center  cross section of the 
45-pore foam af te r  Zn plat ing.  The da rk  areas  corre-  
spond to Zn, the l ight  areas  to voids o r  carbon foam. 
In  contras t  to the SEM's, Fig. 7a and b show essent i -  
a l ly  the  complete  objects  in ac tua l  size. Therefore ,  the  
un i fo rmi ty  of Zn p la t ing  pa ra l l e l  and pe rpend icu la r  
to the  ent i re  foam surface  can immed ia t e ly  be judged.  
The Zn deposi t  is r e l a t ive ly  uni form across the  surface,  
wi th  a s l ight ly  denser  deposi t  on the  far  side of the  
e lec t ro ly te  in le t  ( lef t  side of Fig. 7a).  The  r ad iograph  
of the  cross sect ion reveals  a dense Zn deposit  at  and 
nea r  the foam/e lec t ro ly t e  interface,  only  isola ted Zn 
aggregates  in the inter ior ,  and a thin dense Zn coating 
at  the foam/p la t e  interface.  

The corresponding rad iographs  of 100-pore foam, 
shown in Fig. 8a and b, d i sp lay  genera l ly  s imi lar  fea-  
tures,  except  that  sma l l e r  Zn par t ic le  size and 
smoother ,  more un i form Zn p la t ing  is evident .  

Densitometry.--The cross-sect ional  rad iographs  of 
45- and 100-pore foam, shown in Fig. 7b and 8b, were  
eva lua ted  wi th  the densi tometer ,  and the resul ts  a re  
shown in Fig. 9. In  the graph,  x ---- 0 corresponds to the 

Fig. 7. X-ray radiographs of Zn deposit on 45-pore foam after 
4h at 25 mA/cm ~. A, left: electrode face at I X .  B, right: cross 
section at 1 X .  

Fig. 8. X-ray radiographs of Zn deposit on 100-pore foam after 
4h at 25 mA/cm 2. A, left: electrode face at 1 X .  B, right: cross 
section at I X .  
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Fig. 9. Densitometer traces of Zn deposit profiles perpendicular 
to surface on 45- and 100-pore carbon foam, plated for 4h at 25 
mA/cm 9 in 30% ZnBr2 solution circulating at N R e  "-- 2500. 

foam/e lec t ro ly t e  in ter face  and x --  2 mm to the f o a m /  
g raph i te  p la te  interface.  The graph  shows tha t  signifi-  
cant  amounts  of Zn have  been p la ted  on the surface of 
the foam, ex tend ing  app rox ima te ly  1 m m  into the  elec- 
trolyte. Fur the rmore ,  considerable  Zn p la t ing  has oc-  
cur red  wi th in  0.6 m m  of the foam/g raph i t e  p la te  in t e r -  
face. The appa ren t  densi t ies  of the  Zn deposi ts  nea r  
the foam face and the p la te  are  both be tween  0.5 and 
0.6 g / c m  3 or  7 to 9% of the  theore t ica l  density.  Consid-  
e r ab ly  less Zn was deposi ted in the in te r io r  of  the  45- 
pore  foam. This smal l  amount  of Zn corresponds to the 
th in  continuous Zn coat ing of the  carbon s t rands ,  
c lear ly  discernible  in the opt ical  microscope. 

Use of 100-pore ins tead of the coarser  45-pore  foam 
resul ts  in less Zn deposi t  on the surface  and compara -  
t ive ly  more  Zn p la t ing  wi th in  the foam interior.  Also, 
the  Zn deposi t  on the  100-pore foam pro t rudes  less into 
the e lect rolyte .  The fract ions of Zn deposi ted on the 
foam surface, in its inter ior ,  and  nea r  the g raph i te  
p la te  for both foams a re  summar ized  in Table  II. 
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Fig. i0. Densitometer traces 
of Zn distribution parallel to 
electrode surface on 10 X |0 cm 
lO0-pore carbon foam along 
centerlines from left to right 
(lower trace) and bottom to top 
(upper trace). 
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As a result  of the uniform electrolyte flow across the 
surface, applicable to our study, the Zn distr ibution 
across the surface is also quite uniform. Such uni form 
electrolyte flow is produced by the use of a rectangular  
cavity, spanning the whole width of the electrode at 
the bottom and the top. This "free electrolyte space" 
has a very small  flow resistance compared to that  of 
the e lec t rode /membrane  gap. Densi tometry of the 
x - ray  radiograph of the electrode face of 100-pore 
foam (see Fig. 8) demonstrates the uni formi ty  of the 
Zn deposit. Figure 10 shows densi tometer  traces across 
the electrode surface along the centerlines from left to 
right (lower trace) and from bottom to top. The mean 
apparent  Zn density is seen to be fairly constant along 
both centerlines. The large, almost periodic fluctua- 
tions in actual Zn density demonstrate  the spatial 
resolution of the technique: with a slit width of only 
0.04 mm and an average pore diameter  of 100-pore 
foam of 0.22 mm, the densitometer resolves the rela-  
t ively higher Zn density on C strands as compared to 
the lower density in the voids between strands. 

The uniform Zn dis tr ibut ion across the surface leads 
one to expect Zn deposit profiles which are rather  in -  
var iant  with location across the surface. This was actu- 
al ly observed on cross sections taken from various 
parts of the electrode surface, as shown in Fig. 3. 

Conclus ions 
X-ray  radiography in conjunct ion with optical 

microdensi tometry can be used as a quant i ta t ive tool 
in  the study of various parameters  affecting metal  
deposit profiles on porous substrates. The technique 
yields apparent  metal  density with a spatial resolution 
of 0.04 mm. Applicabil i ty of the technique requires (i) 
that the x - r ay  absorption of metal  and substrate be 

Table II. Fractions of zinc deposited on and in carbon foam 
substrate 

On surface In interior Near plate  
F o a m  type  x ~ 0 0 ----- x ~-- 1.3 m m  1.3 --~ x "~ 2 nun 

45-pore 0.52 0.12 0.36 
100-pore 0.37 0.33 0.30 

different enough to produce sufficient contrast and (ii) 
working in the l inear  exposure range of the film. For a 
given material ,  the second criterion can often be met 
by suitable choice of the sample thickness and x - r ay  
wavelength.  

The technique has been applied to the case of zinc 
deposited on a high porosity carbon foam. A s tudy of 
the effect of pore size on the zinc distr ibution in the 
foam yields the finding that smal ler  pore size favors 
more uniform zinc dis tr ibut ion throughout  the foam. 
This is most l ikely due to the higher surface area and 
lower resistivity of the fine-porous foam, resul t ing in a 
larger n u m b e r  of nucleat ion sites and more uniform 
current  distr ibution than in  the coarse foam. 
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Shifts in Redox Formal Potentials Accompanying the Incorporation of 
Cationic Complexes in Perfluoro Polycarboxylate and Polysulfonate 

Coatings on Graphite Electrodes 
Yu-Min Tsou and Fred C. Anson* 

California Institute of Technology, Arthur Amos Noyes Laboratories, Division of Chemistry and Chemical Engineering, 
Pasadena, California 91125 

ABSTRACT 

The formal potentials of several redox couples incorporated in coatings of a perfluoropolycarboxylate on graphite elec- 
trodes were measured and compared with the formal potentials of the same couples in homogeneous solution. The differ- 
ences observed agreed with those calculated from the Nernst equation with the independently measured incorporation 
coefficients for both halves of the redox couples. The dependences of the shifts in formal potentials on the nature of the 
incorporating complex ion, the ionic strength, and the temperature were determined and indicated that the incorporation 
equilibrium is governed by electrostatic and hydrophobic interactions that act in opposite directions. The incorporation of 
most cation s examined was driven by large increases in entropy which overcame the usually unfavorable enthalpy changes. 

Redox reactants incorporated in polyelectrolyte coat- 
ings on electrode surfaces will exhibit formal potentials 
that are shifted from their values in solution whenever 
the two oxidation states of the reactant have different 
equilibrium constants for incorporation by the poly- 
electrolyte. This situation has been recognized in 
earl ier  reports (1, 2) .and in a recent study this aspect 
of the electrochemistry of redox polymer coatings was 
examined in detail  (3). In continuing studies of the 
electrochemical responses obtained from redox reac- 
tants at electrodes coated with Nation, I, and the re-  
lated polyelectrolyte, II, 

[(CF2-CF2)m-'CFCF2.:.~ n 

0 
! 

CF2CF2SO 3" 

Nafion 

-~C F2-CF2) --~C F2-CF~- 
79 ' 21 0 

! 

(CF2)3 
! 

COO- 

Polyelectrolyte I I  

we noted unusually large shifts in the formal potentials 
of certain redox couples upon incorporation into these 

* Electrochemical  Soc ie ty  Act ive  Member.  
Key words:  Nation, redox  po lymer ,  enthalpy,  entropy.  

coatings. Both the magnitude of the shift in formal 
potential and its sign were influenced strongly by the 
nature of the ligands coordinated to the metal center 
of the redox couples. It was the purpose of the experi-  
ments described here to document the behavioral dif- 
ferences observed with several redox couples in both 
polyelectrolytes and to attempt to understand their  
origins. The results indicate that both electrostatic and 
hydrophobic interactions of incorporated electroactive 
ions with the polyelectrolyte combine to determine 
the direction of shifts in formal potentials. The tem- 
perature dependences of the shifts in formal potential 
were also measured. They pointed to large entropic 
contributions to the differences in the equilibrium in- 
corporation of the oxidized and reduced halves of the 
redox couples. 

Experimental 
Materials.--Nafion I coatings were prepared as previ-  

ously described (4) by evaporation of aliquots of a 
solution of the polymer supplied by E. I. du Pont de 
Nemours and Company several years ago. Polymer II  
was supplied in the form of a fine suspension of the 
methyl ester by Asahi Glass Company, Tokyo. To pre-  
pare coatings, aliquots of the suspension were evapo- 
rated on freshly cleaved electrodes. The resulting de- 
posit was exposed to 1M NaOH for 5 min to convert 
the ester to the carboxylate, and the electrode was then 
washed thoroughly with water. The extent and uni-  
formity of the de-esterification were not examined in 
detail, but it  was established that increasing the time 
that the coatings were exposed to the 1M NaOH pro- 
duced no changes in their behavior. Electrodes were 
prepared from pyrolytic graphite (Union Carbide Com- 
pany, Chicago) and mounted according to previously 
described procedures (5). Ru(NH3)6CI~ (Mathey- 
Bishop Company) was recrystallized before use. 

[CpFeCp-CHe-N + (CHs)s]Br-  (Cp = cyclopentadi- 
enide) (Research Organic/Inorganic Company) was used 
as received. Ru (NHs)5 isonicotinamide (C104)~ (6) and 
Os(bpy)~C104)u (7) were synthesized according to the 
cited references. Solutions were prepared with distil led 
water, which was further treated by passage through 
a purification train (Barnstead Nanopure).  

I N a t i o n  i s  a t rademark  of E. I. d u  Pont  de N e m o u r s  and Com-  
pany .  
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Procedures.--Conventional two -compar tmen t  cells 
and appara tus  were  employed to obtain cyclic vo l t am-  
mograms.  To evalua te  formal  potent ia ls  for reac tants  
incorpora ted  in e lectrode coatings, the cyclic vo l tam-  
mograms were  recorded at  scan rates low enough (e.g., 
a few mV s -1)  to obta in  symmet r i ca l  waves  wi th  a l -  
most  equal  peak  potent ials .  The quant i t ies  of the oxi-  
dized and reduced halves of redox couples incorpora ted  
by  coatings were  measured  chronopoten t iomet r ica l ly  
(8) to avoid possible a l tera t ions  in the equi l ib r ium rat io 
of oxidant  to r educ tan t  by  insufficiently precise  po-  
tent iostat ic  control  of the e lect rode potential .  Potent ia ls  
were  measured  and are quoted with  respect  to a calo-  
mel  reference  e lect rode sa tu ra ted  wi th  sodium chlo- 
ride,  SSCE. 

Tempera tu re  dependences  of formal  potent ia ls  were  
evalua ted  f rom cyclic vo l t ammograms  recorded  in a 
noniso thermal  cell having a t he rma l ly  j acke ted  com- 
pa r tmen t  for the work ing  and aux i l i a ry  electrodes 
and a sepa ra te  compar tmen t  for  the  reference  electrode.  
The reference  electrode was main ta ined  at  a fixed 
tempera ture .  The pr inciples  and assumptions  involved 
in the use of such cells have been examined  in deta i l  
(9) and severa l  r ecen t  expe r imen ta l  examples  of the i r  
successful appl icat ions  a re  ava i lab le  (10). Exposure  of 
the po lye lec t ro ly te  coatings to solutions at 50~ caused 
the measured  formal  potent ia ls  of incorpora ted  redox 
couples to d r i f t  s l igh t ly  before  new s table  potent ia ls  
resul ted.  We bel ieve this behavior  is the resul t  ot' r e -  
p roducib le  s t ruc tu ra l  changes in the coatings. For  this 
reason, the t empe ra tu r e  dependences  of formal  po ten-  
t ials  were measured  with  coatings that  had been ex-  
posed to a solut ion at 50~ long enough for the  cyclic 
vo l t ammet r i c  reeponse to s tabi l ize  (ca. 30 rain) .  There-  
after ,  r eproduc ib le  peak  potent ia ls  were  obta ined at  al l  
t empera tures .  

Results 
Cyclic volt  ~ammogvams for  the  Ru (Nt-~) 63 +/2 + couple 

at  a graphi te  e lec t rode  coated with  the ca rboxyla te  
polyelec t ro ly te ,  II,  are  shown in Fig. 1. The effects of 
changes in scan ra te  on the response are the subjec t  of 
Fig. la ,  whi le  l b is concerned with  the  effects of 
changes in the  coating thickness at a fixed scan rate.  
With  th inner  coatings or  lower  scan rates,  the  vo l tam-  
mograms  exhibi t  two peaks.  These are  more  c lear ly  
separa ted  in the  anodic ha l f  of the  vo l tammograms.  

S C I E N C E  A N D  T E C H N O L O G Y  March 1984 

The anodic peak  at  --0.15V is qui te  close to the corre-  
sponding peak  obta ined at an uncoated electrode,  and 
it is this peak  that  a i sappears  when the electrode used 
to record  the vo l t ammograms  in Fig. 1 is t r ans fe r red  
to a pure  suppor t ing  e lec t ro ly te  solution. S imi la r  be-  
havior  was repor ted  ea r l i e r  for  the  vo l t ammet ry  of 
Ru(NH3)63+/~§ at  e lectrodes coated with  po lyv iny l -  
sulfate (1). The peak  tha t  is p resen t  onl~r in solut ions 
containing Ru(NH3)63+/~+ is b e l i e v e d  to arise f r r  
the diffusive pene t ra t ion  of .the po lymer  coating by the 
complex  so that  i t  is reduced and reoxidized d i rec t ly  
at the electrode surface. That  the peak  does not  arise 
f rom react ion at  ba re  patches  of the e lec t rode  exposed 
by  imperfect ions  in the coating was indicated by  tests 
of coated electrodes wi th  nonincorpora t ing  anions, such 
as Fe (CN)64- ,  which  exhib i ted  much smal ler  peak  
currents  and much grea te r  peak  potent ia l  separa t ions  
at coated than  at bare  electrodes.  In any case, the pres-  
ent  s tudy  was devoted to comparisons be tween  the 
vo l tammet r ic  responses of redox couples at  bare  elec-  
t rodes and those taken  a f te r  thei r  incorpora t ion  into 
coatings on electrodes which are subsequent ly  t r ans -  
fe r red  to a pure  suppor t ing  e lec t ro ly te  solution. Thus, 
the  second peak evident  in Fig. 1 presented  no p rob -  
lems. 

In  Fig. 2 the  cyclic vo l t ammogram for Ru(NI-~)6~+/2+ 
at  a bare  graphi te  e lect rode is compared  with  tha t  for 
the same couple incorpora ted  in a coating of the car -  
boxyla te  polye~ectrolyte,  II. The large  difference in the 
average  of anodic and cathodic peak  potent ia ls  (i.e., 
the  formal  potent ia ls)  of the couple in the two cases 
is evident .  This difference in formal  potent ia ls  should  
reflect the difference in the s t rength  of the binding of 
each half  of the redox couple to the po lye lec t ro ly te  
coating. For  example ,  if [O]s / [R]s  and [O]p/ [R]p are  
the equ i l ib r ium rat ios  of the concentrat ions  of the oxi -  
dized and reduced forms of a couple in the solut ion 
(s) and po lye lec t ro ly te  (p) phases, respect ively,  th'e 
difference in the formal  potent ia ls  observed  in the two 
phases should be given by  Eq. [1] 

RT ( [O]s [ O ] p )  
-- ---- In ~ -- In., [I] EPf Esf F [R]s [Rip 

Exper imen ta l  values of Ep r and Es f were  ob ta ined  from 
the average  of the peak  potent ia ls  of vo l tammograms,  
such as those in Fig. 2. The vo l t ammograms  obta ined  

Fig. 1. Steady.state cyclic 
voltammograms for 1.0 mM 
Ru(NHs)6 3+ solution at a 
graphite electrode coated with 
polye|eetrolyte II. Supporting 
electrolyte: 0.2M KCI at pH 5.5. 
(A) Coating contained 2.1 X 
10 - 7  mol cm-2 of carboxylate 
groups. Scan rate: 10, 20, 50 mV 
s -1 .  (B) Scan rate: 100 mV s -1 .  
Coatings contained 4.2, 8.4, and 
21 X 10 - 8  reel cm - 2  of 
carboxylate groups. 
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Fig. 2. (A) Cyclic voltammograms for 0.5 mM Ru(NH3)63+ at a 

bare graphite electrode. (B) Repeat after the electrode was coated 
with polyelectrolyte II (8.4 X 10 -s  mol cm -2  of carboxylate 
groups), soaked in the Ru(NHs)63+ solution for 5 min and trans- 
ferred to pure supporting electrolyte (O.02M CH3COONa at pH 
5.5). Scan rate: 5 mV s -1  for both curves. 

with  the  po lye lec t ro ly te  coatings were  recorded at  
scan ra tes  sufficiently smal l  ( <  5 mV s -x)  so tha t  al l  
of incorpora ted  complex  was reduced  or  oxidized du r -  
ing each hal f -cycle .  The peak  currents  were  p ropor -  
t ional  to scan rate,  as expected  under  these condit ions 
(11), and the formal  potent ia l  was t aken  as the s imple 
average  of the peak  potent ials ,  which were  typ ica l ly  
sepa ra t ed  by  10 to 30 mV by  res idual  ohmic potent ia ls  
present  in the cell  and coating. At  bare  electrodes,  the 
peak  potent ia ls  were  usua l ly  separa ted  by  60-70 mV, 
as expec ted  (12). The formal  po ten t ia l  (Es f) was ob-  
ta ined  f rom the average  of the peak  potent ia ls  cor-  
rec ted  for  the difference in the solut ion diffusion co- 
efficients of the two halves  of the redox  couple (12). 
This correct ion typ ica l ly  amounted  to 1 to 2 mV. 

The open-c i rcu i t  equi l ib r ium potent ia l  assumed by  
ba re  (or  coated)  e lectrodes in solut ions conta ining 
both O and R is given by  

RT 
Eeq - -  Es f - -  In [R]s  [2] 

F [ 0 ] ~  

Thus, Eq. [1] can be r ewr i t t en  as 

RT [R]p 
Ep f = Eeq + In ~ [3] 

F [O]p 

where  Eeq is the  equ i l ib r ium potent ia l  of the coated 
(or ba re )  e lect rode in an incorpora t ion  solution which 
leads to the  concentra t ion rat io  [R]p/ [O]p  in the po ly -  
e lec t ro ly te  phase.  Thus, to test  Eq. [1], coated elec-  
t rodes were  equ i l ib ra ted  in incorpora t ion  solutions 
containing var ious  rat ios of the oxidized to reduced 
form of the redox  couple. The formal  potent ia ls  of the  
redox couple in the coating (Ep f) were  then compared  
with  the  sum Eeq Jr- RT/F In ['a]p/[O]p calcula ted  from 
the observed values  of Eeq and the measured  concen- 
t ra t ions  of R and O in the po lye lec t ro ly te  phase.  The 
l a t t e r  were  de te rmined  chronopoten t iomet r ica l ly  (8) 
a f te r  the  equ i l ib ra t ed  e lec t rode  was t rans fe r red  to a 
pure  suppor t ing  e lec t ro ly te  Solution. The constant  cur -  
ren t  densi t ies  (i) ut i l ized in the chronopotent iometr ic  
m~asurements  were  kep t  smal l  enough to be sure tha t  
al l  of the  incorpora ted  reac tan t  in the  coatings had  

been oxidized or reduced  at  t he ' t r ans i t i on  t ime (~), so 
that  the quan t i ty  of reac tan t  could be ca lcula ted  as 
i.~/nF. 

At the t rans i t ion  t ime, a constant  cur ren t  in the 
opposi te  d i rec t ion  was passed th rough  the coat ing unt i l  
a second t rans i t ion  corresponding to the  sum of the  
oxidized and reduced  reac tan t  in i t ia l ly  presen t  in the 
coatings resul ted.  Thus, if the first t rans i t ion  t ime (~1) 
was obta ined  with  an anodic cur ren t  ( iD, and the 
second, (z2) resul ted  f rom a subsequent  cathodic cur -  
ren t  (h )  

[ O ] p  ~2 - -  ~,1"~1 
- -  [4] 

[Rip ?,1"~1 
Figure  3 shows two represen ta t ive  chronopotent io-  

grams for coatings in which  the Ru(NH3)63+/2+ or  
Os (bpy)  83+/2+ redox couples had  been incorporated.  
Table  I summarizes  the  resul ts  of a ser ies  of such ex-  
per iments  wi th  three  redox couples to test  whe the r  
Eq. [1] and [3] p rovide  an adequate  descr ipt ion of the  
behav ior  of the coated electrodes.  The agreement  be -  
tween  the calcula ted and observed  potent ia l s  in the  
last  two columns of Table I is, in most cases, wi th in  
the e xpe r ime n t a l  precis ion of _+5 mV, so tha t  Eq. [1] 
and [3] apuear  to be obeyed  over  a reasonably  wide 
range of [R]p/ [O]p ratios.  Thus, i t  m a y  be concluded 
that  the  difference in measured  fo rmal  potent ia ls  of 
redox couples  in solut ion and incorpora ted  wi th in  po ly -  
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Fig. 3. Chronopotentiograms for the Ru(NH:~)63+/~+ and 
Os(bpy)38+/2+ couples in coatings of polyelectrolyte II. (A) 
Electrode coated with 2.1 X 10 - 7  mol cm - 2  of carboxylate 
group equilibrated with a solution containing Ru(NH3)6 a+ and 
Ru(N'H3)6 2+ (Eeq = 312 mV; [Ru(NH3)63+] fi- [Ru(NH3)62+] 
= 1.0 mM) before transfer to pure supporting electrolyte solution 
(O.02M CH3COONa at pH 5.5). Constant current density = 1.15 
~A cm -2  for oxidation of Ru(ll) and 23.0 #A cm -~  for reduction 
of Ru(lll). (B) Electrode coated with 8.4 X 10 -8  mol cm -2  of 
carboxvlate groups equilibrated with a solution of Os(bpy)33+ and 
Os(bpy)3 2+ (Eeq = 602 mV; [Os(bpy)33+] -~- [Os(bpy)32+] = 
0.5 mM). Constant current density = 2.87 #A cm - 2  throughout. 
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Table I. Calculated and observed shifts in formal potentials 
of redox couples incorporated in coating of polyelectrolyte II a 

Redox couple  

~eq 
[a]p c RT ( [Rip ~ 

Ee~ b ,- + - -  I n  ~ Ep~ 
l O b  F ' 

(mY) (mV) (mY) 

Ru (NH~)dJ*/=+ --312.0 0.024 -408.0 --402.0 
Ru (NH3) 5isn~+/=+ �9 --60.0 5.000 --20.0 --21.0 

-43 .0  2.570 -20 .0  --21.0 
-40 .0  2.450 --17.0 --21.0 
--37.0 1.800 --22.0 --21.0 
-24 .0  0.900 --23.0 --21.0 
-19 .0  0.900 --20.0 --21.0 

0.0 0.630 --12.0 --21.0 
+ I0.0 0.420 -12,0 -21.0 

Os(bpy)~§ 6(}2.0 2.380 624.0 609.0 
605.0 2.210 625.0 609.0 

The  coat ings con ta ined  6.4 x 10 -s mol  c m  -~ of carboxyl  groups 
in e v e r y  case,  excep t  Ru(NH3)6~+/~§ w h e r e  the  coat ing  contained 
2,1 • 1~ -~ tool c m  -~. Suppor t ing  e lec t ro ly te  for  bo th  the  incorpo- 
ration and chronopoten t~omet r ic  assay was 0.02M CH~COONa at 
pH 5.5. 

bOpen-circuit equilibrium potential  (vs .  SSCE) of the elec- 
trode in the  solution from where  the incorporation was carried 
out. 

c Ratio of the reduced to the  oxidized f o r m  of the  r edox  couple 
in t he  po lye lcc t ro ly te  phase .  D e t e r m i n e d  by  ch ronopo ten t iomc-  
tr ic assay  using Eq. [4]. 

d F o r m a l  po ten t ia l  (vs. SSCE) of the  redox  couple  within the 
polye lec t ro ly te  coating.  

�9 isn --- i sonicot inamide.  

elec t ro ly te  II  r e l i ab ly  reflects the difference be tween  
the f ree  energy changes associated with  the  incorpora -  
t ion of the two halves  of the redox couple by  the po ly -  
electrolyte .  

Effect of changes in ionic strength.--The incorpora-  
t ion of cationic r edox  couples by  po lye lec t ro ly te  II  is 
an ion exchange process involving d isp lacement  of 
equiva lent  quanti t ies  of the uniposi t ive  counterions 
in i t ia l ly  present  in the polyelect rolyte .  For  this re,ason, 
the ex ten t  of incorpora t ion  for each half  of a redox 
couple would be expected to exhibi t  a dependence  on 
the ionic s t reng th  of the incorpora t ion  solution. This 
expecta t ion  was tested by  measur ing  the differences 
be tween the formal  potent ia ls  of severa l  redox couples 
in solut ion and wi thin  the po lye lec t ro ly te  coating as 
a funct ion of ionic s t rength.  The results,  summar ized  
in Table  II, show tha t  the difference in formal  po ten-  
t ials measured  inside and outside of the polye lec t ro ly te  
coatings is s t rong ly  dependent  on ionic s t rength  and 
on the na tu re  of the redox couple. 

Temperature dependence of the formal pote.ntial.-- 
T o  obta in  addi t ional  insight into the factors responsible  

Table II. Ionic strength dependence of the difference between 
redox formal potentials in solution and within coatings of 

polyelectrolyte II a 

Suppor t ing  E , t  c Epf d Epf -- Esf 
e lec t ro ly te  mV m V  = AE~ 

Redox couple concb M vs .  SSCE vs .  SSCE m V  

Ru (NHa),a+/e+ 0..02 -169.0  --402.0 --233.0 
0.20 --165.0 --347.0 --162.0 
2.00 -220.0  -290.0  -7 0 .0  

Ru (NH3) sisn3+/~§ 0.02 158.0 --21.0 --179.0 
Os(bpy)~+/2+ 0.0'2 619.0 609.0 -10 .0  

0.20 608.0 632.0 24.0 
2.00 607.0 633.0 76.0 

CpFeCpCH~N- 0.20 368,0 3~}I.0 --7.0 
(CH3) ~'-'+/+ 

All  coat ings  con ta ined  8,4 • 10 -s mol  c m  -~ of  ca rboxyl  groups. 
b T h e  suppor t ing  e lec t ro ly te  wa s  CH~COONa, and  all solutions 

w e r e  a d j u s t e d  to pH 5.5. 
c F o r m a l  po ten t ia l  of the  couple in homogeneous  solution, ob- 

tained f r o m  t he  a v e r a g e  of  cyclic v o l t a m m e t r i c  peak  poten t ia l s  
and  co r r ec t ed  fo r  d i f ferences  in diffusion coefficients (12). 

a F o r m a l  po ten t ia l  of the  r e dox  couple wi th  the polyelectrolyte 
coat ing  as ob ta ined  f r o m  cyclic v o l t a m m o g r a m s  r e c o r d e d  at  low 
scan rate. 

* Cp ffi cyclopentadienide.  

for the opposite shifts in formal  po ten t ia l  of the 
Ru (NH3) 63 +/2 + and Os (bpy)  ~3 +/2 + couples upon thei r  
incorpora t ion  in the polye lec t ro ly te  coatings, the t em-  
pe ra tu re  .dependences of the formal  potent ia ls  of the 
two couples were  measured  wi thin  the coatings and 
at  a bare  electrode.  The results,  p lo t ted  in Fig. 4, show 
that  increases in  t empera tu re  cause the formal  po-  
tent ia ls  for both  couples to shif t  to more  negat ive  
values wi th in  coatings of po lye lec t ro ly te  II  but  in the 
opposite di rect ion in homogeneous solutions. 

The formal i sm of Weaver  etal.  (9) can be used to 
evMuate ha l f - reac t ion  entropies  for  redox couples 
(~Src ~ from the slopes of the  lines in Fig. 4. The r e -  

sul t ing values a re  l is ted in Table III. For  Ru(NHs)63+/2+, 
the value of  aSrC at  the bare  e lect rode agrees  wel l  
with that  repor ted  by  Weaver  et al. (9), and the value  
for Os(bpy)38+/2 + is not  far  f rom the i r  va lue  for the 
i sos t ructura l  Fe (bpy)  83 +/3 + couple (9). 

The difference be tween  the values of ~Src ~ at  bare  
and coated electrodes (h~Src ~ (Table  III)  represents  
the en t ropy  change associated with  an overa l l  react ion 
such as 

( , - ~ A - ) 2 - - - R u  (NH3) 62+ + ~ A - - - - N a  + 

+ Ru (NH3) 68 + (aq) "~ ( ' H A - )  ~ - - -Ru  (NHs) 68 + 

+ N a ( a q )  + + Ru(NIZ '*3 )62+(aq )  [ 5 ]  

where  ~ A -  represents  one of the anionic fixed charge  
groups of the polyelec t ro ly te ,  and (aq) denotes  the 
hydra ted  ion in the bulk  of the  solution. The ionic 
aggregates  inside the polyelec t ro ly te ,  denoted  by  
( ~ , - - A - )  , . - - -Ru (NI-I3)6 '~+, m a y  also be hyd ra t ed  to an 
extent  that  is g rea t  enough to affect both  the i r  en-  
t ropies  and enthalpies  significantly.  

The posi t ive  values  of AASrc~ in Table I I I  show that  
the subs t i tu t ion  for  one incorpora ted  cationic complex 
of its redox pa r t ne r  wi th  the  h igher  charge leads  to a 
net  increase in e n t ropy  in each case. The corresponding 
entha lp ic  differences, AAH2.98 ~ are  posit ive,  s t r ik ing ly  
so in the case of po lye lec t ro ly te  II. Thus, the p re fe r -  
ent ia l  incorpora t ion  of the  more  h igh ly  charged  cat-  
ions is dr iven  by  the large  re lease  of entropy.  

pH dependence of the incorporation.--The effective 
PKa os the ca rboxyl ic  acid groups  in po lye lec t ro ly te  I I  
can be inspected Oy measur ing  tne effect of pH on the 
incorpora t ion  of cartons by tne polyelec t ro ly te .  Expe r i -  
menm or" tnis type were  pe r fo rmed  by  exposing a coat-  
ing of poiyelec~rolyte I i  to a solut ion of Ru(NH~)8 :*+ 
which was ad jus ted  to pH values be tween 1.5 and 5.5. 
A~ter the incorpora t ion  equi l ib r ium had  been a t ta ined  
(30 rain of exposure  proved  adequa te ) ,  the coated 
electrode was t rans fe r red  to a pure  suppor t ing  e lec t ro-  
ly te  solut ion at  the same pH, and the amount  of 
Ru (NHs)63+ re ta ined  by  the coat ing was de te rmined  by  
s tepping  the e lect rode potent ia l  to --0.6V and m e a s u r -  
ing the to ta l  cathodic charge tha t  passed before  the 
cur ren t  decreased to background  levels.  The resul ts  
are  shown in Fig. 5. The pH at which the incorpora t ion  
reaches  one-ha l f  of its m a x i m u m  value  [only ca. 36% 
of the  total  ca rboxyla te  groups in the  coat ing bound 
Ru(NI%)63+ cations that  were  in electronic contact  
wi th  the  electrode]  is 2.2. This value is close to the  PKa 
of 1.9 measured  more  d i rec t ly  for  a s imi la r  perf luoro-  
ca rboxyla te  po lye lec t ro ly te  (13). However ,  the shape 
of the plot  in Fig. 5 does not  match  tha t  of a typ ica l  pH 
t i t ra t ion  curve. This is p r e suma b ly  because of  in te rac -  
tions among the high concentra t ion of ca rboxy la te  
groups wi thin  the polyelec t ro ly te .  S imi la r  behavior  
was repor ted  r ecen t ly  in coatings of p ro tona ted  po ly -  
v iny lpyr id ine  (14). Thus, it  is not  accurate  to iden t i fy  
the pH cor responding  to h a l f - m a x i m u m  incorpora t ion  
in Fig. 5 wi th  a single pKa of the  funct ional  group. The 
"effective pK~" (14) var ies  wi th  the degree  of p ro tona -  
t ion and with  the  ionic s t rength.  Nevertheless ,  i t  j s  
c lear  that  at  p H  values as low as 1, pro tons  compete  
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qui te  successful ly  wi th  Ru(NH3)63+ ions for  counte r -  
ionic si tes wi th in  the polyelec t ro ly te .  

Discussion 
The combinat ion  of da ta  in Tables I and II  shows tha t  

the  equ i l ib r ium constants  govern ing  the incorpora t ion  
of cations by  coatings of polye lec t ro ly te  II  control  the 
changes in the formal  potent ia ls  of redox couples ex -  
t rac ted  into the coatings. The t rends  in the values of 
E p f  - -  E s  f (---- A E  f )  i n  T a b l e  I I  d e m o n s t r a t e  t h a t  t h e  

re la t ive  equ i l ib r ium b inding  constants  for two halves  
of a redox couple are  not  de te rmined  solely by  the 
magni tudes  of the i r  posi t ive charges.  Thus, the  
Ru (NH3) s ~ +/2 + and Os (bpy)  3 s + I2 + couples involve the  
same pa i r  of charge types but, a t  ionic s t rengths  above 
ca. 0.05M, the formal  potent ia ls  of the  two couples a re  
shif ted in opposi te  direct ions by  incorporat ion.  

The addi t ional  factor  affecting the incorpora t ion  
equi l ibr ia  seems l ike ly  to be hydrophobic  interact ions  

be tween  the la rge  f luorocarbon component  of the poly- 
elec t ro ly te  coat ing and the incorpora t ing  cations. P r e -  
viously cited evidence of such hydrophob ic  interact ions  
has included the blue shift  in the  fluorescence of 
Ru(bpy)3  e+ incorpora ted  in Nation membranes  com- 
pa red  with  the red shif t  observed with  other,  less h y -  
drophobic,  polye lec t ro ly tes  (15). In  addit ion,  the  much 
smal le r  diffusion coefficients wi th in  Nation coatings of 
cations su r rounded  by  hydrophobic  l igands has been 
in te rp re ted  in te rms of a s t rong in terac t ion  be tween  the 
diffusing ions and the hydrophobic  f luorocarbon por -  
tions of the  in te r io r  of the  po lye lec t ro ly te  (16). 

The t rends  evident  in the da ta  of Table  II  can be r a -  
t ional ized in te rms of the  re la t ive  impor tance  of h y d r o -  
phobic and electrostat ic  in teract ions  be tween  the in-  
corpora ted  cations and the polye lec t ro ly te .  Fo r  ex-  
ample,  a t  an ionic s t rength  of 0.2M, ~Er is posi t ive for 
Os (bpy)  .~3 +/2 +, near  zero for CpFeCpCH2N (CH3) s2 + / + 
and negat ive  for  Ru(NtI~)e  ~+/2+. The less h igh ly  

Table ]11. Differences in half-reactlon entropies and enthalpies for the Ru(NH~)68+/2+ and Os(bpy)3 3+/2+ couples in coatings 
of Nation and polyelectrolyte II a 

ASrc o b AASrc o e AAH~s o d AAG~s" �9 
Red0x couple Electrode coating c a l / K ,  m o l  c a l / K  �9 m o l  k c a l  m o l  -z k c a l  mol  4 

R u  (NI-I3) ~+/~+ B a r e  + 17.1 (0.99) 
N a t i o n  + 4.6 (0.90) +12 .5  --0.36 --4.09 
II - 2 3 . 5  (0.98) +40 .6  +7.22 - -4 .88  

Os(bpy)s3§ Bare + 3,5 (0.90) 
I I  --  3.8 (0.95) +7 .30  +1 .42  - -0 .75  

~ S u p p o r t i n g  e l e c t r o l y t e :  0.02M C H 3 C O O N a  a t  p H  5.5. 
b T h e  e n t r o p y  c h a n g e  f o r  t h e  h a l f - r e a c t i o n :  MS+ + e -  ~- M ~§ C a l c u l a t e d  f r o m  the s lopes  of the l ines  in F i g .  4. L i n e a r  correlat ion 

coefficients are g iven in p a r e n t h e s e s .  
c. d, �9 Differences  be tween  ~8rr  ~ A H ~ ' ,  a n d  A G e s  ~ a t  c o a t e d  a n d  b a r e  electrodes .  Calculated f r o m  ~ H  ~ = A~G ~ - T A ~ S r e ~  A A G ~ *  

= -- nFAEL 
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Fig. 5. Incorporation of Ru(NH3)63+ by polyelectrolyte II as a 
function of pH. Electrode coating contained 8.4 • 10 -s  mol cm -2  
of carboxylate groups. Electrode was equilibrated for 30 min with 
a 5 mM solution of Ru(NH3)6 ~+ at each pH before transfer to 
pure supporting electrolyte for measurement of the quantity in- 
corporated. Supporting electrolyte: pH ---~ 4.5: acetate buffer; 
2.25 ~-~ pH ~ 3.25: p;msphate buffer; pH ~ 2: HCI -[- NaCI. 
The ionic strength was maintained at 0.2M. 

charged (i.e., reduced)  form of each couple would  be 
more  hydrophobic  and therefore  would  be expected 
to b~ p re fe ren t i a l ly  s tabi l ized  by  hydrophobic  in te rac -  
t ion compared  with  its more  h ighly  charged (oxidized)  
par tner .  By contrast,  pu re ly  e lec t ros ta t i c  s tabi l iz ing in-  
teract ions would  act in the opposi te  direction.  Thus, 
the values of ~E r for the three  couples l is ted above 
indicate the dominance  of hydrophobic  interact ions  
for Os (bpy)  3+/2+ and hydrophi l i c  in teract ions  for 
Ru(NH3)8 a+/2+, With the two factors  exer t ing  ap-  
p rox ima te ly  equal  and opposite influences in the .case 
of CpFeCpCH2N(CH3)3 ~+/+. This seems chemical ly  
reasonable  because the order  of increas ing hyd ro -  
phobic i ty  of the three  redox  couples is ve ry  l ike ly  to 
be Oa(bpy)88+/2+ > CpFeCpCH2N(CI~)82+/+ > 
Ru (NHs)63+/2+ . 

The  effects of changes in }onic s t r eng th  on the values  
of AEf in Table II  for the Ru(NH3)6 ~+/2+ and 
Os(bpy)3  a+/2+ couples can be unders tood on the same 
basis. Al te ra t ions  in the in tens i ty  of hydrophobic  in te r -  
actions produced by  changes in ionic s t rength  are  not 
l ike ly  to be as large as the expected (17) decreases in 
e lectrostat ic  in terac t ion  as the ionic s t rength  increases.  
The l a t t e r  changes can be subs tant ia l  as the behavior  
of the  Os (bpy)  33+/2+ .couple indicates.  In  2M suppor t -  
ing electrolyte ,  ~E r is most  posit ive,  point ing to the  
s t rongest  hydrophobic  stabil izat ion,  whi le  in 0.02M 
solut ions aEf becomes s l igh t ly  negat ive,  suggest ing tha t  
under  these condit ions the s t rength  of the e lectrostat ic  
in terac t ion  has increased sufficiently to overcome the 
hydrophobic  factors that  act in the opposi te  direction.  
The much more  hy.drophilic Ru (NH3) ~3 +/2 + couple ex-  
hibi ts  AE f values that  reflect dominance  by  electrostat ic  
in teract ions  at  all  ionic s t rengths.  The in tens i ty  of these 
in teract ions  is ev iden t ly  qui te  large for this couple, as 
indica ted  by  the unusua l ly  large  value  of ~Ef in the 
0.02M electrolyte .  

AEf was also measured  for  the Ru (NH~)68 +/2+ couple 
at  0.2M ionic s t rength  in Nation coatings. The value  
observed was --100 mV, compared  with  --164 mV for 
po lye lec t ro ly te  II  unde r  the  same conditions. S imi la r  
differences exist  be tween  the s t rength  of the b inding  
of a lkal i  cations by  ion-exchange  resins based on 
sulfonate  and carboxyla te  groups (18). The behaviora l  
difference has been ascr ibed to differences in the s t ruc-  

ture  of the p r i m a r y  hydra t ion  spheres of the  cations 
induced by  the two types of anionic b inding groups 
(18). In  the  present  case, where  hydrophobic  and elec-  
t rostat ic  factors are  also bel ieved to influence the 
s t rength  of cation binding,  the difference in ~Ef for 
Nation and polye lec t ro ly te  I I  for  the  Ru(NI-~)s  ~+12+ 
couple m a y  reflect a grea ter  control  by  e lect ros ta t ic  
binding in the la t te r  coating. 

The entropic  control  of the "incorporation equi l ib r ia  
revea led  in the  da ta  of Table  I I I  suggests  a p r i m a r y  
role for  wa te r  molecules  in the overa l l  incorpora t ion  
process. This accords wi th  severa l  previous  studies of 
cation binding by  polyanionic  e lec t ro ly tes  (19), in  
which evidence was presented  for  the release of wa te r  
molecules  f rom both the  charged b inding  sites and the 
hydra t ion  spheres  of the bound cations. The large  nega-  
t ive value of ASrc ~ for  the Ru(NH~)63+/2+ couple in 
polye lec t ro ly te  II  s ignals  an unusual  ionic and solvat ion 
env i ronment  for the couple in this polyelect rolyte .  The 
binding of the  Ru(NH~)63+/2+ couple by Nation p ro -  
duces much smal le r  value of hASte ~ than for b inding  to 
the po lycarboxyla te ,  II. This m a y  be a reflection of a 
h igher  charge deni ty  on the fixed anionic sites in I I  
compared  with  Nation. This could produce t ighter  ion 
pa i r ing  with  mul t ip ly  charged  cations wi thin  polye lec-  
t ro ly te  II  and g rea te r  loss of wate r  molecules  f rom the 
outer  coordinat ion spheres  of the incorpora ted  com- 
plexes.  Differences in the pa r t i a l  molar  volumes of sul-  
fonate  and carboxyla te  bear ing  polye lec t ro ly tes  upon 
incorpora t ion  of cations were  expla ined  in s imi la r  
te rms by  Tondre  and Zana (19d). 

The posi t ive value of AAH ~ for incorpora t ion  of the 
Ru(NH3)6 ~+/~+ couple by  polye lec t ro ly te  II  (Table  
I I I )  represents  the net  resul t  of a var ie ty  of coulombic 
and dipolar  in teract ions  whose ind iv idua l  contr ibut ion  
to the measured  values of AAH~gs ~ it would  be ex-  
t r eme ly  difficult to disentangle.  However ,  it  may  be 
wor th  not ing tha t  the  behavior  we have  observed is 
s imi lar  to that  repor ted  for the incorpora t ion  f rom 
aqueous solution of an organic sulfonate  (8-ani l ino-  
1-naphtha lene  sul fonate)  by  the hydrophobic  por t ion of 
a block copolymer  of po lye thy lene  oxide  and p o l y ( 2 -  
h y d r o x y e t h y l  me thac ry la t e )  (20). The incorporat ion,  
which is free of direct  e lectrostat ic  b inding be tween  
fixed charge groups and the incorpora t ing  ions, is also 
governed by  a posi t ive en t ropy  change tha t  overcomes 
a corresponding increase in enthalpy.  Differences in 
the ion-dipole  in terac t ion  energies be tween  the in-  
corpora t ing  ion and wa te r  molecules  inside and outs ide 
the po lymer  m a y  make  impor t an t  contr ibut ions to the  
enthaIDy changes in both this instance and the in-  
corporat ion of the  Ru (NH.~)63+/2+ couple by  polye lec-  
t ro ly te  II. In anv case. the point  to be der ived  from the 
present  s tudy is that  the factors go -e rn ing  the re la t ive  
bindin~ interact ions  of polyelec t ro ly tes  and complex 
ions can involve much more  than  the  re la t ive  charge  
densit ies  of the lat ter .  
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Measurements of the Steady-State Activation Overpotential of 
Chlorine Evolving Electrodes 

I. V. Kadija 
Olin Corporation, Metals Research Laboratories, New Haven, Connecticut 06511 

ABSTRACT 

Detailed measurements  of interfacial  concentration and concentration overpotent ial  of chlorine evolving platinized 
platinum electrodes were performed in 4.9M NaC], at 25~ and 1 atm chlorine or 1 arm nitrogen in the cell. Based on these 
and electrode polarization measurements ,  steady-state activation overpotential  curves were obtained. The applied method 
enabled for the first t ime in this field, development  of true steady-state activation overpotential  curves. Our findings indi- 
cated that 30-40 mV/decade slopes typical ly obtained in nitrogen atmosphere were essential ly a sequence of quasi equilibria 
at the electrode interface. Also, micropolarization data obtained near  the open circuit  with chlorine atmosphere in the cell 
were found to be a concentration overpotential  phenomenon.  The true activation overpotential  was found to become a 
significant part  of the electrode polarization only after it exceeded several millivolts in chlorine saturated brine. In nitrogen 
saturated brine, where  the open circuit was undefined, the activation overpotential  became significant for polarizations 
that  exceeded two decades of s teady-state low current densi ty polarization. In this case, the activation overpotential was 
observable as a depar ture  from a 32 mV/decade slope. The obtained activation overpotent ial  curves can be used as a base for 
developing kinetic parameters,  however, a considerably greater emphasis  than in the past  must  be given to the correspond- 
ing interfacial conditions. 

A s t eady-s t a t e  e lec t rochemical  react ion br ings  about  
a concentra t ion grad ien t  across the interface.  Assuming 
a charge  t ransfe r  react ion v i r t ua l ly  at equi l ibr ium,  the  
concentra t ion overpo ten t ia l  is defined (1) as the differ-  
ence be tween  the s t eady-s t a t e  potent ia l  and the po-  
ten t ia l  across the  in terface  obta ined at  the  open c i r -  
cuit  (equ i l ib r ium po ten t ia l ) .  Using act iv i ty  te rms 
r a the r  than  concentra t ion in the  Nernst  equation,  the  
concentra t ion overpoten t ia l  (~c) for an e lec t ronat ion  
react ion can be expressed in the fol lowing form 

RT ax=~ 
~ : I n -  [1] 

a o 

where  ax=o is the ac t iv i ty  of the reac t ing  species at  the 
in terface  in g ions/ l ,  and ao is the ac t iv i ty  of the  same 
species in the bu lk  in g ions/1. According  to the  Fick ' s  
l aw  o2 s t eady- s t a t e  diffusion, assuming a known  a n d  
v i r t ua l l y  constant  ac t iv i ty  coefficient, a o --  ax-~o is p ro -  
por t iona l  to the cur ren t  dens i ty  

i8 
ao  - -  a x = o  - -  - -  ~ • I0 3 [ 2 ]  

nFD 

where  i is the  cu r r en t  dens i ty  in A / c m  ~, ~ is the  diffu- 
sion l aye r  th ickness  in cm, and D is the  diffusion co- 

efficient of the reac t ing  species in cm2/s. By in t roducing  
Eq. [2] in Eq. [1], one obtains  

R T (  10ai8 ) 
no : In 1 + ~ [3] 

nF nFDa o 

An inheren t  p rope r ty  1 of express ion [3] is the 
,]c'S l inear  dependence  on cur ren t  dens i ty  for smal l  

ib 
/ a o. For  such opera t ing  conditions,  values of 103 nF'---ff 

Eq. [3] m a y  be wr i t t en  as 

R T ~ I O  3 
m : i - -  [4] 

n2FSDa o 
o r  

where  
~]c : K " i 

RT~10 a 
K : - -  

n2F2Dao 

For  example ,  for  a single e lect ron charge  t rans fe r  r e -  
action for a o : 1 g ion/1. F : 9.65 X 104 As /g  ion, 
D : 10 -5 cm2/s at cur ren t  dens i ty  of 10-  ZA/cm2, a n d  

~In (l• = •  
x .--~ 0 
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5 = 10 -2  cm, one obtains nc = 0.61 mV. The l inear  de-  
pendence  exists  up to seven t imes h igher  cur ren t  den-  
si ty giving 4.2 mV. The given example  corresponds to a 
s i tua t ion  l ' requent ly encountered  in e lect rochemical  in-  
vestigations,  i.e., 1 g ion/1 concentra t ion of react ing 
species, cur ren t  dens i ty  of severa l  m A / c m  2, and  de-  
p e n d i n g o n  the s t i r r ing  rate ,  diffusion layer  thickness  of 
50-200~. Hence, concentra t ion polar izat ion is p resen t  
th roughout  the exper iment .  I t s  t rue value,  however ,  
m a y  be de te rmined  on ly  by  means of re t rof i t t ing the 
necessary  informat ion  into Eq. [4] or  even more  ac-  
curately,  since Fick 's  law is an approximat ion ,  by  
apply ing  the t rue  value  of a~=o in Eq. [1]. 

In  a s imi lar  approach,  the low field approx imat ion  of 
the Bu t l e r -Vo lmer  equat ion is f r equen t ly  being used 
for es tabl ishing the kinet ic  pa ramete r s  of e lec t ro-  
chemical  react ions  (1) 

ioF~A 
i = [5] 

R T  

(--0.~1 < nA < +0.01) where  ~A is the act ivat ion over -  
potential .  Equat ion [5] expresses  the l inear  r e la t ion-  
ship be tween the act ivat ion overpoten t ia l  and the 
cur ren t  dens i ty  if the e lect rode potent ia l  is close to the 
equ i l ib r ium poten t ia l  es tabl ished in the pa r t i cu la r  
e l ec t rode /e lec t ro ly te  system. 

Now, both Eq. [4] and  [5] are  appl icable  to the same 
sys tem and in the same polar izat ion range.  In the 
presence of both, concentra t ion and act ivat ion po la r i -  
zation, there  is a l inear  re la t ionship  be tween  the cur-  
ren t  and the polar izat ion.  Clearly,  the  overa l l  po la r i -  
zat ion wil l  be the  a r i thmet ic  sum of the two overpo-  
tentials.  Eventua l ly ,  one may  make  use of Eq. [5] if  
~c is measured  and its re levance  de termined.  

The role of the concentra t ion overpoten t ia l  becomes 
even more  impor t an t  for the invest igat ion of the  k i -  
netics of revers ib le  react ions wi th  e lectrode potent ia l  
depending  on both reac tan t  and product  species ac t iv-  
ity. For  example ,  for  a redox couple An+/A on-l)+ one 
can wr i te  the concentra t ion overpoten t ia l  expression 
as 

RT [ a~ aAn+x=0 ] 
~ c = ~  In + I n .  [6] 

~A(n--1) +x=0 a~ n+ 
Since in this case the same app l ied  cur ren t  generates  
in ter rac ia l  ac t iv i ty  changes for both species, it  is neces-  
s a ry  to be very  accurate  in ident i fy ing  these changes 
at  the  ins tant  of tak ing  polar iza t ion  data. In  an example  
analogous to the one above wi th  both species having  
a bu lk  ac t iv i ty  of 1 g ion/ l ,  a cur rent  of 7 • 10 -3 
A / c m  2 wil l  genera te  8.4 mV of concentra t ion overpo-  
tential .  If, however ,  one of the species is one order  of 
magni tude  lower  in bu lk  act ivi ty,  its in ter fac ia l  
ac t iv i ty  change becomes considerable.  In  tha t  case, 
we must  use Eq. [3] to descr ibe concentrat ion over -  
potent ia l  which in tu rn  follows the logar i thmic  de-  
pendence.  For  example ,  by  doubl ing the one species '  
in ter fac ia l  act ivi ty,  one obtains R T / F  In 2 = 20 mV for 
concentra t ion overpotent ia l .  Hence, the  species wi th  the  
lower  bu lk  ac t iv i ty  becomes the p redominan t  factor  in 
es tabl ishing the concentra t ion overpotent ia l .  

Since its measu rcmen t  introduces considerable  com- 
p lex i ty  to the logistics of the e lec t rochemical  inves t iga-  
tion, the in ter rac ia l  ac t iv i ty  change of  the reac t ing  
species is t yp ica l ly  p resumed to be negl igible  in the  
l i tera ture .  "Sufficient s t i r r ing"  wi th  a ro ta t ing  disk, fast 
flowing electrolytes ,  or other  means is r egu la r ly  in t ro-  
duced as an a priori method t o e l i m i n a t e  the concen- 
t ra t ion gradient .  Also typ ica l  is the t rans ient  method 
approach  where  the cur ren t -vo l t age  measurements  a re  
made  p r io r  to the  es tabl i shment  of the  s t eady- s t a t e  
concentra t ion gradient .  

However ,  the  above-ment ioned  methods  are  usua l ly  
overes t imated  concerning the i r  effectiveness in e l imi -  
na t ing  the  concent ra t ion  polar izat ion.  In  essence, the  
in ter rac ia l  ac t iv i ty  devia t ion  f rom the bu lk  values  is 

a lways  presen t  and its re levance  to the  exper imen te r ' s  
conclusions can be de te rmined  only upon de ta i led  m e a -  
surements  of the  changes or at least  upon a thorough 
invest igat ion of the mass t ranspor t  condit ions at  the  
interface.  Recently,  the In te rna t iona l  Union of Pure  and 
Appl ied  Chemistry,  Commission on Elec t rochemis t ry ,  
has issued a set of recommendat ions  concerning pub-  
l ishing of the informat ion  obta ined  in invest igat ions  
of e lect rode react ion values,  t ransfer  coefficients, and 
ra te  constants  (2). "In  view of the complicat ions and 
confusion which exis t  in the  l i te ra ture ,"  severa l  sug-  
gested basic recommendat ions  put  the emphasis  
on having mass t r anspor t  and in ter rac ia l  concentra t ion 
r igorous ly  contro l led  and defined. 

In  the  ch lo r -a lka l i  i n d u s t r y ,  noble  meta l -coa ted  
t i t an ium anodes provide  an excel len t  subs t ra te  for  a 
revers ib le  ch lor ine /ch lor ide  reaction.  In  such cases, the  
concentra t ion overpoten t ia l  can be descr ibed wi th  an 
express ion s imi lar  to Eq. [6] 

R T  aocl-  RT acl~ ~=0 
" = F In 4- .In [7] 

a c l - ,  x=0 2F aOcls 

Throughout  the exis t ing l i t e r a tu re  dea l ing  wi th  this  
subject ,  in in te rp re t ing  the cu r r en t /vo l t age  curves,  
the e lectrode equi l ib r ium poten t ia l  is typ ica l ly  ex -  
pressed th rough  the chlor ine  pa r t i a l  pressure,  Eq. [8]. 
By this means,  the in ter rac ia l  chlorine ac t iv i ty  acls, x=0 
had  forever  lost  its iden t i ty  being locked into a p re -  
sumed chlorine equi l ib r ium be tween  the gaseous and 
the l iquid  phase.  Since the pa r t i a l  p ressure  over  the  
e lec t ro lyzer  stays v i r t ua l l y  constant  th roughout  the  e x -  
per iment ,  one m a y  be easi ly  brought  to the conclusion 
tha t  ac,2, x=o is a lways  equal  to the bu lk  act ivi ty,  a?cls. 

In  real i ty ,  on a chlor ine or  any  other  gas producing  
surface, one cannot  ident i fy  the charge  t ransfe r  sites 
wi th  gas phase nuclea t ing  sites. Typical ly ,  the  cata-  
ly t ic  e lect rode surface,  on an a tom scale level,  has a 
dens i ty  of 106-1012/cm 2 of charge t rans fe r  sites whi le  
the number  of gas nuclea t ing  sites, on a macroscale,  is 
considerably  smal le r  and ranges  f rom 102 to 105/cm 2. 
The separa t ion  be tween the two br ings  up mass t r ans -  
por t  l imi ta t ion  leading to considerable  chlor ine supe r -  
sa tura t ion  at the  in terface  (3-8).  Clearly,  the  b r ine  
sa tura t ion  b y  sparging  1 a tm C12 through  the  e lec t ro-  
ly te  wi l l  have  no bear ing  on the  chlor ine  t r anspor t  
phenomena  at the in ter face  in a s teady state. Moreover ,  
considerable  supersa tura t ion  at  the  in terface  can cause 
minor  bu t  measurab le  supersa tura t ion  in the bu lk  
since measu rab ly  large  flux of supersa tu ra ted  chlor ine 
can diffuse into the bu lk  wi thout  being disengaged b y  
bubbles  at the interface.  Examples  of this mechanism 
are wel l  demons t ra ted  wi th  high speed movie  camera  
and double  r ing  d isk  measurements  of o ther  gas evolv-  
ing react ions  (4). 

In  our  first contr ibut ion (11) we have  measured  
chlor ine in ter fac ia l  concentra t ion in th ree  different  
sets of chlorine pa r t i a l  p ressure  and bu lk  pH condi-  
tions; C12 sparged ch lo r -a lka l i  cell  (CI~ pa r t i a l  p res -  
sure 0.96 atm)~ N2 sparged  ch lo r -a lka l i  cell  (CI2 p a r -  
t ia l  pressure  0.0 a rm) ,  anct in ch lora te  cell  condit ions 
at pH 7 (C12 par t i a l  pressure  0.01 a rm) .  With  fixed 
thickness of diffusion l aye r  at 23#, we have shown 
that  the chlor ine in ter rac ia l  concentra t ion fol lows 
l inea r ly  the cur ren t  densi ty  regardless  of the  chlor ine  
pa r t i a l  pressure.  Fur the rmore ,  in the case of a ch lor ine-  
sa tu ra t ed  ch lo r -a lka l i  cell, we have measured  chlor ine 
bu lk  ac t iv i ty  which exceeded gas / l iqu id  equi l ibr ium.  
Hence, it  was demons t ra t ed  tha t  one m a y  not  use chlo-  
r ine  pa r t i a l  pressure  but  only  the in ter rac ia l  chlor ine  
ac t iv i ty  as informat ion r e l evan t  to the  concentra t ion  
polarizat ion.  

This manuscr ip t  deals  wi th  the  chlor ine  concen-  
t ra t ion  overpoten t ia l  as a funct ion of the  diffusion 
l aye r  thickness.  I t  also establ ishes expe r imen ta l l y  v e r i -  
fied constants  appl icab le  to the  concentra t ion  overpo-  
ten t ia l  measurements  for  ,chlorine evolu t ion  inves t iga-  
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t ion at  25~ in 4.9M brine.  This informat ion  has p rac t i -  
cal value  in es tabl ishing the ac tual  ac t ivat ion overpo-  
tent ia l  if  the diffusion l aye r  thickness  is known. 

Experimental Method 
Janssen  and Hoogland (9) have shown tha t  diffu- 

sion l aye r  thickness  is a funct ion of cur ren t  dens i ty  
tha t  is ev iden t ly  a resu l t  of the va ry ing  bubble  dy-  
namics.  In  o rder  to measure  the concentra t ion po la r i -  
zat ion dependence  on diffusion l aye r  thickness,  one 
mus t  have a cur ren t  independen t  means  for control l ing 
the magni tude  of the  lat ter .  Based on the previous  
findings (4, 10, 11), we have selected the ro ta t ing  
double  r ing  d isk  system. Here  diffusion l aye r  thickness  
can be var ied  independen t ly  f rom the ra te  of the gas 
producing  reaction.  In  this perspect ive,  the informat ion  
given th roughout  the manuscr ip t  is different  f rom the 
one tha t  m a y  be ob ta ined  at  a s ta t ionary  electrode.  A 
d iminish ing  diffusion layer  thickness  wi th  increas ing 
cur ren t  dens i ty  wi th  a s ta t ionary  sys tem would  re -  
quire  diffusion l aye r  thickness  analysis  f rom one to 
another  s teady  s ta te  (9). 

The expe r imen ta l  method  was descr ibed ea r l i e r  (11) 
in detai l .  Briefly, i t  contains the  fol lowing steps: Firs t ,  
the  requ i red  diffusion l aye r  thickness was es tabl ished 
by  fixing the ro ta t ing  r ing d isk  system at a constant  
ro ta t ion speed.  Secondly,  f rom a power  supply,  an 
anodic  and constant  cur ren t  dens i ty  was es tabl i shed  at  
the  inner  r ing which  served as the  opera t ing  electrode.  
Typical ly ,  the  e lect rode potent ia l  was reached wi th in  
ls  or  less. However ,  the potent ia l  read ing  was made  
af te r  at  least  3 min have elapsed since the  po la ro-  
graphic  measuremen t  at  the  outer  r ing requi red  2-3 
min to be per formed.  We have  po la rograph ica l ly  ana-  
lyzed the molecu la r  chlor ine  in ter rac ia l  concentra t ion 
by  means  of the  outer  r ing 's  independen t  circuit.  The 
l imi t ing  currents  for  molecular  chlor ine reduct ion at 
the  outer  r ing  were  propor t iona l  to the  concentra t ion 
of molecu la r  chlor ine at  the opera t ing  inner  r ing 's  
in terface  (11). An  accuracy  of •  enabled  a de ta i led  
measu remen t  of  the in ter rac ia l  changes. By means  of 
the  ac t iv i ty  coefficient and  the in ter rac ia l  concent ra-  
tion, we have  ca lcula ted  the  ac tual  s t eady- s t a t e  con- 
cent ra t ion  overpoten t ia l  and used it for es tabl ishing 
the act ivat ion overpoten t ia l  under  var ious  h y d r o d y -  
namic  condit ions at  two ro ta t ing  r ing electrodes.  

In  expe r imen t s  pe r fo rmed  wi th  the outer  r ing  as an 
opera t ing  electrode,  there  were  no s imul taneous  mea-  
su rements  of in ter fac ia l  concentra t ion due to the  logis-  
tics of the ro ta t ing  double  r ing  sys tem operat ion.  P r e -  
sented da ta  are  based on the measured  polar izat ion 
and the concentra t ion changes calcula ted from our  
p rev ious ly  verified equat ion [Eq. IV], Ref. (11)] .  

Since a tenfold increase  in chlor ine ac t iv i ty  gives 
only 29.5 mV change  in  the opera t ing  e lect rode po-  
tent ial ,  we  have  increased our  accuracy by  having  sets 
of th ree  Ag/AgC1 and three  SCE reference  electrodes.  
IR drop correct ions were  made by  cur ren t  i n t e r r u p -  
t ion methods.  The appara tus  was the rmos ta ted  at  25.0 ~ 
• 0.5~ Specia l  care was taken  to avoid supe r sa tu ra -  
t ion in the  bu lk  since the ana ly t ica l  ou te r  r ing m e a -  
sures the to ta l  concentra t ion  (11). We res t r ic ted  our  
cur ren ts  to less than  100 mA. We in t roduced C12 or  N2 
bubble rs  to increase  the  chlor ine d i sengagement  f rom 
the bulk.  F requen t  checks of the l imi t ing cur ren t  for 
molecu la r  chlor ine  reduct ion  at  the outer  r ing  at  no 
cur ren t  f rom the inner  r ing was used as a measure  of 
the  bu lk  sa tura t ion  level  (11). Chlorine and n i t rogen  
pa r t i a l  p ressure  above the solut ion were  0.95-0.97 atm. 
A l l  the curves have been reproduced  at  least  th ree  
t imes. Increas ing  and decreas ing cur ren t  s t eady- s t a t e  
polar iza t ion  measurements  were  wi th in  -+0.7 mV. 

Diffusion layer thickness selection.--Janssen and 
Hoogland (9) have  shown tha t  for a range  of cu r r en t  
densi t ies  be tween  0.1-1.0 A / c m  2 diffusion l aye r  th ick-  

ness of a chlor ine  p roduc ing  anode at  25~ var ies  w i th -  
in 60-10#, respect ively.  Hence, we have  selected the 
range  of diffusion l aye r  thickness be tween  15-50~ since 
it reflects most accura te ly  the  ones obta inable  in in-  
dus t r ia l  pract ice or  in exper iments  wi th  ro ta t ing  disks. 

pH range selection.--In the ma jo r i t y  of ch lo r -a lka l i  
operat ions,  the s t eady - s t a t e  anoly te  pH varies  f rom 
pH 4.5 to 2.0. Opera t ing  with  a 95-99% efficiency for 
chlor ine reaction,  the in terface  is typ ica l ly  more  acidic 
than  the bu lk  anolyte  due to the  1% to 5% cur ren t  
efficiency in oxygen  evolut ion f rom,wa te r .  In  View of 
the po ten t ia l ly  var iable  bu lk  pH, we have conducted  
the m a j o r i t y  of our  ch lo r -a lka l i  exper iments  wi th in  a 
pH range of~ 0.5-2.0. Yokoyama et al. (22) have r ea -  
sonably  used a s imi lar  range  to avoid significant h y -  
pochlorate  formation.  Based on our  previous  findings 
(11), however ,  this change does not  in t roduce  any  mea-  
surable  var ia t ion  in the in ter fac ia l  sa tu ra t ion  phe -  
nomena.  

Results 
The solid N~2 curves in Fig. I and 2 are  the  polar iza t ion  

curves obta ined at  var ious  rota t ion speeds on the inner  
and outer  rings, respect ively,  wi th  N2 a tmosphere  in 
the anolyte.  At  lower  cur ren t  densi t ies  (less than  20 
mA/cm2) ,  we have obta ined para l l e l  l ines wi th  both 
rings. The average  s lope of the l;nes was 32 • 1 m V /  
decade. 

Solid C12 curves shown in Fig. 1 and 2 descr ibe the 
polar iza t ion  curves on the inner  and ou te r  rings, r e -  
spect ively,  wi th  CI~ a tmosphere  in the anolyte.  At  
h igher  cur rent  densities,  these coincide wi th  the N2 
a tmosphere  curves at cor responding rota t ion speeds. 
We have  obta ined an open-c i rcu i t  po ten t ia l  of 1.073 • 
O.001 (V) vs. SCE. 

F igure  3 shows the change in e lect rode polar iza t ion  
in N~ a tmosphere  as a function of diffusion l aye r  th ick-  
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Fig. 1. Inner ring: steady-state polarization curves. Electrolyte 
saturated with, N2-nitrogen, CI2-chlorine, 0.95-0.97 atm. Full lines 
are experimental curves, dashed lines are theoretical curves for 
concentration polarization based on measured interfaclal concen- 
tration of molecu!ar chlorine for N2 (Eq. ['15]), CI2 (Eq. [21]),  
(a) 518, (b) 1770, and (c) 4628 rpm. 
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Fig. 2. Outer ring: steady-state polarization curves. Electrolyte 
saturated with, N2-nitrogen, CI2-chlorine, 0.95-0.97 atm. Full lines 
are experimental curves, dashed lines are theoretical curves based 
on calculated interfacial concentration of molecular chlorine for 
N~ (Eq. r15]), Cl~ (Eq. 1-21]), (a) 518, (b) 1770, and (c) 4625 
rpm. 

ness at constant  cur ren t  density.  We have chosen three  
current  densit ies:  0.7, 2.4, and 9.6 m A / c m  2. 

For  the inner  r ing  as an opera t ing  anode in both 
C12 and N~ sa tu ra t ed  anolytes,  our measurements  of 
in ter fac ia l  chlorine concentra t ion have reproduced  our  
p rev ious ly  repor ted  findings and confirmed Eq. [7], 
Ref. (11). 

Discussion 
Open-circuit conditions.--The equi l ib r ium potent ia l  

of a ch lor ine /ch lor ide  e lec t rode  can be descr ibed by  
means  of the chlor ine pa r t i a l  pressure,  Eq. [8], as well  
as by  means  of the chlor ine act ivi ty,  Eq. [9] 

RT 
EcL~/c]- "- E~ ~/c]-  + In  PCl2 

2F 

RT 
- - - - i n  ( m c l - ' V c l - )  [8 ]  

F 

where  Eoci2 g/c l -  = 1.3583V (12, 13), and  

RT 
Ect2/c1- = E~ aq/C1- + - -~ - - ln  (mcl2"ycl-) 

RT 
- - - I n  (mcl-'~cl-) [9] 

F 
where  Eocl~ s q / c l -  = 1 .395 ( 1 2 )  

At  the open circuit  in a n i t rogen- sa tu ra t ed  cell, since 
there  is no molecular  chlorine, the potent ia l  is not  de-  
fined. The e lec t rode  potent ia l  fluctuates depending on 
the e lec t rochemical  ac t iv i ty  of p l a t inum oxides. How-  
ever,  in a ch lo r ine - sa tu ra ted  cell  the revers ib le  chlo-  
r ine /ch lo r ide  sys tem is established.  By in t roducing  nu -  
mer ica l  values into Eq. [8], one obtains  

Ec12/cl- = 1.3583 -}- 0.0295 log (0.96 _ 0.01) 

- -  0.059 log (5.45 • 0.92) [10] 

Ec~ /c l -  = 1.317 4- 0.0005V 
or~ 

Eci2/cl- : 1.073 • 0.0005V vs. SCE 

where  5.45 is the mola l i ty  of br ine  and 0.92 is the co- 
efficient ol  ac t iv i ty  of the chlor ide ion (14). The ex-  
pe r imen ta l  value  of 1.073 _ 0.001V is in good agree -  
ment  wi th  the theore t ica l ly  ca lcula ted  one based on 
C12 par t i a l  pressure .  

Equat ion [9j, however ,  requires  the measuremen t  of 
the molecular  chlorine ac t iv i ty  in solution. Three 
species are  conceivably  coexist ing in a solut ion where  
chlor ine is being dissolved. These are  C12, HC10, and 
C13-. Fol lowing  Sherri11's and Izard 's  (15) and 
Yokota 's  (16) measurements ,  the HC10 concentra t ion 
presents  only  1% or less of the  total  C12 dissolved in 
our opera t ing  conditions.  Concerning Cla-  we have 
given the same t r ea tmen t  as if it  were  active C12. This 
approx imat ion  has been  made  prev ious ly  by  Yokota  
(16). 

We have calcula ted the  ac t iv i ty  coefficient f rom the 
ra t io  of chlor ine so lubi l i ty  in pure  wa te r  and br ine  

Fig. 3. N2 saturated electra- 
lyre, inner and outer ring. Ex- 
perimental data of electrode 
polarization at constant current 
density and variable diffusion 
layer thickness, (dEc/d In 8)i. 
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assuming the 1.0 arm pressure of chlorine, as recom- 
mended  by Sherri l l  and Izard (15) 

mWc~2 0.0592 (15) 
"Yc12 ---- = �9 = 2.31 [ii] 

m i c i 2  0.0256 

By introducing numer ica l  values in Eq. [9] one obtains 

(0.022 • 2.31) 
Ec~2/cl- = 1.3950 -5 0.0295 log 

0.894 

- -  0.0591og (5.45 • 0.92) [12] 

Eci2/Cl- = 1.3175 _ 0.0005V 
= 1.0735 +_ 0.0005V vs. SCE 

The above value is also in a good agreement  with the 
exper imenta l ly  obtained value, 1.013 -5 0.001V vs. SCE. 

Operating condit ions.--Once the chlorine production 
starts in a ni t rogen saturated anolyte, the reversible 
chlorine/chloride reaction can occur even though the 
bulk  chlorine activity and chlorine part ial  pressure are 
v i r tua l ly  zero. At any given steacly state, the in te r -  
facial electrolyte has a certain chlorine activity de- 
fined by current  density and mass t ransport  conditions. 
Assuming the bulk  chlorine activity to be zero, the 
interfacial  concentrat ion is described by Eq. [7] of 
Ref. (11) with the first term of the equation equal  to 
zero 

Cc12, x=o = 4.3 • 102 �9 i �9 8 [13] 

where i is the current  density in A /cm 2 and 8 is the 
diffusion layer  thickness in centimeters. Equat ion [13] 
is analogous to Eq. [2] with bulk  chlorine concentra-  
tion being zero. To obtain molali ty of the concentration, 
one must  divide Eq. [13j by 0.894. Fur thermore,  to 
calculate the activity of the interfacial  chlorine one 
must  apply the activity coefficient that may be ap- 
plicable for the investigated range of chlorine concen- 
trations. Yokota (16), Smirnov and Aliev (17), and 
Hine and Inu ta  (18) have shown for concentrated 
solutions that the l inear  dependence between pressure 
and solubi l i ty  is preserved for pressure ranging from 
0.1 to 6.0 atm. Also, by s imulat ing part ial  pressure/  
l iquid phase equilibria,  we have conducted several  
calculations with the commercially available computer 
program (14) and found that the activity coefficient 
stays wi thin  --+1% of  2.11 for our measured range of 
Cc12. Al though value 2.11 would not introduce any sig- 
nificant departure in our calculation, we have used 
our value of activity coefficient 7c12 = 2.31. Hence, 
Eq. [13] can be converted to describe chlorine activity 
change as a funct ion of current  density and diffusion 
layer  thickness at the interface 

0c12, x=0 
mc~2 �9 7cis -- - -  X 2.31 = (1.11 -+ 0.03) 

0.894 

( ) X 1 0 3 " i ' ~  [14] 
1000 g H20 

In  Fig. 1 and 2, the N2 solid curves show exper imental  
polarization curves on two rings at three different 
rotat ion speeds. Dashed lines are d rawn based on Eq. 
[15] obtained by combining Eq. [14] with Eq. [9] 

R T  
Ec ---- 1.3537 -5 --~-- in  [(1.11 _ 0.03) X 103 �9 i �9 ti] [15] 

where Ec is the electrode steady-state  potent ial  due 
to the chlorine activity 2 at the interface. Dashed lines, 
Eq. [15], and exper imental  N~ curves coincide for each 
rotat ion speed indicat ing that our polarization is essen- 
t ial ly a result  of an interracial  chlorine activity change 
with current  density and diffusion layer  thickness. 
One may notice, however,  that the expression [9] used 

Chloride  ion act iv i ty  t e r m  is a s s u m e d  cons tant  as d i scussed  
prev ious ly  (11). Therefore, 1.395 -- 0.041 = 1.354V is  the  e lec-  
t rode  potent ia l  for  the  uni t  m o l e c u l a r  ch lor ine  act ivity.  
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in deriving Eq. [15] represents the equi l ibr ium poten-  
tial dependence on chlorine and chloride species ac- 
tivity. Natural ly,  since our open circuit is undefined, 
expression [15] represents the quas i -equi l ib r ium 
steady-state polarization curves which, in the absence 
of activation overpotential ,  can have and indeed have 
vi r tual ly  the same values as the ones obtainable in a 
set of equi l ibr ium conditions with bulk  activities iden-  
tical to the ones at the interface dur ing  the s teady-  
state operation. Furthermore,  in Table I, we have listed 
the calculated currents  that  would, following Eq. [13], 
give 0.022 M/1 chlorine saturat ion in the adjacent  elec, 
trolyte. Such concentrat ion exists in the bu lk  electro- 
lyte if we saturate the solution with chlorine at part ial  
pressure of 0.96 _ 0.01 atm. A dashed vertical  l ine 
from our open-circui t  conditions (0.96 _ 0.01 C12, 1.073 
vs. SCE) intercepts the polarization curves obtained in 
N2 atmosphere with a considerable accuracy at current  
densities listed in Table I. 

In  addition, our exper imental  curves, Fig. 1 and 2 
(N2 l ines) ,  and Fig. 3 show polarization slopes of 3 2  
mV/decade and 28.5 mV/decade,  respectively. From 
Eq. [15] one obtains theoretical slopes of 29.5 mV/  
decade for each 

dec  
) = 29.5 mWdecade  [16] 

/ = 29.5 mY/decade [171 

In a cell equi l ibrated with the 0.95-0.97 arm C12, the 
steady-state interracial  activity is the sum of the bulk  
chlorine activity and the interracial  activity increment  
resul t ing from the electrochemical chlorine generat ion 

acl2,x=0 = a~ -5 (1.11 -+ 0.03) X 103 �9 i �9 8 [18] 

0.022 • 2.31 
where aOc,2 -- from Eq. [12]. Eq. [18] is 

0.894 
analogous to Eq. [2]. 

In this case, expression [7] describes the concentra-  
tion overpotential.  By replacing aOcl-/acl- ,x=o -- 1, 
and 

acl2,x=o aocl2 -5 (1.11 _ 0.03) X 103 " ~ " 6 
_ _  - -  [ 1 9 ]  

aci2 acl~ 

one obtains 

RT [ (1.11+_0.03) X 1 0 3 " i ' 6  ] 
~c = In 1-5 [20] 

2F 0.0568 

For the purpose of comparison with the n i t rogen-  
saturated br ine data we have plotted the exper imental  
current  voltage curves on the same graph (C12 solid 
curves).  The corresponding concentrat ion polarization 
curve is described with Eq. [21] which is the sum of 
Eq. [9] and [20] 

Ec = Ecl2/cl- -5 ~]c 
R T  

Ec ---- 1.354 -5 - - ~  in  [0.0568 -5 (1.11 +_ 0.03) 

X 1 0 3 " i ' 8 ]  [21] 

Up to a polarization of 6-8 mV, the dashed lines, 
based on Eq. [21], and the full l ines (C12 curves) from 

Table I. Currents that generate 0.022 M/I  molecular chlorine 
saturation in the anode adjacent electrolyte (N2 in bulk) 

i i 
RPM Av g  5 Calculated  E x p e r i m e n t a l  % A c c u r a c y  

Inner 
ring 

Outer  
ring 

4626 16.3 31.6 28.9 • 1 92 
1770 26.4 19.4 17.1 • 0.5 88 
518 49.6 10.3 11.0 • 0.5 94 

4625 15.2 33.6 33.6 - -  1 100 
1770 24.7 20.7 23.1 • 0.6 90 
618 46.1 11.1 12.4 ~ 0.5 90 
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our  expe r imen ta l  measurements  are v i r tua l ly  identical .  
Hence, up to 6-8 mV our  polar izat ion is essent ia l ly  a 
resul t  of the concentra t ion grad ien t  genera ted  by  chlo-  
r ine  evolut ion f rom the e lect rode surface.  Fu r the rmore ,  
Table  II  shows the expe r imen ta l l y  ob ta ined  polar iza-  
tions f rom the open circui t  at  the same cur ren t  dens i -  
ties as in Table I. These currents  genera te  a supersa tu-  
ra t ion of 0.022 M/1 of molecular  chlorine in the ad j a -  
cent e lect rolyte .  Theoret ical ly ,  f rom Eq. [20], one can 
calculate  a polar iza t ion  of 8.9 mV due to the in ter rac ia l  
concentra t ion grad ien t  f rom 0.022 to 0.044 M/1. 

At  lower  ro ta t ion speeds and th icker  diffusion !ayers,  
supersa tura t ion  can be reached wi th  lower  cu r ren t  
densities. Consequently,  the  act ivat ion overpoten t ia l  
is negl igible  and al l  of the polar iza t ion  can be a t t r i b -  
u ted  to the excess concentra t ion at  the interface.  
Therefore,  at 518 r p m  there  is a good agreement  wi th  
8.9 mV as predicted.  At  1770 rpm there  is an act ivat ion 
overpoten t ia l  of 2-3 mV, at  4625 rpm, 3-5 mV. 

Clearly,  our  polar iza t ion  curves obta ined wi th  the 
pla t in ized p l a t i num electrodes in essence reflect the 
concentra t ion overpoten t ia l  for cur ren t  densi t ies  up to 
20 mA/cm2. For  such conditions, a direct  appl ica t ion  
of the low field approximat ion ,  Eq. [5], to the mic ropo-  
la r iza t ion  measurements  nea r  the  open circuit  would  
ev iden t ly  be er roneous  since the  act ivat ion overpoten-  
t ia l  appears  only  at  h igher  cur ren t  densities.  The s i tu-  
at ion may  be different  wi th  electrodes of lower  ca ta ly t ic  
act ivi ty.  Act iva t ion  polar izat ion may  become significant 
at  cur ren t  densi t ies  low enough to cause any measu r -  
ab le  concentrat ion overpotent ia l .  This, however ,  must  
be es tabl ished in each case r emember ing  Eq. [13] and 
its contr ibut ion to the in ter fac ia l  chlor ine ac t iv i ty  ex-  
pressed through Eq. [15] and [20]. 

Measurements  of activation overpotent ial . - -Figure 4 
shows the ac tua l  ac t ivat ion overpoten t ia l  curves for 
both rings. Each d a t a  point  is obta ined by  graphica l  
subt rac t ion  of the  concentra t ion overpoten t ia l  points  
on the curves reprresented by  Eq. [21] f rom the ex-  
pe r imen ta l  polar iza t ion  curve obta ined in Cl2-saturated 
brine.  These curves represen t  the ac tual  ac t ivat ion 
overpoten t ia l  free of any  remnants  of the concen-  
t ra t ion  overpotent ia l .  

Surface  absorp t ion /desorp t ion ,  exchange currents ,  
Tafel  slopes, and o ther  pa ramete r s  s t i l l  bear  a s t rong 
m a r k  of vary ing  in ter rac ia l  ac t iv i ty  of molecu la r  chlo-  
rine. Absorp t ion /desorp t ion  phenomena  can depend  
in this case, not  only  on the chlor ide ion or C1 radica l  
surface kinetics,  but  a considera t ion must  be given to 
the role of molecular  chlor ine  and its abso rp t ion /de -  
sorp t ion  mechanism.  Low field approximat ion ,  for 
example,  does not  follow Eq. [5] predic t ions  for  over -  
voltages h igher  than 3 mV, suggest ing changes in 
e lect rode kinet ics  wi th  increasing cur ren t  density.  In  
a s imi lar  manner ,  apparen t  Tafel  slopes reflect the  
surface kinet ics  pa rame te r s  as well  as in ter rac ia l  
changes. In  order  to app ly  these in the mechanism 
studies of the  reaction, one must  take into account the 
molecular  chlor ine in ter fac ia l  ac t iv i ty  changes occur-  
r ing  in the range  of cur rents  used for  es tabl ishing the 
slope. 

Fur the rmore ,  io is a product  of the concentrat ion in-  
dependent  ra te  constant  k and the in ter fac ia l  concen-  
t ra t ion  of the  react ing species Cc l -  or  Cc12, x=0 (1) 

i o "-" F k  Cc12, z=0 e--[3FE~ = Fk  Col-  e (1-[3)FE~ [22] 

Table II. Overpotentials of ring anode in chlorine-saturated 
solution at 0.022 M/ I  supersaturation at the interface at 

respective rotation speed 

Ring 4625 1770 518  

Inner 14 mV 12 raV 9 mV 
Outer 12 mV Ii mV 10 mV 

E 

3 0 - -  

2,5 - -  

2 0  - -  

15 - 

I 0  - 

5 - 

b 
c ~  

INNER RING 

r 
r 
OUTER RING 

" - ~ ' 1 1  I 

~ 1  ] Ill 
2 0  4 0  6 0  I 0 0  2 0 0  

mA/cm 2 

Fig. 4. CI2 saturated electrolyte--activation overpotential curves 
for inner and outer ring. Concentration polarization measured and 
eliminated. (a) 518, (b) 1770, and (c) 4625 rpm. 

In our  exper iments ,  however ,  the measurab le  ac t iva-  
t ion overpo ten t la l  falls  in the range  of Cc12.x=o > 
2Coc12. Hence, an ex t rapo la t ion  o~ the curves to the 
zero ~A gives in format ion  pe r t i nen t  only  for pa r t i cu l a r  
in ter rac ia l  conditions. Consequently,  i t  would  be e r -  
roneous to make  comparisons be tween  different  ca ta -  
lyt ic  surfaces wi thout  considering the in te r rac ia l  condi-  
tions for  which ex t rapo la t ed  values were  de te rmined .  
The lower  cata lyt ic  ac t iv i ty  surfaces, of course, may  
show a p redominan t  charge t ransfer  resis tance nea r  
the open circuit  thus pe rmi t t ing  a corre la t ion  be tween  
the io and the Cocl2. 

Our  act ivat ion overpo ten t ia l  curves, Fig. 4, show 
two dis t inct ive  sets of polar iza t ion  curves for the  two 
rings. This resu l t  indicates  tha t  the  two r ings have 
different  ca ta ly t ic  act ivi ty.  

Dist inct ion in act ivat ion polar iza t ion  wi th in  one set 
of curves can be a t t r ibu ted  only to the  in te r rac ia l  
concentra t ion var ia t ion  wi th  rota t ion since a l l  th ree  
curves are ob ta ined  on the same r ing  of ident ica l  sur -  
face ac t iv i ty  but  at  different  mass  t r anspor t  conditions.  
Table  I shows tha t  mass t r anspor t  conditions, a l though 
not  ident ica l  at the two rings, over lap  considerably,  i.e., 
diffusion l aye r  thicknesses for both r ings fit in the  
range  of 15.2-49.6~ wi th  smal l  d i f ferent ia t ion in mag-  
ni tudes  for ident ica l  ro ta t ion speeds. Under  opera t ing  
condit ions wi th  a negl ig ib ly  smal l  difference in surface 
ca ta ly t ic  ac t iv i ty  be tween  the two rings,  or, in the  
absence of an act ivat ion overpotent ia l ,  the polar iza t ion  
curves for both r ings should l ine up in the sequence 
as expected by  mass t ranspor t  var ia t ions  (wel l  demon-  
s t ra ted  in N2 curves for lower  cur ren t  densit ies,  Fig. 
1, 2, and 3). At  h igher  cur ren t  densit ies,  where  act i -  
va t ion overpoten t ia l  becomes significant, by  subt rac t ing  
the concentra t ion overpoten t ia l  f rom our  polar izat ion 
curves, we were  able  to iden t i fy  the  difference be -  
tween the surface act ivi t ies  of the  two rings. 

The outer  r ing is more  active and we a t t r ibu te  this  
phenomenon to the  p la t in ized  p l a t i num format ion  
process descr ibed in our  ea r l i e r  work  (19). P l a t inum 
deposi t ion is pe r fo rmed  from a chloroplat inic  solut ion 
under  h igher  than  l imi t ing  cur ren t  conditions.  This  
method was developed to provide  an act ive surface 
wi th  submicronic  dendr i tes  which do not  in ter fere  
wi th  mass  t r anspor t  condit ions at  the  in terface .  Wi th  a 
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fixed rotation speed, chloroplatinic acid concentration, 
and deposition time, a larger amount of platinum will 
be deposited on the outer ring. Hence, a better cata- 
lytic activity can be attributed to it. A coulometric 
oxidation of adsorbed hydrogen, for example, indicates 
a 12-15% larger adsorption capacity in the outer com- 
pared to the inner ring. 

We are presently proceeding in establishing the 
mechanism of chlorine evolution fr,om these surfaces, 
however, with much greater emphasis on interracial 
saturation than encountered in the literature dealing 
with this subject. Conway and Novak (20), for ex- 
ample, attribute a 42 mV/decade polarization slope in 
N~ atmosphere to a Tafel region entirely disregarding 
the interracial saturation phenomena. In a similar ap- 
proach, they make a thorough mechanistic interpreta- 
tion based on specific adsorption of chloride species 
assuming an undisturbed interfacial equilibrium of 
1 atm CI~ with brine, in our opinion, their experiments 
presented in their Fig. 2 show strong evidence of 
specific adsorption. However, this may not be only a 
result of C1- ion specific adsorption, as stated by the 
authors. Other adsorbed intermediate species like C12, 
Cl~(H20)x, etc., may as well be in a quasi equilibrium 
with dissolved molecular chlorine at the interface. At 
the corresponding current density range, the interfacial 
chlorine concentration is closer to a several atmosphere 
supersaturation level rather than to 1 atm as assumed 
by the authors. Under such conditions, desorption of 
molecular chlorine or even chlorine hydrate may be- 
come the rate-determining step. In a similar fashion, 
micropolarization data obtained by Tilak (21) and 
Yokoyama et al. (22) on several substrates reflect 
predominantly the linearity of concentration over- 
potential with small interfacial chlorine concentration 
changes as indicated by Eq. [3]. Thus, the extrapolated 
information about the reaction mechanisms bears an 
inherent factual error. Furthermore, Faita et al. (23) 
discussed Tafel slopes assuming interfacial equilibrium 
of molecular chlorine throughout their experiments. 
Nevertheless, the current densities they applied were 
carried well over 100 mA/cm e. Krishtalik et al. (24), 
for example, assume interfacial equilibrium of molecu- 
lar chlorine with 0.057 atm C12 partial pressure in cell 
atmosphere despite a rate of 1 A/cm ~ of chlorine evo- 
lution. Under such conditions with diffusion layer 
thickness of approximately 15-20~ (9), the interfacial 
chlorine saturation is over an order of magnitude 
higher than one would expect based on liquid/gas 
phase equilibrium. 

In conclusion, we think that far too much work was 
done in the past in this field entirely neglecting the 
interfacial chlorine saturation phenomena. This manu- 
script points out the potentially erroneous approach 
and indicates the routes to avoid misleading conclu- 
sions. In a well-defined system by means of Eq. [13], 
(21), or analogous equations, it is possible to establish 
a sound base for investigation of mechanistic phe- 
nomena. 
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LIST OF SYMBOLS 
a" bulk activity of the electrochemically ac- 

tive species (m~ ~ 

a x = o  interfacial activity of the electrochemi- 
cally active species (roT) 

An+/A (n-l)+ single electron redox couple 
a~ - bulk activity of chloride ions (re 'el-  

7~ cl- ) 
a~ bulk activity of molecular chlorine (re*el2 

7~ 
acl-, x=0 interfacial activity of chloride ions, in this 

manuscript assumed to be the same as 
a~ - ,  m~176 - -- ?/~,cI-5'cI- 

ac12, x=0 interracial activity of molecular chlorine 
(mci~7c12), in this manuscript mcl2-/ca --~ 

W%~ CI2"F~ CI~ 
C~ bulk concentration of molecular chlorine 

M/1 at the open circuit C~ -- Cc12, ~-,o 
C~ - bulk concentration of chloride ions M/I, 

at the open circuit and concentrated brine 
solutions C~ - = Ccl-, x=0, Ref. (11) 

C~ x=0 interracial concentration of molecular 
chlorine M/I, in nitrogen purged anolite 
Ccla, x=0 defined by Eq. [13] 

D diffusion coefficient of the species 10 -5 
em2/s 

Eels~el- equilibrium potential of a chlorine/chlo- 
ride electrode 

E~ standard potential of chlorine/chloride 
electrode. Chlorine activity expressed 
through partial pressure, for 1 atm 1.358V 
(12, 13) 

EOcl~ aq/cl- standard potential of chlorine/chloride 
electrode for unit chlorine activity 1.395V 
(12) 

Ec electrode quasi equilibrium or steady- 
state concentration overpotential, both 
due to the chlorine activity at the inter- 
face 
Ec = EC12/Cl- when ~c = 0 or Ee = 
when Ecl2/Cl- is undefined, Eq. [21] 
average current density on the anode (A/ 
em 2 ) 

io exchange current density for the couple 
Cl2/Cl- 

k rate constant, cm/s 
K RTSIO:~/n2F2Da ~ 
re~ - molality of C1- in the bulk, M/1000 g H20 
m~ molality of C12 in the bulk, M/1000 g H~O 
me1- molality of C1- at the interface, M/1000 

gH20 
mc12 molality of CI~ at the interface, M/1000 g 

H20 
m~Vcl~ molality of C12 in water at 25~ and 1 at 

C12, 0.0592 M/1000 g HsO (15) 
talc12 molality of C!2 in brine, 285 g/1 NaC1, 25" 

and 1 at C12, 0.0256 M/1000 g HsO (11) 
Greek Symbols 
"y activity coefficients of the species 
"yCla=7~ activity coefficient of CI~, defined as 

mWc~2/m~c~ = 2.31 or 2.11 by computer 
program (14) 

7c~- activity coefficient of CI- ,  0.92 • 0.015 
(14) 

5 average diffusion layer thickness at the 
anode surface, cm 

~l~ anode activation overpotential, V 
n~ anode concentration overpotential, V 
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Lead-Acid Battery Cathodes Incorporating Chemically Prepared Pb02 
P. T. Moseley* and N. J. Bridger 

AERE Harwell, Materials Development Division, Oxfordshire, OX11 ORA, England 

The posi t ive plates  of l ead-ac id  s tar t ing,  l ighting,  
and ignit ion (SLI)  ba t ter ies  are  manufac tu red  accord-  
ing to a t ime-honored  indus t r ia l  process in which a 
mixture of finely divided lead, lead oxides, basic lead 
sulfates,  water ,  and sulfur ic  acid is pressed,  in the 
form of a paste, into a grid of a lead alloy. The pas ted  
grid is held in an envi ronment  of control led humid i ty  
and t empera tu re  for a recrys ta l l iza t ion  process ak in  to 
cement  cur ing to t ake  place. The pla te  is then e lec t ro-  
chemical ly  "formed" in a di lute  sulfur ic  acid e lec t ro-  
ly te  to convert  the active ma te r i a l  to PbO2. The form-  
ing process involves a complicated sequence of reac-  
tions, and it is necessary  to ca r ry  out  the  format ion  in 
two stages separa ted  by  a hold t ime in o rde r  for most 
of the active mass to be converted.  The detai ls  of the 
cur ing and format ion  procedures  employed  may  va ry  
f rom one manufac tu re r  to another ,  but  the whole op-  
erat ion,  which is pe r formed  on batches of bat ter ies ,  
usua l ly  takes about  a week. 

The manufac ture  of posi t ive plates  for t ract ion ba t -  
teries differs only  in detai l :  a d ry  mix ture  of lead, 
PbO, and Pb~O4 is poured  into long thin separa to r  bags 
which each contain a centra l  lead  cur ren t  collector  
pro jec t ing  down from the  top of the plate.  The fo rma-  
tion opera t ion  proceeds in a s imi la r  way  to that  for  
SLI bat ter ies .  

These manufac tu r ing  processes a re  r a the r  inefficient, 
and i t  would appea r  that  a far  less costly product  could 
be obta ined through the use of a continuous process in 
which lead  dioxide would  be in jec ted  d i rec t ly  into the 
inters t ices  of  the lead grid. 

Aside f rom the cost of rep lac ing  es tabl ished plants ,  
one reason why  the indus t ry  has not ye t  rep laced  the 
batch process wi th  a continuous one is l ike ly  to be the 
publ i shed  claims that  lead dioxide p repa red  by  a 
chemical  method yields  l i t t le  (1) or no (2) capaci ty  as 
a cathode ma te r i a l  in a l ead -ac id  cell. I t  has been 
demons t ra ted  by nuc lea r  magnet ic  resonance (NMR) 
measurements  (3) that  there  is a difference in the 

* E lec t rochemica l  Society Act ive  Member .  
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hydrogen  content  be tween  chemical ly  p r epa red  and 
elec t rochemical ly  p repa red  PbO2, and neut ron  t r ans -  
mission measurements  (4) appear  to confirm this d i f -  
ference.  I t  has even been suggested (3) that  the loss 
of the hydrogen  component  is a factor  cont r ibut ing  to 
the progress ive  loss of capaci ty  observed dur ing  the 
ba t t e ry  life. 

High resolut ion e lect ron microscopy (5) has brought  
to l ight  a t endency  for defect  s t ruc ture  and s t ruc tu ra l  
in t e rg rowth  in PbO2, but  these proper t ies  seem to be 
character is t ic  of the ma te r i a l  regardless  of the means  
adopted to p repa re  i t  (4). 

I t  is character is t ic  of p re sen t ly  ava i l ab le  l ead -ac id  
posi t ive plates  that  they  genera l ly  yie ld  only  1/4-1/3 
of the theore t ica l  capaci ty  which would  be expected on 
the basis of the mass of PbO2 present .  I t  is also found 
that  SLI bat ter ies ,  which have an energy  dens i ty  much 
n e a r e r  e lectr ic  vehicle ta rge t  figures than do tubu la r  
bat ter ies ,  lose capaci ty  a f te r  an unaccep tab ly  short  
cycle life. 

The publ i shed  l i t e ra tu re  is shor t  on evidence to sup-  
por t  the claim that  chemical ly  p r epa red  PbO2 cannot  
be used in a l e ad -ac id  cell, and a recent  a t t empt  to 
quant i fy  the effect led to the con t r a ry  resul t  (6) : that  
there  was no less capaci ty  ava i lab le  f rom a pla te  p re -  
pa red  with  chemical ly  p r epa red  PbO~ than f rom a 
commerc ia l ly  avai lab le  plate .  Lead  dioxide p repa red  
by  the action of ni t r ic  acid on Pb304 was mixed  wi th  
d r y  poly te t ra f luoroe thylene  (PTFE)  powder  (1 weight  
percent  [ w / o ] ) ,  and pressed into a ba t t e ry  gr id  f rom 
which the commercia l  product  had  been removed  (6). 
Capaci ty  measurements  were  made  by  low ra te  dis-  
charge th rough  a resistor.  

The exper iments  repor ted  here  were  designed to ex-  
tend the tes t ing of chemical  PbO2 capaci ty  to constant  
cur rent  discharge,  to explore  the range of b inder  con- 
tent  necessary  to pe r fo rm the funct ion of  the  conven-  
t ional  cur ing process in re ta in ing  the active ma te r i a l  
in the grid, and to t ry  to discover  at wha t  s tage the  
difference in hydrogen  content  be tween  chemical  and 
elect rochemical  PbO~ develops.  
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Lead dioxide was prepared by suspending Pb304 in 
hot ni t r ic  acid, according to a procedure given in t h e  
l i terature  (7). The product varied sl ightly in color 
b e t w e e n  dark b rown and black, but  always yielded t h e  
x- ray  powder diffraction pa t te rn  of beta PbO2 (tetrag- 
ana l ) .  

A commercial  ba t te ry  was dismantled to provide a 
hard rubber  case to hold plates for charge/discharge 
cycling. One positive plate from the bat tery  was used 
to provide benchmark  capacity data with which t h e  
exper imental  plates could be compared, and others 
were str ipped of their active mater ia l  and repasted 
with mixes based on chemical PbO~. 

Positive plates were charge/discharge cycled one at 
a time at constant  current  against a commercial nega-  
tive plate. The two plates were kept apart  by a per-  
forated sheet of perspex. The mean plate separation 
was about 5 cm. No other separator was used. 

T h e  active mater ia l  was mixed with varying propor-  
tions of PTFE and, in some cases, graphite powder. 
This mixture  was then pressed into the commercial  
plate and placed into the cell in the ba t te ry  case for 
cycling and capacity tests. 

Initially,  a commercial positive plate was discharged 
at 30 A / m  e to a cutoff l imit  of 1.0V. The plate, which 
contained 130g PbO~, afforded a discharge capacity of 
7 Ah, which corresponds to a uti l ization of 25%. 

Three mixtures  of chemical PbO2~ PTFE, and 
graphite were tested under  similar  conditions for ini-  
tial discharge capacity and polarization characteristics, 
as shown in Table I. 

All three mixtures  adhered to the lead grid well, 
but  mixture  3 was drier and stiffer than the other two, 
polarized bad ly  at the outset, and swelled in thickness 
dur ing use by a factor of about three. All three com- 
positions were much richer in the highly resistive 
PTFE component  than the mixtures  that had been 
made earl ier  (6) with dry PTFE powder. So, it is 
scarcely surpr is ing that the utilization, which in the 
earlier case was similar  to that for commercial plates 
(25%), was ra ther  less (up to 15%) in the present  
work. 

The highest uti l ization was demonstrated by plate 1. 
The active mater ial  mix was insufficient to cover the 
whole plate, but  no material  appeared to be shed, and 
t h e  capacity was steady through 40 deep discharge/  
charge cycles unt i l  the plate was removed to make 
way for tests on other mixtures.  A typical discharge/  
charge cycle for plate 1 is shown in Fig. 1. 

Table I also shows that the neut ron  scattering cross 
sections of two of the mixtures  after drying for 24h at 
120~ are much greater than that for the dry beta 
PbO2 (4) with which they were prepared. This differ- 
ence signifies a greater hydrogen content, but  may be 
due to an increase in moisture retent ion caused by the 
presence of the PTFE. No neu t ron  scattering measure-  
ments  had been made on the mater ial  mixed ~r dry 
PTFE dur ing the earl ier  work (6). 

The influence on the ul t imate capacity of variat ion 
in the details of the preparat ion of lead dioxide was 
investigated. As shown in Table  II, var ia t ion in acid 

Charge 30A/m 2 

I 2.2~, 
v 20 

1,8 

f 

Discharge 30 A/m 2 

I,ol 
i 1"8 

O 30 60 90 120 

- - T F m e  ( m l n s ) ~  

Fig. 1. Typical discharge/charge cycle from plate 1 (see text) 

strength did not alter the utilization. However, t h e  
temperature  may be important .  

The grain size of the PbO~ product in all cases 
(measured by x - ray  diffraction l ine breadth)  was of 

the order of 500A. Mixtures for measurement  of 
capacity of materials  shown in Table I I  were com- 
posed of 17g PbO2, 7g graphite, and 10g PTFE. 

In  a fur ther  experiment,  there was shown to be little 
variat ion in util ization over a wide range of PTFE 
content, as shown in Table III. 

The mixture  made without  PTFE showed that ca- 
pacity does not depend on the presence of the polymer. 
The mater ia l  was completely shed from the plate after 
one cycle. It is clear from the rest of Table III  that  
even a rather  small  quant i ty  of PTFE in the mixture  
is sufficient to overcome this problem. 

The present experiments,  carried out at constant  
current,  confirm the earlier report  (6) that chemical 
PbO2 can be used to obtain electrochemical capacity. 
The range of PTFE content  that has been successfully 
used to prepare bat tery positives with chemical PbO~ 
is now quite wide. Fur ther ,  it has been shown (Table 
III) that nei ther  of the additives (PTFE, graphite) is 
essential for electrochemical capacity to be obtained 
from chemically prepared PbO~. 

The grids used in these tests were all par t ly  cor- 
roded, and x - r ay  diffraction showed a substant ia l  layer  

Table II. Variation of conditions of preparation of Pb02 

Utilization 
Nitric acid Temperature Time at (% theoretical 
strength of prep'n (~C) temp (rain) capacity) 

5m 95 15 15 
6m 95 15 16 
3m 95 15 18 
5m 80 15 8 
5m 100 15 14 

Table I. Composition, initial discharge characteristics, and 
neutron cross-sections of synthetic active masses made 

using chemically prepared PbO~ 
Table III. Variation of utilization (% of theoretical capacity) 

with PTFE content of test mixture 

Plate  PbO~ 

Composit ion (g) Utilization 
Graphite ( % of 

PTFE p o w d e r  theoret ical)  

Neutron 1 
cross 

sect ion 
(b) 

1 24 8 7 15 30.4 
2 24 5 0 12 9.6 
3 48 10 18 4 Not 

measured  

w / o  PTFE w / o  graphite  Uti l ization 

0.2 0.0 25 Ref.  (6) 
0.0 19.0 19a 
2.0 20.0 19 
3.0 20.0 12 
5.0 20.0 9 

10.0 20.0 13 
20.0 20.0 15 

Neutron cross  sect ion of dry PbO~ [Ref. (4)]  = 2.5b. a Al l  the  active materia l  was  shed f rom this  plate after one  
Materials  dr ied 24h at 120~ complete  discharge.  
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of PbSO4 on the surface of the grid members. This 
layer probably constituted an unnecessary impediment 
to the achievement of high utilization figures so that 
there may be prospects for improvement. 

The achievement of greater utilizations will depend 
on the availabil i ty of a grid in which (i) regions of 
active material  are not eliminated from participating 
in the discharge reaction by an insulating layer of 
PbSO4, and (ii) acid access to the active material  is 
maintained at all states of charge. 

These are the only ultimate limitations on the uti l i-  
zation of electrochemical or chemical PbO2 which are 
imposed by the plate itself. 

The key as to whether or not chemical PbO2 elec- 
trodes can be developed to give longer lived batteries 
may lie in the possible microstructures that can be de- 
veloped. Recently, it was observed (8) that capacity 
loss is largely due to resistance increase of intergranu- 
lar  contact. 

The demonstration that chemically prepared PbO~ 
can be used for the manufacture of positive plates for 
lead-acid batteries opens the way to the development 
of continuous processes for commercial manufacture. 
In trm case of flat plates, the function of the curing 
proce.~ will need to be replaced by a binder to hold 
the active material  in place, but for tubular cells it 
should be possible to pour neat PbO2 powder into the 
separator bags, which will retain the active material  in 
position (9). In each case, the curing and formation 
stages can be omitted from the production time, and 
after a few discharge/charge cycles the strength of the 
plates will be decided by the morphology developed 
by the recrystallization of a large part  of the active 
mass. 

After the present work was carried out, a note w a s  
published from another lab (10) which appears to 
support the central contention of this paper. 
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Because of the popular i ty  of portable microelec- 
tronic devices, interest has risen in high energy, long- 
life power sources having working voltages around 
1.5V. These improved systems are usually termed 
"compatible" batteries, since they may directly be 
interchanged with conventional zinc and mercury dry 
cells, with great advantages in terms of rel iabil i ty and 
longevity. 

Among the most promising compatible high energy 
power sources of this type are the lithium organic- 
electrolyte batteries with copper-based (1), lead-based 
(2), or bismuth-based (3) cathodes. 

As alternative cathode material,  we have considered 
copper molybdate (CuMoO4), which offers good char- 
acteristics of specific capacity and specific energy. The 
performance of this material  in a typical l i thium- 
organic electrolyte cell is described and discussed here. 

Exper imental  

The preparation of CuMoO4 was reported in detail 
in a previous paper (4). Basically, the compound was 
obtained by direct reaction between reagent-grade 
MoO3 and CuO. The structure of CuMoO4 prepared in 

* Electrochemical  Society Active Member. 
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tronics. 

this way was characterized by x - r ay  analysis (see 
Table I). 

Copper sulfide, Cu2S (chalcocite), used here for 
comparison purposes, was prepared by annealing for 
24h at 475~ a stoichiometric Cu and S mixture, main- 
tained in an evacuated two-chamber glass envelope. 
The structure of the final compound was again char- 

Table I. X-ray analysis of copper molybdate cathode material 

CuMoO~ CuMoO, 
ASTM card 22/242 Our sample  

20 I/Io 20 I/Io 

9.68 40 9.60 35 
15.93 6O 16.00 40 
19.I2 40 19.15 36 
19.55 40 19.40 48 
22.42 60 22.40 30 
23.28 60 23.35 20 
23.90 100 24.00 100 
24.94 49 25.90 26 
26.52 80 26.50 75 
26.84 60 26.85 40 
27.06 60 27.10 40 
27.70 40 27.90 32 
28.68 40 28.65 32 
29.68 60 29.90 40 
30.02 60 30.10 40 
33.01 70 33.10 48 



Vol. 131, No. 3 Li/CuMoO~ BATTERY 611 

acter ized by  x - r a y  analysis :  the reflections ob ta ined  
matched  those l is ted in the ASTM card 23-961. 

The solvents  used, i.e., propy lene  carbonate  (PC) 
and butyro lac tone  (BL) were  purif ied by  f rac t ional  
dist i l lat ion,  fol lowed by  t r ea tmen t  wi th  molecu la r  
sieves (4A).  

A l l  the l i th ium salts, LiAsF6 (USS Agr i -Chemica l s ) ,  
LiCF~SOu (3M), and  LiC10~ (Merck) ,  were  pure  
products .  The l a t t e r  was dr ied  at  240~ under  
vacuum. 

Typical  l abo ra to ry  cells were  used for the discharge 
tests. These  cells consisted of a l i th ium pellet ,  a glass-  
wool  separa to r  soaked with  the e lectrolyte ,  and a 
cathode pel le t  ( suppor ted  on a copper  subs t ra t e ) ,  
housed in a plas t ic  conta iner  having  s ta in less -s tee l  
terminals .  

Results and Discussion 
The basic e lec t rochemical  character is t ics  of the L i /  

CuMoO~ couple in typica l  organic e lect rolytes  were  
o r ig ina l ly  studied,  and the resul ts  were  repor ted  in 
previous  papers  (4, 5). Here, a t tent ion  is given to the 
discharge behavior  in re la t ion  to the power  requ i re -  
ments  of por tab le  microelect ronic  devices. 

In i t ia l ly ,  the  influence of the type  of l i th ium sal t  
dissolved in the  organic solvent  (here p ropy lene  car -  
bonate)  was evaluated .  F igure  1 shows typical  dis-  
charge curves at  0.5 mA/cm~ for the Li/CuMoO~ 
couple in the  LiC10~-PC and LiCF.~EO~-PC e lec t ro-  
lytes.  Both the e lect rolytes  behave  sat isfactori ly,  show-  
ing flat discharges wi th  work ing  p la teaus  a round  1.5V. 
The ini t ia l  spike be tween  2 and 1.5V could be due to 
res idual  t races  of unreac ted  MoOa in the CuMoO4 
cathodic mater ia l .  However ,  s ince these t races could 

not  be detected by  x - r a y  analysis,  o ther  explana t ions  
(e.g., unknown impuri t ies ,  surface effects, etc.) could 
also apply.  In  any case, the spike is comple te ly  e l imin-  
a ted by  a pred ischarge  in al l  the cells using the 
CuMoO4 cathodic mater ia l .  

The role of the e lec t ro ly te  is i l lus t ra ted  in Fig. 2, 
where  two discharge curves at  0.5 m A / c m  2 for LiC104- 
PC and LiAsF6-BL are  compared.  The test  c lear ly  in-  
dicates tha t  LiC104-PC is more  effective in t e rms  of 
average vol tage and overa l l  performance.  This resul t  
points  out  the super ior  character is t ics  of the LiC104- 
PC solut ion as an e lec t ro ly te  in l i th ium power  sources. 
Indeed,  these character is t ics ,  which fol low from a 
favorable  compromise  be tween  conduct iv i ty  and 
s tabi l i ty ,  make  the LiC104-PC the p re fe r r ed  e lec t ro-  
ly te  medium in var ious  es tabl ished l i th ium p r i m a r y  
bat ter ies .  Therefore,  this e lec t ro ly te  has been also 
selected for the final eva lua t ion  of the Li/CuMoO4 sys-  
tem discussed here.  

Typica l  d ischarge curves of the Li ' /LiCIO4-PC/ 
CuMoO4 cell  at var ious  rates  are shown in Fig. 3. The 
promis ing  behavior  of this cell  is fu r the r  indica ted  by  
the t rend  of the discharge plateaus,  which remain  flat 
even at  currents  much h igher  than  those usua l ly  re -  
qui red  for microelect ronic  applicat ions.  

The discharge mechanism of the cell was inves t i -  
gated by  x - r a y  analysis.  Spect ra  taken  on cathodes 
d ischarged to a 1V cutoff revea led  the presence of 
meta l l ic  copper. Therefore,  one can PrOpose that  the 
discharge reaction, which involves 2F per  mol of 
CuMoO~, resul ts  in the d isp lacement  of copper by  
l i thium, that  is 
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4 

Fig. 1. Typical discharge curves at room temperature and at 
0.5 mA/cm 2 of the Li/CuMoO4 couple in two electrolytes. 
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Fig. 3. Typical discharge curves of the LIILICIO4-PCICuMo04 
cell at room temperature and at various rates. 
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Fig. 2. Typical discharge cu~es at roam temperature and at 
0.5 mMcm e of the Li/CaMo04 couple in two electrolytes. 
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Fig. 4. Typical discharge curves at room temperature and at 
0.5 mk/cm ~ of the Li/LiClO4-PClCuMo04 and the t i / t iClO4- 
PC/Cu,~S cells. 
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2Li + CuMo04 ---- Li~MoO4 + Cu [i] 

The formation of copper during discharge is a 
desirable event, since it gives the cathode sufficient 
electronic conductivity to be used without additives 
(graphite). This result is beneficial in terms of over- 
all energy density. 

In Fig. 4 the performance of the CuMoO4 cathode is 
compared in the same type of Li cell with that of Cu2S, 
i.e., a cathodic material proposed for the commercial 
production of compatible batteries (I).  The result in- 
dicates that the performances of the two cathodes are 
comparable, thus showing that copper molybdate may 
indeed be considered as a valid candidate for 1.5V 
lithium batteries. The energy density of this material, 
when discharged at 0.3 mA/cm 2 to a 1V cutoff, is 440 
Wh/kg.  Work is progressing in our laboratories on the 
Li/CuMoO4 couple in but ton  cells having a size more 
commonly used in popular  portable devices, such as 
electronic watches and pocket calculators. 
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Gas Evolution in Aluminum Electrolytic Capacitors 
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Gas evolution in  a luminum electrolytic capacitors 
constitutes one of their main  drawbacks in compari-  
son to other  types of capacitors lacking a liquid electro- 
lyte. In  this respect, one of the most common causes of 
failure shown by l iquid electrolyte capacitors is elec- 
t rolyte  leakage through the seal or even explosions 
produced by in te rna l  pressure buildup. In  order to 
prevent  these hazards, some substances, known as de- 
polarizers, are usual ly  added to the capacitor electro- 
lyte with the purpose of absorbing the hydrogen 
evolved at the cathode (1, 2). Although the gas evolu- 
tion problem in electrolytic capacitors has been known  
for a long time, there is a lack of l i terature on both 
direct measurements  of the gas evolved and assess- 
ments  of the amount  of depolarizer active for the hy-  
drogen absorption process. 

A l u m i n u m  electrolytic capacitors of 100 #F and 40V 
nomina l  voltage, minia ture  type (diam 8 mm, height 
18.5 mm) ,  were manufac tured  under  s tandard specifi- 
cations. The capacitors were filled with about 0.5 ml  of 
an electrolyte consisting essentially of a solution of 
boric, adipic, and phosphoric acids in e thylene glycol. 
Picric acid and p-benzoquinone in molar  concentra-  
tions of 0.01M and 0.05M, respectively, were added as 
depolarizers, yielding an electrolyte with a resist ivity 
of about 80 a - c m  and a pH of 5.1. The pressure inside 
the capacitors was monitored by a conventional  U- 
shaped manometer  made from a capillary glass tube 
filled with distilled water. The number  of mols of gas 
generated in the capacitor (ng) was calculated from 
the measured pressure (sensitivity 0.1 mm Hg) and 
the value of the in te rna l  volume of the manometer -  
capacitor system. 

The gas evolution processes can be better  in ter -  
preted if a constant current  is applied to the capacitor. 
The magni tude  of the current,  provided by an opera- 
t ional power supply (Kepco-OPS-2000), was varied 
in  the range from 100 to 1000 #A. The reason for using 
currents  larger than the capacitor leakage current  
(28 ~A) was to accelerate the generat ion of gas and 

therefore carry out the experiments  in a reasonable 
time (2-3h for each constant current  run) .  Under  
these circumstances, the voltage developed across the 
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capacitor increased to about 60V for the highest cur-  
rents employed. Between each run, the capacitor di- 
electric properties (capacitance and loss factor) re-  
mained essentially unaltered,  as shown in a previous 
paper (3). Simultaneously,  no pressure drops were 
detected after each run  with the capacitors in open 
circuit. 

Figure I shows the variat ion of the tool number  of 
gas generated as a function of the polarization t ime 
(t) for different values of the current  (I) through the 
capacitor. Two l inear stages are observed for each 
curve, the slopes in  every stage increasing as the cur- 
rents increase. Besides, for currents  below a certain 
critical value Ic, the amount  of gas evolved is practi-  
cally zero even after long polarization times (see the 
i00 #A curve in Fig. I). 

To get fur ther  informat ion on the gas evolut ion 
process, experiments  were carried out for each con- 
s tant  current  at different temperatures  in the range 
20~176 Figure 2 shows the variat ion of ng with time 
for a current  I ---- 500 #A and several temperatures.  It  
can be appreciated that, as the tempera ture  increases, 
the slope of the first l inear  stage of the curves gets 
successively smaller  until ,  for T > 35~ it becomes 

zero. Simultaneously,  the slopes o'f the second l inear  
stages, and therefore the corresponding gas evolution 
rates, slightly increase with the temperature.  

For the in terpre ta t ion of the results of Fig. 1 and 2, 
we can assume that the only gas that contributes sig- 
nificantly to the pressure bui ldup is hydrogen electro- 
chemically generated at the cathode following Fara -  
day's law, i.e., ng -~ Kit, where K is the gas tool n u m -  
ber generated per uni t  charge. This assumption is based 
on the experiments  of Burger and Wiswanathan  car- 
ried out in an open cell with an electrolyte similar  to 
the one employed in this work (1). Fur thermore,  the 
presence of other gasses in large quanti t ies would not 
be consistent with the zero slope observed in the first 
part  of the curves of Fig. 2 for T > 35~ 

The l inear  dependence of ng on the polarization time, 
shown in the curves of Fig. 1, and the change in the 
slopes at some definite times re, suggest that, in  the first 
stage of the curves, the gas evolution rate is d imin-  
ished by the absorption of hydrogen by the depolarizer. 
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The hydrogen absorption, assumed to proceed at a 
constant  rate v, is carried out through a reduction re-  
action of the quinone and the picric acid, this last com- 
pound undergoing a mult istage reduct ion of the nitro 
radicals (4, 5). The slope changes observed at time te 
in the curves of Fig. 1 and 2 could then be associated 
with a d iminut ion  of the reaction rate  v due to the 
exhaustion, at a given temperature,  of that  port ion of 
the depolarizer in contact with the surface of the 
cathode. 

Within  the above simple model, one can assume thai 
for t > re, v ~ 0, and therefore write: ng ---- K i t  --  rid, 

where nd represents the n u m b e r  of hydrogen mols 
which have reacted with the depolarizer dur ing the 
t ime re. The value of nd can then be directly obtained 
from the intersect  of the second l inear  par t  of the 
curves of Fig. 1 with the ordinate  axis. As expected 
from our model, all the curves converge to the same 
point, yielding a value of n d =  (1.56 • 0.15) 10 -6 mol. 
The var iat ion of nd with tempera ture  can also be ob- 
tained by applying the same procedure to the curves of 
Fig. 2. I t  is then found that  nd varies from a value of 
1.4~ • 10-8 mols at 22~ to a value of 10.5 • 10-8 
mols at 80~ (see Table I) .  

The large increase in the n u m b e r  of hydrogen tools 
reacting with the depolarizer as the tempera ture  is 
raised implies, in the first place, that at low tempera-  
Lures (about 20~ the reduction reaction is s trongly 
inhibited,  probably  because of the slow diffusion 
mechanism of the reactants  towards the surface of the 
cathode. In  addition, it is also suggested that we are 
dealing with a thermal ly  activated reaction mech-  
anism. An Arrhenius  plot of the values of nd gives an 
activation energy hE ~ 6.1 kcal/mol,  which is similar 
to the 7.0 kea l /mol  reported in the l i tera ture  for an-  
other, typical depolarizer, p-ni t robenzoie acid (1). In 
this context, AE can be considered as the activation 

Table I. Number of mols of hydrogen reacting with the depolarizer 
as a, function of temperature 

T (~ na (reals) 

22 1.45 x 10-e 
30 3.31 • 10 "e 
37 4.23 x 10-e 
,55 6.21 • 10-e 
80 10.50 x 10 "e 
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energy for  the s lowest  s tep control l ing the reduct ion 
reaction, e.g., diffusion of the reac tants  to the cathode, 
adsorpt ion  of hydrogen,  etc. 

F rom the resul ts  of this work  we can conclude that  
the in te rna l  gas generat ion,  observed  in a luminum 
minia ture  e lect rolyt ic  capaci tors  subjec ted  to s tressed 
electr ical  conditions, is control led  by  two compet i t ive  
processes:  (i) gas genera t ion  at  the  cathode fol lowing 
Fa raday ' s  laws, and  (ii) hydrogen  absorpt ion  by  the 
depolar izer  fol lowing a t h e r m a l l y  ac t iva ted  react ion 
mechanism.  Both react ions are  favored  by  the t empera -  
ture, especia l ly  the second one. As a consequence, the 
in te rna l  gas evolut ion might  get  smal le r  when  the 
e lec t ro ly t ic  capaci tors  opera te  at modera te  t empera -  
tures. Since the nomina l  leakage  cur ren t  of a capaci tor  
is wel l  be low the value  of the  cr i t ical  cur rent  Ic found 
in this work, it  can also be concluded that  the efficiency 
of the  depola r ize r  is high in p revent ing  the evolut ion 
of gas in a capaci tor  opera t ing  under  no rma l  work ing  
conditions. 
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Identification of Electrolyte Salts in Thionyl Chloride Relevant to 
Voltage Delay 

James M. Chen, David R. Damian, Jr., Richard M. Stepnowski, and Clifton A. Young* 
The University of Dallas, Chemistry Department, Irving Texas 75061 

Thionyl  chlor ide  is used as the e lec t ro ly te  solvent  in 
l i t h ium/ th iony l  chlor ide  bat ter ies .  The th ionyl  chlor ide 
in the ba t t e ry  is also reduced  at  the  ca ta ly t ic  carbon 
cathode of the  ba t te ry .  The s t andard  e lec t ro ly te  sa l t  
for  this ba t t e ry  is LiA1C14 (1). One of the problems 
wi th  this ba t t e ry  is the so-ca l led  vol tage  de lay  
phenomenon.  Af te r  s torage there  wil l  be a de lay  before 
these bat ter ies  de l iver  thei r  ful l  vol tage when put  on 
load (2, 3). Two proposals  have been made  to a l lev ia te  
or solve this p rob lem by replac ing  t h e  s t andard  elec-  
t ro ly te  salt  wi th  another  different  sa l t  (4, 5). However ,  
in both cases, subsequent  workers  have quest ioned 
whe the r  the  descr ibed salts were  the  ac tua l  species in 
solut ion (6, 7). Clearly,  a technique for isolat ing and 
ident i fy ing  the salts  in these solutions is desirable.  
The impor tance  of analyzing th ionyl  chlor ide  e lec t ro-  
lytes  has been shown before  by others  (8, 9). 

We repor t  here  on the deve lopment  of a technique 
for isolat ing l i th ium salts f rom solut ion and on its ap-  
p l ica t ion  to systems of significance to th ionyl  chlor ide 
bat ter ies .  This technique entai ls  addi t ion of d imeth-  
oxye thane  to the  solut ion to prec ip i ta te  the salt .  I t  
e l iminates  the  possible use of r igorous conditions, such 
as evapora t ion  of the solvent, which leaves an in t rac t -  
able, amorphous  mater ia l .  

LiA1C14 e lec t ro ly te  is f r equen t ly  made  in situ b y  re -  
act ing LiC1, a Lewis base, wi th  A1CI.~, a Lewis acid, 
dissolved in th ionyl  chloride.  One of the proposals  was 
to rep lace  the Lewis base LiC1 with  an a l te rna t ive  
Lewis  base Li20 (4). I t  was proposed that  the e lec t ro-  
ly te  sa l t  was Li20.2A1C13 (4). Subsequent ly ,  this 
claim was modified, and it was proposed that  the sal t  
was a m ix tu r e  of LiAICI.~ and A1Ct~SO2 (6). In te res t  
in this e lec t ro ly te  has cont inued (10). Li2S has also 
been proposed as an a l te rna t ive  Lewis base (11). 

Carbonates  have been used as sources for oxides in 
ch loroa lumina te  melts  (12, 13). Sulfite ion might  be 
expected  to behave  in a s imi la r  manner ;  however ,  it  
has been found to s lowly react  wi th  chlo~oal1~minate 
mel ts  to produce  th ionyl  chlor ide and sulfur  dioxide 
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(14). There  has also been an a t t empt  to form Lewis 
acid adducts  wi th  a whole series of oxoanions using 
BFz (15). In  the course of that  work,  it  was found that  
both  ca rbona te  and sulfite reac ted  wi th  BF~ (15). By 
analogy wi th  Li20, we examined  possible Lewis acid-  
base interact ions wi th  these sources of oxide, namely ,  
sulfite and carbonate.  

Halogen exchange in th ionyl  chloride is wel l  known 
(16). A1CI~ has been observed to exchange with  COC12 
when AICI~ is dissolved in that  solvent  (17). Halogen 
exchange  by  t e t r aha loa lumina te  ions wi th  methy lene  
chlor ide  has also been observed  to occur (18). This 
exchange  was observed to be ca ta lyzed  by A1C13 (18). 
I t  is therefore  to be expected  that  AICI~- ion exchanges  
halogen when dissolved in th ionyl  chlor ide (19). Using 
our  technique,  we tested this expectat ion.  

Experimental 
Preparation of LiAlClJSOClz electrolyte.--Anhy- 

drous A1Cls was dissolved in 50 ml SOC12. This solut ion 
was s t i r red  wi th  excess LiC1 for 3h. The solut ion was 
f i l tered th rough  an enclosed glass f r i t  (Kontes  K -  
956250) to remove  unreac ted  LiC1. We had some diffi- 
cul ty  wi th  p repa r ing  this known electrolyte .  We a t -  
t r ibu ted  the difficulty to unpred ic tab le  react ion be-  
tween two phases (solid and l iquid) .  We recommend  
that  the react ion mix tu re  be refluxed, as our  o ther  
p repara t ions  were,  and that  careful  ana ly t ica l  qual i ty  
control  be exercised over  e lec t ro ly tes  used in ac tual  
bat ter ies .  

Preparation o] other eIectrolytes.--All r ema in ing  
e lect rolytes  were  made. in an analogous manner .  A lu -  
minum chloride was the l imi t ing  reagent .  The salt  be-  
ing used as a Lewis base was added  in excess to the  
A1CI~ in about  50 ml of th ionyl  chloride. The mix tu re  
was refiuxed for 3h and fi l tered as descr ibed above. 

Isolation 05 electrolytes and preparation of analytical 
sampIes.--Equimolar (to A1) amounts  of d ime thoxy-  
e thane (measured  by  volume)  were  added  to the elec-  
t ro ly te  solutions. The prec ip i ta te  was isola ted by  f i l ter-  
ing in the  enclosed glass f r i t  descr ibed  above using a 
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mechanical  vacuum pump. The precipitate was washed 
once with thionyl  chloride. The sidearm flask into 
which the filtrate and thionyl chloride had drained was 
replaced with a sealed tube, and the precipitate w a s  
pumped dry th rough  a stopcock at the top of the en-  
closed f l i t  for 0.Sh. The ext remely  hygroscopic salt, 
while still under  vacuum, was immediate ly  hydrolyzed 
by adding water  through the stopcock. To minimize 
l o s s  of HC1, the water  was added from a trap. The water  
solution of the salt was diluted to a measured volume. 

Standard  taper glassware gasketed with Teflon 
sleeves was used for all the above manipulat ions.  
When the remain ing  thionyl  chloride was pumped off, 
the sleeves were supplemented by vacuum grease ap- 
plied to the outsides of the joints. Teflon sleeves were 
necessary because of the react ivi ty of thionyl chloride. 
The grease prevented a slow leak from destroying the 
hygroscopic solid. Unfortunately,  it also prevented us 
from obtaining a total weight of the precipitate. The 
drying is the most critical step of the procedure, at all 
other times the thionyl  chloride protects the salt from 
moisture. All manipula t ions  should be done in a hood. 

Isolation of AlCl3 from thionyI chIoride.--Equimolar 
amounts  of d imethoxyethane were added to these 
solutions. The precipitates were treated exactly as 
described above. 

Analysis of the hydrolyzed salt.--All analyses were 
carried out on aliquots of the volumetric  solution. 
A l u m i n u m  was determined gravimetr ical ly  by  the 
method of Howick and Jones (20). We found it evsen- 
tial to distill the acetone used in this procedure, as 
suggested by those authors (20). Chloride was deter-  
mined by argent imetr ic  t i t rat ion (21). This technique 
will  de termine any bromide at the same time. The 
cation (usual ly l i th ium) was determined from an ion 
exchange total cation determinat ion (22), from which 
the a luminum determinat ion was substracted. The 
t i t rat ion was carried out using a pH meter, so that if 
the thionyl  chloride had not been completely removed 
in drying, endpoints due to SO~ t i t rat ion would also be 
observed. All of these l i tera ture  techniques were veri-  
fied on control samules of LiCI and anhydrous A1CI,~ 
and their  combinations dissolved in water. The alu-  
m inum gravimetric  method was fur ther  verified on 
p r imary  s tandard  a luminum wire dissolved in HC]. 

Tetrabromoaluminate exchange.--Tetramethyl~m- 
monium te t rabromoaluminate  was made by the method 
of Bradley et al. (23). Their synthesis was verified by 
a n a l y s i s .  This salt was dissolved in thionvl  chloride. 
The thionyl  chloride immedia te ly  turned brown. The 
solvent was removed by vacuum disti l lation to a dry 
ice-acetone trap. The solid salt was hydrolyzed a n d  

analyzed as above. SOCI2 which had exchanged with 
bromide was hydrolyzed immediate ly  and discarded, 
since thionyl bromide had been implicated in an u n -  
explained explosion (24). 

Resuffs and Discussion 
The results of our analyses of a n u m b e r  of electro- 

lytes of interest  either chemically or in batteries are 
presented in Table I. 

Identification of the precipitate.--Notwithstanding 
the fact that a luminum chloride is also precipitated by 
dimethoxyethane (second i tem in Table I) ,  we believe 
that the precipitates of the l i th ium salts are chelates of 
l i thium, and not the result  of chloride displacement 
from the a luminum by the dimethoxyethane.  The two 
possible reactions in their expected stoichiometries are 
as follows 

CHsOCH2CH~OCH~ + LiA1C14 > 
s o c h  

(Li �9 CH3OCHfCH2OCI-~) + (A1CI4) - $ [1] 

CH2OCH2CH2OCH8 + 2LiAlCl4 > 
SOCI~ 

2LiCI $ + CH30 AICI~CH2CH20 �9 AICI3CHa $ [2] 

The evidence in the l i terature  indicates very  strongly 
that the stoichiometry of reaction [2] would be two 
a luminum chlorides to one dimethoxyethane (25). In  
an exper iment  where dimethoxyethane was the l imit-  
ing reagent,  the yield would indicate that  the 
stoichiometry was one to one (first i tem in Table I) .  

In  order to resolve the question of which react ion 
took place, we added dimethoxyethane  to a solution of 
t e t r amethy lammonium te t rachloroaluminate  in thionyl  
chloride. Dimethoxyethane would not be expected to 
interact  with te t ramethylammonium.  The solution w a s  

made by adding a two-to-one excess of te t ramethyl -  
ammonium chloride to a luminum chloride in thionyl  
chloride. The excess was to insure that there was no 
uncombined a luminum chloride present. Addit ion of 
60% excess of dimethoxyethane to this solution gave a 
precipitate, which redissolved upon mixing. Addit ion 
of a 200% excess gave a pe rmanen t  precipitate. We 
conclude that formation of the a luminum chloride- 
ether complex is reversible, and, clearly, excess 
chloride will  suppress the reaction. When sufficient 
dimethoxyethane is added to force the reaction, a 
permanent  precipitate is formed, and this precipitate 
is insoluble in a solution containing excess dimethoxy-  
ethane. However, we had already observed that  when 
twice as m a n y  mols of d imethoxyethane as salt were 
added to a solution of a l i th ium salt, the p r e c i p i t a t e  

Table I. Analyses of thionyl chloride electrolyte salts 

Molar rat ios  
E x p e r i m e n t  

Analyt ica l  resul ts  C1- Cation Yie ld  
S a m p l e  Mols  Cation based  on 
n u m b e r  A1CI~ Salt  Mols AI 8§ Mois C1- Total  cat ion by d i f ference  A13§ A1 ~§ on AI~ �9 

$3-62A 0.0227 LiC1 0.00976 0.{)385 0.0397 0.OlO4 b 3.94 1.07 43%e 
$2-73A 0.161 - -  0.0128 0.0404 ~ - -  3.16 80% 
SI-131A 0.0228 Lifo  0,0213 0.0839 0.0851 0.0212 b 3.94 0~'99 94% 
$2-96A 0.0132 Na~SO8 0.00900 0.0351 0.0357 0.0087 d 3.90 0.97 68% 
SI-150A 0.0215 LbCOs 0.0189 0.0763 0.0761 0.0194 b 4.06 1.03 88% 
$2-89A e 0.0133 Li~S . . . . .  
S3-73A~ N(CHs)4A1Br4g 0 . ~ 5  • 10 -4 2 . ~  • 10 -~h 2.77 • 10 -~ 0.835 x 1 0 4  J 3.94 1.29 
$3-68A 0 .0~3J ~ 0.0149 0.0494 h ~ - -  3.32 ~ 81% 

a D i m e t h o x y e t h a n e  w a s  m e a s u r e d  by  v o l u m e  and a one-to-one molar  rat io  to  A1Cla w a s  used  e x c e p t  w h e r e  noted.  
b Li+. ". 
c 88% of  d i m e t h o x y e t h a n e ,  k n o w n  f r o m  i t s  v o l u m e  and dens i ty  to  be  the  l imi t ing  r e a g e n t  in this  e x p e r i m e n t .  
d Na+, 
e Sulfur,  ident i f ied by i ts  m e l t i n g  po int  [observed:  108~176 l i terature:  112.3~ ( 3 5 ) ] ,  wa s  i so lated  f r o m  th is  sample .  No  f u r t h e r  

w o r k  w as  done  on this  sys tem.  
D; .methoxyethane  was  not  used  in this  s a m p l e ,  see  Exper imenta l .  

s P r e p a r e d  by  the  m e t h o d  in Ref .  (23) .  
h No  Br-  w a s  de t e c t e d .  
I N(CHa),§  
J AIBr~. 
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redissolved. We conclude that  there  are  two different  
prec ip i ta tes  and that  the prec ip i ta te  of l i th ium t e t r a -  
ch lo ro-a lumina te  is p robab ly  a salt  of an e ther  chelate  
of the l i th ium ion which is soluble in a solut ion con- 
ta in ing excess d imethoxyethane .  

Analysis of the etectro~ytes.--We found tha t  when  
oxide or  a source of oxide (third,  fourth,  and fifth 
i tems in Table  I)  were  refluxed wi th  a luminum 
chloride and th ionyl  chloride, they  reacted comple te ly  
to form te t rach loroa lumina te  ion. This is not  su rp r i s -  
ing, since th ionyl  chloride is a s t rong inorganic  as wel l  
as organic  chlor inat ing  reagent  (26). The probable  
react ions are  

Li20 + 2AIC13 + SOC12 --> 2LiA1C14 + SO2 [3] 

Na~SO~ + 2A1C18 + SOC12-> 2NaA1CI4 + 2SO2 [4] 

Li2CO3 + 2A1C13 -}- SOC12 ~ 2LiA1C14 + SO~ -{- CO2 

[5] 

AIC13 has been observed to catalyze react ions of th ionyl  
chloride wi th  a var ie ty  of meta ls  (27) and it might  
also catalyze the a l r eady  observed  react ion of SOClz 
with  oxides (28). 

Our resul ts  on the e lec t ro ly te  based on Li20 are  in 
agreement  wi th  those repor ted  by  J. P. Gabano. He 
found, as we did, tha t  when L i f o  was refluxed it re -  
acted comple te ly  to form LiA1Cla and p re sumab ly  SO2 
( th i rd  i tem in Table I)  (29). We did not a t t empt  to 

character ize  the products  of the react ion of Li20 wi th  
A1CI~ and SOC12 at room t empera tu re  because our 
isolat ion technique does not work  on a mixture .  In our 
opinion, th e resul ts  obta ined by  Gabano in this react ion 
at room t empera tu re  (6) can be ascr ibed to incom- 
ple teness  of reaction.  While  AIC13 forms complexes  
wi th  both SO2 (30) and SOC12 (31), the complexes 
formed with  SOC12 have been isolated from mix tures  
(31), while  that  formed with  SO2 was made  f rom an 
equimolar  mix tu re  of A1C13 and SO2 (30). Also, A1CI~- 
can be isolated from solution in sulfur  dioxide (32). 
Therefore,  we do not  feel A1C18 �9 SOe is an impor t an t  
constituent of this system. 

Our results when Li2S is used as a Lewis base are 
in agreement with a suggestion made by Abraham 
et al. (ii) that elemented sulfur might be formed 
(sixth item in the Table I). AICl3 catalyzes reaction 
between thionyl chloride (containing oxidized sulfur) 
and l i th ium sulfide (containing reduced sul fur) ,  a pos-  
s ib i l i ty  c lear ly  recognized by those who o r ig ina l ly  
worked  on this system (11). 

Our observat ion  of halogen exchange on both A1Br~ 
and A1Br4- is not surpr i s ing  in view of the  we l l - know n  
halogen lab i l i ty  of th ionyl  chlor ide (16) and the p re -  
viously observed lab i l i ty  of halogen on a luminum (18) 
( i tems seven and eight  in Table I ) .  

Conclusions 
This isolat ion technique can be and here  has been 

used to isolate and character ize  the anions of salts  in 
solution in th ionyl  chloride.  I t  is not l imi ted  to l i th ium; 
we found that  sodium worked  also ( four th  i tem in 
Table I ) .  There  are  definite l imi ta t ions  to this tech-  
nique. It cannot be used on mixtures ,  and  it cannot be 
used quan t i t a t ive ly  to es tabl ish  the to ta l  concentra t ion 
of sal t  in the e lectrolyte .  Nonetheless,  it  may  be pos-  
sible that  this k ind  of technique is usable  in ocher 
solvents  also. 

Final ly ,  our work  shows that  it  is impor tan t  that  the 
reac t iv i ty  of th ionyl  chlor ide be considered when 
a t tempts  a re  made  to synthesize or dissolve new salts 
in this  solvent.  Both the  L i20-based  (6) e lec t ro ly te  and 
LieBl0Cll0 (5) have been proposed as solutions to the 
vol tage de lay  p rob lem in l i t h ium/ th iony l  chlor ide ba t -  
teries.  The evidence above and e lsewhere  (6, 7, 29) 
now indicates  that  both  of these salts  react  wi th  th ionyl  
chlor ide  to produce  SO~. SO2 has a l r eady  been shown 
to a l levia te  vol tage de lay  (33). This means  tha t  every  

publ ic ly  proposed solut ion to this p rob lem of which 
we are  aware  i nadve r t en t ly  or adve r t en t ly  adds SOu to 
the e lec t ro ly te  except  where  reserve  cell configura- 
tions are  used (34), and S Q  may  be the cause of im-  
proved ba t t e ry  per formance  observed with  these elec-  
t rolytes .  Clear ly  there  needs to be  a thought fu l  r e -  
evaluat ion of research on this problem.  
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Photoelectrochemical Investigation of a Poly(Ethylene Oxide) Cell 

Anthony F. Sammells* and Peter G. P. Ang* 
Eltron Research, Incorporated, Napervi~Le, ILlinois 60540 

The modification of p o l y ( e t h y l e n e  oxide)  (PEO) 
into an a lka l i  ion conduct ing po lymer  solid e lec t ro ly te  
by  its format ion  of solid solut ions wi th  severa l  a lka l i  
me ta l  sal ts  has been wel l  documented  over  the last  few 
years  (1-5).  Al though  the ionic conduct ivi t ies  of such 
mate r i a l s  are  quite low (~_10 -5 ~ - 1  cm-1  at  ambien t  
t empe ra tu r e ) ,  pa r t i cu l a r ly  in comparison to aqueous 
electrolytes ,  this in par t  can be compensated  for by  
thei r  fabr ica t ion  into thin e lec t ro ly te  samples.  Such 
solid po lymer  e lec t ro ly te  mate r ia l s  can convenien t ly  
be p repa red  by  evapora t ion  of methanol  f rom solutions 
conta ining PEO and an appropr i a t e  a lka l i  ion sal t  onto 
a su i tab le  subst ra te .  Fo rma t ion  of a thin solid po lymer  
e lec t ro ly te  l aye r  is then achieved typ ica l ly  by  annea l -  
ing under  vacuum at t empera tu re s  be low 120~ 
Transference  number  (6) measurements  for PEO/  
NaSCN-based  solid po lymer  e lect rolytes  have shown 
p redominan t l y  a lka l i  ion conduct ivi ty.  

Recently,  some p re l im ina ry  pho tocur ren t /vo l t age  
da ta  were  r epor t ed  (7) on a so l id-s ta te  photoeIect ro-  
chemical  (PEC) cell consist ing of PEO/KI ,  I2 as a solid 
po lymer  redox  e lec t ro ly te  p r epa red  on a t in oxide 
conduct ing subs t ra te  in in t imate  contact  wi th  an n -  
Si photoanode.  This photoanode was in i t ia l ly  coated 
with  p l a t i num and subsequent ly  pro tec ted  f rom photo-  
anodic corrosion effects by  a l ayer  of po lypyrro le .  The 
subst i tu t ion  of a l t e rna te  redox e lect rolytes  for  the 
aqueous systems p redominan t ly  pursued  in photo-  
e lec t rochemical  cells is one approach to address  
photoanodic  corrosion effects at the i l lumina ted  pho-  
toe lec t rode /e lec t ro ly te  interface.  A l t e rna t ive  redo~ 
e lec t ro ly tes  have included organic nonaqueous (8) 
a m b i e n t - t e m p e r a t u r e  mol ten  salts (9) and inorganic  
solid e lec t ro ly tes  (10). These l a t t e r  e lec t ro ly tes  have 
been  p rev ious ly  discussed by  us at the  so l id-s ta te  in-  
terface of n -CdSe  wi th  the s i lver - ion  conduct ing solid 
e lec t ro ly te  RbAg4Is. With  this solid e lectrolyte ,  how-  
ever,  photoac t iv i ty  was detected even in the absence 
of a semiconductor  junction,  a p robab le  consequence 
of the spontaneous  photoreduct ion  of Ag + a n d / o r  the 
presence of a D e m b e r - t y p e  photovol tage  (11). Be- 
cause of this  in te r fe r ing  photoeffect  wi th  s i lve r - ion  
conduct ing solid electrolytes ,  the re  is an obvious in-  
cent ive to invest igate  PEC phenomena  using a l t e r -  
na t ive  redox  solid e lec t ro ly tes  where  the oppor tun i ty  
for photoeffects by  the solid e lec t ro ly te  is less l ike ly  
t o  occur.  

In work discussed here, PEC measurements have 
been made on the solid polymer electrolyte PEO/ 
NaSCN, containing Na2S/S as an introduced redox 
species. The fact that various redox couples can be 
incorporated into these alkali-ion conducting poly- 

* E l ec t rochem i ca l  Socie ty  Ac t ive  Member. 
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photoelectrochemical  ceU. 

meric  mater ia l s  m a y  give us the oppor tun i ty  to use 
such modified mate r ia l s  in photoe lec t rochemica l ly  
rechargeab le  cells where  the s tored energy,  via  oxi-  
dized or reduced species wi th in  the e lec t ro ly te  and 
close to the photoelectrode,  could be la te r  e lec t ro-  
chemical ly  discharged.  This would  requ i re  tha t  the 
redox species incorpora ted  wi th in  the po lymer  be 
essent ia l ly  immobile .  In  ma in ly  crys ta l l ine  PEO elec-  
t rolyte,  ionic conduct ion is p r edominan t ly  via  an 
a lkal i  ion t ranspor t  mechanism along po lymer  hel ical  
chains; for more amorphous  PEO mater ia ls ,  a con- 
f igurat ional  e n t ropy -domina t e d  t ranspor t  process  is 
l ike ly  ( t2 ) .  

Aqueous l iqu id- junc t ion  PEC cells wi th  storage, 
having the genera l  configurat ion p - I n P / S  2-,  Sn2- / I  - ,  
I J n - W S e ~  have p rev ious ly  been inves t iga ted  (13) .  
Here the r e l a t ive ly  high ionic conduct iv i ty  of the 
aqueous e lect rolytes  used a l lowed large  in te re lec-  
t rode distances to be tolerated.  For  PEO-based  cells, 
however ,  smal l  in te re lec t rode  distances a r e  essential  
to minimize in te rna l  resis tance losses. To iden t i fy  an 
analogous two-photoe lec t rode  so l id -s ta te  cell  based 
upon PEO requires  that  one of the photoelect rodes  be 
t ransparent ,  to ensure i l lumina t ion  of both  e lec t rode /  
redox e lec t ro ly te  interfaces.  The use of p - I n P  as a 
photocathode in such devices would, consequently,  
prec lude  the use of n-WSe2 as the second photoelec-  
trode. 

The PEO-based  redox e lec t ro ly te  was p repa red  by  
in t roducing  PEO (Aldr ich  Chemical  Company,  MW 
600,000) and NaSCN into anhydrous  methanol  in a 
4.5:1 molar  rat io of the po lymer  repea t  unit,  as dis-  
cussed by  others  (6). Wi th  continuous s t i r r ing  an 
equimolar  (0.1M) solut ion of Na2S and S up to a 
sulfide concentra t ion corresponding to 1/10 that  of 
NaSCN was s lowly  added.  Dur ing  addi t ion of the 
sulfide species to the PEO �9 NaSCN solution, the mix -  
ture  was in i t ia l ly  yellow, but  became colorless a f te r  
s t i r r ing  for 30 min. Upon s tanding  for severa l  weeks,  
some prec ip i ta t ion  became evident  in this solution. A 
PEC cell was p repa red  by  in i t ia l ly  p lac ing a drop of 
f reshly  p repa red  P E O .  NaSCN/Na2S,S solut ion onto 
the surface of a Nesa t ron  t in -doped  ind ium oxide 
conduct ing glass e lectrode and a l lowed to d ry  in the 
a tmosphere .  This was then t rea ted  under  vacuum at 
75~ for lh.  The p - I n P  photocathode was obta ined 
from Crysta  Communicat ions,  Incorpora ted ,  (Zn- 
doped 6 X 1016 cm 8, <111>  surface used) and had  a 
res is t iv i ty  of 0.6 acm.  Ohmic contact  was made  by  
first sput te r ing  a thin l ayer  of gold, fol lowed by  elec-  
t rodeposi ted  Zn, and la te r  another  l aye r  of spu t te red  
gold. The e lect rode was annea led  at  465~ for 1 min. 
Ini t ia l  a t tempts  to make  contact  of this photoelec-  
t rode  to the solid po lymer  redox  e lec t ro ly te  on the 
conduct ing glass met  wi th  mixed  results .  Reproducib le  



618 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY March 1984: 

contact  was made  by  in t roducing a drop of the PEO 
containing methanol  solution onto the photocathode,  
and af te r  drying,  l igh t ly  press ing onto the a l r eady  
cured po lymer  e lec t ro ly te  present  on the conduct ing 
glass surface. F ina l  cur ing of this cell was pe r fo rmed  
under  vacuum for 2h at  75~ 

The ini t ia l  photoe lec t rochemical  per formance  of the 
cell p - I n P / P E O .  NaSCN,Na2S,S/conduct ing glass at  
25~ is shown in Fig. 1 under  100 mW/cm"  quar tz  io- 
dine i l luminat ion.  Posi t ive photopotent ia l s  of 200 mV 
were observed.  Upon potent iostat ing,  the p - I n P  at  
--1.2V v s .  its da rk  potent ial ,  cathodic photocur ren ts  of 
~ 1 0  #A/cm 2 were  observed.  The r a the r  high photo-  
e lect rode bias vol tage requ i red  to achieve such photo-  
currents  and poor fill factor are  in pa r t  symptomat ic  
of the h ighly  res is tan t  po lymer  e lec t ro ly te  used. Cell  
resistances could be s ignif icant ly reduced by  increas ing 
tempera ture ,  t he reby  resul t ing  in h igher  currents .  Cells 
prepared ,  however,  were  mechan ica l ly  s tabi l ized by  
the use of a wax  suppor t  be tween  the photoelect rode 
cur ren t  collector and a glass substrate .  Because of this, 
cell t empera tu re  excursions were  avoided. 

The photoelec t rochemical  oxidat ion  o f  the Na2S/S 
couple incorpora ted  into PEO was also inves t iga ted  on 
n -GaAs .  The n -GaAs  single crys ta l  was obta ined from 
Crys ta l  Special t ies  Incorporated,  and had a car r ie r  
dens i ty  of 1016/cm 3 af ter  silicon doping. Ohmic contact  
to the semiconductor  was made  by thin-f i lm evapora -  
t ion of an 88Au/12Ge alloy. The <111>  face was used 
in these exper iments  af ter  in i t ia l ly  etching in H2SOJ  
H20~ before d ry ing  and coating with  P E O .  NaSCN, 
Na2S,S. This photoanode was contacted to a Nesat ron 
conduct ing glass e lect rode and annea led  in an ana-  
logous manner  to that  discussed previous ly  for p - InP .  
A pho tocur ren t /po ten t i a l  curve for this cell is shown 
in Fig. 2. Here  the ini t ia l  photopotent ia l  obta ined  was 
--150 mV using 100 m W / c m  2 quartz  iodine i l l umina -  
tion. Anodic  photocur ren ts  of 9 #A/cm e were  obtained 
af te r  subjec t ing  the cell to a 1.5V posi t ive bias. Be- 
cause of the opaque n a t u r e  of gal l ium arsenide,  how-  
ever,  this photoanode cannot be used in a two-pho to -  
e lect rode cell where  p - I n P  is used as a photocathode.  
S imi la r  cells p r epa red  using s ing le -c rys ta l  n -CdS 
typ ica l ly  gave negat ive  photopotent ia ls  in the --200 to 
--250 mV range.  
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Fig. 1. Current-voltage curve for the cell p-lnP/PEO.NaSCN, 
Na2S, S/cond. Glass with and without 100 mW/cm 2 quartz iodine 
illumination. 
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Fig. 2. Current-voltage curve for the cell n-GaAs/PEO.NaSCN, 
Na2S,S/cand. Glass with and without 100 mW/cm 2 quartz iodine 
illumination. 

I t  is necessary  for  a two-photoe lec t rode  so l id-s ta te  
PEC cell using a solid po lymer  e lec t ro ly te  not  only  
that  one of the photoelectrodes  be t ransparent ,  but  also 
that  the redox species incorpora ted  into the PEO not 
corrode the photoelect rodes  dur ing  i l luminat ion.  A l -  
though we have found the redox kinet ics  of halogens 
in t roduced into PEO, in general ,  h igher  than  for  the 
Na2S/S couple, we have not yet  been able  to fabr ica te  
a two-photoe lec t rode  cell which fulfills the  above r e -  
qui rements  using a halogen as one of the redox couples. 

As a result ,  we have fabr ica ted  the so l id -s ta te  two-  
photoelectrode cell  p - I n P / P E O  �9 NaSCN,Na2S,S/n-  
CdS using s ing le -c rys ta l  photoelectrodes.  The n-CdS 
single crys ta l  was obta ined  f rom Cleveland Crystal .  
Ohmic contact  to the ma te r i a l  was made by  in i t ia l ly  
contact ing with  a ga l l i um- ind ium eutectic fol lowed 
by  s i lver  epoxy  and curing at 150~ for lh. The two-  
photoelectrode cell was p repa red  by  placing a drop of 
the PEO redox e lec t ro ly te  onto the surface  of each 
electrode,  a l lowing to d ry  in the a tmosphere ,  and 
pa r t i a l l y  cur ing at 60~ under  vacuum for lh.  The two 
electrodes were  l igh t ly  pressed together  to make  effec- 
t ive contact  and then finally cured at  75~ for lh.  The 
cell is shown schemat ica l ly  in Fig. 3. The d a r k  open-  
circuit  vol tage was 560 mV, p re sumab ly  due to some 
nonequi l ib r ium effects be tween the photoelect rodes  
and PEO. Upon i l lumina t ion  through the n - C d S  photo-  
anode to the so l id-s ta te  junct ions of the redox PEO 
with  both these photoelect rodes  under  100 m W / c m  2 
quar tz  iodine i l luminat ion,  photopotent ia ls  up to 540 
mV could be in i t ia l ly  generated.  Hence ini t ia l  overa l l  
cell vol tages in excess of 1000 mV could be achieved 
be tween the two photoelectrodes.  Af te r  severa l  hours, 
the photopotent ia l  rea l ized with  this cell  reduced to 
~400 inV. The photoresponse of this cell is shown in 
Fig. 4. Potent ios ta t ing  the cell to 0,0V in the da rk  re -  
su l ted  in the passage of insignificant currents .  Even 
when this cell was poten t ios ta ted  at  0.0V under  i l -  
luminat ion,  currents  only  in the 0.3 #A range  were ob-  
served  as a resul t  of the high res is t iv i ty  of the e lec t ro-  
ly te  under  ambien t  conditions. 

We conclude that  a l though PEO-based  redox  elec-  
t rolytes  offer the oppor tun i ty  to fabr ica te  so l id-s ta te  
PEC cells, thei r  eventua l  p rac t i ca l i ty  into small  de-  
vices is cont ingent  upon increas ing PEO ionic conduc-  
t ivity.  Compensat ion of this p resen t  l imi ta t ion  by  the 
use of smal l  in te re lec t rode  spacing g rea t ly  increases 
the  suscept ib i l i ty  to cell  shor t ing dur ing  fabr icat ion.  

p_l n p..~ ---~ 

Fig. 3. Schematic 
S/n-CdS. 
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Utility of Surface Reaction Entropies for Examining Reactant-Solvent 
Interactions at Electrochemical Interfaces. Ferricinium-Ferrocene 

Attached to Platinum Electrodes 

Joseph T. Hupp and Michael J. Weaver* 

Department of Chemistry, Purdue University, West Lafayette, Indiana 47907 

Reac tan t - so lven t  in teract ions  are  of pr ime impor -  
tance to both the kinet ics  and the rmodynamics  of 
e lec t rode  processes. Since e lec t rochemical  react ions 
inev i t ab ly  occur wi th in  the in te r rac ia l  region, i t  is de-  
s i rable  to gain informat ion  on the na tu re  of reac tan t  
so lvat ion  at the e lec t rode  surface  as wel l  as in bu lk  
solution. We have demons t ra ted  that  useful  in forma-  
tion on the l a t t e r  for s imple  redox  couples can be ob-  
ta ined  f rom the so-ca l led  react ion en t ropy  (aS~ 
de te rmined  f rom the t empe ra tu r e  dependence  of the 
formal  potent ia l  (E f) using a non iso thermal  cell a r -  
r angemen t  (1) 

A ~ S re : F(dEf/dT)ni [1] 

Since the t empe ra tu r e  dependence  of the the rmal  
l iquid junct ion  potent ia l  in such a cell  can be a r ranged  
to be negl ig ib ly  small ,  AS~ essent ia l ly  equals  the  
difference (S~ -- S~ be tween  the ionic entropies  
of the reduced e/nd oxidized forms of the redox couple 
in the bulk  solution. The react ion entropies  of s imple 
t r ans i t i on -me ta l  redox couples have been found to be 
e x t r e m e l y  sensi t ive to the chemical  na ture  of the co- 
o rd ina ted  l igands  and the su r round ing  solvent,  i l -  
lus t ra t ing  the impor tance  of specific l igand-so lven t  
in terac t ions  to the  overa l l  redox the rmodynamics  
(1-5).  

I t  would  c lear ly  be des i rable  add i t iona l ly  to de te r -  
mine  react ion entropies  for redox couples res id ing in 
the in ter rac ia l  region. Such surface react ion entropies  
(hS~ would  yie ld  insight  into the  solvat ion changes 
accompanying  the e l emen ta ry  e l ec t ron- t r ans fe r  step 

* FAectrcehemical Society Active Member. 

for the redox couple in a pa r t i cu la r  in ter fac ia l  en-  
v i ronment .  For  redox couples present  at  sufficiently 
high concentrat ions  at the in ter face  to enable  the 
formal  potent ia l  for the  in ter rac ia l  (adsorbed)  redox 
couple (Ea f) to be measured,  values  of AS~ can be 
obta ined  d i rec t ly  f rom (cf. Eq. [1]) 

AS~ ---- F(dEaf/dT)ni [2] 

Whereas  AS~ corresponds to the overa l l  en t ropy  
dr iv ing  force for t r ans forming  the bu lk-so lu t ion  re -  
ac tant  to product ,  AS~ equals the the rmodynamic  
en t ropy  change for the heterogeneous e l ec t ron - t r ans -  
fer  s tep i tself  (6).  Thus AS~ and AS~ are  re la ted  b y  

AS~ ---- AS~ + AS~ -- AS~ [3] 

where  aS~  and AS~ are  the ent ropic  work  te rms as-  
sociated with  ~forming the "precursor"  state for e lec-  
t ron t ransfe r  f rom the bu lk  reactant ,  and the "suc- 
cessor" s ta te  from the bu lk  product ,  respect ive ly  (6). 
We repor t  here  values  of AS~ for a su r face -a t t ached  
fe r r i c in ium-fe r rocene  couple in severa l  solvents  in 
o rder  to i l lus t ra te  the  v i r tues  of such measurements  
for e lucidat ing the na tu re  of r eac tan t - so lven t  in te rac -  
tions at e lec t rochemical  interfaces.  

For  surface redox couples where  the redox  center  
lies wi th in  the inner  layer ,  AS~ and AS~ a re  expected 
to be both nonzero and different,  so tha t  ~S~ ~ ~S%c. 
Indeed,  we have recen t ly  obta ined  such a resul t  for a 
specifical ly adsorbed  Co ( I I I ) / ( I I )  sepulchra te  c o u p l e  
vs. the corresponding bu lk  solut ion couple (7). For  
e lect rode react ions where  the redox center  is p resen t  
in the  diffuse l aye r  o r  at  the  ou te r  Helmhol tz  plane,  i t  
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is convent ional  to assume that  the  work  te rms a r e  
pure ly  coulombic in na tu re  (8) so that  hS~ ~ ~S~ 
0 and hence hS~ ~ ~S~ This assumption is r e -  
q u i r e d  in order  to ex t rac t  t rue  f requency  factors f o r  
e l e c t r o n  t ransfe r  f rom the t empe ra tu r e  dependence  of 
e l e c t r o c h e m i c a l  kinet ics  (6, 9). However ,  in ac tua l i ty  
even ~S~ for an ou te r - sphere  react ion might  be ex-  
pected to differ s ignif icantly from hS~ in a given 
solvent  medium,  bear ing  in mind  the s t ruc ture  sensi-  
t iv i ty  of ionic entropies  (1-5) and the poss ibi l i ty  that  
the solvat ing  envi ronment  in the v ic in i ty  of the surface 
may  differ s ignif icant ly f rom that  in the bu lk  solution. 
Indeed,  one reason for pursuing  the presen t  s tudy was 
to discover whe ther  differences which we have recen t ly  
observed be tween  the energet ics  of s t ruc tu ra l l y  s imi la r  
e lect rochemical  react ions  involving sur face-bound  and 
so lu t ion-phase  redox couples (10) could be ra t ional ized 
in te rms of differences be tween  the bulk  and in ter fac ia l  
solvat ion environments .  

Measurement of Surface Reaction Entropies 
Although  it is not  feasible to eva lua te  ~S~ f o r  

oute r - sphere  (i.e., unadsorbed)  redox couples, a su i t -  
ab ly  high in te r fac ia l  concentra t ion of no rma l ly  unad -  
sorbed, and, p resumably ,  fu l ly  solvated,  reac tan t  can 
be achieved by  a t taching  the redox center  to the  e l e c -  
t r o d e  surface via an iner t  covalent  l inkage.  As a model  
system, we s tudied  the fe r r i c in ium-fe r rocene  redox  
couple a t tached to a p l a t inum electrode,  as shown in 
Fig. 1. We p repa red  the su r face -bound  ferrocene by  
using the chemical  modification procedure  descr ibed 
by  Sharp  et al. (11). This system was se lec ted  since 
both  the bond to the p la t inum surface  and the e lec t ro-  
active center  i tself  are  except iona l ly  stable,  p lac ing the 
redox  center  about  6-8A from the e lect rode surface 
(11). In addit ion,  i t  was ant ic ipated  that  the sur face-  
a t tached couple would  exhibi t  revers ib le  behavior  in a 
va r i e ty  of solvents.  

Efforts to p repa re  the same ferrocene der iva t ive  in 
solution were  unsuccessful.  Nevertheless ,  n - f e r rocene -  
me thy l ene -p - to lu id ine  (Al f red  Bader  Chemicals) ,  
shown in Fig. 2, was se lected as a r easonab ly  close 
analog of the su r face-a t t ached  complex,  since in the 
v ic in i ty  of the redox  center  the s t ructures  of the two 
subst i tuents  a re  closely s imilar .  Fo rmaI  potent ia ls  f or  
ei ther  the  su r face -a t t ached  or bu lk-so lu t ion  redox 
couples were  obta ined f rom the average  peak  po ten-  
t ials of the cyclic vo l tammograms.  [Quasi - revers ible ,  
r a the r  than reversible ,  behavior  was typ ica l ly  observed 
f o r  the sur face-a t tached ,  as wel l  as bulk-solut ion,  
couples, wi th  anodic-ca thodic  peak  separation~ up to 
ca. 50 mV even in the presence of IR compensat ion;  cf. 
Ref. (i1)]. Values  of Eaf for the r educ t i on  of the sur -  
face-bound  ferr icJnium der iva t ive  could be measured  
wi th  sufficient accuracy to enable  AS~ to be de te r -  
mined to wi th in  about  6 5 �9 deg -1 �9 tool -1. Represen ta -  
t ive Ea f da ta  obta ined in aqueous solut ion are plot ted 
against  t empera tu re  in Fig. 3. Data also were  obtained 
in methanol ,  acetonitr i le ,  d imethylsul foxide ,  and  su l -  
folane. At t empts  were  made  to measure  hSOrc,s in 

F•e H H H 
C : N  C ~ C - -  

" I 
C--  

Fig. 1. Mode of attachment of ferrocene to platinum surface 

H 
C -----N CH 3 

Fig. 2. Ferrocene derivative (n-ferrocenemethylene-p-toluldene) 
used as solution analog of surface-attached ferrocene in Fig. 1. 
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Fig. 3. Representative plot of Ea f VS. temperature in aqueous O.IM 
TEAP. Potentials vs. saturated calomel electrode at 24~ using 
nonisothermal cell arrangement (I).  

formamide,  n i t romethane ,  and acetone, but  were  un-  
successful wi th  the first solvent  due to ins tab i l i ty  of the 
surface  complex,  and with  the other  two because of 
i r reproduc ib le  behavior .  Ei ther  0.1M t e t r a e thy l am-  
monium perch lora te  or 0.2M LiClO4 was used as the  
suppor t ing  electrolyte .  Addi t iona l  expe r imen ta l  deta i l s  
a re  given in Ref. (3). 

The resul t ing  values  of ~S~ and Ea f are  summar -  
ized in Table I, together  wi th  hS~ da ta  for the fe r ro-  
cene and n - f e r roc e ne me thy l e ne -p - to lu id ine  couples in 
bulk solution. Con t ra ry  to our ini t ia l  expectat ions,  the 
react ion entropies  for the surface couple and its solu-  
t ion analog were  found to be in reasonable  agreement  
in each solvent.  Evident ly ,  the solvent  in teract ions  ex-  
per ienced by  the su r face-a t t ached  couple are  not  
no t iceably  different  f rom the reac tan t - so lven t  in te rac -  
tions occurr ing in bu lk  solution. At  least  for this 
couple, therefore,  it  appears  that  differences be tween 
solvent  s t ruc ture  in bu lk  solut ion and in the double 
l ayer  where  the  surface redox si te is located do not  
g rea t ly  influence the e l ec t ron- t r ans fe r  energetics.  

I n t e r p r e t a t i o n  of Surface Reaction Entropy Va lues  
Although the two der iva t ized  fer rocene  couples (Fig. 

1 and 2) y ie ld  s imi lar  react ion entropies,  these tend to 
be less posi t ive than  the ~S~ values  for the unsubs t i -  
tu ted  fe r r i c in ium-fe r rocene  couple (Table I ) .  F u r t h e r -  
more,  the formal  potent ia ls  for  the  su r face -a t t ached  
couple in var ious  solvents  are  posi t ive of those for fe r -  
rocene itself, whi le  the  Ef values  for the  n - f e r r o c e n e -  
m e t h y l e n e - p - t o l u i d i n e  couple are  st i l l  more  posit ive 
(Table  I; note  that  the E f values  quoted are  vs. tha t  f o r  

f e r r o c e n e  i tself  in the  same solvent ) .  The differences 
in formal  potent ia ls  be tween  ferrocene and its de r iva -  
t ives a re  p robab ly  manifes ta t ions  of the  g r e a t e r  e l e c -  
t r o n  wi thd rawing  capabi l i t ies  of ca rbon-n i t rogen  
double  bonds as compared  to hydrogen  (12). Thus, 
such an e lec t ron wi thd rawing  subs t i tuent  would  tend  
to s tabi l ize  the r e l a t i ve ly  e l e c t r o n - r i c h  f e r r o c e n e  r e -  
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Table I. Formal potentials (mV) and reaction entropies (J deg - i  mol - I )  for surface-attached and hulk-solution 
ferricinium-ferrocene couples 

621 

Sur face -a t t a ched  n - F e r r o c e n e m e t h y l e n e -  
f e r r o c e n e  p- toluidine F e r r o c e n e  e 

Solvent  ATb~ a hS~ E~f b AS%e E~b AS%~ (AS~ Bor. 'l R e f .  

W a t e r  174 - 50 201 e e - 21 10.5 ( 18 ) 
Methanol  117 -- 1 48 -- 12 172 13 27.0 ( 19 ) 
Dimethy l su l fox ide  135 13 122 f ~180 52 14.0 (20) 
S u l f o l a n e  25 74 33 140 31 14.0 (21) 
Ace ton i t r i l e  ~ 25 92 25 146 48 20.5 (20) 
A c e t o n e  62 - -  - -  54 225 67 40.0 (22) 

F r o m  Ref. (15). 
b F o r m a l  po ten t ia l  v s .  solut ion f e r r o c e n e / f e r H c i n i u m  couple in t h e  s ame  m e d i u m  at  25~ except  fo r  sul folane a t  3{)~ S u p p o r t i n g  

e lec t ro ly te  was  0.1M t e t r a e t h y l a m m o n i u m  p e r c h l o r a t e ;  0.2M LiC10+ used  in d imethy lsu l fox ide ,  
c F r o m  Ref. (3) .  
d &SO,c,, a t  25~ p r e d i c t e d  f r o m  the  Born  mode l ;  ca lcu la ted  f r o m  Eq. [4] us ing  d ie lec t r ic  cons t an t  da ta  f r o m  l i t e r a t u r e  indicated.  
, M e a s u r e m e n t s  p r e c l u d e d  because  of i~:solubility of complex.  

Irreproducibility of E~ prevented accurate determination of &S~ 

dox center  to a g rea te r  ex ten t  than  for ferr ic inium,  
leaving  the former  more  difficult to oxidize, and  
the reby  y ie ld ing  a posi t ive shif t  in the formal  po ten-  
tial.  The sys temat ic  differences in react ion entropies  
seen be tween  ferrocene and the der iva t ized  couples 
can also be ra t ional ized on this basis. Whe the r  the 
differences in formal  potent ia ls  be tween  the adsorbed 
couple  and its solut ion analog resul t  f rom surface  a t -  
t achment  or  f rom differences in subs t i tuent  proper t ies  
is not  en t i re ly  clear.  A de ta i led  s tudy of subs t i tuent  
effects on the  redox  the rmodynamics  and kinet ics  of 
severa l  solut ion fer rocene der ivat ives  is in progress.  

A curious aspect  of the resul ts  is the m a r k e d  solvent  
dependence  of both  the  ~S~ and hS~ values.  The 
magni tude  of these quant i t ies  expected  f rom pure ly  
cont inuum electros ta t ic  considerat ions is given by  (3) 

/,S~ ( =  ~S~ - -  - -  (e2N/2r+T) (d In j d  In T) 
[4] 

where  e is the electronic charge, N is Avogadro ' s  num-  
ber,  e is the  dielectr ic  constant  of the solvent ,  and r is 
the radius  of the fe r r i c in ium cation. The 5S~ values  
l is ted in the  last  column of Table  I are  obta ined  from 
Eq. [4] using l i t e ra tu re  values  of e and assuming that  
r = 3.8A (13). There  is c lear ly  no genera l  pa t t e rn  of 
ag reemen t  be tween  the expe r imen ta l  and these cal-  
cu la ted  quanti t ies ,  the  Born  t r ea tmen t  p red ic t ing  a 
much mi lde r  solvent  dependence  of AS~ than  is ob-  
served.  S imi la r  b reakdowns  of  the dielectr ic  con- 
t i nuum model  in p red ic t ing  react ion ent ropies  have  

been found for severa l  bu lk  solut ion couples in a num-  
ber  of solvents (1-5).  

A probab le  reason for the fa i lure  of Eq. [4] is tha t  
the ma jo r  p rope r ty  de te rmin ing  the en t ropy  of 
cha rge - induced  solvent  reor ien ta t ion  is the degree  of 
" in te rna l  order"  of the  s o l v e n t  (i.e,, se l f -associa t ion 
and long- range  s t ruc tur ing  induced b y  hydrogen  
bonding) ,  r a the r  than the macroscopic die lect r ic  p rop-  
er t ies  (14, 15). Thus, a solvent  having a high degree  of 
in te rna l  o rder  would  be r e l a t ive ly  u n p e r t u r b e d  by  a 
charged molecule,  whereas  considerable  solvent  o r d e r -  
ing a round  the ion would  occur  in a med ium having  
l i t t le  in te rmolecu la r  s t ructure .  Since such charge-  
dipole interact ions  wil l  be absent  for neu t r a l  ferrocene.  
a posit ive contr ibut ion  to the react ion en t ropy  (S~ --  
S~ would  be ant ic ipa ted  for the  presen t  redox 
couples, especia l ly  in r e l a t ive ly  nonassociated solvents.  
Criss et at. (14, 15) have sugges ted  es t imat ing  the 
degree  of in te rna l  o rder  of a solvent  f rom the differ-  
ence in boi l ing point  (ATbp) compared  to that  for a 
s t ruc tu ra l ly  analogous hydrocarbon.  These values  of 
ATDp are  also l is ted in Table  I. Indeed,  the AS~ 
values  for the su r face -a t t ached  fer rocene couple do 
for the most par t  va ry  as expected  wi th  the corre-  
sponding values  of  &Tbp. 

An unusua l  resul t  which  mer i t s  comment  is the 
A o large  negat ive  va lue  of S rc,s ( - -50 J deg -1 tool -1)  

found in wa te r  (Table  I ) .  A smal l  negat ive  va lue  of 
AS~ has prev ious ly  been observed  for the bu lk - so lu -  
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Fig. 4. Plot of reaction en- 
tropies for surface-attached and 
solution-phase ferricinium-ferro- 
cene couples in various soNents 
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tion ferrocene couple, also in water (3). This suggests 
that the net solvent ordering in the vicinity of the 
surface-attached redox center is less extensive in the 
cationic than in the neutral state, in qualitative dis- 
agreement with the expectations from an electrostatic 
treatment. These negative reaction entropy values 
possibly result from donor-acceptor interactions be- 
tween the cyclopentadienyl rings and the acidic water 
hydrogens (3). Since the electron density on the cyclo- 
pentadienyl rings will be greater in the reduced state, 
such specific solvent interactions should be enhanced, 
leading to increased solvent ordering and a decrease in 
entropy compared with that for the oxidized state. If 
such an explanation were correct a correlation be- 
tween ~S~ and the acidity of the solvent might be 
expected. Figure 4 shows a plot of the reaction en- 
tropies for the adsorbed couple and its solution analog 
as well, as for unsubstituted ferrocene vs. the solvent 
"acceptor number," which is an empirical measure of 
the electron accepting capabilities of the solvent (16). 
A reasonable correlation is indeed observed. Alterna-  
tively, both the negative reaction entropies in water 
and methanol and the dependence upon the solvent 
acceptor numbers can be rationalized in terms of a 
negative contribution to ~S~ arising from disruption 
of the surrounding solvent structure by the charged 
solute (17). Regardless of the detailed explanations, 
similar solvation factors are clearly important in de- 
termining the redox properties of the surface-attached 
and solution ferrocene couples. 

The present work demonstrates the feasibility of de- 
termining surface reaction entropies and illustrates the 
uti l i ty of these measurements for elucidating the vari-  
ous elements of interfacial reactant-solvent interac- 
tions. Given the sensitivity of aS~ measurements to 
the solvent structure, we suggest that this approach 
might also usefully be employed to gain insight into 
reactant solvation in polymer film electrodes, for which 
the question of solvent penetration within the film is 
of current interest. 
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Structural Analysis of Silicon-Implanted Polymethyl Methacrylate 
Films on Glass 
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ABSTRACT 

Electron diffraction and microscopic analyses of silicon-implanted polymethy] methacrylate (PMMA) films deposited 
on glass substrates have been carried out with the aid of differential etching. Results show the films to consist of amorphous 
and polycrystalline graphite structures incorporating diamond-like structure in the bulk of the film and silicon carbide 
crystallites near the film-glass interface. Particle size is typically less than 50 nm with some crystallites as large as 0.5 t~m. 

The preparat ion of thin films with d iamond- l ike  
properties has in t r igued investigators for many  years. 
Such properties as chemical inertness,  hardness, and 
high electrical resistance are only a few of commercial  
interest.  In the past, many  attempts to thermal ly  de- 
posit films with d iamond- l ike  properties met  with only 
l imited success. However, extensive research over the 
past decade shows considerable promise for d iamond-  
l ike carbon coatings for a wide var ie ty  of applica- 
tions (1). 

Recent developments in our laboratory (2) to pro- 
duce special films for photoli thography which were 
harder  and more chemically inert  than chromium, the 
s tandard  hard surface photomask mater ial  of the semi- 
conductor industry,  led to processed films of poly- 
methyl  methacryla te  (PMMA). Interest ingly,  these 
films showed properties similar  to those reported by 
Aisenberg and Chabot (3) who used a beam of posi- 
t ively charged carbon ions to prepare  their  films. In  
1976, Spencer et al. (4) analyzed films prepared in a 
m a n n e r  s imilar  to that  of Aisenberg and reported 
them to contain polycrystal l ine d iamond- l ike  struc- 
tures. Similarly,  the earlier analysis of our films (2) 
showed that the composition was main ly  carbon and 
suggested that d iamond- l ike  s t ructures  might  exist but  
the results were not  conclusive. Indeed, it is very  l ikeIy 
that  the s i l icon- implanted PMMA simply represents 
one class of the so-called d iamond- l ike  carbon, or i-C 
films (5). 

In  this paper, we present  a detailed analysis of the 
s t ructure  of S i+- implan ted  PMMA films on glass. This 
was accomplished through the use of differential etch- 
ing, scanning electron microscopy (SEtVI), and reflec- 
tion electron diffraction (RED). 

Experimental 
Samples of processed PMMA films were prepared by  

first sp inning PMMA dissolved in chlorobenzene onto 
a glass substrate and baking the film for 30 min  at 
180~ to remove solvent, leaving a 0.5 ~m thick film of 
PMMA. The PMMA films were then implanted with 
silicon in  two steps. In  the first implant  step, the dose 
was 3 • 1015 ions/cmS at 200 keV to ensure a good 
bond with the glass substrate  and to break down 
C - - O - - H  bonds, leaving main ly  carbon. A second ira- 

Key words: hard carbon films, silicon carbide, dif ferent ia l  e tch .  
Lug. 

plant of silicon, this time with a dose of 5 X i0 TM ions/ 
cn~2 at 150 keV, was used to alter the bonding of the 
residual carbon and to continue implanting near the 
film glass interface to improve adhesion. The dose rate 
was 2 ~A/cm 2 for both implants. During this total 
processing, the film thickness was reduced from 0.5 ~m 
to about 0.1 #m. The substrate temperature was as- 
sumed to be about 600 K (6). The resulting films ap- 
peared-quite opaque, and when subjected to various 
solvents, including acids, bases, and organics, were 
found to be chemically inert. Similarly, scratch tests 
showed the films to be at least as hard as chromium 
films normally used for photolithography. 

Transmission electron diffraction of films removed 
from the glass substrates with hydrofluoric acid 
showed only very diffuse rings normally ascribed to 
amorphous materials. X-ray diffraction was not tried 
because of the very low absorption coefficient of car- 
bon and the fact that the films were only about 0.1 ~m 
thick. However, reflection electron diffraction provided 
interesting clues to the film structure. In the earliest 
attempts to do RED, both spotty rings and spot patterns 
were observed, which suggested the presence of both 
polycrystalline graphite and the hexagonal diamond 
structure. 

Based on these early results it was proposed that, if 
the diamond phase existed, i t  should exhibit  an etch 
rate in an oxygen plasma somewhat different from the 
graphite structure.  Such differential etching should 
allow RED to delineate the composition of the film 
with depth. Addit ional  samples were prepared by 
oxygen plasma etching for various times and both 
SEM and RED were used to analyze the resul t ing 
samples. 

Results 
Typical SEM observations of the prepared samples 

are shown in Fig. 1. From the resul t ing relief patterns,  
it is quite clear that as the etch t ime increases, the 
concentrat ion and the size of the particles in relief have 
general ly  increased. In a few instances, as shown in 
Fig. 2, these particles exhibited geometric structure,  
characteristic of single crystals. The largest of these 
appears to be greater than 0.5 #m in breadth  and as 
thick as the residual  film. 

The optical density of the films is also observed to 
decrease with increasing etch time, which would be 
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Fig. 1. Scanning electron 
micrographs of silicon-implanted 
PMMA films etched in an oxygen 
plasma for various times. 

expected if the graphi te  s t ruc ture  were  p re fe ren t i a l ly  
removed.  Moreover,  while  the films were  very  hard  
and scratch res is tant  before etching, rubbing  them 
against  smooth glass was not  observed to scra tch  the 
glass. Af te r  etching, the surface could be made  to 
scra tch  smooth glass by  a s imple rubbing  operat ion.  
Thus, the  re l ief  s t ruc ture  is not s imply  etched glass but  
is somewhat  harder .  

Reflection e lec t ron diffraction of the  oxygen  p lasma 
etched samples  produced numerous  pat terns ,  some of 
which were different from those fot, nd earlier (see, 
Fig. 3a).  As we analyzed  the many  diffraction pa t te rns  
obtained,  we observed  that  the unetched samples  were  
most ly  of amorphous  carbon. Bet te r  defined pa t te rns  of 
both graphi te  and d i amond- l ike  s t ructures  were  ob-  
ta ined  in the l ight ly  and modera te ly  etched films but  
no silicon carbide  pa t te rns  were  observed except  for 
the heavi ly  etched samples  (i.e., nea r  the fi lm-glass 
in te r face) .  While  all  three  s t ruc tures  were  possibly 
present  near  the interface,  the f requency of c lear ly  
defined silicon carbide  s t ruc ture  ove rwhe lming ly  

Fig. 2. Scanning electron micrograph of a large crystallite near 
the film-glass interface. 

dominated  the pa t te rns  observed.  The pa t te rns  were  
ana lyzed  using an independent  gold film as a s tandard  
(Fig. 3b),  and the corresponding lat t ice spacing (d-  
values)  are l is ted in Table I. The accepted d-va lues  for 
graphite ,  diamond, and silicon carbide are also l isted 
(7). In i t ia l ly ,  for many  samples,  charging by  the elec-  
t ron beam produced  "blooming" and resul ted  in unac-  
ceptable  dis tor t ion of the diffraction pat tern .  This 
p rob lem was almost  comple te ly  removed wi th  a thin 
conduct ive  pa l l ad ium film deposi ted on the sample.  I t  
was noted that  the samples  that  had not  been etched 
showed signif icantly less charging than the etched 
samples.  We presume that  the incorpora ted  graphi te  in 
the unetched samples  served to discharge the surface 
because the graphi te  is fa i r ly  conductive. No blooming 
occurred wi th  the gold s tandard .  

The genera l  ag reement  be tween the observed and 
the accepted d-va lues  for the gold s tandard  provides  a 
measure  of the precision of these results.  The in te rna l  
consistency of the  pa t te rns  from our  test  specimens is 
sufficient so that,  even wi th  some dis tor t ion  due to 
charging,  the severa l  pa t t e rns  can be identif ied and the 
resul t  provides  clear  evidence for the  presence of SiC, 
graphi te ,  and d i amond- l ike  phases. 

Discussion 
The shr inkage  of the PMMA film dur ing  imp lan ta -  

t ion is c lear  evidence of ma te r i a l  loss which, f rom 
Auger  analysis  (2), appears  to have been p r i m a r i l y  
the oxygen  and hydrogen  from the polymer .  The bu lk  
of the remain ing  film is carbon except  in the region of 
the in terface  where  the concentra t ion of sil icon in -  
creases significantly.  Nevertheless ,  the observat ion  of 
silicon carbide only at  the in terface  is pa r t i cu l a r ly  in-  
te res t ing  since the  total  sil icon implan t  is sufficiently 
smal l  tha t  it  cannot reasonably  account for  the  sil icon 
carbide  format ion  d i rec t ly  unless a l l  the silicon is de-  
posi ted at  the interface.  Therefore,  we propose tha t  the  
high energy implan t  into the in ter face  ac tua l ly  induces 
decomposit ion of the glass, producing  a s i l i con- r ich  
layer .  The process leads to significant atomic mix ing  
in the manner  descr ibed by  Liau  and Mayer  (8). The 
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Fig. 3. Typical electron dlf- 
fraction patterns of (a, top) sili- 
con carbide and (b, bottom) gold 
standard. 

recrystal l ization of this layer  could then produce the 
silicon carbide we observe and undoubted ly  accounts 
for the very strong bond to the substrate. 

One might expect, as suggested by Spencer et al (4), 
that  dur ing the reordering of the carbon bonds after 
the disruption by an adsorbed ion, any of the possible 
carbon bonding configurations might occur. Even if 
this were the case, it is most l ikely that the strongest 
bonds would form first. Moreover, in subsequent  ab-  
sorption events, the weakest bonds would be removed 
preferential ly.  Thus, the allotropes of carbon which 

form weakest bonds, would most l ikely be absent  or 
appear only  on the top surface of the film. Hexagonal  
graphite would be formed at greater  film depth be-  
cause of the s tronger p lanar  bonding. Cubic and hex-  
agonal diamond with te t rahedral  bonding would also 
most l ikely form in the bulk  film or near  the interface. 

To account for the formation of the silicon carbide 
at the interface or perhaps even the diamond s t ructure  
in the bulk  film, a brief  description of the expected 
energy transfer  is probably  adequate. The energy of an 
individual  silicon ion enter ing the film is from 150 to 
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Table I. Comparison of experimentally observed d-values obtained from RED of silicon-implanted PMMA and gold 
with tabulated values 

Graphite hexagonal 4H Graphite rhombohedral 6B Diamond hexagonal 8H Diamond cubic 
Observed 
d-values d hkl IIio d hkl I/Io d hkl I/Io d hkl I/Io 

3.33 3.348 002 100 3.348 003 100 
2.20 2.184 100 29 
2.13 2.127 lOO $ 2.111 101 100 
2.06 2.O6 101 11 2.059 004 57 2.060 111 100 
2.03 2.027 101 15 
1.87 1.930 102 43 
1.86 1.674 004 5 1.874 006 6 

1.315 105 15 
1.26 1.261 110 33 1.26 220 27 
1.28 1.228 110 4 1.228 110 4 
1.22 
1.21 
1.20 1.190 107 I 
1.18 1.153 112 6 1.153 113, 11"~ 8 1.162 106 23 
1.13 1,133 105 I 1.116 009 1 

1,07 114 18 1.07 311 16 
0.99 0.990 114 4 0.990 116,117 4 

0.855 206 14 
0.862 116 4 

0.8259 119,119 4 0.8214 211 8 0.818 331 15 0.82 

Part B 

Observed 
d-values 

Silicon carbide hexagonal 12H Silicon carbide cubic 8F Gold (standard pattern)  
Observed 

d hkl I/Io d hkl I/io d.values d hkl IIio K 

2.63 2.628 101 35 
2.51 2.516 102, 006 100 2.520 111 100 
2.37 2.357 103 35 
2.16 2.179 104 14 2.180 F2)0 20 

1.999 105 5. 
1.67 1,679 107 6 
1.54 1.541 110, 108 43 1.5411 220 35 

1.419 109 12 
1.329 201 2 

1.32 1.314 116, 202 28 1.314 311 25 
1.290 203 4 
1.258 204, 0012 3 1.258 222 5 

1.069 1.080 208 3 1.089 400 5 
1.044 209 3 

1,009 0.9998 212 + 5 0.9999 331 10 
0.989 213 2 
0.974 1112, 214 3 0.9748 420 $ 
o.941 10~  2 

0.870 0.889 218, 300 + 6 0.8895 422 5 
0.864 219 3 

0.782 0.639 306 § 5 0.8387 811, 333 5 

2.36 2.355 111 100 10.13 
2.038 2.039 200 52 10.19 
1.435 1.442 220 32 10.23 
1.213 1.230 311 36 10.27 
1.157 1.1774 222 12 10.36 
1.029 1.0196 400 6 10.09 
0.935 0.9358 331 23 10.20 
0.910 0.9120 430 22 10.21 
0,835 0.8326 422 23 10.15 

Average 10.20 • 0.05 

200 keV and this energy is t ransferred to the film in 
less than 10-1is. The volume in which this energy is 
deposited, assuming a 10 n m  diam, is of the order of 
10 -23 m ~. Even though there is undoubted ly  extensive 
ionization in this volume, the electron cloud loses its 
energy to the lattice according to Liu et al. (9) in 
about 10-11s. Based on the spontaneous recrystal l iza- 
tion rate of silicon (10), for example, it would require 
about 10-9s for a crystall i te of some 20 nm to grow. I t  
seems reasonable to expect the thermal  and pressure 
spikes produced by the absorption of a single ion to 
exist for as long as 10-10s or longer (11). Hence, even 
at this rate of energy dispersal a seed crystal encom- 
passing some 5-10 uni t  cells could be produced in the 
time available. For longer dwell  times, larger crystal-  
lites could be produced, even without  postulat ing 
secondary epitaxial  growth from a nea rby  ion absorp- 
tion. Since, for the implan t  dose used here, there are, 
on the average, several  absorbed ions for each 0.1 nm 2, 
the probabi l i ty  of producing 50 n m  crvstallites by 
secondary epitaxial  growth is reasonably high. In-  
creased implant  dose should increase the probabi l i ty  
of occurrence of large crystalli tes and /or  produce a 
higher density of crystallites. 

Based on the observations of composition with film 
thickness and the above-general ized picture, one might 
explain the mater ia l  properties. For example, the 
weakly bonded graphite at the surface would provide 
good opacity while the film hardness is provided by 
t h e  planar  or te t rahedral  bonding in the bu lk  form. 

The adhesion to the glass substrate is very l ikely re-  
lated to the strong SiC bonding to the surface. 

Conclusions 
We believe our results clearly show that etching pre-  

pared films in an oxygen plasma reveals a differential 
etching structure with the concentrat ion of slowly 
etching particles increasing with film depth. 

Moreover, under  our conditions for preparation,  
scanning electron microscopy shows the typical particle 
size of the slower etching species to be less than 50 n m  
with some crystallites as large as 0.5 #m. 

Reflection electron diffraction with depth shows the 
following. (i) At the surface, the film is main ly  amor-  
phous carbon and fine grain polycrystal l ine graphite. 
(ii) In  the bulk, there is evidence of polvcrystal l ine 
graphite and diamond-l i fe  structure.  (iii) Silicon car-  
bide dominates in the region of the film-glass interface. 
Thus, all of these observations are consistent with our 
hypothesis of ,film formation. 

Finally,  the bonding observed in the s t ructures  of 
s i l icon-implanted PMMA films could account for their 
opacity, extreme hardness, and adhesion. 
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Tolpography Modeling in Dry Etching Processes 
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ABSTRACT 

Some aspects of the interaction among wafer topography and the thin film processes of directional dry etching and 
deposition are presented in experiment and simulation. The anisotropy of dry etching, which has helped make VLSI possi- 
ble, increases the interdependence of processing steps and opens the possibility of creative uses of topographical effects in 
fabricating devices. Examples illustrate the importance of these effects and the basic mechanisms involved. Simulation is 
particularly well suited for systematically examining the trade-offs among processing steps. Design graphs characterize the 
effect of anisotropy on line-width loss and oxide removal in polysi]icon gate etching, and on thin film resistance in tapered 
oxide etching. Guidelines for planarization by isotropic deposition and anisotropic etching are suggested. Comparisons 
with experiments show that the reported planarizing effect is better than expected. 

The advent of dry etching and new deposition tech- 
niques helps make possible the reduced size and in- 
creased complexity in integrated circuit devices. The 
directionality of dry etching allows feature sizes in de- 
vices down to 1 #m (1, 2), and provides a flexible 
medium for creative processing solutions to device per-  
formance problems (3, 4). Novel deposition techniques 
contribute to higher packing densities (5-7). Simula-  
tion (8-10) is useful in characterizing and optimizing 
the individual deposition and etching processing steps. 
This paper extends simulation to several new topog- 
raphy control techniques and explains several si tua- ~100 
tions which involve optimization of the interaction 
between processing steps, o 80 

The interaction between process steps is important  ~ 60 
in anisotropic dry etching. Simple directional etching ~. 

40 forms steep, fine patterns which lead to poor coverage 
in the subsequent deposition of thin films. When fol- ~ 20 
lowed by deposition and a second directional etch, a t' 0 
residue remains in the vicinity of the abrupt topo- 
graphic steps. This unetched residue can lead to detri-  
mental effects such as electrical shorts when it is a 
conductor, but when it is an insulator, it also serves to 
planarize the topography and can be used in a creative 
manner as a temporary ion implantation mask (4). ~100 
Many of these topography creation and interaction a 
problems can be effectively characterized through ~ 80 
simulation. The process simulator, simulation and ~ 60 
modelling of profiles in l i thography and etching ~. 

4O (SAMPLE) (9), models the time evolution of an etched "z 
l ine-edge profile. The program uses weighted rate o 20 

t n  

r 0 1 Present  address: Hitachi  Central Research Laboratory, Tokyo, 
Japan. 

=Present  address: Microelectronics Center of North Carolina,  
Research Triangle  Pa rk ,  Nor th  Carol ina  27709. 

* Electrochemical  Society Active Member. 
Key words: plasma etching,  anisotropic etching,  deposition, 

computer  simulation. 

components and topographical information to produce 
a two-dimensional line graph of the expected cross 
section. This paper uses SAMPLE and scanning elec- 
tron micrographs (SEM's) of laboratory test structures 
to study these wafer topography issues. 

Anisotropic Etching at Steps 
Figure 1 illustrates how the underlying topography 

in a double-level polycrystalline silicon process affects 
the percentage of electrical shorts in the second-level 

OB 1.2 1.6 2.0 2.4 
"-> PolySi Spacing(/.zm) 

0.8 1.2 1.6 2.0 2.4 

PolySil 
I PolySi'll 

Si02 

Si 

-> Poly Si Spacing(lzrn ) 

Fig. 1. Percentage of electrical shorts between parallel lines of 
polysilicon vs. line spacing. 
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Fig. 2. Simulation of residue 
removal and gate definition us- 
ing directional etching and iso- 
tropic overetching. 
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polysi l icon lines. In  Fig. la ,  a t h e r m a l l y  oxidized in-  
sulat ing l aye r  produces  a topography  undes i rab le  be -  
cause of its indented  s t ruc ture  at  the base. Af te r  aniso-  
tropic etching of the second level  of polysil icon, the 
indenta t ion  r emains  ful l  of unetched polysil icon.  The 
res idue causes the e lect r ica l  shorts  in pa ra l l e l  l ines of 
a second layer  of silicon. The percentage  of shorts  in-  
creases r ap id ly  for pa ra l l e l  l ines separa ted  by  less 
than  2 ~m because the fi laments can form continuous 
br idges  at close spacing. Changing the method of ap-  
p ly ing  the insula tor  provides  a more  sui table  topog-  
r a p h y  for the  d ry  etching of the second conductor  
level.  As shown in the  second par t  of Fig. 1, s i l icon 
dioxide  chemical ly  vapor  deposi ted (CVD) at  a h igh  
t empera tu re  makes  a be t te r  s tep wi thout  indentat ion.  
In  this case, the percentage  of shorts  in the second 
level  of polysi l icon l ines is almost  zero above  1 #m 
spacing. 

A p rob lem re la ted  to the unetched res idue  at steps 
also occurs in pa t t e rn ing  the first level  of polysi l icen.  
The gate e lectrode mate r ia l  is undercut ,  while the res i -  
due is being etched, as shown in the simulation of Fig. 
2. Here, the overlying layer is etched directionally to 
an-end point, and the residue is then removed by intro- 
ducing an isotropic component during overetching. 
Simultaneously, in the gate mask region the isotro9ic 
overetching undercuts the line, as on the right in Fig. 
2. The line width lost depends on the residue thickness 
and the amount of isotropy in the second etching step. 
In addition to this undercutting problem, the L, nder- 
lying film, such as the gate oxide, is also attacked dur- 
ing the overetching residue removal process. 

An alternative to this double-step process is the use 
of mixture etching in which a directional and an iso- 
t ropic component  a re  used throughout  a single step. 

/~m 

PhotoreJ;[i f 

�9 Oxide 

I - 2 , 0  ~ ' I , I 

2 . 0  0 . 0  1 . 0  /J.m 2 . 0  

With this mixed  process, the Undercut t ing can be re -  
duced, but  the res idue  thickness  remains  l a rge r  and 
longer  overetching is required.  Unfor tunate ly ,  the  
anisotropic  condit ions which reduce the l i ne -wid th  
loss have lower  se lec t iv i ty  ( e t ch - ra t e  ra t io)  be tween  
the polysi l icon and the oxide  undernea th .  Aniso t ropy  
thus results  in more oxide thickness loss. An  example  
of the re la t ionship  be tween  the e tch- ra te  rat io of po ly -  
sil icon to oxide and aniso t ropy is shown in Fig. 3a 
[from Ref. (11)].  The etching se lec t iv i ty  is d ras t ica l ly  
reduced as the anisotropic  rat io increases to the more  
d i rec t ional  ext reme.  The re la t ionship  be tween  selec- 
t iv i ty  and aniso t ropy can be used to explore  the basic  
t rade-off  be tween  l i ne -wid th  loss and  under ly ing  oxide 
thickness loss. The graph in Fig. 3b compares  the po ly -  
silicon l i ne -wid th  loss and the oxide  etched dur ing the 
overe tching process as a funct ion of anisotropy.  The 
assumed step height  is 0.5 #m, and the deposi ted th ick-  
ness of polysi l icon is 200 nm. The broken  curve corre-  
sponds to a s ingle-s tep  etching process where  a mix -  
ture of isotropic and di rect ional  components  are  used 
throughout .  The solid curve corresponds to a two-s tep  
etching process where  the first step uses direct ional  
etching to an end l~oint, then uses a mix tu re  etching 
dur ing  the overe tch  t ime. In both processes, the l ine-  
wid th  loss is large  in the isotropic region, whi le  the 
oxide  a t t acked  is la rge  in the anisotropic  region. The 
oxide  gets etched more  in the two-s tep  process because 
of the need for a longer  overetching time. However ,  
the polysi l icon l i ne -w id th  loss is less in the double-  
step process. These curves aid as design guides for 
de te rmin ing  the op t imal  etching conditions. A process 
can be chosen depending upon how much l i ne -w id th  or 
oxide loss can be  tolerated.  For  instance, if  the  m a x i -  
m u m  al lowable  polysi l icon undercu t  and oxide e tched 
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are 0.2 #m and 30 nm, respectively, the etehing condi- 
tion would fall into the 0%-40% antsotropy ratio for 
two-step processing. In this case, a good single-step 
process cannot be found, since such results in large 
l ine-width loss. 

Step Coverage 
Another topography problem is deposiHonal film 

coverage of dry  etched steps. The directional dry 
etching provides good l ine-width control and tight 
layout tolerances, but it results in profiles with steep 
edges and high aspect ratios, which cause poor cover- 
age when thin films are later deposited. The trade-offs 
in depositing over dry-etched steps are easily explored 

u s i n g  s imula t ion  Figure 4 shows the sputtered alumi- 
num film coverage in contact windows and narrow 
gaps. Due to the two-dimensional shadowing effect 
during A1 deposition (8), the A1 thickness at the bot- 
tom corner is much less than the nominal thickness. 
The shadowing effect becomes more pronounced as the 
gap dimension is reduced The A1 thickness in a 1 ;~m 
wide contact with 1 ;Lm tall vertical walls is only 10% 
of that of the deposited-film thickness. Even though 
d r y  etching would allow reduction to subm{cron size 
contact holes, the conventional deposition techniques 
could not be used to form contact electrodes. 

To improve the aluminum coverage of steps with 
conventional sputter deposition, the contact hole may 
be tapered (15)  A sloped edge provides good co~'er- 
age, but unnecessarily gradual slopes reduce the tight 
layout tolerance. Therefore, a compromise in slope and 
coverage is desi rable  Figure 5 demonstrates how 
photoresist erosion during the etching process can be 
utilized to give a sloped edge profile When the photo- 
resist with a steep edge is used as an etching mask in 
conventional etching steps, the contact window reflects 
the steepness, because the horizontal resist erosion 
rate is sma l l  A slightly tapered edge profile can be 
obtained when tapered photoresist is used as the 
etching mask  The thinner edge of the mask erodes 
away, transferring a slope to the contact window edge 
in the etching process Postbaking the resist after 
development is commonly used to taper the resist edge, 
as shown in the bottom of Fig. 5. Figure 6 il lustrates 

Fig. 5. Profiles of dry etched silicon dioxide using nonreflown 
and reflown (angled) resist masks. 
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Fig. 6. Simulation of the dry etching of Si02 followed by AI deposition using straight and angled masks 

the  corresponding s imula ted  sequent ia l  processing 
s t e p s / T h e  steep photores is t  profile coupled wi th  the  
ver t ica l  e tching makes  a s teep profile tha t  i t  is difficult 
for the a luminum to cover. The tapered  photores is t  
wi th  some la te ra l  expans ion  of the contact  hole p ro-  
duces a s l ight ly  s loped edge, which provides  be t te r  
s tep coverage. 

The effect of the r e s i s t - to -ox ide  se lec t iv i ty  on the 
resul t ing  contac t -hole  size and on the deposi t ional  
film res is t iv i ty  can be character ized.  A photores is t  
mask  wi th  an ini t ia l  s idewal l  t ape r  angle that  is etched 
an iso t rop ica l ly  produces  a t ape red  opening in the si l i -  

con dioxide layer .  The oxide  s idewal l  angle  depends 
on the ini t ia l  resist  profile angle and the etch se lec t iv i ty  
be tween  the resis t  and  the  oxide. The t ape r  in the  ox-  
ide results  in an expansion of the contact  hole size, 
though. This is shown in Fig. 7 for nonrefiown resis t  
of 80 ~ and reflown resis t  of 45 ~ as a function of select iv-  
i ty.  The oxide  t ape r  angle also affects the subsequent  
meta l  coverage.  The re la t ive  res is t iv i ty  of the meta l  
l ine crossing the gap is used to specify the qual i ty  of 
the deposi ted line. A re la t ionship  be tween  resis tance 
and s idewal l  t ape r  has been genera ted  for a 1 #m gap 
in a 1 #m thickness  of oxide  wi th  a I #m of spu t t e red  

20  

Fig. 7. Relative resistance of 
aluminum across gaps and con- 
tact window expansion vs. se- 
lectivlty for two mask angles. 
(a) 80 ~ nonreflown. (b) 45 ~ 
reflown. 
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file after the second deposition/ 
anisotropic etch cycle. (d) Pro- 
file after the third deposition/ 
anisotropic etch cycle. 

2.0 

A1 in Ref. (12). This relat ion between angle and resis- 
tance is used for the relat ive resistance vs. selectivity 
plotted in  Fig. 7. The graph shows how the combina-  
t ion of reflow angle and selectivity can be chosen for 
the trade-off between resistance and contact window 
expansion. An oxide sidewall  angle of about 60 ~ is a 
reasonable compromise for sputter  deposition without  
bias. For reflown resist, ini t ia l ly  tapered to 45% a pro- 
cess with 2:1 oxide selectivity achieves the 60 ~ oxide 
sidewall  angle. The use of reflow produced a profile of 
63 ~ in Fig. 5, wihile without  reflow, the sidewall angle 
was steeper than  85 ~ . 

Planarization 
Now we examine the constructive use of dry etching 

in planar iz ing nonuni fo rm surfaces. If a residue is left 
at steps intent ional ly,  it can be used to ease step cover- 
age in later  processing steps. One way is to deposit a 
thick oxide by CVD at high tempera ture  or at low 
pressures to obtain a completely isotropic covering of 
the nonun i fo rm topography. This deposited oxide is 
then etched back anisotropically to leave a rounded 
residue at every vert ical  step. Several  isotropic depo- 

s i t ion/anisotropic etch steps will  leave a larger  and 
larger amount  of residue at the concave edge, giving a 
gradual  slope to the edge, as shown in the s imulat ion 
in Fig. 8. This residue is the basis for the lowly doped 
drain  and offset gate technologies (4). 

If, however, the deposited oxide film thickness ex- 
ceeds one-hal f  the gap spacing, as in Fig. 9, the oxide 
fills the gap and tends to planarize the surface. The 
nonplanar  dip remain ing  in the oxide surface de- 
creases as the th ickness- to-gap-width  ratio is in -  
creased. From simulat ion it can be seen that the oxide 
surface dip in a 2 #m gap with 2 #m of deposited and 
etched oxide amounts  to only 0.1 #m. Th i s  el iminates 
the problem of sput ter ing over narrow, deep channels.  

Figure 10 i l lustrates exper imenta l ly  the isotropic 
deposit ion/anisotropic etching method for several  test 
structures.  Gaps were directionally etched in silicon. A 
thin layer  of oxide was grown before deposition for 
la ter  underetching to dist inguish between the layers. 
Then a layer of CVD polysilicon was deposited and 
etched anisotropically in a sulfur  hexafluoride and oxy-  
gen mixture  (SF6/10% 02). After  dry etching each 
layer  of the polysilicon, a new dist inguishing layer  of 
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Fig. 10. SEM's of planarlzation 
processes using successive isn- 
tropic deposition and anisotropic 
etching. (a) A space and an 
edge. (b) An edge. (c) A 2 #m 
space. (d) A 7 .~m ~pace. 

oxide was grown. This process was repeated several  
times. The back-etching of these thin oxide layers re-  
veals the history of the surface shape at various steps 
(13, 14). The first two micrographs show that isotropi- 
cal deposition followed by anisotropic etching prefer-  
en t ia l ly  leaves a smoothing residue at step edges. These 
correspond well  to the simulat ion in Fig. 8. The third 
photo demonstrates how a nar row (2 ~m) gap is p lan-  
arized by filling with CVD material  and etching. The 
final photo in Fig. 10 shows that the same effect occurs 
in a wider 7 ~m space. This s t ructure  has the dip 
predicted by s imulat ion in Fig. 9, but  shows experi-  
menta l ly  that the planarizat ion effect is greater than 
expected. 

The simulated a luminum deposition across the top 
of planarized structures is shown in Fig. 11. P lanar iza-  
tion remarkab ly  improves the A1 film coverage. The 
a luminum line resistance is estimated to be almost one 
order of magni tude  less than that of the nonplanar ized 
structure.  Therefore, the planarizat ion process for gaps 
and steps can be useful in reducing interconnect ion 
resistance in  VLSI technology. 

Conclusion 
Exper iment  and s imulat ion are used to explore 

topographical interact ion between etching and deposi- 

tion processing steps. Exper imenta l  data are included 
to document the importance of these process interac-  
tions and to i l lustrate the physical mechanisms pro- 
ducing the topographic effects. Design graphs have 
been generated to i l lustrate the process options in sev- 
eral  current  thin film processing technologies. 

Simulat ion and exper imental  verification lead to 
several important  conclusions. A single-step mixture  
of isotropic and anisotropic etching removes less gate 
oxide while removing residue than a double-step pro- 
cess for the same amount  of undercut  at the polysilicon 
gate. When considering the resistance of sputtered A1 
lines into contact windo~ws, taper ing the oxide sidewall  
to 60 ~ by resist reflow and appropriate etching selec- 
t ivi ty is a reasonable compromise of layout  tolerances. 
For planarization, an isotropic deposition of mater ia l  
of thickness one-half  the na r row gap widths is ade- 
quate, but  fur ther  exper imenta t ion  shows that  the 
smoothing is bet ter  than expected. 
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The Characterization of Heteroepitaxial Silicon by Surface 
Photovoltage Technique 

Improved Properties in SOS Films Resulting from Implant Damage and Solid-State Regrowth 
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RCA Laboratories, Princeton, New Jersey 08540 

ABSTRACT 

Electronic properties of ion implanted and recrystallized silicon-on-sapphire films were studied by surface 
photovoltage as a function of implantation dose (varied from 10 ~5 to 10~6 cm-2). It has been found that all essential character- 
istics of SOS films undergo a pronounced improvement as a result of high dose (4-8 • 10 '5 cm -2) implantation with Si ions 
followed by a brief annealing (4h at 600~ The most important  improvement has been found with respect to reduction 
(about two orders of magnitude) in deep-level concentration situated at the middle of the energy gap, and a significant in- 
crease in the minority carrier lifetime. 

Ion implanta t ion and subsequent  thermal  anneal ing  
have recent ly been used as processing steps leading to 
solid-state recrystal l ization of heteroepitaxial  silicon 
films on sapphire (1). It has been demonstrated that 
such processing can improve the crystall ine perfection 
of the films, par t icular ly  in the vicini ty of the silicon- 
sapphire interface (2). In  the present  study, we ex- 
amine the effects of solid-state recrystal l ization on the 
electrical properties of SOS films implanted wi th  Si 
ions. The films were ,~5000A thick. Implan ta t ion  was 
carried out at 380 keV with a dose ranging from 1 to 100 
8 X 1015 Si + + cm -2. Implanted  films were annealed at 
600~ for 4h~ As verified by x - r ay  measurements ,  the 
amorphous-l ike damage of SOS wafers caused by  im-  
plantat ion was effectively removed dur ing  anneal ing,  r 
evident ly  as a result  of the solid-state recrystal l ization r 
process. ,, 

;~ 10 "! X - r a y  pole-figure measurements  (3) were made on ~- 
the films before implantat ion,  after implantat ion,  and 
after anneal ing.  The volume percent  (v/o) concen- 
trations of (100) and {221} were determined after each aJ 
processing step relat ive to the ini t ial  concentrations of 3 
the (100) parent  and {221} twins. The extent  of 
amorphization by implanta t ion  and the extent  of re-  
crystall ization after  annea l ing  were deduced from ~ 10"2 
these measurements .  

The dis tr ibut ion of A1 in the implanted  SOS films 
was measured by SIMS. The electrical properties of the kJ 
SOS films were measured using photovoltage spec- - -  
troscopy for macroscale characterization and laser 
scanning photovoltage microprofiling for the deter-  
minat ion of electrical inhomogeneities (4-7). The 0:: 10 -3 

O metal -semiconductor  (MS) structures employed in the Z 
photovoltage spectroscopy measurements  were pre-  W 
pared by evaporat ion of a semit ransparent  A1 layer  on  (9 
freshly etched (30s in HF) epi layer  surfaces. Measure-  < 
ments  were carried out at temperatures  of 100-300 K 
uti l izing chopped monochromatic light and phase- 

10-4 sensit ive detection or signal averaging for spectral re-  O 
sponse and relaxat ion time measurements,  respectively. 
Four  samples with Si implant  doses of 1, 2, 4, and -i- 
8 • 10 z5 ions -cm-2  were prepared and measured ~" 
s imul taneously  to assure the rel iabi l i ty  of this com- 
parat ive study. 

The effect of solid-state recrystal l ization on t h e  
photovoltage spectra of SOS is shown in Fig. 1, where 10 .5 
photovoltages of S i - implan ted  and annealed films are 
plotted for different implanta t ion doses. These spectra 
are normalized to the photovoltage value at hv ---- 2 eV. 
In  the subbandgap region (hv < Eg) where the most 
significant differences are seen, the photovoltage is 
due to photoionization transi t ions involving deep 

�9 Electrochemical Society Active Member. 
Present address: Massachusetts Institute of Technology, Cam- 

bridge, Massachusetts 02139. 

levels (4). The low energy photovoltage threshold c a n  
be considered to be a typical feature of heteroepitaxial  
silicon. According to our  recent  study, the deep levels 
]~1 located in the vicini ty of midgap are involved in 
these photoionization transitions. They apparent ly  
originate from dangl ing bonds of s t ruc tura l  defects 

z 
o 

,,,N 
> z  

I.lJ t-,Q_ 

Eg 

AMORPHOUS 
GAP 
E0 

0.6 1.0 1.4 1.8 2.2 

PHOTON ENERGY (eV) 
Fig. 1. Photovoltage spectra of SOS films implanted with various 

doses of silicon (after annealing). 
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(5, 6), p rov id ing  a sensi t ive electronic measure  of the 
crys ta l l ine  perfec t ion  of SOS films. 

Fo r  photon  ene rgy  in the  range 0.9-1.0 eV, a second 
photovol tage  threshold  is observed,  indica t ing  the 
presence Of Et~ levels  (4). In  the  region h~ > 1.1 the 
b a n d - t o - b a n d  genera t ion  of  excess ca r r i e r  takes  place 
a n d  the  photovol tage  becomes sensi t ive to in te rband  
opt ical  t ransi t ions.  A typical  fea ture  of these t rans i -  
t ions is the presence of a high energy  shoulder  a round  
h~ ~ Eo, not  observed for bu lk  single c rys ta l l ine  Si, 
but  an inheren t  character is t ic  of amorphous  Si. In our 
previous  s tudy  (4),  we have assigned the s t ruc ture  
a round  hv ~ Eo to a s l ight  amorphiza t ion  of the SOS 
films, most  l i ke ly  or ig ina t ing  f rom a region of infer ior  
c rys ta l l ine  qua l i ty  in the v ic in i ty  of the  s i l icon-  
sapphi re  interface.  For  thin SOS films ( typ ica l ly  0.6 
#m),  the photovol tage  exhibi ts  a series of in te r fe rence  
m a x i m a - m i n i m a  (4).  In  the spec t ra  of Fig. 1, the in-  
te r ference  m a x i m a - m i n i m a  were  averaged,  since they  
are  of no in teres t  in the presen t  s tudy.  

I t  is seen f rom Fig. 1 that  the subbandgap  photoion-  
izat ion t ransi t ions  are  reduced  by  as much as two or-  
ders  of magni tude  in the SOS films which received a 
high implan ta t ion  dose. This effect is c lear ly  seen in 
Fig. 2, in which the deep level  (Etl) concentra t ion is 
p lo t ted  vs. the  S i - implan ta t ion  dose [the deep level  
concentra t ion in a r b i t r a r y  units  was  de te rmined  f rom 
the values of V (hv = 0.8 e V ) / V  (hv --  2 eV) (5)] .  The 
resul ts  in Fig. 2 indicate  that  a threshold  S i - imp lan t  
concentra t ion grea te r  than 2 X 10 ~5 ions-cm -2  is r e -  
qu i red  to suppress  deep levels  in SOS films. The im-  
p rovement  in electronic p roper t ies  caused by  Si -  
implan ta t ion  and subsequent  anneal ing  was also ob-  
served in pho tovo l tage  r e l axa t ion  measurements  at  
low t empera tu re s  (,~200 K) .  As discussed prev ious ly  
(4), the photovol tage  t ransient ,  caused b y  in te r rup t ing  
the i l luminat ion,  exhibi ts  an exponent ia l  t ime depen-  
dence with  a t ime constant  which is inverse ly  p ropor -  
t ional  to the concentra t ion of minor i ty  car r ie r  traps.  
The t ime constant  in films annea led  af te r  an Si -dose  of 
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Fig. 2. Concentration of deep levels as a function of the im- 
plantation dose. 
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Fig. 3. Photovoltage scans of deposits exposed to (a) 1 X 1015 

and (b) 8 X 101~ ions-era -2  Si implantation. 

8 X 10 ~5 ions -cm -2 was h igher  by  as much  as a factor  
of four  than  for a low implan ta t ion  dose of 1 X 1015 
ions-cm -2. Accordingly,  it  can be concluded that  sol id-  
s tate recrys ta l l iza t ion  reduces  the concent ra t ion  of 
minor i ty  car r ie r  t r app ing  centers.  

The above resul ts  show the effects of rec rys ta l l i za -  
tion on the average  (macroscopic)  proper t ies  of 
s i l icon-on-sapphire .  Improvemen t  in the e lec t r ica l  
homogenei ty  of he te roep i tax ia l  sil icon is observed  
wi th  photovol tage  measurements  car r ied  out wi th  a 
very  smal l  focused l ight  spot (15 #m d iam) .  These 
types of measurements  const i tute a power fu l  technique 
for detect ion of inhomogenei t ies  in semiconductors  
(7). In this technique,  localized exci ta t ion  of excess 
carr iers  by  a focused He-Ne  laser  beam genera tes  a 
different ia l  photovol tage  be tween  two contacts  which 
are  located away  from the exci ta t ion point  and  kept  
in the da rk  (7). The photovol tage  s ignal  is due to the 
presence of a hor izonta l  g rad ien t  in ca r r i e r  concen-  
t rat ion,  diffusion length,  or  the concentra t ion of t r ap -  
ping centers. A localized poten t ia l  ba r r i e r  (e.g., an 
e lec t r ica l ly  act ive gra in  boundary )  const i tutes  a t yp i -  
cal example  of an inhomogene i ty  tha t  leads to p ro -  
nounced photovol ta ic  signals.  In  a pe r fec t ly  homogene-  
ous mater ia l ,  no photovol tage  s ignal  is observed.  

Typica l  high resolut ion photovol tage  scans of the 
centra l  por t ion  of SOS wafers  wi th  the lowest  (1 X 10 TM 

ions -cm -2)  and the highest  (8 X 1015 ions-cm -2) S i -  
implan ta t ion  doses are  shown in Fig. 3a and 3b, respec-  

102(: , ,' ,I,,, ,t'', 
- a) IxlOlScm -2 '~ 

-4 

~ si 

z ~ 

'd 9 A 
Z 
0 

rr 

0.3 0.4 0.5 

l l l l l l = l l l l  
!' 'b) 4xtO15cm "2 

: _ J -  

- t  

] -  1 u "It n ~ l l l i  I I  I 
0.6 0.5 0.4 0.5 0.6 

DEPTH (Fro) 

i~ I l l l l l l l ~ f l l l  
-4 c) 8x  1015cm'2 

1 
. - i  

i 

- AL �9 

;--.os 

0.5 0.4 0.5 0.6 

Fig. 4. Distribution of AI in the vicinity of sapphire interface for 
various doses of implantation: (a) I X 1013 cm -2 ,  (b) 4 X 1015 
cm -2 ,  and (c) 8 X 1013 cm -~.  The distance on which AI concen- 
tration is reduced to 101T cm -s  is marked on the figures. 



636 J. EZectrochem. Soc.: SOLID-STATE SCIENCE AND TECHNOLOGY March 1984 

Table I. Result of x-ray pole-figure analysis of ion-implanted and 
annealed heteroepitaxial~ silicon 

A r a o r p h i z a t i o n  R e c r y s t a l l i z a t i o n  
Dose  of  (100) of (100) 

( lons-cm -~) (% b y  vol)  (% b y  vol)  

1 • 10~ 20 100 
2 x 10 ~s 55 100 
4 x 10 ~ 90 105 
8 x I0 ~5 95 105 

tively. It is evident that the film which received the 
high implantation dose was much more homogeneous 
than the film which received the low implantation dose. 

The results of x-ray pole-figure analysis on silicon 
films implanted and annealed simultaneously with the 
samples used in the photovoltage measurements are 
given in Table I. 

It can be seen from Table I that at the higher implant 
doses, more (100)-oriented silicon was present after 
the recrystallization process than had been present 
initially. This results from the conversion of {221} twin 
material, initially present in the films mostly in the 
interfacial region, to the (100) orientation as a result 
of amorphization and recrystallization. A correspond- 
ing decrease in the {221} concentration of the films was 
simultaneously observed. It should be noted, however, 
that these measurements are reproducible to no better 
than about 5%. Consequently, it is not possible to 
state conclusively that recrystallization is complete. 
Some small amount of amorphous material, not de- 
tectible by x-ray analysis, may still remain after an- 
nealing. 

SIMS profiles of the A1 distribution in the implanted 
SOS films are shown in Fig. 4. It is evident that the 
amount of aluminum which has been displaced into 
the silicon from the sapphire increases with increasing 
implantation dose. The aluminum concentration drops 
to a value of 1017 atoms-cm -8 in the distance of 0.05, 
0.06, and 0.08 ~m from the sapphire interface in the 
samples implanted with silicon doses of 1, 4, and 
8 X 1015 ions-cm -2, respectively. It is evident from the 
above results that the chemical nature of the inter- 
facial region is sigr~ificantly changed by ion implanta- 
tion. 

It has been shown recently that the density of elec- 
trically active defects is related to the concentration of 
{221} twins in heteroepitaxial silicon (5). TEM cross- 
section micrographs indicate that the highest concen- 
tration of crystallographic defects is in the interracial 
region (8). Therefore, it should not be surprising that 
the largest reduotion in the concentration of electri- 

cally active defects has been observed in the samples 
with the largest changes in the interracial region. The 
reduction observed in the concentration of electrical 
inhomogeneities probably results from the homogen- 
ization of the interracial region by ion implantation 
and recrystallization. 

It is of interest to note that improvements caused by 
the solid-state recrystallization are similar to those 
caused by the hydrogenation of SOS films. As we have 
recently shown, (6) atomic hydrogen introduced into 
SOS films suppresses the concentration of Etl levels, 
reduces trapping effects, and decreases the magnitude 
of microscopic inhomogeneities. These beneficial effects 
of atomic hydrogen were attribpted to saturation of the 
dangling bonds of structural d~fects located mostly at 
the interface by hydrogen. This led to passivation of 
their electrical activity. 

We believe that the effects reported here are related 
to reduction of the concentration of structural defects, 
especially in the interracial region, as a result of the 
recrystalIization process and/or their passivation by 
interaction with point defects or impurities, e.g., 
aluminum. Further study is needed to assess the effect 
of lower energy implants (which would reduce dam- 
age of sapphire) on the electronic properties of SOS 
films subjected to the solid-state regrowth procedure. 

Manuscript submitted May 18, 1983; revised manu- 
script received Aug. 17, 1983. 
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Effect of Nitridation of Silicon Dioxide on Its Infrared Spectrum 
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ABSTRACT 

Thick oxide films (~220 nm) have been nitrided heavily in ammonia. Dispersion analysis was performed on infrared 
transmission spectra of oxide, nitrided oxide, and CVD nitride films. The following conclusions may be drawn from the 
spectra: nitrided oxide is not the same material as CVD silicon nitride; nitridation results in significant loss of Si-O asym- 
metric stretch intensity; and nitridation leads to the appearance of a spectral peak for planar triply bonded N-Si asymmetric 
stretch analogous to that in trisilylamine. About 43% of the oxygen was replaced by nitrogen. 

The high temperature  n i t r ida t ion  of thermal  silicon 
dioxide films in ammonia  has been  shown to have a 
profound effect on the radiat ion resistance of thin (10- 
20 rim) oxides (1, 2). The p r imary  locus of failure due 
to radiat ion in NMOS circuitry is the field oxide, and 
recent  studies have shown that the radiat ion resistance 
of thick (2.00-400 nm)  oxides is also affected by n i t r i -  
dat ion (3). Thick ni t r ided oxides have been shown by 
Auger  spectroscopy to have incorporated significant 
amounts  of ni t rogen in their  outer layers and smaller  
amounts  at their  silicon interfaces (4-7). In  this study, 
infrared spectroscopy was used to evaluate the na tu re  
of the incorporated nitrogen. We find that  it  is p lanar  
t r igonal ly  bonded, and we show quant i ta t ive ly  the d e -  
g r e e  of conversion to nitride. 

Experimental 
L i g h t l y  doped silicon wafers, 5 cm diam, were lapped 

and polished on both sides to provide a taper of 0.0025- 
0.020 cm; this taper is required to prevent  interference 
effects in the silicon from obscuring the results. A set 
of wafers were oxidized at 1000~ using a cycle con- 
sisting of 10 min  of oxygen, 30 min  of steam, and 20 
min  of nitrogen, to provide oxide films about 220 nm 
thick on each side. Some of these oxidized wafers were 
then n i t r ided  in ammonia  at 1 atm pressure for 6h at 
ll00~ A second set of wafers were coated with 200 
n m  of LPCVD silicon nitride.  The per t inent  character-  
istics of these films are given in Table I. 

Inf rared t ransmission spectra of the various samples 
were measured in the spectral  range of 1400-800 in-  
verse centimeters  using a Beckman 4250 infrared spec- 
trophotometer.  The sht  width, under  program control, 
varied from 0.5 mm at 1400 cm -~ to 2.1 mm at 800 
cm - I .  The period was ls, and the scan speed 50 c m - I /  
rain. The indicated resolution is a few inverse cen- 
timeters, and the photometric error  is less than 1%. 
The spectra were measured using uncoated but  tapered 
silicon wafers as references. The data for each spec- 
t r um were digitized and normalized (9). The higher 
energy portions (asymmetric  stretch modes) of each 
spectrum were decomposed -into their  consti tuents;  the 
lower energy peaks (symmetric  stretch and rocking 
modes around 850 cm -1 and below for oxide and n i -  
t r ided oxide, and around 600 cm -1 and below for CVD 
ni t r ide)  were ignored. 

Dispersion Analysis 
D i s p e r s i o n  analysis  is a process wherein  a set of 

o s c i l l a t o r s  i s  s p e c i f i e d  which will allow the synthesis of 
curves having reasonable agreement  with the optical 
d a t a .  It  has been applied in  the past to bu lk  quartz 
(10) and crystal l ine Si3N4 (11), but  has not  to o u r  
knowledge been used for films of ei ther silicon oxide o r  
nitride.  SiO2 films have been studied by Kramers -  

Key words: dielectrics, transmittance, optics, growth. 

Kronig  analysis (12), which yields values for the opti-  
cal constants n and k. Dispersion analysis provides 
information not only on the optical constants n and k, 
but  also on the oscillators which induce changes in  
these constants. The oscillators can be related, in turn,  
to the molecular  s t ructure  of the material .  

Our analysis follows that used by Spitzer and Kle in-  
man (10). Following Seitz (13), the classical disper- 
sion theory of crystals leads to these equations for 
the refractive index n and the ext inct ion coefficient k 
at  optical f requency v 

n 2 -  k 2 = e0-~  ~r 4r~pj~j 2 
j (yj2 __ V2)2 .~ ~,f pj2 ,p2 

C1] 
3'.t~j nk  = X.r 2:tpjvj 2 

j (pj2__ /~)2 _~_ -fj~ Vj$ ~2 

where the summat ion  is over the lattice oscillators a n d  
each oscillator is characterized by  its polarization pj, 
width -~jvj, and f requency vj. 

The quant i ty  pj is related to the oscillator s t rength 
fj by 

pj = (Ne2/4~2mvj2)~j 

where N is the oscillator concentrat ion and e and m 
are the charge and mass of the electron. The long 
wavelength dielectric constant  is given by 

J 

where e0 is the short wavelength dielectric constant. 
The accommodation required to change from a crys- 

tal l ine to an amorphous s tructure introduces a distr i-  
but ion in bond strengths and t imreby a dis t r ibut ion 
in oscillator frequencies. We take this dis t r ibut ion to  
be gaussian and hence replace pj in Eq. [1] by 

PJ-> PJ 1.201 8jV'~- {exp -- [ (vi --'~,~)/1.201 bj]2} d~l 

[2] 
where 5j is the gaussian half  width at half  m a x i m u m  
for the j - th  oscillator dis t r ibut ion (1.20185 -- V~  cj, 

Table I. Ellipsometric characteristics of films 
~. = 632.8 nm 

Index of refraction Thickness, n m  

Thermal oxide 1.465 240.4 
Nitrided oxide 1.443 239.4 
CVD nitride 1.925" 212.5 

* An index of 1.925 indicates an atomic percent composition 
Na/(Na + Oa) = 0.9 (8). 
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where  aj is the s t andard  devia t ion) .  Equat ions [1] now 
become 

(vapor)  (16), the l a t t e r  being the s imples t  t r igona l ly  
bonded  N---Sia compound.  The bo t tom traces of Fig. 

1.2015j 

= Z 

(~  - j Z ) ~  + ( , ~ ) 2  

S (exp --  [(~,i --  ~j)/1.2015j]2} 7j~=,i 

1.2015-------'~ pjyj2 (yi 2 _ _  y2)2 + (Tj/)i/~)~ 

_ _  PJ~J2 y [ e x p -  [ ( ~ i -  ~j)/1.2016j] 2} (~i 2 -  ~ )  

d~ 

[3] 

Analysis  of a film consists of t en ta t ive ly  ident i fy ing  
a set of oscil lators,  each character ized by  pa rame te r s  
pj, 8j, vj, 7j, which, when inser ted  into Eq. [3J, and then 
into the equations for  optical  t ransmiss ion th rough  the 
sample  (see be low) ,  y ie ld  a best  fit to the expe r imen-  
ta l  data .  

For  a film on a suppor t ing  wafer  the effective t r ans -  
mission is med ia ted  by  the si l icon layer .  The equat ions 
for t ransmiss ion r ap id ly  become in t rac tab le  as the 
number  of films increases;  however ,  because of sym-  
metry ,  they  can be somewhat  s implif ied by  having  
films on both sides of the substrate ,  and by  t rea t ing  
the wafer  as lossless. Al l  our  resul ts  are  for  wafers  
wi th  films on both sides. 

Heavens (14) gives for the t ransmiss ion of a single 
film on an  absorbing subs t ra te  

n2 [(1 + gz) 2 
T 1 = - -  

n0 [exp (2a) ] + (gz 2 + hi 2) (g~.2 

where  

1, 2, and 3 show the difference be tween  the e xpe r imen-  
ta l  spec t ra  and the spec t ra  computed  f rom the osci l-  
la tors  of Table  II. 

The main  peak,  at  1065 cm -1 in oxide  and n i t r ided  
oxide, is discussed in deta i l  below. The l ine at  about  
1090 inverse  cent imeters  may  be a t t r ibu ted  to in t e r -  
s t i t ia l  oxygen in the wafer  (17). The l ine d isappears  
when the films are  e tched off and reappears  when the 
spec t ra  are  recorded wi thout  a reference  wafer.  The 
appearance  is due to the in terac t ion  of the lossy wafe r  
and the lossy film in this f requency  range,  which is not  
taken  into account in our  calculations.  Note tha t  this  is 
the  only sharp  l ine in the spectra;  i t  is s imi l a r ly  sharp  
in the bare  wafers.  The presence of this l ine leads to 
an unce r t a in ty  of 1 or 2 cm -1 in the wid th  and posi-  
t ion and a smal l  f rac t ion in the he ight  of the main  

+ hi 2] [(1 + g2) 2 +  h22j 

+h~2)  [exp ( - - 2 a ) ]  + C  cos 2 0 - t - D s i n ~ 0  

g l  " -  
( n o + h i )  2 + k l  ~ 

nl  2 --  n,z2 + kl ~ --  k42 

(n~ + nD 2 +t- (k~ -t- k~)u 

2~kldz 
a - - .  ~ 

X 

C = 2(glgu -- hlh2) 

h i  - -  
2n0kx 

(no -t- n l )2  + kl 2 

2 ( n l k ~  - -  n~kl)  
h2"-" 

2~nidl 0 - " ~  
X 

D = 2(glh2 + g2hl) 

and no is the index of air,  nl = nl  -- ik l  and dr  are  the 
index and thickness of the film, and n2 = n2 --  ik2 is 
the index of the silicon wafer.  

For  a t apered  wafer ,  all  phases of the l ight  reflected 
inside the wafer  are  added,  t he reby  cancel ing the res-  
onance effects. If the si l icon is per fec t ly  lossless, i.e., 
k~ = 0, then  the t ransmiss ion of the s t ruc ture  wi th  
films on both  sides is, wi th  the correct ion for  the 
change of n on exit,  s imply  the square of the above 

[(1 + gl) 9 -I- 

T~ : [exp (2a) ] + (gl 2 + hi ~) (g29- + 

(1065) peak. The 1220 line is p resumed due to crys-  
tobal i te  in the wafer  (17); the 1165 l ine has been 
var ious ly  a t t r ibu ted  to mixed  and longi tud ina l  modes 
(10). 

The o ther  l ines are p resumed  to be due to a sym-  
metr ic  s t re tch  of the O - - S i  or N - - S i  bonds. The s t rong 
line about  1070 cm -1 a t t r ibu ted  to the TO mode is 
dominant  in a-quar tz ,  t he rmal  oxide, and n i t r ided  
the rmal  oxide. The wid th  of this l ine more  than  

hi 2] [(1 + g2) 2 + h22] 2 [4] 
h22) [exp ( - - 2 a ) ]  + C c o s 2 e + D s i n ~ o  

We take  the index of silicon to be n2 = 3.42 + i0 
(15). The dispers ion in this f r equency  range is negl i -  
gible. The smal l  absorpt ion  ac tua l ly  presen t  in the 
sil icon is pa r t i a l l y  compensated  by  the reference  wafer  
and by  the normal iza t ion  procedure.  The effect of the 
oxygen  content  of the silicon, which  is measurab le  
both in its dissolved and crys tobal i te  forms, is d is-  
cussed below. 

Results 
The spec t ra  for oxide, n i t r ided  oxide, and CVD ni -  

t r ide  are  shown as the top traces in Fig. 1, 2, and 3, 
respect ively.  The fit is achieved i t e ra t ive ly  by  choos- 
ing values  for vj, pj, ~j, and ~j for the severa l  peaks,  
comput ing  n 2 --  k 2 and n k  f rom Eq. [3], and then T2 
from Eq. [4]. Each measured  curve was normal ized  at  
the high and low f requency  ends to the computed  
values.  

The resul ts  of the spect ra l  analysis  of the da ta  a re  
p resen ted  in Table II, toge ther  wi th  selected l i t e ra tu re  
da ta  f rom the crys ta l l ine  compounds and t r i s i ly lamine  

quadruples  in going f rom a -quar t z  to the rmal  oxide 
because bond s t rengths  are a l te red  in forcing the S i - - O  
t e t r ahed ra  to accommodate  to more random or ien ta -  
tions in the  vi t reous  s t ructure .  

A new peak  at 1000 cm -1 has appea red  in the n i -  
t r ided  oxide spectrum,  whi le  the main  S i - - O  peak  has 
been reduced and broadened.  We a t t r ibu te  this new 
peak  to planar ,  t r igona l ly  bonded ni trogen,  because i t  
is close in f requency  to the peak  for  t r i s i ly lamine  (16). 

If  the number  of sil icon bonds is constant  dur ing  
ni t r idat ion,  then the supp lan t ing  of doub ly  coordina ted  
oxygen by  t r ip ly  coordinated n i t rogen should reduce 
the concentra t ion of osci l lators N by  a factor  of 2/3. 
However ,  if the n i t rogen is t r igona l ly  bonded,  the in-  
p lane asymmet r i c  s t re tch mode is doubly  degenerate ,  
doubl ing the osci l la tor  s t reng th  fj in that  mode. Hence, 
n i t r ida t ion  should resul t  in a factor  of 2 • 2/3 = 1.33 
increase  in the produc t  of dens i ty  and osci l la tor  
s t rength  Nfj for the n i t rogen  osci l lators  compared  to 
the loss in Nfj for  the oxygen  oscil lators.  The produc t  
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Fig. 1. Infrared spectra of thermal oxide. Top curve: A = 
Experimental, B = Calculated. Bottom curve: A minus B. 

N:fj is p r o p o r t i o n a l  to t he  p o l a r i z a t i o n  pjpj2, SO we w o u l d  
e x p e c t  t h a t  t he  ra t io  P N Y N 2 / p o P o  2 = 1.33. As  s h o w n  in  
Table  H, the  s ca l ed  p o l a r i z a t i o n  fo r  t he  ox ide  l ine  d e -  
c r e a s e d  by  32,000 --  18,0'00 = 14,000, w h i l e  t he  m e a -  

Table II. Principal spectral peaks* 

This Work 

Thermal Nitrided 
oxide oxide 

Previous Work 

CVD aSiO~ S~N~ N(SiH)s 
SisN, (10) (II) (16) 

~ 122o 
pjpj2 1300 
7JPJ 8 
6j 26 

vj 1165 
pjvj~ 310.0 
~j~j 7 
~j 32 

pj 1088.5 
p j ~ j 2  9000 
VJPJ 2.5 
6j 17 

vj 1064.5 
pj~j2 32,000 
7J~J 8 
5j 28.5 

uj 
pj~j~ 
7JPJ 
6j 

~J 
pjyj2 
~JP~ 

~J 
p j~ j~  
~ j v j  
~J 

vJ 
p j~ j 2  

7 J ~  

1222 
1240 

8 
34 

1146 
5000 

8 
49 

1088.5 
3050 

2.5 
22 

1064.5 
18,000 

8 
3O 

1000 
18,700 

8 
80 

1227 
1078 
135 

1164 1163 
1200 1076 

8 7 
50 

1076 1072 
2,600 61,000 

8 7.6 
44 

I000 1051 
6,200 11,000 

8 26 
42 

937.5 980 
12,000 29,000 

8 15 
40 

891 900 
10,000 32,0o0 

8 19 
85.5 

818 854 
53,000 51,000 

8 Z5 
54 

996 

* ~j = oscillator width, pj/,, j2 = scaled polarization. ",/j~,l = Lo- 
renzian width. 5j = Gaussian width. 
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Fig. 2. Infrared spectra of nitrided oxide. Top curve: A " -  
Experimental, B = Calculated. Bottom curve: A minus B. 

s u r e d  va lue  fo r  t he  n i t r i d e  l ine  w a s  18,700; t h e  ra t io  
18,700/14,000 = 1.34, w h i c h  r e p r e s e n t s  e x c e l l e n t  a g r e e -  
m e n t .  The  i n d i c a t e d  c o m p o s i t i o n  f o r  t he  n i t r i d e  f i lm 
is a b o u t  SiOz.14N0.5~. 

The  C VD n i t r i d e  s p e c t r u m  is qu i t e  d i s t i n c t  f r o m  t h e  
n i t r i d e d  ox ide  s p e c t r u m .  The  CVD s p e c t r u m  h a s  b e e n  
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Fig. 3. Infrared spectra of CVD nltride. Top curve: A = Ex- 
perimental, B - -  Calculated. Bottom curve: A minus B. 
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decomposed into osci l la tors  tha t  correspond to a-SisN4, 
except  for a genera l  shi f t  to lower  f requency by  1-5%.. 

Conclusions 
We find, as d id  Habraken  e t a l .  (7), tha t  n i t r ida t ion  

decreases the ampl i tude  and increases the width  of the 
main  the rmal  oxide peak.  Decomposing the peaks  
shows a new line at  1000 cm -1 in the n i t r ided  oxide;  
about  43% of the osci l lators  have been conver ted  to 
the new peak. The near  coincidence in f requency  to 
the t r i s i ly lamine  peak,  which has been shown to be due 
to p l ana r  t r igonal  N--Si3  bonds, leads us to ascr ibe the 
new peak  to p l ana r  t r igona l ly  bonded  nitrogen.  Note 
that  this peak  does not  occupy a dominan t  posi t ion in 
e i ther  the crys ta l l ine  or  amorphous  (CVD) si l icon 
n i t r ide  spec t rum.  The l ine wid th  of the new peak  again  
increases as the n i t r ide  s t ructure  is made  compat ib le  to 
the oxide mat r ix .  

Manuscr ip t  received June  1, 1983. This was Paper  
124 presented  at  the San Francisco,  California,  Meet ing  
of the Society, May 8-13, 1983. 

Massachusetts Institute o5 Technology assisted in 
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ABSTRACT 

The agyrodi te  Cu~ xPSjI is s imultaneously a copper ion conductor  and a p- type electronic semiconductor.  With an en- 
ergy gap of AEc = 2.05 eV, the compound  intercalates copper  upon illumination as demonstrated in photoelectrochemical  
experiments.  The intercalation of copper  is accompanied by a color change which is bel ieved to be due to an annihilat ion of 
Is- color centers. In  experiments  in which Cu was part ial ly replaced by Ag, photointercalat ion was verified by means of 
x-ray fluorescence measurements.  I t  is shown how such a photointercalat ion reaction could be used to store optical 
information. 

Since the  proposal  of l i gh t - induced  in terca la t ion  
and de in terca la t ion  as a possible  mechanism for solar  
energy  and opt ical  informat ion  storage,  severa l  semi-  
conduct ing host  mater ia l s  have been invest igated.  
L igh t - induced  topotact ical  react ions have been in-  
ves t iga ted  on p-ZrSe~ [ in tercala t ion of meta l  ions 
( I ) ] ,  n-HfSe2 [deintercala t ion of meta l  ions (2)] ,  and 
TiO2(B) [de in terca la t ion  of protons (3)] .  In  the  last  
case, the  s tudies  could be made  using aqueous e lec t ro-  
ly tes  because of the high s tab i l i ty  of the mater ia l .  In 
a l l  o ther  cases, organic  e lect rolytes  were requ i red  to 
avoid rap id  corrosion as a consequence of an in te r -  
calat ion of aqueous species. P r e l im ina ry  exper iments  
wi th  o ther  mater ia l s  such as p-ZrS2 (4), p-FePS3 (5), 
and n - I n S e  (6) have  shown that  semiconduct ing host  
ma te r i a l s  of good pho tocur ren t  efficiency, corrosion 
s tabi l i ty ,  revers ib i l i ty ,  and  high ionic conduct iv i ty  are  
not  abundant .  Also crucial  is the question where  the  
electronic energy  levels  of the  guest  atoms have to be 
p laced  in an energy  scheme. Only those systems are  of 
prac t ica l  in teres t  which main ta in  semiconduct ing  p rop -  
ert ies dur ing  in te rca la t ion  at  high concentrat ions of 
in te rca la ted  guest  atoms. Therefore,  i t  apvears  reason-  
able  to select  systems which are  semiconduct ing when 
fu l ly  in tercala ted .  Such a sys tem is Cu6PSjI (~EG -~ 

2.05 eV) which can be de in te rca la ted  to become a 
Cu6-xPS~I compound.  

Experimental 
Material.--Crystals of Cu0PSjI grown by chemical  

vapor  t r anspor t  in the  presence of l iqu id  CuI (7) have  
a cubic high t e m p e r a t u r e  s t ructure  (SG: F43m; Z --  
4) wi th  a d isordered  Cu-cat ion  sublat t ice.  The idea l -  
ized anion sublat t ice,  consist ing of  S and I, forms a 
frm*nework of in te rpene t ra t ing  centered icosahedra 
provid ing  ideal  and d is tor ted  t e t r ahed ra l  cat ion sites 
(Fig. 1) (8). The P atoms reside in the perfect  t e t r a -  
hedra l  si tes sur rounded  by  four  S atoms. 

The 24 Cu atoms are d i s t r ibu ted  on a 48-fold spl i t  
posit ion in dis tor ted anion te t rahedra .  Two of these 
t e t r ahedra  a lways  have a common face. In  Fig. 1, a 
double  t e t rahedron  is out l ined and the possible posi-  
tions which are  no rma l ly  occupied by  one Cu a tom a r e  

marked  (9). One Cu posi t ion is s i tuated near  the com- 
mon t e t r ahedra l  face and exhibi ts  a t r igonal  p l ana r  
coordinat ion,  while  the o the r  is wi th in  the  t e t r ahedron  
(7, 9). Since the resul t ing  double  t e t r a he d ra  (24 per  
uni t  cell) a re  in terconnected  by  cornershar ing  and 
edgeshar ing  to a th ree -d imens iona l  f ramework ,  the  
observed copper  ion conduct ion (10) can be u n d e r -  
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Fig. I .  Projection of the idealized anion sublattice of Cu6PSsI 
along [100] with an anion icosahedron outlined (7). The crystal 
structure of Cu6PS51 can also be built up with double tetrabedra 
as building units. The numbers ore heights in eights of the unit cell. 
One of the 24 double tetrohedra which contains one Cu atom is 
also outlined. The Cu atom is able to migrate between the marked 
positions. 
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stood as a hopping  process of Cu atoms f rom one 
double  t e t r ahedron  to a ne ighbor ing  one. I t  is assumed 
tha t  dur ing  the Cu migra t ion  one double  t e t r ahedron  
can contain two copper  atoms in the  t e t r ahed ra l  posi -  
tions. 

The CusPSsI crys ta ls  were  red  and t ransparent .  With  
a Seebeck effect device (GCA Solid Sta te  Measure -  
merits)  the  ma te r i a l  was identif ied as a p - t y p e  semi-  
conductor.  The bandgap  is 2.05 eV (11). 

Sample preparation.--The crystals  used in the ex -  
pe r iments  were plates  wi th  an area  of 2-3 m m  2. Some 
of the crysta ls  were  t rea ted  in concent ra ted  ni t r ic  acid 
at  50~ for 20 min  to pa r t i a l l y  remove  copper  f rom 
the Cu6PS~I lat t ice.  The ni t r ic  acid oxidizes the  
Cu6PSsI by  forming  Cu(NOs)2 (12). As a consequence 
of this t rea tment ,  the  surface is etched and cracks may 
o c c u r ,  

A 50OA gold l aye r  was evapora ted  onto the  back  face 
of both  the  t r ea ted  and the un t rea ted  crystals .  The 
back  contact  was made by  gluing the contacted crys-  
ta l  wi th  Ag  epoxy  onto a brass  e lec t rode  ho lder  which 
was e lec t r ica l ly  isolated wi th  sil icon rubber .  

Experimental setup.--Photoelectrochemical exper i -  
ments  were  pe r fo rmed  in a s t andard  th ree -e lec t rode  
cell  wi th  an Ag/AgNO3 e lec t rode  as a reference  elec-  
t rode  and a copper  or s i lver  wire  as counterelect rode.  
The exper iments  were  done in a 0.1M t e t r a e t h y l a m -  
mon iumperch lo ra t e  (TEAPC) acetoni t r i le  solut ion 

containing e i ther  0.01M CuC1 or 0.02M AgNO3. Oxygen 
and wate r  were  r emoved  from the acetoni t r i le  wi th  
Cr -HMDS (hexamethy ld i s i loxane)  bound to the  su r -  
face of s i l icagel  (13). 

The CuC1 was dr ied  by  chemical  t r anspor t  wi th  HC1 
and N2 at  600~ The AgNOs and the TEAPC were  
dr ied  by  hea t ing  under  vacuum. The exper iments  were  
car r ied  out in a glove box. 

Cyclic vo l t ammograms  were  obta ined  wi th  a po ten-  
t iostat  (PAR 179) equipped with  a coulometer  and a 
scanning device (PAR 175). A 450W Xe l amp  (Oriel )  
served as a l ight  source. Pho tocur ren t  spec t ra  were  
obta ined  wi th  a high in tens i ty  monochromator  (Bausch 
and Lomb) equipped wi th  a g ra t ing  blazed at  700 nm. 

Results 
Figure  2 shows tha t  if  the e lec t ro ly te  contains  

mere ly  TEAPC as a conduct ing sal t  there  is only  a 
negl ig ib ly  smal l  cathodic pho tocur ren t  in the  negat ive  
potent ia l  region (p robab ly  due to t races of copper ) .  
Add ing  0.01M CuC1, the cathodic pho tocur ren t  is in-  
creased by  an order  of magni tude .  Both the cathodic 
photocur ren t  and the cathodic da rk  cur ren t  decrease  
when the e lect rode potent ia l  is kept  at  a constant  nega-  
t ive potent ial .  This causes t h e  hysteres is  in the  cyclic 
vo l t ammogram of Fig. 3a. When the scan di rec t ion  is 
reversed  at  negat ive  potent ia l  values,  an anodic dis-  
charge cur ren t  s tar ts  to flow which also decreases wi th  
t ime. When the potent ia l  is again  swept  into the nega-  
t ive direction,  the onset  of the cathodic pho tocur ren t  
occurs more posit ive (Fig. 3a).  F igure  3b shows the 
photo-  and d a r k - c u r r e n t  a f te r  an anodic  charge of 
16.5 m C / c m  e had passed th rough  the e lec t rode  at  a 
po ten t ia l  of +0.4V vs. Ag/AgNO3. In  this case, there  
is c lear ly  an addi t ional  increase of cathodic photo-  
currents .  The onset of photocur ren ts  is shif ted fu r the r  
towards  posi t ive potent ia l  values.  There  is a s imi la r  
increase  in the  pho tocur ren t  dens i ty  when  the c rys ta l  
is p re t r ea t ed  wi th  concent ra ted  ni t r ic  acid to r emove  
copper.  

Color changes from red  to b lack  have been a t t r i b ,  
u ted to differences of the Cu content  in the  ma te r i a l  
(12). An electrode tha t  had been t r ea ted  before  in 
concentra ted  ni t r ic  acid was i l lumina ted  to r e in te rca l -  
ate copper  wi th  l ight.  The surface of the crystal ,  which 
had tu rned  opaque a f te r  t r ea tmen t  in concent ra ted  
ni t r ic  acid (Cu~-.~PS.~I), rega ined  its red  color and 
t r anspa rency  (Cu6PSsI) in the  ne ighborhood of the 
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Fig. 3. Photocurrent and dark current density as a function of 
the electrode potential (sweep rate: 20 mV see-i) .  The electrolyte 
is 0.01M CuCI/0.01M TEAPC/acetronitrile. (a) Cu6PSsI (first 
sweep), (b) after complete sweep and anodic polarization, and (c) 
after passage of 23.5 mC/cm 2 of anodic charge. 

of excessive in te rca la t ion  far  away  from equi l ibr ium.  
I t  contained 70% Ag. Within  a l aye r  of 25-30# be-  
nea th  the surface of the electrode,  the s i lver  content  
was up to 20%. F igure  5 shows the d is t r ibut ion  of s i l -  
ve r  pe rpend icu la r  to the e lect rode surface. 

To check whe the r  this  photo in te rca la t ion  mechanism 
al lows the conversion of l ight  energy  into e lectr ical  
energy we bui l t  a photoe lec t rochemical  cell  wi th  a 
Cu6-xPSsI c rys ta l  as the photoact ive  e lect rode and a 
s i lver  foil as counterelect rode.  No ex te rna l  potent ia l  
was appl ied  in this  exper iment .  When  i l lumina t ing  the 
Cu6-xPSsI electrode,  t h e r e  was a cathodic cur ren t  
flow as shown in Fig. 6. In  the  dark,  the di rect ion of 
the cur ren t  did not  reverse  as it  should have  if the 
d ischarge  react ion would have taken place. Also in the 
corresponding se tup wi th  copper,  no discharge cu r ren t  
was found in the  dark .  

Pho tocur ren t  spect ra  were  recorded to prove whe the r  
the color change by  chemical  and e lect rochemical  t r ea t -  
ment  is accompanied by  a change in the bandgap  of 
the mater ia l .  F igu re  7 shows the pho tocur ren t  spect ra  
before,  1, and af te r  t rea tment ,  2, wi th  HNOs. As a 
comparison,  we  show the absorpt ion  spec t ra  before  
(b) and af ter  (a) t r ea tmen t  wi th  Br~, which also leads 
to the  r emova l  of copper  f rom the Cu6PSsI crystals  
(12). 

F igure  8 shows the pho tocur ren t  spec t ra  before,  1, 
and after,  2, passing an anodic charge of 10.6 C/cm~ 
through  the e lect rode at  a po ten t ia l  of E = 0.4V vs. 
Ag/AgNO3. The surface of the e lect rode tu rned  b lack  
as a consequence of this e lec t rochemical  t rea tment .  

Discussion 
The mixed  Cu ion conduct ing and electronic  p - t y p e  

semiconduct ing proper t ies  of Cu6PSsI suggest  photo-  

cracks in the surface.  These places are  in genera l  more 
favorab le  for  in terca la t ion  than  the smooth surface.  
The surface of the  or ig ina l ly  b lack  e lect rode af te r  
i l lumina t ion  and passage of 54 mC/cm2 photocur ren t  
is shown in Fig. 4. 

The in te rca la t ion  of fore ign  guest  ions can be con- 
ven ien t ly  moni tored  by  x - r a y  fluorescence. Because of 
res t r ic t ions  in la t t ice  parameters ,  we t r ied  to in te r -  
calate the  smal l  guest  ion Ag + into a Cu6-~PSsI elec-  
trode. The exper imen t  was pe r fo rmed  in a 0.02M AgNO3 
solut ion wi th  a s i lver  foil  as counterelectrode.  The p o ~  
tent ia l  was fixed at E --_ --0.1V vs.  Ag/AgNOs.  A 
cathodic charge of 24 m C / c m  2 passed th rough  the 
e lect rode which had  been p re t r ea t ed  in HNOs. The 
outer  pa r t  of the e lectrode broke  away  as a consequence 

Fig. 4. Brightening up of regions along fracture lines (Cu6PS~)- 
of a copper-depleted material (Cu6-xPSsI) as a result of photo- 
intercalation. 

Fig. 5. Quantitative x-ray fluorescence of  Ag concentration pro- 
file of photointercalated Cu~-xAg~PSsI perpendicular to the 
Cu6-xPSsI electrode surface. 
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Fig. 6. Cu6-=PSsI/0.1M TEAPC/acetonitrile (0.02M AgNOa)/ 
Ag photoelectrochemical cell during intermittent illumination. 
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of untreated Cu6PS51 (1, b) and after passage of anodic charge 
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Fig. 8. Photocurrent spectra (1, 2) and absorption spectra (a, b) 

of untreated Cu6PSsI (1, b) and after chemical deintercalation 
(2, o) (HNO~ 20 rain at 50~ 

is not  p la ted  on the surface of Cus-xPSbI,  but  is in-  
corpora ted  into the bu lk  (Fig. 5). The fact tha t  a b lack 
copper-def ic ient  e lect rode regains  the color and t rans-  
pa rency  of the copper - r ich  ma te r i a l  upon i l lumina t ion  
(Fig. 4) demons t ra tes  that  the  removed  copper  is again 
inser ted  by  light.  The cu r ren t -vo l t age  behavior  of 
Fig. 3 can be in te rp re ted  in te rms of in te rca la t ion  and 
de in terca la t ion  of Cu + ions. At  posi t ive e lect rode po-  
ten t ia l  values,  copper is de in te rca la ted  f rom the 
Cu6PS~I la t t ice  to give Cu6-xPS~I. Thus, the  photo-  
cur ren t  dens i ty  at  a negat ive  e lect rode potent ia l  in-  
creases because there  a re  more  unoccupied posi t ions 
for the  photo in te rca la t ion  of Cu + ions. The shif t  of the  
onset of cathodic currents  a f te r  sweeping to posi t ive 
potent ia l  values is also typica l  for  an e lec t rochemical  
charg ing /d i scharg ing  react ion (15). 

We th ink  tha t  our  exper iments  demons t ra te  tha t  
in te rca la t ion  of copper  is the ac tua l  l ight  reaction�9 A 
descr ip t ion  of the  photo in te rca la t ion  mechanism of  
Cu in terms of an energy band scheme is presented  in 
Fig. 9. The e lect ron created upon opt ical  exci ta t ion 
wi th in  the  space charge l aye r  reduces the copper  ion 
for in terca la t ion  into the Cu6- ,PSbI  host  lattice�9 The  
color change of Cu6PS~I which is connected wi th  the  
r emova l  of Cu + ions f rom the Cu6PSbI host  la t t ice  is 
not  due to a change in the bandgap  of the mater ia l .  
This can be concluded from the pho tocur ren t  spec t ra  
shown in Fig. 7 and 8. In both cases, the re  is no s ig-  
nificant change  in the bandgap  that  could expla in  the 
color change�9 

We assume that  the  creat ion of I s -  color centers  by  
the r emova l  of Cu atoms is responsible  for  the in-  

in te rca la t ion  of  Cu+ ions as a possible  photoreac t ion  
in  the presence of Cu + ions. F igure  2 demons t ra tes  
tha t  the  presence of Cu+ ions is responsible  for the  
pho tocur ren t s  observed  in the  Cu6-zPS3I/0.1M TEAPC-  
ace toni t r i le  (0.01M CuC1)/Cu cell. Since in the  po ten-  
t ia l  region of this e x p e r i m e n t  Cu 2+ does not  exist  (14), 
the only  possible  r edox  react ions  of Cu6-xPSbI wi th  
copper  a r e  p la t ing  of copper  on the surface or  in t e r -  
calat ion of  copper�9 We exc luded  the poss ib i l i ty  tha t  
Cu is p la ted  in this potent ia l  region in a separa te  ex-  
per iment .  A t  an  e lec t rode  potent ia l  of --0�9 vs. A g /  
Ag  +, we passed a cathodic charge of 0.I C /cm 2 th rough  
the electrode.  This corresponds to about  300 mono-  
layers  of copper�9 But  no copper  l aye r  could be ob-  
se rved  on the  e lec t rode  surface. Correspondingly ,  
the  x - r a y  fluorescence measurements  show tha t  in a 
photoreac t ion  wi th  A g  as a fore ign guest  atom, s i lver  

Fig. 9. Energy scheme of CU~-xPSbl showing electronic states of 
color centers (shaded area within the energy gap) and their an- 
nihilation as a consequence of photolntercalation of copper (above). 
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Fig. 10. Principle of optical 
information storage device based 
on color center annihilation in 
Cue-xPS~I through photolnter- 
calation of Cu. 

reading beam { hv < A E C~) 
Cu - ion conducting materia[ 

ohmic back contact 

beam 5 ~  ~ external voltage V {t} 

writing CU 6 PS o o-_ 

Copper electro 

creased optical absorption in Cu6-~PSsI. When copper 
atoms are removed from the lattice iodine atoms are 
left behind. These atoms together with normal I -  ions 
form I2- color centers. Similar color centers can also 
be found in LiF crystals (16). The energetic positions 
of the electrons that  can be excited optically from 
these color centers are shown in Fig. 9a as a shaded 
area. When copper is intercalated into Cu6-xPSsI, the 
color centers disappear. The opaque crystal brightens 
to a red color. 

Though photointercalation reaction with suitable 
materials provide, in principle, means to convert and 
store light energy as chemical energy, the photointer- 
calation reactions studied are not suited for energy 
conversion because there is little tendency for a dis- 
charge reaction in the dark (Fig. 6). The color change 
associated with the photointercalation of copper could, 
however, in principle, be used to store optical informa- 
tion. Such an optical storage element for one bit is 
shown in Fig. 10. It consists of a grain of Cu6PSsI in 
contact with a Cu ion conducting material which has 
to be transparent in the region of interest. At the 
front there is a r ing-shaped copper counterelectrode. 
An external voltage can be applied between the copper 
electrode and the ohmic back contact. 

The red transparent copper-rich crystal symbolizes 
a logical " r '  the opaque crystal a logical "0". When 
this element is i l luminated with light of an energy hv 
> bEG, copper can be photointercalated into the 
Cu6PSsI lattice. Since the opaque crystal regains its 
transparency in this way, one has writ ten a " r '  into 
the element. The information can be read out with 
light of an energy hr < ~EG. 

To delete the stored "1," one has to apply a positive 
voltage at the Cu6PSsI electrode. The crystal becomes 
opaque when the copper ions are released from the 
crystal into the electrolyte. This element has the ad- 
vantage of the stored information not being lost when 
the external voltage is switched off. 

To make such an element technologically applicable 
further studies concerning the reversibil i ty and sta-  
bil i ty of such a device are necessary. 
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ABSTRACT 

Interdiffusion between thin films of  a luminum (A1) and polycrystall ine silicon (poly-Si) has been studied with the pur- 
pose of obtaining a stable interface upon sintering for IC metallization. The solid-phase crystal  regrowth of Si due to this low 
temperature interdiffusion has also been investigated. Dopant  segregration towards  the interfaces and the grain boundaries 
of arsenic~implanted poly-Si was used successfully to control  the kinetics of Al-poly-Si interactions. The correlation be- 
tween the arsenic depth  profiles, the  Si-layer microstructure,  and the sintering behavior  of the Al-poly-Si interface was 
measured by RBS, (scanning) AES, SEM, TEM, and grazing incidence x~rays. Quantitat ive results and discussion of the 
diffusion mechanisms  at work are presented.  It is shown that  the presence of an arsenic segregation peak on top of the 
poly-Si layer  stabilizes AYpoly-Si interface. A concentration of 10 '9 atom/cm ~ appears  to be a min imum threshold for 
sintering at 465~ 

The a luminum-s i l i con  (ANSi)  contact,  which is eX- 
tens ively  used in semiconductor  technology, is a l imi t -  
ing factor  in scal ing down in tegra ted  circuit  compo-  
nents. The s in ter ing  of the A1-Si interface,  necessary  
to obta in  good ohmic contacts, in t roduces  re l i ab i l i ty  
p rob lems  due to interdiffusion be tween  A1 and Si and 
c rys ta l  r eg rowth  of the dissolved mater ia l .  These in-  
teract ions may  appea r  for any  s t ruc tu ra l  morphology  
of the Si subs t ra te :  s ing le -c rys ta l  Si (1, 2), po lyc rys -  
ta l l ine  Si (po ly-S i )  (3), or amorphous  Si (4, 5). The 
low t empera tu r e  enhancement  of Si c rys ta l  regrowth,  
due to the diffusion of A1 atoms, presents  in teres t ing  
prospects  for  so l id-phase  ep i t axy  (6, 7). 

Because of the extensive use of LPCVD po ly -S i  in 
in tegra ted  circuits,  po ly-Si -A1 interfaces  command 
pa r t i cu la r  at tent ion.  Forming  contacts by  means  of 
A l - p o l y - S i  s t ruc tures  has been shown to reduce diode 
reverse  cur ren t  by  a fac tor  of 10 and enhances b ipo la r  
t rans is tor  gain  (8). In  addit ion,  MOS circui t  dens i ty  
migh t  be increased if the Al -con tac t  were  made  di-  
rec t ly  on the po ly -S i  gate. 

Such /k l -po ly -S i  s t ruc tures  requi re  wel l -def ined,  
s table  interfaces.  This r equ i remen t  is not fulfil led by  
classical Al -meta l l i za t ion ,  jus t i fy ing  the use of so-  
phis t ica ted  technologies to create  diffusion bar r ie r s  
be tween  A1 and Si. In the presen t  work,  a good s ta -  
b i l i ty  of the A l - p o l y - S i  contact  has been brought  about  
by  t ak ing  advan tage  of the presence of arsenic,  which 
segregates  to the gra in  boundar ies  (GB's)  and to the  
interfaces  of the po ly -S i  film. Indeed,  A1 diffuses 
ma in ly  along the GB's in the po ly -S i  l ayer  (9, 11), 
while  Si a toms are  ma in ly  ex t rac ted  f rom t h e  po ly -S i  
GB's (10, 11), and solute  atoms wi th in  the GB's of 
po lycrys ta l l ine  films are  known to decrease  the  diffu- 
s ivi t ies  wi th in  the layers  involved (12) both  for  self-  
diffusion and i m p u r i t y  diffusion. 

This p a p e r  shows tha t  A l - p o l y - S i  interdiffusion 
s t rong ly  depends  upon the dose of dopan t  i n  A l - p o l y -  
Si and the locat ion of this dopant  wi th in  the micro-  
s t ructure ;  i t  gives evidence tha t  dopant  segregat ion  
can reduce A1 diffusivi ty in poly-Si ,  and that  this 
segregat ion  effect, if p resen t  at  the A l - p o l y - S i  in te r -  
face, can to ta l ly  inhibi t  in terd isso lu t ion  be tween  the 
two films at  usual  s in ter ing  t empera tu re s  (465oC in 
this work ) .  In the presen t  work,  ion implan ta t ion  and 
the rma l  anneal ing  were  used to in t roduce  the arsenic  

* Electrochemical Society Active Member. 
Key words: polysilicon, aluminum, arsenic doping, metal-semi- 

conductor interface, ohmic contact. 

into the des i red  sites, whi le  severa l  solid s u r f a c e  a n a l -  
y s i s  techniques were  combined to s tudy  the in ter face  
behavior .  The resul ts  show tha t  an arsenic segrega t ion  
peak  on top of the po ly -S i  l aye r  must  be p rese rved  to 
obta in  in terface  s tabi l i ty .  A peak concentra t ion of 1019 
a tom/c m 3 appears  to be a m in imum threshold.  Since 
in terconnect ion s t r ipes  of po ly -S i  mus t  a lways  be 
heav i ly  doped, this condit ion can be fulfil led in any  
s tandard  technology, if special  a t ten t ion  is pa id  to the  
t r ea tmen t  of the po ly -S i  surface l aye r  before  m e t a l -  
l ization. 

Experimental Procedure 
From among the s t anda rd  dopants  of Si, arsenic  was 

chosen because of its a t t rac t ive  features :  h igh solid 
solubi l i ty  in Si, low the rma l  diffusivity,  and  easy de-  
tec tab i l i ty  in solid surface analysis.  To enhance the 
arsenic influence upon the A l - p o l y - S i  contact,  a peak  
concentra t ion was crea ted  in the  top region of the 
po ly -S i  layers  by  using low energy  ion implan ta t ion  
or  ad jus ted  the rmal  anneal ing  schedules.  

Identification of key parameters.mSeveral p a r a m e -  
ters influence thin film in te r faces  dur ing  the rmal  
t rea tment .  These are l aye r  thickness,  gra in  size, c rys-  
ta l l ine  defect  density,  in ter face  quali ty,  and the pres -  
ence of a na t ive  oxide be tween  the layers .  Thei r  roles 
are  usua l ly  l inked  together  in technological  processes. 
Consequently,  five sets of samples  were  p repa red  to 
set apa r t  the influence of the dopant  f rom the o ther  
factors (Fig. 1). In  each set of samples,  the influence 
f rom the s ing le -c rys ta l  subs t ra te  was avoided by  g row-  
ing a SiO2 l aye r  on i t  before  po ly -S i  deposit ion.  Such 
an A1/po ly-S i /S iO2/S i  s t ruc ture  appears  in MOSFET 
circuits  when an  A1 contact  is made  on the p o ly -S i  
gate. 

In  the samples  of set  I, no implan ta t ion  was made  to 
provide  compar ison wi th  doped samples  and previous  
works  using in t r ins ic  po ly -S i  (3). The nex t  four  sets 
of samples  were  tks implanted ,  but  var ious  po ly -S i  
micros t ruc tures  were  crea ted  in o rde r  to analyze  ef-  
fects re la ted  to crys ta l l in i ty .  In  the samples  of set  
lI ,  the implan ta t ion  damage  was not  removed;  a th in  
amorphous  layer ,  (0.035~) containing most  of the As, 
was formed near  the po ly-S i /A1 interface,  /k h igh  As 
concentra t ion was thus presen t  nea r  the  contact, but  
wi thout  segregat ion  wi th in  the Si s t ructure .  In set  III,  
a totallY amo1"phous l aye r  of Si was used, to compare  
the behav ior  of these samples  wi th  the one having  a 
po ly -S i  l aye r  amorphous  on ly  wi th in  a th in  s u r f a c e  
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Fig. 1. Flowchart of the technological steps undergone by the 
samples. 

region (set II) .  In  the samples of set IV and V, the 
polycrystal l ine structure of the Si layer  was restored 
after implantat ion,  by annealing.  In  the two sets of 
samples, the As was expected to have segregated to the 
interfaces and the GB's (13, 14), A fraction of the 
implanted dose, thus accumulate'd at the poly-Si  sur-  
face, was removed before A1 deposition in the samples 
of set IV, while it was kept in the samples of set V to 
s tudy its effect upon an interdiffusion at the A1/poly-Si 
contact independent ly  of the influence of the segrega- 
t ion at the GB's. 

S inter ing durat ion ranged between a few minutes  
and tens os hours. In  those cases where interdiffusion 
takes place, a characteristic dura t ion of interact ion can 
thus be determined.  

Sample preparation.--Wafers of N-type ~100~  
-single-crystal  Si were thermal ly  oxidized and divided 
into five sets. The oxide thickness was 0.1 + 0.005~, 
and the substrate  resistivity 11-18 ~cm. Sets I, II, IV, 
and V were capped with a poly-Si  film deposition in 
an LFCVD reactor at 180 mtorr, at 625~ with thick- 
nesses ranging between 0.1 and 0.45 +_. 0.01~. Set I 
consisted of intr insic  poly-Si  layers to reproduce Na- 
kamura ' s  exper iment  (3) in order to provide a ref-  
erence ~or comparison with doped samples. Sets II, IV, 
and V received a shallow implanta t ion  of As (40 
keV), at three different doses: 5 �9 1015 a tom/cm 2, 5 �9 
1014 a tom/cm 2, and 5 �9 10 ~z a tom/cm 2. In  sets IV and V, 
the implanta t ion  damage was removed by a 1000~ 1 
annea l ing  under  a N2 ambien t  for 45 rain, resul t ing in  
both As diffusion wi thin  the grains of the films and 
As segregation towards the GB's. The grain size at the 
poly-Si  surface increased from 0.04~, which is the 
usual  size for a 625~ deposit (15), to 0.1~ for doses 
of 5 �9 10 ~5 a tom/cm 2 and 5 �9 10 ~3 a tom/cm 2, and to 0.15~ 
for 5 �9 1014 a tom/cm 2. The wafers of set IV were etched 
in a di luted solution of hydrofluoric acid (2%) for 5 
min  to remove the accumulated As at the surface. 
Tests showed that  several  minutes  are necessary to 
completely remove the accumulated As. Amorphous 
Si was deposited on set III (550~ LPCVD) and im-  
planted like the previous samples (but  without  any  
fur ther  high tempera ture  anneal ing  step).  A1 layers 
with thickness ranging between 0.3 and 1.1~ were then 

The temperature chosen constitutes a practical compromise to 
obtain high electrical activatlonj to remove implantation damage, 
and to inauce As segregation. 

evaporated by  electron gun at a rate of 0.0025 ~/s u n -  
der a working pressure of 10 -6 tort.  Figure 1 sum-  
marizes the characteristics of the five sets of samples. 
Every  set of samples was s intered at 465~ in  both 
forming gas (90% N2 and 10% H2) and N2 ambient .  

Analytical techniques.--RBS measurements  were 
made on each sample, since this technique provides a 
quick diagnosis of compositional changes, layer  thick- 
ness, and interface modifications. A 2 MeV hel ium 
beam, delivered by the Univers i ty  of Louvain  Van der  
Graaff accelerator and having a cross-sectional area of 
approximately 1 mm 2, impinged upon the targets u n -  
der  working pressure of 10 -8 torr. Backscattered p a r t i -  
c l e s  were counted by a solid-state detector having a 
15 keV resolution. Measurements  were la tera l ly  aver-  
aged over the dimensions of the spot. 

Auger  electron spectroscopy (AES),  performed with 
a 3 keV electron beam, was used under  a w o r k i n g  
pressure lower than 10 -0  torr  to s tudy more accurately 
the compositional changes at the surface and resolve 
some ambiguit ies in  the RBS spectra. Scanning and 
transmission electron micrographs (SEM and TEM) 
provided fur ther  information,  such as grain  size a n d  
surface topology. X-rays  at grazing incidence were 
used to verify the composition and  crystal l ini ty  of t h e  
layers. 

Experimental Results 
Table I summarizes the results obtained i n  t h e  pre~- 

ent  work by specifying the anneal ing  t ime at which 
interdiffusion takes place for each set, and thus each 
microstructure,  for each dose and for A1 and Si thick- 
nesses of 0.3~. 

Similar  results were obtained for the A1/poly-Si 
interface ~tability for the next  combination:  t . l~  A1 
on 0.3~ poly-Si, 0.5~ A1 on 0.3~ poly-Si,  0.3~ A1 o n  
0.5~ poly-Si, and 0.3~ A1 on 0.1# poly-Si  (see Fig. 4 
below).  

For each sample, the figures showing the corre- 
sponding RBS spectrum and micrographs are given 
in cases where the measurements  are specifically pre-  
sented in the paper. Otherwise, samples having fea- 
tures identical to those already i l lustrated are n o t  
shown, but  are specified by "as in  Fig . . . . .  " 

Microstructural effects.--As previous work has 
shown (5), increasing the grain size of the poly-Si  
layer  reduces interdissolut ion between A1 and poty-Si. 
In  the present  study, it was found that the s tructure 
of the poly-Si  layer  near  the Al-poly-Si  interface c a n  
have an effect upon the interdissolut ion kinetics 
s t ronger  than that  of the average microstructure.  This 
becomes obvious when  comparing the s inter ing be-  
havior  of the samples of sets II and III. In the samples 
of set lI, the top of the 0.3~ poly-Si  layer  is h ighly  
amorphized by ion implanta t ion  wi thin  a thickness of 
0.04~# In the samples of set III, the whole Si layer  
is amorphous. Even after the shortest anneal ing  t ime 
(5 min) ,  both sets of samples exhibited the same level 
of strong interdissolution; RBS analysis (Fig. 2a) show 
that the original A1/poly-Si interface completely dis- 
appears, and that a new interface is formed at t h e  
same place. This fact shows that  most of the Si m i -  
g r a t e s  towards the free surface, while the A1 g o e s  
down towards the oxide. AES confirms that Si is 
present  in concentrat ion as high as 75 atomic percent  
(a/o) (Fig. 2b) wi th in  the first monolayers of t h e  
sample surface, for both sets. Since more than 50 a/o 
of the original A1 layer  has been replaced by Si, such 
an interdiffusion may be called "layer inversion." 

Most of the implanted arsenic appears to be t rapped 
at the new interface region, while a fraction of i t  

2 The dose threshold making mono-Si amorphous at 40 keV is 
2 �9 10~ atom/cm'-' for P (mass = 29 amu) and 8 - 10 ~ atom/era ~ for 
Ga (mass = 70 ainu) (16) Since poly-Si layers contain already 
much more disorder than mono-Si, a dose of 5 �9 1013 atom/cm~ of 
As (mass 75 ainu) is enough to amorphize the region beiag Sin- 
planted. 
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Table I. Initial microstructure, sintering time inducing interdiffusion, for each As dose, for samples, where AI and poly-Si 
thickness are 0.3/~ for each set of samples. 

P a r a m e t e r s  I II HI IV V 

Initial grain s ize  Intr ins ic  poly-Si  (Intrinsic poly-Si) (As-doped poly-Si) (As-doped poly-Si) 
0.04~ 0.04~ + 

1 -- O.04~t amorphous Totally 0.I0/~ 0.I0# 
2 --  St on top of  the  a m o r p h o u s  0.15/L 0.15/~ 
5 --  l a y e r  Si 0.10/~ 0.10/~ 

As locat ion  (no  As)  W i t h i n  the  amor-  W i t h i n  the  first W i t h i n  the  gra ins  W i t h i n  the  gra ins  
phous  0.04~ top 0.04/~ of  the  and  GB's GB's and  at  the  
l a y e r  l a y e r  i n t e r f a c e  

1 -- Fig. 2a, II Fig.  2a, HI Fig. 5, IV Fig. 5, V 
As prof i les  2 ~ Fig. 2a, II Fig. 2a, III as in Fig. 5, IV as in Fig. 5, V 

3 ~ as  in Fig. 2a, II as in Fig. 2a, III as in Fig. 5, IV as in Fig. 5, V 

Sintering times in E x t e n s i v e  interdi f -  Dose  independent ,  Dose  independent ,  Dose  d e p e n d e n t  in- Dose  d e p e n d e n t  
FG and  N~ for  fus ion  fas t  in terdi f fus ion  fas t  in terdi f fus ion  terdi f fus ion  s tabi l i ty  
in terd i f fus ion  

t < lOh as in 
Fig.  4, top 

t < S s  t < S s  3 0 s < < t < 6 5 h  t > 6 5 h  
1 - -  Fig.  2a, II Fig. 2a, IH Fig. 7, IV Fig.  7, V 

t < S s  t < 5s 3 0 s < < t  <65h t > 65h 
2 - -  Fig.  2a, II Fig.  2a, III as in Fig. 7, IV as in Fig.  7, V 

t < S s  t < S s  t = 30s t = 30s 
3 -- as in  Fig. 2a, II as in Fig. 2a, HI as in Fig. 6 as  in Fig. 6 

F ina l  micros truc .  Large  Si  crystal -  Si crys ta l l i t es  on Si  crys ta l l i t es  on Si crys ta l l i t e s  on  Stable  
ture :  gra in  s ize  l i tes  on the  the  s u r f a c e  the  sur face  the  sur face  

surface 
10~t, Fig. 3b 

I0~ 1~ 10~ E x c e p t  3 
1 - -  Fig.  3b Fig. 3c Fig.  3b 
2 lO~ 1~ lO# 

- -  as  i n F t g .  3b as i n F i g .  3c as  i n F i g .  3b 
3 -- I0~ I~ i0~ I0~ 

as i n F i g .  3b as in Fig.  3c as i n F i g .  3b as in Fig. $b 

segregates at the new Si surface, this fraction being 
independent  of the original  dose, as is clearly seen for 
the profile ~2 (As dose = 5 �9 1014 atom/cm2),  at 50• in 
Fig. 2a. No measurable  concentrat ion of arsenic ap-  
pears near  the oxide, s Thus, comparable compositional 
changes occur at the same rate in both sets of samples, 
al though 90 a/o of the Si - layer  of samples of set II 
(shallow implanted poly-Si)  is polycrystalline. In  ad-  
dition, the presence of an amorphized top region en-  
hances by at least two orders of magni tude  the rate of 
interdissolut ion between A1 and poly-Si, as compared 
to undamaged  poly-Si  layers. The sinter ing t ime 
needed to get the same level of interdiffusion with 
intr insic  poly-Si  (set I) appears to be 10h at 465~ 
These results for intr insic  poly-Si  (set I) are con- 
sistent  with Nakamura ' s  work (3). 

The difference in microstructure  between set I ( in-  
tr insic poly-Si) ,  set II ( implanted poly-Si) ,  and set 
III  (amorphous Si) determines the morphology of the 
inver ted layers (l~ig. 3). Intr insic  poly-Si  (set I) and 
implanted poly-Si  (set I I ) ,  in  spite of different s in ter -  
ing durations, evolve to the same microstructure (Fig. 
3c) when  reaching "inversion." The new Si layer, 
formed on the top of the structure,  consists of large, 
flat crystallites, several microns wide, for poly-Si  
layers 0.3~ thick and A1 layers 0.3~, 0.5~, and 1.1~ 
thick. Segregated A1 is found be tween the crystallites, 
in  quanti t ies  corresponding to the concentrat ion mea-  
sured by AES when averaged on 1 mm 2 spot (between 
25 and 30 a /o) .  Spatial ly resolved AES (Fig. 3a) shows 
that  the A1 concentrat ion wi thin  the Si crystallites falls 
below the detectabil i ty l imit  (0.1%), and that  the Si 
concentrat ion wi thin  the A1 region does also. 

Micrographs also reveal certain aspects of the in te r -  
diffusion mechanisms. Some of the largest grains (0.1~) 
of the original  poly-Si  layer  are left undissolved under  
the new crystallites. TEM and SEM photographs show 
that the Si layers have evolved a step fur ther  than in 
Nakamura ' s  work (3). The original  state of the layers 
is depicted in Fig. 4a. Figure 4b shows Nakamura ' s  re-  
sults (3). In  the present  case, the original Si layers 

s T h e  or ig ina l  m e a s u r a b l e  dose  of  ar sen i c  is f o u n d  by  adding  
the  i n t e r f a c e  and  s ur face  s igna l s  in  the  RBS spectra .  

have been near ly  consumed. The reaction scheme can 
thus be completed (Fig. 4c). New crystalli tes reach 
the surface and can grow up to 60~ wide. The thickness 
of both films affects the final microstructure  of the re-  
acted films, as Nakamura  has previously shown for 
intr insic  poly-Si  (3), and as depicted in Fig. 4b. Figure 
4c of the present  work shows that  the relative thick- 
hess of the layers fixes the final microstructure  of t h e  
inver ted layers, but  does not affect the interdissolut ion 
at the interface. Since this fact was observed for each 
set  of samples, only results for A1 and Si layers 0.3~ 
thick are presented. When the A1 layer  dissolves in  the 
Si, a coalescence effect appears, due to the surface 
tension within the A1 film, so that flattened A1 globules 
are formed on the new Si surface (Fig. 3b, 3c). 

The persistent  coloration of the s intered A1 layers is 
due to the effective dielectric constant  of the inver ted 
layers. A characteristic resonance appears at a given 
wavelength,  depending on the dis t r ibut ion and t h e  
geometrical factors of the A1 globules (16), so that  
different colors were observed for samples having 
different microstructures.  

If Si crystallites formed from an amorphous l a y e r  
(set III) are compared with those formed from poly-Si  
(sets I and II) ,  they appear to be smaller  (1~) f o r  
the same level of inversion (Fig. 3c). As compared to 
samples of set II, they are smal ler  by one order o f  
magni tude  for the same s in ter ing time. They are 
regular, hexagonal, and interconnected in chain, which 
is not the case for the large islands of Si formed in  
samples of sets I and II. Hence, the state of the Si top 
region is responsible for a sudden interdiffusion, but  
the morphology of the whole layer  fixes the micro- 
s t ructure  of the new Si crystallites. 

E~ect o~ dopant location in the microstructure.--As 
can be inferred from Fig. 2a and Table I, (columns II  
and HI),  dopants introduced in the Si layer  do not  
affect interdissolut ion if they do not interact  wi th  
the microstructure.  The samples of sets II and III  are 
not  found to be dose dependent.  Arsenic in  concentra-  
tions as high as 1021 a tom/cm 3 near  the surface h a s  n o  
effect upon the interdissolut ion kinetics in an amor-  
phous env i ronment  at the s in ter ing tempera ture  used 
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Fig. 2. A, top: RBS spectra of 
samples of set II and III, before 
and after 5 rain of sintering at 
465~ in forming gas, for a dose 
of 5 �9 101B atom/cm 2 (@z) and of 
5 �9 10 ~4 atom/cm 2 (@~). (Struc- 
ture of sample depicted in upper 
corner, tA1 = tpo]y.Si "-- 0.3#). 
After annealing, Si and arsenic 
are detected on the surface, 
while the AI/poly-Si interface is 
inverted. B, bottom: Typical 
AES spectra of the sintered 
samples of (a), shown here for 
the case @z = 5" 10 zB atom/ 
cm ~, set II. 
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here  (465~ In  the samples  of sets IV and V, where  
the po lycrys ta l l ine  s t ruc ture  of Si is res tored  by  the r -  
mal  anneal ing  af te r  ion implanta t ion,  the dopant  d i f -  
fused wi th in  the  whole  layer .  The As profile is flat 
except  at  the po ly -S i /A1  and at  the poly-Si /S iO~ 
interfaces,  where  accumula t ion  of the dopant  due to 
segregat ion  occurred dur ing annealing.  As can be seen 
f rom Fig. 5, curve V, for  an As dose of 5 �9 101~ a t o m /  
cm 2 implan ted  in a 0.3~-thick po ly -S i  layer ,  As concen- 
t ra t ion  at  both interfaces  is 1.4 10 ~~ a tom/cm 3, while  
the mean  concentra t ion wi th in  the film is 6.8 1019 a t o m /  
cm 3. Graz ing  angle RBS measurements  wi th  a depth  
resolut ion of 40A showed tha t  As p i l e -up  is confined 
wi th in  a 150A region. Af te r  e tching (curve IV, Fig. 5), 
the segregat ion  peak  at  the po ly -S i  surface disappears ,  
and the As concentra t ion appears  to be less in this r e -  
gion than  wi th in  the film, showing c lear ly  that  the 
po ly -S i  surface has been deple ted  in As. Thus, in sam-  
ples of set  IV, where  the surface peak  is removed  (Fig. 
5b, IV) ,  only  the  As diffused wi th in  the  grains  and the 
As segregated  at  the GB's p l ay  a role. 
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During sintering tests, the Al/poly-Si interface evo- 

lution is strongly dose dependent. After 30 rain of 
sinter ing,  only  the samples  implan ted  wi th  the  lowest  
close (5 �9 10 la a tom/cmS) lose the i r  interface definit ion 
(t~ig. 6). Hence, the anneal ing  t r ea tmen t  a f te r  ion im-  
p lan ta t ion  has increased the interdiffusion t ime by  one 
order  of magni tude ,  as compared  to samples  of sets I I  
and III. The close dependence  is not  re la ted  to a large  
increase of the gra in  size fol lowing the enhancement  
of po ly -S i  gra in  growth  ra te  by  As doping. Indeed,  at  
concentrat ions  above 1019 a tom/c m 3, the  presence of 
As decreases this  ra te  (14), and i t  is prec ise ly  above  
this level  that  As segregat ion  at the GB's inhibi ts  
in terd issolu t ion  in this expe r imen t  (Fig. 6). Moreover ,  
SEM micrographs  show tha t  gra in  size increase  was 
about  the same for both  the  lowest  and the h ighest  
close used (0.1~). 

In  the samples  of set V, the As has segregated  at  the  
po ly -S i  surface before  A1 deposition�9 Due to the pres-  
ence of As, samples  could wi ths tand  65h of s in te r -  
ing wi thout  significant in terdiffusion at  the A1/po ly -S i  
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Fig. 3. A, above: Scanning AES spectra of the sample of Fig. 2b, 
tA1 ~- tsi - -  0.3#, q~l ~ 5 �9 1015 atom/cm 2, t ---- 5 min, T - -  
465~ in forming gas (set II). This distribution is typical for in- 
verted layers. B, right: Typical SEM micrograph of the surface of in- 
verted poly-Si; on the left for the same sample in Fig. 3a; on the 
right for an undoped sample of set I, with 0.3/~ ---- 0.3/~ for t ~ 10h, 
T ---- 465~ in forming gas, after AI was etched to put in evidence 
the grain structure. Comparison of both pictures shows that the 
grain size is the same. The right one shows some undissolved poly-Si 
under the new crystallites. C, right: Typical optical micrograph of 
the surface of inverted layers, obtained from amorphous Si (set III), 
here for the case 5 �9 101~ atom/cm ~, tA1 ~ tpoly-Si = 0.3/~, t = 5 
min, T ---- 465~ in forming gas, before (left) AI was etched. Right: 
SEM micrograph of the same layer after AI etch. D, right: TEM 
micrographs of the Si crystallites as in B, after AI etch. The elec- 
tron diffraction pattern shows that they consist of single-crystal Si. 
E, right: TEM micrographs of the Si crystallites as in C after AI 
etch. The electron diffraction pattern shows that they consist of 
small-sized Si crystals. 

in ter face  (Fig. 7, V) while  the samples  of set IV 
(etched po ly -S i )  exper ienced  interdiffusion for the  
same anneal ing  time. The invers ion effect decreased as 
dose increased in this last  set  of samples,  in contras t  
wi th  the unannea led  samples  of sets II  and III, which 
d id  not  show dose dependence  (Fig. 2). However ,  the  
inver t ed  layers  of samples  of set 1V had the same mi -  
c ros t ruc ture  as the o ther  po ly -S i  samples  of sets I and 
II  (Fig. 3b).  For  the highest  dose, the As profile moved 
from a flat l ine (Fig. 5, IV) to an exponent ia l  decay 
(Fig. 7, IV) ,  wi th  an ident ica l  accumulat ion  on the 

surface,  as in the case of samples  of sets I I  and  I I I  
(Fig. 2). 

Discussion 
According to the presen t  results ,  the interdiffusion 

be tween  thin films of A1 and po ly -S i  appears  to reach 
the rmodynamic  equi l ib r ium under  anneal ing  by  a com- 
p lex  mechanism,  the kinet ics  oi  which can be con- 
t rol led.  Dur ing  the es tab l i shment  of the rmodynamic  
equi l ibr ium,  the ex ten t  to which A1 and po ly -S i  dis-  
solve into each o ther  cannot  be p red ic ted  f rom the A1- 
Si phase d i ag ram for bu lk  ma te r i a l  (19). Moreover ,  
this dissolution is accompanied by  two complex phe-  
nomena:  the segregat ion of a s ignif icant  amount  of Si 
to the free surface of the l aye red  s t ruc tu re  and the 
enhancement  of Si c rys ta l  r eg rowth  at  tow t e m p e r a -  
tures. 

Kinetics o] the interdigusion between Al and poly-Si 
layers.--The extens ive  in terd issolu t ion  be tween  A1 and 

po ly -S i  is consistent  wi th  some of the i r  p roper t ies  a f -  
fect ing the kinet ics  of the A1-Si system. A1 and Si 
have about  the  same atomic radius,  1.43 and 1.32A, 
respect ively.  

The A[ is a p -dopan t  for Si. The radius  of a pos i t ive ly  
ionized Si a tom decreases down to 0.41A and diffuses 
more easi ly  in A1. This effect wi l l  especia l ly  be im-  
po r t an t  in poly-Si ,  because GB's offer addi t ional  A1-Si 
contact  sites. Since A1 penet ra tes  ex tens ive ly  wi th in  
the d isordered  s t ruc ture  of the  po ly -S i  GB's (9, 11), 
more  Si atoms wil l  tend to be ionized in po ly -S i  than  
in mono-Si .  

In  the  case of amorphous  Si (sets II, I I I )  the  d i f -  
fusion of A1 is enhanced b y  the h igher  dens i ty  of de -  
fects. On average,  many  more  Si a toms wil l  be in 
contact  wi th  A1 atoms, so that  the in terd issolu t ion  ra te  
wi l l  be increased.  

An As - r i ch  po ly -S i /A1  contact  and As - r i ch  GB's 
wi l l  induce an increase of the size of the  Si atoms, 
radius  (2.71A), imply ing  a s lowing down of the  d i f -  
fusion, as observed for  sets IV and V (Fig. 6 and 7, 
curve V).  

The modification of the electronic env i ronment  of 
semiconductor  a toms by  a metal l ic  contact  has also 
been proposed  by  Hi rak i  to expla in  the migra t ion  of 
Si a toms from a mono-S i  subs t ra te  th rough  a me ta l  
l aye r  towards  the free surface,  in u l t r ah igh  vacuum, 
under  low t empera tu re  anneal ing.  He proposed  tha t  
Si a toms tu rn  to a meta l l ic  state, where  they  form 
bonds with  the m e t a l  a toms at  the  in ter face  (20). In  
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Fig. 4. Scheme of the interdissolution phenomenon between AI 
and poly-Si, with corresponding RBS spectra, in the case of a 
thicker (left) and a thinner (right) AI layer. Diagram (b) is from 
Ref. (3) and shows mixing between AI and poly-Si. Diagram (c) is 
more detailed because more analyses were made in the present 
work. 

the  present  work,  we propose fu r the r  tha t  this effect 
induces a decrease  of the size of the Si atoms, and  
thus  faci l i ta tes  the Si diffusion wi th in  the A1 film. 

4 "  

x 

o 075- 

Fig. 5. RBS spectra of samples 
of sets IV and V before sintering LLJ 
for a close of 5 �9 1015 atom/era 2. 
tA; - -  tpoly-St = 0.3/z. The 
arsenic profile of Y reveals seg- 050 regatioa to both interfaces of ~-',~ 
the poly-Si layer. In the case of 
IV, the segregation peak at the I--" 
AI/poly-Si interface has been I--- 
etched and the poly-$i surface 
is depleted in As. Otherwise, ~ 0 . 2 5 -  
both spectra are identical. ~,~ 

Moreover,  the presence in po ly -S i  and in amorphous  
Si layers  of more  Si a toms in a metal l ic  s ta te  expla ins  
the extensive in terd issolu t ion  observed in  those dis-  
o rdered  micros t ructures .  

We extend Hiraki ' s  resul ts  obta ined  in  UHV to rea l  
processing conditions for non-monocrys taUine  Si. In -  
deed, Hiraki ' s  meta l -depos i t ion ,  anneal ing,  and AES 
measurements  in UHV lead  to a final surface  compo-  
si t ion wi th  Si present  in the first monolayer .  In  the  
presen t  work, AES measurements  depic t  the surface 
as contamina ted  by  a first monolayer  of carbon, under  
which an oxygen l aye r  was found chemica l ly  bonded  
to a th i rd  monolayer  of A1, thus forming AI~Oz. Si  
was detected under  this na t ive  oxide, which p robab ly  
inhibi ts  the  last  s tep of segrega t ion#  

On the o ther  hand, we have shown that  by  sa tu ra t ing  
wi th  As the in ter face  and GB's of poly-Si ,  the in t e r -  
dissolution mechanisms could be inhib i ted  in agree -  
ment  wi th  the proposed  model.  

Thermodynamics o~ the Al/poly-Si system.--The 
diffusion mechanism induced by  the modificat ion of 
the  e lectronic  env i ronment  of Si a toms is t h e r m o d y -  
namica l ly  favored  by  the fol lowing proper t ies  of A1 
and Si. 

1. The bonding energy  of an A1-Si a tomic  pa i r  is 
lower  than  tha t  of an A1-A1 or  of a S i -S i  pair ,  imply ing  
tha t  the format ion  of A1-Si pai rs  is ac tua l ly  p romoted  
at  the A1/Si contact  sites. 

2. The segregat ion  of the l ibe ra ted  Si a toms at  the  
surface is then induced by  the lower  free surface 
energy  of Si (0.6 J / m  2) (21), as compared  to tha t  of 
A1 (1.2 J / m  2) (22). 

3. T h e  enhancement  of Si c rys ta l  r eg rowth  o n  an 
amorphous  subs t ra te  (SIO2) depends  on the or ig inal  
crys ta l l ine  s ta te  of the layer .  In  the case of amorphous  
Si  (set  l ID ,  crys ta l l i tes  appea r  on the sample  surface,  
but  are  smal le r  than  in the case of po ly -S i  (sets I, II, 
IV).  Since the l a rge r  crys ta l l i tes  of  the or ig inal  l aye r  
are  the last  to d isappear ,  i t  can be assumed tha t  Si first 
dissolves in A1, then  segregates  to the surface and crys-  
tallizes. The dependence  on the or iginal  s tate of the  
l aye r  may  be expla ind  by  a t ransfe r  of the dissolution 
energy  into crys ta l l iza t ion energy,  s ince for  equa l ly  

This may explain the results obtained by Faith who stabilized 
AI/Si contacts by an alternate deposition of A1 and Al=Oa (2.~). 
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~ast diffusing layers  (set 11 and I iI ,  Table  I ) ,  there  is 
a difference of one order  of magni tude  be tween  the 
size of the resul t ing  crystal l i tes .  

Inhibiting As concentration.--The threshold  concen- 
t ra t ion  of 1019 a t o m / c m  3 found here  to inhib i t  in te rd i s -  
solut ion appears  in o ther  d i f fus ion- in -po ly-S i  effects 
(18). 

In  o rde r  to exp la in  the  dependence  of the  po ly -S i  
gra in  g rowth  on the dose and na ture  of dopants,  Mei 
assumed a diffusion control led  process (18). In  the 
case of As, he quan t i t a t ive ly  accounted for  the fact  
that  the po ly -S i  gra in  growth,  enhanced at  low doses, 
decreases for  concentra t ions  above 1019 a t om/c m 3. 
Therefore,  he used a diffusion model  inc luding segre -  
gation. The A1 diffusion in po ly -S i  s tudied here  is in-  
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Fig. 6. RBS spectra of samples 
of set IV; tpoly-si = 0.3~, t ~  - -  
0.5~, after 30 rain of sintering 
in forming gas showing the dose 
dependence of the interface 
stability. The sample which is 
arsenic implanted with a dose of 
5 - 1 0  TM otom/cm 2 has lost its 
interface definition and intermix- 
ing of the layers has occirred, 
while the samples implanted with 
a higher dose show a good 
stability. 
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hib i ted  b y  the same dopant  at  the  same th resho ld  con,  
centrat ion,  but  only  if segregat ion  has occurred in the  
poly-Si .  

Thus, we m a y  conclude tha t  the  s ter ic  configurat ion 
of nega t ive ly  ionized Si a toms at  the GB's and in t e r -  
faces in As-doped  po ly -S i  slows down bo th  the  Si  
diffusion and the A1 diffusion in the  layer .  

An  addi t iona l  reason for A1-Si bonds  not  to be 
formed m a y  be the sa tura t ion  b y  As of the  dangl ing  
bonds ( D B ) a t  the in ter face  and GB's, under  t he rma l  
anneal ing  (set IV and V).  A concentra t ion of 1019 
a tom/c m 3 should then be enough to pass ivate  the  m a -  
jo r i ty  o~ DB at the  po ly -S i  surface, an es t imate  which  
is difficult to ascer ta in  by  measu remen t  of the po ly -S i  
surface s t ruc ture  and its concentra t ion of DB. 
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Fig. 7. RBS spectra of the 
samples of sets IV and V, tA; "-- 
tpoZy-St - -  0.3~ for o dose of 
5 �9 1015 atom/cm 2 after 65h of 
sintering, showing the correlation 
between the poly-Si-AI interface 
stability and the arsenic depth 
profiles within the poly-Si layers. 
Sample V has kept a good inter- 
face definition because of the 
presence of the As segregation 
peak, while sample IV is in- 
verted. 
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Conclusions 
The sintering behavior of the poly-Si/A1 interface 

has been investigated. Our aim was to stabilize this 
interface. Since solute atoms within GB's of poly- 
crystalline films can decrease the diffusivity within the 
layer, advantage has been taken from the fact that 
poly-Si must be heavily doped to obtain a high con- 
ductivity, as it is the case in a standard IC fabrica- 
tion. A systematic procedure was conceived to observe 
the mechanisms at work. Several solid-state surface 
analysis techniques were combined to obtain a detailed 
picture of the sintered layers. Results may be summar- 
ized as follow. 

1. Dopant segregation is effective in reducing the A1 
diffusivity within the poly-Si film (set IV, V). 

2. The microstructure at the top of the poly-Si layer 
appears to have more influence upon the interface be- 
havior than the morphology of the whole layer (set 
TT). 

3. The top region of the poly-Si layer alsoplays a 
basic role when a dopant is present. Segregation of the 
dopant to this surface has a greater inhibition effect 
upon the A1/poly-Si interdissolution than the segre- 
gation to GB's. 

4. Both the microstructure of the poly-Si surface 
and the dopant segregation within the first monolayers 
appear to control the diffusion to such an extent that 
they can inhibit diffusion through layers as thick as 
1~, (set V). Generally, this fact shows that interface 
and surface properties can totally determine the be- 
havior of thin films. 

5. Understanding the mechanisms at work allows 
controlling the kinetics of thin film interaction by in- 
hibiting the initiating phenomenon at a monolayer 
scale. 

6. The effects observed in this work could be ex- 
plained by several physical considerations, which were 
shown to complete existing models. 

Further electrical measurements are presently being 
made upon stabilized contacts and will be published 
shortly. The entire experiment will be repeated with 
other segregating dopants. 
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Dry Developable Multilayer Resist Using Direct Pattern Formation by 
Electron Beam-Induced Vapor-Phase Polymerization 
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ABSTRACT 

A new technique for high resolution lithography with a dry-developed multilayer resist system is demonstrated. The 
technique involves a direct pattern fabrication by electron beam-induced vapor-phase graft-polymerization. No wet process 
was included in the pattern fabrication. The use of a double-layer base film consisting of a thin silicone resin as a top layer 
and a thick AZ-1350J film as a bottom layer enabled the transfer of graft-polymerized polystyrene patterns on the silicone 
resin to thick resist with submicron-sized feature. 

As the m i n i m u m  feature of semiconductor devices 
becomes smaller, the fabrication process becomes more 
difficult when achieving high resolution lithography. 
Recently, two kinds of approaches were extensively 
studied to solve the difficulties. One is the dry develop- 
ment  of resists, which can el iminate various problems 
involved in wet development,  such as a resolution loss 
by resist swell ing (par t icular ly  in negat ive- type re- 
sists), the t rea tment  of large volumes of organic or 
inorganic solvents, and poor adaptabi l i ty  to automatic 
l ine fabricat ion processes (1, 2). However, it is not 
easy to obta in  sufficiently large differences in dry 
etching rates for dry  developable resist systems. This 
often causes the serious reduction in pat terned resist 
thickness. 

Another  is the mul t i layer  resist system, which 
realizes submicron resist pat terns with a high aspect 
ratio. This method is ext remely  effective and becomes 
inevi table  for high resolution l i thography on uneven  
substrates (3-6). However, almost all mul t i layer  re-  
sist systems reported so far employ the wet develop- 
ment  to define the exposed pat terns in top thin resist 
(7). In  this paper we report a novel  technique for a 
dry-developed mul t i layer  resist. 

Our principle for dry  development  is direct pa t te rn  
formation by e lec t ron-beam-induced polymerization. 
In polymer chemistry, this process is called graft  
polymerization. When polymer films are subjected to 
an organic monomer  gas after or dur ing high energy 
beam exposure, polymeric materials are deposited on 
exposed areas of film (8-10). If a significant differ- 
ence in  dry  etching characteristics between deposited 
graf t -polymer  and the base polymer film obtains, 
dry  development  is possible by etching the base film 
using the pat terned graf t -polymer  as a mask. We have 
found that  a class of silicone resins can init iate elec- 
t ron-beam- induced  graftpolymerizat ion with a rea-  
sonable sensit ivi ty and can be applied to this mul t i -  
layer  resist system. 

Figure 1 shows our process for dry-developed 
mul t i layer  resist. A thick organic polymer layer, 1.0 
~m of AZ-1350J photoresist (Shipley),  was coated on a 
silicon wafer  and baked at 230~ for lh. The baking  
makes the film insoluble in organic solvents. The room 
tempera ture  vulcanizing silicone varnish (Toray Sil i-  
cone) was spun at 2000 rpm on the AZ layer. The 
varnish  is ins tan t ly  cured by moisture in the air dur -  
ing the sp inning and makes about 0.5 #m thick film. 

The wafer was then exposed with an  electron beam 
exposure machine ESM-301 (Elionix) operat ing at 
20 kV, which was modified to allow the exposed wafer 
to be subjected to vapor-phase graft polymerization. 
The exposed wafer was t ransferred from the exposure 
chamber to the graft ing chamber through a gate valve 
without  contacting the air. The graft ing chamber was 
in  vacuum so that the graft  monomer  could be easily 
vaporized and introduced to the graft ing chamber  

when the valve connecting the chamber  and monomer  
vessel was opened. The temperature  of the wafer was 
controlled at a sl ightly higher tempera ture  than that 
of the monomer  in the vessel, in  order to prevent  the 
monomer  gas from condensing on the wafer. Graf t ing 
t ime was 60 min, and monomer  pressure was 3 tort. 
Styrene was selected as a graft monomer  because it 
is known to have a relat ively high dry-etch resistance. 
The monomer  was purified by  fractional dist i l lat ion 
and degassed to remove dissolved oxygen. After  graft-  
ing, the wafer was removed from the graf t ing cham- 
ber. 

The graft-polymerized pat terns were t ransferred to 
the silicone layer  by  means of reactive ion etching 
using CF4/H2 gas with a para l le l -p la te  etching ma-  
chine DEM-451 (ANELVA). The etch rate of the sili- 
cone layer  was 100 n m / m i n ,  whereas that of the graft 
polymerized polystyrene was less than 70 nm/min .  
Using the obtained silicone pat terns as a mask, the 
AZ-1350J layer was reactive ion etched with oxygen 

~--AZ resist 
(a) I '''~7 ~--Substrate 

(b) I ..... '~Silicone resin 

l$~--~~Electron beam 
f l .... �9 I 

/ Vaporized monomer 
7:'.{'~Graft-polymerized 

(d) ~ I pattern 

0 2 RIE 

E 1 
Fig. I. Processing sequence schematic for direct pattern forma- 

tion by electron-beam-induced vapor-phase polymerization. (a) 
Bottom layer coating. (b) Top layer coating. (e) Electron beam 
exposure. (d) Vapor phase polymerization. (e) Transfer of graft- 
polymerized pattern to silicone. (f) Transfer of silicone pattern to 
AZ. 
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Fig. 2. Sensitivity curves of silicene resin grafted with styrene for 
60 min. (a) Silicone varnish (polydimethylsiloxane). (b) Silicene 
varnish containing 7% vinyl groups. 

gas. The oxygen ion etching ra te  of AZ-1350J at 200 
mto r r  is 110 nm/min .  As the silicone layer  does not  
show any thickness reduct ion by  02 gas etching,  th ick 
resist  pa t t e rns  can be fabr ica ted  wi thout  any  wet  p ro-  
cess in our  system. 

A typical  sens i t iv i ty  curve is given for an e lec t ron-  
beam- in i t i a t ed  graf t  po lymer iza t ion  in Fig. 2a, where  
s tyrene  monomer  was graf ted  on 0.5 ~m sil icone resin 
for 60 min. The Y-axis  of Fig. 2 indicates  the observed 
thickness increase in the exposed areas.  

F igure  3 shows an SEM picture  of th ick resist  pa t -  
terns fabr ica ted  by  our method,  where  0.5 #m wide 
lines were  obta ined  with  1.0 ~m spaces. The resul t ing  
resis t  pa t t e rns  have ver t ica l  wal ls  wi th  a l inewid th  
loss less than 0.1 ~m in a sidewall .  The surface  res idue 
resul t ing  f rom unetched silicone resin in the unex -  
posed region would  be removed  if the  sil icone resin 
was s l ight ly  overetched.  

The electron beam sens i t iv i ty  can be s ignif icant ly 
improved  by  in t roducing  v inyl  groups into sil icone 
resin, as shown in Fig. 2b. In  the lower  dose region, 
the sens i t iv i ty  curve has a r a the r  long tail,  bu t  shows 
a subs tant ia l  thickness rise beyond 10 ~C/cm 2. This 
long tai l  does not  affect the resolut ion of this system, 
because a sl ight  overetching of  the siIicone layer  can 
easi ly  remove the th in ly  graf ted  po lys ty rene  in the 
ta i l ing  region. This means  that  the steep rise in the 
sensi t iv i ty  curve beyond 10 ~C/cm 2 defines the  high 
resolut ion of the system. 

The use of mu l t i l aye r  system is essential  wi th  re -  
spect to the resolution.  As the film deposi t ion by  graf t  
po lymer iza t ion  has no anisotropic  characteris t ics ,  the 
gra f ted  po lymer  should be as thin as passable to min i -  
mize a pa t t e rn  broadening.  This means  that  the base 
film thickness to be d i rec t ly  e tched with  the mask  of 
g ra f t -po lymer i zed  film is severe ly  l imi ted  by  the reso-  
lut ion to be achieved.  The combinat ion of thin sil icone 
resin as a d i rec t ly  e tched l aye r  us ing  g r a f t - p o l y m e r -  
ized film and th ick organic po lymer  as the bot tom 
laye r  can resolve the conflict be tween  resolut ion and 
the overa l l  resis t  thickness  wi th  this new technique.  

Fig. 3. SEM of reactive-ion-etched AZ pattern showlng a 1.0 Fm 
wide line in 1.0 Fm thickness using direct pattern formation by 
electron-beam-induced vapor-phase polymerization. Upper resist: 
polydimethylsiloxane. Dose: 80 #C/cm 2. Grafting time: 60 rain. 

In  summary ,  a new technique for high resolut ion 
i i thography  wi th  a d ry -deve loped  mu l t i l aye r  resis t  
system was demonst ra ted .  The technique involves a 
direct  pa t t e rn  format ion  by  e l ec t ron -beam- induced  
vapor -phase  polymerizat ion.  The use of a doub le - l aye r  
base film consist ing of a thin silicone resin as a top 
layer  and thick AZ-1350J film as a bot tom laye r  en-  
ables the t ransfe r  of g ra f t -po lymer i zed  po lys ty rene  
pa t te rns  to thick resis t  pa t te rns  wi th  submicron-s ized  
feature.  No wet  process is inc luded in the  pa t t e rn  
fabricat ion.  Fur the rmore ,  our processes suggest  the  
poss ibi l i ty  of the use of ve ry  low energy  e lect ron beam 
or  ion beam, which can diminish  the device damage  
caused by  the high energy beam exposure,  because 
only  the surface l aye r  of base film could be involved 
wi th  film deposi t ion by  graf t  polymerizat ion.  
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ABSTRACT 

The reduction of carrier generation lifetime caused bY argon implantation into silicon has been studied as a function of 
argon dose and annealing treatments. The capacitance transient technique was used to deduce that: (i) carrier generation 
lifetime in the depletion region decreases by four orders of magnitude with doses up to 1014 cm-2, and varies inversely with 
dose; (ii) the separable contribution to capacitance relaxation due to surface generation and diffusion varies as the square of 
the dose. The region of low lifetime appears to remain localized within 1 tLm from the surface even after annealing for lh  at 
1200~ Partial recovery of generation lifetime occurs after annealing for lh at 1100 ~ or 1200~ Complete recovery was ob- 
served only after several hours at 1200~ and slow cooling (2~ rain-l). The resistance to high temperature treatment implies 
that regions of low lifetime can be incorporated with three-dimensional control into device structures. 

Carrier  recombinat ion and generat ion in silicon oc- 
curs by  various processes. Because silicon is an indirect  
gap semiconductor,  band - to -band  recombinat ion and 
generat ion are very improbable,  and at low carr ier-  
inject ion levels the dominant  mechanism is phonon-  
assisted events via deep level defects. These defects 
can be crystal l ine imperfections such as those induced 
by radiat ion damage, impuri t ies  such as gold atoms, 
and /o r  a combinat ion of both, such as the oxygen- 
vacancy complex. At large carrier concentrations, other 
processes may  dominate  recombination,  and these may 
be impor tant  in devices handl ing  large currents.  For  
example, in a p - i - n  structure,  such as in a p - i - n  diode 
or thyristor,  recombinat ion involving three carriers 
(Auger events) becomes significant at carrier densities 
in excess of 1O 1~ cm -z  (1). We will not be concerned 
here with this recombinat ion mechanism. In such 
devices, a decrease in the recombinat ion lifetime re-  
sults in an increase in forward voltage drop and a de- 
crease in  the reverse recovery time. Since low values 
of these .device parameters  are usual ly  desirable, a 
compromise must  be achieved. In addition, the leakage 
current  is also a funct ion of lifetime. Thus, ad jus tment  
of device parameter  values requires tai loring the car- 
r ier  lifetime. 

The values of recombinat ion and generat ion life- 
times are de termined by the tempera ture  and prop- 
erties of the deep levels (their energy, concentration, 
and electron and hole capture cross sections). In  addi- 
tion, recombinat ion l ifetime depends on the doping and 
inject ion levels. The relat ive values of the high level 
inject ion recombinat ion lifetime, the low level injec-  
t ion recombinat ion lifetime, and the generat ion life- 
t ime will be different for different deep levels, and 
will  thus lead to a var ie ty  of possible device parameter  
adjustments .  This reason alone serves as justification 
for the search of new methods of l ifetime confrol. In 
addit ion to the differences in deep level properties, 
the techniques cur rent ly  in use (electron irradiation,  
gold and p la t inum diffusion) have distinct advantages 
and disadvantages which we shall  not  discuss. One 
property which they share in practice is that  with 
them l ifet ime reduct ion is achieved throughout  the 
silicon, with very l imited spatial localization allowed. 
Localized lifetime control would offer the device de- 
s igner an addi t ional  degree of freedom, and becomes 
imperat ive in high voltage integrated circuitry. 

We have been invest igat ing ion implanta t ion  as a 
l i fe t ime-control  technique. In a general  case, deep 
levels are provided both by  the damage produced by 
the implanta t ion  process, and by the implanted species 
itself. A dist inct  advantage of this method is that  local- 
ized l ifet ime control on a very small  scale is made 
possible. The shal low range of implanted ions provides 
the simple solution to spatial p lanar  control by the 
usual  masking procedures. I t  is, of course, necessary 
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that  l ifetime reduction persist after the ensuing high 
temperature  t reatments  used in device processing. If 
three-dimensional  spatial localization is desired, l ife- 
t ime reduction must  survive the high temperature  epi- 
taxial growth process. 

We report  here on the use of argon implanta t ion for 
l ifetime reduction. A deep level has been reported at  
0.5 eV below the conduction band for samples of sili- 
con implanted with argon (2). It seems that  this may 
be a true impur i ty  level ra ther  than one associated 
with implanta t ion  damage, since no s imilar  deep level 
was found for neon or xenon. In  addition, in a study 
of the relative effectiveness of argon and silicon im-  
planta t ion into silicon (3), it was found that  whereas 
silicon implanta t ion  had no effect on the l ifetime at 
doses ~ 1014 cm -2, argon implanta t ion produced life- 
time reduction at doses ~ 1011 cm -2. This result  for 
argon is consistent with the work to be presented here. 

Procedure 
n-Type  CZ silicon wafers of (111) orientat ion and 

doping density 2 • 1015 cm -3 were used. The backs of 
the wafers were implanted  with 1015 cm -2 phosphorus 
of 100 keV to ensure a low resistance contact to a lumi-  
num.  The front  surfaces were implanted with 200 keV 
argon. A port ion of the top surface of each wafer re-  
mained un implan ted  for control measurements .  60 n m  
of dry oxide were grown at 1000~ for 50 rain with 
subsequent  anneals  in nitrogen. A mul t id iameter  set 
of a luminum dots was then evaporated to form MOS 
capacitors and sintered at 450~ in ni t rogen for 30 rain. 
The range of 200 keV argon ions in silicon is 203 __. 82 
n m  (4). The sput ter ing coefficient at this energy is 
un i ty  (5), so that  only about one monolayer  is removed 
by an argon dose of 1015 cm -2. 

Ghandhi 's  definition of generat ion l ifetime (1) w a s  
used. This differs from the definition used by some 
authors by a factor of two. The carrier generat ion rate 
(carriers per uni t  volume per uni t  time) is given by  
n:/(2Tg), where T~ is the generat ion lifetime and ni is 
the intr insic ca r r i e r  concentration. Lifetime measure-  
ments  at room tempera ture  were carried out by  a ca- 
pacitance t rans ient  technique (the Zerbst method).  
The voltage is suddenly  changed into the deep de- 
pletion regime, and the formation of the inversion 
layer  by carrier generat ion is observed via the ca- 
pacitance t ransient  (6). Capacitance was measured a t  
1 MHz. 

Although this method is re la t ively laborious, it i s  
possible to deduce separately the generat ion lifetime 
in the depleted zone (Tg) and the parameter  s due to 
the combined effect of near-surface  generat ion and 
minor i ty  carrier diffusion into the depletion region 
from the quas i -neut ra l  bulk. The separation is essen- 
t ial ly achieved by dividing carrier  generat ion into two 
components:  those that are independent  of the t ime 
varying  depletion depth are lumped into the parameter  
s, and generat ion wi th in  the t ime varying  depletion 
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zone is associated wi th  the genera t ion  l i fe t ime ~g. Fo r  
samples  of doping dens i ty  1015 cm-a ,  the  sha l low 
bounda ry  of the  genera t ion  volume wi th in  the  de -  
ple t ion region sweeps by  the implan t  range (0.2 #m) 
dur ing  the t ime per iod  of va l id i ty  of the Zerbst  ana l -  
ysis (7). Therefore,  at leas t  some of the  i m p l a n t - r e -  
la ted defects cont r ibute  to the effective genera t ion  l i fe-  
t ime deduced  by  the Zerbs t  technique.  The p a r a m e t e r  
s consists of the sum of the surface genera t ion  veloci ty  
under  inversion,  nea r - su r f ace  genera t ion  which  is in -  
dependen t  of deple t ion  depth,  and the diffusion com- 
ponent  (n i /N) (D/T)  1/g (8), where  N is the shal low 
donor or  acceptor  doping density,  and D and ~ are  the  
minor i ty  car r ie r  diffusion coefficient and car r ie r  l i fe-  
t ime in the quas i -neu t ra l  bulk.  A typica l  var ia t ion  of 
genera t ion  l i fe t ime and p a r a m e t e r  s of a factor  of two 
was found on a s ingle  wafer .  

The surface contr ibut ion can resul t  f rom two com- 
ponents:  the  surface  genera t ion  veloci ty  under  the in-  
version l aye r  ( included in the pa rame te r  s) ,  and the 
surface  genera t ion  veloci ty  in the  un inver ted  region 
at the dot pe r ime te r  (So). The contr ibut ion  of So was 
es t imated b y  fol lowing the analysis  in (6), where  i t  is 
shown that  zz -1 _-- Tg -1 + 8sold, where  Tz is the gen-  
era t ion l i fe t ime given by  the  Zerbs t  analysis,  T~ is 
the  corrected generat ion l i fet ime,  and d is the d iam-  
e ter  of the  test dot. Therefore,  a p lot  of ~z -1 vs. d -1 
should be l inear,  and an ex t rapola t ion  to d - I  - -  0 
gives the  value  of ~g. In  .at tempting to implement  this  
technique,  the main  difficulty found was scat ter  in 
the  data.  An  example  is g iven  in Fig. 1. F rom such 
da ta  we es t imate  tha t  the use of a 1 mm dot resul ts  in a 
finite d iamete r  correct ion factor  1.0 < C < 1.7. Fo r  

aT ~ simplici ty,  we assume hencefor th  th C --  1. 

Results 
The genera t ion  l i fe t ime deduced  from the capaci-  

tance trar~sient analysis  is its average  value  over  a po r -  
t ion of the deple t ion  volume (7) which we call  the 
sampl ing  volume. The sampl ing  volume increases wi th  
increasing deple t ion  voltage, so that  if the genera t ion  
l i fe t ime Tg is constant  wi th  depth,  one expects  it  to be 
constant  as a funct ion of deple t ion  voltage. This is 
seen to be t rue  for an un implan ted  area  (top of Fig. 
2). If  a region of low l i fe t ime lies be low the sam-  
p l ing  volume,  the  measured  l i fe t ime should decrease 
as the sampl ing  depth  is increased and pene t ra tes  the 
low l i fe t ime region. Once the sampl ing  depth  is such 
tha t  the  ent i re  region of low l i fet ime is contained 
wi th in  the  sampl ing  depth,  the measured  l i fe t ime 
should increase wi th  a fu r the r  increase in sampl ing  
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I 1 I I 
0 I 2 5 4 

• (mot I) 
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Fig. |. Tz is the generation lifetime measured By the Zerbst 
technique on a dot of diameter d. The silicon sample was implanted 
with 1014 Ar cm -2  and annealed at 1200~ for 50 rain. 
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Fig. 2. Generation lifetime ~g vs. depletion voltage for a sample 
implanted with 10 z4 Ar cm - 2  and annealed at |200~ for 50 rain. 

rg(~s) 
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depth.  The behav io r  observed for Tg vs. deplet ion 
vol tage is shown in the lower  por t ion of Fig. 2. For  
this sample,  the m a x i m u m  deple t ion  depths  at  de-  
ple t ion voltages of - -5  and --10V are  1.5 ~m and 
2.3 #m, respect ively.  The increase of Tg with  dep le -  
tion vol tage  in the implan ted  region means tha t  the 
region of reduced l i fe t ime is en t i r e ly  contained wi th in  
1 vm from the surface. Therefore,  depth  local izat ion 
has been preserved  even af ter  an anneal ing  t r ea t -  
ment  of 1200~ for 50 min. Since ~ in the  imp lan ted  
regions is a funct ion of deple t ion  voltage,  we adopt  
s tandard  puls ing voltages for l i fe t ime de te rmina t ion  
(+10  to - -10V).  However ,  i t  must  be kep t  in mind  
that  the actual  value of zg wi thin  the region of reduced 
l i fe t ime is at  least  a factor  of ten lower  (as can be 
seen from the lower  por t ion of Fig. 2). 

Genera t ion  l i fe t ime as a funct ion of argon dose is 
shown in Fig. 3; ~g can be decreased by  four  orders  
of magni tude.  These resul ts  are  consistent  wi th  a 
s tudy  using s imi lar  exper imen ta l  condit ions (3).  An  
inverse  dose re la t ionship  is apparen t ;  this  can be 
unders tood by  not ing  tha t  l i fe t ime is inverse ly  p ro -  
por t iona l  to the dens i ty  of deep levels (1), which in 
this case are  in t roduced by  implanta t ion .  The pa -  
r ame te r  s der ived  f rom the capaci tance t rans ient  
analysis  is shown in Fig. 4 as a funct ion of argon 
dose, and is seen to increase as the square of the dose. 
As ment ioned  previously,  the p a r a m e t e r  s contains 
contr ibut ions  due to nea r - su r face  genera t ion  and d i f -  
fusion. The diffusion component  can become impor t an t  
when a region of low l i fet ime lies wi th in  a diffusion 
length  of the deple t ion  region;  specific cases re la ted  
to denuded zones and int r ins ic  ge t te r ing  have  been 
recen t ly  discussed (9, 10). The diffusion contr ibut ion  
m a y  be impor tan t  in ou r  case due to the low l i fe t ime 
region which extends  beyond the deple t ion  zone in 
the la te ra l  direction.  The s t ronges t  dependence  on 
implent  dose in this diffusion te rm is p robab ly  via 
the l i fet ime,  which leads to s cc (DOSE)0.5. The con- 
t r ibut ion  due to surface genera t ion  m a y  be impor t an t  
in the present  case because of a r ad i a t i on - r e l a t ed  in-  
crease in nea r - su r face  deep levels,  whose dens i ty  is 
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Fig. 3. Generation lifetime "~g vs. argon dose for samples sub- 

jected to I000~ for 50 rain to grow 60 nm of oxide after implan- 
tation into the silicon. 

propor t iona l  to the  surface  genera t ion  veloci ty  (11). 
The dominance  of the surface  contr ibut ion  thus leads 
to s cc DOSE. In  our  case the observed  dependence  
s oc (DOSE) 2 could be due to a combinat ion of two 
i r r ad i a t i on - r e l a t ed  defects  which  have subsequent ly  
become pai red .  

The rap id  increase of the pa rame te r s  s wi th  dose 
p rompts  the quest ion of the re la t ive  contr ibut ions  of 
genera t ion  mechanisms to invers ion l aye r  charge du r -  
ing the  capaci tance t ransient .  Using the s tandard  ex-  
pression (6) for  the  ra te  of change of invers ion layer  
charge,  i t  follows tha t  the rat io of the contr ibut ions  
f rom s to tha t  f rom genera t ion  wi thin  the sampl ing  
volume in the  deple t ion  region is R ----- 2 s ~g/(W - -WF) ,  
where  W is the t ime-dependen t  deple t ion  depth  of 
final va lue  WF. The m a x i m u m  cont r ibut ion  f rom the 
deple ted  zone occurs dur ing  the ea r ly  port ions of the 
capaci tance t ransient .  F o r  the  expe r imen ta l  condit ions 
here,  the  contr ibut ions  due to s wi l l  be dominant  for 
Tg s ~> 1 grn. F r o m  Fig. 5, this is satisfied for argon 

doses ~> 4 . 1 0  TM ern-2.  For  the purposes  of the nex t  
figure, le t  ~z be  the  genera t ion  l i fe t ime de te rmined  
b y  the Zerbs t  technique.  By neglect ing the surface 
and diffusion contr ibut ions,  a s imple r  analysis  of the 
capaci tance t rans ien t  (12) has been used in the  l i t e r -  
a tu re  to ob ta in  the genera t ion  l i fe t ime;  let  TH be the 
genera t ion  l i fe t ime de t e rmined  by  this method.  In  our 
case, this me thod  becomes inadequa te  wi th  increas ing 
dose, as shown in Fig. 6. The d iscrepancy  becomes 
l a rge r  than  a factor  of 2 for doses in the 1012 cm -2  
range,  which corresponds to a dominan t  cont r ibut ion  
f rom s as deduced above f rom examin ing  Fig.  5. The 
to ta l  charge dens i ty  associated with  the oxide which 
was grown af te r  implan ta t ion  was eva lua ted  f rom 
f latband vol tage  shif t  of C-V curves. The measured  
charge  dens i ty  of 1011 cm -2 was independen t  of 
a rgon dose. 

The ionized doping dens i ty  was de te rmined  b y  the 
m a x i m u m - m i n i m u m  capaci tance method  (13). This  
method  gives an average  do'ping dens i ty  up to the  
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iO It i012 i013 i014 
Ar DOSE {c~ 2) 

Fig. 4. Parameter s vs. argon dose for samples subjected to 
I000~ for 50 rain to grow 60 nm of oxide after implantation into 
silicon. 

equi l ib r ium deple t ion  depth  under  invers ion (0.6 ~m 
in our  case) ,  so tha t  the resul ts  should  be sensi t ive  
to possible doping changes in t roduced by  the argon 
implan ta t ion  (range of 0.2 ~m).  No changes in doping 
dens i ty  were  observed  up to at  least  1013 Ar  crn -2. 

Of the  three  energy  levels associated with  argon 
implan ta t ion  (2),  two are  donors (at  0.22 and 0.5 eV 
from the conduction band) ,  and one is an acceptor  
s ta te  (at 0.18 eV f rom the valence band ) .  Thus, one 
might  expect  doping  d e n s i t y  changes due to s t rong 
compensat ion to be significant when the dens i ty  of 
the e lec t r ica l ly  act ive fract ion of a rgon - r e l a t ed  deep 
levels approaches  the sha l low donor level  densi ty.  
With in  a s t anda rd  devia t ion  f rom the  peak  of the 
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Fig. 5. "~g s vs. argon dose from the data in Fig. 3 and 4 
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Fig. 6. The ratio of generation lifetimes determined by capaci- 
tance transient analysis. ~z and ~ are defined in the text. 

implanted argon, its average density for a dose of 10 TM 

cm -2 is 4 .  1017 cm -3, far in excess of the shallow 
doping density ol 1015 cm -3. Thus, the effective elec- 
tr ically active fraction of argon aton~ seems to be low. 
This may be related to the aggregation of argon atoms, 
which produce detectable bubbles of 3 nm diam at 
a dose of 1014 cm-2  under  similar exper imental  condi- 
tions (3). Other contr ibutions to effective recombina-  
t ion-generat ion centers as well as donor and acceptor 
levels may be provided by implanta t ion- induced  de- 
fects and resident  impurit ies (such as oxygen, which 
is present  at levels of about 10 is cm -8 in CZ crystals).  
Interact ions between the argon and such defects may 
be important ,  par t icular ly  since it is known that  im-  
planted argon is an effective get tering agent in  sil i-  
con (14). 

We now tu rn  our a t tent ion to the effects of higher 
temperature  annealing.  The generation lifetime as a 
function of anneal ing  temperature  is shown in Fig. 7; 
the lifetime recovers to wi thin  a factor of about 100. 
The behavior of the parameter  s for these samples is 
shown in Fig. 8. The value of s decreases, but  even at 
1200~ it  is still a factor of about 1000 higher than  
in the un implan ted  areas. 

The highest anneal ing temperature  tested (1200~ 
is close to the highest processing temperature  used. 
These high temperatures  are used, for example, to 
grow thick oxide layers and thick epitaxial  layers of 
Si on Si by chemical vapor deposition (CVD). The 
behavior  of generat ion lifetime as a function of an-  
neal ing t ime at 1200~ is shown in Fig. 9. The sharp 
decrease of zg in the implanted area at 2h, before 
proceeding to recover, is interesting. A corresponding 
m a x i m u m  in the parameter  s was also found. This be- 
havior may indicate the predominance of a different 
type of deep level produced by high tempera ture  an-  
nealing,  perhaps involving defect interactions as dis- 
cussed above. All  the anneal ing experiments  discussed 
so far were te rminated  by relat ively rapid cooling 
(the wafers are pulled out from the hot zone to an 
ambient  at 300~ within  a few seconds). To invest i-  
gate the effect of slow cooling, some samules were 
cooled at a controlled rate of 2 ~ rain -1. The results 
are shown in Fig. 10. Cooling rate is seen to have a 

noticeable effect. The decrease in lifetime at 2h is 
again present, but  at a reduced magnitude.  After  5h, 
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Fig. 7. Generation lifetime as a function of annealing tempera- 
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Fig. 9. ~g vs. annealing time at 1200~ Implanted areas contain 
1014 Ar cm -2 .  The arrow indicates the lifetime for a sample with 
minimum heat-treatment (1000~ for 50 min). The samples were 
cooled rapidly (hundreds of degrees s - l ) .  

the lifetimes in the implanted and un implan ted  areas 
are indist inguishable,  which was also found to be true 
for s. 

The work reported here includes argon doses of 
1014 cm -2. In  order to make detection of argon by 

the SIMS technique possible, some samples were im-  
planted with higher doses (1015-10 TM cm-2) .  The depth 
profiles of mass 40 from these samples showed an 
erratic behavior  of u n k n o w n  origin, i.e., the shapes of 
depth profiles were sometimes inconsistent  with tabu-  
lated values. 

Conclusions 
The per imeter  effect in  the measurement  of l ifetime 

by  the Zerbst method was shown to be small  when 
using 1 mm diam capacitors. A more simplified t reat-  
ment  of the capacitance t ransient  which neglects the 
surface and diffusion contributions (12), has been 
found to be inadequate for the samples with higher 
argon doses studied here. We have found that values 
of generat ion lifetime can be controlled over several  
orders of magni tude  by argon doses up to 1014 cm -2 
followed by a thermal  t rea tment  at 1000~ for lh. The 
reported values of Tg are conservative, since we have 
shown that  the actual localized m i n i m u m  values of 
T~ are at least a factor of ten lower. The bulk  genera- 
tion rate wi th in  the sampling volume in the depletion 
region varies as the argon dose, but  generat ion due to 
the combined effect of the surface and diffusion varies 
as dose squared. This lat ter  dependence suggests that 
genera t ion-recombinat ion  centers near  the surface in -  
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Fig. 10. Same as Fig. 9, but with a controlled cooling rate of 
2 ~ rain-1. 

valve a pair ing of two i r radia t ion-re la ted defects. 
Doping density was found to be unaffected by argon 
implanta t ion at least up to a dose of 10 TM cm -2. Higher 
temperature  anneal ing  (up to lh  at 1200~ induces 
part ial  recovery of the generat ion lifetime. The region 
of low lifetime appears to remain  localized wi thin  1 
#m from the surface even after anneal ing  for lh  at 
1200~ Complete l ifetime recovery was observed 
after several  hours at 1200~ followed by slow cooling. 

These results show that  argon implanta t ion  can be 
used to decrease carrier  l ifetime substant ia l /y  in silicon. 
Localization in the x -y  plane can be easily imple-  
mented by selective oxide masking. Si on Si epitaxial  
growth by CVD can be used to effectively bury  the 
argon, and therefore to achieve three-dimensional  lo- 
calization of low lifetime regions, thus al lowing these 
to be introduced into device structures (e.g., into fast 
switching devices). 
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Fines in Fluidized Bed Silane Pyrolysis 

G. Hsu, R. Hogle, 1 N. Rohatgi, and A. Morrison* 
Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California 9I 109 

ABSTRACT 

Silicon deposition on silicon seed particles by silane pyrolysis in a fiuidized bed reactor is being investigated as a 
low cost, high throughput method to produce high purity polysilicon for solar cell applications. Studies of fines, parti- 
cles 0.1-10/1 diam, initiated from homogeneous decomposition in the reactor were conducted using 2 and 6 in. diam 
fluidized beds. The studies show functional dependences of fines elutriation on operating parameters such as silane 
feed concentration, temperature, gas velocity, and bubble size. The observation that the fines elutriation is generally be- 
low 10% of the silicon-in-silane feed is explained using a concept of scavenging by large particles in an environment  of 
less free space for homogeneous nucleation. Preliminary results suggest that, with proper conditions and distributor de- 
sign, high silane concentration (>50% Sill4 in H2) feed may be used for silicon production in fluidized bed reactors. 

Silicon deposition in a fluidized bed reactor (FBR) was 
first tested in the early 1960's (1) using chlorosilane for 
producing semiconductor purity polysilicon. However, 
the success of the alternative Siemens process (2, 3) led to 
its universal utilization for commercial  production and 
the de-emphasis of FBR process development. Since 
1975, the new potential market for semiconductor grade 
silicon for photovoltaic applications made a production 
reactor like the FBR, with the capabilities of continuous 
high throughput  operation and low energy cost, very at- 
tractive. Silane is used in this FBR process because of its 
advantages in low deposition temperature, complete con- 
version in the irreversible reaction, noncorrosive atmos- 
phere, and the ease of recycling the by-product hydrogen. 

In a conventional chemical vapor deposition type of re- 
actor using silane for silicon production, there is a limit of 
silane concentration in hydrogen [the "critical silane con- 
centration" (4, 5)] beyond which unwanted fines are hom- 
ogeneously nucleated. In addition to the desirable chemi- 
cal vapor deposition on the substrate, silicon powders or 
fines, in the size from submicron to -10~, form in the gas 
phase. These fines present mechanical problems to the 
operation of the reactor, and are difficult to transport. 
They are considered losses to the process. The major rea- 
son the chemical vapor deposition type of reactor is oper- 
ated at low silane concentration is to prevent excessive 
fines formation; thus, this type of operation is limited in 
throughput.  In a fluidized bed reactor, less fines are gen- 
erated because (i) less free space is available for homoge- 
neous nucleation and (it) the silicon seed particles scav- 
enge the homogeneously nucleated fines and incorporate 
them into the deposition growth (6). Consequently, the 
net amount  of fines becomes much less than that in a 
chemical vapor deposition reactor at the same silane con- 
centration. A fluidized bed reactor, therefore, can be op- 
erated at a much higher silane concentration and the FBR 
process economics are greatly improved, relative to the 
Siemens type of chemical vapor deposition process. 

In a forthcoming paper, we shall discuss the overall de- 
position growth mechanism and the details of the phe- 
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nomena involved in the operation of a silane-fluidized 
bed reactor. In this study, we shall concentrate on the ex- 
perimental results of fines elutriation and the functional 
dependence of fines elutriation on operation parameters. 

Experimental 
Apparatus.--The experimental  data on fines elutria- 

tion were collected from both 2 and 6 in. all-am ftuidized 
bed reactors. The 2 in. reactor was designed for establish- 
ing basic feasibility in the fluidized bed approach, while 
6 in. FBR represents the smallest size of a practical engi- 
neering reactor to remove the wall effect. Experiments 
using these two FBR systems provided a means for test- 
ing of fines elutriation behavior in a fluidized bed silane 
pyrolysis system over a wide range of conditions. 

The schematic diagram of a fiuidized bed reactor is de- 
picted in Fig. 1. The 2 in. id reactor is 36 in. high with an 
expanded head of 4 in. id x 6 in. high. The reactor is ex- 
ternally heated with three zones of clamshell-type electri- 
cal resistance heaters with an overall height of 18 in. and a 
total output of 2.2 kW. The teh~perature was monitored by 
iron-constantan type K thermocouples located at various 
heights both outside and inside the reactor wall as well as 
at the distributor plate. The flows of hydrogen and silane 
were measured by rotameters. The gases were premixed 
and preheated to 300~176 before being injected into the 
reactor. The bottom of the reactor was a 30 ~ cone with a 
1/2 in. orifice gas distributor or a distributor fabricated 
from a 200 mesh stainless steel screen supported by a 1/8 
in. stainless steel plate perforated with multiple 1/32 in. 
holes. The temperature of the. distributor was kept below 
400~ by blowing room temperature nitrogen onto the 
distributor. The compositions of the inlet and outlet 
silane-hydrogen gas mixtures were analyzed by a Hewlett  
Packard Model 5710A gas chromatograph. 

The exit gas from the reactor was passed through 
MICROPORE filters (porosity 0.1 um) before being 
flared off. The pressure in the reactor was maintained at 
5 psig with the help of a back pressure regulator. The 
pressure drop fluctuation across the bed was continu- 
ously monitored by a differential pressure transducer. 
The pressure difference signal was used to indicate the 
fluidization behavior of the bed. 
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Fig. 1. Fluidized bed reactor sys- 
tems for fines studies. 

The  6 in. d i a m  reac to r  was  f ab r i ca t ed  f rom a 6 in. 
S c h e d u l e  40 t ype  316 s ta in less  s teel  pipe.  The  r eac t o r  di- 
m e n s i o n s  are  6 in. id  x 48 in. h i g h  w i th  an  e x p a n d e d  h e a d  
of  12 in. id  x 24 in. h igh .  The  reac to r  is e x t e r n a l l y  h e a t e d  
w i t h  t h r e e  i n d e p e n d e n t l y  con t ro l l ed  hea ters .  The  b o t t o m  
two  hea t e r s  are  m a d e  of  s i l icon ca rb ide  h e a t i n g  rods,  a n d  
t h e  top  one  is a c l amshe l l - t ype  e lec t r ica l  r e s i s t a n c e  h e a t e r  
w i t h  to ta l  o u t p u t  of 18 kW. With  p r o p e r  hea t ing ,  no  depo-  
s i t ion  on  t he  r eac to r  wal l  is obse rved .  The  r eac to r  was  
f luidized w i th  a m u l t i l a y e r  s c reen  ( t rade  n a m e  
D Y N A P O R E )  gas  d i s t r ibu to r ,  or a d i s t r i b u t o r  f a b r i c a t e d  
f r o m  no. 325 m e s h  sc reen  s u p p o r t e d  b y  t h e  1/20 in. t h i c k  
p la te  p e r f o r a t e d  w i t h  1/8 in. holes.  In  o rde r  to k e e p  t h e  
d i s t r i b u t o r  t e m p e r a t u r e  less t h a n  400~ a n d  to avo id  pre-  
m a t u r e  s i lane  d e c o m p o s i t i o n  a n d  p l u g g i n g  of the  d is t r ib-  
u to r  sc reen ,  w a t e r  cool ing  was  e m p l o y e d  b o t h  at  t h e  pe- 
r i p h e r y  of  t he  d i s t r i b u t o r  a n d  b e n e a t h  t he  d i s t r i b u t o r  
screen.  

In  all of  t h e  e x p e r i m e n t s ,  t he  s i l icon fines we re  col- 
l ec ted  in fi l ters loca ted  at  t he  ex i t  l ine  of  t he  r eac to r  ex- 
p a n d e d  h e a d  (Fig. 1). Fo r  t he  2 in. reactor ,  a 5 in. d i a m  
M I C R O P O R E  filter was  used ,  a n d  a s u b m i c r o n  size car- 
t r i dge - type  of filter was  u s e d  for t he  6 in. reactor .  

Procedure.--The s i l icon d u s t  was  co l l ec ted  for  at  leas t  
15 m i n  af te r  s t eady-s t a t e  o p e r a t i o n  was  a c h i e v e d  for  a se- 
l ec ted  b e d  t e m p e r a t u r e ,  s i lane  concen t r a t i on ,  a n d  fluidi- 
za t ion  veloci ty .  The  s i l icon f ines co l lec ted  on  t h e  filter 
were  w e i g h e d  a n d  t r a n s f e r r e d  in to  a p o l y e t h y l e n e  b ag  
a n d  sea led  in o rde r  to avo id  o x i d a t i o n  of  si l icon.  T h e  per-  
c e n t  of  f ines e lu t r i a t ed  was  def ined  as t he  ra t io  of  f ines 
co l l ec ted  in  t he  filter to t he  c o r r e s p o n d i n g  s i l icon-in-  
s i lane  feed d u r i n g  t h a t  per iod .  

Seed  par t i c le  sizes of  150-300 ~ m  were  used.  F o r  the  2 
in. d i a m  FBR,  a typ ica l  b e d  h e i g h t  of  6 in. was  used,  
w h e r e a s  a 2 ft h e i g h t  was  u s e d  for the  6 in. FBR.  T h e  
f lu id iza t ion  gas ve loc i ty  ratio, u/umf (where  u is t h e  super -  
ficial gas  ve loc i ty  a n d  umf is t he  m i n i m u m  f lu id iza t ion  
veloci ty)  was  va r i ed  f rom 1 to 10, w i t h  a typ ica l  n u m b e r  of 
5. Seed  par t ic les  we re  p r e p a r e d  b y  c r u s h i n g  a n d  g r i n d i n g  
s e m i c o n d u c t o r  g r ade  polys i l icon,  s c r e e n i n g  to t h e  
specif ic  m e s h  sizes, a n d  l e a c h i n g  w i t h  a m i x t u r e  of  HF, 
H202, a n d  de ion ized  wa te r  to r e m o v e  ox ide  a n d  m e t a l  
impur i t i e s .  

Discussion of Results 
T he  fine par t ic les  f o r m e d  b y  t he  pyro lys i s  of  s i l ane  in  a 

f luidized b e d  are c lus t e r s  of  s u b m i c r o n  size nuc l e i  
f o r m e d  f rom h o m o g e n e o u s  gas p h a s e  d e c o m p o s i t i o n ,  nu-  
c lea t ion,  a n d  coagula t ion ;  th i s  is dep i c t ed  in  Fig. 2. T h e  
size r a n g e  for t he  c lus te r s  is a b o u t  1-10 ~m.  The  x- ray  dif- 
f r ac t ion  ana lys i s  s h o w e d  t h a t  the  s i l icon fines are  of  crys-  
ta l l ine  s t ruc tu re .  U n d e r  t he  c o n d i t i o n s  e m p l o y e d ,  no  sig- 
n i f i can t  a t t r i t i on  of  par t ic les  was  obse rved .  

Fig. 2. SEM examination of FBR fines 

Silane concentration.--Since t h e  first s tep  in  f ines for- 
m a t i o n  is gas  p h a s e  d e c o m p o s i t i o n ,  t h e  m a x i m u m  fines 
level  can  b e  e s t i m a t e d  f rom t h e  p e r c e n t a g e  of  h o m o g e n e -  
ous  d e c o m p o s i t i o n  in the  overa l l  r eac t ion  scheme .  The  
fo l lowing  s impl i f ied  ca lcu la t ion  of  the  m a x i m u m  ex- 
p e c t e d  f ines is b a s e d  on  t h e  a s s u m p t i o n  t h a t  h o m o g e n e -  
ous  d e c o m p o s i t i o n  leads  to  f ines f o r m a t i o n  at  all concen -  
t r a t i o n  levels.  Since,  general ly ,  h o m o g e n e o u s  d e c o m p o s i -  
t ion  a n d  h e t e r o g e n e o u s  d e p o s i t i o n  are first  o rde r  w i th  re- 
spec t  to s i lane  co n cen t r a t i o n ,  t h e  p e r c e n t a g e  of  fines 
f o r m a t i o n  in  t e r m s  of  t h e  feed  s i l icon c o n t e n t  is t he  ra t io  
of  t h e  h o m o g e n e o u s  ra te  c o n s t a n t  to t h e  s u m  of  t h e  ho- 
m o g e n e o u s  a n d  h e t e r g e n e o u s  ra te  cons t an t s .  In  t h e  l i tera- 
ture ,  a n  e x p r e s s i o n  for t h e  h o m o g e n e o u s  f i r s t -order  ra te  
c o n s t a n t  was  a p p r o x i m a t e d  by  (7) 

kf = 2.0 x 10 TM ex p  ( -  51,700/RT) [1] 

w h e r e a s  the  h e t e r o g e n e o u s  ra te  c o n s t a n t  for  a f ixed 
par t ic le  b e d  o p e r a t e d  u n d e r  c o n d i t i o n s  s imi la r  to t hose  
u s e d  in  th i s  w o r k  was  g iven  as (8) 

K~ = 5.14 x l0 s ex p  ( -  38,800/RT) [2] 

Thus ,  a t  650~176 t h e  m a x i m u m  ca lcu la ted  p e r c e n t a g e s  
of  f ines f o r m a t i o n  are 77-83%. In  a f luidized bed,  t he  
f ines are  less  to b e g i n  w i th  b e c a u s e  of  less  free space  
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ava i l ab le  for  h o m o g e n e o u s  nuc l ea t i on ;  a n d  t h e y  are fur- 
t h e r  s c a v e n g e d  a n d  i n c o r p o r a t e d  in to  t h e  depos i t ion .  
These  c o m b i n e d  p h e n o m e n a  resu l t  in  a ve ry  low re s idua l  
fines level,  gene ra l ly  less  t h a n  10% of the  s i l icon in  s i lane  
f e e d  as s h o w n  in Fig. 3. Fo r  a feed s i lane  c o n c e n t r a t i o n  
b e l o w  10%, t he  fines e lu t r i a t ion  level  is a l m o s t  negl igible .  

Temperature.--As t h e  t e m p e r a t u r e  is inc reased ,  calcula-  
t ions  u s i n g  t he  A r r h e n i u s  ra te  c o n s t a n t  d e p e n d e n c e  s h o w  
t h a t  t he  ra te  of  t he  h o m o g e n e o u s  r eac t ion  r i ses  fas te r  
t h a n  t h a t  of  h e t e r o g e n e o u s  depos i t ion .  F i g u r e  4 s h o w s  t h e  
d i f f e rence  b e t w e e n  t h e  theo re t i ca l  f ines f o r m a t i o n  calcu- 
l a ted  f rom the  a s s u m p t i o n  t h a t  h o m o g e n e o u s  d e c o m p o -  
s i t ion  p r o d u c e s  fines a n d  the  e x p e r i m e n t a l  level  mea-  
su red  f r o m  the  e f f luen t  filter. T h e s e  da ta  i nd i ca t e  sub-  
s tan t ia l  r e d u c t i o n  in fines e lu t r ia t ion .  The  c o n c e p t  of 
s c a v e n g i n g  is i n v o l v e d  to exp l a in  t he  decrease .  

T h e r e  is a n  o p t i m u m  t e m p e r a t u r e  r a n g e  for  F B R  reac- 
to r  opera t ion .  The  effect  of  t he  t e m p e r a t u r e  is i l l u s t r a t ed  
in  t he  s c a n n i n g  e l ec t ron  m i c r o s c o p e  (SEM) p i c tu r e s  pre-  
s e n t e d  in Fig. 5. T h e r e  is a lower  l imi t  of  o p e r a t i o n  t em-  
p e r a t u r e  se t  b y  t he  d e p o s i t i o n  qual i ty .  At  -550~ t h e  pro- 
d u c t  a p p e a r s  to a d h e r e  loosely  a n d  to be  g r a n u l a r  in  
na tu re .  As t h e  t e m p e r a t u r e  is i n c r e a s e d  pas t  600 ~ to 650~ 

Z 
0 

s, 

I.L 

83 

8 0 -  

77 

1 0 -  

I I I I 

THFORETI CAL k (  kf._~s I 1"= 700~ ! T - 650~ 

~ m  

0 0 

5 c~7 ~ ,0-in. FBR, 650~C 6) 
A ,,~ O 2-inl FBRI 7~~ 

z~ 2-in. FBR, 6~-700~ 
/ 

z ~  I I I I 0 20 40 60 80 I00 

S I LANE CONCENTRATION ( ~ } 

Fig. 3. Fines elutriation vs. silane feed concentration 

90 

80 

70 

Z 

12 

10 =, 

Z 

0 
600 

I t I 

. ~  o 2-in. FBR, 20~ SILANE FEEl; 

I I I 
650 700 750 800 

TEMPERATURE, ~ 

Fig. 4. Fines elutriation vs. temperature 

Fig. 5. Deposit surface quality (SEM) vs. temperature 

t h e  d ep o s i t  ap p ea r s  to be  m o r e  c o h e r e n t  a n d  dense .  At  
700~ t h e  d ep o s i t  is ve ry  c o h e r e n t  a n d  dense .  I t  is e v i d e n t  
f rom t h e  SE M p ic tu res  t h a t  t h e  s i l icon depos i t s  have  a 
n o d u l a r  shape.  I t  is be l i eved  t h a t  t h e s e  n o d u l e s  are 
f o r m e d  as a r e su l t  of  t h e  c o m b i n e d  ac t ions  of  t h e  collec- 
t ion  of  t h e  ve ry  smal l  par t ic les  (c rea ted  by  h o m o g e n e o u s  
gas  p h a s e  d e c o m p o s i t i o n  a n d  nuc lea t ion )  on  t h e  sur face  
of seed  par t ic les  an d  of h e t e r o g e n e o u s  CVD- type  deposi -  
t ion.  T h e  m o r p h o l o g y  was  f o u n d  to be  d e p e n d e n t  on  the  
d e p o s i t i o n  ra te  a n d  the  par t ic le  sur face  t e m p e r a t u r e .  
B a s e d  on  t h e  p r o d u c t  mo rp h o l o g y ,  the  lower  l imi t  for 
o p e r a t i n g  t h e  f luidized b e d  reac to r  in  s i lane  pyro lys i s  is 
600~ a n d  t h e  o p t i ma l  t e m p e r a t u r e  r eg ion  is -7.00~ 
A b o v e  -800~ eco n o mi ca l l y  in to l e rab le  levels  of fines 
are fo rmed .  

Gas bubble size.--In a f luidized b e d  reactor ,  t he  gas 
vo id  space  b e t w e e n  t h e  f luidized sol id par t ic les  d i rec t ly  
in f luences  t h e  ra t io  of  t h e  f ines f o r m a t i o n  to t h e  he te ro-  
g e n e o u s  depos i t ion .  W h e n  large gas  b u b b l e s  occu r  at  t he  
gr id  of t h e  d i s t r i b u t o r  plate ,  large  a m o u n t s  of  f ines are  
g e n e r a t e d  in t h e  b u b b l e s .  

T h e  da ta  w h i c h  d e m o n s t r a t e s  th i s  effect  of gas  b u b b l e  
size is s h o w n  in Tab le  I in  t e r m s  of the  d i s t r i b u t o r  ef fec t  
on  f ines e lu t r ia t ion .  Thus ,  i t  is e s sen t i a l  in  f luidized b e d  
d e s i g n  to m a i n t a i n  the  gas d i s t r i b u t i o n  so as to p r o d u c e  
u n i f o r m  t i ny  bubb le s .  Th i s  c an  b e  a c h i e v e d  e i the r  b y  
u s i n g  a d i s t r i b u t o r  w i th  smal l  o p e n i n g s  or a m u l t i l a y e r  
screen.  A ve ry  poor  s i t ua t ion  is one  in  w h i c h  t h e  fluid- 
ized b e d  ope ra t e s  in  a s lugg ing  m o d e  to favor  a large  
a m o u n t  of  h o m o g e n e o u s  d e c o m p o s i t i o n  a n d  t h u s  h i g h  
fines p ro d u c t i o n .  

Gas velocity.--Other p a r a m e t e r s  t h a t  affect  t h e  fines 
e lu t r i a t ion  in  a f iu idiz ied b e d  are t h e  b e d  h e i g h t  a n d  t he  
gas  veloci ty .  Bed  h e i g h t  affects  t h e  r e s i d e n c e  t i m e  for t he  
f ines in  t h e  b e d  a n d  t h u s  in f luences  the  ef f ic iency of  
t r a p p i n g  t h e  fines. Gas  ve loc i ty  or r e t e n t i o n  t i m e  can  b e  
t r a n s l a t e d  in to  t h e  r e t e n t i o n  t i m e  of  t h e  gas  in  t h e  bed;  as 
th i s  fac tor  is i n c r e a s e d  t h e  t i m e  for  i n c o r p o r a t i n g  the  
f ines on to  t h e  seed  par t ic les  increases .  

T h e  d e p e n d e n c e  of e lu t r i a t ion  on  gas ve loc i ty  was  illus- 
t ra ted ,  for  example ,  in  t h e  data:  t h e  d u s t  level  of  u/um~ =3 

Table I. Distributor effect on fines elutriation 

Opening of 
distributor 

Silane to bed diameter Fines 
concentration Temperature ratio elutriation 

(C%) (T, ~ (d/D) (%) 

20 700 2.00 x 10 -4* 4.6 
20 700 0.25** 6.5 
60 650 2.83 x 10 -4 9.5 
65*** 650 1.45 x 10 -3 12.2 

* Estimated equivalent ratio of a multilayer screen distributor. 
** Nozzle type of distributor. 
*** Note that silane concentration increases from 60 to 65%, which 
may also increase the ie~el of fines. 
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was 6% and the level for u/u~f=6 was 10% at a bed temper- 
ature of 700~ aod a 65% silane concentration. However, 
care must  be taken to avoid the use of gas velocities be- 
low the limit at which the reaction region spread out by 
the fluidizing gas will be too narrow. In this case, the re- 
sulting high reaction density causes undesirable bed ag- 
gregation. In an earlier study (6), the lower limit for gas 
velocity, expressed by the parameter U/Umf, was experi- 
mentally determined to be 3. The upper limit for velocity 
was reached when the bed slugged in an uncontrollable 
mode; this was found to be at U/Um~=8. 

Conclusions 
Key operating guidelines for fluidized bed silicon pro- 

duction from silane have been defined. A scavenging 
mechanism has been proposed to account for the low 
fines elutriation in the temperature range of 600~176 
Below 600~ the deposits are relatively poor arid loosely 
adhered to the particle surface. Above 800~ fines level 
starts to increase rapidly. Bed aggregation appears to be 
avoidable by keeping u/u~f>3. Beds have been operated 
at velocities as high as u/umf=8 without problems, such as 
excessive dust entrainment  and erratic bed behavior. 

Based on the above empirical guidelines for tempera- 
ture and fluidization velocity, the operating envelope for 
fluidized bed silane pyrolysis systems is thus identified 
as follows 

600oc _<T<_ 800~ [3] 
3 <--U/Um~ <- 8 

The optimal operating condition from fines elutriation 
and morphology point of view is T=700~ and U/Umf=5. 
Within the identified operating envelope, the fines 
elutriation percentage is generally below 10% of the 
silicon-in-silane feed. The preliminary results suggest that 
high silane concentration (>50%) feed can be used with- 

663 

out excessive fines generation if this set of operating con- 
ditions can be maintained. 
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Plasma Anodic Nitridation of Silicon in System 

M. Hirayama, T. Matsukawa, H. Arima, Y. Ohno, N. Tsubouchi, and H. Nakata 
Mitsubishi Electric Corporation, LSI Research and Development Laboratory, Itami, Hyogo 664 Japan 

ABSTRACT 

Silicon nitride films were directly formed on silicon by plasma anodic nitridation within nitrogen and hydrogen. The 
nitridation pressure ranged from 0.5 to 2.0 torr, at temperatures from 700 ~ to 900~ The growth rate of silicon nitride in- 
creased with an increase of the dc bias voltage to the silicon wafers. The refractive index of the films was measured to be 
about 2.00-2.30 by ellipsometry. Film composition was analyzed with Auger electron spectroscopy. Dielectric breakdown 
strength of the silicon nitride films was about 6.0 MV/cm after oxygen heat-treatment. 

Direct nitridation of silicon has been an attractive tech- 
nique for VLSI device fabrications for the last few years. 
The dielectric constant of the silicon nitride film is larger 
than that of the oxide film, and impurities in the gate 
poly-Si are prevented from diffusing through the silicon 
nitride film to the channel region. Unfortunately, the sili- 
con nitride deposited on silicon wafers by LPCVD has in- 
terfacial instabilities between the silicon nitride and the 
silicon substrate. Many efforts have tried to obtain the sil- 
icon nitride film by direct reaction of silicon in a nitrogen 
ambient. Although thermal nitridation and plasma- 
enhanced thermal nitridation were previously reported, 
the film thickness is only about 100/~ even at high reac- 
tion temperatures (i, 2). Using nitrogen ambient and pure 
ammonia for the thermal nitridation (3), the films were 
very thin because of the slow diffusion of nitridant spe- 
cies through the nitride film. The growth kinetics of 
thermal nitridation for films below a thickness of 100A 
has been analyzed (4). From previous works, the process 
limitations of thermal nitridation prevent using it for for- 
mation gate films for MOSFET's. The nitridation tech- 
nique was used to form thin gate dielectric films such as 
nitrided oxide or oxy-nitride films (5). In fact, VLSI de- 
vices such as high density single:transistor dynamic 

Key words: plasma nitridation, anodization, silicon nitride 
gate insulator film. 

RAM's or electrical erasable and programable ROM's use 
these nitrided films as a gate insulator film. 

Attempts to improve the growth rate and the electrical 
properties of nitrided films was made using plasma 
anodic nitridation. Anodization of silicon or anodic oxida- 
tion of silicon is a promising approach to accelerate the 
oxidation rate in semiconductor processing (6). Similarly, 
plasma anodie nitridation is expected to be useful for 
nitridation of silicon. The method has the advantage of 
lower temperature in fabrication of VLSI devices and is 
expected to improve the interfacial characteristics and 
electrical properties of the nitride films. 

This paper reports some nitridation characteristics of 
silicon using only nitrogen and hydrogen and a new 
plasma anodization technique. Some properties of the sil -~ 
icon nitride film obtained by this new technique are also 
described. We studied plasma anodic nitridation of silicon 
in the temperature range of 700~176 instead of the con- 
ventional thermal nitridation process requiring tempera- 
tures above 1000~ 

Experimental Procedure 
The starting material was (100) oriented CZ silicon wa- 

fers with n-type resistivity of 1-5 g~-cm. Wafers were 
chemically cleaned in sulfuric acid and hydrochloric acid 
and rinsed with deionized water. They were then dipped 
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Fig. 1. Schematical diagram of ex- 
perimental apparatus for plasma 
anodic nitridation. 

Furnace Heater  / S i C  Rod 

_ 

Vaccum Outlet [ / Gas~ intet r.f. power (13.56MHz) 
[ / .  DC Bias Voltage 

Silicon Wafer  | [r~2 
| ~H2 

SiC Suscepter \CFk, 

in  2% hydrof luor i c  acid for 30s, r i n s e d  w i th  de ion ized  
water ,  a n d  d r i ed  in f lowing n i t r o g e n  gas. The  e x p e r i m e n -  
tal  appa ra tus ,  s h o w n  s c h e m a t i c a l l y  in  Fig. 1, was  a hori-  
zon ta l  150 m m  d i am quar t z  t u b e  h e a t e d  to t e m p e r a t u r e s  
b e t w e e n  700~176 C l eaned  wafers  were  l o a d e d  on to  a 
s i l icon ca rb ide  (SIC) s u s c e p t o r  in  t he  cold zone.  Af te r  t he  
i n s e r t i o n  of  t h e  boat ,  t he  r eac t ion  t u b e  was  c a p p e d  a n d  
e v a c u a t e d  w i t h  a m e c h a n i c a l  b o o s t e r  p u m p .  H igh  pur i ty  
h y d r o g e n  a n d  n i t r ogen  gases  were  u s e d  for t he  n i t r i da t i on  
and  flow ra tes  con t ro l l ed  wi th  a m a s s  flow control ler .  
C a r b o n  f luoride (CF4) and  h y d r o g e n  were  u s e d  for pre- 
etcbing of silicon surface at a pressure of 0.05 torr for 1 
rain to remove the native oxide on the silicon surface. Be- 
fore nitridation in hydrogen and nitrogen plasma, the sys- 
tem was pumped down to i x 10 -4 torr with a turbo molec- 
ular pump to minimize the residual gases. The gas 
mixture was admitted to vacuum tube through a variable 
leak valve while a mechanical pump kept the pressure in 
the reaction tube at 0.5-2.0 torr under flow condition. 
Once the pressure became stable, a 13.56 MHz RF power 
was supplied to the silicon carbide rods so that a plasma 
discharge was excited between the alternate susceptors. 
In addition, dc bias was applied to the anode (maximum 
voltage was 250V). This method differs significantly from 
the previous works. 

The thickness and refractive index of as-grown films 
were determined by the ellipsometry. These were consist- 
ently calculated by a computer. The chemical composi- 
tions of the films were measured using Auger electron 
spectroscopy (AES) with a cylindrical mirror analyzer. To 
measure the dielectric breakdown voltages, polycrystal- 
line silicon electrodes were formed onto the film to make 
MOS capacitors. 

..-.. 200 Results o< 
Growth conditions.--Figure 2 shows  the  r e l a t i on  be- --" 

t w e e n  film t h i c k n e s s  a n d  r eac t i on  t i m e  at 900~ 1:1 
n i t r o g e n : h y d r o g e n ,  1.00 torr,  a n d  150V dc bias  vo l t age  on 
the  SiC e lec t rodes .  S i l icon wafe r s  loaded  on  the  pos i t ive  
e l ec t rode  n i t r i ded  fas te r  t h a n  t hose  on  the  nega t i ve  elec- 
t rode .  Typical growth rate on the positive electrode was m 100 
about 1.5 A]min, and the nitride film was 623A thick after 

c 7 hr nitridation. Previously, silicon nitride films were ..~ 
v 80 limited to about 100A for thermal nitridation or the -- 

plasma-enhanced nitridation (I-3), due to slow diffusion e- b- 
of the nitridant species across the thermal nitride film 
below 1100~ These experimental results suggest that the E 60 
film growth kinetics of the plasma anodic nitridation is .'=- 
different from those of thermal nitridation systems, la_ 

Under the same nitridation conditions, film thickness 
increases with temperature as shown in Fig. 3. The 40 
growth rate of the nitride film on silicon loaded onto the 
negative electrode was smaller. Below 200~ the nitride 
film was scarcely visible. Dependence of film thickness 
on nitridation pressure was minimal in the range from 0.5 
to 2.0 torr as shown in Fig. 4. At a nitridation pressure be- 
low 0.I tort, the growth rate of the nitride film abruptly 
decreased. 

The most interesting experimental result is the depend- 
ence of film thickness on dc bias voltage as shown in Fig. 
5. The nitridation temperature and pressure were 900~ 
and 1.0 torr, respectively, for 150 rain. It is clear that the 
film thickness increases linearly with the increase of the 
applied dc bias voltage. On the negative electrode SiC 
rods, the nitridation was slightly accelerated by the bias 
voltage. The dc bias voltage was limited at any specific 
pressure, and the maximum voltage value was 178V at 2.0 
torr. Even though the silicon wafers and the SiC disk 
susceptors were isolated by quartz insulators on SiC rods, 
at a low bias voltage, the plasma anomalous discharge 
occurred unexpectedly at low pressures. 

Film composition.--The refractive index, as measured 
by ellipsometry, ranged from 2.0 to 2.3, which was slightly 
larger than silicon nitride films formed by LPCVD. This 
may be due to deviation of stoichiometry of silicon ni- 
tride. For films below 100A thick, it is difficult to deter- 
mine both the refractive index and the film thickness by 
ellipsometry. 

The as-grown film composition was analyzed by Auger 
electron spectroscopy. The films contained only silicon, 
nitrogen, and oxygen, and the compositions were consist- 
ent with mixtures of Si3N4 and SiO~. Since hydrogen is 
not detectable with Auger spectroscopy, the hydrogen 
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Fig. 2. Relation between film thickness and nitridation time 
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Fig. 6. Typical Auger depth profiles of plasma anodic nitridation film 

conten t  of  these  films is not  known.  Spu t t e r  e fch ing  was 
accompl i shed  wi th  a 1.0 keV argon b e a m  to obtain  dep th  
profiles. Depth  profiles of  componen t s  of  films g rown 
at 150 rain, 1 torr  hydrogen  and ni t rogen,  and 900~ are 
shown in Fig. 6. Thickness  of  this  sample  Was 120A. Ni- 
t rogen and oxygen  concent ra t ions  (closed and open cir- 
cles, respect ively)  were  calcula ted f rom the  peak  he ight  of 
the KLL t rans i t ion  spectrum. The  re la t ively flat n i t rogen  
and oxygen  profiles show tha t  t he  film was a s i l icon 
oxynitr ide.  The  mos t  s t r iking feature  of Fig. 6 is the  nitro- 
gen profile in si l icon substra te  beyond  the  interface.  Ni- 
t rogen  apparent ly  diffused into sil icon more  easi ly than 
oxygen  even  though  it is said that  the  ni t r id ing species  
diffuses s lower  th rough  ni t r ide  compared  to o x y g e n  
th rough  oxide. However ,  react ion of  n i t rogen on the  sili- 
con surface seems to have  occurred  more  easily than 
oxygen.  

2.5 

Dielectric breakdown strength.--To measure  the dielec- 
tric b r e a k d o w n  s t rength of  the  ni t r ide films, MOS capaci- 
tors were  fabricated by Si gate  MOS technology.  A th ick  
oxide  film was fo rmed  at the  field region by conven-  

t i o n a l  pho to l i thography  and etching.  The gate area was 1 
m m  z. After  the  nitr idation,  phosphorus -doped  polycrys-  
tal l ine si l icon was depos i ted  in an L P C V D  sys tem in elec- 
t rodes  and in te rconnec t ion  regions.  The  b r e a k d o w n  
s t rength  of  the  gate  dielectr ic  was measu red  by the  vol- 
tage r amp ing  at 100 V/s, and b r e a k d o w n  ident i f ied w h e n  
the  gate leakage  cur ren t  exceeded  1 /~A. The  average  
breakdown of as -grown nitr ided films occur red  at abou t  
3.2 MV/cm. The va lue  is rather  low in compar i son  wi th  
that  of  the  oxide  films obta ined  at the same tempera tu re ,  
900~ S h o w n  in Fig. 7 are typical  d is t r ibut ions  of the  die- 
lectr ic  b r e a k d o w n  s t rength  of  the  ni t r ide  films after heat- 
t r ea tmen t  in n i t rogen and oxygen.  The  ni t r ide  film was 
fo rmed  at 900~ dc bias of 150V in n i t rogen  and hyd rogen  
at 1.5 torr. The  oxygen  ambien t  was more  effect ive in im- 
p rov ing  the  dielectr ic  b r e a k d o w n  strength.  The  average  
dielectr ic  b r e a k d o w n  s t rength  was 6.5 MV/cm after 

m c 100 

m 

150 
0 2 annea! 

5 10 15 20 

Breakdown Voltage (V) 

Ca) 

~c 100 

o ~ 
2 

so 
$ 

0 0 

= 183 ~, 

N 2 anneal 

5 10 15 20 

B r e a k d o w n  V o l t a g e  (Y) 

(b )  

Fig. 7. Typical dielectric breakdown strength distributions. (a) An- 
nealed in oxygen (b) annealed in nitrogen. 



666 J .  Electrochem.  Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  March  1984 

4 

r~ 

>' 3 

C 

2 

C~ 

.> 1 

r~ 

~ .  Ar*, 1 K eV 

N 

p w"O000 

1000 2000 3000 

Sputter  T ime ( m i n )  

Fig. 8. Auger depth profiles of LPCVD silicon nitride film 

4000 

pos tannea l ing  in oxygen  for 20 min  at 100O~ and 5.1 
MV/cm in n i t rogen  ambien t  for 30 min  at 1000~ 

Discussion 
The object  of this work  is to obtain th ick  sil icon ni tr ide 

films by direct  n i t r idat ion of  silicon. The  ni t r ide film 
mus t  be stable and rel iable for VLSI  devices.  Accord ing  
to the  previous  reports  about  the rmal  ni t r idat ion or 
p lasma-enhanced  nitr idation,  the  growth  rate of  si l icon 
ni t r ide was low and a m a x i m u m  film th ickness  was 
120A. The reason is be l ieved  to be the  p resence .o f  ox idant  
species such as o x y g e n  and wa te r  in react ion ambient  ap- 
parently p reven t s  t he  ni tr idat ion of  s i l icon surface. The  
ni t r idat ion rate of  si l icon is l imi ted by diffusion of  the  
n i t r idant  species across the  ni t r ide film, and is fur ther  in- 
h ibi ted  by diffusion th rough  the  oxide film. It is neces-  
sary to r educe  the  a m o u n t  of ox idant  species to less than 
1 p p m  water  and 0.1 p p m  oxygen.  

To reduce  the  ox idan t  species  in the ni t r idat ion ambi-  
ent, the  backg round  pressure  before  ni t r idat ion was re- 
duced  to be low 1• 4 torr  by a 500 liter/s tu rbo  molecu-  
lar p u m p  in our expe r imen ta l  apparatus.  Fur the rmore ,  
u l t rahigh puri ty hydrogen  and n i t rogen gases f lowed to 
the quar tz  react ion tube  th rough  stainless p ip ing us ing 
S w e d g e l o c k  connectors .  A m m o n i a  was not  used  in the  
ni t r idat ion process  because  it was difficult  to purify it to 
the  s emiconduc to r  grade. It  may  be useful  to e tch  the  sili- 
con surface for a few minu te s  with CF4-H2 p lasma prior  to 
the  nitr idation,  s ince the  nat ive oxide on the  si l icon could 
obs t ruc t  nitr idation.  To conf i rm the  above  expecta t ion ,  a 
si l icon ni t r ide  film of 100A th ick  was depos i ted  by 
L P C V D  on the silicon surface. F r o m  the  Auge r  dep th  
profile of  LPCVD film shown in Fig. 8, oxygen  was de- 
tec ted  in the  sil icon ni t r ide region and a s t rong o x y g e n  
pile up at the  in ter face  be tween  the  s i l icon ni tr ide and the  
silicon substrate .  The  pile up m a y  indica te  a native ox ide  
layer on the initial silicon. Also, the  oxygen  profile ex- 
t ends  into the  si l icon subst ra te  beyond  the n i t rogen 

profile. This film is composed  of  three e lements ;  s i l icon 
(29%), n i t rogen  (65%), and oxygen  (6%). It  also has about  a 
one  third oxygen  con ten t  compared  with  the p lasma ni- 
t r ide film. F r o m  these  results ,  the  pre-e tching process  be- 
fore ni t r idat ion is necessa ry  and effect ive  in exc lud ing  
the nat ive  oxide. The  oxgyen  level  was lower  in the 
L P C V D  film than in the  p la sma  anodic  n i t r idat ion film. 
It is possible  that  the  origin of  the  oxygen  is f rom the  wall  
of  the  quar tz  react ion tube  at the  p lasma nitr idation.  In 
p lasma nitr idation,  oxygen  is spu t te red  by ions to a 
h igher  level  than  that  of  the  LPCVD,  even  though  the  
backg round  pressure  was lower  than  that  of the  LPCVD.  

In  spite of  l imi ted  diffusion of  the ni t r idant  species, the  
growth  rate was kep t  cons tan t  dur ing the  th ick  ni tr ide 
film format ion  when  the  dc bias vol tage  was appl ied  to 
the  sil icon wafers.  The  ni t r idat ion m e c h a n i s m  can be  
analogized with  the  anodic  oxida t ion  of  Si (6). S imi lar  to 
oxidat ion,  n i t r idat ion p roceeds  at both  p lasma/ni t r ide  and 
ni t r ide/s i l icon interfaces.  Ions  of  N a n d  Si and/or  thei r  va- 
cancies  m o v e  across the  ni tr ide film wi th  an electric 
field, and ni t r idat ion proceeds  l inear ly  wi th  growth  time, 
as observed.  The ni t r idat ion process  was also cons idered  
as the  resul ts  of  the  ion drift  process  (7). In  fact, the  
growth  rate of the ni t r ide film was l inearly increased  
with  the  increase  of  the  dc bias vol tage  and the  film 
thickness  up to abou t  630.4 in 390 rain ni t r idat ion was  
obtained. 

Conclusions 
Formation of thick silicon nitride films was possible by 

direct plasma anodic nitridation of silicon. A nitrogen and 
hydrogen mixture gas was effective for nitridation with- 
out an ammonia ambient. The growth rate of the nitride 
films depended on the nitridation temperature, pressure, 
and dc bias voltage on the silicon wafers. In 390 rain 
nitridation of silicon at 900~ a nitride film thickness 
over 630A was obtained with a dc bias voltage of 150V. 
The index of the refraction of films ranged from 2.00 to 
2.30, slightly smaller than films by LPCVD because of 
higher oxygen content. The dielectric breakdown 
strength of the nitride film was 6.0 MV/cm after anneal- 
ing in oxygen. 
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Technical Notes 

A New Defect Etch for Polycrystalline Silicon 

B. L. Sopori 
Solavolt International ,  ~ Phoenix,  Ar izona 85062 

Currently, there is considerable interest in using 
polycrystalline silicon for solar cells. Several techniques 
are being developed for growing polycrystal]ine silicon at 
high speeds, in particular, as thin ribbons (or sheets). 
Characterization of defects in these materials is essential. 
Chemical etching has been applied extensively for defect 
delineation in single-crystal silicon. Several etchants, 
such as the Dash, Sirtl, Secco, Wright, and Schimmel  
etchants, have been developed for revealing defects in 
single-crystal silicon wafers (1-5). Although these etches 
have also been used, with some success, for defect deline- 
ation in polycrystalline silicon, the general requirements 
of a defect etch for polycrystalline silicon are somewhat 
different than those for single-crystalline silicon. The re- 
quirements are: (i) Etching characteristics should be iso- 
tropic, i.e., defects in all orientations should be delineated 
and the size of etch pits should be nearly the same. (ii) 
The etch pits should indicate the direction of defect prop- 
agation. This is an important property which permits one 
to determine if defects, such as dislocations, follow crys- 
tallographic slip planes or form networks crossing the 
slip planes. These features can help determine the mecha- 
nisms causing defect generation. (iii) The etch rate 
should be rapid. (iv) The etchant should not leave a resi- 
due of metallic ions. This last requirement  allows device 
fabrication in regions adjacent to defect-etched regions, 
thus permitting one to correlate device performance with 
crystal characteristics. Furthermore, because of contami- 
nation, it is undesirable to have etchants containing met- 
als in clean processing areas. 

Clearly, many defect etchants developed for single- 
crystal wafers do not satisfy the first two requirements.  
This is because the quality of defect delineation depends 
on surface orientation. For example, Sirtl etch works well 
on (111) surfaces, but leads to the formation of an ambigu- 
ous morphology on (100) surfaces. Wright etch appears to 
work well on many orientations; however, because of the 
preferential nature of the etch, difficulties arise in defect 
delineation due to the formation of different size etch pits 
on different grain orientations. Furthermore,the shapes of 
the etch pits are strongly controlled by grain orientations 
rather than by the direction of the defect. Although Dash 
etch reveals dislocations in all orientations, it requires 
long etch times. In many applications Secco etch is suita- 
ble for polycrystalline silicon etching; however, it does 
not meet  the last requirement  indicated above. Schimmel  
etch has shown only l imited success, mainly because the 
etch ]eaves a heavy stain on the samples. 

This paper describes an optimized isotropic etch de- 
signed for revealing defects in polycrystalline silicon. Ad- 
ditional features of the etch are that it does not contain 
metallic ions and is compatible with photoresist masking. 
Variations in the etch composit ion may be used for better 
delineation in high defect density regions. 

Etch Composition 
The etch (hereafter called Sopori etch) consists of a 

mixture of 36 parts HF (49%), 20 parts CH3COOH (glacial), 
and x parts HNO.~ (70%), where x may be varied between 1 
and 2. Detailed kinetics of HF:CH~COOH:HNO.~ etches 

1 Solavolt International is a partnership of Motorola Solar En- 
ergy, Incorporated (a subsidiary of Motorola, Incorporated) and 
SES, Incorporated (a subsidiary of Shell Oil Company). 

Key word: polycrystalline silicon, crystal defects, dislocations, 
defect delineation, defect etch. 

have been discussed by Schwartz and Robbins (6, 7). 
They have divided these etches into two groups based on 
the rate-controlling mechanisms. According to their clas- 
sification, this etch is in the regime of high HF concen- 
tration where the etch rate is l imited by the concentration 
of the oxidizing species, i.e., HNO3. Isotropic etching 
characteristics of  high HF concentration etches have also 
been observed previously (6) and applied to etching mesa 
diodes in polycrystalline silicon (8, 9). 

Experimental 
The substrate material consisted of 0.1-16 tl-cm n- and 

p-type RTR 2 ribbons grown by laser or electron beam 
melting, 1 tl-cm p-type Wacker Silso 3, and Czochra]ski- 
grown (Cz) single-crystal wafers. Cz and Wacker Silso 
were chemically/mechanically polished on one side, 
whereas RTR ribbons were used with as-grown surfaces. 
All samples were cleaned in H2SO4:H202 (3:1) at 90~ fol- 
lowed by a DI water rinse, and dried with nitrogen. Etch 
solutions were freshly mixed, and etching was done with 
samples held vertically in a Teflon 4 holder while the 
samples were mechanically agitated. Etched samples 
were rinsed in DI water, dried with nitrogen, and exam- 
ined under optical (VIS/IR) microscopes. It should be 
pointed out that etching in 36:20:1, to obtain low etch 
rates and/or small etch pits, may cause a light bluish stain 
on the sample. This stain does not interfere with defect 
inspection and identification, and may be readily dis- 
solved in H2SO4:HzO2 solutions. 

To determine the bulk etch rate, samples were partly 
masked by photoresist (Waycoat 450) 5 using conventional 
photolithography and etched for different times. After 
removing the photoresist, t he  step heights were measured 
using a surface profilometer. 

To study defect delineation characteristics for different 
orientations, single-crystal Cz wafers of different orienta- 
tions, viz., (100), (110), (111), and polycrystaltine substrates 
whose grain orientations were determined by an optical 
diffraction technique (10) were used. 

Results 
The photograph in Figure 1 shows the defect distribu- 

tion in various grains of a section of RTR ribbon that has 
been etched for 30s in 36:20:2. The sample was etched 
without any surface preparation. Various twins and grain 
boundaries delineated by the etch are marked in the 
figure. 

Figure 2 shows magnified photographs of several re- 
gions of the same sample. Etch pits seen in this figure are 
mostly either circular or elliptical in shape and are due to 
dislocations propagating along (or at small angles away 
from) the normal to the surface. Various defects are 
identified. The grating-like pattern seen in these pictures 
is a characteristic of the as-grown ribbon surface. 

Figures 1 and 2 clearly show delineation of dislocations 
in a variety of grain orientations in RTR ribbons. 

RTR (Ribbon-to-Ribbon) growth is a technique developed by 
Motorola where by large-grain silicon ribbons are grown from 
fine-grain polycrystalline ribbons by laser or electron beam 
melting. 

3Wacker Silso is polycrystalline silicon manufactured by 
Wacker, Germany. 

4Teflon is du Pont's registered trademark for its fluoro- 
carbon plastic. 

Waycoat 450 is a negative photoresist manufactured by L. P. 
Hunt Chemicals. - 
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Fig. 1. Photograph of a section of an RTR ribbon etched for 30s in 
Soporl etch [36:20:2 (HF:CHsCOOH:HN03). 

To demonstrate defect delineation on a wide variety of 
orientations, Fig. 3 shows photographs of two adjacent 
samples from an RTR ribbon. One of the samples was 
texture etched to show different grain orientations by 
reflection contrast, and the other etched in Sopori etch. 
The large grains were found to be misoriented with re- 
spect to  t he  (110) p l a n e  b y  -+ 15 ~ a b o u t  t he  x -ax i s  a n d  -+ 
11 ~ a b o u t  the  Y-axis. Sma l l  g ra ins  (not  iden t i f i ed  in  the  

Fig. 3. Adjacent samples from on RTR ribbon. A(topJ: texture etched 
to show different grains by reflection contrast, misorientation angles 
are referred to the axes shown. B(bottom): defect orientation by 
Sopori etch. 

Fig. 2. Several typical regions of a defect-etched ribbon 

figure) possess other orientations, such as (111) and (i00). 
Defect delineation is clearly seen from the accompanying 
photograph. The effectiveness of defect delineation on 
different orientation samples was further confirmed by 
(i) the use of single-crystal Cz wafers of (I00), (110), and 
(111) orientation into which defects were introduced by 
nonisothermal heating, and (ii) the use of polyerystalline 
substrates of other preferred grain orientations, e.g., 
Wacker Silso, which was found to have most grains close 
to (iii). This extensive study did not reveal any difficul- 
ties in delineating crystallographic defects on any grain 
orientations. Furthermore, the etch pit size does not vary 
significantly for different orientations. 

Defect delineation characteristics of this etch were 
compared with several other etches. To permit a direct 
comparison of the effect of these etches on different grain 
orientations, polycrystalline ribbons, which have nearly 
longitudinal grains, were scribed into samples such that 
they possessed many common grains. Figure 4 shows 
typical examples of etch pits formed by different etchants 
on the same grain. These samples were cleaned in the 
manner previously described. 

A detailed comparison of different etches for polycry- 
stalline silicon will be given elsewhere (ii). Here we may 
briefly summarize the results as seen in Fig. 4 as follows: 
(i) The etching characteristics of Sopori etch are very 
similar to that of Seceo etch (which is isotropic). (ii) Al- 
though Schimmel etch also produces etch pits similar to 
Sopori etch, it results in excessive stains and, addition- 
ally, delineates defects only in p-type substrates, Schim- 
reel etch also generates different etch-pit sizes on differ- 
ent orientations and has been reported to have defect 
delineation characteristics which are dependent on the 
ambient light level. (iii) The post-etch surface quality of 
samples etched in Sopori etch is similar to that of Secco 
etch. However, the best surface quality is obtained from 
the Wright etch. 

It is of particular interest to compare the advantages of 
Sopori etch with a preferential etch such as Wright etch, 
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Fig. 4: Etch pits formed by different etchants on the same grain. All samples 0.4 ~-cm, p-type. A (top left): 30s Sopori etch. B(top right): 2 min 
Sirtl etch. C(middle left): 2 min Secco etch. D (middle right): 5 rain Scflimmel etch. E (bottom left): 15 rain Dash etch. F (bottom right): 5 rain 
Wright etch. 

which has recently been used quite extensively for poly- 
crystalline silicon. For this purpose, two adjacent samples 
having the same grain structure were laser scribed from a 
ribbon. One of the samples was etched in Sopori etch for 
30s, and the other in Wright etch for 5 min. Figure 5 
shows a comparison of dislocation configurations re- 
vealed by the Wright and Sopori etches. The etch pit 
shapes of simple slip dislocations in a grain whose sur- 
face orientation is (ii0) are shown in Fig. 5a and 5b. The 
etch pits due to Wright etch are square, indicative of the 

two-fold symmetry of (Ii0), and do not indicate directly 
the direction of defect propagation. From Fig. 5a, the el- 
liptical etch pits clearly indicate that the dislocations are 
at an angle to the surface and parallel to the twin bound- 
ary, i.e., the (iii) plane. Some other regions having dislo- 
cation loops and networks are shown in Fig. 5c and 5d. 
The comet shapes of individual etch pits and intercon- 
nected etch pits seen in the Sopori-etched sample are in- 
dicative of dislocation loops and networks, respectively. 
However, looking at the Wright etched section, it is not, in 
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Fig. S. Comparison of defect delineation by 30s Sopori etch and S min Wright etch. A (top left) and B (top right): (100) grain orientation with 
simple slip dislocations for Sopori etch and Wright etch, respectively. C (middle left) and D (middle right): grain with dislocation networks for 
Sopori etch and Wright etch, respectively. E (bottom left) and F (bottom right): dislocation delineation on a (lO0)-oriented grain for Sopori etch 
and Wright etch, respectively. 

general, possible to determine the nature and direction of 
dislocations, although the presence of different pit shapes 
in the same grain (as seen in Fig. 5d) would imply disloca- 
tion propagation at different angles. Another disadvan- 
tage of a preferential etch is that the etch-pit size varies 
with grain orientation. This is seen by comparing the etch 
pit sizes of Fig. 5c and 5f, which show dislocations on a 
(i00) grain revealed by the Sopori and Wright etches, re- 
spectively, with those of Fig. 5a-5d. Clearly, the etch pit 

size on (i00) due to Wright etch is much smaller than that 
on (ii0). Consequently, we believe that the advantages of 
using a preferential defect etch for generating well- 
defined geometric etch-pit shapes on single-crystal sub- 
strates (for easy identification of the nature of the defect 
and the crystal orientation) are diminished for polycrys- 
talline substrates. 

The relationship between the shape of the etch pit and 
the direction of defect propagation can be demonstrated 
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pits on the back surface (away from the objective). To 
help identify the top surface etch pits in Fig. 6a, a photo- 
graph of the same region taken in reflection is shown in 
Fig. 6b. A correspondence between the top and the bot- 
tom etch pits of the same dislocation can be easily recog- 
nized for most cases. It is obvious from the photos in Fig. 
6 that an increase in the ellipticity of an etch pit is 
accompanied by an increase in the separation between 
the top and the bottom etch pits of the same dislocation. 
For ease in recognition of etch pits on the bottom side, a 
photograph of the back side (focused in transmission 
mode) is given in Fig. 6c. 

Sopori etch also works well for delineation of stacking 
faults, as shown in Fig. 7. 

Discussion 
Sopori etch shows excellent delineation characteristics 

with etch rates that are the same for all orientations. Fig- 
ure 8 shows bulk etch rates using two compositions de- 

Fig. 7. Sopori etch delineations of stacking faults. A (top): oxidation- 
induced faults on a (111)-oriented Cz wafer. B (bottom): bulk 
stacking faults in an oxygen-rich RTR ribbon. 

Fig. 6. IR photographs of a ribbon etched in 36:20:2 showing a corre~ 
spondence between etch pits on the top and bottom surfaces due to 
each dislocation. Ellipticity of each etch pit is related to angle at 
which dislocation propagates. A (top): transmission mode, top surface 
focused. B (middle); reflection mode. C (bottom): transmission mode, 
bottom surface focused. 

by viewing a sample, etched with Sopori etch, under an 
infrared (IR) microscope. Figure 6 shows IR photographs 
of a sample taken under different viewing conditions. In 
Fig. 6a, the well-defined dark images are due to etch pits 
on the top surface, and the blurred images are due to etch 
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Fig. 8. Bulk etch rotes for (A) :36:20:1 and (B) 36:20:2 
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Alternat ively,  by cool ing the  e tch  (to 10~ the e tch ing  
t ime  was increased  to 2 min. The cooled  e tch also im- 
proves  surface qual i ty  and e l iminates  the  format ion  of  
any occasional  stains. For  everyday  purposes ,  the  e tch  
(36:20:2) is p r e m i x e d  in the  des i red  quant i t ies  (10 to 50 
gal) and s tored in 1 gal conta iners  for use over  a per iod of  
up to a few months .  The  e tch  is rout ine ly  used  for defect  
de l inea t ion  in a var ie ty  of  polycrys ta l l ine  sil icon sub- 
strates of  different  grain sizes and g rown  by different  
t echniques .  
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Fig. 9. 50 rail mesa diode formed by Sopori etch, with underlying de- 
fect structure. Diode width = 1270 nm. 

scr ibed in this paper. A l though  e tch  rates are h igher  than  
for o ther  defect  etches,  we have  found that  no apprec iab le  
degradat ion  of surface qual i ty  occurs, and the  e tch  rates 
are qui te  controllable.  These  features of  the  etch, a long 
with  the  capabi l i ty  of  m ask ing  with conven t iona l  photo-  
resists, have  been used  to fabricate  mesa  devices.  The  ad- 
van tage  of  using this e tch  is that  substrate  s t ruc ture  is re- 
vea led  dur ing  mesa  etching.  This  offers a conven ien t  way 
of  corre la t ing dev ice  pe r fo rmance  with  substra te  struc- 
ture. The  under ly ing  defect  s t ruc ture  of a 1270 m m  diam. 
m e s a  diode,  fo rmed  by the  36:15:1 etch, is shown in Fig. 9. 
E tch  rates can be adjus ted  be tween  the two cases shown 
in Fig. 8 by fur ther  di lut ion of  36:20:2 by CH.~COOH up to 
36:25:2 wi thout  affect ing the  qual i ty  of  defect  del ineat ion.  
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Amorphous Silicon Produced by Ion Implantation 
Etching Rate in HF Solution and Effect of Annealing 
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This s tudy  is an inves t iga t ion  of  the  effect  of  the  state of 
a m o r p h o u s  Si on the  e tch ing  rates in H F  acid. Recent ly ,  
two dif ferent  metas tab le  amorphous  states have  been  
ident i f ied for Si (1). Measu remen t s  of several  different  
phys ica l  proper t ies  of  amorphous  Si p roduced  by high 
f luence ion implan ta t ion  have  indica ted  that  the  as-im- 
p lan ted  state, called a-I, is essent ia l ly  un ique  in that  the  
proper t ies  have  near ly  the  same values  for a wide range of  
implan ta t ion  parameters  (1, 2). The  second state, called 
a-II, is p roduced  by the rma l  anneal ing  an a-I sample  for a 
short  t ime in the  t e m p e r a t u r e  range 400~176 After  
reaching  the  a-II state, fur ther  anneal ing  does not  sig- 
nif icantly change  any of  the  measu red  proper t ies  unti l  
the  mater ia l  recrystal l izes (1-3). The proper t ies  which  
change  for a-I --* a-II have  values  in the a-II state which  
are be tween  those  for a-I and crystal l ine Si. 

One of  the proper t ies  used  to character ize  the  a-I and 
a-II s tates was the  "dangl ing  bond  densi ty"  as de te rmined  
f rom an E S R  m e a s u r e m e n t  (total n u m b e r  of  unpai red  
spins) and the  infrared ref lect ion in ter ference  spec t rum 
(layer thickness).  The  dangl ing  bond dens i ty  was ob- 

* Electrochemical Society Active Member. 
Key words: amorphous, semiconductors, etching, anneal. 

se rved  to decrease  (1, 2) by a factor of  about  two for a-I 
a-II, which  suggests  that  one migh t  observe  a differ- 

ence  in chemica l  behavior  for the two states. It is k n o w n  
that  crystal l ine Si is not  e tched  by a 48% HF  solut ion (4, 5) 
whi le  amorphous  Si is etched.  However ,  two different  re- 
ports  place the near - room- tempera tu re  rate at about  600 
A/h in one case (6) and 32 A]h in the  o ther  (7). The  the rmal  
his tor ies  of  the amorphous  Si in these  prior  s tudies  is 
uncertain.  

In the  present  work,  two sets of ion- implan ted  Si sam- 
ples were  used. In one set, the  samples  were  cut  f rom a 
wafer  sect ion having a pol i shed  (100) surface which  was 
implan ted  at room t empera tu r e  with 5 x 10 '4 As + ions/cm ~ 
having an inc ident  energy  of  100 keV. The Si was cut  
f rom a p-type ingot  hav ing  a resis t ivi ty be tween  20 and 40 
t2cm. The second set was taken  f rom another  sect ion of  
the  same wafer  in wh ich  the  implan ta t ion  was done  with  
5 x 101~ ions /cm 2 of  200 keV Si + ions. Dur ing the implanta-  
tion, a re ta ining ring sh ie lded  a por t ion of  the  wafer  sec- 
t ion f rom the implan ta t ion  beam. In each case, samples  
were  cut  so that  a smal l  por t ion  of  the surface area at one 
end was non imp lan t ed  material .  The  th ickness  of  the 
layer r e m o v e d  in the  e t ch ing  was de t e rmined  in two 
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ways: (i) infrared ref lect ion as a func t ion  of  f r equency  
shows in ter ference  fr inges wh ich  can be used to measure  
the th ickness  of  the  a m o r p h o u s  layer before  and after 
e tching,  and (ii) the  step he ight  on the  surface,  intro- 
duced  by the e tch ing  at the  amorphous-c rys ta l l ine  (a-c) 
in ter face  as measu red  by a Sloan Dek tak  Profi lometer .  
The  use of  infrared ref lect ion m e a s u r e m e n t s  to charac- 
terize implan ta t ion -p roduced  amorphous  Si layers has 
been  d iscussed  in detai l  in the  l i terature (1-3, 8). The  infra- 
red m e a s u r e m e n t s  indica ted  that  the  a m o r p h o u s  layers 
ex t ended  f rom the top surface to a un i fo rmly  deep  a-c 
interface.  

The  as - implanted  samples  were  all c leaned  careful ly by 
wash ing  sequent ia l ly  in DI water,  t r ich loroethylene ,  ace- 
tone,  methanol ,  and DI  water.  All conta iners  were  simi- 
larly c leaned  after a p re l iminary  wash  with  de te rgen t  so- 
lution. In one case, the  sample  surface was also c leaned 
by an oxygen  p lasma e tch  which  r e m o v e d  <50A of mate-  
rial. In this case, the  surface was r insed in H F  to r e m o v e  
res idual  oxide,  and pho toemis s ion  (XPS) m e a s u r e m e n t s  
ind ica ted  only traces of  res idual  carbon,  oxygen,  and 
f luorine on the  surface. 1 

Three  m e t h o d s  were  used  to e tch  the  samples  in 48% 
H F  solut ion:  (i) quiescen t  (the sample  s imply  i m m e r s e d  
in the  etchant),  (ii) the  sample  plus e tchant  in an ultra- 
sonic bath, and (iii) st i r r ing of  the  e tching solut ion (stir- 
r ing rod rotat ing at app rox ima te ly  200 rpm). 

The e tch ing  of  the  a-I mater ia l  was nonun i fo rm;  so, 
mean ing fu l  e tch ing  rates cannot  be given. This was the  
resul t  for all samples  and all e tch ing  techniques .  The  pre- 
e tch ing  th ickness  of the  a-I layer was de t e rmined  f rom 
the  infrared m e a s u r e m e n t s  to be 0.128 -+ 0.004 ~m for the  
As+-implanted samples ,  hereaf te r  cal led group 1, and 
0.395 _+ 0.003 ~ m  for the  group 2 (Si+-implanted samples).  
An e x a m p l e  of the  e tch ing  of  a-I mater ia l  is g iven in Fig. 
la,  which  is a pho tograph  of  surface of  a group 1 sample  
after qu ie scen t  e tch ing  for 3h. The  gross nonun i fo rmi ty  is 
apparent .  The Dek tak  profile shown in Fig. l b  shows 
subs tant ia l  por t ions  of  the  path  are close to the  crystal l ine 
subs t ra te  in depth.  The  p la teau  regions,  where  a-I mate-  
rial still remains ,  indicate  a r emova l  rate of  >100 A/h. 
S ince  the  area of the  infrared b e a m  spans the  inhomoge-  
neities,  the  infrared m e a s u r e m e n t s  are not  mean ing fu l  in 
such  a case. Increas ing  the  e tching t ime  to 5h resul ts  in 
the  a-I mater ia l  be ing  largely gone, and after 7h, it is 

R. P. Vesquez of Jet  Propulsion Laboratories performed the 
plasma etch and made the photoemission measurement. 

total ly removed .  The  measu red  step height  after 7h is 
1240A. S ince  the  dens i ty  change  p roduced  by the  implan-  
. tat ion-induced c ---> a t ransi t ion results  in .a - 2 %  swel l ing 
o f t h e  amorphous  layer (1,'2), the  step he ight  anticitSated 
from the  initial infrared m e a s u r e m e n t  is 0.98 (0.128 ~m) or 
0.125 _+ 0.004 ~m, which  is in good ag reemen t  wi th  the  
Dek tak  result.  

The  a-II mater ia l  showed  a very  different  e tch ing  be- 
havior  than that jus t  desc r ibed  for the  a-I material .  The  
a-I -+ a-II t ransi t ion was p roduced  by anneal ing  several  
samples  f rom both groups  at 400 ~ and 500~ in a quar tz  
tube  furnace at diffusion p u m p  vacuum.  The infrared re- 
f lection spec t rum verif ied that  the annea l ing  was suf- 
ficient to p roduce  a change  in the  refract ive  index  of  the  
amorphous  layer (1-3); wh ich  indica ted  a-I --+ a-II, ~..~ n(c) 
= 3.44, n(a-I) = 3.84, and n(a-II  = 3.70; all at a f r equency  of  
v = 4000 cm -1. The  c leaning  procedures  were  the  same  as 
those  descr ibed  above.  An e x a m p l e  of  some  of the  resul ts  
are shown for two samples  in Fig. 2, where  one observes  
un i fo rm e tch ing  for as long as 6h and the  infrared and 
Dek tak  m e a s u r e m e n t s  give similar  r emova l  rates. The  
nonun i fo rmi ty  is increas ing at the longer  t imes,  as indi- 
ca ted  by the  increas ing error  bars for the  s tep-height  mea- 
surements .  For  still longer  e tching t imes,  the  measure-  
men t s  indica ted  progress ive ly  more  i n h o m o g e n e o u s  
removal ,  and f requen t ly  s taining was observed.  

The resul ts  of all the  e tch ing  m e a s u r e m e n t s  are summa-  
rized in Table  I. It  is wor thwh i l e  to m a k e  several  observa-  
t ions concern ing  the  in fo rmat ion  in the  table. 

1. The  e tch ing  character is t ics  are comple te ly  different  
for a-I and a-II materials,  but  appear  to be largely inde- 
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Fig. 1. Top: a (100) Si surface implanted with 100 keV, 5 x 1014 
As§ 2 ions and in a-I (as-implanted) state after quiescent etching 
for 3h in 4 8 %  HF. Bottom: a Dektak profilometer recording for trav- 
erse of a section of a sample similar to that shown at top. Arrow indi- 
cates the amorphous and crystalline interface step. 
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Fig. 2. Quiescent etching results for two group 1 samples (As+-im- 
planted) in the a-II state. A, top: Infrared measurements of the a-II 
layer thickness, o, see Table I, sample 7. x, see Table I, sample 8. B, 
bottom: Step height measurements for the same samples in Fig. 2a. 
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Table I. Summary of etching results for a-Si sam#es 

Sample  A m o r p h o u s  Annea l  E tch ing  
no. Group  Si state condi t ion  p rocedure  Rate (A/h) C o m m e n t s  

1 i a-I none  qu i e scen t  ~>1 • l02 (sh) 
2 
3 2 a-I none  qu i e scen t  ~1 • l0 s (sh) 

4 1 a-I none  u l t rasonic  21 • 102 (sh) 
5 ba th  
6 1 a-I none  s t i r r ing 43 to 4 • 102 (sh) 

7 1 a-II 400~ qu ie scen t  41 (Jr)* 
40 (sh) 

8 1 a-II 400~ qu ie scen t  38 (Jr) 
40 (sh) 

9 1 a-II 400~ qu ie scen t  40 (sh) 
10 2 a-II 400~ qu ie scen t  40 (ir) 
11 2 a-II 400~ qu ie scen t  - 5 0  (ir) 

- 6 0  (sh) 
12 2 a-II 400~ qu ie scen t  36 (ir) 

13 2 a-II 500~ qu ie scen t  - 5 0  (Jr) 
-50 (sh) 

14 1 a-II 400~ u l t rasonic  - 7 0  (sh) 
ba th  ~67 (Jr) 

15 1 a-II 400~ u l t rasonic  - 7 0  (sh) 
ba th  -67  (ir) 

16 1 a-II 400~ s t i r r ing ~80 (ir) 
~77 (sh) 

Highly  nonun i fo rm .  Rate  specif ied is for 
p la teau of a4  mater ia l  (see text). 
Surface  c leaned  by r ins ing  in HF and  meth-  
anol, before and  after p l a sma  etching.  Sur- 
face is n o n u n i f o r m  bu t  not  as m u c h  as sam-  
ple 1. 
Highly nonun i fo rm ,  rate larger t han  tha t  for 
qu iescen t  case. 
Not so n o n u n i f o r m  as o ther  a-I e tch ing  
m e t h o d s  bu t  rate not  cons t an t  in t ime.  
Uniform,  m e a s u r e m e n t s  in l h  in tervals  for 
7h. 
Uniform,  m e a s u r e m e n t s  in l h  in tervals  for 
7h. 
Less  un i fo rm t h a n  samples  7 and  8. 

Surface  layer  e tched  at a more  rapid  rate 
than  mater ia l  at dep th s  >200/~. 
Same  p rocedure  as s ample  9, bu t  wi th  initial 
p l a sma  e tch  and  HF and m e t h a n o l  rinse. 
P r o n o u n c e d  s ta in  develops  after 2h. 

Uni form,  m e a s u r e m e n t s  in lh  intervals  for 
7h. 
Uniform,  m e a s u r e m e n t s  in lh  in tervals  for 
7h. 
Uni form,  m e a s u r e m e n t s  in 15 rain in tervals  
for 1.5h. Rate is no t  cons t an t  in t ime.  

*(sh) m e a n s  s tep he igh t  m e a s u r e d  value; (Jr) m e a n s  infrared in ter ference  de t e rmined  value. 

pendent of whether the sample is from group I (As+-im- 
planted) or group 2 (Si+-implanted). 

2. While the etching of the a-I material is grossly non- 
uniform, the rates for the plateaus are substantially larger 
than those observed for the a-II material. This result is 
qualitatively consistent with the anticipated difference in 
behavior based on the change observed in the dangling 
bond density. 

3. While there is some spread in the experimental re- 
moval rates for the a-II material, there is an indication 
that the rate is lowest for quiescent and largest for stir- 
ring, not an unexpected result. The average value for the 
quiescent rate is 42.5 /~/h with a standard deviation of 
• /~Jh, while the rate for stirring is almost twice as 
large. In many cases the surfaces show some staining dur- 
ing the prolonged etching procedures. 

4. Comparison with previously reported rates indicates 
that the 33 /~h value given by Tsai et al. (7) is close to 
that observed here for a-II material (quiescent). The ap- 
proximately 600 A/h value reported by Gerasimeko et al. 
(6) would indicate they were etching a-I material, even 
though they did not indicate the nonuniformity observed 
here. 

Gibbons et al. (9) observed that quiescent etching rates 
can be highly variable, and Tsai et al. indicated that sur- 
face contamination may be responsible in part for non- 
uniform etching. If the amorphous layers contain micro- 
voids, a common occurrence in deposited layers, or if the 
implantation leaves a thin crystalline surface layer, then 
one may also observe highly variable etch rates. However, 
it is clear from the above measurements that the state of 
the amorphous Si also influences the etch rate. Recently, 
Prussin (ll) indicated that dynamic annealing may occur 
during ion implantation of the specimen if high beam cur- 
rent densities are used and the samples are not in good 
contact with a heat sink. Our preliminary measurements 
of the IR reflection spectrum show that when dynamic 
annealing occurs, the amorphous material still remaining 

has a refractive index between those of state a-I and a-II. 
Therefore, one might expect different etching rates of the 
ion-implanted material with different cooling arrange- 
ments and ion beam currents. 
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A B S T R A C T  
U n d o p e d  L P C V D  s i l icon fi lms h a v e  b e e n  d e p o s i t e d  at  five t e m p e r a t u r e s  b e t w e e n  560 ~ a n d  620~ T h e  fi lms were  

c h a r a c t e r i z e d  as g r o w n  a n d  af te r  t h e r m a l  a n n e a l i n g  at  900 ~ 950 ~ a n d  1000~ We u s e d  x- ray  di f f ract ion,  TEM, SEM, 
R a m a n  a n d  elast ic  l igh t  sca t te r ing ,  opt ica l  a b s o r p t i o n  a n d  ref lect ion,  a n d  o the r  t e c h n i q u e s  in  o rde r  to o b t a i n  i n fo rma-  
t ion  on  t he  gra in  size, s t ruc tu re ,  s t ruc tu ra l  pe r fec t ion ,  a n d  sur face  r o u g h n e s s .  We f o u n d  t h a t  po lys i l i con  films of  good  
s t r u c t u r a l  per fec t ion ,  low strain,  a n d  smal l  su r face  r o u g h n e s s  are o b t a i n e d  w h e n  t he  f i l m s  are d e p o s i t e d  in t he  
a m o r p h o u s  p h a s e  a n d  s u b s e q u e n t l y  c rys ta l l ized  at  900~176 S u c h  films are supe r io r  in  all i n v e s t i g a t e d  ma te r i a l  as- 
pec t s  to  fi lms g r o w n  in  t he  c rys ta l l ine  phase .  

T h e  qua l i t y  of  po lyc rys ta l l ine  s i l i con  layers  u s e d  as 
MOS gates,  load res i s to rs  in  m e m o r y  cells, a n d  va r ious  
ot l ier  app l i c a t i ons  in  t he  IC t e c h n o l o g y  is of  p a r a m o u n t  
i m p o r t a n c e  for t he  dev ice  p e r f o r m a n c e .  Wi th in  t he  las t  
severa l  years ,  t he  t e c h n i q u e  of  low p r e s s u r e  c h e m i c a l  
v a p o r  d e p o s i t i o n  (LPCVD)  ha s  b e c o m e  t he  s t a n d a r d  
p r e p a r a t i o n  m e t h o d  for  po lys i l i con  fi lms in  IC m a n u f a c -  
tu r ing .  A few s tud ie s  on  t he  s t ruc ture ,  m o r p h o l o g y ,  a n d  
e lec t r ica l  p r o p e r t i e s  of  L P C V D  po lys i l i con  fi lms h a v e  
b e e n  r e p o r t e d  (1, 2). I t  was  c o n c l u d e d  t h a t  po lyc rys t a l l i ne  
fi lms f o r m e d  a b o v e  600~ are  m o r e  s tab le  t h a n  t h e  amor-  
p h o u s  f i lms ~ d e p o s i t e d  at  lower  t e m p e r a t u r e s .  Amor -  
p h o u s  f i lms s e e m e d  u n d e s i r a b l e  b e c a u s e  of u n c o n t r o l l e d  
c rys ta l l i za t ion  in  p o s t d e p o s i t i o n  h e a t - t r e a t m e n t s .  We h a v e  
r e inves t i ga t ed  th i s  q u e s t i o n  by  a sys t ema t i c  va r i a t i on  of 
the  g r o w t h  c o n d i t i o n s  and  a c o m p r e h e n s i v e  charac ter iza-  
t ion by  x-ray d i f f rac t ion ,  e l ec t ron  mic roscopy ,  a n d  electr i-  
cal t e c h n i q u e s ,  a n d  also by  severa l  op t ica l  me thods .  The  
m a i n  c o n c l u s i o n  f rom the  r e su l t s  p r e s e n t e d  in th i s  p a p e r  
is t h a t  in  c o n t r a d i c t i o n  to t he  p r ev ious  belief, on ly  f i lms 
d e p o s i t e d  in the  a m o r p h o u s  p h a s e  a n d  s u b s e q u e n t l y  
crys ta l l ized  have  t he  h igh  qua l i ty  in t e r m s  of s t ruc tu ra l  
pe r f ec t ion  a n d  su r face  r o u g h n e s  s w h i c h  is r e q u i r e d  for 
cri t ical  app l ica t ions .  

Film Deposition and Thermal Annealing 
The  g r o w t h  e x p e r i m e n t s  we re  ca r r ied  out  in a conven-  

t iona l  ho t  wall  L P C V D  reac to r  e q u i p p e d  wi th  a 124 m m  
id quar t z  t u b e  a n d  a 1 m~min -~ Alcate l  doub le - s t age  ro tary  
p u m p .  The  d e p o s i t i o n  t e m p e r a t u r e  was m e a s u r e d  in s ide  
the  d e p o s i t i o n  t u b e  d u r i n g  the  fi lm growth .  S u b s t r a t e s  
wi th  a 2 in. d i a m  and  p laced  p e r p e n d i c u l a r l y  to the  t ube  
axis  w i t h  a spac ing  of  �88 in. were  used.  S a p p h i r e  {1i02} 
s u b s t r a t e s  were  c h o s e n  for m e a s u r i n g  t h e  film th i ckness .  
{100} s i l i con  s u b s t r a t e s  cove r ed  w i t h  a 300 n m  t h i c k  ther -  
ma l ly  g r o w n  SiO2 were  c h o s e n  for  all t h e  electr ical ,  op- 
tical,  x-ray, a n d  T E M  cha rac t e r i za t i on  m e t h o d s ,  a n d  s o m e  
qua r t z  s u b s t r a t e s  were  c h o s e n  for op t ica l  a b s o r p t i o n  mea-  
s u r e m e n t s .  F i lms  of  0.5 ~ m  t h i c k n e s s  were  d e p o s i t e d  
f rom u n d i l u t e d  s i lane  at  t e m p e r a t u r e s  of  560 ~ 570 ~ 580 ~ 
600 ~ a n d  620~ S l lane  gas  flow ra tes  f rom 50 to 200 c m  ~ 
m i n  -I a n d  depos i t i on  p r e s s u r e s  of 120-350 m t o r r  were  
used .  T h e  g r o w t h  ra te  at  600 ~ a n d  620~ was  l imi t ed  to 10 
n m  r a i n - '  b y  r e d u c i n g  t h e  d e p o s i t i o n  p r e s s u r e  f rom 350 to 
120 mtor r .  The  film t h i c k n e s s  was  m e a s u r e d  af te r  g r o w t h  
w i t h  a " D e k t a k "  sur face  p ro f i l ome te r  on  the  f i lms de- 
pos i t ed  on  s a p p h i r e  subs t ra t e s .  Fo r  th i s  pu rpose ,  a smal l  
w i n d o w  of  a b o u t  3 • 3 r a m  was  e t c h e d  in t he  c e n t e r  of  t he  
wafer .  The  m a s k i n g  was  d o n e  w i t h  Ap iezon  wax,  a n d  t he  
fi lm was  e t c h e d  w i t h  an  e t c h a n t  cons i s t i ng  of  HF-acet ic-  
HNO~ w i t h  a ra t io  of  1:1:10 b y  vo lume .  T h e  g r o w t h  ra te  as 
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a f u n c t i o n  of  d e p o s i t i o n  t e m p e r a t u r e s  is s h o w n  in  Fig. 1. 
The  ca l cu la t ed  a p p a r e n t  ac t i va t i on  ene rg ies  of 32-39.9 
kca l /mol  ag ree  wel l  w i th  32 kca l /mol  r e p o r t e d  for  L P C V D  
by  Gieske  a n d  M c M u l l e n  (3). 

Af te r  the  ini t ia l  cha rac t e r i za t i on  w i t h  s o m e  of  t he  me th -  
ods, the Si/SiO2 substrates were cleaved into four equal 
parts prior to thermal recrystallization. One part was kept 
in the as-grown state for further reference while the oth- 
ers were annealed at 900 ~ 950 ~ and 1000~ respectively. 
The annealing treatments were done in N2 + 0.5 volume 
percent (v/o) 02 for 30 rain. The thin SiO~ film which 
grows during annealing was not removed before 
characterization. 

X-Ray Diffraction 
X-ray  d i f f rac t ion  was  u s e d  to e x a m i n e  t he  deg ree  of  

c rys ta l l in i ty  a n d  crys ta l l i te  size a n d  t e x t u r e  of  t he  as- 
g r o w n  a n d  a n n e a l e d  layers.  Fo r  e a c h  layer,  t h e  t h r e e  m o s t  
i n t e n s e  ref lec t ions  f rom the  {111}, {220}, and  {311} p l anes  
were  r e c o r d e d  w i th  a S i e m e n s  Type  F d i f f r a c t o m e t e r  (Cu- 
rad ia t ion ,  40 kV). The  crys ta l l i te  size was  d e t e r m i n e d  
f rom the  l i n e w i d t h  (full w i d t h  at  ha l f  m a x i m u m )  by  ap- 
p ly ing  the  S c h e r r e r  f o rmu la  (4):D = 0.9k/(B cos OB) w h e r e  

= 1.5405A, OR is t h e  Bragg  angle,  a n d  B t he  l i n e w i d t h  
co r rec ted  for the  Ka~ - Ka2 l ine  sp l i t t i ng  (5) a n d  ins t ru -  
m e n t a l  b r o a d e n i n g  (6); t he  l a t t e r  h a d  b e e n  d e t e r m i n e d  by  
us ing  an  Au  s t anda rd .  Thus ,  t h e  co r r ec t ed  h a l f w i d t h  was 
i n t e r p r e t e d  as b e i n g  fully due  to a crys ta l l i te  size effect, 
n e g l e c t i n g  s t ra in  inf luences .  The  l ine  i n t ens i t i e s  were  
co r r ec t ed  for  the  film t h i c k n e s s  a n d  n o r m a l i z e d  for  t he  
s t r e n g t h  of t he  s ignal  e x p e c t e d  f rom a r a n d o m l y  o r i en t ed  
s ignal  (7, 8). 

The  g ra in  size accu racy  a n d  r ep roduc ib i l i t y  e x p e c t e d  
f rom th i s  m e t h o d  is a b o u t  10-20%. However ,  w i th  th i s  pro- 
c e d u r e  a s ingle  g ra in  size is d e t e r m i n e d  f r o m  e a c h  diffrac- 
t ion  l ine  whi l e  in  real i ty t h e r e  is a w ide  d i s t r i b u t i o n  of 
grain sizes p r e s e n t  (see TEM m e a s u r e m e n t s ) .  Neve r the -  
less, one  ob t a in s  f rom x-rays  an  order  of  m a g n i t u d e  g ra in  
size a n d  re la t ive  t r e n d s  for t he  po lys i l i con  layers.  

The  layer  p rope r t i e s  d e d u c e d  f rom the  x-ray measu re -  
m e n t s  are g iven  in Table  I a n d  Fig. 2. The  layers  depos-  
i ted at  560 ~ a n d  570~ are x-ray a m o r p h o u s  (no l ine in ten-  
sities); no t e  the  fact,  howeve r ,  t h a t  a few smal l  c rys ta l l i tes  
are o b s e r v e d  by  T E M  (see n e x t  section).  Layers  d e p o s i t e d  
at 580~ are par t ly  a m o r p h o u s / p a r t l y  c rys ta l l ine  as de- 
d u c e d  f rom low l ine  in tens i t ies .  The  h i g h  t e m p e r a t u r e  
layers a p p e a r  to be  fully c rys ta l l ine  (s ince  for t h e s e  layers  
the  l ine in t ens i t i e s  do not  i nc rease  any  more  wi th  annea l -  
ing). Af te r  a n n e a l i n g  (T~ = 900~176 all layers  are fully 
polycrys ta l l ine .  

The  g ra in  sizes of  t h e  a s -g rown layers  r ange  b e t w e e n  
100 a n d  770fl~ a n d  differ  b e c a u s e  t hey  w e r e  o b t a i n e d  f rom 
d i f fe ren t  d i f f rac t ion  lines. A <311>  p re f e r r ed  o r i en t a t i on  
( texture)  is f o u n d  for a s -g rown layers  d e p o s i t e d  at  580 ~ 
a n d  600~ wh i l e  a s t rong  <110>  t e x t u r e  is e x h i b i t e d  b y  
t he  620~ layers.  In  t he  620~ films, a ve ry  p r o n o u n c e d  
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Fig. 1. Growth rate as a func- 
tion of deposition temperature T~ 
for two different deposition condi- 
tions. �9 3 5 0  mtorr, Sill4 = 2 0 0  
cm 3 rain - I .  �9 120 mtorr, Sill4 = 
50  cm 3 min -1. 
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columnar structure was observed by cross-sectional TEM 
(9) and the grain dimension D220 is by far the largest. A co- 
lumnar structure similar to our 620~ layers has been re- 
ported by Falckenberg et al. (10) for poly-Si films depos- 
ited by LPCVD at 625~ 

Grain growth seems to take place in a different way 
when the layers are deposited in the amorphous phase 
and annealed at 900~176 It appears that nucleation 
takes place in randomly oriented grains, but the largest 
grain dimensions and texture develop in <111> direction. 
This trend overcomes the original weak <311> texture in 
the layers deposited at 580~ so that <111> texture be- 
comes dominant by annealing. The structure and mor- 
phology of the originally polycrystalline layers is pre- 
served during annealing except for a slight grain growth. 

We conclude from the x-ray diffraction that the crystal- 
lization of amorphous layers does not lead to un- 
reproducible structures (1). Texture  and grain size are 
remarkably reproducible in the entire deposition temper- 
ature range from 560 ~ to 580~ The average grain size is 
somewhat larger than in originally polycrystalline films 
but still small compared to present design rule dimen- 
sions and even future submicron scales. 

Transmiss ion  Electron Microscopy 
For  TEM invest igat ions ,  t he  fol lowing sample  prepara-  

t ion was performed: a 3 mm diam disk was cut out of the 
original wafer by ultrasonic techniques. An angle lap of 

Table I. Texture and grain size 

T d DH ~ D22o D3~ ~ 
(~ (A) (A) (A) Texture 

As-grown 

560 X-ray amorphous 
570 X-ray amorphous 
580 770 290 240 Weak <311> 
600 110 340 180 <311> 
620 140 770 180 <110> 

Annealed at 1000~ 

560 870 530 390 <111> 
570 890 640 510 <111> 
580 910 570 530 < 111> 
600 180 490 310 <311> 
620 190 750 380 <110> 

Dhkj = grain size evaluated from the x-ray diffraction line (h k l) ac- 
cording to the Scherrer formula (see text). 

about  1 ~ was p e r f o r m e d  at the  surface of  this disk,  the  
sample  was  then  t h i n n e d  by ion e tch ing  (HF-HNO~) start- 
ing f rom the  subs t r a t e  side. The oxide  layer  was r e m o v e d  
by a 1 min  e tch in I-IF and  finally the  poly layer  jet- 
e tched  unti l  a small  hole occurred .  This p repara t ion  tech-  
n ique  pe rmi t s  an e x a m i n a t i o n  of the  polys i l icon layers at 
var ious  dep ths .  The samples  were  inves t iga ted  by  b r igh t  
and  dark  field t e c h n i q u e s  and  by se lec ted  area e lec t ron  
diffract ion.  

The TEM resul ts  for as -grown layers s h o w  tha t  the  low 
t empera tu r e  layers all are f o u n d  to be part ly crystal l ine 
(differing part ly f rom x-ray and  Raman  resul ts  due  to the  
tes t ing me thod)  whi le  the  h igh  t e m p e r a t u r e  group is fully 
crystal l ine (11). The average crystal l i te  size S and size dis- 
t r ibut ion  was d e t e r m i n e d  by measu r ing  30-100 crystal l i tes  
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Fig. 2. X-ray grain size D m  as a function of annealing temperature 
Ta for various deposition temperatures Td. 
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from the bright and dark field micrographs (Fig. 3a, b) 1 0 0 0  
for relative large grains and from the diffraction micro- 
graphs (Fig. 3c) for small particles. The average crystallite 
size S increases approximately linearly with T,l (see Fig. 4) 
from 50 to 300A, (neglecting large irregularly shaped crys- S (~)  
tallites at the 580~ layer surface). 

However, there is a wide distribution of grain sizes 
present in all layers. This is illustrated in Fig. 5, where the 800 
distribution of the grain sizes is plotted for a 620~ layer. 
Many grains are smaller or larger than 3. Slightly different 
grain size distributions are found at the substrate-layer in- 
terface (I) and at the layer surface (S), indicating a higher 
crystalline volume fraction at the substrate-layer interface 
for the 560 ~ and 570~ layers (ii). 

Annealed layers were studied by TEM exclusively for 600 
1000~ annealing, since x-ray had shown little annealing 
temperature dependence. The low temperature layers, 
after annealing, exhibit grain sizes ~ around 800A while 
the high temperature layers group around 300A (Fig. 4). 
Annealing thus has a large effect on the crystallite size of 
the low temperature group which is to be expected since 
these layers are mainly amorphous in the as-grown state. 4 0 0  
The grain size of the high temperature group, however, 
increased very little, since the original deposition in crys- 
talline form imposes some constraints on further grain 
growth. These results, in general, compare well with x-ray 
and in particular with the grouping for the D,1 values (see 
Fig. 2). As already pointed out, the agreement between 
x-ray and TEM average crystallite size determination is 2 0 0  
quite satisfactory (11). It should be noted, however, that 
our TEM technique yields only grain dimensions in the 
plane of the film. Cross-sectional TEM work (9) has 
shown that, e.g., our Td = 620~ films have a pronounced 
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Fig. 4. Average crystallite size S for LPCVD Si-layers, as-grown 
(�9 :interface, �9 surface) and annealed at 1000~ ([~ :interface, �9 
surface) as a function of Td. 

Fig. 3. Bright field (a, top), dark field (b, middle), and selected area 
diffraction (c, bottom) micrographs for an LPCVD layer deposited at 
Td = 560~ and annealed at Ta = 1000~ taken at the SiO2-Si 
interface. 

columnar structure such that many grains extend verti- 
cally through the entire film. 

The grain size distribution of annealed Td = 620~ lay- 
ers is shown in Fig. 5 (note that there is a very small prob- 
ability for sizes larger than 700A). It can be seen from Fig. 
6 that the annealed low Td layers, in particular those 
grown at 560 ~ and 570~ show a smooth grain size distri- 
bution. The distribution is shifted to larger sizes as com- 
pared to Td = 620~ (Fig. 5) but there are very few grains 
of a few thousand angstroms in diameter. So the TEM re- 
sults show in even greater detail than x-ray diffraction 
that the crystallization of amorphous layers yields a well- 
defined morphology. 

Brown et al. (1, 2, 7) have reported on the structure of 
LPCVD films grown at Td >/ 525~ on silicon wafers cov- 
ered with 1000A of thermally grown oxide. Their results 
agree with ours in the sense that polycrystalline films 
are formed for Td >/ 600~ However, average crystallite 
sizes determined by these authors using TEM were 
550-870A for as-grown layers, nearly three times our 
values. This may be due to the detailed deposition condi- 
tions which, as mentioned elsewhere in this paper, play 
an important role in this transition temperature region 
(600~176 For annealed layers, no grain sizes were 
quoted by Brown et al. In terms of texture, the <110> 
texture for high temperature as-grown and annealed lay- 
ers is confirmed by us, while there is a difference for an- 
nealed 580~ layers for which Kamins et al. find <311> 
while we find <111> texture. Moreover, we have to em- 
phasize again that originally amorphous films can be 
thermally converted into reproducible stable 
polycrystalline structures. 

Light Scattering 
R a m a n  sca t t e r ing . - -Raman scattering can provide the 

following useful information on the films in the as-grown 
and annealed state: 



678 J. Electrochem. Sac.: SOLID-STATE SCIENCE AND TECHNOLOGY March 1984 

0,2  

0.15 

>- 
k-- 

d 
rn 
<~ 
rnO.l - 

0 
rr 
(3_ 

0 .05  - 

I I I I I I I 

ANNEALED 

g 
AS GROWN- 

AS GROWN ANNEALED 

0 ~ i i = = 
0 2 0 0  4 0 0  6 0 0  

CRYSTALLITE SIZE S (/~) 
Fig. 5. Grain size distribution for an LPCVD layer, deposited at Td 

= 620~ as-grown and annealed at 1000~ I = interface, S = 
surface. 

I. From the frequency of the line, the degree of crystal- 
lization (amorphous, crystalline, or mixed) can be de- 
termined in a short time. This makes use of the fact 
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that in crystalline silicon the lattice vibration line is 
observed as a sharp line at 522 cm -~ as seen, e.g., in 
Fig. 7 (top), while in the amorphous state the break- 
down of lattice periodicity relaxes the symmetry re- 
strictions and permits scattering from all vibrational 
modes resulting in a broad line centered at 483 cm -~, 
as seen, e.g., in Fig. 7 (bottom). Intermediate states 
between the two forms (i.e., partly crystalline, partly 
amorphous) are easily recognizable as a superposi- 
tion as found, e.g., in Fig. 7 (center). One should note 
that the terms Raman, x-ray, and TEM amorphous 
are not equivalent due to a different response by the 
different techniques. 

2. From the intensity of the Raman line, after anneal- 
ing, the crystalline perfection can be judged. 

3. From the Raman line shape (or width), after anneal- 
ing, one can determine the amount of lattice pertur- 
bation and internal strain remaining in the layers. 

We have made use of the standard Raman scattering 
technique (12), with a i00 mW laser light of 5145A fo- 
cused to a spot of 50/~m x 2 mm on the film. We have 
verified that these conditions are sufficient for avoid- 
ing thermal crystallization by the beam. The scattered 
light is dispersed in a double monochromator and de- 
tected by photon counting. Using a fast scanning tech- 
nique with suitable averaging can provide the results in 
a few minutes. The light penetration depth amounts to 
the reciprocal absorption coefficient which is discussed 
in the next chapter. 

The results are presented in Fig. 8 for as-grown and 
annealed films vs. deposition temperature. For con- 
venience, we have plotted the maximum Raman inten- 
sity; any intensity above the 20-25 counts/s amorphous 
maximum intensity is therefore due to the crystalline 
contributions. The predominant crystallization state 
(amorphous, crystalline) is denoted by the appropriate 
symbol. The as-grown low temperature group (Td ~< 
580~ is found to be completely Raman amorphous, 
while the high temperature group (Td i> 600~ is ob- 
served to be partly to fully crystalline with a more or 
less strong amorphous tail in the spectrum. Upon an- 
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nealing, we find no particular dependence on tempera- 
ture within the range 900~176 However,  of interest  is 
the very strong dip observed in the annealed curve of 
Fig. 8 for Td = 600~ for which  the strongly deposit ion 
tempera ture-dependent  texture  of the crystalline grains 
might  be responsible (see under  x-ray). 

Some more subtle differences between the low (Td ~< 
580~ and the high (Td 1> 600~ group layers can be 
found by studying the Raman line shape of annealed 
films. Prel iminary results on this have been reported 
(11) and are considered to be of importance for device 
applications. It is found [see Fig. 2 of Ref. (11)] that the 
Raman line of the low temperature  grown polysilicon 
films quite closely resembles the Raman line of bulk 
single-crystal silicon while the high temperature  grown 
films exhibi t  a strong line shape distortion, evident  
mostly as a low frequency tail. This tail, when inte- 
grated, exceeds the bulk silicon integrated intensi ty by 
as much  as 26%. In a different manner, ~his can be seen 
in Fig. 9 where the full Raman l inewidth at one-tenth 
peak height  is plotted vs .  deposit ion temperature.  The 
difference between the low and the high temperature  
group films is indeed very striking. An interpretat ion of 
this behavior  can easily be given, and is in line with the 
other findings by light scattering (i.e., elastic scattering 
to be discussed below). Any contributions to Raman 
scattering in silicon from modes of lower f requency than 
the first-order Raman line are possible only if the lattice 
periodicity of the material is seriously dis turbed (of 
which the limit would be a fully noncrystal l ine struc- 
ture). Thus, as judging from Fig. 9 [or Fig. 2 of Ref. (11)], 
there is little or no disturbance for the annealed low 
temperature  group films which can be considered to be 
excellent.  On the contrary, the high temperature  group 
layers (Td /> 600~ after annealing remain in a highly 
dis turbed state of partly well and partly (maybe up to 26 
v/o) poorly crystallized material. It is the latter which is 
highly undesirable for some device applications since it 
is internally highl~y strained (dislocations, stacking 
faults, etc.),  and this can produce unwanted defects in an 
active device area. 

Elas t i c  s c a t t e r i n g  . - -The technique of elastic light scat- 
tering can be used to determine the structural perfection 
of polysil icon layers. Every material  exhibits  an intrinsic 
elastic scattering which is given by temperature  or en- 
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tropy fluctuations. In addition, extrinsic elastic scatter- 
ing is produced by all kinds of structural imperfect ions 
of the bulk such as mosaic misorientation, t w i n n i n g ,  
strain, grain boundaries,  stacking faults, dislocations (in 
general all effects resulting in changes in refractive in- 
dex), as well as local defects. In terms of surface to vol- 
ume, the elastic scattering can in principle originate (i) 
from the surface roughness, and ( i t )  from the volume 
structural imperfect ion to within the light penetrat ion 
depth (see section on Raman scattering) in the layer. 

For cases where the surface is not exceedingly poor, 
we have found that the second source dominates  since 
the surface represents only a small portion of the scat- 
tering volume. We have, e.g., been able to show (13) that 
the elastic light scattering on SOS (silicon on sapphire) 
wafers is strongly correlated with UV reflectivity which 
again has been shown to be correlated (14) with the 
twinning density and the SOS device yield. 

Elastic light scattering measurements  on polysilicon 
layers were performed by means of two methods:  the 
spectrometer  and the scanner for dust and defect detec- 
tion (15) used in the quality control mode (13). In the 
former, the same arrangement  and the same power and 
spot size was used, as given above for Raman scattering, 
except  for an additional 106-108 attenuation filter in- 
serted in front of the photomult ipl ier;  the scattered elas- 
tic intensity is then recorded for the various wafers. In 
the latter, by using the laser scanner in the quality con- 
trol mode, laser light is falling onto the spinning wafer 
while being translated. The scattered elastic light origi- 
nating from the bulk (i.e., not from dust or individual  de- 
fects) is used as a measure for the crystalline perfection. 
Both methods  correlate ext remely  well. 

The elastic scattering results from the spectrometer  
me thod  for as-grown and annealed layers have been 
published previously (11). As grown, the elastic light 
scattering intensity of the low temperature  group is very 
low, in fact it is found to be very close to good single- 
crystal silicon, and it remains that way upon annealing. 
Therefore, this material is of very good structural per- 
fection. In contrast, the high temperature  group exhibits  
a very high elastic scattering intensity. Also, the varia- 
tions (scatter of the data) within the high temperature  
group are considerable, due to the transition regime. 
This additional scattering observed for the high temper-  
ature group must  be interpreted as extrinsic in nature, 
and caused by the very large volume portions of imper- 
fect and poorly crystallized material in this group, as de- 
scribed above, in connection with the l inewidth in the 
Raman scattering section. 

A correlation of these elastic scattering results with 
Raman scattering is presented in Fig. 10 for as-grown 



680 J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE A N D  T E C H N O L O G Y  March 1984 

Fig. ]0.  Correlation between Roman and elastic intensity for differ- 
ent deposition temperatures, as grown. �9 = amorphous, x = crystal- 
line, and | = mixed. 

layers ,  f r o m  w h e r e  i t  is s e e n  t h a t  t h e s e  da t a  c o r r e l a t e  
q u i t e  wel l  in  t h e  s e n s e  t h a t  low t e m p e r a t u r e  a m o r p h o u s  
g r o w n  f i lms are  of  h i g h  s t r u c t u r a l  p e r f e c t i o n  w h i l e  h i g h  
t e m p e r a t u r e  c rys t a l l i ne  fi]ms are  of  r a t h e r  p o o r  s t ruc -  
t u r a l  pe r f ec t i on .  I t  s h o u l d  be  m e n t i o n e d  h e r e  t h a t  t h e  
r e su l t s  o f  t h e  s c a n n e r  m e t h o d ,  w h i c h  wil l  b e  p u b l i s h e d  
e l s e w h e r e  (13), are in  ful l  a g r e e m e n t  w i t h  t h e s e  find- 
ings .  In  fact,  t h i s  s e c o n d  m e t h o d ,  w h i c h  is v e r y  c o n v e n -  
ien t ,  l e n d s  i t se l f  to  a r a p i d  c h a r a c t e r i z a t i o n  (in a m a t t e r  
of  s e c o n d s )  of  a s - g r o w n  m a t e r i a l  in  t e r m s  of  qua l i ty .  

Optical Absorption and Refractive Index 
O p t i c a l  a b s o r p t i o n . - - T h e  opt ica l  a b s o r p t i o n  coef f ic ien t  

ha s  b e e n  m e a s u r e d  in o rder  to d e t e r m i n e  t he  l igh t  scat ter -  
ing  v o l u m e  i n v o l v e d  in R a m a n  and  elast ic  sca t te r ing .  For  
c o n v e n i e n c e ,  we h a v e  g r o w n  po lys i l i con  layers  on  quar t z  
glass  s u b s t r a t e s  c o n c u r r e n t  w i t h  t he  layers  g r o w n  on 
s i l icon/s i l icon ox ide  subs t ra t e s .  They  h a v e  b e e n  u s e d  to 
d e t e r m i n e  t he  a b s o r p t i o n  coefficient ,  a s -g rown a n d  an- 
nea led ,  f r o m  the  t r a n s m i t t e d  a n d  ref lec ted  lase r  in tens i -  
t ies  at  5145 a n d  4416A. 

T he  r e s u l t i n g  a b s o r p t i o n  coeff ic ient  is g iven  in Fig. 11 
for 4416A vs.  t h e  layer  d e p o s i t i o n  t e m p e r a t u r e s .  I t  is s een  
t h a t  t he  a b s o r p t i o n  coeff ic ient  of  t he  low t e m p e r a t u r e  
g r o u p  (Td ~< 580~ af ter  a n n e a l i n g  at  900~ is ve ry  close to 
the  a b s o r p t i o n  coeff ic ient  of s ing le-crys ta l  b u l k  s i l icon 
(16). Th i s  p rov ides  f u r t h e r  s u p p o r t  for t he  f ind ings  of 
R a m a n  s c a t t e r i n g  in tens i ty ,  in  pa r t i cu la r  l i n e w i d t h  (see 
above) ,  a n d  of  elast ic  i n t e n s i t y  (see above)  t h a t  t h e  low 
t e m p e r a t u r e  g r o w t h  p r o v i d e s  ma te r i a l  w h i c h  af te r  annea l -  
ing  c lose ly  r e s e m b l e s  the  s ing le -c rys ta l  s i l icon ma te r i a l  
p roper t i e s .  The  a b s o r p t i o n  coeff ic ient  of t h e  h i g h  t em-  
p e r a t u r e  g r o u p  (To >1 600~ on  t he  o the r  h a n d ,  is ve ry  
d i f f e ren t  f rom the  s ing le-crys ta l  a b s o r p t i o n  coeff ic ient  
(Fig. 11) Th i s  can  eas i ly  be  u n d e r s t o o d  in  t e r m s  of t h e  
large  d i s t o r t e d  v o l u m e  po r t i on  d i s c u s s e d  in  t h e  c o n t e x t  of  
l igh t  sca t te r ing .  The  d i s t o r t ed  reg ions  of  s t ruc tu ra l  imper -  
f ec tne s s  in  t he  h i g h t e m p e r a t u r e  g roup  give r ise  to a g rea t  
deal  of  i n t e r n a l  s ca t t e r ing  w h i c h  s e e m i n g l y  r e d u c e s  t h e  
t r a n s m i t t e d  l igh t  a n d  t h u s  i nc r ea se s  t he  a p p a r e n t  absorp -  
t ion  coefficient .  

R e f r a c t i v e  i n d e x . - - T h e  re f rac t ive  i n d e x  is i m p o r t a n t  for 
r o u t i n e  t h i c k n e s s  m e a s u r e m e n t s  wi th  t h e  opt ica l  th i ck -  
ne s s  m o n i t o r  d e s c r i b e d  b y  S a n d e r c o c k  (17). The  ef fec t ive  
re f rac t ive  i n d e x  was  m e a s u r e d  as a f u n c t i o n  of  t h e  film 
d e p o s i t i o n  t e m p e r a t u r e  by  r e l a t i ng  t he  opt ica l  t h i c k n e s s  
top t for  n = 1 as m e a s u r e d  w i t h  t he  opt ica l  m o n i t o r  to t h e  
t h i c k n e s s  r e a d i n g  w i th  t he  " D e k t a k "  sur face  prof i lom- 
e te r  tern a c c o r d i n g  to neff = topt/te~f. The  resu l t s  in  Fig. 12 
s h o w  two  d i s t i nc t  reg ions  w i t h  neff = 3.9 - 4 for  a m o r p h o u s  
ma te r i a l  d e p o s i t e d  at  Td ~< 580~ a n d  a t r a n s i t i o n  reg ion  
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for  Td > 580~ w h e r e  the  ma te r i a l  is d e p o s i t e d  w i t h  a 
m i x e d  a m o r p h o u s / c r y s t a l l i n e  s t ruc ture .  T h e  a n o m a l o u s  
da ta  p o i n t s  a r o u n d  n = 3.23 (deno t ed  by  *) a p p e a r  to  be  
the  r e su l t  of  excess ive  sur face  r o u g h n e s s  at  th i s  deposi -  
t i on  t e m p e r a t u r e .  The  e r ro r  o r ig ina tes  f rom t h e  sur face  
p ro f i l ome te r  r e ad i n g  as  t h e  s ty lus  c a n n o t  fo l low t h e  ful l  
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Fig. 12. Effective refractive index n~f~ for measurements with the 
thickness monitor as a function of Td. * See text. 
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d e p t h  c o n t o u r  of the  m i c r o s c o p i c  sur face  r o u g h n e s s  in  
c o n t r a s t  to the  opt ica l  t h i c k n e s s  moni to r .  Th i s  was  inde-  
p e n d e n t l y  c o n f i r m e d  b y  e v a l u a t i n g  a 5400A t h i c k  SiO2 
film w i t h  a 1600A t h i c k  deep  g ra t ing  on  t he  surface.  I t  is 
o b v i o u s  t h a t  the  large  c h a n g e  in  re f rac t ive  i n d e x  can  be  
u s e d  to get  r ap id  i n f o r m a t i o n  on  w h e t h e r  t he  d e p o s i t e d  
m a t e r i a l  is a m o r p h o u s  or po lycrys ta l l ine .  

Surface Roughness 
A s l igh t ly  r o u g h  sur face  is one  in  w h i c h  t h e  sur face  ir- 

r egu la r i t i e s  are smal l  b u t  no t  neg l ig ib le  c o m p a r e d  to t h e  
w a v e l e n g t h  of  t he  i n c i d e n t  rad ia t ion .  I t  h a s  b e e n  s h o w n  
(18) t h a t  t he  opt ica l  p r o p e r t i e s  of s u c h  a sur face  are deter -  
m i n e d  b y  two  s ta t i s t ica l  func t ions ,  i.e., t h e  p r o b a b i l i t y  
d i s t r i b u t i o n  of  h e i g h t  D(z) a n d  t h e  a u t o c o r r e l a t i o n  func-  
t ion  A(s) c o n n e c t i n g  two  po in t s  on  t he  surface.  B e c a u s e  of  
t he  c o n t i n u i t y  of  t he  surface,  b o t h  f u n c t i o n s  are m u t u a l l y  
d e p e n d e n t .  T h e y  are  cha rac t e r i zed  b y  t he  roo t  m e a n  
s q u a r e  ( rms)  r o u g h n e s s  ~r de f ined  b y  ~ = <z2> re la t ive  to 
t he  m e a n  sur face  level,  z = 0, a n d  b y  t he  co r r e l a t i on  
l eng th ,  a, respec t ive ly .  I f  D(z) is a s s u m e d  to be  a G a u s s i a n  
d i s t r i b u t i o n  func t ion ,  t h e  p e a k  to p e a k  sur face  r o u g h n e s s  
crpp is in  first a p p r o x i m a t i o n  g iven  b y  ~r,p = 2 �9 ~/2 ~r. 

We d e t e r m i n e d  t he  sur face  r o u g h n e s s  a of  a s -g rown  
a n d  a n n e a l e d  f i lms u s i n g  a t e c h n i q u e  d e v e l o p e d  b y  
C u n n i n g h a m  a n d  B r a u n d m e i e r  (19). A s i lver  layer  of 
700-1000A t h i c k n e s s  is e v a p o r a t e d  on to  t he  s i l icon sur face  
a n d  t h e n  t he  r e f l ec tance  of  t he  s i lvered  sur face  is mea-  
s u r e d  in  t h e  w a v e l e n g t h  r eg ion  of su r face  p l a s m o n  exci ta-  
t ion,  i.e., ~ = 3500A. Normal ly ,  i n c i d e n t  l igh t  co u p l e s  to 
sur face  p l a s m o n s  on ly  t h r o u g h  sur face  i r regu la r i t i e s  s u c h  
t h a t  t h e  loss  of  r e f l ec tance  AR, c o m p a r e d  to t h a t  of  a 
s m o o t h  s i lver  surface,  is a d i r ec t  m e a s u r e  of  ~r. Quan t i t a -  
t ive  o- va lues  are  b a s e d  on  a co r re l a t ion  b e t w e e n  AR a n d  cr 
va lues  o b t a i n e d  b y  an  i n t e r f e r o m e t r i c  m e t h o d  (19). 

We f o u n d  [see Ref. (11)] ~ va lues  of  less  t h a n  15A for 
fi lms in  t h e  a m o r p h o u s  phase ,  i.e., at  Td < 580~ Deposi -  
t i on  at  620~ y ie lds  r e p r o d u c i b l e  va lues  b e t w e e n  50 a n d  
60A w h e r e a s  Td = 600~ occas iona l ly  gives a s m o o t h  
sur face  w h e n  o the r  r u n s  p r o d u c e  r o u g h  films. S imi l a r  re- 
su l t s  h a v e  b e e n  o b t a i n e d  by  A s p n e s  et al. (20) u s i n g  el- 
l i p s o m e t r y  to cha rac t e r i ze  t he  sur face  qua l i ty  of  L P C V D  
films d e p o s i t e d  at  575 ~ 740 ~ a n d  870~ cr va lues  in  exces s  
of  100A h a v e  b e e n  r e p o r t e d  for  depos i t i on  t e m p e r a t u r e s  
of  880~176 (21). 

I t  is ve ry  r e m a r k a b l e  t h a t  our  or va lues  are  no t  c h a n g e d  
b y  t h e  a n n e a l i n g  t r e a t m e n t  at  900~176 (11). Th e  m a i n  
c o n c l u s i o n  to be  d r a w n  he re  is t h a t  t he  sur face  r o u g h n e s s  
is no t  para l le l  to t h e  ave rage  gra in  size (see Tab le  I). T h e  
a n n e a l e d  low t e m p e r a t u r e  f i lms h a v e  an  ave rage  g ra in  
size of a b o u t  800A a n d  ~ < 15A w h e r e a s  t he  a n n e a l e d  
h i g h  t e m p e r a t u r e  fi lms h a v e  ave rage  g ra in  sizes of  200- 
400A a n d  50A < ~r < 60A. Th i s  i m p o r t a n t  fact  r e su l t s  f rom 
the  g r o w t h  his tory .  I f  t he  fi lms are g r o w n  in  t h e  amor -  
p h o u s  state,  t he i r  sur face  is smoo th ,  a n d  t h i s  s m o o t h n e s s  
is p r e s e r v e d  d u r i n g  recrys ta l l iza t ion .  The  c rys ta l l i t es  
w h i c h  are  f o r m e d  in th i s  p roce s s  do no t  " s t i c k  ou t "  f rom 
the  surface.  I t  s e e m s  poss ib l e  t h a t  a c rys ta l l i za t ion  n e a r  
t he  su r face  leads  to a d i s t r i b u t i o n  a n d  a r r a n g e m e n t  of  
g ra ins  s u c h  t h a t  t h e y  can  be  a c c o m m o d a t e d  w i t h i n  t h e  
g iven  con tour .  If, on  t he  o the r  h a n d ,  t he  fi lms g row in  t h e  
c rys ta l l ine  state,  t h e  sur face  s t r u c t u r e  r e su l t s  f rom t h e  
s h a p e s  of  i n d i v i d u a l  g ra ins  w h i c h  can  g row fair ly un in -  
h ib i t ed .  Di f fe rences  w i t h i n  t h e  g r o u p  of  h i g h  t e m p e r a t u r e  
fi lms m a y  b e  due  to t he  d i f f e ren t  t ype  of  t e x t u r e  
o c c u r r i n g  f rom Td = 600 ~ or 620~ I t  is o b v i o u s  t h a t  for  all 
t hose  cr i t ical  app l i ca t i ons  w h i c h  rely  on  an  e x t r e m e l y  
s m o o t h  po lys i l i con  surface,  one  has  to avo id  g r o w t h  t em-  
p e r a t u r e s  of  600~ or h igher .  In  t e r m s  of  su r face  rough-  
ness ,  t h e y  are e i the r  i r r e p r o d u c i b l e  (600~ or u n a c c e p t -  
ab le  (620~ 

I t  was  also s h o w n  t h a t  r ap id  cha r ac t e r i z a t i on  of  t h e  sur-  
face r o u g h n e s s  is poss ib le  b y  m e a s u r i n g  t he  r e f l ec t ance  
of  t he  u n t r e a t e d  sur face  at  two fixed w a v e l e n g t h s  (k = 
280 a n d  400 rim). This  t e c h n i q u e  has  b e e n  u s e d  be fo re  to 
m e a s u r e  t he  nea r - su r face  c rys ta l l in i ty  of  s i l icon on  sap- 
ph i r e  (14). Resu l t s  o b t a i n e d  on  t he  a s -g rown  a n d  a n n e a l e d  
s i l icon films h a v e  b e e n  p u b l i s h e d  e l s e w h e r e  (22). 

T E M  m i c r o g r a p h s  of  su r face  rep l ica  of  t he  po lys i l i con  
films h a v e  b e e n  taken .  S h a d o w i n g  t e c h n i q u e s  h a v e  b e e n  
u s e d  for  e v a p o r a t i o n  of  a 10-20A t h i c k  P t  fi lm u n d e r  45 ~ 

inc idence .  F i g u r e  12a shows  t h a t  a film g r o w n  at  570~ 
a n d  a n n e a l e d  at  1000~ has  a la tera l  s t r u c t u r e  w i t h  a typi-  
cal d i m e n s i o n  of  a b o u t  200,4. b u t  a p e a k  to p e a k  sur face  
r o u g h n e s s  ~,p smal l e r  t h a n  50A. T h e  film g r o w n  at  620~ 
in Fig. 13b h a s  a typ ica l  l a te ra l  d i m e n s i o n  f rom p e a k  to 
p e a k  or va l ley  to va l ley  c o r r e s p o n d i n g  to t h e  co r re l a t ion  
l e n g t h  a of  t h e  o rde r  of  1000A. T h e  v a l u e  for ~pp, d e d u c e d  
f rom t h e  w i d t h  of  the  s h a d o w  c o n t o u r s  v i s ib le  in  Fig. 13b, 
is a b o u t  200-300A. K e e p i n g  in  m i n d  t h a t  crpp is a few t i m e s  

..... t h e s e  va lues  are in  good  a g r e e m e n t  w i t h  t h e  rough-  
ness  va lues  d e d u c e d  f rom t h e  opt ica l  m e a s u r e m e n t s .  

S E M  m i c r o g r a p h s  h a v e  b e e n  t a k e n  d i rec t ly  of  t he  
u n c o a t e d  sur face  in o rde r  to m a k e  sure  t h a t  no  ar t i fac ts  
are  i n t r o d u c e d  b y  the  me ta l l i za t ion  app l i ed  in  e i t he r  of  
the  o the r  two  t e ch n i q u es .  Indeed ,  .the s ame  la te ra l  d i m e n -  
s ions  h a v e  b e e n  f o u n d  as in  TEM. Also, w h e n  t h e  s a m p l e s  
are t i l ted,  t h e  p r o n o u n c e d  d i f f e rences  in  the  sur face  
h e i g h t  d i s t r i b u t i o n  b e t w e e n  t h e  low t e m p e r a t u r e  g r o u p  
a n d  t h e  h i g h  t e m p e r a t u r e  g r o u p  b e c o m e  clear ly  vis ible .  I t  
is also w o r t h  n o t i n g  t h a t  in  t h e  T E M  a n d  S E M  s tudies ,  no  
inc rease  of  t h e  sur face  r o u g h n e s s  b y  a n n e a l i n g  was  ob- 
served.  In  conc lus ion ,  e l ec t ron  m i c r o s c o p y  con f i rms  t he  
opt ica l  r o u g h n e s s  va lues  and,  in  add i t ion ,  gives i n s i g h t  
in to  t h e  la tera l  s t ruc tu re .  

Conclus ions 
In this detailed investigation, we have shown that the 

properties and device quality of polysilicon films depend 
most sensitively on the deposition temperature and, 
hence, on the structure in the as-grown state. If 
polysilicon films of high structural perfection, low strain, 
and small surface roughness are required, then the depo- 
sition t e m p e r a t u r e  s h o u l d  n o t  e x c e e d  580~ 

T h e  r e a s o n  for t h e  h i g h  qua l i t y  of s u c h  fi lms s e e m s  to 
lie in  t h e  fact  t h a t  t h e y c o n d e n s e  in  t h e  a m o r p h o u s  s t ruc-  
ture.  Th i s  t y p e  of s t r u c t u r e  l eads  to a b e t t e r  g ra in  forma-  
t ion  in  s u b s e q u e n t  a n n e a l i n g  p r o c e s s e s  as c o m p a r e d  to 
d i rec t  d e p o s i t i o n  in t h e  c rys ta l l ine  s t ruc tu re .  In  t h e  
pos tc rys ta l l i zed ,  or ig inal ly  a m o r p h o u s ,  films, we o b s e r v e  
less  s t r a in  a n d  h i g h e r  p e r f e c t i o ] ~ t h a n  in  g rowth -  
c rys ta l l ized  films. Also, t h e  or ig ina l  sma l l  su r face  rough-  
ness  of  less t h a n  20A (root m e a n  s q u a r e  value)  is pre-  
s e r v e d  in  t h e  c rys ta l l i za t ion  p roces s  a l t h o u g h  a g ra in  size 
d i s t r i b u t i o n  w i th  a n  ave rage  size of a b o u t  800A deve lops .  

T h e  g r o w t h  ra te  i nc reases  w i t h  i n c r e a s i n g  t e m p e r a t u r e  
a n d  is h i g h e r  t h a n  50 A/min  at  580~ S o m e w h a t  h i g h e r  

Fig. 13. TEM micrographs of shadowed surface replica of 
polysilicon films annealed at 1000~ (a, top) T~ = 570~ and (b, 
bottom) Td = 620~ 
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growth rates can be obtained at T~ /> 600~ but only at the 
cost of lower structural and surface perfection. 

The results of our investigation on in situ phosphorus- 
doped LPCVD polysilicon films will be described in a 
forthcoming publication (23). 
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ABSTRACT 

A novel Dual TCE (two step trichloroethy- 
lene) oxidation process has been developed to 
grow thin and highly reliable gate oxides for 
very large scale MOS application. The main 
features consist of an initial low temperature 
oxidation providing a low-defect-density oxide 
structure and a subsequent high temperature 
oxidation providing a good interface with 
passivation ability against mobile ions. Com- 
biuations of various percentages of TCE and 
different oxidation conditions are examined. 
It is found that thin oxides obtained by Dual 
TCE process have high dielectric break-down 
fields and good oxide-silicon interface, 
similar to those obtained by two step HCZ 
oxidation, but without their associated 
disadvantages. 

INTRODUCTION 

The trend of VLSI strategy is to pack as 
many devices as possible on a single chip. 
One of the ways to achieve this goal is to 
shrink the dimensions of the device structure. 
In MOS technology, the miniaturization proce- 
dure calls for scaling down all physical 
dimensions, among which an important one is 
the gate oxide. To realize a sub-micron MOS 
channel, the dimension of the gate 9xide mus~ 
be scaled down to the order of I00 A or less ~. 
Therefore, techniques to routinely form very 
thin and highly reliable oxides must be 
established, in order to fully exploit the 
potential of VLSI technology. 

Several groups of workers have reported 
different methods2to grow thin gate oxides. 
Kamigaki and Itoh employed low oxygen partial 
pressures to obtain thin4oxides. Raider and 
Forget3 and Adams et al. examined the growth 
kinetics and properties of very thin oxides. 
More recently, an HC~ oxidation technique~has 
been applie~ ~o form thin and highly reliable 
gate oxides ~'~. In both studies, a two-step 
HC~ oxidation process at different tempera- 
tures was invoked. 

The idea of a two-step 6 or dual cycle 7 

HC~ oxidation to grow reliable thin gate 
oxides evolves quite naturally from several 
experimental observations. It has been 
reported that oxides grown at a high tempera- 
tures have a higher defect density than those 
grown at lower temperatures. Oxides obtained 
by HC~ oxidation show a significant decrease 
in defect density when grown at lower tempera- 
tures around 900 ~C. However, on the other 
hand, it is known" that below 1060 ~ the 
passivation ability of HCs oxides is not 
effective. Furthermore, charges at the oxide- 
silicon interface are not at a minimum ~f the 
oxides are grown at lower temperatures lv. 

Taking the above facts into considera- 
tion and noting that the condition of the 
oxide-silicon interface is primarily dictated 
by the final stage of oxidation, a two-step 
oxidation scheme is an obvious strategy to 
obtain high-quality thin oxides. The first 
stage of growth at low temperature is to 
obtain a low-defect-density oxide structure. 
The second stage is to perform the HC~ oxida- 
tion at higher temperature so that a good 
oxide-silicon interface is obtained, in 
addition to the beneficial properties of the 
passivation effect. 

The two-step HC~ oxidation appears to be 
a good technique to form reliable thin gate 
oxides. Besides the good quality mentioned 
above, the thin oxides thus obtained should 
possess all the other benefits of HC~ 9xides, 
such as elimination of stacking faults •177 ~nd 
improved low-frequency noise performance l~. 
However, the HCs oxidation technique has, 
after all, several drawbacks due to its 
insidious side effects. HC~ is a very 
dangerous acid and c~not be handled easily. 
Furthermore, it is very corrosive and causes 
the oxide to have a rough surface if the con- 
centration of HCs is too high. The use o@~ 
trichloroethylene (TCE) has been reported *~ 
to be just as effective as HC~, but without 
its disadvantages. 

Indeed, TCE has some distinct advantages 
over HC~ in that it is much easier to handle, 
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contains sufficient chlorine and is far less 
corrosive. However, the technique of TCE 
oxidation has not been reported to apply to 
grow thin and reliable gate oxides. In the 
present work, we report the successful appli- 
cation of TCE oxidation to form very thin and 
reliable.gate oxides. Thin oxides ranging 
from 90 ~ to 500 ~ were obtained by different 
TCE oxidation cycles. Relevant properties of 
these Si0> films were compared to those 
obtained 5y the standard dry oxidation process 
in order to determine the most appropriate TCE 
conditions to grow thin oxides for VLSI 
application. 

TCE OXIDATION CYCLES 

For the present studies, p-type, <iii> 
oriented silicon wafers with a resistivity of 
2 to 4 ~-cm were used, and these were Cleaned 
in H202-NH4)H-H20 (2:1:5, volume) and H202-HCZ 

-H20 (2:1:7, volume), followed by DI water 
rmnse. After standard cleaning procedure, 
these were oxidized in a resistance-heated 
furnance at various temperatures in the pre- 
sence (or absence) of a small amount of TCE. 
TCE vapor was added to the oxidizing ambient 
which consisted of dry oxygen and dry nitrogeL 
The partial pressure of oxygen was controlled 
by adjusting the relative proportion of oxygen 
and nitrogen. The amount of TCE was controlled 
by varying the flow rate of another dry 
nitrogen inlet through a bubbler filled with 
purified liquid TCE kept at 0 ~ Details of 
quantitative data regarding the oxidation 
ambients can be found in Table I. 

Several TCE oxidation cycles were per- 
formed, and resulting oxides were compared 
with those obtained by the standard dry oxida- 
tion procedure. We call the first one 'total 
TCE process' in which the entire oxidation 
takes place in an ambient of oxygen and TCE 
(other than a small amount of nitrogen as the 
carrier gas) at a high temperature of 1060 ~ 
Then the oxide was annealed in nitrogen at the 
same temperature. The second one is called 
'partial TCE process' which differs from the 
total TCE process in having an initial low 
temperature (900 ~ dry oxidation and a sub- 
sequent high temperature TCE oxidation and 
nitrogen annealing. The last one is the 'dual 
TCE process' which consists of a low tempera- 
ture dry oxidation, a low temperature TCE 
oxidation and a high temperature TCE oxidation 
with low oxygen partial pressure. This can be 
followed by nitrogen ~n~ealing, which has not 
been performed in the present studies. The 
essential features of these processes are 
slmmarized in Table I. 

Table I : Summary of various oxidation cycles 

Conditions Total Partial Dual Standard 

Gas (ml/min) 02:500 02:500 02:500 

Temp. (~ 900 900 1060 

Time (min) i0 8 13 

Gas (ml/min) 02:500 02:500 02:500 

Temp. (~ 

Time (min) 

Gas (ml/mln) 

Temp (~ 

Time (mim) 

Steps 

i 

TCE/N2:40 TCE/N2:40 TCE/N2:40 

1060 "1060 900 - 

12 Ii 15 - 

N2:500 N2:500 N2:500 N2:500 

02:50 

TCE/N2:25 

1060 1060 1060 1060 

4O ~0 4O 4O 

Note. TCE/Np denotes the flowrate of dry 
nitrogen bubSling through liquid TCE, and by 
varying this rate, the amount of TCE can be 
controlled. 

The oxide film thickness was measured by 
a Rudolph ellipsome~er, Model 43603-200E at a 
wavelength of 5461 ~, taking the silic@n 
refractive index to be 4.040 - 0.031 i*. SiO 2 
films on the back sides of wafers were care- 
fully etched by HF. Aluminum electrodes were 
evaporated from a tungsten boat. A~ dot 
electrodes with 0.51 mm, 0.76 mm, 1.02 mm and 
1.52 mm diameters were patterned photo- 
lithographically, and the back sides of wafers 
were evaporated with thick AZ films. Dielec- 
tric breakdown measurement was performed with 
the aluminum dots biased negatively, i.e., 
with the p-type silicon in accumulation. The 
breakdown voltage was measured on these 
aluminum dots with four different sizes when 
the current density reached a magnitude of 
0.049, 0.022, 0.012 and 0.008 mA/mm 2 respec- 
tively. For each sample, the mean value of 
breakdown voltages was obtained from one 
hundred measurements, and the corresponding 
breakdown field was computed from the break- 
down voltage and oxide film thickness. Fixed 
oxide charges and mobile ions were deduced 
from the flat band voltages, based on the high 
frequency capacitance-voltage measurements 
using MSl Electronics Model 868 C-V plotter. 

RESULTS AND DISCUSSIONS 

Typical statistical distributions of the 
average breakdown field for both TCE ~id 
standard oxides are s~mmarized in Figure i. 
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It is noted that most breakdown occurs at high 
fields, within a very narrow range for various 
TCE oxides. The spread in the breakdown field 
is large in standard oxides. Table II class- 
fies the breakdown strength for various oxides. 

Table II : Comparison of percentage of 
capacitors for various oxidation 
cycles 
(Area of capacitor = 0.204 mm 2) 

Standard Total Partial Dual 
Oxide TCE Oxide TCE Oxide TCE Oxide 

(352 ~) (477 ~) (408 ~) (499 ~) 

> 6 MV/cm 71.6% 89.5% 95.8% 96.1% 

> 8 MV/cm 58.9% 82.9% 90.7% 90.3% 

< 4 MV/cm 14.7% 4,8% i% 0% 

(Low Field Breakdown) 

For total TCE oxide, more than 82% of the 
breakdown field occurs at fields between 8 to 
ii MV/cm, while more than 90% of the breakdown 
field occurs at the same range for partial TCE 
and dual TCE oxides. These should be con- 
trasted with the standard oxide which has only 
58.9% breakdown field larger than 8 MV/cm. 
Furthermore, 14.7% of low field breakdowns 
(< 4 MV/cm) is found in the standard oxides, 
in contrast to the observation that there is 
practically no occurrence of low field break- 
down in dual TCE oxides. 

Figure 2 shows the mean value of elec- 
tric field breakdown versus capacitor area for 
the various groups of oxides. The breakdown 
field drops as the electrode area increases, 
and levels off as the area increases, and 
reaches a constant value as the area exceeds 
about 1.5 mm 2. The slopes of decrease in the 
breakdown field are less steep in TCE oxides 
than that of standard oxide. The mean value 
of breakdown field in dual TCE oxides and 
partial TCE oxides is higher than that based 
on other oxidation condition. The value of 
the dual TCE breakdown is comparable to the 
published resul~sof breakdown field in two- 
step HCZ oxides U,~. However, it should be 
pointed out that exhaustive attempts have not 
been made in the present work to optimize the 
dual TCE oxidation conditions in order to 
obtain the best overall oxide quality. 

The fixed oxide charge of dual TCE oxide 
is significantly lower than that in other 
samples, as shown in Table Ill. These values 
are typical of thin oxides 14. Once again, it 
should mentioned here, no attempts have been 
made to minimize the charge density because no 

Table III : Qss of various oxidation cycles 

Sample 
Standard Oxide 
Oxide TCE Oxide 

o o 
(352 A) (477 A) 

Partial 
TCE Oxide 

o 
(~o8 A) 

Dual 
TCE Oxide 

o 
(499 A) 

Qss (em-2) 2.6 x I0 II 1.9 x i0 II 1.75 x i0 II 1.4 x i0 II 

N 2 annealing was performed in the dual TCE 
oxide. 

For the effect of protection against 
mobile ions contamination, bias-temperature- 
stress had been performed, and the shifts in 
flat-band voltages in dual TCE oxides are at 
least ten times smaller than those of our 
standard oxide samples. More detailed infor- 
mation on the fixed oxide charge density, 
passivation capability against the mobile 
ions, and dielectric breakdown properties can 

15 be found in a separate publication . 

CONCLUSION 

In our search for techniques to grow 
thin and highly reliable oxides, we have 
demonstrated that the dual TCE oxidation cycle 
is a viable method. Samples obtained show all 
the good qualities as found in the two-step 
HCZ oxidation technique, but without the 
inherent difficulties and disadvantages asso- 
ciated with HC~. While we have shown the 
feasibility of the dual TCE oxidation techni- 
que, more work is needed to fully characterize 
and understand this method, in order that an 
optimal process can be found. The fixed 
charge density might be minimized if a con- 
scientious effort is made in annealing the 
sample, and in adjusting the proper percentage 
of incorporation of chlorine atoms. Attempts 
should also be made to render the passivation 
ability more effective by finding the optimum 
combination of temperature, TCE percentage an 
time of duration. In conclusion, we believe 
the dual TCE oxidation technique will provide 
a reliable but simple method to grow ultra 
thin gate oxides for VLSI application. 
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Abstract 
Tetrasulfonated iron phthalocyanines 

(FePcS) can be incorporated into 
electronically conducting polypyrrole by 
electrochemical polymerization of pyrrole in 
the presence of FePcS. The FePcS modified 
glassy carbon electrodes catalyzed the 
reduction of Oo at potentials 250 to 800 mV 
less negative th~n at bare glassy carbon or at 
polypyrrole-coated glassy carbon not 
containing FePcS. Rotating ring-disk 
experiments indicated some hydrogen peroxide 
formation at most pH's. However, at high pH 
essentially exclusive reduction of 0 vtOl H 0 
was observed at potentials 250 ~ e~s 
negative than at a non-catalyzed electrode. 

(end of abstract) 
One of the main motivations for the 

preparation of modified electrodes, including 
those covered with polymer films, is the 
incorporation of electrocatalysts onto the 
electrode surface. For example, catalysts 
have been covalently attached to the 
substrate, irreversibly adsorbed, and 
introduced into polymer f i l  ms via 
electrostatic binding (1). Of particular 
interest have been electrocatalysts for the 
reduction of oxygen (2-5); these often are 
based on metal porphyrins and phthalocyanines. 
Among the problems arising in the uti l ization 
of catalytic modified electrodes are the 
limited effectiveness on monolayers (6), 
instabi l i ty of the attached or adsorbed 
materials, and low rate of charge transport 
through non-electronically conductive films. 
We suggest here the incorporation of a 
catalyst into a conductive polymer layer by 
electrochemical polymerization in the presence 
of catalyst and brief ly describe the 
characteristics of such an electrode for the 
reduction of oxygen. 

Electrochemical Society Active Member, 
Key Words: catalysis, polymers, voltammetry, 
elect rodes 

Manuscript submitted Feb. 22, 1983. 

The conductive polymer chosen was 
polypyrrole (PP); a number of electrochemical 
studies of this material have demonstrated 
that this can be readily deposited by 
electrochemical oxidation of pyrrole from 
nonaqueous or aqueous solutions (7-10). The 
catalyst was tetrasulfonated phthalocyanine 
incorporating iron (FePcS) and the substrate 
was glassy carbon (GC). The advantages of 
this system include ease of preparation, and 
both high conductivity and high porosity of 
the PP film (11), leading to rapid transport 
of both charge and solution substrate within 
the electrode structure. 

Polypyrrole films were deposited from 
aqueous 0.05 M sodium trifluoroacetate 
solutions (NaTFA) (pH i-7) that were 0.1M in 
pyrrole by anodic oxidation at +0.7 V vs. 
SCE at GC Polymer film 2thicknesses were 
estimated by taking 24 mC/cm of charge to be 
equivalent to a 1 ~m film (8c). GC/PP/FePcS 
films were prepared by an identical procedure 
except that the solution contained only 1 mM 
FePcS and 0.1 M pyrrole. Oxidation of 
pyrrole in the presence of FePcS was 
necessary for catalyst incorporation. 
Control experiments in which a GC electrode 
was held at +0.7 V vs. SCE in a FePcS 
solution not containing pyrrole showed no 
- reduction catalysis. PP films deposited . 
the absence FePcS and then cycled through the 
PP redox waves in a solution containing FePcS 
also showed no catalytic activity. 

CV Experiments.--A typical cyclic 
voltammogram (CV) of a FePcS/PP film ( 0.1 ~m 
thick) is shown in Fig. la for a 0.1M NaTFA 
electrolyte (pH 1.7) saturated with N^. The 
small waves for FePcS reductio~ and 
re-oxidation are superimposed on the large PP 
background; the large background currents 
have been ascribed to capacitive charging of 
the highly porous PP film (11). An estimate 
of the amount of electroactive FePcS in the 
polymer from the CV, assuming n=l for 
Fe(II I) /Fe(II)  couple 
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is 2 to 6 x 10 -11 moles/cm 2 geometric area. 
The FePcS redox waves were stable to cycling 
within the potential limits imposed by PP. 
Scanning to potentials sufficiently negative 
for PP reduction ( i .e. out to -0.3 to -0.5 V 
vs. SSCE) resulted in a decrease in the peak 
currents ( i )  for the FePcS waves. Potentials 
positive eHough for irreversible PP oxidation 
(+0.8 V vs. SSCE at pH 1 to +0.4 V at pH 13) 
also decreased i for the FePcS redox waves, 
although the f i~m s t i l l  remained on the 
electrode surface. 

In 02-saturated solutions the current at 
the FePcS wave was greatly increased (Fig. 
lb); this is attributed to the catalyzed 
reduction of 0 . In all cases significantly 
higher reductio~ currents were found at more 
positive potentials at GC/PP/FePcS than at 
GC/PP or bare GC electrodes. For example, 
under the conditions of Fig, Ib, O_ reduction 
at GC/PP occurs at about -0.8 V vs.ZSSCE. The 
effect of pH on the potentials for catalyzed 
O_-reduction was similar to that found for the 
F~PcS waves themselves. At pH < 3, the shift 
of E was 45 mV/pH unit. As with the FePcS 
redox p waves themselves, the waves attributed 
to O  ̂ reduction disappeared upon irreversible 
PP oxidation. 

RRDE Experiments.--Reduction of 02 at bare and 
modified GC disk electrodes with detection of 
products (e.g. H~O~) via oxidation at a Pt 
ring electrode pro~i~ed additional information 
about catalysis by incorporated FePcS (Fig. 
2). At a bare GC electrode O^-reduction 
occurred to produce a mass transferZcontrolled 
wave, with ~he limiting current, i 
increasing with angular rotation velocity, ~: 
For GC/PP electrodes a wave at similar 
potentials was observed, but i. reached a 
limiting value at about 1000 L rpm. The 
collection efficiencies, N, found for GC and 
GC/PP electrodes (for O_ reduction at the disk 
and H^O_ oxidation at t~e ring) were generally 
0.26 Z-Zo.30; this is less than the collection 
efficiency found with this electrode3a~ a 
soluble redox couple such as Fe(CN)A " '~- ,  
where N = 0.39. For a GC/PP/FeP~S disk 
electrode, the reduction of O  ̂essentially 
conincided with the FePcS reduction wave and 
occurred at less negative potentials compared 
to GC and GC/PP electrodes, similar to the CV 
results. At most pH's anodic ring currents 
were observed when 02 was reduced at the disk 
(e.g. at pH = 6.5, E. = -0.6 V; E = +1.0 V 
vs. SSCE), demonstrating that so~e H202 is 
produced. Typical  results for a 0.1 um 
PP/FePcS film in 02-saturated O.IM NaTFA (pH 
6.5) are given in 

Fig. 2a. Strict correspondence to the Levich 
equation (i~ vs. ~ " ) was not found with 
this electrode, perhaps because of 
interference from the background processes of 
PP. The reduction of O~ at GC/PP/FePcS in 
0.1 M NaOH did not le~d to anodic ring 
currents until the disk potential attained 
values where direct O~ reduction of GC/PP 
occurs. Typical RRDE vo~tammograms are given 
in Fig. 2b. After an in i t ia l  "break-in 
period" during which the reduction current 
decreased, the current between -0.1 and -Q.3 
V was independent of m. No ring currents 
were observed at these values of E.. When 
E. reached -0.35 V, the onset potential for 
O~ reduction at bare GC, anodic current 
b~came apparent. Note, however, that even at 
these potentials the anodic currents were 
very small, so that N-values in this region 
were two orders-of-magnitude smaller than for 
catalyzed O  ̂ reduction at lower pH. These 
results Suggest that FePcS catalyzes the 
decomposition of HoOo in 0.1M NaOH solution. 

In general, 6v~r the pH range of 1.7 to 
13, N-values for GC/PP/FePcS electrodes were 
always smaller than those for bare GC 
electrodes at the same pH. However, at lower 
pH, N was nearly the same as that for the 
bare electrode. At pH 13, N was two orders 
of magnitude less than at a bare GC 
electrode, even at potentials where peroxide 
is produced at GC. 

The stabi l i ty of FePcS-PP films depended 
on the pH and the cathodic scan limits. I f  
the PP films were reduced, O^-reduction 
activity decreased. ~pa resul~, limiting 
currents and i vs. m "~ dat~ could not be 
obtained. Thi~ was particularly so at low 
pH, where PP reduction began at only slightly 
negative potentials. The stabi l i ty of the 
catalyst-film during Oo reduction and in the 
presence of reduction products, e.g. HoOo, is 
also of interest. Successive O_-redu~tion 
scans, especially at low pH, resulted in a 
gradual decrease in the disk current. After 
prolonged Oo reduction the in i t i a l l y  shiny 
blue-black FePcS-PP film changed to a gray 
particulate deposit that was easily removed 
from the electrode. At this point, l i t t l e  
O_ reduction activity was observed and, after 
N~ saturation, no FePcS redox activity was 
f~und. The addition of H 0 to the 
electrol~e also brought about ra~i~ delay of 
catalytic activity. 

In conclusion, this method of 
incorporation of catalysts via conductive 
polymers onto an electrode surface appears to 
be a promising one. For the GC/PP/FePcS 
electrodes we have observed significant 
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reduction at catalytic activity for 2 
potentials 250 to 800 m less negative 
(depending on pH) than at bare GC or GC/PP 
electrodes. Moreoever, the observed current 
densities for 0 reduction based on the 
geometric area oI the electrode appear to be 
larger t han  those reported for similar 
catalysts adsorbed on electrodes (2,5). This 
can probably be attributed to the high 
conductivity and porosity of the PP matrix, 
making a larger number of catalyst centers 
accessible per unit area of electrode to 
dissolved ~ .  

The background often hindered the 
collection of precise peak and limiting 
current data for quantitative kinetic 
analysis. As a result, only qualitative 
aspects of O_ reduction mechanisms can be 
discussed. ~he similarity of the FePcS and 
catalyzed O~ reduction potentials suggests a 
redox-type ~echanism (12), However, the 
voltammetric behavior and the change of N 
with pH suggest at least two simultaneous Oh 
reduction processes. At low pH the reduction 
is predominantly to peroxide and N is nearly 
that found for an unmodified GC electrode. 
As the pH is raised the Tafel slopes 
increased and N decreased from that at an 
unmodified electrode. At intermediate pH, 
the 2e and 4e processes are competitive, but 
at high pH no peroxide was detected at 
potentials positive of 09 reduction at GC, 
suggesting a direct 4e reduttion to H^O. The 
4 electron process probably invol~es the 
dismutation of H~O~ by FePcS, as suggested 
for iron porph~r%ns in methylacrylate 
polymers (13). Direct reduction of H 0 is 
also possible; however, H.O^ contribu~e~to 
instabi l i ty of PP and 16s~ of catalytic 
activity. The stabi l i ty of PP/FePcS catalyst 
increased at higher pH. 

The catalytic behavior found here is 
qualitatively similar to those observed by 
Zagel et. al. (2) and perhaps involve similar 
mechanisms. This suggests that incorporation 
of FePcS into PP has essentially no effect on 
the mechanism or catalytic behavior. 
However, the conductive support enhances the 
effectiveness of the catalyst by providing 
more surface area and a larger percentage of 
active centers than are present in adsorbed 
films or catalysts in non-conducting polymers 
and provides a convenient method of attaching 
the catalyst to the substrate (14). 
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ABSTRACT 

Although impedance measurements are recognized as a valuable adjunct to electrochemical studies, the full realization 
of the power of the technique has been limited by the need for the expeditious creation and interpretation of a large data base 
involving impedance, frequency, and potential. Complex-plane plots or analogous representations are often used to deduce 
and parametrize equivalent circuit descriptions. Mathematically these parameters can be described within the context of 
rather generalized models by partial derivative functions involving current, potential, and concentrations. Fixed potential 
measurements  evaluate these functions at the selected potentials, but  often it is the functions themselves rather than their 
values which are of prime interest. This study endeavors to obtain such partial derivative functions for the electrodeposition 
of Pb from perchloric acid solutions, using a microcomputer to analyze a large data base gathered with coordinated 
measuring apparatus. Complex-plane plots suggest a relatively simple model, with the current being an arbitrary function 
of potential and the local surface concentration of Pb § ions. From this assumption, it has been possible to extract and plot 
the partial functions directly. A variety of plating additives were also examined. Each revealed distinctive effects in its par- 
tial derivative function plots. 

Fundamen ta l  studies of electrochemical deposition 
and dissolution are essential for a scientific comprehen-  
sion of m a n y  impor tant  technological processes. Quasi- 
static current-vol tage  measurements  have been wldely 
applied, but  their  ut i l i ty  is largely restricted to ob-  
serving the slowest ra te - l imi t ing  step. Often this step 
is solute mass t ranspor t  and unin teres t ing  from the 
viewpoint  of unders tanding  the true suriace reaction. 
Impedance measurements  have been oi ten used to 
probe electrode behavior  on shorter t ime scales. Be- 
cause of the t ime consumed in ac measurements,  how- 
ever, such studies have near ly  always been restricted 
to zero current  conditions. Exchange currents  may 
be deduced from such data, but  the behavior  at other 
potentials can only  be inferred through the assumption 
of an explicit  funct ional  relationship.  

In  more recent  years, automated impedance mea-  
sur ing apparatus has extended the state of the art, 
making  possible considerably more sophisticated 
studies (1-5). Results are normal ly  plotted in the com- 
plex admit tance or impedance plane. From the shapes 
of these plots, equivalent  circuits may be deduced and 
parameters  evaluated for the circuit elements. For-  
mally, these elements can be expressed in terms of 
part ial  derivatives involving parameters  such as cur-  
rent,  potential,  and concentration.  Ideally one would 
like s imul taneous impedance measurements  at all fre-  
quencies and all potentials. Then, instead of measur ing 
numbers ,  one would be able to extract  the functions 
themselves ra ther  than their values for a single poten-  
tial. In  earl ier  work, we have found plqts of the real  
and imaginary  admit tance components useful  for 
s tudying the variat ions of electrode reactions with 
potential  (5). These components, however, are them-  
selves non l inea r  functions of under ly ing  part ial  de- 
r ivat ive functions, and are most useful  when  domi-  
nated by a single element.  For  a more complete ac 
analysis, one would like to extract  the part ial  der iva-  
tive functions themselves from the admit tance data. 

This s tudy attempts such an analysis for lead dis- 
solution and deposition. Several  impedance studies 
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have been previously reported, bu t  all  have been r e -  
s t r i c t e d  to zero current  conditions, yielding only an 
exchange current  densi ty  (6-10). The lead electrode 
has proved especially convenient ,  for over a wide po- 
tent ial  range its behavior  can be expressed in  terms 
of a double layer  capacitance, a Warburg  impedance, 
and a surface resistance. From impedance measure-  
ments  vs. potential  at  mul t ip le  frequencies, we have 
found it possible to obtain the part ial  derivatives as 
continuous functions of potential.  Although certain 
assumptions are still required, they are of a quite 
general  nature,  requir ing that  the cur ren t  be a func-  
tion only of potent ial  and the surface concentrat ion of 
Pb + + ions. 

These procedures have also been applied to lead 
solutions containing the additives thiourea, phenol-  
phthalein,  and polypropylene glycol. Each turns  out to 
have a quite dist inctive effect when analyzed in terms 
of its part ial  derivative functions. 

Experimental 
The major i ty  of experiments  used a 10 mM Pb(C104)2 

(Alfa Products) solution in 1N HC104 (Baker Ul t rex) .  
The solution was vigorously degassed with argon, and 
was thermostated at 25~ 

A 1/16 in. diam p la t inum rotat ing disk e l e c t r o d e  
provided the substrate for lead deposition. The surface 
was polished immediate ly  prior to each experiment .  
Lead wire fused wi thin  glass capi l lary tubing served 
as the reference electrode. Open-circui t  potential  mea-  
surements  between the reference and fresh l e a d  
deposits were always wi thin  1 mV, our measurable  
limit. 

Sweep f requency measurements ,  200 kHz-100 Hz, 
were made at the open-circui t  potential  for each series 
of runs  to measure electrolyte resistance and check 
on the double layer  capacitance. The results of pr ime 
interest  in this paper, however, are derived from ad- 
mi t tance-potent ia l  measurements  at fixed frequencies. 
As described previously, phase detector outputs w e r e  
first s ignal-averaged,  and then converted to admit -  

6 9 1  
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tance values b y  a Texas Ins t rumen t  960A minicom-  
pu te r  (5).  

In  a ma jo r  expe r imen ta l  enhancement ,  the 500+ 
points accumula ted  for each run  were  then s tored  on 
floppy disks through the in te rven t ion  of an addi t ional  
microcomputer .  Ra the r  than  having to process and 
plot  resul ts  be tween  runs,  the t ime be tween  successive 
measurements  became minimal ,  and this proved im-  
por t an t  for  the comparisons be tween  runs  requ i red  
for da ta  reduct ion to pa r t i a l  der iva t ive  functions.  
S tored  da ta  files were  accessible to e i ther  computer .  
Exis t ing min icompute r  p rograms  did the heavy  num-  
ber  crunching involved in cur ren t  d is t r ibut ion  cor-  
rect ions and the separa t ion  of e lec t ro ly te  resistance.  
These resul ts  were  then processed by  microcomputer  
BASIC programs  to find the  pa r t i a l  functions, and 
results  were  p lo t ted  semi logar i thmica l ly  on an X-Y 
recorder .  Thus, the ful l  set  of da ta  could be analyzed 
and d isp layed  with  a min imum of human  in t e rven-  
tion. BASIC programs  were  also used to construct  plots 
for expl ic i t  model  functions.  

Analysis 
Formal ly ,  the cur ren t  flowing in an e lect rodeposi t ion 

process, I (~ ,c ,  qi), m a y  be expressed as a function of 
potent ia l ,  ~, the concentra t ion  of meta l  ions, c, and a 
set  of other  possible parameters ,  qi. When the potent ia l  
i s  modula ted ,  ~ = ~ + ~* exp (i~t) ,  the remain ing  
pa ramete r s  may  also be modulated,  i.e., c = c + c* 
exp (i~t) ,  where  ~*, c*, etc., a re  complex,  t ime- in -  
dependent  variables .  Thus 

I * :  ~ ~ * +  ~ c * +  ~ qt* [1] 
c q l  ~ ql q i  ~ ,c  

The informat ion to be obta ined  f rom modula t ion  ex-  
per iments  can therefore  be represen ted  by  a set of 
pa r t i a l  functions.  

I f  we define c* (b) as the concentrat ion modula t ion  
at a p lane  a distance b f rom the electrode,  beyond 
which concentra t ion gradients  l ie normal  to the plane,  
the high f requency  Warburg  solut ion is (19) 

Is* (b) = zFA (i~D) ~/~c* (b) [2] 

where  Is*(b)  is the  cur ren t  modula t ion  at  this p lane 
due to the  solute  species represen ted  by  c, z, and D are  
the charge diffusion coefficient of the  solute  ion, and A 
is the p lanar  area. For  a hypothe t i ca l ly  smooth and 
un i fo rm elect rode surface,  b --> 0 and I* =- Is* if  al l  
cur ren t  is in i t ia l ly  t r ans fe r red  from the e lec t rode  to a 
s ingle solute  species. 

Admi t t ance  measurements  y ie ld  the rat io  I*/~*, and, 
wi th  the assumpt ion that  b = 0, Eq. [1] m a y  be 
wr i t t en  as 

I *  - -  _ ~l* -~/~ + [(i~,D)V, zFA]-~ -~ 

where  the "hidden" var iables  a re  incorpora ted  in the 
modified pa i r  of pa r t i a l  der iva t ive  functions.  These 
funct ions wil l  be f requency  ir~dependent i~f these va r i -  
ables a re  un impor tan t  or  not  modula ted .  Should  the i r  
f requency dependence  para l l e l  I* or  ~1", the i r  detect ion 
wil l  depend upon a quant i ta t ive  examina t ion  of the  de -  
r ived  functions.  

Equat ion [3] consti tutes the  basis for the analyses  
in this  s tudy  and our  object ive  is to ex t rac t  from ex-  
pe r imen ta l  da t a  the  two par t ia l  der ivat ives  and the i r  
ratio.  (Oc/O~l)i, as functions of potent ial .  The electrode 
impedance  is given by  the rat io  ~*/I*,  and Eq. [3] 
leads to a s imple  series equiva lent  circui t  composed of 
a res is tance and a W a r b u r g  element,  i.e., Z* = 1/Y* -- 
A + B / ( i ~ )  ~/2. Given A and B. the  pa r t i a l  der iva t ives  
in Eq. [3] can be  evaluated.  Unfor tunate ly ,  the  double  
l aye r  capacitance,  Cdl, in t roduces  a complication,  and 
a single admi t t ance  measuremen t  was found to be 

insufficient for  the evaluat ion  of these parameters .  
Instead,  measurements  for  a t  least  two frequencies  
were  required.  

Results  wi l l  only  be independen t  of the solut ion 
a lgor i thm if the  pa r t i a l  funct ions are  f requency  in-  
dependent ,  and this proves not  a lways  to be the case. 
We therefore  sketch the  procedure  used. Let  ~,1 and ~2 
be the two frequencies  (~t ~ ~2) and YI* and Y2* the 
associated expe r imen ta l  admit tances .  We define 

R'  - -  YI'  

R" = YI" --  (~1/~)Y.,"  [4] 

the reby  e l iminat ing  Col f rom R*. Now le t  

Q ' - - R '  

Q" : R" + ( ~ I / ~ ) S ( ~ , A , B )  [5] 

and solve 1/Q* = A + B/(i~l)1/~ for  A and B. F ina l ly  
le t  

S ( ~ , A , B )  = Im [A + B / ( i ~ )  ~'8]-I [6] 

and i t e ra te  to E<I. [5] unt i l  convergence is achieved.  
In  pract ice,  a 4:1 f requency  rat io  was sa t i s fac tory  and 
the 500+ points  could be handled '  by  a BASIC p ro -  
g r am wi th in  2 rain. Values for  A and B reflect  p r i -  
m a r i l y  the lower  f requency  data,  whi le  Cdl is found 
f rom Y~" --  S, and is l a rge ly  de te rmined  by  the h igher  
f requency  data.  A is inverse ly  propor t iona l  to OH8~, 
and B to 0c/0~. Thus, when cur ren t  is p r imar i l y  l imi ted  
b y  concentra t ion polar izat ion,  the l a t t e r  pa r t i a l  is more  
accura te ly  de te rmined ,  whi le  the  former  funct ion be -  
comes noise prone.  The converse applies  when  surface 
resis tance dominates .  Fo r  10 mM Pb  + + solutions, both  
effects are  commensurate ,  hence our  a t tent ion  to this  
concentra t ion level.  

Equat ion [3] offers a more  genera l  basis for  the  
analys is  of admi t t ance  da ta  than  does the  assumpt ion  
of an expl ici t  model  funct ion I(~, c).  Sti l l ,  one should  
under s t and  that  this equat ion entai ls  some assumptions  
regard ing  addi t iona l  parameters ,  and its usefulness 
depends upon der iv ing  f r equency - independen t  func-  
tions which exhib i t  " reasonable"  behavior .  By w a y  of 
i l lust ra t ion,  let  us consider  the  hypothe t ica l  funct ion 

I : Io [exp (~e~/kT)  -- x exp ( - - a e ~ / k T )  ] 

x = 1 + I /I l im [ 7 ]  

x being the surface concentra t ion normal ized  to the 
bu lk  concentrat ion and I]im the  magni tude  of  the  ro -  
ta t ing disk l imi t ing  current .  The funct ion OI/Ox wil l  
then have a l inear  semilog plot  vs. potent ial ,  wi th  
in te rcept  and slope giving Io and ,~. The funct ion OI/O~ 
has a more  in teres t ing  shape, wi th  a l imi t ing  cathodic 
va lue  of ~eIHm/kT, exponent ia l  anodic  behavior ,  and  
a possible m i n i m u m  depending  upon the ra t io  Io/Ilh~. 
Figure  1 depicts  a fami ly  of plots for  this funct ion for  
different  ratios. Note tha t  the expe r imen ta l  pa r t i a l  
der iva t ive  functions provide  severa l  independen t  
means  for  eva lua t ion  of the  three  parameters .  

Results 
The expe r imen ta l  p rocedure  for this  s tudy  p a r a l -  

le led tha t  p rev ious ly  used for  t in (11). P la t ing  took 
place dur ing  a cathodic sweep beginning  at  an a n o d i c  
overpoten t ia l  of +80 mV and runn ing  to a lower  po-  
tent ia l  of --250 inV. Admi t t ance  measurements  were  
made  on the anodic re t race  to the  s ta r t ing  potent ia l .  
There  the  electrode was s t r ipped  and the cycle re -  
pea ted  four  to eight  t imes for s ignal  averaging.  Var i -  
ous combinat ions of sweep ra tes  be tween  10 and 200 
mV/s  were  explored  to es tabl ish a r eproduc ib i l i ty  
window for deposi t  thickness.  A sweep ra te  of 30 
mV/s  was chosen for  the cathodic trace,  l ead ing  to a 
nomina l  700A deposi t  at  the  s ta r t  of  da ta  acquisit ion. 
A 150 mV/s  ra te  was se lected for  the anodic t race to 
minimize  morphologica l  changes dur ing  measurement .  
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Fig. I. Theoretical plots for the function (Oi/011)c given by Eq. 
[7] with parameters a - -  0.5, t9 - -  1.0 Ilim ~- 11 mFJcm 2, and 
indicated ratios for Io/libn. 

With thicknesses greater than 2000A, irregular be- 
havior attributable to dendritic growths could be seen 
in current-voltage curves (12). 
A significant hydrogen evolution current was ob- 

served for the first two to three sweeps following in- 
troduction of the electrode into the bath. This current 
soon abated and a flat limiting current region was 
established down to --250 rnV. Underpotential deposi- 
tion of a lead monolayer not removed under the strip- 
ping conditions employed is presumed responsible. At 
the lowest potential, --250 mV, no further evidence 
for I-Is formation was apparent after the first few 
cycles. To avoid the formation of higher valence lead 
species, the overpotential was not allowed to exceed 
+ 8 0  inV. 
A diffusion coefficient of 9.4 • 0.4 • 10-6 cmS/s 

was found from limiting current measurements for 
disk rotational speeds of 25-400 rad/s. This value 
agrees satisfactorily with the literature, 9.8 • 10 -s 
(13) and was used for subsequent analyses. 
Upon completion of a series of experiments and after 

final stripping of bulk lead at +80 mV, the electrode 
was removed, quickly dried, and examined under a 
microscope. Inevitably, there were indications of a 
film masking the fine platinum polishing scratches 
normally visible with oblique illumination. Dramatic 
color changes ensued when a drop of deionized water 
was added to the surface. In addition to development 
of an overall yellow cast, we witnessed red, green, and 
blue sections from optical interferences. After the 
electrode had been returned to the acid bath and ro- 
tated for a minute under open-circuit conditions, all 
traces of the film and the discoloration disappeared 
and surface detail returned to that of a freshly pol- 
ished platinum surface. 

Atmospheric oxidation was suspected, for when the 
bath was saturated with oxygen, the electrode 
emerged from plating and stripping cycles with no 
indications of a film residue. Evidently, the film re- 

tains a Pb species other than the bulk metal which 
oxidizes to yellow acid-soluble PbO. The interference 
colors would seem to rule out the adatom monolayer 
not removed at the stripping potential. The film and 
its attendant colorations were also seen with all the 
addition agents to be discussed presently. 

Figures 2a and 2b plot the real and imaginary cam- 
ponents of the surface admittance for a 10 mM 
Pb (C104)2/1N HC104 solution after a current distribu- 
tion correction and the subtraction of the electrolyte 
resistance (ca. 10~). These data constitute the input 
for the partial derivative analysis. Figures 3a and 3b 
show the results of this analysis for the three partial 
derivative functions and the double layer capacitance. 
All functions were frequency independent above 
--150 mV, but below this potential both aI/a~] and 
8I/ax, where x is the reduced surface concentration 
c (0)/co, showed a definite dispersion. 

Qualitatively, above --150 mV these plots conform 
to the predictions of a model described by Eq. [7]. 
Both aI/ax and ax/a~] show exponential behavior, 
while aI/b*] exhibits a cathodic plateau. Note that this 
feature, not evident in the 40 Hz, data in Fig. 2a, is 
cleanly extracted at this frequency by the analysis. 
Further experiments confirmed the plateau level varied 
as the square root of disk rotational speed, varied and 
thus also as the limiting current varied. 

The dispersion below --150 mV reveals an inade~ 
quacy of the three parameter equivalent circuit: sur- 
face resistance, Warburg impedance, and double layer 
capacitance. As no dispersion was seen in plots of 
ax/a~, the source of the dispersion appears to lie in 
aI/a~, which is inversely proportional to the surface 
resistance. In the dispersion region, the V~arburg im- 
pedance exceecls the plateau resistance by more than 
an order of magnitude. Empirically, OI/a~ appears to 
vary as #'/,. 
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Fig. 2o. Dependence of the real part of the surface admittance, 
Y', for a 10 mM Pb(CIO4)~ solution in 1N HCIO4 after current 
distribution corrections and the subtraction of electrolyte resistance. 
Curves a-f correspond to measurements at 40, 80, 200, 400, 800, 
and 2000 Hz. 
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Marked c h a n g e s  were observed when phenolphthao 
lein (0.2 raM) was added to the 10 mM solution. 
Figures 4a and 4b show the results for the partial 
derivative analysis. An order of magnitude reduction 
in the exchange current is evident from the functions 
Olla~] and all~x at ~] -- 0. The former now has a 
prominent minimum near --20 mV, which follows 
from Eq. [7] when Io < <  llim. The cathodic plateau 
remains, however, at nearly the same level. This func- 
tion was independent of frequency over the range .40- 
800 Hz, including the slight drop seen below --200 mV. 

The remaining partial functions, however, show 
large dispersions near ~] = 0 which increase as the 
first power of frequency and suggest errors in the 
evaluation of ax/O~], which is inversely proportional 
to the Warburg impedance. Surface resistance domi- 
nates the impedance in this region. In contrast to the 
results for the additive-free solution, all functions 
were frequency independent below --150 inV. 

Because of the limited solubility of phenolphthalein 
in water, additions of a I0 mM solution in ethanol were 
made to the bath. Measurements using an equivalent 
volume of pure ethanol established that the changes 
were not due to the alcohol. Moreover, no differences 
were found when measurements were made immedi- 
ately after additive addition or following several hours 
of degassing which might have removed some of the 
ethanol. 

Figure 5 plots analysis results for a 10 mM 
Pb(CIO4)2/1N HC104 solution with 0.5 mM (mono- 
mer) polypropylene glygol (PPG) added. The average 
molecular weight, 425, leads to an actual polymer 
concentration of 0.07 mM. Although similar in appear- 
ance to the phenolphthalein results (Fig. 4), there 
are distinctive differences. The minimum for the func- 
tion OI/a~l has shifted to --50 mV, and this function 
does not approach the previous cathodic plateau level. 
Plots using 40-800 Hz data showed no dispersion at any 
potential. Dispersions in the functions OI/Ox and Ox/O~ 
appeared above --100 mV, but their magnitudes were 

I I I I 
- 200  - i o o  o 

(mV) 

Fig. 3a. The potential dependence of the functions (OI/o~vl)x and 
(#l/ax)~ obtained from the data in Fig. 2. Curves a, b, and c 
were obtained, respectively, through analysis of 40, 200, and 800 
Hz data with 2000 Hz data. (The extension above -t-5 mV is taken 
from separate measurements.) 

somewhat less than in the case of phenolphthalein. 
The double layer capacitance was reproducibly greater 
over most of the potential range, 30-48 ~F/cm 2. 

The final additive examined in this study was thio- 
urea. Analysis results for a 10 mM Pb(C104)~/1N 
HCIO4 solution containing 0.5 mM thiourea are shown 
in Fig. 6a and 6b. The partial functions reflect an order 
of magnitude increase in the exchange current den- 
sity. The resistive portion of the surface impedance is 
now so small that aI/~l and aI/ax plots are quite noisy 
below --100 inV. The surface impedance is dominated 
by the Warburg contribution, and it can be seen that 
it is the function ax/bn which is most accurately evalu- 
ated. 

No plateau for aI/0~l is evident, although there are 
indications of an incipient inflection before this func- 
tion continues to drop off exponentially in a manner 
similar to the extreme cathodic behavior seen in Fig. 
3a. The function aI/ax also peaks at about the same 
level in this region, and exponential behavior is only 
evident over a 100 mV potential range. 

Discussion 
Our analysis, predicated upon Eq. [3], presumes an 

equivalent circuit of series-connected resistive and 
V~arburg elements in parallel with the double layer 
capacitance. The Warburg admittance is directly pro- 
portional to the function ax/a~, while the resistive 
admittance is directly proportional to al/0~. The 
former function characterizes concentration gradients 
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Fig. 3b. The potential dependence of the functions (ax/a~l)i and 
Cd~ obtained from the data in Fig. 2. These functions are frequency 
independent. 

with in  the  Nerns t  layer ,  which  is about  15/~ th ick 
under  the preva i l ing  ro ta t ing  d isk  conditions. The 
p a r a m e t e r  x represents  the Pb + + concentrat ion,  no r -  
real ized to its bu lk  value,  at an  inner  Nerns t  l aye r  
plane.  Formal ly ,  this p lane  is a hypothe t i ca l  surface 
pa ra l l e l  to the  e lect rode beyond which  concentra t ion 
gradients  l ie  no rma l  to the surface  and concentra t ion 
changes can be descr ibed by  one-d imens iona l  diffusion 
kinetics.  The W a r b u r g  admi t t ance  is f requency  de-  
penden t  because, as the f requency  decreases,  an  in-  
creasing por t ion of  the Nernst  l ayer  is sampled  by  ions 
diffusing f rom the e lect rode surface. Fo r  frequencies  
40-1000 Hz, this thickness ranges f rom 0.2-4.0~. At  
s t i l l  lower  frequencies,  which a l low sufficient t ime for 
a concentra t ion  pe r tu rba t ion  to propagate  th rough  the 
Nerns t  l aye r  (ca. 1 Hz) ,  the f requency  dependence  
shifts  f rom a (i~)1/~ dependence  to resis t ive behavior .  
A t  h igher  f requencies  devia t ions  f rom ideal  (iw)v= be -  
hav io r  m a y  be ant ic ipa ted  when the size of the  sam-  
p led  region reduces  to the  scale of surface roughness.  

The res is t ive  contr ibut ion  to the  e lect rode impedance  
represents  the ne t  resul t  of all  k inet ic  processes oc- 
cur r ing  be tween  the meta l  surface and the inner  Nerns t  
l aye r  boundary .  Lower  values for OI/On reflect in-  
creased surface inhibi t ion  of the e lec t rode  reaction,  
whereas  lower  values  for  ox/a~} indicate  increased r e -  
t a rda t ion  b y  solute concent ra t ion  gradients .  The ra t io  
of these functions,  OI/Ox, measures  the re la t ive  con- 
t r ibut ions  of surface and solute  effects, and for a 10 
mM solut ion at  200 Hz, both  are  of the  same m a g n i -  
tude for  OI]Ox ~ 0.2 A / c m  2. 
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Fig. 4a. The potential dependence of (OI/c~)x and (OUax), 
after a 0.2 mM phenolphthalein addition. The former function is 
frequency independent. Curves a-e were obtained using 40, $0, 200, 
400, and 800 Hz data in combination with 2000 Hz data. 

The first surface character is t ic  we consider  is the 
apparen t  double  l aye r  capacitance.  Fo r  add i t ive - f r ee  
solutions this funct ion var ies  f rom 30 ~F /cm 2 at  --250 
mV to 37 # F / c m  2 at  0 mV. Wi th  phenolph tha le in  added,  
values range  f rom 24 to 29 # F / c m  2, and for PPG,  30 to 
48 # F / c m  2. Thiourea  solutions show a constant  44 /~F/ 
cm 2 value  over  most  of the cathodic potent ia l  range  
with  a drop  near  0 mV (Fig. 6b).  This decrease was 
atypical ,  and al l  o ther  s tudies  involving this addi t ive  
gave increases  above 0 mV to f r equency-dependen t  
values  ca., 75 # F / c m  2. 

The range  of the  capaci tances for a l l  solut ions is 
ch.aracteristic of the me ta l - e l ec t ro ly te  in terface  and 
reveals  no un toward  behavior .  In  par t icu la r ,  there  is 
ne i the r  a decrease  indicat ive  of a surface film b lock-  
ing ionic migra t ion  to the meta l  surface nor  an en-  
hancement  due to revers ib ly  adsorbed surface  species. 
The gI, adual  r ise wi th  potent ia l  may  be ra t ional ized  by  
an increase in surface roughness  as deposi t ion p ro -  
gresses. The a typica l  behav ior  of th iourea  solutions 
suits this in te rp re ta t ion  because of the much l a rge r  
anodic currents  encountered  with  this addit ive.  

Of the  pa r t i a l  de r iva t ive  functions,  le t  us first ex -  
amine  Ox/O~. As prev ious ly  ment ioned,  this funct ion 
is de te rmined  by  changes wi th in  the Nernst  l aye r  and  
m a y  therefore  be less sensi t ive to surface  complications.  
Addi t ional ly ,  we have es tabl ished expe r imen ta l l y  tha t  
this funct ion is f requency  independen t  wi th  we l l -  
defined potent ia l  regions of log - l inea r  behavior  for  
the add i t ive - f ree  and th iourea  solutions.  Consider  the  
na tu re  of  this  function as given by  Eq. [7], bea r ing  
in mind  tha t  it  is not  our  object ive  to ob ta in  a "best"  
fit to this equation,  but  r a the r  to u s e  it as a guide for 
discussion. F rom Eq. [7] we obta in  

( O x )  -- ( e / k T ) ( / 3 e x p [ ( ~ + ~ ) e , l / k T ] + a x )  [8] 

and note cont r ibu t ions  f rom two te rms cor responding  
to cathodic and anodic pa r t i a l  currents .  A t  sufficiently 
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Fig. 4b. The potential dependence of (ax/dl~)i and C~ after 
phenoiphthalein addition (cf. Fig. 4a). 
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Fig. 5. The potential dependence of (Ol]o~'q)= and (~l/c~x)~ after 
a 0.5 mM (monomer) addition of polypropylene glycol (PPG). The 
two plots for the latter function are for 80 and 800 Hz data in 
combination with 2000 Hz data. 
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independent, 
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Fig. 6b. The potential dependence of (Sx/o~vl)z and Cm after 
thiourea addition (cf. Fig. 6a). The behavior of the latter function 
is atypical of other measurements on this system. 

cathodic  potent ials ,  this funct ion m a y  be ant ic ipated  
to be p ropor t iona l  to the inner  Nernst  p lane  concen-  
t ra t ion,  x. In  the  l imi t ing cu r r en t  region in the  absence 

of addit ives,  we observe  log- l inea r  behav io r  wi th  a 103 
m V / d e c a d e  slope cor responding  to a = 0.58. I t  is no te -  
wor thy  that  expe r imen ta l l y  ~his funct ion is f requency  
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independen t  and log - l inea r  over  a po ten t ia l  range 
where  the o ther  pa r t i a l  functions show a more  com- 
p lex  potent ia l  and frequermy dependence.  Be tween  
--75 and --50 mV, an increase  in slope to 42 mV/decade  
occurs. Then, according to Eq. IS J, ,, + ~ = 1.40. We 
note tha t  the  funct ion 's  value  at  ~ = 0 independen t ly  
also gives a va lue  for  - + ~, and f rom this in te rcept  
we obta in  1.35. 

In the  presence of thiourea,  l og - l inea r  funct ional  
behav ior  is seen down to --75 mV, beyond  which  a 
decrease  in s lope occurs. S igna l - to -no i se  l imi ta t ions  
un fo r tuna te ly  obscure  an accurate  slope evalua t ion  
at  the  lower  potent ia ls .  Assuming  tha t  the extens ive  
l inear  por t ion  of Fig. 6b reflects the  contr ibut ion  of 
the  anodic  pa r t i a l  current ,  we find f rom the slope tha t  
,, + /~ = 1.53, whi le  f rom the  ~ = 0 intercept ,  a + 
= 1.55. 

Corresponding  analyses  for  Ox/O~ with  pheno lph tha -  
lein and P P G  presen t  a re  h a m p e r e d  by  the f requency  
d ispers ion  above --150 mV. Below this potent ia l ,  a 
f r equency- independen t  log - l inea r  region wi th  a 120 
mV/decade  slope (a = 0.50) is found for the  former  
addi t ive,  whi le  a more  tenuous 130 mV/decade  slope 
(a = 0.46) can be ascer ta ined  for  the la t ter .  Separa te  
P P G  exper iments  at  20 Hz and ex tend ing  to lower  po-  
tent ia ls  gave 115~125 m V / d e c a d e  slopes over  a ful l  
decade.  S teepe r  slopes were  also observed  wi th  these 
addi t ives  at  anodic  potentials .  Al though function values 
were  f requency  dependent  beeause of the ad jacent  
d ispers ion region,  slopes were  less affected. Fo r  PPG,  
Fig. 5 shows 33-36 mV/decade  slopes ex tend ing  over  
two decades (a + /~ _~ 1.6-1.8). With  phenolph tha le in  
present ,  no d is t inc t ly  l inear  region was observed,  a l -  
though the slope increased  to values  wi th in  this range  
at  the  uppe r  potent ia ls  of measurement .  In both cases, 
funct ion values  ,at n = 0 were  too low, by  factors of 4 
or  more,  to be se l f -consis tent  wi th  the  slopes. 

To summar ize  the informat ion  garnered  f rom the 
expe r imen ta l  ax/O~ functions,  values  for  ~ of 0.5-0.6 
and for  a + /~ of 1.4-1.7 appear  consistent  wi th  the 
potent ia l  dependence  of this function for al l  three  
addi t ives  s tudied  as wel l  as for the add i t ive - f r ee  ease. 
This funct ion also provides  a measure  of the ac tual  
surface concentra t ion of Pb  ++ ions in the l imi t ing 
cur ren t  region. At  the  m i n i m u m  potent ia ls  examined,  
this  concentra t ion  was about  0.5% of i ts bu lk  value  
for the  add i t i ve - f r ee  and th iourea  solutions, and  3-5% 
for the  phenolph tha le in  solutions.  

The second funct ion of in teres t  is (OI/Ox)n, and f rom 
Eq. [7] 

(~ ~ = --  Io exp ( - - a e n / k T )  [9] 

P rov ided  Eq. [7] is re levant ,  semilog plots  for  this  
funct ion should be  l i n e a r  wi th  a slope giving ~ and 
an in te rcept  at  ~ = 0 y ie ld ing  the exchange  cur ren t  
densi ty ,  Io. Note tha t  the  previous  funct ion discussed 
is not  exp l ic i t ly  dependent  upon this parameter .  

Fo r  add i t ive - f r ee  solutions,  l inear  semilog behavior  
is found above --150 mV, and for  th iourea  solutions 
above --125 inV. In the  former  case, we deduce ~ = 
0.63 and Io = 11 m A ] c m  2, whereas  for the lat ter ,  ~ = 
0.61 and Io = 86 m A / c m  2. At  lower  potent ials ,  this 
function, pa r t i cu l a r ly  in the  fo rmer  instance,  appears  
to peak  at a va lue  ca. 1 A / c m  2 and then decrease  in 
a f r equency-dependen t  manner .  This behavior  is not  
p red ic ted  by  Eq. [7]. 

F o r  the  phenolph tha le in  and P P G  solutions,  .a f re -  
quency -dependen t  dispers ion h inders  an equiva len t  
in te rpre ta t ion .  A l inear  and f r equency - independen t  
sect ion for this  funct ion is observed  in the former  case 
be tween  --200 and --125 mV, giving a --  0.57 and Io = 
1.6 m A / c m  2. Below --125 mV, l inear  plots  also appea r  
for  the P P G  solut ions cor responding  to a ---- 0.30 and 
Io --  3.3 m A / c m  2. A l though  both addi t ives  have  sub-  

s t an t i a l ly  lowered  the exchange  current ,  the i r  differ-  
ent  influences are  ev ident  in a values.  

In  both of these instances,  a d ispers ion lead ing  to 
a m a x i m u m  can be seen at  h igher  frequencies.  The 
posi t ion of this  m a x i m u m  is cor re la ted  wi th  the min i -  
m u m  of OI/O~ and, for  f requencies  in the range  40-1000 
Hz, the  m a x i m u m  value  increases  l inear ly  wi th  f re -  
quency.  Discussion of possible  sources for  this  d i spe r -  
sion wil l  b e  defer red ,  but  we note that  as ~ --> 0 the 
exper imen ta l  behavior  of OI/Ox also appears  consis tent  
wi th  Eq. [7]. 

Except  in the case of P P G  solutions, a values  are  
also in agreement  wi th  those given independen t ly  by  
analysis  of the funct ion Oxl~. The plots of OI/Ox r e -  
veal  the  ma jo r  influence of addi t ives  upon the exchange 
cur ren t  density.  Thiourea  leads  to an 8-fold increase,  
whi le  pheno lph tha le in  gives an equiva lent  decrease  at  
the concentrat ions  employed.  

The th i rd  pa r t i a l  funct ion which  can be  de r ived  
f rom the analysis  of impedance  .data, OI/O% is given 
by  the rat io  of the two funct ions prev ious ly  discussed. 
Fo r  the model  descr ibed by  Eq. [7] 

( ~I ~ = (eIo/kT) [~e[Je,/kr Jc axe -ae~/kr] [10] 

We note  contr ibut ions  f rom both anodic and cathodic 
pa r t i a l  currents .  At  anodic potent ials ,  a l inear  semilog 
plot  is expected wi th  a slope y ie ld ing  8. In  the ca th-  
odic l imi t ing  cur ren t  region 

- - I  ,-~ Into '~  Io x exp (--ae~/kT) [11] 

and a constant  value for the function,  aeInm/kT is pre -  
dicted.  At  ~ : 0 the funct ion 's  value  reduces  to 
(a + [3) (eIo/kT). The t rad i t iona l  ac de te rmina t ion  of 
exchange  currents  measures  this  poin t  of the  funct ion 
and genera l ly  assumes tha t  (a + fl) = z. 

Fo r  the  th iourea  solutions,  plots show anodic s lopes 
of 59 mV/decade  or  fl = 1.01. Measurements  using 
add i t ive - f ree  solutions consis tent ly  also gave l inear  
plots corresponding to ~ = 0.9-1.0. Fo r  the 10 mM 
l imi t ing  cur ren t  dens i ty  of 11 m A / c m  ~ and ~, = 0.6, 
the  expected p la teau  value  is 0.26 m h o / c m  z and is 
independen t  of the exchange current .  The funct ion 
der ived  for the add i t ive - f r ee  solut ion does exh ib i t  a 
constant  va lue  region near  this level,  but  resul ts  for 
th iourea  solutions are  ambiguous  because of a h igher  
noise level.  

The genera l  shape of this pa r t i a l  funct ion is complex  
and shows a dist inct  m in imum for the phenolph tha le in  
and PPG solutions. Ra the r  than  re ly ing  upon a symp-  
totic behaviors  to eva lua te  parameters ,  we p re fe r  to 
s imulate  funct ion plots based on Eq. [7]. This lets  us 
examine  in grea ter  de ta i l  in format ion  contained in the  
shape of the curve wi thout  approximat ion .  Fou r  pa -  
rameters  are requi red  for  a s imula t ion:  the  l imi t ing  
current ,  the exchange  current ,  and a and 8. The first 
has been de t e rmined  independen t ly  and the second 
was selected to reproduce  the value  of  the function at  

= 0. Plots  were  then made  for var ious  combinat ions  
of a and 8. F ina l ly  a nomina l  "best" ~ value  was used 
to construct  a f ami ly  of cathodic curves for different  a. 
These were  then complemented  by  a fami ly  of anodic 
curves for  different  ~ values  and a "best"  a. 

Such a s imula t ion  is shown in Fig. 8 for phenol -  
ph tha le in  together  wi th  the  exper imen ta l  function. 
On the anodic side, .a ~ va lue  of 0.90-0.95 seems ap -  
propr ia te .  At  cathodic potent ia ls  the  exper imen ta l  
funct ion ranges be tween  the s imula t ions  for a equal  
0.60 and 0.65, but  no single value  appears  adequa te  to 
dezcribe the funct ion 's  shape. Below --150 mV, the  
expe r imen ta l  function peaks  and then s lowly declines.  
This behav ior  lies beyond  the predic t ions  of Eq. [7] 
and  appears  to be  f requency  independen t  be tween  40 
and  I000 Hz. 
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Fig. 7. A comporisoa of the experimental (~l/c~l)x function in 

Fig. 3a with theoretical plots based on Eq. [7]  for a = 0.45(0.05) 
0.70 and F = 120. 

Corresponding plots for PPG solutions. Fig. 9, sug- 
gest ~ : 1.3, and in the cathodic region the experi- 
mental function lies between simulations for a equals 
0.30 and 0.35, with no single value correctly describ- 
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hag its shape. Deviations below --150 mV resemble 
those for the phenolphthalein solutions. 

Simulations for additive-free solutions are shown in 
Fig. 7. The experimental function lies between the 
curves for a equals 0.55 and 0.60, but as in the pre- 
ceding cases, no single value suffices to fit the data. 
Below --150 mV, a more drastic deviation from model 
behavior is evident, and the function is proportional 
to ~'/, for frequencies between 40 and 1000 Hz. 

With the exception of the PPG solutions, the gen- 
eral behavior for all functions is consistent with param- 
eters for Eq. [7] of a ,-~ 0.6 and fl ,~ 1.0. These values 
have been derived from a variety of independent fea- 
tures of the partial functions. The exchange current 
density is strongly dependent upon the additives pres- 
ent. 

Previous work has reported values based on the 
concentration dependence of the exchange current as 
measured at equilibrium. For the model represented 
by Eq. [7] 

Io ~ [c]B/ca+~) [12] 

Reported values for the exponent vary substantially, 
0.15-0.20 (8), 0.37 (9), and 0.5 (10), all of which imply 
a ~ ft. The position of the minimum for the function 
~I/an also depends upon this ratio. Experimentally, 
this minimum always lies at cathodic potentials and 
necessarily we require ~ < ft. We thus see little chance 
for reconciling previous reports with our studies of 
variations with potential. (An identical situation exists 
results for copper deposition (14).) Exchange cur- 
rent densities from previous work range ~rom 10 to 
50 mA/cm2 for 10 rnM solutions, and agree somewhat 
better with our 11 mA/cm 2 value for additive-free 
solutions. 
The value a : 0.6 strongly suggests a limiting one- 

electron cathodic process, implying a Pb (1) surface in- 
termediate. If we surmise 

Pb + + (0) <-> Pbs + (rls) [18] 
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Fig. 8. A comparison of the experimental (al/a~l)x function in 
Fig. 4a (phenolphthalein) with theoretical plots based on Eq. [7]  
fora  - -  0.45(0.05)0.80 and fi - -  0.8(0.1)1.2. 
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Fig. 5 (PPG) with theoretical plots based on Eq. [7] for a "-- 
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followed by a rapid second electron transfer 

Pbs + <-> Pb (fast) [14] 

the mechanism would be similar to the Mattson- 
Bockris interpretation of copper deposition, the pri- 
mary distinction being in the solubility of the inter- 
mediate (14). For this mechanism, the concentration, 
cx, of the surface species will be 

c, : c,0 exp (ell/kT) [15] 
and 

I2 : Ix + AF(dcx/dt) [16] 

The ac response is therefore given by 

I* : I** -]- I~* : i~(eAF/kT)c,~l* -t- 2I** [17] 
and 

( 0I, OIz ~ ~l. + ( OIz 
I* * = \ - - ~  -{- (exx/kT) ~Xl " \ 0"~ ) x2* [18] 

This two-step model predicts an additional capacitance 
of eAFci/kT in parallel with the double layer ca- 
pacitance, and this capacitance should increase expo- 
nentially with potential. The expected form of OI/O~ is 
also modified. No anomalous behavior was found for 
the  double layer capacitance and, assuming a maxi- 
mum contribution of order 10 #F/cm2, the maximum 
surface concentration would be of order 1012/cm 2 
(0.1%) at any potential. This model further requires 
that a + ~ = 2, somewhat at variance with our results. 

An alternative path might involve a rapid surface 
disproportionation reaction for the second step, i.e. 

2Pbs + <---> Pb + + (0) -t- Pb [19] 

in which case x2 = xl 2. In this instance 

i , :  ( 0.~_/~ ~. + + (1/2xx) 

and we find the function OI/Ox to be now affected. 
Simulations show that instead of being log-linear, this 
function will bend downwards with increasing poten, 
tial. All experimental deviations lie in the opposite di- 
rection. Although a value a -t- fl = 1.5 can be deduced 
for this model from slopes, at ~ : 0 a value of 2 
should still be given by Ox/O~. 

The dispersions observed in plots for phenolphthalein 
and PPG appear in regions where the resistive surface 
impedance substantially exceeds the diffusional im- 
pedance, whereas the cathodic dispersion for additive- 
free solutions occurs where the converse situation 
prevails. Both may be empirically explained by a 
Warburg-like admittance, Y -- (/~)~2Wx, in parallel 
with both the double layer capacitance and the electro- 
deposition admittance. 

Such an element couples the apparent partial func- 
tions because of the method of analysis. In the former 
instance, as a limiting case. 

~ o~zFA~/DeoWx x~"~ / [21] 
app 

The.. proportionality to frequency and the  i n v e r s e  
variation with OI/O~l seen in Fig. 4a and 4b are ac- 
counted for, as well as the absence of a significant 
dispersion for OI/O~. From Fig. 4, we estimate Wx = 3 
• 10-0 mho-sV~ for the true electrode area. In t h e  
c o n v e r s e  situation, it is (OI/O~) which is most sensi- 
tive to Wz and 

o, 
('~" spp "" ( - ~ ' ) [  I--(~)V=W=, an / 

[22] 

From the 800 tIz plot in Fig. 3a, we obtain Wx -- 2 
• 10 -e mho-s~'~. The magnitude of this empirical ad- 
mittance is a fraction of that of the double layer c a -  

pacitance, even at the lowest frequencies, typically 
10%. Since similar magnitudes for W x account for both 
dispersions, we will not associate it with the deposition 
process. The dispersions may reflect nonideal double 
layer capacitance behavior at low frequencies, possibly 
related to the observed surface film. Electrode imper- 
fections, particularly at the metal-epoxy interface, 
might also be involved. Although a correction for this 
effect would increase the value of Ox/O~, it amounts 
to only 2% for 40 Hz additive-free data at ~l = 0 and 
does not significantly raise the reported value for 
" "I-/~ of 1.35. 

The value for (0x/0~)i=0 should correspond to the 
slope of a plot of (In e) vs. the equilibrium e l e c t r o d e  
potential, and for a reversible two-electron process the  
Nernst equation gives 78 V - I  = ez/kT. Experimentally 
however, we find values ca. 55 V -1. Open-circuit po- 
tentials were therefore measured for concentrations 
between 1 and 50 mM Pb(C104)2 in IN HCIO4. Plots 
for both bulk lead electrodes and thin film deposits on 
platinum gave canonical 30 mV/decade slopes. 

Additional experiments were attempted to resolve 
the difference between ae results and the open-circuit 
potential measurements. One possibility was that the  
freshly formed surfaces studied might not be near a 
state of thermodynamic equilibrium. Changes in ac 
response were therefore monitored at several fre- 
quencies after a plating cycle was halted at --1 mV. 
Results were subjected to a partial derivative analysis 
and are shown in Fig. 10. 

Over the first several minutes there is a 40% drop in 
af/a~l, and a 15% drop in the double layer capacitance, 
but Ox/O~ remains constant at 52 • 2 V - I  during the 
decay period. The capacitance drop probably reflects 
a roughness decrease by dissolution, while the larger 
decrease in 0I/0~ corresponds to a reduction in the ex- 
change current, possibly through a reduction in the 
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I0 o I I I 
0 I00 200 300 
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Fig. I0. The decay of partial functions when the potential sweep 
was halted at - - I  mY. 
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surface densi ty  of growth sites. The behavior of Ox/O~, 
however, fails to show a relaxat ion towards its equi-  
l ibr ium value. 

Complex plane measurements  to a lower f requency 
of 0.5 Hz were aiso made using a nonrota t ing  electrode 
after a 5 rain wait ing period. Impedance diagrams 
showed a l inear  45 ~ plot below 50 Hz, and  from Z" 
values below 5 Hz we obtained Ox/O~ ---- 52 ___ 4 V -1, 
agreeing with fixed frequency measurements .  

The ac results appear to be in te rna l ly  self-consistent,  
but  suggest no explanat ion for their divergence from 
equi l ib r ium expectations. Evaluat ion of 8x/O~] does 
require  known values for the diffusion coefficient, elec- 
trode area, and concentration, and does presume that  
all  current  crossing the metal /e lectrolyte  interface is 
ini t ia l ly  carried by diffusing Pb + + ions. We might  
speculate among these possibilities, bu t  the fact re-  
mains that the 8x/O~ functions also give values for 

+ ~ which concur with values obtained independent ly  
from the slopes of the various functions. 

If we forsake a detailed balance representat ion for 
equi l ibr ium electrode behavior  at the frequencies em- 
ployed, the simplest in terpre ta t ion is a two-step re-  
duction path: the first being a ra te -de te rmin ing  
charge t ransfer  step, the second a rapid and i r revers-  
ible step 

Pb (II) ~ Pb (I) > Pb [23] 
rls - fast 

One in terpre ta t ion could be electron transfer  to a sol- 
vated Pb (II) ion followed by the rapid decay of an un -  
stable Pb (I) species. The irreversibi l i ty  of the second 
step insures the absence of a detectable capacitance 
due to the intermediate.  

Anodic behavior,  characterized by ~ ___ 1, has as its 
simplest in terpre ta t ion  the direct dissolution of a 
doubly charged lead ion which acquires its solvation 
shell wi thin  the Helmholtz layer  

Pb -> Pb (II) [24] 

The drop in OI/O~ from its plateau at extreme cath- 
odic potentials is reminiscent  of the behavior  of t in  
(11). There we proposed an explanat ion based on 
three-dimensional  concentrat ion gradients focused 
upon discrete deposition sites. The essential dist inction 
between one- and three-dimensional  diffusion pro-  
cesses is that  the la t ter  lead to a resistive or fre- 
quency independent  contr ibut ion to the impedance, 
whereas the former have a (i~) 1/2 dependence. 

To translate  this effect into the present  formulation, 
we shall split the diffusion process into two spatial  
regions, with r being the distance from the electrode. 
For a ~ r ~ b hemispherical  diffusion predominates,  
while for b ~ r the l inear  model will be assumed. Solu- 
tion of the diffusion equation 

iwc* (r) = DV2c * (r) [25] 

with fixed boundary  conditions for c* (r) at r = a and 
r = b leads to 

a s i n h  [7(b -- r ) ]  
a < r < b  c*(r)  ----. c* (a) 

r s i n h  [7(b - a)]  

b sinh [-~ (r -- a) ] 
+ c* (b) 

r s i n h  [-y(b -- a)]  

b d r  c*(r)  - -  c*(b)  exp [ - - -y ( r - -  b ) ]  [26] 

where 7 - ~  (i~/D) ~I~ 

Renormalizat ion by equat ing the hemispherical  and 
p lanar  fluxes at r ---- b lets us solve for c* (a) in terms 
of the current  or flux at r ---- a. Omit t ing a lengthy 
exercise, we obtain in the low frequency limit, 
i~b 2 < <  D. 

c* (a) -- I* [ (2~NazFAD) -1 + (zFA/i~D) -1] [27] 

where N is the density of deposition sites with effective 
radius a. Subst i tut ion into Eq. [1] gives 

Z* = ~ + 

+ ( k/i~D zFAco Ox ) - 1  [28] 
0~l / 

The second rhs term is a resistive addition due to 
constrictive diffusion. When this term dominates the 
contr ibut ion from 0I/0~ 

-- = 2nNazFADco - ; -  [29] 
app 

and 

"~x/app = 2~NazFADco [30] 

Thus, the lat ter  function, as evaluated by our analysis, 
should show l imit ing cathodic behavior proport ional  
to the density of deposition sites. For  addit ive-free lead 
solutions, the exper imental  function attains a maxi-  
mum value ca. 0.5 A /cm 2, corresponding to Na = 4000, 
or est imating a ~ 5 • 10 - s  cm, N _~ 8 X 1010/cm 2. 
For PPG and phenolphthale in  solutions, only minor  
deviations from l inear i ty  for this funct ion were found, 
but  the ma x i mum value reached was but  0.05 A /cm 2 
over the potential  range studied. Thiourea solutions 
show some indications of also l imit ing at the 0.5 A / c m  ~. 
Given the thickness of these deposits, this n u m b e r  
density may be correlated with grain size, implying 
that only a small  number  of growth sites are concur-  
ren t ly  active per grain. 

Our findings also offer some insights into the m a n n e r  
by  which additives influence lead plating. One might 
postulate their  role is ei ther to modify the density of 
growth sites or the ra te - l imi t ing  step, or both. Thio-  
urea and phenolphthale in  were found to change the 
exchange current  density in opposite directions, but  

and ~ values remained s imilar  to those for addit ive-  
free solutions. This suggests that  these additives func-  
tion pr imar i ly  by al ter ing growth site densities, but  
not kinetics at these sites. The behavior  of PPG, how- 
ever, differs significantly. Apart  from reducing the 
exchange cur ren t  density, it markedly  reduces a and 
increases ~. Interest ingly,  a + ~ remains about the 
same as for the other cases, suggesting a common rate-  
l imit ing step, but  with the l imit ing barr ier  relocated 
in the Helmholtz region. The shift to a lower a value 
indicates a greater portion of the bias potential  ap- 
pears between the metal  surface and the barrier,  as 
would be the case if an in tervening  layer  of low po- 
larizabil i ty were present.  

Kohl has examined the morphological and vol tam- 
metric effects of phenolphthale in  and Tri ton X-100 on 
S n / P b  plat ing from HBF4 (12). The la t ter  additive, 
l ike PPG a polyglycol, was found to suppress dendri t ic  
growth without  appreciably changing the surface re-  
sistance, whereas phenolphthale in  significantly in -  
creased this resistance without  inhib i t ing  dendri te  
formation. For  the systems we have examined, both 
additive types increased surface resistance at ~ -- 0, 
as indicated by reductions in  exchange current  den-  
sities. However, because of a lower ~ value, the poly-  
glycol is more effective in main ta in ing  a high surface 
resistance at cathodic deposition potentials.  

Final ly,  we should comment  briefly on the surface 
film ment ioned among our results. The in terpre ta t ion  
of impedance measurements  has not invoked this film, 
and were it not for a visual microscopic inspection, 
its presence would have gone undetected. Normal  
double layer  behavior  indicates the film must  be quite 
porous and permeable to the electrolyte. Possibly the 
film is buried dur ing deposition and only surfaces upon 
stripping. At the completion of stripping, we have 
always observed abrupt  changes in ac and dc currents,  
with no l inger ing tail  to indicate slowly oxidizing lead. 
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We anticipate such behavior should the film contain 
metallic lead residues. 

The visual changes seen during oxidation of the wet 
film might suggest a Pb(I)  species. This, however, 
runs counter to established lead chemistry, and pb+ 
ions have only been observed in the gas phase and 
matrices subjected to ionizing radiation (17). The re- 
ported suboxide, Pb20, is believed to be a nonstoi- 
chiometric mixture of Pb and Pb(II)  (18). Our con- 
clusion that pb+ + reduction is limited by a one- 
electron transfer step requires only a transient Pb + 
state. Indeed, no pseudocapacitance was found which 
would reveal an equilibrium surface concentration. If 
the film is related to the suboxide mixture, then why 
it is not oxidized to PbO during stripping remains an 
unanswered question. 

Manuscript submitted May 19, 1983; revised manu- 
script received Nov. 11, 1983. 
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A Mathematical Model for the Iron/Chromium Redox Battery 
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ABSTRACT 

A mathematical model has been developed to describe the isothermal operation of a single anode-separator-cathode 
unit cell in a redox-flow battery and has been applied to the NASA iron/chromium system. The model, based on porous 
electrode theory, incorporates redox kinetics, mass transfer, and ohmic effects as well as the parasitic hydrogen reaction 
which occurs in the chromium electrode. A numerical parameter study was carried out to predict cell performance to aid in 
the rational design, scale-up, and operation of the flow battery. The calculations demonstrate: (i) an optimum electrode 
thickness and electrolyte flow rate exist; (ii) the amount of hydrogen evolved and, hence, cycle faradaic efficiency, can be 
affected by cell geometry, flow rate, and charging procedure; (iii) countercurrent flow results in enhanced cell perform- 
ance over cocurrent flow; and (iv) elevated temperature operation enhances cell performance. 

A redox cell stores energy in the change of the oxi- 
dation state of a fully soluble redox couple. The use of 
redox reactions in a battery was pointed out by Thaller 
(1) and the developmental effort has been mainly car- 
ried out at NASA-Lewis (2). Cost studies (3, 4) have 
projected that the redox battery is a promising energy 
storage system for load leveling. An extensive search 
by NASA for possible redox couples and electrode 
materials has led to the present acidified F e ( I I ) /  
Fe(III)  and Cr ( I I ) /Cr ( I I I )  couples carried out on a 
catalyzed graphite felt electrode. Other redox battery 
systems have been examined (5-7) as well as hybrid 
batteries in which one electrode involves a soluble 
redox couple and the other uses a reactant with a 
phase change (8-,10). The Zn/C12 and Zn/Br2 cells 
may be classified as a hybrid redox cell. 

The design of the Cr/Fe cell has proceeded mainly 
by an experimentally guided effort. The technology 
has progressed to the point where pilot plant evalua- 
tions of the battery system are now feasible. The scale 
up from the laboratory could proceed more efficiently 
if a predictive mathematical model was available to 
guide quantitatively the work and aid in the correla- 
tion and extrapolation of experimental data. This re- 
port discusses such a model which is generated by ap- 

"Electrochemical Society Active Member. 
Key words: battery, energy storage. 

plying porous electrode theory to a single iron elec- 
trode-separator-chromium electrode unit cell. Optimi- 
zation of the battery design and operation may be 
rationally guided with the model, and examples of 
such results are given. The calculations presented here 
use parameters which are characteristic of the Fe/Cr 
system, but the discussion presents guidelines which 
may be applied to other flow battery systems. 

Newman and Trainham have presented a rnodel for 
the Fe/Ti redox flow cell (11). They compared the 
flow-through to the flow-by electrode configuration 
and concluded that the flow,by configuration, as util- 
ized in the NASA ce11, was inherently the better of 
the two. Several assumptions were made in their 
analysis which limits its utility. They assumed: (i) 
linear kinetics; (ii) a single electrode reaction in each 
compartment; and (iii) potential variations in the 
current flow direction and concentration variations in 
the streamwise flow direction only. These assumptions 
were not made in the present analysis and, hence, 
the effect of geometrical and operational parameters 
on faradaic efficiency and cell performance can be 
better examined. 

Model Development 
Figure 1 shows a schematic diagram of a single 

anode-separator-cathode unit in the redox battery. In 
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Fig. I. Schematic diagram of the Fe-Cr redox cell 

an actual  ba t te ry ,  a number  of these cells are  a r ranged  
in series in a cell  stack. The e lec t rode  is a porous 
graphi te  fel t  which  is compressed by  the b ipolar  cur -  
rent  collectors. The fel t  in the chromium compar tmen t  
is coated wi th  an A u / P b  catalyst .  The potent ia l  and  
concentra t ion of reac tan t  and product  are  assumed to 
va ry  in both the  X and Y coordinate  wi th in  each 
electrode.  Var ia t ions  along the cell  wid th  are  neg-  
lected. The fluid enters  the  cell through a manifold,  
flows th rough  the electrode,  and exits  th rough  another  
manifold.  The ind iv idua l  cells in a cell  s tack share 
a common inlet  and  out le t  mani fo ld  for each e lec t ro-  
lyte.  The anoly te  and ca tholyte  solut ions are  acidified 
with  HC1 and are  isotonic to p reven t  the swel l ing of 
the membrane  separa tor .  Not shown in the figure are  
the two s torage  tanks  f rom which the solutions are  
rec i rcu la ted  and the potent ia l  sensing open-c i rcu i t  
cell  and a rebalance  cell which are  an in tegra l  pa r t  
of a fu l ly  funct ional  cell  s tack  (2). 

The vo lume-ave raged  conservat ion of charge and 
mass equations,  porous e lect rode theory,  are  app l ied  
wi thin  each e lect rode under  i so thermal  opera t ing  con- 
di t ions (12). The react ion d is t r ibut ion  wi th in  the  
ch romium compar tmen t  depends upon the  react ion 
d is t r ibut ion  wi th in  the i ron compar tmen t  since the  
charge t rans fe r red  f rom one flows to the  o ther  across 
the  separator .  Consequently,  the equations are  coupled 
b y  the cont inui ty  condit ions imposed at  the separator .  
The fol lowing effects a re  accounted for: (i) the k i -  
netics of each redox react ion;  (ii) the paras i t ic  h y d r o -  
gen react ion which occurs in the chromium compar t -  
ment.  (Since the C r ( I I I ) / C r ( I I )  couple is e lec t ro-  
negat ive,  there  n o r m a l l y  exists a cathodic overpoten t ia l  
for  proton reduct ion which is pa r t i cu la r ly  an acute 
p rob lem on charge near  ful l  s t a t e -o f -charge  conditions.  
No secondary  react ions occur in the Fe e lec t rode . ) ;  
(ill) cell  geometry ;  (iv) mass - t r ans fe r  effects; (v) 
s ta te -of -charge ;  (vi) sepa ra to r  resistance;  and (vii) 
solut ion physical  proper t ies ,  The governing equations 
for  each e lect rode compar tmen t  a re  discussed below. 

Conservat ion  
of charge:  ~jV2r j - -  aiJn.total [1] 

The conservat ion of charge equat ion has been wr i t -  
ten assuming Ohm's law is val id;  since the  solutions 
are  wel l  supported,  the migra t ion  flux is neglected.  
The r igh t  s ide  of the ba lance  represents  the  to ta l  
charge  dens i ty  pe r  uni t  e lectrode volume leaving  the 
ma t r i x  phase.  In  the i ron compar tmen t  on ly  one r e -  
action occurs, but  in the chromium compar tmen t  the  
redox  reac t ion  and pro ton  reduct ion both cont r ibute  
to this  term. The effective solut ion conduc t iv i ty  in the  
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electrode is ca lcula ted f rom tha t  of the e lec t ro ly te  by  
-- ,z'~Ko (13). 

Conservation 
a%.jsR~ 

of mass: vjVCJ = eDjV2C j -~ [~-] 
~gr 

Dispersion is neglec ted  in the  y d i rec t ion  but  diffu-  
sion is accounted  for. Convect ive t r anspor t  on ly  occurs 
in the  y direct ion;  i t  is assumed tha t  there  is no fluid 
veloci ty  ~ in the  x direct ion,  bu t  r a the r  diffuse t r ans -  
por t  of ma te r i a l  occurs along this coordinate.  A s imi-  
l a r  equat ion as used for  ~ is appl ied  to calculate  the 
effective diffusivi ty ,19 f rom the bu lk  value.  I t  was 
assumed in the  analysis  tha t  the  diffusivi ty  of the  
( I I )  oxida t ion  s ta te  of a species was the  same as tha t  
of the  ( I I I )  species; consequent ly ,  only  one different ia l  
mass  balance  was requ i red  in each compar tmen t  since 
an a lgebra ic  express ion gave the  concentra t ion of the 
o the r  redox species. In  this work,  a balance was wr i t -  
ten for  Fe  +~ and Cr +3, the  reac tan t s  in a charge cycle. 

8RJ~n,J 
Surface flux: --" kmJ (CJ -- CsJ ) [3] 

~jF 

A mass transfer coefficient is used with Faraday's 
l aw to re la te  the  local e lec t rochemical  react ion ra te  
to the  local su r f a c e - t o -bu lk  concentra t ion difference 
of the  reactant .  The Wi l son-Geankopl i s  corre la t ion  
for  km was used (14). 

iFen,tota I --- in,Fe = iFeo, f { (Fes+2/Fet+2) Kinet ics:  

exp [__L RT <xAFe (@IFe -- ~b2Fe) ] -- (Fes+S/Fef+S) 

exp [--! 

~Crn,total = in,Or "~- ~n, H2 = iCro,f { (Crs+2/Crf+2) 

exp [ F RT--aACr ('~blCr - -  ~b2Cr) ] - -  (Crs+SlCrf+S) 

exp [- F , RT~aCcr(,Icr--~cr) ]) 

+ ioH2 < exp [ F " ~ - -  aA H (~bl Cr - -  ~b,jCr - -  U AH) ] 

- -  exp [ -  RT.aCH (~bl Cr --,~b2 Cr - -  U AH) ] ~ [5] 
F 

The redox react ions  are  assumed to occur by  s imple 
e l emen ta ry  s teps which a re  character ized by  a Bu t l e r -  
Volmer  type  expression.  The chromium redox  reac-  
t ion is ac tua l ly  somewhat  more  complicated.  The 
Cr ( I I )  and  Cr ( I I I )  species form complexes wi th  C I -  
ions which effect the i r  r eac t iv i ty  (15). In  par t icu la r ,  
the  monoch lo r ide -pen tahydra t e  complex  of C r ( I I I )  is 
easier  to reduce than the h e x a h y d r a t e  complex.  Both 
species exist  in solut ion but  h igher  t empe ra tu r e  favors  
the  monochlor ide  species. 

The e lec t rode  potent ial ,  ~1 j, is assumed un i fo rm be -  
cause of the high conduct iv i ty  of the  mat r ix .  The 
solut ion potent ia l ,  ~J,  is measured  wi th  a re ference  
e lect rode of the  same k ind  as the main  reac t ion  in 
e lect rode j. The concentrat ions  of r eac tan t  and p rod -  
uct in this hypothe t ica l  reference  e lec t rode  are  at  the  
feed conditions.  The exchange  cur ren t  dens i ty  for  the  
redox react ion is, consequently,  eva lua ted  at  the  feed 
condit ion which is dependent  upon the s t a t e -o f - cha rge  
as shown below 

iF%,f--~,Feo,ref[Fef+..------~ ]ac"[ Fet+-----~3 ] cA'" [ 6 ]  
Feref + s Feret + s 
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iCroff----~Cro,ref[ Crf+2 ]acc' [ Crf+3 ] a'c" [7] 
Crref + 2 Crref + 3 

The hydrogen  reac t ion  occurs in the chromium com- 
p a r t m e n t  because of the large  dr iv ing  force for  p ro -  
ton reduction.  The t e rm  U ~ in the hydrogen  kinet ic  
express ion is dependent  upon the s ta te-o~-charge  and 
accounts for  the  open-c i rcu i t  potent ia l  difference be-  
tween the C r ( I I I )  and the pro ton  reduct ion;  it  was 
ca lcula ted  assuming Nerns te in  behavior .  I t  was as-  
sumed that  the proton reduct ion  is k ine t ica l ly  con- 
t rol led,  and  since the  H + concentra t ion is app rox i -  
ma te ly  one order  Of magni tude  g rea te r  than  the to ta l  
Cr species, a mass balance  for  H + was not  required .  

The bounda ry  condit ions on the poten t ia l  for  each 
e lec t ro ly te  were  specified as follows 

y = 0 = 0 [8] 
OY 

y = L = 0 [9] 
#Y 

z = 0 ,, = 0 [I0] 
0z 

~9~,2 cr  
X -- dcr RsKCr ' ' = ~2 cr -- ~b2Fe -- Voe [ii] 

,@m 

x --~ dFe - -  RsKFe ~X "= r __ r __ Voc [12] 

Equat ions  [8] and [9] assume no shunt  cur ren t  in the 
manifold.  In  a cell  s tack,  a potent ia l  difference be-  
tween  e lec t ro ly tes  in ad jacen t  compar tments  wi l l  
cause a shunt  current .  P rope r  design of the manifo ld  
sys tem can reduce the  shunt  cur ren t  bu t  not  e l imina te  
it. The resul ts  p resented  here  can be thought  of as 
a best  case where  the paras i t ic  loss of shunt  cur ren t  
has been to ta l ly  e l iminated .  Equat ion [10] states tha t  
all  the cur ren t  is carr ied  by  the ma t r i x  at  the  cur ren t  
collector.  Equat ions  [11] and [12] express  the con- 
t inu i ty  of cur ren t  and potent ia l  across the  e lec t ro ly te -  
s epa ra to r  in ter face  in the chromium and iron elec-  
trode,  respect ively .  The separa to r  res is tance Rs is as- 
sumed to be constant.  

The bounda ry  condit ions on Cr+3 and Fe  +2 depend  
upon  the e lec t ro ly te  flow or ienta t ion:  cocurrent  or  
coun te rcur ren t  

feed rat io  of F e  +2 and Cr +~, respect ively .  Fou r  
coupled nonl inear  el l ipt ic  pa r t i a l  d i f ferent ia l  eqaat ions  
were  genera ted  and made  dimensionless,  and the reby  
genera t ing  nine dimensionless  t e rms  character is t ic  of 
each electrode.  A f ini te-di t~erence-coilocat ion numer i -  
cal p rocedure  (16) was used to solve this  non l inear  
system by i te ra t ion  unt i l  a re la t ive  difference of 10 -5 
was obta ined  be tween  each i te ra t ion  for al l  dependen t  
var iables  at  a l l  points  on the solut ion grid.  As a 
check of the  va l id i ty  of the numer ica l  integrat ion,  the  
cell  cur ren t  was ca lcula ted  three  independen t  ways:  
(i) concentra t ion change of Fe+2 f rom inlet  to outlet ;  
(ii) in tegra ted  m e m b r a n e  cur ren t  densi ty;  and (iii) 
volumetr ic  in tegra t ion  of local Fe  react ion ra te  or  Cr 
plus  H2 react ion rate.  In  the  wors t  case, the  la rges t  
deviat ion of a cur ren t  f rom the average  value of the 
above th ree  methods  was 0.2%. The deta i led  nondi -  
mensional  equat ions and pa rame te r s  and fu r the r  dis-  
cussion of the  numer ica l  solut ion scheme are  given by  
Wat ts  (17). 

Results and Discussion 
I t  was beyond  the scope of this work  to opt imize 

the  cell  design and operat ion.  However ,  an endeavor  
has been made  to i l lus t ra te  tha t  op t imum design and 
opera t iona l  pa rame te r s  and charge /d i scharge  protocols  
exist ,  and the model  is a useful  a id  in f inding these 
optima.  

The numer ica l  solut ion to the model  equat ions has 
been used to: (i) calculate  the cell  pe r formance  map  
(cur ren t -vo l tage- f low ra te  r e l a t ionsh ip ) ;  (ii) inves t i -  
gate the effect of coun te rcur ren t  and coCurrent a r -  
r angemen t  of r eac t an t  s t reams;  (iii) s tudy  the effect 
of e lect rode thickness and length;  (iv) s tudy  the effect 
of h igher  t empe ra tu r e  operat ion;  and (v) invest igate  
two different  charge /d i scharge  protocols.  

The open-c i rcu i t  vol tage var ied  with  the depth  of 
discharge and was ca lcula ted  by  

Voc = Vformal 

-- (RT/F)  In [ (Crf+SFef+2) / (Cr t+2Fef+8)]  [17] 

The vol tage Vformal Was set at  1.05V (2). The depth  of 
discharge,  ], defines the reac tan t  and  produc t  concen-  
t ra t ions  at  any  given t ime and is defined b y  the fol -  
lowing 

Crf+8 = fCrl+S 

Crf+2 = (1 --  f ) C r l  +s 

Fef+2 -- (Fe1+2 -- Cr1+8,) + ~Cri+3 

Fef +S -- Fel +S + (1 -- 5)Cri +s [18] 

y=0 

Fe 

%C+2 
--~DFe--+ vC +2 = vCf +s 

%y 

cocurrent :  

countercurrent: 

Cr 
~C+S 

--eDcr n u vC +s - :  vCf +3 
OY 

%C+3 
=0 

%Y 
[13] 

aC+S 
y--L =0 

ay 

~C+8 
coculTent: -- 0 

0Y 
#C+S 

countercurrent: - - e D c r - - +  vC+8 = vCf+S 
~Y 

[14] 

aC+~ 
x - - 0  - - - - 0  

o"z 

aC+S 
- - =  0 [15] 

8x 

aC+= 
x = d  - - = 0  

ax 

~C+S 
- -  = 0 [16] 

0= 

Equat ion  [3] was combined wi th  the  k inet ic  ex-  I t  was assumed tha t  Cr  was the  l imi t ing  reac tan t  as 
press ion for  in.re o r  ~n,Cr to e l iminate  the  su r face- to -  would occur  wi th  isotonic e lect rolytes .  The subscr ip t  1 



704 J. Electrochem. Sot.: E L E C T R O C H E M I C A L  SCIE N CE  A N D  T E C H N O L O G Y  April 1984 

Table I. Parameters used in calculations 

Parameter  Cr Fe  H~ 

5 X 10-5(25~ 
10-~(65~ 
0.5 
0.5 

io, ref ( m A / c m  -~ 50(25~ 7.5(25~ 
(a t  Y = 0.5) 100(65~ 15(65"C) 

<~A 0.65 0.5 
ao  0.35 0.5 
~o (fl-~em-~) 0.5(25"C) 0.5(25"C) 

1.0(TtPC) 1.0(60~ 
Do ( e m ~ / s )  6 x 10 -e 6 x 10 -o 

a (cm-~) 280 280 
d ( cm)  0.1-0.25 0.1-0.25 
L ( cm)  15-122 15-122 

and  Fe  +~ =. Fe  ~ = 0 .65M at # = 0.5: Cr +~ = Cr +2 = 0.45M 
2:0.1-69 
Q: 80.800 m l / m i n  
R , :  2 ~ �9 r  ~ (65~ 

4 fl �9 c m  '~ (25~ 
UA~: 0~3V at # = 0.5 
W: 30.48 cm 

signifies the  concentra t ion is eva lua ted  at  fu l ly  dis-  
charged condit ions (J ---- 1). 

Net  power  calculat ions a re  r epor ted  here  and r ep re -  
sent  the  gross power  f rom the cell  minus  the  paras i t ic  
pumping  loss. The pumping  loss was ca lcula ted  by  
app ly ing  the ]~rgun equat ion (18) to find the  pressure  
drop  across the fel t  e lect rode and adding  tha t  loss to 
the  pressure  drop in the inlet  and out le t  manifold.  The 
l a t t e r  was calcula ted by  using an empir ica l  corre la t ion 
to fit the  ava i lab le  hydrau l i c  da ta  (19). 

Parameter values used in this study.--The geometric ,  
operat ional ,  and physical  pa rame te r s  used in the cal-  
culat ions are  presented  in Table  I. An effort was made  
to choose values  as phys ica l ly  reasonable  as possible; 
however ,  cer ta in  parameters ,  such as the kinet ic  con- 
s tants  for  the  react ions at  e levated  tempera tures ,  are 
not  ye t  avai lable .  Clear ly,  the  dominant  cell res is tance 
is the sepa ra to r  ohmic resistance wi th  the e lec t ro ly te  
resis tance of nex t  impor tance  fol lowed by  kinet ic  and 
mass - t r ans fe r  resistance.  I t  should  be emphasized,  
however ,  tha t  these conclusions are val id  at the feed 
conditions,  which may  not, under  al l  opera t ing  con- 
ditions, be character is t ic  of the ent i re  electrode.  

Cell performance map.--Figure 2 shows a calculated,  
so-cal led,  cell  pe r fo rmance  map  for  both  charge and 
discharge at three  cell polar izat ions  wi th  a countercur -  
ren t  flow ar rangement .  The cell  cur ren t  Ic a sympto t i -  
ca l ly  approaches  a l imi t  a t  h igh flow ra tes  a t  which 
the intr insic  react ion kinet ics  and ohmic resistances 
l imi t  the reaction.  At  low flow rates,  the cur ren t  is 
control led  by  the supply  of reactant .  This mass - t r ans -  
fer  l imi ted  current ,  indica ted  by  the dashed l ine 
labe led  QSF on the figure, is tha t  cur ren t  which  could 

< 

be obta ined  f rom the cell  if al l  ava i lab le  r eac tan t  w a s  
consumed. The N A S A  l i t e ra tu re  impl ies  tha t  ve ry  l i t t le  
can be gained by  opera t ing  the cell at  a flow rate  
grea te r  than  twice the s toichiometr ic  requi rement .  I t  
can be seen f rom Fig. 2 that  at  2 X QSF, indica ted  by  
the dashed l ine labe led  Q~, the cell is indeed opera t ing  
on the nea r ly  flat por t ion  of the curve. However ,  i t  
has been pred ic ted  in this  work,  as wi l l  be discussed 
in a fol lowing section, tha t  maximiz ing  the ne t  d is-  
charge  power  requires  a l a rge r  s toichiometr ic  flow 
mul t ip le  which is dependent  upon the s t a te -o f -charge .  
In  the  p a r a m e t e r  range s tud ied  in this repor t ,  this  
mul t ip le  var ied  f rom 1.3 to 10.6. 

F igure  2 i l lus t ra tes  tha t  mass - t r ans fe r  res is tance  
a ppa re n t l y  is not  impor t an t  except  at  low unprac t ica l  
flow rates.  However ,  the kinet ic  and e lec t ro ly te  re -  
sistance at  high flow rates  add  a smal l  and calculable  
contr ibut ion to the  to ta l  cel l  resistance.  The separa to r  
res is tance was set at 4 s  eme for Fig. 2. At  the  high 
flow rates,  the to ta l  cell  resistance is ca lcula ted to be 
4.44 ~ .  cm 2. As the  separa to r  resistance is lowered,  
the  re la t ive  impor tance  of the  other  cont r ibut ing  terms 
to the total  cell resis tance wil l  increase.  

Electrolyte yaw arrangement.--The effect of the 
e lec t ro ly te  flow a r rangement ,  cocurrent  as compared  to 
countercurrent ,  has not  been expe r imen ta l l y  examined.  
By analogy to heat  exchangers  and mass - t r ans fe r  
separa t ion  devices, it  is an t ic ipa ted  that  the e lect r ica l  
d r iv ing  force can be more  un i fo rmly  d i s t r ibu ted  with  
a countercur ren t  flow a r r angemen t  than  wi th  cocurrent  
flow. Consequently,  a more  effective ut i l iza t ion of the 
membrane  and e lect rode would  result .  

The model  does indeed predic t  a more  un i form dis-  
t r ibu t ion  wi th  countercur ren t  flow. F igure  3 shows 
the cur ren t  dens i ty  at the  separa to r  as a function of 
s t reamwise  posi t ion for  cocur ren t  and  eoun te rcu r ren t  
flow at two flow rates.  A t  Q - 600 m l / m i n  the mem-  
b rane  cur ren t  ,density var ia t ion  f rom the inlet  to ou t -  
le t  is 2.3 t imes g rea te r  for  cocurent  than for  counter -  
cur ren t  flow. Simi lar ly ,  at  Q --  400 ml /min ,  the  same 
rat io is 2.8. For  both flow rates,  the resul t  of counter -  
cur ren t  flow is a smoother  cur ren t  d is t r ibut ion.  

Table  II  compares  cell  pe r formance  under  cocurrent  
and  countercur ren t  flow at various flow rates  under  
charge  at  a 90% s t a t e -o f -cha rge  condition. The con- 
vers ion of Cr+a or Fe+~ at any  flow ra te  is a lways  
g rea te r  wi th  countercur ren t  flow, but  the faradaic  
efficiency is g rea te r  at  the  low flow rates  wi th  co- 
cur ren t  flow. More H 2  is evolved at  the low flow rates  
wi th  countercur ren t  flow, which causes the  drop in 
fa radaic  efficiency. The cause of this seemingly  anoma-  
lous behav ior  is due to the  excess of Fe+~ (in com- 
par i son  to Cr+~) wi th  isotonic solutions. Since the  

Fig. 2. Cell performance map 
at selected polarizations. Param- 
eter values listed in Table I and 
f - -  0.5, dcr - -  dre "- 0.25 cm, 
L = 30.5 cm, T = 25~ QsF 
indicates the stolchlometrlc flow 
and Qz indicates twice the 
stoichiometr|c flow. 
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Fig. 3. Separator current density at - -300 mV discharge polar- 
ization. Parameter values listed in Table I and f - -  0.1, dcr 
dFe=  0.25 cm, L - -  30.48 cm, T = 25~ 
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Fig. 4. Current due to chromium and hydrogen reactions at 300 
mV charge polarization. Parameter values listed i ,  Table I and 
f - -  0.5, L = 30.48 cm, T - -  25~ (a) dcr = riFe = 0.1 cm; 
(b) dcr = dFe = 0.175 cm; (c) dcr = dFe "- 0.25 cm. 

counte rcur ren t  flow mode is more  efficient in reducing  
Cr +s, the  charge  which  is passed when the excess 
Fe+2 is oxidized is d i rec ted  to H + reduction.  The  flow 
rate  at  which this t rans i t ion  occurs is too low for p rac -  
t ical  use, but  this c lear ly  points  out a potent ia l  opera-  
t ional  p rob lem if unba lanced  reac tan t  solutions are  
used. 

Electrode thickness and ~ow rate.--If  the e lect rode 
thickness  is increased,  more  surface a rea  is made  ava i l -  
able  and,  hence, one might  expect  a l a rge r  react ion 
r a t e  at  any  given cell  polar izat ion.  The increase  in 
ch romium conversion and hydrogen  product ion  should 
be  asymptot ic  wi th  increas ing thickness.  P red ic ted  
currents  at  25~ for  three  e lec t rode  thicknesses are  
shown on Fig. 4. The calculat ions have  shown tha t  
the cell  cur ren t  (Ic = I c r  "~- IH2)  ac tua l ly  increases  
wi th  decreas ing  e lec t rode  thickness  at  a fixed flow 
rate.  For  a given flow rate,  decreas ing the e lect rode 
thickness wil l  resul t  in an increase  in ve loc i ty  wi th  
an a t t enua t ion  of  the  mass - t r ans fe r  resis tance and a 
consequent ia l  increase  in current .  Eventua l ly ,  how-  
ever,  as the  e lect rode thickness  is decreased be low the 
pene t ra t ion  depth,  a d rop  in cell  cur ren t  wi l l  result .  

Table II. Comparison of cell performance for cocurrent and 
countercurrent flow* 

min) err +s Fe~+~ I~(A) IH~(A) Ic,(A) 
Q <Cr+S>L <Fe+~>r. 

(ml/ 

~Far 

C oeur r en t  
800 0.529 0.757 59.44 --4.85 -54 .58  0.918 
600 0.392 0.688 58.12 - 5.22 - 52.89 0.910 
400 0.156 0.548 55.34 -6 .37  -48.97 0.885 
200 0.017 0.259 45.83 -- 1690 -- 28.50 0.629 
150 0.022 0.150 41.32 --20.19 --21.31 0.516 

Countercurrent 
800 0.529 0.757 59.51 - 4.84 - 54.66 0,919 
690 0.390 0.683 58.24 - 5.20 - 53.03 0.911 
400 0.150 0.546 55.59 - 6  32 --49.27 0.888 
200 0.020 0.245 46.25 -17.65 --28.65 0.620 
150 0.012 0.073 42.60 -21.15 --21.50 0.505 

The pene t ra t ion  dep th  is defined by  the fol lowing 
equat ion for  infinite ma t r i x  conduct iv i ty  (20) 

dj,pen = ( ( R T / F )  K j / [ ( ~ A  j -~ ~cJ )a i Jo , f ]}  1/2 [1 9 ]  

The react ion ra te  decreases  by  a p p r o x i m a t e l y  a fac tor  
of e for each pene t ra t ion  l aye r  into the electrode.  I f  
dj  > >  dj,pen, a decrease in e lectrode thickness  in i t i a l ly  
removes  an e lect rode which is l a rge ly  unava i lab le  to 
the main  reaction.  As dj ~ dj,pen, a fu r the r  decrease  
in e lec t rode  thickness  resul ts  in less e lec t rodes  ava i l -  
able to the main  reac t ion  wi th  a subsequent  decrease  
in cell  current .  F o r  the  p a r a m e t e r  values  used in Fig. 
4, the pene t ra t ion  depth  at  the in le t  is 0.026 and 0.066 
cm for the chromium and i ron electrode,  respect ively .  
This indicates  the need  for a th inner  e lect rode in the 
ch romium than in the i ron compar tment .  Fo r  i l lus-  
t ra t ive  purposes,  the e lec t rode  thickness in both com- 
pa r tmen t s  was kep t  ident ica l  for  al l  calculations.  

In  o rde r  to examine  the effect of e lect rode thickness  
alone on cell pe r formance  whi le  holding the var ia t ion  
in al l  o ther  effects to a minimum,  it is necessary to 
va ry  the flow rate.  Table  I I I  presents  calculat ions in 
which the e lec t rode  thickness is var ied  but  the flow 
ra te  is ad jus ted  to main ta in  a constant  velocity.  I t  
can be seen tha t  provid ing  more  e lect rode surface by  
increas ing the cell  th ickness  does resul t  in a h igher  
cell  cu r ren t  if the  veloci ty  is held  constant.  

If  the flow ra te  is held constant  and the e lect rode 
thickness is increased,  the pumping  loss is decreased 
and the ne t  power  output  f rom the cell, u n d e r  cer ta in  
conditions,  m a y  be increased.  Because of the  com- 
binat ion of pumping  losses, kinetic,  and mass - t r ans fe r  
effects, an op t imum elec t rode  thickness  exists which 
maximizes  the  net  power  ou tput  on discharge.  F igures  

Table Ill. Effect of electrode thickness at constant velocity* 

d (era)  Q ( m l / m t n )  l e t ( A )  IFe(A) I ~ ( A )  ~r , r  

0.25 400 --60.90 61.04 --0.297 0.995 
0.175 280 -69.48 60.69 --0.228 0.998 
0.10 160 -58.77 58.92 --0.153 0.997 

* d c r  = d r e =  0 .25cm,  L = 30.48 cm, Ve -- Voc = 300 m V , , f  = * V o  - Voe = 300 m V , . f  = 0.6, L = 80.48 em, v = 0.879 cm/s ,  
0.I, T = 25~ c o u n t e r c u r r e n t  flow, T = 25~ 
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Fig. 5. Net cell power and current due to chromium conversion 
at - -300  mV discharge polarization. Parameter values listed in 
Table I and f - -  0.5, L = 30.48 cm, T ~ 25~ (a) dCr - -  riFe -'- 
0.1 cm; (b) dcr = dFe = 0.175 cm; (c) dcr - -  dFe = 0.25 cm. 

4 and 5 i l lus t ra te  the effect of va ry ing  e lect rode th ick-  
ness and flow rate  on cell  per formance  for  charge and 
discharge,  respect ively .  An  elect rode thickness  of 0.1 
cm is the best  of the three  shown. Under  charge, a 
cell  wi th  0.1 cm electrodes de l ivers  the  greates t  chro-  
mium conversion and the least  hydrogen  evolution.  
Under  discharge,  the ne t  cell power  is nea r ly  max imized  

QIO.6 } I=6OA 

I I=;61 A f =  0.1 5"11 

I f =  o . 5  

Q .4i l--58A__.__Ll 
I f = O . g  

0 
~0 

d i i I I i 

O. 300, 600.  900. 
Q ( m l / m l n )  

Fig. 6. Net cell power vs. flow rate at various depths af discharge 
for a - -300 mV discharge polarization. Manifold losses included. 
Staichiometric flow multiple and cell current at the optimal flaw- 
rate indicated. Parameter values listed in Table I and dcr --- 
rife = 0.25 cm, L = 30.48 cm, T = 25~ Manifold dimension: 
0.2 cm • 0.4 cm. Arrows indicate twice the stolchiometric flowrate. 
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Fig. 7. Same as Fig. 6 except T = 65~ 

and ch romium conversion is the grea tes t  wi th  0.1 cm 
thick electrodes.  Thinner  e lectrodes would  not  be of 
any  fu r the r  advan tage  because of l a rge r  paras i t ic  
pumpir~g losses. 

F igures  6 and 7 i l lus t ra te  the  ne t  power  ou tpu t  as a 
function of flow ra te  at  th ree  depths  of d ischarge  for 
a --300 mV discharge polar iza t ion  at  low and high 
tempera ture ,  respect ively.  The cur ren t  at  the  power  
op t imum is indica ted  on the figure as wel l  as the flow 
ra te  expressed as a mul t ip le  of the s to ichiometr ic  flow 
rate.  The op t imum flow rate  var ies  wi th  the  dep th  of 
discharge.  At  $ = 0.5, the op t imum flow ra te  is less 
than that  at  ] -- 0.1 or  f --- 0.9. The exp lana t ion  for 
this t rend  lies in the nonconstant  na tu re  of the chro-  
mium and i ron  exchange  cur ren t  densities.  On dis-  
charge, at low values  of $, the exchange cur ren t  densi -  
t ies a re  less than  thei r  m a x i m u m  due to produc t  
poisoning. A t  high values  of ], r eac tan t  s ta rva t ion  
causes the  exchange cur ren t  densitie~ to decrease.  
Therefore,  at ex t remes  of depth  of discharge,  h igher  
flow rates  are  needed  to overcome the effects of reac-  
tan t  s ta rva t ion  or p roduc t  poisoning in o rder  to p ro -  
duce the  power  max imum.  A t  sufficiently h igh  flow 
ra tes  at  any  dep th  of discharge,  the  react ion is l imi ted  
by  kinetics,  and fu r the r  increase in flow ra te  wi l l  not  
resu l t  in increased cell  cur ren t  and gross power.  The 
decrease in the  Pnet vs. Q curves to the r ight  of the  
m a x i m u m  is a t t r ibu ted  to the paras i t ic  pumping  losses. 

I t  is apparen t  f rom the figures that  any  rule  of 
thumb,  such as the op t imum flow rate  being a mul t ip le  
of 1.5-2 t imes the s toichiometr ic  flow rate,  does not 
r igorous ly  apply;  however ,  the  power  max imums  are  
b road  for the pa rame te r s  used in these calculations.  
The m a x i m u m  becomes be t t e r  defined as the  pumping  
loss increases wi th  longer  cells, th inner  electrodes,  or  
smal le r  manifolds.  The l a t t e r  is a pa r t i cu l a r ly  impor -  
tan t  considerat ion because the  smal le r  the manifold,  
the lower  wi l l  be the  shunt  currents ,  bu t  wi th  a con- 
sequent ia l  increase in pumping  loss. 

Electrode length.--Predictions of cell  pe r fo rmance  
at  a fixed polar izat ion and flow ra te  of a l eng thened  
e lect rode show tha t  the cell cu r ren t  also increases,  bu t  
in a d iminish ing  manner .  Because of reac tan t  con- 
sumpt ion  in the in le t  region of the  cell,  more  of the 
e lectr ical  d r iv ing  force is expended  nea r  the  out le t  in 
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overcoming concentration polarization as the cell 
length is increased. Therefore, the longer the cell, the 
more the reactant-s tarved condition exists over the 
cell length and, eventually, no increase in reactant 
conversion will result from increased cell length. The 
cell polarization may not, in sufficiently long cells, be 
great enough to overcome the concentration polariza- 
tion, and the reverse redox reaction may occur. Fur-  
thermore, at cell lengths in which the chromium elec- 
trode becomes reactant-starved, the hydrogen evolu- 
tion increases drastically, thereby lowering the faradaie 
efficiency. These effects are i l lustrated in Table IV. The 
advantage of countercurrent flow arrangement is seen 
for the shorter length cells but not for the longer cells 
because of the inherent reactant imbalance with the 
isotonic solutions. 

Charge/discharge cycles.--The amount of hydrogen 
which is produced in an entire cycle will  depend on 
the charge/discharge procedure used. If the cell po- 
larization is varied and all other conditions held con- 
stant, both the cell current and the rate of hydrogen 
evolution will also vary. This is especially true when 
the cell is near ly  charged. An infinite number of 
charge/discharge protocols can be proposed; in this 
work only two are examined: (i) a constant cell volt-  
age of 1.35V under charge and 0.75V under discharge, 
and (ii) a constant cell polarization of W300 mV under 
charge and --300 mV under discharge. At )' -- 0.6, 
these two protocols are identical. Figure 8 shows how 
the cell and hydrogen current vary over a charge 
cycle for the two polarization protocols. Figure 9 shows 
the same result but at a higher temperature. 

In order to calculate charge and discharge times and 
energy stored or used, a storage tank volume of 1820 
l i ters/electrolyte was used based on recommendations 
of a cost study (4). Table V summarizes these results. 
The cycle energy efficiency is low because of the large 
polarization used in the calculation. It is seen, however, 
that less time is required to charge the cell at constant 
polarization than with a constant cell voltage. There 
is li t t le difference in the faradaic efficiency at the lower 
temperature in the two protocols; however, at the higher 
temperature, the constant cell voltage charge has a 
higher efficiency because of the dramatic increase of 
H 2  production near fully charged conditions under 
constant polarization. 

Conclusions 
1. A mathematical model of an isothermal redox flow 

bat tery has been developed which incorporates redox 
reaction kinetics and the parasitic H2 reaction, mass- 
transfer effects, and ohmic losses in the separator and 
electrolyte. 

2. Optima exist in the design and operation of the 
redox flow cell. Specifically, the electrode thickness. 
cell voltage, and electrolyte flow rate can be optimized 
to maximize the cell current or faradaic efficiency. The 
model is a useful aid in locating these optima. 

3. The separator ohmic resistance is the dominant 
cell resistance followed by the electrolyte ohmic re-  
sistance. Kinetic resistances are much less than sepa- 

Table IV. Effect of electrode length on cell performance on charge* 

< ~ C r ~ L  ~Fe+~>L 

L ( e m )  Cr~ +e Fe~+~ I c r ( A )  IH2(A) /we(A) ~'~v 

Cocurrent 
15.24 0.660 0.835 -19.69 - 0 . 4 7  20.16 0.976 
30.48 0.364 0.690 -36.82 -1 .08  37.90 0.972 
60.96 0.008 0.493 - 57.44 - 4.58 62.02 0.926 

121.90 0.000 0.000 - 57.43 - 24,02 81.45 0.705 

Countercurrent  
15.24 0.656 0.835 -19.76 -0.4,5 20.21 0.978 
30.48 0.361 0.689 -37 .07  - 1 . 0 4  38.10 0.973 
60.96 0.004 0.486 -- 57.63 - 5.20 62.82 0.917 

121.90 0.004 0.299 -57.63 -28.15 85,82 0.673 

* Q = 400 m l / m i n ,  Vc = 1.35V, ~f = 0.1, T = 25"C. 

Vo= 1 . 3 ~ / /  

j 
vo- Voo--§ mV 

d 

Vo-Voo = + 3 0 0  mV 

~ d  

d I i I I ! 

0 . 0  0 , 5  I . 0  

f 

Fig. 8. Cell and hydrogen current vs. depth of discharge over a 
charge cycle for constant cell voltage and constant cell polariza- 
tion. Parameter values listed in Table I and Q = 400 ml/min, 
dcr : dFe = 0.25 cm, L = 30.48 cm, T - -  25~ 

rator  or electrolyte resistances and mass-transfer re-  
sistance is almost negligible at reasonable flow rates. 

4. The cell current approaches the limiting current 
at low electrolyte flow rates and asymptotes at high 
flow rates to an upper limit determined by kinetic and 
ohmic constraints. At 2 X QsF, for the parameters  

- vc= ~.~,/  

o 

v o- Voo= + 3oo. mV 

d 
Vc-Voo= +3oo. mV 

3: 

i i I I 

~ i .o 

Fig. 9. Cell and hydrogen current vs. depth of discharge aver a 
charge cycle for constant cell voltage and constant cell polariza- 
tion. Parameter values listed in Table I and dcr  " -  d r e  "-- 0.25 
cm, L = 30.48 cm, T = 65~ 
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Table V. Charge/discharge cycle study* 

25~ 

E n e r g y  
s t o r e d /  

w i t h d r a w n  t (hr)  
Protoco l  ( W h )  ~Far c h / d i s  

Charge:  Vc = 1.35V 2010 0.965 25.4 
Discharge :  Vc = 0.75V 1030 0.980 24.0 
Charge:  Vc - Voc = 0.3V 2010 0.968 24.5 
Discharge:  Vc - Voc = - 0 . 3 V  1030 0.979 23.3 

65~ 

Charge:  Vc = 1.35V 1980 0.978 13.5 
D i scharge :  Vc = 0.75V 1050 0.991 13.4 
Charge:  Vc - V~c = 0.3V 2010 0.966 13.4 
Discharge:  Vc - Voe = -0.3V 1050 0.991 13.1 

* dcr = dF. = 0.25 c m ,  L = 30.48 c m ,  Q = 400 m l / m i n ,  counter-  
curren% flow. 

used in this  s tudy,  the  cell  is opera t ing  on the n e a r l y  
flat por t ion of the current - f low rate  curve. 

5. Counte rcur ren t  e lec t ro ly te  flow is p red ic ted  to 
improve  cell  pe r fo rmance  in comparison to cocurrent  
flow at a l l  prac t ica l  flow rates.  This increased pe r -  
forman.ce can be a t t r ibu ted  to the resul t  of more  uni -  
fo rm current  dis t r ibut ion.  

6. Fo r  the  range  of pa rame te r s  used in this s tudy,  
the cell  c u r r e n t  increased wi th  decreasing e lect rode 
thickness at  a fixed flow rate.  Actua l ly ,  the decreased 
e lect rode surface a rea  tends to decrease the cell  cur -  
rent ;  however ,  the  decreased area  of flow resul ts  in a 
h igher  veloci ty  and enhanced mass t ransfe r  wi th in  the  
pene t ra t ion  thickness  and, therefore,  increases cell 
current .  I f  the e lec t rode  thickness and e lec t ro ly te  flow 
ra te  are s imul taneous ly  var ied  in such a manner  as 
to main ta in  a constant  velocity,  the cell cur ren t  de-  
creases as the e lec t rode  becomes thinner .  

7. On the discharge cycle, the e lec t ro ly te  flow ra te  
which resul ts  in m a x i m u m  net  power  output  is lowest  
at  midcycle  (f = 0.5) and increases at e i ther  ex t reme  
of depth  of d ischarge  as the  effects of reac tan t  s t a rva -  
t ion or product  poisoning become more  impor tant .  A 
s imple  rule  of thumb such as the  op t imum flow rate  
being 1.5 or  2 t imes the s toichiometr ic  flow rate  does 
not  r igorous ly  app ly  across an ent i re  cycle. The max i -  
m u m  is shal low at Rs --  4 ~ �9 cm2 but  becomes be t te r  
defined as Rs decreases.  

8. Increas ing  the cell length  at constant  flow rate  
resul ts  in a l a rge r  cell cu r ren t  but  in a d iminish ing  
re tu rns  manner .  Fa rada ic  efficiency decreases  wi th  in-  
creasing length,  and, eventual ly ,  added  length  supports  
only  the hydrogen  reduct ion with  no improvemen t  in 
chromium conversion. 

9. The chromium conversion and cell  energy  effi- 
c iency are  functions of the cha rge /d i scharge  protocol  
employed.  The model  provides  a means  of finding a 
charge /d i scharge  protocol  that  gives the m a x i m u m  
chromium conversion while, at the same time, resul ts  
in min imum hydrogen  evolution.  

10. An  increase  in the cell  opera t ing  t empera tu re  
f rom 25 ~ to 65~ resul ts  in grea te r  react ion rates,  im-  
proved  e lec t ro ly te  and membrane  conductivit ies,  in-  
creased cycle energy  efficiency, and reduced charging 
times. 
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LIST OF SYMBOLS 

a specific surface area, cm2/cm 3 
C +2 or C +3 bulk concentration of iron or chromium, 

mol/cm 3 
Crf +3 feed concentration, mol/cm 3 
Crl +3 concentration at fully discharged state, mol/cm 3 
<Cr+3>L average concentration leaving electrode, 

m o l / c m  3 
,D effective diffusivity,  Doe *.5, cm2/s 
Do int r ins ic  diffusivity,  cm2/s 
d e lect rode thickness,  cm 
F Fa raday ' s  constant,  96,485 C/eq  
Fef+3 elect rode feed concentrat ion,  m o l / c m  8 
Fel  +~ concentra t ion at fu l ly  d ischarged state,  m o l / c m  8 
<Fe +2>L  average  concentra t ion leaving electrode,  

mol/cm~ 
f depth of discharge 
Ic cell current ,  A 
IF e cur ren t  due to i ron conversion ( - -  Ie), A 
in,j normal  cur ren t  dens i ty  at  pore wal l  f rom r e -  

a c t i o n  j, AYcm 2 
Icr cur ren t  due to chromium conversion, A 
/H2 cur ren t  due to H2 formation,  A 
%J exchange cur ren t  dens i ty  of react ion j, A / c m  ~ 
km mass - t r ans fe r  coefficient, cm/s  
L e lec t rode  length, cm 

number  of e lectrons in react ion j 
e lec t ro ly te  flow rate,  cm3/s 

R gas constant  
Rs separa to r  resistance,  ~ �9 cm s 
SR i s to ichiometr ic  coefficient of r eac tan t  
T t empera tu re ,  K 
U AH open-c i rcu i t  po ten t ia l  difference be tween  Hs 

and Cr reaction, V 
Voc open-c i rcu i t  cell  voltage,  V 
Vc cell  voltage, V 
v veloci ty  in electrode,  cm/s  
W electrode width,  cm 

Greek Symbols 
~A j anodic t ransfer  coefficient of react ion j 
~c j cathodic t ransfe r  coefficient of react ion j 
, poros i ty  
K effective conduct ivi ty ,  KoJ .5, 12-1cm-l 
Ko intr ins ic  solut ion conduct ivi ty ,  r t - ' c m - *  
r j ma t r i x  po ten t ia l  in e lect rode j, V 
r solut ion potent ia l  in e lect rode j, V 

Subscripts 
f feed condit ion 
s pore  wal l  surface 
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Discharge Kinetics of the Nickel Electrode 
A. H. Zimmerman* and P. K. Effa 

The Aerospace Corporation, Chemistry and Physics Laboratory, El Segundo, California 90245 

ABSTRACT 

The kinetics of nickel  electrode discharge are found to be controlled by solid-state proton diffusion under normal  high 
rate discharge conditions. As the nickel electrode is discharged, the conductivi ty of the active material  decreases until  even- 
tually mixed  kinetics are observed where the electrode impedance  has significant contributions from both proton diffusion 
and charge transfer resistance. Further  discharge results  in the formation of a semiconductor  layer at the metal-active mate- 
rial interface that  is depleted in charge carriers and has a relatively high electronic resistance. The deplet ion layer is respon- 
sible for the secondary discharge plateau of the nickel  electrode at 0.0 to -0.5 V vs. Hg/HgO. Changes in electrode capaci- 
tance during deplet ion layer formation appear  to provide a sensitive measure of the uniformity of electrode discharge. The 
effects of cobalt  additives on the kinetics have been experimental ly  measured,  and while cobalt  does not change the dis- 
charge mechanism, it does increase the ionic and electronic conductivity of the active material  allowing a greater depth of 
discharge before deplet ion layer formation. 

The ox ida t ion / reduc t ion  react ions at  the  n icke l  e lec-  
t rode  have been the subjec t  of a n u m b e r  of s tudies  
dur ing  recent  years.  As more  expe r imen ta l  s tudies 
have  been  repor ted ,  it  has become clear  that  the  
e lec t rochemis t ry  of the n ickel  e lect rode is qui te  com- 
plex.  The ear ly  work  of Bode e t al. (1), and the la te r  
work  of S c h r e b l e r - G u z m a n  et a~. (2) ind ica ted  the  
existence of  both  ~ and ~ phases of Ni(OH)~.  These 
two phases m a y  be oxidized to 7 and ~ phases of n ickel  
oxyhydrox ide ,  respect ively ,  and m a y  also undergo 
chemical  interconversion.  Addi t iona l  energe t ica l ly  dis-  
ce rnable  phases  have been found in the  work  of 
S c h r e b l e r - G u z m a n  et al. (3) and Barna rd  et al. (4). 
In  l ight  of the  growing number  of possible phase 
s t ructures ,  i t  is ant ic ipated  that  the  kinet ics  of the  
n ickel  e lec t rode  ox ida t ion / reduc t ion  processes wil l  be 
difficult to unravel ,  pa r t i cu l a r ly  in s in tered nickel  
electrodes,  whe re  the effects of addi t ives  and phase 
nonuni formi t ies  a re  expected  to p rov ide  addi t ional  
kinet ic  and the rmodynamic  complexi ty .  

Nickel  e lect rode reduct ion  has been found to fol low 
diffusion kinet ics  in a number  of previous  s tudies  (5- 
8). The l imi t ing diffusion process in the vol tage  range  
above 0.2V (vs. Hg/Hg.O) is the diffusion of protons 
formed at  the e l ec t rode /e l ec t ro ly te  interface to the  
charge  t r ans fe r  site. The reduct ion  process m a y  be 
rep resen ted  as 

I-I~O ~ O H -  (aq)  + H + (s) [1] 

H+ (s) ~ H+ (s') [2] 

H + (s') + NiOOH(s ' )  + e - ( s ' )  ~ N i ( O H ) 2 ( s ' )  [3] 

React ion [1] represen ts  the format ion  of a proton at 
ca ta ly t ic  si te s at  the e l ec t rode /e lec t ro ly te  interface;  
reac t ion  [2] involves diffusion of the proton f rom site 
s into the  e lect rode to the  charge t ransfe r  site s'; and 
react ion [3] is the charge t rans fe r  process involving 
the reduct ion  of one of the  h igher  va lency  species of 
act ive ma te r i a l  in the  latt ice,  r epresen ted  here  as 
s imply  NiOOH. React ions [1] and [3] are  not  genera l ly  
be l ieved  to be ra te  l imi t ing unde r  the opera t ing  con- 
di t ions of the  n icke l  e lect rode because they  would  not  
account  for  the  observed diffusion kinetics.  A recent  
r epor t  (9) tha t  react ion [1] m a y  be ra te  l imit in~ ap-  
pears  to be more  consistent  wi th  diffusion of O H -  

* Electrochemical ~ociety Active Member. 
Key words: kinetics, impedance, electrode, battery. 

be tween  the bu lk  e lec t ro ly te  and the act ive ma te r i a l  
surface as the r a t e - l imi t i ng  s tep for  h igh  ra te  e lect rode 
operat ion,  pa r t i cu l a r ly  at  reduced  concentrat ions  of 
O H - .  React ion [2], proton diffusion, is gene ra l ly  r e -  
garded  as control l ing the rate  of n ickel  e lect rode dis-  
charge at  the potent ia l  and cur ren t  densi t ies  n o r m a l l y  
used in ba t t e ry  operat ion.  Ba rna rd  (10) has ob ta ined  
e lec t rochemical  evidence tha t  the  protons involved in 
processes [1]-  [3] are  delocal ized throughout  the  act ive 
ma te r i a l  lat t ice,  a resul t  tha t  is consistent  wi th  spec-  
t roscopic da ta  in which the lack  of IR absorpt ion  
bands due to OH in the  oxidized act ive ma te r i a l  is  
repor ted  (11). The pro ton  diffusion ra te  and proton 
concentra t ion are  expec ted  to depend on the phase 
composit ion of the NiOOH, as wel l  as on the presence 
of addi t ives  in the la t t ice  s t ruc ture  (8). 

Dur ing  norma l  discharge of the n ickel  e lec t rode  in a 
ba t t e ry  cell, the diffusion process indica ted  by  reac-  
t ion [2] is ra te  l imit ing.  However ,  for some condit ions 
of e lect rode s t ruc ture  (13) or  opera t ion  (12), the  
e lec t rode  vol tage  can p r e m a t u r e l y  drop to a p la teau  
at  0.0 to --0.5V (vs. H g / H g O ) ,  and the e lect rode can 
discharge a subs tant ia l  por t ion of its capac i ty  at  the  
lower  potent ia l .  The lower  vol tage discharge has been 
a t t r i bu ted  to effects such as adsorbed  oxygen  (14-17), 
lower  energy nickel  oxides (18-22), and conduct iv i ty  
changes (13, 23). Measurements  of the  e lec t rode  k i -  
netics in the low state  of charge region should a l low 
the process(es)  causing the  low discharge vol tage  
p la teau  to be identified. Such measurements  of the  
e lec t rochemical  kinet ics  of the  n ickel  e lec t rode  are  
r epor ted  here.  The kinet ics  are  measured  over  a wide 
range  of e lect rode potent ia l  for e lectrodes of flat p la te  
and s in tered construct ion,  wi th  and wi thout  cobal t  
addit ives.  The work  descr ibed here  provides  evidence 
indica t ing  that  conduct iv i ty  changes coupled with  the  
format ion  of an in ter fac ia l  loss l ayer  are  responsible  
for  the p r e m a t u r e  deple t ion  of n ickel  e lect rode capaci ty  
at  vol tages sufficient for  ba t t e ry  operat ion.  

Experimental 
Nickel  e lectrodes were  made  by  e lec t rochemical  

deposi t ion (24) of Ni(OH).~ on e i ther  4 cm~ flat n icke l  
plates  or  1 em 2 s intered nickel  substra tes .  The n ickel  
s inter  subs t ra te  used was 0.076 cm th ick  and had  a 
poros i ty  of 79.5%. Cathodic  deposi t ion at  4 and 35 
m A / c m  ~ was used for  the  flat p la te  and s in tered  elec-  
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trodes,  resueet ively ,  using a boi l ing solut ion 60% in 
2M Ni(NOs)2 and 40% in ethanol .  Cobal t  n i t r a te  was 
added  to the  solut ion to give the  des i red  Ni /Co ra t io  
for s tudying  the effects of cobal t  addit ives.  Chemical  
deposi t ion in a s in te red  e lect rode was done by  repe t i -  
t ive ly  evacuat ing the a i r  f rom the s in te r  whi le  d ipped 
in a 2M Ni(NO~)~ solut ion and then d ipping  in a 20% 
KOH solution. Typical ly ,  about  0.1 g / cm 2 of Ni(OH).9 
was deposi ted on the s in tered  e lect rode (1.60 g / c m  8 
void) ,  and about  6 mg/cm2 was deposi ted on the fiat 
plate  electrodes.  Al l  e lectrodes were  cycled p r io r  to 
expe r imen ta l  use unt i l  the  capaci ty  stabil ized,  which 
was typ ica l ly  five complete  charge /d i scharge  cycles. 
Rated capacit ies which wil l  be re fe r red  to were  20 
and  0.14 m A h / c m  2 for  s in tered and flat p la te  electrodes,  
respect ively .  

Electrode charge  and discharge,  impedance  measu re -  
ments,  and capaci tance moni tor ing  were done au to-  
mat ica l ly  using a computer  which cont inuously  mon i -  
tored  e lec t rode  vol tage and control led  the  cur ren t  
passing th rough  the electrode.  An  opera t ional  amp l i -  
fier power  supp ly  having  a 10 kHz f requency  response 
was used to charge and discharge the electrodes.  The 
electrodes were  moni to red  in a n i t rogen-purged ,  po ly -  
s ty rene  test  cell  tha t  incorpora ted  a n ickel  sheet  
counterelectrode,  a t t g / H g O  reference electrode,  and 
31% KOH electrolyte .  Electrode capaci tance could be 
moni tored  by  the compute r  through the appl ica t ion  of 
a cur ren t  step, the capaci tance being obta ined f rom the 
ra t io  of the magni tude  of the cur ren t  s tep to the  ini t ia l  
slope of the e lect rode vol tage response. Electrode ca-  
paci tance was only  measured  at  potent ia ls  where  the 
in i t ia l  voltage response to a cur ren t  step was exponen-  
t ia l  in t ime; in po ten t ia l  regions where  diffusion domi-  
nates  the  e lec t rode  kinetics,  capaci tance measurements  
a re  meaningless .  The computer  s imi la r ly  measured  the 
e lect rode impedance  by  moni tor ing  the t ime depend-  
ence of the  vol tage  response to a smal l  cur ren t  step. 
The method  for  obta in ing the impedance  f rom such 
t rans ient  da ta  has been prev ious ly  descr ibed (25). The 
t ime resolut ion for such t rans ient  acquisi t ion was 1 
ms. Al l  t rans ient  vol tage  responses for both  capaci tance 
and impedance  measurements  were  less than  5 mV in 
ampl i tude .  Digi ta l  f i l ter ing of the  amplif ied vol tage 
response gave a typica l  noise level  of less than  25 ~r 
in the e lec t rode  voltage.  Capaci tance measurements  
could be au tomat ica l ly  done dur ing e lect rode discharge 
wi th  a typica l  precis ion of • 0.5%; the accuracy wa -r 
gene ra l ly  Iess than  this because the  e lect rode did not 
act  as an ideal  RC equiva lent  circuit.  Al l  capacitance 
measurements  repor ted  here are  at potent ia!s  where  
the  n ickel  e lec t rode  exhib i ted  a nea r ly  exponent ia l  
t ime response, and have an accuracy of about  • 5%. All exper iments  were  done at  room tempera ture ,  23" 
• 2~ 

Nickel Electrode Discharge Kinetics 
Results.--The Ni elect rode vol tage typ ica l ly  fol lows 

the curve indica ted  in Fig. 1 when it  is d ischarged first 
at  C/10, then at  a lower  ra te  (C/100).  The points,  a, 
b, and c indica ted  in Fig. 1 are  the  points  dur ing  dis-  
charge at  which the measurements  in Fig. 2 were  
made.  F igure  2 indicates  the kinet ic  response of this 
e lect rode to a smal l  cur ren t  step at the upper  vol tage 
p la teau  dur ing  high ra te  discharge (point  a) ,  dur ing  
low rate  discharge (point  b) ,  and on the lower  vol tage 
p la teau  (point  c).  Also included in Fig. 2 are  the elec-  
t rode  impedances  ca lcula ted  f rom the da ta  at  points, 
a, b, and c dur ing  discharge.  As has been found by  
o ther  worke r s  (6-8),  the kinet ics  are diffusion con- 
t ro l led  dur ing  d ischarge  on the upper  vol tage p la teau  
at point  a. Diffusion control  is indica ted  by  the l inear  
region in  the plot  of  t rans ien t  vol tage  vs. ~/~ in Fig. 2 
at  poin t  a, or  s imi la r ly  b y  the l inear  dependence  r is ing 
from the origin wi th  a 45 ~ slope in the impedance  plot  
of Fig. 2 at  point  a. The e lec t rode  at  point  b, while  
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Fig. 1. Discharge voltage of a sintered nickel electrode at C/IO 
rate followed by a C/100 discharge of residual capacity. The 
points a, b, and c refer to measurement points in Fig. 2. 
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Fig. 2. Transient impedance measurements at points a, b, and 
c during the discharge of Fig. I. The upper curves are the 
transient responses to current changes, and the lower curves are 
the impedances calculated from the time transients. The numbers 
indicate the frequencies of the reactive extremes in Hz. The multi- 
pliers indicated have been applied to both coordinates. 

sti l l  d ischarging on the upper  vol tage  pla teau,  exhib i t s  
mixed  kinet ics  suggest ive of both  act ivat ion and d i f -  
fus ion-cont ro l led  processes influencing the discharge.  
At  point  c on the lower  plateau,  the discharge kinet ics  
are dominated  by  an ac t iva t ion-cont ro l led  process. 
Act ivat ion  kinet ics  a re  charac ter ized  by  an exponen-  
t ia l  t rans ient  response in time, which gives a semic i r -  
cular  impedance  plot  as shown in Fig. 2 for  point  c. 
In the  discussion tha t  follows, the  res is tance and 
capaci tance associated with  the  ac t iva t ion  contro l led  
processes at  points b and c wi l l  be labe led  R and C, 
respect ively.  The diffusion resis tance associated wi th  
the di f fus ion-control led process at  points  a and b in 
Fig. 1 wil l  be re fe r red  to as Rd. 

Both R and C were  measured  dur ing  constant  cur -  
rent  discharge as a funct ion of potent ia l  and s ta te  of 
charge. These resul ts  are indica ted  in Fig. 3 and 4, r e -  
spectively.  In  Fig. 3 log R is p lo t ted  vs. potent ia l  d u r -  
ing the  course of a C/1O0 discharge.  Also, at  var ious  
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Fig. 3. Resistance R, as a function of voltage (solid circles) dur- 
ing C/100 discharge of the residual capacity in a sintered nickel 
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Fig. 4. $intered nickel electrode capacitance as a function of 
voltage (solid line) and capacity discharged (dashed line) during 
discharges of residual capacity at C/100 rate. 

times during the discharge in Fig. 3, the current was 
varied so as to allow measurement of R as a function 
of voltage at a constant oxidation state. The capaci- 
tance of the sintered nickel electrode is indicated as 
a function of residual capacity Q, and also as a function 
electrode voltage in Fig. 4. The capacitance decreases 
l inearly with Q until the lower voltage plateau is 
reached, after which the capacitance is relat ively con- 
stant during further discharge. While the capacitance 
does appear to vary with state of charge in Fig. 4, the 
variation in the capacitance actually appears to de- 
pend only on the electrode voltage in the range --0.3 
to 0.25V. Essentially the same voltage/capacitance 
curve as in Fig. 4 is obtained at all states of charge if 
the voltage of the nickel electrode is varied from about 
--0.3 to 0.25V vs. Hg/HgO, suggesting that the ca- 
pacitance may be controlled by a thin surface layer 
rather  than by the properties of the bulk active ma- 
terial. 

The results indicated in Fig. 1-4 are for an electro- 
chemically impregnated sintered nickel electrode. 
Similar  results were obtained for chemically deposited 
active material. Flat  plate electrodes also gave similar 
behavior in that diffusion-controlled kinetics changed 
into mixed kinetics, and then i~nally into activation- 
controlled kinetics as the electrode was discharged. For 
the flat plate electrodes the current density was scaled 
down to realize a C/10 or a C/100 rate. 

Discussion of nickel electrode kinetics.--Three pro-  
ceases have been observed that can control reduction 

rates at the nickel electrode. The diffusion kinetics 
that are observed above 0.3V are consistent with pre-  
vious results at tr ibuted to proton diffusion in Ni elec- 
trodes (6-8) and in the NiCd cell (25). For a fiat plate 
electrode, proton diffusion coefficients of about 10-1o 
cm2s-1 are obtained from the measured diffusion 
times, assuming a film thickness proportional to capac- 
i ty (about 10 .4 cm). Deviations from ideal diffusion- 
controlled behavior are observed at high currents (>  
C/2) and also above about 70% state of charge. It i s  
possible that these deviations are due to nonuniform 
ionic conduction within the active material;  for ex- 
ample, proton diffusion should be predominantly along 
grain boundaries at the beginning of discharge when 
reaction is largely a~ the grain surfaces. The impedance 
arising from electrolyte diffusion in the pore struc- 
ture of the sintered electrodes was not significant re la-  
tive to the solid-state proton diffusion impedance at 
the discharge rates employed here, but did become 
significant at higher rates. This conclusion is sup- 
ported by the similar impedance characteristics mea- 
sured for fiat plate and porous electrodes. 

While still  on the upper voltage plateau, but at 
low states of charge, a second process begins to control 
the kinetics, as indicated by the mixed kinetics at 
point b in Fig. 1 and 2. This process is activation 
controlled, and as shown in Fig. 3 has a Tafel 
slope of about 60 mV/decade. The same slope was 
observed for all electrodes studied: fiat plate electrodes, 
sintered electrodes, and electrodes in commercial NiCd 
cells. The slope is consistent with the single-electron 
transfer process given b y  reaction [3] becoming rate 
limiting. Also, since the capacitance decreases l inearly 
with charge transfer site density or electrode state 
of charge in the region above 0.2V, reaction [3] appears 
most l ikely to control the rate. Therefore, in the region 
having about a 60 mV/decade Tafel slope, the density 
of charge transfer sites appears to have decreased to 
the level where charge transfer has become rate l imit-  
ing. Discharge in this region continuously decreases 
the density of higher valency sites and thereby in- 
creases the charge transfer resistance of the active 
material.  It should also be noted that the open-circuit  
voltage of the active material  continuously decreases 
as the density of higher valency sites diminishes. 

As the Ni electrode is discharged towards the di- 
valent state, a third process can cause the electrochemi- 
cal kinetics to change dramatically in the potential 
range between 0.1 and 0.2V. While the active material  
above 0.2V acts as an electronic conductor, below 
0.2V a layer of active material  begins to behave like 
a semiconductor, exhibiting Tafel slopes (Fig. 3) that 
continuously increase as the material  is reduced. The 
sudden decrease in capacitance that accompanies the 
transition to the lower voltage plateau (Fig. 4) is 
consistent with the formation of a layer  of carr ier-  
depleted material  at the metal current-collector/active 
material  interface, such that the resistance and ca- 
pacitance of this layer now dominate the discharge 
kinetics. Continued discharge on the lower voltage 
plateau causes the depletion layer to grow in thickness 
(and resistance) towards the solution interface. 

The model presented above is similar to models put 
forth qualitatively by Klapste etal. (13) and somewhat 
more quantitatively by Barnard e t a l .  (23), in that 
changes in the conductivity of the active material  
cause the lower voltage plateau. The model of Barnard 
et al. (23) fits the Tafel slope reported here on the 
upper voltage plateau. However, the Tafel slopes ob- 
served on the lower voltage plateau suggest that a 
poorly conducting semiconductor layer has formed and 
that the electrode overpotential  arises from the space 
charge voltage across the layer. The layer is kinetically 
maintained by current flow, and it is therefore ex- 
pected that both its thickness and its conductivity at 
a given state of charge will depend on current den- 
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sity. The kinetics on the lower plateau are clearly 
activation controlled, indicating that conduction 
through the depleted layer does not occur through 
ionic migration. 

While it is technically true that a secondary plateau 
in the voltage is not observed during recharge of a Ni 
electrode, the increased resistance associated with the 
depletion layer can be clearly seen in the early stages 
of Ni electrode oxidation. After generation of a de- 
pletion layer by a low rate discharge to low potentials, 
the electrode voltage goes through an initial high volt- 
age peak when recharge is initiated. It has been well 
established that after shorting NiCd cells down for 
long periods, recharge must be initiated at quite a low 
rate to keep the voltage from initially rising to unac- 
ceptably hig~h levels. Such a voltage peak is likely to 
arise from the ohmic contribution of the depletion 
layer, which can become quite thick in instances of 
long-term cell short down. 

Electrode capacitance and nonuniJormities.--The 
model described above for the kinetics of the nickel 
electrode suggests that above about 0.25V the capaci- 
tance of the electrode is controlled by the density of 
higher valency sites available for reduction, giving the 
linear relationship between capacitance and residual 
capacity in Fig. 4 below 6C (above 0.25V). Continued 
discharge to the lower voltage plateau causes a drop 
in capacitance as it becomes controlled by the space 
charge capacitance across the depleted layer at the 
active material/current collector interface. The drop 
in capacitance should be sensitive to the structure of 
the active material at this interface. A low interfacial 
contact area (high interfacial current density) should 
give a greater drop in capacitance, and any energetic 
differences in active material at the current collector 
interface ~hould spread the capacitance drop over a 
range of discharge capacity and thereby decrease the 
sharpness of the drop. The manner in which the ca- 
pacitance varies during discharge of residual capacity 
can therefore indicate the causes for changes or dif- 
ferences in electrode performance. In Fig. 5, plots of 
electro.de capacitance as a function of residual capacity 
are shown for a sintered nickel electrode after being 
cycled 32 times, after' being reconditioned, and for a 
flat plate nickel electrode. The most striking difference 
between the electrodes is the degree of sharpness of 
the capacitance drop as electrode voltage drops to the 
lower discharge plateau. For the sintered electrode 
that has been cycled many times, the active material 
at the current collector interface has developed sig- 
nificant nonuniformities, which are likely to be associ- 
ated with energetic variations between different phases 
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Fig. 5. Capacitance of nickel electrodes during a C/100 dis- 
charge of residual capacity. The solid curve is for an uncycled 1 
cm 2 slntered electrode after formation, dashed curve for a 1 cm 2 
sintered electrode after 32 cycles, and the dash-dot curve is for 
an uncycled 4 cm 2 Flat plate nickel electrode. 

or structures of the active material at the interface. 
The flat plate electrode, however, has an extremely 
sharp drop in capacitance in Fig. 5, suggesting a highly 
unimrm active material/current collector interface. 
The greater relatLve drop in capacitance for the fiat 
plate electrode is likely to be due to a somewhat 
higher interfacial current density. 

The capacitance on the lower plateau, if due to a 
perfectly uniform semiconductor layer, would be ex- 
pected to exhibit a Mott-Schottky dependence on volt- 
age. This relationship is plotted in Fig. 6 for differing 
amounts of residual capacity discharged for both sin- 
tered and flat plate electrodes. At all states of dis- 
charge, the relationship is essentially linear above 
0.0V for the flat plate electrode, and above 0.05V for 
the sintered electrodes. The linear ranges are not 
large because data only extend up to about 0.15V, 
since the depleted layer cannot be maintained above 
this voltage under galvanostatic conditions. It is inter- 
esting to note that for all states of discharge for both 
the flat plate and the sintered electrodes, the higher 
voltage data extrapolate to 0.32V vs. Hg/HgO. A possi- 
ble explanation for the linear behavior at higher volt- 
ages and the pronounced curvature at lower voltages 
is that at lower voltages the depleted layer becomes 
quite thick relative to grain sizes and active material 
nonuniformities, thus giving a highly inhomogeneous 
space charge region. At high voltages, the depleted 
layer is extremely thin, and is therefore less likely to 
exhibit Mott-Schottky deviations. 

Cobalt additive e]~ect.--Additives such as cobalt are 
generally considered to significantly improve nickel 
electrode performance. Although the effects of addi- 
tives of this kind on the mechanisms of nicker elec- 
trode operation are not completely understood, it is 
expected that the additives can affect both ionic and 
electronic conductivity of the active material. The 
effects of a 10% cobalt additive on the kinetics of the 
sintered nickel electrode were evaluated, and are 
given in Fig. 7. The data in Fig. 7 clearly show that 
the overall discharge mechanisms on the upper and 
lower voltage plateaus are unchanged by the Co addi- 
tive. However, the Co additive decreased the diffusion 
resistance during the C/100 discharge by about an 
order of magnitude, indicating substantially increased 
ionic conductivity. The electronic conductivity of the 
active material is also increased by the higher defect 
concentration provided by the cobalt. As has been 
previously reported (26), the increased defect concen- 
tration decreases the equilibrium electrode voltage 

"--~.. I I I I I I I 

30 - ~'x~O0~176 

2~ 

15 ' , ' ,  \ -- 

--  \4;~::\ X 

0 "" I I I I I I ...... "1:":::'"'4-, 
-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 

VOLTAGE vs Hg/HgO 

Fig. 6. Mott-Schottky plots for sintered (solid lines) and flat 
plate (dashed lines) nickel electrodes at various points of d~scharge 
of residual capacity. The percentages of residual capacity dis- 
charged are indicated. For flat electrode 1/C ~ has been scaled 
down by 10. 
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Fig. 7. Resistance R, as a function of voltage for a sintered 
nickel electrode (closed circles) and a sintered nickel electrode 
with 10% cobalt additive (closed squares) during a C/100 dis- 
charge of residual capacity. The open symbols indicate the diffu- 
sion resistances Rd, that were also measured at the higher voltages. 

about 70 mV. This has significant effects on the re- 
chargeability of the nickel electrode. The high peak in 
the resistance during the transition from the upper to 
the lower voltage plateau appears to be eliminated by 
the cobalt additive. The peak and how cobalt additives 
act to eliminate it are the subject of continuing study. 
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Breakdown of Passivity of Nickel by Fluoride 
I I .  S u r f a c e  A n a l y t i c a l  S t u d i e s  
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H. -H .  Strehblow* 

Institut fi~r Physikalische Chemie, Universit(~t Dfisseldorf, D-4000 Di~sseldorf 1, Germany 

ABSTRACT 

Passive layers on nickel and their change by the action of fluoride have been studied by surface analyses such as x-ray 
photoelectron spectroscopy (XPS) and low energy ion scattering (ISS). The thickness of the layers is deduced from the 
height of the XPS signals Ni2p3/2, O ls, and Fls and their attenuation by covering layers. Argon sputtering gives information 
on the in-depth structure of the passivating films in combination with XPS and the higher depth resolution of ISS. Their 
thickness and chemical composition change with the electrode potential and the time of exposure to HF. A multilayer struc- 
ture is found with an inner oxide and outer hydroxide film and, in a higher potential range, a fluoride layer in between. The 
layer structure shows a close correspondence to the results of the electrochemical examination. 

The thickness and composition of surface layers are 
of decisive importance for processes at the solid- 

* Electrochemical Society Active Member. 
Key words: passivating layers, breakdown of passivity, nickel, 

fluoride, XPS, ISS, l ayer  thickness.  

electrolyte interface. Especially in the field of corro- 
sion, the analysis of the metal surface is necessary to 
gain a deeper insight into the phenomena and a better 
interpretation of the electrochemical results. There- 
fore, we started a combined study of x-ray photoelec- 
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t ron  spectroscopy (XPS) ,  ion scat ter ing spectroscopy 
( ISS) ,  and  e lect rochemical  examinat ions .  In  a previous  
paper ,  the influence of fluoride on the passive be -  
hav ior  of n ickel  was s tudied (1).  A p r o m u n d  ex-  
p lanat ion  of the findings was only possible on the basis 
of the surface  ana ly t ica l  results.  We examined  the 
films of pass iva ted  n ickel  and those which have been 
a t t acked  by  fluoride. For  this  purpose,  the  specimens 
are  p r epa red  under  wel l -def ined  e lec t rochemical  con- 
ditions. 

Exper imental  
The specimen p repa ra t ion  was descr ibed in deta i l  

p rev ious ly  (1). Af t e r  the  ind iv idua l  p re t rea tment ,  the  
specimens were  r insed  with  t r ip ly  dis t i l led wa te r  and  
t rans fe r red  into the wacuum chamber  as quickly  as 
possible, typ ica l ly  wi th in  1 rain. Fo r  the analysis,  we 
used an ESCALAB 5 sys tem (Vacuum Generators ,  
L imi ted)  wi th  a fast  en t ry  air lock,  a p repa ra t ion  
chamber ,  a ma in  ana ly t ica l  vessel  wi th  an op t imum 
pressure  of 5 �9 10 -11 m b a r  and an opera t ing  pressure  
of some few 10 -10 m b a r  af ter  sample  induct.  The XPS  
analysis  was run  wi th  a Mg Ka source wi th  300W 
power.  Fo r  sput te r ing  and ISS analysis,  a fine focusing 
scanning ion gun was used. Fo r  depth  profiling, an 
argon beam wi th  3 keV p r i m a r y  energy  and a con- 
t ro l led  specimen cur ren t  of 0.7 ~A was scanned over  an 
a rea  of 8 • 8 ram. ISS was pe r fo rmed  wi th  a he l ium 
beam of 1 keV p r i m a r y  energy and 10 n A  cur ren t  to 
avoid any  changes dur ing  analysis.  A gas inlet  system 
faci l i ta ted the r ap id  change of gases for the  ion gun. 
Phases  of argon sput te r ing  and analysis  wi th  he l ium 
fol lowed a l te rna t ive ly ,  thus p rov id ing  an ISS dep th  
profile. Af t e r  each sput te r  period,  an XPS  analysis  of 
the most r e l evan t  peaks  was taken.  The sput ter  a rea  
was la rge  enough to get  only  contr ibut ions  of equa l ly  
e tched par t s  of  the surface. Fo r  ISS, the  signal  was 
t aken  from a smal l  pa r t  of the  spu t te red  a rea  in the  
center.  

With  the  ISS spectrum,  one m a y  dis t inguish be tween 
the three  ma in  elements,  Ni, O, and F presen t  at  the 
surface. This method has an in -dep th  resolut ion of a 
monolayer .  However ,  dep th  profiles are  affected b y  
the different  changes caused by  argon ion sput ter ing.  
Therefore,  we used ISS only  to de te rmine  qua l i t a t ive ly  
the  sequence of mu l t i l aye r  s tructures.  

Fo r  XPS  analysis,  we used the Ols  s ignal  at the  
b inding  energies EB ---- 529.3 and 531.5 eV to dis t inguish 
be tween  oxide  and hydroxide ,  the F l s  signal  at  EB ---- 
685 eV, and the Ni2p3/2 peaks in the range  EB -- 852- 
868 eV. A t  EB ---- 852.8 eV, the  metal l ic  Ni peak  is 
found. The peak  at  856.5 eV is an over lap  of severa l  
signals,  Ni(OH)2,  NiO, and the  "shake up" of the  
meta l l ic  nickel.  NiO is found a t  853.4 and 855.4 eV and 
Ni(OH)2  at  855.8 eV. In the presence of fluoride, a 
peak  at  857.2 eV is a t t r ibu ted  to NiF2 af ter  compar i -  
son with  s tandards .  The re la ted  "shake up" is found at 
863.5 eV. As nickel  is p resen t  s imul taneous ly  at  the  
surface  in different  valence states,  the peaks  and thei r  
satel l i tes  over lap  to a compl ica ted  s t ruc ture  wi th  a 
base l ine not  wel l  defined. Unfolding this s t ructure  is 
affected wi th  a large  error .  Therefore,  we did not  use 

this pa r t  of the Ni2p3/2 s ignal  for quant i ta t ive  analysis.  
The main  qual i ta t ive  and quant i ta t ive  in format ion  was 
taken f rom the metal l ic  l~lzp3/Z, the Ols,  and the F l s  
peak. 

As references,  we used a spu t t e r - c l eaned  Ni speci -  
men, 1~iO, Ni(OH)2,  and  Ni~'2 powder  pressed in a 
t in foil  to reduce surzace charging (2) and a Ni sample  
oxidized in a i r  a t  '100~C and so covered  with a vis ible  
NiO film thick enough to p reven t  any  contr ibut ion  of 
the meta l l ic  Ni peak. Table  I shows the re levan t  peak  
posi t ions of different  n ickel  compounds.  In  cases where  
surface charging was a problem,  the s ignals  were  c o r =  
rec ted  by  re~erring them to the  Cls  posi t ion with EB 
---- 284.8 eV. Carbon was a lways  p resen t  in t races  be -  
cause of the inevi table  contaminants  from the electro= 
lyte  and the exposure  to the  environment .  The resul ts  
of Table  I show a good agreement  wi th  those f rom the 
l i t e ra tu re  (3-9) and helped in identif icat ion of the na -  
ture of the surface  films. The Ni2p3/2 peak  of the  N i 2 0 8  
specimen is close to the posit ions of NiO and Ni(OH)2.  
The dist inct ion be tween  Ni208 and NiO in the absence 
of Ni (OH)2  is possible by  using the different  Ols  
peak  posi t ions (7). In  presence of Ni (OH)2  this dis-  
t inct ion is impossible  on the basis of ESCA measu re -  
merits. Therefore,  we could not  find smal l  amounts  of 
Ni203 in a NiO ma t r i x  as pos tu la ted  for the t r ans -  
passive potent ia l  range for  Ni. However ,  the  presence 
of Ni208 cannot  be ru led  out. 

Results and Discussion 
The XPS  spec t ra  of  e lec t ropol ished n icke l  r insed  

wi th  t r ip ly  d is t ihed  wa te r  snow qua l i t a t ive ly  the  pres-  
ence of a 1~ir film wi th  a Ni (OH)~  ove r l aye r  (Fig.  1). 
The i~i2p3/2 shows a meta l l ic  i,~z peak  (EB = 852.8 
eV) a t tenua ted  by  the sur Iace  film and a peak  at  EB = 
856.5 eV with its or igin f rom NiO, Ni(OH)2,  and a 
"shake up" contr ibut ion.  The Ols  s ignal  demons t ra tes  
the presence of  hyd rox ide  (EB = ~31.5 eV) and a 
shoulder  at EB --  529.9 eV of oxide. Argon  spu t te r ing  
enlarges  the shoulder  at  lower  binding energy  wi th  a 
s imul taneous ly  vanishing hydroxy l ic  signal.  A change 
f rom nickel  hydrox ide  to oxide or even its reduc t ion  
to n ickel  meta l  by  p re fe ren t ia l  spu t t e r ing  dur ing  
argon ion bombardmen t  m a y  be excluded by  the r e -  
sul ts  of o ther  authors  (6, 7) and own tests wi th  
Ni (OH)2  specimens. Consequently,  the  surface film 
has a double  s t ruc ture  wi th  an inner  oxide and an 
outer  hyd rox ide  layer .  Spu t t e r ing  enlarges  the  meta l l ic  
Ni2p3/2 s ignal  as a consequence of the th inn ing  of the  
surface film and, con t r a ry  to Ni(OH)~,  by  a pa r t i a l  
reduct ion  of  NiO to Ni meta l  b y  p re fe ren t i a l  spu t t e r -  
ing. 

ISS shows only  a Ni and O peak.  Both s ignals  ap -  
pea r  a f te r  a shor t  a rgon spu t t e r ing  of some few min -  
utes corresponding to a removal  of less than  one mono-  
layer .  This is a typica l  effect of al l  ISS spect ra  when 
wa te r  or OH groups are  present  at  the  surface.  Back= 
scat ter ing of he l ium at the  l igh te r  hydrogen  atoms does 
not  occur. 

The n ickel  specimen pass ivated  in 1M HC104 (e = 

1.4V) showed a s imi la r  XPS  spec t rum (Fig. 2). The 
N i  meta l  peak  is less pronounced,  and  at  EB ---- 855 e V  

Table I. Binding energies of XPS peaks and satellites of different nickel standards referred to Cls with EB - -  284.6 eV 

01s 
Spec imen  Ni2p3/2 O ~- OH- Om~. F l e  

Ni  meta l  852.8 858.6 b 
NtO 853.4 855.41 860.5b 529.3 531.2 
Ni  (OH) s 855.8 861.7 b 531.0 
N1F2 857.2 863.5~ 531.4 684.5 
NhO3 (4) 855.7 861.4b 531.7 
Ni, mech.  pol i shed 852.8 529.3 531.2 532.8 
Ni, e lectropol ished 852.5 856.0 529.3 531.5 
Nl, heated  in air to 700~ 853.6 8553 a 860.9 ~ 529.3 531.2 

�9 Multiplet  spl i t t ing 141. 
b Satel l i te  ( shake  up) .  
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Fig. 1. XPS and ISS depth 
profile of a nickel specimen 
electropolished in a 57% H2S04 
+ 43% H20 mixture. 

a larger Ni2p3/2 signal is found. This is a consequence 
of a thicker oxide film. Two distinct 01s signals indi- 
cate the presence of an oxide and hydroxide layer. 

Sputtering with argon ions again enlarges the Ni metal 
peak and reduces the oxide shoulder at EB ---- 855 eV. 
The Ols hydroxide signal also vanishes first within 
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Fig. 2. XPS and ISS depth 
profile of a passive film on nickel 
formed in 1M HCI04 at e = 
1.4V for 3h. 
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about  5 rain; the  Ols  oxide s ignal  vanishes wi th in  20 
min. The ISS s ignal  does not  contain fu r the r  in fo rma-  
f/on. The oxygen  signal  also d isappears  wi th in  20 roan 
of sput ter ing.  A comparison with  the e lect ropol ished Ni 
specimen shows a hydrox ide  l aye r  of s imi lar  th ick-  
ness by  both the size of the  Ols  hydrox ide  s ignal  and 
its d i sappearance  wi th in  the same sput te r ing  t ime. 
However ,  the oxide  thickness  has doubled  af te r  the 
results  for  the Ols  signal.  The XPS depth  profile shows 
again  an ou te r  hydrox ide  and an inner  oxide layer  for  
pass iva ted  n ickel  electrodes.  S imi la r  resul ts  a re  ob-  
ta ined  wi thin  the whole passive range  o f ,  --  0.5-1.8V. 
In the  t ranspass ive  region for ~ > 1.SV, an increase of 
the oxide  thickness is found. A h igher  va lent  oxide, 
i.e., Ni2Oz, which is pos tu la ted  f rom elect rochemical  
resul ts  could not  be detected.  A clear  indica t ion  of i ts 
presence is not  possible because  of the smal l  chemical  
shif t  of the Ni2p3/2 peak  (Table I ) .  

To obtain quant i ta t ive  results ,  the  thickness of the 
surface  layers  was ca lcula ted  f rom the XPS signals. 
Fo r  base line subst ract ion the background  at both sides 
of a s ignal  was connected at  the peak  posi t ion (10). 
Wi th  sufficient accuracy the peak  heights  be tween  the 
m a x i m u m  and the base l ine were  taken  for a quant i -  
ta t ive  evaluat ion  ins tead of  the  peak  areas  which were  
control led  in severa l  cases. The calculat ion was pe r -  
formed on a re la t ive  basis wi th  peak  he ight  ratios,  
which  minimized the error .  A n y  changes by  unfolding 
the over lapping  peaks  causes a l a rger  inaccuracy.  The 
s t ruc ture  of the Ni2p3/2 s ignal  is compl ica ted  by  the 
over lapp ing  peaks  of the different  n icke l  compounds 
and the i r  satel l i tes .  An unfolding for quant i ta t ive  
eva lua t ion  would  give r a the r  uncer ta in  results.  There -  
fore, we used only the Ni meta l  peak  at  EB -- 852.8 eV. 
and in addi t ion the much s imple r  Ols  s ignal  (EB _-- 
829.3 and 531.5 eV).  For  the unfolding we assume a 
symmet r i ca l  peak  shape with  ident ica l  leading and 
ta i l ing  edges. 

The a t tenua t ion  of the Ni2p3/2 meta l  signal  is used 
to get a value  for  the thickness of the total  layer .  If  y 
is the thickness of the oxide, x of the  hydroxide ,  and 8 
of the total  l aye r  (Fig. 3), one obtains for the  a t t enu-  
a ted Ni me ta l  s ignal  

I1 Me = KFerMe[Ni]~MeMe exp  ( - - 6 / l o  Me) [1] 

6 = x + y [ l a ]  

where  F is the in tens i ty  of the  x - r a y  source and K a 
character is t ic  constant  of the spec t romete r  containing 
the t ransmiss ion cl~aracteristic of the energy ana lyzer  
and  the de tec tor  and the angular  acceptance of the  
analyzer .  ~Me is the  photoionizat ion cross section for 
the Ni2p3/2 s ignal  a f te r  Scofield (11), corrected for the 
aniso t ropy of the photoelect ron emission including the 
angle  be tween  the x - r a y  source and the energy ana-  
lyzer  (12, 13). rNi] _-- 0.1516 moI cm -8 is the  concen-  
t ra t ion of the n ickel  a toms in the meta l  (14), and ~ox Me 
the escape dep th  of the  Ni2p3/2 photoelectrons  from a 
NiO matr ix .  In  a first approximat ion ,  the escape depth  
depends only on the k inet ic  energy af ter  the  re la t ion  

a) Substrate 
Ni 

Oxide Hydroxide 
NiO Ni(OH) 2 

x y 

Vacuum 
(Electrolyte) 

Substrate 
b) Ni 

Oxide 
NiO 

Fluoride 
NiF 2 

Hydroxide 
Ni(OH)2 

Vdcuum 
(Electrolyte) 

x y z 

Fig. 3. Model of the passive layer on nickel, a: without fluoride. 
b: with an intermediate fluoride layer. 

= Bk/Ekm [Z] 

for kinetic energies Ekia > I00 eV (15) so that the 
values of NiO and l~i[OH)2 do not differ (koxMe~ 
koHMe), kMe Me is the escape depth for the metal matrix, 
which is a i f te ren t  f rom that  of the  oxides when con- 
sidering the matrix effect to a first approxlmation 
(15). 

For  a clean spu t t e red  nickel  surface, one obtains  for 
the  Ni meta l  signal  

I Me = KFr Me [Ni] ~Mo Me [3] 

Dividing Eq. [1] and [3] yields  the fol lowing re la t ions  
for ident ica l  expe r imen ta l  condi tmns for the spec t rom-  
e ter  (K, F)  

= exp (--8/Xo Me) [4] 
IMe 

With  the  measured  in tens i ty  of  the  Ni2p3/2 meta l  s ignal  
of the pass ivated spec imen J[1 Me and the clean and un-  
covered s tandard  IMe, one obta ins  the to ta l  thickness 
8 --  x + y of the double  l aye r  a f te r  re la t ion  [4]. For  
the subdivis ion in the  two par ts  x and y, one m a y  use 
the  rat io  of the  peak  heights  of the O l s  hydrox ide  and 
oxide peak  

IOH ~ [ O H - ]  [1 --  e x p  (--x/~oOH) ] 

"Iox ~ - -  [O '~-] exp (--x/~OoH) [1 --  exp (--y/~Oox) ] [5] 

[ O H - ]  --  0.0896 tool cm-Z and [ 0  2 - ]  - -  0.0839 tool 
cm -3 are  the  molar  concentra t ions  of the O H -  and 
0 2 -  ions of NiO and Ni(OH)2,  respec t ive ly  (14). The 
factor  in brackets  takes  account  of the se l f -a t t enua t ion  
of the s ignal  wi th  increas ing thickness  of the hydrox ide  
and oxide layer ,  respect ively.  The addi t ional  exponen-  
t ia l  factor  in the lower  pa r t  reflects the a t tenua t ion  of 
the Ols  oxide s ignal  by the hydrox ide  over layer .  Equa-  
tion [5J requires  ident ica l  e xpe r ime n t a l  condit ions for  
the. spec t romete r  again.  

Neglect ing the m a t r i x  effects on the  escape depth  
with  ~Oox : kOoH : ko, one obtains the re la t ion for  the  
thickness x of the  hydrox ide  l aye r  

I~ -k I~ e x p  ( - -d /~  o) 
z = --Zo In [6] 

Iono[O 2-]  + IoxO[OH - ]  

Equat ions [4] and  [6] pe rmi t  one to calcula te  the  
thickness 5 = x + y of the to ta l  layer ,  and the par t s  
x for the hyd rox ide  and y for  the oxide. 

The resul ts  of this eva lua t ion  are  depic ted  in Fig. 
4. Fo r  a be t t e r  unders tanding ,  the po ten t iodynamic  
polar izat ion curve of n icke l  in 1M HC104 is represen ted  
together  wi th  the to ta l  thickness 8 and the ~xide th ick-  
ness y. The hydrox ide  thickness x equals the  dis tance 
be tween  both curves. The e r ror  of these resul ts  is 
most  affected by  the unce r t a in ty  of the escape dep th  
~. of the electrons.  This m a y  be es t imated  to be _20%,  
thus leading to a s imi lar  e r ror  for  the thickness  values  
a f te r  Eq. [4] and  [6] wi th  5 ,,, ~ and x ,,, L 

Weak ly  acidic and alkaline sol~t ions . - -The pass ive  
l aye r  in ph tha la te  (pH 5.0) and bora te  buffer (pH 
8.0) has the  same double  l aye r  s t ruc ture  and on ly  
s l ight  changes in thickness a re  found. Table  II  com-  
pares  some resul ts  of the three  electrolytes .  Marcus 
et al. found the same s t ruc ture  but  half  the thickness  
for  n ickel  paas ivated at  , = 0.54V in 0.1M H2SO4 (3).  
They  used, however ,  the  complex  Ni2p3/2 s ignal  for 
the i r  eva lua t ion  and did not  take  into account the a t -  
tenuat ion  b y  the  cover ing layers .  Ohtsuka  and Heus le r  
de te rmined  s imi la r  values in 1M H2SO4 (, ---- 0.6-1.6V, 
8 = 14-20A) for  the to ta l  l aye r  (16) b y  in si tu e l -  
l ipsometry ,  and Sato in bora te  buffer p H  8.4 (17). 

The thickness  of the  hydrox ide  layer  does no t  change 
wi th  potent ia l  and pH and does not  seem to have  a 
pronounced influence on the passive behavior .  I ts  con- 
s tant  th ickness  for a l l  e lec t ro ly tes  suggests tha t  i t  is 
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Fig. 4. Polarization curve of nickel and layer thickness after 2h 
prepassivation in 1M HCI04 at different electrode potentials �9 
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not formed by secondary processes (i.e., by precipita-  
tion from the adherent solution during the removal 
of the samples from the electrolyte or during rinsing 
with water) .  Small amounts of Ni 2+ (passive current 
density < I ~A cm-2) ,  especially within an adherent 
acidic electrolyte are expected to be washed off much 
more readi ly than in alkaline buffers with a lesser 

Table II. Layer thickness of passivated nickel at different potentials 
e in 1M HCI04, phthalate buffer pH 4.9 and borate buffer pH 8.0 

and of electropolished nickel 

Time of 
passivatlon Thlckness /A of 

Electrolyte e/V rain 8/A Oxide  Hydroxide 

IM HCIO~ 0.5 140 19 11 8 
1.0 120 18 12 6 
1.4 200 23 15 7 
1.6 120 25 16 9 
1.8 12,0 33 ~6 7 

Phthalate 1.1 160 19 14 w 
buffer 

Borate buffer 0.5 170 24 17 7 

Nickel - -  - -  29 7 ~,~ 
electropolished 

tendency to form precipitates. The oxide layer  deter-  
mines the passivating properties, as shown by its 
change with potential especially in the transpassive 
region, where a reduced dissolution, besides the evolu- 
tion of oxygen, is found (18). The thinner oxide layer 
on electropolished nickel also supports this conclusion. 
These specimens are much better protected against 
aggressive electrolytes when they are prepassivated 
additionally for a sufficiently long period (19, 20), and 
achieve smaller stationary current densities with time. 

Passive films after fluoride attack.--The addition of 
HF to 1M HC104 causes a pronounced increase of the 
corrosion current density of a passivated nickel elec- 
trode. The current density potential curve has a maxi-  
mum and two characteristic minima (Fig. 6) (21, 22). 
To get an explanation for these features of the polari-  
zation curve and the effective corrosion mechanisms, 
we examined the nickel specimen after fluoride attack 
by surface analysis. 

Figure 5 shows a depth profile by XPS and ISS of a 
nickel electrode prepassivated in 1M HCIO4 for 2h 
after the attack by 0.1M HF for 30 min at minimum 
I (e -- 0.5V). Before the specimen was transferred 
from the electrolyte into the UHV chamber, s tat ionary 
conditions with a constant current density had been 
achieved. The spectra were quali tat ively the same as 
those without the fluoride addition. No fluoride w a s  
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Fig. $. XPS and ISS depth pro. 
file of 2h in | M  HCI04 prepos- 
sivated nickel after 30 rain of 
exposure to 1M HCi04 + 0.1M 
HF at �9 - -  0.SV (minimum I). 
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Fig. 6. Polarization curve of nickel and layer thickness at differ- 
ent electrode potentials e after 30 rain Of exposure in 1/4 HCIO4 
-I-0.1M HF. @: total layer. O :  oxide layer. A :  hydroxide layer. 
Difference refers to fluoride layer. 

found in the surface layer by XPS and ISS after the 
fluoride attack (1% NiF2 detection limit). The Ols sig- 
nal indicates the double layer structure. The OH 
signal disappears first during argon sputtering, demon- 
strating the outside position of the hydroxide. It takes 
about half the time to remove the passive layer com- 
pared to the specimen without fluoride attack, indicating 
its severe thinning. This is confirmed by the quantita- 

tive evaluation of the Ni2p3/2 metal peak and the two 
Ols signals with Eq. [4J and [6J (Fig. 6). The thick- 
rmss oz the hydroxide layer is unchanged. These find- 
ings demonstrate the importance of the oxide layer 
and its changes for the passive behavior. Similar re- 
sults are obtained in the whole potential range of 
minimum I up to the intermediate maximum (e -- 0.4- 
0.9V) (Fig. 6). 

More pronounced differences were found for those 
electrodes which had been exposed to HF containing 
HCIO4 at potentials of minimum II. At e -- 1.4V, a 
large Fls signal indicates the presence of fluoride in 
the surface film (Fig. 7). The Ols signal shows the 
presence of hydroxide; however,  oxide cannot be 
detected on the unsputtered specimen, A very small 
Ni2p3/2 metal signal is caused by a much thicker 
surface film than on a passive electrode in HC104 with- 
out HF (see Fig. 2). The signal at EB -- 857.4 eV refers 
to NiF2, as is seen by comparison with a NiF~ standard 
(Table I). This peak is at the position of the Ni metal 
satellite. However, the Ni shake-up peak is much too 
small to give any appreciable contribution with the 
vanishing main Ni metal peak of the unsputtered 
specimen. The height of the satellite is generally about 
17% of the total (main peak plus satellite). 

During sputtering, a small Ols oxide signal appears 
when the hydroxide peak is vanishing (Fig. 7). The 
fluoride disappears . within ca. lh when the oxide is 
still present. 

ISS gives further information about the structure 
of the surface film. The increasing peak at E/Eo ---- 
0.65 is attributed to fluoride (Fig. 7). When the fluoride 
layer disappears after Ca. lh, an oxide signal is found 
at E/Eo -- 0.60, indicating a NiO sublayer. The prefer- 
ential sputtering of the lighter elements oxygen and 
fluorine is accompanied by a partial reduction of the 
nickel compounds NiO and NiF~ (7), which causes an 
early increase of the Ni2p3/2 metal signal. This is 
overcome by its normal increase in later stages as a 
consequence of the removal of the surface layer. 

The XPS and ISS examinations (Fig~ 7) suggest a 
triple-layer structure for nickel electrodes in the range 
of minimum II. A very thin NiO layer at the metal 
surface is covered by a much thicker NiF~ superim- 
posed by a thin Ni(OH)2 layer. The hydroxide layer 
is found by the Ols signal on a non- or short-time 
(< 15 min) sputtered specimen (Fig. 7). A good ISS 

Fig. 7. XPS and ISS depth pro. 
file of 2h in 1M HCI04 prepas- ~- 
sivated nickel after 30 rain of 
exposure to 1M HCI04 + 0.1M 
HF at e - -  1.4V (minimum II). "-- 
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s ignal  is obta ined  only  af te r  some spu t t e r ing  when  
hydrogen  is removed.  

Besides the poslt~on of the Ni2p3/2 peak  at  EB --  
857.4 eV, the  quant i ta t ive  eva lua tmn of ti~e X P S  sig-  
nals  gives in to rmat ion  about  the  chemical  na tu re  of 
the  fluoride conta ining layer .  For  this  purpose  the  peak  
he ights  of F l s  and  • are  d i w a e d  by  the cor-  
rec ted  photoionizat ion cross sections (11-13) r -7- 
5.46 and =si - -  17.03. The molar  rat io  is obta ined  af te r  
re la t ion  [7]. The energy  dependence  of the  escape 
depth  Eq. [2] cancels w i th  tha t  of the  t ransmiss ion 
funct ion T ,~ (EKin)-Y2 of the ESCALAB 5 (10). 

nF IF~'NikNiTN! IFCNi 
= = - -  C7] 

RNi INiO'F~-FTF INiO'F 

Table  I I I  gives the  mo la r  ra t io  of fluorine to n ickel  for 
p repass iva ted  specimens  exposed  to 1M HC104 + 0.1M 
H F  for  30 min in the potent ia l  range  of m in imum II.  
The resul ts  show sufficient coincidence wi th  those for 
a NiF2 s tandard .  The Ni2p3/2 fluoride s ignal  is not  cor-  
rec ted  for  the smal l  peak  of the n icke l  hydroxide .  
However ,  i ts  cont r ibut ion  is es t imated  to be less than  
5%. Its considerat ion would  enlarge  on ly  s l ight ly  
the  nF/T~Ni rat io.  

F r o m  the posi t ion and he ight  of the X P S  peaks,  we 
have  to conclude tha t  a NiF2 }ayer is p resen t  at  the 
surface  in the poten t ia l  range  e : 1.1 to < l .8V;  how-  
ever,  sma l l  amounts  of h igher  va len t  n ickel  compounds 
(i.e., NiFz) cannot  be excluded.  Very  smal l  amounts  
of oxide and hyd rox ide  are  also seen in the  dep th  
profiles so that  some contaminat ions  of the fluoride 
film seerns reasonable .  This holds especia l ly  for  the  
vis ible  b lue -b l ack  layers  formed at  the  peak  m a x i m u m  
(e ---- 1.15V) (1). They are  appa ren t ly  much too th ick  
to pe rmi t  a con t r ibu t io~  of the thin NiO sublayer  to 
fhe Ols  signal.  Even af te r  30 min of spu t t e r ing  a ve ry  
smal l  Ols  is st i l l  de tec ted  (Fig. 8). Also in this case, 
the  increase  of the Ni2p3/2 meta l  s ignal  demons t ra tes  
the pa r t i a l  reduc t ion  of the  surface film (NiO, NiF2) 
b y  p re fe ren t i a l  spu t te r ing  of the l ighter  e lements  (O 
and F ) .  The n ickel  subs t ra te  cannot  give any  contr i -  
but ion  when it is covered by  the visible coherent  film 
which  only might  contain some pores. Apprec iab le  
amounts  of complexes  wi th  a high F content  wi th in  
the  film such as [NiF6] 4-  may  be excluded.  They  would  
cause a p ronounced  chemical  shif t  of the  Ni2p3/2 and 
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Table III. Molar ratio nF/nNi after Eq. [10] from XPS peak 
heights for surface layers prepared by 30 min exposure to IM 
HCI04 + 0.1M HF at different potentials and N,iF2 standard, 

e --  i.15V ~ visible fluoride film 

�9 I V  nFIn~l 

1.15 2.21 
1.20 2.13 
1.30 2.29 
1.40 2.43 
1.80 2.12 

NiF~ standard 2.25 

F l s  s ignal  to E B ---- 861.2 eV and  EB ---~ 687.8 eV as 
compared  to K4NiF6 (23), which is not  found  exper i -  
menta l ly .  

The thickness of the  t r ip le  l a y e r  m a y  be ca lcula ted  
f rom the peak  heights  of the  XPS  signals  s imi lar  to 
the  case of an o rd ina ry  passive film on nickel.  Fo r  this 
more  compl ica ted  si tuat ion,  the F l s  peak  is used as 
well,  l eading  to the fol lowing equat ion for the peak  
height  rat ios  

I~ ao[OH-] [I -- exp (--xllo) ] 
[8] 

IF ~F[F-] exp (--x/k o) [I -- exp, (--y/kF)] 

I~ ~o[O s - ]  exp (--  (x  + y) /ko)  [1 --  exp ( - - z / k  o) ] 

IF ~ F [ F - ]  exp ( - - x / k  o) [1 --  exp  ( - - y / k F ) ]  

[9] 

where  x is the thickness of the  hydroxide ,  y of the  
fluoride, and z of the  oxide layer .  The escape depths  
of the  e lectrons or ig ina ted  at  F and O a toms are  only  
s l igh t ly  different,  io _-- 12A and kF = l l A ,  when  the 
ma t r i x  effect is neglected and Eq. [2] is appl ied.  With  
the  approx imat ion  )~o ~ ~F : ~, one obtains the  fol-  
lowing re la t ions  

b/c + ( f /h )  exp ( - -8 /k )  ] 
x = --~ In a/c + g /h  [10] 

y --_ - - k l n  [ (g /h)  + ( f /h )  exp ( - - [ 5 - - x ] / ) O ]  [11] 

wi th  the fol lowing expressions 

Fig. 8. XPS and IS$ spectra of 
2h in 1M HCI04 prepasslvated 
nicke! after different times of 
exposure to IM HCI04 -I- 0.1M 
HF at �9 ----- 1.4V (minimum II) 
after 5 rain of argon sputtering 
(0.7 ~A, 3 kV). 
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a : I~ - ]  -~- IFr 

b -- IFCo[OH-] 

c -- I~ 

f = IFao[O 2- ] 

g : /OoxCrF [ F -  ] 

h : IF~o[O 2 - ]  -~- I~ - ] [121 

5 : x + y -t- z (total layer  thickness) 

For the concentrations of the anions, the previously 
ment ioned values of the bulk  materials NiO, Ni(OH)2, 
or NiF2 are applied [ [ F - J  : 0.0958 tool cm -3 (14)1. 
The total layer thickness 5 is calculated again from 
the a t tenuat ion  of the Ni2p3/2 metal  signal. The rela-  
t ively thick fluoride layer causes problems in the de- 
te rminat ion  of the thickness of the oxide (z) and the 
total layer  thickness (5). The nickel metal  and nickel  
oxide signals are a t tenuated to a large extent, so that 5 
may be determined only with a relat ively large error 
of • 20%. After  the depth profiles, a small  oxygen 
content wi thin  the fluoride was taken into account. 
This s i tuat ion enlarges the nickel oxide peak and leads 
to much too high values for the oxide thickness x. Table 
IV shows the thickness of the tr iple layer  after ex- 
posure to HC104 + 0.1M HF for different times at 
potentials in the range of the m i n i m u m  II (, = 1.2- 
1.8V), where t ransparent  films are formed. The values 
in the brackets are obtained by direct application of 
Eq. [4], [10]. and [11]. The other more correct values 
are obtained from the time dependence of the flouride 
attack, especially for shor t - t ime exposures. This is 
described below. 

Change of the surface layer with time.--The changes 
of the thickness and composition of the surface layer's 
occur in close coincidence with the features of the 
current  densi ty- t ime curves (1). Figure 8 depicts the 
XPS and ISS spectra after  different times of attack 
by 0.1M HF in 1M HCIO4. The specimens are all  sput-  
tered for 5 rain with identical conditions to get a well-  
developed ISS spectrum, which is not  suppressed by 
the presence of H atoms at the surface. Consequently,  
the O1s hydroxide signal is reduced to only a small  
shoulder close to the oxide peak for a nonat tacked 
sample. With increasing time of HF exposure, the 
O1s oxide s ignal  gets smaller  because the NiO is cov- 
ered by an increasing fluoride layer and the oxide 
itself is thinned.  The increase of the Ols  hydroxide 
signal for long times of HF exposure is presumably  
caused by an O H -  contaminat ion of the fluoride layer. 
The HF attack increases the Ni2p3/2 fluoride and 
the F l s  signal and decreases the Ni2p3/2 metal  signal. 

Similarly,  the ISS spectrum reflects the growth of 
the fluoride layer on NiO. After  24s of attack, a small  
oxide shoulder  is still seen besides the fluoride peak. 
After  38s, the fluoride film is already thick enough to 

cover the oxide completely after 5 min  of sputtering. 
Consequently, a large F peak is found without an 
oxide shoulder for > 38s of HF exposure. The depth 
profiles of specimens with increasing fluoride at tack 
are consistent with an increasing intermediate  fluoride 
layer. The sputter  time for the detection of the rest 
of the oxide at the metal  surface by ISS increases with 
the exposure to HF. Similar ly  it takes more time to 
remove the fluoride from the surface. 

The F ls  and the Ni2p3/2 fluoride peaks increase, and 
the Ols oxide signal decreases with the t ime of ex- 
posure. At  75s of HF attack, the ma x i mum of the F l s  
and Ni2p3/2 fluoride signal and a m i n i m u m  of the Ols 
oxide peak are achieved, and no pronounced change 
occurs within the following 90 min. 

For short times of HF exposure up to 74s, the cal- 
culation of the thicknesses x, y, and z of the tr iple 
surface layer  does not cause major  problems. The 
a t tenuat ion of the Ni2p3/2 metal  and Ols oxide signal 
still permits determinat ion of reliable values. After 
several minutes,  however, both peaks are too small  to 
be measured with a large overlapping Ni2p3/2 fluo- 
ride and O1s hydroxide signal. A 10 rain sputtering,  
however, gives an est imate of the layer thickness ap- 
plying relations [4] and [10]-[12]. The hydroxide 
signal was taken from the unsputtered,  whereas the 
oxide and the fluoride signals were taken from the 
sputtered specimen. During the sput ter ing process, the 
hydroxide is main ly  removed. To some extent  the fluo- 
ride is also. This increases the F l s  signal because only 
the se l f -a t tenuat ion of the layer  is effective now. The 
part ial  reduction of the surface by preferent ia l  sput-  
ter ing leads to a somewhat too small  total thickness 
so that these values for 10-90 min  should be seen as 
an estimate. 

The results for e = 1.4V are depicted in Fig. 9. The 
changes occur in close relat ion to the polarization curve. 
The th inn ing  of the oxide layer  occurs dur ing the first 
1.5 rain. At the same time the fluoride layer  is formed. 
Dur ing  the first 30s, the oxide th inn ing  is responsible 
for the current  increase; in the following minute,  the 
growth of the fluoride layer  reduces its value. After  
1.5 rain, only minor  changes in the layer s t ructure  and 
the current  density are found. 

The thickness of the three layers are also inserted 
in the d iagram in Fig. 6. The decrease of the current  
for e > 1.0V coincides with the formation of a fluoride 
film. At the current  max imum its protecting properties 
are still not sufficient. Although a visible film is ob- 
served, the corrosion of nickel  is not  effectively sup- 
pressed. This should be seen as a consequence of the 
layer  structure,  which presumably  is porous or not  
dense ,enough to reduce effectively the t ransfer  of the 
metal  ions from the metal  into the electrolyte. At the 
fall ing edge of the current  densi ty  up to e < 1.2V, the 
surface is covered only par t ia l ly  by a visible film. 
Current  oscillations indicate the instabi l i ty  of this 

Table IV. Layer thickness of prepassivated nickel after exposure to HF or KF containing IM  HCIO4, phtholate buffer pH 4.9 
and borate buffer pH 8.0 for different times and potentials 

T h i c k n e s s / A  of 
T l m e / m i n  

Electrolyte  e l y  Pass lvat ion  + 0.1M F-  ~/A Oxide Fluoride  Hydroxide  

1M HC10~ 0.40 120 30 16 8 - -  8 
,+ 0.1M HF 0.50 120 30 12 5 - -  7 

0.90 120 30 14 6 - -  8 
1.20 240 30 69 4 (28) 60 (36) 8 
1.30 250 30 63 4 (25) 54 (33) 5 
1.40 190 30 57 4 (10) 48 (42) 5 
1.80 200 30 27 4 (8) 18 (14) 8 

Phthalate buffer 0.50 120 120 22 13 1 8 
+ 0.1M KS' 0.50 190 10 19 11 - -  8 

0.95 190 150 20 11 2 7 
1.20 180 30 21 12 1 8 
1.20 170 90 27 15 3 9 

Borate  buf fer  0 190 10 37 18 - -  19 
+ 0.1M KF 1.00 200 30 29 19 - -  10 
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Fig. 9. Current density time 
curve of 2h prepassivated nickel 
after exposure to 1M HCIO4 + 
0.1M HF and the related change 
of the layer thickness at e - -  
1.4V (minimum II). e :  total 
layer. O :  oxide layer. A: hy- 
droxide layer. Difference refers 
to fluoride layer. 
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l aye r  which m a y  be even removed  comple te ly  b y  suffi- 
cient s t i r r ing  (i.e., by  rota t ion of a Ni disk e lect rode 
at  ~ 400 r p m ) .  At  e >= 1.2V the nonvisible ,  nonporous 
pro tec t ing  fluoride films are  formed.  The ehartge of 
the i r  phys ica l  s t ruc ture  m a y  e:~plain why  the cu r ren t  
dens i ty  decreases  wi th  the thickness in the range  ~ _ 
1.2-1.4V, because in most cases of pass iv i ty  the opposi te  
behav ior  is found. 

Weakly acidic and a[kaline solutions.--The effect of 
H F  and F -  on the passive cur ren t  dens i ty  in more  
a lka l ine  solutions is less pronounced,  as has been de-  
sc r ibed  a l r eady  in de ta i l  (1, 19). In  ph tha la te  buffer 
pH 4.9 wi th  0.1M KF,  an in te rmedia te  m a x i m u m  is 
found in the  polar iza t ion  curve, whereas  in bora te  
buffer  pH 8.0 wi th  0.1M KF,  the same resul ts  are  ob- 

ra ined as in f luor ide-f ree  solution. In  m in imum I in 
ph tha la te  buffer  even af ter  more  than  120 rain of K F  
exposure,  only  a very  weak  F l s  s ignal  is found jus t  
above  the background.  This d isappears  dur ing  10 rain 
of spu t t e r ing  (Fig. 10). F r o m  compar ison wi th  the  
f luor ide-covered specimen of Fig. 7, this corresponds to 
much less than  1 mono laye r  and should be seen as a 
quan t i ty  adsorbed  at the  surface  of the  passive film. 
This resul t  would suppor t  the  ca ta ly t ic  effect of H F  
for the passive cu r r en t  dens i ty  by  the format ion  of a 
surface complex at the  ox ide -e lec t ro ly te  interface (1).  
The depth  profile for e = 0.5V shows again an inner  
oxide and outer  hyd rox ide  layer .  The quant i ta t ive  
evaluat ion  of the XPS signals (Eq: [4] and [6] ) leads  
to s imi lar  resul ts  as in 1M HC104 (Table  IV) .  A t  ~ 

x lt 
Ni 2p- 01s FI.~" 

"3 "10 -34~|11"3~ / .10 

7 
U] 

<3 

Fig. 10. XPS and ISS depth 
profile of 2h in phthalate buffer 
pH 4.9 prepassivated nickel after 
120 min exposure to additional 
0.1M KF at e = 0.5V (minimum 
!), 
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Fig. 11. XPS and ISS depth 
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additional 0.1M KF at e - -  
0.95V, 
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0.95V ( m a x i m u m  and min imum I I ) ,  a more pronounced  
F l s  s ignal  is found which should  be a t t r ibu ted  to a 
fluoride layer  (Fig. 11). I t  is, however ,  much  th inne r  
than  in 1M HC104 despi te  the longer  exposure  to K F  
(150 min) .  Its in te rmedia te  posi t ion is demons t ra ted  
again by  the depth  profile wi th  the O1s s ignal  and the 
ISS oxygen and fluorine peaks.  No visible l aye r  is found 
at any  poten t ia l  in the weak ly  acidic fluoride solution. 

In  bora te  buffer  pH 8.0 no fluoride is detected at the 
surface wi th in  the whole  passive range.  The layer  
s t ruc tu re  and thickness do not  show any  m a j o r  changes. 
Only the outer  hydrox ide  l aye r  increases (Fig. 12). 
These resul ts  confirm the e lect rochemical  findings 
that  fluoride does not  affect apprec iab ly  the passive 
behavior  of n ickel  at  pH 8.0 (1).  

Conclus ion  

The appl ica t ion  of XPS and ISS is wel l  sui ted to 
obta in ing informat ion  about  the chemical  and physical  
s t ruc ture  of p ass~vating layers  on metals.  The quan t i -  
ta t ive  evalua t ion  of the  XPS resul ts  permi t s  the cal -  
culat ion of the thickness of surface layers  up to 60A. 

The passive l aye r  in f luor ide-f ree  solut ions of pH 
0.0-8.0 consists of an inner  oxide and an outer  h y -  
droxide  layer  of 8A, which does not change with  po-  
ten t ia l  and pH, and therefore  zhould not  be responsible  
for  the  passive behavior .  The oxide l aye r  grows, how-  
ever, wi th  potent ial ,  espec ia l ly  in the  t ranspass ive  
range.  Its thickness is s imi lar  for  the solut ions of d i f fer -  
en t  p H  and close to the values  of o ther  authors  ob-  

Fig. 12. XPS and ISS depth ~-~ 
profile of 2h in 0.1M borate buf- 
fer pH 8.0 prepassivated nickel ~- 
after 30 mln exposure to addi- 
tional 0.1M KF at �9 = 1.0V. 
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tained by other methods. It represents the main bar-  
r ier  for the passive behavior. 

In the case of nickel in HF or fluoride containing 
solutions, a close correlation between the electrochemi- 
cal and surface analytical results was obtained which 
helped in interpretat ion of the mechanism of fluoride 
attack. In a lower potential range (minimum I) ,  a 
surface catalytically enhanced dissolution is found 
which assumes for the mechanism the ~ormation of 
an intermediate Ni ~+ fluoride complex at the surface 
(1). Therefore, no F -  is found for specimens prepared 
in HC104 and rinsed with water. Only in phthalate 
buffer a Very weak F l s  signal indicates the presence 
of adsorbed fluoride, less than one monolayer. The 
hydroxide layer is unaffected. However, the oxide is 
thinned. 

In the higher potential range (minimum II) ,  a thick 
fluoride layer  is found in 1M HC104 W 0.1M HF. It 
grows with the time of HF exposure and gets thinner 
with increasing electrode potential. The oxide is thinned 
to ca. 4A.. It is situated at the metal  surface covered 
by 20-70A of fluoride followed by 8A of hydroxide at 
the outmost position. The fluoride has passivating 
properties and compensates par t ly  for the thinning 
of the barr ier  type of oxide. 

In phthalate buffer pH 4.9, the oxide layer  is thin-  
ned to a smaller extent  and less fluoride is formed. 
This corresponds to a much smaller current increase 
for this electrolyte. 

In borate buffer pH 8.0, no current increase, no 
fluoride at the surface, and no thinning of the oxide 
layer  is found. 

The quantitative evaluation of the XPS peaks shows 
that the fluoride layer  has a composition similar to 
NiF2 with some contamination by oxide and hydroxide. 
Any Ni-F complexes or higher valent nickel com- 
pounds could not be detected by XPS. The chemical 
shift between NiO and Ni203 is too small to find small 
amounts of three valent nickel ions in a two valent 
matrix. 

These examinations show that a combined study 
with electrochemical and surface analytical methods 
gives a good insight into the processes occurring 
at the solid-electrolyte interface and is especially suited 
for the study of surface films passivity and corrosion 
phenomena. 

Manuscript submitted Ju ly  9, 1982; revised manu-  
script received Sept. 22, 1983. 

Freie Universitat Berlin assisted in meeting the pub- 
lication costs o] this article. 
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Electrochemical and Ellipsometric Investigations of Passive Films on 
Iron in Borate Solutions 

III. The Kinetics of Film Growth on Iron at Transpassive Potentials 

W. Kozlowski and A. Szklarska-Smialowska 

Institute of Physical Chemistry, Polish Academy of Sciences, Warsaw, Poland 

ABSTRACT 

Ellipsometric technique has been used to study the oxide film formation on iron in two borate buffer solutions ofpH 8.4 
in the transpassive region of potentials. At the potential of oxygen evolution (-1.0 VSCE), a slight decrease of the refractive 
index with respect to its value in the passive region was observed, indicating some changes in the composition Or structure 
of the film. Above 1.4 VscE, a second thicker film grows on the top of the passive film. This outer film, which is probably 
composed of corrosion products, exhibits a low refractive index. At high anodic potentials (above 1.5 Vsc~), pitting occurs. 

There have been very few studies of the film forma- 
tion on iron in borate solutions at potentials corre- 
sponding to the oxygen evolution reaction or above. 
Sato et al. (1) measured the thickness of films formed 
in borate solutions of pH 7.45, 8.42, and 9.37 by gal- 
vanostatic reduction. The films were reduced in a bo- 

rate solution of pH 6.35 containing As203 as inhibitor, 
Based on these measurements and analyses of the 
Fe2+ content in solution, it was concluded that in the 
region of 02 evolution, up to the potential  where t rans-  
passive dissolution of iron began to occur (,-,1.3 Vsc$), 
the thickness of the film increased with increasing 
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potent ial .  On the o ther  hand,  the  film thickness was 
potent ia l  ipdependen t  above 1.3V. Also, the potent ia l  
for the  t ranspass ive  i ron dissolution was zound to be 
independen t  of pH. A mechanis t ic  mode l  for film 
b reakdown was developed to in te rp re t  these resul ts  
(2). Accord ing  to that  model,  when a cer ta in  cr i t ical  
film thickness is a t ta ined,  mechanica l  b reakdown  of 
the film occurs as a resul t  of the  high e lec t ros t r ic -  
t ional  p re s su re .  This pressure  can produce  compressive 
stresses exceeding a cr i t ical  b r eakdown  stress in the 
oxide film. 

El l ipsometr ic  invest igat ions pe r fo rmed  by  Sato et al. 
(3) suppor ted  the abo~e resul ts  and conclusions. The 
film was found to be composed of two layers :  an inner  
ba r r i e r  l aye r  of 7-Fe203, and  a deposi ted  ou te r  l aye r  of 
hydra ted  iron I I I  oxide. The complex  indexes  of r e -  
f ract ion for the ba r r i e r  l ayer  were  (2.50-0.30i) and 
(2.50-0.22i) wi th in  the poten t ia l  range of 0.5-1.3V and 
above 1.3V, respect ively .  The complex index of r e -  
f ract ion of the ou te r  l aye r  was found to be the s a m e  in 
both potent ia l  ranges:  2.20-0.10i. The same authors  (3) 
c la im tha t  f rom 0.SV to 1.3 VscE the s tate  of ox ida -  
t ion of i ron in both the ba r r i e r  and the deposi ted  layer  
is +3 ,  but  above 1.3V, a smal l  amount  of Fe 2+ is also 
presen t  in the ba r r i e r  layer .  Hence, the composit ion of 
the  film is p robab ly  close to Fe304. However ,  in the  
deposi ted layer  only  Fe 3 + is present .  At  the bounda ry  
be tween  these oxide  layers,  an excess of i ron or  i ron 
vacancies occurs. 

Elect ron diffraction s tudies  o~ the oxide film formed 
in bora te  solut ion of pH 8.5 at  1.25 VSCE indica ted  tha t  
the  film is composed of Fe~O4 (4). The same film 
s t ruc ture  was found (4) in NaOH (pH 11.4) and  in 
H2SO4 (pH 1.1) solutions. 

There  are also severa l  papers  deal ing wi th  the com- 
posi t ion and proper t ies  of films formed on iron in the  
transp.assive region of potent ials ,  but  in solutions other  
than borate.  These studies were  conducted to expla in  
the processes occurr ing dur ing  e lect rochemical  mach in-  
ing (ECM) of steel  parts .  The film formed on mi ld  
steel  a f te r  ECM in NaC103 was 7-Fe20~, as de te r -  
mined by  reflection e lect ron diffraction (RHEED) and 
electron probe  analysis  (5). However ,  in NaNOs solu- 
tion, i t  was assumed (6, 7) tha t  e lec t ronica l ly  conduc-  
tive Fe304 is formed because most of the cur ren t  was 
consumed by the 02 evolut ion react ion ins tead of meta l  
dissolution. 

Cohen et al. (8), using RHEED and x - r a y  emission 
analysis  (XRE),  have es tabl ished that  the film formed 
dur ing  e lect ropol ishing in a mix tu re  of HC104 and 
CHaCOOH is composed of a mix tu re  of anhydrous  
Fe304 and 7-Fe203. 

According  to some authors,  anodic films may  undergo 
changes at  the potent ia l  of oxygen evolution.  For  ex-  
ample,  Oshe et al. (9), suggested that  in the t r ans -  
passive region of potent ial ,  an increase of cur ren t  tha t  
occurs in the Fe-Na2SO4 sys tem at the  beginning  of  
oxygen  evolut ion is connected wi th  the  r emova l  O 2-  
and  O H -  f rom the almost  s to ichiometr ic  -y-Fe2Os. The 
decrease in concentra t ion of O 2-  and O H -  in the film 
resul ts  in an  increased cur ren t  associated wi th  i ron 
dissolution.  

Also, Vet te r  (10) takes  into considera t ion the possi-  
b i l i ty  of oxide  film par t ic ipa t ion  in the oxygen  evolu-  
t ion reaction.  I t  is wor thwhi l e  not ing tha t  some ex -  
pe r imen ta l  evidence obta ined  for  p l a t inum suggests  
that  the anodic film takes  par t  in the oxygen evolu-  
t ion react ion (11). However ,  the resul ts  of s tudies 
(12) on anodic  oxygen evolut ion on a-Fe208 in H2SO4 
solut ion seem to exclude any  poss ibi l i ty  of w i thd ra w a l  
of oxygen from the oxide  latt ice.  

The exis t ing models  for  b r eakdown  of the  passive 
film in the  t ranspass ive  region of potent ia ls  (3, 6, 13, 
14), suggest  tha t  the  first s tep consists of anion ad-  
sorpt ion on the me ta l  surface. With  increas ing anion 
concentrat ion,  the efficiency of me ta l  dissolution should 

increase.  In  agreement  wi th  this  conclusion, Mao and 
Chin (7) obta ined h igher  cur ren t  effi.ciencies for i ron 
dissolution in NaC1Oa wi th  increasing concentra t ion of 
C1Oa-. 

The aims of the presen t  work  were  as follows: (i) to 
compare  the  opt ical  p roper t ies  of film formed in the 
passive and t ranspass ive  s tate;  (ii) to establ ish the  
kinet ics  of film growth  in the  t ranspass ive  region of 
potent ia ls ;  (iii) to de t e rmine  whe ther  the opt ical  pa -  
ramete rs  or  film thickness change before  film b reak -  
down occurs; and (iv) to compare  the proper t ies  of 
films formed in two borate  buffer solut ions of the  
same pH (8.42) but  differ ing in bora te  concentrat ion.  

Experimental  
The mater ia l ,  p r epa ra t ion  of  specimens,  and  e l l ip-  

sometr ic  methods  have been descr ibed in Pa r t  I (15) of 
this ser ies  of papers .  In this case, the bubbles  of oxy-  
gen evolv ing  at  high anodic potent ia ls  were  r emoved  
from the electrode surface by  a s t r eam of argon in 
o rder  to faci l i ta te  the measurements .  

Results 
The anodic polar izat ion curves obta ined  for both 

solutions, wi th  the t ranspass ive  region of potent ia ls  in-  
cluded, have been given in Pa r t  I of this study.  These 
curves show that  at high anodic potent ia ls  (above 1.2- 
1.3V) the cur ren t  densi t ies  a re  h igher  in the more  
concentra ted  solut ion 2 than in the di lute  solut ion 1. 

The changes in cur ren t  dens i ty  at  constant  potent ia l s  
recorded as a function of t ime in solut ion 2 for 
potent ia ls  in the  oxygen evolut ion region are  p lot ted  
in Fig. 1, I t  is seen that  wi th in  the t ime per iod  ex-  
amined,  the current  dens i ty  continues to decrease only  
at  an appl ied  potent ia l  of 1.0V. At  h igher  anodic po ten-  
t ials the cur ren t  density,  af ter  decreasing dur ing  the 
first few minutes,  increases unt i l  a s t eady-s t a t e  value  
is reached.  A n  increase  in the  appl ied  potent ia l  de -  
creases the t ime in which a m in imum cur ren t  densi ty  
is observed.  At  ve ry  high anodic potent ia ls  (above 
2.0V), a m in imum does not  appear .  S imi la r  resul ts  were  
obtained for  solut ion 1, but  the current  densi ty  min ima 
were  less pronounced  than for solut ion 2. 

The effects of appl ied  potent ia l  on the opt ical  p a r a m -  
eters n and k are  shown in Fig. 2 for both  solut ions 1 
and 2. A smal l  decrease in n wi th  increas ing anodic 
potent ia l  occurs in both solutions at  potent ia ls  above  
1.0V, this effect being more pronounced in solution 2. 
F igure  2 also includes values of n and k obta ined  in the  
passive range of potent ia ls  f rom 0.5 to 0.8V. The real  
pa r t  of re f rac t ive  index,  n, is only  s l ight ly  lower  in the 
oxygen evolut ion range  than  in the passive region of 
potent ials .  The absorpt ion  coefficient k increases a 
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Fig. 1. Changes in current density with time at constant potentials 
in solution 2 (0.15M HaBO~ + 0.375M Na2B40~ �9 10 H20). 
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Fig. 2. Dependence of optical parameters (n and k) on potential 
for films formed during lh of polarization in both solutions. Optical 
parameters of the outer layer formed above 1.4V are also given. 

l i t t le  f rom 0.8 to 1.1V, and at  s t i l l  h igher  potent ia ls  
a t ta ins  a s t eady- s t a t e  value.  In  the lower  par t  of Fig. 2, 
va lues  of n and k are  given for  films tha t  form on the 
outer  l ayer  at  potent ia ls  h igher  than  1.4V. The opt ical  
pa rame te r s  of  these outer  l aye r  films are  ve ry  low and 
do not  exceed 1.57 and 0.27 for  n and k, respect ively.  

I t  seems tha t  the  values  of n and k found for  the 
outer  l aye r  a re  potent ia l  independent .  These p a r a m -  
eters  have  been eva lua ted  assuming tha t  the  first 
( inner)  l aye r  does not  undergo any change dur ing  the 
outer  l aye r  formation,  which is a simplif icat ion in the 
da ta  analysis.  At  these potent ials ,  tvanspassive dis-  
solut ion of i ron  occurs, which can lead  to surface 
roughening.  Moreover ,  p i t t ing  takes  place in solut ion 2 
at  potent ia ls  h igher  than  1.55V, whi le  in solut ion 1, 
p i t t ing  was only  sporad ica l ly  observed.  Therefore,  the  
values  of n and k for  the ou te r  film l aye r  a re  affected 
by  some undefined error .  

F igures  3 and  4 show the film thickness as a funct ion 
of t ime for solut ion 1 and 2, respect ively .  
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Fig. 3. Thickness of film as a function of time for films formed 
at different potentials in solution 1. 
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Fig. 4. Thickness of film as a function of time for films formed 
at different potentials in solution 2. 

At high anodic potent ia ls ,  the films grow in seve ra l  
stages', s imi lar  to films fo~med in the lower  poten t ia l  
range as aiscussed in Pa r t  I of this work.  However ,  the  
first s tage identif ied prev ious ly  as stage I appea red  
only  at  a potent ia l  of 1V in solut ion 1. Evident ly ,  a t  
h igher  potent ials ,  s tage  I las ted  for less than  0.1s. 
Therefore,  the first segments  of the  dependence  of film 
thickness  on log t ime correspond to stage I I  of film 
growth.  F u r t h e r  stages of film growth  identif ied in 
P a r t  I of this  s tudy  as s tages I I I  and IV also appear  at  
some definite potent ials .  

In  contras t  wi th  the behavior  observed in the  pass ive  
region, above 1.4V a second l aye r  grows rap id ly  on the 
top of the passive film. This outer  layer ,  which exhibi ts  
low n and k values,  is a resul t  of the b r eakdown  of the  
passive film and consists of corrosion products  p rob -  
ab ly  containing bora te  anions. 

As the appl ied  anodic poten t ia l  increases,  the ra te  of 
the  outer  l aye r  g rowth  increases,  and the t ime neces-  
sa ry  to s ta r t  fo rmat ion  of that  l ayer  becomes less. 

The thicknesses of films formed under  the same ex -  
pe r imen ta l  condit ions in solut ion 2 are  a lways  grea ter  
compared  wi th  films formed in solut ion 1. On the other  
hand,  by  compar ing  the t ime at  which the outer  l ayer  
format ion  becomes significant in solut ion 2 (Fig. 4) 
wi th  the min imum cur ren t  dens i ty  (i)  obta ined  f rom 
the i vs. t ime re la t ionship  (Fig. 1), i t  can be con-  
c luded that  the h igher  is the anodic potent ia l ,  the  
shor ter  is the t ime of inner  l aye r  formation,  and tha t  
the  format ion  of the outer  film begins as the  cur ren t  
dens i ty  increases af ter  a t ta in ing its min imum.  

F igure  5 gives the resul ts  of measurements  of film 
thickness  ( inner  and outer  layers )  as a funct ion of po-  
tent ial .  The film thicknesses a re  computed  af te r  l h  
polar izat ion.  Here  again, th icker  films form in solut ion 
2 compared  wi th  solut ion 1. 

Discussion 
As shown in Fig. 2, at  about  --1.0V, which  corresponds  

to the poten t ia l  of oxygen  evolution,  the  rea l  pa r t  of the  
index of ref rac t ion  suddenly  decreases and continues to 
d iminish  s lowly as the anodic poten t ia l  is increased.  
These effects a re  more  pronounced  in solut ion 2 com- 
pared  wi th  solut ion 1. Sudden  changes do not, how-  
ever,  occur in the case of the absorpt ion  coefficient k. 
This suggests  tha t  at potent ia ls  above that ,  cor re -  
sponding to oxygen  evolution,  the  s t ruc ture  of the  film 
tends to be less dense. The above resul ts  appea r  to 
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Fig. 5. Film thicknesses (inner and outer layer) obtained in both 
solutions after ]h of polarization at various potentials. 

indicate  that  when the oxygen  evolu t ion  react ion oc- 
curs on the sur face  of  film, the l a t t e r  undergoes  some 
reconst ruct ion  and p robab ly  suffers local damage due 
to the act ion of the high electr ic  field. Consequently,  
oxygen  begins to be evolved on the me ta l  surface as 
well,, and this leads to fu r the r  damage  of film and to 
i ron dissolution at  h igher  potent ials .  If  a constant  po-  
ten t ia l  h igher  than  1.4V is appl ied  over  lh,  a second 
l aye r  s ta r t s  to grow on the top of the weakened  passive 
film. This ou te r  layer ,  which  forms by  prec ip i ta t ion  of 
corrosion products  on the surface  of the  pa r t i a l l y  d a m -  
aged passive film, exhib i t s  a ve ry  low n value  coupled 
with  a k value close to zero. Corrosion products  are  
p robab ly  composed of i ron hydrox ides  and borates,  for 
example ,  FeOHB4OT. It  should be emphasized that  in 
the  1.4-2.0V po ten t ia l  range,  the increment  of th ick-  
ness of the  I and I I  layers  of passive film per  po ten-  
t ia l  uni t  is less than at  potent ia ls  lower  than  1.4V, and 
consequently,  the  field s t rength  is higher .  

F rom Fig. 3 and 4 i t  is ev ident  that  in the more  con- 
cen t ra ted  solut ion 2 the l aye r  of corrosion produc ts  
forms more  r ap id ly  and at lower  potent ia ls  than  in 
solut ion 1. P resumably ,  this  is due to the less p ro -  
tect ive  charac te r  of the film grown in solut ion 2 (15, 
16) and  to the  l a rge r  content  of bora te  anions oc- 
c luded by  this film compared  wi th  that  formed in solu-  
t ion 1. As a result ,  the  film formed in solut ion 2 is 
much more  suscept ible  to localized corrosion. So, in 
solution 2, p i t t ing  was observed to occur wi th in  lh  at  
1.55V, whi le  in solution 1 p i t t ing  was absent  at  this  
potent ial .  

These resul ts  indicate  that  p i t t ing  of i ron m a y  occur 
in the absence of aggressive anions in the e lec t ro ly te  
if condi t ions leading  to the  in te r rup t ion  of passive film 

exist,  and repass iva t ion  is prevented .  In  the  sys tem con- 
sidered,  these condit ions were  p rov ided  b y  the high 
electr ic  field which  de t e rmined  the localized b r e a k -  
down of the film and the concurrent  deposi t ion of non-  
pro tec t ive  corrosion products .  These corrosion products  
seem to be formed by  dissolut ion of the  me ta l  sub-  
s t rate ,  prec ise ly  at  those locat ions where  the  localized 
b r e a k d o w n  took place. 

Conclusions 
1. At  the poten t ia l  of oxygen evolut ion (about  1.0V), 

the  passive film formed in stage I and II  exhibi ts  smal l  
changes in i ts opt ica l  proper t ies .  These changes are  
more  pronounced  in the more  concentra ted  boric  buffer 
solut ion 2 compared  wi th  the di lute  solut ion 1. 

2. In  both solutions, a t  1.0 and 1.2V, the film grows 
in severa l  stages as descr ibed in Pa r t  I of this work.  
Because of the  high oxida t ion  rate,  the  first s tage can 
be revea led  only  in solut ion 1 at  a potent ia l  of 1V. 
Above 1-1.2V, the  b r eakdown  of passive film occurs 
in s tages I I I  and  IV of film formation,  depending on 
the potent ia l .  

3. At  potent ia ls  h ivher  than  1.4V, an outer  l aye r  of 
corrosion products  wi th  a low ref rac t ive  index grows on 
the surface of  the passive film. 

4. Significant p i t t ing  commences when the potent ia l  
reaches 1.5V in the  more  concent ra ted  solut ion 2. In  
solution 1, s l ight  p i t t ing  takes  place  above 1.5V. 

Manuscr ip t  submi t t ed  Jan.  11, 1983; revised m a n u -  
scr ip t  received Sept. 23, 1983. 
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Influence of Incorporated CI- in NiO on the Pitting Susceptibility of 
Nickel 
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ABSTRACT 

The p i t t ing  suscep t ib i l i t y  of n i cke l  in  0.08M C1- so lu t ions  (pH 4.0 Na2SOD has b e e n  d e t e r m i n e d  by both  
potentiodynamic and potentiostatic techniques, the former giving a pitting potential and the latter an induct ion time, rind, 
for pit initiation. The potentiostatic approach is preferred because of the good reproducibility of results. Samples were 
prepassivated in non-C1- or C1- containing solutions and then potentiostatically polarized in 0.08M CI- at different potentials 
and rind measured. For either pretreatment, r~nd decreased exponentially as the potential of pitting increased, i.e., log 1/r ~V. 
Oxides on samples prepassivated in C1 solution contain incorporated C1- and are significantly more resistant to pitting 
than those formed in C1--free solutions. This increase in pitting resistance for the C1 -treated samples is in contrast to their 
decreased resistance to open-circuit breakdown. C1- incorporation results in -2% expansion of the NiO lattice leading to a 
more defective and thus less stable film towards open-circuit breakdown. The ri,d results strongly suggest that C1- incorpo- 
rated in the oxide lattice (as distinct from C1- in the electrolyte) is not a precursor to pit initiation since it actually increases 
the resistance to pitting. 

In  a previous paper  (1), it was shown that formation 
of the passive oxide film on nickel  in a C1- containing 
electrolyte resulted in the incorporat ion of C1- into the 
oxide lattice. While Auger  sputter  profiles indicated 
that  the C1- was ma in ly  dis tr ibuted in the outer layers 
of the oxide film, the results were not compatible with 
a simple adsorption of C1- on the oxide surface (cf. 
2-7). Indeed, the C1- signal increased substant ia l ly  as 
the first oxide layer  was sputtered away, and there 
appeared to be approximately  twice as much C1- in 
the second layer  as in the first. The amount  of chloride 
in the film was highly dependent  on the [C1-] in solu- 
tion and the potent ial  of anodization. The max i mum 
homogeneous atomic concentrat ion of C1- which could 
be achieved was ~-,5%. (This concentrat ion is deter-  
mined  assuming a un i form l aye r -by - l aye r  dis t r ibut ion 
of C1-.) The concentrat ion of incorporated C1- 
quickly reached a s teady-state  value (~---15s) if the 
films were formed in a C1- containing solution. On 
the other hand, incorporat ion into an in i t ia l ly  C1--f ree  
NiO film, achieved by  subsequent  anodization in a C1- 
containing solution, was dependent  on the state of per-  
fection of the passive film. The results suggested that  
C1- incorporat ion into an existing passive film oc- 
curred via local b reakdown-repa i r  events. These 
breakdown events were not  induced by the presence of 
CI- ,  but  were s imply due to chemical dissolution of the 
oxide at local defects, i.e., the process that  gives rise to 
the corrosion current  even in the absence of C1-. Local 
reformation of the film in the C1- containing solution 
therefore resul ted in a local C1- incorporation. A more 
perfect oxide film has fewer defects and therefore a 
slower rate of C1- uptake.  

While the previous paper (1) indicated that  C1- can 
incorporate into the NiO lattice, it did not  address the 
question of the influence of this C1- on the pit t ing 
susceptibi l i ty of nickel. It  is known that C1- in solu- 
t ion plays a major  role in pit in i t ia t ion [by vi r tue  of 
its abil i ty to interfere with passive film formation (8)],  
but  the role of CI -  incorporated in the oxide is not so 
clear. In  the present  paper, the influence of previously 
incorporated C1- on the induct ion t ime for potentio- 
static pit ini t ia t ion is studied with a view to de te rmin-  
ing whether  C1- in the oxide lattice is a precursor to 
pit init iat ion.  

Experimental 
Polycrystal l ine  nickel  specimens, 1 • 2.5 cm, were 

prepared as described previously (9). All potentials 
are  referred to the saturated calomel electrode, Hg/  
Hg~C12. Exper iments  were conducted at 25~ in  d e -  

- Electrochemical Society Active Member. 
Key words: corrosion, films, passivity. 

aerated solutions of pH 4.0 Na.gSO4. Chloride was in -  
corporated into passive NiO films by forming the films 
in pH 4.0 Na2SO4 + 1.0M C1-. Pi t t ing exper iments  
were conducted in pH 4.0 Na2SO4 + 0.08M C1-. 

Results and Discussion 
Potentiodynamic vs. potentiostatic pitting experi- 

ments.--Pitting susceptibil i ty can be determined either 
potent iodynamical ly  or potentiostatically.  The former 
gives a pi t t ing potential  which is usual ly a funct ion of 
sweep rate (8), while the lat ter  gives an induct ion 
time for pit ini t iat ion at a specific potential.  The po- 
tent iodynamic approach is i l lustrated in Fig. 1 for a 
solution without C1- and for solutions with 0.1 and 
1.0M C1-. The profile obtained in the absence of C1- is 
a background sweep showing the passive potent ial  
range and the potential  region where oxygen evolut ion 
begins, the la t ter  giving rise to a gradual  increase in 
anodic current.  In  the presence of C1- (added after 
the samples were prepassivated),  the anodic current  
abrupt ly  increases at potentials cathodic to oxygen 
evolution with the pi t t ing potent ial  decreasing with 
increasing [C1-]. 

While the pi t t ing potential  obtained dur ing  a sweep 
exper iment  is quite distinct (Fig. 1), the scatter of 
results from exper iment  to exper iment  is too large 
(___25 mV) for the technique to be used to quant i ta -  
t ively assess the role of incorporated C1- in the pi t t ing 
process. The considerable scatter of results may pos- 
sibly be associated with the s imultaneous variat ion 
dur ing a sweep of both potential  and time, these being 
the two parameters  which play key roles in pit in i t ia-  
tion. Consequently,  small  variat ions in the induct ion 
time for pi t t ing (e.g., see Fig. 2) can show up as quite 
large changes in the pi t t ing potential  even at slow 
sweep rates. Because of this, p i t t ing susceptibilities 
were determined by holding the potential  constant  and 
measur ing the induct ion t ime for pit initiation, rind. 

Influence o5 electrode pretreatment on pitting ~us- 
ceptibiIity.--The details of the exper imenta l  de te rmin-  
ation of r ind  can be understood by reference to Fig. 3, 
where nickel electrodes were prepassivated at 0.3V for 
15s in pH 4.0 Na2,SO4 solutions containing either no C1- 
or 1.0M C1-. The pretreated electrodes were removed 
from solution, flushed with doubly distilled water  and  
then reimmersed in a fresh pH 4.0 Na2SO4 solut ion 
(containing no C I - )  at 0.3V for 30s. The potential  was 
then increased to the value at which Tind was to be 
measured, and after 9Os sufficient C1- was added (from 
a 2M NaC1 stock solution) to give a [C1-] : 0.08M. 
Nitrogen bubb l ing  was continued for 30s after a d d i n g  
the  C1-  to e n s u r e  c o m p l e t e  mixing.  ~nd is the t i m e  

727 
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Fig. I .  Potentiodynamlc cur- ,.., 
rent-potential profiles for nickel ~ 6 0  
electrodes at 2 mV s -1  in pH I 
4.0 Na2SO4 with different f: 
[ C I - ] :  0 (solid line); 0.1 o 
(dotted line); and 1.0M (dashed 
line) E l - .  In each case, electro- ::::L40 
polished nickel was cathodically --~ 
reduced in pH 4.0 Na2SO4 at 20 t-- 
#A cm - 2  and the potential then Z 
stepped to 0V for 60s before LLJ 
initiating the sweep. C I -  was rr" 
immediately added to the solu- 20 
tion prior to starting the sweep "JC.) 
so that the film was always 
formed in a non-CI-  solution, 

I 
0 0.2 

between  the addi t ion  of C I -  and the ab rup t  increase in 
cur ren t  indicat ive  of pi t  ini t iat ion.  As seen in Fig. 3, ~ 
the sharp increase  of anodic cur ren t  upon pi t  ini t iat ion,  
together  wi th  the v i r tua l  absence of  b r e a k d o w n - r e p a i r  
events  pr ior  to susta ined pi t t ing,  makes  i t  easy to 
de te rmine  Tind. 
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Fig. 2, Induction time for pitting, Tind~ VS. potential of anodiza- 
tion for nickel samples pretreated at 0.3V in pH 4.0 No2SOJ, either 
with ( - -<>- - )  or without ( - - O - - )  I M  C I -  in solution, and pitted 
in a 0.08M C I -  solution. (Details of the induction time measure- 
ments are given in Fig. 3). 
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Figure  2 is a plot  of "~ind VS. anodic potent ia l  for  
samples  p repass iva ted  in n o n - e l -  and C I -  containing 
solutions. (The da ta  were  obta ined  f rom a la rge  num-  
ber  of  n ickel  specimens.)  In  each case, the induct ion 
t ime for  p i t t ing  decreases exponen t ia l ly  as the  po ten-  
t ia l  of the p i t t ing  exper imen t  is increased.  The good 
l inea r i ty  be tween log ( l /T)  and potent ia l  is shown in 
Fig. 4. This type  of  re la t ionship  has been noted  by  
others  for the p i t t ing  of s tainless steel  (10, 11) and is 
t aken  to indicate  that  the p i t t ing  process involves  a 
s tep such as the adsorpt ion  of C1- under  e lec t rochemi-  
cal control.  I t  has been shown prev ious ly  (8) that  C1- 
in solut ion in ter feres  wi th  oxide  format ion  on nickel,  
p robab ly  because of compet i t ive  adsorpt ion  and in t e r -  
ference  wi th  the deve lopment  of the p ro tec t ive  oxide  
film, and  so the exponent ia l  re la t ionship  be tween  in -  
duction t ime and poten t ia l  is not surpr is ing.  Wha t  is 
surpr is ing,  however ,  is the fact  that  n ickel  samples  
p r e t r ea t ed  in I:0M C1- at 0.3V, and thus having  ~4.0 
a tom percent  (a /o )  C1- incorpora ted  in the oxide  l a t -  
t ice (1), are  subs tan t ia l ly  more  res is tan t  to pi t  in i t i a -  
t ion than  those samples  which were  p r e t r e a t e d  in a 
non-C1-  solution. The presence of  4 a /o  C1- in the  
oxide la t t ice  as seen in Fig. 2 increases the p i t t ing  po-  
tent ia l  for a pa r t i cu l a r  induct ion t ime by  ,-~40 mV. 
Besides the da ta  points  shown in Fig. 2, p i t t ing  ex -  
per iments  were  also pe r fo rmed  on C 1 - - t r e a t e d  elec-  
t rodes  at  potent ia ls  of 0.50, 0.51, and  0.52V, and  in a l l  
cases the Tind was >5h, i.e., the  C 1 - - t r e a t e d  samples  a re  
res is tant  to p i t t ing  under  condit ions where  the  C1- -  
free samples  pi t  anywhere  f rom 2 to 30 min. For  some 
reason, the presence of C I -  in the  oxide  film ac tua l ly  
increases  the  res is tance to C1- - induced  pi t t ing.  

A possible exp lana t ion  for  the  observed  behav ior  in 
Fig. 2 is tha t  the n ickel  e lectrodes pass iva ted  in 1.0M 
C1- solut ion have a subs tan t ia l ly  rougher  sur face  be -  
cause of the la rge  amount  of n ickel  dissolution dur ing  
prepass iva t ion  [see Fig. 3 and Ref. (8)] .  To de te rmine  
if  surface roughness is the  reason for the increased 
p i t t ing  resistance,  samples  pass iva ted  in 1.0M C1- were  
ca thodica l ly  reduced  at  20 ~A cm-2  for  30 min  in a 
f resh pH 4.0 Na2SO4 solut ion pr io r  to the  p i t t ing  e x -  
per iment .  Auge r  analysis  of the surface oxide indica ted  
that  cathodic reduct ion  effect ively removed  the p r ev i -  
ous ly  incorpora ted  C1-.  Table  I shows the induct ion 
t ime at three  different  potent ia ls  for  samples  t r ea ted  
in three  different  ways:  (i) pass iva ted  in a C1- con- 
ta ining solution, (ii) pass iva ted  in a C1- conta ining 
solut ion and then ca thodical ly  reduced  to remove  the 
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Fig. 3. (a) Current-time pro- 
file (dotted line) for electro- 
polished and cathodically re- 
duced nickel upon stepping the 
potential to 0.3V in pH 4.0 
Na~SO4 for 15s. The electrode 
was then removed and re- 
immersed in a fresh pH 4.0 
Na2SO4 solution at 0.3V (dashed 
llne) for 30s, after which time 
the potential was increased to 
0.515V (dash-dot line); 90s 
later, sufficient C I -  was added 
to give o concentration of 0.08M. 
rind indicates the induction 
time for pitting after the addi- 
tion of C I - .  The current sensi- 
tivity, in relation to the current 
marker i, is 5 mA cm -~  (dotted 
line), 50/~A cm-~ (dashed line) 
and (dash-dot llne), and 0.5 ~A 
cm -:~ (solid line), i.e., the sensi- 
tlvity was increased at 0~15V 
just before C I -  was added. (b) 
Similar to (a) except the pre- 
treatment was in 1.0M C I -  
(dotted line) and the potential 
at which the induction time was 
measured was 0.54V [(dash-dot 
line) and (solid line)]. 

CI- ,  and ({ii) passivated in a non-C1-  solution. The 
C l - - t r e a t e d  specimens which were cathodically re-  
duced behave s imi lar ly  to those treated in non-C1-  
solution, suggesting that  the increase in Tind after prior 
C1- t rea tment  is not  simply due to surface roughening 
but  ra ther  to the presence of CI -  in the film. 

Influence of incorporated Cl-  on film properties.-  
To determine the influence of incorporated C1- on the 
dissolution stabi l i ty  of oxide films, open-circui t  decay 
profiles were obtained for films formed both in the 
presence and absence of C1- in solution. Figure 5 
shows the results for oxides formed at O.4V for 15s 
wi th  different solution [C1-] and then immersed on 
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Fig. 4. Plot of log ~ind vs. potential using data from Fig. 2 

open circuit in a fresh C l - - f r e e  pH 4.0 Na2SO4 solu- 
tion. The presence of C I -  in the oxide film does not  
al ter  the overal l  shape of the potential  decay profile, 
but  resistance of the film to breakdown does decrease 
with increasing amounts  of CI-  in the film, i.e., the 
oxide film is more defective with incorporated CI -  
(12-17). This is in contrast to the beneficial effect that 
incorporated CI -  has on pit t ing resistance. 

To determine the s t ructure  of the oxide, reflection 
high energy electron diffraction pat terns were obtained 
from a N i ( l l l )  crystal passivated in 1.0M CI -  at 0.3V. 
The oxide contained ~ 4  a/o CI- .  The pat terns  indi -  
cated the presence of a thin s ingle-crystal  NiO film 
with a lattice parameter  ~2% larger than  that ex- 
pected for stoichiometric NiO. The mean  oxide particle 
size was ~20A. In  contrast, a s imilar  passivation t reat -  
ment  in a C l - - f r e e  pH 4.0 Na2SO4 solution produced a 
film of almost stoichiometric NiO, again with a mean  
particle size of 20A (9, 12). The lattice expansion for 
the film containing CI -  is not surpris ing since the CI -  
ion is ~50% larger than the O2- ion and the expansion 
is s imilar  to that observed for the oxide on electro- 
polished nickel  (9). There appears to be a correlation 
between lattice expansion and susceptibi l i ty to open-  

Table I. Influence of electrode pretreatment on induction time, 
Tind, for pitting in pH 4.0 No2SO4 -t- 0.08M CI- at different 
potentials. Pretreatment was at 0.3V for 15s in pH 4.0 Na2SO4 
either with 1.0M C[- (i.e., oxide loaded with CI - )  or without 

C I -  (i.e., no loading). Also given ore the induction times 
obtained after loading with C I -  followed by cathodic 
reduction (CR) in fresh pH 4.0 Na2SO4 at 20 #A cm-~ 

for 30 min to remove C I -  from the film 

Potent ia l  Pre trea tment  rtn~ 

Loaded wi th  Cl- > 2 h r  
0.52V Loaded + CR 6 min 

No loading 2 rain 

Loaded with  CI- 5 hr; > 6 hr; > 4 h r  
0.525V Loaded + CR 3 mln 

No loading 2 

Loaded with  CI- 55 rain; > 90 mln 
0,53V' Loaded + CR 2 n~n 

No loading 1 rain 
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Fig. 5. Open-circuit decay 
profiles, in Cl--free pH 4.0 
Na2SO4, for electropolished and 
cathodically reduced nickel pre- 
passivated at 0.4V for 15s in 
solutions containing 0, 0.025, 
0.25, and 1.0M C| - .  
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circuit  b reakdown,  wi th  both the  film on e lec t ropol-  
ished Ni and that  containing C1- b reak ing  down 
more  r ap id ly  on open circui t  than the  passive film. 

The role of incorporated Cl-  in pit initiation.--The 
fact that  incorpora ted  C1- s imul taneous ly  makes  the 
oxide film more defect ive and more  res is tant  to p i t t ing  
suggests tha t  the  beneficial  effects associated wi th  in-  
corporat ion overcome the negat ive  influence on film 
stabi l i ty .  Pe rhaps  incorpora ted  C1- changes the con- 
duc t iv i ty  of the film which would resul t  in a shift  of 
the p i t t ing  potent ia l  in o rde r  to achieve the same d r iv -  
ing force for pi t t ing.  Al te rna t ive ly ,  it  has been sug-  
gested tha t  p i t t ing  occurs at  is lands of adsorbed C1- 
(3, 18-20). The presence of C1- incorpora ted  in the 

oxide could conceivably  make  it more  difficult to 
achieve these high local  surface concentra t ions  so that  
h igher  anodic potent ia ls  are  needed to achieve the 
cri t ical  values for pi t t ing.  At  this stage, we can only 
speculate  as to the key  prooess (es) in pi t  in i t ia t ion on 
prev ious ly  pass iva ted  n ickel  surfaces and the mecha-  
nism by which  incorpora ted  C1- influences this in i t i a -  
tion. However ,  the presen t  resul ts  c lear ly  indicate  that  
C1- incorpora t ion  into the oxide increases the res is-  
tance to pi t  in i t ia t ion and this svggests  that  ~ueh in-  
corpora t ion  is not  a p recursor  to ini t iat ion.  While  it  
m a y  be a t t r ac t ive  to propose  tha t  C1- incorpora t ion  
into a p re fo rmed  passive film is the event  that  t r iggers  
local  pass iv i ty  b reakdown  and subsequent  pi t  in i t ia-  
tion, the resul ts  of this inves t igat ion suggest  otherwise.  
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Electrodeposition of Nickel and Cobalt Oxides onto Platinum and 
Graphite Electrodes for Alkaline Water Electrolysis 

Yih-Wen D. Chen and Rommel N. Noufi* 
Solar Energy Research Institute, Golden, Colorado 80401 

ABSTRACT 

Smooth,  compact,  and bright  films of nickel  and cobalt  oxides were prepared from 0.5M acetate aqueous solutions and 
electrodeposi ted onto pla t inum and graphite electrodes. Oxygen evolution potentials in 1M NaOH at room temperature  
were about  150-170 mV lower on nickel(III) oxide [NiO(OH)] and cobalt(III) oxide (Co20~)-coated anodes than on bare an- 
odes. Scanning electron micrographs of NiO(OH) deposi ts  showed no morphological  change after extensive electrolysis, 
and electrocatalytic activity was stable in long-term controlled-potential  coulometric electrolysis. However, the 
electrocatalytic activity of Co203 showed initial decay followed by a fairly constant behavior. No visible change in the sur- 
face of the Co203 deposi t  was observed after extensive electrolysis. 

The e lec t rochemical  p roper t ies  of meta l  oxide  e lec-  
t rodes  have  a t t r ac t ed  in teres t  over  severa~ decades. 
Ea r ly  work  was or iented  toward  unders tand ing  th ick 
films r e l evan t  to ba t t e ry  deve lopmen t  (1). The ob-  
jec t ive  of more  recent  s tudies  has been to develop a 
fundamen ta l  unde r s t and ing  of the  redox processes in 
these films (2, 3). Since hydrogen  has r ecen t ly  been 
considered one of the  clean fuels for ene rgy  s torage  
(4-6),  its product ion  by  var ious  methods  (7-9) has 
been proposed.  Spl i t t ing  w a t e r  to hydrogen  and oxy -  
gen by  e lec t ro lys is  r emains  the s imples t  and most eco- 
nomical  method.  One d r a w b a c k  in a lka l ine  wa te r  e lec-  
t rolys is  is the  high overvol tage  of the oxygen  evolut ion 
on anodes. 

Al though  meta l  anodes have been convent ional ly  
used for  wa te r  e lectrolysis  (10-12), the i r  use is not  
feas ible  because these anodes [especial ly  n ickel  anodes 
(13) ] tend to form a nonconduct ing oxide film, caus-  
ing oxygen  evolut ion  to de te r io ra te  wi th  t ime. Metal  
oxides tha t  can provide  a ca ta ly t ic  pa th  for oxygen  
evolut ion have  been recognized (2). Most of the anodic 
meta l  oxides s tudied  were  formed b y  anodizat ion of 
the  ba re  subs t ra tes  in a lka l ine  solut ion (14-17). In  this 
paper ,  we inves t iga te  e lec t rodeposi t ion of th in  illms of 
n ickel  and cobal t  oxides on p l a t i num and graphi te  to 
s tudy  an inexpens ive  method  to p repa re  and charac-  
ter ize  these ve ry  thin film electrocatalysts .  The ob-  
jec t ive  of the above task is to app ly  the resul ts  to semi-  
conductor  photoelec t rodes  in o rde r  to b r ing  about  or  
faci l i ta te  the  photoelec t ro lys is  of water .  

Experimental 
Reagents.--Sodium acetate  and sodium hydrox ide  

a re  B a k e r - a n a l y z e d  reagents .  N icke l ( I I )  sulfate  was 
obta ined  f rom Johnson Mat they  Chemical ,  Limited,  
and coba l t ( I I )  aceta te  was ob ta ined  f rom Alfa  P r o d -  
ucts. Al l  of the reagents  were  reagen t  grade  and were  
used wi thout  fu r the r  t rea tment .  

Electrodes.--Rotating p la t inum disk and graphi te  
d isk  electrodes (a rea  = 0.20 cm2) were  obta ined  f rom 
Pine In s t rumen t  Company.  The electrodes were  pol-  
i shed wi th  1, 0.3, and f inal ly wi th  0.05 ~m a luminum 
oxide.  

CeIZs.wAll measurements  and e lec t rodeposi t ion were  
pe r fo rmed  in a t h r ee -e l ec t rode  cell  and are  compared  
wiLh the sa tu ra ted  calomel  e lec t rode  (SCE) results .  
The cell  a ssembly  is s imply  a beake r  wi th  250 ml  ca-  
pac i ty  and  a Teflon .cap with  four holes for the ro ta t ing  
d i sk  electrode,  re ference  electrode,  countere lec t rode,  
and gas d ispers ing  tube.  To keep  the reference  e lec-  
t rode  f rom contamina t ing  the e lectrolyte ,  a Beckman 
junc t ion  tube  (no. 531041) was used to fill the suppor t -  
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ing electrolyte .  Al l  exper imen t s  were  conducted at 
room t e~nperature and under  argon a tmosphere .  

Apparatus.--A PAR Model 173 potent ios ta t  wi th  
Model  175 Universa l  p r o g r a m m e r  and Model  179 Digi-  
tal  coulometer  was used to control  po ten t ia l  e lec t ro-  
deposit ion,  cyclic vo l t ammet r i c  measurements ,  and 
potent ia l  coulometr ic  e lect rolys is  of water .  A Houston 
Model 200 X - Y  recorde r  reg is te red  the data.  

Analysis of the film.--The nickel  and cobal t  contents  
in the  film were  de t e rmined  by  dissolving the meta l  
oxides in 1% HNO3 and measur ing  by  atomic absorp -  
tion. 

Results and Discussion 
Electrodeposition of nickel(III) oxide on platinum 

and graphite electrodes.--The n i c k e l ( I I I )  oxide, 
NiO(OH), was prev ious ly  formed when n ickel  (II) oxide  
was electrochemi.cally oxidized to the  + 3  oxidat ion  
s ta te  (14-16). In this invest igat ion,  NiO (OH) was p r e -  
pa red  d i rec t ly  from 0.5M sodium acetate  aqueous solu-  
t ion with  0.05M NiSO4. F igure  1 i l lus t ra tes  the cyclic 
vo l t a mmogra m for the oxida t ion  of n i cke l ( I I )  ion onto 
p la t inum.  On the first anodic  scan, no obvious anodic 
peak  was observed;  however ,  on the subsequent  cycles, 
anodic peaks  were  easi ly  identified. Upon scan reversal .  
reduct ion  waves  of the  oxide  were  observed.  The in-  
crease in redox  peaks wi th  each cycle indicates  the  
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Fig. 1. Cyclic voltammograms at 50 mV/s for a rotating (900 
rpm) platinum disk electrode (0.20 cm 2) in an aqueous solution 
containing 0.05M NiSO4 and 0.SM sodium acetate. 
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Fig. 4. Cyclic voltammograms at 50 mV/s for a rotating (900 
rpm) platinum disk electrode (0.20 cm ~) in I M  NaOH aqueous solu- 
tion. Curve a: uncoated platinum electrode. Curve h: NiO(OH)- 
coated platinum electrode electrodeposited at +1 .10V with 15 mC 
passed, an rotating (900 rpm) platinum disk electrode, in an aque- 
ous solution containing 0.05M NiSO4 and 0.SM sodium acetate. 
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Fig. 2. Controlled potential coulometric electrodeposition of 
NiO(OH) on rotating (900 rpm) platinum disk electrode (0.20 cm 2) 
in aqueous solution containing 0.05M NiSO4 and 0.5M sodium ace- 
tate at (a) 1.025% (b) 1.050% (c) 1.075% and (d) 1.100V vs. SCE. 

growth of the deposit. At potentials >I.0V, anodic 
currents [the result of electrocatalytic evolution of 
oxygen at the NiO(OH) film] increase with each cycle. 
This increase is seen again in Fig. 2, which illustrates 
controlled potential coulometric electrodeposition at 
different anodie limits. At each anodic limit, the anodic 
current decreases initially until ~0.06 mC had passed, 
which is the estimated quantity needed for monolayer 
deposition (~0.30 mC/cm2) (18). After monolayer 
formation, the current density increases during the 
extensive electrodeposition because of electrocatalytic 

oxidation of water. Through x-ray photoelectron spec- 
troscopy (XPS), the deposition product was identified 
as predominantly NiO(OH) (see Fig. 3), which is 
similar to the results obtained from the anodic oxida- 
tion of the Ni(OH)2 film (14-16). Therefore, the 
NiO(OH) species seems essentially responsible for 
the catalyzed oxygen evolution. The oxygen evolution 
occurring with the anodic electrodeposition of NiO(OH) 
film is also evident from the analysis of the nickel 
content in the film (measured by atomic absorption, 
as shown in Table I). The coulometric efficiency of the 
deposition decreases with increase in applied potential. 

The controlled potential coulometric electro deposi- 
tion of NiO(OH) on platinum and graphite electrodes 
yields reproducible, compact, and smooth films. With 
this method, thick condu.cting films can be deposited 
over 1 C/cm 2. In comparison, passive oxide films were 
normally grown on nickel electrodes with limited 
thickness (19-21). 

The electro.catalytic evolution of oxygen was also 
observed in 1M NaOI-I aqueous solution, where the 
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Fig. 3. XPS spectra of NiO(OH) electrodep,osited on platinum (0.25 cm ~) at a potential, Ee = 1.10V with Q - -  3.7 mC in an aqueous 
solution containing 0.SM sodium acetate and 0.05M NiSO~. A, left: XPS spectrum of the immediate surface. B, right: XPS spectrum of 
the bulk. 
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Fig. 5. Oxygen evolution at NiO(OH)-coated platinum electrode 
(0.20 cm ~) at ~0.55V in 1M NaOH aqueous solution. Curve a: 
current-time curve for initial electrolysis. Curve b: current-time 
curve for continuous electrolysis after 3 days. The NiO(OH)-coated 
anode was prepared by electrodeposition on rotating (900 rpm) 
platinum disk electrode (0.20 cm 2) at -~I.0V with 10 mC passed 
in an aqueous solution containing 0.05M NiSO4 and 0.SM sodium 
acetate. 

oxygen evolution potential was about 150 mV lower 
on the NiO (OH) electrode than on the plat inum anode 
(as shown in Fig. 4). The long-term stabili ty of oxy- 
gen evolution on NiO(OH) film was tested in 1M 
NaOH, and the film showed good stability. Initially, the 
catalytic current increased sharply, and then reached 
steady state after a few minutes (Fig. 5). The elec- 
trolysis continued for 3 days with no decay in current. 
Therefore, no passive oxide film formed, and there 
was also no morphological change in the NiO(OH) 
film (Fig. 6). 

Electrodeposition of cobalt(III) oxide onto platinum 
and graphite electrodes.--Cobalt (III) oxide films were 
prepared by electrodeposition onto plat inum and 

Fig. 6. Scanning electron micrographs of NiO(OH)-coated plati- 
num electrode (times 2000) far (a, top) before and (b, bottom) 
after oxygen evolution in 1M NaOH aqueous solution. 
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Fig. 7. Cyclic vohammograms at 50 mV/s for a (a, left) rotating (900 rpm) platinum disk electrode (0.20 cn~) and (b, rlght) rotating 
(900 rpm) graphite disk electrode (0.20 cm 2) in aqueous solution containing 0.05M Co(OAc)2 and 0.50M sodium acetate. 
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graphite electrodes in essentially the same way as the 
NiO(OH)-coated electrodes. Cyclic voltammograms of 
the oxidation of cobalt(II) ion onto platinum and 
graphite electrodes were basically the same for both 
electrodes (Fig. 7). On the first anodic scan, no obvious 
anodic peak was observed; however, on the subsequent 
cycles, anodic peaks were observed. On the scan re- 
versal, broad and relatively small reduction waves 
were observed. The increase in peak height with each 
cycle indicates the growth of the film. The oxidation 
currents at the anodic limit increase while the film is 
continuously deposited, indicating the electrocatalytic 
evolution of oxygen. However, the catalytic effect by 
the cobalt oxide is not as clear as it is with NiO (OH) ; 
a more complicated film growth behavior is observed 
(Fig. 8). At each anodic limit, the oxid~ation current 
decreases initially until ~0.10 mC had passed, which 
is the estimated quantity (,~0.5 mC/cm 2) required for 

monolayer deposition (21). After the monolayer for- 
mation, the current density increases and then de- 
creases during bulk relectrodeposition. The increase 
in the current density might indicate catalytic oxygen 
evolution, followed by a decre,ase in current density 
due to the less conducting character of the film. The 
electrodeposited film was not stable in air. The orange 
film gradually changes to green on the surface and 
becomes soluble in IM NaOH. However, the under- 
layer of the green film stays orange and stable in iM 
NaOH. XPS measurements were not sensitive enough 
to distinguish between the binding energies of C0208, 
C0304, and CoO (Fig. 9). However, C0203 is most 
likely the cobalt oxide deposited because the stoi- 
chiometry fits the analytical results of coulometric 
efficiency of the electrode~osition at lower applied 
anodic potential (Table I). At the lower potential, 
over 90% coulometric efficiency based on C0203 film 
formation is observed. 
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Fig. 8. Controlled potential eaulometrlc efectrodepesltian of 
cobalt(Ill) oxide on rotating (900 rpm) platinum disk electrode 
(0.20 cm 2) in an aqueous solution containing 0.05M Co(OAc)2 and 
0.5M sodium acetate at (a) 0.80V, (b) 0.85V, and (c) 0.90V vs. 
SCE. 
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Fig. 9. XPS spectrum of cobalt oxide electrodeposited on plati- 
num (0.25 cm 2) at +0 .80V with 2 mC passed in an aqueous solu- 
tion containing 0.05M Co(OAc)2 and 0.SM sodium acetate. 

1.0 
(a) 

-1.0 

-2.0 

I 

1.0 

-1,0 

-2.0 

i ) I I i 
0.8 0.4 0 -0.4 0.8 0.4 0 -0.4 

E (V vs. SCE) E (V vs. SCE) 
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Table I. Coulometric efficiency of electrodeposltion of 
nickel(Ill) and cobalt(Ill) oxicles a 

Sample Metal Qa b Eac Cd Coulometrlc 
number analyzed (mC) (V) (ppm) efficiency (%) 

1 Nl 30 1.10 0.47 28 
2 Ni 30 1.07 0.55 32 
8 Nl 30 1.00 0.62 36 
4 Co 30 0.80 1.65 93 
5 Co 30 0.90 1.55 88 
6 Co 80 1.05 1.32 75 
7 Co 30 1.10 1.12 63 

An aqueous solution of O.5M sodium acetate and O.05M NiSO~ 
was used to electrodeposR NiO(OH) on a rotating (900 rpm) 
platinum disk electrode. An aqueous solution of 0.5M sodium 
acetate and 0.05M Co(OAc)s was used to electrodeposit cobalt(Ill) 
oxide on a rotating (900 rpm) graphite disk electrode. 

b The number of coulombs applied for electrodeposition. 
e The constant anodic potential applied for electrodeposition. 
d Metal oxides were dissolved in 10 ml 1% HNOs and were mea- 

sured by atomic absorption. 
e Coulometrie efficiency is based on NiO(OH) and Co2Os forma- 

tion. 

The electrocatalytic evolution of oxygen was evi- 
dent in 1M NaOH aqueous solution where the oxygen 
evolution potential was about 170 mV lower on C0203 
than uncoated anodes (see Fig. 10). The long-term 
stability of oxygen evolution on C0203 film was tested 
in 1M NaOH, and this film also showed good stability 
(Fig. 11). Contrary to NiO(OH), the catalytic current 
initially decreases sharply and stays fairly constant 
during extensive electrolysis. Initially, the catalytic 
current of C0203 is larger than that of NiO (OH). How- 
ever, after extensive electrolysis, the catalytic current 
of C0203 becomes less than that of NiO(OH). Essen- 
tially, no visible change in the cobalt(III) oxide film 
was observed after long-term oxygen evolution ex- 
periment. 
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ABSTRACT 

Electroreflectance was used to evaluate the optical properties of CdIn2Se~ in polysulfide solution, before and after pho- 
toetching. The variations of signal intensity with electrode potential were used to trace the band position as a function of 
potential. It was found that the optical transition fits a three-dimensional parabolic model of the density of states, with 
direct transition at 1.825 eV. When the crystal is photoetched, there is a shift of 98 ~ in the phase factor and a decrease in the 
broadening parameter from 0.42 to 0.32 eV. By monitoring the signal intensity with potential, it was shown that, irrespective 
of photoetching, the Fermi level is pinned as reverse bias conditions are approached. The pinning is ascribed to surface 
states that most likely originate from the adsorption of the electrolyte. The variation of the flatband potential with electrode 
potentials was calculated and was determined to occur because of the changes in the potential of the Helmholtz layer; the 
energy distribution and the density of states, which are responsible for those changes in potential of the Helmholtz layer, 
were also calculated. 

I I -VI  materials,  especially Cd-chalcogenides, are 
among the most  often-considered photoelectrode.~ for 
use in  photoelectrochemical solar ceils (1). Because 
the electropositive const i tuent  can be cross-substi tuted 
to obtain bet ter  optical and electrical properties, ter-  
na ry  chalcogenides are par t icular ly  attractive as elec- 
trodes in pnotoelectrochemical devices. These consid- 
erations led to a study of s ingle-crystal  CdIn2Se4 
as an electrode in photoelectrochemical solar cell; the 
s tudy results were not promising (2). It was clear 
from that s tudy that  a l though the bandgap of CdIn2Se4 
is high making  sui tabi l i ty  as a photoelectrode quest ion- 
able, that deficiency can be modified easily by control-  
l ing the In - to -Cd  ratio (3). The low photovoltaic re-  
sponse of CdIn2Se4 was at t r ibuted pr imar i ly  to poor 
surface conditions, which give rise to surface recom- 
binat ion and excessive dark  currents  under  forward 
bias and reverse bias conditions. In  an effort to allevi-  
ate some of these problems, various chemical etching 
methods were attempted, but  with little effect. Photo- 
etching proved to be more successful and resulted in 
a significant increase in the performance of the elec- 
trode. 

In  view of the significant improvements  in the per-  
formance of b inary  chalcogenides such as CdSe and 
CdTe due to photoetching (4), it became increasingly 
impor tant  to unders tand  the mechanisms by which 
this k ind of "surface" t rea tment  can improve the 
photoresponse of the electrode. In  an effort to under -  
stand the photoresponse of CdIn2Se4 and the effect of 
photoetching on its response, differentiation between 
static, energetic factors (such as composition, potential  
distribution, etc.), and kinetic factors (:such as re-  
combinat ion mechanisms) was attempted. 

The use of electrolyte electroreflectance (EER) to 
determine some of the optical properties that are of 
key importance in determining the photoelectrochemi- 
cal activity of the crystal is made. The changes in 
some of these parameters  due to photoetching and the 
variations of the position of the bandedges with elec- 
trode potential  are determined.  The use of EER is then 
quantified to determine the degree of Fermi level p in-  
n ing  (5). The Fermi  level p inn ing  is correlated with 
a quant i ta t ive  description of the surface states that 
give rise to the pinning,  and those findings are corre- 
lated with some of the dynamic performance charac- 
teristics of CdIneSe4 crystals. 

* Electrochemical  Society Act ive  Member. 
Key words: semiconductor,  reflectance, solar, interfaces.  

Experimental 
A CdIn~Se4 crystal, syntl~esized from the const i tuent  

element,s, ~ was polished to a 1 ~m finish and etched 
with lresh aqua regia (1:4 HNO3:HC1 mixture) .  Ohmic 
contact was made by rubb ing  In -Ga  alloy on the back 
surface of the crystal, and a copper wire was attached 
to the crystal with si lver epoxy. The electrode was 
sealed with an insulat ing epoxy, with the front surface 
exposed, and mounted  in a N2-purged solution of 
Na2S:S:NaOH 1/1/1M within a sealed plastic cell. A 
Pt  foil was used as the counterelectrode. Photoetching 
was carried out i n  ten times di luted aqua regia by 
connecting the photoelectrode, a Pt  foil as the refer-  
ence electrode, and a carbon electrode to a potentio- 
stat, and i l luminat ing  the photoelectrode with a W/X 
light source at an intensi ty  of N AM1. The electrode 
was photoetched potentiostat ically at 1V vs. Pt for 
30s. 

The EER spectra were measured in situ in the PEC 
cell configuration using apparatus described elsewhere 
(5). A PAR Model 173 potentiostat  was used to operate 
the cell in the potentiostatic mode dur ing photoetching. 

Only one small  wafer was available for the experi-  
ments  that are described here. This was unfor tunate ,  
because at the conclusion of the theoretical t rea tment  
addit ional parameters  were necessary to make com- 
plete measurements.  The crystal, which was kept in 
the polysulfide solution for a few months,  suffered 
severe dark corrosion, probably  because of leaching 
of In  and dissolutions of In2S3. The corrosion relates 
to the shor t - term stabi l i ty  (few hours) reported with 
regard to the photocorrosion of this mater ial  (2). 

Results and Discussion 
The spectra.--Figure 1 shows the EER spectra for 

CdIn2Se4 in aqueous polysulfide, at a dc bias of --0.2V 
vs. Pt and a modulat ing voltage of 0.2V P.P. at a fre- 
quency of 70 Hz. Figure la  and lb  are the spectra be-  
fore and after photoetching, respectively. 

The Iineshape of the electroreflectance signal 
sharpens considerably due to photoetching, and the 
characteristic third derivative (6) l ineshape appears 
after the surface t reatment .  The in tens i ty  of the EER 
signal is enhanced due to the KCN washing, but  there 
is very little effect on the lineshape, and this was n o t  
analyzed further.  

1 The crystal was grown and doped by W. Giriat, Centre de 
Fisica, Institute Venezuela  de Investigation Cient., Caracas, Vene- 
zuela. 
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Fig. 1. EER spectra for Cdln2Se4 in aqueous polysulfide, at a dc 
bias of --0.2V vs. Pt and a modulating voltage of 0.2V (peak to 
peak), a: before photoetching. Experiment (dotted curve) and 
theory (solid curve) with the following parameters: n "- 2.5, Eg - -  
1.825 eV, 0 = 217.5", and s ---- 0.416 eV. b: after photoetching. 
Experiment (dotted curve) and theory (solid curve) with the fol- 
lowing parameters: n - - -  2.5, Eg - -  1.825 eV, O - -  315.5 ~ and 
r - -  0.316 eV. 

In view of the gross differences between the line- 
shape of the EER before and after photoetching and 
the apparent shift in the position of the peak, the main 
question was whether chemical changes occur during 
the photoetching process. Such changes .occur due to 
selective photoetching and give rise to different band 
structure parameters. Changes in electroreflectance 
might be accounted for by selective photoetching of 
defects. These will manifest in terms of changes in the 
field distribution at the surface and the intrinsic line- 
width of the EER signal. Electroreflectance spectra 
exhibit one positive and one negative extremura for 
each critical point. This can be expressed in terms of 
a general lineshape function of the form (6) 

ZLR 
R "" R e  [ e e l 0  ( E  - -  E g  4 - / r )  - ,~  ] [ 1 ]  

where C and 0 are amplitude and phase factors; n ~ 2 
is characteristic of the critical points such that for 
simple parabolic models, n = 3 for a two-dimensional 
model, n : 5/2 for a three-dLmensional model, and 
.n : 2 for exciton; Eg is the energy gap; and r is a 
broadening parameter related to the lifetime. The 
phase factor 0, in addition to a contribution from the 
Seraphin coefficients (7), will contain contributions 
from electron-hole coulomb interaction and from in- 
homogeneities in the electric field distribution in depth 
determined by the penetration depth of the light (8). 
If photoetching does not alter the chemical composition 
of the surface through selective etching but does change 
drastically the defect concentration, ~ will probably be 
the most sensitive parameter that will be modified by 
the treatment, and n and Eg will remain unchanged. 

The four parameters that determine the lineshape 
were fitted to the spectra of the samples after *.he 
photoetching. The best fit of the experimental data to 
the theoretical lineshape function is shown in Fig. lb 
with the following parameters: n ---- 2.5, Eg -- 1.825 
eV,  O ---- 3]5.5 ~ and r = 0.316 eV. 

The fitting of Eq. [1] to the spectrum of the sample 
before photoetching was done by keeping Eg and n 
constant and changing only e and r. The experimental 

and the theoretical curves for this sample are shown 
in Fig. la. A shift of 98~ ~ is shown in e, while 
the broadening parameter increases by about 30%, to 
0.416 eV. Because the Seraphin coefficients and the 
electron-hole coulombic interactions normally do n o t  
change with surface treatment, it is believed that this 
large change in 0 is due entirely to changes in the in- 
homogeneities in the electric field distribution due to 
the surface treatment. This conclusion is supported 
by the drastic improvement in the performance charac- 
teristics being achieved by photoetching (2). The en- 
ergy gap found here is on the high energy side of pre- 
viously reported values, which were evaluated by 
photoresponse (2), absorption measurements (9), and 
thermorefiectance (9). 

Fermi level pinning.--Figure 2 shows the variation 
of the intensity of the electroreflectance signals with 
electrode potent~.al. In both cases, the signal decreases 
dramatically toward the reverse bias. This behavior 
was found to occur in polycrystalline CdSe (5) and 
was interpreted to be due to Fermi-level pinning due 
to surface states that are fast enough to equilibrate 
at the modulation frequency. This causes part of the 
potential drop to fall across the Helmholtz layer, thus 
modulating the position of the bandedges relative to 
the reference electrode, resulting in a decreased modu- 
lation amplitude on the space charge layer and, hence, 
a decreased electrorefiectance signal. 

In the "low field" regime, the electroreflectance sig- 
nal is given by (6) 

AR ( 2eNDVsc ) 
, =  L(~) [2] 

R es 

where L(h~) is a spectral lineshape function, which 
was discussed previously; V~ is the modulated voltage 
across the space charge layer; ND is the density of the 
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Fig. 2. Variation of the EER signal with the potential for Cdln~e4 

in aqueous polysulfide. A: before photoetching (photon energy - -  
1.8 eV). B: after photoetching (photon energy = 2.0 eV). Modu- 
lating voltage - -  0.2V (peak to peak). 



738 J. Electrochem.  Soc.: E L E C T R O C H E M I C A L  SCIE N CE  A N D  T E C H N O L O G Y  Apr i l  1984 

ionized donors; ,s is the s ta t ic  pe rmi t t iv i ty ;  and e is the 
e lectronic  charge.  The poten t ia l  drop across the  space 
charge layer  can be expressed as 

A~bs : U -- UFB [8]  

where  U is the  e lect rode potent ia l ,  and UFB is the fiat-  
band potent ial .  Assuming  no IR drop, the change in 
e lectrode poten t ia l  due to the modula t ion  wil l  be 
d iv ided  be tween  the space charge l aye r  and the He lm-  
hol tz  l aye r  according to (10) 

6U : 6~r + 6r : Vsc + 6~o [4] 

where r is the potential drop across the Helm-holtz 
layer. The change in the potential of the Helmholtz 
layer due to a change in the number of ionized surface 
s ta tes  is given by  (11) 

e 
6r = ~ 6Nss + [5] 

where CH is the capaci tance of the Helmhol tz  layer ,  
and Nss + is the area  concentra t ion of the ionized su r -  
face states. Combining Eq. [2], [3], [4], and [5] resul ts  
in 

AR ( e d N s s  + ) 
= K 1 dU [6] 

R CH dU 
where  

2 e N D  
K = -- -- L (h~) [7] 

es 

and dU is the modulating potential (taken here to be 
a small displacement of the dc electrode potential). 
Within the low field regime, AR/R should be indepen- 
dent of the dc potential, which will decrease for dNss+/ 
dU > 0, namely, for an n-type semiconductor anodie 
shift of the electrode potential will result in incremental 
ionizat ion of the surface  states.  Within  this regime,  
AR/R wil l  be m a x i m u m  for dNss+/dU = 0 and wil l  
decrease when dN,s+/dU increases.  This can be ex-  
pressed in  close form as 

e dNs, + AR/R 
r = - -  -- 1 [8] 

CH dU ( •  max 

Equat ion  [8] is va l id  provided  tha t  (AR/R)max occurs 
when  dNss+/dU --  0, s t i l l  wi th in  the low field regime.  
I f  this  condit ion is satisfied, the electroref lectance wil l  

1 dNss + 
provide direct measurement of --, which fa- 

CH d U  
cil i tates capaci tance measuremen t  by  prov id ing  di rec t  
di f ferent ia l  measurement ,  in contras t  to the  to ta l  sys-  
tem response of the impedance  measurements .  

Quant i t a t ive  correla t ions  be tween  the two techniques 
have been d e s c r i b e /  (5). Because changes in the  flat-  
band potent ia l  or iginate  f rom changes in the poten t ia l  
drop across the  Helmhol tz  layer ,  i.e., 6r --  6UFB, i t  
fol lows f rom Eq. [5] and [8] tha t  

dUFB 
r = . . . . .  [91  

(IU 

UFB = UFB ~ + f~ rdU [I0] 
~' [/max 

where Umax is the  potent ia l  at  which AR/R is max imum.  
Equat ion  [10] is val id  wi th in  the assumptions  that  

led  to Eq. [8]: in te rms o f  UFB, at  U ---- Umax the  f lat-  
band potent ia l  is s t i l l  UFB ~ because dNss+/dU = O. 
Because u rdU can be d i rec t ly  eva lua ted  f rom the f Umax 
electroref leetance data,  Eq. [10] provides  an exper i -  
m e n t a l l y  accessible way  to de te rmine  UFB as a func-  
t ion of e lect rode potent ia l .  

Because in al l  cases of in teres t  here the Fe rmi  level  
is not  p inned  when U is close to UFB o, the l a t t e r  can 
be de t e rmined  independen t ly  e i ther  f rom the fo rward  

bias por t ion of the electroreflectance [not a low field 
regime (12)] or  by  an a l t e rna t ive  technique such as  
capaci tance (13) or  modula ted  l igh t - induced  cur ren t  
vol tage  response,  which wil l  de te rmine  the t u rn -on  
poten t ia l  of the system. The Fe rmi  level  is comple te ly  
p inned when r ---- 1. The potent ia l  drop across the space 
charge l aye r  at  this potent ia l  can be measured  d i rec t ly  
by  using the same methodology  as p rev ious ly  described.  
The potent ia l  drop wil l  r ema in  constant  upon fu r the r  
increase  in the poten t ia l  in the  reverse  bias direction.  
A p a r a m e t e r  that  might  p rove  to be useful  in descr ib-  
ing the  p inning process is defined in Eq. [11] 

UFB -- UFB ~ 
_ [Ii] 

UFB P -- UFB" 

w h e r e  UFB P iS the f la tband potent ia l  at  the e lect rode 
potent ia l  in which the F e r m i  level  is comple te ly  pinned,  
i.e., when r ---- 1. By definition, 7 wi l l  va ry  f rom 
0 to 1 and wil l  provide  di rec t  measure  of the p inning 
process. 7 is a function of the  e lec t rode  potent ia l  and 
the dens i ty  and ra te  of the  surface  states. 

F igure  3 shows the shift  in the  f ia tband po ten t ia l  of 
Cdln2Se4 before and af ter  the  photoe tching  exper i -  
ment.  Consistent  wi th  Fig. 2, the photoetching increased 
the Fe rmi  level  pinning.  Before photoetching,  t h e  
Fe rmi  level  p inning appears  only  in reverse  bias; thus, 
i t  has no effect on the pe r fo rmance  of the e lect rode 
in a photovol ta ic  device. The b r e a k d o w n  at  0.4V r e -  
verse bias, for  both  the chemical ly  e tched and the 
photoetched samples  (2), which resul ts  in enhanced 
anodic da rk  current ,  can be a manifes ta t ion  of this  
phenomena.  The Fe rmi  level  p inning  increase  upon 
photoe tching  is surpris ing.  No sa t i s fac tory  exp lana -  
t ion can be made  of this phenomenon.  This i n t e rp re t a -  
t ion is based on the assumption tha t  the potent ia l ,  
Umax in which ~R/R  is maximum,  UFB ~--- UFB ~ no 
F e r m i - l e v e l  p inning  occurs under  these conditions.  If  
this assumpt ion is incorrect ,  and  at U ---- Umax the 
F e r m i - l e v e l  p inning  has a l r eady  occur red- to  different  
degrees wi th  the  two samples - then  Fig. 3 mus t  be 
modified and the conclusions der ived  f rom this figure, 
reeva lua ted .  
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Fig. 3. Shift in the flatband potential wlth the potential for 
Cdln2Se4 in aqueous polysulfide, before (a) and after (b) photo- 
etching. 
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Characterization of the surface states responsible for 
the pinning.--Assuming Gauss ian  energy  dens i ty  dis-  
t r ibut ion  for the surface states (13) 

N t  
Nss(E) = - -  e x p  [ - -  (Et - -  E ) 2 / 2 ( ~ e )  2] [12]  

~e (2~)  Y, 

w h e r e  ~e i~ the s t anda rd  devia t ion  in energy,  E is th e  
energy  of the surface  states,  Et is the  energy  at m a x i -  
m u m  densi ty,  and /Vt is the  to ta l  concentrat ion.  T h e  
number  of ionized states is g iven  b y  (13) 

Nt  Ns,+(EF) : - ~ - [ e r f (  Et-EF~/,~ ) 

( Et -- E~ 
err 

Neglec t ing  the energy  difference be tween  the F e r m i  
leve l  and  the bo t tom of the conduet ion band  in the  
bulk  of the semiconductor  and using Eq. [10], the  
var iables  in Eq. [13] can be t r ans fo rmed  to e lec t ro-  
chemical  potent ia ls  by  ,using the fol lowing ident i t ies  

EF : --eU 

f Er -" - -eUFB "-- - - , e U F B  ~ - -  e r d U  
Umax 

E t  - -  Eo : E t ~  - -  E c  ~ : - - eUt~  -5 e U F B  ~ [14] 

This wil l  lead  to 

Nss+(U) : N___[[erf(-Ut~ 
2 ~v'5 

( --Ut ~ -5 UFB ~ 
err  [15] 

Different ia t ion of Eq. [15] wi th  respect  to U and app l i -  
cat ion of Eq. [8] and  [9] yields  

, -- exp Ut ~ -- U 
1 -- F C H r  ~/2 

] + r d U  _ [16] 
Umax J 

The th ree  unknown  pa rame te r s  in Eq, [16] are  Ut ~ e, 
and Nt/CH. The solid l ines in Fig. 4 are  the  best  fit of 
Eq. [16] to the  expe r imen ta l  results ,  which  were  cal-  

15 
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Fig. 4. r / (1  - -  r )  vs. potential. A: before photoetching. Experi- 
ment ( A j k j k )  and theory ( ) with the following parameters: 
Ut ~ "- 0.823V vs. Pt, r ----- 0.4V, and eNJCH = 0.88V. B: after 
photoetching. Experiment ( . . . )  and theory ( ) with the 
following parameters: Ut ~ = 0.172V vs. Pt, cr = 0.1V, and e N t / C H  
- -  6.88V. For more details see Eq. [16]. 
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culated based on the da ta  in Fig. 2. The pa r ame te r s  
which  were  eva lua ted  f rom this fit are  
Before photoetching:  

Ut ~ --  0.823V vs. Pt  

r - -  0.4V 

e N t  
--  0 .88V 

Ca 

Af te r  photoetching:  

Ut ~ "- 0.172V vs. Pt  

r - -  0.1V 

e N t  -- 6.88V 
Ca 

The fit is good in both cases for  the reverse  bias condi-  
tions. The fit is not  good under  fo rward  bias conditions,  
where  the degree  of p inning is smal l  because r / 1  --  r is 
less sensi t ive to [ (hR/R)max] as i t  approaches  reverse  
bias, and the low field regime assumpt ion  breaks  as it  
approaches  bias when the pene t ra t ion  depth  of the  l ight  
exceeds the pene t ra t ion  of the electr ic  field. Assuming  
CH ---- 30 # F / c m  2 (13), then Nt : 1.7 X 1014/cm 2 for the  
chemical ly  e tched surface  and Nt = 1.3 • 1015/cm 2 for 
the  photoetched surface. Because this analysis  is based 
on the da ta  used in Fig. 3, it  is not  surpr i s ing  tha t  the  
coverage of surface states has increased upon photo-  
etching. For  the chemical ly  e tched surface the  to ta l  
coverage is sma l l e r  but  the width  is cons iderab ly  
g rea te r  than  the coverage and width  of the  photoetched 
surface. This suggests tha t  th e  origin of the wid th  of the  
surface state band is not  due to over lap  (14) or re -  
organizat ion of the so lvent  (15) but  more  l ike ly  due to 
surface heterogenei ty ,  which is more  pronounced  on 
the  chemical ly  e tched surface than  on the photoetched 
one. This is consistent  wi th  the  l ineshape  pa rame te r s  
descr ibed  in the discussion of spectra.  

Because surface  he te rogene i ty  p lays  a minor  role in 
the  photoetched sample,  ident i fy ing  the na tu re  of the  
surface states f rom that  sample  is easier.  Ut o in tha t  
case agrees wel l  wi th  the res t  potent ia l  of the  e lec-  
trode, which is de te rmined  by  ox ida t ion- reduc t ion  of 
the  absorbed  ions according to the  fol lowing reac t ion  

S x - -  ~-- xS -5 2 e -  [17] 

which is also the potent ia l  of counterelect rode.  
If  the adsorbed  polysulf ide const i tutes  the  surface  

states responsible  for the F e r m i - l e v e l  pinning,  i t  wi l l  
be impossible  to r emove  them and re ta in  the pho to -  
vol taic  proper t ies  of the  cell. Thus, the only way  to 
remove  F e r m i - l e v e l  p inning  is to s low down the da rk  
reac t ion  responsible  for  ionizat ion of these states.  I t  
was demonst ra ted ,  in the case of CdSe, tha t  this is 
possible because s ing le -c rys ta l  CdSe in the same elec-  
t ro ly te  does not  have a tendency  toward  F e r m i - l e v e l  
pinning;  however ,  s t rong p inning  effects, s imi lar  to 
those observed  in this analysis,  were  demons t ra ted  with 
po lycrys ta l l ine  CdSe (5) in the  same solution. 

Conclusions 
Electroref lectance was used to evalua te  the  opt ical  

p roper t ies  of CdIn2Se4 in polysulf ide solut ion before  
and af te r  photoetching.  The var ia t ions  of the s ignal  
in tens i ty  wi th  e lectrode potent ia l  were  used to t race  
the  band  posi t ion as a funct ion of potent ial .  

I t  was found tha t  th e  optical  t rans i t ion  fits a th ree -  
d imension  parabol ic  model  of the dens i ty  of states wi th  
direct  t rans i t ion  at  1.825 eV. There  is a shift  of ,-,100 ~ 
in the phase factor  and a decrease of 25% in the  b road-  
ening parameter ,  f rom 0.42 to 0.32 eV, when the sample  
is photoetched.  This resul t  indicates  tha t  the  photo-  
e tching does not  a l t e r  the chemical  composit ion of the  
surface th rough  select ive photoe tching  but  s t rong ly  
affects the  po ten t i a l  d i s t r ibu t ion  at  depths  c h a r a c t e r -  
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ized by  the pene t ra t ion  depth  of the light.  The effects 
on the  potent ia l  d is t r ibut ion  p robab ly  or iginate  f rom 
select ive etching defects. 

I t  was shown that  by  moni to r ing  the var ia t ion  of 
the s ignal  in tens i ty  wi th  potent ial ,  i r respect ive  of 
photoetching,  the Fe rmi  level  s ta r t s  to be p inned as 
reverse  bias condit ions are  approached.  Photoetching 
a ppa ren t l y  enhances the  pinning,  due to the  increased 
number  of surface states. The energy and densi ty of the  
surface state most  l ike ly  or iginate  f rom the absorbed 
polysulf ide ions. 

The exper imen ta l  resul ts  presented  here  suffer from 
deficiencies that  make  some of the conclusions condi-  
tional.  The quant i t a t ive  evaluat ion  of the shift  in the 
bandedges  wi th  the electrode potent ia l  is based on 
comparison to condit ions in which the Fe rmi  level  is 
not  pinned.  There  is no direct  evidence to suppor t  the 
contention that  the Fe rmi  level  of CdLu2Se4 in po ly -  
sulfide solutions unpins  at  any  potent ial .  The potent ia l  
of reference used was where  the electroreflectance 
signal  is max imum.  In addi t ion to the uncer t a in ty  in 
whe the r  the Fe rmi  level  is unpinned  at  this potent ia l ,  
there  is uncer ta in ty  in whe the r  the electroreflectance is 
in the low field regime at this potential ,  a l though the 
sign.al does fit the th i rd  der iva t ive  l ineshape.  

To c lar i fy  whe ther  the Fermi  level  is unpinned  at 
the  potent ia l  of  m a x i m u m  electroref lectance signal,  
where  and under  what  condit ions Fe rmi  level  is un-  
pinned th roughout  the poten t ia l  regime must  be de te r -  
mined. In  addit ion,  an independent  evaluat ion  of UFB o 
and the doping level  wil l  have  to be made,  and the 
var ia t ions  in those pa rame te r s  wi th  photoetching 
evaluated.  Such da ta  are  necessary  for the de t e rmina -  
t ion of thd  absolute  posit ion of the bandedges  as a 
function of potent ia l  and not jus t  the shif t  in position, 
as occurred in this  analysis .  As noted, it  was impossible  
to ca r ry  out fu r the r  requi red  exper iments .  
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Electroactive Properties of Polyaromatic Molecules 
Robert J. Waltman, A. F. Diaz,* and Joachim Bargon 1 

IBM Research Laboratory, San Jose, California 95193 

ABSTRACT 

Electroactive and electrochromic films of electropolymerized polyazulene and polythiophene have been found to be 
surprisingly insensitive to common solvents and temperature.  As electrodes in all-organic batteries these thin polymeric 
films allow current densities of 2 mA/cm 2 at open-circuit  voltages of 2.3V. The electrochromic propert ies  suggest applica- 
tion in electro-optical displays. 

The var ie ty  of compounds which  have been found to 
undergo e lec t rochemical  po lymer iza t ion  have demon-  
s t ra ted  the faci l i ty  of the e lec t rochemical  approach  to 
synthesis  of  e lec t r ica l ly  conduct ing po lymer ic  films. 
Such films have been p repared  from molecules which 
represen t  a l l  pe r t inen t  classes of a romat ic  compounds.  
They include the heterocycl ic  pyr ro les  (1, 2), th io-  
phenes  (3-5),  furan  (5), carbazoles (6, 7), the po ly -  
nuc lea r  a romat ic  hydrocarbons  pyrene  or  fluorene 
(8), and even the nonbenzenoid aromat ic  hyd roca r -  
bon azulene  (9). When in the oxidized form, all  of 
these po lymers  are  semiconduct ing (10-6-102 ~2 -1 

* Electrochemical  Society  Act ive  Member.  
1 Inst itut  f~r  Phys ikal i she  Chemic,  Bonn- l ,  Germany.  

c m - 1 ) ,  wi th  polypyrro}e exh ib i t ing  the highest  con- 
duct ivi t ies  of 10~ ~ - 1  cm -1. Thin films f rom po ly -  
pyrrole ,  poly th iophene ,  and polyazulene  which are  
suppor ted  by  a P t  surf.ace are  also a t t ract ive ,  because 
they  exhibi t  e lec t roact ive  ,and e lec t rochromic  p rop -  
erties. Thus, e lect r ica l ly  conduct ing po lymers  become 
sui table  for appl ica t ion  in e lec t ro-opt ic  d i sp lay  de-  
vices (10) or  as e lec t rode  mater ia l s  (11). Successful  
appl ica t ion  in the l a t t e r  has been demons t ra ted  by  
the fabr icat ion of a l ightweight ,  rechargeab le  ba t t e ry  
employ ing  a po lyace ty lene  electrode,  whe reby  large  
power  and ene rgy  densi t ies  were  obta ined (12). The 
fact that  electro.chemically p r epa red  polymers ,  such as 
po]ythiophene or  polyazulene,  have s imi la r  proper t ies ,  
points  to the i r  po ten t ia l  appl ica t ion  in energy  tech-  
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nology as well. Accordingly, we report  herein  some 
properties of these materials  re levant  to their appli-  
cations in  bat tery  technology. 

E x p e r i m e n t a l  
All  compounds were obtained from commercial  

sources. Polythiophene and poly-f i-subst i tuted thio- 
phenes were prepared by  the electrochemical oxidation 
of the appropriate thiophene monomers  in a three-  
electrode, s ingle-  or two-compar tment  cell. P la t inum,  
gold, and sodium chloride calomel (SSCE) were used 
as the working, counter, and reference electrodes, re-  
spectively. The solutions were typically 10-4-10-~M in 
monomer,  in a 0.1M electrolyte/acetonitr i le  solution. 
The electrolyte, usual ly  t e t r ae thy lammonium te t ra-  
fluoroborate (TEAFB),  was recrystall ized from alco- 
hol -e thyl  acetate and dried under  vacuum. The aceto- 
ni t r i le  (Burdick and Jackson, spectrometric grade) was 
used directly without  fur ther  purification. The solutions 
were bubbled  with argon for 5-10 rain, and protected 
by an argon blanket .  Cyclic vol tammograms of polymer 
films were measured in electrolyte solutions containing 
no other electroactive species. All electrochemical 
measurements  were performed with an IBM EC225 
Voltammetr ic  Analyzer.  

Resul ts  a n d  Discuss ion  
Electrochemical data.--Cyclic vol tammetr ic  data for 

some thiophene monomers  and their  corresponding 
polymers are given in Table I. All  of the monomers  
show irreversible  oxidation peaks and give rise to 
colored solutions upon electro-oxidation. The value of 
n for the oxidation reaction was estimated from the 
Nicholson and Shain t rea tment  for a totally irreversible 
e lec t ron- t ransfer  process which provides n3/2D 1/2, 
where D was assumed equal to 10 -5 cm 2 s -1. In gen-  
eral, the react ion of compounds which produce poly- 
mer  films occurs on the electrode surface and has n 
values between 2 and  3, as est imated from cyclic vol t-  
ammetry.  From elemental  analysis, n values between 
2.07 and 2.17 are obtained for some of these polymers. 
The reaction of compounds which produce soluble 
products and, therefore, occur away from the electrode, 
has n values between 1 and 2, depending upon whether  
monomeric  (n ~- 2) or dimeric (n _-- 1) products are 
formed (13). Accordingly, the ~,d-blocked 2,5-di- 
methyl th iophene  has an n value of 1.2, s imilar  to 2,5- 
dLmethylpyrrole (13). 

Whereas low molecular  weight  products are ob- 
tained from ~-substi tuted heterocycles, polymeric films 
are indeed obtained from certain ~-subst i tuted mono-  
mers. The cyclic vol tammogram of a typical  60 nm 
thin film of polythiophene on a Pt  surface obtained 
from the electropolymerization of 2,2'-bithiophene is 
shown in Fig. 1. 

The details of the electroactive properties of these 
films have been previously considered (4), and no re-  
i terat ion is necessary here. However, it is impor tant  to 

Table I. Cyclic voltammetric data for thiophenes: monomer 
concentration 8.9-23.0 ~mol cm - ~  in 0.1M TEAFB/CH3CN with 

sweep rate 50 mV s - 1  

Monomer 

UACpl/~ 
(A cm Polymer 

Epa real-is1/~ lO~nS/~D1/~ E , ,  
Compound (V) V -~t~) (cm s*/~) n (V)  

thlophene 2.06 3791 1.4 2.7 
3-methylthiophene 1.86 3203 1.2 2.4 
3.iodothiophene 2.03 2362 0.9 2.0 
3-bromothiophene 2.10 3085 1.1 2.3 
34hiopheneacet onitrtle 2.22 2725 1.0 2.2 
34hiophenecarboxylic 2.28 1031 0.4 1.2 

acid 
3-cyanothtophene 2.46 2260 0.8 1.9 
3-nitrothiophene 2.69 2476 0.9 2.0 
2,5-dimethylthiophene 1.77 1134 0.4 1.2 
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10 2O 3O 4O 5O 

Time (min.) 

Fig. 1. Cyclic voltammogram of [Pt]-polythiophene-BF4 film in 
0.1M TEAFB/CH~CN solution. 

point out that these films can be cycled repeatedly be-  
tween the oxidized, conducting state and the neutral ,  
nonconduct ing st.ate, an event which is accompanied 
by a reversible color change from green-back to a pale-  
copper color, respectively. The cycling behavior  is ob- 
served for polythiophene films derived from either the 
monomer  or the 2,2'-dimer. The anodic peaks obtained 
from the dimer  der ived polymer films, however, are 
noticeably sharper with peak widths at half  height  
(PWHH) of ca. 90 mV for 60 n m  films, while monomer  
derived films of the same thickness have P •HH of ca. 
300-350 mV. Since it is known that  the oxidation and 
reduct ion reaction is controlled by the diffusion of 
counteranions into and out of the surface-localized film, 
diffusion of ions through the d imer-der ived  film is less 
l imiting. This ma y  also reflect the more regular ly  
~,~'-linked monomer  units  in the d imer-der ived  film. 
The sensit ivity of the electrical properties of poly-  
thiophene to l inkages between monomer  uni ts  other 
than ~,a'-bonds has been pointed out by Sanechika et al. 
(14). In part icular ,  they found that the electrical con- 
duct ivi ty of polythiophene decreases with increasing 
fi-linkages introduced between monomer  units.  

Figure 1 also shows that  the peak oxidation poten-  
tial of polythiophene occurs at -t-1.0V. This is far anodic 
of the peak oxidation potent ial  of polypyrrole (--0.15V), 
with the impor tant  consequence that polythiophene 
films are much more stable, especially to the pres-  
ence of oxygen. Thus, unl ike  polypyrrole,  neu t ra l  or 
electrochemically oxidized polythiophene films can be 
exposed to air, or even passed under  a s t ream of oxy- 
gen, yet when put back into an electrolyte solution and 
cycled electrochemically, they retain their switching 
capabilities. However, ESCA studies of the neu t ra l  
films reveal the presence of bonded oxygen at the sur-  
face of these materials.  For  neut ra l  polythiophene films 
exposed to air for 24h, the C :S :O  ratio is 4.0:0.55: 1.0, 
respectively, while a 14 day exposure reveals a C: S:O 
ratio of 4.0: 0: 5.1, respectively (15). However, the sur-  
face properties are not  representat ive of the bu lk  
properties of the film, as is evidenced by its abi l i ty  to 
retain electrochemical switching. 

The electrochemical behavior  of polyazulene films is 
s imilar  to that  of polythiophene films insofar that  they 
too are electroactive and electrochromic (Fig. 2). The 
peak Oxidation potent ial  of the polymer film occurs at 
+0.650V, i.e., lower than the polythiophene counter-  
part  but  still anodic of polypyrrole.  

Stabil i ty of f i lms.--For successful performance of  
these materials  in various applications, such as in  
batteries, apart  from the desirable electroactivity of 
the films, their  s tabil i ty unde r  .different conditions b e -  
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Fig. 2. Cyclic voltammogram of [Pt]-polyazulene-BF4 film in 
0.1M TEAFB/CHaCN solution. 

comes of pa ramoun t  impor tance .  Thus, th icker  films 
f rom poly th iophene  and polyazulene  can be pee led  off 
f rom the P t  anode. These are  flexible, continuous, free 
s tanding  films which  are  e lec t r ica l ly  conduct ing to the 
ex ten t  of 1 ~ - 1  cm-1 .  The oxidized,  conduct ing forms 
of these  p o l y m e r ,  films a re  also r e m a r k a b l y  s tab le  

80 mV/s 
70 

60 

50 

~ 4o 
l 100,uA 30 / / / /  

t I I 
-0.5 0 +0.5 

I 
+1.0 

E/V 

Fig. 4. The shift in the peak oxidation potential of polythiophene 
as a function of temperature. 

+80 ~ C 

+25~ 

0~ 
I I l I 

-0.5 0 +0.5 +1.0 
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Fig. 3. Cyclic voltammograms of [Pt]-polythiophene-BF4 as a 
function of temperature in 0.1M TEAFB/CH3CN. 

under  different  conditions.  They are  insoluble  in 
s t rong acids, bases, or  common organic solvents.  For  
example ,  when oxidized films are  p laced in 6M HC1 
or NaOH, or in a solvent  such as d ich loromethane  for  
lh,  they  re ta in  the i r  e lec t roact ive  proper t ies  when 
subsequent ly  e lec t rochemical ly  cycled. The th icker  
films are  also t he rma l ly  s table  to heat ing at  80~ for 
severa l  hours.  When kep t  for 3h at this t empera tu re ,  
po lyazulene  and poly th iophene  show a decrease in 
conduct iv i ty  f rom 0.4 to 0.2 ~ - 1  cm-1,  and f rom 0.1 to 
0.04 12 -1 cm -1, respect ively ,  while  heat ing for 20h r e -  
sults in a t en- fo ld  decrease in thei r  conductivi t ies .  
Whereas  the  thick films show modera te  s tab i l i ty  to hea t -  
ing, the th in  films d isp lay  a sens i t iv i ty  of the  switching 
behavior  to changes in t empera tu re .  Thin films were  
cycled r epea ted ly  in the t empe ra tu r e  range  be tween  
0.0 ~ and 80~ and were  found to be s table  under  these 
condit ions for at  least  severa l  hours. The e lect roact ive  
proper t ies  are st i l l  r e ta ined  (Fig. 3), and the peak  oxi -  
dat ion potent ia l  shifts  ca thodica l ly  by  0.88 mV deg -1 
wi th  increas ing t empera tu re  (Fig. 4). The 70 mV shift  
in the  oxida t ion  poten t ia l  is revers ib le  i n  this range,  
and a not iceable  sha rpen ing  of the anodic peak  is ob-  
served  at  h igher  t empera tu re s  (Fig. 3). 

A p a r t  from the demons t ra ted  t empe ra tu r e  s tabi l i ty ,  
these da ta  also a l low informat ion  concerning the en-  
erget ics  of the swi tching  react ion in this  t e m p e r a t u r e  
range.  The react ion is e lec t rochemica l ly  i r revers ib le  
and thus the re la t ion dG = - -nFE cannot  be appl ied.  
However ,  the dE/dT  dependence  is real  and can be 
re la ted  to d (dG) /dT,  which provides  --dS. Thus, dS -- 
n F ( d E / d T )  = --3.4 cal deg - I ,  w he re by  n _-- 0.17, i.e., 
the amount  of charge consumed in the pa r t i a l  oxida t ion  
of the  film, as can be der ived  from e lementa l  analysis  
data. This change of s ta te  also involves a change in 
composit ion where  anions are  incorpora ted  into the film 
in o rder  to balance  the posi t ive charges along the 
po lymer  chain. The sign and magni tude  for the en-  
t ropy  t e rm dS is consistent  wi th  wha t  is character is t ic  
for  molecular  complex format ion  (16). The sign for 
dS suggests  that  as the film switches f rom the neu-  
t r a l  to the  oxidized state,  accommodat ion  of counte r -  
anions (which is necessary  to balance  the posi t ive 
charge  induced in the p o l y m e r  chain)  resul ts  in a 
s t ruc ture  more  r ig id  than  in the  neu t r a l  s ta te  of the  
film. 
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Fig. 5. Electrochemical peak oxidation potential of thiophene 
monomers vs. their respective Hammett substituent constants, 

Subst i tuent  ef fects . --The eventua l  appl ica t ion  of 
these mate r ia l s  in energy technology or in o ther  fields 
wi l l  demand  some chemical  modifications in o rder  to 
meet  pa r t i cu la r  cri ter ia .  For  example ,  we have demon-  
s t ra ted  prev ious ly  that  the conduct iv i ty  of po ly th io -  
phene  can be increased 100-fold wi th  the in t roduct ion 
of a single /~ subs t i tuent  (4). The f ract ion of counter -  
anions in the film can also va ry  depending  on which 
subs t i tuent  is in t roduced into the pa ren t  polymer .  
Cor r e spond ing ly ,  an invest igat ion of po ly th iophene  
films with  appropr ia t e  fl subs t i tuents  showed tha t  when 
the peak  oxidat ion  potent ia l  of some g-subs t i tu ted  
monomers  are  p lot ted  against  the i r  respect ive  Ham-  
met t  subs t i tuent  constants,  a l inear  corre la t ion  is ob-  
ta ined  (Fig. 5). The shif t  in the peak  oxidat ion  po-  
tent ia ls  of the  series  of /~-subs t i tu ted  th iophenes  is de-  
penden t  on three  pa ramete rs :  namely ,  thei r  polar,  
steric,  and mesomer ic  effects, which are  exer ted  by  the 
subs t i tuents  (17). This behav ior  can be descr ibed by  
the usual  H a m m e t t - T a f t  

E:p~+S 

equat ion where  p~-~r describes the po la r -mesomer ic  
parameters ,  and S accounts for the s ter ic  factor  (17). 
Accordingly ,  Fig. 5 al lows three  conclusions to be 
drawn.  Firs t ,  the s t r a igh t - l ine  fit indicates  tha t  al l  of 
the monomers  are  oxidized by  the same mechanism,  
i.e., e lec t ro -ox ida t ion  resul ts  in the  r emova l  of a 
e lec t ron  f rom the th iophene ring. Second, the  posi t ive 
sign for the  subs t i tuen t  constant  p~ reveals  that  as 
the  subs t i tuents  take  on more  e lect rophi l ic  character ,  
the  oxida t ion  of the  corresponding th iophenes  proceed 
more  difficultly. F ina l ly ,  the steric t e rm S appears  to 
be min ima l  since for the  subst i tuents  chosen here,  a 
s t r a igh t - l ine  fit is obtained.  Thus, the p r i m a r y  effect 
exe r t ed  by  the/~ subst i tuents  is e lectronic and  descr ibed 
b y  the p~r tenn .  One possible in te rpre ta t ion  of these 
facts (Fig. 5) suggests  tha t  there  is an op t imum po-  
ten t ia l  range,  i.e., reac t iv i ty  of the  radica l  cat ion in-  
te rmedia te ,  which favors radica l  cation coupling in 
the  fo l low-up react ion to y ie ld  po lymer ic  films. 
Thus, under  these conditions, po lymer iza t ion  occurs 
only for the  pa ren t  thiophene,  and the me thy l - ,  
b romo- ,  and  iodo-subs t i tu ted  thiophenes.  The l a t t e r  two 
monomers  yie ld  poor ly  conduct ing films, whi le  the 
o ther  two polymers ,  po ly th iophene  and poly  (3 -methy l -  
th iophene) ,  have conduct ivi t ies  of ca. 10-2-10 -1, and 
1 42 -1 cm -1, respect ively .  3-Thiophene carboxyl lc  acid, 

3-cyano- ,  and 3 -n i t ro - th iophene  y ie ld  no po lymers  on 
e lec t ro -ox ida t ion  under  these conditions. Severa l  r e a -  
sons m a y  be a t t r ibu ted  to the lack of po lymers  ob-  
ta ined  f rom the l a t t e r  three  monomers .  One i n t e rp re t a -  
t ion postula tes  t ha t  the  s tab i l i ty  (or reac t iv i ty )  of 
these monomers  is affected by  the /~ subst i tuents .  Thus, 
as the reac t iv i ty  of the rad ica l  cation in te rmedia tes  in-  
creases, as reflected in the i r  increasing oxida t ion  po-  
tent ia ls  (Fig. 5), the more  react ive  these in te rmedia tes  
become wi th  respect  to nucleophiles,  or they  undergo 
o ther  "escape" reactions,  e.g., with the solvent  or o ther  
nucleophi l ic  species in the v ic in i ty  of the Pt  surface.  
Thus, one possible effect of these s t rong ly  e lec t ron 
wi thd rawing  groups is to destabi l ize  the  radical  cat ion 
in te rmedia te  to the extent  that  rad ica l  cation coupl ing 
react ions become unfavorab le  when c o m p a r e d  wi th  
o ther  react ion pa thways .  Another  reason for the i r  
fa i lure  to promote ,  e lec t ropolymer iza t ion  m a y  be due 
to a b reakdown  of the  solvent,  since the anodic po-  
tent ia ls  appl ied  become ra the r  high for the n i t ro -  and 
cyano-subs t i tu ted  monomers  (Table  I ) .  

While  s ter ic  factors do not  seem to p l ay  any  ap -  
prec iab le  role in the p r i m a r y  e lec t ro-ox ida t ion  of the 
monomer  (Fig. 5), the i r  subsequent  fo l low-up react ions 
( rad ica l  cation polymer iza t ion)  are  more  suscept ible  
to steric ef fec ts ,which,  therefore,  may  wel l  p l ay  a role  
in deciding whe the r  po lymer iza t ion  can compete  favor -  
ab ly  wi th  other  potent ia l  fo l low-up reactions,  such as 
wi th  nucleophiles.  This m a y  exp la in  the overa l l  in-  
ferio~ qual i ty  of the po lymer  films der ived  f rom the 
3 -bromo-  and 3- iodo-thiophenes ,  even though the i r  
oxidat ion  potent ia ls  do not differ g rea t ly  f rom that  of 
the pa ren t  th iophene monomer.  I t  is, however ,  i n t e r -  
est ing to note that  whi le  a bu lky  subst i tuent ,  such as 
iodo, al lows polymer iza t ion  (a lbei t  of poor qua l i ty ) ,  a 
s te r ica l ly  smal ler  cyano group does not. 

Ano the r  example  of a p r o p e r t y - s t r u c t u r e  corre la t ion 
be tween  thiophene monomers  and the i r  cor responding 
po lymers  is reflected in Fig. 6, where  the peak  ox ida -  
t ion potent ia ls  of some th iophene monomers  are  p lot ted  
against  the i r  respect ive  polymers .  The s t r a igh t - l ine  
fit suggests  tha t  /3-substituted monomers  and thei r  r e -  
spe.ctive po lymers  are  made up of a re la ted  sys tem of 

electrons, i.e., the electronic s t ructures  of the mono-  
mers and the i r  corresponding po lymers  must  be alike.  
This is consistent  wi th  the fact that  polv th ioohene  (and 
po lypyr ro le )  consists p r i m a r i l y  of ~ ,d - l inked  monomer  
units (3, 4). 

Battery applications.--The s tabi l i ty  of po ly th io -  
phene  and polyazulene  films as descr ibed above sug-  
gests appl ica t ion  of these mater ia l s  as ba t t e ry  elec-  
trodes.  Of pa r t i cu la r  impor tance  is the high ex ten t  of 
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Fig. 6. Peak oxidation potential of thlophene monomers vs. their 
respective polymers in 0.1M TEAFB/CH~CN. 
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Fig. 8. A typical voltage change during 0.15 mA constant-current 
discharge of a polyazulene battery cell. 

counteranions  which can be incorpora ted  into these 
po lymer  films, especial ly  into polyazulene,  whereby  
one counteranion is shared by  lour  azulene monomer  
units (Table  I I ) .  Po ly th iophenes  are addi t iona l ly  a t -  
t rac t ive  from the s tandpoin t  that  thei r  film proper t ies  
a re  read i ly  a l te red  via subs t i tuent  groups. Thus, a 
s imple ba t t e ry  cell  (as shown in Fig. 7) was assembled 
ut i l iz ing oxidized mid neu t ra l  po lymer  films adhered  
onto Pt  as the two terminals .  The films were  typ ica l ly  
1 • 2 cm 2 with a thickness of ca. 10 -3 cm, correspond-  
ing to a film weight  of about  1-2 mg. These were im-  
mersed  into a 0.1M TEAFB acetoni t r i le  solut ion con- 
ta in ing no o ther  e lec t roact ive  species. The arrows in 
Fig. 7 indicate  the direct ion of e lect ron flow. A po ly-  
azulene ba t t e ry  y ie lded  a max imal  open-c i rcu i t  vol tage 
of ca. 2.3V and an opt imal  ini t ia l  shor t -c i rcu i t  cur rent  
of 4 mA. These da ta  are  summar ized  in Table II  for 
both  polyazulene  and poly th iophene  bat ter ies .  These 
p r e l im ina ry  resul ts  for  poly.azulene are t aken  from 

Table II. Batteries from polyazulene and polythiophene 

Polyazulene  Polyth iophene  

Elemental  composit ion ( A Z )  ~+ �9 BF4-  ( T H )  1,+ . BF~- 
C u r r e n t  densi ty  0.4-2.2 r n A / c m  2 0.02 m A / c m  2 
Voltage  0.5-2.3V 0.5V 

April  1984 

five such bat ter ies ,  while  those for po ly th iophene  
(monomer  der ived)  are based upon a single ba t t e ry  
test. Po ly th iophene  bat ter ies  der ived  f rom the d imer  
m a y  conceivably  y ie ld  h igher  values  since they  can 
store more charge (six monomer  units share  one 
charge)  than the monome r -de r i ve d  films. The ba t te r ies  
tested so far  could be recharged  at constant  current ,  
e.g., at 1 mA, to yield s imi la r  values  in the  r egenera ted  
cells: 

Our  values a re  ac tua l ly  qui te  s imi lar  to the "al l  
po lymer"  polyacety lene  ba t te r ies  of MacDiarmid  et al. 
(18). However ,  unl ike  polyacetylene ,  which is known 
to be air  sensitive, polyazulene  bat ter ies  can be open 
to the air, at least  s h o r t - t e r m  (days)  tests revea led  no 
apparen t  effect of air  on the s tab i l i ty  of the bat ter ies .  
However ,  the l ong - t e rm effect of oxygen on the re -  
chargeabi l i ty  of polyazulene  bat ter ies  has not  been 
inves t iga ted  thus far. F igure  8 shows the vol tage change 
dur ing  a constant  cur ren t  discharge of 0.15 mA for a 
po lyazulene  cell in O.IM TEAFB acetonitr i le .  More work  
~s in progress.  1 

Manuscr ip t  received Aug. 25, 1983. This was Pape r  
546 presented  at the San Francisco,  California,  Meet ing 
of the Society,  May 8-13, 1983. 

IBM Corporation assisted in meeting the publication 
costs oy this article. 

1 A f t e r  t h i s  w o r k  was completed,  data characteriz ing the elec- 
trochromic  behavior  of po lyth iophenes  was  reported by G a m i e r  
e t  al. ( 1 9 ) .  
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Electrocatalysis of the Cathodic Reduction of Carbon Dioxide on 
Platinized Titanium Dioxide Film Electrodes 
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ABSTRACT 

Cyclic voltammetric measurements on the electrochemical reduction of CO2 at platinized and nonplatinized TiO~ film 
electrodes are reported. It is shown that carbon dioxide, dissolved in aqueous solution or present in a mixture with water 
vapor, undergoes strong, irreversible adsorption on the Pt-TiO2 surface. The adsorption of CO2, taking place at open circuit, 
results in the formation of electrochemically detectable species. The reduction of the adsorbed carbon dioxide at the Pt- 
TiOz electrode starts at even lower cathodic potentials than in the case of unsupported Pt  electrode and produces two kinds 
of reduced species revealed by anodic peaks on the cyclic voltammograms. The existence of two electrochemically detecta- 
ble reduced-CO2 species is explained in terms of the surface diffusion of the reaction intermediates and/or products between 
adsorption sites at the metal, Pt, and at the oxide, TiO2. 

Among various oxide-supported noble metal  cata- 
lysts, the p l a t i num- t i t an ium dioxide system has re- 
cently '  attracted par t icular  a t tent ion because of its 
potent ial  applications in the field of photocatalysis 
and /or  gas-phase heterogeneous catalysis. Thus, a sus- 
pension of platinized TiO2 in an acidic aqueous solu- 
tion, i r radiated with the UV light, has been shown (1) 
to induce the photodecomposition of water  into hydro-  
gen and oxygen. Another  example of a photocatalytic 
reaction (which, contrary to the previous one, is char-  
acterized by a negat ive Gibbs free energy change) is 
the photodecomposition of acetic and other  carboxylic 
acids into corresponding alkanes and carbon dioxide 
(2, 3). In  these processes, p la t inum particles are be-  
l ieved to act as local cathodes for the forma.tion of 
adsorbed hydrogen atoms and for the He evolution 
which accompany various photoanodic reactions in-  
volving positive holes photogenerated at the surface of 
n - type  TiO2. 

I n  the related field of water  photolysis, Gr~itzel and 
co-workers (4, 5), using RuO2 and Pt cosupported on 
colloidal TiO2 particles as redox catalyst in the pres-  
ence of Ru (bipy)32+ sensitizer, have succeeded in im-  
proving considerably the efficiency of water  cleavage 
by visible light. The above results have been explained 
(5) in terms of adsorption of the sensitizer at the sur-  
face of TiO2 particles as being a crucial step of the 
overall  process. 

In  addition, various t ransi t ion metal  catalysts sup-  
ported on TiO2, including the Pt-TiO~ system, have 
recent ly  been investigated (6) with special regard to 
their activity for CO-H2 Fischer-Tropsch synthesis. 

Following a pre l iminary  s tudy in this laboratory (7) 
on the cathodic reduct ion of dissolved CO2 at poly- 
crystal l ine TiO2 and RuO2-TiO2 film cathodes, we have 
under t aken  a systematic characterization of different 
activated-TiO2 electrodes. In  this paper, the electro- 
chemical characteristics of TiO2 and platinized TiO2 
film electrodes are discussed in connection with the 
hydrogen evolution and carbon dioxide reduction 
reactions. 

ExperimentM 
TiO2 and plat inized TiO~ film electrodes were pre-  

pared by a thermal  decomposition method using cross 
sections (~0.3 cm 2) of 99.8% t i tan ium rods (Kobe 
Steel, Limited) as a support. The TiO2 films were ob- 
tained by applying onto the previously etched Ti sub-  
strates, layer  by layer, a solution of TiCI~ (puriss. from 
Fluka)  in a mixture  of analyt ica l -grade methanol  and 
ethanol. Each layer  of the solution was decomposed by 
heat ing in  air at ~450~ In  the case of plat inized elec- 
trodes, one or two final layers of an aqueous solution of 
H2PtC16 (Fluka)  were applied before submit t ing  them, 
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for about 40 min, to a final thermal  t rea tment  in argon 
at ~550~ Thus formed, TiO2 films were 10-15 #m 
thick and consisted of anatase. The amount  of p la t inum 
present  on the surface of plat inized TiO~ samples was 
checked by means of x - ray  induced photoelectron 
spectroscopy (XPS) (8). For different samples 
analyzed by XPS the p la t inum content  in the outer-  
most surface layer  ranged from 10 to 13 atom percent  
(a/o) (given with respect to Ti( IV)  from TiO2, taken 

as 100 a/o) .  Since the mean escape depth for the photo- 
electrons with a kinetic energy close to 1200 eV is 
usual ly  considered to reach 15-20A, the above resul t  
indicates that the coverage of the TiO2 surface with Pt  
was in all cases dist inctly less than a monolayer.  This 
is addit ionally supported by the evidence, based on the 
observed decrease of the amount  of Pt  on the surface 
following the activation of the electrode at 550~ that 
p la t inum diffuses to a significant extent  into the TiO2 
substrate. 

All solutions empIoyed in electrochemical experi-  
ments  were made up with analyt ica l -grade chemicals 
and twice-dist i l led water. For most experiments,  a 
calomel reference electrode in 0.1N KC1 solution was 
used. Potentials on this scale are referred to as E (V vs. 
0.1 NCE). Carbon dioxide or argon, both under  1 atm, 
were cont inuously bubbled through the solution; the 
bubbl ing  was in ter rupted  only for the dura t ion of a 
cyclic vo l tammetry  experiment .  AlI measurements  
were effected at 40~ 

Results and Discussion 
The choice of a suitable electrolyte for the study of 

CO2 reduction at TiO2 and Pt-TiO2 electrodes was 
quite a complex question because of the known tend-  
ency of a n u m b e r  of ions (especially anions) to adsorb 
i r revers ibly on the surface of TiO2 (9). Thus, for 
example, the na tu re  of the second anion present  in the 
solution has been shown (10) to s t rongly affect the 
cathodic reduction of Fe (CN)68- ions at the TiO2 film 
electrodes s imilar  to those used in the present  study. 
Among various near ly  neut ra l  solutions, chloride 
solutions appear to influence least the cathodic be-  
havior of TiO2. Therefore, after a series of p re l iminary  
cyclic vo l tammetry  experiments,  a 0.5M KCI solution 
was chosen as a support ing electrolyte. In  addition, 
most of the electrochemical measurements  were re-  
peated using a 0.5M K2,SO4 solution; no significant 
differences were observed. 

Figure 1 shows typical cyclic vo l tammet ry  i -E pro-  
files for Pt, Pt-TiO~, and TiO2 electrodes, recorded in 
an argon-sa tura ted  0.5M KC1 solution. For comparison 
purposes, similar experiments  were also performed in 
a deaerated 0.5M KHCO3 solution, which was chosen 
in order to minimize the possible influence of anion 
adsorption on the surface of p l a t inum (11). They e n -  
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Fig. 1. Cyclic voltammograms at 50 mV" s -1 .  A: above, left: 
bright Pt. B, above: Pt-TiO2. C, left: TiO2 electrodes in Ar-satu- 
rated 0.SM KCI solution at 40~ 
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able us to conclude that,  if in the case of b r igh t  Pt  the 
presence in t h e  solution of C1- ions affects the amount  
of charge corresponding to H deposition, no such effect 
is percept ib le  for the Pt-TiO2 electrode.  

The hydrogen  evolut ion at  the br igh t  p l a t i num and 
Pt-TiO2 electrodes s t a r t ed  in the same (within  100 
mV) poten t ia l  region,  --0.8 to --0.9V vs. 0.1 NCE, 
while  i t  was shif ted about  0.7V to more  cathodic 
potent ia ls  in the case of the nonpla t in ized  TiO2 elec-  
tro,de. However ,  s imi la r  shapes of the i -E curves  ob-  
served for the p la t in ized  and nonpla t in ized  TiO2 sug-  
gest that,  in spite of  a much l a rge r  hydrogen  ove rvo l t -  
age exhib i ted  by the l a t t e r  electrode,  the sequence of 
cathodic react ions at  both kinds of  surfaces is p robab ly  
the same. In par t icular ,  the ini t ia l  increase  of the 
cathodic current ,  occurr ing at  potent ia ls  preceding the 
hydrogen  region, is l ike ly  to be consistent  wi th  a 
pa r t i a l - su r f ace - r educ t ion  of TiO~ 

TiO2 + H20 + e -  -> TiOOH + O H -  

which must  involve the pro ton  t ransfe r  from the ad-  
sorbed molecule  of wa te r  (7). At  more  cathodic po-  
tent ia ls  (i.e., at about  --0.8V for Pt-TiO2 and --1.6V vs. 
0.1 NCE for TiO2), the e lect rode surface is supposed to 
become covered wi th  adsorbed hydrogen  atoms, giving 
rise to an anodic cur ren t  m a x i m u m  on the reverse  
sweep. Cyclic vo l t ammograms  obta ined  in 0.5M KC1 
solut ion sa tu ra t ed  wi th  CO2 (Fig. 2) showed a number  
of fea tures  d i f ferent ia t ing them from the curves in Fig. 
1. The most  significant one was a dist inct  increase of 
the cathodic cur ren t  at the Pt-TiO2 electrode,  occurr ing  
a l r eady  at  about  --0.2V (Fig. 2a),  i.e., at the potent ia ls  
less nega t ive  than  in  the case of the br igh t  P t  e lec t rode  

(Fig. 2b).  On the reverse  (anodic)  sweep, up to three  
dist inct  peaks,  corresponding,  in order  of increas ing 
potentials ,  to the oxidat ion of hydrogen  (peak  A) and 
of two reduced forms (or reduct ion products)  of CO2 
(peaks B, C) e lect rodeposi ted  at the P t - T i Q  electrode, 
were  observed.  This consti tutes an impor tan t  differ-  
ence with  respect  to the behavior  of b r igh t  p l a t inum 
for which a single peak,  usua l ly  associated (12) wi th  
the oxida t ion  of " reduced carbon dioxide",  occurred on 
the anodic sweep (Fig. 2b).  

When the poten t ia l  of the  Pt-TiO2 e lec t rode  was 
repe t i t ive ly  cycled, ex tend ing  each t ime the cathodic 
l imi t  by  an addi t ional  0.1V whi le  holding the anodic 
l imi t  the same, the oxidat ion  charge increased,  and 
peaks  C, B, and finally A appeared  successively (Fig. 
3a).  The fact that  peak  C was a l r eady  c lear ly  visible 
when the cycle was l imi ted  ca thodical ly  at --0.5V is to 
be connected with  a marked  affinity for CO2 exhib i ted  
by  the hyd ra t ed  Pt-TiO2 surface. Exper imen t s  con- 
sisting in s imply  exposing a P t - T i Q  e lec t rode  1 to 
0.SM KC1 solution sa tu ra t ed  with  CO2 and t rans fe r r ing  
it, a f ter  thorough washing,  to an A r - s a t u r a t e d  0.5M 
KC1 solution, have revea led  only  a smal l  difference 
be tween the cyclic vo l t ammet ry  i -E  profiles obta ined  
in the  l a t t e r  solut ion and those usua l ly  observed  in 
solutions sa tu ra t ed  with  CO2. A prolonged cycl ing c~f 
the  potent ia l  be tween  ex tended  l imits,  corresponding,  
to the H2 and 02 evolut ion reactions, respect ively,  was 

* B e f o r e  b e i n g  s u b m i t t e d  to  t h e  a d s o r p t i o n  e x p e r i m e n t s ,  f r e s h l y  
p r e p a r e d  Pt-TiO2 a n d  TiO2 e l e c t r o d e s  w e r e  r e p e t i t i v e l y  cycled 
( w i t h i n  t h e  u t m o s t  p o t e n t i a l  l imi t s  s h o w n  in  Fig .  l b  a n d  l c )  in 
0.5M KC1 so lu t ion  s a t u r a t e d  w i t h  a r g o n .  A b o u t  t e n  cyc les  usually 
suff iced f o r  t h e  e l e c t r o d e s  to  r e a c h  a r e p r o d u c i b l e  voltammetric 
b e h a v i o r .  
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Fig. 3. Cyclic voltammetry i-E profiles at $0 mV �9 s -1 ,  corresponding to various cathodic limits. A, left: Pt-Ti02. B, right: TiO~ elec- 
trodes in C02-saturated (1 arm) 0.SM KCI at 40~ 
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necessary in order  to remove most of the chemisorbed 
COs from the Pt-TiO.2 surface. No such behavior  was 
observed in the case of nonplat in ized TiO~ film elec- 
trodes; furthermore,  the corresponding cyclic vol tam- 
metry i-E profiles obtained in COJ0.5M KC1 solution 
showed only  two anodic peaks (Fig. 3b). This indicates 
that the Pt-TiO2 film electrodes exhibit  actual ly a quite 
specific activity for CO2 reduction which cannot be 
s imply  explained, for example, in terms of enhanced 
surface conductivity, but  is probably  the result  of a 
profound modification of the energetics of CO2 
adsorption. 

In  this connection, it seems interes t ing to ment ion  
recent  results concerning the gas-phase adsorption of 
CO2 on plat inized TiO2 powder, reported by Tanaka 
and White (13). According to these authors, the P t -  
TiO2 catalyst induces, at room temperature,  a decom- 
position of carbon dioxide into chemisorbed oxygen 
atoms and carbon monoxide. The decomposition rate 
of CO2 has been significantly higher on reduced P t -  
TiO2 samples than on the oxidized ones. In order to 
check whether  the dissociative adsorption of CO~ from 
aqueous KC1 solution could be responsible for the 
presence of an addit ional  anodic peak (peak B or peak 
C) observed on the reverse sweep in our cyclic vol tam- 
mograms (Fig. 2a), a few experiments  were also per-  
formed in a 0.5M KC1 solution saturated with carbon 
monoxide. As appears from the lat ter  measurements,  
the thermal ly  formed Pt-TiO2 electrodes behave with 
regard to the CO adsorption in quite a different m a n n e r  
than smooth or plat inized plat inum. In  fact, cyclic 
vol tammograms of Pt  recorded in  solutions sa turated 
with CO usual ly  exhibit  a sharp peak dur ing  anodic 
sweep, placed at about 0.9V (RHE), assigned (14) to 
the oxidation of adsorbed carbon monoxide to carbon 
dioxide. In  addition, as a consequence of a repulsive 
interact ion between the coadsorbed hydrogen atoms 
and carbon monoxide molecules, the potential  at which 
hydrogen starts to be evolved at p la t inum is subs tant i -  
al ly shifted in the negative direction with respect to 
that observed in the absence of CO from the solution. 
Both of these features, typical of the CO adsorption on 

plat inum, were absent from the cyclic vol tammograms 
of the Pt-TiO2 electrodes, the only  indicat ion of the 
presence of CO in the solution being a slight increase 
of the cathodic current  in the region of potentials cor- 
responding to the formation of Had atoms together with 
a broadening of the related anodic peak. These results 
do not allow, therefore, any definitive conclusion about 
the na tu re  of the interact ion (dissociative or not) 
between CO2 and the hydrated Pt-TiO2 surface. 
The existence of two distinct species, formed as a 
result  of the cathodic reduction of CO2 adsorbed on the 
Pt-TiO2 surface, has been confirmed by  the experi-  
ments  carried out with a rotat ing disk Pt-TiO2 elec- 
trode. As shown in Fig. 4, the rotat ion of the electrode 
leads to a disappearance from the i -E curve of peak B, 
while peak C, placed at more anodic potentials, re- 
mains practically unchanged (Fig. 4b). This suggests 
that one of the above species (that a~sociated with 
peak B) undergoes an easy desorption into the solu- 
tion, while t h e s e c o n d  one (associated with peak C) 
remains  s t rongly adsorbed on the Pt -TiO2 surface. A 
similar  conclusion can be drawn from the changes in 
the shape of cyclic vol tammograms as a funct ion of the 
sweep rate. As shown in Fig. 5, an increase of the sweep 
rate from 20 to 50 mV �9 s -~ produces an enhancement  
of peak B, and, in addition, a shoulder,  placed near ly  
at the same potent ial  as peak C, appears on the 
cathodic side of the vol tammogram. For still  hicher 
sweep rates (100 and 200 m V .  s - l ) ,  peak C increases 
more rapidly than peak B, and the above-ment ioned 
shoulder is sl ightly shifted in the direction of more 
cathodic potentials. Such behavior is consistent with 
the height of peak B's being controlled by the rate of 
diffusion of the related species from the surface of the 
electrode and the height of peak C increasing propor-  
t ional ly to v, the sweep rate (rather than to vl/2). 

Conclusions 
We have shown that the behavior  of the Pt-TiO2 film 

electrode with regard to the redl~ction of aqueous CO2 
differs markedly  from those exhibited by both the u n -  
supported Pt  and the nonplat in ized TiO2. Two most 
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significant fea tures  of this behavior  are the strong, i r -  
revers ib le  adsorpt ion  undergone  by  CO2 at open circuit  
(i.e., at quite posi t ive potentials ,  be tween  0.1 and 0.0V 
vs. 0.1 NCE or  about  0.75-0.65V vs. RHE) and the ex-  
istence of two dis t inct  in te rmedia tes  a n d / o r  products  
of the CO2 reduct ion at the Pt-TiO2 electrode.  Both the 
Pt  meta l  and the oxide  TIO2 are  appa ren t ly  needed to 
observe the chemisorpt ion of CO2 which takes place in 
the presence of H20 adsorbed  dissociat ively  on the 
oxide surface.  I t  is to be noted, in this connection, that  
only  exposure  of the Pt-TiO2 surface to a mix tu re  of 
CO2 and H20 vapor,  but  not  to d ry  CO2, resul ts  in the 
format ion  of e lec t rochemica l ly  de tec table  chemisorbed 
species. In  the case of meta l l ic  (unsuppor ted)  Pt, the 
chemisorpt ion of CO2 is observed only at cathodic po-  
tent ia ls  p receding  hydrogen  evolut ion:  in the presence 
of the Had atoms. 

In  addi t ion to its capabi l i ty  to dissociate water ,  the 
role of the TiOe suppor t  in the cathodic reduct ion of 
CO2 can be to provide  acceptor  sites for the reduced  
species formed on the ad jacent  meta l  sites. For  in-  
stance, Solymosi  et al. (15), in thei r  in f ra red  s tudy  of 
the surface in terac t ion  be tween H2 and CO2 (in gas 
phase)  over  a TiO2-supported rhodium catalyst ,  found 
tha t  the formed formate  ions are  p re fe ren t i a l ly  ad-  
sorbed on the  TiO~ support .  Thus, the l ike ly  exis tence 
of two kinds  of adsorpt ion  sites on the Pt-TiO~ surface 
and the poss ibi l i ty  of  the desorpt ion of the react ion 
products  via the TiO2 suppor t  would  expla in  the pres-  
ence of  mul t ip le  anodic  peaks  on the reverse  sweep of 
cyclic vo l t ammograms  in Fig. 2a and 3a. 
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ABSTRACT 

Results of luminescence probe studies of solutions of the polyelectrolytes obtained upon dissolving Nafion are re- 
por ted.  The p r imary  objec t ive  of this  work was to s tudy  the na tu re  of the i n t e r ac t ions  be t w e e n  these  an ion ic  
polyelectrolytes and their counterions. Both 1100 and 12"00 equivalent weight Nation were studie~l; solutions of these 
Nations were prepared using a procedure developed in this laboratory. These luminescence probe studies have shown that 
strong binding to the Nation polyelectrolytes occurs when both hydrophobic and electrostatic interactions are possible. 
Hence, Nation preferentially binds hydrophobic cations such as Ru(bpy)~ 2+ (bpy = 2,2'-bipyridine), methylviologen, and 
auramine O over simple inorganic cations such as H +, Na +, and Mg 2+. The implications of this unusual  ion exchange selectiv- 
ity to transport properties of Nation films and membranes are discussed. 

Perfluorinated ionomers (1) have been used in a 
var ie ty  of electrochemical applications, including use 
in chlor-alkal i  cells (2, 3), water  electrolyzers (4), 
z inc-bromine cells (5), hydrogen-halogen cells (6), 
hydrogen-oxygen fuel cells (7), and as agents for the 
preparat ion of chemically modified electrodes (8). 
These ionomers also have a number  of nonelectrochem- 
ical uses (9, 10). Because of their  remarkable  versatility, 
much current  research effort is being devoted to s tudy-  
ing the morphological and chemical properties of these 
ionomers (1). We have recently described a procedure 
for dissolving perfluorinated ionomer membranes  (11). 
This allows, for the first time, for a s tudy of the in -  
trinsic chemical properties of the poly(perf luorosul-  
fonate) (PFS) molecule itself. Such studies should 
allow for a more thorough unders tanding  of the chemi- 
cal features, and perhaps of the morphological features, 
of ionomer membranes.  We report at this time results 
of various luminescence probe studies of the polyelec- 
trolytes obtained by dissolving the 1100 and 1200 equi-  
valent  weight versions of du Pont 's  Nation (1). The 
pr imary  objective of this work is to s tudy the in ter-  
action.s between these anionic polyelectrolytes and 
their  counterions. 

Experimental 
Materials.--Samples of 1100 and 1200 equivalent  

weight Nation were k indly  donated by E. I. du Pont  
de Nemours and Company. These were dissolved using 
the procedure of Mart in  et al. (11), which uses 50:50 
e thanol -water  as the solvent. The alcohol was removed 
from these solutions, immediate ly  before use, by heat-  
ing. The Na + form of the polyelectrolytes (Na-PFS's)  
were obtained by adding carefully measured quanti t ies 
of NaOH to the polymer solutions. Ru(bpy)sC12 
6H~O (bpy = 2,2 '-bipyridine) (G. F. Smith) ,  1,1'- 
d imethyl -4 ,4 ' -b ipyr id in ium dichloride hydrate  (meth-  
ylviologen) (Aldrich),  and 1,1 '-diheptyl-4,4 '-bipyri-  
d in ium dibromide (heptylviologen) (Aldrich) were 
used without fur ther  purification. Tr is(2 ,4-pentanedi-  
one)cobal t  (III) ,  Co (acac)8, (Alfa) was recrystallized 
from benzene, washed with diethyl ether, and dried at 
60~ (12). Auramine  O [4,4 ' - ( imidocarbonyl)bis  (N,N'- 
d imethylani l ine)  monohydrochloride] (the cation is ab-  
breviated AO + (Sigma) was recrystallized from NaC1 
(13). 11- (3-hexyl-  1-indolyl) undecy l t r imethy lammo-  
n ium bromide [the cation is abbreviated ( 6 - I n - l l  +) 
(14) ] was donated by N. J. Turro. All other reagents 
were ACS reagent grade and were used without fur-  
ther  purification. Triply distilled water was used 
throughout  this work. The I100 and 1200 equivalent  
weight versions of Nation gave essentially identical 
results. Only the 1100 data are reported. 

Emission intensity and absorbance measurements.-- 
Emission spectra were obtained using a Spex Fluorolog 

* Electrochemical  Society  Act ive  Member.  

2 spectrofluorometer. Ru(bpy)32+, AO +, and 6 - I n - l l +  
were excited at 455, 435, and 290 nm, respectively. 
Emission in tensi ty  was monitored at 600 nm for the 
Ru(bpy)32+* quenching studies. Absorption spectra 
were taken using a Beckman Model 26 photometer.  

The solutions for the luminescence intensi ty  mea-  
surements  were prepared by adding aliquots of stock 
solutions of the polymer (1% weight  volnme [w/v] )  to 
Ru(bpy)8  ~'~+ (2 • 10-~M), AO + (5 • 10-~M), or 
6 - I n - l l  + (2 • 10-ZM) solutions in quartz cuvettes. 
Hamil ton microli ter  syringes were used. The cuvette 
solution was mixed thoroughly after each addit ion of 
polymer solution, and intensities were corrected for 
dilution. The addition of salt solution or quencher  to 
a P F S / R u ( b p y ) 3  u+ or PFS /AO + solution followed a 
similar  procedure. 

Lifetime measurements.--Ru (bpy) 33 + * lifetime mea-  
surements  were done at the Center for Fast Kinetics 
Research at the Univers i ty  of Texas at Austin. Life- 
times for Ru(bpy).~ 2+* in pure water, in a solution 
0.01% in H-PFS  (proton form of the polyelectrolyte) 
and in a solution of 0.01% Na-PFS were obtained [all 
solutions were 2 • 10-5M in Ru(bpy)32+].  Solutions 
were degassed with prepurified nitrogen. A Quantrel  
YG 481 Nd:YAG Q-switched dye laser (535 rim, ca. 
10 ns pulse) was used as the excitation source. Lumi-  
nescence emission was monitored at 650 n m  with an 
RCA R928 photomult ipl ier  tube and processed with a 
Biomation (Gould) mul t ichannel  analyzer  and a PDP-  
11/70 minicomputer .  Metal screens were used to at-  
tenuate the incident laser intensity.  

Results and Discussion 
The luminescence probe studies.--As noted above, 

the pr imary  objective of this work is to s tudy the 
na ture  of the interactions between the Nailon poly- 
electrolytes and their  counterions. Clearly, an electro- 
static interact ion (15a) will  be present, but  because 
hydrophobie interactions (15b) have been implicated 
in various studies of Nation membranes  (8, 16, 17), it 
was of interest  to see if evidence for such interactions 
could be observed in solutions of the polyelectrolytes. 
Luminescence probe studies have been shown to be 
quite effective at characterizing polyion-counter ion 
interactions in other polyelectrolyte systems (18-24). 
Two types of luminescence probe experiments  were 
used here. The first involved studies of the effect of 
addition of the PFS's  on the luminescence emission in-  
tensities of various cationic probes in aqueous solution. 
Three s t ructural ly  diverse probes, 6-In-11 + (14, 22, 23), 
Ru(bpy)a  2+, and AO + (24) were chosen for these 
studies. 8 - I n - l l  + was chosen because the effect of 
solvent polari ty on its emi s s ion  characteristics are 
dramatic and well  characterized (14, 22, 23), and be-  
cause it has been used to study polyion-counter ion 
interact ions in po ly ( s ty rene - su l fona te ) (PSS)  (23). 
Ru (bpy )a  2+ was chosen because Lee and Meisel have 

7 5 1  
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suggested that hydrophobic interactions between this 
ion and the fluorocarbon chain material  occur in 1200 
equivalent  weight Nation membranes  (16). AO + was 
chosen because it has proved to be ideally suited for 
s tudying polymer-probe interactions (24). 

The second set of luminescence probe experiments  
involved studies of the effect of the PFS's  on the rates 
of quenching of Ru(bpy)82+* by various electron 
t ransfer  quenching agents. Ru(bpy)3  e+ was chosen 
for these studies because it s t rongly binds to the 
PFS's  (vide infra) and because its luminescence in  
aqueous solution has been well characterized (25). 

Luminescence intensity studies.--Figure 1 shows the 
effect of addition of an aqueous solution of Na-PFS 
(1 w /v )  on the emission spectra of 6-In-11 +. A pro- 
nounced blueshift  in the position of the emission spec- 
t rum is observed (wavelength of max imum emission 
intensity, kmax, in water  is 374 nm, 1max in Nation 
solution is 356 nm) .  A blueshift  in the emission of a 
probe (relative to water)  is often indicative of a more 
hydrophobic envi ronment  for the probe (26). [The 
photochemical mechanism for such a shift is discussed 
by Brand and Gohlke (26).] The observed blueshift, 
then, suggests that Nation is engaging in hydrophobic 
interactions with 6 - I n - l l  +. In  this type of luminescence 
probe study, however, it is desirable to compare the 
emission of the probe from the unknown  envi ronment  
with its emission spectrum from some wel l -character-  
ized environment .  It is known that PSS can engage in 
strong hydrophobic interactions with its counterions 
(18, 23). Turro and Okubo observed a pronounced 
blueshift  in the emission of 6 - I n - l l  + from aqueous 
solutions of PSS, which they at t r ibuted to hydrophobic 
binding of this probe by PSS (23). The similari ty in 
the responses of this probe to the unknown  (Nation) 
and s tandard (PSS) environments  adds fur ther  evi- 
dence for hydrophobic interactions between 6 - I n - l l  + 
and Nation. 

In addition to the shift in 1max, a de,crease in emis- 
sion intensity,  with the init ial  additions of Na-PFS,  
is observed (Fig. lb) ,  followed by a gradual  increase 
in intensi ty  with fur ther  additions (Fig. lc) .  Similar  
results were obtained by Turro and Okubo in their  
investigations of Na-PSS (23). They suggest that 
quenching by trace impurities present  in the polymer 
solution may account for the init ial  decrease in emis- 
sion in tensi ty  (23). 

Fur ther  evidence for a strong hydrophobic compo- 
nent  to the interact ion between 6 - I n - l l +  and PFS 
is obtained from studies of 6 - I n - l l  + absorption 
spectra. As shown in Fig. 2, the absorbance at 290 
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Fig. 1. Effect of addition of Na-PFS on fluorescence spectra for 
6-1n-11 + (2 X 10-5M).  A: no Nation added. B: after addition of 
Na-PFS solution, 3.79 X 10 - s  mols of - -SO~-  sites added. C: 
after addition of more Na-PFS solution, 5.05 X 10 - 7  mols of 
- -SO3-  sites added. 
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Fig. 2. Excitation spectra of 6-1n-ll + (2 X 10-hM, monitored 
at 374 nm). A: no Nafion added. B: after addition of Na-PFS 
solution, 7.26 X 10 - 8  mols of - - S O 3 -  sites added. C: after addi- 
tion of more Na-PFS solution, 1.99 • 10 - 7  mols of - -SO~-  sites 
added. 
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n m  increases as Na-PFS is added to a solution of 
6 - I n - l l  +. Turro has shown that the absorbance for 
this probe increases as the polari ty of the env i ronment  
around the probe decreases (22, 23); furthermore,  a 
similar  increase in absorbance was observed with 
PSS (23). Figure 2 shows excitation spectra obtained 
with the fluorometer, but  true absorbance spectra (ob- 
tained with the spectrophotometer) gave identical re-  
sults. Finally,  it is impor tant  to note that  while the 
data shown in Fig. 1 and 2 refer specifically to the 
Na + form of PFS, essentially identical results were ob- 
tained with the proton form. These studies clearly 
show that 6 - I n - l l  + engages in strong hydrophobic 
interactions with the PFS's. 

Figure 3 shows the effect of concentrat ion of Na-PFS  
(expressed as the molari ty  o f - - S O 3 -  sites) on the  
intensi ty  of emizsion by Ru(bpy)82+*. Emission in-  
tensi ty is expressed as the ratio I/I ~ where I ~ is the 
in tensi ty  in pure water, and I is the in tensi ty  after 
addition of an increment  of the Na-PFS solution (21). 
Emission intensi ty  increases with increasing concen- 
t rat ion of PFS unt i l  a stoichiometrically equivalent  
amount  of - - S O 3 -  sites have been added to the solu-  
tion (i.e., unt i l  2 • [---SO~-] : [Ru(bpy)82+]) .  This 
increase in intensi ty  is not due to some po lymer - in -  
duced change in bulk  concentrat ion of the Ru (bpy)8 ~+, 
because the absorption spectrum (corrected for di lu-  
tion) is unaffected by the presence of PFS, nor  is i t  
due merely  to a change in  the shape of the emission 
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Fig. 3. Dependence of Ru(bpy)a 2+*  luminescence emission in- 
tensity on concentration of Na-PFS. [Ra(bpy)~ 2+]  ~ 2 X IO-SM. 
kEX ~ 455 nm, ,~,EI~I ~ 610 nm. 
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band,  because an analogous plot  of the areas  under  
the emiss ion bands  gives an ident ica l  curve. When 
g rea te r  than s to ichiometr ic  amounts  of P F S  are  added,  
a level ing in emission in tens i ty  is observed (Fig. 3). 

The level ing of the emission in tens i ty  at  the stoi-  
chiometr ic  equivalence point  impi icates  a role for 
e lectrostat ic  in teract ions  in the observed  increase in 
emission intensi ty .  However ,  if  a hydrophi l ic ,  d iva len t  
meta l  ion (e.g., Mg 2+) is added  to a R u ( b p y ) 3 2 + / P F S  
solution, a huge excess of the hydrophi l ic  ion is re -  
qui red  to r e tu rn  I / I~  back to 1 (Fig. 4, the rat io 
(mols Mg2+/mols  R u ( b p y ) 3  a+) to make  I / I  ~ 1 is ca. 
1000). If  the increase  in emission in tens i ty  (Fig. 3) 
resul ted  f rom pu re ly  e lect ros ta t ic  interact ions,  the  
ab i l i ty  of Mg 2+ to replace  Ru (bpy)32+ as the counter -  
ion of the  po lye lec t ro ly te  would not  be so severe ly  
re tarded,  tha t  is, one might  expect  the rat io  (mols 
Mg2+/mols  Ru(bpy )a2+)  requ i red  to make  I / I  ~ ca. 1 
to be close to unity.  Given the hydrophobic  na tu re  of 
Ru(bpy)82+,  the resul ts  in Fig. 4 indicate  that  there  
is also a s t rong hydrophobic  in teract ion be tween  this 
counter ion and the PFS's .  The b inding  of Ru(bpy)32+ 
to the  PFS ' s  is via  a concer ted hydrophob ic / e l ec t ro -  
s ta t ic  interact ion.  

When R u ( b p y ) ~  2+ is used as a luminescence probe 
of hydrophi l i c  polyions,  where  only e lect ros ta t ic  in te r -  
act ions are  extant ,  emission in tens i ty  does not change 
wi th  the concent ra t ion  of the polyion (27). This sug-  
gests tha t  the increase in emission in tens i ty  in Fig. 3 
is caused by  the hydrophobic  pa r t  of the  interact ion.  
K u r i m u r a  e~ al. saw a s imi lar  increase  in emission 
in tens i ty  when  PSS was added to a R u ( b p y ) s  2+ solu-  
t ion and also concluded tha t  this increase was due to 
hydrophobic  in teract ions  (21). A considerat ion of the  
effect of  wa te r  on the nonrad ia t ive  ra te  constant  p ro -  
vides a possible exp lana t ion  for the observed increases 
in Ru (bpy)  82+* emission intensi ty.  As recen t ly  noted 
by  Casper  and Meyer  (28), wate r  is pa r t i cu l a r ly  ef-  
fect ive at  p romot ing  nonrad ia t ive  decay in Ru(bpv)~ 2+*. 
It  seems l ikely,  then, that  any  in terac t ion  which shields 
Ru(bpy)82+* from wa te r  will  increase its quan tum 
yie ld  [the rad ia t ive  ra te  constant  is re ]a t ive ly  insen-  
si t ive to solvent  (28)].  Since it is the incompat ib i l i ty  
of wate r  and the hydrophobic  solute  which promotes  
hydrophobic  bonding (15b), it  is reasonable  to as-  
sume tha t  when bound to PFS,  Ru(bpy)~  2+ minimizes  
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Fig. 4. Effect of addition of MgSO4 on emission intensify of 
Ru(bpy)32+* from a Ru(bpy)32+/Na-PFS solution. 2 X  10 - s  
mols Ru(bpy)32+, 6 X 10 - 8  mols Nafion - - 5 0 3 -  sites (see Fig. 
3). 
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its contact  wi th  water .  Therefore,  a quan tum yie ld  
increase  would be expected.  

The final luminescence probe  used was AO +. In 
nonviscous solvents,  electronic exci ta t ion  energy  in 
AO + is diss ipated as heat  via ro ta t ion of its pheny l  
r ings (24). For  this reason, AO + does not  fluoresce in 
wate r  (Fig. 5) or  o ther  nonviscous solvents (24). 
Binding  of AO + to polyanions  h inders  pheny l  r ing  
rotat ion,  and fluorescence can be observed (24). F igure  
5 shows tha t  N a - P F S  can induce fluorescence in AO +. 
As was the case wi th  Ru(bpy)82+,  fluorescence in-  
tens i ty  is p ropor t iona l  to [ - - S ( ) 3 - ]  unt i l  a s toichio-  
me t r i ca l ly  equiva lent  quan t i ty  of po lymer  is added.  
Fur the rmore ,  huge  excesses (ca. 1000-fold) of Na + are  
requ i red  to re tu rn  the emission in tens i ty  to background  
levels,  indica t ing  that  AO + also binds  via a concerted 
hydrophobic /e lec t ros ta t i c  interact ion.  

Quench ing  s tud ies . - - I t  is wel l  known that  quenching 
react ions be tween an e lec t ronica l ly  exci ted cation and 
a cationic quencher  are  accelera ted  in the presence of 
a po]yanion (19, 27, 29). This accelera t ion is due to 
the concentrat ion of the cations in the  domain  a round  
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Fig. 5. Fluorescence spectra of AO + as a function of concen- 
tration of Na-PFS ( [AO + ]  ~ 5 • 10-5M,  ~EX = 435 rim). 1: 
n~ Na-PFS. 2 : 9  X 10 - 9  mols of - -SO3-  sites, 3 :1 .8  X 10 - 8  
mols --SO3 sites. 4 : 2 . 7  X 10 - s  mols - - S O 3 -  sites. 5: 
3.6 X 10 - 8  mols - - S O 3 -  sites. 
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the polyion chains (i.e, the local concentrations of 
both emit ter  and quencher are higher than the bulk  
concentrations) (19, 27, 29). It was of interest  to see 
if acceleration of quenching reactions between cationic 
quenchers and Ru(bpy)~  ~+* could be observed in the 
presence of the PFSs .  Fur thermore,  given the s t rongly 
hydrophobic na tu re  of the PFS's  (vide supra), it was 
of par t icular  interest  to see if a contr ibut ion from 
hydrophobie interactions (18) could be discerned in 
any acceleration observed. 

Quenching rate constants were determined using the 
emission in tensi ty  form of the Stern-Volmer  equation 
(30). Typical S tern-Volmer  plots are shown in Fig. 6. 
We have obtained apparent  quenching rate constants 
f rom such plots for hydrophil ic  cation, hydrophobic 
cation, and neu t ra l  quenchers in the presence of both 
N'a-PFS and H-PFS 's  (Table I).  Measured Ru(bpy)~ ~+* 
lifetimes of 640 _+ 10 ns (Na-PFS)  and 590 _+ 10 ns 
(H-PFS)  were used for calculation of these rate con- 
stants. They are called apparent  quenching rate con- 
stants because they have been calculated assuming the 
bulk  quencher  concentrations. To obtain real quench-  
ing rate constants, the values shown in Table I would 
have to be normalized, as described by Meisel et al. 
(19). Since it is the magni tude  of the rate constant 
enhancement  which is of interest  here, normalizat ion 
was not attempted. 

Table I shows that  quenching rate constants are 
enhanced for all  of the cationic quenchers. The amount  
of enhancern:ent can be described quant i ta t ive ly  by 
the enhancement  factor (~), which is the ratio of the 
apparent  rate constant in the presence of the polymer 
to the rate constant observed in pure water. Enhance-  
ment  factors (Table II) for the hydrophobic cations 
(methylviologen and heptylviologen) are seven to 
ten times larger than the enhancement  factors for the 
hydrophil ic cations. As in the previous set of experi-  
ments, these data show that hydrophobie interactions 
can play an  impor tant  role in the b inding  of counter-  
ions to the PFS's. Again, however, the importance of 
the electrostatic component of the interact ion is demon-  
strafed because quenching by neu t ra l  Co (acac)~ is not 
changed appreciably by the presence of the polyanion. 
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Fig. 6. Typical Stern-Volmer plots for quenching of PFS-bound 
Ru(bpy)~ ~+*  by various quenchers. I-Ru(bpy)32+] = 2 X 10-5M, 
[Na-PFS] = 0.05%. 

Table I. Apparent second-order.rate constants (M-1S -1) for 
quenching of Ru(bpy)~ +*  emission by various quenchers. Effect 

of the PFS's on the rate constants 

Q u e n c h e r s  

Medium Cu~+ Fea~ MV2+ �9 HV~+ b CO (acac) .e 

W a t e r  7.7 x 10 ~a 2.1 x l0 se 4.5 x 10~ 4.2 • 10s~ 1.1 x 109h 
H-PFSI 2.4 • 109 2.2 x 10 ~ 1.5 x 10 n 9.7 • 10 ~o 1.5 x 10 ~ 
Na-PFS 1 3.9 x 10 .8 4.5 x 10 ~t 

a Methylviologen. 
b Heptylviologen. 
eacac = ace ty lace tone .  
Ref. (33). 

e Ref. (19). 
f Ref. (16). 

Ref. (54). 
1~ Ref. (12). 
i Solution was 2 • 10-~M in Ru(bpy)8 ~§ and 0.05% in po lymer .  

Table II. H-PFS induced enhancement factors, c~ (.---- apparent 
rate constant in the presence of polymer divided by pure water 

rate constant) for various quenchers* 

Q u e n c h e r  Cu 2+ Fe  ~ MV ~+ HV=+ Co (acac) s 

a 31 10 330 230 1.4 

* See  Table  I. 

As was indicated by the data obtained in the in tensi ty  
studies, a concerted hydrophobic/electrostat ic in ter -  
action is required to produce strong binding.  

Conclusions 
This work has shown that strong b inding to the 

Nation polyelectrolytes occurs when both electrostatic 
and hydrophobic inter'actions are possible. This helps 
to explain why a Nation film on an electrode surface 
retains hydrophobic counterions (e.g., Ru(bpy)32+, 
MV 2+) (8) when the film is immersed in a solution 
containing high (e.g., 0.1M) salt concentrations and 
none of the hydrophobic ion. Nation shows very  dif- 
ferent  selectivity than the polyelectrolytes investigated 
by  Anson (31), which apparent ly  bind only via elec- 
trostatic interactions. We are current ly  invest igat ing 
ion exchange selectivity in cationic analogs of Nation 
to see if hydrophobical ly dr iven ion exchange is a 
general  phenomenon.  

This work raises impor tant  points concerning t h e  
t ransport  properties of Nation. The permeabi l i ty  of a 
mater ial  to a solute species is proport ional  to the prod- 
uct of the part i t ion constant  and the diffusion coeffi- 
cient for that species in the material.  In  most of the 
electrochemical applications of Nation, high permea-  
bil i ty to" cations is desired. Because of the affinity of 
the polymer for hydrophobic cations (i.e., high par t i -  
t ion constant) ,  these ions could show higher perme-  
abilities than smaller  alkali  metal  ions, if the membrane  
is in contact with a solution containing both types of 
cations. Finally,  these data corroborate results obtained 
previously in this laboratory, which showed that rates 
of ionic diffusion through Nation films can be affected 
by hydrophobic interactions (32). 
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The Effect of Reactive Gases on Oxygen Sensor Responses 

J. I. Federer 

Oak Ridge National Laboratory, Metals and Ceramics Division, Oak Ridge, Tennessee 37830 

ABSTRACT 

Ceramic electrolyte oxygen sensors consist ing of stabilized zirconia with pla t inum electrodes were compared in 
flowing gases in a laboratory apparatus.  The oxygen partial  pressures indicated by these sensors in reactive gases were 
substant ial ly different. Gases containing CO produced a greater difference than gases containing H2. The responses of these 
sensors were at tr ibuted to their  relative catalytic behavior. 

Commerc ia l ly  ava i lab le  oxygen measur ing  devices 
include those based on ceramic electrolytes ,  p a r a m a g -  
netism, and e lec t rometry .  An  impor tan t  use of oxygen  
sensors i's measuremen t  of oxygen concentrat ions  in 
the  combust ion envi ronments  of indus t r ia l  furnaces  and 
au tomobi le  exhausts .  In  these applicat ions,  the sensors 
measure  the oxygen concentra t ion  and, if  coupled with  
aux i l i a ry  ins t rumenta t ion ,  control  the a i r / fue l  rat io 
be ing  burned.  A potent ia l  appl ica t ion  for  oxygen  sen-  
sors is in fluidized bed combustors  (FBC's)  burn ing  
coal. The need  for  an oxygen sensor was demons t ra ted  
dur ing  corrosion test ing of candidate  s t e am- tube  m a -  
ter ia ls  in a test bed. Severe  oxidat ion-sul f ida t ion  cor-  
rosion of type  316 stainless  s teel  occurred in one 
locat ion of the  bed, but  the  same al loy corroded l i t t le  
at  s imi la r  t empera tu res  in other  locations (1, 2). This 
behav ior  suggested tha t  the  corrosiveness of the en-  
v i ronment  var ied  signif icant ly wi th in  the  bed. Corro-  
sion of s ta inless  steels by  an oxidat ion-sul f ida t ion  
mechanism is governed b y  the the rmodynamic  s tab i l i ty  

Key words: ceramics, electrolyte, cell, catalysis. 

of the  oxides and sulfides of the e lements  involved (3, 
4). F luc tua t ions  in oxygen and su l fur  concentrat ions 
tha t  resul t  in combinat ions  of low oxygen and high 
sulfur  might  increase corrosion. An oxygen  measur ing  
sys tem (OMS) was needed,  therefore ,  to s tudy and 
control  corrosion behavior  in fluidized beds. Severa l  
movable  devices might  s y s t e m a t i c a l l y  revea l  oxygen 
concentrat ions  wi thin  the bed, t he reby  aiding in t e r -  
pre ta t ion  of corrosion results.  Subsequent ly ,  s ta t ion-  
a ry  devices at s t ra tegic  locations could moni tor  and 
control  oxygen concentrat ions at levels consistent  wi th  
efficient combust ion and acceptable  corrosion. 

Commerc ia l ly  avai lab le  oxygen sensors were  inves t i -  
gated to de te rmine  the type  most sui table  for FBC use. 
This invest igat ion focused on the mode of operat ion,  
t empe ra tu r e  capabi l i ty ,  and measur ing  range  of ce-  
ramic  electrolyte ,  paramagnet ic ,  and e lec t rometr ic  de-  
vices. Pa ramagne t i c  devices use the  pa ramagne t i c  
p rope r ty  of oxygen (most o ther  gases are  d iamagnet ic )  
to produce  a flow of oxygen,  a const i tuent  of a gas 
mixture ,  over  a the rmis to r  in .contact wi th  the gas. 
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C u r r e n t  flow in the thermistor  is proport ional  to the 
oxygen content  of the gas. In electrometric devices, 
oxygen in a gas is reduced to hydroxyl  ions at the 
cathode of an electrochemical cell. Migration of the 
ions to the anode unde r  the influence of an imposed 
voltage constitutes an electric current,  which is pro- 
port ional  to the oxygen content of the gas. This in -  
vestigation revealed that paramagnet ic  and electro- 
metric devices can measure oxygen concentrations in 
samples only at approximately ambient  temperature.  
Since the typical operating temperature  of an FBC is 
875~ samples would have to be extracted and cooled 
f o r  measurement .  Possible problems with extracted 
samples include clogging of sampling lines with par-  
t iculate m a t t e r  and change in composition of the gas 
sample caused by shift in equil ibria dur ing  cooling or 
by mixing. These potent ial  problems and l imited mea-  
sur ing  range el iminated paramagnet ic  and electro- 
metric devices in favor of those based on ceramic elec- 
trolytes. The lat ter  have several apparent  advantages 
over the other types: high tempera ture  capability, 
which allows in situ measurements ;  wider measur ing 
range; and faster response to changes in oxygen con- 
centrations. Possible problems with ceramic electrolyte 
sensors include breakage by  thermal  shock or impact 
by bed material,  corrosion and erosion, and sluggish 
response due to deposition of bed materials.  Although 
these problems might be minimized by design or mode 
of operation, the serious na ture  of another  problem 
identified dur ing  laboratory testing requires unde r -  
s tanding for max imum usefulness of these devices in 
FBC's. This problem concerns the difficulty of measur -  
ing oxygen concentrations in reactive gas mixtures  
using commercial ly available ceramic electrolyte 
probes. This paper  concerns the large differences in 
response that were obtained dur ing  comparison of 
commercial ly available oxygen probes in a laboratory 
apparatus. 

Oxygen Probes Evaluated 
Two Corning in situ probes (Model 8081) were tested. 

Their  construction is s imilar  to that  shown in Fig. 1. 
The a lumina  protection tube was 22.2 mm od by 0.6m 
long. The two probes were similar  except for a porous 
ceramic layer over the sensor of one probe. Layers of 
this type protect the sensor against erosion. Two Bosch 
automobile exhaust  sensors, modified as shown in Fig. 
2, were also tested. The original housing and electri-  

cal lead (neither shown in Fig. 2) were replaced with 
t w o  stainless steel tubes and a Teflon insulator.  An 
extracted-sample (off-line) oxygen sensor served as 
a reference sensor. All  sensors had stabilized zirconia 
ceramic electrolytes with p la t inum electrodes. 

The zirconia is typically in the form of a closed-end 
tube (Fig. 1). The closed end is coated inside and out-  
side with a thin porous layer  of plat inum. The plat i -  
n u m  coatings form the electrodes of a solid-state elec- 
trochemical cell, and p la t inum wires attached to the 
electrodes permit  the cell voltage to be measured. In  
the normal  mode of operation, a gas of known oxygen 
concentrat ion (usually air) is in contact with the inner  
surface (cathode) of the sensor, and the outer surface 
is in contact with a gas of lower oxygen content  to be 
measured. At the cathode, where the oxygen concen- 
t rat ion is high, oxygen molecules dissociate and ac- 
quire electrons to become ions as shown 

02-> 2 0  

2 0  "F 4e -1--> 2 0  -~ 

At the anode, where the oxygen concentrat ion is low 
relat ive to the cathode, the reverse reactions occur. 
The net  result  is an open-circui t  cell voltage, which 
is related to the u n k n o w n  oxygen concentrat ion 
through the Nernst  equation 

E = (RT/nF) In (Po) r~ (Po) 

where n is the n u m b e r  of gram equivalents  per mol 
(here four, from the oxygen ionization reaction),  F is 
Faraday,  or 96,500 coulombs per  gram equivalent,  R is 
the gas constant, or 8.314 J / ( m o l  �9 K) ,  T is the abso- 
lute  temperature  in degrees kelvin, (Po)r is the ref-  
erence oxygen part ial  pressure,~ and (Po)= is the pa r -  
tial pressure to be determined. The cell voltage de- 
pends directly on T and inversely on In (Po)=. As will  
be shown, apparent  values of (Po)z in  dynamic reac- 
tive gases can vary between the actual  value and the 
thermodynamic  equi l ibr ium value. The p la t inum coat- 
ing on the sensor tends to catalyze reactions in reac- 
tive gases. The indicated (Po)x in a dynamic system 
of flowing reactive gases, therefore, represent~ a local 
approach to equi l ibr ium at the surface of the sensor. 

1 Throughout this paper po represents the partial pressure ~f 
molecular oxygem 
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Fig. 2. Modified Bosch oxygen sensor 

Apparatus 
The appara tus  for  compar ing  the Corning and Bosch 

probes  is shown schemat ica l ly  in Fig. 3. Gas mix tures  
wi th  se lec ted  oxygen contents were  me te red  into the 
two l ines leading  to the oxygen  probe furnace.  The 
gases were  first hea ted  by  contact  wi th  ex tended  sur -  
faces in the  p rehea t  furnace and then passed th rough  
insula ted  tubing  into the probe furnace.  Al though the 
t ime requi red  to respond  to sudden  changes in oxygen  
concentra t ion was also measured  in this appara tus  (5), 
only  the  resul ts  of compar ing  probes  under  s t eady-  
s ta te  flow condit ions wil l  be descr ibed here.  Dur ing  
these comparisons,  gas of the desired Po fol lowed the 
crossover pa th  indica ted  in Fig. 3. The two Corning 
probes were  p laced in the appara tus ,  as depicted in 
Fig. 3. Two Bosch probes  were  s imi l a r ly  located in a 
subsequent  exper iment .  

An ex t r ac t ed - sample  oxygen sensor manufac tu red  
by  App l i ed  Elect rochemist ry ,  Incorporated,  (AEI)  
served as the  reference  sensor. The AEI  ins t rument  
was also used to d i sp lay  the output  f rom the probes 
being tested. Unl ike  ins t ruments  p rov ided  with  most 
commerc ia l ly  avai lable  oxygen probes,  which typ ica l ly  
d i sp lay  oxygen content  ranging  f rom 0 to 25% with  a 
m in imum resolut ion of 0.01%, the  AEI  ins t rument  dis-  
p lays  the cell  output  in mil l ivol ts  (0-1000 mV) ,  oxy-  
gen content  in percent  (1 X 10 -6 to 100%), and log Po 
[atm] (0 to - -20) .  

Comparison tests requi red  gas mix tures  containing 
different  concentrat ions of oxygen.  Mixtures  were  
p repa red  f rom air, Ar,  Ar-80% CO, Ar-0.5% CO, CO, 
Ar -4% I-I2, and CO~. The AEI  sys tem was ca l ibra ted  
with  air, argon (for which the oxygen  content  was 
de te rmined  independen t ly ) ,  and CO2-CO mixtures ,  
for which the oxygen content  was calcula ted f rom the 
express ion for the equ i l ib r ium constant  K of the reac-  
t ion 

CO + I/20~ ~-- CO2 

K : Peo2/PcoPoV2 or Po -- (Peo2/KPco) ~ 

where Pco2, Pco, and Po are the partial pressures of 
CO2, CO, and 02, respectively. The Po of air, the Po of 
argon determined by mass spectrometric analysis, and 
the calculated Po of Ar-CO-CO2 mixtures at equilibrium 
at 750"C are shown in Fig. 4, a plot of Po values mea- 
sured by the reference sensor against calculated or 
analytically determined Po values. No data are shown 
between about 1 Pa and 2 pPa because the required 
small flow rates of CO could not be accurately mea- 
sured. Nevertheless, agreement appears to be satisfac- 
tory over 19 orders of magnitude. 
With the knowledge that the reference oxygen sensor 

accurately measured Po, mixtures of various Po could 
be prepared by simply mixing gases until the desired Po 
was indicated by the reference sensor, that is, without 
accurately metering the gas components. The accuracy 

Fig. 3. Apparatus for testing 
the performance of oxygen 
probes. 
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of the device was checked periodically, however, with 
mixtures  of known compositions. 

Results 
The Corning probes were compared wi th  the refer-  

ence sensor at 750~ by use of steady flows of gases of 
different Po. The results are shown in Fig. 5, wherein  
Po indicated by the reference is plotted against that 
indicated by the Coming  probes. Because the values 
depended on gas flow rate and exposure time, the data 
in Fig. 5 represent  s teady values after 3-6h of steady 
flow. Dur ing  these tests, the probe with the porous 
ceramic layer  required much longer times to at tain a 
steady Po, apparent ly  because the porous layer  re-  
stricted access of gas to the sensor. Nevertheless, both 
probes eventual ly  reached substant ia l  agreement  with 
the reference sensor. 

The Bosch probes are compared with the reference 
sensor at 750~ in Fig. 6, wherein the cell voltage of 
the Bosch probes is plotted against the reference from 
0 to about  800 mV (21 kPa-0.31 nPa ) .  The dashed line 
in  Fig. 6 indircates the desired agreement  between the 
Bosch and reference sensor, and the data points show 
the actual agreement.  At the higher oxygen concert- 
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trations, represented by cell voltages of 0-200 mV, the 
agreement  is satisfactory, but  at higher cell voltages 
(lower oxygen concentrat ions) agreement  is poor. The 
points for the Bosch sensors at cell voltages greater 
than about 200 mV could be represented by straight 
lines intersecting the reference sensor axis at about 
225 znV (Bosch 2) or 350 mV (Bosch 1). The shift away 
from the l ine of perfect agreement  occurred when the 
gas mixtures  contained substant ia l  amounts  of CO. 

The Bosch and reference sensors are both ceramic 
electrolyte cells consisting of stabilized zirconia closed- 
end tubes coated inside and outside with plat inum. A 
possibly impor tant  difference between the cells, how- 
ever, is an addit ional  coating of metal  oxide on the 
outer p la t inum coating of the Bosch cell. A cross sec- 
tion of the Bosch sensor in Fig. 7 shows the p la t inum 
and metal  oxide coatings on the zirconia. The porous 
p la t inum coating is about 3 /~m thick, and the oxide 
coating (also porous) varies from 35 to 100 ~m in 
thickness. X- ray  diffraction revealed that  the oxide is a 
spinel or =a mix ture  of spinels. X- ray  fluorescence re-  
vealed the presence of A1, Fe, Mg, Ti, V, Cr, Mn, and 
Ni. This doubly coated outside surface is in contact 
with the atmosphere being measured, and the other 
surface (inside) is always in contact with air, the refer-  
ence gas for both sensors. A possible explanat ion for 
the difference in behavior  between the two sensors is 
the presence of this extra coating. Although the plat i-  
n u m  coating on ~:he reference sensor can catalyze the 
oxidation of CO to CO2, which reduces Po at the sensor 
surface, the metal  oxide coating on the Bosch sensor 

Fig. 7. CoaNngs on the outer surface of the Bosch sensor 
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part ia l ly  prevents  catalysis by the plat inum. Conse- 
quently,  when both sensors are in contact with a re-  
active gas mixture  such as CO2-CO, the re~erence 
sensor indicates a lower Po because of a more complete 
reaction at the sensor surface. The Bosch sensor, being 
less catalytically active, measures Po nearer  to the 
actual  (unreacted) value in the gas mixture.  

Addit ional  comparisons were obtained with mixtures  
of air  with Ar-4% H2 and with Ar-0.5% CO. The con- 
centrat ion of either H~ or CO was gradual ly  increased 
in the mixtures,  as shown in Table I, to cause Po to de- 
crease by formation of H20 or CO2, respectively. The 
resul t ing Po was calculated from the final gas com- 
position, assuming that all H2 or CO had reacted with 
oxygen to form H20 or CO2. Table I shows that Po in-  
dicated by the Bosch and reference sensors, in agree- 
ment  with calculated values, gradual ly  decreased as 
available oxygen was consumed. When the gas reached 
compositions that allowed all available oxygen to be 
converted to either H.20 or CO2, the reference sensor 
indicated lower Po values by many  orders of magni-  
tude. The indicated values approached thermodynamic  
equi l ibr ium values that  can be calculated from the 
final gas composition and the equi l ibr ium constants. 
Lack of bet ter  agreement  between calculated values 
and those indicated by the reference sensor can be ex- 
plained in par t  by an estimated accuracy of only --+10% 
in ini t ial  gas flow rate. Also, flow rates may have been 
too high to allow a t ta inment  of equi l ibr ium at the sur-  
face of the sensor. 

The Bosch sensor also indicated much lower Po 
values when all available oxygen was consumed; how- 
ever, in a m a n n e r  similar  to that in Fig. 6, the Bosch 
sensor indicated higher Po than did the reference. The 
indicated difference in Po between the Bosch and refer-  
ence sensors was about a factor of 104 for gases con- 
ta ining excess hydrogen and about 101~ for gases con- 
taining excess CO. These results show not only that  
the Bosch and reference sensors have different cata- 
lytic behavior, but  that the Bosch sensor is more cata- 
lytic to gases containing excess He than it is to gases 
containing excess CO. 

Discussion 
The results of this work revealed that  the design of 

ceramic electrolyte sensors significantly affects per-  
formance. Although consisting basically of stabilized 

zirconia with p la t inum electrodes, the Coming  and 
Bosch sensors per iormed differently. The two Corn- 
ing sensors agreed with the reference oxygen sensor 
over a wide range of Po values. When contacted with a 
reactive gas mixture  (CO2-CO), the p la t inum cata- 
lyzed the oxidation of CO result ing in Po values pre-  
dicted by thermodynamic  equi l ibr ium between CO and 
CO2. Manifestation of the same effect was observed 
dur ing measurements  in an FBC when a large concen- 
t rat ion of CO was presen t  in the combustion envi ron-  
ment  (6). In  this lat ter  case, a gas chromatograph and 
a paramagnet ic  device indicated Po values approxi-  
mately 12 orders of magni tude  higher than did a ceramic 
electrolyte sensor. The anomaly  was a t t r ibuted to the 
catalytic behavior of the ceramic electrolyte sensor. 

The Bosch sensors indicated much higher Po than 
the reference when exposed to reactive gas mixtures  
in which the equi l ibr ium oxygen concentrat ion is very 
low. In this case, the reference sensor indicated Po 
values near  to calculated equi l ibr ium values. At the 
same time, the Bosch sensor indicated Po values 4 
and 13 orders of magni ture  higher than the refer-  
ence for gas mixtures  containing H2 and CO, respec- 
tively. The catalytic behavior of the Bosch sensor evi- 
dent ly  is quite different from that of the reference 
and Coming sensors. A possible explanat ion for the 
difference in catalytic behavior is the na ture  of the 
ceramic layers. Whereas the porous ceramic layer  on 
the Coming sensor was fabricated separately and then 
placed in contact with the sensor, the oxide layer  on 
the Bosch sensor was evident ly  applied as a coating by 
flame spraying or by a s imilar  method. Although the 
coating on the Bosch sensor was quite porous (see 
Fig. 7), the method of application may have produced 
int imate  contact between the oxide and p la t inum lay-  
ers, thereby greatly reducing the surface area and as- 
sociated catalytic effect of the p la t inum layer. Haaland 
(7) searched for noncatalytic electrodes for measur ing 
nonequi l ib r ium oxygen concentrat ions associated with 
combustibles (CH4, C3H6, CO, and H2). He found that  
p la t inum electrodes were catalytic in mixtures  of 
oxygen and each of the combustibles. Silver and gold 
catalyzed CO, even though both were only sl ightly 
catalytic to CH4. P la t inum electrodes poisoned with 
lead were the least catalytic to nonequi l ib r ium gas 
mixtures  of the electrodes investigated. 

Table I. Comparison of Bosch and reference sensor indications with calculated oxygen pressures 

Gas f low rates  (cm~/min)  
Init ial  gases  ( tool /ra in)  Final  gases  ( m o l / m i n ) ,  Po (kPa)  

Ar-4% Ar-0.5% 
Air  Ha CO I-~ CO 02 N~ A r  H20 C02 0~ Calculated b Bosch  R e f e r e n c e  

500 12 0 <0.0001 0.0051 0.0190 0.0008 <0.0001 0.0051 20.5 20.4 20.0 
500 100 0 0.0002 0.0051 0.0190 0.0049 0.0003 0.0050 17.1 17.0 17.0 
500 200 0 0.00,04 0.0051 0.0190 0.0096 0.0006 0.0049 14.3 14.6 14.6 
500 235 0 0.0005 0.0~51 0.0190 0.0113 0.0010 0.0049 13.5 13.5 13.6 
500 300 0 0.0006 0.0051 0.0190 0.0143 0.0012 0.0048 12.2 12.3 12.3 
300 500 0 0.0010 0.0031 0.0114 0.0235 0.0015 0.0026 6.7 6.5 6.4 
300 1000 0 0.0920 0.0031 0.0114 0.0469 0.0030 0.0021 3.3 3.3 8.1 
3~0 1500 0 0.0030 0.0031 0.0114 0.0703 0.0045 0.0016 1.8 1.9 1.7 
300 2000 0 0.0040 0.0031 0.0114 0.0937 0.0060 0.0011 0.98 1.3 1.0 
300 2500 0 0.9050 0.0031 0.0114 0.1171 0.0075 0.0006 0.44 0.65 0.48 
300 3000 0 0.0060 0.0031 0.0114 0.1405 0.04390 0.0801 0.06 0.30 0.19 
300c 3500~ 0 0.0070 0.0031 0.0114 0.1639 0.0093 <0.0001 2 E -  15 d 1 E -- 11 1 E -  15 
500 0 108 <0.0,001 0.0051 0.0190 0.00,51 <0.0001 0.0051 17.5 17.2 16.9 
500 0 200 0.00,01 0.0051 0.0190 0.0099 0.0001 0.0051 15.0 15.0 14.8 
500 0 300 0.0801 0.0051 0.0190 0.0148 0.0002 0.0050 13.1 12.7 12.6 
400 0 300 0.O0Ol 0.0041 0.0152 0.0147 0.0002 0.0040 12.0 11.7 11.8 
300 0 300 0.0001 0.00~1 0.0114 0.0146 0.0002 0.0030 10.6 10.0 10.1 
200 0 300 0.0001 0.0020 0.0076 0.0144 0.0002 0.0019 8.2 8.2 8.5 
100 0 300 0.0001 0,0010 0.0~8 0.0144 0.0003 0.0009 5.1 5.1 5.8 

25 0 500 0.0002 0.0008 0.0010 0.0242 0.00G6 0.0002 0.78 0.90 0.70 
25 0 1000 0.0004 0.000~ 0.0010 0.0485 0.0008 0.0001 0.20 0.35 0.23 
25 0 1500 0.0005 0.0003 0.0010 0.0727 0.0009 0.0001 0.13 0.11 0.06 
25 c 0 2000~ 0.0007 0.0003 0.0010 0.0970 0.0909 <0.0001 2 E -154  1 E--02 2 E -  14 
25 c 0 2500c 0.0009 0.0003 0.0010 0.1212 0.0009 <0.0001 1 E--  16 d 2 E --0~ 4 E -  16 
25 e 0 3000 c 0.0011 0.0003 0.0010 0.1454 0.0009 <0.0001 4 E - 174 4 E -  04 2 E - 16 

l P lus  inle t  N~ and a rgon  and  any  r e m a i n i n g  Hs or  CO a f t e r  all On is consumed,  b Ca lcu la ted  f r o m  final gas  compos i t ion  assuming  
tha/c all H2 and  CO react  w i th  O~ ( i f  avai lable)  to  produce  ~ and CO2, respec t ive ly ,  e Gas  co mpo s i t i o n  that  allows all 02 to  be  con- 
v e r t e d  to  H~O or  CO2. d Calcu la ted  f r o m  final gas  compos i t ion  and equi l ibr ium constants  at  750~ 5.75 E + 0 9  fo r  H~O~H~O and  7.25 E 
+ 09 fo r  CO-O2-CO~. 
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If a l l  gases wi th in  the FBC a~mosphere were  at  equi-  
l ibr ium, the ca ta ly t ic  behavior  of the sensor would  not  
be impor tant ,  and the sensor would accura te ly  d isplay 
Po. In tui t ively ,  equi l ibr ium would not be expected in 
an FBC because of complex react ion kinet ics  associated 
with  numerous  gaseous species and because of impe r -  
fect mix ing  of air,  powdered  coal and l imestone,  and 
react ion products.  The prev ious ly  ment ioned discrep-  
ancy be tween  a ceramic electrolyte ,  pa ramagne t ic  sen-  
sor, and gas chromatograph  indicate  a state of nonequi -  
l ib r ium (6). Thus, in react ive gas mixtures ,  the re-  
sponse of a ceramic e lec t ro ly te  sensor will  depend to 
some ex ten t  on its cata lyt ic  behavior .  In an FBC, the 
sensor would p robab ly  be influenced by  severa l  factors, 
including the ac tual  Po of the gas, gas composition, gas 
flow rate, ca ta lyt ic  behavior ,  and deposits on the sen-  
sor. The sensor p robab ly  would become coated wi th  a 
mate r ia l  consisting most ly  of CaSO4, unless protec ted  
by  a filter. If  the sensor in i t ia l ly  had a bare  p la t inum 
electrode,  the coating might  decrease the cata lyt ic  be-  
havior  in a manner  s imi lar  to the oxide coating on the 
Bosch sensor. 

In  spite of the da ta  presented  herein showing differ-  
ent  behavior  by ceramic e lec t ro ly te  sensors, and dis-  
cussion of reasons why  these devices wiI1 not  ac-  
cura te ly  measure  Po in react ive gases, they  might  st i l l  
be useful  diagnost ic  tools in FBC's. Rocazella et al. 
demons t ra ted  the  ab i l i ty  of a Bosch probe to differ-  
ent iate  combust ion products  resul t ing  from stoichio-  
metr ic  and a i r - r i ch  mix tures  (8). Fur the rmore ,  they  
showed that  corrosion character is t ics  in severa l  a l loys 
cor re la ted  wel l  wi th  Po values indica ted  by  the probe.  
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A Potentiodynamic Study of Metals Affecting Precious Metal 
Recovery from Alkaline Cyanide Solutions 

D. W. Kirk* and F. R. Foulkes* 

Department of Chemical Engineering and Applied Chemistry, University of Toronto, Toronto, Ontario, M5S 1A4, Canada 

ABSTRACT 

A potent iodynamic s tudy was carried out to determine the effects of various ions on the electroreeovery of precious 
metals from an industrial  cyanide leaching solution. Synthetic solutions were prepared and studied to determine the effects 
of Cu, Ni, and Pb individually and in combinat ion on the recovery of gold and silver. Lead, known to be electrochemically 
active, was studied at a low concentration (1 ppm), whereas copper and nickel  were studied at high concentrations (250 
ppm), corresponding to levels found in an industr ial  solution. Both copper  and lead were found to enhance silver and gold 
reduction reactions in the potential sweep measurements .  Separation of the two reactions was also improved.  In addition, 
these two metals inhibited the onset of hydrogen evolution. Nickel had the opposite effect. Separat ion and initiation of the 
gold and silver plating peaks was inhibited, and the hydrogen evolution reaction was depolarized. The influence of nickel '  
predominated over the effects of copper and lead. The data, obtained from synthetic electrolyte solutions, were compared 
with those obtained from the industrial  leach solution. 

The purpose  of this  s tudy was to invest igate  the  
effects of in teract ions  be tween  various meta ls  d is-  
solved in an aqueous a lkal ine  cyanide solution. The re -  
sults of this work  will  be used to he lp  expla in  the  be -  
hav ior  of indus t r ia l  leach solutions in e lec t rowinning  
operat ions.  The pa r t i cu la r  indus t r ia l  solut ion con- 
s idered  in this case was an a lkal ine  cyanide e lect ro-  
ly te  used for precious meta l  recovery  f rom a gold 
bear ing  ore f rom Pamour  Mines, Porcupine,  Ontario. 
As a resul t  of the leaching operat ion,  a number  of 
metals  were  dissolved.  Gold and si lver,  together  wi th  
a subs tant ia l  amount  of copper,  were  recovered  by  
prec ip i ta t ion  wi th  zinc. Al though gold and s i lver  r e -  
covery  by  electrolysis  could be an a t t rac t ive  a l t e rna -  
t ive because of the possibi l i ty  of selective meta l  r e -  

* Electrochemical Society Active Member. 
Key words: electrodeposition, voltammetry, precious metals, 

alkaline cyanide. 

covery,  the effect of the in teract ion of the  various 
metals  in solution on the e lec t rowinning  opera t ion  is 
not  known.  

Studies  using porous  ftow through reactors  for  meta l  
e lec t rorecovery  have shown tha t  both indus t r ia l  and 
mul t icomponent  synthet ic  e lect rolytes  y ie ld  much 
poore r  meta l  recovery  and cur ren t  efficiency than  the 
corresponding s ing le -component  e lect rolytes  (1-5).  
The difficulties wi th  mul t icomponent  e lect rolytes  resul t  
in pa r t  f rom polar iza t ion  and depolar iza t ion  effects, 
codeposition, underpoten t ia l  deposit ion,  and ca ta ly t ic  
effects. Even t race  amounts  of some meta ls  can cause 
subs tant ia l  change~ in p la t ing  rates.  McIn ty re  and Peck 
(6) showed that  tra.ce amounts  of Hg, T1, Pb,  and Bi 
could g rea t ly  enhance gold pla t ing ra tes  in a lka l ine  
phosphate  electrolytes .  The meta ls  were  repor ted  to 
remain  in the electr ic  double l aye r  and  act as catalysts 
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for the plat ing reaction. In  the case of mul t icomponent  
solutions, there is little evidence whether  all, or only 
certain plat ing reduct ion reactions, would be acceler- 
ated. 

The behavior  of metal  ions also is affected by the 
electrolyte. Cyanide complexes with metals to form 
stable anions. Gold, for example, is found almost ex- 
clusively as A u ( C N ) 2 - .  Electromigrat ion forces acting 
nea r  the electrode surface in cyanide solutions are 
therefore different than those in chloride solutions. In 
chloride solutions, more negative electrode potentials 
increase the electromigration force towards the elec- 
trode, whereas in cyanide solutions, more negative 
potentials increase the repulsion of the complexed 
metal  from the electrode. The reduct ion potential  of 
some metals is affected by cyanide electrolytes and 
metals such as copper and nickel can form a var ie ty  
of complexes so that  the plat ing behavior  of a complex 
mixture  of metals is not  easily predictable. 

Before a study of precious metal  e lec t rowinning was 
carried out, l inear  potential  sweep profiles of various 
metals s ingly and in combination were measured. The 
metals studied were those found in significant concen- 
trat ions in the industr ia l  leach solution or those thought 
to have catalytic properties (Au, Ag, Cu, Ni, Pb) .  In  
order to have the results applicable to porous bed work, 
a porous graphite felt was used in the l inear  sweep 
vo l tammet ry  work. 

Experimental 
The electrochemical cell used for l inear  sweep volt-  

ammet ry  (LSV) measurements  consisted of a 50 ml  
Pyrex  glass cell sealed using a rubber  stopper with 
ports for electrodes and gas sparging. The working 
electrode consisted of porous graphite felt (Carborun-  
dum Corporation, Niagara Falls, New York) 0.6 X 0.6 
X 1.9 cm with a specific surface area 1 of 3.45 • 10~ 
cm -1 and porosity 0.88. Contact was made by means 
of a Pt  wire (0.08 cm diam) imbedded 1.6 cm into the 
felt and sealed in a glass tube to isolate it from the so- 
lution. The electrode appears to par t ia l ly  utilize both 
in te rna l  and external  surface area, since metal  deposits 
were found throughout  the electrode. A total resistance 
of the carbon felt of 7 X 10-8,e v~as calculated from a 
measured  specific conduct ivi ty  of 5.0 • 10~S. The elec- 
trode was soaked for 24h in KOH solution and then 
well  r insed in double-dist i l led water  before use. 

A saturated calomel reference electrode s was housed 
in a Luggin capil lary with the capil lary tip 2 mm from 
the graphite surface. The counterelectrode was a 
p la t inum disk (1 cm diam) set 2 cm from the working 
electrode. Tank  ni t rogen gas was bubbled  through the 
solutions for 5 min  before each run  using a glass frit  for 
good gas dispersion. Dur ing  a run,  n i t rogen gas w a s  

passed over the solutions to main ta in  a low dissolved- 
oxygen content. 

The industr ia l  leach solution was supplied courtesy 
of Pamour  Mines, Porcupine, Ontario. The synthet ic  
electrolytes were prepared from analyt ica l -grade 
KOH and KCN and double-dist i l led water. Gold solu- 
tions were obtained by  dissolving gold powder (99.9%) 
in alkal ine cyanide; solutions of other metals (Cu, Ag, 
Ni, Pb)  were prepared from their n i t ra te  salts, pH and 
cyanide determinat ions were obtained using an Orion 
Digital pH meter  Model 401 with glass pH and cyanide 
specific electrodes, respectively. 

A PAR potentiostat  Model 371, programmer  Model 
175, and coulometer Model 379, and a Houston Ins t ru -  
ments  Omnigraphic  2000 XY recorder were used for the 
LSV and reactor measurements.  A sweep rate of 10 mV 
�9 s -1 was used. A rotat ing disk electrode (Astra Sci- 
entific Internat ional ,  Incorporated) was also used. The 
glassy carbon electrode for the rotat ing disk had a di-  
ameter  of 2 ram. 

1 M a n u f a c t u r e r ' s  d a t a  b a s e d  on total v o l u m e ,  
J All p o t e n t i a l s  a r e  r e p o r t e d  v s .  t h e  SHE. 

A porous flow-through electrochemical reactor was 
used to compare actual  metal  recoveries at various po- 
tentials with potential  sweep measurements .  The cell 
shown in Fig. 1 was constructed of Pyrex and con- 
tained a p la t inum current  feeder and anode. The cath- 
ode bed, consisting of the porous graphite felt previ-  
ously described, was 3.1 cm diam and 2.3 cm deep. A 
saturated calomel reference electrode, housed in a 
Luggin capil lary with the tip 2 mm from the bed, was 
placed upstream of the carbon fiber electrode. This 
a r rangement  restricted the ma x i mum bed potential  to 
prevent  hydrogen evolution. 

The electrolyte flow rate was controlled by gravi ty 
feed and was monitored at the cell outlet. A flow rate 
of 15 ml �9 min  -1 was used, and no channel ing was ob- 
served at this rate. Gold, silver, and copper were deter-  
mined by neu t ron  activation analysis, and nickel  was 
determined by polarography. 

Results and Discussion 
EfIect o~ oxygen.--A steady-state l inear  potential  

sweep of a 0.025M KOH solution is shown in Fig. 2a. 
Curve a is the potential  profile of the solution after 
purging the solution with ni t rogen for 5 min. There is 
evidence of two small cathodic peaks at --0.22 and 
--0.8V. Curve b is the potent ial  profile of the first scan 
after the solution had been oxygenated for 5 min. The 
two peaks are much more p rominent  in curve b and 
were thought to belong to the reduction of residual  
oxygen. The first peak at --0.2V in the deoxygenated 
solution and --0.34V in the oxygenated solution most 
l ikely corresponds to the reaction (7, 8) 

02ads "]- e -  --> O2-ads E ~ = --0.28V [1] 

The shift in the start  of the peak from about --0.075 to 
-F0.13V would correspond to a 2.9 X 108 change in oxy-  
gen concentration. Gordienko and Antropov (9) found 
the first peak at --0.24V on Fe electrodes and identified 
it as HO2- formation. The second peak has been noted 
by a n u m b e r  of workers (11-13) and identified as the 
reduction of the O2-ads species or direct 02 reduction. 

Reactions involving either two or four electron path-  
ways have been suggested in the l i terature (9, 10, 14, 
16-18) to account for the reaction. 

EfIect oS cyanide.---In Fig. 2b, s teady-state potentio-  
dynamic profiles are shown for cyanide and cyanate 

2 3 

Fig. 1. Schematic diagram of cell. 1: cathode feeder. 2: elec- 
trolyte inlet. 3: Pt anode. 4: Luggin capillary for SCE reference 
electrode. 5: Pyrex cell, 3.1 cm diam. 6: porous carbon felt cathode. 
7: Pt screen feeder. 8: glass beads. 9: electrolyte outlet. 
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addi t ions  to the alkalhue electrolyte .  At  0.01M KCN, 
l i t t le  change is noted in the cathodic por t ion of the 
sweep. The anodic por t ion of the sweep shows an oxi -  
dat ion reaction which begins at less posit ive potent ia ls  
(0.49V) than in the cyan ide - f ree  solut ion (Fig. 2a, 
curve a) .  The react ion n o r m a l l y  proposed for cyanide  
oxida t ion  is that  via (19) 

CN-+2OH-->CNO-+H20+2e- E ~ 
[2] 

This reaction has a reversible potential of ~ --0.99V 
for  0.01M KCN + 0.025M KOH + __~10-6M C N O -  and 
would therefore  have an unusua l ly  large  overpotent ia l .  
Ano the r  poss ib i l i ty  is that  the cyanide depolar izes  the  
oxygen  evolut ion reaction.  The r a t e -de t e rmin ing  s tep 
for  oxygen evolution without cyanide  present  is 

OH-~d~ ~ O H ~  + e -  [3] 

wi th  a t ransfer  coefficient (~A) of 0.5 (31). One reac-  
tion tha t  could depolar ize  the react ion is 

C N -  + H2Oa ds - ' >  O H a d s  + H C N  + e -  [ 4 ]  

Oxidat ion of cyanide  would  then take place by chemi-  
cal react ion with  oxygen or  peroxide  via 

C N -  + II 0,2"-> CNO- [5] 
o r  

CN- + H202-~ CNO- + H~O [6] 

The ratio of CN- oxidized to oxygen used still would 
be 2: l, and the apparent ratio of Faradays of electrons 
per tool of CN- oxidized would be 2: i, as reported in 
the literature (20). In Table I, the experimentally 
measured numbers of faradays per rnol of CN- oxi- 
dized are presented at various potentials. Since no 

Table I 

Potent ia l  (V) ~CN- ( reel )  Coulombs (e) n 

+ 0.542 5.10 x 10-5 3.42 0.73 ~- 0.5 
+0.742 6.5~ x 10-~ 8.89 1.42 • 0.2 
+ 0.942 1.07 • 10-~ 15.29 1.68 ~ 0.3 
+ 1.142 9.04 x 10 -5 14.47 1.80 ----- 0.5 

* 05% confidence limits. 
Each value r e p r e s e u t s  the  a v e r a g e  of f o u r  m e a s u r e m e n t s  t a k e n  

in a sequence  of 15 man per iods  in solut ions w i t h o u t  deoxygena-  
tion. F r o m  a 50 ml  solution of O.O1M KCN + 0.02,5M KOH, 2 ml  
w e r e  r e m o v e d  e v e r y  15 rain. A f t e r  addLtion of  1 ml  of 10M KOH, 
the  sample  was  di luted to 50 ml  and the  CN- concen t ra t ion  re-  
corded.  
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one-electron reactions could be found to account for 
the oxidation, the low values of n (i.e., ~_ 2) apparent ly  
indicate that  some oxidation may be caused by re-  
sidual oxygen. In order to accommodate the cyanide-  
specific ion electrode, these measurements  had been 
carried out in an open cell without deoxygenation. If 
the data are corrected for oxygen solubil i ty (8.5 m g .  
dm-~  at 22~ (32) assuming that 8.5 m g .  dm -8 02 
is available for the decomposition of cyanide in each 
measurement ,  then the values of n become 1.40 ___ 0.5, 
2.38 _+ 0.2, 1.97 __ 0.8, and 2.35 _ 0.5 for the potentials 
0.542, 0.742, 0.942 and, 1.142V vs. SHE, respectively. 
These values indicate that  the n u m b e r  of faradays 
per tool of cy.an~de oxidized by electrolysis is two, as 
should be expected. 

An  increase in the cyanide concentrat ion to 0.1M 
(Fig. 2b, curve b) causes the oxidation reaction to 
init iate at less positive potentials, as would be pre-  
dicted from reaction [2]. The increase in cyanide con- 
centrat ion causes the cathodic portion of the sweep to 
shift _~ 150 mV more positive. Depolarization of the 
hydrogen evolution reaction or reduction of the cyanate 
ion formed from the previous oxidation cycle could 
cause this shift. Addit ion of cyanate (0.1M) to the 
electrolyte (Fig. 2,b, curve c) does show a more pro- 
nounced reduct ion reaction star t ing at about --0.9V. 
The reversible potential  for reaction [2] in 0.1M CN -  
+ 0.1M CNO-  + 0.025M O H -  is --0.875V. 

The cyanate addition causes the suppression of the 
oxidation reaction to more positive potentials, which 
is consistent with the predicted behavior  if reaction 
[2] is operative. 

It can be seen that the exponential  current  rise at 
the end of the cathodic scans is apparent ly  te rminated  
with the start  of a plateau. This feature is apparent ly  
the result  of gas bubble  formation in the porous bed 
and subsequent  blockage of electrode surface area. 
Depletion of the reactants within the porous bed could 
also contr ibute to this behavior. 

EfIect of gold.--Potential scans for an alkal ine cy- 
anide electrolyte (0.1M KCN -5 0.025M KOH) with 
the addition of gold cyanide are shown in Fig. 3a. At 
a gold concentrat ion of 17.5 ppm (curve a). there is 
a small  shoulder on the curve at about --1.2V. With a 
more concentrated solution (175 ppm Au) .  a peak 
develops. The reversible potential~ for the gold plat ing 
react ion [7] are --0.796 and --0.737V for 17.5 ppm and 
175 ppm Au, respectively (19) 

Au(CN)- -5 e- --> Au -5 2CN- E ~ ---- --0.669V [7] 

A series of oxidation reactions can be seen in the 
anodic portions of the scans, indicat ing the dissolution 
of gold plated dur ing the cathodic scans. The na ture  
of the dissolution reactions has been discussed else- 
where (21-26). With the addition of 1.0 ppm Pb to 
the solution (Fig. 3a, curve c), there is a shift in the 
gold plat ing reaction to less negative potentials. A 
large oxidation peak at --0.35V is seen in the scan. 
This peak is at a potential  at which gold dissolution 
has been found (21, 25, 26). The magni tude  of the 
oxidation peak is greater  than the reduct ion peak, so 
that addit ional  p la t ing also must  occur at potentials 
more negat ive than the reduction peak. A potential  
scan with only Pb (1 ppm) present  in the alkal ine 
cyanide solution (0.1M KCN -5 0.025M KOH) is shown 
in Fig. 3b. No major  peaks are noted, but  in the anodic 
scan there are two small  oxidation peaks, presumably  
from lead dissolution. Some of the complex behavior  
of the gold oxidation peak seen in Fig. 3a, curve c is 
apparent ly  due to the lead oxidation reactions, since 
evidence of the two lead peaks can be seen in the large 
oxidation peak (Fig. 3a, curve c). 

The reversible potential  for lead ion reduction (1 
ppm) in uncomplexed form is about  --0.3V. Therefore, 

the inhibi t ion of the hydrogen evolution reaction is 
probably the result  of plated lead which has a large 
hydrogen overvoltage. In contrast, the overpotential  
for cyanide oxidation or oxygen evolution seen in  
Fig. 3b is sl ightly reduced with the presence of Pb. 

The effect of Pb additions on gold plat ing in alka- 
line phosphate solutions has been studied by McIntyre 
and Peck (6), who reported that Pb and other metals 
(Hg, T1, and Bi) caused depolarization of the gold 
plat ing reaction by acting as a catalyst in the electrical 
double layer at the cathode surface. Of these metals 
with catalytic activity, only Pb was found in the in-  
dustr ial  leach solution. An analysis of the industr ia l  
solution is given in Appendix  1. 

Effect of silver.--Potential scans in alkal ine cyanide 
solution (0.1M KCN + 0.025M KOH),  with the addi-  
tion of Ag, are shown in Fig. 3c. Curve a is the poten-  
tial scan with a 2.3 ppm Ag content. The plat ing re-  
action is not  readily distinguished from the back- 
ground reduction reactions (Fig. 2b, curve b).  How- 
ever, the anodic scan shows the presence of two small 
oxidation reactions at --0.45 and --0.3V, presumably  
from the dissolution of Ag plated dur ing the cathodic 
scan. A tenfold increase in the Ag concentrat ion to 
23 ppm (Fig. 3c, curve b) results in the appearance of 
a distinct reduction peak at --1.05V. Since the si lver 
cyanide reduction reaction has a reversible potent ial  
of --0.409V for C N -  ---- 0.1M and Ag + = 23 ppm, 
there is a substant ial  overpotential  for the reaction 

Ag(CN)2 -  + e - A g  + 2CN- E ~ = --0.31V [8] 

With the appearance of a silver reduction peak for the 
larger si lver concentration, an increase in the two oxi- 
dation peaks would be expected. This is observed in  
Fig. 3c, curve b. The two peaks merge, forming a 
larger peak with a ma x i mum at --0.32V. 

The addition of 1 ppm Pb to the electrolyte (Fig. 
3c, curve c) results in a substant ial  drop in the over-  
potential  for si lver deposition. The plat ing reaction 
now begins at about --0.75V. A much larger peak also 
can be seen in the anodic scan, indicating that more 
silver is plated in the cathodic scan. It  is interest ing 
to note that  the silver oxidation reaction also is de- 
polarized by the lead addition and begins at more 
negative potentials (--0.55V) than the apparent  re-  
versible potential  (--0.409V). This is probably the con- 
sequence of the depletion of the A g ( C N ) -  species 
dur ing the cathodic scan. There is evidence of a lead 
oxidation peak (Fig. 3b) in the silver oxidation peak 
(Fig. 3c, curve c). 

Effect of copper.--Copper is found in the industr ia l  
leach solution. The possible reduction reactions are 

C u ( C N ) 2 -  + e - - >  Cu-5  2CN- E ~ ---- --0.429V [9] 

Cu(CN)8-2+e--->Cu+3CN - E~ [10] 

Cu(CN)4 -3 -5 e--> Cu -5 4CN- E ~ ---- --1.281V [II] 

From equi l ibr ium data, Cu (CN)2-  should predominate.  
At a copper concentrat ion of 600 ppm, the reversible 

potentials for reactions [9], [10], and [11] are --0.430, 
--1.11, and --1.16V, respectively. In order to check 
the coordination n u m b e r  for the copper in the cyanide 
complex, copper n i t ra te  solution was added to a 0.01M 
KCN solution and the remaining  free cyanide deter-  
mined. The results indicated that  3.9 __ 0.2 mols of 
cyanide were lost per mol of copper added. This would 
suggest that the Cu(CN)4 -8 predominates.  However, 
the mechanism for copper cyanide formation given 
by Miller (27) is 

2Cu + + + 4CN-  -+ 2Cu(CN)~ [12] 

2Cu(CN)2-~ 2CuCN + (CN)~ [13] 

2CuCN + 2CN-  -> 2Cu (CN)~-  [14] 

(CN)~ + 2 OH- -> CN- + CNO- + H~O [15] 
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2Cu + + + 5CN- + 20H- 

-~ Cu(CN)s- + CNO- + I-I~O [16] 

From this reaction sequence, 2.5 mols of free cyanide 
would be lost per tool of copper aaded. Since a vaiue 
of 3.9 was determined, some of the copper must be in 
a higher oxidation state than Cu(C• Penneman 
and Jones reported (28) that the principal complex in 
alkaline cyanide is Cu (CN)s -2. 

Figure 3d, curve a shows the steady-state potential 
sweep profile for copper containing alkaline cyanide 
electrolyte (0.025M KOH -5 0.1M I~CN -5 300 ppm 
Cu). Comparison with Fig. 2a, curve b with the ab- 
sence of copper reveals that the shoulder observed at 
--I.4V is smaller with the 300 ppm Cu addition. No 
oxidation peak is apparent in the anodic scan with the 
copper present. Both features indicate that copper 
does not plate under these conditions. In the anodic 
portion of the scan there is a noticeable depolariza- 
tion of the anodic oxidation reaction. The reaction 
begins  at about  -50.25V, compared  with  -50.4V with  
no copper  presen t  (Fig. 2a, curve b) .  

Wi th  a copper concentra t ion of 600 p p m  (Fig. 3d, 
curve b) ,  the  cur ren t  in the cathodic por t ion of the 
sweep is lowered  to a g rea te r  ex ten t  than  with  300 
ppm Cu. In  this case, however ,  there  is evidence of an 
oxida t ion  peak  at  --0.45V, indica t ing  that  some pla t ing  
m a y  have t aken  place. Only a s l ight  fu r the r  decrease 
in the anodic  depolar iza t ion  can be seen with  the 
l a rge r  Cu concentrat ion.  F rom these measurements  it  
can be seen tha t  copper  inhibi ts  the hydrogen  evolu-  
t ion react ion and accelerates  the anodic oxidat ion  of 
cyanide  and oxygen evolution.  The addi t ion  of 1 ppm 
of Pb  to the  e lec t ro ly te  (Fig. 3d, curve c) resul ts  in 
the appearance  of a smal l  peak  in the cathodic scan 
at  --1.38V. The corresponding anodic scan has an oxi-  
dat ion peak  at  --O.5V, which over laps  the peak  found 
wi thout  the l ead  addi t ion (--0.45V).  Wi th  only lead 
present  (Fig. 3b) there  is also an oxida t ion  peak  at 
--0.5V, a l though this smal le r  than  with  the copper  
present .  I t  is not  c lear  to wha t  ex tent  the oxidat ion  
peak  is due to copper or lead oxidat ion.  

EfIect of nickeL--Nickel also is found in the  indus-  
t r i a l  leach solut ion at  a concentra t ion of 250 ppm. A 
s t eady- s t a t e  po ten t ia l  sweep profile is shown in Fig. 
3a, curve a for a solut ion 0.025M KOH -5 0.1M KCN 
-5 250 ppm Ni. The Ni addi t ion  does not  change the 
cur ren t  measured  at  e i ther  end of the anodic or  ca th-  
odic sweeps f rom the solut ion wi thout  Ni presen t  
(Fig. 2a, curve b) .  However ,  wi th  n ickel  present ,  
there  is less hysteres is  shown at  the cathodic end, 
and there  is a small ,  b road  oxidat ion  peak  at  about  
0.6V. This peak  is enhanced when the n ickel  concen- 
t ra t ion  is increased to 500 ppm (curve b) .  In  addit ion,  
this peak  was observed to be caused b y  a reduct ion 
react ion beginning  at  about  --1.2V. (The cathodic 
scan l imi t  was t e rmina ted  at successively less nega t ive  
potent ia ls  unt i l  the oxida t ion  peak  could no longer  
be detected.)  

I f  the  n ickel  is assumed to be complexed  as 
Ni (CN)4  -2, then the revers ib le  reduct ion potent ia l  
can be ca lcula ted  f rom the rmodynamic  da ta  (30) 

Ni (CN)4  -'2 + 2 e -  --> Ni -5 4CN-  E ~ ---- --1.127V [17] 

Fo r  the  condit ions 0.1M KCN -5 8.516 X 10-SM 
Ni(CN)4  -2  (600 p p m  Ni) E _-- --1.07V. Therefore,  the 
oxidat ion  peak  found at --0.05V could be the  oxidat ion  
of n ickel  p la ted  in the previous  cathodic scan. 

Al te rna t ive ly ,  n ickel  can form an ox ida t i on / r educ -  
tion couple involving nickel  cyanide complexes  (19) 

Ni(CN)4-~ -5 e- -> Ni(CN)s -2 -5 CN- E ---- --0.401V 

[18] 

The addi t ion of 1 ppm of Pb  to the solut ion (Fig. 
3e, curve c) resul ts  in only a s l ight  increase  in the  
n ickel  oxidat ion  peak  at --0.05V. 

EfIect of metal combinations.--A s t eady- s t a t e  po-  
ten t ia l  sweep profile is shown in Fig. 4a io r  a solut ion 
0.025M KOH -5 0.1M KCN with  17.5 ppm Au -5 2.3 
ppm Ag (curve a) .  Only  a single p la t ing  peak  is ob-  
served at about  --1.15V, but  two over lapping  ox ida-  
t ion peaks  are  at --0.25 and --0.30V. Comparison with  
the  profiles wi th  Au  and Ag present  ind iv idua l ly  
(Fig. 3 a, curve a and Fig. 3c, curve a) reveals  tha t  
only  a few changes occur. The complex na tu re  of the 
oxidat ion  peak  at  potent ia ls  --~ --0.4V is enhanced 
with  both Au and Ag present ,  and the gold oxidat ion  
peak  at  --0.67V (Fig. 3a, curve a) is not  observed.  
These effects could be the resul t  of the sensi t iv i ty  of 
the dissolution react ions to changes in surface s t ruc-  
ture with both Au and A g  plated.  

Wi th  the addi t ion of 1 ppm Pb to the solut ion (Fig. 
4a, curve b) ,  two reduct ion peaks  now can be found 
at  --0.82 and --1.0V, and the hydrogen  evolut ion re -  
action is inhibi ted.  The gold and s i lver  p la t ing  reac-  
tions appa ren t ly  are  independen t ly  depolar ized  and 
enhanced by  the presence of Pb. The first peak  at  
--0.82V corresponds to the s i lver  p la t ing  peak  in 
Fig. 3c, curve c, and the second peak  at  --1.0V corre-  
sponds to the gold p la t ing  peak  in Fig. 3a, curve c. 
Only a single oxidat ion  peak  is found with  Pb present .  

The effect of copper (300 ppm)  on the s t eady-s ta te  
potent ia l  sweep profile wi th  both s i lver  and gold pres -  
ent  in the solution is shown in Fig. 4b, curve a. When 
compared  wi th  Fig. 4a, curve a, this profile reveals  
that  copper  also causes the s i lver  and gold p la t ing  
react ions to be separa ted  and shif ted to less negat ive  
(less cathodic)  potent ials .  Copper  also suppresses  the  
onset of the hydrogen  evolut ion reaction;  a shoulder  
at  --1.3V can be seen. The inhibi t ing  effect of copper  
on the hydrogen  evolut ion react ion was not  expected,  
since wi thout  gold and si lver  present  l i t t le  effect was 
found (Fig. 3d, curve a) .  McIn tyre  and Peck (2.6) re -  
por ted  that  in a lka l ine  phosphate  solut ions copper  d id  
not  depolar ize gold plat ing.  In contrast ,  in the a lka l ine  
cyanide solut ion in this study,  copper  did  depolar ize  
both the  gold and s i lver  p la t ing  reactions.  In  the anodic 
scan there  is evidence of g rea te r  meta l  p la t ing f rom 
the large  complex anodic peak  at  --0.32V. In addi t ion 
to the gold and s i lver  oxidat ion,  this peak  also m a y  
contain a contr ibut ion f rom a copper oxida t ion  reac-  
t ion (Fig. 3c, curve b) .  

The effect of Ni addi t ion to the s t eady- s t a t e  potent ia l  
sweep profile of the solut ion wi th  Au, Ag, and Cu 
presen t  is shown in Fig. 4b, curve b. In  this case, some 
of the depolar iz ing effect of copper  is lost. A single 
p la t ing peak  is seen at --0.88V, and the cor respond-  
ing oxidat ion  peak  at ,~ --0.42V is reduced  in magn i -  
tude. In addit ion,  the  hydrogen  evolut ion react ion is 
depolar ized.  In the anodic scan there  is an addi t ional  
oxidat ion  peak  at  ~0.0V, which is found when only  
nickel  is present  (Fig. 3e, curve a) .  

With  the addi t ion of 1 ppm of Pb  to the combinat ion 
of Ag -5 Au  -5 Cu -5 Ni (Fig. 4c, curve b) ,  the depo-  
lar iz ing effects of Pb on gold and s i lver  p la t ing  no 
longer  appear  to be present .  The hydrogen  evolut ion 
react ions  are only  marg ina l l y  inhibi ted  with  n icke l  
present  in the solution. There  is no evidence tha t  the  
amount  of Au and Ag  p la ted  increases wi th  lead  add i -  
tion, as i t  did in the solut ion wi thout  Ni presen t  (Fig. 
4a, curve b ) .  

Thus i t  appears  that  the  presence of n ickel  has the  
most de t r imen ta l  effect on the  recovery  of gold and 
s i lver  of any  of the  meta ls  studied. There  does not  ap -  
pear  to be any separa t ion  of the gold and s i lver  p la t ing  
reactions,  and the hydrogen  evolut ion react ion is de -  
polarized,  increasing the l ikel ihood of low current  effi- 
ciency. Copper  addit ion,  on the  o ther  hand,  appears  to 
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al low separa t ion  of the gold and s i lver  p la t ing  peaks 
whi le  inhibi t ing  the hydrogen  evolut ion reaction. The 
copper  effects a re  masked  by  the presence of nickel.  
Lead has been shown to depolar ize  gold and s i lver  
p la t ing  react ions in a lka l ine  cyanide as wel l  as inhibi t  
hydrogen  evolution.  Lead also enhances the separa t ion  
of gold and s i lver  p la t ing  peaks in potent ia l  scan 
measurements .  The presence of nickel,  however ,  e l imi-  
nates  the  cata lyt ic  effects of lead. 

Industrial solutions.--A s teady-s ta te  potent ia l  sweep 
profile for an indus t r ia l  leach solut ion is shown in Fig. 
5. The solut ion composit ion is given in Append ix  1. 
The profile shows a single reduct ion peak  at  about  
--0.95V, which is most l i ke ly  a mixed  gold and s i lver  
p la t ing  reaction.  The react ion begins at  more  nega t ive  

potent ia ls  than  in the  synthet ic  solut ion (Fig. 4c, curve 
b) ,  and  hydrogen  evolut ion begins at  less negat ive  po-  
tentials.  Thus, separa t ion  difficulties or poor cur ren t  
efficiencies might  be expected for  gold and si lver  re -  
covery  with  potent ia ls  more  negat ive  than  --1.0V. An  
anodic peak is seen at about  --0.38V, and is cha rac te r -  
istic of the gold and s i lver  dissolution react ion found. 
in the  synthet ic  solutions. Ano the r  oxidat ion  react ion 
is found beginning at about  0.0V. This corresponds to 
the nickel  oxidat ion react ion observed in Fig. 3c s t a r t -  
ing at potent ia ls  near  0.0V. The react ion is i r revers ib le ,  
since no corresponding reduct ion  peak  could be found. 
A ro ta t ing  glassy carbon disk e lect rode (2 m m  diam)  
was al to used to test  the indus t r ia l  leach solution. A 
single reduct ion wave  was found beginning  at  --0.72 
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and leveling off at --0.86V for a sweep rate of 10 mV 
. S - - 1 .  

At a sweep rate of 20 mV �9 s - I  and a rotat ion speed 
of 1000 rpm, the first sweep potential  profiles were re-  
corded with successive increments  oL gold (11 ppm 
uni ts ) .  The current  measured at --0.76V in the rotat ing 
disk measurements  (corresponding to the plateau seen 
in  Fig. 5) increased l inear ly  with gold concentration. 

The same procedure was followed with silver doping 
of the industr ia l  leach solution with 10 ppm Ag in-  
crements. A shoulder, which was slightly bet ter  re- 
solved at slower sweep rates (5 mV �9 s - l ) ,  was found 
at --0.66V in the potential  sweep measurements.  Al-  
though the currents  at --0.66V increased l inear ly  with 
si lver concentration, there was no well-defined l imit ing 
current  region. 

With copper additions of 200 ppm increments  to the 
leach solution, the currents  at potentials --~ --1.36V in-  
creased with copper concentration, but  there was no 
evidence of a peak or shoulder for copper plating. 
However, in the anodic scans, an oxidation peak was 
found at W 0.22V, which increased with copper concen- 
tration. 

The rotat ing disk measurements  have bet ter  mass- 
t ransfer  rates and more un i form potentials at the 
working electrode surface than do the graphite felt 
electrodes, so that  the peak potentials tend to be closer 
to the reversible values. Thus, the plat ing peak found 
using the industr ia l  leach solution is at --0.95V for the 
porous carbon electrode and --0.86V for the rotat ing 
disk electrode. Measurements  using porous flow- 
through electrodes should correspond more closely to 
measurements  using the porous carbon electrode. 

Exper iments  also were conducted to determine the 
composition and extent  of recovery at various poten-  
tials. These measurements  were under taken  as a pre-  
l imina ry  investigation of the behavior of the use of a 
porous flow-through reactor for metal  recovery. Al-  
though the conditions for metal  recovery were different 
than the conditions used in potential  sweep measure-  
ments, the reactor used the graphite felt as a porous 
flow-through cathode. Diffusional l imitat ions did not 
appear to be a significant factor in the work. A de- 

scription of the reactor has been given in the experi-  
menta l  section. 

The percentage of copper, gold, nickel, and silver 
recovered from the industr ia l  leach solution is shown 
as a function of cathode potential  in Fig. 6. It  is clear 
from Fig. 6 that si lver is efficiently recovered at poten-  
t~als ~ --0.66V. The reduction peak found for silver in 
the potential  scans is the result  of si lver deposition. 
The single reduction peak in the potential  sweep mea-  
surements  for the industr ia l  leach solution indicates 
that the gold and silver reduction reactions were not 
well separated. This behavior  is supported by the re-  
sults of Fig. 6. Although not efficiently recovered, gold 
is par t ia l ly  removed from the electrolyte at --0.66V. 
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Some copper  (:14.5%) was also removed,  a l though 
there  is l i t t le  evidence for copper ion reduct ion at po-  
tent ia ls  ~ --1.36V in the potent ia l  scan measurements .  

There  are  two possibi l i t ies  ~or the unexpec ted  copper  
recovery.  One is that  the metals  codeposit  and that  the 
ear l ie r  evidence for  copper  deposi t ion was h idden in 
the s i lver  and gold peaks.  I t  is known that  copper con- 
taminat ion  in gold pla t ing baths  resul ts  in cod eposit ion 
Andreeva  et al. (33) showed that  wi th  copper presen t  
in gold cyanide  solutions, the gold overpoten t ia l  in-  
creases and at  the  same t ime the copper  overpo ten t ia l  
decreases. Zur  and Ar ie l  (34) repor ted  that  the pres-  
ence of copper  in acid chlor ide solut ions caused a low-  
er ing of gold recovery  efficiency from 90% to ~60% 
wi th  the i r  porous e lec t rode  reactor .  In our  work,  both 
gold and si lver  were  recovered  efficiently over  a large  
potent ia l  region, but  the recovered meta l  contained a 
large  copper  content.  The mass rat io of C u : A u  in the 
indus t r ia l  e lec t ro ly te  is so grea t  (10:.1) that  codeposi-  
l ion might  be expected.  The o ther  poss ibi l i ty  is that  
chemical  adsorpt ion  might  account for some of the re -  
covery.  Al though the effect of chemical  adsorpt ion  w a s  
reduced  b y  a l lowing the solution to flow through the 
reac tor  for ,a m in imum of  5 rain before  the exper i -  
ment  was commenced,  and b y  opera t ing  the reactor  at  
s teady state for 30 min, chemical  adsorpt ion  cannot  be 
ru led  out  because of the large  surface area  of the po r -  
ous electrode.  Chemical  adsorpt ion might  be expected 
to cause a f a i r ly  un i form ut i l izat ion of  the  porous bed. 
However ,  ~his was not  observed,  since the meta l  dis-  
t r ibu t ion  in the bed  indicated tha t  only  the  ent rance  
region of the  bed had a significant copper  content.  
F r o m  Fig. 6, it  can be seen tha t  the copper  recovery  
was at  bes t  39.6% and showed only a smal l  increase 
wi th  potential .  The cause of the large  var ia t ion  of pe r -  
cent  r ecovery  of  copper  has not  been de te rmined .  The 
gold recovery  is high at  potent ia ls  ~ --0.86V. Thus, the 
gold reduct ion peak  found in the potent ia l  sweep ex -  
pe r iments  corresponds to a gold p la t ing  reaction.  The 
presence of nickel  has a pronounced effect on synthe t ic  
solutions containing copper,  s i lver ,  and gold. A l -  
though no reduct ion peak  was found in the potent ia l  
sweep work, an oxidat ion  peak  resul t ing  f rom the pr ior  
reduct ion of n ickel  at  potent ia ls  more negat ive  than 
--1.2V was found. F r o m  Fig. 6, it  can be seen that  
even at the  most  negat ive  potenta ls  (--1.59V) no n ickel  
p la t ing  was found. Thus, i t  would  appear  that  the  
n ickel  oxidat ion peak  at  --0.05V in the potent ia l  
sweep work  was not  f rom deposi ted nickel;  most l ike ly  
it was from a reduced  nickel  cyanide species. I t  is 
not  c lear  whe the r  the  effect of nickel  in polar iz ing the 
gold and s i lver  p la t ing  react ions and depolar iz ing the 
hydrogen  evolut ion react ion is due to monolayer  dep-  
osition or  modification of the double  layer.  (The anal -  
ysis for n ickel  was not  sufficiently sensit ive to detect  
monolayer  deposit ion.)  However ,  bu lk  deposi t ion of 
n ickel  can be ru led  out. 

I t  was found that  potent ia l  var ia t ion wi th in  the bed  
did not  cause the  codeposi t ion of  copper  and gold with  
si lver .  The ups t ream posit ion of the reference elec-  
t rode  caused the larges t  e lec t rode/so lu t ion  potent ia l  
diffe.rence to occur in the ups t ream por t ion of the bed 
where  90% of the  meta l  deposi t ion took place. A de-  
creasing potent ia l  difference was found with  bed depth, 
so that  the  potent ia ls  shown in Fig. 6 r epresen t  the  
grea tes t  dr iv ing  force ava i lab le  for plat ing.  

Conclusions 
1. L inear  scan vo l t ammet ry  measurements  show that  

meta l  ion in teract ions  p l ay  a significant role  in the be -  
hav ior  of a lka l ine  cyanide solutions. 

2. Lead  in low concentrat ions  (1 p p m )  acts as a 
depolar izer  for both  s i lver  and gold pla t ing in a lka l ine  
cyanide.  Lead also inhibi ts  hydrogen  evolution.  The 
ca ta ly t ic  action of lead is not effective wi th  n ickel  in 
the solut ion (250 p p m ) .  

3. Copper  (300 ppm)  can act  as a depolar izer  f o r  
both s i lver  and gold p la t ing  react ions in a lkal ine  
cyanide solutions. Hydrogen  evolut ion is inhibi ted  by  
copper  if gold and s i lver  a re  also p resen t  ir~ the  so lu-  
tion. The copper  cata lyt ic  ac t iv i ty  is inhibi ted  by the 
presence of nickel  (250 p p m ) .  

4. Nickel  (250 ppm)  inhibi ts  both s i lver  and gold 
p la t ing  and depolar izes  the hydrogen  evolut ion reac-  
t ion in a lkal ine  cyanide solutions. 

5. Gold and s i lver  can be efficiently recovered  f rom 
the indus t r ia l  leach solut ion even in the presence o f  
nickel.  However ,  copper  also codeposits.  

Acknowledgments 
The authors  would l ike to thank  R. Lenki  for some 

of the measurements  in this work  and the Na tura l  Sci-  
ences and Engineer ing Research Council  of Canada f o r  
the financial suppor t  for this work. 

Manuscr ip t  submi t t ed  Nov. 12, 1982; rev ised  m a n u -  
script  rece ived  Sept.  26, 1983. 

APPENDIX I 

Analysis of the Industrial Leach Solution 

Species Concentration ppm 

Au 17.5 
Ag 2.3 
Cu 300.0 
Ni 250.0 
Zn 30.0 
Fe 0.3 
Pb 1.3 
AS 1.0 
Co 2.0 
A1 0.4 
Mg 2.0 
Na,K 320.0 
CN- total 700.0 
CN- free 300.0 
CNO- 20.0 
CNS- 1600.0 
S2Oa= 1800.0 
SO~= 1020.0 
S= 0.I 

pH = 11.4. 

Analysis and solution courtesy of Pamour Mines, Porcupine, 
Ontario, Canada. 
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Gas Permeation in SPE Method 

I. Oxygen Permeation Through Nation and NEOSEPTA 
Z. Ogumi,* Z. Takehara,* and S. Yoshizawa* 

Department of Industrial Chemistry, Faculty of Engineering, Kyoto University, Kyoto, Japan 

ABSTRACT 

The permeat ion of oxygen at atmospheric  pressure through Nation | 120 and NEOSEPTA | ACH-45T ion-exchange 
membranes  was investigated by an electrochemical monitoring technique, which utilizes SPE composite electrodes pre- 
pared by an electroless plating method. The oxygen diffusion coefficients were almost the same (-10 7cm 2 �9 s- ')  for each 
material, but  the oxygen solubil i ty was much higher in Nation than in NEOSEPTA. The oxygen solubili ty in NEOSEPTA 
could be explained in terms of dissolution in the aqueous component  of the membrane,  but  the oxygen solubili ty in Nation 
was too high for such an explanation, and was postulated to involve the role of the polytetrafluoroethylene backbone.  

Recent ly ,  e lec t ro lyzers  employ ing  solid po lymer  elec-  
t ro ly te  (SPE)  have undergone  ex tens ive  invest igat ion 
for appl icat ions  such as wa te r  e lectrolysis  (1), br ine  
e lectrolysis  (2), and e lec t ro-organic  synthesis  (3-5).  
Wi th  these SPE methods,  the pe rmea t ion  of e lec t ro-  
chemical ly  react ive  species th rough  the SPE mate r i a l  
resul ts  in decreases in cur ren t  efficiency and un~canted 
side reactions.  This has been observed,  for example ,  in 
e lec t ro-organ ic  syntheses  using "both-s ides"  SPE 
methods  (5), in which anodic and cathodic react ions 
take  place on electrodes deposi ted o n b o t h  sides of the 
SPE membrane .  Pe rmea t ion  by  e lec t r ica l ly  neu t ra l  
gases is easier  than  by  ionic species bear ing  the same 
charge as the fixed ion of the SPE ma te r i a l  be -  
cause of the sma l l e r  size and absence of apprec iab le  
e lec t ros ta t ic  repuls ion in the case of the former.  The 
pe rmea t ion  of diffusant depends s t rongly  on the p rop-  
er t ies  of the ion exchange m e m b r a n e  and on the con- 
dit ions encountered.  

Recent so l id -po lymer  e lec t ro ly te  fuel  cells have  re -  
ceived considerable  in teres t  as e lec t rochemica l ly  re -  
genera t ive  energy s torage  systems (6). As encountered  
in .electrolyzers, gas permeat ion  th rough  the sol id-  
po lymer  mate r ia l s  (usua l ly  ion -exchange  membranes )  
decreases efficiency of fuel  cells. 

Because of its high chemical  and the rmal  s tabi l i ty ,  a 
per f luor ina ted  sulfonic acid m e m b r a n e  such as Nation@ 
usua l ly  is employed  in a so l id -po lymer  e lec t ro ly te  
fuel  cell. Per f luor ina ted  ion-exchange  membranes  also 
a r e  des i rable  for use wi th  SPE electrolyzers ,  a l though 
convent ional  ion-exchange  membranes  based on a 
s ty rene -d iv iny lbenzene  copolymer  may  be appl icable  
to some sys tems (3). 

N a t o n  is based on a po ly te t ra f luoroe thylene  back-  
bone wi th  pendan t  side chains of the form 

* Electrochemical Society Ac.tive Member. 
Key words: gas, diffusion, ion exchange, membrane.  

--(OCF2CF)n-- OCF2CF2SOs- " M + 
} 
CF8 

The structure of Nation has attracted the interest of 
many workers and has been the subject of consider- 
able investigation (7). Using low angle x-ray measure- 
ments, Yeo and Eisenberg (8, 9) have inferred an ionic 
cluster model with a Bragg distance of 51A. This model 
recently has been improved by Yeager and Steck (I0). 
As mentioned above, permeation through Nation is 
important both in fuel cells and in SPE electrolyzers. 
It is also of interest from the viewpoint of elucidating 
the peculiar structure of Nation (7). In this regard, the 
permeation parameters of hydrogen (Ii), chlorine (ii), 
and bromine (II, 12) have been investigated. In the 
present work, the diffusion coefficients and the solubil- 
ities of oxygen through Nation 120 and NEOSEPTA@ 
ACH-45T have been investigated by electrochemical 
monitoring of diffusion transients using SPE composite 
electrodes prepared by an electroless plating method 
(3). The values for the two different membranes are 

compared and discussed with reference to reported 
permeation parameter data. 

Experimental 
Membrane.--Nafion 120, a cation exchange m e m -  

brane,  and NEOSEPTA ACH-45T, an anion exchange 
membrane ,  were  chosen for this s tudy.  These mem-  
branes  have exchange  capacit ies of 0.83 m e q / g  and 
1.3-2.0 m e q / g  and thickness of 0.025 cm (unre inforced)  
and 0.014-0.020 cm ( re inforced) ,  respect ively.  The 
former  is wide ly  used as a chemical ly  and t h e r m a l l y  
s table  membrane  wi th  a perf luorosulfonic group and is 
the product  of E. I. du Pont  de Nemours  and Company  
(Wilmington,  De laware ) ,  and the l a t t e r  is a typ ica l  
hydroca rbon  anion exchange m e m b r a n e  wi th  a qua te r -  
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nary  ammonium group and the product of Tokuyama 
Soda Company (Yamaguchi, Japan) .  

The Nation 120 membranes  were pretreated by 
soaking in boil ing water  in  the Na + form for 30 min. 
The NEOSEPTA membranes,  supplied in the C1- 
form, were converted to the NOB- or O H -  form by 
immersion for more than 12h in 1M NaNO3 or 0.5M 
NaOH. 

Chemicals.--All  chemicals except hydrazyne were of 
reagent grade. Hydrazyne was of chemical pure grade. 
All  chemicals were used without fur ther  purification. 
Solutions were prepared with distilled water. Nitro- 
gen was of 99.99% puri ty  and oxygen of 99.6% purity.  

Deposition oJ Pt or Ag on the membranes . - -Plat inum 
was deposited on one or both sides of the Nation using 
an electroless plat ing method described previously 
from chloroplatinic acid solution using hydrazyne as a 
reductant  (3). In this method, the reductant  diffuses 
through the membrane,  which is set to separate a 
deposition cell into two compartments  of a metal  ion 
solution and of a reductant  solution. The reductant  
diffusing through the membrane  reduces the metal  ion 
on the surface of the membrane  facing the metal  ion 
solution. NEOSEPTA in the NO3- or O H -  form was 
deposited with Ag by the same method, bu t  on only 
one side. These prepared SPE composite electrodes are 
referred to as Pt-Nafion and Ag-NEOSEPTA, respec- 
tively. 

Electrolysis ceII.--The SPE composite electrode was 
mounted  in  the cell described schematical ly in Fig. 1. 
This cell was separated by the composite into two 
compartments.  The r igh t -hand  compar tment  facing 
the deposited metal  on the composite was filled with 
0.5M K2SO4, whereas the lef t -hand compartment  con- 
tained prehumidified gas. The electrodes were con- 
nected to a potentiostat  (Hokuto Denko Model HA- 
301). The electrode potential  was measured against a 
Ag/AgC1 (3.3M KC1) reference electrode positioned 
in a Luggin capillary. For l inear  potential  sweep 
vol tammetry,  a funct ion generator  (Hokuto Denko 
Model HB-1O4) was connected to the potentiostat, and 
ni t rogen was bubbled  through the r igh t -hand  com- 
par tment  throughout  the experiment.  The tempera ture  
of the solution in the r igh t -hand  compartment  was 
kept constant  by circulating the solution between the 
cell and the stock tank, which was located in a thermo- 
stated bath. The gas temperature  was kept constant  
by  flowing the gas through a long copper tube im-  
mersed in the constant  temperature  bath. 

Permeation measurements . - -The permeat ion of oxy- 
gen through the membrane  was monitored using the 
electrochemical technique used by  Yeo et al. (11) to 

measure the permeat ion of hydrogen and halogens 
through Nation and by Nanis et aI. (13) and Yoshizawa 
et al. (14) to measure hydrogen permeation through 
iron. 

When oxygen was introduced into the lef t -hand 
compartment  of the cell in Fig. 1, which was previously 
filled with nitrogen, oxygen permeated the membrane  
separat ing the two compartments.  The oxygen permea-  
tion rate was monitored electrochemically by the SPE 
composite electrode bonded to the side of the mem-  
brane  away from the gas compartment.  This was 
achieved by sett ing the potential  of the bonded elec- 
trode at a value at which the incoming oxygen was 
reduced under  mass- t ransfer - l imi ted  conditions. All  
measurements  were carried out at atmospheric 
pressure. 

Results 
E-i relationships.--Figure 2 shows the results from a 

set of l inear  potential  sweep experiments  on Pt-Nafion. 
Curve a was obtained using 100% ni t rogen and curve b 
using 100.% oxygen. Despite the very slow sweep rate 
of 5 mV �9 s -1, at --0.1V vs. Ag/AgC1, a small  current  
peak is observed that corresponds to the reduction of 
the oxygen permeat ing through the membrane.  A com- 
parison of curve b with curve a shows that oxygen is 
reduced under  mass- t ransfer  l imit ing conditions below 
--0.05V vs. Ag/AgC1. The mass t ransfer  is here con- 
trolled by the diffusion through the membrane.  Similar  
E-i  curves were obtained using Ag-NEOSEPTA. 

Although the actual mechanism of oxygen reduction 
on SFE composite electrodes is a complex problem, it 
has been assumed that the overall  reduction on P t -  
Nation and on Ag-NEOSEPTA takes place according to 
the four-electron reduction process. It  is reasonable to 
assume that oxygen ul t imate ly  is reduced to water  
on Pt  and Ag electrodes on SPE composites since the 
metals are deposited in a m a n n e r  s imilar  to that of Pt  
blacks (3) and are known to be very active catalysts 
for the decomposition of any  peroxides that might be 
formed as intermediates  (15). This will  be discussed 
in more detail in a subsequent  paper (16). In  all  the 
experiments  of the present  work, therefore, the poten- 
tial of the SPE composite electrode was set at --0.25V 
vs. Ag/AgC1 in order to reduce oxygen under  diffusion 
l imit ing conditions. The steady-state reduction cur-  
rent  was assured to be proport ional  to the oxygen con- 
tent  of the gas in  the le f t -hand  compartment  of the 
cell. 

Oxygen permeation resuIts.--The oxygen permeat ion 
transients  observed as reduction currents  reflect diffu- 
sion under  a well-defined set of ini t ial  and boundary  
conditions. These condFdons can be described in terms 
of the variat ion with t ime (t) of the oxygen concen- 
trat ion (c) at any  distance (x) from the le f t -hand  side 
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Fig. 1. Schematic diagram of an electrolysis cell fitted with a 

one-side SPE composite, a: SPE composite, b: working electrode on 
SPE composite, c: counterelectrode, d: Ag/AgCI reference elec- 
trode, e: gas compartment, f: 0.SM K2SO4. 
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Fig. 2. E-i curves on Pt-Nafion. Sweep rate: 5 mV �9 s -1.  Curve a: 
nitrogen. Curve b: oxygen in the gas compartment, 0.SM K2SO4 in 
the right compartment. 
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of the membrane ,  which has a thickness (1). Assuming  
the s tepwise  in t roduct ion  of oxygen  into the  l e f t - h a n d  
compar tmen t  at  t ime t = 0 and tha t  the dissolved oxy-  
gen concentra t ion at  the input  side of  the membrane  
ins tan taneous ly  achieves and mainta ins  the constant  
va lue  (co), then 

c _--_ c0 ;x  = O ; t  >=0 [1] 

Since oxygen a r r iv ing  at  the  r i gh t -hand  side (i.e., at 
the e lec t rode  on the SPE composi te)  is reduced  quan-  
t i t a t ive ly  to water ,  then  

c - -  0; x --  l; t >= 0 [2] 

P r io r  to the in t roduct ion  of o x y g e n ,  the membrane  
contacts  100% pure  n i t rogen gas and n i t rogen- sa tu -  
r a t ed  0.5M K2SO4, so tha t  the in i t ia l  condit ion is 

c = 0 ; 0  < x < l ; t  : 0 [3] 

Fick 's  second law (Eq. [4]) is appl icable  and can be 
solved under  the  condit ions set by  Eq. [1]-[3]  by  the 
use of Laplace  and Fou r i e r  t ransformat ions  

0c 02c 
= D [4]  

.Or .Ox ~ 

The oxygen  diffusion flux (J)  is descr ibed by  Fick 's  
first l a w  

,0c 
J = - - D - -  [5] 

@:c 

Solving the above  equations yields  the flux (Jr) at  
x = l and t ime t in te rms of the dimensionless  form 
(Jt/J~) vs. ~, the reduced  dimensionless  t ime 

Jt/J~ " -  (2/k/~r)  " exp( - -1 /4T)  [6] 
where  

= Dt/Z2 [7] 

D is the  diffusion coefficient, and J| is the s t eady- s t a t e  
flux at  t ~ ~ .  The numer i ca l ly  obta ined  theore t ica l  
curve of (Jr~J| vs. T is p lo t ted  as the solid l ine in 
Fig. 3. 

Under  s t eady- s t a t e  diffusion conditions,  a l inear  
concentra t ion  grad ien t  is es tabl ished th rough  the 
m e m b r a n e  and the flux can be expressed  in terms of 
the s t eady-s t a t e  cur ren t  dens i ty  i| 

nFDco ~. = . . . .  [8]  

where  n assumed to be 4, is the number  of mols of 
electrons consumed per  mol  of oxygen reduced  at  the 
moni tor ing  e lect rode on the SPE. A plot  of Jt/J~ 
(= i t / i~ )  against  t ime (t) should fit wi th  the theore t i -  
cal curve of Fig. 3. The selection a r b i t r a r i l y  of one 
point  f rom the curve leads  d i rec t ly  to the value  of D 
through  Eq. [7]. For  example ,  Jt/J~ : it/i| -- 1/2 
corresponds  to �9 = 0.138 f rom Eq. [6] or  f rom the the-  
ore t ica l  curve of Fig. 3. Using Eq. [7] 

D = 0.138. 121h/2 [9] 

where  tl/2 is the t ime at  which (it/i~) becomes 1/2 
on the expe r imen ta l ly  ob ta ined  plot  of (it/i~) vs. t. The 
closeness of the fit of the  expe r imen ta l  t rans ient  curve 
with  the theoret ica l  curve is a measure  of the ex ten t  
to which the diffusional behavior  of  the sys tem agrees  
wi th  the  pos tu la ted  model.  The fit also tests the ex -  
pe r imen ta l  results.  As an example ,  the  b roken  "bui ld-  
up" curve in Fig. 3 shows one set of expe r imen ta l  
resul ts  obta ined  for the t rans ient  pe rmea t ion  behavior  
of oxygen through  Pt -Naf ion at  25~ 

The s t eady-s t a t e  pe rmea t ion  ra te  (L) can be d i rec t ly  
measured,  and co can be ca lcula ted  f rom Eq. [8] using 
the D value  ob ta ined  f rom the t rans ien t  measurement .  

An analogous theore t ica l  analysis  can be made  for 
the s tepwise change of the gas composit ion in the  le f t -  
hand  compar tmen t  f rom oxygen  to ni t rogen.  Since in 
this case the cur ren t  decreases  wi th  time, the curve is 
cal led a "decay" curve (as opposed to the previous  
case, in which the curve resul t ing  f rom the in t roduc-  
tion of oxygen  was t e rmed  a "bui ldup"  curve) .  The 
theore t ica l  decay curve also was ca lcula ted  and is 
shown in Fig. 3. The expe r imen ta l  resul ts  show good 
agreement  wi th  both the  bu i ldup  and decay curves.  
The cur ren t  was correc ted  for the inevi tab le  res idual  
cur ren t  (,~10 ~A) shown in Fig. 2, which was mea -  
su red  before  and a f te r  a l l  exper imen t s  and  s tayed 
s m a l l  and almost  constant  dur ing  each measurement .  

Table  I summar izes  the resul ts  of pe rmea t ion  mea -  
surements  on Pt -Naf ion and Ag-NEOSEPTA.  I t  can 
be  seen that  the oxygen diffusion coefficients are  a l -  
most  ident ica l  in both membranes .  The oxygen solu-  
bil i ty,  however ,  is r e m a r k a b l y  h igher  in P t -Naf ion  
than  in Ag-NEOSEPTA.  F igure  4 shows the Ar rhen ius  
plot  for the oxygen  diffusion coefficient in Pt -Naf ion 
when  the  r i gh t -ha nd  compar tmen t  contained 0.5M 
K~SO4 solut ion and the l e f t -hand  compar tmen t  con- 
ta ined  prehumidi f ied  oxygen  gas. Analys is  of the  r e -  
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Table I. Permeation parameter of oxygen through 
Nafion and NEOSEPTA ACH-45T 

Table, II. Diffus~ion co~fficients and solubilities of oxygen 
and others in several media 

Temp J| x 10 ~ t112 D x 10~ co x 103 
Membrane ~ A �9 c m  -2 s a m  ~ �9 s -1 l~I 

N a t i o n  20 26.7 355 2.4 7.20 
30 28.6 295 2.9 6.50 
40 36.7 193 4.4 B.3O 
50 46.8 197 5.2 5.90 

N E O S E P T A  25 4.7 131 2.4 0.77 

Temp D x l 0  T c x I0  a 

D i f f u s a n t  M e d i u m  ~ em" �9 s -1 M Ref .  

02 H~O 25 295.00 1.30 (17) 
0.5M K~SO4 25 -- 0.85 (17) 
0.5M H~SO~ 25 - -  1.13 (17) 

n-C7Fi6 25 - -  26.80 (18) 
P T F E  20 1.40 26.80 (19, 20) 

Ha N a t i o n  120 25 6.60 24.50 (11) 
14% HC1 aq 

C b  N a t i o n  120 25 2.40 110.00 (11) 
14% HC1 aq 

Br~ N a t i o n  120 25 1.17 - -  (12) 
4M N a B r  

Na  + N a t i o n  120 60 1.96 ~ (21) 
9.5M NaOH 

sults shows that  

D = 3.1 • 10 -3 e x p ( - - 5 5 0 0 _  120/RT) cm2. s -~ 

[ i0] 

where R ---- 1.987 cal �9 tool -1 �9 -1 and T is absolute 
temperature.  The diffusion coefficient was found to be 
dependent  on the sample n u m b e r  and pre t rea tment  
history of the Nation, which will be discussed in detail 
in a subsequent  paper; the oxygen solubil i ty was al-  
most independent  of the sample and pretreatment .  

Discussion 
E-i relationships.--Even at the very slow sweep rate 

of 5 mV �9 s -1, a small  peak was observed in the oxy-  
gen vol tammogram in Fig. 2. This reflects the very 
small  diffusion coefficient of 10 -7 cm 2 �9 s -1 (discussed 
'below) and the formation of a stable diffusion layer 
that must  be inside the membrane.  At faster sweep 
rates, very large double layer charging currents  were 
observed that can be ascribed to very large active sur-  
face areas of the SPE composite electrodes. Ag- 
NEOSEPTA was stable for more than 50h dur ing the 
permeat ion measurements .  Since stable peroxides 
would very  readily attack NEOSEPTA ACH-45T 
membranes,  this supports the assumption that perox- 
ides are not formed as intermediates  dur ing the oxy-  
gen reduction, or, if formed, are rapidly decomposed. 
This confirms that oxygen is totally reduced on the 
electrode to water by the four-electron process. 

Oxygen permeation.--The good agreement  of the 
exper imental  curves with the theoretical curves over 
the complete range of values confirms that the permea-  
tion obeys the postulated ideal diffusion behavior and 
that the deposition of metals on the membrane  does 
not disturb the ideal diffusional conditions. 

Table II summarizes some diffusion coefficients and 
solubilities of oxygen and a n u m b e r  of other  species in 
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Fig. 4. Arrhenius plot for oxygen diffusion coefficient through Pt- 
Nation in 0.SM K2S04. 

several media that are re levant  to Nation and 
NEOSEPTA ACH-45T. The oxygen diffusion coeffi- 
cients shown in Table I for Pt-Nafion and Ag- 
NEOSEPTA, which are almost equal in value, are 
reasonable when compared with the values in Table II 
for chlorine (11) and bromine (12) through Nation, 
although the values are two orders of magni tude  
smaller  than the corresponding values in water  (17). 

The activation energy for the diffusion of oxygen 
throt~gh Nation has been determined to be about 5500 
cal �9 mol - i  (see Fig. 4). This value appears reasonable 
in view of the values of 5170 cal �9 mol - i  for hydrogen 
through Nation and 5560 cal . m o l  - i  for chlorine 
through Nation determined by Yeo and McBreen (11). 

The relat ively low oxygen solubil i ty in Ag- 
NEOSEPTA is easily explained by the dissolution of 
the gas in the aqueous portion of the membrane  when 
the volume of the hydrocarbon backbone and the high 
concentrat ion of the electrolyte in the membrane  are 
taken into consideration. However, the oxygen solu- 
bil i ty in Pt-Naflon was found to be much higher than  
in Ag-NEOSEPTA. The s t ructure  of Nation is much 
different from NEOSEPTA, a usual  hydrocarbon ion 
exchange membrane.  In  their model, Yeager and Steck 
divided Nation into three regions, a hydrophobic 
PTFE backbone region, a hydrophilic aqueous region, 
and an intermediate  region (10). They concluded the 
aqueous region as almost the same as an aqueous solu- 
tion of high concentration. Adopting their model, we 
see that this high solubil i ty cannot be borne by the 
aqueous part  of the Nation on account of the very low 
solubil i ty of oxygen in water  or in aqueous solution 
(17). Additionally,  changing cation from K + to Na + 
scarcely caused the change of the solubility. As indi -  
cated in Table II, oxygen is, however, highly soluble 
in some hydrophobic solvent, e.g., benzene or fluorin- 
ated solvents (18). The solubilities and permeabil i t ies 
of several  gases through polytetrafluoroethylene 
(PTFE) have been investigated using gold and plat i -  
n u m  metallized thin PTFE membranes  (19, 20). The 
data for oxygen are included in Table II. Yeo et al. 
(11) and Will  (12) seem to have considered that the 
diffusants dissolve in the aqueous portion of Nation. 
Although this explanat ion is sufficient to explain the 
solubilit ies of chlorine and bromine in  Nation, the 
solubilities of hydrogen, determined by Yeo et al. and 
of oxygen, from the present  work, are too high to be 
explained on this basis. The high solubilit ies indicate 
a specific interact ion between the PTFE backbone of 
Nation and the hydrogen and oxygen, thus resul t ing in  
some special influence of the PTFE backbone on the 
gas permeation characteristics of Nation. The influence 
of the PTFE backbone should appear in  both hydro-  
phobic and intermediate  regions of Nation in the model 
by  Yeager and Yeo. The details of these effects are  
being investigated. 

S u m m a r y  
The permeation of oxygen through Nation 120, a 

cat ion-exchange membrane  of the pert iuorinated sul- 
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fonic acid type,  and through NEOSEPTA ACH-45T, an 
an ion-exchange  m e m b r a n e  of s ty rene -d iv iny lbenzene  
copolymer,  was inves t iga ted  by  an e lec t rochemical  
moni tor ing  technique using SPE composite electrodes.  
While  the oxygen diffusion coefficients of both mem-  
branes  were  qui te  similar ,  the oxygen  solubi l i ty  was 
much h igher  in Nation than in NEOSEPTA. The higher  
value  in Nation cannot be exp la ined  in terms of dis-  
solut ion of the gas in the aqueous par t  of the m e m -  
brane.  Instead,  specific in terac t ion  be tween  oxygen  
and hydrophobic  backbone  in Nation is inferred.  
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Kolbe Electrolysis of Mixtures of Aliphatic Organic Acids 
P. F. Levy, J. E. Sanderson, and L. K. Cheng 

Dynatech R/D Company, Cambridge, Massachusetts 02139 

ABSTRACT 

Kolbe electrolysis of mixtures of n-butanoic with n-hexanoic acid and propanoic with n-hexanoic acid have been per- 
formed in aqueous solution at a smooth pla t inum anode. Typically, hexane production by the oxidation of butanoic acid, or 
butane product ion from propanoic acid, in aqueous solution is not observed to exceed a few percent.  In the current  work, 
significant increases of  these products  were observed. In addition, a substantial  fraction of the remaining C3 or C4 acids 
r e a c t e d  w e r e  converted to mixed alkane dimers with hexanoic acid. These results are interpreted by a model  in which 
~,-hexanoic acid and its various oxidation products  form a l ipophilic layer at the anode surface which provides an environ- 
ment  where further oxidation to carbonium ions is disfavored. This model  has been suggested previously to explain pres- 
sure effects on Kolbe electrolysis (1). This observation supports  the feasibility of producing mixed linear alkanes for use as 
fuels and chemicals from mixed organic acids which may be produced by anaerobic fermentat ion of organic matter. 

The Kolbe  reaction,  deca rboxy la t ion  and d imer iza -  
t ion of a l iphat ic  carboxyl ic  acids, has been observed to 
occur at smooth p la t inum anodes (2, 3) fol lowing the 
s to ich iomet ry  

RCOOH q- R'COOH--> R---R' q- 2CO2 q- 1-12 [1] 

Hofer  and Moest (4) descr ibed the e lect rolyt ic  ox ida -  
t ion of  organic  acids to produce  alcohols 

RCOOH--> ROH + CO2 + Ha [2] 

a react ion which  is p reva len t  at  carbon anodes (5).  
Product ion  of side products  has been observed to ac-  
company  alcohol and dhner  formation.  The p r i m a r y  
side product  is usua l ly  olefin 

RCOOH-> R ' H C : C H R "  + COs + H~ [3] 

where  R'  and  R" are  e i ther  hydrogen  or  organic r a d i -  
cals. Other  side products  include esters, nondimer ized  
alkanes,  and cyclopropane  der ivat ives  (3, 6). Oxygen 
c a n  also be produced  when the reac tan t  is carr ied out  in 
aqueous solution, p a r t i c u l a r l y  at low current  densit ies.  

The product ion of d imer ic  a lkane  (Kolbe)  p roduc t  
p redomina tes  when the react ion is car r ied  out  a t  
smooth p la t inum anodes wi th  acetic and fa t ty  acids 
containing at  least  six carbon atoms. Repor ted  yields  
of Kolbe  product  f rom propanoic  acid are  only a few 
percent  and  n -bu tano ie  on ly  s l ight ly  h igher  (5, 7). 
This paper  repor ts  increased yie lds  of d imer  product  
f rom propanoic  and n-bu tanoic  acids in mix tures  wi th  
n -hexano ic  acid. A model  is suggested to expla in  these 
results.  Effects seen due to changing cur ren t  densi ty,  
t empera tu re ,  l iquid flow rate,  and reac tan t  concentra-  
t ion are  consistent  wi th  the suggested model.  

Experimental 
The detai ls  of the expe r imen ta l  e lectrolysis  sys tem 

used in this s tudy  are descr ibed in a previous  paper  
(1). Briefly, the sys tem shown in Fig. 1 consists of a 
f low-through e lec t ro ly t ic  cell  (ECO, Incorpora ted)  
modified and re inforced to al low it  to be opera ted  at  
e leva ted  pressure,  a 1 l i t e r  l iquid reservoir ,  pump,  
power  supply,  and condenser .  Produc t  gas collection 
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Fig. !. Diagram of integrated 
electrolysis system. 
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is accompUshed by l iquid displacement.  The anode is 
a p la t inum foil sheet and cathode is stainless steel. The 
electrodes are separated by a pressed fiber gasket giv- 
ing an electrode spacing of approximately 0.15 mm. 
The exposed in ternal  surface area of the electrodes is 
either 36.0 or 7.33 cm 2. 

.All products (gaseous, water  immiscible, and water  
soluble) are separated and quantified by gas chroma- 
tography. All  reagents were reagent-grade materials 
obtained from major  supply houses and were used 
without  purification. In all experiments,  0.5M sodium 
sulfate was used as a support ing electrolyte. The pH 
of the solution was adjusted to 7.0 with sodium hy-  
droxide at the start of each experiment.  

Results 
Experiments  were run  in which mixtures  of verious 

concentrations of butanoic and hexanoic or propanoic 
and hexanoic acids were reacted, tempera ture  was 
varied in the reaction of butanoic or pentanoic acid, 
and flow rate, concentration, or current  density was 
varied in the reaction of pentanoic acid. 

In  the tabulat ion of the results of these experiments,  
the product distr ibutions are reported as percent  of 
organic acid reactant  converted to each product  based 
on the total amount  of that organic acid reacted in 
the experiment.  In each exper iment  reported, hydro-  
gen is recovered accounting for the total current  sup- 
plied. Material  balances indicated in the results show 
the percentage of anode product recovered compared 
to the total cur rent  supplied. 

Mixtures of butanoic and hexanoic acids were elec- 
trolytical ly oxidized on a p la t inum anode. The init ial  
pH in all these experiments  was 7.0 and the final pH 
was 9.0 (___0.3). The yield of butanoic acid products 

is shown in Table I. The yield of coupled products 
formed ent i re ly  or par t ia l ly  from 0.7M butanoic acid 
(n-hexane  and n-octane)  increases as the ini t ial  con- 
centrat ion of hexanoic acid increases, up to 0.35M, as 
seen in Fig. 2. The ratio of butanoic to hexanoic acid 
reacted in these experiments  is observed to decrease as 
hexanoic acid concentrat ion is increased (Fig. 3). This 
ratio can be normalized as indicated in the figure, and 
the normalized ratio of acids reacted is approximately  
1/3 (butanoic/hexanoic)  at all hexanoic acid concen- 
trations above 0.35M. In  the same set of experiments,  
the formation of coupled products from hexanoic acid 
(n-octane and n-decane)  in the presence of 0.7M 
butanoic acid follows a similar pa t te rn  to that  observed 
for butanoic acid when examined as a funct ion of 
hexanoic acid concentrat ion (Fig. 4). 

An analogous increase in  the formation of coupled 
products (butane and heptane) from propanoic acid 
was seen when hexanoic acid was added to the elec- 
trolysis solution (Table II) .  In  these experiments  the 
normalized ratio of propanoic/hexanoic acid reacted 
is 1/6.25. 

The effects of temperature,  current  density, con- 
centration, and liquid flow rate were observed in elec- 
trolysis solutions containing a single reacting organic 
acid (butanoic or pentanoic) .  The results in general  
are consistent with other studies of these variables 
(6). Table III shows an increase in alcohol formation 
at incre,ased temperature.  Table IV shows a decrease 
in dimer formation with decreasing flow rate (Runs 
158, 164, and 166). At a re la t ively low flow rate, an 
increase in organic acid concentrat ion restores dimer 
formation to that seen at high flow rates (Runs 166, 
167, and t68). An effect on the product distr ibution i s  
observed for current  densities below 0.27 A /cm 2 (Fig. 

Table I. Percent yields of butanolc acid products from electrolytic oxidation of mixtures of butanoic and 
hexanoic acids on platinum anode* (current density 0.28 A/cm2; pH 7-9; atmospheric pressure) 

Run R e a c t i n g  organic  acids  Propanols  Es ters  O1efins Paraffins Materia l  ba la nce  CdCe R e a c t e d  

118 1.4M butanotc  45.7 4.0 31.1 17.1 93.0% - -  
130 1.4M butanoic  42.6 1.7 33.6 20.5 89.0% 
134 0.7M butanoic /0 .1M hexano lc  40.0 4.3 35.6 17.5 82.3% 8.14 
133 0.7M butanoic /0 .2M hexano ic  25.6 11.5 28.7 31.2 84.7% 1.90 
136 0.TM butanoic/O,3M hexano ic  19.5 14.7 16.5 46,7 82.2% 0.75 
132 0.7M butanoic/O.35M hexano ic  13.9 12.5 14.1 56.4 93.6% 0.66 
122 1.4M butanoic /0 .7M hexano ic  2.9 3.7 10.7 76.8 88.7% 0.59 
137 0.7M butanoic /0 .SM hexano ic  7.8 14.5 13.1 62.1 61.5% 0.47 
119 0.7M butanoic /0 .7M hexano ic  15.6 6.3 15.6 53.2 86.0% 0.30 
131 0.7M butanoic/O.7M hexano ic  1.7 20,6 12.3 62.2 84.2% 0.32 
135 0.7M butanoic/1.OM hexano ic  2.0 28.1 10.2 67.1 89.2% 0.23 

* Yie lds  based  on tool  p e r c e n t  of  to ta l  butano ic  ac id  c o n s u m e d  to  f o r m  m e a s u r e d  quant i t i e s  of  e a c h  product .  
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Fig. 2. Yield of dimeric alkane products from butanoic acid in 
mixtures with varying concentrations of hexanoic acid. 

5). As the current density decreases, products requir- 
ing a two-electron oxidation are favored. At current 
densities below 0.13 A/cmU a significant increase in 
production of O~ from water is observed. 

Discussion and Conclusions 
Conditions favoring production of coupled products 

from propanoic, butanoic, and pentanoic acids have 
been reported. These conditions include the presence 
of hexanoic acid, current densities above 0.27 A/cm 2, 
low temperature, high liquid flow rate, and high re- 
acting organic acid concentrations. Earlier work dem- 
onstrated increased yields of coupled products at ele- 
vated reactor pressures (1). 

The hypothesis suggested in our earlier paper (1), 
that coupled product yield is increased by improving 
the integrity of a lipophilic layer at the electrode sur- 
face, is further supported by the experimental results 
presented in this paper. The influence of hexanoic acid 
on the products formed from butanoic acid is inter- 
preted to be caused by the formation of a lipophilic 
layer comprised of hexanoic acid, its electrolysis prod- 
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Fig. 3. Ratio of butanoic to hexanoic acid reacted as a function 
of hexanoic acid concentration in the mixture. 

ucts, and intermediates. The existence of this layer is 
most strortgly supported by the ratio of butanoic/ 
hexanoic acid reacted in the mixed acid experiments. 
The normalized ratio of 1/3 (Fig. 3) suggests a higher 
partition coefficient for hexanoic acid than butanoic 
acid into the lipophilic layer. Observation of a lower 
normalized ratio between propanoic and hexanoic 
acids is consistent with the relative partition coeffi- 
cients of these acids between aqueous and organic 
solvents. 

If it is the influence of the lipophilic layer that 
primarily controls the product distribution rather than 
properties of the reacting acids themselves, then the 
formation of coupled products in the mixed acid runs 
should be governed by a mass action statistical dis- 
tribution. The formation of coupled products from two 
reacting organic acids can be represented by the gen- 
eral equation 

aR1COOH -{- bR2COOH --> cR1-R2 -{- dRI-R2 

.-5 eR2-R2 + (a.+- b)CO2..t- ( - ~  ) H2 [4] 

Table II. Percent yields of propanoic acid products from electrolytic oxidation of mixtures of propanoie 
and hexanoic acid on platinum anode* (current density 0.28 A/cm2; pH 7-9; atmospheric pressure) 

Run React ing organic  acids Ethene  Butane  Heptane Ethanol  Esters  Material  balance  Ca/C~ 

147 2.0M propanole  60.9 O.O - -  30.8 8.6 94.3 m 
151 2.0M propanoic/1.OM hexanolc  43.1 33.5 15.1 3.6 4.6 90.0 0.39. 
152 1.4M propanoic/1.OM hexanoic 28.8 14.8 44.0 2.2 10.3 101.1 0.24 
153 1.4M propanoic/O.7M hexanoic  25.7 9.2 42.0 3.6 5.3 81.0 0.30 

* Yields  based  on  tool percent  of total  propanoic  acid consumed to form measured  quant i t ies  of each product .  

Table IlL Effect of temperature on yield of products* (current density 0.28 A/cm2; pH 7-9; atmospheric pressure) 

Current Material 
Run Reacting organic  acid Temperature  (~ Alcoho l s  Esters  Dimers Olefins Other** to O~ balance  

130 1.4M butanoic  22 42.6 1.7 20.5 33.6 1.6 - -  89.0 
141 0.7M butanoic  22 65.6 0.0 8.9 24.4 1.0 3.4 100.0 
138 O.TM butanoic  80 73.1 ~ 1  4.9 21.3 0.7 13.3 98.3 
140 0.7M pentanoic  22 25.3 9.7 36.1 25.4 3.4 3.4 100.0 
139 0.7M pentanoic  80 44.7 6.1 29.5 16.1 3.6 9.1 100.0 

* Product  yie lds  calculated as tool  percent  acid reacted  to form product  compared  to total  tools  acid reacted  in run. Current 
forming O~ expressed  as percent  of  current  suppl ied  in run. 

** Refers  to d[sproporUonation products  such  as butane f r o m  pentanolc  aekL 
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mixtures with butanoic acid. 

If  "r" is defined as the rat io  of the organic acids re -  
acted (a/b), then the s ta t is t ica l  d is t r ibut ion  of coupled 
products  formed is 

R1-R1 ---- 

R1-R2 -- 2r [5] 

and 
R2-R2 -- 1 

This in te rp re ta t ion  is appl ied  to resul ts  f rom the mixed  
acid exper iments  in Table V. Expected  produc t  dis-  
t r ibut ions  are  calcula ted f rom the rat io of butanoic  to 
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Fig. 5. Yield of products from pentanoic acid as a function of 
current density. 

hexanoie  acid reacted and compared  wi th  exper i -  
men ta l l y  observed product  dis t r ibut ions.  In  the p res -  
ence of g rea te r  than  0.3M hexanoic  acid, r easonab ly  
good agreement  is seen be tween the expected and ob-  
served d is t r ibut ion  of coupled products .  Over  a t h i r t y -  
six fold range of observed ratios, al l  ca lcula ted  values  
agree  to wi th in  be t t e r  than  a factor of two. Var ia t ions  
f rom the expected and observed dis t r ibut ion  may  be  
due to factors not  considered by  this s imple model  
such as differences in diffusivi ty and compet ing r e -  
actions leading  to format ion  of o ther  products .  

The ex ten t  to which the rat ios of d imer ic  products  
to cross-coupled products  can be expla ined  by  a s imple  
s ta t is t ica l  model  argues against  e lect rochemical  con- 
t ro l  of the  product  dis t r ibut ion.  Pe rhaps  a more  p o w e r -  
ful a rgument  may  be made based on the effect of the  
mere  presence of hexanoic acid, and p r e suma b ly  o ther  

Table IV. Effect of liquid flow rate and organic acid concentration on product distribution* (current density 
0.28 A/cm2; cross-sectional area for flow 0.015 cm2; exposed anode area 7.33 cm 2) 

Current Material  F low rate  
Run Reacting organic acid Butenes  Octane Alcohols  Esters  to  O~ balance ( m l / s )  

158 1.0M pentanoic  35.2 41.1 15.5 8.2 12.7 98.4 8.0 
164 1.0M pentanoic  32.5 38.3 20.3 8.9 10.1 100.8 2.8 
166 1.0M pentanoic  32.3 25.8 36.6 5.3 17.4 104.6 1.4 
167 1.5M pentanoic  32.0 42.7 18.3 7.0 12.7 98.7 1.8 
168 0.6M pentanoic  34.4 21.1 37.5 6.9 14.3 105.4 1.8 

* Product yields calculated as reel percent  acid reacted to form product  compared to total  reels acid reacted in run. Current form- 
ing O~ expressed  as percent  of current  supplied in run. 

Table V. Expected and observed ratios of alkane dimer formation from butanoic-hexanoic mixed runs 

Run Reacting organic acids 

Butanoic Hexane  Octane 

Hexanole  Octane Decane 

Reacted (r) Expected  (r2/2r) Observed Expected (2r) Observed 

Hexane  

Decane  

Expected  (r  2) Observed 

122 1.4M butaneic/0.7M hexanoic  0.59 0.30 0.35 1.18 1.08 0.35 0.38 
131 0.7M butanoic/0.7M hexanoic  0.32 0.16 0.16 0.64 0.47 0.10 0.07 
132 0.7M butanoic/0.35M hexanoic  0.66 0.33 0.26 1.32 1.04 0.44 0.27 
135 0.7M butanoic/1.(}lVI hexanoic  0.23 0,11 0.10 0.46 0.33 0.05 0.03 
136 0.7M butanoic/0.3M hexanoic  0.75 0,38 0.30 1.50 1.04 0.56 0.31 
137 0.TM butanoic/0.5~i  hexanoic  0.47 0.24 0.21 0.94 0.83 0.22 0.17 
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longer  chain fa t ty  acids, on the degree  of coupling of 
the  shor t  chain acids, which have genera l ly  been ob-  
served  to give very  low yields  of coupled product .  The 
c leares t  i l lus t ra t ion  of the effect m a y  be seen by  com- 
par ing  the resul ts  of Runs 147 and 151 l is ted in Table 
II. In  these experiments , :  the addi t ion  of 1.0M hexanoic  
acid to the e lec t ro ly te  solut ion resul ted  in an increase  
in the  conversion of propanoic  acid to butane  f rom a 
negl ig ible  amount  to app rox ima te ly  one - th i rd  of the  
acid reacted,  p r o b a b l y  the  highest  bu tane  y ie ld  ever  
observed in aqueous Kolbe  electrolysis.  One could 
argue  that  any  increased yields  of the cross-coupled 
products  could be a resul t  of the  e lec t rochemical  be -  
havior  of the longer  chain acid, but  it  is difficult to 
exp la in  the  increased yields  of short  chain d imer  by  
anyth ing  but  a physical  effect of the  longer  chain acid 
and its e lectrolysis  products .  

Results  f rom the exper iments  which var ied  t em-  
pera ture ,  cur ren t  density,  flow rate,  and concentra t ion 
m a y  be in te rp re ted  as bein~ suppor t ive  of the  hypo-  
thesis of control  of product  d is t r ibut ion  by  a l ipophil ic  
layer .  As the  in tegr i ty  of the l aye r  is d i s rupted  by  in-  
creased t e m p e r a t u r e  (volat i l izat ion of o!e2n produc ts ) ,  
local deple t ion  of reac t ing  organic  acid (seen at low 
flow ra te  and low bu lk  concent ra t ion) ,  or lowered  
cur ren t  dens i ty  a l lowing inf i l t rat ion of water ,  the for-  
mat ion  of d imer ic  (noncarbonium ion) products  is 
decreased.  This exp lana t ion  is consistent  wi th  the effect 
of reac tor  pressure  on the produc t  d is t r ibut ion  re-  
por ted  prev ious ly  (1). 

The ab i l i ty  t• improve  a lkane  (coupled product )  
yields for Cs to C5 acids in Kolbe  electrolysis  has po-  
ten t ia l  p rac t ica l  appl icat ions  in conversion of ,dilute 
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aqueous solutions of organic acids to hydrocarbons .  
Pa r t i cu l a r ly  in the conversion of mixed  organic acids 
obta ined f rom the fe rmenta t ion  of p olysaccharides,  
subs tant ia l  yields  of coupled a lkane  products  can be 
obta ined  from C3 to C6 acids, p rovid ing  a sufficient 
concentra t ion (0.35M) of hexanoic  acid is ma in ta ined  
or, as p rev ious ly  shown ( I ) ,  if the react ion is car r ied  
out under  pressure.  
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Voltammetric and XPS Analysis of MetaI-Complexed Polytyramine 
Films �9 Geometry-Dependent Electron Transfer Therein 

Minh-Chau Pham, Pierre-Camille Lacaze, and Jacques-Emile Dubois 
Institut de Topologie et de Dynamique des Syst~mes de l'Universit~ Paris VII, associ~ au CNRS, 75005 Paris, France 

ABSTRACT 

Electrodes coated with redox polymers  are prepared by coordinating various metal  ions with l igands from 
polytyramine films. The nature of the cation determines the geometry of the metal-polymer complex and hence the 
vol tammetr ic  behavior of the coatings. Electron transfer between adjacent  pairs of redox centers inside the film can occur 
with a four-coordinate structure, but  not with a penta- or hexacoordinate  structure. 

Var ious  methods  have  been used to b ind  t rans i t ion  
me ta l  complexes  to l igand containing po lymers  (1-8).  
Recent  s tudies  in this field dea l  wi th  the var ia t ions  in 
the e lec t rochemical  responses of e lectrodes coated with  
me ta l - complexed  films (9-12). 

Our  previous  s tudy  on the p repa ra t ion  and analysis  
of polyquinol inol  films coordinated with  Cu( I I )  or  
Co( I I )  ions indicates  tha t  the e lectr ical  and e lec t ro-  
chemical  proper t ies  of these e lect roact ive  electrodes 
depend  on the geomet ry  of these me ta l - complexed  films 
(12). We repor t  here in  the XPS and vo l t ammet r i c  
analysis  of meta l  complexed  films formed by  co- 
o rd ina t ing  C u ( I I ) ,  Co( I I ) ,  F e ( I I ) ,  Z n ( I I ) ,  or  M n ( I I )  
ions wi th  l igands  f rom po ly ty ramine  films. Like our  
resul ts  for meta l  complexed polyquinol inol  films (12), 
our  resul ts  on me ta l - complexed  po ly ty ramine  films 
indicate  tha t  the i r  e lec t rochemical  behavior ,  as wel l  
as the e lect ron t ransfe r  mechanism therein,  depends  
on the na tu re  of the cation which de te rmines  the  
complex  geometry .  

Experimental 
Only  commercia l  reagents  were  used. The ty ramine  

was f rom Aldrich.  Al l  of the chlorides (CuC12, 2H20; 

CoCle, 6H20; ZnC12, MnC12, 4H20; FeC12:, 4H~O) were  
f rom Prolabo (R. P. N o r m a p u r ) ;  CHzCOOH and 
CF3COONa from Aldr ich;  and LiCIO4 f rom Fluka .  
The methanol  was a Baker  analyzed reagent .  The de-  
ionized wa te r  was dis t i l led twice in a quartz  appara tus .  

Elec t rochemical  exper iments  were  pe r fo rmed  wi th  
a PAR 173 potent ios ta t  connected to a PAR 175 p ro -  
g rammer .  The electrodes were  bu lk  or  thin l aye r  Pt, 
deposi ted on glass plates  by  sput ter ing.  

F i lm identif icat ion by  x - r a y  photoelect ron spec t ros-  
copy (XPS)  was conducted on a Vacuum Genera tors  
Escalab MKI  ins t rument  using unmonochromated  
MgK~ x- rays .  

Mul t ip le  reflection IR spect ra  were  recorded  on a 
Model  9 Wilks  Scientific Corpora t ion  device mounted  
on a Nicolet  60 SX spect rometer .  

Results 
Polytyramine l~Im formation.--The prepa ra t ion  and 

charac ter iza t ion  of po ly ty ramine  films wi th  a thickness  
of ca. 50 n m  formed by  e lec t rochemical  oxida t ion  on 
p l a t inum or  i ron electrodes is descr ibed in a previous  
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s tudy  on po lypheny lene  oxide films wi th  amino group 
subst i tuents  (13). 

For  the  presen t  s tudy,  different  thicknesses of these 
po ly ty ramine  films were  p repa red  by  e lec t rochemica l ly  
oxidizing ty ramine  (0.11VI) in 0.3M I~aOH-MeOH and 
subject ing the e lec t rode  to different  po ten t ia l  sweep 
cycles at  50 mV s - L  A thickness  of ca. 50 nm was ab-  
ta ined af ter  ten  successive sweep cycles be tween  0.0 
and 2.0V (SCE);  a th ickness  of ca. 120 n m  was ob-  
ta ined  by  two sweep cycles be tween  0.0 and 3.0V 
(SCE) fol lowed b y  eight  sweep cycles be tween  0.0 
and 2.0V (SCE) ;  a thickness  of 150 nm was obta ined  
by  four  sweep cycles be tween  0.0 and 3.0V (SCE) 
fol lowed by  eight  sweep cycles be tween  0.0 and 2.0V 
(SCE). 
The multiple-reflection IR spectrum of the poly- 

t y ramine  film (Fig. 1) d isplays  an absorpt ion  band at  
1255 cm -1 ascr ibable  to the C - - O - - C  polyoxide  groups. 
There  are  two other  character is t ic  bands  at  3364 and 
3268 c m - t  a t t r ibu ted  to the  - -NH2 group ( N - - H  
s t re tching) ,  and another  band at 1080 cm -1 a t t r ibu ted  
to the C - - N  bond (C,---N s t re tch ing) .  These v ibra t ions  
are  also observed wi th  the ty ramine  monomer  (in 
KBr  pel le t )  at 3334, 3282, and 1042 cm -1 (14). 

XPS analysis  confirms tha t  the films of different  
thicknes@ are  indeed po lymer  films (Fig. 2a).  

Calculat ing the in tens i ty  of the XPS signals  emi t ted  
by  the various e lements  whi le  t ak ing  into account the 
sens i t iv i ty  of each gives CsO2.2N1.09 as the approx ima te  
fo rmula  for  the  po ly ty ramine  film. The same type  of 
calculat ion for  a s imple ty ramine  film obta ined  by  
evapora t ing  a methanol  solut ion wi th  ty ramine  onto 
a P t  e lect rode gives CsO0.96N0.9 as the fo rmula  for 
tyramine .  The oxygen index  of ca. 2.2 in the  po ly -  
t y ramine  film might  be accounted for by  a side react ion 
occurr ing dur ing  the e lect rochemical  polymeriza t ion .  
Wi th  tyramine ,  which is a para-substituted phenol,  
coupling of the phena te  radicals  can occur at the ortho 
posi t ion of the  phenol  group (15); dur ing  anodic 
coupling of the phenol,  a nucleophi l ic  agent  such as 
CH30- can a t tack  the qu ino l -e the r  po lymer  in te r -  
media te  (I)  at  the meta posi t ion (see Scheme) .  This 
in te rp re ta t ion  resembles  that  advanced by  Mengoli  
et at. (16) for the graf t ing of amine moiet ies  onto 
po lypheny lene  oxide  dur ing  the e lec t ropolymer iza t ion  

of phenol  in the presence of amines. Such a s ide - r e -  
action mechanism indicates  tha t  CsO2.2NL09 might  be 
the formula  for po ly tyramine .  

Scheme 

o. o y c  
R R 

R 
R R 

base 

R R R 

ArO- 

R = -CH2-CH2- -NH 2 
.4" = CH30- 

Ar : - -~(R)-C6H30~-  n (R)CeH/, 

Metal compIexed polytyramine film formation.-- 
Cu( I I )  ions can be coordinated  with  l igands f rom a 
po ly ty ramine  film by  immers ing  the film for 15 min 
in a boil ing 5 X I0-~M aqueous med ium of CuCI~. 
The p o l y t y r a m i n e - C u ( I I )  film is then r insed  u l t r a -  
sonical ly in dis t i l led wa te r  and is a i r -d r ied .  

For  complexat ion  with  Co( I I ) ,  F e ( I I ) ,  M n ( I I ) ,  or 
Z n ( I I )  ions, an organic med ium is required.  Af ter  
dissolving 10-1M MCI~ [M is F e ( I I ) ,  Z n ( I I ) ,  C o ( I I ) ,  
or  Mn ( I I ) ]  in DMF and br inging this solut ion to boi l -  
ing point,  a po ly ty ramine  film immersed  there in  for 
15 rain forms a complex wi th  the meta l  ions M. Af te r  
complexat ion,  the t rea ted  sample  is first r insed  in 
DMF by  ul t rasonic  s t i r r ing  to e l iminate  MC12 traces;  
it  is then again r insed u l t rasonica l ly  in methanol  to 
e l iminate  DMF traces.  Thereaf ter ,  i t  is a i r -d r i ed  be-  
fore use in exper iments .  

XPS  analysis of a polytyramine-Co(II) complex.--  
XPS analysis  of a po ly ty ramine  film before  and af ter  
the  t r ea tmen t  wi th  CoCl2 indicates  tha t  the  t r ea tmen t  
indeed resul ts  in the format ion  of a complex  be tween  
cobalt  ions and l igands of the  po ly ty r a mine  film. 

S ix  samples  of po ly ty ramine  films of various th ick-  
ness t rea ted  wi th  CoC12, 6H20 were  analyzed by  XPS 
(Fig. 2b) .  Averaged  b inding  energies,  ave raged  corn- 

Fig. 1. IR spectrum of the 
polytyramine film obtained on 
Pt. 
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Fig. 2. XPS spectra of (a) a 
polytyramine film, and (b) a 
polytyramine-Ce(ll) film. 

plexed  film formulas,  and bond types  are  given in 
Table I (17, 18). 

A compar ison of the spec t ra  of a po ly ty ramine  film 
(Fig. 2a) wi th  the spect ra  of a p o l y t y r a m i n e - C o ( I I )  
(Fig. 2b) shows tha t  in the Nls spectrum, the n i t rogen 
b ind ing  energy  increases f rom 399.6 eV in the  un t r ea t ed  
sample  to 400.38 eV in the t rea ted  sample  ( the reby  
indica t ing  tha t  the  pa r t i a l  charge f rom the N atoms 
increases,  in accordance wi th  ac tual  coordinat ion be-  
tween Co( I I )  ions and N) .  The t rea ted  film also dis-  
p lays  two Ols signals  (one at  530.57 eV tha t  might  
ar ise  f rom in terac t ion  be tween  H20 molecules and 
Co(II) ions, and one at  531.96 eV ascr ibable  to C - - O - - C  
bonds in in terac t ion  wi th  Co( I I )  ions, plus a Co2p3/2 
and a Co~pl/2 s ignal  (at  780.56 and 795.77 eV) .  

Quant i t a t ive  analysis  of the six samples  gives 
C803.58__o.82N1.12_+0.03Co0.88___0.33 as the average  formula  
of the  po ly ty r amine -Co  (II)  complex.  The r a the r  large  
s t anda rd  devia t ions  for  the oxygen  and cobalt  in this 

fo rmula  might  be due to incomple te  meta la t ion  be-  
tween the po lymer  l igands and the Co (II)  ions. 

Plot t ing the oxygen index vs. the cobal t  index using 
six da ta  points  gives an app rox ima te  s t ra ight  l ine wi th  
a slope of ca. 2 and an ord ina te  or igin of 2. This indi -  
cates the presen,ce of ca. two addi t ional  oxygen  a toms 
(aside f rom the two oxygen  l igands in the un t rea ted  

po ly ty ramine  film) per  cobal t  ion when  complexa t ion  
occurs. 

X P S  analysis of a poly tyramine-Cu(II )  complex . - -  
Results  of XPS analysis  of a po ly ty ramine  film before  
and af ter  complexa t ion  wi th  CuC12, 2H20 are  given 
in Table II. 

The XPS  spect ra  of a po ly ty r a mine -Cu  (II)  complex  
are  given in Fig. 3. Like for  the prev ious ly  s tudied 
polyquinol inol  films, before  and a f te r  complexat ion  
with  Cu (II)  ions (12b), the increase in the  Nls b inding 
energy  of the  complexed  film is indicat ive  of coordina-  

Table I. XPS analysis of a polytyramine film and a polytyramine-Co(ll) film 

Polytyrarnine film 

Spectra Binding energy (eV) Bond types 

Polytyramine-Co (II) film 

Binding energy  (eV) Bond types  

Cls 

01, 

Nil  

Co~8/s 

286.6 C--O--C blended wi th  C- -N  
285 C--O--C 

532.8 C--O--C 

H 
399,6 I 

D N - - H  

287 C--O--C blended wi th  C- -N  
285 reference  C 

C 
\ 

531.96 • 0.89 O -~ Co 
530.57 + 0.33 / 

C 
Co--OH~ 

H 
I 

400.38 ~ 0.3 - - N - ~  Co(II)  
I 

H 
'/80.56 -- 0.15 
795.77 + 0.29 - -  Co (II) 
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Fig. 3. XPS spectra of a poly- 
tyramine-Cu(ll) film. 
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t ion be tween  the Cu (II)  ions and n i t rogen ligands. The 
complexed film emits  a Cu(II)2p3/2 s ignal  at  934.4 eV 
(19, 20). Unl ike  the  polyquinol inol -  and po ly ty r a mine -  
Co(II) complexes,  the po ly tyramine-Cu( I I )  spectra  dis-  
p l ay  only one O1~ signal, t he reby  indicat ing that  oxy-  
genated  l igands in the po ly tyramine-Cu(I I )  film come 
from the po ly ty ramine ;  this is confirmed by  quan t i t a -  
t ive analysis  which gives CsO2.3+_0.3N0.80• 
as the  formula  for this complex.  The oxygen  index in 
this fo rmula  is about  the same as in the  formula  of an 
un t r ea t ed  po ly ty ramine  film: C802.2N1.09. This l ikeness  
indicates that,  unl ike  wha t  occurs wi th  polyquinol inol -  
and p o l y t y r a m i n e - C o ( I I )  complexes,  no oxygena ted  
l igands f rom the sa l t  par t ic ipa te  in po ly ty r a mine -  
Cu (II)  complexat ion.  

XPS analysis of polytyramine-Fe(II), -Mn(II), and 
-Zn(II) complexes.--Results of XPS analysis  of a 
po ly ty ramine  film af ter  complexat ion  with  FeC12, 
4H~O, or  MnCI~, 4H20, or ZnC12~are summar ized  in 
Table  III.  

Electrochemica~ responses of electrodes coated with 
metaI-complexed polytyramine films.--Polytyramine- 
Cu( I I )  films were  s tudied  by  cyclic vo l t ammet ry  in 
an aqueous med ium with  0.2M LiCIO4-HC104 or 0.2M 
CF~COONa-CF3COOH. A "forming" per iod s imi lar  to 

tha t  observed prev ious ly  wi th  p o l y ( 2 - m e t h y l - 8 - q u i n o -  
l i n o l ) - C u ( I I )  complexes (12b) is observed,  i.e., the 
peak  current  increases dur ing  the first potent ia l  scan 
cycles and then stabilizes. This phenomenon lasts 
much longer  at  pH 4 than at pH 2 (Fig. 4). In  LiC104- 
HC10~-H20" (pH 2), at  a scan rate  of 200 mV s -1, 
there  is an oxidat ion and a reduct ion peak  for  the 
p o l y t y r a m i n e - C u ( I I ) / p o l y t y r a m i n e - C u ( I )  couple at  
4- 0.54 and 4- 0.4V (SCE) ,  resp.ectively. 

Elect rochemical  data  obta ined by  cyclic vo l t ammet ry  
for var ious  po ly ty r a mine -Cu  (II)  films in var ious  elec-  
t ro ly t ic  media  are  given in Table IV. 

The pH of the suppor t ing  electrolytes  c lear ly  affects 
the e lec t roac t iv i ty  of Cu( I I )  sites. Vol tammograms  re -  
corded at  pH 2 and 1 are  more  symmet r i ca l  and have  
shor ter  peak  potent ia l  separa t ions  than vo l t ammograms  
at pH 4. The above - r epo r t ed  XPS resul ts  showing in-  
homogeneous and incomplete  complexat ion  be tween  
Cu (II)  ions and the po lymer  l igands of the film could 
mean that  the remain ing  n u m b e r  of uncomplexed  NH2 
groups which can be pro tona ted  increases as the  pH 
becomes lower,  the reby  increas ing the swel l ing  and 
the f lexibi l i ty  of the po lymer  chain and lending i t  a 
more  open texture.  This in tu rn  would  faci l i ta te  
counter ion en t ry  into the films and could the reby  ac-  
count for the significant pH -de pe nde n t  difference in 
the forming per iods  and in the shapes of the  vo l tam-  

Table II. XPS analysis of a polytyramine film and a polytyramlne-Cu(ll) film 

Polytyramine film 

Spectra Binding energy  (eV) Bond types 
Polytyramine-Cu (H) film 

Binding energy (eV) Bond types 

286.6 C--O--C blended with C--N 288 
CI, 285 re ference  c 285 
Olu 532.8 C---O---C 532.72 __. 0.28 

NI, 399.6 I 400.26 --  0.13 
- - N - - H  

Cu~/z  934.45 • 0.4 

Table III. XPS analysis of polytyromine-Fe(ll), -Mn(II),  and -Zn II) films 

C--O--C blended with C---N 
reference  e 
C--O--C 
Cu (II) 
t 

--N--H 
Cu(II) 

Polytyramine-Fe (II) film Polytyramine-Mn (II) film Polytyramine-Zn (II) film 

Binding energy Binding energy  Binding energy 
Spectra (eV) Bond types (eV) Bond types (eV) Bond types 

C--O--C blended 
CI, 287.16 with C---N 

285 re ference  C 
531.96 C~O--C 

Of, 530.76 H:O--Fe (II) 
H 

NI, 400.08 --N~--H 

Fe(H) 
711.44 Fe~ps/, 

Metal ions  724.96 Fe2pl/2 
198.40 Cl~p~/~ 

C| 199.70 Cbpl/~ 
Complex CsOl.~RNo.~4Feo.~Cb.~ 

formula  

287.28 
285.00 
532.40 

broad peak 

400.20 

642.30 
654.00 

C--O--C blended 
with C--N 

reference  C 

H 

_N[_H 

Mn(II) 
Mn2ps/~ 

not  detected 

CsO~.~No.85Mno.~Clo 

C--O--C blended 
287.40 with C--N 
285.00 re ference  C 
530.60 

broad peak 
H 

409.20 --IN--H 

Zn (II) 
1023.10 Zn~8/~ 
1040.20 Zr~p~/~ 
198,88 CI~ps/~ 
200.20 Cl~p~/= 

CsO~.16N1.oaZno.~Cl~ 
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Fig. 4. Voltammograms recorded at  100 mV s - 1  with a Pt electrode coated with a polytyramlne-Cu(l l )  f i lm during successive sweeps (the 
sweep number is given for each curve). A:  LiCIO4-HCIO4 (pH 4) medium. B: LiCIO4-HCIO4 (pH 2) medium. 

mograms for p o l y t y r a m i n e - C u ( I I )  films. Anson et al. 
have  also not iced that  pH levels affect the e lec t ro-  
chemical  responses  of e lect roact ive  po lymer -coa t ed  
electrodes (9). 

The e l ec t ro ly t e -dependen t  var ia t ion  in the  vo l t am-  
met r ic  responses of  the  p o l y t y r a m i n e - C u ( I I )  films 
bols ters  this  in te rpre ta t ion .  The vo l t ammograms  of 
these  same p o l y t y r a m i n e - C u ( I I )  films d i sp lay  much 
grea te r  peak  poten t ia l  separa t ions  in a CF3COONa 

e lec t ro ly te  than  in a NaC104 e lec t ro ly te  at  the  same 
pH. Up to 200 mV s -1, peak  cur ren t  intensi t ies  in-  
crease l inea r ly  wi th  the scan rate;  they  increase less 
r ap id ly  at  fas ter  scan rates.  

Overa l l  resul ts  indicate  tha t  wi th  p o l y t y r a m i n e -  
Cu (II)  films the ra te  of the redox  react ion of the  films 
is control led  by  the e lec t rochemical  charge diffusion 
ra te  through the film. In tegra t ion  of the vo l t ammogram 
gives 6.4 • 10 -9 tool cm -2  as the  concentra t ion  of 

Table IV. Electrochemical data for cyclic voltammetric curves of a polytyramine-Cu(l l)  f i lm 

E l e c t r o d e  M e d i u m  p H  m V s  -I Epc V (SCE) Epa V (SCE) AEp m V  

1. P o l y t y r a m i n e  ( ca  150 0.2M CFsCOONa + 4 10O 0.33 0.56 280 
n m )  t r e a t e d  w i t h  CF3COOH 
5 • 10-1M CuCls 

1 
1 

2. P o l y t y r a m i n e  (ca .  150 
n m )  t r e a t e d  w i t h  
5 x 10-XM CuCL~ 

2 
2 

3. P o l y t y r a m i n e  (ca .  100 
n m )  t r e a t e d  with  
5 • 10-IM CuCI2 

4. P o l y t y r a m l n e  (ca.  100 
n m )  t r e a t e d  w i t h  
10-~M CuC12 

5. P o l y t y r a m i n e  (ca. 100 
n m )  t r e a t e d  w i t h  
5 x 10-2M CuCI.~ 

6. P o l y t y r a m i n e  < 5 0  n m  
t r e a t e d  w i t h  
5 X 10-1M CuCIJ 

i d e m  3 
i d e m  1 

0.2M LICI04 + HCIO,  4 

i d e m  2 
i d e m  1 

0.2M LiCIO, + HCIO~ 
2 

0.2M LICIO~ + HCIO~ 
2 

0.2M LiCIO~ + HCIO,  
2 

0.2M LiCIO4 + HCIO~ 
2 

100 0.37 0.56 190 
100 0.38 0.59, 140 
100 0.39 0.55 140 

100 
150 
20 
50 

100 
200 
500 

50 
100 
200 
50 

100 
200 

50 
100 
200 

0.43 0.55 120 
0.43 0.52 go 
0.41 0.50 I00 
0.40 0.52 120 
0.40 0.54 140 
0.40 0.56 160 
0.40 0.65 LSO 

n o  c o u p l e  d e t e c t e d  

n o  c o u p l e  detected  

w e a k  p e a k  c u r r e n t s  
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electroactive sites in the complex; i .e.,  the equivalent 
of ca. six layers participate in the redox process. 

The same type of electroactivity is observed with 
polytyramine films treated with 5 X 10 -1 or 10-1M 
CuC12 solutions�9 However,  when  a polytyramine film 

is treated with a 5 X 10-2M CuC12 solution, there is 
almost no cyclic vol tammetry response, even though 
a weak Cu(II) s ignal  is detected by XPS. This might  
be explained by a ~maller density of Cu(II)  ions wi th-  
in the film, which would mean that the electroactive 
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Fig. S. Polytyramlne-Co(ll) film on a Pt electrode, a, left: 
voltammograms in 0.1M NaOH-H20 (scan rate is indicated for 
each curve), b, above: peak intensity vs. scan rate. 
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sites a re  not  close together  enough for e lect ron hop-  
ping t rans fe r  to be ab le  to occur. 

As the  vo l t ammogram of a thin po ly ty ramine  film 
(50 nm)  t rea ted  wi th  a 5 • 10-1M CuC12 solut ion 
(e lec t rode  6, Table  IV) also displays  low peak  cur-  
rents,  the  cur ren t  observed for a th ick film can be 
considered to represen t  the in tegra t ion  of e lect roact ive  
sites th roughout  the  film thickness.  

P o l y t y r a m i n e - C o ( I I )  films on a P t  e lec t rode  sub-  
j.ected to cyclic vo l t ammet ry  in 0.1M NaOH-H20  dis-  
p l ay  an e lec t rochemical  behavior  to ta l ly  unl ike  that  
of p o l y t y r a m i n e - C u ( I I )  films. A per fec t ly  revers ib le  
redox  system is detected f rom t h e  start ,  and no " form-  
ing" is observed;  i.e., as of the first potent ia l  scan 
be tween  0.0 and 0.4V (SCE),  the po ly ty r amine -C o  ( I I ) /  
p o l y t y r a m i n e - C o ( I I I )  couple is observed at  0.10V 
(SCE) wi th  AEp equal  to zero, and the peak  cur ren t  
var ies  l inea r ly  wi th  the sweep speed (Fig. 5). A 
concentra t ion of cationic sites of only  ca. 7 X 10 - n  
mol cm -2 (the equivalent  of a ten th  of the l aye r  at  
the meta l - f i lm interface)  par t ic ipa tes  in the redox  
process. I t  is no t ewor thy  that  the  vo l t ammograms  of 
two P t  e lectrodes coated with  p o l y t y r a m i n e - C o ( I I )  
films of unequal  thickness  (50 and 120 nm) are  iden-  
t ical  (AEp ~_ 0) and have the same peak  cur ren t  in-  
tensi ty.  The redox  couple is ve ry  stable,  as a t tes ted 
to by  the fact  that  the peak  cur ren t  in tens i ty  remains  
unchanged  even af ter  hundreds  of scan cycles be -  
tween  0.0 and 0.4V (SCE) at  100 mV s - I .  

P o l y t y r a m i n e - F e ( I I )  films on a P t  e lec t rode  sub-  
jec ted  to cyclic vo l t ammet ry  in an aqueous med ium 
containing 0.1M KC1-0.1M HC1 behave  l ike polytyr-a- 
m i n e - C o ( I I )  films. The vo l t ammogram displays  re-  
vers ib le  redox peaks  at 0.47V (SCE) wi thout  a p re -  
l i m i n a r y  forming period,  and the low concentra t ion of 
e lec t roact ive  si tes is about  the same as in po ly ty r a -  
m i n e - C o ( I I )  films (Fig. 6). The low concentrat ion of 
e lec t roact ive  sites and the good revers ib i l i ty  of the  
redox couple indicate  that  only  cationic si tes in the 
v ic in i ty  of the meta l - f i lm interface  par t ic ipa te  in the  
redox  process. This would mean tha t  the  complex 
s t ruc ture  does not lend i tself  to e lectron hopping 
t rans fe r  wi th in  the film. It  is more  l ike ly  tha t  the  
p o l y t y r a m i n e - F e  ( I I )  film is a pen ta -  or hexacoord ina te  
s t ruc ture  (as in the case of the coba l t -complexed  po ly-  
mer  fi lms),  r a the r  than  a four -coord ina te  s t ructure  
(as are the  copper complexed  po lymer  fi lms).  

I t  should  be noted  that,  un l ike  copper  or  cobal t  
redox  couples, the iron redox couple is not  ve ry  stable.  
Peak  cur ren t  in tens i ty  diminishes af ter  ca. 50 potent ia l  
scan cycles. 

P o l y t y r a m i n e - M n ( I I )  or p o l y t y r a m i n e - Z n ( I I )  films 
subjec ted  to cyclic vo l t ammet ry  el ici t  no response 
whatsoever ,  regardless  of the medium.  

Conclusion 
Ligands  f rom po ly ty ramine  films form complexes  

wi th  Cu( I I )  or  Co( I I )  ions less r ead i ly  and less 
quickly  than  l igands f rom prev ious ly  s tudied (12b) 
polyquinol inol  films. However ,  the  difference be tween  
the e lec t rochemical  responses of copper-  and cobal t -  
complexed  po ly ty ramine  films resembles  the  difference 
be tween  the e lec t rochemical  responses of copper-  and 
coba l t - complexed  polyquinol inol  films (12b). 

This difference be tween  copper and cobalt  films 
might  be expla ined  by  the fact that ,  in redox  po lymer  
films, communicat ion  be tween  elect roact ive  meta ls  in-  
volves phys ica l  diffusion of the me ta l  ions ( f rom l igand 
site to l igand site) (21, 22) a n d / o r  e lec t ron se l f - ex -  
change (2a, 2b, 22-24). In  both oxida t ion  states,  cop- 
pe r  would  be more  labile,  whereas  Co (III)  would not  
phys ica l ly  diffuse th rough  the coating to the e lect rode 
surface.  Because the concentra t ion of r edox  sites in 
the  po lymer  cannot  be measured,  there  is no way  to 
measure  the diffusion constant  to dis t inguish cont r i -  
but ions  f rom the two mechanisms,  e lec t ron hopping 
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Fig. 6. Voltammograms recorded in 0.1M KCI-0.1M HCI, H20 

with a Pt electrode coated with a polytyramine-Fe(ll) film. The 
scan rate is indicated for each curve. 

and molecular  diffusion. However ,  in the  s tudy  at  hand,  
e lect ron hopping seems to be the  p reva len t  charge-  
t ranspor t  mechanism. The four -coord ina te  s t ruc ture  
of the  copper  complexes  would  enhance e lect ron hop-  
ping t ransfe r  be tween  e lec t roact ive  sites, whereas  
the pen ta -  or  hexacoord ina te  s t ruc ture  of coba l t - com-  
p lexed  films would  enable  only  .the cationic si tes a t  
the  meta l - f i lm in ter face  to pa r t i c ipa te  in the  redox  
process. 

Cobalt  complex redox  couples ar@ per fec t ly  r eve r s i -  
b le  wi th  e i ther  po lymer  (in both cases ZiEp = 0);  only  
a fifth of the po lyqu ino l ino l -Co( I I )  film l a y e r  or  a 
ten th  of the p o l y t y r a m i n e - C o ( I I )  l aye r  is e lec t ro-  
active. In  contrast ,  po lymer  films wi th  copper -complex  
redox couples have  high AEp values;  ca. 12 layers  of 
a p o l y ( 2 - m e t h y l - 8 - q u i n o l i n o l ) - C u ( I I )  film or  six 
layers  of a p o l y t y r a m i n e - C u ( I I )  film take  pa r t  in the  
redox process. These high values  demons t ra te  tha t  
most of the cationic s i t es - th roughout  the  copper -com-  
p lexed  po lymers  are  indeed involved in the r e d o x  
process. 

Vo l t ammet ry  resul ts  for  an i ron -complexed  film 
resemble  those for a coba l t -complexed  film. This be -  
havior  is typica l  of a pen t a -  or hexacoord ina te  .complex. 
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Stoichiometry of Formation and Conductivity Response of Amorphous 
and Crystalline Complexes Formed Between Poly(ethylene oxide) and 

Ammonium Salts: PEOx" NH4SCN and PEOx. NH4SO3CF3 
Matthew Stainer, L. Charles Hardy,* D. H. Whitmore,* and D. F. Shriver* 

Departments of Chemistry and Material Science and Materials Research Center, Northwestern University, Evanston, 
Illinois 60201 

ABSTRACT 

Stoichiometries have been studied for the interaction between poly(ethylene oxide) and the ammonium salts NH4SCN 
and NH4SO3CF3 in the polymer  to salt composit ion range 10:1 to 2:1. A single crystalline phase having the approximate  com- 
posit ion 4:1 PEO �9 NH4SCN was identified, and an approximate  phase diagram was constructed. The PEO �9 NH4SO3CF3 
system is more complex, and a phase diagram was not obtained; however, at least two compounds  of 8:1 and 4:1 stoichiome- 
try are indicated. Conductivity plots indicate that  the metastable amorphous phase of the various materials  has a conductiv- 
ity approximate ly  103 ~1-1 cm-1 higher than that of the crystalline phase at room temperature.  The NH4 + ion rather than H + is 
implicated as a charge carrier. We were not successful in determining transference numbers  for anions and cations. 

Recently,  so lvent - f ree  po lymer  e lectrolytes  have  a t -  
t rac ted  considerable  a t tent ion because of the i r  potent ia l  
appl ica t ion  in high energy densi ty  ba t te r ies  and be-  
cause of the m a n y  unanswered  fundamenta l  questions 
on ion t r anspor t  in po lymers  (1-4).  The t empera tu re -  
dependent  conduct iv i ty  of amorphous  po lye the r - sa l t  
complexes  reveals  curved plots of ln(~T) vs. 1/T, 
which are  l inear  when  the t empera tu re  var iab le  1/ 
( T -  To) is employed.  This funct ional  dependence  of 
the ion t r anspor t  has p rev ious ly  been observed for 
smal l  molecule  diffusion through polymers ,  and one 
possible in te rp re ta t ion  is that  cooperat ive  po lymer  
conformat ion fluctuations are  responsible  for the t rans-  
por t  proeess. The empir ica l  constant  To represents  the 
t empera tu re  be low which the po lymer  motions re-  
sponsible  for ion t r anspor t  are  frozen out, and therefore  
i t  is app rox ima te ly  equal  to the glass t ransi t ion t em-  

* Electrochemical Society Active Member. 

pera ture ,  Tg. The 1 / (T  --  To) dependence  is r e p r o d u c e d  
by the configurat ional  en t ropy  model  of Gibbs and 
co-workers ,  which gives Eq. [1] for the conduct iv i ty  

r : AT-'/2 exp { - -K/T  -- To} [1] 
where  

K : To~Sc*/BkB [2] 

A, To, and B are  constant,  Sc* is the min imum config- 
u ra t iona l  en t ropy  requ i red  for rea r rangement ,  and kB 
is the Bol tzmann constant.  The p re -exponen t i a l  term,  
A, is p ropor t iona l  to the ca r r i e r  concentra t ion (5). 
The re la ted  Fu lche r  equat ion was app l ied  to the a m o r -  
phous solid electrolytes ,  a lka l i  meta l  sal ts  in poly  
(propylene  oxide) ,  by  A r m a n d  and co-workers  (6).  

Most of the research to date  has focused on l i th ium 
and sodium ion conductors,  where  the respect ive  
meta ls  may  be used as revers ib le  e lect rodes  (7-9).  In  
the p resen t  work,  ammonium ion has been c h o s e n  for  
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study because l i t t le is known  about the t ransport  of 
proton containing species in polymer electrolytes. Also, 
the a m m o n i u m  containing poly (ethylene oxide) (PEO) 
systems provide metastable amorphous phases, which 
are useful for testing theories on ion transport .  This 
research has focused on the stoichiometry oK interac-  
t ion between NH4SCN or NH4SO3CFa and PEO, and a 
comparison of ion t ransport  in the crystal l ine and 
amorphous states of these polymer  electrolytes. 

The size of the NH~ + ion is interest ing in its re-  
lat ionship to s t ructural  models for PEO-sal t  complexes 
which have been presented to date. The most con- 
vincing model indicates that cations IA +, Na +, or K + 
reside in a helical t unne l  and are coordinated to oxy- 
gen atoms in a fashion very similar  to cations in an 
18-crown-6 complex (10), where the cavity size for 
each is essentially the same (diam ~2.6A for PEO com- 
plex and for 18-crown-6).  Unt i l  recently, x - ray  crystal 
s tructures of many  18-crown-6 complexes of ammo- 
n ium and rub id ium salts have indicated that  these 
cations, both with a radius of 1.48A, are too large to fit 
in the cavity, but  sit on top of it. Recent structures of 
18-crown-6 with ammonium ions indicate that this 
assertion is incorrect and instead the depth of penet ra-  
tion of the crown ether by an ammonium ion depends 
on the relative s t rength of interact ion of the ion sur-  
rounding groups (11). Hydrogen bonding is an impor-  
tant  interact ion here. 

Complexes of PEO with rub id ium and cesium salts 
have been reported to be amorphous, unl ike  the crys- 
ta l l ine complexes obtained when using the smal ler  
alkali  metal  cations Na + and K + (10). An explana-  
tion for this behavior  might be that  since the cations 
do not  fit inside the helical cavity, the structure is not 
regular  and therefore not crystalline. Also, i r regular  
crosslinking of the polyether  backbone through in te r -  
actions with cations may induce the amorphous struc- 
ture. But RbI has been shown to form a crystal l ine 
complex with an eight-oxygen polyether  capped by 
aromatic e n d  groups; the polyether is wrapped around 
the cation in a helical fashion. This complex is origi- 
na l ly  obtained as an oil which slowly recrystallizes. 
Under  s imilar  conditions with NH~SCN substi tuted for 
RbI as the complexing salt, crystals were not obtained 
(12). 

The evidence indicates that size and hydrogen bond-  
ing abil i ty play impor tant  roles in interactions of NH4 + 
with short chain polyethers and possibly with PEO. 
From the previous information,  it would be difficult to 
predict  the exact stoichiometry of interact ion of am- 
mon ium salts with PEO. Anion differences, which 
would affect crystal packing, might  also be expected to 
play an impor tant  role. For example, the complex 
P E O .  Na[B(C6H~)4] has a max imum ratio of ether 
oxygens to Na + of about 7:1 due to the bu lky  anion 
(13). 

Experimental 
Materials.--Poly(ethylene oxide) (PEO) with an 

average molecular  weight 600,000 (Aldrich) was pur i -  
fied and dried as described previously (10). Reagent 
grade NH4SCN was dried under  vacuum at 100~ for 
19h. NH4SO3CF3 was prepared by neutra l iza t ion of 
freshly distilled HSOzCF8 to pH 6 with ammonium hy- 
droxide, recrystall ization from THF/hexane ,  and dry-  
ing under  vacuum for 24h. ND4SO3CF3 was prepared 
from NH4SOsCF3 and D20. Due to the hygroscopic 
na ture  of these salts and purified PEO, all operations 
were carried out in a n i t rogen atmosphere dry box or 
using s tandard  Schlenk techniques. Anhydrous  salts 
were checked for signs of water  by IR prior to use. 
Reagent grade methanol  (MCB) was dr}ed by reflux- 
ing over iodine-act ivated magnesium for 1 day followed 
by  disti l lat ion unde r  a ni t rogen atmosphere. Tungsten  
bronze, (NH4)xWO3 (x ~-~ 0.25), was prepared by re- 
duction of a m m o n i u m  para tungsta te  in hydrogen at-  

mosphere (300 torr) at N500~ by the method of 
Dickens et al. (14). 

The polymer electrolytes were prepared typically on 
a 0.5g scale by combining stoichiometric quanti t ies of 
the polymer and salt and addit ion of 15 ml anhydrous  
methanol.  The mixture  was st irred unt i l  all solids dis- 
solved. Dissolution indicates complexation, since PEO 
is not soluble in methanol.  The solvent was removed 
by evaporation under  vacuum and dried under  high 
vacuum (10 -3 torr)  for 24h. 

Differential scanning calorimetry (DSC ).mThermal 
analysis of PEO-ammonium salt electrolytes was car- 
ried out using a Perkin  Elmer  DSC-2 differential scan- 
n ing calorimeter on a range of 1 mcal /s  with a heat ing 
rate of 10 K / m i n  unless otherwise noted. Endothermic 
t ransi t ion temperatures  were de termined by the in ter -  
section of a l ine drawn through the leading edge of the 
fusion peak with an extrapolated base line. Samples 
were typically 1-4 mg and loaded under  a ni t rogen 
atmosphere in hermetical ly  sealed a luminum pans. 
Peak shape and location depend somewhat  on packing, 
geometry, and size of sample, which could not  be well 
controlled since samples were either films or cut from 
chunks. 

An i r id ium standard was used to calibrate the DSC-2 
tempera ture  scale and for heat of fusion calculations. 
After each scan, samples were quenched at 320 K / m i n  
down to 300 K. The samples were then rescanned using 
the original conditions. After recrystall ization from the 
melt  (time dependent  on stoichiometry and salt) sam- 
ples were scanned again. 

Optical polarized microscopy.--Crystalline-amor- 
phous state changes were observed using optical po- 
larized microscopy. A Leitz Wetzlar  polarizing micro- 
scope equipped with a Mettler FP52 hot stage was used 
to observe the disappearance of birefringence.  Samples 
were prepared by hot pressing electrolyte mater ial  be- 
tween a microscope slide and cover slip and sealing 
with epoxy in a n i t rogen atmosphere. 

X-ray dil~raction measurements.--X-ray diffraction 
measurements  were obtained with a Rigaku automated 
diffractometer and radiat ion analyzer  using CuKa 
radiation. Symmetr ical  reflection was used on pressed 
pellets which were held in place and protected from 
atmospheric moisture by Scotch-brand t ransparent  
tape. A bery l l ium window was used for the sample 
side exposed to x-rays.  

Conductivity measurements.--AC impedance mea-  
surements  over the frequency range 20 Hz-500 kHz 
were made using a Hewlett  Packard 4800A vector im-  
pedance meter. Polymer  samples were pressed at 10,000 
psi in a 1/2 in. diam die (thickness 1-2 mm) and loaded 
in a sealed sample holder between either 0.2 mm- th ick  
Pt  disks or (NH4)0.2~WO3 electrodes which were 1/z in. 
diam pellets (,~2 mm thick) pressed from finely 
ground powder. Variable tempera ture  measurements  
between 25 ~ and 100~ were carried out with the sam-  
ple in a thermostated heating chamber  controlled by  a 
Bruker  B-ST temperature  control unit.  

Results and Discussion 
Polymer-salt phases.--The x- ray  diffraction pat terns  

of various stoichiometries of PEO �9 NH4SCN mixtures  
are shown in Fig. 1. Comparison of the pa t te rn  of the 
8:1 composition with that of pure PEO indicates the 
presence of uncomplexed crystal l ine PEO in  addit ion 
to crystall ine polymer salt complex. At high salt con- 
centrations, 3:1 and 2:1 compositions, reflections aris- 
ing from the presence of free salt are seen. The pa t te rn  
for PEO4.0NH4SCN does not contain reflections of either 
free salt or uncomplexed polymer. Differential scan-  
n ing calorimetry experiments  confirm the conclusion, 
d rawn from the x - ray  results, that  a crystal l ine com- 
plex is formed between salt and polymer with the ap- 
proximate stoichiometry of PEO4.0NH4SCN. The DSC 
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Fig. 1. X-ray diffraction patterns for NH4SCN (upper trace), 
poly(etbylene oxide) (lower trace), and complexes between 
poly(etbylene oxide) and NH4SCN (center traces). The ratios of 
PEO to NH4SCN are indicated. 

thermograms are shown in Fig 2. A single sharp 
endotherm at 68~ is found for PEO4.0NH4SCN. Opti- 
cal microscopy experiments show that this endotherm 
corresponds to the melting of the crystalline complex. 
Decreasing the salt concentration successively to the 
5:1 and 6:1 compositions gives a relative decrease in 
the magnitude of the 68~ endotherm and the appear- 
ance of an endotherm at ~42~ The latter can be as- 
signed to the eutectic melting of a mixture of 
PEO4.0NI-I4SCN and PEO. Optical microscopy also 
shows that this represents the transition from a crys- 
talline to an amorphous phase. The phase diagram for 
the PEO-NH4SCN system is shown in Fig. 3. The melt- 
ing points of NI-14SCN and PEO 600,000 are 149 ~ and 
65~ respectively. The complex PEO4.0NH4SCN melts 
at 68~ and the temperature of the eutectic melt is 
42~ The endotherrn at ,~95~ in the DSC thermo- 
gram of the 3:1 composition does not arise from the 
polymer-salt interaction, but is assigned on the basis 
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T, ~ 
Fig. 2. Differential scanning calorimetric scans of the poly(ethyl- 

ene oxide)-ammonium, thiocyanate system. The ratio of polymer to 
salt is indicated. The heating rate was lO~ in each scan. 
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Fig. 3. Approximate phase diagram for the PEO �9 NH4SCN sys- 
tem. The 4:1 (PEa.  NH4SCN) complex, shown at 0.2 mol fraction 
of salt, may exist over a range of stoichiometry, but this was not 
readily established. 

of optical microscopy to a phase transition in crystal- 
line NH~SCN (15). 

In contrast to the data for 8:1 PEO. NH4SCN, the 
x-ray diffraction pattern of 8:1 PEO �9 NH4SO3CF3 does 
not contain reflections assignable to free PEO. The 
DSC thermogram for this complex (Fig. 5) shows a 
single endotherm at 41~ The failure to detect u n -  
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complexed  PEO by  x - r a y  powder  diffraction suggests  
that  the t he rma l  event  observed at  41~ is not  a 
eutectic melt ing,  as was found for the NH4SCN case, 
but  corresponds to the c rys t a l l ine -amorphous  phase 
t rans i t ion  of a po lymer - s a l t  complex.  Increas ing  the 
sa l t  concentra t ion to the 4:1 composit ion gives a sec- 
ond h igher  t empera tu re  endo therm in the DSC traces 
at  60~ (Fig. 5). This is assigned to the crys ta l l ine  
mel t  of a second po lymer  sa l t  complex phase  corre-  
sponding roughly  to 4:1 po lymer  to salt  s to ichiometry  
s imi lar  to tha t  found i n the PEO-NI-I4SCN system. 
Al though  a single endo therm is seen in the  DSC at a 
composit ion of 10:1, evidence for the presence of 
smal l  amounts  of PEO is seen in optical  microscopy and 
x - r a y  diffraction.  The diffract ion pa t t e rn  (Fig. 4) is 
essent ia l ly  ident ical  to tha t  of 8:1 P E O .  NI~SOsCFa 
with  the except ion of an addi t ional  reflection which 
corresponds to one of the  two s t rong reflections found 
for PEO. Comparison of the x - r a y  diffraction pa t te rns  
of the  8:1 and the 5:1 s toichiometr ies  reveals  a close 
s imi la r i ty  wi th  addi t ional  s t rong  reflections being 
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Fig. 5. Differential scanning calorimetric thermograms of the 

PEO-NH4SO3CF3 system. The ratio of polymer to salt are indicated. 
The heating rate was 10~ rain -1  in each scan. 
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Fig. 4. X-ray diffraction patterns for N;H~SOaCF3 (upper trace), 
PEO (lower trace), and complexes formed between these constitu- 
ents (center traces). The ratios of PEa to NH4SOaCF~ are indicated. 

found for  the lat ter .  This is consistent  wi th  the  DSC 
results ,  which  indicate  tha t  both  of the  crys ta l l ine  
complex phases are  presen t  a t  the  5:1 s toichiometry.  
S imi lar ly ,  the diffraction pa t t e rn  of the 3:1 s to iehiom-  
e t ry  is much different  f rom tha t  of the  8:1 suppor t ing  
the DSC result ,  which  shows that  the  low sa l t  con-  
cent ra t ion  complex  phase  is absent  at  the  3:1 s toi-  
chiometry.  In teres t ingly ,  the 3:1 and 2:1 composit ions 
do not  appear ,  f rom the x - r a y  data,  to contain free 
uncomplexed  salt. This behavior  contrasts  wi th  the  
NH4SCN system, and thus the endo therm at 94~ seen 
in the  DSC traces at  h igh concentrat ions  of NH4SOaCF4 
m a y  possibly  arise f rom a fu r the r  po lyme r  �9 sa l t  com- 
p lex  phase.  

The ra tes  of crys ta l l iza t ion  of the  p o l y m e r ,  sa l t  
phases are  slow. Rescanning of the DSC samples,  a f te r  
quenching and equi l ibra t ion  at room tempera tu re ,  
gives the rmograms  in which the 41 ~ and 60~ endo-  
therms are  absent.  The rates  of crys ta l l iza t ion va ry  
with  p o l y m e r : s a l t  s to ichiometry  and anion. Fo r  the  
NH4SO3CF~ complexes,  crys ta l l iza t ion f rom the mel t  
is complete  a f te r  24h; the low salt  s to ichiometry  phase 
crystal l izes  more s lowly.  In  the case of NH~SCN, the 
ra tes  a re  s lower  on the o rde r  of weeks  for the  8:1 
and 6:1 s to ichiometr ies  and a few days for 4:1. For  
PEOs.0NH4SOsCFs, the  endo therm at ,~94~ is seen 
on immedia te  rescanning,  whi le  the endo the rm at 
57~ is absent .  

Conductivity measurements'--Measurements of the 
conduct iv i ty  of the  PEO ammonium ion complexes  
were  car r ied  out  at  t empera tu res  be tween  25 ~ and 
100~ Plots  of ln(~T)  vs. 1/T for  NH4SCN and 
NH~SO3CF~ complexes  of var ious  s to ichiometr ies  a re  
shown in Fig. 6 and 7, respect ive ly .  Pe rhaps  the most  
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s t r iking features are the steep rises in conductivity 
over relat ively small  temperature  intervals,  which 
occur when the crystall ine complexes are heated. For 
PEOB.0NH4SCN, this sharp rise occurs at about 45~ 
Similarly,  for the 5:1 complex there is a pronounced 
rise at ~45~ with a smaller  inflection at ,~72~ while 
for the 4:1 only a single sharp rise in conductivi ty is 
observed at ,--72~ This lat ter  t ransi t ion has been 
observed previously for the 4:1 complex (16), but  no 
conductivi ty was reported for the amorphous state. 
For the 3:1 stoichiometry, the inflection is slightly 
elevated to ,~80~ due to the presence of excess salt. 
This behavior  parallels the endothermic events seen 
in the DSC measurements  which correspond to the 
crystall ine to amorphous phase transitions. Conductiv-  
i ty plots of the PEO �9 NH4SO3CF~ complexes (Fig. 7) 
show the same features with sharp rises or inflections 
corresponding to features in  the DSC traces (Fig. 5). 

The slow recrystall ization of the complexes from the 
amorphous melt  facilitates the measurement  of the 
conductivi ty in that phase below the crystal l ine mel t -  
ing temperature.  Cooling to room temperature  and 
remeasur ing the condt~ctivities between 25 ~ and 100~ 
gives the curves in Fig. 6b and 7b. Notable is the large 
enhancement  in conductivi ty in the amorphous phase 
over that in the crystall ine material,  about a factor of 
10 ~ ~ - 1  cm-1 at room temperature.  Also, for the 
amorphous phase the curve is not strictly l inear  but  
is slightly bowed; thus the system does not exhibit  
t rue Arrhenius  behavior. The transit ions seen in the 
conductivi ty plots are reproducible after recrystall iza- 
tion. 

Conductivi ty in PEO-sal t  complexes has been shown 
to be essentially ionic in na ture  (7). The relative mo- 
bilities of cation and anion, however, are of part icular  
importance,  especially in  relation to the practical ap- 
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Fig. 6. Electrical conductivity, ~ ( ~ I  cm-1 ) ,  vs. femperature plotted as In (~T)  vs. 1000/T,  for crystalline and amorphous phases of 
PEO �9 NH;SCN at various ratios of polymer to salt: ZI, 8:1; O ,  5 : I ;  X ,  4:1; D ,  3:1. A, left: crystalline material. Measurements made 
starting at room temperature (a N 1 X 10 - 8 )  and heating to 100~ (~r ~ 2 X 10 -3 ) .  Dashed line indicates conductivities in the amor- 
phous phase shown in B. B, right: amorphous material. After quenching the sample from 100~ to room temperature, conductivities were 
measured starting at room temperature (~r ,,~ I X 10 -5 )  and heating to 100~ (g ,-~ 2 X 10 -8 ) .  
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plicat ions of po lymer  e lect rolytes  in energy  s torage 
devices.  Weston and  Steele  have shown that  in 8:1 
P E O .  LiC104 complexes  the t r anspor t  n u m b e r  for 
the  l i th ium ions is less than 0.5 (8), and Sorensen and 
JaCobsen have found a cat ion t ranspor t  n u m b e r  of 
0.54 in PEO~.~LiSCN (9). 

As indica ted  below, ionic mot ion  in P E O .  NH4X 
p robab ly  does not  involve proton t ransfe r  f rom NH4 + 
to the po lye the r  po lymer  backbone.  The conduct iv i ty  
behavior  of PEO4.0ND4SO3CF~ is essent ia l ly  ident ica l  
to that  for  the  normal  isotopic ammonium complex,  
and there  is no increase in the slope of the Ar rhen ius  
plots due to an isotope effect. Therefore,  a t r anspor t  
mechanism involving proton t ransfer  seems unl ikely .  

An expe r imen t  was pe r fo rmed  in which  a po lymer  
complex  was doped wi th  ammonia ,  because the pres -  
ence of f ree  NH3 might  provide  a mechanism for p ro -  
ton t ranspor t .  The po lymer  sal t  complex  absorbs  am-  
monia  r ead i ly  and swells  and exhibi ts  mechanical  
proper t ies  s imi la r  to those of an undoped po lyme r  sal t  
complex  in the amorphous  phase.  No enhancement  of 
conduct iv i ty  was observed.  The ammon ia -doped  po ly -  
mer  has rough ly  the same conduct iv i ty  as the undoped 
ma te r i a l  in the amorphous  phase,  again  indica t ing  tha t  
H + conduct iv i ty  does not  occur. Final ly ,  evidence for 
the mobi l i ty  of NH4 + was obta ined using ion revers ib le  
and ion blocking electrodes.  F igure  8 shows the ac 
complex admi t t ance  plots for 5:1 P E O .  NH4SO3CF8 
in the f requency  range  50 • 104 to 20 Hz wi th  P t  
(blocking)  and  (NH4)0.~sWO3 ( revers ib le)  electrodes.  
The l a t t e r  e lec t rode  ma te r i a l  is revers ib le  to NH4 + 
ions and shows the "spur"  typ ica l  of an  a r r angemen t  
where  the  doub l e - l aye r  capaci tance at the  e lec t rode-  
e lec t ro ly te  in ter face  is removed  by  revers ib le  t r ans -  
fer  of NI-I4 + ions. The ammonium ions are  thus c lear ly  

impl ica ted  as a mobile  species in these po lymer  elec- 
t rolytes.  However ,  we were  unsuccessful  in d e t e r m i n -  
ing the t r anspor t  number  wi th  a polar iza t ion  cell  
having  ammonium tungsten bronze electrodes,  so it is 
possible that  the anion contr ibutes  subs tan t ia l ly  to the 
conduct ivi ty.  

Conclusion 
Although de te rmin ing  the s to ichiometry  of i n t e r -  

act ion has been an impor t an t  segment  of this work,  
the most significant aspect  has been de te rmin ing  the 
conduct iv i ty  behavior  of these mate r ia l s  in the i r  crys-  
ta l l ine  and metas table ,  amorphous  states.  In  the a m o r -  
phous state,  conduct ivi ty  enhancement  at  room tem-  
pe ra tu re  is roughly  J0 s Q-1 cm-Z grea te r  than  for the 
corresponding crys ta l l ine  s ta te  of these e lect rolytes .  
This behavior  s t rengthens  the assumpt ion that  coopera-  
t ive po lyme r  conformat ion fluctuations are  responsible,  
at least  in part ,  for the t ranspor t  process in these con- 
ductors.  Such a large conduct iv i ty  enhancement  ind i -  
cates tha t  o ther  amorphous  solid e lect rolytes  above 
thei r  Tg's might  be ve ry  promis ing as fast ionic con- 
ductors.  

Other  comparisons of c rys ta l l ine  vs. amorphous  con- 
duc t iv i ty  in the same e]ectrolyte  have  been repor ted  
(8, 16). But in the P E O .  LiC104 8:1 comparison (8), 
t he  amorphous  s tate  was induced by  the addi t ion of 
water ,  so the t rue  eo.mparison of conduct ivi t ies  may  
be difficult to make,  since wa te r  is known to increase 
conduct ivi ty.  In another  r epor t  (16), s l igh t ly  h igher  
cvnduct ivi t ies  due to anneal ing  above the mel t ing  point  
of the e lect rolyte  PEO �9 LiC104 8:1 or PEO �9 LiSO~CF~ 
8.1:1 are  suggested to be  due to s low recrysta l l iza t ion,  
but  this conclusion is not  confirmed b y  o ther  means. 
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ABSTRACT 

n- and p-type InSe single crystals have been grown by the Bridgman-Stockbarger method and characterized by their 
electronic transport properties. A photoelectrochemical study in aqueous media using the cleavage surface shows 
rectifying behavior in the dark, confirming diode behavior for both. InSe electrodes exhibit anodic and cathodic 
photocurrents. These photocurrents are related to a photoelectrochemical effect when a positive bias is applied to n-type 
InSe and when a negative bias is applied to p-type InSe, whereas the cathodic photocurrent for the n-type and the anodic 
photocurrent for the p-type are due to a photoconductive effect. Flatband potentials in acidic solution have been deter- 
mined from the change of sign of the photocurrent and from Mott-Schottky plots of the capacitance (-0.6V vs. SCE for 
n-type and +0.2V vs. SCE for p-type). The flatband potential is not pH dependent. Photocurrent spectra indicate a 1.2 eV 
bandgap. The behavior of InSe electrodes is explained in terms of the location of the valence and conduction bands on the 
electrochemical scale. 

The photoelectrochemical properties of lamellar 
transition-metal dichalcogenides have recently re- 
ceived a great amount of attention as electrodes in 
photoelectrochemical cells. The group VIA(W and 
Mo) ch, alcogenides have been studied most often 
(1), as these materials have bandgap between 1.0 and 
1.6 eV (2). Another layered-type semiconductor with 
an adequate bandgap (1.3 eV) for solar energy con- 
version is indium selenide (InSe) ; however, its photo- 
electrochemical properties are not well characterized. 
This material exhibits n- or p-type conductivity de- 
pending on the growth conditions (3-4). InSe belongs 
to the III-VI semiconductor group, which includes 
GaS, GaSe, and GaTe (2). Among these compounds, 
only the photoelectrochemieal behavior of p-type GaSe 
electrodes has been studied (5). This material has a 
bandgap of 2 eV. 

The lamellar structure of InSe is strongly anisotroplc 
and shows covalently bonded units (Se-In-In-Se) held 

* Electrochemical Society Active Member. 
Key words: n- and p-type InSe, layered semiconductor, photo- 

electrochemistry, photoconductivity. 

together by van der Waals forces (Fig. 1). The clear- 
age plane, that is the van der Waals surface, is made of 
selenium atoms bonded together with covalent forces. 
With the Bridgman growth method, the rhombohedral 
~-3 R polytype is formed (6). The optical properties 
and the band structure are fairly weI1 known in the 

ordinary configuration E • ~ (7-8), ~ being the crys- 
tallographic direction perpendicular to the van der 

Waals surface, and E being the electric vector of in- 

IC @ ~--- S e.-p.-o=.~-xx--~o- ~-.. I rl .-b. Y Y 
I n - -~- - , -~- - - - ' ! - - - : -  

C1 
Fig. I. Crystal structure of InSe 
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cident light. The energy gap in InSe is "quasidirect," 
that is to say that  the direct gap is at 1.3 eV, and the 
optical t ransi t ion is only weakly allowed by spin-orbi t  
coupling in the valence band. A parabolic exciton is 
bound to this gap (n = 1, E : 1.257 eV). The indirect  
gap, some 50 meV below the energy of the direct gap, 
is weak enough not  to be observable in optical ab-  
sorption. Two direct t ransi t ions at 2.4 and 2.78 eV are 
also permit ted in  this direction: In the solar spectrum 
region, the absorption coefficient w l u e s  vary  from 
10 -3 cm -1 at the absorption edge to 10 -4 cm -1 at 
2.5 eV. A remarkable  photoconductivity behavior  with 
the occurrence in InSe of negative photoconductivity 
and photomemory effects has led to the proposal of 
complex schemes of recombinat ion centers (9). Photo- 
voltaic properties have been studied on single crystals 
(9f-10). 

InSe can be obtained as large crystals using the 
Br idgman technique, and this mater ial  can be used as 
a model for the photoelectrochemical behavior  of 
l amel lar  materials,  especially for s tudying the influence 
of s t ructural  effects on the performance in electro- 
chemical cells. Crystals can easily be cleaved in  planes 

perpendicular  to the c axis and only little lattice 
damage should result  from surface preparation.  Thus 

the •  face exhibits quite ideal properties for in ter -  
facial studies. As the first par t  of this study, we report  
the photoelectrochemical behavior  of n -  and p- type  
InSe samples in aqueous solution when the exposed 

surface is paral le l  to the layers ( j. c face). 

Experimental 
Crystal growth.--The InSe crystals were grown by 

the Br idgman-Stockbarger  method from the high pur -  
i ty  elements, 6N In and 5N Se, using an excess of In  
(11). The phase diagram of InSe indicates an incon-  
gruent  mel t ing of InSe (12), and In1+xSe compositions 
have been used in order to avoid the peritectic reac- 
tion. n -Type  compounds have been obtained when 
chlorine or gal l ium were the doping agents, whereas 
for p- type compounds the doping agent was zinc (3). 

Electrical characteristics.--The t ransport  properties 
were determined from the resistivity and Hall  voltage 
measurements  of these crystals. Ohmic electrical con- 
tacts were made by ul t rasonical ly soldering with pure 
ind ium metal  for the n- type  mater ial  and with con- 
ductive silver paint  for the p- type crystals. The re-  
sist ivity was measured using the four-probe direct 
cur rent  van der Pauw technique. The activation energy 
of the impur i ty  levels was obtained from the var iat ion 
of the resist ivi ty with temperature  from liquid n i t ro-  
gen to room temperature.  The number  and sign of 
current  carriers were determined by a l te rnat ing  cur-  
rent  Hall  measurements.  

Experimental procedure.--The layer planes of the 
cleaved single crystal were used without pretreatment .  
Ohmic contacts to the back of the crystals were made 
as described above. The crystals were encapsulated in 
epoxy resin (EPOXI-PATCH) exposing only the layer 
planes to the electrolyte. Electrolytes were prepared 
from reagent-grade chemicals and distilled water. 
Photoelectrochemistry studies were done in 0.1M 
H2SO4. In  addition, 1M KC1 and 0.1M NaOH electro- 
lytes were used in order to find the effect of pH on the 
photoelectrochemical properties. I 3 - / I -  and  Fe2+/ 

Table II 

Initial photovoltages values 
Nature of 

the electrodes 0.1M H2SO, 0.1M NaOH 

n-type sample 1 -330 mv -230 m v  
p-type sample 3 + 280 mv + 230 mV 

Fe 3+ redox couples were also examined. The reference 
electrode was saturated calomel and the counterelec- 
trode a p la t inum wire. Several  procedures were used: 
dark current /vol tage  characteristics [ (I (V) j, capaci- 
tance/vol tage characteristics LC iV) ], and photocurrent  
Iph as a funct ion of the electrode potential  V and 
incident  light wavelength.  Since the optical range of 
interest  was the near  infrared and visible region of 
the spectrum, a simple Pyrex optical flat window was 
used. The capacitance of the semiconductor space- 
charge region was determined by measur ing that  par t  
of a small  (10 mV) ac signal at 1 kHz and 500 Hz, 
Which was in quadrature  with the ini t ial  reference 
phase. The exact value of the capacitance was obtained 
by comparing the observed signal with the values 
obtained for capacitors of known value. The detection 
of the in phase and quadra ture  signals was performed 
using an ADS-1 ATNE lock-in  detector. The i l lumina-  
tion of the electrodes was performed by a 70W tung-  
s ten-iodine lamp. The intensi ty  of the white l ight focal- 
ized on the semiconductor was close to 100 mW/cm~. 
Either direct or chopped white l ight or monochromatic 
chopped light (5obin Yvon H-20 Spectrometer) was 
used. The frequency of the chopper was approximately 
100 Hz, and the modulated photocurrent  was detected 
with the lock-in amplifier. The spectral dis t r ibut ion of 
the combinat ion of the tungsten- iodine  lamp and the 
monochromator  was determined using a thermocouple 
detector (2M Dexter) in the infrared region and a cali- 
brated silicon diode (P V 215-EGG) in the visible 
region. 

Results 
Transport properties.--The t ransport  properties a r e  

reported in Table I for the three samples used as 
photoelectrodes. These values should be considered as 
average ones, because, due to the nonstoichiometric 
Br idgman growth method used, there is some discrep- 
ancy between the electrical results across the crystal 
ingot. 

For the exper imental  value of t h e  c a r r i e r  densi ty  
determined from the Hall  voltage measurements ,  as- 
suming a one-electron band model, the width of the 
depletion layer was estimated (last column of Table I) .  
The formula used is w : [2 eeo (V -- VB)/eNo]'~, 
where e, the dielectric constant  of InSe, is 9.74 (7 d),  
and the band bending  V -- VB has been chosen to be 
1V. 

Photovoltages.--The ini t ial  photovoltage values ob-  
tained in 0.1M H2SO4 and in 0.1M NaOH are reported 
in Table II. After  several  vol tammetr ic  sweeps under  
light, these values decrease to less than  60 mV. 

Voltammetric behavior in the dark.--In 0.1M H2SO4 
in the dark, the interfaces of samples 1 (n- type)  and 
3 (p-type) are rectifying, i.e., they have a diode-l ike 
vol tammogram (Fig. 2a and 2b). However, the charac- 
ter  of a given interface is found to change with t ime 
after several  vol tammetr ic  sweeps under  light. A de- 
ter iorat ion of the diode behavior  i n  t h e  dark  is found. 

Table I 

Resistivity Mobility Carriers Impurity level Depletion layer 
Sample number Type Doping agent fl cm -1 cm~/V s number /cm 8 activation energy ~V-I~ 

1 n 100 p p m  CI~ 5 1000 1.7 10 ~ 0.1 eV 0.8 
2 n 10 p p m  Ga 42 400 1.0 10 ~ 1.0 
3 p 500 p p m  Zn 240 40 6.8 10 ~ 0.27 eV  1.6 
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Fig. 2. I-V curves of three InSe samples in the presence of 0.1M 
H2SO4. A, top: Sample 1. - - - :  in the d a r k . . :  under direct 
white light (70W tungsten-iodine lamp). B, middle: Sample 3. - - - :  
in the dark. : under direct white light (70W tungsten-iodine 
lamp). C, bottom: sample 2. - - - :  in the dark. : under 
direct white light (70W tungsten-iodine lamp). 

For  sample  2 (n - type ) ,  the ini t ia l  cur ren t  var ies  
l inea r ly  wi th  the  appl ied  poten t ia l  and at _ 1V vs. SCE 
i t  is equal  to 1 ~A (Fig. 2c). 

Voltammetric behavior under illumination in 0.1M 
H2SO4.--The cur ren t  vol tage  character is t ics  under  
white  l ight  for samples  number  1, 3, and 2 are  r ep re -  
sented in Fig. 2a, 2b, and 2c. respect ively .  Al l  sam-  
ples  show both  anodic  and cathodic photocurrents .  For  

sample  1 (n - type ) ,  the  pho tocur ren t  changes sign at 
--0.7V and at  _ 1V from this value  the in tens i ty  of 
the anodic pho tocur ren t  is twice the cathodic one. For  
sample  3 (p - type)  at  __ 1V from the change of sign 
of the photocur ren t  occurr ing at  -t- 0.2V, the cathodic 
photocur ren t  is ten t imes grea ter  than  the anodic one. 
Sample  2 shows a l inear  pho tocur ren t  curve of severa l  
~A/cm 2 and the cur ren t  changes sign at  --  0.2V. 

The shapes of the cu r ren t -vo l t age  curves change 
when the wavelength  of the l ight  varies.  For  sample  1, 
the cathodic pho tocur ren t  decreases when the wave-  
length  decreases.  For  example ,  be tween  1040 arid 990 
nm it  is two times la rger  than  the anodic photocur ren t  
(at  _ 1V from the change of s ign) ,  while  at  680 n m  i t  
becomes ten t imes weaker  than  the anodic photocur ren t  
(Fig. 3a). The con t ra ry  is observed for the p - t y p e  
sample  3, and the rat io of the cathodic to the anodic 
photocur ren t  equals 2 at 1000 nm and 12 at  640 nm 
(Fig. 3b).  The var ia t ion  of the photocur ren t  was mea-  
sured as a funct ion of the var ia t ion  of the l ight  wave -  
length.  The semiconductor  e lect rodes  were  polar ized  
for  all  samples  at  4- 1V and --  1V from the change of 
the sign of the photocurrent .  The resul ts  are  presented  
for samples  1, 3, and 2 in Fig. 4a, 4b, and 4c, respec-  
t ively.  

To observe the effect of pH on the cu r r en t -vo l t age  
character is t ics  of InSe, new e lec t rode  samples  were  
tested in contact  wi th  solut ion of 1M KC1 and 0.1M 
NaOH. Photocur ren t  vol tage character is t ics  show tha t  
there  is no real  change in the value  of the in tercept  
of the pho tocur ren t  curves wi th  the potent ia l  axis 
when the pH changes. Fo r  the  p - t y p e  InSe, the ca th-  
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Fig. 5 I-V curve of p-lnSe (sample 3) under chopped white light 
(70W tungsten-lodine lamp) in solutions containing 0.1M H2S04 
(-  - - ) ,  0.1M KCI ( . . . . . .  ), and O.1M ( , ). 

odic photocurrent  decreases from H2SO4 to KC1 and 
to NaOH (Fig. 5) and for the n - type  InSe the anodic 
photocurrent  changes in  a similar way. A strong hys-  
teresis of the curves, depending on whether  the values 
are obtained as the potential  is increasing or decreas- 
ing, is observed in the presence of KC1 or NaOH. Since 
previous experimenters  had reported the stabilization 
of electrodes in aqueous solution by the addition of 
I 3 - / I - ,  electrodes of InSe were placed in a solution of 
1M KI dissolved in 0.5M H2SO4. For both p- and n -  
type samples, no change was observed in the shape of 
the photocurrent,  but  only a large decrease of the in-  
tensity. The electrodes were no longer shiny and started 
to tu rn  brown. The same result  was observed in pres- 
ence of Fe 2 + /Fe  ~ +. 

In  the presence of 0.1M H~SO4, InSe photoelectrodes 
were reasonably stable, bu t  after an exposure of 
several  hours under  white light (70W tungsten lamp) 
the crystals were photocorroded and a thin red layer  
of selenium appeared which could easily be removed 
by adhesive tape. 

Capacitance measurements.--Capacitance measure-  
ments  were under taken  to determine the flatband po- 
tentials. New crystals were used so that the measure-  
ment  could be performed on a surface which had not 
yet  been corroded. Figures 6a and 6b show the plot of 
capacitance vs. potential  and the curves of 1/C2 vs. V 
(Mott-Schottky plot) for sample 1 (n- type)  and sam- 
ple 3 (p- type) ,  respectively. For  both n -  and p- type 
samples, we obtained l inear  Mott-Schottkv plots over 
a potential  range of 300-500 mV in 0.1M H2,SO4. From 
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the intercept, values of --0.6V for sample 1 (n- type)  
and + 0.2V vs. SCE for sample 3 (p- type)  were esti- 
mated for the flatband potentials. It was not  possible 
to calculate flatband potentials from a sample after 
substant ial  photocorrosion had occurred as the ca- 
pacitance curves were no longer regular.  

Discussion 

The sign of the photopotentials aud the shape of the 
dark  current  are in  agreement  with the t ransport  prop- 
erties de termined tor the n -  or p- type electrodes. 
Contrarily,  the current  voltage characteristics under  
i l luminat ion  do not  clearly indicate the carrier type 
of the electrodes because all samples show both anodic 
and cathodic photocurrents.  From the t ransport  prop- 
erties measurements ,  it appears that  the major i ty  car- 
rier density is low for InSe and the hypothesis of a 
photoconductive effect responsible for the unexpected 
anodic and cathodic photocurrents  could be invoked. 
This photoconductive effect corresponds to an increase 
in carriers or of their  mobil i ty  by the absorption of 
h~n~. '• c~ecrease of the in tensi ty  of these photocur-  
rents under  forward bias when the wavelength de- 
creases (Fig. 3a and 3b) is an indication that  they are 
due to an effect not at the junct ion  but  in the bulk, 
which is the case for the photoconductivity.  To prove 
the existence of a large photoconductivi ty in InSe, we 
did the following exper iment  with a p- type crystal in 
contact with the air. Two electrical contacts were made 
with one on the front of the crystal at one end and 
the other contact on the back at the other end. A 
controlled bias between + 1V and -- 1V across the 
front and back contacts was applied. When the sample 
was illt~minated by a small  spot of light (1 mm 2) not 
s tr iking the electrical contact, a several  microamperes 
photocurrent  appeared, proport ional  to the applied 
voltage, and with direction changing with the sign of 
the bias. The curve obtained under  this condition is 
s imilar  to the curve number  2c obtained for sample 2 
in contact with 0.1M H~SO4, and the photocurrents  are 
thus only photoconductive currents.  When we did the 
same exper iment  l ighting only the front contact, we 
got a large photocurrent  under  cathodic bias and a 
smaller  one in the other direction under  opposite bias. 
The curve obtained is s imilar  to that shown in Fig. 2b 
for the p- type sample in contact with H2SO4, the 
Schottky bar r ie r  being established by the metall ic 
electrical contact. The anodic photocurrent  for the 
n - type  sample 1 and the cathodic photocurrent  for the 
p- type sample 3 in contact with an electrolyte is con- 
sistent with the presence of the Schottky barr ier  at 
the semiconductor/electrolyte interface. From the 
d iminut ion  of the in tensi ty  of the cathodic photocur-  
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Fig. 6. Capacltance-voltage curve and Mott-Schottky plot ( I /C  2 vs. V) for two samples in 0.1M H2S04. Frequency: 1 kHz. A, left: n-type 
sample I .  B, right: p-type sample 3. 
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rents  obta ined for the  p - t y p e  sample  3 when the elec-  
t ro ly te  changes f rom H2SO4 to KC1 to NaOH, it is 
obvious that  this cathodic pho tocur ren t  is due to the  
hydrogen  evolut ion (Fig. 5). The anodic pho tocur ren t  
for the n - t y p e  sample  1 m a y  be due to a photocorrosion 
react ion;  the in tens i ty  of the anodic photocur ren t  is 
h igher  in presence of H2SO4 than in presence of NaOH. 
F r o m  these results,  we can deduce tha t  the cu r ren t  
curves under  i l lumina t ion  vs. potent ia l  represented  in 
Fig. 2a and 2b for samples  1 and 3 show the presence 
of two effects: photoe lec t rochemical  and photoconduc-  
tive. For  sample  2 (n - type ) ,  there  was no format ion  
of a Schot tky  bar r ie r ,  and only the photoconduct iv i ty  
was observed.  The reasons for this a re  not  clear.  F ig -  
ures  4a and 4b represent  for n -and  p - t y p e  mate r ia l s  
the  spec t ra l  response due to the photoe lec t rochemica l  
process (curve 1) and the photoconduct iv i ty  spec t rum 
(curve 2). The spectra l  response de te rmined  in the 
region where  the  p r i m a r y  pho toeur ren t  is due to a 
photoe lec t rochemical  react ion be tween  the semicon-  
ductor  and the solut ion is in good a~reement  wi th  
publ i shed  opt ical  absorp t ion  spect ra  (3, 7d).  For  the 
pho tocur ren t  spect ra  shown in curve 1, the  Iph ,~ 
(Eg -- h~)-/2 law was not  verified for e i ther  n = 1 or 
n _-- 4. F rom Fig. 4a curve 1 and 4b curve 1, we can 
see that  the  bandgap  energy  is a round  1.2 eV; how-  
ever,  the smal l  peak  at 1.24 eV may  be due to the 
exci ton bonded to the direct  t rans i t ion  at  1.35 eV (7d).  
The pa r t i cu la r  shape of  the photoconductivit~r spec t ra  
shows again that  the  cur ren t  decreases when the 
energy  of the l ight  increases (Fig. 4a, curve 2, 4b, 
curve 2. 4c) as expected due to the photoconduct ive  
effect (gf).  

F l a tband  potent ia ls  f rom the Mot t -Scho t tky  plots 
and pho tocur ren t  curves are  in agreement .  They are 
es t imated  as --0.6V for the n - t y p e  and + 0.2V for the  
p- type .  The res is t iv i ty  measurements  at  low t empera -  
tures  give the act ivat ion energy of the impur i ty  l eve l s -  
the difference be tween  the Fe rmi  level  and the edge 
of the conduction band (Ec --  EF) :for an n - t y p e - a s  
0.1 eV. The difference be tween  the Fe rmi  level  and 
the edge of the valence band (Ev --  EF) for the p - t y p e  
(i.e., the act ivat ion energy)  equals 0.27 eV. F r o m  these 
resul ts  presented  above and wi th  the 1.2 eV value  for 
the bandgap  energy,  the posi t ion of the bandedges  for 
n -  and p - t y p e  InSe  can be es t imated  as --  0.45V vs. 
NHE for the conduction band and as + 0.75V vs. NHE 
for the valence band. F rom these values repor ted  in 
Fig. 7, it  appears  that  InSe could be a good hydrogen  
evolving semiconductor  photocathode if a sui table  
meta l  cata lys t  is p la ted  at the surface. As a p - t y p e  
l ame l l a r  semiconductor ,  InSe could be used to s tudy 
photointercala t ion,  the pr incip le  of which was de-  
scr ibed by  Tributsch (13). The posit ion of the band-  
edges authorizes  one to predic t  that,  among the cations 
that  could be in tercala ted ,  copper (I) would  be the 
most promis ing  because the copper redox potent ia l  is 
s i tuated be tween  the band energy  levels  of InSe. 

Conclusion 
The photoelec t rochemical  behavior  of the van der  

Waals  surfaces of n-  and  p - t y p e  InSe have  been s tudied 
in 0.1M H2SO4. Under  whi te  light,  vo l t ammet r i c  s tudy  
shows the presence of photocur ren ts  of two origins:  
photoe lec t rochemica l  react ions and photoconduct ivi ty .  
The behavior  of InSe electrode has been charas te r ized  
in te rms of the locat ion of the valence and conduct ion 
bands. These resul ts  pe rmi t t ed  us to choose copper as 
a su i tab le  ca t ion  to be used to demons t ra te  that  the  
photoinduced in terca la t ion  is possible in a p - t y p e  
l aye red  compound (14). Since previous  resul ts  f rom 
band s t ruc ture  calculat ion (8), opt ica l  data,  and t r ans -  
por t  measurements  (7a-7d, 15) show the exis tence of 
a large  aniso t ropy in the physical  proper t ies  of InSe 
be tween the direct ion of the van der  Waals  surfaces 
and the di rect ion pe rpend icu la r  to the layers ,  the  photo- 
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Fig. 7. Schematic representation of the energetics at the n-type 

and p-type InSe electrode/solution interface. 

effect should reflect this anisotropy.  The resul ts  of 
these exper iments  wil l  be repor ted  subsequent ly .  
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I-V Behavior of the CdSe/Sulfide-Polysulfide and CdSe/Ferro- 
Ferricyanide Photoelectrochemical Systems 

Joseph Reichman and Michael A. Russak 
Grumman Aerospace Corporation, Research and Development Center, Bethpage, New York 11714 

ABSTRACT 

The initial results of a comparison s tudy of the I-V behavior in the n-CdSe/sulfide-polysulfide and the n-CdSe/ferro- 
ferricyanide photoelectrochemical  systems are reported. The greatly enhanced power conversion efficiency of the latter 
system (14.2% at 52 mW/cm ~, AM2) compared to the former (7.2%) is at tr ibuted to the greater band bending induced in the 
electrode by  the more positive redox potential  of the ferro-ferricyanide couple, as well as the enhanced minori ty carrier 
transfer kinetics due to a better  match between the CdSe valence band and the energy level of the reduced redox species. 
Energy band diagrams of both systems are presented,  and an analysis of monochromatic  and dark I-V behavior discussed. 

CdSe e lec t rochemical  photovol ta ic  systems have  
been under  inves t igat ion for severa l  years,  wi th  the 
CdSe-aqueous  sulf ide-polysulf ide (SPS)  e lec t ro ly te  
receiv ing the most  a t ten t ion  (1-4).  Some work  has 
also been repor ted  for the CdSe- f e r ro - f e r r i cyan ide  
(FFC)  e lec t ro ly te  (5-7).  However ,  only  recen t ly  have 
efficiencies h igher  than those found in SPS e lec t ro ly te  
and reasonable  s tabi l i t ies  been repor ted  for CdSe in 
aqueous a lka l ine  FFC elec t ro ly te  (8). The key  to 
achieving those improvements  is coating the CdSe wi th  
a pro tec t ive  l aye r  of Se (8) o r  a conduct ing po lymer  
such as po lypyr ro l e  (9). 

The purpose  of this paper  is to repor t  resul ts  of a 
comparison s tudy  be tween  the CdSe-aqueous  SPS a n d  
FFC electrolytes .  This s tudy  was in i t ia ted  to inves t i -  
gate the  or igins  of ve ry  significant differences in I -V  
behavior  tha t  we found in these cells, which resul ted  
in an efficiency of 14.2% for the FFC e lec t ro ly te  com- 
pa red  to 7.2% for the SPS electrolyte .  

Experimental 
The exper iments  r epor ted  here  were  done wi th  an 

n -CdSe  (1120) s ing le -c rys ta l  (Cleveland Crys ta l  
Corporat ion)  e lec t rode  which was back  contacted using 
a copper wire  and s i lver- f i l led  epoxy  on an evapora ted  
i nd ium (~5000A thick)  layer .  The back and sides of 
the  e lectrode were  covered with  insula t ing  epoxy. The 
e lec t rode  was pol ished wi th  0.05 am A1203, and then 
etched in 4:1 (volume)  HCI: HNO3. The exposed CdSe 
area  was 0.18 cm ~. A sulf ide-polysulf ide e lec t ro ly te  
composit ion of 2.5M Na2S, 1M S, 1M KOH, and a 
f e r ro - fe r r i cyan ide  e lec t ro ly te  composit ion of 0.SM 
K4Fe (CN) 6, 0.5M Na2Fe (CN) 6, 1M KOH were  used for 
the photoelec t rochemical  measurements .  Before being 

Key words: energy conversion, semiconductor, electrolyte, junc- 
tion, 

tested in the FFC electrolyte, the electrode was 
anodized in IM Na2SO4, as described by Frese (i0, ll), 
to provide an Se layer of about 1500A to inhibit photo- 
corrosion. Dried N2 was bubbled through the electro- 
lytes during the evaluations to minimize electrolyte 
oxidation and provide agitation. The white light source 
was a W - I  ELH lamp  mounted  in a dichroie reflector, 
which provided  a good AM2 spec t ra l  s imula t ion  (12). 
Monochromat ic  I -V curves were  obta ined  using a 
0.25m gra t ing  monochromator  and a 1 kW xenon arc  
lamp. Al l  l ight  intensi t ies  were  measured  wi th  a ca l i -  
b ra t ed  thermopi le  detector.  

Results and Discussion 
The I -V  curves for the CdSe elect rode in the SPS 

and FFC elec t ro ly tes  are  shown in Fig. 1. The incident  
l ight  in tens i ty  was 52 m W / c m  2. The super io r  p e r -  
formance of the e lect rode in FFC is qui te  ev ident  in 
this figure; in par t icu lar ,  the improved  fill factor  (FF  
and increased open-c i rcu i t  vol tage (Voc) a r e  most  
notable.  The shor t -c i rcu i t  cur ren t  densi t ies  (Jsc) differ 
only  s l ight ly  in this case. In  general ,  the  Jsc for the  
FCC wil l  depend on the concentra t ion of the redox 
ions in solution, the thickness of the se lenium l a y e r  
(10, 12), and the opt ical  pa th  length  of the  incident  
rad ia t ion  th rough  the e lect rolyte .  The significant i n -  
crease  in F F  and Voc is general ,  however ,  and has been 
observed  for a number  of s ing le -c rys ta l  and thin  film 
CdSe samples.  The in tens i ty  dependence  of the Jsc was 
also measured  up to 200 m W / c m  2, and was found to be 
l inear  up to 52 m A / c m  2 for the  SPS e lec t ro ly te  and  
l inear  up to 18-20 m A / c m  2 for the FFC elec t ro ly te  at  
,-,100 m W / c m  2. The sa tura t ion  in the FFC e lec t ro ly te  
is p robab ly  due to the onset of the d i f fus ion- l imi ted  
cur ren t  (12). The ou tput  of the C d S e / S e / F F C  sys tem 
w a s  ~ tab le  for  s e v e r a l  h o u r s  at  white  l ight  in tens i t ies  
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Fig. 1. I-V traces of CdSe in (a) SPS and (b) FFC electrolytes at 
52 mW/cm 2 light intensity. 

between 50 and 100 mW/cm 2, after which a slow de- 
crease in photocurrent  was noted. There was no 
measurable  decrease in output  observed in the experi-  
ments  done at 600 n m  with intensit ies of ,-~1 m W/ c m 2 
from which the kinetic analysis was done. 

To gain an unders tand ing  of the causes of the ob- 
served differences in Voc and FF, addit ional  measure-  
ments  were made to determine some of the basic 
parameters  of the two systems. The flatband potential  
( V F B )  w a s  measured in each electrolyte by not ing the 
potential  at which the photogenerated current  became 
zero using phase-sensi t ive detection and 150 m W/ c m 2 
chopped-l ight  i l luminat ion.  

Values of --1.62 and --0.96V were determined for 
SPS and FFC, respectively, and these are in agreement  
with those determined by extrapolat ion of Mott-  
Schottky plots for these electrolytes (8, 13). The 
ionized donor density of 1 X 1017 cm -3 derived from 
the C-V data agreed with the value obtained by Hall  
measurements .  In  addition, the equi l ibr ium redox 
potentials of the electrolytes were measured on Pt  
using SCE as the reference and found to be --0.8 and 
-F0.26V for the SPS and FFC, respectively. 

Based on these measurements ,  potent ial  diagrams 
for the two junct ions were constructed. These are 
shown in Fig. 2. The flatband potent ial  corresponds to 
the Fermi  potent ial  of the CdSe when the bands are 
flat. The conduction bandedge potential  was calculated 
from the measured donor density assuming a conduc- 
t ion-band  density of states of 1019. The valence band-  
edge potential  was determined using the bandgap 
energy of 1.7 eV. As indicated in Fig. 2, the equi l ibr ium 
band bending of the FFC system is 1.22V, as compared 
to only 0.8V for SPS system. This makes the m a x i m u m  
at ta inable  V~ of the FFC system 0.42V greater  than  
that of the SPS system. The measured open-circui t  
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Fig. 2. Potential diagrams for CdSe/SPS and CdSe/FFC junctions 
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voltage difference of 0.3V at 52 mW/cm2 light in tensi ty  
is somewhat less than this max imum at ta inable  differ- 
ence. The deviation is due to the increased dark cur-  
rent  of the FFC system as will  be shown. The greater  
band  bending of the FFC system can also account in 
par t  for the improved fill factor. 

Measurements of qua n t um efficiencies and dark 
currents  as a function of potential  were made to deter-  
mine  if the difference in  band bending  is the only 
cause for the change in performance characteristics. 
Figure 3 shows the quan tum efficiency of the CdSe 
electrode in the two electrolytes as a funct ion of band 
bending (i.e., 0.0V corresponds to the VFB for each sys- 
tem).  These data were obtained using chopped (25 Hz) 
600 n m  light and lock-in detection. 600 nm was se- 
lected because there is no electrolyte absorption in 
SPS or FFC and the transmission of the Se overlayer  
is >95% (11). 

If the difference in the I-V characteristics shown in 
Fig. 1 were caused only by the difference in equi l ib-  
r ium band bending,  then the quan tum efficiency 
curves of Fig. 3 would superimpose. However, the FFC 
electrolyte system shows a higher qua n t um efficiency 
at smal ler  values of band bending than the SPS elec- 
trolyte. In  this region of band bending, space-charge 
region recombinations become an impor tant  photocur-  
rent  l imit ing mechanism (13, 14). These results then 
indicate that for the FFC system charge, t ransfer  
kinetics are faster than for SPS, and so reduce the 
minor i ty  carrier density in the space-charge region 
which reduces recombinat ion losses. 

Calculations of the monochromatic  I -V data at 600 
nm were made using a model that has space-charge 
region and bu lk  recombinat ion as the photocurrent  loss 
mechanisms (14) and has provided consistent results 
for the CdSe/SPS system (13). However, before the 
model was applied to the CdSe/FFC data, some addi-  
t ional measurements  were done to insure that the 
CdSe/Se (corrosion l a y e r ) / F F C  system was not  a 
buried p -n  junc t ion /ohmic  electrolyte interface similar  
to that reported for metal-f i lmed semiconductors (15). 
The CdSe electrode was etched and then anodized in 
1M Na~SO4 to develop a Se corrosion layer  of 
~3000A. The electrode was briefly run  in the FFC 
electrolyte, after which it was washed thoroughly with 
deionized water  and dried. The front  face was then 
coated with an evaporated layer  of In  about  5000A 
thick, which was carefully contacted with Ag epoxy to 
make an I n / C d ~ e / S e / I n  structure.  The I -V trace for 
this showed ohmic behavior, as seen in Fig. 4, indicat-  
ing that the Se corrosion layer  was not providing a 
buried junction.  These findings are consistent with the 

1 
FERRO-FERRICYANIDE ELECTROLYTE 

0.6 / ~  "~POLYSULFIDE ELECTROLYTE 

0.6 

~ 0.4 

0.2 

0.2 0.4 0.6 0.8 1 1,2 1.4 1.6 
BAND BENDING, V 

Fig. 3. Quantum yield as a function of band bending of CdSe 
electrode in the two redox electrolytes at !.24 mW/cm ~, 600 nm 
incident radiation. 
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Fig. 4 I-Y trace for In/CdSe/Se/In structure showing ohmic be- 
havior. 

kinet ic  analysis  done by  Frese  es tabl ishing the good 
hole conduct ion of the Se corrosion l aye r  (11). 

Reasonably  good fits to the I -V da ta  were  obta ined  
wi th  the model  using minor i ty  car r ie r  hole charge 
t ransfer  velocit ies of 1000 and 400 cm/s  for the FFC 
and SPC electrolytes ,  respect ively.  This was the  only  
ad jus tab le  pa r ame te r  considered. For  an equal  con- 
cent ra t ion  of redox  couples, this would  make  the ra te  
constant  of the FFC couple about  five t imes faster  than 
the SPS couple. This improvement  in charge t ransfe r  
of the FFC sys tem is consistent  wi th  its one-e lec t ron  
charge t ransfe r  compared  to more  complex electron 
t ransfe r  for the SPS system. Addi t ional ly ,  the grea te r  
over lap  of the FFC reduced ion energy states  wi th  the 
CdSe valence band states also would favor  h igher  
charge t ransfe r  rates  (8). 

To compare  charge t ransfer  ra tes  for the m a j o r i t y  
car r ie r  electrons in the FFC and SPS electrolytes ,  
measurements  were  made of the da rk  currents  as a 
function of potential .  The results  are  presented  in Fig. 
5, where  the dark  cur ren t  is given as a function of 
band bending  using the obta ined  values of VFB. As 
prev ious ly  discussed for the photocurrent ,  if the charge 
t ransfer  rates  were  equal,  the two curves would super -  
impose. For  the same amount  of bend bending,  how-  
ever, the FFC sys tem shows considerably  higher  da rk  
currents.  In addition, the slope of the I -V  curve for the 
FFC displays  ideal  diode behavior  wi th  a s lope of 60 
mV/decade  at band bending  grea te r  than 0.3V. The 
SPS system, on the other  hand, d isplays  nonideal  
diode behavior  over  the ent i re  potent ia l  range.  The 
grea te r  da rk  cur ren t  in the FFC elec t ro ly te  is a t -  
t r ibu ted  to a g rea te r  charge t ransfer  ra te  for m a j o r i t y  
carr iers .  As the band bending  gets smaller ,  g rea te r  
differences in the dark  currents  of the two systems are  
observed.  This is due to the increasing nonideal  behav-  
ior of the SPS e lec t ro ly te  and is a t t r ibu ted  to charging 
of surface states.  This shifts the f latband potent ia l  to 
more negat ive  values wi th  increas ing voltage. Changes 
in vol tage appear  across the Helmhol tz  region, as well  
as the space charge region, t he reby  making  the change 
in cur ren t  less sensi t ive to changes in voltage. This 
sur face-s ta te  charging effect also appears  in the FFC 
elect rolyte ;  however,  it  occurs only  at potent ia ls  closer 
to flatband. 

Conclusions 
The improved  per formance  character is t ics  of CdSe 

electrodes in FFC elec t ro ly te  compared  to SPS e lec t ro-  
ly te  are a t t r ibu ted  not only  to enhanced minor i ty  car-  
r ie r  charge t ransfer  kinetics,  but  also to grea te r  equi -  
l i b r ium band bending  induced by the more  posi t ive 
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POLYSULFIDE \ FERRO-F ERRICYANIDE 
ELECTROLYTE ~ r  =rTon,  vT= 
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0.1 0.2 0.3 0.4 0.5 0.6 

BAND BENDING, V 

Fig. 5. Dark current as a function of band bending of CdSe elec- 
frode in the two redox electrolytes. 

redox potent ia l  of the FFC.  The increased da rk  cur ren t  
in the FFC elec t ro ly te  compared  to the SPS e lec t ro ly te  
is due to enhanced charge t ransfe r  kinet ics  for ma jo r i t y  
carriers ,  and i t  acts to reduce the difference in the 
open-c i rcu i t  vol tage of the two systems that  might  be 
expected f rom differences in equi l ib r ium band bending.  

Manuscr ip t  submi t t ed  June  6, 1983; revised m a n u -  
scr ipt  received Oct. 26, 1983. 
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The Stability of Silane Layers on Titanium Dioxide Electrodes 

R. Vithanage and H. O. Finklea* 
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ABSTRACT 

Silane monolayers were synthesized on TiO2 electrodes and examined for their  stability during the photoelectrolysis  of 
water at various pH's.  X-ray photoelectron spectroscopy was used to monitor  the silane layer; correction was required for 
t h e  frequent presence of a contaminant  layer after the electrochemical treatment.  In general, silane layers suffered noticea- 
ble losses after ca. 3 C/cm 2 of charge was passed. Considerable improvements  in stabili ty could be obtained by cross-linking 
the silane layer during synthesis and by  reacting the electrode a second time. The most stable silane layer was synthesized 
from SIC14 "capped" with Me2SiCI~. 

Si laniza t ion  is one of the most  versa t i le  methods  of 
genera t ing  modified e lec t rode  surfaces (1). I t  is based 
on the reac t ion  be tween  a hydro ly t i ca l ly  sensi t ive S i -X  
bond (X = C1, OR, NHR) and a surface OH group 
(Eq. [1] ). The l a t t e r  funct ion can be found on any wet  
oxide surface. The list  of 

lVI-OH + XSiRs ~ M-OSiR3 + HX [1] 

successful ly s i lanized e lec t rode  subs t ra tes  includes  
meta ls  (Au, P t ) ,  quas imeta ls  (h igh ly  doped SnO2, 
InsOs),  and semiconductors  (Si, Ge, TiO2, GaAs)  (1-3).  

With  respect  to semiconductor  electrodes,  two ap-  
pl icat ions of s i lanizat ion have been sought:  inhibi t ion 
of photoac t iva ted  corrosion (3a-3d, 4) and catalysis  of 
e lec t rochemical  processes, e.g., hydrogen  evolut ion 
(3d-3f, 3h, 1, 5). Two questions of in teres t  wi th  respect  
to s i lanized electrodes are  (i)  the effects of the s i lan-  
izat ion on the semiconductor  e lec t rode  proper t ies ,  and 
(ii) the du rab i l i t y  of the  si lane layer .  On the fo rmer  
question, the  publ i shed  evidence indicates  tha t  there  is 
l i t t le,  if any, effect on e lect ron t rans fe r  proper t ies ,  p ro -  
v ided  that  the redox  molecule  e i ther  is bound  close to 
the semiconductor  surface or  has access to the surface. 
The l a t t e r  quest ion is l ikewise '  impor tan t ;  a durab le  
modified e lec t rode  is essent ia l  for  any  prac t ica l  ap -  
plications.  

We wish to address  the quest ion of du rab i l i t y  of 
nonelect roact ive  si lane layers  on semiconductor  e lec-  
trodes. To avoid complicat ions due to the  concomitant  
corrosion of the electrode,  TiO2 is chosen as a model  
subst ra te .  A s t renuous test for si lane s tab i l i ty  is the 
photoelec t rochemical  oxida t ion  of wa te r  at  the TiO2 
anode. Gas evolut ion tends to d i s rup t  surface films. 
Likewise,  ve ry  react ive  in te rmedia tes  ( h y d r o x y  r ad i -  
cals) are  genera ted  at  the  surface. Except  for  f a i r ly  
acidic e lect rolytes  (6), TiO2 is s table dur ing  photoelec-  
trolysis .  

A n  ea r l i e r  r epor t  (7) indica ted  tha t  s i lane layers  
surv ived  photoelect rolys is  at  in te rmedia te  ptI 's .  We 
have  ex tended  our  test  to longer  photoe lec t ro lys is  
t imes and a wider  pH range,  and have found evidence 
for  pa r t i a l  loss of the si lane l aye r  unde r  these condi-  
tions. To increase the du rab i l i t y  of the si lane layer ,  
a t tempts  were  made  to in t e rna l ly  c ross- l ink  the s i lane 
moieties.  

The  h i s tory  of the si lane layers  was moni tored  b y  
x - r a y  photoe lec t ron  spectroscopy (XPS) .  

Experimental 
Electrode preparation.--Disk electrodes (6 m m  

diam)  were  cut  f rom a s ing le -c rys ta l  boule  of ru t i le  
(Commercia l  Crys ta l  Labora tor ies ) ,  exposing the (001) 
face. The disks were  in i t ia l ly  polished,  doped in hyd ro -  
gen (600~ and etched in hot  concent ra ted  sulfuric  
acid (250~ as p rev ious ly  descr ibed (8).  P r io r  to 
si lanizat ion,  the e lect rodes  were  s teamed for  2-3h to 
ensure hydra t ion .  Af te r  the i r  first use, the e lectrodes 
were hand  pol ished using 5 ~,m alumina,  etched, and  
s teamed  before  each exper iment .  

* Electrochemical Society Active Member. 

Silanization.--Using a p rocedure  deve loped  for  s i -  
lanizing TiO2 powders  (9), the  TiO2 electrodes were  
dr ied  under  vacuum at 150~ for 2h, and then  exposed 
wi thout  cooling to a control led  pressure  of si lane vapor  
( l iquid silane at  15~ Af t e r  lh,  excess vapor  w a s  
pumped  away.  

A cross - l ink ing  react ion scheme was devised to im-  
prove si lane l aye r  s tabi l i ty .  Fol lowing  the s i lanizat ion 
reaction,  the e lectrodes were  exposed to wa te r  vapor  
( l iquid at  15~ for  lh,  pumped  down for 20 rain, and 
then  hea ted  (150~ under  vacuum for 2h. 

A double  cross- l inking  react ion refers  to the s i l an-  
ization and cross - l ink ing  procedure  be ing  repea ted  a 
second time. 

Electrochemistry.--Photocurrent genera t ion  was pe r -  
formed in four  different  e lec t ro ly tes  of va ry ing  pH: 
0.5M H2SO4 (pH 0.5), H3PO4/KH2PO4 buffer, ionic 
s t reng th  0.2M (pH 2.0), KH2PO4/Na~I-IPO4 buffer, ionic 
s t reng th  0.2M (pH 6.0), and  0.1M NaHCOJ0 .1M 
Na2CO3 (pH 10.0). The TiO~ e lec t rode  was i r r ad ia t ed  
with  the wa te r - f i l t e red  ou tput  of a 150W Xe arc  lamp.  
At  ca. 1V vs. SCE photocur ren t  densi t ies  of 0.7-2 m A /  
cm 2 were  obtained.  Photocur ren t  genera t ion  was t e r -  
mina ted  a f te r  app rox ima te ly  1C of charge (3.5 C /cm 2) 
had passed. No signif icant  changes in the pho tocur ren t  
level  were  observed  dur ing  this test;  pho tocur ren t  
densi t ies  of s i lanized electrodes were  comparab le  to 
tha t  of c lean electrodes.  As noted prev ious ly  (7),  the  
pho tocur ren t -vo l t age  curves were  not no t iceably  af -  
fected by  any of the si lanizations.  

XPS.--Al l  XPS spect ra  were  recorded  on a du Pont  
650B spec t romete r  wi th  a magnes ium anode. Ti tanium,  
oxygen,  carbon, and sil icon were  moni tored  before  and 
af ter  each photoelec t rochemical  exper iment .  Peak  
areas  of the  Ti(2p3/2) and S i (2p)  peaks  were  ca lcu-  
la ted  by  t r i angu la r  approximat ion .  Peak  energies  a r e  
re fe r red  to C ( l s )  at  285.0 eV. 

Results 
TiO2 is r ead i ly  modified b y  a va r i e ty  of silanes. Suc-  

cessful s i lanizat ions y ie ld  character is t ic  changes in the 
XPS spec t ra  (7):  (i) the Ti (2p)  peaks  are  reduced  
in intensi ty,  (ii) the O ( l s )  spec t rum changes f rom a 
single peak  at  530 eV to a doublet ,  the  second peak  
being at 532 eV, and (iii) the Si (2s)  and S i (2p)  peaks  
appear  above background  signal.  An  es t imat ion  of 
average  thickness for  the  s i lane l aye r  can be ob ta ined  
f rom the comparison of the Ti peak  in tens i ty  to that  of 
a b lank  e lect rode (see below) (10, 11). In  general ,  
the synthet ic  p rocedure  yields  s i lane l aye r  thicknesses  
consistent wi th  one or  two monolayers .  Occasional ly  
low Silanization yields,  i.e., very  smal l  Si peaks,  a r e  
observed.  Such instances we a t t r ibu te  to poor ly  h y -  
d roxy la t ed  surfaces (9). As a consequence,  e lect rodes  
are s teamed over  a beake r  of boil ing wa te r  to promote  
m a x i m u m  hydra t ion  of the surface. However ,  uncon-  
t ro l led  po lymer  fo rmat ion  is undes i rable .  The s y n -  
t h e t i c  procedure  is designed to ma in ta in  s t r i c t ly  an-  
hydrous  condit ions to p reven t  the s i lane f rom reac t ing  

7 9 9  
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with any species other than the surface O-H groups. [Ti 4o 0 
Such precautions usually work, but in a few experi- 200 
merits polymer coatings did form (strong Si peak, no 
visible Ti peak), most notably with SIC14. 0 0.2 

The diagnostic criteria for silane stability is based 
on the Si and Ti peaks. While the higher binding 
energy peak in the O(ls) spectrum is characteristic 1si 
of silanized electrodes, organic contamination of the ITi 0 . I  
electrodes produces a similar peak. In order to avoid 
large uncertainties introduced by day-to-day varia- 
tions in the spectrometer sensitivity, the Si(2p) peak 0 
area is normalized by the Ti(2ps/2) peak area for each 
sample. The Si-to-Ti peak ratio is monitored as a 
function of electrochemical treatment. Qualitatively, a 
stable silane layer should exhibit no change in the 
ratio after photocurrent generation. Loss of the silane 
layer should cause the Si peak to decrease, the Ti peak 
to increase, and the S}-to-Ti peak ratio to decrease ITi 600 
sharply. These criteria were used to establish that the 
silane layers are stable to soaking in the four electro- 
lytes for 12h (but they are rapidly stripped in 1M 
NaOH). 

However, both the Si and Ti peak areas often de- 
crease after the electrochemical treatment, and the Is i 
C (ls) peak increases. Such an effect can be explained 
by the deposition of a contaminant layer (probably :CTi 
organic) upon the electrode surface. The coating re- 
duces peak intensities of all underlying elements due 
to inelastic scattering of the photoelectrons. A possible 
source of the contamination is the epoxy (Shell Epon 
828 + du Pont PACM-20) used to insulate the TiO2 
disk edges. The presence of the coating prevents the 
simple interpretation of silane stability given above. 

Electrode contamination should in fact cause an in- 
crease in the Si-to-Ti peak ratio for a stable silane 
layer. This prediction is based on the exponential de- 
crease of photoelectron intensity with the thickness 
of the scattering layer (10) 

-Teoatecl/Iclean "-- exp (-- d/L) [2] 

In Eq. [2], d is the thickness of the coating and k is 
the characteristic scattering length of the substrate 
photoelectron. The appropriate values for k are esti- 
mated to be 1.7 nm for the Ti(2p3/2) photoelectrons 
and 2.2 nm for the Si (2p) photoelectrons (10). Apply- 
ing Eq. [2] to the Si-to-Ti peak ratio, one obtains 

Isz exp (~ d/~.si) /si 
(coated) -- ~ (uncoated) 

/'I'1 exp ( - -  d/~.Tt) IWi 
[3] 

where d is now the thickness of the organic coating 
overlying both the silane and the TiO2. When the 
values for tsi and ~'Wi aresubstituted into Eq. [3], one 
gets 

_ Ist 
Isi (coated) : exp (+  d/7.5 nm) ~ (uncoated) 
ITt 

[41 

Consequently, the Si-to-Ti peak ratio appears larger 600 
as a result of the organic contaminant layer. Equation 1Ti 
[4] also predicts that the Si-to-Ti peak ratio should 
be less sensitive to the thickness of the contaminant 
layer than either the Si or Ti peaks. 

With this in mind, we present our results in the 
form of stacked bar graphs, shown as a function of 
pH. One TiO2 electrode was used at each pH. The 
upper bar graphs illustrate the Ti(2p3/2) peak area; 
loss of Ti peak intensity after photocurrent generation 
indicates contamination of the electrode. The lower bar 
graphs are the Si-to-Ti ratios. For reference, a mono- 
layer of silane corresponds to a Si-to-Ti peak ratio of 
0.05-0.10. Figures 1, 2, and 3 contain the results for 
the single "normal" silanization, the cross-linking re- 
action, and the double cross-linking reaction, respec- 
tively. 

O-5 
IH 

6 10 

Me2SiCl 2 

normal reaction 

3.5 coullcm 2 

200 
0 

0.1 l 

0 C~5 2 6 10 
pH 

MeSiCI 3 

normal reaction 
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ITi(clean) = 1200 

6OO 
400[ ~ SiCl4 

2001 I ~ normal reaction 

0 ~ 3.5 coul/cm 2 

0-15I ITi(clean) = 800 O.lO   
0 L-J c x l  

05 2 6 10 
pH 

Fig. 1. Normal reaction conditions (see text). Open bars: after 
silanization. Cross-hatched bars: after photocurrent generation. A, 
top: Me2SiCI2. B, middle: MeSiCla. C, bottom: SiCI4. 

Discussion 
In earlier papers, we reported that silane layers on 

TiO2 electrodes survived photocurrent generation in 
water (7) and in acetonitrile (12). Both the photocur- 
rent density and the total coulombs of charge passed 
were over a factor of ten lower than in the present 
work. Consequently, we attribute the loss of silane 

zoo ::::::::: 
0-2 ,~ 3.8 coullcm 2 

ISJ ~ ]Tilclean) = 600 

0 . 
0.5 2 6 10 

Fig. 2. Cross-linked once. MeSi(OMe)8. Same convention as in 
Fig. I .  
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layers shown here to the more severe test conditions. 
Figure 1 i l lustrates the point  for Me2SiC12, MeSiCIs, 
and SIC14. In  near ly  every case, the Si- to-Ti  ratio de- 
creases concurrent ly  with a decrease in the Ti peak 
area. The loss is par t icular ly  noticeable in 0.5M H2SO4 
(pH 0.5). Given the predict ion that  the Si - to-Ti  ratio 
should increase when  electrode coating is observed, it 
is apparent  that  a sizable fraction of silane has been 
removed. Not shown are the data for a monofunct ional  
silane, hexamethyldisi lazane.  Complete loss of silicon 
results f rom the photocurrent  generat ion for that  si- 
lane. 

The cross- l inking reaction was devised as a means of 
improving the silane layer  stability. The proposed re- 
action sequence is shown in Fig. 4. A t r i funct ional  (or 
te t rafunct ional)  silane is reacted with surface O-H 
groups, as in the "normal"  reaction. With the assump- 
t ion that  an average of two bonds are formed between 
the silicon and the surface (9, 11), one or more un -  
reacted Si-X (X = C1, OMe) bonds exist on each 
silane. Added water  vapor converts these bonds to sila- 
nols. In  the final step, the silanols are condensed to 
form a la teral  l inkage be tween silicons. The expecta- 

/ 

ITi 1000 t 
/ 

5000 l 

0.2 

Is i  

ITi O. 

\ 

\ 
\ 

05 2 6 10 

pH 

Si(0Me} 4 

double 
, cross-linked 

2.4 coul/cm 2 

ITi(clean) : 1900 

Fig. 3. Double cross-linked. Open bars: after first silanizatlon. 
Hatched bars: after second silanization. Cross-hatched bars: after 
photocurrent generation. A, top left: MeSiCI3. B, top right: SiCI4. 
C, middle left: MeSi(OMe)a. D, middle right: Si(OMe)4. E, left: first 
silanization $iCI4, second silanization MeSiCI2. 

t ion of greater  s tabil i ty is based on the lateral  c r o s s -  
l i n k s .  Silane loss most l ikely proceeds via hydrolysis of 
the M-O-Si  linkage. If this connection is severed, then 
lateral  cross-links would prevent  the silicon atom 
from leaving the surface. Eventua l ly  the broken l ink-  
age may "heal," i.e., recondense. 

These expectations are supported by the data (Fig. 
2). MeSi(OMe)3 generates surface layers that appear 
stable at pH 6 and 10. The apparent  loss at pH 2 may 
be anomalous (in fact, results for individual  electrodes 
must  be treated with caution; the overal l  pa t t e rn  of 
a given exper iment  is more rel iable) .  

As a fur ther  effort for extra stability, we proceeded 
to the double cross-l inking scheme. The objective of 
the second silanization is to block any holes existing 
in  the first silane layer  and to tie up any  free surface 
OH groups. Another  objective is to construct  a second 
silane layer  on top of the first one. This is predicated 
on the knowledge that free silanols exist after the 
cross- l inking reaction with te t rafunct ional  silanes (9). 

The results are summarized in Fig. 3. The Ti peak 
areas and Si - to-Ti  peak ratios are shown after  each 
si lanization step (Fig. 3d excepted) as well  as after  
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the electrochemical treatment. It is evident that the 
silane coverage increases following the second silaniza- 
tion; however, the net increase is small. When Ti peak 
areas are normalized for variations in the spectrometer 
sensitivity (given by the area of a "clean" Ti peak), 
no significant change in the Ti peak areas is visible. 
Likewise, the Si-to-Ti peak ratios show slight in- 
creases. We interpret this result as indicating (i) that 
there are few "holes" in the first silane layer, i.e., 
monolayer saturation is achieved in the course of the 
reaction (9), and (ii) that in the case of the tetrafunc- 
tional silanes, the density of free silanols on the modi- 
fied surface is considerably lower than that of the 
original surface. 

Surface layer stability varies from silane to silane in 
a nonsystematic fashion. MeSiC13 (~ig. 3a) exhibits 
noticable loss of silane except at pH 6. Si(OMe)4 
(Fig. 3d) presents the same pattern: a decrease in the 
Si-to-Ti peak ratios along with a slight gain in the Ti 
peak ratios. However, SIC14 (Fig. 3b) and MeSi (OMe)3 
(Fig. 3c) show the pattern expected for a stable silane 
layer coated with a contaminant layer: loss of Ti sig- 
nal, gain of Si-to-Ti peak ratios. In all of these ex- 
periments, loss of the silane layer is most evident at 
pH 0.5. Silane loss is probably associated with TiO2 
corrosion. Whether the silane layer inhibits corrosion 
is not apparent from these experiments. 

A final experimental variation reveals a promising 
direction for stable surface layers (Fig. 3e). When 
TiO~ electrodes are first modified with SIC14 and then 
Me2SiCI~ (both cross-linked), the surface layer thus 
formed exhibits the best stability observed so far, even 
at pH 0.5. It is possible that the bonded dimethylsilyl 
moieties impart a hydrophobic character to the surface 
layer. We suggest that hydrophobicity may be another 
key to surface layer stability on electrodes. 

With the assumption of silane layer stability, Eq. [2] 
and [4] can be used to estimate the thickness of the 
contaminant layer for the data in Fig. 3e. From the 
diminution of Ti peak areas with respect to that of a 
clean electrode, coating thicknesses of 1.2, 3.6, and 3.0 
nm are calculated at pH 2, 6, and 10, respectively. 
Based on increases in the Si-to-Ti peak ratio, the cor- 
responding numbers are 3.1, 3.8, and 5.8 rim. The 
agreement is only approximate. The larger values 
obtained using the Si-to-Ti ratios suggest that the 7.4 
nm coefficient in Eq. [4] may be too large, which in 
turn would' indicate a greater difference in the scat- 
tering lengths of Ti and Si photoelectrons than the 
theoretical values suggest. For example, a scattering 

length of 2.7 nm for Si(2p) photoelectrons would 
change the coefficient of Eq. [4] to 4.6 nm, and would 
give values of 1.9, 2.4, and 3.6 nm for the coating 
thicknesses. Another problem is the hidden assumption 
that silane and contaminant layers are uniform in 
thickness across the electrode surface. This assumption 
seems unhkely in view of the facile water oxidation at 
the TiO2 anode. Access of reagents to the electrode and 
products from the electrode appears to be unhindered. 
Also, rearrangements of the silane morphology may 
be occurring. For these reasons, we have not presented 
quantitative estimations of silane layer thickness be- 
fore and after photoelectrolysis for most of the data. 

A comparison of Fig. 2 with Fig. 3c highlights a 
major problem with surface syntheses. For the same 
silane [MeSi(OMe)8] and nominally the same syn- 
thesis procedure, a considerable difference (factor of 
two) is seen in the Si-to-Ti peak ratio on newly silan- 
ized electrodes. A similar wide variation in coverage 
is implied by the different Si-to-Ti peak ratios ob- 
tained with all the different silanes and for a given 
silane on the four electrodes. The factors affecting 
silane coverage are still poorly understood. However, 
the changes observed in the Si-to-Ti ratio for a single 
electrode are more certain. Repetitive measurements 
of that ratio on a single electrode over a 2 week period 
show a standard deviation of only 18% about the mean 
(seven measurements) and no systematic trend, de- 
spite a considerable change in spectrometer sensitivity. 

Conclusions 
The stability of thin silane layers on TiO2 during 

the photoelectrolysis of water can be markedly im- 
proved by cross-linking the silane layers during syn- 
thesis, and also perhaps by adding a hydrophobic 
"capping" layer. Very long-term stability is not 
known; even the most stable silane layers may eventu- 
ally degrade. When possible, pH extremes should be 
avoided. The silane layers do not affect the photoelec- 
trolysis current density. 
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The Role of the Lower Metal Oxide/Higher Metal Oxide Couple in 
Oxygen Evolution Reactions 

P. Rasiyah* and A. C. C. Tseung* 

Department of Chemistry, The City University, London EC1V OHB, England 

ABSTRACT 

The min imum potential  for the evolution of oxygen on six oxides (RuO2Li0.~Ni0.90, Li0 ~Co2.704, IrO2, PbO2, and PtO2) in 
5N KOH has been studied by potentiostatic steady-state and galvanostatic charging experiments .  The results show that  
there is an excellent  correlation between the min imum potential for oxygen evolution on the first three oxides and their 
lower oxide/higher oxide couples (RuO2/RuO4 = 1.387V; Ni203/NiO~ = 1.43V; Co2OJCoO2 = 1.447V) listed in Pourba ix  dia- 
grams. For IrOn, there was good agreement  between the lower oxide/higher oxide couple (IrOJIrO3 = 1.35V) determined in 
this work by galvanostatic charging. Galvanostatic charging on PbO2 and PtO2 indicates that oxygen evolution takes place 
at 1.76 and 1.71V, respectively. However, these two values do not correlate with their  lower oxide/higher oxide couple 
values. I t  is therefore suggested that oxygen evolution on such oxides proceeds via the OH-/HO2- couple (1.77V), where the 
reaction intermediates  are physisorbed. We also discuss the stabili ty of the lower and higher oxides of the six metals consid- 
ered from the point  of view of the crystal field concept. 

Al though  oxygen  evolut ion has  been s tudied  on nu-  
merous  meta l s  and oxides and many  mechanisms have 
been  pu t  fo rward  to expla in  the oxygen evolut ion re-  
act ions on these  substra tes ,  no sa t i s fac tory  explana t ion  
has ye t  been  given for the different  vol tage values on 
different  subs t ra tes  at  a pa r t i cu la r  cur ren t  density.  I t  
is of grea t  f undamen ta l  in teres t  to de te rmine  the  fac-  
tors responsible  for  the differences. Up to now few in-  
vest igat ions (1-3) have  been d i rec ted  at  ascer ta in ing 
these factors.  

Ruetschi  and De lahay  (1) ca r r i ed  out a theore t ica l  
inves t igat ion and concluded tha t  different  ovcrvo l t -  
ages on meta l s  ar ise  because of the difference in the  
magni tude  of the  M - - O H  bond energies.  They assumed 
the r a t e - d e t e r m i n i n g  s tep to be the  ini t ia l  discharge 
of the  O H -  ion. The M ~ O H  bond  energies  were  es t i -  
ma ted  in th ree  ways  and then  p lo t ted  against  the  
values  of the  overpoten t ia l  for  oxygen  evolut ion at  
1 A / c m  2 in 1N KOH at room tempera tu re .  The s lope 
of the plot  was t aken  to indicate  the  difference in 
overvol tages  and the heats  of act ivat ion and was ac-  
counted for by  the changes in the  M - - O H  energy tha t  
occur f rom me ta l  to metal .  The  authors  did  not  choose 
to plot  a l l  the  bond ene rgy  values~ s ince  some of them 
showed m a r k e d  depar tu res  f rom the correlat ion.  C o  
meta l  showed the lowest  overpoten t ia l  and the highest  
M - - O H  bond energy.  

Tseung and Ja sem (2), in a recen t  inves t igat ion of 
oxygen  evolut ion on semiconduct ing  oxides, empha-  
sized the r o l e  of the  m e t a l / m e t a l  oxide couple or  the 
lower  me ta l  ox ide /h ighe r  me ta l  oxide couple in de te r -  
min ing  the m i n i m u m  poten t ia l  r equ i red  for  oxygen 
evolut ion,  together  wi th  o ther  essential  factors such 
as e lec t r ica l  res is t iv i ty ,  e lect rode micros t rue ture ,  and 
corrosion proper t ies .  Based on these cr i ter ia ,  they  sug-  
gest tha t  NiCo~O4 is of in teres t  as an oxygen  evolut ion 
eleetrocatalyst .  Tef lon-bonded NiCo20~ gave an oxygen  
evolut ion cur ren t  dens i ty  of  1 A / c m  -~ at  1.6V vs. the  
dynamic  hydrogen  e lec t rode  (DHE) at  70~ in 5N KOH. 

The work  car r ied  out  by  Vi jh  (4),  a l though not  d i -  
r ec t ly  pe r t a in ing  to oxygen evolution,  war ran t s  men-  
tion. He found an empi r i ca l  cor re la t ion  be tween  the  

* Electrochemical Society Active  Member. 
Key words: oxygen evolution, lower metal  ox ide /h igher  metal  

oxide, semicondueting oxides. 

two quanti t ies ,  the  m e t a l / m e t a l  oxide  s t a n d a r d  elec-  
t rode potent ia l  and the electronic conduct ivi ty ,  which 
have been pos tu la ted  to govern oxygen  evolut ion.  Vi jh  
also cor re la ted  the bandgap  of  the oxides  to the  m e t a l /  
meta l  oxide s tandard  e lec t rode  potent ia l ,  thus l inking  
the two so l id - s ta te  p roper t ies  to the e lec t rode  po ten-  
tial.  

Hickl ing and Hil l  (3) car r ied  out oxygen evolut ion 
measurements  on ten dif ferent  meta l  anodes in a lka l ine  
solut ion over  a cur ren t  dens i ty  range  of 10 -5 to 1 
A / c m  e, in 1N KOH at 20~ They  also s tudied the va r i a -  
t ion of the oxygen  overvol tage  on the different  meta ls  
wi th  t ime.  Table  I gives the  oxygen  evolut ion  po ten t ia l  
obta ined  by  Hickl ing  and Hill  on ten meta l s  at  a cur -  
ren t  dens i ty  of 1 A / c m  2 in 1N KOH. Also inc luded in 
Table  I are  the  lower  ox ide /h ighe r  oxide  couples of the  
ten metals.  These values  were  obta ined  f rom l i t e ra -  
ture  (5), except  for  lead, whose va lue  was ob ta ined  
by  galvanosta t ic  charging  (Fig.  1). F igu re  1 gives the  
plot  of oxygen  evolut ion  potent ia l  obta ined  by  Hickl ing 
and Hil l  on ten meta ls  at  a cur ren t  dens i ty  of 1 A / c m  -~ 
vs. the  lower  ox ide /h ighe r  oxide couple, showing a 
ve ry  good correlat ion.  The meta l  Cd was not  inc luded 
in the corre la t ion since its lower  ox ide /h ighe r  oxide 
couple was not  ava i lab le  in l i te ra ture .  The resul ts  p re -  
sented in Table  I suggest  tha t  the  oxygen  evolut ion 

TabPe I. The oxygen evolution potent;als at 1 A/cm 2, 25~ in 5N 
KOH and the potentials of the lower oxide/higher oxide couple 

of ten metals 

Potential  of 
couple gov- 

Oxygen evolution ernlng oxy- 
potential  (3) Couple governing gen evolu- 

Metal (Volts  vs. RHE) oxygen evolution tion (5) (V) 

Co 1.84 Co~Os/CoO~ 1.477 
Cu 2,00 Cu~O/CuO 0,669 
Au 2.86 AusOs/AuO2 2.630 
Pb 2.27 �9 
Fe 1,86 FeOIFe20s 0.271t 
Ni 2.27 Ni~O~/NiO.* 1.434 
Pd 2,51 PdO2/PdOs 2,030 
Ptt 2.14 * 
Ag  2.29 AgO/Ag~O~ 1,569 

* Possibly governed by the OH-/HO~- couple for which EeO ---- 
1.76V. ~ Value of hydrated oxide used. $ Platinized Pt. 
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Fig. 1. Correlation of the oxygen evolution potential at 1 A/cm 2 
in 5N KOH at 25~ of nine metals and the respective couples that 
govern oxygen evolution. 

potent ial  at high current  densities (e.g., 1 A/cm 2) on 
metals is governed by the lower oxide/higher  oxide 
couple of the metal. 

This paper describes the oxygen evolution studies 
carried out on six oxides to ascertain the role of the 
lower oxide/higher  oxide couple in relat ion to the oxy- 
gen evolution performance. 

Choice of Oxides 
An oxide should possess two impor tant  properties 

to be considered for this study: corrosion resistance 
and fairly low electrical resistivity. Six oxides were 
chosen for this study: PtOz, Lio.lNio.90, Li0.3C02.704, 
IrO2, PbO~, and RuO2. Although the corrosion resist-  
ance of the lat ter  three oxides is doubtful,  ini t ial  po- 
larization studies carried out proved that these oxides 
have adequate corrosion resistance for the purpose of 
this study. 

Mater ia ls  and Methods 
IrO2 and PtO2 were prepared by thermal  t rea tment  

of IrC13 and H2PtCI~ �9 H2~O, respectively. Lio.lNio.90 
and Li0.3C02.~O4 were prepared by freeze drying. These 
two oxides were doped with Li~ to lower their  electrical 
resistivity. RuO2 and PbO2 were obtained commer-  
cially. The room temperature,  compressed, powder re- 
sistivities of the six oxide powders were measured 
using a Teflon die. The Brunauer ,  Emmett ,  and Teller 
(BET) specific surface areas of the six oxides were 
also measured. Table II gives the electrical resistivities 
and the BET specific areas of the six powders. 

E~ectrode preparation.--Since this invest igat ion in-  
volves a comparative s tudy of six oxides, it is necessary 
to normalize the oxide loading of the electrodes. Fu r -  
thermore, the electrode preparat ion has to be carried 
out under  uni form conditions. The electrocatalyst load- 
ings of each of the six oxide electrodes were controlled 
as far as possible to contain approximately 1 m 2 of BET 
specific surface area of oxide per cm 2 of electrode. The 
oxide loading was kept at such high values so that 
oxygen evolution potentials would be the lowest pos- 
sible for all six electrodes and a comparative s tudy 
would be possible. Ini t ia l  exploratory work based on 
different oxide loading confirmed the val idi ty of this 
approach. For example, a preanodized PEP-  (fluorinated 
ethylene propylene) bonded Li-doped C0304 electrode 

Table II. BET specific surface areas and the electrical resistivities 
of six oxides 

Apr{l 1984 

BET specific Room temperature  
surface area e lectr ical  res ist iv i ty  

Oxide (m2g -~) (fl-cm) 

PtO~ 14 140.0 
IrO~ 14 <0.1 
RuO2 17 <0.1 
PbO~ 15 <0.1 
Lio.aCo~.~O~ 38 5.0 
Lio.d~lio.oO 47 60.0 

of electrocatalyst loading 27.8 mg/cm2 gave an oxygen 
evolution permrmance  of 1.562V vs. the DHE in 5N 
KOH at a current  density of 5 mA / c m 2. Changing the 
electrocatalyst loading from 27.8 mg/cm 2 to 32.1 mg/  
cm "~ gave approximately the same oxygen evolution po- 
tential  under  s imilar  conditions. Similar  observations 
were made for PtO2. Preanodized Pro2 electrodes con- 
sisting of 44 and 63 mg of Pro2 per cm 2 gave oxygen 
evolution potentials  of 1.771 and 1.774V for a current  
density of 5 m A / c m  2 under  similar conditions. Fu r the r -  
more, for each oxide, ini t ial  optimization studies were 
carried out by prepar ing electrodes containing different 
FEP-to-oxide ratio and then subjecting them to oxygen 
evolution studies. 

Electrochemical evaluation.--All electrodes were 
preanodized to obtain a stable electrocatalytic surface 
and to reduce the oxygen bubble  size. Electrodes of 
different oxides required different preanodization con- 
ditions. A th ree-compar tment  glass cell was used for 
all electrochemical measurements .  A DHE was used as 
the reference electrode. When calibrated against a re-  
versible hydrogen electrode in 5N KOH at 25~ the 
potential  of the DHE was found to be --18 mV. The in-  
te r rupter  technique was used to measure the ohmic 
drop between the Luggin capillary and the working 
electrode. 

Anodic charging curves were used to determine the 
couple that determines the potential  at which oxygen 
evolution begins in 5N KOH at 25r The curves for 
the oxides of Ir, Pb, and Pt were obtained by  passing 
a small  anodic current  on cathodized electrodes (10 
m A / c m  2 for 5h) which were previously anodized. The 
charging curves on the oxides of Ru, Ni, and Co were 
carried out on freshly prepared electrodes. 

Results and Discussion 
The charging curve on reduced IrO2 (Fig. 2) shows 

two peaks a~ potentmls less than 0.5V. T ~ s  region has 
been relatea to aasorption o~ atomic hydrogen (6, 7) 
on Ir. At higher potentials, there are two points of in -  
flection, at u.8~ and 0.9~Y, arid a peak at 1.35V. The 
points of inflection at potentials 0.~4 and 0.94V could 
be related to i r / l r O  and Ir/IrO2 couples, which have 
values (8) of 0.81 and 0.93V, respechvely. Since the 
ratio of the charges between the potential  range 0.84- 
0.94V and 0.94-1.35V is approximately 1:1, it could be 
concluded that I r  ion at tains an oxidation state of six, 
i.e., ~orm~ IrO8 before evolving oxygen. Thus, for IrO2, 
the lower oxide/higher  oxide couple that  governs oxy- 
gen evolution is I rOJIrO3,  which has the value of 
1.35V. [file charging curves on the oxides of Ru, Ni, and 
Co (not given) suggested that the potentials of couples 
that goveln oxygen evolution are 1.39, 1,44, and 1.47V, 
respectively. These values are in good agreement  with 
the lower oxide/higher  oxide couple values of 1.387 
(RuO2/RuO4), 1.434 (Ni2OJNiO2), and 1.447V (Co2OJ 
COO2) reported by Pourbaix  (5). The study of oxygen 
evolution on PbO2 and PtO2 is interest ing in that in the 
case of the lormer  the cation is of oxidation state four, 
which is the highest that is possible for Pb. In  the la t -  
ter case, the next  highest oxidation state is six deter-  
mined by the couple PtO2/PtO~ of value 2.0V. Charging 
curves on reduced PbO2 and PtO2 (Fig. 3 and 4) show 
peaks at potentials of 1.76 and 1.71V, respectively, be-  
fore oxygen evolution takes place. These two values 
cannot be assigned to a higher oxidation state in ei ther 
case. However, the values are very close to the poten-  
tial of the O H - / H O 2 -  of 1.77V, thus, having the possi- 
bil i ty of oxygen evolution taking place via the forma-  
tion of the peroxide intermediate.  If this is the case, 
these two oxides behave as an iner t  surface on which 
the reaction intermediates are physisorbed (ps), as op- 
posed to the active surfaces where chemisorbed in te r -  
mediates are formed on the other four oxides. A 
mechanism with (HO2-)ps in termedia te  could be 
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O H -  -~ ( O H )  ps + e 

2(OH)ps-> (O)ps + HzO 

OH-+ (O)ps-> (HOe-) 

The (HO2-)p~ could evolve  oxygen by  a fu r the r  mul t i -  
s tep process. 

F igures  5-9 give the V-log i plots  for oxygen evolu-  
t ion on p reanodized  F E P - b o n d e d  RuOe, IrOe, Pro2:, 
L i -doped  NiO, L i -doped  Co304, and PbO2 electrodes,  at  
25~ in 5N KOH. Table I I I  gives the oxygen  evolut ion 
potent ia ls  for  a cur ren t  dens i ty  of 1 m A / c m  2, the cou- 
ples tha t  a re  expec ted  to govern oxygen evolution,  
.and the poten t ia l  values  of these couples. The oxygen 
evolut ion poten t ia l  cor responding to a cur ren t  densi ty  
of 1 mA/crn2 was t aken  to be the  m i n i m u m  poten t ia l  
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Fig. 2. Anodic charging curve 
on reduced IrO~ at 25~ in 5N 
KOH. 

Fig. 3. Anedic charging curve 
on reduced PbO~ at 25~ in 5N 
KOH. 

for  oxygen evolution,  since the  c u r r e n t  po ten t ia l  cha r -  
acterist ics at  cur ren t  densi t ies  of 1 m A / c m  2 and less 
dev ia ted  f rom the oxygen  evolut ion  Tafel  slope for  
most  of the  oxides considered.  The currents  at  regions 
where  the  oxygen evolut ion Tafel  s lope deviates  is 
a t t r ibu ted  to the anodic react ions  leading  to oxida t ion  
s ta te  changes before  the h ighest  oxidat ion  state oxide 
is formed.  

F igure  10 gives the plot  of the  oxygen evolut ion  
potent ia ls  for  a cur ren t  densi ty  of 1 mA/cm2 on the six 
oxides and the respect ive  couples that  govern  oxygen 
evolut ion showing a good correlat ion.  According to this 
correlat ion,  it  could be in fe r red  tha t  the oxides of Ir ,  
Ru, Ni, and Co evolve oxygen only af te r  the i r  surface 
cations undergo oxidat ion  s tate  t ransi t ions  and a t ta in  
the respect ive  potent ia l s  of  the  lower  ox ide /h ighe r  
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Fig. 4. Anodic charging curve 
on reduced PtO2 at 25~ in 5N 
KOH. 
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oxide couple. However, the results suggest that PtO2 
and PbO2 evolve oxygen at potentials very close to 
the O H - / H O ~ -  couple, without undergoing any formal 
oxidation state changes. 

Table IV gives the lattice type, the cation oxidation 
number, the cation environment, and the electron dis- 
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Fig. 5. Tafel plot for oxygen evolution on a preanodized FEP- 
bonded RuO2 electrode at 25~ in 5N KOH. 
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Fig. 8. Tafel plots for oxygen evolution on preanodlzed FEP- 
bonded Lio.3Co2.704 and Lio.lNio.90 electrodes at 25~ in 5N 
KOH. 

t r ibut ion in the d orbitals of the cation in the oxides 
at rest and in the highest oxidation state oxide. 
Since oxygen evolution is a surface process, it is as- 
sumed that the higher oxidation state cation that is 
formed is in the same envi ronment  wi thin  the rigid 
host lattice. All cations except the Co 2+ cations of the 
Li-doped Co304 are in octahedral envi ronment .  It is as- 
sumed that the cations in the octahedral env i ronment  
of the lattice have sufficient high field to induce the low 
spin electronic arrangement .  If t ransi t ions to higher 
oxidation states involves removal  of electrons from de-  
stabilized d orbitals, i.e., from eg orbitals in octahedral  
env i ronment  (o) and t2g orbitals in te t rahedral  en-  
v i ronment  (t),  then the higher oxidation state is s ta-  
bilized. An example of this is the Co 2+ (t) ~ Co 3+ (t) 
-~ Co4+(t) oxidation state transit ions in  Li-doped 

Table III. Oxygen evolution potentials for a current density of 
I A/cm 2 in 5N KOH at 25~ and the potentials of the couples 
that govern the minimum potential of oxygen evolution for the 

six oxides 

Oxygen evolut ion Couple Potent ia l  
potent ial  governing  of couple  

Oxide (V v s .  the )  oxygen  evolut ion (V)  Ref.  

Ru02 1.394 RuOdRuO~ 1.387 (5) 
PrO2 1.725 OH-/HO=- 1.760 I 
IrO~ 1.360 IrO2/IrOs 1.350 - -  
PbO2 1.810 OH-/HO~- 1.760 - -  
Lio 8Co~ 70~ 1.530 Co~O3/CoO2 1.447 (5) 
Lio.UNio.90 1.550 Ni~Oa/NiO2 1.434 (w 
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Table IV. Electronic properties of oxides 

Cation* Cation oxidation Number of Oxidation state Electron distribution in 
Oxide Structure environment number at rest outer electrons transitioa degenerate orbital 

Lio.sCo~.70~ normal t Co~+ 3d~ Co s+ -. Co3+ e=~ t~ e -~ e=~ t2gg 
spinal 

t CO s+ 3 d  a CO s+ --> CO ~+ eg 4 t~g s --> e= ~ t ~  
O C o  s+ 3 d  e C o  ~+ -~ C o  ~+ t~g ~ eg o -~ $2g ~ e=  ~ 

Lto.uNio.oO l~IaC1 0 N i  2§ 3 d  s N i  -~+ - > N P  + tsg ~ eg ~ ~ $2g 6 eg  o 
R u O =  r u t i l e  0 R u  ~ 4 d  ~ R u  4+ --> R u  s+ t~g 4 eg o -> $2g ~ e~  0 
IrO= rutfle o Ir~+ 5d  ~ Ir~+ -> Ira+ t~g5 ego -->1 $2g 3 ego 
PtO= futile o PL ~+ 5d a ~2g 6 eg o 
PbO= r u t f l e  o P b  ~+ 5d  ~~ t~g ~ eg~ 

* t = tetrahedral, o ffi octahedral. 

Co804 br inging  about egdt2g 3 -> egdt2g 2 -> egdt2g 1 electron 
transitions, respectively. The corresponding energy 
t ransi t ion could be given as --12Dq' ~ 2P ---> --16Dq" 

2P --> --20Dq" + 2P, where lODq is the magni tude  
of the crystal field spli t t ing and P is the pair ing energy. 
However, since an increase in oxidation state of a cat- 
ion in an env i ronment  increases the value of the lODq 
(9), assuming the value of P to be constant, it could 
be stated that  lODq" > 10Dq" > lODq'. Thus, an in -  
crease in oxidation state of a cation in a fixed env i ron-  
ment  brings about  a fur ther  s tabi l i ty  by increasing the 
magni tude  of the crystal field splitting. From the above 
arguments,  Ni 2+ (o) --> Ni 4+ (o) will be energetically 
feasible, and Ru 4+ (o) -> RuB+ (o) forms the stable rare 
gas configuration of Kr. In  the case of IrO2, where 
I r  4+ (o) --> I r  6+ (o) t ransi t ion is postulated, the loss of 
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Fig. 9. Tafel plot for oxygen evolution on a preanodized FEP- 
PbO~ electrode at 25~ in 5N KOH. 
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Fig. 10. Correlation of the minimum potentlal of oxygen evolution 
at 25~ in 5N KOH of six oxides and the respective potentials 
that govern oxygen evolution. 

crystal field s tabi l i ty  by the removal  of two electrons 
from the t2g orbitals in forming Ir  6 + can be outweighed 
by the gain in s tabi l i ty  due to loss of pair ing and an 
increase in crystal field spli t t ing energy due to the 
higher oxidation state transition. The stabil i ty of Co 4+ 
formed by the Co 3+ (o) --> Co 4+ (o) in Li-doped Co304 
could be justified by an a rgument  similar to that put  
forward for IrO2:. This discussion shows that the higher 
oxidation state surface species that  are formed on the 
four oxides under  consideration, although chemically 
unstable  and s t ructural ly  highly strained, are brought  
about by oxidation state transit ions that are energet i -  
cally feasible. 

Pb ion in PbO~ has ,an outer electronic a r rangement  of 
5d 1~ and therefore oxidation states greater  than four are 
very unl ike ly  for it and have not  been reported in 
general  l i terature.  As for PtO2, where the Ptd+ has an 
electronic configuration which in the octahedral  en-  
v i ronment  of t2g6eg 0 could also be considered to be 
stable. It  could be argued that  such a postulat ion is in  
contradict ion to the previously proposed activity of 
Co 3+ (o), which is of the same electron configuration. 
However, it must  be borne in mind  that  Co 3+ -> Co 4+ 
transi t ion requires (1O) an energy equivalent  of only 
approximately 0.3V, whereas PtO2 has to be raised from 
its potential  at rest to 2.0V to elevate the oxidation 
state of Pt  from -{-4 to the next  possible state of +6 .  
Therefore, due to the restriction of oxidation state 
t ransi t ion in Pro2 and PbO2, oxygen evolution could 
take place on them by an a l ternat ive  process. 

The exchange current  densities for oxygen evolution 
were evaluated from the polarization data of the six 
oxides. The exchange current  densities are pseudo- 
values and are based on uni t  geometric area of the 
electrode. The pseudoexchange current  densi ty of any 
one oxide will vary, depending on the oxide loading 
of the electrode. However, since the loading of all six 
oxide electrodes were normalized, a comparative s tudy 
of the pseudoexchange current  densities is facilitated. 
Table V gives the pseudoexchange current  densities 
and the Tafel slopes for oxygen evolution on the six 
oxides. A plot of the negat ive log of the pseudoex- 
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~PtO 2 

Lio.iNiO.90 

Li 0 3Co2 704 4.2 . . 

! 
. o  4,0 �9 Ir02 

o ~ �9 Ro02 
i 

3.8 

1.o f~5 2.o 

Couple governing minimum potential  o f  Oxygen evolut ion. 
(F ' /Vo l ts )  

Fig. 11. Relationship of the pseudoexchange current density for 
oxygen evolution of six oxides at 25~ in 5N KOH and the respec- 
tive couple that govern oxygen evolution. 
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Table V. Pseudoexchange current densities and the Tafel slopes 
for oxygen evolution in 5N KOH at 25~ far preanodized 

FEP-bonded electrodes of six oxides 

Oxide 

Pseudoexcl~ange 
current density 

io x 10 -~ Tafel slope 
(mAlcm=) (V/decade) 

RuOs 11.7 0.042 
PtOs 4.2 0.043, 0.113 
IrOs 9.5 0.033 
Lio.3Cos.70~ 5.8 0.063 
Lio.iNio.90 5.6 0.076 
PbO= 3.5 0.121 

change current densities and the couple governing the 
minimum potential of oxygen evolution for the six 
oxides (Fig. 11) does not show any correlation, sug- 
gesting that the oxygen evolution rate on the oxides 
is not totally dependent on the magnitude of the 
lower oxkte/higher oxide couple. Figure 12 gives the 
plot of the negative log of the pseudoexchange current 
density vs. the ratio of the lower oxide/higher oxide 
couple and the Tafel slope for the six oxides and shows 
good correlation. Therefore, although the minimum 
potential of oxygen evolution on oxides is determined 
by the lower oxide/higher oxide couple, the rate of 
oxygen evolution is also dependent on the Tafel slope. 
Therefore, the factors that determine the magnitude 
of the Tafel slope, such as the type and nature of the 
sites, extent of site coverage, etc., are also important  
in determining the rate of oxygen evolution. 

The trend shown in Fig. 12 can be explained as 
follows: the Tafel line intercept, which is the over- 
potential ~ at unit current density is given ~ : - -b  
log io, where b is the Tafel slope and io is the pseudo- 
exchange current density. From Fig. 10, ~ is proportionl 
to value of the couple governing oxygen evolution, E. 
Thus E is proportional to - -b  log io, and hence E/b o: 
-logio. 

Conclusions 
This :study shows that the behavior of oxides towards 

oxygen evolution can be divided into two groups. In 
one group, the oxides evolve oxygen by undergoing 
an increase in the cationic oxidation state before 
evolving oxygen. The intermediates formed during 
this process are of the chemisorbed type. Oxygen 
evolution takes place on these oxides at fairly low 
overpotentials, very close to the potential of the 
lower oxide/higher  oxide couple. Oxides of Ir, Ru, Ni, 
and Co belong to this group. The other group of oxides 
evolve oxygen at  fairly high overpotentials close to 
the potential of the O H - / H O 2 -  couple of 1.77V. This 
group consists of either oxides that are of stable 
electronic configuration at rest, e.g., PbO2 where Pb 4+ 

4.z 

c ~  
i 

4.2 
% 

o 

4.0 
i 

3.8 

PbO 2 r-.<:... 
~o.INio.90 

I-i0"3C~ "704@ ~ ~ r 0 2  

RuO 2 �9 

-I 

E'/b 
Fig. 12. Relationship of the pseudoexchange current density for 

oxygen evolution of six oxides at 25~ in 5N KOH and the respec- 
tive ratio of the couple governing evolution (E') and the Tafel 
slope (b). 

is a d 10 ion and on which further oxidation state t ran-  
sitions are not very possible, or oxides that undergo 
oxidation state transitions at very high potentials, e.g., 
PtO2 having a PtO2/PtO3 couple of 2.0V. This study 
suggests that oxygen evolution on this group of oxides 
takes place by the formation of physisorbed HO2- as 
intermediate. 
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Electrochemical Properties of W03 �9 x(H20) 

II. The Influence of Crystallization as Hydration 

Nobuyuki Yoshiike and Shigeo Kondo 
Matsushita Electric Industrial Company, Limited, Central Research Laboratory, Moriguchi, Osaka, 570 Japan 

ABSTRACT 

Electrochemical  propert ies  of WO3 films prepared by vacuum evaporation and stored in high humidi ty  a tmosphere 
have been studied in organic electrolytes. Structures  of the film have been analyzed by electron diffraction analysis and 
x-rays. I t  has been found that the evaporated amorphous  WO3 film is crystallized to form WO3 �9 H20 crystal and furthermore 
H~WO4 �9 H20 from surface layer to bulk layer in high humidi ty  air. Hydrated WO~ �9 x(H20) crystal layer may act as a high 
resistant  layer on the electrochemical reaction, so that  the hydrated layer, remarkably,  loses the electrochromic activity. 

W03 is one of the  most useful  mate r ia l s  for  e lec t ro-  
chromic displays  (ECD) (1-6).  At  present ,  a reason-  
able  model  for colorat ion is exp la ined  by  Faughnan  
et al. (3), whe reby  the double in ject ion of e lectrons 
and protons into the film forms tungsten bronzes. The 
bronze has a s table  m e m o r y  effect and can be swi tched 
back  into the or ig inal  colorless s ta te  b y  revers ing  the 
current .  Recent  s tudies  (7-13) have  confirmed tha t  
wa te r  in the  film plays  an impor tan t  role  in the colora-  
t ion and bleaching mechanism.  Hurd i tch  (7) has s tudied  
the dependence  of the  colorat ion phenomenon on the 
wa te r  content  in the film. He suggested WO~.  aq as 
in t e rmed ia te  be tween  a f rac t iona l ly  hyd ra t ed  form of 
tungsten oxide and a polytungst ic  acid. Zel ler  and 
Beyel le r  (8) concluded tha t  the crysta l  wa te r  not  only  
provides  a high ionic conduct iv i ty  which is condi t ional  
for  a fast  e lec t rochromic  reaction,  but  also stabil izes 
e lec t roca ta ly t i ca l ly  act ive surface  sites. Reichman 
and Bard (9) r epor ted  that  the kinet ic  behavior  of the 
e lec t rochromic  process is a t t r ibu tab le  to differences in 
poros i ty  and wa te r  content  of the film. 

The states of  wa te r  in the WO8 film may  be classified 
into three  groups:  phys isorbed  water ,  chemisorbed 
wa te r  as hydroxy la ted ,  or  hydra t ed  wa te r  having  a 
c rys ta l  s t ruc ture .  The authors  (14) have recen t ly  
confirmed the influence of free wa te r  as phys isorp t ion  
and chemisorbed wa te r  as hydroxy la t ion  a n d / o r  hy -  
drolysis  on the e lec t rochemical  proper t ies  of evapo-  
r a t ed  WO3 films. In par t icu lar ,  we have sugges ted  that  
the  wa te r  adsorbed  in the  film dur ing  the evapora t ion  
and f rom ambien t  a i r  a f te r  the vent i la t ion  of the vac-  
uum chamber  not  only  provides  a fast  e lect rochromic 
react ion at  first, bu t  reacts  g r adua l l y  wi th  WO3 by  
hydroxy la t ion  a n d / o r  hydro lys i s  to shift  the  potent ia l  
of the cathodic react ion to nega t ive  side, and then the 
h y d r o x y l a t e d  film loses the e lec t rochromic  colorat ion 
dens i ty  at  the  same appl ied  potent ia l .  

Tungstates  (15) m a y  genera l ly  be obta ined  b y  p re -  
c ip i ta t ing  tungs ta te  solut ions wi th  minera l  acids. 
Paola  et al. (16) repor ted  the e lec t rochromism in 
anodica l ly  formed tungsten oxide films. They p repa red  
tungsta tes  and measured  cyclic v o l t a m m e t r y  of the 
films in H2804 aqueous electrolytes ,  and  they  sug-  
gested a new colorat ion mechanism.  Reichman et al. 
(9) also r epor ted  the behavior  of WO3 anodic films. 

In  this paper ,  we repor t  the format ion  of tungs ta te  
crysta ls  f rom evapora ted  amorphous  WO3 films s tored 
in high humid i ty  a i r  and the e lec t rochemical  proper t ies  
of the tungs ta te  films in p ropy lene  carbonate  elec-  
t rolytes .  

Experimental 
Preparation of W03 films.--W03 films were  deposi ted 

by  an e lect ron beam evapora t ion  method.  WO3 targe ts  
(99.99%) were  suppl ied  by  Furuuch i  Kagaku  Com- 
pany,  Limited.  The deposi t ion ra te  was 4-5 A/s ,  the  
deposi t ion angle  was var ied  wi th in  40 ~ with  a p lane-  
t a ry  rotat ion,  and the subs t ra te  t empe ra tu r e  was u s u -  

Key words: electrochromism, display, hydration, tungsten oxide. 

a l ly  ma in ta ined  at  80~ af te r  keeping  at  l l0~  for  5 
min. The  total  gas pressure  in the  chamber  dur ing  the 
evapora t ion  process was contro l led  by N2 gas in t roduc-  
tion to be 4-5 • 10-5 torr.  Deposi ted WO3 films were  
confirmed by  e lect ron diffraction analysis  to be typ i -  
cal ly  amorphous.  Packing  dens i ty  of the film calculated 
f rom film thickness,  and its weight  was 5.38 g / c m  3, a n d  
the  reflection index evacuated  f rom the in te r fe rence  
pa t te rns  of visible absorpt ion  and film thickness  w a s  
1.85. 

The subst ra tes  were  In20~-coated glass (20 Q/cm 2) 
used for e lec t rochemical  measurements  and e lect ron 
diffraction analysis,  glass plates  for x - r a y  diffraction 
analysis,  and A1 films for e lect ron diffraction analysis.  

For  the purpose  of inves t iga t ing  the influence of 
humid i ty  on the evapora ted  films, the films were 
s tored in humid i ty -con t ro l l ed  a i r  at  different  condi-  
tions wi th  a thermos ta t  (Nagano Kagakukika i ,  Model  
NEW LH-20) .  

Analysis oJ WOs films.--Electron diffraction analyses  
of the films were  carr ied  out  wi th  an e lec t ron micro-  
scope (Nihon Denshi, Model  JEM-200CX);  the  accel-  
e ra ted  vol tage was 80 kV. The incident  beam angle w a s  
5~ ~ , and e lect ron diffraction pa t te rns  were  formed by  
reflection f rom surface  of WO3 films. 

Direct  x - r a y  diffraction pa t te rns  of the  films (16,000 
A thick)  on glass plates  were  obta ined  by  using a 
Phi l ips  Model APD-10 goniometer .  Cu ,  rad ia t ion  
(voltage:  50 kV, current :  40A) was used. The scanning 
speed was 2 ~ 2 e/min.  The d spacings were  compared  
with  the ASTM index  values  and reference  p a p e r s .  

Transmiss ion e lec t ron microscope photographs  of 
the film were  taken  wi th  a posi t ive  repl ica  method  
using the microscope descr ibed above. 

Electrochemical measurements.--The e lec t rochemi-  
cal measurements ,  especia l ly  cyclic v o l t a m m e t r y  mea -  
surements ,  were  pe r fo rmed  with  a potent ios ta t  
(Hokuto Denko, Model HA-301),  which  was suppl ied  
wi th  vol tage f rom a function genera to r  (same com- 
pany,  Model HB-104). The WO8 film thickness and 
area  were  3000A and 0.3 cm 2, respect ively .  The counter -  
e lectrode was a P t  plate,  and the reference  e lec t rode  
was a sa tu ra ted  calomel e lec t rode  (SCE).  The e lec t ro-  
lytes  were  p ropy lene  carbonate  (PC) solut ions con- 
ta in ing 0.3M LiC104 and 0.03M LiBF4. PC (first grade,  
Wako J u n y a k u )  ~vas f reshly  dis t i l led  under  vacuum, 
LiC10~ (pu r i t y  99%, Mitsuwa K a g a k u ) ,  and LiBF4 
(pur i ty  93%, Mori ta  Kagaku)  were  used. A r  gas was 
bubbled  for more  than  5 min before  measurements .  
H20 content  in the e lec t ro ly tes  was checked in each 
case by  an Aquacoun te r  (Hi ranuma  Seisakusho,  Model  
AQ-3B) ,  and these concentrat ions  were  typ ica l ly  0.03- 
0.05M. 

Results and Discussions 
Structures of WOz 1~lms.--Electron diffraction m e a -  

surements  formed b y  reflection f rom surface were  
taken  wi th  WO~ films on A1 film subs t ra tes  s tored  in 
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Fig. I .  Electron diffraction patterns of WOa films (16,000A 
thick on AI) stored in different conditions after the storage in air 
at 25~ and 50% RH for 72h. A: on treatment. B: 40~ and 95% 
RH for lh. C: 80~ and 95% RH for lb. D: 100~ for lh at 
1 • 10 -6  torr after treatment B. 

different conditions are shown in Fig. 1. The film 
stored in air at 25~ and 50% RH for 72h was amor-  
phous; the film stored in air at 40~ and 95% RH for 
lh  had a crystal  s t ructure  pattern,  and the film stored 
at 80~ and 95% RH for l h  remained  amorphous. This 
will  be in terpre ted  as dehydrat ion of the film at high 
tempera tures  (i.e., 800C). An endothermic peak was 
observed on amorphous WOa with  differential  thermal  
analysis at around 90~ (19). Once the film was 
crystallized, no differences in the reflection pat terns 
could be observed even af ter  t rea tment  in a vacuum 
chamber  at 100~ and 1 • 10 -6 torr  for l h  (Fig. l d ) .  
A surface reflection pa t te rn  was also observed with  the 
WOs film on In203-coated glass stored in air at 40~ 
and 95% RH for lh, but  it was not  as well  defined as 
the film on A1 films. The reflection pa t te rn  did not 
appear  wi th  the film stored in air  at 250C and 50% RH 
for long periods (more than 4000h). Hence, the crysta l -  
lization does not occur under  the conditions of <50% 
RH and <25~ 

The d spacings with the definite pat terns  were  esti-  
mated  by using a reference of Au diffraction pattern,  
and are tabulated in Table I with WO8 �9 H20 values of 
the ASTM (no. 18-1418) and Glemser  (17). T a b l e . I  
shows that  the reflection pat tern  of the film stored in 
high humidi ty  air can be assigned to WOa �9 H20 crystal. 
Needless to say, the d spacings were  different f rom 
those of the substrate compounds: A1, A1208, AI(OH)~,  
and /o r  In20~. The d spacing of the strongest  peak wi th  
ASTM values (d = 3.49A) was not observed. This 
may be explained by the crystall ization of film with  a 
p re fe r red  orientation,  because, besides many  rings, 
clear spots were  also observed.  

X - r a y  diffraction analyses of the WO8 films on glass 
plates which were  stored in air at 40~ and 95% RH 
are shown in Fig. 2. The diffraction pa t te rn  was ob- 
served with  the film af ter  the storage for 24h, but  not 
wi th  the film af ter  2h. However ,  a definite e lectron re-  
flection pa t te rn  was observed with  the same film stored 
for 2h. The penetra t ion depth with electron probe is 
much less than with x-ray ,  and then surface layer  a n d  
bulk  layer  is examined with  electron reflection pat terns  
and x - r a y  diffractions, respect ively  (20). Therefore,  
the crystal l ization may proceed f rom surface layer  to 
bulk  layer.  

Table I. Electron diffraction data of WO3 films stored in air at 
40~ and 95% RH for lh 

E x p e r i m e n t a l  Va lues  WOs H 2 0  

J 
A I ~ c 

d~ d~ ds 

590 5.32 5.49 

3.76 

2,86 

2.67 2.73 2.75 

2.48 

1.91 

1.86 

t, 7 6  

1.58 

1,52 

1.48 

1 . 3 2 ! 1 . 3 3 1  
! [ 
[ 1.30 I 

ASTM Values  

ds 

5.39 [ 

3.77 

349 

2.95 

2.687 

2.626 ! 

2.570 i 

1.959 

1.837 

1.739 

1.58 [ 

G l e m s e r  (17) 

75 6.34 70 

4 3.80 20 

1O0  I 3 4 8  1OO 

6 2.92 30 

10 2.70 30 

12 2.62 50 

25 2.56 70 

2 

14 

I0 

2 

1.52 4 J 

1.47 2 1 

I 1.34 2 
I 

1.30 2 i 

A: WO3 (16,000A) on A1 substrate. B: A n o t h e r  s a m p l e  s a m e  as  
A.  C: WOa (10,00~0A) on In2Oa-eoated glass. 

Table II. X-ray diffraction data of WO~ films (16,000A on glass) 
stored in air at 40~ and 95% RH for 24h 

Experimental  

values  

dA 

6.857 

(5.335) 

3.437 

2.290 

1.720 

I / I1  

100 

( 

ds 

6.96 

3) 

29 3.47 

9 2.304 

2 1.729 

H2 WO4 �9 H~ O 

ASTM values 
i 

I / I ,  

100 

hkl 

010 

30 020 

10 030 
I 

6 I 040 

The d spacings of x - r a y  analyses were  compared 
with H2WO4 �9 H20 values of the ASTM (no. 18-1420) 
and are tabulated in Table II. The peaks at d -- 6.857, 

6857 A 

.1Y2L ~ ~ _ _ _ _ _ _ -  ~ ,  

3.437 

2.290 

i i ; ~ i 

50 ~ 40 ~ 0 ~ 20" i0 ~ 

2# 

Fig. 2. X-ray diffraction patterns of WO3 films (16,000A thick 
on glass plate) stored in air at 40~ and 95% RH for different 
time. A: 2h. B: 24h. 
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3.437, 2.290, and 1.720A can be assigned closely to the 
d spacings of the {OkO} planes of H2WO4" H20, and 
the intensity ratios agree exactly among themselves. 
These results may be at tr ibuted to the presence of 
monoclinic H2WO4 �9 H20 which crystallized with a pre-  
ferred orientation of the {010} planer parallel  to the 
substrate. The peak at 5.335A may be at tr ibuted to the 
presence of a small amount of WO3 �9 H20. 

Electron reflection patterns of the film (1.6 #m thick) 
on In203-coated glass stored in air at 40~ and 95% 
RH for 24h was observed and assigned to H~WO4 �9 H20 
crystal, but its patterns were not as clear as those on 
A1. Hence the orientation of crystallization may de- 
pend on the surface state of substrates. 

Consequently, under the condition of high humidity, 
it was predicted that a recombination as hydration of 
the film with dissociation of !V-O-W bonding occurs, 
and the WO~ �9 H20, and furthermore the H2WO4 �9 H20, 
are formed as follows 

O O O 
\ /k /+H~o~ 

W W 

0 OH HO 0 0 0 00] 

~ / W  + ~ / ~ ~W/'N'IW/' J W  

--> WO~ �9 H20 , ) H2WO4 �9 H20 
+ H~O 

Transmission electron microscope examinations of 
WO3 films by a positive replica method shows that the 
porous surface layer of amorphous film was changed 
to a dense and glassy layer by crystallization, as shown 
in Fig. 3. 

Electrochemical properties.--Cyclic voltammograms 
of the WO3 films which were stored in different condi- 
tions for lh  (after the storage of as-deposited film in 
air at 25~ and 50% RH for 72h) are shown in Fig. 4. 
In Fig. 4, the potential cycling started at + 1000 mV vs. 
SCE and returned to --400 mV with a 200 mV/s scan 
rate. The cathodic current which started at +250 mV 

Fig. 3. Transmission electron microscope photographs with a 
positive replica method of WO3 films stored in different conditions. 
A: 25~ and 50% RH for 72h. B: 40~ and 95% RH for 24h after 
the treatment of A. 
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Fig. 4. Cyclic voltammograms at 0.2 V/s scan rate in PC elec- 
trolytes of WO8 films stored in air at different temperatures and 
95% RH for lh after storage in air at 25~ and 50% RH for 72h. 
Curve 1: no treatment. Curve 2: 25~ Curve 3: 30~ Curve 4: 
40~ Curve 5: 60~ Curve 6: 80~ 

is associated with the coloration reaction of the film, 
and the anodic current is associated with the bleaching 
reaction. Figure 4 shows that, in spite of the rar i ty  of 
change of the starting potential of the cathodic reac- 
tions, the cathodic current decreased with the storage 
in high humidity atmosphere and the peak potential of 
the anodic current shifted to positive side with the 
storage. That is, both the cathodic and anodic reactions 
become slower with the storage, and these changes are 
assigned to a det_erioration of electrochromic activity. 
The extent of the deterioration was distinguished with 
the storage at 40~ and 95% RH, and it was smaller 
with the storage at temperatures higher than 40~ 

Cycli6 voltammograms of the films which were 
stored in air  at different relative humidities at 40~ 
for lh  are shown in Fig. 5. The electrochromic activity 
of the films decreased with increasing humidity of the 
atmosphere. 

In order to make the detailed behavior of hydrated 
WO3 more clear, cyclic voltammograms of freshly pre-  
pared films were measured connected in series to 
various different resistances. These are shown in Fig. 6. 
Figure 6 shows that the potential of the cathodic reac- 
tion does not change, but rather  that the cathodic cur- 
rent decreases and the anodic current peak shifts to the 
positive side with the resistivity of the resistances. This 
behavior is similar to the cyclic voltammograms of the 
film having a crystal surface layer (see Fig. 4, curve 4). 
Therefore, hydrated crystal surface layers may act as 
a resistant layer against electrochemical reaction. 
That is, the layer may contribute to the depression of 
diffusion of proton and/or  electron mobility. This effect 
of crystal surface layer  can also be supported with the 
results of the TEM photograph (Fig. 3) showing the 
crystal surface to be more dense than the amorphous 
film. 

Consequently, the crystallization will be remark-  
ably different from both the effect of physisorbed 
water improving the electrochemical reaction and the 
effect of chemisorbed water  shifting the cathodic reac- 
tion to negative potentials. In order to prepare ECD's 
having constant electrochromic properties, the expo- 
sure of the WO3 film to even slightly high humidity 
atmospheres (i.e., 60% RH) at around room tempera-  
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Fig. 5. Cyclic voltammograms at 0.2 Y/s scan rate in PC electro- 
lytes of W03 films stored in air at 40~ and different humidities 
for lh after storage in air at 25~ and 50% RH for 72h. Curve 1: 
no treatment.  Curve 2: 60% RH. Curve 3: 80% RH. Curve 4: 90% 
RH. Curve 5: 95% RH. 

ture to 80~ during storage and assembly must be 
avoided. 

Conclusion 
Evaporated amorphous WO3 can be crystallized to 

form WO3. H20 crystals and H2WO4" I-t20 crystal 
from surface layer to bulk layers after storage in high 
humidity air for relatively short time. The hydrated 
crystal layer may act as a high resistance layer on the 
electrochemical reaction so that the electrochromic ac- 
tivity of the film is remarkably deteriorated. 
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Activation of Glassy Carbon Electrodes by Dispersed Metal Oxide 
Particles 

I. Ascorbic Acid Oxidation 

Shaojun Dong and Theodore Kuwana* 
Department of Chemistry, The Ohio State University, Columbus, Ohio 43210 

ABSTRACT 

Various metal  oxides (MOx) were dispersed onto a glassy carbon (GC) surface for the purpose  of catalyzing the oxida- 
tion ofascorbic  acid (AH2). Of the 37 different metal  oxides examined,  more than 20 showed varying degrees of rate enhance- 
ment  (henceforth referred to as activation) for AH2 oxidation. The highest degree of activation was exhibi ted by those MOx's 
whose oxidation state of the metal  was +3 or higher, such as zirconium oxide, ceric oxide, cobaltic oxide, chromic oxide, 
stannic oxide, and the previously reported alumina. The double layer capacitance was also observed to increase with 
MOx/GC's compared to the bare GC electrode. This increase suggested that the surface area of the GC electrodes increased 
due to the dispersion of MOx. The pH dependence  of the AH2 activation at MOx/GC was considerably different from that  at a 
bare GC electrode and suggested that the enhancement  mechanism may involve an acceleration of a proton-transfer step via 
AH2 interaction with the MOx/GC surface. A model  of the physical  structure of the MOx/GC surface is proposed to account 
for the carbon surface activation. 

We recen t ly  r epor ted  (1, 2) that  a - a lumina  d ispersed 
on glassy carbon surfaces (hencefor th  re fe r red  to as 
a -A12OJGC) enhanced the ra te  of the e lect rode reac-  
t ion wi th  ascorbic acid (AH2), 1 ,2-dihydroxybenzene  
(1,2-H2Q, commonly  cal led catechol) ,  1 ,4-d ihydroxy-  
benzene (1,4-H~Q, commonly  called hydroquinone) ,  and 
oxal ic  acid (H2Ox). The ra te  enhancement  (hence-  
for th  r e fe r r ed  to as ac t iva t ion)  resul ted  in the lower -  
ing of the  overpo ten t i a l  by  200-300 mV wi th  the 
~-A12OJGC compared  to h igh ly  polished,  bare  GC 
electrode.  Catechol  and hydroquinone,  the two com- 
pounds  wi th  produc t  revers ib i l i ty ,  exhib i ted  e lec t ro-  
chemica l ly  revers ib le  cyclic vo l t ammograms  at ~- 
A1203/GC. Adsorp t ion  of the e lect roact ive  species onto 
the  s - a lumina  par t ic les  also was observed.  I t  was sug-  
gested tha t  ac t ivat ion possibly  involved an acce lera-  
t ion in the  ra te  of proton t rans fe r  by  the alumina.  

To fu r the r  assess the na tu re  of the  MOx act ivat ion,  
var ious  MOx's,  differing in e lementa l  composit ion and 
oxidat ion  states,  were  dispersed onto GC surfaces. The 
e lec t roact ive  species used for assessing the ex ten t  of 
ac t iva t ion  was ascorbic acid, whose e lec t rochemical  
behav io r  is qui te  sensi t ive to the  surface state of the 
glassy carbon surface  (3, 4). The catalysis  of AH2 
through  surface modifications, i.e., via immobi l iza t ion  
of r edox  media tors  (3, 5, 6), po lymer ic  films (7, 8), 
spontaneous  adsorpt ion  (9),  and meta l  ada toms (10, 
11) has been repor ted .  

As repor ted  herein,  a total  of 37 different  MOx's  
were  mechan ica l ly  d ispersed onto GC surfaces and 
examined  b y  cyclic v o l t a m m e t r y  (CV).  I t  was su r -  
pr is ing to find tha t  more  than 20 oxides exhib i ted  
some degree  of ra te  enhancement  as evidenced b y  
e i ther  the anodic peak  potent ia l ,  Epa, shif t ing to less 
posi t ive values  a n d / o r  the peak  current ,  ipa, increas-  
ing in compar ison to a bare  GC electrode.  The h igher  
valent ,  h a r d e r  r e f rac to ry  oxides,  such as ZrO2, CeO2, 
Cr203, and the prev ious ly  r epor ted  ~-A12:O3, appeared  
to give the  most  pronounced  effect to AH2 oxidat ion.  

In  our  ear l ie r  work  with  1 ~m ~-AI.~O~ dispersed on 
GC, an increase  in the  double  l aye r  capaci tance was 
observed,  indica t ing  an increase  in the surface area. 
Also, catechol,  hydroquinone,  and ascorbic acid were  
r epor ted  to adsorb  on this electrode.  The ex ten t  to 
which these two factors may  be impor t an t  in the  ob-  
served  act ivat ion are  discussed. The character is t ics  of 
AH2 oxidat ion  at MOx/GC elect rodes  are  de te rmined  
using the e lec t rochemical  methods  of CV, chrono-  

* Electrochemical Society Active Member. 
Key words: metal oxides, particles, ascorbic acid, glassy car- 

bon, electrochemistry. 

amperomet ry ,  and chronocoulometry ,  in addi t ion to 
exper iments  pe r fo rmed  using electrodes in ro ta t ing  
disk and t h i n - l a y e r  cell  configurations. 

Experimental 
Chemicals.--L-ascorbic acid (Baker  Ana lyzed  Re-  

agent  Grade)  was used as received.  Al l  of the meta l  
oxides were  iTom SPEX Industr ies ,  Incorpora ted .  Twice 
dis t i l led  wa te r  was used io r  the p repa ra t ion  of solu-  
tions. The suppor t ing  e lec t ro ly te  was 0.1M phosphate  
buffer at pH 2.0 (0.1M or tho-phosphor ic  acid wi th  
0.1M sodium phosphate  added  for  pH ad jus tmen t ) .  

Electrode preparation.--A K e l - F  shrouded  GC disk 
(Bioanaly t ica l  Systems,  Incorpora ted ,  West  Lafayet te ,  
Ind iana)  wi th  a geometr ic  a rea  of 0.071 cm 2 and a 
Tokai  glassy carbon, GC-20, (Tokai  Carbon, Limited,  
Tokyo)  wi th  a geometr ic  a rea  of 0.43 cm~ were  used 
as work ing  electrodes.  The surfaces of the GC's were  
pol ished successively wi th  emery  paper  and a lumina  
(Buehler ,  Limited,  Chicago, Illinois, 1.0, 0.3, and  0.05 
~m) on an optical  flat (Har r ick  Scientific Corporat ion,  
Ossining, New York)  unt i l  a m i r ro r - l i ke  finish was ob-  
ta ined on the surface. F ina l  pol ishing was done on a 
pol ishing cloth (Buehle r ) .  Residual  pol ishing ma te r i a l  
was removed  f rom surfaces by  sonicat ion of the elec-  
t rodes  in a wa te r  ba th  for 30 min dur ing  which  the 
wa te r  ( twice dis t i l led)  was changed f requent ly .  A n  
elect rode p repared  by  this p rocedure  wil l  be considered 
as a "bare"  GC (hencefor th  re fe r red  to as GCo). The 
meta l  oxides were  dispersed onto the surface by  ro -  
ta t ing the GC under  l ight  hand  pressure  wi th  a smal l  
amount  of the des i red  MOx in s l u r ry  form on an 
opt ical  flat. The MOx/GC surfaces were  r insed wi th  
doubly  dis t i l led wa te r  severa l  t imes p r io r  to i m m e r -  
sion in the  test solution. Electrodes were  p repared  and 
used immedia t e ly  for each run.  

Equipment and instrumentation.--Cyclic vo l t ammo-  
grams were  ob ta ined  with  a BAS (Bioanalyt ica l  Sys-  
tems, Incorpora ted ,  West  Lafayet te ,  Ind iana)  cyclic 
vo l t ammete r  Model CV-1B-120 connected to a th ree -  
e lectrode cell. A s i lve r / s i lve r  chlor ide  ( sa tura ted  KC1) 
e lect rode served as the reference,  and al l  potent ia ls  in 
the tex t  wil l  be repor ted  wi th  respect  to this reference.  
A Houston (Houston Ins t rumen t  Company.  Aust in,  
Texas)  Model 2000 X - Y  recorder  served to record  
data.  Chronoamperomet r ic  and  chronocoulometr ic  ex-  
per iments  were  conducted with  a home-bu i l t  po ten t io-  
star  wi th  output  capabi l i t ies  of 150 m A  and a r ise t ime 
of less than 50 ~s. Input  pu lse  signals  to the  poten t io-  
s tar  were  provided  b y  a PAR (Pr ince ton  Appl ied  Re-  

8 1 3  
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search Corporation,  Princeton,  New Je r sey)  Model  175 
waveform generator .  

Rotat ing disk e lect rochemical  exper iments  were  pe r -  
formed with  a Pine Ins t ruments  (Pine  Ins t ruments  
Company,  Greenvi l le ,  Pennsy lvan ia )  Model RDE-3 po-  
tent ios ta t  and a Model  ASR-I~5  analy t ica l  rotator .  The 
ro ta t ing  disk electrode (RDE) consisted of a glassy 
carbon disk shrouded  b y  Teflon with a geometr ic  elec-  
t rode  area  of 0.49 cm 2. 

Scanning e lec t ron microscopy (SEM) photomicro-  
graphs of MOx/GC surfaces were  acquired on a Cam-  
br idge  Stereoscan Model $4-10 (EG&G Ortec, Oak 
Ridge, Tennessee) wi th  e lementa l  analysis  de te rmined  
by  energy dispers ive x - r a y  (EDX) analysis  wi th  an 
ORTEC 6200 Mul t ichannel  Analyzer .  Par t ic le  size dis-  
t r ibut ion  was de t e rmined  by  a computer  imaging sys-  
tem (Videoplan by  Carl  Zeiss, Incorporated,  Ge rmany)  
using enlarged  SEM photographs.  The d is t r ibut ion  
function of the par t ic le  d iameters  was determined,  as 
wel l  as the  average and the s t andard  devia t ion  of the 
diameters .  The smal les t  par t ic le  d iameter  that  could 
be imaged wi th  the  presen t  sys tem was 5 nm. 

Results 

Scope o:f MOx activation.--Considerable var ia t ion  of 
the potent ia l  at which AH~ was oxidized was observed 
depending on the p re t r ea tmen t  p rocedure  for p r e p a r -  
ing the GC electrode.  Wi th  the procedure  descr ibed in 
the  expe r imen ta l  section, the  cyclic vo l t ammograms  
were  found to be quite reproducib le  f rom run  to run.  
Typica l  vo l t ammograms  of AH2 oxidat ion  at  a GCo in 
phosphate  buffer  (pH 2.0) are  shown in Fig. 1 (dashed 
l ines) .  The average  Epa va lue  of the broad  i -E  waves  
was 0.49V (~ --  0.06V for 60 va lues) ,  which is close 
to the  prev ious ly  repor ted  (2) value  of -50.454 __ 
0.05V in 0.05M H2SO4. A reverse  wave  was not  ob-  
served  for  AH2 because of the  rap id  hydrolys is  of the  
oxidized product  to dehydroascorb ic  acid. Examples  
of AH2 oxidat ion  at  MOx/GC are  shown in Fig. 1; the 
solid curves labe led  a, b, and c correspond to cyclic 
vo l t ammograms  at  CeO2, ZrO2, and Cr208, respect ively ,  
d ispersed onto GC surfaces in phosphate  buffer  at  
pH 2. The effect of these oxides on AH2 oxidat ion is 
considerable,  i.e., the  CV i -E waves became na r rower  
wi th  the ipa enhanced and the Epa values shif ted to 
less posi t ive potent ia ls  by  200-300 mV in comparison 
to the Epa at  GCo. 

To explore  the  act ivat ion with  respect  to the  ele-  
menta l  and valence composit ion of MOx's, 37 different  
meta l  oxides as par t ic les  were  dispersed onto GC sur-  
faces. The resul ts  for  AH2 oxidat ion (phosphate  buffer, 
pH 2.0) with severa l  of  these oxides are  t abu la ted  in 
Table I. More than 20 oxides exhib i ted  some degree  
of "catalysis,"  wi th  the  more  effective act ivators  ap-  
pear ing  to be corre la ted  with  the h igher  va lent  oxides. 
Fo r  example ,  SnOz and PbO2 exhib i ted  activation,  
while  the  lower  valent ,  SnO and PbO. did not. How- 
ever,  care must  be exercised in in te rp re ta t ing  such 
resul ts  because many  oxides m a y  be pa r t i a l l y  solubi l -  
ized a n d / o r  undergo va ry ing  extents  of hydra t ion  or 
hydro lys i s  in the acidic aqueous media.  Ascorbic acid 
is also known to form complexes wi th  cer tain meta l  
ions (12, 13), a l though complexat ion  may  be min imal  
in acidic solutions. 

Because of the large  number  of MOx's exhib i t ing  
ac t iva t ion  propert ies ,  i t  was impor tan t  to disperse 
par t ic les  wi th  known chemical  iner tness  and see 
whe the r  act ivat ion occurred.  Zak (2) had prev ious ly  
indica ted  tha t  ga rne t /GC and K R S - 5 / G C  did not  
act ivate  AH2 oxidat ion.  However ,  the most iner t  m a -  
te r ia l  for use as a test  par t ic le  appea red  to be syn-  
thet ic  d iamond commonly  used as meta l lograph ic  pol-  
ishing compounds.  Such d iamond "dust"  is often sus- 
pended  in organic dispers ing agent  to p reven t  par t ic le  
agglomerat ion.  In  o rder  to remove  the d ispers ing agent,  
the d iamond par t ic les  (Buehler  diamond,  1 ~a-n) were  

E vs Ag/AgCI (v) 
0.8 0.6 0.4 0.2 

I I I I I I I ~ . . ~  

a Ce02/Gc . ~ -~ --~.~-~---~- - = - ~  

b Z r O 2 / G r  ~ 

XOx / / 

c Cr203/GC 
-~ ~ _  . . . .  / , 7  

0 .6  0 . 4  0 . 2  0 
I I I I I I I I 

d f e r r i / f e r r o c y a n i d e ~  

CeO2/Gc . .~/ /  ~ 
. . . . .  / /  ,- 

II'~ ~ t20~ A 

Fig. 1. Cyclic voltammegrams of 1 mM ascorbic acid in phosphate 
buffer at pH 2.0 at GCo (dotted line) and at MOx/GC electrodes 
(solid line), a: CeO2/GC. b: ZrOJGC. c: Cr203/GC. Cyclic 
voltammograms for 1 mM ferrocyanide in IM  KCI at GCo (dotted 
line) and CeO2/GC (solid line) are shown in part d. Scan rate = 
100 mV/s. 

first washed with acetone in a Soxhle t  ext ractor ,  fil- 
te red  and dried, and then washed thoroughly  with  
twice-d is t i l l ed  water .  The par t ic les  were  hea ted  and 
s tored in a vacuum oven at 500~C. They were dispersed 
onto a GC surface by  the usual  mechanica l  abras ion 
method.  The cyclic vo l t ammograms  of ascorbic acid, 
catechol, and hydroquinone  at  a d i a mond /G C were  
essent ia l ly  unchanged f rom those at  a GCo electrode.  
Thus, this apparen t  lack  of ac t ivat ion by  d iamond was 
consistent  wi th  its known chemical  inertness.  

Earl ier ,  it  was specula ted that  the MOx m a y  ac-  
celera te  the ra te  of the pro ton  t ransfer  step since the  
compounds,  such as AH2, 1,2-H2Q, and 1,4-H2Q, have  a 
common iea tu re  of involving protons in the overa l l  
reaction.  I t  is therefore  in teres t ing to examine  the 
behavior  of f e r rocyan ide / fe r r i cyan ide ,  which unde r -  
goes an outersphere ,  one-e lec t ron  redox react ion w i t h ,  
out the par t ic ipa t ion  of any  protons.  Trace d in Fig. 1 
(dot ted  curve)  is a typical  i -E  wave  for f e r r o - / f e r r i -  
cyanide at a GCo electrode.  The separa t ion  of the ca th-  
odic and anodie peak  potent ia ls  was usua l ly  the order  
of 100-150 mV at glassy carbon and considerably  more 
than the 60 mV character is t ics  of a revers ib le  e lect rode 
reaction. The vo l t ammograms  for f e r r o - / f e r r i c y a n i d e  
at MOx/GC's  such as CeO2 and ZrO2 rema in  essent ia l ly  
ident ical  to those at GCo, if one corrects  for  the  larger ,  



VoL 131, No. 4 G L A S S Y  C A R B O N  E L E C T R O D E S  8 1 5  

Table I. Electrochemical parameters for ascorbic acid a oxidation 
at MOx/GC electrode evaluated by cyclic voltammetry 

Epa Epa/s E~a E~a/s 
MOX (V) (V) ht~/bo ~ MOX (V) (V) At~/i~ob 

MgO 0.285 0.255 0.68 CuO 0.275 0.245 0.80 
CaO 0.265 0.230 1.70 ZnO 0.285 0.255 0.60 
BaO 0.275 0.245 0.76 CdO 0.285 0.255 0.93 
TiOi 0.265 0.235 1.72 a-AhO8 0.250 0.220 2.72 
ZrO~ 0,255 0.225 3.00 In20s 0.250 0.225 1.60 
CoOl 0.255 0.230 2.47 ThO 0.285 0.255 1.93 
ThO2 0.280 0,350 1.75 SIOi 0.265 0.230 1.91 
V20~ 0.280 0.250 1.25 GeOl 0.275 0.245 1,96 
Nb~Os 0.275 0.245 2.33 SnO2 0.250 0.220 2.39 
TaaO~ 0.275 0.245 1.35 SnO 0.43 o 0.0O 
CrlOa 0.265 0.230 3.50 PbO~ 0,265 0 . ~ 5  2.10 
MoO3 0.290 0.255 0.62 PbO 0.41 e - -  ~0.20 
1-12WOi 0.275 0,250 1.91 ShoOs 0.275 0.245 0.70 
Fe2Oa 0.265 0.225 1.95 Bi~Os 0.275 0.245 1.57 
Co2Oa 0.250 0.220 2.93 TeO2 0.285 0.215 2.13 
NiO 0,255 0,225 2,06 (bare 0.49d 

GC) 

�9 1 mM ascorbie acid in 0.1M phosphate buffer pH 2.0, scan 
rate = 100 mV/s. 

b iPo represents  peak current  at GCo. Ai~ represents  ne t  increase 
in the peak current  at MOx/GC compared to GCo. 

c CV t-E curves  are broad and HI-defined, 
d Standard deviation for 60 values. 
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background  charging current .  Thus, the f e r r o - / f e r r i -  
cyanide  redox react ion is not  m a r k e d l y  affected by  
the presence  of YiOx. The scope wi th  respect  to com- 
pound  types  is cu r r en t ly  being examined  to ascer ta in  
whe the r  invo lvement  of a proton in the r a t e - d e t e r m i n -  
ing step of the  redox  reac t ion  is a prerequis i te  to MOx 
act ivat ion.  

The presence of MOx on the GC surface  was con- 
f irmed by  e l emen ta l  analysis  using EDX, and the 
par t i c le  d i spe rs ion /d i s t r ibu t ion  was de te rmined  b y  
SEM. F igure  2 shows SEM photomicrographs  of CeO2, 
ZrO~, Co203 as represen ta t ive  samples  of MOx/GC's .  
The par t ic le  size and its d i s t r ibu t ion  were  eva lua ted  
b y  par t ic le  imaging  f rom en la rgements  of these SEM 
photomicrographs .  The size d is t r ibut ions  for these ox-  
ides are  given in Fig. 3. The to ta l  surface area  oc- 
cupied by  MOx ranged f rom 10% for CeO2 to 19% for 
Co203. In our  previous  ~-AleOs work,  coverages ranged  
f rom 20% to 30%. The ex ten t  of act ivat ion can become 
coverage dependent  if the coverage is too low. How-  
ever,  a de ta i led  s tudy  of the coverage dependence  has 
been defer red  unt i l  a method of f rac t ionat ing  the pa r -  
t icles and  d ispers ing  them reproduc ib ly  is devised. I t  
wil l  then be  possible to assess the re la t ionship  be tween  
the size and coverage to the effectiveness of act ivat ion.  

7 0 7  C o 2 O s / G C  
i 
i 
I 

i 
351 ......... 

1 i | I 
�9 i i 

i | ! 
! i , l l  

t ' 1 1  I , a!.~. . ;  l . !  ! 
~ m 

o 

.... ! i .  

Diameter of MOx part icle (M) 

Fig. 3. Size distribution of the MOx particles shown in the scan- 
ning electron photomicrographs of Fig. 2. The absolute frequency is 
plotted vs. the size in micron. From top to bottom; CeO~, ZrO2, and 
Co~O3. 

Adsorption.--Since the  MOx par t ic les  a re  on the 
average much l a rge r  than  the width  of the diffuse 
double  layer ,  it  is difficult to envis ion a mechanism of 
act ivat ion.  In our  ea r l i e r  work  (1, 2) wi th  a-A1203/ 
GC, surface adsorpt ion by  AH2, catechol,  and h y d r o -  
quinone was evidenced by  the  shape of the  CV joe  

Fig. 2. Scanning electron photomicrographs of MOx/GC electrode surfaces. From left to right: CeO2, ZrO~, and Co~O3 dispersed on 
glassy carbon surface. Magnification is 525 X .  
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waves,  pa r t i cu l a r ly  at low concentrat ions of the elec-  
t roac t ive  species, where  the adsorpt ive  wave  p re -  
dominated.  Adsorp t ion  was also indica ted  by  the non-  
zero in tercept  on the charge axis  of the  ex t rapo la ted  
plots of Q vs. tY~ f rom ehronocoulometry .  Thus, the 
question arose whe the r  surface adsorpt ion  was a p re -  
requis i te  to act ivat ion.  

A t  MOx's such as CeO2. ZrO2, ThO2, and Cr203, the 
plots  of the  ip vs. vV~ f rom CV da t a  for AH2 were  l inear  
and  ex t rapo la ted  to the  zero cur ren t  in tercept  when 
corrected for background.  Simi lar ly ,  adsorpt ion  of 
AH~ on these same e lec t rodes  appea red  to be absent  
as eva lua ted  by  chronocoulometry .  However ,  va ry ing  
amounts  of adsorpt ion  were  observed by  both CV and 
chronocoulometry  on Co20~ and a-A12OJGC's .  Such 
var ia t ion  made  it difficult to make  quant i ta t ive  s ta te -  
ments  wi th  respect  to adsorpt ion.  

Wi th  catechol  and hydroquinone,  where  e lec t ro-  
chemical  p roduc t  revers ib i l i ty  is observed,  the succes-  
sive "dump-f i l l "  t h i n - l a y e r  m e t h o d  in t roduced by  
Sor iaga  and Hubba rd  (14, 15) worked  e x t r e m e l y  wel l  
to examine  the  question of adsorpt ion.  In  this method,  
the  electrochemi.cal charge requi red  to exhaus t ive ly  
e lect rolyze  mate r ia l  in a t h in - l aye r  cell  for the first 
solut ion filling, Q~, is compared  to the second, Q2~, fill- 
ing. I f  a quan t i t y  of species in t e rms  of charge, Qads, 
is adsorbed  and electroact ive,  then 

Q1 = Q,,e~ + (Q~ol.) 1 + Q~) 

where  (Qsoln)l is. the e lec t roact ive  species remain ing  
in the  solut ion phase  of the  t h in - l aye r  cell, and Qb is 
the  background  charge. Of course, Q1 can be ca lcula ted  
and in this case should correspond to QT, the to ta l  
amount  of e lectroact ive species introdt~ced into the 
t h in - l aye r  cel l  by  the first filling. I f  the adsorbed  
species remains  on the e lect rode surface dur ing  the 
second filling, the charge Q2 wi l l  be 

sented by  the solid l ine) ,  which is ca lcula ted  f rom the 
concentra t ion and the t h in - l aye r  volume, and assuming 
a two-e lec t ron  redox react ion for catechol.  The cell  
volume was de te rmined  using known concentra t ions  
of fer rocyanide .  One can conclude from the coincidence 
of QI and QT tha t  the adsorbed  catechol remains  
e lect roact ive  in the potent ia l  region of the CV scan. 
S imi la r  adsorpt ion  resul ts  have been obta ined for 
catechol  and hydroquinone  at  a-A12Oa/GC (1, 2). 

Fo r  AH~, the cyclic vo l tammograms  in the  t h i n - l a y e r  
cell  at C e O J G C  are  i l lus t ra ted  in Fig. 5, t races a 
(first fill ing) and b (second f i l l ing).  Act iva t ion  at  this 
e lec t rode  is c lear ly  seen by  compar ing the vo l t ammo-  
grams of t races a and b wi th  that  of t race c, which is 
at a bare  GC electrode.  A n  increase in the background  
charging cur ren t  is also ev iden t  by  compar ing  traces 
d(1)  and d(2)  of Fig. 5. Al though the vo l t ammogram 
for the second filling ( t race b) is b roade r  in shape 
than for the first filling ( t race a) ,  the charges, Q1 and 
Qe, were  ident ica l  when  corrected for  Qb. S imi la r  r e -  
sults were ob ta ined  for AH2 at ZrO2/GC and the values 
of Q1 and Q~ were  ident ical  over  a t en- fo ld  concent ra -  
tion range and coincided wi th  QT (assuming n = 2). 
Thus, the conclusion can be d rawn  that,  if any  AH2 
was adsorbed,  it  was e lect roact ive  in the potent ia l  
range  of the CV scan. However ,  i t  is not  possible  in 
the  case of AH~ to de l inea te  whe ther  adsorpt ion  oc- 
cur red  because  the  pa ren t  AH2 cannot  be e lec t rochem-  
ica l ly  regenera ted .  

In  the case of AH~ at a-AlzO3/GC, considerable  va r i -  
a t ion occurred  f rom exper imen t  to exper iment ,  and 
Q1 was often less than  QT, which in i t ia l ly  was taken  
to mean tha t  the adsorbed  AH~ was not  electroact ive.  
However ,  i t  was found that  if the  cell  was vacuum 
degassed pr io r  to filling wi th  deoxygena ted  solutions 
of AH~, Q1 was equal  to QT. Apparen t ly ,  AH2 is ca ta-  
ly t i ca l ly  oxidized by  oxygen  in the presence of the  

Q~. = Q1 + Q~e~ + Qb 

~ d ,  hence, the ,difference between Q~ al~d Q1 provides 
a means  of de t e rmin ing  Qads. This case is i l lus t ra ted  by  
the plot  of Q1 ( t r iangles)  and Q~ values  (open circles)  
for  catechol  a t  ZrO2/GC as a funct ion of catechol  
concentra t ion (phosphate  buffer, pH 2.0) in Fig. 4. I t  
appears  tha t  sa tu ra t ion  coverage of the  ZrO~/GC sur-  
face is a t ta ined  at  catechol  concentrat ions  of 0.1M or  
higher. Values of  Q1 coincide wi th  those of QT ( r ep re -  
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C, mM 
Fig. 4. The charge, Q, in microcoulomb for the first (triangles) 

and second (open circles) fillings of the thin-layer cell with known 
concentrations of catechol in phosphate buffer (pH 2.0) at a ZrO2/ 
GC electrode. The solid line is drawn for the charge calculated 
from the known concentration of catechol and thin layer volume of 
9.35 #1. The charges, Q1 and Q2, were determined by integrating 
the area under the voltammetric, current-potential curve obtained 
at a scan rate of 2 mV/s. 
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Fig. 5. Current-potential (i-E) curves for the oxidation of 0.75 mM 
ascorbic acid in phosphate buffer (pH 2.0) at CeO2/GC for (a) 
first filling and (b) second filling. Curve (c) is the i-E curve at GCo. 
Curves labeled d(1) and d(2) are background i-E curves at GCo 
and CeO2/GC, respectively, in phosphate buffer without ascorbic 
acid. Volume of thin-layer cell was 9.35 ~1, and the scan rate was 
2 mV/s. 
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~-AI~Os/GC surface. The rate and sto~chiometry of 
this catalysis has not been quantitated. Fur ther  studies 
on this interesting question of AH2 adsorption and 
oxygen catalysis with MOx/GC electrodes will be 
examined with a newly constructed optical thin- layer  
cell in which the optical pathlength and the electrode 
surface area to solution volume are relat ively large 
(16). 

Electrode a r e a . - - A t  MOx/GC electrodes, the "double 
layer" charging current is increased, as is evident from 
the larger  background envelope of the cyclic voltam- 
mograms or the background charge during chrono- 
coulometric experfments. This charge is three to four 
times greater: than that at GCo. Although oxides such 
as CeOg, ZrO~, and ~-A1208 are supposedly insulators, 
the double- layer  charge suggests that there could be 
a considerable increase in the area of the conductor 
surface. 

The question is whether or not this increase in the 
area is real. If it is, what is the source? A part ial  clue 
to answer this question comes from the observation 
that the slopes of the ip vs. v ~/~ plots for AH~ oxidation 
from CV experiments were always slightly larger  for 
the MOx/GC than for the GCo. Chronoamperometric, 
chronocoulometric, chronopotentiometric, and rotating 
disk experiments were conducted to pursue this ques- 
tion of electrode area. If these experiments are con- 
ducted under diffusion-controlled conditions, any sur- 
face roughness will affect the observed current only 
at short times; i.e., when the diffusion-layer thickness 
is comparable to the surface roughness. SEM photo= 
microgr~phs did not indicate any surface cracks, 
crevices, or other defects greater in dimension than 
the maximum 1 #m particle size (e.g., ~-alumina).  This 
meant that the measured geometric area of the elec- 
trode should govern the current under diffusional mass- 
transfer conditions, certainly at times greater than ls 
(17, 18). The current  functions for these three meth- 
ods, as normalized to those obtained at GCo, are tabu- 
lated in Table II. In additiori to AHg, data are included 
for ferricyanide reduction and ferrocyanide oxidation. 
To check possible differences due to the commercial 
sovrce of GC and the means by which the electrode is 
affixed to the cell, Tokai GC-20 and BAS GC electrodes 
were used. The geometric area of the GC-20 was 0.43 

TaMe If. Normalized current functions of ferricyanide, ferrocyanide, 
and ascorblc acid at MOx/GC electrode with different methods 

Normalized current  funetionm 
Compound 

(cone)  CeO~/GC ZrOg/GC ~-AhOs/GC 

cm 2 (area defined by the size of the sealing gasket),  
whereas the BAS electrode had an area of 0.071 cm% 
Without exception, the normalized current functions 
for the electroactive species were larger at the MOx/ 
GC than at GCo. The statistical averages of the normal-  
ized current functions, including the RDE results, are 
1.10 with a standard deviation of 0.06 at CeO2/GC, 
and 1.14 with a s tandard deviation of 0.07 at ZrO2. The 
increase in the current function with MOx/GC elec- 
trodes in comparison to GCo appears real. Chrono- 
amperometric and chronopotentiometric data were 
taken over a time period of 1-20s. Any effect of the 
surface roughness to the i- t  or E-t  transients should 
have been negligible at these times. The situation at 
the RDE is different, since there is convective-diffu- 
sional mass transport. The convective solution flow 
near the interface of MOx/GC may have been altered 
with respect to GCo. 

p H  s tud i e s . - -The  p H  dependence of the Epa and ipa 
was studied by CV to see the effect of MOx/GC vs. GCo 
to the AH2 oxidative mechanism. At GCo, the ipa was 
independent of pH, whereas at CeO2/GC, for example, 
the ipa decreased with increasing pH until ca. p H  6, 
at which the ipa became independent of pH. ipa and 
Epa are plotted in Fig. 6 for CeOg/GC and GCo. The 
Epa vs. p H  varied with a slope of 52 mV/pH in the 
acidic region at GCo until ca. pH 4, where the Epa 
became independent of pH. The 52 mV/pH slope is in 
agreement with a value reported by Sternson (19) at 
a carbon paste electrode. For CeOg/GC, the Epa varied 
with a slope of ca. 42 mV/pH between pH 2 and 5.5 
and then continued to decrease in an i rregular  fashion 
as pH increased until ca. pH 8. At this pH, the Epa 
appeared to become independent of pH. The "breaks" 
in the E vs. p H  plot in the pH 6-8 region for CeOg/GC 
may reflect the pKa of this surface where the metal  
oxide is acting as a weak acid. Similar results have 
been obtained for AH2 at ZrO2 at ZrOJGC.  

The normalized current functions as determined by 
chronoamperometry, chronocoulometry, and RDE a t  
two different pH values, 2.0 and 8.0, for AH2 are sum- 
marized in Table III. Assuming that these currents are 
controlled by the mass-transfer rate of AH2. the dif- 
ference in the normalized values reflect a difference 
in the diffusion coefficient(s) of AH2 at these two pH's. 
Gerhardt  and Adams (20) have reported a D value of 
0.532 (• X 10-5 cm2/s at pH 7.4, as determined 
by the flow injection method. This D value is for the 
ascorbate ion [PKa is 4.0-4.2 (21-22) for AHg]. The 
neutral  AtIs is expected to have a higher D value than 

Chronoamperometry:  d~/~/(h/t) o 
Ferrieyanide 1.22b 1.25 2.27 

(I raM) (l.ll)e (1.20) 

Ferroeyanide (1.1O) (1.21) (1.63) 
(1 n ~ )  

Ascorbte acid' 115 1.16 
(1 raM, pH 2) l a g  1.04 
(I raM, PH 8) L02 1.14 

1.14 1.14 

Chronopotentlometry:  t~/~'/(t~/~) o 
Aseorbie acid 1.03 1.06 

(10 raM, PH 2) 
(10 n ~ ,  PH 8) 1.03 1.04 

RDEd ( l l  / ~VS) l ( t l l  oJV2) o 
Ascorbie acid (I.13) [1,16] 

(1 n ~ / ,  pH g) 
avg  1.10 1.14 
r ffi 0.06 r = 0.07 

a Normalized current  function at MOx/GC to GCo electrode. 
b Data for a BAS GC electrode,  geometric  area = 0.071 cm ~. 
e Data enclosed in parentheses  for a Tokai glassy carbon (GC-20 

grade) ,  geometric  area = 0.43 em -~. 
d Data enclosed in square brackets for a rotating glassy carbon 

electrode (Pine Instrument) ,  geometric  area 0.49 cm~; rotation 
rate 100-3600 rpm. 

0.6 

0,5 

0.4 

~" 0 5  

0.2 

u J  

o 

- 0  

. ~ CeO2/GC 

~ . - - ' ~  - - -  bare GC 

" ' 0 % - 0 - - 0 - - 0 -  - 0  

o 
Z~" "Z~" ~ -~- - A- --/,,-- -~- - -~, 

0---0 
! I I I I I / 1 I f I 

o , 2 3 4 7 8 9 lo ,, 

pH 

8O 

70 

CO ~," 

50 

4O 

3O 

20 

IO 

Fig. 6. The anodic peak potentials (circles) and the peak cur- 
rents (triangles) are plotted for GCo (dotted line) and CeOyGC 
(solid llne) for | mM aseorbic acid oxidation as a function of pH. 
The peak, currents have been background corrected. Buffer was 
0.1M phosphate and pH adjusted using 1M NaOH. The data were 
taken from linear sweep voltammetric i-E curves. Scan rate was 100 
mV/$, 
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Table III. Current functions of ascorbic acid at MOx/GC and 
GCo taken at pH 2.0 and 8.0 

Current function 
Method 

( reagent,  ratio 
conc) Electrode pH 2 pH 8 (loll 21pH 8) 

~x/t (/IAs I/s) 

Chronoamp. bare GC 24.1 21.4 
(AH~ 1 raM) CeO~/GC 27.8 21.9 

ZrO2/GC 26.1 24.4 
CeO~/GC 26.6 24.3 
ZrO~/GC 25.1 24.3 

~/~ (~s1~) 
Chronopot. bare GC 310.7 299.9 

(AHs, 10 raM) CeOs/GC 320.1 309.6 
ZrO2/GC 323.3 311.0 

i~/~ (/zA/rpml/~) 
RDE bare GC 11.3 - -  

(AHs, 1 raM) CeOs/GC 12.8 
ZrO2/GC 13.1 - -  

1.12 
1.27 
1.15 
1.09 
1.03 

1.04 
1.03 
1.06 

m 

avg'l.lO 
r = 0.08 

for ascorbate. The average ratio of the normalized 
current function at pH 2 with respect to pH 8 was 1.10 
with a standard deviation of 0.08. Since (DpH2)~/~/ 
(DpHs) % is directly proportional to this ratio, a Dpn2 
value of 0.64 • 10 -5 cm2/s is calculated. This DpH2 is 
an estimated value that needs to be verified by an in- 
dependent method. 

Discussion and Conclusion 
Several metal oxides, such as CeO2, ZrO~, Co203, and 

a-A1203, dispersed onto a GC surface enhanced the 
r a t e  of AH~ oxidation. A tentative model is therefore 
proposed to explain this enhancement by the MOx 
particles. In this model, a thin porous layer of carbon 
and MOx particles, intimately intermixed, adheres to 
the base GC. The MOx particles protrude from this 
layer and can be partially covered with carbon. This 
porous particle mixture with conductive carbon ex- 
plains why the double layer capacitance increases. 
The increase in the faradaic current functions, as mea- 
sured by cyclic voltammetry, chronoamperometry, and 
chronopotentiometry, can be explained if the as- 
sumption is made that there is an additional current 
component from electro.active material penetrating into 
the porous layer and MOx particles; the latter depends 
on the crystallinity and the pore sizes. This model is 
analogous to a thin polymeric-coated electrode where 
the polymer is swollen by the solvent, thereby allow- 
ing ions and/or electroactive species to penetrate. A 
major difference of the porous carbon-MOx layer is 
th.at electronic conduction via the carbon can occur to 
the outer periphery of the layer. 

In this model, more than one diffusional term con- 
trois the mass-transfer, i.e., the usual solution diffusion 
term, D, and the diffusion inside the porous layer and 
particle, Di. Because of the tortuosity of the path in- 
side these latter materials, the magnitude of Di is much 
less than that of the solution. Thus, the faradaic cur- 
rent function is enhanced due to the additional current 
from any electroactive species "adsorbed" in the por- 
ous layer and the particles, the time function of this 
current depending on the value of Di. The increase in 
the area, as reflected by the capacitive current, is now 
rationalized by the presence of this conductive, porous 
layer. 

This proposed model of the MOx/GC surface needs 
to be further tested by diffusion-kinetic studies at 
rotating disk electrodes and with ac impedance. Ro- 
tating electrodes are ideal probes and have been ap- 
plied advantageously to similar situations at polymer- 
coated electrodes (23). However, ac impedance is a 
powerful method to extract electrical parameters, such 
as resistive and capacitive terms, and to probe surface 

porosity. A long optical-pathlength, thin-layer cell 
is also under development to help quantitate surface 
adsorption phenomena (16). 

The scope of compound types that can be activated 
by MOx/GC's is also under study. Preliminary results 
are consistent with the contention that the involvement 
of protons in the overall redox process is a prerequisite 
to the observed-rate enhancement. However, proton 
involvement alone does not insure activation. For ex- 
ample, the electrochemistry of several aromatic and 
alphatic aldehydes were unaffected by a-alumina (24). 
Thus, the structural features important to activation 
are currently not understood. 

Wightman and co-workers (4) have recently ob- 
served an enhanced electrochemical reversibility for 
ascorbate and ferricyanide at heat-treated (520~176 
for 2-24h) glassy carbon. Such heat-treatment is un- 
doubtedly removing adsorbed impurities, changing 
surface topography and functionalities, and increasing 
the surface area. In this respect, the role of the MOx 
may be to activate the carbon by creating a fresh c~r- 
bon surface from the mechanical abrasion process and 
then maintaining activity by preferentially adsorbing 
impurities from the solution that would otherwise 
adsorb on the active sites of the carbon. Quantitating 
the possible multieffects of dispersed MOx and cor- 
relating them to explain the enhancement of charge- 
transfer rates will be a challenging problem. 
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Stability of Undoped and Oxidized Polyacetylene 
R. Huq* and G. C. Farrington* 

Department of Materials Science and Engineering, University of Pennsylvania, Philadelphia, Pennsylvania 19104 

ABSTRACT 

The stability of polyacetylene has been examined by thermogravimetric analysis and measuring the change in its elec- 
tronic conductivity upon heating in various atmospheres. Samples included unreacted polyacetylene as well as films that 
had been oxidized chemically, with bromine and iodine, and electrochemically, with AsF6- as the anion. Fresh 
polyacetylene and samples which have been oxidized to the conducting state react rapidly with oxygen in a gaseous atmos- 
phere, especially in the presence of moisture. At room temperature, the reaction with oxygen is largely irreversible, and 
presumably interrupts the conjugated double bond network of the polymer. The resulting material is not readily oxidized or 
reduced to an electronically Conducting state. 

Polyacetylene (Fig. 1) is a simple conjugated organic 
polymer with quite unusual electrical and electro- 
chemical properties. Films of polycrystalline poly- 
acetylene, which has the general formula, (CH)x, can 
be easily synthesized by the catalytic polymerization 
of acetylene. Typical films are composed of fibers of 
polyacetylene and have extremely high surface areas, 
generally 40-60 m2/g. 

The extraordinary properties of polyacetylene are 
observed when it is oxidized or reduced. When poly- 
crystalline polyacetylene films are exposed to various 
oxidants, such as iodine or bromine, it reacts to form 
compounds of the type, (CHX~)x (typically, y < 0.10). 
Upon exposure to reducing agents, such as n-buty l  
lithium, compounds of the type (LINCH)x result ( typi- 
cally, y < 0.3) (1-7). From the viewpoint of electro- 
chemistry, the most intriguing aspect of polyacetylene 
chemistry is that these reactions can be carried o u t  
electrochemically in nonaqueous electrolytes contain- 
ing appropriate dissolved anions and cations, 

If  the conditions are gentle, these chemical or elec- 
trochemical oxidation/reduction reactions do not a t -  
t ack  the conjugated polymer chains, and the reactions 
are reversible. However, if the reaction conditions are 
more severe, irreversible attack and interruption of the 
conjugated polymer network takes place. The reversi-  
ble reactions are functionally similar to the oxidation 
reactions of transition metal dichalcogenides, such as 
TiS2. As a result, the oxidized and reduced polyacetyl-  
enes have been suggested for use as electrodes in non- 
aqueous batteries (8). 

Extensive studies of the electrical properties of the  
polyacetylenes have been reported (9-17). However, 
relat ively litt le work describing the stabili ty of these 
materials has appeared. Notable exceptions are the 
contributions of Rolland et al. (18) and Yen et al. (19). 
The goals of our research have been to examine those 
aspects of the stabil i ty of fresh and reacted poly- 
acetylene which influence its potential electrochemical 
applications. We have carried out a systematic study 
of the stabil i ty of f resh  and oxidized polyacetylene by 
monitoring the change in electronic resistivity of 
samples in contact with argon, oxygen, and air from 
20 ~ to 100~ Thermogravimetric analysis (TGA) and 
differential scanning calorimetry (DSC) measurements 
were also carried out. 

* Electrochemical Society Active Member, 

Experimental Details 
The polyacetylene used in this work was supplied by 

Professor A. MacDiarmid and co-workers in the De- 
par tment  of Chemistry of the University of Pennsyl-  
vania. The films were typically about 0.01 cm thick and 
highly fibrous, with a density of ca. 0.4 g/cm 3. The 
films were not subjected to further chemical analysis. 

Conductivity was measured in a specially designed 
glass cell with electrical feed throughs so that experi-  
ments could be carried out in various atmospheres. 
Samples were sandwiched between two Pt mesh elec- 
trodes. The electrodes were connected to a computer- 
controlled Solarton 1170 complex impedance analyzer 
which was used to measure conductivity. The tempera-  
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ture  of the cell  was de te rmined  and regu la ted  by  a 
thermocouple  located about  5 m m  from the sample.  

Al l  samples  were  hand led  and s tored under  argon 
or in vacuum. Ceil  loading  was car r ied  out  in an a rgon-  
a tmosphere  d ry  box (Vacuum Atmospheres ) .  

Oxidized samples  were  p repa red  e i ther  in the con- 
duct iv i ty  cell, by  exposing fresh polyace ty lene  to smal l  
pa r t i a l  pressures  of  iodine o r  bromine,  or  e lec t rochemi-  
cally.  For  the  in situ reactions,  a bulb  containing the "E 
halogen was a t tached to the  cell, and its t empe ra tu r e  Y 
ad jus ted  to main ta in  a known vapor  pressure  of ha lo-  =s 
gen. The onset  of ox ida t ion  was signaUed b y  a d r a -  o 
mat ic  increase in the e lectronic  conduct iv i ty  of  the  Q- 
sample.  Elec t rochemical  ox ida t ion  was car r ied  out  in a 
separa te  e lec t rochemical  cell  in a p ropy lene  carbonate  
e lec t ro ly te  containing 1.0M LiAsF6. The p ropy lene  
carbonate  used to p repa re  the e lec t ro ly te  was ob ta ined  
f rom Burd ick  and Jackson;  the e lec t ro ly te  sa l t  f rom 
U.S. Steel,  Agr i -Chemica l  Division (e lect rochemical  
g rade ) .  Before  use, the e lec t ro ly te  was percola ted  
th rough  a column of neu t ra l  ac t iva ted  a lumina  
(F i sher -Brockman ,  ac t iv i ty  1). The e lec t ro ly te  was 
then p re -e lec t ro lyzed  be tween  two l i th ium electrodes.  
The film was oxidized at  a contro l led  potent ia l  of 3.8V 
vs. L i / L i + .  The leve l  of  ox ida t ion  [value of  y in  
(CHXy)z] was in the range  of 0.02-0.03. v 

TGA measurements  were  carr ied  out wi th  a du Pont  o 
951 Thermograv ime t r i c  Ana lyze r  and 910 Different ial  T 
Scanning  Calor imeter .  Samples  weighing  1-2 mg were  E 
hea ted  at  5~  over  the  t empe ra tu r e  range of 22 ~ u 
200~ in n i t rogen.  

E 
Results -= 

0 
Stab{ l i t9 of fresh poZyacetylene.--The res is t iv i ty  of  "-" 

samples  of unoxidized po lyaee ty lene  was about  1010 }__ 
f~-cm, which indica ted  that  the  ma te r i a l  was quite pure  
and ma in ly  in the cis fo rm (20). The effects of  expos-  ~) 
ing films to argon (99.999%), oxygen  (99.996%), and 
moist  air,  in that  order ,  for  shor t  t imes (3-5h) a re  

O shown in Fig. 2. Be tween  gases, the  samples  were  ex -  , 
posed to a vacuum of about  10 -5 tor r  for 24h. The 
vacuum p a r t i a l l y  r eve r sed  the conduct iv i ty  changes 
that  were  observed.  

F igure  3 shows the influence of t empe ra tu r e  upon the 
res i s t iv i ty  of films exposed to argon and oxygen.  D u r -  
ing hea t ing  in argon f rom 25 ~ to 100~ the conduct iv-  
i ty  of the ma te r i a l  increased with  an average  ac t iva-  
,tion energy  of  0.49 eV (11 kca l /mo l )  (Fig. 4). Our 
resul ts  agree  wel l  wi th  those of Rol land and co -work -  
ers (21), who have repor ted  a value  of 0.50 eV for 
fres~h, cis polyace ty lene  and 0.30 eV for the ~ a n s  form. 

In  oxygen,  the res is t iv i ty  in i t ia l ly  decreased and 
then increased d rama t i ca l ly  a round  65~ as the ma-  
te r ia l  became br i t t l e  and  was t rans formed  f rom 
go lden -g ray  to ye l lowish-brown.  The ini t ia l  decrease 
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Fig. 2. Room temperature resistivity when (CH)= film is exposed 
to Ar, O2, and air with vacuum after each exposure. 
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in res is t iv i ty  was smal l  in comparison to the  d ramat ic  
decrease in resis t ivi ty,  f rom 101~ (~ -cm)  to 102 ( f l -cm) ,  
which takes  p lace  when a fresh film is exposed to 0.5 
tor r  iodine. We saw no evidence that  the overa l l  oxi -  
dat ion react ion was revers ib le .  We found tha t  the  oxi-  
dat ion proceeded more  r a p id ly  in moist  air,  and  could 
be observed  even at  room tempera tu re .  Yen et al. (19) 
and Pochan (22) have repor ted  s imi lar  results.  

These resul ts  indicate  that ,  at  modera t e  t e m p e r a -  
tures,  po lyace ty lene  films react  r ead i ly  wi th  oxygen,  
and  more  r ap id ly  in the  presence of moisture .  At  lower  
t empera tu res  the react ion m a y  in i t ia l ly  be revers ible ,  
bu t  a t  h igher  t empera tu re s  o r  longer  t imes i t  is l a rge ly  
i r revers ib le .  The process u l t ima te ly  des t roys  the  use-  
fulness of po lyace ty lene  as an e lec t rochemical  d e c -  
trode. However ,  we  must  note that ,  under  the  condi-  
t ions used in these exper iments ,  oxygen  served  bo th  as 
the oxidizing agent  and the dopant.  Our  resul ts  do not  
indicate  whe the r  po lyace ty lene  films are  s table  when 
exposed to oxygen in an e lec t ro ly te  which contains 
another  anion which may  act as an a l t e rna te  dopant .  

Stability of oxld~zed fiZm.~.--The t e m p e r a t u r e  depen-  
dence of  the res is t iv i ty  of po lyace ty lene  films which 
have been  oxidized to the  conduc t ing  s ta te  e i ther  
chemical ly,  by  bromine  and iodine, or  e lec t rochemi-  
cally,  wi th  A s F s -  as the anion,  was s tud ied  f rom 25 TM 

100~ (Fig. 5, 6, 7) in argon. The resis t ivi t ies  of films 
oxidized wi th  b romine  or  iodine increase  a t  r e l a t i ve ly  
low tempera tures .  Fo r  example ,  the  res is t iv i ty  of a 
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film of composit ion app rox ima te ly  (CHI0.01)= was r ea -  
sonably  s tab le  f rom 25 ~ to 55~ Above 60~ it  s lowly 
rose many  orders  of  magni tude .  F igure  8 d rama t i ca l l y  
i l lus t ra tes  the progress ive  increase  in res is t iv i ty  ob-  
se rved  for  an iod ine-oxid ized  film at  var ious  t e m p e r a -  
tures.  

In  samples  oxidized wi th  bromine,  the res i s t iv i ty  in-  
crease commenced at  lower  t empera tures ,  a round  
45~ Fi lms  which had  been e lec t rochemica l ly  oxidized 
wi th  A s F 6 -  as the  anion were  s table  to cons iderab ly  
h igher  t empera tures ,  somewhat  above  65~ Rol land  
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Fig. 8. Influence of heating and cooling cycles on the resistivity 
of (CHI~)= in Ar. 

et aL (18) have found that  films oxidized wi th  SbF5 
are  s table  to about  80~ whereas  films reac ted  wi th  
CF3SOsH begin to degrade  s l igh t ly  above 25~ 

I t  could be a rgued  that  the increases  in res i s t iv i ty  
observed  as the t empera tu re  was increased were  
s imply  the resul t  of the revers ib le  loss of halogen f rom 
the films or  the homogenizat ion of the ox idant  wi th in  
the bu lk  fibrils. To test  these ideas, we oxidized a 
sample  of po lyace ty lene  in 0.5 to r r  iodine vapor  at  
25~ Its in i t ia l  res i s t iv i ty  was 2.8 X 102 ~-cm.  Af t e r  
hea t ing  to 100~ and cooling to room t empera tu r e  over  
15h in an argon a tmosphere  (Fig. 6), its res is t iv i ty  in-  
creased to 5.5 X 104 ~-cm.  When  the sample  was r e -  
exposed to 0.5 tor r  iodine at  room tempera ture ,  its 
res i s t iv i ty  decreased,  but  only  to 1.7 X 103 12-cm, a 
level  about  eight  t imes its in i t ia l  value  before  heat ing.  
Subsequent  cycles of heat ing,  cooling, and r e - exposu re  
to iodine produced  a progress ive  increase in the  room 
t empera tu r e  res is t iv i ty  of the sample  (Fig. 8). These 
exper iments  do not  e l iminate  the  poss ib i l i ty  tha t  
homogenizat ion or  halogen loss contr ibute  to the res is-  
t iv i ty  increases observed.  However ,  our  observat ions  
indicate  that  i r r evers ib le  react ion contr ibutes  signifi-  
can t ly  to the res is t iv i ty  changes. 

In  contrast ,  a s ample  which had been e lec t rochemi-  
cal ly  oxidized wi th  A s F e -  as the guest  anion was much 
more  s table  (Fig. 7) dur ing  heat ing.  Wi th  the dopants  
we invest igated,  the s tab i l i ty  of r eve r s ib ly  oxidized 
po lyace ty lene  was least  wi th  B r -  and greates t  wi th  
A s F s - .  Corresponding anion effects were  seen in the  
TGA and DSC resul ts  discussed below. 

Thermal analysis measurements.--TGA and DSC 
measurements  which complement  the  conduct iv i ty  
studies were  also car r ied  out. F igures  9 and 10 show 
the res is t ivi ty ,  TGA, and DSC behavior  of films ox i -  
dized wi th  iodine  and bromine,  respect ively .  These 
exper iments  were  car r ied  out  in a n i t rogen a tmosphere .  
Ito et al. (23) have prev ious ly  r epor ted  tha t  unoxid ized  
po lyace ty lene  does not  t he rma l ly  decompose in n i t ro-  
gen unt i l  above 300~ They found tha t  unoxid ized  
polyacetylene ,  whe the r  cis or trans at  the beginning,  
tu rned  brown wi thout  losing weight  when hea ted  in 
vacuum at about  325~ for 5 rain. Weight  loss was ob-  
served  to begin a round  420~ They suggested tha t  
pheny l  groups a r e  first fo rmed  at  the lower  t e m p e r a -  
ture, which then decompose to y ie ld  a weight  loss a t  
the h igher  t empera tu re ,  

With  films oxidized wi th  b romine  or  iodine, we 
found that  weight  loss began a round  90~ (bromine)  
and 120~ ( iodine) .  At  160~ the to ta l  weight  loss 
reached 21% for the ma te r i a l  oxidized wi th  bromine  
and 15% for that  oxidized wi th  iodine. 
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DSC analysis over the range of 25~176 revealed 
only one exothermic peak for either the bromine- or 
iodine-oxidized samples. The peak position varied 
from 80~ (bromine) to 140~ (iodine) (Fig. 9 and 
10). The heat of reaction observed for the decomposi- 
tion of the iodine-oxidized material  was 124 mcal/mg. 
Pron (24) has also observed the removal of iodine 
from polyacetylene above 100~ and has concluded 
that the process is irreversible and occurs by the evolu- 
tion of HI and a small amount of I2. 

The TGA and DSC results are completely consistent 
with the resistivity measurements. However, in all 
cases we have found that changes in resistivity are the 
most sensitive and early indications of changes in the 
sample chemistry. 

Conclusions 
Oxygen reacts readily with fresh polyacetylene, ap- 

parently faster in the presence of moisture. Although 
the initial stages of oxidation may be reversible, the 
process is eventually irreversible and presumably in- 
volves the interruption of the conjugated double-bond 
network essential for electronic conductivity in the 
material.  We must point out that, under our experi-  
mental conditions, oxygen was both the oxidant and 
the source of the doping ion. Our results do not demon- 
strate that oxygen would irreversibly react with poly- 
acetylene if another dopant ion, such as I -  in a sol- 
vent, were in contact with the material  during ex- 
posure to oxygen. In fact, MacDiarmid et al. (25) 
have reported that polyacetylene is stable in an 
aqueous electrolyte containing either HBF4 or HF in 
contact with bubbling oxygen gas. The difference be- 
tween these conditions and ours is that, in the aqueous 
electrolyte, oxygen serves only as a source of energy 
to oxidize the polymer. Fur ther  attack of the polymer 
chain is apparent ly prevented by the introduction of 
BF4- or F - ,  which are stable doping ions. 

Polyacetylene films which have been oxidized to the 
conducting state with bromine or iodine decompose 
between 45 ~ and 55~ Films which contain AsFs-  as 
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Fig. 10. Resistivity, TGA, and DSC (5~ results for (CHBr~)x 

the dopant ion are more stable. The decomposition de-  
creases the electronic conductivity of polyacetylene 
and ul t imately destroys its usefulness as an electrode. 

Our results underscore the point that polyacetylene 
films must be handled in extremely dry and oxy- 
gen-free atmospheres, at least when they are not in 
contact with an electrolyte containing stable dopant 
anions. Polyacetylene is not a material  that forgives 
casual handling. It is unreasonable to expect repro- 
ducible electrochemical results using samples of poly- 
acetylene whose origins are uncertain. 
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Effects of Phosphoric Acid Concentration on Oxygen Reduction 
Kinetics at Platinum 
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ABSTRACT 

The oxygen reduction reaction was investigated at platinum electrodes in phosphoric acid in the concentration range 
0.7M (6.6%) to 17.5M (95%) at 25~ using the rotating ring-disk electrode technique. As a complement, cyclic voltammograms 
on platinum and potentials of zero charge of mercury were obtained as a function of phosphoric acid concentration. The 
mechanism of the oxygen electrode reaction is discussed in terms of the direct four-electron transfer reduction to water and 
the formation of hydrogen peroxide as an intermediate in a parallel two-electron transfer reaction. The rate constants of the 
intermediate reaction steps were calculated from the ring-disk data for various potentials and electrolyte concentrations. 
The characteristics of the reaction were found to be markedly dependent on the concentration of phosphoric acid. These 
results are interpreted in terms of changes in oxygen solubility, proton activity, and double layer characteristics when 
passing over from a water to a phosphoric acid solvent structure. 

Concentrated phosphoric acid is presently used as 
the electrolyte in advanced fuel cells. The factor l imit-  
ing the efficiency of this fuel cell system is the over- 
potential for oxygen reduction reaction in the concen- 
trated acid medium. In fact, this reaction is approxi-  
mately two orders of magnitude slower in concentrated 
HsPO4 than in aqueous solutions of strong acids, such 
as trifluoromethanesulfonic acid (1, 2). 

Previous studies on the reduction of oxygen on plat-  
inum in concentrated I~PO4 focused on examining 
the Tafel behavior over a wide temperature range 
(3-5). The conclusions can be summarized as follows. 
(i) Three Tafel regions can be observed. Above 0.8V 
(vs. RHE), a 60 mV Tafel slope is obtained. This slope 
changes to 120 mV in the region of potentials be-  
tween 0.8 and O.6V. Below 0.5V, very high Tafel slopes 
(over 200 mV) are observed. The mechanism of the 
reaction in the third region is not completely under-  
stood. (ii) Tafel slopes in the intermediate range (120 
mV) are independent of temperature,  contrary to 
predictions from electrode kinetic theory. Appleby (5) 
suggested that  this phenomenon could be associated 
with a change in the double layer  structure with tern- 
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perature. But the question is far from settled. Yeager 
et al. (6) suggested that this phenomenon is due to a 
compensating effect of the entropic and enthalpic 
terms in the rate expression. (iii) Rotating r ing-disk 
investigations (7, 8) have shown that the reduction of 
oxygen in concentrated phosphoric acid follows two 
parallel  paths: a direct four-electron reduction to 
water  and a couple of two-electron transfer reduction 
reactions to water  with hydrogen peroxide as the in- 
termediate. (iv) The rate of the reaction is first order 
with respect to the oxygen part ial  pressure (4). (v) 
The reaction order with respect to proton activity is 
3/2 in the low current density region (60 mV Tafel 
slope) and 1 in the high current density region (120 
mV Tafel slope). 

The structure and properties of concentrated I-I3PO4 
are not well understood, but these certainly are ex- 
pected to play a role in the slow reduction of oxygen 
at platinum. Recently, the authors examined the struc- 
ture of the mercury/concentrated I~PO4 interface (9) 
and concluded that the double layer  in concentrated 
H3PO4 is thicker than in aqueous media. Thus, it  seems 
reasonable to assume that a transition with respect to 
both the interfacial and bulk properties will occur 
when passing over from a water  to a phosphoric acid 
solvent structure. For this reason, the present study 
was undertaken to elucidate the effect of the s t r u t -  
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ture of I-~PO4 solutions, ranging in concentration from 
7 to 95%, on the kinetics of oxygen reduction at plati-  
num electrodes. 

Experimental 
The equipment, preparat ion of the electrode, and the  

experimental  procedure for the rotat ing r ing-disk 
experiment  have already been described (10). The 
same setup was used for the cyclic vol tammetr ic  ex-  
periments. Phosphoric acid (85%, electronic grade, 
J. T. Baker)  was treated with 10% hydrogen peroxide 
(90%, stabilizer free, FMC) and heated to 50~176 
for lh. The solution was concentrated to 85% by 
evaporation at 160~ in Teflon vessels. This solution 
was diluted with double-distilled water  that  was pre-  
viously treated with alkaline permanganate.  Fur ther  
evaporation of the 85% stock solution was done to ob- 
tain the 95% concentration. Before use, solutions were 
pre-electrolyzed for 24h with plat inum electrodes to 
eliminate electroactive impurities. 

All potentials were measured against a dynamic 
hydrogen electrode (DHE). The values were converted 
to a reversible hydrogen electrode (RHE) scale by  
measuring, for each solution, the potential difference 
between the DHE and a floating-type fuel cell hydro-  
gen electrode. 

Results and Discussion 
Cyclic voltammetry.--Figure 1 shows the cyclic vol- 

tammograms on Pt, obtained as a function of HsPO4 
concentration. No difference was observed for a sta- 
t ionary or  a rotat ing electrode, which is indicative of 
the absence of impurities in the electrolyte. According 
to this figure, it is apparent  that  for concentrations 
of I-I~PO4 up to about 4M there is no effect on the char-  
acteristics of the voltammogram. On the other hand, 
for higher  concentrations, it is observed that  the po-  
tential of oxide formation commencement  progres-  
sively shifts to more positive values. Also, the total 
charges for oxide formation and reduction decrease for 
these increasing acid concentrations. These findings 
can be associated with a strong adsorption of phos- 
phate species on the electrode that interferes with the 
oxide formation. However,  the effect m a y  be par t ly  due 
to a decrease in the activity of water  as the concentra-  
tion of HsPO4 increases (11). 

Mass-transJer-corrected Tafel behavior.--The mass- 
t ransfer-corrected Tafel behavior for oxygen reduction 
on plat inum for  different I-~PO4 concentrations is 
shown in Fig. 2. The plots correspond to the equation 

2.3RT 2.3RT idl id 
E = - - l o g i o  - - l o g  . [1] 

acF acF ~dl - -  id 

where ~c is the t ransfer  coefficient, io the exchange 
current  density, id the disk current  density, and idl the 
limiting disk current  density. The Tafel plots pre-  
sented in Fig. 2 are independent of rotation speed. In 
the region f rom 0.6 to 0.8V, Tafel slopes are about 120 
inV. This result  is similar to that  obtained by others 
(3-7, 11) in acid media. Thus, it seems reasormble to 
conclude that the overall  reduction of oxygen is con- 
trolled by  the first charge transfer  step under  Lang-  
muir  adsorption conditions. Below 0.5V, higher Tafel 
slopes (>  200 mV/decade)  are observed and the cur-  
rent  seems to reach a limiting value. Because these 
limiting currents are not due to mass transfer, a 
change in the reaction mechanism must  be taking 
place. This change probably involves a chemical rate-  
determining step, which may  be the dissociative ad- 
sorption of the oxygen molecule. This point was not 
investigated fur ther  because the potential region lies 
outside the range of interest for fuel cells. 

Mechanistic aspects oi electroreduction of oxygen.-  
Recently, theoretical aspects of the reduction of oxy-  
gen on rotating ring-disk plat inum electrodes have 
been considered (10). In  this work, it was concluded 
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that  the mechanism proposed by  Damjanovic e$ aS. 
(12) is the most appropriate. The reaction scheme is 
as follows 

kl 

1 k2 k-. '.!, 

1 
[2] 

where a indicates an adsorbed state and b is the bulk 
of the solution. Two equations for calculating the re-  
action rate constants kl, ks, and k3 are (10) 

Idl kl  ~ ks 
- -  - -  1 ~- ~-11s [3] 
Idl -- I'd 0.62 Do2213 p-1t6 

Id 1 kl 2(kl/ks -Jr 1)ks 
-- 1 + 2 + ~,-1/s [4] 

Ir N ~s 0.62 NDHzo22/3 v-1/6 

where Id and Ir are the disk and ring currents, respec- 
tively; Idl is the limiting current  on the disk electrode; 
N is the collection efficiency; ~ is the rotational speed; 

is the kinematic viscosity of the electrolyte; and Dos 
and DH2O2 are the diffusion coefficients of oxygen and 
hydrogen peroxide, respectively. Accordingly, plots of 
I d l / ( I d l -  Id) VS. ~-1/2 and Id/][ r VS. c~--1/2 should yield 
two straight  lines, and the rate constants can be cal- 
culated from the intercepts and the slopes of these  
straight lines. In this way, the values of kl, ks, and ks, 
as functions of electrode potential for oxygen reduc-  
tion on Pt, were evaluated from the r ing-disk data for  
various phosphoric acid concentrations (Fig. 3-6). 

In all cases, it was found that  the ratio kl/k~ is 
greater  than 10, which means that  most of the oxygen 
reduces to water  directly through the four-electron 
transfer  reaction. Because kl > >  ks, the relationship 
between i and kl can be writ ten approximately  as 

i~4FAklCos:4FAkl 'co2aH+ exp( " F E )  
- R T  [5] 

Therefore, kl should have the same dependence on 
phosphoric acid concentration as i/co2 at any potential. 
This can be seen in Fig. 7 where kl, i, and i/cos for  a 
potential of 0.7V are plotted as a function of I-tzPO4 
concentration. Clearly, kl and i/cos have the same con- 
centration dependence. 

From Fig. 3, 4, and 5, it is apparent  that  for HsPO4 
concentrations up to 8M, ks has the same potential 
dependence as kl. This means that  the rate-determin.,  
ing step is p robab ly  the same for both reactions. At  
higher concentrations, ks is surprisingly independent 
of potential, which means that the rate of the reaction 
is chemically controlled (chemical step prior  to elec- 
t ron transfer  step).  In this case, the rate of the reac-  
tion may  be determined by the adsorption of the Os 
molecule, which must  be oriented preferential ly at the 
interface in order  to lead to HsOs formation. This 
can be inhibited by a predominance of phosphate spe- 
cies at the interface, which is supported by the fact 
that  the constant value of k2 shows a marked decrease 
with the increase in HsPO4 concentration. 

The behavior of ks is similar to that  of ks (cf. Fig. 
5 and 6) ; ks increases with the overpotential  in the low 
overpotential  regime and is more or less independent  
of potential when E becomes more negative than 0.5V 
vs. RHE. Increased phosphoric acid concentration re-  
sults in decreased ks. It  can be shown that  the signifi- 
cant decrease in ks and ks with increasing I-~PO4 con- 
centration leads to an increase in the faradaic effi- 
c i e n c y  for the reduction of oxygen to water.  This is 
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important because it means that at the high concen- 
trations used in fuel cells the amount of formation of 
H~O2 is negligible and the faradaic efficiency is close 
to unity. 

EI~ect of anion adsorption on the rate o~ oxygen re- 
duction.~The decrease in the oxygen reduction rate 
with increasing I-I~PO4 concentrations can be attributed 
to several factors. These include the oxygen solubility, 
proton activity, and changes in double layer structure. 
In the region of potential considered, the rate of oxy- 
gen reduction in acid media as shown by Eq. [3] is first 
order with respect to the oxygen concentration and 
the proton activity (4, 13). Experimental evidence 

I I 

Fig. 2. Mass-transfer-corrected 
Tafel behavior for oxygen reduc- 
tion on Pt in HsP04 over the con- 
centration range 6.6-95 w/o at 
25~ Tafel behavior is inde- 
pendent of electrode rotating 
speed in the 400-3600 rpm re- 
gion. 

(14) has indicated that both oxygen solubility and 
proton activity decrease with increasing I-I~PO4 con- 
centration; one would, therefore, expect a lower oxy- 
gen reduction current in concentrated H3PO4 solutions. 

However, the most significant factor in determining 
the rate of oxygen reduction may be due to the change 
in the double layer structure at the electrode/electro- 
lyte interface with H~PO4 concentration. A recent 
study (9) has shown that the double layer thickness is 
greater at a mercury electrode/concentrated I-I~PO4 in- 
terface than at a mercury electrode/aqueous electrolyte 
interface. Thus, the distance for electron tunneling can 
be expected to be greater at the electrode/phosphoric 
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acid interface than at the electrode/aqueous electrolyte 
interface. At the same time, the presence of phosphate 
species on the electrode surface could interfere with 
the adsorption of reactants and/or intermediates. To 
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provide further evidence of strong anion adsorption, 
a separate experiment using a streaming electrode 
technique (15) was made to determine the effect of 
phosphoric acid concentration on the potential of zero 
charge on a mercury electrode. Figure 8 shows the plot 
of the potential of zero charge (Ez) as a function of 
H~PO4 concentration. A large change of Ez toward 
more negative values was observed as the concentra- 
tion of I-I~PO4 increased, which is evidence for increas- 
ing adsorption of phosphate species at the interface. 
The change of Ez with I-I3PO4 concentration is linear, 
which means that the properties of the double layer 
undergo a gradual change. It can be expected that the 
extent of adsorption of the phosphate ion on platinum 
is at least as much as that on mercury. The presence of 
phosphate ions on the electrode surface blocks the a c -  

W 
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tive sites for the charge-transfer reaction and causes a 
decrease in the oxygen reduction current. 

The plots of i/co2 vs. H3PO4 concentration (Fig. 7) 
indicate that the rate of the reaction has a minimum at 
a certain I-I~PO4 concentration. This behavior has 
sometimes been observed for electrode reactions in 
mixed solvents (16). The phenomenon can be attrib- 
uted to differential solvation between the electrode 
and the reacting species. Thus, if the latter is preferen- 
tially solvated with water molecules while the elec- 
trode is covered by phosphate species, a lower rate of 
reaction should then be expected. On the other hand, 
if the electrode and the reactant share the same sol- 
vating species, as would be the case in dilute or Very 
concentrated phosphoric acid electrolytes, then the 
activated complex may be nearer the electrode surface 
and higher rates should be expected. 

Conclusions 
The results of the cyclic voltammetric and rotating 

ring-disk electrode experiments make it possible to 
reach the following conclusions on the effects of phos- 
phoric acid concentration on oxide formation and 
oxygen reduction kinetics at platinum. 

1. At concentrations below 41Vl, phosphoric acid has 
hardly any effect on the cyclic voltammograms. Above 
4M, there is a progressive shift of the potential for 
commencement of oxide formation in the positive 
direction. Strong anion adsorption is indicated. 

2. In the potential range 0.8-0.6V, the slope of the 
mass-transfer-corrected Tafel plots is nearly equal to 
120 mV/decade and is practically independent of con- 
centration. Below 0.6V, the slope becomes quite high 
(~ 200 mV/decade), and then the current densities 
tend to a limiting value, which decreases with increas- 
ing acid concentration. 

3. The mechanism proposed by Damjanovic et al., 
that is, the four-electron transfer reduction in which 
the first electron transfer step is rate determining, ap- 
pears most appropriate at potentials above 0.6V. The 
limiting current densities are probably due to a rate- 
determining dissociative adsorption of oxygen. 

4. The rate constants for the two (k2)- and four (k0- 
electron transfer reduction reactions have the same 
potential dependence. The ratio k~/k~ is greater than 

r r r i i i 

0 �9 

I I I I I I I I 

4 8 12 16 

PHOSPHORIC ACID CONCENTRATION, CPA, M 

20 

Fig. 8. Dependence of the po- 
tential of zero charge on mercury 
on HsP04 concentration at 25~ 
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10, which again supports the second conclusion. At 
concentrations above 8M, k2 is independent of poten- 
tial, probably because of the need for a preferential 
orientation of oxygen leading to the formation of H202. 

5. The decrease in reaction rates at higher concen- 
trations can be attributed to four causes: lower oxygen 
solubility, lower proton activity, increased specific ad- 
sorption of anions, and a thicker double layer. Com- 
plementary experiments that yielded the concentration 
dependence of the potential of zero charge on mercury 
support the view that specific adsorption of anions is 
quite strong. 

6. Minima in the plots of i/co2 and of kl vs. concen- 
tration at a fixed potential illustrate the effects of 
differential solvation between electrode and reaction 
species on oxygen reduction kinetics. Similar phenom- 
ena have been observed for other reactions in mixed 
solvents. 
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Semiconductor Electrodes 
LIV. Effect of Redox Couple, Doping level, and Metal Type on the Electrochemical and 

Photoelectrochemical Behavior of Silicide-Coated n-Type Silicon Photoelectrodes 

Fu-Ren F. Fan, Theresa Varco Shea, and Allen J. Bard* 
Department of Chemistry, The University of Texas at Austin, Austin, Texas 78712 

ABSTRACT 

The surface potentials of silicide-coated n-type silicon photoelectrodes as functions of the potential of solution redox 
couples and the bias potential show that the Fermi level of these photoelectrodes is strongly pinned at the silicide/Si inter- 
face. The built-in potential barrier is consistent with the constancy in the photovoltage observed in solutions containing 
various reversible couples with redox potentials spanning a range larger than the bandgap of silicon. The performance of 
these photoelectrodes depends strongly on the metal, the charge transfer kinetics at the silicide/solution interface, and the 
doping density of silicon substrate. 

One approach to stabilizing small bandgap semicon- 
ductors against photocorrosion in photoelectrochemical 
(PEC) cells involves the utilization of a thin noble 
metal overlayer (1). We have recently demonstrated 
that noble metal silicide-coated n-Si electrodes and 
suitably modified forms (e.g., with RuO2) can photo- 
generate highly oxidizing species, such as chlorine and 
oxygen, with durable photoelectrochemical perform- 
ance in aqueous solutions (2). In the previous work, 
we proposed that the photovoltage arises at the Si/ 
silicide junction, based on preliminary studies with 
a few redox species in solution, and suggested several 
factors which contribute to the high stability and good 
performance of these photoelectrodes. However, funda- 
mental investigations of the interfacial energetics and 
the effect of the charge transfer kinetics at the silicide/ 
solution interface on the PEC performance were not 

�9 Electrochemical  Society Active Member. 
Key words: semiconductor,  photoelectrochemtstry,  sillcldes. 

reported. In this paper, we examine the surface po- 
tential of these photoelectrodes as functions of the po- 
tential of solution redox couples and the bias potential. 
We also demonstrate that the performance of these sili- 
cide-coated n-Si electrodes depends strongly upon the 
metal, the charge transfer kinetics at the (silicide/solu- 
tion) interface, and the doping level of silicon sub- 
strate. Additionally, we confirm that constant photo- 
potentials are observed on these electrodes for solution 
couples with redox potentials spanning a range from 
--0.67 to -bl.lV vs. SCE, which is larger than the 
bandgap of silicon. 

Experimental 
Silicon substrates for silicide growth were n-Si(100) 

(0.02-2.5 2-cm) single crystals donated by Texas In- 
struments and n-Si (~1 12-cm) polycrystals donated 
by Dr. R. Noufi. Silicides were prepared by procedures 
reported previously (2). The detailed procedures for 
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prepa r ing  the ohmic contacts  and mount ing  and seal ing 
the electrodes were  also s imi la r  to those p rev ious ly  re -  
por ted  (3). The exposed area  of the photoelect rodes  
ranged  f rom 0.1-0.3 cm 2. The l ight  source, if not  o the r -  
wise ment ioned,  was a tungs ten-ha logen  l amp  fitted 
wi th  a 13 cm- th ick  wa te r  fi l ter wi th  an in tens i ty  of 65 
m W / c m  e. The vo l t ammet r i c  exper imen t s  were  pe r -  
fo rmed wi th  the same appara tus  and by  procedures  
p rev ious ly  described.  Reagent  g rade  chemicals  were  
used wi thout  fu r the r  purification.  Al l  solutions were  
p repa red  f rom t r ip ly  dis t i l led water .  Al l  exper imen t s  
were  car r ied  out  wi th  the solut ion under  a n i t ro -  
gen a tmosphere .  The e lec t rode  a r r angemen t  used in the 
measuremen t  of surface  potent ia l  is i l lus t ra ted  in Fig. 
1. Fo r  e lectrodes used in surface poten t ia l  measu re -  
ments,  a th icker  P t  ove r l aye r  was deposi ted on the 
si l icide l aye r  to lower  the sheet  res is tance to <100~. 
A s i lver  contact  was made  to a por t ion of si l icide 
over layer .  This Ag  l aye r  was sealed,  as was the back  
ohmic contact,  wi th  insula t ing silicone rubber .  S t rong 
rec t i fy ing  behav ior  in the  cur ren t -vo l t age  curve was 
observed be tween  these two contacts  indica t ing  the 
absence of shor ts  be tween  the two meta l  layers .  

Results and Discussion 
Surface potential of Pt-silicide-coated n-Si electrode. 

- - T h e  sur face  poten t ia l  (be tween  P tS i  and SCE) ,  Vs, 
of n - S i ( P t )  e lect rode at  open circuit  was the  same as 
the  redox  poten t ia l  of the  solution,  V o', as measured  by  
an independen t  P t  e lect rode (see Fig. 2); this demon-  
s t ra tes  tha t  the  si l icide l aye r  was in equ i l ib r ium wi th  
the  solut ion redox  couples. 

In  a solut ion containing suppor t ing  e lec t ro ly te  (0.5M 
Na2SO4, p H  5) only,  no apprec iab le  background  cur -  
ren t  was observed at  a P t  e lect rode over  the  poten t ia l  
range  --0.6 to 0.6V vs. SCE and Vs, as shown in curve a 
of  Fig. 3, was essent ia l ly  equal  to the  appl ied  po ten t ia l  

Potent iosta t  

,Silicone 
Rubber 

SC 

1.0 

.6 

bJ 
m .2 

-..2 

~ -  0 

I 
2 .2  

V ~ V vs. SCE 

e/l"O  

�9 - - - - -~,  I11 

. 2  

! . , 2  

.6  1.0 

Fig. 2. Surface potential (Vs) and rest potential (VZnGa) of n- 
Si(Pt) electrode vs. potential of redox couples (V ~ in 1M KCI. 
a: Fe-EDTA - / 2 - .  b: Fe(CN)6 3 - / 4 - .  c: I - / 1 8 - .  d: Fe 2+/z+. e: 
Fe(o.phenanthroline)~2 +/3 +. 

o,-, - -0 .4  
b 

> 

(+) Or4 
' 0 

Va,V vs. SCE 

(+) 

h~ ~ - - f - - - - P t S i  

Fig. 1. The setup and the electrode configuration used in the 
measurement of surface potential of n-Si(Pt) electrode. V is the 
high impedance voltmeter censlsting of a FET operational ampli- 
fier (Type NE 536T) in a voltage follower made with an input im- 
pedance > 108~. 

Fig. 3. Surface potential of n-Si(Pt) vs. applied potential in 0.5M 
Na2SO4 (curve a) and in 0.5M Na2SO4, 0.SM K4Fe(CN)6, and 
0.SM K3Fe(CN)e (curve b). 

Va (where  Va is the  poten t ia l  be tween  the  ohmic con- 
tact  to Si  and SCE).  Since Vs represents  the  change of 
the  potent ia l  drop be tween  P tS i  and solution, the  re -  
sults imp ly  that  the  appl ied  vol tage  is a lmost  com-  
p le te ly  absorbed  by  changes of potent ia l  across the  
Helmhol tz  double  l aye r  (if  the potent ia l  drop across the  
diffuse double  l aye r  and at  the  ohmic contact  is ne -  
g lec ted) .  (see Scheme I ) .  

When  equ imolar  (0.5M) amounts  of F e ( C N ) e  s -  and 
F e ( C N ) e  4 -  were  added  to the  solution, the  rest  po ten-  
t ia l  of the  n - S i ( P t )  e lect rodes  was 0.25V vs. SCE, 
which is equal  to formal  potent ia l ,  V o', of the  
Fe (CN )6  ~ - / 4 -  couple. In  the  dark,  a smal l  anodie cur-  
ren t  was observed  when an anodic potent ia l  scan (Fig.  
4, curve c) was appl ied  to the  n - S i ( P t )  e lec t rode  
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n-Si 
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Helmholtz double l a y e r  
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e} .... I e AV 1 
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Helmholtz double layer 
Scheme I. A, top: in terms of interfacial energetics, neglecting 

the potential drop across the diffuse double layer and at the 
~redox 

ohmic contact. AVI = AVH = Va - -  - - ;  band-bending un- 
e 

changed. B, bottom: in terms of distribution of Va (vs. reference 
electrode) in the system. Dotted line: no external bias. Solid line: 
with external bias. 

through the InGa ohmic contact. The potent ial  scan 
generates a peak current  at about  --0.38V vs. SCE at a 
scan rate o~ 100 mV/s  due to mass t ransport  l imitat ions 
(Fig. 4c). The voltammetric  curve of PtSi  was obtained 
by applying a potential  scan through the front Ag con- 
tact to the PtSi. As shown in curve a o~ Fig. 4, both 
anodic and cathodic currents were mass-transLer l im-  
ited. 

The current -vol tage  curve of the n - S i / P t S i  diode 
(current  flow and voltage, VD, between InGa  to Si and 
Ag contact to PtSi)  is shown in curve b of Fig. 4. In  
the reverse bias (anodic bias) direction, the current  
was essentially the same as that  in curve c and was 
much smaller  than the anodic current  (shown on curve 
a of Fig. 4) taking place on PtSi. In  the forward bias 
direction, before mass- t ransfer  l imitat ion took over, 
the diode current  was smaller  than the cathodic cur-  
rent  (shown on curve a of Fig. 4) on PtSi  and was 
near ly  equal to the real current  flow through the 
n - S i ( P t )  electrode (shown on curve c of Fig. 4). 

The system can thus be modeled as the Si-PtSi  diode 
in series with the PtSi /solut ion interface. At a g i v e n  
current,  Va is given by the sum of VD and Vs plus any 
in terna l  iR drops. As shown in curve b of Fig. 3, in the 
presence of equimolar  Fe (CN) 63- and Fe (CN) 64-, Vs 
was essentially fixed at Vo' of the Fe (CN)68-/4-  couple 
when Va was positive of Vo'. When Va was negative of 
the potential  at which mass- t ransfer  l imitat ion or the  
elect ron- t ransfer  kinetics on PtSi  becomes important ,  
the change of Vs was equal to the change of Va. If we 
assume that the potent ial  drop across the diffuse double 
layer  and at the ohmic contact is negligible, we can 
calculate the dis tr ibut ion of the applied voltage into 
the change of band  bending,  AVb, (which is equivalent  
to the drop across the diode, VD), and the change of 
potential  drop across Helmholtz double layer, AVH; this 
is plotted in Fig. 5. As shown in this figure, AVH ~ 0.0V 
when Va is positive of Vo', indicat ing that  the applied 
voltage is ma in ly  absorbed inside the semiconductor.  

(§ 

I' V a 

= l 
InGa//n-Si / PtSi /Soln SCE 

f 

O.5mA a / 

~' C/ 

V 
- 0 ; 4  

Fig. 4. a: voltammetric curve on PtSi (through Ag contact), b: 
current-voltage curve of the n-Si/PtSi diode, c: voltammetric curve 
on n~Si/PtSi (through InGa contact). Scan rate: 100 mV/s and in 
0.SM Na2SO4, 0.5M K~Fe(CN)6, and 0.SM K4Fe(CN)e. pH 5. 
Exposed PtSi electrode area < 0.1 cm 2. 

When Va is negative of Vo', the applied voltage dis- 
tributes both in AVE and AVb (Scheme II); AVD ap- 
proaches a maximum at a potential near the potential 
at which the peak current through the system was ob- 
served. Then AVH increases and AVB decreases steadily 
because of mass-transfer limitations to the current. 

Interyacial energetics.--We have carried out cyclic 
vol tammetry  for a var ie ty  of redox couples with Vredox 
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Fig. 5. The change of band-bending, AVb, and the change of 
potential drop across Helmholtz double layer, /WH, as functions of 
the applied potential, Va. Scan rate: 100 mV/s and in 0.5M Na~S04, 
0.$M KaFe(CN)6, and 0.SM IQFe(CN)6. pH 5. 
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values  spanning  a range tha t  is wider  than  the bandgap  
of si l icon in aqueous solut ion (see Scheme I I I ) .  Those 
r edox  couples a l l  show one-e lec t ron  revers ib le  cyclic 
vo l t ammograms  on a P t  e lec t rode  (Fig.  6), so tha t  
possible complicat ions caused by  different  in ter rac ia l  
charge  t r ans fe r  kinet ics  at the  s i l ic ide/solut ion in te r -  
face are  not  impor tant .  As shown in Fig. 6, in the  dark,  
MV 2+ is reduced on an n - S i ( I r )  e lectrode wi th  a ca th-  
odic peak  poten t ia l  (Vpc) of --0.9V vs. SCE. No anodic 
peak  corresponding to the reoxida t ion  of MV + was ob-  
se rved  in the  dark,  because of the  lack of holes in 
n -S i  and the unfavorab le  energet ics  for  e lect ron in-  
jec t ion  f rom solut ion species. Under  i l lumina t ion  wi th  

65 m W / c m  2, MV2+ is r educed  at  more  negat ive  po ten-  
t ia l  wi th  Vpc at  --1.07V and reoxidized wi th  Vpa at  
--1.01V vs. SCE due to the photogenera t ion  of holes. 
Wi th  Vo~ = [Vpa[n-S i ( I r ) ]  --  Vpa(Pt)  I (4, 5), this 
represents  V6c = 0.4V for MV 2+/+' .  S imi la r  resul ts  
were  obta ined for F e ( C N ) 8 8 - / 4 -  and F e ( o - p h e n a n -  
throl ine)  2+/3+. This constancy of Voc for var ious  one-  
e lec t ron  revers ib le  r edox  couples wi th  potent ia ls  be -  
yond the bandedges  of si l icon is consis tent  wi th  our  
previous  resul ts  over  a more  res t r ic ted  range (2) and  
suggests  that  the e lec t ro ly te  solut ion species do not  
in teract  wi th  si l icon subst ra te .  Rather ,  the  in terac t ion  
is wi th  the sil icide over layer  and the in ter rac ia l  en-  
ergetics is domina ted  by  this interact ion.  Apparen t ly ,  
the in ter rac ia l  energet ics  depend  s t rongly  upon the 
coverage of sil icide on sil icon substrate .  Elect ron spec-  
troscopic (AES and XPS)  ana lyses  (2, 8) show tha t  
most  of the  si l icide l aye r  w e  p repa red  were  r icher  in 
silicon than  in metal .  Even under  those conditions,  
n - S i ( M )  electrodes behave  as if the  surface  of Si e lec-  
t rode were whol ly  covered by  a un i form meta l  layer .  
The effect of var ia t ion  of the thickness of the me ta l  
over layer ,  the  anneal ing  conditions,  and coverage of 
si l icides or  meta ls  on the in ter fac ia l  energet ics  is cur -  
r en t ly  under  invest igat ion.  

Effect of charge transfer kinetics.--The charge t r ans -  
fer  kinet ics  a t  the  e lec t rode / so lu t ion  in ter face  migh t  

(A) 

~ - -0  

O~A 0 

.8 .4 0 - .4 - .8 
(B) I l , I t , I . 

V vs. SCE 

I mA / ",.,l ~ /' ,f / 

0 - ~ _ ~ ' I ~ -  " - ~ ~ / !  0 / / / - - -  --"" ~ " / / " / / /  

Fig. 6. Cyclic voltammograms 
of three reversible couples at 
scan rate of 100 mV/s on Pt (A) 
and on n-Si(Ir) (B) in the dark 
(broken lines) and under illu- 
mination with 65 mW/cm z (solid 
curves). Curve a: MV ~ +t+. 
Curve b: Fe(CN)68-'4-. Curve 
C: Fe(o-pbenanthrolineh 2+/3+. 
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affect the potent ia l  at which processes occur, as wel l  as 
the vo l tammet r ic  behavior  of the  photoelect rode and 
the observed photopotent ia ls  (6, 7). This was inves t i -  
gated in the fol lowing severa l  exper iments .  The charge 
t ransfe r  kinet ics  of the  F e ( I I ) / F e ( I I I )  couple was 
changed by  var ia t ion  of  the concentrat ion of chlor ide  
ion, [C1-] .  As shown in Fig. 7a, an increase  in the  
concentra t ion of C1- increased the ra te  of F e ( I I ) /  
F e ( I I I )  redox react ion at P t  electrode.  AVp(AVp _~_ Ypa 
--  Vpc) decreased f rom 330 mV at [C1-] = 0.0M to 60 
mV w'hen [ C t - ]  - 6M, where  the react ion approached  
revers ib le  behavior ,  wi thout  a significant shift  in the 
midpoin t  potent ial .  The rat io  of the anodic peak  cur-  
ren t  (ipa) vs. the  cathodic peak  cur ren t  (ipo) ap-  
p roaches  un i ty  when [C1-]  is increased (9). A s imi lar  
t rend  was observed with  an n - S i ( I r )  e lectrode under  
i l lumina t ion  with  80 mW/cm2 (see Fig. 7b),  a l though 
the peak  potent ia ls  were  shif ted towards  more  nega-  
t ive values by  about  0.4V, as compared  with  those on 
P t  (corresponding to the  photovol tage  observed on 
those e lec t rodes) .  This s imi la r i ty  of behavior  suggests  
tha t  the l ' a te - l imi t ing  process under  i l lumina t ion  is the 
kinet ics  of charge t rans fe r  a t  the S i ( M ) / s o l u t i o n  in te r -  
face. 

EfJect oJ dopant concentration in the silicon sub- 
strate and type metal (M) overlayer on the voltam- 
metric behavior o] n-Si(M) electrode.--The deposi t ion 
of a me ta l  onto a semiconductor  wil l  usual ly  resul t  in 
the format ion  of an ohmic contact  or  a Schot tky  ba r -  
r ier ,  depending  on the re la t ive  work  functions of 
semiconductor  and metal ,  the surface t r ea tmen t  of 
se~. iconductor  before  deposit ion,  and the in ter fac ia l  
chemis t ry  that  occurs upon deposi t ion or  dur ing  an-  
nea l ing  (10). By keeping  the conditions for etching, 
meta l  deposit ion,  and pos tannea l ing  constant  and v a r y -  
ing the doping  dens i ty  of silicon substrate ,  we found 
v e r y  d i f ferent  vol tammet r i c  behav ior  m the d a r k  a n d  

under  i l lumina t ion  (see Fig. 8). The clark oxidat ion  
cur ren t  increased and the reduct ion current  decreased 
sys temat ica l ly  wi th  decreased res is t iv i ty  of the sil icon 
wafers,  suggesting that  samples  wi th  a h igher  res is t iv-  
i ty form be t te r  rec t i fy ing junct ions  wi th  silicide. Cor-  
responding to this behavior ,  a be t te r  photoeffect was 
observed on samples  wi th  h igher  resist ivi ty.  The photo-  
e lectron spectroscopic resul ts  (8) suggested that  meta l  
diffuses a few hundred  angstroms into the sil icon sub-  
strate.  The incorpora ted  t ransi t ion meta l  could faci l i -  
ta te  e lect ron t ransfer  and recombina t ion  in the space-  
charge layer .  This effect wi l l  be more p rominen i  when 
the width  of the space-charge  layer  becomes n a r r o w e r  
due to h igher  doping densi ty.  The incorpora ted  t rans i -  
tion meta l  in the space-charge  layer  might  also form 
effective recombinat ion  centers  that  scavenge photo-  
genera ted  holes and thus degrade  the photoeffect.  This 
is consistent wi th  the resul ts  shown in Fig. 8. 

The effect of the na ture  of the meta l  on the vo l tam-  
metr ic  behavior  is summar ized  in Fig. 9. Severa l  in-  
t e r e s t i ng  conclusions resul t  f rom these studies.  Firs t ,  
the  work  function of meta ls  l is ted in Fig. 9 covers a 
range of at least  0.8V (11); however ,  Voc of these 
s i l ic ide-coated n -S i  e lectrodes only covers about  0.25V. 
This insens i t iv i ty  of Voc wi th  respect  to the  work  func-  
t ion of meta l  is bas ica l ly  consistent  wi th  the resul ts  
observed in so l id-s ta te  devices (12). Secondly,  the 
h igher  the rec t i fy ing rat io  (Rr) is (the absolute  ratio-0~f 
the dark  reduct ion cur ren t  vs. the da rk  oxidat ion cur-  
rent  at  equal  potent ia l  difference with  respect  to the 
rest  po ten t ia l ) ,  the be t te r  the photoeffect  is. Both P t  
and I r  show very  high Rr values and h~ave high 9"o~ 
and shor t -c i rcu i t  photocurrents  (isc), whereas  Ru shows 
poor Rr, Voc, and isr The factors cont r ibut ing  to the 
poor  photoeffect  on n - S i ( R u )  e lectrodes a re  not  clear  
and requi re  fu r the r  invest igat ion.  
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Fig. 7. C I -  concentration dependence of cyclic voltammograms 
of Fe ~+ at scan rate of 100 mV/s on Pt (A) and on n-Si(Ir) (B) 
under illumination with 80 mW/cm 2. Curve a: 5 mM FeSO4 in 0.5M 
H~SO4. Curve b: 5 mM FeSO4 in 0.SM H2SO4 and 3M NaCI. Curve 
c: 5 mM FeSO4 in IM HCI and 5M LiCI. (Note that potential axis 
for n-Si(Ir) is shifted by 0.4V w.r.t, that for Pt.) 

4 . 0  m A / c m  2 1 

, 4  
~/ vs. SCE / , ~ / ~ / Y  

4 / r 1 6 2  y 

2 

I 0 
- 0 . 4  

Z 
0 
m 
0 

Fig. 8. Effect of doping density on voltammetric behavior of 
n-Si(Ir) in 0.5M K4Fe(CN)6, 0.1M K~Fe(CN)6, and 0.SM Na2SO4. 
Light intensity at 65 mW/cm 2. Annealing at 500~ and 10 -6  torr 
for 10 rain. Curves 1 (in the dark) and 2 (under illumination): 
2.5 ~-cm. Curves 3 (in the dark) and 4 (in the light): 0.2,0,-cm. 
Curves 5 (in the dark) and 6 (under illumination): 0.02 ~-cm. 
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Fig. 9. Voltammetric behavior of n-Si coated with v~ious kinds 
of metals in 0.5M K4Fe(CN)6, 0.1M K3Fe(CN)6, and 0.5M Na2SO~. 
Light intensity 65 mW/cm 2. Postanneoled at 200~176 for 5-10 
min. Ir: ! (dark), 2 (light). Pt: 3 (dark), 4 (light). Rh: 5 (dark), 6 
(light). Pd: 7 (dark), 8 (light). Ru: 9 (dark), 10 (light). 

In conclusion, the measuremen t  of the surface po ten-  
t ia l  of n -S i  electrodes coated with  a thin l aye r  of noble  
meta l  sil icide reveals  tha t  changes in the appl ied  po-  
ten t ia l  on these electrodes are main ly  absorbed across 
Helmhol tz  double  l aye r  e i ther  in the da rk  or under  
i l luminat ion.  A constancy of open-c i rcu i t  photovol tage  
was observed on these e lect rodes  for  revers ib le  redox 
couples which span a potent ia l  range  la rger  than  the 
bandgap.  These EC and PEC character is t ics  s imulate  
those found when F e r m i - l e v e l  p inning occurs (13). The 
in te r rac ia l  charge t rans fe r  kinet ics  at the s i l ic ide /  
solut ion interface  also p lays  an impor t an t  role in the  
EC and PEC performance,  as does the doping dens i ty  of 
silicon suhs t ra te  and the type  of meta l  over layer .  
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Redox Conduction: Its Use in Electronic Devices 

P. G. Pickup and Royce W.  Murray 

Kenan Laboratories of Chemistry, University of North Carolina, Chapel Hill, North Carolina 27514 

ABSTRACT 

A sandwich electrode composed of a film of the electroactive polymer [Os(bpy)2(vpy)2] ~§ sandwiched between a P t  disk 
electrode and a porous Au film, becomes conductive when the Pt  and Au potentials are properly poised in relation to the 
potential  at which the Os(III/II) mixed valent  state becomes generated. The potential  control is normal ly  judged  in relation 
to a reference electrode. The reference electrode can be shorted to, or made common with, the Au electrode, so that  two- 
terminal  potential  control circuitry can be employed to cause or not cause redox conduct ion through the sandwich. Such 
arrangements  are used to il lustrate principles for using the sandwich electrode as a two-terminal  device that acts in a man- 
ner similar to a Zener diode, and as a triode-like three-terminal  device in which the current  between two terminals  is 
controlled by  the potential  appl ied at the third. 

That  e lec t rochemical  charge  can be t r anspor ted  
th rough  films of redox  po lymer  sa tu ra ted  wi th  e lec t ro-  
ly te  solut ion and coated on electrodes has been recog-  
nized since 1978 (1).  Such films can contain the equiv-  

Key words: osmium, polymer modified electrode, electron dif- 
fusion, diode, triode. 

alent  of thousands of monomolecu la r  l ayers  of e lec t ro -  
active sites ye t  be r ap id ly  oxidized and reduced by  the 
electrode (2). For  a pyrazol ine  polymer ,  where  the 
e lec t roact ive  sites were  affixed to the  po lymer  lat t ice,  
Kaufman  et al. (3) proposed  that  charge t r anspor t  can 
occur by  e lec t ron se l f -exchange  react ions be tween  oxi -  
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dized and reduced pyrazoline sites. When a concentra-  
tion gradient  of oxidized and reduced sites exists, such 
reactions lead to a net electron current  which s 
Fick's diffusion law as shown both experunenta l ly  (4) 
for several redox polymers and theoretically (5), and 
is characterized by a diffusion coefficient (Dot). Dif- 
fusion laws also apply when the electroactive site is 
a counterion of a polyionic film (6), but  competitive 
physical diffusion of the redox site must  then be con- 
sidered (7). In  both c~es ,  s tar t ing from a ful ly re- 
duced or oxidized polymer, electron t ransport  (e.g., 
"redox conduction current")  must  be accompanied by 
a net  oxidation or reduction of some of the electro- 
active sites of the polymer,  and so is tu rned  on by 
under ly ing  electrode potentials near  the formal po- 
tent ial  of the electroactive species in the polymer.  

Normally, redox conduction in electroactive polymer 
films is observed using an electrode contacting the film 
on one side and an electrolyte solution on the other. 
To exploit certain of the properties of redox conduc- 
tion, however, it is of advantage to contact the second 
side of the polymer film with a s tructure which can 
serve as electron donor or acceptor. We have done 
this with a second electroactive polymer film in the 
case of bi layer electrodes (8), and most recent ly in 
a sandwich electrode (9), with a second electrode (a 
Au film) which is porous to the contacting electrolyte/  
solvent bath (Fig. 1). This paper addresses the appli- 
cation of the sandwich electrode to make a simple 
electronic ,device which can be used as a two- terminal  
rectifying device, s imilar  in some respects to a Zener 
diode, or as a th ree- te rmina l  device in which the cur-  
rent  between two terminals  is controlled by the poten-  
tial applied at the third. The polymer film employed 
is made by electropolymerization of the v inyl -subs t i -  
tuted complex (8, 10) [Os(bpy)2(vpy)2]2+ onto a Pt  
electrode. We should emphasize that  the purpose of the 
s tudy is to demonstrate the concept of making a device 
based on redox conduction and electrochemical p r in -  
ciples. 

Figure 1 shows the concentrat ion gradient  for Os (III) 
redox sites in a film of poly-[Os(bpy)2(vpy)2]2+ in a 
sandwich electrode in which the potentials of the two 
electrodes are controlled so that the le f t -hand (Pt) 
electrode acts as electron acceptor and the r igh t -hand  
electrode (porous Au) acts as electron donor. The 
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Fig. 1. Sandwich electrode showing schematic representation of 
the proposed mechanism of redox conduction and a concentration 
profile for the situation when Au is significantly negative of E ~ 
and Pt significantly positive of E ~ 

current  passing through the film shown in Fig.. 1 de- 
pends upon the concentrat ion gradients of oxidized or 
reduced Os sites in the film, which are determined by 
the potentials applied to the two electrodes. In  our 
previous experiments (9), the potentials of the two 
electrodes were controlled relative to some reference 
electrode placed in the contacting solution. An  ana-  
lytical expression for the s teady-state  current  as a 
function of the potentials of the two electrodes (Ept 
and EA,) relat ive to the reference electrode is readily 
derived, and is formally analogous to the equation for 
twin-electrode thin layer  electrochemistry (10) 

i...~ [ nFdDcteT2 ] [ 1 ] 
FT 1 -~ exp[g]  (E ~ -- Ept)] 

1 + exp[gf(E ~ -- EAu)] [1] 

where CT and E ~ are concentrat ion and formal  poten-  
tial os polymer redox sites, rT is surface coverage of 
redox polymer in mol /cm z, f is nF/RT, and g is a con- 
stant  to correct ~or the nonideal i ty  of the polymer film 
(9b). 

It  is useful to consider a three-dimensional  plot of 
Eq. [1] as shown in Fig. 2. Each line on the grid surface 
in this plot represents current  as a funct ion of EPt at 
constant  EAu or vice versa. Each line then corresponds 
to a constant oxidized-polymer concentrat ion on one 
side of the film and thus a concentrat ion gradient  and 
hence current  proportioned by the concentrat ion of 
oxidized polymer on the other side. Take, for example, 
the trace at (EAu -- E ~ = 0 (whose ends are marked 
with stars ~) ,  in which there is always a 50% oxidized 
layer  of polymer at the Au electrode. When Ept -- E ~ 
is significantly negative (e.g., --0.2V), there is no oxi- 
dized polymer at the Pt, and so the concentrat ion gra-  
dient  will be half ma x i mum and a current  of 
nFADctCw2/2rw will flow from Au to Pt. At  (Ept "-" 
EAu), the concentrat ion gradient  and current  are zero. 
At more positive E p t -  E ~ a l imit ing current  
nFADctCT2/2FT flows from Pt to Au as the polymer at 
the Pt  electrode becomes vi r tual ly  100% oxidized. 

The preceding example presumes control of both P t  
and Au electrode potentials relative to a reference 
electrode potential,  which is a three-  or four-electrode 
exper iment  as used previously (9). Under  this cir-  
cumstance, the current  for a given Ept -- EAu potent ial  
difference could be found readi ly from Fig. 2. If now 
instead one considers not  controll ing either electrode's 

Fig. 2. Three dimensional plot of carrent at the Pt electrode vs. 
the Pt electrode potential (Ept) and the Au electrode potential 
(EAu) for a Pt/polymer/Au sandwich electrode according to Eq. [1] 
(g ~ 0.8). The grid extends to ___0.26V for the two potential axes, 
and the current axis is in arbitary units. Also shown are the loci of 
the triode-type experiments of Fig. 8 ( - e - e - ) .  



Vol .  I 3 1 ,  No .  4 REDOX CONDUCTION 835 

potential  relat ive to a reference electrode, but  just  the 
potent ial  difference Evt -- EAu between them, as would 
be the case in a two-electrode cell, we see that  a given 
difference between EAu and EFt no longer defines a 
unique point  on the current -potent ia l  surface of Fig. 
2. In  fact, a range of different currents  through the film 
are possible for any  given absolute value of Ept -- EAu. 
Thus, t rue two-electrode potential  control presents a 
fundamenta l  difficulty. On the other hand, to exploit 
the sandwimch a r rangement  shown in Fig. 1 in an elec- 
tronic device, it is desirable to simplify the potential  
control requirements  for the device by using only a 
two-electrode cell, i.e., controll ing only the potent ial  
difference between the two electrodes. This paper de- 
scribes how this can be done while main ta in ing  a 
usable reference to the cur ren t -poten t ia l  pa t te rn  of 
Fig. 2. 

Experimental 
The construction of the sandwich electrode has been 

described elsewhere (9). The electrode assembly con- 
sists of six indepen,dent Pt  disk microelectrodes (tips 
of wires) sealed in a single Teflon [or glass (9b)] 
shroud. Five electrodes are coated with 0.1-1.0 ~m 
polymer  by reductive electropolymerization of the 
[Os(bpy)2(vpy)2]  2+ monomer  complex. The whole 
face of the electrode assembly is then coated with ca. 
0.1 ~ vapor-deposited gold. The sixth Pt  disk serves 
as a direct electrical contact to the gold film. 

The problen~ of shorts between the gold and the Pt  
disk described in earlier papers (9a) has now been 
largely overcome. The mult i -e lectrode assembly allows 
five sandwich electrodes to be constructed s imul-  
taneously, at least one of these is typical ly not  shorted 
at all, and the others can usual ly  be successfully con- 
dit ioned (9a) to remove ini t ial  shorts. 

All  experiments  were performed in 0.1M Et4NC104/ 
acetonitrile. The solutions were normal ly  degassed with 
N2. A conventional,  locally bui l t  potentiostat  and a 
tr iangle wave generator  were used to apply a variable 
potent ial  difference across the polymer film and to 
measure the current  through the film. Two-electrode 
control was effected by connecting both the reference 
and auxi l iary  electrode terminals  of the potentiostat  
to the gold film and connecting the working electrode 
te rmina l  to one of the polymer-coated Pt  microelec- 
trodes. The potentiostat  is thus used merely  as a cur- 
ren t  follower and can be replaced by an ammeter  or 
some other current  measur ing device or circuit. A PAR 
Model 175 Universal  P rogrammer  was used when 
voltage pulses were required, and a second tr iangle 
wave generator  when  two independent  potential  dif- 
ferences were required. The Ag/AgC1 electrode was 
prepared by (11) depositing AgC1 at 0.4 A/cm2 for 30 
min  from 0.1M HC1. 

Results and Discussion 
To determine the current /vol tage  characteristics of 

a P t /po ly -  [Os (bpy) 2 (vpy)~]2+/Au sandwich device 
in  0.1M Et4NC104/CHaCN, the potential  difference be-  
tween the Pt  and Au electrodes (hE _= Ept -- EAu) was 
varied l inear ly  with time, s tar t ing from zero with no 
reference electrode in the cell. A scan speed of 20 mV/s,  
which would give an almost s teady-state  response in 
four-electrode experiments,  was used. However, a 
s teady-state  (or even near  steady-state)  response was 
not  obtained at first in this two-electrode experiment.  
Redox conduction currents  were observed, but  the 
potential  difference range o v e r  which they occurred 
cont inual ly  changed with t ime so that  repeti t ive scans 
were not reproducible.  The direction and rate of the 
change varied from one exper iment  to the next. After 
some time of scanning,  the current /vol tage  pa t te rn  
did tend to stabilize and become more near ly  repro- 
ducible, but  again the t ime required for stabil ization 
and the final hE potent ia l  difference range giving 

redox conduction varied from one exper iment  to the 
next.  

The above behavior can be rationalized with refer-  
ence to Fig. 2. Since nei ther  the Pt  nor  Au electrode 
potentials are independent ly  controlled, but  only the 
potential  di/~erence between the two is controlled, a 
position on the three-dimensional  surface of Fig. 2 is 
not specified. Also, the potentials of the two electrodes 
(relative to the reference electrode scale), and hence 
the current,  can be influenced by the reactions of im-  
purities such as Au ions from gold oxidation dur ing 
conditioning, 02, or H20. One simplifying factor is the 
very large surface area of the Au electrode relative to 
that of the Pt, so that a large charge is required to 
change its potential.  [SEM shows the gold film to be 
made up of small  particles. It  is porous and exhibits a 
large charging current  (9a).] Thus, as hE is varied, 
so that the polymer film becomes mixed valent  and 
redox conduction occurs, the potential  of the Au elec- 
trode typically changes by only ca. 50 mV. However, 
the Au electrode potential  does tend to drift  with time. 

A conceptual solution to this problem would be to 
charge the polymer  to its 50/50 mixed valent  state at 
the start of the experiment.  Then both Pt  and Au 
should ini t ia l ly be at E ~ for the polymer  (0.78V vs.  
Ag/AgC1), and any applied potential  difference E p t  - -  
EAu should just  cause a redis t r ibut ion of oxidized and 
reduced sites. Hence, redox conduction currents  should 
be centered at AE _-- 0. However, even if ini t ia l ly  
charged, the polymer does not in fact remain  for long 
in the 50/50 mixed valent  state, and the potentials of 
the two electrodes still drift  with time. A change to 
more positive AE is probably  due to reduction of A u ( I )  
ions from gold dissolution; the more usual  change is 
a lowering of ~E, presumably  due to oxidation of sol- 
vent  impurit ies by Os (III) in the film. 

R e f e r e n c e  e l e c t r o d e s . - - T h e  drift ing potential  prob-  
lem described above was solved by connecting a refer-  
ence (or pseudore~erence) electrode directly to the Au 
electrode. In  this way, the Au electrode is kept at the 
reference electrode potential, and its potential  does not  
change as the potential  difference between it and the 
Pt  electrode is changed, yet the simplicity of two-elec-  
trode potent ial  control is preserved. The reference 
electrode used has in principle to reversibly pass a 
charge equal to that  required to oxidize half  of the 
redox polymer film (to generate a mixed valent  film) 
without significantly changing its potential.  This l imits 
the number  of reference electrodes that  can be used, 
but  still there are many  that  are suitable. By using 
different reference electrodes, it is possible, fur ther -  
more, to systematically vary  the potential  difference 
at which the sandwich electrode becomes conducting. 

A g / A g C l . - - A g / A g C 1  proved to be a suitable refer-  
ence electrode in the exper imental  a r rangement  shown 
in Fig. 3, ei ther with or without  chloride added to the 
reference electrode compartment.  Plots of redox con- 
duction current  vs.  AE for this a r rangement  are shown 
in Fig. 4a for positive hE (where Ept  is more positive 
than EAu). The potential  difference hE was scanned 
cont inual ly  at 20 mV/s  between 0.5 and 1.0V; the first 
and twent ie th  cyclical potent ial  scans are shown. The 
redox conduction wave for the Os( I I I / I I )  couple is 
reasonably reproducible.  The only changes over 20 
scans are a slight increase in the l imit ing current  (from 
7.5 to 8.4 mA / c m 2) and a very slight change in wave-  
shape. The increase in /lira is of u n k n o w n  origin, but  
is also observed in four-electrode redox conduction 
measurements  using this polymer  (9b). The slight 
hysteresis in the forward and reverse waves of Fig. 4a, 
also observed in four-electrode redox conduction mea-  
surements  (gb), is of u n k n o w n  origin, but  does d imin-  
ish at lower scan rates. The current  is half  of its l imi t -  
ing value at 0.78V (AE1/~), which is E ~ for this poly-  
mer  vs.  Ag/AgC1. The ilim and (hEY*) values obtained 
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Fig. 3. Schematic representation of the sandwich electrode 
diode-type device, showing the potentiostat connection for mea- 
surement of i vs. ~E characteristic. Five Pt electrodes are coated 
with polymer, end one is left bare to serve as a contact to the gold 
film. Gold is deposited over both electrodes and Teflon shroud in a 
continuous film. Only one polymer-coated electrode is used at a 
time; the others do not effect the behavior of the device. 

in this exper imen t  are  the same as those obta ined by  
using the same elect rode in a four -e lec t rode  redox 
conduction exper iment .  

F igure  4b shows the  resul t  for  scanning to negat ive  
values  of hE (i.e., EAu more  posi t ive than Ept) for the 
same e lec t rode  used for  Fig. 4a. Two waves, wi th  
hE1/~ = --1.27 and --1.48V, respect ively,  are  observed,  
which are  caused by  the O s ( I I / I )  and Os ( I /0 )  mixed  
va lent  s ta tes  (E ~ = --1.27 and --1.48V vs. Ag/AgC1) .  
The currents  a re  much h igher  (ilim = 0.4 A / c m  2) (9b),  
but  g r adua l l y  decay dur ing  consecutive scans. The de-  
cay is p robab ly  due to i r revers ib le  damage  caused to 
the h igh ly  reduc ing  po lymer  by  t race O2. There  is also 
a hysteresis  be tween  the f o r ~ a r d  and reverse  scans 
which is also observed in four -e lec t rode  redox  con-  

===== :  

[ l '6mA/cm2 ~, _~, ]78mA/cm2 

1'ol -1.5 
+ 0 5  -10 

~- - - -  AE ~(EF~ EAu) 

A _B 

Fig. 4. Current vs. voltage characteristic of the sandwlch-elec- 
trode device shown in Fig. 3, for a 6.5 X 10 - s  mol/cm ~ poly- 
[Os(bpy)2(vpy).2] 2+ film wlth Ag/AgCI reference. Stars mark the 
formal potentials (vs. Ag/AgCI) of Os(ll l / l l ) ,  Os(ll / I) ,  and Os(I/0) 
from left to right, respectively, in the polymer film. Panel A: First 
( ) and twentieth (---) scans at 20 mV/s. Panel B: First 
( ) scan and limiting currents (---) of second and third 
scans at 20 mV/s. 

duct ion exper iments ,  as is the instabi l i ty .  The hys t e re -  
sis is less at  5 mV/s.  

The cu r ren t /vo l t age  character is t ics  in Fig. 4a and 
4b are  typical  for  the a r r angemen t  of Fig. 3. No ob-  
servable  cur ren t  (at  the cur ren t  sensi t ivi t ies  used) is 
seen be tween  +0.5 and --1.0V, and so this region is 
not  shown. At  potent ia l  differences ~E > +I .0V,  the 
l imi t ing current  remains  constant  at  its l imi t ing value  
unt i l  so lvent  oxida t ion  commences  at  be tween  +1.5 
and +2.0V (depending upon the solvent  dryness  and 
pur i ty ) .  Then the cur ren t  increases and damage to the 
sandwich,  u l t ima te ly  shorting, occurs. At  potent ia l  d i f -  
ferences more  nega t ive  than --2.0V, solvent  reduct ion  
occurs and des t ruct ion  of the sandwich  is ve ry  rapid.  

Thus the sandwich  shown in Fig. 3 behaves  l ike a 
Zener  diode device wi th  both posi t ive and negat ive  
b reakdown  voltages. These b r eakdown  voltages (ca. 
+t-0.7 and --1.2V in this case) are  of different  magn i -  
tude  and the conduct iv i ty  and cur ren t  vs. AE profiles 
are  different. In both cases, an app rox ima te ly  exponen-  
t ia l  change in cur ren t  wi th  ,~E is fol lowed by  a leve l -  
ing off to give a l imi t ing cu r ren t  independen t  of hE. 
As an "electronic conduct ivi ty"  ( i /hE)  increases to a 
m a x i m u m  and then decreases l inear ly .  ("Electronic  
conduct iv i ty"  means the effective electronic  conduct iv-  
i ty  if i t  is imagined  that  the cur ren t  is d r iven  b y  a 
potent ia l  r a the r  than concentra t ion gradient . )  

Polyv iny l - f e r rocene . - -A  po lyv iny l - f e r rocene -  (PVF)  
coated Pt  e lect rode has been shown to be a good ref -  
erence electrode (12). This po lymer  reference  is a t -  
t rac t ive  for these exper iments  because i t  can be de-  
posi ted in a large  amount ,  re la t ive  to the  quant i ty  of 
po ly -  [Os (bpy)  ~ (vpy)2]2 +, d i rec t ly  upon the Au film, 
the reby  s impl i fy ing  the device, and when charged to 
its 1:1 F e ( I I I / I I )  state, the PVF o/I+ film should poise 
the gold film at a constant  potent ial .  Note tha t  this a r -  
r angemen t  (Fig. 5) is a b i l ayer  e lectrode (8), wi th  a 
conductor  whose potent ia l  can be control led,  in te r -  
posed be tween  two p o l y m e r  films. 

PVF was first tes ted as a separa te  reference elec-  
t rode  in the a r r angemen t  of Fig. 3. Severa l  drops of 
a toluene solut ion of a po lyv iny l - f e r rocene - s i loxane  
copolymer  ( P V F - M P S )  (Ref. 13, copolymer  4) were  
sequent ia l ly  evapora ted  on a c o i l e d P t  wire,  and the 
po lymer  film then c ross - l inked  by  exposure  to moist  
HC1 vapor.  A p p r o x i m a t e l y  10-s mol of ferrocene sites 
were  present  on the electrode.  The Os po lymer  film 
used contained app rox ima te ly  10-11 mol of redox sites. 
This P t / P V F - M P S  reference e lect rode replaced  the 
Ag/AgC1 elect rode in the  a r r angemen t  shown in Fig. 3. 
I t  was not  oxidized before  the  exper iment .  Scanning 
~E = 0 to 1V (i.e., Ept more posi t ive than EAu) at 100 
mV/s  gave the i vs. hE response shown in Fig. 6. The 
first and ten th  scans are  shown, in which the posi t ive 
and negat ive  sweeps for  the first scan show significant 
hysteresis ,  and the redox  conduct ion wave  moves to 
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Pt" / 
/ 
/ 
/ 
/ 
/ 
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/ 

OS 
po lymer  

Au 

po lyv iny l fer ro  cene - 
si Ioxane 
c o p o l y m e r  

Fig. 5. Schematic representation of a sandwich-electrode diode 
with a self-contained PVF-MPS polymer reference to keep the gold 
film at a fixed potential. 
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Fig. 6. Current vs. voltage characteristic for the device shown in 
Fig. 3 with a 2.6 X 10 -s  mol/cm 2 poly-[Os(bpy)2(vpy)2] +2 film 
and a Pt/PVF-MPS polymer reference electrode. First ( ) and 
tenth (---) scans at 100 mV/s. 

somewhat  more negative bE on subsequent  scans. By 
the ten th  scan, the hysteresis is smal l  and there is l i t t le 
change between consecutive scans. 

This behavior can be rationalized by considering the 
oxidation state of the PVJ~'-IVI:PS fiIm. in i t ia l ly  the PVF-  
MPS him is main ly  in the Fe (II) oxidation state, and so 
its rest potent ial  and that  oi the Au electrode which it 
contacts is somewhat  more negative,  about 0.08V, than 
E ~ for PVF-MPS,  which is +0.45V vs. Ag/AgC1 (13). 
The E ~ for the Os( I I I / I I )  reaction is +0.78V vs. Ag/ 
AgC1 (9), and, accordingly, on the first potential  sweep 
the half -wave potential  bE1/2 of the Os( I I I / I I )  reac- 
t ion occurring on the Pt  electrode is at 4-0.41V (+0.78 
-- 0.45 + 0.08). On the subsequent  negative scan of the 
Pt  electrode potent ial  vs.  that  of Au and of the PVF-  
MPS film, we find that  bEi/2 occurs at 0.38V vs.  SSCE. 
Thus, in some way the PVF-MPS film has become, on 
t h e  average, more oxidized dur ing  the vol tammogram, 
so that  its and the Au electrode potent ial  are more 
positive. This t rend of the PVF-MPS film becoming 
more oxidized continues, but  slows to a very  small  
rate of change as the PVF-MPS gradual ly  becomes 
more oxidized. Table I contains bE1/2 values for the 
sandwich electrode after a n u m b e r  of different ex- 
periments.  After  long periods of use, the bE~/2 some- 
times drops below the ideal bE~/~ = +0.33V that a 
1:1 PVF-MPS mixed valent  state should yield, but  the 
difference (90 mV) is not  great, and this does not  
always occur, as i l lustrated by Table I. When allowed 
to rest, the b e l l 2  does become poised at a value near  
the ideal +0.33V. 

Measurements  over a bE range of 4-2.0 to --2.0V 
were also made with the P t / P V F - M P S  reference elec- 
trode a r rangement  of Fig. 3. The results were similar 
to those obtained with an Ag/2~gC1 reference electrode 
(Fig. 4), except that  the redox conduction of all three 

w a v e s  occurred at potentials ca. 0.45V more negative,  

Table I. bEu2 for both positive and negative scans for the device 
shown in Fig. 3 with a Pt/PVF-MPS reference electrode. 

Scan rate = 100 mV/s. 

Operation in chronological  order AE1/2posttivejV Al~.l/saegattv~ 

Initial 0.41 0.38 
Tenth scan 0.35 0.34 
Fif teenth scan 0.34 0.33 
Af ter  some potential-step ex- 

periments  0.30 0.29 
After  Pt /PVFS ,had not  been  

used for 30 rain 0.36 0.35 
After  40 rain continual  scanning 0.26 0.24 
After  Pt /PVFS had not  been  

used for 2Oh 0.36 0.3.5 
After  30 rain continual  scanning 0.34 0.31 

which merely  reflects the difference between the po- 
tentials of the Ag/AgC1 and P t / P V F - M P S  reference 
electrodes. 

An improvement ,  in  terms of practicality, in this 
device is at tained by depositing the PVF-MPS poly-  
mer directly onto the gold electrode (Fig. 5). A few 
drops of the PVF-MPS toluene solution were allowed 
to evaporate to dryness on the gold-coated sandwich 
electrode, and the polymer  was cross-l inked with moist 
HC1. This electrode assembly gave the same type of 
current  vs.  bE  response, as shown in Fig. 6. Init ial ly,  
bE1/2 was 0.44V, but  after a few scans it had dropped 
to 0.34V, and it soon stabilized at 0.31V. This a r range-  
ment  is both compact and genuinely  "two electrode." 
The positive and negative "diode" breakdown voltages 
are clearly determined by the potential  of the PVF-  
MPS, as they were wi th  the Ag/AgC1 reference in  t h e  
previous example. 

A t r i o d e - t y p e  d e v i c e . - - W e  have shown above that  
the two- te rmina l  sandwich electrode ar rangements  of 
Fig. 3 and of Fig. 5 act in a similar  manne r  to a diode. 
The diode conductivi ty (the l imit ing currents  of Fig. 
4 and 6) depends on the magni tude  and polari ty of 
the applied, two- te rmina l  potent ial  bE. 

It is possible to apply a second potential  difference to 
produce a device which acts in a s imilar  manne r  to a 
triode, as shown in Fig. 7. One potent ial  (bE1) is ap- 
plied be tween  the Pt  and Au electrodes as before, and 
a second potential  difference (AE2), with a common 
terminal  to bE1, is applied between the Au and Ag/  
AgC1 electrodes. In the circuit in Fig. 7, the current  
flowing between the Au and Pt electrodes is now also 
controlled by the potential  difference between the Au 
and Ag/AgC1 electrodes, as is demonstrated by the 
vol tammograms shown in Fig. 8. In  the traces shown, 
the potential  difference applied across the Os polymer 
film (bE1), was ~held constant at 50 mV (curve A),  
100 mV (curve B), 300 mV (curve C), or 500 mV 

WE RE AE 

i AE1 AE2 

pt/polOySec I Et4NCIo4CH3CN Ag/AgCI 

Au 
Fig. 7. Circuit for demonstration of the triode-type device. WE, 

RE, and AE are the three terminals of the potentiostat, which mea- 
sure current, bE1 and bE~ are supplied by independent triangle 
wave generators. 
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Fig. $. Current vs. hE2 for the device shown in Fig. 7 at fixed 
values for hE1 of 50 mV (A), 100 mV (B), 300 mV (C), and 500 
mV (D). hE2 was varied linearly at 1 mV/s. 9.1 • 10 - 8  mol/cm 2 
poly [Os(bpy),~(vpy)2] 2 +. 

(curve D),  while the potential  difference between the 
Au and Ag/AgC1 electrodes (hE2) was scanned at 
1 mV/s  (using a tr iangle wave generator  connected 
between the Ag/AgC1 electrode and the gold electrode 
contact) .  

The traces of Fig. 8 can be understood with reference 
to Fig. 2. The locus of the scans used in Fig. 8 are 
plotted on Fig. 2 and labeled in the same way (i.e., 
curve A in Fig. 2 corresponds to hE1 : 50 mV, curve A 
of Fig. 8). Consider .curves A of Fig. 2 and 8. When 
hE2 : 0.0V, then EAu : 0.0V (vs. Ag/AgC1), and 
Ept : +0.05V (is hE1). Since E ~ : 0.78V vs. Ag/ 
AgC1 for Os ( I I I / I I ) ,  the polymer is completely re-  
duced, there are no concentrat ion gradients wi thin  the 
film, and no current  flows. As hE2 increases and EAu 
and Ept both approach E ~ both electrodes become 
capable of dr iving the Os(II)  -> Os(II I )  reaction. 
However, there will always be more oxidized polymer 
at the Pt  electrode than at the Au electrode, because 
hE1 : -F0.05V, and so electrons will flow from Pt to 
Au. The difference in [Os(I I I ) ]  concentrat ion at the 
two electrodes, and hence the current,  will  be greatest 
when (Ept -- E ~ = (E ~ -- EAu), since at E ~ the 
Nernst ian plot (Fig. 2) has the largest gradient.  As 
hE2 becomes yet larger, the current  decreases to zero 
as both Ept and EAu become significantly greater than 
E ~ and the polymer film is completely oxidized. 

Last, consider curves D of Fig. 2 and 8. When hE1 
: 500 mV, following the reasoning for curves A, there 
exists a range of hE2 values between 0.35 and 0.65V, 
for which the film is almost completely oxidized at 
the Pt  electrode and almost completely reduced at 
the Au electrode. Thus, over this entire region the 
l imit ing current  of the polymer  film continues to flow 
from Pt to Au. 

Response t ime ]or the diode-type dev ice . - -The  rate 
at which the current  passing through the diode-type 
devices discussed here changes from near -ze ra  to the 
l imit ing current,  or vice versa, as hE passes the break-  
down potential,  depends on how quickly the osmium 
polymer can be charged to its mixed valent  state. 
Thus, the diode response t ime is influenced by the 
polymer film thickness and the concentrat ion of redox 
sites, since these determine the total quant i ty  of Os 
sites in the polymer, and by the rate at which electron 
diffusion occurs through the polymer as measured by 
the parameter  Dot. 

Figure 9 shows the result  of repeatedly stepping the 
potent ial  difference hE applied to the sandwich-cel l  
a r rangement  of Fig. 3, with a Ag/AgC1 reference elec- 
trode, between 0.0 and + 1V at 5s intervals.  This step- 
ping program crosses the breakdown potential,  as seen 
with reference to Fig. 6. For  each potential  step, there 
is a current  spike of ca. _+0.1 A / c m  -~ (measured by an 
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Fig. 9. Current vs. time plot for the device shown in Fig. 3 with a 
4.7 X 10 - 8  mol/cm 2 poly[Os(bpy)2(vpy)2] 2+ film and an Ag/  
AgCI reference electrode. The potential difference hE across the 
film was repeatedly stepped from 0.0 to + I V  and back (*) at 5s 
intervals. 

oscilloscope) which rapidly decays to either zero or 
il~m, depending upon the applied potent ial  difference. 
The rate a t  which this current  decay occurs and the 
device achieves a stable response should be described 
by the finite diffusion cur ren t - t ime  relat ion (4d) 

oo  

] [ 
(nt)'/* (--1)k exp Dctt 

_ex, L -(k+1)2 2 ]] ] 
D ztt 

This equation allows estimate of the t ime required to 
oxidize or reduce, say 99% of the polymer. For the 
electrode used for Fig. 9, Dot = 1.6 X 10 -9 cme/s as 
evaluated from the l imit ing current.  Taking CT = 1.5 
• 10 -8 mol /cm 3 and d = 3.1 • 10 -5 cm from rT/CT, 
we estimate that the polymer film should be 99% 
charged in ca. ls. This is approximately what  is ex- 
per imenta l ly  observed (Fig. 9). 

(r Dct was ini t ia l ly 5.0 • 10-9 cm2/s for this elec- 
trode, which is in agreement  with results reported else- 
where (9). However, prior to the exper iment  of Fig. 9, 
this electrode had been used extensively in the some- 
what  unstable  Os(I)  and Os(0) states, which caused 
Dct to gradual ly  decrease to 1.6 X 10 -9 cm2/s.) 

An undegraded poly- los  (bpy) 2 (vpy) 2] 2 + film has a 
Os( I I I / I I )  Dct of 5 X 10 -9 cm2/s. If a sandwich de- 
vice could be constructed from this polymer  with a 
film thickness as low as 500A, then by the above anal -  
ysis, it could be charged to 99% in just  10 ms. This is 
a reasonable switching time for a diode device in many  
circumstances, par t icular ly  for electrochromic appli-  
cations which also rely upon electrochemical reac- 
tions (14). 

Stab i l i t y . - -The  stabili ty of the sandwich electrode 
devices discussed in this paper has been quite variable. 
Some individual  electrodes in the mult imicroelectrode 
assembly are stable for hours of cont inual  use, while 
others exhibit  behavior interpretable  as a short be-  
tween the Pt  and Au electrodes after just  one scan 
through the Os( I I I / I I )  redox conduction wave. The 
Os( I I I / I I )  redox activity, observed cyclic vol tam-  
metr ical ly with a film on a Pt  electrode, is also stable 
for many  hours. We believe that the sandwich-elec-  
trode assembly is inherent ly  stable and that instabi l i ty  
where observed is due to nonop t imum construction 
methods. In particular,  other work in this laboratory 
(11) has shown that use of glass ra ther  than Teflon 
for the shroud, and very par t icular  polishing pro-  
cedures, promotes a much lower incidence of short ing 
effects. It  appears that the short ing often occurs on the 
edge of the Pt  microdisks. Additionally,  we have 
identified a n u m b e r  of conditions which promote in -  
s tabi l i ty  dur ing use of the electrode: (i) reduct ion of 
the polymer to Os(I)  or Os(0) causes (eventual ly)  
irreversible damage to the polymer and often pro-  
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duces short ing.  (ii) If  the  poten t ia l  of the  Pt  eIectrode 
is made  too posi t ive (e.g., + 2 V  vs. SSCE),  then shor t -  
ing occurs. (iii)If the e lec t rode  assembly  is a l lowed 
to d ry  and then is reused,  shor t ing  occurs. 

We descr ibe our  most s table  e lect rode assembly  as an 
i l lus t ra t ion  o f  s tab i l i ty  tha t  has been achieved.  This 
electrode,  which in i t ia l ly  demons t ra ted  a l imi t ing cur-  
rent  of 38 m.A/cm 2, was used as a d iode - type  device 
in the  manne r  of Fig. 3 for ca. lh  scanning  ~E be tween  
O.0 and + I V  at  20 or  10O mV/% then as a t r iode - type  
device at  scan rates  f rom 1-1OO mV/s  for ca. lh,  s tored 
under  acetoni t r i le  unused for  lh,  and then as a t r iode-  
type  device for  a fu r the r  2.5h at  a scan ra te  of 1 mV/s .  
T h e r e  then fol lowed 23h of nonuse, ca. lh  of  use as a 
d iode - type  device, 2Oh of  nonuse, and f inal ly measu re -  
ments  of redox  conduct ion of the Os( I )  and Os(0)  
states, dur ing  which i t  shorted.  Dur ing this sequence of 
exper iments ,  into for  O s ( I I I / I I )  redox conduct ion in-  
creased from 38 to 45 m A / c m  2 dur ing  the first 40 min 
of use, and  then  g radua l ly  decreased to 35 m A / c m  ~ jus t  
before  the e lectrode 's  fa ta l i ty .  

Since in prac t ica l  use these devices would  be sub-  
ject  to vol tage  pulses, r a the r  than  l inear  vol tage 
changes, we inves t iga ted  the i r  s t ab i l i ty  when subject  to 
0.0 to + 1V vol tage  pulses wi th  pulse widths  be tween  
5s and 0.1 ms. No evidence for  decreased s tab i l i ty  was 
observed.  
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Electrocatalytic Rate Enhancement of Propylene Epoxidation on 
Porous Silver Electrodes Using a Zirconia Oxygen Pump 
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Department of Chemical Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 

ABSTRACT 

Propylene  epoxidat ion and deep oxidation on porous silver electrodes was studied galvanostatically in the solid electro- 
lyte cell C3H6, C3H60, CO2, H20, 02, AglZrO2(8% Y203)IAg, 02. It was found that when 02- ions are pumped  electrochemically 
to the silver catalyst electrode, the rates o fpropylene  epoxidat ion and oxidation to CO2 increase significantly with simulta- 
neous enhancement  of the selectivity to propylene oxide. The opposite effect is observed upon reversal of the pumping  
voltage. The enhancement  in the rate of epoxidat ion and deep oxidation can exceed the rate of 02- pumping  by  two orders of 
magnitude.  The magni tude of the catalytic rate enhancement  depends on the imposed current, anodic gas composition, and 
catalyst  electrode surface area, and is proport ional  to the pumping  voltage. This new phenomenon is similar to that ob- 
served with ethylene oxidation and appears to be due to formation of a catalytically active surface silver oxide at the anode. 

Stabi l ized  zirconia  sol id  e l ec t ro ly te  cel ls  h a v e  b e e n  
used in recent  years  as oxygen gauges (1), as fuel  ce l l s  
with H2, CO, CH4 (2), and NH3 (3, 4) as the fuel, 
as a means  of measur ing  the oxygen  ac t iv i ty  on w o r k -  
ing meta l  ca ta lys ts  (5, 6), as oxygen  pumps to disso-  
ciate oxygen  conta in ing compounds,  s u c h  as  H20 (7) 
and NO (8, 9), and to enhance the ra te  of  certa in  
cata ly t ic  react ions  such as CO hydrogena t ion  (10). 

I t  was found recen t ly  that  s tabi l ized  zirconia  oxygen 
ion  pumps  can also be used to influence the produc t  

* Electrochemical Society Active Member. 
~Present address: Department of Chemical Engineering, Uni- 

versity of Patras, Patras, Greece. 
Key words: solid electrolyte, propylene oxidation, zirconia 

pump, silver electrode. 

se lec t iv i ty  of cer ta in  ca ta ly t ic  reactions;  a porous  p o l y -  
crys ta l l ine  s i lver  film was used s imul taneous ly  as o n e  
of the electrodes of a s tabi l ized zirconia  oxygen  con- 
cen t ra t ion  cell  and as a ca ta lys t  for  e thy lene  ox ida -  
t ion (11, 12). With  e thy lene  and O2 presen t  at  the  
anode and the cell open-c i rcui ted ,  the s i lver  film acts 
as a r egu la r  ca ta lys t  for  e thy lene  epoxida t ion  (i.e., 
ethylene  oxide format ion)  and deep oxida t ion  (i.e., 
fo rmat ion  of CO2). However ,  i t  was found that  the  
product  se lec t iv i ty  and yie ld  change cons iderab ly  
when  ex te rna l  vol tages are  appl ied  to the cell  a n d  
O 2-  ions are  pumped  to or  f rom the work ing  catalyst .  
I t  was found tha t  the se lec t iv i ty  to e t h y l e n e  o x i d e  
(tools e thy lene  oxide p roduced / too l s  e t h y l e n e  re -  
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acted)  can increase or  decrease by  more than  20% and 
that  the e thylene  oxide  yie ld  (mols e thylene  oxide 
p roduced /mols  e thylene fed to the reactor)  can in-  
crease or decrease by  more than  a factor  of two. These 
phenomena  were  a t t r ibu ted  to the format ion  of a ca ta-  
ly t ica l ly  active surface s i lver  oxide (11, 12). 

In the presen t  communicat ion,  we repor t  on s imi la r  
phenomena  observed  wi th  p ropylene  oxidat ion  on 
porous s i lver  e lectrodes in s tabi l ized zirconia cells. I t  
is shown tha t  the ca ta ly t ic  ac t iv i ty  and se lec t iv i ty  of 
s i lver  for  p ropy lene  oxidat ion  can be modified con- 
s ide rab ly  by  e lec t rochemical  oxygen  pumping.  The re -  
sul ts  are  consis tent  wi th  the surface s i lver  oxide model  
proposed for e thy lene  oxidat ion  (12). 

Experimental 
A schematic  d i ag ram of the appara tus  used in the 

invest igat ion is shown in Fig. 1. I t  consists of a gas 
feed system, a s tabi l ized  zirconia reac tor  cell, and a 
gas analysis  system. 

The reactor  cell shown in Fig. 2 consists of a 1/2 in. 
id 8 mol  percent  (m/o)  Y203 s tabi l ized ZrO~ tube 
closed flat on the one end, ob ta ined  f rom Zircoa Corn-  
ing Glass. The reac tor  volume was 30 cm ~. A porous 
s i lver  ca ta lys t  e lect rode film was deposi ted on the flat 
bo t tom of the zirconia tube b y  coat ing wi th  a th in  
l aye r  of Ag suspension in bu ty l  acetate,  fo l lowed by  
d ry ing  and calcining at  400~ Auger  e lec t ron spec-  

r . . . .  

I F - L  - - J  

I I 
l I 

~, I b V 

L _ _ /  

GC [ ~'V 

Fig. 1. Schematic diagram of the apparatus: (F) calibrated feed 
flowmeters, (RC) reactor cell, (TC) temperature controller, (IR) 
infrared analyzer, (GC) gas chromatograph, (AM) multimeter, (DV) 
differential voltmeter, (G-P) galvanostat-potentiostat, (V) vent. 

l _  
e 

C3H 6 
0 2 (g) / / A g  

~ bt 0 2 -  { ~ ~ - - - Z r O 2 ( 8 % Y 2 0 : 3 )  

) 

Fig. 2. Schematic diagram of the cell reactor 
l 

troscopic analysis  showed that  the resul t ing Ag films 
are  fa i r ly  clean, wi th  only t race impur i t ies  of Na and 
S (6). A s imilar  Ag film was deposi ted on the outside 
bot tom wal l  of the zirconia tube, which was exposed 
to ambient  air.  

Severa l  s tabi l ized zirconia reac tor  cells were  used in 
the course of the p resen t  invest igat ion.  The e lec t ro ly te  
thickness of each cell  was roughly  be tween  150 and 
300 ~m. The cells differed in the surface area  of the  
s i lver  ca ta lys t  electrode.  These areas  were  de te rmined  
by  measur ing  the react ive  oxygen  uptake  of the cat -  
a lys t  Q (reals O2) upon t i t ra t ion  wi th  e thylene,  as de -  
scr ibed in detai l  e lsewhere  (6). The surface areas  of  
the ca ta lys t  e lectrodes used in the presen t  inves t iga-  
t ion are  given in Table I. 

Af te r  an induct ion per iod which las ted approx i -  
ma te ly  48h for each new catalyst ,  the ca ta lys t  e lect rode 
open-c i rcu i t  act ivi t ies  and select ivi t ies  r emained  con- 
s tant  ( •  2%) for severa l  weeks  (12). Al l  the da ta  
repor ted  here,  inc luding surface areas, were  obta ined 
af ter  the t e rmina t ion  of the induct ion period.  

The reactants  were  certified s tandards  of p ropy lene  
di luted in N2 and Matheson ze ro -grade  air. They could 
be fu r the r  d i lu ted  in N2, in o rde r  to main ta in  the 
pa r t i a l  pressure  of e thy lene  or  oxygen constant  dur ing  
the exper iments .  Reactants  and products  were  ana -  
lyzed by  on- l ine  gas chromatography .  A Po ra pak  Q 
column was used to separa te  air, p ropylene ,  carbon 
d~oxide, and p ropy lene  oxide;  a molecular  s ieve 5A 
column was used to separa te  oxygen and ni trogen.  The 
concentra t ion of CO2 in the reac tan t  effluent s t ream 
was also moni to red  cont inuously  by  means  of a Beck-  
man  864 In f r a red  Analyzer .  

Constant  cu r ren t  o r  vol tage  across the cell  was ap -  
pl ied by  means  of a AMEL 549 po ten t ios t a t -ga lvano-  
stat.  The vol tage drop across the  cell  was moni tored  
with  a J. F luke  891 A different ia l  vol tmeter .  Cur ren t  
was measured  by  a J. F luke  8040 A mul t imeter .  
F u r t h e r  expe r imen ta l  detai ls  a re  g iven in  Ref. (11, 12). 

Results 
Close agreement  was observed  ( •  b e t w e e n  

measured  and theore t ica l  EMF values  when  02, N2, 
or  He mix tures  of known  Po~ were  fed th rough  the 
zirconia cell  reactor.  This verif ied the  pure  ionic con- 
duc t iv i ty  of the solid e lectrolyte .  When  p ropy lene -  
oxygen mix tu res  a re  fed th rough  the reactor ,  the  o p e n -  
c i rcu i t  EMF E, which reflects the oxygen  ac t iv i ty  an 2 
on the ca ta lys t  (5, 6) according to 

E = (RT/4F) In [aoS/(0.21) ] [1] 

t a k e s  values  be tween  --10 and --100 mV, indica t ing  
tha t  eo 2 < Po2, because the in t r ins ic  ra te  of oxygen  
adsorpt ion  is comparable  to the ra te  of the s u r f a c e  
oxidat ion  steps (13). 

The e~ect  of oxygen pumping.--The effect of e l e c -  
t r o c h e m i c a l  oxygen pumping  on the ra tes  of p ropy lene  
epoxidat ion  r l  and deep oxidat ion  r2 is shown in Fig. 3. 
At  t ime t < 0 the c i rcui t  is open and the s i lver  ca ta lys t  
e lectrode acts as a regu la r  ca ta lys t  for  p ropy lene  epox-  
idat ion (i.e., conversion to p ropy lene  oxide)  and  deep 
oxida t ion  (i.e., conversion to COe). Since t empe ra tu r e  
(395 ~ • I~ and gas feed composit ion (PPr "~ 2.8" 
10 -8 bar ,  Po2 ~ 0.15 ba r )  are  ma in ta ined  constant ,  the  
ca ta lys t  e lect rode is at  a s teady  s tate  charac ter ized  b y  
TIO ----~ 0 . 0 5 0  " 10 -7  m o l / s  and  rso - -  2.53 �9 10 - 7  m o l / s .  

Table I. Catalyst electrode surface areas 

Reactive oxygen uptake 
Reactor cell Q (real as) 

RC1 4 �9 10 -~ 
RC2 1.5.10T 
RC3 7.6 �9 10-T 
RC4 1.10-t 
RC5 10 �9 10 -T 
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Fig. 3. Transient effect of oxy- 
gen pumping during propyiene 
oxidation. 

At time t = 0, a constant  current  of +200 ~,A is ap-  
plied to the cell. Oxygen ions are pumped to the 
catalyst. This causes a t ransient  increase in  both re-  
action rates. Figure 3 shows that  the relat ive increase 
in rl  is higher  than  the corresponding relative in -  
crease in r2; and thus, the selectivity to propylene ox- 
ide increases. The system reaches a new steady state 
after  approximate ly  30 min. At  t ---- 50 rain, the circuit  
is opened and the catalyst re turns  to its init iaI  s teady 
state, indicat ing the reversibi l i ty  of the phenomenon.  
At t = 100 rain, a constant  current  of --100 ~A is 
applied across the cell, so that  0 2 -  are pumped from 
the catalyst. As a result, both rates decrease and so 
does the selectivity to propylene oxide. Figure 3 shows 
that  when the circuit is opened again, both rates re-  
tu rn  to their  original  s teady-state values rl0 and r20. 

The rate of oxygen transport  through the electrolyte 
Go 2-  can be calculated from the value of the imposed 
current  i (Go =- _-- i/2F gramatom oxygen/s) .  The in-  
crease in  the rate of oxygen consumption due to the 
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increase in the rate of epoxidation and deep oxidation 
dur ing reaction was found to exceed Go 2- by a factor 
as high as 150. This shows that the catalytic properties 
of the silver catalyst electrode are changing subs tan-  
t ially dur ing  oxygen pumping.  

EfIect of current and pumping voltage.--Figures 4 
and 5 show the effect of imposed current  on the final 
s teady-state  increase in  the rates of propylene epoxi-  
dation and deep oxidation for two reactor cells which 
differed in catalyst area. In  both cases, temperature  
and gas phase composition were kept constant  through-  
out the experiments.  It can be seen that  both rates in-  
crease with increasing current  up to 250-300 ~A, above 
which they remain  practically constant. The effect is 
quali tat ively the same for both rates; however, the 
relative increase in the rate of epoxidation rl is much 
larger than  that  in r2; thus, selectivity to propylene 
oxide increases. It can also be seen from Fig. 4 and 5 
that  the relative increases in  rl  and r~ are higher  for 

I I 

T :  390~ 

o:RCI Ppr=O.O052  bar, P 0 2 = 0 . 1 4 5  bar 

[]:RC2 PPr = 0.0014 bar, P02 :  O. 170 bar 

I I l I 
I00 200 300 400 

i , / ~A  

Fig. 4. Steady-state effect of 
current on the rate of propylene 
epoxldutian. 
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Fig. 5. Steady-state effect of ~ ~ 1.05 
current on the rate of propylene 
oxidation to COs. 
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reactor cell RC2 than for RC1. This is due to the higher 
catalyst electrode surface area of RC1 as shown in  
Table I and discussed below. 

Figure 6 shows a typical cell voltage response to a 
galvanostatic step increase in current .  At  t < 0, the 
circuit is open and the cell voltage equals the open- 
circuit EMF E given by the Nernst  equation [1]. At  
t = 0, a constant  cur ren t  of 200 ~A is imposed across 
the reactor cell. The ini t ia l  sharp rise in V at t = 0 
corresponds to the ohmic drop ire, where Rc is the 
ohmic resistance of the solid electrolyte and the elec- 
trodes. The subsequent  gradual  increase AV to a final 
asymptotic value corresponds to formation of surface 
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Fig. 6. Galvanostatlc transient voltage response 

60 

intermediates on the catalyst electrode. A similar  volt-  
age behavior  was observed dur ing  the electrocatalytic 
oxidation of ethylene (12). One can define the pumping  
voltage AV from 

AV = -  V -- E -- ira [2] 

As shown in Fig. 7, the pumping voltage response 
dur ing  a galvanostatic t rans ient  parallels the reaction 
rate response Within the accuracy of the measure-  
ments, both t ransients  are characterized by the same 
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Fig. 7. Galvanostatic transient response of deep oxidation rate 
and cell overvoltage. 
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r e l axa t ion  t ime constant  ~ ,  defined as the t ime re -  
qui red  for  AV or  At1 and At2 to reach  63% of the i r  final 
asymptot ic  values  AVmax, Arl, max, and Ar2, max, respec-  
t ively.  Fu r the rmore ,  as shown in Fig. 8 and Table  II  
for  a g iven reac tor  cell  and for given t empe ra tu r e  and 
gaseous composit ion,  the  s t eady-s t a t e  increase in r e -  
act ion ra tes  (Ari)ma x iS roughly  p ropor t iona l  to the 
s t eady-s t a t e  pumping  vol tage  (AV)max, i.e. 

(~r~) ~ ---- p~(~V) m~ [3] 

The p ropor t iona l i ty  constants  ~i s t rongly  depend  on 
gaseous composi t ion and ca ta lys t  e lec t rode  surface 
area,  as discussed below. 

El~ect o$ surJace area and gaseous composi t ion.-  
Table  II  contains s t eady- s t a t e  da ta  obta ined  f rom five 
different  reactors  RC1, RC2, RC3, RC4, and RC5. Com- 
pa r ing  runs  7 and 9, which  were  obta ined  wi th  a lmost  
ident ica l  pumping  voltage,  t empera ture ,  and  gaseous 
composit ion,  it  can be seen that  the  re la t ive  increase 
in the reac t ion  rates  (Ari/rio) iS inverse ly  p ropor t iona l  
to the  ca ta lys t  e lec t rode  sur face  area.  S imi la r  conclu-  
sions can be reached by  compar ing  runs 2 and 8, which 
were  obta ined  wi th  a lmost  the same gaseous composi-  
tion, t empera tu re ,  and  cur ren t  and comparab le  p u m p -  
ing voltage.  The same behav io r  has been observed du r -  
ing e thy lene  oxida t ion  on s i lver  (11, 12). 

S imi la r  to e thylene  oxidat ion,  the  re la t ive  increase 
in the rates  of epoxida t ion  and deep oxidat ion  at  con- 
s tan t  ca ta lys t  e lect rode surface area,  t empera tu re ,  and 
imposed cur ren t  is roughly  p ropor t iona l  to Po2/PPr. 
This can be seen f rom runs  7 and 8 of Table  H. 

300 4OO 

Fig. 8. Effect of pumping volt- 
age, gaseous composition, and 
catalyst electrode surface area 
on the rates of propylene epoxi- 
dation (i - -  1, C ) )  and deep oxi- 
dation (i - -  2,  I l L  

Figure 8 contains all the steady-state data of Table 
If, obtained with five different reactors, and shows 
that, similarly to ethylene electro-oxidation (12), all 
the data can be adequately described by one single 
expression 

Ari PPr 
�9 Q �9 - ~iAV [4] 

~'io Po2 

where ~, ~2 (i = 1, 2) are constants with a ratio 

~i/~2 ~ 2.5 +__ 0.5. Equation [4] contains as a lirniting 
case Eq. [3], which is valid for constant gaseous com- 
position. 

In view of the fact that over the range of experi- 
mental conditions of the present investigation, rio are 

first order in propylene and zero order in oxygen (13), 
it follows from Eq. [4] that 

Ari = Kio �9 ~i " ATe7 " Po2 [5] 

where Kio are the intrinsic rate constants for propylene 
epoxidation (i = 1) and deep oxidation (i -- 2), re- 
spectively. 

D i s c u s s i o n  

The observed phenomena  show c lea r ly  tha t  t h e  

proper t ies  of the s i lver  ca ta lys t  e lect rode change sig- 
nif icant ly dur ing  e lec t rochemical  oxygen  pumping.  
The increase in the rates  of p ropy lene  epoxida t ion  
and deep oxidat ion  can exceed t h e  ra te  of oxygen 
t r anspor t  th rough  the e lec t ro ly te  by  two orders  of 
magni tude.  The se lec t iv i ty  also changes considerably.  
I t  can be easi ly  shown tha t  the e lec t ro ly te  t e m p e r a t u r e  

Table  I I .  Effect of  surface area and gas composition on the reaction rates enhancement 

E l e c t r o d e  
surface area 
R e a c t i v e  Os P u m p i n g  

R e a c t o r  PPr P o  2 u p t a k e  Q C u r r e n t  v o l t a g e  AV 
c e l l  b a r  b a r  ( m o l  O~) (#~A) V 

I n t r i n s i c  
I n t r i n s i c  r a t e  s e l e c t i v i t y  S e l e c t i v i t y  

A~I A~'2 1~10 r l  T e m p e r -  
r~o r~o . . . . . . . .  10~ - -  �9 10 ~ a t u r e  

-mol C~Ho/s -mol C3Ho/s ~'io v~o ~ho + rso vl .4- r~ *C 

R C 1  0.0052 0.145 4 �9 10-~ 100 0 .18 
R C 1  0.0052 0.145 4 �9 10 -T 200 0.39 
R C 1  0.0052 0 .145 4 �9 10-7 300  0.42 
R C 2  0 .0014 0.170 1.5 " 10-7 100 0.02 
R C 2  0 .0014 0.170 1.5 �9 10-~ 200 0 .04  
RC2 0.0014 0.170 1.5 �9 10-~ 400 0.I 
RC3 0.0088 0.095 7.6 - 10-7 200 0 .25  
R C 3  0.0046 0.145 7.6 �9 10-7 200 0.31 
R C 4  0 .0094 0 .09 1 �9 10 -7 150 0 .25 
R C 5  0.0028 0.15 10 - 10-7 200  0 .32 
RL-~ 0.0028 0.15 l 0  �9 10 -7 - 1 0 0  --0.20 

5.8 - 10-'  1.8 �9 10-~ 0.13 0.06 3.3 390 
5.8 - 10 -9 1.8 �9 10 -7 0.22 0.1 3.1 3.45 390 
5.8 . 10- 9 1.8 �9 10 -7 0.23 0.1 3.5 390 
0.6 �9 10 -9 0.19 �9 10 -7 0.22 0.06 3.5 400 
0.6 " 10-  g 0.19 �9 10-  7 0 .39 0.1 3.0 3 .85 400 
0.6 - 10 -9 0.19 �9 I0-~ 0.45 0.11 4.0 400 
10 - 10 -8 5.8 �9 10 -7 0.03 0.01 1.7 1.78 395 
6 �9 10-  ~ 3.1 �9 10- '  0.11 0.03 1.9 2.1 395  
1.7 �9 10-g 0.8 �9 10 -7 0.20 0.11 2.1 2 .25  390  
5 �9 10, -9 2 .5  �9 10-  7 0 .15 0 .045 2 .16 390 
5 �9 10- '  2 .6  �9 10 -  v - - 0 . 1  - - 0 . 03  2 .0  1 .82  390 
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cannot  rise local ly  more  than 2 K at  most, due to i2Rc 
hea t  genera ted  dur ing  oxygen  pumping.  This was also 
shown by measur ing  the t empera tu re  of the e lec t ro ly te  
at  a dis tance of 1 mm from the two electrodes and ob-  
serving no measurab le  t empera tu re  rise dur ing  p u m p -  
ing. The absence of local ca ta lys t  hea t ing  due to 
oxygen pumping  is also demons t ra ted  by  the fact  tha t  
upon revers ing the direct ion of pumping,  both  r l  and rs 
decrease  (Fig. 3). 

In te rna l  and ex te rna l  gas phase diffusional l imi t a -  
t ions at  the porous s i lver  ca ta lys t  e lectrode have been 
shown to be to ta l ly  negl igible  under  the condit ions 
of these exper iments  (6, 13). Therefore,  i t  can be 
safe ly  concluded tha t  i t  is the  in t r ins ic  p roper t ies  of 
the s i lver  ca ta lys t  which change dur ing  e lec t rochemi-  
cal oxygen pumping.  

When  oxygen  is pumped  to the catalyst ,  the oxygen  
ac t iv i ty  of the ca ta lys t  e lect rode increases d r a m a t i -  
cally. Thus, i t  becomes possible to at  least  p a r t l y  oxi -  
dize the  s i lver  ca ta lys t  electrode.  In  previous  com- 
municat ions  re la ted  to e thy lene  e lec t ro-oxidat ion ,  i t  
has been shown tha t  the phenomenon involves surface 
ra the r  than  bu lk  oxidat ion  of the s i lver  crys ta l l i tes  
(11, 12). The expe r imen ta l l y  observed re laxa t ion  t ime 
constants  of the presen t  invest igat ion show conclu- 
s ively tha t  this is also the  case dur ing  p ropy lene  oxi -  
dat ion:  the polycrys ta l l ine  Ag films used could typ i -  
ca l ly  adsorb 6 . 1 0  -v  mol  O2 (Table  I ) .  Typical  cur -  
rents  employed  in the presen t  s tudy  dur ing  the ga l -  
vanosta t ic  t ransients  were  of o rder  100 ~A, cor respond-  
ing to 2 .6 .10  -1~ tool O J s  t r anspor ted  th rough  the 
electrolyte .  Thus, the t ime requ i red  to fu l ly  cover  the 
s i lver  surface wi th  surface oxide is of o rde r  36 rain 
in good ag reemen t  wi th  the expe r imen ta l  r e l axa t ion  
t imes (Fig. 3, 6, 7). Bulk oxida t ion  of the s i lver  ca ta-  
lys t  would  requi re  app rox ima te ly  2 . 1 0  -4  tool Oz. 
Wi th  i = 100 ~A, this would  correspond to re laxa t ion  
t ime constants  of about  50h. I t  therefore  fol lows tha t  
the  observed  phenomenon is re la ted  to surface ox ida -  
t ion of the  s i lver  crystal l i tes .  

The observat ion  tha t  the t rans ient  ra te  changes pa r -  
a'llel the t rans ien t  overvol tage  behav ior  (Fig. 7) 
s t rong ly  suggests tha t  the increase or  decrease in the 
ra tes  is caused by  a corresponding increase  or de-  
crease in the surface concentra t ion of an adsorbed  
oxygen  species or  surface s i lver  oxide. This is fu r the r  
cor robora ted  by  the s t r ik ing  s imi la r i ty  in the effect of 
oxygen  pumping  dur ing  e thylene  (11, 12) and p rop -  
ylene oxida t ion  on s i lver  ca ta lys t  electrodes.  

There  is previous  evidence in the l i t e ra tu re  for  the  
exis tence of surface s i lve r  oxides,  including the work  
of Seo and Sato (14) who observed  a continuous exo-  
e lect ron emission f rom si lver  catalysts  dur ing  e thylene  
epoxidat ion,  which was p ropor t iona l  to the ra te  of 
epoxidat ion.  They exp la ined  the i r  resul ts  in  terms of 
format ion  of surface s i lver  oxide Ag20 wi th  molecu la r  
oxygen  ion O~- adsorbed  on it. This proposed  p ic ture  
seems to be in excel len t  ag reemen t  wi th  the presen t  
results,  i.e., w i th  

~r~ : K~o �9 ~ �9 (~V)Po~ [5] 

if  the change in the amount  of surface s i lver  oxide is 
p ropor t iona l  to AV and the coverage of molecu la r  oxy-  
gen adsorbed  on the oxide is p ropor t iona l  to Po2, or  at 
least  if the rates of epoxida t ion  and combust ion on the 
s i lver  oxide  are  first o rder  in oxygen.  

Q~antitative kinetics.--In previous  communicat ions  
(11, 12), we have  denoted the surface oxygen species 
formed dur ing  oxygen  pumping  b y  AgOg* and its sur -  
face concentra t ion by  c (mol /cm2) .  The re la t ionship  
be tween  Ac and the pumping  vol tage AV can be es tab-  
l i shed by  the fol lowing analysis.  Neglec t ing  the double  
l aye r  capaci tance of the e l ec t rode-e lec t ro ly te  interface,  
one can spl i t  the constant  cur ren t  i imposed dur ing  a 
galvanosta t ic  t rans ient  in two par t s  (15) 

d(AV) 
i : Cad - -  + iCTR [6] 

dt 

where iCTR is the current corresponding to the charge 
transfer reactions, i.e. 

O ~- -{- C~Hs ~ products -l- 2e- 

0 2- --> Yz Ch(g) -{- 2e- 

and Cad is the adsorption pseudocapacitance of the ox- 
ide, which by definition equals (15) 

dq d (Sc )  
Cad : - -  : ~-oAF [7] 

dV d (AV) 

where  S is the surface area  of the ca ta lys t  electrode,  q 
is the charge s tored  in the oxide, A is the e lec t ro ly te  
surface area, and ),o a constant.  Xo depends  on the gas-  
e lec t rode-e lec t ro ly te  in ter l ine  "area"  pe r  uni t  e lec t ro-  
lyte  a rea  and depends  solely on the ca ta lys t  porosi ty.  
Since al l  the e lectrodes used in the p resen t  inves t iga-  
t ion were  p repa red  by  the same calcinat ion procedure ,  
i t  is reasonable  to assume they  al l  had s imi lar  poros i -  
ties and thus, s imi lar  values of ~.o. 

The expe r imen ta l  observat ions  can be exp la ined  
quan t i t a t ive ly  by making  the fol lowing assumptions.  
(i) The oxide  pseudocapaci tance Cad is constant,  in 
which case, Eq. [7] becomes 

Cad 
~(Sc) = ~V [8] 

XoAF 

(ii) The changes Ari in the rates  of p ropy lene  epoxida-  
t ion r l  and deep oxidat ion  r~ are  p ropor t iona l  to the 
change in the mols of AGO2*. Both rates  are  first 
o rder  in oxygen.  

~ri = Ki �9 Pod �9 ~ (Sc)  [9] 

F rom Eq. [8] and  [9], one obtains  

hri : Ki Cad (AV)Po2 [10] 
~oAF 

which coincides wi th  the expe r imen ta l  Eq. [5] and  
wi th  

Kt Cad 
a i  = [ii] 

Kio ~oAF 

It  should be noted that  according to Eq. [10], At1 
and ~r~ do not  depend  on the e lec t rode  surface area.  
Final ly ,  to expla in  the dependence  of Ari/rio on AV and 
gas phase composition, one can assume tha t  the oxide 
forms on Ag sites which are  inact ive for react ion and 
take  into account that  at t empera tu res  above 350~ 
and under  open-c i rcu i t  condit ions both rl0 and r20 are  
first o rder  in p ropy lene  and zero o rde r  in oxygen  (13) 

rio : Kio �9 Q �9 PPr [12] 

This las t  equat ion is not  inconsis tent  wi th  the h y -  
pothesis  tha t  the rates  on AGO2* are  first o rde r  in 
oxygen,  to the  ex ten t  that  the  surface concentra t ion 
of AgOg* is smal l  under  open-c i rcu i t  conditions.  

Combining Eq. [10]-[12], one obtains  the expe r i -  
men ta l  Eq. [4]. Equat ion [4] shows tha t  for  g iven 
gaseous composit ion and pumping  voltage,  the re la t ive  
increase in the rates  of epoxida t ion  and deep ox ida -  
t ion are inverse ly  p ropor t iona l  to the surface area  Q 
of the ca ta lys t  electrode.  This is because the in t r ins ic  
rates  rio a re  p ropor t iona l  to Q, whi le  the ra te  enhance-  
ment  Ari caused b y  oxide format ion  does not  depend  
on Q. 

In summary,  the effect of oxygen pumping  dur ing  
p ropy lene  oxidat ion  on si lver  is qua l i t a t ive ly  ident ica l  
wi th  the effect dur ing  e thy lene  oxida t ion  (11, 12). This 
corrobora tes  the proposi t ion that  the ra te  enhance-  
men t  is caused in both cases by  surface  oxida t ion  of 
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the s i lver  ca ta lys t  electrode.  The use of in situ surface 
science techniques should prove  ve ry  useful  for the  
e lucidat ion of the e x a c t  na ture  of this surface oxide. 
Al though  the exact  form of the sur face  s i lver  oxide 
is not  ye t  known, the proposed macroscopic model  
can adequa te ly  exp la in  al l  the expe r imen ta l  observa-  
tions. 

We note that ,  a l though zirconia oxygen pumps  have 
been known to d rama t i ca l l y  enhance the ra te  of cer -  
ta in reactions,  such as NO decomposi t ion (8) and CO 
hydrogena t ion  (10), e thy lene  and p ropy lene  oxida t ion  
o n  s i lver  are  the first known react ions where  oxygen  
pumping  has been shown to cause a change in produc t  
selectivi ty.  
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Technica  Notes 

Calorimetric Determination of the Heat Generation Rate of Sodium- 
Sulfur Cells during Discharge and Charge 

Reinhard Knoedler* 
Brown, Boveri & Cie AG, Central Research Laboratory, Heidelberg, Germany 

High t e m p e r a t u r e  sod ium-su l fu r  ba t t e r i e s  (be ta -  
ba t te r ies )  a re  be ing  deve loped  for  e lectr ic  vehicle  
propuls ion  and load level ing applicat ions.  As with  a l l  
b a t t e ry  systems, hea t  is d iss ipated dur ing  opera t ion  
d u e  to i r r evers ib le  polar iza t ion  losses. I t  is impor t an t  
to k n o w  the  ra te  of this hea t  genera t ion  as prec ise ly  as 
possible,  because these da ta  are  vi ta l  for  the  design 
of the cooling equipment .  Measurements  of this k ind  
were  pe r fo rmed  a l r eady  for  the high t empe ra tu r e  
LiA1/FeS sys tem (1, 2). I t  tu rned  out  that,  because of 
the  chemis t ry  of this system, there  is an a lmost  con- 
s tant  ra te  of hea t  diss ipat ion dur ing  discharge.  In  
contrast ,  Na/S-ceUs  are  expected  to show a more  com- 
p lex  behav ior  because dur ing  discharge sodium po ly -  
sulfides of different  composi t ion (Na2Sz wi th  x : 3-5) 
are  genera ted  e lec t rochemica l ly  which cont r ibute  to 
the hea t  genera t ion  ra te  b y  the i r  en t ropy  change.  

In  pr inciple ,  hea t  ra tes  can be de t e rmined  e i ther  by  
the adiabat ic  or  the  i so thermal  method.  In  adiabat ic  
measurements ,  a cell  is ope ra ted  in a furnace  wi th  
g o o d  hea t  insula t ion (vacuum-fo i l )  and low hea t  ca-  
paci ty.  F r o m  the t empe ra tu r e  g rad ien t  and  the  h e a t  
capacity,  the  hea t  genera t ion  ra te  can be ca lcula ted  
(3). This method  is appl icable  only  for  cur rents  of 
g rea te r  than  10-15A, dependen t  on the celI resistance.  
Ano the r  character is t ic  of this method is tha t  the  cells 
can be opera ted  only discontinuously.  This is because 
the  measur ing  t ime is only  a few minutes  and th e  
states of discharge have  therefore  to be changed in a 

* Electrochemical Society Active Member. 

s tepwise  manner .  This is in contras t  to the  i so thermal  
a r r angemen t  (ca lo r imete r ) ,  as wil l  be descr ibed in the  
following, where  measurements  can be car r ied  out  
only  at  cur rents  smal le r  than about  15A and cont inu-  
ous opera t ion  is required.  Thus, i so thermal  measu re -  
ments  wi l l  complete  the da ta  on the the rmal  p rope r -  
t ies of Na/S-ce l l s .  

I so the rmal  measurements  are  genera l ly  pe r fo rmed  
b y  d i rec t ly  de te rmin ing  the hea t  flux f rom the cell  a t  
constant  t empe ra tu r e  (1). The advantage  over  ad i -  
abat ic  measurements  is the cons iderab ly  h igher  ac-  
curacy.  This is due pa r t l y  to the fact  tha t  the  va lue  
of the heat  capaci ty  of the cell, which is not  we l l  
known, is not  needed to obta in  the data. In addit ion,  i t  
is expe r imen ta l ly  easier  to es tabl ish good i so thermal  
condit ions than  good adiabat ic  condit ions (because 
even a vacuum-mul t i fo i l  insula t ion has i ts losses) .  As 
ment ioned  above, i so thermal  measurements  are  useful,  
especial ly  when re la t ive ly  long d i scharge /cha rge  t imes 
are  to be used and continuous opera t ion  is required.  

Experimental Arrangement 
In cont ras t  to p r i smat ic  LiA1/FeS cells (2), w h e r e  

good the rma l  contact  can be obta ined  r a the r  s imply  
by  press ing the cell  be tween  flat plates,  tha t  process 
is more  difficult wi th  cyl indr ica l  N a / S  cells. Therefore,  
each N a / S  cell  has to be fitted ind iv idua l ly  into a cy-  
l ind r i ca l ly  shaped ca lor imete r  in o rde r  to provide  a 
good the rmal  contact.  F igure  1 shows the p r inc ipa l  
fea tures  of the calor imeter ,  which was d e s i g n e d  a n d  
bui l t  for  the measurement s  descr ibed below. 
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Fig. 1. Schematic for the calorimeter for the determination of 

heat-generation rates of cylindrical Na/S cells. 

The cell  is contained inside a furnace  consisting of 
two concentr ic  heaters,  H1 and H2. Both are  made of 
two a luminum ha l f -cy l inders  each. Af t e r  fixing the 
hea t ing  wire  on the outside of one ha l f -cy l inder ,  the 
o ther  is hea t - sh r inked  unto it, thus giving min ima l  
hea t - t r ans fe r  resistance.  Between H1 and H2, a 2.5 
m m  air  gap is provided,  which al lows the main tenance  
of a constant  t empera tu re  gradient .  A t  the top and the 
bot tom of the cell, t he rma l  insulat ion and addi t ional  
hea ters  are placed.  This ensures tha t  a lmost  a l l  the  
hea t  genera ted  dur ing  discharge leaves through the 
cell  wal l  and thus can be de te rmined .  Al l  l ead  wires  

which are coming f rom the cell  (current ,  voltage,  3 
Pt-100 resistance the rmometers )  are  contacted the r -  
ma l ly  to H2-in order  to p reven t  heat  losses. Measure -  
ments  of ver t ica l  t empera tu re  d is t r ibut ion  showed 
that  AT is wel l  be low I~ This indicates  tha t  indeed 
the heat  loss through the wire  leads is negligible.  

The cells which were  tested were  taken  f rom a 
s tandard  series (4). They were  about  23 cm long and 
3.6 cm in diam. Their  capaci ty  was about  44 Ah, and 
thei r  dc resistance at  the beginning of discharge about  
15 m~. Dur ing  discharge this value  increased a few 
mil l iohms.  Al l  measurements  were  car r ied  out  a t  
340~ 

Principle of Operation 
With  the a r r angemen t  descr ibed above, the h e a t  

flux f rom the cell  dur ing  discharge or  charge can be 
measured  direct ly.  This is done by  main ta in ing  a con- 
s tant  t empera tu re  grad ien t  AT be tween  H1 and H2, 
thus fixing the hea t  flux be tween  H1 and H2 to a con- 
s tant  value,  independent  of the hea t -genera t ion  ra te  
Qz of the cell. Therefore,  if Q1 is the power  ou tput  of 
the  hea te r  H1 

Q1 + 6 ,  = const = 610 [1] 

Q10 denotes the power  output  of H1 when the cell  
is not  being operated.  The heat=generat ion ra te  of the 
cell  can then be obta ined  by  recording the difference 
be tween  the power  ou tput  of H1 wi th  and wi thout  cell  
opera t ion  

At  discharge currents  of ~ 15A, m a x i m u m  values  of Qz 
of about  15W have to be expected.  Therefore,  Q10 mus t  
be a l i t t le  h igher  than  this value in o rde r  to be able  
to sat isfy  Eq. [2]. However ,  the value  should not be 
too high, because this would decrease the accuracy.  
For  the same reason, the t empera tu re  difference AT 
should be as low as possible, say about  10~ As a con- 
sequence, the a i r  gap (2.5 mm)  be tween H1 and H2 
was designed to yie ld  a value of the coefficient of the 
hea t  t ransfe r  of about  1.5 W/~ Exper imenta l ly ,  a 
value  of 1.1 W/~ which is nea r  the designed one, was 
obtained.  

Measurements  were  usua l ly  car r ied  out  a t  AT --  8 ~ 
15~ depending  on the d i scharge /charge  current .  
Af te r  t empera tu re  equ i l ib r ium was established,  the  
cell was d ischarged or charged continuously.  Due to 
the hea t  genera ted  by  the cell, the cont ro l le r  of h e a t e r  

Rg. 2. Measurement of the 
heat-generation rate of a dummy 
cell. Power output of dummy 
Increased stepwise. 
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Fig. 3. Heat generation rate 
of a Na/S cell during discharge 
with different currents. 

HI adjusts  the  hea t ing  power  to a lower  va lue  in o rde r  
to keep aT constant.  The difference in hea t ing  power  
is, according to Eq. [2], d i rec t ly  the  hea t -gene ra t ion  
ra te  of the  cell. The contro l ler  of hea te r  H1 al lows the 
t empe ra tu r e  difference to rise severa l  tenths  of a de-  
gree dur ing  the discharge cycle. This smal l  e r ro r  was 
correc ted  by  adding  1.1W per  ~ to the measured  ~z 
value.  The accuracy  of the  measurements  was es t i -  
ma ted  to be __. 0.1W. 

Before tes t ing N a / S  cells, a d u m m y  cell  wi th  a s imi-  
l a r  hea t  capaci ty  and of a s imi lar  size was opera ted  in 
the ca lor imete r  in o rde r  to test  the genera l  pe r fo rm-  
ance. F igure  2 shows the behav ior  of this d u m m y  cell  
when its hea t ing  power  is increased in severa l  s teps up 
to 15.3W. I t  can be seen tha t  the measured  values  are  
in good ag reemen t  wi th  those prese t  at  the dummy.  
The t ime needed  for es tabl ishing equ i l ib r ium tu rned  
out  to be about  10 min. This is why  it  is not  possible 
to discharge the cell  in less than  about  3-4h, which 

= / ,  
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~6 3 cu 

i _  

,- 1'0 

-1 

-2 

-3 

means  cur ren ts  of 11-15A. If  h igher  cur rents  a re  ap- 
plied, the ca lor imeter  is too slow to fol low rap id  
changes in the hea t -gene ra t ion  rate,  which indeed are  
being observed in N a / S  cells (see, e.g., Fig. 3). 

Results 
In  Fig. 3, the hea t -gene ra t ion  ra te  of a cell  dur ing  

discharge is shown for different  opera t ing  currents .  
The OCV, which is also included in the figure, ind i -  
cates the t rans i t ion  be tween  the two-phase  and the 
one-phase  region as i t  could be der ived  f rom the cell  
vol tage at low discharge currents .  The OCV reaches 
a value of 1.78V at about  40 A h  s ta te  of discharge.  
This vol tage corresponds to a composit ion of Na2S3. 
According to the phase  d i ag ram (5), d ischarging be-  
yond this value  at 340~ is possible unt i l  a composi t ion 
of about  Na282.7 is reached.  In  the p resen t  case, this 
means  a state of discharge of about  45 Ah  (i.e., 90% 
ut i l iza t ion) .  Beyond this value,  the  cell  is "overdis- 
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Fig. 4. Heat generation rate of 
a Na/S cell during charge with 
different currents. 
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charged," which is accompanied by formation of solid 
Na2S2. Figure 3 shows that in the two-phase region 
there is a continuous increase in the heat-generation 
rate. In the middle part of the one-phase region, there 
is a plateaulike shallow minimum. Near the end of 
discharge, a sharp rise takes place, and (most pro- 
nounced for the smaller currents) a discontinuity is 
observed at a state of discharge where formation of 
solid Na2S2 can be expected. It should be pointed out 
that the transition from the two-phase to the one- 
phase region which can be seen in the OCV does not 
coincide with the corresponding transition in the heat- 
generation rate. 

Figure 4 shows the heat-generation rate during 
charging with two different currents. Due to entropy 
effects, the cell takes up heat from the environment 
when in the far discharged state. Corresponding to the 
discharging behavior, a shallow minimum is observed 
in the one-phase region. Near the fully charged state, 
the heat-generation rate increases strongly because of 
the increase in cell resistance. As expected, the values 

are considerably smaller than during discharge with 
the same currents. 

Discussion 
The heat generation rate ~ in electrochemical cells 

can be expressed as (3) 

dE 
{~ : I ( ~ -T- T --~--)  [3] 

where I is the current, ~ the polarization, and T dE/dT 
the entropy term. T is the absolute temperature and 
dE/dT the temperature dependence of the open-circuit 
voltage. The minus sign is to be applied for discharge, 
the plus sign for charge. If only resistance polarization 
is taken into account, then ~1 = IRz where Rz is the de 
resistance of the cell. Equation [3] can then be trans- 
formed to 

Q dE 
- -  = I R z  ~ T [4] 
I dT 

Figure 5 shows a plot of Q/I vs. I for different states 

Fig. 6. Resistance of a Na/S 
cell as a function of the state of 
discharge. 
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Fig. 7. Entropy term as a func- 
tion of the state of discharge 
for different modes of operation. 

of discharge and shows tha t  Eq. [4] is indeed valid.  
F r o m  the Y-axis  in te rcept  at  I ---= 0, the en t ropy  te rm 
can be obtained,  and f rom the slope of the s t ra igh t  
l ines the cell  resistance.  In  Fig. 6 the cell  resis tance 
ob ta ined  in this manne r  is p lo t ted  toge ther  wi th  the 
dc resis tance (at  cur rents  beyond l l A )  f rom direct  
e lectr ic  measurements .  I t  can be seen tha t  a m a x i m u m  
occurs at  the t rans i t ion  be tween  the two-phase  and 
the one-phase  region and tha t  a t  the end of discharge 
the  res is tance rises. The two curves  are  in good agree -  
ment  wi th in  measur ing  accuracy.  A plot  of the en t ropy  
term,  as ex t rac ted  f rom Fig. 5, using Eq. [4] is shown 
in Fig. 7. There  is a m a x i m u m  at the  end of discharge,  
fol lowed by  a m i n i m u m  and a s teep increase.  The en-  
t ropy  t e rm  as obta ined  from the charge exper iments  
can be seen to be c lear ly  different  f rom that.  This 
suggests  that ,  especia l ly  in the one-phase  region,  equi -  

30 
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l ib r ium was not  reached.  In  contras t  to this, the en-  
t ropy  measured  dur ing  a s tepwise ( severa l -hours  
wai t )  opera t ion  manne r  (3) showed no difference be-  
tween charging and discharging.  In  this case, the 
m a x i m u m  Qccurred in an ear l ie r  s tate of discharge,  
namely,  in the t rans i t ion  region be tween  the one-phase  
and the two-phase  region, and its magni tude  is h igher  
than  in the continuous mode. Al l  these facts show a 
considerable  dependence  on the mode of operat ion,  
and this has to be taken  into account  when  the rma l  
managemen t  is being considered.  

With  the da ta  obta ined f rom the measurement s  de -  
scr ibed above, it  is possible to obta in  the  overa l l  t he r -  
mal  energy  Qe which is d iss ipated dur ing  a complete  
cell  discharge or charge.  F igure  8 shows the resul t  
of an in tegra t ion  of the hea t -gene ra t ion  ra te  as i t  is 
shown in Fig. 3 and 4 up to 44 Ah. Qe can also be cal -  
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Fig. 8. Overall thermal energy 
dissipated during a full charge 
or discharge as function of the 
current. 
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cula ted  by  

qe _~ Qdt _~ C I Rz dD -?- T --d-T-riD 

[5] 

where  D is the s ta te  of discharge,  going f rom 0 to 1, 
and C the capaci ty  of the cell  (44 Ah) .  Therefore ,  f rom 
the slope of the s t ra igh t  l ines in Fig. 8, the average  
resistance can be ob ta ined  and f rom the Y-axis  in-  
te rcept  the average  en t ropy  term. According to this, 
even at  cur rents  approaching  zero, a finite value  of the 
t he rma l  energy  of about  4 Wh wil l  be diss ipated inde-  
penden t  of the cell  resistance.  In  Fig. 8, the  da ta  for  
two cell types  wi th  different  resis tances are  plot ted.  
E x t r a p o l a t i o n  of both  l ines y ie ld  the same Y-axis  
intercept .  In  the charging mode there  is hea t  d iss ipa-  
t ion only wi th  currents  g rea te r  than  5A; be low this 
value  hea t  is t aken  up f rom the environment .  

Conclusion 
Data  have been presen ted  which  are  necessary  for 

t he rma l  managemen t  purposes,  especia l ly  the design of 
cooling equipment .  I t  has been shown that  the hea t -  
genera t ion  ra te  dur ing  discharge depends  on the mode 
of operat ion.  When  d ischarged s tepwise,  a shal low 
m a x i m u m  in the  hea t -gene ra t i on  rate occurs at  the  

t rans i t ion  f rom the one-phase  to the two-phase  region.  
In  the case of a continuous discharge,  this  m a x i m u m  
is being shif ted to the one-phase  region.  This behav io r  
shows that  the equi l ib ra t ion  in N a / S  cells takes  con- 
s iderable  t ime, especia l ly  in the  one-phase  region. 
This mus t  be t aken  into account in t he rma l  manage -  
men t  considerat ions.  
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Effect of Surface Modification on Subbandgap Response of n-lnP 
Photoelectrodes 

D. N. Bose, Y. Ramprakash, and S. Basu 
Materials Science Centre, Indian Institute of Technology, Kharagpur, India 

S u b b a n d g a p  response  has been shown b y  But le r  to 
be a sensi t ive indica tor  of the na tu re  of the  surfaces 
of GaP and SrTiO~ photoelect rodes  (1, 2). In  pa r t i cu -  
lar,  mechanica l  damage  and cathodic aging were  found 
to enhance the subbandgap  response.  In  this paper ,  
we demons t ra te  tha t  surface modificat ion of InP by  
Ru ions diminishes subbandgap  response due to re -  
movat  of surfa,ce s ta tes  f rom the bandgap ,  as pos tu-  
la ted  by  Parkinson,  Heller ,  and Mil le r  (3) for the case 
of n -GaAs .  H e a t - t r e a t m e n t  of InP and anodic dis-  
solut ion both lead  to enhanced subbandgap  response. 
These resul ts  are  cor re la ted  wi th  the increase in flat-  
band  poten t ia l  due to Ru modification as demons t ra ted  
f rom C-V characteris t ics ,  and also wi th  significant 
changes in  the  na tu re  of the  t rans ient  response. 

Experimental 
n - I n P  samples  were  single crysta ls  obta ined  f rom 

Metals  Research,  England,  Sn -doped  wi th  n = 4.7 X 
10 is cm -~ and of (111) or ientat ion.  Ohmic contacts  
were  made  by  a l loying I n - S n  dots at  400~ for 1 rain 
in a hydrogen  atmosphere .  Surfaces were subsequent ly  
e tched in concent ra ted  HC1 for 15s, whe reby  a b lack  
mat te  surface was obtained.  Specimens were  then  im-  
mersed  in the appropr ia t e  r edox  system, i.e., 0.04M 
Te2- /Te22-  or  [Fe(CN)6]  4 - / ~ -  for  30 min. Af te r  
washing,  they  were  immersed  in a solut ion of 0.01M 
RuCla and 0.1M HNO3 for lh  to accomplish surface  
modification. This was fol lowed by  gentle  washing in 
t r ip le -d i s t i l l ed  water .  

The e lec t rochemical  cell  was a two-e lec t rode  sys tem 
wi th  P t  as a countere lec t rode  and was i l lumina ted  by  
a 1.5 kW tungs ten-ha logen  lamp ad jus ted  to produce  
AM1 i l lumina t ion  at  the  phot0electrode.  High pur i ty  

a rgon was bubb led  th rough  the redox  solut ions in i -  
t ia l ly  and dur ing  exper iments  in the Te2- /Te22-  redox.  
Deta i led  spec t ra l  response of the photoelect rodes  wi th  
and wi thout  Ru modif icat ion was first s tudied  be tween  
0.4 and 1.2 ~m using a J a r r e l l - A s h  monochromator .  The 
s t eady-s t a t e  currents  were  measured  using a Ke i th ley  
160B mul t imete r .  Subsequent ly ,  the subbandgap  r e -  
sponse was s tud ied  using s ing le -c rys t a l  InP  (n : 4.7 • 
10 is cm -3, 0.055 cm thick)  or  Si (n = 9.24 • 10 TM cm -3, 
0.029 cm thick)  as filters wi th  a tungs ten-ha logen  
source. The l ight  beam was chopped by  a PAR 125A 
l ight  chopper  at  84 Hz and the cur ren t  output  mea -  
sured  across a 10 k~% load resistance which was fed to 
a PAR Model  5101 lock- in  amplifier .  The detect ion sen-  
s i t iv i ty  was _+0.1 ~V. The InP and Si filters acted as 
optical  windows with  high energy cutoff at  1.29 and 
1.08 eV, respect ively ,  as es t imated  f rom the i r  absorp-  
t ion spectra.  

Results and Discussion 
Figure  1 shows the pho tocur ren t  response ob ta ined  

using a monochromat ic  beam on n - I n P  specimens 
under  ident ica l  condit ions wi th  and wi thout  Ru modi -  
fication in Te'~-/Te~ 2-  redox electrolyte .  I t  is ev ident  
tha t  the subbandgap  response is d iminished in both 
magni tude  and spec t ra l  ex ten t  by  the modification. 
S imi la r  resul ts  were  also obta ined on n - I n P  crys ta ls  
grown b y  g rad ien t - f r eeze  technique in our  labora tory .  

Subsequent  exper iments  were  car r ied  out  a l t e rna te ly  
wi th  whi te  l ight  fol lowed by  the use of an InP  or  Si  
filter. The rat io  of the  response p rov ided  a method  for 
r a p i d  evalua t ion  of surface  proper t ies .  Table  I indicates  
that  the subbandgap  response decreased on Ru modifi-  
cat ion and tha t  the ra t io  r ema ined  unchanged  when this 
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0.161 , , 
Table II. Effect of heat-treatment on subband response, n-lnP in 

5M NaOH, O.04M Te2- /Te22-  redox (pH - -  10) 
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Fig. 1. Spectral response of n-lnP in Te'~-/Te22- redox, (a) 
without, and (b) with Ru modification. 

electrode was kep t  in the d a r k  for  24h and thereaf te r  
i l lumina ted  for  5h. The decrease  in response with  ful l  
AM1 i l lumina t ion  was due to change in color of the  
r edox  couple and not  to photodissolut ion.  The effect 
of 0.1M HNO3 ni t r ic  acid wi thout  RuC18 was negl igible ,  
as was confirmed by  control  exper iments .  

I t  was found tha t  Ru modification also increased VFB 
(f rom 0.125 to 0.23V), as de te rmined  f rom the C-V 
character is t ics .  S imi la r  results  were  obta ined  with  
n - t y p e  g rad i en t - f r eeze -g rown  InP (n ---- 3.2 X 1017 
c m - 8 ) ,  in which VFB increased f rom 0.24 to 0.44V on 
Ru modification (4). 

Exper imen t s  wi th  [Fe(CN)6]  4 - / 3 -  re dox showed 
that  the  subbandgap  response was la rger  by  almost  
two orders  of magni tude ,  indica t ing  the creat ion of 
surface states wi th in  the bandgap.  The AM1 response 
was also h igher  due to more  efficient hole t ransfer .  Ru 
t r ea tmen t  again  d iminished the subbandgap  response.  
Due to anod~c dissolut ion wi th  this redox  af ter  5h of 
i l luminat ion,  the rat io  of subbandgap  to whi te - l igh t  r e -  
sponse increased by  a factor  of three.  

The dras t ic  effect of h e a t - t r e a t m e n t  on InP  given in  
Table  II  shows tha t  hea t ing  for a shor t  t ime at 500~ in 
argon a tmosphere  has a ha rmfu l  effect on the surface 
proper t ies  due to outdiffusion of phosphorous.  Such 
hea t - t r e a tmen t s  a re  commonly  encountered  in ohmic-  
contact  formation.  Our  method  gives a quick quan t i -  

Table I. n-lnP in 5M NaOH (pH = 10) 

24h after 
Before Just after modifiea- 

modifica, modifica- tion 
tlon tion ( dark ) 

Followed by 
5h by AM1 

i l lumination 

22.0 
20.0 

&0 
200.0 

1.S 
75.0 

White  l ight A 35.0 35.0 22.0 
(mY)  B 60.0 60.0 25.0 

lnP filter A 4.0 3.0 3.0 
(/~V) B 425.0 200.0 240.0 

Si filter A 2.3 1.5 1.5 
(/~V) B 130.0 100.0 90.0 

330~ for 5 rain 3,5.0 55.0 22.0 

As above, followed 35.0 300.0 100.0 
by 500~ for  30s 

ta t ive  es t imate  of surface de te r iora t ion  b y  examin ing  
the subbandgap  response in Te2- /Te22- .  

Final ly ,  t rans ient  response exper iments  were  car r ied  
out (Fig. 2) on unmodified and modified surfaces in 
Te2-/Te~ 2-  redox.  These responses were  s ignif icant ly  
different,  the decrease in response af te r  the ini t ia l  in-  
crease on i l lumina t ion  demons t ra t ing  the  presence of 
localized states wi th in  the bandgap  in unmodified sur -  
faces. These centers  can be considered to be e lect ron 
traps,  as exp la ined  by  Dah lbe rg  and Orr  (5). 

Conclusions 
Subbandgap  response involves the exci ta t ion of car -  

r iers  f rom states  wi th in  the bandgap  e i ther  in the bu lk  
or at the surface to e i ther  band. The var ia t ion  of pho-  
tovoltaic response with  surface t r ea tmen t  shows the 
l a t t e r  is the case. Direct  exci ta t ion from surface s tates  
to e i ther  band is known to have a low probabi l i ty ,  and  
hence a two-s tep  process involving exci ta t ion in the  
bulk,  fol lowed by  charge t ransfe r  to surface s tates  
wi th in  the bandgap,  and f inal ly hole t ransfe r  to the 
redox level  is envisaged.  The subbandgap  response 
demons t ra tes  the decrease  in sur face-s ta te  dens i ty  due 
to Ru ion t r ea tmen t  and increases due to dissolution in 
[Fe(CN)  6] 4 - / 3 -  redox or hea t - t r ea tmen t .  The broad 
s imi la r i ty  of the behavior  wi th  InP and Si filters indi -  
cates that  the surface states ex tend 0.2-0.3 eV wi th in  
the bandedges  but  wi th  decreas ing dens i ty  a w a y  from 
the edges. 

The increase in VFB with  Ru modificat ion is an ind i -  
cation that  F e r m i - l e v e l  p inning due to surface states is 
removed,  whi le  the change in t rans ient  response shows 

-Light off 

f [Light on I f  

1 V/cm L 

2 mslcm 

(a) 

Light off 

lLight on 
(b) 

A: 0.04M Te~-/Te2 - redox. Fig. 2. Transient photovoltaic response (a) without, and (b) with 
B: O.2M [Fe(CN)e]% 0.04M rFe(CN)6] s-. Ru modification. 
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that Ru modification renders these states inactive in 
carrier trapping at the surface. 
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The Microstructures and Growth Rates of FeS on Pure and 
Not-So-Pure Iron 

R. A. McKee and R. E. Druschel 

Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830 

q 
ABSTRACT 

The sulfidation rates of iron to Fel-xs have been measured for three batches of nominally pure iron, and rather 
significant differences in microstructures and growth rates have been observed. The measurements  were made at 700~ 
over the sulfur pressure range of 1-103 Pa as part of a study of the general aspects of the microstructures and growth rates of 
this highly nonstoichiometric sulfide of iron. Apparently due to rather small differences in silicon content, 0-40 ppm, the 
scale microstructure, scale adhesion, and growth rate vary significantly. Silicon that is dissolved as small Fe2SiO4 particles 
in the iron accumulates at the scale/metal interface during the sulfidation reaction causing a layered growth. The overall 
reaction rate is reduced at the lowest pressures, but remains unchanged at higher pressures. 

In many  of the sulfidation studies of iron (1-4), 
comments  about  the microst ructura l  development  of 
FeS have  included descriptions of a layered  growth  
srcale. This layered  scale consists of an inner  layer  of 
equiaxed grains overgrown by an outer  layer  of col- 
umnar  grains. However ,  in recent  work  (5) of our 
own we found that  it is possible to form a single layer,  
columnar  growing,  sulfide scale on iron. We show, in 
wha t  follows, that  these different characterist ics of 
the scale micros t ructure  are due to specimen purity,  
and that  re la t ive ly  minor  levels  of silicon in the i ron 
apparent ly  cause the layer  growth that  has been the 
commonly repor ted  micros t ruc ture  for FeS on iron. 
Moreover ,  we can repor t  that, while significant changes 
do occur in the growth rates, there  is no apparent  in-  
fluence on the a- to c-direct ion growth change with 
pressure. Of the three batches of nominal ly  pure iron 
studied, all exhibi t  the a to c t ransformat ion at the 
same pressure. 

Experimental 
All  measurements  were  made at 700~ and in pure  

sulfur  vapor. The exper imenta l  technique has been 
documented careful ly  in a previous publicat ion (5), 
and no detai led discussion of it wil l  be presented here. 
However ,  since we wish to discuss both qual i ta t ive and 
quant i ta t ive  differences in iron sulfidation rates and 
microstructures,  we ran our exper iments  in the exact  
manne r  that  was previously  reported (5) except  that  
we used all three  batches of mater ia l  as specimens 
s imultaneously mounted  in the apparatus. In this 
study, as before, we used a mul t ispecimen technique 
to determine  react ion rate constants, i.e., each point 
on a react ion rate  curve was obtained f rom a separate 
specimen run for a specific time. This has resulted in 
an unequaled reproducibi l i ty  in react ion rate  data. 

The mater ia ls  we used were  purchased as "Marz 
grade" i ron f rom Materials  Research Corporat ion 
(MRC).  Three  different batches were  purchased, and 
our analyses are reported in Table I. As is clear f rom 
a study of Table I, batch A iron is the purest  and batch 
C is the least pure;  in fact, batch C could even be called 
a dilute alloy. Al though batch C is much less pure  than 
batch A or B, there  is no measurable  difference be-  

Key words:  ahoy,  corrosion~ films, kinet ics .  

tween  the growth rate  and micros t ruc ture  of F e S  
formed on batches B and C, but  a real  dist inction does 
exist be tween batch A and batch B or  C. 

Results and Discussion 
We have invest igated the rate  of react ion for several  

batches of "pure"  iron, and Fig. 1 and Table II give 
comparisons be tween rate data we have obtained as 
well  as data by others. As cited previously  (5), the 
pressure range covered in our  data spans the a- to 
c-direct ion change that  occurs for scale growth in 
this material .  The change in rate that  occurs at ap-  
p rox imate ly  Ps~ = 10 Pa is due to an apparent ly  faster 
rate of diffusion in the c-direct ion than in the a- 
direction of FeS. At sulfur pressures below 10 Pa, the 

Table I. Composition of iron used in sulfidation studies 
(ppm by weight) 

Impurity Batch A Batch B Batch C 

s i  < 3 2  4o 4o 
P 0.2 2o 10 
s 3.0 50 70 
Cr 0.6 5 70 
Mn 0.3 10 10,000 
Co O.l 20 10 
Ni 3.0 6 80 
Ga 20 7 
As  10 40 
Mo 1 4 
Sn 10 
Sb 1 

Table It. Reaction-rate data at 700~ 

Batch A Batch B 

1 0.464 ( ~  0.047) 0.159 ( •  0.055) 
10 1.12 ( •  0.041) 0.754 ( ~  0.077) 

100 2,00 (---0.22) 1.91 (___0.21) 
1000 2.44 (__ 0.32) 2.96 ( •  0.28) 

* kp defined f rom (we ight  of sul fur  gain) 2 ---- kp t, t is  t ime.  
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Fig. 1. Reaction rate data for FeS forming on iron at 700~ 

major growth direction of the scale is along the a- 
direction normal to the iron surlace, and above 10 
Pa a reorientational effect occurs giving only c-direc- 
tion growth. This happens for all of the materials we 
used and, therefore, seems to be only dependent on 
pressure. Similarly, the data obtained illustrate para-  
bolic growth kinetics; Fig. 2 shows data  plotted as 
(thickness of FeS) 2 vs. time, and for the range of 
scale thicknesses studied (as great as 240 ~xn), no 
departure from parabolic kinetics is observed. 

The basic finding that we wish to present and dis- 
cuss is that sulfide scales formed on nominally pure 
iron vary  significantly in microstructures and growth 
rates as a result of apparently minor variations in 
silicon content in the iron. Figures 3 and 4 show ex- 
amples of the microstructures of FeS formed on iron 
at 700~ and 1 Pa sulfur pressure (the reaction was 
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Fig. 2. Scale growth kinetics for FeS forming on botch B or C 
iron at 700~ Parabolic kinetics is illustrated; the maximum scale 
thickness is 240 #m. Each point represents a separate experiment 
on a different specimen. 

Fig. 3. FeS scale en batch A iron, growth at 700~ Ps2 = 1 Pa, 
reaction time 10 rain. The upper portion of the figure shows the 
scale in cross section in polarized light and bright field illumina- 
tion, and the lower portion shows an SEM image of the scale at a 
45 o angle to the surface with a portion of the scale popped off, 
revealing the metal underlayer. 

carried out in pure sulfur vapor).  Figure 3 is the re-  
sult for batch A material, and Fig. 4 is for batches B 
and C (analyses of these materials are given in Table 
I) .  

The lowest silicon content material, batch A, ex- 
hibits sulfidation characteristics that have been fully 
described recently (5), but for comparison here, we 
see columnar growth with compact single-layer crack- 
free grains as opposed to the layered structure for the 
scale formed on batch B, the higher silicon content 
material. The micrographs in Fig. 3 and 4 are polar-  
ized light, bright field, and SEM (scanning electron 
microscopy) images showing the metal and sulfide 
phases. The SEM pictures were taken by first popping 
off a scale segment, then mounting and polishing the 
specimens for the bright field and polarized light 
microscopy. 

The features to note in Fig. 3 and 4 are the grain 
sizes of the columnar segments of the scales, the scale/  
metal interfaces, and the mult i layered scale in Fig. 4. 
In both figures, the outer columnar grains have ap- 
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Fig. 4. FeS scaIe on batch B iron, growth at 700~ Ps2 = 1 Pa, 
reaction time 10 rain. The upper portion of the figure shows the 
scale in cross section in polarized light and bright field illumina- 
tion, and the lower portion shows an SEM image of the scale at a 
45 ~ angle to the surface with a portion of the scale popped off, 
revealing the metal underlayer. 

p r o x i m a t e l y  the  same d iameter ,  and the  or ien ta t iona l  
re la t ion  for  the i r  g rowth  is ident ical .  That  is, the  
gra ins  a re  h igh ly  or iented and grow wi th  the i r  ma jo r  
axis being the a -d i rec t ion  for the hexagonal ,  p y r r h o -  
ti~e, FeS  phase  (5).  This a -d i rec t ion  is no rma l  to the 
me ta l  surface,  and the ind iv idua l  grains are  ro ta ted  
r a n d o m l y  about  this axis. I t  is at  the sca l e /me ta l  
in ter face  that  the  rea l  dis t inct ion in these mate r ia l s  
is made.  The sca le /me ta l  in terface  is r epresen ted  as a 
c lean separa t ion  of the two phases in Fig. 3 for  batch 
A mater ia l ;  the s ca l e  comple te ly  detaches on cooling. 
However ,  the  scale does not  separa te  comple te ly  from 
the me ta l  phase for batch B mater ia l ,  shown in Fig. 4. 
The innermost  l aye r  of the  sulfide remains  a t tached,  
and gross scale separa t ion  tha t  does occur  on cooling 
is at  a b o u n d a r y  be tween  the l aye red  equiaxed grains  
of the sulfide itself. F ina l ly ,  the mul t i l aye r  aspect  of 
scale growth  for  batch B or C ma te r i a l  is i l lus t ra ted  
fu r the r  in Fig. 5. F igu re  5 is a h igher  magnificat ion 
of  the  scale segment  tha t  has cracked off, inver ted,  
and is visible in Fig. 4. This scale segment  shows that  
pores  have  fo rmed  be tween  the layers ,  bu t  i t  also 
i l lus t ra tes  that  the  layers  were  in in t imate  contact  at  
t empera tu re ,  i.e., f rac tu red  surfaces  are  vis ible  at  the  

Fig. 5. Scale segment illustrating details of the layered micro. 
structure. 

separa ted  layers .  We wil l  discuss this fea ture  of the 
micros t ruc ture  in more  deta i l  la ter .  

In  o lder  l i t e ra tu re  (6), it  has been i l lus t ra ted  tha t  
commerc ia l ly  pure  i ron contains fine dispers ions  (1-2 
/~m d i am) ,  and it was suggested that  these par t ic les  
are oxides and sulfides of Fe or Mn and contain si l icon 
as silicates. If  the par t ic les  are s table  in the i ron at  a 
pa r t i cu la r  react ion tempera ture ,  then they  could ac-  
cumula te  at  the s ca l e /me ta l  in ter face  and po ten t ia l ly  
influence the micros t ruc ture  and growth  ra te  of the 
iron sulfide. We have s tudied the meta l  micros t ruc ture  
of the  three  batches of ma te r i a l  that  we used in our  
exper iments ;  they  al l  contain spher i ca l - shaped  pa r -  
ticles. Br ight  field photomicrographs  show the par t ic les  
in batch A to be black or opaque whi le  the par t ic les  
in batches B and C appea r  to be glassy. Elect ron 
microprobe  analysis  indicates tha t  batch A par t ic les  
a re  the  monoxide  of iron, FeO, but  ba tch  B and C 
par t ic les  are  the or thosi l icate  of iron, Fe2SiO4. An  
examina t ion  of wha t  happens  when the FeO or Fe2SiO4 
par t ic les  are  encountered  by  the growing sulfide phase 
is ins t ruct ive  in considering the mic ros t ruc tu ra l  de -  
ve lopment  of FeS on iron. 
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The iron and precipitate particles are primary and 
secondary contributions to scale growth in our ex- 
periments. The primary sulfidation reaction is 

1 
Fe + -~ S2"~ FeS [1] 

and this process occurs by the outward migration of 
iron ions through the sulfide scale with the sulfide 
growth actually occurring at the scale/gas interface. 
The particles, when encountered by the growing Fe- 
FeS front, are secondary contributions to the scale 
growth, but the mechanism for their contribution is 
not so clear. Figure 6 illustrates the metal/scale inter- 
face for batch A and B iron; A in the lower and B in 
the upper micrograph. The spherical-shaped precipi- 
tates are shown in the metal phase in both micro- 
graphs, but they remain distinguishable and have col- 
lected at the Fe/FeS interface in only batch A iron; 
the black area in both micrographs is mounting ma- 
terial. The silicate particles in batch B iron are not 
distinguishable in optical light at the interface, but 
their decomposition at the interface can be detected 
using x-ray imaging methods. Figure 7 shows back- 
scattered electron and Si-K~ x-ray images of the 
interface of batch B iron. The silicate particles are 
visible in the iron, but although a particle can be seen 
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Fig. 7. Back-scattered electron and Si-Ka x-ray images of the 
interface of batch B iron. 

Fig. 6. The metal scale interfaces for batch A and B iron; A in 
the lower and B in the upper micrograph. 

at the interface, a decomposition process has occurred 
leaving the silica to spread along the interface. More- 
over, a map of the oxygen K= line shows a similar 
distribution of oxygen. 

The mechanism for decomposition of either an FeO 
particle or FefSiO4 particle is essentially the same: 
sulfur in the environment reacts with the particle to 
decompose it. However, the decomposition product of 
the silicate particle is the most interesting. The ortho- 
silicate will decompose according to 

S 
FefSiO4 + -~ S2 -* 2FeS n u SOs + SiO9 [2] 

From examinations of the microstructure, the silica 
spreads along the interface between the Fe and FeS 
phases (see Fig. 7), and pore formation in the inner 
equiaxed layers (see Fig. 2 and 3) is likely due to 
the accumulation of SO2 in the scale. This SO2 ac- 
cumulation and a dissociative migration through the 
scale could be analogous to the process of carbon in 
nickel forming CO2 in the scale during nickel oxida- 
tion (7). 

With the experiments that we have done thus far, 
anything past these observations is certainly specula- 
tion. However, it seems clear that the silicate par- 
ticles do decompose leaving silica to spread along the 
interface. The decomposition is very likely according 
to Eq. [2]. A final point in this section relating to 
this secondary contribution to scale growth (decompo- 
sition of the silicate particles) is that it is possible that 
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the  l aye red  scale occurs because of a change in mecha-  
nism of g rowth  in the v ic in i ty  of a par t ic le  at  the 
sca l e /me ta l  interface.  The FeS tha t  is l o rmed  accord-  
ing to Eq. [1] forms at  the sca le /gas  interface,  but  
the  resu l tan t  FeS  that  forms when the par t ic le  de-  
composes, according to Eq. [2] producing  SiOf, SO2, 
and FeS, m a y  be at  the sca le /me ta l  in terface  giving 
rise to the equiaxed inner  layers.  Fu r the r  exper iments  
have been p lanned  and are  in progress  to de te rmine  
the mechanism for par t ic le  decomposi t ion and how it  
re la tes  to the observed scale micros t ructure .  

Conclusion 
We have  shown that  the  commonly  repor ted  micro-  

s t ruc ture  for  FeS  format ion  on i ron is a d i rec t  resu l t  
of sil icon contamina t ion  of the  iron. This silicon effect 
is to reduce the react ion ra te  and a l te r  the micros t ruc-  
ture  f rom ideal  co lumnar  c rack- f ree  scale g r o w t h  to 
a l aye red  micros t ructure .  An  addi t ional  effect that  
has been observed,  but  only  qual i ta t ive ly ,  is tha t  s i l i -  
con improves  the  adherence  proper t ies  of FeS scale 
on i ron b y  leaving  an inner  l ayer  of the scale f i rmly 
a t tached  to the  m e t a l  subst ra te .  
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Ellipsometry Measurements as Direct Evidence of the Drude Model 
for Polycrystalline Electrochromic W03 Films 

David H. Mendelsohn' and Ronald B. Goldner* 

Department of Electrical Engineering, Tufts University, Medford, Massachusetts 02155 

ABSTRACT 

The optical constants of polycrystal l ine electrochromic (EC) tungsten tr ioxide (WOD films, prepared by rf  sputtering, 
were measured by el l ipsometry at three wavelengths: 940,633, and 546 rim. For each wavelength, the optical constants were 
measured at various states of coloration. It is shown that  these measurements  provide direct evidence for the validi ty of the 
free-electron Drude model  (i.e., the reflectivity modulat ion that is observed in polycrystal l ine EC films of WO3 is pr imari ly  
determined by the densi ty  and scattering of the free electrons). 

Elec t rochromic  (EC) mate r ia l s  are  substances for 
which the opt ical  p roper t ies  can be revers ib ly  a l te red  
wi th  the passage of an~electr ical  current .  I t  is wide ly  
accepted tha t  this involves  the in ject ion or ex t rac t ion  of 
e lectrons and charge compensat ing  ions (1). Most of 
the EC research  to date  has been focused on amor -  
phous mate r ia l s  for  d i sp lay  applicat ions.  The in jec ted  
electrons in amorphous  EC mate r ia l s  p redominan t ly  
occupy localized states, and  this leads to a modula t ion  
of the opt ical  absorpt iv i ty .  

We have  been inves t iga t ing  the poss ibi l i ty  of using 
EC mate r i a l s  for control l ing solar  and the rmal  in f ra -  
r ed  ene rgy  t ransfe r  th rough  windows as a means of 
decreas ing hea t ing  and cooling loads in buildings.  
Consequently,  we are  in teres ted  in obta in ing  a modu-  
la ted  ref lect ivi ty  R (~) (~ ---- wave length)  character is t ic .  
This t rans la tes  into the r equ i rement  tha t  the  in jec ted  
electrons occupy p redominan t ly  delocal ized (conduc-  
t i on -band)  states;  and, therefore,  the EC mate r i a l  
should exhib i t  a meta l l ic  [Drude (2, 3)]  behavior .  
Such a r equ i rement  suggests tha t  a crys ta l l ine  or 
po lycrys ta l l ine  s ta te  is des i rable .  Previous  work  by  
Sch i rmer  e t a l .  (4) supports  this view. They pe r fo rmed  
exper iments  on recrys ta! l ized WO3 films that  had  been 
t h e r m a l l y  evapora ted .  The films w e r e  amorphous  in 
the  as -depos i ted  s tate  and  were  recrys ta l l i zed  by  a 
t he rma l  anneal.  Thei r  recrystal~ized films, when deeply  
colored, exhib i ted  a near=inf rared  ref lect ivi ty close to 

* Electrochemical  Society Act ive  Member. 
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35% at 2.5 ~m wavelength .  They were  able to fit thei r  
resul ts  wi th  a Drude  f ree -e lec t ron  model  using an 
ene rgy -dependen t  sca t te r ing  t ime, ~ (E).  

In another  paper  (5), we shal l  r epor t  the resul ts  of 
ref lect ivi ty  measurements  on po lycrys ta l l ine  WO~ films 
p repa red  by  rf  sput te r ing  (for which the 2.5 ~m wave-  
length  reflectance of the films in a deeply  colored state 
was found to exceed 60%).  We l ikewise  have been 
able  to obta in  a Drude  fit to the ref lect ivi ty data.  
El l ipsometr ic  studies were  made  on the same samples  
to provide  a direct  test  for the va l id i ty  of the Drude  
model  by  measur ing  the co lora t ion- induced  var ia t ions  
in the opt ical  constants,  n ( re f rac t ive  index)  and k 
(ext inct ion coefficient) at th ree  wavelengths .  In  this  
paper ,  we wish to repor t  the resul ts  of those s tudies  
and, in par t icu lar ,  that  not  only  did the resul ts  agree  
wi th  the  ref lect ivi ty measurements ,  but, of g rea te r  
importance,  they  provided  direct  proof  of the va l id i ty  
of the  f ree -e lec t ron  Drude  model.  

Experimental 
Polycrys ta l l ine  samples  of WO3 were  p repa red  by  

r f  spu t te r ing  onto a subs t ra te  he ld  at  325 ~ __ 10~ in an 
a tmosphere  of 10% oxygen and 90% argon at  40 mtorr2 
(6). The c rys ta l l in i ty  was de te rmined  by  x - r a y  dif -  
f ract ion measurements  (5). The subs t ra te  was t i n -  
doped indium oxide ( ITO) -coa t ed  glass. 3 

2 The  samples  w e r e  p r e p a r e d  by  Dr.  Tim Rose, EIC Laboratories,  
Newton ,  Massachusetts. 

3 Th e  ITO-coated glass (5 ~2/["] Nesatron) was purchased from 
PPG Industries~ Pittsburgh, Pennsylvania.  
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Measurements  were taken to determine the charac- 
teristics of the ITO and glass. A prism-coupled opti- 
cal waveguide (PCOW) apparatus, s imilar  to that 
used by Tanaka and OhtusKa (8), was used in its 
"substrate mode" to determine that  the glass (n, k) 
- :  (1.5225, 0.00) at 633 nm wavelength,  estimated to 
be nondispersive. Note that  the notat ion used here 
is (n, k) where n is the real part  of the complex re- 
fractive index N and k is the "extinction coefficient," 
such that N : (n -- ik) = n(1  - - iX) ;  ~ is the "at- 
tenuat ion index" (7). PCOW measurements  were 
coupled with ell ipsometry measurements  to determine 
the parameters  of the chemically reduced ITO layer: 
(n, k, d) : (1.16, 0.10, 0.548 ~m) at 940 nm wavelength.  
At 633 nm wavelength,  (n, k, d) = (1.82, 0.01, 0.548 
~m). The ITO parameters  at 546 n m  wavelength were 
estimated to be the same as those at 633 rim. The 
ellipsometric measurements  were made at 546, 633, 
and 940 nm. Estimates of uncer ta in ty  for the ITO fig- 
ures are (Sn, 6k, 8d) = ( _  0.05, _ 0.02, and _+ 0.030 
~m). The step height of monitor  sample of WOz was 
0.560 _ 0.050 ~m as measured on a Sloan profilometer. 
PCOW and ell ipsometry measurements  agreed with 
this value, but  could not reduce the uncer ta inty;  the 
film thickness of the WO3 was a pr incipal  source of 
error in this experiment.  

A bath of (approximately)  1N H2SO4 with 10% 
glycerol (by volume) was used as the ion source/  
electron insulator  for coloration and bleaching of the 
WO8 layer. A counterelectrode of graphite completed 
the cell. The in situ optical densi ty  and reflectivity of 
the sample were monitored as functions of injected 
charge, measured by a crude charge integrat ion cir-  
cuit connected to the cell excitation circuit. Approxi-  
mately  110 mC/cm 2 of injected charge were needed to 
achieve the max imum coloration shown in this data. 
As the charge was injected in steps and relaxat ion 
towards a bleached state occurred between steps, the 
sum of the injected charges was considerably larger 
(approximately 270 mC/cm 2) than the charge needed 
to color a sample direct ly from its bleached state. If 

2 

Fig. I. Optlcal constants of u 
rf  sputtered electrochromic WOs 
films (polycrystalline, 0.56 #m u 
thick) in various coloration 
states, a: 940 nm wavelength, o 
b: 633 nm wavelength, c: 546 
nm wavelength. A, B = bleached 
states. E, F, K = intermediate 
coloration states. G, H = deeply 
colored states. 
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fading (probably oxidation) had not occurred, less 
injected charge would have been needed to achieve 
the measured coloration states. After each color or 
bleach step was completed in the acid bath, the sample 
was rinsed in deionized water, dried with an argon 
jet, and measured. The sample was re turned to the 
acid bath at the end of each set of measurements,  and 
the process was continued unt i l  the sample had been 
run  through a color/bleach cy,cle of sequential  steps. 

The ell ipsometer used was a modified Rudolf Re- 
search reflection eli ipsometer with a fixed incident  
angle of 70 degrees. The modifications included the 
addition of two light sources and a n u m b e r  of aper-  
tures, and the application of a silicon detector with a 
lock-in amplifier for detection of the infrared (940 
rim) source. The wavelengths provided were 546 nm 
(line-fil tered Hg lamp source),  633 nm (3.5 mW He- 
Ne laser),  and 940 n m  (infrared LED, RCA 1010A). 
The procedure involved adjust ing the polarizer and 
analyzer for beam extinction with a fixed compensa- 
tor azimuth of 45 degrees. The compensator, a mus-  
covite mica retarder,  was calculated for retardat ions 
of 90.0 degrees at 546 rim, 77.7 degrees at 633 nm, and 
52.3 degrees at 940 rim. The refractive indexes of the 
retarder  were estimated to be nondispersive and the 
transmission coefficient of 1.000 was estimated as con- 
stant.  

The polarizer (P) and analyzer  (A) azimuths were 
recorded for each color/bleach cycle. The P and A 
values were entered into a modified version of the 
McCrackin el l ipsometry program (available as par t  of 
the National Bureau of Standards Technical Note 479) 
(7). The program was used to obtain delta and psi 

pairs (the polar coordinates of the complex total re-  
flection of the optical system),  from which (n, k) pairs 
were obtained. In  all cases, (n, k) were assumed to be 
constant  throughout  the film thickness. 

Results and Discussion 
The results of this analysis appear in Fig. 1. Three 

curves are shown to represent  the three wavelengths 
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used. Each curve begins at  its l ower - r i gh t  ex t reme  
(k near  0) in its b leached s tate  and moves toward  the 
upper  lef t  as the sample  is colored. A few data  points  
a re  shown on each curve to i l lus t ra te  the effect 
of expe r imen ta l  uncer ta int ies .  Note tha t  the uncer -  
ta int ies  of the (n, k)  values are  greates t  in the b leached 
state. These uncer ta in t ies  a re  main ly  due to the un-  
cer ta in ty  of the WO3 film thickness.  When  k is low for 
a film, there  are  many  possible e l l ipsometr ic  solut ions 
which may  be wi thin  the bounds of the top-f i lm th ick-  
ness uncer ta in ty .  As the ext inc t ion  coefficient k be -  
comes larger ,  the  reflect ivi ty is increas ingly  charac-  
ter ized by  the film proper t ies  near  the surface. Con- 
s iderable  absorpt ion  can cause the eHipsometric  solu-  
tions to become almost  independen t  of top-f i lm th ick-  
ness and under ly ing  l aye r  parameters .  This expla ins  
the reduced  uncer ta in t ies  for the colored film data.  
Final ly ,  as n becomes ve ry  low and k high, the un-  
cer ta int ies  in az imuth  readings  become more signifi-  
cant. This last  point  expla ins  the increasing uncer -  
t a in ty  of the 940 nm data  points  in the  film's most  
colored states. 

One can use the McCrackin  e l l ipsomet ry  sof tware  
(7) to obta in  theore t ica l  reflection intensi t ies  for each 
(n, k)  at  no rma l  incidence. Such calculat ions were  
made  so that  e l l ipsomet ry  da ta  could be compared  to 
da ta  obta ined  f rom the reflection spect rophotometer .  
The corre la t ion was good; the  da ta  matched  to wi th in  
measu remen t  e r ror  in a l l  cases but  one point.  

I i I 
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\ 
\ 
\ 

\ 
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The reflection spec t rophotometer  readings  showed 
that  the ref lect ivi ty of the W O J I T O / g l a s s  sandwich 
was as high as 62% (_+ 5%) at  2.50 ~m wavelength  
(5, 8). Due to the re la t ive ly  high ext inct ion coefficient 
in the h igh ly  colored state,  the ref lect ivi ty of the 0.56 
~m WO~ film was v i r tua l ly  independen t  of the reflec- 
t iv i ty  of the  under ly ing  layers .  

The resul ts  of the e l l ip~ometry measurements  when 
plot ted  as k vs. n provide  direct  qual i ta t ive  evidence 
that  the ref lect ivi ty  modula t ion  associated wi th  the 
charge inject ion or  ex t rac t ion  in po lycrys ta l l ine  WO3 
is caused p r imar i l y  by  a modula t ion  of the f ree -e lec -  
t ron density.  Consider  the behavior  of the opt ical  
constants,  n and  k, in the vic ini ty  of a p lasma reson-  
ance for a hypothet ica l  f ree -e lec t ron  Drude  solid wi th  
an in i t ia l  p lasma  energy,  Ep _-- 1.0 eV (Fig. 2). Note 
that  for an observat ion  photon energy  above 1.2 eV, 
n decreases wi th  colorat ion (wi th  increas ing p lasma 
energy  or f ree-e lec t ron  dens i ty ) ,  but  k increases,  i.e., 
at a fixed photon energy,  there  is a dis t inct  inverse  
rel.ationship be tween n and k which can only be ex-  
p la ined  by  a f ree-e lec t ron  model. Fur the rmore ,  the  
amount  of decrease in n reaches  a m a x i m u m  and then 
reduces as the observat ion energy  increases. The 
amount  of increase in k, however ,  cont inuously  re -  
duces with increas ing observat ion  energy.  These qual i -  
ta t ive  Drude  model  predic t ions  agree  wi th  the resul ts  
of Fig. 1. In Fig. 1, we observe tha t  n decreases and 
k increases wi th  coloration,  and  the la rges t  change in 

I I 

nbleached 

kcolored 

kbleached 
I I I & 

1 2 3 

Observation Photon Energy, eV 

Fig. 2. Illustration of disper- 
sion of optical constants n (re- 
fractive index) and k (extinction 
coefficient) of a hypothetical 
free-electron Drude solid with 
two different plasma energies. 
"Bleached" state plasma en- 
ergy - -  1 eV. "Colored" 
~tate plasma energy = 3 eV. 
Scattering loss energy - -  ! eV. 
The (Drude) equations used 
were: el = 1 - -  Ep2/(E 2 + 
Ey2); e2 - -  (E~/E) (Ep2/[E 2 "t" 
E~] ) ;  n 2 = 1/2 [(,12 + 
e22) 1/~ + el];  k S = 1/2 [(,z ~ 
- I  t -  C22) 1 / 2  - -  " 1 ] ;  where Ep - -  

plasma energy, E~ - -  scattering 
,loss energy, and E = photon 
energy. 
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k occurs at  940 n m  wi th  smal le r  changes at  shor ter  
wavelengths .  Note that  the colorat ion endpoints  show 
n smal les t  for the colored sample  at 633 nm, wi th  the 
m i n i m u m  n values somewhat  h igher  at 940 and 546 
nm wavelengths .  This observat ion matches  the ex-  
pected behavior  of  n in the  colored state, based on 
observat ions of the "nr curve in Fig. 2. (The 
larges t  change in n also seems to occur at {~33 nm, 
wi th  smal le r  changes at  940 and 546 nm. This point  
is also in agreement  with expected results,  but  is not  
expe r imen ta l ly  wel l  demons t ra ted  because the opt ical  
constant  uncer ta in t ies  are  ve ry  large  in the b leached 
state.)  

I t  should be noted that  by  using only the f ree -e lec -  
t ron Drude  model  one cannot  account comple te ly  for  
the 546 and  633 nm data  of Fig. 1. At  546 nm, the 
ext inc t ion  coefficient, k, exhibi ts  a peak  at  an in t e r -  
media te  colorat ion state.  We ten ta t ive ly  associate this 
wi th  an absorpt ion ar is ing f rom increased filling of 
bound-e lec t ron  s ta tes  by  some of the  in jec ted  electrons.  
This bound ca r r i e r  absorpt ion  sa tura tes  at an in te r -  
media te  colorat ion state. (The bound states are  com- 
p le te ly  filled.) Subsequent ly ,  as more  electrons are  in-  
jected,  there  is a decrease in bound-s ta te  absorpt ion.  
This arises f rom an increase  in the  filling of conduc-  
t i on -band  states,  i.e., the conduc t ion-band  filling leads  
to fewer  ini t ia l  bound s ta te- to- f ina l  conduct ion band  
s t a t e  t ransi t ions  analogous to the  Burs te in-Moss  effect 
(9). The s l ight  convexi ty  of  the  633 nm data  is ve ry  

l i ke ly  also caused by  bound-e lec t ron  states.  Fu r the r  
research is needed  to quant i fy  the re la t ive  roles of the 
bound-  and f l ee -e l ec t ron  states;  but  the da ta  c lear ly  
demons t ra te  the dominat ing  influence of the free elec-  
t rons on the opt ical  constants  of po lycrys ta l l ine  WO~, 
especia l ly  in the near  inf rared .  

Conclusions 
The resul ts  of the spectroscopic  e l l ipsomet ry  measu re -  

ments  of the  opt ical  constants  of po lycrys ta l l ine  WO3 
in various states of colorat ion are  in good agreement  
wi th  independent  ref lect ivi ty measurements  (which 
have been found to be wel l  descr ibed  by  a Drude  model  
fit), and provide  d i rec t  confirmation of the  va l id i ty  of 
a f ree-e lec t ron  Drude  model.  This c lear ly  demonst ra tes  
that  the  ref lect ivi ty  modula t ion  observed in po lyc rys -  
t a l l ine  WO8 (and p robab ly  in other  crys ta l l ine  e lec t ro-  
chromic  mate r i a l s )  is associated wi th  a h igh  degree of 
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modula t ion  of the f l e e - c a r r i e r  densi ty.  I t  suggests,  
fur thermore ,  that  to develop prac t ica l  control led  ra -  
d i an t - ene rgy  t ransfer  devices using EC mater ia ls ,  the 
sources of the f ree -e lec t ron  car r ie r  sca t te r ing  in the 
EC mater ia l s  must  be identif ied and reduced.  We are  
cu r ren t ly  address ing these problems.  
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ABSTRACT 

A o n e - d i m e n s i o n a l  m o d e l  has  been  d e v e l o p e d  w h i c h  d e s c r i b e s  the  i n t e r a c t i o n s  a m o n g  h y d r o d y n a m i c s ,  
mul t icomponent  heat  and mass transfer, and reaction kinetics for chemical vapor deposit ion of boron from boron trichlo- 
ride using an impinging jet  apparatus.  The analysis includes variable physical  propert ies and finite interfacial velocity and 
has provision for s imultaneous homogeneous and heterogeneous reactions. Comparison of theoretical  predictions with ex- 
per imental  data suggests that  decomposi t ion of BHCI~ on the surface can control the deposit ion rate. The model  also indi- 
cates that  homogeneous product ion of BHCI~ has a significant effect on the process. 

B o r o n  i s  a hard,  light,  r e f r ac to ry  e lement  tha t  ex -  
h ibi ts  semiconduct ing behav ior  and high corrosion re -  
sistance. Consequently,  there  are  m a n y  poten t ia l  ap -  
pl icat ions for  boron in  electronic components ,  r e f r ac -  

* Electrochemical Society Student Member. 
** Electrochemical Society Active Member. 
~Present address: Department of Chemical Engineering, Wash- 

ington University, St. Louis, MO 63130. 
Key words: boron deposition, impinging jet, modeling. 

tory  coatings, and composite mater ia ls .  T h e  m o s t  c o m -  
m o n  manufac tu r ing  technique involves chemical  vapor  
deposi t ion (CVD) f rom a boron hal ide  in a reducing  
a tmosphere .  Typical ly ,  a cool r eac tan t  s t ream is passed 
over  a hot, Solid surface on which boron is d e p o s i t e d .  

Exper imen ta l  s tudies  of CVD of boron have  u s e d  
ei ther  hea ted  f i laments (1-4) or the imping ing  j e t  a p -  
para tus  (5-7) .  In  the j e t  system, the  r e a c t a n t  g a s  m i x -  
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ture  is passed th rough  a nozzle p laced at r igh t  angles 
to the hea ted  subs t ra te  surface. The gas flows no rma l ly  
to the center  of the subs t ra te  and then  flows away  
r ad ia l ly  in al l  directions.  A n  analysis  (7) of this ap-  
para tus  identifies regions of impor tance  for  mass - t r ans -  
fer  and surface kinetics.  However ,  the model  assumes 
equi l ib r ium in the gas phase,  and i t  is not  able to ac-  
count fu l ly  for  the dependence  of the boron deposi t ion 
ra te  on process pa rame te r s  such as subs t ra te  t e m p e r a -  
ture  and inlet  gas composition. Specific kinet ic  exp res -  
sions have been proposed for reduct ion of BCI3 in hy -  
drogen (2, 3), but  t r anspor t  phenomena  were  not  in-  
c luded in these models  and, therefore,  the i r  p red ic -  
t ive capabi l i t ies  are  quest ionable.  

In  this paper ,  a genera l  approach  to the analysis  of 
CVD of boron f rom BCls is presented.  The ax i sym-  
metr ic  s t a g n a t i o n  poin t  flow configurat ion is modeled  
because expe r imen ta l  da ta  are  avai lab le  (5-7) and 
because the  hydrodynamics  and mass - t r ans fe r  charac -  
ter is t ics  of this sys tem are r e l a t ive ly  wel l  unders tood  
(8-12). In  par t icu la r ,  the region nea r  the s tagnat ion  
point  is un i fo rmly  accessible f rom a mass - t r ans fe r  
s tandpoin t  (10) so tha t  a one-d imens iona l  model  m a y  
be used. The analysis  presented  here  considers  mu l t i -  
component  hea t  and mass t ransfer ,  coupled wi th  l am-  
inar  fluid flow, and s imul taneous  homogeneous  and 
heterogeneous  react ions wi th  finite react ion rates.  
Var iab le  phys ica l  p roper t i e s  a re  included,  as wel l  as 
a finite in te r rac ia l  veloci ty  at  the react ion surface.  
Wi th  the model,  i t  is possible to exp la in  expe r imen ta l  
observat ions  and to iden t i fy  ra te -con t ro l l ing  factors 
for  CVD of boron.  

Transport Phenomena 
Momentum,  heat,  and mass t rans fe r  for an imping ing  

je t  are modeled  subject  to the fol lowing restr ic t ions:  
(i) s t eady- s t a t e  operat ion,  (ii) l amina r  flow of New-  
tonian fluid, (iii) no viscous diss ipat ion of energy,  (iv) 
rad ia t ion  and  na tu r a l  convect ion neglected,  (v) con-  
s tant  total  p ressure  across diffusion layer ,  (vi) negl i -  
gible  the rmal  diffusion, and (vii) idea l  gas mix ture .  
Wi th  these restr ict ions,  the equat ions of mot ion  and 
cont inu i ty  of the fluid become 

pv �9 Vv + V .~  = 0 [1] _ --. 

V. ( p v )  = 0 [2] 
w h e r e  

2 
1;-"  - -  ~ IV?) ~- ( V V )  T] + T P ' I  V "V [3] 

Equat ions  [1]-[3]  are  simplif ied fu r the r  by  assum-  
ing tha t  the hydrodynamics  obta ined  expe r imen ta l l y  
can be app rox ima ted  b y  the classical  ax i symmet r i c  
s tagnat ion  poin t  flow pa t t e rn  (8). Fo r  this  idea l  case, 
the veloci ty  component  no rma l  to the  surface, the  gas 
composition, and the t r anspor t  p roper t ies  are  indepen-  
den t  of radial position. [This is consistent with the ob- 
servation (7) that the boron deposition rate is uniform 
close to the stagnation point.] 

The transformation of yon K~rm{m (13) suggests 
that, with cylindrical coordinates, the velocity compo- 
nents can be expressed as 

vr=arF(D,  r e = 0 ,  v ,=-2A/KP-~v.H(D [4] 
w h e r e  

= z ax/h-Tj is] 

The hydrodynamic parameter a can be correlated with 
the average nozzle exit velocity and the system geom- 
etry (10). For nonuniform, laminar flow at the exit of 
the circular nozzle used in the experiments (7), a 
theore t ica l  re la t ionship  for  a m a y  be used (10, 14) 

a = ~ 9..,m4 - 1.o829 ~ + 1.5794 -~ -  [6l 

w h e r e  0.05 ~ L / d  --~ 0.5. 

Subst i tu t ion  of Eq. [4] into Eq. [1]-[3]  g ives  

dH d i n  p 
F -- _ H ~ [7] 

df d~ 

F 2 - 2 H  df  p df + 1  [8] 

It  should be noted that  a th i rd  hyd rodynamic  equat ion 
is not  needed because the angular  veloci ty  component  
is zero. The magni tude  of the normal  veloci ty  compo-  
nent  at the surface is r e la ted  to the mass - t r ans fe r  ra te  
by  the definit ion for the mass  average  veloci ty  

1 
V--" ~ ~,r MiNi [9] 
-- p i -- 

w h e r e  Ni is the molar  flux of species i. Equat ion  [9] 
is us'ed in conjunct ion wi th  the  re la t ionship  be tween  
the fluxes Nj and the react ion kinet ics  (see below) 
as a bounda ry  condit ion for Eq. [7] .  The bounda ry  
condit ions for  Eq. [8] a re  

F : O  at  ~ : 0  
[i0] 

F : I  a t  ~ : ~  

The fluid dens i ty  #, used in the equat ions above, is 
d i rec t ly  re la ted  to to ta l  gas concentra t ion  b y  

p : Mc [11] 

where  ~ : z ziMi. The concentra t ion is, in  turn,  re -  
i 

la ted to pressure  wi th  the "deal gas l aw  

p : cRT [12] 

The the rmal  energy  equat ion can be expressed  in  
dimensionless fo rm as (15) 

aT 
- - 2 ~ H  

C~| d~; 

T [ k d2T dT d(k/k| ] 

sT dT 
-- + UT [13] 

T. d~ 
where 

! 

Pr| --  ~ 
k|174 

i 
s = --  [14] 

Hi*[qi 
i 

u =  - ~  

j, = _J,/c. vC76.a 
1~1 "-  R ~ / c |  

The t empera tu res  of the surface and the bu lk  fluid are  
specified as bounda ry  condit ions for  Eq. [13]. 

The dimensionless multicomponent diffusion equa- 
tion is (15, 16) 

Vzi = -- ~ xi3~ - xk31 [iS] 
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where  Dik is a dimensionless  t r anspor t  p rope r ty  for  
b ina ry  interact ions,  defined as Di~ = c ~)ik/c~v~. For  a 
mix ture  of n species, there  are  ( n -  1) independen t  
force balances  in the form of Eq. [15], and there  are  
Yz n ( n - - 1 )  independent  t ranspor t  p roper t ies  because 
Du is not  defined and, by  Newton 's  th i rd  law of motion, 
Dik = Dk~. The mole fract ions in Eq. [15] are  re la ted  by 

x i = l  [16] 
l 

A s t e a d y - s t a t e m a t e r i a l  balance in the gas phase  is 

V'Ni=Ri [17] 

where Ri is the net homogeneous rate of production of 

[18] 
species i and 

Ni : Ji + civ 

In dimensionless  form, Eq. [17] becomes 

d~xi 

dfS 

. _  2cH ( dx~ 
: ~ - + xi  

X i ~ k  X k ~ i  

k ~ i Dik c| d~: 

dxi  ~ d ( xi ~ d x~ 

[19] 

for  the one-d imens iona l  p rob lem considered here. 
There  are  n --  1 independen t  force balances wi th  the 
form of Eq. [19] which can be used, toge ther  wi th  
the re la t ionship  be tween  the fluxes 

Y/~ ]~ = 0 [20] 
i 

to descr ibe mass t rans fe r  in a mul t i component  system. 
At  the surface, n --  1 S t e fan -Maxwel l  relat ions,  Eq. 

[15], are  combined with  Eq. [16] to give the bounda ry  
condit ions for  the  composition. F a r  f rom the surface, 
equi l ib r ium composit ions at  the bu lk  fluid t empera -  
ture  are  specified as bounda ry  condit ions.  

Chemical Reactions 
The equations der ived  above, which  descr ibe  the 

t ransfe r  of heat, mass, and momen tum for ax i sym-  
met r ic  s tagnat ion point  flow, can be used to predic t  
the behavior  of sys tems with  an a r b i t r a r y  n u m b e r  of 
homogeneous and heterogeneous  reactions.  For  CVD 
of boron f rom a mix tu re  of boron t r ich lor ide  and hy-  
drogen, t he rmodynamic  studies (7) indicate  that ,  over  
the t empe ra tu r e  range  of interest ,  five pr inc ipa l  species 
are  present  in the gas phase:  H2, HC1, BCI~, BHC12, and 
BC1. Severa l  mechanisms have been proposed for  the 
fo rmat ion  of boron f rom BCl~ (2, 3, 5). Here,  i t  is as-  
sumed tha t  BCI~ can be reduced  e i ther  homogeneous ly  
or  he te rogeneous ly  by  the fol lowing revers ib le  reac-  
tions 

reac t ion  I BCla + H2 ~ BHC12 -{- HC1 [21] 

react ion I I  BHC12 ~ BC1 + HCI [22] 

At  the surface, the deposi t ion react ion 

react ion I I I  BC1 --l- 1/zH2 ~ B (s) -t- HC1 [23] 

can also t ake  place. 
The ne t  ra te  of each react ion is r ega rded  as the  

difference be tween  the rates  of fo rward  and backward  
react ions  and can be represen ted  as 

rl : [klf ~ xi TM --  km ~ x i - p " ]  0v n [24] 
! ! 

vn > 0 ~u < 0 

The coefficient ov represents the interaction between 
gas phase molecules and the surface; it can be taken 
as unity for homogeneous reactions. For heterogeneous 
processes, it is assumed implicitly in Eq. [24] that 

dynamic  equi l ib r ium is es tabl ished be tween  the ra tes  
of adsorpt ion and desorption.  Consequently,  8v m a y  
be regarded  as the fract ion of active surface si tes that  
is avai lable  for adsorpt ion  of reactants .  I t  can be re -  
la ted  to composit ions in the gas phase immed ia t e ly  
adjacent  to the surface by an express ion of the form 
(17) 

1 
0v = [25] 

1 -{- ~ Ks,iXi qi 
i 

where  Ks.i is an effective equi l ib r ium constant  for ad-  
so rp t ion /desorp t ion  of species i. The values for ex-  
ponents  n in Eq. [24] and qi in Eq. [25] are  dependent  
on the specific model  chosen for the surface processes. 

In Eq. [24], k:f and kiD are  rate  constants  for  fo rward  
and backward  reactions,  respect ively.  The exponent  vii 
is the s toichiometr ic  coefficient for  species i in react ion 
1. I t  is posit ive for reactants  and negat ive  for products ,  
and may  be obta ined f rom Eq. [21]-[23],  which are  
assumed to be e l emen ta ry  react ion steps. The t e m p e r a -  
ture  dependence  of the  ra te  constants  in Eq. [24] is 
assumed to be given by  

klb --" A1 e-El/T [26] 

where El can be regarded as an activation energy for 
reaction I. 

In the model, the kinetic behavior can be described 
by the following set of independent parameters (15): 
Ea, 81 = k2b/klb , 82 = k 3 b / k l b ,  83 = k'2b/k'lb, 84 = 
k21beF'a/Ts/c~v~k'lb, 05 = e - ~ J T ,  c~a/k'2b, Ks.i, qi,  and n.  
The te rm Ea represents  an act ivat ion energy for  the 
deposi t ion process. Different  ac t ivat ion energies could 
be chosen for  each reaction,  but  i t  is assumed that  the 
t empera tu re  dependence  of the deposi t ion rate  wil l  be 
d ic ta ted  by  the act ivat ion energy for the r a t e - l imi t i ng  
step. The dimensionless  pa rame te r s  ei and e2 descr ibe 
the re la t ive  rates of the heterogeneous reactions,  and e8 
is a rat io of ra te  constants  for the homogeneous reac-  
tions. The p a r a m e t e r  e4 represents  the re la t ive  rates  of 
the homogeneous and heterogeneous  reactions.  05 speci-  
fies the rate  of homogeneous product ion of BC1, as de -  
scr ibed by  Eq. [22], compared  to the mass - t r ans fe r  
rate,  as character ized by  the hydrodynamic  constant  a. 
The quanti t ies  Ks.i, qi, and n are  associated wi th  the  
detai ls  of the adsorpt ion  and desorpt ion process at  the 
react ion surface. In  some cases (see be low) ,  i t  is possi-  
ble to incorpora te  these quant i t ies  into the definit ion 
for 04. 

The forward and backward rate constants are related 
by an equilibrium constant Kz = klf/klb, which can be 
defined in terms of equilibrium reactant and product 
compositions using Eq. [24] 

K1 = II Xie-P" [27] 
i 

In general ,  K1 is re la ted  to a p r e s su re - independen t  
equ i l ib r ium constant  Kpl by  

Kpl = PmKl [28] 

In Eq. [27], the ac t iv i ty  of any  solid phase is t aken  
to be unity,  and, in Eq. [28], m represents  the ne t  
number  of molecules  produced by  react ion 1. The t em-  
pe ra tu re  dependence  of Kpl is p red ic ted  f rom s t anda rd  
heats  of react ion AH (T),  wi th  

[ 01nKpl ] 
-- - -  A H  ( T ) / R  [29] 

O(1/T) p 

and f rom free energy  da ta  at 25~ (18), to give e x -  
pressions of the fo rm 

In Kpl = al -~- B1/T + 71 In T -{- 81T -{- elT 2 [30] 

The coefficients ~1, /~1, 71, 81, q used for  the react ions 
are summar ized  in Table L 
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Table I. Equilibrium constants for boron deposition 
reactions: coefficients for Eq. [30] 

Reaction Eq. a 10~/3 7 10 ~ 6 I0 a �9 

I [21] +17.51 --0.81 --2.08 +0.94 --0.07 
II [22] --0.11 -3.52 +2.61 --2.69 +0.35 
Ill [23 ] -- 1.76 + 2.78 -- 1.39 + 1.38 -- 0.13 

In  the gas phase,  the ne t  ra te  of product ion  of species 
i is g iven as 

RI = - -  ~ ~url [31] 
1 

A t  the surface,  a s imi lar  summat ion  for  the he te roge-  
neous react ions represents  the mola r  flux Ni f rom the 
surface re la t ive  to the interface.  The var iab les  Nj and 
Ri l ink  the ra tes  of the ind iv idua l  react ions to the 
equations tha t  descr ibe  heat,  mass, and m o m e n t u m  
t rans fe r  for  the imping ing  jet .  

In terac t ions  among the governing  different ia l  equa-  
tions are caused d i rec t ly  by  the inclusion of a finite 
in ter rac ia l  veloci ty  (see Eq. [9]) and var iab le  phys i -  
cal p roper t ies  in the analysis.  Relat ionships  for  the 
t empe ra tu r e  and composi t ion dependences  of phys ica l  
pa rame te r s  needed in the model  are summar ized  in  
the Appendix .  

For  CVD of boron, wi th  five species (H2, HC1, BCls, 
BHC12, and BC1) in the gas phase, the s t eady- s t a t e  
behav ior  is descr ibed by  Eq. [7], [8], [11]-[13],  [16], 
and four  Eq. [19] for  var iab les  F, H, c, p, T, and xi. In 
addit ion,  Eq. [20] and four  Eq. [15] are  used for  the  
fluxes ]i. These fluxes are  e l imina ted  wi th in  the com- 
putei~ p rog ram b y  numer ica l  invers ion of Eq. [15] and 
[20]. The govern ing  coupled a lgebra ic  equations and 
nonlinear ,  o rd ina ry  di f ferent ia l  equations,  subjec t  to 
the specified bounda ry  conditions,  are solved n u m e r i -  
ca l ly  by  a finite difference technique accurate  to O (h 2) 
(16, 19, 20). P a r a m e t e r s  tha t  must  be specified in the 
model  include surface and bu lk  tempera tures ,  inlet  gas 
composition, hyd rodynamic  p a r a m e t e r  a ( re la ted  to 
j e t  mass flow ra te  by  Eq. [6]),  and opera t ing  pressure .  

Results and Discussion 
Ini t ia l ly ,  s imulat ions  were  obta ined  wi thout  inclu-  

sion of adsorp t ion /desorp t ion  effects in the analysis  
(i.e., 0~ • 1 in Eq. L24J). F igure  1 compares  the ex-  

pe r imen ta l  t empera tu re  dependence  of dimensionless  
boron deposi t ion ra te  wi th  theore t ica l  predict ions,  for  
th ree  sets of model  pa rame te r s  (see Table I i ) .  The top 
curve is the locus of m a x i m u m  deposi t ion rates  ca lcu-  
la ted  wi th  the ma themat i ca l  model.  I t  can be rega rded  
as a combined the rmodynamic -mass  t rans fe r  l imi t  
since, for  this curve, the react ions are  local ly  at  equi-  
l i b r ium but  the finite mass - t r ans fe r  ra te  th rough  the 
diffusion l aye r  l imits  the f ract ion of the bulk  fluid tha t  
can reach the surface. The actual  deposi t ion ra te  is 
sma l l e r  than  the t he rmodynamic -mass  t rans fe r  l imi t  
as a resul t  of finite chemical  react ion rates,  pa r t i cu -  
l a r ly  at low subs t ra te  t empera tures .  

The curves in Fig. 1 represen t  ex t reme  cases, wi th  
kinet ic  pa rame te r s  chosen to give the "best  fit" wi th  
different  r a t e - l imi t i ng  reactions. I t  can be seen that,  
wi th  ev = 1, the model  predic t ions  do not  give a sat is-  
fac tory  match  with  the expe r imen ta l  data. Neve r the -  

Table II. Values of kinetic parameters for Fig. 1 

C u r v e  I II III 
R a t e - l i m i t i n g  

r e a c t i o n  ( a t  s u r f a c e )  Eq .  [21] Eq .  [22] Eq .  [23] 

Ea (K) 9.00 x I0 ~ 1.26 x 10 s 1.20 x 104 
0z 1.0 x 107 8.0 x i0  z 1.0 • 104 
0= 1.0 x I0 ~ 8.0 x 101 1.0 x 10 -4 
08 1.0 x 109 8.0 • 101 5.0 x l0 s 
0, 3.2 x 1011 7.8 x 16~ 3.5 x i(} TM 

0~ ( a t  a = 310 s -z) 6.3 x 10 -5 1.4 x 10 -s 1.3 x 10 -~ 
8, 1.0 1.0 1.0 

1 0 2 S  

i i 

Trr 

\ 
\ 

I I I I 

6 . 8  7 .0  7 . 2  7 . 4  7 . 6  

10 4 /Ts 

Fig. 1. Dependence of dimensionless boron deposition rate on 
substrate temperature. S = actual deposition rate/c~ vV '~a .  Ex- 
perimental data (7): X~ = 0.4, L /d  = 0.375; �9 H a  - -  310 
s - z ,  �9 ~ a - -  626 s -1 .  Full curves: theoretical predictions for 
a - -  626 s - 1  with different kinetic parameters (see Table II). 
Dashed curves: theoretical predictions for a = 310 s - 1  with 
different kinetic parameters. Uppermost curve ( . . . .  - - ) :  thermo- 
dynamic-mass transfer limit. 

less, they  can be used to provide  ins ight  into the phys i -  
cal phenomena  involved in the process. When he te ro -  
geneous decomposi t ion of BHCle controls  (curves I I ) ,  
the theoret ica l  deposi t ion irate is ve ry  sensi t ive to sur -  
face tempera ture .  This is because the equ i l ib r ium con- 
s tant  for  react ion II  is a s t rong function of t empe ra tu r e  
(see Table I ) .  For  curves I and III, the slopes in Fig. 1 
are close to observed results,  but, as wi th  curves II, the  
dependence  of S on mass flow ra te  is unacceptable .  

The model  has also been used to consider  react ions  
in the gas phase.  These homogeneous  react ions provide  
pa thways  tha t  are  in para l l e l  wi th  the surface reac-  
tions. If react ion I is r a te - l imi t ing ,  and if it  occurs 
p r edominan t ly  in the gas phase,  the mass - t r ans fe r  d e -  
p e n d e n c e  of S in Fig. 1 becomes more  acceptable ,  but  
the slopes for  the curves are  too small .  Increases  in 
act ivat ion energy  Ea fai l  to raise the slopes signifi-  
cant ly  because thei r  magni tudes  are  d ic ta ted  by  va r i a -  
t ions in local composit ions wi th  t empera tu re .  If  reac-  
t ion II  occurs p r i m a r i l y  in the gas phase,  boron deposi -  
tion rates  are  pred ic ted  to be at  least  an order  of mag-  
ni tude smal le r  than  those observed exper imenta l ly .  
The ex ten t  of homogeneous  react ion II  is ve ry  smal l  
because decomposi t ion can only  occur in the  n a r r o w  
high t empera tu re  region close to the substrate .  F u r -  
ther  f rom the surface ( lower  gas t empe ra tu r e s ) ,  the 
equi l ib r ium constant  is smal l  and this favors  the  back  
reaction.  

Combinat ions  of kinet ic  pa rame te r s  that  gave more  
than  one react ion far  f rom equi l ib r ium were  also 
considered, but  no significant improvements  were  ob-  
tained.  In  al l  cases, i t  was observed tha t  reac t ion  I I  
tends to dominate  the process, especia l ly  at  low surface 
tempera tures .  Fur the rmore ,  none of the s imula t ions  
considered above were  able to p red ic t  the correct  
changes in deposi t ion ra te  wi th  in le t  gas composition. 

The influence of inlet  gas composi t ion on S is p r e -  
sented in Fig. 2, for  a specific j e t  mass  flow rate .  T h e  
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Fig. 2. Dependence of dimensionless boron deposition rate on 
inlet gas composition. Experimental data (7): �9 ,-~ a = 102 s - 1  
at x~ = 0.4. Full curve: theoretical prediction with kinztic 
parameters 01 =- 2.3 X 10 ~, 82 = 80.0, 83 = 8.0 X 104, 04 = 
4.6 X 10 -11 at x~ ---- 0.4 (see Eq. [34]) ,  05 = 9.0 X 10 - 3  
at X~ = 0.4, Eq = 2.7 X 10 ~ K, Ea = 3.0 X 103 K. Upper- 
most curve ( - - ' - - . - - ) :  thermodynamic-mass transfer limit. Ts = 
1373 K, T= ---- 298 K,p| ---- 1.013 X 105 N /m 2. 

dependence  of the the rmodynamic -mass  t rans fe r  l imi t  
on X~ resul ts  f rom composit ion changes nea r  the 
subs t ra te  surface and f rom changes in the var iables  
v= and a that  are included in the definit ion of the d i -  
mensionless  ra te  of boron production.  The devia t ion  of 
the ac tual  deposi t ion ra te  from the l imi t ing  value is 
a lmost  independen t  of composit ion; both  curves show 
a m a x i m u m  at x%c~ ~_ 0.5. 

The close correspondence be tween  theoret ica l  p r e -  
dictions and expe r imen ta l  resul ts  is a consequence of 
the specific values for the k inet ic  pa rame te r s  chosen 
for  the model.  In  par t icu la r ,  the shape of the curve is 
contro l led  by  the values  for  n, Ks,i and qi in  Eq. [24] 
and [25]. The resul ts  in  Fig. 2 are  for  

1 
e ~  = [32]  

K~c~ X/zsc~" 
where  

Ks,BC13 ----- Ase -E./T" [33] 

F rom a phys ica l  s tandpoint ,  Eq. [32] could imp ly  tha t  
BC13 is the dominant  adsorbed  species and tha t  dissoci-  
a t ion occurs on adsorp t ion  (17). 

With  this simplif ied express ion for  ev, i t  is convenient  
to redefine the dimensionless  k inet ic  p a r a m e t e r  04 to 
inc lude  .Ks,BC] 8 

k21be- E'=/T, 
04 -- [34] 

C|174 ~'lbK2s,BC13 

where  E'a = 2Es --  Ea. In  this way,  the r e l evan t  k ine t ic  
pa rame te r s  for CVD of boron are  ez to eb, Ea, and E'a 
with  nqscl3 = .1/2 and qi --~ 0 otherwise.  I t  should  be 
noted that,  by  inclusion of 0v in accordance with  Eq. 
[32], the composi t ion dependence  of each he te roge-  
neous reac t ion  ra te  has been a l te red  and E'a can now 
have  e i ther  a posi t ive or  a negat ive  value.  

Other  re la t ionships  for 0v have  been tested. I f  ad-  
sorpt ion of any  o ther  species is used in Eq. [32], or  if 
ev is t aken  as unity,  the m a x i m u m  in Fig. 2 is p red ic ted  
at  X~ > 0.5. Also, the m a x i m u m  becomes sha rpe r  
and moves to smal le r  composit ions as the product  
nqBc]3 is raised.  I t  is conceivable  tha t  a sa t i s fac tory  
ma tch  could also be ob ta ined  wi th  a h igher  value  for  

nqBc[3 together  wi th  addi t ional  composit ion te rms  in 
the expression for  ev (Eq. [25]). However ,  this would  
'necessi tate i n t r o d u c t i o n  of ex t ra  kinet ic  parameters ,  
and  i t  is not  c lear  tha t  g rea te r  ins ight  into the  sys tem 
behavior  would be obtained.  

A m a x i m u m  in deposi t ion ra te  wi th  inlet  gas com- 
posi t ion has also been observed in o ther  CVD systems. 
For  silicon deposi t ion f rom SiC]4, an etching react ion 
be tween  SiCI~ and silicon has been proposed as an 
explana t ion  for the effect (21). The analogous react ion 
for  CVD of boron would  be 

2B ( s )  -t- BC13 ~ 3BC1 [35]  

Inclusion of this  he terogeneous  react ion in the  model  
raises the rate  of react ion I I I  (Eq. [23]), but  the  n e t  
deposi t!on rate  does not  give the m a x i m u m  observed 
exper imenta l ly .  

F igure  3 shows the effect of subs t ra te  t empe ra tu r e  
on boron deposi t ion ra te  at  three  mass flow rates.  The 
t empera tu re  dependence  of the t he rmodynamic -mass  
t ransfe r  l imi t  corresponds to changes in the b ina ry  
diffusion coefficients (see Fig. 7). The slope for the  
ac tual  deposi t ion rates  is app rox ima te ly  1.2 • 104 K. 
This can be rega rded  as an appa ren t  ac t ivat ion energy  
for boron deposit ion.  However ,  i t  is emphasized tha t  
this value is a combinat ion of E'a, composit ion changes, 
and the t empe ra tu r e  dependence  of the equ i l ib r ium 
constant  for  the r a t e - d e t e r m i n i n g  reaction.  

Wi th  the kinet ic  pa rame te r s  that  provide  a match  
be tween  exper imen t  and theory,  heterogeneous  de-  
composit ion of BHC12 is not in equi l ibr ium,  and the  
ra te  of this step can control  the boron deposi t ion 
rate,  i.e., the rat io  of backward  to fo rward  react ion 
ra tes  can be smal le r  for  this s tep than  for ~the o ther  
reactions.  However ,  increases in surface t empe ra tu r e  
or reduct ions in mass flow rate  tend to reduce the im-  
por tance  of react ion II. Under  these circumstances,  de-  
composit ion of BCI~ to BHC12 (react ion I) becomes 
more significant. React ion I occurs both homogeneous ly  

8 ~ - ~  

6 ~ .  

102S 

4 

T I T t 
6.8  7 .0  7.2 7 .4  7 .6  

10 4 /T  s 

Fig. 3. Dependence of dimensionless boron deposition rote on 
substrate temperature. Experimental data (7): �9 N a =. 417 s - I ,  
also see Fig. 1. Full curves: theoretical predictions with kinetic 
parameters as in Fig. 2, unless stated otherwise. Uppermost carve 
( . . . . .  ): thermodynamic-mass transfer limit. X~ = 0.4, p= 
---- 1.013 X 105 N /m 2, 1"= = 298 IL 
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and heterogeneously ,  but  most  convers ion occurs in 
the  gas phase.  The ex ten t  of the  homogeneous  p a t h w a y  
de te rmines  the dependence  of S on mass flow rate,  i.e., 
on es. (With  reac t ion  I in equi l ibr ium,  the homoge-  
neous react ion would  have a negl ig ible  effect on the 
deposi t ion rate.  Consequently,  i t  would  be impossible  
to match  theory  and expe r imen t  at more  than  one 
mass flow rate .)  

Wi th  the value  for e~ specified in Fig. 2 and 3, homo-  
geneous react ion II  is essent ia l ly  in equi l ibr ium.  How-  
ever,  as wi th  the #v = 1 resul ts  (see above) ,  only  a 
smal l  f ract ion of the BHC12 can decompose in the gas 
phase, and therefore  this p a t h w a y  is un impor tan t .  
Wi th  e2 ----- 80.0, react ion I I I  is also close to equi l ibr ium.  
If  the kinet ic  pa rame te r s  were  changed to make  reac-  
t ion I l I  the r a t e - l imi t i ng  step, the slopes of the curves 
in Fig. 3 at  low mass flow rates  would  be too small .  

The expe r imen ta l  values  of S at  1473 K are  s l ight ly  
h igher  than  the theore t ica l  predic t ions  (see Fig. 3). 
This might  be a t t r ibu ted  to na tu ra l  convect ion which, 
for  the reac to r  configurat ion considered here  (7),  
would tend  to raise  the ac tual  deposi t ion rates  above 
the resul ts  p red ic ted  on the basis of forced convect ion 
alone. In  general ,  the cont r ibut ion  of na tu r a l  convec-  
t ion becomes l a rge r  as the magni tude  of  the rat io  G r /  
Re ~ increases  (7, 15). This ra t io  is l a rges t  a t  h igh  
surface  t empera tu re s  and low je t  mass flow rates.  

In  addi t ion  to p red ic t ing  deposi t ion rates,  the model  
also provides  in format ion  on changes in compositions,  
velocities,  and phys ica l  p roper t ies  across the diffusion 
layer .  Typica l  composi t ion profiles a re  p resen ted  in 
Fig. 4. A m a x i m u m  in BC1 composi t ion is consistent  
w i t h  the fast  ra te  of react ion III. With  h igher  surface 
tempera tures ,  reac t ion  rates  at  the surface are  in -  
creased,  and, hence, a smal l  m a x i m u m  for XBHCI2 m a y  
be predicted.  

A n  app rox ima te  es t imate  of the diffusion l aye r  th ick-  
ness can be ob ta ined  f rom the composi t ion profiles, 
even though some species reach the i r  bu lk  composi-  
t ions closer to the surface than  others. For  the example  
in Fig. 4, an  app rox ima te  thickness  is 0.2 cm, which is 

865 

smal le r  than values for  CVD of silicon (15) but l a rge r  
than  values  for  e]ectrolyte  solutions. 

Fo r  the opera t ing  condit ions used in Fig. 4, the  va r i -  
at ions of some physical  p roper t ies  are  shown in Fig. 5. 
The dens i ty  changes by  a factor  of 5.5 across the di f -  
fusion layer  in d i rec t  associat ion wi th  changes in T 
and ~ .  Viscosi ty and the rma l  conduct iv i ty  both va ry  
by  factors of about  4. These changes d is tor t  the ve-  
loci ty  profiles f rom the constant  p rope r ty  resul ts  (see 
Fig. 6). With  l a rge r  values  for T=, var ia t ions  in /~ and 
p are  less marked ,  and the constant  phys ica l  p r o p e r t y  
solution is approached.  Even though the local velocit ies 
are  influenced by  the bu lk  t empera tu re ,  the choice for  
T~ in the model  has a negl ig ible  effect on the  depos i -  
t ion rate.  This is p r i m a r i l y  because the ex ten t  of the 
gas-phase  react ions declines sharp ly  as one moves 
away  f rom the react ion surface. 

1.0 , '  , , , , 4 .0 
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Fig. 5. Dependence of viscosity and density on distance from 
surface of impinging jet apparatus. Parameter values as in Fig. 4., 
p| - -  1.965 kg/mS; #| -'- 1.285 X 10 - 5  kg/m.s; Ts - -  1373 K. 
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Fig. 4. Composition profiles in diffusion layer adjacent to reaction 
surface. Parameter values as in Fig. 3, with 85 - -  3.6 X 10 - 7  and 
Ts "-  1373 K. 
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Fig. 6. Velocity profiles for boron deposition at an impinging jet. 
Parameter values as in Fig. 4. Full curves N model predictions. 
Dashed curves ,~  constant property result {8). 



866 J. Electrochem. Soe.: S O L I D - S T A T E  SCIE N CE  A N D  T E C H N O L O G Y  April I984 

Conclusions 
A model  has been developed which descr ibes  the  

in teract ions  among hydrodynamics ,  mul t i component  
hea t  and  mass t ranspor t ,  and react ion kinet ics  for  the  
impinging  je t  system. The analysis  includes var iab le  
physical  proper t ies ,  finite in te r fac ia l  velocity,  and s i -  
mul taneous  homogeneous and heterogeneous  reactions.  

This model  has been used to s tudy  CVD of boron 
f rom BCI~ in hydrogen.  The effects of in le t  gas com- 
position, j e t  mass flow rate,  and surface t empe ra tu r e  
have been invest igated,  and severa l  fea tures  of the 
process have been elucidated.  

1. Wi th  five gas-phase  species and a set of seven in-  
dependent  kinet ic  parameters ,  the pred ic ted  depen-  
dence of boron deposi t ion ra te  on inlet  gas composi-  
tion, j e t  mass flow rate,  and surface t e m p e r a t u r e  
matches  expe r imen ta l  results.  

2. The model  indicates  tha t  the re la t ive  impor tance  
of the react ions for  CVD of boron is dependen t  on the 
opera t ing  conditions.  Heterogeneous  decomposi t ion of 
BHC12 tends to be ra te  de termining,  a l though produc-  
tion of BHCI~ becomes more impor t an t  at  low mass 
flow rates  and high surface tempera tures .  The homo-  
geneous p a t h w a y  for  BHCl2 decomposi t ion is u n i m -  
por tant ,  whereas  the ex ten t  of product ion  of BHC12 in 
the gas phase is significant and dictates  the effect of 
mass flow rate  on the ra te  of boron deposit ion.  

3. Inclusion of adsorp t ion /desorp t ion  effects, wi th  
BC13 as the dominant  adsorbed species, is able to ac-  
count for the dependence  of deposi t ion ra te  on inlet  
gas composit ion.  

4. Physical  proper t ies ,  such as dens i ty  and viscos- 
ity, va ry  by  factors of be tween  4 and 6, across the d i f -  
fusion l aye r  and  this d is tor ts  the fluid flow profiles. 
The diffusion l aye r  thickness  is in the  range  1-10 mm. 
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A P P E N D I X  

Physical Properties 
Viscosity.--The t empe ra tu r e  dependence  of the vis-  

cosity of each species in the gas phase  is p red ic ted  
f rom the Chapman-Enskog  kinet ic  theory  (22) 

2.6693 X 1O-5~/'MiT 
~i = [ A - l ]  

The p a r a m e t e r  ~i is the collision d iamete r  (18, 23), and 
~ i  is a dimensionless  funct ion which depends  on kT/~i, 
where  e~ is a character is t ic  energy  of in terac t ion  be-  
tween molecules  and k is Bol tzmann's  constant.  For  
each species, Eq. [ A - l ]  is r ewr i t t en  in the simplified 
form 

~i : 5i~T*u [A-2] 

and values  for 8ii and ~H are  given in Table A-I .  The 
viscosi ty  of the gas mix tu re  is ca lcula ted  wi th  the  
Wi lke  corre la t ion  (24) 
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Fig. A-I. Temperature dependence of binary diffusion coefficients 

where  

r  [1 + (~i/~j) v2 (Mj/Mi) tA]~/[8 + 8MilMj] ~A 

Di~usivity.--Diffusion coefficients for b i n a r y  in t e r -  
actions are  es t imated  f rom (22) 

C~)iJ 2.2646 • 10 -5 + 

....... = [A-4] 
x/T ~ij~nnu 

where  r is a mean  collision d iamete r  which is t aken  
as (~i + '~j)/2. The dimensionless  quan t i ty  ~2ou is ana l -  
ogous to ~ut used for the viscosi ty calculations,  but  the  
character is t ic  of the in te rmolecu la r  potent ia l  field 
should now represen t  both  species i and j, and is as-  
sumed to be given by  ei.i = ~/+~. F igure  A+I shows the 
t empe ra tu r e  dependence  of diffusion coefficients ob-  
ta ined f rom Eq. [A-4].  In  the  analysis,  a simplified 
form 

C ~ i J  - -  1"h r~It J z~ij- [A-S] 
is chosen wi th  pa rame te r s  which best  fit the curves in 
Fig. A-1 over  the t empe ra tu r e  range of in teres t  (see 
Table  A - I I ) .  

Specific heat.--The t empera tu re  dependence  of the  
hea t  capaci ty  (18, 25) of each species is obta ined  f rom 

"C,i "-- cq + f l i t  + 7 i T  2 [ A - 6 ]  

where  the coefficients are  summar ized  in Table  A-I I I .  

Table A-II. Values for parameters in Eq. [A-5] 

Table A-I. Values for parameters in Eq. [A-2] and [A-7] 

#l  ( N  �9 s / m D  k l  ( W / m  �9 K )  

Species ,  ! 10 ~ ~11 ~i t  62t ~ 1  

I t s  2.14 0,66 2.61 x 10 -8 0.74 
HC1 1.24 0.85 7.74 x 10-~ 0.95 
BCls 0.98 0.84 3,51 x 10 4 0,98 
BHCI~ 0.89 0,93 1.12 • 10- ~ 0.93 
BCI  0.37 0.98 2.27 • 10 "a 1.07 

Species  

l j Btj hJ 

Ha 
Ha 
H2 
H8 
H C I  
HC1 
H C I  
BCls 
BC13 
BHCI~ 

HC1 5.73 • 10 -v 0.69 
BCls 3.28 • 10 -7 0.70 
BHC18 4.35 • 10-7 0.73 
BCI  3.16 • 10-~ 0.76 
B C h  2.18 • 10-s 0.85 
BHCla  2.53 x 10 -8 0.89 
BC1 1.74 • 10-s 0.95 
BHC12 1.14 • 10-s 0.89 
B C I  8.60 • 10 -9 0.95 
BC1 1.08 • lO-S 0.98 
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Table A-Ill. Vnlues for parameters in Eq. [A-6] 

Species, i al ~i 7z 

Hz 28.95 -4.96 x I0-~ 1.81 x I0 -e 
IICI 28.21 2.04 x 1O --3 1,28 x 1O -8 
BCh 51.50 4.76 x i0 -~ -1.86 x i0-5 
BI~CI~ 34.94 6.t}7 • I(} -~ -2.15 x 10 -5 
BCI 28.44 1,39 x i0 -a -5.22 x i0-o 

Thermal conductivity.--An approximate relationship 

ki -- 821T $2' [A-7] 

is used to describe data (18) for the temperature de- 
pendence of ki (see Table A-I) .  The thermal conduc- 
tivity of the mixture is given by an expression anal- 
ogous to Eq. [A-3] 

n 

~mix'-- i~_l ( xiki ~=1 xjr ) 

LIST OF SYMBOLS 

[A-8] 

a hydrodynamic constant (s -1) 
Al pre-exponential factor for backward rate con- 

stant 
As pre-exponential factor for adsorption/desorp- 

tion equilibrium constant (see Eq. L33j) 
c total concentration (mol/cm~) 
ci concentration of species i (mol/cm 3) 

CD molar heat capacity of mixture (J/tool �9 K) 

CDI molar heat capacity of species i (J/tool �9 K) 
d nozzle diam (cm) 
D~ diffusion coefficient for binary interactions 

(cm2/s) . 
Dik dimensionless diffusion coefficient for binary 

interactions 
Ea kinetic parameter representing activation en- 

ergy of rate-limiting step (K) 
E'a ---- 2Es -- Ea, modified Ea (K) 
Es activation energy for Ks.BC13 in Eq. [33] (K) 
Ez activation energy for reaction 1 (K) 
F dimensionless radial velocity defined in Eq. [4] 
Gr Grashof number 
h mesh size (m) 
H dimensionless axial velocity defined by Eq. [4] 

~ti* molar enthalpy of ideal gas (J/tool) 
I unit matrix 
_Jl : Nl -- civ, flux of species i relative to mass 

aver--age velocity (mol/m 2 �9 s) 
.h dimensionless Jl 
k Boltzmann constant (1.3806 X 10 - ~  J /K)  
ki thermal conductivity of species i (W/m �9 K) 
klf forward rate constant for reaction 1 
km backward rate constant for reaction 1 
k% backward rate constant for homogeneous reac- 

tion 1 
Kz equilibrium constant for reaction 1 
K,I equilibrium constant defined by Eq. [28] 
Ks.i equilibrium constant for adsorption/desorption 

of species i 
L distance between end of nozzle and substrate 

surface (cm) 
m exponent in Eq. [28] 
Ml molecular weight of species i 
~I average molecular weight 
n exponent in Eq. [24] 
Ni flux of species i (mol/m 2 �9 s) 
p gas pressure (N/m 2) 
Pr  Prandtl number 
qi exponent in Eq. [25] 
r radial coordinate (m) 
rl rate of reaction 1 
R universal gas constant (8.3143 J/mol �9 K) 
Re Reynolds number 
Ri rate of homogeneous production of species i 

(mol/m~ �9 s) 
~l dimensionless Ri 
s dimensionless parameter defined by Eq. [14] 
S dimensionless boron deposition rate 
T temperature (K) 
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U 
V 
Vr 
V8 
Vz 
w 
X~ 
Xt 
Z 

0k 
0v 

Yil 

l'| 
p 
~r 
T 

dimensionless parameter defined by Eq. [14] 
mass average velocity (m/s) 
radial velocity (m/s) 
angular velocity (m/s) 
axial velocity (m/s) 
jet mass flow rate (g/s) 
inlet mole fraction of BCI~ 
mole fraction of species i 
axial distance from disk surface (m) 

Greek Symbols 
maximum energy of attraction between mole- 
cules i and j (J) 
dimensionless axial distance coordinate defined 
by Eq. [5J 
dimensionless kinetic parameter (k -- 1 to 5) 
parameter defined by Eq. [24] 
fluid viscosity (kg/m �9 s) 
stoichiometric coet~icient for species i in reac- 
tion 1 
bulk kinematic viscosity (m2/s) 
fluid density (kg/m 3) 
collision diam tor Lennard-Jones potential (m) 
viscous stress tensor (N/m 2) 

Superscripts 
* ideal gas 

partial molar quantity 
T transpose 

Subscripts 
1 reaction 1 
s at surface 
oo in bulk 
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A Flexible Multilayer Resist System Using Low Temperature Plasma- 
Deposited Silicon Nitride 

B. R. Soller,*" C. R. Snider, *'2 and R. F. Shuman 1 

Sperry Research Center, Sudbury, Massachusetts 01776 

ABSTRACT 

A three-layer resist system which uses positive photoresists  for planarizing and imaging and an intermediate  layer of 
plasma-deposi ted silicon nitride is described.  The planarizing layer is 2/~m-thick Shipley AZ | 2430. The silicon nitride 
transfer layer is deposi ted at low temperature  over hard-baked AZ 2430. Photon or electron imaging is done in a thin layer of 
resist spun on top of the transfer layer. The silicon nitride deposi t ion process is described,  and the propert ies  of the resulting 
film are detailed. The planarizing photoresist  is pat terned by oxygen reactive ion etching. The vertical etch rate and the 
degree of isotropy are measured as a function of rf power and oxygen pressure. Controllable and reproducible  undercut  is 
achieved with this mult i layer  resist  system. The resist  profile is demonstra ted to be suitable for lift-off applications or anise- 
tropic etching of the substrate. 

Mul t i l aye r  resists  have  been employed  by  many  to 
accomplish high resolut ion pa t t e rn  t ransfer  (1-6).  The 
mul t i l aye r  resists  descr ibed here  consist of three  layers  
(Fig. 1). The bot tom layer ,  the  one covering the sub-  
strate,  is a th ick po lymer  l aye r  which is used to p l a na r -  
ize the topography  of the  substrate.  A second layer ,  
the t r ans i e r  layer ,  separa tes  the  p lanar iza t ion  layer  
f rom the  imaging  layer .  The t ransfer  l aye r  keeps the 
imaging resis t  f rom mixing  wi th  the  p lanar iz ing  m a -  
terial ,  which m a y  also be a photoresist .  A thin imaging 
resis t  is then spun on top of the t ransfe r  layer .  Be-  
cause the resis t  is thin and flat, it  is possible to achieve 
high resolut ion pa t te rns  even over  complex  topog-  
raphy.  T h e  imaging  resist  is exposed and developed and 
then used as a mask  for etching the t ransfe r  layer .  The 
etched t ransfe r  l ayer  is subsequent ly  used as a mask 
for  reac t ive  ion e tching (RIE) of the p lanar iz ing  layer .  
The t ransfe r  l aye r  is usual ly  an inorganic  ma te r i a l  
which forms a nonerodib le  mask  for oxygen  RIE. 

One advantage  of mu l t i l aye r  resists  is the i r  f lexibi l-  
i ty.  Because the p lanar iz ing  resis t  is p lasma or reac-  
t ive ion etched, the s idewal l  profile can be accura te ly  
and rep roduc ib ly  controlled.  The th ick resis t  may  be 
ve r t i ca l ly  e tched so the mu l t i l aye r  resis t  can be used as 
an etch mask for anisotropic  e tching of the  substrate .  
The mu l t i l aye r  resis t  is a be t t e r  mask  for subs t ra te  
e tching than s ing l e - l aye r  resis t  because the  t r ans fe r  
layer ,  r a the r  than  an organic  resist,  is exposed to the  
plasma.  A p rope r ly  chosen t r a n s f e r - l a y e r  ma te r i a l  wil l  
s t and  up to p lasma  etching be t t e r  than  photoresist .  
Mul t i l aye r  resists  can also be processed so tha t  the  
p lanar iz ing  resis t  is undercu t  benea th  the  t ransfe r  
layer .  This profile is ideal  for l i f t -off  applicat ions.  The 
meta l  thickness is contro l led  by  the thickness  of the  
p lanar iz ing  resist,  mak ing  l if t-off  of th ick meta ls  possi-  
ble. The pa t t e rn  resolut ion is control led  independen t ly  
b y  imaging  in the  thin top resist. 

Addi t iona l  f lexibi l i ty  is gained by  being able  to i m a g e  
in any  type  of resist.  Photo- ,  E-beam,  or x - r a y  resists  
can be used as the  imaging resis t  wi thout  r ega rd  to fu-  
ture  ha r sh  processing steps. The resis t  is used on ly  for  
l i thography  and as a mask  for etching 1000A of *.he 
t ransfe r  mater ia l .  The imaging resist  is usua l ly  r e -  

. Electrochemical Society Active Member. 
1Present address: Digital Equipment Corporation, Hudson, 

Massachusetts {)1749. 
~Present address: Alpha Industries, Woburn, Massachusetts 

01801. 
Key words: plasmas, etching, photoresists, integrated circuits. 

moved dur ing  reac t ive  ion e tching of the p lanar iza t ion  
layer .  The mul t i l aye r  resis t  system descr ibed here  is 
being used in the appl ica t ion  of s ame- l eve l  mixed  
l i thography  (7). In  this appl ica t ion  the resis t  is both 
opt ica l ly  and E - b e a m  exposed. As a consequence, it  is 
necessary  to be able to opt ica l ly  al ign th rough  the 
resist. Fo r  this reason, a t r anspa ren t  ma te r i a l  is neces-  
s a ry  for  the  t rans fe r  layer .  Sil icon n i t r ide  was chosen 
as the t ransfe r  mater ia l .  

Sil icon n i t r ide  is compat ib le  wi th  both si l icon and 
GaAs technologies.  I t  is cu r r en t ly  used in both tech-  
nologies as a final pass ivat ion  layer  because i t  serves 
as an excel len t  ba r r i e r  to a lka l i  diffusion. I t  also has 
appl ica t ion  as an in te r leve l  dielectr ic  in mu l t i l aye r  
metal l izat ion.  Because i t  has such widespread  use in 
the industry,  processing with  si l icon n i t r ide  is routine,  
and  its p roper t ies  a re  wel l  character ized.  Sil icon n i -  
t r ide  can be p lasma deposi ted at  low t empera tu res  un i -  
fo rmly  across a wafer.  I t  is also easi ly etched in fluoro- 
carbon plasmas.  This ease in handl ing  makes  sil icon 
n i t r ide  a good choice for the t r a n s f e r - l a y e r  mater ia l .  

This paper  wi l l  descr ibe  a mu l t i l aye r  res is t  sys tem 
composed of p lasma-depos i t ed  silicon n i t r ide  and posi-  
t ive photoresists .  The processing steps wi l l  be descr ibed 
and the appl icat ions  wi l l  be demonst ra ted .  

Exper iments  
The mul t i l aye r  resist  (Fig. 1) was appl ied  on 3 in. s i l i -  

con wafers.  The p lanar iza t ion  l aye r  was typ ica l ly  1.7- 
2.0 #m of AZ| 2430, 8 which was baked  at  200~ for 30 

s AZ is a registered trademark of American Hoechst Corpora- 
tion, Somerville, New Jersey, for their photeresist products. 

IMAGING RESIST I AZ3000-18 

TRANSFER LAYER I ~ / ~  ~ X ~ V ~ ' ~ / ~  PLASMA DEPOSITED Si3N 4 / 
PLANARIZING RESIST 1 AZ2430 

SUBSTRATE ~ 

Fig. 1. Muhilayer resist structure suitable for E-beam and optical 
exposure. Reactive ion etching of the planarizing resist leaves 
either vertical sidewalls or an undercut profile for Uft-off 
applications. 
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re_in in a convection oven. The silicon ni t r ide  t ransfer  
layer  was applied on t o p  of the hard-baked  resist. 
Thickness of this layer  was general ly 0.1 ~m. 

The silicon ni t r ide  was plasma deposited in a modified 
Technics P lanar  Etch II reactor, as shown schematically 
in Fig. 2. The two electrodes, 20.3 cm in diam, were 
separated by 3.0 cm. Samples were uni formly  spaced 
on the heated platen. The reactant  gases entered the 
chamber through an annu l a r  plate, passed a diffusion 
ring, and flowed radial ly inward  over the samples. The 
reaction by-products  were exhausted through the cen- 
ter hole of the heated deposition plate. 

PresSure and  gas flow into the reactor were controlled 
independent ly.  Reactant  gases were controlled by a 
three-gas flow/ratio mass flow controller. This system 
provided closed-loop flow control and the capabili ty of 
slaving any  two of the gases to a third. Indiv idual  gas 
flows, as well  as total-flow rate, were accurately main-  
tained wi th in  the chamber. The desired process pres-  
sure was controlled independent ly  by using a throttle 
valve and controller  on the exhaust  port. Depositions 
were made at a substrate temperature  of 125~ The 
pla ten was heated by a resistance heater sandwiched 
between the twu a luminum plates comprising the 
platen. Tempera ture  moni tor ing and control were ac- 
complished by a thermocouple positioned between the 
plates. 

The product ion of silicon ni tr ide (SiaN4) was 
achieved by coreaction of n i t rogen (N2), ammonia  
(NHa), and silane (Sill4). Silane was introduced in an 
argon carrier gas, where the S i H J A r  ratio was 10/90. 
Ammonia  was added because it  is more easily dis- 
sociated than nitrogen. The larger  concentrat ion of 
free ni t rogen atoms in the plasma resulted in silicon 
ni tr ide films, which are less silicon rich than the films 
deposited from N2/SiH4 plasmas. The use of ammonia  
resulted in mater ia l  having a more uniform index of 
refraction and thickness. 

Under  typical  deposition conditions, input  gas-flow 
rate ratios were N2/NH3/SiI~ equal to 37/4.5/33.5 
sccm. A total chamber  pressure of 700 mtorr  was main-  
tained with the throttle valve. The plasma was sus- 
ta ined with 50W rf power applied to the top electrode 
from a 30 kHz generator. Under  these conditions the 
deposition rate was 120 A/rain.  

The properties of the silicon ni t r ide film were char-  
acterized using a Rudolph AutoE1 ellipsometer. The 
silicon ni t r ide film was deposited directly on silicon 
substrat.es to determine the index of refraction and film 
thickness. The film thickness un i formi ty  over a 3 in. 
wafer was determined by using the ell ipsometer to 

COOLING WATER RF POWER GASES 

WAFER 
HEATER FOR 
DEPOSITION PLATEN 

1 
VACUUM 
PUMP 

Fig. 2. Schematic drawing of planar reactor for the plasma depo- 
sition of silicon nitride. Material is deposited at 125~ by coreac- 
tion of N2, NH3, and Sill4 with flows 37, 4.5, and 33.4 sccm, 
respectively, and a total pressure of 400 retort. The power is 50W. 

measure thickness at n ine  points on a wafer. The etch 
rate in Transene-buffered HF was measured by  deter-  
mining  the film thickness before and after a t imed etch. 
Etching in buffered HF was done for several  different 
times, and the etch rates were calculated. The etch rate 
of the silicon ni t r ide  film in a CF4/O2 plasma could not 
be calculated in this way because the plasma changes 
the reflecting properties of the silicon nitride. 

The imaging resist layer  was spun on the silicon 
ni tr ide ~transfer layer over HMDS adhesion promoter.  
Generally,  0.5 #m-thick  AZ 2415 or Microposit 3000-18 
was used for pat tern  definition. These resists could be 
either optically or E-beam exposed. After  the pa t te rn  
was developed in the imaging resist, it was used as a 
mask to etch the silicon nitride. 

The silicon ni t r ide was etched in  a second Technics 
p lanar  system. The etch gas was 97.5% CF4 and 2.5% 
02. T h e  pressure was determined by the gas flow and 
main ta ined  at 400 mtorr. The wafer was placed on a 
20.3 cm grounded electrode, and etching was completed 
in 48s using 50W applied power. The wafers were given 
a 9s dip in Transene  buffered HF before ni t r ide  etch- 
ing. Following the ni t r ide etch, the wafers were baked 
at 100~ for lh. 

Reactive ion etching of the planar izat ion layer was 
done with 13.56 MHz rf power applied to the bottom 
electrode of a Plasma Therm PK 1241 reactor. The elec- 
trode was 25.4 cm in diam, and the chamber volume 
was 13.5 liters. The applied power was varied between 
50 and 450W, while the gas pressure and flow rate were  
held constant. 

The etch gas used was MOS pur i ty  oxygen from 
Matheson. The flow of gas into the chamber  was con- 
trolled by mass flowmeters, The pressure was held 
constant  by an automatic vene t i an -b l ind  valve con- 
trolled by a capacitance manometer .  Pressures between 
5 and 100 mtor r  were studied. All  etching was done 
with both electrodes main ta ined  at 40~ 

In  order to determine the etch rate, the samples 
were etched for varying time periods such that  none 
of the etches completely removed the resist. Measure-  
ments  were made from SEM photos of the etch depth 
and the amount  of undercut .  Etch rates were calcu- 
lated from these data. The average etch rate and the 
s tandard deviation from the mean  are reported. The 
amount  of resist undercut ,  as measured at the resist-  
ni t r ide interface, divided by the etch depth <for the 
same t ime period is defined as the degree of isotropy. 
The degree of isotropy is a quant i ta t ive measure of the 
resist profile. 

Silicon Nitr ide 
The silicon ni tr ide film that  was plasma deposited in 

the system described above had an index of refract ion 
of 1.81 ___ 0.02. This should be compared to the index 
of refraction of stoichiometric SiaN4, which is 1.98. The  
lower index of the film deposited in  our syste m sug- 
gests that  it is n i t rogen-r ich  material .  This mater ia l  
can be deposited with a thickness un i formi ty  of bet ter  
than 5% over the surface of the wafer and less than  
3.5% between three 3 in. wafers in  the same run. The 
mater ia l  which is deposited is more chemically reactive 
than either thermal ly  deposited silicon ni t r ide or 
plasma-deposited nitride,  which is deposited at a 
higher  temperature.  The mater ial  being described 
etches in Transene-buffered HF at 700 A/rain.  For 
comparison, plasma ni t r ide  deposited at 250~ etches 
at 500 A/min ;  the etch rate of mater ia l  deposited at 
325~ is 300 A/min ;  750~ thermal  ni t r ide etches at 
100 A / m i n  in BHF. In  a CF4/O2 plasma which is 2.5% 
O2, the etch rate of the 125~ plasma ni t r ide is 1400 
A/rain.  The etch is near ly  isotropic, but  since only 
1000A of ni t r ide is being defined, the pa t te rn  dimensions 
can be preserved by stopping the etch just  as the end-  
point  is reached. 

Pr ior  to silicon ni t r ide  deposition, the planar iz ing 
resist was ha rd-baked  in a convection oven where the 
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min imum bake condit ions were  200~ for 80 min. Bak-  
ing at a t empera tu re  lower  than 200~ resul ted  in a 
wr ink led  photoresis t  l ayer  wi th  a t ex tu red  sil icon n i -  
t r ide  layer  on top of it. This is i l lus t ra ted  in Fig. 3. 
Dur ing  p lasma deposi t ion of sil icon ni tr ide,  the surface 
of the AZ 2430 p lanar iz ing  resist  was hea ted  to t em-  
pera tu res  grea ter  than 125~ At  these tempera tures ,  
cellosolve acetate  is volat i l ized f rom AZ resists  and 
n i t rogen gas is also re leased f rom decomposi t ion of 
the photoact ive compound (8). If  the p lanar iz ing  re -  
sist is not prebaked,  these gases will  be re leased  dur ing  
the silicon n i t r ide  deposi t ion resul t ing  in a wr ink l ing  
of both films. Shaw et al. (8) de te rmined  tha t  for  
AZ 1350J photoresist ,  samples  had to be heated to 
160~ to remove al l  vola t i le  components.  For  AZ 2430, 
samples  must  be hea ted  to 200~ to p reven t  wr inkl ing.  

Under  some conditions,  the si l icon n i t r ide  film be-  
came comple te ly  res is tan t  to a CF4/O2 p lasma etch. I t  
is be l ieved that  the sil icon n i t r ide  surface becomes 
oxidized af te r  i t  is deposi ted.  This oxyni t r ide  surface 
layer  can be removed  in Transene-buffered  HF. It  was 
found that  a 9s dip in buffered HF is the min imum 
t ime requi red  to comple te ly  e l iminate  this unwanted  
film. Af te r  9s the  "oxide" l aye r  was removed  and a l -  
most al l  1000A of the sil icon n i t r ide  film remained.  
The source of this oxide contaminat ion  is st i l l  being 
invest igated.  

Af t e r  the CF4/O2 p lasma etch of the n i t r ide  t ransfer  
layer ,  the wafer  was baked  at  100oC in a convection 
oven for lh.  The baking  step was pe r fo rmed  to p re -  
vent  the n i t r ide  erosion seen in Fig. 4, which is a scan-  
ning electron micrograph  of the mul t i l aye r  resist  af ter  
the  p lanar iza t ion  l aye r  has been etched using the 
silicon n i t r ide  layer  as a mask.  This n i t r ide  erosion 
resul ts  in images subs tan t ia l ly  smal le r  than those 
or ig ina l ly  defined in imaging resist,  as wel l  as ragged 
edges on those features.  I t  is be l ieved that  the erosion 
is caused by  the presence of fluorine in the p lasma at  
the beginning of the oxygen RIE step. This fluorine 
may  be t rapped  on the surface of the imaging resist  
dur ing  the CF4/O2 p lasma etch of the ni t r ide.  Micro-  
probe analysis  has indica ted  the presence of fluorine 

Fig. 3. SEM plots of silicon nltrlde transfer layer which was de- 
posited on AZ 2430 which was not hard baked. Temperature in- 
crease during the deposition process causes both the resist and 
the nitride film to wrinkle. 

S C I E N C E  A N D  T E C H N O L O G Y  Apri l  I984 

Fig. 4. Multilayer resist after nitride layer and planarization 
layer are etched. Ragged edges are caused by unwanted fluoride 
etching of the silicon nitride. The fluorine contamination can be 
removed by baking the wafer after the nitride etch. 

in this layer ,  while  Dobkin  and Cantos (9) also found 
evidence for this in thei r  work.  Oxygen RIE removes  
the  top imaging resis t  as wel l  as the bot tom p lanar iz -  
ing resist,  an in terac t ion  which releases the t r apped  
fluorine to react  wi th  the silicon n i t r ide  t ransfe r  layer .  
The fluorine is only  presen t  at  the beginning of the 02 
etch, because i t  is only re leased f rom the surface of 
the imaging resist.  

The p rob lem arises when the imaging resis t  does 
not  have a square profile. Poor  resis t  profiles are  dome 
shaped,  being th inner  near  the edges of the fea tu re  
than in the middle.  I f  the edges of the imaging resis t  
are  removed very  ea r ly  in the oxygen etch, the si l icon 
n i t r ide  wil l  be  exposed to react ive  fluorine. This is 
p robab ly  the cause of  the n i t r ide  erosion. One solution 
to the p rob lem would be to have resis t  profiles which 
do not  have sloping walls,  since this would assure tha t  
al l  fluorine is removed  f rom the surface of the  photo-  
resis t  and pumped  away  before  any  silicon n i t r ide  is 
uncovered.  An empir ica l  solut ion to the p rob lem has 
been to bake  the sample  before  the  oxygen RIE step 
is done. I t  is be l ieved tha t  the  baking  releases the  
fluorine f rom the surface of the  photoresis t ;  however ,  
we have been unable  to confirm this wi th  a microprobe  
exper iment  because the  fluorine signals  are  ve ry  small .  

React ive ion Etch ing and  Prof i le  Cont ro l  
Once the  fea tures  were  defined in the silicon n i t r ide  

layer ,  i t  was used as a mask  for  etching the th ick  
p lanar iz ing  resist. This resist  was etched in a low 
pressure  oxygen  plasma.  The wafers  were  p laced on 
the powered  e lect rode so that  they  received high ion 
bombardment .  F igu re  5 shows the measured  d e g r e e  
of i so t ropy as a function of chamber  pressure  and r f  
power.  The degree of i so t ropy is a quant i ta t ive  w a y  
to describe the profile of the e tched resis t  and sil icon 
n i t r ide  mask,  and is defined as the  l a te ra l  etch ra te  
d iv ided  by  the ver t ica l  etch rate.  F igure  5 shows tha t  
power  has very  l i t t le  effect on changing the degree  
of isotropy.  Large  var ia t ions  in the  degree  of i so t ropy 
do occur when the pressure  is varied.  Comple te ly  
anisotropic  etching occurs only at pressures  be low 5 
mtor r  and powers  grea te r  than  150W. The dependence  
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Fig. 5. Degree of isotropy of hard-baked AZ 2430 after oxygen 
RIE. The ratio of lateral to vertical etch rate is shown as a function 
of rf power for several system pressures. 

of the  degree  of i so t ropy on oxygen  pressure  and rf  
power  wil l  be discussed ~urther in another  pape r  (10). 

The ver t ica l  etch ra te  of the p lanar iz ing  resis t  is 
p lo t ted  agains t  power  for constant  pressure  values in 
Fig. 6. Except  for the .data taken  at 100 mtorr ,  the etch 
ra te  increases l i nea r ly  wi th  power  input.  At  100 mtorr ,  
the etch ra te  increases wi th  power,  but  not  l inear ly .  
As the r f  power  input  into the  sys tem increases over  
the  range studied,  the electrons in the p lasma acquire  
a h igher  average  energy.  As the e lect ron energy  in-  
creases, the  number  of ionizing collisions increases 
(11). Ionizat ion of the oxygen molecules produces  
posi t ive ions, which  are accelera ted  ve r t i ca l ly  toward  
the wafer  by  the shea th  potent ial .  Increas ing the rf  
power  increases both  the  number  of posi t ive ions and 
the sheath  poten t ia l  so tha t  the ver t ica l  etch ra te  is 
seen to increase  wi th  the power.  

The  effect of va ry ing  the system pressure  on the 
etch ra te  is more  complicated.  At  low pressures  (less 
than  ,-, 100 m t o r r ) ,  the etch ra te  increases with in-  
creasing pressure  because the n u m b e r  of react ive  
species increases wi th  the increas ing n u m b e r  of elec-  
t ron -molecu le  collisions. (There are  more O2 molecules 
ava i lab le  for  collisions at  h igher  pressures.)  As the  
n u m b e r  of molecules increase wi th  increas ing p res -  
sure, the  t ime be tween  e lec t ron-molecu le  collisions 
decreases.  This shor tened  t ime resul ts  in lower  ave r -  
age e lec t ron energy  because the electr ic  field has less 
t ime to accelera te  the e lect ron before  i t  coll ides (12). 
The  lower  average  e lec t ron energy  resul ts  in fewer  

collisions energet ic  enough to ionize the molecu la r  oxy-  
gen. At  pressures  g rea te r  than  ,-, 100 mtorr ,  the n u m -  
ber  of ionizing collisions s tar ts  to decrease  as the  pres -  
sure  is increased,  as seen in Fig. 6. 

React ive ion-e tch  pa rame te r s  can be chosen based 
on the informat ion  in Fig. 5 and 6. Gas pressure  and 
r f  power  de te rmine  the degree  of i sot ropy obta ined 
in the  p lanar iz ing  resis t  profile. The e tch ra te  da ta  
a re  used to de te rmine  the etch t ime to endpoint .  F igure  
7 shows the m ~ t i l a y e r  resis t  which has been defined 
anisotropical ly .  The imaging resis t  l ayer  is r emoved  
dur ing  the oxygen  RIE so the SEM photograph  only  
shows the etched t rans fe r  and  p lanar iza t ion  layers .  
The imaging  resist,  Microposi t  3000-18, was exposed 
with  electrons.  By using e lect ron beam l i thography ,  
fea tures  as smal l  as 0.3 ~ have  been processed wi th  
this mu l t i l aye r  scheme. Etching beyond endpoint  p ro -  
duces a film on the s idewal ls  of the  p lanar iz ing  resis t  
on si l icon substra tes .  I t  is be l ieved tha t  these films are  
s imi la r  to those descr ibed by  Kinsbron  (13). On sil icon 
substrates ,  the s idewal l  film is p robab ly  some s i l icon-  
oxygen  compound and is easi ly removed  in buffered 
HF. 

F igure  8 shows the mu l t i l aye r  res is t  processed wi th  
an undercu t  so it can be used for l i f t -off  definit ion of 
metals .  The degree of i so t ropy is 0.25, and 0.4 ~m of 
a me ta l  a l loy has been deposi ted over  the mu l t i l aye r  
resist. The degree of i so t ropy is reproducib le  wi th in  
the e r ror  bars  shown in Fig. 5. This r eproduc ib i l i ty  
leads to we l l -con t ro l l ed  l i f t -off  profiles. The th ick  
p lanar iza t ion  layer  makes  i t  possible  to define ve ry  
ta l l  features.  The silicon n i t r ide  t ransfe r  l ayer  has 
suppor ted  as much as a 1.5 ~m laye r  of T i / A u  a l loy  
wi thout  any  signs of s train.  Af te r  the  meta l  has been 
deposi ted over  the  mul t i l aye r  resist,  the p lanar iz ing  
resist  must  be dissolved to ca r ry  away  the excess 
metal .  Resists baked  at  200~ are net  soluble in ace-  
tone, the  usual  l i f t-off  solvent.  A commercia l  epoxy  
remover ,  Uresolve Plus  (Dynaloy,  Incorpora ted) ,  is 
sui table  for removing  the h a r d - b a k e d  resis t  in the 
final l i f t-off  step. Uresolve Plus  is s t rong ly  a lka l ine  
and is not  su i tab le  for l i f t -off  d i rec t ly  on GaAs. Other,  
less caustic solvents a re  being sought for this  app l ica -  
tion. 
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Fig. 6. Etch rates for hard-baked AZ 2430 in an oxygen plasma. 
The etch rates are given as a function of rf power for several 
system pressures. 

Fig. 7. Anlsotroplcally etched AZ 2430 with a SI3N4 mask. The 
imaging resist which was removed in the oxygen RIE step was pat- 
terned using E-beam lithography. 
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Fig. 8. Multilayer resist processed with an undercut suitable for 
lift-off metal deposition. 0.4 Fm of Ti/Au is deposited on the resist 
structure. 

Summary 
A very flexible mult i layer  resist system has been 

developed using positive resists and plasn~a-deposited 
silicon nitride. The low temperature plasma nitrlde 
can be uniformly deposited over the surface of the 
wafer, resulting in a three- layer  system which is com- 
pletely transparent, making optical alignment possible. 
The imaging resist can be either optically or E-beam 
exposed, and no charging occurs during the E-beam 
exposure. 

Reactive ion etching of the planarizing resist pro- 
duces controllable profiles. The profile can be varied 
from vertical wall to any degree of isotropy desired 
for a lift-off application. Characterization of the etch 
rate and degree of isotropy as a function of pressure 
a n d  power has led to predictable and reproducible re-  
sist profiles. 
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Effective Segregation Coefficient of Boron in Silicon Ingots Grown by 
the Czochralski and Bridgman Techniques 

P. S. Ravishankar,* I.. P. Hunt,*  and R. W.  Francis* 

Exxon Research and Engineering Company, Solar Electric Conversion Unit, Linden, New Jersey 07036 

ABSTRACT 

Hall measurements and four-point probe resistivity measurements were used to determine the concentration profile of 
boron in doped semiconductor silicon ingots grown by Czochralski and Bridgman techniques. The concentration profiles 
were fitted to the normal segregation equation and the effective segregation coefficient, kef~, w a s  calculated. The average 
value of keff for boron was 0.786 -+ 0.036 in Czochralski single crystals and 0.803 -+ 0.036 in Bridgman polycrystals. 

Silicon made by carbothermic reduction of silica in 
an arc furnace is becoming increasingly important  as a 
source of low cost silicon for solar cells (1-3). The 
arc furnace-derived silicon normally contains both 
boron and phosphorus doping impurities which are 
difficult to assay rel iably by chemical analysis. Multi- 
ple recrystallization of the arc furnace silicon and Hall 
measurements on the crystals thus obtained has been 
suggested as an accurate method of determining boron 
and phosphorus concentration in arc furnace silicon 

* Electrochemical Society Active Member. 

(4). The method, however, requires an a c c u r a t e  
knowledge of segregation coefficients for these impuri-  
ties. This information is also necessary to estimate the 
extent of purification achievable by crystal growth. 

An equilibrium distribution coefficient is based 
strictly on thermodynamic considerations. It is nor-  
mally calculated from a phase diagram as the ratio of 
the slope of solidus to liquidus. However, in practice, 
this value of the distribution coefficient can be ap-  
proached only at slow growth rates and for solidifica- 
tion from well stirred melts. Therefore, it  is c u s t o m a r y  
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Table I. Effective segregation coefficient of boron in single-crysta! silicon 

Run no. Crystal diam (cm) V (era/h) R~ ke~f from slope keZZ from intercept 

kef~, intercept ~ X ][00(%) 

~eff, slope / 

SPC-89 7.5 
SPC-107 5 
SPC-91 5 
SPC-106 8 

5 0.933 0.796 0.755 
5 0.959 0.809 0.781 

10 0.934 0.780 0.812 
10 0.951 0.757 0.830 

5.2 
3.5 

- 4 . 1  
- 9 . 6  

to define an effective segrega t ion  coefficient, keffj as 

k e f f =  xs/Xl [1] 

where  xs and xl are  the concentra t ions  (a tom fract ion)  
of an i m p u r i t y  in the  solid at  t h e  so l id / l iqu id  i n t e r -  
face and the bu lk  mel t ,  respect ively.  Unlike the  equi -  
l i b r ium coefficient, the va lue  of keff is dependen t  on 
the ac tua l  c rys ta l  g rowth  condit ions such as g rowth  
rate,  amount  of s t i r r ing  in the melt ,  etc. Therefore,  
this value  will,  in general ,  be different  for different  
methods  of c rys ta l  growth.  

A survey  of the l i t e r a tu re  for  keff of boron  can be 
somewhat  disquiet ing.  F o r  the Czochralski  technique,  
r epo r t ed  values v a r y  f rom 0.7 to 0.85 (5-7).  An  even 
wider  range  is found for  f loat-zone recrys ta l l i zed  m a -  
terial .  Even though 0.8, wi th  only one significant digit,  
is the t r ad i t iona l ly  accepted segregat ion  coefficient for 
boron, it  is not  cer ta in  whe the r  this is an effective o r  
an equ i l ib r ium value,  keq. 

In  this paper ,  a p rocedure  is r epor ted  for  the ex -  
pe r imen ta l  de t e rmina t ion  of the effective segregat ion 
coefficient of boron in specific Czochralski  and Br idg -  
m a n  c rys ta l  g rowth  systems. The norma l  segregat ion  
equat ion 

Xs --  Xo keff (1 --  g)ke,f-1 [2] 

is r ea r r anged  in logar i thmic  fo rm as 

In (xs/xo)  = in ker~ § (kerr -- 1) in  (1 --  g)  [3] 

where  Xo is the in i t ia l  impur i t y  concentra t ion  in the 
melt .  A log- log  plot  of  Eq. [3J resul ts  in a s t ra igh t  
line, and  keff can be ca lcula ted  f rom both  the s lope 
and the in tercept .  

Descript ion of Experiments 
The Czochralski  crysta ls  were  grown in a HA_MCO 

CG-2000 Czochralski  c rys ta l  grower.  Crysta ls  of 
<111>  or ienta t ion  w e r e  pu l l ed  f rom a 20 cm d iam 
quar tz  crucible  conta ining 6 kg  of semiconductor  grade  
sil icon doped wi th  boron to ~-0.3 ~l-r The crucible  
and seed were  counter  ro ta ted  at  15 and 8 rpm, respec-  
t ively.  The opera t ion  was car r ied  out  in argon at  14 
torr.  The ingots  were  grown at  constant  g rowth  ra tes  
of 5 and 10 cm/h.  The ingot  d iamete rs  were  not  con- 
stant,  but  ave raged  e i ther  5 or  7.5 cm. Slices were  
cut  a t  severa l  (about  5) locations along the ingot. 
Accura te  weights  for  the  appropr ia t e  c rys ta l  sections 
were  measured  in o r d e r  to pe rmi t  de te rmina t ion  of  
the values  of f ract ion solidified, g, for  a g iven slice. 
The concentra t ion  of boron in the crystal ,  xs, was de -  
t e rmined  by  Hal l  measurements  made  on the ind i -  
v idua l  slices. Using Eq. L3J, a plot  of in (xs/xo) vs. 
In (1 --  g) was made.  The slope and in te rcep t  for  the 
s t r a igh t  l ine were  obta ined  by  a least  squares  fit. 

The Br idgman  crysta ls  were  grown by a d i rec t ional  
solidification of semiconductor  sil icon doped to ~,0.3 
~ / c m .  The f reezing ra tes  for  these crysta ls  ranged  
f rom 1 to 2 cm/h.  A ver t ica l  section of the  resul t ing  
po lycrys ta l l ine  ingot  was etched in NaOH. Severa l  
fou r -po in t  probe  measurements  were  made  at  var ious  
posi t ions (about  10) along the ver t ica l  axis. A n  a v e r -  
age res i s t iv i ty  of severa l  (about  4) read ings  at  each 
locat ion was conver ted  to concent ra t ion  using the 
equat ion suggested by  Thurbe r  e t a l .  (8). The i n t e r -  
face saape  xor d i~e ren t  g rowth  condit ions was es t i -  
m a t e d  f rom exper imen t s  where  this p a r a m e t e r  w a s  

measured  independent ly .  F r o m  the interface  shape,  t h e  
value of the f ract ion solidified was ca lcula ted  geo-  
metr ica l ly .  The g vs. xs da ta  were  t r ea ted  as descr ibed  
for Czochralski  crystals .  

Discussion of Results 
Single-crys tal  s i l icon.--Table I shows ke~f calcula ted 

f rom the slope and in tercept  for Czochralski  crys ta ls  
grown under  different  conditions. The square  of t h e  
corre la t ion  coefficient R 2 is also shown in the  table.  I ts  
value  close to un i ty  demons t ra tes  a good l inear  fit to 
the data.  The difference be tween  the value  of keff as 
es t imated  f rom the slope and the in te rcept  is expressed  
as a percentage  e r ro r  in Table I. Since the in te rcept  
value  requires  a knowledge  of xQ and the slope va lue  is 
independen t  of Xo, the value  f rom the slope should be 
more  rel iable.  The smal l  var ia t ion  in ketf f rom slope 
can be a t t r ibu ted  to er rors  in the measu remen t  of g. 
The value f rom the in te rcept  is wi th in  10% of the 
slope value.  This e r ro r  p robab ly  represents  the a c -  
c u r a c y  with which a few mi l l ig rams of boron can be 
weighed for  use as the dopant.  In  Table  II, t h e  
mean value  of keff f rom the slope is given for  t h e  
crystals  grown at  the same growth  ra te  and also f o r  
all  four  crysta ls  combined.  With in  expe r imen ta l  error ,  
the mean  keff seems to be independen t  of g rowth  r a t e .  
Therefore,  it  can be concluded that  keff ~ 0.786 +_. 0.036 
for  this pa r t i cu la r  Czochralski  process and equipment .  

Though calcula t ion of keq requi res  knowledge  of  the  
phase diagram,  i t  is possible to es t imate  this va lue  
f rom kew For  example ,  the BPS mode l  (9, 10) re la tes  
kef~ to/%q, by  the equat ion 

keq 
k~f~ = C4] 

keq § (1 - -  keq) exp {-- VS/D} 

According  to Eq. [4], k~[ should increase  as (VS /D)  
increases. The resul ts  given in  Table II  show that,  if 
anything,  the mean  keff decreases  s l igh t ly  as V is i n -  
creased. This is the  basis for  the conclusion tha t  the 
var ia t ion  of keff wi th  V is not  significant. 

Rea r rang ing  Eq. [4], 

In  [(1 - -  keff)/keff] = In [(1 - -  keq)/keq] -- (VS /D)  

[5] 
If  sufficient da ta  were  avai lab le  at  each growth  rate,  a 
p lot  of Eq. [5] should give a s t r a igh t  l ine of s lope 
(8/D) and in te rcept  (In [(1 --  keq)/keq]) f rom which 
k e q  c a n  be calculated.  Since sufficient da ta  were  not  
avai lable ,  this p rocedure  was not  car r ied  out. However ,  
it  can be concluded tha t  the measured  keff is p robab ly  
ve ry  close to keq. 

Polycrystal l ine s~licon.--The da ta  for  po lycrys ta l l ine  
silicon is shown in Table III. In some cases, keff cal -  
culated f rom the in te rcep t  dev ia tes  b y  as much  as 

Table II. Mean keff as a function of growth rate 

Growth rate, (era/h)  Mean/~etf from slope 

5 0.803 ----- 0.083* 
10 0.796 ~- 0.146 

Combined data 0.786 ~ 0,036 

* 95~'o confidence l imits (11, 12). 
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Table Ill. Effective segregation coefficient of boron in polycrystolline silicon 

Run no. R~ ke~f f rom slope ke~ f rom intercept  

kerr, intercept ) 
1 x 100(%) 

keff ,  slope 

EB-38 0.961 0.838 0.928 
EB-43 0.968 0.767 0.806 
EB-98 0.970 0.783 0.568 
EB-99 0.981 0.806 0.698 
EB-104 0.975 0.622 0.683 

- 1 0 , 7  

- 5.1 
27.5 
1 3 . 3  

16.9 

Mean ke~f f rom slope -- 0.803 ~- 0.036". 
* 95% confidence l imits.  

27.5% from the dope value. As discussed before, this 
error may be caused by the error in Xo. It is important 
to note that the keft from the slope, which is indepen- 
dent of xo, has much less scatter. The mean keff from 
the slope for all five of the ingots is 0.803 • 0.036. The 
significance of the difference between this value a n d  
the value obtained for Czochralski growth depends on 
the confidence one wishes to place in the data. How- 
ever, the higher value of keff for Bridgman growth is 
consistent with the fact that there is much less stirring 
in Bridgman growth than in Czochralski growth. 

Conclusions 
1. The effective segregation coefficient, kerr, for 

Czochralski growth is 0.786 _ 0.036. 
2. For the range of growth rates used, keff is inde- 

pendent of growth rate within experimental error. 
This suggests that the measured keff is probably very 
close to the equilibrium value, keq. 

3. keff in polycrystalline silicon grown by the Bridg- 
man method is 0.803 + 0.036. 
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ABSTRACT 

A significant influence of thermal  nitr idation on the electrical characteristics of ni t roxide films was found in this 
study. Nitr idation at temperatures  lower than 1000~ results in a great negative shift of flatband voltage VFB. However, the 
value of V~B continuously decreases with the increasing of nitr idation t ime at nitr idation above 1000~ After annealing of 
ni t roxide films in N~ gas at 1000~ for 30 min, a decrease of VFB, compared with the same nitr idat ion conditions, was ob- 
served. From quasi-static C-V measurements,  it shows that  not only interface fixed charge Qss but  also surface-state densi ty 
Nss are reduced in the decreasing of V~B after annealing the films in N2 gas. This effect is more prominent  for nitr idation at 
lower temperatures;  however, there still exists some degree of reduction in VFB for nitridafion at higher temperature  and 
longer time. The negative bias-temperature instability, sometimes called "slow trapping," is revealed by accelerated aging 
with negative gate bias at elevated temperatures.  I t  is found that  the instabili ty problem is more severe for samples which 
are nitr ided at lower temperatures  but  N2 annealing can reduce the negative bias-temperature instability. After N2 anneal- 
ing, ni t roxide films prepared with nitridation above 1150~ provide good properties for MOS devices. 

Curren t ly ,  t h e r m a l l y  g rown  SiO~ film is used as a 
gate  insula tor  in MOSLSYs. According to the  scaling 
method (1),  a re l iab le  thin insula tor  is requ i red  for  
VLSI  applicat ions.  However ,  due to severa l  serious 
p rob lems  of thin SiO2 films, inc luding low res i s t iv i ty  
to the diffusion of impur i t i es  (2, 3), high field ins ta-  
bi l i t ies  (4-7),  and  hot  e lect ron effects (8-9) ,  we can 
expect  tha t  the qua l i ty  of SiO2 films becomes inade-  
quate  for VLSI  devices when  the thickness of the  gate 
oxide  is get t ing thinner .  

The rma l  n i t r ida t ion  of SiO~ is considered to be the  
best  candida te  to replace  SiO2 as the  gate insula tor  in 
films less than  300A th ick  since this  ma te r i a l  has 
demons t ra ted  excel len t  mask ing  character is t ics  agains t  
diffusion of impur i t ies ,  r emarkab l e  improvemen t  in 
d ie lec t r ic  b r e a k d o w n  voltages, l a rge r  d ie lect r ic  con- 
s lant ,  and good s tab i l i ty  of MOS s t ruc ture  (10-12). 

In  this s tudy,  r e l a t ive ly  th ick n i t rox ide  films (around 
650A), ins tead of th inne r  n i t rox ide  films, were  chosen 
because we could e l iminate  the  poor  qua l i ty  factor  
caused f rom unre l i ab le  th in  oxide  films. This pape r  
shows that  the  in te r rac ia l  character is t ics  of MOS s t ruc -  
ture  can be improved  b y  app ly ing  N2 anneal ing  on 
nitrided oxide  films. 

Experimental 
Elect r ica l  measurements  were  made  on MOS s t ruc-  

tures.  In  this exper iment ,  n - type ,  (100) or ien ted  s i l i -  
con wafers,  wi th  res is t ivi t ies  ranging  f rom 4 to 7 12- 
cm, were  used. These wafers  were  c leaned in a hot  
solut ion of H2SO4 -t- H20~ and r insed  in deionized 
water .  Oxide films w i t h  thicknesses of a round  650A 
were  t he rma l ly  g rown on the wafers  in the  ambien t  
of wet  oxygen gas. The oxidized wafers  were  proceeded 
to t he rma l  n i t r ida t ion  in u l t r apu re  ammonia  gas. The 
n i t r ida t ion  t empe ra tu r e  and t ime were  var ied  f rom 
900 ~ to 1200~ and f rom 30 min  to 3h, respect ively .  
Af te r  this  process,  the  wafers  were  d iv ided  into two 
groups.  There  was a group wi th  no addi t iona l  p ro -  
cessing, the  others  were  annea led  in n i t rogen  gas at  
1000~ for 30 min. 1 prn in thickness  of a luminum was 
deposi ted  on the wafers,  and a me ta l  pad  of 100 m i d  
was then  pa t t e rned  using the convent ional  l i t hography  
and etching techniques.  Af te r  metal t izat ion,  the  wafers  
were  s intered at 450~ in forming gas for  30 min. 

The va lue  of f la tband vol tage  VFB was ca lcula ted  
on C-V curves.  Bias-s t ress  tests using an appl ied  vol t -  

age of --20V were  made  on MOS capaci tors  a t  300~ 
for 3 min to revea l  the  negat ive  b i a s - t empe ra tu r e  
ins tabi l i ty .  A quas i -s ta t ic  C-V technique was used to 
de te rmine  the in terface  fixed charge Qss and sur face-  
state dens i ty  Nss. 

Results 
For  samples  wi thout  N2 anneal ing,  the changes of 

f la tband vol tages  VFB wi th  respec t  to n i t r ida t ion  t em-  
pe ra tu re  and t ime a re  shown in Fig. 1. Ni t r ida t ion  at 
t empera tu re s  lower  than  1000~ resul ts  in a great 

-3.5 
-3.0 ~ 9 0 0  ~ 

-2,5 

-1.5 ~ %950~162 

~ ~ 1000~ 
-1.o ~ . 

11oo~ 

1150 ~ 

~ ~2oo~ 

~> 
" - 2 . 0  

> 

-0.5 

o 3~ 6'o ~o 1;o ": ~8o =- 

Nitridation time, rain. 
Fig. I. The changes of flatband voltages VFB with respect to 

different nltridatlon temperature and time for samples without N2 
annealing. 
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Table I. Qss and midgap Nss vs. nitridation time for samples that were nitrided at 950~ and received N,2 or no N2 annealing 

Qss (cm -2 ) 

Nss ( cm-2ev -1) 

30 min 

6.6x1011 

7.82 xlO 10 

NO N 2 annealing 

60 min 90 min 

5.07 xl011 4.92 xl011 

4.68 xl011 5.08x1011 

180 rain 

2.2x1011 

5.55x1011 

30 min 

5x1011 

5.78x1010 

N 2 annealing 

60 rain 90 rain 

3.18x1011 2.14x1011 

4.4x1011 4.55x 1011 

180 min 

1.04x1011 

4.g6x1011 

negat ive  shif t  of ~rFB, However ,  as t empe ra tu r e  in-  
creases above 1000~ and n i t r ida t ion  t ime exceeds 90 
min, the  VFB value  r ap id ly  decreases.  F igure  2 shows 
the changes of VFB for samples  that  were  N2 annealed,  
the curves have s imi la r  t endency  of var ia t ion  to Fig. 1, 
but VFB is smal le r  compared  with  the same n i t r i da -  
t ion conditions.  As t empera tu re  increases above l l00~ 
and react ion for  180 min, the  samples  have n e a r l y  the 
same value  of VFB. 

For  samples  that  were  N2 annealed,  the decrease of 
VFB corresponds to the reduct ion of N~s and Qss. This 
can be c lear ly  seen in the represen ta t ive  da ta  shown 
in Table I. These da ta  are  obta ined f rom samples  which 
were  n i t r ided  at  950=C b y  using quas i -s ta t ic  C-V tech-  
nique.  

Table  II  shows da ta  of midgap  Nss and Q~s for  s am-  
ples which  were  n i t r ided  at 1150~ and had  been an-  
nea led  in N~ gas. Both Q~ and midgap  N~ can be 
reduced to the  order  of 1010 for a n i t r ida t ion  t ime 
longer  than  90 min. 

Upon negat ive  b i a s - t empe ra tu r e  aging, the slow 
t r app ing  is revea led  in the  shif t  of the high f requency  
C-V curve to a more  negat ive  direction.  The magni tude  
of  f la tbsnd vol tage difference AVFB reflects the degree  
of ins tabi l i ty .  The dependence  of AVFB on n i t r ida t ion  
t empera tu res  wi th  react ion t ime var ied  f rom 30 to 180 
rain and is shown in Fig. 3. ~],rF B increases  wi th  the  

-2.E 

- 2 . 0  

> 
" - 1 . 5  

m 

- 1 . 0  

- 0 . 5  

~ goo~ 

95o "c 

1ooo% 

~ 1050 =C 

1100~ 

1150=(: 
1200 ~: 

Nitridation time, min. 
Fig. 2. The changes of flatband voltages VFB VS. various nitrJdo- 

tion temperatures and times for samples that were N~ annealed. 

Table II. Data of Oss and midgap Nss for samples that were 
nitridecl at 1150~ and had been annealed in N2 gas 

30 min 60 rain go rain 180 min 

Qss (cm -2 ) 1.3x1011 1.1 xlO 11 4.1x1010 3.6x1010 

Nss (cm-2ev -1 ) 5.0x1010 4.7x1010 3.5x1010 1.0x1010 

increas ing of n i t r ida t ion  t ime for t empera tu res  lower  
than  1150~ and nea r ly  sa tura tes  a t  h igher  t e m p e r a -  
tures of 1150 ~ and 1200~ However ,  samples  that  were  
N2 annea led  consis tent ly achieve lower  hVFB values.  

> 
m 

0 

A 
A 

3 

2 

1 

NO N 2 onneaUng 
N 2 annealing 
950 ~ nitridation 
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1150 ~ nitridation 
1200% nitridation / 

/ / 1 1~ / 1 / - '  
/ / e  / 

/ / /  J// I.~V_ .... A .... 4 

30 60 90 180 

Nitr idation time, min. 
Fig. 3. The dependence of flatband voltage of different Z~VFs 

on various nitridation temperatures and time for samples with and 
without N2 annealing. 
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Discussion 
As seen in Fig. 1, with the increase of nitridation 

time the negative shift of VFB increases significantly 
at 900~ and decreases explicit ly at elevated tem- 
peratures above 1000~C. This phenomenon might be 
interpreted as the following mechanism. At first, the 
hydrogen gas produced during ammonia nitridation 
processing dissolves into the SiO~ skeleton. Then, the 
dissolved hydrogen molecules react with the surround- 
ing Si-O bondings, forming the dangling bonds. Both 
Nss and Qss, therefore, increase significantly and cause 
the VFB shift phenomenon (2). The VFB shift con- 
sequently is strongly related to the solubility of hydro-  
gen gas in a SiO2 layer. Since the hydrogen molecule 
is very small in molecular diameter and has nonpolar 
characteristics, the solubili ty of hydrogen in SiO2 may 
be assumed to be similar  to its solubility in aqueous 
solution (13). That is, the hydrogen solubility in a 
SiO2 layer may decrease with the increase of tempera-  
ture and be negligibly small at elevated temperatures 
above 1000~ compared with that at 900~ Conse- 
quently, the dangling bond formation at temperatures 
above 1000~ is not explici t ly seen. 

The slow trapping instabili ty can be a major threat  
to rel iabil i ty of p-channel MOSFET. The mechanism 
of slow trapping has not been established. However, 
the effect is greater when initial Qss or Nss is large 
(14, 15). In the case of Table I, Nss exhibits the re- 
verse. Comparing Fig. 3 with Table I, we can conclude 
that the increase of AVFB is due to the increase of Nss. 

After  N2 annealing, the atomic bonds at the inter-  
face of silicon and nitroxide can be rearranged (16). 
Both Nss and Qss are reduced to a certain amount, 
therefore, VFB and hVFB also decrease. This effect is 
clearly shown in Fig. 2 and Fig. 3. 

Conclusion 
The electrical characteristics of the nitroxide films 

were studied. The negative direction shift of VFB due 
to the deterioration of hydrogen gas can be alleviated 
by N2 annealing. Such an anneal also reduces the 
negative bias- temperature instability. 

N2 anneal is recommended for nitroxide films which 
are prepared with n i t r ida t ion  above 1150~ to achieve 
stable device operational characteristics. 
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ABSTRACT 

This work focuses on the quality of epitaxial silicon deposited when the total thickness grown is in the range of 0.5-0.9 
~m from the initial physical interface. Shallow junctions were fabricated to evaluate device potential of the thin films. De- 
fect levels were evaluated. The ability to reproduce doping profiles was also evaluated. The studies have shown that the 
epitaxial silicon deposited to 0.5 ftm thickness is suitable for device fabrication. 

This study has focused on evaluation of the quality 
of the epitaxial  silicon deposited to thicknesses in the 
0.5 ~m range. The concerns with regard to the silicon 
quality this close to a physical interface included: 
(i) whether doping profiles could be reproduced and 
thicknesses controlled, (ii) whether defect levels aris- 
ing from the interface would have an effect on devices, 
and (iii) whether the silicon obtained would be suit- 
able for device fabrication. 

* Electrochemical  Society Act ive  Member. 

Experimental 
The concentration profiles in this s tudy were ob- 

tained by spreading resistance measurement technique. 
Figures containing spreading resistance data.  show 
either the raw data of spreading resistance in ohms vs. 
depth in microns, or data converted to log of the 
dopant concentration vs. depth from the surface. The 
spreading resistance data was obtained on samples 
beveled to angles of 20 min. An Automatic Spreading 
Resistance Probe (Solid State Measurements, Incorpo- 
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ra ted)  was employed.  Er ro r  correct ions were  made  
using methods deve loped  by  Hu (1). In addi t ion  to 
the spread ing  resis tance data,  SIMS data  were  taken  
on a number  of films for compar ison and cross check-  
ing (Fig. 5 and 6 show examples  of such compar isons) .  
F igure  1 shows a d iagramat ic  represen ta t ion  of con- 
cent ra t ion  profiles as shown in l a t e r  figures and  dis-  
cussed below. The phys ica l ly  th in  ep i tax ia l  films were 
deposi ted to a total  thickness of 0.5-0.9 ~ n  f rom the 
ini t ia l  g rowth  interface.  Sharp" t ransi t ions (0.06-0.15 
~m) f rom the arsenic n*  bur ied  l aye r  at a concent ra-  
t ion of (1 • 101~ atoms/cm~) in the si l icon subs t ra te  
to a 2 • 10 TM atoms/cm~ level  were  obta inable  using 
the High-Lo Epi process descr ibed  e lsewhere  (2-5),  
which employs  a SiCl4-H2 system at a tmospher ic  pres-  
sure. F i lms  were deposi ted at 1050~ in an AMT 1200 
epi tax ia l  reac tor  wi th  different  process var ia t ions  for 
the ep i tax ia l  deposit ions,  as descr ibed below. Refer r ing  
to the schemat ic  concentra t ion profile of Fig. 1, for 
purposes  of discussion, "flat zone" is defined as the  
dis tance f rom the surface to a concentra t ion of 1 • 
101T atoms/cm~ in the ep i tax ia l  layer .  "Transi t ion re -  
gion" is the depth  requi red  to go from a concentra t ion 
of 1 • 1017 a toms /cm 3 to the subcol lector  concentra t ion 
value of 1 X 1019 atoms/cm3. 

Occurrence of defects in the films, such as oxida t ion  
s tacking laul ts ,  ep l tax ia l  s tacking faults,  and hillocks,  
were  eva lua ted  using wet cnemmal decorat ion tech-  
niques s imi la r  to those descr ibed  in previous  work  
(6, 7). Wright  etching (8) t imes were  kept  to be low 
1 min because of the thinness of the films. In addi t ion  
to Wright  etch decorat ion,  anodic etch was used to 
moni tor  the e lec t r ica l ly  active defect  sites. Etch cur -  
ren t  character is t ics  vs. t ime were  examined  for films 
in the 0.5-3.0 r range.  Fo r  the  anodic etching, the 
ep i tax ia l  film surfaces were  exposed to a di lute  HF 
solut ion (used as the e lec t ro ly te ) ,  while  a posi t ive 
vol tage was appl ied  to the subs t ra te  wafer.  A p la t i -  
n u m  wire  in the solution acted as the cathode. Con-  
ditions used for  the  anoldiC etching were  varied.  In  
general ,  an H F  concentra t ion of 5% was employed.  
An  appl ied  vol tage of 2-3V was genera l ly  used for 
the thin films and 10V for the films grea ter  than  1 .~m; 
10-60s were  typica l  t imes employed  for the  anodic 
exposure.  Af te r  Wr igh t  etch and anodic etch, micro-  
scopic examina t ion  of the etched sites was made.  

To evalua te  the device potent ial ,  shal low junct ions 
were  formed in the un i fo rmly  doped regions. Junct ions  
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Fig. 1. Diagramatic representation of concentration profile 
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were formed in the lightly doped n-type films by dif- 
fusion using CVD boron-doped polycrystalline silicon 
films as a diffusion source. Diffusion was at a tempera- 
ture of 900~ for 30 rain. Breakdown voltages and 
diode leakage measurements were made on the junc- 
tions formed. 

Results and Discussion 
Concentration profi~es.--To develop a sharp  concen- 

t ra t ion  profile in the thin films, a p r e l im ina ry  eva lua-  
t ion of au todoping re la t ive  to i npu t -dopan t  concen-  
t ra t ion  was car r ied  out. A s~eries of ep i tax ia l  films 
were  deposi ted where in  al l  var iab les  were  he ld  con- 
s tant  except  deposi t ion t ime (see Table I, runs  1, 2, 3, 
and 5). These films were  deposi ted on a rsen ic -doped  
subst ra tes  (~1019 atoms/cm~).  The process sequence 
used for  these runs included a 17 min p rebake  and 
the rmal  equi l ibra t ion  to II150~ to produce  surface 
outgassing and to minimize  autodoping.  This was fol-  
lowed by  deposi t ion at  1050~ for the t imes shown 
in Table I. A pos tbake  of 1 min fol lowed each depo-  
sit ion t ime before r amp  down. Spread ing  resis tance 
curves for runs  1, 2, 3, and 5 in this series are  p lo t ted  
in Fig. 2 and show a decreasing sharpness  in profile 
wi th  increas ing deposi t ion t ime at constant  doping 
input.  Run 4 in Fig. 2 (curve  4) was grown with  no 
doping in t roduced to test  effectiveness of the dopant  
input  concentra t ion being employed.  The fact  that  
this run did n o t  produce  a surface concentra t ion or 
profile s ignif icant ly different  than  the o ther  runs in-  
d ica ted  tha t  the input  concentra t ion of 32 cmS/min of 
50 ppm ars ine in He was insufficient to affect the  film 
profile and indica ted  tha t  the  profiles obta ined were  
en t i re ly  due to autodoping f rom the substrate .  Fo r  
comparison,  curve 6 has been included in Fig. 2. This 
film was deposi ted for 22 min  wi th  a l l  condit ions s imi lar  
to the  32 cm 3 dopant  input  ser ies  except  that  the 
dopant  was increased to 48 cm8/min. This increased 
dopant  input  leads to the sharpness  observed in the  
profile and indicates that  in tent ional  doping p redomi -  
nates  over  autodoping.  The impor tance  of de te rmin ing  
the p roper  doping level  fol lowing p rehake  to achieve 
ab rup t  t ransi t ions in thin ep i tax ia l  films is thus d e m -  
ons t ra ted  in these exper iments .  

The effect of va ry ing  t ime at  this h igher  doping 
input  is shown in Fig. 3. The film profiles in this figure 
were  obta ined using the same growth  condit ions as 
in Table I, except  that  deposi t ion t imes of 22, 17, and 
14 min were  used for curves 7, 8, and  9, respect ively .  
I t  wil l  be noted tha t  the ab rup t  profile is r e t a ined  wi th  
the  h igher  doping level  wi th  decreas ing t ime even 
as the  films become thinner.  The flat zones and t r ans i -  
t ion regions for the  curves are  given in Table  II. Table  
I I I  summarizes  key  ref inements  used to develop the 
sharp t ransi t ions  in the  films. A H i g h - L o -  (2-5) t y p e  
p r o c e s s  sequence was used. This inc luded a h igh  t e r n -  

Table I. Autodopfng evaluation 

Dep. Dep. H~ flow Dopant 
t ime  temp (cm ~ • SiCI, carrier source 

Run no. (rain) (~ 104/rain) (cmS/min) (eroS/rain) 

1 16 1050 9.6 456 32 
2 17 1050 9.6 456 32 
3 18 1050 9.6 456 89- 
4 17 1050 9.6 456 0 
5 95 1050 9.6 456 
6 22 1050 9.6 456 48 

Table II. Time variation at 48 cmS/min dopant input 

Flat zone Transit ion region Deposit ion t ime 
Run no. (#m) (/zm) (rain) 

7 1.84 0.05 22 
8 0.86 0.83 17 
9 0.70 0.14 14 
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perature prebake at 1150~ deposition of an undoped 
layer of epi followed then by deposition of a layer with 
dopant introduced. Both deposition steps were at 
1050~ Most of these runs had a 2 min deposition of 
undoped epitaxy. Conditions for these runs are sum- 
marized in Table III. Profiles for runs 10, 11, and 12 are 
shown in Fig. 4. Run 11 achieved many of the epi 

Table I I I ,  Thin epi (refined process) 

Deposition 
Flat zone Transition region t ime (m ln )  

Run no. (#m) (/zm) Undoped Doped 

10 1.09 0.140 $ 15 
11 o.so 0.087 9. 9' 
12 0.4:1 0.065 2 6 
13 0.53 0.068 3 6 
14 0.57 0.0/9 1 8 

I i I I I I 
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Comparison of submicron epltaxial  fi lm profiles with 1.2 

characteristics desired, having  a fiat zone of 0.495 ~xn 
and a t rans i t ion  region of 0.087 #m. More de ta i l ed  
fea tures  of  this pa r t i cu la r  profile are  g iven  in Fig. 5. 
F igure  6 shows SIMS da ta  for  this  same film. The 
concentra t ion of the fiat zone, as wel l  as the genera l  
overa l l  profile, is s l igh t ly  h igher  than  the va lue  ob -  
ta ined  by  spreading  resistance;  however ,  the  t rans i t ion  
region and measured  depths  a re  s imilar .  This run  had  
an  l lS0~ p rebake  for 15 rain. A somewhat  th inner  
film was achieved in run  12 wi th  a doped  epi  depos i -  
t ion t ime cut  to 6 rain. The fiat-zone and t rans i t ion  
regions are  re ta ined,  indica t ing  tha t  this process can 
perhaps  be ex tended  to even th inner  epi. 

Runs 13 and 14 were  exper iments  whe re  to ta l  depo-  
sit ion t ime was he ld  constant  while  the  doped and 
undoped epi thicknesses were  varied.  Run 13 had  a 
3 rain undoped  region and a 6 rain doped  region,  and  
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14 had  a 1 rain undoped  region and an 8 rain doped  
region.  These var ia t ions  had l i t t le  effect on the t r ans i -  
t ion region but  d id  change the f lat-zone thickness.  
There  seems to be l i t t le  advan tage  to making  these 
thickness changes, though fur ther  s tudy  may  be w a r -  
ranted.  I t  would appea r  more  desi rable  to pursue  r e -  
ducing the  t empe ra tu r e  of the  epi  g rowth  in o rde r  to 
improve  the sharpness  in the  t rans i t ion  region.  

Reproduc ib i l i ty  of  the process in dupl ica t ing  doping 
profiles was eva lua ted  for  a more typ ica l ly  used film 
deposi ted  on ion - implan ted  b lanke t  subcollectors  doped 
to ~,1019 a toms /cm s. The resul ts  are summar ized  in 
Table  IV. 

Defects.--Defects in the  films, such as oxida t ion  
s tacking faults,  ep i t ax ia l  s tacking  faults,  and hil locks,  
were  examined  using wet  chemical  decorat ion.  Overa l l  
defect  levels  (~102/cm 2) were  found to be no h igher  
than  levels  for  th icker  films (1-2 ~m). In  addi t ion to 
Wr igh t  etch decorat ion,  anodic etch was used to moni -  
tor  the e lec t r ica l ly  active defects  in the films. Etch 
cur ren t  character is t ics  vs. t ime were  examined  for 
films in the 0.5-3.0 ~m range. Curren t  profiles dur ing  
the anodic e tching is a function of ep i tax ia l  film dop-  
ing and thickness as wel l  as defect  levels.  F i lms  of 
h igher  qua l i ty  ( low defect  counts) on s imi l a r ly  con- 
duct ive  (n +) subs t ra tes  requ i red  longer  etch t imes 
to show a rap id  current  r ise character is t ic  in the etch 
curves at  punch through to the conduct ive substrate .  
The ep i tax ia l  s tacking  faul ts  were  more  commonly  

revea led  wi th  the anodic e tching t rea tments .  A n u m -  
ber  of the  thin films were  oxidized so tha t  the ox ide /  
s i l icon in ter face  formed was wi th in  0.2, 0.4, and 0.6 
~m of the phys ica l  ep i tax ia l  interface.  The oxide was 
then  s t r ipped.  Some of the wafers  were  subjec ted  to 
Wright  etch, and others  were  to anodic etching.  No 
oxidat ion s tacking faul ts  were  observed  except  in a 
few instances at  the outer  edges of wafers.  For  the  
anodica l ly  t r ea ted  samples,  the etch curve cha rac te r -  
istics for the films ( represen t ing  different  distances 
f rom the in terface)  indicate  that  f ewer -de fec t s  are  
present  as one approaches  the ep i tax ia l  physical  in-  
terface. F rom these observat ions,  i t  appears  tha t  de-  
fects ar is ing f rom the interface  are  not  a l imi ta t ion  
m growing th inner  films. The anodic etching was done 
on l imi ted  port ions of the films. However ,  extensive 
sampl ing  of diodes (descr ibed below) formed on the 
thin films was made,  and the un i form diode proper t ies  
overa l l  would indicate  e lec t r ica l ly  active defect  levels  
were  sufficiently low such as not  to effect the  ind iv idua l  
devices.  
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Table IV. 0.5 #m epi reproducibility 

S u r f a c e  
Flat  zone  Trans i t ion  reg ion  concentra t ion  

R u n  no. (/zm) (/~m) ( a t o m s / c m  s) 10~e 

Blank Sub  10-1 0.479 0.13.~ 2.08 
Blank Sub  10-2 0.573 0.168 8.84 
Blank Sub  11-1 0.509 0.142 2.14 
Blank Sub  11.2 0.598 0.124 8.03 
B l a n k  Sub  12-1 0.566 0.144 2.18 
B l a n k  S u b  12.2 0.562 0.157 5.23 

+ 11.7% 
0.143 --23.3% 2,59 

+ 29% 
- 29% Fig. 8. Forward and reverse diode characteristics 
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Diode characterization.--To evaluate  the device po- 
tential,  shallow junct ions were formed in the uni formly  
doped regions, and electrical measurements  were made. 
A histogram of the breakdown voltages is shown in 
Fig. 7. Forward  and reverse diode characteristics are 
given in Fig. 8. Breakdown voltages of junct ions  were 
consistent with film thicknesses and doping concentra-  
tions. Leak.age measurements  on diodes having 40,000 
#m 2 areas were in  the order of 10-1~A. Figure 9 is a 
his togram of leakage measurements  and shows the 

epitaxial  films to be of excellent  quality.  Recently, 
high performance t ransis tor  structures have been 
fabricated and reported for these th in  films (0.8-0.9 
#m) (9-11).  
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Optical Etch-Rate Monitoring: Computer Simulation of Reflectance 
P. A. Heimann* and R. J. Schutz* 

AT&T Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 
We report on a numerical simulation of the signal from a laser etch-rate monitor which utilizes changes in the optical 

reflectance of a layered structure while the top layer is being etched. The simulation can be applied to structures having 
several layers. For a strongly absorbing layer such as a luminum (k = 7.1), the reflectance is constant until  the layer has 
been etched completely. For a moderately absorbing layer such as a transition-metal silicide (k between 1.5 and 2.5), 
light can be transmitted through the film and can be reflected from the underlying layers when the silicide has been 
etched down to a few hundred angstroms thick. The only required parameters are the wavelength of the light, and, for 
each layer, the indexes of refraction and absorption, the initial thickness, and the etch rate. It can also be applied to 
cases where portions of the film area are being etched at different rates, such as when part of the film is covered with 
photoresist. The simulation is applied to several etch processes, including silicide-polysilicon gate and metallization 
etches. Good agreement is found between experimental  and calculated data. 

The technique of etch-rate monitoring and endpoint  de- 
tection by optical reflectance is becoming more widely 
used (1-3). Advantages of this technique include the sim- 
plicity of the apparatus, the insensitivity of the reflect- 
ance to changes of the etching gases, process parameters 
or etch rate, and the fact that it can provide a continuous 
monitor of the etch rate. In order to make full use of this 
technique, a detailed simulation of the reflectance vs. 
etching time is desirable. 

When monochromatic radiation is reflected from a lay- 
ered structure whose transparent (or semi-transparent) 
top layer is being etched, the intensity of the reflected ra- 
diation oscillates. This periodic change in intensity is due 
to the interference of waves reflected from the outer and 
interior surfaces of the structure. The signal is relatively 
easy to explain for a single layer on an opaque substrate. 
For a multilayered structure,, subtle changes in signal, 

Electrochemical Society Active Member. 

which are meaningful  but  difficult to interpret intui- 
tively, often occur. Therefore, a computer program has 
been written to calculate the reflectance of up to four lay- 
ers plus a substrate and to include the interference from 
adjacent areas with different structures and etch rates. 
The program runs on a Honeywell 6000 computer and 
provides graphic as well as numerical output. 

Theory 
The theory of multilayer reflectance is described in 

many books on optics, and will not be repeated here, ex- 
cept for a brief description of the matrix method (4,5) for 
calculating reflectance. The effect of each layer j (see Fig. 
la) upon the incident light is described by a 2 x 2 com- 
plex matrix Cj 

[ exp(iJj_i) rjexp(iS,_l)~ 
Cj = rj exp ( - i ~  1) exp(-i~_l) J [1] 
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Fig. 1. a: Parameters for calculation of multilayer reflectance, b: Re- 
flectance from more than one type of structure on a wafer. Dashed 
line shows extra layer of vacuum for multiple-area calculations. 

with  

~Qj-1 - -  "r/j 
rj - - -  [2] 

~j = nj + ik~ [3] 

35 = 2~dph/X [4] 

Here  nj is the  index  of refract ion of layer j, kj, is its ab- 
sorp t ion  per  v a c u u m  wave leng th  ~,, and dj is the  layer 
thickness .  The absorp t ion  kj is related to the  a t tenuat ion  
of  l ight  th rough  the  layer by 

I/Io = e x p ( - 4 r r k j d # k )  [5] 

where  I and Io are the  t ransmi t t ed  and inc ident  l ight  in- 
tensit ies,  respect ively.  

The  mat r ix  C1 is found by set t ing 8o arbi trari ly equa l  to 
zero, s ince the  phase  shift in the  externa l  (vacuum) reg ion  
does  not  affect  the  measu red  reflectance.  Matr ices  for 
each layer are then  mul t ip l ied  together  in the  same order  
as the  cor respond ing  layers (top to bot tom) yie ld ing a pro- 
duc t  ma t r ix  C. The  complex  ref lect ion coeff icient  ~ {s 
def ined as the  ratio of  two e lemen t s  of  

r -  ~' [6] 

and the  measu red  ref lectance R is g iven by 

R = [ r [  ~ [7] 

Us ing  this method,  some  in teres t ing  predic t ions  can be 
made.  For  example ,  it is easy to show that  the  ref lectance 
is a per iodic  funct ion  of  the th ickness  of  the top  layer (if it 
is not  s t rongly absorbing),  wi th  one per iod cor respond ing  
to a th ickness  change  hd g iven  by 

hd = M2n [8] 

Therefore ,  the  optical  e tch-rate  moni to r  signal repeats  it- 
self  af ter  e tch ing  about  2150A (6328A + 1.47 + 2) of  si l icon 
d iox ide  or about  800A (6328A - 3.90 + 2) of polycrystal-  
l ine s i l icon (polysilicon), w h e n  us ing  a He-Ne laser 

source. This is the periodicity which is widely used for 
optical etch-rate monitoring, since the etch rate is simply 
the thickness corresponding to one period, divided by the 
etch time required to make one complete period. It can 
also be shown that the variation of reflectance with film 
thickness approximates a sinusoid when the index of re- 
fraction is close to 1.0, and becomes less symmetrical as 
the index gets larger. 

Anothe r  resul t  is that, w h e n  the  th ickness  of  any trans- 
paren t  layer (kj = 0) is an integral  mul t ip le  of the wave- 
l eng th  of  the  l ight  in the  material ,  i .e. 

dj = N(X/nj), N = 1, 2, 3 . . .  [9] 

then  f rom Eq. [3] and [4] the  t e rm exp (iSj) has the same 
va lue  as for zero thickness ,  and it can be shown that  the  
total  ref lect ivi ty  of  the  s t ructure  is the same as it would  
be if that  layer were  absent.  This  is t rue not  only for the  
top layer, but  also for layers deeper  in the structure.  One 
can also show that  if  the  th ickness  is g iven by 

dj = (N  + 1/2)X/n~ [10] 

then  the  c o m p l e x  ref lect ion coeff icient  r is the negat ive  
of  the zero- th ickness  case, but  the  observed  ref lectance R 
is the  same. Therefore,  a general  rule is that  a layer which  
is an in tegra l  n u m b e r  of  ha l f -wavelengths  th ick  will  h a v e  
the same optical  effect  as no layer at all. Fo r  example ,  if  
the ox ide  in a polys i l icon/oxide/s i l icon s t ruc ture  is one 
wave leng th  thick,  then  the  s t ructure  looks l ike poly- 
silicon/silicon. S ince  heavi ly  doped  polys i l icon and 
l ight ly  doped  si l icon have  near ly  the  same indexes  of  re- 
fraction, the  ref lectance is pract ical ly i n d e p e n d e n t  of  
polysi l icon th ickness  and cannot  be used  to moni to r  poly- 
si l icon etching.  This  undes i rab le  effect  has been  observed  
exper imen ta l ly  [6]. 

A th i rd  in teres t ing  result ,  f rom the  s tandpoin t  of practi- 
cal applicat ion,  is the total  ref lectance w h e n  two differ- 
ent  areas on the  wafer  are e tch ing  at different  rates. This 
is the  case w h e n  part  of  the  wafer  surface is covered  by a 
low-etch-rate  resist  and the  remain ing  area is to be  e tched  
at a h igher  rate. For  each area, the  ref lected l ight  has an 
ampl i tude  and phase  which  depends  upon  the  film struc- 
ture of  that  area, and the  l ight beams  ref lected f rom dif- 
ferent  areas will interfere w~th each other (see Fig. ib). 
The overall effect of these two types of interference 
(among light reflected from different layers within an 
area and among light reflected from different areas) can 
be calculated by adding the complex reflection coeffi- 
cients rm corresponding to each area, and then taking the 
squared amplitude of that sum. This model does not in- 
clude diffraction at the step edges, but the contribution 
from this effect is expected to be small if the areas are 
large compared to h. The interference of the light re- 
flected from different areas will be treated in detail in a 
subsequent paper (7). 

One method of maintaining the proper phase relation- 
ship among the various rm's is to include the space above 
all the areas (except the highest) as an additional layer, 
with the index of refraction for vacuum (n = i, k = 0) and 
with a thickness such that all areas have the same total 
thickness (see broken line in Fig. Ib). It can be shown 
that another method, which does not require this addi- 
tional vacuum layer, is to redefine 8m0 for each area m as 

27r 
(~mO -~  .Eidmj [11] 

where  the summat ion  is over  all layers excep t  the  sub- 
strafe. This  lat ter  scheme  is easier  to incorpora te  into a 
c o m p u t e r  calculat ion.  I f  each area m covers  a f ract ion fm 
of the  total  area, then  the  overal l  comp lex  ref lect ion coef- 
ficient is 

r = ~ , f ~ m  [12] 
m 

and the  ref lectance R is found from Eq. [7]. 

Examples  
In  this section, we present  the  resul ts  of  s imula t ions  of  

optical  e tch-rate  moni to r  (OERM) signals for var ious  
s tructures ,  and compare  t h e m  to expe r imen ta l  results,  
where  available. All of  the  curves  are based  upon  the  
6328A red l ight  f rom a He-Ne laser. Discrepanc ies  be- 
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t w e e n  ca l cu la t ion  a n d  e x p e r i m e n t  c an  be  c a u s e d  b y  
u n c e r t a i n t y  in  t he  va lues  for  i n d e x e s  of  r e f r ac t i on  a n d  b y  
s lowly  v a r y i n g  add i t i ve  s igna ls  due  to l igh t  e m i t t e d  b y  t h e  
e t c h i n g  gases.  

Polysilicon etching.--The s t a n d a r d  po lys i l i con  gate  
t e c h n o l o g y  r equ i r e s  an  e t ch  of po lys i l i con  on  field oxide.  
F i g u r e  2 shows  t he  ca l cu la t ed  O E R M  s igna ls  for e t c h i n g  
3200A of  po lys i l i con  o n  t op  of  field ox ides  of  two  differ- 
en t  t h i c k n e s s e s .  Again,  t he  to ta l  t h i c k n e s s  b e i n g  e t c h e d  
can  b e  f o u n d  by  c o u n t i n g  cycles  of  t he  O E R M  curve .  The  
sma l l  s igna l  for t h e  4305A ox ide  is c a u s e d  b y  i ts  i n t eg ra l  
w a v e l e n g t h  t h i c k n e s s  a n d  d e m o n s t r a t e s  t he  ef fec t  de- 
s c r i bed  ear l ier  (see Eq. [9] a n d  [10]. F i g u r e  3 s h o w s  t he  
s ignal  s t r e n g t h  (d i f fe rence  b e t w e e n  m i n i m u m  a n d  maxi -  
m u m  ref lect ivi ty)  vs. ox ide  t h i cknes s .  One  can  see t h a t  
th i s  ef fec t  is d e t r i m e n t a l  on ly  over  n a r r o w  r a n g e s  of ox ide  
t h i c k n e s s e s ,  a n d  t h o s e  t h i c k n e s s  r a n g e s  can  b e  a v o i d e d  
during device fabrication without placing severe con -  
s t r a i n t s  upon device design. 

In both Fig. 2a and 2b, the endpoint of the polysilicon 
etch occurs when the reflectance is close to the mini- 
mum value observed during the etch. In fact, the 
reflectance at this endpoint is always less than halfway 
between the maximum and minimum reflectance values 
(see Table I). This fact can be incorporated into auto- 
mated endpoint detection schemes (8). 

Silicide-polysilicon etching.--The s i m u l a t i o n  is also use-  
ful  for  m o d e l i n g  t he  e t c h i n g  of  a n  opt ica l ly  a b s o r b i n g  
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Fig 2. Calculated OERM signal for etching polysilicon/oxide/silicon 
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100 Mmin. Arrow indicates end of polysilicon etching. 

0.8 

0.6 

J 
< 

r 0.4 

I 

1500 2000 2500 3000 
I 

5500 4 0 0 0  4500 

0.2 

OXIDE THICKNESS (~,) " 

Fig. 3. Variation of signal strength with oxide thickness for poly- 
silicon/oxide/silicon OERM 

883 

Table 1. Calculated reflectance during etching of polysilicon/oxide/ 
silicon structure 

Reflectance* 
during poiysilicon 

Oxide etch [ _ RMin" ] 
thickness Maximum Minimum At endpoint RFinal . 

(~) (RMax) (RMin.) (Rrinal) L RMax RMin. 

2050 0.479 0.230 0.335 0.42 
2150 0.375 0.335 0.335 0.00 
2250 0.477 0.231 0.327 0.39 
2350 0.582 0.127 0.311 0.41 
2450 0.665 0.055 0.288 0.38 
2550 0.728 0.013 0.256 0.34 
2650 0.775 0.000 0.222 0.29 
3230 0.863 0.073 0.074 0.00 

*623.8 nm light, normal incidence. 

layer.  Fo r  a s t rong ly  a b s o r b i n g  layer  s u c h  as a l u m i n u m  
(k = 7.1) (9), t he  re f l ec tance  is c o n s t a n t  un t i l  t h e  l ayer  has  
b e e n  e t c h e d  comple te ly .  Fo r  a m o d e r a t e l y  a b s o r b i n g  
layer  s u c h  as a t r a n s i t i o n - m e t a l  s i l ic ide (k b e t w e e n  1.5 a n d  
2.5) (10), l i gh t  c an  be  t r a n s m i t t e d  t h r o u g h  t he  fi lm a n d  
can  b e  re f lec ted  f rom the  u n d e r l y i n g  layers  w h e n  t he  sili- 
c ide ha s  b e e n  e t c h e d  d o w n  to a few h u n d r e d  a n g s t r o m s  
th ick .  F i g u r e  4 shows  ca l cu la t ed  O E R M  signals  f rom etch-  
ing  a n  a luminurn /po lys i l i con /ox ide / s i l i con  s t r u c t u r e  (a) 
a n d  a s i l i c ide /po lys i l i con/oxide /s i l i con  s t r u c t u r e  (b). For  
the  first case, the  a l u m i n u m  is nea r ly  opaque ,  so t he  
O E R M  s ignal  is flat d u r i n g  m o s t  of  t he  a l u m i n u m  etch,  
a n d  it c h a n g e s  on ly  w h e n  t he  m e t a l  ha s  b e e n  nea r ly  
e t c h e d  away. In  th i s  case, t he  e n d p o i n t  c an  b e  e s t i m a t e d  
(to w i t h i n  a b o u t  100A) as t he  p o i n t  w h e r e  t he  s igna l  s tar ts  
to change .  Fo r  t he  s e c o n d  case, t he  s ignal  s ta r t s  to  c h a n g e  
wh i l e  t he  si l icide is severa l  h u n d r e d  a n g s t r o m s  th ick ,  a n d  
s u c h  an  e s t ima te  wou ld  yie ld  a s ign i f ican t  error.  F i g u r e  5 
s h o w s  h o w  the  s t r u c t u r e  of  t h e  s i l i c ide-e tch  O E R M  c u r v e  
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SILICIDE/POLYSILICON ON FIELD OXIDE 

TOX = 3229,~ TOX = 3767,~ 

TpoLY = 3204,~ 

TpoLY = 3 6 0 5 ~ ~ L ~  

Fig. 5. Calculated OERM signal for a silicide/polysilicon/oxide struc- 
ture, for various values of polysilicon thickness (TPoLv) and oxide 
thickness (Tox). Arrows indicate transition from silicide etching to 
polysilicon etching. 

is affected by the  th ickness  of the  under ly ing  polysi l icon 
and oxide  layers. In order  to see~the OERM curve  to de- 
t e rmine  t ransi t ion f rom sil icide to polysi l icon etching,  
one needs  an accurate  knowledge  of  these  th icknesses  
(note the  effects  of  a change  of  only 200A in polysi l icon 
th ickness)  and one needs  to use a model ,  such as the  one 
desc r ibed  here, to calculate  the  curve  shape expec t ed  for 
those  th icknesses .  F igure  6 shows an exper imen ta l ly  ob- 
served signal f rom the initial por t ion  of  this e tch  wi th  
nomina l  th icknesses  of  3000/~. polysi l icon and 3500/~ ox- 
ide. There  is fair ag reemen t  wi th  the  calculated curve  in 
Fig. 5 for 3204A polysi l icon and 3767/~ oxide.  The  sl ight  
d i sc repancy  be tween  the  calcula ted and expe r imen ta l  
curves  is due to uncer ta in ty  of the  exac t  th icknesses  of 
the polys i l icon and oxide  layers, and to a possible  change  
in sil icide surface tex ture  dur ing  etching.  No arrow has 
been  placed in Fig. 6. Had  the  polysi l icon th ickness  been  
measu red  pr ior  to si l icide deposit ion,  the  O E R M  curve  
could have  been  mode l ed  us ing this s imula t ion  and the 
locat ion of endpo in t  on the  OERM curve could  have  been  
predicted.  
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Fig. 6. Experimental OERM signal for silicide/polysilicon/oxide/silicon 
structure, for the complete silicide etch and the initial portion of the 
polysilicon etch. Nominal thicknesses are 3000~ polysilicon and 3500 
.~ oxide. 
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Multiple areas.--There are cases in which  the  l ight  
b e a m  migh t  be directed onto a region of  the  wafer  con- 
ta ining two different  types of  layered structures,  one of  
which  is covered  with  photoresis t .  In  some cases, this re- 
gion could  be a s t ructure  special ized for optical  e tch-rate  
moni tor ing ,  such as a diffract ion grat ing (11). In  o ther  
cases, this region could  be the  actual device  area, which  
would  e l iminate  the need  to devo te  a large area (about  1-2 
m m  2) for use as a ref lector  in etch-rate  moni tor ing .  The 
lat ter  case would  be useful  if, for instance,  such an area 
would  be difficult  for an opera tor  to locate, Or if  it would  
requi re  an addi t ional  mask  in a s tep-and-repeat  camera.  

As an e x a m p l e  of  this  mul t ip le-area  s imulat ion,  Fig. 7 
shows the  calcula ted OERM signal for 2.0 /~m of  a meta l  
which  has half  of  its area covered  by a resist  of index  1.60. 
The case where  there  is no resist  eros ion is shown in F ig .  
7a, and the  case where  the resist  e tch rate is one-fifth of 
the meta l  e tch rate is shown in Fig. 7b. One can see that  
w h e n  resist  eros ion occurs, the  OERM signal is qui te  
compl ica ted ,  s ince ne i ther  the ampl i tude  nor  the  per iod 
remain  constant .  The  average  per iod is shor ter  here, s ince 
a 2 /~m e tch  depth  cor responds  to 6.3 cycles in the  zero- 
e ros ion  case and to 7.1 cycles in the  1:5 etch-rate-rat io 
case. I f  the  te rmina t ion  poin t  of  the e tch process  is deter- 
m ined  by count ing  OERM cycles, and if resist  eros ion is 
not  t aken  into account ,  then  the  e tch will  be t e rmina ted  
before  the  deisred dep th  has been  reached.  This  is in 
ag reemen t  wi th  the expe r imen ta l  results  of  S t e r n h e i m  
et al. (3), who  found  that  the  optical  e tch  rate mon i to r  
y ie lded  a step (in silicon) which,  w h e n  measu red  with  a 
stylus ins t rument ,  was lower  than  expec t ed  f rom count-  
ing per iods  of the optical  signal. If  the  resist  e ros ion  rate 
is known,  even  if only approximate ly ,  this s imula t ion  can 
pred ic t  the  actual  n u m b e r  of  OERM cycles which  will  oc- 
cur  dur ing  the  e tch to the  deisred depth.  

Conclusions 
The s imula t ion  descr ibed  above  is cur rent ly  in use for 

calcula t ing mult i layer ,  mul t ia rea  ref lectance dur ing  etch- 
ing. When c o m b i n e d  wi th  analyt ical  calculat ions  and ex- 
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sist erosion, b: Resist erodes at one-fifth of metal etch rate. 
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pe r imen ta l  results,  it is p rov ing  useful  for unde r s t and ing  
opt ical  e tch-rate  moni to r  signals, and for deve lop ing  new 
schemes  to impro ve  the  usefu lness  of  this t echn ique .  
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Retardation of Boron Diffusion in Silicon 

Chol Kim* 
Faculty of Science and Technology, Sophia University, Tokyo 102, Japan 

A B S T R A C T  

Boron  diffusion profiles incl ine s teeply near  diffusion fronts,  since the  diffusivi ty decreases  f rom the  intr insic  va lue  
with  decreas ing  the  local boron concentra t ion.  The  re tardat ion  of boron  diffusion occurs  only w h e n  the  surface concentra-  
t ion is lower  than  the  intr insic carr ier  dens i ty  at the  diffusion tempera ture .  

Various researchers  have carried out  boron  diffusion in 
silicon, which  has surface concen t ra t ion  less than  the  in- 
t r insic  carr ier  dens i ty  at the diffusion tempera ture .  The 
boron  diffusion sources  employed  were  B203 (1), e lemen-  
tal boron  (2), and boron-doped  ox ide  (3). In the  papers,  
boron  diffusivi ty was calculated f rom the  boron  surface 
concen t ra t ion  and the  diffusion depth,  a s suming  that, in 
the intr insic  diffusion condit ion,  the  boron  diffusivi ty is 
not  d e p e n d e n t  on the  local concent ra t ion  and that  the  
boron  profile could  be descr ibed  by the  c o m p l e m e n t a r y  
error  func t ion  (erfc). However ,  the  boron  diffusivi ty re- 
por ted  by Ghoshtagore ,  who  emp loyed  doped  epi taxial  
si l icon layer as the  boron  source, is m u c h  smal ler  than  the  
intr insic  va lue  (4). In  pract ical  bo ron  diffusion, it has 
often been  observed  that  the  actual  diffusion dep th  is 
m u c h  sha l lower  than  the  va lue  p red ic ted  by the  erfc or by 
the  Gauss ian  func t ion  with  an intr insic  diffusivity.  

Recent ly ,  it was found that, w h e n  boron-excess  BN 
film, depos i t ed  on a si l icon surface and encapsu la ted  
wi th  Si3N4 film, was used  as a boron  diffusion source,  the  
boron  surface concen t ra t ion  could  be control led  over  the  
range of 2 x 10 TM to 2 • 1020 cm -3 accord ing  to the  deposi-  
t ion t empe ra tu r e  of  the  BN film unde r  p roper  gaseous  
flow condi t ions  and held  cons tan t  dur ing  the heat- 
t r ea tmen t  for boron  diffusion (5). This  makes  it possible  
to e m p l o y  the  Bol tzmann-Matano  analysis  on' the  boron  
diffusion profiles over  a wide  range of  surface  concentra-  
tion, in t e rms  of the  diffusivi ty v iewed  as a func t ion  of the  
local boron  concentra t ion.  

Experimental 
Mirror  f inished si l icon wafers,  hav ing  a phosphorus  

concen t ra t ion  of  2-4 x 10 '~ cm -~ and (100) orientat ion,  
were  used  as a substrate.  On the  wafers,  the  30 n m  layer  
of  boron-excess  BN was depos i ted  in the  t empera tu re  
range 440~176 under  the  gaseous  flow condi t ions  50 
cm3/min of  1% B2H6 in N2, 70 cm3/min of  NH3, and 2000 
cm3/min of  n i t rogen  carrier  gas. The 30 n m  layer of Si3N4 
was success ive ly  fo rmed  on the  BN surface at 720~ wi th  
20 cm3/min of  5% Sill4 in N2, 70 cm3/min of NH3, and 2000 
cm3/min of  n i t rogen  carrier  gas. The  expe r imen ta l  appara- 
tus has been  descr ibed  in a prev ious  paper  (6). Boron  dif- 
fusion into si l icon f rom the  BN film was carr ied out by 

* Electrochemical Society Student Member. 
Key words: impurity, integrated circuits, CVD. 

hea t - t rea tment  in n i t rogen a tmosphe re  in the  t empera tu re  
range of  1050~176 for the  diffusion t ime  of  15-300 rain. 

Lee  (7) pe r fo rmed  a compar i son  of  an inc remen ta l  shee t  
res is tance profile to analyzed spreading  res is tance pro- 
file of  a shal low phosphorus  diffusion. E x c e p t  near  the  
surface, the  resul ts  were  in good agreement .  In  this study, 
this spreading  res is tance  t echn ique  was e m p l o y e d  main ly  
to obtain  the  boron  diffusion profiles, and the  inc remen-  
tal sheet  res is tance m e t h o d  was also used  to de t e rmine  
the  surface concen t ra t ion  and the  profiles near  the sur- 
face. The  diffusion dep th  was de t e rmined  not  only by the  
spreading  res is tance  technique ,  bu t  also by the  spherical  
dri l l ing and s taining technique .  The  di f ference be tween  
the  values  of  diffusion dep th  de t e rmined  by the  two 
me thods  was wi th in  the  range of  +- 5% for all samples  
tes ted  in this invest igat ion.  
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Results  
The  b o r o n  d i f fus ion  profi les  w i th  t he  sur face  concen -  

t r a t i on  of  6 • 1018 c m  -3, w h i c h  is lower  t h a n  t he  in t r ins i c  
car r ie r  dens i t y  n~ of  2.0 • 10 TM c m  -3 at  t he  d i f fus ion  t em-  
p e r a t u r e  of 1200~ are s h o w n  in  Fig. 1. D u r i n g  t he  diffu- 
s ion h e a t - t r e a t m e n t ,  t he  b o r o n  sur face  c o n c e n t r a t i o n  C~ 
was  c o n s t a n t l y  k e p t  at  6.5 x 1018 c m  -a, a n d  the  d i f fus ion  
d e p t h  i n c r e a s e d  f rom 1.65 to 4.30 ~ m  in  p r o p o r t i o n  to the  
s q u a r e  roo t  of  d i f fus ion  t ime.  

F igu re  2 is a r ep lo t  of t he  profi le  da ta  s h o w n  in  Fig. 1, 
in  w h i c h  t he  d i s t ance  f rom t he  sur face  is n o r m a l i z e d  to 
t he  s q u a r e  roo t  of  d i f fus ion  t ime,  a n d  t he  b o r o n  concen-  
t r a t i on  is also n o r m a l i z e d  to t he  s u r f a c e  concen t r a t i on .  
The  sol id l ine  in  t h e  f igure c o r r e s p o n d s  to the  erfc curve ,  
a s s u m i n g  t he  in t r in s i c  d i f fus iv i ty  Di to be  1.4 • 10 -12 
cm2/s. The  n o r m a l i z e d  b o r o n  prof i les  fit t h e  erfc c u r v e  
on ly  for t he  n o r m a l i z e d  c o n c e n t r a t i o n  m o r e  t h a n  0.1, b u t  
they  differ  nea r  t h e  d i f fus ion  front ,  w h e r e  the  prof i les  in- 
c l ined  s teep ly  a b o v e  the  sol id line. T h e  r e s u l t i n g  d e p t h  of  
the  d i f fus ion  f ron t  is on ly  55-60% of  t he  one  e x p e c t e d  
f rom the  erfc c u r v e  w h i c h  a s s u m e s  t he  i n t r i n s i c  diffusiv-  
i ty  Di. 

B e c a u s e  t he  d i f fus ion  profi les  are c o i n c i d e n t  w h e n  
p lo t t ed  as s h o w n  in  Fig. 2, t he  B o l t z m a n n - M a t a n o  tech-  
n i q u e  is a p p l i c a b l e  to ca lcu la te  the  d i f fus iv i ty  D. The  bo- 
r o n  d i f fus iv i ty  D as a f u n c t i o n  of  t h e  local  b o r o n  concen-  
t r a t i on  is s h o w n  in Fig. 3. For  a local  c o n c e n t r a t i o n  h i g h e r  
t h a n  1 • 10 is c m  -a, t he  d i f fus iv i ty  D was  c o n s t a n t  a t  t he  
in t r ins i c  v a l u e  of 1.4 • 10 -12 cm2/s. However ,  for any  con-  
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c e n t r a t i o n  lower  t h a n  1 • 10 TM cm -a, the  d i f fus iv i ty  D de- 
c r ea sed  w i t h  d e c r e a s i n g  local  b o r o n  concen t r a t i on .  Fo r  a 
b o r o n  c o n c e n t r a t i o n  of 1 • 1016 cm -3, t he  d i f fus iv i ty  is 
a b o u t  2.5 • 10 -la cm2/s, t h a t  is, 1/4 of  the  in t r in s i c  value.  As 
a f igure for  t he  r e t a r d a t i o n  of  the  b o r o n  d i f fus ion ,  we 
def ine  t he  d i f fus iv i ty  Df at  t he  local  c o n c e n t r a t i o n  of  1 • 
1016 cm-a. 

The  b o r o n  d i f fus ion  w i th  the  sur face  c o n c e n t r a t i o n  in  
t he  r a n g e  of  2 x 10 TM to 2 x 10 =~ cm -3 was  ca r r ied  ou t  at  
1200~ The  d i f fus ion  t i m e  was  c h o s e n  so t h a t  the  re- 
su l t ing  d i f fus ion  d e p t h  wou ld  be  in t h e  1.5-6.0 ~ m  r a n g e  
to o b t a i n  de ta i l ed  profi le  da ta  nea r  the  d i f fus ion  f ron t  
w h e r e  t he  b o r o n  c o n c e n t r a t i o n  d e c r e a s e d  s teeply.  In  all 
cases,  t he  B o l t z m a n n - M a t a n o  ana lys i s  was  pe r fo rmed ,  
a n d  the  d i f fus iv i ty  D was ca lcu la ted  as a f u n c t i o n  of  t h e  
local  b o r o n  concen t r a t i on .  The  re su l t s  are s u m m a r i z e d  in 
Fig. 4, in  t e r m s  of the  d i f fus iv i ty  Df vs. t h e  b o r o n  su r face  
c o n c e n t r a t i o n  Cs. Fo r  b o r o n  d i f fus ion  w i th  t he  sur face  
c o n c e n t r a t i o n  h i g h e r  t h a n  t he  in t r in s i c  ca r r i e r  dens i t y  ni 
of  2.0 • 10 TM c m  -3, t he  d i f fus iv i ty  Df at  t he  d i f fus ion  f ron t  
ag rees  w i th  t h e  in t r in s i c  d i f fus iv i ty  D~ s h o w n  as a d a s h e d  
l ine in  t he  figure. The  r e t a r d a t i o n  of  b o r o n  d i f fus ion  at  
the  d i f fus ion  f ron t  was  no t  obse rved .  Fo r  a low sur face  
c o n c e n t r a t i o n  less t h a n  2 • ~0 TM c m  -~, t he  d i f fus iv i ty  Df at  
t he  f u n c t i o n  f ron t  was  smal l e r  t h a n  t he  in t r in s i c  value.  

To conf i rm  the  r e t a r d a t i o n  of  b o r o n  d i f fus ion  at  lower  
t e m p e r a t u r e  t h a n  1200~ b o r o n  d i f fus ion  was  ca r r ied  ou t  
at  1050 ~ 1100 ~ a n d  1150~ As s h o w n  in Fig. 5, t he  diffu- 
s iv i ty  Dr at  t he  d i f fus ion  f ron t  was  a lways  smal l e r  t h a n  t he  
in t r in s i c  d i f fus iv i ty  Dl for t he  sur face  c o n c e n t r a t i o n  of  
less t h a n  10 TM c m  -~, e v e n  t h o u g h  t he  d i f fus iv i ty  Df was  co- 
i n c i d e n t  w i t h  the  in t r ins i c  v a l u e  for the  h i g h e r  sur face  
c o n c e n t r a t i o n .  The  r e t a r d a t i o n  of  b o r o n  d i f fus ion  occu r s  
on ly  w h e n  the  sur face  c o n c e n t r a t i o n  is less  t h a n  the  in- 

Fig. 3. Boron diffusivity vs.  lo- 
cal boron concentration. 
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Fig. 5. Boron diffusivity at the diffusion front vs. the reciprocal of 
diffusion temperature. 

trinsic carrier density ni at diffusion temperatures in the 
1050~176 range. Figure 5 also shows that, under the in- 
trinsic condition, the diffusivity Df depends not only on 
the diffusion temperature, but on the surface concentra- 
tion of diffused layer. 
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ABSTRACT 

We report on studies of the transport and incorporation of chlorine in SiO2 during the oxidation of silicon in OdHC1 
mixtures at 1000 ~ and 1100~ using Auger sputter profiling (ASP) and secondary ion mass spectrometry (SIMS). The experi- 
mental results obtained were analyzed using general particle-transport considerations including both diffusion and drift 
components.  Data obtained from the SIMS profiles of the chlorine concentration in SiO2 indicate that chlorine transport is 
aided by an electrochemical field in the oxide,, although this field is undoubtedly not electrical in nature. Data obtained 
from the ASP profiles show that the Si-SiO2 interface acts as a sink for chlorine. By fitting the transport relations to the data 
obtained, an accurate model for chlorine transport is derived. 

In recent years, there has been much interest in the effect 
of chlorine additions to the oxidizing ambient during sili- 
con oxidation (1-42). Chlorine in the grown oxides neutral- 
izes positive alkali ions in the oxide (21), provides better 
r e p r o d u c i b i l i t y  in b r e a k d o w n  vo l t ages  (11), r educes  
stacking faults (16), and directly affects the oxidation kinet- 
ics (23). In addition, because of the electrochemical similari- 
ties between oxygen and chlorine, studies of chlorine incor- 
po ra t ion  may  p rov ide  add i t iona l  i n s igh t  into the 
mechanisms of oxide growth. 

In this paper, we describe the results of Auger sputter 
profiling (ASP) and secondary ion mass spectrometry 
(SIMS) studies of silicon dioxide grown in OdHC1 ambi- 
ents. Our ASP and SIMS studies on OdHCl-grown oxides 
may be summarized as follows: (i) high levels of chlorine re- 
side on the oxide side at the SiOdSi interface in a region less 
than 30A wide. (ii) The total interface chlorine increases 

*Elect rochemical  Society Active Member .  

with growth temperature for a fixed oxide thickness. (iii) 
The total interface chlorine for a fixed temperature in- 
creases monotonically with oxide thickness. We believe the 
evolution of the chlorine distribution can be described in 
terms of field-driven transPort of a chlorine species to the 
SiOdSi interface region where it is incorporated, possibly, 
in va r ious  Si-C1-O-H com plexes .  With the ar r iva l  of 
sufficient chlorine a new phase is nucleated, and ulti- 
mately SiClx compounds are formed which cause blisters at 
the interface. 

We introduce a simple kinetic model which is consistent 
with these results to predict the amount of interface chlo- 
rine for a given oxidation process, and present data show- 
ing the total interface chlorine as a function of oxide- 
growth temperature and thickness. We will present a brief 
summary of the conclusions of several studies regarding 
the distribution of chlorine in HCl-grown oxides and com- 
pare these results with our own recent work. 
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Experimental 
To gain  a n  u n d e r s t a n d i n g  of t he  effects  of va r ious  p rocess  

c o n d i t i o n s  on  ch lo r ine  d i s t r i b u t i o n  a n d  t r anspo r t ,  we ex- 
a m i n e d  severa l  sets  of  s a m p l e  s t ruc tures .  All ox ide  th ick-  
nesses  were  d e t e r m i n e d  b y  e l l i p somet r i c  m e a s u r e m e n t s .  
One  such  set  cons i s t ed  of  (100)- a n d  ( l l l ) - o r i e n t e d  n - type  
s i l icon ox id ized  in  02/5% HC1 at  1000 ~ a n d  ll00~ A sec- 
ond  s a m p l e  ser ies  cons i s t ed  of  s i l icon ox id ized  in d ry  O~ at  
1100~ to a t h i c k n e s s  of  1060~. Th i s  s e c o n d  set  was  t h e n  an- 
n e a l e d  in  Ar/5% HC1 at  1100~ for v a r i o u s  t imes .  E x a m i n a -  
t ion  of  t he se  s a m p l e  sets  a l lowed  us to eva lua te  t he  ch lo r ine  
t r a n s p o r t  a n d  i n c o r p o r a t i o n  p roces se s  w i th  a n d  w i t h o u t  t he  
p r e s e n c e  of  a s i m u l t a n e o u s  ox ida t i on  process .  T wo  addi-  
t i ona l  s a m p l e  se ts  cons i s t ed  of  s i l icon wafers ,  w h i c h  u n d e r -  
w e n t  c o m p l e m e n t a r y  s e q u e n t i a l  g r o w t h  processes .  One  
s a m p l e  was  ox id ized  in 02/5% HC1 to 500A, a n d  t h i s  was  fol- 
lowed  b y  ox ida t i on  in  d ry  O2 to a to ta l  t h i c k n e s s  of  1000A. 
The  o the r  s a m p l e  was  ox id ized  first in  d ry  02 to 500~ and  
t h e n  in 02/5% HC1 to a to ta l  t h i c k n e s s  of  1000~. T h e s e  
s a m p l e s  were  c o m p a r e d  in a n  effor t  to d e t e r m i n e  t h e  stabil-  
i ty of  ch lo r ine  d i s t r i b u t i o n  d u r i n g  s i l icon o x i d a t i o n  in  t he  
a b s e n c e  of  a ch lo r ine  source  in t he  a m b i e n t .  Th i s  also pro- 
v i d e d  an  i n d i c a t i o n  of  t he  abi l i ty  of  ch lo r ine  to p e r m e a t e  a n  
in i t ia l  d ry  02 ox ide  layer. We also e x a m i n e d  ox ides  g r o w n  in 
O2 wi th  no  HC1 as controls .  

All  s a m p l e s  were  e x a m i n e d  u s i n g  A u g e r  s p u t t e r  pro- 
filing. To ca l ib ra te  sens i t iv i ty  factors,  s t a n d a r d s  of  b o t h  Si 
a n d  SiO2 were  i n v e s t i g a t e d  u s i n g  i m p l a n t s  of3~C1 + at  50 keV 
for a to ta l  dose  of  3.0 x 1015 cm-E Auge r  s p u t t e r  prof i l ing  
was  p e r f o r m e d  u s i n g  a V a r i a n  h i gh - r e s o l u t i on  A u g e r  elec- 
t r o n  spec t rome te r .  T he  p r i m a r y  A u g e r  e l ec t ron  b e a m  was  
o p e r a t e d  at  10 ~A, 4.5 keV, r a s t e r ed  over  a n  a rea  600 ~ m  on  a 
side. Th i s  gave  an  e l e c t r o n - b e a m  flux of  3 m A  c m  -2 a n d  a 
p o w e r  flux of 13.5 W cm-E S p u t t e r  prof i l ing  was  per-  
f o r m e d  wi th  Ne + at 1.0 keV wi th  a c u r r e n t  d e n s i t y  of  36 
~A/cm 2. The  s p u t t e r i n g  ra te  was  d e t e r m i n e d  to b e  27 
m i n - '  by  c o m p a r i s o n  w i th  e l l i p somet r i c  m e a s u r e m e n t s .  All 
e x p e r i m e n t s  were  ca r r ied  ou t  u s i n g  a l iqu id  n i t r o g e n  
c r y o s h r o u d  to  m i n i m i z e  b a c k g r o u n d  c o n t a m i n a t i o n  of  
samples .  Fo r  t h e s e  cond i t ions ,  t he  A u g e r  d e p t h  r e s o l u t i o n  
is b e t t e r  t h a n  30A (43), and  t he  ch lo r ine  d e t e c t i o n  l imi t  is ap- 
p r o x i m a t e l y  1 x 10 TM c m  -3 in  a prof i l ing  mode .  S e c o n d a r y  
ion m a s s  s p e c t r o m e t r y  (SIMS) ana lys i s  was  also p e r f o r m e d  
o n  a r e p r e s e n t a t i v e  s e l e c t i o n  o f  t h e s e  s a m p l e s .  ~ T h e  
s a m p l e s  were  ana lyzed  u s i n g  02 + ions  at  8 keV. 

We have  u s e d  b o t h  A u g e r  s p u t t e r  prof i l ing  a n d  S I M S  be- 
cause  the  two  t e c h n i q u e s  offer  c o m p l e m e n t a r y  capabi l i -  
ties: A u g e r  p r o v i d e s  supe r io r  d e p t h  r e s o l u t i o n  (p r imar i ly  
t h r o u g h  lower  ion  ene rg ies  for sput te r ing) ,  a n d  S IMS offers 
supe r io r  sens i t iv i ty .  I t  is di f f icul t  to  m a k e  s t a t e m e n t s  
about absolute concentrations with either technique, how- 
ever, without resorting to sample standards. The investiga- 
tion of the implanted standards, however, provided us with 
a means of determining absolute concentrations in the 
SIMS experiments to the accuracy afforded by the implant 
standards. In previous studies of chlorine in SiO2 using Au- 
ger sputter profiling, distortions of the profile due to elec- 
tron irradiation have been observed. In this study, the con- 
ditions described above were chosen so that these effects 
were not significant. Both ASP and SIMS show some vari- 
ations in signal sensitivity over a series of experimental 
runs. In our work, we consistently scaled SIMS data to the 
Auger data, since our Auger data base for each sample was 
considerably larger. The resulting concentrations quoted 
here are good to within 20%, not including errors due to the 
implant standards. Note that this is a systematic error intro- 
duced during the calibration process. Measurements of rel- 
ative concentration from sample to sample can be expected 
to yield a precision better than -+20%. 

A typical OJHCl-grown SiO2 ASP profile is shown in Fig. 
i. The sample is a lightly doped, n-type (I00) silicon crystal 
thermally oxidized at 1100~ to a thickness of 910~ in an am- 
bient containing O~]5% HCI. In the figure, the peak to peak 
heights of the differentiated electron energy distribution 
for several Auger transition energies are shown. The silicon 
s ignal  s h o w n  is due  to t he  92 eV S i -LVV t rans i t ion ,  w h i c h  is 
p r e s e n t  on ly  in u n o x i d i z e d  e l e m e n t a l  s i l icon;  th i s  s igna l  
(along w i t h  t he  oxygen)  serves  as a m a r k e r  to locate  t he  
interface.  

1SIMS analysis performed by C. A. Evans and Associates. 
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Fig. 1. ASP profile of SiO2 grown in 02/5% HCI at 1100~ This figure 
records the peak to peak height of the differentiated Auger electron en- 
ergy distribution curve, for experimental conditions described in the 
text. The three curves show the depth distribution of oxygen (511 eV), 
silicon (92 eV), and chlorine 181 eV). The chlorine peak represents a 
concentration of 1.8 x 10 ~1 cm -~ at a FWHM of 50~. 

The  ch lo r ine - in t e r f ace  peak  a p p e a r s  in  t he  ox ide  approx i -  
m a t e l y  10s f rom pos i t i on  w h e r e  t he  o x y g e n  s ignal  is d o w n  
b y  50% (we def ine  th i s  p o i n t  as t h e  i n t e r f ace  posi t ion) .  The  
c h l o r i n e - p e a k  c o n c e n t r a t i o n  a n d  F W H M  (full w i d t h  at  h a l f  
m a x i m u m )  for  th i s  s a m p l e  are  1.8 x 1021 c m  -3 a n d  50A, re- 
spec t ive ly .  The  50~ F W H M  c o n t r a s t s  sha rp ly  w i th  t h e  p e a k  
w i d t h s  of f rom 100-200]~ in  p r e v i o u s  s tud ies  (12, 32), a n d  we 
have,  in  fact,  m e a s u r e d  ch lo r ine  d i s t r i b u t i o n s  w i th  F W H M  
as n a r r o w  as 30s w h i c h  is still due  in  large  pa r t  to exper i -  
m e n t a l  b r o a d e n i n g  effects.  Ch lo r ine  levels  in  t he  b u l k  ox- 
ide  are b e l o w  our  de t ec t i on  l imi t  of  1 x 10 TM c m  -~ for t h e s e  
o p e r a t i n g  c o n d i t i o n s  ( chosen  to m i n i m i z e  e l e c t r o n - b e a m  
effects). We also no t e  a small ,  g r adua l  r i se  in  ch lo r ine  con-  
c e n t r a t i o n  in  t he  SIO2, w h i c h  b e c o m e s  d e t e c t a b l e  approx i -  
m a t e l y  200~ f rom t h e  in ter face .  I t  is also c lear  t h a t  t he  chlo-  
r ine  leve ls  fall off  v e r y  qu i ck ly  in  t h e  s i l icon subs t ra te .  

F i g u r e  2 p r o v i d e s  a n  i l lu s t r a t ion  of  t he  c o m p l e m e n t a r y  
fea tu res  of  A S P  a n d  SIMS,  a n d  s h o w s  S I M S  a n d  A S P  
profi les  of a n  n- type,  (100) Si s a m p l e  g r o w n  in  02/5% HC1 at  
1000~ to 2060A; t he  u p p e r  p a n e l  is on  a l inea r  scale,  t he  
lower  on  a semi log  scale. The  sol id cu rve  is t he  A u g e r  pro- 
file s h o w i n g  t he  ve ry  sha rp ly  p e a k e d  d i s t r i b u t i o n  of  t he  in- 
t e r face  ch lor ine .  S u p e r i m p o s e d  on  th i s  is t he  d a s h e d  S I M S  
profi le  of  t he  s a m e  sample .  The  two cu rves  r e p r e s e n t  t he  
s a m e  to ta l  a m o u n t  of ch lor ine .  Clearly, t he  A S P  t e c h n i q u e  
as u sed  in  t h e s e  e x p e r i m e n t s  has  supe r io r  d e p t h  r e s o l u t i o n  
due  to k n o c k - o n  b r o a d e n i n g  (43) a n d  ion  e n h a n c e d  diffu- 
s ion  effects for the ion energies employed. SIMS, however, 
has a superior sensitivity. This is clear from the lower panel, 
which records on a log scale the bulk oxide chlorine distri- 
bution for the same sample. We cannot detect these low 
chlorine levels with the Auger technique, due to the low 
e]ectron-beam fluxes necessary to minimize electron- 
beam effects. The small rise in the chlorine distribution 
seen with ASP in Fig. i, however, does seem to be indica- 
tive of the clear monotonic increase in chlorine evident in 
Fig. 2. 

At this point, we will address the effects of the electron 
and ion beams used in these experiments. Previous work 
by Chou et al. (44) shows that the Auger primary electron- 
beam-activated chlorine in the oxide allowing it to move 
and caused the chlorine at the surface to desorb. We have 
profiled SiO2/Si structures implanted with chlorine and, 
from these studies, determined to what extent the electron 
primary beam and ion beam distort the chlorine distribu- 
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for beam fluxes of 3 mA cm -2 and 100 mA cm -2. Boxed region denotes 
flux level and exposure time used in data collection. 
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Fig. 4. SIMS profile (solid) of chlorine implanted in SiDe. ~5C1+ was 
implanted at 50 keV into a 980~ layer SiO~ to yield 3.0 • 1015 cm -~. 
The calculated distribution is shown for comparison (dashed). 

t ion (45). The  e lec t ron  beam, cons is ten t  wi th  prev ious  
work,  does e n h a n c e  chlor ine mobil i ty ,  p r e sumab ly  th rough  
the  genera t ion  of  defects  in the  oxide.  The  a m o u n t  of  chlo- 
r ine t ranspor t  i nduced  by the e lec t ron-beam scales wi th  the  
total  charge  in jec ted  into the  sample  by the  e lec t ron  beam. 
One effect  is to deple te  the  chlor ine p resen t  at the  interface.  
In Fig. 3, we  show the  total  in terface  chlor ine  as measu red  
wi th  e lec t ron b e a m  fluxes of  3 m A  cm -2 and 100 m A  cm -2, 
respect ively .  For  our  measu remen t s  of  in terface  chlorine,  
we used  a flux of  3 m A  cm -2, wh ich  was tu rned  on wi th in  
100~ of the  S iOJS i  interface.  Thus,  we opera ted  wi th in  the  
boxed  reg ion  in the  figure. We conc lude  tha t  our  A S P  
profiles p rov ide  an accurate  measu re  of  the in ter face  chlo- 
r ine distr ibut ion.  

The ion b e a m  can also be  expec t ed  to effect  the  chlor ine  
d is t r ibut ion  in our  A S P  and SIMS profi l ing exper iments .  
The  dominan t  effect  of  an ion b e a m  on a part ic le  distr ibu- 
t ion is to genera te  a r a n d o m  walk  process  analogous  to a 
the rmal  diffusion process  (43). Calcula t ions  of  these  effects  
for the  A S P  and SIMS profiles desc r ibed  here  lead to 
b roaden ing  effects  of  20A for the  A S P  resul ts  and 150A for 
the  SIMS results.  

F igure  4 provides  fur ther  suppor t  for the  asser t ion that  
the  ion b e a m  dis tor ts  the  original  d is t r ibut ion  only th rough  
broadening.  We show a SIMS profile of  ch lor ine  imp lan ted  
in SiO2. Also shown  for compar i son  is the  nomina l  chlor ine  
implan t  d is t r ibu t ion  as calculated f rom implan t  parameters  

(46). The  S IMS ion b e a m  has b roadened  the  implan t  distri- 
bu t ion  in an rms fashion where  the  b roaden ing  is 160A. 

Theore t i ca l  Considera t ions  of Ch lo r ine  Transpor t  
Through  SiO2 

We will  briefly p resen t  a s ingle-part icle  t ranspor t  m o d e l  
for chlor ine  incorpora t ion  in growing  SiO2, and, to es tabl ish  
a work ing  picture,  we present  a schemat ic  d iagram of the  
SiO2/Si s t ruc ture  in Fig. 5. The  surface and interface  deno te  
regions  wh ich  p robab ly  differ s ignif icant ly in s t ructure  
and chemis t ry  f rom the  bu lk-oxide  region,  and give rise to 
the  c h e m i c a l p o t e n t i a l  s inks there.  As used  here, we will  
take the  surface to consist  of  essent ia l ly  one or two mono-  
layers (hXs), and, as we have  seen, the  in terface  reg ion  (hXD 
is 30~ or less wide  and poss ibly  only a few monolayers  
thick. We assume  that  each reg ion  is h o m o g e n e o u s  with  
wel l -def ined s t ructural  propert ies .  Also shown in Fig. 5 is a 
schemat ic  d iagram of the  e lec t rochemica l  field act ing on 
the  chlor ine  wh ich  we have  der ived  f rom our  expe r imen ta l  
results.  We will  say more  about  the  e lec t rochemica l  field in 
the  d iscuss ion  section. The  key  features  are chemica l  po- 
tent ia l  s inks at the  surface and interface which  mode l  
interfacia l -segregat ion mechan i sms ,  a h igh  chemica l  po- 
tent ia l  in the  Si, as li t t le C1 dissolves  in the  Si itself, and a 
grad ien t  in the  e lec t rochemica l  potent ia l  due  to a "f ie ld"  
whose  origin at this t ime  is uncertain.  In  d i scuss ing  the  
t ranspor t  propert ies ,  we will  also assume that  the  surface 
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Fig. 5. A, top: Schematic illustration of the SiOJSi structure during 
particle transport. The surface, bulk, and interface regions are each 
characterized by distinct structural properties. Particle accumulation in 
the surface and interface is denoted by Q(cm-2). Also shown are the 
various flux terms. The important concentration levels are Cc (gas phase 
concentration), CEQ(0) equilibrium concentration in SiO2 at x = 0), Co 
(actual concentration in SiO2 at x = 0), C~ (concentration in SiO~ at 
x = x0), and Cs~ (concentration in silicon substrate atx = xo + x). J has 
been taken as constant through the oxide due to the use of the steady- 
state approximation. Also, Jolt < <  J for the conditions of our experi- 
ments. B, bottom: Illustration of the potential of the chlorine due to the 
electrochemical fields acting during oxidation. 

and interface  regions  are so nar row that  the  concen t ra t ion  
is a cons tan t  t h roughou t  these  regions.  

Transpor t  in the  bu lk-oxide  region can be  desc r ibed  by 
the equa t ion  

OC 
J(x, t) = -D(x)  ~ x  (x, t) + ~(x)F(x,  t)C(x, t) [3] and 

where  D is the  diffusion coefficient , /x is t he  mobi l i ty ,  and 
F is a general  field. The  dr iving force due  to F compr ises"  
numerous  effects, inc lud ing  electr ic  fields, stress fields, 
chemica l  bonding,  defects,  and act ivi ty  gradients  (47-49). 
As used  in this context ,  it is u n d o u b t e d l y  not  due  to an elec- 
tric field, as we will show later. 

In  addi t ion  to Eq.  [3], we  have  the  equa t ion  of  cont inui ty  
for the  case of  no r ecombina t ion  or genera t ion  g iv ing 

OC OJ 
- -  = - -  _ _  

at Ox 
[4] 

- ox~ [ -D~ 

To s impli fy  the above equat ions ,  we would  like to work  in 
the  s teady-state  domain.  The  necessary  condi t ion  for 
s teady state is g iven  by F r o m h o l d  (47) as 

t > >  r [5] 

where  and 

__=i D/F~ ~ D  
+-- t6] 

r 4 \ k B T /  Xo z 

A p r i l  1984  

and t is the  t ime  requ i red  to grow an oxide  layer of thick- 
ness  x0. If  Eq. [5] is satisfied, all of  the  t ime  d e p e n d e n t  
te rms  in the  expans ion  for C(x, t) are negligible.  Physical ly,  
s teady state impl ies  that  the  chlor ine  species  is sufficiently 
di lute and mobi le  so that  it can rapidly respond  to any per- 
turba t ion  which  causes  a devia t ion  f rom the steady-state 
condit ion.  Later,  we will  show that  the  chlor ine  t ranspor t  
th rough  the  bu lk  ox ide  is close to s teady state so that  this 
a s sumpt ion  is valid. 

In  s teady state, Eq. [3] becomes  

J(t) - D  oC = - -  + ~F(x, t)C(x, t) [7] ax 

where  J is now cons tan t  wi th  posi t ion and vary ing  in t ime, 
and we have  t aken  D and/x as cons tan t  for s implici ty.  Equa-  
t ion [7] is the  general  t ranspor t  equa t ion  in s teady state. The  
general  solut ion to Eq. [7] for any t ime  t is then  g iven  (using 
an in tegra t ing  factor) by 

C(0, t) - J(t) Jo 
C(x,  t) - 

- 1  x t )dz]  exp f ~ F(z, 

[8] 

where  F is the  general ized force field of  Eq.  [3], and J(t) and 
C(x,  t) are related by the  bounda ry  condi t ions  [47]. 

A s imple  case wh ich  appears  adequa te  to descr ibe  our  re- 
sults is ob ta ined  i f F  is not  a funct ion  ofx.  This  gives a l inear  
potent ia l  gradient ,  as shown in Fig. 5. In  this  case, Eq. [8] 
can be  in tegra ted  to give 

C(O, y) - J(t)kBT/DF(t){1 - e -p(~ 
C(x, t) = e -Fm*lkBr [9] 

For  F(t) = 0, this reduces  to the  familiar  diffusion profile in 
s teady state 

J( t )x  
C(x, t) = C(0, t) - - -  [10] 

D 

A defini te  solut ion for C(x, t) and J(t) f rom Eq. [9] can be  
o 0 tamed  f rom the  boundary  condi t ion  at the  Si-SiO2 inter- 
face. Here  again we will  apply  a s imple  m o d e l  that  seems  
adequa te  to descr ibe  our  results:  namely,  that  J(t) = kC(xo, 
t). This represen ts  a first-order process  for chlor ine in the  
SiO2 to be " t r apped"  by the  Si-SiO2 interface,  s ince (see Fig. 
5) Jo,t < <  J. This  gives 

C(0, xo)~b/(1 - e -*~kBr) P 
J(xo) - - [11] 

xo + ~4)e~lkBr/k(1 -- e 4/kBr) x0 + h 

xoJ(x0) 
C(x, xo) - 

{ J(xo)xo~ [12] + e *x/kBr*o C(O, Xo) ~b J 

whe re  D / k B T  has been  rep laced  by a mobil i ty/~,  and F has  
been  rep laced  by qb/xo, where  ~ is the  e lec t rochemica l  po- 
tent ial  drop across the  ox ide  (as shown in Fig. 5), and the  
t ime  var iable  t has been  rep laced  by ox ide  th ickness  x0. P 
and h, as def ined in Eq. [11], will be used in subsequen t  de- 
scr ipt ions for simplicity.  

The  in ter face  chlor ine  can be calcula ted by  in tegra t ing  
the flux over  time. For  the case of  thermal  growth  of  SiO2, 
we can relate oxide  th ickness  and t ime by (41) 

Xo = t + r + - -  2 [13] 

dxo B 
[14] 

dt 2x0 + A 
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B, A, a n d  r are  c o n s t a n t s  cha rac t e r i s t i c  of  a g iven  oxida-  
t ion.  T h e s e  e q u a t i o n s  lead to a n  e x p r e s s i o n  for i n t e r f ace  
ch lo r ine  Q as a f u n c t i o n  of x0 

P I x ~  (1 - -~--~ \ x , + x / J  Q(xo) : Qo + B-~L A/2 + }" ) ln(x~ + k / ]  [15] 

x~ is t he  t h i c k n e s s  at  w h i c h  Q(x~) = Qo. I t  will  b e  c h o s e n  as 
t h a t  v a l u e  of ox ide  t h i c k n e s s  a f te r  an  in i t ia l  p e r i o d  of  r ap id  
g r o w t h  no t  d e s c r i b e d  b y  t he  Dea l -Grove  g r o w t h  law [typi- 
cally xi = 200A (41)]. Th i s  e x p r e s s i o n  a l lows us  to ca lcu la te  
t h e  in t e r f ace  ch lo r ine  for a g i v e n  ox ide  t h i c k n e s s .  

Results 
I n  th i s  sec t ion ,  we will  p r e s e n t  t he  r e su l t s  of our  s tudies ,  

a n d  we wil l  fo l low th i s  w i th  a de ta i l ed  d i scuss ion .  We b e g i n  
by  l ook ing  at  s a m p l e s  g r o w n  in  OJHC1. As n o t e d  above ,  Fig. 
1 e x h i b i t s  t he  f ea tu re s  c o m m o n  to all ox ides  e x a m i n e d  in  
th i s  s tudy.  T h e s e  da ta  were  f rom a n  ox ide  g r o w n  in  02/5% 
HC1 at  l l00~ All s a m p l e s  were  cha rac t e r i zed  b y  b u l k  ox- 
ide ch lo r ine  levels  b e l o w  our  A S P  d e t e c t i o n  l imi t  of  1 • 10 TM 

c m  -3. The  pos i t i on  of  t he  p e a k  in ch lo r ine  c o n c e n t r a t i o n  oc- 
curs  on  t he  ox ide  s ide  of t he  in t e r f ace  a b o u t  10)~ away  f rom 
the  o x y g e n  s ignal  50% point .  A l t h o u g h  th i s  ac tua l  va lue  is 
p r o b a b l y  no t  s ignif icant ,  i t  does  give e v i d e n c e  t h a t  the  
ch lo r ine  l ies on  t he  "SiO2 s ide"  of  t he  in ter face .  The  chlo- 
r ine  p e a k s  h a v e  F W H M  of 30-50A. Note  t h a t  t h e s e  w i d t h s  are  
u p p e r  l imi t s  to t h e  ac tua l  d i s t r ibu t ions .  K e e p i n g  in m i n d  
t he  effects  of e l ec t ron  e scape  d e p t h  a n d  t h e  b r o a d e n i n g  
m e c h a n i s m s  in  t h e  A S P  process ,  t he  ac tua l  p e a k  w i d t h s  
w o u l d  be  b e t t e r  d e s c r i b e d  as 30A or less, a n d  t he  in te r face  
ch lo r ine  cou ld  c o n c e i v a b l y  o c c u p y  on ly  a few m o n o l a y e r s  
in  t he  i n t e r f ace  region.  

To d e t e r m i n e  t he  effects  of  g r o w t h  t i m e  a n d  t e m p e r a t u r e  
on  ch lo r ine  i nco rpo ra t i on ,  we will  u se  t h e  to ta l  ch lo r ine  
c o n c e n t r a t i o n  pe r  c m  2 u n d e r  t he  p e a k  as a m e a s u r e  of  to ta l  
in t e r face  ch lor ine .  Th i s  r e m o v e s  any  u n c e r t a i n t y  due  to 
prof i l ing  b r o a d e n i n g  factors.  F igu re  6 s h o w s  t he  to ta l  in te-  
g ra ted  ch lo r ine  Q at  t he  in te r face  of  t he  O2/HC1 ox ides  in- 
v e s t i g a t e d  as a f u n c t i o n  of g r o w t h  t e m p e r a t u r e  a n d  ox ide  
t h i c k n e s s  for t he  c o n d i t i o n s  inves t iga ted .  E r ro r  ba r s  are t he  
s t a n d a r d  d e v i a t i o n s  ca lcu la ted  f rom severa l  r u n s  for e ach  
sample .  T h e r e  is a m o n o t o n i c  i nc r ea se  of i n t e r f ace  ch lo r ine  
w i t h  ox ide  t h i c k n e s s  for a f ixed -g rowth  t e m p e r a t u r e .  
T h e r e  is also s o m e  va r i a t i on  b~etween (100) a n d  (111) s a m p l e  
subs t ra tes .  F r o m  t h e s e  data,  we  can  see  no  c lear  e v i d e n c e  of 
a n y  s a t u r a t i o n  in t he  ch lo r ine  c o n c e n t r a t i o n  over  th i s  r a n g e  
of ox ide  t h i c k n e s s .  I t  appea r s  t h a t  t he  SiO=/Si i n t e r f ace  is a 
good  s ink  for c h l o r i n e  u p  to at  leas t  2 x 10 '~ c m  -=. In  fact,  
f r o m  o the r  s tud ie s  (35), i t  a p p e a r s  t h a t  t h e  ch lo r ine  concen -  
t r a t i on  will  i nc r ea se  to t he  p o i n t  t h a t  SiClx c o m p o u n d s  are 
fo rmed ,  r e s u l t i n g  in  b l i s t e r s  at  t he  in ter face ,  a l t h o u g h  we 
h a v e  no  e v i d e n c e  for th i s  effect  for t h e s e  cond i t ions .  
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Fig. 6. Total integrated chlorine at the Si02/Si interface as o function 
of oxide growth temperature and thickness for (100) and (111 ) orienta- 
tions. Error bars denote standard deviation for several runs. Note the ver- 
tical scales of 10 TM cm -2 for ! !00~ and 1014 cm -2 for 1000~ The 
straight lines are least square fits to the data points and have been termi- 
nated at x = x~ for the samples investigated. 

1000~ (111) 

The  b u l k - o x i d e  ch lo r ine  levels  were  b e l o w  our  A S P  de- 
t e c t i on  limit.  B e c a u s e  super io r  s igna l  sens i t iv i ty  was  re- 
q u i r e d  a n d  d e p t h  r e s o l u t i o n  is no t  cr i t ical  in  t he  b u l k  oxide,  
we e m p l o y e d  S I M S  to e x a m i n e  t he  ch lo r ine  c o n c e n t r a t i o n  
in  our  O=/HC1 oxides .  F igu re  7 r e co rds  on  log scales  t he  chlo- 
r ine  d i s t r i b u t i o n s  of  t h r e e  se lec ted  s a m p l e s  as m e a s u r e d  b y  
SIMS.  The  s a m p l e s  were  ox id ized  in OJHC1 w i t h  va r i a t i ons  
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in time, temperature, and HC1 pressure, as described in the 
caption. 

The results obtained by SIMS for the interfacial-chlorine 
concentrations were within ---30% of the average values ob- 
tained from the Auger studies on the same samples. Part of 
this error is due to the difference in width of the Auger and 
SIMS profiles. 

In addition, these profiles show a peak in chlorine con- 
centration at the oxide surface as well as the distribution 
through the bulk SIO2. The general features for all the 
samples investigated were similar. The bulk concentration 
profile, which we take as the crosshatched area in the 
figure, is ve ry  d i f fe ren t  f rom the  l inea r ly  dec reas ing  
profile expected from a simple diffusion process. Instead, 
the chlorine concentration increases monotonically from 
its near-surface value to a much higher value near the inter- 
face. This profile can, however, be adequately described 
by the model presented in the previous section, as we will 
see below. 

We have also examined oxides which underwent  sequen- 
tial growth, first in dry O2 and then in OJHC1, and com- 
pared these with oxides with the growth sequence re- 
versed .  This  a l lowed  us to d e t e r m i n e  the s tab i l i ty  of  
interface chlorine during a dry 02 oxidation and the ability 
of chlorine to permeate a dry oxide and accumulate at the 
SiOJSi interface. 

The sequential growth samples consisted of p-type (100) 
Si oxidized at ll00~ in dry 02 and 02/5% HC1. The dry-O2 
step was the first oxidation step for one set and the second 
oxidation step for the other set. In each case, the OJ5% HCI 
and dry-O~ oxidation steps were performed to yield approx- 
imately 500~ of oxide growth for each step and total oxide 
thicknesses of approximately 1000/L In Fig. 8, we show the 
incorporation of total interface chlorine as a function of 
time for the sequentially grown oxides. For comparison, we 
show the standard OJHC1 oxide as the solid curve. The bro- 
ken curve is for an initial O3 oxidation followed by an 
OJHCI oxidation. For this case, the incorporation proceeds 
rapidly, the slope of the curve being the same as for the 
nonsequential  OJHC1 oxidation. Samples grown first in 
OJHC1 and then in dry 02 (dashed dotted curve) show decay 
of interface chlorine as oxidation proceeds, consistent with 
diffusion of C1 back through the oxide and into the gas 
phase. 

To determine the stability of interface chlorine when oxi- 
dation is not occurring, we have also examined samples 
grown in 02/5% HC1 and then annealed in Ar at ll00~ for 

lh. We saw no evidence for depletion of interface chlorine 
in this  case, i nd i ca t i ng  tha t  ox ida t ion  is e n h a n c i n g  
reincorporation of C1 from the interface into the SiO2 or the 
C1 mobility or both. However, van der Meulen et al. (13) 
have reported depletion of the interface of chlorine by an- 
nealing at a higher temperature of 1200~ 

To isolate the importance of the oxidation process on 
chlorine transport  and incorporation, we also examined 
n-type (100) Si oxidized in dry 02 at ll00~ to produce ox- 
ides 1060/~ thick. These were then annealed for various 
times in Ar/5% HC1 at 1100~ In Fig. 9, we show the total in- 
terface chlorine as a function of time for the samples which 
were first oxidized in dry 02 and then annealed in Ar/5% 
HC1. For comparison, we show the chlorine-incorporation 
rate for the OJHC1 and 02; O2/HC1 oxides from the previous 
figure. We can see that the chlorine-incorporation rate is 
significantly lower when oxidation is not occurring, even 
though the interface is stationary, again indicating the ef- 
fect of the oxidation process on chlorine transport. 

Discussion 
In this section, we will discuss possible mechanisms oc- 

curring during the incorporation of chlorine at the SiOJSi 
interface. Before proceeding, however, it is worthwhile to 
review briefly some of the earlier studies of chlorine in SiO2 
and to compare and contrast these with our own findings. 

Early studies of chlorine distributions in SiO2 were per- 
formed by Kriegler et al. (12) and van der Meulen et al. (13). 
Using nuclear backscattering, they found that chlorine 
present in oxides grown in OJHC1 mixtures accumulated at 
high levels in a region roughly 100-200)~ wide at the SiOJSi  
interface. Total interface chlorine levels ranged from less 
than 0.06 x 1015 cm -2 for 900~ oxides to 1.7 x 101~ cm -2 for 
1150~ oxides. They found the levels of chlorine increased 
with oxidation temperature and ambient HC1 partial pres- 
sure. The authors report a depth resolution of 200A, which 
indicates some difficulty in carefully characterizing the 
chlorine peaks, however. 

More recently, Deal et al. (33) performed studies similar to 
those of van der Meulen et al. using SIMS, which should be 
more sensitive than nuclear backscattering to chlorine. 
They found the same behavior of chlorine segregation to 
the SiO2/Si near interface region. They reported that chlo- 
rine incorporation increased with oxidation temperature, 
oxide thickness, and ambient HC1 partial pressure. They 
also noted a somewhat greater level of chlorine for (111) sili- 
con than for (100) silicon at 1100~ Their SIMS data yielded 
total chlorine concentrations comparable with the data of 
van der Meulen et al. and a typical FWHM of 150JL 
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Frenze l  a n d  B a l k  (38) h a v e  p r e s e n t e d  S I M S  a n d  A u g e r  
da ta  on  ox ides  g r o w n  in  TCE/O2 a n d  CClJO2. T h e y  pos tu -  
l a t ed  t he  e x i s t e n c e  of a la te ra l ly  i n h o m o g e n e o u s  ch lo r ine -  
r i ch  r eg ion  at  t h e  SiO2/Si i n t e r f ace  w h i c h  m e a s u r e d  200A or 
less  in  wid th .  T h e y  also a rgue  for  t he  p r e s e n c e  of  a n  SiO~ 
t r a n s i t i o n  reg ion  at  t he  in t e r f ace  w h i c h  is r o u g h l y  300~ 
wide.  S imi l a r  S I M S  da ta  b y  T s o n g  et al.  (39) s h o w s  ch lo r ine  
p i l eup  w i t h  a 200A FWHM. 

The  F r e n z e l - B a l k  a r g u m e n t  for la tera l  i n h o m o g e n e i t i e s  
in  t he  c h l o r i n e  d i s t r i b u t i o n  rel ies  u p o n  t h e  p r e s e n c e  of  a 
ch lo r ine  S I M S  s igna l  e x t e n d i n g  in to  t h e  s i l icon subs t ra t e .  
T h e y  a t t r i b u t e  th i s  to  n o n u n i f o r m  ox ide  s p u t t e r i n g  ra tes  
due  to a n  i r r egu la r  la tera l  d i s t r i b u t i o n  of  ch lor ine .  Ch lo r ine  
levels  in  t he  s i l icon s u b s t r a t e  in  our  s tud ies ,  however ,  p r o v e  
to b e  less  t h a n  our  d e t e c t i o n  l imi t  of  1 x 10 TM c m  -8, so t he  ar- 
g u m e n t  for  la tera l  i n h o m o g e n e i t i e s  p u t  fo r th  in  t h e i r  p a p e r  
is no t  compe l l ing .  However ,  r e c e n t  w o r k  b y  M o n k o w s k i  et 
a l .  (32) s h o w s  e l e c t r o n  m i c r o s c o p y  e v i d e n c e  fo r  a n  
i n h o m o g e n e o u s  ch lo r ine  p h a s e  nea r  t h e  S i O J S i  in ter face .  
Our  w o r k  sugges t s  t h a t  t he  e x t e n t  in  d e p t h  of  th i s  n e w  
p h a s e  is less  t h a n  30~. Final ly ,  t he  e x c e s s  s i l icon o b s e r v e d  
b y  F renze l  a n d  B a l k  in a b r o a d  SiO~ p h a s e  c o n t a i n s  app rox -  
ima te ly  3 x 10 TM c m  -2 exces s  s i l icon a toms ,  nea r ly  20 t i m e s  
t h e  to ta l  a m o u n t  of  m e a s u r e d  ch lor ine .  I t  s e e m s  p r o b a b l e  
t h a t  t he  e n h a n c e m e n t  in  t he  Si A u g e r  s ignal  in  t h e  ox ide  ob- 
s e r v e d  i n  t h e i r  w o r k  is d u e  to  a n  a r t i f a c t  in  t h e  A S P  
e x p e r i m e n t .  

In  our  work ,  we h a v e  f o u n d  levels  of  i n t e r f ace  c h l o r i n e  in  
good  a g r e e m e n t  w i t h  r e su l t s  of  o t h e r  groups .  In  c o n t r a s t  to 
t h e s e  ear l ie r  s tudies ,  howeve r ,  we h a v e  s een  t h a t  t h i s  in ter -  
face ch lo r ine  is d i s t r i b u t e d  over  a r eg ion  less  t h a n  30A wide,  
a n d  we t h e r e f o r e  assoc ia te  th i s  ch lo r ine  d i rec t ly  w i t h  t h e  
S iOdSi  in terface .  T he  p r e s e n c e  of  a c h e m i c a l  p o t e n t i a l  s ink  
for c h l o r i n e  at  the  Si-SiO2 in ter face ,  the re fore ,  a p p e a r s  
c lear ly  e s t ab l i shed .  

Fo r  t he  ch lo r ine  to r e a c h  t he  in te r face  a n d  r e m a i n  t h e r e  
d u r i n g  ox ida t ion ,  i t  m u s t  be  t r a n s p o r t e d  r ap id ly  c o m p a r e d  
to t h e  in t e r f ace  veloci ty ,  and,  in  add i t ion ,  t he  in te r fac ia l  
ch lo r ine  m u s t  also m o v e  w i th  t he  g r ow i ng  in ter face .  R a p i d  
t r a n s p o r t  imp l i e s  t h a t  t he  ch lo r ine  d i s t r i b u t i o n  qu i t e  rap- 
idly  r e a c h e s  s t eady  state.  A d d i t i o n a l  e v i d e n c e  for th i s  
c o m e s  f r o m  our  s e q u e n t i a l  g r o w t h  s tud ies  (Fig. 8). T h e  ra te  
of  c h l o r i n e  i n c o r p o r a t i o n  for  t he  O2;O2/HC1 o x i d a t i o n  (bro- 
k e n  curve)  r ap id ly  r eaches  t h a t  of the  O2/HC1 ox ida t ion ,  in- 
d i ca t ing  t h a t  t he  ve loc i ty  of  t he  ch lo r ine  is large  c o m p a r e d  
w i t h  t he  Si/SiO2 in te r face  veloci ty .  

In  add i t ion ,  t he  ra te  of ch lo r ine  i n c o r p o r a t i o n  at  t h e  inter-  
face is s lower  for  a s e q u e n t i a l  p r oce s s  w i t h  a n  02 ox ida t i on  
fo l lowed  b y  an  Ar/HC1 annea l .  Th i s  i n d i c a t e s  t h a t  t he  
c h l o r i n e - t r a n s p o r t  p roces s  is a f fec ted  b y  t h e  ox ida t i on  pro- 
cess  itself.  Th i s  m a y  c o m e  e i the r  t h r o u g h  a r eac t i on  be- 
t w e e n  t he  HC1 a n d  02 as 

1 
- -  02 + 2HC1 ~- C12 + H20 [16] 
2 

or b e  due  to an  effect  of  t he  ox ida t i on  p roces s  on  t he  s t ruc-  
tu re  or e l e c t r o c h e m i c a l  p rope r t i e s  of  t he  oxide.  

The  ch lo r ine  prof i les  o b t a i n e d  t h r o u g h  t he  b u l k  of  t he  
SiO2 are  n o t  l inear ,  i n d i c a t i n g  t h a t  t h e  t r a n s p o r t  p roce s s  is 
no t  j u s t  a s i m p l e  d i f fus ion  m e c h a n i s m  for t he  ch lo r ine  pres-  
ent .  A s i m p l e  m o d e l  w h i c h  does  d e s c r i b e  t h i s  profile,  as 
wel l  as t he  o t h e r  f ea tu res  of ch lo r ine  i nco r po r a t i on ,  is b a s e d  
on  t he  p r e s e n c e  of  an  e l e c t r o c h e m i c a l  field d r i v ing  chlo- 
r ine  t r anspo r t ,  as s h o w n  in  Fig. 5. Wi th in  t h i s  mode l ,  t he  
ch lo r ine  d i s t r i b u t i o n  in t he  SiO2 w o u l d  b e  g i v e n  b y  Eq. [12], 
w h i c h  can  b e  r e w r i t t e n  as 

C(x, xo) = C,(xo) + e|176 [17] 

The  d a s h e d  reg ions  of  Fig. 7 t ake  th i s  form. The  fit of  
t h e s e  c u r v e s  to t h e  profi les  w i t h  t he  e x c e p t i o n  of  t he  sur- 
face a n d  in t e r f ace  p e a k s  is exce l len t ,  as c an  be  s een  f rom 
the  figures.  

The  m i c r o s c o p i c  m e c h a n i s m s  for  t h e  effects  d i s c u s s e d  
a b o v e  is unc lear .  T h e  in te r fac ia l  s eg r ega t i on  of ch lo r ine  is 
u n d o u b t e d l y  due  to l ower ing  of  t he  in te r fac ia l  f ree  e n e r g y  
due  to c h e m i c a l  b o n d i n g  effects,  s t r a in  cons ide ra t i ons ,  etc. 
Work  b y  M o n k o w s k i  et al. i nd i ca t e s  t h a t  t h e  h i g h e r  ch lo r ine  
c o n c e n t r a t i o n s  SiO~CI~ c o m p o u n d s  f o r m  at  t he  in te r face ;  
t he  s e g r e g a t e d  i n t e r f ace  ch lo r ine  m a y  b e  a p r e c u r s o r  to  t h e  
f o r m a t i o n  of  t h e s e  c o m p o u n d s .  
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The  n a t u r e  of  t he  m e c h a n i s m  r e s p o n s i b l e  for t he  ch lo r ine  
d i s t r i b u t i o n  in  t he  bulk ,  w h i c h  can  b e  d e s c r i b e d  b y  a con-  
s t an t  field ac t ing  on  t h e  ch lor ine ,  is also no t  c lear  at  all. Pos-  
s ib le  field sou rces  are  s tress,  ac t iv i ty  g r a d i e n t  (due  to var ia-  
t ions  in  t h e  n u m b e r  of ava i l ab le  ch lo r ine  s i tes  in  t he  ox ide  
or i n t e r a c t i o n s  w i th  h y d r o g e n  present) ,  a n d  e lec t r ica l  
fields, a m o n g  others .  The  electr ical-f ie ld m e c h a n i s m  is 
un l ike ly ,  however ,  s ince  h i g h  levels  of  space  c h a r g e  w o u l d  
be  n e c e s s a r y  to c o m p e n s a t e  for  t he  large  ch lo r ine  concen -  
t r a t i ons  obse rved ;  these ,  in  tu rn ,  w o u l d  cause  t h e  ch lo r ine -  
c o n c e n t r a t i o n  profi le  to  dev ia te  f rom w h a t  is p r e d i c t e d  b y  
Eq. [12]. 

Modeling of Chlorine Transport and Incorporation 
I n  th i s  sect ion,  we will u se  t he  genera l  t r a n s p o r t  equa-  

t ions  de r ived  a b o v e  to ana ly t ica l ly  m o d e l  ch lo r ine  t rans -  
por t  t h r o u g h  SIO2. In  m o d e l i n g  t h i s  p rocess ,  we wil l  s t a r t  
w i th  Eq. [11], w h i c h  re la tes  t he  ch lo r ine  f lux to ox ide  th ick-  
ness .  We also h a v e  a r e l a t i onsh ip  for t he  i n t e r f ace -ch lo r ine  
c o n c e n t r a t i o n  Q f r o m  Eq. [15]. Fo r  m o d e l i n g  pu rposes ,  i t  is 
eas ie r  to  look  at  t h e  ra te  of  ch lo r ine  i n c o r p o r a t i o n  pe r  u n i t  
ox ide  t h i c k n e s s  

dQ(xo) 2P Xo + A/2 
- -  - [ 1 8 ]  

dxo B xo + ), 

L o o k i n g  b a c k  at  Fig. 6, we see t h a t  Q(xo) is c lose  to a 
s t r a igh t  l ine,  so t h a t  k ~ A/2 (unless  A/2, ~ > >  x0 w h i c h  is no t  
the  case  for t h e s e  th icknesses ) .  Va lues  for P for the  100 
samples ,  a long  w i t h  o the r  r e l e v a n t  p a r a m e t e r s  for t he  l inea r  
fits of Eq. [18] to  Fig. 6, are  s h o w n  in  Tab le  I. 

Fo r  a s imp le  d i f fus ion  mode l ,  we w o u l d  e x p e c t  s imi la r  
va lues  for P to b e  o b t a i n e d  for b o t h  t he  100 a n d  111 samples ,  
s ince  B does  no t  v a r y  f rom 100 to 111 o r i en ta t ions .  However ,  
P c o n t a i n s  t h e  field t e r m  w h i c h  m a y  va ry  f rom 100 to 111, 
and,  in  add i t ion ,  A var ies  f rom 100 to 111, a n d  we m i g h t  also 
e x p e c t  a va r i a t i on  in  k. In  any  case,  t he  s lopes  are w i t h i n  a 
fac tor  of  two  of e ach  o the r  ( m u c h  c loser  for  t h e  1100~ 
samples )  w h i c h  is in  r e a s o n a b l e  a g r e e m e n t  if  t h e s e  fac tors  
are t a k e n  in to  cons ide ra t ion .  

P a r a m e t e r s  f rom t h e  fit of Eq. [17] to t h e  da ta  of  Fig. 6 are 
s h o w n  in  Tab le  II. Of pa r t i cu la r  i n t e r e s t  is  t h e  va lue  of t he  
d i f fus ion  coeff icient .  The  va lues  g iven  are  c o n s i d e r a b l y  
smal le r  t h a n  w h a t  w o u l d  b e  e x p e c t e d  f r o m  t h e  d i f fus ion  of  
o the r  m o l e c u l e s  t h a t  d i f fuse  in ters t i t ia l ly .  Th i s  m a y  indi-  
cate  t h a t  t he  c h l o r i n e - t r a n s p o r t  p roces s  i nvo lves  e x c h a n g e  
w i t h  t h e  SiO2 la t t ice  w h i c h  w o u l d  lead  to t h e  smal l e r  diffu- 
s ion coeff icients .  I t  m a y  also b e  due  to t h e  i n c l u s i o n  in  t h e  
profi les  of ch lo r ine  t h a t  has  e x c h a n g e d  w i t h  t he  la t t ice  a n d  
is no  longe r  free to diffuse.  S i n c e  t he  p r o d u c t  of  t he  diffu- 
s ion coeff ic ient  and  t he  c o n c e n t r a t i o n  a lways  a p p e a r s  in  
t r a n s p o r t  equa t ions ,  a la rger  v a l u e  of  t he  c o n c e n t r a t i o n  
leads  to a sma l l e r  va lue  of  t he  d i f fus ion  coefficient .  

I r r e spec t i ve  of t he  m e c h a n i s m s  invo lved ,  we  can  use  t he  
p a r a m e t e r s  of Tab le s  I a n d  II to  ca lcu la te  t he  ch lo r ine  con-  

Table I. Summary of transport parameters for chlorine in SiO2 samples 
oxidized in 02/5% HCI 

O2/5% HC1 (100) 02/5% HC1 (100) 
1000~ 1100~ 

xi 139~ 171~. 
B 5.8 x 10 -14 cm 3 s -I 1.08 • 10 -18 cm 2 

S-1 

A 2860~ 749s 
Q0 0.25 x 1014 cm -3 0.22 • 10 TM cm -3 
P 3 • l0 s cm-'  s -1 7 • 106 cm -1 s -1 

Table II. Values for the parameters C~, C2, (b, and D for oxides of 
thickness xo 

Sample no. I II III IV 
Growth 

Conditions 5%, 1000~ 5%, 1000~ 5%, 1100~ 10%, 1100~ 

X0 
(~) 980. 2060. 1605. 1525. 
C, 

(1016cm -3) 132. 150. 177. 117. 
C2 

(101%m -3) 4.29 4.04 1.59 2.16 

(eV) 0.57 0.65 0.74 0.66 
D - -  3 x 10 ,4 cm 2 s-16 • 10-,8 cm ~ s-1 _ 
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centration at the Si-SiO~ interface, using either Eq. [15] or 
[18] (with ~ = A/2) and the chlorine concentration profile 
through the SiO2, using Eq. [17]. 

Acknowledgments 
This work was supported by DARPA Contract MDA 

903-79-C-0257. In addition, this work has benefited from fa- 
cilities (equipment) made available to Stanford University 
by the NSF-MRL Program through the Center for Materials 
Research at Stanford University. 

Manuscript submitted Jan. 8, 1983; revised manuscript  
received Nov. 11, 1983. 

Stanford University assisted in meeting the publication 
costs of this article. 

REFERENCES 
1. P. H. Robinson and F. P. Heiman, This Journal, 118, 141 

(1971). 
2. M. C. Chen and J. W. Hile, ibid., 119, 223 (1972). 
3. R. J. Kriegler, Y. C. Cheng, and D. R. Colton, ibid., 119, 

388 (1972). 
4. R. J. Kriegler, Thin Solid Films, 13, 11 (1972). 
5. R. J. Kriegler, Appl. Phys. Lett., 20, 449 (1972). 
6. R. S. Ronen and P. H. Robinson, This Journal, 119, 747 

(1972). 
7. R. J. Kriegler, in "Semiconductor Silicon 1973," H. R. 

Huff and R. R. Burgess, Editors, p. 363, The Electro- 
chemical Society Softbound Proceedings Series, 
Princeton, NJ (1973). 

8. K. Hirabayashi and J. Iwamura, This Journal, 120, 1595 
(1973). 

9. G. Baccarani, M. Severi, and G. Soncini, ibid., 12{}, 1436 
(1973). 

10. Y. J. van der Meulen and J. G. Cahill, J. Electrochem. Ma- 
ter., 3, 371 (1974). 

11. C. M. Osburn, This Journal, 121, 809 (1974). 
12. R. J. Kriegler, A. Aitken, and J. D. Morris, J. Appl. Phys., 

43, 341 (1974). 
13. Y. J. van der Meulen, C. M. Osburn, and J. F. Ziegler, 

This Journal, 122, 284 (1975). 
14. G. J. Declerck, T~ Hattori, G. A. May, J. B. Beaudouin, 

and J. D. Meindl, ibid., 122, 436 (1975). 
15. H. Shiraki, J. Appl. Phys., 14, 747 (1975). 
16. H. Shiraki, ibid., 15, 1 (1976). 
17. H. Shiraki, ibid., 15, 83 (1976). 
18. Y. Nabeta, T. Uno, S. Kiko, and H. Tsukamoto, This 

Journal, 123, 1416 (1976). 

19. H. Sh ibayama,  H. Masaki, H. I sh ikawa,  and  H. 
Hasimoto, Appl. Phys. Lett., 29, 136 (1976). 

20. T. Hattori, This Journal, 123, 945 (1976). 
21. D. L. Heald, R. M. Das, and R. P. Khosla, ibid., 123, 302 

(1976). 
22. A. Rohatgi, S. R. Butler, F. J. Feigl, H. W. Kraner, and 

K. W. Jones, Appl. Phys. Lett., 36, 104 (1977). 
23. R. E. Tressler, J. Stach, and D. M. Metz, This Journal, 

124, 607 (1977). 
24. D. W. Hess and B. E. Deal, ibid., 124, 735 (1977). 
25. T. Hattori, Appl. Phys. Left., 30, 312 (1977). 
26. T. Hattori, Jpn. J. Appl. Phys., 17, 69 (1978). 
27. B. E. Deal, D. W. Hess, J. D. Plummer,  and C. P. Ho, This 

Journal, 125, 339 (1978). 
28. B. R. Singh and P. Balk, ibid., 125, 453 (1978). 
29. B. E. Dean, ibid., 125, 576 (1978). 
30. T. Hattori and T. Suzuki, Appl. Phys. Left., 33,347 (1978). 
31. E. D. Janssens and G. J. Declerck, This Journal, 125, 

1696 (1978). 
32. J. Monkowski, R. E. Tressler, and J. Stach, ibid., 125, 

1867 (1978). 
33. B. E. Deal, A. Hurrle, and M. J. Schultz, ibid., 125, 2024 

(1978). 
34. A. Rohatgi, S. R. Butler, and F. J. Feigl, ibid., 126, 149 

(1979). 
35. J. Monkowski, J. Stach, and R. E. Tressler, ibid., 126, 

1129 (1979). 
36. H. Frenzel, B. R. Singh, K. Haberle, and P. Balk, Thin 

Solid Films, 58, 301 (1979). 
37. B. R, Singh and P. Balk, This Journal, 126, 1288 (1979). 
38. H. Frenzel and P. Balk, J. Vac. Sci. Technol., 16, 1454 

(1979). 
39. I. S. T. Tsong, M. D. Monkowski, and J. R. Monkowski, 

in "Physics of MOS Insulators," S. Pantelides, Edi- 
tor, (1980). 

40. J. W. Rouse, B. E. Deal, C. R. Helms, and R. R. Razouk, 
in "Proceedings of the AVS Symposium," Detroit, 
MI (1980). 

41. B.E. Deal and A. S. Grove,J.Appl. Phys., 36, 3770 (1965). 
42. J. P. Stagg and M. R. Boudry, ibid., 52, 885 (1981). 
43. S.A. Schwarz and C. R. Helms, J. Vac. Sci. Technol., 16, 

781 (1979). 
44. N. J. Chou, C. M. Osburn, Y. J. van der Meulen, and R. 

Hammer, Appl. Phys. Lett., 22, 380 (1973). 
45. J. W. Rouse and C. R. Helms, To be published. 
46. W. S. Johnson and J. F. Gibbons, Thesis, Stanford Uni- 

versity,. Stanfo_rd~ CA (19~(1~ 
47. A. T. Froml~old, Jr., "Theory of Metal Oxidation," Vol. I, 

North Holland (1976). 
48. R. E. Dickerson, "Molecular Thermodynamics," W. A. 

Benjamin, Inc. (1969). 
49. W. A. Tiller, This Journal, 127, 619 (1980). 

Electron-Electron Interactions in Finely Focused Beams of Low Energy 
Electrons 

Y. W. Yau and R. F. W. Pease 
Stanford Electronics Laboratory, Stanford University, Stanford, California 94305 

T. R. Groves 
Hewlett Packard Laboratory, Palo Alto, California 94304 

ABSTRACT 
Although low current beams of low energy electrons can be finely focused through the use of retarding field focusing 

optics, it had been suggested that the reduced axial spacing of the low energy electrons could lead to serious defocusing 
because of electron-electron interactions. However, the Monte Carlo simulation of such electron-electron interactions in the 
region between final lens and target plane shows that there are no appreciable differences in energy spread and spot diame- 
ter with beam currents up to 5 ~A transported through aperture sizes greater than 0.01 mm in radius at energies of 10 keV, 1 
keV, and 100 eV. Preliminary experimental results indicate that current density of 250 A/cm ~ of 1 keV electrons can be ob- 
tained by using hairpin tungsten filaments. 

Low energy (< 5 keV), low current (<< 1 ~A) electron 
beams can be finely focused by immersing the target plane 
in a retarding electrostatic field (Fig. 1) because the spheri- 
cal and chromatic aberration coefficients C~ and Co of the 
total focusing system (i.e., magnetic lens plus retarding 
field) are greatly reduced (1). At higher currents (-> 1 ~A), as 

needed in E-beam lithographic systems, the electron- 
electron interactions can become a limiting factor for the 
min imum probe diameter obtainable. This is true in con- 
ventional higher (~ 10 keV) energy electron-beam systems 
(2); in retarding field systems where electrons are slowed 
down in the region between the final lens and the target 
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Fig. 1. Final lens region of an electron probe system. In conventional 

mode, V2 = V~; in retarding field mode, V2 < V,. 

plane ,  t he  e l ec t ron -e l ec t ron  i n t e r a c t i o n s  m a y  set  an  e v e n  
lower  l imit.  We r e p o r t  he re  the  r e su l t s  of  t he  M o n t e  Carlo 
s i m u l a t i o n  of  e l ec t ron -e l ec t ron  i n t e r a c t i o n s  in  conven -  
t iona l  a n d  r e t a r d i n g  field sys tems .  T h e r e  a p p e a r s  to be  lit- 
t le  i n c r e a s e d  effect,  a n d  the  e x p e r i m e n t a l  r e su l t s  are con-  
s i s t en t  w i t h  t he  c o n d i t i o n s  specif ied.  

Monte Carlo Simulation 
A ve r s ion  of  t he  p r o g r a m  d e s c r i b e d  b y  G r o v e s  e t  a l .  (3) 

was  mod i f i ed  to a c c o u n t  for  t he  r e t a r d i n g  field a n d  for im-  
age cha rges  i n d u c e d  b y  t he  t a rge t  p lane .  

I n i t i a l i z a t i o n . - - T h e  s imu la t i on  s ta r t s  w i t h  a s a m p l e  of  
100 e l ec t rons  d i s t r i b u t e d  w i t h i n  the  a p e r t u r e  area  at  the  ex i t  
of  t he  final m a g n e t i c  l ens  (Fig. 2). E a c h  e l ec t ron  is a s s i g n e d  
a se t  of r a n d o m l y  g e n e r a t e d  rad ia l  c o o r d i n a t e s  (x~, y~), a n d  
zero in i t ia l  e n e r g y  s p r e a d  is a s sumed .  All t h e  e l ec t rons  are  
d i r ec t ed  t o w a r d  an  ideal  geom e t r i c a l  p o i n t  w i t h  a n  in i t ia l  
e n e r g y  of  10 keV. I n  t he  c o n v e n t i o n a l  case,  th i s  idea l  p o i n t  
is a t  t he  focus  on  t he  t a rge t  p lane ;  in  t he  r e t a r d i n g  field 
case,  i t  l ies b e y o n d  t he  t a rge t  p l a n e  so t h a t  t he  r e t a r d i n g  
e lec t ros ta t i c  field b r i n g s  a b o u t  a focus  at  t h e  t a rge t  p l a n e  
for  e ach  b e a m  cur ren t ,  f inal l a n d i n g  energy ,  a n d  a p e r t u r e  
size. Eve ry  e l ec t ron  is also g iven  a t i m e  ti w h i c h  is de ter -  
m i n e d  by  t h e  b e a m  c u r r e n t / ,  i .e . ,  0 < t~ < 100 �9 e l i .  T h e  final 
s tep  of  t he  in i t i a l iza t ion  is to  a d v a n c e  all t h e  e lec t~ons '  posi-  
t i ons  b y  

X i  = X i  -}- Xi " $i 

Y i = Y L +  ~ i ' t i  
z~ = z~ + & �9 t~ + at~2/2 

T h e i r  ve loc i t ies  are  modi f i ed  (if necessa ry )  b y  

Z i = Z i ~- a t i  

w h e r e  a = 0 for c o n v e n t i o n a l  case, a = e(V2 - V , ) /m~  for  re- 
t a r d i n g  field case,  V, is the  in i t ia l  s t a r t i ng  vol tage ,  a n d  V2 is 
t he  final t a rge t  p l a n e  vol tage.  

S t e p p i n g . - - F i r s t ,  t h e  t ime  of  f l ight  b e t w e e n  the  final 
l ens  p l ane  a n d  t he  t a rge t  p l a n e  is d iv ided  in to  100 s t eps  of  
equa l  t i m e  T 

//100 
T 

w h e r e  l is t he  d i s t a n c e  b e t w e e n  a p e r t u r e  a n d  t a rge t  (1 c m  
in  our  model) .  A t  each  step,  t he  C o u l o m b  force  a n d  t h e  
Lo ren t z  force  b e t w e e n  all e l ec t ron  pa i rs  are ca lcu la ted .  
T h e n  the  pos i t i ons  a n d  the  ve loci t ies  of  t h e  e l ec t rons  are  
u p d a t e d  accord ingly .  This  p roces s  goes  on  un t i l  t h e  las t  
e l ec t ron  ha s  r e a c h e d  t he  t a rge t  plane.  W h e n  an  e l ec t ron  
a r r ives  at  the  t a r g e t  plane,  i ts  pos i t i on  a n d  ve loc i ty  are re- 
corded .  F r o m  t h e s e  r e c o r d e d  data ,  t h e  spo t  d i a m e t e r  d, en-  
e rgy  s p r e a d  hE, a n d  axia l  d e f o c u s i n g  hZ  (for c o n v e n t i o n a l  
cases)  are ca lcu la ted .  The  spot  d i a m e t e r  is d e t e r m i n e d  s u c h  
t h a t  80% of  t he  to ta l  c u r r e n t  is i nc luded .  In  c o n v e n t i o n a l  
cases,  t he  m i n i m u m  spo t  m a y  occu r  at  a d i f f e ren t  axia l  posi-  
t i on  f rom the  focus  b e c a u s e  of  e l ec t ron -e l ec t ron  in te rac -  
t ions.  The  p r o g r a m  looks  for t he  m i n i m u m  spo t  d i a m e t e r  
a n d  its c o r r e s p o n d i n g  axia l  pos i t i on  by  e x t r a p o l a t i n g  f rom 
the  pos i t i ons  a n d  veloci t ies  r e c o r d e d  at  t he  t a rge t  plane.  
The  e n e r g y  s p r e a d  is t he  s t a n d a r d  dev i a t i on  f rom t h e  m e a n  
final e n e r g y  at  t he  t a rge t  p l a n e  for b o t h  conf igura t ions .  

Results 
A f ixed -beam c u r r e n t  of  5 ~A for d i f f e ren t  a p e r t u r e  sizes 

in  t he  c o n v e n t i o n a l  a r r a n g e m e n t  was  u s e d  to s imu la t e  dif- 
f e r en t  va lues  of space  cha rge  p a r a m e t e r  ~ (4). As  t he  aper-  
tu re  r ad ius  is dec reased ,  t he  i n t e r a c t i o n s  b e c o m e  s t ronger ;  
th i s  is e v i d e n t  f rom the  inc rease  b o t h  in  t h e  e n e r g y  s p r e a d  
a n d  spot  d i a m e t e r  of  t he  e l ec t ron  beam.  F u r t h e r m o r e ,  t he  
axia l  de focus ing ,  zero at  neg l ig ib le  in t e rac t ions ,  r e aches  a 
m a x i m u m  a n d  t h e n  b e c o m e s  n e g a t i v e  as t he  e lec t ron-  
e l ec t ron  i n t e r a c t i o n s  are  inc reased ;  th i s  is in  a g r e e m e n t  
w i t h  t he  c lass ical  space -cha rge  t h e o r y  (4). S h o w n  in  Tab le  I 
are t he  two  cases  of  r e t a r d i n g  field con f igu ra t i ons  w i t h  
final l a n d i n g  ene rg i e s  of  1 keV  a n d  100 eV, respec t ive ly .  
W h e n  t he  a p e r t u r e r a d i u s  is 0.1 m m  or larger ,  t h e  e n e r g y  
s p r e a d  a n d  spo t  d i a m e t e r  a p p e a r  to b e  qu i t e  close to t h e i r  
c o n v e n t i o n a l  10 keV  coun te rpa r t s .  Fo r  v e r y  smal l  aper-  
tures ,  howeve r ,  t he  e l ec t ron -e l ec t ron  i n t e r a c t i o n s  i nc r ea se  
cons ide rab ly .  

Experimental Measurement 
A s c a n n i n g  e l ec t ron  m i c r o s c o p e  (SEM) was  mod i f i ed  to 

i nves t i ga t e  t he  r e l a t i on  b e t w e e n  b e a m  d i a m e t e r  a n d  b e a m  
c u r r e n t  in  c o n v e n t i o n a l  a n d  in  r e t a r d i n g  field conf igura-  
t ions .  The  a r r a n g e m e n t  is s h o w n  in  Fig. 3. A flat a l u m i n u m  
slab was  u s e d  as the  t a rge t  p l a n e  w i th  a 1000 mesh / in .  Ni 
gr id  m o u n t e d  over  t he  2 m m  d i a m  hole.  Conven t iona l ly ,  t he  
a l u m i n u m  ta rge t  is g r o u n d e d  a n d  t he  c a t h o d e  is a t  - 1 0  kV; 
in  r e t a r d i n g  field mode ,  the  t a rge t  is c o n n e c t e d  to - 9  kV. 

Table I. Values of energy spread (bE) and minimum beam diameter (d) 
for the conventional and retarding field configurations for a beam 

current of 5/~A 

C O N F I G U R A T I O N  S I M U L A T E D :  
F I N A L  
L E N S  + 
A P E R T U R E  

1crn 

/o v ' ..L 

Fig. 2. Conventional and retarding field configurations simulated 

RAP hE d hZ, 
(em) (eV) (~m) (~m) 

3.0 x 10 -2 0.15 0.06 0 
1.0 x i0 -2 0.33 0.20 +6 
3.0 x 10 -3 0.88 0.47 +73 
2.0 x 10 -3 1.20 0.69 +156 l 
1.1 x 10 -3 1.68 1.19 +568 [ 
7.0 • 10 -4 2.04 1.85 +944 
6.0 x 10 -4 2.16 2.04 +1053 
5.0 • 10 -4 2.30 2.34 +866 
4.6 x 10 -4 2.36 2.46 +480 1 
4.0 x 10 -4 2.45 2.64 -572 1 
3.7 x 10 -4 2.51 2.76 -1514J 
3.0 x 10 -2 0.15 0.09 -~ 
1.0 x 10 -~ 0.43 0.21 
3.0 x 10 -3 1.04 0.68 
3.0 • 10 -2 0.17 0.13 "~ 
1.0 x 10 -2 0.52 0.29 
3.0 • 10 -3 1.18 1.26 ) 

Conventional 

V~ = 10 kV 
V2 = 10kV 

Retarding 
Field 

V, = 10 kV 
V~= l k V  
V, = 10 kV 
V2 = 0.1 kV 
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EXPERIMENTAL MEASUREMENT OF Table IJ 
SPOT SIZE d versus CURRENT [:  

/ -  SECOND Aperture Spot 
/ POLEPIECE Radius Current Diam 

I / / / / / / / / / . 4  I / / / / / / / / / / / / / / / / / }  

r 1 0 0 0  mesh/inch RAP I d 
- 9  ~ k V  " __/(._Ni GRID (cm) (/~A) (/~m) 

~ I / k _  , ALUM,NU~ 
] ~  SLAB 3 x 10 -2 5.0 2.3 h Conventional 

_L �9 I p - -LUCITE  3 x 10 -2 2.5 1.1 v~ lO k V  
SCINTILLATOR I t INSULATOR 3 X 10 -2 1.0 1.0 J V~ = 10 k V  

/ L---] ~- 3X10 -2 5.0 2.6~ Retarding 

COLLECTOR 3 x 10 -2 1.0 1.1 V~ = 10 k V  
V~= l k V  

~_ TO OSCILLOSCOPE 
& X-Y RECORDER 

Fig. 3. Experimental arrangement for measuring beam diameter and 
beam current. 

U n d e r n e a t h  the  m e s h  grid, a Faraday  cup is used to col lect  
the ~ t r ansmi t t ed  electrons.  As the  b e a m  is scanned  across 
the  mesh,  the  signal rise t ime  gives the m e a s u r e m e n t  of  the  
spot  d iamete r  and the b e a m  current  is measured .  S o m e  re- 
sults are shown in Table  II. Because  of l imita t ions  of  the  
SEM, cont r ibut ions  to the  spot  d iamete r  arise main ly  f rom 
the aberra t ions  for large va lues  of RAP,  the  Gauss ian  diam- 
eter  of  the  source at small  values  of RAP,  and electron-  
e lec t ron  in teract ions  in regions  o ther  than  that  be tween  the 
final lens and target. 

Discussion 
Dayan et al. (5) sugges ted  that  a sample  size of 100 is inad- 

equa te  for currents  above  10/~A at 20 kV because  then  the 
sample  length  becomes  as short  as the s tepping  interval.  We 
have res t r ic ted the m a x i m u m  current  to 5/~A to min imize  
such an error. As a check  on the  error, three  s imula t ions  
were  carr ied out  wi th  200 electrons.  The  d iscrepancy  in 
values  of  energy  spread and spot  d iamete r  be tween  200- 
and 100-electrons s imula t ion  is about  10%. Fur thermore ,  
us ing a different  set of r andomly  genera ted  numbers ,  the 
var ia t ion in the  resul ts  is wi th in  5%. Fu r the r  credibi l i ty  to 
the  val idi ty  of the Monte  Carlo s imula t ion  resul ts  f rom the  
ag reemen t  of  va lues  of  Az at low values  of r (i.e., serious in- 
teractions) wi th  those  de te rmined  f rom the  classical treat- 
men t  of the  axial defocus ing  in convent iona l  cases. For  ex- 
ample,  the  m a x i m u m  axial  defocus ing  occurs  at R A P  = 6 x 
10 -4 cm where  G = 2.4. This is the same va lue  of  G which  
gives the  m a x i m u m  axial  defocus  accord ing  to K lempere r  
and Barne t t  (4). 

It  is not  immed ia t e ly  obvious  why  the  e lec t ron-e lec t ron 
in terac t ions  are not  more  serious in the  re tarding field 
case. One poss ible  explana t ion  is that  the  re tardat ion is 
accompan ied  by an increase in conve rgence  angle, thus  
r educ ing  the  in terac t ive  impulses .  The  expe r imen ta l  re- 
sults are cons is ten t  wi th  the  main  conc lus ion  that  the  extra  
space-charge effects  in the re tarding field region has  only 

minor  overal l  effect  as p red ic ted  by Monte  Carlo calcula- 
tion. 

Conclusion 
1. There  is no significant  difference in energy  spread and 

spot  d iamete r  for the  convent iona l  (V1 = V~ = 10 kV) and re- 
tarding field (V~ = 10 kV, V2 = 1 kV and 100V) configura-  
t ions for currents  u p t o  5/~A for the g e o m e t r y  shown.  Hence  
the advantages  of  the  previous ly  repor ted  low aberra t ions  
of the  re tarding field conf igurat ion are not  offset  by the  
e lec t ron-e lec t ron interact ions  in the final lens and the  tar- 
get  plane region.  

2. The  Monte  Carlo space-charge p rogram predicts  axial  
defocus ing  of high perveance  beams  in accordance  wi th  
classical space-charge  theory. 

3. Exper imenta l ly ,  a current  dens i ty  of  250 A/cm 2 with  1 
keV elec t rons  at target  plane is obta inable  us ing tungs ten  
hairpin fi laments.  
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A B S T R A C T  
The effect  of  film th ickness  on the  electr ical  proper t ies  of  boron-doped  L P C V D  polys i l icon films wi th  dop ing  con- 

cent ra t ion  ranging  f rom 1 x 1017 to 1 x 10 TM cm -3 has  been  character ized f rom 1.2 ~ m  down  to 0.1 ~m. The  resis t ivi ty  in- 
creases  exponen t i a l ly  as the  film th ickness  decreases ,  ra ther  than  remain ing  constant ,  and the  rate of  increase is a 
s t rong func t ion  of  dop ing  concentra t ion.  After  a quant i ta t ive  s tudy  on the  physical  m e c h a n i s m s  which  can affect the  re- 
sist ivity as film th ickness  decreases,  the  carr ier  t r app ing  effect  due to grain-size var ia t ion  at d i f ferent  film th icknesses  
is shown to be  the  dominan t  factor. A t r app ing  mode l  wi thou t  assuming  the  dep le t ion  app rox ima t ion  can exp la in  well  
the  expe r imen ta l  data  and enhances  unde r s t and ing  of  the resis t ivi ty behavior  as the  polys i l icon film th ickness  de- 
creases. 

Polycrys ta l l ine-s i l icon (polysilicon) mater ia l  is com- 
posed  of  aggregates  of  single crystal  grains wi th  a grain 
boundary  b e t w e e n  adjacent  grains. The  grain bounda ry  is 
a t ransi t ional  reg ion  be tween  dif ferent  or ientat ions  of  
ne ighbor ing  crystall i tes.  Polys i l icon films have  been  
wide ly  used  in in tegra ted  circuits  such as s i l icon gates, in- 
te rconnect ions ,  pass ivat ion or isolat ion layers,  diffusion 
sources,  resistors,  monol i th ic  d is t r ibuted  RC filters, di- 
odes, act ive  devices ,  and r edundancy  p r o g r a m m i n g  ele- 
ments .  Its inc reas ing  range of  appl icat ions  ensures  the  
impor tance  of  this mater ia l  in the  coming  era of VLSI.  

S ince  the  d e m a n d  for be t ter  pe r fo rmance  and h igher  
pack ing  dens i ty  of  V L S I  circuits  requi res  the dev ice  size 
to be scaled not  only in the  hor izontal  bu t  also in the  
ver t ical  direct ion,  the  th ickness  of  polys i l icon films used  
in mos t  in tegra ted-c i rcui t  appl icat ions  has  been  scaled 
f rom several  mic rome te r s  (1, 2) d o w n  to ten th  of  a mi- 
c rome te r  (3). In  addit ion,  the film depos i t ion  general ly  
has changed  f rom a tmospher ic -pressure  chemica l  vapor  
depos i t ion  (APCVD) (1, 2) to low-pressure  chemica l  vapor  
depos i t ion  (LPCVD) (4) for be t ter  film qual i ty  and h igher  
th roughput .  As a result ,  unde r s t and ing  of  the  th ickness  
scaling effect  on the  electr ical  proper t ies  of  L P C V D  
polysi l icon films in the  s u b m i c r o m e t e r  range is impor-  
tant  for dev ice  des ign in V L S I  circuits.  

Kamins  (1) s tud ied  the  th ickness  d e p e n d e n c e  of  Hall  
mobi l i ty  and resis t ivi ty  in A P C V D  polys i l icon films, 
which  had th ickness  ranging f rom 3 to 24 ~ m  and were  
doped  by diffusion with  concent ra t ions  rang ing  f rom 10 '8 
to 1019 cm -3. Resis t iv i ty  of  these  polys i l icon films de- 
creases  wi th  increas ing  film thickness .  Kamins  showed  
that  this decrease  in resis t ivi ty is due  main ly  to the  in- 
crease of  mobil i ty .  Because  an A P C V D  polysi l icon film 
wi th  th ickness  larger  than several  m ic rome te r s  is com- 
posed  of  a few layers of  grains s tacked  in the  th ickness  di- 
rection,  the  m e a s u r e d  mobi l i ty  is actual ly  an average  mo- 
bil i ty over  the  film thickness .  The  mobi l i ty  near  the top  
surface is larger  in a th icker  film because  the  grain size 
becomes  larger. Mei et al. (5) s tudied  the  resist ivi t ies of  
A P C V D  polys i l icon films which  had th ickness  d o w n  to 
0.25 ~m and were  doped  by phosphorus  ion  implan ta t ion  
wi th  a concen t ra t ion  of 1.2 x 1019 cm -3. The  resis t ivi ty  
also decreases  wi th  increas ing  film thickness .  It  was rea- 
soned that  this res is t ivi ty  increase is due  main ly  to 
dopant  segrega t ion  to the  in terface  be tween  polysi l icon 
film and its unde r ly ing  oxide  layer. Recent ly ,  Col inge et 
al. (6) p roposed  a theoret ica l  equa t ion  [Eq. [5] in (6)] for 
the  mobi l i ty  in polysi l icon films, wh ich  cons iders  the  ef- 

fect  of  film th ickness  by including--the polys i l icon/oxide  
interface scat ter ing mechanism.  They used  1.95 ~m as the  
m e a n  free pa th  of  e lectrons in silicon, wh ich  impl ies  that  
i f  a polysi l icon film th ickness  is r educed  to the  r a n g e  of  
1.95 ~m, the  effect  due  to coll is ions of  e lect rons  to the  
polys i l icon/oxide  interface can b e c o m e  a dominan t  factor 
to cause  the  resis t ivi ty increase.  

The  above  rev iew shows that  the  effect  Of film thick- 
ness on the  electr ical  proper t ies  of  L P C V D  polysi l icon 
films at d i f ferent  doping  concent ra t ions  has not  been  
fully under s tood  and that, in fact, d i f ferent  v iewpoin t s  ex- 
ist on the  dominan t  m e c h a n i s m  for the  resis t ivi ty changes  
as the  film th ickness  decreases.  In  this  work, therefore,  
we  first charac ter ized  the  electr ical  proper t ies  of  boron- 
doped  L P C V D  polysi l icon films which  had th ickness  
ranging f rom 1.2 down  to 0.1 ~m and dop ing  concentra-  
t ion ranging f rom 1 • 10 '7 to 1 x 1019 cm -~. It  will  be  
shown that  as the  film th ickness  decreases,  the  resis t ivi ty 
increases  exponent ia l ly ,  ra ther  than  remain ing  cons tan t  
as in conven t iona l  resis tor  materials ,  and the  rate of  in- 
crease is a s t rong func t ion  of  doping  concentra t ion.  There  
are several  poss ible  physical  m e c h a n i s m s  to cause this in- 
crease, such  as polys i l icon/oxide  interface  scattering,  
dopan t  segregat ion  to the  grain boundar ies ,  dopan t  
leaching  or loss, dopant  segregat ion to the  polysili- 
con /ox ide  interface,  and changes  of the  n u m b e r  of  carri- 
ers t r apped  into grain boundar ies  because  of  grain-size 
variat ions.  A detai led quant i ta t ive  analysis  will  show that  
the dominan t  m e c h a n i s m  causing the  resis t ivi ty  increase 
is the  carrier  t r app ing  effect  due  to grain-size reduct ion.  

Experimental Results 
Sample preparation and measurements .--Undoped 

polysi l icon films 0.1-1.2 ~tm thick were  depos i ted  onto 
0.80 ~m th ick  SiO2 layers the rmal ly  g rown  on si l icon wa- 
fers. T h e  depos i t ion  was done  in an L P C V D  reactor  at 
620~C by H2 ambien t  pyrolysis  of sflane wi th  a depos i t ion  
rate of 80 A/min.  The  implan ted  boron  doses  were  se- 
lected to give calcula ted doping  concen t ra t ions  at three  
different  levels: 1 x 1017, 2 • 10 '8, and 1 x 10 TM cm -3. The  
calculat ions  a s sumed  a un i fo rm dopan t  profile and no 
dopant  loss. The  implan ta t ion  energies  were  selected to 
yield a m a x i m u m  implan ta t ion  dose near  the  center  of  the  
polysi l icon films. After  the  devices  were  pa t t e rned  by 
p lasma etching,  a 0.80 ~tm-thick CVD oxide  layer was de- 
posi ted  at 430~ Contact  w indows  were  opened,  and the  
wafers were  d iv ided  into two groups.  One group  had the  
contac t  w indows  implan ted  heavi ly  wi th  boron  to give p+ 
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contac t s ;  t he  o the r  g roup  d id  no t  h a v e  th i s  i m p l a n t a t i o n .  
All t he  wafe rs  were  t h e n  a n n e a l e d  at  900~ for 420 ra in  in  
N2 to r e m o v e  t he  i m p l a n t a t i o n  d a m a g e  a n d  to e n s u r e  uni -  
f o rm  d o p a n t  d i s t r ibu t ion .  A 1 .0 /~m-th ick  a l u m i n u m  layer  
was  d e p o s i t e d  a n d  def ined  over  t he  c o n t a c t  areas.  T h e  
con t ac t s  were  a l loyed at 450~ for 20 m i n  in  N2. T h e  de- 
v ices  i n c l u d e d  d i f fe ren t  s h a p e s  of  res is tors ,  v a n  de r  P a u w  
s t r u c t u r e s  (8), a n d  c ross -b r idge  s t r u c t u r e s  (8). 

The  t h i c k n e s s  of  po lys i l i con  film was  m e a s u r e d  by  an  
a-s tep  profiler.  The  gra in  s t r u c t u r e  a n d  g ra in  size were  
s tud ied  u s i n g  t r a n s m i s s i o n  e l ec t ron  m i c r o s c o p y  (TEM) 
t e chn iques .  F i g u r e  1 shows  the  typ ica l  c ross - sec t iona l  
TEM m i c r o g r a p h s .  I t  was  f o u n d  t h a t  all t h e  g ra in  s t ruc-  
tu res  of  u n d o p e d  a n d  d o p e d  s amp le s  were  conical ,  a n d  no  
s ign i f ican t  rec rys ta l l i za t ion  was  obse rved ,  in  c o n t r a s t  to 
the  r e p o r t e d  gra in  g r o w t h  in p h o s p h o r u s - d o p e d  s a m p l e s  
in  Ref. (9). F r o m  t h i n  to t h i c k  po lys i l i con  films, the  sur- 
face r o u g h n e s s  b e c o m e s  worse,  a n d  t he  g ra in  size at  t h e  
top  of  the  surface,  w h i c h  c o r r e s p o n d s  a p p r o x i m a t e l y  to 
t he  d i s t ance  b e t w e e n  t he  h i l locks  (9), inc reases .  A quan t i -  
t a t ive  m e a s u r e m e n t  of the  grain, size was  p e r f o r m e d  u s i n g  
top -v iewed  TEM m i c r o g r a p h s  s h o w n  in  Fig. 2. Two m e t h -  
ods  were  used ,  a n d  the  resu l t s  ag reed  well. One  m e t h o d  
was to m e a s u r e  t he  area  of a ce r t a in  r eg ion  a n d  to c o u n t  
the  n u m b e r  of  g ra ins  w i t h i n  t h a t  area. The  ave rage  gra in  
size L is ca lcu la ted  f rom the  fo l lowing  e q u a t i o n  

L = ( a r e a / n u m b e r  of  grains)~ [1] 

w h e r e  m is t he  m i c r o g r a p h  magn i f i ca t ion  factor.  The  
o the r  m e t h o d  (10) was  to d r a w  a l ine  a n d  to c o u n t  t h e  
n u m b e r  of  g ra ins  across  t he  l ine.  The  ave rage  g ra in  size is 

L --. (line l e n g t h / n u m b e r  of gra ins) /m [2] 

The  m e a s u r e d  gra in  size dec rea se s  as t he  film t h i c k n e s s  
d e c r e a s e s  (Fig. 3). 

By  u s i n g  t he  s e c o n d a r y  ion  mass  s p e c t r o s c o p y  (SIMS) 
t e c h n i q u e  (11), d o p a n t  prof i les  were  p r o v e n  un i fo rm,  a n d  
no  s ign i f ican t  d o p a n t  loss was  obse rved .  The  S I M S  anal-  
ysis  was  d o n e  w i th  a 12 keV 02 + b e a m  ra s t e r  s c a n n e d  a n d  
ga t ed  to a c c e p t  20% of t he  cen t r a l  por t ion .  C h a r g i n g  prob-  
l ems  were  m i n i m i z e d  b y  u s i n g  t he  e l ec t ron  flood g u n  
a n d  i n t e g r a t i o n  of t he  s e c o n d a r y  ion  e n e r g y  d i s t r ibu t ion .  
We u s e d  a 50 keV  b o r o n  i m p l a n t a t i o n  w i th  dose  of 5 x 
1014 c m  -2 as a s t anda rd .  The  m e a s u r e d  d o p i n g  concen t r a -  
t ions  were  w i t h i n  20% of  t he  p ro jec t ed  values .  F igu re  4 
shows  typ ica l  S IMS profi les  of  s amp le s  w h i c h  h a v e  pro- 
j e c t e d  d o p i n g  levels  of  2 • 10 TM cm -3 'and t h i c k n e s s  of  ei- 
t h e r  0.2 or 1.0 ~m.  

Elec t r ica l  m e a s u r e m e n t s  i n c l u d e d  the  I-V charac te r i s -  
tics, res is t iv i ty ,  a n d  Hal l  vol tages .  Res i s t iv i ty  was  a lways  
m e a s u r e d  over  t he  l inear  I-V r a n g e  w i t h  smal l  app l i ed  
bias.  S h e e t  r e s i s t a n c e s  for some  h i g h - v a l u e  res i s to r s  were  
diff icul t  to o b t a i n  f rom the  Hal l  s e tup  a n d  were  calcula-  
ted,  there fore ,  f r om m e a s u r e d  r e s i s t a n c e  a n d  dev ice  
geomet ry .  

Results.--The m e a s u r e d  shee t  r e s i s t a n c e  vs. film th ick-  
ness  at  r o o m  t e m p e r a t u r e  is s h o w n  in  Fig. 5a for  a d o p i n g  

Fig. 1. Cross-sectional TEM micrographs. A, top: t = 1950A, N = 
1 • 1017 cm -3. B, bottom: t = 9800A,  N = 2 x 10 '8 cm -~. t - film 
thickness, N = doping concentration. 

c o n c e n t r a t i o n  of  1 • 1017 c m  -~, a n d  in  Fig. 5b for 2 x 1018 
cm -3. T h e  con t ac t s  b e t w e e n  a l u m i n u m  a n d  po lys i l i con  in  
s amp l e s  w i t h o u t  p+ co n t ac t  d o p a n t s  are  o h m i c  at  sma l l  
app l i ed  vol tage.  I n c l u s i o n  of  the  p+ co n t ac t  d o p a n t s  does  
no t  s ign i f ican t ly  af fec t  t h e  shee t  res i s tance .  F igure  5a 
a n d  5b s h o w s  t h a t  w h e n  t h e  film t h i c k n e s s  decreases ,  t he  
shee t  r e s i s t a n c e  inc reases  exponen t i a l l y .  T h e  t h i c k n e s s  
d e p e n d a n c e  of  t h e  r e s i s t ance  is c o n s i d e r a b l y  la rger  at  a 
d o p i n g  c o n c e n t r a t i o n  of  2 x 10 TM c m  -3 t h a n  at  1 x 10 '7 
c m  -3. T h e  res is t iv i ty ,  w h i c h  can  be  ca l cu la t ed  b y  mul t i -  
p ly ing  the  s h e e t  r e s i s t ance  b y  the  film t h i c k n e s s ,  is also 

I-ig. 2. Top view TEM micrographs of the samples in Fig. 1 
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shown in Fig. 5a and 5b as a funct ion  of  film thickness .  A 
rapid  increase  of  the  resist ivi ty wi th  decreas ing  film 
th ickness  occurs,  especial ly  at th ickness  less than  0.8/~m. 
This  behav ior  is different  f rom ohmic  resis tors  of  o ther  
materials ,  the  resis t ivi ty  of  which  is general ly  indepen-  
dent  of  thickness .  

T h e o r e t i c a l  In te rpre ta t ion  
Two theor ies  have  been  proposed  to m o d e l  the  trans- 

por t  proper t ies  of  doped-polys i l icon  films. The  first is a 
dopant -segrega t ion  model ,  where  the  grain bounda ry  
serves  as a s ink to cause preferent ia l  segregat ion  of 
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dopant  a toms that  b e c o m e  inact ive at the  boundary  (12, 
13). This  model ,  however ,  cannot  exp la in  the  mobi l i ty  
m i n i m u m  at a cri t ical  doping concentra t ion,  the  tempera-  
ture  d e p e n d e n c e  of  the  resistivity,  and the  hyperbol ic-  
sine I-V behav ior  of  polysi l icon resistors at h igh electric 
field. The  second theory  is a carr ier  t r app ing  mode l  
(1, 2, 7, 14-16), where  the t rapp ing  states inside the grain 
boundary ,  due  to defects  and incomple te  a tomic  bond-  
ings, can trap free carriers f rom the  ionized dopants .  This  
process  not  only reduces  the  n u m b e r  of  free carriers, bu t  
also creates  a potent ia l  barr ier  su r round ing  the  grain 
boundary ,  wh ich  impedes  the  mot ion  of  carr iers  f rom one 
crystall i te to another.  This  mode l  be t ter  expla ins  the  
sharp changes  of  resis t ivi ty wi th  doping  concentra t ion,  
the  mobi l i ty  m i n i m u m ,  the  t empera tu re  d e p e n d e n c e  of 
resist ivity,  and the  hyperbol ic-s ine  I-V behav ior  at h igh  
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electric field. Even if the dopants do segregate, the 
trapping model can still be applied, based on an active 
dopant concentration that can be obtained by sub- 
tracting the inactive dopant concentration from the actual 
doping concentration (15, 17). 

For thin-film polysilicon resistors, several physical 
mechanisms may cause the observed resistivity increase 
when film thickness decreases. The effect of these mech- 
anisms will be considered individually below. 

Scatterings at horizontal grain boundaries and poly- 
silicon/oxide interface.--TEM results on LPCVD films 
show that the grain structures in all samples having dif- 
ferent film thicknesses are conical. In such conical struc- 
tures, grain boundaries rarely occur in the direction paral- 
lel to the polysilicon/oxide interface, in contrast to  the 
randomly stacked grain structures usually observed in 
APCVD polysilicon films. If the structure had many 
stacked layers of such horizontal grain boundaries, the re- 
sistances of the samples with p+ contact dopants could 
not be the same as those without the contact dopants be- 
cause the grain boundary is a high resistance region. 
However, it is found that the resistances of samples with 
p+ contact dopants are approximately equal to those with- 
out p+ contact dopants. This demonstrates that, even 
though horizontal grain boundaries may exist occasion- 
ally, they do not seriously disturb the current flow, and 
the possibility of carriers colliding with the horizontal 
grain boundaries is low. Since the mean free path of carri- 
ers in the intrinsic silicon is approximately 200A, 1 which 
is much smaller than the thinnest film thickness in our 
samples, the carriers should have had several collisions 
before scattering at the polysilicon/oxide interface. As a 
result, the scattering effects due to both polysilicon/oxide 
interface and horizontal grain-boundaries should not be 
the dominant factor responsible for the resistivity in- 
crease (18) in LPCVD polysilicon films with thickness 
down to 0.1 ~m. Another piece of indirect evidence to 
support the conclusion is that when the oxide layer above 
polysilicon film is removed, the measured resistance 
does not change too much from the resistance of samples 
with the top oxide layer present, and the rate of resistivity 
increase as the films become thinner is almost the same. 
In addition, that different rates of the resistivity increase 
at different doping concentrations is difficult to explain 
based on scattering effect. 

Dopant segregation to grain boundaries.--Although the 
amount of dopant segregation to grain boundaries can be 
a function of film thickness, Mandurah et al. (19) showed 
that no significant segregation effect occurs in boron- 
doped polysilicon films. In our boron-doped samples, the 
grain-boundary segregation should not be the dominant  
factor for the resistivity increase. 

Dopant leaching or loss.--After inplantation and before 
annealing, the samples were coated with a thin layer of 
low temperature deposited oxide to protect their surfaces 
from furnace ambient and to prevent loss of dopants dur- 
ing the high temperature process. The SIMS results (Fig. 
4) p roved  that the actual doping concentration in the 
polysilicon film is close to the projected value within 20% 
variation, and no significant loss was found even in the 
thinnest samples. 

Segregation to polysilicon/oxide interface.--From the 
SIMS results as shown in Fig. 4, no significant pileup of 
the dopants was found at the polysilicon/oxide interface 
in the samples with doping concentration up to 2 x I0 ~8 
cm -3. It should be noted that an electron flood gun for 
charge compensation was employed. While not shown in 
Fig. 4, the silicon signal remained constant when sput- 
tering through the Si/SiO2 interface. It has been shown 
(20) that at normal incidence 02 + bombardment, silicon is 
completely oxidized to SiO2. At a doping level of 1 • 1019 
cm -~, a small pileup of the dopants has been observed; 
however, its amount is not so significant as to affect the 
absolute doping level in the film. This effect can become 
important at higher doping concentration. 

The mean free path k is Vth(m*~t/q), where vth is thermal veloc- 
ity of the carriers, vth = (3kT/m*) ~ and ~ is mobility. In intrinsic 
silicon, X ~ 237A for holes and ~204A for electrons at room tem- 
perature. In a doped silicon crystallite, k is even smaller. For ex- 

2O 3 ample, k ~ 130A at a doping concentration of around i0 cm- . 
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Carrier trapping.--Before a quanti tat ive calculation 
of the carrier t rapping effect on the resistivity change 
due to reduct ion of film thickness, general features of 
the carrier t rapping model  are briefly reviewed here. 
Several assumptions were made in the previous 
trapping models (2, 15) to simplify the calculation. The 
polysilicon film is assumed to be composed of identical 
crystallites having a grain size L, and the grain boundary 
is assumed to contain Qv cm -~ of traps located at an en- 
ergy level of eT with respect to the intrinsic Fermi level 
at the grain boundary (Fig. 6). The traps are assumed to 
Re initially neutral  and become charged by trapping car- 
hers.  When dopants are added into polysilicon films, 
some of the mobile  carriers around the grain boundary 
are t rapped by the trapping states in the grain boundary, 
resulting in a deplet ion region. Using these assump- 
tions, an abrupt  depletion approximat ion was used to 
calculate the energy band in the crystallites. For a given 
grain size, since the effective trapping states in the grain 
boundary are finite, there exist two possible conditions, 
depending on the doping level. If  the doping concentra- 
t ion is high, the crystallite can only be partially depleted 
and a neutral  region remains (Fig. 6b). If  the doping 
level is decreased to a critical doping concentrat ion N*, 
the crystallite is totally depleted (Fig. 6c). Because the 
crystallite becomes totally depleted, the number  of free 
carriers remaining in the crystallite drastically de- 
creases, thus causing a sharp resistivity increase. As the 
doping level further decreases, the crystallites remain in 
the condit ion of total depletion, and resistivity increases 
at a rather gradual rate. This explains why the resistivity 
vs. doping concentrat ion curve of polysilicon films has 
a sharp change in slope near the critical doping level N*. 
Similarly, at a given doping concentration, there exists a 
critical grain size L* below which the grains are totally 
depleted. For a grain size around the value of L*, as the 
grain goes from partial to total depletion, the resistivity 
change due to grain size variation is drastic. 

As ment ioned above, TEM results showed that when 
polysilicon film thickness is reduced, the grain size de- 
creases. The effect of such grain-size change on the re- 
sistivity of polysilicon films will be examined based on 
the carrier t rapping model  below. 

The previous trapping models (2, 14, 15) using the de- 
pletion approximat ion can clearly describe the transport  
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p r o p e r t i e s  of  p o l y s i l i c o n  films. H o w e v e r ,  t h e  d e p l e t i o n  
a p p r o x i m a t i o n  c a u s e s  a b r u p t  c h a n g e s  in  t h e  r e s i s t i v i t y  
w i t h  r e s p e c t  to g ra in - s i ze  v a r i a t i o n s  n e a r  t h e  t r a n s i t i o n  
b e t w e e n  t h e  pa r t i a l  d e p l e t i o n  a n d  t h e  to ta l  d e p l e t i o n  
c o n d i t i o n  (21). ~ T h e s e  a b r u p t  c h a n g e s  can  b e  s m o o t h e d  
b y  u s i n g  a m o r e  a c c u r a t e  s o l u t i o n  of  P o i s s o n ' s  e q u a t i o n  
w i t h o u t  a s s u m i n g  t h e  d e p l e t i o n  a p p r o x i m a t i o n  (21). Re- 
cen t ly ,  a n  e x a c t  s o l u t i o n  for  p o l y s i l i c o n  r e s i s t i v i t y  was  
de r ived ,  w h i c h  c a n  avo id  s u c h  a b r u p t  c h a n g e s  a n d  is 
va l id  ove r  a w i d e  r a n g e  of  d o p i n g  c o n c e n t r a t i o n s ,  t em-  
p e r a t u r e s ,  a n d  g r a i n  sizes (22). I n  t h i s  work ,  b e c a u s e  
s a m p l e s  are  n o t  v e r y  heav i l y  d o p e d  a n d  da t a  we re  mea-  
s u r e d  at  r o o m  t e m p e r a t u r e ,  t h e  e x a c t  F e r m i - D i r a c  s ta t is -  
t ics  of  f r ee -ca r r i e r  d i s t r i b u t i o n  c a n  b e  a p p r o x i m a t e d  b y  
B o l t z m a n n  s ta t i s t i cs ,  t h u s  r e l a x i n g  o u r  e x a c t  a n a l y s i s  
(22) to  s imi l a r  e q u a t i o n s  d e r i v e d  b y  B o a r d  a n d  D a r w i s h  
(21), e x c e p t  t h a t  a m o r e  p r ec i s e  f o r m u l a t i o s  of  t he  F e r m i  
leve l  s h o u l d  b e  used .  By  d e f i n i n g  t h e  i n t r i n s i c  F e r m i  
leve l  in  t h e  b u l k  s i l i con  Elo as zero e n e r g y  a n d  a s s u m i n g  
t h e  e l e c t r o n  (hole)  e n e r g y  pos i t i ve  (nega t ive )  for  u p w a r d  
a n d  n e g a t i v e  (pos i t ive)  for  d o w n w a r d  d i r e c t i o n  (Fig. 6), 
t h e  F e r m i  l eve l  is 

E ~ = k T l n { ~ e x p ( E A / k T )  

[k / l  + 8(NA/ni) exp  ( -EA/kT)  - 1]} [3] 

w h e r e  NA is t h e  d o p i n g  c o n c e n t r a t i o n ,  ni is t h e  i n t r i n s i c  
ca r r i e r  c o n c e n t r a t i o n ,  a n d  i m p u r i t y  l eve l  EA, is (15) 

EA= ( ~ E g - 0 . 0 8 + 4 . 3 •  I O - S N A ' I 3 ) + E i ( O ) [ 4 ]  

By so lv ing  P o i s s o n ' s  e q u a t i o n  a n d  u s i n g  s u i t a b l e  b o u n d -  
a ry  c o n d i t i o n s  (21), t h e  r e l a t i o n s h i p  of  i n t r i n s i c  F e r m i  
leve l  a t  g r a in  b o u n d a r y  Ei(L/2) w i t h  r e s p e c t  to t h e  i n t r i n -  
sic F e r m i  leve l  a t  t h e  c e n t e r  of  g r a in  Ei(0) c an  b e  ca lcu la -  
t ed  f r o m  

2--LDqNA" = ( u ,  --Uo) + / 3 ( e " ' - e  "o) + (e . . . .  e -"~ 

[5] 

w h e r e  LD = (2kTe/q~NA) ~ fl = kT/q, u, a n d  u0 are  de f ined  
as Ei(L/2)/kT a n d  E~(O)/kT, r e spec t ive ly ,  a n d  t h e  i on ized  
t r ap  d e n s i t y  in  t h e  g ra in  b o u n d a r y  QT + is r e l a t e d  to t he  
n u m b e r  of  m e t a l l u r g i c a l  t r a p s  QT as fo l lows  (2, 15) 

Q~ 
QT + = [6] 

1 + 2 exp  [u~ + (eT - Er)/kT] 

w h e r e  ev is t he  t r a p p i n g - s t a t e  e n e r g y  level  w i t h  r e s p e c t  
to  t h e  i n t r i n s i c  F e r m i  leve l  a t  t h e  g ra in  b o u n d a r y .  The  
c o r r e s p o n d i n g  g ra in  size L is g i v e n  b y  

L = LD [(u -- u0) + fl (e" - e "~ + (e-" - e-"~ -~/= du 
0 [7] 

B y  v a r y i n g  u0, t h e r e f o r e ,  t he  c o r r e s p b n d i n g  u, a n d  L c a n  
b e  c a l c u l a t e d  u s i n g  Eq.  [5] a n d  [7]2 T h e  r e s i s t i v i t y  is 
t h e n  o b t a i n e d  f r o m  (15) 

(2rrm*kT) 'l~ 
e x p  (qVB/kT) [8] 

p - Lq2p(O) 

w h e r e  qVB = k T  (u, - uo) a n d  p(0) = NA e x p  (-u0).  Fo r  
s impl i c i ty ,  c rys ta l l i t e  b u l k  r e s i s t i v i t y  is n o t  i n c l u d e d .  

To c o m p a r e  t h e o r y  to t h e  e x p e r i m e n t a l  resu l t s ,  i t  is 
n e c e s s a r y  to d e t e r m i n e  m*, p e r m i t t i v i t y  e, n~, Eg, L, QT, 
a n d  eT. T h e  v a l u e s  of  s ing le -c rys t a l  s i l i con  we re  u s e d  for 
t h e  f irst  five p a r a m e t e r s  (15) a n d  L was  m e a s u r e d  f r o m  
T E M  m i c r o g r a p h s  (Fig. 3). QT a n d  e~ w e r e  o b t a i n e d  ex- 
p e r i m e n t a l l y  f rom t he  p vs.  1/kT c u r v e s  of  p o l y s i l i c o n  re- 
s i s to r s  b y  u s i n g  s imi l a r  p r o c e d u r e s  d e s c r i b e d  in  Ref. 
(15). T h e  m e t h o d  is va l id  b e c a u s e  t h e  s a m p l e s  u s e d  for  
p a r a m e t e r  e x t r a c t i o n  h a v e  d o p i n g  c o n c e n t r a t i o n s  a w a y  
f r o m  N*, a n d  t h u s  t he  d e p l e t i o n  a p p r o x i m a t i o n  is va l id .  

This can be interpreted in terms of film thickness as follows: 
at a given doping concentration, when film thickness changes 
such that  its grain size is close to L*, the abrupt depletion ap- 
proximation becomes invalid. 

3 The contents of Eq. [5], [6], and [7] are different from their 
corresponding expressions in Ref. (21) by including the neces- 
sary corrections. 
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Fig. 7. Measured and theoretical resistivity vs .  average grain size of 
different thickness films. 

Also,  s i nce  Qr c o u l d  be  p r e c i s e l y  d e t e r m i n e d ,  t h e  v a l u e  
of  eT was  a d j u s t e d  w i t h i n  a r e a s o n a b l e  d e g r e e  to p r o d u c e  
t he  b e s t  r e s u l t s  of  t he  p vs.  L curves .  F i g u r e  7 s h o w s  t h e  
m e a s u r e d  r e s i s t i v i t i e s  of  d i f f e r e n t  t h i c k n e s s  f i lms vs.  
t h e  m e a s u r e d  a v e r a g e  g ra in  sizes. T h e  t h e o r e t i c a l  c u r v e s  
ag ree  wel l  w i t h  t he  e x p e r i m e n t a l  da t a  a n d  e x p l a i n  t h e  
drastic increase of resistivity with decreasing film 
thickness. Because decrease of film thickness causes re- 
duction of grain size, when the grain size reaches around 
210A at doping concentration of 2 • i0 is cm -3, most of 
the grains go from partial depletion into total depletion, 
and the number of free carriers available for conduction 
drastically decreases, thus causing a sharp increase of 
res i s t iv i ty .  In  con t ras t ,  a t  d o p i n g  c o n c e n t r a t i o n  of  2 • 
101~ c m  3 for  t he  r a n g e  of  fi lm t h i c k n e s s  s t u d i e d  in th i s  
work ,  m o s t  of t h e  g ra ins  h a v e  b e e n  to ta l ly  d e p l e t e d ,  a n d  
t h e r e f o r e ,  t h e  c h a n g e s  of  r e s i s t i v i t y  are  no t  so d r a s t i c  as 
in  t h o s e  s a m p l e s  w i t h  d o p i n g  c o n c e n t r a t i o n  of  2 • 10 TM 

c m  3. As  a resu l t ,  t h e  ca r r i e r  t r a p p i n g  ef fec t  due  to gra in-  
size v a r i a t i o n  at  d i f f e r en t  f i lm t h i c k n e s s e s  is a d o m i n a n t  
f ac to r  for  the  r e s i s t i v i t y  i n c r e a s e  in  b o r o n - d o p e d  
L P C V D  po ly s i l i con  f i lms as t h e  fi lm t h i c k n e s s  de-  
c r eases  (>-1000A). 

Conclusions 
The  effect  of  film t h i c k n e s s  on  t he  e lec t r ica l  p r o p e r t i e s  

of  b o r o n - d o p e d  L P C V D  polys i l i con  f i lms ha s  b e e n  s tud-  
ied  d o w n  to film t h i c k n e s s  of  0.1 /zm. I t  h a s  b e e n  f o u n d  
t h a t  t he  res i s t iv i ty  inc reases  e x p o n e n t i a l l y  as t he  film 
t h i c k n e s s  decreases ,  r a t h e r  t h a n  r e m a i n i n g  cons t an t ,  a n d  
the  i n c r e a s i n g  ra te  is a s t rong  f u n c t i o n  of  d o p i n g  concen-  
t ra t ion.  Af ter  a q u a n t i t a t i v e  s t u d y  of t h e  phys i ca l  mecha -  
n i s m s  w h i c h  m a y  affec t  t h e  r e s i s t iv i ty  as fi lm t h i c k n e s s  
decreases ,  t he  ca r r ie r  t r a p p i n g  effect  due  to gra in-s ize  var- 
i a t ion  at  d i f f e ren t  film t h i c k n e s s e s  was  s h o w n  to b e  t he  
d o m i n a n t  factor.  A t r a p p i n g  m o d e l  w i t h o u t  a s s u m i n g  t he  
dep l e t i on  a p p r o x i m a t i o n  can  exp l a in  t he  e x p e r i m e n t a l  
o b s e r v a t i o n s  wel l  a n d  e n h a n c e s  u n d e r s t a n d i n g  of  t h e  re- 
s i s t iv i ty  b e h a v i o r  as po lys i l i con  film t h i c k n e s s  decreases .  
I t  also s h o w s  t h a t  w h e n  the  po lys i l i con  fi lms are em- 
p loyed  in  V L S I  circui ts ,  t h e  sens i t iv i ty  of  t he  res i s t iv i ty  to 
t he  film t h i c k n e s s  m u s t  b e  c o n s i d e r e d  in  t h e  dev ice  de- 
s ign (23). 
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Polycrystalline Silicon Recrystallization by Combined CW Laser 
and Furnace Heating 

J. Shappir* and R. Adar 
School of Applied Science and Technology, The Hebrew University of Jerusalem, Jerusalem, Israel 

A B S T R A C T  
A modif ied  CW argon laser - induced lateral  recrystal l izat ion of  polycrysta l l ine  si l icon is descr ibed.  Hold ing  the 

sample  in a furnace  at e levated t empera tu re  of  about  1000~ resul ted  in s ignif icantly r educed  the rmal  gradients  and 
stresses. A wider  range of  power  is a l lowed for p roper  recrystal l izat ion both  on oxide  and substrate  areas simulta- 
neously.  P re fe r red  the rmal  profiles enab led  larger  lateral  ep i taxy  of  - 5 0  ~m per  single scan. The  h igher  substra te  tem- 
pera ture  resul ted  also in wider  mel ted  areas and high scan rates of  80 cm/s enabl ing  m u c h  shorter  p rocess ing  time. 

In  recent  years~ in tens ive  effort  has been  m a d e  in differ- 
en t  t echn iques  to obtain large area si l icon on insula tor  
(SOI) as an a l ternat ive  substrate  for in tegra ted  circuits.  
Besides  the obvious  advantages  of  r educed  junc t ion  ca- 
paci tance,  no dev ice  coupling,  and no contac t  spiking, it 
can even tua l ly  lead to th ree -d imens iona l  in tegra t ion of  
e lectronic  devices  (1, 2). Gat  et al. obse rved  (3) that  the  
recrystal l izat ion of  po]ysil icon layers on an insula t ing 
substrate  by a CW laser beam resul ts  in grains hav ing  di- 
mens ions  up to 2 • 25 tLm 2. 

In  order  to fabricate  larger-area SOI  s t ructures  wi thou t  
grain boundar ies  and with  comple te  control  of  the  crys- 
ta l lographic orientat ion,  seeded  lateral  ep i taxy  t echn ique  
has recent ly  been  s tudied  (4, 5). In this technique ,  a re- 
gion where  the polysi l icon is in di rect  contac t  wi th  the  sil- 
icon subst ra te  serves  as a seed for lateral  crystal  g rowth  
to the  area where  the  polysi l icon is over  an insula t ing 
layer. 

With s tandard  isoplanar  technology,  lateral  ep i taxy  of  
20-30 t~m was obtained.  Modified coplanar  s t ruc ture  wi th  
no step be tween  the  polysi l icon on si l icon (PS) and poly- 
si l icon on ox ide  (PO) or the uti l ization of  th in  under ly ing  
insulators  (< 1500A) resul ted  in fur ther  increase  of  the lat- 
eral ep i t axy  to 70-80 t~m (5, 6). 

In  the  s tandard  laser recrystal l izat ion configurat ions,  
the  sil icon wafer  is a t tached to a meta l  chuck  that  can be 
hea ted  up to 700~ (6) and the  laser b e a m  raises the  layer 
t empera tu re  to above  its mel t ing  poin t  of 1415~ Such  an 
a r r angemen t  suffers f rom two major  drawbacks:  (i) It is 
difficult  to find opt imal  recrystal l izat ion condi t ions  for 
both the  PS  and PO areas due  to the  di f ference in the  ver- 
t ical hea t  conduc t ion  in the  two regions,  and (ii) the  high 
lateral  the rmal  gradients  are bound  to reduce  the crystal- 
l ine qual i ty  of  the  recrystal l ized layer. 

*Electrochemical Society Active Member. 
Key words: laser annealing, recrystallization, silicon on insula- 

tor. 

To ove rcome  these  two problems,  the  approach  of  this 
work  was to raise the  substra te  t empera tu re  to about  
1000~ by p lac ing  it in a diffusion furnace and use  lower  
laser power  to raise locally the  polysi l icon t empera tu re  to 
its me l t ing  point. In this setup, the wafer  loses mos t  heat  
by b l ackbody  radiat ion ra ther  than  by the rmal  conduct -  
ance to the  meta l  chuck.  

In  the  following, certain resul ts  of  this combined  laser 
and furnace  recrystal l izat ion t echn ique  are reported.  

Experimental 
The expe r imen ta l  setup consis ted  of  the  laser, the  op- 

tics, the  scanners ,  and the  furnace, where  the wafer  was 
held  dur ing  the  recrystal l izat ion process.  The  laser was a 
Coheren t  18W Ar ion laser, opera ted  in the  mul t i l ine  
m o d e  wi th  wave leng ths  near  0.5 tLm. The optical  sys tem 
consis ted  of  two lenses  in a b e a m  e x p a n d i n g  s t ructure  
that  served both  as beam expande r  and focus ing  e l emen t  
to obtain an 80 t~m diam spot  size, at a focal d is tance  of  
700 ram. The beam was scanned  across the  wafer  by 
means  of two ga lvanomete r -d r iven  mirrors.  The  si l icon 
wafer  was v a c u u m  held by an ad jus tab le  quar tz  tube  
which  en te red  the  furnace f rom its back  side. The  sys tem 
also inc luded  a convent iona l  meta l  v a c u u m  chuck  for 
compar i son  purposes .  The expe r imen ta l  se tup is illus- 
t rated schemat ica l ly  in Fig. 1. 

The 0.5 tLm-thick polycrysta l l ine  si l icon layer  was de- 
posi ted  on a s tandard  isoplanar  s tructure,  obta ined  by lo- 
cal ox ida t ion  of  the  p-type <100> si l icon substra te  to 0.7 
and 1.1 tLm oxide  thicknesses .  As a s tabil izing capping  
layer, use was m a d e  of CVD-depos i ted  Si3N4 or the rmal ly  
g rown  SiO~ layers of  var ious  thicknesses .  Af ter  the  recrys- 
tal l ization step, the  capping layers were  r e m o v e d  and 
Secco e tch (7) was used  to reveal  the grain boundar ies .  

Results 
Effects of recrystallization at elevated substrate 

temperatures.--The main  advan tage  of  the  recrystall iza- 
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Fig. 1. The experimental setup 

t ion process  at h igh  substrate  t empera tu res  is in having  a 
wider  w i n d o w  of a l lowed laser power  for good recrystall i-  
zat ion both  on the  PO and PS  regions.  This  can be seen in 
Fig. 2, where  recrystal l izat ion was pe r fo rmed  with  sub- 
strate t empera tu re s  of  1000~ 700~ and 400~ us ing  ox- 
ide capping.  At low substrate  t empera ture ,  ca tas t rophic  
resul ts  were  obse rved  in the PO regions,  whi le  no re- 
crystal l izat ion took  place  in PS  regions.  As the  substra te  
t empera tu re  increased,  the  dif ference be tween  the  two re- 
gions was reduced.  At  1000~ similar  resul ts  were  ob- 
ta ined bo th  in PO and PS  regions.  

The expe r imen ta l  condi t ions  in Fig. 2d are ident ical  to 
those  of  Fig. 2c, wi th  the  excep t ion  that  the  wafer  was 
he ld  by the  meta l  chuck  at 400~ It  is conc luded  that  the 
wafer  t empera tu re  is one of  the  dominan t  factors affect- 
ing the  qual i ty  of  recrystal l ization;  the  way  the  wafer  is 
held  has li t t le influence.  

The furnace  t empera tu re  has also a p ro found  effect  on 
the wid th  of  the  mol t en  zone of a single laser  scan with  
fixed ve loc i ty  and power,  as shown in Fig. 3. 

The thermal gradients and their effect on the lateral 
epi taxial  regrowth.--As was es tabl i shed in prev ious  
works  (5, 8, 9), the  di rect ion of  the grains '  g rowth  in the  
recrysta l l izat ion process  is ident ical  to the the rmal  gradi- 
ents  in the  trai l ing edge of the laser - induced mol ten  zone. 

The  ten~perature profile ~s de t e rmined  by the  laser  
b e a m  shape, its scan rate, and the  t he rma l  conduc t iv i ty  of 
the  sample.  F igures  4a and 4b represen t  typical  recrystal-  
l ization s t ructures  in PO regions for low power  and scan- 
n ing  ve loc i ty  and  h igh  power  and veloci ty,  respect ively.  
The  i so thermals  and the  m o m e n t a r y  solidif ication front  
can be  easi ly t raced start ing at the top side of  the  scan 
and advanc ing  to the  bo t tom side, a lways at a r ight  angle  
to the  grain boundar ies .  The resul t ing profiles are also 
shown in Fig. 4. 
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Fig. 3. The dependence of the single-scan molten zone width in the PS 
regions on the furnace temperature with laser power as a parameter. 
Scan velocity was 8 cm/s. 

Fig. 4. The structure of the grain boundaries and the momentary solid- 
ification front in (a) low power and velocity recrystallization (P = 
4W,  v = 8 cm/s) and (b) high power and velocity conditions (P = 
12W, v = 80 cm/s.) 

Fig. 2. Recrystallization at furnace temperature of: (a) 1000 ~ (b) 
700 ~ and (c) 400~ In (d), the wafer is attached to a metal chuck at 
400~ Oxide thickness in PO regions is 1.1 /~m. The PO is the center 
region. 

For  a g iven  si l icon on insula tor  s tructure,  the  substra te  
t empera tu re  and the  absorbed heat  dens i ty  de t e rmine  the 
cool ing t ime  of  the  layer f rom its max ima l  t empera tu re  to 
be low the  mel t ing  point.  This  cool ing t ime  mul t ip l ied  by 
the  scanning ve loc i ty  equals  the  character is t ic  length  of  
the mol t en  zone beh ind  the  m o v i n g  laser beam. 

When this l eng th  is smaller  than  the  b e a m  radius, as in 
Fig. 4a, the  profile of the  trai l ing edge  of  the  mol t en  zone 
is s imilar  to the  beam shape, i.e., circular  for Gauss ian  
beam. In the case when  this l ength  is m u c h  larger than  
the beam dimension,  the  trai l ing mol t en  zone no longer  
fol lows the  b e a m  shape, as seen in Fig. 4b, and the 
the rmal  gradients  are d i rec ted  a lmos t  pe rpend icu la r  to 
the scan direct ion.  

A mov ing  solidif ication front  wi th  a small  radius  of 
curva ture  is k n o w n  to induce  a h igher  dens i ty  of  defects  
and dis locat ions  as compared  to a flat f ront  (5). This  is 
ref lected in the  size of the  epi taxial  lateral  distance.  The  
gradient  s t ruc ture  in Fig. 4b represents  a lmos t  flat solidi- 
fied front, whi le  in Fig. 4a, this front  is s ignif icantly 
more  curved.  The  resul ts  cons is tent ly  show more  than  50 
t~m lateral  s ingle crystal  in the h igh  scan power  and rate 
(Fig. 4b), as compared  to less than  25 ~m in the  s low 
scanning  condi t ions  (Fig. 5). The  centra l  hor izontal  l ine in 
Fig. 4b is where  the  crystals g rowing  f rom both  sides do 
meet .  

In  the  case of  the  high scanning  veloci t ies  of  50-80 cm/s, 
the  mol t en  si l icon area is so large that  the  s i tuat ion is 
close, in a sense, to the  s i tuat ion of  pulsed- laser  recrystal-  
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Fig. 5. The lateral epitaxial distance is limited by defect formation to 
less than 25 ~m when the gradients are curved, and can be increased 
to more than 50/~m when the solidification front is almost flat (Fig. 
4b). 

Fig. 7. Variation in the laser effect near the PS-PO interfaces. The PO 
is the center region. 

lization. U n d e r  such condit ions,  the the rmal  gradients  are 
s tongly  d e p e n d e n t  on the  layer configurat ion,  i.e., the  
layout  of the  PS  and PO regions.  The ver t ical  the rmal  
conduc t ion  is s ignif icantly h igher  in the  P S  than  in PO 
regions,  and thus  the  PS  region is first to solidify, and 
the recrystal l izat ion propagates  in all d i rect ions  away 
f rom the  PS  into the  PO region, as shown in Fig. 6. 

Thermal effects in the PO-PS border.--Although it is not  
clear yet  wha t  are the  exac t  m e c h a n i s m s  which  restr ict  
the  lateral epi taxia l  dis tance (5, 10), it is agreed  upon  that  
m o v i n g  f rom the  P S  into the  PO region is a cri t ical  step 
which  can in t roduce  high defect  dens i ty  (11, 12). This  is 
demons t ra t ed  in Fig. 2a and 7, where  a d i scont inu i ty  in 
the  the rmal  profile near  the  in terface  be tween  the PS  
and PO reg ion  is observed.  F igure  8 represen ts  schemat i -  
cally the changes  in the  max ima l  t empe ra tu r e  a long the  
scan axis shown in Fig. 7. These  var ia t ions  were  repeat-  
edly  observed  in different  scanning condit ions.  In  the  PS  
side (regions b and f in Fig. 8), a decrease  in the  scan 
width  is observed.  This impl ies  lower  t empera tu res  in 
these  areas, as compared  to regions  far ther  away f rom the  
PO regions  (a and g). This is exp la ined  by ext ra  heat  flow 
in the lateral  d i rect ion to undernea th  the  PO region where  
the  substrate  is re la t ively colder  because  of  the insula t ing  
oxide  layer. This  p h e n o m e n o n  is s l ightly s t ronger  where  
the  beam passes  f rom the  PO to the P S  (region f), proba-  
bly because  the  lateral  conduc t ion  of hea t  opposi te  the  
scanning  di rec t ion  is always more  efficient.  As a conse- 
quence  of  the  hea t  flow f rom the PS  regions,  the  temper-  
ature gradients  across the  oxide  is smal ler  near  the  PO 
edge  (regions c and e), and thus  a lower  cool ing effi- 
c iency  towards  the  substrate  exists  there.  This, in turn~ 

Fig. 6. The lateral epitaxial distance from PS islands in rapid scan and 
moderate power is less dependent on the scan direction and propa- 
gates up to 10/~m in the "reversed direction." 
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Fig. 8. The variation of the maximal temperature along the scan axis 
u), can be explained by heat flow to underneath the oxide layer, as 
hown by the~arrows in (b). 

leads to h igher  t empera tu re  of  the  layer which  eventua l ly  
broadens  the  mel ted- reg ion  width  (Fig. 7) and may  even  
cause  a local  damage  in the  recrysta l l ized layer jus t  as it  
starts to propagate  into the  PO region (Fig. 2a). These  
findings do not  contradic t  the conclus ions  of  Ohkura  et  
al. (13), who  c la im that  in regions  b and f the  t empera tu re  
is h igher  than  in regions  a and g, since, as shown in Fig. 8, 
ex t r eme ly  close to the  region c the  t empera tu re  of  reg ion  
b migh t  be still h igher  than  in reg ion  a. 

Discussion 
I t  was shown that  carrying out  the  lateral, laser-in- 

duced,  recrystal l izat ion at e leva ted  substra te  tempera-  
tures  a round 1000~ reduces  the  the rmal  s tresses signifi- 
cantly, as compared  to 400~176 conven t iona l  ho t -chuck  
systems.  Hold ing  the  wafer  dur ing  this process  in a 
hea ted  furnace  impl ies  that  the  Si wafer  loses the  ab- 
sorbed laser power  by b lackbody  radiat ion.  

By  means  of  h igh  veloci t ies  and  laser  power,  m a d e  pos- 
sible by the  high t empera tu re  condit ions,  cer ta in  control  
over  the rmal  gradients  was possible  wi th  a f ixed-beam 
shape. An a lmos t  flat sol idifying front  was achieved,  re- 
sul t ing in as far as 50 ~m lateral  ep i t axy  in a single scan. 
The  h igher  scan rate and the obta ined  wider  mol t en  zone 
imply  also m u c h  shorter  process ing t ime, as compared  to 
the  conven t iona l  approach.  

Unde r  such recrystal l izat ion condi t ions,  lateral  seeded  
ep i taxy  is observed  also when  the  laser b e a m  moves  f rom 
the PO to the  PS  region. The m e c h a n i s m  of the  lateral  
recrystal l izat ion in this case is be l ieved  to be the  same as 
the "br idg ing  ep i t axy"  observed  in pulsed- laser  anneal ing  
~14, 15). The  lateral  br idging  obta ined  is 7-10 tLm as com- 
pared to only 1.2-2.5 ~m prev ious ly  repor ted.  This im- 
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proved result is again associated with the high tempera- 
ture conditions. Another significant advantage of the 
high substrate temperature is the increase in the laser 
power Window of proper recrystallization both on PS and 
PO areas. 

Finally, it was pointed out that an undesired increase in 
the thermal discontinuity exists near the oxide edge. This 
was attributed to lateral heat flow to underneath the ox- 
ide. Minimal step in the polysilicon layer structure by sili- 
con etching before the local oxidation step (5) can proba- 
bly decrease this phenomenon. 

In conclusion, it was shown that performing the CW 
laser-induced lateral recrystallization at elevated sub- 
strate temperature can have an important  advantage in 
overcoming some of the technological problems con- 
nected with thermal stresses. The high temperature con- 
ditions enable also higher area coverage velocities and 
migh~ lead to larger and better quality epitaxial silicon on 
insulator structures. 
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Cleaning of Si and GaAs Crystal Surfaces by Ion Bombardment in 
the 50-1500 eV Range 

Influence of Bombarding Energy and Sample Temperature on Damage and Incorporation 

P. Rabinzohn and G. Gautherin 
Institut d'Electronique Fondamentale, Universit~ Paris XI, 91405 Orsay-C~dex, France 

B. Agius* and C. Cohen 
Groupe de Physique des Solides, ENS, Universit~ Paris VII, 75221 Paris-C~dex 05, France 

ABSTRACT 
Silicon and gallium arsenide single crystals were cleaned in high vacuum by very low energy ion bombardment.  

High currents (up to 1 mAYcm 2) were produced by a triplasmatron source down to energies of 50 eV. In situ Auger analy- 
ses showed that Si and GaAs clean surfaces are obtained at room temperature for bombarding energies as low as 70 and 
50 e~(respectively.  The incorporation of bombarding ions and the bombardment-induced disorder were studied ex situ 
by-Rutherford backscattering and channeling. For silicon, the incorporation (Ar or Xe) increases linearly with bom- 
barding energy while the Auger signal saturates above 200 eV. This result indicates that at high energies, ions are incor- 
porated at greater depths than the sampling depth of the Auger technique. For GaAs, ion incorporation takes place only 
above 200 eV. The bombardment- induced disorder increases with the bombarding energy. Above 200 eV, a strong corre- 
lation was observed between incorporation and disorder, demonstrating that the latter was stabilized by the incorpo- 
rated ions. However, at very low energies, a significant disorder remains (10 TM and 5 • 1015 atom/cm ~, for Si and GaAs, re- 
spectively) for a very small concentration of incorporated ions, indicating the presence of "intrinsic disorder" related to 
the sputtering mechanism. No influence of the beam current on bombardment- induced incorporation or disorder was 
detected. For  silicon, at very low bombarding energies, the disorder increases with the sample temperature during bom- 
bardment, with a noticeable effect already obsel~ced at 100~ This is due to bombardment-enhanced diffusion of the 
ions and associated damage stabilization. At higher bombarding energies, no temperature dependence was observed be- 
cause the range of bombarding ions was greater than the diffusion length. 

In the preparation of semiconductor devices, the nature 
of surfaces has been a long standing concern. It is well 
known today that high quality devices are obtained only 
from clean and undamaged surfaces. For instance, the 
production of low resistance ohmic contacts or of high 
quality and reproducible Schottky diode characteristics 
(1) is directly related to obtaining such surfaces. But the 
ease in achieving such a perfect surface depends, of 
course, on its chemical reactivity, which is very high for 

* Electrochemical Society Active Member. 
Key words: semiconductor, surfaces, crystallography, sput- 

tering. 

most semiconductors. Consequently, the presence of un- 
desirable surface impurities is hard to avoid. 

Of all the possible methods  of semiconductor surface 
preparation, chemical etching is most generally used. 
During or just after this chemical treatment, an 
inhomogeneous oxide layer is formed. In addition to oxy- 
gen, the major impurity was found to be carbon. Other 
trace elements such as C1, Br, N,  and S may be observed. 
This latter contamination depends on the etching solu- 
tion used to remove the native oxide. Many studies have 
been carried out, on silicon or gallium arsenide, germa- 
nium, gallium phosphide, and indium phosphide (2, 3). 
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An obvious  way  to be free of  the  a tmospher ic  nat ive  ox- 
ide is to p roceed  under  v a c u u m  condit ions.  One m e t h o d  
to ach ieve  a c lean wel l -ordered surface consis ts  of  hea t ing  
the substrate  in U H V  at a t empera tu re  high e n o u g h  to 
evapora te  the  surface oxide, i.e., 1200~ for si l icon (4), 
550~ for ga l l ium arsenide (5), 800~ for ge rmanium,  and 
500~ for i nd ium phosph ide  (3). Thermal  desorp t ion  can 
be ach ieved  th rough  the use  of  a hea ted  filament,  by  
e lec t ron beam heat ing  the  back  side, or by pulsed  or con- 
t inuous  laser  i r radiat ion (6). P rob l ems  such as diffusion of 
impur i t ies  to and f rom the  bulk  or depar tu re  f rom stoichi- 
omet ry  in the  case of  c o m p o u n d  semiconduc to r s  set l im- 
its to this method .  

Ano the r  approach  widely  used  today  is physical  sput- 
ter ing and subsequen t  anneal ing.  It  consis ts  of  iner t  gas 
ion b o m b a r d m e n t  fo l lowed by heat ing  at a t empera tu re  
lower  than  that  r equ i red  for the rmal  decompos i t i on  of  the 
oxide  to expe l  the  re ta ined bombard ing  species and re- 
m o v e  the  damage  induced  in the  surface region (7). Most  
studies center  a round residual  ion damage  and pr imary  
ion re tent ion  before  and/or ' a f te r  anneal ing  as a func t ion  
of ion energy,  sample  t empera tu re  dur ing  sput ter ing,  and 
current  density.  As shown by Sachse  et al. (8) for Ar bom-  
b a r d m e n t  of  Si {111}, the  behavior  of  lat t ice damage  and 
argon t rapp ing  as a funct ion  of  anneal ing  t empera tu re  is 
s t rongly d e p e n d e n t  on the  b o m b a r d i n g  ion energy.  The 
requ i red  anneal ing  t empera tu re  was shown to increase  
wi th  the  sput te r ing  ion energy  in the range  0.5-2.5 keV. In  
the  same way, Yamada  et al. (9) po in ted  out  that  anneal-  
ing of  Si (100} is ach ieved  at 720~ w h e n  the  Ar ion energy  
is less than  1.5 keV. Moreover ,  Ne and Kr  b o m b a r d m e n t  
necess i ta te  lower  a n n e a l i n g  t empera tu res  than  Ar. For  
150 eV Ar ion  energy  f rom a RF  t r iode a r rangement ,  Koch  
et al. (10) find that  an anneal ing  t r ea tmen t  at 600~ for 20 
rain is suff icient  to r e m o v e  the  ion damage  for Si. Bean  et 
al. (11) have  inves t iga ted  the  effect  of va ry ing  the  sample  
t empera tu re  f rom 25 ~ to 800~ dur ing  sput te r ing  of  {100} 
and (111} si l icon surfaces wi th  1 keV Ar + ions. They  have  
s tudied  Ar  re tent ion  with  the help  of  both  AES (Auger 
e lec t ron spectroscopy)  and 4He+ RBS (Rutherford  
backsca t te r ing  spectrometry) .  For  a s -bombarded  sam- 
ples, the  Ar Auge r  signal decreases  w h e n  the  t empera tu re  
dur ing  sput te r ing  is increased.  At the  same t ime  R H E E D  
(reflection h igh  energy  e lec t ron diffraction) pat terns  
show an increas ing  degree  of  surface order. However .  
w h e n  A E S  and R H E E D  show a fully ordered  and Ar-free 
t opmos t  surface region resul t ing  f rom 800~ sput ter ing,  
4He+ R B S  and channe l ing  give ev idence  of d i sorder  and 
Ar  capture.  The  argon con ten t  increases  f rom 1.4 • 1014 to 
1.5 • 1015 a toms /cm 2 w h e n  the  t empera tu re  dur ing  sput- 
ter ing goes f rom 150 ~ to 800~ Ar  a toms ex t end  approxi-  
mate ly  500A into the  bulk  for the lat ter  t empera ture .  

Many studies have  also been  carr ied out  on the  effects 
of  ion sput te r ing  on GaAs. The  re ten t ion  of p r imary  ions 
and near  surface s to ich iomet ry  have  only been  probed  by 
AES (12-15). Refe rence  (15) gives an exhaus t ive  compila-  
t ion of Auger  data, in which  the  Ga over  As peak  to peak  
he ight  ratios were  used  " in  order  to de t e rmine  changes  in 
the  surface compos i t ion  more  accurate ly ."  The  resul ts  
show the  format ion  of  an As dep le ted  near  surface region 
for h igh  cur ren t  dens i ty  J and low t empera tu r e  T and a 
GaAs s to ich iomet r ic  surface for low J and h igh  T. L o w e r  
current  densi t ies  and h igher  t empera tu res  are requ i red  to 
obtain  a s to ichiometr ic  surface w h e n  the  ion energy  is in- 
creased. Compe t i t i on  be tween  the rmal  anneal ing  and 
b o m b a r d m e n t  damage  processes  is invo lved  to account  
for the  order-d isorder  t ransi t ion of  the  GaAs surface re- 
gion (the 20A p robed  by AES). These  resul ts  seem to indi- 
cate di f ferent  t rends  than those  obta ined  by Bean  (11) on 
the t empera tu re  effect  of sput ter ing  induced  damage  for 
Si. As stated before,  the  d isorder  and the  implan ted  pri- 
mary  ions diffuse into the  bu lk  w h e n  the  t empera tu re  is 
increased and cannot  be seen by AES.  An impor tan t  re- 
sult  of  the  p reced ing  studies (12-15) is that, even  at bom- 
bard ing  energies  as low as 250 eV, the  surface is not  Ar- 
free at r o o m  tempera ture .  

F r o m  this br ie f  r ev iew we can conc lude  that  the prepa- 
rat ion of  a wel l -ordered  impuri ty-f ree  surface requires  a 
careful  choice  of  the  parameters  involved.  The  aim is to 
min imize  the  defects  and implan ted  ions in t roduced  dur- 
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ing b o m b a r d m e n t  in order  to avoid  a too h igh  tempera-  
ture  anneal ing  t reatment .  

In  the present  work,  we repor t  resul ts  on surface clean- 
ing of (100} Si and GaAs crystals by ion b o m b a r d m e n t  un- 
der high v a c u u m  condit ions.  The  near  surface composi-  
t ion was checked  both  by Auger  analysis in order  to get  
in format ion  on the  few topmos t  surface layers and by nu- 
clear microanalys is  to cal ibrate the  Auge r  results  and 
s tudy deeper  layers (on the 100-1000A range). The  surface 
disorder  was s tud ied  by channel ing.  As shown  by the  lit- 
erature  m e n t i o n e d  above, damage  and impur i ty  incorpo-  
rat ion usual ly  decrease  at low bombard ing  energy.  How- 
ever, the  sput ter ing  eff ic iency also decreases  so that  
h igher  current  densi t ies  are r equ i red  to achfeve proper  
c leaning in a reasonable  t ime. In  this work,  we use a 
t r ip lasmat ron  source  which  can p roduce  very  high cur- 
ren t  densi t ies  down  to energies  be low 100 eV. We have  
pe r fo rmed  a sys temat ic  s tudy of  the  inf luence  of ion spe- 
cies, ion energy,  and ion current  dens i ty  on the  damage,  
and the ion implan ta t ion  induced  by bombardmen t .  
Moreover ,  we de te rmined  the  lowest  energy  l imit  for sur- 
face c leaning  (for our  expe r imen ta l  conditions).  We have  
also s tudied  the  effect  of  substra te  hea t ing  dur ing  bom- 
b a r d m e n t  as a func t ion  of ion energy.  Due  to the  mobi l i ty  
of  point  defects  and to ex t ended  defects  nuc lea t ion  prob- 
abilities, the  damage  induced,  even  at low ion energy,  is 
expec ted  to vary  s t rongly wi th  the b o m b a r d m e n t  temper-  
ature. The  same holds  for impur i ty  incorpora t ion  which  
m a y  be re la ted to the  mobi l i ty  of  impur i ty -defec t  associa- 
tions. Our resul ts  give clear ev idence  for such dependen-  
cies. 

Experimental 
Apparatus" and procedure.--The ul t rahigh v a c u u m  

stainless steel expe r imen ta l  se tup in which  the  c leaning  
procedure  was carr ied out is shown in Fig. 1. It  is d iv ided  
into four  separable  chambers :  a sample  in t roduc t ion  lock  
wi th  fast p u m p i n g  capabili ty,  an in situ surface analysis 
chambe r  wi th  a cyl indrical  mir ror  analyzer  (CMA) Auge r  
e lec t ron spec t romete r  to moni to r  the  chemica l  c leanl iness  
of  the  surface, and an in terac t ion  chamber  located at the  
end of  the  ion gun which  consis ts  of a p lasma source and 
a t ranspor t  chamber .  The  analysis chamber  had a base 
pressure  of 8 �9 10 -1~ torr  ob ta ined  with  ion pumping .  The 
in terac t ion  chamber  was p u m p e d  to 5 �9 10 -s torr  by a 
t u rbomolecu la r  pump,  then  p u m p e d  d o w n  to less than  
10 -8 torr  us ing  a c ryopump.  A quadrupo le  mass  analyzer  
was used  to moni to r  res idual  gas analysis at each stage of  
the  exper iments .  

The  ion  source  used  was of  the  t r ip lasmat ron  type  
which  was desc r ibed  e lsewhere  (16-18). Briefly, it con- 
sisted of  a min ia tu re  duop lasmat ron  source  used  as a hot  
ca thode  for the auxi l iary d ischarge  which  took place in 
the  expans ion  cup located beh ind  the  anode  of the  
duoplasmat ron .  In  order  to reach a h igh  efficiency, the  
expans ion  cup was posi t ively biased wi th  respec t  to the  
anode.  This source  had the  advantage  that  there  was no 
back-di f fus ion towards  the  main  discharge.  Thus,  the  
source parameters  and opera t ing  condi t ions  were  repro- 
ducib le  s ince the f i lament  was not  affected and had a 
long lifetime. With help  of  a toroidal  magnet ic  field, the 
charged  and neutral  species were  separa ted  f rom the  ex- 
pand ing  plasma. Neutrals  and pho tons  could  be  used  or 
analyzed in the  axis of  the  p lasma source  even  though  
this was not  unde r t aken  for the  p resen t  study. Ions  and 
e lect rons  were  carr ied along the  s t rength  l ines of  the  mag- 
net ic  field and separa ted  according  to thei r  charge s ign 
w h e n  bias ing the target. For  the  c leaning  exper iments ,  
nonreac t ive  gases were  solely employed .  The  pressure  in 
the in terac t ion  chambe r  was var ied  f rom 10 -5 to 10 -4 torr  
depend ing  on the sample  current  cal led for: 20-1000 
/zA/cm 2. This current  dens i ty  can be  reached  for a bias 
vol tage  in the  range  50-1500V. The ci rcular  sect ion of  the  
ion b e a m  has an in tens i ty  d is t r ibut ion  peaked  at the  cen- 
ter  wi th  a FWHM (full wid th  as half  m a x i m u m )  of about  
20 ram. Mass analysis  of  the ion b e a m  showed  that  for Ar 
bombardmen t ,  less than  0.1% of the  ionized species  were  
u n w a n t e d  ions: H20 +, N2 +, CO2 +, O2 +, and the  percen tage  
of  mul t i - ionized species did no t  exceed  0.5%. Energy  anal- 
ysis showed  that  the  energy  d is t r ibu t ion  was cen te red  at 
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Fig. 1. Schematic representa- 
tion of the experimental setup 
showing the triplasmatren source 
consisting of the duoplasmatron 
(1) and the expansion cup (2), in- 
duction coils (3) giving rise to the 
toroidal magnetic field in the 
transport chamber (4). The neu- 
tral species path (S) and the 
charged species-substrata interac- 
tion chamber (6) are also shown. 
The introduction lock chamber (7) 
with sample holders storage 
capabilities (8) and the analysis 
chamber with CMA Auger elec- 
trons analyzer (11), and a place 
reserved for LEED apparatus (12) 
complete the setup. Also repre- 
sented are magnetic manipulators 
(9) and pumping facilities (10). 

t he  b ias  vo l t age  w i t h  a F W H M  of 50 eV for Ar  § a n d  35 eV 
for  Kr  § or X e  +. 

I n  t h i s  s tudy ,  t h e  s a m p l e s  were  {100} o r i e n t e d  p - type  Si 
(-1017-10'9cm -3) d o p e d  w i t h  B a n d  {100} o r i e n t e d  n+-type 
GaAs  ( - 1 0  's c m  -3) d o p e d  w i t h  Si. Af ter  m e c h a n o c h e m i c a l  
po l i sh ing ,  t h e y  we re  d e g r e a s e d  in t r i ch lo r e thy l ene ,  ace- 
tone ,  a n d  m e t h a n o l  be fo re  b e i n g  e t c h e d  in H F  or HC1 so- 
l u t i ons  for  Si or GaAs  in  o rde r  to r e m o v e  t h e  
i n h o m o g e n e o u s  ox ide  layer. E a c h  c l ean ing  s tage was  con-  
d u c t e d  in  an  u l t r a s o n i c  ba th .  Af te r  b e i n g  r i n s e d  a n d  
dr ied,  t h e  s a m p l e s  were  m o u n t e d  w i th  i n d i u m  on  a mo-  
l y b d e n u m  p l a t f o r m  smal l e r  t h a n  t he  s a m p l e  (1 x 1 cm ~) in  
o rde r  to avo id  s p u t t e r  d e p o s i t i o n  of t he  s u b s t r a t a  h o l d e r  
on to  the .  sample .  The  h o l d e r  cou ld  be  h e a t e d  w i t h  halo-  
gen  l a m p s  u p  to 600~ The  t e m p e r a t u r e  was  m o n i t o r e d  
b y  a C h r o m e l - A l u m e l  t h e r m o c o u p l e  c l a m p e d  in t h e  mo- 
l y b d e n u m .  The  s a m p l e  t e m p e r a t u r e  was  s o m e w h a t  
u n d e r e s t i m a t e d ,  howeve r ,  no  d i s t i n c t i o n  b e t w e e n  t h e  
s a m p l e  a n d  s a m p l e - h o l d e r  t e m p e r a t u r e  wil l  be  m a d e  in 
t he  text .  

To c h e c k  t h e  sur face  c leanl iness ,  t he  ion  b o m b a r d m e n t  
was  s t o p p e d  a n d  t h e  s a m p l e  h o l d e r  t r a n s f e r r e d  in to  the  
ana lys i s  c h a m b e r .  The  Auge r  m e a s u r e m e n t s  p r o c e e d e d  
u n d e r  n o r m a l  i n c i d e n c e  c o n d i t i o n s  w i t h  a n  i n c i d e n t  elec- 
t r o n  b e a m  e n e r g y  of  2 or 3 k e V  a n d  2 t~A b e a m  c u r r e n t  
p r o v i d e d  f rom a 3 k V  e l ec t ron  g u n  coaxia l  to the  CMA. 
The  b e a m  d i a m e t e r  at  t he  s a m p l e  su r face  was  a b o u t  0.3 
m m .  The  m o d u l a t i o n  was  3V r m s  for  all t h e  peaks .  T h e  
sweep  ra te  was  0.1 V/s. The  u n c e r t a i n t y  in  r e ad i n g  the  
p e a k  pos i t i on  was  e s t i m a t e d  at  - 0.2 eV for  Si, C, a n d  Ar  
a n d  -+- 0.3 eV for  O, As, a n d  Ga. 

I n  o rde r  to d e t e r m i n e  the  sur face  d i so rde r  a n d  t h e  pri- 
m a r y  ion  i m p l a n t a t i o n ,  c h a n n e l i n g  c o m b i n e d  w i t h  nu-  
c lear  r eac t i on  ana lys i s  e x p e r i m e n t s  was  pe r fo rmed .  Fo r  
th i s  pu rpose ,  t h e  c l e aned  s a m p l e s  were  r e m o v e d  f rom t h e  
" low e n e r g y  ion"  e x p e r i m e n t a l  s e tup  a n d  t h e n  ana lyzed  
w i t h  MeV b e a m s  o b t a i n e d  f rom the  2 MeV V a n  de  Graa f f  
acce le ra to r  of  t he  G r o u p e  de  P h y s i q u e  des  Sol ides  de  
I 'ENS.  R u t h e r f o r d  b a c k s c a t t e r i n g  in  c h a n n e l i n g  g e o m e t r y  
w i t h  4He+ ions  was  u s e d  to d e t e r m i n e  b o t h  t he  e x t e n t  of  
la t t ice  d i so rde r  a n d  t h e  p r i m a r y  ion  c o n c e n t r a t i o n .  T h e  
s a m p l e s  we re  m o u n t e d  on  a g o n i o m e t e r  d e s c r i b e d  previ -  
ous ly  (19). The  e n e r g y  d i s t r i b u t i o n  of  t h e  b a c k s c a t t e r e d  
ions  was  m e a s u r e d  u s i n g  a 25 m m  2 s i l icon sur face  b a r r i e r  
de t ec to r  w i t h  a n  overa l l  e n e r g y  r e s o l u t i o n  of  approx i -  
m a t e l y  12 keV  FWHM. The  de t ec to r  was  m o u n t e d  on  a n  
a r m  w h i c h  cou ld  b e  ro t a t ed  a r o u n d  t h e  c h a m b e r  cen t r a l  

axis  over  a r a n g e  c o r r e s p o n d i n g  to sca t t e r ing  ang les  be- 
t w e e n  90 ~ an d  170 ~ , u s i n g  a n  e x t e r n a l  control .  Fo r  nuc l ea r  
r eac t i on  analys is ,  t h e  su r face  b a r r i e r  d e t e c t o r  was  
e q u i p p e d  w i t h  a Mylar  a b s o r b e r  in  o rde r  to s top the  
b a c k s c a t t e r e d  par t ic les  a n d  ana lyze  t h e  n u c l e a r  r eac t i on  
p roduc t s .  T h e  g o n i o m e t e r  was  e q u i p p e d  w i t h  a n  XY 
table .  F o u r  s a m p l e s  cou ld  be  p laced  on  t h e  s a m p l e  
holder .  Th i s  a l lows one  to s i m u l t a n e o u s l y  m o u n t  c rys ta l s  
a n d  s t a n d a r d  r e f e r ences  for  b a c k s c a t t e r i n g  a n d  n u c l e a r  
r eac t i on  a b s o l u t e  ca l ibra t ion .  

Data analysis.--Auger results.--Auger ana lyses  were  
p e r f o r m e d  s t u d y i n g  the  two Ga a n d  As peaks ,  a n d  t h e  Ar, 
Si, O, a n d  C peaks .  T h e s e  p e a k s  were  read i ly  iden t i f i ed  
f rom t h e  l i te ra ture .  F r o m  A u g e r  spec t ra ,  q u a n t i t a t i v e  in- 
f o r m a t i o n  on  t h e  c h a n g e  of  t h e  sur face  s t o i c h i o m e t r y  can  
be  d e d u c e d  only  i f  t he  fo l lowing  c o n d i t i o n s  we re  
sat isf ied:  (i) t h e  c h e m i c a l  c o m p o s i t i o n  of  t h e  sur face  does  
n o t  c h a n g e  f r o m  one  s p u t t e r i n g  e x p e r i m e n t  to  t h e  o ther ;  
(ii) t he  c o n c e n t r a t i o n  of t h e  e l e m e n t s  s t u d i e d  r e m a i n s  
c o n s t a n t  all over  the  A u g e r  e l ec t ron  e scape  d e p t h ;  (iii) t h e  
A u g e r  e m i s s i o n  cross  sec t ions  for all e l e m e n t s  a n d  t rans i -  
t i ons  s t u d i ed  are k n o w n .  B e c a u s e  of  t h e s e  l i m i t a t i ons  we 
u s e d  A E S  only  as a h igh ly  qua l i t a t ive  a n d  sens i t i ve  ana- 
lyt ical  tool  to c h e c k  the  sur face  c o n t a m i n a t i o n .  In  some  
cases,  ra t ios  of  p e a k  h e i g h t s  (Ar/Si or As/Ga)  w e r e  u s e d  in  
o rde r  to e s t ima te  c h a n g e s  in sur face  s t o i c h i o m e t r y  due  to 
b o m b a r d i n g  ion  i n c o r p o r a t i o n  or to  p r e f e r en t i a l  sput -  
ter ing.  

Study by channeling of the heavy ion bombardment- 
induced damage.--The R B S  spec t r a  o b t a i n e d  f rom s ingle  
c rys ta l s  w h e n  t h e  b e a m  is a l igned  w i t h  a low i n d e x  crys- 
t a l l og raph ic  axis  ( c h a n n e l i n g  geome t ry )  e x h i b i t  a sur face  
p e a k  a n d  a s u b s t r a t e  b a c k g r o u n d  w h i c h  is on ly  a few per-  
c e n t  of t h e  o n e  o b t a i n e d  in  a " r a n d o m "  geomet ry .  T h e  
sur face  peak,  Which  c o r r e s p o n d s  to a n  overa l l  n u m b e r  of 
atoms/cm~(N~) is due:  (i) to ions  b a c k s c a t t e r e d  f r o m  the  
ve ry  first  a tomic  layers  of t h e  c rys ta l  (No), a n d  (ii) to ions '  
b a c k s c a t t e r e d  f r o m  a t o m s  d i sp l aced  f rom crystal lo-  
g raph ic  s i tes  nea r  t h e  t o p  of  t h e  c rys ta l  (Nd). T he  first  
c o n t r i b u t i o n  w h i c h  can  b e  e s t i m a t e d  accu ra t e ly  f rom 
M o n t e  Carlo s i m u l a t i o n s  on  a pe r f ec t  c rys ta l  (20) is de- 
p e n d e n t  on  t h e  i n c i d e n t  b e a m  energy.  Fo r  a g iven  sub-  
s trata,  we h a v e  m e a s u r e d  the  sur face  p e a k s  at  va r ious  en- 
e rg ies  b e t w e e n  500 keV a n d  1.8 MeV  a n d  s u b t r a c t e d  t he  
p r e d i c t e d  c o n t r i b u t i o n  Nr for e ach  energy .  T h e  q u a n t i t y  
Ns - Nc was  f o u n d  to b e  i n d e p e n d e n t  of  i n c i d e n t  b e a m  an- 
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ergy. This  proves  that  Nc is well  es t imated  and hence  that  
Nd = Ns - Nc does  represen t  the n u m b e r  of  a toms dis- 
p laced f rom crysta l lographic  sites. In order  to obtain  the  
best  es t imate  of  Nd we have both  to min imize  Nc and the  
substrate  background .  S ince  Nc increases  wi th  beam en- 
ergy, mos t  expe r imen t s  on si l icon crystals were  per- 
fo rmed  with  low energy beams  (500 keV 4He§ In  order  to 
reduce  the  background /peak  ratio, the expe r imen t s  on 
sil icon were  pe r fo rmed  by de tec t ing  the  part icles  
backsca t te red  at grazing angles (Olab = 110 ~ or 120~ This  
geomet ry  enhances  the  count ing  for the  surface peak  
(greater cross section) and lowers  the  backg round  since 
the energy  loss of  the  backsca t te red  ions is enhanced.  
The background  was subt rac ted  by d rawing  a s t raight  
l ine be tween  the  m i n i m u m  background  level  beh ind  the  
peak and the  top  of  the surface peak. This p rocedure  was 
shown be be val id  in Ref. (20) by Monte  Carlo simula- 
tions. 

In  the  case of  GaAs, the si tuation is more  complex  due 
to the  p resence  of  two e lements  wi th  a small  mass  differ- 
ence. I f  only the  overall  a m o u n t  Ga + As is needed,  the  
expe r imen t  can be pe r fo rmed  as for Si, at 500 keV and 
grazing emergence .  On the contrary,  i f  the  ratio of  
[Ga]/[As] is to be de termined ,  the e x p e r i m e n t  has to be 
pe r fo rmed  at h igh energy  (= 1800 keV) and large 0~b (165 ~ 
in order  to improve  the mass  separation. 

Typical  spectra  for Si and GaAs are shown in Fig. 2-4. 
We also show in the insert  the resul t  of  the  backg round  
subt rac t ion  pe r fo rmed  us ing  an on-line computer .  

The  absolu te  a m o u n t  of  Si or GaAs cor respond ing  to 
the surface peak  was obta ined  by compar i son  with  
s tandards  (Ta deposi ts  on l ight  substrates)  k n o w n  wi th  a 
precis ion bet ter  than  3% (21). The oxygen  concent ra t ion  
was obta ined  by nuclear  react ion analysis us ing the  
~60(d, p) ~70* react ion at 830 keV in a channe l ing  geome-  
try, in order  to min imize  the counts  due  to nuc lear  reac- 
t ions wi th  the  Si background  atoms. Using  160 s tandards  
(22), we measu red  a few 10 ~5 160 a tom/cm 2 on a Si crystal  
wi th  a prec is ion  bet ter  than  3%. 

Once  the  cont r ibut ion  of  Ne was sub t rac ted  f rom the  
surface peak, the  n u m b e r  of  d isplaced cat ions Nd and of  
oxygen  a toms could  be compared .  It  was k n o w n  in the 
case of  {100} Si (20) that  even  for chemica l ly  po l i shed  
samples,  an excess  of  d isplaced Si wi th  respec t  to the ox- 
ide s to ich iomet ry  SiO2 is found.  This  excess,  which  can 
be a t t r ibuted to reorder ing  of  the  first a tomic  planes of  
the  Si crystal,  is of  about  2-3 • 101~ a tom/cm ~. In  the  case 
of  GaAs, we found that, for a chemica l ly  pol i shed  sample,  
the GaAs excess  wi th  respect  to the ox ide  s to ich iomet ry  
Ga208 + As20~ was less than  1 • 1015 a tom/cm ~. For  sam- 
ples c leaned by low energy  ion b o m b a r d m e n t ,  i f  the  Si or 
GaAs excess  wi th  respect  to the oxide  s to ich iomet ry  was 
not  greater  than  for a chemica l ly  pol i shed  sample,  the to- 
tal n u m b e r  of  d isp laced  atoms measu red  in a channe l ing  
expe r imen t  was only indicat ive  of  the  uppe r  l imit  of  the  
d isorder  induced  by the  b o m b a r d m e n t  as (i) the  lat ter  had  
r e m o v e d  all the oxides  as checked  by the  in situ Auger  
m e a s u r e m e n t  and (ii) at least the  overal l  d i sordered  layer 
had been  oxidized dur ing the  t ransfer  to the  channe l ing  
chamber .  If, on the  contrary,  the  d isp laced  a tom excess  
wi th  respect  to the  oxide  s to ich iomet ry  was signif icantly 
h igher  than  the  excess  found for a chemica l ly  po l i shed  
sample,  then  the  n u m b e r  of  d isplaced a toms measu red  in 
the  channe l ing  expe r imen t  represen ted  exact ly  the  total  
a m o u n t  of  b o m b a r d m e n t - i n d u c e d  disorder:  all the  disor- 
dered  layer was not  oxidized dur ing  the  transfer.  

Results and Interpretat ion 
Room temperature bombardment.--Sil icon.--All  the  re- 

sults p resen ted  here  were  obta ined on {100} silicon. Mea- 
su remen t s  on {111} Si were  in good ag reemen t  wi th  the  
{100} case. 

The  cleanl iness  of  the  samples  was checked  in situ by 
Auger  analysis which  also showed  us ev idence  of bom- 
barding Ar implanta t ion .  We found that  si l icon could  be 
cleaned,  wi th in  A E S  sensi t ivi ty l imits,  for bombard ing  
energies  down  to 70 eV. In  our expe r imen ta l  condit ions,  a 
full  c leaning could  not  be obta ined wi th  50 eV ions after 
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h o u r s  of b o m b a r d m e n t  wi th  a b e a m  c u r r e n t  d e n s i t y  of 1 
m A / c m  ~. Th i s  cou ld  h a v e  b e e n  due  to r e c o n t a m i n a t i o n  
f rom the  v a c u u m .  

Influence of Bombardment Energy 
Figure  5 c o m p a r e s  t he  va r i a t ion  of  t he  A E S  Ar  s ignal  

n o r m a l i z e d  to t he  Si signal,  a n d  t he  Ar  i n c o r p o r a t i o n  mea-  
su red  by  R B S  as a f u n c t i o n  of  Ar  b o m b a r d i n g  energy.  
While  t he  A E S  s ignal  e x h i b i t s  a m a x i m u m  a r o u n d  200 eV, 
the  Ar  i n c o r p o r a t i o n  inc reases  l inear ly  w i t h  b o m b a r d i n g  
energy.  These  r e su l t s  d e m o n s t r a t e  t h a t  a b o v e  200 eV, 
m o s t  of  the  Ar  ions  p e n e t r a t e  in  t he  c rys ta l  at  d e p t h s  
g rea te r  t h a n  the  e scape  d e p t h  of the  A u g e r  e lec t rons ,  i.e., 
a b o u t  10A for Ar  in Si. The  i n c o r p o r a t i o n  was m e a s u r e d  
for t he  m i n i m u m  b o m b a r d i n g  dose  l ead ing  to full  c lean-  
ing; the  s lope  c o r r e s p o n d s  tQ ~1.7 • 1{~ TM Ar �9 cm-2/100 eV. 
For  ins tance ,  a t  70 eV, 1.3 x 10 ~4 Ar  �9 c m  -2 were  inco rpora -  
t ed :  For  s a m p l e s  b o m b a r d e d  w i t h  X e  ions,  t he  R B S  anal-  
ysis  also s h o w s  a l inear  i nc rease  in t he  X e  c o n c e n t r a t i o n  
as a f u n c t i o n  of  ion b o m b a r d i n g  energy.  However ,  t he  
s lope is sma l l e r  t h a n  for  Ar: 0.6 • 10 TM Xe �9 cm-2/100 eV 
(see Fig. 5). 

The  b o m b a r d m e n t - i n d u c e d  d i so rde r  was  m e a s u r e d  by  
c h a n n e l i n g  e x p e r i m e n t s  as d e s c r i b e d  prev ious ly .  The  ox- 
ygen  c o n t e n t  due  to s a m p l e  ox ida t i on  d u r i n g  t r a n s f e r  to  
the  c h a n n e l i n g  c h a m b e r  was a lways  f o u n d  a r o u n d  5-6 • 
10 ~ a t o m  �9 cm -2. In  all cases, t he  n u m b e r  of  d i sp l aced  Si 
a t o m s  was s ign i f i can t ly  g rea te r  t h a n  t he  ox id ized  si l icon,  
a s s u m i n g  t h e  SiO~ s to ich iomet ry .  T he  Si exces s  w i th  re- 
spec t  to SiO~ was  a lways  g rea te r  t h a n  t he  one  o b s e r v e d  on  
a c h e m i c a l l y  p o l i s h e d  s a m p l e  w h i c h  was  m e a s u r e d  to be  
a b o u t  2.5 • 1015 a t o m  �9 c m  -2 a n d  was  in  good  a g r e e m e n t  
w i t h  Ref. (20). Consequen t ly ,  we can  a s s u m e  tha t ,  in  our  
e x p e r i m e n t s ,  t he  overa l l  d i sp l aced  Si a toms ,  ox id ized  or 
not,  r e p r e s e n t  p rec i se ly  the  d i so rde r  i n d u c e d  b y  the  bom-  
b a r d m e n t .  Th i s  d i so rde r  (N~) is r e p r e s e n t e d  as a f u n c t i o n  
of  b o m b a r d i n g  e n e r g y  in  Fig. 6. T h e s e  r e su l t s  c o r r e s p o n d  
of Ne, Ar, a n d  Xe  b o m b a r d m e n t s .  In  all cases,  a s t rong  
d e p e n d e n c e  on  b o m b a r d i n g  e n e r g y  was  obse rved .  Fo r  all 
t he  ions,  the  d i s o r d e r  i n c r e a s e d  l inear ly  w i t h  ion  e n e r g y  
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in  t he  r a n g e  200-1500 eV. However ,  t he  s lope i n c r e a s e d  
s ign i f ican t ly  for  Ne ions.  This  m a y  wel l  h a v e  b e e n  due  to 
the  fact  tha t ,  a t  a g iven  energy,  l igh t  ions  h a v e  a g rea te r  
r ange  a n d  can  h e n c e  i n d u c e  d i so rde r  ove r  g rea te r  dep ths .  
B e l o w  200 eV, the  d a m a g e  d e c r e a s e d  m o r e  r ap id ly  w i th  
d e c r e a s i n g  energy.  I t  r eaches  a b o u t  8 �9 1015 a t o m  �9 c m  -2 for  
Ar  at  100 eV. The  va lue  c o r r e s p o n d i n g  to the  d i so rde r  at  
t he  s i l icon-s i l icon d iox ide  in t e r f ace  for a c lass ical ly  chem-  
ical ly p o l i s h e d  s a m p l e  is also r e p o r t e d  in  Fig. 6. 

F r o m  the  a b o v e  resul ts ,  it a p p e a r s  c lear  t h a t  w h e n  t he  
b o m b a r d i n g  e n e r g y  is inc reased ,  b o t h  t he  d i so rde r  a n d  
the  ion  i n c o r p o r a t i o n  increase .  U n f o r t u n a t e l y ,  i t  was  no t  
poss ib l e  to c h e c k  t he  Ne i n c o r p o r a t i o n  e i t he r  by  A u g e r  or 
R B S  e x p e r i m e n t s .  We h a v e  r e p o r t e d  in  Fig. 7 the  ra t io  of  
d i so rde r  to i n c o r p o r a t e d  a t o m s  as a f u n c t i o n  of  bom-  
b a r d i n g  energy.  Th i s  ra t io  is quas i  c o n s t a n t  a b o v e  500 eV, 
i n d i c a t i n g  t h a t  t h e  d i so rde r  m a y  wel l  be  s tab i l ized  b y  t he  
i n c o r p o r a t e d  ions.  However ,  a t  l ower  energ ies ,  t he  ra t io  
inc reases  m a r k e d l y  i n d i c a t i n g  the  p r e s e n c e  of some  "in-  
t r ins i c"  d i s o r d e r  no t  d i rec t ly  c o n n e c t e d  to b o m b a r d i n g  
ion  inco rpo ra t ion .  As a m a t t e r  of  fact,  t h e  p r e s e n c e  of 
s u c h  a d i s o r d e r  is c losely  re la ted  to the  m e c h a n i s m s  of  
ve ry  low e n e r g y  sputtering..  The  fact  t h a t  a t o m s  can  be  

r expe l l ed  w i t h  some  eff ic iency in  th i s  e n e r g y  d o m a i n  
Z impl i e s  s o m e  a s s u m p t i o n s  a b o u t  t he  d i s s i pa t i on  of  the  

v e r y  local ly  d e p o s i t e d  energy.  A s i m p l e  col l i s ional  de- 
s c r ip t ion  a p p e a r s  insuf f i c ien t  a n d  " n o n l i n e a r "  effects  
m u s t  be  cons ide red ,  l ead ing  to e n h a n c e d  s p u t t e r i n g  a n d  
re la ted  d i so rde r  fo rmat ion .  

I t  is of i n t e r e s t  to c o m p a r e  our  r e su l t s  to  t h o s e  o b t a i n e d  
b y  Y a m a d a  e$ al. (9). These  au tho r s  h a v e  also s t ud i ed  in  
the  case of  {100} Si the  in f luence  of  b o m b a r d i n g  e n e r g y  
a n d  ion species .  T h e  two m a i n  d i f f e rences  are: (i) t he  en- 
e rgy  d o m a i n  e x p l o r e d  (1.5 to 4 keV  in  t h e i r  case) a n d  (ii) 
t h e  b o m b a r d m e n t  dose.  S ince  t h e s e  a u t h o r s  h a v e  ca r r ied  
out  an  U H V  t h e r m a l  c l ean ing  fo l lowed b y  t he  a d s o r p t i o n  
of  an  o x y g e n  m o n o l a y e r  w h i c h  h a d  to be  spu t t e red ,  on ly  
300 ~C doses  were  needed .  In  our  case, we h a d  to r e m o v e  
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a native oxide with carbon contamination, and so in the 
same energy range (about 1.5 keV) the doses needed were 
50 times higher. Of course, much higher doses were 
needed for lower bombardment  energies. For instance, at 
i00 eV under i mA/cm ~ current density, the dose used in 
our experiment was about 1.5 x i0 ~ teC, i.e., nearly four or- 
ders of magnitude above the dose used by Yamada et al. 
For bombardment at 4 keV, Yamada et al. found a strong 
increase of the disorder with the ion mass that saturates 
for masses heavier than 40. This is in contrast with our re- 
sults below 1 keV, where Ne induces more disorder than 
heavier ions. For Ar bombardment Yamada et al. find, as 
in our experiment, a linear increase of disorder with bom- 
barding energy. However, the slope of the curve (about 5 
,x 10 TM disp'laced atoms per keV) is three times smaller 
than ours. This difference is certainly due to the very low 
dose used by Yamada el al. with respect to this work. It is 
interesting to notice that, at the same bombarding energy 
(1.5 keV Ar+), the disorder induced in our case is about 
three times greater than in Ref. (9), for a bombarding dose 
fifty times higher. This result indicates that the damage 
saturates with bombarding dose. Yamada et al. have cer- 
tainly not reached this steady state while we very likely 
have. A recent RBS study (24) of 4 keV Ar ion bombard- 
ment damage of semiconducting materials supports this 
statement. This is also confirmed by the fact that we in- 
duce, for i00 eV bombardment, a disorder 1.5 smaller 
than Yamada et al. at 1.5 keV, with a bombarding dose 
about 5 �9 I(P higher. 

Influence of the Beam Current 
Ar and Xe bombardments  have been undertaken at 100 

eV for various current densities between 20 and 1000 
F.A/cm 2. At all current densities the bombardments  were 
carried out up to full cleaning. The beam dose required to 
obtain this result was found to be current density inde- 
pendent, in all cases around 1.5 Cb. Moreover, the disor- 
der induced and the bombarding ion incorporation were 
also found to be independent  of the beam current density. 

Gallium arsenide.--The samples were sputtered in the 
same way as Si. 

Auger Results 

The minimum energy at which a cleaning can be 
achieved was found, in our experimental  conditions, to be 
50 eV with Ar ions, i.e., somewhat smaller than for the sil- 
icon case (70 eV). The in situ Auger analysis after clean- 
ing reveals that no argon incorporation is detectable be- 
low 200 eV bombardment  energy (Fig. 8). This is in 
contrast to the silicon case where argon was detected at 
all bombardment  energies. At energies higher than 200 
eV, argon is detected. The Ar/Ga ratio is nearly constant 
between 300 and 600 eV and decreases for higher bom- 
bardment energies. This probably indicates that Ar 
penetrates to depths greater than the path length of Au- 
ger electrons. As Ga and As are heavier than Ar, the Ar in- 
corporation was not measurable by RBS. The Auger spec- 
tra also give information about the near surface 
stoichiometry of the clean samples. This is illustrated in 
Fig. 9 where the ratio of the Ga and As peaks correspond- 
ing to the LMM high energy transitions is reported as a 
function of bombarding energy. This ratio increases 
significantly when the bombarding energy increases 
from 50 to 600 eV and then saturates at a value around 
1.85 which is in good agreement with the measured value 
of Ref. (15). 

These results demonstrate that, for low energy bom- 
bardment, the very near surface stoichiometry changes 
with bombarding energy, indicating a preferential sput- 
tering of As. The saturation of the ratio shows that above 
600 eV the composition in the depth domain sensed by 
the Auger technique becomes independent of bom- 
barding energy, which does not exclude stoichiometry 
modifications at greater depths. It appears from Fig. 9 
that low energy Xe bombardments lead to similar results 
to that of Ar. Moreover, for the two energies for which Xe 
bombardment were performed (100 and 200 eV), RBS 
spectra did not show Xe incorporation. 
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Channeling Results 
For all the bombarding energies used, the displaced Ga 

and As atoms (Nd) measured by surface analysis exceed 
the number  of cations bonded to oxygen atoms, assuming 
Ga203-As2Os stoichiometry for the native oxide. The mini- 
mum value of this excess, obtained for 50 eV bombard- 
ment  energy, was about 2.5 x 1015 atom �9 cm -2 while for a 
chemically polished sample,.the excess is always smaller 
than 1015 atom �9 cm -2. We must hence assume, as for the 
silicon case, that all the atoms displaced by the bombard- 
ment  have not been oxidized and that the quantity Nd rep- 
resents the bombardment-induced disorder. This quan- 
tity is reported in Fig. 10 as a function of bombarding 
energy. Again, a quasi-linear dependence is observed. At 
50 eV bombardment,  the disorder corresponds to 5 . 1015 
atom . cm -2 while it is equal to 22 x 1015 atom . cm -2 at 
1500 eV. The slope is nearly two times smaller than for sil- 
icon. This may be due to the fact that the range of bom- 
barding ions being smaller in GaAs than in Si for a given 
incoming ion, results in ion-induced disorder extending 
over a smaller range. Disorder is also observed at low en- 
ergies where no ion incorporation was found. 

Channeling experiments were performed with 1.8 MeV 
4He+ beams to distinguish between the displaced gallium 
and arsenic atoms (Fig. 4). We found in all cases that the 
ratio Naa/NA~ has a value between 1 and 1.1. Since the sur- 
face peaks represent from 5 to 22 • 1015 atom �9 cm -2 de- 
pe_nding on the bombarding energy, these results prove 
that the gallium excess with respect to the GaAs stoichi- 
ometry is not greater than about 1015 atom �9 cm -~. This re- 
sult, when compared with the very strong departure from 
stoichiometry seen by Auger analysis, demonstrates that 
this departure concerns only the very shallow surface re- 
gion sensed by the Auger technique. As the disorder, in 
particular at high bombarding energies, extends towards 
much greater depths, it appears that the correlation be- 
tween overall disorder and departure from stoichiometry 
is poor. 

Effect of the sample temperature during bombard- 
ment.--Silicon samples were heated in the range between 
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27 ~ and 550~ during argon bombardment.  At 500~ the ef- 
fect of bombarding energy between 100 and 1500 eV was 
also studied. The in situ Auger analysis reveals a con- 
stantly decreasing normalized Ar signal from 27 ~ to 400~ 
and no Ar peak above this temperature for a 100 eV bom- 
barding energy (Fig. 11). On the contrary, the RBS analy- 
ses of the samples show that, for all bombarding energies, 
the ion incorporation is independent  of the sample tem- 
perature during bombardment  and is equal to the one 
found at room temperature. For instance, argon incorpo- 
ration for 100 eV ion energy is reported in Fig. 11 as a 
function of the sample temperature. The comparison of 
Auger and RBS results clearly demonstrates that as soon 
as the sample is heated above 400~ the incorporated ar- 
gon ions penetrate to depths greater than the Auger elec- 
tron path length ( -  10A) and do not desorb. These results, 
obtained for 100 eV bombarding energy are similar to 
those observed by Bean et al. (11) when sputtering with 1 
keV ions. 

The channeling analysis and oxygen content determi- 
nation give us the following results: (i) The sample oxida- 
tion during the transfer to the channeling chamber is in- 
dependent of the sample temperature during cleaning 
(oxygen content is always about 6 �9 1015 atom �9 cm -2) �9 (ii) 
The number of displaced silicon atoms deduced from the 
channeling surface peak analysis is much greater than the 
oxidized silicon atoms and represents, therefore, the 
bombardment- induced damage. (iii) The temperature de- 
pendence of the damage varies with the bombarding en- 
ergy. At low bombarding energies (100 eV) a very strong 
increase in the damage is observed when increasing the 
substrate temperature. As illustrated in Fig. 11, the in- 
crease in damage is about 10 TM atoms,  cm -2 between room 
temperature and 100~ A trend towards damage satura- 
tion is observed at higher temperatures. Our interpreta- 
tion of this result is the following. Damage is stabilized by 
low argon concentration all over the depths where argon 
diffuses. This diffusion is associated with the mobility of 
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the "intrinsic" bombardment- induced damage. It is inter- 
esting to note that this process takes place at 100~ Our 
interpretation is supported by the study of the damage 
evolution with bombardment  energy, at temperatures 
higher than room temperature. For instance, in Fig. 12 the 
variation in the damage, hNsj, between 27 ~ and 500~ as a 
function of bombarding energy is very high at low bom- 
barding energy (19 x 10 '5 atom �9 cm -2 at 100 eV) and de- 
creases rapidly with bombarding energy: at 1500 eV, ANsi 
--- 0. This behavior indicates that argon-assisted diffusion 
takes place over great depths with respect to the per- 
turbed layer corresponding to 100 eV room temperature 
bombardment,  but smaller or of the order of the per- 
turbed layer corresponding to room temperature bom- 
bardment at 1500 eV. This is consistent with the value of 
the damage measured at 100 eV and 500~ This value (25 
x 1015 atom �9 cm -2) is much higher than the one found for 
100 eV bombardment  at room temperature (7 x 10 '5 atom 
�9 cm-2), but significantly smaller than the damage mea- 
sured for 1500 eV at room temperature (43 x 10 '5 atom �9 
cm-2). Roughly, we can estimate that the argon diffuses 
during bombardment  on heated samples over lengths of 
the order of 50A. If this value is great with respect to the 
implanted argon range (case of 10O eV bombardment), the 
damage is increased by sample heating. On the contrary, 
if this value is small with respect to the argon range (case 
of 1500 eV bombardment)  the damage is independent  of 
sample temperature. 

We have verified that the effects described above are 
related to bombardment-enhanced argon diffusion and 
not to simple thermal diffusion. This is proven by the fact 
that if  room temperature bombarded samples are post an- 
nealed up to 500~ no variation of the bombardment-  
induced damage or of the argon incorporation is ob- 
served. 

For higher post annealing temperatures, a full recovery 
is observed. For  instance, when a sample cleaned by 100 
eV Ar bombardment  at room temperature is post an- 
nealed at 550~ no argon incorporat]6n is found in RBS 
experiments and the surface peak analysis in channeling 
shows that the excess between Nd and the oxidized sili- 
con (assuming SiO2) is equal to the one found for a chem- 
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Fig. 12. Difference between the overall bombardment-induced dis- 

orders for 500~ and room temperature bombardments with Ar + ions 
(1 mA/cm2), as a function of bombarding energy. 

ically polished sample, i.e., about 2 x 10'.~/cm ~. It must be 
pointed out that if the bombarding energy is increased, 
the post annealing temperature required for full recovery 
is higher [(720~ for bombarding energies around 1 keV 
as indicated in Ref. (9)]. Since impurity segregation to- 
wards the surface may take place above 600~ it appears 
that the low temperature needed for recovery when low 
energy bombardment  occurs should be favorable for sur- 
face electrical properties in device preparation. 

We have also studied the influence of temperature dur- 
ing ion bombardment  on GaAs. The experiments were 
performed at 100 ~ and 200~ for 100 eV argon bombard- 
ment energy. No marked temperature dependence was 
observed for damage. This must be related to the fact that 
at 100 eV no argon incorporation was detected in GaAs, 
and, hence, the mechanisms described for the silicon case 
do not hold. 

Summary 
We have demonstrated that Si and GaAs crystals can be 

cleaned at room temperature by very low energy ion bom- 
bardment (below 100 eV), using a high intensity source. 
The bombardment- induced disorder, which does not de- 
pend markedly on the beam current, is significantly 
higher for low ion masses. However, the main effect is the 
very strong bombarding energy dependence of the disor- 
der and of the bombarding ion incorporation. These two 
quantities are strongly correlated. When heating the 
sample during very low energy bombardment,  the incor- 
porated ions penetrate deeper into the sample and stabil- 
ize more damage. However, even though at very low ener- 
gies the incorporation is small, some bombarding- 
induced damage is still present even for room tempera- 
ture bombardment.  This damage is, of course, very low as 
compared to that observed for standard bombarding con- 
ditions around 1 keV. For instance, near 100 eV, the maxi- 
mum damage corresponds to 10 ~e and 5 x 10 '5 atom/cm ~ 
for Si and GaAs, respectively. Full surface recovery is 
only achieved by post annealing around 550~ for 20 min 
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for a Si sample cleaned by 100 eV Ar ions at room temper- 
ature. This treatment also removes the incorporated bom- 
barding ions. 
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An Study of the Oxidation Mechanism of Silicon in Dry Oxygen 
F. Rochet, B. Agius,* and S. Rigo 

Groupe de Physique des Solides de l'Ecole Normale Sup~rieure, Universit~ Paris 7, 75251 Paris Cedex 05, France 

ABSTRACT 
The mechanism of thermal oxidation of silicon in dry oxygen was studied using ~sO as a tracer. SiO~ layers first 

grown in natural oxygen were grown further in 1SO-enriched oxygen (1802) up to thicknesses ranging from 5 to 26 nm at 
930~ ~80 profiling was carried out using the nuclear reaction microanalysis. Fixed '80 is found near the Si/SiO2 inter- 
face (180 FNI) and near the external surface of the oxide (180 FNES). In this work we studied: (i) the possible origins of 
~sO fixation near the external surface of the oxide (180 FNES) and (it) the possible growth mechanisms of films of 
thicknesses ranging from 260 to 5 nm. It was shown that 180 FNES does not seem to be due to some interfering phenom- 
ena (network oxygen exchange with water vapor traces or effects connected with the experimental  procedure) and is not 
due to a growth mechanism by Si transport. A step-by-step motion of network oxygen atoms seems to be the more likely 
to explain 180 FNES. The amount of ~80 FNES becomes more important as the original thickness of the film becomes 
smaller. Even for thicknesses under 20 nm we always found large amounts of 280 fixed near the Si/SiO2 interface, which 
corresponds to growth by oxygen species migrating through the oxide network and without measurable interaction 
with it (very likely O2 molecules for thick oxide samples). However  for - 5  nm thickness films, the amounts of 180 FNES 
can reach 50% and 80% of the total amount of 1sO at 02 pressures equal to 10 torr and 10 -1 torr, respectively. 

In their well-known model, Deal and Grove (1) put for- 
ward two basic assumptions: (i) silica has an open struc- 
ture allowing interstitial dissolution of atoms or mole- 
cules, and (it) the oxidant is assumed to be molecular. 
This leads to linear kinetics followed by parabolic growth 
when diffusion across silica film becomes rate limiting, 
the corresponding constants being kL = kC*/N1 and kp = 2 
DerfC*/N1, respectively, where C* is the oxidant solubility, 
NI the number  of network oxygen atoms per volume unit, 
k the reaction rate at Si/SiO, interface, and Deaf the effec- 
tive diffusion coefficient. According to Mott (2), one must 
consider the solubility in "normal" interstitial sites where 
percolation paths can be opened, so that deep sites do not 
have any contribution to growth. Revesz and Schaeffer (3) 
wrote a paper devoted to the same subject using struc- 
tural considerations. In the case of water vapor oxidation, 
the kinetics match well with the theory of Deal and 
Grove, but for dry oxygen oxidation this theory only 
applies for thicknesses greater than 20-30 nm. Using ~sO 
as a tracer, Rosencher et al. (4) have studied the oxygen 
transport across the film du'Ang thermal oxidation. SiO~ 

* Electrochemical Society Active Member. 
Key words: semiconductors, glass, growth, nuclear reactions. 

layers first grown in natural oxygen (130-300 nm) were 
further grown in highly ~SO-enriched oxygen for 8.5h at 
930~ The resulting SiO~ films consisted of two 1sO-rich 
zones, one containing about 7% of the 180 near the SiO2 
surface, and another containing 93% near the Si/SiO2 in- 
terface, while the bulk 180 concentration was very low 
(under 0.3%). This shows that for these thicknesses the 
oxide grows mainly by an interstitial transport of oxygen 
without reaction with the network, which favors a mode] 
based on the transport of molecular oxygen as proposed 
by Deal and Grove (1). The presence of a small amount of 
180 at the external surface, if not due to an interfering 
phenomenon, might indicate that the existence of another 
oxygen transport mechanism cannot be entirely rejected. 

Kinetics studies for various oxygen pressures Po2 show 
that : (i) kp is proportional to Po2, thus favoring a molecu- 
lar oxygen transport, and (it) kL is found to be propor- 
tional to Po~ (1), po~ ~ (5, 6), po2 m with m varying from 0.59 
to 0.83, as the temperature is varied from 700 ~ to 1000~ 
for SiO2 films grown on (111) substrates and with m vary- 
ing from 0.54 to 0.66 in the temperature range 850~176 
for oxide films grown on (100) substrates (7). The pres- 
sure dependence of kL was interpreted by 02 reacting with 
silicon, which leads after calculation to a Po2 law (1), by a 
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reaction at the Si/SiO2 interface involving the presence of 
both atomic and molecular oxygen, which leads to a po~ m 
law with m lying between 0.5 and 1 (7). Blanc (8, 9) pro- 
posed a similar mechanism where the reaction of oxygen 
atoms predominates. This leads to a po~ ~ law. Concerning 
high pressure oxidation (Po2 lying between 1 and 20 atm), 
Lie et al. (10) have recently shown that if kp is still propor- 
tional to Po~, kL is proportional to po2 ~ in the temperature 
range of 800~176 Their analysis is based entirely on 
the Deal-Grove model; they point out that such a pressure 
dependance of kL would imply a complex interface reac- 
tion mechanism or a contribution due to gas phase trans- 
port at the SiOJgas interface above 1 atm. Various values 
can be found for k~ and kL in the literature. Activation en- 
ergies are extracted: for kp and kL, respectively, Deal and 
Grove (1) found them equal to 1.2 and 1.8 eV in the tem- 
perature range 900~176 while Irene and Van der 
Meulen (11) found them equal to 2.2 and 1.5 eV in the tem- 
perature range 780~176 More recently, Irene and Dong 
(12) found in the high temperature range (980 ~ 1150~ ac- 
tivation energies near to those found in Refi (1); more- 
over, they showed that kp and kL do not follow an 
Arrhenius law. Irene (13) has shown that the curvature of 
the Arrhenius plots of kL values is consistent with the par- 
allel paths mechanism proposed by Ghez and Van der 
Meulen (7). One must keep in mind that the typical values 
of activation energies corresponding to O2 diffusion, 
St--St, and O--O single bonding are 1.2, 1.8, and 1.5 eV, 
respectively. 

One must  also notice that few people (5, 14-16) started 
oxidation from a well-controlled surface free from native 
oxide and used during the process an oxygen ambient 
free from impurities that might have produced water 
vapor. As a matter of fact, the natural oxide layer re- 
maining at the silicon surface before oxidation may create 
a source of contamination for the thermal oxide and 
water traces in the ambient greatly modify the kinetics. A 
20% increase in overall rate with only 25 ppm of water 
vapor in the ambient was reported by Irene et al. (17). 
Hopper et al. (5), who worked in clean conditions, try to 
account for their kinetics assuming that growth is the 
sum of two mechanisms being both present, correspond- 
ing to two linear parabolic reactions, one prevailing at 
small thicknesses, the other at large ones, with one of the 
mechanism involving charged species. So they based 
their assumption on Jorgensen's  work (18). Jorgensen 
succeeded in accelerating or retarding thermal growth be- 
cause he had an electric current flowed through the ox- 
ide; he, therefore, concluded the presence of charged spe- 
cies. This latter work has been criticized by Raleigh (19), 
who explained Jorgensen's  results by stating that an elec- 
trolysis due to electrons can induce the transport of 
charged species different from those involved in "clas- 
sical" thermal oxidation. Mills and Kroger (20) proposed a 
transport mechanism involving interstitial O 2- as respon- 
sible for ionic conduction. This has been discussed by 
Mott (21), who puts forward the fact that the reaction O2 + 
4e ~ 2 O 2- leads to a reaction rate proportional to po~ ~ 
Jorgensen considers it proportional to Po2 (22). So, if the 
transport of oxygen species is generally proposed to ex- 
plain the oxidation of silicon, Mort (21) examines the ex- 
istence of silicon vacancies, this being supported by ener- 
getic considerations. For film thicknesses above 130 nm, 
the experiments  of R0sencher et al. show that it cannot 
be the major phenomenon responsible for growth (4). 

Kinetics for very thin films (thicknesses <20 rim) are 
generally obtained under low pressure and at low temper- 
ature conditions. Thus any comparison with thick oxide 
kinetics is difficult. Especially one must notice that oxi- 
dation rate of ( l l l ) -or iented silicon at low pressure is 
smaller than that of (100)-oriented silicon, contrary to 
what happens at high pressure (Po2 > 1 atm) (23). As well, 
oxidations are often performed in O,-inert gas mixtures at 
atmospheric pressure (6, 24); thus, the amount  of water 
vapor relative to O2 partial pressure may be not well 
defined and not so negligible. Considering all the experi- 
mental results, it is difficult now to conclude about the 
type of kinetics laws. Experimental  results have been 
fitted by linear-parabolic (5, 25, 27) or inverse-logarithmic 
laws (6, 24, 26), although Irene thinks that the linear type 
is prevailing (27); he explains those rather linear kinetics 

by the fact that pores could exist, so that 02 could run 
through these pores and have rapid access to Si/SiO2 in- 
terface. Using transmission electron microscopy (TEM), 
Gibson et al. (28) concluded in favor of the existence of 
micropores. Nevertheless, Revesz (29-30) assumed the ex- 
istence of channels responsible for an extended transition 
region of the two regimes of oxidation. As the oxide film 
thickens, these channels become distorted and the oxida- 
tion rate decreases and becomes linear parabolic. Let us 
emphasize that for Revesz, the channels are intrinsic 
structural features of noncrystalline SiO2 and not gross 
morphological defects. Hopper et al. (5) observed that the 
growth rate varies more rapidly in the thin thickness 
range (<20 nm) than in the larger one (>30 nm). Fargeix et  
al. (31) interpret the results of Hopper et al. considering 
that "the diffusion through the first hundred angstroms 
of the oxide layer (near the Si/SiO2 interface) is slowed 
down." Previously, the existence of an "interface block- 
ing layer with different transport properties than the bulk 
oxide" was proposed by Tiller (32). 

For very thin films (1.5-6 nm) at 400~ Fehlner asserts 
he obtained growth kinetics of inverse-logarithmic type 
(26) due, as a consequence, to a mechanism involving 
charged species known as the Cabrera-Mott mechanism 
(33). In this model, transport is controlled by a high elec- 
tric field, the potential drop at the film boundaries re- 
maining constant. Kamigaki and Itoh (6) have obtained 
kinetics which are consistent with such a mechanism in 
the 950~176 domain and for a partial pressure equal to 
10 .3 arm. Derrien and Commandr~ (16) worked under 
ultrahigh vacuum conditions in the range of thicknesses 
0-3 nm under low pressure oxygen ambient (from 10 -4 to 
10 -~ torr) with temperatures lying between 750 ~ and 
1050~ Evaluating oxide thicknesses by Auger electron 
spectroscopy, they interpret the kinetics they obtain by a 
phenomenological  model based on charged oxygen diffu- 
sion through the oxide layer under the presence of a sur- 
face electric field. 

The aim of this paper is to present a study of the mech- 
anisms of silicon thermal oxidation in dry oxygen, using 
'sO as a tracer. 

Experimental Procedures 
Thermal Treatments 

'802 oxidation.--Two kinds of thermal oxidation have 
been carried out. 
Thick (>20 nm) oxide samples.--These samples were 
supplied by Laboratoire d 'Electronique et de Technologie 
de l ' Informatique of Grenoble. (100) oriented silicon wa- 
fers of resistivity 4-5 11 cm were oxidized in a flow of dry 
natural oxygen to obtain oxide thicknesses between 50 
and 260 rim, at atmospheric pressure and at temperatures 
ranging from 1000 ~ to 1200~ The 20 nm-thick oxides 
were grown in a natural O2/N2 mixture at 950~ 
Thin (<20 nm) oxide samples.--Oxide films were grown 
on (100)-oriented silicon wafers (resistivity 4-5 11 cm), in 
dry natural oxygen in an ultrahigh vacuum technology 
(UHVT) furnace (Fig. 1) at 10 torr, 930~ for various dura- 
tions. After cleaning, the Si substrates were annealed at 
150~ under vacuum (10 -9 torr). Then, they were pushed 
into the hot zone of the quartz tube and treated in vacuo 
(<10 -8 torr) for about 1 min at 930~ This is sufficient to 
eliminate the major part of water vapor adsorbed on the 
sample holders, but no examination of the surface cleanli- 
ness was available. This operation was necessary to stay 
in the realms of 3 ppm for water vapor traces during fur- 
ther oxidation treatments. The procedures for 160~ gas in- 
troduction and water vapor control, as well as the mea- 
sured water traces contents, are identical to those of 1802 
gas introduction described below. After growth in '~O2, 
these samples were re-stored in the UHV chamber. 

1802 oxidation.--All the lsO2 treatments were performed 
at 930~ in the UHVT furnace (180 labeling guaranteed 
above 99%) by expanding 1802 in the 5 liter quartz tube. 
The 1802 gas previously passed through zeolites (degased 
in vacuo at 200~ for 48h, which reduced the traces con- 
tent of water. H21sO partial pressure was measured by 
mass spectrometry using the classical trapping/desorp- 
tion method in a quartz tube located before the spectrom- 
eter head. This was done in order to extract the signal 
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Fig. 1. Schematic drawing of 
the UHVT furnace used for 
thermal treatment in dry 'sO~ and 
1s02 gas. 
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c o r r e s p o n d i n g  to t h e  wa te r  c o n t e n t  of t he  ox id iz ing  ambi -  
en t  f rom the  b a c k g r o u n d  due  to the  c o n t i n u o u s  f o r m a t i o n  
of w a t e r  b y  h y d r o g e n a t e d  species  r eac t i ng  w i th  02 in  t he  
s p e c t r o m e t e r  h e a d  (34). H2'80 par t ia l  p r e s s u r e  was  n e v e r  
f o u n d  a b o v e  3 p p m  of t he  to ta l  p ressure .  In  each  exper i -  
men t ,  t he  'sO l abe l ing  of  t he  gas  was  also m e a s u r e d  b y  
mass  spec t rome t ry .  
Samples  grown in 1602 outside the UHVT furnace . - -As  
t h e s e  s amp le s  were  g r o w n  in  1802 a m b i e n t  in  a gas  flow 
fu rnace  d i f f e ren t  f rom ou r  U H V T  furnace ,  t h e y  are ex- 
p o s e d  to air  b e t w e e n  two t h e r m a l  t r e a t m e n t s .  Thus ,  be- 
fore  any  'sO2 t r e a t m e n t  t hey  are i n t r o d u c e d  in t he  qua r t z  
t u b e  ho t  zone  in vacua (10 -8 torr)  for a b o u t  1 m i n  in  o rde r  
to e l i m i n a t e  wa te r  v a p o r  a d s o r b e d  on  t he  s a m p l e s  hold-  
ers. One  m u s t  also add  that ,  i f  t h e  1802 t r e a t m e n t s  are per-  
f o r m e d  at  930~ t h e  p r ev ious  1602 g r o w t h  t r e a t m e n t s  were  
ca r r ied  out  at  h i g h e r  t e m p e r a t u r e s  (1000~176 One  
c a n n o t  e l im ina t e  s o m e  " m e m o r y  ef fec t"  on  kinet ics ,  as 
p o i n t e d  ou t  by  H a m a s a k i  (35), w h o  i n v e s t i g a t e d  t h e  oxi- 
da t ion  k ine t i c s  of  s i l icon u s i n g  two-s tep  o x i d a t i o n  at  two  
d i f fe ren t  t e m p e r a t u r e s .  He f o u n d  t h a t  " in  a n  in i t ia l  s tage  
of s e c o n d  ox ida t i on  the  g r o w t h  ra te  of  t he  ox ide  is differ- 
en t  f rom the  ox ide ' s  e q u i l i b r i u m  g r o w t h  ra te ,"  a n d  t h a t  
" t h e  d i f f e rence  in t he se  g r o w t h  ra tes  is d u e  to t h e  differ- 
ence  in t he  l inear  g r o w t h  ra te  of  t h e s e  two s tages . "  H o w -  
ever,  we do no t  t h i n k  t h a t  i t  m i g h t  in t e r fe re  g rea t ly  on  lo- 
ca t ion  of  t he  h e a v y  i so tope  f o u n d  nea r  t he  e x t e r n a l  
su r face  a n d  nea r  t he  Si /oxide  in ter face .  Th i s  is s u p p o r t e d  
by  r e su l t s  o b t a i n e d  w i t h  in si tu a d d i t i o n  of  1802 gas  in  a n  
a m b i e n t  as  d e s c r i b e d  f u r t h e r  in  t he  text .  

Samples  grown or regrown in 1602 in the UHVT 
f u r n a c e . - - T h e s e  s a m p l e s  (genera l ly  t h i n  o x i d e  s a m p l e s )  
we re  i n t r o d u c e d  a g a i n  in  t he  ho t  zone  w i t h o u t  b e i n g  ex- 
p o s e d  to air, w h i c h  m i n i m i z e d  p o l l u t i o n s  a n d / o r  
i n t e r f e r i n g  p h e n o m e n a  d u e  to s u c h  a n  e x p o s u r e .  As a 
c o n s e q u e n c e ,  no  160 c o n t e n t  m e a s u r e m e n t  was  ava i l ab l e  
be fo re  'sO t r e a t m e n t s .  In  s o m e  cases ,  d u r i n g  t h e  t h e r m a l  
t r e a t m e n t  we  a d d e d  1802 to t he  1802 a t m o s p h e r e ,  as t h e  
s a m p l e  was  lef t  in  t h e  ho t  zone;  t h i s  a v o i d e d  t h e r m a l  
s h o c k  b u t  i n t r o d u c e d  s o m e  d e c r e a s e  a n d  e v o l u t i o n  of  
t h e  'sO i s o t o p e  c o n c e n t r a t i o n .  

Data Analysis 
lsO and  'sO amounts  measurement . - -The  n u c l e a r  reac- 

t ions  'sO (d, p) '70* and  'sO (p, a) 'SN i n d u c e d  by  d e u t e r o n  
or p r o t o n  b e a m s  f rom a 2 MeV V an  De G r a a f f  acce le ra to r  
were  u s e d  to m e a s u r e  the  n u m b e r  of  160 (No 18) a n d  'sO 
(No 's) a t o m s / c m  2 in t h e  ox ide  layers  (36). A b s o l u t e  va lues  
of  No '6 a n d  No TM were  d e t e r m i n e d  b y  c o m p a r i s o n  to 
s t a n d a r d  r e f e r ences  k n o w n  to w i t h i n  -+3% (37), t h e i r  rela- 
t ive  p r ec i s i on  was  b e t t e r  t h a n  -+1%. I t  is w o r t h y  to no t i ce  
t h a t  t he  sens i t iv i ty  of  t he  'sO (p, ~) 'SN r eac t i on  is l im i t ed  
to ~8  �9 10'? o x y g e n  a t o m s / c m  3 or 2 - 10 '8 o x y g e n  a t o m s / c m  2 
by  t he  n a t u r a l  a b u n d a n c e  of the  h e a v y  isotope.  

E q u i v a l e n t  'sO a n d  1sO ox ide  t h i c k n e s s e s  were  calcu-  
l a ted  a s s u m i n g  an  ox ide  d e n s i t y  equa l  to t h a t  of SiO2, i.e., 
to 2 �9 21 (10 '5 o x y g e n  a t o m s / c m  2 c o r r e s p o n d s  to 0.226 rim). 
Fo r  ox ide  t h i c k n e s s e s  lower  t h a n  20 nm,  s u c h  e q u i v a l e n t  

t h i c k n e s s  was  s o m e t i m e s  ca lcu la ted ,  b u t  one  m u s t  keep  
in  m i n d  t h a t  d e p a r t u r e s  f r o m  SiO2 s t o i c h i o m e t r y  m i g h t  
occu r  (38). 

180 concentration-depth profi les.--The 180 concen t r a -  
t ion  d e p t h  prof i les  cou ld  b e  d e d u c e d  f rom two d i f f e ren t  
t e c h n i q u e s :  (i) ana lys i s  of  t he  exc i t a t i on  c u r v e s  of  t he  'sO 
(p, a) 15N r eac t i on  nea r  the  2 keV-wide  629 keV  r e s o n a n c e  
(39), or (ii) s t ep -by- s t ep  d i s so lu t i on  c o m b i n e d  w i t h  nu-  
c lear  mic roana lys i s .  

In  t he  l a t t e r  p r o c e d u r e ,  e ach  s t ud i ed  wafe r  was  cu t  in to  
severa l  pieces ,  one  b e i n g  k e p t  w i t h o u t  b e i n g  c h e m i c a l l y  
e t ched ,  t he  o t h e r s  b e i n g  i m m e r s e d  in  d i lu te  H F  (3% vol- 
u m e  in  H20) for  va r ious  t imes .  On  each  piece,  t h e  
a m o u n t s  of  180 a n d  180 were  o b t a i n e d  f r o m  the  nuc l ea r  re- 
ac t ions .  S u c h  a p r o c e d u r e  was  n e c e s s a r y  w h e n  k n o w i n g  
t h a t  t h e  par t ic les  b e a m  can  i n d u c e  s t ruc tu ra l  modifi-  
ca t ions  (and  as a c o n s e q u e n c e ,  spa t ia l  va r i a t i ons  of t he  
d i s so lu t i on  ra te)  in  t he  i m p a c t  zone.  T h u s  a t h i c k n e s s  
n o n h o m o g e n e i t y  f rom one  pa r t  of  s a m p l e  to t he  o the r  will  
be  a source  of  e r ro r  t h a t  m u s t  b e  t a k e n  in to  account .  In  
c o m p a r i s o n  w i t h  t h e  r e s o n a n t  r eac t ion  m e t h o d ,  t h e  s tep-  
by- s t ep  d i s so lu t i on  m e t h o d  gives  a b e t t e r  d e p t h  resolu-  
t ion,  a n d  in  s o m e  cases  a b e t t e r  k n o w l e d g e  of  local  con-  
cen t r a t ion ;  however ,  t h i s  m e t h o d  is m o r e  sens i t ive  to  
t h i c k n e s s  n o n h o m o g e n e i t i e s .  

Results and Interpretation 
Study of Oxygen Transport by Chemical Dissolution 

The  resu l t s  of  160 a n d  180 c o n t e n t  m e a s u r e m e n t s  (No le 
a n d  No TM, r e spec t ive ly )  in  t h e  ox ide  vs. t h e  d i f f e ren t  s t eps  
of  d i s so lu t i on  are  s h o w n  in Fig. 2 as a f u n c t i o n  of  t he  to ta l  
a m o u n t  of  o x y g e n  No TM and  No TM. Thi s  ox ide  was  g r o w n  up  
to 47 n m  in  a d ry  na tu r a l  o x y g e n  flow at  a t m o s p h e r i c  
p ressu re .  Th i s  was  fo l lowed b y  a f u r t h e r  g r o w t h  in  ]sO2 in 
t he  U H V T  fu rnace  at  100 to r r  u p  to 86.3 rim. We can  see  
af te r  t he  first s tep  of  d i s so lu t i on  a first d e c r e a s e  of  t he  
'sO c o n t e n t  fo l lowed b y  a p la teau .  Th i s  shee r  s tep  is re- 
l a ted  to t h e  '80 f ixed nea r  t h e  ex t e rna l  su r face  of  t he  ox- 
ide  (180 FNES) ,  w h e r e a s  the  p la t eau  c o r r e s p o n d s  to a ve ry  
low 1sO-labeled oxide.  Af te r  t h i s  p la teau ,  t h e r e  a p p e a r s  a 
l inea r  d e c r e a s e  of  t he  ~sO c o n t e n t  of  t he  ox ide  w h i c h  is re- 
l a ted  to t he  d i s so lu t i on  of  t he  layer  c o r r e s p o n d i n g  to t he  
180 fixed n e a r  t he  S i /ox ide  in t e r f ace  (1sO). As  can  b e  seen,  
t he  180 FNI  c o n c e n t r a t i o n  is nea r ly  c o n s t a n t ,  a n d  t he  180 
F N E S  a m o u n t  c an  b e  e s t i m a t e d  to a b o u t  7% of  t he  to ta l  
180 a m o u n t .  All t h e s e  r e su l t s  are  in  good  a g r e e m e n t  w i t h  a 
p r e v i o u s  w o r k  u s i n g  r e s o n a n c e  t e c h n i q u e s  (4). The  leO re- 
su l t s  are  c o m p l e m e n t a r y  to 180 o b s e r v a t i o n s ;  t he  first de- 
c rease  of  No TM c o r r e s p o n d s  to t he  d i s so lu t i on  of  t he  in ter ja-  
c en t  layer,  wh i l e  t he  ho r i zon ta l  l ine  c o r r e s p o n d s  to the  
d i s so lu t i on  of  ~sO FNI.  The  No TM v a r i a t i o n  in  t h i s  las t  case  
is less  t h a n  1 �9 10 '5 a t o m s / c m  2, w h e n  t he  a m o u n t  of  o x y g e n  
dec rea se s  a b o u t  100 �9 1015 a t o m s / c m  2. Th i s  m e a n s  t h a t  t h e  
m a x i m u m  va lue  of 180 i so top ic  c o n c e n t r a t i o n  is e q u a l  to  
1% at  most .  Thus ,  t he  c o r r e s p o n d i n g  180 l abe l i ng  m u s t  b e  
l a rger  t h a n  99%, i.e., equa l  to t h a t  of  t he  gas  (99.5%) w i t h i n  
0.5%; the re fore ,  t h e  h e a v y  i so tope  f o u n d  nea r  t h e  Si/SiO~ 



Vol. 131, No. 4 S I L I C O N  I N  D R Y  O X Y G E N  917 

e q u i v a l e n t  o x i d e  t h i c k n e s s  (nm)  

4i0 80 
200 - i o 200 

0 

" "  150 I o 150 
" -  % 

4~ 

100 100 `~ 

L~ O 
C) N 

a.= cO 

= 50 50 ~r 
Z 

0 100 200 300 400 

( , , ~  ,,~8, lO~S No + N o  ) x a t / e r a  2 

Fig. 2. No TM (o) and No 1' (I-1) (in atoms/cm ~) obtuined after different 
steps of dissolution as a function of the total amount of oxygen (No TM 

+ No 1~) for an oxide grown to 47 nm in 1~0~ and then up to 86.3 nm 
in ~sO~. 

interface went through the pre-existing oxide matrix 
without any measurable interaction with it. Furthermore,  
the transition between 180 and 180 zone is so abrupt that a 
possible isotopic mixing due to some network oxygen 
self-diffusion (see Fig. 5) is not measurab]Le in the range of 
accuracy of our techniques. Finally, the height of the 160 
plateau may correspond to oxygenated s;pecies adsorbed 
on the surface after dissolution and/or to the background 
of the 28Si (d, P4) ~gsi reaction. Concerning 180 FNES, this 
may be due to (i) isotopic exchange between oxygen of 
the network and water vapor traces, (ii) to some oxide 
growth by silicon transport, or (iii) to fixation of oxygen 
due to step-by-step effective motion of network oxygen 
atoms and an external surface allowing exchange. Let us 
notice that there is always the possibility of interfering 
phenomena induced by exposure to air between 1602/180~ 
treatments or by the presence of the nalfive oxide at the 
surface and finally by the treatment uncLer high vacuum 
at high temperature. 

Nature and Origin of 180 Fixed near the External Surface 
Effects connected with the experimenl~al procedure.- 

Between 180= growth and 1802 further growth, the oxide 
was exposed to the room atmosphere and then treated 
under vacuum. Could this process be the cause of 180 
FNES? To answer this question, we carried out the fol- 
lowing experiments.  

Sample A (Table I) was oxidized in ~eO~ for 18.1h at 
930~ under 8.5 torr up to about 14 nm, and then, instead 

of withdrawing it from the furnace, lso~ gas was intro- 
duced up to a total oxygen pressure of 29 torr for 3.5h at 
the same temperature. From the ratio of pressures, we de- 
duced the 180 isotopic concentration to be 60%, which 
was in agreement with mass spectrometer measurements.  
Results confirm the existence of 180 FNES correspond- 
ing to about 16% of the total amount  of 180. Let  us notice 
that for this thinner oxide film the 180 content is larger 
than those previously obtained: 16% for about 14 nm leO 
equivalent thickness instead of 7% for 47 nm. This effect 
will be studied later. F rom this exper iment  we can con- 
clude that the appearance of 180 FNES is not due to an 
interfering phenomenon related to exposure to air and/or 
to high temperature vacuum treatments. However, we 
start from a sample very likely covered with a native ox- 
ide, and considering that this oxide might remain at the 
external surface when growth takes place by a Deal- 
Grove type mechanism, we can wonder if this native ox- 
ide may have the particular property of exchanging its 
oxygen atoms with those of the 1802 gas. In order to clar- 
ify this situation, a second experiment  was carried out. 

Sample B (Table I) was grown in an ~O2 flow up to 190 
nm and then dissolved down to 140 nm to be sure that the 
possibly remaining native oxide was removed. Then, this 
sample was submitted to a further growth in ~60~ for 1.5h 
at 930~ under 8 torr, and then lsO2 gas was introduced up 
to a total pressure of 33 torr for 1.1h at the same tempera- 
ture. As can be seen, the presence of the 1gO FNES is 
confirmed: about 30% of the total amount (this result was 
checked by resonance technique). 

Study of the possible mechanisms for the ~80 fixation 
near the external surface.---Silicon transport.--We have 
Carried out the following experiments on two films of dif- 
ferent original 1~O thicknesses (about 50 nm for sample C 
and 20 nm for sample D). They were subjected to an ~80~ 
growth under 100 torr for 19 and 1.1h, respectively. Each 
sample was cut into two parts. One part was kept as a test 
sample, the other was treated again in ~O2 (for samples C 
and D, under 100 torr for 19 and 1.1h, respectively). The 
results are summarized in Table II. We can easily see that 
for sample C the amount of ~80 FNES (i.e., N, TM) is reduced 
by nearly a half, while for the thinner sample (sample 
D), the decrease is larger (this decrease which is a func- 
tion of the original thickness will be discussed further). 
Thus isotopic exchange of oxygen occurs. If  the fixation 
of the heavy isotope near the external surface was due to 
silicon transport, then the regrowth in an leO~ ambient  
would not diminish the surface 1sO amount. The Si ~80~ 
would be unaltered but buried under a layer of Si ~60~. 
This experiment  cannot be used to distinguish between 
an exchange phenomenon due to water vapor traces and 
an exchange phenomenon due to a step-by-step effective 
motion of network oxygen atoms. 
Exchange between water vapor traces and network oxy- 
gen atoms at the external surface._--In Table III, we calcu- 
late the equivalent water vapor pressure which would be 
necessary to obtain the whole 180 FNES amount  if the 
fixation of oxygen near the surface was entirely due to 
exchange with vapor traces. This calculation is performed 
by assuming that: (i) the ~gO mobile carrier is the H2180 

Table I. Measurements of 160 and tsO amounts obtained for two different oxide films (samplesA and B) after different steps of dissolution. 
Xo Is is the equivalent 180 oxide thickness. Tile samples were left in the hot zone when 1802 gas was added to 1~02 (no thermal shack) 

'60= oxidation ~sO= + 'sO= oxidation Dissolution 

t T p t T p t No 18 Xo TM No TM + No TM 

Samples (h) (~ (torr) (h) (~ (torr) (s) (1015at./cm =) (nm) (10 '5 at./cm) 

A 18.1 930 8.5 3.50 930 29 

B* 1.5 930 8.0 1.12 930 33 

0 18.6 4.20 98.5 
4 16.1 3.65 93.0 
8 15.6 3.50 94.5 

13 15.0 3.40 82.5 
20 15.5 3.50 72.0 
0 4.2 0.95 630.0 

40 3.0 0.68 586.0 
80 2.9 0.65 530.0 

120 2.9 0.65 495.5 
lfi0 2.7 0.61 444.0 
200 2.6 0.59 411.0 

* 190 nm-thick Si1602 sample, partially chemically etched to remove the possibly remaining native oxide at the external surface and 
then regrown in '60= (8 torr) for 1.5h before isotopic treatment. 
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Table II. Measurements of 'sO and 'sO total amounts of 'sO FNES and 'sO FNI amounts (Ns TM and Hi 'e, respectively) obtained for two samples 
of different original Si~sO~ thicknesses: sample C (~50 nm) and sample D (~20 nm) 

N,S Total oxide 
N~ TM Xs TM N~ '8 X~ '~ No TM + No TM thickness Technique 

Samples (10 '~ at./cm 2) (nm) (10 t~ at./cm ~) (nm) N~ 's + N~ TM (10 ~ at./cm ~) (rim) used 

~ ~ ~ C 9.0 2.030 153.0 34.5 0.055 387.0 87.5 Dissolution 
~ ~ 8.2 1.850 155.0 35.0 0.050 - -  - -  Resonance 

~ '~  ~ D 5.7 1.300 14.3 3.2 0.285 109.0 24.6 Dissolution 

C 3.9 0.880 153.0 34.5 0.025 636.0 144.0 Resonance 

D 1.0 0.226 14.5 3.3 0.064 131.0 29.6 Dissolution 

Grown in an ~802 ambient. Sample C: 930~ 100 torr, 19h. Sample D: 930~C, 100 torr, 1.1h. 
" Regrown in an ~O2 ambient  in the same experimental conditions. 

molecu le ,  a n d  its e q u i l i b r i u m  c o n c e n t r t i o n  is p ropor -  
t iona l  to t he  p r e s s u r e  PM~ ~sO, (ii) t he  'sO l abe l ing  of  t he  
H20 t r aces  is equa l  to 100%, a n d  (iii) t he  r eac t i on  of  t he  
wa te r  m o l e c u l e s  w i t h  the  SiO~ n e t w o r k  is so fas t  t h a t  t he  
'sO i so top ic  e q u i l i b r i u m  is reached .  

U s i n g  t he  m a t h e m a t i c a l  d e v e l o p m e n t s  p r e s e n t e d  b y  
Rigo et al. (40), we h a v e  ca l cu la t ed  t he  e q u i v a l e n t  mini -  
m u m  va lues  of  w a t e r  v a p o r  p ressu re .  T he  c o r r e s p o n d i n g  
e x c h a n g e d  a m o u n t  is g iven  b y  the  e q u a t i o n  

X = " L Cg TM X/D-~ 

w h e r e  D* is t he  e f fec t ive  d i f fus ion  coeff ic ient ,  t t h e  t reat-  
m e n t  dura t ion ,  a n d  Cg TM t h e  i so top ic  c o n c e n t r a t i o n  of  
wa te r  v a p o r  t races .  Th i s  e x p r e s s i o n  is va l id  at  th i s  t em-  
p e r a t u r e  for  p r e s s u r e s  in  t h e  10 to r r  range .  I f  a t  v e r y  low 
p r e s s u r e s  (in t he  10 -4 to r r  range)  D* is still  p r o p o r t i o n a l  to  
Pn2o, we can  o b t a i n  t he  e q u i v a l e n t  w a t e r  v a p o r  p ressure .  
Le t  us  no t i ce  t h a t  m e a s u r e m e n t s  by  m a s s  s p e c t r o m e t e r  of  
H~'80 yie ld  va lues  Under  3 p p m  of  the  to ta l  p ressu re .  I f  for 
the  t h i c k e r  ox ide  s am p l e s  ( t h i cknes s  ~>50 nm )  s u c h  a hy- 
po thes i s  c a n n o t  be  re jec ted ,  for t he  t h i n n e r  ox ide  films, 
lsO F N E S  is no t  due  to a n  e x c h a n g e  b e t w e e n  v a p o r  t r aces  
a n d  s i l i con  ox ide  u n l e s s  t he  m e c h a n i s m  a s s u m e d  a b o v e  is 
no t  va l id  a n y  longer .  As s h o w n  below,  i t  w o u l d  be  dif- 
ficult  to exp l a in  t h e  o b s e r v e d  p h e n o m e n a  b y  wa te r  v a p o r  
t races .  
Step-by-step effective motion of network oxygen atoms.--If 
t h e  'sO f ixa t ion  nea r  the  e x t e r n a l  sur face  is n o t  due  to 
w a t e r  v a p o r  t races ,  we can  cons ide r  t h a t  th i s  e x c h a n g e  
p h e n o m e n o n ,  as e v i d e n c e d  by  t he  dec rea se  of  t he  'sO 
F N E S  a m o u n t  af ter  t r e a t m e n t  in  '602 (Tab le  II), is  r e l a t ed  
to a s t ep -by-s t ep  ef fec t ive  m o t i o n  of  n e t w o r k  o x y g e n  
a toms .  The  pa r t i cu l a r  role of  t he  e x t e r n a l  su r face  is the re -  
fore e m p h a s i z e d :  (i) some  O5 m o l e c u l e s  are a l lowed  to re- 
act  at  t he  surface ,  a n d  t h e n  the  d i s soc ia t ed  spec ies  can  
mig ra t e  in to  t he  oxide,  for example ,  b y  a v a c a n c y  t ype  or 
by  an  in te r s t i t i a l cy  t ype  m e c h a n i s m ,  a n d  (ii) t h i s  su r face  
a l lows  n e t w o r k  o x y g e n  a t o m s  to e x c h a n g e  w i t h  t hose  of 
t h e  O~ gas. As  a m a t t e r  of  fact,  t h e  o x y g e n  spec ies  
m i g r a t i n g  t h r o u g h  t he  p re -ex i s t ing  m a t r i x  in  o rde r  to  

Table III. Equivalent water pressure calculated for various oxide 
thicknesses 

~80~ oxidation Equiva len t  
Si ~602 original water vapor 

thickness t T p N~ TM pressure 
(rim) (h) (~  (torr) (10 TM at./cm 2) (ppm) 

-50 1.9 930 100 8.4 11 
~20 1.1 930 100 5.8 85 
~4 1.O 930 10 3.2 285 

This calculation was performed following Ref. (40), where D* = 
1849 nm~/h at 930~ under 13 torr H~80. 

reac t  at  t he  Si]oxide  in terface ,  w i t h i n  our  m e t h o d  resolu-  
t ion,  a p p a r e n t l y  do no t  i n t e r ac t  w i t h  t h e  ne twork .  Conse-  
quen t ly ,  t he  e x t e r n a l  su r face  m u s t  e x h i b i t  some  par t icu-  
lar  de fec t  con f igu ra t ion  t h a t  m u s t  b e  s e l d o m  
e n c o u n t e r e d  in  t he  bulk .  

Thickness effect on the respective amounts of '80 f i x e d  
either near the surface or  near Si/oxide in ter face . -  
Thickness greater than 50 n m . - - F o u r  s a m p l e s  of  va r ious  
or ig ina l  t h i c k n e s s e s  Xo '~, n a m e d  E,, F1, G~, a n d  H1, were  
s i m u l t a n e o u s l y  t r e a t ed  a t  930~ 100 to r r  of  '802 for  8h. An-  
o t h e r  ba tch ,  cons i s t i ng  of  s a m p l e s  E' ,  a n d  G' , ,  was  subse-  
q u e n t l y  t r e a t e d  u n d e r  t he  s a m e  c o n d i t i o n s  in  o rde r  to 
con t ro l  t he  r e p r o d u c i b i l i t y  of  t h e  e x p e r i m e n t s .  Final ly ,  a 
t h i r d  ba tch ,  cons i s t i ng  of  s a m p l e s  (F2 a n d  H2), was  t r e a t ed  
for  4h. The  goal  of  s i m u l t a n e o u s  t r e a t m e n t s  was  to avo id  
i r r ep roduc ib i l i t i e s  f r o m  one  t r e a t m e n t  to  ano the r .  T h e  ~O 
a m o u n t s  be fo re  a n d  af te r  '805 t r e a t m e n t s  a n d  t he  incorpo-  
r a t ed  180 a m o u n t s  are r e p o r t e d  in Tab le  IV. Also in  Tab le  
IV, we r e p r e s e n t  t he  e q u i v a l e n t  t h i c k n e s s e s  Xs TM ('80 
F N E S  a m o u n t s )  a n d  Xi TM ( '80 FNI  amoun t s ) ,  w h i c h  were  
o b t a i n e d  f rom fits of  e x p e r i m e n t a l  e x c i t a t i o n  c u r v e s  of  
t he  nuc l ea r  r e s o n a n t  r eac t ion  '80 (p, ~) 'SN wi th  ca l cu l a t ed  
c u r v e s  a s s u m i n g  a n  'sO c o n c e n t r a t i o n  profile. F igu re s  3 
a n d  4 r e p r e s e n t  s u c h  e x c i t a t i o n  cu rves  for  t h e  s a m p l e s  H, 
a n d  E,, respec t ive ly .  S a m p l e  H1 was  t i l ted  at  0 = 68 ~ to 
s epa ra t e  t he  sur face  p e a k  f r o m  the  in te r face  peak.  The  
c o r r e s p o n d i n g  va lue  Xs 's is e q u a l  to 1.57 nm.  Th i s  va lue  
ha s  b e e n  u s e d  in  a t e s t  prof i le  for s a m p l e  E1 (Fig. 4, 
w h e r e  t he  d a s h e d  l ine  r e p r e s e n t s  the  c o r r e s p o n d i n g  exci-  
t a t i on  curve).  I t  a p p e a r s  t h a t  th i s  cu rve  c a n n o t  fit t h e  ex- 
p e r i m e n t a l  one. The  sur face  p e a k  is too  great ,  a n d  t h u s  i t  
is so for Xs TM. T h e  p ro f i l e  t h a t  a l lows a good  fit of  t he  ex- 
p e r i m e n t a l  c u r v e  is r e p r e s e n t e d  in  t he  inset .  I t  is s een  t h a t  
t he  c o r r e s p o n d i n g  va lue  of  Xs TM is equa l  to  0.9 nm,  w h i c h  
is a sma l l e r  va lue  t h a n  for  t he  t h i n n e r  s a m p l e  H ,  This  
s h o w s  t h a t  t h e  va r i a t ions  of  X~ TM o b s e r v e d  b y  t h i s  m e t h o d  
are  re levan t ,  F r o m  Tab le  IV, one  can  no t i ce  a s ign i f ican t  
i nc rease  of  X~ TM w h e n  Xo ~s d imin i shes .  The  c o m p a r i s o n  be- 
t w e e n  s a m p l e s  (El, G,) a n d  (E'~, G' , )  i den t i ca l  t r e a t m e n t  
d u r a t i o n  b u t  n o n s i m u l t a n e o u s  e x p e r i m e n t s )  s h o w s  t h a t  
X~ ~ i n c r e a s e s  w i t h  d e c r e a s i n g  Xo '~ in  t he  s a m e  way. 
S a m p l e s  (F~, H2) t r ea t ed  d u r i n g  4h  s h o w  the  s a m e  b e h a v -  
ior  a n d  can  give some  e v a l u a t i o n  of  t he  k ine t i c s  of  X~ TM. 

B e t w e e n  t he  fou r th  a n d  e i g h t h  t r e a t m e n t  h o u r  (At = 4h), 
X~ 's r o u g h l y  inc reases  by  35% a n d  by  57% for s a m p l e s  of 
o r ig ina l  t h i c k n e s s  Xo '6 - 178 n m  a n d  Xo '6 = 47 nm,  respec-  
t ively.  Thus ,  the  sur face  'sO f ixa t ion  ra te  is no t  l inear .  
S ince  no app rec i ab l e  i nc rease  of  e x c h a n g e d  ~80 a m o u n t s  
was  o b s e r v e d  w i t h  d e c r e a s i n g  o x i d e  t h i c k n e s s  in  t h e  case  
of l abe l ed  wa te r  v a p o r  t r e a t m e n t s  (13 tor r )  (34), t he  pres-  
en t  t h i c k n e s s  effect  is no t  i nd ica t ive  of an  e x c h a n g e  w i t h  
wa te r  v a p o r  t races  un le s s  the  p h e n o m e n o n  of  e x c h a n g e  
b e t w e e n  w a t e r  v a p o r  t r aces  a n d  sil ica is n o t  t he  s a m e  at  
ve ry  low pressures .  The  r e s p e c t i v e  pa r t s  of 'sO F N E S  a n d  
~sO F N I  a m o u n t s  are t h u s  d e p e n d e n t  on  t he  o r ig ina l  
t h i c k n e s s  of  t he  ox ides  in t he  r a n g e  50-260 nm;  a s imi la r  



Table IV. Results of ~O and ~sO measurements (No '~ and No '~) and of ~O FNES (Xs ~) and ~O FNI (X~ TM) amounts obtained from fits of 
experimental excitation curves for thicknesses higher than 50 nm regrown in an ~O~ ambient for two different durations at 930~ under 

100 torr 

After  '~O~ oxidat ion  

~60~ T r e a t m e n t  

After  t~O~ oxida t ion  
T r e a t m e n t  X/~ 

No ~ X~ ~ dura t ion  N~ '~ Xo '~ No '~ Xo ~ X~ TM X~ '~ 
Sample  (10 ~ at . /cm ~) (nm) (h) (10 ~ at . /cm ~) (nm) (10 ~ at . /cm ~) (nm) (nm) (nm) Xs 1~ + X~'" 

E, 1140 257.6 8 1140 257.6 38.3 8.65 0.90 7.20 0.110 
F, 790 178.6 8 786 178.0 47.6 10.75 1.15 9.30 0.110 
G, 374 84.5 8 387 87.5 72.6 16.40 1.30 15.00 0.080 
H, 209 47.2 8 214 48.3 98.0 22.20 1.57 19.60 0.076 
E'I 1140 257.6 8 1124 254.0 38.6 8.70 1.15 7.16 0.140 
G', 374 84.5 8 403 91.0 74.8 16.90 1.40 15.50 0.080 
F~ 790 178.3 4 765 173.0 26.1 5.90 0.85 4.70 0.150 
H2 209 47.2 4 204 46.0 58.0 13.10 1.00 12.10 0.076 

Table V. Measurement of l~O and tsO total amounts (No 1~ and No ~8) and of 1sO FNES and ~80 FNI amounts (N/8 and N/8) obtained by step-by- 
step dissolution combined with nuclear microanalysis for z60 oxide films of original thicknesses ~ 2 0  nm 

T t p .  
(~ (min) (toi'r) 

'sO2 T rea tmen t  

Total  
N,S equ iva len t  

No Is T t p N/8 Nt TM No t~ + No 's t h i ck n es s  
(10 '5 at . /cm 2) (~ (min) (torr) (10 '5 at . /cm 2) (10 '5 at . /cm 2) N~ 's + Ni 's (10 '5 at . /cm 2) (nm) 

J~ O~ + N2 mix tu r e  84.3 930 67 100.0 3.3 14.70 0.18 101.0 22.8 
J2 950~ 84.3 930 67 100.0 5.7 14.10 0.28 109.0 24.6 
Ja 84.3 930 67 100.0 2.9 14.30 0.17 99.0 22.3 

6 

K 930 30 9 (+) 930 60 9.0 3.2 3.00 0.52 23.0 5.2 
L,* - -  60 - -  (+) - -  - -  9.0 2.1 2.10 0.50 22.4 5.0 
L2* - -  60 - -  (+) - -  - -  1.0 1.4 0.50 0.74 21.0 4.7 
L3* - -  60 - -  (+) - -  - -  0.1 0.5 0.12 0.81 22.1 4.9 
M - -  90 - -  (+) - -  - -  9.0 2.6 3.00 0.46 26.4 5.9 
N - -  120 - -  (+) - -  - -  9.0 2.7 3.20 0.46 

* S a m p l e s  s imu l t a neous l y  g rown  in 1602. No re -exposure  to air be tween  two t he rma l  t r e a tmen t s  and  t h u s  no 1~O con ten t  measu re -  
m e n t  available.  

s t u d y  w a s  c a r r i e d  o u t  for  t h i n n e r  s a m p l e s  d o w n  to  a b o u t  
- 5  n m .  

0=68" 5 

0/.+ 
o o 

z =3  
2 

1.57 nm 19.6nm 

0 lOn~ 50 60 70 
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Fig. 3. 180 concentration profile measurement by the nuclear reso- 
nance method for sample H1 of originial thickness Xo 1~ = 47.2 nm 
treated in 1s02 at 930~ 100 torr for 8h. The sample was tilted at 
= 68 ~ The solid line is the best fit calculated for the profile repre- 
sented in inset. 

Thickness under 50 n m . - - T h e  r e s u l t s  a r e  r e p o r t e d  i n  
T a b l e  V. T w o  g r o u p s  o f  s a m p l e s  w e r e  t r e a t e d .  F i r s t ,  
s a m p l e  J1, J2, a n d  J~, g r o w n  a t  950~ i n  a n  1802/N2 m i x -  
t u r e  u p  to  a t h i c k n e s s  o f  a b o u t  19 n m ,  w e r e  s u b s e -  
q u e n t l y  s u b m i t t e d  to  a n  1sO2 t r e a t m e n t  a t  930~ fo r  
a b o u t  l h ,  u n d e r  a p r e s s u r e  o f  100 to r r .  T h e s e  s a m p l e s  
w e r e  e x p o s e d  to  a i r  b e t w e e n  t w o  t h e r m a l  t r e a t m e n t s .  Al -  
t h o u g h  w e  a p p r o a c h  t h e  t h i c k n e s s  d o m a i n  w h e r e  k i n e t -  
i c s  d o  n o t  s e e m  to  f o l l o w  t h e  D e a l - G r o v e  m o d e l  (1) a n y  
l o n g e r ,  w e  c a n  n o t i c e  t h a t  180 is  s t i l l  m a i n l y  f o u n d  n e a r  
t h e  S i / o x i d e  i n t e r f a c e  b u t  t h e  180 F N E S  a m o u n t  n o w  is  
a r o u n d  20% o f  t h e  t o t a l  180 a m o u n t .  

S e c o n d ,  s a m p l e s  K,  L1, L2, Lz M, a n d  N,  g r o w n  i n  t h e  
U H V T  f u r n a c e  i n  d r y  n a t u r a l  o x y g e n  a t  930~ 9 t o r r ,  f o r  
v a r i o u s  t i m e s  (30-120 m i n ) ,  w e r e  s u b s e q u e n t l y  t r e a t e d  i n  
lsO2, w i t h  n o  r e - e x p o s u r e  to  air ,  a t  930~ fo r  l h  a n d  
v a r i o u s  p r e s s u r e s  (0.1-9 to r r )  u p  to  t o t a l  t h i c k n e s s e s  o f  
a b o u t  5 n m .  I n  t h i s  r a n g e  o f  t h i c k n e s s e s ,  t e m p e r a t u r e  
a n d  p r e s s u r e  w h e r e  K a m i g a k i  a n d  I t o h  (6) u t i l i z e d  t h e  
M o t t - C a b r e r a  m o d e l  i n  o r d e r  to  fit t h e  k i n e t i c s  t h e y  
f o u n d ,  w e  a l w a y s  f o u n d  t h e  h e a v y  i s o t o p e  l o c a t e d  n e a r  
t h e  S i / o x i d e  i n t e r f a c e  a n d  n e a r  t h e  e x t e r n a l  s u r f a c e ,  b u t  
t h e  1~O F N E S  a m o u n t s  a r e  a r o u n d  50% o f  t h e  w h o l e  180 
c o n t e n t  w h e n  s a m p l e s  a r e  s t i l l  t r e a t e d  i n  1802 a t  9 t o r r .  
T h i s  r a t i o  i n c r e a s e s  w h e n  t h e  1802 t r e a t m e n t s  a r e  c a r r i e d  
o u t  u n d e r  l o w e r  p r e s s u r e s ,  a n d  c a n  r e a c h  80% o f  t h e  
w h o l e  1~O a m o u n t  a t  P~so2 = 0.1 to r r .  I t  a p p e a r s  t h a t  Ni 18 
f o l l o w s  a po~ ~ l a w ,  a n d  N~ TM s e e m s  to  f o l l o w  a l o g  Po~ l a w  
( N / s  a n d  Ni TM c o r r e s p o n d i n g  to  t h e  1sO F N E S  a n d  1sO F N I  
a m o u n t s ,  r e s p e c t i v e l y ) .  

Discussion 
A s  i t  c a n  b e  n o t i c e d ,  t h e r e  is  n o  d i s c o n t i n u i t y  i n  b e h a v -  

ior  fo r  o x i d e  f i lms  o f  t h i c k n e s s e s  r a n g i n g  f r o m  260 to  - 5  
n m ,  b o t h  c o n c e r n i n g  t h e  l o c a t i o n  o f  t h e  h e a v y  i s o t o p e  
a n d  t h e  i n c r e a s e  o f  1sO F N E S  a m o u n t s  w i t h  d e c r e a s i n g  
o r i g i n a l  t h i c k n e s s  Xo I~. 

Fixation near the external surface 
T h i s  t h i c k n e s s  e f f e c t  o n  180 F N E S  a m o u n t s  c o u l d  b e  in-  

t e r p r e t e d  in  v a r i o u s  w a y s  
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2 
Fig. 4. 1sO concentration pro- 

file measurement by the nuclear 
resonance method for sample El, 
of original thickness Xo le = 257 
nm treated in 1s02 at 930~ for 
8h. The solid line is the best fit 
calculated for the profile repre- 
sented in inset. The 180 FNES Z ~ 1  
amount determined for sample HI 
was introduced in a trial profile 
whose theoretical excitation 
curve is represented by the bro- 
ken line. 
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Fig. 5 Mixing effect on the 160/180 boundary of a step-by-step ef- 
fective motion of network oxygen atoms concurrent of an interstitial 
motion of molecular oxygen for an oxide film grown in 1602 and then 
in 180~. 

1. The effect could be a structural change during 
growth, as observed for very thin films by Agius et al. 
(41). This was previously postulated by Revesz and 
Schaeffer (3). 

2. The effect could be an enhancement  of the concen- 
tration of oxide defects in connection with the film 
growth rate. The step-by-step motion of network oxygen 
atoms could be interpreted by some vacancy or inter- 
stitialcy-type mechanism. During oxide growth, defects 
in excess could be created at the silicon-oxide interface or 
at the external surface, respectively. Let us emphasize 
that one observes an injection of interstitial silicon atoms 
from the SiO2/Si interface into the silicon substrate (42, 
43). This was interpreted by Lin et al. (42) as an incom- 
plete oxidation of Si by O2 creating extra interstitial Si 
atoms both in the oxide and the Si substrate. The comple- 
tion of the oxidation is performed through a further 
oxidation of these interstitial Si in the oxide. As no evi- 
dence of a migration of Si atoms was obtained through 
our labeling experiments, it seems to us that oxygen va- 
cancy type defects generated at the Si/SiO~ interface 
could be a reasonable explanation. Moreover, as one ob- 
serves that the generation of interstitial Si into the Si sub- 
strate varies with the oxide growth rate (42, 43), one could 
imagine that the concentration of network defects in the 
oxide could be also related to the oxide-growth rate. In 
the case of network oxygen diffusion by network defects, 
the effective self-diffusion coefficient of network oxygen 
atoms is proportional to the concentration of oxide- 
network defects. Thus, if this defect concentration in- 
creases with the oxide-growth rate, the increase of 180 
FNES amounts with decreasing thicknesses could be 
explained. 

3. The effect could be the presence of charged defects 
in the oxide and/or the supply of electronic species whose 
transport properties and injection at the interfaces are 
impeded for the thicker films. 

Possible microscopic interpretation of the phenomenon of ~80 fixation 
near external surface 

We noticed that the oxide surface and oxide bulk have a 
different behavior with respect to molecular oxygen and 
that network oxygen atoms can migrate by step-by-step 
motion; we have tried to explain all these experimental  
observations by a mechanism involving vacancy type de- 
fects, alternative to that proposed by Revesz and 
Schaeffer (3). The basic defects that we consider here are 
silicon dangling bonds in excess (one Si dangling bond, 
charged or not, formally corresponds to half an oxygen 
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Fig. 6. Schematic drawing of 
the motion of a labeled oxygen 
atom of the network when one as- 
sumes that the basic oxygen de- 
fect is a Si dangling bond. Small 
circles correspond to Si atoms, 
and large circles to oxygen atoms 
(the dark one being a labeled ox- 
ygen). Subsequent steps are in al- 
phabetical order. Far the sake of 
simplicity, the charge of the de- 
fects (if charged) is not repre- 
sented. 

vacancy). The motion of a labeled oxygen atom is 
sketched in Fig. 6. In this figure, we describe the motion 
of the defect considering a threefold-coordinated oxygen 
as an intermediate step, although the existence of this de- 
fect imagined by Lucovsky (44) in bulk silica has been de- 
bated (45). As the direct jump of a Si dangling bond 
would imply the breaking of a Si--O bond in the 
-~:Si--O--Si----- configuration (ds~o = 0.6 nm) the breaking 
of the Si--O bond [dsio = 0.72 nm (46)] in the threefold- 
coordinated oxygen configuration would be energetically 
easier. The particular behavior of the surface compared to 
that of the bulk is due to the fact that the network is dis- 
rupted at the surface. The desorption, adsorption, and 
breaking of  the Oz molecule at the external surface could 
be sketched as follows 

Si-- 0"~ ~ "-S• 0,~, ~ ~Si 
+ 0 2 

~--_ si -- or "- =:si  o ~ _ s i , =  
where two Si dangling bonds (or nonbridging oxygens) 
are in the vicinity of each other. The symbol - -  designates 
a bond between an oxygen atom and a silicon atom; the 

symbol ~ designates a Si or O orbital. For the sake of 
simplicity, the occupation of these orbitals by electrons 
(i.e., the charge of the dangling bond) is not represented. 
The probability of finding such a topological situation is 
very high at the surface and very small in the bulk. These 
phenomena are perhaps favored by the supply of elec- 
trons at the external surface: an electronic bombardment  
greatly enhances the oxidation rates even at very low 
pressure (10 -3 torr) (47). Figure 7 shows a possible sce- 
nario for oxygen exchange between the gas and the net- 
work. An interstitialcy mechanism by jumps of ~---Si--OO 
defects cannot be ruled out. At sufficiently low pressure, 
where the contribution to growth due to 02 molecules re- 
acting at the interface Si/SiO~ might be negligible, the cre- 
ation of oxygen vacancies in excess might not be necessa- 
rily envisaged. As a matter of fact, in low pressure plasma 
oxidation, no oxidation stacking faults in the Si substrate 
are observed; apparently, no great amounts of interstitial 
silicon atoms are generated (48). Consequently, such an 
interstitialcy mechanism could perhaps exist rather at 
low pressure. 

e x t e r n a l  s u r f a c e  

n e t w o r k  

(A) 

0 2  m o l e c u l e  % 

(B) (C) 
Fig. 7. Schematic drawing of a 

possible scenario for oxygen ex- 
change between the gas and the 
network. Small circles correspond 
to Si atoms. Large circles cor- 
respond to oxygen atoms (the 
dark one being a labeled oxygen). 
Subsequent steps are in alphabet- 
ical order. For the sake of simplic- 
ity the charge of the defects (if 
charged) is not represented. 

(O) (E) (F) 
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Fixation near the Sioxide interface, nature of the migrating oxygen 
species 

As we always find 1~O located near the Si/oxide inter- 
face, we can wonder about the oxygen species migrating 
through the film with no interaction with it. 

For thick oxide samples (>20 nm), one can think that O2 
molecules are very likely the diffusing species as kp ex- 
hibits a Po2 dependence and an activation energy equal to 
that found for permeation (1). 

For thin oxide samples (<5 nm), for which electrons can 
tunnel across the film, the dissociation of 02 molecules 
into dissociated ions is perhaps enhanced. These hypo- 
thetical ions must migrate in the oxide film without in- 
teracting with it, as well as 02 molecules for thicker oxide 
samples. Mills and Kroger (20) proposed 02- as responsi- 
ble for ionic conduction. We should notice that this ion is 
the more energetically difficult to obtain from a free 02 
molecule [462 kcal �9 mole- '  or 20 eV (49)], but one might 
wonder why these dissociated species do not apparently 
interact with the network while migrating.  02- species 
could also be envisaged knowing that at the Si/oxide in- 
terface O2- can be more easily dissociated as its bond 
strength is practically that of an O--O single bond [1.5 eV 
(50)]. As a matter of fact, charged species are involved in a 
Cabrera-Mott transport mechanism leading to inverse log- 
arithmic laws; such kinetics are observed at pressures un- 
der 1 torr (6). Obviously, neutral 02 molecules are still 
good candidates for explaining the 'sO fixation near the 
Si/SiO2 interface even for very thin films. If a Cabrera- 
Mott mechanism is actually involved for very thin oxide 
samples and becomes dominant as pressure decreases (6), 
it may be that the charged species and/or defects acceler- 
ated by the electrical field could rather be --==Si + or 
--==Si--O- defects (or other equivalent defects); in this case 
the heavy isotope would only be found near the extertial 
surface. 

Effect of pressure on Ni ~8 and Ns TM 
Variations of N?8.--Two cases m~y be considered. First, 
that the diffusion of 02 molecule is the limiting phenome- 
non. We are only able to conclude that, as the thickness 
increase is small (<10%), we are not facing a simple bulk- 
limited diffusion phenomenon where the concentration of 
diffusing species at the external surface is practically 
equal to the solubility C*, this solubility following a Hen- 
ry's law (C* ~ Po2). Second, that a more or less complex re- 
action of the 02 molecules at the Si/oxide interface is the 
limiting phenomenon. Thus, we are not facing a simple 
first-order reaction, which was already assumed by Ghez 
and Van der Meulen (7), and later by Blanc (8). A change 
in 02 diffusivity connected with a structural change dur- 
ing growth (41) might be also put forward to explain the 
po20.~2 law that we found. 

Variations of N,'8.--The variation of Ns 18 with Po2 for 
film thicknesses under 5 nm is difficult to interpret at 
the present time without a better understanding of sur- 
face phenomena, bulk diffusion mechanisms, and their 
relative importance. Nethertheless, noticing that at 10 -1 
torr, N, 's represents more than 80% of the whole heavy 
isotope amount  (see Table V), we could wonder if, in the 
very small thickness range (<5 nm) and in the range of 
pressures where our experiments were carried out, we are 
not facing two concurrent growth mechanisms, one of 
them related to a vacancy or interstitialcy type mecha- 
nism and much less sensitive pressure decrease. 

Conclusion 
For oxide thicknesses ranging from 5 to 260 nm, oxygen 

transport shows two aspects, one being related to oxygen 
species' migrating through the network with no or little 
interaction with it (very likely 02 molecules for thick 
samples) and reacting with silicon at the Si/oxide inter- 
face, and the other being likely related to a step-by-step 
motion of network oxygen atoms responsible for isotopic 
exchange near the external surface, this being allowed by 
some particular nature of the surface. The relative impor- 
tance of the latter increases as oxide films are thinner 
and 02 pressures lower. 
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The Characteristics of Alumina Scales Formed on Fe-Based Yttria- 
Dispersed Alloys 

T. A. Ramanarayanan,* M. Raghavan, and R. Petkovic-Luton 
Exxon Research Center, Linden, New Jersey 07036 

ABSTRACT 

To provide resistance to aggressive environments at elevated temperatures, especially in excess of -1000~ alloys or 
coatings which develop a-A1203 scales are the best choice. It has been pointed out that the presence of highly stable rare 
earth oxide dispersoids in high temperature alloys leads to improvements in the corrosion-resistant properties of A1203 
scales formed on such alloys. The present study is directed toward developing an understanding of how the properties of 
A1203 scales formed on Fe-based alloys are influenced by yttr ium oxide dispersoids in the alloy. The Fe-based alloy system 
selected for the current study consists of -20% Cr, -4.5% A1, -0.5% Ti, and -0.5% Y20~. The oxidation kinetics of the alloy 
have been established at various oxygen partial pressures in the temperature range 1000~176 The a-A1203 scales which 
result upon oxidation are observed to be columnar, ultrafine grained, and extremely adherent when thermally stressed. 
Plat inum markers initially placed on the alloy surface are found at the oxide/gas interface at the completion of oxidation, 
suggesting that scale growth occurs by exclusive inward oxygen migration. The ultrafine grain size (0.5-1 ~m) suggests that 
grain boundaries in the oxide scale are the preferred path for oxygen migration. The fine dispersoid particles in the alloy 
(200-500A) transform to coarse (-0.5 ~m) yttrium a luminum garnet upon incorporation into the AI~O.~ scale, leading to a 
garnet-saturated scale. It is suggested that the remarkable adherence of the ~-A1203 scales is a consequence of a combination 
of factors. First, yttr ium doping promotes the development of a fine-grained a-A1203 scale which can effectively relieve 
oxide growth stresses by diffusional plastic flow. Second, because the alumina scale grows by exclusive inward oxygen 
transport, growth stresses arising from A1203 nucleation within an existing scale are avoided. 

High temperature alloys or coatings designed to resist ag- 
gressive environments at elevated temperatures should be 
capable of developing a surface oxide layer which is ther- 
modynamically stable, slow growing, and adherent. The 
three oxides which fit the requirement of slow growth are 
Cr203, SiO~, and A1~O3. Of these, chromia is the fastest 
growing and alumina is the slowest growing. The thermo- 
dynamic stability of these oxides is in the order A12Oz > SiO2 
> Cr20~. At temperatures exceeding -1000~ chromium 
oxide scales tend to become unstable; in environments of 
relatively high oxygen partial pressure, the oxide can va- 
porize as CrO3 (1), while under  highly reducing conditions 
the oxide can transform to other more thermodynamically 
stable phases (2). 

For applications in hostile environments at temperatures 
in excess of -1000~ A1203 and SiO2 scales should be 
preferred to provide corrosion resistance. While the kinetic 
stages leading to the development of a continuous-surface 
oxide layer are certainly of importance, once such an oxide 
layer is established, the most important consideration is 
how well the oxide layer adheres to the alloy surface. The 
factors which influence the adhesion of oxide scales are 
not well understood. ~It has been pointed out by several in- 
vestigators that small amounts of rare earth oxide disper- 
soids present in the alloy lead to the formation of a more ad- 
herent surface-oxide scale (3-17). The literature information 
in this area was reviewed recently (18-19). 

Several mechanisms have been proposed in the literature 
to explain the dispersoid effect: 

1. The oxide scale develops numerous protrusions/pegs 
which form around rare earth oxide particles in the alloy. 
These pegs anchor the oxide scale to the alloy. 

2. The rare earth oxide particles react with the main oxide 
scale and form a mixed-oxide layer between the main scale 
and the alloy. The mixed-oxide layer acts as a "graded seal" 
improving the stability of the oxide scale under  thermal cy- 
cling conditions. 

*Electrochemical Society Active Member. 
Key words: oxidation, defects, kinetics. 

3. The rare earth oxide particles in the alloy act as sites on 
which vacancies generated by the oxidation process con- 
dense.  The vacanc ies  thus  do not  coalesce on the 
scale/metal interface, a process which could lead to oxide 
spallation. 

4. The rare earth element dissolves into the scale and sup- 
presses Al transport in the scale. Thus, growth stresses, oth- 
erwise developed by the formation of alumina within an ex- 
isting scale, are decreased. 

Sufficient experimental evidence does not exist to 
confirm the above mechanisms. Also, most of the pub- 
lished studies point to a combination of mechanisms rather 
than a single mechanism being operative. Thus, a consist- 
ent picture of the dispersoid effect has not emerged. 

The purpose of the present investigation is to improve 
our understanding of the influence of rare earth oxide 
dispersoids on oxide-scale properties. As the first of a pro- 
posed series of investigations, it was decided to examine 
the properties of alumina scales developed on an Fe-based 
alloy system containing yttrium oxide as the dispersoid. 
The results of this study are contained in the present paper, 

Materials and Experimental Procedure 
The experimental alloy selected for investigation was al- 

loy MA956, made by the International Nickel Company. 
Two types of samples were used; one had a fine-grained 
(-0.2 ~m) microstructure typical of the as-received condi- 
tion, while the other had a coarse-grained structure which 
results upon heat-treating (Fig. 1). The distribution of 
dispersoid particles is shown in Fig. 2. The particles have 
been identified by microdiffraction to be YA103. The speci- 
mens were rectangular, 1 • 1/2 • 1/16 in.; the faces were 
g r o u n d  to 600 grit  SiC and  c leaned  u l t r a son ica l l y  in 
acetone. 

The kinetics of oxidation was measured by thermogravi- 
merry using a Cahn 1000 electrobalance. The elec~robal- 
ance was attached to a vertically placed quartz reactor tube; 
the sample to be oxidized was hung from the balance by 
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Fig. 1. Fine-grained Gnd coarse-grained MA956 samples used in the study 

Fig. 2. Dispersoid distribution in alloy MA956 

means of a platinum suspension wire. A platinum resist- 
ance furnace surrounded the quartz tube; the furnace could 
be moved up and down hydraulically. The oxidizing gas en- 
tered the quartz tube at the bottom and escaped at the top, 
where it mixed with an argon stream used to provide an in- 
ert atmosphere within the electrobalance assembly. 

At the start of an experimental  run, the sample to be oxi- 
dized was hung from the electrobalance and the quartz re- 
actor tube slid into place, the furnace being in the "down" 
position. The reactor tube was kept under a purging argon 
stream, and the furnace brought to the oxidation tempera- 
ture, the sample still being held at room temperature. The 
argon flow was then replaced by the oxidizing gas or gas 
mixture, the flow rate being high enough so that mass 
transport in the gas phase would not be rate controlling. 
After an interval of -30 min, the furnace was hydraulically 
lifted up around the sample so that the sample was posi- 
tioned within the constant temperature zone (-I~ of the 
furnace. It took approximately 10 rain for the sample to at- 
tain the experimental  temperature. An HP 9845T computer  
was used to collect and analyze weight-gain data. 

The oxidation kinetics were investigated in the tempera- 
ture  range  900~176 The e n v i r o n m e n t s  used  were  
undried air, dry oxygen, and CO/CO2 ga s mixtures of vary- 
ing oxygen partial pressures. The adherence of the oxide 
scales developed on the alloy surface was inferred by 
weight changes upon rapidly cooling the sample to room 
temperature by lowering the furnace and/or temperature 
cycling by raising and lowering the furnace at specific 
intervals. 

Upon completion of the kinetic runs, the morphology and 
structure of the oxide scales formed on the alloy surface 
were examined using scanning electron microscopy, trans- 

mission electron microscopy, microdiffraction, and sec- 
ondary ion mass spectrometry. 

Results 
Most samples were oxidized for periods ranging from 25 

to 100h in the thermogravimetric unit. A few samples were 
oxidized up to 1000h in a separate furnace; kinetic data are 
not available for these longer-term experiments.  The oxide 
scales were characterized by their excellent adherence; no 
oxide spallation could be detected upon quenching the 
sample to room temperature from oxidation temperatures 
in the range 900~176 even after oxidation times as long 
as 100h. 

Most of the experimental  data were taken in the tempera- 
ture range 1000~176 A parabolic rate was obeyed for ox- 
idation times as long as 100h. The slope of a plot of the 
square of the oxidation weight gain per unit area vs. t ime is 
the parabolic rate constant, kp (g2 cm-4 s-l). The rate con- 
stant is plotted as a function of temperature in Fig. 3. The 
data for the fine- and coarse-grained samples fall on the 
same regression line, the grain size of the alloy having little 
influence on the oxidation rate. The rate constant can be 
expressed by the relationship 

kp (g2 cm-4 s-~) = 4.2 • l0 s exp (-92,800/RT) [1] 
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Fig. 3. Parabolic rate constant for ~-AI203 growth as a function of 
temperature. 
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The oxidized samples were fractured under  liquid nitro- 
gen and the fracture cross sections examined by SEM. A co- 
lumnar fine-grained scale morphology was revealed (Fig. 
4). The oxide grain sizes were temperature independent  
when oxidized in the temperature range 1000~176 for 
times ranging from 25 to 100h, with grains measuring ap- 
proximately 1-2 ~m in length and -0.5 ~m across. At 1200~ 
upon increasing the oxidation time to 300h, the average 
grain width increased to 0.75 ~m, while after 1000h, the 
width was approximately 1.25 ~m. Thus, the oxide scale re- 
mained essentially fine grained even after long oxidation 
times (Fig. 5). X-ray diffraction analysis showed the scales 
to be exclusively a-Al~O3. 

Fig. 4. Columnar fine-grained morphology of c~-Al~O3 scales 

In  order to characterize the oxide films further, thin 
films were prepared and examined using a Philips EM 400 
transmission electron microscope. The films were pre- 
pared by first electropolishing the metal away and then ion 
thinning the oxide scale. In some cases, only ion thinning 
was used. The TEM investigations again revealed the fine- 
grained nature of the oxide scale. A thinned section, viewed 
perpendicular to the oxide/metal interface, reveals the pres- 
ence of fine microvoids, -500A in size; the voids occur pre- 
dominantly at oxide grain boundaries (Fig. 6). Microdiffrac- 
tion analysis in the TEM confirmed the oxide scale to be 
a-A1203. 

Further detailed examination of the scale was carried out 
m order to detect the YA103 particles originally present in 
the alloy. The only yttrium containing phase found in the 
oxide scale was yttr ium aluminum garnet, Y3AI~O,~. This 
phase was typically 0.2-0.5 ~m in size, as revealed by the 
TEM mic rog raph  to the left in  Fig. 7. The phase  was 
identified by microdiffraction. The [001] diffraction pat- 
tern is shown on the right in Fig. 7. The zero layer in this pat- 
tern consists of a square grid of {200} reflections, and the 
third dimension was calculated from the diameter of the 
ring to be 12.05~, consistent with the lattice parameter of 
garnet. The garnet phase was located principally in the vi- 
cinity of a-A1203 grain boundaries. It is interesting to note 
the coarseness of the garnet phase when compared with the 
fine YA10~ particles present in the alloy (Fig. 2). The size 
difference is further revealed in the transmission electron 
micrograph in the vicinity of an oxide/metal interface (Fig. 
8). 

Fig. 6. TEM micrograph of a-AI203 revealing grain boundary 
microvoids. 

Fig. 5. Dependence of c~-Al~O3 grain width on oxidation time. 
Top: 24h in air, 1200~ Center: 300h in air, 1200~ Bottom: 
1000h in air, 1200~ 

Fig. 7. TEM micrograph and electron diffraction pattern showing 
the YsAI5Ol~ phase in ~-AI203. 
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Fig. 10. Oxidation kinetics of MA9S6 at 900~ 

Fig. 8. TEM micrograph in the vicinity of the oxide/metal inter- 
face showing coarse Y3AIsO12 in the oxide and fine YAIO~ in the 
metal. 

In order to determine the distribution of the Y3A15012 
phase in a thick a-A120~ scale, a MA 956 alloy specimen was 
oxidized for 1000h at 1200~ in air and examined in cross 
section using a Cameca secondary ion mass spectrometer. 
Ion Maps for A1 § and Y§ are shown in Fig. 9. The field of 
view in Fig. 9 is 150 t~m; the positive secondary ions were 
monitored, sputtered, and excited with a 15 keV beam of 
02 +. Because the spacial resolution of SIMS is -0.5 ~m, the 
fine yttr ium containing oxides in the metal are not re- 
solved. The Y3A15Ol~ phase in the oxide scale is clearly 
shown; there is some degree of charging in the Y+ ion map 
which has exaggerated the size of the garnet phase. It is 
clearly seen that the fine YA103 particles have dissolved 
upon entering the oxide scale and reprecipitate as garnet. 

A limited number  of oxidation experiments were carried 
out at a lower temperature of 900~ at high oxygen partial 
pressures .  A d i f fe rence  in  k ine t ics  was no t i ced  u p o n  
oxidizing fine-grained MA 956 samples in undried air and 
dry oxygen. The kinetics were faster in undried air (Fig. 10). 
Examination of the oxide scales by TEM revealed that in 
the air-oxidation case, the alumina scale was made up of a 
mixture of a- and 8-phases, while in the case of dry oxygen, 
the scale was exclusively the a-phase. A TEM micrograph 
of the 8-phase and the corresponding [100] microdiffraction 
pattern are shown in Fig. 11. The microdiffraction pattern 
shows a rectangular grid of (010) and (002) reflections. The 
8-phase is seen to have a faulted structure and probably al- 

Fig. 11. TEM micrograph and [100] electron diffraction pattern 
for ~-AI203 phase. 

lows more rapid transport of reactant species, as suggested 
by the kinetic data shown in Fig. 10. 

Discussion 
Anion migration through Al~03 scale.--Parabolic kinetics 

of a-A1203 scale growth suggests that the oxide scale growth 
is limited by diffusional transport through it. To establish 
whether oxygen or a luminum is the predominant  mobile 
species in the oxide scale, Pt-wire markers were positioned 
on the alloy surface prior to oxidation. Upon completion of 
oxidation, the Pt  markers remained at the oxide/gas inter- 
face, suggesting that scale growth occurred by oxygen 
transport (Fig. 12). 

The d i f fus iv i ty  of oxygen  in  s ing le -c rys ta l l ine  and  
polycrystalline (20-30 tLm grain size) a-A1203 at 1200~176 
has been measured by Oishi and Kingery (20). Between 
1400 ~ and 1800~ their data for oxygen diffusivity in single 
crystalline and polycrystalline a-A1203 are given, respec- 
tively, by 

Fig. 9. SIMS ion maps for AI § 
and Y§ in MA9S6 at 900~ 
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Fig. 12. Platinum marker study showing the inward growth of c~-Al~03 scale by oxygen diffusion 

Do I = 1.9 x 102 exp (-152,000/RT) cm2/s [2] 

Do e~r = 2 exp (- l l0 ,000/RT) cm2/s [3] 

where Do ~ denotes the lattice diffusivity of oxygen in the 
single crystal and Do ~ denotes the effective diffusivity 
(made up of both lattice and grain-boundary contributions) 
of oxygen in the polycrystalline sample. Experimental  data 
below 1400~ deviated from the above expressions presum- 
ably  b e c a u s e  of i m p u r i t i e s  c o n t a i n e d  in the  a-A120~ 
samples. 

If the data according to Eq. [2] and [3] are extrapolated to 
1200~ then Do' - 5.3 x 10 -2~ cm 2 s -~ and Do ~f ~ 9.5 x 10 -'7 
cm 2 s -~. The effective diffusivity can be expressed in terms 
of lattice and grain boundary components as (21) 

Do ~" = (1 - J)D0 ' + fD0 gb [4] 

whe re  Do gb r ep re sen t s  the  grain b o u n d a r y  o x y g e n  
diffusivity and f i s  the fractional volume for grain boundary 
diffusion. The fac to r f  can be equated to k6/d where k is a 
geometrical constant (k was taken to be 2 in this study), 6 is 
the grain boundary width, and d is the grain width. Thus 

k8 k6 
Do ~" = Do' + ~- (Do ~b - Do') ~ Do' + ~ Do gb [5] 

since Do gb >>  Do ~ 
Using the extrapolated values of Do ef~ and Do' at 1200~ it 

is easily seen that for grain sizes in the 20-30 t~m range, the 
effective oxygen diffusivity in a-A1203 is predominantly de- 
termined by grain boundary diffusion. Also, in view of Eq. 
[5], the contribution to grain boundary transport would be 
even higher as the grain width, d, decreases. It can be con- 
cluded that in the a-A1203 scales formed on Alloy MA 956, in 
which d ~ 1 t~m, oxygen transport occurs almost exclu- 
sively through the grain boundary. 

Incorporation of YAI03 particles into inward growing 
a-Al~03 scale: yttrium doping.--As discussed earlier, the 
YA10~ particles in the alloy are in the size range 200-500A. 
Particles in this size range or of this composit ion have not 
been detected in the a-A1203 scale. Instead, only coarse yt- 
trium aluminum garnet particles in the size range 0.2-0.5 tLm 
have been detected. This phase forms predominantly in the 
vicinity of a-A1203 grain boundaries. Energy dispersive 
x-ray analysis of the alumina in the grain boundary and 
bulk regions reveals a strong tendency for yttrium to segre- 
gate to the grain boundary (Fig. 13). The analysis in the 
grain-boundary region is averaged over a width of ~200A. 
Grain boundary segregation of yttrium in alumina has also 
been reported in a previous study (22). 

In view of the above findings, it is suggested that the 
YA103 particles from the alloy dissolve upon incorporation 
into the oxide/metal interface region. The yttrium rapidly 
diffuses along the metal/oxide interface and segregates to 
the A1~O3 grain boundary region as the oxide grows into the 
metal. At some point, the solubility product for Y3Al~O,2 is 
exceeded in the vicinity of some of the A120~ grain bounda- 

ries, whereupon this phase is precipitated 

6Y + 5A1203 + 9 0  = 2Y~Al~O,2 [6] 

The oxygen supply for reaction [6] is provided by grain 
boundary transport. The suggested mechanism is shown 
schematically in Fig. 14. 

The a-A1203 scale formed on the alloy may be considered 
to be saturated with Y3A150,2, and the scale will have a cer- 
tain doped concentration of yttrium, which is predomi- 
nantly present in the vicinity of grain boundaries. However, 
the bulk grain is also probably doped with yttrium at lower 
concentration levels. It has been proposed that doped yt- 
trium tends to reduce A1 transport through bulk ~-A1203 
grains (23, 24). Such an effect cannot be expected if yt tr ium 
occupies the A1 lattice site in a-A1203 as a trivalent dopant 
with zero effective charge. However, E1-Aiat and KrSger 
(25) argue that yttrium might act as a donor YAI", a yttrium 
defect with a positive effective charge. In the present dis- 
cussion, it is considered that yttrium might act as a donor or 
an accep to r  in a cco rdance  wi.th the fo l lowing  defec t  
equilibria 

3 
2Y3A150,2 + --~ O5 = 6YA1 + 3 O{' + 9 Oo x + 5A1203 [7] 

3 
2Y3A15012 = 6YAI' + 3Vo'" + 6 Oo x + -~- O~ + 5A1~O3 [8] 

The equilibria [7] and [8] imply that defects generally pro- 
posed for bulk grains also prevail in the vicinity of grain 
boundaries. This is appropriate because the high diffu- 

Fig. 13. Grain boundary segregation of yttrium in a-AI203 
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sivi ty path  for rapid t ransport  in the  v ic in i ty  of  an ~-AI~O~ 
grain bounda ry  is ~100-150A wide (26). Wang and Kroger  
(27) have  also used  defect  descr ip t ions  general ly  used  for 
bu lk  grains for the  grain boundary  region. 

Alpha  A120~ has a high bandgap  of  ~9.9 eV (28, 29); the  
concent ra t ions  of  nat ive defects  fo rmed  by electronic  or 
ionic disorders  is ex t r eme ly  small. Thus,  for equ i l ib r ium 
[7], one can use  the  e lec t roneutra l i ty  condi t ion  

[YA,'] = 2[O~'] [9] 

where  [ ] denotes  concentrat ion.  Combin ing  the  equil ib-  
r ium constant ,  K~, for react ion [7] wi th  Eq. [9], 

K, = 64 [O/'] 9 Po2 -3/2 [10] 

Thus  [O/'] ~ Po2 '~g. S ince  the  diffusivi ty of  oxygen  will  have  
the same oxygen  partial  p ressure  dependence  as the  major  
oxygen  defect  (30) 

D o  gb = Do *gb Po~ 1/6 [11] 

where  Do gb is the  oxygen  diffusivi ty in the  v ic in i ty  of  a-AlzO3 
grain boundary  and Do *gb is the  va lue  at 1 a tm oxygen  par- 
tial pressure.  

Use  of similar  a rguments  to react ion [8] a long with  the  
neutra l i ty  condit ion,  [YA,'] = 2[Vo"] leads to 

K ,  = 64 [Vo"]9 Po2~/~ [10.1] 

Do g~ = Do *gb Po2 -'/~ [11.1] 

Where KH is the  equ i l ib r ium cons tant  for react ion [8]. 
Quant i ta t i ve  descript ion o f  ox idat ion  k ine t ics . - - In  the  

fo l lowing analysis, the  a-AI~O~ scale is cons idered  to consis t  
of  co lumnar  grains having a square  cross sect ion of  side d. 
The  oxide  scale is p r e s u m e d  to grow exc lus ive ly  by grain- 
boundary  t ranspor t  of  oxygen.  The  wid th  of  the  bounda ry  
reg ion  where  rapid t ransport  occurs  is des igna ted  8. The  ox- 
ygen flux dur ing  oxide  scale g rowth  is cons idered  to occur  
exc lus ive ly  in a di rect ion parallel  to the  grain boundary .  
The  oxygen  flux per  uni t  area of the grain bounda ry  is then  
g iven  by 

Jo (tool cm -~ s - ' ) =  - B o C o ( - ~ - )  

1 B o R T C o ( O l n  ) 1 ( O l n  p 
= - -2  \--~x Po~ "= - -~  Dog'Co ~--~x 02] [12] 

where  Bo is the  mobi l i ty  of  oxygen  (velocity per  uni t  gradi- 
en t  of  chemica l  potential),  Co is the  average oxygen  concen-  
t ra t ion in the  oxide  in mol  cm -~, ~o is the  chemica l  potent ia l  
of  o x y g e n  in the  oxide,  and x the  d is tance  coord ina te  per- 
pend icu la r  to the  oxide /meta l  interface. The  oxygen  part ial  
p ressure  at the  oxide/gas  interface is des igna ted  as Po2o and 
at the  oxide /meta l  interface as Po21. Per  uni t  area of the  ox- 
ide scale, the  area occupied  by grain bounda ry  equals  
~28/d. Thus,  the  flux, Jo '  of  o x y g e n  per  uni t  area of  the  ox- 
ide scale is g iven  by 

Jo' = - DogbCo a d -~ ( ~ ln P \--~-x ~] [13] 

In tegra t ing  across thickness ,  hx, of  ox ide  scale 

f 
Ro20 

Jo'hX = Co 8 d -1 Dogbd In Po2 [14] 
J Po2 i 

U s i n g  t h e  r e l a t i o n s ,  Jo '  = 1/16A ( d h w / d t )  a n d  hx  = 
Aw/(Poxid~foA), where  poxide is the  dens i ty  of  ~-A1203, Aw is the 
oxida t ion  weight  gain measu red  thermogravimet r ica l ly ,  A 
is the  cross-sect ional  contac t  area be tween  ox ide  and  metal ,  
and fo is the  weigh t  f ract ion of  oxygen,  Eq. [14] can be 
rewri t ten  as 

A2 AwdAw = [16 Poxid~foCo 8 d -I Dogbd In Po~] dt 
J PO2 i 

[15] 
In tegra t ing  and rear ranging 

- -  = [59.78 Co ~ d -1 Dogbd In Po2]t [16] 
o2 i 

w h e r e b y  the  parabol ic  rate cons tant  (Fig. 3), k,, is g iven  by 

7 ~  O20 
kp = 59.78 Co 8 d -1 Do gb d In Po~ [17] 

o2 i 

In  in tegra t ing Eq. [17], the  var ia t ion  of  Do gb wi th  oxygen  
partial  pressure  mus t  be  taken  into account .  I f  y t t r ium acts 
as a donor  and leads to the  format ion  of  O/' defects,  then  Eq. 
[11] holds. Co~mbining Eq. [11] and [17] 

kp = 358 .68  (~d-lCoDo*gb(Po201/0 - Po211/6) [18] 

At  l l00~ po2 ~ ~ 5 x 10 -28 atm. The  lowest  env i ronmen ta l  
oxygen  part ial  pressure  used  in the  present  inves t iga t ion  is 
~10 -~4 atm. Thus  Po2 ~ > >  Po~ i~18 so that  

kp = 358.688d-lCoDo*SbPo2 ~ [19] 

Thus  kp is s t rongly d e p e n d e n t  on the  env i ronmen ta l  oxy- 
gen  part ial  pressure.  

I f  y t t r ium acts as an acceptor  and creates  oxygen  vacan-  
cies as the  p r e d o m i n a n t  defects,  then, combin ing  Eq. [11.1] 
and [17] 

kp = 358.688d-lCoDo*Sb(Po2 i-lIe - Po~ ~ [20] 

In  this case, s ince Po2 ~-l~e > >  Po2 ~176 

kp = 358.688d-lCoDo*gbPo2 i-~/~ [21] 

Thus,  kp should be  i n d e p e n d e n t  of the  env i ronmen ta l  oxy- 
gen part ial  pressure.  

To test  whe the r  Eq. [19] or [21] applies,  the  var ia t ion ofk~ 
wi th  o x y g e n  part ial  pressure  has been  measu red  at 1100 ~ 
and 1200~ Within l imits  of  expe r imen ta l  error, kp is found  
to be  i n d e p e n d e n t  of  the o x y g e n  partial  pressure.  Typica l  
data  at l l00~ are p resen ted  in Fig. 15. It  is, therefore ,  sug- 
ges ted  that  oxygen  vacanc ies  ra ther  than  interst i t ia ls  are re- 
spons ib le  for grain bounda ry  oxygen  transport .  Us ing  ex- 
pe r imen ta l  va lues  for kp and the  average  grain width ,  d, the  
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Fig. 15. Variation of kp with 
oxygen partial pressure. 

following expression has been evaluated for the product  
8Do*~b 

8Do*gb(cm 3 S -I) = 4.92 x 10 -2 exp (-133,940/RT) [22] 

Equation [22] holds for 1 atm oxygen partial pressure. For 
other oxygen partial pressures 

8Do sb = 8Do*gbPo2 -1/3 [23] 

The activation energy term in Eq. [22] is made up of contri- 
butions from the temperature dependence of 8 and the tem- 
perature dependence of Do *gb. 

The present results for 8Do *Sb may be compared with 
values for 8Do ~b calculated from Oishi and Kingery (20) 

8I)o gb = 1.4 x 10 -3 exp (-llO,O00/RT) [24] 

and values measured by Reddy (31) 

8/:)0 gb = 6.15 exp (-142,000/RT) [25] 

However, no oxygen partial pressure dependencies are 
available for these values. 

A mechanism for microvoid formation in a-Al20, grain 
boundaries.--The production of voids in oxide scales 
growing under an oxygen partial pressure gradient is by no 
means a new phenomenon.  Pores have been observed, for 
example, in oxidized scales of Fe304 (32), F e e  (33), NiO (34), 
and A1203 (35, 36). In Fe304, Fee ,  and NiO, the pores were 
large enough to be detected by optical metallography. Evi- 
dence of pore formation in CoO placed under  an oxygen 
partial pressure gradient was obtained by Yurek and 
Schmalzried (37). A pellet of CoO, initially equilibrated at 
Po~ = 0.2 atm at 1200~ was placed in a Po~ gradient so that 
one face was at 0.2 atm and the other face was at 10-9 atm. 
After 1.5h at 1200~ the crystal developed - 5  volume per- 
cent (v/o) porosity. The authors suggested that the pores are 
formed as a result of cobalt vacancy diffusion from the high 
Po~ side and subsequent  precipitation at the low Po2 side. 

The above examples suggest that the formation of pores 
in oxide scales placed under  a Po~ gradient is related to 
atomic defects in the crystal and occurs by vacancy conden- 
sation. In their work on A1203 scales formed on Ni-Cr-A1 al- 
loys, Smialek and Gibala (35) tentatively proposed a model 
based on oxygen-vacancy supersaturation and condensa- 
tion to account for void formation. The voids were present 
both within the grain and in the grain boundary. The model  
they proposed is schematically indicated in Fig. 16. Assum- 
ing oxygen vacancies to be the predominant  migrating de- 
fect, the solid line in Fig. 16 represents the oxygen vacancy 
gradient within the scale at a scale thickness, hx. Local 
e q u i l i b r i u m  is a s sumed  at the meta l /ox ide  and  the 
oxide/gas interfaces. When the~oxide has grown to a thick- 
ness, ~ ' ,  the new oxygen vacancy gradient is represented 
by the dotted line. This implies a supersaturation of oxygen 
vacancies in the growing scale, which condenses out as 
voids in establishing the new equilibrium oxygen vacancy 
gradient. 

Elegant though this mechanism is, it suffers from a flaw; 
if the oxygen vacancy concentration at the oxide/metal in- 
terface exceeds the equilibrium value, the interface cannot 
move, since this would imply an oxygen concentration be- 
low that required for oxide/metal equilibrium. To maintain 

the oxygen concentration (and, therefore, the oxygen va- 
cancy concentration) at the oxide/metal interface at the 
equilibrium value, the arriving oxygen flux must  over- 
come any oxygen vacancy supersaturation within the 
oxide. 

The following mechanism is tentatively proposed to ac- 
count for grain boundary voids in a-A1203 scales of the pres- 
ent study. As yttrium dissolves into the a-A1303 scale as the 
scale grows inward, the oxygen vacancy concentration in 
the vicinity of oxide grain boundaries increases by virtue of 
reaction [8]. If Schottky defects are assumed in a-A1203, the 
increase  in  oxygen  vacancy  c o n c e n t r a t i o n  m u s t  be 
accompanied by a decrease in the a luminum vacancy con- 
centration in the vicinity of grain boundaries by virtue of 
the Schottky defect equilibrium 

2VAI" ' + 3Vo'" = null  [26] 

Ks = [Vo"] 3 [VAI" ,]2 [27] 

where Ks is the Schottky defect equilibrium constant. 
Thus, in attaining the lower a luminum vacancy concentra- 
tion required by the increase in the oxygen vacancy con- 
centration, the excess a luminum vacancies must  condense 
out 'in the grain boundary region; this process generates 
grain boundary microvoids. 

Adherence of a-Al303 scales.--Of the effects produced by 
oxide dispersions on the properties of oxide scales on high 
temperature alloys, the most significant from a techno- 
logical point of view is the adherence of the oxide scale. In  
the sense in which the term "adherence" is used in most of 
oxidation literature, it refers to the resistance of the scale to 
spallation under  the influence of stresses. In isothermal 
oxidation, one is mainly concerned with growth stresses. In 
alloy components used in various high temperature pro- 
cesses, additional stresses arise which are thermally in- 

F 

O x y g e n  O x i d e  

= AX  = 

I 
I 
I 
I 
I 

A l l o y  

A X '  = 

Fig. 16. Schematic oxygen vacancy concentration profile in 
growing cz-AI203. 
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duced (due to temperature oscillations) and/or mechani- 
cally induced. 

It was pointed out earlier that several mechanisms have 
been proposed in the literature as contributing to rare earth 
oxide dispersoid-induced oxide-scale adherence. The most 
widely accepted mechanism is that the oxide scale devel- 
ops protrusions (pegs), which form around dispersoid 
particles in the alloy; these protrusions anchor the scale to 
the alloy. Giggins and Pettit have suggested the existence 
of pegs in Co-Cr-A1-Y and Ni-Cr-A1-Y systems (38). Pegs 
have been observed especially in Hf containing alloys 
fo rming  a lumina ,  in  which  i n t e rna l l y  oxidized HfO~ 
particles were present in the alloy subsurface region. Whit- 
tle et al. (39) have presented evidence for peg formation in 
Co-Cr-A1-Hf alloys in which the Hf was oxidized to HfO2 
particles. A more dramatic case of pegging has been re- 
cently observed by Hindam and Whittle (40) in Fe-10A1-Hf 
alloys in which subsurface HfO2 particles were present. 
They have suggested a mechanism for peg formation ac- 
cording to which HfO2 particles in the A12Oz scale act as 
short-circuit paths for oxygen transport. In regions of the 
scale where HfO2 particles are present, especially close to 
the alloy/scale interface, more rapid AI~O~ growth occurs, 
leading to protrusions which envelop HfO2. 

A detailed examination of the oxide/metal interface was 
made in the present study to look for any evidence of pegs 
around dispersoid particles. A TEM micrograph in the vi- 
cinity of the oxide/metal interface is shown in Fig. 17. The 
dispersoid particles are clearly seen in the metal in the vi- 
cinity of the oxide/metal interface; there are no pegs around 
the particles. The absence of pegging is also clearly re- 
vealed by the ion maps for A1 § and Y+ generated by second- 
ary ion mass spectrometry (Fig. 9). Thus, pegging must  be 
ruled out as a mechanism for adherence in the case ofyttria- 
dispersed alumina forming alloys. 

The second mechanism proposed in the literature is that 
a mixed-oxide phase forms by reaction of the main oxide 
scale with the rare earth oxide, and this phase is present as a 
thin layer between the main scale and the alloy. The mixed- 
oxide phase is supposed to have a thermal expansion 
coefficient which is intermediate between that for the 
main scale and the alloy so that a"graded-seal" effect is pro- 
duced. There is no sound evidence of such a mixed-oxide 
layer in any reported investigation. In a study of the oxida- 
tion of a Cr-5 Wo Y~O3 alloy, Seybolt (12) provides tentative 
evidence for a thin YCrO~ intervening layer. However, the 
existence of such a layer has never been confirmed. No 
mixed-oxide layer could be detected between the a-A1203 
scale and the alloy in the present investigation. 

The third mechanism is based on the argument that va- 
cancies generated in the alloy when an element such as A1 is 
preferentially oxidized can condense at metal/dispersoid 
interfaces. These vacancies, therefore, are not available to 
coalesce on the metal/scale interface, a process which can 

Fig. 17. TEM micrograph in the vicinity of oxide/metal interface 
revealing absence of micropegging. 

lead to loss of scale adhesion. In  their work on the mecha- 
nism of oxide-scale adherence on Fe-25Cr-4Al-(Y or Sc) al- 
loys, Tien and Pettit (41) suggested that internally oxidized 
Sc203 and Y203 particles act as sinks for vacancies gener- 
ated during oxidation. In a comparative study of the oxida- 
tion of Ni3A1 and NizA1-0.5Y alloys, Kuenzly and Douglass 
(42) obse rved  c o n d e n s a t i o n  of vacanc ies  at the 
alumina/alloy interface in the case of the yttrium-free alloy. 
The vacancies were thought to form as the result of a 
"Kirkendall effect" in the alloy subsurface region upon 
preferential remoVal of A1 by oxidation, Voids were absent 
in ~he yttrium containing alloy and are thought to have con- 
densed around internally oxidized Y203 particles. However, 
no microstructural evidence for void condensation around 
Y203 particles was presented. Also, the present authors are 
not aware of published literature data which confirm the 
presence of voids around dispersoids. Examination Of 
dispersoid particles by TEM in the present study did not 
show any evidence of void condensation. 

In  the opinion of the present authors, the improved ad- 
herence of ~-A120~ scales on Y20~-dispersed alloys is caused 
by the chemical doping of yttrium into the oxide scale and 
consequent effects on the relief of growth stresses. It is well 
documented that during the oxidation process of a metal 
growth stresses arise. The subject has been reviewed by 
Stringer (43). It is considered that yttr ium doping leads to 
growth stress relief in two ways: (i) by effecting the forma- 
tion of a fine-grained oxide scale, and (ii) by retarding A1 
transport in the scale. 

It has been shown that in polycrystalline alumina having 
grain sizes less than ~15 tLm, diffusional creep is the most 
important mechanism for plastic deformation (44). The 
generalized expression for the creep strain rate, ~, is given 
by (45, 46) 

14a f +_  SDACb/d!_(Do'_+ ] ~ =  
kTd 2' L3(DA, ' + V6DAlgb/d) + 2(Do' + ~ d ) J  ~ [28] 

where ~ is the volume of an alumina molecule, the super- 
scripts on D represent the diffusion pa th  (lattice or grain 
boundary), the subscripts indicate the diffusing species, 
and o- is the stress under  which deformation occurs. It is 
seen from Eq. [28] that ~ is extremely sensitive to the grain 
size. Thus, in the ultrafine-grained a-A1203 scale obtained 
in the present study, plastic deformation can occur with 
greater ease. The grain size of a-AI~O~ scales grown on 
dispersoid-free Fe-25Cr-4A1 alloys for 1000h at 1200~ is ap- 
proximately a factor of four larger (47). Thus long-term sta- 
bility of the oxide scale can be improved by having a fine 
grain size. Yttrium doping can lead to the retardation of 
grain growth kinetics in two ways: by forming grain bound- 
ary microvoids which, analogous to particles on a grain 
boundary, can pin the boundary, and by segregating to the 
grain boundary and decreasing grain-boundary velocity 
(48). 

That relief of growth stresses by plastic flow even when 
thermally induced stresses are present can improve scale 
adherence has been shown in an oxidation study of copper 
carried out some years ago by Sartell et al. (49). They 
showed that when copper is oxidized at a temperature just  
below 700~ and cooled to room temperature, the oxide 
scale readily flakes off. However, when the oxidation is 
carried out at 870~ the oxide scale remains quite adherent 
upon cooling to room temperature. The authors argued that 
in the latter case, growth stresses are relieved by plastic 
flow at 870~ so that even at a higher level of thermal 
stresses, the oxide scale formed at the higher temperature is 
more adherent. Tylecote has shown (50) that above 700~ 
copper oxide, Cu~O, undergoes a transition from elastic to 
plastic behavior. 

The second effect of yttrium doping is to suppress /tl 
transport through a-Al~O3 scales. In their work on Fe-Cr-A1 
and Fe-Cr-A1-Y alloys, Golightly et al. (23, 24) suggested 
that Y in some unknown fashion decreased the transport o f  
A1 in A120~. In the yttrium-free alloy, according to these au- 
thors, oxygen diffusing inward through ~-A12Oz grain 
boundaries reacts with A1 diffusing outward through 
~-A1~O3 grains, forming new A12Oz within an existing scale 
and generating compressive growth stresses. In an effort to 
relieve these compressive stresses, the oxide tends to grow 
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laterally, resulting in a convoluted morphology, and be- 
comes detached from the alloy at the convolutions. Such 
detachment leads to loss of oxide scale adhesion. 

Our preliminary work on Fe-25Cr-5A1 alloys also shows a 
convoluted oxide-scale morphology (47). Such convolu- 
tions are absent in the oxide scale on MA956. Thus, in agree- 
ment  with Golightly et al. (23, 24), the present authors also 
feel that yttrium doping in a-A1203 suppresses A1 transport 
and avoids the build up of compressive stresses otherwise 
generated by Al~O3 formation within existing scale. 

If it is assumed that Schottky disorder prevails in a-A1203, 
then a mechanism can be proposed for the suppression of 
A1 transport as a result of yttrium doping. As explained pre- 
viously, in fine-grained ~-A1203 grain-boundary oxygen 
transport predominates, so that one is dealing with a rather 
low flux of aluminum. In accordance with our proposed 
defect reaction [8] for yttrium doping, the concentration 
[Vo] is increased by yttrium, especially in the vicinity of 
A1203 grain boundaries. In accordance with Eq. [27], the 
concentration of A1 vacancies, [VA(' '] is correspondingly 
reduced. Since oxygen transport occurs through grain 
boundary, any reaction between A1 and O to form Al~O3 
within an existing oxide scale must occur in the grain 
boundary region. Such A1203 formation is prevented by de- 
creasing [VAI" '] in the grain boundary region, which corre- 
spondingly decreases the flux of A1 to this region. 

Concluding Remarks 
In the present study, the influence of yttrium oxide 

dispersoids in Fe-base alloys on the microstructure and ad- 
herence of a-A1203 scales formed on such alloys has been 
emphasized. The oxide scale grows by inward oxygen grain 
boundary transport; the yttr ium oxide dispersoid particles 
dissolve upon incorporation into the scale, and yttrium seg- 
regates to the a-A1203 grain boundary; in consequence, it is 
suggested that grain growth and Al transport in a-A1203 are 
suppressed. These effects in turn can relieve and/or de- 
crease growth stresses in a-A1203 and improve oxide-scale 
adherence. 

In view of the immense technological importance of 
a~A1203 scales, it is suggested that more work should be 
carried out both on the defect structure and doping charac- 
teristics of AI~O3. Some papers in the literature suggest that 
whatever the chemistry of the dispersoid used, there is an 
improvement in the adherence of the ~-A1203 scale formed 
on the alloy. While this may indeed be so, the do,ping effects 
of elements from different groups of the periodic table are 
clearly different. Thus, there is a need to understand more 
clearly the role of dispersoid chemistry in the alloy on 
oxide-scale properties. 
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Capacitance-Voltage Technique for the Determination of Carrier 
Concentrations in Thin Film Photoanodes 

C. S. Blair* and D. W.  Hess**  

Materials and Molecular Research Division, Lawrence Berkeley Laboratory, and Department of Chemical Engineering, 
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Carrier concentrations in thin film iron oxide and ti tanium oxide photoanodes are determined using a metal]insu- 
lator/semiconductor structure. Capacitance-voltage measurements of this structure are distinct from the usual liquid 
junct ion impedance measurements, because results of the present study are not dependent  upon electrolyte/semi- 
conductor interface properties. Further, determination of the conductivity of the photoanode films permits the calcula- 
tion of carrier mobilities. 

The electrical properties of materials used as liquid 
junct ion solar cells ultimately determine their energy con- 
version efficiency. Two of the most important electrical 
properties are the flatband potential and the carrier con- 
centration. The carrier concentration is particularly 
significant since it determines the space charge region 
thickness and the depth available for light aSsorption in 
the semiconductor surface. These properties are usually 
determined from impedance measurements of the photo- 
electrochemical cell by plotting 1/C 2 vs. voltage, thereby 
generating a Mott-Schottky plot (1). 

Experimental difficulties in performing capacitance 
measurements of solid/liquid interfaces have been previ- 
ously discussed (2-6). Most of these difficulties involve 
complex interactions between the semiconductor and the 
electrolyte. For instance, specific ion adsorption on the 
semiconductor surface and variation of the Helmholtz 
layer capacitance With voltage have been suggested as 
causes of nonlinear Mott-Schottky plots and non- 
Nernstian electrode behavior (2). The presence of surface 
states and electrode surface treatments also have been a 
strong influence on Mott-Schottky plot linearity (3, 4). 
Further, the difficulty of interpreting nonlinear Mott- 
Schottky plots has been addressed (2, 5, 6). In this paper, 
a technique capable of measuring semiconductor elec- 
trode carrier concentration without the use of an electro- 
lyte is described. 

Capacitance-Voltage Technique 
Impedance measurements in photoelectrochemical 

cells are used to ascertain the thickness of the semicon- 
ductor space charge or depletion region. In n-type semi- 
~onductors, this region is initially formed by the net flow 
of electrons from the semiconductor into the electrolyte 
However, a depletion region can also be formed merely 
by applying an electric field across a semiconductor. If a 
dielectric layer is preser~t on the semiconductor surface, 
high electric fields can be applied without initiating cur- 
rent flow. This latter structure is called a metal/insulator/ 
semiconductor (MIS) capacitor, and is the basis of many 
solid-state devices. 

Capacitance-voltage measurements of the MIS struc- 
ture represent a well-established diagnostic technique 
utilized in the fabrication of integrated circuits. The usual 
goal of MIS measurements is the determination of dielec- 
tric properties such as dielectric constant and electronic 
charge levels in the insulating film. In these investiga- 
tions, the electrical propertie~ of the semiconductor (usu- 
ally silicon) are well known. However, as will be indicated 
below, electrical properties of the semiconductor can also 
be obtained. A number  of reviews discuss the high fre- 
quency capacitance-voltage technique in detail (7, 8), so 
only a brief description will be given here. 

The total capacitance of the MIS structure is given by 
the series capacitance of the insulator and the semicon- 
ductor 

IlC = IlC, + 1/Csc [1] 

*Electrochemical Society Student  Member. 
**Electrochemical Society Active Member. 
Key words: capacitance-voltage, photoanodes, carrier concen- 

tration, plasma-enhanced deposition. 

Here, C is the total capacitance, C~ the insulator capaci- 
tance, and Csc the semiconductor space charge capaci- 
tance, all per unit  area. 

If a positive potential is applied to a dielectric layer 
above an n-type semiconductor, majority carriers (elec- 
trons) accumulate at or near the semiconductor/insulator 
interface, giving essentially zero depletion width. In this 
case, 1/Csc is negligible compared to 1/Cx, and the total ca- 
pacitance is the insulator capacitance, As the voltage be- 
comes negative, electrons are driven away from the 
dielectric/semiconductor interface, and a depletion region 
is formed. This depletion or space charge region presents 
an additional capacitance in series with the dielectric ca- 
pacitance (Fig. 1). As the negative potential is increased, 
more electrons are repelled from the semiconductor sur- 
face, and the depletion region widens, thereby increasing 
the space charge capacitance, and reducing the overall ca- 
pacitance due to the series combination given in Eq. [1]. 
When sufficiently negative voltages are applied so fhat 
minority carriers (holes for an n-type semiconductor) are 
attracted to the surface, the space charge region has 
reached its maximum value, and the capacitance remains 
nearly constant with further increases in potential. Of 
course, the maximum width of the depletion region is de- 
pendent  upon the doping level and the dielectric constant 
of the semiconductor. 

The maximum and min imum capacitance values can be 
used to calculate the charge concentration, N, in the semi- 
conductor (8, 9). 

c 
0 

,m  

0 

0 
(.~ 

I 

Melol / 
Insul0tor TCI 

J Semi- / r 
lc~176 -I- ~sc 
I I / Accumulo,io. 

Me,o, . . S/ let'~ 

In v e r s i o n ~ j  

I 
- 0 + 

Appl ied  Bias 
Fig. 1. Theoretical high frequency capacitance-voltage plot of an MIS 
structure. Inset at the upper left indicates the origin of the two series 
capacitances for this structure. 
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where 

2C," @~(inv) 
N = [2] 

[ Cm.~ 
ec~eo \ Cmi. - i]2 

~(inv) = (V~a" + V' - ,)2 

1 (eNe~eo~ '~2 

" =  ci \ - - V - J  

V'  = V - VFB 

In these equations, es is the dielectric constant of the 
semiconductor,  e is the electronic charge, eo the permit- 
tivity of free space, and ~s (inv) is the semiconductor sur- 
face potential at inversion. The surface potential was esti- 
mated by the method of Goetzberger and Nicollian (9). 
VFB, the flatband potential, was estimated by Heiman's  
method (10). 

The slope of the central portion (depletion region) of 
the curve is also related to the carrier density by the ex- 
pression (7) 

dC 1 
- C " - -  [ 3 ]  

d V  ~o~seN 

which upon integration becomes 

( ) '  1 _ 2 V - V .  + - -  
C 2 eoeseN CI 2 

[4] 

It is important  to note that Eq. [3] was obtained in a de- 
pletion approximation. However, as long as the space 
charge layer thickness is greater than twice the extrinsic 
Debye length, k, where 

(2kT~o'~ "2 
},= \ e~N / [5] 

Equations [3] and [4] represent good approximations (11). 
In the present case, 2;, is - 20% of the depletion layer 
thickness at inversion. In Eq. [4], Vo is a constant which 
accounts for interface and/or insulator charges. Naturally, 
this expression is similar to the usual Mott-Schottky rela- 
tion, but  Vo is not related to the electrolyte dependent  
flatband potential. 

Experimental 
All photoelectrodes analyzed in this study were depos- 

ited thin films: Iron oxide films were depomtea onto 
iron substrates (Puratronic Foil, Alfa Products) by the RF 
glow discharge reaction of iron pentacarbonyl and oxy- 
gen (12). Substrate temperatures ranged from 350~176 
and plasma power densities were 0.079-0.4 W/cm 2. Under  
these conditions, a-Fe203 was the only phase detected by 
x-ray diffraction in the polycrystalline films. Further, in 

all cases, film densities were approximately 90% of the 
theoretical density. Titanium dioxide films were depos- 
ited on titanium substrates by a similar glow discharge 
process using titanium tetrachloride and oxygen as gas 
phase reactants (13). 

MIS structures were produced by electron beam evapo- 
ration (the Temescal electron gun was operated at 7 kV 
and 400 mA) of a layer (500-3000A) of quartz on top of the 
metal oxide films. Electrical contact was made by 
evaporating aluminum dots (0.46 mm ~) onto the quartz 
film through a shadow mask. 

Capacitance was measured with a Boonton Capacitance 
meter (Model 71A) operating at 1 MHz. A voltage ramp 
was used to apply dc bias across the film (-10 to +10V) 
at a scan speed of 0.04 V/s. Small signal capacitance vs.  
applied voltage at 1 MHz was recorded on a Hewlett- 
Packard 7045A X-Y recorder. A Keithley Model 179 digi- 
tal mult imeter  measured current for resistivity determina- 
tion. A General Radio Model 1650-A impedance bridge 
was used for capacitance measurements  for Mott- 
Schottky plots at 1 kHz, and resistance measurements  at 
1 kHz. Semiconductor  resistance and dielectric constant 
measurements were carried out by evaporating aluminum 
contacts directly onto the semiconductor films. 

Results and Discussion 
The results of C-V and other electrical measurements  

for selected Fe203 and TiO2 samples are summarized in 
Table I. The dielectric constant of the iron oxide films 
varied from 60 to 113, with high values corresponding to 
higher RF power levels and substrate temperatures. 
These values are in reasonable agreement with those re- 
ported in the literature for bulk iron oxide [80-120 for the 
a-crystal form (2, 14), and approximately 10 for the 7-form 
(15)]. The dielectric constant measured for the t i tanium 
dioxide film is consistent with that found for single- 
crystal rutile (i.e., 180) along the C-axis (16). Iron oxide 
film resistivity varies over two orders of magnitude, de- 
pending upon deposition conditions. Similarly, the resis- 
tivity of bulk iron oxide varies from 10 to 10 '~ P--cm de- 
pending on processing conditions (2, 17). 

Relative capacitance (C/C,) data from two Fe~O3 films of 
thickness 1.7 ~m (sample 1) and 1.9 ~m (sample 2) are 
shown in Fig. 2. Note that positive bias voltage in this plot 
refers to that voltage applied to the dielectric of the MIS 
structure. It is clear that sample 1 shows a nearly theoreti- 
cal shape (7, 8). Using Eq. [2], the carrier concentration for 
sample 1 is 5.3 x 1015 cm -3. On the other hand, sample 2 
shows somewhat unusual behavior, in that a very large 
potential (10V) is required to bias the sample into inver- 
sion. Such behavior is probably due to the rather thick in- 
sulator deposited on this film, and the high dielectric 
constant iron oxide film. The carrier concentration for 
the second sample is 1.3 x 10 TM cm -~. 

According to Eq. [4], a plot of 1/C ~ vs.  bias voltage 
should yield a straight line. Note, however, in this case 
voltage is referenced to that applied to the film substrate, 
rather than to the aluminum contact atop the dielectric. 
Indeed, in agreement with Eq. [4], both samples 1 and 2 
yield a straight line on such a plot (Fig. 3), with carrier 

Table I. Deposition conditions and electrical properties of thin film photoonodes 

Electron 
Power Temperature Thickness concentration* 

(W) (~ (~m) (cm -3) 

Electron 
mobility 

Dielectric (cm ~) 
constant Resistivity 

(at 1 MHz) (fl-cm) ~-s 

50 500 2.1 
450 2.4 
400 1.9 
350 1.7 

25 500 0.51 

4.6 x I0 '~ 
2.3 x 10 '5 
1.7 x I0 TM 
6.5 x I0 '~ 

1.7 x 101~ 
TiO2 films 

113 2.0 x 104 0.068 
104 4.6 x 104 0.059 
94 6.5 • 103 0.055 
63 1.9 x 104 0.050 

60 5.7 x 103 0.063 

10 430 1.2 
600 4.4 

9.4 x 10 '4 
1.0 x 10 's 

160 1.1 x 108 0.0060 
160 1.0 • 10 ~ 0.0063 

* Electron concentrations were determined from application of Eq. [4]. 
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Fig. 2. Variation of relative capacitance with dc voltage for the 
AI/Si~/Fe203 MIS structure. The Si02 thicknesses are 0 .064 ~m for 
sample 1 (1.7/~m Fe203) and 0.125/~m for sample 2 (1.9 ~m Fe20~). 
See Table I for additional information on these samples. 
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Fig. 3. Analysis of capacitance-voltage data according to Eq. [4], for 
the samples of Fig. 2. The slopes of the lines are related to the carrier 
concentrations. Resulting values of the carrier concentration are given 
in Table I. 

concentrations of 6.5 • 10 z5 and 1.7 x 1016 cm -3, respec- 
tively. These values are in reasonable agreement with re- 
sults given above from application of Eq. [2]. 

For comparison purposes, a number  of the iron oxide 
samples described in Table I were studied using the Mott- 
Schottky technique. In nearly all cases, the resulting plots 
were nonlinear, and the results were difficult to repro- 
duce. For the sample deposited at 500~ and 50W, a linear 
Mott-Schottky plot was obtained, but the carrier concen- 
tration from this plot was 7 • 10 TM cm -~, an unexpectedly 
high value. 

The reasons for this discrepancy are not clear. The 
Mott-Schottky plot measurements  were all made using 
the impedance bridge at 1 kHz, while the C-V plots were 
performed at 1 MHz. However, variations in the dielectric 
constant of the various Fe~O3 films investigated were 
insignificant for these two frequencies. Further, the dis- 
crepancy does not appear to be due to Helmholtz layer ca- 
pacitance; such a series capacitance would result in a de- 
crease in the total capacitance. On the other hand, surface 
states are known to act as an impedance in parallel to the 
depletion layer capacitance (3, 18). This may lead to the 
higher capacitance values observed here. Indeed, 
semiconductor-solution interactions are known to lead to 
the formation of surface states for Fe~O3, TiO2, and other 
materials (19-21). 

As observed in Table I, carrier concentrations for the 
plasma-deposited iron oxide films vary over two orders 
of magnitude, yet no consistent trends relating the effects 
of film deposition conditions to carrier concentrations 
are evident. Other workers have also noted the 

difficulties of controlling the conductivity of undoped 
bulk polycrystalline a-iron oxide materials (2). 

Electron mobilities of the plasma-deposited films were 
calculated from the equation 

jz = 1/Nep [6] 

where ~ is the electron mobility, and p is the resistivity of 
the film. These values are also given in Table I. The pres- 
ent results are within reported values (10 -1 to 10 -5 
cm2/V-s) for bulk iron oxide (22). Titanium dioxide film 
mobilities are somewhat low compared to the literature 
value of 0.1 cm2/V-s for bulk polycrystalline material (23). 
However, the literature values are from samples reduced 
at 1450~ for 2h, thereby resulting in higher electrical 
conductivities than the samples in this study. 

Conclus ions 
The metal/insulator/semiconductor capacitance-voltage 

technique appears to be a useful technique for obtaining 
semiconductor carrier concentrations for thin film 
photoanodes. This technique allows the measurement  of 
semiconductor properties independent  of electrolyte. The 
properties of thin film SiO2 insulators are well-known, 
and interactions between the semiconductor and the in- 
sulator are less complex and better understood than those 
of a liquid junction. The C-V method also displays self- 
consistency. For example, at positive bias, the capaci- 
tance appropriate to the insulator film thickness is ob- 
tained. Moreover, the capacitance-voltage data can be 
analyzed according to Eq. [2] and [4] in order to calculate 
two independent  values of carrier concentration, which 
serve as an internal check on the experimental  technique. 
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INTRODUCTION 

The low corrosion rate of well inhibited 
systems and high capacitance values make i t  
necessary to extend the collection of electro- 
chemical impedance data to very low frequen- 
cies. In addition, several orders of magni- 
tude of the impedance have to be measured 
accurately between the value for the solution 
resistance at high frequencies, and the polar- 
ization resistance at low frequencies. An 
additional problem arises from the changes of 
the corrosion kinetics with time, which occur 
for the majority of corrosion systems. These 
factors place severe limitations on the valid- 
i ty  of data (and their analysis) obtained in 
the traditional manner with a transfer func- 
tion analyzer where the impedance for each 
frequency is measured individually over 
several cycles. We have developed a new 
approach in which the current measuring 
resistor of an autoranging PAR model 276 
interface is adjusted continuously to match 
the impedance to be measured. The use of a 
f i l t e r  allows accurate measurements with only 
one cycle per frequency at frequencies below 
1Hz. Experimental data have been obtained 
for iron in tapwater with various inhibitors 
and in deionized water with low frequency 
limits between 0.4 and 10 mHz. 

EXPERIMENTAL APPROACH 

A Solartron 1174 transfer function anal- 
yzer (TFA) and a PAR 173 potentiostat contain- 
ing a model 276 current amplifier interface 
communicate via an IEEE-488 bus with a HP9825 
desktop computer (1). The communication 
between the 276 interface and the computer 
allows optimization of the gain of the current 
amplifier during the collection of the impe- 
dance spectrum. For frequencies below 1 kHz, 
the computer selects the current measuring 
resistor R~ of the 276 interface so that R m 
relates to'"the impedance modulus IZI by 

log R m = int (log(31Zl)) [i] 
*Electrochemical Society Active Member. 

The integer function, int ,  determines the 
largest integer less than or equal to the 
argument. This procedure limits the output 
signal of the interface so as to avoid phase 
shift errors, but maintains a high enough 
signal level for accurate measurement of the 
current. Since no switching occurs during the 
actual data collection by the TFA, switching 
transients pose no problems for the measure- 
ment. Above 1 kHz, a preselected R m is used 
in order to minimize the phase shift of the 
current amplifier. Ateach frequency down to 
1Hz, ten cycles are sampled. Below 1Hz, in 
addition to optimizing the gain of the inter- 
face, the computer signals the interface to 
introduce a 1 pF capacitor in parallel with R m 
thereby giving the interface a low-pass 
f i l ter ing capability. In addition, the com- 
puter signals the TFA to reduce the data 
sampling rate to one cycle of current and 
voltage signals at each frequency below 
1Hz. Thus, below 1 Hz the speed of the 
measurement is increased by a factor of ten 
over the previous method of integration over 
ten cycles while good signal-to-noise 
resolution is maintained due to f i l te r ing.  

EXPERIMENTAL RESULTS 

The following experimental results serve 
as i l lustrat ion of the type of impedance spec- 
tra which have been obtained with the approach 
discussed above. The electrode was a rotating 
4340 steel cylinder (RCE) at 144 rad/s. 

Figure 1 shows the results for exposure to 
0.5 N NaCl open to air .  A simple spectrum is 
obtained, which is characterized by one time 
constant in a frequency range between 105 Hz and 
5.10 -3 Hz. Excellent agreement is observed 
between the experimental results and a f i t  to a 
theoretical model of the impedance as: 

R 
Z = R + P , [2] 

Q 1 + (jmCRp) ~ 

where R Q is the electrolyte resistance, C the 
capacitance calculated from the frequency ~m of 
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the mximum of the imaginary component Z" (C = 
(~m R )-z), Rn is the polarization resistance s 
and mPis the Xnegative) slope of the capacitive 
part of the Bode-plot. The parameters used for 
the curve f i t t ing  in Fig. 1 have been obtained 
with the CIRFIT - computer program (2). The 
data in Fig. 1 cast some doubt on the results 
and the model proposed by Bonnel et al. (3) and 
Duprat et al. (4), who reported the occurrence 8 
of a second time constant at low frequencies 
(<0.1Hz) for a carbon steel rotating disk 
electrode in 3% NaCl. 

Figure 2 shows Bode-plots in tapwater 
containing NAN02 as inhibitor. Measurements 
were extended to 0.4.10 -3 Hz. Using the inte- 
gration method (5) R, was calculated to be 
4.15.106 ohm (2.85.1~ 6 ohm.cm 2) for t = 2.9 h. 
Curve f i t t ing according to Eq. 1 gave good 
agreement for this Rn-value and ~ = 39 ohm, 
C = 29.4 pF and a = 0.88 in the capacitive 
range. Deviations occur below 10 mHz. The 
measurement with a lower l imit of 5,10-3 Hz 
was performed in 76 min. 

Data obtained in deionized water are 
shown in Fig. 3 for two exposure times. 
Despite the low conductivity of this test 
medium accurate data can be obtained for fre- 
quencies below 200 Hz. The f i t  between the 
experimental data for an exposure of 2.5 h and 
the model of Eq. I is very good. The solution 
conductivity increased continuously during the 
f i rs t  day of testing due to build-up of 
corrosion products. 
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Method for Increasing the Conductivity of Silver-Doped Polyimides 
A. Auerbach 

General Electric Company, Corporate Research and Development, Schenectady, New York 12301 

Recently there have been a number of com- 
munications describing the doping of po~y~mic 
acids with electropositive metal salts.-'-- 
The metal cation is reduced to the metal 
during a cure cycle to obtain metal doped 
polyimide films. The authors found 
substantial increases in conductivity as 
compared to undoped polyimide films. In 
some cases palladium mirrors formed on the 
polymer surface. Although most of their work 
involved palladium salts, they pointed out 
that other metal salts could be used. 

We report an improved processing method which 
has allowed us to form both silver mirrors 
and/or thin film silver conductors using 
silver nitrate dissolved in commercial 
polyamic acids. Using our technique we have 
achieved conductivities orders of magnitude 
above those previously reported, and comparable 
to vapor deposited silver films. 

The method involves spin coating a substrate 
material (e.g. alumlna, glass, polymer 
coated metal or glass, etc.) with one of the 
mixtures listed in Table i. Spin rates 
between 2000 to 4000 rpm are used, 
depending on the viscosity of the mixture 
chosen. The samples are then dried in a cross 
flow oven to form a dry skin. After drying, 
the samples can be handled or stored for future 
use. The last step involves a high temperature 
bake. The specimens are baked for a period at 
360~ under a blanket of carbon powder. The 
carbon blanket accelerates the reduction of 
the silver cation to metallic silver; ~hile 
allowing the polyamlc acid to imldize. Lower 
bake temperatures can be used, but then a 
longer bake period is required. 

Figure I shows the silver mirror formed on 
two substrate materials ~- glass and 
alumina -- using the above proeess• and mix 
i of Table i. The mirror formed on the 
alumina substrate is conductive [100~/sq.), 
More highly conductive films are generated 
using either mix 8 or 9 in Table i. A S.E.M. 
of one such surface is shown in Figure 2. 

At 30,000 magnification the small silver 
ellipsoids are readily apparent and measure 
from 1000A to 3000A across. X-ray analysis 
of one ellipsoid shows a prominent silver 
peak. A S.I.M.S. analysis relative to an 
evaporated silver standard further verified 
the presence of elemental silver since the 
two spectra virtually overlapped. 

During our investigation of the above 
reduction reaction to determine the optimum 
N-methyl pyrrolidone (NMP)/AgNO~/polyamic 
acid ratio to use, we observed ~he following 
trends. When too much of the solvent NMP is 
added (i.e. NMP rich ratio), then the 
evaporation of the NMP during the bake step 
prevents oxygen from reaching the polymer 
surface and little reduction occurs during 
the imidization. When, on the other hand, 
too much AgNOR is added then the reduction 
interferes with the imidization of the 
polyamic acid and the film quality is 
degraded. Also the silver nitrate can be 
added in one of two ways; either directly 
to the polyamic acid or via NMP. If 
added directly, then the weight ratio of 
AgNO 3 to polyamic acid should be less than 
or equal to one, so no reaction product forms 
and thus eliminating the need to filter the 
solution. If added via MNP, then the excess 
solvent must be removed prior to the bake or 
it interferes with both the silver reduction 
and the imidization. The best results have 
been achieved using the mixtures and cure 
schedules listed in Table i. 

In closing, we point out that the present 
technique is general, and could be used 
with any electropositive metal salt and 
polyamic acid. It is a useful method for 
making metal laced polyimide films. The 
films are durable and can be patterned and 
etched, thereby making this a us~fu% 
alternative to vacuum deposited thin films. 
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Shadow of penny is visible only on the mirrored 
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INTRODUCTION 

Of the emerging materials for 
solar cell applications, CdTe is one 
candidate which has received much 
attention in recent years (I). Two 
features in the optical characteristics 
of this material are particularly 
attractive for photovoltaic conversion 
of sunlight: (a) its energy bandgap 
of 1.5 eV, which provides an optimal 
match with the solar spectrum and thus 
facilitates its efficient utilization; 
and (b) the direct mode of the main 
optical transition, which results in a 
large absorption coefficient and in 
turn permits the use of thin layers 
(1-2 ~m) of active material. 

Electrodeposition methods have 
been successfully employed for the 
fabrication of cadmium chalcogenide 
thin films in general (2) and CdTe in 
particular (3). Inprinciple, both 
anodic as well as cathodic deposition 
is possible, although more precise 
control of film stoichiometry is ob- 
tained with the latter approach. 
Difficulties have been reported in the 
introduction of p-type dopants in 
electrodeposited CdTe layers (3b); 
however, efficient CdS/CdTe hetero- 
junction devices have been fabricated 
from either n-CdTe layers (3d) or p- 
type films obtained by suitable treat- 
ment of the electrodeposited n-type 
material (3e). 

In this paper, we describe a new 
electroless method for the fabrication 
of CdTe thin films for photovoltaic 
applications. This method, unlike its 
closely-related electrochemical 
counterpart, has the advantage of 
simplicity in that it does not require 
instrumentation for potentiostatic or 
galvanostatic control and is there- 
fore particularly promising for routine 
fabrication of a large number of thin 
*Electrochemical SocietyActiveMmmber. 

films. The electroless method is 
based on short-circuiting the thin 
film substrate to an easily oxidizable 
redox component (e.g. AI, Cd) in the 
electrolytic bath. This component can 
be even recycled if necessary in a 
practical system. 

EXPERIMENTAL 

Substrates for film growth were 
either Ti or Nesatron R glass (PPG In- 
dustries, Pittsburgh, Pennsylvania). 
They were degreased and cleaned prior 
to use. In the case of Ti, the sub- 
strate treatment sequence additionally 
included an abrading step, a subseque~ 
etch in 10% HF and a final annealing 
procedure in Ar stream (containing 
%0.5% 02) at 650~ for 5 min. All 
chemicals were of Analar R or Pura- 
tronic R grade purity. Deionized water 
was used in all cases. 

The electrolytic bath nominally 
contained 1.0 x 10 -2 M CdOAc and 1.0 
x 10-2 M TeO 2. The latter was brought 
into solution in NaOH; the pH being 
subsequently adjusted to %2 by addi- 
tion of 10% H2SO4. In a typical elec- 
troless deposition run, the bath was 
first thermostatted at the required 
temperature. The substrates were then 
suspended in solution with a Cu alli- 
gator clip suitably clamped such that 
intimate contact of the latter with 
the solution was facilitated. Film 
formation was facile and visible to 
the naked eye. The aluminum contained 
in the clip screw sets up the short- 
circuited local cell via the dissolu- 
tion reaction: A1 $ AI$$ ~ + 3 e (E ~ = 
1.66 v). This was by connec- 
ting an A1 wire instead to the sub- 
strate; film formation was immediately 
evident. Another variant of this 
method would be to substitute theCdOAc 
in the bath with a Cd foil short-cir- 
cuited to the substrate. This foil 
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would then act both as a source of Cd 
species as well as of electrons for 
the cathodic deposition reaction. 
(Note that the free-energy gain from 
the formation of CdTe shifts the Cd 
deposition potential less negative 
from the standard value of -0.40 V; 
cf. Ref. 4). 

Deposition was invariably carried 
out at temperatures above ambient (40- 
60oc). Films thus obtained had better 
physical characteristics (grain size 
and morphology) than those deposited 
at room temperature as shown by scan- 
ning electron microscopy (SEM). 

X-ray diffraction analyses were 
obtained on a Rigaku Rotaflex Model 
RU 200 instrument using CuK~ radiation. 
EDAX/SEM measurements were done on a 
Philips Model P 505 unit. Photo- 
electrochemical (PEC) characterization 
of majority carrier type in the semi- 
conducting films was carried out in a 
conventional three-electrode electro- 
chemical cell using a Princeton Applied 
Research (PAR) Model 173 potentiostat/ 
galvanostat in conjunction with a 
Model 175 Universal Programmer and a 
Model 179 digital coulometer. An 
alkaline solution of polysulfide (pre- 
pared from Na2S , S and NaOH) was used 
as the electrolyte in these experiments. 
To protect the CdTe film from corro- 
sion, a thin (%0.I ~m) layer of a-PbO 2 
was deposited on the CdTe surface by 
electroless deposition from a bath con- 
taining 1.0 x 10 -2 M PbOAc, 1.2 M 
NH4OAc and 6 x 10 -2 M K2S208 (5). The 
light source for the PEC measurements 
was an ELH tungsten-halogen lamp whose 
output intensity was measured on a 
radiometer/photometer (EG&G Model 
450-1). No corrections were made for 
the attenuation of light by reflection 
and solution absorption in the PEC 
cell. Optical measurements on the CdTe 
thin films were performed on a Cary 
Model 219 spectrophotometer. Film 
thicknesses were measured on a Sloan 
Dektak instrument (Sloan Technology 
Corp., Santa Barbara, California). 

RESULTS AND DISCUSSION 

Films of varying thickness in the 
range 0.15-2 ~m were routinely grown 
on both Ti and Nesatron R substrates. 
Data from optical measurements on films 
in the latter case were processed via 

the relationship: a = (d2-dl) -I ~nTIT 2 
where d I and d2 are two different film 
thicknesses and T 1 and T 2 are the 
corresponding transmittances (6). A 
typical plot of a2 vs. energy using 
these data, is shown-in Figure i. The 
energy band-gap, obtained from extra- 
polation of the linear portion of the 
plot, is 1.4 eV. The difference be- 
tween this value and that reported for 
single-crystal CdTe (1.5 eV, cf. Refs. 
I, 7) is easily accommodated within 
the propagated error limits associated 
with the measurement of d and T. 

Although not obvious from these 
optical data, some free Te was also 
often incorporated in the fabricated 
CdTe layers. This is illustrated by 
the EDAX spectrum (Figure 2a) for a 
typical CdTe film grown on Ti sub- 
strate. The Cd:Te ratio increases 
from %25:60 for the as-deposited film 
to %55:45 for films annealed at 590~ 
for 30 min (cf. Figure 2b). Further 
evidence for the compositional changes 
on annealing is provided by X-ray 
diffraction data (Table 1). The as- 
deposited films in this case contained 
CdTe in both hexagonal and cubic modi- 
fications and Te in the hexagonal for~ 
The thermal treatment obviously re- 
sulted in the loss of free Te and in 
complete conversion of CdTe to the 
hexagonal form. 

Figure 3 contains typical results 
from the PEC experiments. These data 
are for a CdTe film grown on Ti in the 
as-deposited condition. The dark 
current is largely due to the presence 
of conducting ~-PbO 2 on the film sur- 
face (see above). On illumination, 
the film potential shifts in the posi- 
tive direction at open circuit. The 
enhancement of cathodic current flow 
is consistent with the creation of 
minority carriers (electrons in this 
case) in the underlying CdTe layer 
(some contribution to the cathodic 
photocurrent also comes from the free 
Te present in this layer). The situa- 
tion here is akin to the Si/ITO/ 
electrolyte interface studied pre- 
viously by us (8). That the Te layer 
is only partially responsible for the 
p-type conductivity behavior observed 
here was shown by additional experi- 
ments involving electroless CdTe 
films wherein lower amounts of TeO2 
were incorporated in the initial 
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deposition bath. Cathodic current 
flow enhancement on illumination was 
still observed although X-ray diffrac- 
tograms showed no evidence for free Te. 

After thermal treatment of the 
CdTe thin films and subsequent growth 
of a a-PbO 2 layer, the PEC data were 
consistent with n-type behavior (i.e. 
enhancement of anodic current flow on 
band-gap illumination). Apart from 
the loss of any free Te by the thermal 
treatment, the CH~T'g ratio in the CdTe 
phase is also increased by this treat- 
ment, finally leading to excess Cd in 
the film as shown by EDAX. Such chan- 
ges in the defect chemistry and con- 
sequent effects on conductivity on 
thermal treatment are well-known for 
Cdre (7) .  

In summary, a simple electroless 
method has proved useful for the fab- 
rication of CdTe thin films. The film 
composition (Cd:Te ratio) can be varied 
by suitable thermal treatment of these 
films. A PEC method for ascertaining 
majority carrier type in semiconductor 
thin films has been demonstrated. 
This method is especially suited to 
cases where more conventional Hall or 
hot-probe measurements would be pre- 
cluded by the high conductivity of the 
substrate. 

Further optimization of the elec- 
troless method, introduction of various 
dopants in the film and fabrication of 
heterojunction devices based on these 
films are in progress. 
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INTRODUCTION EXPERIMENTAL 

Control of electric charge in the surface 
region of modern miniature Si devices is 
achieved by shallow (0.5~m) dopant 
implantation followed by a furnace or ra~ 
thermal annealing (RTA) treatment." " 
However, for light inpurities, such as B, 
cc~plete amorphization of the surface layer by 
ion implan~%tion_~oes not occur even at high 
doses ( 10 cm ) and an extended tail in 
the B distribution is usually observed d~ ~9 
channeling during implantation." ' ~' 
Removal of partially amorphous implantation 
damage is difficult to achieve on subsequent 
annealing. Furt~hermore, high doses of smaller 
covalent radii dopants create a dislocation 
network in the inplanted region in addition to 
several other kinds of extended defects. 
Therefore, recent shallow implants of light 
impurities are conducted into p{~-amorphized 
Si substrates and then furnace TM or rapid 
thermally anneale~5~o circumvent the problems 
addressed above." -- The pre-anorphization 
is usually achieved by multiple energy 
self-implantation of Si to very high doses 
(10-• Since Ge has infinite solid 
solubility in Si, and it does not appear to 
alter the electrical properties of Si 
significantly, we have amorphized Si prior to 
dopant inplant with Ge rather than a typical 
multi energy Si implant. A simila~ a~proach 
is being investigated by others. ~'" The 
presence of large covalent radius Ge on 
substitutional site in Si is expected to 
compensate the lattice strain that arises 
after subsequent high dose shallow 
inplant/annealing of iupurities like B or P. 
This should prevent the formation of a 
dislocation network which would otherwise be 
present without Ge. In this ccaluunication, 
RTA behavior of pre-amorphized surface layers 
in Si produced by Ge inplantation with or 
without subsequent BF9 implant is presented. 
A o0aloarison between ~A results from Si and 
Ge induced amorphous surface layers is also 
discussed. 

*Electrochemical society member. 

Silicon wafers ~f (i00) orientation ~0~ 
im~�89 with Ge to a dose of 
cm The inplantation was conducted at 
300keY at either liquid nitrogen (IN) or roan 
temperature (RT). Some of the wafers +were 
subsequently inplant~ wi_~ 42 keV BF 2 at 
RT to a dose of 2x10 cm- . Both typ~s of 
wafers then underwent RTA at ll00~ for i0 
seconds in an intense incoherent light system. 
The structural characterization on all 
cross-section samples was performed by 
bright-field transmission electron microscopy 
(T~M) whereas both bright-field and weak-beam 
T~M were performed on plan view samples. The 
atcmic profiles of B, F and Ge before and 
after the RTA were obtained by secondary ion 
mass spectrometry (SIMS). 

RESULTS AND DISCUSSION 

Figures la and b show typical XT~4 
micrographs from a Ge implanted (at LN or RT) 
sample before and after RTA at I100~ for I0 
seconds. From these micrographs and their 
corresponding diffraction patterns (not shown) 
it was found tha~ the unannealed sample 
contained a 4000A wide amorphous layer 
extending from the surface (Fig. la). Upon 
annealing at ll00~ for i0 seconds, 
defect-free regrowt/h occurred in the amorphous 
region (Fig. ib). However, the 
amorphous/crystalline interracial region in 
the annealed sample contained a discrete layer 
of small dislocation loops typical of ~ 
coalaescence o~ straggling ion damage. 
The RBS/MeV He channeling from the samples 
of Figure la and b indicated that 92% of Ge 
occupied (~stitutional lattice sites after 
the RTA. Comparison of the Ge profiles 
from the unannealed and annealed sauples show 
that ve~1 little redistribution of Ge occurs 
on RTA. l~; 

The XT~M micrograph from the subsequently 
shallow (42 keY) BF~ implanted but unannealed 
sample showed that ~ere was no change in the 
width of the original amorphous layer. The 
RTA of this sample showed that essentially 

key words: rapid thermal annealing, Ge, implantation, T~M, SIMS, damage 
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+ 1016 -2 Figure i. Ge > (i00) Si, 300 keV, cm , XTEM micrographs showing (a) a continuous 
amorphous layer (dark band) in the unannealed sample (b) dislocation loops due to straggling 
ion damage at the amorphous/crystalline interface in the2RTA (ll00~ sec) sample (c) same 
as (b) but with shallow BF 2 implant (42 keV, 2 x i0 ~ cm- ). 
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Figure 3. SIMS profiles of boron before and 
after RTA at II00~ sec. 

Figure 2. Weak-beam TEM plan view micrograph% 
(a) corresponding to Fig. ib and (b) corres- 
ponding to Fig. icA Note a high density of 
fine clusters (~50~) in Fig. 2b. 

defect-free regrowth again occurred in the 
originally amorphous region (Fig. ic). 
Hair-pin shaped dislocations (not shown) were 
occasionally observed in this region (type II 
defects in ref. 5). Small dislocation loops 
due to straggling ion damage were also present 
in the interfacial region. Although the 
bright field ~ micrograph did not show any 
surface damage (type III in ref. 5), the 

weak-beam T~M micrograph (Fig. 2b) from a plan 
view sample corresponding to the surface 
region of Figure ic revealed a high density of 
unifQrmly distributed fine defect clusters 
(~50A). Such clusters were absent in a 
similar T~M micrograph (Fig. 2a) frc~n the 
sample without the BF . A similar 
phenomenon has been obse~ed on RTA of 
self-~%anted samples with a shall~w BF 2 
layer. '~" 

The B and F profiles from the samples of 
Fig. ic before and after the RTA are shown in 
Figures 3 and 4. The as-iaplanted profiles of 
both B and F showed Gaussian ~istributions 
with pe~ks occurring at 300A (Fig. 3) 
and 250A (Fig. 4) The peak concen^t~tion~ 
of B and {0wer~ found to be 5 x I0 cm 
and 8 x i0 cm respectively. During 
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RTA,. ~ h_o~ver, a high concentration 
(~1021 cm ) of B was found to segregate 
toward the surface which created a pile-up 
there. Pronounced diffusion into the deeper 
regions (up to 0.2~m) also occurred (Fig. 3). 
The F profile frc~ the RTA sample did not show 
high surface concentrations. The F peak 
remained at Rp although it became narrower as 
ccmi0ared to that in the unannealed sample 
indicating its precipitation at this depth. 
Diffusion of F toward the peak was observed 
from either side of the peak. Comparison of 
the weak-beam T~M results with the SIMS data 
in Figs. 3 and 4 confirms that the fine 
clusters are related to the presence of B 
and/or F. 

1 0 2 1  

A 

O~ 20  
'E 10 

~ 1019 
0 

10 TM 

1017 

Annealed 

as-Implanted 

lO TM . ~  
0 ,o5 ,lO .15 .20 .25 .3o 

Depth (/~m) 

Figure 4. SIMS profiles of fluorine before 
and after RTA at ll00~ sec. 

Frc~ the results presented above, it 
appears that Ge can be a suitable alternative 
for pre-amorphization of Si. The structural 
quality obtained after RTA of the 
pre-amorphized layer with or without BF9 is 
conloarable to or better15.d~n that achieve~ in 
the Si-inplanted case.' "~' For example, in 
both procedures three types of major secondary 
defects are found to be present with BF2: 
(I) surface damage (II) 'hair-pin' shaped 
dislocations within the implanted region and 
(III) dislocation loops due to straggling ion 
damage at the amorphous crystalline interface. 
However, in the Ge ir~planted samples the 
density of type II defects is an order of 
magnitude less than that in the Si i[splanted 
samples. The nature of the surface damage in 

Manuscript submitted Dec. 28, 1983; 
revised manuscript received Jan. 24, 
1984. 

the two cases is also found to be different. 
For exanple, in the Ge case only uniformly 
distributed fine defect clusters are observed 
in the surface region (Fig. 2b). In the Si 
case microtwins and other irregular structures 
are observed in addition to the clusters. 
Con~oarison of atomic profiles of F show that 
the redistribution of F in both the unannealed 
and annealed samples can be significantly 
reduced in the Ge case. However, the B 

following BF2~ inlolantation profiles show 
qualitatively similar results in the two cases 
although B segregation at the surface is more 
pronounced in the Ge case than the Si case. 
Exper~ts on RTA behavior of shallow B + 
and As' into Ge inplanted Si are now 
underway. The electrical results from these 
samples will be published elsewhere. 
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Simulation of Anomalous Be Diffusion in Semi-Insulating 
C. W. Farley and B. G. Streetman* 

Department of Electrical Engineering, The University of Texas at Austin, Austin, Texas 78712 

InP 

BACKGROUND 

This study considers the anomalous 
diffusion of implanted Be during thermal 
annealing reported in this journal by 
Oberstar et al. (1). Secondary ion mass 
spectroscopy (SIMS) studies of annealed Be 
implants into semi-insulating (SI) InP 
revealed Be profiles with relatively f la t  
tai ls and abrupt leading edges. Furthermore, 
the diffusion front penetrated less as the 
anneal temperature increased (Ref. 1, Figs. 3 
and 4), contrary to the expectations of 
conventional diffusion theory. Concentration 
dependent diffusion has been reported for 
both shallow (2-5) and deep (6,7) acceptor 
impurities in compound semiconductors. In 
order to understand the anomalous migration 
of Be we have attempted to simulate the 
effects of impurity concentration and implan- 
tation-related damage on redistribution 
during annealing. 

SIMULATION METHOD AND RESULTS 

The unannealed impurity profile is cal- 

culated for an implant dpse of lO 15 cm -2, a 
projected range of 4000A and a straggle of 
800 A. 

Diffusion simulation is accomplished 
with a discrete transformation of the conti- 
nuity equation for the position-dependent 
diffusion coefficient, reported previously in 
this journal (Ref. 8, Eq.[16]). In our model 
we assume that the diffusion coefficient is 
reduced in regions where the impurity 
concentration is larger than a specified 
value Cma x 

Do(T), C < Cmax 

Do(T) x Dr(T), C > Cma x 

Electrochemical Society Active Member 
Key Words: anneal, migration, implantation, 

semiconductor. 

where 

Do(T) = D O x exp[-Ua/kT] 

Dr(T) = Dro x exp [Uv/kT] 

and D and D are constants. o ro 

The shape of simulated profiles was 
found to be largely dependent on the degree 
to which the diffusion coefficient was redu- 
ced at high concentrations. For slight redu- 
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Fig. I. Zsochronal anneals showing retro- 
grade penetration of the diffusion front. 
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ctions (D r > lO -2) the profiles resemble 

"ideal" diffusion curves. However, when D r 
is less than IO -2 the profiles become mark- 
edly "non-ideal" and resemble the profiles 
seen by Oberstar for high dose implants (1). 
Simulations using this model show retrograde 
behavior similar to that reported by Oberstar 
only when Ua(U v. However, as the anneal tem- 

perature increases simulated profiles become 
more peaked (Fig. 1) whereas the experimental 
profiles diffuse and flatten out. Since 
Oberstar suggested the possible role of 
defect structures, we modified the reduction 
factor to include the influence of damage 
(largely vacancies at the anneal tempera- 
tures) so that 

Do(Cd) = Dro , C d < Cma x 

Dro X VCmax/C d , C d > Cma x 

where C d is the defect concentration. These 

defects are assumed to anneal and diffuse 
more rapidly at high temperatures. Simula- 
tions us ing  various defect diffusion 
coefficients and annealing rates yield 
similar results and suggest that i n i t i a l l y  
rapid redistribution at high concentrations 
is slowed by structures whose gettering 
abi l i ty  does not i n i t i a l l y  decrease upon 
annealing. 

DISCUSSION 

Release of Be atoms from regions of 
high concentration appears to be the 
rate-limiting factor in the diffusion 
process. However, the rate of release 
cannot be described simply by thermally 
enhanced vacancy generation or by the release 
of atoms gettered to point defects at or near 
the peak of the profile since these mechan- 
isms would allow deeper penetration at higher 
anneal temperatures. I t  is probable that 
relatively immobile damage clusters created 
by the high implant dose do not anneal at 
lower temperatures but do so at higher 
temperatures by dissociating into a larger 
number of rapidly diffusing point defects. 
Therefore, the gettering abi l i ty  of the 
implantation-induced damage should remain 
constant or possibly increase before declin- 
ing as the point defects begin to anneal. 
This model explains the variation with 
implant dose and annealing time observed by 
Oberstar (1). 

Anomalous Be diffusion was reported only 
in (SI) and not vapor phase epitaxy (VPE) 

material (Ref. 1, Fig. 6). A possible 
explanation is that the competition of two 
impurity species (e.g. Be and Fe) for the 
same latt ice sites modifies the diffusion 
kinetics. I f  we assume that Be diffuses as a 
fast interst i t ia l  and as a slow substitutio- 
nal, we would expect to see rapid diffusion 
in regions where CBe < CFe since the inter- 

s t i t ia l  fraction of Be should be increased by 
the presence of Fe. As expected, deep pene- 
tration of Be was observed experimentally to 
occur at levels up to the original 
concentration of the compensating dopant. 

CONCLUSION 

In summary, we have developed a model 
for the diffusion coefficient which gives 
results similar to those observed by Oberstar 
for Be-implanted InP.  Simulation profiles 
suggest that Be probably diffuses by an 
interst i t ia l  mechanism and indicate that 
release of Be from the peak of the profile is 
a cr i t ical determinant of the final d is t r i -  
bution. The presence of Fe and Cr on the In 
sublattice reduces the availabil i ty of 
substitutional sites for Be, which explains 
why the effect occurs in SI and not VPE 
material. I t  is apparent from this and other 
work that rapid diffusion of acceptors is 
inherent in SI GaAs and InP and that accurate 
descriptions of diffusion behavior cannot be 
simply formulated. 
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CdGeP  Photoelectrochemical Cells 

B. Scrosati* and L. Fornarini 

Dipartimento di Chimica, University of Rome, Rome, Italy 

Substantial interest has been late- 
ly devoted to ternary chalcopyrite 
semiconductors as photoanodes in liqu~ 
junction solar cells. So far the atten- 
tion has been focussed on ternary 
chalcogenides in the I-III-VI 2 family, 
such as CuInS2(1,2) and CuInSe^(3) and 
in the II-III -VI family, such as 

CdIn2S 4 (4) an~ Cd~n2Se 4(,5,6). 

These compounds show very promis~g 
photoelectrochemical properties(l-6) 
and this has prompted us to extend the 
investigation to other ternary semi- 
conductors having chalcopyrite-type 
structures. In this respect, we have 
considered the II-IV-V compounds and 

2 
here we report preliminary results 
on the photoelectrochemical behavior 
of n-CdGeP 2 in liquid electrolyte ce~s. 

Samples of CdGeP 2 single crystals 
have been kindly provided by Bell 
Laboratories. The experimental techni- 
ques for assembling the photoelectro- 
chemical cells and for the measurements 
of the current-voltage curves, have 
been described previously(7). 

In figure 1,curve a,is shown the 
normalized spectral response of the 
CdGeP electrode in a Na SO aqueous 

2 4 
solutlon. The response a~ 770 nm 
indicates an energy gap of 1.6 eV, in 
good agreement with the literature 
data(8). 

Current-voltage curves of the 

Electrochemical Society Active Member. 

Key words:photoelectrochemistry, 
ternary semiconductors. 
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Figure 1-Normalized spectral response 
of the n-CdGeP electrode in the Na2S04 
solution (curve 2 a) and in the 12/l- 
solutlon(curve b). 

the CdGeP_ semiconductor electrode in 
the dark and under illumination, reveal 
a consistent photoeffect(figure 2). 
Therefore, the behavior of this elec- 
trode was evaluated in a regenerative 
photoelectrochemical cell, using a Pt 
counter electrode and a I2,I- redox 
couple in aqueous solution. The output 
power characteristic, illustrated in 
figure 3,shows a good fill-factor 
(FF=0.37) and a high open circuit vol- 
tage (V =0.64 V). The photocurrent 

oc 
density and thus the power conversion 
efficiency are still confined to rela- 
tively modest values. This is due to 
the absorption of the dark iodine 
solution at short wavelengths (see 
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Figure 2-Dark and photocurrent-voltage 
curves for the n-CdGeP electrode in a 0.5M 

2 
Na SO 4 s o l u t i o n .  
II~umlnation: 80 mW/cm 2. 

curve b of figure 1)and probably to 
high surface state recombination, sin- 
ce untreated CdGeP crystals have been 

2 
used in this preliminary test. 

Preliminary results indicate a 
good stability of the CdGeP 2 photoano- 
de against photocorrosion. 
Therefore, work is in progress in our 
laboratory to evaluate the most appro- 
priate electrolyte and the most suitable 
surface treatments, to finally increase 
the conversion efficiency of these 
promising CdGeP 2 photoelectrochemical 
solar cells. 
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Figure 3-Output characteristic of a 
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A Pronounced Cation Effect on Performance and Stability of Cd- 
Chalcogenide/Polysulfide Photoelectrochemical Cells 

S. Licht, R. Tenne, H. Flaisher, and J. Manassen 

Department of Plastics Research, The Weizmann Institute of Science, Rehovot 76100, Israel 

Variation of the alkali cation in aqueous poly- 
sulfide solutions is found to have a dramatic 
effect on Cd-chalcogenide photoelectrochemical 32 
cell (PEC) stability and conversion characte- 
ristics. The cation species, although not ~24 
directly involved in the electrochemical reac- a 
tions, is important since it is the predomi- ~,6 
nant ionic species in solutions. 

Crystals of CdSe (0.25 cm 2, 5 ohms cm from 
Cleveland Crystals) were polished with 5 mic- 
ron alumina powder, etched for twenty seconds 
in 1:4 (HNO3/HCI)con c and then submerged in 
polysulfide solution to dissolve possibly 
elemental selenium formed. Ohmic contacts 
were made with In-Ga alloy. Etching procedures 
were found to be not critical for the effects 
found. Alkali hydrosulfide solutions were 
prepared by saturation of the relevant aqueous 
alkali hydroxide solution with H2S. Saturation 
with H2S was monitored by volume, mass, pH and 
temperature changes. Polysulfide solutions 
were obtained by addition of sulfur and alkali 
hydroxide. Solutions were prepared, stored and 
utilized under strict exclusion of air. The 
light source was a stabilized tungsten/halogen 
lamp. Standard electrochemical equipment was 
used for measuring the IV and rest potentials. 

Solution conductivity was measured with a 
Radiometer CDM 2d conductivity meter (• 
using a calibrated CDC 104 cell of cell con- 
stant one. Cation activity was measured with 
a calibrated Beckman 39137 cation selective 
electrode versus standard calomel electrode. 
The electrode was calibrated against alkali 
hydroxide and alkali chloride solutions of 
known activity (i). 

Figure 1 presents the output of an etched CdSe 
electrode as a function of time in four poly- 
sulfide solutions containing equal concentra- 
tions of, respectively, Li, Na, K and Cs and 
the striking differences in stability are 
obvious. The same cationic dependence is found 
when measuring the current/voltage behavior as 
shown in Table I, where the short circuit cur- 
rent as well as fill factors are seen to 
increase appreciably from Li to Cs. 

Fig. I. 

i I I 
CdSe m ( I ; I ; I )  polysulfide 

3 

�9 " . . . . . . . .  2_No+  
~ I -L i  + 
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4-cs* 

J i i 
~ 0 0  2 0 0 0  

t ( s e c )  

4000 

Output stability of CdSe in polysul- 
fide solutions with different catio- 
nic species (2 AMI). 

Table  I .  Experimentally measured rest poten- 
tials and calculated photoelectro- 
chemical data for solutions which are 
IM in OH-, S = and S as a function of 
cationic species at room temperature. 

Cation Polysul- Open Short Relative 
fide rest circuit circuit effi- 
potential voltage current ciency 
(volts (volts) (mA/cm 2) 
vs. SCE) 

Li + -.740 0.650 9.2 1 
Na + -.748 0.742 17.3 4.06 
K + -.768 0.747 18.7 5.09 
Cs + -.775 0.757 20.0 5.67 

In order to check whether a similar effect is 
also found in ordinary electrochemical systems, 
polarization effects were measured on Cu2S 
electrodes under dark conditions. Cu2S is 
known to be kinetically fast in the polysul- 
fide system (2). A one cm 2 Cu2S electrode, 
prepared from brass gauze as described in ref. 
2 was tested in the one molar, polysulfide 
solutions. Polarization losses decreased in 
the order Li > Na > K > Cs, with losses in the 
Li solution being approximately four times 
greater than those for the cesium polysulfide 
electrolyte. 
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The measured specific solution conductivity 
and cation activity for the various polysulfide 
solutions are presented in Table If. 

Table II. Measured cation activities and speci- 
fic conductivities for aqueous poly- 
sulfide solutions one molar in hydro- 
xide, sulfide and sulfur and contain- 
ing exclusively lighium, sodium, 
potassium or cesium cations. 

Cation Li + Na + K + Cs + 

Activity .57 .69 .86 

Conductivity .230 .265 .365 
(mholcm) 

.372 

Manuscript received Jan 16, 1984. 

The Beckman cation selective electrode was not 
sufficiently responsive in cesium polysulfide 
and cesium hydroxide solutions to estimate the 
cesium ion activity. 

The variation of conductivity (Table II) is 
consistent with the known variation of alkali 
salt and alkali cation mobilities. However, 
the variation of activity contradicts the 
known behavior of the alkali halides. Eviden- 
tly it is this enhancement of both activity 
and conductivity which favors the large cation 
effect observed. 

The known decrease in alkali halide activity 
from lithium to cesium salts is generally 
understood to reflect the increased hydration 
of the cations with low atomic number. This 
results in a decrease in free water and there- 
fore to an increase in effective concentration 
of the ion. The opposite trend is observed 
here for the polysulfide solutions and is 
similar to the observed trend for alkali 
hydroxides. 

The experimental effects are consistent with 
the model of localized hydrolysis introduced 
by Robinson and Harned (3), as will be elabo- 
rated in a future publication. 

The Weizmann Institute of Science assisted in 
in meeting the publication costs of this article. 
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New Binder System for Low Temperature Alkaline Electrodes 
L. B. Berk and C. T. Liu 

Westinghouse Electric Corporation, Research and Development Center, Pittsburgh, Pennsylvania 15235 

INTRODUCTION 

A binder for a hydrophobized, porous, gas- 
fed electrode must perform two fundamental 
tasks, it must blend the support and catalyst 
into a conductive, gas-and-electrolyte- 
permeable structure and it must impart hydro- 
phobicity to the electrode without substan- 
tially decreasing the activity of the elec- 
trode. Presently, polytetrafluoroethylene 
(PTFE) and fluorinated polyethylene (FEP) are 
the binders of choice for gas-fed electrodes. 
Prior to this wide-spread acceptance of PTFE, 
polypropylene and polyethylenewhiskers and 
powders were used as binders. The PTFE elec- 
trodes quickly supplanted these electrodes due 
to better performance and life characteristics. 
However, the extreme hydrophobicity of PTFE 
(which necessitates a compromise between long 
life and good performance), its difficult pro- 
cessing characteristics (high temperatures and 
toxic fumes) and its high cost have limited 
the optimization of PTFE-bound electrodes. 
This has led to a search for a replacement for 
PTFE as a binder for low-temperature, gas-fed 
electrodes. 

NOVEL BINDER 

Two alternative binders have been found 
to replace PTFE and FEP. These binders are 
fibrillatad polyethylene and fibrillated polypro- 
pylene marketed by Hercules/Solvay under the 
tradenames Pulpex E (polyethylene) and Pulpex 
P (polypropylene). Table I, taken from Pulpex 
product literature, lists the characteristics 
of the Pulpex materials. Their most important 
features, as will be described in a more com- 
plete paper to be published later, are their 
high surface area (i0 m2/gm), large diameter 
(20~), and length (imm). The high surface 
area gives the fiber strong binding ability 
and decreases the amount of Pulpex necessary. 
The large diameter compensates for lower 
chemical stability in the presence of super- 
oxides and peroxides. Further, polyethylene 
and polypropylene are sufficiently hydrophobic 
to be used as hydrophobizing agents in the 
absence of PTFE or FEP. 

EXPERIMENTS AND RESULTS 

The Pulpex was obtained in both P 
(polypropylene) and E (polyethylene) forms. 
The fibers turned from white to gray when 
trace amounts of carbon were introduced, which 
showed a high degree of interaction between 
the fibers and carbon. Initial tests on 40 
cm 2, 0.03 cm thick electrodes in 25% KOH 
showed no electrolyte leakage at room tempera- 
ture for over 1500 hours in the absence of 
potential. Thus encouraged, 40 cm 2, two-layer 
electrodes were fabricated and tested in 25% 
KOH. The electrodes were cycled against a 
nickel counter on a 4 hour 12.5 mA/cm 2 charge 
and a 4 hour 25 mA/cm 2 discharge, z Two 
effects were noted. When electrodes made with 
Pulpex E were hot-pressed at 125~ the elec- 
trodes performed well but leaked quickly. 
When electrodes made with Pulpex E were hot 
pressed at 135~ they performed poorer than 
the 125~ electrodes but had a much longer 
leak-free life. Therefore electrodes were 
made using the additive package shown in Table 
II using Pulpex P (melting point 165~ in the 
active, hydrophilic layer and Pulpex E (melting 
point 132~ in the hydrophobic layer. The 
electrodes were pressed at 135=C. The small 
amount of PTFE was added as a dusting agent. 

The performances of two such electrodes 
are shown in Figure i. The electrodes were 
cycled in the bifunctional mode (25 mA dis- 
charge for four hours, 12.5 mA charge for four 
hours). Performance is better than similar, 
Teflon-based electrodes of the same structure. 
Figure 2 shows a similar Pulpex electrode run 
in discharge only. 

One interesting feature of the Pulpex- 
bound electrode is that the hydrophobicity is 
controlled more by the processing temperature 
than the amount of the binder and even the 
presence of absence of small amounts of PTFE. 
Processing the electrode above the melting 
point of the polymer makes leak-resistant 
electrodes without comprising gas-permeability. 
This ability to use two distinct by inter- 
changeable polymers is an advantage not 
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available with PTFE. 

SUMMARY 

Suitable alternatives to PTFE and FEP 
have been found in fibrillated polyethylene and 
fibrillated polypropylene. The materials can 
he used with or without the fluorocarbons. 
The new binders have processing advantages over 
PTFE (two distinct forms, lower pressing tem- 
peratures). Further the cost (approximately 
$1.50/ib) is significantly lower than PTFE. 
Preliminary tests on the binders have shown 
them to be competitive with PTFE in terms of 
performance and cycle life. 
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Table I 

Polymer Pulpex E Pulpex P 
polyethylene polypropylene 

Specific gravity .96 
Melting point, ~ 132 
Fiber length, mm 
average 

Fiber diameter, 
Surface area 
(BET, N2) m2/gm 6 - 15 

.90 
165 

0.6 - 1.2 0.8 - 1.5 
i0 - 40 20 - 40 

5 - i0 

Table II 
Hydrophilic Layer 

i0 gms 3.5 wt% silverized Shawinigan 
Black with 0.3 gms PTFE 

3 gms WC 12 w/o Co 
2 gms FeW0~ 
2 gms NiS 
2 gms Pulpex P 

Hydrophobic Layer 
i0 gms 3.5 wt% silverized Shawinigan 

Black (without PTFE) 

2 gms Pulpex E 

CoO0 
Po~enttot (mV vs, Hg/HgO) 

i 

~oo ..................................................... : ..................... i ............... 

450 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
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Figure la. Charge at 12.5 mA/cm 2 
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Figure lb. Discharge at 25 ~/cm 2. The high 
i n i t i a l  p o t e n t i a l s  o f  PX47 w e r e  due t o  an 
experimental error. 
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Time-Resolved Microwave Conductivity (TRMC): Photoeffects at 
Semiconductor/Electrolyte Interfaces 

M. Kunst, G. Beck, and H. Tributsch 
Hahn-Meitner-Institut fi~r Kernforschung Berlin, Bereich Strahlenchemie, D-I O00 Berlin 39, Germany 

We reporta method to study charge 
generation and transport at interfaces 
by following the change of the conduc- 
tivity induced by a light pulse, via 
detecting the corresponding change of 
microwave absorption. The possibili- 
ties of the methods are demonstrated 
in an investigation of charge carrier 
generation and transport at the semi- 
conductor/aqueous electrolyte inter- 
face. The method presented here has 
been originally applied to the study 
of charge carriers in homogeneous 
non- and low-conductivity compounds 
(I~2) and is here firstly applied to 
interfacial systems. 

The method uses the proportionality 
between the relative change of re- 
flected microwave power A~ and the 
conductivity Ao induced P by a light 
pulse in a solid embedded in a wave- 
guide system (2,4): 

A p = AA~ 

P 

Ag is composed of two parts (3,4)~ 
i.e. A~ the induced conductivity of 
free ionic and electronic charge 
carriers and A~ the conductivity due 
to electric energy absorption of 
induced dipoles. Although TRMC can 
also be used to investigate light- 
induced changes of dipole moments, 
AG. dominates in semiconductors with l 
high quantum yields and mobilities in 
the initial charge seperation processes 
(2,3).  

key words: photoelectrochemistry, 
microwave absorption, interfaces, 
charge separation, electrode reactions 

Henc e : 

Ap 
= A Ao i = A Z N i ~i 

p i 

N.: concentration of induced charge 
i carriers of the i th kind, 

~i: respective mobility; and 

e: elementary charge 

The e]ectrochemical cell consists 
of a plastic tube screwed into the 
center of a short-circuited waveguide 
section (Fig. I). The tube is closed 
at one end by the semiconductor work- 
ing electrode, which in our experiment 
is a thin platelet of n-WSe 2. The tube 
is filled with supporting electrolyte 
(K2S04). A Pt-wire is used as counter- 
and reference-electrode during the 
measurement. 

Microwaves (30 GHz) are directed in 
a waveguide system (Fig. 2) to the 
semiconductor electrode positioned 
perpendicular to the direction of 
microwave propagation. The reflected 
microwaves from the semiconductor/ 
electrolyte interface are directed via 
a circulator to the detector. The de- 
tector output signal, which is pro- 
portional to the change of microwave 
power for small signals as in our 
experiment, is recorded on a storage 
oscilloscope as a function of time 
after excitation. Excitation is pro- 
videdby a frequency-doubled Nd:YAG 
laser (~ = 530 nm, pulse width 20 ns 
FWHM). 

The Current Voltage curves (Fig. 3) 
show increases in photocurrent with 
electrode potential up to 6 V without 
saturation. The induced conductivity 
(inserts Fig. 3) shows a fast decaying 
part(decay time mainly determined by 
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the laser pulse) giving way to a much 
slower decay. Two observations are 
made: a) The signal maximum and the 
height of the slower decaying part 
increase with electrode potential. 
b) The increase of the slower part is 
relatively larger (Fig. 4). 

Both the peak amplitude of the TRMC 
signal and the electrode photocurrent 
v~ry at fixed potential approximately 
in a linear way with the light inten~ 
sity (illumination with laser light - 
producing up to 1014 photons per pulse- 
and with a Xe-lamp - up to 500 mWcm -2- 
respectively). The geometry of the 
front contact has within the accuracy 
of the measurements no influence on 
the time constants observed. Experi- 
ments with ring contacts yielded 
analogous results. 

The results can be interpreted in 
terms of recombination in the space 
charge region (fast decay) and the 
consumption of the separated charge 
carriers (slower decay). The fact that 
under illumination with a Xe-lamp 
saturation of photocurrent is not ob~ 
served indicates that substantial 
polarization losses occur at the 
n-WSe2/electrolyte interface. The in- 
crease of the maximum signal height 
under anodic polarization thus repre- 
sents an enhancement of the initial 
yield by an increase of the electric 
field in the space charge region 
(reduced geminate recombination). The 
larger electric field leads also to a 
higher concentration of separated 
charge carriers due to diminished 
recombination. This results in the more 
pronounced increase of the slower 
decaying part. 

Charge transfer reactions in the 
surface can be identified by several 
decay constants in the slowly decaying 
part which can be distinguished at 
longer timescales not displayed here. 
The qualitative conductivity data can 
be expressed in absolute conductivity 
units by a calibration procedure (4). 
However, the most difficult problem 
confronting quantitative evaluation 
in terms of mobilities, cross sections 
and concentration of reaction partners 
of the induced charge carries appears 
to be the inhomogeneous absorption of 
the exciting light and consequently 

the inhomogeneity of the kinetics of 
the produced charge carriers still 
enhanced by the space charge field. 

From the above it is evident that 
TRMC can be used to monitor charge 
separation and transport at the 
semiconductor/electrolyte interface 
to obtain information not easily 
accessible otherwise. Quantitative 
evaluation should permit determination 
of cross sections of the various charge 
carrier reactions. An intriguing 
possibility is also acquisition of data 
concerning the intensity and depth of 
the space charge field from the in- 
fluence of the electrode potential on 
the cross sections and on the initial 
yield where measurements at several 
wavelengths of the exciting light can 
be used. As TRMC permits measurements 
without supporting electrolyte, the 
influence of the double layer can be 
investigated. 

The use of TRMC is not limited to 
the study of transient conductivity 

changes at semiconductor/electrolyte 
interfaces. Other interracial systems 
(e.g. semiconductor/metal) can be 
studied with the set-up shown here 
and a small adaption permits also 
to investigate the steady-state case. 
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Fi~. I Electrochemical set-up to mea- 
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level of a n-WSe 2 working electrode. 
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Fi~. 3 Photocurrent (excitation sour- 
ce Xe-lamp) and dark current in an 
electrochemcal cell with n-WSe2 
working electrode and a Pt-wire as 
counter- and reference-electrode as 
a function of the electrode potential. 

Inserts show the induced microwave 
conductivity at the electrode poten- 
tials given as a fucntion time in a 
n-WSe 2 working electrode. 
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The Rates of Oxidation of HCOOH and DCOOH at Lead Adatom- 
Covered Pt Anodes 

Anjam Razaq and Derek Pletcher* 

Department of Chemistry, The University, Southampton S09 5NH, England 

D u r i n g  t h e  l a s t  s i x  m o n t h s ,  t h e r e  h a v e  
b e e n  two  i n t e r n a t i o n a l  s y m p o s i a  o n  e l e c t r o -  
c a t a l y s i s  ( 1 , 2 ) .  A t  b o t h ,  t h e r e  h a v e  b e e n  
extensive discussions on the mechanism of 
formic acid oxidation and these have served to 
highlight the fundamental difference between 
the accepted mechanisms at Pt electrodes and 
at Pt surfaces in the gas phase. Electro- 
chemists have generally accepted the mechanism 
proposed by Capon and Parsons (3), i.e. 

HCOOH + 2Pt k_~ Pt-H + Pt-C ~0 [ i ]  
~OH 

H + Pt-H -e> Pt + [2] 

_~0 -e H + 
Pt-C~ ) Pt + + CO 2 [3] 

OH 

w h e r e  t h e  i n i t i a l  s t e p  i s  c l e a v a g e  o f  a C-H 
b o n d  i n  a d i s s o c i a t i v e  a d s o r p t i o n  p r o c e s s .  I n  
c o n t r a s t ,  t h e  d a t a  f r o m  t h e  s t u d y  o f  t h e  d e -  
c o m p o s i t i o n  o f  f o r m i c  a c i d  a t  a g a s - P t  i n t e r -  
f a c e  h a s  g e n e r a l l y  b e e n  i n t e r p r e t e d  i n  t e r m s  
o f  i n i t i a l  c l e a v a g e  o f  t h e  O-H b o n d ,  i . e .  

HCOOH + 2 P t  ) P t - H  + P t - O - c j O  [4 ]  
H 

The  m a i n  e v i d e n c e  f o r  s t e p  [ 1 ]  a s  t h e  r a t e  
d e t e r m i n i n g  p r o c e s s  i n  a n o d i c  o x i d a t i o n  i s  t h e  
a b s e n c e  o f  a s t r o n g  pH e f f e c t .  I n  t h i s  n o t e  
we w i s h  t o  r e p o r t  f u r t h e r  e v i d e n c e  b a s e d  o n  
t h e  m e a s u r e m e n t  o f  t h e  r a t e  o f  o x i d a t i o n  o f  
HCOOH a n d  DCOOH, u s i n g  t h e  n e w ,  w e l l - k n o w n  Pb 
a d a t o m  e f f e c t  t o  o v e r c o m e  t h e  p o i s o n i n g  o f  t h e  
P t  s u r f a c e  ( 4 ) .  I n  e a r l i e r  p a p e r s  ( 5 , 6 )  we 
h a v e  s h o w n  t h a t  t h e  r a t e  o f  o x i d a t i o n  o f  
f o r m i c  a c i d  i s  d e t e r m i n e d  e i t h e r  b y  d i f f u s i o n  
i n  s o l u t i o n  o r  a c h e m i c a l  r e a c t i o n  s e n s i t i v e  
t o  s u r f a c e  c o n d i t i o n s  a n d  t a k e n  t o  b e  r e a c t i o n  
[ 1 ]  a b o v e .  I n  a d d i t i o n ,  we d e s c r i b e d  a n  
a n a l y s i s  o f  t h e  c h r o n o a m p e r o m e t r i c  d a t a  l e a d i n g  
t o  a r a t e  c o n s t a n t  f o r  t h e  c h e m i c a l  s t e p .  We 
b e l i e v e d  t h a t  t h e  o b s e r v a t i o n  o f  a s t r o n g  
k i n e t i c  i s o t o p e  e f f e c t  b e t w e e n  t h e  a c i d s  DCOOH 
a n d  HCOOH w o u l d  s u p p o r t  t h e  c o n c l u s i o n  o f  t h e  

*Electrochemical Society Active Member. 

c l e a v a g e  o f  t h e  C-H,  b u t  n o t  t h e  O-H b o n d ,  i n  
t h e  d e t e r m i n i n g  s t e p .  

E x p e r i m e n t a l . - - A l l  t h e  p r o c e d u r e s  h a v e  
b e e n  d e s c r i b e d  i n  d e t a i l  e l s e w h e r e  ( 5 , 6 ) .  
The  DCOOH was  f o r m e d  b y  d i s s o l v i n g  M e r c k  DCOOD 
i n  t h e  HCIO~ e l e c t r o l y t e .  

Results and Discussion.--Cyclic volt- 
ammograms were run for a Pt electrode in 
solutions of (a) O~IM HCOOH and (b) O.IM DCOOH 
both in IM HCIO~ containing i mM Pb 2+. Fig- 
ure I shows the forward sweeps for experiments 
at O.IV s -I. It can be seen that the I-E 
curves are very similar in shape and the main 

2O. 

5" 

I0 �9 

05 0,9 [3 

F i g u r e  I I - E  c u r v e s  f o r  ( a )  O.1M HCOOH a n d  ^ 
( b )  O.1M DCOOH i n  1M HCIO 4 + 1ram PbZ+ 

f e a t u r e s  a r e  t h e  h i g h  c u r r e n t  d e n s i t y  p e a k s ,  
E_ c l o s e  t o  +0 .6OV v s  NHE a l t h o u g h  i t  i s  a l s o  
c ~ e a r  t h a t  t h e  p e a k  c u r r e n t  d e n s i t i e s  a r e  
q u i t e  d i f f e r e n t ,  t h a t  f o r  DCOOH b e i n g  l o w e r  b y  
a f a c t o r  o f  2 . 7 .  The  c u r v e  f o r  HCOOH i s  
i d e n t i c a l  t o  t h a t  r e p o r t e d  e a r l i e r  ( 5 , 7 )  a n d  
t h e  p e a k  h a s  b e e n  i n t e r p r e t e d  i n  t e r m s  o f  t h e  
c o v e r a g e  b y  Pb a d a t o m s .  The  p e a k  p o t e n t i a l  
c o r r e s p o n d s  t o  8pb  = 0 . 5 ,  t h e  m o s t  a c t i v e  
s u r f a c e ,  w h e r e  t h e  a d a t o m s  a r e  a r r a n g e d  o v e r  
t h e  s u r f a c e  s o  a s  t o  g i v e  a maximum n u m b e r  o f  
two  P t  s u r f a c e  a t o m s  a d j a c e n t  t o  e a c h  o t h e r  
f o r  r e a c t i o n  [1]  t o  o c c u r  h u t  f e w  s i t e s  w h e r e  
t h e r e  a r e  s u f f i c i e n t  P t  s i t e s  f o r  p o i s o n  t o  
f o r m .  At  l o w e r  p o t e n t i a l s  some o f  t h e  
s u r f a c e  i s  c o m p l e t e l y  c o v e r e d  b y  Pb a n d  a t  
h i g h e r  p o t e n t i a l s  8pb  < 0 . 5  a n d  some o f  t h e  
s u r f a c e  b e c o m e s  p o i s o n e d .  

W h i l ~  t h e  d i f f e r e n c e  i n  p e a k  c u r r e n t  
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densities for HCOOH and DCOOH clearly implies 
cleavage of the C-H bond in the rate determin- 
ing step, it is difficult to estimate a ratio 
of rate constants from the linear sweep curves. 
Hence the chronoamperometric technique was 
used. For each acid in 1M HCIO~ + 1 mM Pb 2+, 
the potential was stepped from +0.2V (where 
the surface is fully covered by Pb) to +0.6V 
(where 8pb = 0.5 and oxidation of formic acid 
occurs at a maximum rate) and the I-t 
responses were recorded over the time range 
0.1 to 100 s. In both cases, falling I-t 
transients were observe~ and these were 
analysed by plotting It z vs t ~, see figure II. 

IT / ~ c~-Ss ~ 

D 

F i g u r e  I I  C h r o n o a m p e r o m e t r i c  d a t a  f o r  O.iMpb2+" 
HC00H & DCOOH i n  1M HC104 + lmM 

The c u r v e  f o r  HCOOH i s  v e r y  s i m i l a r  t o  t h a t  
e x p e c t e d  f o r  an e l e c t r o d e  r e a c t i o n  u n d e r  ~ i x e d  
d i f f u s i o n - k i n e t i c  c o n t r o l .  I n i t i a l l y  I t  
i n c r e a s e s  b u t  beyond  10 s i t  r e a c h e s  a p l a t e a u  
v a l u e  f rom which  t h e  d i f f u s i o n  c o e f f i c i e n t  may 
be  e v a l u a t e d  as 0 . 8 3  x 10 -5  cm 2 s - I .  With 
DCOOH t h e  r e s p o n s e  i s  n o t  so i d e a l .  I t  w i l l  
be shown be low t h a t  t h e  c u r v e  a g a i n  f i t s  w e l l  
t o  mixed  c o n t r o l  b u t  o n l y  uP�89 4 s ;  a t  
l o n g e r  t i m e s  t h e  v a l U e  o f  I t  f a l l s  be low t h e  
e x p e c t e d  v a l u e ,  n e v e r  r e a c h i n g  t h e  d i f f u s i o n  
l i m i t  ( t h ?  same p l a t e a u  as  f o r  HCOOH) and 
i n d e e d  I t ~  p a s s e s  t h r o u g h  a peak  and t h e n  f a l l s .  
T h i s  i s  t h e  b e h a v i o u r  e x p e c t e d  i f  t h e  e l e c t r o d e  
s u r f a c e  p o i s o n s  s l o w l y ;  c e r t a i n l y  i t  Would n o t  
be  s u r p r i s i n g  i f  t h e  DCOOH w e r e  t o  c o n t a i n  a 
h i g h e r  l e v e l  o f  i m p u r i t y  t h a n  t h e  A n a l a r  HCOOH. 

The I - t  d a t a  was f u r t h e r  a n a l y s e d  u s i n g  a 
m o d i f i c a t i o n  o f  t h e  p r o c e d u r e  o f  D e l a h a y  and 
Oka (8) d e v e l o p e d  e a r l i e r  (5) f o r  t h e  c a s e  
where  t h e  k i n e t i c  l i m i t a t i o n  a r i s e s  f rom 
r e a c t i o n  [ 1 ] .  In  t h i s  method  t h e  r a t i o  I / I  D 
a t  each  t on t h e  r i s i n g  p a r t  o f  t h e  I t �89 v s  
t�89 p l o t  i s  u s e d  t o  c a l c u l a t e  a v a l u e  o f  

t 

k 8pbfl-Spb~t~/D.__ which can then be r e p l o t t e d  
v e r s u s  t �89 Such p l o t s  s h o u l d  be  l i n e a r  and 
k may be e s t i m a t e d  f rom t h e  s l o p e  s i n c e  D i s  
known and 8pb = 0 . 5  a t  0 .6V.  F i g u r e  I I I  shows 
such  p l o t s  f o r  HCOOH and DCOOH where  t h e  d a t a  
f o r  t h e  l a t t e r  a c i d  was e v a l u a t e d  a s s u m i n g  t h e  
t r u e  d i f f u s i o n  l i m i t e d  c u r r e n t  i s  t h e  same as 

Ii 

04 

I',o 2.o 3: / sl 

Fi~,ure  I I I  A n a l y s i s  o f  c h r o n o a m p e r o m e t r i c  d a t a .  

f o r  HCOOH. Good l i n e a r  p l o t s  a r e  o b t a i n e d  
and t h e  v a l u e s  o f  k f o r  HCOOH and DCOOH were  
7 . 6  x 10 -3 and 2 . 9  x i 0  - s  cm s - I  r e s p e c t i v e l y .  

The r a t i o  o f  t h e  r a t e  c o n s t a n t s ,  kHCOOH/ 
kDCOOH, o f  2 . 6  c l e a r l y  s u p p o r t s  t h e  
h y p o t h e s i s  t h a t  i t  i s  t h e  C-H bond which  i s  
c l e a v e d  i n  t h e  c h e m i c a l  p r o c e s s  l e a d i n g  t o  t h e  
kinetic limitation of the current. Hence it 
remains our conclusion that at Pt/Pb surfaces, 
the oxidation of formic acid is under mixed 
control by diffusion and a chemical process 
leading to cleavage of the C-H bond and whose 
rate reflects the surface, both coverage 
(4,5,7) and choice of adatom (6). The 
mechanism [I] - [3] meets all the requirements. 
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Electrochemical Intercalation of Lithium into an Active Carbon 
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INTRODUCTION 

Besides metal oxides, sulfides and 
fluorocarbons, materials such as polyacety- 
lene and carbon fiber have recently been 
proposed for cathode of lithium cells. I-6) 
Many investigators insisted that some 
cathode reactions in lithium cells involve 
the intercalation of lithium into the 
cathode. Active carbon can also be expected 
to offer incorporation sites for lithium 
because it is composed of many fine graphite 
-like crystallites(i.e, turbostratic struc- 
ture). 7) Lithium might intercalate into 
the inter-layer of the crystallites. 

In this research, the authors have 
examind whether lithium ions intercalate 
into an active carbon cathode in an organic 
soluvent containing a lithium salt. 

EXPERIMENTAL 

Active carbon made from coal(Futamura 
Chemicals Co. Ltd., Taiko-GL-30) and graph- 
ite powder(Nakarai Chemicals Co. Ltd., C-325 
)were used as active materials. X-ray dif- 
fraction spectra of these active materials 
are shown in Fig.l. In this region graph- 
ite has a strong diffraction peak from the 
plane at 26.5 ~ which is characteristic of 
the graphite structure. On the other hand, 
active carbon has only a weak peak at this 
angle, but has three broad peaks around 
21.2 ~ , 23.5 ~ , and 43 ~ . These peaks origi- 
nate from graphite-like crystallites having 
turbostratic structure. Active carbon (or 
graphite powder) [150 mg] was dried at 60~ 
mixed with polyethylene powder[25 mg], and 
then press-molded[4500 kg cm -2] to a tablet 
cathode[13 mm in diam, ca.l mm in thickness]. 
The tablet was mounted on a frame made of 
poly-tetrafluoroethylene, and the electrical 
contact was made with a platinum plate[13 ~a 
in diam] connected to a spring wire. This 
platinum plate was brought into contact with 
the tablet cathode. Since the geometric 
area of the cathode faced to the electrolyte 
solution was 0.95 cm2(corresponding to 72% 
of the cross section of the tablet cathode), 
about 108 mg of carbon material would be 
effective as the active material. The elec- 
trolytic cell was a glass beaker filled with 
100 ml of an electrolyte solution composed 
of a mixture of propylene carbonate and ],2- 

* Electrochemical Society Active Member 

dimethoxyethane in volume ratio of 1 : 1 
containing 1.0 mol dm -3 of LiCIO 4. The 
counter electrode and the reference were a 
platinum plate[2 x 3 cm 2 ] and SCE, respec- 
tively. Prior to electrical measurements, 
the electrolyte solution was deoxgenated by 
blowing high purity nitrogen. The electrol- 
ytic cell was thermostated at 25~ The 
amount of lithium intercalated(or partly ad- 
sorbed) into active carbon was determined by 
an atomic absorption spectrometry, after the 
cathode material was ignited and dissolved 
in nitric acid. 

RESULTS AND DISCUSSION 

Figure 2 shows the discharge curves of 
the carbon cathodes at 0.2] ~A cm -2 current 
density. The electrode potential of active 
carbon cathode gradually dropped with an in- 
crease of discharge time, reached a minimum 
value, ca.-l.4 V vs. SCE, at 0.3 A h g-ldis- 
charge, and then rose slowly. On the other 
hand, that of the graphite cathode rapidly 
dropped with the discharge. Figure 3 shows 
the relation between the amount of lithium 
detected in the cathode and the charge 
passed. The straight line in the figure 
shows a theoretical value assuming that all 
the charge passed is utilized for the dis- 
charge of lithium ions. After about 0.3 A h 
g-ldischarge, the derivation of experimental 
value from the theoretical line was observed. 
This discharge capacity corresponds to that 
during a period from the start of discharge 
to the time at which the cathode potential 
gave the minimum value. The X-ray diffrac- 
tion spectrum (c) in Fig.] is of the cathode 
after 0.6 A h g-i discharge. The appearance 
of some new diffraction peaks around 32~ 
and 40 ~ suggests that the discharged lithium 
intercalates into active carbon. Adsorption 
of lithium over the active carbon might 
partly occur, however, it would occur no 
change in the X-ray diffraction spectra. 
Beyond ca.0.3 A h g-i discharge, other 
cathodic reaction without the adsorption and 
/or intercalation of lithium into active 
carbon would dominantly occur, because the 
electrode potential rose again and the 
amount of lithium taken into active carbon 
showed a deviation from the value theoreti- 
cally presumed. One of the probable reac- 
tion beyond ca.0.3 A h g-i discharge is the 
cathodic reduction of some organic ions 
which were formed on the platinum anode as a 
result of anodic solvent decomposition. To 
prove this possibility, analyses of the 
electrolytes are now being made. 
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If we assume that the active carbon was 
composed only of carbon before the discharge, 
and lithium homogenously intercalated into 
the active carbon, the composition of sample 
(e) (e.g., in Fig.3) should be LiC 5. 
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Fig.2. Discharge curves of an active carbon 
and a graphite electrode in PC-DME(1 : l)- 
LiClO 4 (1 mol dm -3) at 25~ 

(a) : active carbon, 
(b) : graphite, 
Current density : 0.20 mA/0.95 c~. 
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Fi~.l. X-ray diffraction spectra of a 
graphite and active carbon electrode before 
and after discharge in PC-DME(I : l)-LiCiO 4 
(1 mol dm -3) at 25~ 

(a) : before discharge, 
(b) : after discharge(0.6 A h g-l), 
(c) : graphite, 
X-ray source : CuKe. 

Fi~.3. The relation between the amount of 
lithium detected in cathodes and the charge 
passed. 

The broken line shows the theoretical 
value in which all the charge passed is 
used for the discharge of lithium ions to 
adsorb and/or intercalate into the cathode 
through an one-electron reaction. 
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ABSTRACT 

Conductance, viscosity, and density of A1C13-SOC12-based electrolyte solutions with and without  sulfur dioxide and 
sulfur and varying concentration of l i thium chloride have been determined as a function of temperature.  While the data 
on A1C13-SOCI~ system can be interpreted in terms of solute-solvent interaction forming adducts,  those in the presence 
of sulfur dioxide and l i thium chloride have been interpreted in terms of ion-ion and ion-solvent interactions and 
equil ibria involving ion pairs and triple ions with complex anions such as A12C17- and A13Cl10-. Data on energy of activa- 
tion for conductance and for viscous flow along with Walden product  are in agreement  with this interpretation. The 
unusual ly  high electrolytic conductance observed for these concentrated electrolyte solutions and the energy of activa- 
tion data are interpreted in terms of the hopping mechanism for conductance. The implicat ion of increased complexi ty  
of solution structure on mass t ransport  during Li/SOCI~ battery discharge is discussed. 

T h e  d e v e l o p m e n t  of a Li/SOC12 ba t t e ry  capable  of 
high discharge ra tes  has  only  recen t ly  been under taken .  
To achieve this goal, two design approaches  a re  being 
explored :  the thin cell  technology and the use of flow- 
ing e lec t ro ly te  (1). In  both approaches,  the  ba t t e ry  
pe r fo rmance  is be l ieved to be  l imi ted  by  the posi t ive 
electrode.  

The re la t ionship  be tween  the electrode s t ruc ture  and 
per fo rmance  at  low discharge ra tes  was examined  by, 
among others,  Dey  (2) and Chris topulos and Gi lman 
(3). The effect of e lec t rocata lys ts  was explored  by  
Venka ta se t ty  (4).  A t  h igh  discharge  rates,  s t ruc tu ra l  
character is t ics  of the  electrode,  its ca ta ly t ic  surfaces, 
as well  as the  phys ico-chemica l  proper t ies  of the  elec-  
t rolyte ,  a re  expected  to p lay  a dominant  role. This was 
confirmed, in part ,  by  resul ts  of Kl inedins t  and Do- 
meniconi  (5),  Dey and Bro (6),  and, most  recent ly ,  
Szpak  and Driscoll  (7). 

The least  explored  aspect  of Li/SOC12 technology 
is the t r anspor t  p roper t i e s  of the A1CI~-SOC12-LiC1 
electrolyte .  As Li/SOC12 cells are  discharged,  com- 
posi t ion of the e lec t ro ly te  changes and becomes com- 
p lex  due to the  format ion  of LiC1, sul fur  dioxide,  
and sul fur .  In  par t icu lar ,  as the concentra t ion of these 
products  bui lds  up, the s t ruc ture  and, therefore,  t r ans -  
por t  p roper t ies  of the  e lec t ro ly te  solut ion change, and  
this change wil l  affect the  ba t t e ry  per formance .  

The  purpose  of this communicat ion  is to ex t rac t  
s t ruc tu ra l  in format ion  and t r anspor t  modes  f rom the 
da ta  on conductance,  viscosity, and dens i ty  of A1C13 in 
SOCI2 containing k n o w n  concentra t ions  of su l fur  and 
sul fur  d i o x i d e  and va ry ing  concentra t ions  of LiC1 as a 
funct ion of t empera tu re .  

* Electrochemical Society Active Member. 
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Li/SOCI~ battery. 

Experimental 
Thionyl  chlor ide was mixed  wi th  t r ipheny lphosph i t e  

[16 volume percen t  ( v / o ) ]  whi le  cooling and then  dis-  
t i l led under  posi t ive pressure  of d r y  ni t rogen.  The dis-  
t i l la te  was redis t i l led  wi th  a cutoff poin t  at  80~ t h e  
middle  f ract ion of the second dis t i l la t ion was used in  
this s tudy.  An  anhydrous  A1C18 (F luka ,  AG)  and  an 
anhydrous ,  AR grade  LiC1 (Mal inckrodt )  were  used 
as received.  Sulfur ,  U.S.P. powder ,  sublimed,  and an-  
hydrous  SO2 were  used wi thout  addi t ional  purification.  
A l l  chemicals  were  weighed inside a d ry  box and main -  
t a ined  under  d ry  argon. Solut ions were  p repa red  in 
another  d ry  box. A known volume of the  e lec t ro ly te  
solut ion was placed in an E r l enmeye r  flask fitted wi th  
a s idearm bubbler ,  th rough  which SO2 was passed from 
a lec ture  bott le.  Precaut ions  were  t aken  to minimize  
any  loss of SOC12. Af te r  admi t t ing  SO2, the  flask was 
s toppered,  volume change and weight  were  noted, and  
the concentra t ion of dissolved SO2 was calculated.  

Conduct iv i ty  measurements  were  car r ied  out  in spe-  
c ia l ly  designed cells, as shown in Fig. 1. The e lect rode 
assembly  (A) consist ing of p l a t i num rods  sealed into 
glass tubes and a t tached to a glass joint,  was p laced  
into a g radua ted  cy l inder  (B).  As i l lus t ra ted,  this  cy l in -  
der  is connected through a side a rm and a t w o - w a y  
s topper  to ano ther  g radua ted  cy l inder  (C) ,  in which  the 
concent ra ted  solut ion is s tored.  The des i red  composi-  
t ion of solut ion was ob ta ined  upon mix ing  of e lec t ro-  
ly te  in B with  a calcula ted quan t i ty  admi t t ed  f rom C. 
Because of the  e lect rode assembly  design, mix ing  was 
cont inued unt i l  a constant  conduct iv i ty  was measured .  
The conductance cell was the rmos ta ted  in an oil  ba th  
a n d / o r  wa te r  methanol  bath,  and the deviat ions in t em-  
pe ra tu re  were  0.1 ~ 0.05 ~ and 0.5~ in the  ranges of  
--20 ~ to 0~ 0 ~ to 50~ and 50 ~ to 70~ respect ive ly .  
Low t e m p e r a t u r e  was ma in ta ined  in w a t e r - m e t h a n o l  
ba th  wi th  a Br inkmann  Lauda  IC-6 cooler.  
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Fig. I. Conductance dilution ceil. A: electrode assembly. B: 
dilution cell. C: graduated cylinder for storage of concentrated 
solutions. 
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Fig. 2. Specific conductance of AICI~-SOCI~, electrolyte as func- 
tion of temperature. Curve A: 1.5M AICI,~. Curve B: 3.0M AICla. 
Curve C: 4.5M AICla. 
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Fig. 3. Specific conductance of 4.5M AICI,~-SOCI~ electrolyte as 
function of LiCI concentration. Curve A: 15~ Curve B: 40~ 
Curve C: 60~ 

Densi ty  da ta  were  used to m a k e  correct ions for  con- 
centra t ions  at  different  tempera tures .  

Conductance cell  ca l ibra t ion  and solut ion conduct-  
ance measurements  were  made  using a Jones br idge  
and accessories p rev ious ly  descr ibed (8). The solut ion 
resis tances were  measured  at  f requencies  of 1, 3, 5, 
and 10 kHz and ex t rapo la t ed  to an infinite f requency.  

Viscosities of the solutions were  measured  using the 
Cannon-Ubbe lohde  di lut ion v iscometer  immersed  in a 
su i tab le  ba th  wi th  a gua rd - tube  a t t achment  to e x ,  
clude mois ture  f rom the solution. The ba th  t e m p e r a -  
tures  were  contro l led  to wi th in  0.1~ and the t ime to 
wi th in  0.1s. The v iscometer  constant  was  de te rmined  
using viscosi ty s t andards  p rov ided  b y  the Cannon In -  
s t rumen t  Company  (9). 

The  densit ies  of the e lec t ro ly te  solutions were  de te r -  
mined  using P y r e x  d i l a tomete rs  sealed at  the  top and 
ca l ibra ted  with  me thano l  and dis t i l led  water .  

Results 
Extens ive  expe r imen ta l  da t a  on t r anspor t  p roper t ies  

of the  A1Clz-SOC12-LiC1 sys tem have been presented  
e lsewhere  (10). Here,  only  a l imi ted  set of data,  needed  
to i l lus t ra te  specific points,  wi l l  be used. 

Conductance.--The conductance da ta  a re  given in 
the  fol lowing order :  specific conductance,  equiva lent  
conductance,  and ene rgy  of  act ivat ion.  

Specific conductance, ~.--Results ,  shown in Fig. 2, ind i -  
cate no subs tan t ia l  change in specific conductance wi th  
a th ree- fo ld  increase  in the  A1CI~ concentrat ion.  In  con- 
trast ,  upon addi t ion  of even small  amounts  of LiC1, a 
significant increase in conductance is observed,  as 
seen in  Fig. 3. This observa t ion  suggests tha t  the  

(SOCI~ �9 A1C18) adduct  does not  increase the se l f -  
ionizat ion of  the SOC12 except  at  h igher  concentrat ions.  

Addi t ion  of SOs renders  the A1Cls-SOC12-LiC1 sys-  
tem more  conductive.  As i l lus t ra ted  in Fig. 4 and 5, this  
increase  depends  on t empera tu re  and, for  a selected 

21.00 C [ 
19"00 I 

17.00 B 

r Z 15.00 

,3.~176 I 
0 
E 11.00 [ 

9.00 / 
(n 0 0.5 1.0 1.5 2.0 

SO2 CONCENTRATION (M/s 
Fig. 4. Specific conductance as a function of SO~ concentration. 
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A1Cls concentrat ion,  the  amount  of  dissolved SO2 (Fig.  
4) and  dissolved LiC1 (Fig.  5). 

Equivalent conductance, A.- -As  shown in Fig. 3, the  
specific conductance of the (SOC12 �9 A1CI3 § SOCI2) 
e lec t ro ly te  increases  by  an o rde r  of magn i tude  upon 
the addi t ion  of IAC1. This behav io r  suggests  t ha t  the  
dissolved LiC1 provides  the  conduct ing species and 
tha t  the  equiva lent  conduct ivi t ies  can be calcula ted ac-  
cordingly.  

P lo ts  of equiva lent  conduct ivi t ies  vs. the square  root  
of LiC1 concentrat ion,  shown in Fig. 6, indicate  tha t  
these solut ions are  w e a k  electrolytes .  This behav ior  is 
expected  if we consider  that  the  (SOC12 �9 A1C13 -5 
SOC12) is a low die lect r ic  solvent  (11). Evident ly ,  as 
the  concent ra t ion  of LiC1 increases,  the  equiva len t  
conductance at  first decreases rapid ly ,  and then  changes 
modera te ly ;  it  tends to exhib i t  a m i n i m u m  pa r t i cu l a r ly  
at  h igher  AICla concentrat ions.  

Energy of activation.--The ene rgy  of ac t iva t ion  for  
conductance in the  A1Cls-SOC12-LiC1 sys tem is t a b u -  
la ted in Table  I. Evident ly ,  in the  absence of LiC1, the 
energy  of ac t iva t ion  increases  wi th  the A1C13 concen-  
t ra t ion.  Such a t r end  indicates  the  format ion  of large  
aggregates  involv ing  A1Clz and SOC12 components.  

I t  is no t ewor thy  tha t  energies  of ac t ivat ion for this 
sys tem are  cons iderab ly  l a rge r  than  those measured  
for  the solut ions of LiA1C14 in SOC12 (8). 

Viscosity, ~ . - -Add i t iona l  s t ruc tu ra l  in format ion  can 
be ob ta ined  f rom the analysis  of viscosi ty data. To fa-  
c i l i ta te  this analysis ,  the viscosi ty da ta  are  assembled  
in the  form of Ba t sch insk i -Hi ldebrand  plots  (12. 13) 
and a Jones-Dole  re la t ion (14). The t abu la t ion  of en-  
ergies of  ac t iva t ion  for  the  viscous flow completes  the  
presen ta t ion  of expe r imen t a l  da ta  resul ts  (Table  I ) .  

Batschinski-Hildebrand equation.--The Batschinsk i -  
H i ldeb rand  equat ion,  Eq. [1], re la tes  the  fluidity, ~, 
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to the specific excess volume,  (v --  Vo), a l t e rna t ive ly ,  
to the  rat io  of occupied to unoccupied volume,  
Cv - volvo 

r = B ( v  - -  V o ) / V o  [ 1 ]  

The B constant  is not  an ad jus t ab le  pa ramete r ,  but  a 
p r o p e r t y  of a l iquid measur ing  its ab i l i ty  to absorb m o -  
men tum genera t ing  the newton ian  flow (13). Thus, i t s  
value depends  on the molecu la r  size and shape,  and, in 
a qua l i ta t ive  way, m a y  y ie ld  informat ion  on the molec-  
u la r  s t ructure .  The intr insic  volume, Vo, is defined by  
Eq. [2] 

v o  = l im v [2] 
r 

i.e., it  is obta ined by  an ex t rapo la t ion  of the  ~b(V) curve 
to zero. Physica l ly ,  vo is the  specific vo lume of a s u b -  
stance in the solid s ta te  p rovided  that  on solidification 
molecules preserve  al l  of thei r  degrees  of f reedom (13). 

A typica l  p lot  of the  r  curves for the A1CIz- 
SOC12-LiC1 system, and specifical ly for the 1.5M A1Cls, 
is shown in Fig. 7. Plots  for o ther  concentra t ions  are  

Table I. Energies of activation for conductance and viscous flow 

Electrolyte composi t ion 
(SOC12 + 0.SM S + O,5M S02) 

g (conduct.) E (viscous)  
AICI~/M LiCI/M keal/mol kcal/moi 

- -  - -  ~ 1.61 
1.5 - -  - -  2.11 
1.5 0,15 1.3 2.16 
1.5 0,30 1.3 - -  
1.5 0,45 - -  2,14 
1.5 0.60 1.3 2.14 
1.5 0.90 1.5 2,16 
1.5 1.2 1.5 2.09 
1.5 1.5 1.5 2.06 
3.0 - -  - -  2.34 
3.0 0.3 2.4 
3.0 0.6 - -  2~5 
3.0 0.9 2.3 
3.0 1.2 -- 2 . ~  
3.0 1.5 2.3 
3.0 1,8 -- 3.23 
3.0 2.1 2.4 
3.0 2,4 - -  3,30 
3.0 2.7 2.3 
3.0 3.0 2.4 3,37 
4.5 -- - -  3,27 
4,5 0,45 3.1 3.86 
4.5 0.9 3.3 3,92 
4.5 1.8 3.1 4.24 
4.5 2,7 3.8 4.41 
4.5 3.6 4.1 4.25 
4.5 4.~ 3.9 4.31 
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Fig. 7. Electrolyte fluidity vs. volume. Electrolyte: 1.5M AICI3- 
SOCI2-xLiCI containing 0.5M SO2. Curve A: 50CI2 only. Curve B: 
50CI2 ~ |.SM AICI3 only. Other curves: electrolyte containing 
LiCI in the indicated concentrations. 

s imi lar ;  the corresponding B and Vo values  are  t a b u -  
la ted  in Table  II. I t  is no tewor thy  that,  in the absence 
of dissolved SO2, the curva ture  of r  is subs t an -  
t i a l ly  reduced.  

Jones-Dole equation.~Because the  A1Cls-SOC12-LiC1 
sys tem contains charged species, i t  is expedien t  to ex -  
amine  the viscosi ty da ta  in terms of the Jones-Dole  
equation,  which is only  va l id  for modera te  concent ra-  
tions, Eq. [3] 

~l - -  ~s(1 -t- A V e ' +  B c )  [ 3 ]  

Here  ~1 is the  shear  viscosi ty of the e lectrolyte ,  ~ls is 
tha t  of the solvent ,  and c is the concentra t ion of the ion 
producing salt. A is a posit ive constant  which can be 
ca lcula ted  theore t ica l ly  and which accounts for the  
contr ibut ion  due to the  ion- ion  interact ion.  The B co- 
efficient, on the  other  hand,  is an empi r ica l  constant  
and  can be e i ther  posi t ive  or  nega t ive  (14). 

Table II. Values of B and Vo in Eq. [4] for the AICIs-SOCI2-LiCI 
system 

Composition 
A1Cls/M LiC1/M B / c P  -z Vo/cmSg -1 

- -  - -  11.24 0.5385 
1.5 ~ 11.16 0.5471 

0.15 10.41 0.5510 
0.6 9.03 0.5523 
1. 9. 8.19 0.5523 

3.0 ~ 8.95 0.5523 
0.6 7.49 0.5540 
1.2 6.91 0.5561 
1.8 5.92 0.5561 
3.0 4.84 0.5561 

4.5 -- 8.44 0.5572 
0.45 6.88 0.5572 
1.8 4.93 0.5673 
2.7 3.28 0.5673 
4.5 3.15 0.5073 

The B coefficient is obta ined f rom the p lo t  o f  

(~r -- 1)/~/-~vs. ~/Y, where  ~r = ~1/~. E x a m p l e s  of the 
Jones-Dole  plots are  shown in Fig. 8 for the  SOC12-1.5M 
A1Cla and for the 1.5M A1C18-SOC12-xLiC1 systems. In 
the  A1CI~-SOC12 system, the B coefficient is smal l  and  
posi t ive (curves a and b at  0 ~ and 50~ respec t ive ly) .  
Upon addi t ion of LiC1, the B coefficient becomes nega-  
t ive (curves a'  and b'  at  0 ~ and 50~ respec t ive ly) .  
Evident ly ,  in the first case, SOC12 is the solvent  and 
A1C13 is the salt,  whereas  in the second case 1.5M A1C18 
~- SOC12 is the solvent  and LiC1 is the salt,  

Energy of activation, En . - -At  high concentrat ions,  
s t ruc tura l  informat ion  is usual ly  sought  th rough  
the de t e rmina t i on  of the energy of act ivat ion.  Tem-  
pe ra tu re  effects, expressed  in t e rms  of energy  of ac t i -  
vation, are  summar ized  in Table I and in Fig. 9 and 10. 
In  par t icu lar ,  Fig. 9 shows the energy of ac t ivat ion for 
SOC12 (curve A) and SOC12 containing dissolved A1C13 
(curves B, C, and D for 1.5, 3, and 4.5M solutions of 
A1C13, respec t ive ly) .  Evident ly ,  the addi t ion  of A1C13 
increases  the energy  of act ivat ion for the viscous flow, 
wi th  the increase being quite not iceable  at  h igher  A1C13 
concentrat ions.  The effect of the addi t ion  of LiC1 is 
i l lus t ra ted  in Fig. 10. I t  is seen tha t  the  log ~ vs. l IT 
l ines a re  pa ra l l e l  and displaced upwards  wi th  the  in-  
crease in the LiC1 concentrat ion.  

Discussion 
Measurements  of t r anspor t  proper t ies ,  e.g., viscosity,  

diffusivity,  and conduct ivi ty,  a re  often the source of 
in format ion  concerning molecu la r  aspects of l iquids  
(15-17). These are  phenomenologica l  coefficients de -  
scr ibing the response of a s t ructure less  l iquid to the  

LiC~, ~/c (mole ~-1)1/2 
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Fig. 8. Effect of LiCI concentration on B coefficient in the Jones- 
Dole equation. Curves a and b for the SOCI2-AICI3 system at 0 ~ 
and 50~ respectively. Curves a' and b' far 1.5M AICI~-SOCI2- 
xLiCI at 0 ~ and 50~ respectively. 
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act ion of forces genera ted  by  the veloci ty,  chemical ,  
and e lect r ica l  po ten t ia l  gradients ,  respect ively .  On the 
microscopic  level,  however ,  l iquids are  not  homogene-  
ous entit ies,  i.e., the condit ion of cont inuum cannot  be 
satisfied. In  concent ra ted  solutions, especia l ly  in sol-  
vents  of low d ie lec t r ic  constant,  new ionic and molecu-  
l a r  species appear .  Moreover ,  ion pairs ,  t r ip le  ions, etc., 
m a y  in te rac t  wi th  solvent  dipoles,  forming complex  
s t ructures ,  thus mak ing  in te rp re ta t ion  of conductance 
and viscosi ty da t a  difficult and, a t  t imes, ambiguous.  

To obta in  p rogress ive ly  be t t e r  ins ight  into the molec-  
u l a r  s t ruc ture  of this  system,  w e  s t a r t  w i th  the  d iscus-  
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sion of r e l evan t  e lements  of coordinat ion chemis t ry  and 
examine  the conductance and viscosi ty da ta  agains t  this  
background.  

The SOClz-AICl3-LiCl system.--Thionyl chloride is 
a nonaqueous,  aprot ic  solvent  tha t  undergoes  a process  
of se l f - ioniza t ion  to y ie ld  SOC1 + and C1- ions wi th  
K _-- 10 -4 (18). I t  has a t e t r ahedra l  a r r angemen t  of 
e lec t ron  pai rs  wi th  three  a bonds and a lone pa i r  of 
electrons.  I t s  molecu la r  shape is tha t  of a t r i angu la r  
pyramid .  I t  is an exceedingly  weak  donor,  wi th  a donor 
number  of 0.4 on the Gutmann  scale (19). Because i t  
possesses a s t rong affinity to CI- ions, i t  is useful  in the 
synthesis  of chloro-complexes .  

The covalent  A1CI~ is a s t rong accepter ,  and  its d is-  
solut ion in SOC12 can be v iewed as the donor - accep t e r  
reac t ion  

mA1CI~ q- SOC12-~ SOC12 �9 mA1C13 [I] 

Both i :  1 and  I :2  adducts  have  been  isolated (20, 21). In  
the  solution, pa r t i cu l a r ly  when an excess of SOC12 is 
present ,  the  1:1 adduct ,  an undissocia ted compound,  is 
dominant .  As the  A1C13 concentra t ion is increased,  the  
fo rmat ion  of a quasi  1:2 adduct  is favored.  However ,  
spectroscopic evidence suggests tha t  the 1:2 adduct  is, 
in fact, the 1:1 adduct  wi th  a loosely a t tached  second 
A1CI~ molecule  (20). Three  s t ructures  are  possible  for  
the  SOCI~ �9 A1CI~ complex  

.XlCls 
/ 

p 

C12S = 0 + CIs--S + 

II 
O 

.- .~3.C13 

Cl~.--S---OAICI,s 
I 

C1 

Of these, the  R a m a n  spec t ra  are  consis tent  wi th  the  
first s t ructure ,  i.e., where  the oxygen a tom is the donor.  

In  the  presence of C I -  ions, genera ted  by  e i ther  se l f -  
ionizat ion of SOCls or  by  the addi t ion  of LiC1, the  
SOCIs .  A1C13 adduct  forms anionic complexes  wi th  a 
s imul taneous  release of SOC12 

SOCIs �9 A1C13 + C1- ~_- A1C14- + SOC12 [II]  

If  the  source of C I -  ions is the  se l f - ionizat ion of  
SOCls, then, wi th  an increase  in the  A1Clz concent ra -  
tion, the ac idi ty  of solut ion increases and shifts  the  
equ i l ib r ium in the d i rec t ion  to promote  the fo rmat ion  
of h igher  complexes,  e.g., AI~CI~-, AI~Cllo-,  pa r t i cu -  
l a r ly  at  h igher  tempera tures .  

Su l fu r  dioxide,  which has been added  to s imula te  
ac tua l  condit ions in a d ischarging cell, is a non l inear  
molecule  wi th  a t r i angu la r  p l ana r  a r r angemen t  of  
elec t ron  pairs  wi th  two �9 bonds and a lone pa i r  of  
electrons.  I t  can act both  as Lewis  acid or base, de -  
pend ing  upon envi ronment ,  and, when  dissolved in 
ano ther  solvent,  such as SOCI~, i t  can also act as a 
cosolvent  (22), bu t  i t  does no t  in te rac t  chemica l ly  
(19). I t  can funct ion as an accepter  t oward  C1- ions, 
fo rming  SOs �9 C1- complex  (19, 23); i t  can also enter  
p re fe ren t i a l ly  into Li + ion sa lvat ion  sheet  (24). 

The d issolved su l fur  exists  as a Ss molecule,  which, 
a t  low concentrat ions,  exhibi ts  weak  e lec t ro ly t ic  dis-  
sociation: Ss ~ Sx 2+ + Ss-~  2-  (18). 

Conductance.--The conductance in molecular  l iquids 
is, as a rule, a specific function of the  so lvent - so lu te  
sys tem (17). This assert ion is pa r t i cu l a r ly  t rue  if the 
solute  is potent ia l  e lectrolyte ,  i.e., a covalent  salt ,  and 
if its dissolut ion occurs only on account of react ion 
be tween  the solute and the solvent :  here, be tween  
AIC13 and SOC12 (Eq. [ I ] ) .  In  this system, therefore ,  
e lec t ros ta t ic  considerat ions  are  l ike ly  to p l a y  a lesser  
role than  the molecu la r  forces, and the dependence  
on square  root  of  concentra t ion  should be l imited.  
However ,  it  would appear  that  e lectrostat ic  cons idera-  
tions should domina te  the  dissolution of an ionic salt  
such as LiC1. However ,  the dissolution of LiC1 in the  
(SOCIs" AICI~ + SOCI~) solvent does not occur via 
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the weakening of electrostatic forces, but rather  
through a chemical reaction of an amonic complex 
formation (Eq. [HJ). Consequently, when we increase 
the concentration of LiC1, it may not necessarily be 
the number of Li + ions but their interaction with a 
solvent that determines the conductance. 

Because the 1:1 SOCI~. A1CI~ adduct remains un- 
dissociated, the addition of A1Ct3 to SOC12 should not 
substantially change the solution conductivity. How- 
ever, at high concentrations of A1CI~ the 1:2 adduct 
dominates, new equilibria are established, and the 
number of charged species increases, principally due 
to a higher affinity for complex formation. The tem- 
perature effects (Fig. 2) substantiate this conclusion. 

Upon addition of even small amounts of LiC1, the 
solution conductivity increases many fold, as shown in 
Fig. 3. This marked increase in conductivity, their  l in-  
ear dependence on concentration of LiC1, and tempera-  
ture effects, suggest that both the number of charged 
species and their mobility are affected, in accordance 
with Eq. [II]. 

The equivalent conductance data (Fig. 6) indicate 
that the A1C13-SOC12-LiC1 solutions behave as weak 
electrolytes. Equivalent conductances decrease with in- 
creasing LiC1 concentration, reaching what appears to 
be a minimum, especially at higher A1C13 concentra- 
tions. This behavior is in agreement with theoretical 
predictions that the decrease in conductance with an 
increasing concentration of the electrolyte is due to 
the formation of ion pairs, tr iple ions, and more com- 
plex aggregates (25). 

Plots of log ,~ vs.  log c are l inear with an approxi-  
mate slope of - - ~ ,  thus confirming the formation of 
ion pairs (11). Fur ther  support for the formation of 
ion pairs and other complex aggregates is to be found 
in the observed effect of the dissolved SO2 on the 
electrolyte conductivity, i l lustrated in Fig. 4 and 5, 
which is due, probably, to an increase in the number 
of charged species by a mechanism identical to that 
suggested by Moshtev and Zlatilova (23) 

S02 + C1-  ~ SO~ �9 C1- [III] 

The dissolved SO2 molecules form adducts with CI- ,  
alternatively, with A1C13 and thus reduce the ion pair 
formation 

[Li + Cl - ] ~ + SO~ ~ SOs ' Cl- + Li + [IV] 

The effect of SO2 is more pronounced in the case of 
1.5M AICI~-SOCI2-LiCl solutions than in the case 
of 3M AICI3. At the present time, it is not possible to 
provide adequate interpretation because of enormous 
complexity of this system. 

Viscosity.--The r relationship for the SOCI2, 
with the B value of 11.2 cP-*, is typical for many mo- 
lecular liquids, e.g., COl4. Evidently, the addition of 
small amounts of A1CI~ does not substantially change 
the capacity of SOC12 to absorb the momentum gen- 
erating the newtonian flow, since curve b is nearly 
parallel  to curve a in Fig. 7. The addition of larger 
amounts of A1Cla decreased the numerical value of the 
B constant somewhat, thus indicating moderate changes 
in molecular structure. This moderate change in struc- 
ture i~ consistent with the formation of the 1:2 adduct 
(20). 

The addition of LiC1, however, clearly affects the 
numerical value of the B constant, indicating substan- 
t ial  structural changes. Of special interest is the de- 
velopment of a curvature at low (v  --  Vo)/Vo ratios 
(i.e., .at low temperatures) .  The development of such 
curvatures indicates that molecular crowding has oc- 
curred (12). Another feature of the ~(v) plots is the 
independence of the intrinsic specific volume with LiC1 
concentration, i.e., the linear portion of the r curve 
intersects the V-axis at the same point. The intrinsic 
volume is thus affected by the addition of A1CI~, but 
not by the addition of LiC1. Such a behavior is consist- 

ent with an increase in the number of molecules and 
is in accordance with the hole theory of liquids (11). 
It can be interpreted as indicating that the addition of 
LiC1 breaks up the adduct molecules, in agreement 
with Eq. [II]. 

Stokes and Mills (21) express the left-hand side 
of Eq. [3] as a sum of contributions due to ion-ion 
interaction (~10) and ion-solvent interaction (~20). 
The lat ter  can be further split to account for the size 
and shape of an ion, inclusive of solvation sheet (~21), 
alignment of polar molecules by local electric field, 
a kind of molecular stiffening ( ~ ) ,  and finally to 
the destruction of solvent structure ( ~ ) .  Of these, all  
are positive contributors, except for the last, which 
is negative. 

The small and positive B coefficient indicates a low 
concentration of charged species when A1C13 is the 
only component dissolved in SOC12. This observation 
is in agreement with the conductance measurements 
(Fig. 2) and with the Batschinski-Hildebrand plots 
(Fig. 7) ; both suggest negligible change in SOC12 struc- 
ture, except at much higher A1C18 concentrations. Upon 
addition of LiC1 to the (1.5M)A1C13-SOC12 solution, 
the B coefficient becomes negative. Since ~ i  and n22 
are positive contributors, it follows that 021 + ~2 < 
023, i.e., it is consistent with the conductance data. 

The Jones-Dole equation is valid for moderate con- 
centrations. At higher concentrations, the structural  
information is usually sou~ght through the energy of 
activation measurements. To bring into focus the re-  
lationship between the energy of activation and the 
fluid structure, we apply the Eyring equation in the 
form of 

~l = ( N h / V m )  exp ( ~ G * / R T )  [4] 

where N is the Avogadro number, Vm is the molar 
volume, h is the Planck constant, and • is the mini-  
mum value of additional free energy needed, or the 
smallest amount of work that must be done, to bring 
the system into the intermediate position. Upon sub- 
stitution ~G* = ~H* --  TAS*,  Eq. [4] has the same 
form as the empirical equat ion 

= A exp (Ea /RT)  with ~H* = Ea [5] 

where A = 5(~S) has a physical meaning indicating 
an ordering process when the molecules pass from the 
initial to the transition state. Temperature effects, ex- 
pre.~sed in terms of energy of activation, are sum- 
marized in Table I and in Fig. 9 and 10. In particular,  
Fig. 9 shows the energy of activation of SOCI~ (curve a) 
and for SOC12 containing dissolved A1Ch. 

W a l d e n  p r o d u c t . - - T h e  Walden rule states that, if 
the  moving charged particle is the same, then the  
product remains constant in solvents of different vis- 
cosities. This rule follows from the applicabili ty of 
the Stokes law, and, in general, is a good approximation 
in aprotic solvents. The constancy of the product is 
assured when the energy of activation for the viscous 
flow and the migration in an electric field are the same, 
which, in turn, implies that the same or similar con- 
figurational chan~es occur when the system responds 
to either driving force. 

A plot of the product, constructed for the 1.5M 
AICIs-SOC12-LiC1, as a function of temperature and 
LiC1 concentration is Shown in Fig. 11. Evidently, the 
product is not constant, i.e., in agreement with the 
energy of activation data tabulated in Table I. The 
variation of the product in the same solvent arises 
from a number of reasons: (i) the Stokes law is not 
applicable, i.e., on the microscopic scale the solvent 
is not continuous, or the transport  in an electric field 
occurs via the jumping of char~ed species between 
neighborin~ a~gre~ates, Eq. [IV]; (ii) size of the 
charged particle varies with temperature and/or  con- 
centration, i.e., the degree of dissociation may change; 
and (i i i)  in a complex system, new equilibria may be 



Vol. 131, No. 5 A1Cla-SOCl~ BASED ELECTROLYTES 967 

WALDEN PRODUCT 

~<<, . > .  . : '  , 7- -Zd. .~?/ , id- i ! /  

- 10  

Fig. 11. Plot of Walden product as function of composition and 
temperature. Electrolyte: 1.5M AICI~-SOCI~-xLiCI. 

established with a change in composition and tempera- 
ture. 

In a system where E~ > EA, in particular when 
E, -- nEA (n > 1) there exists a relationship 

i~ ---- const. [6] 

Consequently, plots of log ~ vs. log ,% should be linear 
with the slope giving the va~ue of n. Such a relatiOn- 
ship was found with n values from 1.33 for 1.5M A1Cla 
to 4.5 for 4.5M A1C13 electrolytes. These values indi- 
cate that larger configurational changes take place at 
high A1CI~ concentrations and suggest that conductance 
is controlled by small, positive ions (most likely sol- 
vated Li + ions), ~herea~ the viscous flow is governed 
by large negative aggregates. 

Mechanism of conductance.---One of the character- 
istics of the A1C13-SOCI~-LiC1 system, with or with- 
out dissolved sulfur and sulfur dioxide, is its fairly 
high conductance in a solution of high viscosity. The 
high viscosity is attributed to the formation of large 
ionic aggregates, thus suggesting that small positive 
ions have high transference number. The failure of 
the applicability of Stokes law is consistent with the 
hopping mechanism of the type proposed by Reger 
et al. (25) 

Li+ W C1- (AIC13) ,Li + r Li + . . .  C1- (A1Ch)n. �9 �9 Li + 

~Li+C1 -(A1CI~)nT L i+ IV] 

In this mechanism, the Li § ion jumps between suc- 
cessive molecules (aggregates). Evidently, the larger 
the aggregates, the larger the distance between the 
incoming and leaving Li + ion and, therefore, the higher 
the conductivity. Because of the existence of a number 
of aggregates of various sizes in equilibrium with each 
other, further analysis would be hopeless. 

Relevance to battery technology.--The operational 
characteristics of batteries, especially those employing 
porous electrodes, depend on the kinetics of charge 
transfer reaction, the transport in the electrolyte phase, 
and the resistivity of the electrode matrix. In Li/SOC12 
batteries, the first two factors play a major role because 
they change with the change in electrolyte composition, 
i.e., with the degree of battery discharge. 

Regarding the electrolyte as a ternary system, i.e., 
omitting dissolved SO2 and elemental sulfur, we can 
follow the change in the composition on the Gibbs' 
triangle, shown in Fig. 12. Hence, the pure components, 
i.e., SOC12, LiC1, and AICIa, are represented at respec- 
tive apexes, the binaries'of the system are read along 
the sides of a triangle, and the ternary points are 
found within the domain of a triangle. The change in 

Aoo i \ % %  - o,.~e" 

/ ,.,..,-._ 
-A?" kX / 

~ ",,2 X' 
~ "I.. 

0 . 4 ~ . 6  

A2CJ 3 C LiCi  

Fig. 12. Representtition of structural changes on the Gibbs' tri- 
tingle. 

the composition for the initial 3.0M A1C13 in SOC12 is 
shown in } ig. 12 by the heavy line. In practice, initial 
conaitions are chosen to assure maximum conductivity 
and maximum amount of SOC12. 

Structural changes and, therefore, transport prop- 
erties change with composition. Thus, pure SOCI2 is 
a molecular liquid. Upon addition of A1Cla, the vis- 
cosity and conductivity data indicate a weak inter- 
action along the binary A1CI~-SOC12, except when 
x > 0.3, i.e., where some structural changes occur. These 
changes are associated with the formation of new ag- 
gregates. Because of limited conductivity, those com- 
positions are not suitable electrolytes for high dis- 
charge-rate applications. 

Substantial structural changes occur with the addi- 
tion of LiC1. Formation of ionic complexes (Eq. [I]) 
results in an increased conductivity. The low ratio of 
EJEA suggests that transport properties are controlled 
by hole formation, and a correlation between the dif- 
fusion coefficient and viscosity can be used in examin- 
ing the mass transport. Such a correlation becomes less 
valid as the battery is being discharged, i.e., along the 
heavy line in Fig. 12. As we approach curve c, and 
especially close to the line indicating precipitation of 
LiC1, the formation of triple ions and other aggregates 
dominates the electrolyte structure. Within this region, 
the electrolyte is better represented by molten salt. 
Here, the conductance most likely occurs through a 
hoppin~ mechanism, and transport is by migration 
rather than diffusion. It is also likely that the mecha- 
nism of SOC12 reduction changes when less SOC12 is 
available. 

Conclusions 
1. In AICI3-SOCI2 solutions containing low A1Cla 

concentrations, the same structural changes affect con- 
ductance and viscosity governed by hole formation. 
As the A1CI~ concentration increases aplSroaching 4.5M, 
structural changes and adduct formation take place. 

2. Addition of LiC1 at all levels of A1CI~ concentra- 
tion increases electrolytic conductance. Formation of 
ion pairs, triple ions, and large aggregates becomes 
dominant. The analysis of viscosity data suggests the 
destruction of solvent structure. 

3. Sulfur dioxide in the A1Cls-SOC12 system acts 
as a cosolvent with increased conductance, particularly 
at low A1C13 concentration and low temperatures. This 
is attributed partly to SO2 �9 CI-  interaction minimizing 
ion pair formation and partly to preferential solvation 
of lithium ion by SO2. 

4. The Walden product and then energy of activation 
for conductance and viscous flow indicates that the 
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conductivity at high A1C13 concentration and in the 
neighborhood of neutral solutions is governed by posi- 
tively charged small ions, whereas the viscous flow is 
controlled by the negatively charged large aggregates. 

5. A hopping mechanism for conductance seems to 
be operative in concentrated solution of A1CI~-SOC12 
containing lithium chloride. 

Acknowledgments 
This work was funded by Naval Sea Systems Com- 

mand (NAVSEA 63R-32) and constitutes a fraction 
of a program to establish a technology base for high 
discharge-rate Li/SOC12 batteries. We thank Mr. F. 
Romano (NAVSEA 63R-32) for his interest and sup- 
port. 

Manuscript submitted June 15, 1983; revised manu- 
script received Dec. 15, 1983. This was Paper 440 pre- 
sented at the Montreal, Quebec, Canada, Meeting of 
the Society, May 9-14, 1982. 

Honeywell, Incorporated assisted in meeting the 
publication costs o] this article. 

REFERENCES 
1. S. Szpak and H. V. Venkatasetty, Paper 29 pre- 

sented at the 13th International Power Sources 
Symposium, Brighton, England, 1982. 

2. A. N. Dey, This Journal, 126, 783 (1980). 
3. J. A. Christopulos and S. Gilman, in "Proceedings 

of the 10th Intersociety Energy Conversion En- 
gineering Conference," IEEE, Newark, DE (1975). 

4. H. V. Venkatasetty, U.S. Pat. 4,252,875 (1981). 
5. K. A. Klinedinst and M. J. Domeniconi, This Jour- 

nal, 127,539 (1980). 
6. A. N. Dey and P. Bro, ibid., 125, 1574 (1978). 
7. S. Szpak and J. R. Driscoll, J. Power Sources, To be 

published. 

8. H. V. Venkatasetty and D. J. Saathoff, This Journal, 
128, 773 (1981). 

9. Bulletin no. 90, Cannon Instrument Co., State CoI- 
lege, PA. 

10. H. V. Venkatasetty and S. Szpak, J. Chem. Eng. 
Data, 28, 47 (1983). 

11. R. M. Fuoss and F. Accascina, "Electrolytic Con- 
ductance," Interscience Publishers, Inc., New 
York (1959). 

12. J. A. Batschinski, Z. Phys. Chem., 84, 643 (1913). 
13. J. H. Hildebrand, Science, 174, 490 (1971) ; Faraday 

Discuss. Chem. Soc., 66, 151 (1978). 
14. R. H. Stokes and R. Milles, "Viscosity of Electro- 

lytes and Related Topics," Pergamon Press, New 
York (1965). 

15. J. Frenkel, "Kinetic Theory of Liquids," Dover 
Publications, Inc., New York (1946). 

16. H. Eyring and M. S. Jhon, "Significant Liquid 
Structures," John Wiley and Sons, New York 
(1969). 

17. J. O'M. Bockris and A. K. N. Reddy, "Modern Elec- 
trochemistry," Plenum Press, New York (1972). 

18. H. Spandau and E. Brunneck, Z. Anorg. Chem., 270, 
201 (1952) ; ibid., 278, 197 (1955). 

�9 ,~,~v-~ u~-~,v,,~, o~ ~ e ~ - v ~ r ~ a ~ , "  " ' " " " Wien 
19. V A?u~mann,s::CoordinatlOnriChem~stry m Non- 

(1968). 
20. D. A. Long and R. T. Bailey, Trans. Faraday Soc., 

59, 594 (1963). 
21. H. Hecht, Z. Anorg. Chem., 254, 37 (1947). 
22. H. V. Venkatasetty, in "Proceedings of the 16th 

Intersociety Energy Conversion Engineering 
Conference," p. 788, IEEE, Newark, DE (1981). 

23. R. V. Moshtev and P. Zlatilova, Electrochim. Acta, 
27, 1107 (1982). 

24. C. R. Kraus, J. Phys. Chem., 60, 129 (1956); ibid., 
58, 673 (1954). 

25. A. Reger, E. Peled, and E. Gileadi, J. Phys. Chem., 
83, 873 (1979) .  

A Spectroscopic Investigation of Lithium Dithionite and the 
Discharge Products of a Li/S02 Cell 
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ABSTRACT 

Infrared, x-ray, and electron spin resonance spectroscopic studies of laboratory-synthesized Li2S204 are reported. 
Spectra of cathode samples from Li/SO2 cells discharged at -30 ~ 25 ~ and 70~ are compared with the spectra of the 
laboratory-prepared Li2S204. The principal discharge material is confirmed to be Li~S~O4. The 70~ discharge is shown 
to produce a different set of products from the discharges at the lower temperatures. 

Although lithium dithionite, Li2S204, has been as- 
sumed to be the sole discharge product of Li/SO2 
batteries, the evidence has been based on qualitative 
information (1) and various voltammetric investiga- 
tions often performed under conditions dissimilar to 
commercial cells. Quantitative analysis of commercial 
Li/SO2 cells discharged at 25~ at low current den- 
sities has recently been performed (2, 3). Under these 
conditions, Li2S204 is the discharge product. However, 
preliminary chemical analysis performed at NSWC on 
Li/SO~ ceils discharged under more abusive conditions 

* Electrochemical Society Active Member. 
Key words: Li~S~O~, Li/SO~ cells. 

such as high temperature discharge, revealed the pres- 
ence of other sulfur products. 

The principal discharge product, Li2S204, has re- 
cently been synthesized and its thermal decomposition 
studied (4). Differential thermal analysis of the syn- 
thetic material reveals that it decomposes exothermally 
releasing approximately 3.4 kcal mo1-1. The products 
formed in the decomposition are Li2SO3, SO2, and S. 

Previous spectroscopic studies of dithionites have 
centered on the sodium salt (5). The current study 
examines the laboratory-prepared Li2S~O4 by x-ray, 
infrared, and electron spin resonance spectroscopies 
and compares the spectroscopic characteristics w i t h  
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those of the  d ischarge  products  of the  Li/SO2 cell  
fo rmed  under  var ious  discharge tempera tures .  

Experimental 
The Li~S204 was synthesized in the m a n n e r  p rev i -  

ously  descr ibed (4). I t  was de t e rmined  to be 92% pure  
by  the method o~ Ki l roy  (6). 2he  l i th ium salts usect for  
compar ison  were  ob ta ined  commerc ia l ly  and used 
wi thout  fu r the r  purif icat ion.  The Li/SO2 cell  cathode 
discharge products  were  obta ined  by  ctiscnarging a 
series oi  ~/z A-s ize  commercia l  L i /L iBr /SO2  cells at  a 
constant  40 m.A at var ious  t empera tu res  ~--30 ~ 25 ~ 
70~ to a 2.0V cutoff. The cells were  equ i l ib ra ted  lh  
at  the discharge t empe ra tu r e  p r io r  to discharge.  Af te r  
discharge,  the cells were  opened under  helium, w h e r e -  
upon tl~e cathodes were  powdered  in an agate  mor t a r  
and divided.  Hal f  of the cathode was washed severa l  
t imes wi th  doub ly  distiUed and o x y g e n - l r e e  aceto-  
ni tr i le .  Dupl ica te  discharges were  run  at  each tem-  
pera ture .  

X - r a y  diffract ion pa t te rns  were  recorded using a GE 
XRD-5 d i i t r ac tomete r  wi th  a copper  ta rge t  opera ted  
at  50 kV and 20 mA. The scan ra te  was 2 ~ min -1 wi th  
a char t  speed of 1 in. min  -1. The signal  levels  ranged 
be tween  500 and 5000 cps for the m a x i m a  and were  
recorded  with  a t ime constant  of 0.5 or  1.0s. 

The samples  were  p r e p a r e d  by  gr inding  the solid 
ma te r i a l  wi th  an agate  mor t a r  and pest le  in a d ry  box 
cont inua l ly  flushed wi th  d r y  ni t rogen.  The ground ma-  
te r ia l  was un i fo rmly  app l ied  to a microscope sl ide 
coated wi th  si l icone vacuum grease. The slides were  
t r anspor ted  to the  d i f f rac tometer  in a desiccator,  which 
was placed inside a n i t rogen-f i l led  glove bag  special ly  
moun ted  over  the goniometer .  The sl ides wi th  samples  
were  moun ted  on the goniometer ,  and  the diffraction 
pa t te rns  were  recorded.  Al l  powder  pa t te rns  were  r e -  
corded at  room tempera tu re .  

The in f ra red  spec t ra  were  recorded  using a Nicolet  
71'99 F T - I R  spec t romete r  employing  a bandpass  be -  
tween  4000 and 400 cm-1  with  4 cm -1 resolution.  The 
samples  used to obta in  the in f ra red  spect ra  were  p re -  
pa red  by  gr ind ing  app rox ima te ly  1-2 mg of sample  
wi th  100 mg of d ry  i n f r a r e d - g r a d e  KBr  in an agate  
m o r t a r  and pest le  for 4 min. The gr inding  was done in 
a d r y  box. The mix tu re  was pressed into a pel le t  1 
cm in d i a m  and 0.5 m m  thick. The sample  compar tmen t  
was swept  wi th  d ry  n i t rogen  dur ing  the recording  of 
the spec t rum.  

A Var ian  4502 spec t romete r  opera t ing  at  9.1 Gc wi th  
the  Var ian  t e m p e r a t u r e  accessory was used to obta in  
the ESR spec t ra  at  var ious  tempera tures .  The t e m p e r a -  
ture  was moni tored  wi th  a Chromel -cons tan tan  the r -  
mocouple  inser ted  into a sample  tube filled wi th  DC200 
sil icone fluid. The sample  t empera tu re  was de te rmined  
in the cav i ty  both before  and af te r  each spec t rum was 
taken.  The G values  were  ob ta ined  by  ~comp,arison with  
a s t anda rd  sample  o,f known G value,  d ipheny lp i -  
c ry lhydrazyl .  

The Li2S204 samples  for ESR were  contained in 
Var ian  cyl indr ical ,  5 m m  id, t h in -wa l l  quar tz  cells 
open at the top to pe rmi t  the  escape of any  SO2 p ro -  
duced. Samples  sealed under  vacuum o r  under  d r y  ni-  
t rogen gave the same results .  ESR spectra  could not  be 
obta ined  for  cathode samples  contained in a 5 m m  tube,  
so the samples  were  contained in a cap i l l a ry  posi t ioned 
in the  center  of a 5 m m  sample  tube.  

Results and Discussion 
X-ray spectroscopy.--An analyzed sample  of Li2S204 

was p r e p a r e d  e lec t rochemica l ly  by  one of us (2);  the 
x - r a y p a t t e r n  of this same sample  has been prev ious ly  
r epor ted  (7). This s tudy  compares  the x - r a y  diffrac-  
t ion pa t te rns  of dupl ica te  cathode samples  f rom com- 
merc ia l  cells d ischarged at  severa l  t empera tu res  wi th  
that of a synthe t ic  Li2S204 sample.  The resul ts  are  
shown in Table I. In  each cathode sample,  the  peaks  

observed in the  synthet ic  sample  of Li2S204 are  p res -  
ent, a l though not  a lways  with  exac t ly  tl~e same in ten-  
s i ty  ratios.  This resul t  indicates  tha t  Li~S~O4 is the 
m a j o r  crys ta l l ine  ca thode  p roduc t  resul t ing  f rom the 
discharge o~ a commercia l  Li /SO2 cell. Smal l  crystals  
of a n e a r l y  colorless ma te r i a l  which could be seen in 
the cathode ma te r i a l  p r io r  to sample  p repa ra t ion  are  
quite h k e l y  crysta ls  of Li~S~O4, which  is insoluble  in 
the e lectrolyte ,  acetonitr i le .  

However ,  some addi t ional  peaks  were  noted in the  
x - r a y  diffraction pa t te rns .  In  the p a t t e r n  f rom the 
unwashed  cathode ma te r i a l  d i scharged  at  --30~C two 
peaks  (d • 3.98 and 2.84.%) a t t r ibu tab le  to LiBr,  the  
ba t t e ry  e lect rolyte ,  were  recorded.  These two peaks  
d isappeared  upon washing the cathode ma te r i a l  wi th  
d ry  doubly  d is t i l l ed  acetoni tr i le .  The resul t ing  pa t t e rn  
af ter  washing contained only  those peaks  recorded in 
the synthe t ic  Li28204 pat tern .  The in tens i ty  d i s t r ibu-  
t ion f rom the washed cathode sample  was not  the 
same as the  pa t t e rn  f rom the highest  pu r i t y  Li2S204, 
but  did  resemble  tha t  of a synthe t ic  Li2S204 of lower  
pur i ty .  The diffraction pa t t e rn  f rom a cathode sample  
washed with  CS2 s t i l l  showed the peaks  a t t r ibu ted  to 
LiBr.  The presence of LiBr  was not  c l ea r ly  de tec ted  
in the diffraction pa t t e rns  f rom o ther  unwashed  cathode 
samples.  

Other  addi t ional  peaks  were  noted  in the diffract ion 
pa t t e rn  of an unwashed  cathode sample  d ischarged  at  
70~ according to the p rocedure  fol lowed for  the other  
discharges.  A minor  peak  (d --  2.88A) can be a t t r i b -  
u ted to LiBr.  The ma jo r  addi t ional  peaks  match  up wi th  
two ma jo r  peaks  of a Li~SO3" H~O sample  recorded 
for  comparison (d --  3.14 and 4.15A). Li2SO8 is a de -  
composit ion produc t  of Li~S~O4. Exposure  of the un -  
washed cathode to a i r  increased the background  in -  
tens i ty  at  d --  3.93A, indica t ive  of Li2SO4. H20 re -  
sul t ing f rom air  oxidat ion  of an oxy - su l fu r  compound.  
None of the  cathode samples  gave diffraction pa t t e rns  
that  would  indicate  the  presence of Li2S, which  has 
its most intense peak  at  d = 3.29A. However ,  analyses  
on cathodes f rom cells d ischarged at  70~ revea l  that 
sulfide is p resen t  (8, 9). The sulfide is present  in less 
than  10% of the  overa l l  sulfur  species and appears  
bound in the carbon inf ras t ructure .  This m a y  account  
for its absence in the x - r a y  spectra.  

Infrared spectroscopy.--Infrared analyses  studies 
of sodium salts and avai lab le  l i th ium salts were  com- 
pa red  wi th  the in f ra red  bands  obta ined  f rom severa l  
SO2 cells d ischarged at var ious  tempera tures .  Table  II  
summar izes  the composite f requencies  of the v ibra t ion  
bands and re la t ive  intensi t ies  of the sodium and l i th -  
ium di thioni tes  and cathode samples.  Three  factors  
combine to h inder  in te rp re ta t ion  of por t ions  of the  
spectra:  (i) wi th  the except ion of a few, l i th ium oxy-  
sul fur  compounds are  not  ava i lab le ;  (ii) the l a b - s y n -  
thesized Li2S2Os is 90% pure,  containing p r i m a r i l y  
sulfite and some other  impuri t ies ,  such as th io-sul fa te ,  
which m a y  in t roduce  weak  bands  or shoulders;  (iff) 
the carbon-Teflon cathode in t roduces  a ma t r i x  which  
introduces he te rogene i ty  into the  sample  or  di lutes  
the  spectra.  This l a t t e r  factor  may  expla in  some subt le  
differences in the spec t ra  of Fig. 1. This is most apparen t  
wi th  the O-S-O symmet r i c  bending  v ibra t ion  occur-  
r ing  at  647 cm -1. 

Dithionite spectra.--The di th ioni te  ion should show 
four  fundamenta l  S -O s t re tching frequencies,  two sym-  
metr ic  modes, and two asymmet r i c  modes.  The two 
asymmet r i c  S-O s t re tch ing  modes which occur at 
higher  f requency  than  the symmet r i c  modes are  sp l i t  
more in Li2S204 than  in Na~S~O4. The symmet r i c  
s t re tching modes are  not  pe rcep tab ly  spl i t  in Na~SsO4, 
whereas  in Li2S204 the fundamenta l  is shif ted to lower  
f requency  and shows a p ronounced  in tense  shoulder  
on the high energy  side. Such differences m a y  be at- 
tributed to the  differences on the force field exer ted  
by the sodium and l i th ium ions in the crystal .  The 
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Table I. X-ray diffraction patterns of Li2S204 and cathode samples from Li/S02 cells discharged at various temperatures 

Relative intensities, 1O.0 = max 

Cathodes 
Discharge temperatures and treatment after discharge 

-3O~ 25~ 7O~ 70~ * 
Diffraction Interplane 

angle  20 spacing, d (A) Unwash Wash Unwash Wash Unwash Wash Unwash Wash LisSsO, Comment 

20.4 4.35 2.9 3.5 4.4 4.4 6.1 6.2 5.5 4.9 6.4 
21.45 4.14 2.2 
22.3 8.98 0.7 
23.9 3.72 5.8 6.4 7.1 7.8 7.2 7.8 7.0 6.9 I0.0 
27.5 3.24 8.4 4.3 5.6 6.9 6.5 6.4 6.8 6.7 9.4 
28.4 3.14 4.2 
80.2 2.96 2.1 2.1 2.9 2.7 3.4 3.2 3.1 3.8 6.4 
31.0 2.88 1.2 
31.5 2.84 0.9 
33.6 2.67 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 9.7 
35.3 2,54 6.0 6.7 5.4 5.5 5.6 5.3 5.5 5.6 5.4 
40.1 2.25 0.9 1.3 1.1 0.9 0.9 0.9 1.9 1.O 1.4 

Lt~O. 
L ~ r  

LbSO. 

LIBr 
LtBr 

�9 70~ represents  a cathode from a second cel l  discharged at 700C. 

Table II, Infrared frequencies and relative intensities for Na2S204, Li2S204, and cathode samples from Li/SO~ 
cell discharged at various temperatures 

NauSea, LisS~O, Unwashed Washed 

Cathodes 
Discharge temperatures and treatment after discharge 

- 300C -30~ a 25~ 70~ 700C �9 

Washed Unwashed Washed Unwashed Washed Unwashed Washed 

12,35 (w) (1244) (sh 1239 (w) 1244 (w) 1244 (w) 1244 (w) 1244 (w) 1241 (m) 1242 (m) 1238 (w) 1244 (m) 
1234 (m) 

1147 (mw) (1182) (sh) 1193 (w) 1183 (w) 1180 (sh) 1182 (w) 1182 (w) 1165 (m) 1160 (m) 1155 (m) 1165 (m) 
1122 (sh) 

(1106) (sh) (1110) (sh) 1113 (str) 1110 (sh) 
1064 (str) 1085 (str) i08~ (str) iu78 (str) io82 (m) 1088 (Str) 1087 (str) i038 (str) 1086 (str) i{~94 (m) 1091 (str) 
1031 (str) 1034 (six) 1032 (str) 1030 (sir 1031 (m) 10Z9 (str) 10Z8 (str) Iv20 (str) 1019 (str) 10.b9 (m) 1021 (str) 

944 (sh) 
974 (sh) 978 (sh) 978 (w) 976 (w) 975 (w) 978 (sh) (978) ( sh)  969 (m) 968 (m)  967 (str) 970 (m)  

(940) (sh) (940) (sh) 946 (w) 943 (w) (945) (sh) 949 (sh) 
921 (str) (912) (sh) 917 (sh) 

899 (str) 906 (str) 904 (str) 906 (m) 906 (str) 907 (str~ 905 (sir) 904 (str) 899 (str7 910 (sir) 
(6627 (sh) (661) (vw) 664 (m) 661 (m) 657 (row) 633 (m) 

620 (w) 647 (w) 645 (w) 646 (w) 643 (m) (643) (w) (6417 (vw) 645 (w) 630. 
649 (row) 

569 (w)  
542 (w) 542 (m) 542 (m) 542 (m) 542 (w) 543 (w) 541 (m) 544 (mw) 543 (mw)(5407 (w) 545 (mw) 

511 (w) (513) (w) 
612 (m) 507 (m) 504 (m) 503 (m) 504 (w) 502 (m) 503 (m) 501 (mw) 502 (mw) (500) (w) 503 (mw) 

* 70~ represents  a cathode from a second cell  discharged at 70~ 
--30~ a is a sampte from a cathode discharged at -30~ but exposed to the atmosphere.  
(str) strong, (m) moc[erate, tmw) moderate  to weak, (w7 weak, (vw7 very weak, (sh) shoulder. 
All frequencies  are in cm-L Frequencies in parentheses  have been estimated. 

possibility also exists that  the two salts have different 
crystal structures. However, the IR spectrum of the 
l i th ium salt sufficiently resembles that  of the sodium 
salt to suggest that  the S~O4 -2 ion geometry in crystal-  
l ine Li2SsO4 is C~v, as it  is in the sodium salt. 

The IR spectra of 92% pure LisS204 has been previ-  
ously reported by the authors (10); the IR bands are 
tabula ted in Table II. The top of Fig. 1 shows the IR 
spectra of 85% pure Li2S204. The three principal  bands 
at 1082, 1034, and 899 cm -1, and two moderate bands 
at 540 and 506 cm-1, are essentially the same as that 
reported for the purer  sample. Some weak bands and 
shoulders may be caused by impurit ies,  i.e., the 647 
cm -1 band in  the 92% sample is a t t r ibuted to the 
principal  impuri ty ,  Li~SO3. Addit ional  weak bands or 
shoulders occur in the 85% sample (Fig. 1) at 1182, 
963, and 639 cm -1, which are in excellent  agreement  
with the 1180, 965, and 642 cm -1 bands of hydrated 
Li2SO3. The band  near  1130 cm -1 may be due to sulfate. 

IR spectra aS cells discharged at --30 ~ and 25~ 
The infrared spectra of cathode samples discharged a t  
--30 ~ and 25~ are compared with Li2S204 in  Fig. 1. 
The spectra of these cathodes strongly resemble the 
spectrum of Li~S204. Washing the cathode mater ia l  
with acetonitri le has a negligible affect on the infrared 
spectra of these samples. The major  discharge product  

at these two temperatures  is Li~S~O4, a result  in a c c o r d  
with the x - r a y  results. The weak bands reported in  
Table II appear to be due to trace amounts  of decom- 
position or oxidation products. 

IR spectra o$ cells discharged at 70~ bands. 
- - T h e  ins spectra of cathodes from cells dis= 
charged at the higher temperature  (70~ are shown 
in Fig. 2. Obvious differences from those discharged at 
the two lower temperatures  are observed. The spectra 
resemble those of Li2SeO4, but  the in tens i ty  pa t te rn  of 
the bands is altered. The strong peaks at 1091, 1021, 
and 910 cm -1 correspond to the strong peaks in the 
Li2S204 spectrum. The moderately  weak bands at 545  
and 503 cm -1 match well  with the moderate asym- 
metric bending vibrat ions occurring at 542 and 507 
cm -1 for Li2S204. However, the infrared spectral  evi-  
dence strongly shows that  the higher tempera ture  dis- 
charge produces a different dis t r ibut ion of products 
than the discharges at lower temperature.  Four  new 
moderately  intense bands appear at ~ 1244, 1165, 970, 
and 663 cm -1. In addition, discharge of other cathodes 
reveal the appearance of bands at ,,, 1110, 1130, 944, 
and 630-640 cm -1. 

The high f requency IR band  observed at 1240 cm -1 
(1242 and 1238 cm -1 in Fig. 2) can be generated by  
S-O stretching vibrat ions of several  oxy-su l fur  anions, 
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inc luding  pyrosulfate $207 s - ,  di thionate $206 ~-, and 
polythionates SxO62- (x = 3 -~ 6). The presence of 
pyrosulfate can be ruled out due to the absence of 
bands in the 700 and 800 cm-1 region of the infrared 
spectrum (11). The di-  or poly- thionates  have their  
most intense bands at ~ 1240 cm -1 (12-14). Poly-  
thionates differ by  exhibi t ing a strong IR band  nea r  
1035 cm -1 (12, 15). This was confirmed by comparing 
the IR spectra of the sodium di- and tetra- thionates.  
The te t ra thionate  had characteristic bands at 1238, 
1030, and 635 cm -1. The anhydrous  dithionate exhibited 
strong bands at 1244 and 998 cm -1, a moderate  tr iplet  
at ~ 590, 580, and 560 cm -1, and had a weak band  at 

528 cm -1. The critical dist inction between the di-  
thionate (995-1000 cm -1 band)  and the polythionate 
(1035-1045 cm -1 band)  is masked in the mix ture  con- 
raining LisS204, which absorbs at 1034 cm -1. Addit ional  
precaut ion is warranted  on evaluat ing the 1240 cm -1 
region. Very pure  NasS20~ exhibits a re la t ively simu]e 
IR pat tern  at 1244 cm -1, whereas spectral data reported 
for K2S~O~ reveal  a comvlex IR spectra in this region 
(16). In  the absence of the l i th ium polythionates,  dis- 
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Fig. 2. Infrared spectra of cathodes taken from two different 

Li/SO~ cells discharged at 70~ Curve a: washed cathode no. I .  
Curve b: unwashed cathode no. 2. 

t inct ion between the di- and poly- thionates  cannot be 
unambiguous ly  determined by  IR in the presence of 
Li2S204. Analysis employing the method of Mur thy  
(17), cur rent ly  in progress at NSWC (8), indicates di-  
thionate formation. A hint  of the 998 cm -1 band  ap- 
pears near  the 1021 cm-1 peak, but  is not obvious in  
the spectra. A band at 560 cm -1 is observed, which 
may or may not  be associated with a l i th ium thionate. 
The thionate concentrat ion may be insufficient in the 
presence of the p redominant  dithionite (S.~O42-) for 
this band  to be observed. The presence of a di- or t r i -  
thionate can be explained by  the redox scheme 

S02 
2S0~ + 2e- -> $204~- ----> $3062- -* S~062- + S 

The presence of su l fur  was confirmed in  the 70~ 
discharged cathode. The cathodes were washed with 
carbon disulfide. The carbon disulfide was evaporated, 
and the residue was confirmed to be sulfur  by  spot 
tests and differential scanning calorimetry. The sulfur  
could be produced through the above mechanism or 
as a result  of the thermal  decomposition of the l i th ium 
~lithionite. 



972 J. EIectrochem. Soc.: E L E C T R O C H E M I C A L  SCIENCE AND TECHNOLOGY May 1984 

An unidentified band appears at ,~ 1160 c m - i  (1165 
and 1165 cm - i  in Fig. 2) in the 70~ discharge which 
is not  present  in the low temperature  ciisci~arges. Al-  
though S~O has been observed as a minor  const i tuent  
by mass spectroscopy and has IR bands at 1165 and 
679 cm - i  (a shoulder at 679 cm - i  is seen in  Fig. 2), 
this possibility appears remote, since $20 is unstable at 
ambient  temperature.  A solution of SO2 in CH~CN 
exhibits a p redominant  peak at 1160 c m - L  However, 
the possibility of the carson  cathode re ta ining the 
CH~CN-SO2 only at the 70"C and not at the --30 ~ and 
25~ discharges rules out CH3CNrSO~. Anhydrous  
Li2SO4 has a s trong broad-band  centered nea r  1140 
cm -1, whereas the hydrate  displays split peaks at 
1170 and 11~10 cm -1 (18). Moisture content  oK the car- 
bon may influence the position of the sulfate band. 
Although the presence of sulfate is strongly suggested 
by other bands, e.g.," 661 cm-~, an unequivocal  assign- 
ment  cannot be determined,  since the unavai lable  
l i th ium polythionates are l ikely to also absorb in this 
region. 

A strong IR band is observed at 968 c m - k  Recently, 
a s imilar  band at 970 cm -~ was reported by Bowden 
et al., which they at t r ibuted to be ditriionate based on a 
comparison with IR spectra of Na2S206 (19). How- 
ever, a sample of Na2S206, analyzed at >99% puri ty  
by s tandard  methods, exhibited a band at 998 c m - L  
We at t r ibuted the band at 968 cm - i  to the presence of 
Li2SO3. This was confirmed by comparing the spectra 
with that  of Li2SO3, which displayed a strong band at 
967 c m - L  The symmetric  and asymmetric  O-S stretch- 
ing modes of the so(lium salt give rise to a strong ab-  
sorption around 970 cm -~, and often the two funda-  
mentals  are seen separately at 9~0 and 930-940 cm - i  
(12, 20). Such a spl i t t ing as observed in Fig. 2b ex- 
plains the peak at 9o8 cm -~ and the shoulders observed 
from 940 to 949 c m - k  Similarly,  the symmetr ic  S-O 
bend observed at {~30-640 cm -~, which appears in the 
spectra of the unwashed cathode of Fig. 2b, is also 
a t t r ibuted to Li2SO3. The presence of Li2SO~ was ob- 
served in the x - r ay  pa t te rn  of this same cathode. 

The washed cathode has a moderate band at ,,~661 
cm -~ and the h in t  of a weak peak near  612 c m - L  The 
location of these bands are in excellent agreement  with 
the IR spectra of anhydrous Li2SO4, which exhibit  
s trong and moderate bands at 660 and 612 cm -1, re-  
spectively. The in tens i ty  and f requency of these Bands 
may be influenced by the moisture content  of the car- 
bon cathode. Instead of two sharp bands, hydrat ion pro- 
duces a single b road-band  near  634 cm -1 (18). 

The spectra of the unwashed cathode (Fig. 2b) re-  
veals a more complex IR pattern.  In  addition to the 
band near  657 cm -x, there is another  band in  the 630- 
640 c m - i  region with a shoulder at ~613 c m - L  The 
band at 657 cm - i  (664 and 657 cm - i  in Table II) and 
shoulder at 613 cm - i  appear  consistent with the spec- 
t ra  of anhydrous Li2SO4. The peak in the 630-640 cm - i  
region is a t t r ibuted to sulfite. 

The bands 540-545 cm-~ and 504-500 cm -1 are in 
excellent agreement  with similar  bands observed for 
Li2S204. 

Minor IR bands.--The IR spectra of one of the u n -  
washed cathodes from the 70~ discharged cells dis-  
played several minor  peaks and shoulders. 

The shoulder at 1122 e m - i  could be due to the S-O 
stretching high frequency bands of sulfate, sulfite, or 
SOBr2; the lat ter  displays a single high frequency 
band  at 1121 cm - i  (12). 

The small  shoulder at 1110 cm -1 is consistent with 
the presence of sulfate or sulfite. The hydrated  l i th ium 
salts showed bands at 1113 cm -1 [1110 cm-1, Ref. (18)] 
and ~1108 cm -1, respectively. An infrared spectrum 
of a cathode sample from a --30~ discharged cell that  
had been exposed to air for 4 days develoued an .~n- 
tense band at 1113 c m - L  X- r ay  analysis confirmed this 
to be l i th ium sulfate. Similarly,  the IR spect rum of a 

washed cathode from a 70~ discharged cell that  had 
been stored 4 months in a vacuum desiccator showed 
the development  of a shoulder near  948 cm -1 as well as 
a peak at 1108 cm -1. On opening the desiccator, a 
strong odor of SO2 was 'not iced.  These peaks may be 
due to sulfite, resul t ing from limited oxidation in an 
SO2 atmosphere or slow decomposition of Li2S204. 
Unlike the sodium salt, Li2S204 is unstable.  When 92% 
pure Li2S204 was stored in a closed vial at ambient  
temperature,  iodometric analysis near ly  1 yr later re-  
vealed only ,--8 % dithionite remaining.  

The peaks at 630-646 cm -1 (Table II) and shoulder 
at ,--513 cm -1 are a t t r ibuted to l i th ium sulfite. The IR 
pat tern  of Li2SO3.3H20 has bands at 643 and 511 
cm -1. The nonappearance  (Fig. 2a) and appearance 
(Fig. 2b) of the (940-949 cm -1) band is consistent with 
the behavior previously reported for sulfite (12). 

The incongruous bands at 1009 and 560 cm-1 in one 
of the 70~ cathodes could be an artifact, bu t  might  be 
a part  of the spectrum of an unavai lable  l i th ium salt, 
such as a di-  or poly-thionate.  

The possibility of thiosulfate ($20~ 2- )  and /o r  meta-  
bisulfite ($2052-) cannot be ruled out under  some dis- 
charge conditions. The spectra of Li2S20~ and Na2S205 
were recorded and have several  bands in common with 
the observed cathode spectra. Thiosulfate has been re-  
ported in D-size Li/SO2 cells (21), and iodometric 
studies on these same ~/2 A-size cells indicate thiosul- 
fate (2, 8). Additionally,  hydrolysis of di thioni te  in an 
aqueous acid medium is well  known to produce thio- 
sulfate. Mass spectroscopy studies on carbon ca thodes  
from commercial SOs cells were found to contain as 
much as 18% water  upon heat ing to 275~ (8). Moist 
carbon cathodes may be a sui table acidic medium to 
promote hydrolysis. Similarly,  water  has been reported 
to promote the decomposition of dithionite to both 
thiosulfate and metabisulfite (22). 

The spectra of Li2S203 has major  broad bands at 
,,,1112 and 1000 cm -~, a moderate band near  680 cm -1, 
and a weak band at 550 cm -1. The 1000 and 550 cm -1 
bands are not  far removed from the observed incon-  
gruous peaks, and a h in t  of a 679 cm -1 shoulder is 
present  in Fig. 2. 

Sodium metabisulf i te-displayed bands at ,~1180, a 
1056-1068 doublet, 978, 653, 558, and 415 cm -~ resemble 
the pattern,  if not  the intensity,  of several weak to 
moderate bands in Table II. However, the absence of 
the strong bands in the ~1060 cm - i  region is an argu- 
ment  against  the presence of metabisulfite. Since ac- 
ceptance of this manuscript ,  a recent  paper  has re-  
ported that  metabisulfite is present  in cells discharged 
at 72~ (24). 

ESR spectroscopy.--Electron spin resonance (ESR) 
studies were carried out on the cathodes from the dis- 
charged cells and compared with labora tory-synthe-  
sized Li2S204. The solid Li2S204 synthesized in the lab-  
oratory displays a strong ESR signal with G values of 
2.0076, 2.0053, and 2.0036. The signal has been a t t r ibuted 
to the presence of the SO2- radical anion in the sample 
(5), and arises from the homolytic cleavage of the di-  
sulfide bond in dithionite. 

The effects of temperature  on the ESR spectra of 
Li2S204 can be seen in Fig. 3. At low tempera ture  the 
signal is broad. It sharpens and splits as the tempera-  
ture  is raised. The in tensi ty  of the signal increases 
dramatical ly  with temperature  reaching a ma x i mum at 
220~ corresponding to the approximate exothermic 
decomposition temperature  of the dithionite, where-  
upon the ESR signal decays quickly and irreversibly.  
This behavior implicates SO2- in  the thermal  decom- 
position of Li2S204. 

The half-field signal (~m ___ 2) at low temperatures  
for crystall ine Li2S20~ has been reported (4). The 
presence of the half-field signal is evidence for the 
interaction of trapped pairs of radicals in  well-defined 
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locations within the lattice. Intensity considerations in-  
dicate that the split t ing of the ~ -- 1 transition should 
be considerable. However, paired ~ -- 1 transitions 
attr ibutable to interacting radicals could not be identi-  
fied, most probably because of dipolar broadening from 
a large anisotropic zero field splitting. In addition, no 
88S hyperfine splittings were observed in the Li~SzO4 
samples. 

ESR spectra of unwashed cathode samples are shown 
in Fig. 4. Washing the cathode samples with acetonitrile 
did not significantly affect the spectra. The cathodes 
discharged at --30 ~ and 25~ differ l i t t le from each 
other, with the exception that the 25~ cell has more 
of a lower field signal, which is at tr ibuted to the di-  
thionite. The obvious reason for this is that the 25~ 
cell has more capacity than the --30~ cell, and con- 
sequently more dithionite. The spectra of the cathode 
material  discharged at 70~ are similar to those of the 
lower temperature discharges, but they are broader 
and less structured, indicating a greater amount of radi-  
cal interaction or the presence of new radical species. 

As shown in Fig. 5, the cathode spectra from the 25 ~ 
and --30~ discharges have been interpreted as a sum 
of the spectra of two species: one due to the Li2S~O4, 
and the other due to a radical species associated with 
the cathode carbon material, Shawinigan black. The 
spectra could be reproduced reasonably well by a 
mixture of ,~5% Li2S204 in carbon. It is not clear what 
role, if any, the carbon-based radical plays in the de- 
composition or discharge chemistry. 

Conclusion 
Laboratory synthesized Li2S~O4 has been character-  

ized by x-ray,  infrared, and electron spin resonance 
spectroscopy. 

The spectroscopic characteristics of the LizS204, to- 
gether with the IR spectra of Li2SOs, Li2S~O3, LizSO4, 
and several sodium salts, were used to study the cath- 
ode products from Li/SO~ cells discharged at --30 ~ 25=, 
and 70~ Li_9S204 was confirmed to be essentially the 
major product formed at --30 ~ and 25~ using x- ray  
and IR spectroscopy. The 70~ discharged cathode re-  
vealed a different set of products. The principal prod-  



974 J. EIectrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY 

SHAWINIGAN / 
CARBON BLACK 

S 

Li2S204 

CARBON CATHODE 
FROM Li/S02 CELL / 

DISCHARGED AT 25~, / , , . .~  / 

gauss 

J J I i I I I i = i i i i i i = 
3225 gauss 

Fig. 5. ESR spectra for shawinigan black, solid Li2S204, and car- 
bon cathode from a Li/SO~ cell discharged at 25~ 

uct was dithionite. The presence of sulfite, sulfur, and 
Li2S206 or Li2S~O6 was confirmed. Sulfate also appears 
to be present. Some thiosulfate or metabisulfate may 
be present. 

Thermal decomposition of dithionite (4, 23), as indi- 
cated below 

2S2042- -~ $2082- + SOs 2- + S02 

2Li2S204-> 2Li2SOs + S02 + S 

2Sz042- --> 2S032- + SOs + S 

S2042- -> S042- + S 

may account for some of these products. Thermal sta- 
bility studies of dithionite are in progress. 

Results of ESR studies on Li~S204 at different tern- 

May 1984 

peratures implicate the SOs- radical in the thermal 
decomposition mechanism of LizS204. A radical species 
associated with the cathode carbon material is also 
present. 
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Mathematical Modeling of the Lithium, Thionyl Chloride Static 
Cell 

I. Neutral Electrolyte 
Keh-Chang Tsaur* and Richard Pollard** 

Department of Chemical Engineering, University of Houston, Houston, Texas 77004 

ABSTRACT 

A mathematical  model  of the Li-LiA1C14, SOC12-C static cell with neutral  electrolyte is presented.  The model  consid- 
ers a whole prismatic cell consist ing of negative electrode, separator, electrolyte reservoir, and positive electrode. Phys- 
ical phenomena  described are ohmic potential  drop and diffusion potential  in the electrolyte, changes in porosity and 
electrolyte composit ion due to electrochemical reactions, local reaction rates, and diffusion, convection, and migration 
of electrolyte. The theoretical  results show the t rends in behavior observed experimentally.  The effects of state of 
charge, initial electrolyte composition, electrode thickness and porosity, and current densi ty are presented,  and factors 
that  can l imit  cell performance are identified. 

The Li-LiA1CIJSOC12-C p r i m a r y  cell  has received 
considerable  a t ten t ion  as a high energy  dens i ty  power  
source (1-4).  A mathemat i ca l  model  is needed  to p re -  
dict  the opera t iona l  character is t ics  of the  sys tem and to 
assess the influence of changes in design pa rame te r s  on 
the cell  per formance .  

Models have been proposed to descr ibe  the behavior  
of flooded porous electrodes (5). Specific systems tha t  
have b e e n  inves t iga ted  include electrodes wi th  spar -  
ingly  soluble  reac tan ts  such as the  Ag-AgC1 and 
C d - C d ( O H ) 2  couples (6), and electrodes of zinc (7) 
and  of lead d ioxide  (8, 9). 

F a r  less effort has been d i rec ted  toward  model ing  
complete  cells and, up unt i l  now, on ly  the lead  acid 
ba t t e ry  (10, 11) and the LiA1/FeS mol ten  sal t  ba t t e ry  
(12, 13) have been ana lyzed  in detail .  In  this paper ,  a 
one-d imens iona l  model  is p resented  for the  l i thium, 
th ionyl  chlor ide  sys tem wi th  a neu t ra l  e lectrolyte .  A 
whole  pr i smat ic  cell  is considered,  consist ing of nega-  
t ive  electrode,  separator ,  e lec t ro ly te  reservoir ,  and 
posi t ive e lec t rode  (see Fig. 1). The model  can be used 
to ident i fy  sys tem l imi ta t ions  and to help  guide exper i -  
men ta l  research.  

Model Development 
The analysis  is based on the macroscopic theory  of  

porous e lect rodes  in which  the solut ion and ma t r i x  
phases a re  t r ea ted  as superposed  cont inua wi thout  re -  
gard  for  the geometr ic  detai ls  of the pores (14). With  
this  approach,  one can ob ta in  a consistent  f r amework  
for  the descr ip t ion  Of i so thermal  t r anspor t  processes in 
the  e lec t ro ly te  (5).  

A m a t e r i a l  ba lance  for  species i is given b y  

0 (~ci) 
- -  = a j ~  - V �9 _NI [1]  

0r 

where  Ni is the flux of species i in the  pore  solut ion 
averaged  over  the  cross-sect ional  a rea  of the  e lec t rode  
and where  aj~n represents  the t rans fe r  ra te  of species i 
f rom the solid phases to the  pore  solution pe r  uni t  e lec-  
t rode  volume.  The superf icial  cur ren t  dens i ty  in the 
pore  solut ion is due to the  movement  of charged species 

!~ = F:~ziNI [2]  
i -- 

and, as a consequence of electroneutrality, the diver- 
gence of the total current density is zero. For a single 
electrode reaction of the form 

ZsiMi z, --> h e -  [3] 
! 

�9 Electrochemical  Soc ie ty  Student  Member.  �9 * Electrochemical  Soc ie ty  Act ive  Member.  Key words:  porous  e lectrodes ,  cell performance, galvanostat ic  
discharge.  

F a r a d a y ' s  law can be expressed  as 

8Lj 8i 
ajin = -- -- = --  -- V �9 i2 [4] 

n F  n F  - 

provided  that  doub l e - l a ye r  charging is ignored.  
A mate r i a l  ba lance  on the solid phases indicates how 

the e lect rode poros i ty  changes wi th  the extent  of r e -  
act ion at each locat ion wi th in  the e lec t rode  (5) 

= V �9 i2 [5]  
~t solid n F  - 

phases 
The flux of mobi le  species in the e lec t ro ly te  can be 

a t t r ibu ted  to the combined effects of diffusion, m ig ra -  
tion, and convection. Fo r  the neu t ra l  Li/SOCI~ cell, the 
e lec t ro ly te  is r ega rded  as a concent ra ted  mix tu re  of 
l i th ium cations and ch loroa lumina te  anions in th ionyl  
chloride.  Invers ion of the mul t i component  diffusion 
equations yields expl ic i t  re la t ionships  for the fluxes 
(5, 15) 

t+~2 
_N+ = -,D.+ Vce + ~ + c+v" [6] 

t_=i~ 
N- = --,D~-Vce + ~_~ + c- Z" [7] 

No = --,DVCo + CoV, [8] 

where  the  subscr ipts  + ,  -- ,  e, and o re fe r  to Li  +, 
A1C14-, LiA1CI4, and SOC12, respect ively,  and where  D 
is the  effective diffusion coefficient of  the  e lectrolyte .  
The volume average  velocity,  v "  --  :~ ViNl, has been 

- -  1 
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Fig. 1. Schematic diagram of Li-LiAICI4/SOCh-C static cell 
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chosen as the reference frame because physical data 
for LiA1CL~, SOC12 electrolytes are often correlated 
with the concentration (see Appendix) .  Substitution of 
Eq. [6]-[8] into the material  balance Eq. [1] and re- 
arrangement  gives an overall  conservation equation 

~9, [ Vet - �9 Vet + �9 ] 
--~- V "V�9 --a L V ~ 1 7 6  J+n-}-~--n] 
Ot - v +  ' v -  

- Ve/2 " V t + ,  D , , _  (vce). vV, [9] 
Z+~+F coVo 

The movement  of electrons in the matr ix phase is 
governed by Ohm's law 

!i = - qVr [1O] 

where r is the effective matr ix  conductivity. In the 
electrolyte, the variation in solution potential is given 
by (5) 

1 ( s +  t + .  SoC,)  
-} V~e [II] 

where  ,I,2 i s  measured with a reference electrode that  
has stoichiometric coefficients si and number  n of elec- 
trons transferred, and #e is the chemical potential of 
the electrolyte (16) 

#e : ~RTln  (cJ+_aO+_)  [12] 

Equation [10] m a y  be subtracted from Eq. [11] to 
obtain variations in the overpotential  n -- r -- r 
directly (17). 

Polarization equations are needed to express the 
dependence of the local rate of each reaction on the 
various concentrations and on the potential difference 
driving force at the reaction intexface. Electrode ki- 
netics do not follow fundamental  laws that  can be 
expressed as reliably as Ohm's law or the law of con- 
servation of matter.  Therefore, the polarization rela-  
tionships will be subject to fur ther  refinement as one 
tries to account not only for the charge transfer  mecha-  
nism but also for electrode morphology, formation of 
covering layers, and mass transport  to and from re- 
action sites. It  is common to begin with a polarization 
equation of the form 

j = ai o [ e a . F n , / R r  _ e--acFn,/RT] [13] 

where ns is the local value of the surface overpotential,  
ms = ~ -- Uw, and where the exchange current  density 
io can be writ ten as 

Ci,w )Tt 
io = io,ref:r ~ , ~ .  : rak  ~/~ [14] 

t , k 

The activity ak for a pure solid reactant or product  
may  be taken as unity. The theoretical open-circuit  
potential for a reaction is given by (18) 

R T  ( ci.r, ) 
, �9 sI,re In 

U w  = U ~ - U ~  re + nr~F I po - 

RT ( Ci.w ) 
Z si In _- ~ [IS] 

provided that  activity coefficient corrections can be 
neglected. The potential Uw is equal to zero if the ref-  
erence electrode has a reaction of the same kind as 
the working electrode, measured at the composition 
prevail ing locally at the surface of the working elec- 
trode. 

The complicated processes in the positive electrode 
are represented by  (19) 

1 1 
2Li + + - 2 e -  + SOCI~-e 2LiCI +-~-S + ~-S02 [I] 

It is assumed that the S and SO~ produced by reaction 
[I] dissolve in the electrolyte (20). Furthermore,  the 

model supposes that, as a result of low solubility in 
the neutral  electrolyte (20, 21), pure LiC1 precipitates 
instantaneously and passivates a fraction of the active 
surface area of the carbon matr ix in accordance with 

a = a o [1 - -  (eLiC1/ep ~ P] [16] 

The magnitude of the exponent p reflects the morphol-  
ogy of the LiC1 precipitate: large values represent 
long, needle-like crystals, whereas small values imply 
that flat, passivating films are produced (6, 22). In-  
clusion of the initial porosity in Eq. [16] corresponds, 
indirectly, to a dependence of crystallite shape on 
mechanical  constraints (23). Any effects of factors 
such as temperature,  current  density, or impurities 
on the morphology are not considered in the initial 
analysis. 

The overall  discharge reaction at the negative elec- 
trode is 

I A ~  Li + + e -  [H] 

A LiC1 film forms over the surface of the l i thium by a 
reaction of the type (24) 

1 1 
2Li + SOC12 -> 2LiC1 + -~ S + ~- S02 [III]  

It is assumed that reaction [II]  occurs at the l i thium 
surface, and that  l i thium ions are t ransported through 
the LiC1 film and transferred to the electrolyte. The 
LiC1 film can be described as a solid electrolyte inter-  
phase (SEI) with an outer porous layer  (25, 26). 
However,  nei ther  detailed transport  properties for  the 
SEI nor  local porosities for the porous layer  are avail-  
able. Consequently, the present analysis makes several 
simplifying aasumptions. The film is regarded as a 
homogeneous region that can be characterized by a 
single bulk conductivity. This conductivity is used in 
Eq. [10J to calculate the potential drop across the film. 
The potential difference ms at the Li/LiC1 film inter-  
face is determined from Eq. [13] with j / a  replaced by  
I and with i'o independent of concentration. As a dis- 
charge proceeds and lithium is consumed, it is assumed 
that growth of the LiCl film and forces f rom outside 
the cell or f rom LiCl precipitation in the cathode 
maintain contact between Li, LiCl film, and separator. 
I f  E[ gap does develop in the anode, the potential drop 
across this region would need to be included in the 
calculation of electrode resistance. 

With the simplified model for the anode, it is not  
necessary to determine the concentration profile for  
li thium ions in the film. However, the SOC12 flux No 
across the film must  be calculated to assess the changes 
in film thickness. If  convection terms are omitted f rom 
Eq. [6]-[8] and physical properties are taken as con- 
stant, the SOC12 concentration profile within the film 
is linear. Under these circumstances, the SOC12 flux 
is given by 

D f  
No -" ~ [(Co)b -- (Co)a] [17] 

where  Df is an effective diffusivity for SOC12 in the 
film, 8f is the film thickness, and (Co)b and (Co)a are 
reactant  concentrations at the separator  and li thium 
interfaces, respectively. Reaction [III]  is expected to 
be very  fast, and, therefore, (Co)a is taken to be zero. 
The flux in Eq. [17] is equal to the reaction rate r m  
per unit separator area. 

The production of LiC1 by reaction [III]  can alter 
either the porosity or the thickness of the protective 
film (25, 26). If  only thickness changes are significant, 
a mass balance gives 

dSf 
--" SLiCI,IIIVLIC1TIII [18] 

d~ 

As a discharge proceeds, increases in ~f tend to lower  
the conversion rate, as predicted by  Eq. [17]. A r e -  
d u c t i o n  in film porosity would also show this trend, 



Vol. 13I, No. 5 LITHIUM, THIONYL CHLORIDE STATIC CELL 

but indirectly, through changes in the effective dif- 
fusivity Dr. 

The temperature is assumed to be uniform through- 
out the cell sandwich, but it can change with time in 
response to reversible heat effects, Joule heating, over- 
potentials associated with electrode reactions, and cor- 
rosion at the negative electrode. The first law of 
thermodynamics gives 

dT ( ~ U o )  
C - -  Uo-- V-- T o - ~  I 

- -  h o ( T  - -  T A )  + (A/'~R)'I'III [19] 
where C is the cell heat capacity per unit separator 
area, and ha is the heat transfer coefficient between 
the cell and the surroundings. The total cell voltage V 
is obtained by integration of local matrix and electro- 
lyte potential gradients in the electrodes and separator, 
in accordance with Eq. [10] and [11]. Kirchhoff's volt- 
age law requires inclusion of the surface overpotentials 
(with appropriate signs) at the front of each electrode, 
as well as the difference in potential between the two 
types of reference electrode at one location. Resistances 
of the electrolyte reservoir and current collector can 
also be included. 

The Li-LiA1C]4/SOCIa-C system can be described by 
local variables Ce, v =, e, j, ./2, and 11 and by the govern- 
ing Eq. [1] (for the electrolyte), [4], [5], [9], [11] 
(in conjunction with Eq. [10]), and [13], subject to 
the following boundary conditions: (i) at the tiC1 
film/separator interface 

(a) ~ = I  

(b) ci, Ni continuous [20] 

(ii) at the positive electrode/reservoir interface 
(a) ~ = I 

(b) ct continuous 

(c) -~-  ~ c i  --N~--N~I [21] 

(iis at the positive electrode/current collector inter- 
face 

(a) ~ = 0  

(b) v=  = 0 

(c) Nl = 0 [22] 

977 

where Ni and N'l in Eq. [21] are the species fluxes that 
enter and leave the reservoir, respectively. (It should 
be noted that the subscript i in Eq. [20]-[22] refers to 
any species in the electrolyte. Also, the term "continu- 
ous" means that a variable is assigned only one value 
at the location in question, but that this value can 
change with time during cell discharge.) The electro- 
lyte composition is assumed to be uniform across the 
reservoir. In the separator, the governing equations 
can be simplified with 

(a) " ~ = I  

(b) j = 0  

(e)  e = es [23] 

The initial conditions are taken as 

(a) ci = ci ~ 

(b) e = ~o [24] 

The governing equations constitute a set of coupled, 
ordinary, nonlinear differential equations at each time 
step which are cast into finite di~erence form accurate 
to O(h2), and solved simultaneously by a numerical 
technique (16). Each nonlinear equation is linearized 
properly to assure convergence, and each time-depend- 
ent equation is programmed symmetrically between 
the old time-step and the present one, in order to attain 
stability. 

Results and Discussion 
Figure 2 shows composition profiles across a typical 

cell sandwich at several times during a constant cur- 
rent discharge of 80 mA/cm2. When the discharge is 
started, lithium ions are introduced into the electrolyte 
by passage through the tiC1 film at the negative elec- 
trode. They are then transported across the porous 
separator to the positive electrode, where they can 
react cathodically to form tiC1, in accordance with 
Eq. [I]. A concentration profile develops because the 
transference number of Li+ is not unity and because a 
chemical reaction can occur at the surface of the nega- 
tive electrode. Consequently, diffusion aids migration 
in the transport of lithium ions across the cell. 

The details of the composition variations can be 
attributed to the combined effects of diffusion, migra- 
tion, convection, and electrochemical reaction. An 
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almost  constant  composi t ion g rad ien t  is es tabl ished 
across the  separa to r  tha t  corresponds to the fmx of 
l i th ium zons neeced  for the  specined cur ren t  density.  
Poros i ty  cr~anges in the posi t ive e lect rode accentuate  
local  composit ion changes, and this, in turn,  tends to 
raise the overa l l  concentra t ion level  in the separa tor  
as discharge proceeds.  The cont r ibut ion  of convection, 
which  arises p r i m a r i l y  f rom the influx or squeezing 
out of e lec t ro ly te  as the poros i ty  alters,  is expected to 
be smal l  for  this system, (vm ~ O  (,10 -5)  c m / s ) .  How-  
ever,  it  is inc luded in the analysis  to ensure that  the 
accuracy  of the  e lec t ro ly te  ma te r i a l  balances  is r e -  
ta ined  (12). 

The t ransfe r  cur ren t  in the posi t ive e lectrode is 
shown in Fig. 3, for severa l  uti l izations.  The large  
e lec t rode  surface area  of a typ ica l  carbon m a t r i x  m a -  
te r ia l  such as S h a w i n i g a n  b lack  (27) helps to create  
fast react ion kinetics.  As a result ,  a h ighly  nonuni form 
reac t ion  dis t r ibut ion,  dominated  by  ohmic effects, is 
obtained.  Throughout  the discharge,  most  of the re-  
action occurs near  the e lec t rode / rese rvo i r  interface 
and, because ~r/~ > >  1 (14), only a smal l  amount  of 
cur rent  is t r ans fe r red  near  the back  of the  electrode.  
Prec ip i ta t ion  of LiC1 at the  react ion zone close to the  
front  of the e lect rode reduces the  surface  area  avai lab le  
for reaction.  This tends to increase the pene t ra t ion  
dep th  (5) for the react ion and make  the react ion dis-  
t r ibut ion  more uniform. Prec ip i ta t ion  also reduces the 
poros i ty  and, hence, the local  effective conduct iv i ty  of 
the e lectrolyte .  Fo r  this  reason, the  t rans fe r  cur ren t  in 
the region of lowest  poros i ty  (at  the  front  face of the 
e lect rode)  is l a rge r  at h igher  ut i l izat ions (see Fig. 3, 
curves b and c) .  The t rans fe r  cur ren t  near  the back  
of the e lec t rode  decreases in response to the  concent ra -  
t ion dependen t  t e rm in the Ohm l aw re la t ionship  for 
the  e lectrolyte .  

F igure  4 shows micros t ruc tures  in the posi t ive elec-  
t rode at  a given depth  of discharge for three  d ischarge  
rates.  The volume fract ion of LiC1 (,aicl --  ,po _ , , )  
corresponds d i rec t ly  to the cumula t ive  react ion d i s t r i -  
but ion,  as dic ta ted b y  in tegra t ion  of Eq. [5]. Most of 
the  prec ip i ta t ion  occurs near  the  e l ec t rode / rese rvo i r  
interface,  in keeping  wi th  the t ransfer  cur ren t  profiles 
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Fig. 3. Reaction distribution in the positive electrode at differ- 
ent utilizations. (a) 0.58%; (b) 3.70%; (c) 9.10%. Simulation 
parameters as in Fig. 2. 

presented  in Fig. 3. At  higher  cur ren t  densi t ies ,  the  
d is t r ibut ion  is less uni lorm,  pa r t i cu l a r ly  at  the front  
of the electrode.  The e~ect  oi  cur ren t  dens i ty  on the 
poros i ty  at this  locat ion is more  not iceable  at  g rea te r  
depths  of discharge.  

F igure  5 shows the p red ic ted  dependence  of total  
cell  vol tage on ut i l iza t ion for three  discharge rates.  
The increase in e lec t ro ly te  conduct iv i ty  in the  sepa ra -  
tor, which resul ts  f rom a local change in solut ion 
concentra t ion (see Fig. 2), overcomes the increase in 
potent ia l  drop associated wi th  growth  of the LiC1 film 
and gives a smal l  vol tage rise shor t ly  a f te r  the  begin-  
ning of discharge.  A t  h igher  cur ren t  densit ies,  the 
e lec t ro ly te  concentra t ion in the separa to r  increases 
more rapidly ,  and this makes  the  ini t ia l  vol tage rise 
more  distinct.  However ,  an ini t ia l  -voltage rise is not  
pred ic ted  for cells wi th  Ce ~ > 1.5M because changes in 
e lec t ro ly te  conduct iv i ty  are  less significant at  h igh 
concentrat ions (see Eq. [ A - l ] ) .  For  al l  three  curves,  
the sharp reduct ion in cell vol tage at  the end of dis-  
charge is caused by  the localized poros i ty  reduct ion  at  
the f ront  face of the  posit ive electrode.  The plugging 
of porous electrodes has been cited as a possible cause 
of fa i lure  in other  cells (7, 12, 28). Before the onset  of 
fai lure,  the cell vol tage remains  re la t ive ly  constant.  
The shape of the  vol tage  curve is s teeper  and the cell  
l i fe t ime is shor ter  at  h igher  cur ren t  densit ies because 
the react ion d is t r ibut ion  in the posit ive e lect rode is 
less un i form and, to a lesser extent ,  because there  is 
less' t ime for diffusional processes to t ake  place. The 
t r iangle  on the 40 m A / c m  2 curve indicates  the onset  
of p rec ip i ta t ion  of sulfur  in the cell. This is ca lcula ted 
on the basis of a sa tura t ion  concentrat ion of 1M, a un i -  
form sulfur  dis t r ibut ion,  and the s to ichiometry  of Eq. 
[I].  In pr inciple ,  sulfur  deposi t ion could reduce the  
poros i ty  close to the  reac t ion  f ront  in the cathode and 
hence control  the cell l i fet ime.  However ,  exper imenta l .  
evidence (23) indicates  tha t  sulfur  prec ip i ta tes  in 
voids away  from the LiC1, and does not  in te r fe re  wi th  
discharge significantly.  Therefore ,  format ion  of sol id 
sulfur  has not been included in the presen t  model.  

The dependence  of cell l i fe t ime on ini t ia l  poros i ty  
in the posit ive e lec t rode  and on galvanosta t ic  d ischarge  
ra te  is summar ized  in Fig. 6. Wi th  a sma l l e r  ~pO, less 
space is ava i lab le  to accommodate  LiC1 crysta ls  and 
the pores at  the cathode face are blocked more  readi ly .  
In  the  absence of reac t ion  d is t r ibut ion  effects, the  l i fe -  
t ime-poros i ty  re la t ionship  would  be l inear  (29). The 
pred ic ted  non l inea r i ty  resul ts  f rom the dependence  of 
deposi t  morpho logy  on ~o (see Eq. [16]).  

F igu re  7 shows that  cell  l i fe t ime is expected to in -  
crease wi th  e lect rode thickness,  but  tha t  the  effect is 
r e l a t ive ly  small  above a cer ta in  value  of Lp  Overal l ,  
var ia t ions  are  caused by  changes in local  reac t ion  ra tes  
wi th in  the  electrode.  I f  an e lect rode is th inner  than  
the pene t ra t ion  dep th  of app rox ima te ly  0.3 m m  (see 
Fig. 4), the magn i tude  of the t ransfer  cur ren t  is h igher  
local ly  in o r d e r  to sat isfy  the to ta l  cu r r en t  dens i ty  

s I = jdu [~.51 

The increase in j is most  significant at  the f ront  face 
of the electrode,  and the cell fails r ap id ly  by  p lugging  
of pores wi th  LiC1 at this location.  Fo r  e lectrodes 
th icker  than  the pene t ra t ion  depth,  smal l  but  finite 
t rans fe r  currents  are  p red ic ted  behind  the reac t ion  
front  (see Fig. 3). This g radua l ly  accounts for a l a rge r  
propor t ion  of the  to ta l  cur ren t  dens i ty  as thickness  is 
increased and, as the d is t r ibut ion  of reac t ion  and LiC1 
prec ip i ta t ion  become more  uniform,  cell  l i fe t ime is 
extended.  

The influence of ini t ia l  e lec t ro ly te  concentra t ion on 
cell  l i fe t ime is p resen ted  in Fig. 8 .  As Ce o is increased  
f rom zero, the  e lec t ro ly te  conduct iv i ty  becomes la rger ,  
the react ion d i s t r ibu t ion  becomes more  un i fo rm and, 
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hence, the discharge lasts longer. At higher concentra- 
tions, the conductivity approaches a constant value 
(see Eq. [A-l ] ) ,  and the concentration dependence of 
the exchange current density dominates the cell be- 
havior. A higher value of io reduces the penetration 
depth in the cathode, forces the reaction closer to the 
front of the electrode, and, in turn, reduces the cell 
lifetime. 

Many of the theoretical results described above are 
in close agreement with experimental observations. It 
is difficult to make detailed quantitative comparisons 

because published experimental results do not include 
all the input data required for the model. However, the 
maximum in cell lifetime at ce o -- 1.5M compares 
favorably with the optimum of 1.6M obtained in the 
laboratory (21). Also, the trends in behavior shown 
in Fig. 6 and 7 are supported by experimental results 
(22, 30-32), as are details such as the initial voltage 
rises in Fig. 5 (21, 30) and the LiC1 distributions in 
Fig. 4 (31). Nevertheless, it is necessary to compare 
additional factors and to access critically the sensitivity 
of model predictions to the input data. 
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One difference be tween  theore t ica l  and expe r imen ta l  
resul ts  is tha t  p red ic ted  cell  voltages are  app rox ima te ly  
500 mV h igher  than  those obta ined in ac tual  cells (30). 
The sens i t iv i ty  of model  predic t ions  to severa l  p a r a m -  
eters  tha t  could affect cell  vol tage  is discussed below. 

1. Positive electrode matrix conductivity.--If ~p is 
r educed  by  a factor  of 200, the  p red ic ted  vol tage only 
fa l ls  by  170 inV. Also, significant LiCI deposi t ion is 
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Fig. 8. Dependence of cell lifetime on initial electrolyte concen- 
tration. Simulation parameters as.in Fig. 2, except Ce~ t'cell as 
defined for Fig. 6. 

predic ted  nea r  the cur ren t  collector,  which is con t ra ry  
to expe r imen ta l  observat ions  (23, 31). 

2. Exchange current density for  positive electrode 
reaction.--Figure 9 indicates  tha t  reducing a o io.ref by  
two orders  of magni tude  has a r e la t ive ly  smal l  effect 
on the total  cell vol tage but  extends  the cell l i fe t ime 
significantly.  To reduce the cell vol tage to the exper i -  
men ta l l y  observed value of app rox ima te ly  3V, i t  would  
be necessary to use a o io,ref = O(10 -6)  A / c m  s. Wi th  
this value,  the react ion d i s t r ibu t ion  in the  cathode is 
r e l a t ive ly  uniform, and pred ic ted  ut i l izat ions are  con-  
s ide rab ly  g rea te r  than  those a t t a inab le  in pract ice.  

3. Exchange current density ]or negative electrode 
reaction.-- With a smal le r  value  of i'o, the potent ia l  
drop across the  Li/LiC1 in ter face  is increased and, 
hence, the  cell vol tage  is lowered.  If, for  example ,  i 'e 
is reduced  b y  a factor  of 100 to 1.0 X 10 - s  A/cm2, the  
celI vol tage  becomes a p p r o x i m a t e l y  3.1V for I - -  80 
m A / c m  2. In  contras t  to 1 and 2 above, this change does 
not  in t roduce  o ther  discrepancies  wi th  expe r imen ta l  
observat ions.  

4. Conductivity of LiCZ film at negative electrode.~ 
A s t r a igh t fo rward  reduct ion of ~r reduces  the  cell 
vol tage V, but  gives a much la rger  dependence  of V 
on discharge ra te  than  is ac tua l ly  ob ta ined  (30, 31). 

Table I. Kinetic parameters used in model 

Negative electrode 

Parameter Value Value 

Positive e l e c t r o d e  

Parameter 

a ~  = a e  0 .5  1 .0  
n 1 .0  2 .0  
s+ - 1 .0  - 2 .0  
so  0 .0  - 1 .0  
7 L i  + 0 .0  1 .0  
i ' o  ( A / c m  ~) 1 .0  x 10  - ~  2 0 . 0  
sL~r m 2 .0  1.O x 1 0  -~ 

$+  

8o  
~ L i  + 
aoio, ~o~ (27,37)  ( A / e r a  s) 
Ca, r e f  (moUcmD 
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UTILIZATION (%) 

However, this does not exclude LiC1 film resistance as 
an explanation for the voltage discrepancy, because 
the nature of the film, dnd hence el, might change with 
current density (25, 26). This possibility is supported 
by the dependence of cell coulombic efficiency ~ on 
discharge rate. I f  a constant value of Df is used in the 
simulations, X is almost independent of current density. 
It is necessary to assume that Dr depends on I (see 
Table II) to give coulombic efficiencies that are close 
to experimental values (21). Theoretical predictions 
for ~. are given in Table III. A large value of ~f also 
imparts too great a slope to the discharge curves be- 
cause the film thickness increases during discharge 
(see Eq. [18]). However, in practice, disruption of the 
film could give an effective film resistance that is less 
dependent on utilization. 

These results suggest that factors 3 and 4 are more 
likely to be responsible for the voltage discrepancy 
than factors 1 and 2. 

Wi th  values for the total cell voltage that are too 
high, the magnitude of the heat-generation rate will be 
underestimated (see Eq. [19]). Consequently, pre- 
dicted cell temperatures are expected to be lower than 
those obtained exverimentally. However, it should be 
noted that overall cell temperature changes depend 
markedly on experimental conditions: test cells might 
be operated isothermally, adiabatically, or with well- 

Table II. Physical parameters used in analysis 

Parameter  V a l u e  

Uo (1, 30, 88) (V)  3.64 
8Uo/ST (38) ( V / K )  1.026 • 10-8 
U~ (V) 0.0 
C ( J / c m  = �9 K)  0.2 
ha (39} ( W / c m  = �9 K)  6.0 • 10 .4 
p 0.1 
AHR, zn (40) (J/real  of  SOCle consumed) --7.2 • 10 ~ 
TA = To (K) 293.18 

~ .  ( emS/mol )  77.97 

~LtCl (39) ( cmS/mol )  20.80 

Vsoci= (2) ( cmS/mol )  72.63 
B~ o ( c m )  4.0 x 10~ 
o'z ( m h o / e m )  5.0 x 10 ..4 
VR~ ( c m )  0.01 
t+ m 0.5 
Df ( e m V s )  2.0 x I0-~ x P.+ 
f~. 1.o 

defined heat-transfer conditions, and battery modules 
might include laci!ities tar thermal management. 

Temperature changes during discharge can have a 
significant impact on cell behavior. As the temperature 
rises, increases in the conductivity and diffusivity of 
the electrolyte, and a reduction in the driving force 
term F~/RT for the electrochemical reaction, make the 
reaction distribution more uniform and prolong the 
cell lifetime. However, an increase in positive elec- 
trode exchange current density would tend to offset this 
change. With the assumption of constant io, isothermal 
and adiabatic runs give the shortest and longest cell 
lifetimes, respectively. For the 80 mA/cm 2 discharge in 
Fig. 5, the model predicts a 14% difference in tee, for 
these two extreme cases. This is in qualitative agree- 
ment with experimental data (30). In both cases, the 
rate of heat generation by chemical reaction declines 
during discharge, primarily because the film thickness 
increases and the SOC12 flux through the film is re- 
duced (see Eq. [18]). The magnitude of this effect is 
illustrated by the changes in coulombic efficiency with 
depth of discharge, as shown in Table III. 

In addition to the cell temperature and the positive 
electrode exchange current density, several other fac- 
tors can influence cell lifetime: 

1. Electrode expansion.--in practice, the plugging of 
pores at the end of discha*,ge may be delayed by 
swelling of the positive electrode as a result of LiC1 
precipitation. If expansion occurs to accommodate the 
volume made available by consumption of lithium, it is 
possible that additional LiC1 will precipitate before cell 
failure. For the operating conditions specified in Fig. 2, 
a 75% increase in LiC1 deposition is feasible, provided 
that it can occupy all the free space generated. The 
maximum usable cell capacity can be sensitive to the 

Table III. Dependence of coulembic efficiency (%) on discharge 
rate and utilization. Simulation parameters as in Fig. 2. 

I (mAlcmJ) 

UtiLization (%)  40 80 120 

1 89.4 84.3 80.6 
5 90.6 88,9 84.4 
9 91.5 88.5 8 6 ~  
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detai ls  of the expansion process because (i) increases 
in free volume for LiC1 and in ut i l iza t ion are, in pr inc i -  
ple, synergist ic ,  and (if) the  m a t r i x  conduct iv i ty  can 
change local ly  and a l ter  the cell behavior  (see above) .  

2. TransSer coefficients Sot positive electrode reac- 
tion.--If the values of +a and +c are changed f rom 1.0 to 
0.5, the react ion d is t r ibut ion  becomes more un i form 
and, to a first approximat ion ,  the  cell  l i fe t ime is 
doubled.  

3. Polarization equation Jar positive eIectrode.--If 
the  anodic t e rm in Eq. [13] is neglected (on the basis 
of the i r revers ib i l i ty  of react ion [I] (33)) ,  the re la t ion-  
ship be tween  j and ~]s is modified at  smal l  values of ~ls. 
With  the re la t ion  

j : --aioe-~v+,/aT [26] 

the  react ion d is t r ibu t ion  is less uni form and, hence, the  
m a x i m u m  cell l i fe t ime is reduced.  For  the cell in Fig. 5 
wi th  I : 80 m A / c m  ~, tcell is reduced by  25%. However ,  
the use of Eq. [26] r a the r  than  Eq. [13] does not  a l te r  
the overa l l  t rends  in cell behavior  significantly.  

4. Cation trans]erence number.--If  a l a rge r  va lue  of 
t+ �9 is used in the analysis,  the ~concentration and reac-  
t ion dis t r ibut ions  become more  uniform, and the cell  
l i fe t ime increases (see Table IV) .  Changes in toen are  
dic ta ted by  a reduct ion in the magni tude  of the con- 
cent ra t ion  dependent  t e rm in the Ohm law re la t ion-  
ship for the e lec t ro ly te  r a the r  than  by  var ia t ions  in 
local solut ion conduct iv i ty  or exchange current  density.  
Table  IV also indicates  tha t  composit ion var ia t ions  do 
not  control  the  dependence  of usable  cell capaci ty  on 
discharge rate.  

5. Electrolyte di~usion coefficient.--By analogy wi th  
changes in t+m, an increase in D reduces concentra t ion 
gradients  and increases cell  l i fet ime.  With  twice the 
value  of D given in the Appendix ,  the model  predic ts  
an 8% increase in max imum ut i l izat ion at  80 mA/cm2. 

6. Temperature dependence of cell potential.--Recent 
exper imen ta l  results  (34) indicate  that  a negat ive  value  
for  OUo/OT (cf. Table  II)  may  be more appropr ia te .  In  
this case, the rate  of hea t  genera t ion  wi th in  the  cell 
wil l  be higher.  For  non iso thermal  systems, this wil l  
l ead  to an increase in t~ett (see above) .  

7. Eeservoir volume.--An increase in VRo/A a t t enu-  
ates the composi t ion changes at the front  of the posi-  
t ive  electrode.  Wi th  Ce o < 1.5M, this reduces the e lec-  

t ro ly te  conduct iv i ty  and, in turn,  the cell l i fet ime.  The 
effect is r e l a t ive ly  small :  a tenfold increase in VRO/A 
is needed  to reduce the l i fe t ime by  9% at 80 m A / c m  2. 

8. Morphology parameter, p . - -The  ex ten t  to which  
LiCl crysta ls  reduce the  surface  a rea  avai lab le  mr  
fu r the r  reac t ion  can have  a profound effect on the dis-  
charge characteris t ics .  If  the va lue  of p is increased 
f rom 0.1 to 0.3 and 0.5, the cell  l i fe t ime declines by 
28% and 38%, respect ively.  This is a direct  resul t  of an 
increase  in local  values  for  aio dur ing  d ischarge  and,  
correspondingly,  a less un i fo rm cumula t ive  reac t ion  
dis t r ibut ion.  

Equat ion [16] assumes impl ic i t ly  tha t  some surface 
a rea  remains  act ive unt i l  the  local poros i ty  reaches 
zero. If  the deposi t  morpho logy  causes pass ivat ion  be-  
fore p lugging occurs, the react ion would be able  to 

Table IV. Dependence of dimensionless cell lifetime (tcen/t*een) 
on discharge current density and cation transference number. 

Simulation parameters as in Fig. 2. 

t+m 

I (mA/cm~) 0.5 0.75 1.0 

B0 1.00 1.12 1.21 
120 0.~ 0.61 0.66 

pene t ra te  fur ther  into the cathode and the d ischarge  
t ime would  be extended.  As wi th  e lec t rode  swel l ing,  
this change would make  the decl ine  in cell  vol tage  n e a r  
tmax less sharp.  Longer  cell  l i fe t imes may  also be p r e -  
dicted if a significant quan t i ty  of LiC1 can dissolve into 
the e lect rolyte  and diffuse away  f rom the react ion zone 
to favorable  sites for precipi ta t ion.  

The sens i t iv i ty  of tcelf to the pa rame te r  p suggests that  
the effectiveness of addi t ives  (35, 36) on increas ing cell  
l i fet ime could be associated wi th  changes in the deposi t  
morphology.  However ,  i t  is necessary  to isolate the in-  
fluence of addi t ives  on each of the possible effects de -  
s c r i b e d  above to help  c lar i fy  the i r  impact  on the cell 
performance.  

Conclusions 
A ma thema t i ca l  model  has been deve loped  tha t  can 

descr ibe  the  t i m e - d e p e n d e n t  and  pos i t ion -dependen t  
behavior  of a complete  Li-LiA1C14/SOCI~-C sta t ic  cell  
wi th  neu t r a l  e lectrolyte .  Composi t ion and react ion 
d is t r ibut ions  can be predicted,  as wel l  as var ia t ions  in 
volume fract ions of ind iv idua l  phases and electr ic  po-  
ten t ia l  across the cell. The resul ts  of the  theore t ica l  
analysis  show the genera l  t rends  in discharge behavior  
that  are  observed exper imenta l ly .  The model  predic ts  
tha t  high in te rna l  resistance can develop in the posi t ive 
e lectrode as a resul t  of low local porosit ies which are, 
in turn,  caused b y  la rge-vo lume,  sol id react ion p rod -  
ucts. Consequently,  the m a x i m u m  usable  cell capaci ty  
can be dic ta ted  by  the nonun i fo rmi ty  of the react ion 
d is t r ibu t ion  at  the  front  of the posi t ive electrode.  V a r i -  
at ions in ceil  design or  opera t ion  tha t  a l lev ia te  local  
p lugging of pores should be  able  to prolong cell  l i fe -  
t ime. The model  also indicates  an op t imum ini t ia l  e lec-  
t ro ly te  concentrat ion of app rox ima te ly  1.SM and a 
range  of acceptable  pos i t ive-e lec t rode  thicknesses.  
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A P P E N D I X  

Physical properties of the Li-LiAIC4/SOCI2-C system 
Electrolyte conductivity.--The dependence  of bu lk  

e lec t ro ly te  conduct iv i ty  on composi t ion and t e m p e r a -  
ture  is descr ibed b y  

acee E/T Ce ----- IM 

~ :  b(1--e-dr -~/T 1 M < c e < l . 7 3 M  [A-1] 

be -E/T Ce ~ 1.73M 

where  a : 48.97, b = 6.843 • 10 -~, ~ : 4032.0, f - -  2.9, 
and  E : 361.0 K (1, 41). The effective conduct iv i ty  in 
the  porous media  is es t imated  f rom 

= +~=/~:~ [ A - 2 ]  

where  the tor tuos i ty  fac tor  ~2 is d i r ec t ly  r e l a t ed  to 
poros i ty  by  

: e r [ A - 8 ]  

and the constant  q is t aken  as 1.5 (42). 

Dif]usion coefficient.--The diffusion coefficient is as-  
sumed to be independen t  of e lec t ro ly te  concentrat ion,  
and  to have the same dependence  on t e m p e r a t u r e  as 
elec t ro ly te  conduct iv i ty  

D ,  = 3.35 • 10 -5  e -sOliT [A-4: ]  

The molecu la r  diffusion coefficient in the  porous  m e d i a  
can be charac ter ized  by  
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D = D| [A-5] 

together with Eq. [A-3]. 

Matrix conductivity.--In general, the matrix conduc- 
tivity can be influenced by the volume fraction of the 
conducting phases, the inherent conductivity of each 
solid phase, and the manner in which the particles of 
conducting phases are interconnected. However, in the 
present model, the matrix conductivity is assumed to 
be unaffected by precipitation of LiC1, and is expressed 
a s  

~'p = r (1 - -  ~po)q [A-6] 

where (27) vp,| = 45.5 mho/cm and q = L5. 

LIST OF SYMBOLS 
interracial area per unit electrode volume 
(em-1) 
relative activity of solid species k 
property expressing secondary reference state 
(cm3/mol) 
cross-sectional area of electrode (cm 2) 
: c+/v+ = c - / v -  molar concentration of elec- 
trolyte (mol/cm 3) 
concentration of species i (mol/cm 8) 
cell heat capacity (J/cm 2 �9 K) 
diffusion coefficient (cm2/s) 
effective diffusivity of SOC12 in LiC1 film (cm2/ 
s) 
mean molar activity coefficient of electrolyte 
Faraday's constant (96,487 C/eq) 
mesh size (cm) 
heat transfer coefficient (W/cm 2 �9 K) 
heat of reaction for the reaction defined by Eq. 
[III] (J/mol of SOC12 consumed) 
exchange current density for positive electrode 
reaction (A/cm 2) 
exchange current density for negative electrode 
reaction (A/cm 2) 
superficial current density in matrix phase (A/ 
c m  2 ) 
superficial current density in pore phase (A/ 
cm 2 ) 
superficial current density to an electrode (AJ 
era2) 
= V .  _/.z, transfer current per unit electrode 
volume- (A/cm 3) 
pore wall flux of species i (mol/cm 2 �9 s) 
electrode thickness (cm) 
symbol for the chemical formula of species i 
number of electrons transferred in electrode re- 
action 
superficial flux of species i (mol/cm 2 �9 s) 
morphology parameter defined by Eq. [16] 
cell capacity (based on moles of SOC12) (C/cm 2) 
reaction rate of chemical reaction (mol of SOC12 
consumed/cm 2 �9 s) 
universal gas constant (8.3143 J/mol �9 K) 
stoichiometric coefficient of species i in elec- 
trode reaction 
time (s) 
cell lifetime (s) 
lifetime of the cell described in Fig. 2 (s) 
transference number of species i with respect to 
the volume average velocity 
absolute temperature (K) 
temperature of surroundings (K) 
initial temperature (K) 
theoretical open-circuit potential for the reac- 
tion at the composition prevailing locally at the 
electrode surface, relative to a reference elec- 
trode of a given kind (V) 

U o standard electrode potential for reaction (V) 
Uo open-circuit cell potential (V) 
v,, volume average velocity (cm/s) 
V total cell voltage (V) 

molar volume (cm~/mol) 
~i partial molar volume of species i (cm~/mol) 
VR reservoir volume (cm 3) 
zi valence or charge number of species i 

Greek Letters 
aa transfer coefficient in anodic direction 
ac transfer coefficient in cathodic direction 
~'i, "~k exponents in Eq. [14J 

a 

ak  
a 0 +  _ 

A 

C e  

D 
Df 

] + -  
F 
h 
ho 
~HR 

io 

i'o 

!1 

5 
I 

J 
J~ 
L 
Mi 
n 

P 
Q 
r l I I  

R 
8i 

t 
teen 
t%ell 
tie 

T 
TA 
To 
Uw 

~f LiC1 film thickness (cm) 
porosity or void volume fraction 

ELiCl volume fraction of LiC1 
tortuosity defined by Eq. [A-3] 

~l 'I'1 - -  cI'2 
effective solution conductivity (mho/cm) 

k coulombic efficiency 
/~e chemical potential of electrolyte (J/mol) 

---- v+ + ~-, number of mols of ions into which 
a mol of electrolyte dissociates 

~+, v- number of cations and anions into which a mol- 
ecule of electrolyte dissociates 

po density of pure solvent (g/cm 3) 
effective matrix conductivity (mho/cm) 

r electric potential in the matrix (V) 
r electric potential in the solution (V) 

Subscripts 
a Li eleetrode/LiC1 film interface 
b LiC1 film/separator interface 
e electrolyte 
f LiCl film 
o solvent 
p positive electrode 
re reference electrode 
ref reference condition 
s separator 
w at the electrode surface 
-}- cation 

anion 
HI reaction (III) 

bulk property 

Superscript 
o initial value 
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Mathematical Modeling of the Lithium, Thionyl Chloride Static 
Cell 

II. Acid Electrolyte 

Keh-Chang Tsaur* and Richard Pollard** 
Department of Chemical Engineering, University of Houston, Houston, Texas 77004 

ABSTRACT 

A mathematical  model  for a complete Li/SOC12 static cell with acid electrolyte is presented.  Concentrated solution 
theory is extended to account for the presence of two neutral  species in the electrolyte. The effects of initial acid concen- 
tration, positive electrode thickness,  and galvanostatic discharge rate on cell performance are elucidated. Results are 
compared with equivalent cells that  use a neutral  electrolyte. 

The  d ischarge  capac i ty  of  a Li/SOCI~ rese rve  c e l l  
can be increased by  addi t ion  of excess A1C13 to the 
e lec t ro ly te  (1). A mathemat ica l  model  is needed to 
exp la in  the effects of the  acid on cel l  behavior  and to 
assess the  influence of changes in design pa ramete r s  on 
the sys tem performance .  Fo r  this analysis,  i t  is neces-  
sa ry  to ex tend  concent ra ted  solut ion theory  to account 
for the  presence of A1C13 in the electrolyte .  

The mul t i component  diffusion equat ion has been used 
to descr ibe the  effects of convection, diffusion, and mi -  
g ra t ion  in concent ra ted  solut ions wi th  two or more  
e lec t roact ive  const i tuents  (2-4),  and in mix tures  of 
two b i n a r y  mol ten  sal ts  wi th  a common ion (5). In  this 
paper ,  a consistent  set of t r anspor t  equat ions is p re -  
sented for  a b ina ry  e lec t ro ly te  in two neu t r a l  solvents.  
The equat ions are  used in conjunct ion wi th  the  macro-  
scopic theory  of porous electrodes (6) to descr ibe  the  
behav ior  of the Li-LiA1C14, A1C1JSOCle-C p r i m a r y  
cell. Sys tem l imi ta t ions  are  identif ied and resul ts  are  
compared  with  cells tha t  use a neu t r a l  e lec t ro ly te  (7).  
The cell  configurat ion tha t  is ana lyzed  is shown in 
Fig. 1 of Ref. (7). 

Model Development 
The ma te r i a l  ba lance  equation,  the  re la t ionship  for  

the superficial  cur ren t  densi ty  in the  pore  solution, and 
Ohm's  law for the  solid phases are  the  same as in the 
neu t ra l  e lec t ro ly te  model  (7). However ,  many  of the  
o ther  governing equations need to be modified to in-  
c lude s imul taneous  e lect rochemical  and chemical  r e -  
actions and the detai ls  of the t ranspor t  phenomena  in 
the  acid e lectrolyte .  

F o r  s imul taneous  react ions  of the  form 

~s~.jM~ ~, --> n j e -  [1] 
t 

�9 Electrochemical Society Student Member. 
�9 * Electrochemical Society Active Member. 
Key words: porous electrodes, cell performance, galvanostatie 

discharge. 

F a r a d a y ' s  l aw can be expressed  as 

ajin -~- - -  ~ Sl,__/j ainj -}- St0oRo [2] 
j n j F  

prov ided  that  doub le - l aye r  charging can be ignored.  
The last  t e rm on the r ight  side of Eq. [2] represents  the  
product ion  of species i by  a chemical  react ion with  
s toichiometr ic  coefficient sj,o and react ion rate  Ro. The 
t ransfe r  cu r ren t  pe r  uni t  e lectrode volume V �9 i2 is 
re la ted  to the average  t ransfe r  cur ren t  dens i ty  for each 
react ion by  

V �9 i2 : Z ( a in ) j  [3] 
$ 

A mate r i a l  ba lance  on the solid phases indicates  how 
elec t rode  poros i ty  changes as a resul t  of chemical  and 
e lect rochemical  react ions at  each locat ion wi thin  t h e  
elec t rode  

phases 

The compl ica ted  acid e lec t ro ly te  (1) is r ega rded  as 
a concentra ted  mix tu re  of Li+ ions and AlCl4-  ions in  
A1CI~ and SOC12 (species 1, 2, 3, and 4, r e spec t ive ly ) .  
Invers ion  of the  mul t i component  diffiusion equations 
yields expl ic i t  re la t ionships  for the  fluxes 

tl"/~ 
N1 "- -- evlD1Vce -- eVlDsVC3 n u ~ I F  Jc e ly  m 

N~ = - ~2DlVce  --  ~=D3Vc3 + z - - ~  + c~ym 

t,dni~ 
Na : - -  eD2VCe - -  e D 4 V c s  + ~ -I- c a v n  

t4m.i~ 
I'~T4 -"  - -  eDsVCe --  eDHVc3 + ~ "[" c4v B [5]  
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where the diffusion coefficients and the transference 
numbers are related to binary interaction parameters, 
as shown in the Appendix. The six independent trans- 
port properties for this system are chosen to be D1, D~., 
Ds, ti m, t8 m, and the electrolyte conductivity K. If D2 
and D8 are taken to be zero (see Appendix), substitu- 
tion of the fluxes in Eq. [5] into the material balance 
relation (Eq. [1] of Ref. (7)) yields 

Oe [ tsmVe tlmVe -- 
L a t  "~- V " V m = a - - J l n  "~ J2n "~ V3j3n 

r l  Y2 

+ v~j~ ] - ~. ~" Vtx, .D~V~. vV, 
.J UlZl F 

--  eDsVCe " VV4 - -  eD4Vc3 " V V 3 - -  eD6VC3 " OVA [6] 

The dependence of solution potential on the current 
density/2 can be derived by inversion of the multi- 
component diffusion equations (5). For the LiAlCl4, 
AlCl~ electrolyte, one obtains 

1 (  tl I Sl S4Ce) 
--=--Vr + -- V#e 
tr Zlr l  ~1,1 I%C4 

1 t3" + V;La [7] 
F n nc4 

where r is measured with a reference electrode that 
has stoichiometric coefficients si and number n of elec- 
trons transferred. The composition dependent terms on 
the right side of Eq. [7] include the diffusion potentials 
of the electrolyte and the acid. The chemical potentials 
~e and ~3 are defined in Eq. [A-5] and [A-6], respec- 
tively. 

The Butler-Volmer equation is used to represent the 
dependence of the local current density due to reaction 
j on the surface overpotential ~sj : ~] -- Uj.w 

ainj : aioj [ e c ~ a j F , . , / R T  _ e-ao~F,,j/ar] [8] 

where the exchange current density ioj can be written 
as 

= ? Cl 'w~ 7' ioj ~,oj,,-~ ( ~ .  [9] 
and the theoretical open-circuit cell potential for re- 
action j is given by (8) 

UJ,w - -  Uj  O -- Ure 0 -~- ~r'-"~ " Po " 

RT ci.w 
njF i ~  si,jln< Po " [10] 

The discharge processes in the positive electrode are 
represented by two simultaneous reactions (1) 

1 1 
2A1Ch + SOCls + 2e- --> 2A1C14- + -~- SOs + y S [I] 

1 1 
2Li+ + SOC12 + 2e- -~ 2LiC1 + -~ SOs + ~- S [II] 

Equation [8] is used to describe the rate of each reac- 
tion, and changes in the active surface area of the car- 
bon matrix are predicted with (7) 

a = ao [1 - -  ( eL iCl /ep~  p]  [11] 

At the negative electrode, the overall discharge re- 
action is 

Li--> Li + + e -  [III] 

and the LiC1 film formation reaction is (9) 

1 1 
2Li + SOCls -> 2LiCl + -~- S + ~- SOs [IV] 

The SOC12 flux through the LiC1 film to the Li surface 
is related to the rate of chemical reaction [IV] by Eq. 
[17] of Ref. (7). In addition, the LiC1 at both electrodes 
can be dissolved chemically by the acid in accordance 
with 

AICI~ + LiCl-> Li+ + AICI4- [V] 

The dissolution rate at the negative electrode is as- 
sumed to be proportional to the acid concentration at 
the LiCl/separator interface 

rv = k,(Ca)b [12] 

It is assumed that dissolution depends on the local acid 
concentration, the volume fraction of LiC1 crystals, and 
the morphology parameter p 

Re -- k2ca (eLiCl) p [13J 

The thickness of the protective film on the lithium sur- 
face can be altered by reactions [IV] and IV]. If the 
film porosity is constant, a mass balance gives 

dSf 
: (SLIcI.IVrlV + SLiCl,orV) VLICl [14] 

dt 

The heat-balance equation is modified to account for 
simultaneous chemical and electrochemical reactions 

C--=dt �9 Vo,-.,.o-v- ) 

I 

-}- ( hHR,iv) rlv + (hHR,v) ( rv -}- y:P RedY l [15] 

The Li-LiAlCl4, AlClJSOCl2-C system can be de- 
scribed by the local variables Ce, ca, v_ m, ,, ainI, ainu,/2, 
and 0, and by the governing Eq. [3], [4], [6], [7], and 
[8], together with material balances for acid and elec- 
trolyte. The initial conditions and the boundary con- 
ditions for these equations have been presented pre- 
viously (7). These relationships constitute a set of 
coupled, ordinary, nonlinear differential equations at 
each time step which are cast into finite difference form 
accurate to O(h2), and solved simultaneously by a 
numerical technique (10). 

Results and Discussion 
Composition profiles for acid and electrolyte and 

the corresponding reaction distributions in the positive 
electrode are shown in Fig. 1 and 2, respectively,, at 
several times during galvanostatic discharge of a typi- 
cal cell sandwich. The open-circuit potential for reac- 
tion [I] is significantly larger than the one for reaction 
[II] (see Table I), and, therefore, reaction [I] prevails 
early in the discharge. This lowers the overall level of 
acid in the cell and raises the electrolyte concentration 
above its original value. The positive slopes for the acid 
concentration curves at the negative electrode/separa- 
tor interface result from chemical dissolution of the 
LiC1 film at the anode. The discontinuities in concentra- 
tion gradients at the front of the positive electrode re- 
flect the presence of the reservoir at this location and 
the porosity difference between the separator and the 
cathode. The production of electrolyte by reaction [I] 
makes this effect more noticeable than in cells with 
neutral electrolyte. 

The initial current density distribution for electro- 
chemical reduction of acid (see curve a, Fig. 2) repre- 
sents a balance between the low K/~ ratio, which makes 
the reaction rate highest at the cathode face, and a~ 
which is low enough to allow the reaction to penetrate 
into the electrode. As discharge proceeds, the current 
density at the front of the positive electrode is main- 
tained by diffusion of acid from the reservoir and sepa- 
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3.0 

, . ,  2 .0  Fig. 1. Position dependence of c~ 
composition at different utiliza- F 
tions. Utilization is calculated on 
the basis of moles of SOCI2 
available: (a) 0.60%; (b) 1.49%; o 
(c) 1.79%; (d) 11.36%. The E 
lower curves represent acid con- ~o 
centration profiles, the upper " "  
curves electrolyte concentration ~ 1.0 
profiles. Simulation parameters 
are presented in Table I, and in 
Fig, 2 af Ref. (7). 
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Ep = 0.85 
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a 

I 

0 -- ~ I ,--  : ~ 1  ' - -  

0 0.1 0.2 0.3 0.4 

c 
I 

0.5 0.6  

DISTANCE (ram) 

r a to r  and b y  an increase in the dr iv ing  force for  e lec-  
t rochemical  reaction.  However ,  the e lec t ro ly te  becomes 
deple ted  in acid d i rec t ly  behind this region, and the 
t rans fe r  cur ren t  tends  to zero local ly  (see curves c) .  

Af te r  app rox ima te ly  31s, the  potent ia l  difference, 
r  - -  r becomes large enough to ini t ia te  the  neu t ra l  
react ion as a sharp  front  at  the e lec t rode / rese rvo i r  
interface.  Once the neu t ra l  react ion has begun, it  
dominates  the cell behavior .  React ion [I] continues at  
the  back  of the electrode,  but  the acid concentra t ion 

I I I 1 

\ C 
b 

1 Ix a / ' o 

'~ IC" \ 
C \\d :" 

d / 

10 -~ 

I 

1 ( ~ 3 0  , I 
0.1 0.2 0.3 OL.4 0.5 

DISTANCE TO THE FRONT OF POSITIVE ELECTRODE (mm) 

Fig. 2. Reaction distributions in the posiHve electrode at differ- 
ent utilizations: (a) 0.60%; (b) 1.49%; (c) 1.79%; (d) 11.36%, 
Simulation parameters as in Fig. 1. : acid reaction (alnI). 
. . . .  : neutral reaction (a/nII). 

is ve ry  low and only a smal l  f ract ion of the cur ren t  is 
t r ans fe r red  in this way. Also, acid that  remains  in the  
separa to r  continues to diffuse into the cathode and re -  
act, but  the  effect is negl igible  for the  discharge con- 
dit ions specified in Fig. 1 and 2. The neu t r a l  react ion 
dis t r ibut ions  are  not  influenced signif icant ly by  the cell  
h is tory  or the acid reaction,  and they  correspond closely 
to those pred ic ted  for cells wi th  neu t ra l  e lec t ro ly te  (7).  

The independen t  na tu re  of the two e lec t rochemical  
react ions in the cathode is also i l lus t ra ted  by  the to ta l  
ce l l -vol tage  character is t ics  shown in Fig. 3. For  each 
discharge curve, the h igher  vol tage  region is associated 
with  the acid reaction,  and the lower  vol tage  p la teau  
is r epresen ta t ive  of the neu t r a l  reaction. The cell  be -  
hav ior  on the lower  p la teau  is ve ry  s imilar  to tha t  for 
the neu t ra l  e lec t ro ly te  sys tem (7), and the cell  fails  
by  plugging of pores wi th  LiC1 at  the  f ront  face of the  
cathode. The majo r  contr ibut ion  of the  acid reac t ion  
is to de lay  the  onset of LiC1 format ion  in the  posi t ive 
e lect rode and, therefore,  to ex tend the cell l i fet ime.  
The shape of the  theore t ica l  discharge curves agrees 
closely wi th  exper imen ta l  resul ts  for comparab le  cells 
(1, 11). Reasons for  discrepancies  in the  exact  values  
of the voltages have been discussed in deta i l  p r ev i -  

Table I. Simulation parameters used in analysis 

P a r a m e t e r  Value 

U~e - U~S  (I,  13) IV] 0.31 
U,ze - Urea (1, 13, 14) [V] 0.0 
Uol (1, 13) IV] 3,95 
~Uo[I~T iV/K) 1,026 x 10 4 

"~AlOl~ [15] (cmS/mol) 54.65 
k~ (cm/s) 4.0 • Io~ 
k~ (s-') 1.0 x 10 -~ 
e=, ret ( m o l l e m  s) 1.0 x 10 -s 
KXal = O~eI 1 .0  
nx 2.0  
se, x 2.0 
Sad -- 2.0 
s~,1 - -  l.O 
8 L I O h I V  2 .0  
S L I C I , o  - - I , 0  
aO~oi,ret 0.2  
f~ 1.o 
K~ (1 ,  13,  16)  ( m h o / c m )  ~ , n  -- 9 .1 cAlc~ 3 e -~6 ' l r  

AHR.v (J/tool of LiC1 dissolved) -6.0 x 10 ~ 
D~ = Da 0.0 
t~i  o.o 
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Fig. 3. Theoretical discharge 
curves at different constant 
current densities. Simulation 
parameters as in Fig. 1, except 
as indicated. 

UTILIZATION (%) 

ously (7). These differences do not alter the physical 
interpretation of the cell behavior described below. 

The small voltage rise shortly after the beginning of 
discharge is caused by an increase in electrolyte con- 
ductivity in the separator as the local electrolyte con- 
centration changes. The rises are slightly more pro- 
nounced than those predicted for comparable neutral 
cells because, initially, chemical dissolution of LiC1 at 
the negative electrode is faster than the film formation 
reaction [IV], so that the thickness and the resistance 
of the LiC1 film decreases. 

The acid portion of each curve declines from a maxi- 
mum voltage as acid is consumed at the front of the 
positive electrode and the surface overpotential be- 
comes more negative (see Eq. [8]). The width of the 
acid region of the voltage-utilization curve depends 
primarily on the quantity of acid available for r e a c -  
t ion near the cathode/reservoir interface, but it is also 
affected by the discharge rate. At higher current den- 
sities, there is less time for the chemical reaction to 
take place at the anode, and, consequently, a greater 
proportion of the original acid can react electrochemi- 
cally in the positive electrode. However, higher values 
of I also necessitate higher surface overpotentials, and 
the cell voltage is lower. This can allow the neutral 
reaction, and hence the lower plateau, to begin at a 
smaller utilization (see Fig. 3). Subsequently, the acid 
and neutral reactions can occur simultaneously in the 
positive electrode for a longer period of time, but this 
does not alter the voltage of the lower plateau signifi- 
cantly. 

Other factors also influence the shape of the acid 
region of a discharge curve. Reductions in the values of 
the kinetic parameters (aO/oi, ~ai, ~ci) are analogous to 
an increase in I: the driving force needed to transfer 
current is larger, and this leads to a smaller voltage 
maximum and to earlier initiation of reaction [II]. An 
increase in the initial acid concentration gives a higher 
electrolyte resistance at t = 0, but the voltage rises 
quickly due to rapid dissolution of LiC1 at the anode 
(see Eq. [12]). This reduces the resistance across the 
negative electrode and, through changes in K, across 
the separator. Also, the surface overpotential for the 
cathode reaction is smaller, in accordance with Eq. [8]. 
For these reasons, the predicted voltage maximum Ms 
higher for cells with large values of Ca o. In addition, 
more acid is available for reaction in the cathode, and 

the width of the acid region, and hence the cell life- 
time, is increased. 

Figure 4 shows the dependence of the increase in 
lifetime on Ca o with Ce.a o = 1M. If the acid cell is corn- 
pared with an identical cell that uses neutral electrolyte 
with initial concentration 

100 

80 

6O 

&t(sec) 

40 

20 

O.5 1.0 1.5 

c~ (10 3 moles Icm 3) 
Fig. 4. Dependence of increase in cell lifetime on initial acid 

concentration. At ~ lifetime of acid cell - -  lifetime of comparable 
neutral ceil that has initial electrolyte concentration Ce,n ~ as de- 
fined by Eq. [16]. Curve a represents values calculated from the 
stoichiometry of reaction [ I ] .  Curve b represents values predicted 
with the heat capacity data given in Table II of Ref. (7). Curve c 
represents values predicted under isothermal conditions. Simula- 
tion parameters as in Fig. 1, except as indicated. 
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ce.no = Ce,a o + ca o [16] 

the increase in l i fe t ime is a lmost  ident ica l  to the  va lue  
ca lcula ted  f rom the s to ichiometry  of react ion [IJ. Very  
s imilar  behavior  is p red ic ted  wi th  different  values  of 
ee,a o and I. This resul t  indicates  that,  over  a wide range  
of opera t ing  conditions,  cells wi th  acid e lec t ro ly te  can 
be rega rded  as a combinat ion  of (i) a neu t r a l  e lec-  
t ro ly te  cell  wi th  Ce,n ~ given by  Eq. [16], and (i~) an 
acid reservoi r  that  delays  format ion  of LiC1 crysta ls  
in the posi t ive electrode.  However ,  i t  should  be noted  
tha t  the  closeness of curves a and b in Fig. 4 is r a the r  
fortui tous.  As ca o is increased,  the  ra te  of the  chemical -  
dissolution react ion at  the  anode becomes faster,  and  
a sma l l e r  p ropor t ion  of the  acid is ava i lab le  for e lec t ro-  
chemical  react ion (see above) .  This is compensated  
for  b y  the hea t  of the  react ion hHR,v, which raises the  
average  cell  t empera tu re  and hence increases the  usable  
cell capaci ty  on the lower  vol tage p la teau  (7).  The 
magni tude  of these  effects is ind ica ted  by  curve c, 
which shows the p red ic ted  effect of Ca o for  an ident ica l  
cell  tha t  is opera ted  i so thermal ly .  In  pract ice,  t h e  
prox imi ty  of the ac tual  t ime Lucrease and the one based 
on s to ich iomet ry  wi l l  depend  on factors such as the  
the rmal  character is t ics  of the system, the  detai ls  of the  
dissolution react ion at  the  anode, the  presence of im-  
puri t ies ,  and the mechanism for the chemical  and elec-  
t rochemical  react ions of A1C18 in the  cathode. 

At  present ,  the re  is considerable  unce r t a in ty  con- 
cerning the complex  phys ica l  processes tha t  t ake  place  
at  the  negat ive  e lec t rode  under  acid and neu t ra l  con- 
ditions. The model  for  the LiC1 film descr ibed in Ref. 
(7) is an oversimplif icat ion,  and it cannot  be expected 
to expla in  observed behavior  completely .  In  par t icu la r ,  
theore t ica l  values for  the  coulombic efficiency ~ (see 
Table II)  are  close to the resul ts  for neu t r a l  cells (7),  
whereas  exper imen ta l  values  are  typ ica l ly  10-20% 
lower  (11). The pred ic ted  dependence  of ~. on I and 
ut i l izat ion is a d i rec t  consequence of the reduct ion  in 
film thickness  by  dissolut ion with  acid and the  cor re -  
sponding increase in the  flux of SOC12 to the l i th ium 
surface. With  l a rge r  values  for the  ra te  constant  kl, 
only  smal l  increases in dissolut ion ra te  can be ob-  
ta ined  because a mass t ransfe r  l imi ta t ion  is reached 
[ (Ca)  b ---- 0 ] .  Even if  al l  the  acid avai lab le  in the  sepa-  
r a to r  and reservoi r  (26% of the  to ta l )  could react  
chemical ly  at the  anode, ~ could only be close to the ex -  
pe r imen ta l  resul t  at  low uti l izations.  At  h igher  depths  
of discharge,  when no acid remains,  the LiC1 film grows 
and the efficiency increases (7). A l t e ra t ion  of the film 
s t ructure  by  the acid, e.g., higher  porosi ty,  or  d i s rup-  
t ion of the  film dur ing  discharge may  be able to ex -  
plain expe r imen ta l  observat ions.  Also, format ion  of 
adducts  (12) or  complexes (1) m a y  reduce the ra te  of 
A1C13 consumption in the cathode. This could a l low 
more  A1C13 to be t r anspor ted  to the anode and hence 
could lead to g rea te r  film dissolution b y  react ion [V]. 

In  the s imulat ions  presented  above, all  the  A1C13 is 
used up before  cell  fa i lure .  With  th icker  electrodes,  a 
propor t ion  of the  acid remains  at  the back  of the elec-  
t rode  at  the end of discharge.  F igure  5 shows that,  
under  these circumstances,  the increase in l i fe t ime wil l  
be smal le r  than  that  ca lcula ted on the basis of the to ta l  
amount  of or ig inal  acid and the s to ichiometrv  of r e -  
action [I] .  This implies  that,  if  it  is considered des i rable  
to use large  quant i t ies  of acid in the cell, it  m a y  be 

Table II. Dependence of coulombic efficiency (%) on discharge 
rate and utilization. Simulation parameters as in Fig. I .  

I (mA/cm s) 

Utilization (%) 40 80 120 

1.0 89.0 84.3 80.7 
5.0 89.9 86.7 84.4 
9.0 90.9 88.3 86.~ 

1 5 0  

1 0 0  

A t (see) 

5 0  

0 ~ 
1 2 3 

Lp(mm) 

Fig. 5. Dependence of increase in cell lifetime on positive elec- 
trode thickness. The basis of comparison is described in Fig. 4. 
The straight line represents values predicted from the stoichiometry 
of reaction [ I ] .  Simulation parameters as in Fig. 1, except el  
indicated. 

pre fe rab le  to add a large  reservoi r  at  the f ront  of the  
cathode r a the r  than increase  the electrode thickness.  
However ,  at lower  discharge ra tes  or wi th  h igher  diffu- 
sion coefficients, the amount  of unused acid is reduced.  
This is because more  acid is able to reach the f ront  
of the e lect rode and de lay  the onset of reac t ion  [H].  In  
all  cases, acid f rom the separa tor ,  the reservoir ,  and  
the t ront  region of the cathode is expected  to reac t  
comple te ly  before  the cell  fails. The overa l l  effect of 
this acid is independen t  of whe the r  it  reacts  chemical ly  
or e lec t rochemical ly  because the ne t  effect is a lways  a 
de lay  in p lugging of the  e lect rode pores.  With  the p a r -  
t icu lar  ra te  constants used in the simulat ions,  the  elec-  
t rochemical  react ion dominates .  

Conclusions 
A mathemat ica l  model  has been developed tha t  can 

descr ibe the  t ime-dependen t  and pos i t ion-dependen t  
behavior  of a complete  Li/SOC12 s ta t ic  cell  wi th  acid 
e lectrolyte .  In  many  respects,  a cell  wi th  acid e lec t ro-  
ly te  can be rega rded  as a combinat ion  of an equiva len t  
neu t ra l  e lec t ro ly te  sys tem and an acid reservoir .  A t  
the cathode, the A1CI~ reacts  p re fe ren t i a l ly  at  smal l  
depths of discharge.  This delays  the prec ip i ta t ion  of 
LiC1 crystals  at  the front  of the e lect rode and, t he re -  
fore, extends  the  cell  l i fet ime.  The theoret ica l  p red ic -  
tions suggest  that  the  increase in cell  l i fe t ime depends  
p r imar i l y  on the quan t i ty  of acid added  to the e lec t ro-  
lyte.  However ,  if the cathode is too thick, a p ropor t ion  
of the  acid wil l  be isolated at the back  of the  e lec t rode  
and wil l  be unable  to react  before  the  end of discharge.  
I t  should also be noted that  the resul ts  depend  on the 
model  chosen to represen t  dissolut ion and format ion  o f  
LiC1 at  the  anode and on the t he rma l  c h a r a c t e r i s t i c s  o f  
the  ce l l .  
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APPENDIX 
Derivation of Transport Equations 

The multicomponent diffusion equation for an iso- 
thermal, isoUanc ~ysmm is expressea as (10) 

c~ cj 
- _ j CT~(v~--v-- ~ ) = -  

[A-I]  

For a mixture of n species, a set of (n -- 1) indepen- 
dent force balances defines the binary interaction pa- 
rameters ~i j ,  which are functions of temperature, pres- 
sure, and composition. In porous media, each i)ij is 
related to the transport coei~icient l~~ for the bulk 
electrolyte by Dij : ~)~ where f is a tortuosity 
factor. The parameter ~ is a characteristic of the mi- 
croscopic electrode structure and can be associated 
with the porosity by a relation of the form (6), ~s : 
1/~/~. The number of independent transport proper- 
ties in Eq. [A-lJ is n ( n  -- 1)/2 because Z)ii is not de- 
fined and, by Newton's third law of motion, f)ij : Z)ji. 
Specific combinations of these properties correspond to 
transport parameters that can De measured directly. 

For the Li +, A1C14-, A1Cts, and SOC12 system, the 
three independent diffusion equations may be rear- 
ranged, with the introduction of the superficial current 
density, to give expressions for fluxes based on a ref- 
erence velocity representative of the bulk motion of 
the electrolyte. For example, with the solvent refer- 
ence velocity v~, one obtains 

�9 "P1 Ce 2 
N1 -- Cl Vl -- - -  ~Pe 

--'tW1 ( Kls nu K~3 t14~2 c.c~ < ~ ) v ~ + ~ + c~ v~ 

~r~s ce s 
Ns = cs v2 = - -  V;~o 

- , ~  c~c3 , ~  ~ + c~ v~ 

N ~=c~va - -  - -  I +  _ _ ~ ~ 

(Kls -b K93) t34i~ 
- -  CoC~ ~@ V,Ue n u --~ "~- Ca V4 

i%]'4 --" C4 V4 

where 

[A-S] 

/Ze -- Yl/.Zl ~ ~2],~ 

= K ~  + K2~ + K~4 

~ : K34(Kl~ + K2~) + (K14 + K~4) 

(K~3 +/4:23 + K~4) 
1 

h ~ : -- (K~ + _TC~) (K~ + K,~ + K~D 

-- ( K ~  + K~)K~a 
t~4 : 1 -- t~ [A-a] 

t~ = ~ K ~  t~_____~ + _ _  

~, z~ c, z2 c~ 

and the subscripts 1, 2, 3, and 4 represent Li+, A1C14-, 
A1Cla and SOC12, respectively. 

In the computer simulation, the volume average ve- 
locity, defined by 

V" = ~ ViNl [A-4] 

is used as the reference frame for the diffusion flux be- 
cause physical data for the LiA1CI~, A1CI~, SOC12 elec- 
trolyte are correlated with concentration. Substitution 
or' the thermodynamic relations 

~e : ~RT In (Cefl2aOl2) [A-5] 

~s : R T  In (cs]~a%) [A-6] 

and Eq. [A-4] into Eq. [A-2] gives Eq. [5] in the 
main text. The transport properties in Eq. [5] are re- 
lated to the friction coefficients Kij by the following 
equations 

D~---- ce ,,RT ( I  + 

( D 2 = - ~ - ~ R T  1 +  

c ~  / 
D~ : --:- RT { 1 + k 

D,t = ca RT ( I -~ 

d In \ 
) [ c ~  + c~V~K~] 

d In Ce 

d In Ce ) [K,~ + K~ 

�9 + caV-~Ka4 "-k ~ (c4V4 -- 1)] 

d ln]a 
) [c4V4(K,s + K~) 

d in c3 

- c~V~ ( K ~  + K ~ ) ]  

din)% 
[(1 -- c~3)  

d In c~ / 

(K,4 + K~) + c4V4(K~ +/z~)] 

( d ln/12 ) 
D s =  c4 vRT 1 + ~  [csV~K84 

~ d in Ce 
- (1 - c4Ir4)~] 

c4 ( dln/3 )[(c~?.4_i) 
D o :  '~  RT  I-}- dInc----~ 

(Kl~ + K ~ )  - -  c~Vs(K14 + K ~ )  ] 

where 

h I = h 4 - c lz lQ'  - c l z lPa  %4 

tsm = is4 _ c~z2Q' - c~z~-~8 %4 

i s"  = - csQ' + (1 - c.qVD %4 

t4" = - c4Q' - c4V8 %4 

[A-?] 

[A-8] 

1 1 [t34K~ ta 4 K I ~ ]  

,~ - ,zlcl-"-~ cs z~c---~ ( K ~  + K ~ )  + z l c ,  

[A-10] 

Only six of the transport properties defined in Eq. 
[A-7], [A-8], and [A-10] are independent. The quan- 
tity Q' cannot be measured, but it can arbitrarily be 
taken to be zero (6). In the analysis of the IA/SOCls 
acid electrolyte cell, it is assumed that the contribution 
of diffusion to the flux of a species arises solely from 
the concentration gradient of that species. In this way, 
the parameters D2 and D3 are taken to be zero. Fur- 
thermore, the effect of migration on the flux of A1C13 is 
neglected, so that the transference number tax also 
becomes zero. The three independent transport proper- 
ties that can still be chosen are taken to be D1, t l ' ,  and 
~. The other properties (D4, D~, and D0) are expressed 
in terms of these variables, for example 

d l n ] s  ) 
1 + d~c-----7 V% 

D4 : -- " DI [A-If] 
( d in  f12 ) ~,Va 

1 + dine--"--': 

In addition, the effective conductivity within the pores 
(5) may be written in terms of K~ as 

t~W1 t~4~ 
Q' = + - -  [A-9] 

Z1 Z2 
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po dens i ty  of pure  solvent  (g /cm 3) 
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e e lec t ro ly te  
f LiC1 film 
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Accelerated Evolution of Hydrogen on Freshly Generated Metal 
Surfaces in Aqueous Solution 

G. T. Burstein and M. A. Kearns 
Department of Metallurgy and Materials Science, University of Cambridge, Cambridge, CB2 3QZ, England 

ABSTRACT 

Data have been obtained which describe quantitatively the rate of evolution of hydrogen on freshly generated sur- 
faces of Fe, Cr, and their binary alloys. At low electrode potentials, creation of the new metal surface causes large accel- 
eration of the rate of hydrogen evolution. The succeeding decay of cathodic current with time is relatively small; long 
after its creation, the new surface remains catalytically active towards hydrogen evolution provided the potential re- 
mains low. The kinetics of each stage of the process are defined and presented as a function of the metal composition. 

The scratched rotat ing disk electrode has proved a 
valuable probe for the investigation of the rapid ini t ia l  
reactions which occur when metal  surfaces are gener-  
ated in aqueous electrolytes under  potential  control 
(1-7). Efforts have so far been focused on the elucida- 
tion of anodic processes occurring in a range of meta l /  
electrolyte systems. These have included measurements  
of the rapid ini t ial  rates of anodic reactions (1-9), 
kinetics of oxide film growth (8, 9), and the effects of 
anions on these (1, 2). Although cathodic current  t r an-  
sients have been documented at sufficiently low po- 
tentials (2-9), these have not  been analyzed in detail. 

P re l iminary  work on the scratched chromium elec- 
trode at low electrode potential  in alkaline solution has 
shown that the hydrogen evolution reaction can be 
accelerated on scratching, and that  the accelerated rate 
of reaction can continue for periods long after the 
scratching process is complete (10). The present  work 
sets out the results of similar  studies of iron, chro- 
mium, and a range of their  b inary  alloys in a potential  
range where scratching gives rise to a net cathodic cur-  
rent  due to the hydrogen evolution reaction occurring 
upon the scratch surface. 

The phenomenon  of enhanced or retarded diffusivity 
of hydrogen atoms through metals accompanying 
plastic deformation has been studied for some t ime 
(11). Despite the recent debate (12-14) concerning the 
measurements  and mechanism of this process, en-  
hanced diffusion of hydrogen in metals undergoing 
plastic deformation may well be involved in the mecha-  
nisms of some localized env i ronment -dependen t  failure 
modes, such as corrosion fatigue and hydrogen em- 
br i t t l ement  (15-17). For the scratched electrode, en-  
hanced rates of hydrogen evolution are possible (10), 
and there thus exists the likelihood of a combinat ion 
of enhanced hydrogen discharge and subsequent  rapid 
t ransport  through the metal  substrate. Such processes 
may  be envisaged as having repercussions for envi ron-  
ment-sens i t ive  failure of metals. 

Experimental 
Ful l  details of the potentiostatically controlled 

scratched electrode technique have been presented pre-  
viously (1-7). The technique is designed for measure-  
ment  of both the instantaneous and subsequent  events 
that occur when a fresh metal  surface is created in 
solutions under  electrochemical control. The disk elec- 
trodes used in this work were made from Cr, Fe, and a 
range of i ron /chromium b inary  alloys of compositions 
5%, 20%, and 50% Cr. These are designated as Fe-SCr, 
Fe-20Cr, and Fe-50Cr, respectively. The metals were 
pure (Fe. BISRA. impuri t ies  in weight percent  [w/o]:  
C 0.006, Si 0.006, S 0.0066. A1 0.004. O 0.001, N 0.010, Mn 
~0.005, and Cr Ex-iodide, 99.995%); the alloys w e r e  
synthesized by arc melt in~ in a copper hearth. The 
melts were inver ted several times, cooled to room 
temperature,  homogenized at ~1473 K and annealed at 
,~873 K. They were ground to a 1200 grit  finish before 

use. Some work was also carried out on pure nickel  
(Johnson Matthey, Specpure) .  Scratches generated on 
rotat ing disks of these materials  were of different 
widths and depths according to the hardness of the 
metal. Thus for Fe, Fe-5Cr, and Fe-20Cr the scratches 
measured ~.,2 mm X 40 ~m X 4 ~m, for Fe-50Cr, ,.-2 
mm X 35 ~m X 3 ~,m, and for pure Cr, ,-,2 mm X 26 
~,m X 2 ~,m. The stylus contact t ime for an electrode 
rotat ion rate, ~, of 100 Hz was ~1  ms. 

The electrolyte used throughout  this work was 1.0M 
KOH prepared from AR reagent  and doubly distilled 
water. It was deoxygenated by thorough purging with 
purified ni t rogen before and dur ing use. Exper iments  
were performed at ambient  tempera ture  of 292 • 2 K. 

Electrodes were controlled to constant  potent ial  for 
a period of t ime sufficient to produce a s teady-state  
current  on the whole electrode before a scratch was 
initiated. In  some cases, the surface consisted of the 
ini t ial  a i r - formed film before cathodization. In  other 
cases, a preprogrammed anodic t rea tment  in the work-  
ing electrolyte was provided before cathodic t reatment .  
This is described below. 

Cathodic current  t ransients  due to scratching w e r e  
recorded on a range of t ransient  recorders set to differ- 
ent sensitivities and time scales so that  the ent i re  
event could be recorded for as long as necessary. Some 
transients  were prepared with the t rans ient  recorders 
set to the pretr igger mode so that any possible pre-  
tr igger events could also be recorded. 

Results 
In this work, only scratches which gave rise to a n e t  

cathodic current  t ransient  are discussed. Anodic cur-  
rent  t ransients  will be presented elsewhere. 

Figure la  shows a current  t ransient  generated by 
scratching Cr in 1.0M KOH at a potential  of --1405 mV 
(NHE). The base current ,  which represents the s teady-  
state current  flowing from the entire electrode surface 
before scratching is negative and is due to s teady-state  
evolution of hydrogen. The potential  is more negat ive 
than the thermodynamic  equi l ibr ium potential  for the 
hydrogen electrode reaction of --827 mV (NHE) at pH 
14, 1 arm of Its. The scratch is ini t iated at the point  
identified by A in Fig. l a  and lasts for ~1  ms. This 
period is the stylus contact time, tc, after which the 
scratching, process is complete. 

From this region of machining by the diamond stylus, 
it is possible to define the ma x i mum observed current  
der~sitv flowing on the scratch surface by measur ing 
the max imum rate of current  generat ion as the scratch 
is being formed. I t  is given by  (2) 

1 dI 
is - [1] 

2xr~y dt 

where dI is the increase in total current  in t ime dr, y 
the scratch width, and r is its distance from the center  
of rotation. 

9 9 1  
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Fig. 1. Cathodic current transient recorded on scratched Cr in 
1.0M KOH at a potential of --1405 mV(NHE). The diagram shows 
the use of different current sensitivities and time scales (a and b) 
to detect the current decay. The time interva[ A to 8 is equal to 
the stylus contact time, to. 

F~)r Fig. l a  the cur ren t  increases in the cathodic d i -  
rect ion dur ing scratching.  Af te r  complet ion of the 
scratch,  the cur ren t  decays wi th  t ime; at  any ins tant  t, 
the cur ren t  dens i ty  on the scratch is given by  

[ I ( t )  - -  Ib] 
i s ( t )  = [2] 

2xr~ytc 

where  I ( t )  is the to ta l  cur ren t  flowing f rom the whole  
e lec t rode  at  t ime t and  Ib is the base cur ren t  flowing 
f rom the whole  e lect rode before  scratching.  The quan-  
t i t y  2~r~ytr is the surface area  of the  scratch. "It is not  
correc ted  for  the  depth  of the  scratch (which is small ,  
see above) ;  ne i the r  is i t  corrected for the microscopic 
surface roughness.  This form of Eq. [2] is only  val id  if 
the creat ion of the scra tch  makes  a negl ig ible  differ-  
ence to the base cur ren t  density,  ib. Fo r  most prac t ica l  
purposes  this  is t rue;  however ,  as is( t )  decays towards  
ib, the  fo rmula  mus t  be modified to incorpora te  the  
change in Ib which occurs on scratching.  The modifica-  
t ion in essence al lows for the fact that  i s ( t )  decays 
towards  ib, and not  towards  zero. In  such a case 

[I (~) - -  Ib] 
i s ( t )  = + ib [ 3 ]  

2nv~,yto 

and in pract ice  this occurs for is( t )  < ~,10ib. 
F igure  lb  shows the same cur ren t  t rans ien t  as Fig. 

l a  recorded on a more  sensi t ive cur ren t  scale for a fa r  
g rea te r  per iod  of t ime; it is immedia t e ly  clear  that  the  
scra tch  cur ren t  does not  decay back to the base level  Ib, 
even af ter  5s. The final s t eady-s ta te  scratch cur ren t  
dens i ty  is denoted  b y  is(oo) (calculated f rom Eq. [2]) 

and provides  the new s teady  s ta te  of the  scratch sur -  
face. This new s t eady-s t a t e  cathodic react ion is ac-  
ce le ra ted  when  compared  with the or ig inal  s teady 
s ta te ,  ib. 

The  base cu r r en t  Ib, d i sp layed  in Fig. la ,  shows a 
smal l  decrease immedia t e ly  pr ior  to s tylus  contact. 
This fea ture  is common to al l  such cathodic t ransients  
and is caused by  in te r fe rence  wi th  the  or ig inal  s t eady-  
s ta te  evolut ion of hydrogen  by  the approaching  d ia-  
mond stylus.  I t  is thus necessary  to examine  the p re -  
t r igger  base cur ren t  in de ta i l  to provide  an accurate  
measure  of Ib. F igure  2 shows another  t ransient ,  this 
t ime wi th  the t rans ien t  recorder  set in the p re t r igger  
mode. The cur ren t  before  scra tching is now disp layed  
for  a per iod  of ls, and the cur ren t  a f te r  scra tching for 
ls. Since in the exper iments  the s tylus  requires  some 
30-40 ms to reach the surface,  Fig. 2 gives an accurate  
measure  of the var ia t ion  in Ib both before  and dur ing  
the t r igger  period.  I t  demons t ra tes  tha t  the  approach  
of the s tylus  provides  on ly  a ve ry  smal l  change in Ib, 
and the difference I ( t )  -- Ib used to evalua te  i s ( g )  
(see Eq. [2] ) is not s ignif icant ly affected. 

Curren t  t rans ients  of the type  shown in Fig. 1 and 2 
were  recorded for Fe, Fe-SCr,  Fe-20Cr,  Fe-50Cr,  and 
Cr, over  a range of potent ia ls  in 1.0M KOH. The values 
of is for pure  Cr are  shown in Fig. 3 as a funct ion of 
potent ia l  toge ther  with measured  values of  ib ( the 
s t eady-s ta te  cur rent  dens i ty  flowing f rom unscra tched 
rota t ing electrodes [also 100 Hz] ) .  The values  of is lie 
a lmost  2 orders  of magni tude  h igher  than lb. Also 
shown plot ted  in Fig. 3 are  the values  of the new 
s teady-s ta te  cathodic cur ren t  dens i ty  is(o 0). These 
also lie at cons iderab ly  h ighe r  values than  {b. The po-  
ten t ia l  ma rked  wi th  an a r row in Fig. 3 give~ the ba re  
surface  mixed  potent ial ,  Eros; at more posi t ive po ten-  
tials, the scra tch  cur ren t  t rans ients  give ne t  anodic cur -  
rents.  

F igure  3 shows that  Tafel 's  l aw is obeyed for  each 
of ib, is, and is ( ~ ) .  The measured  range  of these graphs 
for  i~ and is(oo) is necessar i ly  somewhat  l imi ted  be-  
cause of both the p rox imi ty  of Eros and the ve ry  high 
current  densit ies involved.  Nevertheless ,  Tafel 's  law 
is obeyed over  some 1.5 orders  of magni tude  in i .~(~) 
and ,-,1 order  in is. The Tafel  slopes are l i s ted  in Table  
I. At  high cur ren t  densities,  the graphs devia te  from 
l inear  Tafel  beha- io r ,  a consequence of the ohmic r e -  
sistance of the e lectrolyte .  This resis tance and conse-  
quent  ohmic potent ia l  d rop  is sma l l e r  for  the  scra tch  
(7) than  it is for  the disk (18) at  s imi la r  cur ren t  den -  
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Fig. 2. Cathodic current transient recorded on pure Cr in 1.0M 
KOH at a potential of --1305 mV (NHE), in the pretrigger mode. 
It shows the steady-state base current for ls prior to the scratch 
event and clearly illustrates the difference in steady-state current 
density on the electrode before and after scratching. 
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Fig. 3. Cathodic current density on pure Cr as a function of 
potential. Instantaneous scratch current density, is (I-q). Steady- 
state scratch current density, is(oo) ( 0 ) .  Steady-state current 
density on unscratched Cr, ib (e ) .  

sities. Thus ib deviates  f rom Tafel 's  l aw at  lower  values  
than  is and is ( ~ ). 

S imi la r  da ta  were  obta ined  for pure  Fe and for  the 
three  F e - C r  al loys (Fe-50Cr,  Fe-20Cr,  and Fe-5Cr ) .  
These are  present  in Fig. 4-7, respect ively .  Each of the 
five meta ls  d isp lays  l inear  cathodic Tafel  behavior  for 
is, is ( ~ ) ,  and ib and the Tale1 slopes are  l is ted in Table  
I. For  constant  potent ia l  the is values show an increase 
wi th  increase  in the Fe  content.  The same t r end  is 
found for  ib value for  the  five metals .  

To es t imate  the effects of anodic p r e t r ea tmen t  of the  
e lectrodes before  cathodic scra tch  t ransients  were  p re -  
pared ,  an expe r imen t  was pe r fo rmed  in which pure  
ch romium was subject  to different  anodic potent ials ,  
each for a per iod  of 30s. Each electrode was then po ten-  
t ios ta t ica l ly  pulsed to the cathodic  region (--1345 mV 
[NHE]) ,  a l lowed to achieve a s t eady  state,  and  
scratched.  Graphs  of ib, is, and i s ( ~ )  a re  shown as a 
funct ion of the potent ia l  of anodic p r e t r ea tmen t  of Cr 
in Fig. 8. Also shown are  the  corresponding pa rame te r s  
for  Cr which  car r ied  s imply  the  or iginal  a i r - fo rmed  
film; these are  p lot ted  at g _ --355 mV (NHE) since 
this was the  s t eady- s t a t e  open-c i rcu i t  potent ia l .  Each of 
the  th ree  values  of cu r ren t  dens i ty  is independen t  of 
e lect rode p re t r ea tmen t ,  

Discussion 
S i n c e  in this e lectrolyte ,  only  H20 is capable  of  e lec-  

t rochemical  reduct ion,  the cur ren t  t rans ients  descr ibed  
above are  due to accelera ted  evolut ion of hydrogen  on 
the scratch. I t  is qui te  r emarkab l e  tha t  a high ra te  of 
hydrogen  evolut ion continues long af te r  the  scratch h a s  

Table I. Cathodic Tafel slopes for hydrogen evolution in 1.0M KOH 

- -  a E l a  log Ib - aEla log i. - a E / a  log i,, ( o: ) 
Metal (mY) (mV) (mY) 

Fe 1,50 134 147 
Fe-SCr 128 144 138 
Fe-20Cr 130 128 123 
Fe-50Cr 132 144 149 
Cr 13S 144 158 
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Fig. 4. Cathodic current density vs. potential for pure Fe. In- 
s t a n t a n e o u s  scratch c u r r e n t  density, is (t~). Steady-state scratch 
current density, is (~ )  ( 0 ) .  Seedy-state current density on un- 
scratched Fe, ib (0 ) .  

been formed.  The effect of is (oe),  which  represents  a 
new s t eady- s t a t e  ra te  of hydrogen  evolut ion long af ter  
the  scratch has been formed,  can be observed v i sua l ly  
by  app ly ing  a scra tch  to a s ta t ionary  spec imen held  at  
constant  potent ia l  wi th in  the requi red  range  (see Fig. 
3-7).  Under  these circumstances,  the effect is seen as 
a s t r ing of hydrogen  bubbles  decora t ing  the scratch 
surface. Photomicrographs  of this phenomenon are  
shown in Fig. 9. The photograph  9a was taken  ca. 10s 
af te r  comple t ion  of the  scratch;  9b was taken  ca. 600s 
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Fig. 5. Cathodic current density vs. p o t e n t i a l  for Fe-5OCr. In- 
stantaneous scratch current density, is ([Z). Steady-state scratch 
current density, is(oO) ( � 9  Steady-state current density on uu- 
scratched Fc-5OCr, ib (O).  
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af ter  scratching.  Both depict  a scratch on pure  chro-  
mium in 1.0M KOH at  E = --1255 mV (NHE).  The 
figures show a high dens i ty  of hydrogen  bubbles  along 
the  length  of the  scratch,  and this has been observed 
to persis t  for ~1.2 ks. I t  is c lear ly  a pe rmanen t  fea-  
ture  of the  n e w l y  crea ted  surface.  The effect of the  
scratch is therefore  i r revers ib le .  

The cathodic Tafel  slopes descr ibed in Table I a re  
a l l  of s imi lar  magni tude  and represen t  a s ingle-e lec t ron  
t ransfe r  reac t ion  as the  r a t e -de t e rmin ing  step. This is 
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Fig. 7. Cathodic current density vs. potential for Fe-SCr. In- 
stantaneous scratch current density,.& (I-]). Steady-state scratch 
current density, is(oO) ( O ) .  Steady-state current density on un- 
scratched Fe-SCr, ib ( e ) .  
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Fig. 8. Dependence of cathodic current density is(E~), is(oO) 
( G ) ,  and ib ( e )  at E - -  --1345 mV (NHE) on the anodic pre- 
treatment for Cr in 1.0M KOH. 

consistent  wi th  Tafel  slopes found in the  s t eady  s tate  
for hydrogen  evolut ion in a lka l ine  solutions on a range  
of meta ls  (19, 20). The react ion may  be wr i t t en  as 

H20 + e -  -~ H(s )  + O H -  [3] 

where  H(s )  is a hydrogen  a tom adsorbed to the sur -  
face. The kinet ics  of the react ion fol low 

s -- io exp [ ] c4] 
and this equat ion is obeyed for each of ib, is, and is (oo). 
Recombinat ion  of the  adsorbed  hydrogen  a toms mus t  
be fast. 

Values of the exchange cur ren t  densit ies are  c lear ly  
different  for each of these cur ren t  densi ty  parameters .  
They  a re  eva lua ted  b y  ex t rapo la t ion  of each of the  
Tafel  l ines to E = --827 mV (NHE),  which is the  equ i -  
l i b r ium potent ia l  for  the  hydrogen  evolut ion react ion 
at  pH 14 mud 1 a tm of H2. The exchange cur ren t  den -  
sities a re  des ignated  a s  ibo, i so ,  and iso(c~), and a re  
l i s ted  in Table  H. 

The values of ibo  which represen t  the  unscra tched 
s t eady-s ta te  sur face  show an increase wi th  decrease 
in Cr content  of the alloy. The value  found for  pure  
Fe (2  • 10 -5 A cm -2) is about  an order  h igher  than  
tha t  recorded  ear l ie r  (.~10 -6 A cm -2)  (19, 20). Var i a -  
t ion of ibo wi th  the  mol  f ract ion of Cr, Xcr in the  a l loy  
is shown in Fig. 10. 

A s imi lar  t r end  wi th  mol f ract ion of Cr is found for 
/so, and this too is shown in Fig. 10. The var ia t ion  of 
both  log ibo and log /so  is l inea r  in Xcr and gives 0 log 
ibo/0 Xcr --" --1.14 and O log iso/O Xcr ---- --1.03. The 
two values are  ve ry  similar .  

Table II. Exchange current densities for the hydrogen electrode 
reaction in 1.0M KOH 

Metal (bo ( A  cm-=)  h o ( o o )  ( A c m  -~) f .o ( A  e m  -a) 

F e  1.9 x 10-~ 3.2 • 10 -6 1.05 x 10"8 
F e - S C r  8.3 • 10 -B 3.0 • 10 -a 1.0 • 10 -8 
Fe - 20Cr  6.2 • 10 -6 3.0 x 10 -5 5.4 • 10-~ 
Fe - 50Cr  2.9 • 10-6 2.9 x 10-~ 3.2 • 10 ~ 
Cr 6.7 x 10-7 3.0 • 10 ~ 8.5 x 10 4 
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Fig. 10. Variation of exchange current densities &o (El), iso{~) 
(O) ,  and ibo (e )  with alloy composition for the Fe-Cr binary alloy 
system in 1.0M KOH. 

Fig. 9. Photomicrographs of H2 bubbles evolved from the scratched 
area of a pure Cr electrode under potentiostatic control at --1255 
mV (NHE) in 1.0M KOH. A, top: picture taken ca. 10s after 
scratching. 13, bottom: picture taken ca. 600s after scratching. 

The new s t eady-s t a t e  cur ren t  dens i ty  on the scratch,  
i s o ( ~ ) ,  is, however ,  invar ian t  wi th  Xcr (see Fig. 10). 
I t  is s t r ik ing  tha t  al l  these scra tch  surfaces, a f te r  r e -  
es tab l i shment  of a s teady state, exhib i t  such s imi la r  
ac t iv i ty  towards  hydrogen  evolution.  

I t  should be noted tha t  the exper imen ta l  da t a  ob-  
ta ined  for  both  Cr and Fe  (Fig. 3 and 4) ex tend to 
potent ia ls  be low those for which  the meta ls  can equi l -  
ibra te  wi th  the i r  bu lk  oxides  at pH 14 (21). This im-  
plies that  the or ig inal  oxide films are  not  to ta l ly  re -  
duced e lec t rochemica l ly  since the  pos t - sc ra tch  s t eady-  
s ta te  cu r ren t  dens i ty  [is ( ~ ) ]  is g rea te r  than  the p r e -  
scra tch  s t eady  state ({b) even at potent ia ls  where  elec-  
t rochemica l  reduct ion  is possible.  Only  mechanica l  

methods  can remove  these oxide  films ent i re ly ,  and, 
provided  the e lec t rode  poten t ia l  r emains  low, such 
oxides cannot  reform.  

The decay in cathodic cur ren t  dens i ty  f rom its m a x i -  
mum value  of is to the new s t eady- s t a t e  is(o o) is 
expl icable  in a number  of ways.  Fo r  iron, al l  the  ca th-  
odic scratch da ta  l ie below the t he rmodynamic  equi -  
l i b r ium potent ia l  for  bu lk  oxide formation,  as shown 
in Fig. 4 (20). Nevertheless ,  some evidence exists  for  
the  presence of a mono laye r  of adsorbed  FeOH on Fe  
at  ve ry  low potent ia ls  (3, 4), and it seems l ike ly  tha t  
this  monolayer  could form over  the surfaces  genera ted  
as descr ibed above. Such a mono laye r  of film would  
r e t a rd  evolut ion of H2 and the reby  reduce is to is (~o). 
S imi la r  behav ior  is expected to occur for Cr at ve ry  
low potent ia ls :  much of the da ta  shown in Fig. 3 
occurs, however ,  at potent ia ls  whe re  bu lk  oxides  can 
form, and the presence of such oxides would  r e t a rd  
hydrogen  evolut ion fur ther .  Fo r  the al loys one the re -  
fore expects  the n e w l y  crea ted  oxide  to contain more  
Cr than  Fe (Fig. 5-7),  and i t  is expected  that  an in -  
crease in Cr content  would  give a decrease in ibo, s ince 
reduct ion of H20 would  occur on surfaces ca r ry ing  
increased  amounts  of bu lk  chromium oxides.  The dif- 
ference in the  oxide composit ion before  and af te r  
scraping gives rise to the difference be tween  ib and 
i s ( ~ ) .  

Al te rna t ive ly ,  hydrogen  bubbles  may  be genera ted  
beneath  the film at the meta l  film interface  and cause 
continuous d is rupt ion  of the film. I f  this occurred only  
on the n e w l y  crea ted  film, then i~(oo) would  again  be 
different  f rom ib. The th i rd  poss ib i l i ty  is the sa tura t ion  
of the surface wi th  H atoms from the reduct ion p ro -  
cess. Such adsorbed  H atoms can fol low ei ther  of two 
possible paths  af ter  discharge:  they  can form H2 b u b -  
bles w h i c h  leave the  surface,  or  they  may  be absorbed  
into the meta l  mat r ix .  These H atoms can also give 
rise to reduct ion  of any  oxide film being fo rmed  over  
the scratch surface. The re la t ive  rates  of each of these 
processes must  be tha t  which controls  the  new s t eady-  
s ta te  i s (co) .  I t  is c lea r ly  not  possible to achieve this 
s teady s ta te  e lec t rochemica l ly  in the absence of f resh 
surface generat ion.  This mechanism is s t i l l  under in- 
vestigation. 
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The ca ta ly t ic  effect can be descr ibed  by  a cata lyt ic  
accelera t ion factor,  defined by  the ra t io  iso(~)/ibo. 
This rat io  is independent  of e lec t rode  potent ia l  for each 
metal .  The quant i ty  is shown in Fig. 11 as a function 
of the  mol  fract ion of Cr (Xcr) in the alloy. I t  is greates t  
for pure  Cr. Fo r  comparison the ins tantaneous  cata-  
ly t ic  accelerat ion fac tor  (iso/ibo) is also shown: this  
va lue  is app rox ima te ly  independen t  of Xcr. 

I t  is no tewor thy  tha t  not al l  meta ls  which d i sp lay  
underpoten t ia l  behav ior  of the type  thought  to give 
r ise to FeOH [e.g., CuOH on Cu (6)]  d i sp lay  the be -  
havior  descr ibed  above. A t t empt s  to es tabl ish the  
behavior  for  Cu and Ni in 1.0M KOH gave no evidence 
of the  existence of a new s teady  s tate  a f te r  scra tching  
at very  neg,ative potentials .  A cathodic scra tch  t r a n -  
s ient  for  Ni is shown in Fig. 12. Decay of this  cathodic 
cur ren t  t rans ient  is complete  in ~20 ms to wi th in  the 
lower  l imits  of cur ren t  detect ion in these exper iments .  
The acceleration,  if it  exists, is therefore  small .  

The effect m a y  have impor tan t  repercussions wi th  
respect  to the hydrogen  embr i t t l emen t  and  s t ress -cor -  
rosion cracking  of steels. Severa l  ar t ic les  have a l r eady  
been publ ished concerning the effects of plast ic  s t ra in  
appl ied  to metals  on the hydrogen  diffusivity th rough  
the meta ls  (11-14). Fo r  nickel,  the  presence of plast ic  
s t ra in  appears  to enhance the diffusivi ty of hydrogen  
in thin membranes ;  for  21/4 Cr-1 Mo steel, diffusion is  
re tarded.  The diffusion ra te  must,  at  least  ini t ia l ly ,  
depend on the surface ac t iv i ty  of adsorbed  hydrogen  
atoms, which in tu rn  depends on the ra te  of discharge.  
I t  m a y  also be impor t an t  in s t ress-corros ion and cor-  
rosion fat igue crack propagat ion  where  the bare  me ta l  
surface created b y  plast ic  s t ra in  (15) m a y  cause en-  
hanced discharge of hydrogen  as the cathodic process 
to reoxida t ion  of the  bare  meta l  at the crack tip. If  
the e lect rochemical  potent ia l  at the crack t ip remains  
low, hydrogen  discharge wil l  occur r ap id ly  and p e r m a -  
nent ly.  The consequent  increased diffusion ra te  of H 
atoms into the meta l  ahead of the crack  t ip m a y  
acce lera te  the  onset  of embr i t t l ement .  This s i tuat ion 
wil l  arise where  the  p ropaga t ing  crack is a region of 
res t r ic ted  access to oxygen  and the env i ronment  of 
poor  conduct ivi ty.  
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Fig. 12. Cathodic scratch current transient for Ni in 1.0M KOH 
at a potential of --1155 mV (NHE) recorded in the pretrigger 
mode. Within the resolution of the transient, the decay in current 
is complete. 

Conclus ions  
1. Genera t ion  of a bare  meta l  surface on Fe, Cr, and 

F e - C r  al loys at  low potent ia l  in aqueous solut ion causes 
accelera ted  evolut ion of  hydrogen.  

2. This accelera ted react ion is a pe rmanen t  fea ture  
of the newly  created meta l  surface.  Such surfaces 
cannot  r epa i r  themselves  wi thout  a l te ra t ion  of the 
e lectrode potent ial .  

3. The behavior  occurs both above and be low the 
the rmodynamic  revers ib le  potent ia l  for  equ i l ib r ium 
be tween  Cr and its oxides.  

4. The s teady-s ta te  ra te  of hydrogen  evolut ion af ter  
genera t ion  of the new meta l  surface is s imi la r  for  Fe, 
Cr, and thei r  b ina ry  alloys.  

Manuscr ip t  received March  31, 1983. 
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The Electrochemistry of Glassy 60Ni-4ONb in Aqueous Media 
N. C. Grant and M. D. Archer* 

Department of Physical Chemistry, University of Cambridge, Cambridge CB2 1EP, EngLand 

ABSTRACT 

The electrochemistry of glassy melt-spun 60 atom percent  (a/o) Ni-40 a/o Nb was investigated at moderate  tempera- 
tures in various aqueous media. The alloy was very corrosion resistant to most acids and alkalis, but  it was at tacked by 
aqueous HF. Cyclic vol tammograms of the glassy alloy in 15M NaOH indicated the existence of a thin nickel oxide cor- 
rosion layer from which niobium was absent.  Linear  sweep vot tammetry in the oxygen evolution region, constant  cur- 
rent  chronopotentiometry,  and rest potential  decay measurements  confirmed that the alloy surface in alkali consisted of 
nickel  oxides. Chronopotent iometry in 0.5M H2SO4 at 30~ indicated the formation of a thin niobium oxide corrosion 
film which did not prevent  oxygen evolution. Anodization in concentrated neutral  KC1 caused severe corrosion. On 
cathodization in acid, the glassy alloy absorbed ca. 14 a/o hydrogen and was severely embrit t led.  At tempted  hydrogen 
permeat ion exper iments  caused r ibbon fracture; as-quenched and low temperature-annealed glasses behaved differ- 
ently in this respect. 

The  vi tr i f icat ion of meta l l ic  a l loys affects a l l  the i r  
proper t ies ,  inc luding the i r  e lec t rochemis t ry .  The novel  
and  useful  combinat ion  of toughness,  s t rength,  and 
corrosion resis tance which  can be p roduced  (1, 2) has 
s t imula ted  much research  into the e lec t rochemis t ry  of 
g lassy  metals .  To date,  most  work  has  been on F e -  
and  Ni -based  glasses conta ining ca. 20 a tom percen t  
(a /o )  meta l lo id  (3),  some of which  have r e m a r k a b l e  
magnet ic  p roper t ies  (4). This paper  is a cont r ibut ion  
to the  work  on m e t a l - m e t a l  glasses and examines  the 
e lec t rochemical  p roper t ies  of me l t - spun  glassy 60Ni- 
40Nb in a range  of aqueous media  at  or  nea r  room 
tempera tu re .  The behavior  of this  a l loy  in more  ag-  
gress ive  h i g h - t e m p e r a t u r e  aqueous med ia  is r epo r t ed  
in the  fol lowing paper  (5). The a l loy 60Ni-40Nb was 
chosen as a typica l  r epresen ta t ive  of the T1T2 type of 
meta l l ic  glass, in which TI is an ear ly  t rans i t ion  meta l  
and T2 a la te  one. 

Re la t ive ly  l i t t le  e lec t rochemical  work  has been  car -  
r ied  out  on m e t a l - m e t a l  glasses. Glassy  Cu-Zr  (6),  
T i -Ni  (7),  and A1-Fe (8) have been invest igated,  and  
there  is only  one br ie f  r epor t  on glassy (109-x )Ni -xNb 
(9).  Polyphas ic  c rys ta l l ine  Ni -Nb  al loys have been 
examined  b y  Trusov e t a l .  (10) in 3M HC1 and 1M 
I-t2SO~ and by  Sugimoto e t a l .  (11, 12) in 25 weight  
pe rcen t  (w/o)  KOH. 

The composi t ion 60Ni-40Nb is ve ry  close to one of 
the  eutect ic  composit ions in the  Ni -Nb phase d i ag ram 
(13), so glasses of  this  composit ion are  r ead i ly  formed,  
though a wider  composi t ional  range  is possible;  Gies-  
sen et al. (14) have  repor ted  the  mel t  sp inning  of N i -Nb  
glasses conta in ing 25-60 a /o  Ni. Glassy  Ni -Nb  a l loys  
were  first p r epa red  in 1967 (15), and since then  they  
have  been wel l  character ized.  Data  a re  avai lab le  on 
the i r  s t ruc ture  (16-18), e lectronic  s t ruc tu re  (19), elec-  
t r i ca l  res i s t iv i ty  (20), mechanica l  p roper t ies  (14, 21), 
and some the rmal  proper t ies  (14). In fo rmat ion  on the 
product ion  of amorphous  60Ni-40Nb (22) and 50Ni- 
50Nb (23) by  laser  glazing, and on ion implan ta t ion  
damage  in amorphous  and crys ta l l ine  60Ni-40Nb (24), 
is avai lable .  

Experimental 
Three  e lec t rode  v o l t a m m e t r y  was  pe r fo rmed  wi th  a 

H i -Tek  DT 11001 potent ios ta t  and PPR1 function gen-  
erator .  Galvanos ta t ic  exper iments  were  made  using a 
Time Electronics  constant  cu r r en t  source. Solut ions 

* Electrochemical  Soc ie ty  Act ive  Member.  
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were p repa red  f rom A R - g r a d e  chemicals  and t r ip ly  
dis t i l led  water ,  and  were  sparged wi th  ni t rogen.  

Ni and Nb electrodes were  made  f rom Specpure  
mate r ia l s  ( Johnson Mat they ,  Royston,  Her t s ) .  Cyl in-  
ders  of me ta l  were  embedded  in thermose t t ing  plast ic  
to give c i rcular  e lectrodes of d iamete r  0.7 cm (• and  
0.5 cm (Ni) .  Crys ta l l ine  ingots  of 60Ni-40Nb were  
produced  by  mel t ing  appropr i a t e  masses of Ni (99.99%) 
and Nb (99.9%) (Goodfel low Metals,  Limited,  Cam- 
br idge)  under  a rgon in an arc  furnace.  Glassy 60 a /o  
Ni-40 a /o  Nb ribbons,  typ ica l ly  2 m m  wide and 20 
#m thick, were  formed by  the mel t  spinning technique 
(25). The r ibbons were  spun in a i r  and hence possessed 
a thin, a i r - fo rmed  film. I~o c rys ta l l in i ty  was discernible  
b y  x - r a y  d i f f rac tometry .  Glassy 60Ni-40Nb electrodes 
of known  a rea  were  made  by  affixing lengths  of r ibbon  
to glass supports  and mask ing  the edges wi th  epoxy  
cement.  A l l  e lect rodes  were  pol ished before  use wi th  
Hyprez  1 ~m d iamond paste, washed wi th  ethanol ,  and 
dried. Ag/AgC1 (3M or  sa tu ra t ed  KC1) reference  elec-  
t rodes were  used in acid solutions, and  Hg/HgO (1M 
NaOH) reference  electrodes were  used in a lka l ine  
solutions. The reference  electrodes were  housed in Lug-  
gin capi l lar ies  posi t ioned wi th in  0.5 m m  of the work ing  
e lect rode surface.  IR compensat ion  was not  appl ied,  
because IR drop was negl ig ib le  except  at  the  h ighest  
cur rent  densi t ies  used in Fig. 3. 

The t r anspor t  of hydrogen  through the glassy a l loy  
was s tudied  using the dua l  e lec t rochemical  pe rmea t ion  
cell  of Devana than  and Stachursk i  (26). The r ibbons  
under  study,  which were  al l  ca. 30 ~ n  thick, were  
mounted  be tween  two Teflon flanges in which  slits 
had been machined  to expose 0.288 cm 2 of r ibbon  on 
ei ther  side. The two flanges were  then sandwiched  
be tween  the two glass vessels which formed the two 
compar tments  of the  cell. The inner  faces of  the  two 
Teflon flanges were  coated with  epoxy  cement  pr ior  
to assembly  to ensure a wa te r t igh t  seal. In  one com- 
p a r t m e n t  of the  assembled  cell, hydrogen  was gener -  
a ted at  constant  cur ren t  on the  r ibbon  surface,  which 
acted as a cathode. The galvanosta t ic  circui t  comprised  
a dc power  supply,  a large resistor,  and a p l a t inum 
anode isola ted beh ind  a f l i t .  In  the  o ther  cell  com-  
par tment ,  the  o ther  surface of the  r ibbon was the 
anode of a th ree -e lec t rode  potent ios ta t ic  exper iment ,  
in which the re fe rence  e lec t rode  was Hg/Hg2SO4 
(sa tura ted  K2SO4). The poten t ia l  of  this  face of the  
r ibbon  was ma in ta ined  at  0.256V NHE, which  is suffi- 
c ien t ly  posi t ive  to oxidize  a l l  hydrogen  permeating 
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the r ibbon.  Thus, the permeat ion  cur ren t  is a measure  
of the ins tantaneous  flow of hydrogen  out  of the r ibbon.  

In  both compar tments  of the permeat ion  ceil, the 
e lect rolyte  was 0.56M H2SO4. Ini t ia l ly ,  both  compar t -  
ments  were  sparged wi th  ni t rogen,  but  it  was subse-  
quent ly  found that  background  currents  were  negl ig ible  
in aera ted  solution, so the pract ice  was discontinued.  
Al l  pe rmea t ion  exper imen t s  were pe r fo rmed  at  room 
tempera ture .  

Results and Discussion 
Glassy 60Ni-40Nb proved to be genera l ly  very  r e -  

s is tant  to e l ec t rochemica lcor ros ion .  In  30 day  i m m e r -  
sion tests in aerated,  uns t i r r ed  1M HCI, 30% NaOH, 
10% FeCl~, and  aqueous polythionic  acid (27), the 
weight  loss of f ree ly  corroding specimens was unde-  
tectablre (<0.3 mg dm -2  d a y - t ) ;  the  samples  ap -  
pea red  unchanged  at  the  end of the tests. Sugimoto 
et al. (12) have repor ted  that  c rys ta l l ine  Ni -Nb alloys 
containing >47% Ni also showed negl igible  weight  loss 
in 20 day  immers ion  tests in ae ra ted  25% KOH at 
25~ The only  aqueous medium tha t  caused evident  
a t tack  on f ree ly  corroding glassy 60Ni-40Nb was hy -  
drofluoric acid; in aerated,  uns t i r red  5% HF at room 
tempera ture ,  the  weight  loss in an 80h test  corre-  
sponded to a corrosion ra te  of 142 mg dm -2 day  -1, 
and the samples  were  b lackened  and embri t t led .  
Under  the same condit ions the corro,s~on rate  of 
c rys ta l l ine  Ta is >593 mg dm -2 day  -1 (28). F igure  1 
shows the free corrosion potent ia ls  Ecorr of Ni, Nb, 
and glassy 60Ni-40Nb in 5% H F  and th ree  other  
media.  In  HF, Nb adopts  a free corrosion poten t ia l  
close to tha t  of the Nb/NbF72-  couple [E ~ _-- --0.355V 
NHE (29)] and dissolves as fluoride complexes.  Hi is 
e x t r e m e l y  res is tant  to HF, being pro tec ted  by  a l aye r  
of insoluble  fluorides, and the glassy a l loy  adopts  an 
in te rmedia te  corrosion potent ia l .  Nb also dissolves 
s lowly  in 1M NaOH, forming niobates.  Ni is res is tant  
to alkalis,  being p ro t ec t ed  b y  a film of hydra t ed  oxides,  
and as the corrosion potent ia ls  (Fig. 1) show, the 
glassy a l loy again adopts  a potent ia l  in te rmedia te  be -  
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Fig. 1. The free corrosion potential Ecorr adopted by Ni, Nb, and 
glassy 60Ni-40Nb in aqueous media at 19~ Glassy 60Ni-40Nb is 
indicated by the ward "alloy." 

tween those of its two components.  In  1M HC1 and 
0.5M H2SO4, Ni dissolves and Nb is pass iva ted  b y  a 
l ayer  of 1~b205, so tha t  Nb adopts  a more noble cor-  
rosion potent ia l  than Ni, and the glassy al loy again  
exhibi ts  an in te rmedia te  corrosion potential .  

We es tabl i shed  from high t empera tu re  e lec t rochemi-  
cal work  (5) that,  in a lka l ine  media  at 150 ~ and 300~ 
Nb is leached f rom the al loy surface, leaving a n ickel  
oxide corrosion layer ,  whereas  in acidic media  Ni is 
leached f rom the al loy surface,  leaving a n iobium 
oxide scale. At  these high tempera tures ,  the corrosion 
layers  reach a thickness  of the o rde r  of microns,  and 
the dissolved component  is chemical ly  detec table  in 
solution. At  room tempera ture ,  s imi lar  chemical  be-  
havior  is l ikely,  a l though the corrosion films are  evi-  
den t ly  much th inner  and the quant i t ies  of Ni dissolving 
in acid, and Nb in alkali, will be correspondingly much 
smaller. Results to be described (Fig. 3 and 6) provide 
confirmatory evidence that the corrosion films formed 
on the glassy alloy at room temperature are indeed 
chemically similar to those formed at higher tempera- 
tures. However, in room temperature tests on the 
glassy metal, we could not detect any dissolution of 
Ni in acid or of Nb in alkali. In the first test, 1 cm-2 
of ab raded  r ibbon surface was polar ized at 100 ~A 
cm -2 for 17.5h in 1 cm 3 of 0.5M PI2SO4. No n ickel  was 
detected in the resul t ing solut ion by  the d ime thy l  
g lyoxime test, imply ing  a Ni dissolution rate  of <0.08 
mg dm -2 day  -1. [We note that  Trusov et al. (10) have 
repor ted  an appa ren t ly  ab rup t  cessation of the ab i l i ty  
of Nb to pass ivate  Ni -Nb  crys ta l l ine  al loys in 1.5M 
H.2SO4 and 3M HCI be tween  the composit ions 75Ni- 
25Nb and 85Ni-15Nb.] In  the  second test, 1 cm 2 of 
abraded  r ibbon surface was polar ized at  10 m A  cm -2  
for  17.5h in 1 cm 3 of 30% KOH. No prec ip i ta te  of Nb205 
appea red  on neut ra l iza t ion  and di lut ion of the resul t ing  
solution. 

The cyclic vo l t ammograms  (CV's) of the glassy 
a l loy were  recorded in a range of aqueous med ia  cor-  
rosive e i ther  to n ickel  or  to niobium. No features  o ther  
than  oxygen and hydrogen  evolut ion were  observed 
(at  a sens i t iv i ty  of 1 ~ cm -2)  in the case of the  fol-  
lowing room t empera tu r e  solutions: acidic NaC10, 10M 
NH4F, 10% FeCI~, 1M Na2S2~)3, 0.6M Na~S20~ + 0.9M 
KC1, 1M PI~PO4, 0.SM HsPO4 -b 0.5M HC1, 1M HC1 -t- 
0.5M H2SO4. The CV's in the  region of hydrogen  evolu-  
tion, pa r t i cu l a r ly  in 1M I-I~PO4, resembled  those of pa l -  
l ad ium in acid. This suggested that  the glassy a l loy 
absorbed  some of the evolved hydrogen.  

The only  p rocedure  we discovered which caused 
th ick corrosion layers  to be produced on glassy 60Ni- 
40Nb at  room t empera tu re  was anodizat ion in s t rong 
neu t ra l  chlor ide solutions.  Chlorine evolut ion f rom 
concentra ted  KC1 produced  N i ( I I )  in solut ion and a 
c loudy  precipi t 'a te  of Nb~Os. A thick (,-10 ~rn) 
s t r ia ted  corrosion layer ,  shown in section in Fig. 2a, 
was formed on the glassy metal .  The face of the scale 
was cracked into blocks, as shown in Fig. 2b. I t  seems 
p robab le  tha t  the  presence of chlor ide  or  chlor ine 
causes the  growing corrosion l aye r  to crack and hence 
be unprotect ive .  The films formed by  oxygen evolut ion 
do not  crack, being to ta l ly  feature less  at magnificat ions 
up  to 5000X; hence, t hey  are  pro tec t ive  and much 
thinner .  

I t  is of in teres t  to note tha t  Trusov et al. (10) ob-  
served a current  efficiency of only  2 • 10-3% for anodic 
dissolut ion f rom a crys ta l l ine  75Ni-25Nb ahoy  po la r -  
ized at  50 m A  cm -2  in 3M HC1 for 24h. We also found 
no evidence of corrosion when the  glassy a l loy was 
anodized in 1M tIC1. The much grea te r  corrosive power  
of neu t r a l  KC1 must  be a t t r ibu ted  to the h igher  pH. 

F igure  3 shows the CV's of the  glassy ahoy  and 
crys ta l l ine  Ni and Nb in 15M NaOH at room t e m p e r a -  
ture.  Nb (Fig. 3b) gives a la rge  anodic  peak  at  low 
potent ia l  due to dissolution as a niobate ,  and  pa r t i a l  
pass ivat ion occurs at  h igher  potent ia ls .  Sugimoto et aL 
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Fig. 2. Scanning electron micrographs of the corrosion layer 
formed on g|assy 60Hi-40Hb by chlorine evolution at room tem- 
perature. A, above: sectional view. B, right: face-on view. The 
sample was anodized for 10 mln at 100 mA cm -2  in 1M KCI. 

(12) have  repor ted  s imi la r  behavior  for  Nb in 25% 
KOH at 25~ Ni (Fig. 3c) shows no act ive dissolution 
region,  but  r a the r  a conjugate  pa i r  of peaks,  I and  II. 
The glassy  a l loy  (Fig. 3a) shows a ve ry  s imi la r  pa i r  
of  peaks,  I a t  0.43V and II  at  0.29V NHE. We ascr ibe  
these fea tures  to a composite  Ni304/Ni2OJNiO2 su r -  
face t ransformat ion ,  for reasons discussed below in 
connect ion wi th  Fig. 5. The CV of the glassy a l loy 
(Fig.  3a) does not  show the Nb dissolut ion region of 
Fig.  3b, ind ica t ing  tha t  the  n icke l  oxide  surface  film 
fo rmed  in NaOH contains ve ry  l i t t le  e lementa l  Nb. 
A n y  Nb or ig ina l ly  presen t  in the g lassy  a l loy  surface  
(p robab ly  as an oxide)  must  have dissolved chemical ly  
before  the  first e lec t rochemical  exper iment .  At  lower  
concentra t ions  of NaOH, the  n icke l  oxide t r ans fo rma-  
tion peaks in the CV of the glassy a l loy  are  much less 
pronounced;  in 1M NaOH, they  were  not  observable .  

The l inea r  sweep vo l t ammograms  (LSV's)  of glassy 
60Ni-40Nb and crys ta l l ine  Ni in the oxygen evolut ion 
region  are  shown in Fig. 4. The med ium chosen (30% 
KOH at 70~ is typical  of those used in a lka l ine  wa te r  
e lectrolyzers .  F r e sh ly  pol ished e lect rodes  were  used 
for  comparabi l i ty ,  because the behavior  of these anodes 
is f a i r l y  t ime dependent ,  a l though not  v e r y  s w e e p -  
r a t e -dependen t ,  as a compar ison of Fig. 4b and 4c 
shows. The oxygen  evolut ion character is t ics  of the  
glassy a l loy  (Fig. 4a) closely resemble  those of Ni, 
which is consistent  wi th  the view tha t  the al loy sur face  
is composed of n ickel  oxides.  

The redox  t ransformat ions  of the corrosion films 
formed on the glassy a l loy in 30% KOH at 70~ were  
fu r the r  inves t iga ted  by  cons tan t -cur ren t  chronopoten-  
t iomet ry  and by  measu remen t  of the decay of the res t  
po ten t ia l  a f te r  anodic potentiostasis .  Curve  1 of  Fig. 
5a shows the first ga lvanos ta t ic  expe r imen t  on a f resh ly  
pol ished electrode.  At  t : 0, p r io r  to the passage of 
current ,  the rest  po ten t ia l  of the  g lassy  a l loy  was 
--0.75V NHE, and when the anodic cur ren t  of 10 m A  
cm -2  was ap~tied,  the  potent ia l  rose r a~ id ly  to a 
p la teau  at  0.47V, ma in ta ined  for 0.29s, before i t  rose  
fu r t he r  to a second p la teau  at  0.67V, at  which point  

oxygen  evolut ion occurred.  When  the cur ren t  was r e -  
versed,  the poten t ia l  fel l  to a p la teau  at  0.365V, ma in -  
ta ined for  0.21s, and  then fe l l  r ap id ly  again  to a second 
p la teau  at  --1.27V, at  which  point  hydrogen  evolut ion 
occurred.  A t ra in  of successive anodic and cathodic 
hal f -cycles  of 2.8s dura t ion  was applied.  The second, 
seventh,  and ten th  cycles are  also shown in Fig. 5a. The 
cathodic p la teau  at 0.365V lengthened  s l ight ly  wi th  
sweep number ,  but  the  genera l  fea tures  of the chrono-  
po ten t iogram were  reproducible .  F igu re  5b shows the 
decay in rest  po ten t ia l  of a glassy a l loy e lec t rode  af ter  
it  had  been he ld  at  a potent ia l  of 2.1V for  5s. This 
decay curve is qua l i t a t ive ly  ve ry  s imi lar  to the  ca th-  
odic chronopotent iograms,  showing a po ten t ia l  a r res t  
at  0.365V, a l though the decay  takes much longer  at  
open circuit  than when a cathodic cur ren t  is passed.  
S imi la r  work  on Ni in a lka l i  produces  charging curves  
very  s imi lar  to those of Fig. 5. For  example ,  the anodic 
and cathodic p la teaus  observed b y  Briggs et al. (30) 
in 1M KOH at 25r and a charging cur ren t  of 2 m A  
cm -2  were  0.53 and 0.47V NHE, respect ively .  

Equi l ib r ium thermodynamics  mus t  be caut iously  ap -  
pl ied in consider ing these results,  since the t e m p e r a -  
tures  a re  modera te  and the ra tes  of change of cu r ren t  
and potent ia l  a re  high. However ,  the  two processes most  
p robab ly  responsible  for these features,  and the i r  r edox  
potent ials ,  E1 and E2, in te rpo la ted  or  ca lcula ted  f rom 
the l i t e r a tu re  (31, 32) for  (i) 15M NaOH at room 
t emuera tu re  (calcula ted pH 17) and (ii) 30% KOH at 
70~ (calculated pH 14.9), respect ively ,  a re  

E1 E~ 
3Ni2Oa ~- 2H + -~ 2 e -  ~ 2NisO4 -t- H20 0.30 0.29 

2NiO~ • 2H + -t- 2 e -  ~ Ni2Oa -t- H20 0.43 0.41 

The l i t e ra tu re  on the e lec t rochemical  format ion  of 
these n ickel  oxides on nickel  is conflicting. Macdonald  
and Owen (33), f rom a considera t ion of the  t he rmo-  
dynamics ,  assign the poten t ia l  ar res ts  in the  chrono-  
po ten t iogram to the  conversion of Ni203 to NiO2, b u t  
the  observat ion,  b y  x - r a y  d i f fmc tomet ry  of ~n s~tu elec-  
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Fig. 3. Cyclic voltammograms of (o, top) glossy 60Ni-40Nb, (b, 
center) Nb, and (c, bottom) Ni in 15M NaOH at room temperature. 
Sweep rate: 100 mV s -1. 

trodes (34, 35), of the conversion of Ni(OH)9. to ~- 
NiOOH at this potential cannot be lightly dismissed. 
However, NiO2 is reported to be amorphous to x-rays  
(32, 33), and there is magnetic evidence for the pro-  
duction of Ni(IV) in the electrochemical oxidation of 
Ni(OH)2 (38, 39). 

At 150 ~ and 300~ in alkali, two closely spaced but 
distinct peaks are observed in the CV's of both Ni and 
glassy 60Ni-40Nb (5). We have ascribed these to the 
Ni304/Ni2Oz and Ni203/NiO2 transformations. At lower 
temperatures, these transformations will be slower. As 
we have already noted, the potential  arrests observed in 
the galvanostatic experiment of Fig. 5 (0.47 and 0.365V) 
are comparable with the anodic and cathodic peak 
potentials (0.43 and 0.29V, respectively) in the CV 
of the glassy alloy (Fig. 3c). From a comparison of 
these potentials with E1 and E2 above, we conclude 
that the peaks of Fig. 3 and the potential arrests of 
Fig. 5 are probably composites of the Ni~O4/Ni20~ and 
Ni2OJNiO2 redox processes. 

The constant-current chronopotentiograms of glassy 
60Ni-40Nb and crystalline Nb in 0.5M H2SO~ at 30~ 
are shown in Fig. 6a. On passage of the anodic current, 
the potential of the glassy alloy rises smoothly and 
then levels off as oxygen evolution occurs. When the 
current is reversed, the potential falls rapidly to the 
hydrogen evolution plateau at --0.38V NHE, although 
there is a brief arrest at --0.10V. The decay of the 
res*~ potential  of a glassy alloy electrode after anodic 

i lAcm 2 

I l I I I 
0.6 07 0.8 0.9 

E/V(NHE) 

Fig. 4. Linear sweep voftammograms of freshly polished electrodes 
in 30% KOH at 70~ Curve a: glassy 60Ni-40Nb; sweep rate ! 
mV s -z.  Curve b: Hi, sweep rate ! mV s -z.  Curve c: Hi, sweep rate 
10 mY s -z .  

potentiostasis (Fig. 6c) is quali tat ively similar, though 
again much slower. The glassy alloy is exhibiting a 
niobium oxide-l ike surface in this acidic medium, al-  
though niobium itself behaves rather  differently on 
anodic charging. The Nb potential continues to rise 
without oxygen being evolved, as a resistant layer of 
Nb205 thickens on the surface. As the potential passes 
through the range 10-150V, the film exhibits the ex- 
pected range of interference colors. Fi lm breakdown 
occurs at about 160V. 

The smooth rise in potential of the glassy alloy on 
passage of the anodic current can be ascribed to thick- 
ening of the film, which is evidently less resistive when 
formed on the glassy alloy substrate than on pure Nb. 
It  is never possible to grow thick Nb205 films on the 
glassy alloy surface in acidic conditions because oxygen 
evolution occurs at quite modest overpotentials. The 
features in the glassy alloy discharge curve cannot be 
assigned with certainty. However, the rapidi ty of the 
potential decay in Fig. 6b compared with the potential 
rise is worthy of note: in the film growth region (t -- 0 
to t -- 104s in the anodic half-cycle) the charge passed 
was 10.4 mC cm -2, whereas in the cathodic half-cycle 
(t = 0 to t _-- 10s after current reversal)  the charge 
passed before the onset of hydrogen evolution was 
only 1 mC cm -~. The potentials of all the Nb/Nb oxide 
couples are so low that it is quite possible that a nio- 
bium oxide film persists on the electrode during hy-  
drogen evolution. 

The kinetics of hydrogen evolution on glassy 60Ni- 
40Nb in acidic solutions are complicated by absorption 
of hydrogen into the alloy, which readily occurs on 
cathodization. This uptake of hydrogen manifests i t -  
self both physically and electrochemically. Physically, 
the absorption of hydrogen results in the expansion 
of the metal (as shown by the curling of an init ially 
straight piece of ribbon when hydrogen is evolved on 
one side only) and its embritt lement.  Prolonged hy-  
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Fig. 5. A, left: ga|vonostatic 
charging curves of glassy 60Ni- 
40Nb in 30% KOH at 70~ Be- 
tween t = 0 and t -" 2.8s, the 
anodic current density was 10 
mA cm-~. At t - -  2.8s (marked 
with a vertical arrow) the cur- 
rent was reversed. The electrode 
was polished before the first 
cycle only. B, right: decay of 
open-circuit potential of glassy 
60Ni-40Nb in 30% KOH at 70~ 
after potentiostasis at 2.1V NHE 
for 5s. 

E/V(NHE) 

(b) 
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Fig. 6. A, left: galvanostotlc 
charging curve of glassy 60Ni- 
40Nb (indicated by the word 
"alloy") in 0.SM H~SO4 at 
30~ Anodic current density 
100/~A cm -~.  The anodic charg- 
ing curve for Nb under the same 
conditions is shown for compari- 
son. B, center: discharge curve 
for glassy 60Ni-40Nb after cur- 
rent reversal (at t - -  300s in 
Fig. 6a). C, right: decay of 
open-circult potential of glassy 
60Ni-40Nb in 0.SM H2$O4 at 
30~ after potentiostasis at 
2.2V NHE for 300s. 

f ls 

drogen evolution causes the alloy to become friable and 
to disintegrate. ElectrochemieaUy, the absorption of 
hydrogen results in non-Tas behavior and time de- 
pendence in the hydrogen evolution region, the over- 
potential increasing with time and the Tafel slope 
decreasing from its initial value of 115 mV decade -1. 
This time dependence was not noted by Naka et al. 
(9), but they showed that the hydrogen evolution over- 
potential increases with increasing x in the alloys 
(100 -- x) Ni-xNb. 

Considerable quantities of hydrogen are dissolved 
by glassy 60Ni-40Nb on cathodization. For example, 
after 70h potentiostasis at --0.3V NHE in 1M H2SO4 at 
room temperature,  the hydrogen content (measured 
with a Strohlein H-mat)  corresponded to the atomic 
composition 86.5(60Ni-40Nb)-13.5H. Even after this 
time, the hydrogen content was still rising slowly, so 
this is not a limiting composition. The composition 
78(60Ni-40Nb)-22H was reached by three days cath- 
odization at 1A in 0.56M H2SO4. The high solubility of 
hydrogen in the glassy alloy is not surprising since 
both its components form hydrides: up to NbH2.nT (40) 
and a distinct NiHo.~ phase (41) can be formed elec- 
trochemically. Crystalline 10Ni-9ONb and 31Ni-69Nb 
are also hydrogen embrit t led by cathodic polarization 
in 25% KOH (11); the spalled surface layers produced 

by 20 days' immersion at the free corrosion potential 
had the composition Nbtt0.s9 (12). 

These indications of the absorption of hydrogen by 
the glassy alloy led us to the permeation experiments 
il lustrated in Fig. 7-9, ini t ial ly undertaken with the 
aim of measuring the diffusion coefficient of hydrogen 
in the material. Figure 7 shows typical transients for 
as-quenched, polished ribbons and two different gen- 
erating currents igen. Experiments on different ribbon 
samples yielded quali tat ively similar results. The per-  
meation current did not increase smoothly with time to 
a constant l imiting current, as it  does for simple diffu- 
sion, but rather exhibited pronounced variations about 
a roughly l inearly increasing mean. The breakthrough 
time (i.e., the time at which the permeation current is 
first observed) was long and irreproducible, varying 
by an order of magnitude. This is probably due to vary-  
ing amounts of residual or reformed oxide film on the 
ribbon surfaces. When the generating currents were 
switched off the permeation currents fell rapidly to 
zero, as i l lustrated in Fig. 7a. This indicates that me- 
chanical failure of the alloy had occurred, shorting the 
ribbon bielectrode. 

Figure 8 illustrates the rather  different transients 
obtained on ribbons annealed in vacuo for 30 min at 
642~ this anneal produced no crystal l ini ty detectable 
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I:ig. 7. Electroiytic hydrogen permeation currents for unannealed, 
polished glassy 60Ni-40Nb foils for generating currents igen of (a, 
top) 20.8 mA cm -s  and (h, bottom) 3.8 mA cm -2.  The vertical 
arrow indicates the time at which the generating current was 
switched off. 
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Fig. 8. Electrolytic hydrogen permeation currents for glassy 

60Ni-40Nb foils. A, top: ribbon annealed and polished. B, bottom: 
ribbon annealed, cold-rolled, and polished. The generating current 
was 3.8 mA cm - 2  for both a and b, and the ribbons were annealed 
in vacua for 30 min at 642~ The vertical arrows indicate the 
times at which the generating currents were switched off. 

by x - r a y  dif f ractometry.  The r is ing t rans ient  for the 
annea led  glassy a l loy is much smoother,  though the 
shape is st i l l  not  tha t  p red ic ted  theore t ica l ly  for s imple  
diffusion under  wel l -def ined bounda ry  conditions.  The 
b reak th rough  t imes are  s t i l l  ve ry  i r reproducib le .  The 
decay on swi tching off igen remains  ve ry  abrupt ,  
whereas  for s imple  diffusion it should be gradual .  
F igure  8b shows a t rans ient  obta ined with  an annea led  
r ibbon,  co ld- ro l led  to 95% of its or iginal  thickness,  and 
subsequent ly  polished.  Ev iden t ly  cold- ro l l ing  has l i t t le  
effect on the  pe rmea t ion  character is t ics :  even severe  
cold- ro l l ing  to 75% of the or ig ina l  thickness did not  
modi fy  the  genera l  form of the  t rans ients  observed on 
annea led  r ibbons.  

These resul ts  differ g rea t ly  f rom those obta ined 
f rom permea t ion  exper iments  on crys ta l l ine  meta ls  
such as Pd  and Ni (42) or  Fe  (43). Hydrogen  atoms 
diffuse through these meta ls  in an essent ia l ly  non-  
cooperat ive  manner ,  so that  permeat ion  currents  rise 
and ~all smoothly.  The cause of the  behavior  observed 
with  glassy 60Ni-40Nb is not  the glassy s t ruc ture  per  se, 
for Latanis ion et aL (6) and Lin and Johnson (44) 
have observed normal  pe rmea t ion  t ransients  for F e -  
N i - P - B  glasses; ra ther ,  we a t t r ibu te  the observed be-  
hav ior  to the mechanical  damage inflicted on the Ni -Nb  
al loy b y  hydrogen  uptake.  Ribbon f rac ture  occurs as 
the  pe rmea t ion  expe r imen t  progresses.  This is made  
evident  in two ways.  Fi rs t ,  l eakage  be tween  the two 
cell  compar tments  can be observed,  and the r ibbon  d i s -  

in tegra tes  on handling.  Second, the pe rmea t ion  cur ren t  
becomes equal  to the genera t ing  current :  this  occurs 
when a sufficiently large  channel  of e lec t ro ly te  is 
formed by  ci:acking the r ibbon  to shor t  the b ie lec t rode  
comple te ly  out  of the  circuit.  This condit ion is a t -  
t a ined  in Fig. 9a and 9b, which  were  ob ta ined  using 
lower  genera t ing  currents  on annea led  r ibbons.  L i t t l e  
or no hydrogen  permea tes  the r ibbons  before  the  
ab rup t  increase in pe rmea t ion  current  tha t  indicates  
mechanical  failure.  F ragmen t s  of f rac tu red  r ibbon ex-  
amined microscopical ly  at  magnifications up to 1500X 
showed br i t t le  f rac ture  surfaces which were  often 
decora ted  wi th  microcracks.  

The very  i r r egu la r  form of the pe rmea t ion  t rans ients  
obta ined for the as -quenched  r ibbons  as compared  wi th  
the much smoother  t rans ients  for the annealed  r ibbons  
is of interest .  In  as -quenched  me l t - spun  ribbons,  a 
h igh concentra t ion of diffuse defects exists.  In  pa r t i cu -  
lar,  excess free volume may  be d is t r ibu ted  over  a n u m -  
be r  of a tomic si tes  (45). Annea l ing  r e l axes  the  glassy 
s t ructure  and reduces the excess free volume. Low tem-  
pe ra tu re  anneaI ing often causes some loss in duct i l i ty  
(46), and does so in 60Ni-40Nb. Cold-ro l l ing  in t ro-  
duces shear  bands.  The s imi la r i ty  of Fig. 8a and 8b 
shows that  the in t roduct ion of shear  bands  does not  
s ignif icantly a l te r  the pe rmea t ion  of the annea led  
al loy b y  hydrogen.  Since i t  is un l ike ly  tha t  the  sur face  
films (which are  no doubt  p resen t  on both  r ibbon  
faces) a re  s ignif icant ly different  for annea led  as com- 
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Fig. 9. Electrolytic hydrogen 
permeation currents for an- 
nealed, polished glassy 60NI- 
40Nb foils for generating cur- 
rents of (a, left) 695 #A cm - 2  
and (b, right) 174 ~A cm -~ .  
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pared with as-quenched ribbons, it follows that the 
difference in bulk structure must be responsible for the 
difference in permeation behavior. Hydrogen em- 
brittlement is thought to occur by concentration of the 
hydrogen in regions in which its Gibbs energy is lowest. 
This causes local expansion of the solid; cracking then 
occurs in response to the stress created by nonuniform 
expansion. In the as-quenched glass, hydrogen could 
accumulate in the quenched-in diffuse defects, result- 
ing in a nonuniform distribution of hydride phase and 
severe embrittlement: this occurs when crystalline Nb 
is cathodically charged (40, 47). In the annealed mate- 
rial, the structure is much more homogeneous, and 
thus the absorbed hydrogen is likely to be less localized. 
Consequently, the annealed glassy alloy fails in a less 
dramatic manner than the as-quenched material. 
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The Electrochemistry of Glassy 60Ni-40Nb in Some High 
Temperature Aqueous Media 

N. C. Grant and M. D. Archer* 
Department of  Physical Chemistry, University of  Cambridge, Cambridge CB2 1EP, England 

ABSTRACT 

The high temperature aqueous electrochemistry of glassy melt-spun 60Ni-40Nb was investigated. Glassy 60Ni-40Nb 
subjected to cyclic voltammetry (CV) in lm NaOH at 150~ undergoes corrosion, which produces niobates in solution 
and a thick scale of nickel oxide on the alloy. The latter yields CV peaks due to the Ni3OjNi20.~ and Ni2OjNiO2 transfor- 
mations. In lm NaHSO4 at 300~ the glassy alloy corrodes to yield Ni(II) in solution, and an adherent layer of Nb20.~ is 
formed on the electrode surface. The glassy alloy takes up substantial quantities of hydrogen at its rest potential in this 
medium. In lm Na2CO3 at 150~ behavior similar to that in lm NaOH is observed, except that the glassy alloy takes up 
some hydrogen at its rest potential. In lm Na~CO3 at 3000C, some hydrogen uptake again occurs at the rest potential, and 
a scale of nickel oxide is formed on the glassy alloy, but  no oxide transformation peaks are observed in the CV because 
they are obscured by facile oxygen evolution at this high temperature. The assignment of features in the CV of glassy 
60Ni-40Nb was made by comparison with similar experiments on crystalline Ni and Nb, and with thermodynamic data 
at the same temperature, and by ex situ microscopical examination of ZnSe-coated cross sections of the corroded 
electrodes. 

In  the preceding paper (1), we showed that  glassy 
60Ni-40Nb is extremely resistant  to most forms of elec- 
trochemical at tack at  room temperature  except hy-  
drogen embri t t lement .  Alloys general ly exhibit  elec- 
trochemical properties characteristic of all their  pr inci-  
pal ingredients.  Binary Ni-Nb alloys should possess the 
resistance to acidic media characteristic of Nb and the 
resistance to alkaline media characteristic of Ni. How- 
ever, crystal l ine Ni-Nb alloys are britt le,  whereas the 
glassy alloy is tough and flexible. This useful combina-  
tion of good mechanical  properties and high resistance 
to  room-tempera ture  corrosion s t imulated the present  
s tudy of the behavior  of glassy 60Ni-40Nb under  more 
extreme conditions, in four acidic and alkaline media 
.at 150 ~ or 300~ As far as we know, no previous 
studies on high te~nperature aqueous electrochemistry 
of glassy alloys have been reported. Glassy 60Ni-40Nb is 
well suited to such a study, since its crystall ization 
tempera ture  is 650~ (2), so there is no risk of crystal-  
l ization occurring dur ing  work at 300~ 

Experimental 
Glassy 60Ni-40Nb ribbons, typical ly 2 mm wide and 

20 ~m thick, were formed by the me l t - sp inn ing  tech- 
n ique  (3) as previously described (1). 

Convent ional  three-electrode exper iments  were car- 
ried out using a Chemical Electronics l inear  sweep 
generator  .and TR40/3A potentiostat,  and a Bryans XY 
26000 A4 chart  recorder. The electrochemical experi-  
ments  were performed in a PTFE beaker  housed in a 
mild steel autoclave. Standpipes in the autoclave lid 
carried the electrode and thermoeouple leads and 
access to an argon line. The tempera ture  of the auto-  
clave was controlled by a Pe rk in -E lmer  precision oven. 

Working electrodes of glassy 60Ni-40Nb were pro- 
duced by  spot-welding 5 cm lengths of r ibbon to a 
p la t inum wire which passed through the appropriate 
standpipe. 1 m m  diam wires of Ni (99.999%) and Nb 
(99.95%), obtained from Johnson Matthey Limited, 
Royston, Harts., England,  were also used as working 
electrodes. The welded join between the p la t inum and 
the electrode mater ia l  was positioned well above the 
solution meniscus. Nevertheless, it is l ikely that  the 
p la t inum was in exiguous contact with the solution. 
Pr ior  exper iments  on the electrochemistry of p la t inum 
in aqueous solutions at high temperatures  showed that  
any  cur ren t  derived from the p la t inum was negligible 
compared with those derived from the working elec- 
trode proper. 

* Electrochemical Society Active Member. 
Key words: glassy metal, nickel-niobium ahoy, high tempera- 

ture electrochemistry. 

The counterelectrode was a concentric cyl inder  of 
p la t inum gauze. A dynamic hydrogen electrode (DHE) 
polarized at 1 m A  cm-~ (4) was used as the reference 
electrode. The potential  of this electrode lies 50 • 2(} 
mV below the reversible hydrogen evolution potential  
at each tempera ture  and pH (5). The potential  of the 
DHE with respect to the normal  hydrogen electrode 
(NHE) is given, therefore, by 

E (NHE) = ( R T / F )  In [H +] -- 0.05V 

Since the pH dependence of the thermodynamic  po- 
tentials for oxygen evolution, hydrogen evolution, and 
oxidation state t ransformations of metal  oxides (e.g., 
Ni804/Ni2Oj) is the same as that  of the DHE, the po- 
tentials observed for such processes vs. the DHE at 
various pH's can be compared with the corresponding 
s tandard potential  on the NHE scale simply by addit ion 
of 50 mV to the potential  observed vs. DHE 

E (DHE, pH ~ 0) ---- E (NHE, pH -- 0) -- 0.05V 

The DHE was used in this work because it is one of 
the few reference electrodes robust  enough to wi th-  
stand temperatures  of 300~ The hydrogen generated 
dur ing  its use is sufficient to saturate  the solutions at 
both 150 ~ and 300~ but  hydrogen is very sparingly 
soluble at these temperatures.  

Aqueous solutions of NaOH, NaHSO4, and NazCO~, 
of concentrat ion lm  at room temperature,  were pre-  
pared from AR chemicals and doubly distilled water. 
80 cm S of solution were used in  each experiment.  The 
working electrodes were cleaned before each run  by 
washing, first in acetone and then in distilled water. The 
autoclave was assembled and flushed three times with 
high pur i ty  argon at 1000 psi. It  was then sealed under  
40(} psi argon, placed in the oven, and heated. Heat ing 
to 150~ took about  lh,  and heat ing to 3(}(}~ about  
1.5h; dur ing  this period the working electrodes were at 
open circuit. It  was not  possible to apply cathodic pro- 
tection against  corrosion dur ing the w a r m- up  period 
because glassy 60Ni-40Nb is subject  to severe hydrogen 
embr i t t l ement  (1). 

Heating the solutions changes their  densities and 
causes appreciable loss of water  by evaporation. The 
calculated molal i ty  and pH of each high tempera ture  
solution used are given in Table I. The vapor pressure 
and density of pure v~ater were used in calculation 
of these figures, which are therefore approximate.  
The equi l ibr ium constants needed for the pH calcula- 
tions were taken from the l i tera ture  (6, 7). In  calculat-  
ing the current  density, the immersed area of e a c h  

1 0 0 4  
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Table I. Calculated molality and pH of nominally lm solutions 

M e d i u m  M o l a l i t y  p H  ( m o l a l  u n i t s )  

incident 
tight 

NaOH 150~ 0.99 11.2 
NaHSO, 300~ 0.94 3.2 
NasCOs 150~ 0.99 11.0 
NasCOa 300~ 0.94 11.3 

working electrode was corrected for the effects of 
evaporation and the change in solution density. 

Used working electrodes and free corrosion speci- 
mens were mounted in a thermosetting plastic and 
ground and polished to expose a cross section. This 
procedure fractured the mechanically weaker speci- 
mens. The samples were examined with an optical 
microscope and with a Cambridge Instruments $410 
scanning electron microscope equipped with an EDAX 
facility. The samples for optical examination were 
coated with a thin (<100 nm) film of vapor-deposited 
ZnSe (8, 9). The purpose of this coating is illustrated 
in Fig. 1. The color produced by destructive inter- 
ference between light reflected from the air-film and 
the film-substrate interfaces depends on the optical 
properties, and hence on the chemical identity, of the 
substrate. Thus chemically different areas in the sub- 
strate appear differently colored. ZnSe is used because 
its high refractive index produces good color contrast. 
By examination of one specimen both by EDAX and by 
ZnSe interferometry, the interference colors can be 
chemically assigned. Many specimens can then be 
quickly identified by the ZnSe technique. Uniformity of 
thickness in the ZnSe coating is required for this tech- 
nique to be reliable. This was assessed by reference to 
a steel washer placed next to the specimen. ZnSe dep- 
osition was continued until the color of the coated 
washer was the same in all samples. Unfortunately, the 
black-and-white reproductions of Fig. 4, 7, and 10 do 
not convey all the detail of the colored originals. 

Pourbaix Diagrams 
Thermodynamic data on the Ni-H20 and Nb-H,~O 

systems assist the assignment of features in the cyclic 
voltammograms. Figure 2a, taken from Cowan and 
Staehle (10), shows the Pourbraix diagram for Ni at 
300 ~ C, which is broadly similar to the room temperature 
diagram. Some extrapolations and approximations were 
used in the compilation of the high temperature dia- 
gram, which must therefore be used with caution. 
Table II summarizes the relevant data for the an- 
hydrous oxides. Hydration of the oxides shifts these 
standard potentials only slightly. For example, at room 

E/V(DHE) 

i i I i, i I I i 

0 z, 8 12 
pH 

-I 

-2 

NizO 3 

mounting specimen 
plastic 

Fig. 1. Metallographic examination of corrosion films by ZnSe 
coating technique. 

temperature the Ni/Ni(OH)2 potential is only 6 mV 
below the Ni/NiO potential (11). 

Figure 2b shows our calculated Pourbaix diagram for 
Nb at 300~ The diagram shows data for the phases 
Nb, NbO, NbO2, and Nb205 only, because of the lack of 
thermodynamic data on niobium hydrides and niobates. 
However, Nb~O5 does dissolve in strong alkali to form 
niobates. Figure 2b was calculated from enthalpy and 
heat capacity data on niobium and its oxides (12) and 
on water (13). The equilibrium potentials of the nio- 
bium/niobiurn oxide couples are all well below the 
hydrogen evolution potential. The effect of tempera- 
ture is again slight, as shown in Table III. 

It is worth noting that at 150~ and more particu- 
larly at 300~ oxide-transformation CV peaks usually 
appear much nearer their thermodynamic potentialB 

E I V ( D H E )  

, , , i , , , (b)f  

0 ~Nbz05 

0 /+ 8 12 pH 

~ 0  

Fig. 2. Pourboix diagrams for 
(a, left) Hi and (b, right) bib at 
300~ The concentration of dis- 
solved ions in the Pourbaix dia- 
gram of bii is IO-eM. The up- 
per faint llne represents oxy- 
gen evolution, and the lower, 
hydrogen evolution. 
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Table II. Standard potentials at 1500 and 300~ for nickel oxide 
transformations and hydrogen and oxygen evolution* 

] I 

(a} 
Eq. no. E(150~ E(300~ 1 mA cm -2 

Hs ~ 2H + + 2e- [i] 0.05 0.0~J 
4 OH-~-2HsO + O2 + 4e- [2] 1.18 1,07 
Ni + H~O ~-NIO + 2H+ + 2e-  [3] 0.13 0.08 
3NiO + H~O ~ Ni~O~ + 2H + + 2e- [4] 0.87 0.88 
2Ni~O4 + H_~O ~3Ni2Os + 2H+ + 2e- [5] 1.33 1.29 
Ni~Os + H20 ~-2NiO= + 2H+ + 2e- [6] 1.44 1.40 

* Expressed in V vs. DHE and taken from Cowan and Staehle 
(10) with the addition of 0.05V to conver t  to the DHE scale. 

Table III. Standard potentials at 150 ~ and 300~ for niobium 
oxide transformations* 

Eq. no. E(150~ E (300~ 

Nb + I~O ~ - N b O  + 2H + + 2e -  [1] - 0 . 7 1  - 0 . 7 5  
NbO + H20 ~ NbO= + 2H + + 2e- [2] -0.06 -0.71 
2NbO= + I-~O ~ Nb~O~ + 2H+ + 2e- [3] --0.29 - 0 , 8 4  

* E x p r e s s e d  in V vs. DHE and calculated from the data of  
Gerasimov (12). 

/A 

y 
than ,at room temperature,  because they are usual ly  
kinet ical ly controlled and hence occur faster at higher 
temperatures.  Thus Pourbaix  diagrams are a more re-  
liable guide to peak assignment  at high temperatures  
than they are at room temperature.  

Results and Discussion 
0.99m NaOH at 150~ 3 shows steady-state  

cyclic vol tammograms (CV's) for glassy 60Ni-40Nb and 
crystal l ine Nb and Ni. Niobium (Fig. 3b) dissolves 
freely as niobates in this s t rongly alkal ine medium at 
low potentials,  and shows some tendency to passivate 
at higher potentials.  The rest potent ial  E r (see Table IV) 
was very low (--0.315V DHE):  niobate and hydrogen 
formation are presumably  the balancing processes at 
Er. Nb behaves s imilar ly  at room temperature  in 15M 
NaOH although the active dissolution peak is then 
smaller  (1). Macleary (14) records the corrosion rate of 
Nb in 5% NaOH at 98~ as 9390-18,780 mg dm -2 day -1, 
w h i c h  is equivalent  to a corrosion current  density of 
1.15-2.3 mA cm -2. 

Nickel did not dissolve on repeated cycling between 
0.02 and 1.55V DHE, i.e., within the effective hydrogen 
and oxygen evolut ion potentials in this medium. Its 
CV (Fig. 3e) showed two reproducible peaks, I and 
II, which can be assigned by comparison with the 
thermodynamic  data of Table II. Peak I in Fig. 3c is at 
1.39V DHE, and peak II  is at 1.22V. The mean value, 
1.30V, agrees well with Eq. [5] of Table II for the 
Ni304/Ni2Ch couple. Over the sweep rate range 0.5-2.5 
mV s -1, the charge under  peak II was constant at 118 
_+ 10 mC cm-~, confirming that  reaction of a surface, 
ra ther  than a dissolved, species is occurring. 

Glassy 60Ni-40Nb has a CV (Fig. 3a) that indicates 
Ni-l ike behavior  of the surface. Nb was detected in  
solution after this experiment  by  the precipitat ion of 
Nb205 on neutral izat ion,  and the ZnSe technique (Fig. 
4) showed that only nickel  oxide was present  in the 
corrosion layer. Nb also dissolved from specimens 
freely corroding in  this medium. We conclude that, 

f 

20 mA cm -2 

2 rnA cm "2 I 
i 

(c) 

I I 

0.5 I 
EIV(DHE) 

Fig. 3. CV's of (a, top) glassy 60Ni-40Nb, (b, center) Nb, and 
(c, bottom) Ni in nominally lm NaOH at 150~ Sweep rates: (a) 
25.5, (b) 30, and (c) 25.8 mV s -1.  

dur ing  the w a r m- up  period for the exper iment  of Fig. 
3a, Nb has dissolved and the CV consequently shows 
the t ransformations of the nickel  oxide corrosion layer  
remaining.  In addition to peaks I and II, which were 
also obtained on crystall ine Ni, an  addit ional cathodic 
peak IV was observed at 1.39V DHE. This peak did not  
appear unless the anodic sweep limit was above 1.49V. 
We infer that  there is an anodic peak (peak III)  con- 
cealed under  the current  due to oxygen evolution, and 

Table IV. Rest potentials Er in V vs. DHE 

Medium S0Nt-40Nb Ni Nb 

ln~ NaOH 150~ 0.625-0.725 0.775 -0.318 
lm NaHSO4 300"C 0.015-0.060 0 .052  -0.030-+0.030 
l m  Na2CO8 150~ 0.020 0.455 - 0 . 2 7  
lm Na~COa 300"C 0.01 -0.07 ~ w 

Fig. 4. Optical mlcrograph of ZnSe-coated cross section of glossy 
60Ni-40Nb after the experiment of Fig. 3a. 
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Fig. 5. Scanning electron micrograph of the surface of glassy 
60Ni-40Nb after the experiment of Fig. 3a. 

that peak IV is its conjugate reduction peak. [Peak III  
can be seen in the CV of Ni in lm Na2CO3 at 150~ 
(Fig. 8a)]. The potentials of peaks I and II in Fig. 3a 
are 1.44 and 1.30V DHE, respectively, and, as for Ni 
itself, we ascribe these to the Ni304/Ni20~ transforma- 
tion. Assuming that the .concealed peak III  is at 1.49V, 
the average of the peak potentials of peaks III and IV is 
1.44V DHE, in agreement with Eq. [6], and we there- 
fore ascribe these two peaks to the Ni2OJNiO2 trans- 
formation. 

At 150~ in lm NaOH, the rest potentials (Table IV) 
of Ni and the glassy alloy are high and approach the 
NiO/Ni304 potential. It is noteworthy that at 150~ the 
CV's show distinct Ni~O4/Ni203 and Ni2OJNiO2 trans- 
formations at roughly the thermodynamically predicted 
potentials. At room temperature in 15M NaOH (1), 
these two peaks were not resolvable. 

0 

I I 

(a) 

10 mA cm 2 

/ 

(b) 

-2 3 A (rn 

/ _ 
0 

I I I 

0 0.5 I 1.5 

E/V(DHE) 
Fig. 6. CV's of (a, top) glassy 60Ni-4ONb ond (b, bottom) Hb in 

nominally lm NaHSO4 at 300~ Sweep rates: (a) 26.2 mV S--1 
(b) 25 mV s -1. 

We can estimate the thickness of the oxide film in- 
volved in these redox processes from the charge under 

Fig. 7. Optical mierograph of 
ZnSe-coated cross section of a 
free corrosion specimen of glassy 
60Ni-40Nb after immersion in 
nominally lm NaHSO4 at 300~ 
for 70h. 
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Fig. 8. CV's of (a, top) glassy 60 Ni-40Nb, (b, middle) Nb, and 
(c, bottom) Ni in nominally lm Na2COa at 150~ Sweep rates: (a) 
26.5, (b) 30, and (c) 25.5 mV s -z .  

the  peaks.  The charge under  e i ther  peak  I or  peak  I I  in 
Fig. 3a is 13.8 mC cm -2. Assuming  that  the  surface 
dens i ty  of Ni atoms is the mean  of tha t  for Ni304 �9 
2H20 (7.93 X 1014 cm -2) and Ni20~ (1.073 • 1012 
c m - 2 ) ,  this charge is equiva lent  to the t rans format ion  
of about  40 monolayers .  The corrosion scale formed by  
CV is much th icker  than  this, as is ev ident  f rom Fig. 4. 
Only the superf icial  region of the corrosion layer  is 
r edox-ac t ive  in cyclic vo l tammet ry .  

F igure  4 shows a ZnSe photograph  of the cross- 
sect ioned glassy e lect rode of Fig. 3a. The corrosion 
l a y e r  was not  s t rong ly  adherent ,  and, on dry ing  the 
electrode,  pa r t  of i t  spal led off, as shown in the scan-  
ning e lect ron mic rograph  of Fig. 5. The scale was l i f ted 
en t i r e ly  off the  subs t ra te  b y  the mount ing  and cross 
sect ioning procedure,  as can be seen in the  upper  
f ragment  of Fig. 4. This has a centra l  por t ion of uncor -  
roded  alloy, which appears  orange in color under  the 
ZnSe coating, encased in a corrosion layer  ca. 6 .urn 
thick, which, from its purp le  color, can be identif ied 
by  comparison with  the corrosion scale formed on 
n ickel  i tself  as n ickel  oxide. The lower  f ragment  shown 
in Fig. 4 contains no uncorroded al loy and consists en-  
t i r e ly  of n ickel  oxide. We could not r e l i ab ly  dis t inguish 
be tween  the possible oxidat ion  states of this scale by  
the ZnSe in te r fe rence  colors, but  i t  appea red  to be 
duplex  in nature .  

0.94m NariS04 at 300~ Ni dissolves -~o 
r ap id ly  in this  acidic medium tha t  no cyclic vo l t ammo-  
g ram could be obta ined for it. The behavior  of Nb and 
glassy 60Ni-40Nb is shown in Fig. 6, f rom which i t  is 
appa ren t  that  in this med ium the a l loy exhibi ts  a Nb- 

l ike surface. This is confirmed by  the  ZnSe pho tograph  
of a free corrosion specimen (Fig. 7). This shows a 
cent ra l  orange por t ion  of uncorro.ded a l loy covered b y  
an adherent ,  featureless  film ca. 8 #m thick that  ap-  
pears  colorless under  the ZnSe coating. This was shown 
by EDAX to be a n iob ium oxide, p resumably  Nb~O~. 
Analys is  of the solut ion af ter  the exper iment  of Fig. 6a 
showed no dissolved Nb, but  r a the r  a high concent ra-  
t ion of dissolved Ni. Of the n ickel  in i t ia l ly  present  in 
the  glassy a l loy sample,  about  one - th i rd  was present  as 
Ni ( I I )  in solut ion at the end of the exper iment .  

As Fig. 6 indicates,  ne i the r  Nb nor  glassy 60Ni-40Nb 
in i t ia l ly  y ie lded  a s t eady-s ta te  CV in l m  NaHSO4. Dur -  
ing the  w a r m - u p  period,  both  specimens assumed ra the r  
low rest  potent ia ls  (Table  IV) .  A large  anodic peak  at 
0.30V was seen on the first pos i t ive-going  sweep (num-  
bered  1 in Fig. 6), bu t  this decreased  in magni tude  
wi th  each succeeding sweep unt i l  a f te r  about  five i t  
was comple te ly  absent.  In  the case of the alloy, i t  would  
be possible to a t t r ibu te  this peak  to N i ( I I )  formation.  
However ,  this cannot  be the  case for Nb, and the s imi-  
l a r i ty  in the CV's of the  two mater ia l s  suggests  tha t  
they  have the same cause. We t en ta t ive ly  ascr ibe this 
t rans ien t  peak  to the  oxida t ion  of hydrogen  genera ted  
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Fig. 9. CV's of (a, top) glassy 60Ni-40Nb, and (b, bottom) Ni in 
nominally lm Na2CO:~ at 300~ Sweep rates: (a) 0.4 and (b) 
22.2 mY s -1. 
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at Er and absorbed by the niobium or the Nb-like sur- 
face of the glassy alloy during the warm-up period. The 
rest potentials are sufficiently negative to indicate hy- 
drogen generation and i'~b205 film growth (and, in the 
case of the alloy, Ni(II) formation) as probable bal- 
ancing processes at Er. Moreover, other evidence sup- 
ports the hypothesis that these two materials are likely 
to take t~p hydrogen at their rest potentials in acidic 
solution: the glassy alloy dissolves substantial quan- 
tities of hydrogen on cathodization (1). Niobium is 
also known to form hydrides on cathodization (15, 16). 

The charges under the first sweep peaks were 0.29 
and 0.07 C cm -2 for the glassy alloy (Fig. 6a) and Nb 
(Fig. 6b), respectively. Oxidation of a monolayer of 
hydrogen atoms requires only ca. 1.5 mC cm -2, so if the 
peaks are due to the oxidation of absorbed hydrogen, 
substantial amounts of hydrogen have been generated 
on, and absorbed by, both Nb and 60Ni-40Nb at Er in 
the warm-up period. Possibly some of the hydrogen 
generated by the reference electrode is also absorbed 
during warm-up. The decline of the peak with sweep 
number would be expected, because once the potential 
cycling has started, the amount of hydrogen generated 
by the relatively brief excursions to negative poten- 
tials would be negligible on this current scale. The 
large concentration of Ni(II) found in solution after 
the experiment of Fig. 6a must have dissolved during 
the warm-up period, since no peak due to Ni(II)  for- 
mation appears in the steady-state CV of the glassy 
alloy. 

0.99m NazCO~ at 150~ 8 shows CV's of 
60Ni-40Nb, Nb, and Ni in nominally lm Na2CO3 at 
150~ Behavior broadly similar to that in lm NaOH at 
150~ is observed. Nb (Fig. 8b) has a very low rest 
potential in this medium (Table IV). A substantial 
peak at --0.091V, due to dissolution of Nb as niobates, 
and a tendency to passivate at higher potentials are 
again observed in its CV: however, the critical current 
density and passivationpotential are both lower than 
in the more alkaline lm NaOH (Fig. 3b). Ni does not 
dissolve in lm Na~CO~, and its CV (Fig. 8c) again indi- 
cates the surface transformations Ni~O4/Ni2Os (peaks 

I and II, centered at 1.28V DHE) and Ni2OJNiO2 
(peaks III  and IV, centered at 1.35V DHE). These po- 
tentials are slightly low compared with the thermody- 
namic values of Eq. [5] and [~] of Table II, but this 
is partly because the peak maxima are shifted by the 
steep backgrounds against which they appear. It is 
interesting that peak III, ascribed to the superficial 
oxidation of Ni208 to NiO~, is observed in lm Na2CO.~, 
but not in lm NaOH, at 150~ Glassy 60Ni-40Nb (Fig. 
8a) also shows the Ni oxide transformation peaks I, II, 
and IV, less well defined than in lm NaOH, but peak 
III is here obscured. The midpoint potentials for the 
Ni~O4/Ni2Oa and Ni~OJNiO~ peaks in Fig. 8a are 1.36 
and 1.43V DHE, respectively. The ZnSe technique con- 
firmed that the corrosion scale formed on the glassy 
alloy was nickel oxide. 

The first sweep conducted on the glassy alloy (num- 
bered 1 in Fig. 8a) differed from that observed in lm 
NaOH at 150~C in that a substantial peak at 0.27V was 
observed on the first sweep, but not on subsequent ones. 
This could be due either to the oxidation of hydrogen 
absorbed during the warm-up period, as proposed for 
the transient 0.30V peak observed in the CV in lm 
NaHSO4 (Fig. 6a), or to niobate formation: the posi- 
tion of this peak, 0.36V positive of the niobate forma- 
tion peak of Fig. 8b, and the rest potential (0.02V 
DHE) suggest that the oxidation of absorbed hydrogen 
is probably predominant, but the shoulder at 0.077V 
might be niobate formation. The rest potential of the 
glassy alloy is much higher in lm NaOH at 150~ than 
it is in Na2COs, and it is therefore to be expected that 
no transient hydrogen oxidation peak should appear in 
the first sweep in NaOH. No niobate yeas found in the 
cooled solution after the experiment of Fig. 8a, although 
the above evidence shows that it must have dissolved 
from the alloy during warm-up. However, the corroded 
electrode was covered with a crystalline niobate that 
presumably precipitated from the carbonate solution 
on cooling. 

0.94m Na2C03 at 300~ positive potentials, Nb 
dissolved in this medium so rapidly that no CV was 
obtainable. The behavior of glassy 6ONi-40Nb and Ni 

Fig. 10. Optical mlcrograph of 
ZnSe-coated cross section of a 
free corrosion specimen of 60Ni- 
40Nb after immersion in nomin- 
ally lm Ha2CO~ at 300~ for 
24h. 
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is shown in Fig. 9a and 9b, respectively. The ZnSe 
photographs showed that both electrodes had developed 
thick (ca. 10 ~m) nickel oxide corrosion scales during 
an experiment of 20h duration. The previously ob- 
served NisO4/Ni2Os and Ni2OJNiO~ transformations 
are, however, now not seen in either CV, presumably 
because they are hidden under the current due to oxy- 
gen evolution. Instead of being subject to a substantial 
overpotential as it is at lower temperatures, this now 
appears in the region of the standard O2/I-I~O poten- 
tial, which at 300~ is 1.07V DHE, below the higher 
oxide conversion potentials (Eq. [5] and [6], Table II) .  
On both glassy 60Ni-40Nb and Ni, oxygen evolution 
reaches a current density of 1 mA cm-2 at ca. 1.2V 
DHE. The nickel oxide corrosion layer is evidently able 
to sustain oxygen evolution ,at a negligible overpoten- 
tial at this temperature. Miles et al. (17) have re-  
ported that the exchange current for oxygen evolu- 
tion on Ni in 50 weight percent KOH increases sharply 
between 150 ~ and 264~ By contrast, on the Nb~_O5 
layer formed on the glassy alloy in lm NaHSO4 (Fig. 
6a), oxygen evolution .commenced only above 1.5V 
DHE even at 300~ and this layer is presumably 
rather  resistive. 

The CV of nickel showed two sharp peaks at low 
potentials, V and VI in Fig. 9b, which were not ob- 
served at 150~ These occur at 0.26 and 0.06V DHE, 
respectively. Peak V is probably due to a surface re-  
action, rather  than to the oxidation of a solution species. 
This was shown by stopping the CV at the cathodic 
limit or just negative of peak V for various lengths 
of time. The height of peak V was unaffected in both 
cases, so the hypothesis that peak VI is caused by 
generation of hydrogen in solution, and peak V by its 
oxidation, is probably wrong. Reference to Table II  
shows that peaks V and VI could be due to the Ni/NiO 
transformation, although the absence of any peaks due 
to the NiO/Ni~O4 transformation is then anomalous. 

Peak VII (Fig. 9a) at 0.15V DHE, observed only 
during the first positive going sweep on the glassy 
alloy, is also difficult to assign. It is possible that the 
cathodic peak VI would have appeared in this CV had 
the potential been taken lower, but lower potentials 
were avoided because they caused hydrogen embrit t le-  
mont. It is not possible to decide whether peak VII is 
due to oxidation of absorbed hydrogen or to niobate 
formation', both of these were also thought possible in 
the CV obtained at 150~ (Fig. 8a). 

Figure 10 and 11 show ZnSe photographs and Ni and 
Nb EDAX maps of the same portion of a specimen of 
glassy 60Ni-40Nb freely corroded in lm Na2COa at 
300~ for 20h. (Corroded working electrodes gave very 
similar results.) Al l  three pictures show a central 
portion, appearing orange under the ZnSe coating, 
which from its Ni:Nb ratio can be positively identified 
as the uncorroded alloy. The duplex corrosion film 
contains Ni, but not Nb. Some Nb containing c .rystals 
can be seen in Fig. 11c to have formed on top of this 
corrosion film. These are the niobates which dissolved 
from the alloy at 300~ but which precipitated on 
cooling because they are insoluble at room temuera-  
ture. As for lm Na2CO.~ at 150~ no Nb was detected 
in the cooled solution after CV of the glassy alloy. 

Conclusions 
In the high temperature acidic medium ( lm NaHSO4 

at 300~ some Ni dissolves from glassy 60Ni-40Nb at 
its free corrosion potential, and the alloy surface be- 
comes covered by a strongly adherent layer of Nb2Os. 
In the three high temperature alkaline media ( lm 
Na2COs at 150 ~ and 300~ ,and lm NaOH at 150~ 
niobium dissolves as niobates and the alloy becomes 
covered by a scale of nickel oxide, which i~ less ad- 
herent than the acid-formed Nb205 layer. Thus, as at 
room temperature (1), the glassy alloy possesses a 
combination of the corrosion-resistant properties of 

Fig. 11. a. top: scanning electron micrograph of the area shown 
in Fig. 9. b, center: Ni EDAX map ef the same area. c, bottom: 
Nb EDAX map of the same area. 

Ni and Nb, though the corrosion scale formed at 150 ~ 
and 300~ is too thick with respect to the ribbon thick- 
ness to regard the material  as usefully resistant to 
corrosion at high temperatures in these aggressive 
media. 
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An Examination of Current Fluctuations during Pit Initiation in 
Fe-Cr Alloys 

Ugo Bertocci* and Ye Yang-Xiangt 
National Bureau of Standards, Center for Materials Science, Washington, DC 20234 

ABSTRACT 

Random fluctuations of the passive current  for Fe-Cr alloys of various Cr content were examined,  in borate buffer 
and in the same solution with 0.1M NaC1 added. Frequency spectra of these fluctuations were recorded before and dur- 
ing pit  initiation. No detectable fluctuations were observed in the absence of chlorides, where pit t ing does not occur. 
Comparison with the current noise measured before pit  initiation indicates that the most important  role of the aggres- 
sive ions is that of increasing the chance of local breakdown of the passive film. Frequency spectra give information 
concerning the t ime constants of the various processes, including repassivation. No correlation was found between the 
rate of at tack during pit t ing and noise amplitude.  

Dur ing  the induct ion per iod  lead ing  to pi t t ing,  a 
n u m b e r  of  worke r s  have observed,  under  po ten t io-  
s tat ic  conditions,  sudden cur ren t  burs ts  (1),  bu t  l i t t le  
is known about  the i r  shape and f requency  content.  
Some authors  (2) have proposed tha t  a dynamic  
equi l ib r ium exists be tween  r andom events  of b r e a k -  
down of the passive film and its r epa i r  by repass iva -  
tion, and that  p i t t ing  would  occur when  the  r epass iva -  
t ion ra te  is too s low compared  to the ra te  of local  
at tack.  Such a descr ipt ion of the processes leading to 
the b reakdown  of a passive film suggests  that  random 
fluct.uations ( that  is, cur ren t  noise) should be ob-  
served.  

The ava i l ab i l i ty  of sensi t ive methods  for detect ing 
and analyz ing  cur ren t  fluctuations under  potent ios ta t ic  
condit ions (3) and previous  expe r imen ta l  resul ts  
showing a large  increase  in the ampl i tude  of the noise 
spec t ra  af ter  the  onset  of  p i t t ing  (4) suggest  that  it  
would  be useful  to examine  in deta i l  the  cur ren t  noise 
dur ing  the  induct ion per iod  before  p i t t ing  starts,  as 
wel l  as dur ing  the p i t t ing  transients .  Also of special  
impor tance  is the examina t ion  of the role of a l loy com- 
posi t ion on the cur ren t  fluctuations under  p i t t ing  and 
nonpi t t ing  conditions.  

The purpose  of this work  was to collect da ta  concern-  
ing the  ampl i tude  and f requency  of the cur ren t  noise 

* Electrochemical  Society Active Member. 
Visiting Guest Scientist from China. 

Key words: chlorides, chromium alloys, corrosion, electrochem- 
ical noise, passivity breakdown, pitt ing. 

before  and af te r  the onset  of p i t t ing  and to examine  
the influence of meta l  composit ion and, to a l imi ted  
extent ,  of the e lec t rode  poten t ia l  on the  noise spectra.  
As mate r ia l s  to be studied, three  F e - C r  al loys were  
chosen, wi th  increas ing Cr concentrat ions  rang ing  
f rom 5 to 12 to 20 a tom percen t  (a /o)  in Cr, so as to 
increase the i r  resis tance to corrosion and pi t t ing.  

Experimental Procedures 
Materials, chemicals, and cells.--The electrodes were  

smal l  rods p repa red  by  vacuum melt ing,  fol lowed b y  
swaging  and annealing.  The rods were  shea thed  in 
po ly te t ra f iuoroe thylene  and the i r  cross sections, w i th  
a surface of 0.1 cm 2, were  mechan ica l ly  pol ished down 
to 600 gr i t  paper .  The solut ion employed  for most  of 
the exper iments  was a 1:1 mix tu re  of sa tu ra ted  boric  
acid and sa tu ra t ed  sodium te t r abora te  (B: B) ,  to which 
0.1M NaC1 was added.  The p H  of the  solut ion was 
about  8. Some measurements  were  made  in B : B  wi th -  
out  addi t ion of chloride.  Al l  chemicals  were  of 
ana ly t ica l  grade  and the wa te r  was doubly  dist i l led.  

The cell employed  for  the measurements  had a P t  
counterelectrode,  separa ted  f rom the work ing  elec-  
t rode compar tmen t  by  a coarse glass frit ,  and two 
reference  electrodes,  one made  of a la rge  Pt  sheet, 
which was used as the sensor  for the potent iostat ,  and 
a sa tu ra ted  calomel  e lec t rode  (SCE) ,  which  was used  
to moni tor  the e lec t rode  potent ia l .  The P t  electrode,  in 
spi te  of its lack  of a wel l -def ined  potent ial ,  was fa i r ly  
s table ,  dr i f t ing  a few mV in the  course of severa l  
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Fig. 1. Block diagram of the measuring system 

hours.  The  a tmosphere  above the solut ion was air, and  
the cell was shie lded mechan ica l ly  wi th  foam rubber  
and e lec t r ica l ly  by  a double enclosure of m u - m e t a l  
sheet. 

Instrumentation.--The ins t rumenta t ion  employed  
was ve ry  s imi la r  to that  descr ibed prev ious ly  (3), wi th  
modifications in the layout  as shown in Fig. 1. The 
th ree  measur ing  ins t ruments ,  that  is, spec t rum ana -  
lyzer ,  DVM read ing  the dc current ,  and  digi ta l  osci l lo-  
scope recording  the h igh-pass  f i l tered current ,  were  
connected to a computer ,  which was capable  of t r igge r -  
ing and control l ing them and moni tor ing  the spect rum 
ana lyzer  for overloads.  

For  the s tudy  of the p i t t ing  t ransients  the d igi ta l  
oscilloscope, connected in pa ra l l e l  to the cur ren t  
channel  of the spec t rum analyzer ,  s ta r ted  s tor ing the 
t race  when the fluctuations exceeded a set value.  The 
onset  of p i t t ing  was moni tored  by  the dc cur ren t  read  
by  the DVM: when the curent  densi ty  exceeded a few 
mic roamperes  per  square  cent imeter ,  the computer  
t r iggered  the spec t rum ana lyzer  whi le  tak ing  a cur ren t  
r ead ing  every  second for 200s. For  eve ry  pi t t ing  
t rans ient  so examined,  therefore,  the da ta  obta ined  
were:  (i) an unfi l tered cur ren t  dens i ty  vs. t ime curve, 
sampled  at  l s  in tervals ,  showing the increase  in cur -  
rent  due to pi t  format ion;  (ii) an osci l lographic  record  
of  the  current ,  sampled  at  20-50 ms intervals ,  h igh-  
pass f i l tered at  30 mHz, which las ted f rom 50 to 100s 
and included a por t ion  of the t ime  immed ia t e ly  p re -  

ceding the s t a r t  of pi t t ing,  showing any fluctuations 
before pi t  ini t iat ion;  and  (iii) noise spec t ra  of the 
vol tage  and the current ,  as wel l  as the  c ross -power  
spectrum,  taken  f rom the moment  the  pi t  s ta r ted  and 
ave raged  over  a t ime of a few minutes.  

Data processing.--The processing of the spectra  taken  
fol lowed the method  descr ibed in a previous  paper  (4), 
bu t  was executed  unde r  computer  control  (5), so tha t  
the separa t ion  be tween  the stochastic and de terminis t ic  
par t  of the signal,  af ter  subt rac t ion  of the  average  
ins t rumenta l  noise, was accomplished for  al l  128 f re-  
quency values  of a spec t rum in less than  1 min af ter  
complet ion of the  acquisit ion, and plots and pr in touts  
were  immedia t e ly  produced.  

Optical examination.--The presence of pits  on the 
surface af ter  the p i t t ing  t rans ients  was confirmed by  
opt ical  microscopy.  The corre la t ion wi th  the cur ren t  
da ta  was 100%. 

Selection o~ the conditions for observing pitting.-- 
Because of the la rge  gain of the amplif iers  and the low 
cutoff f requency  of the  h igh-pass  filters, it  was neces-  
sary  to have a sufficiently long period,  of the o rde r  of 
severa l  minutes,  f rom the es tab l i shment  of the  po-  
ten t ia l  chosen for the p i t t ing  exper imen t  to the ac tual  
pi t  ini t iat ion,  in o rde r  for  the ins t rumenta t ion  to re -  
cover f rom the over load  caused by  the manua l  ad jus t -  
ment  of the potent ios ta t  control  voltage.  However ,  it  
was h ighly  des i rable  to cut the induct ion per iod  re l a -  
t ive ly  short.  Wi th  these l imits  in mind, a n u m b e r  of 
p re l imina ry  tests, e i ther  slow poten t iodynamic  scans or  
long dura t ion  potent ios ta t ic  runs,  was car r ied  out, ob-  
serving the effect of pH, chloride concentrat ion,  and 
po ten t i a l - t ime  schedules on the onset of pi t t ing.  

The procedure  adopted  af te r  these tests was to em-  
p loy  a neu t r a l  bora te  buffer containing 0.1M of NaC1 
as the solution, to ca r ry  out  the exper iments  at 300 mV 
vs. SCE for the 20% Cr alloy, at  100 mV for the  12% 
Cr alloy, and at  --50 mV for the 5% Cr alloy. The 
o ther  impor tan t  point  was that  the surface  had to be 
immersed  into the solut ion less than  20 rain af te r  
polishing. As for the manne r  of se t t ing the des i red  
potent ial ,  an opera t ion  which was found to be one of 
the  most cr i t ical  points, the p rocedure  consisted in 
tu rn ing  the potent ios ta t  on at  the open-c i rcu i t  potent ia l  
and  then rais ing to the  des i red  value  m a n u a l l y  by  50 
mV steps and wai t ing  3-4 min at each potent ial .  

The potent ia ls  chosen for the s tudy  are  obviously  
h igher  than  the "pi t t ing potent ial ."  For  instance, if the 
poten t ia l  was ra ised quickly,  p i t t ing  occurred  wi th  

1 . 6  

Fig. 2. High.pass filtered time 
record of the current fluctuations 
of a Fe-12% Cr electrode in Z 
borate buffer plus O.IM NoCI, LLJ 
before pit initiation. E = 50 mV ~Y 
vs. SCE. H. P. filter: 3 dB dawn fV" 
at 30 mHz. Sampling rate: 50 
m.  C_~ 
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high p robab i l i t y  50-100 mV below the value  selected.  
I f  the poten t ia l  was ra ised very  s lowly,  wi th  long 
pauses to let  the passive film grow, i t  could be ra ised 
even a few hundreds  of mV higher  wi thout  observ ing  
any  pit  informat ion,  a t  leas t  for  a few hours.  

Noise Spectra in the Absence of Pitting 
Spec t ra  of  the cur ren t  fluctuations were  t aken  in 

boric  a c i d / b o r a t e  buffer wi thout  chlorides, where  
p i t t ing  does not occur. Al l  three  al loys were  tested, 
and  measurements  t aken  at the  same potent ia ls  at  
which  pi t t ing  was s tudied in the NaCl-conta in ing  solu-  
tions. Af te r  sub t rac t ion  of the  ins t rumenta l  noise, no 
e l ec t rode -gene ra t ed  r andom noise could be detected.  
In  these conditions,  therefore,  t ak ing  the  surface area  
into account,  a m a x i m u m  l imit  for the  e lec t rochemical  
noise can be es tabl ished;  this l imi t  is of the o rde r  of 
0.1 nA/cm~ A/Hz 'be tween  1 Hz and 1 kHz, increas ing 
to about  10 n A / c m  2 ~/~zz at  50 mHz, because of the  
increas ing ins t rumenta l  noise at  lower  frequencies.  

Noise da ta  could also be col lected in boric ac id /  
bora te  buffer plus 0.1M NaC1 before  p i t t ing  s tar ted.  
Dur ing  this induct ion period,  isolated cu r ren t  t r a n -  
s ients  were  observed,  as shown, for instance, in Fig. 2. 
Because of the low n u m b e r  of such current  spikes, the 
averaging  procedure  of the spec t rum ana lyzer  tends to 
d is tor t  the  resul ts  so tha t  spec t ra  t aken  in different  
f requency  ranges  (and therefore  wi th  different  acqui-  
s i t ion t imes)  a re  not  consistent  in ampl i t ude  wi th  one 
another .  However ,  comparison be tween  spect ra  of 
different  al loys acquired under  the same condit ions 
are  valid.  F igu re  3 shows tha t  the noise increases  wi th  
decreas ing Cr content,  and  tha t  the  ampl i tude  of each 
spec t rum is essent ia l ly  independen t  of frequency.  This 
suggests  tha t  the  cur ren t  t rans ients  before  p i t t ing  oc- 
cur at  r andom in te rva ls  and are  spikes wi th  rise and 
decay t imes shor te r  than  10 ms. This is in agreement  
wi th  the osci l lographic  records  such as Fig. 2, where  
on ly  sudden t rans ients  can be seen. The spikes also 
d i sappea r  sudden ly  (at  the  sampl ing  ra te  of 50 ms) .  
The subsequent  undershoots  a re  an ar t i fac t  of the 30 
mHz h igh-pass  filter. 

Low f requency  fluctuations, however ,  were  detected 
on a 5% Cr a l loy which  had a f reshly  p repa red  surface 
and was b rought  r ap id ly  at the measuremen t  potent ial ,  
ano ther  indica t ion  tha t  film thickness and s tab i l i ty  a re  
c r i t i ca l ly  dependent  on the previous  h is tory  of the 
electrode,  pa r t i cu l a r ly  the dura t ion  of the var ious  po-  
tentials .  The record  of the fluctuations before and at  
the moment  of  the  s ta r t  of the first p i t  is shown in 
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Fig. 3. Spectra of the random current fluctuations in borate 
buffer plus 0.1M NaCI before the onset of pitting. 

Fig. 4, whi le  spec t ra  are  shown in Fig. 5 for two po-  
tentials ,  both  lower  than the one employed  for the 
p i t t ing  exper iments .  At  --100 mV the ampl i tude  
p la teau  and the slope, close to --20 dB/decade ,  indicate  
fluctuations wi th  a f requency  of about  0.2 Hz and an 
ampl i tude  of 1 ~A/cm 2. At  even lower  potent ial ,  the  
f requency  of  the large  fluctuations is less than 0.1 Hz. 
For  the h igher  Cr alloys,  no such low f requency  noise 
was observed  before  the s t a r t  of pi t t ing.  

Pitting Transients 
Once a pi t  s tar ts  growing,  the cur ren t  dens i ty  in-  

creases in a roughly  l inear  fashion, at leas t  for  300- 
400s. I t  is impossible,  therefore,  to have s t r i c t ly  s ta t ion-  
a ry  conditions. However ,  if  a h igh-pass  filter e l iminates  
the ve ry  low f requency  components  of the cur ren t  
density,  r e m a r k a b l y  consistent  and  reproduc ib le  spec-  
t ra  can be obtained,  averag ing  over  the per iod  of 
l inear  increase of the current .  The l inea r i ty  can be 
taken  as an indicat ion that  the  g rowth  of  only  one pi t  
is being observed.  

Examples  of the  cur ren t  dens i ty  vs. t ime plots r e -  
corded f rom the beginning  of the  pi t  g rowth  are  shown 
in Fig. 6. Average  slopes and the i r  s t andard  deviat ions 
are  given in Table I. A more  de ta i led  v iew of  the  
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fluctuations dur ing  p i t  ini t ia t ion is given by  the h igh-  
pass f i l tered record  shown in Fig. 7. 

No significant difference could be found be tween  
the slopes of the 12~% and the 20% alloys, while  the 
pits  on the 5% Cr a l loy  grew almost  twice as fast. I f  
one considers the potent ia l  applied,  it is evident  tha t  
even a f te r  the protec t ive  film has been broken  (pi t t ing  
in i t ia ted) ,  the  h igher  Cr  content  slows down the at tack.  

The spec t ra  of  the random fluctuations of the cur ren t  
dur ing  the p i t t ing  t rans ients  are  shown in Fig. 8, 9, and 
10. The scat ter  from test to test  was found to be in 
genera l  less than  10 dB at  the same frequency.  I t  ap -  
pears,  therefore ,  tha t  the difference in the  resul ts  at  
200 and 300 mV for the 20% Cr a l loy (Fig. 8) is 
significant. 

The tendency  to l a rge r  ampl i tudes  wi th  h igher  po-  
tent ia ls  regard less  of Cr concentra t ion is detectable,  
a l though the difference be tween  the spec t rum of the  
5% Cr a l loy at --50 mV and the 12% Cr a l loy  at  100 
mV is ve ry  small .  I t  should be pointed out, however ,  
tha t  the  ampl i tude  of  the cur ren t  f luctuations does not  
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Fig. 6. Unfiltered time records of the current density after the 
start of the first pit. 

seem to be closely cor re la ted  wi th  the magni tude  of 
the corrosion current ,  which, on the average,  increased  
twice as fast  on 5% Cr than  on the other  two alloys.  

The spectra,  except  poss ib ly  for  the 20% Cr alloy, 
decrease  monotonica l ly  wi th  increas ing frequency.  A 
tendency  to a low f requency  p la teau  in Fig. 8 would  
indicate  fluctuations of a per iod  of  about  10s and an 
ampl i tude  of 100 ~A/cm~. The  spec t ra  of the 5% and 
12% Cr al loys b reak  c lear ly  into two segments ,  wi th  
a low f requency  slope of about  30 dB/decade  and a 
high f requency  slope of about  15 dB/decade ,  beginning  
at  20 Hz. They cannot, therefore,  be in te rp re ted  in 
te rms of  an exponent ia l  decay of the fluctuations, 
which would give a 20 dB/decade  slope, but  point  to a 
more  complex kinetics.  The two slopes are  less c lear ly  
evident  for the  20% Cr alloy. The high f requency  slope 
is close to 20 dB/decade  and begins a pp rox ima te ly  at 
10 Hz for the 200 mV data  and 20 Hz at  300 mV. 

Discussion 
The resul ts  p resen ted  here  show tha t  in the  absence 

of an aggress ive  ion such as C1- there  a re  no de tec tab le  
r andom fluctuations in the  cur ren t  density.  Therefore,  
the descr ipt ion of a passive film as being in a cont inu-  
ous state of local b reakdown,  fol lowed by  rap id  r epas -  
s ivat ion of the exposed surface, is not  suppor ted  b y  the 
e xpe r ime n t a l  evidence,  unless  the  occurrence of these 
b r eakdown  events  is wel l  below one eve ry  10 rain a n d /  
o r  i t  does not  involve more  than 105 atoms. Such a 
n u m b e r  is obta ined  by  consider ing tha t  a cur ren t  burs t  
of 3 �9 10-10A for 3 �9 10-as would  c lear ly  cont r ibute  to 
the  noise spect rum.  The charge  involved  would  corre-  
spond to the oxida t ion  o some 3 �9 105 atoms, a surface 
area  of 0.03 ~m 2, or  less, i f  the  ox ide  is more  than  1 
a tom laye r  thick. 

Table I. Average slopes and standard deviations 

%Cr Slopej p a l s  Std dev, #A/s  Ej mV vs. sCE No. of tests 

5 3.2 1 - ~  9 
12 1.7 0.4 1 ~  g 

1.6 0.4 3 ~  7 
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l*a the  presence of chlorides,  cur ren t  t rans ients  can 
be  detected dur ing  the induct ion period,  the spikes  
being of the order  of 1 ~ (see Fig. 2 and 3). Smal ler ,  
f requent  f luctuations have been observed  on ly  for the 
5% Cr al loy,  for which  the low chromium content  
confers l i t t le  corrosion resistance.  For  the  12% and 
20% Cr alloys,  these cur ren t  spikes  are  r a the r  ra re :  
Fig. 2 was chosen because there  was a somewha t  l a rge r  
n u m b e r  of them in a l imi ted  t ime (about  one every  3s), 
bu t  it  was more  common to see a spike  eve ry  0.5 min. 
On the 20% Cr alloy, the t rans ients  not  immed ia t e ly  
fol lowed b y  the s t a r t  of the  p i t t ing  were  even rarer ,  
and be tween  them no fluctuations could be observed  at  
a detect ion l imi t  of the o rde r  of 30 pA. The conclusion 
one draws  is tha t  for  the corrosion res is tant  al loys 
dur ing  the induct ion per iod  ve ry  few points on the  
surface undergo a burs t  of dissolution, and  therefore  
each point  where  pass iv i ty  fails  momen ta r i l y  has a 

r e l a t ive ly  la rge  p robab i l i t y  (for the  20% Cr at  300 mV, 
of the order  of 0.5) to develop into a pit. Consider ing 
tha t  no such t rans ients  are observed  in the  absence of 
chlorides, the conclusion is tha t  the most impor tan t  
effect of  the C1- lies in increas ing the chance of  local  
b reakdown  ra the r  than  in affecting the repass iva t ion  
rate.  

The flat spec t ra  of  Fig. 3, as wel l  as the cor respond-  
ing t ime records as in Fig. 2, indicate  tha t  the  corrosion 
res is tan t  al loys repass iva te  rapid ly ,  in t imes  less than  
10 ms, even in the  presence of chlorides.  These values  
a re  shor te r  than  the repass iva t ion  t ime constants  of 
about  15 ms repor ted  by  K r u g e r  and Ambrose  (6) for  
steels wi th  s imi lar  Cr content,  but  in more  concen- 
t r a ted  chlor ide solutions.  

Once the pits have s tar ted,  the spect ra  of  the  f luctua- 
tions represen t  the complex in t e rp l ay  of the p rogres -  
sive spreading  of the p i t - a rea ,  local  repass iva t ion  at  
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Fig. 9. Spectra of the random 
current fluctuations of Fe-12% 
Cr electrode in borate buffer 
plus 0.1M NaCI during pitting. 
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the edges and of fluctuations of the composition of the 
solution inside the pit, which probably account for the 
large amplitudes, close to 10 #A, with periods of tens 
of seconds. The fact that amplitude plateaus are not 
observed once pitting starts is not due to the limited 
frequency range investigated, but is probably because 
the condition is nonstationary, with pits growing and 
current steadily increasing. Nonstationarity has been 
invoked as an explanation for low frequency noise (7). 

It is likely that the fastest process observed is still 
rep~ssivation, which determines the high frequency 
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end of the spectra. For the 20% Cr alloy where the 
high frequency slope is close to 20 dB/decade, such an 
interpretation seems reasonable: the time record of 
Fig. 7, for instance, shows that often the decreases in 
current are faster than the increases. A comparison of 
the spectrum of Fig. 8 With that obtained before pitting 
initiation (Fig. 3) shows that for the same amplitude 
of about --170 dB the induction period spectrum is flat 
up to 100 Hz, while after pit initiation the amplitude 
decreases. The time constant for repassivation has be- 
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come longer than 10 ms, reflecting the more aggressive 
local env i ronment  in the pit. 

Finally,  fluctuation ampli tudes do not  seem to be 
related to the magni tude  of the average current  
density;  rather,  they increase with the degree of re-  
sistance to corrosion of the alloy. For the 20% and 
12% Cr alloys, the fluctuations represent  a larger frac- 
tion of the average current  than for the 5% Cr alloy. 
For instance, at 0.1 Hz, the ampli tude of the fluctua- 
tions is of the order of 3 �9 10 -5 A/cm 2 for the high Cr 
alloys and about 7 �9 10 -6 A /cm 2 for the 5% Cr alloy, 
while the rate of attack, as shown in Fig. 6, is about 
twice on the latter. Therefore, in this case, where lo- 
calized corrosion is the source of the current,  no cor- 
relat ion between total current  density and noise ampli-  
tude has been found, as reported for generalized cor- 
rosion (8). 

Manuscr ipt  received June  7, 1983. 

The National Bureau of Standards assisted in meet-  
ing the publication costs of this article. 
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Development of a High Temperature pH Electrode for Geothermal 
Fluids 

Leonard W. Niedrach* and William H. Stoddard 
General Electric Company, Corporate Research and Development Center, Schenectady, New York 12301 

ABSTRACT 

This work demonstrates the applicability of a stabilized zirconia pH sensor to high temperature measurements on 
brines containing as much as 20 weight percent NaC1 and 100 ppm hydrogen sulfide. Throughout the program, stable 
operation was achieved, and measured pH values from 3 to 9 were in good agreement with calculated values. Differ- 
ences were generally less than 0.5 pH unit  at 285~ and it is not yet certain whether the discrepancies are associated 
with the measured or calculated values of the pH. Two sensors were operated at 285~ for periods of 11 days, and one 
was employed in successive tests for a total of 37 days. At the end of this period, the sensor was still satisfactory, and it 
was forwarded to the sponsoring laboratory, PNL, for further tests. Although most of the work was performed at 285~ 
a limited amount  of testing was done at lower temperatures: 95 ~ 150 ~ and 225~ Sensors prepared from in-house tubes 
and from tubes obtained from an outside supplier performed well at 95~ for extended periods, in spite of earlier 
difficulties with the standard ceramic at this temperature. There is still, however, some uncertainty concerning the ade- 
quacy of our seals, particularly in cycling between 285~ and lower temperatures. In a brief experiment, one sensor was 
operated satisfactorily at 285~ and 5000 psi pressure. (Normal operation was at 1200 psi.) 

In  previous papers (1, 2), a new approach to high 
tempera ture  pH measurements  was described, in which 
a n  oxygen ion conducting ceramic membrane---s tabi l -  
ized zi rconia-- is  employed in  a sensor somewhat  ana-  
Iogous to the glass electrode. The new sensor re ta ins  
the specificity of the glass electrode, is equal ly insen-  
sitive to interference from redox active species, and 
possesses marked ly  superior resistance to attack by 
aqueous media  at high temperatures.  

Although the earl ier  work has established the feasi- 
bi l i ty  of the concept, the performance of the new 
sensor has not  been demonstrated under  a wide variety 
of conditions. Its applicabil i ty to measurements  on 
geothermal  br ines  has been t~e focus of the present  
work. 

A major  aim has been to demonstrate  that  the per-  
formance of the sensor does not suffer in the presence 
of hydrogen sulfide and high concentrat ions of saline. 
The test system, protocols, and exper imenta l  results 
with s imulated br ines  are discussed in the present  
paper. 

* Electrochemical  Society Act ive  Member. 

Experimental 
Sensor design.--Figure 1 shows the s t ruc tura l  details 

of the sensor used in most of the work. The ceramic 
was a 1/4 in. od tube of yt t r ia-(8.0 weight percent  
[w/o])  stabilized zirconia (obtained from Corning 
Glass Works, Ceramics Products Division, Solon, Ohio, 
their  composition 1372). It  was retained in  a Conax 
Type EG-125 Gland (Conax Corporation, Buffalo, New 
York) with a seal consisting of Teflon, 1 Vespel, 1 silver, 
and a lumina  elements as shown. On the basis of pre-  
vious work (1, 2), we selected a dry  copper/cuprous 
oxide mixture  as our  preferred in te rna l  junct ion.  This 
was done for several  reasons: (i) we had found it to 
be readi ly  prepared by simple mixing of the powders 
and packing into the tube, (ii) when prepared in this 
fashion, it had been found to be ex t remely  stable a n d  
reproducible,  (iii) unlike aqueous internals ,  it permits  
ready designation of the active region of the sensor 
because it does not wet the wal l  with a conducting 
film, and (iv) in the absence of an in te rna l  aqueous 
phase, seal fabrication is simplified. 

1 Teflon and Vespel  are registered trademarks  of E. I. du Pont 
de Nemours  and Company. 
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Fig. 1. Schematic diagram of preferred sensor for use with geo- 
thermal brines. 

For  the junct ion  we employed  a 1:1 (by  weight)  
mix tu re  of finely d ivided copper  and cuprous oxide  
(F isher  Copper Meta l -E lec t ro ly t ic  Dust, purified; Bake r  
Cuprous Oxide Powder ,  Analyzed  Reagent)  to a depth  
of 2 in. A 30 mi l  copper  wi re  se rved  as the  contact  and  
lead  from the sensor. 

Test equipment.--A d i ag ram of the test  sys tem is 
shown in Fig. 2. Fab r i ca t ed  of t i t an ium and glass, it  
pa ra l l e l ed  a s tainless  steel  sys tem used ear l ie r  (1, 2). 

Provis ion was made  for pumping  water ,  acid, base, 
and s imula ted  br ines  containing carbonate  buffers and  
sulfides into the heated and pressur ized  t i t an ium au to-  
clave which had a capaci ty  of 1 l i ter.  I t  was also pos-  
s ible to in t roduce  al iquots  of more  concentra ted  acid 
or base to b r ing  about  more  rap id  changes in pH. The 
main  pump  v~as a Pulsfeedev Model  LS-20 with  a 
t i t an ium head manufac tu red  by  the In te rpace  Corpora-  
tion, Rochester,  New York. Al l  fittings and other  par ts  
of the  pressur ized sect ion were  also made  of t i tanium.  

Inser ted  into the head  of the  autoclave were  the  
sensor,  a p la t in ized p l a t i num electrode (for moni to r -  
ing the redox poten t ia l  of the so lu t ion) ,  and  two re f -  
erence  electrodes.  The l a t t e r  were  essent ia l ly  l ike  those 
descr ibed by  Danielson (3), but  we e l imina ted  his 
z i rconia  thread.  As a result ,  bubbles  that  fo rmed upon 
depressur iza t ion  of  the sys tem dur ing  cooling resul ted  
in open circuits. Genera l ly  one reference e lect rode was 
f reshly  cha~ged wi th  0.1m KC1 in each run.  

A l l  s t reams  that  en tered  the autoclave were  purged  
wi th  n i t rogen  to reduce  the  oxygen  concentra t ion to 
low levels.  To control  the  pH of the  br ine  solutions 
before  they  entered  the autoclave,  they  were  contacted 
with carbon d iox ide -n i t rogen  mix tures  in a packed  
column fol lowing a procedure  descr ibed  by  Syret t ,  
et al. (4). The pH and redox  poten t ia l  of the  solut ions 
en te r ing  the autoclave  were  moni tored  at  ambien t  
condit ions wi th  a commercia l  glass combinat ion  e lec-  
t rode (Ingold)2 and a p l a t inum flag, respect ively ,  both  
re fe r red  to a common reference  electrode.  S imi la r  mea -  
surements  were  made at  ambien t  condit ions on the 
s t r eam emerg ing  f rom the autoclave.  In  this way,  
i r revers ib le  chemical  changes occurr ing dur ing  passage 
through the autoclave could be detected.  Provis ion  
was also made  for  sampl ing  the s t reams and for  check-  
ing the  flow rate.  

Ra the r  than  incorpora te  low concentrat ions of su l -  
fide in the  mas te r  feed solutions,  f rom which it might  
be lost  th rough  volat i l izat ion o r  oxidat ion,  we elected 
to inject  a more concentra ted  solut ion of sodium sul-  
fide into the  br ine  s t ream just  before  it en tered  the 
h igh  pressure  d i aph ragm pump.  The inject ion po in t  
i~ indica ted  in Fig. 2. A H a r v a r d  Syr inge  Pump  Model  
1100 with  a 20 ml  syr inge  was used for the inject ion.  

Registered trademark of Ingold Electrodes, Incorporated, An- 
dover, Massachusetts. 

Fig. 2. System for evaluating 
sensors with simulated geother- 
mal brines. 
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Tempera ture  of the autoclave was controlled with a 
Leeds and Northrup Electromax III  proport ional  con- 
troller. High tempera ture  pH and potent ial  measure-  
ments  were made with a Kei thly Type 616 electrometer 
mul i tp lexed with an Orion 855 Electronic Switch. The 
potentials of the pH sensor, the p la t in ized-p la t inum 
redox probe, the autoclave, and the second reference 
electrode were all measured against  the same pr im-  
ary  reference electrode. The lower tempera ture  mea-  
surements  (pH and redox potent ial  of the inlet  and out-  
let s treams to the autoclave) were made with an Orion 
Model 80,1 Digital pH meter,  again mult iplexed with 
an Orion Model 855 Electronic Switch. All  potentials  
and the tempera ture  were recorded on a Linear  In -  
s t ruments  Corporation th ree-channel  recorder. 

Test protocols.--The ini t ia l  series of tests were de- 
signed to determine the s tabi l i ty  of the sensors under  
a var ie ty  of conditions. A key element  was an  exposure 
for several  days to s imulated brines covering a range 
of pH values. In  each case, a calibration curve was ob- 
ta ined dur ing  the first two days by  determining the 
response to a change from 1 m m  HC1 to 1 m m  NaOH. 
Then the sensor was ~ged for about a week in a se- 
lected saline solution covering a range of conditions. 
Dur ing  this period, potentials were monitored to check 
for drift  or degradation. The carbon dioxide level of 
the br ine  solution was then changed to induce a pH 
change, and the response of the sensor was monitored 
and compared with the best estimate that could be 
made theoretical ly for the high ionic s t rength solutions 
involved. Final ly,  after  an overnight  flush of the sys- 
tem with water, the cal ibrat ion curve was rechecked 
by de te rmin ing  the response of the sensor to a t rans i -  
t ion from 1 m m  acid to 1 mm base. In  a few runs, 
addit ional  steps were introduced into the test protocols. 

Sulfide analysis.--In order to control the sulfide 
concentrat ion in the enter ing solution and to ascertain 
that  it was main ta ined  dur ing  passage through the 
autoclave, sulfide analyses were required on an oc- 
casional basis. For  this purpose, a colorimetric method 
involving the reduct ion of methylene  blue was found 
satisfactory. The procedure is provided in the "Methods 
Manual"  (5) for a Hach Direct Reading Engineer 's  
Laboratory,  Model DR-EL/4,  which was used for the 
analyses. With proper care to protect samples, reagents 
and di lut ing water  from air, quite satisfactory results 
were obtained. 

pH calculations.--In order to estimate the pH values 
of the br ine  solutions, we adapted a computer program 
developed by Syret t  et al. (4) which was directed 
towards sal ine solutions containing varying  amounts  
of carbonic acid and hydrogen sulfide, bu t  which made 
no provision for the presence of salts of the above acids. 
As described elsewhere (6), we broadened the program 
to allow for the presence of such salts by including a 
term in the overall  equat ion for mass and charge 
balance for the equivalent  base required to form such 
salts from the acids; i.e., the last te rm in the following 
equat ion 

all+ 3 -- all+ (Ks[H2S] q'0 -'l- Kz[H2CO~] 7o + Kw) 

-- 2 ( 'n/7~) (K1Ka[H~CO3]~ + I~K4[H2S] 'n)  

w$ 

n u aH+271 ~ m [M m+] -- 0 [1] 
~) 

We have also added terms for the activity coefficients 
of the undissociated acids, since these deviate signifi- 
cant ly  from 1.0 in concentrated brines, as evidenced 
by solubil i ty data in the presence of salts (7, 8). 

In  order to relate directly to our  exper imenta l  proto-  
cols, an addit ional  var iat ion was introduced into the 
program to permit  the derivat ion of the ambient  tem- 
pera ture  25~ composition on the basis of the NaCI 

content, the equivalent  base concentrat ion (from the 
amounts  ef sodium bicarbonate,  :sodium carbonate, and 
sodium sulfide added) of the s tar t ing solution, and the 
percent  carbon dioxide in the equi l ibrat ing gas. Fol- 
lowing this the composition at a second temperature  
of interest  (285~ in most of our experiments)  is made 
from the 25~ values. 

The dissociation constants and most of the addit ional  
thermodynamic  data required for the calculations were 
those used by Syret t  et al. which they, in turn,  had 
adopted from Naumov et al. (9). In  addition, we em- 
ployed data from Seidell (7) to derive the solubil i ty 
coefficient for carbon dioxide at 25~ in terms of the 
part ial  pressure as well as 70 at 25~ In  turn,  "/0 at 
285~ was estimated from the data of Ellis and Golding 
(8) for the solubil i ty of carbon dioxide in water  and 
sodium chloride solutions above 100~ For extrapola-  
t ion to 4.278m, their data, which extended only to 
2.0m NaC1, was fitted by least squares to the Setchenow 
equat ion 

log-y0 ---- log ( K / K  ~ -- BC [2] 

where K ~ is the solubil i ty coefficient in water, K is the 
coefficient in br ine  at concentrat ion C, and B is a con- 
stant.  For the more dilute brines having an ionic 
s t rength  of about 0.1m or less, "Y0 was assumed to be 
equal to 1.0. 

To obtain the pH for any given set of conditions, 
Eq. [1] in combinat ion with the various dissociation 
equil ibria  for the two acids is solved using the Newton-  
Raphson i terative technique. This, in turn,  permits  the 
calculation of the concentrat ions of all other re levant  
species. Using this program, the ambient  tempera ture  
and 285~ pH values and concentrat ion profiles for all  
of the carbonate solutions used in this work were cal- 
culated. Details of the program and a full  tabula t ion  
of the calculated results will be found elsewhere (6). 

Results and Discussion 
Operation on brines at 285~ (runs GB-I  through 

GB-6) . - -This  series of experiments  was performed with 
a group of brines covering a variety of conditions, 
including high and low sal ini ty  (20% and 0.2% NaC1), 
a range of pH (3.2-9.1 at 285~ and a range of hy-  
drogen sulfide concentrat ions (0.0-100 ppm) .  All of 
the conditions, including calculated pH values, are 
listed in Table I. For each run, the solution employed 
dur ing  the extended aging period is marked with an 
asterisk in Table I. The other solutions were employed 
more briefly, in order to obtain response data over a 
wide range of conditions. In general, the sensors were 
exposed to the aging solution for periods of from 4 to 
10 days, but, as will  be noted, one sensor was used for 
three successive runs and accumulated over 37 days 
exposure to a var ie ty  of conditions at 285~ In  one 
run, GB-2, the sensor cracked and no useful  data were 
obtained. 

Run  GB-1.--Virgin sensor Y-45 was employed along 
with two identical, newly fabricated reference elec- 
trodes, RD-9 and RD-10, both filled with 0.1m KC1. 
Both reference electrodes had potentials of 97 mV 
against a commercial  s i lver-s i lver  chloride electrode 
containing 3.0m KC1 (Ingold) when immersed in 0.1m 
KC1 at 25~ Their  resistances measured under  the 
same conditions were 3.0 X 105 and 2.2 • 105 fz, respec- 
tively. 

The run  extended over a period of 11 days; operat ing 
conditions and potentials of the glass electrodes in the 
ambient  tempera ture  streams as well as those of the 
zirconia electrode as measured against their  respective 
references are summarized in Fig. 3. Only data ob- 
tained with the acidic, alkaline, and saline solutions 
are shown because considerable scatter was present  
with the unbuffered water. 

In  greater  detail, the system was brought  to tem-  
pera ture  with aerated water  flowing through the auto-  
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Table I. Compositions of feed solutions used in runs G8-1 through GB-6 

Equivalent base** [H~S] Percent COs in 
Run no. Brine no. [NaC1], vn m ppm equilibrating gas 

Calculated pH 

25~ 285"C 

GB-I 

GB-2 
GB-8 

GB-4 

GB-5 

GB-6 

1A" 4.278 (20%) 0.109 - -  1.O 8.6 
1B 4.278 0.1(}9 - -  100.0 6.6 
2A* 4.278 0.Uvl09 --  100.0 4.0 
3A 4.278 (containing O.U01m HC1) --  N= 3.3 
3B 4,278 (containing 0,091m NaOH) -- N~ 10,7 
8C (= 1A) 4,278 0.109 -- 1.0 8.6 
3Cs* 4.278 0.110 10 1.0 8.6 
3Ds 4.278 0.110 10 100.0 6,6 
4A (-= 2A) 4.278 0.u0109 - -  loo.o 4.6 
4As* 4.278 0.00168 10 100.0 4.8 
4Bs 4.278 0.00168 10 1.0 6.8 
5As* 0.0342 (0.~%) 0.100 10 1.0 8.7 
5Us 0.0342 0.100 10 100.0 6.7 
6A 0.0342 0.00168 100.0 4.8 
6As" 0.0342 0.00159 ~'0 100,0 5,0 
6Bs" 0,C~42 0.00L59 1O 1.0 6.9 
6Cs 0,0342 0.(Yo688 159 100.0 5.6 
6Ds 0.0342 4}.00668 104) 1.0 7.4 
BE 0.0342 (containing 10~m HC1) -- N~ 5.1 
6F 0.0342 (containing 10-~n~ HCI) -- N~ 4.1 
6G 0.0342 (containing 10-~m HCI) -- N~ 3,1 
6H 0.0~42 (containing 10~m NaOH) - -  N~ 9.9 
61 0.0342 (containing 10-sin NaOH) - -  NJ 10.9 

8.8 
7.8 
&8 
3.5 
7.8 
8.6 
8.6 
7,8 
5.8 
6.0 
7.3 
9.O 
8.2 
6,4 
6.$ 
%9 
?.1 
8.2 
5.2 
4.~, 
3.2 
7A 
8.2 

" Solution used for aging tests. 
* * From added sodium bLearbonate and carbonate and the injected Na~S. 

clave. Ini t ia l  cal ibrat ion was accomplished with aerated 
sulfuric acid and sodium hydroxide, the s tandard pro-  
cedure used in earlier work (2). The system was then 
flushed with water  and was subsequent ly  deaerated. 
Addi t ional  calibrations were then under t aken  with de-  
aerated hydrochloric acid and sodium hydroxide. Upon 
observation that  the potentials from the la t ter  solu- 
tions were in satisfactory agreement  with those from 
the fo rmer  aerated solutions, operation was shifted to 
the br ine  equi l ibrated wi th  1% carbon dioxide in  
nitrogen. Operat ion on this solution was continued for 
4 days. 

Pr ior  to terminat ion,  the br ine  was equi l ibrated with 
100% carbon dioxide in order  to introduce a pH change. 
About  4h were required before the potentials from the 
various moni tor ing points were on plateaus. The sys- 
tem was then flushed with water, and the following 
day transi t ions to 0.001m hydrochloric acid and then 
to 0.001m sodium hydroxide were under taken  in order 
to obta in  new calibration points that  could be com- 
pared with the s tar t ing values. Finally,  the system was 
flushed with water  and cooled. 

Upon opening the autoclave and examining  the 
sensor, it was found to be sound and showed no visual  
signs of degradation. The two reference electrodes, 

Fig. 3. Potentials of zlrconlo 
sensor at 285~ and glass elec- 
trodes at 25~ vs. their respec- 
tive reference electrodes during 
run GB-I. 
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Table II. Comparison of measured and calculated values of 
pH: run GB-I. Sensor Y-45. T - -  285~ 

p~ 
Solution talc. Meas. A 

A 8.9 8,6 -- 0.3 
B 8.3 7.6 --0,7 

however, did contain gas bubbles,  and their  rest  po- 
tentials  could not  be compared with their ini t ia l  values 
against a commercial reference electrode. 

Although very little drift  occurred with the ambient  
temperature  sensors throughout  the run, some did 
occur at 285~ This point  is brought  out more clearly 
by the data in Fig. 4, which shows calibration curves 
at the start  and finish of the run.  Similar  drift  was 
observed at 285~ with the p la t inum electrode. 

The pH values fo r  the br ine  solutions derived from 
the calibration curves in Fig. 4 are summarized in  
Table II. Because of the drift  and the fact that the 
data points were obtained closer to the final than the 
ini t ial  calibration, the high tempera ture  pH values 
were de termined on the basis of the final cal ibrat ion 
curve for the zirconia sensor. 
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ACI D ACID 

~FEFFL INLET J 
U--ENT I~RINE "' 

d l ~ " l  [3.---. - - r ' ~  

BASE BASE 

~ ~ ~ ~ ~ ---co-o 

. . . . . . . . . .  ACID 

~ ,,.o,- - -  

BASE 
i I I 

2 3 4 

0 

~ o  O 

oI--~ B R IN E BASE 

1 i I I i I 
5 6 ? 8 9 I0 II 

DAY 

] 
12 



VoL 131, No. 5 p H  E L E C T R O D E  F O R  G E O T H E R M A L  F I L M S  1021 

200 - 

I00 - 

0 
> 
K 

I ,,, -IOC - 
z 
LIJ 
r r  ~ 

- 2 0 0  - 

r'r- 

,-~ -500 - 
0 
03  

i , i  
t.D 

-400 - 

-500 - 

SOLID POINTS ARE BRINE 
SOLUTIONS 

NUMBERS DENOTE 
SEQUENTIAL ORDER 

FINAL SLOPE 
89.6 % OF THEORY 

INITIAL SLOPE �9 
96.2% OF THEORY 

II 

"~L4 
I0 

-6oo I 1 l I t 5 I 
5 4 5 6 7 9 10 

pH AT 285% 

Fig. 4. Calibration curves for zirconia sensor at 285~ (run GB-I)  

The dr i f t  in the ca l ibra t ion  curve  wi th  t ime is a 
phenomenon  that  we have encountered  prev ious ly  (2). 
I t  appears  to be associated wi th  changes in the in te rna l  
ch lor ide  concentra t ion  in the  re fe rence  electrode.  Be-  
cause such dr i f t  was not  r epor ted  in the  or ig inal  de-  
scr ipt ion of the  e lect rode (3), i t  m a y  reflect our  omis-  
s ion of the  in t e rna l  zirconia th read  f rom the s t ructure .  
Such a th read  might  reduce convection in the  in te rna l  
e lec t ro ly te  and the reby  improve  s tabi l i ty .  A l t e r n a -  
t ively,  our  zirconia junct ion might  have  been more  
porous than  tha t  used previously .  

Run-GB-3 . - -Th i s  was essent ia l ly  a repea t  of run  GB-1, 
wi th  the  except ion that  sulfide was in t roduced into the  
brine.  A new sensor  Y-47 was employed.  The two 
reference  electrodes were  also new; RD-13 was filled 
wi th  0.1m KC1 and RD-14 wi th  a 20 w/o  NaC1 solution. 

Fo l lowing  the ini t ia l  ca l ibra t ion  steps, two addi t ional  
s teps  were  in t roduced  when the sys tem was opera ted  
brief ly wi th  br ines  3A and B containing 0.00109m HC1 
and NaOH, respect ively ,  both  in 20% NaC1. This was 
fol lowed by  the t rans i t ion  to the  carbonate  buffered 
br ine  solut ion equi l ib ra ted  wi th  1% CO2 in N2. Af t e r  

Table III. Sulfide analyses of stock solution and effluent 

Stock solution* Effluent 
Day of run Brine (ppm) (ppm) 

5 Cs 1162 9.3 
9 Cs 1040 7.3 

IX Cs 8.3 
II Ds 7.7 

* Nominal ly  1200 ppm. At  the fl0w ratios employed,  1200 ppm 
in the stock solution would give 11 ppm in the feed  to autoclave. 

a day 's  opera t ion  on the s imple  brine,  sulfide in jec t ion  
was s ta r ted  to main ta in  the  leve l  at  about  10 p p m  for 
a per iod  of 7 days.  No de tec tab le  change occurred in 
the  output  of the p H  sensor  upon the addi t ion  of the  
sulfide. At  the conclusion of this aging period,  a p H  
change was induced  by  equi l ib ra t ing  the  br ine  wi th  
carbon dioxide whi le  re ta in ing  the sulfide concentra t ion 
at  10 ppm. Final ly ,  the  sensor was reca l ib ra ted  wi th  
acid and base af te r  flushing the  b r ine  f rom the sys tem 
wi th  water .  

The complete  run  las ted  11 days.  Condit ions and 
potent ia ls  of the ambien t  and h igh  t empe ra tu r e  p H  
sensors vs. the i r  respect ive  reference  electrodes are  
summar ized  in Fig. 5. Dur ing  opera t ion  on the sulfide, 
analyses  of the stock solut ion and the effluent Were 
pe r fo rmed  wi th  the  resul t s  in Table  III .  Since inpu t  
condit ions were  ad jus ted  for 11 ppm in the feed to the  
autoclave,  a smal l  loss on passage th rough  the sys tem 
seems to have occurred.  This is undoub ted ly  rea l  and 
p robab ly  reflects react ion wi th  meta l  and corrosion 
products  in the system. 

The potent ia ls  of the two nonident ica l  re ference  
e lect rodes  were  found to converge du r ing  the run.  
In i t ia l ly ,  the  e lect rode containing 20% NaC1 was 4 0 - 5 0  
mV .negative to that  conta ining t h e  0.1m KC1. At  the 
end of the  run  this difference had  fal len th rough  zero 
and was s l ight ly  posit ive.  Upon dra in ing  the filling 
solutions f rom the two, they  were  both found to con- 
ta in  ,,, 1.5m NaC1. Clear ly  the concentra t ions  had  con- 
verged dur ing  exposure  to the  brine.  I t  is probable ,  
however ,  that  considerable  di lut ion m a y  have oc- 
cur red  dur ing  the last  d a y  or  so of opera t ion  on the 
ca l ibra t ing  solut ions and the wa te r  and dur ing  cool 
down. 

At  the conclusion of the run,  pH values  of the va r i -  
ous solut ions were  read  from the ca l ibra t ion  curves.  
Those for  the br ines  conta ining HC1 and NaOH were  
read  f rom the in i t ia l  curve, and those containing the 
carbonate  f rom the final. The measured  and ca lcula ted  
values  are  l is ted in Table  IV. Modera te  devia t ions  of 
the same o rde r  of magn i tude  are  seen in al l  cases. In  
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Table IV. Comparison of measured and calculated values of 
pH at 285~ 

Vn+(7oH-) *Calc. 
Solution Calculated Measured A f rom measured  pH 

A 3.5 4,1 +0.6 0 . 0 ~  
B 7.8 7.1 - 0 , 7  0 . ~ 7  
Cs 8.6 8.2 -0.4 - -  
Ds 7.8 7.4 - 0 . 4  - -  

�9 ,yH+ = 0 ,H+ /CH + = 1 0 - P H / C H +  
7 0 H -  = Kwl(aH+'COH-) = K w / ( 1 0  - ~ H ' C O H ' ) .  

an effort to assess the cause of the discrepancies, it is 
of interest  to calculate activity coefficients for the 
hydrogen and hydroxide ions from the exper imenta l  
data obtained with the s impler  solutions, A and B. 
These values, listed in Table IV, are considerably lower 
than a value of 0.288 derived from the computer  pro- 
gram. 

It is suggested that  the observed deviations in pH 
result  more from a failure of the computer program 
to proper ly  est imate activity coefficients of the "trace" 
consti tuents (i.e., the hydrogen and hydroxide ions) 
of the br ine  solutions than from shortcomings in the 
measurements  with the sensor-reference electrode com- 
bination.  This suggestion is supported by experience 
with mixed electrolytes .at lower temperatures  (10, 11). 
Much available data  indicates that the activity coeffi- 
cients of trace consti tuents differ marked ly  from those 
of macro consti tuents in mixed electrolytes. The model 
of Syret t  et al., from which the present computer  pro-  
gram was derived, assumes that  all are the same. 

Run  GB-4.--This  run  was s imilar  to GB-3 except that  
the br ine  used for aging was more acidic. A new sensor 
Y-48 was employed along with two new reference elec- 
trodes, one containing 0.1m KC1, the other 3.0m KC1. 
About  10 ppm of hydrogen sulfide was added to the 
brines from the start. Aging on the more acidic br ine  
extended over a period of 7 days. Summary  data are 
recorded in Fig. 6. Again some drift  was evident, but, 
as expected, this was greater with the 0.1m KC1 ref- 
erence electrode than with the more concentrated. A 
.comparison of measured and calculated pH values for 
this and the next  two runs will  be included in a more 
general  discussion that follows. 

Run  GB-5.--This  run  differed from the previous four 
in  that  the br ine  concentrat ion was at the 0.2% level. 

The hydrogen sulfide concentrat ion was main ta ined  at 
the 10 ppm level. Sensor Y-48 was continued in  use 
from the previous run,  but  ne w  reference electrodes 
containing 0.1m KC1 and 0.2% NaC1 solutions were 
employed. Aging was performed in the more alkaline 
br ine  for a period of about 10 days. 

In  contrast to the earl ier  runs,  the drif t  in potentials 
with t ime was towards lower values ra ther  than higher. 
This is to be expected for the 0.1m KC1 reference be-  
cause chloride should be lost to the more dilute br ine  
solution being monitored. I t  would be expected that  
the output  of the sensor vs. the 0:2% NaC1 reference 
would have remained  constant, but  some drift  did 
occur in this case as well. The summary  data are re-  
corded in  Fig. 7. 

Run  GB-6.--This  r u n  was carried out as a cont inuat ion 
of the previous one without  changing the sensor or the 
reference electrodes. Only the brine was changed to 
one of more acidic character  by lowering the equivalent  
base concentrat ion from 0.1 to 0.001m. Conditions and 
data are summarized in Fig. 8. After  about 7 days' 
operation on the brines containing 10 ppm hydrogen 
sulfide, the level  was raised to 100 ppm for 2 days. 
This had no apparent  effect apart  from that  associated 
with the pH change resul t ing from the introduct ion of 
an increased amount  of equivalent  base in the form 
of the sodium sulfide. Later in the run,  the sensor was 
exposed successively to 0.2% br ine solutions 6E through 
6I containing different levels of free hydrochloric acid 
and sodium hydroxide. Operat ion was s t raightforward 
throughout,  and the sensor remained in excellent con- 
dition after 37 days of almost continuous operat ion 
through three consecutive runs. 

GeneraL--I t  has been evident  above that  quite satis- 
factory agreement  has been seen between measured and 
calculated pH values in the individual  runs. The ac- 
cumulated data from the several individual  experi-  
ments  are combined and interre la ted in Fig. 9 and 10. 
The former includes all of the data from runs  GB-1 
through GB-4 with the 20% brines, and the la t ter  the 
data from runs GB-5 and GB-6 for the 0.2% brines. It  
is again clear that the data correlate extremely well 
and cluster about the l ine representat ive of perfect 
agreement  o v e r  the ful l  pH range from 3 to 9. As 
discussed in connection with run  GB-3, the deviations 
between the measured and calculated values may well  
reflect shortcomings in the calculations ra ther  than 
the sensors. 

Fig. 6. Potentials of zlrconlo 
sensor at 285~ and glass elec- 
trodes at 25~ vs. their respec- 
tive reference electrodes during 
run GB-4. 
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Fig. 7. Potentials of zirconia 
sensor at 285~ and glass elec- 
trodes at 25~ vs. their respec- 
tive reference electrodes during 
run GB-5. 

Reproducibility o] perJormance.--An indicat ion of the 
reproduc ib i l i ty  of the sensor - re fe rence  e lec t rode  com- 
b ina t ion  is g iven  in Fig. 11, in which  ca l ibra t ion  curves 
f rom five di f ferent  runs are  shown. In  each case, the  
in i t ia l  ca l ibra t ion  curve was obta ined  wi th  a f resh 
reference  e lec t rode  containing 0.1m KC1. Three  differ-  
ent  sensors were  involved  in these measurements :  
Y-45 in runs GB-1 and GB-2, Y-47 in GB-3, and Y-48 
in GB-4 and GB-5. A spread  of about  0.5 pH unit  is evi-  
dent  for  a given outpu+~ vol tage  among the in i t ia l  cal i -  
b ra t ion  curves.  

I f  such reproduc ib i l i ty  could be mainta ined,  it  would  
p robab ly  be acceptable  for many  appl icat ions  wi thout  
the  need  for l a t e r  recal ibra t ion .  Unfor tunate ly ,  signifi-  
cant  shif ts  in the  ca l ibra t ion  curves occur af ter  p ro -  
longed opera t ion  because of the  exchange  of chlor ide  
be tween  the reference  e lect rode and the solut ion being 
moni tored .  In  moni tor ing  a brine,  the extent  of the  
shift  is l imi ted  because of the  finite concentra t ion of 
chlor ide  in the solution. In  moni tor ing  a 20% br ine  
(4.278m NaCI) using a reference  conta ining 0.1m KC1, 
the  theore t ica l  l imi t  on the dr i f t  is log (4.278/0.1) or 
1.6 pH units.  The m a x i m u m  dr i f t  observed dur ing  the 
presen t  tests fel l  short  of this l imi t  b y  a factor  of about  
two. In  moni to r ing  solut ions conta ining no chloride,  

la rger  dr i f t s  a re  possible through cont inuous loss of 
chloride to ve ry  low concentrat ions.  

While  considerable  d isp lacement  of the  ca l ibra t ion  
curves is encountered,  the slope remains  quite stable.  
This suggests that  in opera t ion  s ingle-poin t  ca l ib ra -  
tions might  prove h igh ly  sat isfactory.  In  view of the 
re la t ive  s tab i l i ty  of the ca l ibra t ion  curve obta ined  
against  the reference containing 20% sodium chlor ide  
in run GB-3, there  would seem the rea l  poss ibi l i ty  
that  a re ference  e lect rode might  be devised to match  
a given br ine  field and the reby  give ve ry  s table  pe r -  
formance  in that  field. This would  be somewhat  de -  
penden t  upon the ac tual  s tab i l i ty  of br ine  levels  in the  
field. Even in such a case occasional  reca l ibra t ion  would 
seem in order.  

Peryormance oJ sensors at lower temperatures (runs 
GB-7 and GB-11/13).--As noted  in an ea r l i e r  r epo r t  
(12), the s t anda rd  ceramic has a h is tory  of becoming 
sluggish in response dur ing  continuous opera t ion  at  
95:C. The per formance  at  95~ hras also been poor  a f te r  
br ief  opera t ion  at 285~ even though the same sensor 
might  again pe r fo rm exce l len t ly  for weeks  at the 
h igher  t empera ture .  This behavior  has been a t t r ibu ted ,  
at least  in par t ,  to s t ruc tu ra l  shor tcomings  in the  
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Fig. 9. Correlation between measured and colcuiate.d pH at 
285~ for all 20% brines. 

ceramic (12). For  this reason, low tempera ture  testing 
was delayed unt i l  the end of the present  program in 
order to take advantage of the possible avai labi l i ty of 
improved materials at that time. This was indeed the 
case, and four new exper imental  tubes - -a l l  y t t r ia -  
stabilized z i rconia- -were  used in tests at lower tem- 
peratures. One of these was a dense ceramic made in 
house. Used for the fabrication of sensor SP-8 it was 
similar  to the mater ia l  used for sensor SP-4 in Ref. 
(6), which performed well at 95~ for over a month  
of continuous operation. The other three tubes were 
obtained from NGK-Locke Insulators,  Limited, of 
Japan. Used in sensors NGK-A2, NGK-B, and NGK- 
C1, they were prepared with different process modifica- 
tions, all  of which gave dense ceramic. The tube in 
NGK-C1 differed from normal  in  that it incorporated 
a larger diameter collar on the open end of the tube. 
This permit ted a seal modification that more closely 
resembled that of a conventional  Conax fitting, which, 
it was hoped, would solve some of our seal problems. 
Unfortunately,  this hope was not  realized: stress con- 
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Fig. 10. Correlation between measured and calculated pH at 
285~ .for all 0.2% brines. 
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Fig. I1. Data showing reproducibility of calibration curves from 
run to run. All reference electrodes initially contained 0.1M KCI. 

centrat ion at the junc t ion  of the larger diameter  col- 
lar  with the smaller diameter  tube resulted in cir- 
cumferent ia l  cracking at that  location. Although a 
disappointment,  these ini t ial  failures would not  seem 
to be intr insic  to the structure.  

None of the new tubes were of the same diameter  
as those normal ly  employed, and slight modifications 
to the Conax fittings were required. To expedite the 
tests, it was necessary to employ stainless steel fittings 
for the purpose, and for this reason all of the tests 
were performed with simple aqueous solutions rather  
than brines, i.e., in water, dilute sulfuric  acid, and di-  
lute base. This was not felt to be a serious shortcoming 
because excellent correlation between the performance 
of the zirconia sensor on such simple solutions and on 
brines had by  this t ime been demonstrated in the tests 
at 285~ 

In  r un  GB-7, three sensors SP-8, NGK-A2, and 
N G K - B  were tested in paral lel  at temperatures  of 95 ~ 
150 ~ 225 ~ and 285~ Both the pH response and the 
resistance of each sensor were determined at each 
temperature.  In  order  to ascertain whether  deleterious 
changes occurred at the elevated temperatures,  a re-  
test at 95~ was performed after  each step to a higher  
temperature.  The test results are summarized in Fig. 
12. 

I t  is evident  that sensor NGK-A2 was errat ic from 
the start, and distinct evidence of failure was obtained 
from the resistance measurement  dur ing the second 
test at 95~ Quite clearly, a crack had developed to 
allow shunt ing  across the ceramic. 

The other two sensors performed excel lent ly  up 
through the operation at 285~ although one set of 
response data for NGK-B at 95~ was lost through an 
ins t rument  malfunction.  Following the exposure at 
285~ the subsequent  response at 95~ was poorer for 
both. In  the case of NGK-B the low resistance at this 
point  again indicated a shunt  across the ceramic, m o s t  
l ikely because of a crack. The resistance of SP-8 re -  
mained high. however. It  is therefore difficult to reach 
a firm conclusion concerning its decline in performance 
at 95~ It could result  from degradat ion of the ceramic, 
but  it could also result  from leakage of electrolyte 
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Fig. 12. Response and resistance data for several sensors tested 
alternately at 95~ and higher temperatures. 

around  the seal to form an e lect rolyt ic  shun t  sufficient 
to degrade  per formance .  We have long suspected such 
a poss ibi l i ty  in connection wi th  our  presen t  seals, bu t  
fu r the r  work  wi l l  be r equ i red  to confirm it. 

In  view of the decl ining pe r io rmance  at 95~ a final 
test  was pe r fo rmed  on SP-8 at  285~ As ant ic ipated  
f rom pas t  exper ience,  the response remained  excel lent  
at  the h igher  t empera tu re .  At  this point,  the  run  was 
t e rmina ted  and the sys tem cooled to ambien t  for re -  
moval  of the sensors. Both NGK-A2  and N G K - B  were  
found to be cracked.  Sensor SP-8 remained  solid. How-  
ever,  because a curva ture  had developed dur ing  firing 
i t  had  been necessary  to assemble this sensor in situ 
while  the Conax fit t ing was mounted  in the  l id of the 
autoclave.  We were  unsuccessful  in removing  the 
sensor f rom the l id wi thout  cracking the ceramic tube.  

Sensor  NGK-C1 was eva lua ted  in a separa te  test, 
run  GB-11/13. I t  was first assembled  wi th  a new seal  
adap ted  to the  col lar  on the  as - rece ived  tube.  Ci rcum-  
fe ren t ia l  cracking occurred dur ing  ini t ia l  opera t ion  at  
95~ and again la te r  in the tests. As a result ,  incon-  
clusive da ta  were  obta ined  wi th  this sensor. 

Al though  the present  series of tests were  not  com- 
p le t e ly  sat isfying,  they  do indicate  that  ceramics can 

Table Y. Summary of operating conditions and data from 

be made  tha t  a re  more  s table in low t empera tu r e  se r -  
vice than  the s t andard  Coming  ceramic used in the 
bulk  of the tests and most  of the  ear l ie r  work.  I t  is, 
however ,  not  ye t  clear  whe the r  the degrada t ion  in 
pe r fo rmance  of the  new ceramics at  low t empera tu res  
is a reflection of changes in the  ceramic or  of defects  
in the seals. Whi le  we s t rong ly  suspect  the  lat ter ,  this  
point  requires  resolution.  In  the  in ter im,  i t  appears  
l ike ly  that  i t  wi l l  be possible to opera te  sensors em-  
ploying one of the  new ceramics for ex tended  t imes  
at  low t empera tu r e  (i.e., 95~176 if  excursions to 
h igher  t empera tu re s  are  avoided.  

Operation at 5000 psi.--The ab i l i ty  of the  new pH 
sensor  to opera te  at  5000 psi and  285~ was demon-  
s t ra ted  in a single expe r imen t  in which  only water ,  
d i lu te  sulfuric  acid, and di lute  sodium hydrox ide  were  
employed as test  fluids. Data  obta ined  f rom the short  
run  are  summar ized  in Table V. They demons t ra te  the  
ab i l i ty  of the sensor to wi ths tand  the 5000 psi p res -  
sure at  285~ and to respond  to a pH t rans ien t  unde r  
these conditions.  Upon complet ion o'f the  test,  the  pH 
sensor remained  intact .  

Conclusions 
It  is concluded f rom this work  tha t  the p resen t  sen-  

sors should pe r fo rm wel l  in geo thermal  b r i n e s  over  a 
range  of t empera tu re s  if g iven sufficient a t ten t ion  to 
ca l ibra t ion  and seal  maintenance.  Clearly,  however ,  
care must  be exercised to obta in  high qual i ty  ceramics,  
pa r t i cu l a r ly  wi th  regard  to surface in tegr i ty  and f ree -  
dom from surface pores. Improved  seals be tween  the  
ceramic tubes and the meta l  fittings are also requ i red  
for long- te rm,  rout ine  use in the  field. 
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Lapsed t ime Pressure  Solut ion in 
( h r )  T e m p  (~ (ps i )  autoclave  

Measured potentials  (mV)  
Glass e lectrode Sensor  Pt  Electrode 

at 25"C a t  285~ a t  285~ Notes  

O.O 25 Ambient  W a t e r  
0.1 25 1250 W a t e r  
1.8 288 1250 W a t e r  
2.0 285 5 0 ~  W a t e r  
2.1 285 4900 W a t e r  
2.2 
2.6 285 5150 ~O.0005m H2SO~ 
3.4 285 5150 ~0.0005m H2SO~ 
3.7 285 5150 ~0.0005m H~SO4 

~-0.0005m H ~ O ,  mean 
3.7 
4.0 285 5150 ~O.001m N a 0 H  
4.1 285 5150 ~0 .001m N a O H  
4.4 284 5100 ~0 .001m NaOH 
4.8 285 5100 ~0 .0Olm N a O H  
7.0 285 5100 ,~4).0()lm N a O H  

~,0.001m N a O H  mean  

A m Y  (acid to base)  
Theoret i ca l  
Percent  of T h e o r y  

- 1 0  - 4 7 5  - 7 5  

50 - 4 9 2  - 8  

216 --68 394 
202 --81 400 
199 --86 400 
206 - -78 398 

--225 --508 - -78 
--225 --511 --82 
--220 --510 - -74 
--217 --506 - -66 
- 2 1 6  - 4 8 0  --22 
- 2 2 1  --503 - -64 

427 4.26 462 
473 543 543 

90 78 

S t a r t  pressurizat ion 
S t a r t  heat ing 
Increase  pressure  

Inject  4.0 cm 8 0.1m H~S0,  

Inject  8.0 cm s 0.2m N a O H  
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Considerations of the Stability of Pit Repassivation during Pitting 
Corrosion of Passive Metals 

T. Okada 

Industrial Products Research Institute, M.I.T.I., Yatabe, Tsukuba, Ibaraki 305, Japan 

ABSTRACT 

The repassivation of pits, by which pitt ing corrosion initiated in an aggressive environment ceases, is s tudied from 
the kinetic point  of view. Consideration of irreversible thermodynamic  stabili ty suggests that the repassivation process 
starts as soon as the monolayer formation of the metal  oxide becomes stable at the bot tom of the pit. The critical pit t ing 
potential  is defined so that the rate of the monolayer  formation of the metal oxide overcomes the rate where the mono- 
layer oxide changes to the halide. It is shown that  the repassivation potential  is very close to the critical pitt ing potential,  
whereas the pit  initiation potential  is intrinsically different and coincides only when the passive film is very thin. The 
present  s tudy presents  the theoretical  significance of the repassivation potential as a characterist ic value of pitting. 

The p i t t ing  potent ial ,  an impor tan t  character is t ic  of 
the  p i t t ing  of passive metals ,  is of prac t ica l  significance 
because this value  gives some indicat ion of the re la t ive  
p i t t ing  resis tance o~ the meta l  in a corrosive env i ron-  
ment.  However ,  different  workers  have obta ined differ-  
en t  values,  even for the same meta l  in the same en-  
v i ronment  (1-3).  For  example ,  there  are  two kinds  of 
potent ia ls  observed exper imenta l ly :  the  potent ia l  at  
which the first p i t  appears  when a specimen is posi -  
t ive ly  polar ized in a solut ion conta ining aggressive 
ions,* and the potent ia l  be low which pits, once ini-  
t ia ted,  can be stopped. 2 These two potent ia ls  are ex-  
pe r imen ta l l y  d is t inguished from each other.  However ,  
t hey  occasional ly  appea r  to be coincident,  if de te rmined  
in a way  that  e l iminates  t ime lag (9, 10). 

Pi t t ing  is a complex  series of processes consist ing of 
corrosion, ma te r i a l  t ranspor t ,  induced local  po la r iza -  
tion, and the subsequent  local concentra t ion of ionic 
species. Theore t ica l  a t tempts  have  been made con- 
s ider ing  the t he rmodynamic  s tab i l i ty  of n e w l y  formed 
phases (11), ionic exchange (12), passive film flaws 
and c rys ta l lographic  factors (3, 13, 14), mechanical  
factors (6, 15), and t ranspor t  of ionic species (16, 17), 
but  these a t tempts  have not  been successful  in ex-  
p la in ing  the kinet ic  features  of pi t t ing.  

Key words: pitting corrosion, irreversible thermodynamics,  re. 
passivation, oxide film. 

z This potential is called the pitting potential (4) or the break- 
down potential (5, 6). 

~The protection potential (7) or the repassivation potential 
(8). 

An i r revers ib le  the rmodynamic  considerat ion has 
been appl ied  successful ly  to p i t t ing  (18). The compl i -  
cated phenomena  of p i t t ing  can be t r ea ted  by  con- 
s ider ing the s tab i l i ty  of the whole system undergoing  
pi t t ing  corrosion. I t  has fur ther  been shown tha t  pi t  
in i t ia t ion in an aggressive envi ronment  can be thought  
of as a p robab i l i t y  event  (19). 

I t  should be recognized that  ve ry  few theore t ica l  
a t tempts  have been successful  in p red ic t ing  the  occur-  
rence of the  two kinds  of character is t ic  potent ia ls  s tated 
above.  T h e y  are  assumed to coincide if the  t ime r e -  
qui red for  the i r  occurrence is e l iminated  (9),  bu t  they  
are  considered expe r imen ta l ly  to be in t r ins ica l ly  differ-  
ent  from each o ther  (20, 21). 

In  this s tudy,  the repass ivat ion  process of hemi -  
spher ica l  pits  is discussed in re la t ion  to the i r revers ib le  
the rmodynamic  s tab i l i ty  theory,  to see if there  is any  
re la t ionship  be tween  pi t  in i t ia t ion and the r epass iva -  
t ion processes. 

Theory 
It  is sometimes observed in hemispher ica l  pits  tha t  

dissolution at  the pi t  bot tom resembles  anodic b r igh t -  
ening. Hoar  et al. (6, 13) repor ted  that  the  "contami-  
na ted  oxide" film forms on meta l  surfaces dur ing  anodic 
br ightening,  and tha t  the meta l  dissolves r ap id ly  
th rough  this film. Al though it is not  clear  whe the r  this 
k ind  of film also forms at  the p i t  bot tom dur ing  p i t t ing  
corrosion, i t  is p laus ib le  that  a nonpro tec t ive  sa l t  film 
composed of  dissolved meta l  cat ions and  c o n c e n t r a t e d  
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a~gressive anions occurs at  the  pi t  bottom, and dis-  
solut ion of the  me ta l  is g rea t ly  enhanced.  

In  o r d e r  for file repass iva t ion  of pi ts  to occur, oxy -  
gen a toms need to be suppl ied  to the corroding meta l  
surface in sufficient quant i ty .  According  to Hoar  (22) 
H20 p lays  an impor t an t  role  in the ini t ia l  pass iva t ion  
processes of metals .  Therefore,  H20 should occur in the  
nonprotec t ive  film which  is formed a t  the  pi t  bot tom, 
and take  pa r t  in the repass iva t ion  process b y  concen- 
t ra t ion  at  the  me ta l  surface.  

Assume that  the nonprotec t ive  film is a "hyd rous  
me ta l  ha l ide"  wi th  a large  ionic conductivity.~ Accord-  
ing to the l inear  phenomenologica l  equat ions of i r r e -  
vers ib le  thermodynamics ,  fluxes par t i c ipa t ing  in the  
en t ropy  product ion  are expressed  ~as l inear  formulas  of 
al l  conjuga ted  forces (23). A concentra t ion grad ien t  of 
H20 would  arise so as to counterac t  the  H20 flux ac-  
companying  the ionic fluxes (24). The flux of the dis-  
solving meta l  cation would be the largest ,  and  the con- 
cen t ra t ion  of H20 would  be lower  in the inner  pa r t  of 
the  hydrous  ha l ide  layer ,  if the p i t t ing  react ion p ro -  
ceeds quickly.  However ,  as the potent ia l  of the me ta l  
decreases,  i t  wi l l  b r ing  about  a decrease in the ra te  of 
t h e  meta l  dissolut ion react ion and also an increase  in 
H20 concentra t ion at  the meta l  surface,  so that  the  re -  
pass ivat ion  process cao be ini t iated.  The potent ia l  a t  
this point  is r e fe r red  to as the  repass iva t ion  potent ia l .  

Repassivation process.--Oxide film thickening.--Sup- 
pose tha t  at  the  pi t  bo t tom where  meta l  is dissolving 
beneath  the nonpro tec t ive  film of thickness,  l, a me ta l  
oxide wi th  an area  So and a thickness  d is fo rmed on 
the  me ta l  surface.  F igure  1 shows this sys tem sche- 
mat ical ly ,  l is assumed to be much smal le r  than the size 
of the  pit,  so tha t  ma te r i a l  t r anspor t  in this system can 
be expressed  by  one-d imens iona l  formulas  wi th  the  
axis no rma l  to the  me ta l  surface. The model  of the  
sys tem is depic ted  in Fig. 2, in which each por t ion of 
the phase is denoted  b y  numera ls .  

Consider  the  change in en t ropy  product ion  gap 
caused by  the increase  in oxide film thickness  f rom d to 
d + 5d, wi th  its a rea  So remain ing  constant,  gap can be 
d iv ided  into two parts ,  8jdp due to the  change in fluxes 
and 8xdP due  to the  change in forces 

6ap : 6jaP + 6xaP [1] 

Accord ing  to the  genera l  ,evolution cr i te r ion  of i r r e -  
v e r s i b l e  thermodynamics ,  a sys tem in a fixed bounda ry  
condi t ion moves tov~ard the  d i rec t ion  where  6xP de-  
creases unt i l  i t  reaches  a s t eady  state (25) 

8xP "~ 0 [2] 

Changes in the sys tem resul t ing  f rom the oxide film 
th ickening  f rom d to d + ~d are:  a change in ma te r i a l  
t r anspor t  in the  oxide film, a change in the reac t ion  
at  the  in ter face  be tween  the oxide  and the hydrous  
halide,  a change in ma te r i a l  t r anspor t  in the hydrous  
halide,  a change in the  react ion at  the in ter face  be -  
tween the hydrous  ha l ide  and the e lec t ro ly te  solution, 
and a change in ma te r i a l  t r anspor t  in the  solution. 
Other  changes are  considered to be t r ivial .  The cont r i -  
but ions of these changes to 6xdP wil l  be denoted as 
8xdPMo, 8xdPMo/MX, 5xdPMx, 5xdPMx/S, and ~xdPs, re -  
spect ively.  Here  i t  is assumed that  al l  these changes 
occur in the area  shadowed b y  So, and changes in the  
o ther  port ions are ignored,  4 since the ionic conductance 
of the hydrous  ha l ide  is ve ry  large.  I t  is also assumed 
tha t  hea t  flux is neglec ted  beoause the  t empe ra tu r e  is 
kep t  constant  th roughout  the system. 

S Perhaps  this  is not the  same in composi t ion as the '"halide 
nuclei" which have been assumed to form in a passive film (19). 
T h e  halide nuclei break through the passive film, whereas  the  
nonprotective film forms on the bare surface of the metal, and 
the  rate of metal dis~olut'on is much larger. Here the differences 
b e t w e e n  them are disregarded as far as notations are concerned.  

4 Actually, the change in the reaction which occurs on the pas- 
sive film surface would contribute to ~xdP, but the resul t  remains  
unchanged  even i f  this contr ibut ion is  taken  into account .  

! 

d < 

MID X- 

M  ol. 

MO 
Fig. 1. Illustration of a pit whtch is repassivatlng. M: metal. MO: 

oxide film. MX: nonprotective metal halide. Sol.: solution. 

In  the oxide film, ionic conduct ion JM and Jo of M .'-+ 
and 0 2 -  ions is caused by  the potent ia l  drop A,I,o across 
the  film. The changes in the affinity in this phase are  
ma in ly  due to the change in 400, so tha t  

( = , ,  So [3]  T6xaPMo (zFJM -- 2FJo) 6A@o-  d 

with the flux Ji (i = M, O) expressed by  the exponen-  
t ia l  fo rmula  (19, 26). 

At  the ox ide -hydrous  hal ide  interface,  meta l  dissolu-  
t ion 

M z+ (1) --> M z+ (2) [4.1] 

and oxide fo rmat ion  

H20(2)  -> O2- (1 )  + 2H+ (2) [4.2] 

t ake  place  s imul taneously .  The cur ren t  dens i ty  f o r  
each react ion is 

iM : kMexp ( ~ ) ~ M ( 1 )  

io = ko exp ( ~ w ( 2 )  ) 
\ RT 

e x p (  vx~x ( 2 ) )  
RT 

e x p (  ~MzFACMo'Mx ) 

exo 
RT 

[5.1] 

[5.2l 

in which kM and  ko are  ra te  constants,  ~i(P) (i = 
M , X , W ;  p ---- 1,2) is the chemical  potent ia l  of M z+, 
X - ,  and H20 in each phase,  vx is the  s to ichiometr ic  
coefficient of X -  pa r t i c ipa t ing  in the  meta l  dissolut ion 
reaction,  a M and ao are  " t ransfer  coefficients," and 
A~PMO/MX is the Galvani  potent ia l  difference at the  in-  
terface be tween  the oxide and the hydrous  hal ide.  
Then 

iMSO 
TSxdPMo/MX "-" z'F [8#M(1) --  8#M(2) + ZFSA@MO/MX] 

ioso 
+ ~ -  [8#w(2) --  26#H(2) --  8~O(1) + 2FSAr 

[ 6 ]  
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) 

i 

/ M  / MO 

1 
I 
l 
[ 

(3)i (4) 

1 
MX I Sol. 

I 
1 >]< A , 

(5) 

Fig. 2. Schematic representation of phases at the pit bottom. 
M: metal. MO: oxide film. MX: nonprotective metal halide. Sol.: 
solution. Numerals indicate portions in each phase. 

Linea r  phenomenologica l  equat ions (23, 24) can be 
appl ied  to the ma te r i a l  t r anspor t  in the hydrous  halide,  
because the ionic conductance in this phase is very  
large.  F luxes  J'w, J'M, J 'x, and J'H Of H20, M z+, X - ,  
and H + are  expressed by  

J 'w = L 'wwA/w + L 'wiA/i  [7.1] 

J ' i  = L'iwA#'w + L'ikA/~'k# i + L'iiAP'i, { = M, X, H [7.2] 

where  L '  are  phenomenologica l  coefficients and A~' or  

A~,' are  gradients  of chemical  or  e lec t rochemical  po ten-  
t ials  in the hal ide  

~ w ( 2 )  - -  ~ w ( 3 )  
~ ' w  = [8.1] 

l - - d  

_ ziF ~,r (2, 3) '~ ' i  -- ~i(2) - -= i (3 )  #i(2) -- /~i(3) + 
l--d l--d l--d 

[8 .2 ]  

and A~x(2, 3) is the  potent ia l  drop across the hydrous  
ha l ide  at  the shadowed area  by  So. Rewr i t ing  Eq. [7.2] 

J ' i  = n'iv'iA~'i [7.3] 

and  regard ing  for s impl ic i ty  the component  given by  
the fol lowing equat ion as cormtant 

A#'W ~ k ~ l  
L'  - -  - -  + L'II = n'iV'l [9] iW ~ ' i  + L'ik A~'i 

here  n'i and v'i are  the mean  concentra t ion and the 
mobi l i ty  pe r  uni t  force of i, respect ively ,  in the hy -  
drous  halide.  The fol lowing is then ob ta ined  

T6xaPMx = ~ d'i ~ 8#i(2) - -  8/~i(3) 
i=W,M,X,H t 

+ ziF6AOx(2, 3) - -  [~i(2) - -  ~i(3) + ziFA~x(2, 3) ]  

( l  - d )  iZ'~- ~ *o [10] 

Meta l  ions dissolves at  the in ter face  be tween  the 
hydrous  hal ide  and the e lec t ro ly te  solut ion 

M z+ (3) -> M S+ (4) [11.1] 

The cur ren t  dens i ty  of this reac t ion  is 

. = (#M(3) VHgH(4) ) 
*'M k'M exp ~ )  exp ( RT 

( t~'MZFAOMX/S ) [12.I ] 
exp R T 

where  VH is the s toichiometr ic  coefficient of H + par t i c i -  
pa t ing  in the meta l  dissolution react ion and A~'MXlS is 
the  Galvani  potent ia l  difference at the in ter face  be -  
tween  the hydrous  hal ide and the solution. I t  is as-  
sumed that  the hydrous  hal ide  is in equ i l ib r ium be-  
tween format ion  and decomposi t ion 

X -  (3) ~ X -  (4) [11.2] 

so tha t  the  fol lowing equ i l ib r ium condit ion holds 

FAOMx/S --  #X(3) --  #X(4) [12.2] 

Then i t  i~ obta ined  

~'MSO 
T6xdPMx/s = ~ {~#M (3) -- 8#M (4) + zFSAOMX/S} 

[13] 

Assuming linear phenomenological equations for 
material transport in the electrolyte solution 

J"w : Lww~W'w + LwiA~"i [14.1] 

d"i L i w ~ " w  + Llka/~". . .  + ii ~ i, i = M, X, H 

[14.2] 

in which L are  phenomenologica l  coefficients and 

~w(4) --  #w(5) 
A#"w -- [15.1] 

A 

~i(4) --  ~i(5) ~1(4) - -  ~i(5) ziFaOs(4, 5) 
h/ '  i = -- + 

A & A 

[15.2] 

where  A is the thickness of the diffusion layer  which  
extends  f rom the in terface  to the bu lk  of the solut ion 
and ACs(4, 6) is the  potent ia l  drop across this layer .  
Taking  as p rev ious ly  

A#"W A~"k# l 
L i w  ~ + Lik ~ + L" "- Civi [16] 

to be constant,  where  Ci and vi are  the mean  concent ra -  
t ion and the mobi l i ty  per  uni t  force of i, respect ively ,  
in the solution. Assuming  A to be unchanged  

TSxdPs -- X J"i {5~i(4) -- ~#I(5) 
i= W,M,X,H 

+ ziFSAOs(4, 5)}So [17] 

The cur ren t  dens i ty  passing th rough  the oxide film 
changes from i to i W 8i when the oxide film thickness 
changes from d to d W 5d. Suppose  tha t  the change 
occurs so s lowly  tha t  no charges or  ma te r i a l s  a re  ac-  
cumula ted  loca l ly  in the area  shadowed b y  So, s imi la r  
to a s t eady-s ta te  condition. In this case, equat ions of 
cont inui ty  hold wi th  respect  to the cur ren t  ( t9 ) .  

Chemical  potent ia ls  of M z+ and O 2 .  ions in the  
oxide  film are  descr ibed b y  the equ i l ib r ium condi t ion 
(27) 

28~M(1) + ZS~o(1) --  0 [18] 

Also, equi l ib r ium conditions are  assumed for chemical  
potent ia ls  of M S+ and O ~-  or  H+ and X - ,  in the  
hydrous  ha l ide  

~#M(P) + ZS~x(p) --  0, p --  2, 3 [19.1] 

8~H(P) + 8~x(P) ---- 0, p = 2,3 [19.2] 

The chemical  potent ia l  of H~O at the hydrous  ha l ide -  
solut ion interface  is assumed to remain  constant  

8#w(3) = 0 [19.3] 

Equat ion  [8.2] combined wi th  the  cont inu i ty  equa-  
t ion gives 
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wi th  

~ ' w  : c'ii  + c'M,~,~'~ + C'xAKx + C'H~'~'H [20.1] 

1 
c'i : [20.2] 

zFL'Mw -- FL'xw 4- FL'Hw 

zFL'Mi -- FL'xi 4- FL'Hi 
c'i = , i = NI, X,  H [20.3] 

zFL'MW -- FL'xw + FL'Hw 

An equ i l ib r ium condit ion is assumed for the  chemical  
potent ia ls  of H + and  X - ,  in the  solut ion 

8#~(4) 4- 6#x(4) = 0 [21] 

Concentrations of species are fixed in the bulk of the 
solution 

m(5) : # i  s, i : M , X , H  [22] 

It  is obta ined  f rom Eq. [14.2] and the cont inui ty  equa-  
t ion tha t  

A/ff'W "-- Vii 4 -  CMA~"M 4-  CxA,~"X 4-  CH~q~"H [23.1] 
with  

1 
cz : [23.2] 

zFLMw -- FLxw + FLHw 

zFLMi -- FLxi 4- FLm 
ci = [23.3] 

ZFLMw -- FLxw + FLHw 

Fluxes  of X -  and H + in the diffusion l aye r  of the  solu-  
t ion are  v e r y  smal l  compared  wi th  tha t  of M ~+ in the 
area  shadowed  b y  So, because of  the i r  smal l  consump-  
tion ra te  in tha t  a rea  

J"l < <  J"M, i = X, H [24] 

I t  is seen f rom Eq. [1.1.2] tha t  M'M "-" M. F o r  s impl ic i ty ,  
put  vx --~ z. 

Fo l lowing  the s imi la r  t r ea tments  as in l i t e ra tu re  
(19), the  force component  of the  en t ropy  change 5xdP 
can be expressed  as follows 

TSxaP : T6xaPMo 4- TSxdPMo/Mx 4- T6xdPMx 

4- TSxdPMx/s + TSxdPs 

= (A -- B)soM + ( C - -  D ) s o S ( l - -  d) 

4- ESa~MO/MX + FSACMX/S 4- G5~r 5) [25.1] 

Here  A, B, C, D, E, F, and  G are  posi t ive  var iables ,  
and  

A--  z'--'7 i +  + (Z+vH)F 

RTid i ( t  -- d) 
+ 4 

a~176 4- 2~~ oFai~ o Ax 

iow 
+ - - T  c ' w ( ~  - -  d) 

4 -  C I J " W  4-  ( J " M  4-  C M J " W )  zF'CMvM A [25.2] 

i'Mh 
B = zSFZ~v~ [25.3] 

iow 
C - c'w i - -  J'wc'wii [25.4] 5 

F 
i2Xx 

D -. [25.5] 
Ax { , ( , o )  } 

E --" i - -  - -  1 4- 7 - -  (iMaMZF + 2ioaoF) So 
zF ~ 

[25.6] 
z(1 - -  a'M) 

F = i '~  So [25.7] 
Z ",}- VH 

See Appendix A. 

with  
G ~- i'MSO [25.81 

i~ = zFJM [25.9] 

i~ = - -2FJo  [25.10] 

Ax - zeF2~MV'M + F2n'xv'x + F2n--'HV'H [25.11] 

,ow t '  '( '~ 
=- "zt' 1 + io + J'w [25.12] 

F zF iM 

C'MZF - -  c'xF + C'HF 
c'w - c'i + [25.13] 

~x 

C'MJ'M C'xJ'x C'HJ'H 
C'wii =-- c'Ii + _ -~ {- _ [25.14] 

7~'MV'NI ~%'xV'x n'HV' H 

and ~x is a posi t ive constant  of the o r d e r  of magni tude  
of 1 ( 19), which satisfies 

~.x 1 J'M 2 J 'x  2 J'H 2 
i2 - -  - -  - -  i 2 4- ._- 4- ~ - -  [25.15] 

Ax Ax n ' M V ' M  ~'xV'x ~'HV'H 

The cur ren t  dens i ty  i pass ing th rough  the oxide film 
is control led  main ly  by  the resis tance of the  film, and 
i t  can be expressed by  an exponent ia l  fo rmula  wi th  
respect  to the electr ic  field in the oxide, then  

zF a~ 5d 
M : . . . .  Ar -- [26] 

RT d d 

It  is eas i ly  seen tha t  B in Eq. [25.3] cancels the s ixth 
member  of A in Eq. [25.2] so tha t  A --  B > 0, and  also 
c lear ly  C --  D < 0, then using Eq. [26] 

(A  --  B)  so5i 4- (C - -  D)  iSo5 ( l  - -  d )  < 0 [27] e 

Ignor ing  the terms 5ACMO/MX, 5AOMX/S, and 5~r (4, 5), 
because the change in ~,1~o due to the ox ide  film growth  
is the ma jo r  contr ibut ion  

TSxaP < 0 [28] 

is obtained. This shows that the oxide film formed on 
the metal surface at the pit bottom continues to grow 
until it reaches a steady state and stops growing, pro- 
vided that the film is not very thin.7 

Repassivation process.--Oxide film extension.---Sup- 
pose that  the oxide film extends  its a rea  f rom So to 
So + 8So wi th  thickness  d remain ing  constant .  At  the  
por t ion  85o the reac t ion  

M + z X -  (0') -* MXz(0')  4- ze [29] 

ceases and a series of react ions appea r  

z 1 
M + ~-H~O(0) ~ ~ iV~Oz + zH+ (0) + ze E~)]8 

--M~O. + zX-(2) + zH+ (2) -~ MXz + H20(2) 
2 

[31.i] 
Here  the  reac t ion  [31.1] consists of two steps 

M z+ (I) "-> NI z+ (2) [31.2] 

0 2 - ( 1 )  + 2H + (2) -~ H20(2)  [31,3] 

The  cur ren t  dens i ty  and the affinity of react ions [30], 
[31], and [29] a re  denoted  as il, i2, and i8, and A1, A2, 
and A3, respec t ive ly  

6 See  A p p e n d i x  B. 
I w a s  s h o w n  in  a p r e v i o u s  p a p e r  on pit  initiation (19) that  

h e m ~ p h e r i c a l  h a l i d e  nuc l e i  p r o d u c e d  on  t h e  s u r f a c e  of t h e  pas-  
s ive f i lm c a n  g r o w  i n w a r d s  w h e n  t h e  r a d i u s  s u r p a s s e s  t h e  c r i t i c a l  
v a l u e  v*, A c o n c e n t r a t i o n  of t h e  c u r r e n t  to  loca l  points  on t h e  
s u r f a c e  is n e e d e d  f o r  th is .  A c t u a l l y ,  if  t h e  ha l i de  l a y e r  w a s  in 
c o n t a c t  w i t h  t h e  pass ive  f i lm a n d  c o n s u m e d  i t  f r o m  t h e  ou t s ide ,  
it w o u l d  n o t  h a v e  r e s u l t e d  in  t h e  b r e a k d o w n  of  pasSivi ty  but 
on ly  a t h i n n i n g  of the pass ive  film, w h i c h  w o u l d  stop as the  
s t e a d y  s t a t e  is  r e a c h e d .  Th i s  is s h o w n  b y  t h e  s im i l a r  considera- 
tion s t a t e d  in  t h i s  sec t ion .  

8 T h e  c o n c l u s i o n  r e m a i n s  u n c h a n g e d  i f  t h e  r e a c t i o n  [30] is re- 
p l a e e d b y M  + z H ~ O ~  M ( O H ) ,  + zH* + ze. 
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,, ( ) 
R T  R T  

[32.1] 

~ - - k o x e x p ( ~ M ( 1 )  ) e x p ( v x ~ x ( 2 )  ) 

e x p (  a~176 ) [32.2] 
R T  

i ~ ' - k M x e x p ( V ' x ~ ' x ( O ' ) ) e x p (  ~MxzF~r ) [32,3] 
R T  R T  

and 
z 1 

A1 = #M ~- --'~/'*w(O') - -  -~#M2Oz - -  Z#H(O') ~- zFAOM/MO 

[ 3 3 . 1 ]  

A~ = #M(1) -- #M(2) -- zF~MO/MX [33.2] 

As = #M + Z#x(0') - -  ~ x z  + zFar [33 .3 ]  

The thickness of the oxide film d remains unchanged, 
so that  

~o(1) + 2~H(2) -- ~W(2) - -  2FA~MO/MX = 0 [33.4] 

If at least one atomic layer  of the oxide is involved, 
i~ "= i~., then the force component of the entropy pro- 
duction caused by the above reaction is 

i l + h  
TSxSPMxo -- - -  (Ax + A~ -- A,)~So 

2zF 

= - -  [ ~ w ( 0 ' )  - ~ w ( 2 ) ]  - [ ~ ( 0 ' )  - ~ ( 2 ) ]  
F 

+ F (A~M/MO -- ACM/MX) ~ 5So [34J 

The following equations are used in the above formula 

i l  + is 
= i [35]  

2 

z 1 
~ ( 1 )  + - ~ - ~ o ( 1 )  = - ~ - ~ o ~  [36 .1 ]  

#M(2) + ZpX(0') =]~MXz [36 .2 ]  

The increase in the area of the oxide film by 5So, with 
thickness d constant, causes fur ther  changes: a change 
in material  t ransport  in the hydrous halide, a change 
in the reaction at the interface between the hydrous 
halide and the solution, and a change in material  t rans-  
port in the solution. The force components of the en- 
t ropy production changes due to these processes are 
designated as 5xSPMx, 5xSPMx/S, and ~xSPs, respectively. 

The total change in the entropy production ~xSP due 
to the change in forces is, neglecting for simnlicity, the 
flux of X -  in the solution which accompanies the re- 
action [29] 

TSxsP ~ T~xSPMxo + TSxSPMx + T~xSPMx/s + TSxSPs 

= (A'  -- B') (1 -- ~) (it -- ia)SSo -- (C' -- D')iSSo [37.1] 

where ~ is a correction due to the secondary current  in 
the area shadowed by 5So, and A', B', C', and D' are 
positive variables defined by 

( ' )  • A'= d 'w-- '~  C'w(l--d)+ Ax 

+ cIJ"w + (J"M + CMJ"w) __ 

B p ~_ 

R T  

(z + VH)F 

t A [37.2] 
ZFCM?JIv~ 

i'MA 
Z2F2ffMVM [37.31 

1 z(1 -- a'M) 
C' -- - -  5g~(2) (1 --  O 5ACMX/S 

F z + v n  

- -  ( 1 - -  e)Shr [37.4] 

D' - A~M/MO - -  ACM/MX [37.5] 

The following relationships are used in the above 
equation 

8So 
5i = (h -- h)  LSSo ] [37.6] 

~w(0') -- ~w(2) *-- -- 5~w(2) = C'wM [37.7] o 
where Eq. [37.7] is obtained from Eq. [7.3], [9], [19.2], 
[19.3], and [20.1] with 5 ( / - -  d) = 0. 

Taking into account that  the four th  member  of A '  
cancels B', it is seen that A' -- B' > 0. For a very  thin 
oxide film A~M/MX *"- A@M/MO, SO that D' = O. It  is ap- 
parent  also that  il -- /3 < 0. Then Eq. [37.1] becomes 

TSxSP < 0 [38] 

It is shown therefore that  the oxide film formed on the 
pit bottom by reaction [30] leads to the repassivation 
of pits, if the rate of the oxide formation surpass the 
rate at which it dissolves by [31.1], so that  at least a 
monolayer  oxide film can exist 

i1>/2 ,  at d = a  [39] 

If the film thus extending is too thick, D' should 
rise in Eq. [37.1], and the above conclusion cannot 
necessarily hold. This suggests the repassivation mecha-  
nism, whereby a very  thin (but more than monolayer)  
oxide film first appears and extends over the whole 
active surface on the pit bottom, then increases i t s  
thickness, resulting in complete repassivation. 

The repassivation po ten t iaL- - I t  has been shown by 
the above considerations that the oxide film formed 
on the pit bot tom which satisfies Eq. [39] can grow 
continuously and lead to repassivation. A critical con- 
dition exists, at which il = i2 for a monolayer  oxide 
film. The potential at this condition shall be' called the 
critical pitting potential Ecp. Substituting Eq. [33.4] 
into Eq. [32.2] for i2 and equating it with Eq. [32.1] 
for  il 

In ~k~oJ + ~  ~ M ( 1 )  ~cCM/MO "- aMoZF ~MoZF 
Z 

- -  vx,x(2) + ~-ao[#o(1)  + 2#H(2) - -#W(2) ]  

- vw~w (0 ' )~ [40] 

The chemical potential of H20 in the hydrous halide 
should attain a critical value at this condition at the 
interface with the metal 

#w(0') = ~w(2) = ~*w [41.1] 

During pitting corrosion, a concentration of X -  and 
H+ in the solution in contact with the hydrous halide 
should be kept above critical values (28, 29), so that  

#x(4) = ~*x [41.2] 

~H(4) = ~*H [41.3] 

From Eq. [7.3], [9], [12.2], [14.2], [15.2], [16], [22], 
[33.4], [40], [41.2], and [41.3], the potential of the 
metal Ecp at this critical condition is 

Ecp = Ac~I'M/Mo + ,Ac.~MO/MX -'{-" ~cOMX (2, 3)  

VX - -  ZO~OX 
+ ~r + A~r 5) = E*ep -F [AcOMX(2,3) 

aMO Z 

1 { ~xJ'x +Z(aMO+aOX)J'H ) 1 
+ ~ M x / s ]  + ar~oZF ~'xV'x ~'HV'H 

RT ( "yx(4)C*x a d"x 
+ -~- In ) ~xVx [42.11 \ ,~xSCx s F 
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with 
( k o x ~  1 [ ~ . M  ~ 

aMoZF 

{ Z ( a M O ' ~ a O X )  } 
-- 2 {- vw ~*w 4" vx~*x 

+ z(aMo q- aox);~*H J [42.2] 

where ~*MO is the chemical potential of the metal  oxide 
of stoichiometric composition 1YI2Oz(aMO + aOX) 

(~Mo + ~ox) 
~*MO ------ #~(1) q- ~o(1) [42.3] 

2 

and 3'x(4) and 7x s are the ,activity coefficients, C*x is 
the critical X -  concentration, and Cx s is the concentra-  
tion of X -  in the bulk of the solution 

~x(4) = # * x = ~ ~  [42.4] 

#x s -" #~ ~ RT In (-yxSCx s) [42.5] 

Fluxes of species other than M z+ should be very  
small at the stage where the oxide film is formed, so 

r �9 t �9 # t r that  J x ---- 0, J H ---- 0, and J x = 0. Because of the large 
electrical conductance of the ~ydrous hahde  and the 
small current  density during repassivation, it is seen 
that  

%�9 3) + Ac~MX/S --A~*MX/S = const. [42.6] 0 

From the above equations it follows that  

RT ) [43] Ecp "- E*ep q- ----f- In ( "yx(4)  C*x 
,;xSCx s 

A critical potential at which the monolayer  of oxide 
can appear  is thus determined. ~0 

In  order  for the repassivation to proceed, il should 
be larger  than /2 at the appearance of the monolayer  
of the oxide so that  it can grow. The rates il, /2, and i3 
of the reactions [30], [31.1], and [29] at the pit bot tom 
are illustrated schematically in Fig. 3. In  the figure, 
the repassivation starts as the potential of the metal 
becomes E < E~p. It  shou ld  be noted, however,  that  
the oxide film needs to grow, and this growth results 
in the decrease in the current, and hence the decrease 
in concentration of X -  and H + below the critical values 
given by Eq. [41.2] and [41.3] so that  protection of metal 
surface is completely accomplished against corrosion. 
Then pitting stops absolutely. From this it follows that  
the repassivation potential is not  strictly consistent 
with the critical pitting potential defined by Eq. [43], 
but  the two potentials may be considered to be quite 
closely related to each other. 

Discussion 
If  the potential of a metal  is decreased f rom the state 

where  pitting is in progress, it eventual ly brings about 
repassivation and stops the pitting. The steps in re-  
passivation are as follows: a thin oxide film forms on 
the metal  surface which, in contact with the nonpro-  
tective film, is s trongly corroding at the pit bottom, 
then the oxide film extends over the active area of the 
pit, and finally becomes a passive film which prevents 
dissolution of the metal  (see Fig. 4). 

The pit repassivation potential referr ing to this 
stage sometimes shows discrepancies with the pit ini- 
tiation potential by  several tenths of a volt (1, 7, 21). 
Theories of pitting corrosion with considerations of 
local destruct ion-repair  processes of a passive film (30), 
local dissolution through passive film flaws (14), or 

~If  the  rate  of  f o r m a t i o n  of t h e  h y d r o u s  h a l i d e  is cons idered  
to  b e  so  sma l l  t h a t  I --.> 0, t h e n  A~*~x/s ~ 0. 

~o I t  w a s  n o t  exp l i c i t l y  t a k e n  i n t o  a c c o u n t  in  Eq.  [43] t h a t  t h e  
oxide  f i lm f o r m e d  on  t h e  m e t a l  s u r f a c e  b e c o m e s  s t ab l e  through  
the  a m o u n t  of s u r f a c e  f r e e  e n e r g y .  A c t u a l l y  this  contr ibut ion  
should  b e  inc luded i n  p,*~o in  Eq.  [42,3]. 

/ i3 
/ / i2 / 

/ 
, / 

/ / 
/ �9 

// , / ~ d  ~a) 

//~'~f___..------~ il(d >>a) 

Ecn E 

Fig. 3. Variations of i l ,  ~a, and /3 as o function of the potential 
of the metal E. Units of axes are arbitrary, i1: rate of the oxide 
formation. /2: rate of the oxide dissolution, i:;: rate of the metal 
dissolution. Ecp: critical pitting potential. 

SOL. 
c::::> M, 0 MX 

M 

MO MO 

Fig. 4. illustration of a process leading to pit repassivation. M: 
metal. MO: oxide film. MX: nonprotective metal halide. Sol.: solu- 
rio,. 

thermodynamic  stability of forming phases (H,  12) 
cannot successfully explain the existence of the above 
two potential values. The t ransport-based acidification 
theory (31, 32) explained the phenomena,  but it could 
not always be the case for  hemispherical brightening 
pits. 

The present theory suggests that  the repassivation 
potential is very  close to the critical pitting potential 
defined by Eq. [43]. However,  the pit initiation poten- 
tial includes probabil i ty factors due to fluctuations, as 
reported previously (19), and thus depends on the 
history of the specimen, such as the passive film thick- 
ness or other experimental  conditions. The case can 
exist where a high anodic polarization is required for 
pit initiation or, in an extreme case pits cannot be ini- 
tiated at all. This is in contrast to the case of repassiva- 
tion, and this discrepancy comes from the difference in 
the electrical conductance of the passive film and the 
nonprotective halide film. 

The ~it initiation potential coincides with the critical 
pitting potential Ecp only when the passive film becomes 
very  thin (Appendix  C). This is in accordance with the 
experimental  results using the "scratch method" (9). 
Among various methods of measuring pitting poten-  
tials, the potentiokinetic method seems advantageous 
because of its ease, but  application merits caution be- 
cause of the time lag for the occurrence of pitting (1). 
If  the critical pitting potential defined by Eq. [43] is 
recognized as a characteristic value of pitting, then 
the repassivation potential determined experimental ly 
acquires practical importance, because it can be re-  
peatedly measured by a potentiokinetic method as com- 
pared to the pit initiation potential (21). Thus, the 
significance of the pit repassivation potential should be 
stressed, both theoretically and experimental ly (7, 
20, 21). 

Manuscript  submitted May 4, 1983; revised manu-  
script received Dec. 10, 1983. 
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A P P E N D I X  A 
I t  is obta ined  f rom Eq. [7.2], [7.3], [20.2], and  [20.3] 

C'MJ'M C'xJ'x C'HJ'H \ 
-J'w c',i + a, v,M+ so= 

-- J 'wc'I (zFL'Mw -- FL'xw -~ FL'Hw)A/~'wSo [ A - l ]  

as c'~ ~ 0 and h~'w ~ 0, the r i gh t -hand  side becomes 
positive. 

A P P E N D I X  B 
It  is seen f rom Eq. [25.4] and [25.5] tha t  C ~ D. 

Using Eq. [25.2], [25.3J, and [26], and assuming a con- 
s tant  thickness of the hydrous  hal ide  l 

(A -- B)soSi + (C -- D)isoS(l -- d) -- 

0 ( i~x 

The electr ic  field in the oxide film is much s t ronger  
than  that  in the hydrous  halide,  so tha t  above equat ion 
becomes negat ive  wi th  the increase  in d. 

APPENDIX C 
In  o rde r  for  p i t t ing  to occur on the passive metal ,  

hemispher ica l  ha l ide  nuclei  whose radius  is l a rge r  than 
the cri t ical  value  r* should be genera ted  in the passive 
film (19). In  Eq. [51] of Okada  (19), a smal l  thickness  
of the passive film, and hence a large cur ren t  densi ty  
passing through the ha l ide  nuclei,  results  in a smal l  
r*, and p i t t ing  is more easi ly ini t iated.  In  the ex t reme  
case when the thickness of the passive film is as smal l  
as the o rde r  of a, i : il  : i2 a t  the cr i t ical  p i t t ing  po-  
tent ia l  Ecp and becomes even g rea te r  as the potent ia l  is 
raised. A cr i t ical  condit ion is real ized in this case for 
pi t  ini t iat ion,  in which  the hal ide nuclei  wi th  the 
smal les t  size of a can grow and lead to pit t ing.  More-  
over, the potent ia l  drop  across the ha l ide  nuclei  takes  
a min imum value of about  RT/F, so tha t  the poten t ia l  
at  this condit ion is ve ry  close to Ecp. If the poten t ia l  is 
lower  than  this value,  an oxide film of any  thickness 
can grow, and is not  b roken  by  the hal ide  nuclei.  

REFERENCES 
1. W. Schwenk,  Corros. Sci., 5, 245 (1965). 
2. Z. S z k a r s k a - S m i a l o w s k a  and M. Jan ik-Czachor ,  

Br. Corros. J., 4, 138 (1969). 

3. M. Jan ik-Czachor ,  G. C. Wood, and G. T h o m p s o n ,  
ibid., 15, 154 (1980). 

4. W. Schwenk,  Corrosion, 20, 129t (1964). 
5. T. P. Hoar  and D. C. Mears, Proc. R. Soc. London, 

Ser. A, 294, 486 (1966). 
6. T. P. Hoar,  Corros. Sci., 7, 341 (1967). 
7. M. Pourbaix ,  L. Kl imzack-Math ie iu ,  Ch. Mertens,  

J. Meunier ,  C1. Vanleugenhaghe,  L. de Munck, J. 
Laureys ,  L. Neelemans,  and M. Warzee,  Corros. 
Sci., 3, 239 (1963). 

8. L. I. F r e ima n  and Lap Le Min, Z. Phys. Chem., 252, 
65 (1973). 

9. N. Pessal l  and C. Liu, Electrochim. Acta, 16, 1987 
(1971). 

K. J. Vet te r  and H.-H. St rehblow,  "Localized Cor-  
rosion," p. 240, NACE, Houston (1974). 

K. J. Vetter ,  Bet. Bunsenges. Phys. Chem., 69, 683 
(1965). 

Ja. M. Kolo tyrk in ,  Corrosion, 19, 261t (1963). 
T. P. Hoar, D. C. Mears, and G. P. Pothwel l ,  Corros. 

Sci., 5, 279 (1965). 
J. A. Richardson and G. C. Wood, ibid., 10, 313 

(1970). 
N. Sato, Electrochim. Acta, 19, 1683 (1971). 
H. Kaeshe,  Z. Phys. Chem. N.F., 34, 87 (1962). 
W. Schwenk,  Corros. Sci., 3, 107 (1963). 
T. Okada  and T. Hashino, ibid., 17, 671 (1977). 
T. Okada,  This Journal, 131, 241 (1984). 
M. Pourbaix ,  Corrosion, 26, 431 (1970). 
T. Okada,  Denki Kagaku, 49, 584 (1981). 
T. P. Hoar,  This Journal, 117, 17C (1970). 
D. D. Fitts,  "Nonequi l ib r ium Thermodynamics ,"  

Chap. 4, M c G r a w - h i l l ,  New York (1962). 
S. G. Schultz,  "Basic Pr incip les  of Membrane  

Transpor t , "  Chap. 4, Cambr idge  Univers i ty  Press,  
Cambridge,  England  (1980). 

P. Glansdorff  and I. Pr igogine,  "Thermodynamic  
Theory  of St ructure ,  S tab i l i ty  and Fluctuat ions ,"  
Chap. 9, Wi ley- In tersc ience ,  London (1974). 

K. J. Vetter,  "Elect rochemical  Kinetics,"  Chap. 6, 
Academic  Press,  New York (1967). 

H. J. Engell ,  Z. Phys. Chem. N.F., 7, 158 (1956). 
K. E. Heus ler  and L. Fischer,  Werkst. Korros., 27, 

551 (1976). 
N. Sato, This Journal, 129, 260 (1982). 
K. Videm, Kje l l e r  Repor t  KR-149, Ins t i tu te  for 

Atomenergi ,  Kje l ler ,  Norway  (1974). 
J. R. Galvele,  This JournaL, 123, 464 (1976). 
J. R. Galvele ,  Corros. Sci., 21, 551 (1981). 

10. 

11. 

12. 
13. 

14. 

15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 

24. 

25. 

26. 

27. 
28. 

29. 
30. 

31. 
32. 

Dye Loaded Polymer Electrodes 
III. Generation of Photogalvanic Effects at n-Sn02 Electrodes Coated with Poly(4-Vinyl Pyridine) 

Films Containing Rose Bengal 

Prashant V. Kamat and Marye Anne Fox* 
Department of Chemistry, University of Texas, Austin, Texas 78712 

ABSTRACT 

Conducting SnO2 electrodes precoated with poly(4-vinyl pyridine) can electrostatically bind an anionic dye, rose 
bengal,  within the protonated polymer matrix. When this modified electrode was dipped into an aqueous solution con- 
taining a suitable redox couple and i l luminated in the dye absorption band, anodic photogalvanic effects were seen. The 
improved photogalvanic performance of the dye-loaded polymer electrodes has been at t r ibuted to high dye concentra- 
tions near  the electrode surface, longer lived excited states, and stabilization of the photogenerated electroactive species. 

One area  of recent  in teres t  r e l evan t  to the direct  
conversion of l ight  energy  to e lect r ica l  ene rgy  is the 
s tudy of d y e - r e d o x  systems capable  of genera t ing  
photogalvanic  effects (1, 2). Despite cont inuing efforts 
to improve  the per formance  of  photogalvanic  cells, the 
sunl ight  engineer ing  efficiency has r emained  low. 

* Electrochemical Society Active Member. 
Key words: photogalvanic effects, polymer-coated electrodes, 

rose bengal, modified electrodes, semiconductor electrodes. 

T h l o n i n e - F e ( I I )  system, a wide ly  s tud ied  photoga l -  
vanic system, has y ie lded  impor tan t  informat ion  on the 
photochemical  and e lec t rochemical  de te rminan ts  of 
power  conversion efficiency in photogalvanic  cells 
(4-6).  High concentrat ions  (0.01-0.1M) of the l ight  
absorbing dye are  thought  to be necessary  to optimize 
the efficiency of  these photogalvanic  cells (7),  but  
recent  work  suggests that  use of such high dye concen-  
t ra t ions  in homogeneous  solut ion m a y  lead  to w a s t a g e  
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of absorbed quantum energy via self-quenching and 
competitive absorption (8). 

Other attempts to improve the performance of photo- 
galvanic cells have involved either improved cell 
design [e.g., thin layer cells with transparent  elec- 
trodes (3)] or the use of nonhomogeneous media 
[e.g., microemulsions (ga), gels (gb), membranes (10), 
or chemical bonding of the dye to a polymer chain 
(11)]. So far, however, no major breakthroughs in 
improving the efficiency of l ight-to-electr ical  energy 
conversion have been achieved. 

In our earlier studies, we showed that anionic dyes 
can be successfully incorporated into protonated 
poly(4-vinyl  pyridine) (PVP) films (12). The electro- 
activity of theae dyes could still  be retained in the 
films, and these dye-loaded polymer electrodes ex- 
hibited several interesting electrocatalytic properties 
(12, 13). Furthermore, the excited states of several 
xanthene dyes could be stabilized by dispersing them 
in a polymer film (14). Up to an order of magnitude 
enhancement in fluorescence yield was seen on micro- 
encaging the dye within a polymer (15). 

In our continuing investigation of dye-loaded poly- 
mer electrodes, we have sought to generate and study 
photoelectrochemical effects at these modified elec- 
trodes. We now present our results on the photogal- 
vanic effects induced by sensitization by rose bengal 1 

E1 

I I 
1 

electrostatically held within a PVP film coated on 
conducting ShOe electrodes and immersed in an 
a q u e o u s  s o l u t i o n  containing a suitable galvanic redox 
couple. 

Experimental 
Materials.--Rose bengal, 1 (Fisher Scientific), was 

chromatographically purified (16) over 200-300 mesh 
silica (E. Merck) using a 35:65 mixture of acetone: 
ethanol as the eluent. Poly(4-vinyl  pyridine) ,  PVP, 
was used as supplied by Polysciences. All other chemi- 
cals were analytical reagents and were used without 
further purification. All a q u e o u s  s o l u t i o n s  were made 
with Millipore-fil tered water. 

Preparation of dye-loaded polymer eZeetrodes.~ 
Highly conducting SnO2 electrodes, cut from NESA 
glass (PPG Industries),  were cleaned and dried (13). 
The conductive surface of the glass plate was then 
coated with a PVP film by applying a solution of 1% 
PVP in ethanol and allowing the solvent to evaporate. 
The PVP-coated electrode (SnO2/PVP) was then 
soaked for 10 min in an aqueous solution of I (ca. 
1 mM) buffered to pH 3 with 0.1M CF3COONa and 
CFsCOOH. The electrode was then washed thoroughly 
with water. Coloration of the PVP film confirmed the 
incorporation of the dye into the polymer film. Such 
electrodes will be referred to as SnO2/PVP/1. Typi-  
cally, the polymer films were 0.1 #m thick (as deter-  
mined with a Sloan Dektak surface profilometer) and 
had a surface coverage of 2-10 X 10 .9 mol/cm 2 of the 
dye. (In other words, one could achieve a dye concen- 
tration up to 1M in the polymer film.) Dye deposited 
within the polymer was tightly bound and did not leak 
into solution during the time scale of the experiment.  

Photoelectrochemical measurements.--The photoelec- 
trochemical cell was a standard three-compartment 
cell equipped with Pt foil (2 cm 2) as counterelectrode 
and a saturated calomel electrode (SCE) as reference. 
The SnOJPVP/1  electrode (2 cm 2) was i l luminated 
with a collimated beam from a 250W halogen lamp, 
filtered with a 460 nm cutoff filter (Corning). The il-  
luminated semiconductor was placed within 1 cm o f  
the dark metallic counterelectrode. The equilibrated 
solution resistance was ,-~1 lUt. Light intensity at the 
i l luminated electrode was 120 mW/cm e. For excitation 
with selected wavelengths, a Bausch and Lomb high 
intensity grating monochromator was inserted in the 
path of illumination beam. Absorption spectra were 
recorde d with a Hewlett Packard 8450 spectropho- 
tometer. Photovoltages and photocurrents were mea- 
sured with a Keithley (Model 177) microvoltmeter. 
Flash photolysis and pulse radiolysis experiments were 
carried out with standard equipment available at the 
Center for Fast Kinetic Research, University of Texas 
at Austin. Details of analogous pulse experiments have 
been reported elsewhere (14). 

Results and Discussion 
Excited state characteristics.--A typical absorption 

spectrum of SnO2/PVP//  is shown in Fig. 1.1 incor- 
porated within the polymer film retains its absorption 
characteristics, but exhibits a red shift in its absorp- 
tion maximum C~max = 572 nm in the PVP film, 558 
nm in ethanol).  Such a red shift in the absorption 
maximum has been at tr ibuted to microencagement o f  
the dye by the polymer, consequences of which have 
been discussed in detail  elsewhere (14). A high mono- 
mer- to-d imer  ratio, determined by the relative in- 
tensity of the absorbance at the peak maximum (mono- 
mer) and at the (dimeric) shoulder, indicated little 
aggregation of the dye in the polymer film. Thus, 
despite achieving high dye concentrations (around 
1M) in the 0.1 ~m thick PVP film, most of the dye i s  
held in monomeric form. 

With SnO2 electrodes coated by direct electron 
deposition of thionine (12), the dye absorption spec- 
trum exhibited a broadened absorption band, suggest- 
ing substantial aggregation form. Since aggregated 
dye does not significantly contribute to the generation 
of photogalvanic effects (18), observation of only small 
currents with such modified electrodes is understand- 
able. With our present dye-loaded polymer electrodes, 
in contrast, it is possible to achieve relat ively high 
concentrations of photoactive monomeric dye near the 
electrode surface. Dye loaded films of optical densities 
near 1.0, which allowed efficient absorption of the in- 
cident photons, could be prepared easily. 

Other excited state properties of 1 in homogeneous 
and polymer containing solutions are given in Table I. 
An interesting feature of polymer microencagement i s  
seen in the stabilization of the triplet  state of the dye. 
A similar increase in the excited-state lifetimes of 
xanthenes was also seen upon incorporating them into 
the polymer films cast on SnO2 electrodes (14). An 
increased dye excited-state lifetime is expected to 
increase the efficiency of generation of electroactive 

Table I. Excited state characteristics of rose bengal in ethanol 

No PVP O.01M PVP 

Abs.  Max, So -- $1 ( n m )  558.00 565.00 
Em. Max, $1 -- So ( n m )  580.00 586.00 
T, b $1 -- So (ns )  0.66 1.10 
Abs.  Max, T~ -- Tn (rim) 600.00 610.00 
r,~ T1 -- So (/~s) 90.00 205.00 
kqa (10 s m - i  s- l )  2.90 0.30 

a Specif ic  rate  for  the  g r o u n d  s tate  quench ing  of  tr ip le t  dye  
in e thano l  at r o o m  t e m p e r a t u r e .  

b Radiat ive  l i f e t imes .  
e M e a s u r e d  f r o m  the  deca y  os r-T absorption.  
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Fig. I .  Absorption spectra of 
transparent n-SnO~ at various 
stages of modification: ( - - - )  
native Sn09; ( . . . . .  ) Sn09/  m 
PVP; ( - - )  5 n O ~ P V P / I  and 
( . . . .  ) i O - S M  I in ethanol. 
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reduced forms of the dye  by  enhancing the effective 
Fe ( I I )  e lect ron t ransfe r  quenching sphere.  

Photogalvanic e~ects in homogeneous solution.m 
Photogalvanic  effects produced by  I and severa l  redox  
sys tems in homogeneous solution have been descr ibed 
before.  With  a solut ion conta ining 1 and EDTA, a 
photovol tage  and a pho tocur ren t  of 19 mV and 0.025 
#A/cm~, respect ively,  are  observed (19) wi th  l ight  in-  
tensi t ies  such as we used here.  This pho tocur ren t  is 
two orders  of magni tude  lower  than  that  a t ta ined  with  
our  po lymer -modi f i ed  electrode (see be low) .  

The resul ts  of  photogalvanic  exper iments  obta ined  
by  backface i l lumina t ion  of SnO2 in contact  wi th  a 
homogeneous solut ion containing the F e ( I I ) / ( I I I )  
couple are  l is ted in Table II. Upon exci ta t ion in the 
absorpt ion  band of the dye, F e ( I I )  ions quench the 
exci ted  dye, producing  an e lect roact ive  reduced  form 
of 1. The specific ra te  of quenching of t r ip le t  I (2.0 • 
10-~M) b y  F e ( I I ) ,  moni tored  wi th  nanosecond laser  
flash kinetics,  was 4.5 • 10SM -1 s -1 in 0.1M CF~COONa 
(pH 3.5). A longer  l ived t rans ient  of ~800/~s l i fet ime,  
observed  by  recovery  f rom bleaching of 1 at  540 nm, 

o 

was also detected.  We bel ieve this long- l ived  t ransient ,  
which was ident ica l  wi th  one produced  by  pulse  
radiolys is  of an aqueous solution of 1 (p robab ly  a re -  
duced form of I ) ,  is p roduced  as a resul t  of e lectron 
t rans fe r  be tween  t r ip le t  I and F e ( I I )  and tha t  i t  is 
responsible  for  the observed photogalvanic  effect. 

The m a x i m u m  photovol tage  and photocur ren ts  ob-  
ta ined at  unmodified SnO2 electrodes were  --30 mV 
and 0.35 ~A/cm 2. The poor pe r fo rmance  of this  photo-  

galvanic cell could be attributed to the low concentra- 
tion of the electroactive reduced dye at the electrode 
surface and to the competition between dye and Fe 111 
in quenching the anodic current by back electron 
transfer at the working electrode. 

Photogalvanic e~ects at SnO2/PVPII.--When the  
unmodified SnO2 elect rode was rep laced  by  SnO2/ 
PVP/1  in the same solution, the  magni tude  of the  
photogalvanic  effect was g rea t ly  enhanced.  Since the 
ma jo r  contr ibut ion  to the observed effect came f rom 
the dye present  in the  film ra the r  than  f rom dye in 
solut ion (Table  I I ) ,  op t imal  photoeffects were  obta ined  
wi th  the SnO2/PVP/I in the  absence of dye in the 
electrolyte .  The op t imum elec t ro ly te  F e ( I I )  concen-  
t ra t ion  was found to be ,-,0.01M. This same concent ra-  
t ion of Fe (II)  was then employed  in the exper iments  
to be discussed below. 

A typica l  photogalvanic  response at  SnOJPVP/1 to 
i l lumina t ion  is shown in Fig. 2. The response was 
ins tant  and reproducib le  in the  presence of F e ( I I I ) /  
F e ( I D .  Even af ter  ex tended  i r rad ia t ion  per iods  (sev-  
era l  hours) ,  more  than 75% of the or ig inal  photo-  
vol tage is re ta ined.  Upon increas ing the dye content  in 
the po lymer  film (Table  I I I ) ,  increased photocur ren ts  
were  observed  wi th  dye surface coverage up to 4.5 X 
10 -9 mols / cm 2. Fu r the r  increase  in the dye coverage,  
i.e., to concentrat ions giving opt ical  densi t ies  ~0.5, did 
not increase  the  photocurrents .  

Our  dye - loaded  po lymer  e lect rodes  could be i l -  
l umina ted  f rom e i ther  the  back  face or  th rough  solu-  
t ion (Scheme 1). With  f ront - face  i l luminat ion,  only  a 
smal l  f ract ion of the l ight  reaches  the  e lect rode surface  

Table II. Photogalvanlc effect in rose bengal-Fe(ll) system a 

SnOj 

[ 1 ] [Fe  (II)  ] b P h o t o v o l t a g e c  A n o d i c  p h o t o c u r r e n t r  P h o t o v o l t a g e  c 
(10-5M) (10-~M) (mY --.+ 5 mY) (pA ~ 0.01/~A) (mY ----. 5 mY) 

SnO~/PVP /1 

Anodlc p h o t o c u r r e n t  �9 
(pA----. 0.1,~A) 

0.0 0.5 0 0.0 - 100 1.5 
0.0 1.0 0 0.0 - 135 2.5 
0.0 2.5 0 0.0 - 90 2.5 
2.0 0.5 -- 15 0.1 -- 95 1.5 
2.0 1.0 -- 33 0.6 --  110 2.5 
2.0 2.5 - -20  0 ~  - -75  2.4 
4.0 1.0 -- 30 0.7 -- 105 2.4 

�9 Electrode area = 2 cm ~, electrolyte: 0.1M CFsCOONa (pH 3). 
b a t  o p e n  c ircu i t  w i t h  n o  appl i ed  p o t e n t i a l ,  w e  a s s u m e  t h e  F e ( I I ) / F e ( I H )  to  b e  s i gn i f i can t ly  d o m i n a t e d  b y  Fe(TT).  
c P h o t o v o l t a g e  and  p h o t o c u r r e n t  r e f e r  to  open-c i rcu i t  and  short -c ircui t  cond i t i ons ,  r e s p e c t i v e l y .  
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Fig. 2. Response of photogolvanic effect at (A) SnO~/PVP//and 
its stability over extended period of illumination. Film thickness = 
0.1 ~m. Surface coverage of I = 4 • 10 -9  mol/cm 2. Electrode 
area = 2 cm ~. Electrolyte = O.01M FeS04, 0.1M CF~COONa 
(pH 3). 

and, in fact, f ron t - face  i l lumina t ion  of SnO2 /PV P/1  
led to a drast ic  decrease in the shor t -c i rcu i t  cu r ren t  
at h igh dye surface coverages.  Since nea r ly  the same 
photocur ren ts  were  observed when the i l lumina t ion  
was done f rom the f ront  or back face of dye containing 
po lymer -coa t ed  electrodes of lower  opt ical  density,  
these observat ions  suggest  that  the dye molecules  
d ispersed close to the e lec t rode  surface,  i.e., the first 
few monolayers ,  a re  responsible  for genera t ing  the 
photogalvanic  effect. Thicker  films led to decreased 
photocur ren ts  in both f ron t -  and back- face  i l l umina -  
tion, p r e sumab ly  because  of reduced  mass t r anspor t  
th rough  the th ick  layer .  A s imi lar  dependence  of the 
magn i tude  of the  pho tocur ren t  on the po lymer  film 
thickness was observed wi th  Nat ion-coated  SnO2 elec-  
t rodes loaded wi th  Ru(bpy)~  2+, where  s low charge 
t r anspor t  in the  th ick films l imi ted  the genera t ion  of 
pho tocur ren t  (20). 

F igure  3 shows the photoact ion spec t rum observed  
at  SnO2/PVP/1.  The m a x i m u m  observed a round  565 
nm coincides wi th  the  (S0-S1) absorpt ion  band  of the 
dye. This confirmed our  suspicion tha t  the observed 
effect was in i t ia ted  upon dye exci tat ion.  The observed  
pho tocur ren t  spec t rum is r a the r  b road  due to the  wide-  
band  exci ta t ion  source, but  the correspondence  of the  
s ingle peak  in the photoact ion spec t rum wi th  the  mono-  
mer  absorpt ion  band confirms the prev ious ly  r epor t ed  
observat ion  (18) that  only  monomer ic  dye is act ive in 
producing  photoga lvanic  effects. 

The  dependence  of pho tocur ren t  and photovol tages  
on l ight  in tens i ty  are  shown in Fig. 4. The pho tocur ren t  
var ied  l inear ly ,  whi le  the  photovol tage  increased  log-  
a r i thmica l ly  wi th  the incident  l ight  intensi ty .  S imi la r  
dependence  on the l ight  in tens i ty  has been observed  
also in homogeneous th ion ine- fe r rous  sys tems (4, 
9, 1 8 ) .  

Back Face 

Illumination 

/ / ' /  

Y o ~  
/ f /  
/ / /  

SnO 2 

Dye ~ +  Fe (11) 

1 
Dye-+ Fe ( i l l )  

" ' ) "  Dye 

( 

Front Face 
Illumination 

( 

Polymer Film 

Scheme I. Schematic diagram representing possible modes for the 
generation of photogalvanic effects at o dye-loaded polymer 
electrode. 

Table III. Influence of varying dye concentration in SnO~PVP/I 
on the generation of photogalvanlc effect a 

Total surface coverage  of 1 Anodic photocurrent ( ~  • 0.1 ~ )  
10 -9 m o l / c m  2 Front  face  Back face  

0.0 b 0.0 0.0 
2.Oh 2.5 3 ~  
4.5b 3.2 8.6 
6.Oh 1.5 3.1 

15.0b 0.8 8.0 
5.0~ 0.8 1.0 

a In deaerated 0.01M FeSO,, 0.1M CF~COONa (pH 3); e lectrode  
area  = 2 cm ~. 

b 0.1 #m thick film. 
e 0 .5/zm thick film. 

The influence of a sacrificial  redox  sys tem on the 
magni tude  of the  observed photoga lvanic  effect at  
SnO2/PVP/1 was also de te rmined .  When an aqueous 
solut ion of  "0.02M EDTA was employed  as the redox  
electrolyte ,  up to 250 mV of photovol tage  and 2 ~A/  
cm 2 of photocur ren ts  were  observed.  However ,  the  
photocur ren ts  observed wi th  EDTA were  ne i the r  as 
reproduc ib le  nor  as s tab le  as wi th  the Fe ( I I ) / F e  (III)  
redox system. Decreased photovol tages  and photocur -  
rents  were  seen in successive i l lumina t ion  periods.  
Af te r  ,-,10 min i l luminat ion,  the ini t ia l  pho tocur ren t  
had d iminished to less than  half  of its or ig ina l  value.  
Presumably ,  the dye  in the po lymer  film undergoes  
some i r revers ib le  photochemical  react ion wi th  EDTA 
and hence loses its photoe lec t rochemical  act ivi ty.  

Mechanism.--Our ear l i e r  e lec t rochemical  s tudies  
have indica ted  that  the  e lec t roac t iv i ty  of anionic dyes 
incorpora ted  in the  pro tona ted  PVP film could be r e -  
t a ined  a lmost  comple te ly  when  in contact  wi th  a re -  
vers ib le  aqueous redox  sys tem (12-14). The po lymer  
film can be rega rded  as the s ta t i s t ica l  equiva len t  of 
severa l  monolayers  (21) ,  where  charge  p ropaga t ion  
occurs th rough  elect ron hopping be tween  ad jacen t  
reduced  and oxidized states. 

We there fore  propose the fol lowing mechanism to 
account for pho tocur ren t  production.  Upon i l l umina -  
tion of SnO2/PVP/ I ,  dye I in the  PVP film is exci ted.  
Fe  ( I I ) ,  also presen t  in the PVP film (22), quenches the  
long- l ived  t r ip le t  s tate of the  dye, p roduc ing  an elec-  
t roact ive  reduced form of I (Eq. [1] and [2]) 

J 

hv 
I m 11" -~ 31" [1] 

m J m 

Sl* + F e ( I I )  -> 1 -  ~ F e ( I I I )  [2] 
m 

_/- -F Fe  (III)  --> 1 -t- F e ( I I )  [3] 

If  the  back  e lec t ron  t ransfer  (Eq. [3]) is re ta rded ,  I -  
undergoes  heterogeneous  e lec t ron t rans fe r  to the She2  
electrode,  leading  to an anodic cur ren t  flow. Whi le  I -  
genera ted  close to the surface can quickly  t ransfer  
charge to the electrode,  a species fu r the r  f rom the 
e lec t rode  surface mus t  p ropaga te  its charge via  e i ther  
diffusion or an e lect ron hopp ing  mechanism.  The r e -  
sul ts  of f ron t -  and back- face  i l lumina t ion  (Table  I I I )  
exper iments  suggest  tha t  this p ropaga t ion  is not  effi- 
cient  and that  only  the dye molecules  in the  first few 
monolayers  (close to the e lec t rode  surface)  cont r ibu te  
to the genera t ion  of photogalvanic  effects. 

Photochemica l ly  genera ted  F e ( I I I ) ,  Eq. [2], because 
of addi t ional  e lec t ros ta t ic  repuls ion be tween  cationic 
PVP and the more  pos i t ive ly  charged F e ( I H ) ,  is 
repe l led  f rom the film into solution. F e ( I I I )  then  wi l l  
u l t ima t e ly  be reduced  at  the countere lect rode,  t h e r eby  
complet ing  the redox  cycle. The net  e lec t rochemical  
react ions can therefore  be represen ted  as 

At  photoanode:  I -  --> /_ + e -  [4] 

At  da rk  cathode:  F e ( I I I )  ~- e -  ~ F e ( I I )  [5] 
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Thus, react ions  [1]-[5]  const i tute  a photogalvanic  
conversion of l ight  energy  into e lec t r ic i ty  wi thout  an 
accompanying  ne t  chemical  change in the electrolyte .  

Power characteristics and sunlight engineering effi- 
ciency.--The cur ren t -vo l t age  power  character is t ics  of 
a photoga lvanic  cell consist ing of S n O 2 / P V P / / a s  the  
photoanode,  F e ( I I ) / F e ( I I I )  as the mobile  redox  car -  
r ier ,  and Pt  foil  as the dark  cathode are  given in Fig. 5. 
The load resis tance was var ied  wi th  a 100 k a  var iab le  
resistor.  The m a x i m u m  power  ou tput  (Pmax) obta ined  
was 0.1 ~W/cm 2 at an incident  whi te  l ight  in tens i ty  of 
100 m W / c m  2. The fill factor  for the photogalvanic  cell  
employing  SnO2/PVP/1 was 0.31, comparab le  to the 
values  r epor ted  for photogalvanic  cells employing  the 
th ion ine- fe r rous  sys tem (3). 

The overa l l  engineer ing  efficiency of this solar  
energy  conversion as de te rmined  f rom the ra t io  of 

power  output  of the photogalvanic  cell  to the  incident  
power  was found to be ,~10-2%. Because of the  l imi ted  
absorpt ion  of the vis ible  l ight  by  the  dye 1 (~.max "- 
570 nm) ,  more  than  80% of the incident  l ight  is not  
uti l ized.  Nonetheless,  this efficiency is an order  of mag-  
n i tude  h igher  than  that  obta ined in an analogous 
photogalvanic  cell in which this same dye is dissolved 
in or  adsorbed  f rom homogeneous solution�9 

The impor tan t  fea ture  of such dye - loaded  po lymer  
electrodes in improving  the pe r fo rmance  of photoga l -  
vanic  cells are  that  ve ry  high dye concentrat ions (up 
to 1M) can be achieved nea r  the e lect rode surface, tha t  
dye aggregat ion  is minimal ,  and tha t  r e t a rda t ion  of 
se l f -quenching  leads to longer  l ived exci ted  states,  
which in turn  increases the efficiency of genera t ion  of 
the e lect roact ive  reduced  species. Fur the rmore ,  specific 
e lec t roselect iv i ty  of the  modified electrodes is an im-  
po r t an t  cr i te r ion  in  achieving be t te r  efficiency in  pho-  

Fig .  4 .  Light intensity depen- 
dence of anodic photocurrent ( i )  

open-circuit photovoltage (OCP) 
of a photogalvanic cell employ- 
ing n-SnO2/PVP/ /  in O.OlM 

FeS04, 0.1M CF3COONa (pH 3). 
Film thickness = 0.1 #m. Sur- 
face coverage of 1 - -  4 X 10 - 9  

m o l / c m  2.  
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%ogaivanic ceils (6, 17). The electroselectivity of the 
polymer-coated photoanode towards the 1 - / 1  couple 
is increased because alternate quenching redox couples, 
e.g., species of increased positive charge like Fe(III ) ,  
are electrostatically repelled from the cationic film. 
The expulsion of Fe (III) from the PVP film also serves 
to retard the back electron transfer between reduced 
form of 1 and Fe (III). This, in turn, stabilizes the elec- 
troactive reduced species in the polymer film. Similar 
arguments have been put forth for a thionine-ferrous 
system in membrane-mediated reactions (10). 

Conclusions 
A simple technique has been developed to incorpo- 

rate an anionic dye into a cationic polymer film coated 
on a conductive SnO~ electrode. Excitation of the dye- 
loaded polymer films adhering to optically transparent 
electrodes immersed in a solution containing a suitable 
redox couple ]ed to photogalvanic effects. The enhanced 
photogalvanic performance of this system has been at- 
tributed to the presence of a high dye concentration at 
the electrode surface, to longer lived excited states of 
the dye in the polymer film, and to the electrostatic 
characteristics of the polymer in controlling access of 
charged redox couples to the illuminated electrode. 
These dye-loaded polymer electrodes should improve 
the fabrication of thin layer photogalvanic ceils. 
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LV. Differential Photocurrent Determination of Absorption Coefficient and Diffusion Length in 

p-GaP Photoelectrochemical Cells 
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Depar tment  o f  Chemistry,  The University of  Texas  at Aus t in ,  Aus t in ,  Texas  78712 

ABSTRACT 

The differential photocurrent (DPC) method, which involves simultaneous modulation of the incident radiation (at 
f,) and the applied potential (at fi) with detection of the intermodulation photocurrent (at [~ - ill), was employed in the 
determination of ~ and L for p-GaP in contact with aqueous solutions of Eu 3+. Typical values of ~ determined by this 
technique were (450 nm) 6.9 x 104 cm ' and (400 nm) 8.1 • 10 ~ cm-L The value of L obtained was 0.10 -+ 0.01 ~m, which is 
smaller than that found for high purity p-GaP in solid-state devices and is attributed to traps or recombination centers in 
the p-GaP electrode material. 

Radiant- to-electr ical  energy conversion at a semi-  
conductor electrode in contact with an electrolyte in a 
l iquid junct ion  photoelectrochemical (PEC) cell is 
often controlled by the optical absorption coefficient, ~, 
and the minor i ty  carrier  diffusion length, L, of the 
semiconductor. In principle, by measuring the photo- 
current  under  monochromatic i l luminat ion as a func-  
tion of potential,  one can obtain the necessary in-  
format ion for the computat ion of ~ and L. The Giir tner 
model and its variat ions (1-5) are the simplest models 
for the photocurrent  density, j, at the semiconductor /  
l iquid interface. This model assumes that minor i ty  car- 
riers generated wi thin  the electric field of the space- 
charge layer (sel) are swept to the interface where 
they react; recombinat ion wi th in  the scl is neglected. 
Carriers generated outside the scl must  diffuse to it. 
Only those carriers wi thin  a distance L of the edge of 
the scl [where L _-- (D~) 1/~; D is the diffusion coefficient 
and z is the lifetime of the minor i ty  carriers] are swept 
to the interface. More rigorous and complex models for 
the photocurrent  have been proposed (4, 5); these in -  
clude the effects o f  surface recombination,  bulk  and 
scl recombinat ions ,  slow charge- t ransfer  kinetics at 
the interface, etc. These models are much more diffi- 
cult to apply to actu~al exper imental  studies, however, 
because they involve many  adjustable parameters  and 
numer ica l  solutions or digital simulations ra ther  than 
analyt ical  solutions. Hence, the G~irtner-like model is 
f requent ly  used, and  we apply this model here in a 
first a t tempt  at de termining ~ and L by the differential 
photocurrent  (DPC) method- -a  method first proposed 
for solid-state devices by Sukegawa et al. (6). 

The G~rtner  equation can be wr i t ten  (1-3) 

j = h:qr{1 - [ e - ~ / ( 1  + ~ L ) ] }  [1] 

where w is the thickness of the scl and is a function of 
the potential,  V, with respect to the flatband poten- 
tial VFB, and is given by  

w -- [(2e,o/qN) ( IV  - -  VFB]) ]  '/" [2] 

, is the dielectric constant of the semiconductor and ,o 
is the permi t t iv i ty  of free space, N is the donor or ac- 
ceptor density, and V is the applied potent ial  with re-  
spect to the flatband, VEto When an ac voltage of am- 
pli tude Vo is superimposed on the dc potential,  the 
var ia t ion in space-charge layer  thickness, Aw, is given 
by  

h w  = , , oVo /qNw [3] 

These equations were used by Sukegawa et al. (6). In  
Eq. [1], K includes terms that are independent  of V 
and the intensity,  I, such as the reflectivity of the elec- 
trode, etc. The photocurrent  densi ty can thus be repre-  
sented as a funct ion of I V -  VFB [ or W (Fig. 1). As 
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W --> 00; j --> 9sat'd : KqI. A t  V = VFB o r  w = 0, j is  
given by 

[J]w=0 ---- K q I [ a L / ( 1  + aL)]  [4] 

The slope of the j vs. w curve at any  point is given by 

( d j / d w )  = K q l a e - a w / ( 1  + ~L) [5] 

In particular,  at w -- 0 

( d j / d w ) w = o  = K q l a / ( 1  + aL) [6] 

Within the f ramework of the model, a and L can be 
obtained from Eq. [4]- [6j, since 

j ~ = o / ( d j / d w ) ~ = o  = L [7] 

in ( d j / d w )  = In [ K q l a / ( 1  + aL)  ] -- aw  [8] 

with a obtained from the slope of the plot of In ( d j / d w )  
vs. w .  Note  that t ransformat ion of the exper imenta l ly  
accessible j vs. V to j vs. w plot requires knowledge of 
VFB and N; these can be obtained from a Mott-Schottky 
plot (1/C ~' vs. V) (7). In principle, the actual  photo- 
current -potent ia l  plots could be used in Eq. [7j and 
[8j. However, since the value of j at w = 0 can be very 
small, the values of L computed from directly mea-  
sured j vs. V plots are inaccurate. Sukegawa et al. (6) 
developed the differential photocurrent  (DPC) tech- 
nique for obtaining the equivalent  data for the deter-  
minat ion  of a and L. 

Basis of D P C  m e t h o d . - - T h e  DPC method involves 
the modulat ion of the applied potential  with a smal l  
ampli tude (e.g., 12 mVpp) sine wave at a f requency ]2 
and the simultaneous modulat ion of the light in tens i ty  
at a f requency ]1 with detection of the in termodulated 
photocurrent  at ]]2 -- ]11. The in tensi ty  of the modu-  
lated light is main ta ined  at a low level to prevent  
changes in dopant  densi ty  and space-charge layer  
width from photoeffects alone (8). Figure 2 i l lustrates 
these principles. The small  signal ac voltage brings 
about a chan~e (Aw) in the space-charge layer width 
(w).  This change in w produces a change in j, and 

this change in photocurrent,  Aj, is represented by 
Eq. [5] (i.e, A j / A w  approaches d j / d w  for small  depths 
of modulat ion) .  When the applied potential  V + Vo 
sin w2t, where Vo is the peak ampli tude of the small  
superimposed ac voltage and w2 = 2=]2 is the ac angular  
f requency 

Aw = ~eoVo sin (~2t)/qNw [9] 

In  the course of one ac cycle, the m a x i m u m  change in 
the scl width would be proport ional  to 2Vo. However, 
a more meaningful  value for use as the voltage change 
dur ing a cycle would be the effective voltage or root-  
means-square  (rms) voltage. The peak- to-peak ac volt-  
age (2Vo) is related to the rms voltage (Vrms) by  

Vrms "-- 0.707 Vo [I0] 

1038 
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Hence, 2Vrms was employed  in the computa t ion  of hw 
f rom Eq. [3]. When the incident  photon flux is modu-  
la ted  wi th  angular  f requency  of ~,1 = 2~fl, the in tens i ty  
of i l lumina t ion  var ies  as 

I ( t )  = Io(1 -F r o s i n  wit) [11] 

where  m is the  depth  of modula t ion  and 2/0 is the  
m a x i m u m  incident  photon flux. In  our  exper iments ,  the 
depth  of modula t ion  can be set app rox ima te ly  equal  
to 100%, and, hence, Eq. [11] reduces  to 

I ( t )  = lo(1 -{- sin ~i t) [12] 

It  is ev iden t  f rom Eq. [1] that  upon changing the space 
charge l aye r  wid th  w b y  Aw there  is a cor responding 
change in j by  hi. This is expressed  by  the fol lowing 
re la t ionsh ip  

J -- j + hj  = K q I  {1 --  [e-a(w+aw)/(1  -}- aL) ]}  

= Kq~ {1 -- [e -~w/(1  + ~L) ] ( e - ~ )  } 

-- K q I  {1 --  [ e - aw/ (1  -t- a L ) ]  (1 --  aZ~w) } 

J -F hj  -- K q I  {1 --  [e -~w/(1  -F aL) ]}  

-F K q I  ~ h w e - a w / ( 1  -F aL)  [13] 

Subs t i tu t ion  of the t ime vary ing  quant i t ies  I ( t )  and 

Back, Ohmic n-type Transparent 
Contact Semiconductor Electrolyte 

----V 
T 

Ec 
E F 

x=B x = w  x=O 

Chopper 

Fig. 2. Schematic of energy-band diagram illustrating the prin- 
ciple of measurement. r is the incident photon flux density 
chopped at an angular frequency of ~1 = 2~fl; 2Vo is the peak- 
to-peak amplitude of the small signal ac voltage at an angular 
frequency of u,2 = 2.~f2; V is the applied dc reverse bias; x ----- O, 
w, and B represent, respectively, the interface, space-charge layer 
width, and the back of the crystal where the ohmic contact is 
made; Ec = conduction bandedge; EF = Fermi level; Ev = 
valence bandedge; Eredex = redox potential. 

hw f rom Eq. [12] and [9] into Eq. [13] gives the ampl i -  
tude of the  photocurrent ,  j, a t  ~1 

J(~1) = Kqlo [1 --  e -~w/ (1  -{- aL) ]  [14] 

and the di f ferent ia l  photocurrent ,  a j  at  h~ 

hj (Am) = (KqIo/2)  [a / (1  + a L ) ]  (e-~w) (~eoVolqNw) 

[15] 

The der iva t ions  of Eq. [14] and [15] a re  given in the  
Appendix .  

The values  of hw can be computed  f rom Eq. [3] and  
[10] as a funct ion of w. 

Two lock- in  amplifiers,  one set at  ~i and  the  o ther  
at  J',l - -  w~l, were  used to de tec t  the  photocurrent ;  thus, 
both  j (at  ~i) and hj (at  ]~1 --  ~1)  can be recorded 
s imul taneously .  F r o m  the computed  values of ziw and 
measured  aj ,  one can make  a plot  of In ( h j / a w )  vs. w 
(Eq. [8] ). The slope of the plot  yields  ~ at the  wave -  
length  of measurement .  The Y- in te rcep t  of the plot ,  
corresponding to w = 0, y ie lds  [aj /hw]w=o.  The va lue  
of a obta ined previously ,  can be inser ted  in Eq. [1], 
and  a plot  of j vs. e -~w ex t r apo la t ed  to e -~w = 1 (cor-  
responding to w = 0) yields  [J]w=0. F r o m  these values,  
L can be computed  f rom Eq. [7]. In  addi t ion  to the  
DPC technique,  a we.alth of in format ion  pe r ta in ing  to 
the  expe r imen ta l  "determination of L is ava i lab le  in  
the  l i te ra ture .  These include the surface photovol t -  
age technique (9-11),  the e lect ron b o m b a r d m e n t  of 
Schot tky  bar r ie r s  (12), the  pho to luminescen t - sa tu ra -  
t ion measurement  (13), and var ious  o ther  techniques 
(14-18). In  most of these studies, one needs  to know 
a t e  eva lua te  L. Since in many  cases a is not  known,  
i t  has  to be de te rmined  separa te ly ,  usua l ly  f rom ab -  
sorbance  measurements  (19-24). 

We repor t  here  DPC studies  of s ing le -c rys ta l  p - G a P  
and  n-MoSes  semiconductors  contact ing l iquid  e lec-  
t ro ly tes  containing Eu3 +/2+ and K4Fe (CN) 6, respec-  
t ively,  as r edox  couples. The adapta t ion  of this method  
repor ted  here  has the  advan tage  tha t  the  measurements  
a re  conducted  wi th  the  semiconductor  in the  same 
configuration n o r m a l l y  used in PEC cells, unl ike  the  
o ther  techniques ment ioned.  One drawback ,  however ,  
is tha t  any  deleter ious  effects the  e lec t ro ly te  has  on 
the semiconductor ,  such as surface recombina t ion  or  
format ion  of sur face  states,  could affect the  measu re -  
ment.  An  example  of this is the absorpt ion  of l ight  b y  
redox couples. In so l id-s ta te  measurements ,  no n e w  
chemical  species are  formed,  and the l ight  inc ident  on 
the semiconductor  is constant  wi th  respect  to t ime.  
Thi~ is not  necessar i ly  the  case wi th  semiconductors  in 
PEC cells. Snecies a re  genera ted  at the  photoelec t rode  
wi th  different  absorpt ion  character is t ics  than  the or ig i -  
na l  form. If  these genera ted  species absorb at  the wave -  
length  of interest ,  e r rors  wi l l  be  caused by  the t ime-  
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dependen t  .filter effect. Fo r  this reason, as wel l  as the  
good kinetics,  Eu 8 +/2 + and Fe  (CN) 6 ~ - /4 -  were  chosen 
as redox  couples.  

Experimental 
The s ing le -c rys ta l  semiconductors  employed  in this  

s tudy were  p - G a P  and n-MoSe2. The procedures  for 
mount ing  and etching the  el~ectrodes are  given e lse-  
where  (25). The solut ion used wi th  p - G a P  was 0.1M 
EuCI3 in 1M HCIO4, and tha t  used wi th  n-MoSe~ was 
0.2M K4Fe(CN)6 ad jus ted  to pH 8 wi th  KOH. Solut ions 
were  bubb led  wi th  prepur i f ied  N2 pr io r  to use, and N~ 
was passed over  the solutions dur ing  the exper iment .  
A s ing le -compar tmen t  e lec t rochemical  cell  of 40 ml  
capaci ty  wi th  an opt ica l ly  flat window was used for 
all  exper iments .  The countere lec t rode was a l a rge -a r ea  
(40 cm 2) P t  gauze, and the reference  e lec t rode  was a 
sa tu ra ted  ca lomeI  e lec t rode  (SCE) wi th  a KCl - sa tu -  
r a t ed  agar  p lug  immersed  d i rec t ly  into the cell. All  
potent ia ls  are  expressed re la t ive  to the  SCE unless 
o therwise  specified. 

A PAR Model  173 Potent ios ta t  and a PAR Model  175 
Universa l  P r o g r a m m e r  (Pr ince ton  App l i ed  Research 
Corporat ion,  Pr inceton,  New Jersey)  were  used to ob-  
ta in  the  cyclic vo l tammograms,  which were  recorded 
on a Model  2000 X-Y recorde r  (Houston Ins t ruments ,  
Aust in,  Texas) .  

The ac impedance  s tudies  (26) ut i l ized the lock- in  
ampli f ier  technique,  which yields the  in -phase  and 
the .out -of-phase  components  of an ac signal  supe r -  
imposed on a dc vol tage  ramp.  The ac s ignal  (12 mV 
peak  to peak)  at different  f requencies  was obta ined 
for  input  into the  potent ios ta t  f rom a Model  200 CD 
wide - r ange  osci l la tor  (Hewle t t -Packa rd ,  Palo  Alto, 
Cal i fornia) .  The output  f rom the potent iostat ,  which 
was a vol tage p ropor t iona l  to the  cu r r en t  flowing be-  
tween the work ing  e lect rode (semiconductor)  and the  
countere lect rode,  was separa ted  into its components  at  
0 ~ and 90 ~ wi th  respect  to the  sine wave  input  b y  using 
a PAR Model  5204 lock- in  amplif ier  and recorded wi th  
a Model  6432 (Soltec, Sun Valley,  Cal i fornia)  X-YIY~ 
recorder .  

The expe r imen ta l  appara tus  used for ob ta in ing  the 
dif ferent ia l  pho tocur ren t  is shown in Fig. 3. A 2.5 k W  
Xe lamp (Schoeffel  In s t rumen t  Company,  Westwood,  
New Je rsey)  and monochromato r  ( J a r r e l I - A s h  Model  
82560, Wal tham,  Massachuset ts ) ,  w i th  appropr ia t e  sl i ts  
to achieve a bandpass  of ~10 nm, were  used as the 

monochromat ic  l ight  source. The l ight  was modula ted  
at  1111 Hz wi th  a PAR Model  192 va r i ab le - f r equency  
chopper.  The ac f requency  f rom the w ide -band  oscil-  
la tor  was ad jus ted  to 1511 Hz wi th  an ampl i tude  of 
12 mV peak  to peak  a t  the input  of the potent iostat .  A 
PAR Model 5204 lock- in  ampli f ier  was used to measure  
the photocurrent ,  j, which  L~ the magni tude  of the 
cur ren t  p resen t  a t  the input  of the lock- in  wi th  a f re -  
quency equal  to the  l ight  chopping frequency,  1 I l l  
Hz. The much  weake r  (~1000•  different ia l  photo-  
cur ren t  signal,  Aj, was measured  wi th  a Model  5206 
lock- in  ampli f ier  (EG&G, Princeton,  New Je rsey)  
equipped wi th  an EG&G Model  5010 p lug - in  f l t e r  oper-  
a ted in the  bandpass  mode.  The di f ferent ia l  pho tocur -  
ren t  is the magni tude  of the cur ren t  at  the  input  of the  
lock- in  wi th  a f requency  equal  to the difference in 
the l ight  chopping f requency  and the ac modula t ion  
frequency,  here a rb i t r a r i l y  kep t  at  400 Hz (1511 Hz -- 
1111 Hz).  This s ignal  was more  convenient ly  recorded 
as log hj by  using the log of the  magni tude  output  of 
the  Model  5206. A reference  s ignal  for  the lock- in  at  
this bea t  f requency  was obta ined  by  pass ing  fl f rom 
the chopper  and 5~ from the oscil lator,  both  ad jus ted  to 
0.8V peak to peak  with  vol tage dividers ,  into the mu l t i -  
p l i e r - f i l t e r  circuit .  The mul t ip l i e r  was const ructed with  
an MC 1494L chip (Motorola,  Incorpora ted)  wi th  the 
a t t endan t  c i rcui t ry  as des.cribed in the product  appl ica-  
t ion informat ion  (27). The output ,  which consisted of 
a s ignal  wi th  f requency  components  at  ft + f~ and 
f2 --  f~, was f i l tered to obta in  on ly  f2 --  fl. This filter 
consisted of the bandpass  output  of a var iab le  gain, 
s tate var iable  fi l ter (28) constructed from an ECG 997 
quad opera t iona l  amplif ier  chip (Sylvania ,  Wal tham,  
Massachuset ts ) .  F u r t h e r  f i l tering o r  amplif icat ion was 
found to be unnecessary  for  the  reference  channel  of 
the EG&G 5206. P o w e r  for  the c i rcui t  was suppl ied  b y  
a Harr i son  6205B dual  dc power  supp ly  (Hewle t t -  
Packa rd ) .  The potent iostat ,  p r o g r a m m e r  for dc r amp  
(2 m V / s ) ,  and  X-Y1Y2 recorder  were  the  same as men-  
t ioned previously .  

As an independen t  check, L was de te rmined  by  the 
surface  photovol tage  technique.  The procedure  used 
was tha t  r epor ted  p rev ious ly  by  Kamien ieck i  (29) and 
others  (30). A tungs ten-ha logen  lamp wi th  power  in-  
put  control led  wi th  an au to t r ans fo rmer  was used as a 
l ight  source. Monochromat ic  l ight  was obta ined  wi th  a 
gra t ing  monochromator  (Model  7240, Orie l  Corporat ion,  
Stamford ,  Connect icut) .  The lock- in  amplif iers  and 

Fig. 3. Apparatus used for re- 
cording both the photocurrent 
(j) and the differential photo- 
current (/~i). For details, see the 

, Experimental section. 

[•-•1 mono-  r,o0FEjo omo,o  
| , ! ! 

~ chopper 

f 
fl 

1 

POT EN- 
TIOSTAT 

input 

T 

output 

,2 l S'N l I W A Y  R A M P  

1 f2 
MUL i'l f, +f2 J BANO- 
PLIER Jf2-fl 1 P A S S  

LOCK-IN 
input output 

l, 
X Y Y RE RDER 

X 

T log Aj 
linput output I 

_1 I I ~ r e f .  



VoL 131, No. 5 SEMICONDUCTOR ELECTRODES 1 0 4 1  

: L  

0.04 

0 . 0 2  

O.O 

I I l I , I I l I 

0.2 0.0 - 0.2 - 0.4 

V vs. SCE 

Fig. 4. Plot of the space-charge layer width as a function of ap- 
plied bias for p-GaP in aqueous solutions containing Eu 3+ as redox 
couple. 

chopper are the same as previously described. T h e  
l ight in tens i ty  was monitored with a pyroelectric de- 
tector with a quartz window (Model P1-45Q, Molectron 
Corporation, Sunnyvale ,  California) .  In  the surface 
photovoltage measurements ,  the solvent  was aceto- 
n i t r i le  (Spectrum Chemical Manufac tur ing  Corpora- 
tion, Gardena,  California, spectrophotometric grade) 
and the electrolyte 0.01M t e t r a - n - b u t y l a m m o n i u m  
tetrafluoroborate (Southwestern Analyt ical  Chemicals, 
Austin, Texas) which had been dried under  vacuum at 
100 ~ C for 24h after recrystal l izat ion from acetone-ether.  
The solvent-electrolyte  solution was st irred with acti- 
vated a lumina  (Woelm Alumina  N-Super  I, Woelm 
Pharma  GmbH and Company, Eschwege, Germany)  
decanted into the cell and deaerated and kept under  
a He atmosphere. The reference and counterelectrodes 
were the same as those used in the DPC measurement .  

Results and Discussion 
Computation of w and ~w. - -For  the deterrmnat ion 

of both w and ~,w, one needs to know the value of N, 
the net  doping density, and VFB; these can be obtained 
from the Mott-Schot tky plot (7). The values of N and 
VFB obtained from such a plot for p -GaP  are 3.7 • 
1017 cm -3 and -}-0.22V vs. SCE, respectively, in Eu 3+/2+ 
aqueous solution. The space-charge layer  width, w, is 
related to N and V (where V is the applied potential)  
by Eq. [2]. Upon inser t ing the values of N and V into 
Eq. [2], the resul t ing plot of w vs. V for p -GaP  in 
aqueous Eu ~+/2+ solution is obtained (Fig. 4). The 
values of ~w at different potentials were computed by 
Eq. [31; the corresponding values of w were taken 
from Fig. 4. For  computat ion of hw, a value of 2Vrms 
instead of 2Vo was used. The reasons for this are dis- 
cussed in detail above. The values of w and ~w from 
Eq. [21 and [3], respectively, are given in Table I as a 
funct ion of V. Note, in Table I, that  as the space- 
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Fig. 5. j and A] vs. V for p-GaP in aqueous solution containing 
Eu a+ as redox couple. The wavelength of irradiation is 400 nm. 
fl ~ 1.111 kHz and f2 ~ 1.511 kHz. 

charge layer  width increases, ~w decreases at a given 
ac modulation.  

Plots of ~j and j vs. V.- -Under  reverse bias condi- 
tions, the dark  current  densities for the s e ~ c o n d u c t o r s  
used in this work were less than 1 ~A. Typical plots of 
~j at ~f -- 400 Hz (1511 -- 1111 Hz) and j at 1111 Hz 
vs. applied bias, V, are given in Fig. 5 for p -GaP  in 
aqueous solution containing Eu 3+/2§ as the redox 
couple. Frequencies 1111 and 1511 Hz correspond, re -  
spectively, to the chopping frequency fl, of the incident  
photon flux and the small  signal ac frequency, $2, super-  
imposed on the de ramp, V. The plots in Fig. 5 are 
given for an incident  photon energy of 3.1 eV (corre- 
sponding to 400 n m ) .  The ordinate for the ~j (40.0 Hz) 
vs. V plot is given on a logari thmic scale. Similar  re-  
sults were obtained when the two modula t ing  fre- 
quencies fl and f2 were varied by  • 20% while ma in -  
ta in ing the ~f constant  at 400 Hz for ease of filtering. 
Similar  plots of Aj (400 Hz) and ~ were obtained for 
i r radiat ion energies in the range 2.7-3.54 eV. Consider 
Fig. 5, where the photocurent  rises s teadily reaching 
saturat ion around --0.1V. As j rises, ~j decreases mono-  
tonically tending to 0 at --0.1V where j reaches satu- 
ration. 

Determination of ~ and L - - F r o m  the values of Aw 
in Table I and the ~,j values at corresponding poten-  

Table I. Typical values of w, Aw, A], and In ~]/~w for p-GaP in aqueous solution containing Eu 3+/2+ 
at two wavelengths 

V ~ = 400 ( n m )  X = 450 ( n m )  
(Vvs. SCE) w x 10 e (era) Aw x 101o (m) A~ x 10g (A) In (Aj/Aw) Aj xl0 o (A) In (Aj/Aw) 

- 0.5 4.253 2.504 4.786 2.950 1.000 1.384 
- 0.45 4.103 2.596 .5.011 2.960 1.047 1.394 
- 0.4 3.947 2.699 5.248 2.967 1.097 1.402 
- 0 . 3 5  3.784 2.815 5.623 2.994 1.159 1.415 
- 0.3 3.614 2.947 5.888 2.994 1.245 1.440 
-- 0.25 3.438 3.100 6.456 3.036 1.318 1.447 
- -  0.2 3.248 3.279 6.606 3.002 1.413 1.460 
-- 0.15 3.049 3.494 7.244 3.031 1.514 1.466 
--0.1 2.836 3.757 7.943 3.051 1.660 1.485 
--0.05 2.604 4.090 9.120 3.104 1.820 1.493 
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tials, from Fig. 5, plots of In Aj/Aw vs. w were ob- 
tained (Fig. 6). The Aj and In Aj /aw values from these 
plots for p -GaP  are given in Table I. A least squares 
fit was made for the computat ion of the slope and the 
Y-intercept.  In this fit, a few points very close to VFB 
were not  included, since these points do not  fall  on 
the same line as data obtained at larger bias fur ther  
into the depletion region. The reasons for the devia-  
tion are discussed below. The Y-intercept  and the slope 
give, respectively, (Aj/Aw)w=o and the absorption co- 
efficient, a. The a and (Aj/AW)w=o at different wave-  
lengths are given in Table II. This value of a is in 
good agreement  with l i terature  values (31), and is in 
the range 104-105 cm -1 at the wavelengths studied. The 
value of a at a par t icu lar  wavelength was inser ted  into 
Eq. [1] a n d a  plot of j vs. e -aw obtained (Fig. 7). The 
j values corresponding to various selected potentials 
were obtained from Fig. 5. The [3]w=0 obtained by 
extrapolat ing the plot in Fig. 7 to e -aw ---- 1 correspond- 

ing to w = 0 at different wavelengths is given in Table 
II. The extrapolat ion was made by least squares analy-  
sis. Once again, for the least squares fit, values of j 
close to VFB were neglected. The probable reasons for 
this positive deviat ion at small  values of V can be 
a t t r ibuted to a nonun i fo rm doping density and near-  
surface recombination.  If the impur i ty  concentrat ion 
is not  uniform, w wil l  be different in different regions 
of the semiconductor,  since w varies as N -1/2. For 
example, very close to the surface, if N is larger than 
the bulk doping densi ty  (3.7 • 1017 cm-3) ,  the actual  
value of w will be smal ler  than the computed one, 
giving a larger Aw. Moreover, if j rises sluggishly to 
saturation, the aj  will be larger  than if j rises pre-  
cipitously to saturation.  The sluggish rise to saturat ion 
may be due to the recombinat ion of photogenerated 
carriers. Thus, the larger Aj and smaller  Aw can give 
rise to a poTitive deviation. No at tempt  was made, how- 
ever, to account for this positive deviation, since one 
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Table II. Values of a,  L, and the parameters used to compute them; 
p-GaP; Eu~ +/~+ 

[Aj/hw],o:0 
k (nm) a (cm-D CA/m) [j]w;o CA) L (#m) 

450 6.9 x 10 r 5.35 1.09 x 10 -c 0.11 
400 8.1 • 1~  26.90 5.28 x 10 -o 0,10 
350 3.6 x 10 ~ 142.33 10 -7 (,.,-.0.001) 

needs to know the  values  of different  parameters ,  such 
as surface  recombina t ion  rate,  bulk  recombina t ion  rate,  
etc., under  ac tua l  use conditions.  Since these p a r a m -  
eters  are  not  easi ly  de te rmined ,  the values of j and 
( ~ j /~w)  close to VFB were  neglected.  

The minor i ty  ca r r i e r  diffusion length,  L, was ob-  
ta ined  f rom Eq. [7] f rom the  values  of [j]w=o and 
(hj/hw)w=o. The va lues  of L at  different  wave lengths  
are  given in Table II. The l i t e ra tu re  values  of L for 
p - G a P  span  a range  0.1-3 ~ n  (15, 31). The minor i ty  
car r ie r  diffusion length,  L, is r e l a t ed  to the minor i ty  
car r ie r  l i fet ime,  T, and  diffusion coefficient, D, by  L : .  
(DT) '/g. The defects  and the steps exis t ing in the crys-  
ta l  can act as k i l l e r  t raps  or  recombina t ion  centers  for 
minor i ty  car r ie rs  resul t ing  in a drast ic  reduc t ion  in 
the minor i ty  ca r r i e r  l i fe t ime (32). Fur the r ,  ions ad-  
vent ious ly  incorpora ted  into the la t t ice  can also reduce 
the  l i fet ime,  ~. Fo r  example ,  Pa r t in  et al. (33) have 
shown tha t  diffusion of cobal t  into VPE n-GaA~0.6P0.4 
p roduced  a cons iderable  r e d u c t i o n  of the  diffusion 
length.  Al though  L has  been shown to be a funct ion 
of dop ing  dens i ty  (15), the  values  of L ob ta ined  here  
(~0.1 ~m) are  at the  lower  end of the  range  of values  

r epor t ed  for  s imi la r  doping  densit ies.  This suggests 
tha t  the sample  s tudied has a r a the r  high n u m b e r  of 
recombina t ion  centers.  Note tha t  the value  of L at 350 
n m  appears  to be p rac t i ca l ly  zero because the c<m.dition 
aw ~ 1 is not  satisfied. I f  aw > 1, al l  the  l ight  wi l l  be 
absorbed  wi th in  the  space-charge  l aye r  wi th  the  resu l t  
tha t  there  is no phv tocur ren t  a t t r i bu tab le  to diffusion 
of carr iers  f rom the semiconductor  bulk.  

Surface photovoltage measurement .~The  va lue  of L 
de t e rmined  by  the  DPC technique  was independen t ly  

checked by  the surface  photovol tage  (SPV) technique 
(9-11, 29, 30). In  this technique,  the semiconductor  
e lec t rode  at  open circui t  is i l lumina ted  wi th  chopped 
monochromat ic  rad ia t ion  of ene rgy  s l igh t ly  grea te r  
than the bandgap  (Eg) of the  semiconductor .  The ac-  
cumula t ion  of minor i ty  carr iers  a t  the surface of the 
semiconductor  produces  a SPV. The SPV signal  is 
capaci t ive ly  .coupled into the 10 Mohm impedance  of a 
lock- in  amplif ier  for  amplif icat ion and measurement .  
The l ight  in tens i ty  is ad jus ted  to produce  the same 
value  of SPV at different  wavelengths  of exci tat ion.  
The monochromat ic  l ight  in tens i ty  requi red  to produce  
this constant  SPV signal  is p lo t ted  against  the r ec ip ro -  
cal absorpt ion  coefficient for  each wavelength .  The 
values for  the wave leng th  range  (500 nm -- 440 nm)  
s tudied were  those repor ted  b y  Beckmann  and Mem-  
ming (34). The resu l tan t  l inea r  plot  is ex t rapo la t ed  to 
zero intensi ty,  and  the nega t ive  in tercept  value is the  
effective diffusion lengthr  The resul ts  obta ined by  this 
technique are  given in Fig. 8 for  the same p - G a P  
sample  s tudied  by  the DPC technique.  The va lue  of L 
ob ta ined  b y  least  squares analysis  of the da ta  was 
0.2 + 0.1 #m. The uncer t a in ty  was the s t andard  dev ia -  
t ion of the values  of L obta ined  f rom four different  
surface photovol tage  values.  The value  of L agrees,  
wi th in  expe r imen ta l  uncer ta in ty ,  wi th  the value  ob-  
ta ined  by  the DPC technique.  

Effects of surface states on hj -V behavior.--The claim 
by  Sukegawa  et al. (6) that  this DPC technique is free 
f rom the effects of surface states does not  appear  to be 
val id.  Surface  s ta tes  are  known to affect the  I -V be -  
hav io r  and may  cause Fez:mi leve l  pinning.  These can 
be identif ied in different  ways, including ac impedance  
measurements  (26) and low f requency  capaci tance 
methods  (35). We have  s tudied  the surface s ta tes  on 
n-MoSe2 in aqueous K4Fe(CN)6 solut ions by  the ac 
conductance method (36). A typica l  plot  of Gp (0 ~ 
component)  vs. V at  100 Hz is given in Fig. 9. The la rge  
hump  in the range  0.1-0.45V can be a t t r ibu ted  to the  
presence of surface states.  DPC measurements  were  
made  wi th  this e lec t rode  and plots  of j and hj vs. V 
are  shown in Fig. 10. The dip in the  hj vs. V plot  occurs 
in  the  same po ten ta l  range  in which Gp vs. V exhibi ts  

1 0 0 0  
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0 5 1 0  1 5  

fig. 8. Re|afire photon |ntens- 
ity (Io in arbitrary units) vs. in- 
verse absorption coefficient 
(a -1)  for p-GaP in acetonitrile, 
0.01M tetra-n-butylammonium 
tetrafluoroborate. Chopped at 
87 Hz. Surface photovoltage was 
kept at: (a) 0.075 mV, (b) 0.1 
mV, (c) 0.25 mV, and (d) 0.5 inV. 
The sensitivity of Io for SPV ---- 
0.5 mV was 0.5 X all others. 
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Fig. 9. Gp (in-pEase com- 
ponent) vs. V for n-MoSey in 
aqueous solution containing 
IQFe(CN)6 as redox couple, f - -  
100 Hx. ~ .6 
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a hump;  this dip  is also ascr ibed to surface states.  Con- 
s ider  the  fun~ctional re la t ionship  be tween  j and ~j. 
While  j increases steadily,  hj decreases monotonical ly ,  
and when j --> j s a t ,  A~ "-> 0. However ,  when there  is an 
inflection in the  s t eady  increase in j, there  is a dip in 
the  ,~j vs. V plot. This inflection in the increase in j 
can be a t t r ibu ted  to surface states act ing as r ecombina-  
t ion centers.  While  the  funct ional  re la t ionship  be tween  

j and ~j expla ins  qua l i t a t ive ly  the dip in hj vs. V, a 
quant i ta t ive  es t imate  of the  dens i ty  of surface s ta tes  
and the t ime constant  of the surface s ta tes  s t i l l  needs 
to be addressed.  

Conclusions 
To our knowledge,  this is the first t ime that  the DPC 

method has been employed  in l iquid junct ion  PEC 
cells. The absorpt ion  coefficient, a, for p - G a P  is in the 

:Fig. 10. i and M vs. V fur n- 
MoSe~ in aqueous solution con- 
taining K4Fe(CN)6 as redox 
couple. The wavelength of ir- 
radiation is 500 nm. Modulation 
frequencies: fz = 1.111 kHz 
and f~ - -  1.511 kHz. 
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range 104-105 cm -1 in the wavelength range studied. 
This is in good agreement with that reported in the 
literature. However, L for our p-GaP is much smaller 
than the literature value for good-quality GaP crystals. 
This may be due to the existence of steps, defects, or 
incorporated metal ions. Finally, the results on n- 
MoSe2 suggests that this method can be used to locate 
and identify surface states. The DPC method cannot 
be used in liquid junction PEC cells to determine 
and L when surface states are present, the semiconduc- 
tor decomposes under optical illumination, or the dif- 
fusion length is larger than the width of the crystal. 
These three factors precluded the measurement of 
and L for Si, GaAs, and InP by this method in PEC 
cells. 
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APPENDIX 
Introduction of the expression for the two modulated 

quantities, illumination (I(t) ,  Eq. [12]) and ~w (ex- 
pressed as applied voltage, E~. [9bl) into Eq. [13] 
leads to the total time dependent photocurrent. 

J( t )  = KqIo(1 + sin mr) [1 -- e-~w/(1 + ~L)] 

-F Kqlo(1 + sin ~,lt)[e-~'%/(1 -F ~L)] 

[ (eeo/qNw) Vo sin ~2t] [A-l]  

or collecting terms 

J( t )  --_ Kqlo(1 + sin ~lt) [1 -- e-aw/(1 -}- aL)] 

+ KqIo [a/(1 -t- aL) ] (e -~w) eeoVJqNw 

X [sin ~2t + (sin mr) sin ~2t] [A-2] 

From trigonometric identity 

sinA (sin B) ---- 1/2[cos (A -- B) -- cos (A -t- B)] 

Equation [A-2] can be rewritten as 

J ( t )  _-- KqIo(1 -}- sin rot) [1 -- e-~w/(1 + aL)] 

+ Kqlo[~/(1 + ~L)] (e -aw eeoVo/qNw) X [sin ~2t 

1/2[cos (~i - -e2) t  -- cos (m + ~2)t] [A-3] 

Of the various signals present in the second term in 
Eq. [A-3], the major difference frequency component 
_(]~2- ~ll) can be separated using a lock-in amplifier. 
The first term on the right-hand side in Eq. [A-3] is 
proportional to the photocurrent j, and the amplitude 
is given by 

J(~i) : Kqlo[1 -- e-~w/(1 + ~L)] [A-4] 

The amplitude of the major difference frequency ( [~  
-- ~1[ : ~,~) component, the second term on the right- 
hand side in Eq [A-3] is expressed as 

~j ( ~ )  : (KqIo/2) [~/(1 + aL) ] e -~w eeoVo/qNw 

[A-5] 
Dividing Eq. [A-4] by Eq. [A-5] gives 

Jw=o/[~j/~w]w=o = KqloL[~/(1 + aL) ] 

/ [ (1 /2KqIo  a/(1 + aL)] = 2L 

Therefore 
/., = .~,,=o/2 [ / , j / ~ ,w ]  ~=o 
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Effect of Contact Between a Current Collector and a Polyacetylene 
Electrode on Electrochemical Behavior in Polyacetylene/Lithium 

Batteries 
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ABSTRACT 

Organic batteries with a polyacetylene film (PA) as the anode, a lithium strip as the cathode, and lithium perchlo- 
rate dissolved in propylene carbonate as the electrolyte are constructed. Charging and discharging characteristics of 
three batteries with different types of PA electrode are investigated. Type a PA electrode involves mechanical pressed 
contact of nickel gauze with the upper portion of the PA electrode; charging and discharging of the battery are difficult 
due to the semiconducting characteristic of the PA. Type b involves a PA film which has one side coated with a sput- 
tered palladium (Pd) film; good contact of the Pd current collector with the PA electrode makes charging and 
discharging easily manageable. Type c involves an iodine-doped PA film; the battery is easily charged and discharged, 
but cleaning the surface of the lithium electrode is necessary after a few cycles. 

Organic batteries, in which one or two electrodes are  
,composed of organic polymer, have drawn great at-  
tent ion because of its l ightweight and high energy 
density since MacDiarmid's team discovered a bat tery 
with polyacetylene (PA) electrodes (1-4). Immedi -  
ately after this discovery, other conducting polymers, 
such as po ly (p -pheny lene)  (PPP) ,  were also found to 
be potential  mater ia l  for the electrodes (5-7). In  these 
two polymers, PA was investigated more for its use 
as an electrode than PPP  in the open l i terature  (1-4) 
for its higher durabi l i ty  and ease in being prepared. 
In the battery,  ~ salt, l i th ium perchlorate, dissolved 
in an organic solvent, propylene carbonate, was usual ly  
used as an electrolyte. During charging, the PA, con- 
nected to a posit ive terminal  of dc power source, was 
par t ly  oxidized to polycarbonium ions [(CH)~+]x 
with a corresponding number  of counter  A -  ions ad-  
sorbed and changed to [(CH)~+Ay-]x.  The PA con- 
nected to the negative te rminal  was par t ly  reduced to 
polycarbanion [ (CH) ~- ] x with a corresponding n u m -  
ber of counter  M+ ion adsorbed and changed to 
[ (CH)N-My+ ] x. Dur ing  discharge, the former electrode 
was reduced and the lat ter  oxidized, with both tending 
to recover their original  states al though it was claimed 
that PA could be used for both electrodes. However, 
the bat tery  was not  investigated in detail for its charg- 
ing and discharging characteristics. Among the reports 
on organic batteries involving PA, l i th ium is usual ly  
used as a counterelectrode (2-4). 

Since the pris t ine PA is a semiconductor, good con- 
tact between the current  collector and PA is essential 
for efficient charging and discharging. Two types of 
current  collectors were reported in the l i terature  on 
the PA electrode: (i) a metal  wire such as p la t inum 
(Pt) which was attached to the PA by mechanical-  
pressed contact (3, 4); and (ii) a piece of 52 mesh 
p la t inum gauze, s imilar  in area to the PA film, was 
connected to the lead, a p la t inum wire, by spot weld-  
ing (8). Differences between these two types in charg- 
ing and discharging were not reported. 

In  this work, we investigate the charging and dis- 
charging characteristic of the first type current  col- 
lector ment ioned above and two other types: (i) a thin 
film of pal ladium (Pd) which was formed on one side 
of a PA electrode by using sput ter ing technique;  and 
(ii) iodine-doped PA (this electrode itself also served 
as a current  collector). 

Experimental 
MateriaZs.--The PA film was synthesized using Shira-  

kawa's method (9). Identification of the film, produced 

Key words: conduction, diffusion, polymer. 

through the use of IR, density measurement ,  DSC, and  
porous surface area measurement ,  was made in the 
previous paper (10). The l i th ium strip was obtained 
by cutt ing a l i th ium rod of synthetic grade (Merck).  
Li th ium perchlorate used as an electrolyte was of 
analyt ical  grade from Fluka. Propylene carbonate of 
synthetic  grade and toluene and te t rahydrofuran  
(THF) of LC grade from Merck were purified by 
adding molecular  sieves and then storing for three 
days to remove a minor  amount  of moisture. The io- 
dine was reagent grade from Wako. 

The PA electrode, which had one side coated with a 
Pd film, was obtained by sput ter ing Pd on one side of 
the PA film in argon gas at a pressure between 10 -7 
and 10 -2 torr for 8 min  at room temperature,  using a 
sput ter  SPF-210B from Aneva Company. The amount  
of Pd deposition was about 1.36 mg/cm 2. The resul t ing 
Pd-coated PA film was tested to see whether  the Pd 
was uni formly  and cont inuously distr ibuted on the 
PA surface by measur ing  the resist ivity on the Pd-  
coated side. The resistivity was about 10-40~ every-  
where as measured by making  contact between two 
probes (0.5 cm apart)  and the Pd surface. This indi-  
cates that the Pd coating was a continuous film. 

The iodine-doped PA electrode was obtained by 
immers ing the pristine PA film in iodine/ to luene (163 
mg/20g) solution for 30 min and then washed suc- 
cessively with toluene for at least three times unt i l  no 
appreciable color appeared in the toluene. The resul t -  
ing PA film was stored in toluene for one day. The 
toluene appeared to be clear dur ing the storage. The 
film was then dried in a dynamic vacuum for at least 
30 min. This doped PA film [(CH)I0.02s]~ had a con- 
ductivi ty of 0.093 (~2-cm)-1 as measured by the two- 
probe method. 

Construction of organic batteries.raThe dimensions 
of the PA films used as electrodes were about 4 cm in  
length, 1 cm in width, and 0.1-0.4 mm thick, unless 
specified otherwise. For all cases, the upper  0.5 cm 
portion was clipped with a folded nickel gauze, which 
had the same width as the film, by a pressure of about 
7000 lb /cm 2. After pressing, a conductivi ty measure-  
ment  was made by connecting one probe to the nickel 
gauze and the other probe to the other end of the PA 
film, in order to assure that  the film was not damaged 
by the pressing. The PA electrode and the counter-  
electrode (a l i th ium strip of about 3.5 cm in length, 1 
cm in width, and 0.3 cm thick),  separated by a glass 
filter paper, were then installed in a vacuum-t igh t  
glass vessel. These two electrodes were about 1 cm 
apart. The lower part  of the vessel was for storing the 
electrolyte solution (0.3M l i th ium perchlorate in  
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propylene carbonate)  of about 20 ml. The upper  par t  
was equipped with a Teflon valve and two tungs ten  
wires, with their  middle parts sealed in the glass wall. 
The outer ends of the wires were connected to the 
power source, while the two inner  ends were each 
welded with a smal l  steel clamp for connecting to the 
electrode. In  the cell, about  3 cm of the PA e l ec t rode  
w a s  immersed in  the electrolyte solution. 

After  the whole assembly was set up, the electrolyte 
solution was injected. The apparatus was connected to 
a vacuum line, pumped for 5 min, and  then introduced 
with argon gas. Dur ing  dynamic vacuum pumping,  
small  bubbles arising from the film were observed, 
indicat ing that  the gas inside the porous area of the 
PA was pumped out. Since propylene carbonate has a 
high boiling point  and a very  low vapor pressure at 
room temperature,  this pumping  did not affect the con- 
centra t ion of the electrolyte solution. This cycle of 
pumping  and adding argon gas was repeated three 
times. The cell was then ready for the charging ex- 
periment .  

Dur ing  charging, a constant voltage of 4-6V was 
applied for ,a certain period of time. The current  pass- 
ing through was recorded. 

Dur ing  discharge, the two electrodes were brought  
into contact with or without  a s tandard  resistor. The 
current  discharged and voltage across the electrodes 
were recorded using a digital mul t imeter  and recorder. 

Results and Discussion 
Results of the charging and discharging of the three 

types of batteries having various current  collectors for 
the PA electrodes are given below. In  each case, the 
counterelectrode was a l i th ium strip, and the electro- 
lyte solution used was the same. 

Type a.--PA film having the upper portion clipped 
with a folded nickel gauze.--Charging this bat tery was 
accomplished by  first applying 1V to the whole PA 
electrode (45 mg) immersed in the electrolyte solution, 
supplying a current  of 2.5 #A to begin and rising to 4 
#A. This was to increase the conductivi ty of the port ion 
.of the PA in contact with the nickel  gauze and also 
that  above the l iquid level. After 2 min, the PA elec- 
trode was raised so that  its top edge was 1 cm above 
the l iquid level. The applied voltage was then in -  
creased to 4Y, and the current  was increased to 10 ~A 
and after  2 min, to 13 #A. The applied voltage was 
fur ther  increased to 5V, which gave a current  of 27 
~A. Keeping the applied voltage at 5V for 26h, it finally 
gave a steady current  of about 285 #A. The resul t ing 
open-ci rcui t  voltage (OCV) was 3.85V, and the ini t ial  
short-circui t  cur rent  (SCC) was 3.21 mA. As described 
above, the rate of charging was slow. 

In  order  to unders tand  the dis tr ibut ion of perchlorate 
ions in  the PA electrode after charging and discharg- 
ing, the PA electrode, after charging, was washed with 
THF, dried in a dynamic vacuum for three cycles, and 
then subjected to resist ivity measurement  in an argon 
atmosphere using a pair  of probes which were bound 
together and had a fixed distance of 0.12 cm. Note that  
the measured values were dependent  on the pressure 
applied to the two,probes. The data shown in Fig. 1 (a) 
are the m i n i m u m  resist ivity at each location. The resis- 
t ivi ty  of the port ion immersed in the electrolyte solu- 
tion dur ing  charging had a resist ivity lower than that 
above the solution. 

After  the resist ivity measurement ,  the PA electrode 
was again placed with the ba t te ry  which gave an OCV 
of 3.85V and  an ini t ia l  SCC of 102 #A. After  a short-  
circuit current  for 120 min, the SCC was reduced to 15 
~A, and the total charges released were Qout : 0.16C. 
The PA electrode was then washed with THF and 
dried in a dynamic vacuum for three cycles. Its resis- 
t ivi ty  was then measured in various locations. The 
differences in resist ivity between the port ion in  con-  
tact with nickel  gauze and that  immersed in  solution 
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Fig. 1. (a) Resistivity of type a palyacetylene electrode after 
charging by applying a constant voltage of 5V for 26h; (b) re- 
sistivity of type a polyacetylene electrode after discharging without 
an external resistor for 120 min. 

are shown in Fig. 1 (b).  The former had extremely high 
resistance while the lat ter  had considerably lower re-  
sistance. The residual anions adsorbed in the PA 
fibrils diffused to the solution dur ing  discharging at 
an extremely slow rate, since electrons were difficult 
to t ransfer  to the nickel  gauze due to the decreased 
conductivi ty of the PA. A similar  exper iment  was per-  
formed by MacDiarmid (2, 3), in  which p la t inum wire 
0.1 cm diam instead of nickel gauze was wound on the 
same portion of the PA electrode. The same difficulty 
in charging and discharging was found. Thus, the 
current  collector in contact with the upper  par t  of the 
PA film is not suitable for the organic battery.  

Type b.--PA film having one side coated with pal- 
ladium.--PA, 2.9 cm long, 1 cm wide, and 0.12 m m  
thick (14 mg),  and coated with Pd on one side by the 
sput ter ing method, was used as an anode. Charging of 
the ba t te ry  was performed by applying a constant 
voltage of 4.3V for 35 min;  the current  vs. t ime is 
shown in Fig. 2 where Qin was 2.2C. This bat tery  had 
an OCV of 3.87V and ini t ia l  SCC of 17.4 mA. In  com- 
parison to type a, the rate of charging was much faster. 
SCC vs. t ime is also shown in Fig. 2 where Qout m 
1.575C and the coulombic efficiency I] (-= Qout/Qin) was 
0.72. It  was then recharged under  the same constant  
voltage of 4.3V for 102 min, giving an OCV of 3.8V. The 
SCC vs. t ime curve is shown in Fig. 3 where  Qin -- 
6.3C. It  was then discharged by connecting it to an 
external  resistor of 33.6 k~l and stopped at the voltage, 
1.2V. The curves of current  and voltage vs. t ime are 
shown in Fig. 3 where Qout -~- 5.33C and ~1 was 0.84. 
The actual coulombic efficiency would have been 
higher than 0.84 if discharging was stopped at zero 
voltage. It seems that lower rate of wi thdrawn current  
would lead to a higher coulombic efficiency. This, 
together with the electrochemical behavior  of the PA 
electrode are demonstrated below. 

For the first cycle of charging in Fig. 2, the current  
was high at first and then decreased to a near ly  con- 
s tant  level. This indicates that PA fibrils [the PA used 
had fibrillar morphology (11)] having direct contact 
with the Pd would first lose electrons easily, al lowing 
a high rate of perchlorate ion diffusion to the surface 
and inter ior  of the PA fibrils accompanying a charge 
transfer.  This made the ini t ial  current  high. After  
these fibrils were oxidized by the perchlorate ions (the 
first in 5 rain) ,  they then became more conductive, 
causing the other fibrils next  to them to lose electrons 
easily to the Pd current  collector. These prist ine fibrils 
s tarted being oxidized by  perchlorate ions. This elec- 
t ron t ransfer  process was slower than that for the 
fibrils in direct contact with the Pd, making the cur -  
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Fig. 2. Current variations with time of the battery with type b 
palyacetylene electrode during the first cycle charging by applying 
a constant voltage of 4.3V for 35 min and first cycle discharging 
without an external resistor. 

rent  drop to a lower  level.  This process cont inued unt i l  
a l l  the fibrils were  oxidized sufficiently by  perch lora te  
ions at the appl ied  voltage.  Dur ing  discharge wi thout  
ex te rna l  resistance,  the r a t e  of cur ren t  w i thd rawn  was 
so fast that  most charges were  w i thd rawn  wi thin  5 
min. This r ap id  diffusion of perch lora te  ions f rom the 
surface and in te r ior  of the fibrils in direct  contact  wi th  
the  Pd coating would cause these fibrils to become less 
conductive.  This caused the perch lora te  ions bonded 
on the surface  of  the fibrils, located far  f rom the Pd 
coating and par t s  of those located inside the in ter ior  of 
the fibrils, difficult to diffuse out. Af te r  15 min dis-  
charging,  the cur ren t  d ropped  to zero, but  perch lora te  
ions that  o r ig ina l ly  oxidized the P A  were  s t i l l  r e ta ined  
in the fibrils. 
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Fig. 3. Current and voltage variations with time of the battery 
with type b pafyacetylene electrode during the secand cycle charg- 
ing by applying a constant voltage of 4.3V for 102 min and second 
cycle discharging with an external resistor of 33.6 k~. 
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For  the second cycle of charging in Fig. 3, the cur -  
rent  was high at  the first instant,  d ropped  quick ly  
wi th in  2 min, increased to i ts m a x i m u m  at  25 rain, and  
then dropped  slowly. This can be a t t r ibu ted  to the 
fact that  the P A  fibrils in d i rec t  contact  wi th  the Pd 
were  reduced to a nea r ly  ne u t r a l  s tate f rom the dis-  
charging of the first cycle and electrons would be lost 
easi ly  at  first, mak ing  the ini t ia l  cur ren t  high. The rest  
of the P A  fibrils (wi thout  direct  contact  wi th  Pd)  
would st i l l  re ta in  a cer ta in  amount  of perch lora te  ions 
a f t e r  d ischarging in the first cycle and would provide  
reasonable  conduct ivi ty  for the t ransfe r  of electrons to 
the  Pd coating. They were  al l  able  to release electrons 
and to be oxidized by  the diffused-in perch lora te  ions. 
The more  they  were  oxidized by  the perch lora te  ions 
the  more  conduct ive they  were,  leading  to an increase 
in cu r ren t  unt i l  s a tu ra t ion  was reached  at  the fibril  
sur face  where  the cur ren t  was at  a maximum.  Af te r  
this stage, the perch lora te  ions s ta r ted  to diffuse into 
the  in te r io r  of the fibrils. Since the diffusion is more 
difficult inside the solid, the ra te  of diffusion was 
s lower  than that  of the surface oxida t ion  stage. Thus, 
the  cur ren t  s ta r ted  to fall. This charging character is t ic  
of the ba t t e ry  af te r  the first cycle  r emained  the same 
for another  five cycles. The d ischarging curve (for the  
case wi th  an ex te rna l  res is tor  of 33.6 1~)  in Fig. 3 
shows that  the lower  ra te  of cur rent  w i thd raw for the 
second cycle provided  higher  coulombic efficiency than 
the h igher  ra te  of cur ren t  w i thd raw for the first cycle. 
This is due to the fact tha t  slow release  of cur ren t  
would a l low more  perch lora te  ions loca ted  inside the  
fibrils and  on the surface  of  the fibrils ~ar f rom the Pd  
coating to diffuse out. 

Note that  this ba t t e ry  wi th  Pd -coa t ed  P A  as an 
anode has a coulombic efficiency s imi lar  to that  p ro -  
posed by  Kaneto  et al. (8) in which Pt  gauze, hav ing  
the same area  as a PA electrode,  was used as a cur rent  
collector.  However ,  the present  method provides  a 
l igh te r  cur ren t  collector.  

For  prac t ica l  uses, good revers ib i l i ty  and s t ab i l i ty  of 
the cell a re  of importance.  The P A / L i  cells were  found 
to be revers ib le  if the extent  of oxidat ion  of PA was 
low, about  2.2%, under  an app l ied  vol tage be low 
about  3.75V (8). Above this voltage,  degrada t ion  of 
P A  due to react ion with  the p ropy lene  ca rbona te  and 
l i th ium perch lora te  might  occur. In  our  case, the  a p -  
p l ied  vol tage  (4.3V) was h igher  and the degrada t ion  
of PA could occur. But  wi th in  20 cycles of charge-  
discharge,  no apprec iab le  degrada t ion  was observed.  
As to cell  s tabi l i ty ,  contaminat ion  of the e lec t ro ly te  
and electrodes by  oxygen  and mois ture  is h igh ly  p rob -  
able  dur ing  ins ta l la t ion  of the cell or  due to insufficient 
purif icat ion and should  be reduced  to a min imum.  A n y  
trace of a i r  can cause the cell vol tage to fal l  sha rp ly  on 
s tanding.  The s tab i l i ty  can be  increased af ter  severa l  
charge-d i scharge  cycles, poss ibly  because the (CH~+)x 
species acted as a scavenger  for impur i t i es  ini t ia l ly ,  as 
observed  by  Kaneto  et al. (8). The same resul t  was 
also obta ined  in our case. 

Type c.wIodine-doped PA /~lm.--For the  iod ine-  
doped P A  electrode,  18.4 mg  of pr is t ine  P A  was doped 
wi th  5.03 mg of iodine to give [ (CH)I0.0~sx']. A ba t t e ry  
wi th  it as an anode was charged by  app ly ing  a constant  
vol tage  of 6V for 0.5h to give an O CV of 4.2V and  a 
SCC of 22.4 mA. The cur ren t  input  increased s l igh t ly  
wi th  t ime wi th  Ql.in : 14C, as shown in Fig. 4. The 
discharging curve (wi thout  an ex te rna l  res is tor )  in 
Fig. 4 gave Ql,out "- 5.28C and ~ --  0.38. In  the second 
cycle, charging for  0.Sh under  6V gave an OCV of 
4.08V, a SCC of 14 mA, and Q~.in m 8.64C, whi le  dis-  
charging gave Q2.out ~-- 3.6C and *1 = 0.42. The increase  
in ~1 in the second cycle is due to the pa r t  of the 
perch lora te  ions in and on the fibrils dur ing  the first 
cycle that  was not  comple te ly  re leased.  In  the  charging 
of the second cycle, sma l l  s t reams wi th  b rown color 
were  b leeding f rom the P A  elec t rode  dur ing  the  first 
5-10 rain, wi th in  w h i c h  the  ra te  of increas ing current  
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Fig. 4. Current variations with time of the battery with type c 
palyacetylene electrode during the first and second cycle chargings 
by applying a constant voltage of 6V far 30 min and, during this 
two cycle discharging, without external resistor. 

was high. This indicates  tha t  molecu la r  iodine was r e -  
leased to the  solution.  

Note tha t  dur ing  charging,  cur ren t  var ia t ions  wi th  
t ime for  the  first and second cycles are  different.  For  
the first cycle, it  increased  l inear ly  wi th  t ime. Th is  
indicates  tha t  the  P A  elect rode was quite conduct ive 
everywhere .  As the degree of  oxida t ion  by  pereh lora te  
ions increased,  i t  became more conductive.  However ,  
even at  the end of charging,  the PA was not oxidized 
to an equ i l ib r ium state  at the appl ied  voltage.  For  the 
second cycle, the cur ren t  was low first then increased 
r ap id ly  in 8 rain to a h igher  level.  This can be a t -  
t r ibu ted  to the fact  tha t  the appl ied  vol tage not only  
oxidized the PA, but  also the ions, I - ,  I3- ,  and I~- .  
Af te r  discharging,  most pe rch lo ra te  ions were  dr iven  
off to the solution, making  the P A  elect rode less con- 
ductive.  However ,  as more  perch lora te  ions doped on 
the P A  electrode,  it  became more conductive,  leading  
to an increase in the charging current .  This charging 
character is t ic  r emained  the same af ter  the first cycle 
for  another  four  cycles. Af t e r  the fifth cycle, the  sur -  
face of the  l i th ium elec t rode  became darker ,  due to 
the reac t ion  wi th  iodine f rom the solution. The charg-  
ing became more  difficult, and the SCC was lower.  
However ,  if the  surface  of the l i th ium elec t rode  was 
scra tched to remove  the react ion product ,  l i th ium 
iodide, the ba t t e ry  was recovered  to its o r ig ina l  ca-  
pac i ty  for energy  storage.  

Conclusion 
1. Pr i s t ine  polyacetylene ,  wi thout  good contact  and  

a la rge  contact ing area  wi th  a cur ren t  collector,  is not  

sui table  for  use as an e lec t rode  clue to i ts semiconduct -  
ing  character is t ic  when dopant  ions a re  lost. 

2. Good contact  of a cur ren t  collector  wi th  a po ly -  
ace ty lene  e lect rode is essent ial  for efficient charging 
and discharging.  Thin coating of an iner t  meta l  on one 
side of the po lyace ty lene  film obta ined  by spu t te r ing  
method  is a promis ing  cur ren t  collector.  This al lows 
the po lyace ty lene  film to become a workab le  electrode.  

3. Di rec t ly  increas ing the conduct iv i ty  of a po ly -  
acety lene  film by  adding dopant  is also a possible way  
to promote  the po lyace ty lene  film for use as an elec-  
trode, p rov ided  that  the dopant  concentra t ion in the 
e lec t ro ly te  solut ion is not  ha rmfu l  for the l i th ium 
electrode.  
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Piezo-Electrocapillary Effect: A New Effect Observed in Porous 
Anodic Oxide Films 

J. J. Bernstein .1 and R. M .  W h i t e *  

Department of Electrical Engineering and Computer Sciences, University of California, Berkeley, California 94720 

A B S T R A C T  

A n e w  effect,  t h e  P iezo-Elec t rocap i l l a ry  (PEC) effect,  h a s  b e e n  o b s e r v e d  in  wet,  p o r o u s  a n o d i c  A1~O3 films sub j ec t  to 
u l t r a son ic  b u l k  c o m p r e s s i o n a l  waves .  W h e n  w e t t e d  w i th  a h i g h  res i s t iv i ty  polar  l iquid ,  t h e s e  fi lms b e h a v e  as i f  t h e y  
were  p iezoe lec t r ic  in  t h a t  t h e y  act  as t r a n s d u c e r s  for  u l t r a son ic  waves.  Th i s  is due  to t he  m o t i o n  (in r e s p o n s e  to an  
acous t i c  wave)  of  c h a r g e d  l i qu id  loca ted  w i t h i n  a D e b y e  l e n g t h  of  t h e  i n n e r  pore  walls  w h i c h  c rea tes  a n  e lec t r ica l  cur-  
r e n t  a n d  e x t e r n a l l y  m e a s u r a b l e  a l t e rna t ing  vol tage .  As de r ived  in th i s  p a p e r  a n d  c o n f i r m e d  b y  e x p e r i m e n t s ,  t he  vo l t age  
o u t p u t  d e p e n d s  on  the  res is t iv i ty ,  compress ib i l i ty ,  a n d  v i scos i ty  of  t he  l iquid .  T r a n s d u c e r  sens i t iv i ty  equa l  to t h a t  of  
s p u t t e r e d  Z n O  10 ~ m  t h i c k  ha s  so far  b e e n  ob ta ined .  

The  P E C  effect  is e x p l a i n e d  he re  in  deta i l  for  t he  first 
t ime,  a l t h o u g h  it  h a s  b e e n  r e p o r t e d  p r e v i o u s l y  (1). Be- 
cause  of  t h i s  effect,  w e t  p o r o u s  a n o d i c - o x i d e  f i lms ac t  
m u c h  l ike  p iezoelec t r ic  fi lms in r e s p o n s e  to b u l k  
c o m p r e s s i o n a l  u l t r a son ic  waves .  T h e  p o r o u s  a n o d i c - o x i d e  
fi lms s t u d i e d  he re  are  k n o w n  to h a v e  an  a r ray  of  ve ry  
fine po re s  a l igned  w i t h  t he i r  axes  para l le l  to t h e  film 
n o r m a l  (2). A n o d i c  AI~O~ fi lms are also k n o w n  to h a v e  re- 
s idua l  e lec t r ic  space  c h a r g e  f rozen  in t h e  oxide,  r e s u l t i n g  
f r o m  t h e  ionic  c u r r e n t s  w h i c h  fo rm t h e  o x i d e  d u r i n g  
a n o d i z a t i o n  (3-7). Th i s  r e su l t s  in  a c o n s i d e r a b l e  ef fec t ive  
sur face  c h a r g e  on  t he  A1203 surface.  T he  l i qu id  in t h e  
po re s  c o n t a i n s  a c o m p e n s a t i n g  c h a r g e  equa l  a n d  oppos i t e  
to t he  c h a r g e  in  t h e  p o r o u s  oxide;  t he  l iqu id  m o v e s  rela- 
t ive  to t he  p o r o u s  ox ide  in r e s p o n s e  to an  acous t ic  wave  
(Fig. 1), c r ea t i ng  an  a l t e r n a t i n g  e lec t r ica l  c u r r e n t  a n d  
vol tage .  

The  P E C  effect  is an  e x t e n s i o n  to u l t r a son ic  f r equen-  
cies of  t h e  e l ec t roosmot i c  ef fec t  (8), w h i c h  d e s c r i b e s  t he  
s t eady-s t a t e  c o u p l i n g  b e t w e e n  mass  flow a n d  e lec t r ica l  
c u r r e n t  in  a c h a r g e d  capil lary.  A l t h o u g h  we h a v e  as- 
s u m e d  an  a r ray  of  c i rcu la r  cross  sec t ion  pores  in  our  anal-  
ysis, any  t w o - p h a s e  m e d i u m  w i t h  a c h a r g e d  in t e r f ace  ori- 
e n t e d  para l le l  to  t he  d i r e c t i o n  of  acous t i c  w a v e  
p r o p a g a t i o n  s h o u l d  e x h i b i t  t he  P E C  effect. In  t he  a n o d i c  
f i lms s t u d i e d  here,  t he  large  specif ic  in te r fac ia l  area,  t h e  
large  d i f f e rence  in  t he  acous t i c  p h a s e  ve loc i t ies  of  t he  ox- 
ide  a n d  t he  l iquid ,  a n d  t he  large  in te r fac ia l  c h a r g e  d e n s i t y  
m a k e  t he  effect  v e r y  s t rong,  r e s u l t i n g  in t r a n s d u c e r  sensi-  
t iv i ty  c o m p a r a b l e  to p iezoe lec t r ic  f i lms s u c h  as s p u t t e r e d  
Z n O  t h a t  is 10 ~ m  th ick .  

In  our  t heo re t i ca l  t r e a t m e n t  of t he  P E C  effect,  we first  
de r ive  t he  fluid flow in a n a r r o w  capi l la ry  w i t h  a 
c o m p r e s s i o n a l  wave  p r o p a g a t i n g  a long  t he  cap i l la ry  axis.  
We t h e n  c o m b i n e  th i s  flow w i t h  t he  c h a r g e  d i s t r i b u t i o n  
in  t he  cap i l la ry  to der ive  t he  vo l tage  (po ten t ia l  d i f f e rence  
f rom one  e n d  of the  capi l la ry  to t he  o ther)  across  t he  po- 
rous  film. In  t he  E x p e r i m e n t a l  Resu l t s  sect ion,  we dem-  
o n s t r a t e  t h e  a g r e e m e n t  of  th i s  t h e o r y  w i t h  t h e  m e a s u r e d  
d e p e n d e n c e  of  the  P E C  vo l tage  on  l iqu id  p a r a m e t e r s  
s u c h  as res is t iv i ty ,  compress ib i l i ty ,  a n d  viscosi ty .  

Exper imenta l  Procedures 
P o r o u s  a n o d i c  f i lms were  p r o d u c e d  b y  a n o d i z i n g  alu- 

m i n u m  at  a c o n s t a n t  c u r r e n t  d e n s i t y  of  160 A / m  2 for 0.5 
a n d  2.5h a t  20~ in  10 w e i g h t  p e r c e n t  (w/o) H~SO4. Befo re  
anod iza t ion ,  t h e  a l u m i n u m  shee t  s u b s t r a t e s  (alloy 
5052-H32) were  m e c h a n i c a l l y  po l i shed  to a 0.25 ~ m  sur- 
face f in ish  w i th  d i a m o n d  p o l i s h i n g  c o m p o u n d .  Th i s  al loy 
c o n t a i n s  2.5% Mg, 0.1% Cu, Mn, a n d  Zn,  0.25% Cr, a n d  a 
s u m  of  Si + Fe  = 0.45%. Befo re  tes t ing ,  a n d  b e t w e e n  tes t s  
w i t h  d i f f e ren t  l iquids ,  t he  p o r o u s  anod ic  f i lms were  
c l e a n e d  u l t r a son ica l ly  in  m e t h a n o l  a n d  dr ied.  

*Electrochemical Society Active Member. 
1Present address: Solavolt International, P.O. Box 2934, 

Phoenix, Arizona 85062. 
Key words: ultrasonic transducer, piezoelectric, space charge. 

F i lm  t h i c k n e s s  was m e a s u r e d  b y  a b r a d i n g  a cy l indr ica l  
g roove  in  t he  film (Ph i l t ec  2015 sec t ioner )  a n d  t h e n  
prof i l ing  t h e  g roove  w i t h  a T e n c o r  Alpha-S tep .  We con-  
s ider  th i s  to be  m o r e  re l iab le  t h a n  e l l i p some t ry  on  p o r o u s  
films. The  0.5h anod ized  film was  8 ~ m  th ick ,  a n d  t he  
2.5h a n o d i z e d  film was  32 ~ m  th ick .  

The  a r r a n g e m e n t  u s e d  to m e a s u r e  the  P E C  vo l tage  is 
s h o w n  in  Fig. 2. A p iezoe lec t r ic  t r a n s d u c e r  ( P a n a m e t r i c s  
V311,10) was  e lec t r ica l ly  p u l s e d  b y  a P a n a m e t r i c s  5052PR 
p u l s e r  to  p r o v i d e  a s h o r t  d u r a t i o n  acous t ic  s igna l  cen- 
t e r ed  at  10 MHz. The  m a x i m u m  par t ic le  d i s p l a c e m e n t  of 
t he  acous t i c  p u l s e w a s  1.6 rim. The  acous t ic  waves  were  
de l ayed  b y  a n  a l u m i n u m  buf fe r  rod  (to p r e v e n t  e lectro-  
m a g n e t i c  i n t e r f e r e n c e  b e t w e e n  t he  pu l se r ' s  e lectr ic  s igna l  
a n d  t he  P E C  signal), p a s s e d  t h r o u g h  t he  l iquid-f i l led  gap, 
a n d  in to  t he  po rous  film (Fig. 2). The  P E C  vo l t age  s ignal  
was  t a k e n  b e t w e e n  t h e  b o d y  of  t h e  a n o d i z e d  a l u m i n u m  
s a m p l e  a n d  t he  bu f f e r  rod. S o m e  e x p e r i m e n t s  were  also 
p e r f o r m e d  w i t h  t he  s a m p l e  inve r t ed ,  in  w h i c h  case  a vol- 
tage s e n s i n g  e l ec t rode  was  p l aced  on  t op  of  t h e  a n o d i c  
film. The  P E C  vo l tage  was  t he  s a m e  w h e t h e r  the  acous-  
t ic  w a v e s  were  i n c i d e n t  f rom the  f ron t  of  t he  s a m p l e  ( the 
a n o d i c  fi lm side) or t he  b a c k  ( the a l u m i n u m  subs t ra te ) .  

,-.k. / / / / / / / ~  
/ / / / / / 2' COUNT~-EA~CTRODE 

1 § + * 1 ,-x., ELECTICALLY 
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. / |  - I I / ANODIC OXIDE PORE 

V,/+l - I I -  * /  A ~ _  

�9 I - / I IN PORE WALL 
V I  +I -- - * 1  , /  
�9 / . I - - / - -  ~OBILE NEGATIVE CHARGE 

I +  + /  r , , ' + I  - - " / I  INLIOOIO 
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I / / / / / / 
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Fig. l .  Motion of charged fluid in a pore, shown here in cross section, 
produces a current in response to an oscillating acoustic wave (elements 
not drawn to scale). The boundary between charged and neutral fluid re- 
gions is shown as a curved, dotted line at the pore mouth, although the 
boundary is actually about 1 Debye length thick. 
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Fig. 2. Experimental setup used to measure PEC voltage. The output 
voltage is taken from the substrate to the buffer rod (elements not drawn 
to scale). 

Acoustic Wave Motion in a Capillary 
Blot 's theory (9) of  acoustic waves in two-phase media 

s h o w s  t h a t  t h e r e  ex i s t  two b u l k  c o m p r e s s i o n a l  m o d e s  in  a 
f luid-f i l led p o r o u s  m e d i u m :  a fas t  mode ,  in  w h i c h  t he  
fluid a n d  sol id  m o v e  in  phase ,  a n d  a s low mode ,  in  w h i c h  
t h e y  m o v e  ou t  of  phase .  I n  add i t ion ,  r e c e n t  e x p e r i m e n t a l  
w o r k  (10) ha s  s h o w n  t h a t  ef f ic ient  m o d e  c o n v e r s i o n  f r o m  
a n  i n c i d e n t  c o m p r e s s i o n a l  w a v e t o  t he  s low-wave  m o d e  
can  o c c u r  at  t h e  b o u n d a r y  of  t he  p o r o u s  layer. 

The  ve loc i ty  d i s t r i b u t i o n  for  a c o m p r e s s i o n a l  acous t i c  
wave  at f r e q u e n c y  ~ p r o p a g a t i n g  a long  a fluid-fi l led p ipe  
in t he  z d i r ec t i on  is (11) 

w h e r e  J0 is t he  Besse l  f u n c t i o n  of  t he  first  k i n d  of  o rde r  0, 
r is t h e  rad ia l  d i s t a n c e  f rom t h e  c e n t e r  of t he  pipe,  R is t he  
p ipe  i n n e r  d iam,  a n d  k is a c o m p l e x  c o n s t a n t  g iven  b y  

,/~ k = ( 1  -j) ~ [2] 

w h e r e  m is t h e  a n g u l a r  f r e q u e n c y  of  t he  acous t i c  exci ta-  
t ion  a n d  , is t h e  k i n e m a t i c  s h e a r  v i scos i ty  of  t he  fluid in  
t h e  p i p e  (Fig. 3). F o r  kR  < <  1 ( the case  of  i n t e r e s t  for  a 
capil lary),  E q  [1] r e d u c e s  to  

vz(r,z) = v~(z) ( 1 - - ~ )  [3] 

w h i c h  is t he  fami l ia r  case  of Po i seu i l l e  flow. Note  t h a t  
v~(r,z) has  b e e n  s e p a r a t e d  in to  a p r o d u c t  of  v~(r) x v~(z) so 
t h a t  e a c h  one  can  b e  dea l t  w i t h  separa te ly .  

In  t h e  a b s e n c e  of an  acous t ic  wave,  the  ne t  c h a r g e  of  
l i q u i d  p lus  ox ide  in  a t h i n  l ayer  b e t w e e n  z a n d  z + dz is 
zero. We are  i n t e r e s t e d  in  t h e  flow of  l i qu id  re la t ive  to t h e  
po re  wall,  s ince  on ly  re la t ive  flow can  p r o d u c e  a ne t  
c h a r g e  in  a pore  cross  sec t ion  a n d  h e n c e  a local  c h a n g e  in 
t he  ne t  charge .  One  b o u n d a r y  c o n d i t i o n  on  v~(z) is 

v~(r,L) = 0 [4] 

a t  t he  c losed  e n d  of  t he  capil lary.  We a s s u m e  t h a t  t he  
tacoust ic  wave  c rea tes  a k n o w n  osc i l la t ing  z -d i rec ted  
p a r t i c l e  ve loc i ty  v0 at  t he  po re  m o u t h  (z = 0) a n d  t h i s  is 
t h e  o t h e r  b o u n d a r y  c o n d i t i o n  

vA0,0)  = v0 [5] 

The  e q u a t i o n  of  m o t i o n  of  a c o m p r e s s i b l e  v i scous  f luid 
in  a cap i l l a ry  of  r a d i u s  R is (12) 

8 j o ) ~  a~v=(z) ~p~o*v~(z) + ~ v~(z) [6] 
az ~ 
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Fig. 3. Diagram of pore, showing coordinates used 
the PEC effect. 
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u Z=0 

m z=L 

in the derivation of 

w h e r e  v~(z) is the  par t ic le  ve loc i ty  in  t he  z d i r e c t i o n  at r = 
0, ~ is t he  i s o t h e r m a l  c o m p r e s s i b i l i t y  of  the  fluid (a 
- 1 / V  OV/aP), p~, is t he  m a s s  dens i t y  of t he  fluid, V is vol- 
ume ,  P is p ressu re ,  a n d  ~ is t h e  v i scos i ty  of  t h e  fluid. T h e  
first t e r m  on  t he  r i g h t  r e p r e s e n t s  the  iner t ia l  r e a c t i o n  of  
t h e  fluid, a n d  the  s e c o n d  t e r m  r e p r e s e n t s  t he  v i scous  
d a m p i n g .  Fo r  t he  fi lms we s t u d i e d  and  for f r e q u e n c i e s  
b e l o w  t h e  GHz range,  t h e  iner t ia l  t e r m  is negl ig ib le ,  
y i e ld ing  

a2v~(z) 8jo~a~v~(z) 
= 2j132vz(z) [7] 

az 2 R ~ 

w h e r e  13 = [4~o~/R2] 1/2. The  so lu t ion  to th i s  e q u a t i o n  is 
s i m p l y  

v~(z) = Ale  B~(~+j) + A2e -B~(I+~) = voe-~zcos(flz) [8] 

The  ve loc i ty  wave  osci l la tes  a n d  decays  w i t h  a cha rac te r -  
is t ic  l e n g t h  of  1/13, w h i c h  imp l i e s  t h a t  i n c r e a s i n g  t h e  fi lm 
t h i c k n e s s  b e y o n d  2/fl s h o u l d  h a v e  l i t t le  effect  on  t h e  vol- 
t age  ou tpu t .  Unfo r tuna t e ly ,  we c a n n o t  c o m p a r e  fi lm 
t h i c k n e s s  to  1/13 b e c a u s e  R a n d  h e n c e  13 are u n k n o w n  for  
our  e x p e r i m e n t a l  films. 

The  s t r a in  in  t he  fluid in  t he  z d i r ec t i on  is t he  der iva-  
t ive  w i t h  r e s p e c t  to z of  the  z -d i rec ted  par t ic le  
d i s p l a c e m e n t  

Sz(Z) - au~ - 1 ave(z) _ -~/213vo ( 4 )  
az jo~ Oz j ~  e-~zcos flz - [9] 

The  s t r a in  as a f u n c t i o n  of  z a n d  r is 

S~(r,z)=S~(z)  ( 1 -  R~--~) = -  X/2v0jo~ e-~cos~13z/_ 4-fi]Tr' ( 1 -  R~---I 

[ ]0]  

This  s t r a in  will  be  u s e d  to c o m p u t e  t he  ne t  c h a r g e  dens i t y  
w h e n  a n  acous t i c  wave  p e r t u r b s  t he  c h a r g e  in a fluid- 
filled capil lary.  

Perturbation of Charge in a Capillary by an Acoustic 
Wave 

In  th i s  sec t ion  we ca lcu la te  h o w  the  acous t ic  wave  per-  
t u r b s  t he  fluid c h a r g e  a n d  gives  r ise  t o t h e  P E C  effect.  

In  cy l indr ica l  coord ina tes ,  t he  so lu t ion  of  P o i s s o n ' s  
e q u a t i o n  for  t he  cha rge  d e n s i t y  p~0 in  a cap i l la ry  
u n p e r t u r b e d  b y  any  acous t ic  wave  is (13) 

~Io(x) 
poo(X) - [11] 

XL(Xo) 

w h e r e  k is t he  D e b y e  l e n g t h  in the  fluid, o- is t h e  sur face  
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c h a r g e  d e n s i t y  on  the  capi l la ry  wall, x = r /h ,  xo = R/h, 
and  Io(IO is t he  modi f ied  Besse l  f u n c t i o n  of t he  first 
k ind ,  of  o rde r  zero (one). For  h > >  R(xo <<1) ,  t he  rad ia l  
c h a r g e  d i s t r i b u t i o n  is a p p r o x i m a t e l y  c o n s t a n t  a n d  equa l  
to  P~o = 2(r/R. For  h < <  R (x0 > >  1), Io(x) is  a p p r o x i m a t e l y  
exponen t i a l ,  a n d  the  cha rge  dens i t y  b e c o m e s  neg l ig ib le  at  
d i s t a n c e s  g rea te r  t h a n  severa l  D e b y e  l e n g t h s  f rom the  
pore  wal l  

p~o h e*-*~ , x0 > >  1 [12] 

The  ne t  cha rge  in a pore  cross  sec t ion  b e t w e e n  z a n d  z 
+ dz is zero in  the  a b s e n c e  of an  acous t ic  wave,  s ince  t he  
c h a r g e  on  t he  pore  wal l  and  t he  cha rge  in the  fluid cance l  
e ach  other .  A pos i t ive  s t r a in  S (a di la t ion)  in  t he  nega-  
t ive ly  c h a r g e d  fluid r e d u c e s  t he  local  cha rge  d e n s i t y  a n d  
c rea tes  a ne t  pos i t ive  cha rge  p~(z) w h i c h  is equa l  to t he  in- 
t egra l  of  the  s t r a in  S t imes  t he  u n p e r t u r b e d  c h a r g e  distr i-  
b u t i o n  P,0 over  the  cross  sect ion.  The  ne t  cha rge  is 

p~(z) = - PeoS~(r,z)2wrdr 

~S:(z) f ' I o ( x ) ( 1 -  R~) 21rrdr [13] 
hI,(xo)~ o \ 

= S,(z)(21rR~)T(xo) 

w h e r e  we h a v e  def ined  a f u n c t i o n  T(x0) to t ake  in to  ac- 
c o u n t  t he  over lap  of  t h e  c h a r g e  d i s t r i b u t i o n  Io(r/h) a n d  t he  
r d e p e n d e n c e  of  t he  z veloci ty ,  (1 - r2/R 2) 

~(Xo) = 

f ~ p~o(r)(1- - ~  )2~rdr 

f f p~o(r)27rrdr 

_ 1  f:bx)(1- )xdx 
XoI,(xo) 

[14] 

Not ice  t ha t  s ince  t he  ve loc i ty  peaks  at  t he  pore  axis  
a n d  t he  cha rge  dens i t y  peaks  at  t he  pore  wall, s ign i f i can t  
over lap  of  cha rge  a n d  ve loc i ty  occurs  on ly  i f  h -> R. In  the  
l im i t i ng  case  h > >  R (very d i lu te  so lu t ion)  Io(x) ~ 1,L(x) 
x/2, a n d  T(x0) ~ 1/2. In  t he  o the r  l imi t ing  case  of concen -  
t r a t e d  so lu t ions ,  we can  use  t he  a s y m p t o t i c  fo rms  of  t he  
Besse l  f u n c t i o n s  a n d  in t eg ra t e  (14), o b t a i n i n g  ?(x0) ~ 2/xo 
= 2h/R. 

H a v i n g  i n t e g r a t e d  out  t he  r d e p e n d e n c e  of  t he  c h a r g e  
d i s t r i b u t i o n  a n d  c o n d e n s e d  it in to  t he  va r i ab l e  T, we n o w  

e x a m i n e  t he  z d e p e n d e n c e  as g iven  in t he  s t r a in  wave  [9]. 
S u b s t i t u t i n g  the  s t ra in  [9] in to  Eq. [13] gives  t he  c h a r g e  
d i s t r i b u t i o n  as a f u n c t i o n  of z (Eq. [15]), b u t  we h a v e  left  
ou t  a n  i m p o r t a n t  pa r t  of  the  charge.  T he  n a r r o w  reg ion  
nea r  t h e  po re  m o u t h  (Fig. 1) c o n t a i n s  c h a r g e d  fluid 
which ,  on  a l t e rna te  ha l f  cycles,  is u n c o m p e n s a t e d  b y  pore  
wal l  charge.  We a p p r o x i m a t e  th i s  u n c o m p e n s a t e d  fluid 
c h a r g e  as a de l ta  f u n c t i o n  at  t he  pore  m o u t h  (z = 0) of  
suf f ic ien t  m a g n i t u d e  to sa t is fy  e lec t r ica l  n e u t r a l i t y  over  
t he  en t i r e  pore.  S ince  the  l iqu id  on ly  m o v e s  a b o u t  1 nm,  
t he  de l ta  f u n c t i o n  a p p r o x i m a t i o n  is a good  one. Wi thou t  
th i s  a p p r o x i m a t i o n ,  t he  p r o b l e m  is ve ry  diff icul t  b e c a u s e  
b o t h  t he  c h a r g e  d i s t r i b u t i o n  and  t he  fluid flow are no  
l o n g e r  c o n f i n e d  to t he  pore  a n d  are  t he r e fo re  t h r e e  di- 
m e n s i o n a l .  Fo r  an  ox ide  w i t h  n po r e s / m  2 

2~rnR(rT(Ova(z) ) 
po(z) - - - - - = - -  + ~(z)v~(z) 

3~ az 

�9 = ~ + ~(z)v~(z)) [15] 

w h e r e  we have  t e m p o r a r i l y  c o m b i n e d  all t he  c o n s t a n t s  in  
t he  t e r m  ~. 

The  vo l tage  across  the  film, Volt can  be  w r i t t e n  as a 
f u n c t i o n  of  t he  cha rge  d e n s i t y  u s i n g  the  f u n d a m e n t a l  
l aws  of  e lec t ros ta t i c s  

m 1 f .  
Vout - ] p~(z)(L - z)dz 

~pore J o  

/0 > - (L - z) (Ova(z) + ~(z)v,(z) dz [16] 
~pore \ az - 

w h e r e  epo~ is an  area  w e i g h t e d  ave rage  of  t he  d ie lec t r ic  
c o n s t a n t s  of t he  ox ide  a n d  t he  l iquid.  I n t e g r a t i o n  of  Eq. 
[16] by  pa r t s  yields  

Volt-  O f~: v~(z)dz [17] 
6pore 

Substituting for v~(z) from Eq. [8] and integrating gives 

Ovo 27rnRcrTVo 
V,,ut - -  - [18] 

�9 por~2/3 jO)�9 

7rnR2(rTvo 
j~3/2epor~.2(oqz)~t~ 

The  sens i t iv i ty  of  t he  film as a t r a n s d u c e r  can  b e  ex- 
p r e s s e d  as t he  o u t p u t  vo l tage  pe r  un i t  par t ic le  d isp lace-  
m e n t  

Vout floVout (TrnR~)o-T 

u~(O) Vo 2~O�89189 
[19] 

in  un i t s  of  V/m. This  is the  m a i n  theo re t i ca l  r e su l t  of the  
paper ,  a n d  will n o w  be  d i s c u s s e d  in o rder  to f ind t he  con-  
d i t ions  of  g rea tes t  t r a n s d u c e r  ou tpu t .  

The  t e r m  0 m R  2) is t he  pore  area fract ion.  I t  is typ ica l ly  
a b o u t  0.5 a n d  can  n e v e r  be  g rea te r  t h a n  one. The  t e r m  o-, 
t h e  su r face  c h a r g e  d e n s i t y  on  t he  i n n e r  po re  wall,  de-  
p e n d s  on  the  cond i t i ons  of t he  anod i za t i on  in  a poor ly  un-  
d e r s t o o d  fashion .  T h u s  far, a n  empi r i ca l  a p p r o a c h  has  
b e e n  t a k e n  to op t imize  ~. The  t e r m  T can  be  a s s u m e d  to 
be  0.5 for  l iqu ids  of  suf f ic ien t ly  h i g h  res i s t iv i ty  s u c h  as 
de ion ized  wa te r  a n d  r eagen t -g r ade  solvents .  For  a g iven  
a n o d i c  film, the  m a i n  p a r a m e t e r s  a f fec t ing  t he  magn i -  
t u d e  of  t h e  P E C  effec t  are the  res is t iv i ty ,  c o m p r e s s i b i l i t y  
~, a n d  v i scos i ty  tL; t he re fo re  t h e s e  were  c h o s e n  for exper i -  
m e n t a l  s tudy.  

Experimental Results 

U s i n g  t he  a r r a n g e m e n t  s h o w n  in  Fig. 2, va r ious  l iqu ids  
were  t e s t e d  in  two  d i f fe ren t  p o r o u s  anod ic  f i lms u s i n g  
t he  s a m e  acous t ic  exci ta t ion .  The  m e a s u r e d  P E C  vo l t ages  
are p lo t t ed  in Fig. 4 as a f u n c t i o n  of (aiD-�89 A l t h o u g h  t h e r e  
is s o m e  e x p e r i m e n t a l  scat ter ,  t h e  da ta  f rom e a c h  film ap- 
pea r  to lie on  a s t r a igh t  line, as p r e d i c t e d  b y  [19]. 

I t  was  e x p e r i m e n t a l l y  o b s e r v e d  t h a t  n o n p o l a r  l iqu ids  
s u c h  as benzene ,  CC14, a n d  c y c l o h e x a n e  r e su l t ed  in  the  
s a m e  P E C  vo l t age  as a d ry  film, a b o u t  30 t i m e s  sma l l e r  
t h a n  a n d  oppos i t e  in  po la r i ty  f rom the  P E C  vo l t age  ob- 
t a i n e d  w i t h  a l iqu id  s u c h  as m e t h a n o l .  The  n o n p o l a r  liq- 
u ids  a p p a r e n t l y  do no t  so lva te  t he  ions  r e m a i n i n g  af te r  
a n o d i z a t i o n  on  the  i n n e r  pore  wal l  a n d  t he r e fo re  r e su l t  in  
a n  ef fec t ive ly  zero D e b y e  leng th .  

The  res i s t iv i ty  of t he  l iqu id  can  affect  the  P E C  vo l t age  
in two  ways:  first, b y  i ts  ef fec t  on  t he  D e b y e  l e n g t h  a n d  
t he r e fo re  % as ou t l i ned  prev ious ly ,  a n d  second ,  b y  i ts  ef- 
fect  on  d ie lec t r ic  r e l axa t ion  for f r e q u e n c i e s  f -< (2~rpe) -~ 
(where  p is t he  res i s t iv i ty  a n d  �9 is t he  d ie lec t r ic  c o n s t a n t  
of t he  l iquid).  F igu re  5 shows  P E C  vo l t ages  for  a g iven  
film w e t t e d  w i th  a ser ies  of a q u e o u s  K2SO4 so lu t ions  pre- 
p a r e d  by  success ive  di lu t ions .  The  large  c h a n g e  in P E C  
vo l t age  occu r s  a t  t he  res i s t iv i ty  p r e d i c t e d  b y  d ie lec t r ic  re- 
laxa t ion ,  2300 gt-cm. 

I f  we a s s u m e  the  d ropo f f  in  P E C  vol tage  w i t h  inc reas -  
ing  sal t  c o n c e n t r a t i o n  is due  to t he  dec rea se  in  D e b y e  
l e n g t h  a n d  the re fo re  % we can  ca lcu la te  t h e  pore  d i a m e t e r  
f rom t h e  c o n d i t i o n  T = 1/4 ~ 2h/R, or R ~ 8h. U s i n g  t h e  
m e a s u r e d  c o n c e n t r a t i o n  at  w h i c h  t he  P E C  vo l tage  falls to 
h a l f  i ts  m a x i m u m  va lue  (1.4 • 10 -3 M), t he  po re  r a d i u s  is 
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Fig. 4. Measured PEC voltages in two porous anodic films (anodized 

for 0.5 and 2.5h, respectively) as a function of the compressibility- 
viscosity (c~) product of the test liquid for a variety of liquids. 

calculated to be 4.7 nm, which is comparable to the re- 
sults of published TEM studies on similar porous anodic- 
oxide films (2). 

Summary and Conclusions 
A new effect has been observed, in which porous, wet 

anodic-oxide films act as transducers for ultrasonic 
waves. A theory was derived to explain this effect using 
the known equations for the fluid flow and charge distri- 
bution in a capillary. The derived equations have been 
confirmed by experiments showing the dependence of 
PEC output voltage on the resistivity, compressibility, 
and viscosity of the liquid saturating the film. Based on 
Eq. [19], the optimal fluid for a PEC transducer is polar, 
has a small viscosity times compressibility product, and 
has a high resistivity. When used with methanol, these 
anodic A1203 films have shown themselves to be as sensi- 
tive to 10 MHz ultrasonic waves as sputtered ZnO films 
that are I0 ~m thick. 
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Fig. 5. Measured PEC voltages as a function of resistivity and concen- 
tration of an aqueous K2S04 solution. 
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Stability Analysis of Electrochemical Reactors via Liapunov Theory 
I. The CSTER System 
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A B S T R A C T  

The  effect  of p e r t u r b a t i o n s  in  t he  c o n c e n t r a t i o n  a n d  t e m p e r a t u r e  of  the  inf low e lec t ro ly te  a n d  e lec t ro ly t ic  c u r r e n t  
on  t he  s t eady-s ta te  c o n c e n t r a t i o n  a n d  t e m p e r a t u r e  of  t he  e lec t ro ly te  in  t he  r eac to r  are s t ud i ed  by  a n  a lgebra ic  theory ,  in  
t e r m s  of  a p p r o p r i a t e  L i a p u n o v  func t ions .  T he  ana lys i s  is i l l u s t r a t ed  by  t h e  s tab i l i ty  b e h a v i o r  of  a n  e lec t ro ly t ic  c o p p e r  re- 
covery  process .  

The  p u r p o s e  of s t u d y i n g  t h e  s tab i l i ty  of  a n  e lec t ro ly t ic  
r e ac to r  is to  f ind ou t  w h a t  t he  effect  of  p e r t u r b a t i o n s  in  
p roces s  va r i ab l e s  is on  overa l l  r eac to r  p e r f o r m a n c e .  One  
m a y  specif ical ly  a sk  w h e t h e r  a r eac to r  p e r t u r b e d  via 
c h a n g e s  in e lec t ro ly te  flow rate,  i n l e t  c o n c e n t r a t i o n  
and /o r  t e m p e r a t u r e ,  e lectr ic  cu r ren t ,  etc. will  e v e n t u a l l y  
r ega in  i ts  p r io r  s t eady  state,  or r e a c h  a n e w  s t e a d y  state.  
S u c h  i n f o r m a t i o n  is of  obv i ous  i m p o r t a n c e  for  t he  d e s i g n  
a n d  con t ro l  of e lec t ro ly t ic  reactors .  T h e r e  are, in  pr inc i -  
ple, two ways  of  o b t a i n i n g  i n f o r m a t i o n  on  stabili tY on  t he  
bas i s  of  a m a t h e m a t i c a l  mode l .  First ,  one  m a y  solve t he  
g o v e r n i n g  set  of  d i f fe ren t ia l  e q u a t i o n s  for eve ry  k i n d  of  
p e r t u r b a t i o n  as an  i n p u t  func t ion .  Th i s  is a t i m e  c o n s u m -  
ing  a n d  was te fu l  exercise ,  s ince  a s t ab le  so lu t ion  to a 
n o n l i n e a r  d i f fe ren t ia l  e q u a t i o n  u p o n  one  p a r t i c u l a r  forc- 
ing  f u n c t i o n  does  no t  g u a r a n t e e  s tab i l i ty  u n d e r  d i f f e ren t  
forcing.  A s e c o n d  a n d  m u c h  m o r e  power fu l  a p p r o a c h  is 
v ia  L i a p u n o v  f u n c t i o n s  w h i c h  a l low a n  essen t i a l ly  alge- 
b ra ic  ana lys i s  of the  s tab i l i ty  p r o b l e m l  t h u s  of fer ing  a sig- 
n i f i can t  shor t cu t .  T he  p u r p o s e  of th i s  p a p e r  is to p r e s e n t  
a s tab i l i ty  ana lys i s  of  a ce r t a in  class of  e lec t ro ly t ic  reac-  
to rs  w h i c h  can  be  m o d e l e d  as a con t i nuous - f l ow  s t i r red-  
t a n k  s y s t e m  (CSTER),  in  t e r m s  of  a su i t ab l e  set  of  
L i a p u n o v  func t ions .  T he  ana lys i s  is i l l u s t r a t ed  n u m e r i c -  
al ly by  a c o p p e r - i o n  r ecove ry  p roces s  w h e r e  t he  r e su l t s  of 
the  L i a p u n o v  a p p r o a c h  a n d  s i m u l a t e d  t r a n s i e n t  re ~- 
s p o n s e s  are  compared .  The  ana lys i s  of  e lec t ro ly t ic  reac- 
tors  m o d e l e d  in t e r m s  of  d i s t r i b u t e d  p a r a m e t e r s  will  be  
t he  s u b j e c t  of  f u r t h e r  c o m m u n i c a t i o n s .  

Theory 
F u n d a m e n t a l  no t ions  o f  L i a p u n o v  a n a l y s i s . - - A  non-  

a u t o n o m o u s  d y n a m i c  s y s t e m  r e p r e s e n t e d  b y  its gov- 
e r n i n g  set  of d i f fe ren t ia l  e q u a t i o n s  

= f(x, t )  [1] 

is a s y m p t o t i c a l l y  s tab le  w i t h i n  a r eg ion  R if  t he re  ex i s t s  a t  
l eas t  one  scalar  f u n c t i o n  V(x,t)  w h i c h  sat isf ies t he  follow- 
ing  c o n d i t i o n s  

V(x,t) > 0 for x ~ 0, t ->- 0 [2] 

V (0,t) = 0; t ->- 0 [3] 

OV 
V(x,t) = - -  + x - g r ad  V(x,t) < 0; x # 0, in  R [4] 

~t 

Then ,  V(x,t) is a L i a p u n o v  f u n c t i o n  of  th i s  s y s t e m  in  R. 
The  e l e m e n t s  of  vec to r  x are  t he  s ta te  va r i ab l e s  of t he  sys- 
t em  w h o s e  s t eady  s ta te  is 0. I f  R is t he  en t i r e  v e c t o r  space,  
the  s y s t e m  is a sym p t o t i c a l l y  s t ab le  in  t he  large  (ASL). 
R i g o r o u s  de f in i t ions  (not  n e e d e d  for t he  p u r p o s e  of  t h i s  
paper )  a n d  de ta i l ed  p roofs  of a ssoc ia ted  t h e o r e m s  are  
ava i l ab le  in  t h e  l i{erature  (e.g. Ref. 1-6). 

A m o n g  t h e  large  va r i e ty  of L i a p u n o v  f u n c t i o n s  pro- 
p o s e d  b y  n u m e r o u s  r e sea rche r s ,  ce r t a in  q u a d r a t i c  fo rms  
h a v e  b e e n  f o u n d  to b e  pa r t i cu la r ly  powerfu l .  Fo r  au tono-  
m o u s  s y s t e m s  w i th  g o v e r n i n g  e q u a t i o n  ~ = f(x),  t h e  ma-  
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copper recovery. 

t r ix  Q a n d  i ts  L i a p u n o v  f u n c t i o n  V(x) = x ' Q x  has  to be  
pos i t ive  def in i te  in  s u c h  a m a n n e r  t h a t  t h e  t i m e  der iva-  
t ive  fZ(x) = ~'Qx + x 'Q~ is nega t i ve  defini te .  The  ex ten-  
s ion of  th i s  p r inc ip l e  to a rb i t r a ry  n o n a u t o n o m o u s  systems 
is by  no  m e a n s  s t r a igh t fo rward ,  as s h o w n  b y  P e t r o v s k i  
(7); a n  e l egan t  m e t h o d  b a s e d  on  t he  c o n v e x / c o n c a v e  p rop-  
er t ies  of  f u n c t i o n s  b y  M a n g a s a r i a n  (8) a n d  t he  a v e r a g i n g  
of r ad ius  c u r v a t u r e  m e t h o d  b y  L u u s  (9) r e q u i r e  a good  
deal  of  m a t h e m a t i c a l  soph i s t i ca t ion .  W h e n  t he  n o n a u t o n -  
o m o u s  s y s t e m  is r e p r e s e n t e d  by  t he  g o v e r n i n g  set  of 
e q u a t i o n s  

= f(x)  + ~ (t) [5] 

one  a p p r o p r i a t e  L i a p u n o v  f u n c t i o n  m a y  be  def ined,  fop 
lowing  B e r g e r  (10, 11), as 

V(x,t) = x ' Q x  + ~' (O)M ~ (0) dO [6] 

w h e r e  Q a n d  M are a p p r o p r i a t e l y  c h o s e n  pos i t ive  def in i te  
mat r ices .  Th i s  a p p r o a c h  m a y  lead to r a t h e r  c u m b e r s o m e  
a lgebra ic  m a n i p u l a t i o n s  a n d  a b e t t e r  a l t e rna t ive  m a y  be  
to c h o o s e  

V(x,t) = y 'Qy  + ~' (O)M ~ (0) dO [7] 

/0 w h e r e  y = x - 4,; 4, --- ~: (O)dO. In  t he  sequel ,  t h i s  alter- 

na t ive  wil l  be  f u r t h e r  exp lored .  
I t  is i n s t r u c t i v e  to no te  at  th i s  p o i n t  t h a t  fa i lure  of  

f ind ing  a su i t ab l e  L i a p u n o v  f u n c t i o n  does  no t  p r o v e  sys- 
t e m  ins tab i l i ty ,  a l t h o u g h  t h e r e  ex i s t  specif ic  L i a p u n o v -  
b a s e d  m e t h o d s ,  s u c h  as Che t aev ' s  i n s t ab i l i t y  t h e o r e m  (2), 
for  p r o v i n g  ins tabi l i ty .  The  s t r e n g t h  of  t he  a p p r o a c h  lies 
in  i ts  converse :  even  i f  on ly  one  s ingle  L i a p u n o v  f u n c t i o n  
can  be  f o u n d  (wh ich  sat isf ies Eq. [2]-[4]), s tab i l i ty  w i t h i n  
a ce r t a in  r eg ion  R is gua ran t eed .  The  size of  t he  s t ab i l i ty  
r eg ion  d e p e n d s ,  however ,  on  t h e  L i a p u n o v  f u n c t i o n  cho-  
sen, a n d  a sys t ema t i c  s ea rch  for t h e  t rue  s t ab i l i ty  d o m a i n  
m a y  no t  be  a t r iv ia l  exercise .  

S t a t e  v a r i a b l e  represen ta t ion  o f  a n  electrolyt ic  reactor  
represen ted  by a C S T E R  m o d e l . - - C o n s i d e r  a n  e lec t ro ly t ic  
r eac to r  c o n s i s t i n g  of a r e c t a n g u l a r  t a n k  w i t h  a s ing le  pa i r  
of  para l le l -p la te  e lec t rodes .  The  e lec t ro ly te  is wel l  mixed ,  
a n d  d u r i n g  (po ten t ios t a t i c  or  ga lvanos ta t i c )  e lec t ro lys i s  
t he re  is one  d o m i n a n t  r e a c t i o n  occu r r i ng  at  e a c h  elec- 
t rode.  T h e n  t he  g o v e r n i n g  set  of  e q u a t i o n s  is t h e  m a s s  
b a l a n c e  a n d  t he  hea t  b a l a n c e  (12) 

Vt~ = qco - qc - I /zF [8] 

meC,T = GC, To - GC,T  - Q~ + PRe - IAH, / zF  [9] 

The  hea t  loss t e r m  m a y  be  w r i t t e n  as 

QL = A , (T -T~)  + ~ UiAi ( T - T , )  + h6A6 (T-Ta)  
1 i = 2  

[lO] 

In  s t eady  state ,  t h e r e  is no  v a r i a t i o n  w i t h  t ime ,  h e n c e  ~ = 
= 0 a n d  Eq. [8]-[10] m a y  b e  so lved  for  s t eady - s t a t e  

1 0 5 4  
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va lues  co*, c*, To*, T*, and I*, a s suming  that  T~ and T, re- 
ma in  cons tan t  and that  the  var ious  physical  pa ramete rs  
are  cons tan t  (or may  be app rox ima ted  by  appropr ia te ly  
c o m p u t e d  average  values). Dimens ion less  state var iables  
~can t h e n  be  def ined as x,  ~ (T-T*)/To* and x~ - 
~(c-c*)/Co*, whi le  the  d imens ion less  forcing func t ions  are 
t aken  as ~, ~ (To-To*)/To* and ~, -= (Co-Co*)/Co*. Further ,  the  
fo l lowing d imens ion less  quant i t ies  m a y  be  ass igned 

kVt I ~ I *~ 
R - m~qC~To* (---~ - - ~  ) [11] 

VtAHR 
S - (I - I*) [12] 

m~qC,To*zF 
1 

Q - - -  (I - I*) [13] 
qzFco* 

Vtk,A, + V~ 
~ 1 + qm~c,d------~ ~ [ ~ U~A~ + h~A~] [14] 

0 -= -~q  t (d imensionless  t ime)  
Vt 

Then,  the  d imens ion less  state equa t ions  equ iva len t  to Eq. 
[8] and [9] are 

dxl 
- ~x~ + R - S  + ~ ,  [15] 

dO 

dx~ 
- x ~ - Q + ~  [16] 

dO 

where  ~, and ~ represen t  t ime  vary ing  per tu rba t ions  in 
the  e lec t ro ly te  inlet  t empe ra tu r e  and concent ra t ion .  Note  
that  R is nonzero,  s ince o- ~ o-* due  to var ia t ions  in T and 
C. 

L i a p u n o v  analys is  o f  per turbat ions  decaying in 
t i m e . - - I f  sporadic  (random) d i s tu rbances  are d is regarded,  
pe r tu rba t ions  in an electrolyt ic  reactor  may  be  broadly  
classif ied as e i ther  t ime  decay ing  or persis tent .  In  the  
fo rmer  case, t he  decaying  per tu rba t ion  ~(t) wou ld  be  
b o u n d e d  by a proper ly  chosen  exponen t i a l  enve lope  

~i(t) - A~e-~ ~ i = 1,2 [17] 

where  A, and )~ are cons tant  parameters .  In  galvanosta t ic  
electrolysis ,  Eq.  [15] and [16] are s implif ied to 

dxt 
- ~ x ,  + R + ~, [18] 

dO 
dx2 

- -  = - x 2  + ~ [19] 
dO 

In  potent ios ta t ic  electrolysis,  this s impli f icat ion is not  
possible,  bu t  the  pr incip le  of  the  approach  p resen ted  be- 
low is similar. Cons ider ing  Eq. [5] and [7] and g iven  the  
decay ing  nature  of  ~(t), the  L i apunov  der iva t ive  may  be 
wr i t ten  as 

~Z(x,O) = ~'Qy + y'Q~ - ~'(O)M~(O) [20] 

where  the  overdot  denotes  dif ferent ia t ion wi th  respec t  to 
d imens ion less  t ime  8. The  mat r ix  Q will  be cons t ruc ted  as 

(1 ~ ) ;  a2 fl 2 > 0 and mat r ix  M will  be cons t ruc ted  as 
/3 a s 

0 0) 
2/.~ " ~ > 0; ,w~ > 0; thus,  bo th  Q and M are  posi- 

t ive definite.  A conven ien t  choice  is B = 0; consequent ly ,  
i f  the  inequa l i ty  

V/2 = -~bx, 2 - o~x2 ~ - ~1~2 p ~  + 

@x,~, + Rx, - R~ + o ~  < 0 [21] 

x, ~ 0 ; x ~  ~ 0  

is satisfied wi th in  a cer ta in  region R of e lec t ro lyte  tem- 
pera tu re  and concentra t ion,  t hen  any pe r tu rba t ion  
or ig inat ing wi th in  this reg ion  will  a l low the  sys tem to re- 
gain asympto t ica l ly  its 0 s teady state. At  small  t imes  past  
the  onse t  of  a per turbat ion,  x,, x~, the i r  t ime  der iva t ives  
and R are reasonably  close to zero, thus  i f  ~, and ~ are 
suff icient ly large posi t ive  scalars, Eq. [21] will  be  
satisfied. At  large t imes,  ~, and ~ will  be  reasonably  close 
to zero, hence  

l im (z/2 = - Sx, ~ + Rxl  - a~x22 [22] 

t - ->~  

which  represen ts  the  a u t o n o m o u s  case, i.e., w h e n  ~ = 0. It  
fol lows that  the  stabil i ty of  C S T E R  exposed  to decaying  
per tu rba t ions  of the  form given  by Eq. [17] is essent ia l ly  
de t e rmined  by its stabili ty condi t ions  related to s u d d e n  
changes  in its state var iables  (i.e., electrolyte  t empe ra tu r e  
and concentrat ion) .  The  analysis is therefore,  r educed  to 
the  one prev ious ly  d iscussed  (12). In  the  case  of  
potent ios ta t ic  electrolysis,  the  foregoing analysis  has a 
s t ra ight forward  extension,  p rov ided  that  var ia t ions  in the  
electr ic  cur ren t  are not  s t rong enough  to genera te  second-  
ary (parasitic) reactions.  If, for instance,  cur ren t  is the  
only forc ing function,  Eq. [15] and [16] may  be modi f ied  
to 

dxl 

dO 
- Sx,  + F,(O); F,(O) -= R(O) - S(O) [23] 

dx2 
d--~ = -x2 + F2(0); F~(0) = - Q (8) [24] 

and if  an exponen t i a l  decay-enve lope  condi t ion  

] Fl(0) ] -< file -~i e; i = 1,2 [25] 

may  again be  ass igned in the  m a n n e r  of  Eq.  [17], s imilar  
resul ts  are obtained.  Note  that  the  m i n i m u m  numer ica l  
va lue  of  a is de t e rmined  by the  a u t o n o m o u s  subsys tem,  
and so long  as a _> a mi,, its magn i tude  is immater ia l .  

Liapunov  analys is  of  persis tent  per turba t ions . - - In  this 
section,  the  t heo rem of Malkin  (2), desc r ibed  in the  Ap- 
pendix ,  is emp loyed  to s tudy C S T E R  stabil i ty in the  case 
of  pers i s ten t  per turba t ions  in electric current .  The  state 
var iable  equa t ions  are rewr i t ten  as 

dxL 
d----~ .= -@xl + R(O) - S(0) + ~,(0) [26] 

dx2 
- x ~  - Q ( O )  + ~2(0) [27] 

dO 

The  Malk in  fo rma l i sm requ i res  r e a r r a n g e m e n t  in the  
v e c t o r  fo rm 

dx, = - ~ x '  1 + R(O) _ S(O) + ,I(O)I 

dO -x2  [ - q ( o )  + e~(o) I 

or its e q u i v a l e n t  

d x  
- X(x,O) + V(x,O) [28] 

dO 

In  fact, X is not  d e p e n d e n t  impl ic i t ly  on t i m e  and 

V(x) = x ' Q  x [29] 

= x ,  ~ + ~ x ~  ~ ( ~ = 0 )  [30] 

is one  of  its L i a p u n o v  funct ions .  P r o c e e d i n g  n o w  to the  
p e r t u r b e d  sys tem,  i f  m, and ms are the  la rges t  magni -  
t udes  of  x, and  x~, r e spec t ive ly ,  due  to a pe r s i s t en t  per-  
tu rba t ion ,  t h e n  by inspec t ion .  

W(x) = 0 [31] 
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W , ( x )  = m ,  2 + ~2m~2 [ 3 2 ]  

a n d  s ince ,  V(x) = -2@ x, ~ - 2~x~ ~, an obv ious  cho i ce  is 

W2 (x) = @Xl ~ + a~x 2 [33] 

To find the  b o u n d  M on the  par t ia l  spat ia l  de r iva t ives  of  
V(x), we  ob ta in  f rom Eq. [30] OV/Ox, = 2x, and  OV/~x~ = 
2~x~; h e n c e  an obv ious  b o u n d  is 

M = x / 2 ( m ,  2 + a ~ m 2 2 )  [ 3 4 ]  

Le t  ~(A) d e n o t e  t he  r eg ion  of  s tab i l i ty  of  s u b s y s t e m  
X(x), de f ined  by  the  I] x ]] < A inequa l i ty ;  a su i t ab le  nu- 
mer i ca l  va lue  of  A is o b t a i n e d  f rom the  V(x) < 0 condi -  
t ion,  d i f f e r en t i a t i ng  Eq. [30]. I f  t he  m a g n i t u d e  of  t he  per-  
s i s t en t  p e r t u r b a t i o n  is b o u n d e d ,  so will  be  R, S, Q, and  ~, 
h e n c e  t h e r e  ex i s t s  a n o n - n e g a t i v e  scalar  ~ s u c h  tha t  

II Y (x,O) II = ~ ( R - ~ + ~ , )  2 + ( -Q+~:2)  2 -<v2 [35] 

If, for  in s t ance ,  t he  p e r s i s t e n t  p e r t u r b a t i o n  is a s inu -  
so ida l  c u r r e n t  wave,  and  5 has  t he  fo rm of  Eq. [17], W 
m a y  be  c h o s e n  as t he  m a g n i t u d e  of  Y at zero  t i m e  and  

e = x /m,  ~ + m2 z. S ince  at large t i m e s  the  r e s p o n s e  x will  
be  con f ined  in a s t r i c te r  sense ,  i.e., tlLm Ix, I -< a,  a n d  
l im Ix2 l  -< a~ s u c h  tha t  a, < m~ and  a2 < m2, tha t  s tabi l -  t ~  

i ty r eg ion  

lira e = x/a,  2 + a 2  2 

m a y  rep lace  for  p rac t i ca l  p u r p o s e s  the  r igorous  b u t  cau- 
t ious  r e su l t  o f  Malk in ' s  t h e o r e m ,  w h e n  the  t r a n s i e n t  ef- 
fec t s  have  van i shed .  Final ly,  t he  II x(0) I] < v,, c o n d i t i o n  
is c lear ly  sa t is f ied  for any  V, > 0 i f  the  s y s t e m  is ini t ia l ly 
at  rest .  H e n c e  a C S T E R  o b e y i n g  the  c o n d i t i o n s  s t a t ed  in 
th is  s ec t ion  is s tab le  in t he  Malkin  sense ;  i ts  e l ec t ro ly te  
t e m p e r a t u r e  and  c o n c e n t r a t i o n  will  f luc tua te  w i t h i n  
finite l imi t s  so long as p e r s i s t e n t  p e r t u r b a t i o n s  in t he  
C S T E R  are b o u n d e d .  It fo l lows i m m e d i a t e l y  t ha t  if  t he  
p e r t u r b a t i o n s  are osci l la tory,  t h e n  so will  be  t he  e lec t ro-  
ly te  t e m p e r a t u r e  and  c o n c e n t r a t i o n s ,  w i th  m a g n i t u d e s  
e v e n t u a l l y  b o u n d e d  by  b o u n d s  re la ted  to t he  n u m e r i c a l  
va lues  of  a, a n d  a2. 

Appl ica t ion :  Stabi l i ty  Analys is  of a M e t a l  Recovery 
Process 

For  the  sake of  numer i ca l  i l lus t ra t ion and  c o m p a r i s o n  
wi th  s imula ted  t r ans i en t  r e s p o n s e  a CSTER,  w h e r e  cop- 
per  is depos i t ed  f rom an aqueous  cupr ic  sulfate  solut ion 
on a meta l  ca thode  and  oxygen  is gene ra t ed  at an iner t  
anode ,  is cons idered .  The fol lowing data apply:  d, = 7 
mm;  Vt = 0.3881 m3; k, = 0.313 W/m �9 K; hi = 4.61 W/m 2 �9 K, 
i = 2 ,  . . . , 5 ; h 6 =  18W/m 2 . K ; k =  1 . 4 7 m - ' ; s = 0 . 6 8 m ; A E  
= 0.4624 m*; dE = 0.002m; m~ = 425.5 kg; Cp = 4186 J /kg �9 
K; AH~ = 221.6 kJ /mol  Cu; Co* = 850 mol/mS; G = 0.3 g/s; 
I* = 41.6A (18% of  the  l imi t ing current);  T*o = 25~ TA = 
20~ and  Tr = 20~ The d e p e n d e n c e  of  e lec t ro ly te  den-  
s i ty a n d  conduc t iv i ty  on concen t r a t i on  and  t e m p e r a t u r e  
is r e p r e s e n t e d  by stat ist ical  r eg res s ions  based  on litera- 
ture  data  (13) 

p = 1014.3 + 0.1484c - 0.5T kg/m 3 [36] 

c~ = 6.5676 x 10-3C6"7~ ~ S/m [37] 

c: real/m3; T: ~ 

val id for the  98.9 < c < 1322 and  20 < T < 70 range.  U n d e r  
t h e s e  c i r cums tances ,  c* = 62.06 and T* = 69 r e p r e s e n t  the  
s t eady  state.  It is a s s u m e d  tha t  Eq. [36] and  [37] hold  for 
t e m p e r a t u r e s  and  concen t r a t ions  e n c o u n t e r e d  u n d e r  the  
s ta ted  condi t ions ,  a l though  they  may  be s o m e w h a t  out- 
s ide  the  val idi ty range  of  the  regress ion.  

Case I: galvanostatic electrolysis, perturbation occur-  
ring in the electrolyte inlet concentration and tempera- 
ture.--Assuming tha t  the  effect  of  t e m p e r a t u r e  and  

concen t r a t i on  on mr, C,, and  AHR is negligible,  Eq. 
[11]-[14] yield S = 0, Q = 0, ~ = 32.657, and  

81.0292 
R(0) - - -  65.1842 [38] 

o ~ 

As s h o w n  previous ly  (12), the  e x p r e s s i o n  in Eq. [22] is less 
t han  zero for ~> 3.4, and  if  the  m a g n i t u d e  of per tu rba-  
t ions  II ~= II does  no t  e x c e e d  the  reg ion  R def ined  by  the  
val idi ty d o ma i n  of Eq. [36] and  [37], a sympto t i c  s tabi l i ty  is 
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with time in the copper-recovery process (as in Fig. 1). 
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g u a r a n t e e d  by  the  choice  of  suff ic ient ly  large va lues  of/~1 
and  /~ in Eq. [21]. Typical  t r ans i en t s  for th is  case are 
s h o w n  in Fig. 1 and  2 w h e r e  t he  numer i ca l  fo rm of  Eq. 
[18] and  [19] 

dxl 
- 32.657xl + R(e) + ~~176 [39] 

dO 

dx~ 
- x 2  + ~:2% -L~ [ 4 0 ]  

dO 

was  so lved  via digital  compu te r ;  the  numer i ca l  va lues  h~ 
= 5 and  ~2 = 10 were  arbi trar i ly chosen .  Note  tha t  Eq. [40] 
has t he  analyt ical  solut ion 

~ 20 

but  Eq. [39], be ing  a non l inear  equa t ion  coup led  wi th  Eq. 
[38], has  to be solved by  a numer ica l  t echn ique .  The 
course  of  curves  can be exp l a ined  by qual i ta t ive  reason-  
ing: cons ider ,  e.g., the  i n s t ance  w h e r e  ~:~~ and  ~:~~ are b o t h  
posi t ive,  m e a n i n g  a posi t ive  pe r tu rba t ion  in T, and  C,, re- 
su i t ing  in an increase  in o-, and  a dec rease  in R. S ince  elec- 
t ro lys is  is galvanostat ie ,  the  increase  in o- m e a n s  a de- 
c rease  in ~the rate  of  Jou le  hea t  generat ion,  w h i c h  leads  to 
a d rop  in the  e lect rolyte  t empera tu re .  As t ime  p rogresses ,  
the  dec rease  in T leads  to a dec rease  in o-, and  h e n c e  R 
and  the  rate  of  Jou le  hea t  genera t ion  beg ins  to increase .  
The ne t  resu l t  is tha t  dXl/dO will be  less and  less  nega t ive  
and  dxJdO less and  less posi t ive.  They  bo th  b e c o m e  zero 
at a c ros sove r  po in t  (0 = 0.3 in the  s imula ted  example) .  
Pas t  the  c rossover  point ,  con t inu ing  increases  in the  rate  
of  Jou le  hea t  gene ra t ion  and  e lect rolyte  conduc t iv i ty  re- 
sult  in a m o n o t o n i c  increase  in T and  a m o n o t o n i c  de- 

c rease  in c unti l  t hey  reach  the  prev ious  s t eady  state,  at 
suff ic ient ly  large t imes.  A similar  (a l though inverse)  ar- 
g u m e n t  appl ies  to the  ~1 ~ < 0, ~2 ~ < 0 set. 

Case II. electrolysis w i th  a s inusoidal  per turbat ion  in 
electric current  and  decaying per turbat ion  in electrolyte 
inlet concentration and  t empera ture . - -As  before,  $ = 
32.657 bu t  Eq. [11]-[14] yield 

12 
R(O) = 0 . 0 4 6 8 2 9 -  - 65.1974 [42] 

O" 

S(O) = 0.03658 I - 1.5216 [43] 

Q(o) = 0.009029 1 - 0.3756 [44] 

The electr ic  cu r ren t  is a s s u m e d  to have  the  func t iona l  
fo rm 

I = 41.6 + 3.4 sin 51.060 a m p  [45] 

wi th  an osci l lat ion angular  f r equency  of  w = 1 h -1. The 
numer i ca l  form of  Eq. [18] and  [19] 

dxl 
- 32.657 xi + R(O) - S(0) + #j~ -5~ [46] 

dO 

dx2 
. . . .  x= - Q(e) + #2~ -~~ [47] 

dO 

can be so lved  via a digital  c o m p u t e r  if  ~1~ and  ~2 ~ are 
specif ied;  a typical  so lu t ion  is s h o w n  in Fig. 3, 
i l lus t ra t ing b o u n d e d  osci l la t ions p r ed i c t ed  by  L i a p u n o v  
analysis  via Malkin 's  theorem.  In  this  ins t ance  (#~~ = 1.0; 
#2 ~ = 0.1176), the  var ia t ion d o ma i n s  are 0.2 -< xl -< 0.24 and  
-0.0036 <- x2 -< 0.0023, c o r r e s p o n d i n g  to var ia t ion do- 
ma ins  64 -< T -< 75 and  59 <- C -< 64. Since  the  var ia t ion  of 
R b e t w e e n  -13.8 and  +17.26 is m u c h  larger t h a n  the  varia- 
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Table I. Parameters of the Malkin stability theorem in a persistently perturbed CSTER 

M a y  1 9 8 4  

Initial Conditions 

~,(0) ~(0) v~ a, a2 m, m2 

Mmin 
(Eq. [34] 

= 3.4) 

-0.8 -0.1176 16.34 0.30 0.0036 0.720 0.Ol00 1.02 0.72 
-0.4 -0.0588 16.74 0.30 0.0024 0.320 0.0055 0.45 0.32 

0.6 0.0588 17.74 0.30 0.0017 0.300 0.0046 0.42 0.30 
1.0 0.1176 18.14 0.30 0.0012 0.400 0.0092 0.56 0.40 

R(O) = 0.046829 ( ) - 65.1974. S(0) = 0.03658I - 1.5216. Q(o) = 0.009029I - 0.3756. I = 41.6 + 3.4 sin 51.06 0, amp. 

Table II. The effect of the current perturbation amplitude on the stability 
parameters 

A 
(amp) ~72 aj a2 m~ rn~ M~n �9 

1.8 12 .13  0.160 0.00065 0.254 0.00911 0.36 0.254 
2.5 14 .34  0.225 0.00918 0.318 0.00916 0.45 0.318 
3.4 18 .14  0.300 0.00120 0.400 0.00920 0.57 0.400 

~~ = 1.0. ~:2 ~ = 0.1176. R(O), S(0), and Q(o): as in Table I. I = 41.6 + A 
sin 51.06 0, amp. 

t ion  of Q (-0.03;  -0.104) or S (-0.14;  0.124), Eq. [35] m a y  
be  s impl i f i ed  to I[ Y(x,O)I[ = ~ / (R  + ~ )  2 + ~:22 < 72. S imi l a r  
a r g u m e n t s  m a y  be  m a d e  for all  in i t ia l  p e r t u r b a t i o n  condi-  
t ions  ~(0); p e r t i n e n t  Ma lk in  p a r a m e t e r s  for s e l ec t ed  cases  
( i n c l u d i n g  t h e  c o m p u t e r - s i m u l a t e d  case) are  s h o w n  in 
Tab le  I. T h e  effect  of  the  c u r r e n t  p e r t u r b a t i o n  a m p l i t u d e  
on  t he  s tab i l i ty  p a r a m e t e r s  is i n d i c a t e d  in Tab le  II; it is 
i n t e r e s t i n g  to no te  t h a t  t he  72 (�9 r e l a t i o n s h i p  is e s sen t i a l ly  
l i nea r  in  th i s  pa r t i cu la r  case  

72 ~ 1.83 + 40.68 �9 [48] 

Thus ,  i f  t he  a m p l i t u d e  of  t he  c u r r e n t  osc i l la t ion  is k n o w n ,  
t h e  n o r m  of  the  osc i l la tory  t e m p e r a t u r e / c o n c e n t r a t i o n  re- 
s p o n s e  can  b e  qu ick ly  e s t i m a t e d  w i t h o u t  a n  e x p e r i m e n t a l  
d e t e r m i n a t i o n  or a c o m p u t e r  s i m u l a t i o n  of  t h e i r  va r i a t i on  
w i t h  t ime.  Th i s  is an  i m p o r t a n t  p r o p e r t y  of  the  L i a p u n o v -  
f u n c t i o n - b a s e d  a p p r o a c h  to s tabi l i ty .  

The  fo rego ing  analysis ,  a l t h o u g h  p o w e r f u l  w i t h i n  i ts 
scope ,  suf fe rs  f rom one  res t r i c t ion :  t h e  d e p e n d e n c e  of  
p e r t i n e n t  phys i ca l  p a r a m e t e r s  on  e lec t ro ly te  c o n c e n t r a -  
t ion  a n d  t e m p e r a t u r e  ha s  to be  k n o w n  in t he  fo rm a quan -  
t i t a t ive  r e l a t i onsh i p  (e. g., Eq. [36] a n d  [37]. Th i s  res t r ic-  
t i on  app l i e s  equa l ly  to t he  s i m u l a t i o n  of  t he  C S T E R  
model ,  and,  for  t h a t  mat te r ,  to a n y  a t t e m p t  of  q u a n t i t a t i v e  
p e r f o r m a n c e  analysis .  In  t h e  a b s e n c e  of re l iab le  phys i ca l  
a n d  c h e m i c a l  da ta  for  a g iven  e lect rolyte ,  t he  p o w e r  of  the  
s t ab i l i ty  s t u d y  d e s c r i b e d  in  th i s  p a p e r  is l imi ted .  W h e n  
s u c h  da t a  are avai lable ,  i ts  u s e f u l n e s s  for e lec t ro ly t ic  pro- 
cess  con t ro l  is r a t h e r  obv ious ;  m u c h  m o r e  w o r k  will, how-  
ever,  be  r e q u i r e d  to exp l o r e  i ts  ful l  potent ia l .  

M a n u s c r i p t  s u b m i t t e d  J u l y  25, 1983, r ev i sed  m a n u s c r i p t  
r e c e i v e d  ca.  Nov. 30, 1983. 

T h e  U n i v e r s i t y  o f  W a t e r l o o  a s s i s t e d  i n  m e e t i n g  the  p u b -  
l i c a t i o n  costs  o f  th i s  ar t i c l e .  

A P P E N D I X  
Malkin's Stability Theorem for Systems Under Persistent Perturbations 

I n  t h i s  sect ion,  Ma lk in ' s  t h e o r e m  for  t he  s t ab i l i ty  of  a 
s y s t e m  d e s c r i b e d  b y  its g o v e r n i n g  e q u a t i o n  (Eq. [28]) is 
s u m m a r i z e d ;  for  a proof,  c o n s u l t  Ref. (2). Here,  Y(x,0) rep-  
r e s e n t s  p e r s i s t e n t  p e r t u r b a t i o n s  a n d  X (x, 0) t he  d y n a m i c  
s y s t e m  s u b j e c t e d  to s u c h  pe r t u r ba t i ons .  I t  is a s s u m e d  
t h a t  i f  t h e r e  are no  p e r t u r b a t i o n s ,  t he  n o n a u t o n o m o u s  
s y s t e m  

d x  ~ 
- X(x,O); X(O,t) = 0 [A-I] 

dO 
(all t -> 0) 

ha s  a L i a p u n o v  f u n c t i o n  V (x,t) in  a reg ion  F/(A) w h e r e  A 
is a su i t ab ly  c h o s e n  b o u n d  o n  II x ]] ; i.e., II x II < A.  For  t 

-> 0, t he  s u b s y s t e m  [A-l] is a symp to t i c a l l y  s t ab le  w i t h i n  
th i s  region.  Le t  t h e r e  ex i s t  t h r e e  pos i t ive  def in i te  func-  
t i o n s  s u c h  t h a t  for  t -> 0 

W(x)  <- V(x, t )  <- WI (x) [A-2] 

f/(x,t) <- - W 2 ( x )  [A-3] 

w i t h i n  ~. F u r t h e r m o r e ,  let  all par t ia l  spa t ia l  de r iva t i ve s  of 
V(x, t )  be  b o u n d e d ,  i.e., t h e r e  ex i s t s  a pos i t ive  sca lar  M 
s u c h  t h a t  for t --- 0, t he  c o n d i t i o n  

0~xV ~ - < M ; i =  1 , 2 , . . . , n  [A-4] 

is sa t is f ied w i t h i n  ~. Then ,  g iven  a pos i t ive  sca lar  �9 s u c h  
t h a t  0 < �9 < A, t he  s y s t e m  g i v e n  b y  Eq. [28] is s t ab l e  in  t he  
fo l lowing  sense  

II x(O) II < 71 (�9 7, > 0 [A-5] 

II x(t)  ]] < � 9  [A-6] 

p r o v i d e d  t h a t  H Y(x , t )  I] < ~72 (�9 72 > 0; for all ]] x H < �9 
a n d  t -> 0, i.e., t he  p e r t u r b a t i o n s  are  b o u n d e d .  Thus ,  t he  
s y s t e m  will  no t  leave a ce r t a in  d o m a i n  of  i ts  s ta te  varia-  
bles,  a l t h o u g h  it  m a y  n e v e r  r e a c h  a c o n s t a n t  s t e a d y  state.  
E q u a t i o n s  [A-5] a n d  [A-6] are  t he  m a t h e m a t i c a l  expres -  
s ion  of  M a l k i n  s tabi l i ty .  

L I S T  OF S Y M B O L S  
A1 area  of  t he  e lec t ro ly t ic  t a n k  b o t t o m  
Aj i = 2 , . . .  ,5 t he  four  s idewal l  a reas  of  the  e lec t ro ly t ic  

t a n k  
,46 a rea  of  t he  e lec t ro ly te  sur face  
c e lec t ro ly te  concen t r a t i on ,  c*: i ts  s t eady- s t a t e  value.  

Co: in le t  e lec t ro ly te  concen t r a t i on .  Co*: i ts s teady-  
s ta te  value.  

Cp specif ic  h e a t  capac i ty  of  t he  e lec t ro ly te  
d, t h i c k n e s s  of t he  e lec t ro ly t ic  t a n k  b o t t o m  
F F a r a d a y ' s  c o n s t a n t  
G in le t  m a s s  flow ra te  of  e lec t ro ly te  
h6 h e a t  t r ans f e r  coeff ic ient  r e l a t ed  to the  e lec t ro ly te  

sur face  ( i nc lud ing  evapora t i on )  
I e lec t r ic  c u r r e n t  
k g e o m e t r i c  s h a p e  fac tor  (for r e s i s t ance  ca lcu la t ions )  
ks t h e r m a l  c o n d u c t i v i t y  of  t he  e lec t ro ly t ic  t a n k  
me m a s s  of  e lec t ro ly t ic  in  e lec t ro ly t ic  t a n k  
q in le t  v o l u m e t r i c  flow ra te  of e lec t ro ly te  
Re e lect r ic  r e s i s t a n c e  of e lec t ro ly te  in  t he  e lec t ro ly t ic  

t a n k  
T e lec t ro ly te  t e m p e r a t u r e .  T*: i ts  s t eady- s t a t e  value .  

To: in l e t  e lec t ro ly te  t e m p e r a t u r e .  To*: i ts s teady-  
s ta te  value.  

Ta a m b i e n t  t e m p e r a t u r e  
TF t e m p e r a t u r e  of  the  e lec t ro ly te  t a n k  floor 
t t i m e  
Ui i=2 . . . . .  ,5 overa l l  s u r f a c e - t o - a m b i e n t  h e a t - t r a n s f e r  

coeff ic ient  r e l a t ed  t o . t h e  four  s idewal l s  of  t he  elec- 
t ro ly te  t a n k  

Vt e f fec t ive  v o l u m e  of the  e lec t ro ly t ic  r e ac to r  
z n u m b e r  of  e l ec t rons  pa r t i c ipa t i ng  in t he  e l ec t rode  

r e a c t i o n  of i n t e r e s t  
AHR h e a t  of  r eac t ion  of  e l ec t rode  r eac t i on  of  i n t e r e s t  
p d e n s i t y  of  e lec t ro ly te  
cr e lec t r ic  c o n d u c t i v i t y  of  e lec t ro ly te  
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Mass Transfer in Parallel Plate Electrolyzers with Two-Phase 
Liquid-Liquid Flow 

Po-Yen Lu .9 and Richard C. Alkire* 

Department of Chemical Engineering, University of Illinois, Urbana, Illinois 61801 

ABSTRACT 

The enhancement  of mass transfer to a solid surface by addition of a dispersed immiscible second liquid phase was 
investigated with use of the electrochemical limiting current method. The electrolyzer consisted of a divided parallel 
plate cell in which electrolyte flowed upward past vertical electrodes. Three electrolytes were used: aqueous ferricya- 
hide, aqueous ferricyanide containing inert dispersed droplets of toluene, and aqueous iodide containing dispersed tolu- 
ene droplets in which was dissolved the reactant, iodine. Experiments were carried out under  controlled variation of 
flow rate, droplet size, organic volume fraction, and electrode material. Experiments were performed both with and 
without use of a turbulence promoter. It was found that the overall mass-transfer rate could be separated into three ele- 
ments: (i) the single-phase mass-transfer rate, (ii) the enhancement  of mass transfer owing to the physical action of dis- 
persed liquid droplets, and (iii) the still further enhancement  of mass transfer owing to the presence of reactants dis- 
solved in the dispersed droplets. For sparingly soluble reactants, it was found that the mass-transfer enhancement  
achieved by extraction of reactants from a dispersed second liquid phase could be orders of magnitude larger than the 
other two mass-transfer mechanisms. 

The attainment of high mass-transfer rates is important  
for many electrochemical processes, but is difficult to 
achieve when the reacting species are sparingly soluble. 
Under  such conditions, two approaches are generally 
used. The first approach emphasizes increasing the solu- 
bility of reactant species, for example, by adjustment of 
pH, by using a cosolvent, by using a solvent other than 
water, or by using surfactant salts which solubilize mi- 
celles of reactant molecules. The second approach em- 
phasizes increasing the mass-transfer coefficient by 
using high flow rates, turbulence promoters, or porous 
electrodes. While each of these procedures exhibit  certain 
advantages, the search for still superior methods contin- 
ues. 

In this investigation, the enhancement  of mass transfer 
to an electrode surface by addition of a dispersed second 
liquid phase was studied. The use of two liquid phases in 
an electrolytic operating scheme has the attractive feature 
that mass-transfer rates can be significantly improved 
while also maintaining high ionic conductivity and low 
pressure drop across the cell. 

The advantages associated with using an emulsion as 
an electrochemical feedstock were recognized in the 1903 
patent of Kempf  (1) who oxidized benzene in sulfuric acid 
to produce quinone and hydroquinone. More recent 
electroorganic synthesis examples include those reported 
by Dey (2), Udupa (3), Fremery (4), Millington (5), and 
Seco (6), among others. Additional applications may be 
found in the field of flow batteries and hydrometallurgy. 
While these processes depend critically upon two-phase 
operation for their success, there are relatively few papers 
which investigate the fundamental  principles which are 
involved. 

The events which occur in such systems are complex 
and include, for example, modification of the flow field 

*Electrochemical Society Adtive Member. 
1Present address: AT&T Bell Laboratories, Murray Hill, New 

Jersey 07974. 
Key words: mass  transport, laminar, two-phase flow, parallel 

plates, electrolyzer. 

near the electrode surface by the dispersed droplets, and 
perhaps also wetting the electrode surface by the dis- 
persed phase. Such events exert a profound influence on 
mass-transfer processes near the electrode surface, partic- 
ularly when reactants are sparingly soluble in the contin- 
uous phase but highly soluble in the dispersed phase. 

While the mass-transfer literature in the field of liquid- 
liquid systems is voluminous (7), most of these nonelec- 
trochemical studies do not include all of the salient fea- 
tures needed for application of the results to 
electrochemical applications. In particular, electrochem- 
ical processes require that reactants be supplied from the 
two-phase mixture to an adjacent solid surface where 
electrochemical reaction occurs and, in addition, that 
electrical current be able to flow through the solution by 
an ionic path to the reactive region on the electrode sur- 
face. The following paragraphs summarize recent studies 
on several aspects of the overall electrochemical problem. 

The effect of inert dispersed particles on mass transfer 
to a solid electrode has been investigated recently for sev- 
eral systems. These systems include mass transfer of dis- 
solved oxygen to the wall of a corroding pipeline through 
which a slurry of sand flows (8), and mass-transfer en- 
hancement  at a rotating disk electrode by action of 
impinging solid particles dispersed in the solution (9). 
These studies illustrate that significant mass-transfer en- 
hancement  occurs owing to the presence of a second 
(solid) phase dispersed in the electrolyte. 

The effect of dispersed liquid droplets upon mass trans- 
fer at a solid electrode surface was studied by Dworak et 
al. (14-16). The studies were conducted on a horizontal 
electrode facing upward, operated under turbulent flow 
conditions. It was found that the addition of hexane (den- 
sity: 0.6 g/cm ~) had no effect on the rate of mass transfer 
of ferricyanide to the electrode, but that the addition of 
carbon tetrachloride (density: 1.6 g/cm ~) enhanced mass- 
transfer rates by up to 30%. These studies differ from the 
present investigation in which laminar flow conditions 
were studied at vertical electrodes past which fluid 
flowed in an upward direction. 
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D w o r e k  et al. also repor ted  that  the  use of  h igh ly  turbu-  
lent  emuls ion  flow p reven ted  contac t  be tween  the  
emuls i f ied  phase and the electrode.  In  re la ted studies,  
Kinosh i ta  et al. (17) indica ted  that  the interfacial  contac t  
area be tween  e lec t rode  and droplets  of the d i spersed  
phase  is an impor tan t  pa ramete r  which  inf luences  the  
m a g n i t u d e  of mass- t ransfer  e n h a n c e m e n t  which  is ob- 
served.  These  observat ions  indicate  that  part ial  we t t ing  of  
the surface by the  d ispersed  phase  may  be  cri t ical ly im- 
por tan t  for enhanc ing  mass- t ransfer  rates. 

While the  effect of  t u rbu lence  p romoters  o n m a s s  trans- 
fer has been  s tudied  in one-phase electrolyt ic  sys tems 
(18-20), no prev ious  mass- t ransfer  m e a s u r e m e n t s  are 
k n o w n  to exis t  for the use of  tu rbu lence  p romote r s  in 
two-phase  systems.  

The  inf luence of  r is ing gas bubbles  at ver t ica l  elec- 
t rodes  has been  widely  s tudied  (10), as has been  the  
inf luence of  electrolyt ic  gas evolut ion,  which  creates in- 
tense  local st irr ing (11). The  combined  effect  on mass 
t ransfer  of  r is ing bubbles  plus bubble  evolut ion,  as ob- 
se rved  in chlorate  electrolysis,  was found to be  a l inear  
addi t ion  of  two mass- t ransfer  coefficients  (12, 13). This  
concep t  will  be used  in the p resen t  study, and appears  in 
the form of Eq. [1] below. 

The foregoing survey  indica ted  that  there  have  been  
re la t ively  few m e a s u r e m e n t s  of  mass- t ransfer  rates in 
e l ec t rochemica l  sys tems hav ing  l iquid- l iquid  electrolyte.  
The  purpose  of  this inves t iga t ion  was to character ize  ex- 
pe r imen ta l ly  the  different  p h e n o m e n a  which  control  the  
overal l  mass- t ransfer  process,  and to es tabl ish  the  de- 
p e n d e n c e  of  the  different  p h e n o m e n a  upon  opera t ing  
condi t ions  (21). 

The hypothes i s  for the  present  study, wh ich  was 
verif ied by the  resul ts  p resen ted  below, was that  the  
overal l  mass- t ransfer  l imi t ing current  is a l inear  sum of 
three effects: (i) the  mass  t ransfer  caused by the  flow of 
the con t inuous  phase,  (ii) the  mass- t ransfer  e n h a n c e m e n t  
caused by phys ica l  d i s rupt ion  of  the  mass- t ransfer  
bounda ry  layer near  the  e lec t rode  surface owing  to the  
p resence  of d ispersed  droplets ,  and (iii) the  still fur ther  
mass- t ransfer  e n h a n c e m e n t  which  arises f rom ex t rac t ion  
of  reac t ive  species f rom the  d ispersed droplets ,  wh ich  
m a y  be in in t imate  contac t  wi th  the e lec t rode  and thus  
se rve  as a source  of  reac tant  deep  wi th in  the  mass-trans-  
fer bounda ry  layer. The  three  e lements  of  the  overal l  pro- 
cess are charac ter ized  be low by three  coeff icients  (k~) ac- 
cord ing  to the  equa t ion  

iL = nFk, c, + nFkcc, + nFk~c2 [1] 

The  first t e rm (nFk, c,) is the  one-phase convec t ive  flow 
t e rm where  the mass- t ransfer  coeff icient  k, is that  which  
is c o m m o n l y  repor ted  for s ingle-phase flow, and the  con- 
cent ra t ion  c, is the concent ra t ion  of  reactant  in the  contin- 
uous phase. The  second t e rm (nFkcc,) r epresen t s  the  
mass- t ransfer  e n h a n c e m e n t  by the  d i s tu rbance  mecha-  
nism. The third t e rm (nFk3c~) represents  the mass- t ransfer  
e n h a n c e m e n t  which  is b rought  about  by the  ex t rac t ion  
mechan i sm,  where  the  concen t ra t ion  c2 is the  concentra-  
t ion of  reactant  in the d i scont inuous  phase f rom which  
ex t rac t ion  occurs. Measu remen t s  of k,, kr and k3 are re- 
por ted  in this paper  for a parallel  plate e lec t rochemica l  
cell  t h rough  which  flows e lect rolyte  conta in ing  two sol- 
ven t  phases.  

Apparatus 
Electrochemical cell.--Figure 1 shows a d iagram of the  

cell a s sembly  in which  the path  of  e lect rolyte  flow in 
both  e lec t rode  compar tmen t s  is indicated.  The cell  was 
pos i t ioned  ver t ical ly  so that  fluid en te red  at the bot tom,  
f lowed upward  past  the  electrodes,  and exi ted  at the  top. 
The  cell  was mach ined  f rom two blocks  of  po lyp ropy lene  
which  were  c l amped  toge ther  wi th  a si l icon O-ring seal. 
Electr ical  contac t  to e lec t rodes  was m a d e  with  t i t an ium 
screws pressed  into the back  side of  the  electrodes.  The  
cross  sect ion of  the flow channe l  in the  work ing  elec- 
t rode  c o m p a r t m e n t  was 0.2 • 3.0 cm. 

Fig. 1. Cross-sectional view of electrochemical cell, not drawn to pro- 
portion. Arrows indicate fluid flow path in the two-compartment cell. 
Components include: (1) reference electrodes; (2) planar working elec- 
trode; (3) porous counterelectrode, and (4) separator. 

Two types  of  work ing  e lec t rode  materials  were  investi-  
gated:  g raphi te  (Poco) and ru then ized  t i t an ium (DSA, Di- 
a m o n d  Shamrock) .  The  area of  the  work ing  e lec t rode  
which  was exposed  to the  e lect rolyte  was 3 • 27 cm. The 
surface roughness  of the  graphi te  e lec t rode  was < 1 t~m, 
and of  the  D S A  was < 4 ~m. The surface roughness  was 
less than  10% o f  the  th ickness  of  the mass- t ransfer  bound-  
ary layer, and may, therefore,  be regarded  as " smoo th . "  
Two reference  e lec t rodes  were  pos i t ioned  in the cell, at 
the  en t rance  and exi t  region as i l lustrated in Fig. 1. The  
reference  e lect rodes  were  of  the  same compos i t ion  as the  
work ing  e lec t rode  and had an exposed  area of  3 x 10 cm 
in contac t  wi th  the  electrolyte.  The  coun te re lec t rode  was 
m a d e  of  porous  ru then ized  t i t an ium (Gould Incorpora ted ,  
and D iamond  Shamrock) ,  t h rough  which  e lec t ro lyte  
f lowed as indica ted  in Fig. 1. The coun te re l ec t rode  had 
the  same exposed  area as the work ing  electrode.  

A separa tor  of mic roporous  po lypropy lene  (Daramic,  
W. R. Grace  & Company)  was used  for mos t  of the experi-  
men t s  repor ted  be low for wh ich  tu rbu lence  p romote r s  
were  not  p laced in the  work ing  e lec t rode  compar tmen t .  
The  separa tor  had suppor t  ribs in the  di rect ion of  flow so 
that  the  work ing  e lec t rode  c o m p a r t m e n t  was the reby  seg- 
m e n t e d  into four  channels ,  each of  which  m e a s u r e d  0.2 • 
0.75 cm. For  a small  n u m b e r  of exper iments ,  a t u rbu l ence  
p romote r  (Vexar 549V300BD, E.I. du Pon t  de Nemour s  
and Company)  was used  in which  case a m e m b r a n e  
(Nafion, N-415, E.I. du Pon t  de Nemours  and Company)  
was used to p reven t  cross-flow be tween  the  two com- 
par tments .  

Flow sys tem.--A diagram of  the  flow sys tem is shown 
in Fig. 2 and inc ludes  five f lowmeters  deno ted  F A  
th rough  FE (Gi lmont  4, Ti float), five va lves  deno ted  VA 
th rough  VE (glass/Teflon stopcocks) ,  a glass reservoi r  (4 
liters), and two p u m p s  (March, TE-MDX-MT3).  In  the  res- 
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Fig. 2. Flaw system used for preparation and recirculation of two- 
phase liquid-liquid mixtures. 

ervoir ,  t h e  t w o - p h a s e  m i x t u r e  s e p a r a t e d  c lean ly  in to  
a q u e o u s  a n d  n o n a q u e o u s  layers .  All  t u b i n g  was  3/8 in. id 
p o l y p r o p y l e n e  e x c e p t  for  t h e  sec t ion  b e t w e e n  t he  s ta t ic  
m i x e r  a n d  t he  cell  inlet ,  w h i c h  was  1/4 in. id; t he  s a m e  id 
as  t h e  s ta t ic  mixe r .  

A n  in- l ine  s ta t ic  m i x e r  was  u s e d  to gene ra t e  d rop l e t s  of  
t he  o rgan ic  p h a s e  d i s p e r s e d  in the  c o n t i n u o u s  a q u e o u s  
p h a s e  (Kenics ,  1/4"-40-174-0), w i t h  20 Ti e l e m e n t s  in  1/4 in. 
g lass  hous ing) .  The  co r re l a t ion  b e t w e e n  m e a n  d r op l e t  size 
a n d  t he  W e b e r  n u m b e r  was  ava i l ab le  f rom t h e  m a n u f a c -  
t u r e r  (22). 

Va lves  V A  a n d  VD were  u s e d  to con t ro l  t he  t w o - p h a s e  
v o l u m e  f r ac t ion  a n d  d r op l e t  size p r o d u c e d  in  the  s tat ic  
mixer .  Valve  VE was  u s e d  to b y p a s s  some  of  the  fluid 
a r o u n d  t h e  cell  so t h a t  t he  c o m b i n a t i o n  of sma l l  d rop l e t s  
a n d  s low flow p a s t  t he  e l ec t rode  cou ld  b e  inves t iga t ed .  
S imi lar ly ,  va lve  VC was  u s e d  to add  a q u e o u s  p h a s e  to t he  
flow ex i t i ng  f rom t he  s tat ic  m i x e r  so t h a t  t he  c o m b i n a -  
t i on  of  la rge  d r o p l e t s  a n d  fas t  flow pas t  t he  e l ec t rode  
cou ld  b e  s tud ied .  Va lve  V B  was  u s e d  to con t ro l  t he  flow 
t h r o u g h  t he  c o u n t e r e l e c t r o d e  c o m p a r t m e n t .  

Electrical system.--The m e a s u r e m e n t  of  e lec t r ica l  cur- 
r e n t  a t  va r ious  app l i ed  p o t e n t i a l s  b e t w e e n  w o r k i n g  a n d  
r e f e r ence  e l ec t rode  was  m a d e  w i th  a po t en t i o s t a t i c  p o w e r  
s u p p l y  (bui l t  in -house)  d r i v e n  by  a f u n c t i o n  g e n e r a t o r  
( P A R  175) a n d  d i s p l a y e d  on  a n  X-Y r eco rde r  (Hous ton ,  
2000). 

Procedures 
S o l u t i o n s  were  p r e p a r e d  b y  m i x i n g  ana ly t i ca l  g rade  re- 

agents ,  a n d  de ion ized  d is t i l led  water .  T he  so lu t i on  for  
m e a s u r e m e n t  of  t he  s ing l e -phase  m a s s - t r a n s f e r  coef- 
f ic ient  kl was  0.01M p o t a s s i u m  fer r icyanide ,  0.01M potas-  
s i u m  fe r rocyan ide ,  a n d  0.2M s o d i u m  sul fa te  in  water .  The  
so lu t i on  for  m e a s u r e m e n t  of  t h e  d i s t u r b a n c e  m e c h a n i s m  
coeff ic ient ,  /~2, was  t he  s a m e  fe r r ic / fe r rous  c y a n i d e  solu- 
t ion  e x c e p t  t h a t  t o l uene  was  added .  T he  so lu t ion  for  mea-  
s u r e m e n t  of  t he  e x t r a c t i o n  m e c h a n i s m  coeff ic ient ,  k3, 
was  0.01M p o t a s s i u m  iod ide  a n d  0.2M s o d i u m  su l fa te  in  
w a t e r  e q u i l i b r a t e d  w i th  a t o l u e n e  so lu t i on  c o n t a i n i n g  
0.165N iodine .  The  c o n c e n t r a t i o n s  of  f e r r i cyan ide  a n d  of  
i od ine  we re  d e t e r m i n e d  b y  t i t r a t i on  (23). 

The  in te r fae ia l  t e n s i o n  b e t w e e n  a q u e o u s  a n d  o rgan ic  
p h a s e s  was  m e a s u r e d  w i t h  t h e  d u N o u y  m e t h o d  w h i c h  
u s e d  a t e n s i o m e t e r  (Fisher ,  Mode l  20). T he  d e n s i t y  was 
m e a s u r e d  by  w e i g h i n g  a k n o w n  v o l u m e  of  so lu t ion ,  a n d  
t he  v i scos i ty  was  d e t e r m i n e d  w i t h  a n  Os twa ld  v i s come-  

ter. The  d i f fus ion  coeff ic ients  of e l ec t roac t ive  spec ies  
were  m e a s u r e d  by  u s i n g  a r o t a t i n g  d i sk  e lec t rode .  

Cur r en t -vo l t age  t r aces  were  o b t a i n e d  u n d e r  s t e a d y  
flow c o n d i t i o n s  wi th  use  of  a scan  ra te  of 5 mV/s.  Addi-  
t iona l  de ta i l s  m a y  be  f o u n d  in t he  or ig ina l  t he s i s  (21). 

Results and Discussion 
The  e x p e r i m e n t a l  s t r a t egy  for  o b t a i n i n g  m a s s - t r a n s f e r  

coef f ic ien ts  k,, k2, a n d  k3 (see Eq. [1]) was  as fol lows:  (i) 
The  o n e - p h a s e  c o n v e c t i o n  m a s s - t r a n s f e r  coeff ic ient ,  k,, 
was  f o u n d  f rom m e a s u r e m e n t  of t he  m a s s - t r a n s f e r  l imit-  
ing c u r r e n t  in a o n e - p h a s e  a q u e o u s  so lu t ion  c o n t a i n i n g  
fe r r i cyan ide .  (it) The  effec t  of  an  i ne r t  s e c o n d  p h a s e  (dis- 
t u r b a n c e  m e c h a n i s m )  was  f o u n d  b y  d i s p e r s i n g  t o l u e n e  in  
t he  so lu t ion  of fer r icyanide .  The  ine r t  t o l u e n e  d rop le t s  
s e rved  to d i s t u r b  flow nea r  t he  e l ec t rode  su r face  and,  
thus ,  to  e n h a n c e  t h e  mass  t r a n s f e r  of f e r r i cyan ide  to t h e  
e l ec t rode  surface.  The  l im i t i ng  c u r r e n t  was  t h u s  a t t r ib-  
u t e d  to t he  one -phase  ra te  (nFk, c,) plus  t he  phys i ca l  dis- 
t u r b a n c e  owing  to the  i n e r t  d i s p e r s e d  d rop l e t s  (nFk~c,). 
B y  s u b t r a c t i n g  nFk, c, f o u n d  p rev ious ly  f rom t h e  mea-  
s u r e d  l imi t ing  cur ren t ,  t he  e n h a n c e m e n t  owing  to dis- 
t u r b a n c e  a lone  was  t h u s  ob ta ined .  (iii) The  effec t  of a re- 
ac t ive  s e c o n d  p h a s e  ( ex t r ac t ion  m e c h a n i s m )  was  
i n v e s t i g a t e d  w i th  use  of  wa te r / t o luene  d i s p e r s i o n s  con-  
t a i n ing  t he  iod ine / iod ide  r e d o x  couple .  The  iod ine  
r e a c t a n t  is h igh ly  so lub le  in  t he  d i s p e r s e d  o rgan ic  phase .  
T h e  reac t ive  d rop le t s  serve  b o t h  to d i s t u r b  a n d  also to re- 
p l e n i s h  the  m a s s - t r a n s f e r  b o u n d a r y  layer  nea r  t he  elec- 
t r ode  surface.  The  l imi t ing  c u r r e n t  was  t h u s  a t t r i b u t e d  to 
the  o n e - p h a s e  ra te  (nFk, c,) plus  the  d i s t u r b a n c e  a t t r ib -  
u t e d  to t he  d i spe r sed  d rop le t s  (nFk2c,) a n d  t he  r e p l e n i s h -  
m e n t  of  i od ine  r e a c t a n t  b y  e x t r a c t i o n  f rom the  d rop l e t s  
(nFk~c~). By s u b t r a c t i n g  nFk,cl a n d  nFk~cl ( found  previ -  
ously)  f r o m  the  m e a s u r e d  l i m i t i n g  cu r ren t ,  t h e  e n h a n c e -  
m e n t  owing  to the  e x t r a c t i o n  m e c h a n i s m  was  ob ta ined .  
S ince  t he  pa r t i t ion  c o n s t a n t  of  iod ine  b e t w e e n  t he  t o l u e n e  
a n d  t he  a q u e o u s  p h a s e s  was  a p p r o x i m a t e l y  100 to 1, t he  
m a s s - t r a n s f e r  r e s i s t ance  of  iod ine  in  t he  o rgan ic  p h a s e  
cou ld  be  i g n o r e d  (24, 25). 

The  phys i ca l  p rope r t i e s  of the  so lu t ions  u s e d  in  th i s  
s t u d y  are s u m m a r i z e d  in T a b l e  I. T h e  R e y n o l d s  n u m b e r s  
r e p o r t e d  be low were  ca lcu la ted  on  the  bas i s  of t he  hy= 
drau l ic  d i a m e t e r  of  the  w o r k i n g  e l ec t rode  c o m p a r t m e n t  
which ,  for  t he  c h a n n e l s  m e a s u r i n g  0.2 x 0.75 cm,  was  
0.315 cm. 

It  was  f o u n d  t h a t  r e p e a t e d  e x p e r i m e n t s  were  r ep roduc i -  
b le  to w i t h i n  1% for o n e - p h a s e  flow, a n d  to w i t h i n  10% 
for t w o - p h a s e  flow. The  i n t e r e s t e d  r e a d e r  m a y  re fe r  to  
t he  or ig ina l  thes i s  for a d d i t i o n a l  de ta i l s  (21). 

One-phase results.--For ful ly d e v e l o p e d  l a m i n a r  flow 
b e t w e e n  two para l le l  plates ,  t he  ave rage  l im i t i ng  c u r r e n t  
dens i t y  over  an  e l ec t rode  m a y  be  f o u n d  by  i n t e g r a t i o n  of 
Eq. [105-9] in  Ref. (26). 

iL = 1.4675 nFDc~ ( v ~ "~ 
s \ ~ /  [2] 

Table I. Physical properties 

Aqueous ferricyanide solution: 
Density 1.06 g]cm 3 
Viscosity 0.94 eP 
Diffusion coefficient 

of ferricyanide ion 6.5 x 10 -6 ern2/s 
Aqueous iodide solution: 

Density 1.06 g/cm 3 
Viscosity 0.94 cP 
Diffusion coefficient 

of iodine (or triiodide) 8.0 • 10 -6 cm2/s 

Iodine-toluene solution equilibrated with aqueous iodide solution: 

Iodine conc in Interfacial tension Density Viscosity 
toluene phase (dyn/cm) (g/cm 3) (cP) 

0.1N 30.67 -+ 0.42 0.868 0.546 
0.2N 30.73 -+ 0.46 0.877 0.550 
0.4N 29.37 _+ 0.32 0.897 0.554 
0.6N 29.00 +_ 0.50 0.918 0.571 
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In  this study, the Reynolds number  based on hydraulic 
diameter was used to compare mass-transfer results. Over 
the range 130 < Re < 1000, experimental data agreed with 
Eq. [2] to within 3%. Above Re = 1000, experimental data 
lie slightly above Eq. [2], probably owing to hydrody- 
namic entrance effects. For example, at Re = 1250 (the 
maximum value used in this study), the limiting current 
was observed to be 20% greater than expected by Eq. [2]. 
Limiting current data were obtained with both graphite 
and DSA, and showed no dependence upon electrode 
material. 

Two-phase resul ts . - -In this section, results are given for 
the disturbance mechanism (kr the extraction mecha- 
nism (k3), and for the effect of turbulence promoters. 

Because toluene is lighter than water, droplets tend to 
rise as they are carried upward by flow through the cell. 
In this study, the maximum slip velocity of droplets, com- 
puted from Stokes' law, was 1 cm/s; most experiments 
were carried out under  conditions where the slip velocity 
was significantly less than 1 cm/s. In addition, the aver- 
age flow rate (for both phases combined) varied from 
about 30 cm/s down to about 1 cm/s. Thus, the effect of 
gravitational forces on the data reported below should be 
negligible. The conditions where gravitational forces are 
most likely to influence data are for slow flow of solu- 
tions containing large droplets and large volume fractions 
of the organic phase; such operating conditions, however, 
lead to poor mass-transfer enhancement  and would not, 
therefore, be likely to be of practical interest. 

Disturbance mechan i sm . - -Based  on Eq. [1] in the ab- 
sence of the extraction mechanism (k3 = 0), simple rear- 
rangement  gives 

iL - -  nFk, c, = nFkcc~ [3] 

The data shown in Fig. 3(a) represent the quantity nFkcc, 
(that is, measured limiting current density minus nFk,  c,) 
for various conditions of reactant concentration, flow 
rate, droplet size, volume fraction, and electrode material. 
All data illustrate a linear relationship between nFk~c, and 
reactant concentration; therefore, it was concluded that 
the disturbance mechanism is an additive effect as ex- 
pressed in Eq. [1]. In the act of "subtracting nFk]c,," the 
experimental data'reported above were used rather than 
the theoretical results expressed by Eq. [2]. The following 
paragraphs summarize the effect of important variables 
on the disturbance coefficient kr 

Volume fraction influences mass transfer as indicated 
in Fig. 4(a) for graphite electrodes and Fig. 4(b) for DSA 
electrodes. For both types of materials, the enhancement  
of mass transfer was greatest at a volume fraction of 
about 40% organic. Above about 80% organic, the mass- 
transfer is less than would be found in the absence of the 
organic phase. The loss of reactivity at high volume frac- 
tion may either be owing to coverage of the electrode by 
the nonconduct ing organic phase, or  to coalescence by 
large droplets which are less effective in enhancing mass 
transfer. 

Droplet size influences the mass-transfer rate as illus- 
trated in Fig. 5(a) for graphite and Fig. 5(b) for DSA elec- 
trodes. For the size range studied, it was found that 
smaller droplets and higher organic volume fractions 
gave slightly better mass-transfer enhancement.  The dif- 
ference between behavior of graphite and of DSA was 
found to be small. Because the mass-transfer enhance- 
ment  by smaller droplets was not dramatic, and because 
the energy required to generate droplets increases as the 
3.5 power of the diameter, it may not be worthwhile to 
employ extremely small droplets. This study did not, 
however, include consideration of surfactants which 
would stabilize suspensions of very small droplets. 

Velocity increases the mass-transfer rate. Figure 6(a) il- 
lustrates the velocity dependence of that portion of the 
overall rate attributable to the disturbance mechanism. 
That is, the ordinate of every point was obtained by sub- 
tracting the corresponding value of nFk]c, from the mea- 
sured value. The slopes of the lines shown in Fig. 6(a) 
vary between 0.7 and 1.0, and are thus appreciably greater 
than the velocity dependence of k], the one-phase 
coefficient (0.33) indicated by Eq. [2]. That is, the relative 
significance of the disturbance mechanism increases 
with flow velocity. 

Electrode material has a generally small influence on 
the disturbance mechanism as may be seen by comparing 
Fig. 4(a) with Fig. 4(b), and Fig. 5(a) with Fig. 5(b). These 
results suggest that there was no significant difference 
between electrodes in coverage of electrode surface by 
the organic phase, and that the enhancement  owing to the 
disturbance mechanism was controlled primarily by flow 
conditions. 

Extrac t ion  mechan i sm. - -Rearrangement  of Eq. [1] gives 

iL - nFklc, - nFkcc, = nFk~c2 [4] 

Fig. 3. Demonstration of the va- 
lidity of the linear additive model, 
Eq. [1]. (a, left) data are for dis- 
turbance mechanism, (b, right) 
data are for extraction mechanism. 
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Fig. 4. Effect of electrode mate- 
rial and volume fraction on mass- 
transfer rate in two-phase flow. (a, 
left) data are for graphite elec- 
trodes, c~ = 0 .0076N (b, right) 
data are for DSA electrodes, c, = 
0 .0095N.  
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The data shown in Fig. 3(b) represent the quanti ty nFk3c2 
(that is, measured limiting current density minus nFklcl 
and minus  nF~c~) for various conditions of reactant con- 
centration, flow rate, droplet size, volume fraction, and 
electrode material. It should be noted that the quantity 
nFk~c~ is as large as, or larger than, ' the limiting current 
for the one-pha~e base case. All data illustrate a linear re- 
lationship between nFk3c2 and reactant concentration in 
the dispersed phase. Therefore, it was concluded that the 
extraction mechanism is an additive effect as expressed 
in Eq. [1]. The  following paragraphs summarize the effect 
of important  variables on the extraction coefficient k3. 

Volume fraction influences the extraction mechanism 
as indicated in Fig. 7(a) and Fig. 7(b) for graphite and 
DSA electrodes, respectively. The data in Fig. 7 illustrate 
only the effect of the extraction mechanism (nFk3c2) in 
that the effects of one-phase transfer and of the disturb- 
ance mechanism have been subtracted off as indicated by 
Eq. [4]. A significant difference is seen between the be- 
havior of the two electrode materials. Also, in contrast to 
data shown in Fig. 4, the extraction mechanism does not 
exhibit a volume fraction at which the effect passes 
through a maximum. It is therefore suggested that, for 
high volume fractions, the surface becomes wetted with 
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Fig. 6. Effect of velocity on mass- 
transfer enhancement in two-phase 
flow. (a, left) data are for disturb- 
ance mechanism, (b, right) data are 
for extraction mechanism. 
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the organic phase and that, although a portion of the sur- 
face may thus be shielded by nonconducting liquid, the 
shielding is more than compensated by the highly con- 
centrated reactants which are thereby brought into inti- 
mate contact with the remaining reactive portion of the 
electrode surface. 

Droplet size influences mass transfer by the extraction 
mechanism as shown in Fig. 8(a) and Fig. 8(b) for graphite 
and DSA electrodes, respectively. It may be seen that the 
enhancement  was much more pronounced on the graph- 
ite electrode than on the DSA electrode even though the 
r~actant concentration used for the DSA electrodes was 
about twice that used for the graphite electrodes. On 

graphite, the enhancement  was larger for the smaller 
droplets. 

Based on Fig. 8, it is suggested that the graphite elec- 
trode is partially wetted by the dispersed phase. Small 
droplets probably hit the electrode and adhere as small 
puddles, while larger droplets adhere as larger puddles. 
For the same coverage of electrode by the organic phase, 
small puddles provide a larger total perimeter for sup- 
plying the reactant to the electrode surface, and thus 
serve to enhance the mass-transfer rate by the greater 
amount. 

By comparison of Fig. 8(a) with Fig. 8(b), it is seen that 
the DSA electrode exhibited negligible mass-transfer en- 

Fig. 7. Effect of electrode mate- 
rial and volume fraction on mass- 
transfer enhancement by the ex- 
traction mechanism. (a, left) data 
are for graphite electrodes, c2 = 
0.165N; (b, right) data are for DSA 
electrodes, c~ = 0.32N. 
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Fig. 8. Effect of electrode mate- 
rial and droplet size on mass- 
transfer enhancement by the ex- 
traction mechanism. (a, left) data 
are for graphite electrodes, c~ = 
0.165N; (b, right) data are for DSA 
electrodes, c2 = 0.32N. 

hancement  by the extraction mechanism. It is therefore 
suggested that the DSA material is not wet by the react- 
ive dispersed droplets. 

Velocity effect for the extraction mechanism alone is 
shown in Fig. 6(b) for both graphite and DSA electrodes. 
For the graphite electrode, the enhancement  by extrac- 
tion depends upon flow rate to the power of between 0.6 
and 1.0, while, for DSA electrodes, the enhancement  is in- 
dependent  of flow rate. The difference lies in the ability 
of the two electrode materials to utilize the reactive drop- 
lets which are brought to the surface region by the fluid 
flow conditions. 

Electrode materials clearly exhibit a profound in- 
fluence upon the extraction mechanism, in contrast to a 
minor influence upon the disturbance mechanism. It is 
suggested that the affinity between the surface and the 
dispersed phase controls the extraction mechanism. The 
DSA electrode is an oxide surface which is quite polar in 
comparison with graphite; by the same token, water is a 
strong ~polar molecule in comparison with toluene. There- 
fore, the nonpolar organic droplets are more likely to wet 
the nonpolar graphite electrode surface than the polar 
DSA surface. The absence of significant mass-transfer 
enhancement  observed by Dworak et al. (14-16) may be in 
part owing to their use of Ni electrodes. 

Turbulence promoter.--When a turbulence promoting 
grid is placed into a flow channel, then the definition of 
Reynolds number  becomes ambiguous since it is no 
longer clear which characteristic dimension should be 
used to correlate results. Therefore, for evaluation of tur- 
bulence promoters, mass-transfer rates were compared on 
the basis of the volumetric flow rate through the cell in- 
stead of the Reynolds number. For one-phase flow, Fig. 9 
provides experimental  mass-transfer data and, for com- 
parison, also shows the prediction of Eq. [2] for the ex- 
pected mass-transfer rate without the turbulence promo- 
ter. It may be seen that an enhancement  of up to 
sevenfold in mass-transfer rate was achieved by use of the 
turbulence promoter. Such enhancement,  however, was 
achieved at the expense of substantially increased 
pumping power. 

For two-phase flow containing an inert dispersed 
phase and a turbulence promoter, the mass-transfer rates 

shown by the dashed lines in Fig. 10 were found. By com- 
parison of these data with Fig. 9, it was found that the ad- 
dition of the inert second phase degraded mass-transfer 
performance in cells containing turbulence promoters. It 
is suggested that the plastic turbulence promoter  was eas- 
ily wet by the dispersed phase, and thus facilitated cover- 
age of the electrode surface by the nonconducting inert 
organic phase. In addition, the mass-transfer rate in the 
presence of the turbulence promoter  was not influenced 
by the droplet size of the inlet fluid; evidently, the turbu- 
lence promoter  acted as a static mixer and produced its 
own two-phase flow conditions regardless of variation in 
droplet size in the feed stream. 

For two-phase flow containing a reactive dispersed 
phase, the data connected by solid lines in Fig. 10 illus- 
trate results on graphite electrodes for several conditions 
of flow rate, droplet size, and volume fraction. It may be 
seen that the enhancement  by presence of the second 
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phase occurs but achieves a maximum at 10% volume 
fraction or less. The enhancement  improves with flow 
rate but is insensitive to droplet size in the feed stream. 
Above a volume fraction of 10%, there is a decay in mass- 
transfer performance, owing probably to electrode cover- 
age by organic phase. 

Examples.--It  should be emphasized that the concen- 
tration of reactive species used in the solutions investi- 
gated in this study was kept low in order to simplify mea- 
surement of mass-transfer limited behavior. As a 
consequence, the current densities reported in the 
figures are much lower than would be required of indus- 
trial processes. However, the use of higher reactant con- 
centrations, particularly in the dispersed organic phase, 
would increase current density significantly. For exam- 
ple, consider Fig. 7(a) in which a current density of 2.5 
mA/cm 2 is obtained from dispersed droplets containing 
reactant at 0.165N. If, instead, an organic reactant dis- 
solved at 10M would be used in the dispersed phase, then 
mass-transfer limiting current density would increase to 
on the order of 150 mA/cm 2. 

For typical operating conditions (Re = 1000, Vf = 10%, 
d = 500/~m, graphite electrode), if the value of k, is unity 
(a reference value), then Fig. 4(a) suggests that kr is also 
about unity, and Fig. 8(a) indicates that k~ is about 0.1. 
Thus, the relative importance of the individual mecha- 
nisms can be ascertained if these mass-transfer coeffi- 
cients are multiplied by the corresponding concentrations 
as shown for several cases in Table II. It may be seen that 
the extraction mechanism dominates the other two mech- 
anisms when the solubility of the reactant in the continu- 
ous phase is less than 10% of the solubility in the dis- 
persed phase. For low solubility of reactant in the 
continuous phase (Case 1), the extraction mechanism 
serves to increase the mass-transfer rate by a factor of 
1000 over that obtained with one-phase flow. I f  the solu- 
bility of the reactant in the aqueous solution is greater 
than that in the dispersed phase (Case 5), then the pres- 
ence of the second phase serves to approximately double 
the mass-transfer rate, but at the expense of increased 
process complexity. 

The relative importance of the individual mass-transfer 
mechanisms can be used in the design of two-phase sys- 
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Table II. The relative importance of the mass-transfer enhancement 
mechanisms with respect to the reactant concentrations in both the con- 
tinuous and the dispersed phase solutions (ks = 1, ~ = 1, ks = 0.1) 

Case 

k~c! 
c, c2 One-phase kcc, k3c= 

(mol/ (mol/ convective flow Disturbance Extraction 
liter) liter) mechanism mechanism mechanism 

1 0.001 10 0.001 0.001 1 
2 0.01 10 0.01 0.01 1 
3 0.1 10 0.1 0.1 1 
4 1.0 10 1.0 1.0 1 
5 10.0 10 10.0 10.0 1 

tems. For example, if the largest term in Eq. [1] is nFkjcs, 
then there is no advantage in introducing the dispersed 
phase into the cell; increasing the reactant solubility in 
the aqueous solution, or mass-transfer coefficient k,, 
would be the best procedure. If the largest term in Eq. [1] 
is nFkccl, then any inexpensive and stable inert dispersed 
phase could be introduced into the cell in order to en- 
hance mass transfer. But if the largest term in Eq. [1] is 
nFk3c2, then the reactant should be introduced in the dis- 
persed phase. 

Conclusions 
Mass transfer in parallel plate electrolyzers with two- 

phase liquid-liquid flow was investigated by the electro- 
chemical limiting current method. The overall mass- 
transfer rate was found to follow a linear additive model, 
expressed in Eq. [1], for which contributions to the over- 
all rate included the one-phase convective flow (k0, the 
disturbance by presence of the second phase (~), and the 
replenishment of reactant by extraction from the second 
phase (kz). The experimental  approach enabled the over- 
all mass-transfer rate to be separated into the individual 
mechanisms. The important variables for coefficients kr 
and k3 included dispersed phase volume fraction, droplet 
size, flow velocity, electrode material, and the presence 
of a turbulence promoter. 

The significant results of this investigation are summa- 
rized as follows: (i) mass-transfer enhancement  by the dis- 
turbance mechanism kr is insensitive to electrode mate- 
rial, while enhancement  by the extraction mechanism k~ 
is higher on nonpolar (graphite) than on polar (DSA) elec- 
trode surfaces. (ii) An increase in organic phase volume 
fraction leads to mass-transfer enhancement  by both dis- 
turbance and extraction mechanisms, over a volume frac- 
tion range of about 0-80%. (iii) The effect of flow rate is to 
increase all mass-transfer coefficients; the velocity de- 
pendence of the coefficients is 0.33 for ks, 0.7-1.0 for kr for 
both types of electrode materials, and 0.6-1.0 for ks on 
graphite. With DSA electrodes, there was no discernable 
improvement  in k3 upon increasing flow velocity. (iv) 
Over the range of  droplet sizes studied, the coefficients kr 
and ks varied by less than a factor of two, and were 
greatest for high volume fractions, for small droplets, and 
on graphite. (v) Mass-transfer enhancement  by the dis- 
turbance mechanism kr was small in comparison with 
that achieved by a turbulence promoter in one-phase 
flow. Mass-transfer enhancement  by the extraction 
mechanism ks can be significantly greater than that 
achieved with a turbulence promoter  in one-phase flow. 

In this study, emphasis has centered on mass-transfer 
enhancement.  Other reasons for introducing a dispersed 
immiscible second phase may also exist for electrochem- 
ical applications. For example, extraction of a desired re- 
action product into a second phase may help protect it 
from undergoing further degradation reactions to 
unwanted by-products. Also, a second phase may be use- 
ful for continuous extraction of unwanted reaction prod- 
ucts from a cell during operation, for example, polymeric 
surface tars. For these reasons, the continued investiga- 
tion of electrolysis in the presence of two-phase liquid 
systems appears to be warranted. 

A macroscopic approach was used in the present study 
in order to separate the overall mass-transfer sequence 
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into several component  steps. Fur ther  s tudy will require 
improved unders tanding of microscopic features such as 
interact ion of dispersed droplets  with the mass-transfer 
boundary  layer, as well as mass transfer during droplet  
impingement  and wetting of the electrode surface. The 
considerat ion of surfactants would add a major  new varia- 
ble to those included in this study. Surfactants would be 
expected to play an influential role both in two-phase 
flow and wetting phenomena,  and also in the electro- 
chemistry of the surface reactions. 

The exper imenta l  results repor ted in this s tudy repre- 
sent  only a small number  of possible combinat ions of im- 
por tant  variables. In  particular,  only one mixture  of  sot- 
vents  was studied, and only one reactor configuration 
was used. Addit ional  exper imental  studies in different 
systems would contribute toward better  unders tanding of 
enhancement  coefficients kr and k3 in order that  they 
may be related to system parameters  with use of general- 
ized dimensionless  correlations. 
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LIST OF SYMBOLS 

c, reactant  concentration in the aqueous phase solu- 
tion, mol/cm 3 

c2 reactant  concentration in the organic phase solu- 
tion, moYcm 3 

d dispersed droplet  size, ~m 
D diffusion coefficient, cm2/s 
F Faraday ' s  constant, 97,487 C/equiv 
h gap of the flow channel, cm 
iL average l imiting current  densi ty over the electrode 

length L, A/cm 2 
k, mass-transfer coefficient due to the one-phase 

convective flow, cm/s 
kr mass-transfer coefficient due to the dis turbance 

mechanism, cm/s 
k3 mass-transfer coefficient due to the extract ion 

mechanism, cm/s 

L 
n 

Re 
S 
s 

V 
Vf 

length of electrode, cm 
Faraday 's  per mol of substance electrolyzed 
Reynolds number  based on hydraulic diameter  
electrode material  
stoichiometric coefficient of species in electrode 
reaction 
fluid velocity, cm/s 
organic dispersed phase volume fraction 
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A B S T R A C T  

P h o t o l u m i n e s c e n c e  (PL) a n d  e l e c t r o l u m i n e s c e n c e  (EL) f rom s ingle-crysta l ,  n- type,  A l -doped  Z n S e  (ZnSe:A1) elec- 
t r o d e s  h a v e  b e e n  s tudied .  T h e s e  s a m p l e s  e x h i b i t  b o t h  edge  e m i s s i o n  (k~a~ ~ 460 nm)  a n d  s u b b a n d g a p  e m i s s i o n  w h e n  ex- 
c i ted  at  severa l  u l t r a b a n d g a p  w a v e l e n g t h s .  T he  la t t e r  P L  b a n d  is pa r t i cu la r ly  in tense ,  w i t h  a m e a s u r e d  r ad ia t ive  quan -  
t u m  yie ld  of  - 1 0  -I to  10-~; t he  t r a n s i t i o n  a p p e a r s  to be  at  leas t  par t ia l ly  se l f -ac t iva ted  (SA) in or igin,  b a s e d  on  p rev ious ly  
r e p o r t e d  P L  data.  Exc i t ed - s t a t e  c o m m u n i c a t i o n  i n v o l v i n g  t he  two emis s ive  s ta tes  is i n f e r r e d  f rom t ime- re so lved  P L  
m e a s u r e m e n t s .  S t ab l e  p h o t o e l e c t r o c h e m i c a l  cells  (PEC's )  c an  be  c o n s t r u c t e d  f r o m  n-ZnSe:A1 e lec t rodes  a n d  a q u e o u s  
d i s e l e n i d e  or  d i t e l lu r ide  e lec t ro ly tes .  A p p l i e d  p o t e n t i a l  q u e n c h e s  b o t h  of  t he  p h o t o a n o d e s '  P L  b a n d s  r o u g h l y  in  paral lel .  
The  e x t e n t  of  P L  q u e n c h i n g  is c o n s i s t e n t  w i t h  a dead- l aye r  m o d e l  p r ev ious ly  u s e d  to d e s c r i b e  q u e n c h i n g  in  A u - Z n S e  
S c h o t t k y  diodes .  W h e n  u s e d  as a d a r k  c a t h o d e  in  aqueous ,  a lka l ine  p e r o x y d i s u l f a t e  e lec t ro ly te ,  EL  f rom ZnSe:A1 elec- 
t rodes  is obse rved .  P L  a n d  EL spec t ra l  d i s t r i b u t i o n s  are  s imi la r  a n d  i nd i ca t e  t h a t  t he  s ame  e m i s s i v e  exc i t ed  s ta tes  are 
p o p u l a t e d  in  t he  two  e x p e r i m e n t s .  M e a s u r e d  EL eff iciencies,  - 1 0  -4 to 10 -6 at  -2 .2  a n d  - 1 . 8 V  vs. SCE, respec t ive ly ,  are  
m u c h  smal l e r  t h a n  P L  efficiencies.  P o s s i b l e  sou rces  of  the  d i s c r e p a n c i e s  are d i scussed .  

K e e n  i n t e r e s t  in  p h o t o e l e c t r o c h e m i c a l  cells (PEC's )  has  
focused  a t t e n t i o n  on  the  exc i t ed - s t a t e  p r o p e r t i e s  of  t he  
s e m i c o n d u c t o r  e l ec t rodes  w h i c h  serve  as t he  key  e l e m e n t  
of  t h e s e  dev ices  (1). We a n d  o the r s  h a v e  s t ud i ed  pho to -  
l u m i n e s c e n c e  (PL) a n d  e l e c t r o l u m i n e s c e n c e  (EL) f rom a 
var ie ty  of  II-VI a n d  III-V s e m i c o n d u c t o r  e l ec t rodes  in  a n  
effor t  to d e t e r m i n e  the  effect  of  P E C  p a r a m e t e r s  on  the  
so l ids '  exc i t ed - s t a t e  d e a c t i v a t i o n  rou te s  (2). In  genera l ,  
m e a s u r e d  r ad ia t ive  q u a n t u m  yields,  ~br, of t h e s e  ma te r i a l s  
h a v e  b e e n  small ,  -10-3-10 -~. We desc r ibe  in  th i s  p a p e r  a n  
e lec t rode ,  n-ZnSe:A1,  w h o s e  e m i s s i o n  c o m p e t e s  f avorab ly  
(~br - 10-1-10 -2) w i t h  o the r  d e a c t i v a t i o n  p a t h s  in  s table ,  
ef f ic ient  PEC's .  As  o b s e r v e d  w i th  o the r  s e m i c o n d u c t o r  
e l ec t rodes  (3), t he  P L  of  n-ZnSe:A1 e l ec t rodes  can  b e  per-  
t u r b e d  a n d  EL in i t i a t ed  b y  in te r fac ia l  c h a r g e - t r a n s f e r  pro- 
cesses.  We s h o w  t h a t  P L  q u e n c h i n g  b y  app l i ed  p o t e n t i a l  
is c o m p a t i b l e  w i th  a dead- layer  m o d e ]  u s e d  to d e s c r i b e  
s u c h  q u e n c h i n g  in  o the r  P E C ' s  (4, 5) a n d  in A u - Z n S e  
S c h o t t k y  d iodes  (6). 

Experimental 
Materials.--Single crys ta l  (111) p la tes  of  n - type  ZnSe:A1 

( - 2  p p m  A1 b a s e d  on  arc e m i s s i o n  spec t ro scopy )  were  
g e n e r o u s l y  p r o v i d e d  b y  N o r t h  A m e r i c a n  Ph i l i p s  Corpora-  
t ion,  Br ia rc l i f f  Manor ,  N e w  York;  t he  s am p l e s  ( - 5  • 5 • 
0.25 ram)  h a d  b e e n  cu t  f rom bou le s  w h i c h  were  o b t a i n e d  
f rom Eag l e -P i che r  Indus t r i e s ,  Miami,  Ok lahoma ,  a n d  h a d  
b e e n  s u b s e q u e n t l y  hea t - t r ea t ed  in  m o l t e n  Z n  at  950~ for 
24b to lower  t he i r  res i s t iv i ty  to -1 -10  ~-cm.  T w i n n e d  
areas  m a y  be  p r e s e n t  b e l o w  t he  sur face  in s o m e  of  t he  
s a m p l e s  employed .  S a m p l e  car r ie r  c o n c e n t r a t i o n s  of 
-101~-1018 cm -3 were  e s t i m a t e d  f rom b o t h  dc Hal l  mea-  
s u r e m e n t s  (7) a n d  M o t t - S c h o t t k y  data.  In  t he  f o r m e r  mea-  
s u r e m e n t ,  a V a r i a n  Assoc ia t e s  Model  V-2301-A dc  e lect ro-  
m a g n e t  p r o d u c i n g  a field of  - 0 .5  k G  was  e m p l o y e d .  Ca- 
p a c i t a n c e  m e a s u r e m e n t s  of  t h e  ZnSe:A1 e l ec t rodes  were  
m a d e  at  1.0 a n d  0.8 kHz  in  1M OH-  a n d  d i s e l en ide  e lectro-  
lytes,  r espec t ive ly ,  u s i n g  an  I thaco  D y n a t r a c  391 lock- in  
v o l t m e t e r ,  E G & G  P A R  Mode l s  173 p o t e n t i o s t a t  a n d  175 
p r o g r a m m e r ,  a n d  a W a v e t e k  Mode l  182A 4MHz f u n c t i o n  
genera to r .  E l ec t rodes  were  p r e p a r e d  b y  e t c h i n g  t he  sol ids  
for  20s w i t h  1:40 B r J M e O H  (v/v), m a k i n g  o h m i c  c o n t a c t  to 
t he  Se- r ich  c rys ta l  face b y  so lde r ing  w i th  In,  a n d  t h e n  
m o u n t i n g  t he  solid as a n  e l ec t rode  as d e s c r i b e d  previ-  
ous ly  (8). Res i s t iv i ty  in  some  s a m p l e s  was  de l i be ra t e ly  en- 
h a n c e d  b y  h e a t - t r e a t m e n t  w i t h  Se  (Alfa; m 3N  puri ty) .  Fo r  
t h e s e  e x p e r i m e n t s ,  a n  ~10 m g  s a m p l e  of  ZnSe:A1 was  
p l a c e d  in  a qua r t z  t u b e  w i t h  -0 .2  m g  of Se. T he  qua r t z  
a m p u l  was  e v a c u a t e d  (~0.1 torr),  sea led  to a v o l u m e  of  ~3  
c m  ~, a n d  h e a t e d  at  700~ in  a L i n d b e r g  f u r n a c e  for  -30s .  

* Electrochemical Society Active Member 
Key words: zinc selenide, luminescence, photoelectrochem- 

istry 

Af te r  i ts  r e m o v a l  f rom the  ampu l ,  t he  solid was  e t c h e d  
un t i l  b r i g h t  P L  was  o b s e r v e d ;  t h e n  it  was  m o u n t e d  as a n  
e lec t rode .  Sulfide,  d i se len ide ,  a n d  d i t e l lu r ide  e lec t ro ly tes  
were  p r e p a r e d  as d e s c r i b e d  p rev ious ly  (9, 10), e x c e p t  t h a t  
a f te r  t he  sol id Na2Se was  w a s h e d  w i t h  NaOH, it  was  dis- 
so lved  in conc  KOH to yie ld  so lu t ions  w h o s e  compos i -  
t i ons  we re  - 1 0 M  KOH/0.25M Se ~-. D u r i n g  P E C  exper i -  
m e n t s ,  t h e  e lec t ro ly tes  were  v igo rous ly  s t i r r ed  a n d  
b l a n k e t e d  w i th  N2. P r e p a r a t i o n  of  p e r o x y d i s u l f a t e  e lectro-  
lyte  h a s  b e e n  d e s c r i b e d  (11). MgO p o w d e r  was  o b t a i n e d  
f r o m  B a k e r  C h e m i c a l  C o m p a n y .  

PL properties.--Front-surface P L  spec t r a  at  a m b i e n t  
t e m p e r a t u r e  a n d  at  77 K were  o b t a i n e d  w i th  t he  A m i n c o -  
B o w m a n  s p e c t r o p h o t o f l u o r o m e t e r  d e s c r i b e d  p r e v i o u s l y  
(3). The  h igh  p r e s su re  Xe l a m p  of  the  i n s t r u m e n t  was  
u s e d  in c o n j u n c t i o n  w i th  an  i n t e r f e r e n c e  filter ( E d m u n d  
Scient i f ic)  for 405 n m  exc i ta t ion ;  a C o r n i n g  3-72 filter 
was  u s e d  to p r e v e n t  th i s  l igh t  f rom r e a c h i n g  t he  d e t e c t i o n  
optics.  All P L  a n d  EL spec t r a  were  co r rec ted  for de t ec to r  
sens i t iv i ty  f rom 350 n m  to 800 n m  u s i n g  a p r o c e d u r e  pre-  
v ious ly  d e s c r i b e d  (3). The  co r r ec t i on  fac tors  were  incor-  
p o r a t e d  in to  a c o m p u t e r  p r o g r a m  for  use  w i t h  a n  A p p l e  II 
P lu s  C o m p u t e r .  S p e c t r a  were  digi t ized,  co r r ec t ed  b y  t he  
p rog ram,  a n d  p lo t t ed  on  an  E p s o n  pr in ter .  

M e a s u r e m e n t s  of ~br were  m a d e  by  p lac ing  t he  ZnSe:A1 
s a m p l e s  a n d  MgO p o w d e r  ( reference)  in  t u r n  in a qua r t z  
cuve t t e  p o s i t i o n e d  in t he  A m i n c o - B o w m a n  s p e c t r o m e -  
te r ' s  s a m p l e  c o m p a r t m e n t  as p rev ious ly  d e s c r i b e d  (3, 12). 
The  s a m p l e  was  i r r ad ia t ed  " h e a d  on"  w i th  the  s p e c t r o m e -  
te r ' s  h i g h  p r e s s u r e  Xe  l amp;  i n t e r f e r e n c e  filters (FWHM 
is - 1 0  nm,  e x c e p t  for 366 nm,  w h e r e  it is - 3 0  nm)  were  
u sed  to isola te  the  des i r ed  exc i t a t i on  w a v e l e n g t h s .  B o t h  
t he  re f lec ted  a n d  emi t t ed  i n t ens i t i e s  were  c o r r e c t e d  for 
re la t ive  de t ec to r  r esponse .  

T h e  d e p e n d e n c e  of  ~ on  i n c i d e n t  i n t e n s i t y  was  p r o b e d  
u s i n g  t he  n e a r - U V  l ines  of  a C o h e r e n t  R a d i a t i o n  CR-12 
Ar  § l ase r  (351 a n d  364 n m  double t ) .  S a m p l e s  were  m o u n t e d  
w i th  e p o x y  on  a glass  rod  a n d  p o s i t i o n e d  at  - 4 5  ~ to b o t h  
the  lase r  b e a m  a n d  the  e m i s s i o n  d e t e c t i o n  opt ics .  P L  
spec t r a  were  r u n  as a f u n c t i o n  of  i n c i d e n t  i n t e n s i t y  w h i c h  
was  va r i ed  w i th  Melles  Gr io t  neu t r a l  d e n s i t y  filters; t he  
EG&G r a d i o m e t e r  was  u s e d  to m e a s u r e  i n c i d e n t  i n t e n s i t y  
in  c o n j u n c t i o n  w i th  a glass  s l ide se rv ing  as a b e a m  
spl i t ter .  

T ime- r e so lved  P L  da ta  we re  o b t a i n e d  in  a i r  w i t h  a 
p u l s e d  N2 laser  (337 nm)  a n d  N~-pumped  dye  laser  (460 
nm)  u s i n g  i n s t r u m e n t a t i o n  a n d  t e c h n i q u e s  p r e v i o u s l y  re- 
p o r t e d  (13). P e a k  in t ens i t i e s  of  - 3  and  30 kW/cm ~ were  
u s e d  in t h e s e  e x p e r i m e n t s  w i th  essen t i a l ly  n o  d i f f e rence  
in  t h e  r e s u l t i n g  decay  curves .  

PEC experiments.---A flat-faced qua r t z  cell  e q u i p p e d  
w i th  a s ide a r m  was  e m p l o y e d  for m o s t  P E C  m e a s u r e -  

1 0 6 8  
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ments .  Long- t e rm stabil i ty expe r imen t s  in d ise len ide  and 
di te l lur ide  e lectrolytes  were  conduc t ed  as desc r ibed  pre- 
v ious ly  wi th  an n-ZnSe:A1 work ing  e lec t rode  and a P t  foil 
coun te re l ec t rode  (8). A po lye thy lene  bag was a t tached  to 
the top of  the cell and purged  wi th  N2 dur ing  the 
exper iments .  

Pho toac t ion  spectra  were  obta ined  as p rev ious ly  de- 
scr ibed  (14) us ing  t ransparen t  se lenide electrolyte.  The  
ou tpu t  of  a 150W Xe lamp (Oriel) was m o n o c h r o m a t i z e d  
for exci ta t ion;  lamp in tens i ty  was measu red  wi th  the  
EG&G r ad iomete r  whose  response  f rom 350-800 n m  was 
cor rec ted  wi th  the manufac tu re r ' s  cal ibrat ion factors. 
Pho tocu r r en t s  were  measu red  at -1 .0V vs. SCE. 

A s tandard  three-e lec t rode  potent ios ta t ic  se tup was 
used  for obta in ing  iLV data. Exc i ta t ion  at 366, 405, and 
436 n m  (200W, h igh  pressure  Osram Hg lamp wi th  inter- 
fe rence  filters) was used;  lenses and masks  were  used  to 
fill the  exposed  e lec t rode  area wi th  light. E lec t rochem-  
ical m e a s u r e m e n t s  were  m a d e  wi th  an E G & G  P A R  Model  
174 potent ios ta t ;  i-V curves  were  recorded  on a H o u s t o n  
Model  2000 X-Y recorder .  Steady-sta te  PL  in tens i ty  in 
opera t ing  PEC ' s  was inf luenced  by p roduc t ion  of  colored 
Se22- and Te22- species.  A pulse  t echn ique  was e m p l o y e d  
to min imize  this p rob lem dur ing  the genera t ion  of iLV 
curves.  The  t echn ique  cons is ted  of  puls ing  the  e lec t rode  
be tween  open  circui t  and increas ingly  posi t ive  potentials .  
Typical ly,  the  e lec t rode  sat at open  circui t  for 500 ms, 
then  was pulsed  for 57 ms to a potent ia l  wh ich  increased  
by 5 m V  wi th  each cycle. The  i-V curves  ob ta ined  in this 
m a n n e r  were  ident ical  to s teady-state  i-V curves.  PL  was 
de tec ted  wi th  the  E G & G  rad iomete r  covered  by a 600 n m  
in te r fe rence  filter. Output  signals were  d isplayed on a 
Tek t ron ix  Model  RM503 osci l loscope equ ipped  wi th  a 
camera ;  sweep  rates wh ich  resul ted  in potent ia l  s teps  of  
- 1 0  mV/s  pe rmi t t ed  an ent ire  PL  intensi ty-V curve  to be 
pho tog raphed  wi th  one exposure  of ~2 rain. Inc iden t  
l ight  in tens i ty  was measu red  by inser t ing  a mi r ro r  ( -80% 
reflectivity) and ref lect ing the  l ight  into the  EG&G radi- 
ometer .  The  weakness  of  the  edge PL  requ i red  use  of  the 
near -UV lines of the  Ar + laser  and the A m i n c o - B o w m a n  
spec t rome te r  for genera t ion  of  iLV curves  in wh ich  both  
PL  bands  could be moni tored .  

EL properties.--EL spectra  were  obta ined  in 5M 
NaOH/0.1M K2S2Os e lec t ro ly te  by puls ing  the  e lec t rode  
b e t w e e n  0.0V (8s) and a potent ia l  ca thodic  of  ~ -1 .7V vs. 
SCE (Is), whi le  s lowly scanning  the  m o n o c h r o m a t o r  of  
the  emiss ion  spec t romete r  (12 nm/min) ,  as desc r ibed  pre- 
v ious ly  (11). At potent ia ls  where  they  could  be  obtained,  
s teady-sta te  EL spectra  were  essent ia l ly  ident ical  to those  
genera ted  by the  pulse  t echn ique .  

Ins t an taneous  EL efficiencies were  de t e rmined  as de- 
sc r ibed  p rev ious ly  (3). The  total  emi t t ed  energy  per  pulse  
measu red  wi th  an E G & G  Model  550-3 pulse  in tegra t ion  
m o d u l e  was conver ted  to 600 n m  photons  us ing  the  man-  
ufac ture r ' s  cor rec t ion  factor  at that  wavelength .  

Results and Discussion 
Single  crystal  samples  of cubic  n -ZnSe  doped  wi th  A1 

( - 2  ppm) and having  carr ier  concent ra t ions  of  -1017-10 ~s 
cm -~ were  emp loyed  in these  studies. Sec t ions  be low de- 
scr ibe the  PL  proper t ies  of these  solids, their  per turba-  
t ion by P E C  parameters ,  and EL from the  solids. 

PL spectra.--Near-UV exci ta t ion  of  n -ZnSe :Al  crystals 
p roduces  effulgent ,  orange emission.  The  295 K P L  spec- 
t r u m  of the  mater ia l  (Fig. 1) is domina t ed  by a broad  band  
(FWHM ~115 nm) wi th  kma~ ~ 600 rim; a weaker ,  sharper  
band (FWHM ~10 nm) peak ing  at ~460 n m  is also pres- 
ent. The  lat ter  transit ion,  whose  in tens i ty  is r epor t ed  to 
be  ve ry  sensi t ive  to prepara t ive  condi t ions  (15), occurs  
near  the  bandgap  energy  [Eg ~ 2.7 eV (16)]. A l though  the  
band ' s  origin in our  samples  is unknown,  its des ignat ion  
as edge  emiss ion  appears  apt  based on its energe t ic  prox-  
imi ty  to E~ and its t empera tu re  dependence :  Fig. 1 indi-  
cates that  the band b lue  shifts by -0.09 eV to 445 n m  
u p o n  cool ing  to 77 K, cons is ten t  wi th  the  t e m p e r a t u r e  co- 
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Fig. 1. Corrected, front-surface PL spectra of n-ZnSe:AI at 295 K 
(dashed line) and 77 K (solid line). Both spectra were taken at the same 
sensitivity (a l O0-fold increase in sensitivity was used in scanning the 
410-480 nm region). The sample was excited with identical intensities 
of 405-nm light without disturbing the experimental geometry. 

efficient of  -4.1 • 10 -4 eV/K repor ted  for exc i ton  emis-  
sion f rom ca thodo luminescence  s tudies  (16b). 

An in tense  orange band  at -630  nm has been  repor ted  
for m a n y  Z n S e  samples  and ass igned as self-act ivated 
(SA) PL;  the  t ransi t ion is be l ieved  to involve  a deep 
t rapp ing  level  arising f rom a complex  based on a Zn va- 
cancy,  Vz,, and a nex t -ne ighbor  donor  impur i ty  such as 
Alzn (A1 on a Zn site) (17). Our spectra  are somewha t  more  
complex ,  bu t  accord  well  wi th  spectra  r epor t ed  by 
Bouley  et al. (15). F igure  1 reveals  that  the  band  at 600 nm 
seen at 295 K splits into two bands  wi th  ~max ~ 630 and 
550 n m  at 77 K. The former,  l ikely  the  SA band,  has  been  
ass igned to complexes  invo lv ing  a neutral  (VznAlz~) or ion- 
ized defect  [(VznAlzn)-], whi le  the  lat ter  was ascr ibed  to a 
defect  invo lv ing  A1 and an alkali  meta l  impur i ty  (15). For  
convenience ,  we will  refer  to the  600 n m  t rans i t ion  as a 
SA band, a l though we emphas ize  that  its origin is not  
fully es tabl i shed in our samples.  

PL efficiency.--As prev ious ly  noted ,  s amples  of  
n-ZnSe:A1 are h igh ly  emiss ive .  We have  e m p l o y e d  a 
t e c h n i q u e  to ob ta in  ~br va lues  which ,  u s ing  a c o m m o n  ge- 
ometry ,  c o m p a r e s  l ight  re f lec ted  f rom a n o n a b s o r b i n g  
mate r ia l  wi th  l ight  ref lec ted  and emi t t ed  f rom a sample  
(12). Tab le  I p re sen t s  a compi l a t i on  of  m e a s u r e d  ~br 
va lues  ob ta ined  in air for the  SA emiss ion  us ing  severa l  
d i f fe ren t  exc i t a t ion  wave leng ths .  The  t abu la t ed  values ,  
u n c o r r e c t e d  for se l f -absorp t ion  and in te rna l  ref lect ivi ty,  
are subs tant ia l ,  r ang ing  f rom -2-5%. La rge  rad ia t ive  
eff ic iencies  are  also s u p p o r t e d  by the  m o d e s t  doub l ing  
of  6r o b s e r v e d  w h e n  samples  are  coo led  to 77 K. S imi la r  
ef f ic iencies  and t he rma l  behav io r  were  r e p o r t e d  for t he  
ZnSe:A1 samples  s tud ied  by  B o u l e y  et al. (15). The  de- 
c l ine  in 6r wi th  exc i t a t ion  w a v e l e n g t h  (Table  I) sugges t s  
the  p r e s e n c e  of  a n o n e m i s s i v e  near -sur face  region:  re- 
p o r t e d  absorp t iv i t i e s  inc rease  subs tan t ia l ly  be low  460 
n m  (18), so tha t  a n o n e m i s s i v e  layer  is e x p e c t e d  to re- 
duce  (br as it absorbs  larger  f rac t ions  of  i nc iden t  l ight .  

PL decay times.--Time-resolved PL proper t i e s  were  
s tud ied  in air us ing  the  337 and  460 n m  ou tpu t s  of  a N~ 
laser  and  N2-pumped dye  laser,  respec t ive ly .  Measure-  
m e n t s  of  the  edge  P L  band  were  l imi ted  by the  du ra t i on  
of  t he  laser  pulse,  ind ica t ing  a decay  t i m e  of  ~7 ns. A 
s imi lar  l imi ta t ion  was  obse rved  for the  r i se t ime  of  the  
SA band  and its ini t ial  decay.  Af ter  the  peak  in t ens i ty  of  
the  band  had d r o p p e d  -30%,  however ,  a m u c h  longe r  
n o n e x p o n e n t i a l  decay  was obse rved  wi th  typ ica l  rl/e 
va lues  be ing  - 1  t*s. These  p roper t i e s  were  i n d e p e n d e n t  
of  the  exc i t a t ion  w a v e l e n g t h s  e m p l o y e d  and of  the  P L  
w a v e l e n g t h  moni to red .  
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Table I. PL properties and measurements of efficiency in n-ZnSe:AI-based PEC's a 

q~r 
( 1  - )~ 

Electr~ ke*, nmr Cr d ~b2 4~FB (b, at ~ma~ g Ev at ~?~,~,V h ~m,* (%)i 

As received 366 0.02 0.37 0.16 0.25 0.90 6.6 
405 0.03 0.25 0.11 0.18 0.85 4.9 
436 0.04 0.18 0.09 0.14 0.85 4.2 
460 0.05 

Treated 366 0.60 0.38 0.42 0.85 10.4 
405 0.31 0.17 0.23 0.72 5.3 
436 0.22 0.13 0.13 0.73 3.3 

a PL properties related to use of n-ZnSe:A1 electrodes in PEC's. Most of the properties are derived from iLV curves generated with a three- 
electrode potentiostatic setup (n-ZnSe:A1 working electrode, Pt foil counterelectrode, and SCE reference electrode). To optimize transpar- 
ency, experiments with 366 nm light were conducted in 10M KOH/0.25M Se2-/0.001M Se22- electrolyte; for 405 and 436 nm light, an electrolyte 
of 8M KOH/0.2M Te2-/0.002M Te~ 2- was employed. The electrode, having an exposed surface area of ~0.25 cm 2, was excited with ~0.5-2.0 mW 
of power. 

b The n-ZnSe:A1 sample was used either "as received" or treated with Se as described in the Experimental section and text. 
Excitation wavelength. A 150W high pressure Xe lamp or 200W high pressure Hg lamp equipped with interference filters was employed 

for ~, data and iLV curves, respectively. 
d Radiative quantum efficiencies obtained in air for the SA band. Values are uncorrected for self-absorption and internal reflectivity. 

Measured photocurrent quantum efficiency at - 1.0V vs. SCE. Values are uncorrected for solution absorption and reflective losses. 
Fractional PL quenching between - 1.0V vs. SCE and the flatband potential, approximated here as the open-circuit potential. PL intensity 

was monitored at 600 rim. 
*Measured photocurrent quantum efficiency at the potential corresponding to maximum optical-to-electrical energy conversion 

efficiency. 
h Output voltage at the maximum energy conversion point. The diselenide and ditelluride redox potentials were -0.95 and - 1.10V vs. SCE, 

respectively. 
(Maximum electrical power out divided by input optical power) • 100. 

Mechan i s t i ca l ly ,  t he  d i f f e r en t  t e m p o r a l  b e h a v i o r  of  t he  
e d g e  and  SA b a n d s  is an i m p o r t a n t  resu l t  in t h a t  it indi-  
ca tes  t ha t  t he  c o r r e s p o n d i n g  e x c i t e d  s ta tes  are no t  ther -  
mal ly  e q u i l i b r a t e d  (19). In i t i a t ion  of  the  SA e m i s s i o n  is 
also a d d r e s s e d  by  the  data. A l t h o u g h  the  rap id  r i s e t i me  
for t he  SA b a n d  cou ld  ref lect  p o p u l a t i o n  via t he  e x c i t e d  
s ta te  r e s p o n s i b l e  for edge  emis s ion ,  our  data  are  also 
c o n s i s t e n t  w i th  p o p u l a t i o n  f r o m  a ye t  h i g h e r  e n e r g y  
s ta te  w h e n  u l t r a b a n d g a p  w a v e l e n g t h s  are e m p l o y e d ;  in 
t he  la t te r  case,  t he  s t rong  la t t ice  coup l ing  cha rac te r i s t i c  
of  d e e p  t r aps  p rov ide s  a r e l axa t ion  m e c h a n i s m  for  r ap id  
p o p u l a t i o n  of~the SA s ta te  in paral le l  w i t h  p o p u l a t i o n  of  
t he  s ta te  l ead ing  to e d g e  emiss ion .  E x c i t e d - s t a t e  com-  
m u n i c a t i o n  by  e i the r  of  t he  s c h e m e s  ou t l i ned  is also 
s u p p o r t e d  by  s t eady- s t a t e  m e a s u r e m e n t s  u s ing  the  
nea r -UV l ines  of  an Ar + laser;  over  an i n c i d e n t  i n t e n s i t y  
r ange  of  ~10-2-10 ~ mW/cm 2, the  i n t ens i t i e s  of  t he  edge  
and  SA P L  b a n d s  ma in t a in  a c o n s t a n t  ratio. 

P E C  p r o p e r t i e s . - - A l t h o u g h  n - Z n S e  has  b e e n  u s e d  as 
an e l e c t r o d e  in P E C ' s  (18, 20), t he  mate r ia l  has  not,  to 
our  k n o w l e d g e ,  b e e n  s tab i l ized  to the  e x t e n t  t ha t  it can  
be u s e d  for  ef f ic ient  c o n v e r s i o n  of  opt ica l  e n e r g y  to 
e lec t r ic i ty ;  d e c o m p o s i t i o n  a c c o r d i n g  to Eq. [1] has  previ-  
ous ly  b e e n  o b s e r v e d  in severa l  e l ec t ro ly tes  .(20a, 20b, 
20f). The abi l i ty  to s tabi l ize  n - C d X  (X = S, Se, Te) elec- 
t r odes  w i th  p o l y c h a l c o g e n i d e  

hv 
Z n S e  * Zn  +~ + Se + 2e- [1] 

e l ec t ro ly t e s  s u g g e s t e d  the i r  use  w i th  n - Z n S e  e l e c t r o d e s  
(9). In  an ini t ial  e x p e r i m e n t  wi th  sulf ide electro_lyte (1M 
OH-/1M $2-), d e c o m p o s i t i o n  still ob ta ined :  p h o t o c u r r e n t  

Table II. Stabilization of 

fell rap id ly ,  and  p i t t i ng  of  t he  sur face  occu r red .  How-  
ever,  P E C ' s  c o n s t r u c t e d  f rom n-ZnSe:A1, a P t  coun te r -  
e l ec t rode ,  and  (d i )se lenide  or (di ) te l lur ide  e lec t ro ly te  
were  s table .  Table  II d e m o n s t r a t e s  t ha t  l i t t le e l ec t rode  
w e i g h t  loss  a c c o m p a n i e s  l o n g - t e r m  e x p e r i m e n t s  in t h e s e  
e lec t ro ly tes .  Other  e v i d e n c e  of s tabi l i ty  i n c l u d e s  rela- 
t ively  c o n s t a n t  p h o t o c u r r e n t s  and  lack of  su r face  dam-  
age in t he  p r o l o n g e d  e x p e r i m e n t s ,  as well  as o b s e r v a t i o n  
of  c o m p e t i t i v e  e lec t ro ly te  ox ida t i on  (9). 

We o b t a i n e d  p h o t o a c t i o n  s p ec t r a  of  our  s a m p l e s  nea r  
sho r t  c i rcu i t  in a t r a n s p a r e n t  s e l en ide  e lec t ro ly te .  F igu re  
2 revea ls  that ,  as e x p e c t e d ,  p h o t o c u r r e n t  r i ses  s h a r p l y  at 
~460 nm,  ro u g h l y  the  b a n d g a p  energy .  The e n h a n c e d  
ef f ic iency  of  e - -h  + pai r  s epa ra t i on  w i t h  d e c r e a s i n g  
w a v e l e n g t h  is c o n s i s t e n t  wi th  t he  r e p o r t e d  t r e n d  in  
abso rp t i v i t i e s  (18) a n d  wi th  t he  dec l ine  in e lec t r ic  field 
s t r e n g t h  wi th  d i s t an ce  f rom the  in te r face  (21). 

Cur ren t -vo l t age  curves ,  s h o w n  in Fig. 3, revea l  t ha t  
p h o t o c u r r e n t  in d i s e t e n i d e  e lec t ro ly te  onse t s  at ~ - 2 . 0 V  
vs .  SCE at m o d e r a t e  l ight  i n t ens i t i e s  of  ~10 m W / c m  2, 
y ie ld ing  an  open-c i r cu i t  vo l tage  of  ~I .0V.  The  
p h o t o c u r r e n t  q u a n t u m  eff iciency,  ~b~, is re la t ive ly  low 
for t h e s e  PEC ' s .  Table  I s h o w s  tha t  even  the  leas t  deep ly  
p e n e t r a t i n g  w a v e l e n g t h ,  366 nm,  y ie lds  a shor t - c i r cu i t  (b. 
va lue  of  only  ~0.4. We a t t r i bu t e  the  low ~ va lues  to nar- 
r o w  d e p l e t i o n  wid ths ,  W, and  sho r t  ho l e  d i f fus ion  
l eng ths ,  L,, in t h e s e  mater ia l s :  W is ca l cu l a t ed  to be 
~300-1000/~ at shor t  c i rcui t  in our  mater ia l s ,  ~ and  Lp has  
b e e n  r e p o r t e d  to be  only  ~102~ for  c o m p a r a b l y  d o p e d  
Z n S e  ma te r i a l s  (20e). We e s t i m a t e  f rom P L  data  ( v i d e  i n -  

' A static dielectric constant of 8.7 was used in calculating W 
(20d). 

n-ZnSe:AI photoelectrodes ~ 

Electrode (mol • 10~) ~ 
Electrons d Avg i, e Output 

Expt. Electrolyte b Before After (mol x 10 *) mA t,h voltage, V kex,nm ~ 

1 Se, z- 0.81 0.80 2.06 0.063 87.5 0.36 366 
2 Se, ~ 1.80 1.68 3.72 0.075 133 0.75 .366 
3 Te, 2- 0.88 0.84 3.19 0.100 85.5 0.63 436 
4 Ten 2- 1.25 1.23 2.46 0.055 120 0.55 436 

All experiments were run under N~ in stirred solutions in a two-electrode PEC (working electrode and Pt foil counterelectrode) in disele- 
nide or ditelluride electrolyte. 

b Eleetrolyte compositions are given in Table I. TheinitiallycolorlesssolutionsbecamedarkbrownanddeeppurpleasSe22 andTe,~- were 
formed, respectively, during the course of the experiments. Final Se~ *- and Te~ 2- concentrations were -0.002 and 0.004M, respectively. 

c Mols of crystal determined by weight before and after photoelectrochemistry. Crystals used in experiments 1, 2, and 3 chipped while being 
demounted and were not fully recovered. Surface areas were 0.08, 0.18, 0.09, and 0.12 cm ~ for the solids of expt. I-4, respectively. 

d Mols of electrons in the external circuit determined by integrating photocurrent-time plots. 
Average photocurrent passed during experin~ent; for current densities, divide by the electrode areas given in c above. 

f Excitation wavelength provided by a 200W high pressure Hg lamp equipped with interference filters. 
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Fig. 2. Photoaction spectrum for a n-ZnSe:AI-based PEC in optically 
transparent selenide electrolyte; the electrode was held at - 1 . 0 V  vs. 

SCE. The plotted values of relative pbotocurrent have been corrected for 
variation in light intensity as a function of wavelength. Although the op- 
tical pathlength was minimized, the spectrum is not corrected for elec- 
trolyte absorption. 

fra) that the 366 nm absorptivity of ZnSe is ~6-8 x 104 
cm - ' ,  so that a significant fraction of e--h + pairs would 
be created beyond the depth where holes can be col- 
lected by diffusion into the drift region. Despite the 
modest  ~ values, Table I demonstrates  that n-ZnSe:A1- 
based PEC's  can still yield substantial efficiencies for 
the conversion of monochromat ic  light to electricity, 
values of ~5-7% for 366 nm excitat ion being typical. In 
the protracted exper iments  of Table II, energy conver- 
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Fig. 3. Photocurrent (bottom frame) and p/intensity (top frame) moni- 
tored at ,kma x - 600 nm vs. potential for a n-ZnSe:AI electrode excited at 
366 nm in 10M KOH/0.2SM Se2-/0.001M Se22- electrolyte. The inci- 
dent light irradiated the - 0 . 2  cm 2 exposed area of the electrode with 
- 0 . 6 0  mW of power. The iLV curves were generated using a pulse tech- 
nique described in the Experimental section. The electrolyte redox po- 
tential was - 0 . 9 5 V  vs. SCE. 

1071 

sion efficiencies of up to -3-4% (366 nm experiments)  
were sustained for several days. 

Of particular interest  to us are changes in PL proper- 
ties which accompany the use of the semiconductor  as 
an electrode. Figure 4 demonstrates  that in passing from 
open circuit  to short circuit, the two PL bands are 
quenched  roughly in parallel by the applied electric 
field. The spectral distr ibution is invariant over the po- 
tential range of Fig. 3, permit t ing changes in PL inten- 
sity to be monitored at a single wavelength.  Simultane-  
ous measurements  of current, PL intensity, and poten- 
tial (iLV) data are il lustrated in Fig. 3 and summarized in 
Table I. The table reveals that PL quenching obtains 
with all of the excitation wavelengths employed.  

Quenching of semiconductor  PL by applied potential  
is a wel l -documented phenomenon  in both semiconduc- 
tor/metal- (6, 22) and PEC-based (2, 3) Schottky-barrier  
systems. A dead-layer model  which quantifies PL 
quenching in the solid-state systems has recently been 
found applicable to PEC's  based on n-CdSe and n-GaAs 
(4, 5). In its simplest  form, the model  states that e--h + 
pairs formed within some fraction of the deplet ion 
width are swept apart by the field and do not contr ibute 
to PL. The mathematical  form of the model  is given by 
EQ. [2] 

- exp ( - E D )  [2] 
( ~ r F B  

where D is the dead-layer thickness; (br and (~rFB are the 
radiative quantum efficiencies at an in-circuit potential  
and at flatband potential  (approximated here as the 
open-circuit  potential); and ~' = ~ + fl with ~ and fl the 
solid's absorptivities for the excit ing and emit ted light, 
respectively. 

The dead-layer model was recently shown to be applica- 
ble to PL from a Au-ZnSe Schottky diode; PL intensity- 
voltage curves obtained with 442 nm light could roughly be 
fit by assuming that D has a functional dependence like 
that of W [D proportional to (V - V~B) '/2] (6). For the 
n-ZnSe:Al-based PEC's, PL quenching curves like that 
shown in Fig. 3 can be similarly fit, although discrepancies 
occur near open circuit. Such discrepancies, also noted for 
n-GaAs-based PEC's, may indicate that potential applied in 
,this regime is partitioned between the semiconductor and 
lthe Helmholtz layer (4). 

Another  quanti tat ive test of the dead-layer model,  in- 
dependence  of D on optical penetrat ion depth, is pres- 
ently precluded by a lack of reliable absorptivit ies for 
n-ZnSe:A1. However,  quali tat ive accord is indicated by 
the enhanced PL quenching at short circuit  with de- 
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Fig. 4. Corrected PL spectra of a n-ZnSe:AI electrode excited with the 
near-UV lines (351,364 nm) of an Ar + laser in the diselenide electrolyte 
of Fig. 3. Curves A and B were taken at - 2 . 0  (open circuit) and - 1.0V 
vs. SCE, respectively. Both spectra were taken in an identical sample 
geometry. 
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creasing wavelength and penetrat ion depth, Table I. If 
the dead-layer model is assumed applicable to these 
PEC's, it yields, using a - 3 x 104 cm- '  for 436 nm light 
(6), absorptivities of - 4  x 104 and 6 • 104 cm- '  at 405 and 
366 nm, respectively. 

The effect of carrier concentrat ion on PL quenching  
was also qualitatively consistent with the dead-layer 
model. As was found in the solid-state study (6), more re- 
sistive samples, prepared by heating ZnSe:A1 in an evac- 
uated ampul  with Se, exhibited greater PL quenching,  
as shown in Table I. The wider electric fields of these 
samples were also manifest in larger r values. Taken as 
a unit, we believe our data provide good evidence for de- 
scribing PL quenching in n-ZnSe:Al-based PEC's in 
terms of a dead-layer model. 

A final point of interest concerns the parallel 
quenching of the two PL bands illustrated in Fig. 4. Al- 
though we are unable  to definitively establish the 
mechanism for populating the SA state (vide supra), the 
parallel quenching is consistent with separation of e--h + 
pairs prior to population of this state. 

EL properties.--We have found that n-ZnSe:A1 elec- 
trodes mimic other II-VI electrodes (3) in exhibi t ing EL 
when used as a cathode in aqueous, alkaline, peroxydi- 
sulfate electrolyte. EL from n-ZnSe under  anodic polari- 
zation has also been reported (23). The key step involved 
in populat ing the emissive excited state has been pro- 
posed to be hole injection by SO4 ~ radical anions formed 
by reduct ion of $2082- (24). As in previous studies, we 
have obtained EL spectra using a pulse technique:  while 
the emission monochromator  is swept, the electrode is 
pulsed repetitively between a potential where no current  
is observed (0.0V for 8s) and a potential sufficiently ca- 
thodic to initiate EL (ls pulse). We find that EL is initi- 
ated to the dark-adapted eye at - - 1 . 7 V  vs. SCE, 
roughly the onset of dark cathodic current in the electro- 
lyte of 5M OH-/0.1M S~O82-. 

Figure 5 presents the EL spectrum of an n-ZnSe:A1 
electrode. Both the edge and SA emission bands are evi- 
dent, and a comparison with Fig. 1 indicates that the rel- 
ative intensit ies of the bands are similar in the two spec- 
tra. The overall spectral similarity indicates that the 
same two emissive excited states are populated in both 
experiments.  

Besides spectral distributions,  we have also measured 
lower l imit integrated EL efficiencies, gEL, using tech- 
niques and approximations previously described (3). For 
n~ZnSe:A1 electrodes, we obtain gEL values of -10  -6 and 
10 -4 at -1.8 and -2.2V vs. SCE, respectively. These num- 

Fig. 5. Corrected EL spectrum of a n-ZnSe:AI electrode obtained in 
SM OH-/0.1M $2082- electrolyte. The electrode was continuously 
pulsed between 0.0 (8s) and - 2 . 0 V  vs.  SCE (ls), while the emission 
spectrometer was swept at 12 nm/min. A 100-fold increase in sensitivity 
was used in scanning the 400-480 nm spectral region. 

bers are of interest because gEL (photons emitted per 
holes injected) can be factored into an efficiency for 
excited-state population, (bEs (excited states populated 
per holes injected) and the PL radiative efficiency, (~r 
(photons emitted per excited states populated). Samples 
of n-CdSxSe,-x (0 -< X -< I) exhibit gel, and r values 
which are nearly equal, suggesting SEs is near unity for 
these samples. In contrast, our gEL values for n-ZnSe:Al 
are lower than the measured (br of -I0-I-i0 -2 by a factor 
of 10-2-10 -4. The discrepancy in the two efficiencies may 
be due to a low value of ~bEs but more likely reflects the 
different spatial regions involved in the two modes of 
excited-state population. In particular, EL is expected to 
originate, on average, from nearer the semiconductor 
surface than PL, owing to its initiation by interfacial 
charge transfer. A lower Sr value for the (near-)surface 
region due to nonradiative surface recombination could 
then account for the observed low EL efficiencies. Such 
a nonemissive near-surface region has already been sug- 
gested to account for the variation of PL efficiency with 
excitation wavelength. Reduction of the electrode sur- 
face during the EL experiment (3) may also contribute 
to the discrepancy. 
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Interdiffusion in Cryolite Melts 
I. LiF-AIF3 

E. W. Dewing* 
Alcan International, Limited, Kingston Laboratories, Kingston, Ontario, KTL 4Z4, Canada 

A B S T R A C T  

The modif ica t ions  to equa t ions  based on F ick ' s  laws necessary  w h e n  dens i ty  changes  are caused  by electrolysis  are 
cons idered .  The  quan t i ty  found  expe r imen ta l ly  is D/a, where  D is the  di f fus ion coeff icient  and ~ is ~ In c/O in N, N be ing  
the  equ iva l en t  fraction, and c the  concent ra t ion .  For  mel t s  wi th  NA,F = 0.136, ch ronopo ten t iome t r i c  expe r imen t s  gave 
D/(m ~ s -1) = exp([-3980 -+ 221]/T - [15.904 • 0.184]), wi th  a s tandard  devia t ion  of  • 3.9% in the  range  1128 < T < 1273 K. 
For  mel t s  wi th  NA1F3 = 0.25, D/(m 2 s -1) = exp([-5532 _+ 266]/T - [14.609 • 0.225]) wi th  a s tandard  devia t ion  of  • 3.3%. For  
mel t s  wi th  h igher  A1F~ contents ,  where  c h r o n o p o t e n t i o m e t r y  was not  applicable,  the  re laxa t ion  of  EMF- t ime  t ransients  
after e lectrolysis  on copper  ca thodes  was de te rmined .  With a mel t  wi th  NAIF3 = 0.25, for wh ich  D is g iven  above,  the  con- 
t r ibu t ion  to t h e  EMF of  changing  e lec t ro lyte  compos i t ion  at the  in terface  could  be  calcula ted and subt rac ted  to yield the  
t rans ien t  due  to the  A1-Cu alloy fo rmed  on the  surface of  the  wire. For  o ther  e lect rolyte  composi t ions ,  this cont r ibu t ion  
of  t he  alloy could  t h e n  be  subtracted.  The  F ick ' s  law va lues  of  D were  ex t raord inar i ly  high, r is ing to 10 -7 m 2 s - '  at NAIF3 = 
0.685 and T - 1270 K. This  seems to be  due  to the  s t rong t h e r m o d y n a m i c  dr iving force in the  sys tem since mul t ip ly ing  D 
by ~ in c/~ I n a  gives t h e r m o d y n a m i c  diffusivi t ies  in the  normal  range of  0.5-5 x 10 -9 m 2 s- ' .  

To unde r s t and  mass- t ransfer  p h e n o m e n a  in a l u m i n u m  
electrolysis  cells, a knowledge  of  in terdi f fus ion coeffi- 
c ients  in cryol i te  sys tems is needed.  A l though  the  NaF- 
A1F3 sys tem is obvious ly  of ch ief  interest ,  the  LiF-A1F3 
sys tem is m u c h  easier to w o r k  with  and has  been  used  to 
deve lop  methods .  

There  are two barriers  to be  su rmoun ted  before  any re- 
sults can be  achieved.  On the  theoret ica l  side, cryol i te  
mel t s  show qui te  nonidea l  dens i ty  behavior ,  so that  the  
usual  a s s u m p t i o n  of  no v o l u m e  change  dur ing  dif fus ion 
is no t  valid. At  the  same  t ime,  the  mel t s  show s t rong neg- 
at ive devia t ions  f rom t h e r m o d y n a m i c  ideality, o n  the  ex- 
pe r imen ta l  side, there  is no sat isfactory way  of  m a k i n g  a 
smal l  e lec t rode  of k n o w n  surface area f rom l iquid  alumi- 
num,  and ch ronopo ten t iomet ry ,  which  is the  best  m e t h o d  
avai lable  for di lute  solutions,  is not  sui table for the  con- 
cen t ra ted  mix tu res  which  are the  subject  of  interest .  

To look first at the  expe r imen ta l  problems,  all electro-  
chemica l  m e t h o d s  for s tudy ing  diffusior~ rely on 
measu r ing  a per turba t ion  of  potent ia l  caused  by a tran- 
s ient  cur ren t  (or vice  versa); they  differ only in the  form 
of the  t ransient .  Chronopo ten t iome t ry  is un ique  in that  
the  excurs ion  in concen t ra t ion  of  the  species of  in teres t  is 
great  enough  that  it drops  to zero. The  resul t ing  change  of  
potent ia l  is large and easily detected,  and any dis tor t ion  
of  the  shape  of  the  potent ia l - t ime curve  by overpoten t ia l s  
or o ther  factors is of  no impor tance .  Likewise ,  it mat te rs  
l i t t le in wha t  form the electrolysis  p roduc t  is left; pro- 
v ided  the  reactant  is r e m o v e d  f rom solution, a t ransi t ion 
in potent ia l  will  be observed.  Thus  the  m e t h o d  is ve ry  
s imple,  p rov ided  that  the  solut ion is sufficiently di lute  
that  the  diffusion coeff icient  can be  regarded  as cons tan t  
b e t w e e n  the  start ing concen t ra t ion  and zero; if  not,  as in 
all o ther  t rans ient  t echniques ,  analysis of  prec ise  mea- 
su remen t s  of  e lec t rode  potent ia ls  mus t  be made.  

To in te rpre t  a potent ia l - t ime transient ,  it is not  neces-  
sary tha t  the  solut ions be ideal, but  it is necessary  that  the  
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tion. 

t h e r m o d y n a m i c s  be k n o w n  so that  potent ia l  changes  can 
be in te rpre ted  as concen t ra t ion  changes.  For tunate ly ,  for 
LiF-A1F3 melts,  this is the  case (1, 2). However ,  even  then  
there  are  two problems:  (i) if  cur ren t  is pass ing at the  t ime  
of  the m e a s u r e m e n t  there  will  be  a resis t ive drop and 
there  m a y  be  an act ivat ion (or other) overpotent ia l ,  and 
(ii) if, in the  p resen t  case, A1 is be ing  depos i t ed  as an alloy 
ra ther  than  as pure  metal ,  there  will  be  an (RT/3F) In aA1 
t e rm of u n k n o w n  m a g n i t u d e  and vary ing  with  t ime.  The  
solut ion to the first of  these  p rob lems  is to use a relaxa- 
t ion m e t h o d  where  a current  is passed and then  swi tched  
off, the  decay of  the  potent ia l  towards  its init ial  va lue  be- 
ing observed.  [Wen, et al. (3) have  used  such  a m e t h o d  in 
s tudy ing  diffusion in solid "LiAl."]  The  second p rob l em 
is more  difficult. It  cannot  be  obvia ted  by us ing  a pure  A1 
electrode,  s ince there  seems to be no way  of  def in ing a 
k n o w n  (small) area and m a k i n g  electr ical  connec t ion  
wi thou t  con tamina t ion  f rom insulator  and conduc to r  ma- 
terials. The  solut ion has  been  to depos i t  A1 on a solid 
meta l  (Cu) substra te  and accep t  the fact that  the  surface 
will be  an alloy of  vary ing  composi t ion .  The  cont r ibu t ion  
of  this alloy to the  e lec t rode  potent ia l  will  not  be  a func- 
t ion of the  mel t  composi t ion ,  so that  i f  it can be deter-  
m i n e d  in any one mel t  where  the  diffusion coeff ic ient  
can be  found  by other  methods ,  its va lue  can  be appl ied  
to all o ther  composi t ions .  

The  course  of act ion has thus  been  (i) de t e rmine  the  dif- 
fus ion coeff ic ient  by ch ronopo ten t i ome t ry  in a fairly di- 
lute  [10 mol  percen t  (m/o)] solut ion of  A1F3, (ii) m a k e  re- 
laxat ion m e a s u r e m e n t s  at the  same compos i t ion  to 
de t e rmine  the  cont r ibut ion  of  the  A1-Cu alloy to the  total  
potential ,  and  (iii) subtract  that  cont r ibut ion  f rom mea- 
s u r e m e n t s  wi th  o ther  melts .  

Theory 
The theory  of  the  effect  of  v o l u m e  changes  dur ing  dif- 

fus ion has been  cons idered  by Vallet  et al. (4) in connec-  
t ion with  the  analogous LiF-BeF2 system. They  e m p l o y e d  
the  m e t h o d s  of  i r revers ible  the rmodynamics .  An alterna- 
t ive t r e a t m e n t  solely in t e rms  of  F ick ' s  laws is g iven  here. 
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The  p r o b l e m  is t h a t  v o l u m e  c h a n g e s  d u r i n g  e lec t ro lys i s  
c a n  of  t h e m s e l v e s  m o d i f y  c o n c e n t r a t i o n  g rad ien t s .  

We s ta r t  w i t h  F i c k ' s  first l aw 

J = - D Oc/Ox [1] 

in  t he  o n e - d i m e n s i o n a l  case  as t he  def in i t ion  of  D, the  
c h e m i c a l  d i f fus ion  coefficient .  ( C o m m o n  s y m b o l s  no t  
de f ined  in t he  t ex t  are l i s ted  at  t he  end.)  In  t he  s teady-  
state,  n e i t h e r  c o n c e n t r a t i o n s  no r  v o l u m e s  are  c h a n g i n g  
w i t h  t i m e  a n d  no  p r o b l e m  exists .  

Le t  us  n o w  c o n s i d e r  t h e  u n s t e a d y  state,  a n d  de r ive  a 
mod i f i ed  f o r m  of  F i ck ' s  s e c o n d  law. A n y  c h a n g e  of  com- 
pos i t i on  is suf f ic ient ly  smal l  t h a t  D can  b e  t a k e n  as con-  
s tant .  Two paral le l  p lanes ,  n o r m a l  to t he  X-ax is  a n d  a dis- 
t a n c e  6 x  apart ,  cu t  off  a v o l u m e  v, in  a c h a n n e l  of  un i t  
c ross  sect ion.  B e c a u s e  it  h a s  u n i t  c ross  sec t ion ,  8x a n d  v 
are n u m e r i c a l l y  equal .  I f  t he  n u m b e r  of  e q u i v a l e n t s  of  t he  
s u b s t a n c e  in  q u e s t i o n  in  t he  g i v e n  v o l u m e  is n, t h e n  

c = n / v  [2] 

a n d  its dif ferent ia l ,  in  the  case  w h e r e  v is no t  cons t an t ,  is 

d c  = ( 1 / v ) d n  - ( n / v = ) d v  

= ( 1 / v ) d n  - c ( d  In v) [3] 

The  v o l u m e  v is n o w  def ined  as h o l d i n g  a c o n s t a n t  n u m -  
be r  of  f luor ide  ions,  i . e . ,  on ly  Li + a n d  AP + ions  are  al- 
l owed  to cross  the  b o u n d i n g  p lanes ,  a n d  t he  r e s u l t i n g  
c o m p o s i t i o n  a n d  dens i t y  c h a n g e s  m a y  cause  a c h a n g e  in  
vo lume .  E lec t r ica l  n e u t r a l i t y  r e q u i r e s  t h a t  t he  f luxes  of  
Li  + a n d  AP + be  c h e m i c a l l y  e q u i v a l e n t  so t h a t  c c a n  repre -  
s en t  t h e  c o n c e n t r a t i o n  of  e i t he r  A1F3 (mos t  c o n v e n i e n t )  or 
LiF. 

In  a t i m e  in t e rva l  d t  t he  c h a n g e  in  n is g iven  b y  t he  dif- 
f e r e n c e  of  t he  f luxes  in  a n d  ou t  of  the  vo lume ,  or  

d n  = (J~ - J=+8=) d t  = - (OJ/Ox) �9 v �9 d t  [4] 

s ince  v = 8x. F r o m  Eq. [3] a n d  [4] 

ac/at  = ( 1 / v ) ( a n / a t )  - c(a in  v / a t )  

= - ( a J / a x )  - c(O In v /ac) (ac /a t )  [5] 

a n d  hence ,  b y  d i f f e ren t i a t ion  of  Eq. [1] 

a c / a t  = D ( a 2 c t a x  2) - c(a In v l a c ) ( a c / a t )  [6] 

R e a r r a n g e m e n t  g ives  

[1 + c(a in  v /ac ) ] (ac /a t )  = D ( o 2 c / a x  2) [7] 

In  t h e  case  t h a t  v is cons t an t ,  t h i s  r e d u c e s  to  t h e  u sua l  
f o r m  of  F i ck ' s  s e c o n d  law. T he  t e r m  in b r a c k e t s  c an  be  
w r i t t e n  

1 + c(O in vlOc) = 1 + (c/v)(OvlOc) 

= (v ac + c av ) / ( v  ac) 

= ( l l v ) ( a  cv lac)  

= ( l l v ) ( a n / a c )  [8] 

At  t h i s  p o i n t  we m u s t  no te  tha t ,  i f  V is t he  v o l u m e  con-  
t a i n i n g  1 mo l  of  F -  ions  a n d  N is t he  e q u i v a l e n t  f r ac t ion  of  
t h e  spec i e s  in  ques t ion ,  t h e n  

n l v  = N I V  = c 

so t h a t  

a n d  

( 1 / v ) d n  = (1/V)dN 

1 + c(O in  vlOc) = (1 /V) (ON/Oc)  

= 0 1 n N / O l n c  

T h u s  Eq. [7] can  be  w r i t t e n  

Oc/Ot = D(O In c/O In N)(O2c/Ox 2) [12] 

= ~D (O~c/0x ~) [13] 

w h e r e  a = O In c/O In N. E q u a t i o n  [13] is exac t ly  l ike  F i c k ' s  
s e c o n d  law e x c e p t  t h a t  a D  has  r ep l aced  D, a n d  i f  a s imi la r  
s u b s t i t u t i o n  is m a d e  in the  first  law (which  is u s e d  in  re- 

l a t ing  flux J to c u r r e n t  dens i t y  i in  se t t ing  b o u n d a r y  con-  
di t ions) ,  t h e n  all t he  usua l  so lu t ions  to t he  e q u a t i o n  are  
val id.  Thus ,  in  t he  case  of  c o n s t a n t  i, a n d  w i t h  a t r a n s p o r t  
n u m b e r  of  Li* ions  of tu .  (wi th  r e s p e c t  to F-)  

~i%~+lF = ~ J  = - ~ D ( a c / a x )  [14] 

a n d  t he  S a n d  e q u a t i o n  for  the  r e d u c t i o n  of  c o n c e n t r a t i o n  
in t i m e  t b e c o m e s  

c ~ - c = (2cd%i+lF)(t/a~rD) 112 

= (2i tLi+lF)(at /TrD) ls~ [15] 

c goes  to  zero at  the  t r a n s i t i o n  t i m e  t = r. Thus ,  w h a t  one  
m e a s u r e s  is no t  eD b u t  D / a .  

J u s t  as it is a s s u m e d  t h a t  t he  c h a n g e s  in  c o n c e n t r a t i o n  
are suf f ic ien t ly  smal l  for  D to be  c o n s i d e r e d  cons t an t ,  so 

also is a s s u m e d  cons t an t .  
Va l le t  e t  a l .  (4) f o u n d  t h a t  in  t he  LiF-BeFz s y s t e m  the  

par t ia l  e q u i v a l e n t  v o l u m e s  were  no t  on ly  ef fec t ive ly  con- 
s t a n t  ac ross  the  s y s t e m  b u t  also a l m o s t  equa l  to one  an- 
o the r  so tha t ,  in  fact, t h e r e  was  no  v o l u m e  c h a n g e  d u r i n g  
di f fus ion.  T h a t  is no t  t he  case  in t h e  p r e s e n t  sys tem.  Fig- 
u re  1 s h o w s  t he  va lue  at  1200 K of  t he  t e r m  e (wi th  c b e i n g  
t a k e n  as t he  c o n c e n t r a t i o n  of  A1F~) b a s e d  on  t he  d e n s i t y  
m e a s u r e m e n t s  of  Matia~ovsk~, a n d  Malinovsk:~ (5). I t  is 
w i t h i n  10% of  un i ty  in  t he  r a n g e  f rom p u r e  L iF  u p  to N , ~  3 
= 0.5 ( i .e . ,  t h e  Li3AIF6 compos i t i on ,  s ince  NA~F3 is t he  
e q u i v a l e n t  fraction),  a n d  t h e n  d rops  to less t h a n  0.1 as 
NA~3 = 0.75 ( i .e . ,  LiA1F~) is a p p r o a c h e d .  

In  a s y s t e m  wi th  s ign i f ican t  dev ia t ions  f rom t h e r m o d y -  
n a m i c  idea l i ty  i t  is of  i n t e r e s t  to ca lcu la te  a d i f fus iv i ty  
(DtD b a s e d  on  t he  t h e r m o d y n a m i c  d r iv ing  force, w h i c h  is 
the  g r a d i e n t  of  t he  c h e m i c a l  potent ia l .  T h u s  F i c k ' s  first  
law (Eq. [1]) is wr i t t en  

J = - cDth(O In a / O x )  = - (cDthlRT)(Ol4OX) [16] 

so t h a t  D m = D if  a ~- c. In  genera l  (6, 7) 

Dth = D(O In c/O in  a) [17] 

In  t he  LiF-A1F3 sys tem,  t he  t r a n s p o r t  n u m b e r  of  Li  + 
ions  is e s sen t i a l ly  equa l  to uni ty ,  a n d  ha s  b e e n  t a k e n  as 
such.  [The  e x p e r i m e n t a l  va lue  (2) is tu+ = 0.957 at 1073 K 
a n d  NAIF3 = 0.5.] 

F o r  t h e  r e l a x a t i o n  m e a s u r e m e n t s ,  i t  is n e c e s s a r y  to 
k n o w  t h e  r e l a t i onsh ip  b e t w e e n  EMF a n d  c o m p o s i t i o n  for 
t he  cell  

A1 L iF  L iF  (c ~ A1 
I A1F~ (c) A1F.~ 

a n d  it  is (2) 

E = (RT/3F)( ln[aA~FJa~ -- 3 l n [auF/a~  [18] 

1.0 

[9] 0.8 

[10] o.E 
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[111 
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NAIF3(EQUIVALENT FRACTION) 

Fig. l .  Variation with composition of the term (~ for AIF~ in the system 
LiF-AIF.~. 
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w h e r e  a a n d  a ~ r e p r e s e n t  ac t iv i t ies  on  t he  two  sides.  It  h a s  
b e e n  f o u n d  t h a t  t h e  ac t iv i t ies  c an  be  r e p r e s e n t e d  ade-  
qua t e ly  b y  an  as soc ia t ion  m o d e l  (1, 2) 

2LiF + LiA1F4 ~ Li.~A1F6 [19] 

for  w h i c h  t he  e q u i l i b r i u m  c o n s t a n t  in  t e r m s  of  mo l  frac- 
t ions  is g iven  b y  

in  K = 6104/T - 2.987 [20] 

a n d  th i s  e x p r e s s i o n  has  b e e n  used.  

Experimental 
The heart of the data gathering system was a Hewlett- 

P a c k a r d  3437A v o l t m e t e r  c o n n e c t e d  to an  HP85  com- 
puter .  R e s o l u t i o n  was  0.1 m V  u p  to -+ 199.9 m V  a n d  1 m V  
up  to +- 1.999V, w i t h  a m a x i m u m  s a m p l i n g  ra te  of  4000 
readings /s .  E a c h  t i m e  a r e a d i n g  was  t aken ,  a n  o u t p u t  
pu l se  was  ava i l ab le  f rom t he  vo l tme te r ,  a n d  a s imp le  
c o u n t i n g  c i rcu i t  w i th  a t r a n s i s t o r  s w i t c h  t u r n e d  t h e  cur-  
r en t  on  a n d  off  a t  t he  t imes  r equ i red .  In  th i s  way, t he  ex- 
p e r i m e n t  was  s y n c h r o n i z e d  w i t h  t he  v o l t m e t e r  opera t ion ,  
r a t h e r  t h a n  vice  versa .  

Mel ts  we re  m a d e  u p  b y  w e i g h t  f rom r e a g e n t - g r a d e  L iF  
a n d  s u b l i m e d  A1F~, a n d  were  c o n t a i n e d  in  c o p p e r  cruci-  
b les  m a d e  f r o m  13 m m  pipe. A 25 m m  l e n g t h  was  cu t  off, 
a n d  its e n d  was  s q u e e z e d  c losed  in  a v ise  a n d  w e l d e d  
w i th  a ga s -oxygen  to rch ;  t he  m e t a l  was  t h e n  c l eaned  w i t h  
n i t r ic  acid.  The  c r u c i b l e ' w a s  s u s p e n d e d  in a ve r t i ca l  t u b e  
f u r n a c e  b y  C h r o m e l  a n d  A l u m e l  wi res  a t t a c h e d  to two  
ho les  d r i l l ed  nea r  i ts  top.  T he  t e m p e r a t u r e  cou ld  b e  deter -  
m i n e d  b y  m e a s u r i n g  t h e  E M F  b e t w e e n  t h e m ,  a n d  t h e y  
also s e r v e d  as c u r r e n t  a n d  p o t e n t i a l  l eads  for  t he  electrol-  
ysis  (see Fig. 2). 

A b o u t  200 m g  of  A1 was  a d d e d  to t he  c ruc ib l e  so t h a t  
w h e n  it  s e r v e d  as a n o d e  A1 w o u l d  d i s so lve  a n d  no t  Cu. 

The  fu rnace  t u b e  was  s ta in less  s teel  of  35 m m  id. A r g o n  
was  p a s s e d  in at  t he  bo t t om ,  a n d  the  top  was  cove red  
w i t h  a shee t  of F I B E R F R A X .  

T h e  c a t h o d e  a n d  t he  r e f e r ence  e l ec t rode  we re  m a d e  
f rom 0.5 m m  c o p p e r  wire,  a n d  were  he ld  in  p lace  b y  a 
t w i n - b o r e  a l u m i n a  insula tor .  Th i s  was  m o u n t e d  at t he  top  
in  t he  s tage  of an  old mic roscope ,  so t h a t  t he  wi res  cou ld  
be  p o s i t i o n e d  ho r i zon ta l l y  a n d  m o v e d  ver t i ca l ly  t h r o u g h  a 
p rec i se  d i s t ance .  Af te r  t he  wi res  h a d  b e e n  in  t he  fu rnace  
for  at  l eas t  10 ra in  a n d  t h e r m a l  e x p a n s i o n  h a d  ceased,  t he  
t ip  of  t he  c a t h o d e  was  p o s i t i o n e d  at t he  sur face  of  t he  
me l t  b y  o b s e r v i n g  the  s u d d e n  c h a n g e  of  a m p l i t u d e  of an  
app l i ed  ac s ignal  w h e n  t he  wi re  m a d e  contac t .  The  wire  
was  t h e n  l owered  by  a m e a s u r e d  d i s t ance  (usua l ly  7 mm).  
The  r e f e r e n c e  wire,  i m m e r s e d  a p p r o x i m a t e l y  t h e  s ame  
d i s tance ,  was  p l a t ed  w i th  A1. I ts  a b s o l u t e  p o t e n t i a l  was  
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Fig. 2. Schematic diagram of electrochemical cell 

no t  k n o w n ,  b u t  all t h a t  was  r e q u i r e d  was  t h a t  i ts  p o t e n t i a l  
s tay c o n s t a n t  for t he  l s  n e e d e d  to m a k e  a m e a s u r e m e n t .  

The  dc c u r r e n t  s u p p l y  was  a H e w l e t t - P a c k a r d  6224B 
w h i c h  de l ive red  up  to 3A in t he  c o n s t a n t - c u r r e n t  mode .  
The  s t a r t i ng  t r a n s i e n t  was  r e d u c e d  b y  d i s c o n n e c t i n g  t he  
o u t p u t  capac i to r  a n d  b y  s e t t i ng  t he  vo l t age  l imi t  on ly  
a b o u t  1V a b o v e  the  va lue  n e e d e d  to pass  t he  des i r ed  cur-  
rent .  C u r r e n t  dens i t i e s  were  7-22 A c m  -2. A T e k t r o n i x  
7623A s torage  osc i l loscope  was  use fu l  in  s e t t i ng  u p  exper -  
imen t s ,  b u t  i t  p r o v e d  i n a d v i s a b l e  to c o n n e c t  i t  a n d  t he  
HP-3437A v o l t m e t e r  at  t he  s ame  t i m e  as s o m e  e lec t r ica l  
i n t e r f e r e n c e  occurred .  

W h e n  t he  v o l t m e t e r  was  u s e d  on  its m o s t  s ens i t i ve  
r a n g e  for the  r e l axa t ion  m e a s u r e m e n t s  a n  a r b i t r a r y  b ias  
was  i n s e r t e d  in to  t he  r e fe rence  c i rcui t  to e n s u r e  t h a t  t he  
v o l t m e t e r  r e m a i n e d  on  scale. 

A typ ica l  c h r o n o p o t e n t i o m e t r i c  p lo t  is s h o w n  in  Fig. 3. 
The  p o i n t  of  inf lec t ion  was  f o u n d  b y  n u m e r i c a l  d i f fe ren-  
t i a t ion  of  t he  r ead ings  in t he  c o m p u t e r .  

D i a m e t e r s  of  t he  wires  u s e d  r a n g e d  f rom 0.5-0.65 m m  
a n d  were  m e a s u r e d  w i t h  a m ic rome te r .  In  ca l cu l a t i ng  t he  
sur face  area,  a l lowance  was m a d e  for the  e x p a n s i o n  of  the  
d i a m e t e r  b e t w e e n  r o o m  t e m p e r a t u r e  a n d  t he  t e m p e r a t u r e  
of  t he  e x p e r i m e n t .  (Since  the  i m m e r s i o n  was  set  a f te r  the  
wi re  was  hot ,  no  co r rec t ion  for l e n g t h  was  necessa ry . )  

Results 
Chronopotentiometry.--The correction for curvature of 

t h e  wi re  is g iven  b y  M a c D o n a l d  (8) as 

c ~ - c = 2 i ~ / t / ( n F ~ / ~ - D )  - i t / ( 2 n F r )  + . . .  [21] 

w h e r e  r is t he  r ad ius  of  t he  e lec t rode .  The  first t e r m  is t he  
S a n d  equa t ion ,  wh i l e  t he  s e c o n d  is the  cor rec t ion .  Fo r  
c h r o n o p o t e n t i 0 m e t r i c  e x p e r i m e n t s ,  i t  is eas ies t  to m a k e  the  
c o r r e c t i o n  by  de f in ing  an  ef fec t ive  c o n c e n t r a t i o n  c' as 

c '  = c ~ + i r / ( 2 n F r )  [22] 

a n d  t h e n  u s i n g  t he  S a n d  e q u a t i o n  as usual .  
P r o v i d e d  t r a n s i t i o n  t i m e s  were  no t  l onge r  t h a n  0.75s, 

t he  va lues  of  D ca lcu la ted  were  i n d e p e n d e n t  of  c u r r e n t  
dens i ty .  For  l onge r  t i m e s  t he  a p p a r e n t  va lues  of  D in- 
c reased ,  a n d  b e y o n d  a b o u t  ls d i s t u r b a n c e s  a p p e a r e d  in  
vo l t age - t ime  curves ,  so t h e r e  is l i t t le  d o u b t  t h a t  convec-  
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t i on  was  s tar t ing.  Only  m e a s u r e m e n t s  w i th  t r a n s i t i o n  
t i m e s  -< 0.75s were  accepted .  

F i g u r e  4 shows  t he  r e su l t s  o b t a i n e d  for me l t s  w i th  NA,~3 
= 0.136 a n d  0.25 (5 and  10 m/o). A l t h o u g h  at any  one  tem-  
p e r a t u r e  t he  va lues  of  D do no t  differ  s ign i f ican t ly  w i th  
c o m p o s i t i o n ,  t h e r e b y  sa t i s fy ing  one  of  t he  e s sen t i a l  con-  
d i t ions  for use  of t he  S a n d  equa t ion ,  t he  A r r h e n i u s  s lopes  
are s ign i f ican t ly  dif ferent .  With  one  re su l t  ou t  of 36 re- 
j ec ted ,  t he  res t  m a y  b e  e x p r e s s e d  b y  
NAIl3 = 0.136 

D / ( m  2 s- ' )  = exp ( [ -3980  -+ 221]/T - [15.904 --_ 0.184]) 
[23] 

NAlr~ = 0.250 
D/(m 2 s- ' )  = exp( [ -5532  -+ 266]/T - [14.609 -4- 0.225]) 

[24] 

w h e r e  t he  u n c e r t a i n t i e s  are s ta t i s t ica l  s t a n d a r d  errors ,  
a n d  t he  s t a n d a r d  dev i a t i ons  are, respec t ive ly ,  +- 3.9% a n d  
- 3.3%. 

The r e l a x a t i o n  m e t h o d . - - T h e  r e l a x a t i o n  m e t h o d  is 
h a n d l e d  fo rmal ly  by  s t a r t i ng  a c u r r e n t  i a t  t i m e  zero, a n d  
s u p e r i m p o s i n g  on  it  a c u r r e n t  - i  at  t i m e  ti, a t  w h i c h  t i m e  
t he  c u r r e n t  is t u r n e d  off. T h u s  the  cha rac t e r i s t i c  q u a n t i t y  
i~/ t  in  t he  S a n d  e q u a t i o n  is r ep l aced  by  (i~dt - i~/t---~,, a 
q u a n t i t y  w h i c h  is c o n v e n i e n t l y  r e p r e s e n t e d  by  m' .  [This  
s y m b o l  is a d o p t e d  since,  a p a r t  f r om t he  fac to r  2/X/~r, i t  is 
t he  s a m e  as t he  semi - in t eg ra l  of  t he  c u r r e n t  u s e d  b y  
G r e n n e s s  a n d  O l d h a m  (9) a n d  g iven  the  s y m b o l  m. m '  ha s  
b e e n  u s e d  p rev ious ly  by  D e w i n g  et al. (10).] T he  m e l t  
c o m p o s i t i o n  at  t he  in t e r f ace  s h o u l d  d e p e n d  on ly  on  t h e  
va lue  of  m' ,  r ega rd le s s  of  t h e  c o m b i n a t i o n  of  i, t, a n d  t, 
u s e d  to o b t a i n  it. 

W h e n  e lec t ro lys is  occurs  at  a c o p p e r  wire  a n d  A1-Cu al- 
loy forms,  t he  c o m p o s i t i o n  of  the  al loy on  t he  sur face  
var ies  w i t h  t ime.  If  t he  p e n e t r a t i o n  of  A1 in to  Cu is also a 
d i f fus ion- l imi t ed  p roces s  t he  s ame  p a r a m e t e r  m'  s h o u l d  
se rve  to cha rac t e r i ze  t he  e x t e n t  to w h i c h  s u c h  d i f fus ion  
ha s  occur red ,  e v e n  t h o u g h  severa l  p h a s e s  of  alloy, w i th  
d i f fe r ing  d i f fus ion  coeff ic ients ,  par t ic ipa te .  For  a g iven  
va lue  of  m '  t he re  s h o u l d  t h e n  be  the  s a m e  c o m p o s i t i o n  of  
al loy on  t he  sur face  a n d  t he  s ame  c o n t r i b u t i o n  to t he  po- 
t en t i a l  of  t he  e lect rode.  As an  example ,  Fig. 5 s h o w s  some  
r e su l t s  a t  950~ T h r e e  cu rves  for  d i f fe ren t  c u r r e n t  dens i -  
t ies  h a v e  b e e n  s u p e r i m p o s e d  as wel l  as c an  b e  b y  a d d i n g  
c o n s t a n t s  to t he  EMF's .  (This  is p e r m i s s i b l e  a n d  neces-  
sary  b e c a u s e  t he  abso lu t e  p o t e n t i a l  of  t he  r e f e r ence  elec- 
t r ode  is no t  k n o w n  a n d  var ies  f rom r u n  to run.  I t  is t h u s  
on ly  d i f f e rences  of po t en t i a l  w h i c h  m e a n  any th ing . )  

The  d i s c r e p a n c i e s  at  h i g h  va lues  o f m '  (i.e., for 10-20 m s  
af te r  t u r n i n g  off t h e  cu r r en t )  s h o w  t h a t  some  s tage  of  t he  
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overa l l  p roces s  is no t  en t i r e ly  d i f fus ion  l imi ted ,  i m p l y i n g  
a d e p a r t u r e  f rom local  equ i l i b r ium.  In  pr inc ip le ,  i t  cou ld  
be  in t he  al loy or i t  cou ld  be  in  the  melt .  I f  t he  lat ter ,  it 
wou ld  p r e s u m a b l y  be  due  to u n e q u a l  ra tes  of  d i s c h a r g e  of  
A1F4- a n d  A1F63- ions.  I f  t he  former ,  i t  w o u l d  p r o b a b l y  b e  
due  to s low crys ta l l iza t ion  of  a sol id p h a s e  f rom the  l iqu id  
al loy in i t ia l ly  formed.  In  t he  ca lcu la t ions  w h i c h  follow, i t  
will  be  a s s u m e d  for t he  m o m e n t  t h a t  t he  m e l t  is at  equi-  
l i b r i u m  and  the  d e p a r t u r e  l ies w i t h  the  alloy; i f  t he  ulti-  
m a t e  r e su l t s  are no t  sa t is factory,  i t  cou ld  sugges t  t h a t  t he  
c o n v e r s e  is t rue.  

E x p e r i m e n t a l l y ,  t he  c o n t r i b u t i o n  of  the  A1-Cu alloy to 
the  to ta l  EMF was  d e t e r m i n e d  w i t h  t he  NA,F~ = 0.25 mix-  
ture,  for  w h i c h  the  d i f fus ion  coeff ic ient  is n o w  k n o w n  
f rom Eq. [24]. For  any  g iven  va lue  of m' ,  t h e  c o m p o s i t i o n  
of the  m e l t  in con t ac t  w i t h  the  e l ec t rode  can  be  calcu-  
lated,  a n d  h e n c e  ac/am', a n d  f rom the  ac t iv i ty  m o d e l  
va lues  of  OE/ac are  f o u n d  (Tab le  I). Mul t ip l i ca t ion  gives  
aE/am'  for the  e lectrolyte ,  a n d  s u b t r a c t i o n  f rom the  ex- 
p e r i m e n t a l  va lue  gives  t he  c o n t r i b u t i o n  of  t he  A1-Cu al- 
loy. Th i s  is s h o w n  in Fig. 6 (wh ich  r e p r e s e n t s  t he  s a m e  
r u n s  as Fig. 5). The  s teep  r ise  in  EMF at t he  l e f t - hand  s ide 
a l m o s t  ce r t a in ly  r e p r e s e n t s  a surface  w h i c h  is no  longe r  
l iquid ;  t he  a lmost - f la t  p l a t eau  p r o b a b l y  r e p r e s e n t s  a two-  
p h a s e  so l id- l iquid  reg ion  (in which ,  of  course ,  a t  equi l ib -  
r i u m  the  po ten t i a l  s h o u l d  b e  c o m p l e t e l y  cons tant ) .  

F r o m  the  p o i n t  of  v iew of  m e a s u r i n g  d i f fus ion  
coeff ic ients ,  t he  h i g h e r  c u r r e n t  dens i t i e s  a p p e a r  to be  
pre fe rab le .  The  reg ion  of s t eep ly  r i s ing  po t en t i a l  b e l o w  m'  
= 7 is be s t  avoided ,  s ince  a sma l l  e r ror  in  m '  wil l  c ause  a 
large  e r ror  in  the  potent ia l .  On t he  o the r  h a n d ,  va lues  of 
m '  h i g h  e n o u g h  to be  in t he  r eg ion  w h e r e  t he  c u r v e s  di- 

Table I. Contribution of Cu-AI alloy to total EMF. Measured on melt with 
NAIF3 : 0.25 eq fraction 

Temp Region aE/am' ac/aE ac/am' aE/am' aE/am' 
~ of m' (total) (melt) (melt) (melt) (Cu-A1) Mean 

860 7-16 -1.36 192 -207 -1.08 -0.28 } 
860 7-16 -1.40 192 -207 -1.08 -0.32 -0.30 
900 8-19 -1.47 185 -190 -1.03 -0.44 } 
900 8-19 -1.40 185 -190 -1.03 -0.37 -0.40 
950 8-18 -1.38 177 -172 -0.97 -0.41 } 
950 8-18 -1.39 177 -172 -0.97 -0.42 -0.41 

1000 1 0 - 2 0  -1.45 169 -157 -0.93 -0.52 -0.52 
1020 12-22 -1.28 169 -151 -0.90 -0.38 -0.38 

Units of m' are kA m -2 s 'j2, of E mV, and of c eq of A1F3 m -a. 
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Table II. Results for LiF-AIF3 melts 

Temp 
NAlr3* ~ 

OElOm' OE/Om' Oc/OE 10 ~ D 
(total) (melt) (melt) a m2s - '  

O in C 

O lna  
109 D,h 
m%-' 

0.500 860 -2.26 - 1.96 68.7 0.99 7.5 0.115 0.86 
860 -2.30 -2.00 68.7 0.99 7.2 0.115 0.82 
900 -2.17 -1.77 69.0 0.97 8.9 0.122 1.1 
900 -2.11 -1.71 69.0 0.97 9.5 0.122 1.2 
950 - 1.83 - 1.42 65.7 0.95 14.9 0.128 1.9 
950 -2.07 -1.66 65.7 0.95 10.9 0.128 1.4 

1000 - 1.85 - 1.33 67.2 0.93 15.9 0.137 2.2 
I000 - 1.86 - 1.34 67.2 0.93 15.7 0.137 2.1 
1020 - 2. lO - 1.72 66.9 0.92 9,5 O. 137 1.3 
1020 -1.83 -1.45 66.9 0.92 13.4 0.137 1.8 

0.562 860 -2.34 -2.04 59.4 0.83 7.7 0.103 0.80 
860 -2.58 -2.28 59.4 0.83 6.2 0.103 0.64 
900 -2.07 -1.67 57.0 0.81 12.2 0, i04 1.3 
900 -2.15 -1.75 57.0 0.81 11.1 0,104 1.2 
950 -1.90 -1.49 54.0 0.78 16.5 0.105 1.7 
950 - 1.92 - 1.51 54.0 0.78 16.0 0.105 1.7 

1000 -1.41 -0.89 50.7 0.75 50 0.105 5.3 
1000 - 1.70 - 1.18 50.7 0.75 29 0.105 3.0 
1020 - 1.70 - 1.32 49.5 0.74 24 0.105 2.5 
1020 - 1.61 - 1.23 49.5 0.74 27 0.105 2.9 

0.618 860 -2.96 -2.66 40.5 0.58 6.8 0.0748 0.51 
900 -2.26 - 1.86 37.8 0.56 15.5 0.0735 1.1 
900 -2.16 - 1.76 37.8 0.56 17.3 0.0735 1.3 
950 -3.36 -2.95 34.5 0.54 7.1 0.0718 0.51 

0.685 860 -2.77 -2.47 6.27 0.14 80 0.0135 1.1 
860 -2.91 -2.61 6.27 0.14 71 0.0135 0.97 
950 -2.94 -2.53 6.15 0.15 85 0.0150 1.3 
950 -2.88 -2.47 6.15 0.15 89 0.0150 1.3 

1000 -2.47 -1.95 6.09 0.17 165 0.0158 2.6 
1000 -2.50 -1.98 6.09 0.17 160 0.0158 2.5 
1020 -2.42 -2.04 6.27 0..18 150 0.0167 2.5 
1020 -2.60 -2.22 6.27 0.18 127 0.0167 2.1 

* Equivalent fraction. Units of m'  are kA cm -2 s '~, of E mV, and of c eq of A1F3 m -3. 

v e r g e  m e a n  t h a t  a n y  r e s u l t s  are  s u s p e c t .  A t  c u r r e n t  dens i -  
t i es  o f  140-220 k A  m -2, t h e r e f o r e ,  r e s u l t s  are  on ly  a c c e p t e d  
for  8 < m '  < 18 (at 950~ I n  t h i s  r eg ion ,  m o r e o v e r ,  t h e  
c u r v e s  a re  s u b s t a n t i a l l y  s t r a igh t ,  a n d  t h a t  g rea t ly  facili- 
t a t e s  t h e  c a l c u l a t i o n s  s i nce  t h e  s l ope  c a n  b e  d e t e r m i n e d  
b y  leas t  s q u a r e s .  T a b l e  I s h o w s  t h e  r e g i o n  o f  m '  a c c e p t e d  
at  e a c h  t e m p e r a t u r e  a n d  t h e  ca l cu l a t i on  o f  t he  c o n t r i b u -  
t i o n s  d u e  to t h e  NA,~3 = 0.25 m e l t  a n d  to t he  Cu-A1 alloy. 
N o  c u r v a t u r e  c o r r e c t i o n s  w e r e  m a d e  s ince  all t h e  t i m e s  

i n v o l v e d  w e r e  shor t .  
T a b l e  I I  s h o w s  r e s u l t s  for  NA,F~ > 0.5. R u n s  w h e r e  t h e  

s t a n d a r d  d e v i a t i o n  of  t h e  p o i n t s  f r o m  the  l eas t  s q u a r e s  
s t r a i g h t  l ine  w a s  g r e a t e r  t h a n  -+ 1 m V  w e r e  re jec ted .  

F i g u r e  7 s h o w s  the  v a l u e s  o f  -OE/Om' at  950~ as  a func -  
t ion  o f  c o m p o s i t i o n ;  t h e  u p w a r d  t r e n d  is o b v i o u s .  T h e  
c o n t r i b u t i o n  o f  t he  c o m p o s i t i o n  of  t he  A1-Cu al loy is s e e n  
to be  a r e l a t ive ly  s m a l l  p a r t  o f  t h e  total .  

30 

o o 71.7 kAm2tl= 98ms 
20 o 

O 14.2kAm2tl=49ms 

i 0 o 0 o 2 t .9 kA r~ 2 fl= 34.3 ms 

6> + 

o o ~ 

~ - 

I 0  o 

od e o 
20 o ,C, 

% ~ 
3 0  0 o 

O QO o 
[] 

4 0  i I I I o 

I0 20  30 

m'(: ~,,/';" - iv'T:;=) (WA &2st/2) 

Fig. 6. Variation of potential of AI-Cu alloy after turning off current at 
time tl. 

T h e  c a l c u l a t i o n  o f  t h e  d i f f u s i o n  coef f ic ien t  is s t r a igh t -  
f o r w a r d .  Oc/OE is c a l cu l a t ed  f r o m  the  t h e r m o d y n a m i c  
m o d e l  a n d  the  dens i t i e s ,  a n d  the  q u a n t i t y  a is a l so  f o u n d  
f r o m  t h e  dens i t i e s .  I t  wil l  be  s e e n  t h a t  for  t h e  NA,~3 = 0.685 
mel t ,  a is  v e r y  sma l l  and ,  s i nce  it v a r i e s  v e r y  r a p i d l y  w i t h  
c o m p o s i t i o n ,  c o r r e s p o n d i n g l y  u n c e r t a i n .  

Discussion 
T h e r e  h a v e  b e e n  n o  p r e v i o u s  d i f f u s i o n  m e a s u r e m e n t s  

in LiF-AIF~ m e l t s  w i t h  w h i c h  t h e  p r e s e n t  r e s u l t s  c a n  b e  
c o m p a r e d .  
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Despi te  the in t roduc t ion  of  the  dens i ty-correc t ion  t e rm 
a, t he  mos t  consp icuous  feature  of  Table  II is that  some  of 
the  va lues  of  D, especial ly  at the  NA,F3 = 0.685 composi -  
tion, are ext raordinar i ly  high. Values above  10 -8 m 2 s -1 are 
unusual ,  and above  10 -7 m 2 s ~1 are, as far as the  au thor  is 
aware,  unpreceden ted .  And  yet  the  values  of  OE/Om' mea- 
sured in the  expe r imen t s  vary  (with composi t ion)  by less 
than  a factor of  3 (see Fig. 7) and the  upward  t rend  in 
-OE/Om' with  compos i t ion  wou ld  in i tself  co r respond  to a 
d o w n w a r d  t rend  in D. 

Values of  Dth calculated f rom Eq. [17] are shown in Fig. 
8. Whereas  the  F ick ' s  law diffusion coeff icients  vary  (at a 
g iven  tempera tu re )  over  a range of a factor of 20, the  ther- 
m o d y n a m i c  values  cover  only a factor of  3.5. Fur ther -  
more,  the  values  are near ly  all in the  range 0.5-5 • 10 -9 m 2 
s -~, wh ich  is qu i te  normal.  It  is thus  clear  tha t  the  very  
h igh  F ick ' s  law values  or iginate  f rom the  h igh  the rmody-  
namic  dr iving force in these  nonidea l  melts.  S ince  NaF- 
A1F3 mel t s  show even  greater  deviat ions  f rom ideality, 
one m a y  ant ic ipate  that  h igh diffusion coeff icients  will  
again be  observed.  

The  t h e r m o d y n a m i c  diffusivi ty decreases  substant ia l ly  
be tween  NA~F3 = 0.136 and 0.5, bu t  thereaf ter  remains  con- 
stant. The  drop is p r e sumab ly  associated wi th  the  appear-  
ance  of  the  bu lky  A1F63- and A1F4- groups.  
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Reactions of Coal and Model Coal Compounds in Room 
Temperature Molten Salt Mixtures 

David S. Newman, *'1 Randall E. Winans, and Robert L.. McBeth 
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ABSTRACT 

A 2:1 A1C13-pyridinium chloride molten salt solution was used as the reaction medium for the alkylation of 
diphenylethane and a bituminous coal by 2-propanol. Probably accompanying the room temperature Friedel-Crafts 
alkylation is a reduction of C~-----O to - -C--OH.  Completely deuterated 2-propanol did not react at all with the pyridinium 
ring. The pyridinium chloride serves to lower the temperature at which the A1C13 is able to catalyze the reactions. The 
pyridinium chloride also catalyzes the Friedel-Crafts alkylation. 

In recent years, many authors have focused their atten- 
tion on organic reactions in molten salt mixtures con- 
taining aluminum chloride (1-4) and on organic reactions 
in molten antimony trichloride (5, 6). Both A1C13 and 
SbC13 are strong Lewis acids and are good catalysts for 
Friedel-Crafts alkylations. 

Schlosberg and co-workers have shown that alkylation 
is a beneficial t reatment for coal prior to liquefaction by 
alkylating several different coals under Friedel-Crafts 
conditions in an autoclave at 373-423 K (7). Larsen and 
Kuemmerle  discussed the F-C alkylation and depolymeri- 
zation of coal in a review article (8) and suggested that an 
understanding of the mechanism of these reactions would 
considerably increase our understanding of the solubiliza- 
tion of coal and, by implication, our ability to liquefy coal. 

Based on these studies, we undertook an investigation 
of systems in which F-C alkylations would proceed with 
ease and with minimal damage to the molecular subunits 
making up the coal macromolecule. The reaction medium 
we selected was a 2:1 mixture of A1C13 and pyridinium 
chloride, CsH~NC1. This mixture is liquid at or near room 
temperature,  relatively easy to prepare, and inexpen- 
sive---a very important consideration for coal chemistry. 
Moreover, the melt and the pyridinium salt have both 
been fairly well characterized (9-11). All of our alkylation 
reactions were done under nitrogen at or near room tem- 
perature. Diphenylethane (bibenzyl) was used as our 
model  coal compound because it has both aryl and alkyl 
bonds typical of those in coals, and it has been exten- 
sively studied under a variety of conditions. The coal cho- 
sen for our initial investigation was a high sulfur, high 
volatile C bituminous coal, and 2-propanol was used as 
the alkylating agent. 

Experimental Details 
Preparation of the coal.--A 10g sample of PSOC-244 

high sulfur coal [C 55.8%, H 7.5%, N 0.95%, S 7.5% (total), 
ash 19.5%, and O 12% (by difference)] was ground with 
water in a shatter box for 15 min and then, after drying, 
was demineralized using an aqueous HF/HC1 solution. 
The demineralization was carried out by adding 100 ml 
concentrated HC1 to the coal slurry which had been 
placed in a Teflon beaker. To this mixture, we added 100 
ml of 48% HF and allowed the system to react for 48h. 
The resulting demineralized coal was filtered, vacuum 
dried, and analyzed. [C 64%, H 5%, N 1.1%, S 6.23% (total), 
ash 3.9%, and O 19.8% (by difference).] The HC1/HF treat- 
ment  removed most of the silicate and other inorganic 
material from the coal. 

Preparation of reaction media.--Reagent grade anhy- 
drous a luminum chloride (Cerac 99.9%) and C~H6NC1 
(Eastman Kodak), which had been distilled at 219~ and 
thoroughly dried, were used without further purification 
because the impurities in these compounds are far fewer 
than impurities originating from random fluctuations in 
composit ion in any given coal sample. 

*Electrochemical Society Active Member. 
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In a dry box, a 2:1 mixture of the A1C13 and C~H~NCt 
was prepared by weighing the requisite amount  of A1C13 
into a 100 ml three-neck flask. To the A1C13 was added 
the appropriate amount of CsH~NC1. The mixture would 
spontaneously melt, forming a clear to grayish viscous 
liquid. The liquid was decanted and maintained 
indefinitely in a dry box. We then added weighed 
amounts of coal or model compounds, alkylating agents, 
etc., to portions of this melt. The reaction vessel was re- 
moved from the dry box, placed in a constant tempera- 
ture bath, and the reaction mixture stirred with a mag- 
netic stirrer. A nitrogen atmosphere was maintained in 
the three-neck flask throughout the course of the 
reaction. 

Treatment and characterization of reaction products. 
- -After  the predetermined requisite amount of t ime had 
elapsed, the reaction was carefully quenched by first 
cooling the closed reaction vessel in ice water and then 
dropping small pieces of ice, one at a time, into the reac- 
tion vessel so as not to raise the melt temperature sub- 
stantially. After all of the A1C13 had reacted with the 
water, the aqueous slurry was extracted with various or- 
ganic solvents and the extracted material analyzed by 
high performance liquid chromatography (HPLC), gas 
chromatography-mass spectrometry (GC/MS) (12, 13), and 
a gas chromatograph-microwave plasma detector-com- 
puter system (GC/MPD) (14). 

The main feature of the GCfMPD-computer system is 
an Applied Chromatography System MPD-850 which is 
an emission spectrometer with a helium plasma source. 
The spectrometer is connected to a GC and is able to 
simultaneously detect the elements C, H, D, S, F, C1, O, or 
N. The output from the spectrometer is amplified digi- 
tally and transferred to a VAX 11/780. By using suitable 
standards, we can obtain empirical formulas or detect the 
presence of deuterium in labeling experiments with these 
instruments with an accuracy of -+5%. An inlet system al- 
lowing direct entry of solid coal into the MPD was de- 
signed to facilitate the analysis of nonvolatile coal or coal 
products. This inlet system or "solid probe" consists of a 
platinum tube which serves as a furnace and is heated di- 
rectly by two leads connected to the output of a dc power 
supply (HP 6259 B). Both the rate and the amount  of heat- 
ing can be controlled by the power supply. The tempera- 
ture inside the inlet tube is easily monitored by means of 
a thermocouple. A Teflon T tube connector, attached to 
the inlet tube by one of its arms and to a gas source by its 
central channel, conducted the necessary carrier gas or 
gases into the system. The sample itself was held in a hol- 
low cylinder of platinum gauze welded to a platinum rod 
and inserted directly into the furnace through the unat- 
tached arm of the T tube (along the principal axis of the 
platinum furnace). With the sample in place and the car- 
rier gas flowing, the sample was heated to the desired 
temperature, usually 1100~ to ensure complete combus- 
tion. The combustion products were fed directly into the 
MPD. The combustion of  coal can be described by the 
equation 
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02 + coal ) CO2 + H20 + SO= + . . .  [1] 

The products of this reaction are atomized by the plasma 
and the emission spectra of the atoms analyzed by the 
MPD. The GC/MPD was also used to quantitatively ana- 
lyze the coal for the presence of deuterium. In our origi- 
nal study (15), we were unable to obtain quantitative in- 
formation and were able to detect the presence of 
deuterium only qualitatively. A weighed deuterated coal 
sample was pyrolyzed at 800~ under high vacuum and 
the pyrolysis products collected in three different frac- 
tions each of known weight. The first fraction was vola- 
tile material trapped at liquid nitrogen temperatures. The 
second fraction was CH2CI~ soluble material and the third 
fraction was residual char. The trapped volatiles were 
taken up in CHiCle, injected into the GC/MPD, and the el- 
ements C, H, and ~H were analyzed. The second CHIC12 
fraction was analyzed the same way. Using suitable deu- 
terium labeled standards, the areas under the chromato- 
gram peaks were calibrated and the percentage of each el- 
ement  in the two fractions was calculated. The char was 
assumed to contain no deuterium. 

Measurement of the coal solubility in molten salt.--The 
solubilities of the starting coal and the alkylated coal 
were measured by filtering at temperature a slurry of 
coal in the melt using a medium porosity glass frit in the 
cell, shown schematically in Fig. 1. The cell itself was 
maintained in a constant temperature glass-enclosed 
oven. The molten salt-coal solution passed through the 
frit when a positive nitrogen pressure was maintained in 
the top portion of the cell and a partial vacuum was main- 
tained in the bottom portion. The solubility was simply 
the percentage weight difference between the original 
coal and the coal residue that did not pass through the 
frit. 

Results and Discussion 
Model compounds and solvent system.--In order to char- 

acterize the role of the solvent and assess the extent of 

2mm vac sto 

autoalkylation of the 2-propanol or the bibenzyl, a series 
of experiments was performed in which either the 
2-propanol or the bibenzyl or a mixture of the two was al- 
lowed to react in the melt. 

Autoalkylation of 2-propanol formed an orange red ma- 
terial which contained a series of high molecular weight 
polymers, most of which were nonvolatile. No alkylated 
pyridines were identified. 

Autoalkylation of bibenzyl gave a series of polymers as 
well as a low yield of monomeric material. The com- 
pounds, produced by the bibenzyl reaction and identi- 
fied by gel permeation chromatography and GC/MS, are 
listed in Fig. 2. Our results are consistent with those of 
Heredy and Neuworth (16) who used model compounds 
in phenol to show that, under Friedel-Crafts conditions, 
methylene chains can be broken and the resulting species 
can alkylate other aromatic compounds. In our system, 
which lacked phenol or another hydrogen source, 
alkylation proceeded faster than bond cleavage although 
aryl and methylene bonds were indeed broken at the low 
reaction temperatures. The molecular weights of the 
alkylation products were determined by gel permeation 
chromatography and ranged from 78 (benzene) to approx- 
imately 10,000. One aspect of this reaction which deserves 
comment  is the formation of compound 5 which was 
identified by its mass spectrum. For this compound to 
form, the aryl carbon bond of bibenzyl had to cleave even 
though the temperature was less than 40~ The bond en- 
ergy for this bond is 414 k J/tool which means that either 
the A1Clz or the C,~H~NC1 or both are catalyzing the reac- 
tion. 

To discover if the pyridinium ion would react with 
alkylating agent under reaction conditions, 1.6g of 
2-propanol-d8 and 1.8g bibenzyl were allowed to react in 
the 2:1 A1C1JCsH6NC1 solution at 30~ for 4h. The reaction 
was quenched with water, as described previously, and 
extracted with hexane. The aqueous layer was neutral- 
ized with NaOH and an aliquot passed through the MPD. 
No deuterium was detected in the instruments '  deuter- 
ium channel, indicating that no ring proton exchange or 
alkylation of the pyridine ring occurred despite the favor- 
able environment  for alkylation reactions (17). This 
means the principal role of the pyridinium chloride in the 
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Fig. 1. Gloss frit filter cell 

vac stopper 
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Oeuterated Compounds Identi f ied in GC/MPD 

Chromatogram Compound % of Total 
Peak Number 

I .  Isopropylbenzene 1.2 
2. Disopropylbenzene 2.6 
3. Triisopropylbenzene 6.1 
4. Bibenzyl 9,2 
5. Isopropyldibenzyl 7.3 
6. Diisopropyldibenzyl 18.0 
7. Unidentified 4.2 
8. Trilsopropyldibenzyl 21.0 
9. Tetraisopropyldibenzyl 25,5 
I0. Pentaisopropyldibenzyl 4,8 
(toluene identified in HPLC) 99.9 

~ 58  

H• 

1ELr~) 18.E10 
R t (rain) 

d 8 isopropanol-bibenzyl chromatogram 

Fig. 2. Chromatogram of compounds formed from the alkylation of 
bibenzyl by 2-proponol-ds. 
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melt is to lower the temperature at which the A1C13 cata- 
lyzes the various reactions. The 2-propanol-d8 reacted 
with the bibenzyl to form a series of alkylated phenyl de- 
rivatives (Fig. 2) as expected. Approximately 85% of the 
initial bibenzyl reacted within the 4h and about 40% of its 
aliphatic carbon bonds were cleaved. The alkylation 
products were identified by GC/MPD and GC/MS. From 
these results, we conclude that the alkylating agent 
preferentially alkylates bibenzyl rather than itself. The 
earlier experimental  results, in which no deuterium was 
found on the pyridine ring, still did not indicate if the ni- 
trogenic proton of the pyridinium ion, N-H +, had ex- 
changed with any of the 2-propanols' deuterium atoms. 
To ascertain whether or not exchange had occurred, the 
'HNMR spectrum of a 2:1 A1C1JC~H6NC1 melt  was ob- 
tained on a CFT-80 with variable temperature capability. 
The spectrum showed a striking nitrogen broadened trip- 
let at 70~ (Fig. 3) indicating that, in the pure melt, ex- 
change was not occurring because if it was, the proton 
could not reside on the nitrogen long enough to couple 
with it, but  would give a sharp singlet (10, 11). Our spec- 
t rum is similar to that reported by Angell and Shuppert  
(9) for a similar melt at 148~ but our ring proton resolu- 
tion is not as good because of our lower temperature. This 
spectrum, incidentally, is excellent evidence for the fact 
that there are few, if any, free C1- ions in the melt. If  a 
substantial concentration of free C1- ions were present, 
the N-H + would appear as a sharp singlet in the 'HNMR 
spectrum (11). The dominant anionic species is probably 
A12C1C as suggested by Gale and Osteryoung (18, 19). The 
cation is, of course, the pyridinium ion, and the environ- 
ment  is distinctly unfavorable for exchange. 

When a quantity of 2-propanol-ds, equivalent to the 
C.~H6NC1, is added to the melt, the brownish-orange poly- 
meric material formed again and remained suspended. 
The 1HNMR spectrum changed markedly with respect to 
the nitrogen-broadened triplet, so prominent in the pure 
melt, and formed a very broad singlet peak. The inte- 
grated area under the N-H + peak was reduced from ap- 
proximately one-sixth that of the ring proton area to ap- 
proximately one-twelfth, indicating that exchange was 
complete and the system had equilibrated. It is assumed 
that it was the hydroxyl deuterium that exchanged with 
the N-H +. This implies that the N-H + is available to cata- 
lyze various proton catalyzed reactions and broadens the 
scope of the A1C1JCsH~NC1 melt as a reaction medium. 

Reactions with coal.~A sample of the HF/HC1 de- 
mineralized HVC coal was added to the A1C1JCsH~NCI 
melt  and allowed to mix with it for 20h at 30~ The black 
slurry was then quenched and the coal separated from the 
melt and analyzed to assure us that no substantial ele- 
mental changes had occurred. No distinction was made 
between the melt soluble and melt insoluble coal frac- 
tions; both were combined. The elemental analysis was 
substantially the same as before [C 66%, H 4.8%, N 1.25%, 
S 6.46% (total)]. To detect changes in average molecular 

weight of the coal that may have occurred through bond 
cleavage, autoalkylation, etc., the solubility of the reacted 
coal in a 3:1 benzene-methanol solution was compared 
with that of the unreacted coal in the same solvent. The 
solubility of the reacted coal was 6.3% by weight and the 
solubility of the unreacted coal was 9.8% by weight. Con- 
sidering the errors involved in recovery and the relatively 
low solubilities of the two coals, there is not very much 
difference. Nevertheless, it is possible that some internal 
change such as autoalkylation did occur while the coal 
was in the melt. 

The reaction between the demineralized coal and the 
2-propanol is shown schematically in Fig. 4. We initially 
used long reaction times (> 15h) and low temperatures 
(30~ but subsequently found that shorter reaction times 
and higher temperatures (40~176 gave smaller weight 
increases, lower ash content, and higher solubilities in or- 
ganic solvents. From our model compound reactions and 
chemical analyses, we can say with some assurance that 
the increase in weight is due to isopropyl groups bonding 
to the coal. 

The larger weight increases that we were able to 
achieve with this reaction represent the addition to the 
coal of approximately 15 alkyl groups per i00 carbons, 
which is more than the number reported by Kroger for 
the alkylation of high vitrinite coals using isopropyl chlo- 
ride and AIC13 in CS2 at 45~ (20, 21). This strongly sug- 
gests that the 2:1 A1C13/pyrC1 melt is the best medium yet 
found for Friedel-Crafts alkylation of coal and may, in 
fact, have general synthetic importance (22). 

The molecular weight distribution of the benzene/meth- 
anol soluble fraction of the alkylated coal was obtained 
by gel permeation chromatography with a UV detector 
set at 254 nm. Four ~-styrogel columns were used in 
series for the separation. Three had 100A nominal pore di- 
ameters and one had 500A nominal pore diameters. The 
chromatogram is shown in Fig. 5. The molecular weights 
ranged from 4400 to less than 100 with the largest fraction 
being in the neighborhood of 560. Since 254 nm is the re- 
gion .of the spectrum in which aromatic molecules 
strongly absorb light, a conclusion that can be drawn 
from this chromatogram is that there are either polymers 
containing aromatic units or double and triple bonds 
(which also absorb at 254 nm) dissolved in the 
benzene/methanol solution. These entities could not have 
easily originated from the a]kylating agent and, therefore, 
had to come from the coal. The average molecular weight 
distribution of the soluble fraction of alkylated coal is 
quite low and is preliminary evidence for concluding that 
depolymerization is accompanying alkylation (23, 24). 

�9 CH3C-CH 3, AICI 3 

H 

I --  

~H 

Demineralized Coal + CH3-C-Cff 3 

i 2AICId:IC5K6NCI 40"C 

Alkylated Coal (welght increase 12-28%) 

I H20 extract 

insoluble 

(aikylated coal) 

1. dried ~n 
vacuo 

2. Bz/MeOH 
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Total Solubxlity 28 + 15 = 83% 

insoluble 
(72%) 
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pyridine 
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r ~ P I J " ~ l I ~ & J I ' ' ' ~ ' ' ' Fig. 4.  Schematic diagram of the reaction between 2-propanol and 
Fig. 3. 1HNMR spectrum of 2 A I C I J C s H e N C I  at  70~  demineralized PSOC-244  coal. 
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Fig. 5. Gel permeation chromatogram of the benzene/methanol solu- 
ble portion of alkylated coal. 

A portion of the benzene/methanol soluble fraction of 
the alkylated coal was analyzed via the solid probe of the 
GC/MPD and was found to contain sulfur in about the 
same proportion as in the original coal. This was consid- 
ered proof that at least some of the original coal was dis- 
solving. It is impossible for the sulfur to have originated 
from the alkylating agent. The sulfur compounds proba- 
bly were liberated by breaking a methylene-sulfur bond 
(25). 

To further characterize the alkylation reaction and un- 
derstand its effect on the coal's solubility, as well as to 
prove beyond a reasonable doubt that the 2-propanol 
alkylated the coal rather than polymerized and then at- 
tached itself loosely to the coal's surface, we decided to 
measure the net solubility of the coal rather than the solu- 
bility of coal plus added alkyl groups, which is the quan- 
tity usually reported in the literature. To do this, we 
alkylated a 0.722g sample of coal with 2-propanol-ds. The 
coal increased its weight 0.084g or about 12%. We then ex- 
tracted 0.6482g of this deuterated coal with benzene/ 
MeOH (3:1) and pyrolyzed the residue, which weighed 
0.481g. The three fractions were analyzed for C, 1H, and 
~H, using the technique described earlier. The residue 
contained 0.0146g of ~H. The ~H initially present in the 
starting sample weighed 0.018g. This means that the in- 
soluble coal remaining after benzene/MeOH extraction 
contained 81.t1% of its original 2H and 18.9% of the 
deuterated alkylating agent dissolved along with the coal. 
The ne t  coal solubility is therefore 

100 x [ 0.6840" 167_x[(0.189 x(0.6480.8_06x 0.0675)]0.084) = 28% 

This should be compared with the 6.3-9% solubility of the 
nonalkylated coal and represents a significant increase in 
solubility with relatively little alteration of the structural 
units that comprise the coal, An interesting result of this 
experiment,  besides proving that the 2-propanol alkylated 
the coal and not itself, is that at least 10% more coal dis- 
solved than alkylating agent. In all likelihood, the princi- 
pal reason for the increase in the alkylated coat's solubil- 
ity is a decrease in the cross-linking between the coal 
macromolecules, which causes the coal to swell. In sev- 
eral of our alkylation reactions, the coal and 2-propanol, 
which were in the form of a slurry in the media, turned to 
a "pudding-like" material. We interpreted this to be par- 
tially caused by a swelling of the coal. In our system, the 
decrease in the extent of cross-linking is due to the scis- 
sion of methylene and aryl-methylene bonds which is a 

secondary, but important, by-product of the Friedel- 
Crafts alkylation, as shown in our model compound stud- 
ies. The decrease in cross-linking permits the solvent to 
solvate previously inaccessible interior units of the coal 
macromolecule, which may not have been as completely 
alkylated as exterior portions, and increase the coal's sol- 
ubility above what it would have been in the absence of 
alkylation. Stating this conclusion slightly differently, 
swelling of the coal, which is a result of a by-product of 
the Friedel-Crafts reaction, is the important process for 
increasing the coal's solubility and causing the substan- 
tial solubility differential between alkylating agent and 
coal. To sharpen this argument, we measured the 
alkylated coals' solubility in the molten salt because coals 
are notoriously insoluble in highly polar or ionic solvents. 
The original demineralized coal had a molten salt solubil- 
ity of 6.5% while the alkylated coals' solubility was 15.9%. 
The most plausible explanation for this substantial in- 
crease in solubility is the A12C1c and C~H~H + ions were 
able to penetrate the interstices of the coal macromo- 
lecule and solvate severed sections of the coal. 

Comparing the solubilities of the alkylated and 
nonalkylated coals in various solvents shows that the 
alkylated coal is in all cases considerably more soluble. 
Since increased cross-linking, Scholl reactions and 
autoalkylation are also possible (17) in the melt; an obvi- 
ous conclusion that can be drawn from our results is that 
at low temperatures (40~ alkylation, depolymerization, 
and reduction of intermolecular cross-linking are pro- 
ceeding at a faster rate than Scholl reactions, auto- 
alkylation, and internal cross-linking. This means that 
alkylation by 2-propanol in 2A]C13:ICsH6NC1 is a useful 
technique for coat solubilization. It also means that coal 
solubility is not a linear function of weight increase, but 
depends in a complex manner on all of the external con- 
ditions. 

Reaction mechanisms.--The reaction mechanisms that 
can be given in detail and with some degree of confi- 
dence are those involved with autoalkylation of bibenzyl 
and the alkylat ion of bibenzyl with 2-propanol. The first 
step in the autoalkylation of bibenzyl is the removal of a 
hydride ion from the bibenzyl to generate the carbonium 
ion 

� 9 1 6 9  -"- � 9 1 6 9  -c-c- > - - c - -  [3] 
I 

1 2 

Another bibenzyl molecule then attacks the carbonium 
ion and the reaction proceeds via the scheme shown be- 
low 

�9 
G 
- c ~  

i C - 

I I . _ ~ C  _ C 

�9 

< + (O,m) 

3 

R H  

[4] 

Both compounds 6 and 7 were identified by GC/MS and 
HPLC, and R § con t inues the  chain reaction. This scheme 
is quite similar to the Friedel-Crafts transalkylation mech- 
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anism suggested by Roberts and Roengsumran for 
isotopically labeled n-propylbenzene (26). 

The alkylation of the bibenzyl by the 2-propanol has for 
its initial step 

[5] 

~H3 ~ CH3 
H-C-OH + ~ .-~-OH?§ + 

CH3 CH 3 

'- ,I, 
H~)~Vcu~ + H20 + Cl- 

~H3 

The propyl carbonium ion is then attacked by the 
bibenzyl forming the various products we have isolated. 
It should be kept in mind that we did not observe exten- 
sive autoalkylation of bibenzyl in the presence of 
2-propanol. 

In all likelihood, the principal reaction mechanism for 
the coal alkylation by 2-propanol is similar to Eq. [5] with 
the carbonium ion then reacting with aryl sites in the coal 

+ He [6] 
I �9 r 

+ > 

I 

coal 

Competing with this reaction are Scholl type reactions of 
the form (27) 

[7] 
A'2C'7 

coal 

Surprisingly, Scholl reactions did not occur to any great 
extent in the bibenzyl-2-propanol experiments, but  there 
was evidence for this type of reaction in the bibenzyl 
autoalkylation. 

As a result of the formation of compounds 5 and 6 (Eq. 
[4] as well as the slight decrease in the solubility of the 
demineralized coal in benzene/methanol, one cannot rule 
out the possibility that Eq. [7] is competing with Eq. [6]. 
The substantial increase in the alkylated coal's ben- 
zene/methanol solubility relative to the nonalkylated coal, 
even taking into account that some of the soluble material 
was the alkylating agent, together with the production of 
toluene, benzene, ethyl benzene, and other reduced spe- 
cies in the model compound reaction, suggests that a re- 
duction reaction of some sort is also occurring in addition 
to the other processes already mentioned. Moreover, a 
similar study of I 11 no. 6 coal has given us spectroscopic ev- 
idence for the reduction of a carbonyl group to a hydroxyl 
group  (28). This  r educ t i on  p r o b a b l y  resu l t s  f rom the 
protonation of a carbonyl oxygen and the subsequent  hy- 
dride extraction from either the isopropyl alcohol or hy- 
dride donors in the coal itself. Isopropyl alcohol is known to 
be a good hydride donor, and acetone was observed as a re- 
action product. 

Conclusion 
A 2:1 A1C1JCsH~NC1 solution is an excellent reaction 

medium for both Friedel-Crafts alkylation and depolym- 
erization of coal. The low temperatures at which the reac- 
tions occur in this melt further enhance the ease of han- 
dling of the reaction products and prevent the decompo- 
sition of the molecular subunits  comprising this coal. 
However, a large variety of coals and model coal com- 
pounds remain to be studied before a firm conclusion as 
to the detailed mechanisms and scope for these intr iguing 
reactions can be determined. It is also our opinion, in 
agreement with other authors, that alkylation is a 
beneficial treatment of coal prior to liquefaction, and if 
combined with an oxyalkylation like that described by 
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Liotta, may become an extremely important method of 
liquefying coal (29, 30). 
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Equilibrium Concentrations of FeS2 and FeS in LiCI-KCI Eutectic 
Melts 

Ram A. Sharma and Randall N. Seefurth* 
General Motors Research Laboratories, Warren, Michigan 48090-9055 

ABSTRACT 

Solubilities of FeS2 in LiC1-KC1 eutectic melts between 720 and 900 K are represented by the equation 

5157.33 
log (mol fraction, XFes2) - ~ + 0.666 +- 0.125 

They were measured by a new optical technique. This was necessitated by an excessive scatter in the solubility data 
determined by chemical analysis of the melts after establishing equilibria between the melts and FeS2 by diffusion and 
counterdiffusion. The solubility of FeS in these melts determined chemically also had an excessive scatter. In addition, 
the optical technique was inadequate, as no solid FeS sample could be satisfactorily used. Therefore, the solubilities 
were calculated from the equilibrium constant of the reaction 

FeS(s) + 2 (LiC1) ,,lyre = (FeC12),,lyt~ + (Li2S),,lyte 

using relevant thermodynamic data. 

Rechargeable cells are being developed using Li-A1 or 
Li-Si negative electrodes, iron sulfide or iron disulfide 
positive electrodes, and LiC1-KC1 melts contained in bo- 
ron nitride cloth separators as electrolytes (1-3). These 
cells have performed for over 10,000h (2), but the specific 
energy starts declining after about 3000h. Post-test exami- 
nation of some of the compact cells which had Li-A1 elec- 
trodes indicated very fine iron particles associated with 
lithium sulfide particles within the boron nitride separa- 
tors (4). The degradation in performance o f  these cells 
may be caused by the loss of positive electrode active ma- 
terials through their solubilities in the electrolyte. The 
iron sulfides in the positive electrodes themselves might 
have dissolved slightly in the electrolyte and reacted with 
dissolved lithium yielding iron and li thium sulfide 
particles. Boron nitride fibers could provide nucleating 
sites for their deposition. Therefore, it is necessary to 
have solubility data for the iron sulfides to evaluate this 
hypothesis. The following investigation was a part of this 
effort and was conducted to measure the solubilities of 
FeS and FeS2 in LiC1-KC1 eutectic electrolyte at different 
temperatures. 

As a first attempt, the solubilities were measured by 
equilibrating the LiC1-KC1 melts with the respective sol- 
utes inside specially designed sealed silica capsules at dif- 
ferent temperatures and determining the solute contents 
by chemical analysis. A large scatter was observed in 
these measurements.  This scatter was caused by the 
difficulty in chemically determining the very low con- 
tents of the solutes in the equilibrated melts. Therefore, a 
new optical technique was developed. In general, this 
technique consists of sealing weighed amounts of solute 
and solvent inside a transparent silica capsule under vac- 
uum. The capsule is slowly heated inside a furnace 
equipped with viewing ports. After the electrolyte has 
melted, the solid solute particle is observed occasionally 
with a microscope. At a certain temperature, the solute 
dissolves completely in the melt, and the solubility is de- 
termined from the weighed amounts of solute and solvent 
and the observed temperature of dissolution. The tech- 
nique was tested by determining the solubilities of Li2S in 
LiC1-KC1 eutectic melts. These solubility data were in 
agreement with data in the literature (5). 

Experimental 
Materials.--Electrolytes obtained from two sources 

were used in these studies. First, LiC1 of 99.6% purity and 
KC1 of 99.9% purity were combined to form the eutectic 
mixture [58 mol percent (m/o) LiC1-42 m/o KC1; mp = 625 
K (6)]. This mixture was purified by bubbling chlorine 
through the melt at 775 K for 4h, and subsequently 
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removing the chlorine by bubbling with helium for lh. 
Second, a high purity eutectic was obtained from 
Anderson Physics Laboratory and used for the majority 
of the tests. 

A section of a large naturally occurring crystal of pyrite 
(FeS2) was cleaved off and broken into sample-size pieces. 
These pieces were analyzed under a microscope capable 
of 30X magnification, and only pieces having smooth and 
shiny surfaces [indicating no entrapped silica (SiO2) im- 
purities] were selected for testing. Chemical analyses of 
such specimens revealed an iron content of 46.3 weight 
percent (w/o) compared to the theoretical value of 46.55 
w/o. 

Inside a helium-atmosphere dry box, a quantity of high 
purity FeS (63.1 w/o Fe by chemical analysis against 63.53 
w/o theoretical Fe) was placed in a graphite container 
with a tightly fitting cover which was cleaned by firing 
at about -1300 K in a helium atmosphere. The container 
was placed in a flat-bottom silica tube which was closed 
with a rubber stopper having helium inlet and outlet 
ports. The silica tube was taken out of the dry box and 
positioned in a high frequency furnace heating coil. The 
graphite container was heated to -1550 K, kept at this 
temperature for about 30 min, and then cooled in flowing 
helium. The silica tube with its content was transferred 
into a dry box. The FeS lump was taken out of the graph- 
ite container and crushed into small pieces for use in the 
solubility measurements using the chemical technique. 

Apparatus and procedure.-~:hemical analysis ~tech- 
nique.--Sealed silica (Vycor) capsules of different de- 
signs, as shown in Fig. 1, were used to hold the melts. 
These different designs were tested in an attempt to mini- 
mize the convective transport of fine undissolved solute 
particles during equilibration (i.e., to attain equil ibrium 
by diffusion and counterdiffusion only) and to minimize 
compositional changes due to transport of the melt from 
the different compartments of the capsule during 
quenching. To further reduce the chances of convective 
transport of the solute particles, silica shot was placed on 
the inner small solute tube. Any errors due to segregation 
were avoided by using the whole amount of melt from the 
lower limb. The results from these different designs were 
similar, therefore, the capsule of the design shown in Fig. 
la was arbitrarily used. 

Before use, the silica capsules were cleaned a few times 
with soap and water, then with alcohol, and dried at 475 
K. They were fired in hydrogen at ii00 K for lh. 

Inside a helium-atmosphere dry box, enough LiCI-KCI 
eutectic mixture was melted in the silica capsules (Fig. 
IA, IB, IC) to fill only the bottom extensions. After 
removing gas bubbles from the melt, the second smaller 
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Vacuum 10  -3  
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A 

L_ 
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Fig. I. Schematic representation of the silica containers used for solu- 
bility measurements (chemical technique). 

t u b e  w i t h  t he  so lu te  r e a c t a n t  p ieces  (FeS or FeS2) was  
p l aced  in s ide  t h e  si l ica capsule .  A n  a d d i t i o n a l  a m o u n t  of  
LiC1-KC1 m i x t u r e  was  s lowly  added ,  t a k i n g  care  to keep  
t h e  m i x t u r e  m o l t e n  a n d  to s u b m e r g e  t he  sma l l e r  t u b e  
comple t e ly .  T h e  me l t  was  s lowly  solidified,  a v o i d i n g  gas 
b u b b l e  e n t r a p m e n t .  T he  si l ica capsu l e s  we re  t h e n  t a k e n  
ou t  of  t he  d ry  b o x  a n d  sea led  u n d e r  a v a c u u m  of  - 1 0  -a 
torr.  

A layer  of  t h e r m a l  i n s u l a t i o n  was  p l aced  in  t h e  b o t t o m  
of a s t a in less  s teel  con ta ine r ,  200 m m  long  a n d  57 m m  id. 
E i g h t  s ta in less  s teel  tubes ,  150 m m  long  a n d  14 m m  id, 
we re  p o s i t i o n e d  in the  con ta ine r ,  a n d  t he  a n n u l a r  space  
was  filled w i t h  sand.  T h e  sea led  sil ica c a p s u l e s  were  
p l a c e d  i n s i d e  t he  smal l e r  s t a in less  s teel  t u b e s  w h i c h  were  
t h e n  c o v e r e d  by  a n o t h e r  layer  of  t h e r m a l  insu la t ion .  

A ver t i ca l  t u b u l a r  f u r nace  (450 m m  long,  75 m m  diam)  
w i t h  a u n i f o r m  t e m p e r a t u r e  zone  a b o u t  150 m m  long  was  
u s e d  to h e a t  t he  mel ts .  T he  o the r  i n s t r u m e n t s  u s e d  in  
c o n j u n c t i o n  w i t h  t he  f u r n a c e  i n c l u d e d  a p r o p o r t i o n a l  
b a n d  t e m p e r a t u r e  cont ro l le r ,  a p o t e n t i o m e t e r ,  a n d  cali- 
b r a t e d  C h r o m e l - A l u m e l  t h e r m o c o u p l e s .  

T h e  s ta in less  s teel  c o n t a i n e r  was  p l aced  in t he  p rede te r -  
m i n e d  u n i f o r m  t e m p e r a t u r e  zone  of t he  ver t i ca l  t u b u l a r  
fu rnace ,  a n d  t he  e m p t y  space  in the  f u r nace  was  p a c k e d  
w i t h  t h e r m a l  insu la t ion .  T he  f u r nace  was  h e a t e d  to a de- 
s i red  t e m p e r a t u r e  a n d  k e p t  at  th i s  t e m p e r a t u r e  for t he  
e q u i l i b r a t i o n  per iod .  F r o m  t he  r e su l t s  of e x p e r i m e n t s  
ca r r i ed  ou t  for d i f fe ren t  l e n g t h s  of t ime,  t h e  e q u i l i b r a t i o n  
pe r iod  was  d e t e r m i n e d  to be  a b o u t  15 days.  Howeve r ,  t he  
tes t  s a m p l e s  were  genera l ly  a l lowed  to equ i l i b r a t e  a b o u t  
30 days,  a n d  in s o m e  cases  e v e n  55 days.  At  t he  e n d  of  t he  
e q u i l i b r a t i o n  per iod ,  the  s a m p l e s  were  q u e n c h e d  in oil, 
t h e  l i m b  c o n t a i n i n g  the  e q u i l i b r a t e d  sol idif ied m e l t  was  
b r o k e n  off, a n d  the  so lub i l i ty  was  d e t e r m i n e d  b y  chemi -  
cal ana lys i s  of t he  to ta l  c o n t e n t s  in  t h e  l i m b  for  iron.  

In  t he  case  of sil ica capsu le  D (Fig. 1), t h e  s a m e  p repa ra -  
to ry  p r o c e d u r e  was  fo l lowed e x c e p t  the  sma l l e r  sil ica 
t u b e  w i t h  t he  so lu te  was  p o s i t i o n e d  at  t he  v e r y  b e g i n n i n g ,  
t he  LiC1-KC1 m i x t u r e  was  a d d e d  in  s tages  a n d  m e l t e d  un-  
til  t h e  level  of  t he  m e l t  was  a b o v e  the  capil lary.  D u r i n g  
t he  e q u i l i b r a t i o n  per iod ,  the  si l ica c aps u l e  was  no t  p l a c e d  
in t h e  sma l l e r  s ta in less  t ube ;  ra ther ,  i t  was  s u b m e r g e d  
in to  t he  s a n d  ins ide  t he  b igger  s ta in less  s teel  con ta ine r .  

Optical technique.--The t r a n s p a r e n t  t es t  capsu le s  were  
m a d e  b y  c los ing  one  e n d  of  a 10 cm- long  p iece  of  25 m m  
od si l ica t u b e  a n d  a d d i n g  a n e c k  (20 c m  long  b y  15 m m  
od) to t he  o p e n  end.  A g r o u n d  glass j o i n t  was  a t t a c h e d  to 
t h e  neck ,  wh i l e  t he  ba se  of  t he  caps u l e  was  p r o v i d e d  w i t h  
a sma l l  p r o t r u s i o n  (3 m m  deep  b y  5 m m  id) for fac i l i t a t ing  
s a m p l e  locat ion.  T he  capsu l e s  were  w a s h e d  w i th  soap  
a n d  water ,  ace tone ,  a n d  f inal ly d is t i l led  w a t e r  u s i n g  an  
u l t r a s o n i c  c leaner .  T h e y  were  oven  d r i ed  a t  375 K a n d  
coo led  to r o o m  t e m p e r a t u r e .  A p r e w e i g h e d  so lu te  s a m p l e  
was  i n s e r t e d  in to  each  caps u l e  w h i c h  was  t h e n  t r ans -  
fe r red  in to  a h e l i u m - a t m o s p h e r e  ( typical ly  less  t h a n  1 

p p m  O~, N~, or H20) d ry  box.  P r e d e t e r m i n e d  a m o u n t s  of  
LiC1-KC1 eu tec t i c  were  w e i g h e d  in s ide  t he  d ry  b o x  a n d  
p l a c e d  in s ide  t he  r e spec t ive  capsules .  E a c h  c a p s u l e  was  
c losed  ins ide  the  d ry  box ,  u s i n g  a g r o u n d  glass  j o i n t  a n d  
s t o p c o c k  a s sembly .  The  l o a d e d  capsu le  was  t h e n  re- 
m o v e d  f r o m  t h e  d ry  b o x  a n d  sea led  at  t h e  b a s e  of t h e  
n e c k  u n d e r  a v a c u u m  of  - 1 0  -3 to r r  u s i n g  c o m m o n  glass- 
b l o w i n g  t e c h n i q u e s .  A l iqu id  n i t r o g e n  cold  t r ap  was  u s e d  
b e t w e e n  t he  m e c h a n i c a l  p u m p  a n d  t he  capsu l e  to p r e v e n t  
b a c k  d i f fus ion  of  v a p o r s  f rom the  p u m p  in to  the  s a m p l e  
zone. 

A description of the apparatus used in this optical tech- 
nique is shown in Fig. 2. Briefly, the sealed capsule, to- 
gether with three calibrated thermocouples and two op- 
tical prisms, was mounted in a stainless steel test fixture 
to insure system rigidity. Two of the thermocouples were 
positioned near the bottom of the melt area, the other 
near the top. This fixture was inserted into a two-zone, 
vertical tubular clamshell heating element furnace (3.8 cm 
id by 40 cm long). One of the lower thermocouples was 
used in conjunction with a proportional-band tempera- 
ture controller to control the temperature of the lower fur- 
nace zone. The other two thermocouples were used in 
conjunction with a digital temperature-readout system 
and a data-acquisition system to monitor the melt temper- 
ature. The top furnace zone (above the sample zone) was 
heated only to maintain a constant temperature through- 
out the test zone. It was regulated manually by means of 
an autotransformer. 

Initially, the furnace was equipped with two viewing 
ports, which with the aid of the prisms, allowed transmis- 
sion of light from the source through the test capsule to 
the microscope. Later, a third port, opposite the lower 
port, was introduced for versatility in lighting and observ- 
ing the sample. The ports were covered with transparent 
silica plates to eliminate air circulation, while the top and 
bottom of the furnace were closed with thermal insula- 
tion. A 300W xenon lamp was used to illuminate the 
sample capsule, and a stereomicroscope capable of 70X 
magnification was used to view the sample. 

After the electrolyte was melted, the solid solute 
particle was observed occasionally with the microscope. 
The temperature was slowly raised in steps. Near the dis- 
so lu t ion  t e m p e r a t u r e ,  i t  was  i n c r e a s e d  in a p p r o x i m a t e l y  
5 ~ i n c r e m e n t s  a n d  k e p t  at  e ach  t e m p e r a t u r e  at  leas t  6h. At  
a ce r t a in  t e m p e r a t u r e ,  t he  so lu te  w o u l d  d i s so lve  com- 
p le te ly  in  t he  melt ,  a n d  the  so lub i l i ty  was  d e t e r m i n e d  
f rom the  w e i g h e d  a m o u n t s  of so lu te  a n d  so lven t  a n d  the  
o b s e r v e d  t e m p e r a t u r e  of  d i sso lu t ion .  

Results and Discussion 
FeS2 solubility.--The so lubi l i t i es  of FeS2 in  LiC1-KC1 eu- 

t ec t i c  m e l t s  a t  d i f fe ren t  t e m p e r a t u r e s  d e t e r m i n e d  b y  t he  
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Fig. 2, Schematic diagram of the solubility apparatus (optical technique) 
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Fig. 3. Solubility of FeS~ (pyrite) in LiCI-KCI eutectic electrolyte 
melts. &: optical technique. ~: chemical technique. ~: Hall (7). 

c h e m i c a l  ana lys i s  t e c h n i q u e  are p r e s e n t e d  in Fig. 3. A n  
exces s ive  sca t t e r  in  t he  da ta  is obse rved .  Th i s  sca t t e r  m a y  
be  d u e  to the  dif f icul ty  in  d e t e r m i n i n g  the  ve ry  low sol- 
u te  c o n t e n t  of  the  sol idif ied me l t  b y  c h e m i c a l  analysis .  
However ,  t he  lower  l imi ts  of  t he  so lubi l i ty  are  in  agree-  
m e n t  w i t h  t h o s e  d e t e r m i n e d  b y  a f i l t ra t ion t e c h n i q u e  
(Fig. 3) r e p o r t e d  by  Hal l  (7). 

The  so lub i l i ty  of 12 FeS2 s a m p l e s  in  LiC1-KC1 eu tec t i c  
e lec t ro ly te  at  d i f fe ren t  t e m p e r a t u r e s  d e t e r m i n e d  u s i n g  
the  opt ica l  t e c h n i q u e  are g iven  in  Tab le  I. They  are also 
r e p r e s e n t e d  g raph ica l ly  in Fig. 3, w h e r e  t he  sol id l ine  rep-  
r e s e n t s  a leas t  squa r e s  fit to t he  data.  The  FeS2 so lub i l i ty  
da ta  b e t w e e n  720 a nd  900 K can  b e  f u r t h e r  r e p r e s e n t e d  by  
the  e q u a t i o n  

5157.33 
log Xres2 - - -  + 0.666 -+ 0.125 [1] 

T 

w h e r e  Xr~s~ = mo l  f rac t ion  of  FeS~ in  eu tec t i c  sal t  a n d  T 
= t e m p e r a t u r e  in  deg rees  K. The  e r ro r  c a u s e d  b y  t he  
u n c e r t a i n t i e s  in  the  w e i g h t s  a n d  t e m p e r a t u r e  measu re -  
m e n t s  fall w i t h i n  t he  sca t t e r  of  the  data.  T h e s e  r e su l t s  in- 
d ica te  FeS2 is m a r k e d l y  less so lub le  in eu tec t i c  t h a n  t h a t  
d e t e r m i n e d  by  t he  above  e q u i l i b r i u m  t e c h n i q u e s .  At  com-  
pa r ab l e  t e m p e r a t u r e s ,  t he  so lubi l i ty  appea r s  to  be  two  to 
t h r e e  o rde r s  of  m a g n i t u d e  less t h a n  in t he  a b o v e  s tudies .  

The  s lope  f rom Fig. 3 c an  be  u s e d  to ca lcu la te  t he  rela- 
t ive  par t i a l  m o l a r  e n t h a l p y  of so lu t ion  of FeS~ in  t he  LiC1- 
KC1 mel t .  At  e q u i l i b r i u m  b e t w e e n  t h e  p u r e  sol id FeS2 and  
t he  m e l t  

~,~, =/z,l~ [2] 

w h e r e  /~,~, a n d  ~,~, are t he  c h e m i c a l  po t en t i a l s  of FeS2 in 
t he  sol id and  l iqu id  phases ,  respec t ive ly .  I f  p u r e  sol id 
FeS2 is de f ined  as the  s t a n d a r d  state,  t h e n  

P'(~) -/z~ = ~,D - P'~ = AH - T AS = 0 [3] 

Table I. Solubility of FeS2 (pyrite) in LiCI-KCI eutectic melts 

Dissolution 
FeS2 wt Eutectic wt Mol Fraction Temp 

Sample (/~g) (g) FeS2 (K) 

1 26 11.15 1.09 x 10 -6 782 
2 45 12.51 1.68 • 10 -6 808 
3 14 10.57 6.17 • 10 -T 764 
4 9 11.70 3.58 • 10 -7 721 
5 800 40.00 9.32 x 10 -6 893 
6 245 40.00 2.85 • 10 -8 824 
7 62 30.00 9.63 x i0 -7 783 
8 171 30.00 2.66 • I0 -6 828 
9 73 30.00 1.13 • 10 -6 783 

I0 117 30.00 1.82 • i0 -6 800 
11 40 30.00 6.21 • 10 -~ 745 
12 10 10.00 4.66 x 10 -7 727 

M a y  1 9 8 4  

w h e r e  A H  is t he  re la t ive  par t ia l  mo la r  e n t h a l p y  of  solu- 
t ion  a n d  AS is t he  re la t ive  par t ia l  m o l a r  e n t r o p y  of  solu- 
t ion.  In  add i t i on  

~,1~ - /z~ = R T  in  aFt.s2 = R T  in  X'v~.s2 [4] 
Z F e s 2  

w h e r e  R is t he  gas cons tan t ,  av~.s~ is the  ac t iv i ty  of FeS2 
wi th  r e s p e c t  to p u r e  solid FeS2, X'v~s2 is any  mole  f rac t ion  
of  FeS2 b e l o w  the  so lubi l i ty  l imit,  and  1/Xvr is t he  act iv-  
i ty coeff ic ient  of FeS2 on  t he  a s s u m p t i o n  t h a t  it r e m a i n s  
c o n s t a n t  be low its so lub i l i ty  l imit.  Also 

AS = AS ~x + A S  i~ = A S  "x - R In X'v~,s2 [5] 

where___hS ~x is the  excess  par t ia l  m o l a r  e n t r o p y  of  so lu t ion  
a n d  A S  ~d is the  idea l  par t ia l  mo la r  e n t r o p y  of  solut ion.  

0 By subs___tituting the  va lue  of ~,D - /z ,~, f rom Eq. [4] a n d  
t h a t  of  AS f rom Eq. [5] in to  Eq. [3], and  r e a r r a n g i n g  the  
t e rms ,  t he  fo l lowing e q u a t i o n  can  be  o b t a i n e d  

AH 1 - -  
in  Xv~.s~ - + - -  A S  ~x [6] 

R T  R 

Therefore ,  t he  s lope of a p lo t  b e t w e e n  in X v ,  s2 and  l I T  will  
b e  equa l  to - A H / R .  

P r o c e e d i n g  in th i s  m a n n e r ,  t he  par t ia l  m o l a r  e n t h a l p y  
of  so lu t ion  of  FeS2 was  ca l cu la t ed  f rom the  da ta  pre-  
s e n t e d  in Fig. 3. I t  was  ca l cu la t ed  to be  23.5 kcal /mol ,  
w h i c h  is a b o u t  twice  t h a t  of  Li~S [13 kca l /mol  (5)]. This  
h i g h e r  e n t h a l p y  ind ica t e s  a g rea te r  degree  of di f f icul ty  
for FeS2 to b e  a c c o m m o d a t e d  in to  t he  melt .  

F e S  s o l u b i l i t y . - - T h e  so lubi l i t i es  of  FeS  d e t e r m i n e d  by  
t he  c h e m i c a l  ana lys i s  t e c h n i q u e  (Fig. 4) h a d  a n  excess ive  
sca t t e r  s imi la r  to t h a t  o b s e r v e d  in t he  case  of FeS2 solubi l -  
ities. In  add i t ion ,  an  a t t e m p t  at  m e a s u r i n g  t he  so lub i l i ty  
of FeS  by  the  opt ica l  t e c h n i q u e  was unsucces s fu l .  The  
FeS  s a m p l e s  ( A p p e n d i x  A) a p p e a r e d  to a b s o r b  e lectro-  
lyte, i nc r ea se  in  size, a n d  deve lop  t ree- l ike s t r u c t u r e s  on  
t he i r  u p p e r  surfaces .  They  d i s so lved  in t he  e lec t ro ly te  
o n l y  af te r  t he  t e m p e r a t u r e  s u r p a s s e d  ~900 K. The  t ree-  
l ike  s t r u c t u r e  a n d  s low d i s so lu t i on  pr ior  to 900 K m a y  be  
due  to t he  f o r m a t i o n  of  " J - p h a s e "  (8). Therefore ,  t he  solu- 
b i l i t ies  were  ca lcu la ted  as follows. 

Calculation of the Solubility of FeS 
The  d i s so lu t i on  of FeS  in LiC1-KC1 mel t s  m a y  be  repre-  

s e n t e d  by  t he  r eac t ion  

FeS(s)  + 2(LiC1)e,,yt~ = (FeC12)e,,yt~ + (Li~S)~qyt~ [7] 

Th i s  r eac t i on  has  b e e n  u s e d  in the  r eve r se  d i r ec t i on  by  
S a b o u n g i  e t  a l .  (8), to d e t e r m i n e  the  so lub i l i ty  of  FeS  in 
the  e lec t ro ly te  b y  a n  e l e c t r o c h e m i c a l  t e c h n i q u e .  The  
e q u i l i b r i u m  c o n s t a n t  (K) for t he  r eac t ion  in  t e r m s  of  the  
ac t iv i t i es  (a~) of  t he  r e a c t a n t s  a n d  p r o d u c t s  is g iven  b y  

K - a v~c12 ac,2s [8] 
a2LiCl a F e s  

w h e r e  a*Fec~2 is the  ac t iv i ty  of FeCI~ w i t h  r e spec t  to an  
inf in i te ly  d i lu te  so lu t ion  as t he  s t a n d a r d  state,  s u c h  t h a t  
aFecl:/XFec12 = 1 w h e n  X, t he  mole  f rac t ion  of  FeC12 --> 0. 
The  ac t iv i t ies  of t he  o the r  c o m p o u n d s  are w i t h  r e s p e c t  to 
p u r e  sol ids  as t he i r  s t a n d a r d  states.  The re fo re  ar~s = 1 a n d  

K - XrecI2XLi2S~'Li2S [9] 
a2LiCi 

w h e r e  ~/LJ2S is equa l  to t he  r ec ip roca l  of the  s a t u r a t i o n  
mo le  f r ac t ion  of Li2S, XSatci2s. Th i s  is t rue  on  t he  a s s u m p -  
t ion  t h a t  t he  ac t iv i ty  coeff ic ient  of  Li2S is c o n s t a n t  b e l o w  
the  s a t u r a t i o n  mo le  fract ion.  This  a s s u m p t i o n  is reasona-  
ble  w h e n  t he  va lues  of  the  s a t u r a t i o n  mole  f r ac t ions  are 
ve ry  smal l  (Table  II). As pe r  t he  d i s so lu t i on  reaction,.Xti2s 
is equa l  to XFoc~=, t h e n  

X2FeCI2'~LI2 S 
K - [10] 

a2LiC1 
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Fig. 4. Solubility of FeS in LiCI- 
KCI eutectic electrolyte melts. [Z: 
chemical technique. �9 optical 
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The  s t a n d a r d  free e n e r g y  c h a n g e  (AG~ of r eac t i on  [7] is 
g iven  as 

AG% = AG~ + AG*FeCl 2 -- AG%~s - 2hG%ic~ [11] 

The  s t a n d a r d  s ta te  of AG*~ece is aga in  an  inf in i te ly  di- 
lu te  so lu t ion  s u c h  t h a t  ar~c~2/XF,c~2 = 1 w h e n  X~c~: --> 0, 
wh i l e  t he  s t a n d a r d  s ta tes  for the  o the r  c o m p o u n d s  are  
p u r e  solids.  U s i n g  Eq. [11] a n d  the  da ta  g iven  in  Tab le  II, 
AG% is ca l cu l a t ed  to be  27,909, 28,232, a n d  28,793 cal at  
673, 723, a n d  800 K, respec t ive ly .  S ince  

AG~ = -- R T  In K [12] 

by  s u b s t i t u t i n g  Eq. [10] in to  Eq. [12] we get  
2 

AG% = - R T  in  X FeCl2~'Li~S [13] 
a2LiCl 

The  at.~.~ in t he  LiCI-KC1 eu tec t i c  me l t s  a t  d i f f e ren t  t em-  
p e r a t u r e s  ha s  b e e n  r e p o r t e d  e l s e w h e r e  (9) a n d  is g iven  in  
Tab le  II. I t  is a s s u m e d  t h a t  t he  aL,C, r e m a i n s  c o n s t a n t  on  
t he  d i s so lu t i on  of FeS  in t he  L]C1-KC1 melt .  

T a k i n g  t h e  va lues  of  -AG% ca lcu la ted  a b o v e  a n d  t he  da ta  
in  Tab le  II  t h e  mol  f r ac t ions  of  FeC12 were  ca l cu l a t ed  
u s i n g  Eq.  [13]. They  were  f o u n d  to b e  6.5 • 10 -7, 1.5 • 
10 -6, a n d  4,16 • 10 -6 at  673, 723, a n d  800 K, r e s p e c t i v e l y  
(Fig. 4). As  pe r  r eac t i on  [7], t h e s e  e q u i l i b r i u m  c o n c e n t r a -  
t ions  of  FeC12 are  also t he  so lubi l i t i es  of  FeS  in  LiC1-KC1 
eu tec t i c  me l t s  a t  t he  r e s p e c t i v e  t e m p e r a t u r e s .  

The  s t a n d a r d  free e n e r g y  c h a n g e  of r eac t i on  [7] can  also 
be  ca l cu l a t ed  b y  c o n s i d e r i n g  t h e  fo l lowing  i n d i v i d u a l  re- 
ac t ions  

FeS + 2[Li]A, = Li2S + Fe [14] 

2L~ = 2[Li]A, [15] 

Table II. Pertinent thermodynamic data used for colulating the equilib- 
rium constant for reaction [7] and the FeS concentration in LiCI-KCI 

melts 

AG ~ cal per mol, for 
Temp 

Sat  (K) aL,Cl X L~S LiC1 FeS Li~S FeCI~* 

673 0.865 0.000655 -84,409 -24,143 -99,650 -65,402 
723 0.753 0.001320 -83,425 -24,317 -98,950 -63,985 
773 0.668 0.002040 -82,450 -62,568 
800 0.635 0.003090 -81,923 -24,606 -97,850 -61,803 

auc~ from Ref. (9). XS~tu~s from Ref. (5). AG o for LiC1 from Ref. (12). 
AG* for FeCI~ from Appendix B. AG o for FeS from Appendix C. AG o 
for Li2S from Appendix D. 

2LiC1 = 2Li + CI~ [16] 

Fe + C12 = FeC12 [17] 

w h i c h  add  u p  to 

FeS  + 2LiC1 = Li2S + FeCl~ [7] 

T o m c z u k  et  al .  (10) r epo r t  t he  po t en t i a l  of  r e a c t i o n  [14] to  
b e  1.343, 1.338, a n d  1.333V at  673, 723, a n d  773 K, respec-  
t ively.  S h a r m a  and  S e e f u r t h  (11) r e p o r t  t he  p o t e n t i a l s  for 
r eac t i on  [15]. Ca lcu la t ing  the  free e n e r g y  c h a n g e s  of  reac-  
t ions  [14] a n d  [15] a n d  c o m b i n i n g  t h e m  w i t h  t he  f ree  en- 
e rgy  c h a n g e s  of  r eac t ion  [16] (12) a n d  r e a c t i o n  [17] (Ap- 
p e n d i x  B), t h e  f r e e  e n e r g y  c h a n g e  (AG%) for r e a c t i o n  [7] 
was  ca l cu la t ed  to be  27,760, 28,284, a n d  28,013 cal a t  673, 
723, a n d  773 K, respec t ive ly .  P r o c e e d i n g  as before ,  the  
so lub i l i ty  of  FeS  in  LiC1-KC1 eu tec t i c  me l t s  was  cal- 
cu l a t ed  f rom t h e  va lues  of  AG% for r eac t ion  [7]. T h e  solu- 
b i l i ty  was  f o u n d  to be  6.9 • 10 -7, 1.6 • 10 -6, a n d  3.2 x 10 -6 
at  673, 723, a n d  773 K. T h e s e  va lues  are in  good  agree-  
m e n t  w i t h  t he  va lues  ca lcu la ted  above  a n d  w i t h  t h o s e  re- 
p o r t e d  b y  S a b o u n g i  et  al .  (8) f rom t h e i r  m e a s u r e m e n t s  
a n d  f rom s imi la r  ca lcu la t ions  u s i n g  t he  so lub i l i ty  p r o d u c t  
concep t ,  etc. (Fig. 4). In  add i t ion ,  two  FeS  s a m p l e s  h a v i n g  
d i s so lu t i on  t e m p e r a t u r e s  a b o v e  900 K were  r u n  u s i n g  the  
opt ica l  t e c h n i q u e .  The  sol id l ine  in  Fig. 4, r e p r e s e n t i n g  a 
leas t  s q u a r e s  fit to t h e  ca l cu la t ed  so lub i l i ty  data ,  ex t rapo-  
la tes  wel l  t h r o u g h  these  h i g h  t e m p e r a t u r e  poin ts .  Also,  
t he  ca lcu la ted  FeS  so lub i l i ty  va lues  are  c o m p a r a b l e  w i t h  
the  so lubi l i t i es  Of FeS2 in t h e  LiC1-KC1 eu tec t i c  me l t  at  
c o r r e s p o n d i n g  t e m p e r a t u r e s .  

P r o c e e d i n g  as in  the  case  of FeS2, t he  par t i a l  m o l a r  
e n t h a l p y  of  so lu t ion  for  FeS  was  c a l c u l a t e d  f r o m  the  
s lope  of  Fig. 4. I t  was  f o u n d  to be  15.6 kcal /mol .  

C a l c u l a t i o n  o f  the  s o l u b i l i t y  o f  F e S  i n  L i z S - s a t u r a t e d  
e l e c t r o l y t e . - - S i n c e  t h e  cell  e lec t ro ly te  is s a t u r a t e d  w i t h  
Li2S d u r i n g  d i scharge ,  i t  is of  s ign i f ican t  i m p o r t a n c e  to 
d e t e r m i n e  t he  so lub i l i ty  of  FeS  in  t he  s a t u r a t e d  melt .  Th i s  
c an  be  d e t e r m i n e d  f rom re l a t i on  [13], w h e r e  aLi2S b e c o m e s  
u n i t y  u p o n  sa tura t ion .  U s i n g  t h e  va lues  of AG% ca lcu la t ed  
a b o v e  a n d  the  da ta  in  Tab le  II, t h e  mo l  f r ac t ion  of FeCI~ 
in Li2S-sa tura ted  LiC1-KC1 eu tec t i c  me l t s  were  ca l cu la t ed  
to be  7 x 10 -~~ 2 • 10 -9 , a n d  4.5 x 10 -9 at  673, 723, a n d  773 
K, respec t ive ly .  These  mo l  f r ac t ions  w h i c h  are  e q u i v a l e n t  
to t he  so lubi l i t i es  of  FeS  at t he  r e spec t ive  t e m p e r a t u r e s  
are  a b o u t  t h r e e  o rde r s  of  m a g n i t u d e  smal l e r  t h a n  t h o s e  in  
t he  u n s a t u r a t e d  melt .  

Solubilities of Other Iron Sulfide Containing Compounds 
The  d e t e r m i n a t i o n  of t he  so lub i l i t i es  of  t he  c o m p o u n d s ,  

Li2S �9 FeS  (13), LizFe2S4 (13), a n d  Li2+xFe, xS2 (13) in  t he  
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eutectic electrolyte is not possible, because at equilib- 
rium, most of the Li~S is leached out of these compounds 
by the electrolyte, leaving behind iron compounds in the 
solid state. In this situation, final iron sulfide concentra- 
tion in the electrolyte will be that of the electrolyte satura- 
ted with Li2S. Under the assumption that there is an equi- 
librium between the compound and the electrolyte, then 
the concentrations of iron sulfide and Li~S in the electro- 
lyte will correspond to their activities in the compound. 
These concentrations should be smaller than those in the 
electrolyte in equilibrium with the pure phases of unit ac- 
tivities. The compound Li~,Fe~S~ coexists with FeS~, so the 
iron concentration and sulfur concentration of species in 
the electrolyte should be the same whether the com- 
pound is equilibrated with FeS2 or Li3Fe~S4. That means if 
there is no polysulfide in the electrolyte in equil ibrium 
with FeS~ or Li~S, then there should not be any 
polysulfide in the electrolyte in equilibrium with 
Li3Fe~S~. The same reasoning can be extended to dis- 
count the presence of polysulfide in the electrolyte in 
equilibrium with Li~+.,.Fe,_.,.S~, etc. 

Manuscript submitted June  23, 1983; revised manu- 
script received Nov. 14, 1983. This was Paper 784 pre- 
sented at the San Francisco, California, Meeting of the So- 
ciety, May 8-13, 1983. 

General  Motors  Research Labora tor i e s  ass is ted  in meet-  
ing  the p u b l i c a t i o n  costs o f  th is  art icle .  

APPENDIX A 

Preparation of FeS Samples for the Optical Technique 
Two batches of FeS were prepared for use asso lubi l -  

ity samples for the optical technique.  The first batch 
was made by fusing 99% pure FeS, as described earlier. 
Chemical  analyses of postfusion samples indicated an 
overall purity of >99.6% and an iron content  of 63.77 w/o 
Fe compared to 63.53 w/o theoretical Fe. When tested, 
these samples did not dissolve uniformly in the electro- 
lyte. Evidently a phase change occurred which slowed 
down the dissolution process. 

The second batch of FeS was prepared from FeS2. 
Twenty-five mg of FeS2 particles were placed in a small 
pyrolytic graphite crucible, and together with another  
crucible of Fe particles (105 rag) were sealed under  vac- 
uum in a quartz vessel. This vessel was heated to ~915 K 
and allowed to equilibrate for 6 days. The resultant  
particles were porous appearing under a microscope, in- 
dicating loss of sulfur, but  there was not enough sample 
for chemical  analysis. When tested, these samples were 
not wetted and floated on top of the electrolyte. 

A P P E N D I X  B 

Calculation of AG * for FeCI2 
The standard potential  (E ~ of a Fe/FeC12 electrode vs.  a 

Pt(II)-Pt(O) reference electrode in a LiC1-KC1 eutectic 
melt  at 723 K has been reported to be 1.171V by Lait inen 
and Liu (14). This is for an infinitely dilute solution as 
the standard state such that  a~ec~/X~eci 2 = 1 when XFec~ --> 
0. They have also reported E ~ for a C1JC1- electrode vs.  
the reference in the eutectic at 723 K to be 0.216V (14). 
Therefore, the standard formation potential  of FeCI~ 
with infinite dilution as the standard state can be calcu- 
lated by combining the following reactions 

FeC12 + Pt  -~ PtC12 + Fe E ~ = -1.171V [B-1] 

CI~ + Pt --> PtC12 E~ = 0.216V [B-2] 

and obtaining 

FeCI~ ~ Fe + C12 E% = -1.387V [B-3] 

Since 

hG*r~cl~ = - nFE% [B-4] 

where  n is the number  of equivalents  and F is the Fara- 
day constant, then AG*F~c,2 is calculated to be -63,985 
cal/mol at 723 K. 

A check of this AG*~c~ calculation was made by using 
the standard potential  of Li(O)-Li(I), which was com- 
puted to be -3.410V for a 17.39 molar Li(I) concentrat ion 
in LiC1-KC1 eutectic solvent (14), and considering the 
following reactions 

2LiC1 + Pt--*PtC12 + 2Li E% = -3.410V [B-5] 

FeCI~ + Pt---~PtCI~ + Fe E% = -1.171V [B-6] 

2LiC1 + Fe --> FeCt2 + 2Li E% = 2.239V [B-7] 

Proceeding as above, AG o for reaction [B-7] was 
calculated to be 103,290 cal at 723 K. The hG*~ecl2 can 
then be calculated from the relation 

hG*~c~2 = 2AG*L~c~ + AG O [B-7] [B-8] 

In this case, hG%c~ is assumed to be hG~ the standard 
free energy of formation of pure LiC1. This assumption 
indicates that the activity of  LiC1 in the eutectic is not  
much different from its mole fraction. Using AG*L~Cl = 
-83,425 cal/mol (12), the hG*~ec~2 was calculated by rela- 
t ion [B-8] to be -63,560 cal/mol at 723 K. This value is in 
excel lent  agreement  with the -63,985 cal/mol calculated 
above. 

The value of hG%~ci2 at other temperatures  (673 and 
800 K) was calculated using the temperature  coefficient 
of the standard free energy of formation of pure solid 
FeC12. This temperature  coefficient was calculated to 
be 28.335 cal/K from the data reported in the J A N A F  
tables (12). The values of hG%ec,2 at 673 and 800 K were 
calculated to be -65,402 and -61,803 cal/mol, respec- 
tively. 

A second check of the AG*F~c,2 calculations can be 
made using the work of Saboungi  et al.  (8). They report  
the potential  (E) of  a Fe/FeC12 electrode vs.  a AgCI/Ag 
electrode (8.4 • 10 -3 mol fraction AgC1) in a LiC1-KC1 eu- 
tectic melt  to be 256.66, 231.58, and 209.09 mV at 673, 
723, and 773 K, respectively. The potential  of the 
Fe/FeC12 electrode vs.  a standard AgC1/Ag electrode 
(standard state such that aAJXAg = 1 when XA~ -~ 0) was 
calculated to be 0.5339, 0.5294, and 0.5275V at the respec- 
tive temperatures,  and the corresponding standard free 
energies were found to be -24,630, -24,422, and -24,335 
cal/mol at the same temperatures.  The standard forma- 
tion potential  of a Fe/FeC12 electrode vs.  a C1-/C12 elec- 
trode was then calculated by combining the reactions 

2AgC1 + Fe ---> FeC12 + 2Ag [B-9] 

PtC12 + 2Ag ~ 2AgC1 + Pt  [B-10] 

and 

to obtain 

Pt + C12 -* PtCl2 [B-f1] 

Fe + C12 -~ FeC12 [B-12] 

Using the potentials 0.637 and 0.216V for reactions [B-10] 
and [B-11] reported by Lait inen and Liu (14), and 
0.5294V for reaction [B-9] (derived above), the potential  
of reaction [B-12] was calculated to be 1.382V at 723 K. 
Proceeding as above, AG*~ec~2 was then calculated to be 
-63,754 cal/mol at 723 K, once again in good agreement  
with the value derived above. 

A second method was used to check the values of 
hG*Fec~ at other temperatures.  The standard free energy 
of formation of AgC1, AG*Agc~, was calculated using the 
~G*Fec~2 value and the standard free energy change of  re- 
action [B-9] (-24,422 cal/mol, reported above). It was 
found to be -19,666 caYmol at 723 K. The values of 
/G*AgC~ at 673 and 773 K were then calculated using the 
tempera ture  coefficient of the standard free energy of 
formation of pure solid AgC1 (15). The tempera ture  coef- 
ficient was found to be 11 cal/K between 600 and 700 K, 
and 8' cal/K between 700 and 800 K (15). The iG*AgC~ was 
calculated to be -20,216 and -19,266 cal/mol at 673 and 
773 K, respectively. Using these values and the standard 
free energy changes for reaction [B-9] (-24,630 and 
-24,335 cal/mol, reported above), the values of AG*reCl2 
were calculated to be -65,062 and -62,867 cal/mol at 673 
and 773 K, respectively. These values are once again in 
very good agreement  with the values of hG*~ec~2 
calculated above. 

APPENDIX C 

Calculation of AG o for FeS 
Rosenqvis t  (46) represents the standard free energy 

change for the reaction 

2Fe(s) + S~(g) = 2FeS(s) [C-l] 

by the equation 
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AG ~ = 71,500 + 25.25 T [C-2] 

Richardson and Jeffes (17) give the value of AG o at dif- 
ferent temperatures for the reaction 

S2(g) = sulfur-stable form at 1 atm [C-3] 

Combining  reactions [C-1] and [C-3] gives the following 
reaction 

2Fe(s) + sulfur-stable form = FeS(s) [C-4] 

The standard free energies of formation of FeS were 
calculated from reaction [C-4] using Eq. [C-2], and the 
corresponding values for reaction [C~3] from Ref. (17). 
The AG o for FeS was calculated to be -24,143, -24,317, 
and -24,600 cal/mol at 673, 723, and 800 K, respectively. 

APPENDIX D 

Calculation of AG o for Li2S 
The heat of formation, AH~98, for Li2S was obtained 

from the literature. It is reported to be -107, 400 -+ 200 
cal by Juza and Uphoff (18). 

Assuming 

$2,8 of Cu2S $2,8 of Li~S 
- [D-i] 

S~8 of Cu20 $298 of Li20 

the entropy, $298, for Li2S was calculated from literature 
data (19). It was determined to be 11.605 cal/deg/mol. 
The relevant data for lithium (S~gs = 6.95 +- 0.I 
cal/deg/mol, hHm = 700 cal, and mp = 454 K) and for sul- 
fur (S~98 = 7.78 cal/deg/mol, AH~ = 400 cal, and mp= 392 
K) were also taken from Ref. (19). Combining these data, 
the entropy of formation, AS298, for Li2S was calculated 
to be - 10.075 eal/deg/mol. 

Using the equation 

AG o =aH ~ - TAS ~ [D-2] 

and taking into consideration the free energy of fusion 
of the components (see above), the standard free energy 
of formation, AG ~ for Li2S was calculated at various tem- 
peratures. These values are reported in Table II. Re- 

cently, AG o for Li~S was measured using an EMF method 
(10). The reported value of -100,220 cal at 700 K is in 
good agreement  with the values calculated above. 
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Electrochemical Measurements on Pt, ir, and Ti Oxides as pH 
Probes 

K. Kinoshita .1 and M. J. Madou* 

SRI International, Menlo Park, California 94025 

ABSTRACT 

Open-circuit potential and impedance measurements were performed on Ti, Pt, and Ir oxides. It was found that the 
pH dependence of the open-circuit potential of the various oxide electrodes shows a Nernstian behavior ana that the re- 
sponse time of the potential to a change in pH for the more conductive oxides on Pt and Ir is comparable to that of the 
commercial glass pH electrode. Impedance measurements allowed flatband potential determinations on polycrystalline 
TiO2 only in highly conductive solutions. In these solutions, the pH dependence of the flatband potential is Nernstian. 
For less conductive solutions, it was impossible to deduce the exact fiatband potential from the intercept of I/Cs 2 vs. V 

on the V-axis 

The results of an electrochemical study on Zr-ZrO2 elec- 
trodes for possible use to monitor pH of aqueous solu- 
tions from measurements of open-circuit potential (OCP) 
and flatband potential (VFB) were presented elsewhere (1). 
In  general the OCP on conductive metal oxides gives a 
fast Nernstian response to pH; the problem is that the 
OCP also is influenced by other redox couples (e. g., 02), 
since the Helmholtz potential drop in such cases is domi- 
nated by electron exchange reactions. Measurements of 
VFB on appropriately doped oxides, on the other hand, are 
usually independent  of the redox potential of the solution 

*Electrochemical Society Active Member. 
1Present address: Lawrence Berkeley Laboratory, Berkeley, 

California. 
Key words: flatband potential, Mott-Schottky curves, anodic 

oxide, space charge capacitance. 

since the potential drop in the Helmholtz layer is domi- 
nated here by adsorption]desorption of specific ions 
(e. g., H+). Because a too insulating oxide film is formed 
on "Zr, the Zr-ZrO2 electrode in its present state of devel- 
opment does not appear to offer much promise" for 
measuring pH via OCP. The VFB method for pH probing 
failed also in this case because we were unable to dope 
the ZrO2 appropriately (1). In  the present paper, data are 
presented on the continuation of electrochemical studies 
on metal oxide electrodes, which are intended for moni- 
toring pH at high temperature (up to 300~ where glass 
pH electrodes, e.g., would be unstable. Measurements of 
OCP and VFB at room temperature of Ti, Pt, and Ir oxides 
prepared by anodic and thermal oxidation are discussed 
in this paper. Plat inum and t i tanium oxides were selected 
because of their anticipated stability in water at tempera- 



1 0 9 0  J.  E l e c t r o c h e m .  Soc.:  E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  M a y  1984 

t u r e s  f rom 25 ~ to 300~ (2). I r i d i u m  ox ide  is also suppos -  
ed ly  s t ab le  b e t w e e n  25 ~ a n d  250~ (3, 4). In  a fu tu re  publ i -  
ca t ion ,  we will r e p o r t  on  p H  m e a s u r e m e n t s  w i th  t h e s e  ox- 
ides  at  h i g h e r  t e m p e r a t u r e s  a n d  p ressures .  

Experimental Details 

Preparation of oxide eLectrodes.--The TiO2 e l ec t rodes  
we re  p r e p a r e d  f rom c o u p o n s  of Ti foil (0.2 m m  th ick ,  
99.9+%, As t ro  Meta l lu rg ica l  Corpora t ion ,  Wooster ,  Ohio), 
e t c h e d  in HF/HNO3 solut ion,  a n d  t h e n  e l e c t r o c h e m i c a l l y  
or t h e r m a l l y  oxidized.  T he  anod ic  ox ide  f i lms were  pro- 
d u c e d  b y  u s i n g  a c o n s t a n t  vo l tage  of  40 (T-79A) or 80V 
(T-79B) app l i ed  b e t w e e n  t he  Ti c o u p o n  a n d  a P t  coun t e r -  
e l ec t rode  in  1N H2SO4. A n  a n o d i c  ox ida t i on  t i m e  of  15 
m i n  was  used.  Th e  ox ide  film o b t a i n e d  at 40V was  l igh t  
g r een  a n d  t h a t  a t  80V was  purp le .  

I f  we use  t he  po t en t i a l  d e p e n d e n c e  of  14 A/V r e p o r t e d  
b y  S c h u l t z e  et al. (5), t he  ox ide  t h i c k n e s s e s  at  40 a n d  80V 
are 560 a n d  1120A, respec t ive ly .  Note  t h a t  h i g h e r  va lues  
of  t he  p o t e n t i a l  d e p e n d e n c e  h a v e  also b e e n  u s e d  to calcu- 
la te  t h e  t h i c k n e s s  of  t he  TiO2 layer.  Fo r  example ;  Arch i -  
ba ld  (6) u s e d  20 A/V in  h is  ca lcula t ions .  

T h e r m a l l y  g r o w n  TiO2 films (T-87) were  p r o d u c e d  by  
h e a t i n g  Ti c o u p o n s  at  550~ for  l h  in  f lowing 02 t h a t  was  
s a t u r a t e d  w i t h  wa te r  v a p o r  at  23~ A gray  ox ide  film was  
o b t a i n e d  t h a t  was  ident i f ied  b y  x-ray d i f f rac t ion  to b e  ru- 
tile. The  ox ide  fi lm t h i c k n e s s  of  650A was  ca lcu la ted  
u s i n g  t he  ra te  c o n s t a n t  for pa rabo l i c  o x i d a t i o n  r e p o r t e d  
b y  K u b a s c h e w s k i  a n d  H o p k i n s  (7). 

The  p r o c e d u r e  u s e d  to p r e p a r e  the  Ir  ox ide  e l ec t rodes  
was s imi la r  to t h a t  d e s c r i b e d  b y  Ard izzone  et al. (8). A 
smal l  Ti c o u p o n  (0.2 m m  th ick ,  1 c m  2) was  d i p p e d  in to  a n  
a q u e o u s  so lu t ion  c o n t a i n i n g  d i s so lved  IrC13. T he  c o u p o n  
was  r e m o v e d  and  gen t ly  h e a t e d  w i th  an  air  g u n  to crystal-  
lize t he  IrC13 (d i sso lved  in water )  on  the  t i t a n i u m  surface.  
Af ter  e a c h  depos i t ion ,  the  c o u p o n  was  h e a t e d  in  a n  air  
oven  for a b o u t  10 m i n  to d e c o m p o s e  the  ch lo r ide  salt. 
This  p r o c e d u r e  was  r e p e a t e d  t h r e e  t imes ,  a n d  t h e n  a 
final h e a t - t r e a t m e n t  was  c o n d u c t e d  at  t he  s ame  t e m p e r a -  
t u r e  for  4h. Two t e m p e r a t u r e s  were  u s e d  to f o r m  IrOn: 
400~ (I-47) a n d  500~ (I-54). 

X-ray  d i f f rac t ion  ana lys i s  i n d i c a t e d  t h a t  IrO2 was  ob- 
t a i n e d  b y  th i s  p rocedure .  T he  ox ide  sur faces  were  no t  ex- 
a m i n e d  in  de ta i l  by  e l ec t ron  mic roscopy ,  a n d  no  e s t i m a t e  
of  the  ox ide  t h i c k n e s s  is avai lable .  Ard izzone  et al. f o u n d  
b y  s c a n n i n g  e l ec t ron  m i c r o s c o p y  of  IrO2, w h i c h  was  pro- 
d u c e d  b y  a m e t h o d  s imi la r  to t he  one  u s e d  in ou r  s tudy,  
t h a t  a c racked ,  dry  m u d l i k e  layer  was  ob ta ined .  

Severa l  m e t h o d s  were  u s e d  to o b t a i n  P t  ox ide  layers  on  
P t  e lec t rodes .  Ini t ial ly,  t he  ox ide  was  p r o d u c e d  b y  oxida-  
t ion  of a P t  b e a d  e l ec t rode  t h a t  was  i m m e r s e d  in m o l t e n  
NaNO3 a t  420~ th i s  p r o c e d u r e  was  u s e d  by  D o b s o n  et al. 
(4) in  t h e i r  s tud ies  of  m e t a l - m e t a l  ox ide  e lec t rodes .  A vari-  
a t ion  of  th i s  m e t h o d  was  also u s e d  to p r o d u c e  a P t  ox ide  
film. In  th i s  m e t h o d ,  NaNO3 a n d  Na2PtC16 were  d i s so lved  
in  water .  The  t ip  of  a P t  b e a d  e lec t rode  was  d i p p e d  in to  
the  so lu t ion  a n d  t h e n  gen t ly  h e a t e d  af te r  r e m o v a l  f rom 
so lu t ion  to coat  the  e l ec t rode  sur face  w i t h  a m i x t u r e  of 
t he  two  salts.  The  e l ec t rode  was  n e x t  h e a t e d  at  500~176 
for 2h in  air  to fo rm t he  ox ide  layer.  This  p r o c e d u r e  was  
r e p e a t e d  t h r ee  t i m e s  to f o r m  a n  o r a n g e - b r o w n  oxide  
layer.  

A n o t h e r  m e t h o d  to p r o d u c e  an  ox ide  layer  on  P t  in- 
v o l v e d  coa t ing  t h e  b e a d  e l ec t rode  w i th  Pt(NH3)2(NO2)2 dis- 
so lved  in  n i t r ic  ac id  a n d  t h e n  h e a t i n g  to 400~ in  air  for 10 
min.  Th i s  p r o c e d u r e  was r e p e a t e d  t h r e e  t imes ,  a n d  t h e n  a 
final h e a t - t r e a t m e n t  at  t he  s a m e  t e m p e r a t u r e  for  3.5h was 
u s e d  (e lec t rode  P-57). X-ray  d i f f rac t ion  ana lys i s  of  t he  ox- 
ides  o b t a i n e d  b y  t h e  m e t h o d s  d e s c r i b e d  he re  i nd i ca t e  t he  
p r e s e n c e  of  PtO,  bu t  no t  PtO2. T he  s t u d y  b y  D o b s o n  et al. 
(4) s h o w e d  t h a t  on ly  PtO2 was  o b t a i n e d  by  o x i d a t i o n  in  
m o l t e n  NaNO3. However ,  E v e r y  a n d  G r i m s l e y  (9) r e p o r t e d  
t h a t  a m i x t u r e  of  P r o  a n d  PtO~ was o b t a i n e d  b y  o x i d a t i o n  
of  P t  in  KNO2 at  400~ F u r t h e r m o r e ,  t he  p r e d o m i n a n t  ox- 
ide  was  P tO  a n d  no t  PtO~; the  tool  rat io  of P t O  to Pro2 
was  a p p r o x i m a t e l y  7. 

Electrochemical measurements.--The m e t h o d s  a n d  pro- 
c e d u r e s  t h a t  were  u s e d  to m e a s u r e  the  OCP a n d  imped-  
ance  of  t he  m e t a l  ox ide  e l ec t rodes  are  d e s c r i b e d  else- 
w h e r e  (1). B e c a u s e  TiO~ s h o w e d  a p h o t o r e s p o n s e  to t he  
f luo rescen t  l igh ts  in  t he  l abora to ry ,  t he  e l e c t r o c h e m i c a l  
s tud ie s  were  c o n d u c t e d  w i t h  t he  ox ide  e l ec t rode  in the  
dark.  

The  r e s p o n s e  t i m e  of P t  a n d  Ir  ox ide  e l ec t rodes  to 
c h a n g e s  in p H  was  c o m p a r e d  w i th  t h a t  of a c o m m e r c i a l  
glass  p H  elect rode.  This  c o m p a r i s o n  was m a d e  b y  u s i n g  
t he  m e t a l  ox ide  e l ec t rode  a n d  a glass  p H  e l ec t rode  for in- 
d ica to r  e l ec t rodes  in  a p o t e n t i o m e t r i c  t i t r a t ion  of  H3PO4 
w i t h  NaOH. A b o u t  100 m l  of  H3PO4 so lu t ion  c o n t a i n i n g  
t he  glass  p H  e l ec t rode  a n d  e i t h e r  t he  P t  or  I r  ox ide  elec- 
t r o d e  was  d e a e r a t e d  b y  n i t rogen .  T h e n  con t ro l l ed  
a m o u n t s  of  5N NaOH were  a d d e d  as t he  t i t ran t ,  a n d  t he  
p o t e n t i a l  of  t he  two  e lec t rodes  was  r e c o r d e d  on  a s t r ip  
c h a r t  recorder .  

Discussion of Results 

Open-circuit potential measurements.--The OCP  of  Ti- 
TiO~ e lec t rodes ,  w h i c h  were  p r e p a r e d  b y  t h e r m a l  a n d  an- 
odic  ox ida t ion ,  are p lo t t ed  as a f u n c t i o n  o f p H  in  Fig. 1. In  
genera l ,  t h e  OCP m e a s u r e m e n t s  were  c o n d u c t e d  for 
a b o u t  24h in  each  b u f f e r  so lu t ion ,  a l t h o u g h  t he  s teady-  
s ta te  p o t e n t i a l  (• 4 mV)  was  r e a c h e d  in  a b o u t  6h. The  
da ta  in  Fig. 1 s h o w  t h a t  t he  TiO2 p r e p a r e d  b y  t h e r m a l  oxi- 
d a t i o n  (T-87) ha s  an  O C P - p H  r e s p o n s e  w i th  a s lope  of  - 5 9  
mV/pH,  w h i c h  is i nd i ca t i ve  of  a N e r n s t i a n  b e h a v i o r  for 
t h i s  e lec t rode .  B u t  t he  TiO~ p r e p a r e d  b y  a n o d i c  o x i d a t i o n  
at  40V (T-79A) a n d  80V (T-79B) does  no t  s h o w  a N e r n s t i a n  
r e s p o n s e  to pH. At  p H  2-6, t h e s e  ox ide  e l ec t rodes  s h o w e d  
only  a w e a k  r e s p o n s e  of OCP to p H  (-0 .031 mV/pH),  
whi l e  at  h i g h e r  pH,  OCP was  essen t ia l ly  u n c h a n g e d .  

T h e  IrO2 o b t a i n e d  b y  t h e r m a l  d e c o m p o s i t i o n  of  IrCl~ on  
a Ti s u b s t r a t e  y ie lded  t he  O C P - p H  cu rves  s h o w n  in Fig. 2. 
The  OCP  m e a s u r e m e n t s  t h a t  were  m a d e  on  t h e  elec- 
t rodes  soon  .after t he  t h e r m a l  t r e a t m e n t  ( " f r e sh"  elec- 
t rode)  are  r e p r e s e n t e d  in Fig. 2 by  t he  sol id symbo l s .  The  
OCP r e s p o n d s  to p H  of  t h e  bu f f e r  so lu t ion  in  a m a n n e r  
p r e d i c t e d  b y  the  N e r n s t  equa t ion .  F u r t h e r m o r e ,  t h e  rela- 
t i o n s h i p  of  OCP  to p H  c lose ly  ag rees  w i t h  t he  da ta  re- 
p o r t e d  b y  Ard izzone  et al. (8), w h i c h  is r e p r e s e n t e d  b y  t he  
d a s h e d  l ine  in  Fig. 2. 

I m m e d i a t e l y  af ter  tes t ing ,  the  f resh  ox ide  e l ec t rodes  
we re  s to red  in  d is t i l led  wa te r  for 2 weeks .  The  OCP mea-  
s u r e m e n t s  were  r e p e a t e d  w i t h  t he  e l ec t rodes  ( "aged"  
e lect rode) ,  a n d  t he  da ta  are r e p r e s e n t e d  in  Fig. 2 by  t he  
o p e n  symbo l s .  I t  is a p p a r e n t  t h a t  t he  aged  e l ec t rodes  sti l l  
e x h i b i t  t he  Ner s t i an  b e h a v i o r  in  the  bu f f e r  so lu t ions ,  b u t  
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Fig. 1. Open-circuit potential of TiO~ electrodes in differentpH buff- 
ers: (<)) T-79A, (A) T-79B, and (�9 T-87. 
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Dashed line is the OCP-pH dependence for IrO2 electrode reported by 
Ardizzone et al. (8). 

OCP has  sh i f t ed  in t he  nega t i ve  d i r ec t i on  b y  a b o u t  
0.080V. T h e  OCP m e a s u r e m e n t s  on  t he  ox ide  o b t a i n e d  b y  
t h e r m a l  d e c o m p o s i t i o n  of  IrC13 at  400 ~ (I-47) a n d  500~ 
(I-54) s h o w e d  s imi la r  r e s p o n s e  of  the  f r e sh  a n d  aged  elec- 
t rodes .  A p p a r e n t l y ,  t h e  ox ides  f o r m e d  b y  d e c o m p o s i t i o n  
of  IrC13 at  400 ~ a n d  500~ are  no t  s ign i f ican t ly  d i f f e ren t  to 
af fec t  t h e  O C P  r e sponse ;  a n d  t he  OCP of  b o t h  e l ec t rodes  
b e c a m e  m o r e  nega t i ve  b y  t he  s a m e  a m o u n t  u p o n  a g i n g  in  
d i s t i l l ed  water .  

E x t r a p o l a t i n g  t he  OCP in Fig. 2 to p H  = 0 gives  a va lue  
of  0.902V (SHE)  for  t he  aged  ox ide  e lec t rode .  T he  va lue  
for  OCP  of  t he  f resh  e l ec t rode  at  p H  = 0 is 0.982V (SHE), 
w h i c h  Ard i zzone  et  al .  (8) r e p o r t e d  is c lose to  t h e  equi l ib -  
r i u m  p o t e n t i a l  for t he  r eac t ion  

2IRO2 + 2 H  § + 2 e = I r 2 0 ~  + H 2 0  

P o u r b a i x  (10) l i s t ed  two o t h e r  r eac t i ons  t h a t  h a v e  t he  
s a m e  e q u i l i b r i u m  po t en t i a l  (i.e., 0.926V) 

I r O ~ + 4 H  + + 4 e = I r +  2H~O 

a n d  

Ir20~ + 6 H  + + 6 e = 2 I r  + 3 H 2 0  

Insu f f i c i en t  i n f o r m a t i o n  is ava i l ab le  f rom t he  p r e s e n t  
s t u d y  to u n e q u i v o c a l l y  d e t e r m i n e  w h i c h  r e a c t i o n  repre-  
s en t s  t he  O C P - p H  d e p e n d e n c e  s h o w n  in  Fig. 2. As  t he  
IrOx was  d e p o s i t e d  o n  a Ti subs t r a t e ,  pos s ib ly  no  meta l l i c  
i r i d i u m  is p resen t ,  a n d  t he  r eac t i on  p r o p o s e d  b y  Ardiz-  
zone  et  a l .  (8) s e e m s  m o r e  likely.  T he  sh i f t  of  O CP  in  t he  
n e g a t i v e  d i r ec t i on  t h a t  is o b s e r v e d  w i t h  t he  aged  elec- 
t r o d e  sugges t s  t h a t  a c h a n g e  in  t he  p r o p e r t i e s  of  t he  ox ide  
fi lm occu r s  d u r i n g  s to rage  in  d is t i l led  water .  P o u r b a i x  
(10) s u m m a r i z e d  s o m e  of  t he  o b s e r v a t i o n s  t h a t  h a v e  b e e n  
r e p o r t e d  on  t he  s tab i l i ty  of  IrO2. A p p a r e n t l y ,  IrO~ �9 H20 
p r e p a r e d  b y  t r e a t i n g  a bo i l i ng  so lu t ion  of  a lkal i  m e t a l  
i r i d o c h l o r i d e  w i t h  K O H  or N a O H  in air  is so lub le  in  HC1, 
HNO3, a n d  H=SO4. However ,  on  ag ing  t he  ox ide  b e c o m e s  
p rac t i ca l ly  i n s o l u b l e  in  all acids.  

Th i s  o b s e r v a t i o n  sugges t s  t h a t  t h e  IrO2 u n d e r g o e s  a 
p h y s i c a l / c h e m i c a l  c h a n g e  to p r o d u c e  a m o r e  cor ros ion- re -  
s i s t an t  oxide.  The  sh i f t  in  O CP  wi th  ag ing  of  t he  i r i d i u m  
ox ide  e l ec t rodes  in  Fig. 2 m a y  pos s ib ly  be  d u e  to a c h a n g e  
in  t he  ox ide  w i t h  t ime.  Fo r  example ,  B u c k l e y  et  al .  (11) 

s u g g e s t  t h a t  t he  ox ide  film on  Ir, w h i c h  cons i s t s  of  oxy-  
g e n - b r i d g e d  h y d r a t e d  o x y - h y d r o x i d e  species ,  can  un-  
dergo  a s t ruc tu ra l  c h a n g e  w i th  t he  f o r m a t i o n  or des t ruc -  
t ion  of  an  i r i d i u m / o x y g e n  b r idge  by  a p roces s  s u c h  as 

2 Ir-OH = I r -O-I r 'H20 

The  w a t e r  r e m a i n s  in  t he  oxide.  A c c o m p a n y i n g  t he  s t ruc-  
tu ra l  c h a n g e  in the  ox ide  is a c h a n g e  in  t he  e q u i l i b r i u m  
p o t e n t i a l  of  the  oxide.  

We w a n t  to cau t ion  he re  t h a t  e x t r a p o l a t i o n  a n d  c ompar -  
i son  to P o u r b a i x  da ta  for t he  p r e s e n t  ox ide  m i g h t  be  
s o m e w h a t  d a n g e r o u s ;  ou r  ox ides  he re  are h i g h l y  defec- 
t ive  a n d  par t ia l ly  h y d r a t e d  c o m p a r e d  to t he  we l l -de f ined  
ox ide  p h a s e s  u s e d  to c o n s t r u c t  the  P o u r b a i x  d iag rams .  
T h e s e  c o m p a r i s o n s  a n d  e x t r a p o l a t i o n s  for IrOx a n d  t he  
o the r  ox ides  d e s c r i b e d  he re  s h o u l d  on ly  be  u s e d  as a 
gu ide  for t r ends .  

The  N e r n s t i a n  b e h a v i o r  of  a P t  ox ide  e l ec t rode  (P-57) is 
i l l u s t r a t ed  in  Fig. 3, a long  w i t h  da ta  for t he  O C P - p H  re- 
s p o n s e  of  ox ide  e l ec t rodes  of  Ir, Ti, a n d  Z r  (1). The  O C P  
at  p H  = 0 for  t he  P t  ox ide  e l ec t rode  is 0.982V (vs.  SHE).  
Th i s  p o t e n t i a l  is in  good  a g r e e m e n t  w i t h  t he  e q u i l i b r i u m  
p o t e n t i a l  (11) for t he  r eac t ion  

P t  + H 2 0 = P t O  + 2 H  + + 2e 

w h i c h  ha s  E ~ (25~ = 0.980V at  p H  = 0. The  c o r r e s p o n d -  
ing  e l e c t r o c h e m i c a l  r eac t ions  for PtO/PtO2 a n d  PtO2/PtO3 
h a v e  e q u i l i b r i u m  po ten t i a l s  of  1.045 a n d  2.000V, respec-  
t ive ly  (12). On t he  bas i s  of  t h e  c lose  a g r e e m e n t  b e t w e e n  
t he  e q u i l i b r i u m  po ten t i a l  a n d  OCP,  t he  r eac t i on  g iven  
a b o v e  can  a d e q u a t e l y  de sc r ibe  t he  p H  r e s p o n s e  of  t he  P t  
electrode,~P-57. F u r t h e r m o r e ,  s u p p o r t  for  t he  a b o v e  reac-  
t ion  is p r o v i d e d  by  t he  r e su l t s  of  t he  x-ray d i f f rac t ion  
analys is ,  w h i c h  d e t e c t e d  the  p r e s e n c e  of  P tO on  t he  P t  
e lec t rode .  This  impl i e s  a so l id-s ta te - type  r eac t i on  w h e r e  a 
wa te r - r e l a t ed  spec ies  d i f fuses  in  a n d  ou t  of  t he  P tO  film 
d u r i n g  o x i d a t i o n / r e d u c t i o n  cycles.  

The  p H  d e p e n d e n c e  of  OCP  for t h e  va r ious  ox ide  elec- 
t rodes  t h a t  a p p e a r  to s h o w  a N e r n s t i a n  b e h a v i o r  ( excep t  
Z r  ox ide  e l ec t rode  at  a lka l ine  pH)  are p lo t t ed  in  Fig. 3. 
T h e  O C P  for  t h e  four  m e t a l  ox ide  e l ec t rodes  at  a g i v e n  
p H  d e c r e a s e s  in  t he  fo l lowing  order :  PC, Ir, Ti, a n d  Z r  ox- 
ides.  Severa l  i n t e r e s t i ng  para l le l s  b e t w e e n  th i s  o rde r  a n d  
c h e m i c a l / e l e c t r o c h e m i c a l  p r o p e r t i e s  of  t h e s e  m e t a l  ox ides  
can  b e  d r a w n  (see da ta  in  Tab le  I). T h e  gene ra l  t r e n d  in 
t he  o rde r  of  OCP  fol lows t h a t  of  E ~ a n d  t he  f ree  e n e r g y  for  
t he  se lec ted  coup le s  l i s ted  in  Tab le  I. However ,  t h e  differ-  
ence  in  OCP  b e t w e e n  t he  ox ides  of  Ir  a n d  Ti a n d  b e t w e e n  
t he  ox ides  of  Ti a n d  Z r  is less  t h a n  t h e  c o r r e s p o n d i n g  dif- 
f e r ences  in  E ~ 

The  ox ides  of  P t  a n d  Ir  are  good  e lec t ron ic  c o n d u c t o r s  
(15) t h a t  e x h i b i t  a N e r n s t i a n  r e s p o n s e  to pH.  Moreover ,  
t he  O C P  va lues  e x t r a p o l a t e d  to p H  = 0 are  c lose  to t h e  E ~ 
for s o m e  poss ib l e  r e d o x  r eac t ions  i n v o l v i n g  t he  
o x i d a t i o n - r e d u c t i o n  of  t he  m e t a l  itself. A Mot t -Scho t tky .  
t ype  of  m e a s u r e m e n t  on  s u c h  ox ides  to  o b t a i n  t h e  VrB as a 
m e a n s  of  p H  m e a s u r e m e n t  is i m p o s s i b l e  (see i m p e d a n c e  
resul ts) .  T h u s  w i t h  t h e s e  oxides ,  OCP is t he  p a r a m e t e r  
t h a t  c an  b e  u s e d  to m o n i t o r  pH.  

The  ox ide  on  Z r  is ve ry  insu la t ing ,  a n d  a N e r n s t i a n  be-  
h a v i o r  in  r e s p o n s e  to p H  is on ly  a p p r o a c h e d  (very slowly) 

Table I. Comparison of OCP, E ~ and VFB for various metal oxide elec- 
trodes at pH = 0 and free energy of formation of metal oxides 

OCP vs. V~B vs. Free energy 
Oxide SHE (V) E ~ vs. SHE (V) a SHE (V) (cal/mol) a 

Pt 0.982 0.982 (PC/PrO) NA -11,510 (PtO) 
Ir 0.902 0.926 (IrfirO2) NA -28,000 (IrOn) 
Ti 0.642 -0.910 (Ti2OJTiO2) c 0.150 ~ -196,300 (TiO,) b 
Zr 0.382 -1.553 (Zr/ZrO2) b -0.830 d -256,620 (ZrO2) b 

a Values obtained from Pourbaix (12). 
b Hydrated oxide. 
e Value obtained by extrapolation of data by Vandermolen et aL 

(14) to pH = 0. 
d Value obtained by extrapolation of data by Clechet et al. (13) to 

pH = 0. 
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Fig. 3. Open-circuit potential of metal oxide electrodes in different 
pH buffers. Metal oxides of(V) Pt, ([~) Ir, (~) Ti, and (�9 Zr. Solid line 
has slope of - 59  mV/pH. 

by either the "bare" Zr surface or by certain ZrO~ films, 
presumably containing pinholes (1). Extrapolating OCP 
to pH = 0 yields OCP approximately equal to 0.39V (vs.  
SHE), which cannot be readily associated with any of the 
equil ibrium reactions presented by Pourbaix (12) for the 
Zr-H20 system (see also Table I). It is most likely that we 
are dealing with a mixed potential in this case. If ZrO2 
could be appropriately doped, VFB determination for pH 
measurements  should be possible (1). 

Anodically and thermally grown TiO2 films on Ti form 
an intermediate case, since they behave as highly doped 
semiconductors (see impedance results). It was shown 
that the OCP response was better for thermally grown 
TiO~ (T-87) than for anodically grown TiO2 (T-79A and 
T-79B). We believe that this is because the thermally 
grown film has more pinholes than an anodically grown 
one. Equilibrium might be reached faster at these sites 
where the thin oxide is present. The OCP response to pH 
for thermally grown TiO~ is better than for ZrOa, and VFB 
determination with Mott-Schottky-type measurements  is 
possible. Our impedance results will show, though, that 
VFB determination on polycrystalline TiO2 poses some 
problems, especially in low conductivity media. 
Extrapolating OCP to pH = 0 yields an OCP that cannot 
be readily associated with any E ~ for the T i -H20  system 
(see also Table I) and presumably indicates that the mea- 
sured OCP here is a mixed potential. 

As a general rule, the more insulating a material, the 
less likely a pH probe can be developed on the basis of an 
OCP measurement.  But, the more insulating the oxide, 
the better the possibility for a pH probe based on V~B de- 
termination on the appropriately doped material. 

The transient potential response of the metal oxide 
electrodes and the glass electrode dur ing the potentio- 
metric titration of H3PO4 by 5N NaOH is represented by 
the results in Fig. 4. In this figure, the potential tran- 
sients for the glass electrode and the Pt oxide electrode 
(P-57) in the same solution are recorded during the addi- 
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Fig. 4. Transient response of potential of metal oxide electrodes and 
glass pH electrode during addition of various amounts of 5N NoaH 
titrant. 

tion of two aliquots of titrant. The potential transients for 
the Ir oxide electrode (I-47) were recorded during the 
potentiometric titration of another H3PO4 solution. The 
potential transients for the Ir oxide electrode show the re- 
sponse after the addition of four aliquots of 5N NaOH of 
different volumes. In these experiments, small amounts 
of 5N NaOH were added from a burette to the deaerated 
acid solution after a steady-state potential was estab- 
lished. 

The data in Fig. 4 are representative of the type of tran- 
sient potential response that was observed during the ti- 
tration experiments.  As expected, when NaOH is added 
to the acid solution the steady-state potentials that are re- 
corded change in the direction indicative of higher pH. 
The apparent overshoot in the potential transient that is 
evident after addition of the titrant, which then returns to 
a steady-state potential, is believed to be an artifact (insuf- 
ficient stirring, for example) related to the experimental  
arrangement and procedure. The results in Fig. 4 show 
that the response of the potential of the metal oxide elec- 
trodes to changes in pH is comparable to that of the com- 
mercial glass pH electrode. At least under the conditions 
of these titration experiments,  the two metal oxide elec- 
trodes show a satisfactory response to rapid changes in 
solution pH. 

I m p e d a n c e  m e a s u r e m e n t s . - - I m p e d a n c e  measurements  
on Pt oxide electrodes were performed with a frequency 
response analyzer (Solartron Model 1172) controlled by a 
microcomputer.  A plot of the imaginary component  of the 
impedance at 1000 Hz of a Pt oxide electrode in an aque- 
ous solution of 1M KC1 + HC1 (pH = 1.4) vs .  the applied 
voltage showed several humps (see also Ref. (16), Fig. 3b) 
and did not lead to a linear 1/Cs 2 vs .  V plot (with C~ the ap- 
parent series capacitance). 

If  C~ could be identified with C,c, the space charge ca- 
pacitance inside the oxide, Cs would be expected to fol- 
low a Mott-Schottky relationship 

1 2 k t  
- -  ( V  - VFB - -  - - )  [ 1 ]  

Cs a qNDe% q 

for an n-type oxide semiconductor. In this equation, ND is 
the donor density, �9 is the dielectric constant of the semi- 
conductor, �9 is the dielectric constant in vacuum, and q is 
the charge of the electron. 

The slope of the Mott-Schottky plot is proportional to 
the concentration of dopant in the semiconductor,  and 
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the intercept with the V-axis at 1/Cs 2 = 0 yields VFB (if the 
term kT/q  is neglected). The value of lkoc~ at 1000 Hz and 
+2V SCE was only a few ohms per cm 2 of electrode area. 
Most of the change in the potential drop at this conduc- 
tive metal oxide electrode interface occurs in the Helm- 
holtz layer, and C~ does not correspond to the capacitance 
of the space charge layer (C~r inside the oxide. 
Impedence  measurements  on Ir oxide were not at- 
tempted, since the conductivity of this oxide is high (15). 
It is also expected that here VrB determination with the 
Mott-Schottky plots will be impossible. 

Impedance  measurements  on polycrystaUine TiO~ on Ti 
that is anodically or thermally grown lead to Mott- 
Schottky plots exhibiting a break. This is illustrated in 
Fig. 5 for an oxide that is anodically grown at a constant 
voltage of 40V in 1N H2SO4 (T-79A) and measured in a so- 
lution of 1M KC1 + HC1 (pH ~ 1.4 specific resistivity = 
9.6 D cm). The value of 1/coCs for T-79A at 1000 Hz and 
+2V vs. SCE in this solution was around 200 D/cm 2 of 
electrode area, about a factor of 100 higher than for the 
plat inum oxide electrode. In this case, a major fraction of 
the change in potential drop occurs in the space charge 
layer of the semiconductor, and Mott-Schottky type mea- 
surements are possible. Sample T-79B (anodically grown 
at 80V in 1N H2SO4) and T-87 (thermally grown oxide) also 
showed a break in the Mott-Schottky plots and had simi- 
lar values for lkoC~ at the same potential and frequency. 

A break in the Mott-Schottky plots and the frequency 
dispersion observed in Fig. 5 were not expected. The type 
of frequency dispersion, where the different Mott- 
Schottky curves measured at different frequencies con- 
verge to one point on the V-axis, as observed in the lower 
part of the Mott-Schottky curves in Fig. 5, is described in 
more detail in Ref. (17) and (18). In Ref. (17) it is shown 
that this type of frequency dispersion (B-type behavior) 
does not prohibit true VrB determination. A break in the 
Mott-Schottky plots, as illustrated in Fig. 6, was also 
shown [e.g., Kennedy et. al. (19)] for sintered t i tanium di- 
oxide and sintered iron dioxide, and by P. Richardson et 
al. (20) for flamed iron and ti tanium foils. Schultze et al. 
(5) showed a Mott-Schottky plot for thin anodically 
formed films on Ti foil that had three regions with differ- 
ent slopes. These authors discussed different possible ex- 
planations for the change in the slope of Mott-Schottky 
plots: different kinds of donors contributing to the mea- 
sured capacitance, inhomogeneous doping, layers of dif- 
ferent properties, and, at higher potential, the whole film 
being totally depleted of charge carriers (exhaustion). 

At high anodic potentials (> 2V vs. SCE in solution of 
pH ~- 1.4) specimen T-79A (40V sample) and T-79B (80V 
sample, double the thickness of T-79A) have almost the 
same value of 1/~oC~ for the same frequency. Therefore we 
can exclude the possibility of exhaustion, since, in that 
case, 1/oJC~ would have been proportional to the thickness 
of the whole film. It is not easy to distinguish between 
the other possibilities. Assuming that two different kinds 
of donors contribute to the measured capacitance, we can 
calculate approximately the concentration of each donor. 

1 x 1012 

1000 Hz 

~ 316 Hz 

0 Hz 

~) 

0 i cf i i i i i i i J 

- '  0 1 2 3 4 

POTENTIAL  VERSUS SCE (V) 

Fig. 5. Plot of 1/Cs 2 vs. potential of TiO2 electrode (T-79A) in a solu- 
tion of 1M KCI + HCI (pH ~ 1.4). Specific resistivity ~- 9.6 D cm. 

2 x 1012 1000 Hz 

�9 316 Hz 

~J / / J ~ 316 Hz 

�9 " _ ~ _ ~  ~ ' ~ ' ~ 0 0  Hz 

0 
-1 0 1 2 3 ~, 

P O T E N T I A L  VERSUS SCE (V) 

Fig. 6. Plot of l /Cs  ~ vs. potential of TiO2 electrode (T-79A) in a com- 
mercial buffer solution (pH = 7) (') and in a 1M KCI Solution (.oH ~ 6.8) 
(x). Electrode surface area, 0.455 cm s. Frequencies used: from highest 
curves in each set towards lowest curve, 1000, 316, and 100 Hz. 

From the highest slope of the Mott-Schottky curve at 1000 
Hz in Fig. 5, a donor concentration of 1.6 • 10 -19 cm -3 is 
estimated, and from the lowest slope, 3.9 • 10 TM cm -s. 
These calculations assume a semiconductor dielectric 
constant e of 173 (see Eq. [1]. 

The photocurrent on anodically grown TiO2 (T-79A) un- 
der intense UV illumination in the same solution as for 
the measurements represented in Fig. 5 exhibited an on- 
set occurring at about the same voltage as the intercept 
on the V-axis of the lower part of the 1/C~ 2 vs. V plots ( 
0.0V vs.  SCE) shown in Fig. 5, indicating that this inter- 
cept corresponds indeed to the true VFB of this material. 

The intercept with the V,axis of the part of the Mott- 
Schottky plot with the highest slope is pH dependent,  
and changes in high conductivity solutions (1M KC1 + 
HC1 or KOH; specific resistivity = 10 ll  cm) by roughly 
-60 mV per pH unit. The -60 mV/pH unit slope was ob- 
served by other authors on single-crystalline TiO~ in 
highly conductive media (21-23). Significantly, it was also 
shown by Dutoit et al. (23) that for TiO2 the VFB was inde- 
pendent  of the redox couple present in solution. The in- 
dependency of the VvB on redox potential in solution for 
most wide bandgap semiconductors is discussed in detail 
in reference (24). The VrB of polycrystalline TiO2 elec- 
trodes that were anodically grown could thus be used to 
monitor pH; unfortunately, the accuracy of the determi- 
nation is poor (-+50 mV). The reproducibility is poor also 
because of changes in the slope of the Mott-Schottky 
curves and the consequent changes in the extrapolated 
VFB as a function of time of exposure to the electrolyte. 
For practical use of the VvB for monitoring pH, the mea- 
surements must also be possible in electrolyte solutions 
at low concentration. 

In Fig. 6, we show Mott-Schottky curves at three differ- 
ent frequencies on sample T-79A in a commercial  buffer 
solution of pH = 7 (specific resistivity = 176 1~ cm) and in 
a 1M KC1 solution at a pH of = 6.8 (specific resistivity = 
8.9 D cm). Mott-Schottky curves obtained in the low con- 
ductivity solution have an intercept with the V-axis that 
is shifted towards cathodic potentials with respect to the 
intercept of the curves measured in the high conductivity 
solution of the same pH. The values for 1/Cs 2 at the same 
potential are larger and show more frequency dispersion 
in the case of the low conductivity solution. This is be- 
cause the Helmholtz layer capacitance in the low conduc- 
tivity solution is comparable in magnitude to the space 
charge capacitance. The total measured capacitance is 
then given by 

1 1 1 
- - -  + [2] 

Cs C~ CH 

with Csc being the semiconductor space charge capaci- 
tance, and CH the Helmholtz capacitance. 

De Gryse et al. (25) have shown that under those cir- 
cumstances Eq. [1] should be replaced by 
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1 1 2 
- - -  - -  + - - ( V -  VFB-- kT/q) [3] 
Cs 2 CH 2 qNDee o 

In this case, the Mott-Schottky plot will be parallel to the 
one measured in the high conductivity solution, and the 
intercept with the V-axis is 

qNDeeo 
Vo = VFS + kT/q [4] 2CH 2 

From Fig. 6 it is clear that the predicted parallel shift is 
only observed at high anodic potential. At potentials 
closer to the VFB, the two sets of Mott-Schottky curves are 
not parallel, and Eq. [3] does not apply. Thus the V~B on 
anodically grown polycrystalline TiO2 cannot be obtained 
in low conductivity solutions from Eq. [4], as we are un- 
able in this case to relate VFB directly to Vo. In another 
publication (18), we show that V~B measurements in high 
resistivity solutions (between 104 and 105 ~ cm) are possi- 
ble by a careful choice of electrode material (low ND, low 
e) and cell arrangement. Flatband potential measure- 
ments are thus an important alternative to OCP measure- 
ment, but the selected oxide semiconductor should not 
only have a wide bandgap but also a low dielectric con- 
stant and a low doping level. The anodically grown TiO2 
formed here clearly does not provide such a film. 

Conclusion 
This study shows that the pH response of the OCP of 

the highly doped conductive oxides on Pt and Ir provides 
a sensitive and fast means of pH measurements in aque- 
ous solutions at room temperature; unfortunately, the 
OCP is also dependent  on the oxidation/reduction poten- 
tial of the solution. The OCP response to pH for the less 
conductive TiO2 films is in general less reliable than for 
Pt and Ir oxides. The determination of VFB as a means of 
measuring pH turned out to be possible only for the 
polycrystalline TiO2 films in highly conductive solutions. 
The VFB is less influenced than the OCP by the 
oxidation/reduction potential of a certain solution be- 
cause the Helmholtz potential drop is dominated by 
adsorption/desorption phenomena of protons rather than 
electron exchange. If semiconductor electrodes could be 
used that have a higher impedance in depletion than the 
TiO2 films used here, then Vrs determination could be 
done also in solutions of lower conductivity. 
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A B S T R A C T  

The  ef fec t  of  n icke l  e l ec t rode  par t ia l  cove rage  w i t h  p o l y t e t r a f l u o r o e t h y l e n e  ( P T F E )  o n  t h e  e l ec t rode  p e r f o r m a n c e  
for  t h e  h y d r o g e n  evo lu t i on  r eac t i on  (HER) was  inves t iga t ed .  We s h o w  t h a t  for  low c u r r e n t  d e n s i t i e s  t h e  on ly  effect  of the  
e l ec t rode  cove rage  is to d e c r e a s e  the  e f fec t ive  area.  F o r  m e d i u m  c u r r e n t  dens i t i e s  (>10 m/Ucm~), cove rage  w i t h  P T F E  
has  an  overa l l  benef ic ia l  effect  in  t he  e l ec t rode  p e r f o r m a n c e  e v e n  w i t h  t h e  r e su l t i ng  dec rea se  in e l ec t rode  sur face  area.  
Final ly ,  for  h i g h  c u r r e n t  dens i t ies ,  in  a r e g i m e  of  v i o l en t  b u b b l e  re lease  (1 AJcm2), cove rage  ef fec t  is d e c r e a s e d  b u t  still  
s igni f icant .  

In  a gas evo lv ing  e lec t rode ,  d u e  to the  m a g n i t u d e  of  t h e  
d i f fus ion  coeff ic ients ,  on ly  a f r ac t ion  of t he  e l ec t rode  sur-  
face wil l  i n t e r c h a n g e  e l ec t rons  at  a n y  g iven  m o m e n t .  Th i s  
is due  to par t ia l  su r face  cove rage  by  b u b b l e  fo rma t ion ,  
w h i c h  b l o c k s  pa r t  of  the  e l ec t rode  surface.  As a resul t ,  lo- 
cal ized h i g h  c u r r e n t  dens i t i e s  are  o b s e r v e d  on  ce r t a in  
pa r t s  of  t he  e l ec t rode  surface.  Recent ly ,  m e t a l  p e r f o r a t e d  
d i a p h r a g m s  were  par t ia l ly  coa t ed  w i th  P T F E  a n d  were  
t e s t e d  as wa te r  e lec t ro lyzer  s epa ra to r s  (1). I t  was  s h o w n  
t h a t  t h e  P T F E  coa ted  m e t a l  is a b u b b l e  scavenger ,  h a v i n g  
a n  overa l l  benef ic ia l  effect  on  e lec t ro lyzer  p e r f o r m a n c e .  
Tef lon  b o n d e d  e lec t rodes  h a v e  also b e e n  u s e d  in  w a t e r  
e lec t ro lyzers .  However ,  i t  is st i l l  no t  c lear  h o w  m u c h ,  i f  a t  
all, t h e  p e r f o r m a n c e  of  Tef lon b o n d e d  p o r o u s  e l ec t rodes  
is b e t t e r  t h a n  p l a t in i zed  or p l a in  e l ec t rodes  for  gas  evolu-  
t ion  r eac t i on  a n d  w h a t  t he  overa l l  e f fec t  of  P T F E  on  t h e  
p e r f o r m a n c e  of  gas  evo lv ing  e l ec t rodes  is (2, 3). 

In  t h i s  work ,  we i n v e s t i g a t e d  t he  effect  of  pa r t i a l  elec- 
t r ode  sur face  coverage  w i t h  P T F E  on t he  e l ec t rode  per-  
f o r m a n c e  for  t he  h y d r o g e n  e v o l u t i o n  r eac t i on  (HER). 

Experimental 
Circu la r  s ta in less  s teel  p la tes  w i t h  an  area  of  10 c m  2 a n d  

1 m m  t h i c k  were  in i t ia l ly  p l a t ed  in  a Wat ts  so lu t i on  at  
80~ The  p la t ed  s a m p l e  was  ro t a t ed  a b o u t  i ts ax is  at  a 
c o n s t a n t  s p e e d  in o rde r  to s m o o t h  ou t  local  e lec t r ic  field 
d i f fe rences .  All s a m p l e s  were  p r e p a r e d  f rom the  s a m e  
s ta in less  s teel  plate.  The  p la te  Was in i t ia l ly  w a s h e d  in a 
d e t e r g e n t  so lu t ion ,  m e c h a n i c a l l y  s c r u b b e d ,  a n d  t h e n  
c l e a n e d  in t he  fo l lowing  s e q u e n c e  (4): (i) d e g r e a s i n g  in  
m e t h a n o l  for  15 min ;  (ii) w a s h i n g  in  an  a lka l ine  b a t h  
(KOH 10%) for  5s; (iii) r i n s ing  in  d is t i l led  water ;  (iv) wash-  
ing  in  an  ac id  b a t h  (H2SO4 5%) for 5s; a n d  (v) w a s h i n g  in 
d i s t i l l ed  water .  

The  n i cke l -p l a t i ng  so lu t ion  c o n s i s t e d  of  t he  fo l lowing  
c o m p o u n d s  d i s so lved  in  d is t i l led  water :  NiSO4 �9 6H20, 300 
g1-1, NiC12-6H~O,45 gl -~, a n d  H3BO~, 30 gl -~. T h e  r e s u l t i n g  
so lu t ion  was  s t i r red  at  80~ in  a P y r e x  beaker .  T h e  
c o u n t e r e l e c t r o d e  was  a n i cke l  sheet .  The  so lu t i on  was  
h e a t e d  to 80~ p r io r  to each  e x p e r i m e n t .  T h e  to ta l  n i cke l  
p l a t i ng  t i m e  was  12 min.  The  c u r r e n t  d e n s i t y  was  a p p r o x -  
ima t e ly  10 m A / c m  2. Af te r  p la t ing ,  t he  p la tes  were  w a s h e d  
w i t h  d is t i l led  w a t e r  a n d  dr ied.  

P T F E  T30 Tef lon  d i s p e r s i o n  was  d ia lyzed  ag a i n s t  
w a t e r  to r e m o v e  t he  s tab i l i z ing  s u r f a c t a n t  a n d  d i lu t ed  to 
ca. 1% in  d is t i l led  water .  The  d i s p e r s i o n  was  t h e n  a l lowed  
to set t le  w i t h i n  long  (ca. 60 cm) glass  cy l inde r s  for  15 min ,  
a f te r  w h i c h  t i m e  the  lower  10% of  t he  cy l i nde r  c o n t e n t s  
were  d i sca rded .  The  d i s p e r s i o n  was  a l lowed  to se t t le  
again,  a n d  af te r  l h  t he  u p p e r  ha l f  of  the  cy l i nde r  c o n t e n t s  
we re  also d i sca rded .  To p r e v e n t  excess ive  coagu la t ion ,  
1% s o d i u m  laury l su l fa te  was  a d d e d  to t he  r e m a i n i n g  dis- 
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pe rs ion ,  for s torage.  P r io r  to use,  it was  d r a i n e d  f r o m  a 
s tored,  se t t l ed  d i s p e r s i o n  a n d  r ep l aced  b y  d i s t i l l ed  water .  

P T F E  T30 Tef lon 1 d i s p e r s i o n  was  s p r a y e d  on to  t he  
e l ec t rode  surface,  a l lowed  to dry, a n d  h e a t e d  in  a n  o v e n  
p r e h e a t e d  to 370~ I t  was  lef t  a t  th i s  t e m p e r a t u r e  for  15 
ra in  a n d  cooled  by  d i rec t  e x p o s u r e  to r o o m  air. T he  elec- 
t r ode  sur face  was  t h e n  w a s h e d  in a n  acidic  so lu t ion  to re- 
m o v e  the  ox ides  fo rmed ,  a n d  a n o t h e r  layer  of  n i cke l  was  
e lec t ro ly t ica l ly  d e p o s i t e d  on  t h e  e lec t rodes .  T h e  p u r p o s e  
of th i s  s e c o n d  depos i t i on  is to  give m e c h a n i c a l  s t ab i l i ty  to 
the  Tef lon  layer.  A p h o t o g r a p h  of the  r e s u l t i n g  sur face  is 
s h o w n  in Fig. 1. I f  a s e c o n d  n i cke l  l ayer  is n o t  depos i t ed ,  
d u e  to b u b b l e  fo rmat ion ,  m o s t  of  t h e  Tef lon will be  re- 
m o v e d  f rom t h e  sur face  b y  a d s o r b i n g  to t h e  gas - l iqu id  in- 
terface.  D e p o s i t i o n  of  a s e c o n d  n i cke l  layer  p r e v e n t s  t he  
re lease  of  t h e  Tef lon  layer  e v e n  for h i g h  c u r r e n t  dens i t i e s  
(1 A/cm2). D u r i n g  the  s e c o n d  depos i t ion ,  t h e  c u r r e n t  den-  
si ty was  t h e  s ame  as in  t h e  first one. 

T h e  e lec t ro ly t ic  cell  e m p l o y e d  for c u r r e n t  d e n s i t y  vs. 
po ten t i a l  d rop  m e a s u r e m e n t s  was  a s t r a igh t -wa l l ed  cyl in-  
dr ica l  P y r e x  b e a k e r  w i t h  a P T F E  cover  m a c h i n e d  to fit 
(5). T h e  cell  c o n t a i n i n g  30 w e i g h t  p e r c e n t  (w/o) K O H  elec- 
t ro ly te  was  i m m e r s e d  in a w a t e r  b a t h  at  80~ The  t e s t  
e l ec t rode  a n d  a la rger  p l a n a r  p l a t i n u m  e lec t rode  we re  po- 
s i t i oned  fac ing  each  o the r  at  a d i s t ance  of  a b o u t  4 cm. T h e  
e l e c t r o d e s  were  so lde red  to a c o p p e r  wire,  a n d  t h i s  con-  
n e c t i o n  was  i n s u l a t e d  w i t h  s i l icone  ru b b e r .  T h e  a n o d e  
was  n o t  s u b m i t t e d  to an y  spec ia l  t r e a t m e n t .  A m e m b r a n e  
was  i n s e r t e d  b e t w e e n  t h e m  a n d  k e p t  f ixed b y  a sup-  
p o r t i n g  f rame.  M e r c u r y - m e r c u r y  ox ide  e l ec t rodes  we re  
u s e d  as r e f e r ence  e lec t rodes .  (EHg/HgO = 43 m V / N H E  in  5N 

1 Obtained from E. I. du Pont  de Nemours and Company. 

Fig. 1. Optical micrograph of a PTFE partially covered nickel surface 
(400 x ). 
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K O H  solution). The Hg/HgO e lec t rode  was inser ted  into a 
Luggin  probe.  The  Luggin  tip was pos i t ioned  at the  cen- 
ter  of  the  work ing  electrode.  The  character iza t ion of  the  
e lec t rode  was done  by measu r ing  cell vol tage drop  dur ing  
electrolysis  at different  condi t ions,  us ing a current  inter- 
rup te r  t e chn ique  (6) in order  to obtain  the  IR-free elec- 
t rode  voltage.  

Results 
A n u m b e r  of  e lect rodes  was prepared,  wi th in  surface 

coverage  ranging f rom zero (uncovered)  to 60%. Surfaces  
of  the e lec t rode  samples  were  e x a m i n e d  by optical  mi- 

.j 
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I 
T ~  V I I . 2  

I F I I \ 
0 2 0  40  60  GO I00  

croscopy.  A typical  mic rograph  is shown in Fig. 1. The  ir- 
regular  l ight  (white) pat tern  observed  cor responds  to the 
P T F E  deposit ,  and the  dark areas are those  of u n c o v e r e d  
nickel.  The  pic ture  was t aken  after the  e lec t rode  was op- 
e ra ted  in H E R  reg ime for more  than 2h at 1 A/cm ~. The  
l ight  and dark tones  indicate  an i r regular  t opog raphy  of  
the depos i t  surface. One may  clearly observe  that  the  
P T F E  part icles  are part ial ly covered  by nickel  to aid their  
re tent ion,  mechanical ly .  Nicke l  over layers  give mechan i -  
cal s t rength  to the  Teflon deposits.  The  edge  of  the  
nickel  depos i t  should  operate  ve ry  efficiently since the  
edges  of e lect rodes  are k n o w n  to operate  as efficient 
bubb le  generators .  S ince  the meta l  is be t ter  we t ted  than  
PTFE,  these  bubbles  should  m o v e  f rom the  nickel  edges  
to the  P T F E  surface spontaneous]y.  

Resul t s  of  cur ren t  v s .  vol tage  m e a s u r e m e n t s  for the  
e lec t rodes  tes ted are shown in Fig. 2. The  cur ren t  densi-  
t ies shown in Fig. 2 are obta ined  by d iv id ing  the  total  cur- 
ren t  I by  the  geomet r ic  area of the  circular  e lec t rodes  (10 
cm~). It m a y  be seen that  Teflon coverage  has a signifi- 
cant  effect  on the  e lec t rode  performance.  Tef lon coated  
e lec t rodes  opera ted  at 500 m A / c m  ~ have  lower  over- 
vol tage  than  plain e lect rodes  and are thus  more  efficient  
than  these. 

Discussion 
The e lec t rode  area covered  by P T F E  does not  partici- 

pate  in e lect ron- t ransfer  reactions,  but  it draws gas bub-  
bles f rom the  metal l ic  sites, thus  leaving more  free to ad- 
sorb ions  f rom the electrolyt ic  solut ion and to r educe  
them.  The  e lec t rode  surface m a y  be  seen, then,  as a mo- 
saic of  regions  with different  degrees  of  hydrophobic i ty ,  
some  more  hydrophob ic  (PTFE coated) which  can  thus  
draw gas bubbles  f rom the more  hydrophi l ic  ones  (non- 
P T F E  coated). Current  dens i ty  e lec t rode  potent ia l  curves  
ob ta ined  by the galvanostat ic  pulse  m e t h o d  show three  
d is t inc t  regfons. First,  at low cur ren t  densi t ies  (<10 
mA/cm2), hydrogen  is obta ined  at sufficiently low rates to 
diffuse away into the  solut ion wi thou t  bubb le  format ion.  
In  this region,  P T F E  coverage  is not  effective, and uncov-  
e red  e lec t rodes  per form bet ter  than  the  coa ted  ones. 
A b o v e  10 m A / c m  2, the  u n c o v e r e d  e lec t rodes '  overvo l tage  
increases  sharply  due  to bubb le  format ion  and concur-  
rent  loss of  e lec t roact ive  area. This  is not  observed  in the  
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coated electrodes, which perform better in this region be- 
cause of the bubble scavenging action of the Teflon 
coated sites, as predicted by the Marangoni effect. 

The size of the bubbles in the electrolyte increase when 
we have PTFE partial covered electrodes due to hydro- 
phobicity of PTFE coating. The effect of the PTFE cover- 
age on the cell ohmic resistance is discussed in Ref. (1). 

Once formed in an electroactive (metallic) surface site, a 
gas bubble may stay there for a relatively long t ime until 
removed by convection, stirring, or flotation. A neighbor- 
ing PTFE surface will cause bubble displacement, lead- 
ing to lower total interfacial free energy and leaving me- 
tallic surface free for further action. Of course, this will 
not be observed when metal-electrolyte and PTFE-elec- 
trolyte contact angle are close. 

At very high current densities (>1 A/cm2), violent bub- 
ble release and thermal convection should be the major 
factors leading to surface uncoverage. However, at the 
highest current density used in our experiments,  most 
coated electrodes were more efficient than the uncoated 
ones. 

Figures 3a and 3b showing current densities as a func- 
tion of electrode surface coverage at given voltages (V) x 
Hg/HgO can further elucidate the points under discus- 
sions. At V = 1.2, current densities decrease linearly with 
coverage, due to surface loss. The straight line between 
0% and 100% coverage represents the expected behavior 
based on surface availability. At V = 1.6, current densities 
are up to 12 times larger than in uncovered electrodes, 
but they decrease at higher degrees of surface coverage. 

Of course, at very high coverages, current densities 
should approach zero. 

In this work, we chose to cover nickel electrodes with 
Teflon particles in the 10-100 l~m size range, following a 
simple argument: gas bubbles in the 10 t~m (and up) ra- 
dius range should float rapidly in aqueous media. Bub- 
bles much smaller than this would tend to remain dis- 
persed in water, increasing electrolyte resistance and 
should thus be avoided. Further theoretical and experi- 
mental work is required to define the opt imum Teflon- 
particle size and surface coverage to achieve lower elec- 
trode overvoltages. 
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Ionization of Trifluoromethane Sulfonic Acid in Phosphoric Acid 
Raman Studies 

R. K6tz, 1 S. Clouser, *,2 S. Sarangapani, *,3 and E. Yeager* 

Case Center for Electrochemical Sciences and the Chemistry Department, Case Western Reserve University, Cleveland, 
Ohio 44106 

Much effort has been directed by various investigators 
(1-3) to optimize platinum catalysts for 02 reduction in 
concentrated phosphoric acid. Relatively little attention, 
however, has been given so far to the acid-base properties 
of this electrolyte, and the possibility of modifying these 
properties so as to improve th e current-voltage character- 
istics of platinum catalyzed 02 cathodes. Through mod- 
ifications of the acid-base properties, it may also be pos- 
sible to increase the stability of dispersed Pt and slow 
down the oxidation of the carbon support. 

The proton activity of concentrated H3PO4 can be 
controlled by treating the acid as a parent solvent system 
and changing its acid-base properties by the addition of 
strong acids and strong bases. Trifluoromethane sulfonic 
acid (TFMSA) is one of the strongest protonic acids (4) 
and, when added to concentrated H3PO4, is expected to 
increase the proton activity according to the following 
ionization reaction 

I> P § "~ p + 

HO OH 0 O~ 

* Electrochemical Society Active Member. 
1 Permanent address: Brown Boveri & Company, Research 

Center, CH-5405 Baden, Switzerland. 
2Permanent address: Gould, Incorporated, Foil Division, 

Eastlake, Ohio 44094. 
3 Permanent address: Giner, Incorporated, Waltham, Massa- 

chusetts 02154. 

In addition to providing a source of protons, this 
fluorinated acid may also increase the solubility and per- 
haps also the diffusion coefficient of 02. The solubility of 
O2 in fluorinated solvents is known to be relatively high 
(5-8). 

In the present work, the acid-base properties of the 
H~PO4-CF3SO3H have been studied using Raman spec- 
troscopy (for the first time). 

Experimental 
85% orthophosphoric acid was obtained from Mallinck- 

rodt and purified by treating it first with hydrogen per- 
oxide, then with hydrogen over Pt  black, and finally by 
conventional pre-electrolysis. The details of this pu- 
rification method have been described elsewhere (9). 
Higher concentrations of the acid were obtained by dis- 
ti!ling water out of the 85% acid. TFMSA was purchased 
from Alfa-Ventron and distilled twice in an all-glass ves- 
sel in an N2 environment before use. The first 10% of the 
distillate and last 10% of the residue were discarded. As 
obtained, the TFMSA was pale straw colored but the dou- 
bly distilled acid was colorless. 

The Raman spectra were recorded with a Spex Rama- 
log spectrometer and Coherent Radiation Model CR-8 ar- 
gon ion laser. The power output of the laser was 150 'roW 
at the sample at 514.5 nm. The C13 NMR spectra of the 
doubly distilled CF3SO3H and also a 10% CF3SO3H solu- 
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t ion  in 85% HaPO4 were  c h e c k e d  w i th  a V a r i a n  XL-100 
Fou r i e r  t r a n s f o r m  N MR  s p e c t r o m e t e r  a n d  f o u n d  to con-  
ta in  on ly  t he  four  p e a k s  e x p e c t e d  for the  CF~ group.  Th i s  
p r o v i d e s  e v i d e n c e  for on ly  one  t ype  of c a r b o n  in  a CF3 en- 
v i r o n m e n t  to  w i t h i n  ~0.1% pur i ty .  

The  bo i l ing  p o i n t  of  t he  pur i f ied  CF3SO~H was  162~ as 
c o m p a r e d  w i t h  a l i t e ra tu re  v a l u e  of 162~ (4) at  1 arm. I t  is 
un l ike ly  t h a t  t he  pur i f ied  acid c o n t a i n e d  s ign i f ican t  
w a t e r  s ince  t he  t e m p e r a t u r e  was  c o n s t a n t  to w i t h i n  at  
l eas t  0.5~ d u r i n g  t h e  s e c o n d  dis t i l la t ion.  The  bo i l ing  
po in t  of  the  m o n o h y d r a t e  was  210~ 

Resul ts  and  D iscuss ion  
The  R a m a n  s tud ie s  ~ h a v e  b e e n  ca r r ied  ou t  in  t h e  

CFsSO3H-H~PO4 m i x t u r e s  p r inc ipa l ly  to e s t a b l i s h  w h e t h e r  
t he  CFsSOaH is c o m p l e t e l y  ion ized  in  t he  mix tu re ,  a n d  to 
see  i f  t h e r e  are a n y  u n u s u a l  spec ies  p r e s e n t  in  t he  
mix tu re s .  

In  Fig. 1 are c o m p a r e d  t he  R a m a n  spec t ra  o b t a i n e d  in 
d o u b l y  d is t i l led  p u r e  T F M S A  ( s p e c t r u m  A), pur i f i ed  85% 
H~PO~ c o r r e s p o n d i n g  to a tool  f r ac t ion  X,~o~ = 0.5 (spec- 
t r u m  B), a n d  a 10% by  v o l u m e  so lu t ion  of  T F M S A  in  85% 
H~PO4 c o r r e s p o n d i n g  to Xv~,sA = 0.0426, X.~,o~ = 0.479, 
a n d  X.~o = 0.479 ( s p e c t r u m  C). 

The  i n s e r t  in  th i s  figure i nd i ca t e s  the  R a m a n  s p e c t r u m  
for  10% by  v o l u m e  T F M S A  in 100% H3PO4 c o r r e s p o n d i n g  
to X~MSA = 0.062. The  s p e c t r u m  for t he  TFMSA-H3PO~ so- 
l u t i o n  is t h e  s u m  of s pec t r a  A a n d  B w i t h  t he  e x c e p t i o n  of  
an  a d d i t i o n a l  v ib ra t i ona l  b a n d  at 1033 c m - ' ,  w h i c h  is due  
to the  S - - O  s t r e t c h i n g  v i b r a t i o n  of t h e  [CF~SO.J- anion.  
Th i s  f r e q u e n c y  a s s i g n m e n t  has  b e e n  m a d e  in  acco rd  w i t h  
t h e  p u b l i s h e d  in f r a red  spec t ra  of  a q u e o u s  so lu t ions  of 
T F M S A  a n d  m i x t u r e s  of  T F M S A  wi th  o the r  ac ids  (10). 
S ince  t he  T F M S A  molecu l e  ha s  no  cen te r  of s y m m e t r y ,  
m o s t  of  t he  o b s e r v e d  R a m a n  l ines  are  also p r e s e n t  in  t he  
i n f r a red  a b s o r p t i o n  spec t rum.  

I t  is no t  c lear  w h e t h e r  t he  [CF~SO~]- ion i n d i c a t e d  b y  
t he  R a m a n  b a n d  at 1033 c m - '  is f o r m e d  as a r e s u l t  of  t he  
f o r m a t i o n  of  a [H4PO~] + ca t ion  or H~O + f rom H~O in  the  
c o n c e n t r a t e d  H~PO~, a c c o r d i n g  to t he  r eac t ions  

CF~SO.~H + H~PO4 ~ [CF3SO3]- + [H~PO~] + [2] 
Some consideration is also being given to carrying out infra- 

red measurements which should be more directly sensitive to 
the H:~O + vs. H4PO4 + species, but cell windows present a prob- 
lem. 

CF.~SO.~H + H20 .~ [CF.~SO3]- + [H,~O] § [3] 

I f  r e ac t i on  [3] is p r e d o m i n a n t ,  t he  H30 + spec ies  w o u l d  dif- 
fer f rom t h a t  e n c o u n t e r e d  in o rd ina ry  ac id  so lu t ions  
b e c a u s e  t h e r e  wou ld  be  insu f f i c i en t  wa te r  to so lva te  i t  to  
t he  u sua l  h y d r o n i u m  ion [H30 �9 3H20] + or [HsO4] +. Rather ,  
t h e  [H30] + cou ld  p r o b a b l y  b e  so lva ted  p r e d o m i n a n t l y  b y  
H3PO4 to fo rm [H30 �9 3H3PO4] + w i t h  the  p r o t o n s  of  t he  
[H30] + i n t e r a c t i n g  w i t h  the  O of the  O = P of t he  H~PO4. 

To c h e c k  in to  th i s  fu r ther ,  t h e  d e p e n d e n c e  of t he  in ten -  
si ty of  t he  1033 c m - '  p e a k  on  T F M S A  c o n c e n t r a t i o n  has  
b e e n  e x a m i n e d  in the  H3PO4. The  i n t e g r a t e d  p e a k  in ten-  
s i ty  of  t he  v ib r a t i ona l  b a n d  at  1033 c m  -1 ( c o r r e s p o n d i n g  to 
t he  S - - O  s t r e t c h  in  t h e  CF~SO~- an ion)  ha s  b e e n  mea-  
s u r e d  re la t ive  to t h a t  of the  772 c m - '  p e a k  as a f u n c t i o n  of 
t he  c o n c e n t r a t i o n  of the  T F M S A  a d d e d  in p u r e  w a t e r  a n d  
85% H3PO4 (see Fig. 2). The  b a n d  at 772 c m  -~ is a t t r i b u t e d  
to t he  C-S v i b r a t i o n  of  b o t h  t he  T F M S A  m o l e c u l e  a n d  its 
a n i o n  a n d  h e n c e  d e p e n d s  on ly  on  t he  to ta l  a m o u n t  of  
T F M S A  added .  C o n s e q u e n t l y ,  t he  Ilo~3/I77z ra t io  is r e l a t ed  
to t h e  f r ac t ion  of t he  T F M S A  w h i c h  is ionized.  Th i s  in t en -  
s i ty  ra t io  is r e la ted  to t he  c o n c e n t r a t i o n s  of  the  ion ized  
(C,) a n d  u n i o n i z e d  (CD CF3SO3H by  an  e q u a t i o n  of t he  
fo rm 

I1033 (k,),033C1 (k,)103~X, 
I - - -  - = 

1772 (kl)772C~ + (k~)77~C~ (kl)772X, + (k2)~72X~ 
[4] 

w h e r e  X~ is t he  tool  f r ac t ion  of t he  s u b s c r i p t e d  spec ies  
a n d  (kl)~0~s, (k,)7=, a n d  (k~)m are  the  m o l a r  R a m a n  scat ter-  
ing  coeff ic ients  a n d  wil l  b e  a s s u m e d  to b e  c o n s t a n t  [see, 
e.g., Ref. (12)]. Note  t h a t  t he  to ta l  n u m b e r  of  mols  is no t  
c h a n g e d  b y  r eac t ions  [2] a n d  [3]. I f  t h e  e q u i l i b r i u m  con- 
s t a n t s  for  t he  r eac t ions  are l a rger  c o m p a r e d  to uni ty ,  t h e n  
for X1 < 0.5 

Xl = X~ + X % o  [5] 

and  

X2 = X~ - X1 [6] 

w h e r e  t h e  s u p e r s c r i p t e d  s y m b o l s  c o r r e s p o n d  to t he  tool  
f r ac t ions  on  t h e  bas i s  of  t h e  in i t ia l ly  a d d e d  c o m p o n e n t s .  
E q u a t i o n  [4] can  t h e n  b e  r e a r r a n g e d  to t he  fo rm 
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Y _  (k2)772 [ 2(~2)772 -- (kl)77~ 1 
I (k,),o3~ L ~ , ~  "y  [7] 

where 

y = 1 - X~ = X~ + X~ 

An identical equation is obtained for the CF3SO~H-H~O 
mixture except  that y = X~ If only the water in the 
H3POJH=O system is capable of solvating the proton, then 
Eq. [7] is replaced by 

y 2(k2)772 [3(~)772 - (k,)7~2 ] 
s " y [8] 

Thus, a comparison of the plots of ylI vs. y for the 
CF3SO3H-H~O and the CF3SOsH-H3PO4-H~O can indicate 
whether  the H § of the CF3SO4H is solvated by H3PO~ as 
well as H20 in the 85% H3PO, or just by the H20. Plots of 
y/I vs. y are given in Fig. 3. 

The agreement of the data for the binary and ternary 
systems with the general form of Eq. [7] is satisfactory 
considering the difficulty of obtaining accurate values 
for the ratio y/I as y and I both approach zero. Further- 
more, the data for the binary and ternary system coincide 
reasonably well, indicating that the H3PO4 as well as H~O 
solvate the proton. If only the H20 participated in the pro- 
ton salvation, then the intercept for the ternary system 
would be twice as great as for the binary system and the 
intercept of the linear region at low values of y with the 
limiting y/I value would be at 0.66 rather than 0.5 (see 
dashed line in Fig. 3). 

At lower concentrations in the H3PO, solutions, how- 
ever, it is not possible with these data to say what fraction 
of the protons are in the form of H30 + and H4PO4 +. In 
principle, it should be possible to establish the ionization 
constants for the TFMSA in the water and H3PO4-water 
solutions from the curvature in the region between the 
two linear portions of each curve, but the accuracy does 
not appear sufficient with the present measurements  
even if more points were available. Infrared absorption 
measurements  of the OH stretch in the H~O + and H4PO4 + 
species or proton NMR appear more promising ap- 
proaches to establishing the predominant  species in these 
solutions. 

The half-width of the 1033 cm -~ peak has also been ex- 
amined as a function of TFMSA in both pure water and 
85% H~PO, (see Fig. 4). The half-width decreases substan- 
tially with dilution in the TFMSA-water solutions ap- 
proaching the instrumental  line width at low concentra- 
tions under  the particular operating conditions used in 
these experiments.  In contrast, the half-width is essen- 
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2. The calculated results for Eq. [7] ( ) and [8] (---) are also given. 
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Fig. 4. Half-width of the 1033 cm-' Raman line vs. concentration of 

trifluoromethane sulfonic acid in water (open points) and 85% H3PO4 
(solid points). 

tially independent  of TFMSA concentration in the 85% 
H3PO4. 

The sources of line width broadening in liquids are 
severalfold and are the subject of considerable discussion 
(11). For an anisotropic polarizable rotor such as CF3SO.~-, 
they include rotational diffusion in addition to collision 
processes, hydrogen bond formation kinetics, and ion 
pair and ionization kinetics at the very high concentra- 
tions involved in concentrated acids, such as involved in 
the present study. Further, the CF~ internal rotor, par- 
tially restricted by hydrogen bonding to H20 and H3PO4 
molecules, can also contribute to line broadening. No one 
of these factors, however, appears capable of explaining 
the wide line widths and the concentration dependence i n  
water and lack of such in 85% H3PO4 in Fig. 4. Depolariza- 
tion Raman measurements  and NMR measurements  
would prove helpful in interpreting this behavior. 

A few NMR measurements  have been performed by the 
authors on the CF3SO3H-H3PO4-H20 solutions. The pro- 
ton-spin resonance measurements using a 60 MHz Varian 
EM 360 permanent  magnet NMR spectrometer indicate 
only a single proton peak at room temperature at concen- 
trations varying from 0 to 100% CF3SO3H in 85% H.~PO4. If 
any of the equilibria such as those represented by Eq. [2] 
and [3] were relatively slow, then more than one type of 
proton signal would be expected; thus, implying that all 
the equilibria are fast on the NMR time scale. The line 
width of the proton peak decreases with increasing 
CF3SO4H concentration. The C-13 spectra of the pure 
CF3SO3H and 10% by volume solutions of this acid in 
100% H3PO4 showed the expected four peaks with no 
anomalies or impurity peaks evident. 

Conclusion 
The Raman spectroscopy studies indicate that the 

TFMSA is essentially completely ionized in H.~PO4 and 
H3PO4-H20 solutions for a mole fraction XT~MSA below 0.4. 
NMR measurements on the mixed acid solutions indi- 
cate only one proton spin resonance line and the ex- 
pected C-13 spectrum for the CF~SO3-. Therefore, the acid 
ionization processes are quite fast. The protons in the 
mixed acid solutions are most likely in the forms (H4POD § 
and (H30) +. 
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ABSTRACT 

The consequences of the avalanche-breakdown model  during the growth of anodic tantalum oxide in H~PO4 electro- 
lytes are discussed. Typical values of the injected current  densi ty at the electrolyte-oxide interface, the impact  ionization 
coefficient, and the electric field during anodization have been determined from the anodization characterist ics at a 
constant  current. The results are interpreted assuming that  the injected current  has its origin in the electrolyte anions in- 
corporated into the oxide during the anodization process. 

T h e  anodic  oxidat ion  of valve  meta ls  is a process  
of high technica l  and scientific in te res t  because of its 
impl ica t ions  in the  manufac tur ing  of e lec t ro ly t ic  ca-  
paci tors ,  in the  p repa ra t ion  of pass ivat ing  layers  in 
th in  film technology,  and  in the  growth  of pro tec t ive  
and decora t ive  films (1). The prac t ica l  l imi t  to the 
m a x i m u m  thickness  of the oxide reached in the anodi -  
zat ion process is given b y  the b r eakdown  voltage 
across the  film. There  is a grea t  amount  of l i t e r a tu re  
concerning  the na tu re  of the b r eakdown  process, and 
some empi r ica l  re la t ions  be tween  the b reakdown  vol t -  
age and  anodizat ion pa r ame te r s  have  been  es tab-  
l ished (2).  Kada r i  and Kle in  have s tud ied  the e lect r ica l  
b r eakdown  dur ing  the anodic growth  of Ta205 and 
A1203 and exp la ined  it by  the theory  of stochastic 
succession of ava lanches  (3).  Recently,  Ikonopisov has 
put  fo rward  a mode l  of b r eakdown  caused by  the 
ava lanche  of e lec t rons  in jec ted  at  the  e l ec t ro ly te /ox ide  
in te r face  dur ing  anodizat ion  (4).  This model  is ab le  
to expla in  the  w e l l - k n o w n  l inear  dependence  of t h e  
breakdo~vn vol tage  on the logar i thm of the e lec t ro ly te  
res is t ivi ty .  Lately ,  the model  has been ex tended  by  
Albe l l a  et al. to expla in  the  cu rva tu re  of the  vol tage  
curve as a funct ion of t ime in anodizat ion exper imen t s  
of t an t a lum at a constant  cur ren t  dens i ty  (5).  In  the  
presen t  paper ,  we fu r the r  examine  the impl ica t ions  of 
this model.  In  par t i cu la r ,  by  a careful  de te rmina t ion  
of the  slope of the vol tage curve, dV/dt, the  in jec ted  
cu r ren t  densi ty,  Jo, and the ionizat ion coefficient of the  
ava lanche  have been ca lcula ted  f rom the anodizat ion 
curves of t an t a lum at a constant  current .  The resul ts  
are  in t e rp re t ed  on the basis of an a l t e rna t ive  model  
for  the  in jec ted  electronic cur ren t  a t  the  e l ec t ro ly t e /  
oxide  interface.  

Theory 
Figure  1 shows the mechanism of avalanche  b r e a k -  

down proposed  by  Ikonopisov.  In  this  model,  an elec-  
t ronic cur ren t  Jo is supposed to be in jec ted  f rom the 
e lec t ro ly te  to the oxide conduct ion band by  a Scho t tky  
mechanism.  Other  in ject ion mechanisms,  such as the  
F o w l e r - N o r d h e i m  tunnel ing,  have  been  suggested,  for 
example ,  by  K a d a r y  and Klein  (3). The in jec ted  elec-  
t rons are  acce lera ted  towards  the anode by  the s t rong  

* Electrochemical Society Active Member, 
Key words: dielectrics, current efficiency, transport. 

field of anodization,  causing an ava lanche  b r e a k d o w n  
when a cer ta in  cr i t ical  e lec t ron cur ren t  is reached.  

In  a s imple  avalanche  model  of b r eakdown  dur ing  
anodic oxidat ion,  one can assume tha t  the electronic 
cu r ren t  densi ty ,  Jo, in jec ted  to the  conduct ion band  of 
the oxide f rom the e l ec t ro ly te /ox ide  interface,  in-  
creases exponen t ia l ly  according to an avalanche  process 
(4). Therefore,  the e lectronic  cur ren t  dens i ty  at  the  
anode, Je, should be given by:  Je ---- Jo cad, where  a i s  
the impact  ionizat ion coefficient and d is the dis tance 
t r ave led  by  the p r i m a r y  electrons on the i r  w a y  to the  
anode. As a first approximat ion ,  one can assume d 
equal  to the total  oxide thickness.  

In  anodizat ion exper iments  at  constant  cur ren t  den -  
si ty,  Jr, the oxide thickness increases l i nea r ly  wi th  the  
vol tage  (d : aV). As a consequence, the dif ferent ia l  
equat ion regula t ing  the growth  of potent ia l  wi th  t ime 
is given b y  

dV 
- -  K j !  [ l J  

dt 

where  ji is the ionic cur ren t  .density of anodizat ion,  and  
K is the  un i t a ry  anodizat ion rate,  given b y  

ME, 
K = [2] 

10Fp 

In this  formula,  M is the molecu la r  weight  of the  
resul t ing  oxide, F the F a r a d a y  constant ,  p the oxide  
density,  and E the electr ic  field dur ing  anodizat ion 
(1). Taking  into account the  presence of the  avalanche  
electronic cur ren t  je dur ing  the anodizat ion,  the  i o n i c  
cur ren t  wi l l  be:  Ji = Jt - -  Je, so tha t  

dV 
- - - -  K ( j t  - -  ~e) "- K(J t  - -  ~e cad) - -  K ( ~ t - -  ~o ca'v) [3] 
dt 

with  a' equa l  to a �9 a. 
The  th ree  pa rame te r s  K, Jo and a' of Eq. [3] can b e  

obta ined th rough  an accura te  de te rmina t ion  of the  
var ia t ion  of the  d V / d t  values  wi th  the  vol tage  in the  
range of voltages where  no scint i l la t ion spa rks  appear .  
By opera t ing  in Eq. [3], one obtains  

In 1 --  ' K i t  dt  "- Jt 

1101 
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Fig. 1. Schematic representation of the band structure and the 
avalanche breakdown mechanism during anodization. 

Therefore,  a graphic  represen ta t ion  of the  values  of 

In 1 Ki t  dt as a function of the anodizat ion 

voltage,  V, mus t  fit a s t ra igh t  l ine whose slope is a', 
and  the intersect ion with  the ord ina te  axis is given b y  
In(Jo/Jt) .  The first s tep in this calculat ion is to find 
the  value  of the  constant  K. An approx imate  value  of 
K can be obta ined  f rom the ex t rapo la t ed  va lue  of 
dV/dt  at V = 0, which  f rom Eq. [3], and  wi th  the  
addi t ional  condit ion Jo << it, is given by  

(dV/dt)  v=o 
K = -  [5]  

Jt 

However ,  in o rder  to find a more  accurate  value  of K, 
a', and  Jo, we have fol lowed an i t e ra t ive  method of 
least  squares fi t t ing of the expe r imen ta l  values  of dV/ 
dt  to the theore t ica l  Eq. [3]. 

Experimental 
In our  exper iments ,  t an t a lum foil f rom Ref ramet  

Hoboken,  of 99.96% pur i ty ,  was anodized at a constant  
cur ren t  densi ty.  Previously ,  the samples  were  cleaned 
and chemical ly  polished fol lowing s t andard  t r ea tments  
(5).  In  o rder  to avoid the creeping of the e lec t ro ly te  
and the spurious effects at  the edges of the  foil dur ing  
anodizat ion,  a sample  holder  was used (see Fig. 2), 
which  only exposed  to the e lec t ro ly te  a c i rcular  a rea  
of 1.18 ___ 0.04 cm 2 of the foil. Optical  microscope ob-  
servat ions  of the  anodized area  showed tha t  the  pene-  
t ra t ion  of the  e lec t ro ly te  under  the  ho lder  was a lways  
less than  10 ~m wide, resu l t ing  in a var ia t ion  of the  
surface area  dur ing  the anodizat ion less than  0.4%. 
Dur ing  the exper iments ,  the to ta l  cur ren t  suppl ied  by  
the source was kept  constant  wi th in  ___0.1%. Al l  anodi -  
zat ion exper imen t s  were  pe r fo rmed  in an e lec t ro ly te  of 
phosphor ic  acid dissolved in wa te r  (0.01%) giving a 
res i s t iv i ty  of 2280 ~ - c m .  By using a s t i r red  t he rmo-  
s ta t ic  bath,  the  t empera tu re  of the e lec t ro ly te  close to 
the sample  was a lways  main ta ined  at  20 ~ __ 0.2~ 

F igu re  2 shows the expe r imen ta l  se tup used in our  
exper iments .  The da ta  .acquisition system, composed of 
the  HP 3497A digi ta l  vo l t ime te r  ( input  impedance  
> 1 0 ~ )  and the HP85 microcomputer ,  a l lowed us to 
obtain d i rec t ly  the  var ia t ion  of the anodizat ion vol tage  
wi th  t ime, its der ivat ive ,  and the pa rame te r s  Jo, K, and 
d which  best  fit the  dV/dt  curves. In  the  measu re -  
men t  of the hV/r , t  values,  the  vol tage increments  were  
a lways  kep t  be low a few volts. Therefore,  fixed t ime 
in terva ls  of measuremen t  were  ad jus ted  according to 
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Fig. 2, Experimental setup 

the  magni tude  of the anodizat ion current .  Taking  into 
account the  resolut ion in the  measuremen t  of vol tage  
(1 mV) and t ime (10 ~s) the overa l l  e r ror  in the  de-  
r iva t ive  was a lways  be low 0.1%. I t  is impor t an t  to 
emphasize tha t  the  vo l t age- t ime  curves are  genera l ly  
r epor ted  in the l i t e ra ture  as being l inear,  even at  high 
anodizat ion voltages. However ,  the  non l inea r i ty  effects, 
which become more  appa ren t  in the  der iva t ive  curve,  
a re  ve ry  impor tant ,  since they  can be re la ted  to the 
avalanche  and b reakdown  mechanisms.  

Results and Discussion 
Figure  3 (curves a-e)  gives some examples  of the  

var ia t ion  of the un i t a ry  anodizat ion ra te  (1/3t) (dV/dt)  
vs. V in typica l  exper iments  at different  cur ren t  den-  
sities. As can be observed,  there  is a s l ight  d iminu t ion  
of the (1/90 (dV/dt)  values wi th  the anodizat ion vol t -  
age, unt i l  the scint i l la t ion voltage,  VE, is reached.  Fo r  
vol tages h igher  than  Vs, the expe r imen ta l  values of 
dV/dt  are  e r ra t i ca l ly  scat tered,  due to the onset of the 
b r eakdown  process. According  to the  method  prev ious ly  
described,  we have computed  from the da ta  shown in 
Fig. 3, the values  of K, Jo, and a' in Eq. [4] ; this should 
fit the computed  values  of In (Je/jt) to a s t ra ight  line. 
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Fig, 3. Unitary anodlzatlon rate as a function of the anodlzatlon 
voltage for different current densities (lines indicate the theoretical 
values calculated according to the model by a least squares fitting). 
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Fig. 4. Fitting of the experimental values of In (/e/it) to a linear 
variation with the anodization voltage, according to Eq. [4] (sym- 
bols as in Fig. 3). There has been o vertical displacement of the 
curves so that each straight line is bounded between the 10 -1  
end 10 -2  values of Je/Jt, as for the top line. 

The ad jus tmen t  is shown in Fig. 4. As i t  can be ap-  
precia ted,  a good l inea r i ty  in the ca lcula ted  values  of 
in (Je/Jt) is ob ta ined  wi th in  a wide  range  of the  
anodiza t ion  voltage.  

The e lect r ic  field E p resen t  dur ing  anodizat ion can be 
d i rec t ly  eva lua ted  f rom Eq. [2], once the va lue  of K 
has  been de te rmined .  Using the value  of p = 8.03 
g �9 cm -3 for  the  dens i ty  of the  oxide (6), Fig. 5 gives a 
plot  of the  ca lcu la ted  values  of the electr ic  field as a 
funct ion of  the  ionic cu r ren t  dens i ty  Ji = Jt - -  Je. As can 
be observed,  there  exists  an approx ima te  exponent ia l  
dependence  of the ionic cur ren t  on the  electr ic  field, in 
ag reemen t  wi th  the  expe r imen ta l  resul ts  ob ta ined  by  
Del l 'Oca and Young (dashed curve in Fig. 5) based on 
the d i rec t  measuremen t  of the  oxide thickness  corre-  
sponding to a definite anodizat ion vol tage  (7).  Ac-  
cording to Dignam's  analysis  (8) of the  high field ionic 
conduct ion in solids, the field E, and therefore  dV/dt,  
decreases  as the  film grows. Specifically,  the  exponen-  
t ia l  dependence  of  E on the th ickness  d for  a fixed cur -  
ren t  dens i ty  j should be the  same as the  dependence  
of E on j for  fixed d. This fact  impl ies  that  the  p re -  
d ic ted  d iminu t ion  of  E dur ing  the film growth  should  
be the  same as the  increase  of the  field wi th  the  ionic 
cur ren t  dens i ty  (see Fig. 5). I t  might  appea r  at  first 
tha t  the  var ia t ion  of dV/dt  measured  in our  work  could 
be caused b y  this effect. However ,  a s t r a igh t fo rward  
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Fig. 5. Ionlc current density as a function of the anodlzafion field 
[the broken line corresponds to the results of Ref. (7)]. 

calculat ion shows tha t  the  var ia t ions  in  our  values of 
d V / d t  and  the decrease  in E p red ic ted  b y  Dignam's  
model  differ  by  a factor  of about  four. F o r  example ,  
f rom Fig. 3, the  decrease in g [calculated f rom the 
var ia t ion  of (1/jr)  (dV/dt)  for a tenfold  increase  of 
vol tage  (20 to 200V)] is on the  average  3% for a given 
cu r r en t  density.  However ,  the  increase shown by  g for  
a 1 decade change in cur ren t  dens i ty  in Fig. 5 is n e a r l y  
12%.  

I t  is in teres t ing  to compare  the  ca lcula ted  values  of 
the in jec ted  electronic current ,  Jo, and the ionic cur ren t  
of anodizat ion.  The log- log  plot  of Fig. 6 gives a 
s t ra ight  l ine whose slope is nea r ly  45 ~ , thus indica t ing  
that  the electronic cur ren t  var ies  l inea r ly  wi th  the ionic 
current ,  i ndependen t ly  of the  va lue  of the to ta l  ano-  
dizat ion current .  The quot ient  jo/Ji is about  4 . 1 0  -2  
which means  tha t  for  the  pa r t i cu l a r  anodizat ion e lec-  
t ro ly te  used in this  work,  the  e lec t ronic  cur ren t  
amounts  to 4% of the  ionic current .  This value  of the  
electronic cur ren t  might  seem too h igh  when compared  
with  the  r epor ted  values of the  cur ren t  efficiency dur ing  
anodization.  As it is known, in the case of tan ta lum,  
the cur ren t  efficiency is close to 100% in expe r imen ta l  
condit ions s imi lar  to ours (9). Fur the rmore ,  if the elec-  
t ronic cur ren t  ca lcula ted in this  work  were  in jec ted  
f rom the e lec t ro ly te  into the  oxide, i t  would  give r ise  
to a vis ible  evolut ion of oxygen at the oxide surface.  
However ,  no bubbles  were  observed at anodizat ion 
voltages be low the spa rk ing  voltage.  Al though  one 
m a y  specula te  tha t  the reduct ion of the slope dV/dt  
m a y  be produced  by  a decrease  of the  e lec t r ic  field 
caused by  local hea t ing  in the  film, this  does not  seem 
l ike ly  in view of the facts that  this effect is exh ib i ted  at  
voltages wel l  below the spa rk ing  vol tage and that  some 
of the exper imen t s  were  pe r fo rmed  at ve ry  low cur ren t  
densities.  

Within  the  analys is  of the possible causes of the  elec-  
t ronic cur ren t  present  dur ing  the anodization,  one finds 
the r e ma rka b l e  fact  that  the above ra t io  of the in jec ted  
electronic cur ren t  to the ionic cur ren t  coincides wi th  
the  repor ted  ra t io  of the  mol concentra t ion of anions 
incorpora ted  into the outer  pa r t  of the oxide per  tool  of 
Ta 5+, which is in the  range  of 3-5% for the e lec t ro ly te  
used in this work  (10, 11). Therefore,  one t en ta t ive ly  
could assdciate this  "electronic" cur ren t  wi th  the  move-  
ment  of charged anions across the e l ec t ro ly te /ox ide  
interface.  In  fact, according to Amsel  et aI. (9), the 
way  b y  which the e lec t ro ly te  species are  incorpora ted  
into the  oxide seems to be in the form of PO48- anions. 
As a consequence, there  must  be an ionic cur ren t  
th rough  the e l ec t ro ly te /ox ide  interface  associated wi th  
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the charge t r anspor ted  by  these anions. This view is 
fu r the r  suppor ted  by  recent  exper iments  (12) pe r -  
formed with  H3PO4 electrolytes  in different  concent ra -  
tions, which show a s t rong corre la t ion be tween  the 
quot ient  Jo/Ji and the corresponding anion concent ra-  
tion incorpora ted  into the  oxide. 

Given the absence in the l i t e ra tu re  of a deta i led  
mechanism of the incorpora t ion  of the e lec t ro ly te  ions 
into the  oxide latt ice,  it  is difficult to put  fo rward  a 
model  tha t  can expla in  the onset of the ava lanche  p ro -  
cess proposed in this work.  However ,  some specula t ions  
can be made.  One of the possible react ions  for the  in-  
corporat ion of the PO4 ~- anions sugges ted  by  Amsel  
et al. (9) is PO4 ~-  ~ PO8-  W O =. Under  these c i rcum- 
stances, the P O s -  ions could act as a source of electrons 
act ing l ike  donor  levels.  The resul t ing  electrons,  p rob -  
ab ly  l ibera ted  by  a P o o l e - F r e n k e l  mechanism,  can then 
be accelera ted  by  the s t rong anodizat ion field, br inging  
about  the ava lanche  mul t ip l ica t ion.  

On the basis of the above model,  the p r i m a r y  elec-  
t rons are expected to t rave l  a dis tance to the anode less 
than the oxide thickness  because the electrons are  
l ibe ra ted  from sites wi th in  the outer  l aye r  of the oxide. 
Some observat ions  about  this distance can be made 
f rom the ca lcula ted  values  of the ionizat ion coefficient, 

.:  a'/a. Table  I shows the ca lcula ted  values  of a, using 
for  a the  value  given by  a ---- 1/E. As it  can be observed,  

increases with the anodizat ion field, in agreement  
wi th  the  avalanche  theories (13), a l though the ab-  
solute values of r~ are  somewhat  lower  than  the ones 
repor ted  in the l i te ra ture .  K a d a r y  and Klein,  for ex-  
ample,  obta in  a va lue  of ~ ---- 1.1-1.4 • 105 cm -z  f rom 
e l ec t ro luminescence -and  pulse b r eakdown  measu re -  
ments  in Ta205 films (3, 14), which is more  than  twice 
the  value ob ta ined  in this work.  Since the values of ~ of 
Table  I are  ob ta ined  th rough  the product  o d, a be t t e r  
agreement  of a wi th  the publ i shed  values  resul ts  if one 
considers tha t  the  dis,tance t rave led  by  the p r i m a r y  
electrons is smal le r  than  d. In re la t ion  to this, the 
ionizat ion coefficient for a luminum oxide ca lcula ted  by  
Shimizu (15), on the basis of the resul ts  of Iknopisov  
et al. (16), is a : 2 �9 104 c m - L  Shimizu objec ted  tha t  
this value  is too low for the  Ikonopisov 's  model  to be  
accepted.  However ,  this object ion can be pa r t i a l ly  dis-  
regarded  in the l ight  of our  model  for the origin of the 
p r i m a r y  e lect ron current .  

Ano the r  impor tan t  question which  often arises is 
whe the r  the electronic cur ren t  reaching the anode 
(jo e~d, according to this work)  is h igh enough to cause 
the  b reak ing  down of the t an ta lum oxide. At  present ,  
there  is not  a definite answer  to this mat ter .  As it can 
be apprec ia ted  f rom Fig. 4, the avalanche  electronic 
current  depar ts  f rom the exponent ia l  dependence,  in-  
creasing at a fas ter  rate,  when the anodizat ion vol tage 

Table I. Impact ionization coefficient a for different 
anodization fields 

E (MV crn-~) a (cm-~) 

6.30 2.1 • 10 ~ 
6.42 2.4 x 10 ~ 
6.92 2.7 • 10~ 
7.05 3.7 x 10~ 
7.31 3.8 x 1{~ 

approaches  the spark ing  voltage. One can assume that ,  
under  these circumstances,  a new avalanche  process 
starts,  which is t r iggered  by  the field or ig ina ted  by  the 
spat ia l  charge lef t  by the  ionized atoms. The role of 
the spat ia l  charge has been s tudied  in detai l  by  
K a d a r y  and Kle in  (3) in thei r  theory  of stochastic suc- 
cession of avalanches,  and i t  might  be the d i rec t  cause 
of the abnorma l  rise of the e lect ronic  cur ren t  at  high 
voltages.  

Conclusions 
The expe r imen ta l  resul ts  on the  anodizat ion ra te  of 

t an ta lum in an H3PO4 e lec t ro ly te  wi th  different  cur -  
rent  densi t ies  in a wide  range  of vol tages show a good 
fit to the  theore t ica l  curves obta ined  under  the hy -  
pothesis  of an exponent ia l  increase of electronic cur-  
ren t  p resen t  du r ing  anodization.  This fact provides  
s t rong evidence of the avalanche  b r eakdown  model  in 
anodic oxides proposed  by  Ikonopisov (4), and  la te ly  
ex tended  by  Albe l l a  et al. (5), in o rde r  to expla in  the 
scint i l la t ion process. On the or igin of the p r i m a r y  e lec-  
t rons causing the ava lanche  breakdown,  we propose 
tha t  these electrons,  ins tead of being in jec ted  th rough  
the e l ec t ro ly te /ox ide  interface,  are  or ig ina ted  wi th in  
the oxide i tself  by  the ionizat ion of the e lec t ro ly te  im-  
pur i t ies  incorpora ted  into the oxide film dur ing  the 
anodizat ion.  
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ABSTRACT 

Etching mechanisms for organic materials in oxygen ion-beam etching has been discussed in terms of sputtering 
yield of carbon atoms. The sputtering yield, which is defined by the number  of sputtered carbon atoms per 02 ion, ex- 
ceeds the value of 2 under  high oxygen pressure conditions. Mass analysis indicates that the final product during etch- 
ing is CO. The main reaction for carbon consumption is assumed as being 2C + 02 + + nO2 --~ 2(n + 1)CO, where the nO~ 
term expresses the reaction with neutral oxygen molecules. Net sputtering yield is expressed by three factors; physical 
sputtering, chemical reaction with accelerated oxygen ions, a nd  the ion-assisted reaction with neutral oxygen molecules. 
The etching model, considering the ion-assisted reaction, qualitatively explains the increase in sputtering yield with de- 
creasing acceleration energy (decreasing current density) and with increasing oxygen pressure. 

Reactive ion etching in oxygen plasma has become 
highly attractive, since it was applied to the etching of 
thick organic layers in mult i level  resist systems (1). 
The etching provides organic pat terns in submicron di-  
mensions with high aspect ratio. However, the etching 
mechanism for organic materials  has not yet been fully 
understood. In  reactive ion etching (RIE),  generally,  
it is difficult to control ion energy and ion current  den-  
sity as well as to separate the radical-species contr ibu-  
t ion to the etching. However, in  oxygen ion-beam etch- 
ing (IBE),  the effect of fundamenta l  parameters,  such 
as acceleration energy and current  densi ty on the etch 
rates, can be investigated qual i ta t ively (2-4), since 
etching characteristics are investigated in a more con- 
trolled envi ronment .  In  the present  paper, etching 
characteristics and etching mechanism for organic ma-  
terials are discussed in terms of sput ter ing yield of 
carbon atoms for oxygen bombardment .  

Etch Rate Measurement 
A n  ion-beam etching system with Kan fm a n  ion 

source w"as used in the experiments .  Oxygen pressure 
was monitored at the top of the diffusion pump. Etch-  

Key words: oxygen ion-beam etching, resists, sputtering yield. 

ing samples were mounted  on a water-cooled rotary 
stage using a hea t -s ink  material ,  Electron grease (5). 

Figure 1 shows etch rates of PMMA and /o r  Au as a 
funct ion of oxygen pressure for acceleration energies 
ranging from 200 t o  750 eV. The exposed area of PMMA 
to the ion beam was about 1 cm 2. The etch rate for 
PMMA increases with increasing oxygen pressure and 
tends to level off at high acceleration energies. Figure 2 
shows the loading effect on the etch rate for PMMA. 
The absciss.a shows the exposed area of the PMMA to 
the ion beams. The data were taken under  the condition 
of 2 X 10 -4 ton" (2.6 X 10 -2 Pa) oxygen pressure, 0.82 
m A / c m  2 cur ren t  density, and 500 eV acceleration en-  
ergy. It is found that the etch rate slightly decreases 
when increasing the exposed area of the PMMA. The 
resist-etch rate was measured for argon bombardment .  
Figure 3 shows energy dependence for AZ1350J etch 
rate normalized at 1 m h / c m  2 current  density. The rea-  
son why AZ1350J is used instead of PMMA is that  
AZ1350J is more stable than PMMA under  high energy 
argon ion-beam etching conditions (6). The scattering 
of data observed at energies lower than 200 eV may be 
due to the effect of the residual  background oxygen 
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pressure. Sputtering yields of Au for argon and oxygen 
bombardments ,are shown for comparison. 

Mass Spectrometric Measurement 
For oxygen ion-beam etching, final etch products of 

PMMA were analyzed by means of a quadrupole mass 
spectrometer. Oxygen pressure during etching was 5 • 
10 -5 torr  (6.7 X 10 -3 Pa).  Mass spectra before and 
during etching are shown in Fig. 4a and 4b. A marked 
difference in the mass spectra is noticed at CO and H2 
peaks. However, only a small change is observed at CO~ 
and HsO peaks. These results contradict the report  
that the etch products of stripped photoresist in an 
oxygen plasma are mainly H~O, COs, and CO (8). This 
is because, in the present etching system, radical species 
contribution to the etching is negligibly small (5). Fig- 
ure 5 shows intensity changes in each species as .a func- 
tion of the acceleration energy. The etch rate for PMMA 
is also shown for comparison. It was found that, with 
the increase in etch rate, CO intensity increases, while 
O2 intensity decreases. 

Definition for Sputtering Yield 
Sputtering yield Yc of carbon atoms in metal-free 

organic polymers is given by 

Ye = pVNc/6OMJ 

= pVNJ6ONMJ [1] 

where p denotes the polymer density (-g/craB), V the 
etch rate (A/min) ,  Nr the number of carbon atoms in a 
monomer unit, N the total number of atoms in a mono- 
mer unit, M" the average atomic weight in a monomer 
unit (g), M the atomic weight in a monomer unit (g), 
and J the ion current density (mA/cmS). Since p/M is 
empirica~y almost constant in metal-free organic poly- 
mers, Yc is expressed by Yc cc V/J  �9 N/Nc. However, in 
ion-beam etching, etch rates for organic materials are 
found to l inear ly depend on N~ (No -- No) factor, not on 
N/Nc, as reported in the previous paper (5), where No 
denotes the number of oxygen atoms in a monomer 
unit. This result st~ggests that the sputtering yield of 
metal-free  organic materials for oxygen bombardment 
should be considered due to the sputtering yield of 
"effective" carbon atoms. The term "effective" means 
subtracting the number of oxygen atoms from that  of 
carbon atoms in polymers. The yield is defined by 

Y = pV(Nc -- No)/6OMJ [2] 

Using Eq. [2], effective carbon sputtering yields were 
calculated from the etch rate data for PMMA, as 
shown in Fig. 6, where the values of 1.36 and 100 were 
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used for p and M, respectively. Since the current density 
varies depending on oxygen pressure and acceleration 
energy, the values are shown in parentheses. The yield 
increases with increasing oxygen pressure and tends to 
level off. On the contrary, the yield decreases with in- 
creasing acceleration energy under high oxygen-pres-  
sure conditions. 

Etching Model 
Mass spectroscopic analysis suggests that  the main 

reaction for carbon consumption in polymers is ex- 
pressed by 

2C + Os + -'> 2C0 [3] 

As shown in Fig. 6, the sputtering yield under high 
oxygen pressure condition was much higher than 2. 
However, the maximum sputtering yield of carbon 
atoms derived from Eq. [3] is 2, provided that the 
physical sputtering yield is negligibly small. Therefore, 
Eq. [3] should be modified to closely describe the high 
sputtering yield. By assuming the contribution of neu- 
tral oxygen molecules, a sputtering yield larger than 2 
is explained by 

2C + 08 + + nO~--> 2(n + 1)CO [4] 
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Fig. 3. Acceleration energy dependence of AZ1350J etch rate 
for argon bombardment. 
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The other possible factor, which explains the increase 
in sputtering yield under a high oxygen-pressure con- 
dition, is the charge transfer: conversion of a fraction 
of the ion beam into energetic neutrals. This leads to 
underestimating the current density under high oxy- 
gen-pressure conditions. Since the charge transfer in- 
creases with increasing oxygen pressure, the sputtering 
yield apparently increases with increasing oxygen 
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tering yield vs. oxygen pressure 
at 200, 300, 500, and 750 eV ac- 
celeration energies. 



1108 J. EZectrochem. Sot.: SOLID-STATE 

pressure.  The expe r imen t a l  resul ts  ru led  out  the con- 
t r ibu t ion  of charge t ransfer  to the yields.  That  is, as 
shown in Fig.  I, the  spu t t e r ing  y ie ld  for  Au  does not  
in, crease with oxygen  pressure  in the range  p resen t ly  
examined.  According to Mayer  et al. (4), the net  spu t -  
ter ing yie ld  of effective carbon atoms in po lymer  is ex-  
pressed by  th ree  components .  

y = Y1 + Y~ + Y~ [5] 

The first term,  Y1, is due to phys ica l  spu t te r ing  yield.  
The second term, Yu, represents  chemical  sput te r ing  
yie ld  due to the acce lera ted  Oz + beams itself. P rov ided  
tha t  a l l  the incident  O2 reacts wi th  carbon a toms to 
form the final p roduc t  of CO, Y~ equals  2. The las t  
term,  Y3, represents  the  sput te r ing  yie ld  due to the  
ion-ass is ted chemical  react ion (3, 4, 9) wi th  neu t ra l  
oxygen  molecules.  Observa t ion  of H~ as e tch produc ts  
suggests  tha t  the  O2 b o m b a r d m e n t  genera tes  a high 
dens i ty  of rad ica l  si tes in the polymers .  Neut ra l  oxy -  
gen molecules  can adsorb  on these si tes and react  wi th  
the  carbon atoms to form the vola t i le  p roduc t  CO. The 
ion-ass is ted etch ra te  is r epresen ted  by  the product  of 
the  n u m b e r  of oxygen molecules incident  on the po ly -  
mers and the p robab i l i t y  of hi t t ing the  ac t iva ted  sites 
lef t  in the polymers .  For  an  equ i l ib r ium state,  etch 
r a t e  V is given b y  

V r JY3 = (P --  ~JSY~) (1 --  K J Y J D J )  [6] 

whe re  Y~ denotes  the sput te r ing  y ie ld  due to ion-  
assisted react ion,  J the ion cur ren t  density,  S the  sam-  
p le  a rea  exposed  to oxygen  ion beam,  and  D the  n u m -  
ber  of ac t iva ted  sites genera ted  by  the accelera ted  
i on -beam incidence p e r  uni t  cur ren t  densi ty,  respec-  
t ively.  Constants  are  a, ~, and K. The t e rm ~JSY8 r ep re -  
sents the loading  effect; d i lu t ion  of the  n u m b e r  of 
oxygen  molecules  due to the product  formation.  Equa-  
t ion [6] is wr i t t en  b y  

P/J = flSJY8 + D/~K �9 (YJ (D - -  KYs) [7] 

Net sput te r ing  yie ld  Y is given b y  

Y = Y1 -~- Y~ Jc Y3 ( W  J, S) [8]  

SCIENCE AND TECHNOLOGY May 1984 

Equat ion [8] suggests that  net  spu t t e r ing  yie ld  should  
be expressed as a mnc t ion  of P/J ratio.  F igure  7 shows 
the ne t  spu t t e r ing  y ie ld  Y as a funct ion of P/J ra t io  
for  accelera t ion energies,  whe re  P and  J a re  expressed  
in the  unit  of 10 -5 to r r  and m A / c m  2, respect ively .  At  
P = 0, spu t te r ing  yie ld  Yz + Y2 represents  the react ion 
of the  beam itself. This inheren t  sput te r ing  y ie ld  is 
given by  the ord ina te  in te rcept  shown in Fig. 7. The 
t e rm Y1 + Y2 equals  1.4, which  is most ly  independen t  
of the accelera t ion energy.  Using Eq. [8], constants  
are  de te rmined  so ~s to fit the d a t a  shown in Fig. 2 
and 7. Constants  ~ and ~ are  de t e rmined  to be 0.13 and 
0.25, respect ively .  The values  of D/K are  also de te r -  
mined  to be 6.0 for 500 eV and 4.9 for 200 eV accelera-  
t ion energies.  Al though the n u m b e r  of ac t iva ted  sites 
D genera ted  by  the accelera ted  ion beam per  uni t  cur -  
ren t  densi ty ,  genera l ly ,  s t rongly  depends  on acce le ra-  
t ion energy,  the  resul t  indica tes  that  the energy  de-  
pendence  of D is small .  

The value  of D is considered to be p ropor t iona l  to 
the  phys ica l  spu t t e r ing  y ie ld  Y1 at  a fixed i o n - b e a m  
incidence. The phys ica l  spu t t e r ing  yie ld  is es t imated  
f rom the da ta  shown in Fig. 3. The sput te r ing  y ie ld  of 
Au for oxygen  b o m b a r d m e n t  is about  half  as la rge  as 
that  for argon bombardment .  This represents  the d i f -  
ference in phys ica l  spu t te r ing  yield,  since Au does 
not  chemica l ly  react  wi th  oxygen.  Therefore,  the 
phys ica l  spu t t e r ing  y ie ld  for carbon atoms dur ing  oxy -  
gen b o m b a r d m e n t  is es t imated  to also be half  as large 
as tha t  for  argon. F rom the result ,  Y1 is es t imated  to 
be ,about 0.16 at  500 eV accelera t ion energy,  us ing Eq. 
[2]. This phys ica l  spu t t e r ing  y ie ld  shows l i t t l e  de -  
pendence  on accelerat ion energies,  at  least  at values 
h igher  than  200 eV. This coincides wi th  the es t imate  
that  D differs by  only  20% be tween  200 and 500 eV 
accelerat ion energies.  The fact tha t  the phys ica l  sput -  
ter ing yie ld  for  carbon a toms in po lymers  has l i t t le  
accelera t ion  energy  dependence  m a y  be exp la ined  as 
follows. Fo r  a t a rge t  having atomic arrays ,  the  genera l  
overa l l  collision process is s imi lar  to a diffusion process 
of mobi le  atoms, where  some of the atoms reach the  
surface  wi th  sufficient energy  to coll ide wi th  and l i be r -  

)-  

Rg. 7. Calculated sputtering 
yield vs. oxygen pressure. Sput- 
terlng yield is made up of three 
components; physical sputtering 
yield Y1, chemical sputtering 
yield Y~, and ion-assisted chemi- 
cal sputtering yield Y=. 
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ate surface atoms. However ,  since the po lymer  ne tw ork  
is bas ica l ly  two dimensional ,  momen tum t ransfe r  p ro -  
cess be tween  ta rge t  a toms and acce lera ted  ions m a y  
be t e rmina ted  only in ne ighbor ing  po lymer  chains. 
Ions wi th  high accelera t ion  energies  pene t ra te  the 
polymers ,  and surface  a toms cannot  effect ively be 
l ibe ra ted  by  incoming ions at  high accelera t ion energy.  

The theore t i ca l ly  fitted curves are  descr ibed for 500 
a n d / o r  200 eV accelera t ion energies  in Fig. 2 and 7. 
Chemical  spu t t e r ing  y ie ld  Y2 is es t imated  to be about  
1.24. This means  tha t  about  38% of the  incoming O2 
does not  react  wi th  and is recoi led f rom the surface.  
The increase  in sput te r ing  y ie ld  wi th  decreas ing ac-  
celerat ion energy  is a t t r ibu ted  to the  decrease in cur -  
ren t  density.  This analysis  Would be useful  to descr ibe 
the  observed phenomena  and predic t  the  etching char -  
acterist ics  in ion etching wi th  react ive  beams. 

Conclusion 
Oxygen  ion -beam etching of organic po lymers  has 

been discussed f rom the view point  of "effective" car -  
bon spu t te r ing  yield.  Mass spec t romet r ic  analysis  in-  
dicates tha t  the  final products  dur ing  etching are  
main ly  H2 and CO. By assuming the ion-ass is ted chemi-  
cal react ion of carbon atoms wi th  neu t ra l  oxygen mole-  
cules, oxygen pressure ,  and accelera t ion energy  de-  
pendences  of spu t te r ing  y ie ld  are  ana ly t i ca l ly  ex-  
pla ined.  Increase  in spu t t e r ing  yie ld  wi th  decreas ing 
accelera t ion  energy  is a t t r ibu ted  to the re la t ive  in-  
crease in  an oxygen  pressure  to cur ren t  dens i ty  rat io.  
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Interaction Between Water and Scaled CMOS FET's with 
Phosphosilicate Glass Passivation Films 

M. Noyori and Y. Nakata 
Matsushita Electric Industrial Company, Limited, Central Research Laboratory, Moriguchi, Osaka 570, Japan 

ABSTRACT 

A phosphosi l icate glass (PSG) passivation film (4 weight percent  phosphorus)  was deposi ted onto complementary  
MOS (CMOS) FET's  by chemical  vapor  deposition. After exposure to water vapor (85~ RH), the CMOS FET's  were 
tested at a high temperature  bias of 150~ It was found that  a threshold voltage shift or t ransconductance (GM) degrada- 
tion occurs pronouncedly  in p-channel FET's  under  gate negative-bias stress, compared with in n-channel FET's  under  
gate positive stress. Furthermore,  it was found that  there is a critical exposure t ime at 85~ RH to enhance the shift 
and degradation. Finally, it  was confirmed that the shift and degradat ion characteristics observed in this s tudy are  simi- 
lar to instabil i t ies due to gate negative bias in hydrogen ambient  atmosphere.  

Chemica l ly  deposi ted  phosphosi l icate  glass (PSG)  is 
wide ly  used as a top pass ivat ion film in MOS LSI's .  
The PSG film reacts  eas i ly  wi th  water .  In te rac t ion  
mechanisms be tween  w a t e r  and the PSG film have 
been s tudied by  a n u m b e r  of researchers  (1, 2). How-  
ever,  as fa r  as we know, in teract ions  be tween  wa te r  
an.d MOS FET's  wi th  the  PSG film have not  been 
s tudied  sufficiently, especia l ly  in regard  to scaled MOS 
FET's  (3), a l though the  effects of wa te r  involved in the  
gate oxide  of  n - channe l  MOS FET's  on e lect r ica l  in-  
s tabi l i t ies  have  been s tudied b y  some researchers  (4). 

However ,  scaled CMOS LSI ' s  wi th  the PSG pa~siva- 
t ion film have been deve loped  and are  wide ly  used. 
The quest ion of re l i ab i l i ty  problems  due to mois ture  
on scaled CMOS L S r s  has become e x t r e m e l y  impor tant .  
This is because a smal l  amount  of wa te r  can induce 
more  severe  degrada t ion  in scaled devices than  in 
convent ional ly  designed devices. 

This p a p e r  describes e lect r ica l  ins tabi l i t ies  in scaled 
CMOS FET's  wi th  the PSG pass ivat ion film, which was 
exposed to w a t e r  vapor ,  under  h i g h  t e m p e r a t u r e  bias 
stress. 

Experimental 
Device preparation.--p- and  n -channe l  polysi l icon 

gate FET's  were  tes ted in this s tudy.  In  this CMOS 
device, an n - t y p e  (100), 2-3 4]~rn subs t ra te  was used, 
and an n -channe l  FET was formed in a p-wel l .  The 
gate  length  was typ ica l ly  3 ~a'n, and addi t ional  FET's  
wi th  a gate length  of be tween  2 and  20 ~m, and a gate 
oxide thickness of 65 nm, were  fabr ica ted  in o rder  to 
invest igate  the  ga te - l eng th  dependence  of e lect r ica l  
instabil i t ies .  Phosphorus  was doped  into the  polysi l icon 
gate by  POCI~ diffusion in both p -  and n -channe l  
FET's.  The source and d ra in  were  formed by  imp lan -  
ta t ion of arsenic or  boron ion fol lowed by  h e a t - t r e a t -  
ment.  Af t e r  the source and d ra in  implanta t ion ,  CVD 
SiO~ film (300 n m  thickness)  was deposi ted onto the  
subs t ra te  at  430~ usin~ a mixed  gas composed of 
SiH~ and 02. The CVD SiO2 film was densified dur ing  
b e a t - t r e a t m e n t  at 900~ for  40 rain in n i t rogen gas. 
Fol lowing  the a luminum metal l izat ion,  the PSG pass i -  
r a t i on  film was chemical ly  deposi ted onto the subs t ra te  
using a mixed  ~as composed of SiH~, PH3, and O2 wi th  
the subs t ra te  a t  430~ The deposi t ion ra te  was about 
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1 0 0  rim/rain. The thickness was 0.8 ~m. The phosphorus  
concentra t ion  in the PSG film was typ ica l ly  4 weight  
percen t  ( w / o ) .  

Test procedure..--First, devices wi th  the PSG film 
mounted  in nonsealed ceramic pack, ages were  exposed 
to wate r  vapor  (85~ RH) for 0-336h. Af t e r  
that,  the  devices were sealed with  meta l  l ids in n i t rogen  
gas at a m a x i m u m  t empera tu r e  of 350~ for  10 min. 
Subsequent ly ,  the devices were  tes ted at  150~ under  
the bias condit ions ( T  in Fig. 1). The gate nega t ive  
and posi t ive bi=as stresses were  app l i ed  to p -  and n -  
channel  FET's,  respect ively .  These gate bias stresses 
are  also appl ied  to the devices under  prac t ica l  ope ra t -  
ing conditions.  

Measured parameters.--The threshold  vol tage (Vt) 
and t ranscondtmtance (GM) in the nonsa tu ra ted  re -  
gion were  measured ,  as shown in Fig.  2, wi th  respec t  
to the p-ch.annel FET. Vt and GM were  ca lcula ted  
f rom I -V  character is t ics .  Vt was defined as the  gate 
vol tage (Vg), at the d ra in  cur ren t  (Id) of zero, ex-  
t rapo la ted  f rom two points  (Id ----- 3 and 6 ~A);  GM 
was defined as the  value  of the  s lope obta ined  f rom the 
two points.  Devices were  measu red  a t  room t empera -  
ture.  

Experimental Results 
p-Channel vs. n-channel {nstabilities.--Vt shif t  (~Vt) 

and GM degrada t ion  (GM/GMo) in p -  and n -channe l  
FET's  a r e  shown in Fig. 1. The devices were  exposed 

ld 

10 -- 

91~l/~]mo 
--  i I I i i i r ich 

ch 
e~  gm/grno / O  ~'~O 

p 

= / 1 1 , 1  n ch 

&Vt / 

t I 1BO~C BIAS 

rex;  336 HOURS 
. i / e ~ . ~ e . . ~ . . a b . _ . 4 - - - e  p oh 85~ 85%RH 1 25 

4w% PSG -- 1,0 
LO: 3pro 

l 0175  O 
E 

- -05  
TEST BIAS CONDITIONS ' I '  
p ch n ch 

Va Va 

-- 025 

I I 
102 103 

TEST TIME HOURS 

Fig. 1. Time dependence of Vt shift and GM degradation under 
bias condition '1' at 150~ on p- and n-channel FET's exposed to 
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(after the exposure). 
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Fig. 2. Typical I-V characteristics of the p-channel FET exposed 
to 85~ RH for 336h under bias stress '1' at 150~ 

to 85~ RH for an exposure  t ime ( r ex )  of 336h 
before the test.  I t  was found tha t  Vt shift  and GM 
degrada t ion  in p - channe l  FET's  are  much more  p ro -  
nounced than  those in n -channe l  FET's.  The Vt shift  
was towards  negat ive  and  posi t ive directions in the 
p -  and n - channe l  FET's,  respect ively .  On p -channe l  
FET's,  while  IAVtl increases and sa tura tes  wi th  test  
t~rae, GM degrades  r e l a t ive ly  early,  a f te r  which i t  
shows some recovery.  Typical  I -V character is t ics  un-  
der  bias stress a r e  shown in Fig. 2. 

Gate length dependence o] the instabilities.--Vt shift  
and GM degrada t ion  s t rong ly  depend  on the gate 
length  or  channel  length  of the FET's.  The ga te - l eng th  
dependences  of Vt shift  a re  shown in Fig. 3. I t  was 
found that  I hVtl increases wi th  the decrease of the 
gate length in both p -  and n -channe l  FET's.  The curves  
of devices wi th  a sitfcon n i t r ide  pass ivat ion film (SIN) 
shown in Fig. 3 wi l l  be discussed below. These resul ts  
indicate  that  wa t e r - i nduced  instabi l i t ies  wil l  become 
more  severe  wi th  the downscal ing  of devices, espe-  
c ia l ly  in p -channe l  devices. 

Exposure time dependence of the instabi~ities.--p- 
Channel  FET's  were  exposed to 85~ RH for 
severa l  different  lengths  of exposure  t ime (rex) for 
0 to 336h. Nei ther  hVt nor  GM degrada t ion  was ob-  
served under  exposure  to wa te r  vapor  wi thout  bias 
stress. Vt shifts under  bias s t ress  ,are shown in Fig.  4. 
IAVtl s t rong ly  depends on rex, that  is, IAVtl increases 
wi th  the  increase of rex. The re la t ion be tween ]AVt] at  
a test  t ime of 500h is shown in Fig. 5. I t  was found 
tha t  there  is a cr i t ica l  exposure  t ime  (tex.crl) to en -  
h~ance addi t ional  Vt shift. The t ime was found to be 
about  l l h .  The character is t ics  of 8 w /o  P S G  wil l  b e  
discussed la ter .  

Analysis and Discussions 
Mechanism.--In order  to make  clear  that  the Vt shif t  

and GM degradat ion  shown in Fig. 1 or the ga te - l eng th  
dependence  shown in Fig. 3 were  caused b y  wa te r  
diffusion through the PSG film, the  p - channe l  FET's  
using a p l a sma-enhanced  si l icon n i t r ide  (SIN) pass i -  
vat ion film (0.8 ~ra thick)  ins tead of the PSG film were  
tes ted a f te r  exposure  to 85~ RH for 336h. The  
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values of ]ACt[ of the p-channel FET's with the sili- 
con nitride film were much less than those of the PSG 
film, and the devices did not show the gate-length de- 
pendence. The test result on Vt shift is shown in Fig. 3. 
These discrepancies probably result from the difference 
between the silicon nitride and the PSG films in their 
protective ability against water attack. In our previous 
study (5), it was found that the impurity involved in 
plastic encapsulation, which probably contains mois- 
ture, can diffuse into the gate oxide or Si/SiO2 inter- 
face not through the polysilicon gate but through the 
periphery of the polysilicon gate under high tempera- 
ture bias stress. Furthermore, it was found that the 
gate length dependence of the Vt shift results from the 
impurity diffusion. Therefore, the gate-length depend- 
ence found in this study can also probably be explained 
by the diffusion-path model that water absorbed in the 
PSG film, resulting from exposure to water vapor, 
should diffuse to the interface through the periphery 
of the gate. 

Judging from I-V characteristics shown in Fig. 2, 
not only fixed positive charges but also surface states 
were generated in the p-channel FET's under the bias 
stress because I-V characteristics were found to shift 
along the voltage axis not in a parallel mode; that is, 
the slope of I-V characteristic (GM) was found to 
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Fig. 5. Exposure time (tex) dependences of Vt shift at 500h 
under bias stress '1' at 150~ on p-channel FET's with 4 w/o PSG 
and 8 w/o PSG films. 

change. Two kinds of instabilities induced by the gate 
negative bias stress have been reported. One is the 
"slow trapping" (6, 7), and the other is the "secondary 
slow trapping" (3, 8). In these instability mechanisms, 
positive fixed charges and surface states are generated 
at the Si/SiOz interface, as observed in this study. 
Therefore, the instability mechanism observed here is 
suspected to be similar to these mechanisms. 

The instability induced by the slow trapping can be 
observed not only in MOS FET's with the PSG film, 
but also in FET's with the silieon-nitride film. The Vt 
shift of FET's with the silicon nitride film shown in 
Fig. 3 is considered to be caused by this mechanism. 
This shift does not depend on the gate length becmme 
the origin of this instability is considered to be the 
defect of the interface related to a hydrogen-silicon 
bond. Jeppson et al. (6) proposed the following reac- 
tions 

--Sis---H "~ --Sis "~ I~Ii Ill  
--Sio--O--Sio--  + l~I~--~ --Sio--OH + Sio-- [2] 

--~io--> ----Sio + + e -  [8] 

where Sis means a silicon atom at the surface bonded 
to other silicon atoms, while Sio means a silicon atom 
in the oxide. "." means a dangling bond, and ~is is 
assumed to form a surface state. Hi is an interstitial 
hydrogen. 

The instability induced by the secondary slow trap- 
ping can be observed in the device with the PSG film, 
and this instability showed a slight gate-length de- 
pendence (5). The origin of this instability is con- 
sidered to be moisture (or hydrogen). We proposed 
the following reactions [4]-[7], in the previous study 
(8) 

H~O-, ~Ii + o~ [4] 
--Sio--O--Sio-- -F l~li--> --Sio--OH + Sio-- [5] 

---~io--> --Sio + + e- [63 
or 

--Sio + h+ -~ --Sio+ [6'] 

--Sio--O--Sio--  + I:I~ ~ --Sio--OH + Sis-- [7] 

Concerning the instability mechanism observed in 
this study, it is conceivable that reactions similar to 
the secondary slow trapping occur at the interface. The 
major difference of the situation between this mecha- 
nism and the secondary slow trapping is probably the 
amount of water reacted with the interface. That is, 
the amount of the water in this instability, especially 
on the device exposed to water vapor for long periods, 
is much more than the amount of water in the second- 
ary slow trapping. As a result of this difference, the 
Vt shift or GM degradation in this study is much more 
pronounced than that in the secondary slow trapping. 

AV't and GM degradation increase with the increase 
of tex. [AVt] vs. GM/GMo characteristics are shown in 
Fig. 6, setting tex as a parameter. The characteristics of 
the device marked with "Hs" in Fig. 6 will be discussed 
below. It was found that the characteristics are inde- 
pendent of the value of tex before GM recoveries, and 
that the recovery characteristics strongly depend on 
rex. These results indicate that the ratio of fixed charge/ 
surface-state formation before the GM recovery does 
not depend on the amount of water initially absorbed 
in the PSG film. 

Critical exposure  t i m e . - - I n  order to analyze the 
origin of the critical exposure time (tex.crl), the reac- 
tion between the PSG film and water was investigated. 
It should be noted that a little AVt occurs in the device 
exposed for the exposure time below tex.erl, as shown 
in Fig. 5. However, the value of IAVtl is much less 
than that of the device exposed for a longer time than 
rex.crY. 

PSG film (4 w/o phosphorus, 0.8 ~m thick) deposited 
on a silicon substrate was exposed to 85~ RH for 
240h. After the exposure, an infrared spectrum was 
measured by a double-beam infrared spectrometer, 
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Fig. 6. AVt vs. GM/GMo characteristics of p-channel FET's ex- 
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stress ' i '  at 150~ In respect to the characteristic curve on tex of 
336h, 20, 45, and 90h, etc., mean test time under bias stress '1' at 

"H " 150~ The curve marked with ~ shows the characteristic curve 
on the p-channel FET with the PSG film, which was mounted in a 
ceramic package filled with 10 v/o hydrogen gas and was not 
exposed to water vapor, under bias stress ' I '  at 150~ for 2400h. 

and compared  wi th  the  spec t rum of the  film as grown.  
A typical  in f ra red  spec t rum is shown in Fig. 7. In  the 
spec t rum of the exposed PSG film, the in tens i ty  of the 
peak  at  1330 cm -1 corresponding to P ---- O bond de-  
creases. Two new absorp t ion  peaks  emerge  at  930 and 
3650 cm -1, which correspond to S i - - O - - H  and H - - O - - H  
groups,  respect ively.  F rom these results,  which agree 
wel l  wi th  the  spec t rum observed by  Levin  (1), the  
in terac t ion  be tween  wa te r  and  the PSG film can be 
descr ibed b y  the fol lowing react ions [8] and [9], in 
addit ion,  to being phys ica l ly  absorbed  in the PSG film. 

0 0 
I I O-H 

0 - P = 0 + H20 -* 0 - P / 
I I \ O - H  
0 0 
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Fig. 7. The infrared spectrum of the PSG film exposed to 85~ 
85% RH for 240h, compared with one of the PSG film as grown. 

hydroxyl ,  hydrogen,  and phosphorus  concentrat ions  
were  measured  by  secondary  ion mass  spec t rome t ry  
(SIMS) .  The P S G  film in  this  expe r imen t  is much  
th inner  than  that  of the film in o ther  exper iments .  This 
resul ts  f rom the prevent ion  of charging up in the film 
under  the  SIMS measurement .  The measuremen t  r e -  
sults are  shown in Fig. 8. I t  was found tha t  h y d r o x y l  
and hydrogen  concentrat ions in the PSG film a re  
g rea te r  than  those in the USG films. These profiles 
indicate  tha t  wa te r  diffused into the  PSG film can 
move less easi ly  than  wa te r  diffused into the  USG 
film. 

F rom these two expe r imen t s  using the  in f ra red  
spec t romete r  and SIMS, it is specula ted that  diffused 
wa te r  bonded  to phosphorus  is fixed more  f i rmly than  
diffused wa te r  bonded to Si or absorbe d phys ica l ly  on 
an  SiO2 surface.  In  the  case of a r e la t ive ly  smal l  
amount  of w a t e r  vapor  diffusing into the  P S G  film, 
the  fo rmer  type  of wa te r  is p robab ly  dominant .  In  the  
case of a large  amount  of w a t e r  vapor ,  however ,  the  
l a t t e r  type  of wa te r  cannot  be neglected.  The  cr i t ical  
exposure  t ime is considered to resul t  f rom the types  
of wa te r  diffused into the  PSG film. If  this  assumpt ion  

0 0 
I I 

0 - Si - 0 - Si 
I I 
0 0 

- 0 + H20 
.@- 

0 0 
I I 

0 - Si - 0 - O-H + 0 - Si - 0 - H [g] 
I I 
0 0 

Fur the rmore ,  t r ip le  l a y e r s  comPOsed of undoped  
s i l icate  glass (USG) (20 nm th ick) ,  P S G  (30 nm) ,  
and  USG (20 nm)  were  formed on a silicon subs t ra te  
wi th  t he rma l ly  g rown SiO2. The  USG films were  
formed by  the chemical  vapor  deposi t ion method.  The  
PSG film was formed by  the  same condit ions men-  
t ioned previously ,  except  for the thickness  and deposi -  
t /on rate .  The  si l icate glass l aye r  was exposed to 85~ 
85% RH for e i ther  1 or  17h. Af te r  s torage in a desic-  
ca tor  at  room t empera tu r e  for  10 days,  the  profiles of 

'~ l '  ' ' ' ' I $ ~  TH..MAL ] 
8 1=20 nm I ~30n~  . l ~ - 2 0 n m /  OXIDE / 

0 I / I  t I I 
0 20 4.0 60 80 100 

DISTANCE FROM THE SURFACE n m  

Fig. 8. Phosphorus, hydrogen, and hydroxyl concentrations in the 
triple layers composed of USG/PSG/USG exposed to 85~ 
RH for either 1 or 17h, measured by SIMS. Signal intensities of 
phosphorus, hydrogen, and hydroxyl were normalized by signal 
intensity of silicon ions. 
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is r ight ,  the  cr i t ica l  exposure  t ime should  depend  on 
the phosphorus  concentra t ion  in the  PSG film. In  o rde r  
to confirm the  assumption,  the  p - c h a n n e l  FET's  wi th  
8 w /o  phosphorus  P S G  film were  t e s t e d  under  bias 
stress, a f te r  exposure  to 85~ RH for severa l  
k inds  of rex. The test  resul ts  a re  shown in Fig. 5. I t  
was  found tha t  tex.crl of the 8 w /o  PSG film is much  
longer  than  tha t  of the  4 w / o  PSG film. 

Instabilities under bias stress in hydrogen ambient . - -  
In the ins tab i l i ty  due  to the exposure  to wa te r  vapor,  
hydrogen  p r o b a b l y  p lays  an impor t an t  role,  as expected  
f rom reac t ions  [~]-LTJ. In  o rde r  to confirm the  reac-  
tions, p -  and n - c h a n n e l  FET's  wi th  the PSG film were  
moun ted  in ceramic  packages  filled wi th  a mixed  gas 
composed of 10 vo lume pe rcen t  (v /o)  hyd rogen  and 
90 v /o  ni t rogen.  The FET's  were  tested at  150~ under  
the  bias s tress  ('1' and  '2' shown in Fig.  9). Test  de -  
vices and test  condit ions a r e  shown in Table  I. Test  
resul ts  a re  shown in Fig. 9. I t  was found tha t  hVt in 
p - channe l  FET's  ( l p  and 3p) wi th  the  shor t e r  channel  
filled wi th  10 v /o  H2 occur  more  p ronounced ly  than  in 
the  p - channe l  FET's  (2p and 4p) filled wi th  100% N2, 
under  both  bias stresses.  However ,  a significant differ-  
ence of AVt was not  obse rved  in n - channe l  FET's  ( l n  
to 4n). 

Fur the rmore ,  AVt in  a p - c h a n n e l  FET is more  p ro -  
nounced under  bias '2' (3p) where  a channel  cur ren t  
flows t h ~  under  bias T ( l p ) ,  where  no channel  cur -  
ren t  flows. This resul t  suggests  tha t  holes p l ay  impor -  
tan t  roles in the  reac t ion  at  the in te r face  in the  p -  
channel  FET's,  as wel l  as in the  n - channe l  FET's  
where  Fa i r  et al. repor ted  that  Vt shifts  were  induced 
by  the react ion be tween  hydrogen  and hole under  a 
cer ta in  bias stress (9).  A t  bias '1,' effective holes con- 
t r ibu t ing  to t h e  react ion wil l  be furn ished  only  by  
t he rma l  exci ta t ion;  however ,  in bias '2/  holes will  be 
p repa red  by  e lect r ica l  exci ta t ion  in addi t ion  to the 
t he rma l  one, especia l ly  in the  shor t -channe l  FET's.  
This b ias -s t ress  dependence  of AVt was also found in 
the  p - channe l  FET's  (5p and 6p) exposed to wa te r  
vapor,  as shown in Fig. 9. 

Vt shif t  vs. GM/GMo character is t ics  on the p -channe l  
FET filled wi th  10% H2 are  shown in Fig. 6. I t  was 
found tha t  this charac te r i s t ic  is s imi lar  to cha rac te r -  
istics on the p - c h a n n e l  FET exposed to wa te r  vapor .  
However ,  significant recovery  character is t ics  of GM 
was not  observed  in the  device filled wi th  10 v /o  H2, 
in spite of the  bias s t ress  for  r e l a t ive ly  long hours  of 
tes t ing (2000h). The reason for  this is s t i l l  unclear .  
There  are  two kinds  of possibil i t ies.  One is that  the 
test  t ime is not  long enough for the GM recovery  to 
occur. The o the r  is tha t  GM recovery  is induced b y  
in terac t ion  be tween  h y d r o x y l  and the defects  r e l a t ed  
to ir~duced surface states, as descr ibed  in the  previous  
s tudy  (8). As the re  is no source of hyd roxy l  ions in 
the  device filled wi th  10 v /o  H2, GM recovery  should  
not  occur. 

S u m m a r y  and Conclus ions 
The ins tabi l i t ies  under  h igh  t empe ra tu r e  bias stress 

for sealed p -  and n -channe l  FET's  wi th  the  PSG pas -  
s ivat ion film exposed  to w a t e r  vapor  have  been in -  

1~ i , i i I I l i l  I I I i I I l l l  

1 6p~ 4 w %  PSG 
q 

3n\ lSO~ BIAS" 1 'OR '2" 

lPx, \ ~ 'ex:336 H 

4 P , ~  TEST BIAS C O N D I T I O N S  

1 I I I I I I I I I  I I I I i i i i  
10 0 2  

GATE LENGTH pm 

Fig. 9. The gate-length dependence of ~Vt on p and n-channel 
FET's filled with 10 v/o hydrogen or with 100 v/o nitrogen at bias 
conditions ' I '  and '2' compared with p-channel FET's exposed to 
85~C/85% RH at the two bias conditions. Meanings of labels are 
shown in Table I. 

vest igated,  and, as a result ,  i t  can  be concluded that :  
1. The V t shift  and GM degrada t ion  occur much  more  

pronouncedly  in p -channe l  FET's  under  gate negat ive  
bias than  in n - c h a n n e l  FET's  under  gate  posi t ive  bias. 

2. The Vt shift  in the p - channe l  FET's  s t rongly  de-  
pends on the gate length.  

3. The Vt shift  in the  p - channe l  FET's  under  high 
t empera tu re  bias stress s t rongly  depends  on the ex -  
posure t ime to wa te r  vapor.  Fur the rmore ,  there  is a 
cr i t ical  exposure  t ime to wa te r  vapor  to enhance add i -  
t ional  Vt shift .  

4. The cri t ical  exposure  t ime, which depends  on 
phosphorus  concentra t ion in the P S G  film, p r o b a b l y  
resul ts  f rom in terac t ion  be tween  phosphorus  and wate r  
in the PSG film. 

5. Ins tabi l i t ies  under  high t empe ra tu r e  bias stress 
a f te r  the exposure  to wa te r  vapor  are  s imi la r  to those 
under  high t empe ra tu r e  bias stress in hydrogen  ambi -  
ent, for  example ,  on the  gate  length  dependence  of Vt 
shift, character is t ics  of ~Vt vs. GM/GMo, the differences 
of ~Vt and GM degrada t ion  be tween  p -  and n - channe l  
FET's,  and appl ied  b ias-s t ress  dependence  of Vt shift.  
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Exposure  
to  85185 

p / n  before  Bias Tes t  
Label  Channel  Gas seal ing condit ion hours  

l p  p 10% H~ + 90% N2 no  '1' 500 
2p p 100% N2 n o  ~1" 500 
3p p 10% H~ + 90% N2 no '2' 500 
4p p 100% N~ no '2' 500 
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p ~p 100% N2 yes  r 18 
n n 10% H~ + 90% N= n o  '1' 500 

2n n 100% N~ no  "1' 500 
3n n 10% H2 + 90% NI n o  '2' 500 
4n n 100% NJ n o  '2' 500 
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Preparation and Characterization of Plasma-Deposited 
Silicon Nitride 

C. Blaauw 
Bell-Northern Research, Ottawa, Ontario, Canada K1Y 4H7 

ABSTRACT 

This paper reports on the preparation and characterization of films of plasma silicon nitride, deposited on Si 
substrates from Sill4, NH3, and Ar. It is shown that the deposition rate and uniformity of the films are strongly affected 
by the cleaning and loading of the reactor. Pinhole densities are reduced by increase of both the film thickness and 
the deposition temperature. Several parameters were systematically varied, including the deposition temperature 
(20~176 RF power (10-300W), chamber pressure (0.5-1.4 torr), and gas flow rates. At 500~ specular films are grown 
with the following characteristics: refractive index 1.9-2.1, pinhole density 5 cm -2 at 1.0 ~m thickness, 100 A]min etch 
rate in buffered HF, and good stability to annealing. Relationships between deposition parameters and film character- 
istics, including deposition rate, etch rate, and index of refraction, are discussed in terms of current understanding of 
the deposition process. An explanation is offered for differences in the effect of RF power level on deposition rates ob- 
served by other investigators. 

Silicon n i t r ide  is a hard, chemically inert,  dielectric 
mater ial  which forms an excellent diffusion barr ier  
with respect to H20, Na, and many  other ionic species. 
It  is used extensively  in semiconductor technology for 
the fabricat ion of thin films for in ter layer  insulation,  
device passivation, and mechanical  protection. The 
use of p lasma-enhanced chemical vapor deposition (as 
compared to conventional  CVD) has the advantage 
that the substrate  can be held at a relat ively low 
temperature  (200~176 dur ing  film deposition. It  
can therefore be used in applications where previous 
device fabrication steps do not allow higher processing 
temperatures.  It has been shown that silicon ni t r ide 
films deposited by this technique can provide good ad-  
hesion, have good crack resistance, and provide good 
step coverage. In this paper, results are reported on the 
preparat ion and characterization of films of plasma 
silicon ni tr ide deposited on Si substrates from mixtures  
of Sill4, NH3, and Ar. 

Experimental 
A small, research-or iented plasma reactor, the Tegal 

P1 100, was used for this work. A schematic diagram of 
the reaction chamber  is shown in Fig. 1. Chamber  and 
electrode assembly are made of a luminum.  The gas 
mixture  enters the chamber  through a matr ix  of small  
holes in the (hollow) upper  electrode. The lower elec- 
trode contains the substrate  and is electrically floating. 
The electrode area and the distance between the elec- 
trodes are 15 • 15 cm and 2.5 cm, respectively. The 
chamber  and electrode assembly were cleaned in an 
RF plasma, using a CF4-5% O2 gas mixture.  

The substrates used were polished, s ingle-crystal  
silicon wafers. For  most experiments  wafers of 10 cm 
diam were used, located in a depression on a thin A1 

Key words: films, dielectrics, CVD, 

sample holder placed on the electrode. For some runs, 
wafers of 5 cm diam were used, placed off-center 
against a ridge at the back of the electrode. The wafers 
were cleaned prior to deposition using the RCA pro-  
cedure (1). 

Pinhole detection was done electrochemically, using 
a Gasonics pinhole detector. The wafers are placed in 
a metal  disk (cathode) immersed in methanol.  A r ing 
anode, also immersed in the methanol,  is held above 
the wafer, at an applied potential  of 40V. At pinhole 
locations, the substrate is ex-posed to the methanol,  
hydrogen evolution takes place, and a stream of 
bubbles is observed. A Rudolph automatic ell ipsometer 
using a He-Ne laser (k = 6328A) was used to mea-  
sure film thickness and index of refraction. Etch rate 
measurements  were done using buffered HF (NH4F: 
HF ---- 13:2) at 25~ 

Results and Discussions 
Film integrity.--The topography of the films was in-  

vestigated by scanning electron microscopy. Specular 
films were obtained up to 1 sm thickness. At larger 
thicknesses, a light surface roughness was sometimes 
observed. The effect of gas composition, RF power, 
film thickness, and substrate tempera ture  on the p in-  
hole density was investigated. Results are shown in 
Fig. 2 and 3. The pinhole density was not  affected by 
film composition or RF power density. However, a 
decrease of the pinhole density with increasing film 
thickness and deposition temperature  was observed. 

Nonuniformity of the deposition.--The effect of 
deposition parameters  on the uni formi ty  of the deposi- 
t ion was investigated. I t  was found that  for depositions 
using SiH4-rich gas mixtures  the deposition rate de- 
creased with increasing radial  distance, whereas for 
SiH~-poor gas compositions the opposite occurred. Re- 
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Fig. t. Diagram af the electrade and gas inlet and exhaust as- 
sembly af the Tegal PI 100 plasma reactor. 
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Fig. 2. Effect of film thickness and gas composition on the pin- 
hole density of films of plasma-SiNx on Si. Deposition conditions: 
�9 Ar = 200 sccm, Sill4 = 5 sccm, NH3 = 44 sccm; Q Ar 
200 sccm, Sill4 = 10 sccm, NH3 = 40 sccm; �9 Ar = 200 sccm, 
Sill4 = 17 sccm, NH3 = 33 sccm. 

sults for  two deposi t ions are  shown in Fig. 4. Severa l  
factors  are  thought  to affect the deposi t ion uni formity .  
Two of  these are  the r ad ia l  va r ia t ion  in gas composi-  
t ion due to the  differing deple t ion  ra tes  of Sill4 and 
NI-I3 dur ing  the deposit ion,  and  the un i fo rm gas flow 
th rough  the uppe r  electrode,  which would  give a 
r ad ia l  veloci ty  p ropor t iona l  to the  rad ia l  distance. 
However ,  i t  is not  c lear  how these factors  would  l ead  
to a r ad ia l  nonun i fo rmi ty  profile depending  on the 
SiI-I4/NHs rat io.  

A th i rd  factor  affecting deposi t ion ra tes  is the  ac-  
cumula t ive  amount  of  deposi t ion fol lowing a p l a sma  
cleaning of  the  chamber ,  F igu re  5 shows deposi t ion 
ra te  profiles, ob ta ined  for a series of consecutive 4 rain 
deposi t ions on 5 cm d iam wafers  located off -center  on 
the e lec t rode  fol lowing a p l a sma  cleaning.  The deposi -  
t i on - ra t e  profile va r i ed  cons iderab ly  dur ing  the first 
s eve ra l  minutes  of deposi t ion;  this was fo l lowed b y  a 
g radua l  decrease  of the  deposi t ion rate ,  even tua l ly  
reach ing  a p la teau  af te r  about  20 rain of deposit ion.  
When  a 10 cm d iam wafer  was subs t i tu ted  near  the  end 
of  this  series, a deposi t ion profile s imi l a r  to tha t  ob-  
ta ined  dur ing  the f i rs t  deposi t ion was obtained,  bu t  
a t  a lower  average  rate .  These resul ts  indica te  a gen-  
e ra l  decrease  in deposi t ion ra te  as the  e lect rodes  are  
covered wi th  a l aye r  of silicon n i t r ide  and tha t  
local  loading  effects a re  also impor tan t .  I t  is thought  
that  the  p lasma  m a y  be affected by  the  changing sur -  
face proper t ies  of  the e lect rodes  and substra tes ,  as 
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Fig. 3. Effect of substrate temperature on the pinhole density af 
1000A thick films of plasma-SiNx on Si. Deposition conditions: RF 
power 150W, chamber pressure 0.9 tort. Gas flow rates: Ar - -  200 
scorn, Sill4 = 6 scorn, NHs - -  44 sccm. 

t hey  a r e  covered b y  an insula t ing  l aye r  of  d ie lec t r ic  
film. 

The e~ect of substrate temperature.--In Fig. 6 the 
effect of substrate temperature on the index of refrac- 
tion, the deposition rate, and the etch rate is shown. 
The significant decrease in etch rate with increasing 
substrate temperature has been observed by other in- 
vestigators (2, 3), and is thought to be due to a de- 
crease in hydrogen content of films deposited at higher 
temperatures. Work done by Chow eta/. (4) for films 
of plasma silicon nitride deposited in a number of 
reactors has shown the etch rate in buffered HF to be 
very sensitive to hydrogen content and that hydrogen 
content decreases with increasing deposition tempera- 
ture. This was also observed in other work (5). From 
the report of Chow et al. (4), we deduce that the 
hydrogen content in our films decreased from ~40% 
at 20~176 to ~20% at 500~ Additional evidence 

200 along side --  

~ 1 6 0  (" --  

'~ 120 

-- along diagonal 
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Fig. 4. Nonuniformity of the deposition rate for films of SiN= 
on Si. Deposition conditions: T = 300~ chamber pressure 0.7 torr, 
RF power 150~/V, gas flow rates: Ar = 160 sccm. �9 $iH4 - -  8 
sccm, NH3 - -  42 scorn; C) Sill4 - -  4 sccm, NH8 = 46 sccm. 
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Fig. 5. Radial deposition rate distributions for consecutive 4 min 
depositions on 5 cm diam Si wafers, pldced off-center on the elec- 
trode, following a plasma cleaning of the reactor chamber. The 
sixth deposition was done on a 10 cm diam wafer. 

for a decreased hydrogen content  at higher deposition 
temperatures  is the effect of anneal ing  on the films. It  
was found that films deposited at 300~ formed blisters 
which lifted from the substrate,  after anneal ing  in a 
n i t rogen ambient  at 600~ This effect has been re-  
ported previously (6) and at t r ibuted to hydrogen 
diffusion and accumulat ion at the f i lm-substrate  in te r -  
face. Fi lms deposited at 500~ remained stable follow- 
ing annea l ing  up to 700~ 

The increase in n with tempera ture  was also ob- 
served by other investigators (3, 7, 8), and related to 
the increase in density of the films (9). The deposition 
rate vs. tempera ture  curves suggest that at least two 
mechanisms are involved. A decrease in  deposition rate 
with increasing temperature  has been observed more 
often, in the range of 20~176 (7, 8), and may be 
related to the increase in film densi ty with tempera-  
ture. At higher temperatures,  we observed a reversal  
of this t rend to an increasing deposition rate. It  is 
thought that this is the result  of an increase in the rate 
of diffusion of reactive species to the substrate,  due to 
the higher gas temperature .  

The effect of RF power . k in  Fig. 7 the effect of RF 
power on the index of refraction, the deposition rate, 
and the etch rate is shown. Exper iments  by Reinberg 
(8) have shown that the dissociation of Sill4 and NHs 
increases with RF power and that  dissociation of all  
Sill4 and Nt-~ molecules takes place at  a power density 
(per uni t  of substrate electrode area) of ~70 mW/ c m 2. 
It  is therefore to be expected that  deposition rates will 
increase with RF power density to this value, and 
then remain  constant. This is in agreement  with results 
obtained by other workers, where values of power 
density can be extracted from the reported results. 
For power densities <60 mW/cm 2, a l inear  increase of 
the deposition rate with RF power has been observed 
(8, 10), whereas for power densities >100 m W / c m  2, a 
constant  value was found (9, 11). In other work (3), 
the RF power range spans the t ransi t ion region, as a 
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Fig. 6. Effect of substrate temperature on index of refraction, 
deposition rate, and etch rate in buffered HF for films of SiN~ 
on Si. Deposition conditions: RF power 150W, gas flow rates: 
Sill4 ~ 6 sccm, NH~ ~ 44 sccm. �9 Ar ~ 200 sccm, chamber 
pressure ~ 0.9 tarr; �9 Ar - -  160 sccm, chamber pressure ~ 0.7 
tort. 

change from a l inear  increase to a more constant  value 
is observed. Our experiments  were done at power 
densities in the range 50-1000 mW/cm 2. Therefore, 
little dependence of the deposition rate on RF power is 
to be expected. However, increase in power level in this 
region may increase the degree of dissociation of the 
reacting species and al~o the tempera ture  of the gas. 
Both effects would result  in  a decrease of hydrogen 
content of the films and therefore a decrease in  etch 
rate, as was observed. Thus it appears that  RF power 
affects the growth rate of silicon ni t r ide pr imar i ly  
through the degree of dissociation of the reactants  and 
increase of power beyond the level at which all r e -  
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Fig. 7. Effect of RF power on index of refraction, deposition rate, 
and etch rate in buffered HF for films of SiNx on Si. Deposition 
conditions: T = 300~ chamber pressure ~- 0.7 tort. Gas flow 
rates: �9 Sill4 ~ 8 sccm, NH3 = 42 sccm, Ar ~ 200 sccm; O 
Sill4 ~ 6 sccm, NH3 = 44 sccm, Ar ~- 160 sccm. 

actants are par t ia l ly  dissociated does not significantly 
effect the deposition process. 

The eJ~ect of gas composition.--For several  values of 
chamber  pressure and total gas flow rate, the effect of 
vary ing  the SiH4/NH~ ratio in the gas composition was 
investigated. Increasing the SiH4/NH3 ratio in the ~as 
mixture  increases the S i /N ratio in the deposited films. 
This t rend has been well  established in previous work 
(7, 12-14). Because an increase in Si /N corresponds to 
an increase in n (8), we expect n to increase with in -  
creasing SiH4/NH~ ratio. Figure 8 confirms this trend, 
which is general ly  observed (3, 7, 8, 10-13) and is also 
seen when  N2 instead of NI~  is used as the n i t r id ing  
agent (15, 16). For two films, the Si /N ratio was de- 
te rmined by Auger electron spectroscopy, using a 
sample of CVD-SisN4 as a reference. Values found for 
the Si /N ratio were 1.17 and 1.43. The indexes of re-  
fraction of these films were 1.95 and 2.17, respectively. 
From the correlation between Si /N ratio and n, an 
estimate of the density, ~, of the films can be obtained 
(8). For both samples a value of ~ ~ 2.2 g /cm 2 is found, 
which is a typical  value for plasma silicon ni t r ide 
(7, 8, 17). Using this value of ~, we find that the range 
of 1.8 < n < 2.1 corresponds to a range in composition 
of 1.0 < Si /N < 1.3, wi th in  the ~ange of ~ 0.7 < Si /N < 
1.5 reported by  most workers (7, 13, 16-18). 
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(Sill4 -I- NH3). Deposition conditions: T = 300~ RF power - -  
150W, gas flow rates; Ar/(SiH4 ~ NH3) ~ 3.2. �9 Sill4 ~ NH3 
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sccm, chamber pressure ~ 0.7 torr; �9 Sill4 -~- NH3 - -  35 sccm, 
chamber pressure = 0.7 tort; L~ Sill4 -~ NH3 = 50 scorn, chamber 
pressure ---- | .0 tort. 

The etch rate was found to be s t rongly correlated 
with the index of refraction, as is shown in Fig. 9, 
where data for films deposited under  various condi-  
tions of chamber  pressure and gas flow are shown. 
Similar  results were reported by other workers (3, 10). 
The significant increase in  the etch rate for n < 1.9 
indicates that films in that region are more susceptible 
to corrosion and that  the refractive index may be a 
sensitive test of etch rate in applications where a direct 
measurement  is impractical.  

Chamber  pressure and total  gas flow rate did not 
affect n or the etch rate, i.e., the film composition. The 
deposition rate increased with pressure and with Sill4/ 
NH~ ratio and was on the order of 5[SiH4], where 
[SiH4] is the silane part ial  pressure in mil l i torr  and 
the deposition rate is in angstroms per minute.  
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Fig. 9. Etch rate in buffered HF vs. index of refraction for films 
of SiNx on Si, deposited at various gas flow rates and chamber 
pressures at T = 300~ and 150W RF power. 
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Conclusions 
The effect of process parameters  on film character-  

istics was determined for plasma-deposi t ion of films of 
silicon nitride, deposited on Si substrates from mix-  
tures of Sill4, NH3, and Ar. The effects of variations in 
the substrate temperature,  RF power, and gas compo- 
sition on the deposition rate, the etch rate, and the 
index of refraction are consistent with present  under -  
s tanding of the deposition process. Furthermore,  the 
following results were obtained: 

1. Pinhole densities can be reduced by increasing 
film thickness or the substrate temperature.  

2. Uniformity  of the deposition is affected by the 
composition of the reactant  gas mixture  and by the 
thickness of the layer of silicon nitr ide already present  
on the electrodes following previous depositions. 
Plasma cleaning of the reactor chamber prior to each 
deposition is required to obtain repeat ibi l i ty  of the 
deposition rates. 

3. An explanat ion is given for differences between 
the effects of RF power on deposition rate reported by 
different workers. 

4. The relationship between index of refraction and 
etch rate in buffered HF suggests that the former may 
be a good indicator  for the qual i ty  of the films, al-  
though the relationship may be reactor dependent.  
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Chromium as a Diffusion Barrier Between NiSi, Pd2Si, or 
PtSi and AI 

M. Bartur* and M-A. Nicolet* 

California Institute of Technology, Pasadena, California 91125 

ABSTRACT 

We show that the thermal instability that is observed in Schottky diodes with an A1 film on NiSi, Pd2Si, or PtSi con- 
tact to <Si> can be removed by proper deposition of a Cr layer, 1000-2000A thick, between the A1 and the underlying sil- 
icide layer. The structure can be formed by sequential evaporation of Ni, Pd, or Pt, Cr, and A1, and subsequent  thermal 
annealing to form the contact silicide and sinter the A1 contact. Isochronal annealing for 30 min over the temperature 
range of 350~176 shows that the barrier holds electrically at 450~ and fails at 500~ Forward I-V measurements are 
used to determine the barrier height, and elemental profiles are investigated using backscattering spectrometry. The 
successful utilization of the Cr barrier depends on the deposition conditions. Bilayers of Cr and A1 deposited at high 
rates in another vacuum evaporator consistently reacted more rapidly than those usually observed by us and also re- 
ported in the literature. We believe that under  usual deposition conditions the impurities incorporated in the films are 
essential for the successful operation of Cr as a sacrificial barrier. 

Silicide contacts to Si have received much at tent ion 
recent ly and are widely used as mater ia l  to form 
ohmic contacts, Schottky rectifiers, IR detectors, and 
interconnects  for integrated circuits. The compatibi l i ty 
of thick A1 films with silicide layers is a problem of 
practical interest, since A1 remains  a preferred metal  
for the final contact to other devices or to bonding 
pads. The direct contact between A1 and near -noble  
metal  silicides is unstable:  metallurgically,  A1 forms 
metal  compounds (PtA12, NiAI~, or PdA13), and elec- 

* E lec t rochemica l  Society Act ive  Member. 
Key words :  diffusion ba r r i e r s ,  chromium barrier, contact met- 

allurgy, solld-solid interfaces. 

trically, the Schottky bar r ie r  height (SBH) changes 
when all the Silicide layer is consumed. 

In  a previous paper (1), we suggested that the AI- 
silicide contact system can be stabilized with a 
sacrificial barr ier  between the A1 layer  and the silicide. 
A sacrificial barr ier  exploits the fact that  thin adjacent  
films that react and form a compound often do so in a 
la teral ly  very  uniform fashion. A barr ie r  layer  that  
reacts uni formly  with A1 and silicide on either side of 
it effectively main ta ins  a separat ion of the Al from 
the silieide as long as the barr ier  layer  is not ful ly 
consumed by these reactions. This point  in time is 
predictable when the two react ion rates are known as 
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a funct ion of temperature,  provided that precautions 
are taken to avoid impuri t ies  in the films that might  
alter the reaction kinetics. We have suggested the use 
of Ti, V, or Cr for such barr ie r  material .  

In  this paper, we evaluate  Cr as a diffusion bar r ie r  
between A1 and NiSi, Pd2Si, or PtSi. We chose Ni, Pd, 
and Pt silicides because they can be formed uni formly  
and reproducibly at relat ively low temperatures  on a 
Si substrate.  P l a t inum and pal ladium silicides are 
widely util ized in Si contact structures.  They also span 
a wide range of usable SBH (0.66, 0.74, and 0.85 eV 
for NiSi, Pd2Si,- and PtSi, respectively).  We character-  
ize the electrical stabil i ty of the contact s t ructure using 
barr ier  height measurements  as an indicator for the 
in tegr i ty  of the Si-silicide interface. 

The main  results of this s tudy are twofold. We first 
establish that with films deposited in a convent ional  
fashion Cr does indeed act as the sacrificial bar r ie r  
model predicts. These results also agree with most 
observations reported in the l i terature.  We addi- 
t ional ly show, however, that  Cr fails as a diffusion 
bar r ie r  when the films are deposited in a separate 
.evaporation system and at high rates. Evidence sug- 
gests that  impuri t ies  are critically associated with 
these different behaviors. In what  follows, we there-  
fore dist inguish between results obtained with the 
"slow" or the "fast" evaporat ion systems. 

Experimental Procedures 
The Schottky diodes for our s tudy were prepared on 

0.003 ~cm n + <111> silicon substrates covered with a 
10 ~m thick 10 12cm n- type  epi-layer.  The contact areas 
(1.16 • 10 .2 cm 2) were photoli thographically defined 
and opened using a buffered HF in a SiO2 layer  which 
was deposited on the wafers by low tempera ture  chem- 
ical vapor deposition (CVD). Prior  to the loading for 
metal  deposition, the wafers were etched for 10s in 
1:10 HF. The metals (Ni, Pd, or Pt ) ,  Cr, and A1 were 
sequent ia l ly  evaporated without breaking the vacuum 
at pressures less than 5 • 10 -7 torr. The depositions 
were conducted in  two systems which are constructed 
s imilar ly:  both use ion pumps and E-guns.  The only 
difference was the deposition rate of the metal  layers. 
In  the first ("slow") system, the deposition rate was 
10-30 A/s  with in te rmi t ten t  holds due to the manua l  
control, while in the other  ("fast") system, the depo- 

sition was main ta ined  automatical ly at a fixed rate of 
50 A/s. We also prepared samples only with silicide 
(no Cr or A1) and without  the Cr barrier.  For compar-  
ison, the silicides of some samples were prepared 
in situ (at 400~ before the Cr and A1 were deposited. 
Large area samples were prepared s imultaneously  for 
backscattering spectrometry (BS) analysis. Subse- 
quent  hea t - t rea tments  were performed in a vacuum 
furnace at pressures less than 8 X 10 -7 torr, or in N2 
flow in an open- tube furnace. 

The SBH was determined from fits of the forward 
I -V data to the ideal thermionic emission model. The 
reverse saturat ion current  and Norde plots were also 
employed, where feasible, to confirm the results. Ele- 
menta l  profiles were detected using BS with a 2 MeV 
4He+ beam. 

Results and Discussion 
Thin film interactions.--To perform as a sacrificial 

barrier,  Cr must  react uni formly  with the top A1 film 
and with the bottom silicide layer. It is known that Cr 
reacts uni formly  with A1, forming CrA1T(2). The Cr 
consumption rate is 4.5 • 10 -14 • exp(--1.91 eV/kT)  
A 2 s -1 (2) for anneal ing  in dry ni t rogen atmosphere at 
300~176 temperature  range. The reaction of Cr with 
Pd2Si has been investigated by Olowolafe et al. (3), 
who demonstrated the un i form l aye r -by - l aye r  growth 
of CrSi2 on Pd2Si. Also, Zingu et al. (4) have clearly 
shown that the growth rate of CrSi2 with an interposed 
Pd~Si layer is equal  to or slower than that  on Si, de- 
pending on the Pd2Si thickness. Previous studies of 
CrSi2 growth on PtSi(5,  6) or NiSi(6) have demon-  
strated a uniform laye r -by- l aye r  growth of CrSi2. 

Utilizing our  slow system, we have invest igated the 
reaction of Cr films with PtSi and NiSi films on Si. For  
these studies, we have used an ini t ial  configuration of 
S i /meta l /Cr  or S i /meta l  si l icide/Cr;  upon annealing,  
the former will t ransform into the lat ter  at tempera-  
tures much below those at which Cr begins to react. 
The uniform formation of CrSi~ on PtSi is shown in 
Fig. 1. Similar  results are observed for < S i > / N i S i  
substrates. There is no detectable (using BS) mixing  
between the growing CrSi2 layer  and the under ly ing  
silicide. We have shown (7) that the growth rate of 
CrSi2 on < S i > / P t S i  is slower than on < S i >  substrate 
at the same temperatures.  Also, there is a delay t ime 
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before the CrSi2 formation starts. This delay time is 
longer for S i /me ta l /Cr  structures than for Si /s i l icide/  
Cr structures that were formed using in situ heater. 

Chromium was evaluated metal lurgical ly as a diffu- 
sion barr ier  between Pd~Si and A1 (8) and electrically 
between PtSi and A1 (9). It was shown (8) that Cr 
acts as sacrificial barr ier  and inhibits  the interact ion of 
A1 and Pd2Si for up to 90 min  at 500~ No electrical 
evah, ations of this contact s tructure were reported. 
But, it has been reported that for PtSi  there is a sharp 
drop in the SBH after the Cr layer  is completely 
consumed by CrA17 formation (9). We conclude that, 
metallurgically,  Cr is adequate for a sacrificial bar r ie r  
on top of NiSi and PtSi from our studies ("slow" sys- 
tem),  and for Pd2Si from the results of Ref. (3), (4), 
and (8) . 

Electrica$ stability.--Technologically, the process of 
sequential  deposition without silicide formation 
(metal /Cr/A1) is preferable, since it el iminates the 
need for in situ heat ing and allows for a single 
s inter ing step outside of the evaporator. In  our elec- 
trical measurements,  we found no basic difference be- 
tween the behavior of the Si/si l icide/Cr/A1 and the 
Si /meta l /Cr /A1 structures. The reason is that the 
metal  silicide forms much before any other reacgon 
takes place in the above structures. Our shortest an-  
neal ing time will t ransform all the metal  under  the Cr 
barr ier  to the silicide layer. We thus consider only the 
S i /meta l /Cr /A1 structures and compare them with the 
Si /metal /A1 and the Si/silicide structures. The 
samples discussed in the following sections were pro- 
duced in the "slow" Cr evaporat ion system and an-  
nealed in vacuum. 

NiSi.--Failure of the Si/NiSi/A1 contact s t ructure  
has been reported (10-12) to occur at 400~ after a 
very short annealing.  The compound NiAI~ forms, and 
the SBH rises above 760.mV. For such samoles, we ob- 
served SBH as high as 800 mV following 350~ 20 rain 
vacuum annealing.  However, isochronal anneal ing  of 
< S i > / 6 0 0 A  Ni/700A Cr/6000A A1 structures for 20 
min  at 350 ~ 400 ~ and 450~ produced no change in the 
SBH (Fig. 2). Based on Ref. (1), a failure is predicted 
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after 20 min  at 465~ At 500~ for 20 rain, the barr ier  
indeed fails. The SBH rises from 667 (which is the 
barr ier  height of NiSi) to 680 mV with an increase in 
the ideality factor. We presume that this is due to 
localized failures, similar to the failure mode that was 
suggested for t u n g s t e n  b a r r i e r  (12). 

PdzSi.--The instabi l i ty  of the Si/Pd2Si/AI structure 
has been thoroughly investigated (13-15). A complex 
te rnary  phase is observed upon annea l ing  at tempera-  
tures as low as 200~ (16). The SBH first decreases 
after 10 min  at 300~ and then rises above its ini t ial  
value (13). We show that the electrical stabili ty of a 
<Si>/650A Pd/1700A Cr/7000A A1 s t ructure  at 450~ 
is main ta ined  for about 120 min (Fig. 3). The barr ier  
height of Pd2Si, 0.74 eV, is main ta ined  and the ideality 
factor is constant before the contact fails. Calculation 
based on our model (1) predicts about 100 min before 
the barr ier  is fully consumed; this agrees well with the 
facts. 

PtSi.--The high value of the SBH of PtSi (850 mV) 
makes this contact very sensitive to any change at the 
Si /PtSi  interface. I~ has been reported (17) that the 
S i /F tS i /AI  structure shows a reduction in the SBH 
when all the Pt  in the silicide is t ransformed to PtA12. 
We find, for Si /Pt /A1 sample, an immediate  decrease 
of SBH after 350~ 20 min anneal ing  of samples with-  
out a Cr barr ier  ( < S i > / 5 0 0 A  Pt/5700A AI, see Fig. 2). 
Also, BS spectra indicate that the atomic composition 
of the reacted layer is quite A1 rich (about 1:6 Pt - to-  
A1 atomic ratio) and that about 0.25 atomic percent  
(a/o) Pt  is contained in the remain ing  A1 layer. The 
effect of thermal  anneal ing  on a < S i > / 7 0 0 A  Pt sample 
is described in Fig. 2 also, because for this silicide, the 
SBH is altered by anneal ing  (18) even without A1. 
Figure 2 shows that, after 20 rain of annealing,  the 
contact s t ructure < S i > / 6 3 0 A  Pt/1350A Cr/9500A A1 
starts to fail above 450~ where there is a slight de- 
crease in the SBH of PtSi from 0.85 to 0.83 eV. The 
sacrificial barr ier  model predicts (1) failure after 20 
min  at 485~ which we consider to be excellent  agree- 
merit. After this 450~ annealing,  BS analysis reveals 
that indeed there is a reaction between the A1 and 
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PtSi ,  but  p r e sumab ly  not  a l l  the PtSi  is consumed. 
Fol lowing  a 5O0~ 20 min anneal ing,  P t  (at  low con- 
cent ra t ion)  was detected in the CrA17 l aye r  and, as 
seen f rom the e lec t r ica l  measurements ,  the contact  has 
failed.  

Impurities efJect.--To check our  results ,  we also p re -  
pa red  samples  in the "fast" vacuum evapora tor .  In 
this case, reduced  contaminat ion  levels  (pa r t i cu la r ly  of 
02) are  expected.  In  a previous  s tudy  (19) done wi th  
the "slow" system, about  7 a /o  was detected (using 
SIMS) in the as -depos i t ed  Cr layer .  For  Cr films de-  
posi ted in the  "fast" system, we found by  BS that  the 
Cr react ion ra te  wi th  A1 was about  ten t imes fas ter  
than  p red ic ted  in Ref. (1) at  460~ or  than  observed 
wi th  the  "slow " system. This anneal ing  was conducted 
in an open - tube  furnace  with  N2 flow. When the an-  
neal ing was conducted in vacuum, the CrAlv format ion  
ra te  was at  leas t  100 t imes faster  than  the "slow" case. 
These samples  had  a ve ry  th ick  (2 #m) A1 layer ,  but, 
apparen t ly ,  the impur i t i es  f rom the anneal ing  envi ron-  
ment  diffuse qui te  easi ly  th rough  the A1 l aye r  at  460 ~ 
I t  is impor t an t  to note that  even for such high react ion 
rates  the CrAI7 forms quite uni formly .  

To check the effect of impur i t ies  in the A1 layer ,  we 
p repa red  a sample  in the "fast" system, but  s topped 
the A1 deposi t ion af te r  about  2000A. The sys tem was 
opened to a i r  briefly ( thin A1 oxide  fo rmat ion) ,  and 
then pumped  down again and the deposi t ion was 
finished (in s imi lar  vacuum condit ions)  unt i l  about  2 
~m A1 was deposited.  In these samples ,  no react ion was 
observed af ter  3h at  460~ and, e lectr ical ly ,  the ba r -  
r i e r  height  of the under ly ing  NiSi  was mainta ined.  
These resul ts  d i rec t ly  demons t ra te  that  impur i t ies  do 
indeed affect this contact  s t ruc ture .  

Sacrificial barrier holding time.--The holding t ime 
of the Cr ba r r i e r  p r e p a r e d  in the "slow" sys tem re-  
por ted  above and in Ref. (9) agrees quite wel l  wi th  
our  pred ic t ion  based  on ind iv idua l  react ion ra tes  (1). 

However ,  the resul ts  obta ined  wi th  the fast  system 
indicate  tha t  these rates  .are sys tem dependent .  The 
ra tes  of react ion be tween  Cr and A1 repor ted  in Ref. 
(2) and those ex t r ac t ed  f rom holding t imes  of 
Pd2Si /Cr /A1 (8), P t S i / C r / A I  (9), and our  studies are  
al l  consistent  wi th  each other,  a l though different  sys-  
tems are  involved.  One is thus forced to conclude tha t  
at  least  the Cr/A1 reac t ion  must  be re la t ive ly  insensi-  
t ive to impur i t i e s  above some threshold,  but  ve ry  
sensi t ive be low that.  The identif icat ion of the impur i -  
t ies tha t  affect the Cr/A1 reaction,  and its quant i ta t ive  
charac ter iza t ion  therefore  emerges  as one of the im-  
por t an t  issues ra ised by  the presen t  s tudy.  A coro l la ry  
of these observat ions  is that  the notion of a sacrif icial  
ba r r i e r  m a y  have to be reconsidered,  because i t  is 
conceivable  that  in r ea l i ty  impur i t ies  must  a lways  be 
presen t  to real ize that  concept. 

T i t an ium films have  also been inves t iga ted  for 
sacrificial  ba r r i e r  applicat ion.  One would  expect ,  in 
l ight  of the p reced ing  comments,  that  inconsistencies 
should appea r  in the holding t imes repor ted  for ba r -  
r i e r  s t ruc ture  p r e p a r e d  in different  systems.  Indeed,  
conflicting resul ts  e x i s t  as to the usefulness  of Ti as a 
bar r ie r .  Solomonson et al. (20) show that  Ti r ea l ly  
works  as a sacrificial  ba r r i e r  and reacts  un i fo rmly  wi th  
the si l icide and the A1 layer .  Merchant  et al. (9) also 
tested Ti as a ba r r i e r  be tween  PtSi  and A1; they  found 
tha t  the  SBH is constant  as long as some unreac ted  Ti 
is left. However ,  the same sys tem was r epor t ed  by  
Ting and Crowder  (21) to fai l  much faster  than  p re -  
dicted by  our  or ig ina l  model  (1). F rom the i r  data, we 
deduce a Ti consumpt ion ra te  of about  140 A e s -1 at  
400~ whi le  we pred ic t  on ly  20 .A 2 s -~ based on 
Bower  (22). 

Conclusions 
The concept  of a sacrif icial  ba r r i e r  depends on two 

assumptions:  (i) tha t  the react ions at  both  in terfaces  
of the ba r r i e r  l a y e r  be l a t e r a l l y  uniform, and (ii) tha t  

the react ion rates  be known and reproducible .  The 
fulf i l lment  of  these assumptions  wil l  a l low the design 
of a sacrificial ba r r i e r  as out l ined in Ref. (1). In  the 
cases of Cr and Ti, we find vast  var ia t ions  in the  r e -  
act ion ra tes  wi th  A1, depending on the deposi t ion 
conditions. The second r equ i remen t  of k n o w n  and re -  
producib le  react ion ra tes  then  is not  fulfilled. That  
fa i r ly  consistent  values for the Cr-A1 react ion have 
never theless  been repor ted  by  independen t  inves t iga-  
tors s t rong ly  suggests tha t  impur i t ies  m a y  ac tua l ly  
help  in equal iz ing react ion rates.  By the same token, 
impur i t ies  may  also improve  the l a t e ra l  un i fo rmi ty  of 
a react ion by  reducing  gra in  bounda ry  diffusion. 
The successful  implementa t ion  of a sacrificial  b a r r i e r  
may  thus u l t ima te ly  depend  on the presence of im-  
puri t ies ,  in which case the concept  of a sacrif icial  b a r -  
r ie r  emerges  as a mere  special  case of a stuffed bar r ie r .  
The sacrificial  ba r r i e r  may  then be implemen ted  for 
specific cases and in specific sys tems where  impur i t ies  
are  incorpora ted  consis tent ly  f rom run  to run.  

Pract ica l ly ,  the control  of impur i t ies  in film deposi-  
t ion or dur ing  anneal ing  is difficult. A de l ibera te  in-  
corpora t ion  of impur i t ies  in the ba r r i e r  (making  it a 
stuffed ba r r i e r )  in an amount  which exceeds that  
needed  to s low the react ion is a p re fe rab le  procedure .  
The ut i l izat ion of Cr (23) or  A1 (24) doped wi th  oxy -  
gen has been suggested by  others.  I t  was shown (19) 
that  oxygen  in the Si is more  effective in slowing down 
CrSi2 format ion  than  oxygen  in the Cr, pro,bably be-  
cause of the fact tha t  Si is the moving species. Since in 
CrAI~ format ion  A1 is expected  to be the moving 
species (2), i t  m a y  ve ry  wel l  be that  impur i t ies  in the 
A1 l aye r  have a dominant  role  in s lowing the react ion 
rate.  Indeed,  we observed no degrada t ion  of the SBH 
even af ter  5OO~ when the A1 was "stuffed" wi th  im-  
pur i t ies :  most  p robab ly  oxygen.  

Chromium can be ut i l ized as a ba r r i e r  be tween  A1 
and NiSi, Pd2Si, and PtSi  at 450~ if the appropr ia t e  
amount  of impur i t ies  is incorpora ted  in the film. Our  
s tudy  does not quant i fy  this amount,  but  f rom our  ex-  
per ience  we can say tha t  the evapora t ion  pe r fo rmed  
at pressure  h igher  than  1 • 10 -6 to r r  at  a ra te  lower  
than 10 A/s will  resul t  in films wi th  a sufficient amount  
of impur i t ies  to make  the ba r r i e r  effective. 
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Crosslinking Reactions in Negative Electron Resists Composed of 
Halogenated Aromatic Polymers 
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Nippon Telegraph and Telephone Public Corporation, lbaraki Electrical Communication Laboratory, Polymer Section, 

Tokai, Ibaraki 319-11, Japan 

ABSTRACT 

Crosslinking reactions in halogenated aromatic polymers which provide useful negative electron resists with high 
dry etching durability and high contrast were studied. Halogenated aromatic polymers show characteristic features, 
such as the saturation of crosslinking reactivity with an increase of halogen content and little postirradiation polymer- 
ization effect. The reactivity saturation is dependent not on the ring size or main chain structure of the aromatic poly- 
mer, but on the kind of halogen atom. The larger halogen atoms tend to exhibit more rapid saturation with halogen con- 
tent, suggesting a steric effect. The strong participation of radical species formed by the dissociation of the 
carbon-halogen bond in the crosslinking reaction was verified from studies of radical scavenger effect and electron spin 
resonance spectroscopy. Considerable amounts of radical species remain after the crosslinking reaction has finished in 
vacuum, but remain in polymer films without crosslinking because of the high glass-transition temperatures of aroma- 
tic polymers and decreasing chain reactivity by halogen atoms, resulting in negligible postirradiation polymerization. 

Almost all negative electron resists recently devel-  
oped for microfabrication involving dry etching tech- 
nology are derived from aromatic polymers (1-7). This 
is, in principle, due to the fact that aromatic polymers 
have relat ively high stabili ty against various dry-  
etching processes and high glass-transition tempera-  
tures (Tg), which may help to depress the swelling of 
crosslinked polymer chains. Polystyrene- (PSt) based 
polymers have been extensively studied as negative 
electron resists, because of the availabili ty of P Ft, even 
in a mono-disperse form (8, 9). As the crosslinking 
reactivi ty of PSt is very low, various reactive groups 
such as halogens or epoxy groups were introduced into 
PSt structure to enhance sensitivity. The use of halo- 
genated groups as a crosslinking unit is preferable to 
get high resolution, .as well as high sensitivity, because 
these groups can be used to crosslink polymer chains 
via step-wise reaction (1O). However, polymers con- 
taining bonds such as epoxy or vinyl groups often 
crosslink via chain reaction, resulting in very high 
sensitivity but relatively low resolution (11). 

We have synthesized a high performance negative 
electron re:s~st, chloromethylated polystyrene (CMS), 
by the chloromethylation of nearly mono-disperse 
polystyrene (1). The chloromethyl group has proved 
to give PSt the highest crosslinking reactivity among 
various halogen groups (2). CMS has a contrast (v) 
of 1.4-2.2, depending on the molecular weight and dis- 
persi ty  of the resist used, and shows excellent dry 
etching durability. For further improvement of the 
resolution of CMS, we have changed the start ing poly- 
mer from PSt to nearly mono-disperse poly-~-methyl-  
styrene, which has a much higher Tg (165~ than PSt 
(95~ (6). A new negative electron resist, chloro- 

methylated poly-~-methylstyrene (~NI-CMS) exhibits 
a contrast of 2.2-3.0, which is as high as that of nearly 

Key words: resists, electron beam lithography, polymer resists. 

mono-disperse PSt, and has excellent dry-etch dura-  
bil i ty and thermal stability. The sensitivity of aM- 
CMS is about half that of CMS, but still is 30 times 
higher than PSt when the same molecular weight 
polymers are used. 

As reported previously, an interesting feature is ob- 
served in the resist performance of CMS and iodinated 
PSt  (IPS) (5). This is the saturation of crosslinking 
reactivity with increasing reactive group content. 
Though the introduction of a small amount of halogen 
groups drastically increases the sensitivity of PSt, 
halogen groups introduced beyond a certain level do 
not contribute further to sensitivity of PSt. Another 
interesting observation in halogenated PSt resists is a 
freedom from postirradiation polymerization, which is 
defined as a phenomenon in which the crosslinking 
reaction lasts in the very high vacuum of the electron 
exposure machine. Postirradiation polymerization 
causes a lithographic nonuniformity in the developed 
resist thickness and variation of pat tern sizes on a 
wafer according to the exposure order of patterns (12). 
In this paper, the crosslinking reactivity of various 
halogenated aromatic polymers was investigated by 
varying the polymer structure and measuring the ESR 
spectra as a function of temperature for these poly- 
mers, in order to elucidate the reaction mechanism of 
halogenated aromatic polymers as negative electron 
resists. 

Experimental 
Polymer preparation.--Figure 1 shows the structures 

of the halogenated aromatic polymers used in this 
study. Polymers with various ring structures were 
selected. CMS was obtained from Toyo Soda Manu- 
facturing, and aM-CMS was synthesized as described 
in the previous paper (6). Chloromethylated poly (~- 
naphthyl methacrylate)  (CMN) was prepared by the 
chloromethylation of poly(~-naphthyl  methacrylate) .  
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Fig. 1. Chemical structures of halogenoted aromatic polymers 

~-naph thy l  me thac ry l a t e  monomer  was synthesized 
f rom methacry l i c  acid and ~-naphthol  using dicyclo-  
hexy lca rbod i imide  as a dehydra t ion  agent.  The mono-  
mer  was purif ied by  r epea ted  recrysta l l izat ions .  Poly  
(~ -naph thy l  me thac ry l a t e )  was p r e p a r e d  by  azo-bis-  
i sobu tyron i t r i l e  (AIBN) in i t ia ted  radica l  po lymer iza -  
t ion in to luene at  60~ in a sea led  tube  for 12h. The 
po lymers  were  isola ted by  pour ing  the solut ion into 
methanol ,  washing  wi th  methanol  repea ted ly ,  and 
pur i fy ing  by  reprec ip i ta t ion  f rom t e t r ahyd ro fu ra n  
(THF) into methanol .  Chloromethy la t ion  was car r ied  
out  in ch lo romethy l  me thy l  e the r  wi th  SnC14 as a 
catalyst .  Copolymers  of  ;~-naphthyl me thac ry la t e  and 
g lyc idyl  me thac ry la t e  (NGC) with  var ious  monomer  
feed rat ios were  p repa red  and purif ied using the same 
p rocedure  as descr ibed for poly  (~-naphthy l  me thac ry l -  
a te ) .  Bromina ted  po lyv iny lcarbazo le  (Br -PVK)  was 
synthes ized f rom polyvinylcarbazole ,  ob ta ined  f rom 
Anan  Koryo  Company,  Limited,  and N-bromosucc in i -  
mide  using benzoy l -pe rox ide  ini t ia tor .  P o l y - l , 2 - b u t a -  
diene was obta ined  f rom J a p a n  Synthe t ic  Rubber  Com- 
pany,  Limited.  

Characterization.--Molecular weigh t  pa r ame te r s  (Mw 
and ~ n )  were  de te rmined  using gel  pe rmea t ion  
ch romatography  wi th  a Hitachi  Model  675 GPC and a 
Toyo Soda Model HLC-802UR GPC. Molecular  weight  
measurements  were  ca l ib ra ted  with  the s t anda rd  po ly -  
s tyrene.  The elut ing solvents  were  me thy le thy l  ketone 
(MEK) for CMS and ~M-CMS and THF for o ther  
polymers .  The ch loromethyla t ion  rat io  of CMS, aM- 
CMS, and CMN were  ca lcula ted  on the basis of chlorine 
content  f rom the  e lementa l  analysis  of polymers .  
BrOmine content  in B r - P V K  was also de te rmined  b y  
the e lementa l  analysis .  A m a x i m u m  of two bromine  
a toms can be in t roduced  into a carbazole  ring. The 
g lyc idyl  me thac ry l a t e  (GMA) content  of NGC was 
de te rmined  by  measu remen t  of the absorpt ion  at  310 
nm due to the naph tha lene  r ing  in the polymer .  

The g lass - t rans i t ion  t empera tu re s  (Tg) of the po ly -  
mers  were  de t e rmined  wi th  a Rigaku  Different ia l  
The rma l  Analys is  Unit. Elect ron spin  resonance  (ESR) 
spec t ra  of i r r ad i a t ed  po lymers  were  measured  wi th  a 
JEOL J E S - P E - 3 X  spec t romete r  equipped  with  a t em-  
p e r a t u r e - c o n t r o l  unit.  Powder  samples  for ESR mea -  
su rement  were  evacuated  at  10 -6  tor r  for 24h and then 
sealed in a quar tz  tube before  high energy  beam ex-  
posure.  Two kinds  of i r radia t ion ,  e0Co v - r a y  source and 
150W high pressure  me rcu ry  l amp  wi th  a col l imated 
exposure  system, were  used to genera te  rad ica l  species 
in the resist.  The sea led  samples  were  i r r ad ia t ed  for a 
specified per iod  before  ESR measurement .  

Resist working.--Polymers were  dissolved in xy lene  
for  CMS and M-CMS or in monochlorobenzene for 
o the r  po lymers  and  then sp in -coa ted  onto a si l icon 
wafe r  hav ing  a 1 ~.m SiO~ film 0.5-0.8 ~m thick.  P r e -  

bak ing  was carr ied  out unde r  a n i t rogen a tmosphere  
at  70~ for NGC, 95~ for CMS and CMN, and 135~ 
for B r - P V K  and aM-CMS for 20 min. The sens i t iv i ty  
of  resists  to e lec t ron beam exposure  was examined  by  
exposure  wi th  a compute r -con t ro l l ed  e lect ron beam 
exposure  machine  ESM-301 or  ELS-5000 (ELIONIX 
Company) .  The acce lera t ing  vol tage used was 20 kV. 
The  exposed films were  deve loped  by  d ipp ing  in a 
sui table  developer .  MEK was used for CMS and aM- 
CMS, and THF or  monochlorobenzene  was used as the 
developer  for o ther  polymers .  Af te r  development ,  the 
resis t  film was r insed  by  dipping the sample  in iso- 
propanol .  The resis t  thicknesses  before  and a f te r  de -  
ve lopment  were  measured  with  a Ta lys tep  (Tay lor -  
Hobson) .  The electron beam sens i t iv i ty  was expressed 
as Do, defined as the min imum dose requ i red  to, form 
an insoluble  gel on the subst ra te .  Since the sens i t iv i ty  
of crossl inking nega t ive  resists is p ropor t iona l  to the 
ini t ia l  molecu la r  weight,  we use the  product  of Do and 
M'w as the measure  of po lymer  reac t iv i ty  to e l imina te  
the effect of  molecular  weight.  The t empera tu re  de-  
pendence of resis t  sens i t iv i ty  was measured  wi th  a 
t empera tu re - con t ro l l ed  sample  stage, deta i ls  of which 
are  descr ibed by  Harada  (13). 

Results and Discussion 
Relation between reactivity and reactive group 

content.--Normally, for po lymers  in which the chemi-  
cal composit ion is constant  since 

Do = K/MwGc 

where  K is constant  and Gc is G va lue  of crosslinking.  
This is obeyed  by  m a n y  cross l inking po lymers  at  low 
dose (modera te  to high molecular  weight ) .  The re l a -  
t ionship be tween  resist  sens i t iv i ty  and ha logen content  
has been repor ted  in deta i l  for CMS (2) and  IPS  (5). 
The sensi t iv i ty  of IPS  shows a sa tu ra t ion  beyond about  
20 mol percent  (m/o)  of iodination,  whereas  the reac-  
t iv i ty  sa tu ra t ion  is observed  beyond 40 m/o  in CMS. 
We have measured  this re la t ion  for var ious  po lymers  
shown in Fig. 1, to c la r i fy  the origin of this sa tura t ion .  
Table  I summarizes  molecu la r  weight  parameters ,  r e -  
act ive group contents, and Do • Mw for the po lymers  
examined.  

F igure  2 shows the r eac t iv i ty  of ~M-CMS and CMS 
as a funct ion of ch loromethyla t ion  rat io  (CR).  aM- 
CMS gives the  a lmost  same CR dependence  as tha t  of 
CMS. I t  is ve ry  in teres t ing  that  a quite s imi lar  re la t ion  

Table I. Molecular weight parameters, reactive group content, and 
Do • ~w of the polymers examined 

Reactivity 
Polymer ~/w (• 10 ~) MwJM, RG content* Do x Mw 

PNM 8.3 3.4 0 positive 
CMN-1 6.1 3.8 0.86 0.26 
CMN-2 9.5 3.8 0.18 0.45 
CMN-3 8.1 4.5 0.62 0.32 
CMN-4 10.0 5.1 0.34 0.30 
CMN-5 10.9 4.4 0.17 0.39 
CMN-6 14.4 5.5 0.25 0.40 
CMN-7 9.0 3.6 0.05 0.72 
CMN-8 9.0 3.4 0.42 0,27 
PVK 90 4.9 0 2.9 
Br-PVK-1 104 4.8 1.04 0.34 
Br-PVK-2 79 3.6 1.50 0.30 
Br-PVK-3 9.8 3.7 1.89 0.23 
Br-PVK-4 92 4.1 0.51 0.31 
Br-PVK-5 96 5.3 0.26 0.33 
Br-PVK-6 91 5.2 0.14 0.36 
NGC-1 5.4 3.6 0.05 8.0 
NGC-2 6.1 3.9 0.18 4.5 
NGC-3 3.0 2.7 0.36 1.3 
NGC-4 5.7 3.2 0.55 0.88 
NGC-5 5.3 3.5 0.76 0.82 

* RG content; reactive group content.  
PNM: poly(~-naphthyl methacrylate): CMN: chloromethylated 

poly(~-naphthyl methacrylate). PVK: polyvinylcarbazole. Br- 
PVK: brominated polyvinylcarbazole. NGC: copolymer of ~-naph- 
thylmethacrylate  and glycidyl  methaerylate .  
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Fig. 2. Reactivity of CMS and eM-CMS as a function of molar 
chloromethylation ratio. 

is also observed for CMN, as shown in Fig. 3. Al l  of 
these po lymers  have the ch loromethyl  group as a 
cross l inkable  unit,  bu t  the i r  main  chain s t ructures  are  
different. CMS and ~M-CMS contain benzene ring, 
whi le  CMN is a methacry l ic  po lymer  containing 
naphtha lene  ring. PSt,  the pa ren t  po lymer  of CMS, is 
a nega t ive  resist,  while  ~M-CMS and CMN have a 
paren t  po lymer  which acts as a posi t ive resist.  A smal l  
degree  of ch loromethyla t ion  changes ~M-CMS and 
CMN from posi t ive to negat ive  tone. These resul ts  
suggest  that  the reac t iv i ty  sa tura t ion  observed  at 
about  0.4 of  CR is a common fea ture  of  the chloro-  
methy l  group. 

However ,  the  reac t iv i ty  of Br -PVK,  which has a 
ca rbon-bromine  bond as a react ive  group and the 
carbazole  group as an aromat ic  ring,  sa tura tes  above 
about 30 m/o  wi th  bromina t ion  ratio,  as shown in Fig. 
4. By t ak ing  into account that  IPS which  has a 
carbon- iod ine  bond which shows a reac t iv i ty  s a tu ra -  
t ion at  about  0.2, i t  can be concluded tha t  the s a tu ra -  
t ion in ha logenated  aromat ic  po lymers  is a lmost  inde-  
penden t  of a roma t i c - r ing  size and main  chain po lymer  
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Fig. 3. Reactivity of CMN as a function of molar chloromethyla- 
tlon ratio. 
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s t ructure ,  but  is closely re la ted  to the  k ind  of halogen 
atom. 

To confirm that  the reac t iv i ty  sa tu ra t ion  phenomenon 
is only observed in ha logenated  aromat ic  polymers ,  the 
sens i t iv i ty  of NGC copolymerized wi th  amounts  of 
g lyc idyl  me thac ry la t e  uni t  was invest igated.  F igure  5 
shows the sens i t iv i ty  curves for NGC and Br -PVK.  
NGC has low contras t  in comparison wi th  Br -PVK.  
This suggests  tha t  NGC crossl inks via  chain reactions.  
F igure  6 indicates  no sa tura t ion,  but  r a the r  l inear  in-  
crease of reac t iv i ty  wi th  GMA content.  The same re-  
sults were  ob ta ined  for  epoxydized  po lybu tad iene  
(PB) (14) and copolymers  of s ty rene  and g lyc idyl  

me thac ry la t e  (4). 

Postirradiatlon polymerization efJect.--Ylany nega -  
t ive e lect ron resists, such as COP and SEL-N,  suffered 
from pos t i r rad ia t ion  po lymer iza t ion  (15), which  causes 
nonuniformit ies  in pa t t e rn  wid th  and thickness on a 
wafer  a f te r  deve lopment  according to the  o rde r  of 
exposure.  CMS is known to shown l i t t le  pos t i r rad ia t ion  
po lymer iza t ion  effect. 

To e lucidate  the re la t ion be tween  this effect and 
po lymer  s t ructure ,  var ious  po lymers  were  tested. For  
the evalua t ion  of postpolymerizat ion,  the thickness of 
deve loped  pa t te rns  a f te r  l eav ing  the sample  in an ex-  
posure  machine  for a given per iod  was compared  wi th  
res is t  thickness developed immedia t e ly  af te r  exposure.  
The resul ts  are  shown in Table  II  and  Fig. 7. Clearly,  
the pos t i r rad ia t ion  po lymer iza t ion  effect in ha logen-  
a ted  aromat ic  po lymers  is negligible.  PB which is a 
r ubbe r  ma te r i a l  shows enormOus pos t i r rad ia t ion  
polymer iza t ion .  COP and NGC, which  both  have the 
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Fig. 5. Sensitivity curves for Br-PVK-I and NGC-2 
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epoxy group, show a moderate degree of post i rradia-  
tion polymerization, but the effect is more obvious in 
COP than in NGC. This could be due to the difference 
in the Tg of these polymers. 

Thus, it can be concluded that polymers with the 
reactive groups such as vinyl and epoxy group and 
moreover low Tg tend to result in more postirradiation 
polymerization. Chain reaction by reactive groups such 
as vinyl and epoxy group could be a major factor for 
postirradiation polymerization, but the degree strongly 
depends on the mobility of polymer chains, that  is, Tg. 

Effect of radical scavenger.--In order to determine 
whether neutral  radical species are involved in the 
crosslinking reaction of halogenated polymers, the 
effect of radical scavenger on the resist sensitivity was 
measured. As a radical scavenger, diphenylpycrylhy-  
drazyl (DPPH) was added to CMS and aM-CMS resist 
films. When the crosslinking reaction occurs via radical 
intermediates, the electron beam sensitivity should be 
decreased with the addition of radical scavenger (12). 
Figure 8a shows the variations of the sensitivity curve 
f o r  CMS with the addition of DPPH. In Fig. 8b, S/So, 
where S and So are defined as electron beam sensitivity 
with and without the addition of DPPH, is plotted 

Table II. Postirradiation polymerization of electron negative 
resists 

Reactivity 
Do X Mw 

ReactiVe (gC/ Postirradiation 
Polymer group T~(~ cm~mol) polymerization Ref. 

COP \ / 10 0.023 obvious (22) 
O 

C------C 
PGMA \ / 78 0.028 moderate (23) 

O 
PB C . -C - 2 5  0.05 obvious This paper 
CMS --CH2C1 110 0.12 little (2) 
~M-CMS --CHIC1 170 0.23 little This paper 
IPS ArI 156 0.42 little (5) 
CMN ~CH2C1 113 0.28 little This paper 

Tg: glass transition temperature. COP: eopolymer of glycidyl 
methacrylate and ethyl acrylate. PGlVIA: poly(glycidyl meth- 
acrylate).  PB: poly(1,2-butadiene). CMS: chtoromethylated poly- 
styrene, c~M-CMS: chloromethylated poly(-a-methylstyrene). IPS: 
lodinated polystyrene. CMN: chloromethylated poly(-~-naphthyl 
methacrylate) .  Ar: phenyl  group. 

against the concentration of DPPH for both CMS and 
~M-CMS. The sensitivity decreases are observed as the 
increase of DPPH concentration, which strongly sug- 
gests the participation of radicM species. 

Electron spin resonance (ESR) spectroscopy.--To de- 
tect radical species, ESR spectroscopy was studied f o r  
various polymers. Figure 9 shows typical ESR signals 
from CMS and PSt i rradiated with 1 Mrad 60Co 7-rays 
at room temperature.  The CR of CMS was 0.71. The 
signal intensity from CMS is much larger than that of 
PSt at room temperature,  indicating that large 
amounts of radicals are formed in CMS by high energy 
exposure and that  they still  remain alive. Deep UV 
exposure gave the same results. The ESR signal height 
of various CMS's are plotted against CR at the same 
dose in Fig. 10. The quantity of radical species in- 
creased almost proportionally with the increase in 
chloromethytation ratio. These results seem inconsis- 
tent with the results of reactivi ty saturation, but can 
be explained in terms of the high stabili ty of these 
radicals. The variation of ESR signal height at room 
temperature with the aging time in a vacuum is shown 
in Fig. 11, where only a small  decrease in signal in-  
tensity was observed, indicating a high stabili ty of the 
radicals in the solid state. Since it is known that 
benzyl chloride is easily decomposed by 7-ray i r radia-  
tion forming relat ively stable benzyl radicals [G value 
for this scission is 4.3 (15)], radical species detected 
by ESR can be assigned to the benzyl- type radicals in 
CMS. Figure 12 shows ESR signals from CMS, benzyl- 
chloride, and p-chloromethyltoluene i r radiated with 
high pressure mercury lamp at --120~ Though hyper-  
fine structure was not finely detected because of 
spectrum broadening, the ESR signals from low molec- 
ular  weight materials, especially in the case of p- 
chloromethyltoluene, were in close agreement with 
that of CMS. A portion of total radicals formed by the 
C ' C 1  bond dissociation in the chloromethyl g r o u p  
would disappear by a radical coupling reaction to pro- 
duce a crosslink bond, but most remain in a stable 
form. In CMS, since it has more chloromethyI groups, 
more radical species form, but the number of stable 
radicals which are not involved in crosslinking may 
also increase, causing reactivity saturation. The details 
of the reaction mechanism will be discussed later. 

The high stabil i ty of radical species could be at-  
t r ibuted to the high Tg of the aromatic polymers, which 
may restrict the molecular motion of radicals to pro-  
duce crosslinking bond. To test this speculation, film 
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t empe ra tu r e  dependences  of the ESR signal  and elec-  
t ron beam sens i t iv i ty  were  measured.  F igure  13 shows 
these resul ts  for CMS and ~M-CMS. When  the film 
t empera tu r e  of CMS was ra ised to 60~ the ESR sig- 
nal  in tens i ty  s ta r ted  to decrease  and was smal l  when 
the t empe ra tu r e  was h igher  than  Tg. The sens i t iv i ty  
of CMS increased wi th  an increase in film tempera ture ,  
and this dependence  closely corresponded to tha t  of 
the ESR intensi ty.  In the case of aM-CMS, which has 
a Tg of 170~ much higher  than that  of CMS, rais ing the 
t empe ra tu r e  at  first showed l i t t le  effect on both ESR 
signal  in tens i ty  and the sensi t ivi ty.  F rom 80~176 the 
s ignal  in tens i ty  g radua l ly  decreased,  while  the sensi-  
t iv i ty  increased wi th  increas ing tempera ture .  How-  
ever,  even at  140~ the ESR signal  in tens i ty  of aM- 
CMS was sti l l  s t rong and the sens i t iv i ty  enhancement  
due to t empera tu re  was not so large.  These very  close 
correla t ions  be tween  the t empera tu re  dependences  of 
ESR spectra l  in tens i ty  and sensi t ivi ty  s t rongly  suggest  
tha t  rad ica l  species  detected by  ESR spectros~copy have 

X 

- J  
! 

20GAUSS 

2CMS( C R "0.71) 

flPST X| 

Fig. 9. ESR signals of CMS and PSt irradiated with 1 Mrad 6~ 
~,-rays. CMS signal is drawn on a scale of one-twentieth. 

the poten t ia l  to erossl ink polymer ,  bu t  a re  f i rmly fixed 
in the film wi thout  cross l inking in a t empe ra tu r e  re -  
gion wel l  below T~. With  increas ing t empera tu re ,  the 
res t r ic t ion  in the  movement  of these t r apped  radica l  
species becomes less, and  crossl inking bonds are  
formed from these radicals ,  leading  the decrease of 
ESR signal  height.  The reason for the onset  of motion 
in these radicals  be low Tg in both po lymers  m a y  be 
re la ted  to the local re laxat ions  of po lymer  chains 
a round  this t empe ra tu r e  region.  

F u r t h e r  evidence indica t ing  the close re la t ion  be-  
tween film t empera tu r e  and the l i fe t ime of rad ica l  
species was demons t ra ted  by  an ESR s tudy  of PB film. 
A re l a t ive ly  s t rong and s table  ESR signal  was ob-  
served when  a PB film was i r r ad ia t ed  wi th  a high 
pressure  Hg lamp at  --70~ as shown in Fig. 14. This 
s ignal  could not be detected at room tempera ture .  
F igure  15 shows the decrease  in the ESR signal  of PB 
i r r ad ia t ed  at  --70~ wi th  aging t ime at var ious  t em-  
pera tures .  Radicals  d i sappeared  r ap id ly  upon ra is ing 
the t empera tu re .  I t  is k n o w n  that  in the r ad ia t ion -  
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Fig. 10. Variation of ESR signal height as a function of molar 
chloromethylation for CMS after irradiation with 1 Mrad ~~ 
~-rays. 
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Fig. 12. ESR signals from CMS, benzylchloride and p-chloro- 
methyltoluene after irradiation with high pressure mercury lamp at 
--120~ 

induced rad ica l  po lymer iza t ion  of  a sol id v inyl  mono-  
mer  such as acryloni t r i le ,  p ropaga t ing  radicals  can be 
de tec ted  by  ESR at low tempera ture ,  and the post -  
i r r ad ia t ion  po lymer iza t ion  car r ied  out  by  hea t ing  
(16). This suggests  that  PB v i n y l - t y p e  radicals  r ema in  
unreac t ive  below Tg but  easi ly .crosslink via  chain r e -  
act ions above  Tg. 

Crosslinking mechan{sm of hatogenated aromatic 
polymers.--Reactivity saturation.--In a previous  paper  
(2), we p roposed  a crossl inking reac t ion  mechanism 
for CMS resist,  which is summar ized  in Fig. 16. The 
resul ts  obta ined  in this s tudy suppor t  this  mechanism.  
In  ha logena ted  polymers ,  ma jo r  cro.sslinking react ions 
s ta r t  f rom the dissociat ion of ca rbon-ha logen  bonds as 
shown in react ion [1]. The format ion  of rad ica l  species 
by  this dissociat ion was confirmed by  the ESR spectros-  
copy in this s tudy.  React ion [2] is the cross l inking 
be tween  two benzyl ic  radicals ,  l~eaction [3] is h y d r o -  

Fig. 14. ESR signal of polybutadiene irradiated with a high pres- 
sure Hg lamp at --70~ 
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Fig. 15. Aging of the ESR signal intensity in PB at various tem- 
peratures. The films were irradiated with the Hg lamp at - -70~ 
and left at a constant temperature during the ESR measurements. 

gen subt rac t ion  by  halogen atoms. When  radicals  
formed by  this reac t ion  have a potent ia l  to crossl ink 
po lymer  chains, react ions  [4] and [5] can occur. In  
P S t - t y p e  resists,  meth ine  hydrogen  atoms are  r ead i ly  
abs t rac ted  by  ha logen atoms, forming benzy l i c - type  
radicals .  This type  of rad ica l  could crossl ink po lymer  
chains, because its s t ruc ture  is quite the  same as tha t  
of radicals  de r ived  f rom the react ion [1] in CMS re -  
sist. In this case, a c leavage of the ca rbon-ha logen  bond 
makes  two react ive  radicals .  

Some por t ion of the radic~ils in react ion [1] d isap-  
pea r  via  a recombinat ion  reaction,  which was suggested 
as the reason for the  reac t iv i ty  sa tura t ion  in IPS  from 
kinet ic  analysis  by  Shira ishi  et al. (5). However ,  we 
cannot agree  wi th  this idea, because no reasonable  
explana t ion  for the re la t ion be tween  halogen content  
and recombina t ion  react ion ra te  was provided.  Our 
resul ts  in Fig. 10 indicate  that  more  radica l  species 
survive  in more  ha logena ted  polymers ,  s t rong ly  sug-  
gest ing that  the  to ta l  number  of  radicals  formed by  
e lec t ron beam exposure  is also increased.  
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Fig. 16. Proposed crosslinking reaction mechanism for CM$ resist 
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Fig. 17. Reactivity of CMS at !00~ as a function of molar 
chloromethylation ratio. 

The fact that the chloromethyl group gives almost 
identical dependence between the reactivity and CR, 
despite a large difference in polymer chain structure, 
and that larger halogen atoms cause a more rapid 
saturation, allows us to propose a steric effect on the 
reactivi ty saturation. By assuming that two radicals 
must be located within a certain distance for the 
coupling reaction, we can explain all of the results 
with respect to the reactivity saturation. That is, more 
halogenation could make the average distance between 
two polymer chains longer, and large halogen atoms 
further increase this distance. The van der Waals radii  
of halogen atoms, 1.8A for C1, 1.95A for Br, and 2.15A 
for I, seem to correlate with the results of reactivity 
saturation. The high T~'s of aromatic polymers may 
prevent  the coupling reaction of two radicals which 
are separated slightly too far from each other. Since 
these trapped radicals can be released by heating the 
resist films, the reactivity of CMS samples with various 
CR was compared at 100~ nearly equal to T~, in order 
to confirm our model. As shown in Fig. 17, the reactiv- 
i ty saturation is not observed, although the dramatic 
increase at low CR is still present. 

An alternative interpretation for the reactivity sat-  
uration may be the energy migration. The fact that 
CMS shows a high sensitivity to deep-UV light and 
CMN exhibits a response to mid-UV light indicates that 
the reaction proceeds via photoexcited states, mainly 
the triplet  state of the halogenated aromatic ring (17). 
In the case of UV exposure, the same dependence be- 
tween reactivity and CR was observed, indicating that 
the same reaction mechanism is operative as in electron 
beam exposure. It is known that halogenated aromatic 
rings can act as very effective trapping sites for triplet  
energy migration in aromatic polymer films (18). 
When UV light is absorbed in unsubstituted aromatic 
polymers, the excited states formed can be trapped by 
various sites, such as excimer sites or structural  defects 
during migration among aromatic rings (19). Since in a 
sl ightly halogenated aromatic polymer excited energy 
is mainly "trapped" by the halogenated aromatic ring, 
very efficient dissociation of the carbon-halogen bonds 
are realized. This speculation can readily explain the 
abrupt sensitivity increase with very low halogen con- 
tent. Thus, when the halogen content is high enough 
to form efficient traps, the dominant factor determin- 
ing the sensitivity of halogenated aromatic polymers 

will be not the content of reactive group, but the yield 
of photoexcited states, thus making reactivity inde- 
pendent of the halogen content. In order to verify this 
assumption, the pr imary processes of photophysics in 
resist films must be investigated. 

Postirradiation polymerization.--Experiments with re-  
spect to the temperature dependence of ESR and 
electron beam sensitivity in CMS resists have clearly 
revealed the reason why little postirradiation poly- 
merization occurs with halogenated aromatic poly- 
mers. The high T~ of the aromatic polymer prevents 
the reactive radical species surviving after the ex- 
posure at room temperature from crosslinking, and the 
low degree of chain reaction with the halogen group 
in the crosslinking reaction limits the reactions pre-  
ceding postirradiation polymerization. 

By contrast, the situation seems to be complex simple 
in epoxy-type resists. Recently, Tada studied the post- 
irradiation polymerization effect of poly (glycidyl 
methacrylate) (PGMA) and PSt by using ESR spec- 
troscopy (20). PSt showed a very weak ESR signal, 
which is consistent with our result. However, in PGMA, 
which is a highly sensitive negative resist containing 
epoxy groups, two kinds of radicals were detected. 
Short- l ived radicals, observed only at low tempera-  
ture, were assigned to those formed by the cleavage of 
epoxy rings. The relat ively stable and stronger signal 
was assigned to radicals formed by the scission of the 
methacrylic main chain. He concluded that postirradia-  
tion polymerization in PGMA occurs via the coupling 
reaction between the lat ter  radicals which survive at 
room temperature and decrease with time. This does 
not seem plausible, because main chain scission in 
methyacrylic polymers is a positive-resist reaction. 
Actually, PGMA changes resist mode from negative to 
positive when exposed to deep-UV light which is ab- 
sorbed not by the epoxy group but by the methacrylic 
unit, suggesting that the crosslinking reactivity of 
radicals formed by the main-chain scission is not sig- 
nificant. 

However, Ohnishi et al. also demonstrated that 
stable radical species are associated with the post- 
irradiation polymerization of COP containing the 
glycidyl methacrylate unit and the vinyl- type negative 
resist SEL-N (12). That is, the addition of DPPH con- 
siderably decreased the postirradiation polymerization 
and the kinetic, assuming that the radical coupling re-  
action occurs during postirradiation polymerization 
can explain the experimental  results. The chain reac- 
tion in epoxy group is believed to proceed via ionic 
polymerization (21). The initiating species is generated 
by radiation and may be an anion radical, a cation, or 
a cation radical. The exposure-generated init iator 
attacks an epoxy moiety and cleaves it to generate a 
reactive oxygen species which can oPen a second epoxy 
group and generate a crosslinking. I t  is interesting 
that the addition of DPPH also decreased the sensitiv- 
ity of these resists. These results indicate that radical 
species play an important role not only in the post- 
irradiation polymerization but also in the chain-type 
crosslinking by the epoxy group. However, the origin 
and the structure of radical species in COP resist are 
not known, and t h e  crosslinking reaction scheme in 
epoxy-type resists has not been well understood. 

Conclus ion  
Various aromatic polymers were synthesized to elu- 

cidate the crosslinking mechanism of negative electron 
resists composed of halogenated aromatic polymers. 
The reactivity saturation with halogen content ob- 
served in CMS or IPS is a common beh.avior in halo- 
genated aromatic polymers, but is not observed in aro- 
matic polymers containing double-bond or epoxy 
groups. The saturation occurs more rapidly in poly- 
mers having larger halogen atoms. More halogenation 
and larger halogen atoms could make the separation 
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between reactive sites longer, causing the saturation of 
crosslinking reactivity. However, a sudden increase in 
the reactivity of l ightly halogenated l~olymer may be 
at tr ibuted to the effective collection of excited-state 
energy migrating in the film due to trapping at the 
halogenated aromatic ring. 

The significant participation of radical species in the 
crosslinking reaction has been demonstrated by ESR 
spectroscopy of irradiated polymers. The strong ESR 
signal observed in CMS or aM-CMS can be assigned to 
a benzyl- type radical formed by the dissociation of the 
chloromethyl group. This radical species gradually 
disappears with increasing temperature, and a quite 
similar variation is observed in the increase of resist 
sensitivity with temperature.  This result strongly sug- 
gests that the observed radical species are associated 
with the crosslinking reaction. Taking into account that 
li t t le postirradiation polymerization is observed in 
halogenated aromatic polymers, we propose that these 
radical species are tightly fixed in rigid polymer chains 
because of the high Tg of aromatic polymers. Both the 
high Tg and the step-.wise reaction by the halogen 
group are responsible for the negligible postirradiation 
polymerization effect. 
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A Photoelectrochromic Memory and Display Device Based on 
Conducting Polymers 
Olle Inganbs and Ingemar Lundstr~m 

Laboratory of Applied Physics, Department of Physics and Measurement Technology, University of Link()ping, S-581 83 
LinkSping, Sweden 

ABSTRACT 

We report a new photoelectrochromic system for information storage and display applications. This system is based 
on the electrochromic properties of thin films of electrochemically generated conducting polymers. These materials can 
be switched between two states of optical absorption: a highly absorbing, almost-black film in the oxidized state, and 
an almost-transparent film in the reduced state. On an n-type semiconductor surface, oxidation of the conducting poly- 
mer requires illumination of the semiconductor surface. A thin film of conducting polymer photoelectrochemically gen- 
erated onto a semiconductor surface can thus be reversibly bleached by a cathodic potential and blackened by anodic 
potential simultaneous with a light pulse. Such a device works as an optical memory which can be erased electrically 
and written optically with a scanning modulated light beam. We report on initial studies of the n-Si/poly(N-methyl- 
pyrrole) system in acetonitrile electrolyte. 

The photoelectrochemical generation of thin films 
of conducting polymers (1) on semiconductor surfaces 
can be employed for pat tern generation and optical 
information storage, but has so far only been used for 
corrosion protection of the surface (1, 2). The growth 
of a conducting polymer on a surface, metallic or 
semiconducting, leads to stronger light absorption-the 
polymer is generally brown/black-and decreased opti- 
cal refiectance. A development of this read-only mere- 

Key words: optical memories, photoelectrochemistry, electro- 
chromlcs, poly (N-methylpyrrole). 

ory (ROM) is based on the electrochromic effects re-  
ported for polypyrrole and polypyrrole derivatives (3, 
4). After electrochemical polymerization at a metal  
electrode, reversal of the potential applied to the 
polymer film leads to the reduction of the conducting 
polymer to an insula t ing  and almost-transparent  state. 
This process can be reversed by applying anodic bias. 
The electrochromic properties of conducting polymers 
are presently investigated for display purposes (5). 
Repeated switching of films up to 106 cycles has been 
obtained (6). 
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In an e lec t rochemical  polymerizat ion,  oxidat ion  of 
the  monomer  to be e lec t ropolymer ized  is suppressed  at  
an n - t y p e  semiconductor  in the absence o~ minor i ty  
charge carr iers .  These can be genera ted  b y  l ight .  This 
is equa l ly  t rue  for the oxidat ion  of the reduced  po lymer  
film on a semiconductor  surface.  Thus the oxidized 
s tate  is reached by  app ly ing  anodic bias and i l lumi-  
na t ing  the surface. 2'his photoelec t rochromic  effect 
can be used for opt ical  s torage of informat ion  or  for 
d isp lay  purposes.  S imi la r  systems have  been repor ted  
using meta l  deposi t ion at semiconductor  surfaces  (7),  
photoe lec t roreduct ion  of hepty lv io logen  at  p - G a A s  
(8) and revers ib le  reduct ion  and photoe lec t rooxida t ion  
of Pruss ian  blue on TiO2 surfaces (9).  Al l  of these 
systems are  based on semiconduct ing  photoelect rodes  
which genera te  photocurrents ,  giving reduct ion of 
meta l  ions or organic  molecules  or oxidat ion  of a thin 
film deposi ted on a semiconductor  substrate.  The gen-  
erat ion of pa t te rns  is due to a scanning or modula ted  
l ight  source. S imi la r  e lec t rochemical  react ions have 
also been. used on meta l  e lectrodes for d isp lay  purposes  
(10). 

We repor t  studies of a sys tem based on a conduct ing 
po lymer  on n -S t  surfaces in an organic e lectrolyte .  
This system differs wi th  respect  to the  first two re -  
por ted  sys tems in tha t  the e lec t roehromic  effect occurs 
wi th in  a thin solid film anchored  onto the surface, and 
tha t  the  semiconductor  surface  is p ro tec ted  b y  this 
film (11). I t  also differs with respect  to the  th i rd  sys-  
tem in that  only  a f ract ion of the thin film is ac tua l ly  
r educed /ox id ized  with  the po lymer  (3a),  whereas  the  
Pruss ian  blue is fu l ly  r educed /ox id ized  (9). The 
p o l y ( N - m e t h y l p y r r o l e )  po lymer  was chosen because 
i t  is more  s table  than the pyr ro le  po lymer  in e lec t ro-  
chromic  appl icat ions  (4).  

Experiments 
Single  crys ta l  n - t y p e  silicon (0.02-0.03 ~2cm) (111) 

were  mounted  on glass sl ides using epoxy. An  I n / G a  
eutectic was used for the back contact. A~ter c leaning 
and etching the front  surface (10% HF, 10s), i t  was 
t r ans fe r red  to an O.1M/O.1M N - m e t h y l p y r r o l e / t e t r a -  
e thy l ammon ium perchlora te  e lect rolyte  in acetonitr i le .  

The photoe lec t rochemical  format ion  of the po lymer  
was pe r fo rmed  at 1.0V vs. a sa tura ted  calomel  e lect rode 
(SCE) ,  po ten t ios ta ted  in a three-e lec t rode ,  two-com-  
p a r t m e n t  system. Ni t rogen was bubbled  th rough  the 
solut ion before po lymer iza t ion  in o rder  to exclude 
oxygen.  A tungs ten /ha logen  lamp provided  homogene-  
ous i l lumina t ion  at 175 m W / c m  2 on the 2 cm 2 silicon 
surface. Different  thicknesses of po lymer  films were  
used, as ca lcula ted f rom the number  of coulombs 
t ransfer red .  The samples  corresponded to 80-100 m C /  
cm 2, and the films were  smooth and b lue /v io le t .  The 
thickness  can be es t imated  to 0.1-0.2 ~m. 

The photoelec t rochromic  studies were  per formed  in 
a 0.1M Et4NC104/CH3CN electrolyte ,  wi th  oxygen  p res -  
ent. No iR compensat ion was used. The reflectance of 
the silicon electrode was measured  with a very  s imple 
setup, consist ing of a red LED fed with  a s inewave 
(274 Hz) i l lumina t ing  the surface at app rox ima te ly  
45 ~ angle of incidence. The p r ima ry  reflected beam 
ente red  a l ight  detector,  giving a s ignal  p ropor t iona l  
to the reflected-light intensity. This was fed to a lock- 
in amplifier. The light used for photooxidation (write 
light) was entered via an optic fiber. No correction 
was made for light reflected from the windows of the 
optical cuvette enclosing the electrolyte or from other 
reflecting surfaces. 

Results 
The reflectance f rom a surface coated with  the po ly -  

mer  decreases for the samples  s tudied to app rox ima te ly  
25% of tha t  of a bare-s i l icon  surface. When  switching 
the po lymer  by  apply ing  cathodic bias, the reflectance 
increases.  A potent ios ta t ic  cycle (Fig. 1) appl ied  to a 
sample  f rom cathodic potent ia ls  towards  anodic po -  

R (rel.units) 

1.0 

0.5 

~~Ligh~~tt Dark 

o 6 . . . .  o'.s . . . .  VvsSCe 

Light Dark 

0.1 mA 

0.1V 

Fig. 1. Upper curve: the optical reflectance from the surface is 
recorded as a function of potential. The strong decrease of reflec- 
tance occurs during the flow of phatogenerated-hole currents. 
With no write-light impinging on the surface, a small change of 
reflectance still occurs. This is due to the red LED light and light 
from the surroundings. Lower curve: potentiostatic sweep at 10 
mV/s from --O.4V vs. SCE to 0.6 and O.7V vs. SCE of an n-Si/ 
poly(N-methylpyrrole) structure (80 mC/cm 2) in the presence and 
absence of light (approximately 25 mW/cm2). The electrolyte was 
0.1M Et4NCIO4 in CH3CN. Only a very small leakage current flows 
during the sweep in dark. With light on, oxidation of the film starts 
at O.OV vs. SCE, and the oxidation current reaches a maximum at 
0.4V vs. SCE. 

tential ,  wi th  and wi thout  the  wr i t e - l igh t  (25 mW/cm2) ,  
shows the g radua l  decrease of opt ical  reflectance as 
l igh t - induced  currents  flow. In the absence of the  
wr i te - l igh t ,  only  smal l  changes of the  reflectance oc- 
cur, which p robab ly  are  due to the LED- l igh t  induced 
photocurrent .  Af te r  the  oxidat ion  of the  po lymer  to 
the  absorbing state, r educ t ion  in a tw o-pe a ke d  wave  
occurs in the range of 0.3 to --0.2V vs.  SCE. The opt ical  
contrast ,  in this case app rox ima te ly  50%, has not  
been optimized, and  can p robab ly  be increased by  
judic ious  choice of film thickness,  angle  of incidence,  
and geometry.  

F r o m  Fig. 1 i t  is concluded tha t  wr i t ing  using a l ight  
pulse  can be done at potent ia ls  more  posi t ive than 0.0V 
vs. SCE, and that  the eras ing process requires  at least  
the potent ia l  0.0V vs.  SCE. However ,  it  mus t  be noted  
that  the ra te  of change of the reflectance is h igh ly  de -  
penden t  on the choice of wr i t ing  and eras ing po ten-  
tials. In  Fig. 2 a plot  is shown of the reflectance as a 
function of charge t rans fe r red  on l igh t - induced  ox ida -  
t ion of the film at  0.7V vs.  SCE at three  different  l ight  
intensit ies,  obta ined  by  the use of g ray  dens i ty  filters. 
Even though the s ta r t ing  points  are  somewha t  different,  
the  R vs. Q graph is ident ical  in shape with  l ight  in-  
tensi t ies  va ry ing  over  one order  of magni tude .  The r e -  
duct ion process of the film is also ident ical  f rom these 
states, as shown by  the cathodic side of the  graph.  The 
coulometr ic  efficiency of the process (i.e., the  f ract ion 
of the anodic charge that  is r emoved  dur in~ the ca th-  
odic polar izat ion)  is be tween  75% and 95%. This points  
to the  poss ib ih ty  of s ide react ions  occurring.  I t  can 
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b a c 1.0 
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Fig. 2. Reflectance vs. charge 
transferred during three cycles. 
The right-hand side of the dia- 
gram shows the anodic process 
(write phase) at a potential of 
0.7V vs. SCE and at three differ- 
ent light intensities, (a) I00%, 
(b) 49%, and (c) 9.8% of 25 

rnW/cm 2, obtained using gray 
filters. The left-hand side shows 
the subsequent cathodic erase 
phases at --0.7V vs. $CE. 

also be concluded f rom the  graph  tha t  a minor  in -  
crease of the reflectance occurs wi thout  a percept ib le  
amount  of charge being t ransfer red .  I t  should be ob-  
se rved  tha t  the  graphs  are  non l inea r  in Q. 

The oxida t ion  of the  po lymer  to the fu l ly  oxidized 
s ta te  occurs wi th  only  a f ract ion of the  si tes in the  
po lymer  be ing  affected (3).  Cont inued oxidat ion  be-  
yond  this poin t  leads  to only  smal l  changes of the 
opt ical  absorpt ion.  Fu r the rmore ,  the  coulometr ic  effi- 
c iency tends to decrease  wi th  increas ing anodic charge.  

Discussion 
Three  pa r ame te r s  are  of essent ia l  impor tance  for .op- 

t imizing the swi tching t ime of  the memory :  wr i t ing  po-  
tential ,  l ight  intensi ty ,  and erase potent ia l .  The wr i t ing  
gets fas ter  wi th  more  anodic potent ia l ,  as this  wi l l  
b r ing  about  a more  efficient collection of minor i ty  
charge  carr iers .  The in tens i ty  of l ight  de te rmines  the  
number  of charge  carr iers  ava i lab le  for collection. A 
more  cathodic eras ing po ten t ia l  should  be chosen for 
r ap id  switching.  However ,  these potent ia ls  should also 
be chosen so as to give las t ing operat ion,  that  is, wi th in  
the  s tab i l i ty  range  of  the  e lec t ro ly te  and of  the  po lyme r  
m a t e r i a l .  Side react ions  on the semiconductor  surface  
mus t  also be avoided,  as the  adhesion of the  p o l y m e r  
film is of essent ia l  impor tance  wi th  respect  to the  l i fe -  
t ime of a device. 

N - m e t h y l p y r r o l e  po lymers  show much  wider  s t ab i l i ty  
ranges than  do pyr ro le  po lymers  (12), and ve ry  anodic 
(> I .0V vs. SCE) wr i te  potent ia ls  can be chosen wi th -  
out  deter iora t ion.  However ,  a strong, focused l ight  
beam at 0.1-1 W / c m  2 wil l  give a ve ry  r ap id  wr i te  p ro -  
cess, and it m a y  be p re fe rab le  to use this p a r a m e t e r  for  
opt imiza t ion  of the wr i te  proces_s. The reduct ion  of the  
po lymer  is p r o b a b l y  the process de te rmin ing  the d u r a -  
t ion of the  w r i t e / e r a s e  cycle, and this can only be en-  
hanced  b y  app ly ing  s t rong cathodic bias. The s tab i l i ty  
resul ts  on p o l y ( N - m e t h y l p y r r o l e )  indicate  tha t  i t  
should be possible  to go to at  least  --1.0V vs. SCE. The 
min ima l  t ime of swi tch ing  repor ted  on meta l s  is 0.1s 
(3, 5 ) .  

The nonl inear  re la t ionship  of reflectance vs. charge  
t r ans fe r red  m a y  be a difficulty if the  s t ruc tu re  should 
be used as a n  exposure  meter ,  bu t  need  not  be a 
p rob lem when used for d ig i t a l  s torage  in m e m o r y  and 
d i sp lay  devices. Opt f r~za t ion  of the device also r e -  
quires  choice of the  thickness  of the  po lymer  wi th  re -  
spect  to the  contras t  required ,  as wel l  as the t ime re -  
qui red  for w r i t e / e r a s e  c~-cles. These considerat ions  m a y  
be conflicting, as a th ick  film wil l  be in t r ins ica l ly  s lower  
in cathodic switching,-.and also s lower  in anodic w r i t -  
ing:  less l ight  wi l l  be  t r ansmi t t ed  th rough  the film, 
genera t ing  pho tocur ren t  r equ i red  for  oxida t ion  of the  

film. However ,  a thin film m a y  not  give the  contras t  r e -  
quired.  F u r t h e r  deve lopmen t  of the device would  have  
to address  this question. 

As to the  s tab i l i ty  of  the e lec t rochromic  mater ia l ,  i t  
is r epor ted  (13) tha t  oxygen  does not affect the  redox  
process of p o l y ( N - m e t h y l p y r r o l e ) ,  ne i the r  af ter  e x -  
posure to a tmosphere  nor  wi th  oxygen presen t  in the  
e lectrolyte .  With  po lypyr ro le ,  oxygen  a t tacks  both the 
reduced  an~d oxidized form of  the  polymer .  This is r e -  
la ted  to the  redox  potent ia l  of the polymer ,  which is 
more  anodic wi th  the me thy l - subs t i t u t ed  polymer .  Wi th  
po lypyr ro le ,  the presence  of wa te r  in the  organic  e lec-  
t ro ly te  s t rong ly  affects the  .cyclic vo l t ammograms  of 
the redox  process (14). I t  has also been shown tha t  
s table  e lec t rochromic  swi tching is ob ta ined  wi th  aque-  
ous e lec t ro ly tes  (6, 15), at  least  wi th  some of the  elec-  
t rochemica l ly  p r e p a r e d  conduct ing polymers .  No sys-  
temat ic  s tudy  of  the e lec t rochromic  character is t ics  of 
different  e lect rolytes  has been repor ted .  

A ma jo r  d r awback  of the sys tem s tudied  is the  in-  
s t ab i l i ty  of the oxidized po lymer  in contact  wi th  elec-  
t ro ly te :  i t  wi l l  spontaneous ly  rever t  to the reduced  
s ta te  a t  o,pen-circuit  conditions.  The t r anspa ren t  r e -  
duced state,  on the  o ther  hand,  appears  to be stable.  

Conclusion 
We have demons t ra t ed  the poss ib i l i ty  of construct ing 

a photoelec t rochromic  device based on a semiconductor  
surface  modified wi th  a photoe lec t rochemica l ly  gen-  
e ra ted  conduct ing polymer .  This device could be used as 
an  opt ica l  s torage m e m o r y  tha t  can be erased and r e -  
wr.~tten. I t  can also be trsed as  a d i sp lay  device where  
l ight  is used to a l t e r  the opt ical  s ta te  of the display,  
lower ing  the p o w e r - s u p p l y  requirements .  I t  could also 
be used as both  an op t ica l ly  and e lec t r ica l ly  r eadab le  
exposure  meter .  

The e lec t rochemical  growth  of conduct ing  po lymers  
on p - t y p e  semiconductors  is also possible. On a p - t y p e  
surface, reduct ion of the  po lyme r  to the  t r anspa ren t  
s ta te  is not  possible wi thout  l ight,  as no e lec t rons  are  
ava i lab le  for  reduct ion (7). This opens up the possi-  
b i l i ty  of a complemen ta ry  opt ical  device.  

The p ropaga t ion  of l ight  in thin films, one of the  
basic components  of optronics,  can also be control led  
th rough  the use of s emiconduc to r /po lymer  devices. 
F o r  instance,  opt ical  coupl ing of  two l ight  beams 
th rough  a thin film of conduct ing po lymer  could be  
used for  l ight  amplification.  

The use of a l iquid e lec t ro ly te  is one of the  m a j o r  
d rawbacks  of photoelec t rochromic  systems,  and subst i -  
tut ion wi th  a so l id-s ta te  e ]ec t ro ly te  would  be v e r y  
a t t ract ive .  Ea r l i e r  work  in our  l a b o r a t o r y  (16) has 
shown the feas ib i l i ty  of using thin  films of a p o l y m e r  
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electrolyte ,  po lye thy lene  oxide, as a contact  to semi-  
conductors  coated with  thin films of  conduct ing po ly -  
mers. P r e l im ina ry  expe r imen t s  show that  photoinduced 
oxidat ion  of the l~olymer also occurs in these systems,  
and this indicates the poss ibi l i ty  of ex tending  the pho-  
toelect rochromic  effects to a po lymer  e lec t ro ly te .  
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A Study of Contamination during Reactive Ion Etching of Si02 
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ABSTRACT 

Plasma-wall  interaction during the reactive ion etching of silicon dioxide was s tudied with Auger  electron spectros- 
copy. An A1 containing film was observed to deposi t  on the substrate to be etched, slowing down or even stopping the 
etching process; a fluorocarbon film due to CHF3 plasma polymerization was also found to grow on the contaminat ing 
film. The coverage of the cathode surface by a thick continuous fluorocarbon film effectively avoids this plasma-wall  in- 
teraction, and allows the etching process to continue to the SiOJSi interface. 

R e a c t i v e  i o n  e t c h i n g  ( R I E )  o f  5 iO2 in  a f luor ine  
deficient d ischarge (e.g., CHF3 plus 02, or  CF4 plus H~, 
in sui table  ra t ios)  is an anisotropic  and select ive d ry  
e tching technique wide ly  employed  to del ineate  con- 
tact  holes in VLSI devices. The etching mechanism is 
not  ye t  sufficiently understood,  though it is ev ident  
tha t  a po lymer  format ion  process is in compet i t ion wi th  
the e tching of  SiO2. The predominance  of e i ther  po ly -  
mer iza t ion  or etching depends on the energy  of the 
impinging  ions, the na tu re  of the  mater ia l ,  and the 
rat io  of the two gases. 

The presence of a significant vol tage  be tween  the RF  
electrode and the discharge is of impor tance  because 
the subs t ra tes  undergo b o m b a r d m e n t  by  energet ic  ions 
(100-500 eV being typical  energies) .  Since the  energy  
threshold for spu t te r ing  of meta ls  is exceeded,  i t  is not 
surpr i s ing  that  pu re ly  physical  sput te r ing  effects take  
place, when the cathode is pa r t i a l l y  or  to ta l ly  covered 
by  cer ta in  meta ls  (1) or  when a nonerodable  meta l  
mask  is used in place of a s t andard  photores is t  one 
(2). This considerat ion is not  appl ied  to a l l  metals ,  but  
only  to those whose fluorides a re  not volati le.  

The aim of this pape r  is to demons t ra te  the na tu re  of 
contaminants  dur ing  RIE of SiO2 wi th  Auger  e lec t ron 
spec t roscopy (AES) ;  we also i l lus t ra te  the role p layed  
by  such contaminants  and suggest  a r emedy  to com- 
p le te ly  e l imina te  the  source of  contaminat ion  in our  
pa r t i cu la r  system. 

*Electrochemical Society Active Member. 
Present address: Montefluos, Via Bonfadini 148, 1-20138 Milano, 

Italy. 
Key words: reactive ion etching, Auger analysis, contamination. 

Experimental 
Etching system.--All the exper imen t s  were  pe r -  

formed wi th in  a commercia l  e tching system,~ wi th  
both  RIE and p lasma etching (PE) capabil i t ies .  The 
etching gas was a mix tu re  of CHF~ and 02; the ope ra t -  
ing pressure  was kep t  constant  a t  10.7 Pa (80 m t o r r s ) ;  
flow rates  were  held  at  60.0 sccm for CHF~ and 4.0 
sccm for O2. The gas pressure  was moni tored  wi th  an 
ion gauge and a capaci t ive manometer~ 8 RF  power  
dens i ty  (at  13.56 MHz) was kep t  at  0.3 W cm-~.  Sub ,  
s trafe t empera tu re  was moni to red  and ma in ta ined  
constant  at  22~ 

The sys tem is pumped  by  a two-s tage  Roots pump 
backed  b y  a t w o - v a n e  ro t a ry  pump,  and has a base  
pressure  of 0.013 P a  (1.10 -4  t o r t ) .  The sys tem d e -  
scr ibed here was or ig ina l ly  designed for use wi th  chlo-  
r ine  containing gas; hence, a luminum and a luminum 
oxide were  chosen as e lect rode mater ia ls .  

AES system.NAil the  measurements  given here  were  
pe r fo rmed  wi th in  a Var ian  scanning  Auge r  mic ro-  
probe,  equipped wi th  a va r i ab le  ape r tu re  CMA and 
LaB6 cathode. The base pressure  of  the sys tem is 
3 �9 10 - s  Pa  (2 �9 10 -1~ to r r ) .  The p.r imary energy  and  
cur ren t  were  ad jus ted  to minimize  sample  charging 
problems and to p reven t  e lect ron be a m- induc e d  reduc-  
tion or desorpt ion effects. Ar+  or Xe + ion etching was 
pe r fo rmed  in order  to obta in  some in -dep th  in fo rma-  
tion. 

2 PK 2440, made by Plasma-Therm Incorporated, Kresson, New 
Jersey 0~053. 

a Baratron Type 220, AHS, made by MKS Instruments, BurUng. 
ton, Massachusetts 01~03. 
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Sample preparation.--RIE exper imen t s  were  pe r -  
fo rmed using as a test  vehicle  a MOS device wi th  con- 
tact  hole dimensions  of a p p r o x i m a t e l y  3 #m. A u g e r  
measurements  were  pe r fo rmed  on much l a rge r  areas.  
A p r e l i m i n a r y  scanning e lec t ron  analysis  showed, 
in fact,  that  the  res idues  found in the contact  
holes, and  descr ibed below, were  also presen t  in these 
areas.  The l aye r  to be etched was composed of densi -  
fled phosphorus  sil ica glass (PSG) ,  about  0.9 #m thick 
and wi th  a phosphorus  content  of about  10 w/o ;  the 
PSG was deposi ted ove r  a 0.1 #m th ick  film of t he rma l  
sil icon dioxide.  HPR 2044 resis t  1.3 #m thick was used; 
it  was h a r d - b a k e d  (140~ 30 min)  before  the etching, 
in o rde r  to enhance its s tab i l i ty  dur ing  the process.  

Results with the RIE system in its original configura- 
tion.--Samples processed in the RIE sys tem in its o r ig -  
inal  configuration, as descr ibed above, showed the  
presence of a contamina t ing  residue. In  some cases, 
due to this  residue,  the etching process fa i led to reach  
the  si l icon d iox ide /s i l i con  in ter face  and s topped some-  
where  in between.  In  other  cases, roughening  of the 
surface was evident ,  wi th  different  morphology,  de -  
pend ing  on the amount  of  contamina t ion  (see SEM 
photographs  in Fig. 1). This film is of an insula t ing  
nature,  and its uppermos t  l aye r  or iginates  a quite 
s ingu la r  charging phenomenon,  descr ibed by  the 
E �9 N (E) vs. E spec t rum of Fig. 2. 

The spec t rum is severe ly  dis tor ted at  energies  lower  
than about  250 eV; in par t icular ,  no emission was found 
at  energies  lower  than 140 eV. On the o ther  hand,  no 

Hunt Chemical Corporation. 

Fig. 1. SEM photographs, showing surface texturing: (a, top) in 
presence of slight amounts of contaminant (b, bottom) in presence 
of a heavy contamination. 

Z 
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Fig. 2. Auger spectrum recorded during analysis of the insulating 
film (surface); K is an accidentM contamination in this particular 
sample. 

effect at  al l  was not iced on h igher  energy  peaks  ( l ike 
Okn) which  were  found to be at  the i r  correct  energy.  
This fact  means  tha t  the  h igher  energy  Auge r  e lect rons  
see the sample  as neut ra l ,  and only the low energy  
secondary  and Auge r  e lectrons are  affected by  the 
phenomenon.  A t  present ,  the  or igin of this  behavior  is 
not  clear,  but  it  is conceivable  tha t  a double l a y e r  of 
negat ive  and posi t ive charges is c rea ted  in the surface 
l ayer ;  in this case, only  e lect rons  genera ted  wi th in  this 
double  l aye r  wil l  be affected. 

The spec t rum dis tor t ion decreases  as soon as the 
sample  is e tched with  A r  or  Xe ions, and  n e a r l y  dis~ 
appears  a f te r  e tching for a few seconds, or a f te r  the  
r emova l  of  only  a few angstroms.  At  this point,  the 
AES analysis  shows the presence of A1, Si, C, O, and F 
(Fig. 3). Both the energy  and shape of A1 and Si  peaks  
are  typica l  of some bonded  s ta tes  (for ins tance A120~ 
or  SiO2). Observat ion  of the p e a k - t o - p e a k  he ight  of 
the peaks  dur ing  the ion e tching shows tha t  F and C 
are  conta ined in a film grown over the  A1 con tamina t -  
ing film. 

In  general ,  F adsorbed  on Si or A1 is ve ry  eas i ly  de -  
sorbed by  the e lect ron beam used for the AES analysis,  
even at  cur ren t  dens i ty  as low as 10 -2 A / c m  2, at  2 keV 
beam energy.  On the contrary ,  the  F contained in the  
f luorocarbon layer  exhibi ts  a no t iceab ly  s t rong s t ab i l -  
i ty  and is only  pa r t i a l l y  desorbed af ter  an e lec t ron dose 
which  is severa l  orders  of magni tude  g rea te r  than  the 
above figure. This s tab i l i ty  suggests a ve ry  s t rong 
bond be tween  C and F, s imilar ,  for instance, to tha t  
found in PTFE [po ly( te t ra f luoroe thy lene)  ]. This s t a t e -  
ment  is in agreement  wi th  the  da ta  contained in the  
l i t e r a tu re  (3),  r epor t ing  tha t  a Tef lon- l ike  po lymer ic  
film is one of the main  products  in a CHF3 discharge.  

Fo r  the  above  considerat ions,  the  act ive role p l ayed  
by  the mate r i a l s  exposed to the  p lasma  is evident .  A1 
and A1203 at  the  cathode surface are  converted,  in a 
CHF3 discharge,  to a luminum fluoride; due to i ts v e r y  
low vapor  pressure  at  room tempera tu re ,  this c o m -  
pound cannot  be  removed.  A s imi lar  behav ior  is de -  
sc r ibed  in Ref. (2) for A1 and Cu in CF4 discharge.  
Such a compound is spu t t e r ed  f rom the surface of the  
cathode by  the high energy  (500 eV) ions imping ing  
on it ;  a f te r  mul t ip le  collisions wi th  the gas molecules,  
it  is even tua l ly  sca t te red  back  onto samples  moun ted  
on the cathode, where  i t  can act as a nonun i fo rm mask  
and t ex tu re  the surface.  Al though  the proposed  
mechanism is s t i l l  r a t he r  speculat ive,  i t  is a good w o r k -  
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Fig. 3. Auger spectrum of the sample of Fig. 2 after a short ion- 
etch. 

ing hypothes is  and expla ins  al l  our  expe r imen ta l  ob-  
servat ions.  

Reactor chamber passivation.--In order  to fu l ly  
demons t ra te  the above s ta tement ,  we envisaged a p ro -  
cedure  that  would  a l low us to pass iva te  the cathode 
surface and avoid contaminat ion.  The configuration of 
the reac tor  was r eve r t ed  to the PE mode, and RF 
power  was fed to the upper  electrode, the lower  elec-  
t rode  being grounded.  A pure  CHF8 (60 sccm) dis-  
charge was igni ted  at the same power  dens i ty  and 
pressure  used for previous  RIE exper iments  in o rde r  
to deposi t  a po lymer  film of  thickness h igher  than 0.5 
~m over  the exposed surfaces of the react ion chamber .  
In  o rder  to fu r the r  s tudy the na ture  of the f luorocarbon 
film wi thout  in te r fe rence  f rom the A1 contaminat ion,  
some (100) pol ished si l icon test  wafers  were  in t ro -  
duced into the  chamber  dur ing  a deposi t ion run.  
El l ipsometr ic  measurements  pe r fo rmed  on these 
samples  y ie lded  a re f rac t ive  index value  of 1.39, in 
agreement  wi th  the figure repor ted  for PTFE films 
(1.30-1.40). Auge r  analysis  showed only C and F;  the 
film appeared  to be r icher  in F than  PTFE (see Fig. 4 
and 5). A mass spec t romet r ic  analysis  pe r fo rmed  du r -  
ing He react ive  ion etching of the former  sample  
showed a high concentra t ion of I-IF being re leased  by  
the film under  He + bombardment .  Therefore,  we sup-  
posed that  the f luorocarbon film is a PTFE film, en-  
capsula t ing  la rge  amounts  of I-IF. Af te r  the pass ivat ion 
t rea tment ,  we res tored  the ini t ia l  configuration and 
processed a few runs  wi th  the  pa rame te r s  used p r e -  
viously.  

Results after chamber passivation.--No roughening  
effect was found on samples  processed on the pass i -  
r a t e d  RIE system. When  the etching process was 
s topped before  reaching the SiO2/Si interface,  an opt i -  
cal ly  clean SiO2 surface  was obtained;  in te r fe romet r ic  
measurement s  o f  the remain ing  SiO2 thickness were  
now possible, whereas  in the previous  exper iments  
ambiguous  resul ts  were  usua l ly  obtained.  In  samples  
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Fig. 4. Auger spectrum of the fluorocarbon film, deposited on the 
lower electrode, in the PE configuration. 
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w h e r e  the  e tching had  been completed,  the sil icon 
surface exh ib i t ed  ve ry  high reflectance wi thout  any  
residue.  This was in contras t  wi th  the samples  
processed in the unpass iva ted  chamber.  In  both  cases, 
no contaminant  was detected by  AES analysis .  

Summary and Discussion 
To summarize ,  any  meta l  on the cathode that  is not  

react ive  ion etched by  the p lasma  (i.e., whose ha l ide  is 
not  sufficiently volat i le)  wi l l  contaminate  the SiO2 
samples,  leading to anomalously  low etch rates, po ly -  
mer  deposit ion,  roughening  of the surface, degrada t ion  
of the e lect r ica l  device pa rame te r s  [as found in Ref. 
(1, 4)] .  We have demons t ra ted  that  if a deposi t ion 

cycle in the PE .configuration was pe r fo rmed  prev ious ly  
under  su i tab le  condit ions (wi thout  any  load) ,  a po ly-  
mer  film can be grown on the cathode that  wil l  p re -  
vent  any  contaminat ion  in the fol lowing etching cycle. 
This solut ion can be considered p re fe rab le  to the use 
of  a pe r fo ra ted  catcher  plate ,  descr ibed in Ref. (1), 
because i t  does not  s imply  minimize this effect but  
comple te ly  e l iminates  it. On the o ther  hand, this p ro-  
cedure has the d i sadvan tage  of requi r ing  per iodica l  
r eg rowth  of  the po lymer  film which is consumed du r -  

ing the  e tching cycle. 0.5 ~m thick film can last  for  on ly  
one e tching cycle, but  a th icker  po lyme r  film can be 
grown for more  etching cycles. 
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ABSTRACT 

A taper  dry etching technique for molybdenum films is proposed. The dry etching characterist ics of oxygen-doped Mo 
films in a CC14-O~ discharge are studied. It is found that  oxygen-doped Mo films are etched at a higher rate than oxygen- 
undoped  Mo film and that, in oxygen-doped Mo films, undercut t ing occurs differently from oxygen-undoped Mo film. 
Making use of the Mo etching characteristics, tapered Mo patterns with little ]inewidth loss to resist patterns are obtained by 
plasma etching of the Mo double layer, namely an oxygen-doped Mo film over an oxygen-undoped Mo film. The taper  
angle is varied from 40 ~ to 60 ~ by varying the thickness ratio of the oxygen-doped Mo film to the total Mo double layer. This 
technique promises  to improve an interconnection yield in LSI ' s  through reduction of wiring disconnect ion or shorts over 
the tapered-Mo steps. 

In  o rde r  to increase LSI  packing  density,  pa t t e rn  di-  
mensions must  be fine. For  h igh ly  accurate  t r ans fe r -  
ence of a resis t  pa t t e rn  to the louver mater ia l ,  d ry  e tch-  
ing techniques,  espec ia l ly  anisotropic  etching tech-  
niques such as react ive  ion etching, are  effective. This 
is because d i rec t iona l  e tching prevents  the occurrence 
of undercu t t ing  and produces  etched pa t te rns  whose 
dimensions differ l i t t le  from those of the resis t  pat terns .  

However ,  pa t t e rns  etched by  this k ind  of etching 
method  have  a ver t ica l  edge profile, tha t  is, the etched 
pa t t e rn  s idewal ls  are  pe rpend icu la r  to the  substrate .  
Etched pa t te rns  hav ing  the ver t ica l  profile are  unde-  
s i rab le  for the fol lowing in terconnect ion meta l l iza t ion  
process, since meta l l iza t ion  becomes thin or discon-  
t inues  where  it passes over  the e tched pa t t e rn  edges, 
and, as a result ,  the me ta l  in terconnect ion yie ld  de-  
ter iorates .  

One method  for  improv ing  the meta i - in te rconnec t ion  
y ie ld  wi thout  making  grea t  changes in LSI - f ab r i ca t ion  
processes is to produce  an etched pa t t e rn  wi th  t ape red  
sidewalls .  Severa l  papers  have been publ i shed  which  
have  repor ted  on t ape r  d ry  etching techniques,  such as 
t ape red  via e tching using an erodib le  mask ing  ma-  
te r ia l  (1) and t ape red  si l icon etching in which a posi-  
t ive bias  is appl ied  to the  cathode of  a p a r a l l e l - p l a t e  
reac tor  wi th  the wafers  p}aced on the anode (2). 

This p a p e r  proposes a t ape r  d r y  etching technique 
for mo lybdenum films. Mo films have been used as self-  

Key words: films, integrated circuits, metals, plasmas. 

al igned gates and interconnect ions  for  MOS LSI ' s  (3, 4). 
I t  is known that  vacuum-depos i t ed  Mo films on SiO2 
are  po lycrys ta l l ine  and have a fiber s t ructure ,  and  tha t  
the  Mo films res is t iv i ty  increases as the oxygen  content  
in the gra in  bounda ry  increases (5). Therefore,  in 
o rde r  to obta in  Mo films wi th  low resis t ivi ty,  i t  is  
essential  to e l iminate  oxygen  f rom the Mo-depos i t ion  
a tmosphere .  However ,  i t  has been found that  the Mo- 
film etching ra te  depends on the oxygen content  in the  
etching a tmosphere  (6, 7). 

The d r y  e tching character is t ics  for  oxygen-doped  Mo 
films were  studied. I t  became clear  tha t  oxygen-doped  
Mo films were  etched at  a h igher  ra te  than  Mo films 
containing no oxygen,  and tha t  oxygen containing Mo 
films were  undercu t  dur ing  etching, whi le  undoped  
films were  not. A Mo double  l aye r  was formed by  de-  
posi t ing the oxygen -doped  Mo film on the undoped Mo 
film. Tapered  Mo pa t te rns  were  obta ined in the  lower  
Mo film af ter  d r y  etching with AZ resis t  pa t t e rn  masks.  

The expe r imen ta l  p rocedure  is first described.  Next,  
d r y  etching character is t ics  for  oxygen -doped  Mo films 
and oxygen -undoped  Mo film are  discussed. F ina l ly ,  Mo 
tape r  d ry  etching is rea l ized and discussed in app l ica -  
t ion to LSI  fabr ica t ion  processes. 

Experimental Procedure 
Mo films were  depos i ted  b y  the r eac t i ve - spu t t e r  

method on SiO2 which was formed on a 3 in. Si  wafer  b y  
the rma l  oxidat ion.  The appa ra tus  for  Mo spu t te r  depo-  
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sit ion was of a RF  p l a n a r - m a g n e t r o n  type.  An  8 in. Mo 
disk  was used as the target .  The pur i ty  of the M o  disk 
was more  than  99.95%. The dis tance be tween  the ta rge t  
and  the wafer  ho lder  was 80 mm. The holder  was 
tu rned  at  7 rpm. The vacuum chamber  was evacuated  
by a t u rbo -mo lecu l a r  pump to 3 • 10-~ tor t .  Ar  gas 
was in t roduced  and kep t  at  a constant  pressure  of 7.5 
• 10 -3 to r t  dur ing  Mo sput te r  deposi t ion by adjus t ing  
the Ar -gas  flow rate.  For  oxygen-doped  Mo films dep-  
osition, O~ gas was in t roduced s imul taneous ly  wi th  A r  
gas. The Ar -gas  pressure  was main ta ined  at 7.5 X 10 -8  
torr.  The O2-gas pressure,  which was measured  in the 
absence of A r  gas, was var ied  to 2.5 • 10 -4  to r r  of the 
m a x i m u m  pressure.  E.ach gas pressure  was contro l led  
by  ad jus t ing  each gas flow rate.  The oxygen concent ra-  
tion in Mo films was va r ied  by  control l ing the O2-gas 
pressure.  The wafer  ho lde r  was at  room tempera tu re .  
RF  power  dens i ty  was 4.8 W / c m  2, and  the Mo deposi-  
t ion ra te  was 120 A/ra in .  

The appara tus  used for Mo d ry  etching was a pa r a l -  
l e l -p la te  reactor  (IPC Model 5200), as shown in Fig. 1. 
The RF power  (13.56 MHz) was capaci t ive ly  coupled to 
the top electrode.  The bot tom elect rode and the cham-  
be r  wal ls  were  grounded.  The wafers  were  p laced on 
the bot tom electrode.  The surfaces of the  top and bot -  
tom electrodes were  covered with  quar tz  plates  in  
o rde r  to avoid  heavy  met.al contamina t ion  to the  wafers.  
The dis tance be tween  the top and bot tom electrodes was 
25 mm in the wafer  area. A CCl~-O2 mixed  gas was used 
as the etching gas in o rder  to obtain a high Mo etching 
ra te  and a la rge  etching ra te  rat io  of Mo to SiO2 (7).  
The total  e tching gas pressure  and R F - p o w e r  dens i ty  
were  s tudied to de te rmine  sui table  condit ions for Mo 
etching. The etching ra te  for Mo films increased with  
the total  e tching gas pressure  and with  R F - p o w e r  den-  
sity. The etching ra te  rat io of Mo to SiO2 and photo-  
resis t  increased with  the total  pressure  and wi th  de -  
creasing the  R F - p o w e r  density.  The resul ts  of these 
studies were  used to pick a sui table  process condit ion 
for fu r the r  studies.  Namely,  the total  pressure  and the 
R F  power  dens i ty  were  fixed to be 0.2 to r r  and 0.1 
W / c m  2. 

Results and Discussion 
Oxygen-doped Mo ]ffm structure.--The re la t ion be-  

tween  oxygen concentra t ion in Mo films and the Mo- 
film s t ruc ture  w'as s tudied.  The oxygen concentra t ion in 
lYlo films was es t imated  by  Auger  e lec t ron spec t ros-  
copy (AES) analysis.  The film s t ruc ture  was inves t i -  
gated b y  x - r a y  diffraction. The average gra in  size was 
de te rmined  f rom the diffraction l~eak l inewidth .  I t  be -  
came clear  f rom AES analysis  that  Mo films which were  
not  in ten t iona l ly  doped contained about  3 a tom percent  
(a /o)  oxygen.  The re la t ion be tween  oxygen concen- 
t ra t ion  in films and the x - r a y  diffraction peak  height  
for as -depos i ted  Mo films is shown in Fig. 2 (8). The 
Mo films exhib i t  a s t rong <110>  or ienta t ion  in the  
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Fig. 2. X-ray diffractometer traces from as-deposited Mo films. 

(a) oxygen undoped. (b) 20 a/o oxygen doped (8). 

growth  direct ion a t  low oxygen  doping, and  lose the  
<110> pre fe r red  or ienta t ion with  increas ing oxygen  
doping. The Mo gra in  size decreases whi le  increas ing 
the oxygen doping. Mo films were  amorphous  in s t ruc-  
ture  at oxygen doping levels grea ter  than 30 a/o.  Thus, 
at  the Mo-depos i t ion  stage, oxygen in Mo films is con- 
s idered to weaken  the p re fe r red  or ienta t ion and to 
decrease the Mo gra in  size in Mo films. I t  was ob-  
served that  mo lybde num oxide was not  formed in o x y -  
gen-doped  Mo films dur ing  the deposi t ion stage. How-  
ever,  MoO2 was formed in oxygen-doped  Mo films 
which were  annealed  in an N2 a tmosphere  at a t em-  
pe ra tu re  above 800~ 

Etching characteristics o] oxygen-doped Mo films.- 
Etching rate.--The Mo films and SiO2 etching depths  
were  measured  by Talystep,  and the etching ra te  was 
es t imated  by  dividing the etching depths by  the e tch-  
ing time. The photores is t  e tching rate  was obta ined  
by  measur ing  the difference in the thickness  before  
and af ter  etching. The etching ra tes  for Mo films, 
photoresist ,  and SiO2 are  shown in Fig. 3 as a funct ion 
of the f rac t ional  O~ content  of the feed gas (OJCC14 
+ 02) .  SiO2 is h a r d l y  etched in these e tching condi-  
tions. Etch ra tes  of AZ resist  are  small.  Thus, e tching 
ra te  rat ios of Mo films to SiO2 and AZ resist  are  suf-  
f iciently large.  In  Mo film etching at  over  80% and at  
0% for the f rac t ional  O2 content,  a film was deposi ted 
on the Mo films dur ing  etching and etching did not  
advance  smoothly.  I t  is thought  tha t  infer ior  oxygen  
compounds of Mo were  produced  for O~ concentrat ions  
above 80% in a CC14-O2 discharge and po lymer  w a s  
deposi ted for an O2 concentra t ion at  0%. In  Fig. 3, two 
r e ma rka b l e  character is t ics  are found in Mo film etch-  
ing rates;  the etching ra te  increased wi th  the  f rac t ional  
O2 content  of the feed gas (7),  and the etching ra te  
increased wi th  the oxygen concentra t ion in lYlo films. 
These two character is t ics  suggest  that  oxygen is needed  
to enhance the Mo etching in a CCl~-O2 discharge.  
Oxygen contained in Mo films, as wel l  as oxygen  in 
e tching gas (7), is considered to contr ibute  to the  
format ion  of mo lybde num oxychlor ide  compounds,  
which are  volat i le  at low tempera ture .  

In  Fig. 4, the e tching rates for  Mo films are  shown 
as a funct ion of  (110) Mo gra in  size. The oxygen  c o n -  
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centrations in Mo films were set at 20 and 85 a/o. The 
Mo grain size was increased by annealing in an N2 
atmosphere at temperatures of 600 ~ and 800~ after 
Mo film deposition on an SiO2 substrate. I t  is found that  
the etching rate for Mo films increases with the oxy-  
gen concentration in Mo films and with decreasing the 
Mo grain size in Mo films. Figure 5 shows SEM photo- 
graphs of etched Mo films. It is suggested that Mo films 
are etched by Mo grain unit similar to Mo f i l l s  etching 
using CF4 + O2 plasma (9). This tendency is noticeable 
for oxygen-doped Mo films (Fig. 5b). 

Thus, it is believed that the increase in the etching 
rate for oxygen-doped Mo films is due to the effects 
of the existence of oxygen in Mo films and of the de- 
crease in Mo grain size in Mo films. 

Etched profile.--Figure 6 shows SEM photographs of 
etched cross sections of oxygen-undoped Mo film (Fig. 
6a) and oxygen-doped Mo film (Fig. 6b). Undercutting 
similar  to wet chemical etching is observed for the 
oxygen-doped Mo films, whereas oxygen-undoped Mo 
films show no such undercutting. A dependency of 
single-crystall ine Mo etching rate on orientation was 
investigated. Results are shown in Table I. A Mo (111) 
plane and a Mo (1O0) plane were etched at a slightly 
higher rate than a Mo (110) plane. The Mo film etch- 
ing characteristics by CF4 + O~ plasma have been re-  
ported elsewhere (9). In that study, it was indicated 
that the etching rate at grain boundaries is extremely 
large and the etching rate for a (111) plane is three 
times as large as that for a (110) plane, The under-  

Fig. 5. SEM photographs of Mo films etched. (a) oxygen undoped. 
(b) 20 a/o oxygen doped. 

Fig. 6. SEM photographs of etched cross sections of Mo films. 
(a) oxygen undoped. (b) 20 a/o oxygen doped. 

cutting process has been interpreted as follows; (i) 
radicals hardly  reach a pat tern sidewall before just  
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Table I. Single Me etching quantity dependency on orientation 

Single Mo orientation 

(UO) (1tl) (100) 

Mo etching 
quantity 
(~g/cm~ �9 mln) 36 44 46 

etching because Me grains  a round  the pa t t e rn  p reven t  
the l a t e r a l  mot ion of radicals ;  (it) undercu t t ing  occurs 
a f te r  radicals  a r r ive  at  the s idewal l  in the ove r -e t ch -  
ing stage. The etched profile of the undoped Me film 
(Fig. 6a) can be in te rp re ted  in genera l  on the  analogy 
of Mo films etching by  CF4 + O2 plasma.  However ,  the 
oxygen  containing Me films (Fig. 6b) consist of smal l -  
size Mo grains  wi th  r andom orientat ion.  Then, i t  is 
be l ieved tha t  the etching advanced isotropical ly ,  and 
tha t  consequent ly  undercu t t ing  occurred in the  oxygen 
containing Mo films. 

Me taper dry etching using a Me double layer.--The 
etching character is t ics  for oxygen-doped  Me films are  
such tha t  the oxygen -doped  Me films were  etched at  
a h igher  ra te  than  oxygen -undoped  Mo film, and, in 
the  oxygen-doped  Me films, undercut t ing  occurred in 
a manner  diff, er ing f rom tha t  in the oxygen-undoped  
Me film. Making  use of these d r y  etching charac te r -  
istics, a t ape red  Mo pa t t e rn  was obtained.  The exper i -  
menta l  p rocedures  are  as follows. A Mo double  l aye r  
was formed on SiO2. This s t ruc ture  consisted of 
an oxygen-doped  Me film for the upper  l aye r  and an 
undoped Mo film for the lower  layer .  The Mo double  
l a y e r  to ta l  th ickness  was fixed to be 3300A. The th ick-  
nesses for the oxygen -doped  Me f i lm/ the  oxygen -un -  
doped Mo film were  var ied  from 700A/2600A to 1650A/ 
1650A. The oxygen concentrat ions  in the upper  l aye r  
were  set to be 20 and 35 a/o,  respect ively.  AZ resis t  
pa t t e rns  were  formed on the Me double l aye r  film. 
These samples  were  etched under  etching condit ions 
such tha t  the  O~ flow ra te  was 67% of the  CC14 + 02 
gas mixture .  

SEM photographs  of cross sections of the  etched Me 
double  l aye r  are  shown in Fig. 7. A 700A/2600A thick 
and 20 a /o  oxygen -doped  Mo film s t ruc ture  a re  shown 
in Fig. 7a. A tapered  etching pa t t e rn  was obta ined  in 
the lower,  undoped  layer .  The t apered  pa t t e rn  has 
the fea tures  tha t  the  devia t ion  in width  for the  bo t tom 
of  the lower  Mo laye r  is smal l  in r ega rd  to the res is t  
pa t t e rn  and that  the  t apered  shape is convex, differ-  
ing f rom the case in which undercu t t ing  occurred.  The 
t ape r  angle  obta ined  in the lower  layer ,  measured  as 
an angle  made  to the subs t ra te  surface, was 60 ~ in 
the  s tructure,  as shown in Fig. 7. The angle  var ied  
f rom 40 ~ for  a 1650A/1650A s t ructure  to 60 ~ for  a 
700A/2600A s t ruc ture  at an oxygen concentrat ion of 
20 a /o  in the  oxygen -doped  Me film. The t ape r  angle  
was control led  by  va ry ing  the thickness  rat io of oxy-  
gen-doped  Mo film to the  total  Mo double  layer .  

The reason for the t apered  profile in the lower  l aye r  
is considered to be as follows. The upper  layer ,  oxy-  
gen-doped  Me film, was e tched wi th  an  undercut ,  
which  resul ted  in the  format ion  of a space be tween  
the resis t  and the lower  l aye r  of the Me film. The 
e tchant  en tered  into the space and side etching of the  
upper  l aye r  advanced.  At  the same time, the lower  
l aye r  was etched at  the surface under  the  space. Thus, 
the  t ape r  was produced  in the  lower  layer  of the  Me 
film. The reason for the t apered  shape being convex 
is considered to be the  presence of a high etch ra te  
region in the top of the lower  layer .  This region,  which 
is i l lus t ra ted  in Fig. 7a, was produced p robab ly  due to 
s tress  r a the r  than  O2 diffusion. This is because the high 
etch ra te  (1200A/rain) cannot be expla ined  only by  
the diffused O2 concentra t ion shown in Fig. 8. 

The o ther  fea ture  of the etched pa t t e rn  of the l~Io 
double  l aye r  is the  genera t ion  of a reversed  t ape r  in 

Fig. 7. SEM photographs of etched cross sections of the Me 
double layer whose structure is 700•/2600A thick and 20 a/o 
oxygen-doped Mo film for the upper layer. (a) just after etch|ng. 
(b) after ashing the resist. (c) after etching the upper layer selec- 
tively. (d) after PSG deposition over the Me patterns without gloss- 
reflow treatment. 

the upper  layer ,  as shown in Fig. 7a and 7b. The 
depth  profile of oxygen in the  Me double  l aye r  in -  
ves t iga ted  by  AES analysis  is shown in Fig. 8. The 
pi l ing up of oxygen at the  bounda ry  was not  found. 
Therefore,  i t  is thought  tha t  the  reversed  t ape r  in the  
upper  l aye r  was not  p roduced  by  the pi l ing up of 
oxygen at  the  bounda ry  but  by  stress  or  d i so rde r  in 
the gra in  size at the  boundary .  

Application aS Me taper dry etching.--In order  to 
app ly  the Me t ape r  etching technique to LSI  f ab r i ca -  
t ion processes ,  i t  was necessary  to remove  the uppe r  
02 containing l aye r  select ively,  a f te r  the e tching of 
the Me double  l aye r  pat tern .  The etching ra te  ra t io  
for  the  oxygen-doped  Me films to the oxygen -undoped  
Mo film is shown in Fig. 9 as a funct ion of flow ra te  
ra t io  of O2/CC14 + Oz. I t  is observed  tha t  the  e tching  
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containing 2 a /o  Si. AZ resis t  s t r ipe  pat terns ,  as shown 
in Fig. 10, were  formed on the A1 films. The A t  films 
were  etched by  a d r y  etching method.  The AZ resis t  
was removed,  and the A1 electrode resis tances were  
measured  af te r  anneal ing  them at 450~ for  30 min 
in a H~ a tmosphere  d i lu ted  with  N2. The resul ts  are  
shown in Fig. 11. The mean  va lue  for  the A1 elect rode 
resistance and the s tandard  devia t ion  of  the resis tance 
for  a 60 ~ taper  angle  in the Mo pa t t e rn  decreased  by  
one-half ,  when compared  to values for  a 90 ~ t ape r  
angle  of the Mo pattern�9 It  is not iceable  that  A1 dis-  
connection or  shorts, which are caused by  th inning  of 
A1 lines or A1 remain ing  at the bot tom of steps, r a r e l y  
occurred  for  the Mo pa t t e rn  taper  angles under  60 ~ 

The Mo-fi lm res i s t iv i ty  and the Mo-f i lm contact  r e -  
sistance to AI were  inves t iga ted  in rel.ation to the oxy-  
gen concentrat ion in Mo film. The resul ts  a re  shown in 
Table II. The res is t iv i ty  for  Mo films conta ining 35 
a /o  oxygen  was at most twice that  for undoped  Mo film 
af te r  anneal ing  at  1000~ for 20 min in an N2 a tmo-  
sphere.  The contact  resis tance of Mo films to A1 was 
almost  constant,  regard less  of the  oxygen  concentra t ion 
in Mo films. These resul ts  reduce the  concern for 
leaving  oxygen-doped  Mo films on the t apered  Mo 

ra te  ra t io  for  the  oxygen-doped  Mo films to the oxygen-  
undoped  Mo film increases,  whi le  decreas ing  the 02 
flow rate  rat io.  The 33% On flow ra te  rat io  condit ion 
was appl ied  to select ive e tching of oxygen-doped  Mo 
film. An  SEM photograph  of the t apered  Mo pa t t e rn  
af te r  removing  the oxygen-doped  Mo film is shown in 
Fig. 7c. I t  is obvious that,  a f te r  se lect ively  e tching the 
upper  layer ,  the reversed  t ape r  was cut away  and a 
Mo pa t t e rn  which had  a gent le  t ape r  was obta ined  
wi thout  serious changes in the pa t t e rn  dimensions.  
F igure  7d shows a cross section of the s t ruc ture  in 
which  P S G  was deposi ted  over  the Mo pa t t e rn  t ape red  
at  60 ~ wi thout  glass-ref low t rea tment .  PSG was de-  
posi ted with  a un i form thickness along the taper ,  and 
the  good covering of PSG over  the t apered  Mo pa t t e rn  
was obtained.  

Next,  the poss ib i l i ty  of app ly ing  the Mo tape r  d r y  
e tching  technique to LSI  fabr ica t ion  processes is d is -  
cussed with  respect  to e lectr ical  characteris t ics .  

The re la t ion  be tween  the  PSG coverage angle  and 
the A1 e lec t rode  resis tance was invest igated.  PSG was 
deposi ted  on Mo pa t te rns  wi thout  per formin~ glass-  
reflow t rea tment .  A1 films were  deposi ted on the P S G  
b y  the spu t te r -depos i t ion  method  using an A1 ta rge t  
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Table II. Mo film resistivity and contact resistance for 
Mo films to AI 

Oxygen concentration 
in Mo films (a/o) 

Contact resistance 
Me film resistivity for Mo film to A1 

(~-cm) (~/cm ~) 

3 9.6 x 10- 8 5.3 • i0 -s 
20 1.6 x 10 .5 5.5 x i0 -s 
35 2.3 x 10-5 4.1 • i0~ 

pa t te rns  and ease the process for  e tching oxygen-  
doped Mo films f rom the t apered  Mo pat terns .  Thus, 
the  poss ibi l i ty  of app ly ing  the Mo tape r  d ry  e tching 
technique to LSI  fabr icat ion processes has been demon-  
s t ra ted.  

Conclusion 
In p l a sma  etching of Mo films using a CC14 ~ O~ 

mixed  gas, it  was found t~hat oxygen -doped  Mo films 
were  etched at a h igher  ra te  than  oxygen -undoped  Mo 
film and that,  in o x y g e n - d o p e d  Mo films, undercu t t ing  
occurred in a manner  different  f rom that  observed for 
oxygen-undoped  Mo film. 

Using the character is t ics  of d ry  etching for oxygen-  
doped and undoped Mo films, t apered  Mo pa t te rns  were  
obta ined  by  p lasma  etching of the Mo double  layer .  
The tapered  Mo pa t te rns  have des i rable  features;  for  
example ,  the  devia t ion  in pa t t e rn  width  for the  e tched 
Mo pa t t e rn  to the resis t  pa t t e rn  is small ,  and the 
t apered  shape is convex. The t ape r  angle  is var ied  
f rom 40 ~ to 60 ~ by  va ry ing  the thickness rat io  of oxy-  
gen-doped  Mo film to the total  Mo double  layer .  Good 
coverage  of P S G  over  the t apered  Mo pa t t e rn  is ob-  
tained.  

I t  was found tha t  disconnect ion or  shorts  of A1 
electrodes over  the tapered  Mo steps covered wi th  PSG 
laye r  r a r e l y  occurred for  t ape r  angles of under  60 ~ . 

I t  was observed that  oxygen in Mo films did l i t t le  to 
worsen the res i s t iv i ty  character is t ics  for Mo films and 
contact  res is tance for Mo films to A1. 

The Mo tape r  d r y  etching technique promises  to 
improve  an in terconnect ion yie ld  in LSI ' s  th rough  re -  
duct ion of wir ing  disconnect ion or  shorts  over  the 
t ape red  Mo steps. 
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An Etch for Delineation of Defects in Silicon 

K. H. Yang* 
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ABSTRACT 

An investigation of the CrO3-H~O-HF system shows that preferential  etching of crystal defects on silicon surfaces is very 
sensitive to the concentration ratio of CrO3 to HF. This leads to development  of a new etch consist ing of one part  by volume 
of 1.5 molal (M) CrO~ (150 g/1 H~O) and one part  of 49% HF. This etch can delineate a wide variety of crystal defects with sharp 
definition. The shape of dislocation etch pits is uniquely determined by the orientation of wafer surfaces and dislocation 
lines. 

P re f e r en t i a l  e tch is a s imple  and fast  technique to 
eva lua te  the s t ruc tura l  perfec t ion  of a single crystal .  
For  si l icon crystals ,  such a technique is w ide ly  used to 
crop d is loca t ion-f ree  crys ta l  sections and also to de -  
l inea te  process - induced  defects in silicon wafers.  A 
re l i ab le  p re fe ren t i a l  etch is, therefore,  ex t r eme ly  va lu -  
ab le  in c rys t a l -g rowth  technology and device- fa i lu re  
analysis .  

There  are  severa l  p re fe ren t i a l  etches cu r ren t ly  
ava i lab le  for  si l icon crysta ls  (1-5). Dash etch (1) re -  
quires  an etch t ime of severa l  hours and is unsui tab le  
for  fast  eva lua t ion  of  c rys ta l  perfect ion.  Si r t I  etch (2) 
favors  (111) surfaces bu t  fails to reveal  dis locat ion 
e tch pits  on (100) surfaces.  Due to the  increased de-  
mand  of  (100) wafers,  three  etches have  been deve l -  
oped for (100) surfaces (3-5).  Secco etch (3) and  
Sch immel  e tch (4) y ie ld  r e l a t ive ly  poor ly  defined 

* Electrochemical Society Active Member. 
Key words: silicon, preferential etch, crystal defects, defect de- 

lineation. 

ci rcular  dislocation etch pits. Wr igh t  etch (5), in gen-  
eral,  gives sharp definition for crys ta l  defects induced 
by  hot processing. However ,  i t  is r e l a t ive ly  insensi t ive 
to dislocations genera ted  dur ing crys ta l  growth.  As a 
result ,  deveIopment  of  an improved  etch for (100) 
crystals  is h ighly  desirable.  Fur the rmore ,  the influence 
of chemical  composit ion tha t  leads  to the difference 
in e tching character is t ics  be tween  these etches has not  
been discussed and is st i l l  poor ly  understood.  

This s tudy inves t iga ted  the capabi l i ty  of the  CrOs- 
H 2 0 - H F  system for p re fe ren t ia l  etching. The resul ts  
l ead  to the deve lopment  of an improved  etch. This etch 
is capable  of de l inea t ing  a wide var ie ty  of defects on 
crys ta l  surfaces of different  or ienta t ions  and e lect r ica l  
resist ivit ies.  In  most cases, manua l  agi ta t ion or u l t r a -  
sonic v ib ra t ion  is not  necessary  dur ing  the appl ica t ion  
of this etch. 

Experimental 
The mate r ia l s  used for this s tudy  were  ma in ly  125 

m m  slugs and 100 m m  wafers  of p - type ,  (100) si l icon 
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crys ta ls  (1-20 a - c m ) .  A group of p - t y p e  (110) wafers  
and n - type  (111) wafers  (0.5-2 ~ - c m )  was also 
selected for  defect  del ineat ion.  The surface of the  
slugs was chemical ly  polished, and tha t  of  the wafers  
was chemica l ly -mechan ica l ly  polished.  Dur ing  etching, 
one slug or one wafer  was placed hor izon ta l ly  and 
etched in a plast ic  beake r  wi thout  the  appl ica t ion  of 
manua l  or u l t rasonic  agitat ion.  For  a s -g rown  slugs and 
wafers,  a volume of 500 ml  etch and a r e l a t ive ly  long 
etching t ime of 10-15 rain were  used in order  to en-  
h.ance defect  de l ineat ion  for visual  inspection. For  
ho t -processed  wafers ,  a volume of 200 ml etch and an 
e tching t ime of 2-3 min were  used. The volume was 
decreased p ropor t iona l ly  for smal le r  wafers .  Af te r  
etching, the wafers  were  rinsed, dried, and examined  
wi th  the opt ical  microscope using Nomarsk i  in te r -  
ference ,contrast. The  va l id i ty  of etch figures was 
compared  wi th  x - r a y  topographs.  ~ome of these etch 
figures were  fu r the r  inves t iga ted  in a t ransmiss ion 
e lect ron microscope (TEM).  

Ar t i fac ts  in the size of severa l  microns were  occas- 
s ional ly  observed on the wafer  surfaces  e tched longer  
than  5 min. The ar t i facts  could be easi ly  e l imina ted  by  
p lac ing  the wafer  ve r t i ca l ly  dur ing  etching, or  by  step 
e tching rat an in te rva l  of 3 min, or by  etching in a 
30~ cup ro ta t ing  at  6-8 rpm. All  three  methods 
y ie lded  etch figures wi th  sharp  definition, smooth  back-  
ground,  and f reedom from artifacts.  

Etching characteristics.--CrO~-HzO-HF sys tem. - -An  
inves t igat ion of the CrO3-H~O-HF sys tem was car r ied  
out  using different  concentra t ions  of CrO~ and HF. In 
the  first group of these solutions, the volume rat io of 
CrO3 solut ion and HF (49%) r ema ined  one to one. The 
concentra t ion of CrOs molal  (M) in the stock solut ion 
and the concentra t ion ratio,  m, of CrO~ and HF ex-  
pressed in M / %  in the etch are  given in Table  I. The 
va lue  of m is an indica tor  of oxidizing power  in the  
etch. By g r a d u a l l y  increas ing  the concentra t ion of 
CrO.~, we observed a subs tant ia l  change in the definition 
of dis locat ion etch pits. At  a CrO.~ concentra t ion of 
0.hM (m : 0.01, Y1 etch (.see ~ab le  Ia)  gives r e l a t ive ly  
i l l -def ined  round etch pits (Fig. la). The etch ra te  of the 
Y1 etch is r e l a t ive ly  low. I t  requi res  about  30 min to 
develop a reasonable  size of etch pits. As the CrO3 
concentra t ion increases to 1.0M (m : 0.02), the shape 

Table I. Etching characteristics of CrO3-HF-H20 system. 
One part by volume of CrO~ solution and one part of HF (49%) 

a. (100) Sil icon surfaces  

Etch 
CrO,, M ~n, M/ % 

Stock soln in etch Remarks  

Y$ 0.5 

Y2 1.0 
Y3 1.5 
Y4 2.0 
Y5 2.5 

Y6 3.0 

0.010 Round etch pits  develop after  
30 min 

0.020 Poor ly  defined etch pits 
0.031 Well-defined etch pits 
0.041 Well-defined etch pits 
0.051 Capability of preferent ia l  etch- 

ing decreases .  Reveals  low 
densi ty  of etch pits  

0.062 Reveals  very  low dens i ty  of etch 
pits 

Etch 

b. (111) Si~con surfaces  

CrOs, M ~n, M/ % 
Stock soln in etch Remarks  

Y1 0.5 
Y3 1.5 
YI5* 5.0 
Y16 10.0 
Y17t 10.0 

Y18** 10.0 

0.010 Round etch  pits 
0.030 Well-defined etch  pits  
0.102 Well-defined etch pits 
0.204 Well-defined etch  pits 
0.408 Capability of preferent ia l  etch- 

ing decreases .  Reveals  l ow 
densi ty  of etch pits  

0.612 Reveals  very  low densi ty  of etch 
pits 

* Sirtl  etch. 
t 2 parts  10M CrOs and 1 part  HF. 
* * 3 parts  10M CrO8 and 1 part HF. 

Fig. 1. Influence of CrO~ conc. on the definition of etch pits on 
a (100) slug. A, left: 30 min Y1 etch (0.SM). B, center: 15 min Y3 
etch (1.5M). C, right: 15 rain Y5 etch (2.5M). 

of etch pits de l inea ted  by  Y2 etch becomes be t te r  de-  
fined. In  the range  of 1.5-2.0M CrO8 concentra t ion (m 
-- 0.03-0.04), Y3 and Y4 etches yield wel l -def ined  etch 
pits  (Fig. l b ) .  As the CrO3 concentra t ion increases  to 
2.5M (m = 0.05), Y5 etch reveals  only  a low dens i ty  
of dislocation etch pits  (Fig. l c ) .  This indicates  a de-  
creasing capabi l i ty  of p re fe ren t i a l  etching. At  a 3.0M 
CrO~ concentra t ion (m -- 0.06), Y6 etch has an absence 
of p re fe ren t ia l  etching, and  the etched surface is 
featureless,  s imi lar  to that  revea led  by  the S i r t l  e tch 
(5.0M CrO~). 

In  the second group invest igated,  the volume of CrO3 
solution and HF was kep t  at a two- to -one  rat io.  By in-  
creasing the CrOz concentra t ion f rom 1.0 to 2.0M, a 
subs tant ia l  change in the capabi l i ty  of p re fe ren t i a l  
e tching was again observed.  At  1.0M CrOa concent ra-  
t ion (m = 0.041), Y7 etch reveals  wel l -def ined  e tch 
pi ts  s imi la r  to those obta ined by  Y3 etch. However ,  Y? 
etch has a s low etch ra te  and requi res  about  60 min 
to develop a reasonable  size of etch pits. Because of the 
slow etch rate,  the invest igat ion of CrO8 concentrat ions  
be low 1.0M was stopped.  As the CrO3 concentra t ion 
increases to 1.hM (m = 0.061), Y8 etch reveals  on ly  a 
ve ry  low dens i ty  of dislocation etch pits, indica t ing  a 
decreasing capabi l i ty  of p re fe ren t i a l  etching. At  2.0M 
CrO~ concentra t ion (m = 0.082), Y9 etch lacks  the  
capabi l i ty  of p re fe ren t ia l  etching. 

In  the th i rd  group invest igated,  the volume rat io  of 
CrO3 solut ion "and HF is kep t  at two to three.  At  2.0M 
CrOs concentra t ion (m : 0.027), Y10 etch gives we l l -  
defined etch pits. But i t  also gives ar t i facts  due to 
vigorous bubble  formation.  As the CrO3 concentra t ion 
increases to 3.0M (m = 0.041), p re fe ren t i a l  e tching in 
Y11 is absent .  

The dependency  of  p re fe ren t i a l  e tching on the con- 
cent ra t ion  rat io  m was also observed  on (111) surfaces.  
The etch composit ion and the e tching character is t ics  
.are given in Table Ib. F igure  2a shows tha t  at  ~n = 
0.01, Y1 etch again  gives round  dislocation e tch pits. 
As m increases to 0.03, Y3 etch yields  wel l -def ined  
t r i angu la r  pits, Fig. 2b. The definit ion of the  t r i -  
angu la r  pits shows no significant changes even as m 
increases  to 0.204 (Y16) (Fig. 2c). The capabi l i ty  of 
p re fe ren t i a l  e tching decreases at m = 0.408 (Y17 e tch) ,  
and f inal ly ceases at  m = 0.612 (Y18 e tch) .  

The resul ts  of this s tudy  ind ica ted  that  p re fe ren t i a l  
e tching of dislocations takes  place only at  a p rope r  
concentra t ion rat io  m of CrO8 and H F  in the etch. The 
influence of m is much more  cri t ical  on (100) surfaces 
than  on (111) surfaces.  The op t imum composit ion of 
the etch appl icable  to both (100) "and (111) surfaces is 
that  of Y3 and Y4 etches. The etching ra te  of these two 
etches is about  1.5 ~m/min.  The Y3 etch is chosen for 
fu r the r  defect  del ineat ion.  

KzCr2OT-HzO-HF sys tem.- -The K2Cr2OT-H20-HF sys-  
tem was also inves t iga ted  for p re fe ren t i a l  etching. Be-  
cause of the low so lubi l i ty  of K2Cr207 in water ,  the  
concentra t ion of K2Cr207 cannot  be changed signifi-  
cantly.  The resul ts  of our  inves t igat ion show tha t  the 
op t imum composit ion is nea r ly  the same as Secco's (3).  
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Fig. 2. Influence of Cr03 conc. on the definition of etch pits on 
a (111) wafer. A, top left: 15 min Y1 etch (0.SM). B, top right: 
5 min Y3 etch (1.5M). C, bottom left: 3 min Y16 etch (10M). D, 
bottom right: 4 min Y17 etch. 

Fig. 4. Four quarters of a highly dislocated 125 mm (100) slug. 
A, top left: after 5 min Sirtl etch. B, top right: after 30 min 
Wright etch. C, bottom left: after 10 min Secco etch. D, bottom 
right: after 10 min Schimrnel etch. 

Defect  deIineation.--DisIocation etch 1~gures.--Dis- 
locat ion etch figures de l inea ted  by  the Y3 etch have 
an excel lent  corre la t ion with  dislocations revea led  by  
the x - r a y  topography.  F igure  3a is the x - r a y  topograph 
of a 125 mm (100) slug showing sl ip dislocations gen- 
e ra ted  dur ing  crys ta l  growth. F igure  3b is the etched 
surface of the same slug. An excel lent  corre la t ion is 
c lear ly  es tabl ished be tween Fig. 3a and 3b. When the 
etched surface  is examined  at  high magnification, we l l -  
defined etch pits  along slip direct ions are  observed (see 
Fig. 3c). In  most cases, the etch pits  assume the shapes 
of A and B, and, in some cases, the square  shape C. The 
pits resul t  f rom dislocations ly ing  at a s teep inc l ina-  
tion to the wafer  surface.  

A comparison of exis t ing etches wi th  Y3 etch is 
given in Fig. 4. F igure  4a shows that  S i r t l  e tch (2) 
yields  a featureless  surface and fails to revea l  etch 
pits  as r epor ted  prev ious ly  (3, 5). Af te r  30 min of 
etching, Wr igh t  etch (5) generates  a ve ry  low dens i ty  
of wel l -def ined  etch pits, Fig. 4b. Both Secco etch (3) 
and Schimmel  etch (4) develop i l l -def ined round etch 
pits, as shown in Fig. 4c and 4d. A comparison of Fig. 
4 wi th  Fig. lb  and  3c c lear ly  indicates  tha t  Y3 etch 

gives a be t t e r  definition of dislocation etch pits  on 
(100) surfaces.  

The Y3 etch is also capable  of de l inea t ing  disloca-  
tions ly ing  nea r ly  para l l e l  to the surface.  This type  of 
dislocation is f r equen t ly  observed as dislocation ne t -  
works  in a s -g rown crysta ls  (Fig. 5a) and as misfit dis-  
locations in phosphorus-dif fused layers  (Fig. 5b).  A p -  
pl icat ion of the Wright  etch (5), however,  fails  to 
de l inea te  those dislocat ion ne tworks  in Fig. 5a and 
reveals  the misfit dislocations in a lower  dens i ty  and a 
weaker  contrast  as shown in Fig. 5c. This c lea r ly  ind i -  
cates that  the Y3 etch is more  sens i t ive  for de l inea t ing  
this type of dislocations. 

The Y3 etch is also capable  of revea l ing  dislocations 
on ( 1 1 1 ) a n d  (110) si l icon surfaces. Fo r  (111) surfaces, 
the t r i angu la r  etch pits  r evea led  by  Y3 etch were  
a l ready  shown in Fig. 2b. F igure  6 shows that  both  
Si r t l  and Wr igh t  etches produce  s imi lar  t r i angu la r  
pits, while  ~ecco and Schimmel  etches y ie ld  round  
pits. F igure  7 shows two types  of dislocation etch 
figures de l inea ted  by  Y3 etch on a longi tud ina l  (110) 
slice cut  f rom a 125 m m  (100) crystal .  One type  is 
etch pi ts  of slip dislocations, which ,assume th ree  corn- 

Fig. 3. Slip dislocation In a 
125 mm (100) slug. A, left: x- 
ray topograph. B, center: 15 min 
Y3 etched surface. C, right: a 
portion of B at high magnifica- 
tion showing dislocation etch 
pits. 
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Fig. 5. A, left: dislocation 
networks on a 125 mm (100) 
slug delineated by 10 min Y3 
etch. B, center: misfit disloca- 
tions in a phosphorus-diffused 
layer delineated by 2 min Y3 
etch. C, right: same as 13, with 5 
rain Wright etch. 

mon shapes of A, B, and C (Fig. 7a). The shape C is 
an inversion of the shape B. It is interesting to note 
the unique shape of etch pits on the (100), (111), and 
(110) surfaces revealed by this etch. The other type is 
a group of dislocations lying nearly in the (110) sur- 
face (Fig. 7b). Once these dislocations intersect the 
edge surface, they form etch pits (indicated by 
arrows). 
Swirl patterns.--Swirl patterns are usually observed 
in a silicon wafer containing substantial oxygen pre- 
cipitation after hot processings. Figure 8a is an x-ray 
topograph of such a pattern. Figure 8b is the same 
wafer after etching. A comparison between Fig. 8a and 
8b clearly indicates that the etched surface gives a 
much more pronounced resolution of the patterns. 
Examination of Fig. 8b at high magnification shows 
that some of the etch figures can be clearly identified 
as oxide precipitates with punch-out prismatic dislo- 
cation loops (indicated by arrows in Fig. 8c). The 
formation of dislocation loops due to punch-out from 
oxide precipitates has been reported previously (6, 7). 

However, the majority of the etch figures is beyond 
the resolution at this magnification. TEM investigation 
shows that the defects are oxide precipitates with 
punch-out dislocation loops in a complex form (Fig. 
8d). 
Oxidation-induced stacking faults.--Stacking faults of 
both surface and bulk types are often observed in sili- 

Fig. 7. Etch figures in a (110) slice delineated by 10 min Y3 etch. 
A, left: dislocation etch pits. B, right: a group of dislocations lying 
on the (110) surface. 

Fig. 6. Etch figures on a (111), phosphorus-doped wafer after 
oxidation. A, top left: 3 rain Sirfl etch. B, top right: 15 rain Wright 
etch. C, bottom left: 5 min Secco etch. D, bottom right: 5 rain 
Schimmel etch. 

Fig. 8. Swirl patterns in a 100 mm (100) wafer. A, top left: x-roy 
topogroph. B, top right: S rain Y3 etched surface. C, bottom left: 
a portion of B at high magnification. D, bottom right: TEM micro- 
graph showing the majority of the etch figures that are precipitate- 
dislocation complexes. 
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con wafers  af ter  the rmal  oxidat ion.  F igure  9a shows 
tha t  the Y3 etch can s imul taneous ly  del ineate  surface 
faul ts  and unfaul ted  loops wi th  sharp definition on a 
(100) surface. These faul ts  are  first de l inea ted  by  10s 

of etching. This resul ts  in a s t ra igh t  l ine at  the faul t  
location. Af te r  subsequent  N2 anneal ,  most  of the faul ts  
become unfaul ted  loops. 

S tacking  faul ts  of bu lk  type  are  shown in Fig. 9b. 
Most of the faults  contain  a pi t  at  the faul t  center.  
TEM invest igat ion shows that  the pi t  arises f rom oxide 
prec ip i ta tes  which act as nuclea t ion  centers  for faul t  
formation,  Fig. 9c. 

The resolut ion of swir l  pa t te rns  and s tacking faults  
as shown is at least  comparab le  wi th  that  revea led  b y  
Wr igh t  etch (5). However ,  Y3 etch requires  a shor ter  
e tching t ime and no manua l  agitat ion.  Appl ica t ion  of 
Y3 etch to reveal  dislocations on po lycrys ta l l ine  sur -  
faces, res i s t iv i ty  s t r ia t ions in h ighly  doped crystals ,  
and  p - n  junct ions  also yields  sa t i s fac tory  results .  

Discussion 
Mechanism of preferential etching.--The resul ts  of 

this s tudy  show that  the definit ion of dislocation etch 
pits  is ma in ly  contro l led  by  the concentra t ion rat io m 
of CrO~ and HF. Table  I shows that  for (100) surfaces, 
p re fe ren t ia l  e tching takes place only for m be low 
0.04M C r O J % H F .  The shape of dislocation etch pits  is 
wel l  defined in the range  of 0.03 and 0.04M C r O J % H F .  
Below 0.03M C r O J % H F ,  the shape becomes re l a t ive ly  
i l l-defined.  For  (111) surfaces, wel l -def ined etch pits 
a r e  observed in a wide range of m from 0.03-0.20. Be-  
low 0.03, the shape of etch pits becomes i l l -def ined and 
above  0.20, the capabi l i ty  of p re fe ren t i a l  e tching 
decreases.  

These resul ts  are  fu r the r  suppor ted  by  our  eva lua-  
t ion of exis t ing etches (2-5).  For  example ,  Secco, 
Schimmel,  and Y1 etches genera te  s imi la r  round pits 
on both (100) and (111) surfaces because their  oxidiz-  
ing power  is too weak  (low m) .  The value  of  m is 
0.01 for Schimmel  and Y1 etches, and 0.003 for Secco 
etch. The oxidiz ing power  of S i r t l  etch (m = 0.10) is 
op t imum for (111) surfaces, but  is too s t rong for (100) 
surfaces. As a result ,  it  favors  (111) surfaces but  fails 
to de l ineate  etch pits on (100) surfaces. The m value  of 
Wr igh t  etch is difficult to es t imate  because it contains 
a combinat ion of conc. HNO3 and CrO3. The etching 
character is t ics  of Wr igh t  etch, however ,  are  ve ry  s imi-  
l a r  to those of Y6 e tch(  m = 0.062). This suggests that  
the oxidizing power  of Wright  etch is s l igh t ly  too high 
for (100) surfaces. 

The dependence  of p re fe ren t ia l  e tching on the con- 
cent ra t ion  rat io  m of CrO3 and H F  can be unders tood 

f rom the fol lowing reasoning.  The format ion  of a 
dislocation pit  arises main ly  f rom the s t ra in  field as-  
sociated wi th  a dislocation (8) a n d / o r  impur i t ies  seg-  
rega ted  at  a dis locat ion (9). The s t ra in  field a n d / o r  
the impur i t y  segregat ion produce  a sur face  potent ia l  
be tween  the site of a dislocation and the su r rounding  
perfect  crystal .  The surface potent ia l  causes a differ-  
ence in the etching rate.  Dur ing  the course of etching, 
HF dissolves silicon when the sil icon surface  is oxidized 
by  CrOs. If the CrO8 concentra t ion is too high, the 
s t rong oxidizing power  of CrO~ tends to minimize  the 
sur face  potent ia l  to a negl igible  extent .  As a result ,  
p re fe ren t ia l  e tching is absent.  I f  the CrO8 concent ra-  
t ion is too low, e tching due to HF dissolution is p re -  
dominant ,  and the shape of etch pits  becomes ill  
defined. Therefore,  the concentra t ion rat io m is ve ry  
cr i t ical  to the definit ion of etch pits. 

Influence of surface orientation.--This reasoning can 
also be ex tended  to expla in  the influence of surface  
or ienta t ion  on p re fe ren t ia l  etching. As shown before,  
p re fe ren t ia l  e tching occurs more easi ly  on (111) sur-  
faces than on (100) surfaces. For  the l ow- index  sur -  
faces, the surface energy  of silicon (10) increases 
according to the order  of (111) < (110) < (100). The 
surface potent ia l  be tween a dislocation and its su r -  
rounding  crys ta l  is therefore  g rea te r  on the (111) su r -  
faces than  on the (100) surfaces. The g rea te r  surface 
potent ia l  makes  p re fe ren t ia l  e tching of (111) surfaces 
possible wi th  an etch of h igher  oxidizing power,  such 
as S i r t l  etch (2). The (111) etch, however ,  m a y  not  be 
appl icable  to the (100) surface.  On the contrary ,  a 
(100) etch should  also be  appl icab le  to the  (111) 

surface.  

Significance of etch figures.--The etch figures of dis-  
locations a re  main ly  de te rmined  by  the incl inat ion of 
dislocations to the surface.  For  dislocations ly ing  nea r ly  
pa ra l l e l  to the surface, dislocation l ines are  observed.  
For  dislocations ly ing  at  a s teep incl inat ion to the 
surface,  etch pits  result .  The basic uni t  of an etch pi t  
is bounded by  the di rect ion of (111) p lanes  in te rsec t -  
ing to the surface.  The shape of an etch pi t  can be 
considered as a super imposi t ion  of different  sizes of 
b ~ i c  units etched at  different  t ime in terva ls  along a 
dislocation. This is shown schemat ica l ly  in Fig. 10. 

Fo r  the (111) surface, the basic uni t  is a t r iangle  
wi th  three  sides in <110>  directions.  A super impos i -  
t ion of these units along a dis locat ion in the [110] d i -  
rect ion resul ts  in an etch pi t  i n  the shape of Fig. 10a, 
in agreement  wi th  the shape observed in Fig. 2b and 2c. 

For  the  (100) surface,  the basic uni t  is a square.  A 
super imposi t ion  of these squares  along two dislocation 
directions,  [110] and [21T], resul ts  in two shapes of 
etch pits  as shown in Fig. 10b. These two shapes are  
f r equen t ly  observed,  as  shown in  Fig. 3c. 

Fig. 9. A, left: oxidatlon-induced stacking faults (SF) of surface 
type and unfaulted loops (L) in a (100) wafer delineated by 2 rain 
Y3 etch. B, top right: bulk~-type stacking faults delineated by 2 
min Y3 etch. Note that the faults contain a pit at the fault 
center. C, bottom right: TEM micrograph showing that the pit 
arises from an oxide precipitate. 

ns 

A. (111) Surface B. (100) Surface C. (110) Surface 

Fig. 10. Schematic drawing of dislocation etch pits on (A, left) 
(111) surfaces, (B, center) (100) surfaces, and (C, right) (110) 
surfaces. D refers to the emergence of a dislocation to the surface. 
Solid line refers to the shape of an etch pit. Dashed line refers to 
the basic unit of an etch pit. 
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For the (110) surface, there are four (111) planes 
intersecting the surface. Two, the (111) and the (1]'1) 
planes, are perpendicular to the surface, and the other 
two, the (111) and the (111") planes, make an angle of 
35.3 ~ to the surface. During the course of etching, 
preferential etch attacks the (111) and the (111) 
planes first before reaching the (111) and the (11-1) 
planes. Therefore, the basic unit is a line in the [11-0] 
direction resulting from the intersection of the (111) 
and the (111") planes on the (110) surface. However, 
etching also takes place at a slower rate in the [001] 
direction perpendicular to the line. As a result, the 
basic unit becomes a rectangle. In Fig. 7a, the disloca- 
tions lie approximately in three <110> directions on 
the (11-1) slip plane and slip along the [1-12] direction 
on the (110) surface. For those dislocations in the 
[110] direction perpendicular to the surface, the shape 
of etch pits can be considered as a superiml~osition of 
different sizes of rectangles, and results in shape A in 
Fig. 10c and 7a. For those dislocations in the [011] 
direction, preferential etching initiates on both the 
(111) and (111) planes, and then proceeds along the 
[Oll] dislocation direction. This results in an etch pit 
consisting of two parts. One part due to preferential 
etching of the (111) plane is the upper half of shape 
A. The other part due to preferential etching of the 
[011] dislocation emerging to the (111) plane is 
bounded by the intersections of the (111), (111), and 
(111) planes on the (110) surface. This part is a tri- 
angle with three sides in the [112], [11"2], and [11"0] 
directions. These two parts join together at the common 
line in the [110] direction, and result in an etch pit of 
shape B, as shown in Fig. 10c and 7a. For the same 
reason, the dislocations in the [101"] direction produce 
a pit of shape C, an inversion of shape B. 

Formation of artiyacts.--Artifacts in the size of sev- 
eral microns are occasionally observed in some areas 
of the etched surface. The formation of the artifacts 
arises mainly from the fact that Cr +6, once reduced to 
Cr +s, reacts with F -  to form a green po.wder of CrF~. 
The CrF~ powder tends to precipitate on the etched 
surface and form artifacts in the form of mounds. The 
rate of CrF3 formation is much slower in the Y3 etch 
than in Schimmel and Wright etches. This allows one 
to use the Y3 etch without manual agitation or ultra- 

sonic vibration. Elimination of the artifacts can be 
easily achieved through the use of three methods de- 
scribed in the Experimental section. 

Conclusions 
The results of this study lead to the following con- 

clusions: 
1. An investigation of the CrOj-H20-HF system 

shows that preferential etching of dislocations is 
mainly controlled by the concentration ratio m of 
CrO3 and HF. 

2. The optimum composition of the newly developed 
etch consists of one part by volume of 1.5M CrO3 and 
one part of 49% HF. 

3. This etch is capable of delineating various crystal 
defects on the (10O) surface, as well as on the (111) 
and the (110) surfaces. The shape of dislocation etch 
figures is uniquely determined by the orientation of 
wafer surfaces and the orientation of dislocation lines. 
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ABSTRACT 

A few seconds halogen lamp annealing (HLA) technology is evaluated from the viewpoint of practical application to 
complementary metal oxide semiconductor (CMOS) very large scale integration (VLSI) processing. 49BF2, 11B, and 31p ion- 
implanted silicon layers have been investigated on their isothermal short-time annealing behavior of junction leakage cur- 
rent, recrystallization, activation, and junction depth. We have found that a few seconds annealing of 800~ is enough to 
crystalline regrow the 49BF2 or zip ion-implanted amorphous layer, to activate 49BF~ or 3,p ion-implanted dopants, to form 
titanium silicide, and to reduce the area leakage current of both n+-p - and p+-n- junctions without dopant diffusion. But 
activation of '~B + ion-implanted dopants, reduction of perimeter leakage current, molybdenum silicide formation, and 
phosphosilicate glass (PSG) reflow require a little higher temperature heat-treatment. 

Application of short-time annealing (1) technologies 
to VLSI fabrication processing have become of great 
interest from the scaling down of electronic device 
dimensions, which requires shallower junctions. Re- 

Key words: ion implantation, annealing behavior, silicon, p-n 
junction, sUicide formation, PSG reflow. 

cently, various short-time annealing technologies have 
been intensively investigated in activation of ion- 
implanted layers, using pulsed laser (2), electron 
beam (3), graphite heater (4), flash lamp (5), high 
intensity arc lamp (6), and halogen lamp (7-9). From 
the viewpoint of practical application to VLSI fabri- 
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cation, halogen lamp annealing (HLA) has many ad- 
vantages. Halogen lamps irradiate a large area at one 
time in nitrogen gas at atmospheric pressure, cassette- 
to-cassette, single-wafer processing realizes excellent 
repeatability, and cold-wall process reduces risk of con- 
tamination. The drain gaussian impurity profile fab- 
ricated with HLA reduces short-channel effects and 
hot-carrier effects (10) compared to the drain abrupt 
impurity fabricated by melt ing annealing with pulsed 
laser. A few-second HLA was already applied (8, 9) 
to 256 kbit CMOS ROM fabrication and realized a 
good yield over a 4 in. diam wafer. 

This paper describes the basic characteristics of 
ion-implanted silicon with a few second HLA such 
as, crystalline regrowth, activation of dopant, diffusion, 
and junction-leakage current. The application of HLA 
for CMOS VLSI processing is also discussed. 

Heating with Halogen Lamps 
The halogen lamp system is a radiant furnace with 

quartz tungsten halogen lamps. The heating chamber 
is composed of 24 halogen lamps; 12 lamps at top and 
bottom, respectively, facing each other. The wave- 
length of the incoherent light ranges from 0.3 to 3.0 ~m. 
The effective volume of the heating chamber is 200 (W) 
• 264(D) • 80(H) mm 3. A silicon wafer is supported 
on four pointed quartz pins between the top and bottom 
lamps, keeping a distance of 40 mm from each lamp 
unit. Radiation from both lamp units is absorbed in 
the top and bottom surfaces of the wafer. After these 
lamps are put out, the wafer is cooled only by its 
radiation to the surroundings. Figure 1 shows one of 
the temperature-time profiles of the wafer. We have 
used a 5s rising time throughout this study. We define 
the annealing conditions by the maximum tempera- 
ture and its soak time (1). According to this defini- 
tion, Fig. 1 is the profile of ll00~ and 5s annealing. The 
temperature is measured by a Chromel-Alumel ther- 
too,couple attached to the bottom surface of the wafer. 

Regrowth 
Czochralski-grown silicon crystal of (100) orienta- 

tion of 8-12 f~-cm n-type resistivity and 6-9 ll-cm p- 
type resistivity were used for the experiments. The 
wafers were chemically and mechanically polished on 
one side, and the peripheral edges of the wafers were 
rounded. Wafers were implanted with 11B, 49BF2, 31p, 
or 40At ions, and were annealed with halogen lamps in 
nitrogen gas at atmospheric pressure for a few seconds. 
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Fig. I. Temperature-time profile of 5s rising time, 5s soak time, 
and 1100~ max temp HLA. 

The surface regrowth of ion-implanted layers were 
measured by low energy electron diffraction (11) 
(LEED). Figure 2 shows the LEED patterns for 81p, 60 
keV, 1 X 101~ cm -2 ion-implated silicon and for 49BF2, 
60 keV, 4 • 1015 cm -2 ion-implanted silicon. Both ion- 
implanted layers with a 600~ and 10s HLA show no 
Kikuchi line, and the surfaces are still amorphous. 
Both LEED patterns with an 800~ and 10s HLA show 
Kikuchi lines (11), and the surfaces are crystalline. 
Figure 3 shows the combinations of HLA times and 

Fig. 2. LEED patterns of ~lp, 60 keV, 1 • 10 t~ cm - 2  ion- 
implanted silicon and of 49BF~,, 60 keV, 4 X 1015 cm - 2  ion- 
implanted silicon with HLA. 
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Fig. 3. Regrowth as a function of HLA time and temperature. 
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amorphous layer. O ,  [ ] :  crystaffine layer. 
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t empera tu re s  which  are  sufficient for c rys ta l l ine  re -  
g rowth  of samples  implan ted  wi th  ~lp, 40 keV, 4 • 
10 l~ c m - 2  (open circle)  or  4~BF2, 60 keV, 4 X 10 i~ cm-2  
(open squa re ) .  

I t  is shown tha t  a m in imum of about  700~ and 10s 
H L A  or  800~ and ls  H L A  is requi red  for the c rys ta l -  
l ine r eg rowth  of 31p or  49BF2 ion - imp lan t ed  layer .  The 
wafers  tha t  were  imp lan ted  wi th  l i b  ions have  Kikuch i  
l ines i r respect ive  of H L A  t ime and t empera tu re .  The 
liB, 40 keV, 4 X l0 is cm -2 ion - implan ted  layers  wi th -  
out  H L A  were  st i l l  crystal l ine.  The wafers  that  were  
implan ted  wi th  ~ip, 60 keV, 1 X l0 is cm -2 and 4~ 
60 keV, 1 • 10 i4 em -2 and were  annea led  at  1000~ 
for 10s have  Kikuchi  lines. But the wafers  tha t  were  
imp lan ted  wi th  8~p, 60 keV, 1 • l0 is cm -2 and more  
than  1 • 10~ cm -2  40Ar, 60 keV and were  annea led  at  
1000~ for 10s have  no Kikuchi  line. 40Ar inhibi ts  the 
r eg rowth  of 3ip i on - imp lan t ed  layer .  The samples  
which  were  imp lan ted  with  40Ar as wel l  as 31p or 
49BF2 recrys ta l l i zed  s lower  than  those which were  not  
implan ted  wi th  a rgon  (12). According to the LEED 
pat terns ,  l~B ion - imp lan t ed  layers  requi re  no HLA, 
49BF2 or  ~lP i on - imp lan t ed  layers  requi re  a 700~ and 
10s HLA, and high dose 40Ar ion - imp lan ted  layers  
requi re  more  than  a 1000~ and 10s HLA in order  to 
crys ta l l ize  the  sur face  of silicon. 

Diffusion 
The scal ing down of CMOS VLSI  device dimensions 

requi res  sha l lower  junct ions  of both  p - t y p e  and n -  
type  source -dra in  regions. High t e m p e r a t u r e  and long 
t ime h e a t - t r e a t m e n t  causes diffusion of dopant  in both 
the  ver t i ca l  and l a t e ra l  direct ions,  which, if excessive,  
can const ra in  the densi ty  of LSI  designs, t ILA could 
control  both  ver t ica l  and l a t e ra l  red is t r ibu t ion  of 
source -dra in  region to the  min imum,  thus easing the 
shor t  channel  effect (9). This section de te rmines  the 
m a x i m u m  H L A  cycle which causes l i t t le  diffusion of 
the  dopant .  The junc t ion  depths  were  measured  by  
spread ing  resis tance method.  F igure  4 shows the junc-  
t ion depths  as a funct ion of H L A  tempera tu re .  Soak 
t ime is 3s th roughout  Fi~. 4. One (closed circle) was 
imp lan ted  with  liB, 40 keV, 4 X 10 l~ cm -2 th rough  
400A SIO2. The o ther  (closed square)  was imvlan ted  
wi th  49BF2, 60 keV, 4 X 10 ~ cm -2 th rough  400A SiO~. 
The junct ion dep th  of l~B ion - imp lan ted  l aye r  becomes 
deeper  as the  H L A  t e m p e r a t u r e  goes above  800~ 

Whi le  H L A  tempera tu re s  change f rom 800 ~ to 1100~ 
junct ion depths  of both  l iB and 49BF2 ion - imp lan ted  
layers ,  respect ively ,  do not  change. A 1200~ and 3s 
H L A  causes diffusion of the dopant  about  1000A. I t  is 
shown tha t  t h e  m a x i m u m  of HLA t ime and t empera -  
ture which causes l i t t le  diffusion is l l00~ and 3s for 
both l i b  and 4~BF2 ion - implan ted  layers .  F igure  5 shows 
the junct ion  depths  of ~lp, 40 keV, 4 X 10 i5 cm -~ 
through 400A SiO2 ion - imp lan ted  l aye r  as a function 
of H L A  tempera ture .  The one-soak  t ime (open- t r i -  
angle)  is 3s. The other  soak t ime (closed t r iangle)  is 
10s. A 1200~ and 10s H L A  causes diffusion of the  
~ P  dopant  about  2000A. I t  is shown tha t  the m a x i -  
mum of HLA t empera tu r e  and t ime which  causes l i t t le  
diffusion is l l00~ and !0s for  ~ P  ion - imp lan ted  layer .  
This resul t  a lmost  coincides wi th  l iB and 49BF2 ion-  
implan ted  layers .  F rom the v iewpoint  of LSI  min ia -  
tur izat ion,  H L A  should  be carr ied  out  wi th in  the B 
region in HLA t i m e - t e m p e r a t u r e  space (see Fig. 15). 

Sheet Resistivity 
Sheet  resis t ivi t ies  were  measured  by  means  of the  

four -p robe  method.  F igure  6 compares  the l~B, 40 keV, 
4 • l0 is cm -2 i on - imp lan ted  layer  wi th  the 49BF2, 60 
keV, 4 • 1015 cm -2 ion - imp lan ted  l aye r  as a function 
of H L A  tempera tu re .  Soak t ime is 3s th roughout  Fig. 6. 
As HLA t empera tu r e  goes up, the sheet res i s t iv i ty  of 
~IB ion - implan ted  l aye r  becomes lower  slowly.  There  is 
no rap id  drop for liB. I t  is shown that  more than  a 
1000~ and 3s HLA is requ i red  for the act ivat ion of l iB 
ion - implan ted  layer .  In addi t ion  to the da ta  shown in 
Fig. 6, ca r r ie r  concentrat ions were  measured  by  spread-  
ing resis tance method.  As the  H L A  t empera tu r e  goes 
up f rom 600 ~ to 1200~ the m a x i m u m  car r ie r  concen-  
t ra t ion increases for liB. However ,  the sheet  res is t iv i ty  
of 49BF2 ion - imp lan ted  layer  drops r ap id ly  at  800~ 
and 3s HLA. The rap id  drop in sheet  res is t iv i ty  at 
800~ corresponds to the crys ta l l ine  r eg rowth  of the  
amorphous  l aye r  at  the sur face  (Fig. 3). While  H L A  
t empera tu r e  changes f rom 800 ~ to l l00~ the m a x i -  
mum car r i e r  concentra t ion does not  increase for 49BF2 
and the sheet  res is t iv i ty  does not  change so much. The 
fu r the r  reduct ion in sheet  res i s t iv i ty  above 1100 ~ C is due 
to the inc rement  of the  m a x i m u m  car r i e r  concent ra -  
t ion and of the  junct ion depth  (Fig. 4). The difference of 
sheet  res i s t iv i ty  be tween  l iB and 49BF2 ion - implan ted  
layers  above l l00~ HLA is ma in ly  due to the difference 
of junc t ion  depth  be tween  l iB and 49BF2 (Fig. 4). The 

c-  
O 

0.4 (D 

E 

T 
t-- 
G_ 
Ld 
r-~ 

0.2 
Z 
O 
I-- 
O 
Z 

0.0 

1 
t l  /..-../ 

ti/" 
/ 

- - I  

/ 

I I I I 

600 800 1000 1200 
T EM PER AT URE (o c ) 

Fig. 4. Junction depth of liB, 40 keV, 4 X 1015 em - ~  through 
400_~ SIC)2 ion-implanted layer ( e )  and of 49BF2, 60 keV, 
4 • 1015 cm - 2  through 400A SiO2 iondmplanted layer (El) as a 
function of HLA temperature. Soak time is 3s. 

cO 
c-  
O 
f__ 

.o 0.4 
E 

-r- 
l-- 
I=L 
I._d 
a 

Z 0.2 
O 
1--- 
O 
Z 
- b  

0.0 

/ 

/V 

I I 1 I 

600 800 1000 1200 
TEMPERATURE (~ 

Fig. 5. Junction depth of 31p, 40 keV, 4 X 10 TM cm - 2  through 
40~)A SiO~ ion-implanted layer as a function of HLA temperature. 
Soak times are 3s ( A )  and 10s (1t'). 



1148 

[] 

E 
d- 
O 

3 
>--10 
I -  

F- 
CO 

102 
LLI 

~A 

10 ~ 
cO 

J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  

�9 �9 'y 

! 1 I I 

600 800 1000 1200 
TEMPERATURE (o c ) 

Fig. 6. Sheet resistivity of liB, 40 keV, 4 X 1015 cm -2  ion- 
implanted ( 0 )  and of 49BF~, 60 keV, 4 X 10 ~5 cm -~  ion-im- 
planted layer ( � 9  as a function of HLA temperature. Soak time 
is 3s. 

sheet  res i s t iv i ty  difference be tween 11B and 49BF2 from 
800 ~ to 900~ H L A  is due to the recrys ta l l iza t ion  effect 
of 49BF2 amorphous  layer  at  the surface. And the 
sheet  res is t iv i ty  difference be low 700r is expla ined  
because 49BF2 ion - implan ted  l aye r  is st i l l  amorphous  
and 11B ion - imp lan t ed  layer  is crystal l ine.  F igure  6 indi -  
cates that  49BF2 ion - implan ted  layer  is more sui table  
than  11B ion - imp lan ted  l aye r  for CMOS VLSI  fabr ica-  
t ion with low t empera tu re  and few second HLA. F igure  
7 shows the sheet  res i s t iv i ty  of s~p, 40 keV, 4 • 10 TM 

cm -2 ion - implan ted  l aye r  as a funct ion of H L A  tem-  
pera ture .  One soak t ime (open t r iangle)  is 3s. The 
o ther  (closed t r iangle)  is 10s. The abrup t  drop in the 
sheet  res is t iv i ty  at 700~ and 10s HLA or 800~ and 3s 
H L A  is due to the r eg rowth  of the  amorphous  layer  
(Fig.  S) .  A f t e r  recrysta l l iza t ion,  the sheet  res i s t iv i ty  be- 
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Fig. 7. Sheet resistivity of s1p, 40 keV, 4 X 1015 cm -~  ion- 
implanted layer as a function of HLA temperature. Soak times are 
3s ( A )  and 10s (V ) .  
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comes lower  very  s lowly as the HLA tempera tu re  
goes up. Act ivat ion of dopant  and crys ta l l ine  r eg rowth  
of amorphous  l aye r  occur at  the same t ime for both 
49BF2 and s~p i on - imp lan t ed  layers.  

A 700~ and  10s or  an 800~ and 3s H L A  is enough to 
act ivate  and to crys ta l l ine  regrow both the 49BF2 and 
asp ion - implan ted  layers .  But, 4OAr ion - implan ted  
amorphous  layers  do not  reduce HLA t ime and t em-  
pe ra tu re  of r eg rowth  or of activation.  F igure  8 shows 
the sheet  res i s t iv i ty  of s1p ion - implan ted  layer  and of 
11B i on - implan ted  l aye r  as a function of 4~ dose. More 
than 1 • 1015 c m - 2  40Ar ion - implan ted  sil icon is 
amorphous.  But 4OAr ion - imp lan ted  amorphous  layers  
requ i re  more  than a 1000~ and 10s HLA in order  to 
r egrow and act ivate  dopant .  As 40Ar dose goes up, the 
sheet  resis t ivi t ies  of both  nB and s ip  ion - implan ted  
layers  become higher.  The results  lead to the conclu-  
sion that  40At inhibi ts  the  act ivat ion of 11B and s~P. 
This 40Ar effect wi th  HLA is the same as tha t  wi th  laser  
anneal ing  and furnace anneal ing  (13). In  Fig. 8, the 
sheet  res i s t iv i ty  of s1p ion - imp lan ted  layer  is more  
affected by  40Ar dose compared  to that  of ~IB ion - im-  
p lan ted  layer ,  because the  depth  of 11B dopant  is much 
deeper  than the depth  of 40At dopant  and the dep th  of 
s~P dopant  is nea r ly  the same as tha t  of 40At dopant .  
The growth  rate  of 49BF2 or  s ip  ion - implan ted  amor -  
phous layer  is s igni~cant lv  h igher  than tha t  of 40Ar as 
wel l  as 49BF2 or s ip  ion - implan ted  layer .  And a 700~ 
and 10s HI~& or an 800~ and 3s HLA act ivates  and re -  
grows 49BF2 and s~P ion - imp lan t ed  amorphous  layers .  

Junction Leakage Current 
This section describes the e lec t r ica l  character is t ics  of 

junct ion  diodes fabr ica ted  by  the silicon gate CMOS 
FET process using a few second HLA, and especia l ly  
puts  emphasis  on the reverse -b ias  leakage cur ren t  as 
a function of H L A  t ime and tempera ture .  A few sec- 
ond HLA was appl ied  to the si l icon gate CMOS FET 
process. Table  I shows the fabr ica t ion  processing steps 
that  we have used in this exper iment .  4 in. d iam silicon 
wafers  of  n - t y p e  8-12 ~ - c m  res i s t iv i ty  and (100) or i -  
enta t ion were  used for  the substrate .  

This process adopted  the halogen lamp system for 
anneal ing  high dose implan ted  source-dra in  layers  in 
p lace  of convent ional  furnace.  At  process s tep  10, the  
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Table I. Process steps 

Process steps Contents 

i. n-well implant mp 
2. p-well implant nB 
3. Well drive-in Furnace anneal 
4. Field oxide LOCOS (14) technology 
5. Gate oxide SiOs 
6. Gate electrode n+-polysilicon 
7. p-type diffusion ~B or ~BF2 ion-implant 
8. n-type diffusion alp ion-implant 
9. CVD PSG or silicate glass 
10. HLA (halogen lamp annealing) A few seconds annealing 
11. Contact window 
12. Metallization AI-SI 

wafers  were  annealed  by  the halogen l amp  sys tem in 
n i t rogen gas at a tmospher ic  pressure  for  a few seconds. 
This hea t ing  t r ea tmen t  must  real ize the  act ivat ion and 
crys ta l l ine  r eg rowth  of i on - imp lan t ed  source -d ra in  r e -  
gion, lessen the junc 'don leakage  current ,  lessen the 
sheet  res i s t iv i ty  of polys i l icon (9) or silicide, and dens i fy  
or flow the phosphosi l ica te  glass (PSG) .  Three  diodes 
were  used in this s tudy.  The first has 1000 • 1000 ~m 2 
junc t ion  a rea  and 4000 ~m per imeter .  This was used 
for measur ing  the leakage  current  pe r  uni t  area. The 
o ther  two diodes have  same junc t ion  area  (100 • 100 
pm 2 and 4 • 2500 nm 2) but  different  pe r imete r s  (400 
and 5008 ~m). They  were  used for  measur ing  the l eak-  
age cu r ren t  pe r  uni t  length  of per imete r .  The leakage  
currents  were  measured  a t  5V reverse  bias in darkness .  
F igure  9 shows the 5V reverse -b ias  a rea  l eakage  cur-  
ren t  dens i ty  as a funct ion of H L A  t ime and t empera -  
ture.  The filled circles s tand for l iB, 40 keV, 4 • 101~ 
cm -2 th rough  400A SiO2 ion - imp lan t ed  junctions.  The 
open t r iangles  r epresen t  81p, 60 keV, 4 • l015 cm -2  
th rough  400A SiO2 ion - implan ted  junctions.  H L A  soak 
t ime was 6s th roughout  this figure. The leakage  cur-  
rents  were  m e a s u r e d  at  24~ These l eakage  currents  
are  ma in ly  due to damages  in the bu lk  deple t ion  re -  
gion. 
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Fig. 9. 5V reverse-bias area junction leakage current density as a 

function of HLA temperature for 11B, 40 keV, 4 • 10 TM cm -2  
through 400A Si02 ion-implanted iunctlons ( o )  and for asp, 60 
keV, 4 • 1015 cm - 2  thraugh 400Jk Si02 ion-implanted junctions 
(A) .  Soak time is 6s. The leakage current was measured at 24~ 
in darkness. 

The shape of 81p i on - imp lan t ed  junc t ion  a rea  l eak -  
age cur ren t  dens i ty  is s imi lar  to the behavior  of the  
sheet  res is t ivi ty ,  which  i s  shown in F ig  .7. The r ap id  
drops in both leakage  cur ren t  and sheet  res i s t iv i ty  
at 800~ H L A  correspond to the  c rys ta l l ine  r eg rowth  
of the  amorphous  region.  The smal l  drop at  l l00~ 
H L A  is re la ted  to mot ion of the junc t ion  depth,  which 
is shown in Fig. 5. I t  is shown that  c rys ta l l ine  re -  
g rowth  of the  amorphous  region reduces the area  
leakage  cur ren t  densi ty .  A n  800~ and 6s H L A  rea l -  
izes the area  leakage  cur ren t  of <1.5 n A / c m  2. But, 
a l i t t le  mot ion  of junct ion  depth,  l l00~ and 6s HLA, 
is necessary  to reduce  the  area  leakage  cur ren t  of 
31p i on - imp lan t ed  junct ions  to the  levels  of the j unc -  
tions wi th  950~ and 30 min furnace  annea l ing  (_<---0.8 
nA/cm2) .  The a rea  junc t ion  l eakage  of the  sample  
implan ted  wi th  IIB has  a smal l  drop  at  800~ This 
is the same as that  of 31p. This is consistent  wi th  
LEED pa t te rns  on nB ion - imp lan ted  sil icon having  
Kikcuh i  lines, but  11B ion - imp lan t ed  layers  have dam-  
age in the  bu lk  deple t ion  region.  An  800~ and 6s 
H L A  is necessary  to get  out the damage  and to re -  
duce the a rea  leakage cur ren t  to the }evel of --<2 nA/  
cm ~. The reduct ion  of a rea  leakage  cur ren t  dens i ty  
due to mot ion of junct ion  depth  is not  significant in 
the case of 11B ion - imp lan ted  junctions.  This m a y  be 
due to the l ightness of 11B ion or  to the dep th  (~0 .4  
~m) of the  junctions.  In  the case of 49BF2 ion - im-  
p lan ted  junctions,  an 800~ and 6s H L A  reduces  the 
area  l eakage  current  to the level  of -<2 n A / c m  2, too. 
F rom the v iewpoin t  of CMOS VLSI  fabr icat ion,  an  
800~ and 6s H L A  is good enough for  both  P channel  
and N channel  source -d ra in  region to reduce  the area  
leakage  cur ren t  un i fo rmly  over  a 4 in. d iam wafer .  
But  the  pe r ime te r  leakage  cu r ren t  becomes dominan t  
(15) in VLSI,  because the scal ing down of e lectr ic  
devices in VLSI  causes the a r e a - t o - p e r i m e t e r  ra t io  
of the junc t ion  to decrease.  When  the va lue  of tbe 
pe r ime te r  length  (cm) is about  1000 t imes as la rge  
as the  value  of the a rea  (cm2), the  pe r ime te r  l eakage  
current  is not  negl igible .  An  800~ and 6s H L A  re -  
duces the  pe r ime te r  l eakage  current ,  too. But  the  
un i fo rmi ty  of the pe r ime te r  l eakage  cur ren t  wi th  an  
800~ and 6s H L A  is not  good. F igure  10 shows the 
5V reve r se -b ias  pe r ime te r  l eakage  cur ren t  a t  80~ as 
a funct ion of H L A  tempera tu re .  Soak t ime was 6s 
th roughout  this  figure. The leakage  cur ren t  was m e a -  
sured at 80~ in darkness .  The filled circles s tand  for 
11B, 40 keY, 4 • 1015 cm -2  th rough  400A SiO2 i o n - i m -  
p lan ted  junctions.  Open t r iangles  s tand  for  s ip  60 
keV, 4 • ]0 I~ cm -2 th rough  400A SiO2 ion - imp lan t ed  
junctions.  The shapes of both 31p and 1tB ion - imp lan t ed  
junct ion  pe r ime te r  l eakage  cur ren t  a~e s imi lar  to the 
behavior  of the  area  leakage  c u r r ~ t  densi ty,  for  
t empera tu re s  be low 1000~ (see Fig. 9). Above 1000~ 
h igher  t empera tu re  H L A  gets lower  and more  un i -  
fo rmer  pe r imete r  leakage  ct]rrent  for both  s~p and ~1B 
ion - imp lan ted  junctions.  This means  tha t  the  deeper  
junct ions  have  lower  and more  un i fo rm pe r ime te r  
l eakage  cur ren t  densi ty.  F igure  11 shows 5V r eve r se -  
bias pe r ime te r  leakage  cur ren t  at  80~ as a func-  
t ion of H L A  tempera tu re .  Soak t ime is 6s th rough-  
out  this  figure. The l eakage  cu r ren t  is measured  at 
80~ in darkness .  Closed squares represen t  49BF2, 60 
keV, 4 X 1025 cm -2 th rough  400A SiO2 ion - imp lan ted  
junctions.  Open t r iangles  are  for  s ip  40 keV, 4 • 1015 
cm-2  through  400A SiO2 ion - imp lan ted  junctions.  An  
800~ and 10 rain furnace  annea l ing  was carr ied  out  
before  H L A  throughout  this figure. F igure  11 ind i -  
cates tha t  h igher  t e m p e r a t u r e  H L A  reduces  pe r ime te r  
l eakage  cur ren t  for both  49BF2 and s ip  i on - imp lan ted  
junctions.  In  addi t ion to the  da ta  shown in Fig. 10, the  
pe r ime te r  l eakage  was measured  wi th  the  sample  v,t 
room t empera tu re  and found to be  less than  10 -15 
A /~m for 1100~ and 6s H L A  samples.  Pe r ime te r  l e a k -  
age currents  m a y  depend  much  on the pe r ime te r  strut-  
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Fig. 10. 5V reverse-bias perimeter junction leakage current as a 

function of HLA temperature for liB, 40 keV, 4 X 1015 cm - 2  
through 400~. SiO2 ion-implanted junefions ( e )  and for 81p, 
60 keV, 4 X 1015 cm - 2  through 400A SiO2 ion-imp!anted junc- 
tions (A) .  Soak time is 6s. The leakage current was measured at 
80~ in darkness. 

tures  of  junctions.  More work  is needed  to de te rmine  
the dependence  of pe r ime te r  leakage  cur ren t  on the  
pe r ime te r  s t ructure .  
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Fig. 11. 5V reverse-blas perimeter junction leakage current as a 
function of HLA temperature for 49BF2, 60 keV, 4 X 1015 cm - 2  
through 400~  SiO~ ion-implanted junctions ( l )  and for 8zp, 40 
keV, 4 X 1015 cm - 2  through 400A. SiO2 ion-implanted junctions 
(A) .  Two annealings, an 800~ and 10 min furnace annealing and 
a 6s HLA, for each data point. The leakage current was measured 
at 80~ in darkness. 

O t h e r  A p p l i c a t i o n s  of H L A  
In  current  CMOS VLS I  fabr icat ion processing, re-  

f rac tory-meta l  silicide gates and interconnects  a re  
used to reduce gate  res is t iv i ty  and contact  res is t ivi ty .  
F rom the prac t ica l  v iewpoin t  of fabr ica t ion  CMOS 
VLSI,  it  is p re fe rab le  to keep the sil icide format ion  
t empera tu re  as low as possible in o rder  to avoid  the  
dopant  red is t r ibu t ion  in source and dra in  regions. F ig-  
ure 12 shows sheet  resisist ivi t ies  of t i t an ium (Ti) 
si l icide and mo lybde num (Mo) silicide (16) as a func-  
t ion of HLA tempera tu re .  Soak  t ime is 10s th rough-  
out this figure. Sheet  resis t ivi t ies  were measured  by  
a four -po in t  probe.  F i l led  circles s tand for Mo si l icide 
which was formed on 4 in. d i am wafer.  1000A ele-  
menta l  Mo was sput te red  on (100)-or iented silicon 
subst ra tes  and was annea led  wi th  halogen lamps  to 
form silicide. Open circles represen t  Ti si l icide which 
was formed on 4 in. d i am wafer.  1000A e lementa l  Ti 
was spu t te red  on (100)-or iented  silicon subst ra tes  and 
was annealed  wi th  halogen lamps  to form silicide. 
Al l  resul ts  in Fig. 12 are  for unpa t t e rned  deposi ted 
layers.  Both meta l  films did not  peel  or crack dur ing  
a few second HLA. I t  is shown that  a 900~ and 10s 
HLA reduces the sheet  res i s t iv i ty  of Mo sil icide to 
5 ~/E] and a 700~ and 10s H L A  reduces  the sheet  
res i s t iv i ty  of Ti sil icide to 2 a / [~ .  The surface sil icide 
format ion  was assured by  ion microprobe  analysis  and 
by  LEED. A 1000~ and 10s HLA is enough to form 
silicide and reduce sheet  res is t iv i ty  for both  Mo and 
Ti wi thout  dopant  redis t r ibut ion.  At  process step 10 
in Table I or  a f te r  the contact  window is open, the  
H L A  heat ing  t r ea tmen t  densities or  flows the phos-  
phosi l icate  glass (PSG) .  F igure  13 shows SEM cross- 
sect ional  v iew of p lasma etched contact  opening in 10 
m/o,  10,000A thick PSG for before  flow, af ter  a l l00~ 
and 3s HLA, and af ter  a 1200~ and 3s HLA. A 1200~ 
and 3s HLA is enough to p lanar ize  the surface of con- 
tact  holes. A l l00~ and 3s H L A  s l ight ly  smooths 
the edge of contact  holes. I t  is shown that  10 m/o  
PSG flow needs more  than  a l l00~ and 3s HLA. This 
means  that  it  is difficult to flow 10 m/o  PSG wi thout  
dopant  redis t r ibut ion.  When H L A  is appl ied  to CMOS 
VLSI  mass product ion,  we must  consider  the  flatness 
of wafer,  s l ip- l ine  free, and un i fo rmi ty  of e lec t r ica l  
characteris t ics .  In  anneal ing  rapidly ,  i t  occurred a s  
a p rob lem that  the wafer  was bent  and slip l ines were  
produced.  The whole  wafer  annea led  wi th  halogen 
lamps  is hea ted  up and  cooled down iso thermal ly ,  
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Fig. 12. Sheet resistivity of 1000• Ti ( O )  on silicon and of 

I000•  Mo ( e )  on silicon as a function of HLA temperature. Soak 
time is 10s. 
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Fig. 13. SEM cross section of contact openings in 10 m/o, 
10,000A PSG before and after a 1100~ and 3s HLA and after a 
1200~ and 3s HLA. 

but the thermal losses around the peripheral  edge of 
the wafer generated the drop in temperature (17), 
which caused the stress. The wafer-edge rounding 
made the wafer less susceptible to slip. When the 
temperature of HLA was below 1000~ and the time 
of HLA was <10s, slip was not induced and the wafers 
were fiat enough to align the photopatterning in 
CMOS VLSI fabrication. Above ll00~ HLA, leveling 
the peripheral  temperatures of the wafer was re-  
quired. As a measure of leveling, the peripheral  edge 
of the wafer was heated by peripheral  and circular 
sublamp in addition to the main irradiation, with the 
result that the whole wafer had the same tempera-  
ture. By this measure, slip lines disappeared and the 
peak to valley flatness of the wafer after 1200~ 
and 10s HLA became as small as (9) that of the 
conventional furnace-annealed wafer. Figure 14 shows 
the standard deviation within a 4 in. diam wafer of 
sheet resistivity as a function of peripheral  and cir- 
cular sublamp power which levels the temperature 
of the peripheral  edge of the wafer. The wafers were 
implanted with 11B, 40 keV, 4 • 101~ cm -2 and were 
annealed at  ll00~ for 6s. The average sheet resistivity 
is 28.44 ~I/D. The optimum 10% sublamp power real-  
ized 1.05% standard deviation over a 4 in. diam wafer. 
The rounded peripheral  edge of the wafer and the 
optimum peripheral  and circular sublamp power 
realize sl ip-l ine free, flatness of wafer, and uniformity 
of electrical characteristics below 1200~ and within 
10s HLA. 

Summary 
Figure 15 shows HLA t ime-temperature  space for 

CMOS VLSI fabrication. HLA t ime-temperature  re-  
gion A is insufficient to regrow the ion-implanted 
amorphous layer. HLA t ime-temperature  region B is 
enough to crystalline regrow the 49BF2 and 8tp ion-im- 
planted amorphous layers, to activate 49BF2 and ~tP 
dopant, to form Ti silicide, and to reduce the area 
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Fig. 14. Standard deviation of sheet resistivity within 4 in diam 
wafer as a function of peripheral and circular sublamp power. The 
wafers were implanted with 11B, 40 keV, 4 X 1015 cm -2  and were 
annealed with a i100~ and 6s HLA. Average sheet resistivity is 
28.44 ,O/[-1. 

junction leakage current without dopant redistribution. 
HLA t ime-temperature region C is enough to crystal-  
line regrow the 49BF2 and 31p ion-implanted amor-  
phous layers, to activate 11B, 49BF2, and 31p dopant, to 
form Ti silicide and Mo silicide, to flow 10 m/o PSG, 
and to reduce both area and perimeter  leakage cur- 
rent with a little (about 1000A) dopant redistribution. 
More than 1000A dopant diffusion occurs with HLA 
t ime-temperature  region D. From the viewpoint of 
practical application to VLSI fabrication, a few sec- 
ond HLA is substituted for the furnace annealing with-  
out changing conventional processing steps, and it is 
an effective tool, especially for CMOS VLSI mass pro-  
duction. 
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Some Properties of Semi-Insulating and Si-lmplanted GaAs 
P. K. Bhattacharya ~ and J. K. Rhee 2 

Department of Electrical and Computer Engineering, Oregon State University, Corvallis, Oregon 97331 

ABSTRACT 

Various measurement  techniques have been used to characterize semi-insulating and St-implanted and annealed GaAs. 
Hall, photoconductivity,  and photoinduced current  transient  measurements  yield almost identical energy values for the 
compensat ing deep centers in the semi-insulating materials. In undoped GaAs, the dominant  donor level, EL2, is at 0.73 -+ 
0.02 eV below the conduction band, and in Cr-doped GaAs the dominant  Cr acceptor  level is at 0.82 -+ 0.01 eV below the 
conduct ion band. In St-implanted GaAs where implantat ion has been made directly into the wafer, there are two dominant  
t rapping centers: a 0.52 eV electron trap and a 0.15 eV hole trap. In materials implanted through a silox encapsulant,  these 
centers are absent. Instead, a slow transient, with its t ime constant almost independent  of sample temperature,  is observed. 
It is believed that  the transient arises from interface states. Several other electron and hole traps have been observed in 
semi-insulating and implanted GaAs. 

The fabr ica t ion  of GaAs field effect t ransis tors  
(FET's)  and o ther  microwave  devices requi res  the 
ava i lab i l i ty  of re l iable  semi- insu la t ing  (SI)  subs t ra te  
mater ia ls .  The qua l i ty  of these mater ia l s  has changed 
signif icant ly in the last  few years.  Most of the recen t  
invest igat ions  (1-6) on Cr -doped  and undoped SI  
GaAs have been d i rec t ly  re la ted  to the  e lect r ica l  and 
opt ical  p roper t ies  of the deep compensat ing  levels  in 
these mater ia ls .  The techniques which  have  been p r e -  
dominan t ly  used a r e p h o t o l u m i n e s c e n c e ,  dc and ac 
photoconduct ivi ty ,  and e lect ron pa ramagne t i c  reso-  
nance  (EPR) spectroscopy.  Some t r anspor t  p roper t ies  
in SI  GaAs have been de te rmined  by  Look (7) and 
Mar t in  et al. (8). In addi t ion  to the known proper t ies  
of the compensat ing  deep levels in SI  mater ia ls ,  it  is 
impor t an t  to de te rmine  the the rmal  emission p rope r -  
ties of these levels,  viz., thei r  ac t ivat ion energies  and 
capture  cross sections for  electrons and holes. There  
is also l i t t le  r epor t  on the the rmal -emiss ion  proper t ies  
of o ther  defect  or  impur i ty  levels which might  be pres -  
ent. Such informat ion  would a id  in a be t t e r  unde r -  
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Key words: ion implantation, deep levels, transport properties, 
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s tanding of the e lect r ica l  p roper t ies  and compensat ion 
mechanisms in semi- insu la t ing  mate r ia l s  and the ac-  
t ive layers  subsequent ly  g rown on them. 

Deep level  defects  in Cr -doped  and undoped  SI  
GaAs, including the compensat ing  levels,  were  detected 
and charac ter ized  in this s tudy  by  the photo induced 
current  t rans ient  (PICT) measuremen t  technique,  first 
r epor ted  by  Hurtes  et al. (9).  This technique must  be 
employed since it is not possible to perform conven- 
tional capacitance transient or deep-level transient 
spectroscopy (DLTS) measurements with Schottky 
barriers fabricated on materials exhibiting high re- 
sistivity. The nature of the traps were inferred by 
performing the PICT experiments with intrinsic and 
extrinsic optical excitation. The energy position of 
some of the more dominant defect levels were also 
obtained from the variation of the photoconduetivity 
with incident photoexcitation energy and from analy- 
ses of these spectra. Transport parameters in the semi- 
insulating materials were measured at high tempera- 
tures using the van der Pauw technique. The variation 
of resistivity, Hall mobility, and Hall coefficient with 
temperature, for T > 350 K, were determined. The 
compensation in the materials and other importan~ 
transport parameters were determined from a solution 
of appropriate charge neutrality equations. 
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Recent  progress  in ion implan ta t ion  as a means  of 
control led  doping of e lementa l  and compound semi-  
conductors  has led to significant advances  in the tech-  
nology and fabr ica t ion  of in t eg ra ted  circuits  ( IC) .  I m -  
p lan ta t ion  of high energy  donor ions into SI  GaAs 
and subsequent  the rmal  or  laser  annea l ing  produce  n -  
type act ive layers  whose thickness  and ca r r i e r  con- 
cen t ra t ion  can be contro l led  by  the imp lan t  dose and 
energy.  Deep level  defects  induced by  the i m p l a n t -  
and -annea l  p rocedure  can produce  dele ter ious  effects 
in the  pe r fo rmance  of FET's  and  s imi la r  devices. Some 
resul ts  on deep levels  in S i - imp lan ted  and annea led  
G a A s ' C r  (5, 10, 11) have recen t ly  been repor ted ,  but  
no de ta i led  studies have ye t  been made.  

Trans ient  capaci tance and DLTS measurements  were  
pe r fo rmed  on implan ted  and annea led  SI  GaAs:  Cr and 
undoped  GaAs. Trans ien t  cur ren t  measurements  were  
also made  d i rec t ly  on GaAs FET's  f abr ica ted  by  ion-  
implan ta t ion  technology.  In addi t ion  to the rmal  emis-  
sion f rom the deep compensa t ing  centers,  outdiffusing 
f rom the substrate ,  emission f rom dominan t  e lec t ron 
and hole t raps  and severa l  o ther  t raps  wi th  the rmal  
ac t iva t ion  energies  ranging  f rom 0.15 • 0.01 to 0.90 • 
0.01 eV has been de tec ted  and character ized.  

Materials Description and Device Fabrication 
The semi - insu la t ing  (SI)  GaAs samples  used for  this 

s tudy  were  grown e i ther  by  the l iquid encapsula t ion  
Czochralski  (LEC) or  by  the hor izonta l  Br idgeman  
(HB) technique and were  nomina l ly  or ien ted  in the 
(100) direction.  Wafers  for  the s tudy were  genera l ly  
taken  f rom the midsec t ion  of the boules. The undoped  
LEC ma te r i a l  was nea r  stoichiometric.  The Cr -doped  
HB ma te r i a l  was usua l ly  As rich. The res i s t iv i ty  in 
the samples  is ,-~ 107 ~ - c m  at room tempera tu re .  The 
same samples  were  e i ther  imp lan ted  d i rec t ly  wi th  
2sSi+ at  an energy  of 100 keV, or  th rough  a 1000A 
si lox mask  at  an energy  of 130 keV. Annea l ing  was 
clone at  800 ~ or  850~ for  20 min  in an ambien t  of  
flowing forming gas (H2:N2 = 10:90) wi th  the im-  
p lan ted  l aye r  p ro tec ted  by  a 2000A silox encapsula t ing  
layer ,  

Devices for  photo induced cur ren t  t rans ien t  measu re -  
ments  were  made  f rom samples  of SI GaAs 5 • 5 m m  ~ 
in a rea  and 200-300 ~m thick. A semi t r anspa ren t  c i rcu-  
la r  Au film (d iam = 1.5 mm, thickness  _ 100-200A) 
was deposi ted on the pol ished top surface, and a 
th icker  Au l aye r  (-~ 1000A) was deposi ted  on the en-  
t i re  opposi te  face by  evapora t ion  under  a vacuum of 

10 -5 torr .  S imi la r  devices were  made  by  evapora t ing  
Cr or eutect ic  A u - G e  contacts, but  they  gave rise to 
low S /N  rat io dur ing  the measurements .  

Circular  Au  dots wi th  (1-2) • 10-~ cm 2 a rea  and 
300-500A thick were  evapora t ed  on the implan ted  and 
annea led  layers  to form Schot tky  diodes for  t rans ien t  
capaci tance and DLTS measurements .  Evapora ted  and 
a l loyed A u - G e / N i  ohmic contents  for  the diodes were  
formed on the implan ted  layers .  

F ie ld  effect t ransis tors  for  the t rans ien t  measu re -  
ments  were  fabr ica ted  b y  convent ional  pho to l i thogra -  
phy  and l i f t -off  techniques.  The FET's  have both gate 
length  and width  of 100 #m and source -ga te  and ga te -  
d ra in  spacings of 5 ~m each. Symmet r i ca l  samples  for  
Hall  measurements  were  made f rom the s emi - in su l a t -  
ing and i on - imp lan t ed  layers  b y  evapora t ing  sma l l -  
a rea  ohmic contacts at  the four  corners  and subsequent  
al loying.  

Results and Analysis 
Semi-insulating GaAs.--Transport measurements.~ 

Variat ions of the Hal l  coefficient, Rm and da rk  con-  
duct ivi ty ,  a, wi th  inverse  t empe ra tu r e  are  shown in 
Fig. 1 and 2 for  SI  G a A s : C r  and undoped GaAs.  The 
var ia t ions  are  a lmost  l inear  in the t empe ra tu r e  range  
of interest .  The measured  t r anspor t  pa r a me te r s  a t  
400 K in SI  GaAs:  Cr and undoped GaAs are  l is ted in  
Tables I and II, respect ively .  

In  semi- insu la t ing  mater ia ls ,  where  t w o - c a r r i e r  
t r anspor t  can be assumed to be operat ive,  the app ro -  
pr ia te  c h a r g e - n e u t r a l i t y  equations can be solved to 
obta in  expressions for  the t e m p e r a t u r e - d e p e n d e n t  con-  
duc t iv i ty  and Hal l  factor.  The posi t ion of the F e r m i  
level  can also be de te rmined  accura te ly  f rom such an 
analysis ,  where  ful l  ionizat ion for  the  shal low levels  
is assumed. Two dis t inct  cases arise. I f  the  compensa t -  
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ing deep level is an acceptor then it can be shown that 
(12) 

~(T) _ __q~nNv [CR - -  1] exp 
g ~ b  

gA~bNc ( 
~- N v ( C R -  1) ~ exp [1] 

and 

EAA 

/ E~ 
exp [ -- g.~L~ -- " - ~ - )  gAA2b2Nr 

R ~ ( T )  = r 
qNv(CR -- I)  {1 -t- gAA ~ bNe exp 

where CR = N A A / ( N D -  NA). However, if the com- 
pensating deep level is a donor, then it can be shown 
that (12) 

( 

v(T)  = q~a[CRU -- 1]gDDNc t e x p [ - -  (EG -- EDD)/kT] 

"~ gDDs 1]gNc [3] 
and 

RH(T) : r[CRU -- 1] -- 

electron trap, commonly known as EL2 (13). There- 
fore, both sets of equations given above are applicable 
to the materials under study. The solid lines in Fig. l a  
and lb, and 2a and 2b are the theoretically calculated 
temperature-dependent  Hall constant and conductivity 
in Cr-doped and undoped high resistivity GaAs. The 
good agreements in each case indicate that the elec- 
trical properties of present-day GaAs substrates can be 
predicted by the models described above. Values for 

exp [ (3EAA -- EG) I k T ] l N v  (CR -- 1)~ 

[ (2EAA -- EG) /kT] /Nv  (CR -- 1) ~}~ 
[2] 

the deep acceptor and donor concentrations, NAA and 
NDD, and their energy depth measured from the con- 
duction bandedge, were estimated by fitting the ex-  
perimental  values of R~T 3/~ and ~. The estimated values 
of ( E ~ -  EAA) and ( E G -  EDD) are listed in Tables I 
and II, and of N ~  and IVDD a r e  listed in Tables III and 
IV. 

Photoinduced current  transient  measuremen~s .~ In -  
trinsic photoexcitation generates electron-hole pains 
just underneath the circular Au film of the device used. 
The excess carriers are captured by electron or hole 

gDD {exp (EDD/kT) -- b 2 [CRU -- 1] 2 gDD2Nc exp [ ( - -  EG -~ 3EDD)/kT]/Nv} 

qNv {1 + b[CRU -- 1]2gDD~'Nc exp [ ( - -  Ea + 2EDD) / k T ] / N v }  2 
[4] 

where CRU = NDD/(~TA - -  ND). In these equations b = 
~n//~p, ~" is scattering factor which can be taken as unity 
unless it is strongly temperature dependent, gAA and 
gDD are the degeneracy factors of the deep compensat- 
ing acceptor and donor levels, respectively, and Nc 
and N~ are the density of states in the conduction and 
valence bands, respectively. The ionization energies 
EAA and EDD for the acceptors and donors, respectively, 
are measured from the top of the valence band. 

In the samples studied by us, Cr impurities create a 
deep acceptor in Cr-doped SI GaAs. In the undoped 
samples, however, compensation is known to occur 
because of the presence of a deep donor acting as an 

traps in the sample, if they exist. After  removal of the 
photoexcitation, detrapping due to the thermal  reemis- 
sion gives rise to a transient current between the two 
contacts. Typical values of the bias applied between 
the Au contacts varied from 8 t o  10V. Arrhenius plots 
for the emissions detected in SI GaAs: Cr and undoped 
GaAs are shown in Fig. 3 and 4, respectively. For ex- 
periments with intrinsic photoexcitation, the distinc- 
tion between electron and hole emissions can be made 
by observing the direction of the t ransient-current  
variation. It should be noted that the activation ener- 
gies, ~ET, listed in Fig. 3 and 4 were obtained from 

Rg. 2. Measured and calcu- 
lated variation of clark conduc- 
tivity, ~, with inverse tempera- 
ture in (a, left) SI GaAs:Cr and 
(b, right) SI undaped GaAs. 
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Table l. Transport data on SI GaAs:Cr obtained (HB) from Hall measurements, Fermi energy values at 400 K, and energy positions 
of deep accepter levels 
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~a  at 409 K Slope  of  (Re -- E ~ )  (E~ -- E~) at  4O0K 
Sample* (qRa)-~ at 400 K(cm -a) (cm~/V �9 s) In (RHTaf~) -x (eV) From analysis (eV) From analysis (eV) 

TEK 029 5.8 x los  20~0 0.82 0.81 0.64 
TEK 0321 1.7 x 10 ao 2100 0.84 0.83 0.60 
TEK 311 2.0 x 10u 275 0.65 0.83 0.52 
T~EK 362 4.0 x ~ 790 0.60 0.83 0.57 
TEK 381 7.2 x l0 s 2450 0.80 0.81 0.63 
TEK 384 1.0 x 10 zo 1880 0.80 0.82 0.62 
TEK 385 6.0 x 10 ~ 560 0.85 0.84 0.48 
TEK 484 1.7 x 101o 1770 0.81 0.82 0.60 
TEK 489 2.8 x I0 ~o 1950 0.86 0.83 0.58 
TEK 653 1.1 x 10 ao 1250 0.87 0,83 0,62 

* Sampl e s  are  f r o m  w a f e r s  obta ined  f r o m  the  m i d s e c t i o n  of  a s ingle  boule .  

Table II. Transport data in SI undoped GaAs (LEC) obtained from Hall measurements, Fermi energy values at 400 K, and energy 
positions of deep donor levels 

/z~ at 400 K Slope of (EG - -  EDD)  ( E G  - -  E F )  at 400 K 
Sample* (qR~) -~ at 400 K (cm -~) (cm'2/V. s) in (RHTa/2) -~ (eV) ?ram analysis (eV) From analysis (eV) 

TEK 424 1.25 x 10 tt 890 0.76 0.74 0.53 
TEK 647 7.8 x 10 ~ 780 0.67 0.72 0.47 
TEK 655 2.3 x 10 ~ 2950 0.71 0.72 0.51 
TEK 656 4.2 x 10 u 1350 0.68 0.73 0.49 
U N V 2  3.2 x 101o 600 0.77 0,75 0.58 
VLIB 1.9 x 10 u 1425 0.65 0.71 0.52 
VL1T 7.5 x 10 a0 1475 0.74 0 3 4  0.55 
V221 1.85 x 10 ~ 2075 0.71 0,72 0.52 

* ~amples r e p r e s e n t  t w o  boules .  

t h e  s lopes  of  In  (TeT) vs. 1/T p lo t s  a n d  i n c l u d e  t h e  
b a r r i e r  e n e r g y  AEB. S i m i l a r l y ,  t h e  c a p t u r e  cross  sec -  
t ions ,  r w e r e  o b t a i n e d  f r o m  t h e  e m i s s i o n  r a t e  p r e -  
f a c t o r  of t h e  d e t a i l e d  b a l a n c e  e q u a t i o n .  T h e  t r u e  c a p -  
t u r e  c ross  s ec t i on  of  t he  c e n t e r s  c a n  b e  o b t a i n e d  f r o m  
a m e a s u r e m e n t  of  t he  t h e r m a l - c a p t u r e  r a t e s  (14) .  I n  
s o m e  cases,  ho l e  e m i s s i o n  w as  c o n f i r m e d  b y  r e p e a t i n g  
t he  m e a s u r e m e n t s  w i t h  s u i t a b l e  e x t r i n s i c  p h o t o e x c i t a -  
t ion.  I n  t h i s  case,  t h e  t r a p  p o p u l a t i o n  in  a l a r g e  r e g i o n  
b e t w e e n  t h e  c o n t a c t s  is d i r e c t l y  a l t e r e d .  

Photoconduct~vity spectra in semi-insulating GaAs.--  
T h e s e  m e a s u r e m e n t s  w e r e  p e r f o r m e d  to c o n f i r m  s o m e  
of  t h e  r e s u l t s  o b t a i n e d  f r o m  P I C T  a n d  h i g h  t e m p e r a -  
t u r e  H a l l  m e a s u r e m e n t s  a n d  to  d e t e c t  d e e p  l e v e l s  
w h i c h  m a y  n o t  h a v e  b e e n  r e v e a l e d  b y  t h e  p r e v i o u s  
m e a s u r e m e n t s .  T h e  s p e c t r a  w e r e  r e c o r d e d  in  t h e  
s p e c t r a l  r a n g e  0.4-1.5 eV w i t h  a J a r r e l - A s h  m o n o -  
c h r o m a t o r  w i t h  a n  a p p r o p r i a t e  c o m b i n a t i o n  of f i l ters .  
T h e  d e v i c e  c o n f i g u r a t i o n  w as  t h e  s a m e  as t h a t  f o r  t h e  
P I C T  m e a s u r e m e n t s .  T h e  c o n s t a n t  e l ec t r i c  f ie ld  ac ross  
t h e  s a m p l e s  v a r i e d  in  t he  r a n g e  (1.0-8.5) • 10 ~ V / c m .  

T y p i c a l  s p e c t r a  in  S I  G a A s :  C r  a t  100 a n d  203 K a r e  
s h o w n  in  Fig. 5a. C h r o m i u m  in  G a A s  is u s u a l l y  l o c a t e d  
i n  a G a  s i te  g i v i n g  r i se  to a d e e p  l y i n g  a c c e p t e r  i m -  
p u r i t y .  F o u r  c h a r g e  s t a t e s  of  t h e  C r - r e l a t e d  c e n t e r s  

Table Ill. Shallow and deep donor and accepter level concentrations 
and compensation ratios in SI GaAs:Cr (HB) determined from 

analysis of Hall-effect data 

NAA 
NAA No NA 

Sample  ( c m  -~) ( c m  -~) ( c m  -~) N o  -- NA 

TEK 029 4.2 x 101. 3.0 x 1016 2.1 x 1~ 6 4.6 
TEK 0321 23 x l0 :La 2.8 x 10 as 2.0 x 101. 2.8 
TEK 311 1,19 x I@~ 2.0 x i0~7 1.0 x i0~7 1.19 
TEK 362 1.9 x 101 a 7.5 x lip~ 6.5 • 10 ~6 1.9 
TEK 381 2.5 x 10~ 2.9 x lip* 2.1 • 10 ~G 3.1 
TEK 334 3.5 x 1~]~6 3.3 x 1~* 2.3 x 1O ~a 3.5 
TEK 385 1.68 x 19:6 9.4 x lip~ 8,4 x 10 :L6 1.08 
TEK 484 2.5 x I~  a 3.6 x 10 ~-6 2.6 x lip o 2.5 
TEK 489 1.6 x 1016 3.1 • 1016 2.2 x lips 2.0 
TEK 853 3.0 • 10 a~ 3.5 X lip -o 2.5 X 101. 8.0 

h a v e  b e e n  r e p o r t e d  (15) ,  g i v i n g  r i se  to m u l t i p l e  a c -  
t i v a t i o n  e n e r g i e s  b e t w e e n  0.56 to 0.9 e V  (16) .  T h e  o n s e t  
a t  0.65 eV h a s  b e e n  o b s e r v e d  b y  s e v e r a l  i n v e s t i g a t o r s  
a n d  is p r o b a b l y  r e l a t e d  to o x y g e n  (16, 17).  T h e  r i se  i n  
p h o t o s e n s i t i v i t y  a t  0.81 eV is p r o b a b l y  d u e  to C r  (3, 
16). T h e  p e a k  a t  0.95 e V  h a s  b e e n  a t t r i b u t e d  to t h e  
i n t r a t r a n s i t i o n  f r o m  t h e  5T2 g r o u n d  s t a t e  to t h e  5E e x -  
c i t ed  s t a t e  of  Cr  2+ (18) ,  w h i c h  is u s u a l l y  o b s e r v e d  
c lose r  to 0.9 eV. W i t h  r e f e r e n c e  to Fig.  5b, w h i c h  
dep i c t s  t h e  t y p i c a l  p h o t o c o n d u c t i v i t y  s p e c t r a  fo r  S I  u n -  
d o p e d  G a A &  t h e  o n s e t  a t  0.73 eV h a s  b e e n  o b s e r v e d  b y  
s e v e r a l  i n v e s t i g a t o r s  a n d  is a t t r i b u t e d  to  t h e  d e e p  
d o n o r  (19, 20) .  T h e  t r a n s i t i o n  a t  1.2 e V  h a s  b e e n  o b -  
s e r v e d  b y  W i l l i a m s  (21) a n d  F a r b e  (22) ,  b u t  i t s  
o r i g i n  is as y e t  u n k n o w n .  T h e  p e a k  a t  0.9 eV is p r o b -  
a b l y  due  to a n  i n t r a s t a t e  t r a n s i t i o n  of t h e  d o n o r  l eve l .  
T h e  s h a r p  o n s e t s  in  b o t h  s p e c t r a  ,~ 1.4 e V  i n d i c a t e  t h e  
b a n d e d g e  in  GaAs .  

Si- implanted and annealed SI GaAs.--Electrical 
properties.--In w a f e r s  i m p l a n t e d  t h r o u g h  s i lox,  t h e  
a c t i v a t i o n  of Si  was  ~ 40%. V a r i a t i o n s  of  a c t i v a t i o n  
w i t h  i m p l a n t  dose  a n d  m o b i l i t y  w i t h  s h e e t  e l e c t r o n  
c o n c e n t r a t i o n  in  u n d o p e d  G a A s  i m p l a n t e d  t h r o u g h  
s i lox  a r e  d e p i c t e d  in  Fig.  6a a n d  6b. T h e  r o o m - t e m p e r -  
a t u r e  H a l l  m o b i l i t i e s  m e a s u r e d  in  i m p l a n t e d  s a m p l e s  
in  the c o u r s e  of  t h i s  s t u d y  a r e  a m o n g  t h e  h i g h e s t  
v a l u e s  a t t a i n e d  i n  d e v i c e - q u a l i t y  i m p l a n t e d  GaAs .  

Table IV. Shallow and deep donor and accepter level concentrations 
and compensation ratios in SI undoped GaAs (LEC) determined 

from analysis of Hall-effect data 

N o .  
NDD ND NA 

Sample (cm -~) (cm -s) (cm-8) NA'-- N~ 

TEK 424 2.1 • 1017 0.0 • 10 Io 9.8 x I0 ~6 20.25 
TEK 647 1.4 • 10~s 1.0 • 10av 1.1 • 10~ 140',0 
TEK 655 4,3 x 10t s 9.0 x I~ 1.0 x 10~* 43.0 
TEK 655 3.2 x llY.v 2.3 x I~a 2.7 x l0 z~ 80.0 
UNV2 2.2 x lip -z 1.8 X 10:7 2.1 x l01~ 7.3 
VLIB 7,Z x 10 a* 2.2 • liPS 2.4 x 1016 36,0 
VLIT 3.0 X 1~* 2.1 • 1~* 2.3 x 101 o 15.0 
V221 3.5 x 10 ~* 1.7 • 10 a6 1.8 x 10 ~o 3~.0 
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Fig. 3. Arrhenius plots for electron- and hole-trap levels in SI 
GaAs:Cr detected by PICT measurements. The symbols located 
arbitrarily represent the different samples and are not data points. 

Variation of the Hall mobili ty with temperature in two 
Si- implanted GaAs:Cr samples with high electron 
mobilities is shown in Fig. 7. The solid lines indicate 
the theoretically calculated mobilities taking into ac- 
count the relevant scattering mechanisms. Average 
values of NA and /u obtained for the two samples are 
0.9 • 1016 and 2.0 • 1018 cm -3, respectively. 

Transient capacitance measurements.--Transient ca- 
pacitance and photocapacitance measurement tech- 
niques were used to detect and characterize deep levels 
in implanted and annealed SI GaAs: Cr and undoped 
GaAs. Majority and minori ty carrier  trap levels in the 
depletion region of Schottky barriers made from n-  
type samples can be filled by a bias or an optical pulse, 
respectively. The capacitance change of the diode due 
to thermal emissions from deep levels is monitored by 
a 1 MHz capacitance bridge and recorded. The activa- 
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Fig. 4. Arrhenius plots for electron- and hole-trap levels in SI 
undoped GaAs detected by PICT measurements. The symbols lo- 
cated arbitrarily represent the different samples and are not data 
points. 

tion energy and the thermal capture cross section of 
the various traps are determined from the measured 
thermal-carr ier  emission rates at several fixed tem- 
peratures. The trap concentration, NT, is estimated 
from the free-carr ier  concentration and the capaci- 
tance change at the termination of the filling pulse. It 
may be noted that the sensitivity of the measurements, 
which is pr imari ly  determined by the noise added to 
the transient signal, set the detection limit for traps. 
It was estimated that traps with concentration 10 -4 
times lower than the free-carr ier  concentration in the 
sample would not be detected. 

The characteristics of electron and hole-trap levels 
detected in the implanted and annealed SI GaAs:Cr 
samples directly implanted with different doses of Si 
are listed in Table V. The samples implanted were 

Rg. $. Photoconducfivity spec- 
tra measured at T - -  100 and .c Q. 
203K in (a, left) SI GaAs:Cr 
and (b, right) SI undoped GaAs. 
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Table V. Characteristics of deep levels in Si-implanted and 
annealed SI GaAs:Cr determined by DLTS measurements 

Sample" 

Electron trap H o l e  t r a p  
Implant 
dose AET ~| AET a| 

(10 ~ cm-~) (eV) (cm~) (eV) (cm 2) 

41 1.0 0.53 1.3 x 10 -zs 0.84 1.4 x 10 -zs 
0.21 3.1 x 10 -= 0.16 5.8 x 10 -= 

36 2.0 0.51 1.5 x 10 -zs 0.85 1.3 x 10 -~ 
0.1'/ 5.3 x 10 -~ 0.15 5.9 x 10 "-= 

31 2,0 0.51 1.6 x 10 -is 0.84 1.4 x 10 -~ 
0.17 5.3 x 10 - =  0 ,14 6.0 x 10 4 

26 4.0 0.52 1.4 x 10 -zs 0.86 1.2 x 10 -za 
0.16 5.5 x 10 -~ 0.14 6.0 x 10 -= 

21 4.0 0.52 1.4 x i0  "as 0.86 1.2 x i0 - ~  
0.18 5.2 x I0 -s8 0.14 6.0 x I0-= 

14 8.0 - -  0.86 1.2 x 10 - ~  
45 10.0 0~'3 1.3 x 10 -~s 0.85 1.3 x l0 -z= 

0.15 6.0 x 10 - ~  

:~48oo 
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Fig. 6. Variation of (a, top) Si activation with implant dose and 
(b, bottom) sheet electron concentration with electron mobility at 
room temperature. 

those listed in Tables I and III  and s imilar  wafers. 
These results are representat ive of over 30 samples 
characterized in  this study. The e lec t ron- t rap  levels 
with h e r  = 0.17 -+- 0.01 and 0.21 • 0.01 eV do not  ap-  
pear  consistently and are ascribed to u n k n o w n  impur i -  
ties and /o r  defects. Chromium is observed to be 
present,  as evidenced by the 0.85 -*- 0.01 eV hole emis-  

~-104 

E 
i 

i ~ i L i , ' I i ~ I 

S i - l m p l a n t e d  G8 A s : C r  

�9 Sample 32 
�9 Sample 36 

10: , p ~ T q i r s I 5 v = 
10 1OO 5 0 0  

T(K) 

Fig. 7. Variation of Hall mobility with temperature in two Si- 
implanted and annealed GaAs:Cr samples. Sample 32 was implanted 
with 8 X 10 zl cm - 2  and sample 36 with 2 X 10 TM cm - 2  Si +,  
respectively. The solid lines indicate the calculated mobilities. 

* Thermal annealing of all samples was done at 800~ f o r  20 
rain in flowing forming gas. 

sion. The e lect ron- t rap level wi th  AET - -  0 . 5 2  -4- 0 . 0 1  

eV and the hole- t rap level  with AET = 0 . 1 5  __. 0.01 eV 
were consistently detected in  the implanted  and an-  
nealed SI GaAs: Cr samples. These two trap levels are 
also the dominan t  centers in S i - implanted  VPE GaAs 
(26). Arrhenius  plots for the two traps are shown in 
Fig. 8. 

Results from the t ransient-capaci tance measurements  
described above were corroborated by t rans ient  mea-  
surements  on GaAs FET's  fabricated on the same 
GaAs:Cr  wafers by ion- implan ta t ion  technology. A 
suitable quiescent reverse bias is applied t o  t h e  

Schottky gate of the FET so that  near-pinch-off  con- 
di t ion exists in  the channel.  A n  inject ion pulse is ap-  
plied to the gate for the detection of major i ty -car r ie r  
traps. With this pulse, trap levels formerly  wi th in  the 
depletion region are filled with electrons. As the 
t rapped electron populat ion re turns  to equi l ibr ium by 
thermal  emission, the drain-source current ,  /DS, also 
re turns  to its quiescent value. Photoexcitat ion was used 
to al ter  the populat ion of minor i ty -ca r r i e r  traps. 
Values of AET and r for various electron and hole 
emissions observed in the channel  region of GaAs 
FET's are listed in  Table VI. The 0 . 5 2  _ 0.01 and  0 . 1 5  

+ 0.01 eV electron and hole- t rap levels, respectively, 
are again observed consistently. 

ld 
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Fig. 8. Dominant electron and hole traps in Si-implanted and 
annealed GaAs:Cr with the ions being implanted directly. 
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TaMe VI, Characteristics of deep levels in GaAs FET's in SI 
GaAs:Cr fabricated by ion-implantation technology. The data 

used were obtained from measurement of transient IDS at 
several fixed temperatures. 

Sample 

Electron trap Hole trap 
Implant 
dose AET #| AET r174 

(101'-' Cm -s ) (eV) (cm ~ ) (eV) (cm s ) 

FET 8 2.0 0.52 1.4 x l0 -is 0.84 1.4 x 10 -18 
0.15 5.9 x 10 -sa 

FET 15 3.0 0.51 1.5 x 1O -Is 0.86 1.2 x I0 -~ 
0.14 6.0 x i0 -s~ 

FET 16 3.0 0.52 1.4 x i0 -Is 0.85 1.3 x 10 -18 
0.16 5.8 x i0 -s3 

FET 16 4.0 0.53 1.4 x I0 ~s 0.85 1.3 x I0 -~ 

FET 2,0 4.0 0.53 1.2 x 10 -~s 0.86 1.2 x 10-~ 
0.15 5.9 x I0 -~ 

Simi la r  measurements  were  repea ted  on Cr -doped  
and undoped SI  GaAs imp lan ted  wi th  var ious  doses of 
Si  through a si lox pro tec t ive  layer .  The resul ts  a re  
ve ry  different.  Minor i ty  ca r r i e r  t r app ing  has not  ye t  
been s tudied by  us in deta i l  in these mater ia ls ,  and the 
fol lowing discussion is r e la ted  only  to e lec t ron t raps  in 
the n - t y p e  imp lan ted  layers.  On appl ica t ion  of a ma-  
j o r i t y - c a r r i e r  pulse  at  any  fixed t empera tu re  dur ing  
t rans ien t  capaci tance measurements ,  a decreas ing ca-  
paci tance t rans ien t  was observed.  The t ime constant  
of this t rans ien t  is of the o rde r  of severa l  seconds and 
is a lmost  independen t  of t empera tu re .  No o the r  t r an -  
s ient  was observed in these mater ia ls .  When  deep- l eve l  
t r ans ien t  spect roscopy (DLTS) measurements  were  
pe r fo rmed  on the same samples  wi th  a m a j o r i t y - c a r r i e r  
pulse  sequence, no peaks  due to e lec t ron t rapp ing  were  
observed.  A n y  fea tu re  due to the slow t rans ients  de -  
scr ibed  above would be absent,  since the ra te  windows 
and delays  in this measuremen t  are  of the o rde r  of 
mill iseconds.  

Discussion 
The values  of NDD, NAA, ND, and NA der ived  f rom 

analysis  of our  da ta  reflect the concentra t ion  of back-  
ground impur i t ies  and of the deep levels  in p re sen t -  
day  semi- insu la t ing  GaAs. With  the except ion of sam-  
p le  TEK 311 (Table III), ND, NA, and NAA in Cr-doped 
samples are N 10 TM cm -~. Similarly, in undoped sam- 
ples, ND, NA, and NDD ,~ i016-1017 cm -~. An exception 
is sample TEK 647 (Table IV), which can be consid- 
ered as an anomaly. 

The hole trap with AET -- 0.86 ___ 0.01 eV detected in 
almost all the SI GaAs:Cr samples, is attributed to 
Cr (23). The 0.90 ----- 0.01 eV electron trap level de- 
tected in the same samples  is a t t r ibu ted  to e lec t ron 
emission f rom the Cr centers  (14). The 0.58 _+ 0.01 
and 0.53 z 0.01 eV e lec t ron  and h o l e - t r a p  levels,  r e -  
spect ively,  are  ascr ibed to unknown impuri t ies .  The 
e lec t ron  t r ap  m a y  be ident ica l  to the 0.60 eV elect ron 
t rap  r epor t ed  by  F a i r m a n  and Ol iver  (24) in SI  GaAs 
and  cen te r  EL3 (0.575 eV) repor ted  b y  Mar t in  et al. 
(13) in VPE GaAs. The hole t rap  has t he rma l  ac t iva-  
t ion energy  and capture  cross sect ion ve ry  s imi lar  to 
t rap  HS1 (0.58 eV) repor ted  by  Mitonneau et al. (25) 
in LPE GaAs. The 0.73 z 0.01 eV ho l e - t r ap  level,  also 
detected in SI undoped  GaAs, has a t he rma l -ac t iva t ion  
energy  ve ry  s imi la r  to t rap  B (0.71 eV) detected by  
Lang  and Logan (14) in LPE GaAs which is re la ted  to 
a na t ive  defect.  However ,  the t he rma l  ho le -cap tu re  
cross sections of the l a t t e r  center  a re  at  least  2 or  3 
orders  h igher  than  for the  0.73 eV centers  de tec ted  in 
this study.  The 0.16 eV ho le - t r ap  level,  de tec ted for  
the  first t ime in this s tudy,  can p robab ly  be ascr ibed  
to nat ive  defects  since i t w a s  detected in both  SI  
GaAs:  Cr and undoped  GaAs. F e w e r  deep levels  were  
de tec ted  in SI  undoped GaAs. The  0.98 _+ 0.01 eV elec-  
t r o n - t r a p  level ,  de tec ted  for  the first t ime in this study,  
can be ascr ibed to unknown  impuri t ies .  F u r t h e r  s tudies 
are  necessary  to e lucidate  i ts origin. The  dominan t  

e lec t ron t rap  EL2 is p resen t  in a l l  samples,  bu t  is not  
c lear ly  observed  in the t rans ien t  measurements  due to 
the presence of o ther  e lec t ron and hole t raps  in the 
same t empe ra tu r e  range.  

The presence of Cr was confirmed by  high t e m p e r a -  
ture  Hal l  and photoconduct iv i ty  measurements .  S imi-  
lar ly ,  the presence of the deep -donor  level  at  Ec --  0.73 
eV detected by  high t empera tu re  Hal l  measuremen t  on 
SI  undoped  GaAs was confirmed by  the photoconduc-  
t iv i ty  measurements .  Both these deep levels have the r -  
ma l ly  ac t iva ted  capture  cross sections, expressed  by  r 
: ~ exp ( - - A E B / k T ) ,  and AEB --  80 and 250 meV 
have been measured  for  the EL2 and Cr level,  respec-  
t ive ly  (26). These values indicate  the capture  process 
at  these centers  by  mul t iphonon  emission due to la t t ice  
re laxat ion.  The re laxa t ion  is much l a rge r  for  the  Cr 
center  than  for the EL2 center.  

I t  emerges  f rom our  s tudies  tha t  there  are  two domi-  
nan t  centers  in d i rec t ly  implan ted  and annea led  Si 
GaAs, the 0.53 eV elect ron t rap  and the 0.15 eV hole 
trap.  The t raps  are  absent  when implan ta t ion  is done 
through a si lox encapsulant .  I t  is therefore  thought  
that  the more  severe  damage in the d i rec t ly  imp lan ted  
samples  is in some w a y  responsible  for the creat ion of  
these centers,  which may  be re la ted  to na t ive  defects. 
The 0.53 eV e lec t ron  t rap  was annea led  af te r  a ha l f -  
hour  h e a t - t r e a t m e n t  at  700~ under  H2 flow wi thout  
any  encapsulat ion.  The observat ion  of the same centers  
in S i - implan ted  VPE GaAs (27) also favors the i r  r e -  
la t ion to na t ive  defects. 

Implan ta t ion  th rough  an encapsu lan t  wil l  reduce the 
thickness of the damaged  layer ,  and, therefore,  for  the 
same ca r r i e r  concentrat ion,  the deple t ion  l aye r  of a 
Schot tky  diode made  on such a l aye r  wil l  reach closer  
to the ac t i ve - l aye r  subs t ra te  interface.  However ,  in 
ma te r i a l  imp lan ted  direct ly ,  the dep le t i on - l aye r  edge 
is fu r the r  removed  from the interface.  We therefore  
bel ieve that  the slow t rans ients  observed in samples  
implan ted  through an encapsulan t  arises f rom non- 
discrete  levels at  the a c t i ve - l a ye r  subs t ra te  interface.  
These emissions may  also be pa r t ly  responsible  for 
backgat ing  effects observed in FET's  made  f rom such 
mater ia ls .  
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Mercury-Pressure-Induced Epitaxy of HgCdTe 
H. Ruda, L. Jedral, J. Lagowski,* and H. C. Gatos** 

Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 

ABSTRACT 

A new method for the epitaxial growth of HgCdTe from solution is presented, in which growth is induced under isother- 
mal conditions by an increase in the mercury pressure (pressure-induced epitaxy). A growth kinetics model is developed 
from mass-transport considerations and is successfully used to explain the experimental dependence of the growth veloc- 
ity, the layer thickness, and the layer composition on the growth time, the solution height, and the applied pressure differen- 
tial. Spontaneous nucleation was considered, and it was not found to be limiting. 

Increased efforts have been recently devoted to epi- 
taxial  growth of HgCdTe layers for IR applications. It 
has been established that the major  difficulty in the 
growth from solution in open systems is associated 
with the losses of mercury due to the high mercury 
pressure (1). In a modified-LPE configuration (1) this 
difficulty is essentially overcome by the control of the 
Hg pressure over the whole thermal  program, thus 
preventing Hg loss, which is critical for controlling 
the solid composition. We have recently shown that in  
HgCdTe, control of the Hg pressure can b e  used not 
only to stabilize the properties of thermally  grown 
layers, but also to induce epitaxial  growth with an 
overpressure of Hg while the temperature of the 
system is kept constant (2). 

Pressure-induced epitaxy (PIE) of HgCdTe is the 
subject of the present theoretical and experimental  
study designed to establish quantitatively the charac- 
teristics of the new growth process. The theoretical 
model considers pressure-induced Hg transport  in the 
Te-rich solution as the driving force for the growth. 
The theoretical relationships are compared with ex- 
perimental  results on HgCdTe layers obtained in an 
open-system slider boat from tel lurium-rich solution. 

Process and phenomena.--HgCdTe is a three-com- 
ponent system, which during liquid-phase epitaxial  
growth exists in three phases. According to the Gibbs' 
phase rule, there are only two degrees of freedom for 
such a system, e.g., temperature and pressure. In stan- 
dard LPE, the pressure is maintained constant, and a 
temperature decrease is used as a driving force for 
epitaxial  growth. In PIE the situation is reversed, i.e., 
the temperature is maintained constant, while Hg- 
pressure increase stimulates growth. In the HgCdTe 
system, the mercury partial  pressure far exceeds either 
cadmium or tel lurium pressures, and thus at a constant 
temperature the composition of all phases, to good 
approximation, is controlled by the mercury pressure. 

In  PIE,  a Te-rich solution is maintained at a constant 
temperature,  and the required supersaturation is in- 
duced as follows: the temperature of a mercury r e s e r -  

" Electrochemical Society Active Member. 
"* Electrochemical Society Honorary Member. 
Key words: CdHgTe, epitaxial growth, pressure-induced epitaxy. 

voir, in equilibrium with the Te solution, is  ra i sed ,  
thereby generating a mercury flux from the r e s e r v o i r  
to the growth solution. Mercury is taken up by the 
solution, resulting in a supersaturation of the solute 
in solution. The solute gradient across the solution acts 
as the driving force for solute transport  towards the 
substrate/solution interface, and results in epitaxial  
growth of HgCdTe on the substrate. 

A theoretical model of the PIE growth must c o n -  
s ider  three processes: (i) t ransport  of Hg, in the vapor 
phase, to the surface of the solution; (ii) t ransport  of 
excess Hg (solute) in the solution; and (iii) epitaxial  
growth on the substrate and associated segregation of 
the solute (solution) species. 

In the following treatment,  we will make simplifying 
approximations in order to reduce the three-phase 
transport problem to a manageable dimension. The first 
approximation concerns the surface condition of the 
solution. We assume that  at the initial equilibrium 
with the vapor, the whole solution is at a constant 
composition, Cio. Upon raising the Hg reservoir tem- 
perature T1 ~ T1 -~ aT, the surface of the solution will 
change its composition to Ci 1 = Cio -t- aCi, where 
~Ci is a function of aT. The capacity of the H g  r e s e r -  
v o i r  and the Hg-vapor transport  should be sufficient 
to maintain a constant value of Ci 1 during the growth 
after an initial transient, which has not been c o n -  
s i d e r e d  here. 

The solute transport  in the solution and growth on  
the substrate will  be treated in a standard way com, 
monly used in describing the LPE growth. Accordingly, 
we will assume diffusion-controlled solute transport  
toward the growth interface, which advances with a 
(growth) velocity sufficiently small to be ignored in 
the diffusion equation. The (growth) velocity is, of 
course, included in the flux-conservation condition. 
Diffusion in the solid state will be neglected. This 
assumption, which is commonly made for I II-V com- 
pounds, is less justified for HgCdTe, and its validity 
may impose a lower limit on the growth velocity and 
upper limits on the overall  time the layer  is kept at  
elevated temperatures. 

The pert inent set of equations used to describe the 
PIE involves the diffusion equation ( c o n t a i n e d  b e t w e e n  
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X -- 0 a n d x - -  l) 
a2Cl aCl [1] 

Dl 8x 2 = at 

the flux-conservation equation at the advancing growth 
interface 

aCi t = v �9 [Ci' - Cto] [2] DI ~ z=0 

where C refers to the solute concentration in solution, 
C s to its value in the solid, and D is the solute diffusiv- 
ity. x is a position coordinate. The solution height is l, 
at coordinate x = I from the solid/liquid interface: v 
refers to the growth velocity and t to the growth 
time, while other parameters are defined as before. 

The boundary conditions on the solution concentra- 
tion are 

Ci=Cio at t=O f o r a l l z  

C l=Cio  for x = 0  at any time [3] 

C l : C i  1 at x : l  for t > 0  

Growth kinetics.--For the HgCdTe system, Eq. [1]- 
[3] should be solved for two components, i.e., tig and 
Cd. However, in the simplified growth-tdnetics model 
presented here we will neglect the effect of Cd on the 
Hg transport. According to Barnes (3), the solution 
of Eq. [1j and L3j gives the Hg concentration C(x,t) 
as 

[C(x,t)--Clo] : (Cil--Clo)' ~ - )  

~- -- sin 
n=l  R 

( --Dn2=2t ) 4Cio ~ ( 1 ) 
exp ~2 + - -  - -  

= ~=I 2m + 1 

s i n (  (2m-F l ) ' r ~ x )  [ - - D ( 2 m + l )  2~t ] 
l exp Z~ [4] 

From [4] and [2], one gets the expression for the 
growth velocity 

r 

D [AC4- < 2 ~  [(--1)n 
v : L(C~-- Cio) n=1 

�9 C i  I - -  V i o l  e x p  l s 

+ { 4Ci~ ~ exp ( - D(2m + 12 ) }  ] [5] 

where ~C _ (Ci 1 -  Cio) the layer thickness, d, as a 
function of time, is given by 

AC l 2 

(C s -- Cio) 

- ~(C~- C~o) 

exp ( -- Dn'~2t ~ 1 
D ' )  + 2Cio 

.=i (2m + 1)~ 

e x p (  -- D(2m + 1)2~t 

In Fig. 1, the layer thickness, d, is calculated accord- 
ing to Eq. [6] and is plotted vs. time. It is seen that 
after a certain transient period t > re, te can be ap- 
proximated as ~ (0.351~/D), and ~he layer thickness 

0.8 

�9 a 0.6- 

0.4- 
n,,- .  

~ 0.2- 
I--- 

, , , 
0q 0.2 0.4 0.6 0.8 1.0 

Time, r (dimensionless) 
Fig. 1. Dimensionless plot of layer thickness vs. growth time. 

Curve a represents exact solution, and curve b the steady-state 
approximation. 

becomes a linear function of time which corresponds 
to steady-state growth with a constant velocity. The 
value of this steady-state growth velocity is 

~C D 

v _~ Cs - Cio " T  [7] 

and the layer thickness becomes 

d =  b - ; - b l o  T [s] 

Equations [7land [8] predict an inverse dependence 
of the growth velocity and of the layer thickness on 
solution height, and a linear dependence on AC, which 
itself is dependent on the thermal step across the 
reservoir nTHg. The quantitative relationship between 
AC and AT is not the same for PIE in an open and in 
a closed system. In a closed system, one can expect 
direct proportionality between AC and small changes 
of the reservoir temperature ATHg, i.e., nC -- ~ATH~ 
where ~ is a constant. 1 In an open system, however, 
the mercury pressure over the solution is not uniquely 
defined by the reservoir temperature. In such a system, 
a higher reservoir temperature is required to generate 
a mercury pressure equivalent to that in the closed 
system. Thus, a specific dependence hC(ATHg) cannot 
be readily predicted for an open system, although for 
small values of ATHg one can still expect a linear de- 
pendence of hC on ATHg. 

The maximum layer thickness.--As in thermal step 
cooling LPE, the maximum layer thickness for a given 
change in Hg concentration, ACHg at the surface, will 
be limited by depletion of cadmium from solution. Hg 
is not a limiting factor, since it is continuously sup- 
plied for vapor transport from the Hg reservoir. A 
mass balance for cadmium gives 

f o C c d  (x)dx = ICocd -- dmaxCscd [9] 

Clearly, in practice, growth will cease before d reaches 
dmax (for a given ACHg at the surface). But for pro- 
longed growth time 

I C~ : x -- 0 
CCd (X) = [10] 

C'cd : X -- l 

Therefore, substitution of Eq. [10] in [9] gives 

1 See Appendix for more detailed treatment. 
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ACcd 
dmax = . . . .  : ACcd ----- C'cd -- C~ [Ii] 

2 Cscd 

Fo l lowing  Ref. (4),  in which mass  t r ans fe r  is deter~ 
mined  by  a t e m p e r a t u r e  drop at  constant  pressure ,  the  
same approach  is appl ied  here  to a case of constant  
t e m p e r a t u r e  but  va r iab le  pressure .  This gives 

ACCd ~ z ( k  - -  1) + z (2y  - -  1) 
- - - - A =  
A C H  E (1 --  Z) (2y --  1) - -  z ( k  -- 1) 

} 
[12] 

and to r ewr i t e  Eq. [11] in the  fo rm 

l 
dlnax - -  - -  

2CScd 

" f  z ( k - - 1 ) + z ( 2 y - - 1 )  } .ACHg [13] 
( 1 - - z ) ( 2 y - - 1 ) - - z ( k - - 1 )  

where  z and y refer  to composit ion of the Te- r i ch  so lu-  
t ion (Hgl -zCdz)  1-yTe u and k - ( x / z ) .  

The growth  efficiency, E, can be defined as a rat io of 
the ac tua l  l aye r  thickness,  d, over  the m a x i m u m  l aye r  
thickness,  dmax. F r o m  [8] and [13], one gets 

2CScdD 1 [  12 ] 

E = (CSHg __ C i o ) A  " l T t - -  6"-'D- [14] 

Thus, the growth  efficiency increases  s t rongly  as the 
solut ion thickness  decreases.  

Growth stabil i ty.--In PIE, supersa tu ra t ion  is c rea ted  
in the solut ion region away  f rom the g rowth  interface.  
This g rowth  configurat ion can lead  to a spontaneous 
nuc lea t ion  in the solut ion r a the r  than on the subs t ra te .  
We wi l l  analyze  the  poss ib i l i ty  of spontaneous nuc lea -  
t ion (SN) in te rms of the value  of the  m a x i m u m  ef-  
fect ive supersa tu ra t ion  tha t  m a y  exis t  in solution, ATeff. 
This supe r sa tu ra t ion  corresponds  to the m a x i m u m  con- 
s t i tu t ional  g rad ien t  that  can exist  across the solution. 

Tha t  is 

ATeff = mHg[C(l,  t) - -  C(0, t ) ]  : 

aT  
-- ; ATeff = T~HgACHg [15] Tr~Hg 7 [ 

Using Eq. [15] and mHg = 993.5~ (5) we 
can eva lua te  ATeff _____ 1.5~ as the m a x i m u m  effective 
supercool ing to cause spontaneous  nucleat ion.  This 
value  is of the same o rde r  as typ ica l  supercool ing in 
t h e r m a l - L P E  growth,  and  hence we do not  expect  
spontaneous  nuc lea t ion  to occur. 

Compar ison  with Exper iment  
PIE growth procedure. - -Experiments  w e r e  

pe r fo rmed  using t e l l u r i u m - r i c h  solutions of  
(Hg l - zCdz ) l -~Tey  of in i t ia l  composi t ion z --  0.06 
and y _-- 0.80, in an open - tube  s l ider  boa t  sys tem 
(6). A two-zone  gold reflection coated furnace,  wi th  
the  capabi l i ty  to i ndependen t ly  control  a g rowth  and 
a m e r c u r y  zone, was employed.  Growth  expe r imen t s  
were  pe r fo rmed  on pol ished and etched ( l l l ) A  CdTe 
surfaces, 10 X 10 m m  2 in area. The expe r imen ta l l y  de-  
termined l iquidus  t empe ra tu r e  for  this  solut ion was  
501 ~ • 0.5~ wi th  a m e r c u r y  rese rvo i r  t e m p e r a t u r e  of 
294 ~ • 0.5~ under  a flowing hydrogen  ambient .  Direct  
observa t ion  of the surface of the solut ion th rough  the  
s emi t r anspa ren t  gold ref lect ion-coated furnace  enabled 
a visual  de te rmina t ion  of the l iquidus  at  work.  

The .exper imenta l  p rocedure  was as follows: com- 
ple te  mel t ing  of the  solut ion was achieved at  a con- 
s tan t  solut ion t e m p e r a t u r e  T, and reservoi r  t e m p e r a -  
ture, (To < T1). The rese rvo i r  was then  ra ised to a 
t empera tu re ,  T1, to es tabl ish the equ i l ib r ium m e r c u r y  
pressure  above the solut ion at  its l iquidus.  The sys tem 

Table I. Typical growth parameters 

T T1 Tj $ l d Compo- 
Run no. (~ ( " C )  (~ (min) (ram) (pro)  sition 

133 501 294 297 45 2.0 31 0.20 
148 501 294 297 15 2.0 13 0.23 
140 501 294 300 22.5 2.0 20 0.18 
141 501 294 295 22.5 2.0 22 0.22 
145 501 293 297 22.5 1.6 38 0.17 
149 501 293 297 22.5 3.1 15 0.20 

was then a l lowed to equi l ib ra te  for  30-60 min, a f te r  
which per iod the subs t ra te  was b rought  into contact  
wi th  the solut ion and a l lowed to t he rma l ly  equi l ib ra te  
(5-10 rain) .  The t empe ra tu r e  of the reservoi r  was then  
increased.  Growth  exper iments  were  pe r fo rmed  for  
dura t ions  ranging  f rom 5 to 45 min, using solut ion 
thicknesses of 1.5-3.5 m m  and AT of 0~176 Expe r i -  
ments  were  t e rmina ted  by  s l iding the solut ion off the  
subs t ra te  and cooling the sys tem down. Table I sum-  
marizes the growth  da ta  for typica l  PIE layers .  Gen-  
eral ly ,  the layers  appea red  smooth and mi r ro r l i ke  to 
the naked  eye. Cross sections of PIE layers  indica ted  
that  exce l len t  thickness un i fo rmi ty  was a t ta ined,  and 
quite sharp in f ra red  opt ical  t ransmiss ion spec t ra  (see 
Fig. 2) indicate  good composi t ional  homogenei ty .  

Layer thickness vs. growth t ime. - -Experimental  re -  
sults on the dependence  of the  l aye r  thickness  on 
growth  t ime are  given in Fig. 3. The exper imen t s  were  
car r ied  out  a t  a constant  g rowth  t empera tu re ,  using 
the same solut ion composi t ion and height  and the same 
magni tude  of t empe ra tu r e  increase  of the Hg reservoir .  

As can be seen in Fig. 3, the expe r imen ta l  resul ts  
can be approx ima ted  ve ry  wel l  by  a s t ra ight  l ine con- 
sistent  wi th  Eq. [8] descr ib ing s t eady- s t a t e  PIE 
growth.  The ca lcula ted  value  of the  Hg diffusivi ty in 
solut ion is D ---- 4.44 • 10 -3 cme/s and the va lue  of 
AC/ (C  s -- Co) ~_ 7.45 • 10 -a.  The diffusivi ty  value  is 
close to the values  of a round  3 �9 10-~ cm2/s r epor t ed  
by  Ambroz imov  et al. (7). 

Layer thickness vs. solution he igh t - -Exper imen ta l  
da ta  on the l aye r  thickness  vs. solut ion he ight  are 
given in Fig. 4. Al l  o ther  g rowth  pa r a me te r s  were  kept 
constant.  The t empe ra tu r e  increase  of the Hg rese rvo i r  
was AT = 4~ and the growth  t ime t ---- 22.5 min. The 
expe r imen ta l  da ta  are  consistent  w i th  the  inverse  p ro -  
p ropor t iona l i ty  d ,~ 1/l pred ic ted  by  the p resen t  theo-  

1.0 
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2OOO 

I I 

I I 1500 1000 
Wavenumber (cm -I) 

Fig. 2. Room temperature optical transmission spectra of typical 
layers. Curves (1)-(3) correspond to layer runs numbered 129, 116, 
and 240, respectively. The relationship used to determine alloy 
composition was lco(#m) = [1.28x - -  0.2 ~ 0.264x ~ -I- 4.22 • 
IO-4T(K)  [1-2.08x]] - 1  from Ref. (10). The roots of this equation 

were found numerically with a Newton-Raphson procedure. 
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Fig. 3. Layer thickness vs. growth time. AT = 3~ I = 2 mm. 
Points are experimental, line is derived from theory (see text), tc 
is calculated at 5.23 min, and d ~  ,~50 #m. 

re t ica l  model.  The l ine in Fig. 4 is ca lcula ted f rom Eq. 
[8] using D --.: 4.4 • 10 -5  cm2/s and AC/(C s -- Ca) 

5.6 X 1O -s ,  i.e., exac t ly  the same pa rame te r s  used 
to account for  the resul ts  in Fig. 3. 

Layer thickness vs. temperature step, hTrtg.DAs 
poin ted  out  in  previous  sections, the supersa tu ra t ion  
hC requ i red  for  the g rowth  is caused b y  the increase in 
Hg reservoi r  t empera tu re .  In  an open system, hC(hTHg) 
is an impor t an t  empir ica l  re la t ionship  essent ia l  for  
control  of the growth  process. This re la t ionship  can 
be der ived  f rom the expe r imen ta l  dependence  of the  
l aye r  thickness on ATHg. Such expe r imen ta l  da ta  a r e  
given in Fig. 5 for  the  layers  g rown under  ident ica l  
values  of o ther  g rowth  pa rame te r s  (l _-- 0.2 cm a n d  
t : 22.5 min) .  Using Eq. [8] and the diffusivi ty value  
D : 4.4 • 10 -5 cm2/s, we have de te rmined  hC(ZlTHg) 
for  our  g rowth  system. As shown in Fig. 5, ~C increases  
a p p r o x i m a t e l y  l i nea r ly  wi th  hTH~. However ,  i t  tends to 
sa tura te  at  h igher  hTHg values.  This sa tu ra t ion  is most  
l ike ly  an appa ren t  one, and i t  p robab ly  reflects the 
deple t ion  of solute (Cd) f rom the solution; this  be -  
comes a g rowth  l imi t ing fac tor  a t  h igher  g rowth  r a t e .  

I t  is of in teres t  to compare  AC(~T~r wi th  a s imi la r  
re la t ionship  for  a closed system. Such dependence  cal-  
cula ted  according to da ta  of Ruda  et al. (2) is given 
by  the dashed l ine in Fig. 5. As can be expected,  the 
c losed-sys tem re la t ionship  is much steeper.  Fo r  ex -  
ample,  hTHg = 3~ in an open sys tem is equiva len t  
to an effective aT _~ 2~ in the  closed sys tem (8). 

Electrical and optical characteristics of the layers.D 
L a y e r  composit ion was measured  using e lec t ron micro-  
p robe  analysis  and  in f ra red  opt ical  t ransmiss ion spec-  
t ra .Typical  spec t ra  for three  layers  are  shown in Fig. 2. 

Elect r ica l  p roper t ies  of the layers  were  measured  
using a s t andard  Hal l  appara tus  in the van  der  P a u w  
configurat ion at  300 and 77 K, on as -grown and an-  
nea led  layers .  Al l  l ayers  were  annea led  under  sa tu -  
r a t ed  m e r c u r y  a tmosphere  for  6h at  280 ~ __. 5~ Table 
II  p resen ts  the e lect r ica l  p roper t i e s  of a select ion of 

50 

1 I I 

/ 

\ / 

\ ! 
\ /  

E 40 ::k 

~- 30 
~  

r  

g" z0 
_ J  

10 

I , 1 , I , I 
1 Z 3 

Solution Height, l(rnrn) 

Fig. 4. Layer thickness vs. solution height. AT _--- 4~ t - -  22.5 
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PIE layers.  Electron inabi l i t ies  in excess of 105 cm2/Vs 
at  77 K wi th  ca r r i e r  concentrat ions  in the low 1015 
cm -3 were  obtained.  These compare  f avo rab ly  wi th  
presen t  LPE layers  (9). 

Summary and Conclusions 
We have developed a simplif ied theore t ica l  mode l  of 

p ressu re - induced  ep i tax ia l  g rowth  which  quan t i t a -  
t ive ly  accounts for the g rowth-k ine t i c s  da ta  obta ined  
wi th  HgCdTe layers  g rown f rom Te- r ich  solution. 

PIE growth  proceeds  under  i so thermal  condit ions 
and is s t imula ted  by  Hg adsorp t ion  on the s u r f a c e  o f  
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Table II. Electrical properties of PIE layers (after annealing) 

AT t d p. 10' /~ �9 i0 4 n �9 i0-~* p �9 i0 ~ /t �9 i0 -~ n �9 10 "~ 
Run no. t (ram) ('C) min x (~m) (~cm) (cm'-'/V-s) (cm -s) (f~cm) (cmS/V-s) (cm -~) 

111 1.6 4 50 0.17 64 0.41 13.0 12.0 0.82 10.2 0.96 
116 1.4 3 35 0.20 50 2.70 2.0 12.0 4,40 3.1 0.45 
129 2.0 3 30 0.22 26 3.00 2.5 8.3 0.80 1.7 4.60 
134 2.0 3 25 0.20 20 2.00 4.4 7.1 1.70 2.1 1.70 
135 2.0 3 30 0.22 20 2.40 7.3 3.5 1.30 4.2 1.10 
144 2.0 4 22.5 0.17 20 0.50 11,3 10.9 0,45 32.2 0.42 

the solution. The growth kinetics can be controlled by 
a temperature increase of an Hg reservoir and by the 
thickness of the solution. 

Using PIE, we have grown Hg0.sCd0.2Te layers with 
typical growth velocities between 0.5 and 1.5 ~m/min. 
Layers up to about 40 ~m thick were grown of quality 
comparable to thermal-LPE layers. 
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APPENDIX 
Relatianship Between AC and 5T~g 

At its initial equilibrium condition (i) at the liq- 
uidus, the state of system may be defined in terms of 
two temperatures (T, T1), where T refers to the iso- 
thermal solution temperature and T1 to the initial 
reservoir temperature. Final equilibrium ($) may sim- 
ilarly be specified by the coup• (T, T2), where Ts -- 
(2'1 + ATHg) and is the final reservoir temperature. 

In the closed-system context, these two equilibrium 
states may be expressed as 

Pi(T) Po(T,) 
ai(T) -- po(T ) Po(T) = Cio-li(T) 

[A-I] 
Pf(T) po(T2) 

at(T) = - -  -- _ _  = Cil'yf(T) 
po(T) po(T) 

where a(T),  7(T), P~ and Pi(T) refer to mercury 
activities, mercury activity coefficients, pure mercury 
pressures, and mercury pressures over the solution, re- 
spectively. 

In the open-system context, the mercury pressure 
over the solution is not uniquely defined by the reser- 
voir: generally, a high reservoir temperature is re- 
quired compared with the closed system to generate 
the equivalent mercury pressure. In the open system, 
Po(TI) and P~ should be replaced by po(TI) and 

Po(T%) where Tz ~ TI' and T2 v ~ T%, and generally 
T' > 'l'z and T'2 > T2. From Eq. [A-l] and the above 
considerations 

~i (T) 
Ci 1 = Cio - -  �9 R 

7f(T) 

f P~ : Closed system 

R = po(T%)/po(T',): Open system 

Therefore 

[A-2] 

AC-- Cio[ Q(T)'R--1] [A-3] 
,yf(T) 

In the closed-system context for small ATHg (8) 2 

R ~ <  ( 7136ATHg } ) + 1 [A-4] 

Therefore, from Eq. [A-3] and [A-4] the closed-sys- 
tem case may be generalized to 

AC = ~ATHg, where ~ is constant [A-5] 

2 P h a s e  d a t a  u s e d  to  o b t a i n  m e r c u r y  p r e s s u r e  a b o v e  so lu t ion  a t  
501~ m e r c u r y  r e s e r v o i r  t e m p e r a t u r e  of  260~ impl i ed .  
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Oxidative Removal of Photoresist by Oxygen/Freon 116 Discharge 
Products 

J. J. Hannon and J. M. Cook 
AT&T Bell Laboratories, Allentown, Pennsylvania 18103 

ABSTRACT 

Microwave discharge products of a few percent of C2F6 in 02 have been used for the study of the removal of Shipley AZ 
1350J photoresist as a function of time and temperature. The removal rate was found to increase with increasing C~F6 con- 
centration. The activation energy of removal has been determined for C~F6 concentrations ranging from 0.048 to 0.81 volume 
percent. Initially, the activation energy decreases rapidly to 0.34 eV for C2F6 concentrations ranging from 0.048% to 0.10% 
and continues to decrease with increasing C2F6 concentrations to approximately 0.16 eV at 0.81% C2F6. The results reported 
apply to the removal of Shipley AZ 1350J photoresist, but are likely to indicate the oxidative-removal trends of other organic 
residues. 

The gas-phase, oxidative removal  of organic mater i -  
als from semiconductor surfaces dur ing various 
processing steps has become rather  common in the 
microelectronics industry.  These organic materials  are 
general ly  present  ei ther in bu lk  amounts  as photo- 
resists and encapsulants,  or as residual, trace contam- 
inants.  The former, which must  be removed to allow 
fur ther  processing, fai lure analysis, etc., general ly are 
fairly thick, on the order of several  microns. The latter, 
whose removal  can be categorized more as cleaning, 
are  usual ly  only  a few thousand angstroms or so thick 
and are more readily completely removed. 

Although we are more concerned with the cleaning 
category of the removal processes, it is often easier to 
monitor  removal  rates as functions of various process 
parameters  by using bulk  amounts  of organic materials  
such as photoresist. Since oxidative degradation of 
organics is pr imar i ly  a process occurring at the surface 
of the mater ia l  being oxidized (1), the results for bulk  
amounts  should be valid for trace amounts  as well. 

In  the work reported here, we have examined the 
enhancement  of the oxidative removal  rate of Shipley 
AZ 1350J photoresist (Shipley Company, Newton, 
Massachusetts 02162) by the addition of small  amounts  
of Freon| 116 (C2F6) to the oxygen before discharging. 
This removal  of photoresist by plasma discharge meth-  
ods was first suggested by I rv ing  in 1968 (2) and has 
been the subject  of many  papers (3-10) since then. 
Most of the removal  studies described utilized appara-  
tus wherein  the photoresist-coated samples were con- 
tained in the discharge itself, or else immediate ly  ad- 
jacent  to it. In  ei ther case, the photoresist was l ikely 
to be subjected to the particles and radiat ion present  
in the discharge, both of which can assist in the oxida- 
tion of the mater ia l  since it has an activation energy in 
the neighborhood of 0.5 eV (3, 11). However, in our 
case, as in others (9, 10, 12), the circuits to be cleaned 
are separated from the env i ronment  of the discharge. 
This not only removes the materials  from the possibly 
harmful  effects of the discharge, but  also allows better  
control of the process parameters  owing to a bet ter  
unders tand ing  of the various phenomena involved in 
the downstream reactions. 

One factor that must  be considered when separating 
the circuits from the discharge is the essentially com- 
plete cessation of photoresist removal  (when u~ing O2, 
O2/N2, O2/H2 or O2/H20) unless supplementa l  energy 
(usually heat) is supplied to the material .  However, 
when  fluorocarbons are present, either as additives to 
the 02 before discharge or in the materials being oxi- 
dized, the removal  continues readily (9, 12, 13). We 
have observed an increase in the oxygen atom concen- 
t rat ion downstream of the discharge when a few per-  
cent of either CF4 or C2F6 was mixed with the 02 (14), 
by using an electron paramagnet ic  resonance (EPR) 

Key words: integrated circuits, etching, discharge, oxidation. 

spectrometer. Moreover, we have detected fluorine 
atoms as well, even for very low concentrat ions of 
C2F~, which supports the assertion of the F atoms' 
part icipation in the reactions (12, 13, 15). 

Finally,  while only photoresist removal  rates  are  
pre~ented here, it is believed that these results are 
representat ive of the oxidative removal  behavior of 
other organic residues. 

Experimental Apparatus 
The exper imental  apparatus used for this invest iga-  

tion has been described previously (11) and is shown 
in Fig. 1. Essentially, it consists of an evacuated quartz 
tube (22.5 mm id) with a Microtron 200 microwave 
generator  operating at 75W that is used to generate the 
discharge using an Evenson- type (16) microwave 
cavity. The gas flow through the tube was measured 
with a Matheson mass flowmeter Model 8160. Adjust -  
ment  of a throt t l ing valve at the vacuum pump con- 
trolled the pressure in the tube, which was measured 
by an MKS Inst ruments ,  Incorporated capacitance 
manometer .  A Research, Incorporated, Variac-con-  
trolled, mini-spot  IR heater with an Omega propor-  
t ional controller  and a thermocouple at the sample 
surface was used to control the temperature  of the 
substrate, which was supported in  a Teflon carrier. 

Test Vehicle 
The test vehicles consisted of square ceramic sub-  

strates. 14 mm on a side (area ~ 2 cm 2) coated on one 
surface with approximately 10 #m of Shipley AZ 1350J 
photoresist. After fabrication, the substrates were 
baked at 140~ for 50 min in a ni t rogen atmosphere to 
drive off any volatile components associated with the 
photoresist processing, leaving a surface coating 
density of approximately 1 mg/cm 2. 

Experimental Procedure and Results 
Each test specimen was individual ly  weighed several  

times on a microbalance, and the average weight of 
each sample determined before and after exposing the 
substrate  to the microwave discharge effluent. The 
ma x i mum variat ion from measurement  to measure-  
men t  was less than __ 0.005%. The distance of the sub-  
strate from the microwave cavity was 33 cm unless 
otherwise specified. The flow rate and chamber pres- 
sure were 118• sccm and 1.0 torr, respectively, in all 
cases. These values were chosen because of earlier 
work (11) with pure 02 that showed that this resulted 
in reasonable photoresist removal  rates. 

Figure 2 shows the effects of t ime and temperature  
on the photoresist removal  rate for two concentrations 
(0.103 and 0.81%) of C2F6. In  one instance, the sub-  

strate tempera ture  was main ta ined  at approximately  
150~ while it was uncontrol led in the second. For the 
case where the temperature  was controlled, the sub-  
strates were allowed to stabilize for about 1 rain pr ior  

1164 
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Fig. 1. Schematic of discharge 
end reaction apparatus. 

to in i t ia t ion of the discharge.  The subst ra tes  shown 
were  ind iv idua l ly  processed to s impl i fy  photographing,  
and  are  therefore  not  in tended  to be quant i ta t ive ,  but  
r a t h e r  serve  only to indicate  the  qua l i t a t ive  aspects  of 
the  r emova l  process. The thickness of the photores is t  
was essent ia l ly  the same for al l  substra tes .  I t  is ev ident  
f rom the photographs  that  the  react ion is g rea te r  on 
the  edge of the subs t ra te  closest to the  discharge,  as 

would be expected.  Also, increas ing  e i ther  the  C2F8 
concentra t ion or  the subs t ra te  t empe ra tu r e  resul ted  in 
an increase  in the react ion rate.  In  addit ion,  h igher  
ogera t ing  t empera tu re s  resul ted  in a more un i fo rm 
remova l  over  the  ent i re  subs t ra te  surface,  a l though the 
more  rap id  remova l  ups t ream is s t i l l  evident .  This in-  
creased un i fo rmi ty  is l ike ly  due to g rea te r  t e m p e r a t u r e  
homogenei ty  across the surface  as compared  to the 
case wi th  no ex te rna l  heat ing.  

F igure  3 shows plots of subs t ra te  surface t empe ra tu r e  
as a funct ion of discharge t ime, for  subs t ra tes  wi th  
and  wi thout  photoresist ,  in a 0.497% C~F6/O2 a t -  
mosphere .  The da ta  shown are  for subs t ra tes  located 
33, 22, and l l  cm from the microwave  cavity.  The in-  
crease in t empe ra tu r e  on the surface  of the subs t ra tes  
wi thout  photores is t  resul ts  f rom hea t ing  by  gas f rom 
the discharge.  In i t ia l ly ,  the t e m p e r a t u r e  increases  
rapid ly ,  essent ia l ly  s tabi l iz ing af te r  app rox ima te ly  
50s. T h e  t e m p e r a t u r e  of the  sur face  of subs t ra tes  w i th  
photores is t  resul ts  f rom hea t ing  by  the discharge gas 
as wel l  as f rom heat  genera ted  in the  combust ion of 
the photores is t  surface.The peak  t empe ra tu r e  seems to 
occur  when the surface  a rea  of the photores is t  is ap-  
p r o x i m a t e l y  1/4 of its or ig inal  surface area.  

The increase  in surface  t empera tu re  on a single 
photores i s t  subs t ra te  as a funct ion of d ischarge  t ime  
for C2F6 concentrat ions  ranging  f rom 0.048 to 4.61% is 
shown in Fig. 4. The t e m p e r a t u r e  genera ted  wi th  a 
pa r t i cu l a r  concentra t ion is reproduc ib le  to wi th in  
+_5~ on any  given day  under  s imi la r  test  condit ions:  
i.e., chamber  wal l  conditions,  d is tance of subs t ra te  
f rom microwave  cavity,  etc. This is wi th in  the accuracy  
of the  t e m p e r a t u r e  measur ing  sys tem used. L a r g e r  

Fig, 2, Photographs of the effects of time and temperature on 
photoresist removal for two concentrations of C2F6. 

I00 1 //~i cm (w) 

) 

0 75 WATTS 
0 100 200 300 400 500 600 700 800 

TIME (SEC}- MICROWAVE DISCHARGE 

Fig. 3. Substrate surface temperature as a function of discharge 
time in 0,497% C~F6 mixture for coated and uncoated substrates. 
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Fig. 6. Comparison of weight loss for two similar mixtures 

temperature  variat ions were observed in the case of a 
newly recondit ioned quartz chamber, z The tempera-  
ture  generated at the surface of the photoresist sub-  
strate, dur ing  the ini t ial  run  after reconditioning, was 
approximately 20~ higher than that measured prior 
to reconditioning. This effect was temporary and lasted 
on ly  unt i l  the walls of the chamber  had reached a 
s teady-sta te  condition with the discharge effluent 
flowing through the tube. The variat ion of tempera ture  
with resist removal  suggests that  the tempera ture  
might be useful as an endpoint  detector. However, 
since there is a considerable delay be tween complete 
removal  of resist and the a t ta inment  of a s teady-state  
temperature,  and this varies depending upon condi- 
tions, it would be a difficult method to implement  for 
endpoint  detection. 

Photoresist weight loss, as a function of discharge 
t ime for uncontrol led temperature  and C2F6 concen- 
t ra t ion is shown in Fig. 5 and 6. Pressure and flow 
rate are the same as ment ioned previously, i.e., 1.0 torr 
and 118 • 2 sccm. After the ini t ial  heating period of 
<1 min, the mass removed is approximately l inear  
with t ime of exposure. The data have been fitted to a 
straight l ine by the least squares method. The removal 

~Reconditioning consisted of etching with 48% I-IF for 25 rain 
followed by a DI water rinse. The chamber was then pumped 
overnight before introducing 0.103% C~e. 

rates shown in parentheses are in micrograms per 
second. 

In  Fig. 5, uncont ro l led- tempera ture  weight loss data 
are plotted for C2F6 concentrations ranging from 
0.048% to 4.61%. 'The removal  rate increased from 
0.36 to 22.3 ~g/s with increasing C2F6 concentrations. 

During the init ial  invest igat ion with 0.497% C2F6, 
problems with the balance were detected. Subse- 
quently,  two addit ional  experiments  were performed. 
These data are plotted in Fig. 6. Ini t ial ly,  a removal  
rate of 6.82 #g/s was obtained. The later  exper iments  
resulted in values of 5.07 and 5.57 ~g/s, which agree 
reasonably well. The small  differences observed were 
a t t r ibuted to a lack of cooling of the microwave cavity 
dur ing  one experiment,  which resulted in a slightly 
higher su,bstrate tempera ture  and thus the sl ightly 
higher removal  rate. Also included in Fig. 6 are data 
for 0.428% C2F6 concentration,  which resulted in a 
removal  rate of 3.1 #g/s. While this value is consider- 
ably lower than that of the 0.497% mixture,  it does 
seem the more reasonable of the two when compared 
to other mixtures.  (Unfortunately,  this mixture  was 
exhausted, necessitating the use of the 0.497% mix-  
ture.) 

Two separate exper iments  were r un  where  the sub-  
strate surface tempera ture  was controlled. Weight loss 
as a funct ion of both t ime and temperature,  for C2F6 

2.5 , 

Fig. 5. Photoresist weight Iosl 
as a 4unction of time and C~F6 
concentration and no tempera- 
ture control. 
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concentra t ions  of 0.048%, 0.103%, 0.497%, and 0.81% 
was de te rmined .  Tempera tu r e s  r anged  f rom 120" to 
200"C in 20* increments .  The subs t ra tes  were  s tabi l ized 
at  t empe ra tu r e  for a p p r o x i m a t e l y  2 min  pr io r  to the 
discharge 's  being ini t ia ted.  The photores is t  r e m o v a l  
ra tes  given below represen t  the t ime per iod  tha t  the 
ceramic  surface a rea  was s t i l l  comple te ly  covered by  
the resist.  

In i t ia l ly ,  r emova l  ra tes  were  de te rmined  for  t em-  
pe ra tu res  of  140", 160", and 180*C and produced  un -  
expec ted  resul ts  in some of the  cases having  the h igher  
CzFe concentrat ions.  In  the second invest igat ion,  the 
r ange  of t empera tu re s  was expanded  to more  accu-  
r a t e ly  de te rmine  the act ivat ion energy  of removal .  Be-  
fore the  second invest igat ion,  the quar tz  tube was r e -  
condi t ioned b y  etching in HF, as discussed ear l ier .  In  
Table  I r emova l  rates  as a funct ion of t empera tu re  
and C2Fe concent ra t ion  are  l is ted for both  inves t iga-  
tions. 

Wi th  0.103% C~Fe at  200"C, a res idue  was observed  
to deposi t  on the subs t ra te  car r ie r  and the chamber  
wal l  app rox ima te ly  5-6 cm downs t ream f rom the test  
subst ra te .  The car r ie r  and chamber  wal ls  were  subse-  
quent ly  c leaned by  a l lowing the microwave  discharge 
to opera te  at  uncont ro l led  t empera tu re  for  severa l  
minutes .  

Photores is t  weight  loss as a funct ion of t ime for a 
C~"e concentra t ion of 0.81% at 140" and 180"C with  
no discharge is shown in Fig. 7. The subs t ra tes  were  
a l lowed to s tabi l ize  at  t empe ra tu r e  app rox ima te ly  I 
ra in  p r io r  to s ta r t ing  the  test.  Al though  there  is con- 
s iderab le  scat ter  in the data, especia l ly  at  the h igher  
t empera tu re ,  there  is some indicat ion that  react ion of 
the gas wi th  the photores is t  m a y  occur at h igher  t em-  
pe ra tu res  wi thout  the  discharge products ,  a l though at  
a much s lower rate.  However ,  at the h igher  t e m p e r a -  
ture  the photores is t  may  wel l  be decomposing.  Re-  
moval  ra tes  de te rmined  a re  0.07 and 0.73 #g/s  at  140 + 
and 180~ respect ively .  This effect was not  taken  into 
considera t ion when de te rmin ing  act ivat ion energies,  
since its exclusion does not  affect the trends.  

R 1 
Arrhen ius  plots  of  the log of - -  T'/~ v s .  - -  for  the  

P T 
var ious  C~Fa concentra t ions  a re  p lo t ted  in  Fig. 8 for  

TABLE 1 

Removal Rates of Shipley AZ 1350J Photoresist (pg/sec) 

Percent C2F 6 Concentration 

Temp ('C) Investigation 0.048 0.103 0.497 0.81 

0.20 

0.15 

<Z 

4 

0.10 

B 
I,..- 

0.05 

1167 

120 I 
II 1.20 1.95 9.15 

140 I 1.58 4.51 12.55 13.37 
II 1.71 2.41 11.35 10.27 

160 I 1.81 5.93 14.40 13.45 
II 2.38 3.79 14.29 13.48 

180 I 3.28 8.60 14.19 17.16 
II 3.88 5.50 18.42 15.27 

200 I 
II 7.98 

0,8.1. % C2F 6 

180~ 
(0.73Fg/SEC) 

�9 / 

o.o 

Activation Energy of Removal (eV) 

I 0.37 0.35 0.07 0.13 
II 0.34 0.34 0.22 0.16 

140"C 
(0.07) . . ~  

I I I 
50 100 150 

TIME (SEC} 
200 

Fig. 7. Weight loss as a function of time ond temperature with 
no discharge. 

data  f rom the second invest igat ion.  The da ta  a re  fitted 
by  the least  squares  method (in exponent ia l  form) 
wi th  the Eact for each concentra t ion given in p a r e n -  
thesis. The act ivat ion energy of remova l  as a funct ion 
of C2F6 concentra t ion is p lo t ted  in Fig. 9. In  general ,  
the act ivat ion energy  increases  wi th  decreas ing C2F6 
concentra t ion ranging  f rom a pp rox ima te ly  0.18 eV at 
0.81% to 0.34 eV at 0.048% C2F6. Act iva t ion  energies  
de te rmined  f rom the  in i t ia l  investigation+ agree  r ea -  
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Fig. 8. Activation energy plots for several concentrations 
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6onably  wel l  a n d  a r e  l i s ted  in Table  I. T h e s e  r e s u l t s  
agree  wi th  the  suggestions of Mogab (15) wi th  r e s p e c t  
to var ia t ion  of ac t iva t ion  ene rgy  wi th  changing C~Fe 
concentrat ion.  

In  Fig. 10 are  p lo t ted  the r e l a t ive  oxygen  and fluo- 
r ine  a tom concentrat ions  as functions of the  pe rcen t -  
age of C~F6 'in oxygen.  (The t e rm "re la t ive"  appl ies  
only  to each species ind iv idua l ly ;  the  absolute  r e l a -  
t ionship be tween  the  concentrat ions  of the two species 
is not  known,  except ing tha t  [F] < [O].)  These con- 
centra t ions  were  measured  at the same dis tance f rom 
the discharge as the  subs t ra tes  had  been placed.  I t  
can be seen tha t  whi le  the oxygen  a tom concentra t ion 
rises r a the r  r ap id ly  and then reaches essent ia l ly  a 
pla teau,  the fluorine a tom concentra t ion continues to 
increase.  The observat ion  that  the ra te  increases (and 
the  Eact decreases)  wi th  increas ing C2F6 content  can 
be exp la ined  by  the fluorine atoms'  concomitant  in-  
crease. Ve ry  l ike ly  the  fluorine a toms ~bstract  hyd ro -  
gen atoms or  add  to double  bonds to form exci ted  com- 
plexes  tha t  then dissociate. In  e i ther  case, the fluo- 
r ine  atoms react  far  more r ap id ly  than  do oxygen  
atoms (17, 18) and b y  so doing, r ende r  numerous  sites 
qui te  reac t ive  to the  excess oxygen  a toms and mole -  
cules. 

Conclusions 
The remova l  ra te  of Sh ip ley  AZ 1350J photoresist ,  

when  subjec ted  to microwave  discharge products  of 
a CaFdO~ mix ture ,  increases  wi th  increas ing C2F6 
concentrat ions.  Act iva t ion  energies  de te rmined  agree  
r easonab ly  wel l  for  both  invest igat ions  r epor ted  here  
as wel l  as wi th  resul ts  de te rmined  f rom EPR spect ros-  
copy s tudies  conducted prev ious ly  (11). In i t ia l ly ,  t he  
ac t iva t ion  energy  decreases  r ap id ly  to about  0.3 eV 
for  C~F8 concentrat ions  ranging  f rom 0.048% to 0.10% 
and continues to decrease wi th  increas ing C~F6 con- 
cent ra t ions  to app rox ima te ly  0.16 eV at 0.81% C2F6. 

The  resul ts  r epor ted  here  m a y  be  used to help  select  
appropr ia t e  C2F6 concentrat ions and t empera tu re s  for  
appl ica t ion  to device processing. The uncont ro l led-  
t e m p e r a t u r e  resul ts  would  be val id  for  process app l ica -  
t ion on ly  i f  ve ry  large  amounts  of  photores is t  a re  to 
be removed  f rom a single sample  such that  the hea t  of  
combust ion  s ignif icant ly  increases  the  sample  t e m p e r a -  
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Fig. 10. Relative oxygen and fluorine atom concentrations 
downstream as functions of C:F6 concentration. 

ture. The da ta  show that  the t empe ra tu r e  drops sub-  
s t an t i a l ly  once the  bu lk  of the  organic  ma te r i a l  has  
been removed  from the sample.  

Care  should be taken  to main ta in  the  condit ion of 
the chamber ,  since the surface of the chamber  can 
have  a grea t  affect on the concentra t ion  of the act ive 

Species.  This is especia l ly  evident  for a newly  recon-  
d i t ioned quar tz  chamber .  Once the sys tem is opera ted  
for a specified t ime pr ior  to device processing,  the  
chamber  wal l s  reach a point  of pass ivat ion  such that  
the  resul ts  a re  reproducible .  

Redeposi t ion of removed  ma te r i a l  can be a problem,  
bu t  can be avoided b y  opera t ing  at  lower  t empera -  
tures  (~- 160~ wi th  no more than  2% C2F6 by  vol -  
ume. 

F ina l ly ,  in a l l  our  work,  as noted,  no r emova l  of 
photoresis t  was observed in the  absence of f luorocar-  
bon doping or  supp lementa l  beat ing,  This is in con- 
t ras t  to the observat ions  of Dzioba et al. (10), who 
observed r a the r  rap id  r emova l  in a sys tem analogous 
to ours whi le  using pure  oxygen.  Our  resul ts  agree  
wi th  those repor ted  both by  Wang and Ga le rn t  (9) 
and  Hori ike  and Sh ibagak i  (12). This suggests  tha t  in 
the work  of Dzioba et al. (10) energy  was being sup-  
p l ied  to the  photores is t  in some fashion, perhaps  v ia  
UV rad ia t ion  f rom the plasma.  
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Cleaning of a Rough Rigid Surface: Removal of a Dissolved 
Contaminant by Convection-Enhanced Diffusion and Chemical 

Reaction 
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ABSTRACT 

A model is formulated with which one may calculate the rate of disappearance of a species dissolved in fluid 
trapped in a microscopic cavity of a surface. The model  accounts for diffusion, convection, and chemical reaction. Solu- 
tions are carried out, and a numerical example is worked out in order to show the representative time scales of these in- 
teracting processes. 

When a solid surface is contaminated by a liquid spill, 
or processed through a series of liquid chemical baths, re- 
moval of the liquid is usually effected by a cleaning pro- 
cedure that involves soaking, flushing, or wiping of the 
surface. In most situations, the bulk of the contaminating 
liquid is removed by such action. Several examples may 
be cited that suggest the need to examine the details of 
removal of contaminants that may be trapped within the 
microscopic architecture of the surface: 

1. A rough metal may be cleaned to the point that only a 
miniscule fraction of contaminant remains in the micro- 
scopic "valleys" of the surface. If the contaminant is re- 
active, however, continued exposure of the surface to the 
contaminant  may lead to a deleterious change in the sur- 
face properties of the metal. 

2. If  the contaminant has very high toxicity (possible 
examples would be radiation or biological hazards) then 
continued exposure of personnel to the surface would be 
intolerable, even though "nearly all" of the contaminant 
had been removed by mechanical means. 

3. In the semiconductor industry, one purposefully cre- 
ates a surface architecture with length scales of the order 
of 0.1-1 ~m on silicon wafers. These wafers must then be 
washed prior to subsequent  chemical steps (such as 
chemical vapor deposition), and ultimately cleaned of 
submicron particulates. Traditional gross methods of 
flushing and wiping may be insufficient to clean such a 
surface adequately. 

If we confine our attention to microscopically rough 
(or patterned) surfaces, say with length scales of order -< 
100 tzm, then it is clear that mechanical flushing and 
wiping may not be an effective means of decontamina- 
tion. It is necessary, in order to evaluate a proposed or ex- 
isting mechanical  decontamination procedure, to deter- 
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mine the hydrodynamics induced within a microscopic 
"pore" or "cavity" in a surface by the external macro- 
scopic flow field. Studies which are in progress have, in 
general, distinguished between two kinds of hydrody- 
namic phenomena that occur in cavities in a surface, 
within which a contaminated liquid resides. 

1. In one, the liquid is effectively trapped, but the exter- 
nal cleaning flow can induce circulation within the cav- 
ity. If  the contaminant is diffusible, then the removal of 
contaminant is controlled by convective diffusion, and 
the efficiency of removal depends upon the hydrody- 
namics within the cavity. The problem of convective dif- 
fusion from a circulating flow within a two-dimensional 
rectangular cavity has been treated recently by Chilukuri 
and Middleman (1). 

2. In the second type of cavity flow, the external flow 
may penetrate the cavity and remove some of the en- 
trapped liquid. Our studies of this problem are in an early 
stage, but it appears that on the scale of interest, there 
would always be a sizable region of trapped liquid which 
can be set in circulation, but not displaced, from the cav- 
ity (2). 

Figure 1 illustrates some of these ideas. 

Model Formulation 
It should be apparent that under conditions such that 

displacement of a contaminant does not occur (at all, or at 
a sufficiently high rate), it will be necessary to assist the 
decontamination process in some way. One possibility is 
chemical detoxification or decontamination. The study 
presented herein investigates detoxification of a trapped 
contaminant. We consider a toxic species T which may re- 
act with a neutralizing or detoxifying agent D to produce 
a harmless neutral product N. The reaction scheme is 
taken to be according to 



1 1 7 0  J .  E l e c t r o c h e m .  S o c . :  S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  

Y 
(a) 
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Fig. 1. A, top: a microscopic pore contains contaminated liquid, and a 
flushing flow is imposed in the space above the pore. B, middle: under 
some conditions, the pore fluid is induced to circulate, but is not dis- 
placed from the pore. C, bottom: under other conditions, some of the 
original fluid displaced from the pore, but, ultimately, a limit to displace- 
ment occurs, and there is a streamline which divides the external flow 
from the internal circulating flow. 

k 
T + D ) N [1] 

w h e r e  k is t he  specif ic  r eac t ion  rate,  de f ined  so t h a t  

r = k CTCD [2] 

w h e r e  Cv(CD) is the  mo la r  c o n c e n t r a t i o n  of  t he  tox ic  
(de tox i fy ing)  species ,  a n d  r is t he  n u m b e r  of  mols  of  T 
c o n v e r t e d  b y  r eac t ion  [1], pe r  un i t  of v o l u m e  a n d  t ime.  

The  spec ies  c o n s e r v a t i o n  laws '  for T a n d  D are, inc lud-  
ing  c o n v e c t i o n  a n d  d i f fus ion  

OCT 
- -  + u �9 VCT = ~ V 2 C T  - kCTCD [3] 

at 

OCD 
- -  + U '  VCD = ~DV2CD -- kCTCD [4] 

Ot 

Here  u is t h e  ve loc i ty  vec to r  w i t h i n  the  cavity,  a n d  spe- 
cies T a n d  D m a y  have  d i f f e ren t  d i f fus ion  coeff ic ients  ~T 
a n d  ~D. 

We will  i l lus t ra te  the  ana lys i s  by  s t u d y i n g  a t w o - d i m e n -  
s ional  r e c t a n g u l a r  cavity,  as s h o w n  in Fig. 2, a n d  a s s u m e  
t h a t  t he  cavi ty  flow is closed,  i.e., no s t r e a m l i n e s  cross  
t he  p l a n e  y = H. In  an  ear l ier  s t u d y  (1), we h a v e  ca lcu la ted  
t he  ve loc i ty  field in  a c losed  cavity,  a s s u m i n g  e i the r  con- 
s t a n t  ve loc i ty  or c o n s t a n t  shea r  stress,  a long  y = H. In  th i s  

So 
y=H 

y=O 
X=O X=/ 

Fig. 2. Definition sketch of the cavity geometry. Over the region (0 <- 
x -< L ), the plane y = H is a streamline across which there is diffusion, 
but no flow. A constant shear stress So is assumed along that line in the 
example problem presented here. 

May 1 9 8 4  

paper ,  for the  sake  of i l lus t ra t ion ,  we take  the  c o n s t a n t  
shea r  b o u n d a r y  condi t ion .  

B o u n d a r y  c o n d i t i o n s  on  c o n c e n t r a t i o n  take  the  fo rm 

n ' V C T = n ' V C D = 0  [5] 

on  the  walls  of  t he  cavity,  w h e r e  n is the  n o r m a l  to  the  
surface.  This  e x p r e s s e s  i m p e r m e a b i l i t y  of  t h e  walls.  
A long  t he  b o u n d a r y  y = H we a s s u m e  

C T = O  

In i t ia l  c o n d i t i o n s  are 
C D ~ CD~ 

C T = Cwo 

[6] 

[7] 
CD = 0 

w i t h i n  the  cavity.  E q u a t i o n s  [3] a n d  [4] are non l inea r ,  be- 
cause  of  t he  a s s u m p t i o n  of  n o n l i n e a r  r eac t ion  ra te  in  Eq. 
[2]. Note  t h a t  the  e q u a t i o n s  are coup l ed  t h r o u g h  t he  reac- 
t ion  t e rms .  It  is n e c e s s a r y  to solve  t he  e q u a t i o n s  n u m e r i c -  
ally. A finite d i f fe rence  m e t h o d  is used,  a n d  de ta i l s  are 
d e s c r i b e d  b y  Ch i luku r i  (2). The  ve loc i ty  field u m u s t  be  
o b t a i n e d  separa te ly ,  also by  n u m e r i c a l  m e t h o d s ,  a n d  a 
genera l  d i s c u s s i o n  of the  m e t h o d  a n d  resu l t s  m a y  be  
f o u n d  in our  ear l ier  works  on  th i s  topic  (1, 2). 

Results 
The set of equations presented above was solved for the 

concentrations CT and CD within the cavity, as a function 
of time. Results are illustrated here for ~T = "~D = ~, and 
H=L. 

It is useful to present results in terms of the following 
dimensionless groups 

Sto i ch iome t r i c  ra t io  R = CDJCTo [8] 

Pec l e t  n u m b e r  P e  = SoL2/ t~  [9] 

w h e r e  So is t he  shea r  s t ress  a long  y = H. 

Kine t ic  n u m b e r  K = kL2CTo/~ [10] 

We will  be  i n t e r e s t e d  in t he  ha l f - t ime  t~/2 r e q u i r e d  for  t he  
c o n c e n t r a t i o n  w i t h i n  the  cavi ty  to be  r e d u c e d  to one -ha l f  
i ts  in i t ia l  va lue  of CTo. I f  t h e r e  is no  c h e m i c a l  reac t ion ,  re- 
m o v a l  of  c o n t a m i n a n t  is by  the  m e c h a n i s m  of  convec t ion -  
a ided  di f fus ion.  

The  deg ree  to w h i c h  r eac t ion  aids  r e m o v a l  of t h e  con-  
t a m i n a n t  m a y  be  m e a s u r e d  b y  a fac tor  we call t he  En-  
h a n c e m e n t  Rat io  

E1 = tll2/t~ [11] 

w h e r e  t~ is t he  ha l f - t ime  in t he  a b s e n c e  of  reac t ion .  
F i g u r e  3 shows  some  typ ica l  resu l t s  for  t he  E n h a n c e -  

m e n t  Ratio,  E l ,  as a f u n c t i o n  of  K and  R, for P e  = 100. As 
is to be  expec ted ,  E1 a p p r o a c h e s  u n i t y  as K van i shes .  Fo r  
la rge  K (i.e., fas t  r eac t ions )  t h e  e n h a n c e m e n t  is con t ro l l ed  
b y  t he  Pec l e t  n u m b e r  a n d  t he  s t o i ch iome t r i c  ratio,  R. Fig- 
u r e  4 shows  t he  a s y m p t o t i c  va lue  of E1 for  large  K as a 
f u n c t i o n  of  R, for two Pec l e t  n u m b e r s .  F igu re  5 s h o w s  the  
effect  of  Pec l e t  n u m b e r  on  E1 vs. K,  at  a va lue  of  R = 10. 

Whi le  n o n d i m e n s i o n a l i z a t i o n  is an  aid to  c o m p a c t  pre- 
s e n t a t i o n  of  t h e s e  resul ts ,  t h e r e  is a n  a c c o m p a n y i n g  ob- 
s cu r ing  of  t he  m e a n i n g  and  i m p o r t  of  t h e  resul ts .  I t  is use-  
ful, t hen ,  to  c o n s i d e r  some  d i rec t  n u m e r i c a l  i n t e rp re t a -  
t ions  of  t he  r e su l t s  t h r o u g h  t he  p r e s e n t a t i o n  of  a case  
s tudy.  

Le t  us  b e g i n  w i th  a r ev i ew of poss ib l e  m e c h a n i s m s  of 
d e c o n t a m i n a t i o n .  F igure  6 shows  a cavi ty  in  a surface,  
w i th  four  poss ib le  m o d e s  of r e m o v a l  of a c o n t a m i n a n t  
f rom the  cavity.  In  Fig. 6a we sugges t  t h a t  t he  e x t e r n a l  
h y d r o d y n a m i c s  (agitat ion,  sonif icat ion,  sp ray  f lushing,  
wip ing ,  or b r u s h i n g )  is c apab l e  of phys ica l ly  a n d  in s t an ta -  
n e o u s l y  r e m o v i n g  fluid w i th  c o n t a m i n a n t  f r o m  t h e  cav- 
ity. Th i s  is no t  a real is t ic  p r o s p e c t  for sma l l  cavi t ies ,  as 
our  s tud ies  of  the  h y d r o d y n a m i c s  are  sugges t ing .  Never-  
theless ,  t he  case fo rms  a lower  b o u n d  on  t he  t i m e  re- 
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Fig. 3. Enhancement ratio in the presence of chemical reaction 

q u i r e d  to c lean  t he  cavity.  T he  t i m e  is i n s t a n t a n e o u s ,  as 
a s s u m e d  above .  However ,  we h a v e  no t  de tox i f i ed  t he  
c o n t a m i n a n t .  

In  s o m e  prac t i ca l  cases,  it m a y  be  suff ic ient  to r e m o v e  
t he  c o n t a m i n a n t  f rom a smal l  cavity,  a n d  t h e n  d i lu te  it 
w i t h i n  t h e  la rge  b o d y  of  c l ean ing  fluid. In  o t h e r  cases,  
howeve r ,  i t  m a y  b e  n e c e s s a r y  to neu t r a l i ze  t he  con-  
t a m i n a n t  chemica l ly .  Th i s  is t he  case of i n t e r e s t  here .  

I f  t h e  f luid in  t he  cavi ty  is i n s t a n t a n e o u s l y  r e m o v e d  
a n d  m i x e d  in to  t h e  e x t e r n a l  c l ean ing  fluid, a n d  i f  D is t h e  

,el 
Ld 

i.0 

0.8 

0 .6  

0 .4  

0.2 

0 I I l I 
0.I I I0 I0 z 10 3 

K 
Fig. 5. Effect of reaction rate and Pe on El. 
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Fig. 4. Asymptotic value of E 1 for large K 

I00 

(c) (d) 

r.~ Trapped internal ~] Trapped internal 
circulation ~ circulation 

. /~ Ddfus~on/convection end if fusion/convection 
/ / 7 ~  reaction 

Fig. 6. Modes of removal of o contaminant from a cavity. A, top left: 
immediate removal from the cavity: reaction only. B, top right: static dif- 
fusion from the cavity to a well-stirred exterior. C, bottom left: trapped 
but circulating fluid in the cavity. Circulation aids diffusion. D, bottom 
right: as in C, but with chemical reaction as well. 

d i lu t i on  ra t io  (cavi ty  v o l u m e / c l e a n i n g  fluid vo lume) ,  t h e n  
c h e m i c a l  neu t r a l i za t ion  occurs  a c c o r d i n g  to Eq. [2], a n d  
we wr i te  

dC~ 
- = kCvCD [12] 

d t  

CD Co= 
t a t  t = 0 

C,r = DC~o 
] 

We assume that the external concentration of neutralizing 
c h e m i c a l  CD is r e l a t ed  to t he  in i t ia l  c o n c e n t r a t i o n  of 
c o n t a m i n a n t  in  t h e  cavity,  so t h a t  (as in  Eq. [8]) 

CD~ = RCwo [13] 
I f  we le t  ~ be  t he  f r ac t ion  of  c o n t a m i n a n t  neu t ra l i zed ,  t h e n  
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a n d  

Cw = DCTo (1 - ~:) [14] 

CD = CD~ -- DC~ o 

= RCTo - DCTo ~ [15] 

T h e n  Eq. [12] b e c o m e s  

d-~=kCr~ - 0 ( 1 - - - ~ - ~  ~) [16] 

The  so lu t ion  for ~(t) is easi ly  f o u n d  to be  

D~ 

1 l n ( .  1 R ) kCToRt [17] 
D 1 - ~ =  

1 - - -  
R 

The  ha l f - t ime  for neu t r a l i za t ion  t h e n  fol lows u p o n  set- 
t i ng  ~ = 1/2 in Eq. [17]. Resu l t s  are s h o w n  in  Fig. 7. We are  
n o w  p r e p a r e d  to m a k e  n u m e r i c a l  c o m p a r i s o n s  of  the  
m o d e s  of  r e m o v a l  i l l u s t r a t ed  in Fig. 6. 

We c h o o s e  t he  fo l lowing  pa r am e t e r s :  

L = 10 -2 cm(100 txm) s q u a r e  cavi ty  (A = 1) 
= 10-6 cm2/s 

tx = 0.1 poise  
So = 10 d y n / c m  ~ 
C~o = 10 -4 m o l / c m  ~ 
k = 106 cmS/mol-s 
R = 1 0  
D = 10 -4 

With  t h e s e  p a r a m e t e r s  we f ind 

P e =  104 
K = 104 

Neutralization via instantaneous removal, dilution, 
and reaction.--We f ind 

(kCToD)t11~ = 0.693 • 10 -~ [18] 

_ or t he  e x p e c t e d  ha l f - t ime  is 

t,~ = 0.693 10-3s [19] 

Fo r  all p rac t i ca l  pu rposes ,  the  neu t r a l i z a t i on  is 
i n s t a n t a n e o u s .  

Our  h y d r o d y n a m i c  s tud ies  sugges t  t h a t  i t  is no t  real is t ic  
to  a n t i c i p a t e  t h a t  Fig. 6a offers  a real is t ic  p i c t u r e  of  t he  
phys i c s  of  th i s  s i tua t ion .  For '  sma l l  cavit ies,  it is m u c h  
m o r e  l ike ly  t h a t  f luid in  a cav i ty  is ef fec t ively  t r a p p e d ,  
a n d  t h a t  d i f fus ion  plays  a n  i m p o r t a n t  role  in  r e m o v a l  of  
t he  c o n t a m i n a n t  a n d  i ts  neu t ra l i za t ion .  

Aga in  w i t h  r e fe rence  to Fig. 6, we e x a m i n e  t h e s e  o the r  
m o d e s  of  d e c o n t a m i n a t i o n .  

Q 
I 

OI 

0,01 l i l l l l  I 

0.1 I iO I 0 0  

R[D 

Fig. 7. Half-time for neutralization of contaminant 

Diffusion from a trapped and static liquid in a cavity; 
no reaction.--We have  a c lass ical  d i f fus ion  p r o b l e m  de- 
f ined b y  Eq. [3] w i th  u = 0 (stat ic  l iquid)  a n d  k = 0 (no re- 
act ion).  E q u a t i o n s  [5]-[7] for C~ p rov ide  t he  b o u n d a r y  con-  
di t ions .  The  so lu t ion  of th i s  p r o b l e m  is ava i l ab le  in  s u c h  
s t a n d a r d  r e fe rences  as B i rd  et al. (3), a n d  f rom it  we f ind 
t h a t  t he  ha l f - t ime  for r e m o v a l  is 

~tls2 
- 0 . 1 9 4 A  2 [ 2 0 ]  

L 2 

Fo r  t he  p a r a m e t e r s  chosen ,  th i s  g ives  

t1/2 = 19.4s [21] 

Note  h o w  m u c h  s lower  the  d i f fus ion  p roces s  is in  com- 
pa r i son  to t he  r eac t ion  process .  

However ,  d i f fus ion  can  be  acce l e r a t ed  by  c i r cu la t ion  in- 
d u c e d  by  a n  e x t e r n a l  flow. Th i s  is t he  topic  of  our  ear l ie r  
s t u d y  (1), a n d  Fig. 6c shows  t he  phys i c s  env i s ioned .  

Diffusion from a trapped but circulating liquid in a 
cavity; no reaction.--We m u s t  f ind an  e n h a n c e m e n t  fac- 
tor  E b y  w h i c h  the  s tat ic  d i f fus ion  ha l f - t ime  is r educed .  
For  P e  = 104 a n d  a s q u a r e  cavity,  we find (1; Fig. 3) E = 5 
x 10 -2. Hence ,  c i rcu la t ion  i n d u c e d  b y  t he  e x t e r n a l  flow 
speeds  u p  the  d i f fus ion  p roces s  by  a fac tor  of  20, a n d  we 
find 

t,/~ = 0.97s [22] 

Befo re  p roceed ing ,  let  u s  r e m a r k  on  t he  k i n d  of 
f lush ing  or w i p i n g  flow t h a t  wou ld  give a shea r  s t ress  of 
10 d y n / c m  2 across  t he  top  of  the  cavity,  as a s s u m e d  here.  
S u p p o s e  we h a v e  a sur face  b e i n g  c l eaned  b y  a ro t a t i ng  
cy l indr ica l  b rush ,  as s u g g e s t e d  in Fig. 8. We i m a g i n e  t he  
case  where ,  to p ro t ec t  the  surface,  the  b r u s h  does  no t  ac- 
tua l ly  c o n t a c t  the  surface,  b u t  i n s t ead  c o m e s  w i t h i n  a 
smal l  d i s t ance  b of t he  surface.  For  a l inea r  ve loc i ty  U t he  
shea r  s t ress  wou ld  be  g iven  b y  

So = ~fU/b [23] 

w h e r e  ~f is t he  v i scos i ty  of t he  f lush ing  fluid. Fo r  w a t e r  
at  20~ (/xf = 10 -2 poise),  u s i n g  a 2.5 c m  rad ius  b r u s h  w i th  
a c l ea rance  b a b o v e  t he  sur face  of 100 ~ m  (b = 10 -2 cm), a t  
a ro t a t iona l  speed  of  40 rpm,  we f ind So = 10 d y n / c m  ~. 
T h u s  t he  n u m b e r s  u sed  here,  whi le  a rb i t ra ry ,  are w i t h i n  
the  r a n g e  of r e a s o n a b l e  ope ra t i on  of e q u i p m e n t .  

Reaction and convection-aided diffusion within the 
c a v i t y . i T h e  hal f - t ime  for  case c, a p p r o x i m a t e l y  ls,  whi le  
qu i t e  a b i t  l onger  t h a n  t h a t  of  case  a, s eems  sho r t  e n o u g h  
to be  su i t ab l e  for  a c l ean ing  opera t ion .  It  is i n t e r e s t i n g  to 
i n q u i r e  in to  t he  poss ib i l i ty  of  still  fas te r  r e m o v a l  of  t he  
c o n t a m i n a n t  f rom the  cav i ty  t h r o u g h  t he  aid of  a chemi -  
cal neu t r a l i z i ng  agent .  I n s t e a d  of  a s s u m i n g ,  as in  case  a, 
t h a t  t h e  c o n t a m i n a n t  is r e m o v e d  bod i ly  f rom t h e  cavi ty  
a n d  t h e n  neu t r a l i zed  via  reac t ion ,  we e x a m i n e  t he  ra te  of  
neu t r a l i z a t i on  due  to d i f fus ion  of the  spec ies  D in to  the  
cavity,  w i t h i n  w h i c h  it  reacts .  Of course,  t h i s  is t he  m a t h e -  
ma t i ca l  m o d e l  posed  in Eq. [1]-[7]. F igu re  5 (for K = 104, 
P e  = 104, a n d  R = 10) gives  a n  e n h a n c e m e n t  fac tor  E1 = 
0.31. Thus ,  for  r eac t ion  a n d  c o n v e c t i o n - a i d e d  d i f fus ion  
w i t h i n  t h e  cavi ty  we find (us ing  Eq. [11] a n d  [22]) 

t,12 = 0.3s [ 2 4 ]  

-- ~ i i T l i l l  

Fig. 8, Simple model of a rotating-brush cleaner 
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This  is still qui te  a bit  larger  than  the  va lue  to be ex- 
pec ted  if the  cavi ty fluid could  be  r e m o v e d  (case a). 

F r o m  a pract ical  po in t  of  view, one wou ld  control  the  
rate of  c leaning  by exerc is ing  some control  over  the  char- 
acter is t ics  of  the brush  or je t -spray  appara tus  that  is typi- 
cally used  in surface cleaning.  As our  mode l  demon-  
strates, it is the  shear  stress exe r t ed  by the  brush-  or 
j e t -dr iven  flow across the cavi ty  surface that  affects the  
rate of r emova l  of  a contaminant .  This  shear  stress ap- 
pears  in the  mode l  only in the  Pec le t  n u m b e r  (Eq. [9]). 

Our  earl ier  work  (1) predic ts  that  in the  range of  Pec le t  
n u m b e r s  of  l ikely occur rence  (say -> 103-105), convec t ion  
aids r emova l  by a factor E which  is l inearly and inverse ly  
p ropor t iona l  to Pec le t  number ,  i.e. 

E - P e - '  [25] 

Thus,  all o ther  physical  and geomet r ica l  pa ramete rs  re- 
ma in ing  the  same, the  remova l  t ime is r educed  by a factor 
that  is l inear  in shear  stress So. In  a brush  cleaner,  the  
shear  stress may  be contro l led  th rough  the  rota t ional  
speed  of the  b rush  as well  as the  p rox imi ty  of  the  brush  
to the  surface to be  cleaned.  In a je t -spray apparatus ,  the  
dynamics  are more  complex ,  and d e p e n d  upon  the  j e t  ve- 
loci ty  and the  p rox imi ty  and or ienta t ion of the  je t  wi th  re- 
spect  to the  target  surface. The  ma themat i ca l  mode l  illus- 
t ra ted here  should  be useful  to those  conce rned  wi th  the  
design,  improvemen t ,  and ut i l izat ion of  c leaning systems,  
w h e n  used  in con junc t ion  wi th  appropr ia te  labora tory  
s tudies  of  the  c leaning of real surfaces. 

Conclusions 
A mathema t i ca l  mode l  has been  formula ted  wi th  which  

one can assess the  t ime scales associa ted wi th  r emova l  
(by convec t ion-a ided  diffusion and/or  by a neutra l iza t ion 
reaction) of  a chemica l  con taminan t  f rom a small  cavi ty  in 

surface. Ideal izat ions of the  geomet ry  make  solut ions 
possible  via re la t ively s imple  numer ica l  methods .  In  prin- 
ciple, more  c o m p l e x  geomet r ies  and externa l  flows could  
be  cons idered ,  bu t  at cons iderable  increase to the  cost  of 
computa t ion .  

For  a fluid hydrodynamica l ly  t rapped  wi th in  a cavity, 
bu t  capable  of  c i rcula t ion induced  by the  ex te rna l  

f lushing flow, the t ime  for remova l  of a diffusible  
con t aminan t  is s t rongly d e p e n d e n t  on c i rcula t ion wi th in  
the  cavity. The  degree  of  ef fec t iveness  of  circulat ion,  and 
the  ef fec t iveness  of  a neutral izat ion reaction,  can be as- 
sessed us ing  the  models  p resen ted  here. 
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L I S T  OF S Y M B O L S  
A aspec t  ratio (H/L) 
CT(CD)concentration of  toxic  (detoxifying) species 

(mol /cm 3) 
diffusivi ty  in the cavi ty l iquid  (cm2/s) 

D di lu t ion ratio (cavity vo lume/c lean ing  fluid vol- 
ume)  

E e n h a n c e m e n t  ratio 
E1 e n h a n c e m e n t  factor for chemica l  react ion 
H dep th  of  cavi ty (cm) 
k specific react ion rate (cm3/mol-s) 
K d imens ion less  react ion rate cons tant  

(kCwoL~/~) 
L length  of  cavi ty (cm) 
Pe  Pec le t  number ,  (SoL~/~) 
R concen t ra t ion  ratio (CDJCTo) 
Re Reyno lds  n u m b e r  (pucL/tD 
Sc S c h m i d t  n u m b e r  (~/DT) 
So shear  stress at y = A (dyn/cm2i 
t t ime  (s) 
u ve loc i ty  vec tor  (cm/s) 

Greek  Let ters  
t~ v iscos i ty  of  cavi ty  l iqu id  (poise) 

f ract ional  convers ion  

R E F E R E N C E S  
1. R. Chi lukur i  and S. Middleman,  Chem. Eng. Commun., 

22, 127 (1983). 
2. R. Chilukuri ,  Ph. D. Thesis,  Univers i ty  of  California, 

San Diego,  La Jolla,  CA (1982). 
3. R. B. Bird, W. E. Stewart ,  and E. N. Lightfoot ,  "Trans-  

port  P h e n o m e n a , "  J o h n  Wiley and Sons,  Inc., New 
York  (1960). 

Electroluminescence and Photoluminescence of GaAs in Aqueous 
Redox Electrolytes 

Franco Decker,* Milton Abramovich, and Paulo Motisuke 
Instituto de Fisica, UNICAMP, Campinas, Sao Paulo, Brazil 

A B S T R A C T  

Spec t ra l  reso lved  e l ec t ro luminescence  has been  observed  for n-GaAs in the  p resence  of  di f ferent  hole in jec t ing  
r edox  e lec t ro ly tes  f rom 0.8 to 1.25 t~m. P h o t o l u m i n e s c e n c e  spectra  were  obta ined for n-GaAs in the same electrolytes.  
L u m i n e s c e n c e  was observed  bo th  in bandgap  and subbandgap  energy  ranges.  The  p resence  of a deep  acceptor  level,  at- 
t r ibu ted  to Ga vacancies ,  is inferred.  Eff icient  charge  t ransfer  to this level  and/or  to the  va lence  band  can be  observed  
wi th  a sui table  choice  of  the  r edox  electrolyte.  

The  occur rence  of hole  in jec t ion  f rom a r edox  electro- 
lyte  into the  va lence  band  and/or  into an in t e rmed ia t e  
level  (deep level  and/or  surface state), of  a semiconduc t -  
ing e lec t rode  can be de tec ted  via e l ec t ro luminescence  
(EL). This  p h e n o m e n o n  has been  observed  wi th  the  one- 
e lec t ron  r edox  in jec t ing  e lec t ro lyte  Fe(CN)~ ~-14- for GaP 
(1, 2), and more  recent ly  for GaAs by Decker  et al. with  
the  couples  Fe2t/3+, Ce 3+/4+, Fe(CN)63-/4- (3). In  that  work,  
the  m e c h a n i s m  of hole  in jec t ion  was e luc ida ted  by the  
use  of the  rota t ing r ing-disk t e c h n i q u e  as wel l  as by elec- 

*Electrochemical Society Active Member. 
Key words: semiconductor/electrolyte junctions, lumines- 

cence. 

t ro luminescence .  Ring-disk  resul ts  that  are in exce l len t  
a g r e e m e n t  wi th  the  ones in Ref. (3) were  also pub l i shed  
by Menezes  and Miller (4). The  e l ec t ro luminescence  mea- 
su remen t s  repor ted  in Ref. (3) were  not  spectra l ly  re- 
so lved because  of  ins t rumenta l  l imitat ions.  The  p resen t  
publ ica t ion  is, therefore,  mos t ly  devo ted  to the  invest iga-  
t ion of  the  EL spectra up to 1.25 ~m, of  the  re la t ionship  
be tween  the spectra  and the  r edox  elect rolyte  used,  and 
to the  compar i son  with  pho to luminescence  (PL) spectra  
of GaAs. In te res t ing  compar i sons  can be m a d e  wi th  pre- 
v ious  works  on EL f rom GaAs (5) and f rom II-VI b inary  
and te rnary  c o m p o u n d s  (6-9). In  those  papers ,  the  in- 
j ec t ing  species  was a h ighly  act ive  in termedia te ,  l ike OH �9 
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or S O ( . ,  r e su l t i ng  f rom t he  r e d u c t i o n  of  p e r o x i d e  or per- 
sulfate.  T h e  energy- leve l  d i s t r i b u t i o n  of  s u c h  a n  i n j ec t i ng  
spec ies  is poor ly  def ined,  a n d  the re fo re  l i t t le  i n f o r m a t i o n  
on  t he  e n e r g y  level  a t  w h i c h  t he  ho le - in jec t ion  p roce s s  
t akes  p lace  can  be  e x t r a c t e d  f r o m  t he  spect ra .  U s i n g  one-  
e l ec t ron  r e d o x  coup le s  l ike Fe  2+/~+, Ce 3+~4+, Fe(CN)63-~*-, on  
the  con t ra ry ,  the  ene rge t i c  c o n d i t i o n s  for ho le  i n j ec t i on  
in to  t h e  v a l e n c e  b a n d  or in to  some  i n t e r m e d i a t e  level  of 
GaAs  can  be  ana lyzed  m o r e  carefully.  Moreover ,  t he  use  
of a r e d o x  ion  as a hole  i n j ec t i ng  spec ies  a l lows a s teady-  
s ta te  m e a s u r e m e n t  of  a n  EL s p e c t r u m ,  once  t h e  m a s s  
t r a n s p o r t  of  t he  e lec t ro ly te  to the  e lec t rode  sur face  is wel l  
def ined.  In  pract ice ,  t h i s  p r o c e d u r e  can  be  e m p l o y e d  
only  i f  t he  sur face  c o n d i t i o n s  of  the  e l ec t rode  do no t  
c h a n g e  too m u c h  d u r i n g  t he  m e a s u r e m e n t .  I f  d ras t i c  
c h a n g e s  occu r  (like f rom a n  ox ide -coa ted  to a hydr ide -  
c o a t e d  sur face)  q u e n c h i n g  of  r ad ia t ive  r e c o m b i n a t i o n  can  
take  p lace  and  a d i s t o r t ed  a n d  w e a k e r  s p e c t r u m  resul ts .  I t  
is t h e r e f o r e  ve ry  i m p o r t a n t  to con t ro l  t he  e l ec t rode  po ten-  
t ial  d u r i n g  EL m e a s u r e m e n t s ,  s ince  a d e q u a t e  e l ec t ron  
c o n c e n t r a t i o n  at  t he  s e m i c o n d u c t i n g  e l ec t rode  sur face  
has  to  be  m a i n t a i n e d .  At  t he  same  t ime,  s ide  r eac t i ons  
g iv ing  H2 evo lu t i on  h a v e  to b e  avoided.  

Very  large  ca thod ic  po ten t i a l s  can  i n d u c e  e i t he r  ho le  
i n j ec t i on  due  to h i g h  c o n c e n t r a t i o n  of  i n t e r m e d i a t e s  
(10, 11) or ion in j ec t ion  a n d  m i g r a t i o n  (12, 13) in to  the  
s e m i c o n d u c t i n g  e lec t rode .  B o t h  p h e n o m e n a  can  cause  lu- 
m i n e s c e n c e ;  h i g h  ca thod ic  po la r i za t ion  has  t h e r e f o r e  
b e e n  avo ided  in our  work  in o rde r  to conf ine  our  s t u d y  to 
EL r e s u l t i n g  f rom hole  i n j ec t i on  by  the  r e d o x  electro-  
lytes.  

Experimental Techniques 
Electroluminescence.--The use  of r e d o x  ions  in  low 

(10-3-10-2M) c o n c e n t r a t i o n  as t he  hole  i n j ec t i ng  spec ies  
r equ i r e s  an  eff ic ient  s t i r r ing  of  the  e lectrolyte ,  in  o rde r  to 
g u a r a n t e e  d i f fus ion-con t ro l l ed  hole  in j ec t ion  a n d  c u r r e n t  
h i g h  e n o u g h  to yield d e t e c t a b l e  EL signals .  In  Ref. (3) the  
ro t a t i ng  d i sk  t e c h n i q u e  was  u sed  in o rde r  to g u a r a n t e e  
eff ic ient  m a s s  t r a n s p o r t  and  c o n s t a n t  cur ren t .  Here ,  th i s  
t e c h n i q u e  is imprac t i c a l  b e c a u s e  t he  image  of the  ro t a t i ng  
e l ec t rode  on to  t he  s p e c t r o m e t e r  slit  is uns t ab l e ,  c aus ing  
f luc tua t ions  of the  de t ec t ed  EL signal.  S t i r r i ng  b y  m e a n s  
of  m a g n e t i c  s t i r -bars  or o the r  m e c h a n i c a l  dev ices  pro- 
duces  e n o r m o u s  osc i l la t ions  in  t he  ho le - in jec t ion  c u r r e n t  
a n d  t h e r e f o r e  in t he  EL i n t e n s i t y  as well. The  b e s t  con-  
f igura t ion  ha s  b e e n  f o u n d  to be  a n  e lec t ro ly te  j e t  im- 
p i n g i n g  on to  a s t a t i ona ry  e lec t rode ,  the  e lec t ro ly te  flux 
b e i n g  s u s t a i n e d  by  an  al l -Teflon ro ta ry  p u m p  t h a t  fills 
an  i n t e r m e d i a t e  r e se rvo i r  (Fig. 1). The  e lec t ro ly te  level  in  

GaAs TEFLON SPECTROMETER 
N O Z Z L E ~  M 

Fig, 1 Top view of the experimental setup for photoluminescence and 
electroluminescence. The inset shows the electrode mounting in detail 
(side view). 
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th i s  r e se rvo i r  is c o n s t a n t l y  k e p t  - 1 0  cm h i g h e r  t h a n  t h a t  
in  t h e  m a i n  cell, to  w h i c h  t he  e lec t ro ly te  f lows s i m p l y  b y  
gravi ty.  EL  i n t e n s i t y  f luc tua t ions  of a few p e r c e n t  a n d  
even  smal l e r  c u r r e n t  osc i l la t ions  have  b e e n  a c h i e v e d  in 
th i s  way. The  GaAs  e lec t rode  is set  in  f ron t  of t he  nozzle  
(wi th  1-2 m m  separa t ion)  a n d  s ideways  to the  cell flat Py- 
r ex  window,  so t h a t  the  i m a g e  of its f ron t  edge  can  be  fo- 
c u s e d  on to  the  s p e c t r o m e t e r  slit. The  EL o r ig ina t ing  f rom 
the  f lat-crystal  sur face  e x p o s e d  in f ron t  of t he  nozzle  can  
also c o n t r i b u t e  to  the  s ignal  as long  as d e f o c u s i n g  is no t  
too severe.  The  opt ical  se tup  cons i s t s  of a co l l ec t ing  lens,  
a long  pass  filter w i t h  cu to f f  a t  0.7 ~m,  a S p e x  s p e c t r o m e -  
ter, a n d  a S-1 EMI p h o t o m u l t i p l i e r .  The  spec t r a l  sens i t iv-  
i ty of  t he  p h o t o m u l t i p l i e r  decays  ve ry  s t eep ly  for  
g rea t e r  t h a n  1.1/zm. C o n s e q u e n t l y ,  the  p h o t o m u l t i p l i e r  
re la t ive  spec t ra l  r e s p o n s e  was  c o m p a r e d  to t h a t  of  a flat 
p h o t o a c o u s t i c  p h o t o d e t e c t o r ,  a n d  c o r r e c t i o n  fac to rs  we re  
de r i ved  for  w a v e l e n g t h s  in  t he  r ange  0.7-1.25 ~m.  T h e  
p h o t o m u l t i p l i e r  was  coo led  w i th  l iqu id  air  in  o rde r  to 
a ch i eve  m a x i m u m  s ignal - to-noise  ratio. The  sli t  w i d t h s  of  
t he  s p e c t r o m e t e r  were  k e p t  at  1.0 m m  in  m o s t  exper i -  
m e n t s ,  w h i c h  b r i n g s  a spec t ra l  r e so lu t i on  of  16A at  X = 
1.0/zm. M e a s u r e m e n t s  of  EL for ~ g rea te r  t h a n  1.3 ~ m  
were  no t  poss ib l e  w i t h  t he  p r e s e n t  e x p e r i m e n t a l  s e t u p  
b o t h  b e c a u s e  of p h o t o m u l t i p l i e r  i n sens i t i v i t y  a n d  b e c a u s e  
of  s t r o n g  IR a b s o r p t i o n  in t he  a q u e o u s  e lect rolyte .  A dif- 
f e r en t  s e tup  will be  a s s e m b l e d  for EL m e a s u r e m e n t s  in  
th i s  IR region.  

The  e l ec t ron ic  a p p a r a t u s  cons i s t ed  of c o n v e n t i o n a l  
p o t e n t i o s t a t  and  p r o g r a m m e r ,  vo l tme te r ,  e l ec t rome te r ,  
a n d  a d o u b l e - p e n  s t r ip -cha r t  recorder .  T h e  E L  a n d  P L  
spec t r a  were  o b t a i n e d  by  d r iv ing  t he  s p e c t r o m e t e r  a t  t he  
c o n s t a n t  speed  of  5 A s-L The  e l e c t r o c h e m i c a l  cell  a n d  the  
r e se rvo i r  were  m a d e  of P y r e x  a n d  c o n n e c t e d  to each  
o the r  a n d  to t he  p u m p  by  T y g o n  tubes .  The  th ree -  
e l ec t rode  con f igu ra t ion  was  a lways  used,  a n d  all poten_- 
t ials  will be  r e fe r red  to the  s a t u r a t e d  ca lomel  r e f e r ence  
e l ec t rode  (RE). The  e lec t ro ly tes  were  p r e p a r e d  w i t h  t r ip ly  
d is t i l led  H20 a n d  w i t h  h i g h  p u r i t y  reagents .  The  p r e s e n c e  
of o x y g e n  d id  no t  affect  ou r  m e a s u r e m e n t s ;  the re fo re ,  it 
was  u n n e c e s s a r y  to deae ra te  the  e lec t ro ly tes .  
G r a p h i t e  was  u s e d  as t he  c o u n t e r e l e c t r o d e  (CE). A n  
n - G a A s  s a m p l e  f rom Lase r  Diode  C o m p a n y ,  d o p e d  w i th  a 
Si c o n c e n t r a t i o n  at  5 • 1017 c m  -3, was  u s e d  as t he  w o r k i n g  
e l ec t rode  (WE). The  o h m i c  con t ac t  was  o b t a i n e d  b y  t he  
e v a p o r a t i o n  of  S n  fo l lowed b y  a n n e a l i n g  u n d e r  N2 a tmos-  
p h e r e  d u r i n g  2 ra in  at  400~ The  s a m p l e  was  m o u n t e d  on  
a Tef lon  rod  (as s h o w n  in Fig. 1) w i t h  the  c ry t a l l og raph ic  
(100) face e x p o s e d  to t he  solut ion.  The  s e m i c o n d u c t o r  
su r face  was  e t c h e d  in H2SO4:H202 (1:1 b y  vo lume)  p r io r  to 
use .  

Photoluminescence.--The same setup described for EL 
was used for the PL measurements. The photoexcitation 
was made by means of a 3 mW He-Ne laser from Spectra 
Physics focused on GaAs front crystal edge. In this way, 
the same alignment for PL and EL could be used. 

Experimental Results 
Photoluminescence of GaAs.--PL of G a A s  in  air  or vac- 

u u m  h a s  b e e n  wide ly  s t ud i ed  for severa l  years ,  as  a func-  
t ion  of t e m p e r a t u r e ,  dop ing ,  a n d  va r ious  o the r  p a r a m e t e r s  
(14). I t  is wel l  k n o w n  tha t  h e a t - t r e a t m e n t s  a n d  sur face  
c o n t a m i n a t i o n  m a y  affect  PL.  First ,  we  ran  t he  pho to -  
l u m i n e s c e n c e  s p e c t r u m  at r o o m  t e m p e r a t u r e  a n d  in air  of 
GaAs  s a m p l e  as rece ived  f rom the  factory,  w i t h  mir ror -  
l ike sur face  f inishing.  The  s p e c t r u m  (not  c o r r e c t e d  for 
p h o t o m u l t i p l i e r  sens i t iv i ty)  is l abe l ed  as P L  ~ in  Fig. 2: a 
ve ry  s t r o n g  b a n d - t o - b a n d  t r a n s i t i o n  is o b s e r v e d  in 
0.87/zm, a n d  a w e a k e r  a n d  m u c h  b r o a d e r  b a n d  s h o w s  up  
a r o u n d  1.1 ~ m  (note t he  30-fold inc rease  in  sens i t i v i ty  in  
t he  IR region).  

PL and EL in Fe(CN)63- pH 13 . - -The  GaAs  e l ec t rode  
was  a s s e m b l e d  as p rev ious ly  shown,  e t ched ,  a n d  in t ro-  
d u c e d  in to  t h e  e l e c t r o c h e m i c a l  cell  filled w i t h  a 30 m M  
K3Fe(CN)6 + 0.1M KOH electrolyte .  Th i s  e lec t ro ly te  com- 
pos i t i on  was c h o s e n  b e c a u s e  it  is wel l  k n o w n  t h a t  
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ra ing PL, the GaAs electrode was 
uJ held at open circuit; during EL, at Z 
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Fe(CN)63- injects  holes  into GaAs in alkal ine solut ions 
(3, 4, 15). The  P L  spec t rum (Fig. 2) was ob ta ined  wi th  no 
potent ia l  appl ied  to the  GaAs electrode.  This  spec t rum is 
vi r tual ly  ident ica l  to the  one obta ined  in air in the  band- 
to-band region,  and shows only minor  changes  in the  IR. 
It  is therefore  clear that  none  of the features  observed  in 
the  pho to luminescence  spectra  depends  on contac t  wi th  
the  electrolyte,  i.e., the  e lect rolyte  ions have  no specific 
effect  on PL. When potent ia l  is appl ied  to the  e lectrode,  
and the  laser swi tched  off, l uminescence  f rom the  elec- 
t rode  appears  as soon as a ca thodic  current  flows in the  
cell  (Fig. 3). At -1.75V, the EL in tens i ty  is m a x i m u m  and 
ve ry  s table in t ime  at all wave leng ths  (see Fig. 4). There-  
fore, a s teady-state  EL spec t rum (shown in Fig. 2) was ob- 
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Fig. 3. Current-potential curve for n-GaAs in aqueous 0.03M 

K~Fe(CN)6 + O. 1M KOH in the dark (lower part). The corresponding EL 
intensities recorded as a function of applied potential for two different 
wavelengths are shown in the upper part. Note the three-fold increase in 
sensitivity for EL in L = 1.1 /~m. The potential was swept at a constant 
rate of - 2 0  mV s -1. 

ra ined at a cons tant  -1 .75V potential .  In the  EL spec t rum 
both  bands  at 0.87 and 1.1/~m are observed;  however ,  the  
in tens i ty  of  the  0.87/~m band  is now m u c h  w e a k e r  than  
that  observed  in PL. A bet ter  analysis of  the PL and EL 
spectra  can be made  after mul t ip ly ing  the  measu red  in- 
tensi t ies  by the  correc t ion  factors and after normal iza t ion  
to the  same peak  he ight  at 0.87/~m. This  is shown in Fig. 
5. The  band- to-band r ecombina t ion  spec t rum in the  EL is 
b roader  than  in the PL  (see Table  I), which  is main ly  due  
to the  e n h a n c e m e n t  of  the  short  wave l eng th  side of  the  
peak. In  the IR region, the  emi t t ed  intensi t ies  level  off  in 
bo th  spectra;  however ,  the  ratio of this in tens i ty  to that  in 
0.87/~m is m u c h  larger  in the  EL spec t rum than  that  in 
PL. It is unfor tuna te  that  the  pho tomul t ip l i e r  is so insen- 
si t ive for wave leng ths  greater  than  1.25/~m and therefore  
that  the  long  wave leng th  tail  of  the  IR peak  cannot  be 
seen  wi th  this  expe r imen ta l  setup. A s t ruc ture  is seen at 
0.93/~m in EL, bu t  since it d id  not  appear  in all EL mea- 
surements ,  we shall not  d iscuss  it. 

The  comple te  d e p e n d e n c e  of  EL wi th  e lec t rode  poten-  
tial at cons tan t  wave leng th  is shown in Fig. 3. EL appears  
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Fig. 4. Time dependence of PL (solid lines) and EL (dashed lines) of 
n-GaAs in 0.03M K3Fe(CN)6 + 0.1M KOH and in 0.03M Ce(SO4)2 + 
1.0M H2SO4. Att = 0, either the laser was switched on (PL), or the elec- 
trode potential was stepped from 0 to - I . 7 5 V  (EL). 
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on ly  w i t h  ca thod ic  cu r ren t s ,  s t a r t ing  for V < -1 .0V.  Th i s  
is in  a g r e e m e n t  w i th  p r e v i o u s  o b s e r v a t i o n s  (3), w h i c h  
we re  conf ined ,  howeve r ,  to ~ < 0.9 ~m. Fo r  p o t e n t i a l s  
m o r e  ca thod i c  t h a n  -1 .8V,  EL at  }, = 0.87 ~ m  is q u e n c h e d  
a b r u p t l y  whi l e  EL at  X = 1.1 ~ m  decays  s lowly  a n d  even-  
tua l ly  b e c o m e s  cons tan t .  

PL and  EL in Fe 3+ and Ce 4+, pH 0 . - -E lec t ro ly te s  w i t h  
0.03M Fe  3+ or 0.03M Ce 4+ in  1.0M H2SO4 were  u s e d  b e c a u s e  
t he  e q u i l i b r i u m  po ten t i a l s  of  t h e s e  coup les  are loca ted  ei- 
t h e r  in  t he  GaAs  b a n d g a p  (Fe 2+/3+) or over lap  w i t h  t he  
G a A s  v a l e n c e  b a n d  (Ce3+/4+). 

A n u m b e r  of  e x p e r i m e n t a l  diff icul t ies  arise,  howeve r ,  
in  acid e lec t ro ly tes .  A l t h o u g h  t he  po t en t i a l  d e p e n d e n c e  of  
P L  a n d  EL was  o b s e r v e d  to be  s imi la r  to t h a t  o b s e r v e d  at 
pH 13 (wi th  t he  e x c e p t i o n  of  a 0.6V shi f t  in  t h e  o n s e t  of  
EL), no  e l ec t rode  po t en t i a l  cou ld  be  f o u n d  at w h i c h  EL 
w o u l d  be  s tab le  d u r i n g  the  t ime  r equ i r ed  to m e a s u r e  a 
c o m p l e t e  s p e c t r u m .  P L  in t ens i t i e s  at  f ixed w a v e l e n g t h  
a n d  p o t e n t i a l  dec rease  w i th  t ime,  con t r a ry  to w h a t  occurs  
in  0.1M KOH. The  va r i a t i on  of P L  a n d  EL i n t ens i t i e s  w i th  
t i m e  are s h o w n  in  Fig. 4 for Ce 4+ and  Fe  (CN)63 . A n  ex- 
c h a n g e  of  Ce 4+ b y  Fe  3§ s h o w e d  a s imi la r  dec rea se  in P L  
a n d  EL in t ens i t i e s  w i th  t ime.  

I t  b e c a m e  clear  to us  t h a t  p h o t o c o r r o s i o n  t akes  p lace  at  
t h e  l ase r  spo t  on  t he  GaAs  e lec t rode  a n d  t he  co r ros ion  
p r o d u c t s  are  no t  d i s so lved  qu i ck l y  e n o u g h  at  p H  0. Corro-  
s ion p r o d u c t s  l ike  ga l l ium ox ides  are p r o b a b l y  left  on  t he  
sur face  [see also Ref. (16)], r e su l t i ng  in P L  q u e n c h i n g .  In  
fact,  m o v i n g  t he  laser  spo t  to a n o t h e r  r eg ion  of  t he  elec- 
t r o d e  r e s to re s  t he  in i t ia l  i n t ens i t y  of PL.  

In  o rde r  to m e a s u r e  EL, we h a d  to app ly  t he  s ame  tech-  
n i q u e  p r e v i o u s l y  e m p l o y e d  b y  Ellis et al. (6, 7) w h i c h  con- 
s is ts  in  s h o r t  (2s) fo rward-b ias  pu l ses  a l t e r n a t e d  by  longe r  
(20s) t i m e  in te rva l s  in  w h i c h  the  GaAs-e lec t ro ly te  j unc -  
t ion  is r eve r s e  biased.  At  the  s ame  t ime,  t he  s p e c t r o m e t e r  
was  d r i v e n  at  c o n s t a n t  speed.  T he  two EL spect ra ,  rela- 
t ive  to Fe  3+ or Ce ~+ ions  in  t he  s ame  1M H2SO4 s u p p o r t  

Table I. Characteristics of the luminescence spectra of n-GaAs grown 
from the melt in the bandgap region (first two columns) and ratios be- 
tween the luminescence intensities, corrected by photomultiplier 

efficiency, at 0.87 and 1.1 /~m (third column) 

Io.s7 Peak position Bandwith - -  
FWHM (~) I,,  

PL ~ in air 8700 343 6.24 
PL in K3Fe(CN) 6 + KOH 8700 345 6.71 
EL in KaFe(CN) 6 + KOH 8680 392 0.30 
EL in Ce(SO4)2 + H2SO4 8680 390 0.35 
EL in Fe2(SO4)3 + H2SO4 8660 408 0.06 

e lect rolyte ,  are s h o w n  in Fig. 6. I t  is i m p o r t a n t  to no t ice  
t h a t  t h e  spec t r a  were  o b t a i n e d  one  af ter  the  o the r  w i t h o u t  
r e m o v i n g  e i the r  the  cell or the  e lect rode.  The  r e d o x  elec- 
t ro ly te  was  subs t i t u t ed ,  a n d  o the rwi se  the  s ame  exper i -  
m e n t a l  c o n d i t i o n s  were  m a i n t a i n e d ,  so t h a t  t he  EL in ten-  
s i t ies  of  b o t h  spec t ra  can  be  d i rec t ly  c o m p a r e d .  The  
fo l lowing  r e m a r k s  are i m p o r t a n t :  (i) t he  EL wi th  Ce 4+ is 
m o r e  i n t e n s e  t h a n  t h a t  w i th  Fe  3§ by  a fac tor  of  10 in 
0.87 ~ m  a n d  b y  a fac tor  of on ly  2.2 in  1.1 ~ m  (note  the  dif- 
f e r en t  scales  in  w h i c h  EL in t ens i t i e s  for Fe  3§ a n d  for Ce 4+ 
are s h o w n  in Fig. 6) a n d  (ii) in  t he  Fe  3+ EL s p e c t r u m ,  the  
IR p e a k  is m o r e  i n t e n s e  t h a n  t he  p e a k  in 0.87 ~m.  

The  m o r e  r e l evan t  da ta  f rom P L  a n d  EL spec t r a  in  the  
t h r e e  e lec t ro ly te  are s u m m a r i z e d  in Tab le  I. 

Discussion and Conclusions 
T h e  P L  a n d  EL spec t r a  give a va luab l e  i n s i g h t  in to  pro- 

cesses  r e l a t ed  to r ad ia t ive  r e c o m b i n a t i o n  a n d  cha rge  
t r a n s f e r  across  t he  s e m i c o n d u c t o r - e l e c t r o l y t e  in ter face .  
The  b a n d - t o - b a n d  r e c o m b i n a t i o n  e m i s s i o n  s p e c t r u m  of  
t he  n - G a A s  w i t h  m a x i m u m  at  -0 .87  ~ m  is o b s e r v e d  in  P L  
as wel l  as in  EL, b u t  in  t he  l a t t e r  the  s p e c t r u m  a p p e a r s  
s l ight ly  b r o a d e r  a n d  its peak  is sh i f t ed  to s h o r t e r  
w a v e l e n g t h ,  as s h o w n  in  Fig. 5 a n d  Tab le  I. S ince  th i s  
b r o a d e n i n g  occurs  a l m o s t  exc lus ive ly  in  t he  h i g h  e n e r g y  
tai l  we a t t r i b u t e  the  d i f fe rence  to se l f - abso rp t ion  effects,  
i.e., on  average,  EL is p r o d u c e d  n e a r e r  to t he  GaAs-  
e lec t ro ly te  in t e r face  t h a n  PL.  S imi la r  c o n c l u s i o n s  a b o u t  
EL spec t r a  b r o a d e n i n g  were  d r a w n  b y  Ell is  et al. (6); t h e y  
c o m p a r e d  EL a n d  P L  spec t r a  of  c a d m i u m - s u l f o - s e l e n i d e  
e lec t rodes .  This  c o n c l u s i o n  is va l id  for  any  ma te r i a l  
w h e r e  t he  p e n e t r a t i o n  d e p t h  ~-~ of  t he  exc i t i ng  p h o t o n s  is 
of  t he  s a m e  order ,  or g rea te r  t h a n  t he  d i f fus ion  l e n g t h  L 
of t he  i n j ec t ed  m i n o r i t y  carr iers .  In  par t icu la r ,  for  n - G a A s  
a-1 is -0 .3  ~ m  (at s = 0.63 ~m)  a n d  Lp is of  t he  s a m e  o rde r  
of  m a g n i t u d e ,  as long  as the  ho le  l i fe t ime  is in  t he  o rde r  of  
10-gs. The  las t  h y p o t h e s i s  was  no t  e x p e r i m e n t a l l y  
c o n f i r m e d  he re  b u t  can  be  t a k e n  as r easonab le ,  s ince  at  
t he  s e m i c o n d u c t o r - e l e c t r o l y t e  in t e r f ace  t he  sur face  
r e c o m b i n a t i o n  ve loc i ty  is h i g h  (17). 

The  s u b b a n d g a p  e m i s s i o n  b a n d s  w i th  i ts m a x i m u m  at  
- 1 . 1 ~ m ,  u n c o r r e c t e d  to p h o t o m u l t i p l i e r  spec t r a l  re- 
sponse ,  are  also o b s e r v e d  in  P L  a n d  EL on  s a m p l e s  
g r o w n  f rom the  melt .  However ,  s a m p l e s  g r o w n  b y  us  by  
l iqu id  p h a s e  ep i t ax ia l  (LPE)  t e c h n i q u e  s h o w e d  no meas-  
u r a b l e  P L  s ignal  in  th i s  s u b b a n d g a p  spec t r a l  region,  al- 
t h o u g h  a s imi la r  laser  b e a m  was  u s e d  to i n d u c e  b a n d g a p  
e m i s s i o n  of  the  s a m e  i n t e n s i t y  as above.  B o t h  L P E  a n d  
m e l t - g r o w n  samp le s  are d o p e d  on ly  w i th  Si. However ,  t he  
L P E  s a m p l e s  have  a lower  dens i t y  of  defects ,  in  par t i cu-  
lar Ga vacanc ies ,  t h a n  the  crys ta ls  g r o w n  f r o m  the  melt .  
S ince  t h e r e  is a good  a g r e e m e n t  b e t w e e n  t he  ene rge t i c  
pos i t i on  of the  s u b b a n d g a p  p e a k  o b s e r v e d  b y  us  w i t h  t h a t  
c i ted  in t he  l i t e ra tu re  on  p h o t o l u m i n e s c e n c e  of  GaAs  (18), 
we a t t r i b u t e  t he  1.1 ~ m  e m i s s i o n  b a n d  to r ad ia t ive  t rans i -  
t i on  f rom sha l low d o n o r  s ta tes  to deep  accep to r  s t a tes  
c r ea t ed  by  ga l l ium vacanc ies .  In  t he  fol lowing,  on ly  
n -GaAs  g r o w n  f rom the  me l t  will  be  cons ide red .  As 
s h o w n  in Fig. 2, t he  spec t ra  of  P L  wi th  the  s a m p l e  im- 
m e r s e d  in  e lec t ro ly te  or in  air  are a l m o s t  ident ica l ,  i.e., t he  
e lec t ro ly te  ions  h a v e  no  specif ic  ef fec t  on  PL.  However ,  
t he  overa l l  i n t ens i t i e s  in EL as wel l  as in  P L  m a y  d e c r e a s e  
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Fig. 6. Uncorrected EL spectra of n-GaAs in 0.01M Fe2(504)3 + 1.0M H2SO4 and in O.03M C e ( S O 4 )  2 = 1.0M H2SO4. The electrode potential was 

continuously pulsed between 0 (20s) and - 1.75V (2s), while the emission spectrum was scanned at 5 ~ s -1. Note the tenfold increase in sensitivity in 
order to record the spectrum in the Fe2(SO4)3 electrolyte. 

in  t ime,  w i t h  a t i m e  c o n s t a n t  d e p e n d i n g  on  t he  e lec t ro ly te  
c o m p o s i t i o n  (see Fig. 4). T he  p h o t o l u m i n e s c e n c e  
q u e n c h i n g  in the  p r e s e n c e  of  t he  e lec t ro ly te  was  a t t r ib-  
u t e d  to e l ec t rode - su r face  d e g r a d a t i o n  d u e  to pho toco r -  
ros ion  effects,  wh ich ,  in  fact,  c an  be  o b s e r v e d  w i t h  t h e  na- 
ked  eye. 

The  m o s t  r e m a r k a b l e  d i f f e rence  b e t w e e n  P L  a n d  EL 
s p e c t r a  is t h e  va r i a t i on  of  t h e  ra t io  b e t w e e n  the  near-  
b a n d g a p  e m i s s i o n  p e a k  i n t e n s i t y  to t he  s u b b a n d g a p  
e m i s s i o n  i n t e n s i t y  (Io.sT/I,.,). As s h o w n  in Fig. 5 a n d  Tab le  
I, t h i s  ra t io  is smal le r  by  a fac tor  of 22 in EL t h a n  P L  
w h e n  t he  e lec t ro ly te  is a so lu t ion  of Ks Fe(CN)~ + KOH, 
a n d  b y  a fac tor  of  78 w h e n  t he  e lec t ro ly te  is c h a n g e d  to 
Fe2(SOD3 + H2SO4. This  va r i a t i on  can  be  due  to one  or 
m o r e  of  t he  fol lowing:  

1. T h e  d e n s i t y  of  t he  a c c e p t o r  c en t e r s  is h i g h e r  in  t he  
r eg ion  n e a r  to the  GaAs-e lec t ro ly te  in terface .  G a l l i u m  va- 
cancies ,  in  par t i cu la r ,  m a y  h a v e  h i g h e r  d e n s i t y  c loser  to 
t he  su r face  as a c o n s e q u e n c e  of  cor ros ive  r e a c t i o n s  t a k i n g  
p lace  at  t he  in ter face .  

2. T h e  b a n d - t o - b a n d  r ad ia t ive  t r a n s i t i o n  is q u e n c h e d  by  
a m o r e  c o m p e t i t i v e  n o n r a d i a t i v e  r e c o m b i n a t i o n  at  t he  
G a A s  e lec t ro ly te  surface.  

3. The  e l ec t ron - t r ans fe r  ra te  is la rger  at  t he  in t ra-  
b a n d g a p  s ta te  e n e r g y  (gal l ium v a c a n c y  s ta te)  t h a n  at  the  
v a l e n c e  b a n d e d g e  energy.  We shal l  d i scuss  th i s  po in t  in  
t he  fol lowing.  

A n  e n e r g y - b a n d  d i a g r a m  is s k e t c h e d  in  Fig. 7 for  t h e  
s e m i c o n d u c t o r - e l e c t r o l y t e  in te r face ,  t a k i n g  as 0.3 eV the  
d i s t a n c e  of the  accep to r  level  (E,NT) f rom t he  v a l e n c e  
b a n d e d g e  (EvB) of  GaAs.  Th i s  va lue  is in  a g r e e m e n t  b o t h  
w i th  the  k n o w n  e n e r g y  pos i t i on  of ga l l i um v a c a n c i e s  a n d  
wi th  our  co r r ec t ed  P L  a n d  EL spec t ra ,  w h i c h  s h o w  a 
m a x i m u m  a r o u n d  1.2 ~ m  (Fig. 5). In  t he  e lec t ro ly te  side,  
t he  u n o c c u p i e d  e n e r g y  leve ls  of Fe  3+ a n d  Ce 4+ are  de-  
p i c t ed  as g a u s s i a n  d i s t r i b u t i o n s  t h a t  h a v e  t h e i r  m a x i m u m  
at  a n  e n e r g y  ER a b o v e  t h e  F e r m i  level  of  the  c o u p l e  ( t aken  
as t he  r e d o x  potent ia l ) .  T he  r e a r r a n g e m e n t  e n e r g y  ER is 
--1.2 a n d  - 1 . 5  eV for  t h e  Fe  3+ a n d  for  Ce 4+, r espec t ive ly ,  
(19). The  p r o p e r  m a t c h i n g  b e t w e e n  e l ec t rodes  a n d  elec- 

trolyte energy levels is obtained knowing the flatband 
potential of GaAs, which nearly coincides with the con- 
duction bandedge EcB in our n-type samples. The value of 
-0.5 eV vs. NHE (pH = 0) was chosen for EcB, in agree- 
ment with data from the literature (3, 4, 20). The unoccu- 
pied energy levels of Fe(CN)63- could also be included in 
the diagram, provided the shift with pH of the GaAs en- 
ergy levels is taken into account. For the sake of simplic- 
ity, however, we shall consider in Fig. 7 only the energy 
level distributions corresponding to the Fe 3+ and Ce 4+ 
ions. Due to the redox potentials of the two couples, Ce 4+ 
should easily inject holes into the valence band of GaAs, 
but Fe ~+ should not. This was indeed confirmed by previ- 
ous work (3, 4). Here, we did observe bandgap lumines- 
cence with Fe 3+, although ten times weaker than with 
Ce 4+ (Fig. 6). Bandgap luminescence indicates unequivo- 
cally hole injection into the valence band. This can be at- 
tributed either to an underpotential reduction of Fe 3+ by 
valence-band electrons and/or to an upper shift of the 
GaAs bandedges during the -1.75V potential pulse used 
in the present EL measurements. This pulse technique 
differs from the potential sweep technique used previ- 
ously by Decker et al. (3), allowing higher EL intensities. 
From the EL measurements, and from Fig. 7, we con- 
clude: 

i. Fe (CN)63-, Ce 4+, and Fe 3+ inject holes both into the 
valence band and into the intra-bandgap state. 

2. The ratio Io.s7/I,, falls from 0.3 [Ce 4+, Fe(CN) 3-] to 0.08 
(Fe3+), indicating that the Fe 3+ injects holes less effi- 
ciently into the valence band than the other electroactive 
species do. 

3. The rate of hole injection for Ce 4+ and Fe(CN)63- is 
comparable; for Fe 3+ this rate is lower, both at E,NT and at 
EVB. 

Since the energy-level distribution in the electrolyte is 
very broad, a good overlap of both the deep level and the 
valence band with empty levels in the electrolyte occurs. 
Consequently, the electron transfer from the semicon- 
ductor to the redox ion can occur isoenergetically, the ini- 
tial state being either at the valence bandedge or in the 
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Fig. 7. Energy band diagram for the n-GaAs/redo:~ electrolyte inter- 
face. In the semiconductor, the dashed areas represellt filled states. EcB 
and EVB indicate the conduction and the valence ban Jedges; EINT is the 
energy of the deep level attributed to Ga vacancies. In the electrolyte, 
the solid and dashed parabolas represent the energy-level distribution of 
the empty Ce 4+ and Fe 3+ states, respectively. Eo represents the standard 
redox potentials, and ER represents the so-called rrarrangement energy 
for the redox couples. The following symbols are used to illustrate the 
electron transfer across the semiconductor~electrolyte interface. Filled 
dots: initial states. Open dots: final states. The vertical arrows in the 
GaAs indicate the radiative transitions taking place in the semicon- 
ductor after the electron transfer has occurred. 

deep intra-bandgap level. In fact, the energy level model 
for the semiconductor-electrolyte interface (21) assumes 
isoenergetic charge transfer, since negligible phonon 
emission during electron transfer is expected (22). For a 
single level E, the charge transfer rate is proportional to 
the density of occupied states in the solid and of unoccu- 
pied states in the electrolyte. One can see from Fig. 7 that 
the density of empty states in the electrolyte is larger at 
E~N~ than at EvB. The electron transfer at E~NT is then 
kinetically favored, unless the density of states at the val- 
ence bandedge overwhelms the density of states at the 
intra-bandgap level. The small ratios Io.sT/Ii.~ we observed 
in electroluminescence indicate, indeed, high charge 
transfer rate at EZNT. Our experiments with Fe ~+ and Ce 4+ 
in H2SO4 indicate also that the competition between 
charge transfer to the intra-bandgap state and charge 
transfer to the valence band is regulated by the redox po- 
tential of the couple. As a general conclusion, electrolumi- 
nescence in aqueous redox electrolytes is a technique 
sensitive per se to the presence of intra-bandgap states. 
This conclusion agrees well with previous results of EL 
measurements on GaP (1). 

Finally, the charge transfer from the conduction band 
of GaAs cannot be excluded. In fact, Fig. 7 shows that the 
capture of conduction-band electrons can also occur at a 
high rate without violation of the principle of isoenergetic 
charge transfer. Indeed, simultaneous charge transfer to 
distinct energy levels is unavoidable with small bandgap 
semiconducting electrodes in the presence of aqueous re- 
dox electrolytes. 
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A B S T R A C T  

T h e  so l id-s ta te  cells, Mn,MnF~ICaF~IMnF2,MnP,Mn2P a n d  Mn,MnF21CaF21MnF~,Mn2P,Mr~P h a v e  b e e n  s t u d i e d  in  t he  
t e m p e r a t u r e  r a n g e  867-1067 K. T he  EMF's ,  t o g e t h e r  w i t h  da ta  f rom the  l i te ra ture ,  were  u s e d  to ca lcu la te  e n t h a l p i e s  of 
f o r m a t i o n  ( f rom red  P), AH~ MnP,  -13 .9  • 1.0 kK; Mn2P, -20 .6  + 1.0 kK; MnaP, -21 .8  • 1.0 kK. The  re su l t s  are in  
e x c e l l e n t  a g r e e m e n t  w i t h  da ta  r e p o r t e d  ear l ier  f r om th i s  l abora tory .  

A l t h o u g h  t he  t h e r m o d y n a m i c  s tabi l i t ies  of  t h e  m a n g a -  
n e s e  p h o s p h i d e s  h a v e  b e e n  s t u d i e d  in severa l  l abo ra to r i e s  
(1-4), t h e r e  are no  da ta  in  t he  l i t e ra tu re  on  t he  s t ab i l i ty  of  
Mn.~P o t h e r  t h a n  w h a t  m a y  be  in fe r r ed  f rom t he  pub -  
l i shed  p h a s e  d i a g r a m  (5). Mn~P m e l t s  i n c o n g r u e n t l y  to 
give l iqu id  a n d  Mn2P(~), w h i c h  m a y  be  t a k e n  as e v i d e n c e  
t h a t  i ts  s tab i l i ty  is m a r g i n a l  re la t ive  to M n  + Mn2P. 
B a r a t a s h v i l i  et al. (2) h a v e  r e p o r t e d  m e a s u r e m e n t s  in  t he  
t e m p e r a t u r e  r a n g e  851-1067 K on  t he  so l id-s ta te  cell  

Mn,MnF21CaF21MnF2,MnP,Mn2P [I] 

for  w h i c h  t he  cell r e ac t i ons  are 

M n ~  + 2F- = MnF2~s~ + 2e 

2e- + MnF2,s~ + MnP~s~ = 2F-  + Mn2P~s, 

Mn(~ + MnP,s~ = Mn~P,s~ [1] 

The  r e su l t s  of t h e i r  s t u d y  were  s h o w n  to be  cons i s t en t ,  
w i t h i n  e x p e r i m e n t a l  u n c e r t a i n t y ,  w i th  a c o m b i n a t i o n  of  
r e su l t s  f rom c o m b u s t i o n  ca l o r i m e t r y  (1) a n d  v a p o r i z a t i o n  
s tud ie s  (3) on  MnP,~). T h e y  are also c o n s i s t e n t  w i t h  a com- 
b i n a t i o n  of  r e su l t s  f rom v a p o r i z a t i o n  s tud ie s  (3, 4) on  
MnP(~ a n d  Mn2P~s, H e n c e  t he  u s e  of so l id-s ta te  ga lvan ic  
cells a p p e a r s  to give re l iab le  r e su l t s  in  t he  M n - P  sys tem,  
a n d  it  was  d e c i d e d  to set  u p  cell  I as a c h e c k  on  t e c h n i q u e  
a n d  t h e n  to s t u d y  t he  cell 

Mn,MnF21CaF21MnF2,Mn2P,Mn3P [II] 

for w h i c h  r eac t i ons  are 

Mn~s~ + 2F- = MnFm~ + 2e- 

2e- + MnF2~ + Mn2P(s~ = 2F-  + Mn3P[,  

Mn(~) + Mn~P(~) = Mn3P(~I [2] 

The  e n t h a l p y  of f o r m a t i o n  of Mn3P,,) is g iven  b y  

AHOf.~gs.ls(Mn3P)/R = hHO29s.,512]/R - AHOf.~gs.,~(Mn2P)/R 

w h e r e  hH~ is t he  e n t h a l p y  c h a n g e  for r eac t i on  [2]. 

Exper imenta l  
The  cell  a s s e m b l y  s h o w n  in  Fig. 1 was  c o n s t r u c t e d  fol- 

l o w i n g  a d e s i g n  (6) g e n e r o u s l y  p r o v i d e d  by  Dr. R e g i n a l d  
Fa i rc lo th .  The  e lec t ro ly te  was  a 25.3 m m  d i a m  x 2.1 m m  
t h i c k  p o l i s h e d  ca l c i um  f luor ide  opt ica l  w i n d o w  w h i c h  
was  s u p p o r t e d  b y  a mul l i t e  po rce l a in  t u b e  he ld  in  p lace  
b y  a s tee l  c o m p r e s s i o n  s p r i n g  loca ted  b e l o w  t h e  ho t  zone.  
The  l ower  e l ec t rode  pe l le t  (Mn, MnF2) was s u p p o r t e d  b y  a 
m o l y b d e n u m  or g r aph i t e  pe l l e t  h o l d e r  set  w i t h i n  a mo lyb -  
d e n u m  s u p p o r t  b l o c k  m o u n t e d  on  a sma l l e r  mu l l i t e  por-  
ce la in  t u b e  p l aced  ins ide  t he  first a n d  s u p p o r t e d  r ig id ly  
by  a b rass  t u b e  loca ted  b e l o w  t he  ho t  zone.  T he  u p p e r  
e l ec t rode  pe l le t  (MnF2, M n  p h o s p h i d e s )  was  p o s i t i o n e d  b y  
a s e c o n d  pe l le t  h o l d e r  w h i c h  was  he ld  in p lace  b y  a s ta in-  
less  s teel  p la te  a t t a c h e d  to two s ta in less  s teel  rods  pu l l ed  
d o w n  b y  t e n s i o n  sp r ings  loca ted  b e l o w  t he  ho t  zone.  Elec- 
t r ica l  l eads  of  m o l y b d e n u m  wi re  were  c o n n e c t e d  to t he  

Key words: Enthalpy of formation, enthalpy of atomization, 
MnaP, Mn2P, MnP. 

r e s p e c t i v e  pe l le t  ho lders ,  a n d  a C h r o m e l - A l u m e l  t h e r m o -  
coup le  was  m o u n t e d  in  t he  s u p p o r t  block.  The  the r rno-  
coup le  was  ca l ib ra t ed  in situ aga ins t  a U.S. Na t iona l  Bu-  
r eau  of S t a n d a r d s  c o p p e r  f r eez ing-po in t  s t anda rd .  The  
en t i r e  a s s e m b l y  was  e n c l o s e d  in  a mul l i t e  p o r c e l a i n  t u b e  
w h i c h  was  c o n n e c t e d  to a v a c u u m / a r g o n  gas sys tem.  The  
a r g o n  e n t e r e d  the  a s s e m b l y  f rom the  b o t t o m  of  t he  appa-  
r a tus  a n d  ex i t ed  t h r o u g h  a slot  in  t he  i n n e r  c e r amic  t u b e  
a n d  t h r o u g h  a s ta in less  s teel  t u b e  ou t s ide  t he  e lec t ro ly te-  
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Fig. 1. Solid-state galvanic cell assembly. A: outer ceramic tube. B: 

stainless steel rods. C: ceramic tube electrolyte support. D: inner ce- 
ramic tube. E: thermocouple. F: lower molybdenum lead. G: stainless 
steel tube. H: upper molybdenum lead. J: upper electrode-pellet holder. 
K: stainless steel plate. L: upper electrolyte pellet. M: CaF2 electrolyte. 
N: lower electrode pellet. O: lower electrode-pellet holder. P: molybde- 
num support. Q: slot. 
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s u p p o r t  tube .  Th e  a r r a n g e m e n t  was  s u c h  t h a t  a r g o n  
w h i c h  h a d  c o m e  in con t ac t  w i th  one  e l ec t rode  pe l le t  d id  
not  s u b s e q u e n t l y  c o m e  in con tac t  w i th  the  other .  The  ar- 
gon,  s t a t ed  by  the  supp l i e r  to be  99.998% pure ,  was  p a s s e d  
over  ac t iva t ed  a l u m i n a  at r o o m  t e m p e r a t u r e  a n d  t i t a n i u m  
m e t a l  at  600~ before  e n t e r i n g  t he  appara tus .  In  add i t ion ,  
a s t r ip  of t a n t a l u m  foil was  p laced  a r o u n d  each  pe l le t  
h o l d e r  to act  as a ge t t e r  for oxygen .  In  each  run,  the  as- 
s e m b l y  was first h e a t e d  u n d e r  .a v a c u u m  of a b o u t  10 -2 
to r r  for severa l  h o u r s  to  r e m o v e  a d s o r b e d  gases.  Af te r  be- 
ing coo led  to r o o m  t e m p e r a t u r e ,  t he  a s s e m b l y  was 
b r o u g h t  to a t m o s p h e r i c  p r e s s u r e  w i th  argon,  a n d  t he  ar- 
gon  c o n t i n u e d  to flow s lowly t h r o u g h  t he  a s s e m b l y  as it 
was  b r o u g h t  up  to t e m p e r a t u r e ,  as m e a s u r e m e n t s  were  
made ,  a n d  as t he  a s s e m b l y  was  cooled  aga in  to a m b i e n t  
t e m p e r a t u r e .  The  E M F  of  the  cell  was  m e a s u r e d  w i t h  a 
K e i t h l e y  Mode l  660_A g u a r d e d  dc d i f fe ren t ia l  vo l tme te r .  

The  m a n g a n e s e  u s e d  in t he  lower  e l ec t rode  pe l le t  a n d  
for  s y n t h e s i s  of the  s am p l e s  was " f lake"  o b t a i n e d  f rom 
S P E X ,  Inco rpo ra t ed ,  a n d  h a d  a s ta ted  pu r i t y  of  99.89%. 
The  red  p h o s p h o r u s  u s e d  for  p r e p a r i n g  t he  s a m p l e s  was  
o b t a i n e d  f rom CERAC/Pure ,  I nco rpo ra t ed ,  a n d  h a d  a 
s t a t ed  pu r i t y  of 99.9%. The  m a n g a n e s e  d i f luor ide  u s e d  in 
t he  e l ec t rode  pel le ts  was  o b t a i n e d  f rom A t o m e r g i c  C h e m -  
ical Co rpo ra t i on  a n d  h a d  a s ta ted  pu r i t y  of  99.9%. The  
ca l c ium f luor ide d i sks  were  p u r c h a s e d  f r o m  H a r s h a w  
C h e m i c a l  C o m p a n y ,  I nco rpo ra t ed .  The  mul l i t e  po rce l a in  
t u b e s  we re  o b t a i n e d  f rom M c D a n e l  Re f r ac to ry  P o r c e l a i n  
C o m p a n y .  The  p h o s p h i d e  s a m p l e s  were  p r e p a r e d  a n d  
c h a r a c t e r i z e d  in the  m a n n e r  d e s c r i b e d  ear l ier  (7). 

The  e l ec t rode  pel le ts  were  p r e p a r e d  by  p r e s s i n g  an  inti-  
m a t e  m i x t u r e  (1:1 by  weigh t )  of the  p o w d e r e d  c o m p o -  
n e n t s  u n d e r  a load of 10 tons .  The  pe l le t  ma te r i a l s  were  
e x a m i n e d  by  x-ray p o w d e r  d i f f rac t ion  af ter  e ach  r u n  to 
e n s u r e  t h a t  t he  des i r ed  c o m p o n e n t  mate r ia l s  we re  i n d e e d  
p resen t .  

Results 
Data  co l l ec ted  for the  two cells are g iven  in  Fig. 2 a n d  

Tab les  I a n d  II. 1 The  l ine in  Fig. 2 is ca lcu la ted  f rom the  
e q u a t i o n  g iven  by  B a r a t a s hv i l i  e t  a l .  (2) for the  E M F  of  
cel l  [I]. Desp i t e  t he  ef for ts  d e s c r i b e d  above  to e x c l u d e  ox- 
ygen,  t h e r e  was  e v i d e n c e  in s o m e  r u n s  of  f o r m a t i o n  of  
g r een  MnO on  t he  sur face  of  t he  e l ec t rode  pel le ts ;  how- 
ever,  t he  r e su l t s  d id  no t  a p p e a r  to be  a f fec ted  b y  t he  ox- 
ide. In  a n u m b e r  of  r u n s  on  cell  [I], t h e  EMF,  a l t h o u g h  
o t h e r w i s e  in a g r e e m e n t ,  i n c r e a s e d  s l ight ly  w i t h  increas -  
ing  t e m p e r a t u r e  r a t h e r  t h a n  d e c r e a s i n g  as r e q u i r e d  b y  t he  

'Energy values in this paper are given in "rational" units; 
v a l u e s  i n  o t h e r  u n i t s  m a y  b e  o b t a i n e d  b y  m u l t i p l y i n g  b y  t h e  ap-  
p r o p r i a t e  v a l u e  o f  t h e  g a s  c o n s t a n t ,  R. 
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Fig. 2. EMF data, cells [I] and [11]. Line fram equation in Ref. (2) 

Table I. Cell [I] 

EMF AH~ 
T(K) (mV) log K P,~/R (kK) 

Run A 

966 273 2.848 -0.565 -6.86 
941 275 2.945 -0.563 -6.91 
917 276 3.056 -0.560 -6.99 
891 281 3.179 -0.557 -7.02 
917 278 3.055 -0.560 -6.97 
941 277 2.967 -0.563 -6.96 
991 275 2.797 -0.568 -6.95 
968 277 2.884 -0.565 -6.98 
948 278 2.956 -0.563 -6.99 
930 279 3.024 -0.562 -7.00 
945 278 2.965 -0.563 -6.98 
966 276 2.880 -0.585 -6.95 

Run B 

1034 266 2.593 -0.579 -6.77 
1060 268 2.548 -0.587 -6.84 
1040 268 2.597 -0.590 -6.83 
1016 268 2.659 -0.574 -6.80 
999 269 2.714 -0.569 -6.61 
979 270 2.780 -0.567 -6.82 

1005 268 2.688 -0.570 -6.79 
1020 267 2.638 -0.575 -6.78 
1041 267 2.585 -0.561 -6.80 
1067 267 2.522 -0.589 -6.82 
1060 267 2.539 -0.567 -6.82 
1035 268 2.610 -0.579 -6.82 
1009 268 2.677 -0.571 -6.80 
986 269 2.750 -0.567 -6.80 
961 272 2.853 -0.565 -6.86 

t h e r m o d y n a m i c s  of  t h e  cei l  reac t ion .  N u m e r o u s  u n s u c -  
cess fu l  a t t e m p t s  were  m a d e  to e l im ina t e  t h i s  anomaly ;  
t h e s e  i n c l u d e d  e n s u r i n g  t h a t  the  cell  was  no t  s u b j e c t  to 
t e m p e r a t u r e  g rad ien ts ,  as wel l  as c h a n g i n g  e l ec t rode  con-  
t ac t  ma te r i a l s  a n d  lead wires.  N o n e  of t he se  was  ef fec t ive  
in e l i m i n a t i n g  t he  a n o m a l o u s  b e h a v i o r  in  an  u n a m b i g -  
u o u s  m a n n e r .  In  any  case, t he  on ly  da ta  s h o w n  in  Fig. 2 
a n d  T a b l e s  I a n d  II  are t h o s e  w h i c h  d id  no t  e x h i b i t  th i s  
a n o m a l o u s  va r i a t i on  of t he  E M F  w i t h  t e m p e r a t u r e .  
T h e r m a l  f u n c t i o n s  for  M n P  a n d  Mn~P were  t h o s e  u s e d  
ear l ier  (3); t h o s e  for M n  were  t a k e n  f rom the  c o m p i l a t i o n  
of  H u l t g r e n  e t  a l .  (8). T h e r e  are no  hea t  capac i ty  n o r  en- 
t r opy  da ta  for Mn~P in  the  l i te ra ture ,  a n d  t h e s e  we re  esti- 
ma ted .  The  e n t r o p y  of  Mn3P was  t a k e n  to be  S~ = 
12.44, w h i c h  is t h e  va lue  (9) for  Mn3Si, a n d  t he  h e a t  capac-  
i ty at  h i g h  t e m p e r a t u r e s ,  C p / R  = 11.42 + 5.083 x 10-~T - 
1.409 x 10ST ~2 was  b a s e d  on  t he  hea t  capac i t i e s  (10) of  
M n P  a n d  Mn2P. 

Table II. Cell [11] 

EMF ~H~ ~IR 
T(K) (mV) log K A~I/R (kK) 

Run  A 

917 35.4 0.389 -0.168 -0.98 
965 34.i 0.360 -0.173 -0.97 

1013 35.0 0.348 -0.181 -1.00 
1035 35.6 0.347 -0.189 -1.02 
867 37.3 0.434 -0.16I -1.01 
892 36,5 0.412 -0.165 -0.99 
917 36,2 0.398 -0.168 -0.99 
941 36.0 0.386 -0.170 -1.00 
965 36.0 0.376 -0.173 -1.00 
990 36.1 0.368 -0.175 -1.01 

1035 34.1 0.332 -0.189 -0.99 
1035 35,2 0.343 -0,189 -1.01 

Run B 

1013 32.4 0.322 -0.181 -0,93 
917 31.6 0.347 -0.168 -0.89 
867 35.0 0,407 -0.161 -0.95 
867 34.3 0.399 -0.161 -0.95 
867 34.3 0.399 -0.161 -0,94 
892 34.2 0.386 -0.165 -0.94 
917 33.9 0.372 -0.168 -0.94 
965 33.5 0.350 -0.173 -0.94 
990 33.5 0.341 -0.175 -0.95 

1013 33,6 0.334 -0.181 -0.96 
1035 33.9 0.330 -0.181 -0.96 
1006 33.8 0.339 -0.178 -0.96 
998 33.9 0.342 -0.176 -0.96 
990 33.9 0.345 -0.175 -0.96 
978 34.0 0.350 -0.174 -0.96 
970 34,1 0.354 -0.173 -0.96 
960 34.1 0.357 -0.172 -0.95 
950 34.1 0.362 -0.171 -0,95 
941 34.0 0.364 -0.170 -0.95 
930 34.0 0.368 -0.169 -0.95 
922 34.0 0.372 -0.168 -0.94 
911 34.0 0.376 -0.167 -0.94 
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Fig. 3. Atomization enthalpies of transition metal phosphides 

Pr imary  thermodynamic  data for the two cell reactions 
are given in Table III. The second law datum is, for each 
cell, a weighted average (by the number  of points) of the 
second-law enthalpies from the two runs with each cell. 
For  comparison,  data are included which were calculated 
from the equation given by Baratashvili  et al. (2) for the 
tempera ture  variation of the EMF of cell [I]. Uncertainty 
l imits are based on differences in second-law enthalpies 
for replicate runs, uncertainties in publ ished and esti- 
mated  heat  capacities and in est imated entropies, and on 
scatter in exper imental  data. Derived stabili ty data for the 
manganese  phosphides  from this and previous studies 
using third-taw values are given in Table IV. Data from 
this laboratory using different techniques show good in- 
ternal consistency within exper imental  uncertainty;  the 
enthalpy of formation of MnP obtained by combust ion 
calor imetry (1) appears to be too low. As shown in Fig. 3, 
the atomization enthalpy of Mn3P (per gram atom) is such 
that  it is barely stable with respect  to Mn2P and Mn, as 
had been suggested above. 
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Table III. Primary thermodynamic data 

AH~ AH~ 
( s e c o n d  l aw)  ( t h i rd  l a w )  

Cel l  R e a c t i o n  (kK)  (kK)  

[I] Mn(~ + MnPc,,  = Mn~P(~) - 7 . 2  • 1.O - 6 . 9  • 0.5 a 
- 6 . 0  - 6 . 7  b 

[II]  Mnc,~ + M n 2 P ~  = M n ~ P ~  - 0 . 9 1  • 1.O - 0 . 9 7  • 0.5 a 

aThis w o r k .  
b B a r a t a s h v i l i  et al. (2). 

Table IV. Derived stability data (from third-law values) 

~~ I~IR 
(kK)  AH%,,,~.,s~R 

C o m p o u n d  ( f r o m  r e d  P )  (kK)  S o u r c e  

M n P  - l l . f i  a 
- 1 3 . 8  • 1.O 87.5 = 1.0 b, 
- 1 3 . 7  -~ 1.5 87,4 -* 1.5 b, d 
- 1 3 . 9  • 1.O 87.6 • 1.O ~, d 

M n 2 P  - 2 0 . 8  • 1.O 128.1 • 1.O 
- 2 0 . 6  • 1.5 127.9 -+ 1.5 b. d 

M n 3 P  - 2 1 . 8  -* 1.O 162.7 • 1.0 ~' ~ 

" C o m b u s t i o n  c a l o r i m e t r y  (1). 
bDi s s oc i a t i on  p r e s s u r e s  a b o v e  M n P - M n 2 P  (3). 
~ C o n g r u e n t  v a p o r i z a t i o n  o f  M n 2 P  (4). 
dCell [I] ( th i s  work ) .  
eCell  [ II]  ( th i s  work ) .  
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A B S T R A C T  

The  r eac t ion  ra te  of  coba l t  in  SO2-argon e n v i r o n m e n t s  has  b e e n  m e a s u r e d  at 650 ~ 700 ~ 750 ~ a n d  800~ P r o d u c t  
scales  cons i s t  p r imar i ly  of  an  i n t e r c o n n e c t e d  sulf ide  p h a s e  in  a n  ox ide  mat r ix .  At  all t e m p e r a t u r e s ,  t he  r ap id  d i f fus ion  
of  coba l t  o u t w a r d  t h r o u g h  t he  i n t e r c o n n e c t e d  sulf ide  appea r s  to be  i m p o r t a n t .  At  650~ t he  r eac t i on  ra te  s lows d rama-  
t ical ly  a f te r  5 ra in  due  to a c h a n g e  in  t he  d i s t r i b u t i o n  of  t h e s e  sulfides.  At  700 ~ a n d  750~ the  r eac t i on  is p r imar i l y  diffu- 
s ion con t ro l l ed ;  va lues  of  Dco(CoS) ca l cu l a t ed  f r o m  th i s  w o r k  s h o w  favorab le  a g r e e m e n t  w i t h  va lues  of Dco(CoS) calcu-  
l a t ed  f r o m  p r e v i o u s  su l f ida t ion  work.  At  800~ a su r face  s tep  b e c o m e s  ra te  l imi t ing.  

Meta ls  a n d  al loys m a y  be  e x p o s e d  to c o m p l e x  gas  envi-  
r o n m e n t s  at  e leva ted  t e m p e r a t u r e s  in  a va r i e ty  of  indus -  
tr ial  app l ica t ions .  Often, c o m b u s t i o n  of fossil  fuels  will 
lead to su l fur  ox ides  w h i c h  m a y  have  de le t e r ious  effects  
on  the  m e t a l  or alloy in ques t ion .  Nicke l  a n d  coba l t  are 
i m p o r t a n t  base  me ta l s  u sed  in t u r b i n e  c o m p o n e n t s .  How- 
ever,  b o t h  t h e s e  me ta l s  co r rode  d rama t i ca l l y  fas te r  in  SO2 
t h a n  in 02. Fo r  n icke l  at  600~ the  rat io  of  ra tes  is a b o u t  
106; for coba l t  a t  750~ th i s  rat io  is a b o u t  103. In  th i s  labo-  
ratory,  e x t e n s i v e  work  has  b e e n  done  on  t he  r eac t ion  of 
n icke l  w i t h  SO2 a n d  e q u i l i b r a t e d  SO2-O2 m i x t u r e s  (1, 2). In  
o rde r  to  d e t e r m i n e  i f  s o m e  of  t h e  s a m e  p r i n c i p l e s  h o l d  for  
the  r eac t i on  of  coba l t  w i t h  SO2, s imi la r  e x p e r i m e n t s  were  
c o n d u c t e d  for  th i s  metal .  

The  re su l t s  for  n icke l  co r ros ion  in SO2-argon m i x t u r e s  
can  be  s u m m a r i z e d  as follows. A p o r o u s  ox ide  layer  
fo rms  d u r i n g  t he  ini t ia l  s tages  of r eac t ion  a n d  SO2 dif- 
fuses  d o w n  the  pores  to the  ox ide /me ta l  in ter face ,  w h e r e  
t he  o x y g e n  ac t iv i ty  is low e n o u g h  so t h a t  n i cke l  sulf ide is 
t h e r m o d y n a m i c a l l y  s table .  Nicke l  sulf ide t h e n  fo rms  as a 
t h i n  layer  b e t w e e n  the  m e t a l  a n d  ox ide  a n d  also g rows  
in to  t he  pores  of  the  oxide.  A n e t w o r k  of i n t e r c o n n e c t e d  
sul f ides  fo rms  in t h e  ox ide  m a t r i x  a n d  ac ts  as r ap id  diffu- 
s ion p a t h s  for n icke l  to the  scale/gas  in terface .  These  
r ap id  d i f fus ion  pa ths  a c c o u n t  for t he  fas te r  r eac t i on  ra tes  
in  SO2 t h a n  in  02. At  the  scale/gas in ter face ,  t h e  fo l lowing  
r eac t i on  occu r s  

7Ni + 2SO2 = 4NiO + Ni3S2 [1] 
Scale  g r o w t h  is ini t ia l ly  l inear ,  i n d i c a t i n g  t h a t  a sur face  
s tep  is ra te  cont ro l l ing .  However ,  d u r i n g  the  la te r  s tages  
of  reac t ion ,  scale  g r o w t h  obeys  an  a p p a r e n t  pa rabo l i c  ra te  
law, s ince  d i f fus ion  of  n icke l  o u t w a r d  is p r imar i l y  ra te  
cont ro l l ing .  

O the r  i nves t iga to r s  have  r e p o r t e d  t h a t  coba l t  r eac t s  
w i t h  SO2 s imi la r ly  to n icke l  (3-10). However ,  t h e r e  are still 
m a n y  q u e s t i o n s  a b o u t  t he  de ta i l s  of t he  r eac t i on  m e c h a -  
n i sm.  A m o n g  the  ear l ies t  i nves t i ga t i ons  is t h a t  of K o n e v  
et al. (4), w h o  e x p o s e d  n icke l  a n d  coba l t  to CO2 a n d  SO2 
m i x t u r e s .  Fo r  n ickel ,  an  ou te r  layer  of  NiO a n d  a n  i n n e r  
l ayer  of  Ni3S~ were  de tec ted .  However ,  for  coba l t  on ly  
CoO was  de tec ted .  A lcock  et al. (5) e x p o s e d  coba l t  at  
688~ to 2SO2:1 O2 s t r e a m s  for  2h. They  o b s e r v e d  the  
m e t a l  w i t h  a t h i n  layer  of  CoS, fo l lowed b y  a t h i c k  layer  
of  CoO, fo l lowed  b y  a t h i n  layer  of COSO4. More  recent ly ,  
S i n g h  a n d  B i rks  (6) h a v e  s t ud i ed  coba l t  co r ros ion  in  SO2- 
a r g o n  m i x t u r e s  f rom 500 ~ to 900~ They  o b s e r v e d  a t h i n  
su l f ide  layer  (Co9S8) ad j acen t  to t he  me ta l  fo l lowed  b y  a 
m i x e d  o~tide-sulfide layer  (CoO-CogSs), a n d  t h e y  pro- 
p o s e d  t h a t  t he  i n n e r  sulf ide layer  fo rms  b y  p e n e t r a t i o n  of 
SO2 in to  a p o r o u s  ox ide  layer,  a m e c h a n i s m  s imi la r  to t h a t  
o b s e r v e d  for nickel .  H o l t h e  a n d  Kofs t ad  (7) h a v e  also 
s t u d i e d  coba l t  co r ros ion  in SOs f rom 800 ~ to 1000~ at  10, 
100, a n d  760 torr.  They  also see  d u p l e x  scales  of  ox ides  

*Electrochemical Society Active Member. 
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a n d  sulfides.  A l t h o u g h  t e s t s  for  su l fa te  are inconc lus ive ,  
t h e y  sugges t  t h a t  a ve ry  t h i n  layer  of  su l fa te  m a y  fo rm on 
the  ox ide  surface.  G e s m u n d o  a n d  D e A s m u n d i s  (8) h a v e  
s t ud i ed  coba l t  co r ros ion  in  1 a t m  SO2 f rom 450 ~ to 1200~ 
At  600 ~ a n d  700~ t h e y  r e p o r t  a p p r o x i m a t e  pa rabo l i c  ki- 
ne t i cs  w i th  i n c r e a s i n g  dev ia t ions  at  h i g h e r  t e m p e r a t u r e s .  
Final ly ,  Gi l lot  a n d  G a m i e r  (9) h a v e  e x a m i n e d  coba l t  cor- 
ros ion  in SO2 f rom 450 ~ to 1200~ at  va r ious  SO2 pres-  
sures.  Genera l ly ,  at  low t e m p e r a t u r e s  t h e y  see pa rabo l i c  
k ine t i c s  a n d  at  h i g h e r  t e m p e r a t u r e s  l inear  k ine t ics .  In  
s u m m a r y ,  p r e v i o u s  i nves t iga to r s  agree  t h a t  t he  r eac t i on  
of  coba l t  a n d  SO2 leads  p r imar i ly  to coba l t  sul f ide  a n d  
coba l t  oxide.  However ,  t he  k ine t i c s  of  t he  r eac t i on  are 
still  no t  clear.  

In  th i s  work,  m e a s u r e m e n t s  were  t a k e n  f rom 650 ~ to 
800~ b e l o w  the  coba l t - su l fu r  eutect ic .  P a r t i c u l a r  a t ten-  
t ion  was pa id  to the  t ime  d e p e n d e n c e  of  scale  g r o w t h  in 
o rde r  to d e t e r m i n e  w h i c h  s tep  is ra te  l imi t ing  a n d  to un-  
d e r s t a n d  the  m e c h a n i s m  of  th i s  react ion.  

Experimental 

High  pu r i t y  (99.999% pure)  coba l t  shee t  was  o b t a i n e d  
f rom J o h n s o n  M a t t h e y  Chemica l s ,  L imi ted .  Metal l ic  im- 
pur i t i e s  de t ec t ed  were  Si a t  3 p p m  a n d  A1, Ca, Cu, Fe, Mg, 
a n d  Ag (each) < 1 ppm.  Th i s  shee t  was  cu t  in to  r ec t angu -  
lar  s p e c i m e n s  r o u g h l y  15 • 10 x 1 ram.  All s a m p l e s  we re  
g r o u n d  to 600 gr i t  on  SiC papers .  Most  of t he  s a m p l e s  
were  f u r t h e r  po l i shed  to 0.05 tzm on a l u m i n a  wheels .  Th i s  
final p o l i s h i n g  s tep  h a d  no  m a j o r  effect  on  t he  k ine t i c s  of 
t he  r eac t i on  or m o r p h o l o g y  of  the  p r o d u c t  layer.  How-  
ever,  0.05 ~ m  po l i sh ing  d id  give b e t t e r  r e p r o d u c i b i l i t y  be- 
t w e e n  runs ,  pa r t i cu la r ly  at  t he  lower  t e m p e r a t u r e s .  Af te r  
po l i sh ing ,  s a m p l e  d i m e n s i o n s  we re  m e a s u r e d ,  a n d  t he  
s a m p l e  was  c l eaned  in xy l enes  a n d  acetone.  

A d i a g r a m  of  t he  e x p e r i m e n t a l  a p p a r a t u s  is s h o w n  in 
Fig. 1. Weigh t  ga ins  were  m e a s u r e d  w i th  a Sa r to r ious  
Mode l  4104 ba lance ,  w h i c h  h a d  an  a c c u r a c y  of  -+0.06 
m g / c m  2 in  th i s  sys tem.  The  o u t p u t  of t he  b a l a n c e  was  
c o n n e c t e d  to a m i c r o p r o c e s s o r  w i th  a c rys ta l  c o n t r o l l e d  
c lock  w h i c h  was  se t  to  t r a n s m i t  w e i g h t  ga ins  to  a p r i n t e r  
at  1 m i n  in tervals .  T h e  s a m p l e  was  h e a t e d  by  a H o s k i n s  
al loy w o u n d  furnace ,  con t ro l l ed  to +-I~ by  an  ECS  Mode l  
6823 control ler .  This  f u rnace  was  m o u n t e d  on  t r acks  for 
ease  in  l oad ing  a n d  r e m o v i n g  t h e  sample .  Su l fu r  d iox ide-  
a r g o n  gas  m i x t u r e s  e n t e r  f rom the  b o t t o m  of  t he  qua r t z  
r eac t i on  tube .  Note  t he  p r e s e n c e  of  a p o r o u s  a l u m i n a  ce- 
r amic  d i rec t ly  be low the  s a m p l e  to b r i n g  the  t e m p e r a t u r e  
of  t he  r eac t i on  gas u p  to t h a t  of  t he  sample .  In  o rde r  to 
p r e v e n t  t he  ho t  su l fu r  d iox ide  f rom e n t e r i n g  t he  b a l a n c e  
m e c h a n i s m ,  a c o u n t e r s t r e a m  of a r g o n  was  p a s s e d  
t h r o u g h  t he  top  of t he  ba lance .  All  gases  were  d r i ed  over  
Drier i te ;  a r g o n  was  also d e o x y g e n a t e d  over  B A S F  c o p p e r  
ca ta lys t  (150~176 or t i t a n i u m  s p o n g e  (700~ F low 
ra tes  we re  con t ro l l ed  a n d  m o n i t o r e d  w i t h  Ty lan  M o d e l  
FC-260 m a s s  flow cont ro l le rs .  

1 1 8 2  
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Fig. 1. Schematic of experimental apparatus 

One  c o n c e r n  w i th  th i s  t y p e  of a p p a r a t u s  is t he  poss ib i l -  
i ty  of  f o r m i n g  a t h i n  ox ide  layer  d u r i n g  s p e c i m e n  load ing  
a n d  t h e r m a l  equ i l ib ra t ion .  In  o rde r  to avo id  this ,  t h e  fol- 
l o w i n g  p r o c e d u r e  was  employed .  Wi th  t h e  f u r n a c e  at  
r o o m  t e m p e r a t u r e ,  t he  s a m p l e  was  l o a d e d  in to  t he  reac- 
t i on  tube .  Next ,  t h e  s y s t e m  was  e v a c u a t e d  to b e t t e r  t h a n  
0.02 to r r  a n d  backf i l l ed  w i th  a 5% H J A r  mix tu re .  Th i s  
m i x t u r e  was  p a s s e d  over  t he  s a m p l e  d u r i n g  f u r n a c e  

hea t -up .  Af ter  a b o u t  1/2h, t h e  fu rnace  was  s l id  ove r  t he  
s a m p l e  a n d  a l lowed to c o m e  to t h e r m a l  e q u i l i b r i u m  for 
a b o u t  2h. T h e n  t he  flow of H J A r  was  s t o p p e d  a n d  t he  
s y s t e m  f lushed  w i t h  ge t t e r ed  a rgon  for severa l  m inu t e s .  
Af ter  this ,  t h e  flow of  a rgon  was  s t o p p e d  a n d  t he  SO2- 
a r g o n  m i x t u r e  a d m i t t e d  to b e g i n  a run.  

Af te r  a run ,  t he  fu rnace  was  l owered  a n d  t he  s p e c i m e n  
rap id ly  cooled.  The  r eac t ion  gases  were  s t o p p e d  a n d  re- 
p l a c e d  w i t h  a s t r e a m  of  ge t t e r ed  argon.  W h e n  t he  fu rnace  
h a d  coo led  to r o o m  t e m p e r a t u r e ,  t he  s a m p l e  was  r e m o v e d  
f rom the  r eac t ion  tube .  P h a s e s  p r e s e n t  were  d e t e r m i n e d  
w i t h  x-ray d i f f rac t ion  a n d  scale m o r p h o l o g y  e x a m i n e d  
w i t h  a s c a n n i n g  e l ec t ron  mic roscope .  In  o rde r  to e x a m i n e  
scale  c ross  sec t ions ,  a - 1  m m  t h i c k  layer  of c o p p e r  was  
e l e c t r o p l a t e d  on  the  s a m p l e  f rom a c o p p e r  su l fa te  solu- 
t ion.  T h e  p l a t e d  s a m p l e  was  m o u n t e d  a n d  p o l i s h e d  to 1 
/~m w i t h  d i a m o n d  paste .  S a m p l e s  h a d  to be  ve ry  gen t ly  
p o l i s h e d  to avo id  s e p a r a t i o n  at  t he  sca le /meta l  in ter face .  

Results 
Figu re s  2 t h r o u g h  5 s h o w  k ine t i c  r e su l t s  for 650 ~ 700 ~ 

750 ~ a n d  800~ Six  to e igh t  r u n s  were  p e r f o r m e d  at  e ach  
t e m p e r a t u r e ;  t he  ra te  c o n s t a n t s  a n d  final w e i g h t  ga ins  
ag reed  to -+10%. F low ra tes  were  c h o s e n  so t h a t  ga s -phase  
d i f fus ion  was no t  ra te  l imi t ing  (11). Fo r  each  t e m p e r a t u r e ,  
e x p e r i m e n t s  were  d o n e  at  l inear  flow ra tes  of 40.7 
a n d  61.1 c m / m i n  at  STP.  T h e s e  h a d  l i t t le  i n f l uence  on  t he  
r e a c t i o n  rates .  

The  t h r e e  lower  t e m p e r a t u r e  r eac t i ons  e x h i b i t  para-  
bol ic  r eg ions  of d i f fe ren t  dura t ion .  At  650~ t he  s a m p l e  
reac t s  r ap id ly  for the  first 5 r a in  and  t h e n  reac t s  accord-  
ing  to a s low pa rabo l i c  ra te  for t he  n e x t  2h. At  700 ~ a n d  
750~ t he  s a m p l e  fol lows a pa rabo l i c  ra te  f rom the  beg in-  
n i n g  of t he  reac t ion ,  w i th  ra te  c o n s t a n t s  of 2.91 _+ 0.31 a n d  
7.18 -+ 0.44 mg2/cm4-min, respec t ive ly .  Th i s  is s h o w n  in  
Fig. 4. No te  t h a t  af ter  30 m i n  at  700~ a n d  60 ra in  at  750~ 
t he  pa rabo l i c  ra tes  t e n d  to decrease .  At  800~ t he  s a m p l e  
reac t s  r ap id ly  a c c o r d i n g  to a l inea r  ra te  law (KL = 1.2 -+ 0.1 
mg/cm2-min)  for a b o u t  30 rain.  Af ter  this ,  t h e  s a m p l e  re- 
acts  qu i t e  slowly. 

All four  t e m p e r a t u r e s  p r o d u c e d  t he  s ame  p r o d u c t  
phases :  CoO-Co,Ss-CoS. S o m e  inves t iga to r s  h a v e  re- 
p o r t e d  on ly  CoO a n d  Co~$8 (6, 8, 9). I t  is pos s ib l e  t h a t  in  
t he i r  cases  CoS d e c o m p o s e d  on  cooling,  s ince  i t  is uns t a -  
b le  b e l o w  460~ S a m p l e s  r u n  at e ach  t e m p e r a t u r e  were  
c h e c k e d  for  su l fa te  w i th  x-ray d i f f rac t ion  a n d  a m e t h o d  
b a s e d  on  t he  h i g h e r  so lub i l i ty  of  COSO4 in  w a t e r  t h a n  co- 
ba l t  sul f ides  a n d  ox ides  (12). The  s amp le s  were  p l a c e d  in 
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Fig. 3. Reaction of cobalt with 
SO~ at 700  ~ and 750~ 

J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  May 1984 

04 
E (..3 
E~ 
E 

v 

<~ 
LLI 
n." 
,q: 

I-- 
z 

z 
< 
(_9 

F 

I I I I I I I 1 I I I | 

: 5 2 w  P S 0 2 = O . I  

& & &  ~a II ql 
,,-~ .,~ & & & & t l  ~l 9 III I  

h.6, A ̂  ~ 9. x~ 

2 0  ,-o~, - -  
, C o a x  x 

j $ & o  x x 
o O x  

1 6  - -  . ~ e , ,  

^ ~  o~ ..^zszs~ / - f U U  L, 
I Cx o . ~ A  ^ ^ -  . 

~ L _ _  ~,  .~y,X~ ~ L i n e a r  F l o w  R a t e s  _ _  
u - -  9" x~," ~,~l ~,~,,~" ,', ,o 6 I . I  c m / m i n  
4FE~ t  x 4 0 . 7 c m / m i n  

I , ,  
O&, ~ I I I I I I I I I I I 

0 2 0  4 0  6 0  8 0  I 0 0  120 

T I M E  (rain) 

Fig. 4. Parabolic plot of Fig. 3 

E 
0 

~\  600 
c~ 
E 

5 0 0  oJ 
<~ 
Ld a: 4 0 0  
<[ 

500  

\ 200  
Z 

tO0 

0 

I I I I I I I I I 

Psoz=O.I atm xX x x__x 
x 

x X 

x x x x  

x X 
x 

x X x  

- -  - -  ~ o  o ~ o o . . . . . . . .  750~ Kp=718 +0 .44 - -  

- ' 

] I I I I I I I 
I0 2 0  30  4 0  50 6 0  70 80  90  I00  

TIME (min) 

5 ml  d is t i l led  wa te r  for severa l  m i n u t e s  a n d  the  w a t e r  was  
c h e c k e d  for  coba l t  ca t ions  w i t h  a n  a tomic  a b s o r p t i o n  
s p e c t r o m e t e r .  The  c o n c e n t r a t i o n  of coba l t  ca t ions  for  all 
s a m p l e s  was less t h a n  1 ppm,  w h i c h  is t he  l imi t  of resolu-  
t ion  of  t he  i n s t r u m e n t .  Th i s  i nd ica t e s  t h a t  i f  a su l fa te  
layer  is p resen t ,  i t  is less t h a n  100s th ick .  

The  m o r p h o l o g y  of t he  r eac t ion  p r o d u c t  va r i ed  w i t h  
t e m p e r a t u r e .  The  m o r p h o l o g y  of  the  r eac t ion  p r o d u c t  
f o r m e d  at  650~ is s h o w n  in Fig. 6-10. The  i n n e r  scale  con-  
s i s t ed  of  a fine d i s t r i b u t i o n  of sulf ide in ox ide  m a t r i x  
(Fig. 6 a n d  8). Th i s  i n n e r  scale  grew d u r i n g  t he  first few 
m i n u t e s  of  reac t ion .  T he  ou t e r  scale c o n s i s t e d  of  l a rger  
sul f ide  r eg ions  in the  ox ide  mat r ix ,  w h i c h  is also s h o w n  
in Fig. 8. T h e r e  is no  c lear  e v i d e n c e  of an  i n n e r  p u r e  
sulf ide  layer  a d j a c e n t  to the  metal .  However ,  t he  sulf ide 
layer  m a y  be  ve ry  t h i n  or los t  due  to p r o b l e m s  w i t h  
sca le /me ta l  s epa ra t i on  at  th i s  t e m p e r a t u r e .  

At  700 ~ 750 ~ a n d  800~ a m o r p h o l o g y  s imi la r  to t h a t  for 
n icke l  a t  600~ is obse rved .  T h e r e  is a t h i n  sulf ide b a n d  
a d j a c e n t  to t he  metal ,  fo l lowed by  a d u p l e x  su l f ide-oxide  
layer. This  m o r p h o l o g y  d e v e l o p s  w i th  the  first few rain-  

utes of reaction. Figure 11 shows a cross section of a 
sample run at 750~ for 2h. The darker areas are the 
sulfide and the gray area is the oxide matrix. The sample 
consists of a -I #m thick sulfide layer adjacent to the 
metal followed by an oxide matrix with a fairly even dis- 
tribution of sulfide. This sulfide band and sulfide distri- 
bution were evident in samples run at the three higher 
temperatures. Four point resistivity measurements gave 
very low values (~0.5 ~-cm), indicating that the sulfides 
are interconnected. Sulfides have a higher electrical con- 
ductivity than oxides and therefore an interconnected 
sulfide structure should give these low resistivity values. 

Discussion 
F i g u r e  12 shows  t he  coba l t  s tab i l i ty  d i a g r a m  as a func-  

t ion  of  o x y g e n  a n d  su l fu r  po t en t i a l s  a t  650~ (13, 14). Also 
s h o w n  is a l ine  i n d i c a t i n g  the  su l fu r  a n d  o x y g e n  po ten-  
t ials  due  to SO~ dissocia t ion .  It  is l ikely t h a t  t he  o x y g e n  
c o n t e n t  of  t he  s y s t e m  is 1 p p m  or h igher ,  d u e  to t h e  
m a n u f a c t u r e r ' s  r e p o r t e d  o x y g e n  i m p u r i t i e s  in  t h e  reac- 
t ion  gas. F i g u r e  12 shows  t h a t  u n d e r  0.1 a t m  SO~ a n d  1 



Vol. 131, No. 5 R E A C T I O N  O F  C O B A L T  1185 

04 
E 

60 

5 0  
<[ 

L~ 4 0  rr  
<[ 

I-- 5 0  
Z 

\ 2 0  
Z 
<[ 

I0  

0 
0 

I I I I I I I I I 

T =800~ 

Psoz = 0.1 atm 

O0000  O0 O 0 0 0 0 0  O0 O0 0 0 0 0 0 0 0 0 0  O O0 

o O _ ~  " 

o8~ ~ J.  
~ x  Linear Flow Rates 

o 61.1 cm/min  
I 

e/" KL= 1.20-+0.10 x,= 4-0.7 cm/min  :/, - 

I f I I I f I I 
I0 2 0  5 0  4 0  50  6 0  70  8 0  9 0  I 0 0  

T I M E  (m in )  

Fig. 5. Reaction of cobalt with 
SOs at 800~ 

Fig. 6. Surface of a sample reacted for 3 min in 10% SOs-argon at 
650~ The light areas ore the sulfide, the dark areas are the oxide. 

Fig. 8. Cross section of a sample reacted for 2h at 650~ for 2h. Note 
the fine distribution of sulfide in the oxide matrix at the bottom. This was 
closest to the metal. 

Fig. 7. Surface of a sample reacted for 5 min in I 0 %  SOs-argon at 
650~ There are less sulfides and those that remain have become 
larger. 

p p m  O~, coba l t  su l fa te  is t he  s t ab le  phase .  Th i s  is also t r ue  
at  700~ A s imi la r  s i t ua t ion  ex i s t s  for n i cke l  a t  600~ 
(1, 2). At  750 ~ a n d  800~ coba l t  ox ide  is s t ab le  u n d e r  0.1 
a t m  SO~ a n d  1 p p m  O~. As  i n d i c a t e d  in  Fig. 12, coba l t  
su l f ide  is t h e r m o d y n a m i c a l l y  s t ab le  at  t he  o x y g e n  po ten-  
t ial  t h a t  m u s t  ex i s t  n e a r  t he  sca le /meta l  in te r face .  

T h e  a c c e p t e d  t h e o r y  of  f o r m a t i o n  of  a n  i n n e r  sul f ide  
layer  (1, 2, 6) is b a s e d  o n  t he  in i t ia l  f o r m a t i o n  of  a p o r o u s  

Fig. 9. Sulfur map of Fig. 8. Note the sulfide flames projecting into 
the gas phase. 

m e t a l  oxide.  SO2 p e n e t r a t e s  th i s  ox ide  t h r o u g h  t he  
m i c r o p o r e s  a n d  reac t s  to fo rm sulf ide at  the  o x i d e / m e t a l  
in t e r face  w h e r e  t h e  o x y g e n  p o t e n t i a l  is low. Th i s  p roce s s  
ve ry  l ike ly  occurs  in  the  r eac t i on  of coba l t  a n d  SOs, s ince  
t h e  i n n e r  sulf ide layer  fo rms  in t h e  first few m i n u t e s  of  
reac t ion .  However ,  it is still  n o t  c lear  h o w  sulf ide  f o r m s  
at  or n e a r  t h e  scale/gas in ter face .  S o m e  inves t i ga to r s  h a v e  
p r o p o s e d  t h a t  sul f ide  fo rms  v ia  a su l fa te  i n t e r m e d i a t e ,  
w h i c h  ex i s t s  at  t h e  scale/gas  in t e r f ace  (15). However ,  sul- 
fa te  is s t ab le  on ly  at  t h e  lower  t e m p e r a t u r e s  (650 ~ a n d  
700~ a n d  a su l fa te  l ayer  h a s  no t  b e e n  de tec ted .  F i gu re s  8 
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Fig. 10. Oxygen map of Fig. 8 

layers ,  s u g g e s t i n g  t h a t  su l fur  m o v e s  i n w a r d  to fo rm CogSs 
a n d  coba l t  m o v e s  o u t w a r d  to fo rm CoS (16). F r o m  500 ~ to 
750~ coba l t  reac ts  w i th  su l fu r  v a p o r  a c c o r d i n g  to a para-  
bol ic  ra te  law (17). I t  has  b e e n  s u g g e s t e d  t h a t  the  diffu- 
s ion  o f  coba l t  o u t w a r d  is r a t e  l imi t ing  (18). B a s e d  on  this ,  
t he  d i f fus iv i ty  of coba l t  in  CoS can  be  ca lcula ted .  

In  a p r e v i o u s  p a p e r  (1), it was  s h o w n  t h a t  the  pa rabo l i c  
ra te  c o n s t a n t  is r e la ted  to t h e  me ta l  ion d i f fus iv i ty  by  the  
fo l lowing  e x p r e s s i o n  

~f 
kp = - 2  Dcocco ~-~ A in  aco [2] 

Here  kp is t h e  pa rabo l i c  ra te  c o n s t a n t  (g-cm-2-s-1), Dco is 
the  d i f fus ion  coeff ic ient  of  coba l t  in  CoS (cm2-s-'), Cco is 
the  c o n c e n t r a t i o n  of  coba l t  in  CoS (g-cm-~), f is t he  
v o l u m e  f rac t ion  of  CoS (f = 1 for a s ingle  phase) ,  a n d / 3  
a n d  7 are  c o n v e r s i o n  fac tors  w h i c h  re la te  the  e m e r g i n g  
flux of  coba l t  to w e i g h t  gain.  a is a fac to r  b a s e d  on  t he  
d i s t r i b u t i o n  of  sulfide. For  a s ingle  p h a s e  or  a n  e v e n l y  
d i s t r i b u t e d  p h a s e  in an  ox ide  mat r ix ,  a = 1; for i so la t ed  is- 
l ands  of  sulf ide in an  ox ide  mat r ix ,  a = 0; a n d  for a n  une-  
v e n  d i s t r i b u t i o n  of  sulf ide in  an  ox ide  mat r ix ,  1 > a > 0. 
E x p r e s s i o n  [2] can  be  app l i ed  to the  da ta  of  Mrowec  a n d  
Werbe r  (17) in  o rder  to ca lcu la te  Dc,,(CoS). U s i n g  t he  den-  
s i ty  of  CoS (19): B = 1.84, ~ = 0.52 cm~-g - ' ,  a n d  Cco= 3.53 
g -cm -3. T h e  coba l t  ac t iv i ty  d i f f e rence  can  b e  ca l cu la t ed  
f r o m  t h e  ac t iv i ty  at  the  CogSJCoS interface ,  w h i c h  is de- 
t e r m i n e d  by  

C__0_o + 8CoS = Co.~S~ [3] 

a n d  t h e  ac t iv i ty  at  the  scale/gas in terface ,  w h i c h  is deter-  
m i n e d  b y  

C_9_o + 1/2 $2 (g) = CoS [4] 

Fig. 11. Cross section of a sample reacted for 2h at 750~ The sul- 
fide is the darker area. 

to 10 s h o w  a cross  sec t ion  of  a s a m p l e  r eac t ed  at  650~ 
a n d  t he  large  sulf ide f lames  t h a t  p ro jec t  in to  t h e  gas 
phase .  Thus ,  one  m u s t  c o n c l u d e  t h a t  the  scale  does  no t  
equ i l i b r a t e  w i th  t he  gas. 

Be fo re  d i s c u s s i n g  t he  k ine t i c s  of the  r eac t ion  of  coba l t  
a n d  SO2, i t  is n e c e s s a r y  to e x a m i n e  p r e v i o u s  w o r k  on  co- 
ba l t  su l f ida t ion  (16-18). W h e n  coba l t  r eac t s  w i t h  1 a t m  
su l fu r  vapor ,  a n  i n n e r  Co~Ss layer  fo rms  a n d  a n  o u t e r  CoS 
layer  forms.  I n e r t  m a r k e r s  are o b s e r v e d  b e t w e e n  t h e  two  

t 'X,I 03 

0 
I 

0 

I0 

20 

CoS2 

CoSI+ x 

Co9S 8 

Co 

T=650o c 

~ 0 . 1  otto SOz 
/ ~rl'OatmSOz 

\ ~ ,  CoSO 4 

CoO ~ \ \  \\+'L Ippm 

30 __________L 
30 20 I 0  0 

- log Po2 
Fig. 12, Stability diagram of cobalt in a sulfur-oxygen atmosphere at 

650~ 

Table  I l is ts  t h e  va lues  of Dco(CoS) at  e ach  of  t h e  t e m p e r -  
a tu res  u s e d  in th i s  s tudy.  Also  s h o w n  are Dco(CoO) in 1 
a t m  o x y g e n  (20) w h i c h  are severa l  o rders  of  m a g n i t u d e  
lower  t h a n  Dco(CoS). T h e  va lues  of  Dco(CoO) are  for  diffu- 
s ion in a s ingle  crystal ;  howeve r ,  t hey  are w i t h i n  10% of  
t hose  ca l cu l a t ed  f rom o x i d a t i o n  of po lyc rys t a l l ine  speci-  
m e n s  (21). G i v e n  th i s  k ine t i c  b a c k g r o u n d ,  t h e  e x p e r i m e n -  
tal  r e su l t s  for the  r eac t i on  of coba l t  in  sulf idizing- 
ox id iz ing  e n v i r o n m e n t s  can  be  d i scussed .  

C o n s i d e r  first t h e  r eac t ion  of coba l t  w i t h  SO~ at 700 ~ 
a n d  750~ As m e n t i o n e d ,  c o n d u c t i v i t y  m e a s u r e m e n t s  in- 
d ica te  the  sul f ides  are  i n t e r c o n n e c t e d  a n d  fair ly  e v e n l y  
d i s t r i b u t e d  (Fig. 11 a n d  13) in  t h e  ox ide  mat r ix .  Thus ,  
Eq. [2] c an  be  app l i ed  a n d  the  d i f fus iv i ty  of  coba l t  in  CoS 
can  be  ca l cu la t ed  f rom t h e  m e a s u r e d  pa rabo l i c  ra te  con-  
s tants .  T h e s e  d i f fus iv i t i es  c an  t h e n  be  c o m p a r e d  to t h o s e  
ca l cu la t ed  f rom t h e  da ta  of  M r o w e c  a n d  W e r b e r  (17). To 
app ly  Eq. [2] to t h e  da ta  p r e s e n t e d  here :  a = 1,/3 = 2.76, 
a n d  ~ = 0.62 cm~-g -1. T h e  v o l u m e  f rac t ion  o f  su l f ide  was  
e s t i m a t e d  b y  p lac ing  a gr id  over  Fig. 13 a n d  d e t e r m i n i n g  
w h a t  f r ac t ion  of  t h e  area was  o c c u p i e d  b y  sulfide.  This  
gave  a v a l u e  of  0.40, w h i c h  was  in  a g r e e m e n t  w i t h  t he  
va lue  of  0.42 o b t a i n e d  f rom t h e  s t o i c h i o m e t r y  of  t he  
r eac t i on  

3C__o_o + SO~ = CoS + 2CoO [5] 

T h e  c h a n g e  in coba l t  ac t iv i ty  c an  b e  e s t i m a t e d  by  t he  
d i f f e rence  b e t w e e n  t h e  coba l t  ac t iv i ty  at  the  Co,~Ss/CoS in- 
t e r face  a n d  the  coba l t  ac t iv i ty  at  t h e  gas/scale  in ter face ,  

Table I. Diffusivities of cobalt in CoO and CoS 

Dco(COS) 

Temperature Dco(COO)  Calculated from 
~ Ref. (20) Ref. (17) This work 

650 1.45 x 10 -'1 3.9 • 10 -9 
700 3.82 • ~0 -,~ 9.8 • 10-~ s  f C  ~- 
750 9.15 x 10 -11 2.7 • 10 -8 4.2 • 10 -s 
800 2.02 x I 0  -~~ 4.6 • 10 -8 . . . . . .  
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which is set by Eq. [5]. The values of Dco(CoS) calculated 
from the reaction of cobalt and SO2 are listed in Table I. 
The agreement with the values calculated from Mrowec 
and Werber's sulfidation data is reasonable, indicating 
that under these conditions the diffusion of cobalt out- 
ward through the interconnected sulfides is primarily 
rate limiting. 

It is important  to recognize that the reaction cannot be 
entirely diffusion controlled. This is because the scale 
does not equilibrate with the gas, i.e., sulfide is observed 
at the scale surface and this means a substantial change 
in sulfur activity at the gas/scale interface. The reaction 
probably undergoes mixed control, with diffusion being 
the major contributer to the rate and a surface step being 
the minor contributer. This explanation also accounts for 
some of the differences in the diffusivities calculated 
from sulfidation and those calculated from 
sulfidation-oxidation. 

As mentioned previously, both the 700 ~ and 750~ para- 
bolic plots (Fig. 4) show slower parabolic rates after 30 
and 60 rain, respectively. This is very likely due to a 
changing sulfide distribution in the oxide matrix as 
shown in Fig. 13 and 14. Figure 13 shows a portion of the 
scale which grew during the first hour at 750~ Note the 
fairly even distribution of sulfide, indicating a = 1. Fig- 
ure 14 shows a portion of the scale which grew after lh; 
the sulfide is now unevenly distributed, containing sul- 
fide regions connected by constricted sulfide channels. 
Now a < 1 which results in a slower parabolic rate. 

This change in reaction rates due to a change in sulfide 
distribution is also evident at 650~ Figure 2 show the re- 
action is quite rapid for the first 5 rain and then slows 
down for the next 2h. During the first 3 rain of reaction, a 
microstructure develops with many sulfides poking out 
of the oxide matrix into the gas phase (Fig. 6). These 
many available transport paths account for the rapid rate 
observed at the start of the reaction. After 5 min of reac- 
tion, the scale surface contains less sulfides and those 

Fig. 13. Inner portion of duplex region of a sample reacted at 750~ 
for 2h. Note the even sulfide distribution (darker region). 

Fig. 15. Underside of a scale formed in 2h at 800~ This is an oxide 
matrix and the voids are areas where there was once sulfide. 

that remain grow-larger (Fig. 7). A cross section (Fig. 8) 
suggests that the larger regions of sulfide are connected 
by constricted areas of sulfide. These two factors, the 
smaller amount of sulfide and the constrictions in the in- 
terconnected network, may limit cobalt ion diffusion out- 
ward and result in a slower rate. 

At 800~ the reaction initially shows a rapid linear rate 
and then slows dramatically after about 40 min. The lin- 
ear rates suggest that cobalt diffusion outward is so rapid 
that an interfacial reaction, presumably SO2 dissociation, 
becomes rate limiting. The latter reaction stage is more 
difficult to interpret. When a sample which had reacted 
for 2h at 800~ was cooled, the scale separated at the 
sulfide layer-duplex layer interface. Figure 15 shows the 
portion of the duplex layer which was adjacent to  the 
sulfide layer. Note there are voids where there were once 
sulfides, only the oxide matrix is visible. It is possible 
that void formation causes a decrease in scale/metal con- 
tact area, which slows the reaction. 

Conclusions 
In the reaction of cobalt with SO2 at 650~176 the 

rapid diffusion of cobalt outward through an intercon- 
nected sulfide phase is important. The different kinetic 
behavior observed in this temperature range is due both 
to the increasing diffusivity of cobalt and differing 
morphologies of the product phase. At 650~ the rates are 
initially rapid due to many available sulfide channels. 
After about 5 min, the rates decrease due to a decreased 
number  of sulfide channels. At 700 ~ and 750~ diffusion 
of cobalt through these sulfides is primarily rate limiting 
and the calculated Dco(CoS) calculated compare favorably 
with those calculated from a previous sulfidation study. 
At 800~ diffusion through the sulfides is so fast that an 
interfacial step becomes rate limiting. 
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RF Recrystallization of Polycrystalline Silicon on Fused Silica for 
MOSFET Devices 

Y. Kobayashi, A. Fukami, and T. Suzuki 
Hitachi, Limited ~, Hitachi Research Laboratory, Hitachi, Ibaraki 319-12, Japan 

ABSTRACT 

A new zone melting recrystallization method that uses an RF-heated carbon susceptor in fabrication of silicon on in- 
sulator (SOI) structures has been developed. A fused silica substrate, on which a 0.5-1.0/~m thick polycrystalline silicon 
film had been deposited, was encapsulated with a 1.2/~m thick CVD-SiO= layer. This was moved across the carbon sus- 
ceptor, which had a narrow high temperature zone. The continuous silicon films that were recrystallized had grains sev- 
eral tenths to a few millimeters wide, a few centimeters long, and a film orientation of (100). The electron mobility of  
MOSFET's  fabricated on the films was about 700-1000 cm2/Vs, which was higher than that of (100) orientated bulk 
single-crystal silicon. However, as some cracks occurred in the film, it was formed as islands and then the islands were 
recrystallized. This recrystallized silicon was a single crystal with an orientation of (111) and showed no cracks. The elec- 
tron field effect mobility of the islands was about 300-600 cm=/Vs, which was smaller than that of the recrystallized con- 
tinuous film because of the (111) orientation. In order to obtain silicon without cracks and with an orientation of (100), a 
method that connected the polycrystalline silicon islands with narrow strips was proposed based on a thermal connec- 
tion of silicon. 

Silicon on insulator (SOI) structures offer many advan- 
tages for display devices such as active liquid crystal 
displays, for high speed integrated circuits and for three- 
dimensional circuits. The structures are produced by 
melt regrowth methods using laser beams (1, 2), electron 
beams (3-5), and incoherent energy sources such as strip 
carbon heaters (6-8) and arc lamps (9, 10). The laser and 
electron beam recrystallization methods have the poten- 
tial to produce three-dimensional circuits, but have a 
small throughput. On the other hand, zone melting 
recrystallization using incoherent energy sources is not 
suitable for three-dimensional circuits because the entire 
wafer must be heated. However, a high quality silicon 
layer can be obtained, without seeding, as can high 
throughput  (6-11). Therefore, this method is suitable for 
manufacturing very high speed circuits and display de- 
vices. 

In the zone melting recrystallization method, tempera- 
ture control in the melted silicon region and its proper 
distribution are necessary to prevent agglomeration of the 
melted silicon and to obtain a good surface uniformity. 

The authors have developed a novel zone melting re- 
growth method using an RF-heated carbon susceptor, in 
which temperature and shape of the melted zone can be 
easily observed and controlled (11). This article describes 
the method and the results obtained while investigating 
the quality of the recrystallized silicon films produced. 

RE-Heated Zone Melting Regrowth Method 
(RF-ZMR Method) 

Figure 1 shows the recrystallization method. The upper 
figure (a) is a cross-sectional view of the apparatus, and 
the  lower figure (b) is a schematic blowup of the wafer 
and carbon susceptor area. A 0.5-1.0 /~m thick poly- 

Key words: semiconductor, films, transistors. 
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Fig. 1. (a, top) Schematic diagram and (b, bottom) illustration of the 
zone melting recrystallization method. 
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crystalline silicon film was deposited by decomposit ion 
of monosilane (Sill4) on an optically polished, fused silica 
substrate. The silicon surface was then covered with a 1.2 
t~m thick layer of silicon dioxide by decomposit ion of 
tetraethoxysilane (Si(OC~Hs)4) at 760~ This wafer was 
moved across the carbon susceptor surface (speed: 0.1-2 
mm/s), which was RF-heated, and had the temperature 
distribution reproduced in Fig. lb. In the high tempera- 
ture region (1 or 2 mm wide), where the polycrystalline 
silicon was melted, a higher heat flow from the RF- 
heated carbon susceptor came into contact with samples. 
In the low temperature regions, the heat flow was par- 
tially shielded by fused silica or carbon thermal buffer 
plates. The temperature of the high temperature region, 
measured using an optical pyrometer, was about 1450~ 
100~ higher than that of other regions. Melting and re- 
growth took place in a nitrogen atmosphere which was 
evaporated from liquid nitrogen and was not passed 
through a purifier. The silicon layer was melted in the 
high temperature region and then, after moving on, was 
solidified to form a regrown layer. 

Figure 2 is a photograph, taken during recrystallization, 
of the melted silicon. The vertical dark bands were shad- 
ows produced by the work coil, while the large circular 
region was the wafer (diam = 50 mm). The central light- 
colored strip was the high temperature region, while the 
slightly darker narrow ellipse inside it was the melted sili- 
con region. The area of the melted silicon was probably 
darker than that of the surrounding unmelted silicon due 
to the lower emissivity of melted silicon as compared to 
unmelted silicon. The photograph demonstrated that the 
melted silicon could be easily observed and that re- 
crystallization conditions could be easily controlled. 

Character ist ics of the Recrystal l ized Silicon 
Figure 3 shows (a) an optical micrograph of an etched 

silicon surface after recrystallization and (b) its schematic. 
The etchant composition was HF:HNO3:CH.~COOH = 
1:50:50 (6). There were many elongated subgrains and 
cracks. The sizes of the subgrains were several tens of mi- 
crometers wide and several hundreds of micrometers 
long. All cracks were parallel or perpendicular. These 
crack patterns implied two things: (i) that the orientation 
of the recrystallized silicon was (100), because the direc- 
tion of the cracks was <110> for single-crystal silicon; 
and (it) that the subgrain boundaries were small angle 
grain boundaries, because the cracks were straight even 
when they crossed the subgrain boundaries. These points 
were studied in detail using transmission electron micros- 
copy (TEM). 

Figure 4 is a TEM of the recrystallized silicon. Three 
diffraction patterns which correspond to the indicated re- 
gion are also shown. Dislocations and subgrain bounda- 
ries could be observed. The diffraction patterns showed 
that orientations of the three regions were (100). All the 

Fig. 2. Photograph of the melted silicon region during recrystal- 
lization obtained by using an infrared transmitting glass filter. 

patterns had the same rotation angle within one degree or 
less, verifying the conclusion that the subgrain bounda- 
ries were small angle grain boundaries. 

Figure 5 is a magnified photograph of one diffraction 
pattern. The Kikuchi lines and bands could be clearly ob- 
served, indicating that the crystalline quality of the 
recrystallized silicon was high. Results of the TEM obser- 
vations corresponded to those observed for the etched sil- 
icon surface. 

Next, the subgrain boundary was studied using TEM. A 
subgrain boundary has been assumed to consist of an ar- 
ray of dislocations (8). Figure 6 is a 1000 keV TEM photo- 
graph of a subgrain boundary. Individual dislocations 
could be seen on the subgrain boundary; that is, the 
boundaries consisted of discrete dislocations. When the 
deviation of the orientation was estimated from the dis- 
tance between these dislocations, a value of about 0.6 deg 
was obtained. 

As shown in Fig. 7, an Al-gate n-channel MOSFET was 
fabricated on the recrystallized silicon, in order to investi- 
gate its electrical properties. The gate length and width 
were 20 and 723 t~m, respectively. The thickness of the 
gate oxide film was 1000A. 

Figure 8 shows electrical characteristics of (a) a 
MOSFET fabricated on recrystallized silicon and (b) a 
MOSFET fabricated on bulk single-crystal silicon using 
the same process as the SOI/MOSFET fabrication. Elec- 
tron mobility could be obtained from these characteris- 

Fig. 3. (a, left) Optical micro- 
graph of an etched silicon surface 
after recrystallization. (b, right) 
Schematic of the same optical 
microgroph. 
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Fig. 4. Transmission electron 
micrograph of a recrystallized sili- 
con layer, and diffraction patterns 
from each subgrain area. 

Fig. 5. Magnified photograph of a diffraction pattern 

tics. T h e  m a x i m u m  e l ec t ron  mob i l i t y  in  t h e  s a t u r a t e d  re- 
g ion  of  t h e  recrys ta l l i zed  s i l icon was  a b o u t  1020 cm2/Vs, 
whi l e  t h e  ave rage  va lue  was  a b o u t  860 cm2/Vs. On t he  
o the r  h a n d ,  t h e  e l ec t ron  mob i l i t y  of  b u l k  s i l i con  was  
a b o u t  600 cm~/Vs. Tha t  is, t h e  mob i l i t y  of  the  recrys ta l -  
l ized s i l icon was  a b o u t  1.4 t i m e s  t h a t  of t h e  b u l k  si l icon.  
T h e  r e a s o n  for the  h i g h e r  e l ec t ron  mob i l i t y  o b s e r v e d  in 
t h e  rec rys ta l l i zed  s i l icon was  t ens i l e  s t ress  in  t h e  s i l icon 
due  to a d i f fe rence  in t h e  t h e r m a l  e x p a n s i o n  coeff ic ients  
of fused  sil ica s u b s t r a t e  a n d  sil icon. The  t ens i l e  s t ress  in  a 
(100) s i l i con  p l ane  r e d u c e d  the  ef fec t ive  m a s s  of  an  elec- 
t ron,  w h i c h  i n c r e a s e d  e l ec t ron  mob i l i t y  (7, 11-13). 

These  e x p e r i m e n t a l  r e su l t s  d e s c r i b e d  a b o v e  ver i f ied  
t h a t  th i s  R F - Z M R  m e t h o d  p r o d u c e d  a h i g h  qua l i ty  re- 
c rys ta l l ized  s i l icon on  a fused  silica subs t ra te .  

Recrystal l izot ion of Polycrystal l ine Si l icon Islands 
In  s t r u c t u r e s  s u c h  as s i l icon on  fused  silica, c r a c k i n g  

c a u s e d  by  the  s t ress  in  the  recrys ta l l i zed  s i l icon is a seri- 
ous  p rob l em,  as p r ev ious ly  s h o w n  in  Fig. 3. F i g u r e  9a is a 
p h o t o g r a p h  of t h e  sur face  of a M O S F E T  f a b r i c a t e d  on  re- 
c rys ta l l ized  s i l icon h a v i n g  s o m e  cracks ,  wh i l e  Fig. 9b 

Fig. 6. 1000 kV transmission electron micrograph of a subgrain Fig. 7. Photograph of a MOSFET fabricated from recrystallized 
boundary, silicon. 
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Fig. 8. Electrical characteristics 
of MOSFET fabricated from (a, 
left) recrystallized silicon and (b, 
right) single-crystal bulk silicon. 

Fig. 9. (a, left) Photograph of o recrystallized silicon surface. (b, right) Electrical characteristics of a MOSFET having cracks. 

s h o w s  i ts  e lec t r ica l  charac te r i s t i cs .  The  cha rac t e r i s t i c s  of 
t he  dev ices  were  a b n o r m a l ,  i n d i c a t i n g  t he  n e c e s s i t y  of  
e l i m i n a t i n g  c racks  in t he  rec rys ta l l i zed  si l icon.  Therefore ,  
r e d u c t i o n  o f  s t ress  by  f o r m i n g  s i l icon i s l ands  (14, 15) was  
t r ied.  

T he  po lyc rys t a l l i ne  s i l icon film was  e t c h e d  w i th  a d ry  
e t c h i n g  t e c h n i q u e  to fo rm i s l ands  w i th  areas  f rom 5 x 5 

/~m 2 to 4 x 4 m m  2. S u b s e q u e n t  p roces se s  were  t h e  s ame  
as for t h e  c o n t i n u o u s  s i l icon d e s c r i b e d  above .  T h e  c r ack  
d e n s i t y  of  t h e  rec rys ta l l i zed  s i l icon was m e a s u r e d  af ter  
t h e  e n c a p s u l a t i n g  SiO2 layer  was  e t c h e d  off. 

As s h o w n  in Fig. 10, c r acks  d i s a p p e a r e d  w h e n  recrys ta l -  
l ized i s l ands  of po lycrys ta l l ine  s i l icon were  less  t h a n  250 
x 500/~m 2 in  size w h e n  s i l icon t h i c k n e s s  was  0.5/~m, a n d  

o,, 70 
I 

E 
E 60 

>- 50 
I-- 
U3 
z 40 
uJ 
0 

3O 

s 
< 20 r-r" 
U 

10 

0 

SILICON ISLAND 

k ~ = l . 0  pm 

0 ~ 0 ~ 0  •̂j. 
tsi --0.5 pm 

I ^ m l = ~  

lOf 1C)-2 ( mm 2 ) IcTf I 
I I I I ! ! 

25x25 50x50 250x250 500x500 1000x1000 100x100( ,pm x pm ) 

ISLAND AREA 

Fig. 10. Relationship between 
crack density and island area. 



1 1 9 2  J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  May 1984 

Fig. 11. SEM photograph of 
Sirtl-etched surface of recrystal- 
lized silicon island. 

w h e n  t he  i s l ands  were  less t h a n  50 • 100 t~m 2 in size w h e n  
the  s i l icon t h i c k n e s s  was  1 ~m. 

F igu re  11 shows  a SEM p h o t o g r a p h  of the  S i r t l - e t ched  
(16) s i l icon surface.  The  l ines  of  d a r k  do ts  were  e t ch  pits,  
c o r r e s p o n d i n g  to d is loca t ions .  T h e s e  i n d i c a t e d  t h a t  
r ec rys ta l l i zed  s i l icon i s l ands  h a d  some  s u b g r a i n  b o u n d a -  
r ies  c o n s i s t i n g  of  ar rays  of  d i sc re te  d is loca t ions ,  b u t  no  
gra in  bounda r i e s .  The i r  a b s e n c e  i n d i c a t e d  t h a t  the  re- 
c rys ta l l ized  s i l icon in an  i s l and  was  a s ingle  crystal .  T h e  
o r i e n t a t i o n  of  the  recrys ta l l i zed  s i l icon i s l ands  was  ob- 
s e r v e d  w i t h  a TEM t e c h n i q u e .  F i g u r e  12 s h o w s  a typ ica l  
d i f f rac t ion  p a t t e r n  for one  is land,  a n d  i nd i ca t e s  i ts  or ien-  
t a t i on  was (111). F igu re  13 s h o w s  an  opt ica l  m i c r o g r a p h  of  
the  s i l icon i s l and  sur face  w h i c h  was  w ide r  t h a n  t he  one  in 

Fig. 12. A typical diffraction pattern of the recrystallized silicon. 

w h i c h  no  c racks  occur red .  As s h o w n  in th i s  figure, t h e r e  
were  m a n y  c racks  a n d  t h e i r  a r r a n g e m e n t s  were  t h o s e  of 
equ i l a t e ra l  t r iangles .  Th i s  m e a n t  t h a t  the  o r i en t a t i on  of  
the  i s l and  was  (111), b e c a u s e  a c r ack  l ine was <110>.  Ori- 
e n t a t i o n s  of  all a n o t h e r  i s l ands  were  jus t i f i ed  by  the  ar- 
r a n g e m e n t s  of  the  cracks ,  a n d  were  (111). 

In  o rde r  to s t u d y  t h e  e lec t r ica l  p rope r t i e s  of  t h e  recrys-  
ta l l ized s i l icon i s lands ,  r ing  type,  Al-gate,  a n d  n -channe l ,  
M O S F E T ' s  were  f ab r i ca t ed  on  them.  T h e  t h i c k n e s s  of the  
gate  ox ide  film was  1200A. Ga te  l e n g t h  a n d  w i d t h  we re  20 
a n d  680 t~m, respec t ive ly .  F i g u r e  14 s h o w s  t h e  field ef fec t  
mob i l i t i e s  of  dev ices  w i t h  a d r a in  vo l tage  of  0.1V. T h e s e  
mob i l i t i e s  d e p e n d e d  on  t h e  t h r e s h o l d  vo l t ages  of  t h e  de- 
vices.  T h e  r e fe rence  M O S F E T ' s  were  also f a b r i c a t e d  in  
b u l k  s i l i con  w i th  a n  o r i e n t a t i o n  of  (111) u s i n g  t h e  s a m e  
f ab r i ca t i on  process .  T h e  field effect  mob i l i t y  of  a dev ice  
on  t h e  recrys ta l l i zed  s i l icon i s l and  was  t h e  s a m e  as t h a t  of  
a dev ice  on  b u l k  s i l icon w i t h  an  o r i en t a t i o n  of  (111) for 
t h e  s a m e  dev ice  t h r e s h o l d  vol tages .  L e a k a g e  c u r r e n t  was  
also m e a s u r e d  at  a d r a in  vo l tage  of 5V a n d  f o u n d  to b e  1.5 
x 10-"  A/tLm. 

As d e s c r i b e d  above,  c racks  were  e l i m i n a t e d  b y  reerys-  
ta l l iza t ion  of  the  i s l and  po lyc rys ta l l ine  s i l icon on  fu sed  
sil ica subs t ra t e .  T h e  rec rys ta l l i zed  s i l icon i s l and  was  a 
s ingle  c rys ta l  h a v i n g  a n  o r i e n t a t i o n  of  (111), e n s u r i n g  
good  e lec t r ica l  p roper t i es .  However ,  t ens i l e  s t ress  cou ld  
no t  i nc r ea se  t h e  e l ec t ron  mobi l i ty ,  s u c h  as in  reerys ta l l iza-  
t ion  of  a c o n t i n u o u s  po lyc rys ta l l ine  s i l icon film, b e c a u s e  
of t h e  i s l and  or ien ta t ion .  C o n s e q u e n t l y ,  i t  was  n e c e s s a r y  
to o b t a i n  (100) o r i en t ed  s i l icon b y  rec rys ta l l i z ing  in  o rder  
to  p r o d u c e  a h i g h  speed  s w i t c h i n g  M O S F E T .  The  differ- 
ence  in  o r i en t a t i o n  of c o n t i n u o u s  a n d  i s l and  s i l i con  is dis- 
c u s s e d  next .  

Fig. 13. Crack shapes in a silicon island which is wider than that for 
which no cracks occurred. 
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THERMAL CONDUCTIVITY( W I mK ) 
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A) 
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~ FUSED SILICA ~" 
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Fig. 15. Schematics of the orientation difference between (a, top) 

recrystallization of a continuous silicon layer and (b, bottom) of silicon 
islands. 

Figure 15 illustrates the orientation difference of contin- 
uous and island silicon. In the continuous silicon, heat 
flowed smoothly in a direction parallel to the surface of 
the silicon because the silicon was sandwiched between 
the SiO~ film and the fused silica substrate, both of 
which had thermal conductivity coefficients two orders 
lower than that of silicon. On the other hand, in the island 
silicon, heat was held in the melted silicon region because 
the silicon was completely enclosed by the SiO2 layer and 
the fused silica. So, the difference in orientation might be 
caused by a difference in heat flow during silicon recrys- 
tallization. In this recrystallization method, the melted re- 
gion could be directly observed during the recrystal- 
lization, as shown in Fig. 2. A microscope was used to 
observe whether the islands were melted or solidified. 
Supercooling of the melted silicon island occurred at a 
temperature of more than 200~ below the melting point 
of silicon, supporting the above explanation. 

Based on this explanation, a method for obtaining 
crackless and (100) oriented silicon on fused silica was 
proposed. As shown in Fig. 16, silicon was formed as an 
island in order to eliminate cracking. The islands were 
then connected to each other with fine polycrystalline 

Fig. 17. Orientation of the recrystallized silicon islands which are 
connected with fine silicon regions. 

silicon in order to achieve a smooth heat flow, and the 
polycrystalline silicon was recrystallized. 

Figure 17 shows the orientation of silicon recrystallized 
by this method. The orientation was studied with the etch 
pit method (17) (figure schematic). The shape of the etch 
pits was square, indicating the orientation of the re- 
crystallized silicon was (100) and the rotation angles of the 
squares were all the same within an island. Hence, the is- 
land silicon was a single crystal. 

Conclusion 
A new zone melting recrystallization method using an 

RF-heated carbon susceptor has been developed. This 
method allowed easy control of the temperature on the 
melted silicon region, an important factor in zone melting 
recrystallization. In continuous silicon film, the orienta- 
tion of the film was (100) and the electron mobility was 
700-1000 cm~/Vs. However, there were some cracks in the 
film. In the island silicon, recrystallized islands were 
single crystal with an orientation of (111) and without 
cracks. The electron field effect mobility was 300-600 
cm~/Vs. These experimental  results verified that (100) ori- 
entation was important for high speed devices which 
need high electron mobility in case of silicon on fused sil- 
ica substrate. In order to obtain high quality crystalline 
silicon without cracks and with an orientation of (100), a 
recrystallization of connected polycrystalline silicon is- 
lands was also developed. 
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Thermodynamic Properties of Na O-V O  Melts, 1030-1210 K 
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ABSTRACT 

The following electrochemical cell was employed for this study 

Pt, O2(g) Na + O2(g), Pt 
(Na~O) . . . .  d~t~ fused silica (Na20)tungstate 

The activity of Na20 on Na20-V2Q melts was measured in the temperature range of 1030-1210 K for melt compositions of 
Xv2o~ -> 0.50. The measured activities of Na20 show large negative deviations from ideality. The activity of V205 was ob- 
tained by integrating the Gibbs-Duhem equation. The values of the partial molar and molar-free energies and enthalpies 
of mixing for the Na20-V205 system were calculated from the results. The free energies of formation of the compounds 
Na20 �9 6V205, Na20 �9 3V~O5, and Na20 �9 V~O~ were estimated in the temperature range of 500~176 

Vanadium and sodium are impurities in fuel oils and 
coals. In combustion, these elements are oxidized to va- 
nadium oxide (V205) and sodium oxide (Na20), and in 
combination these oxides may form liquids whose melt- 
ing temperatures may be as low as 600~ (Fig. 1). The liq- 
uid phase in the Na20-V205 system is extremely corrosive 
to the metal and ceramic parts of combustion systems, 
and corrosion of these parts degrades the performance of 
energy conversion systems and may cause economic loss. 
To improve our understanding of the corrosive action of 
liquids containing Na20 and V20~, a study of the thermo- 
dynamic properties of the Na20-V2Q was undertaken. 
The results are reported here. 

The Na~O-V20~ binary system has been studied by sev- 
eral investigators (1-3). Kolta et al. (1) have determined 
the Na2CO.~-V20~ phase diagram, as shown in Fig. 1, using 
DTA and x-ray diffraction methods. Kolta et al. (1) em- 
ployed platinum crucibles to contain their samples. In the 
composition range of pure V~O5 to 75 mol percent (m/o) 
Na2CO~, they found that the Na~CO3-V~O5 system is essen- 
tially a Na20-V205 system because of complete evolution 
of CO2 from the Na2CO3-V~O5 mixtures. Kolta et al. de- 
tected five compounds in this binary system at the fol- 
lowing mol ratios of V2OJNa20: 6/1, 3/1, 1/1, 1/2, and 1/3. 
During solidification of Na20-V205 melts at high V205 
concentrations (m/o V~Os ~ 75%), oxygen is evolved from 
the sample by the following reaction 

8NaV~O8 = Na~V~O6.~ + 1/2 O2(g) [1] 

However, in the liquid phase the vanadium exists in the 
pentavalent state (V 5+) only, and the weight of the 
Na20-V~O5 melt is equal to the sum of the weights of Na20 
and VzO5 only. 

Lin (4) at tempted to measure the activity of sodium ox- 
ide in the Na20-V~O.~ binary system at 1179 K by an elec- 
trochemical cell employing sodium-B-alumina as the solid 

* Electrochemical Society Student Member. 
Key Words: glass, cell, free energy. 

electrolyte. However, he encountered serious difficulties 
because the Na20-V205 melt crept up the sodium-B- 
alumina electrolyte and penetrated a high temperature ce- 
ment  seal in his cell. In addition, the melts attacked the 
electrolyte and dissolved some alumina. This attack in- 
creased with higher activities of sodium oxide in the 
working melt. 

Koehler (5) has measured the heats of formation of 
NaVO3(c), Na2V~OT(c), and Na~VO4(c) at 298.15 K by ap- 
plying sodium hydroxide solution colorimetry. King and 
Weller (6) have determined the heat capacities and 
entropies at 298.15 K for the same compounds. These data 
were extrapolated to higher temperatures to evaluate 
enthalpies, entropies, and free energies of formation for 
the corresponding compounds by Mah (7) and Kuba- 
schewski (8). 

Experimental 
A concentration emf  cell was employed to measure the 

activity of sodium oxide in Na20-V20.~ melts. Because of 
the instability of sodium-/3-alumina in Na20-V20.~ melts, 
fused silica was used as the solid electrolyte. Doremus (9) 
has shown that the transference number  of Na + ions in 
fused silica is essential unity. Mittal and Elliott (10) dem- 
onstrated that fused silica performs satisfactorily as a 
sodium-ion solid electrolyte for open-circuit emf  mea- 
surements when the activity of sodium oxide in the melts 
is less than 10 -13 and in the temperature range of 
1050-1200 K. The work of Doremus (9) and Veltri (11) on 
the specific conductivity, ~r, of fused silica has been ex- 
trapolated to the temperature range of interest (1050-1200 
K). This extrapolation yields values of approximately 10 -6 
t l - lcm -~ between 1050 and 1200 K, and these values of o- 
are considered large enough to establish a stable 
chemical-potential gradient of sodium across the fused- 
silica solid electrolyte. 

Theoretical considerations . --The following electro- 
chemical  cell was employed to obtain the activities of so- 
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d i u m  ox ide  in NazO-V~O~ m e l t s  

Pt ,  O2(g) Na+ I O2(g), P t  
(Na.~O)v fused  sil ica I (Na20)w [2] 

I I I  

w h e r e  t h e  s u b s c r i p t s  V a n d  W des igna t e  s o d i u m  ox ide  in  
t he  Na20-V20~ m e l t  a n d  t he  Na20-WO~ r e f e r e n c e  melt ,  re- 
spec t ive ly .  The  anod ic  a n d  ca thod i c  half-cel l  r e ac t i ons  are 

(Na20)w = 2Na + + 2e- + 1/2 O2~m [3] 

a n d  

2Na + + 2e- + 1/2 Oe,~, = (NazO)v [4] 

respec t ive ly .  He re  O~(~ a n d  O2,~ are  t he  o x y g e n  p r e s s u r e s  
at  t h e  c a t h o d e  and  the  anode ,  respec t ive ly .  T he  overa l l  re- 
ac t ion  can  be  w r i t t e n  as 

(Na20)w + 1/2 O2~D = (Na20)v + 1/2 O2r [5] 

The  N e r n s t  e q u a t i o n  for r e a c t i o n  [5] is 

log M,N~2O)v = log '~INa20)W 

+ 1/2 log [(Po2)r 

- 2Fe/(2.303RT) [6] 

T h u s  t he  ac t iv i ty  of  s o d i u m  ox ide  in t he  c a t h o d e  m e l t  is 
o b t a i n e d  d i rec t ly  f rom t he  cell  po ten t i a l  i f  t h e  two pres-  
su res  of  o x y g e n  a n d  t he  ac t iv i ty  of  s o d i u m  o x i d e  in  t he  
a n o d e  m e l t  are  k n o w n .  In  Eq.  [6], �9 is t he  r eve r s ib l e  e m f  of  
the  cell, R is t he  u n i v e r s a l  gas  cons t an t ,  F is t he  F a r a d a y  
cons t an t ,  a n d  Po~ is t he  par t ia l  p r e s s u r e  of  oxygen .  The  
par t ia l  p r e s s u r e  of  o x y g e n  over  each  m e l t  was  1 a t m  dur-  
ing  t he  m e a s u r e m e n t s .  

T h e  ac t iv i ty  of  s o d i u m  ox ide  in  Na~O-WO.~ b i n a r y  m e l t s  
ha s  b e e n  m e a s u r e d  by  L in  a n d  El l iot t  (12). T h e i r  r e su l t s  
e x p r e s s e d  in  t e r m s  of  t he  par t ia l  m o l a r  free e n e r g y  of  
m i x i n g  of  Na20, '  GN M, in t he  Na20-WO.~ s y s t e m  at  1200 K 
are as fol lows 

GN M = --95.10 -- 347.2 Xw (kJ /mol)  [7] 

for  0.53 -< Xw -< 0.80. The  t e r m  Xw is t he  tool  f r ac t ion  of  
WO3 in  t he  Na~O-WO3 b i n a r y  melt .  The  par t ia l  m o l a r  
e n t h a l p y  of  m i x i n g  of  Na20 (HN M) in  t he  s a m e  s y s t e m  is 
g iven  b y  

HN M = --709.80 + 262.57/Xw (kJ /mol)  [8] 

Th i s  e q u a t i o n  app l i e s  in  t he  c o m p o s i t i o n  r a n g e  0.53 -< Xw 
-< 0.80 a n d  t he  t e m p e r a t u r e  r a n g e  1113 K -< T -< 1230 K. 
T h e  s t a n d a r d  s ta te  for Na20 is pu re  l iqu id  Na, O at  1 a t m  
p ressu re .  

The  t e m p e r a t u r e  r ange  for t he  e x p e r i m e n t s  was  1030 
K --- T <- 1210 K, so t he  e x p e r i m e n t a l  r e su l t s  of  L in  a n d  
El l io t t  (12) for t he  Na20-WO~ s y s t e m  were  e x t r a p o l a t e d  to 
t he  l ower  t e m p e r a t u r e  u s i n g  t he  G i b b s - H e l m h o l t z  equa-  
t ion  

O(GNM/T) P..ri a ( 1 / ~  - Hx" [9] 

a n d  Eq. [7] a n d  [8]. 

Mater ia l s  p r e p a r a t i o n . - - T h e  Na~O-V~O~ m e l t s  were  pre- 
p a r e d  f rom m i x t u r e s  of  r eagen t -g r ade  s o d i u m  c a r b o n a t e  
(Ma l l inek rod t  7527) a n d  r e a g e n t - g r a d e  v a n a d i u m  pen tox -  
ide  (F i sher  V-7). The  r e q u i r e d  a m o u n t  of  s o d i u m  ca rbon-  
ate was  w e i g h e d  in to  a p l a t i n u m  c ruc ib le  a n d  dr ied  at  
700 K (427~ for 8h. The  v a n a d i u m  p e n t o x i d e  was  d r i ed  
in  a s epa ra t e  p l a t i n u m  c ruc ib l e  at  523 K (250~ for 6h, 
a n d  t h e n  t he  v a n a d i u m  p e n t o x i d e  was a d d e d  to t he  cruci-  
b le  c o n t a i n i n g  t he  s o d i u m  ca rbona te .  The  s a m p l e  was  
m i x e d  w i t h  a spatula ,  a n d  t he  m i x t u r e  was  fused  in a 
f lowing s t r e a m  of  pu re  d ry  argon.  All of  t he  Na~CO.~ re- 
ac ted  w i t h  t he  V~O.~ a b o v e  1000 K to yield a Na20-V~O5 
melt .  The  final w e i g h t  of the  m e l t  was  c h e c k e d  to e n s u r e  
t h a t  all t he  CO2 h a d  b e e n  expel led .  The  a g r e e m e n t  be- 
t w e e n  t he  ca lcu la ted  t heo re t i ca l  w e i g h t  of  the  NazO-V205 
m i x t u r e  a n d  t h a t  m e a s u r e d  af te r  fus ion  was  w i t h i n  1% of  
t he  w e i g h t  of  Na~O in  the  sample .  T h e  tota l  w e i g h t  of  the  
Na~O-V~Os me l t  was  a p p r o x i m a t e l y  2.5g. 

The  Na20-WO3 r e f e r ence  m e l t  was  p r e p a r e d  by  a proce-  
d u r e  s imi la r  to t h a t  e m p l o y e d  b y  D e Y o u n g  a n d  El l io t t  
(13). The  c o m p o s i t i o n s  of t he  Na2-WO3 m e l t  u s e d  were  Xw 
= 0.564 a n d  0.5499. 

M e a s u r e m e n t s . - - T h e  genera l  a r r a n g e m e n t  of the  elec- 
t r o c h e m i c a l  cell u s e d  is s h o w n  in  Fig. 2, a n d  is s imi la r  to 
t h a t  e m p l o y e d  ear l ier  by  D e Y o u n g  a n d  El l io t t  (13). T h e r e  
are two p r inc ipa l  d i f f e rences  in  t he  c u r r e n t  work.  Firs t ,  
t h e  sol id e lec t ro ly te  in  t he se  e x p e r i m e n t s  was  a t u b e  of  
clear fused  silica (Genera l  Electr ic  214, clear fused  quartz,  
6.2 m m  od) w h i c h  was  c losed  at one  end  w i t h  a gas  torch .  
Second ,  to  e n s u r e  a good contac t ,  t h e  p l a t i n u m  lead wi re  
to t h e  c a t h o d e  was  tw i s t ed  severa l  t i m e s  a r o u n d  a n o t h e r  
p iece  of  p l a t i n u m  wire  t h a t  was  spo t -we lded  to t he  cruci-  
ble. T h u s  the  p l a t i n u m  c ruc ib l e  b e c a m e  an  e l ec t rode  
(cathode) .  

The  t e m p e r a t u r e  of  t he  cell  was  m e a s u r e d  b y  a 
P t /P t -10% R h  t h e r m o c o u p l e  ca l i b r a t ed  aga ins t  the  mel t -  
ing  p o i n t  of  gold (1337 K). A h i g h  i m p e d a n c e  (-109ED 
B e c k m a n  pH m e t e r  (Model  no. 101900) was  e m p l o y e d  to 
m e a s u r e  t h e  e m f  of  the  cell. 

A n  a t m o s p h e r e  of  p u r e  o x y g e n  was  m a i n t a i n e d  over  
b o t h  t h e  Na.-O-V205 me l t  a n d  t he  Na~O-WO3 r e f e r e n c e  
mel t .  The  flow ra te  of  o x y g e n  gas was  75 m l / m i n  over  t he  
Na20-V205 m e l t  a n d  5 m l / m i n  over  the  r e f e r ence  mel t .  Be :  
fore  p a s s i n g  in to  the  cell, t h e  s t r e a m s  of  o x y g e n  were  
dr ied .  

The  cell po t en t i a l  was  pe r iod ica l ly  m e a s u r e d  un t i l  i t  be- 
c a m e  s teady;  th i s  r e q u i r e d  a p p r o x i m a t e l y  2h. E a c h  cell  

1 Subsequently, the subscripts W, N, and V will denote WOa, 
Na20, and V20~, respectively. 



1196 J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE AND T E C H N O L O G Y  May 1984 

4 

5 

6 

Fig. 2. The electrochemical cell. 1 : alumina tube. 2: fused-silica elec- 
trolyte. 3: Pt lead wire. 4: Pt crucible. 5:Na20-W03 reference melt. 6: 
working melt. 7: inlet gas tube. 8: Pt lead wire. 9: Pt wire hook. 

was o p e r a t e d  for a b o u t  10h. Revers ib i l i ty  of  t h e  cell  was  
c h e c k e d  b y  cyc l ing  t he  cell t e m p e r a t u r e  and,  for a few 
cells, by  po la r iz ing  t he  cell  w i th  an  e x t e r n a l  c u r r e n t  
source.  Af ter  po la r iza t ion  w i th  0.6 m A  of  c u r r e n t  for  ap- 
p r o x i m a t e l y  10s, t he  po t en t i a l  of  a cell r e t u r n e d  to w i t h i n  
2 m V  of  t h e  in i t ia l  va lue  w i t h i n  20s a n d  to w i t h i n  +-0.05 
m V  in  a p p r o x i m a t e l y  5 rain.  

Af te r  the  e x p e r i m e n t ,  t he  e n d  of t he  fused-s i l ica  t u b e  in  
c o n t a c t  w i th  t he  Na20-V205 m e l t  was  s e c t i o n e d  a n d  in- 
spec ted .  T h e r e  was  no  a t t ack  on  t he  t u b e  by  t he  
Na20-WOa re fe rence  melt .  T he  wal l  of t he  fused  sil ica in  
c o n t a c t  w i t h  t he  Na20-V20.~ w o r k i n g  melt ,  howeve r ,  was  
d i s so lved  to an  e x t e n t  t h a t  d e p e n d e d  on  the  m e l t  c o m p o -  
s i t ion  a n d  t e m p e r a t u r e .  No p e n e t r a t i o n  b y  t he  m e l t  
t h r o u g h  t he  wal l  of  the  fu sed  si l ica e lec t ro ly te  was  ob- 
se rved .  T h e  d i s so l u t i on  of  fu sed  si l ica was  g rea t e s t  a t  
h i g h e r  t e m p e r a t u r e s  a n d  at  h i g h e r  s o d i u m  oxide  c o n t e n t s  
in  t he  m e l t  (xN > 0.40). 

At  h i g h  ac t iv i t ies  of  s o d i u m  ox ide  (i.e., s~N > 10-6), t he  
p l a t i n u m  c ruc ib le  was  a t t acked .  T h u s  sa t i s fac to ry  mea-  
s u r e m e n t s  cou ld  be  m a d e  on ly  for  c o m p o s i t i o n s  be low 
xN ~ 0.5. 

Results 
The  ac t iv i ty  of s o d i u m  ox ide  was  ca lcu la ted  f rom the  

po t en t i a l  of  t he  cell, t he  ac t iv i ty  of s o d i u m  ox ide  in the  
c a t h o d e  m e l t  (Eq. [7] a n d  [8]), a n d  the  p r e s s u r e s  of  o x y g e n  
at e a c h  e l ec t rode  w i th  t he  use  of Eq. [6]. T he  re su l t s  are 
s h o w n  in Fig. 3. The  l ine  t h r o u g h  each  set  of da ta  is a 
leas t  s q u a r e s  line, t he  e q u a t i o n  of  w h i c h  is 

log sin = A/T + B [10] 

w h e r e  A a n d  B are  coef f ic ien ts  o b t a i n e d  in  t he  correla-  
t ion  a n d  T is t he  abso lu t e  t e m p e r a t u r e .  T he  par t i a l  m o l a r  
e n t h a l p y  a n d  e n t r o p y  of  mix ing ,  HN ~ a n d  SN M, for s o d i u m  
ox ide  for e ach  c o m p o s i t i o n  of  the  a n o d e  m e l t  are t h e n  ob- 
t a i n e d  b y  t he  e q u a t i o n s  

HN M = 2.303 R x A [11] 

a n d  

SN M = 2.303 R x B [12] 

The  va lues  of  A a n d  B a n d  of  t he  e n t h a l p i e s  a n d  e n t r o p i e s  
of  m i x i n g  of  s o d i u m  ox ide  t h a t  were  o b t a i n e d  f rom the  
da ta  a n d  Eq. [11] a n d  [12] are l i s ted  in  Tab le  I. 

The  s t a n d a r d  s ta te  for Na20 in  the  ana lys i s  is t he  pu re  
l iqu id  at  1 a t m  pressure .  T h e  re su l t s  o b t a i n e d  m a y  be  con-  
v e r t e d  to t he  s t a n d a r d  s ta te  of p u r e  sol id Na20 b y  the  

1 2  ! I I J 

m,oV O  

I I I I 

8.2 8.6 9.0 9.4 9.8 
1 0 4 / T ,  K 

Fig. 3. Temperature dependence of log ~N.2O~1~ in the No=O-V20~ bi- 
nary system. 

e q u a t i o n  

log MN(solid ss) = log sgN(liquid ss) + 3020.9/T - 2.20 
[13] 

w h i c h  was  o b t a i n e d  f rom da ta  in  t h e  J A N A F  t a b l e s  (14). 

Thermodynamic Calculations 
Thermodynamic  properties of  V2Os.--The ac t iv i ty  coef- 

f ic ient  a n d  excess  par t ia l  m o l a r  free e n e r g y  of V205 were  
ca lcu la ted  f rom the  da ta  for the  ac t iv i ty  of  s o d i u m  ox ide  
b y  t he  G i b b s - D u h e m  e q u a t i o n  in the  fo rm 

log ~v(Xv) = log ~v(Xv = 1) - (xN/xv) d log ~ 
1 

[14] 

a n d  t h e n  

GN ~x = 2.303 R T  log ~/v [15] 

The  r a n g e  of  t e m p e r a t u r e  of th i s  s t u d y  was  1030-1210 K, 
a n d  t h e  m e l t i n g  p o i n t  of  p u r e  V20~ is 943 K (14), so t h a t  
t he  va lue  of log ~v (xv = 1) in  t he  ca l cu la t ions  is zero, i.e., 
t h e  p u r e  l iqu id  is t he  s t a n d a r d  state. The  in t eg ra l  in  Eq. 
[14] was  eva lua t ed  graphica l ly .  However ,  i t  was  f o u n d  
t h a t  log "/N was l inear  w i th  r e s p e c t  to  xv in t he  r a n g e  of 0.7 
< xv < 0.9, a n d  e x t r a p o l a t i o n  of  t he  l ine  to xv = 1 gave  a 
va lue  of  -19.91 for  t he  p r o p e r t y  at  1125 K. The  va lues  ob- 
t a i n e d  for the  excess  par t ia l  m o l a r  free ene rg i e s  for  Na20 
a n d  V20~ are s h o w n  in Tab le  II. The  m o l a r  p r o p e r t i e s  
s h o w n  in t he  t ab le  were  o b t a i n e d  by  t h e  r e l a t i o n s h i p  

G Ex = GN ~:x �9 xN + Gv ~:x ' Xv [16] 

F i g u r e  4 s h o w s  the  ac t iv i t ies  of  Na20 a n d  V205 in t he  
Na20-V~O.5 b i n a r y  s y s t e m  at  1125 K. 

The  par t i a l  m o l a r  e n t h a l p i e s  of  V~O5, Hv M, we re  ob- 
t a i n e d  b y  i n t e g r a t i o n  of  t he  G i b b s - D u h e m  e q u a t i o n  as 
fo l lows 

fl HvM[(Xv) = HvM(Xv = 1)] - (XN/Xv) d Hv M [17] 
�9 v = l  
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Table I. Thermodynamic properties of No20* in Na~O-V~O~ melts, 1030-1200 K 

Eq, [10] and  Fig. 3 
HN M Ss M 

m/o V~O~** - A•  10 -~ - B  s (log ~ , ) t  k J /mol  J /mol  - k 

89.94 17.85 -+ 0.15 3,89 -+ 0.14 0.018 - 3 4 2  -+ 3 74.5 • 3 
80.00 17.16 • 0.42 3.04 • 0.39 0.070 - 3 2 9  - + 8  58.2 • 7 
70.00 16.41 -+ 0.22 2.42 -+ 0.19 0,039 - 3 1 4  ~ 4 46.3 -+ 4 
59.94 16.02 • 0.08 1.24 -+ 0.07 0,013 - 3 0 7  • 2 23.8 • 1 
55.04 14.48 -+ 0.14 1.64 -+ 0.13 0,020 - 2 7 7  • 3 49.1 -+10 
50.00 11.98 -+ 0.55 2.56 -+ 0.50 0.056 - 2 2 9  -+ 11 49.1 • 10 

*Pure l iquid  Na~O at  1 a tm pressure  is the s tandard  state. 
**Composition as made  up. 
?Standard  deviat ion,  

Table II. Values of excess free energies and of enthalpies of mixing in 
the Na~O-V~O~ system 

T = 1125 K, kJ/mol* 1055 K - 1200 K, kJ/rnol  

Xv -Gn  gx - G v  zx - G  zx - H s  ~ - H v  ~ - H  M 

1.00 424.1 0 0 353 • 3 0 O 
0.899 404.1 1.4 41.9 341 • 3 0.7 35 
0.800 378.9 5.8 80.5 329 -+ 3 3 68 
0.700 355.0 13.9 116.3 317 • 3 7 100 
0.600 324.8 30.5 148.4 305 • 3 13 130 
0.550 305.0 45.2 162.0 279 • 4 33 143 
0.500 278.0 69.8 173.9 229 • 11 78 153 

*Uncer ta in ty  in  excess f r e e  energy quant i t ies  is as follows: s (GN ~x) = -+ 1.5 
kJ/mol;  s (Gv ~x) = --1.6 kJ/mol;  s (G ~x) = ~ 1.1 kJ/mol .  

As shown in Table  I, HN ~ is a l inear  funct ion  of xv f rom 
0.7 to 0.9 Hr. Ext rapola t ing  the  l ine gives a va lue  of  -352.6 
k J / tool  for Hs M at Nv = 1. At  this composi t ion ,  Hv M is 0. 
The  resul ts  of  the  graphica l  in tegra t ion of  Eq.  [17] are 
shown in Table  II. Also shown there  are values  of  H M ob- 
ta ined by use of the  equa t ion  for enthalpies  that  is equiva-  
lent  to Eq. [16]. 

Standard free energy of compounds.--The s tandard  free 
ene rgy  of  fo rmat ion  of  a c o m p o u n d  f rom its cons t i tuen t  
ox ides  at a g iven t empera tu re  was obta ined  by the  rela- 
t ionship  

Na20(1) + nV2Os(1) = Na~O �9 nV20~(s): 

21G ~ = 2.303RT(log as + nlog av) [ 18] 

The  va lues  of  log  aN and log av were  ex t rapo la ted  f rom 
1125 K to 773 and 873 K by use  of  the  Gibbs -He lmhol t z  
equa t ion  (Eq. [9]). It  was necessary  to a s sume  that  Hu M 

-13F . . . .  -10 

V205 
- 1 4 1 - ' - - - -  \ / " -4-i 
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Fig. 4. Log MNa~O and log Mv2o5 in the Na20-V20.~ binary system at 

112S K. 

and Hv M are cons tan t  over  this t empera tu re  range. The  
va lue  of  the  log of  the  act ivi ty  for each of  the  c o m p o n e n t s  
in Eq.  [18] was obta ined  at the  compos i t ion  on the  
l iquidus  enve lope  of  a c o m p o u n d  at the  two t empera tu re s  
no ted  above.  Once the s tandard  free energy  of  fo rmat ion  
of  the  c o m p o u n d  was found,  the  integral  mola r  free en- 
ergy of  mix ing  for the  compos i t ion  of  the  c o m p o u n d  G M 
was then  obta ined  by d iv id ing  the s tandard  free energy  
by n + 1. The  en tha lpy  change  for reac t ion  [18] was ob- 
ta ined  by apply ing  once again the  Gibbs-Helmhol tz  equa-  
t ion (Eq. [9]) to the  s tandard  free energies  of  fo rmat ion  of 
the  c o m p o u n d  that  had been  obta ined  at 773 and 873 K. 
The  three  c o m p o u n d s  of  in teres t  in the  sys tem are Na20 �9 
6V20~, Na20 �9 3V205, and Na20 �9 V205. The  resul ts  of  the  
calculat ions  are shown in Table  III. 

The  s tandard  free energy  of  fo rmat ion  of  each of  the  
c o m p o u n d s  f rom the  e lements ,  hGf ~ is ob ta ined  by 
adding  the  s tandard  free energ ies  of  fo rmat ion  of  the  con- 
s t i tuent  ox ides  to Eq. [18]. The  resul t ing  equa t ion  is 

hGf~ �9 nV20~) = LIG18 ~ + hGf[Na~O(1)] 
+ hG?[V20~(1)] [19] 

The  resul ts  of  these  calculat ions for the  three  c o m p o u n d s  
are also shown in Table  III. Values for the  s tandard  free 
energies  of  format ion  of  the s imple  oxides  were  ob ta ined  
f rom the  J A N A F  tables (14). 

Discussion 
The integral  molar  free energy  of mixing,  G M, was calcu- 

lated over  the compos i t ion  range  s tudied  at the  tempera-  
tures 773 and 873 K, and the  resul ts  are shown  in Fig. 5 
and 6, respect ively .  Acco rd ing  to the  Na20-V205 b inary  
phase  d iagram shown in Fig. 1, at 773 K (500~ the  com- 
pounds  Na20 �9 6V20~, Na20 . 3V20~, and Na20 �9 V~O5 are 
stable. The  stabili ty of  the  c o m p o u n d s  and the  l iquid  
phase  (at the  eutectic)  p red ic ted  in Fig. 5 are in good 
a g r e e m e n t  wi th  the  pub l i shed  phase  diagram. S imi la r  
a g r e e m e n t  is observed  be tween  the phase  stabil i ty pre- 
dic ted in Fig. 6 at 873 K (600~ and the Na20-V~O.5 phase  
diagram. 

The calcula ted va lue  of  AGf~ - V20.0 f rom the  cur- 
rent  work  is approx imate ly  30 k J / tool  (or 1.7%) less nega- 
t ive than  the  va lue  calculated by Mah (7) in the  tempera-  
ture  range 773-873 K. This  d i f ference could  arise f rom the  
a s sumpt ion  of cons tant  va lues  of  Hu M and Hv M f rom 1200 
to 773 K for the  calculat ion of  &Gf~ �9 V20.0 at 773 and 
873 K. Mah es t imated  the  va lues  of AGf~ �9 V20.0 up to 
1000 K us ing  the solid s tandard  state for Na~O �9 V20~. Her  
va lues  of  AGf(NazO - V20.0 have  been  ex t rapo la ted  to 1200 
K us ing  the  heat  capaci ty  of  the  l iquid  c o m p o u n d  as 261.2 
J /mo l  K, and have  been  cor rec ted  to the  l iquid  s tandard  
state for Na~O �9 V20~ by e m p l o y i n g  a s tandard  en t ropy  of  
mel t ing,  ASm ~ of  24.7 J /mo l  K. This  value  of  &Sin ~ is s imilar  
to those  for the  c o m p o u n d s  Na2WO4 (14) and Na2MoO4 (15) 
(i.e., -24.5  J /mo l  K). The  resul t ing  va lue  of  the  heat  of  
mel t ing,  AHm ~ for Na20 �9 V20~ is 21.8 kJ /mol .  In  Fig. 7, the  
ca lcula ted  va lues  of  AGf~ �9 V20~(1)] f rom the  cur ren t  
work  are compared  to those  values  ex t rapo la ted  f rom 
Mah's  data. The  di f ference in the  two sets of  va lues  for 
AG?[Na~O - VzO~(1)] is less than  10 k J / m o l  (0.6%) for t he  
t empe ra tu r e  range  shown.  No data exis t  in the  liter- 
a ture  for a compar i son  of  the  resul ts  for Na20 �9 3V~O5 and 
Na20 �9 6V~O5. 
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Table III. Thermodynamic properties of No20 �9 6V~O~, Na~O �9 3V~O~, and NolO �9 V~O~ 

M a y  1984 

hG~ ~ &Hr hS? 
Compound  T e m p  (K) (kJ/mol) (kJ/rael) (J/mol K) Res  

Na~O .6V~O~(s) 773 -7,990 • 40 -9,980 -2,570 Presen t  
873 -7,740 • 40 -9,980 -2,570 s tudy  

Na20 �9 3V=O~(s) 773 -4,310 • 21 -5,290 -1,270 Presen t  
873 -4,250 • 21 -5,290 -1,270 s tudy  

Na~O. V~O~(s) 773 -1,850 = 9 -2,230 -500 Presen t  
873 -1,800 • 9 -2,230 -500 s tudy 

Na20 .  V=O~(s) 773 -1,880 -2,290 -530 (7) 
873 -1,830 -2,290 -530 

*Uncertainties are (14): s[hG~~ = +-4.2 k J/tool; s[hGr~ = 

The  Na20-V~O.~ me l t s  show e x t r e m e l y  large  nega t ive  de- 
v i a t i ons  f rom ideali ty,  as seen  f rom the  va lues  of  G ~• a n d  
H M in Tab le  II. T h e s e  va lues  are m o r e  t h a n  50% m o r e  neg-  
a t ive  t h a n  t he  va lues  of  G ~• a n d  H M at  xN = 0.3 a n d  0.4 in  
the  Na~O-SiO~ s y s t e m  f rom m e a s u r e m e n t s  by  N e u d o r f  
and  El l io t t  (16) in  t he  t e m p e r a t u r e  r a n g e  1055-1200 K. The  
da ta  of  N e u d o r f  a n d  El l iot t  (1273-1373 K) were  ex t rapo-  
l a ted  to t he  c u r r e n t  t e m p e r a t u r e  r ange  (1055-1200 K) b y  
e m p l o y i n g  t h e  G i b b s - H e l m h o l t z  equa t ion .  Th i s  i nd i ca t e s  
t h a t  V205 is a m o r e  acidic  ox ide  t h a n  is SiO~, a n d  it w o u l d  
a p p e a r  t h a t  at  h i g h  c o n c e n t r a t i o n s  of V20.~ nea r ly  all t he  
o x y g e n  a n i o n s  f rom t he  Na~O reac t  w i th  t h e  :V-O-V: net -  
w o r k  for  fo rm :V-O groups ,  w h i c h  wou ld  r e su l t  in  a ve ry  
low ac t iv i ty  of  Na20. 

Errors.--There are t h r ee  p r inc ipa l  sources  of  e r ro r  in  
the  e x p e r i m e n t s :  (i) er ror  due  to r e d u c t i o n  of  V~O,~ to 
V20~, (ii) u n c e r t a i n t y  in t he  e x p e r i m e n t a l  m e a s u r e m e n t s ,  
a n d  (iii) e r ro r  due  to d i s s o l u t i on  of t he  fused-s i l ica  elec- 
t ro ly te  in  the  Na~O �9 V20~ melt .  

L i q u i d  V20~ m a y  be  r e d u c e d  to V~O4 by  the  fo l lowing  
r eac t i on  

V205(1) = V~O4(s) + 1/2 O2(g) 
[20] 

hG~0 ~ = 63,895 - 28.5T (J /mol)  
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Fig. 5. G M in the Na20-Vo.O5 binary system at 773 K 

• kJ/mol. 

w h e r e  t he  va lues  of hG~ ~ for V20~(s) a n d  V205(1) are  f rom 
the  J A N A F  t ab l e s  (14). The  e q u i l i b r i u m  par t ia l  p r e s s u r e  
of  O2 for  r eac t ion  [20] is 2.6 x 10 -3 a t m  a t  1200 K a n d  
4.5 x 10 -3 a rm  at 1055 K. In  t h e s e  e x p e r i m e n t s ,  t h e  par t ia l  
p r e s s u r e  of O2 in t he  gas was  a lways  g rea te r  t h a n  0.40 arm, 
so no  sol id V~O4 f o r m e d  f rom the  m o l t e n  V20.~. Also, ac- 
c o r d i n g  to B lock -Bo l t en  a n d  S a d o w a y  (17), t h e r e  is no  
n o n s t o i c h i o m e t r y  in  l iqu id  V20.~ a r i s ing  f rom the  p r e s e n c e  
of  V~O4 in  so lu t ion  for  Po2 > 0.06 a tm  at 1200 K. Therefore ,  
t he  e r ror  due  to n o n s t o i c h i o m e t r y  of  the  V20.~ in  the  
Na20-V205 b i n a r y  me l t s  is c o n s i d e r e d  to be  u n i m p o r t a n t .  

A de t a i l ed  ana lys i s  of  t he  u n c e r t a i n t i e s  in  t he  m e a s u r e d  
and  ca lcu la ted  t h e r m o d y n a m i c  q u a n t i t i e s  was  ca r r ied  ou t  
(18). The  e s t i m a t e d  r a n d o m  u n c e r t a i n t y  in  t he  measu re -  
m e n t  of t he  cell t e m p e r a t u r e  was  -+1.0 K a n d  in t he  mea-  
s u r e m e n t  of  the  cell e m f  was  -+1.0 inV. C o m b i n i n g  the se  
e r ro r s  (18) leads  to a n  u n c e r t a i n t y  in  log ~ZN of  -+0.014. In  
t h e  Na20-V20.~ raelts ,  an  e s t i m a t e d  u n c e r t a i n t y  in weigh-  
ing  of -+0.006g (-+1 w e i g h t  p e r c e n t  [w/o] Na~O) d u r i n g  me l t  
p r e p a r a t i o n  yie lds  an  u n c e r t a i n t y  in  the  c o n c e n t r a t i o n  of 
Na~O of  -+0.25 m/o a n d  an  u n c e r t a i n t y  in t he  concen t r a -  
t ion  of  V20~ of ~0.08 m/o for a to ta l  s a m p l e  w e i g h t  (Na20 
+ V205) of  2.5g. U s i n g  t he  m a x i m u m  slope of t he  c u r v e  of 
log ~ vs. xN, a n  u n c e r t a i n t y  in m/o Na20 of -+0.25 pro- 
duces  an  u n c e r t a i n t y  in log ~r of -+0.07. The  u n c e r t a i n t y  
in  t h e  c o m p o s i t i o n  of  t he  Na~O-WO.~ r e f e r ence  m e l t  (m/o 
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WO~ of --0.01) causes an error in log MN of _+0.0013. 
Combining all the random errors (19) due to measurement  
of temperature and emf, and due to uncertainties in melt 
compositions, results in a total estimated random error in 
log ~N of _+0.071. From the least squares line fits to the 
experimental  data, the maximum standard deviation in 
log M~ is _+0.07, as shown in Table I. This value (_+0.07) is 
in good agreement with the total estimated random error 
in log ~N of --0.071. A random error in log MN of _+0.071 
corresponds to a maximum random uncertainty in GN Ex of 
�9 +1.5 kJ/mol  at 1125 K. The random errors in HN M and SN M 
are estimated to be _+9 and _+2.7 J/mol K, respectively. 

A further error in the electrochemical cell experiments 
arises from the dissolution of the fused-silica electrolyte 
into' the V205 containing melts. There is a maximum solu- 
bility of 2.5 w/o SiO2 in liquid V~O5 at 1200 K according to 
the V205-SiO2 phase diagram (20). However, a fused-silica 
rod continued to be attacked by a pure V20~ melt even 
though the saturation concentration of silica of 2.5 w/o 
was reached (20, 21). This apparently anomalous behavior 
resulted from silica reprecipitating as quartz or crysto- 
balite because the chemical potentials of these crystalline 
forms are slightly less than that of the silica in the vitre- 
ous state. It would appear that the same effect was pres- 
ent with the cell measurements  of this study. The appar- 
ent solubility of silica in the melt as estimated from the 
volume of silica removed from the exterior of the electro- 
lyte tube varied with the V205 content of the melt and the 
time of operation of the cell. For example, the weight of 
silica removed ranged from 0.9% to 1.9% of the weight of 
the melt for times of 6-9.5h exposure and melt composi- 
tions of 90, 80, and 70 m/o V~O~. For melts containing 50 
m/o, the equivalent figure was 5 w/o or less. With a melt 
of pure sodium sulfate in which the activity of sodium ox- 
ide was controlled in the range of 10 -14 to 10 -'~, there was 
no attack of the silica electrolyte for exposures of 15-30h 
at 1170-1256 K. There was also no attack of these electro- 
lytes by Na20-WO~ melts in which the activity of Na~O 
was near 1 0  TM . 

The available information on the nature of the Na20- 
V20~-SiO2 system is much too limited to make a quantita- 
tive evaluation of the effect of SiO2 on the measured 
values of log JN~20. An estimate of the effect can be made, 
however, on the basis that silica and vanadium oxide, as 
VO2.~ are acids and behave similarly in the Na20-VO~.5-SiO2 
system. The actual melt on which the measurements  were 
made is in the ternary system, whereas the results of the 
study are applied to the Na20-VO2.5 binary system. In 
making the correction, the composition of the ternary sys- 

tem is calculated on the basis that 2.5 w/o silica was 
added to the initial binary melt. This addition is 
0.033-0.037 mole fraction of silica for the melt composi- 
tions studied. It is then assumed that the value of log 
MNa2o is constant along lines of constant concentration of 
sodium oxide in the ternary system, i.e., for lines of con- 
stant SiO2 + VO2.~ Thus the values of log J~Na20 a r e  ob- 
tained for the binary Na20-VO2..~ system. Conversion of 
the compositions in the ternary system back to composi- 
tions in the Na20-V~O5 system provides the estimate of 
the correction that is to be applied to the lines p lo t t ed in  
Fig. 5. The corrections in log MN~2o range from -0.002 to 
-0.011 in the composition range from 90-50 m/o V205, re- 
spectively. When compared to other sources of uncer- 
tainty in the study, this correction is insignificant. 

Summary 
The activity of Na20 in the liquid phase of the 

Na20-V205 system has been measured between 1055 and 
1200 K by employing an electrochemical cell. The partial 
molar thermodynamic quantities for Na20 and V20.~ and 
the integral molar quantities for the liquid have been 
evaluated. 

The values of AG~ ~ AH~, and hSf ~ for the compounds 
Na~O �9 V205, Na~O �9 3V20.~, and Na~O �9 6V~O.~ have been 
calculated in the temperature range 873-773 K. The calcu- 
lated data on Na20 - V2Q from the current work is within 
1.7% (_+30 kJ/mol) of the data calculated by Mah (7). 

The Na~O-V205 melts show large negative deviations 
from ideality which is indicative of the strong chemical 
interaction between the two components (Na20 and V205) 
in the melt. 
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The Composite Insertion Electrode 
Theoretical Part. Equilibrium in the Insertion Compound and Linear Potential Dependence 
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ABSTRACT 

The specific energy obtainable by discharge of porous insertion electrodes is limited by electrolyte depletion in the 
pores. This can be overcome using a solid ion conductor as electrolyte. The term "composite" is used to distinguish 
these electrodes from porous electrodes with liquid electrolyte. The theoretical basis for such electrodes is discussed 
and, using a simplified model, equations are derived to describe the distribution of potential and current during 
discharge/charge operation. Under the assumption that the insertion compound particles are small enough to ensure 
equilibrium, and that the local electrode potential depends linearly on the degree of insertion, these equations are solved 
to obtain analytical expressions for the discharge curve. It is shown that the parameters which determine the discharge 
behavior for a given discharge current are simply related to the effective ionic and electronic conductivities, the thick- 
ness of the electrode, the volume fractions, and the slope of the potential curve. 

From a specific energy point of view, batteries with in- 
sertion electrodes have the advantage that the overall cell 
process 

n M +  H ---> HMn [1] 

only includes a minimum of components,  and no changes 
in overall electrolytic composition. 

The reaction at the positive electrode 

~M + + ~e- + HM~ ~ HM~+~ [2] 

is a topochemical  reaction where the monovalent  cation 
M + is inserted in the "host compound," H. 8 is an 
infinitesimal increment in the degree of insertion x and 
the compound HMx, for x ~< n, forms a single phase. 

Hence Eq. [2] can take place in both directions with a 
min imum of structural changes. This should make it pos- 
sible to design secondary batteries with long cycle life. Li 
is the metal most used for this type of batteries, but Eq. 
[2] is known to occur with Na + (1), K~ (2), and Ag + (3) as 
well. 

Many insertion compounds are known primarily from 
the groups of dichalcogenides (4), but lately also oxides, 
in particular, vanadium oxides, have been studied (5). 

Based on the Li/TiS~ couple, practical battery investiga- 
tions have shown (6-8) that a specific energy in the range 
of 100-150 Wh/kg is a realistic goal for moderate tempera- 
ture batteries. This can be compared with the 50-60 Wh/kg 
goal for advanced lead acid systems. 

The limitations met with in the design of insertion com- 
pound batteries originate primarily from the low mobility 
of the M § cation in the electrolytes used (9). Alkali metal 
anodes dictate the use of nonaqueous electrolytes, either 
organic solvents with a M salt (10), or solid ionic conduc- 
tors (7). 

The dynamics of insertion cathodes.--Equatipn [2] is 
basically a solid-state reaction, whose rate is controlled by 
diffusion of M + into the insertion compound particle. This 
type of electrode kinetics has been discussed in relation 
to battery performance in earlier papers (11, 12). It was 
concluded that insertion cathodes should be made with 
small particles arranged in a porous structure in order to 
obtain acceptable specific energies at heavy loads. In a 
porous electrode, the utilization of the active materials de- 
pends on the transport in the active particles, electrode 
porosity and thickness, and electrolyte properties. By 
choosing small enough cathode particles, the influence 
of transport in these can be eliminated without impairing 
the packing density (11). For example, in the case of the 
Li/TiSe system, a particle size smaller than 1-2/~m ensures 
that even for 2-4h loads, the Li concentration in the 
particles is practically uniform. 

The impedance for the interracial charge transfer reac- 
tion can be assumed negligible for insertion reactions (13) 

*Electrochemical Society Active Member. 
Key words: electrode, insertion, solid state, discharge. 

and, accordingly, reaction [2], under these circumstances, 
proceeds close to equilibrium. Hence, the obtainable ma- 
terial utilization in the porous cathode is limited by trans- 
port phenomena in the electrolyte in the pores. 

These problems were discussed in a previous publica- 
tion (14), where it was concluded that the utilization of a 
porous cathode, designed for maximum energy density, 
was limited by local depletion of electrolyte salt in the 
cathode. This depletion occurs when the local transfer 
current consumes more M + ions than the amount  sup- 
plied by diffusion and migration. In Ref. (12) it was indi- 
cated that the electrolyte depletion was a consequence of 
the transport of the anion and could be delayed or sup- 
pressed if the anion mobility was low enough. Thus, a low 
anion and a high cation mobility should be beneficial for 
material utilization. However, one might fear that the cor- 
responding decrease in conductivity and the appearance 
of "diffusion potentials" would offset the gain. 

A quantitative study was undertaken in Ref. (14) from 
which Fig. 1 is reproduced. It is obvious from this figure 
that the electrode performance is dramatically improved 
by decreasing anion mobility to a low value, regardless of 
the increase in electrolyte resistance. This points to the 
use of solid ion conductors with only one ionic species 
mobile as electrolytes in "porous" electrodes. To indicate 
the difference between electrodes with liquid electrolytes 
and solid electrolytes, the term "composite electrodes" is 
coined to describe these "all solid-state" electrodes. 

Composi te  Electrodes 
In experiments with solid ionic conductors it has been 

the practice to mix the electrode substance with electro- 
lyte powder (15). So far no discussion of this procedure 
and the expected advantages is found in the literature. 

2.5 

> 

2.0 

l a I | | | 1  I I I 

0 0.5 
Fig. 1. Calculated discharge curves for porous electrode with liquid 

electrolyte. Cationic mobility kept constant, different values of t 
(a, b, c). a = 0.8, b = O. 1, and c = 0.01. For further details see Ref. (14). 
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For  revers ib le  batteries,  a compos i t e  e lec t rode  can 
hardly  be  imag ined  with  o ther  e lec t rode  sys tems than  in- 
ser t ion c o m p o u n d s  because  par t ic ipat ion of  e lec t ro ly te  
c o m p o u n d s  in the cell  reac t ion  would  des t roy  the  struc- 
ture. E v e n  with  inser t ion  c o m p o u n d s  the  v o l u m e  changes  
associa ted  with  charge  and discharge  migh t  cause  dif- 
ficulties. The  compos i te  e lec t rode  mus t  be  m a d e  by 
mix ing  powders  of  the  inser t ion  c o m p o u n d  and the  solid 
e lec t ro ly te  and consol ida t ing  this mix tu re  on a meta l  grid 
se rv ing  as current  collector.  

The  s t ructure  of a compos i te  e lec t rode  is shown in Fig. 
2. It  is essent ia l  that  the  inser t ion mater ia l  and the  electro- 
lyte  form two in t e rwoven  cont iguous  ne tworks  wi th  max- 
i m u m  contac t  area, and that  the  n u m b e r  of  voids  or isola- 
ted  par t ic les  is at a m i n i m u m .  The real izat ion of  such a 
s t ru tcure  is difficult; it can, however ,  be faci l i ta ted us ing  
a " sof t "  e lec t ro ly te  l ike LiI-AI~O~ (16) or  a small  a m o u n t  of  
po lymer ic  e lec t ro lyte  (17) to improve  the  contac t  be tween  
e lec t ro ly te  and e lec t rode  part icles  (18). 

The  compos i t e  e lec t rode  concep t  is an impera t ive  pre- 
requis i te  for the  cons t ruc t ion  of an all solid-state bat tery  
sys tem explo i t ing  the advantages  associa ted wi th  electro- 
lytes conduc t ing  only the  inser ted  ion. 

S u c h  a sys tem can be opera ted  at a modera te ly  in- 
c reased  tempera ture ,  100~176 In  the  first place, this 
improves  the  ra ther  low conduc t iv i ty  of solid e lec t ro ly tes  
at r o o m  tempera ture .  A s s u m i n g  an act ivat ion ene rgy  for 
ionic t ranspor t  of 0.3 eV, rais ing the  t empera tu re  f rom 25 ~ 
to 150~ will  improve  the bat tery  rate capabi l i ty  by a fac- 
tor  of  five. Also, the  rate of  the  inser t ion process  will  be  
i m p r o v e d  pe rmi t t ing  use  of  less "ac t ive"  inser t ion  com- 
pounds  or larger  particles.  

Opera t ion  of  organic  e lec t ro lyte  bat ter ies  at increased  
t empe ra tu r e  has unti l  now not  been  successful ly  demon-  
strated,  par t ly  f rom safety considerat ions ,  and part ly due  
to the  t endency  for solvent  in tercala t ion in layered  mate-  
rials. It is obvious  that  the  compos i t e  e lec t rode  should  be 
c o m b i n e d  wi th  a layer of  solid e lect rolyte  as a separator.  
The  mos t  p romis ing  e lec t ro lyte  materials ,  Li3N and LiI- 
A1203, are t he rmodynamica l l y  stable against  Li, and this, 
poss ib ly  in connec t ion  with  the  increased  tempera ture ,  
improves  the  cyclabi l i ty  of  the  Li e lec t rode  cons iderab ly  
(18). 

F r o m  a cons t ruc t ion  poin t  of view, the possibi l i ty  of  
s tack ing  a n u m b e r  of  cells to a high vol tage uni t  w i thou t  
serious c o n t a i n m e n t  p rob lems  should improve  overall  
specific energy.  Hence,  the  expec ted  advantages  associa- 
ted  wi th  the  compos i te  e lec t rode  concep t  warrants  a 
closer  s tudy  of  its theoret ical  and pract ical  aspects.  

Theoretical Treatment 
M o d e l  d e s c r i p t i o n . - - I t  is a s sumed  that  the  e lec t rode  is a 

flat pel le t  of  thickness ,  l, (Fig. 3). The  length  coord ina te  is 
z, wi th  z = 0 at the  current  collector.  The  e lec t rode  poten-  
tial, ec is measu red  at the  current  col lector  wi th  re ference  
to an e lec t rode  revers ib le  to M + placed at z = l. ~r is the  
Fe rmi  potent ia l  in the  e lec t ronical ly  conduc t ing  inser t ion  
c o m p o u n d  and ~b the  Galvani  potent ia l  in the  electrolyte.  
Hence  

~c = 7to -~,  [3] 

where  7to = 7r(z = 0) and 6~ = ~(z = l). 
Due  to the  equ iva lence  be tween  the  e lec t ro ly te  and in- 

ser t ion compound ,  it is natural  to use  the  m a c r o h o m o g e n -  
eous  m o d e l  as in t roduced  by N e w m a n  and Tobias  (19). 
Acco rd ing  to this model ,  each point  is associa ted wi th  lo- 
cal va lues  of  ~r, ~b, ionic cur ren t  density,  i~, and e lect ronic  
cur ren t  density,  i,.. The  e lec t rochemica l  react ion causes  a 
t ransfer  current ,  i t ,  measu red  per  uni t  v o l u m e  electrode.  
These  var iables  are all funct ions  of  posit ion,  z,  and t ime, t. 

We fur ther  ascr ibe an effect ive  e lect ronic  conduct iv i ty ,  
K~, and a co r respond ing  ionic conduct ivi ty ,  ~,, to the  elec- 
t rode  s t ruc ture  as such. These  quant i t ies  t h e n  inc lude  the  
effect  o f  to r tuos i ty  and v o l u m e  fract ion of  the  inser t ion  
and the  e lect rolyte  componen t s ,  respect ively.  Neg lec t ing  
v o l u m e  changes  due  to charge/discharge,  ~, can be con- 
s idered  cons tan t  in t ime  and space, w h e n  a t rue  solid 

Li  § 
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Fig. 2. Cemposite electrode concept (two dimensional) 

ionic conduc to r  is used. This  makes  all the  di f ference be- 
tween  the  t r ea tment  of  the  compos i t e  and .  the porous  
e lec t rode  with  l iquid  electrolyte,  where  compos i t ion  and 
conduc t ance  of the e lect rolyte  changes  wi th  t ime  and po- 
sition. 

For  s o m e  inser t ion compounds ,  the  e lect ronic  conduc-  
t ivi ty of  the  pure  substance,  Ke ~ can change cons iderab ly  
wi th  the  a m o u n t  of inser ted  ion. However ,  the  effect ive  
va lue  of  Ke in the e lec t rode  can be control led  by con- 
duc t ing  addi t ives  like graphite,  etc. 

In  the  following, K~ is cons idered  constant,  the  interfa- 
cial charge  t ransfer  is a s sumed  to be in equi l ibr ium,  and 
the local  concent ra t ion  of  inser ted  ion in each  inser t ion  
c o m p o u n d  part ic le  is uniform.  Also, electr ical  gradients  
pe rpend icu la r  to the Z-axis are a s sumed  negligible.  Un-  
der  these  assumpt ions ,  the t ranspor t  equa t ions  are 

d~ dlr 
ii = - K , ~ z  and  ~e = -Ke d--z [4] 

and the  conserva t ion  of  mass  and charge  requi res  

i t  = m and il + ie = i* [5] 
Oz 

i* is the  d ischarge/charge  current  dens i ty  (counted nega- 
t ive for cathodic,  i .e . ,  discharge  currents).  The  local  s ingle 
e lec t rode  potent ia l  is g iven as 

E = ~ - / )  [6] 

and Eq. [4]-[6] give the porous  e lec t rode  re la t ion (20) 

( 1  1) 02E S t + [7]  
0Z 2 K e 

with  the  boundary  condi t ions  for cons tan t  cur ren t  dis- 
charge  

z = O, i~ = i*; z = l, il = i*  [8] 

!"/',,~. Co mpos ire//"~/J.Y~, Sepa ra to r 
El ,t E e,t ol t  

12"~ /J ,  X t X e / / J ~ ,  ~/, ~ e fer e n c e 
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Fig. 3. Specification of composite electrode model 
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w h i c h  on  t he  s t r e n g t h  of  Eq. [4] and  [5] c an  b e  w r i t t e n  as 

z = O, ae/Oz = - i* /Ke  

[9] 

z = l,  ~ e l ~ z  = i*lKt 

T h e  i n s e r t i o n  e l e c t r o d e  p o t e n t i a l . - - I n  porous  a n d  com- 
pos i t e  i n s e r t i o n  e lec t rodes ,  t he  r eac t ion  is d i s t r i b u t e d  
t h r o u g h  the  e lect rode,  m a i n l y  as a r e su l t  of t h e  c h a n g e  in  
po t en t i a l  a s soc ia t ed  w i t h  t he  c h a n g e  in  t he  local  deg ree  of 
i n s e r t i o n  c a u s e d  by  the  d i s c h a r g e / c h a r g e  process .  A char-  
ac te r i s t ic  for i n s e r t i o n  c o m p o u n d s  is t h a t  t he i r  equi l ib -  
r i u m  po t en t i a l  d e p e n d s  s t rong ly  on  t he  deg ree  of  inser-  
t ion.  One  e x a m p l e  of  th i s  d e p e n d e n c e  is t h e  r e l a t ion  
p r o p o s e d  b y  A r m a n d  (21) for T i S J L i  

�9 = 7r - r = �9 + R T I F ( l n [ ( 1  - X ) / X ]  - ~ X  - 0.5]) [10] 

w h e r e  X = x / n  is the  degree  of  inser t ion ,  f a n  " i n t e r a c t i o n  
p a r a m e t e r , "  a n d  e0 a s t a n d a r d  p o t e n t i a l  for t he  i n s e r t i o n  
c o m p o u n d / e l e c t r o l y t e  in  ques t ion .  

The  i n t e r a c t i o n  pa rame te r ,  f, e x p r e s s e s  a p p r o x i m a t e l y  
t he  effect  of t he  e lec t ros ta t i c  i n t e r ac t i ons  a s soc ia t ed  w i th  
the  i n s e r t i o n  p rocess  (23) a n d  d o m i n a t e s  the  d e p e n d e n c e  
of  t he  p o t e n t i a l  on  X. T he  typ ica l  r a n g e  for t he  l inea r  t e r ra  
is 10 < f < 20, e.g. ,  16 for TiS~. 

A r e l a t i on  of  the  fo rm Eq. [10] p r e s u m e s  t h a t  t he  inser-  
t i on  t akes  p lace  in  a m o n o p h a s i c  region.  If, for example ,  
n e w  p h a s e s  are f o r m e d  d u r i n g  inser t ion ,  t he  E MF c o m p o -  
s i t ion  r e l a t i on  will  e x h i b i t  p l a t eaus ,  a n d  re l a t ions  l ike Eq. 
[i0] are only valid within limited regions. 

In Fig. 4, we have depicted the TiS:/Li potential as mea- 
sured (29) and calculated from Eq. [i0]. In this case, it is 
obvious that a simple linear dependence 

�9 = e * - k X  [11] 

is a good  a p p r o x i m a t i o n .  A l t h o u g h  o the r  i n s e r t i o n  com-  
p o u n d s  m a y  show th i s  b e h a v i o r  on ly  in a l imi t ed  range ,  i t  
is be l i eved  t h a t  Eq. [11] b r i n g s  ou t  the  cha rac t e r i s t i c  fea- 
t u r e s  of i n s e r t i o n  e l ec t rodes  c o m p a r e d  w i t h  o the r  b a t t e r y  
e l ec t rodes  l ike HgO, AgC1, a n d  PbO2. 

T h e  w o r k i n g  p o t e n t i a l . - - T h e  w o r k i n g  p o t e n t i a l  is g iven  
b y  Eq. [3]. In  case of  a s ign i f ican t  c o n t r i b u t i o n  f rom the  
e l ec t ron ic  r e s i s t a n c e  in t he  i n s e r t i o n  c o m p o u n d  ne twork ,  
�9 c c a n n o t  b e  iden t i f i ed  w i th  t h e  local  e l ec t rode  p o t e n t i a l  

�9 1 a t  z = 1. M a n y  i n s e r t i o n  c o m p o u n d s  h a v e  a h i g h  elec- 
t ron ic  c o n d u c t a n c e  as, e.g. ,  TiS2, wh i l e  o the r  c o m p o u n d s  
i n t e r e s t i n g  f rom a ba t t e ry  po in t  of v iew s h o w  a r a t h e r  low 
e lec t ron ic  conduc t iv i ty ,  e .g . ,  some  of t he  v a n a d i u m  
oxides.  

Un t i l  n o w  t h e r e  still  r e m a i n s  some  u n c e r t a i n t y  as to t he  
in f luence  of e l ec t ron ic  res i s t iv i ty  on  b a t t e r y  pe r fo rm-  
ance,  a l t h o u g h  it was  a m a i n  topic  in  some  of the  first 
w o r k s  on  p o r o u s  e l ec t rodes  (24). 

The  fo l lowing  t r e a t m e n t  is qu i t e  genera l  a n d  b a s e d  on  
t h e  local  po ten t ia l s :  �9  = �9 = l) = ~rl - ~bl a n d  �9 = �9  = O) 
= 7to - q~o. F r o m  Eq. [3], we h a v e  

EC = qTo - -  (~1 : ~T1 - -  (~1 - -  (77"1 - -  T/'O) [12] 

a n d  f r o m  O h m s  law (Ke cons t an t )  

7q - zro = - i edz  [13] 

a n d  u s i n g  Eq. [4] a n d  [7] 

f l  ~K l  f z  0~�9 ie = i t d z  - [14] K~ + K] ~ d z  

P e r f o r m i n g  t he  i n t e g r a t i o n  a n d  u s i n g  t he  b o u n d a r y  con-  
d i t ions  in  Eq. [9] we ob ta in  

1 
�9 c = - -  (Keel + Kieo + li*) [15] 

KeKI 

At  th i s  s tage,  i t  is c o n v e n i e n t  to i n t r o d u c e  t he  pa r ame-  
ters  �9 t o a n d  ee ~ to exp re s s  t he  po t en t i a l  d i f f e rence  w h i c h  
w o u l d  deve lop  across  t he  e lec t rode ,  if  all t h e  c u r r e n t  
p a s s e d  t h r o u g h  the  tonica l ly  c o n d u c t i n g  n e t w o r k  or t he  
e lec t ron ica l ly  c o n d u c t i n g  ne twork ,  r e spec t ive ly  

�9 t ~ = - i * l / K t ;  �9 ~ = - i * l / K ~  [16] 

As it  wil l  a p p e a r  later,  t h e s e  two p a r a m e t e r s  a n d  k deter -  
m i n e  t he  b e h a v i o r  of t he  e l ec t rode  over  the  en t i r e  dis- 
c h a r g e  range.  Wi th  t h e s e  �9 can  be  w r i t t e n  as 

Et 0 " � 9  � 9  0 ' 60 � 9  O ' ~e  0 
~c - - -  + [17] 

�9 t ~ J r  Ee ~ El  ~ J r  � 9  ~ El ~ -F Ee ~ 

T h e  ra t io  fl = �9176 o = K1/K~ e x p r e s s e s  t he  i n f l uence  of  in- 
c r ea s ing  t h e  e lec t ron ic  r e s i s t a n c e  for  a f ixed v a l u e  of  t he  
ionic  res i s tance .  Us ing  fl, we  get  
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Fig. 4. Insertion electrode potential. (1) measured Ref. (29), (2) ap- 
proximation according to Eq. [10], and (3) linear approximation ( �9  = 
2.49V,  k = 0.67V).  
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M a t h e m a t i c a l  t r e a t m e n t . - - I t  is cha rac t e r i s t i c  for po- 
rous  a n d  c o m p o s i t e  e l ec t rodes  t h a t  t he  t r a n s p o r t  in  t he  
two p h a s e s  is c o u p l e d  t h r o u g h  the  local  e l ec t rode  po ten-  
t ial  �9 = 7r - 6. As �9 is g iven  b y  t he  local  va lue  of X, w h i c h  
d e p e n d s  on  the  local  degree  of d i scharge ,  the  t i m e  de- 
p e n d e n c e  of the  e l ec t rode  b e h a v i o r  is i n t r o d u c e d .  If, as 
a s s u m e d ,  t he  i n s e r t i o n  c o m p o u n d  par t ic les  are in  equi l ib-  
r ium,  t h e n  

0X it 
- [19] 

at F v c  ~ 

w h e r e  c o is t h e  s a t u r a t i o n  c o n c e n t r a t i o n  (x = n) a n d  v is 
t he  v o l u m e  f rac t ion  of  i n s e r t i o n  c o m p o u n d ,  C o m b i n i n g  
th i s  w i t h  Eq. [7] a n d  [16], we get  

~ X  i* l  a2�9 

at - Fvc~ ~ + et ~ 0z ~ [20] 

For  c o n v e n i e n c e ,  d i m e n s i o n l e s s  va r i ab le s  a n d  g r o u p s  
are  i n t roduced .  Fo r  a b a t t e r y  d i s cha rge  at  c o n s t a n t  cur- 
rent ,  t h e  obv ious  t ime  un i t  is the  t i m e  n e e d e d  to dis- 
cha rge  the  b a t t e r y  comple te ly .  At  e q u i l i b r i u m  c o n d i t i o n s  
th i s  is 

r ,  = - F l v c ~  * [21] 

k e e p i n g  in  m i n d  t h a t  ca thod ic  c u r r e n t s  are nega t ive ,  rD is 
t he  " s t o i c h i o m e t r i c "  d i s cha rge  t i m e  a n d  can  b e  cons id-  
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e red  a m e a s u r e  of t he  i n t e n s i t y  of  t he  d i scharge .  Equ iva -  
l en t  t e r m i n o l o g y  is u sed  in t he  ba t t e r y  i ndus t ry ,  e.g.,  a "5h  
load ."  T h e  d i m e n s i o n l e s s  t i m e  

T = t i t  D = - t i * / F l v c "  [22] 

is t h e n  i den t i ca l  to  t h e  deg ree  of  d i scharge .  
I n t r o d u c i n g  d i m e n s i o n l e s s  l eng th ,  Z, a n d  potent ia l ,  E 

Z = z/1; Ej m = Fe~m/RT; a n d  K = F k / R T  [23] 

t r a n s f o r m s  Eq. [20] and  [9] in to  

aX 1 a2E 
[24] 

~T E : '  + E~" ~Z 2 

Z = O, ~E/OZ = EJ'; Z = 1, OE/oZ = - E : '  

w h e r e  

F212vc,, 
Ej . . . .  (j = e,l) [25] 

RTZDrj 

a n d  t he  p o t e n t i a l  r e la t ion  in Eq. [10] in to  

E = E ~ + ln[(1 - X ) / X  - f ( X  - 0.5)] [26] 

a n d  Eq. [11] 

E = E* - K X  [27] 

Equations [24] and [26] or a corresponding potential re- 
lation form two simple nonlinear simultaneous second- 
order differential equations from which E or X can be 
found as functions of T and Z by well-known numerical 
methods. Here we will use the linear relation in Eq. [27] to 
obtain an analytical solution. Equations [24] and [27] give 

0X K 0X 2 
[28] 

aT - E~ ~ + Ee ~ OZ ~ 

T o g e t h e r  w i t h  t he  b o u n d a r y  c o n d i t i o n s  in  Eq. [24], th i s  
r e l a t i on  s h o w s  t h a t  t he  d i s cha rge  in  a c o m p o s i t e  e l ec t rode  
p r o c e e d s  in  t he  s a m e  way  as d i f fus ion  ( acco rd ing  to F i cks  
s e c o n d  law) in a b o u n d e d  d o m a i n  0 =< Z <_- 1 w i t h  c o n s t a n t  
f lux a t  t he  two bounda r i e s .  

In  t h e  d i m e n s i o n l e s s  u n i t s  u s e d  above ,  t he  q u a n t i t y  
K/(E~ ~ + Ee'9 is e q u i v a l e n t  to a d i f fus ion  coeff ic ient  w h i c h  
in d i m e n s i o n e d  un i t s  is 

k 
Dc = [29] 

To d e s c r i b e  t he  d i s cha rge  cha rac t e r i s t i c s  of  the  e l ec t rode  
at  t he  g iven  load  a " load  factor ,"  Lc, is i n t r o d u e e d  

rc El ~ + Ee ~ 
Lc - - -  - (1 + f l )EI~ 

v D K 

- + [30] 
k 

w h e r e  Zc is t he  t i m e  c o n s t a n t  for t he  e lec t rode :  12/Dc2 
T h e  so lu t i on  of  Eq.  [28] c an  b e  o b t a i n e d  b y  c o m b i n i n g  so- 
l u t i ons  for  t he  e q u i v a l e n t  hea t  c o n d u c t i o n  p h e n o m e n a  
(25) as d i s c u s s e d  in  t he  A p p e n d i x .  

The  two so lu t ions  b e l o w  are w r i t t e n  u s i n g  Lc a n d  E~ ~ = 
/3 - E~ ~ to d e m o n s t r a t e  t he  i n f l uence  of  a d d i t i o n a l  elec- 
t ron ic  r e s i s t a n c e  

X = T + E I ~  f l Z + f i  1 
- -  - -  - - - -  - -  4 -  

K 3 6 

s 

[fl cos nTrZ - cos n~r(1 - Z)] l [31] 

a n d  ~ 

Kn Ref. (11), the reciprocal of Lc was used, called Q. 
2ierfc is the first integral of the erfc function. See Ref. (25). 

El" X/T .~ [ 2 n + l + Z  2 n + l - Z  
X = 2 - -  ~_~([ierf + ierfc 

K Lc 2 \ / T / L c  2 ~ / T / L c  

2n  + Z 2n  + 2 -  Z]  
+ fl(ierfc - -  + ierfc | [32] 

2 ~ / T / L c  2x /T- /Lc  j 

T h e s e  r e l a t ions  are  m o s t  c o n v e n i e n t l y  t r e a t ed  b y  cons id-  
e r ing  " l o n g  t i m e "  a n d  " s h o r t  t i m e "  b e h a v i o r  separa te ly .  
To o b t a i n  a n  a c c e p t a b l e  b a t t e r y  capaci ty ,  Lc s h o u l d  be  
less t h a n  one. For  T > Lc/3, t h e  s u m  of  e x p o n e n t i a l s  in  Eq. 
[31] van i shes ,  g iv ing  t he  long  t i m e  a p p r o x i m a t i o n  

E,~ ( l + fl Z2 + f lZ  + fl 1 )  
X = W + ~ -  2 ~ - -  -~- [33] 

This  c o n c e n t r a t i o n  profi le  is a p a r a b o l a  w i t h  m i n i m u m  
v a l u e  at  Z = ill(1 + [3). The  va lues  of X at  t h e  b a c k  a n d  
f ron t  are 

Z = 0, X,, = T + (2fl - 1)EI~ 

[34] 

Z = 1, X~ = T + (2 - fl)EI~ 

U s i n g  Eq. [18] a n d  [11], t he  d i m e n s i o n l e s s  w o r k i n g  po ten-  
t ial  is f o u n d  as 

E~. = E *  - K T  - ( E j  ~ + E~~ 
[35] 

= E* - K T  - (1 + fl)El~ 

For  " s h o r t  t ime,"  a n  a p p r o x i m a t i o n  can  be  o b t a i n e d  
f rom Eq.  [32] o b s e r v i n g  tha t ,  for  sma l l  va lues  of  T / L c ,  all 
t e r m s  e x c e p t  t h o s e  w i th  n = 0 in the  s u m m a t i o n s  van i sh ,  
(ierfc 1.5 < 0.01). Also, for Z nea r  zero, on ly  t he  t e r m  w i t h  
ierfc (Z /2~ /T /Lc) ,  and  for Z nea r  one, on ly  ierfc 
((1 - Z ) / 2 V T / L c )  r emains .  Hence ,  t h e  s h o r t  t i m e  approx i -  
m a t i o n  is 

Elo_ / - -T  [ i e r f e  1 - Z  Z X = 2 \ / - - ~  + fl ierfc - - j [ 3 6 ]  
K u 

Lc 2 ~ / T / L c  2 ~ / T / L c  / 

showing that the profile is composed of two semi- 
infinite diffusion profiles starting from Z = l and Z = 0, 
respectively. They both travel inward and at Z = fi/(l + fi) 
they meet, building up the parabola given by Eq. [33]. 
The values of X at the back and front of the electrode are 
[ierfc(0) = i/~/~] 

4 flE~ ~ T 
Z =  0, X o = 2 ~ - -  1rLc 

E1 ~ [ T [37] 
z:l,x,:z -v 

T h e n  u s i n g  Eq. [11] and  [18], t he  d i m e n s i o n l e s s  w o r k i n g  
p o t e n t i a l  is 

2 1 +fi~ fl 
Ec = E* ~/KEI  ~  T -  El ~ [38] 

(I +/~)~:~ 1 + 3 

This relation demonstrates the ~ dependence, typically 
for semi-infinite diffusion, but it also contains a constant 
term for t = 0 which is largest for El ~ = E~ ~ (fl = i). 

Equations [35] and [38] are asymptotic solutions for T --> 
and T --> 0, but they are both very good approximations 

over a large range. Equating dEc/dT from these two ex- 
pressions, a transition point is found for 

Tt = [ 1 +f12 ]2 Lc (1 + fl2)2 ElO [39] 
k(1 +fi )2J  lr (1 +fi)~ ~rK 

and,  at  t h i s  point ,  t he  t rue  va lue  for Ec dev ia te s  less  t h a n  
0.01(Ee ~ + E1 ~ f rom the  va lues  ca l cu la t ed  f rom Eq. [35] a n d  
[38]. Thus ,  t h e s e  two  re la t ions  cover  t he  r a n g e  0 < T < 1 - 
Lc/3 w i t h  a suff ic ient  p r ec i s i on  for  all p rac t i ca l  p u r p o s e s .  

The  l ow  p o t e n t i a l  r e g i o n . - - P h y s i c a l l y ,  X c a n  n e v e r  ex- 
ceed  1, and,  thus ,  Eq. [35] or [38] are on ly  va l id  for T < T~t, 



1204 J .  E l e c t r o c h e m .  S o c . :  S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  M a y  1 9 8 4  

w h e r e  %~t is found  by  equa t ing  X to 1 in Eq. [34] or [37]. 
For  pract ica l  bat ter ies ,  a ut i l izat ion of more  t h a n  50% is 
usual ly  r equ i r ed  and  hence ,  only  the  use  of Eq. [34] is rel- 
evant .  F r o m  this,  T~a is 

E1 ~ 
/3 ~ 1 ,  r s a t  = i - -  ( 2  - -  /3) ~ - K  = i 

E] ~ 
/3 => i, T~., = i - (2/3 - i) ~-K = i 

2 +fl)l~ Lc 
6(1 [40] 

2/3 - 1 
Lc 

6(1 + fl) 

For /3  = 0 and/3  -+ 0% T s a t  is 1 - Lc/3, and  for/3 = 1, Tsat is 
1 - Lc/12. At  T~t the  inse r t ion  c o m p o u n d  b e c o m e s  satura-  
t ed  e i ther  at the  surface (for/3 < 1) or at the  cu r r en t  col- 
lec tor  (/3 > 1). For  /3 = 1, the  sa tura t ion  occurs  s imulta-  
neous ly  at the  surface and  at the  cur ren t  collector.  

However ,  the  d i scharge  of  the  inner  par ts  of the  elec- 
t rode  can con t inue  for T > Tsa t. For/3 < 1, due  to t he  t rans-  
por t  of  M + in t he  ionic c o n d u c t i n g  n e t w o r k  to the  non-  
sa tu ra t ed  inne r  par ts ,  and  for /3 > 1, c o r r e s p o n d i n g l y  
t h r o u g h  t r a n s p o r t  of  e lec t rons  in the  e lec t ronic  con- 
duc t ing  n e t w o r k  of  (saturated) inse r t ion  c o m p o u n d .  In  
th is  way  the  e lec t rode  can, in priflciple, be  d i s cha rged  to 
100% util ization. 

This  par t  of the  d i scharge  is charac te r ized  by  a b o u n d -  
ary b e t w e e n  the  sa tura ted  and  still act ive par t  of the  elec- 
t rode;  the  b o u n d a r y  m o v i n g  i nwards  for/3 < 1. F r o m  this  
b o u n d a r y  on, the  e lec t rode  reac t ion  p roceeds  as usual  
and  Eq. [24] will apply.  However ,  the  b o u n d a r y  cond i t i on  
d E / d Z  = - E l  ~ shou ld  n o w  be appl ied  to the  m o v i n g  
b o u n d a r y  b e t w e e n  the  sa tura ted  and  the  act ive par t  of  the  
e lec t rode.  For /3  > 1, sa tura t ion  starts  at the  cu r ren t  col- 
lector.  The total  cu r ren t  is n o w  carr ied by the  e lec t ronic  
c o n d u c t i n g  n e t w o r k  to the  boundary ,  w h i c h  is n o w  mov-  
ing fo rward  bu t  still sub jec t ed  to the  b o u n d a r y  cond i t ion  
d E / d Z  = E~ ~ For  /3 = 1, two  bounda r i e s  s tar t ing at each  
e n d  m o v e  agains t  each  other.  In Fig. 5, we  have  dep i c t ed  
the  d e v e l o p m e n t  of  concen t r a t ion  profiles in the  elec- 
t rode  wi th  T for d i f fe rent  charac ter i s t ic  va lues  of  ft. 

A s imple  analyt ical  so lu t ion  of Eq. [24] wi th  mo v i n g  
b o u n d a r y  cond i t ions  has not  b e e n  found.  However ,  an ap- 
p r o x i m a t e  solut ion for the  pos i t ion  of  t he  b o u n d a r y  can 
be  found  if one  a s sumes  tha t  the  shape  of the  concen t ra -  
t ion profile r ema ins  parabol ic  as for T < T~ a. This  ap- 
pears  r ea sonab le  w h e n  1 - Tsat i s  small. 

The analyt ical  solut ions  are only  s imple  for E~ ~ or E~ ~ = 
0 or in the  symmet r i ca l  case E~ ~ = El ~ Fo r /3  = 0 let the  
b o u n d a r y  b e t w e e n  the  outer  sa tura ted  and the  inner  a c -  

X p = O  

0 , , , I Z  o 
o . 2  . 4  .6 .8 1 

X 
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. 5  
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N i i i l 
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Fig. 5. Calculated concentration profiles in composite electrode. Dif- 
ferent values of/3 = KI/K~ as indicated. E~~ kept constant. Counted 
from lowest value ofX, T = 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 0.95, and 
0.98. 

t ive reg ion  be at Z = Z*. Then,  us ing  the  b o u n d a r y  condi-  
t ions  at Z = 0 and  Z = Z* and  the  a s s u m p t i o n  abou t  a par- 
abolic shape ,  the  concen t r a t ion  profile (0 <= Z =< Z*) is 
found  to be  

X Et~ Z2 El~ ~ 
- 2 K Z *  2-K z~ + 1 [41] 

As the  total  in se r t ed  a m o u n t  is T, Z* can be found  f rom 

F T = X d Z  + 1 - Z* [42] 

resu l t ing  in 

Z* = ~/3K(1 - T)/E] ~ [43] 

For /3  = 1 (E, ~ = ElO), we have  two boundar ies ,  Zj* and  
Zz*, symmet r i ca l  abou t  Z = 1/2. With the  same p r o c e d u r e  
as above,  we  get 

Z~* = 1/2 + ~/3K(1 - T)/2E~ ~ 
[44] 

Z~* = V2 - X/3K(1 - T)/2E] ~ 

At the  boundar ies ,  the  local e lec t rode  po ten t ia l  accord-  
ing to Eq. [11] is E* - K. If  Ee ~ = 0, we get  the  work ing  po- 
tent ia l  d i rec t ly  as 

Ec = E* - K - E,~ - Z*) [45] 

A n d  for Ee ~ = E, ~ (/3 = 1) 

E~ = E* - K - E~ - Z*) - ,z2 rrdZ [46] 
JZi," 

In se r t i ng  Eq. [43] in [45] and  Eq. [44] in [46] and  
eva lua t ing  the  integral  as for Eq. [18], we  get  as a c o m m o n  
resul t  

E~. = E* - K - Et~ - X/3K(1 - T)I(/3 + 1)E~ ~ [47] 

val id  for/3 = 0 and  1. 
The final work ing  potent ia l  at T = 1 is t hus  e s t ima ted  as 

E~.(T = 1) = E* - K - E ~ [48] 

w h e r e  E ~ is El ~ for/3 _< 1 or E~ ~ for/3 -> 1. 

Discussion 

The  bas ic  Eq. [28] d e m o n s t r a t e s  tha t  in t he  reg ion  
w h e r e  X < 1 the  compos i t e  e lec t rode  b eh av es  l ike a non-  
p o ro u s  inser t ion  electrode.  The ap p a ren t  d i f fus ion  coeffi- 
c ient  d ep en d s ,  accord ing  to Eq. [29], on the  s lope  of  the  
EMF curve,  on the  conduct iv i t ies ,  and  on the  specific ca- 
pac i ty  (c ~ �9 v) of  the  e lect rode.  

Us ing  available data for the  TiSJLi3N combina t ion ,  3 a 
va lue  of  D~. ~ 10 -5 cm z s -1 is ob t a ined  at 170~ This  rela- 
t ively h igh  value allows cons t ruc t i on  of  ba t te r ies  wi th  a 
h igh  mater ia ls  ut i l izat ion and  a good pack ing  dens i ty  
even  at heavy  loads. 4 

To i l lustrate  this  further ,  the  d i scharge  curve,  i.e., the  
w o rk i n g  voltage,  ec, as a func t ion  of degree  of d i scharge ,  
T, can be ca lcula ted  for an e lec t rode  wi th  k n o w n  values  
of  k, e, ~ ee", and  e*. This can be d o n e  us ing  Eq. [38], [35], 
and  [47], success ively ,  obse rv ing  tha t  the  d i scha rge  curve  
can be d iv ided  in th ree  regions:  the  X/T region,  t he  l inear  
part,  and  the  low potent ia l  reg ion  charac te r ized  by  a 
"/1 - T d e p e n d e n c e .  The t rans i t ion  po in t s  b e t w e e n  these  
reg ions  as given by Eq. [39] and  [40] are d e t e r m i n e d  by 
the  load factor  Lc def ined  in Eq. [30]. The case e, ~ > >  e~ ~ 
(/3 = 0) is of cons ide rab le  pract ical  in te res t  and  m a y  serve  
as an i l lustrat ion of  the  charac ter i s t ic  course  of  t he  dis- 
charge  curve.  Us ing  d i m e n s i o n e d  uni t s  (k = R T K / F ,  Lc = 
e~~ the  th ree  reg ions  can be  desc r ibed  thus  

3Co = 0.026 mol cm -3, K = 22, K~ >> K, ~ 2.5 �9 10 -~ tl-' cm-'  at 
170~ v = 0.5. 

4 It has been experimentally shown that although the TiSdLi.~N 
combination is thermodynamically unstable, it is kinetically sta- 
ble. Batteries with TiSJLi3N composite electrodes have been cy- 
cled more than 500 times (30). 
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T < Lc/~'; 100  

2 
Ec = ~* - -  X/EI ~ k " T 

L c h r  < T < 1 - L c / 3 ;  [49] 

ec = e* - e~~ - k"  T 9 0  

1 - L c / 3  < T <  1; 

ec = e* - k - el ~ (1 - ~/3k(1 - T)/el ~ It 

In  Fig. 6, d i s cha rge  c u r v e s  for Lc = 1 a n d  d i f f e ren t  I---- 
c o m b i n a t i o n s  of  k a n d  e~ ~ are  dep ic ted .  The  effect  of  a n  f '~  
a d d i t i o n a l  e lec t ron ic  r e s i s t a n c e  (fl > 0) is i l l u s t r a t ed  in  ~ 8 0 
Fig. 7. C o n t r a r y  to the  case  for fl = 0, t h e r e  is a c c o r d i n g  to IAJ 
Eq.  [38] a n  in i t ia l  o h m i c  vo l t age  drop:  e~~ + f l) .  In  a com-  
p le te  ba t t e ry ,  t h i s  will  b e  o b s e r v e d  in a d d i t i o n  to  t h e  vol- 
t age  d rop  across  t h e  s epa ra to r  e lectrolyte .  T he  ~/T pa r t  of  
t he  c u r v e  is f l a t tened  due  to t h e  fac tor  (1 + f12)/(1 + fl)3/~ in 
Eq. [38] (= 0.7 for  fl = 1). T he  l inea r  pa r t  is f u r t h e r  de- 
p r e s s e d  b y  Ce~ b u t  t he  h n e a r  r a n g e  is e x t e n d e d  at t h e  ex- 7(] 
p e n s e  of  t h e  x/T a n d  t h e  ~/1 - T regions ,  de l ay ing  t h e  ap- 
p e a r a n c e  of  t h e  m o r e  s lop ing  las t  pa r t  of  t h e  d i scha rge .  
The  e n d - p o i n t  vo l t age  (T = 1) is, howeve r ,  t he  s a m e  as for 
f l  = 0 c f .  in  EQ. [48]. 

I n  genera l ,  t he  cou r se  a n d  pos i t i on  of  t he  d i s c h a r g e  
c u r v e  are d e t e r m i n e d  by  k a n d  e*, cha rac t e r i s t i c  for  t h e  in- 
s e r t i on  c o m p o u n d ,  a n d  b y  t h e  q u a n t i t i e s  e, ~ a n d  ee ~ w h i c h  
b e s i d e s  t h e  e l ec t ron ic  a n d  ionic  conduc t i v i t i e s  K~ a n d  K,, 
c o m b i n e  t he  in f luence  of  t he  d i s c h a r g e  cu r r en t ,  t h e  
t h i c k n e s s  o f  t he  e lec t rode ,  a n d  t h e  v o l u m e  f r ac t ion  a n d  
s a t u r a t i o n  c o n c e n t r a t i o n  of  the  i n s e r t i o n  c o m p o u n d .  

e* a n d  k are t h e r m o d y n a m i c  q u a n t i t i e s  g iven  b y  t he  
aff in i ty  of  t he  c a t h o d e  r eac t i on  in  Eq. [2]. k in  p a r t i c u l a r  
d e p e n d s  on  t h e  i n t e r a c t i o n s  a s soc ia t ed  w i t h  t he  i n s e r t i o n  
reac t ion .  T h e  e0's as g iven  b y  Eq.  [16] c o n t a i n  t h e  ef fec t ive  
c o n d u c t i v i t i e s  K~ a n d  K,. T he  m a g n i t u d e s  of  t h e s e  are criti-  
cal  for  t he  b a t t e r y  p e r f o r m a n c e .  I t  s h o u l d  be  rea l ized  t h a t  
t h e s e  c o n d u c t i v i t i e s  are e f fec t ive  va lues ,  i n c l u d i n g  t he  ef- 
fects  of  v o l u m e  fract ion,  to r tuos i ty ,  c o n t a c t  r e s i s t a n c e  be- 
t w e e n  par t ic les ,  a n d  vo ids  in  t he  e lec t rode .  All  t h i s  adds  
u p  to a c o n s i d e r a b l e  r e d u c t i o n  in  t he  e f fec t ive  

100- 

90- 
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\ t 
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I I I I 6 0  i 
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Fig. 7. Calculated discharge curves demonstrating the effect of elec- 
tronic resistance. Parameters as indicated. 

c o n d u c t i v i t i e s  c o m p a r e d  w i t h  t h o s e  of  t he  p u r e  sub-  
s tances .  

As t h e  e lec t ro ly te  a n d  i n s e r t i o n  c o m p o u n d  pa r t i c l e s  ac t  
as n o n c o n d u c t i n g  d i l uen t s  for  e ach  other ,  s o m e  g u i d a n c e  
as to t he  m a g n i t u d e s  of  t he  e f fec t ive  va lues  c a n  be  ob- 
t a i n e d  f rom the  s t u d y  of  c o n d u c t i v i t i e s  of  h e t e r o g e n e o u s  
s y s t e m s  as ca r r i ed  ou t  b y  M e r e d i t h  a n d  Tob ia s  (26) a n d  
l a t e r  d i s c u s s e d  b y  N e w m a n  a n d  T i e d e m a n n  (27). Accord-  
ing  to t h e s e  au thors ,  K, a n d  Ke can  b e  e s t i m a t e d  f rom t h e  
v o l u m e  f rac t ions  a n d  t h e  c o n d u c t i v i t i e s  of  t he  p u r e  sub-  
s t ances  K, ~ a n d  Ke ~ by  t he  re la t ions  

Kj/~ ~ = (i  - v)% K~/K~ ~ = V ~ [50] 

w h e r e  t he  e x p o n e n t  ~ ha s  a va lue  in t he  r a n g e  1.5 < ~ < 
2.5. U s i n g  Eq. [50], ee ~ a n d  e, ~ c an  be  w r i t t e n  as 

12CoV l 
- - - -  - - -  �9 i *  

Et ~ = F 7,K1o( 1 _ v) ~ K,o( 1 _ v) ~ 

a n d  [51] 
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Fig. 6. Calculated discharge curves. Ke > >  Kl ' (1)El ~ = 16, K = 16: 
(2) El ~  6; (3) El ~  16, K = 24; and (4) E] ~  = 2 4 .  
Transition points indicated by arrows. 
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F r o m  these  re la t ions ,  it c an  be  e s t i m a t e d  h o w  the  dif- 
f e r en t  d e s i g n  p a r a m e t e r s  a n d  the  d i s c h a r g e  r e g i m e  
in f luence  t h e  cou r se  of  t he  d i s c h a r g e  cu rve  a n d  thus ,  t he  
o b t a i n a b l e  ma te r i a l s  ut i l izat ion.  For  example ,  for differ- 
en t  loads  i t  is obv ious  t h a t  t he  ra t io  12/rD s h o u l d  r e m a i n  
c o n s t a n t  for a g iven  e l ec t rode  c o m p o s i t i o n  in  o rde r  no t  to 
c h a n g e  t he  d i s c h a r g e  behav ior .  

Due  to t h e  u n c e r t a i n t y  p r e s e n t  in  e s t i m a t e s  of  t he  effec- 
t ive  conduc t iv i t i e s ,  i t  is ce r t a in ly  a safer  a p p r o a c h  to con-  
s ider  t he  ef fec t ive  K's as p h e n o m e n o l o g i c a l  p a r a m e t e r s  
cha rac t e r i s t i c  for a g iven  e l ec t rode  c o m p o s i t i o n ,  g ra in  
size, a n d  f ab r i c a t i on  t e c h n i q u e ,  a n d  to m e a s u r e  t h e m  di- 
rec t ly  on  a s a m p l e  e lec t rode .  

Th i s  c an  be  d o n e  u s i n g  b l o c k i n g  e l ec t rodes  for M § ions  
a n d  e lec t rons ,  respec t ive ly ,  c o n s i d e r i n g  t he  c o m p o s i t e  as 
a m i x e d  c o n d u c t o r ,  a n d  u s i n g  t he  m e t h o d s  d i scussed ,  
e . g , ,  b y  R icke r t  (28). I t  is i m p o r t a n t  in  t h e s e  m e a s u r e -  
m e n t s  to obse rve  t he  r e q u i r e m e n t  of  e l e c t r o c h e m i c a l  
e q u i l i b r i u m  b e t w e e n  t he  i n s e r t i o n  c o m p o u n d  a n d  t he  
e lect rolyte .  
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Alternat ively,  es t imates  of  e~ ~ + e," and k can be found 
f rom the  d ischarge  curves  w h e n  the current  is chosen  low 
enough  to al low d e v e l o p m e n t  of  the l inear region. In  
these  cases, k is the  slope of the  l inear part, whi le  the  po- 
si t ion of  the  discharge curve  (corrected for the  potent ia l  
d i f ference across the  separator) according to Eq. [35] or 
[49] al lows de te rmina t ion  of  e~ ~ + e~ ~ for a g iven current .  In 
cases Kr > >  K~ (fl = 0), the potent ia l  d i f ference across the  
separator  can be found from the  ins tan taneous  vol tage 
t rans ient  w h e n  swi tching  the  cur ren t  on or off. 

As m e n t i o n e d  above, a c o n s e q u e n c e  of  the  immobi l i ty  
of the  compensa t ing  charges in the  e lect rolyte  is the  pos- 
sibility to d ischarge  the compos i t e  e lec t rode  unti l  T = 1, 
as d iscussed  in the der ivat ion  of  Eq. [47]. However ,  the 
predic t ions  which  can be m a d e  for this part  of the dis- 
charge  are less precise than  the  predic t ions  for the square  
root  and l inear regions. First  it mus t  be  real ized that  the 
a s sumpt ion  about  a l inear po ten t ia l /compos i t ion  relat ion 
has l imi ted  validity. For  X > 0.95, a relat ion l ike Eq. [10] is 
a be t ter  app rox ima t ion  to the  potent ia l  dependence ,  thus  
caus ing  a s teeper  s lope of  the  d ischarge  curve  and a lower  
end-poin t  voltage.  Also for that  part  of the  discharge,  
where  only a small  part  of  the  e lec t rode  is active, the  as- 
sumpt ions  about  equ i l ib r ium in the  inser t ion c o m p o u n d  
part icles  and on the  surface of  these  cannot  be main- 
ta ined because  of  the high final local current  transfer�9 
For  T > 0.95 the  inf luence of  these  l imita t ions  m u s t  be 
s tud ied  us ing  a numer ica l  t e c h n i q u e  as d i scussed  in our  
prev ious  paper  (14). 

Conclusion 
The discharge  behavior  of  a compos i te  e lec t rode  con- 

ta ining a finely d iv ided  inser t ion e lec t rode  mater ia l  can 
be adequa te ly  descr ibed  by the  ionic and e lect ronic  con- 
duct iv i t ies  of the  compos i te  and the slope of the 
EMF/compos i t i on  curve  for the  inser t ion compound .  

Using  reasonable  approximat ions ,  the course  of the  dis- 
charge curve  for a given e lect rode can be calcula ted ana- 
lyt ical ly for a specif ied cons tan t  current  load. D u e  to the  
immobi l i ty  of  the  compensa t ing  charges  in the  solid elec- 
trolyte, theory  predicts  that  a materials  ut i l izat ion near  
100% can be obta ined to an acceptable  d ischarge  end 
point. 

The possibi l i ty  of  real izing these  advantages  depends  
on the  availabil i ty of  a good solid ion conduc to r  for the  in- 
ser ted ion�9 The fulf i l lment  of  this r e q u i r e m e n t  is facili- 
ta ted by the  possibi l i ty  of opera t ing  this type  of  e lec t rode  
at a modera te ly  increased tempera ture .  

Technological ly ,  the real izat ion of the  compos i t e  elec- 
t rode  concep t  requires  the d e v e l o p m e n t  of  a fabr icat ion 
t echn ique  which  results  in a s t ructure  consis t ing of  two 
con t iguous  ne tworks  of  e lect rolyte  and inser t ion  com- 
pounds  in in t imate  contact.  

Manuscr ip t  submi t t ed  Feb. 24, 1983; revised  manusc r ip t  
r ece ived  Aug. 26, 1983. 

A P P E N D I X  

The heat  conduc t ion  p rob lem (25) 

0 - < x - < l , V = 0 f o r t  = 0  

a V d V  F o 
- -  = 0 for X O; 
d x  d x  K 

a V  a2V K 

at K dx2,  K pc  

has (loc.cit.) the  solutions 

V = A T  �9 t /1  + A ( x 2 / 2 l  - I/6 

and 

=- A f o r  x = I 

2 
- ~ - ~ - ~  (-1)---~ ~nz e x p [ - n 2 v P T t / I z ]  

[A-l] 

cos nTrx/l) 

V = 2 A ~ / T t  ierfc (2n + 1)_l + x 
o 2~/Tt 

+ ierfc (2n + 1)l__- x )  [A-2] 
2X/Tt 

Equa t ions  [24] and [28] can be wri t ten  

U =  U(Z,T) 0 - < Z - <  1 ;U(Z ,0 )=  0 

O U / d Z  = ~,,  Z = 0; OU/OZ = ~2, Z = 1 

OU 02U 
- T [ A - 3 ]  

a T  OZ 2 

Let  R = R(r ,  T) and S = S ( s ,T )  be def ined by 

a R  O2R aS  asS 

a - - T = T  Or ~, aT ~ as 2 

S = R = 0 ,  T = 0 ;  s = l  - r  

a R / a r  = 0 ,  r =  0; o R ~ O r =  - a ~ , r =  1 [A-4] 

a S / a s  = O, s = O; a S / a s  = a2, s = 1 

Then,  U = R + S is a solut ion to [A-3]. F r o m  Eq. [A-l], for l 
= l, x=-  r =  l - Z ,  a n d A = - a ,  

R = -a ,TT 

Z ~ 2 
- ~ , ( 1 / 3  - Z -~ . . . .  

2 r 2 

And  f o r x - = s = Z , A  = a s  

[ n 2 

exp [ -n2~TT]  cos n~r(1 - Z)I)  

( 2 [ ( -1)  n 
S = a ~ T T + a s  Z ~ / 2 -  1 / 6 - ~ - ~  L n ~ 

exp[-n27r2TT] cos nTrZ])  

l ead ing  to 

U = (a~ - a~)TT + ( ~  - a , )Z2/2 

+ ~ , Z  - ~1 /3  - o~2/6 [ A - 5 ]  

2 ( - 1 ) n  , 2 2 
- ~ ~ T t e x p [ - n  7r TT][a2cos nrrZ  - alcos ~r(1 - Z)]) 

or us ing  Eq. [A-2] 

_[ 2n+1 ) 
U = 2X/TT a2 | i e r fc  __  + ierfc - - 

\ 2~/TT 2VTT . 

~ ( 2 n  + Z 2 n + 2 - Z ) ]  
__  + ierfc [A-6] - a ,  o ierfc 2~/TT 2~/#-'~ J 

Inser t ing  T = K / ( E e  ~ + El ~ = 1/Lr  and ~, = - E e ~  = 
- f iE~~  as = EI~  in Eq. [A-5] and [A-6] gives Eq. [31] and 
[32]. 
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L I S T  OF S Y M B O L S  
saturat ion concen t ra t ion  of  inser ted  ion in inser- 
t ion c o m p o u n d  
in terac t ion  paramete r  in Eq. [10] 
overal l  d ischarge/charge  current  dens i ty  
local e lectronic  current  dens i ty  
local ionic current  dens i ty  
t ransfer  current  per  uni t  e lec t rode  v o l u m e  
s lope of  l inearized Eq. [11] 
th ickness  of  compos i t e  e lec t rode  
a m o u n t  of M + in HMx at saturat ion and also varia- 
ble in Eq. [31] and [32] 
d ischarge/charge  t ime, t ime  coordina te  
a m o u n t  of  M in HMx 
v o l u m e  fract ion of  inser t ion c o m p o u n d  
leng th  coordinate  0 <- z -< l 
apparen t  chemica l  diffusion coeff ic ient  for M + in 
compos i te  
inser t ion  c o m p o u n d  
inser ted  ion 
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T in RT/F, Kelvin temperature 

Dimensionless Variables and  Groups 
E dimensionless potential, Ej m = ej m F/RT (for signi- 

ficance of superscripts and subscripts see e.) 
K k .  F /RT 
Lc load factor, ~c/rD 
X degree of insertion, X = x / n  
T degree of discharge, T = t/7D 
Z length coordinate, Z = z/l  
Z* boundary between saturated and active part of 

electrode 

Greek Letters 

a exponent  in Eq. [50] 
/3 ratio of ionic to electronic conductance and also fi 

= EeO]E1 o 

�9 insertion compound electrode potential, �9 = 1r - cb 
eo standard potential in Eq. [10]. 
Co, el  �9 a t  back and front of electrode, respectively 
�9 c working potential of electrode 
e* electrode potential before discharge 
�9 e o - i * .  like 
el 0 --i*" 1/~: 1 
(b Galvani potential in electrolyte 
Ke, KI effective electronic, ionic conductivities in com- 

posite (bulk values) 
Ke ~ K~ ~ electronic, ionic conductivities of insertion com- 

pound and solid electrolyte 
Fermi potential in insertion compound (Tr = - ~ J F )  

rc time constant for composite electrode = 12/Dc 
rD stoichiometric discharge time = - F  �9 v �9 c o �9 I/i* 
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Notes 

Rare Earth-Activated Niobates 

W. A. McAIlister 
North A m e r i c a n  Phi l ips  L ight ing  Corporation,  Bloomfield, N e w  Jersey 07003 

Alkaline earth niobate phosphors were described some 
t ime ago (1, 2), the best materials being calcium and cad- 
mium niobates (Ca(Cd)Nb2Os) emitting in the blue and 
having the columbite structure. Other niobates with in- 
trinsic blue emission are based on the fergusonite struc- 
ture (3), e.g., yttrium niobate (YNbO4), and have been 
shown to be good hosts for activation by other rare 
earths. Energy is transferred from host to activator giving, 
in the case of Eu +3, emission largely that of the latter spe- 
cies. Since there were no reports of a similar role for the 
calcium or cadmium niobates, we have investigated the 
luminescence characteristics of these materials, their 

*Electrochemical Society Active Member. 

solid solutions, and rare earth activated materials derived 
therefrom. 

Experimental 
Phosphors were prepared by reacting SL grade calcium 

carbonate (GTE) and cadmium oxide (99.99% American 
Metals and Chemicals) with optical grade Kawecki- 
Berylco niobium pentoxide; rare earths, when present, 
were 99.99% Molycorp oxides. Firing was in air or nitro- 
gen (Tb-activated materials only) for 2h at 1100~176 
the higher temperature being required for high calcium 
[>50 m/o (mol percent)] members  of the series. A slight 
excess of Nb205 was also required in these latter formula- 
tions to suppress formation of the Ca2Nb207 structure (4). 
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Fig. 1. Spectral characteristics 
of Ca~_xCd~Nb~O6 phosphors. 
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P r o d u c t  pu r i t y  was  a s ce r t a i ned  by  x-ray d i f f rac t ion  u s i n g  
a Ph i l i p s  Mode l  A P D  i n s t r u m e n t .  B r i g h t n e s s  compar i -  
sons  were  m a d e  u s i n g  f i l tered r ad ia t ion  f rom a low pres-  
sure  m e r c u r y  d i scha rge  as the  source,  a S p e c t r a  Br igh t -  
ness  S p o t  m e t e r  as the  de tec tor .  O t h e r  spec t ra l  cha rac t e r -  
is t ics  were  m e a s u r e d  u s i n g  a P e r k i n - E l m e r  MPF44-B  
i n s t r u m e n t  w i th  a m i c r o p r o c e s s o r  un i t  for c o r r e c t i n g  
spect ra .  

Results 
A l t h o u g h  all  p h o s p h o r s  in  t he  sol id so lu t ion  ser ies  

Cal_xCdxNb206 h a v e  a b r o a d  e m i s s i o n  b a n d  p e a k e d  at  470 
n m  for exc i t a t i on  p e a k e d  sha rp ly  at  285 nm ,  t he  cad- 
m i u m - r i c h  m e m b e r s  are supe r io r  (Fig. 1). The  be s t  s u c h  
ma te r i a l  ha s  an  e m i s s i o n  s p e c t r u m  s imi la r  to " B l u e  Halo"  
a n d  w i th  a p e a k  i n t e n s i t y  a b o u t  75% of  t h a t  of  t h e  l a t t e r  
u n d e r  254 n m  exc i ta t ion .  

The  ra re  ea r th s  were  i n t r oduced ,  w i t h  s o d i u m  as a 
c h a r g e  c o m p e n s a t i n g  spec ies  for  s u b s t i t u t i o n  on  t he  diva- 
l en t  Ca +2 ca t ion  site, as ac t iva to r s  in  the  Ca1-~CDxNb206 
series.  On ly  t h o s e  d i s c u s s e d  be low gave  cha rac t e r i s t i c  

Fig. 2. Spectral characteristics 
of Cao,4_2xErxNaxCdo.6Nl~O6 phos- 
phors. 

L n  +3 emiss ion ,  exc i t a t i on  b e i n g  via a cha rge  t r a n s f e r  b a n d  
of  t he  h o s t  a t  285 n m  and  in the-350-500 n m  r a n g e  w h e r e  
the  hos t  e m i t s  a n d  rare  ea r th  f-f t r an s i t i ons  occur .  The  
ra re  e a r t h  c o n c e n t r a t i o n  for  be s t  L n  +3 e m i s s i o n  r a n g e d  
f rom 5 to 12%; t he  b r i g h t e s t  genera l ly  b e i n g  n o t e d  for  the  
c a d m i u m  e n d  m e m b e r  of  t h e  ser ies  (Tab le  I). The  excep-  
t ions  were  in  t he  t e r b i u m  ac t iva t ed  group,  t he  fired 
g roup  p r o d u c t s  h a v i n g  t an  b o d y  colors  i n d i c a t i n g  some  
( u n k n o w n )  a m o u n t s  of  Tb +4 spec ies  a n d  p r e c l u d i n g  
m e a n i n g f u l  compa r i sons .  

The  e m i s s i o n  spec t r a  of  t he  Ca0.4-~xCdo.~Nb~O~:LnxNa• 
g roup  are  dep i c t ed  in Fig. 2-6. All have  c o n s i d e r a b l e  hos t  
e m i s s i o n  e x c e p t  e u r o p i u m  w h i c h  has  on ly  t he  charac te r -  
ist ic 612 n m  emiss ion .  

Discussion 
In  n ioba tes ,  exc i t a t ion  is due  to t r ans f e r  of an  e l ec t ron  

f rom one  of  t he  h i g h e s t  filled m o l e c u l a r  o rb i ta l s  on  a n  
a d j a c e n t  o x y g e n  (O -~) to  one  of the  lowes t  unf i l l ed  orbi t -  
als loca ted  on  t he  Nb  § ion  (5). The  c o l u m b i t e  s t r u c t u r e  of  
t he se  ma te r i a l s  is cha rac t e r i zed  b y  edge  s h a r i n g  of  nio- 
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Fig. 3. Spectral characteristics 
of Cao.4-2xSmxNaxCdo,6Nb206 
phosphors. 

Fig. 4. Spectral characteristics 
of Cao.4-~xTbxNaxCdo.~Nb206 
phosphors. 
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bate (NbOs) octahedra, which are further joined at corners 
to form chains oriented along the C axis; the divalent spe- 

6~)o 70O 

cies bridging these chains are in a distorted cubic array of 
oxygen ions (6). Since all of the Ca~_xCd,Nb2Os phosphors 

Table I. Effect of cadmium concentration on Cal_xCdxNb20~:Ln+3/Na +~ 
emission (h ex = 285 nm) 

Relative 
Concentration (mob peak intensi ty 

Activator Cadmium 470 nm Ln +3 
Erbium 

0.9 80 100 
0.10 Er 0.6 30 90 Samar ium 

0.2 10 10 

0.9 10 100 Terbium 
0.05 Sm 0.6 10 90 

0.2 20 20 
Dysprosium 

0.8 15 30 
0.10 Tb 0.6 10 90 

0.2 20 20 Europium 

O.76 1 90 
0.12 Eu 0.66 1 87 None 

0.20 1 10 

0.8 30 95 
0.10 Dy 0.6 30 90 

0.2 10 15 

Table II. Depreciation of Cal_xCdxN~O6:/ny3Nay +1 phosphors 
Depreciation (%)* 

(X~x = 254 nm) 
Activator  x y ft-L Red Blue 

1.0 0.1 22 31 23 
0 0.1 0 4 1 

1.0 0.05 17 18 43 
0 0.05 9 10 2 

1.0 0.1 27 40 60 
0 0.1 14 23 80 

1.0 0.1 33 31 32 
0 0.1 5 4 3 

1.0 0.12 17 17 90 
0 0.12 1 1 10 

1.0 0 36 38 44 
0 0 18 16 14 

*After 100h exposure under  a quartz Ster i lamp i n  v a c u o .  
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Fig. 5, Spectral characteristics 
of Cao,4-:xEuxNaxCdo.6Nb_~O6 
phosphors. 
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Fig, 6. Spectral characteristics 
of Coo.4-2xDyxNaxCdo.~ Nb2Os. 

I00 

8 0 -  

z 

~ 6 0 -  
t r  

nr 
1- 

4o- 

l -  2o.// 
200 

'~em = 575 nm 
X=O.lO 

X:O.lO X :  0"05~ 

3 0 0  4 0 0  5 0 
WAVELENGTH (nm)  

kexc =285nm 

i 

6OO 700 

h a v e  t he  c o l u m b i t e  s t ruc tu re ,  t he  supe r io r i t y  of c a d m i u m -  
r i ch  ma te r i a l s  m u s t  be  a s soc ia t ed  w i t h  d i f f e rences  in  t h e  
d iva l en t  ions.  A l t h o u g h  t h e i r  o rb i ta l  rad i i  are s imi la r  (7), 
t he  t h r e e  c a l c i u m  3p orb i ta l s  a n d  five c a d m i u m  4d orbi t -  
als d i f fer  in  d i r ec t iona l  charac te r i s t i cs .  In  the  poor ly  de- 
f ined si te  s y m m e t r y ,  t he  la t te r  m a y  over lap  w i t h  t he  adja- 
cen t  o x y g e n  ions,  t he  r e su l t  b e i n g  de loca l iza t ion  of t he  
m e t a l  d e l ec t rons  to the  o x y g e n s  which ,  in  tu rn ,  are cou- 
p led  to the  n i o b i u m  m e t a l  ions.  T he  p r e s e n c e  of  t h e s e  
e l ec t rons  e n a b l e s  t he i r  pa r t i c ipa t i on  in the  O -~ ---> Nb  +~ 
cha rge  t r a n s f e r  a n d  e n h a n c e m e n t  of t he  l u m i n e s c e n c e  in- 
t ens i ty ;  t h e  ca l c ium 3p orbi ta l s  a p p a r e n t l y  do no t  par t ic i -  
pa te  to  as  g rea t  an  e x t e n t  in  t h i s  e l ec t ron  shar ing .  

Th i s  supe r io r i t y  of c a d m i u m - b a s e d  hos t  ma te r i a l s  ex- 
t e n d s  to t h o s e  in  w h i c h  the  d i v a l e n t  m e t a l  ions  were  re- 
p l a c e d  b y  Ln+3-Na +~ c o m b i n a t i o n s .  A l t h o u g h  t he  ra t io  of  
ra re  e a r t h / h o s t  e m i s s i o n  i n t ens i t i e s  va r i ed  w i t h  t h e  

l a n t h a n i d e ,  p h o s p h o r s  w i t h o u t  ca lc ium h a d  the  g r ea t e s t  
overa l l  i n t ens i t y  for all rare  ear ths .  In  all cases,  t he  rare  
ea r th  m u s t  c o m p e t e  w i th  n i o b a t e  for e n e r g y  to gene ra t e  
t he  L n  +3 e m i s s i o n  a n d  only  e u r o p i u m  is v e r y  successfu l .  
However ,  t h e  p l a q u e  b r i g h t n e s s  of the  eu rop ium-ac t i -  
v a t e d  n i o b a t e  is on ly  35% t h a t  of Y~Os:Eu, i n d i c a t i n g  con-  
s ide rab le  e n e r g y  d i s s ipa t i on  in an  o t h e r w i s e  eff ic ient  
hos t  mater ia l .  Th i s  m a y  b e  due  to t he  e l ec t ron  delocal iza-  
t ion  i m p l i e d  b y  orb i ta l  over lap.  The  a t t e n d a n t  e l ec t ron  
mob i l i t y  could  lead to color  cen te r  f o r m a t i o n  b y  t r a p p i n g  
at  defects ,  e.g., s o d i u m  vacanc ies ,  a lways  p r e s e n t  in  sol- 
ids. E v i d e n c e  for  such  was  n o t e d  by  e x p o s i n g  p l a q u e s  of  
hos t  a n d  ra re  ea r th -ac t i va t ed  n i o b a t e s  of  b o t h  c a l c i u m  
a n d  c a d m i u m  to the  r a d i a t i o n  (254 + 185 nm)  f rom a 
quar t z  S te r i l amp,  in  an  e v a c u a t e d  glass  a p p a r a t u s  for  
100h. T h e  r e su l t i ng  d e p r e c i a t i o n  was  c o n s i d e r a b l y  g rea t e r  
for c a d m i u m  n ioba t e  ma te r i a l s  (Table  II), a n d  t he  b o d y  
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color  darkening,  wh ich  accompan ies  color center  forma- 
tion, was very  apparent .  
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Use of Plasma-Deposited Si3N4 as an Oxidation Mask in the 
Fabrication of GaAs Shallow-Homojunction Solar Cells 

G. W. Turner and M. K. Connors 

Lincoln Laboratory, Massachusetts Institute of Technology, Lexington, Massachusetts 02173-0073 

The o p t i m u m  junc t ion  dep th  in sha l low-homojunc t ion  
n+/p/p + GaAs solar cells is app rox ima te ly  500~ (1). In  the  
fabr icat ion of these  cells, the  t echn ique  of  anodic  oxida- 
t ion and s t r ipping is ut i l ized for th inn ing  the  n § layer 
f rom its as-grown thickness ,  which  is genera l ly  
1000-1500A, and the  final ox ida t ion  step is e m p l o y e d  to 
fo rm an ant i ref lect ion (AR) coating. High eff ic iency cells 
have  been  fabr icated with  e i ther  a tin front  contac t  grid 
appl ied  before  anodic  ox ida t ion  (1) or a gold front  contac t  
grid appl ied  after the  final ox ida t ion  (2). However ,  nei- 
ther  metal l iza t ion s cheme  is ideal. 

S ince  a pass ivat ing ox ide  layer is fo rmed  on Sn  dur ing  
anodic  oxidat ion,  Sn contac ts  can be e lec t ropla ted  on the  
n § GaAs surface prior  to the  oxida t ion  process.  This  pro- 
cedure  is advan tageous  because  it pe rmi t s  the  solar cell  
cur ren t  and vol tage to be mon i to red  after success ive  oxi- 
da t ion  steps, m a k i n g  it conven ien t  to opt imize  the  thick- 
ness  of  the  n + layer. However ,  the  bulk  electr ical  conduc-  
t ivi ty of  Sn is only  about  one-fifth that  of  Au. Therefore ,  
to obta in  comparab le  series res is tance  requi res  the  use of 
th icker  Sn layers, wh ich  can lead to addi t ional  shadowing  
losses because  of  the  expans ion  of  the  contac t  gr id line- 
wid th  dur ing  electroplat ing.  In  addit ion,  there  is ev idence  
f rom scann ing  e lec t ron mic roscopy  that  an interfacial  ox- 
ide layer  can be fo rmed  be tween  the Sn and GaAs dur ing  
anodic  oxidat ion.  Such  a layer can increase the  con tac t  
res is tance  and therefore  decrease  the  cell  fill factor  and 
convers ion  efficiency. 

Un l ike  Sn, Au does not  b e c o m e  pass iva ted  dur ing  
anodic  oxidat ion.  Previously ,  therefore,  it has been  neces-  
sary to depos i t  Au contac t  grids after the  comple t i on  of 
the  th inn ing  process,  mak ing  it imposs ib le  to mon i to r  the  
cell  character is t ics  after success ive  oxidat ions.  Fur ther -  
more,  the  reduc t ion  in the  th ickness  of  the  n § layer 
separa t ing  the  contacts  f rom the  junc t ion  increases  the  
risk that  e x t e n d e d  high t empe ra tu r e  opera t ion  will  lead to 
junc t ion  degrada t ion  due  to the  diffusion of  Au into the  
GaAs. 

P lasma-depos i t ed  Si3N4 has been  used  in MOS technol-  
ogy as a final pass ivat ion layer (3), since it p rov ides  an in- 
ert  barr ier  to Na and H20 con tamina t ion  and can be  de- 
pos i ted  at a relat ively low tempera ture .  In  this s tudy,  we 
have  found that  Au contacts  can be  p ro tec ted  f rom disso- 
lu t ion  dur ing  anodic  ox ida t ion  by coat ing  t h e m  wi th  a 
film of p lasma-depos i ted  Si.~N4. The use of  this t e c h n i q u e  
makes  it  poss ib le  to take  advan tage  of the  h igher  conduc-  
t ivi ty of  Au whi le  re ta in ing the  abil i ty to moni to r  cell  per- 
f o rmance  after  the  success ive  ox ida t ion  steps. P lasma-  
depos i t ed  Si~N4 has been  used  prev ious ly  for antireflec- 
t ion coat ings  on I n P  solar cells (4), Si solar cells (5), and 

Key words; plasmas, semiconductor, photovoltaic. 

I n P / I n G a A s P  l ight -emi t t ing  d iodes  (6), bu t  not  in the  fab- 
r icat ion of  GaAs solar cells. 

Experimental Procedure and Film Properties 
The basic solar cell s t ruc ture  was p repared  by us ing  

vapor -phase  ep i taxy  to grow success ive  p+, p, and n + 
GaAs layers on p+ GaAs substrates,  as descr ibed  previ-  
ous ly  (2). The  Au contacts  were  fo rmed  by e i ther  electro- 
plat ing or evapora t ion  of Au layers 0.3-1.0 t~m thick. The  
pro tec t ive  Si3N4 films were  depos i ted  at rates of  
-160  s  in a P l a s m a - T h e r m  PK1250 mul t ive r s ion  sys- 
tem. The subst ra te  t empera tu res  were  in the  range  of  
100~176 The  relat ive flow rates of  N2, Sill4, and NH4 
were  about  30:1.6:1, and the  depos i t ion  pressure  was 0.55 
torr. The  RF  power  dens i ty  was 0.07 W/cm 2 at 13.56 MHz. 

The  Si~N~ films were  character ized by several  tech- 
niques.  I ndex  of  refract ion and th ickness  m e a s u r e m e n t s  
were  m a d e  at a n u m b e r  of  points  on each film wi th  a 
R u d o l p h  Research  Auto  EL-I I I  au tomat ic  e l l ipsometer .  
The  index  of  refract ion was general ly  found  to be 2.00 -+ 
0.04, and the  th ickness  un i fo rmi ty  was app rox ima te ly  5% 
over  2 in. d iam test  wafers.  The  reproducib i l i ty  of  the  
films was conf i rmed by wet  e tch  tests  in a solut ion of 
20il H20:HF, which  cons is tent ly  gave e tch rates of  
1000-2000 A/min. 

Because  the  n § layer is so th in  in shal low h o m o j u n c t i o n  
GaAs solar cells, the  qual i ty  of  the  n+/p junc t ion  is ve ry  
sensi t ive  to damage  to the  GaAs surface. Any  such dam- 
age caused  by the  p lasma depos i t ion  process  or by stress 
incorpora ted  in the Si3N4 film could s ignif icant ly in- 
c rease  the  leakage current ,  thus  degrad ing  the  open- 
c i rcui t  vol tage  and fill factor  of  the  cells. To test  the  ef- 
fect  of  the  depos i t ion  process,  we e t ched  off  the  anodic  
ox ide  layer f rom a high eff iciency solar cell  that  had been  
fabr icated by our conven t iona l  t e chn ique  (2) and mea- 
sured the cell I-V characterist ics.  A film of Si3N4 about  
2000A th ick  was depos i ted  on the  n + GaAs surface  and 
then  r emoved ,  after which  the  I-V character is t ics  were  re- 
measured .  The  open-circui t  vol tage and fill factor of  the  
cell  were  found to be unchanged .  In  contrast ,  depos i t ion  
and remova l  of  pyrolyt ic  SiO2 and P S G  genera l ly  resu l ted  
in degrada t ion  of  these  parameters .  

We have  demons t ra t ed  the  low intr insic  stress of  the  
p lasma-depos i ted  Si3N4 films by us ing  a Tropel  9000 in- 
t e r fe romete r  to examine  GaAs and Si wafers  before  and 
after depos i t ion  of films about  2000A thick. There  was no 
de tec tab le  change  in the  f ree-s tanding radius of  curva ture  
of  the  wafers.  To evaluate  the  intr insic tensi le  stress, a 
m e m b r a n e  deflect ion t e c h n i q u e  (7) was used  for mea- 
su remen t s  on films depos i ted  on several  Si wafers.  The  
average  stress was 9• 108 dyn /cm 2, wel l  be low the  values  
o f - 4 •  109 dyn /cm 2 that  were  measu red  by the  same tech- 
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nique for Si3N4 films deposited by low pressure chemical 
vapor deposition. 

Solar Cell Results 
The optimum thickness of SiaN4 to be used for protec- 

tion masks was determined by experiments on shallow 
homojunction solar cells fabricated by the procedure 
shown in Fig. 1. An n+/p/p + structure was grown by vapor- 
phase epitaxy, a 3000A Au layer was deposited by evapo- 
ration on the as-grown GaAs surface and patterned to 
form a front contact grid, and the entire surface was cov- 
ered with a layer of SiaN4. Next, a photoresist etch mask 
w a s  defined over the contact fingers, making certain 
that there was sufficient overlap for sidewall coverage, 
and the SiaN4 between the fingers was removed with a di- 
lute HF etch. The remaining photoresist was removed, an 
electrical contact was made to the back of the sample, the 
sample was mounted face up on a glass slide with a low- 
melting point wax, and anodic oxidation was performed 
in the manner described previously (2). Measurements on 
solar cells fabricated by this procedure showed that a 
layer of SiaN4 2000-3000A thick is sufficient to protect the 
Au fingers during anodic oxidation without producing 
any detectable degradation in the cell parameters. 

The SiaN4 masking process was then used in fabricating 
a number  of shallow-homojunction solar cells with anodic 
oxide AR coatings. The I-V characteristic of the best 0.51 
cm 2 cell is shown in Fig. 2. The open-circuit voltage Voc is 
0.97V, the short-circuit current density Jsc is 24.7 mA/cm ~, 
and the fill factor is 0.84, giving an AM1 conversion 
efficiency of 20.1%. This fill factor is higher than the best 
values that have been obtained for shallow homojunction 
GaAs cells fabricated using earlier metallization proce- 
dures (6). For a 0.0925 cm 2, 20% AM1 cell fabricated on the 
same wafer, the diode factor A is 1.1 and the reverse satu- 
ration current density Jo is 1 • 10 -17 A/cm 2. These values 
were determined from the log J~c vs. Voc data plotted in 
Fig. 3 by fitting the straight line shown with the diode 
equation Jsr = Jo [exp(qVoJAkT)-l] ,  where q is the elec- 
tronic charge, k is Boltzmann's constant, and T is the ab- 
solute temperature. These values of A and Jo are the same 
as the best values previously obtained (8), confirming the 
fact that the plasma deposition process does not cause 
junction degradation. 

Conclusion 
We have demonstrated a new process that utilizes 

plasma-deposited SiaN~ films for protective masks in the 
fabrication of high-efficiency GaAs solar cells. The use of 
gold front contact metallization during anodic oxidation 
has made it possible to prepare cells with fill factors 
higher than those previously obtained. Plasma deposition 

GaAs S U R F A C E  

Au C O N T A C T  G R I D  

Si3N 4 P R O T E C T I O N  M A S K  

P H O T O R E S I S T  P A T T E R N I N G  
A N D  

Si3N r ETCH 

A N O D I C  O X I D A T I O N  

Fig. 1. Solar cell fabrication procedure using SiaN4 protection mask 
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of Si.~N4 can be used on these shallow-junction GaAs de- 
vices with no degradation of junction properties. This 
process may be useful for other devices that employ 
anodic oxidation or require deposition of Si.~N4 in their 
fabrication. 
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The Effect of Particle Size on the Electrical Conductivity of CuCI 
(AI O,) Composites 

M. R-W. Chang)  K. Shahi7 and J. B. Wagner,  Jr.* 

Center for Solid State Science and Departments of Chemistry, Mechanical, and Aerospace Engineering and Physics, 
Arizona State University, Tempe, Arizona 85287 

The purpose of this note is to report the effect of 
dispersoid size on the electrical conductivity, ~, of CuC1 
containing insoluble AhO3 particles. Enhanced conductiv- 
ity of electrolytes containing A1203 was first reported by 
Liang (1). Subsequently,  Jow and Wagner (2) studied the 
CuC1 (Al~O3) system but utilized only two particle sizes 
(0.06 and 0.3 t~m A1203). Shahi and Wagner (3) studied AgI 
(A1203) using A1203 of 0.06, 0.3, 1, 3, 8, and 15 t~m size, but 
only at 24~ For AgI containing 30 mol percent (m/o) 
A1203 they reported an enhancement  for all particle sizes; 
although for samples containing 1, 3, 8, and 15 ~m, there 
was very little change in conductivity (see Fig. 1). In the 
present work, a similar study was carried out for CuC1 
(A1203) between 25 ~ and 390~ 

CuC1, 99.999% pure from Apache Chemicals, Incorpo- 
rated, was dried at 100~ under vacuum for at least 10h. 
The particle size of this CuC1 was about 3 tLm. Alumina, 
99.96% pure from Adolf Meller, was dried under vacuum 
at about 700~ for at least 12h. Weighed amounts of the 
two powders were mixed, sealed in a quartz tube, and 
heated at 580~ (rap of CuC1 = 493~ for 8h. The product 
was quenched to 25~ pulverized, and pressed at 85 kpsi 
into pellets, 9.5 mm diam • 2-3 mm thick. The densities 
were 90+% theoretical. The pellets were sandwiched be- 
tween 99.999% copper electrodes. Purified argon flowed 
over the sample, which was annealed at 380~ for 5h prior 
to onset of measurement  using 1 kHz ac. 

After measurements,  selected samples were thermally 
etched under vacuum at 350~ for about 7 min and then 
examined by a SEM which was fitted with an EDAX ana- 
lyzer. The grain size of the CuC1 matrix was 5-15 t~m, with 
-10  ~m being the most usual. Agglomeration was not ob- 
served for A1203 of sizes > 1 ~m, but did occur for the 
smaller sizes. Figure 2 shows a plot of log o- vs. lIT for 
undoped CuCI containing 0.06 and 0.3 tLm AI~O~. The 
max imum enhancement  occurred at 10 m/o of 0.06 tLm 
A1203. This is in reasonable agreement with data of Jow 
and Wagner (2), who found the maximum enhancement  at 
20 m/o for 0.06 ~m A1203 in CuC1. Jow and Wagner (2) 
have previously shown that the electronic conductivity of 
CuC1 (A120~) was negligible compared to the ionic con- 
ductivity. In addition to uncertain degrees of agglomera- 
tion, the grain size of the matrix plays an important  role, 
as has been shown quantitatively for AgC1 (AI~O~) by 
Khandkar  (4). Figure 3 shows an Arrhenius plot of log o- 
vs. 1/T for CuC1 containing 10 m/o A1203 of 1, 3, 8, and 15 
~m particle size. 

We at tempted to fit the data for the larger particle sizes 
to the classical model for a two-phase mixture of an insu- 

*Electrochemical Society Active Member. 
'Present address: Applied Beam Technology, Freemont, CA 

94538. 
2Present address: Department of Physics and Advanced Mate- 

rials Science Centre, Indian Institute of Technology, Kanpur, 
India. 

lator embedded in a conductor (5-7) 

a (composite) 1 - f 

where o- (composite) is the total conductivity of the com- 
posite, O-o is the conductivity of the matrix CuC1 without 
the A1203, and f is the volume fraction of the insulator, 
A1203. This equation did not adequately represent the 
data at 100~ According to the space charge model  of 
Jow and Wagner (2), the enhancement,  ho-, is 

i 

where e = electronic charge, ui = mobility of ith species, 
Ani = change in concentration of ith species, X = space- 
charge layer thickness, f = volume fraction, and rl = ra- 
dius of insulator particle (assumed spherical). In the pres- 
ent studies for 10 m/o AlzO3, the conductivities for all 
samples (except 15 txm), even those with decreased ionic 
eonductivities, were proportional to the reciprocal of rl, 
as shown in Fig. 1. Likewise for AgI for the smaller 
particle sizes, the plot of log o- vs. log particle size yields a 
slope of minus one. These data are consistent with Eq. [2]. 

At 100~ the data on CuC1 (AI~O~) are in good agree- 
ment  with the report of Shahi and Wagner (3) who 
showed that A1203 of 1 /xm diam resulted in a very small 
enhancement  of o- for AgI (A1203) at 24~ However, Shahi 

- t  

O AgI (AI203) at 24~ 
�9 CuCl (AI205) at IO0~ 

- ' 

E - *  
o 

g 
-6  Pure Cu 

-Pure AgT (25~ 

~ I I ~ L  

-2  -1 0 +1 *2  

log (Part ic le  Size,~,rn) 
Fig. 1. Logarithm of conductivity vs. logarithm of particle size for 

CuCI containing | 0 m/o of dried AI=O3 at ] 00~ and for Agl containing 
30 m/o of dried AI20~ at 24~ The slope of the straight lines is -1 ,  in 
accord with Eq [2]. 
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and Wagner found that the larger diameter particles 
yielded almost no change in ~. 

While the smaller particle sizes which result in an en- 
hancement  exhibit  an Arrhenius behavior such that the 
conductivity approaches that of CuC1 without A1203 at el- 
evated temperatures (-250~ the samples with the larger 
particle sizes (1, 3, 8, 15/~m) do not show such behavior. 
In these cases, the slopes of the log cr vs. lIT plots are ap- 
proximately parallel to the CuC1 without A1203 additions. 
In the case of CuBr (A1203), the conductivity of a compos- 
ite containing 10 m/o of 8 /~m A1203 initially was lower 
than that of CuBr without A1203, but for 200 ~< T ~< 300~ 
~r exhibited a very small enhanced conductivity (8). In the 
present studies, the experimental  error was about one- 
half logarithm unit for the larger particle sizes (Fig. 3). We 
attribute the scatter in the data in part to the difference 
between CuBr (AI~O~) and CuC1 (Al~O3). 

In summary, the conductivity of CuC1 containing A1203 
of 0.06, 0.3, 1, 3, 8, and 15/~m particle size has been mea- 
sured between 25 ~ and 390~ The conductivity is en- 
hanced for the 0.06 and 0.3 size Al~O3 for temperatures 
lower than -250~ the maximum enhancement  being 
over an order of magnitude for 10 m/o 0.06 Al~O3 at 25~ 
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A Rotating Disk Electrode Apparatus for the Study of Fuel Cell 
Reactions at Elevated Temperatures and Pressures 

J. McBreen,* W. E. O'Grady,* and R. Richter 

Brookhaven National Laboratory, Department of Applied Science, Upton, New York 11973 

INTRODUCTION 

Much of the recent improvement in per- 
formance of phosphoric acid fuel cells has 
been due to fuel cell operation at elevated 
temperatures ~205~ and pressures (8A) 
(i). Further increases in temperature and 
pressure are contemplated (1) �9 Apart from 
increased performance, pressurization mini- 
mizes electrolyte loss via vaporization and 
it significantly increases the volumetric 
power density as a result of decreases in 
conduit sizes etc. Performance improvements 
accrue from an increase in the Nernst poten- 
tial, and decreases in the activation over- 
voltages at both electrodes. 

All previous studies of oxygen reduction 
in phosphoric acid have been carried out at 
atmospheric pressure (2-I0). Recent work 

has confirmed that results on smooth platinum 
are applicable to carbon supported platinum 
electrocatalysts in fuel cell electrodes 
(9,10). This communication describes a 
rotating disc electrode apparatus for the 
study of fuel cell reactions at elevated tem- 
peratures and pressures. Preliminary data 
for oxygen reduction in 89.5% H3PO 4 at tem- 
peratures up to 205~ and pressures up to 
7.6A are presented. 

EXPERIMENTAL 

System Design.--The key to a hermetic 
rotating seal was the use of a ferrofluidic 
seal (Ferrofluidics Corp.). For this appli- 
cation a water cooled seal with fluorocarbon 
base magnetic fluid was used. Once the her- 
metic rotating seal had been achieved the 
remainder of the design involved provisions 
for the electrode drive, gas feed, sealed 
electrical feed-throughs and temperature con- 
trol of the H3PO 4 electrolyte. A schematic 
of the overall system is shown in Fig. I. 

The electrode drive consisted of a DC 
motor (Indiana General Motor Products) with 
a motor controller (B&B Motor and Control 
Corp.). The drive was coupled to the rotat- 
ing seal via a flexible coupling. The 
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electrical leads were stainless steel wires 
that were fed through Conax compression 
fittings. 

Temperature control was achieved 
through the use of a temperature controller 
and two cartridge heaters which fitted snug- 
ly inside quartz tubes. Uniform heating 
could be achieved by simply rotating the 
electrode at 400 rpm during the heating 
operation. This also resulted inrapid 
equilibrium between the overhead gas and 
dissolved gases. 

The Cell.--The cell and cover were 
machined from PTFE. The cell dimensions 
were 8.5 cm ID x 8 cm H. The cell had a 
platinum counter electrode and a dynamic 
hydrogen reference electrode in a quartz 
Luggin capillary tube. 

Experimental Procedure.--The methods 
for cell cleaning, phosphoric acid purifica- 
tion and platinum disc electrdode prepara- 
tion have been described previously(I0). 
The cell was filled with 300 ml of electro- 
lyte and placed in the vessel. The vessel 
was evacuated and backfilled with oxygen (5 
psi) three times. The electrolyte was heat- 
ed and runs were started at 150~ The 
electrochemical measurements were done in a 
manner described previously (10). The 
cell was filled with 300 ml of electrolyte 
and placed in the vessel. Temperatures were 
increased in %25~ intervals and pressures 
in IA intervals. Thermal equilibrium could 
be achieved in 40 min and gas-solution 
equilibrium (i.e., a stable limiting cur- 
rent) in ~15 min. To avoid electrolyte 
composition changes, no runs were done at 
less than 3A above 175~ 

RESULTS AND DISCUSSION 

Figure 2 shows Tafel plots for oxygen 
reduction in 89.5% H3PO 4. Up to 175~ and 
at pressures close to atmospheric the Tafel 
slope was ~120 mV/decade and was invariant 
with temperature. This anomalous behavior 
has been reported before(5,8,9). However, 
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on increasing the pressure to 3A at 175~ 
the Tafel slope decreased to a value of %RT/ 
F. At pressures above 3A the current was 
proportional to the oxygen pressure, indicat- 
ing a first order dependence with respect to 
oxygen pressure. The change in Tafel slope 
indicates a mechanism change with increasing 
oxygen coverage of the platinum. The reason 
for this is not understood at this time. 
However, these results indicate that in addi- 
tion to the Nernst effect and the oxygen re- 
action order effect there is a concomitant 
decrease in the Tafel slope. Thus, the elec- 
trochemical reasons for pressurization of 
phosphoric acid fuel cells are very cogent 
indeed. 
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The most generally used gate electrode material in 
MOS-integrated circuits technology is doped polycrystalline 
silicon. Recently, with continuously decreasing device 
dimensions, the relatively high sheet resistance of poly-Si 
becomes a limiting factor for device performance. This has 
led to work currently going on to incorporate refractory 
metal silicides into the device fabrication process (1). In 
order to keep the well-established quality of  the poly-Si 
gate technology, a double layer of refractory metal silicide 
on top of doped poly-Si is commonly used (2). 

One of the key problems in introducing refractory 
metal silicide/poly-Si double layers into the fabrication 
process is an appropriate patterning technique full-tilling 
the demands of LSI circuits. Some reactive ion etching of 
refractory metal silicide/poly-Si double layers has been 
reported using CF2/02 for MoSi2-and WSi2- based double 
layers (2, 3), and using SF6/C12 and CF4/C12 for Ta- 
silicide- and TiSi2- based double layers (4, 5). These tech- 
niques, however, require stringent control for obtaining 
proper etching profile without a poly-Si undercut (3, 4). 

The author has carried out an investigation on the 
plasma etching of  TiSi2/n§ double layers using 
CF2 C12/O2. A TiSi2/n+poly-Si pattern with proper 
etching profile without a poly-Si undercut has easily been 
produced without pattern width reduction. 

Experimental 

The etching experiments were performed in a batch- 
type commercially available planar plasma etching system, 
as shown in Fig. 1. The rf power (13.56 MHz) was applied 
to the upper electrode (cathode) via a tuning network. The 
forward power was held at 400W. The cathode and the 
anode were also covered by quartz glass. The pumping 
system consists of a rotary pump and a roots blower. 
During the etch cycle, the pressure was maintained at 17Pa 
with a 50 sccm flow of CF2 C12/O5 gas. The substrate 
table temperature was also kept 22~ by water-cooling. 

sputtering from two independent sources, one a titanium 
(99.94-percent pure) target and the other a poly-Si (99.999- 
percent pure) target. Prior to Ti and Si mixed film deposi- 
tion, a dip in buffered HF removed the native oxide on top 
of the poly-Si. This Ti and Si mixed film is 0.2 ~m in 
thickness. The Ti concerntration is about 50 at. %. 

Subsequently, the wafers were annealed at 800~ for 
20 minutes in argon using a furnace. X-ray diffraction 
studies detect only TiSi2 and Si crystalline phases in the 
annealed double layers. The sheet resistance of the 
annealed TiSi2/n+poly-Si double layers is 1 ~2/D. The inter- 
face between TiSi2 and n+poly-Si is still clear. 

Lithography was accomplished by conventional 
photolithography in 1.2 um positive resist AZ1370. Post- 
baking was performed at 180~ for 10 minutes. 

Etch rates were determined by the film thickness 
decrease in CF2 C12/02 plasma, which was measured 
by creating a step and then using the Taley Step Height 
Reader. For evaluating the various etch profiles for the 
TiSi2/n+poly-Si double layers, scanning electron micro- 
scope (SEM) analysis has been carried out. 

Results 

Figure 2 presents the TiSi2, n+poly-Si and resist 
AZ1370 etch rates as a function of CF2 C12/O2 gas 
composition. It was found that the etch rate for the as- 
deposited Ti and Si mixed film was not reproducible. 
A TiSi2 formation anneal for 20 minutes in argon at 
800~ was carried out to stabil izethe silicide film etch 
rate. At low 02 concentrations, the TiSi2 etches faster 
than n poly-Si and AZ1370. In the 10-20-percent 02 
concentration range, the TiSi2 to resist etch rate ratio is 
7:1 . At low 02 concentrations, a relatively large etch 
selectivity of poly-Si over SiO2, which is necessary for gate 
electrode patterning, has also been observed (etch rate 
ratio = 5 : 1 ). 

The 4 inch $i wafers used for the experiments were 
prepared in the following way: After growing a thin 
(50 rim) thermal SiO~, 0.3 pm phosphorus-doped poly-Si 
was deposited using chemical vapor deposition. Ti and Si 
were deposited simultaneously by rf planar magnetron- 

Key Words: Films, Integrated Circuits, SEM, Etching 

Figure 3 shows an SEM micrograph after CF2 C12 
(50): 02(0) etching. It can be seen that the TiSi2 is 
etched strictly anisotropJcally, whereas the n+poly-Si 
shows no undercut and a proper positive slope. At 20- 
percent and below 02 concentrations, similar etching 
profiles were obtained. Moreover, the 02 addition 
decreases the residue near pattern edges which is shown in 
Fig. 3. No undercut of  the n+poly-Si is consistent with the 

1217 



1218 J. Electrochem. Soc.: ACCELERATED BRIEF COMMUNICATION May 1984 

fact that the n + poly-Si is also etched perfectly anisotropica- 
lly in CF2 C12/02 at low 02 concerntrations. The proper 
positive slope of the n+poly-Si is consistent with the facts 
that the n+poly-Si to resist AZ1370 etch rate ratio is 
relatively small, as shown in Fig. 2, and that the resist 
pattern is semicircular, owing to 180~ postbaking. These 
factsalso indicate that the n+poly-Si pattern is produced in 
a p~ttern width equal to the resist pattern width before 
etching. 

In conclusion, TiSi2/n+poly-Si pattern with proper 
etching profile has easily been produced without pattern 
width reduction by the plasma etching using CF2 C1JO2. 
This method is very useful for TiSi2/n+poly-Si gate 
electrode patterning in LSI fabrication. 

r_inJ CATHODE 
I 'J"/INSULATO?SHIELD 

13.56MHz I t~ k~r / t 

: j  HHI 

I I  ~ ~ .  \ .,,,,,-,-iF] GLASS 
\ \ 

~=-- ~ ANODE I WAFER ~ 
PUMP GAS IN PUMP 

Fig. 1 Planar plasma etching apparatus diagram 
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I am pleased to mee t  wi th  The E lec t rochemica l  Soc ie ty  
to discuss  some  of the cha l lenging  t rade  issues that  con- 
front  the  s emiconduc to r  industry.  Your  indus t ry  has long 
been  cons idered  the symbol  of  Amer ican  inven t iveness  
and ingenui ty .  Because  the products  of  your  indus t ry  
form the  basic bu i ld ing  b locks  for m a n y  h igh  t echno logy  
industr ies ,  increas ing n u m b e r s  of  nat ions  are c o m i n g  to 
v iew p roduc t ion  of  s emiconduc to r s  as vi tal  to their  fu- 
ture. As a result ,  today  you are facing a serious interna- 
t ional  cha l lenge-a  chal lenge  that  has led some  to ques t ion  
your  indus t ry ' s ,  and indeed  our nat ion 's  basic approach  
to free t rade  and to our  indust r ia l  compet i t iveness .  

In m a n y  ways, the chal lenges  faced by your  indus t ry  
form the  backdrop  for the  broader  t rade pol icy deba te  
n o w  raging in our country.  Because  your  indus t ry ' s  prob- 
lems are part  and parcel  of  this broader  issue of  our  ap- 
proach  to t rade policy, let me  talk briefly about  our  basic 
t rade posture,  before  descr ib ing  specific s e m i c o n d u c t o r  
issues in more  detail.  

U.S. Trade Policy Objectives 
As you know,  since the  end of  World War II, the  Uni ted  

States  has led the Western nat ions in deve lop ing  a sys tem 
of in te rna t iona l  rules to govern  wor ld  trade, and  has fos- 
tered a sys tem based on open  markets ,  e c o n o m i c  free- 
dom, and in te rdependence .  This  fundamenta l  Un i t ed  
Sta tes  objec t ive  has been  based on recogni t ion  that  pro- 
tec t ionis t  act ions great ly faci l i tated the  descen t  into the  
Grea t  Depress ion  and World War II. 

This  sys tem of open t rade has great ly con t r ibu ted  to 
wor ld  growth,  and indeed  to our substant ia l  e conomic  
ach ievements .  World t rade grew substant ia l ly  faster  
(7.1%) than  world  c o m m o d i t y  p roduc t ion  (4.9%) dur ing  
the  last  two decades.  

For  the  Uni t ed  States,  in jus t  the last 10 years  t rade has 
doub led  as a pe rcen tage  of  GNP,  reaching  13%. T w e n t y  
pe rcen t  of what  we manufac ture ,  and 40% of our  agricul- 
tural  ou tpu t  is expor ted .  Most  of  the  new manufac tu r ing  
jobs created in the United States in recent years have 
been in industries involved in international trade. More- 
over, the economic interdependence that has fomented 
the spectacular economic growth of the postwar era has 
also ensured that withdrawal from this process is all but 
impossible. Even a country with a large and expanding 
internal market like the United States is increasingly de- 
pendent on the international economy for its economic 
well-being. Never again will the United States be able to 
confine its economic concerns to its domestic market. 
We are in international trade to stay, and we believe we 
have a pressing national interest in seeing this system 
function and flourish. 

The May 30 Summit of Industrialized Nations recog- 
nized this stake in the national commitment to "halt pro- 
tectionism and, as recovery proceeds, to reverse it by 
dismantling trade barriers." The Summit leaders also 

took the courageous step of calling for a new round of 
trade liberalizing international negotiations in GATT. 

Keeping Trade Fair 
Al though  our  posi t ion is f irmly against  pro tec t ionism,  

it cannot  be over  emphas ized  that, unde r  Un i t ed  States  
and in terna t ional  rules, countr ies  have  agreed to a frame- 
work  for the conduc t  of in ternat ional  trade. The  purpose  
of this  f r amework  is to ensure  that  countr ies  benefi t  f rom 
trade equally,  and that  t rade flows are de t e rmined  by 
compara t ive  advantage  to the  greates t  ex ten t  possible.  

If  a count ry  devia tes  f rom these  agreed rules, act ions to 
res tore  equal  compe t i t ion  are not  only acceptab le  bu t  eth- 
ically and legally right. These  actions,  t aken  in accord-  
ance  wi th  domes t ic  and in terna t ional  law, mus t  not  be  
confused  wi th  protec t ionism.  Through  v igorous  enforce-  
m e n t  of  our  unfair  t rade statutes,  we mus t  ensure  that  
Amer icans  are not  unfair ly  depr ived  of  thei r  jobs  by other  
gove rnmen t s '  t rade or marke t  distort ions.  

However ,  our target  mus t  be unfair  compet i t ion ,  not  
impor ts  in general.  Impor t s  p rovide  needed  compe t i t i on  
for our  domes t ic  p roducers  and more  choice  and lower  
prices for consumers .  They  also symbol ize  an impor t an t  
f ac t - - tha t  we are l iv ing in an in t e rdependen t  world.  

In  our negot ia t ions  for fair and open trade,  i t  is impor-  
tan t  to p roduce  tangible  results.  Unless  we  do, the  per- 
cep t ion  will  grow that  our t rading par tners  refuse  to play 
by the  same rules as we do. Fair  and open t rade in the  
J apanese  and European  marke t s  is impor t an t  to Uni t ed  
Sta tes  indus t ry  because  of  the  cur ren t  size of  these  mar- 
kets  and their  long- term growth  potential .  

Market Access for Semiconductors 
The semiconduc to r  indus t ry  is an area of  dynamic  

growth  with  a history of  in tense  compet i t ion  and rapid 
technologica l  change.  The  current  wor ld  marke t  for semi- 
conduc tors  of  $15 bil l ion is p ro jec ted  to grow to $60 bil- 
l ion by 1990. 

Our indus t ry ' s  share of this g lobal  marke t  is cur rent ly  
some 55%. However, our share has been declining;and, in 
fact, is down from 64% in 1975. The Japanese have be- 
come our principal competitors, as their share rose from 
19.3% to 33%. 

The United States Semiconductor Industry Association 
argues eloquently that this past competition has not been 
on an even footing. For example, the SIA points out that 
the Japanese have protected their home market over sev- 
eral decades, relative to our market. The Japanese Gov- 
ernment gave substantial aid in the form of financial as- 
sistance, research and development, and exemptions 
from the general antitrust provisions of Japanese law. 
This assistance enabled Japanese firms to launch an ex- 
port drive with high products at very low prices. 

A historical analysis of Japanese legislation and govern- 
ment policies shows government support commencing as 
early as 1957, when MITI was authorized to exempt 
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c o m p u t e r s  a n d  s e m i c o n d u c t o r s  f rom a n t i t r u s t  p rosecu-  
t ion  a n d  to p rov i de  f inancia l  ass i s tance .  F r o m  1971 to 
1978, M I T I  was  a u t h o r i z e d  no t  on ly  to i n s t r u c t  f i rms to 
t ake  c o n c e r t e d  ac t ion  e x e m p t e d  f rom a n t i t r u s t  p rosecu -  
t ion  and  to p rov ide  f inancia l  ass is tance ,  b u t  to a d o p t  "ra-  
t iona l i za t ion  p l ans"  for t he  indus t ry .  This  la t te r  s tep  was 
t a k e n  to avo id  "exces s ive"  c o m p e t i t i o n  a m o n g  c o m p e t i n g  
J a p a n e s e  firms. 

A l t h o u g h  t he  J a p a n e s e  p r o t e s t  t h a t  t he se  were  ac t ions  
t a k e n  in  t he  past ,  w h i c h  h a v e  s ince  ceased,  t h e y  are in- 
s t ruc t ive  in e x p l a i n i n g  t he  c o n c e n t r a t i o n  of p r o d u c t i o n  in  
six s e m i c o n d u c t o r  m a n u f a c t u r e r s ,  e ach  of w h o m  is pa r t  
of  a J a p a n e s e  i ndus t r i a l  cong lomera t e .  This  e n s u r e s  large  
f inancia l  r e sou rce s  are ava i l ab le  for  n e c e s s a r y  cap i ta l  in- 
v e s t m e n t  to m a i n t a i n  an  i n c r e a s e d  m a r k e t  share .  The  
J a p a n e s e  p r o d u c e r s  also t e n d  to special ize  in  pa r t i cu l a r  
p r o d u c t  l ines  w h i c h  f u r t h e r  t e n d s  to r e d u c e  h e a d - o n  com-  
pet i t ion .  

Access to Technology 
A n o t h e r  i m p o r t a n t  area  of  c o m p a r i s o n  is t h a t  of  access  

to t echno logy .  A l t h o u g h  t he  U n i t e d  S ta t e s  does  con t ro l  
e x p o r t  of  s o m e  t e chno l og i e s  t h r o u g h  e x p o r t  a d m i n i s t r a -  
t ion  regu la t ions ,  e x p o r t  of  s e m i c o n d u c t o r s  to f ree-wor ld  
d e s t i n a t i o n s  is e ssen t i a l ly  free of  res t r ic t ion ,  a n d  fore ign-  
o w n e d  f i rms are a l lowed  access  to  p a t e n t s  a n d  t echno l -  
ogy r e s u l t i n g  f rom U n i t e d  S ta te s  G o v e r n m e n t - s p o n s o r e d  
r e s e a r c h  a n d  d e v e l o p m e n t .  In  m o s t  cases,  U n i t e d  S ta tes  
c o m p a n i e s  are  v e s t e d  w i th  p a t e n t  r igh t s  a n d  can  l i cense  
t he  t e c h n o l o g y  f lowing f r o m  w o r k  d o n e  u n d e r  govern-  
m e n t  con t rac t .  In  cont ras t ,  in  J a p a n ,  t h e r e  a re  a n u m b e r  
of  b a r r i e r s  to  t e c h n o l o g y  flow i n c l u d i n g  a p p r o v a l  b y  
M I T I  as to  w h e t h e r  J a p a n e s e  na t i ona l  i n t e re s t s  w o u l d  be  
s e r v e d  b y  l i c ens ing  of  t echno logy .  Thus ,  to date,  t e chno l -  
ogy flow has  b e e n  a one -way  s t ree t  in  t he  d i r ec t i on  of  
J a p a n .  

Japanese Success 
The  success  of  the  J a p a n e s e  s e m i c o n d u c t o r  effor t  c an  

be  be s t  d e m o n s t r a t e d  b y  e x a m i n i n g  the  specif ic  case  of 
the  64K RAM ( r a n d o m  access  memory) .  M a r k e t  pro tec-  
t ion,  g o v e r n m e n t  f inancia l  ass i s tance ,  a n d  iden t i f i ca t ion  
of  th i s  p r o d u c t  as a p r ior i ty  r e d u c e d  t h e  cos t s  a n d  r i sks  
for  J a p a n e s e  f irms of  r ap id  a n d  large-scale  i n v e s t m e n t  in  
64K R A M  p r o d u c t i o n  capaci ty .  Th i s  capac i ty  b u i l d u p  re- 
su l t ed  in  aggres s ive  pr ic ing ,  a n d  t o d a y  t he  J a p a n e s e  h a v e  
c a p t u r e d  a s u b s t a n t i a l  ma jo r i t y  of  t he  wor ld  m a r k e t  for  
the  64K RAM. 

J a p a n e s e  s e m i c o n d u c t o r  succes se s  are no t  con f ined  
on ly  to t he  64K RAM. By  1975, J a p a n e s e  g lobal  t r ade  in  
s e m i c o n d u c t o r s  h a d  sh i f t ed  f rom a def ici t  to a surp lus .  
F u r t h e r m o r e ,  t he  p e r e n n i a l  U n i t e d  S ta te s  s e m i c o n d u c t o r  
t r ade  su rp lus  w i th  J a p a n  h a d  t u r n e d  in to  a def ici t  of  
c lose to $200 mi l l ion  b y  1982. 

We are  u n d e r s t a n d a b l y  c o n c e r n e d  w i t h  th i s  s i t ua t ion  
a n d  are w o r k i n g  closely w i th  the  U n i t e d  S ta tes  i n d u s t r y  
to a d d r e s s  t he i r  p r i m a r y  g o a l - - o p e n i n g  u p  the  J a p a n e s e  
marke t .  In  th i s  con tex t ,  a ser ies  of  d i scuss ions ,  w h i c h  we 
have  he ld  w i t h  t he  J a p a n e s e  G o v e r n m e n t ,  r e s u l t e d  in  the  
e s t a b l i s h m e n t  of  a b i la te ra l  w o r k i n g  g r o u p  on  h i g h  tech-  
no logy  t r a d e  issues.  Th i s  w o r k i n g  g roup  r e a c h e d  an  
a g r e e m e n t  to  e s t ab l i sh  a da ta  ba se  of c u r r e n t  i n f o r m a t i o n  
on  t r a d e  in  s e m i c o n d u c t o r s .  M o n t h l y  da ta  on  b o o k i n g s  
a n d  b i l l ings  in  t he  U n i t e d  S ta te s  a n d  J a p a n e s e  m a r k e t s  of 
a se l ec ted  list  of  s e m i c o n d u c t o r s  is n o w  b e i n g  co l l ec ted  
f rom nea r ly  all U n i t e d  S ta te s  a n d  J a p a n e s e  p roduce r s .  
The  p a r t i c i p a t i n g  f irms on  b o t h  s ides will b e  p r o v i d e d  
w i th  t he  aggrega te  f igures s h o w i n g  t he  t r e n d s  a n d  t r ade  
flows. Once  aggrega ted ,  the  da ta  will be  r e v i e w e d  by  t he  
w o r k i n g  group,  w h i c h  will e n a b l e  b o t h  U n i t e d  S ta te s  gov- 
e r n m e n t  a n d  i n d u s t r y  to  m o n i t o r  t r e n d s  a n d  r e s p o n d  
qu i ck ly  to p r o b l e m s  on  t he  bas i s  of a set  of ag reed  facts.  

In  r e s p o n s e  to U n i t e d  S ta te s  i n d u s t r y ' s  des i re  to re- 
m o v e  ba r r i e r s  to  t h e  U n i t e d  S ta te s  s e m i c o n d u c t o r  sales  in  
J a p a n ,  a n d  to e s t ab l i sh  a t r a d e  r e g i m e  as free as poss ib l e  
f rom g o v e r n m e n t  in t e r fe rence ,  we have  p r e s e n t e d  t he  
J a p a n e s e  w i th  a ser ies  of  p roposa l s  for p r o m o t i n g  semi-  

c o n d u c t o r  i m p o r t s  to J apan .  The  J a p a n e s e  have  ag reed  to 
cons ide r  t h e s e  a n d  poss ib ly  gene ra t e  ideas  of t he i r  o w n  
for i m p r o v i n g  access  to sa les  in  t he  J a p a n e s e  marke t .  Our  
ob jec t ive  is to i m p l e m e n t  a n  ag reed  i m p o r t  p r o g r a m  b y  
N o v e m b e r  of th i s  year. 

European Community Targeting 
In  e v a l u a t i n g  fu tu re  i n t e r n a t i o n a l  c o m p e t i t i o n  in the  

s e m i c o n d u c t o r  i ndus t ry ,  one  s h o u l d  also t ake  no te  of t he  
r e c e n t  " t e chno log i ca l  p u s h "  i m p l e m e n t e d  by  the  Euro-  
p e a n  C o m m u n i t y  in o rde r  to ach ieve  pa r i ty  wi th ,  if  no t  
supe r io r i t y  over, A m e r i c a n  a n d  J a p a n e s e  compe t i to r s .  
The  p rog ram,  en t i t l ed  E S P R I T  ( E u r o p e a n  S t r age t i c  Pro-  
g r a m  for R e s e a r c h  a n d  D e v e l o p m e n t  in  I n f o r m a t i o n  
Technology) ,  a l lots  $1.5 bi l l ion ( f inanced  on  a 50-50 bas is  
by  the  C o m m u n i t y  a n d  E u r o p e a n  I n d u s t r y )  to a f ive-year 
r e s e a r c h  p r o g r a m  c o m m e n c i n g  in  1984. The  p r o g r a m  
a ims  at  e s t a b l i s h i n g  a n e w  t e c h n o l o g i c a l  ba se  for the  n e x t  
g e n e r a t i o n  of  p r o d u c t s  in  the  i n f o r m a t i o n  t e c h n o l o g y  sec- 
to r  in  five key  areas:  a d v a n c e d  mic roe lec t ron ics ,  infor-  
m a t i o n  p rocess ing ,  so f tware  t echno logy ,  office au toma-  
t ion,  a n d  c o m p u t e r - i n t e g r a t e d  m a n u f a c t u r i n g .  Th i s  EC 
p r o g r a m  is d e s i g n e d  to c o u n t e r  a t r e n d  in w h i c h  t he  Com-  
m u n i t y  w e n t  f rom a t r ade  su rp lus  in  1975 to a 1981 t r a d e  
defici t  of  $5 bil l ion,  w h i c h  d o u b l e d  to $10 b i l l ion  in 1982. 

Tariffs 
As of  Apr i l  1, 1983, J a p a n  a n d  t he  U n i t e d  S ta te s  h a d  cu t  

i m p o r t  du t i e s  on  s e m i c o n d u c t o r  p r o d u c t s  f r o m  10.1 and  
5.6%, respec t ive ly ,  to 4.2%. Th i s  ac t ion  was  five years  
a h e a d  of  t h e  s c h e d u l e  se t  for t he  Tokyo  R o u n d  Tar i f f  Ne- 
got ia t ions .  In  c o n t r a s t  to this,  t h e  EC is h o l d i n g  t h e i r  
tar iffs  a t  17%, b u t  are t e m p o r a r i l y  s u s p e n d i n g  du t i e s  for 
s o m e  p r o d u c t s  in  o rde r  to e n a b l e  d o w n s t r e a m  use r s  to 
o b t a i n  suppl ies .  The  h igh  tar iffs  have  no t  p r o v e d  success -  
ful to date,  s ince  the  EC i n d u s t r y  capac i ty  is i n a d e q u a t e  
to fill a n y  gap  w h i c h  m i g h t  be  c rea ted  b y  a r e d u c t i o n  of  
impor t s .  In  short ,  in  our  view, EC i n p u t  p r o t e c t i o n i s m  is 
hu r t i ng ,  no t  he lp ing ,  t he i r  o w n  indus t ry .  

Government Initiatives 
In  a d d i t i o n  to e n s u r i n g  fair  a n d  o p e n  t r ade  in s emicon-  

duc to r s  w i th  ou r  t r a d i n g  pa r tne r s ,  t he re  are  o the r  s teps  
t h a t  c an  and  s h o u l d  be  t a k e n  to i m p r o v e  the  compe t i t i ve -  
ne s s  of t h e  U n i t e d  S ta te s  s e m i c o n d u c t o r  i ndus t ry .  

Antitrust.--We are e n c o u r a g i n g  m o r e  j o i n t  r e sea r ch  and  
d e v e l o p m e n t  w i t h i n  the  i ndus t ry .  One  l ead ing  e x a m p l e  is 
the  f o r m a t i o n  of the  Mic roe l ec t ron ic s  a n d  C o m p u t e  r 
T e c h n o l o g y  Corpo ra t i on  (MCC), an  u m b r e l l a  o rgan iza t i on  
c o m p o s e d  of ma jo r  U n i t e d  S ta te s  s e m i c o n d u c t o r  com- 
p u t e r  f i rms w h i c h  will s p o n s o r  r e sea rch  and  deve lop-  
m e n t  p ro jec t s  in  t he  field of  m ic roe l ec t ron i c s  a n d  com- 
p u t e r  sc ience.  

T h e  A d m i n i s t r a t i o n  is p r o p o s i n g  a m e n d m e n t s  to ex- 
i s t ing  a n t i t r u s t  l eg is la t ion  to e n c o u r a g e  m o r e  j o i n t  re- 
s e a r c h  a n d  d e v e l o p m e n t .  We be l ieve  th i s  will  he lp  t he  
U n i t e d  S ta tes '  compe t i t i ve  pos i t i on  b y  p r o m o t i n g  
eff ic ient  u se  of  scarce  t e c h n i c a l  p e r s o n n e l  a n d  a c h i e v i n g  
d e s i r a b l e  e c o n o m i e s  of  scale. I t  will  give U n i t e d  S ta t e s  in- 
d u s t r y  t he  abi l i ty  to m a t c h  t he  co l l abora t ive  ef for ts  on  re- 
s ea rch  a n d  d e v e l o p m e n t  in  h i g h  t e c h n o l o g y  areas  
u n d e r t a k e n  by  J a p a n e s e  a n d  E u r o p e a n  compe t i to r s .  

The  E x p o r t  T rad ing  C o m p a n y  Ac t  of  1982 is also de- 
s i g n e d  to e n c o u r a g e  j o in t  ac t ions  to  i nc rease  compe t i t i ve -  
ness  in  wor ld  t rade.  

To f u r t h e r  resea rch ,  t he  D e p a r t m e n t  of  De fense  is in- 
v e s t i n g  $300 to $400 mi l l ion  in  a m u l t i y e a r  p ro j ec t  r e l a t ed  
to s e m i c o n d u c t o r s  s c h e d u l e d  for c o m p l e t i o n  in  1984. 

Need for new relationships.--As we m o v e  fo rwa rd  in  an  
i n c r e a s i n g l y  i n t e r d e p e n d e n t  wor ld  e c o n o m y  we s i m p l y  
can  no  longe r  af ford  t he  types  of  an t agon i s t i c  re la t ion-  
sh ips  t h a t  h a v e  all too of ten  ex i s t ed  b e t w e e n  m a n a g e m e n t  
a n d  labor ,  i n d u s t r y  a n d  g o v e r n m e n t .  T h e s e  sec to r s  h a v e  
h i s to r i ca l ly  c o n s i d e r e d  t h e m s e l v e s  far  apa r t  w i t h  n o  com-  
m o n  objec t ives .  We s i m p l y  m u s t  m o v e  t o w a r d  a new  
spi r i t  of  coopera t ion .  Th i s  can  b e  a c c o m p l i s h e d  i f  we all 
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pay more  a t tent ion  to our  long- te rm goals wh ich  conta in  
far m o r e  similari t ies than  dissimilari t ies.  For  example ,  
bus iness  labor, as rmuch as needs  a mot iva t ed  and a 
profi table  c o m p a n y  that  can fulfill its pens ion  obliga- 
tions. Recogn i t ion  of  this  i n t e rdependence  is cri t ical  for 
all indus t r ies  in mee t ing  the  J apanese  chal lenge.  

Education.--The responsib i l i ty  for ensur ing  a leader- 
ship posi t ion in the  world  e c o n o m y  rests not  only  with  
the Federa l  Government ,  but  wi th  a c o m m i t m e n t  to ex- 
ce l lence  on the  part  of  each individual .  The  genera l  
decl ine  of  p r imary  and secondary  educa t ion  poses  a 
s ignif icant  long- term threat  to our economic  vitality. Evi- 
dence  of this decl ine is doc t lmen ted  all too clearly by the  
recen t  f indings of  the  Pres iden t ' s  Nat ional  Commis s ion  
on Educa t iona l  Excel lence .  The  Commis s ion  repor t ed  
w idesp read  deficiences in the  fundamenta l s  of  English,  
mathemat ics ,  and science. 

P rope r  educa t ion  is a sine qua  non in high t echno logy  
industr ies .  We mus t  consis tent ly  r eexamine  our educa-  
t ional  sys tem to ensure  that  it is doing the job. The  Japa-  
nese  popula t ion  today  is a lmos t  comple te ly  l i terate 
against  an es t imated  20% rate of i l l i teracy in the  Uni t ed  
States.  J a p a n e s e  s tudents  score high in mathemat ics ,  
phys ica l  sciences,  and other  re la ted areas which  are im- 
por tan t  bu i ld ing  b locks  in later degrees  in engineer ing ,  
chemis t ry ,  and o ther  sciences.  

Amer i ca  has long been  d i s t inguished  for the  best  prod- 
ucts  of  her  educa t ion  s y s t e m - - t h e  scientists,  doctors,  
writers,  engineers ,  and teachers  who  m a k e  poss ible  sus- 
ta ined  progress  in d i scovery  and inven t ion  and who  
fueled  Amer ica ' s  t echnologica l  p r imacy  in the  world.  Yet 
even  the  cont r ibu t ion  of these  inte l lectual  and scientific 
leaders  is u n d e r m i n e d  by the  lack of financial incent ives  
and social  prest ige  accorded  to them.  Dur ing  the  seven- 
ties, the  n u m b e r  of  engineers  graduat ing  f rom A m e r i c a n  
univers i t ies  decreased  sharply. 

The  P res iden t  is in te res ted  in counte rac t ing  this t r end  
and has p roposed  p rograms  to award  substant ia l  grants  to 
those  unde r t ak ing  doctoral  research.  Fur ther ,  he has pro- 
posed  measu res  to increase the  n u m b e r  of  ma th  and sci- 
ence  teachers  for e l emen ta ry  and secondary  educat ion.  

Training 
Anothe r  impl ica t ion  of the wor ld ' s  rapidly  changing  

e c o n o m y  is that  educa t ion  and profess ional  t ra in ing mus t  
b e c o m e  an on-going process  for the  m a n y  Amer icans  
whose  jobs  will  be increas ingly  affected by evo lv ing  tech- 
nology.  The  pr ivate  sector n o w  funds  roughly  $30 to $40 
bi l l ion each  year  to upda te  the  needed  skills of  its em- 
ployees.  Such  programs  are of  critical impor tance ,  and 
the  Pres iden t ' s  proposal  for a job  vouche r  tax  credi t  
should  encourage  employers  to do more  on the  job  train- 
ing for n e w  employees .  

We need  to re t ra in  d isplaced workers  as well. The  Presi-  
dent  has p roposed  a tenfold  increase  in funds  to t ra in  dis- 
p laced workers  under  the  J o b  Tra in ing  Par tne r sh ip  Act  
for wh ich  we fought  last year. The  p rogram should  be 
ve ry  p romis ing  because  of  greater  pr ivate  sector  partici-  
pation. 

Funding 
The  long- te rm v iew m u s t  s imilar ly be incorpora ted  in 

n e w  and innova t ive  approaches  to increas ing  the  availa- 
bi l i ty of  low cost  capital  to fuel  the  t r e m e n d o u s  innova-  
t iveness  that  character izes  yours  and other  industr ies .  
One e x a m p l e  is the  ven tu re  capital  area which  was ex- 
t r eme ly  hea l thy  th rough  mos t  of the s ixt ies  but  which  
evapora ted  in 1969 fol lowing an increase in the  capital  
gains tax  f rom 25 to 49%. When the capital  gains t ax  was 
r educed  to 28% in 1978, ven tu r e  capital  i nves tmen t  dou- 
b led  in one year  and fur ther  increased  in 1981 w h e n  the 
t ax  was r educed  f rom 28 to 20%. 

With this favorable  Uni ted  States  tax policy, we antic- 
ipate that  the pool  of ven tu re  capital  will  con t inue  to 
grow and will  p rov ide  favorable  condi t ions  for entrepre-  
neurs  to increase the cut t ing edge  of technologica l  inno- 
vation. Many ven tu re  capital ists  not  only put  up the  ini- 
tial fund ing  but  help in the  d e v e l o p m e n t  of  markets ,  
p rov ide  legal  and financial services,  and then  help  the  
c o m p a n y  go publ ic  at an appropr ia te  s tage of 
deve lopment .  

Cost of Capital 
While today 's  c l imate  for equ i ty  f inancing is excel lent ,  

cer ta in  penal t ies  have  been  a t tached to this form of fund-  
ing in the  past. Not  the  least  of  these  is the  p ressure  for 
shor t - te rm profits b rough t  by shareholders .  Emphas i s  on 
such  account ing  criteria as earnings  per  share, wh ich  
have  lit t le re la t ionship  to the long- term economic  g rowth  
and viabi l i ty  of  the  corporat ion,  have  t ended  to p lace  un- 
due  pressures  on m a n a g e m e n t  for the " q u i c k  fix." This  
same approach  has often been  used  in de t e rmin ing  bo- 
nuses  for managers .  

J apanese  firms, on the o ther  hand,  wi th  thei r  re l iance 
on debt  ra ther  than equ i ty  f inancing and with  the  large 
financial reserves  avai lable to the cong lomera tes  to 
which  they  belong,  would  appear  to be bet ter  s i tuated to 
m a k e  decis ions  which  will benefi t  the  long- te rm interes ts  
of  the i r  companies .  Their  s i tuat ion is he lped  by the  gov- 
e r n m e n t  funded  research and d e v e l o p m e n t  for such  des- 
ignated  fields as the  fifth genera t ion  computer ,  the  su- 
per  computer ,  new electronic  devices,  and by J a p a n  
D e v e l o p m e n t  Bank  loans at special  in teres t  rates for 
specific areas of the s emiconduc to r  industry.  

In addi t ion  to increased access to capital  in the  Uni t ed  
States,  our cost  of  capital  mus t  be reduced.  A major  as- 
pec t  of  the  reduc t ion  of  the cost  of  capital  is to br ing  
inflat ion under  control,  and this Admin i s t r a t ion  has ac- 
compl i shed  that. However ,  in teres t  rates mus t  be fur ther  
reduced.  

Conclusion 
Our free t rade posi t ion cont inues  to be heavi ly  chal- 

lenged.  Our g rowing  t rade deficit  ($76 bi l l ion headed  to- 
ward  $100 billion) will lead to fur ther  at tacks on the  open 
t rade system. On the posi t ive  side, the s t rong e c o n o m i c  
r ecovery  cont inues  in the  Uni ted  States  on a broad  basis. 
S e c o n d  quar ter  real G N P  growth  has n o w  been  revised  
upward  f rom 9.2 to 9.7%. The inflat ion rate for the  12 
mon ths  end ing  in Ju ly  is 2.4%--the smallest  s ince Janu-  
ary 1966. 

As the  e c o n o m y  cont inues  to recover  and indust r ies  
feel more  secure, pressures  against  an open t rade  pol icy 
should  diminish,  p rovided  we deal  wi th  the  deficit. 

The  immed ia t e  future  of  your  indus t ry  is an enviab le  
one of  hav ing  to scramble  to mee t  demand.  Clearly, had 
pro tec t ion is t  measures  been  taken  last  year  they  wou ld  
seem inappropr ia te  today. We bel ieve as you con t inue  to 
emphas ize  the compet i t iveness  of your  indus t ry  in a bet- 
ter  overal l  economic  c l imate  that  you will mee t  the Japa-  
nese  chal lenge  which  is now m o v i n g  f rom one of improv-  
i n g  t echnolog ies  impor ted  f rom the  Uni ted  States  to 
" fo rward  eng ineer ing"  and the  d e v e l o p m e n t  of original  
technologies .  

To do this, however ,  you will need  to con t inue  your  his- 
tory  of innovat iveness .  No one should unde res t ima te  the  
p roven  abil i ty of  the  Japanese  to m o v e  very  qu ick ly  into 
p roduc t  d e v e l o p m e n t  in selected areas. Un i t ed  States  in- 
dus t ry  will need  to speed up its own react ion t ime. In  this 
effort, we are prepared  to work  closely wi th  you to ensure  
that  wor ld  compet i t ion  is fair compe t i t ion  and that  the 
Uni t ed  States  regula tory  and inves tmen t  c l imate  is 
induc ive  to growth.  

Manuscr ip t  submi t t ed  Nov. 31, 1983. This  was Pape r  
266 p resen ted  at the  Washington,  DC, Meet ing  of  the  Soci- 
ety, Oct. 9-14, 1983. 
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AB S TRACT 

Results using a rotating disk electrode (RDE) clarify the mechanism of corrosion of commercial Cu-9.4Ni-l.7Fe alloy in 
aerated 3.4 weight percent NaC1 solution at room temperature. The loosely adherent corrosion product (mainly Cu2 (OH) 3C1) 
formed under rotating conditions consists of two layers. Additional support is obtained for the existence of a third inner 
layer which is very thin and adherent to the metal surface. The anodic Tafel slope on this corrosion-product-covered sample 
is 60 mV decade - '  and is independent  of rotation speed, consistent with a slow step for the anodic reaction being ionic 
transport  in electrolyte within the porous corrosion-product layer. Results using Pd deposits on the corrosion-product sur- 
face show that the rate of the cathodic reaction (oxygen reduction) may be under  reaction (charge transfer) control rather 
than transport control through a corrosion-product inner  layer. It follows that the good corrosion resistance of the 
cupronickels in seawater may be due to a poor catalytic nature of the corrosion-product surfaces for the oxygen-reduction 
reaction. 

Commercial  Cu-9.4Ni-l .7Fe al loy (Cul0 Ni) has been 
used successfully as condenser tuues in saline envLron- 
ments  t l - 4 ) .  Al though it is general ly  believed that 
the source of corrosion resistance of this alloy is a 
protective inner  layer of the otherwise porous corro- 
sion products which deve}op on its surface in seawater, 
results presented here in  support  an a l ternat ive  pro- 
tection mechanism. 

In  laboratory experiments  in  aerated 3.4 weight 
percent  (w/o)  NaCI solution at room temperature,  
these corrosion-product  layers thickened dur ing  the 
first 10~h (5, 6). Anodic and cathodic polarization 
curves produced on the corrosion-product-covered al-  
loy surface showed that  both the anodic (metal  dis- 
solution) and cathodic (oxygen reduction) reaction 
rates and thus the corrosion rate of the alloy decrease 
as the corrosion products form. However, the amount  
of reduct ion in  the cathodic rate is much larger than 
that  of the anodic rate. In a similar  exper iment  con- 
ducted in na tu ra l  seawater, I jesseling and Kroughman  
(7) also found rate reductions for both the anodic and 
cathodic reactions up to a certain stage of the corro- 
s ion-product  formation. Thereafter,  only the cathodic 
rate decreased, while the anodie-react ion rate held 
constant. Both of these results suggest that  the cath- 
odic reaction is most affected by the formation of the 
corrosion-product  layers in aerated seawater and in  
3.4' w/o  NaC1 solntion. North and Pryor  (8) also ob- 
served reduced anodic- and cathodic-reaction rates 
and suggested that  the reductions are due to the in -  
creased anodic (ionic) and cathodic (electronic) re-  
sistances dur ing formation of the layer. They and 
other  investigators over the years (9, 10) have sug- 
gested that the decreased corrosion rate is Correlated 
with the defect s t ructure of the corrosion product  
layers:  specificalIy, of a th in  inner  layer  next  to the 
alloy surface. Recently, however,  another  mechanism 
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based on reaction control of the oxygen reduct ion re -  
action has been suggested by Kato et aL (5, 6). 

Compositional and s t ructural  investigations showed 
that  the corrosion product  consists of at least two ad-  
herent  layers: a relat ively thick porous outer  layer  
composed of main ly  Cu2 (OH)3C1, and a th in  inner  layer  
composed of Cu20 (6, 7). The al loying elements Ni 
and Fe were concentrated in  the middle port ion of 
the corrosion products where the exact s t ructure is not  
known (6, 7). In  this investigation, as a cont inuat ion 
of our previous work (5, 6), the kinetics of the anodic 
and cathodic reactions were studied using a rotat ing 
Cu-9.4Ni-l.7Fe disk electrode in  aerated 3.4 w/o NaC1 
solution. 

Experimental 
Materials and specimen preparation.--The composi- 

t ion and mechanical  properties of the Cu-9.4Ni-l .7Fe 
alloy (Cul0 Ni) sheet materi,al (0.17 cm thick) in  the 
solutionized condition (850°C for 30 min, water  quench) 
are given elsewhere (5). Disk specimens were cut from 
the alloy master  sheet, polished successively down to 
600 grit, immersed in  deaerated 10 volume percent  
H2SO~ for 10 rain to remove the a i r - formed oxide, de-  
greased in acetone with ultrasonic surface cleaner for 

10 min, r insed in methanol  and stored (~  20h) in  a 
desiccator. Then, the alloy disk was soldered to a copper 
wire and mounted  in  a plexiglass sample holder which 
exposed 0.70 cm 2 of sample surface, and inserted into 
the solution. 

For the open-circui t  immers ion treatments ,  the alloy 
disk was rotated at 800 rpm in 300 ml  of an aerated 
3.4 w/o NaC1 solution. Water -sa tura ted  compressed 
air was bubbled through the solution dur ing  immer -  
sion. The immers ion t reatments  were conducted for 
various lengths of t ime up to 10 days. For  the 10 day 
immersion,  the solution was changed at 7 days in order 
to duplicate a procedure used previously for longer 
term tests which w,as designed to avoid an accumula-  
t ion of Cu and Ni ions (5, 6). The ini t ia l  pH was ad- 

1 2 1 9  
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justed to 7.5 us ing NaOH. It tended to slowly drif t  
upward  (few tenths of a pH uni t  after 7 days).  

Fo.r the polarization measurement ,  the Cul0 Ni disk 
electrode was t ransferred from the open-circui t  im-  
mersion cell t,o a convent ional  three-electrode cell 
equipped for rotat ion of the sample. For  comparison, 
polarization measurements  were also made on fresh 
alloy disk electrodes after the above-described sample 
preparat ion.  Electrical contact was made b e t w e e n  the 
specimen and a stainless steel shaft by a Cu wire. The 
shaft was supported by  two frictionless carbon bear-  
ings, mounted  in plexiglass, which completed the c i r -  
c u i t .  Either  water -sa tura ted  compressed air  or pur i -  
fied n i t rogen gas was bubbled  through the 3.4 w/o 
NaC1 solution dur ing  the polarization measurements .  
A saturated calomel electrode was used as the reference 
electrode. The potent ia l  is reported on the s tandard  
hydrogen electrode scale. 

Transfer  of the sample from the immers ion cell to 
the electrochemical cell was quick enough so that  the 
surface of the specimen remained wet, thereby avoiding 
crack fo rmat ion  in the corrosion products (5). The 
potent ial  was preset at --100 mV, so that  on contact 
with the solution the sample was at this value while 
also rota t ing at 500 rpm. After  about 15 min, by which 
t ime a quasi-s teady current  was reached, a potential  
scan rate of 0.03 mV s - I  was applied in  the more 
noble direction. The anodic polarization curve was 
found to be the same as for a "steady-state" method.1 
In  some measurements ,  rotations up to 2000 rpm were 
used to investigate the rotat ion-speed dependence of 
the polarization curve?- 

Another  set of experiments  was conducted to s tudy 
the roles of the outer and inner  parts  of the adherent  
corrosion product in the corrosion process. Fol lowing 
immersion and overnight  drying in a desiccator, the 
outer  par t  of the corrosion products was removed with 
poIy-tape. Then, polarizat ion curve measurements  in 
both aerated and deaerated 3.4 w/o NaC1 electrolyte 
solution were conducted on the adherent  inner  layer. 
Furthermore,  on some specimens, pa l ladium was de- 
posited on the inne r - l aye r  surface from an aqueous 
solution, in order to s tudy the effect of a more cata- 
lytic surface on the oxygen-reduct ion  reaction. 

Convent ional  x - r ay  diffraction SEM methods were 
utilized to characterize the corrosion products formed 
dur ing the immersion treatments.  The test specimens 
were always duplicated, so that the freshly made cor- 
rosion product  was used for each characterization 
analysis.  

Results 

Polarization curves  on fresh surfaces.--Polarization 
curves measured on fresh rotat ing disk electrode 
(RDE) surfaces are shown in Fig. 1. The intersection 
of curves B' (anodic metal  dissolution) and C (true 
oxygen reduct ion)  is the corrosion current  (20 ~,A 
cm -2) and the corrosion potent ial  ( + 5  mV),  The 
rotat ion-speed dependence of the anodic (metal  dis- 
solution) polarization curves on fresh surfaces are 
shown in Fig. 2. Above --30 mV, a distinct Tafel l ine 
is observed. The anodic polarization curves are less 
polarized at higher rpm, while the Tafel slope is con- 
stant  (60-62 mV decade - i ) .  At potentials higher than 
those in Fig. 2 (+70  to -t-170 mV) ,  the Tafel slope was 
higher at ,~80 mV d.ecade -z. A plot of cur ren t  densi ty  
vs. square root of the rotat ion speed at constant po- 
tent ia l  (Fig. 3) shows a l inear  relat ion with an ex- 
t rapolat ion which goes through the origin. The cathodic 
oxygen-reduct ion  polarization curves are dependent  on 
the rotat ion speed (Fig. 2 ) ;  however, the rate de- 
creases ra ther  than increases with increasir~g rpm. 

1 Potential was shifted manually every 10 mY, and at each po- 
tential  a quasi-steady-state current was observed before changing 
the potential. 

Rotation speeds up to 6000 rpm are expected to produce lami- 
nar, rather than turbulent, flow for the size of  the disk electrode, 
r = 0.5 cm (11). 
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Fig. 1. Polarization curves on the fresh Cul0 Ni surfaces. Curves 

A and A': measured in air-saturated solution. Curves B and B': 
measured in deaerated solution. Curve C: calculated true oxygen 
reduction. Rotation speed is 500 rpm. 

Open-circui t  corros ion .~SEM examinat ion  of cor- 
roded C u l 0 N i  RDE samples following immersion,  
showed two well-defined corrosion product layers 
(Fig. 4). Their  thicknesses were 2.5-5 ~m and approxi-  
mately  5 ~m for the outer porous and relat ively dense 
(middle) layers, respectively. Otherwise, the corro- 

sion products are as reported for immersion in rela-  
t ively quiescent solution (6). The total (scraped) cor- 
rosion product  contained both Cu20 (in small  amount)  
and Cu~(OH)~C1, whereas corrosion product  which 
could be stripped with tape showed only Cu2(OH)3C1. 

Polarization curves on corroded samples . - -For  the 
corroded RDE samples, the rate of reduction of the 
corrosion products was measured (deaerated solution) 
at --100 mV and 500 rprr~ (Fig. 5). The quasi-s teady-  
state value on the 5 day corroded sample was 0.9 ~A 
cm -2 cathodic, which was essentially the same, con- 
sidering a ra ther  poor reproducibil i ty,  as the current  
on the fresh surface (1.5 ~A cm -2 cathodic), indicat ing 
no substant ia l  reduct ion of the corrosion products. 
Similar  results were obtained at 1200 and 1900 rpm. 
These experiments  also clearly showed that  the cur-  
rent  is always higher in aerated than in  deaerated 
solution. At --100 mV, there was no visible change in 
the surfaces of either the 0 or 5 day samples. 

Both the anodic and  cathodic reaction rates are re-  
duced by formation of the corrosion products, and, 
hence, the corrosion rate decreases with t ime (Fig. 6), 
in agreement  with previously reported corrosion rates 
for this a l loy-solut ion system (5). Both the anodic 
and cathodic currents  for the corroded samples are 
also independent  of the rotat ion speed. Near the cor- 
rosion potential,  the anodic curves exhibi t  Tafel be-  
havior with a slope of about 60 mV decade -1 (Fig. 6 
and 7). After  s t r ipping the (detachable) corrosion prod-  
ucts, a higher anodic rate occurs on the inner  layer  
(curve B in  Fig. 7) which approximately  equals that  

on a fresh surface (C), and the anodic react ion ma in -  
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the fresh surface. Cathodic curves measured in air-saturated solu- 
tion, anodic curves in deaerated solution. 

rains a Tafel slope of 60 mV decade -1. In  addition, an 
even higher  cathodic current  can be produced by  the 
application of a Pd coating on the inner  layer  (curve 
D in Fig. 7). The anodic curve B ( inner  layer) in Fig. 
7 and the cathodic curve D (Pd-coated inner  layer)  
are rotat ion-speed dependent,  e.g., at --30 mV, the 
current  increases for both reactions by about 20% for 
an increase from 500 to 1200 rpm. This is v i r tua l ly  the 
same dependence for the anodic reaction as in  Fig. 2 
for a fresh surface. 
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Fig. 3. Anodlc current density vs. square roof of the rotation 
speeds on the fresh surface at various potentials vs. SHE in de. 
aerated solution. 

Fig. 4. SEM micrograph (a, top) and schematic (b, bottom) of 
the cross section of a RDs sample after a 5 day immersion in 
aerated 3.4 w/o NaCI solution (800 rpm) showing corrosion product 
layers. Relative amounts of elements based on ESCA and EDX 
analyses at different locations within the corrosion product (6, 20). 

Discussion 
Early stage of CulO Ni alloy corrosion in 3.4 w/o  NaC~ 

solution.--When Cu:10 Ni alloy is immersed in 3.4 w/o  
NaC1 solution, visible corrosion products start  develop- 
ing on the alloy surface wi thin  8 min  (6). This early 
stage of the corrosion Process was studied by making  
anodic and cathodic polarization curves on fresh RDE 
surfaces of the alloy. 

The anodic metal  dissolution curves on freshly pre-  
pared Cul0 Ni surfaces showed a Tafel slope of 60 mV 
per current  decade and a rotat ion speed dependence 
which, in a plot of current  vs. J/2, gives a straight l ine 
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aerated and deoerated 3.4 w/o NaCI solution. 
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th rough  the  origin (Fig. 2 and 3). These fea tures  are  
a l s o  seen in the dissolut ion of pure  Cu in HC1 (12, 13) 
and  in  NaCI (14), a l though the ha l f -power  dependency  
is not  a lways  seen (15). Higher  Tafel  slopes have  been 
repor ted  for the  f resh  Cul0 Ni al loy in HC1 solution, 
viz., 130 mV decade -1 (13) and 70-80 mV decade -1 
(16), ras wel l  as at  overpoten t ia l s  h igher  than  those 
used in the  presen t  s tudy (3.4 w/o  NaC1 solut ion) ,  
where  80 mV decade -1 was ob ta ined  ins tead of the 60 
mV decade -1 shown in Fig. 2. 

The 60 mV decade-1  TafeI slope for  the f reshly  
pol ished Cu-Ni  a l loy and the ha l f -power  dependency  
o f  the  anodic  dissolut ion cur ren t  on the ro ta t ion  speed 
(Fig. 3) a re  indica t ive  of a mass - t r ans fe r - con t ro l l ed  
anodic dissolut ion step,  which is the same as tha t  a l -  
r e a d y  es tab l i shed  for copper  (12-15). Thus, t r anspor t  
of e i ther  C1- ion to the  surface or  a copper  chlor ide  
complex  ion away  from the surface could be the r a t e -  
de t e rmin ing  step. If  the anodic process at  open circui t  
is cont ro l led  b y  diffusion of CuCI2- away  from the 
surface,  as is most  of ten suggested (12-14), then the 
concentra t ion of CuC12- at the  a l loy / so lu t ion  in ter face  
can be app rox ima te ly  ob ta ined  f rom 

i 
[CuCl2-]s -- - -  �9 5 [I] 

Dcuc1~F 

where [CuC12-]s is the concentration of CuCI~- at the 
alloy/solution interface, i is the current and will be 
taken as the corrosion current in the following cal- 
culation, Dcucl2- is the diffusion coefficient of CuC12-, 
F is the Faraday constant, and 8 is the diffusion layer 
thickness, which can be calculated by utilizing the 
Levich equation 

,5 - -  0.643 ~-I/2vl/~D1/~cuc12- [2] 

where  ~, is the  ro ta t ion  speed and v is the  k inemat ic  
viscosity. Using typ ica l  values  of ~,, v, and  Dcuc12- 
(823 Hz, 0.{)1 cm 2 s -~, and 0.6 • 10-~ cm~ s-Z)s ,  one 

a Taken to be the same as the room temperature diffusion eo- 
eflletents of CuCI* and CuCI~- (17). 
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obta ins  the diffusion l aye r  th ickness  of 18 #m. The cor-  
rosion cur ren t  obta ined  on a ro ta t ing (500 r p m ) ,  
f reshly  pol ished sample  is de te rmined  by  the i n t e r -  
section of the  anodic and cathodic polar iza t ion  curves 
and is about  20 /~A cm -2 (Fig. 6). Using these values  
of i and 8, the concentra t ion of CuC12- f rom Eq. [1] 
is 6.2 • 10-SM. 

Bacare l l a  and Griess  (14) and o ther  inves t iga tors  
(18) suggested tha t  the re la t ive ly  high concentra t ion  
of CuC12- at  the  meta l  surface causes hydro lys i s  o f  
CuC12- and produces  Cu~O by the react ion 

2CUC12- + H20 ---- Cu~O + 4CI- + 2H + [3] 

It follows from their results that the minimum concen- 
tration of CuCI2- to form Cu~O for our  expe r imen ta l  
condit ions is 5.5 • 10-6M. Thus, the  concentra t ion 
(6.2 X 10-SM) obta ined in this s tudy  is favorab le  for 
the format ion  of Cu20. This is s t i l l  t rue,  a l though more  
marg ina l l y  so, if a more  precise calculat ion is made  
in which the Ni and Fe  contr ibut ions  to the corrosion 
cu r ren t  a r e  t aken  into account. The x - r a y  powder  
diffract ion analysis  of  the  corrosion products  c lear ly  
shows the presence of CuaO af ter  the 5 day  corrosion. 
Lesser  amounts  of Cu20, below the detec t ion  capab i l -  
i ty  of the technique,  were  p r e s u m a b l y  p resen t  a t  ea r l i e r  
stages. 

The cathodic cur ren t  t rans ients  in Fig. 5 show an 
in i t ia l  drop  fol lowed b y  a quas i - s t eady  state.  The in i -  
t ia l  drop  on the 0 day  samples  m a y  be due to r educ -  
tion of  a i r - fo rmed  oxide, react ion wi th  impuri t ies ,  
a n d / o r  format ion  of Cu20 or  o ther  oxides which have  
a poorer  ca ta ly t ic  na tu re  (as compared  to the  f resh 
a l loy  surface)  for  the  reduct ion of oxygen or  impur i -  
ties. Resolving these possibi l i t ies  is difficult because 
of the  typ ica l ly  ra the r  s low ra te  of reac t ion  ( low ex -  
change cur ren t  densi ty)  of oxygen reduct ion  on meta l  
surfaces and the effects of impuri t ies .  These factors  
were  less of an issue once the  surfac~ was covered wi th  
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corrosion products ,  as indica ted  by  a be t t e r  r e p r o -  
duc ib i l i ty  of the t rans ients  on 5 day  than  on 0 day  
samples.  

The mechan i sm of oxygen reduct ion  on a P t  e lect rode 
has been wel l  documented  (19), and  its Tafel  s lope is 
110 mV decade -1. However ,  on the f reshly  pol ished 
Cul0 Ni alloy, the Tafel  s lope is not  wel l  defined and  
var ies  be tween  200-260 mV decade-1 .  The oxygen  r e -  
duct ion ra te  shows an unusua l  ro ta t ion-speed  depend-  
ency, decreas ing with  increase  in the ro ta t ion  speed. 
Only  the las t - l i s ted  of the above explana t ions  of the  
in i t ia l  drop  of the  cur ren t  is also consis tent  wi th  this 
resul t ,  i.e., regard ing  cor ros ion-produc t  fo rmat ion  at  
the immers ion  po ten t ia l  of --100 mV. As the ro ta t ion  
speed increases,  increas ing amounts  of the corrosion 
products  m a y  form, in accord wi th  the  effect of ro-  
tat ion speed on the anodic- reac t ion  ra te  (Fig. 2). I f  so, 
as the  r p m  increases,  the cathodic polar iza t ion  curves 
are  increas ingly  measured  on the adheren t  solid cor-  
rosion products  wi th  the i r  poorer  ca ta ly t ic  nature ,  
r a t h e r  than on the a l loy  surface. In  the  same way, the  
observed  decrease  in corrosion r a t e  wi th  t ime (Fig. 6) 
could occur because of the  decreas ing cata lyt ic  ac t iv i ty  
of the  surface for the oxygen- reduc t ion  react ion as 
the  corrosion products  form. The poss ib i l i ty  of a reac-  
t ion-cont ro l led  corrosion process  is fu r the r  indica ted  
by  the resul ts  wi th  Pd and also by  o ther  resul ts  in 
su l f ide-contamina ted  solutions (see be low) .  

Corrosion mechanism of CulO Ni alloy after the 5 
day immersion.--After a 5 d a y  immers ion  of the  RDE 
in the NaC1 solution, the  corrosion product  l ayers  are  
wel l  deve loped  on the a l loy surface. Based on SEM, 
ESCA, and x - r a y  diffract ion invest igat ions,  t hey  con- 
sist of  th ree  layers  (6, 20) : a ve ry  porous  ou te r  l aye r  
wi th  h igh  concentra t ions  of Cu and C1; a r e l a t ive ly  
porous middle  l ayer  which contains a pa r t i cu l a r ly  high 
concentra t ion of Ni; and a ve ry  thin inner  l aye r  which 
contains Cu and considerable  amounts  of C1 and Ni, 
though it is lower  in C1 and h igher  in Ni than  found 
for  a s t a t iona ry  e lect rode (Fig. 4b).  The inner  l a y e r  
is invis ible  in Fig. 4a; the presence of C1 a f te r  6.0s of 
ion spu t t e r ing  on the i n n e r - l a y e r  surface (6, 20) shows 
tha t  the  l aye r  under  examina t ion  is st i l l  wi th in  the  
corrosion products .  The de tachable  outer  and middle  
layers  were  identif ied as Cue (OH) 3C1. The thin  inner  
l aye r  was not  identif ied direct ly ,  but  is p robab ly  Cu20, 
since the x - r a y  diffract ion analysis  on the  to ta l  scraped 
corrosion p roduc t  showed Cu20, whereas  the  s t r ipped  
corrosion produc t  layers  did  not. T h e  app rox ima te  
th ickness  of the  inner  l aye r  is es t imated  to be  be tween  
5 and 500 nm. The lower  l imi t  is obta ined  f rom the 
ion spu t te r ing  ra te  of 5 n m  rain -1. The uppe r  l imi t  
is based on the resolut ion  in the micrograph.  These 
resul ts  for  the  ro ta t ing  a l loy samples  are s imi la r  to 
those repor ted  for  the  s ta t ionary  sample  (5, 6), except  
for  the  finding of the  middle  l aye r  which is c lear ly  
ident if ied in Fig. 4a. 

A we l l -deve loped  corrosion p roduc t  produces  the  
fo l lowing changes in the  anodic polar izat ion curves 
compared  to those for  a fresh C u l 0 N i  surface:  (i) 
t hey  shif t  to more  noble  potent ia ls  whi le  keeping  a 
Tafel  s lope of 60 mV per  decade  cur ren t  (Fig. 6) and 
(ii) t hey  become independen t  of ro ta t ion speed. A n -  
o ther  set of anodic polar iza t ion  measurements  con- 
ducted on the inner  l aye r  of the  corrosion products  
(a f te r  s t r ipp ing  the loosely adheren t  corrosion p r o d -  
ucts)  showed tha t  the curve on the inner  l aye r  (curve  
B, Fig. 7) is n e a r l y  ident ica l  to the  curve  on the f resh  
surface  (curve  C) and is ro ta t ion-speed  dependent .  
This indicates  tha t  the  outer  loose ly  adheren t  l aye r  
r a the r  than the inner  l aye r  is respons ib le  for the  
changes found in the  anodic polar iza t ion  curves.  The 
Tafel  slope of 60 mV per  decade cur ren t  indicates  a 
m a s s - t r a n s f e r - l i m i t e d  anodic - reac t ion  ra te  (12, 13). 
Since the  anodic  polar iza t ion  curves of corroded s am-  
ples a re  independen t  of the  ro ta t ion  speed, t r anspor t  

of ions th rough  the solut ion bounda ry  layer  nex t  to t h e  
elec t rode  surface cannot  be the r a t e -de t e rmin ing  step 
(rds)  of the anodic reaction,  in con t ras t  to the  s i tua-  
t ion for the f resh  Cul0 Ni surface. Rather ,  diffusion of 
these ions in the e lec t ro ly te  wi th in  the porous corro-  
s ion-produc t  l ayer  is the  l ike ly  rds  of the anodic re -  
action for corroded samples.  

The impor tan t  effect of es tabl ishing wel l -def ined  
hyd rodyna mic  condit ions at  the  e lec t rode  surface is 
d r ama t i ca l l y  i l lus t ra ted  by  comparison of the  above 
anodic polar izat ion behavior  wi th  pr ior  work  which 
did not  employ  the RDE (5). Po t  the  less wel l -def ined  
hyd rodyna mic  conditions,  the Tafel  slope var ied  f rom 
70 to 110 mV decade -1  wi th  increas ing length  of the  
corrosion period.  Actua l ly ,  the 60 mV decade ~I value  
in the presen t  work  is for  a lower  overpoten t ia l  region;  
this region could be examined  in the present  work  
because of less cur ren t  osci l lat ion with  the RDE. The 
60 mV decade-1  value  is taken  as a more  correct  Tafel  
slope, and  is consistent  wi th  a pa r t i cu la r  rds, as dis-  
cussed above. A no the r  difference is the  l a rge r  shif t  
wi th  the  RDE of the  anodic polar iza t ion  curves  (to 
more  noble  potent ia ls)  in going f rom a f resh  surface 
to a corroded one. Thus, the anodic react ion p lays  a 
somewhat  l a rge r  role in reducing the corrosion ra te  
in the  case of flowing systems than  was found for  
quiescent  solut ion (5), but  s t i l l  is only  of secondary  
impor tance  compared  to the cathodic reaction.  

Like  the  anodic curves,  the  cathodic o x y g e n - r e d u c -  
t ion curves were  more  polar ized  a f te r  the format ion  
of the cor ros ion-produc t  l aye r .  The polar iza t ion  mea -  
surements  conducted on the o u t e r - l a y e r  surface (curve  
A in Fig. 7) and on the i n n e r - l a y e r  surface (curve B) 
showed no dependence  on rota t ion speed. In  contrast ,  
wi th  Pd 4 on the inner  l aye r  the  oxygen  reduct ion ra te  
was much h igher  and was ro ta t ion-speed  dependent  
(curve D).  Thus, ne i the r  diffusion of the  reac tants  nor  
the  products  in the solut ion bounda ry  layer  is the  
r a t e - d e t e r m i n i n g  step, except  in the presence  of Pd .  
The fact tha t  Pd, a w e l l - k n o w n  ca ta lys t  for oxygen  
reduct ion,  g rea t ly  increases  the  oxygen- reduc t ion  ra te  
suppor ts  the theory  tha t  the good corrosion resis tance 
of Cul0 Ni al loys in seawate r  is due to the poor ca ta-  
ly t ic  na tu re  of the corrosion products  for the  oxygen-  
reduct ion  reaction.  It, nevertheless ,  is not  a decisive 
resul t  because one cannot  rule  out  the  poss ibi l i ty  tha t  
Pd pene t ra ted  to the meta l  surface,  in which case i t  
could have  shor t  c i rcui ted e lec t ron  flow th rough  a 
pro tec t ive  inner  layer .  Some recent  w o r k  in this  
l a bo ra to ry  in a tt2S containing aqueous solut ion (20), 
summar ized  next ,  y ie lded  da ta  which  are, however ,  
consistent  only  wi th  a react ion,  r a the r  than t r anspo r t -  
control led,  process. 

Corrosion mechanism of Cu 10 Ni a~loy in su~Jlde 
solution.--The corrosion p roduc t  formed on the Cul0 Ni 
al loy dur ing  immers ion  in su l f ide-contamina ted  (,~5 
ppm)  3.4 w /o  NaC1 solution was found to be m u l t i -  
layered.  The inner  l aye r  has  a very  smal l  thickness,  
app rox ima te ly  the same atomic rat io  of Cu to Ni to C1 
bu t  also containing a smal l  amount  of sulfide (2 a / o ) ,  
and ident ica l  anodic polar iza t ion  curves to that  ob-  
ta ined  on the inner  l aye r  in the sul f ide-f ree  solu-  
t ion (curve  B, Fig. 7). The cathodic polar iza t ion  curves 
obta ined  on the samples  corroded in the  sulf ide-con-  
t amina ted  solution, however ,  show a diffusion l imi t ing  
h igh  ra te  of  reac t ion  s imi lar  to tha t  obta ined  on the  
Pd -coa t ed  inne r  l aye r  in Fig. 7 (curve D) .  However ,  
the  reac t ion  was found to be ve ry  s low on the s t r ipped  
sample,  whereas  i t  should have  been unchanged  a f te r  
s t r ipp ing  if  the role of  the sulfide had  been to increase  
the  conduc t iv i ty  of a poor ly  conduct ing inner  layer .  
Thus, sulfide increases the  cathodic reac t ion  kinetics,  
p r e sumab ly  b y  increas ing the ca ta ly t i c  na tu re  of the  

The exchange current density of oxygen reduction is v e r y  
high on Pd, about one order of magnitude greater  than on Pt  
(21). 
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surface of the corrosion products for the oxygen- 
reduction reaction. The low rate of reaction on the 
inner-layer surface after stripping could then be at- 
tributed to an insufficient level of sulfide on its (frac- 
ture) surface to significantly increase the catalytic 
nature of this surface for the oxygen-reduction reac- 
tion. 

Conclusions 
The loosely adherent corrosion products developed 

on rotating Cu-9.4Ni-l.7Fe alloy samples immersed 
in aerated 3.4 w/o NaC1 solution have been found to 
be composed of two layers: a relatively dense middle 
layer and a porous outer layer. Data obtained on the 
composition of these loosely adherent corrosion prod- 
ucts are largely supportive of earlier data reported for 
stationary electrodes (6). The presence of an inner 
corrosion-product layer which is very thin, adherent 
to the metal, and contains Cu20 is indicated by the 
data. 

The formation of these layers under rotating condi- 
tions produced a greater reduction in the corrosion 
rate than in the case of their formation under the rela-~ 
tively quiescent conditions of a stationary electrode. 
Most of the decrease in corrosion rate for either con- 
dition is due to a decrease in the rate of oxygen re- 
duction. 

For the fresh surface, the Tafel slope is 60 mV 
decade -1 and is rotation-speed dependent. This indi- 
cates that a transport step in the aqueous boundary 
layer is the anodic rds. In the presence of the corro- 
sion product, the Tafel slope is also 60 mV decade-Z 
[in contrast to the variable 70-110 mV decade-1 found 
for stationary electrodes (5)] but is rotation-speed 
independent. In this case, diffusion of ions in electrolyte 
within the porous corrosion products is the Iikely rds 
of the anodic reaction. Results for the cathodic reac- 
tion, though not decisive, support a reaction-control 
mechanism for the corrosion process. This is a (new) 
understanding of the good corrosion-resistant charac- 
ter of the Cul0 Ni alloys in seawater based on a low 
exchange current density for the oxygen-reduction 
reaction, consistent with other results (20) for sulfide- 
contaminated solutions. The results in sulfide, addi- 
tionally, appear decisively to rule out transport mecha- 
nisms based on a protective inner corrosion-product 
layer. 
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ABSTRACT 

The effects of sulfide contamination (5 ppm) on the corrosion mechanism of Cu-9.4Ni-l.7Fe alloy were studied in 3.4 
weight percent (W/O) NaC1 solution at room temperature. Compared to the sulfide-free solutions (i), the thickness of the 
corrosion products formed in the sulfide solution is much greater, and (ii) the anodic polarization curves measured in clean 
3.4 w/o NaC1 solution after immersion in the solution containing sulfide are somewhat less polarized but  are otherwise simi- 
lar, whereas (iii) the cathodic polarization curves are very much less polarized (100 times). This much increased cathodic 
rate is mainly responsible for the increased corrosion rate caused by prior exposure to a solution containing sulfide. After 
stripping the loosely adherent corrosion products containing sulfide, the corrosion rate fell to a negligible level comparable 
to that obtained for sulfide-free corroded samples. These results show that sulfide increases the corrosion rate through its 
effect on the outer corrosion products, rather than on the thin inner  layer next to the metal. Since the outer corrosion prod- 
ucts are porous, it follows that sulfide's dominant  role is that of a catalyst for the oxygen reduction reaction. This explana- 
tion is consistent with other results for sulfide-free corroded samples. 

Serious corrosive attack of the commercial ly avail-  
able Cu-9.4Ni-l .7Fe alloy (Cul0 Ni) has been a prob-  
lem in nava l  ships in polluted seawater. Such attack 
has been a t t r ibuted to contaminat ion of the seawater 
env i ronment  by sulfide (1-6). Dissolved oxygen is the 
normal  oxidant  in unpol lu ted  seawater. In polluted 
seawater or subsequent ly  in unpol luted (clean) sea- 
water, higher  rates of corrosive attack are expected 
in  its presence (1, 5-8). 

The usual ly  good corrosion resistance of the Cul0 Ni 
alloy in  seawater is general ly  a t t r ibuted to the na ture  
of its corrosion products. These corrosion products have 
been identified as Cu20 and Cu2(OH)jC1 (9-14). They 
consist of an outer porous layer, a relat ively dense 
midd le ' l aye r  and a very thin inner  layer (10-12). The 
outer  and middle layers are loosely adherent  and can 
be removed with adhesive tape. Based on polarization 
measurements  (9, 11), it was concluded that (i) the 
anodic (metal  dissolution) reaction is controlled by 
diffusion of ions in electrolyte wi thin  the porous, 
loosely adherent  corrosion products, (ii) the cathodic 
reaction (oxygen reduction) may be under  reaction 
control, and (i/i) the low corrosion rates of the Cu-~Ni 
alloys in neut ra l  chloride solutions m a y  be due to the 
mechanism in (ii). Other explanations of the corrosion- 
resistant  character of the cupronickels in seawater 
which rely on other ra te -de te rmin ing  steps and /or  are 
based on the inner  layer  have been suggested, but  
these have been questioned based on recent polarization 
data (9, 11) and are shown to be inconsistent  with data 
in this paper. More generally,  our results support  the 
concept of react ion-control  as the basis for a corro- 
s ion-resis tant  alloy ra ther  than the classical protective 
layer  concePt , i.e., one based on a poisoned surface 
for charge t ransfer  of the cathodic react ion(s) .  

In  sulf ide-contaminated na tu ra l  or s imulated sea- 
water, the corrosion products  are modified and the 
corrosion rate sharply increases. Bates and Popplewell  
(1) measured the corrosion rate of the Cul0 Ni alloy 
in sulf ide-contaminated (10 ppm) simulated seawater. 
They used a l ternat ing sulfidation and aeration periods 
in an effort to s imulate  service conditions involving 
polluted seawater, and  avoided s imultaneous sulfida- 
t ion/aera t ion  since sulfide levels could not  be ma in -  

* Electrochemical  Society Active Member. 
Current address: Kawasaki Steel  Company, Research Labora- 
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rained due to reaction with the oxygen. They s u g g e s t e d  
that the higher corrosion rates are due to a highly 
defective Cu20 layer  containing Cu2S which permits  
rapid ionic and electronic t ranspor t  through it. More 
recently, Hack and Gudas (5, 6)  and Eiselstein et al. 
(8) have shown that  very high rates of corrosion, 
matching those of service failures, occur dur ing  s imul-  
taneous exposure to sulfide and oxygen. MacDonald 
et al (2), using deaerated solutions, a t t r ibuted the 
effect of sulfide to an increase in kinetics of the anodic 
reaction, since it changed from cuprous oxide forma-  
t/on in the sulfide-free solution to cuprous sulfide for- 
mat ion in the sulfide-polluted solution. As such, oxy- 
gen reduction was not the cathodic reaction, and the 
Corrosion potential  shifted in the less noble direction 
with sulfide addition. 

Our previous work (9-11) has focused on the cor- 
rosion mechanism of Cu-Ni alloy in simulated unpol -  
luted seawater (NaC1 solution).  This paper describes 
the effects of sulfide addition to a 3.4 weight percent  
(w/o) NaC1 solution on the corrosion mechanism of 
Cu-9.4Ni-l.7Fe alloy. 

Experimentol 
The composition and mechanical  properties of the 

commercial  Cu-9.4Ni-l.TFe alloy, sample preparat ion,  
immersion, and polarization procedures are the same 
as described in previous papers of this series (9-11). 

The sulf ide-contaminat ion solution was prepared by 
bubbl ing  a H~S/H2 gas mix ture  through a 3.4 w/o 
NaC1 solution which had been first deaerated with 
purified [anhydrous calcium sulfate (Drierite) and 
copper at 400~ nitrogen. The 99.6% H2S was dried 
using phosphorous pentoxide,  the 99.99% H~ was 
dried using drierite and magnesium perchlorate, and 
oxygen was removed by passing over magnes ium at 
400~ The gases were then mixed usin~ conventional  
flowmeters containing silicon oil (for H2S) or d ibuty l  
phthalate  (for H2). 

For an immersion experiment,  a disk sample of 
Cul0 Ni was rotated at 800 rpm first in the aerated 
sulfide-free (clean) solution for 23h, and then for lh  
in a deaerated solution containing 5-8 ppm sulfide S and 
a p i t  between 7.0 and 7.5 at room tempera ture  (23__2~ 

2Total  sulfide, including H~S, HS-, and S = [in the approximate 
ratio of 1:1:10-~ (15)], measured using a sulfide ion electrode; 
oxygen and sulfide were  not  mixed due to their tendency to react.  

1 2 2 5  
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For  the flow r a t e  used, these values  were  obta ined in  
about  30 min, see Table I. This cycle was repea ted  f o r  
up to 10 days total  t ime. 

Immed ia t e ly  af te r  the  immers ion  tests, some of the 
samples  were  r insed with  dis t i l led  wa te r  and t r ans -  
f e r red  to a convent ional  three  e lect rode e lec t rochemical  
cell for  polar izat ion curve  measurements  in sulfide- 
free 3.4 w/o  NaC1 solut ion at 500 rpm, unless o the r -  
wise indicated.  The 3.4 w/o  NaC1 solut ion was e i ther  
deaera ted  (wi th  purif ied N2 gas) or  aera ted  for  some 
of the cathodic curves using compressed air. The po-  
la r iza t ion  curves were  measured  from --100 3 to ~150 
mV at a potent ia l  scanning ra te  of 0.03 mV s -z. This 
immers ion /po la r i za t ion  procedure  most  closely follows 
that  of exper iments  on sulf ide-free corroded samples  
(9-11) which are  used as a basis of comparison,  and 
also may  be an encountered  corrosion s i tuat ion in sea-  
water .  Corrosion currents  were  obta ined in polar izat ion 
plots by  ex t rapola t ion  of the cathodic curve (oxygen 
reduct ion)  in o rde r  to obtain the intersect ion wi th  the  
anodic curve measured  in deaera ted  solution. 

Fol lowing  es tabl ished procedures  (9, 10), the  cor-  
rosion products  which formed dur ing  open-c i rcu i t  cor-  
rosion were  analyzed  with x - r a y  diffraction, SEM, and 
ESCA. Moreover,  EDX analyses  could be conducted 
on the cross section of the  corrosion products ,  since 
they  were  much th icker  than those obta ined  in the 
sulf ide-free solution. 

Results 
Composffional and structural analyses.--The corro-  

sion products  formed dur ing  immers ion  were  separa ted  
into an outer  loosely adheren t  and an inner  adheren t  
layer ,  as repor ted  for  sulf ide-free solut ion (11). The 
loosely adheren t  corrosion products  were  b lack  and 
the adheren t  inner  l ayer  was a dul l  reddish  brown.  
X - r a y  diffract ion analyses  of the  loosely adheren t  b lack  
corrosion produc t  and of the total  corrosion products  
scraped off the sample  both show Cu2S and Cu2(OH)~CI. 
However ,  identif icat ion is not  possible for Cu20, whose 
peaks  over lap  the  Cu2S and Cu2(OH):sC1 peaks.  These 
layers  are  seen in Fig. 1. 

ESCA resul ts  are compared  in Table II  for the su l -  
f ide-free (clean) solution and the solut ion conta in ing 
sulfide for the surfaces shown in Fig. 2. In al l  three  
locations,  the  Cu to Ni rat io  is s imi lar  for the solut ion 
conta ining sulfide and the sulf ide-free  solution: Cu 
s t rong ly  p redomina tes  in locations A and C, whereas,  
Ni is in (sl ight)  m a j o r i t y  in locat ion B. The su l fur  
peak  was identif ied as sulfide ( S - - ) .  The concentra t ion 
of S - -  decreases f rom posi t ion A to C, whereas  the  
concentra t ion of chlor ide is highest  at C and lowest  at 
B for  layers  formed in the  solution containing sulfide, 
see Table II. 

In  cross section, the adheren t  inner  l aye r  is too thin  
to be seen, however ,  the  ou te r  porous layer  and mu l t i -  
ple l amel lae  of a middle  l aye r  can be seen by  SEM, 
Fig. 3. These loosely adheren t  outer  and  middle  layers  
are  th icker  than  those developed af ter  clean corrosion 
(11); as such they  are  sui table  for EDX analysis.  The 
e lementa l  spec t rums ob ta ined  at  posi t ions D, E, and F 
(Fig. 3) are  shown in Fig. 4 and indicate  a unique  

a Electrode potential  is reported on the  standard hydrogen  elec- 
trode scale. 

Fig. 1. SEM micrograph of the surface of a CulO Ni sample after 
a 10 day immersion in the 3.4 w/o NaCI solution containing sulfide 
and partial (tape) stripping of the corrosion products. Left: only 
adherent inner layer remains. Right: highly porous middle and 
outer layers still adherent after stripping. 

///" OUTER LAYERS 

INNER LAYER 

Fig. 2. Schematic showing stripped corrosion product and an ad- 
herent (very thin) corrosion product layer on the sample surface. 

composit ion for each location. Based on the da ta  ob-  
ta ined by  x - r a y  diffraction, ESCA, and SEM with  EDX, 
the corrosion products  formed in the sulfide solut ion 
are shown in Fig. 5. 

Polarization curve measurements.--Cathodic po la r i -  
zation of the CulO Ni sample  fol lowing the corrosion 

Table I. Typical time variations of pH and sulfide concentration 
in the 3.4 w/o NaCI solution from the start of bubbling with the 

H2S/H2 gas mixture 

Sulfide concentration 
Time (min)  pH mo111iter ppm 

0 7.50 0 0 
15 7.10 4.3 • 10-~ 1.4 
30 7.05 2.2 • 10 4 7.0 
60 7.05 1.9 • lO-S 6.0 
90 7.00 2.3 • i0-4 7.0 

Fig. 3. SEM micrograph of the cross section of a CulO Hi sample 
after a 5 day sulfide corrosion experiment. 
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Table II. ESCA semiquantitative analysis (relative a/o) of corrosion products developed during the corrosion tests in 
sulfide-free solution or solution containing sulfide for locations A, B, and C (Fig. 2) 

ocat ion  A B 
chmg t ime (s)*  0 15 60 0 15 60 0 

~ l : m e n t  

3 day clean Cu 14 " 19 32 14"** 7 17"** 20 
Ni ND** ND** ND** 17"** 19 13"** 10 
O 62 49 50 - -  50 - -  62 
CI 24 33 19 - -  21 - -  8 

5 day cleant Cu 20 ~ ~ 15 15 18 12 
(stat~nary) Ni 1 - -  - -  17 1Z 18 4 

0 62 - -  ~ 45 62 55 64 
C1 16 -- -- 21 i i  8 21 

3 day sulfide Cu -- 27 34 18 16 11 23 
Ni -- 5 3 24 22 ii 4 
S - -  6 i0 7 6 2 <2 
O -- 52 41 42 49 67 55 
CI -- I0 12 8 7 7 18 

5 day sulf ide Cu 14 16 25 14 13 6 16 
Ni 12 6 7 26 21 13 8 
S 6 6 8 4 3 4 2 
0 56 55 43 46 51 64 53 
C1 13 17 17 i0 12 13 22 

C 
15 

21 
13 
56 
10 
33 

4 
41 

26 
5 

<2 
51 
19 
18 
9 
2 

45 
26 

60 

27 
13 
49 
11 
26 

4 
44 
26 
29 

w 
<2 
46 
20 
20 
11 

2 
4t 
26 

* Approximate 
** !NOhe detectable. 

*** O and C1 levels are assumed to be  50 and 20 a/o, respectively. 
t Data are for a stationary, rather than rotating, electrode (liD. 

sputtering rate of 5 nm min -1 (Ar ion, 10 ~A, 5 keV). 

e x p e r i m e n t  m a y  cause  r e d u c t i o n  of  t h e  c o r r o s i o n  p r o d -  
uc t s  in  a d d i t i o n  to o x y g e n  r e d u c t i o n .  T h e  r a t e  oi  r e -  
d u c t i o n  of  t h e  c o r r o s i o n  p r o d u c t s  w as  m e a s u r e d  b y  
h o l d i n g  a s u l f i d e - c o r r o d e d  s a m p l e  a t  a c o n s t a n t  p o -  
t e n t i a l  of - -100 m V  in  t h e  d e a e r a t e d  s u l f i d e - f r e e  3.4 
w / o  NaC1 so lu t ion ,  a n d  t h e  c u r r e n t  t r a n s i e n t  was  c o m -  
p a r e d  w i t h  s i m i l a r  d a t a  o b t a i n e d  on  a f r e s h l y  p r e p a r e d  
n o n c o r r o d e d  (0 d a y )  C u l 0  Ni su r f ace ,  Fig.  6. I n i t i a l l y ,  
a r e l a t i v e l y  h i g h  c u r r e n t  (80 ~A cm - 2 )  is m e a s u r e d  
on  t h e  5 d a y  s u l f i d e - c o r r o d e d  C u l 0  Ni  s a m p l e  in  t h e  
d e a e r a t e d  ( s u l f i d e - f r e e )  so lu t ion ,  a n d  t h i s  c u r r e n t  d e -  
c r eases  w i t h  t ime .  T h e  c h a r g e  p a s s e d  is m a i n l y  d u e  to 
t h e  r e d u c t i o n  of t h e  c o r r o s i o n  p r o d u c t s ,  s ince  no  o t h e r  
spec ies  c a n  be  r e d u c e d  in  t h i s  i n e r t  g a s - p u r g e d  so lu -  
t i on  a t  - -100 mV,  as s h o w n  fo r  t h e  f r e s h  s a m p l e  ( b o t -  
t o m  c u r v e  in  Fig.  6) .  H o w e v e r ,  t h e  r a t e  of r e d u c t i o n  
of  t h e  c o r r o s i o n  p r o d u c t s  is b e t w e e n  one  a n d  two  
o r d e r s  of  m a g n i t u d e  l o w e r  t h a n  t h e  r a t e  of  o x y g e n  

D. OUTER LAYER 

A 

i f 
I / 

S Ni Cu 

E. MIDDLE LAYER 

F, MIDDLE LAYER 

k 

Fig. 4. EDX analyses of locations D, E, and F in Fig. 3 of the 
corrosion products after a 5 day sulfide corrosion experiment. 

r e d u c t i o n  ( top  c u r v e  in  Fig.  6) ,  a n d  was ,  t h e r e f o r e ,  
i g n o r e d  in  s u b s e q u e n t  p o l a r i z a t i o n  m e a s u r e m e n t s .  

P o s t - t e s t  a n o d i c  a n d  c a t h o d i c  p o l a r i z a t i o n  c u r v e s  
( s u l f i d e - f r e e  s o l u t i o n )  p r o d u c e d  o n  t h e  s a m p l e s  a f t e r  
3, 5, a n d  10 d a y  su l f ide  c o r r o s i o n  t e s t s  a r e  c o m p a r e d  
w i t h  t hose  p r o d u c e d  a f t e r  a 5 d a y  s u l f i d e - f r e e  c o r -  
r o s i o n  t e s t  (11) i n  Fig.  7. Su l f ide  c o r r o s i o n  causes  
a b o u t  a 100-fo ld  i n c r e a s e  i n  t h e  c a t h o d i c  c u r r e n t  a n d  a 
s l i g h t  i n c r e a s e  in  t h e  a n o d i c  c u r r e n t  of t h e  r e s p e c t i v e  
p o l a r i z a t i o n  cu rves .  T h e  c o r r o s i o n  r a t e  i n c r e a s e s  f r o m  
,~2 ~A c m  -2  fo r  t h e  5 d a y  s u l f i d e - f r e e  ( c l e a n )  c o r r o -  
s i on  t e s t  to 400 ~A cm -2  fo r  t h e  5 d a y  sul f ide  c o r r o s i o n  
test ,  a n d  t h e  c o r r o s i o n  p o t e n t i a l  sh i f t s  f r o m  -t-10 to 
-5160 m V ,  T a b l e  III .  T h e  c o r r o s i o n  c u r r e n t s  o b t a i n e d  
o n  s a m p l e s  c o r r o d e d  fo r  m o r e  t h a n  5 days  a r e  n o t  r e -  
p r o d u c i b l e ,  v a r y i n g  b e t w e e n  100-500/~A cm -2,  a n d  r a n -  
d o m  d e t a c h m e n t  of  p o r t i o n s  of  t h e  c o r r o s i o n - p r o d u c t  
l a y e r  occurs .  

A s u l f i d e - c o r r o d e d  s a m p l e  w h i c h  h a s  b e e n  s t r i p p e d  
w i t h  t a p e  s h o w s  a m u c h  r e d u c e d  c a t h o d i c  r a t e  a n d  i n -  
c r e a s e d  a n o d i c  r a t e  c o m p a r e d  to a n  u n s t r i p p e d  s a m p l e  
(Fig .  8 ) .  B o t h  r e a c t i o n  r a t e s  o n  t h e  i n n e r  l a y e r  a r e  
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Fig. 5. A schematic of the cross section of the corrosion products 
on the Cul0 Ni surface after a 5 day sulfide corrosion experiment. 
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Fig. 6. Post-test cathodic current-density transient at - -100 mY 
(SHE) in sulfide-free aerated and deaerated 3.4 w/o NaCI solu- 
tion on 5 day sulfide-corroded samples. Transient for a fresh 
(0 day) sample also presented. 

s imi lar  to those on the inner  l aye r  of samples  corroded 
in sul f ide-f ree  (clean) solut ion (11). 

Discussion 
Comparison of the corrosion products  formed in the 

sulfide corrosion test  wi th  those formed in the sulfide- 
free (clean) test  (11) show the following. Those de-  
veloped in the  su l f ide -con tamina ted  solut ion are  much 
th icker  (~70 ~m vs. 10 #m for a 5 day  immers ion) .  Both 
exhibi t  h igh ly  porous and easi ly de t achab le  outer  layers  
and  an  adheren t  v e r y  thin  i nne r  layer .  The th icker  
sulfide corosion products  are  b lack  in color and contain  
Cu2S and Cu~(OH)3C1, whereas  those fo rmed  in the 
sul f ide-f ree  solut ion a re  dul l  tan  and contain  Cu~O and 

Table III. Corrosion currents and potentials of sulfide-degraded 
Cul0 Ni samples measured in sulfide-free 3.4 w/o NaCI solution. 

Same for Cul0 Ni samples which had been corroded instead in 
sulfide-free (clean) 3.4 w/o NaCI solution (11). 

Sulf ide  C l e a n  
Poter~tial  (mV)  C u r r e n t  I ' o t e n t t a l  ( m V )  C u r r e n t  

T i m e  vs. SHE (/u~ c m  -=) vs .  S H E  (p.A c m  -=) 

l h  - -  ~ + 5 18.0  
I d a y  - -  - -  + 5 7.0 
3 d a y  + 80 I00 + 5 2.5 
5 d a y  + 160 400 + I0 2.2 

10 d a y  + 100 150 + 10 2.0 

Cu2 (OH) aC1 (11). The adhe ren t  inner  l ayers  deve loped  
in both solut ions are  ve ry  s imi lar  and have the fo l low-  
ing proper t ies :  (i) they  are  b rown in color, adheren t  to 
the  al loy,  and th inner  than  could be  resolved  in 
SEM cross-sect ional  s tudy,  i.e., < < 5 0 0  nm. (ii) 
They  contain r e l a t ive ly  h igh  concentra t ions  of C1- 
anions [ ~  25 atomic percen t  ( a / o ) ]  and  Cu and Ni 
cations [~30 a/o]  wi th  Cu p redomina t ing  (rat io  of 2-5 
to 1). 

The corrosion potent ia ls  for the su l f ide-degraded  
a l loy are  more  noble (80-160 mV SHE) than  in the  
case of corrosion p roduc t  formed in sulf ide-free solu-  
t ion (5-10 mV SHE) ,  Table  III.  The reason for  .the 
more  noble corrosion potent ia l  is the  g rea t ly  improved  
cata lyt ic  na tu re  of the  outer  corrosion products  con- 
ta in ing sulfide for  the  oxygen reduct ion reaction,  as 
discussed next .  A shift  of the corrosion potent ia l  in the  
noble di rect ion for ae ra ted  solut ion is in contras t  to a 
shift  in the nega t ive  di rect ion for deae ra ted  solut ion 
(2 ,3) .  

The polar izat ion curves p roduced  on the inner  l aye r  
a f te r  s t r ipp ing  the loosely  adheren t  ou te r  corrosion 
products  ac tua l ly  show a much reduced  oxygen  re -  
duct ion ra te  compared  to tha t  on  the  ou te r  corrosion 
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products  conta in ing sulfide (Fig. 8). This reduced  ra te  
is about  the  same (s l ight ly  h igher )  as tha t  obta ined  on 
inner  layers  which had been produced  in clean (sul-  
f ide-f ree)  solut ion (Fig. 8). Thus, it  is the effect of sul-  
fide on the de tachable  porous outer  l aye r  which to ta l ly  
degrades  the no rma l ly  good corrosion res is tan t  char -  
ac ter  of the Cul0 l~i a l loy in neu t ra l  chlor ide  solution. A 
s imi lar  increased ra te  of oxygen reduct ion was ob-  
served when Pd, a w e l l - k n o w n  cata lys t  for  oxygen re -  
duction,  was appl ied  as a deposi t  on the inner  l aye r  
(11). Thus, it  is concluded tha t  the porous corros ion-  
p roduc t  surface conta ining sulfide is a good cata lys t  
for the oxygen  reduct ion  reaction,  whereas  n o r m a l l y  
(in the  absence of sulfide incorpora t ion  dur ing  its for -  
mat ion)  i t  is a poor  ca ta lys t  for this  reaction.  This high 
r a t e  of oxygen  reduct ion  (,-,500 ~A cm -2)  is o f  the  
same magni tude  as the  localized (e.g:, pi t t ing)  cor-  
rosion ra te  in service fa i lures  [700 #A cm -2 (16)],  and 
is much l a rge r  than  service  fa i lures  when compared  
on a un i form corrosion or charge-passed,  r a the r  than  
localizec~ corrosion, basis. To main ta in  this h igh  rate,  
e lec t ron migra t ion  must  be adequa te  th rough  the cor-  
rosion produc t  to the si tes of the  pore  surfaces where  
oxygen  reduct ion  occurs. Electron migra t ion  is, the re -  
fore, concluded to be a r e l a t ive ly  easy (fast)  process. 
S imi lar ly ,  the much lower  anodie current  on the inner  
l a y e r  (2-30 ~A cm -2) impl ies  that  its surface is a 
poor  ca ta lys t  for the  oxygen reduct ion  reaction.  The 
polar iza t ion  da ta  also show tha t  ionic t r anspor t  in t h e  
solid corrosion products  is e i ther  adequa te  or  not  in-  
volved to an apprec iab le  ex ten t  in the  corrosion pro-  
cess; the l a t t e r  could be the case if  the inner,  as wel l  
as outer,  l aye r  is porous so tha t  an aqueous pa th  for  
ionic t r anspor t  pene t ra tes  to the meta l  surface. 

H igh  oxygen reduct ion  rates  on sulfide compounds,  
such as Co~$4, FeS~, and PbS,  have  been repor ted  by  
severa l  inves t iga tors  (17-19). The ra te  appears  to in-  
crease wi th  the n u m b e r  of unpa i red  d electrons per  
atom. Ano the r  in teres t ing  phenomenon is an affect of 
sulfide composit ion.  I t  was shown tha t  a sulfide o f  
composit ion Fe0.sNi0.sS~ is 40 t imes more  active than  
FeS2 for oxygen reduct ion (20). Other  ca ta lyzed 
cathodic processes have also been repor ted  for i ron sul-  
fides formed in steel  (21). In  the p resen t  work,  the t r an -  
si t ion meta ls  of Ni and Fe  are  allove,d wi th  Cu. The 
ESCA examina t ion  revea led  that  these a l loyin~ ele-  
ments  coexist  wi th  sulfide in the loosely adheren t  layers  
wi th  a r e l a t ive ly  high concentrat ion.  Therefore,  the ve ry  
high oxygen  reduct ion ra te  can be expected  to be due 
to a much increased  cata lyt ic  na tu re  of the corrosion 
products  containing sulfide coupled with  no rma l ly  ade-  
quate  electronic and ionic conductances.  

Conclusions 
Corrosion products  of Cu~S and Cu2 (OH)8C1 are  de-  

veloped on Cu-9.4Ni-l .TFe a l loy in su l f ide-contami-  
na ted  3.4 w/o  NaC1 solution. S imi la r  to the products  
deve loped  in sul f ide-f ree  solution, the sulfide corro-  
sion products  consist of ou te r  porous layers  and a thin 
inner  adheren t  layer .  These corrosion products  are  
much th icker  (7 t imes)  than  those developed in sul-  
f ide-free solut ion (11) and yie ld  a corrosion cur ren t  in 
sul f ide-f ree  3.4 w/o  NaC1 solution, which is much 
h igher  (400 ~A cm -2) than  when the corrosion p rod -  
ucts a re  formed in the sul f ide-f ree  solut ion ( ~ 2  ~A 
c m - 2 ) .  This high corrosion rate,  which matches  or  ex -  
ceeds tha t  of service fai lures,  is a t t r ibu ted  to the  much 

increased ca ta ly t ic  na tu r e  of the  porous corrosion p r o d -  
ucts for  the  oxygen  reduct ion  react ion when  they  con- 
tain sulfide. 

An exp lana t ion  of the cor ros ion- res i s tan t  charac te r  
of the cupronickels  in neu t ra l  chlor ide solutions given 
p rev ious ly  (9-11), i.e., react ion control  of the  oxygen 
reduct ion  reaction,  was confirmed by  a sys temat ic  
s tudy  of the  anodic and cathodic polar iza t ion  behavior  
of the su l f ide-degraded  Cu-Ni  alloy. A defini t ive resul t  
was- the  finding tha t  whereas  su l f ide-degraded  Cul0 Ni 
has a ve ry  high corrosion rate,  the ra te  falls  to negl ig i -  
b le  levels when the porous cor ros ion-produc t  layers  are  
s t r ipped  f rom the sample  leaving  only the  thin inner  
l aye r  a t tached t o  the sample.  The sal ient  point  is tha t  
sulfide causes degrada t ion  of the  corrosion resis tance 
th rough  its effect on the  porous layers ,  r a the r  than  on 
the adheren t  inner  layer .  This resul t  also rules  out  
o ther  mechanisms of protec t ion  which involve a slow 
t ranspor t  step a n d / o r  which pos tu la te  that  the inner  
l aye r  is pro tec t ive  in the  sense of severe ly  res t r ic t ing  
electronic or  ionic t ranspor t .  
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The Mechanism of Dealloying of Copper Solid Solutions and 
Intermetallic Phases 

M. J. Pryor* and J. C. Fister 
Olin Corporation, Me~ats Research Laboratories, New Haven, Connecticut 06511 

ABSTRACT 

Potentiostatic experiments in 0.5N NaCl at -0.25 VsHE show that the kinetics of dealloying of copper base binary alloys 
fall in the order 

Cu-A1 > Cu-Mn > Cu-Zn > Cu-Ni 

For the solutes A1 and Zn, the kinetics of dealloying may be expressed by the relationship 

Log Se = KC~ 

where Se is the excess solute dissolved and Cs is the atom percent solute. K is related qualitatively to the reversible potential 
of the solute element. It is shown that dealloying cannot propagate into the alloys by diffusion of solute from the bulk to the 
surface. Instead, dealloying is maintained by solution intrusion under  conditions where continuous solute paths exist in the 
alloy and where solute removal results in atomic rearrangement of the depleted alloy. 

Extensive studies have been conducted on the de- 
alloying of copper base alloys and par t icular ly  Cu-Zn 
alloys. An earlier significant issue was whether  de- 
alloying involved selective removal  of Zn atoms from 
the lattice (1-5) or whether  zinc and copper dissolved 
proport ionately from the alloy with the copper sub- 
quent ly  being redeposited on the alloy surface (6-1~.). 
Except for a few special oases, this does not now appear 
to be a major  issue. Sti l lwell  and Turnipseed (1) suc- 
ceeded in dealloying e brass in dilute HCI first to -y, 
then to ~, and finally to ~ brass. Pickering (5) also 
succeeded in dealloying ~ and 7 brass to more copper- 
rich intermetal l ic  componds in deaerated sodium sul- 
fate solution. In  these eases, there was no significant 
doubt that the mechanism of dealloying involved 
selective removal  of Zn atoms from the lattices of the 
intermetal l ic  phases. More recently, one of the authors 
(11) has shown that  Cu-lVin alloys can be dealloyed 
in sodium chloride solution without  a change in  grain 
size or shape, thereby extending proof of selective 
removal  of solute atoms to the solid solution region. 

A second and more fundamenta l  mechanistic issue 
involves the means by which deal!oying is main ta ined  
over more than a few atom layers. Pickering and Wag- 
ner  (12), in a study of the selective dissolution of 
copper from Au-Cu  alloys and zinc from Cu-Zn alloys, 
proposed that dealloying was supported by solid-state 
diffusion. Because the diffusion rate of solute at room 
tempera ture  is much too low to main ta in  the dealloying 
kinetics, they suggested that  the selective electro- 
chemical dissolution of more electronegative solute 
atoms from the alloy surface resulted in vacancy in-  
jection into the alloy. Diffusion of solute atoms to the 
surface was believed to be greatly accelerated by rapid 
divacancy diffusion, thereby permi t t ing  propagation of 
the dealloying process. This concept has been embraced 
by other investigators (13). In  contrast, one of the au-  
thors (11) pointed out that  the kinetics of dealloying 
of three copper solid solutions followed the order of 

Cu-NIn > Cu-Zn > Cu-Ni 

but  that the diffusion coefficients did not  fall in the 
same qual i tat ive order. A mechanism involving elec- 
trochemical removal  of more electronegative solute 
atoms from the surface, followed by rapid collapse of 
residual  Cu atoms into equi l ibr ium lattice positions, 
was considered to open up the surface to solution in-  
gress and to ma in ta in  dealloying in depth by  this 

* ETectrochemical Society Honorary Member. 
Key words: aqueous corrosion, dealloying, copper, aluminum, 

manganese,  nickel, zinc. 

means. A later  paper by the same author (14) suggested 
that diffusion through a segregated surface zone en-  
riched in zinc could also account for the kinetics of 
dealloying of ~ brass in sodium chloride solution. 

A s tudy of the dealloying characteristics of a Cu-183 
atom percent  (a/o) A1 alloy in sodium chloride solu- 
t ion (15) was in tended to throw light on whether  de- 
alloying kinetics were controlled pr imar i ly  by elec- 
trochemical factors or by diffusion. The study was 
somewhat inconclusive because of a large difference in  
a/o solute in the Cu-A1 alloy (18.7 a/o)  compared with 
the previously studied Cu-Mn, Cu-Zn, and Cu-Ni alloys 
(27.8-31.5 a/o solute). 
The present study was conducted with the view of 

being able to compare the dealloying kinetics of Cu-Mn, 
Cu-Zn, Cu-AI, and Cu-Ni alloys over a broad composi- 
tion range. In the case of Cu-Zn and Cu-AI alloys, the 
composition range was extended to encompass most of 
the intermetal l ic  phases in  these systems. Exper imenta l  
s tudy was largely conducted by a series of mass-ba l -  
ance experiments  conducted at a potent ial  of --0.25 
VSH E. This potential  was selected on the basis of pre-  
vious work on Cu solid solutions (11, 14, 15) con- 
ducted over a potential  range of --0.5 to -}-0.5 VsHm 
At --0.25V, the anodic corrosion of Cu in sodium chlo- 
ride containing dissolved oxygen is not completely 
suppressed, thereby permi t t ing  the selectivity of de- 
alloying to be determined.  In  addition, the effects of 
grain size and cold work were investigated on ~ brass. 
Extensive diffusion calculations were conducted in an 
at tempt to determine whether  enhanced room tem- 
perature  diffusion could account for dea l loy ing  ki -  
netics. 

Experimental and Results 
Materials.--Three Cu-Zn intermetal l ic  phases and 

five Cu-A1 intermetal l ic  phases were prepared from 
OFHC copper and high pur i ty  Zn or A1 additions. The 
alloys were melted in air in a graphite crucible a n d  
poured into a preheated steel mold measur ing 1.5 X 
2.5 • 10 cm. The "phases investigated, together with 
their  chemical compositions, are listed in Table I. The 
castings were homogenized for 16-18h in  dry argon at 
the temperatures  shown in Table I. Selected alloys 
were water  quenched (Table I) to re ta in  the desired 
phase. 

Cu-Zn,  Cu-Ni, and Cu-Mn solid solutions were pre-  
pared in the form of annealed sheet 0.075 mm thick i n  
the same fashion as was described in earlier publ ica-  
tions (11, 14, 16). A Cu-77.6 a/o Mn alloy was solution 
annealed  at 800~ and water  quenched (Table I ) .  

1 2 3 0  
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Fig. 1. Relationship between 
corrosion potential and solute 
content for Cu-AI, Cu-Mn, Cu- 
Hi, and Cu-Zn alloys in 0.5N 
NaCl at 25°¢. 

Cu-29.4 a/o Zn alloy sheet 0.075 cm thick was fabri-  
cated with gra in  sizes of 8.5/~m by annea l ing  for l h  at 
420~C, 50 #m by annea l ing  f o r l h  at 550°C, and 119 ~m 
by  anneal ing  for l h  at 650°C. 

Cold-rolled Cu-29.4 a /o  Zn alloy sheet 0.075 m m  
thick was fabricated by anneal ing  for lh  at 550°C at a 
thickness of 0.10 mm and cold-roll ing 25% to 0.075 m m  
and by annea l ing  for l h  at a thickness of 0.150 m m  
and cold-roll ing 50% to 0.075 ram. 

Experimental method.--Surface preparat ion of the 
cast and rolled specimens was mechanical  and in -  
volved l ight  unlubr ica ted  end mil l ing followed by 
careful degreasing in benzene. Cast specimens were 
coated with Microstop to above the water  l ine except 
for an exposed area of a round 3 cm 2. Sheet specimens 
were masked wi th  3M pressure-sensi t ive tape no. 470. 
The exposed area was 1 cm2 for Cu-53 a/o Mn and 
10 cm2 for all  other alloys. 

All  corrosion exper iments  were carried out in  0.5N 
NaC1 prepared from reagent-grade  sodium chloride 
and deionized-dist i l led water. The solutions contained 
dissolved air, and experiments  were carried out with 
the solutions freely exposed to the atmosphere. Exper i -  
ments  were conducted for 20h at 25 ° ± 0.05°C, using 
200 ml  of solution per  specimen. Mass balance experi-  
ments  were conducted potentiostat ical ly at --0.25 VSH~, 
where selective removal  of electronegative solutes pre-  
dominates (11, 14, 15). The mass balance exper iments  
together wi th  studies of surface morphology were car- 
ried out as described in  previous publicat ions (11, 14, 
15), except that the microanalyses were performed us-  
ing an  Ins t rumenta t ion  Laboratory Plasma 10D Spec- 
trometer .  

Results.--Figure 1 shows the relat ionship be tween 
corrosion potent ia l  in  0.hN NaCI and composit ion for 

Table I. Alloy compositions and heat-treatments 

Homogenizing Water 
Alloy Phase temp (°C) quench 

Cu-47.3 a / o  Z n  B' 600 Yes 
Cu-63.3 a / o  Z n  ~ 600 N o  
Cu-83.6 a / o  Z n  e 500 NO 
Cu-22.7 a / o  A1 B 800 Yes 
Cu-34.1 a / o  A1 ~,: 800 N o  
Cu-39;2 a / o  A1 ~ 600 No 
Cu-48.9 a / o  A1 ~ 500 N o  
Cu-67.7 a / o  AI # 500 N o  
Cu-77,6 a / o  M n  7 solid solution 800 Yes 

Cu-A], Cu-Mn, Cu-Ni, and Cu-Zn alloys. Only  al loying 
with Mn results in a substant ia l  depression of corrosion 
potential  at atom percentages of solute less than 50 a/o. 

Figure 2 shows the relat ionship between excess solute 
dissolved from the alloys1 and  atom percentage of 

Obtained by taking the weight of copper removed from the 
alloy, calculating the associated weight of solute from the alloy 
composition, and subtracting from the measured weight  of solute 
dissolved from the alloy. 
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Fig. 2. Relationship between excess solute removed and solut 
content for Cu-AI, Cu-Mn, and Cu-Zn alloys held at --0.25 VSH 
in 0.bN NaCI at 250C. 
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solute rat a potential  of --0.25 VSHE. Only the Cu-31.5 
a/o Ni ahoy was resistant  to dealloying. With the ex- 
ception of the two terminal  points on the Cu-A1 curves, 
the results for Cu-A1 and Cu-Zn alloys may be ex-  
pressed by  a geaeral  relat ionship 

log S~ = KCs [1] 

where S= is the excess solute concentrat ion (mg/cmf /  
20h) dissolved from the alloy and Cs is the atom per-  
cent of solute in  the alloy. It  is evident  from Fig. 2 
that, with the exception of the Cu-53 a/o Mn alloy, 
deal!oying kinetics at constant  atom percent  solute fall 
in  the order 

Cu-AI > Cu-Mn > Cu-Zn > Cu-Ni 

Figure 3 shows that the selectivity of solute re- 
moval at --0.25 VSHE as a function of atom percent 
solute of AI, Mn, and Zn. It is clear that selectivity of 
preferential dissolution of solute atoms at constant 
atom percent solute is in the order 

Cu-Mn ~ Cu-AI > Cu-Zn 

Of the various alloys studied from the mass balance 
standpoint, only (9 Cu-AI, e Cu-Zn, and Cu-53 a/o Mn 
exhibit corrosion potentials more active than --0.25 
VSHE. Figure 4 shows the current vs. time plot for the 
Cu-53 a/o Mn alloy over the 20h experiment. Calcula- 
tion shows that the net anodic curi:ent flow only ac- 
counts for a Mn weight loss of around 1 mg/cm2/20h, 
i.e., less than 1% of the total Nin dissolved from the 
specimen; the preponderance of the weight loss is 
l ikely galvanic in na ture  due to the presence of = Mn 
in  the grain boundaries.  The cathodic reaction is the 
reduct ion of oxygen dissolved in the electrolyte. 

Figures 5-7 shows scanning electron micrographs of 
dealloyed surfaces of two Cu-A1 alloys and one Cu-Mn 
alloy. Figure 5 is the dealloyed residue of 6 Cu-A1. The 
surface composition 2 approximates that of ~' Cu-A1. 

~.Surface compositions were determined by SEM microprobe 
measurements. The values reported are the average solute con- 
tents of  local ized e l e m e n t s  of  the  dea l loyed  su r fac e  and subsur-  
face  to  a dep th  o f  around 1 #m. 

Table II. Effect of grain size and cold work on the dealloying 
kinetics of Cu-29.4 a/o Zn at - -0.25 Vsz-zF. 

E x c e s s  Zn dissolved 
Grain size (~m) Cold reduction (%) $g/cm=/20h 

8.5 O 7.8, 8.6, 5-8 
50 0 5.0, 6.9, 3.8 

119 0 6.8, 3.6, 4.2 
52 25 5.0, 6.5, 3.3 
57 50 3.8, 4.6, 6.2 

Figure 6 is the dealloyed surface of ~2 Cu-A1 with the 
residual  surface composition being ~ Cu-A1 containing 
approximately 14 a/o A1. Figure 7 is the dealloyed 
surface of Cu-53 a/o Mn. The dealloyed residue is 7 
Cu-Mn containing around 4 a/o Mn. Substant ia l  grain 
boundary  corrosion is evident. 

Table II shows the effect of grain size and cold 
work on the deal loying kinetics of Cu-29.4 a/o Zn in  
0.SN NaC1 at --0.25 VS~E. There appears to be no sig- 
nificant effect of either grain size or cold work on the 
dealloying kinetics of this alloy. 

Discussion 
Figure 2 shows that, at constant  atomic concentra-  

tions of electronegative solutes, dealloying kinetics fall  
in the quali tat ive order 

C u - A I ( E o -  1.66V) > Cu-Mn ( E o -  1.18V) 

> Cu-Zn(Eo -- 0.76V) > Cu-Ni(Eo -- 0.25V) 

i.e., the more active is the s tandard  potential  of the 
solute element, the faster will be the dealloying rate. 
This conclusion is s imilar  to one made ear l ier  by  one 
of the authors (11), except that the critical data for 
the Cu-A1 system was not  known at that  time. Figure  
1 shows that  ne i ther  the corrosion potentials of the 
solute elements nor the corrosion potentials of the 
alloys themselves relate to dealloying kinetics. Instead, 
these kinetics are related to the s tandard potentials of 
the solute elements with the copper acting as a solvent  

Rg. 3. Relationship between 
percentage of solute dissolved 
and solute content for Cu-AI, 
Cu-Mn, and Cu-Zn alloys held 
at - -0 .25 Vsz~. in 0.SN NaCI 
at 25~ 
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(15). The only deviation from the foregoing relat ion- 
ship is provided by  the dealloying behavior of the 
Cu-53 a/o Mn alloy, which exhibits a very high de- 
alloying rate. At equilibrium, this alloy consists of a 
7 solid solution in equilibrium with a Mn (17). The 
present alloy was prepared using a final solution an- 
neal  (750~ for 2h) in the 7 solid-solution phase field 
followed by  water  quenching in the hope of yielding 
a metastable single-phase alloy (11). There is no doubt 
from Fig. 7 and also from previous work (11) that, 
despite the water  quenching to room temperature,  
there was precipitation of ~ Mn at the grain boundaries, 

a s  evidenced by the severe intergranular  corrosion. 
The galvanic corrosion of this more anodic -gra in  
boundary phase is believed to account in the main for 
the unusually high dealloying rate of this alloy. In 
addition, the 7 solid solution in this alloy loses the 
vast bulk of its Mn content, without the necessity of 
passing through intermediate phases having progres- 
sively slower dealloying kinetics. Indeed, the Mn con- 
tent of the residual solid solution at  --0.25 VSH~. is 

quite similar to that reported earl ier  (11) for deal-  
loying at a potential of 0.00 VSHE. 

At around 30 a/o solute, where the complication of 
decomposition of 7 Cu-Mn solid solutions is avoided, 
calculations from the results in Fig. 2 show that the 
relationship 

--B 
Se = Ae [2] 

is-reasonably well obeyed where Se is the excess solute 
removed. A and B are constants and ~], the approximate 
overpotential, is the difference between the set po- 
tential of the alloys (--0.25 VSHE) and the standard 
potential of the solute atoms. 

Figure 3 shows that the selectivity of solute removal 
is poor in the range of around 20-30 a/o solute for 
Cu-A1 and Cu-Zn alloys. At higher solute contents, 
the selectivity falls in the order 

Cu-Mn ~ Cu-AI > Cu-Zn 

Fig. 5. Surface of 8 phase Cu-AI dealloyed for 20h at --0.25 Fig. 6. Surface of ~, phase Cu-AI &alloyed for 20h at - -0.2 
VsE~. in 0.5N NaCI at 25~ (X2000).  VSKE in 0.5N NaCI at 25~ (X2000).  
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Fig. 7. Surface of Cu-53 a/o Mn dealloyed for 20h at --0.25 
VSHE in 0.5N NaCI at 25~ (X2000). 

This may be a t t r ibuted to the higher fields operat ing 
on Mn and AI atoms in the lattice than Zn. 

Having established that electrochemical factors pr i -  
mari ly  control the kinetics of deahoying, it remains  
to determine whether  solid-state diftusion plays any 
role in the propagation of the dealloying process. The 
fact that dealloying kinetics can be expressed by a 
general  equation 

log Se : KCs [1] 

where K is related to Eo for the various solutes, makes 
control by solid-state d inusion an unl ikely  eventual i ty.  
Other considerations may be brought  to bear to con- 
firm this view. For instance, the pzesence o~ vacancies 
or divacancies as proposed by Pickering and wagner  
(12) only serve to increase the chemical diffusion rate 
in  an alloy. Assuming that  vacancies or divacancies are 
present  in  comparable concentrat ions in a range of 
alloys, then, in order for vacancy aided diffusion to be 
rate determining,  the calculated room tempera ture  
chemical diffusion coefficients should fall in at least 
the same quali tat ive order as the dealloying kinetics. 
Table III  contains calculated chemical room tempera :  
ture diffusion coefficients for a var ie ty  of copper alloys 
of interest.  The high temperature  source data from 
which the results in Table III  were calculated were 
taken from Ref. (18) (Cu-Zn) ,  (19) (Cu-Mn) ,  and 
(20) (Cu-A1). Of the values calculated, the lowest 
diffusion coefficient is for Cu-53 a/o Mn, which has 
one of the highest dealloying rates. A Cu-27.8 a/o Mn 
alloy dealloys at a substant ia l ly  faster rate than  Cu- 
18.7 a/o A1 alloy, yet the room temperature  diffusion 
coefficients are almost identical. The same Cu-Mn alloy 
dealloys faster than Cu-29.4 a/o Zn, but  has a diffu- 
sion coefficient four orders of magni tude  lower. Clearly, 
bu lk  diffusion coefficients at room tempera ture  in no 
way correlate with dealloying kinetics. 

P icket ing and Wagner  (12) suggested that  divacan-  
cies had a sufficient diffusion rate to support the de- 
al loying process in Au-Cu.  They suggested an approxi-  
mate relat ionship 

D : D Ns [3] 
D O  1313 

where D is the diffusivity in the vicini ty of the surface, 
D is the diffusivity of a divacancy and Ns is the 

tool fraction of divacancies in the vicini ty of the alloy 
surface. If one is to double the solute concentrat ion 
of a copper alloy susceptible to dealloying, and one 
removes all the solute atoms from a constant  volume 
in  the surface and  subsurface region, then the maxi -  
mum increase in  vacancy concentrat ion is a factor of 
2 and that of divacancies 3 is a factor of 4. This would 
result  at most in  a quadrupl ing  of the divacancy- 
enhanced diffusion rate. Reference to Fig. 2 shows that 
as the atom percent  solute is increased from 30% to 
60%, the dealloying rate increases by  2z/2-3 orders of 
magnitude,  i.e., quite inconsistent  with a vacancy-en-  
hanced diffusion model. 

The Cu-A1 system provides a fur ther  check of the 
lack of influence of diffusion kinetics on dealloying 
kinetics. Table IV shows the calculated room tempera-  
ture diffusion coefficients for te rminal  ~ phase and for 
Cu-A1 intermetal l ic  phases. There is a sharp 13 orders 
of magni tude increase in diffusion coefficient on pass- 
ing from the ~ to the /~' phase field. Thereafter,  as a lu-  
m i n u m  contact is increased, there is no large system- 
atic change in diffusion coefficient. Despite this, as one 
increases the a luminum content  from that  in the ~' 
phase to that in the o phase, dealloying kinetics in -  
crease by some 4 orders of magni tude  without  an in -  
crease (actually, a modest decrease) in diffusion co- 
efficient. A change of this magni tude  is irreconcilable 
with the modest accelerating e rec t  of vacancies or di-  
vacancies described above. 

The lbregoing considerations argue strongly that  
there is no relat ionship between dealloying kinetics 
and didusion kinetics, irrespective of whether  the 
solid-state diffusion is vacancy (or divacancy) en-  
hanced, defozmation enhanced, or not. The only logical 
conclusion that can be reached is that solid-state dif- 
fusion does not control the propagation of dealloying 
in copper alloys. 

One of the authors had suggested (14) that  the ki-  
netics of room tempera ture  diRusion could be ra t ion-  
alized with measured dealloying rates of a Cu-29.4 a/o 
Zn alloy if it was assumed that  surface segregation 
of solute atoms occurred. Calculations from a t rea t -  
ment  of surface segregation by Stiiwe and Jager (21) 
indicated that the surface composition might  approach 
that of disordered ~ brass. Using the much higher dif- 
fusion coefficient of disordered ~ brass, it was possible 
in this one case to rationalize diffusion kinetics with 
dealloying kinetics. A similar  t rea tment  is also con- 
tained in Table III  for some of the alloys in  this in -  
vestigation. Column 2 contains segregated surface com- 
positions in alloys of interest  calculated from Stfiwe 
and Jager 's t rea tment  (21). Column 4, headed "Sur-  
face," shows the room temperature  diffusion coeffi" 
cients in the segregated surfaces. Here, the disagree- 
ment  between calculated diffusion coefficients and de-  
alloying kinetics is even more pronounced than in the 
case of the bulk  values. The diffusion coefficient for the 
segregated Cu-29.5 a/o Zn alloy is 10 orders of mag-  

8 At very low divacancy concentrations only. 

Table Ill. Calculated chemlcal room temperature 
diffusion coefficients 

A l l o y  

Calculated 
(21) surface Diffusion coefficient (D) 
composition at 300 K (cm'~/s) 

(300 K) Bulk  S u r f a c e  

Cu-18.7 a / o  A1 Cu-15.5 a / o  A1 2.58 x 10 - ~  3.3 x 10  -~  
Cu-27,4 a / o  Z n  Cu 35.3 a / o  Z n  1.64 • l 0  --3o 8.5 x 10- m 
Cu-27.8 a / o  M n  Cu-33.1 a / o  M n  1.15 • 10- ~ 2.6 x 10- ~ 
Cu-53 a / o  M n  Cu-43.5 a / o  M n  3.19 x 10 --~o 5.14 x 10 -~e 
Cu-31.5 a/o Ni Cu-14.3 a/o Ni 2.39 x I0 -~s 1.74 x I0 -~ 

TaMe IV. Calculated room temperature diffusion coefficients 
for terminal a phases and Cu-AI intermetallic phases 

Aluminum a/o Phase "D at 300 K (cm~/s) 

18.7 a 2.58 x 10 -~ 
22.7 ~' 1.74 • 10- ~ 
34.1 76 1.77 x 10- ~ 
39.2 ~ 1.89 x 10 - ~  
48.9 76 2.98 x 10 -26 
67.7 e 3.34 x 10-- m 
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nitude higher than the other diffusion coefficients, but, 
with the exception of the Cu-18.7 a/o A1 alloy, has the 
lowest dealloying rate found in this investigation. In 
summary, neither dif[usion coefficients calculated on 
the basis of bulk composition or on the basis of surface 
segregation have any qualitative relationship with de- 
alloying kinetics in Fig. 2. 

An alternate propagation mechanism based on so- 
lution intrusion was suggested earlier by one of the 
authors (11). At around 50 a/o solute, there are clearly 
many continuous paths of electronegative solute ele- 
ment throughout a copper alloy susceptible to deal- 
loying. These electronegative atoms in the surface and 
subsurface region may be easily removed by electro- 
chemical means. Once they are removed electrochemi- 
cally, the remaining copper atoms find themselves in 
highly unstable lattice positions. They must collapse 
rapidly under the influence of electrostatic forces to 
equilibrium lattice positions, and in so doing will 
create small copper-rich nuclei and new surfaces. 

Forty and co-workers (22-24) in electronoptical 
studies of the dealloying of Au-Ag alloys containing 
50 a/o Au or less in HNO3 have proposed a mechanism 
involving growth of Au islands by surface diffusion 
succeeded by slower tunneling into the alloy. They 
observed dealloyed residues similar to those observed 
on Cu-53 a/o Mn [Fig. 9 and 10 from Ref. (11)] and 
somewhat less similar to the dealloyed residue from 
8 Cu-A1 (Fig. 5). If the Forty et al. mechanism is 
applied to the Cu alloys of this study, it is clear that 
the surface diffusion of Cu must be rapid enough so 
as not to be rate limiting for the overall dealloying 
process. Further, the application of this model to Cu- 
Zn and Cu-A1 alloys containing 50 a/o Cu or less is 
more problematical, because, under our experimental 
conditions, dealloying yields more copper-rich inter- 
metallic compounds rather than essentially pure cop- 
per. Notwithstanding the difficulties outlined above, 
surface diffusion represents the most viable explanation 
for the growth of Cu from the initial nuclei or indeed, 
from that of the more Cu-rich intermetallic compounds. 

As the solute contents of the alloys are reduced to 
values significantly below 50 a/o, continuous paths of 
solute atoms tend to be found in increasingly linear 
arrays, i.e., at grain boundarie% edge and misfit dis- 
locations, etc. This is likely due to these arrays con- 
taining an enhanced solute content. As shown in Fig. 
6, the morphology of the dealloyed residue changes to 
one containing discrete channels of fairly large diam- 
eter. Similar morphologies have been reported on 
Cu-Zn (14) and ~ Cu-A1 (15) dealloyed at more noble 
potentials. 

The nature of the electrolyte is important in the de- 
alloying process particularly at relatively lower solute 
contents. Pickering and Byrne's work on brass (4) 
was conducted in deaerated sodium sulfate solution. 
In this electrolyte, the copper current ceases sharply 
at around 0.0 VSHE. At more active potentials, only 
solute atoms were removed. In the sodium chloride 
electrolyte, a copper current can be maintained at 
potentials more active than 0.0 VSHE by virtue of  the 
reaction (22) 

Cu + 2CI' ~ CuCl2' -- �9 -- Eo -- +0.208V [4] 

Under no conditions studies in this work was the re- 

moval of solute 100% selective (Fig. 3), and some 
copper atoms were always removed electrochemically 
at --0.25 VSI~E. The ability to remove some copper 
atoms electrochemically at --0.25V puts less of a 
premium on complete continuity of electrochemically 
active solute atoms in the alloy lattice, thereby per- 
mitting easier propagation of the dealloying process. 
Indeed, Fig. 3 shows that the dealloying of Cu-Zn and 
Cu-A1 ~ solid solutions is comparatively nonselective 
in the range of 20-30% solute. 
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Rotating Ring-Disk Electrode Studies of Cu-Ni Alloy 
Electrodissolution in Acidic Chloride Solutions 

I. A Commercial Cu-Ni (90/10) Alloy 

H. P. Lee* and Ken Nobe**  

Department of Chemical Engineering, University of California, Los Angeles, California 90024 

ABSTRACT 

The electrodissolution behavior of a commercial  Cu-Ni (90/10) alloy with 1.7% Fe in deoxygenated acidic chloride solu- 
tions has been studied with rotating ring*disk electrodes. Alloy electrodissolution was examined at various rotation rates, 
potentials,  and C1- and H § concentrations. Potentiostat ic exper iments  indicate selective electrodisso]ution of Ni in the ap- 
parent  Tafel region; high rates of Fe e]ectrodissolution are measured near the rest potential. Format ion of a film consisting 
of mainly CuC1 was discerned to begin at about  the peak potential.  At higher potentials where a current min imum and a 
current  plateau are observed, electrodissolution is nonselective and under  mass-transfer control. In this region, cuprous 
chloride complexes are the only electro-oxidation product  of the Cu component.  However, at potentials above the current- 
plateau region, the Cu component  also electro-oxidizes to cupric ions. Above the current-plateau region, electrodissolution 
continues to be nonselective but  under  mixed activation and mass-transfer control. 

An  under s t and ing  of the mechanism of Cu-Ni  a l loy 
dissolution requi res  knowledge  of the dissolution k i -  
netics of both pure  Cu and Ni. i t  is known tha t  copper 
in chlor ide solut ions e lec t ro-oxidizes  to cuprous chlo-  
r ide  complexes.  In  general ,  the anodic dissolut ion of 
copper  in chlor ide solutions is under  diffusion control  
(1-4) and is independen t  of pH (1-3).  The react ion 
order  wi th  respect  to C1- is two for low chloride so- 
lut ions ( <  1M) and is g rea te r  than  two for h igher  
chloride concentrat ions  (1-3).  Bengal i  and Nobe (5) 
have found tha t  the  electrodissolut ion of Ni in chlor ide 
solutions in the  act ive region is under  cha rge - t r ans fe r  
control.  The react ion orders  are  0.5 for C1- and --0.5 
for  H+ in solutions in which both H + and C1- con- 
cent ra t ions  are  less than  1M, bu t  first o rde r  for  both  
C1- and I-I+ for  1 <-- [H +] = 5M and 1 ~ [C1-]  
--< 5M. 

Al though the e lectrodissolut ion of copper  in chlor ide 
solutions has been ex tens ive ly  s tudied  (1-4),  the anodic 
dissolution of copper -based  n ickel  al loys in acidic 
chlor ide med ia  has not  received much at tent ion.  Wa l -  
ton and Brook (6) inves t iga ted  the e lect rochemical  
behavior  of (90/10) and 60/40) Cu-Ni  al loys in 1/3 
to 3M hydrochlor ic  acid at  a sweep ra te  of 5 mV/s .  
Two cur ren t  p la teaus  and a cur ren t  m in imum were  
observed  for  the (90/10) Cu-Ni  alloy. In  the active 
region,  cuprous species were  de tec ted  as the dissolut ion 
product ,  and at  much h igher  potent ials ,  cupric  species 
were  found by  means  of a ro ta t ing  r i ng -d i sk  electrode.  
Bockris  et al. (7) s tudied  the  e lect rodissolut ion o f  
Cu-Ni  al loys in IN HC1 wi th  the  e lec t ro ly te  flowing 
a t  a veloci ty  of 0.5 cmS/s. They  obta ined  an a n o d i c  
Tafel  slope of 130 mV/decade  for  (90/10) Cu-Ni  a l loy 
a n d  concluded tha t  the  overa l l  dissolut ion react ion i n  
this region is cha rge - t r ans fe r  control led.  C a h a n  a n d  
Hayes (8) repor ted  that  Tafel  slopes for (30-90% Cu) 
Cu-Ni  al loys 1N HC1 are  about  80 mV/decade .  They  
concluded f rom pa r t i a l  cur ren t  da ta  of a (50/50) Cu /Ni  
a l loy that  the  overa l l  react ion is contro l led  by  the dis-  
solut ion of Ni. Kato  et al. (9) found the  anodic Tafel  
s lope to be  70 mV/decade  for  the  dissolut ion of Cu- 
9.4Ni-l .7Fe in a i r - s a tu r a t ed  NaC1 solution. Curren t  
min imum,  cur ren t  plateaus,  and  film f o r m a t i o n  w e r e  
observed.  

In  this  work,  e lect rodissolut ion kinet ics  of Cu-Ni  
(90/10) a l loy  (wi th  1.7% Fe)  a re  s tudied  wi th  a ro -  
t a t ing  disk and r ing -d i sk  electrodes in var ious  pH a n d  
chlor ide  concentrat ions.  The se lect iv i ty  of a l loy  c o m -  
p o n e n t  dissolut ion is also inves t iga ted  using the r o t a t -  

�9 Electrochemical Society Student Member. 
�9 * Electrochemical Society Active Member. 
Key words: electrodissolution kinetics, mass transfer, Cu-Ni al- 

loy. 

ing r i ng -d i sk  electrode and atomic absorpt ion  spec t ro-  
pho tomet ry  dur ing  potent ios ta t ic  polar izat ion.  

A ro ta t ing  r i ng -d i sk  e lect rode has been special ly  
designed for these studies to pe rmi t  the disk to be 
eas i ly  changed.  Since the  electrode design enables  r ap id  
disk replacement ,  acquisi t ion of e lect rode kinet ic  da ta  
is g rea t ly  faci l i tated.  

Experimental 
Detai ls  of the ro ta t ing  d isk  assembly  have been de-  

scr ibed e lsewhere  (10). The rota t ing r ing -d i sk  elec-  
t rode  design is shown in Fig. 1. Par t s  A and B of the  
ro ta t ing  r ing -d i sk  e lect rode are  machined  f rom 3/4 in. 
d iam stainless steel  rod (Type  304) into the  shape 
shown in Fig. 1. The lower  pa r t  of the ou te r  surface  of 
A and the uppe r  pa r t  of the inner  surface of B a re  
threaded.  As Fig. 1 shows, B can be unscrewed f rom 
A so tha t  a t ight - f i t ted  d isk  can be easi ly inser ted in 
or  out  of B. A 1/16 in. th ick pure  gold sheet  was s i lver  
soldered to the bo t tom steel  surface of B and then 
machined to the r ing  shape: The disk radius  is 0.240 
in. (0.~10 cm) and the inner  and outer  rad i i  of the  
r ing  are  0.267 in. (0.678 cm) and 0.478 in. (1.214 cm),  
respect ively .  This design is convenient  for exper iments  
in which the disk electrodes have to be replaced  often. 
A PAR 173 potent ios ta t  was used to control  the  disk 
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Fig. I. The rotating ring-disk electrode assembly 
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Fig. 2. Anodic polarization of 
Cu in 0.SM HCl Jr 0.SM NaCI, 
!000 rpm. 

potent ia l ,  and a Tacussel  potent ios ta t  Type  PRT 10- 
0.5L was used for the ring. In  these exper iments ,  the  
r ing  potent ia ls  were  set  at ~-600 mV vs. SCE (sa tu-  
r a t ed  calomel  e lect rode)  to regis te r  the cuprous  Species 
cur ren t  and  at  --100 mV to detect  cupric  species. Col- 
lect ion efficiencies, N, for each r ing-d i sk  e lect rode were  
ca lcula ted  with  the  equat ion deve loped  by  A lbe ry  and 
Bruckens te in  (11). Expe r imen t a l  and  theore t ica l  va l -  
ues were  compared  using pure  copper  d isk  e lect rodes  
and agreed  to wi th in  1%. 

The disk electrodes were  made  f rom a commereia l  
Cu-Ni  (90/10) a l loy  with  a nomina l  composi t ion of 
88.8 weight  percen t  (w /o )  Cu, 9.4% Ni, 1.7% Fe, and 
0.1% others.  Electrodes were  pol ished wi th  a lumina  
p a p e r  of var ious  gr i t  (no. 240, no. 400, and  no. 600) 
and were  r insed  in doub le -d i s t i l l ed  water .  The elec-  
t rodes  were  then  degreased  wi th  hot  benzene in a 
s0xhlet  column and annea led  under  vacuum (5 • 10-5 
tor r )  at  760~ for 4h. Two types  of constant  ionic 
s t rength  e lec t ro ly tes  were  used:  

1. Constant  acid concentra t ions  

a. 1M (HC104 ~ HC1) [C1-]  ---- 0.~1, 0.2, 0.4, 0.7, 1M 

b. 4M (HC104 ~- HC1) [C1-]  : -  1, 2, 3, 4M 

2. Constant  chlor ide  concentra t ions  

a. 1M (NaCl  ~ HC1) [H +] = 0.01, 0.05,0.1, 0.5, 1M 

b. 5M (NaC1 -k HC1) [H + ] - -  1, 2, 3, 4/1// 

The hydroch lo r ic  acid, sodium chloride,  and perch lor ic  
acid  were  B a k e r - a n a l y z e d  reagen t  grade.  W a t e r  was 
first deionized and then double  dis t i l led  f rom p e r m a n -  
gana te  solutions. Al l  e lect rolytes  were  deoxygena ted  
wi th  prepur i f ied  n i t rogen  gas for at  least  12h pr ior  to 
an exper imen t .  The exper imen t s  were  carr ied  out  a t  
about  23~ Sweep ra tes  were  main ta ined  at  0.5 mV/s  
at  the  d i sk  for  both  ro ta t ing  disk and r ing -d i sk  elec-  
trodes,  whi le  the  r ing  was set  at  a constant  potent ia l .  
Lower  sweep rates  indica ted  the  same polar iza t ion  be -  
hav io r  in the  appa ren t  Tafel  region and above the  
cu r r en t -p l a t eau  region. Copper,  iron, and  nickel  solu-  
t ion concentra t ions  in 1N HC1 solutions dur ing  anodic  
potent ios ta t ic  polar iza t ion  were  analyzed  wi th  a Pe r -  
k i n - E l m e r  atomic absorpt ion  spec t rophotometer .  Al l  
potent ia ls  were  measured  re la t ive  to a sa tu ra t ed  calo-  
mel  e lec t rode  (SCE).  Potent ia l s  have  been  cor rec ted  
for  IR drop (unless o therwise  noted)  and l i qu id - j unc -  
t ion potent ia ls .  

Results 
Anodic polarization behavior.mTypical anodic po-  

la r iza t ion  of copper  in chlor ide  solut ions is shown in 
Fig. 2. The first fea ture  observed as the  potent ia l  in -  
creases above  the res t  po ten t ia l  is the  apparen t  Tafe l  
region A (this "apparen t"  Tafel  behav ior  does not  
represen t  a charge t r ans fe r -con t ro l l ed  process) ,  and 
i t  ig fol lowed by  a cur ren t  peak  B. F r o m  tha t  poin t  
on, the  cu r ren t  decreases as the  poten t ia l  increases  

unt i l  the cur ren t  reaches  a m in imum at C. A cur ren t  
p la teau  region occurs at  D, and  then the cur ren t  in-  
creases witr~ potent ia l  E. 

The ra te  of cuprous species format ion  dur ing  the  
anodic dissolut ion was moni tored  by  the r ing  e:lectrode. 
This exper imen t  was first pe r fo rmed  using pure  Cu 
as the disk. F igure  3 shows that  the  Cu disk and the 
r ing  cur ren t  coincide in the Tafel  region.  This means  
tha t  cuprous species are  the  only  e lec t ro -ox ida t ion  
products  of the  Cu d i sk  in this region. Above the peak  
po ten t i a l ,  the r ing  cu r ren t  s tays constant  as the  po-  
ten t ia l  increases.  Cupric  ions were  detected by  the 
r ing  e lect rode above the cu r r en t -p l a t eau  region. How-  
ever,  the  cupr ic - r ing  cur ren t  did  not  cor respond quan-  
t i t a t ive ly  to the  increase  in the  disk cur ren t  in the  
region E. Therefore,  separa te  potent ios ta t ic  po la r iza -  
t ion expe r imen t s  wi th  the r ing -d i sk  e lec t rode  and 
atomic absorpt ion  spec t rophe tomete r  were  pe r fo rmed  
to de te rmine  the ra te  of cupric  ion format ion  in the  
h igher  po ten t ia l  region.  This resul t  is also shown in 
Fig.  3. 

For  the  90/10 Cu-Ni  alloy, the d i sk  and the cuprous-  
r ing  currents  a re  shown in Fig. 4. The disk and the 
r ing  cur ren t  do not  coincide in the appa ren t  Tafel  
region as observed  for  pure  Cu due to the  dissolut ion 
of the  Ni component  in the  ahoy  (and a smal l  amount  
of Fe ) .  Above the  peak  potent ia l ,  the  cuprous cur ren t  
remains  constant  wi th  increase  in potent ia l .  Cupric  
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Fig. 3. Comparison of the Cu disk and the ring (cuprous) cur- 
rents during Cu electrodissolution in 1M HCI, 1000 rpm. Not cor- 
rected for Ig drop. 
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Fig. 4. Comparison of the 
C u-Ni (90/10) alloy disk and 
ring (cuprous) current in 1M 
HCI, 1000 rpm. Not corrected 
for IR drop. 
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species a re  also detected at  potent ia ls  above the cur-  
r e n t - p l a t e a u  region. 

Ef]ect of chloride and hydrogen ion concentrations 
on alloy electrodissolution.--The effect of chlor ide ions 
on anodic polar iza t ion  of the Cu-Ni  al loy is shown 
in Fig. 5. Anodic  currents  increase,  bu t  the  depth  of 
the  cur ren t  m in imum decreases wi th  increase in chlo- 
r ide  concentrat ion.  At  low C1- concentrat ions  (-<- 
0.1M), the cu r r en t -p l a t eau  region was not  observed.  
Above [C1-]  = 2M, the cur ren t  m in imum v i r tua l ly  
disappears .  As chlor ide  concentra t ions  were  increased 
fur ther ,  peak  and min imum currents ,  as wel l  as the 
c u r r en t -p l a t eau  region, could no longer  be discerned.  

As shown in Fig. 5, there  is a s t rong chlor ide  effect 
on the  a l loy-d isso lu t ion  rate.  F igure  6 shows that  at  
a constant  ro ta t ion ra te  of 700 rpm, the cur ren t  dens i ty  
in the appa ren t  Tafel  region increases  tenfo ld  wi th  
increase in chlor ide  concentra t ion f rom 0.1 to 0.TM. 
The Tafel  slope for Cu-Ni  a l loy dissolut ion is 70 m V /  

decade. At  --80 mV, the react ion orders  for C l -  a re  
1.3 for [C1-]  < 1M and 1.6 for  [C1-] > 1M. F igure  7 
shows the dissolution ra te  of the Cu component  
(cuprous- r ing  current )  dur ing  the a l loy dissolution 
shown in Fig. 6. The Tafel  s lope for Cu component  dis-  
so lu t ion  is approxLmately  60 mV/decade .  The react ion 
orders  wi th  respect  to C1- for  Cu component  dis-  
solut ion are  1.9 and 2 at low and high chlor ide  con- 
centrat ions,  respect ively .  The dissolution ra te  of the  
Ni component  (wi th  a smal l  amount  of Fe)  has been 
obta ined  (Fig. 8) by  subt rac t ing  the cuprous cur ren t  
(Fig. 7) f rom the disk current  (Fig. 6). The TafeI  
slope for  Ni component  dissolut ion is 100 mV/decade ,  
and the react ion order  wi th  respect  to C1- at  both  
high and low chlor ide  concentrat ions  is a pp rox ima te ly  
one. 

The effect of hydrogen  ions on a l loy  and  Cu com-  
ponent  dissolution is shown in Fig. 9 and 10. At  [H + ] 
< 1M, both the  disk and cuprous - r ing  currents  a re  

Fig. 5. The effect of chloride 
ions on the anodic polarization 
of the alloy in (curves a-c) 1M 
(HCI04 + HCI), and (curves d 
and e) 4M (HCI04 + HCI), 700 
rpm. Not corrected for IR drop. 
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Fig. 6. The effect of chloride ions on alloy electrodissolutlon in 
the apparent Tafel region, 700 rpm. 
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independen t  of H + concentrat ions.  At  [H + ] > 1M, an 
increase  in [H + ] increases  the anodic currents .  How-  
ever, the  magni tude  of the increase is not  as large  as 
tha t  observed for chlor ide ions: At  [H + ] > 1M, the H + 
react ion orders  are  0.6 for  the  a l loy -d i sk  dissolut ion 
and 0.5 for  Cu-component  ( r ing cur ren t )  dissolution. 
The Ni -componen t  dissolut ion was also studied.  At  low 
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Fig. 8. The effect of chloride ions on the electrodissolution of the 
Hi component of the alloy in the apparent Tafel region, 700 rpm. 

[H+] ,  a significant effect of H + was not  observed.  
However ,  at  h igh  [H+],  the  r a t e  of Ni -componen t  
dissolut ion increases  wi th  increase  in [H + ] (Fig.  11), 
and the react ion order  wi th  respect  to H+ is 0.6. 

Mass-transSer efIects on alloy electrodisso~ution.m 
Al loy  e lect rodissolut ion increases wi th  increase  in ro-  
ta t ion rate.  F igure  12 shows tha t  the  dependence  on 
ro ta t ion  ra te  var ies  wi th  potent ia l .  At  po ten t ia l s  
s l igh t ly  above  the res t  potent ia l ,  the  slope of the  log-  
log plot  of the cur ren t  vs. ro ta t ion ra te  is 0.36. At  --100 
mV, dependence  on ro ta t ion  ra te  is grea ter  at  ro ta t ion  
ra tes  be low 2000 r p m  than  above 2000 rpm. As shown 
in Fig. 12, the slope be low 2000 r p m  is 0.36, but  de -  
creases to 0.2 at  h igher  ro ta t ion rates.  At  the  cur ren t  
m in imum ,and the c u r r e n t -p l a t e a u  region,  the anodic 
cur ren t  varies  as the square root  of the ro ta t ion ra te  
fol lowing the Levich relat ion.  However ,  at  potent ia l s  
above the cu r r en t -p l a t eau  region,  where  cupric  ions 
are  also de tec ted  as a react ion product ,  the  slope de-  
creases to 0.4. 

Selective alloy electrodissoIution.--Selective al loy 
electrodissolut ion depends  s t rongly  on the appl ied  po-  
tential .  Select ive dissolution of the  most act ive (but  
minor)  component ,  Fe,  is observed at  and in the ne igh-  
borhood of the rest  po ten t ia l  (da ta  not  shown) .  How-  
ever,  a t  h igher  potent ia ls  (----- --200 mV) ,  the  ra te  of 

I I I l i l l i  I i I I I l l l l  I i = I , 
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Fig. 9. The effect of hydrogen 
ions on alloy electrodissolution in 
the apparent Tafei region, 1000 
rpm. 
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Rg. 10. The effect of hydrogen 
ions on the electrodissolution of 
the Cu component of the alloy in 
the apparent Tafel region, 1000 
rpm. 
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Fe dissolution is too low to be measured with sufficient 
accuracy. 

Figure 13 shows Cu component electrodissolution of 
the alloy at different potentials using data obtained by 
both the rotatin~ ring-disk electrode and atomic ab- 
sorption spectropnotometry (the results are obtained 
by setting the alloy at each potential for about 
lh).  At --170 mV, only 50 w/o of the alloy dissolved 
is Cu. As the potential increases Cu electrodissolution 
increases. Nonselective dissolution is attained at about 
the current minimum (~ 0 mV) when the relative 
composition of the dissolved species is the same as 
that of the bulk alloy. In the selective dissolution re- 
gion (=< --50 mV); the Cu component electro-oxidizes 
only to cuprous species. In the nonselective dissolution 
region above the current plateau (>= 50 mV), electro- 
oxidation of Cu to both cuprous and cupric species is 
obtained. It Should be noted that the difference be- 
tween 100 w/o and the amount of Cu species dissolved 
(in w/o) is the solution composition of Ni(Fe). 

The e~ect of Fe (1.7%) on alloy electrodissolution.-- 
Iron has a significant effect on alloy electrodissolution 
at low potentials. Figure 14 compares the dissolution 
rates of 90/10 Cu-Ni alloys with and without Fe at 
low potentials. At --180 mV, both the disk and cuprous- 
ring currents for the alloy with Fe are significantly 
less than that without Fe. Thus, the presence of Fe 
substantially decreases alloy dissolution and strongly 
diminishes the propensity of the Cu component for 
electrodissolution near the rest potential. As the po- 
tential increases, the difference between the alloy and 
the Cu-component electrodissolution rates for both 
alloys is virtually the same. 
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Fig. 11. The effect of hydrogen ions on the electrodissolufion of 
the Ni component of the alloy in the apparent Tafel region, 
1000 rpm. 

Discussion 
Figure 3 shows that for pure copper electrodissolu- 

tion in chloride solutions, cuprous species are the only 
reaction products from the rest potentials to potentials 
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s l ight ly  be low the po ten t ia l  of the  cur ren t  peak.  The 
react ions  are  as fol lows 

Cu + CI- -- CuCI + e [1] 

where 

E e ___ --0.105 -- (RT/F) In [Cl-], V vs. SCE [I'] 

CuCl + Cl- = CuCh- [2] 
where 

K~ -- 6.61 X 10 -~ [2'] 

In  this  region,  the  CuC1 film format ion  step (Eq. [1]) 
is s low re la t ive  to the film dissolut ion step (Eq. [2]) ,  
p rec lud ing  bu i ldup  of film. F i lm format ion  is not  d is-  
cerned unt i l  about  the  peak  potent ia l .  Nioreau e~ al. 
(12) concluded f rom thei r  resul ts  that  the CuC1 film 
begins to fo rm at potent ia ls  jus t  be low the peak  po-  
tent ial .  At  this  poin t  when  the film s tar t s  to bu i ld  up, 
the  first s tep (Eq. [1]) is fast  compared  to the second 
step (Eq. [2]) .  

A t  the  cur ren t  m i n i m u m  and in the  cu r r en t -p l a t e a u  
region (Fig. 2 and 3), the cuprous r ing  cur ren t  r e -  
mains  constant.  In  this region,  the ra te  of Cu e lec t ro-  
dissolut ion to cuprous -ch lor ide  complexes  is p ropor -  
t ional  to the square  root  of the  ro ta t ion ra te  fol lowing 
the Levi  ch rela t ion,  as shown by  Braun  (4) and in this 
s tudy  (resul ts  not shown) .  At  h igher  potent ia ls  ( re -  
gion E in Fig. 2), cupric  ions are  detected,  as shown in 
Fig. 3. These resul ts  have also been repor ted  by  Wal ton  
and Brook  (6), who suggest  tha t  Cu ++ is formed b y  
e lec t ro -ox ida t ion  of the CuC1 film 

i i 

too 150 200 

Fig. 13. Electrodissolufion af 
copper species from the alloy in 
1M HCI as a function of poten- 
tial ( ~  lh potentiostatic polar- 
ization at each potenfiaD, 700 
rpm. 

S.C.E ) 

CuCl ---- Cu + + + Cl- + e [3] 
where 

RT 
Ee:0.295+ In[Cu+~][Cl-], Vvs. SCE [3'] 

F 

In the apparent Tafel region for pure Cu in chloride 
solutions, the anodic Tafel slopes of 60 mV/decade are 
obtained in accord with the results of others (1-4). 
The chloride reaction order is 2 (data not shown), 
which is also in agreement with othere (I-4). How- 
ever, at higher chloride concentrations, cuprous tri- 
chloride and tetrachloride complexes may form in 
significant amounts, so that chloride reaction orders 
greater than 2 may be obtained. 
For 90/10 Cu-Ni alloy (with 1.7% Fe), the cuprous- 

ring current and the alloy disk are not equivalent be- 
low the peak potential (Fig. 4) as observed for pure Cu 
(Fig. 3). The reason for this difference between the 
alloy and pure Cu is that, in addition to the Cu electro- 
dissolution reactions (Eq [I] and [2]) for pure Cu, the 
alloy disk current represents Ni and Fe electrodissolu- 
t ion rates  

Ni --  Ni + + 4- 2e [4] 

F e  = Fe  + + 4- 2e [5] 

The Fe  react ion is especia l ly  significant nea r  the  res t  
potent ial ,  as shown in Fig. 13. At  h igher  potent ials ,  
cupric  ions are  produced,  as observed for pu re  Cu, 
p robab ly  via Eq. [3]. 

If  the e lectrodissolut ion of the a l loying e lements  is 
s imi lar  to the pure  metals ,  it  is expected  tha t  the. e l e c -  
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Fig. 14. Effect of Fe on Cu-Ni 
(90/10) alloy and the Cu com- 
ponent electrodissolution in 0.5M 
HCI + 0.SM HoCI, 700 rpm. 
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trodissolution of both Ni and Fe components is activa- 
tion controlled (5, 14) and the Cu component is mass- 
transfer controlled (1-4). The anodic Tafel slopes 
for the alloy are approximately 70 mV/decade for chlo- 
ride concentrations of 0.1-4M (Fig. 6), as reported by 
other investigators (6, 9, 15). The C1- reaction orders 
for alloy electrodissolution obtained from the results 
in Fig. 6 are 1.3 for low C1-concentrat ions and 1.6 for 
high C1- concentrations. These parameters for alloy 
electrodissolution compare with anodic Tafel slopes of 
60 mV/decade (Fig. 7) and 100 mV/decade (Fig. 8) for 
Cu component and Ni component (with Fe) electro- 
dissolution, respectively. The C1- reaction orders for 
Cu-component electrodissolution are 1.9 and 2.0 for 
low C1- and high C1- concentrations (Fig. 7), respec- 
tively. The C1- reaction order for the Ni-component 
electrodissolution is approximately 1 (Fig. 8). The pa-  
rameters for the Cu component are essentially the same 
as those obtained for pure copper (as discussed above). 
The anodic Tafel slopes for pure Ni in chloride solu- 
tions have been reported to range from 75 to 120 mV/  
decade (5, 16, 17). The C1- reaction orders have been 
reported to be 0.5 (low C1- concentrations) and 1 (high 
C1- concentrations) for pure Ni (5). Thus, the param- 
eters for the Ni component roughly approximate the 
values obtained for pure Ni. 

Mass-transfer dependence of alloy electrodissolu- 
tion is shown in Fig. 12. Complete mass-transfer  control 
of alloy electrodissolution is not observed between the 
rest  potential and just  below the peak potential where 
the CuC1 film begins to form. This is shown by the slope 
less than 0.5 for the log i vs. log rotation rate plots at 
potentials of --200 and --100 mV. The slope of 0.36 
suggests mixed-activation and mass-transfer control 
with both Ni and Fe components under activation con- 
trol and the Cu component under mass-transfer control. 
At potentials of the current-minimum and current-  
plateau region (+20 mV), alloy electrodissolution 
clearly follows the Levich relation and indicates that 
the dissolution of the CuCI film (Eq. [21) is the domi- 
nant process in this potential region and is under mass- 
transfer control. Above the current-plateau region, 
mixed control is again indicated, as shown in Fig. 12 
(+500 mV), with Eq. [2] the mass-transfer control 
process and Eq. Y3] under activation control. Walton 
and Brook reported similar mixed mass-transfer and 
activation-control behavior (6). 

Selective electrodissolution of Ni is observed at 
potentials below the peak potentials, as shown in Fig. 
13. At potentials near the rest potential, Fe electrodis- 
solution, the minor alloying element, is dominant (data 
not shown). As the potential is increased (Fig. 13), 
selective electrodissolution of Ni is progressively di- 
minished (above --200 mV, the electrodissolution rate 
of Fe is too small to be measured) up to --50 mV. 
The current-plateau region occurs above 0 mV where 
electrodissolution is nonselective and the cuprous chlo- 
ride complex is the only electro-oxidation product of 
the Cu component. As Fig. 13 shows, at potentials 
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Fig. 15. Electrodissolution of the alloy and the Cu and Ni com- 
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Fig. 16. Selective alloy electrodissolution at potentials ~ - -50  
inV. Data from Fig. 15. 

above this region ahoy electrodissolution continues to 
be nonselective, but an increasing fraction of the Cu 
component electro-oxidizes to the cupric state. 

Figure 15 provides the basis for a quantitative mea- 
sure of selective alloy electrodissolution at potentials 
=< --50 mV. As the potential  is increased, the differ- 
ence between the currents of the Cu component and the 
Ni component increases and reaches at --50 mV a 
Cu:Ni(Fe)  weight ratio of 6.46. This ratio compares 
with the value of 8 f o r  the bulk alloy. The results of 
Fig. 15 are expressed, in Fig. 16, as the electrodissolu- 
tion rate of the Cu component relative to that of the 
alloy between --120 and --50 mV. At --120 mV, the 
relative rate in terms of w/o Cu is 77.5%. There is a 
steady increase in the relative rate as the potential is 
increased, and the value of 86.5% is attained at --50 
mV. The lat ter  approaches the bulk-al loy composition 
of 88.8% Cu, which indicates nonselective electrodis- 
solution. This point is reached at approximately the 
potential of the current minimum (>  0 mV), where 
complete mass-transfer control of the electrodissolu- 
tion process is observed. 
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ABSTRACT 

An examination has been made of the mechanism of breakdown of passive films on iron in borate buffer solution (pH = 
8.4) caused by chloride ions. Various electrochemical kinetic criteria were measured. XPS, SIMS, and ISS studies were 
made ofthe systems u s e d i n t h e  electrochemicalwork. Therate  of breakdown was foundto  be proportionalto cc, andcs+ 
and exponentially dependent  on the electrode breakdown potential and field drop in the oxide film. XPS data showed that 
when chloride ions caused breakdown, the Ototal/Fe and H20/Fe ratios changed from 2 to 1.5 and 0.5 to 0.1, respectively. SIMS 
data revealed that heating passive films up to 200~ drove out water from the films and that chloride ions penetrated the 
whole film thickness on breakdown. ISS data indicated that on changing from a passive to a depassivated film, the O/Fe 
ratio changed from 2.07 to 1.5. Discussion of the electrochemical kinetic data shows that it is inconsistent with adsorption- 
displacement models, pore models, and chemico-mechanical models, but is not inconsistent with ion-exchange processes, 
point-defect models, and hydrated polymeric oxide models. Confrontation of the spectroscopic data with the expectations 
of the latter three models shows some points of agreement with all these models, but  the data taken together is most consist- 
ent with the hydrated polymeric oxide model. 

S tudy  of the mechanism of breakdown of passive 
films by anions, and, in particular,  chloride ions, pre-  
sumes a knowledge of the passivation process. Although 
theories in relat ion to the chloride effects on passive 
films abound (1, 2), models with respect to the na ture  
of the lat ter  can, at present,  be summarized into two 
types (3-5). 

The crystalline oxide model.--In this model (6-11), 
the  protective na tu re  of the layer which forms upon 
the surface of a metal  under  a part icular  form of oxida- 
t ion is supposed to be connected with the crystal s t ruc-  
ture of the film. In  the case of iron, the film is con- 
sidered to be a duplex layer  consisting either of an inner  
layer  of Fe804 and an outer layer  of 7-Fe208 (6, 10) or 
of 7-Fe2Os alone (7, 11). The undeniable  presence of 
water  in connection with passive films formed in aque-  
ous envi ronments  is in terpreted to be due either to hy-  
drogen stabil izat ion of 7-Fe20~ in the outer regions 
(12, 13) or to adsorbed water  on the surface of the 
film (14). 

The hydrated polymeric oxide model.--Inherent in this 
model (15-17) is the essential role played by water  in 
t ransforming the properties of "iron oxide" to those of 
the  protective passive layer. How the water  does ~his 
varies with the author (15-20). 

The essential concept is that  the water  is supposed to 
ma in ta in  the th in  film amorphous, and the word "poly- 
mer"  is used with the meaning  that  the bound water  
(21) "pulls together" the iron oxide in such a fashion 
that  it is difficult for the Fe 2+ ions from the metal  
base beneath  the film to diffuse to the hydrat ion sites 
at the oxide/solut ion interface. 

The various theories of passive film breakdown (1, 2, 
22) provoke numerous  dilemmas, among which the 
two most in need of resolving are the following: ({,) 
the  dis t r ibut ion of hydrogen, or water, wi thin  passive 

* Electrochemical Society Active Member. 

films (13, 15-20, 23), o r  (it) the dis t r ibut ion of chlo- 
ride ions in  the bu lk  of passive films after  exposure to 
chloride containing solutions (2, 24). 

The present  paper  reports the application of both 
electrochemical and spectroscopic techniques to these 
problems. 

Experimental 
Electrodes.--Working electrodes were i ron di sks  

approximately 1 mm thick and 6 • 6 mm square 
(99.99% purity,  Alfa Ventron  Corporation, Danvem,  
Massachusetts).  They were mechanical ly polished with 
320-, 400-, 500-, and 600-grade silicon carbide paper  
and then finished with diamond paste of 6-0.25 #m 
grain sizes to give a bright  mir ror  surface. After  pol-  
ishing, electrodes were washed with methanol  and sew- 
eral times with tr iply distilled water, dried, and sto~.d 
in vacuo. Each electrode was prepared fresh with a fine- 
grade diamond paste and washed before use. Electrodes 
were mounted  in a Teflon holder, as described pre-  
viously (25). 

The counterelectrode was a p la t inum gauze ar-  
ranged in a half -cyl indr ical  shape opposite the working 
electrode and had a surface area at least 100 times 
larger than the iron disk electrode. Its a r rangement  
opposite the iron anode allowed the la t ter  electrode to 
funct ion unimpeded by  depolarization reactions aris-  
ing from the hydrogen gas evolved dur ing  polarization 
of the large cathode. 

The reference electrode was a Hg/HgO, 1N KOH 
electrode. The calomel electrode was avoided because of 
the possibility of solution contaminat ion with chloride 
ions. Potentials in this paper  are referred to the nor -  
mal  hydrogen electrode. 

Solution ureparation.--Solutions were prepared from 
tr iply distil led water  of conductivity, K, less than 10-6~ 
cm -1 and were made up as buffer solutions consisting 
of 0.275M analyt ical -grade sodium tetraborate,  m i x e d  



1244 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY June 1984 

with 0.15M analyt ical -grade boric acid. The solution pH 
was 8.4. All  solutions were pre-electrolyzed in a sepa- 
rate cell attached to the working cell at a constant  cur-  
rent  density of about 20 ~A cm -~ using two large plat i-  
n u m  gauze electrodes, each about 100 cm 2 in  area. 
The pre-electrolysis  t ime was os the order of 15h. 

Removal of air-]ormed oxide fiIms.--The working 
electrode was pretreated by cathodic polarization at 
--0.74V (NHE) (26) for 30 min  to remove air - formed 
oxides. The solution used for this reduct ion of the elec- 
trode, and whfch contained evolved hydrogen gas, was 
removed from the main  cell by a purified n i t rogen gas 
pressure, and  a new pre-electrolyzed solution in t ro-  
duced into the cell in  contact with the electrode. 

The rest potent ial  of the working electrode prepared 
under  these conditions was --0.SV (NHE).1 Electrodes 
prepared in  this m a n n e r  were used as base electrodes 
in all subsequent  experiments,  i.e., when an experi-  
menta l  potent ial  pe r t inen t  to the passivation experi-  
ments  was applied, the electrode was prepared as de- 
scribed above, and this new potent ial  was impressed by 
means of a potentiostatic step onto the resting po-  
tent ial  of pure iron. 

Formation o] the passive layer.--The typical  passive 
film which was used in all exper iments  was formed at 
0.3V (NHE) for a t ime in terval  of 50 min, unless other-  
wise stated. The current  decreased cont inuously dur -  
ing the t ime of passivation, finally reaching a value of 
the order of 1 ~A cm -2. Integrat ion of the cu r ren t / t ime  
curve showed that  the total charge passed was around 
6 mC cm -2. Assuming that the oxide present  was Fe203, 
the film thickness would be in the region of 26A. 

Having formed the passive film, the solution present  
was displaced by purified ni t rogen gas, and a solution 
containing chloride ions was introduced. The solutions 
which were introduced at this point  were either var i -  
able in chloride-ion concentrat ion at fixed pH (8.4) or 
variable in pH at fixed chloride concentrat ion (0.1 or 
0.5M) and were of constant  ionic strength. Passivated 
specimens were exposed to these solutions at the po- 
tent ial  of film growth (unless otherwise stated) for 
various times prior to, at, and after breakdown. Induc-  
tion times (T)2 for breakdown were established under  
the various conditions used, chloride-ion concentra-  
tion, pH, passive-film thickness, and the potential  at 
which the electrode was held at in the chloride solu- 
tions. 

Spectroscopic analyses of passive films.--Transfer o~ 
samples to XPS spectrometer.--Solutions which had 
been used in the formation of passive films, or in the 
depassivation of such films, were pressed out of the 
cell by means of purified n i t rogen gas pressure, the 
electrode being left in contact with the latter. The cell 
was then quickly filled with tr iply distilled water  from 
an attached reservoir  and released by ni t rogen gas 
pressure. This was repeated a second time. The cell 
with the electrode still  in place and under  a ni t rogen 
gas atmosphere was then removed to a dry box filled 
with ni t rogen gas and opened therein, the electrode 
being removed, washed again thoroughly with t r iply 
distilled water, and t ransferred to a glass vial filled 
with ni t rogen gas. The vial  was sealed, placed in a 
Dewar containing l iquid nitrogen, and then removed 
from the glove box. The Dewar was t ransferred to an-  
other laboratory in the chemistry bui lding and placed 
in  another  ni t rogen containing glove box, which was 
attached to the XPS sample chamber.  The electrode 

~The relaxation of the film.free potential to one of -0.5V 
(NHE) was caused by the needed change of solution. Reference 
to Wroblowa, et al. (27), who studied film formation on iron at 
the same pH and potential regions as used here, shows that at 
--0.5V (NHE) a prepassive film of submonolayer thickness is 
formed. 

The induction time will vary with the age of the film. How- 
ever, significant effects have been measured only over times in 
the 100-1000 rain range (28). 

was once more removed from the original  vial  and on 
warming  u p  was placed in the XPS analysis chamber. 

The :XPS spectra were recorded by use of an HP 
5950A ESCA spectrometer, equipped with monochro-  
matized A1 K~ radiation. The sample probe was encased 
in  a dry box, employing a n i t rogen atmosphere filtered 
with oxisorb cartridge (O2 ~ 5 ppm).  A Surface Sci- 
ence Laboratories Model 259 angular  dis t r ibut ion probe 
was used. The photoelectron detection angle relative to 
the sample surface, 0, was varied from 8~ ~ (,-,5- 
30A). A Hewlett  Packard 9825A computer was in ter -  
faced to the system. A Surface Science Laboratories 
software package (9825 Data System Rev E) made 
possible background subtract ion and peak deconvolu-  
tion. 

The atomic ratio of O to Fe was calculated accord- 
ing to the relat ion (29) 

No Io lye 

NFe IFe fO 

where No and NFe equal the n u m b e r  of atoms of oxy-  
gen and iron, Io and JFe are the corresponding in ten-  
sities, and ~o and fiFe are the corresponding cross sec- 
tions. The relative cross sections, aFe/fO, was taken 
(30) as 1.45. 

Trans]er o] samples to SIMS and ISS spectrometers.-- 
In these cases, analyses were performed in laboratories 
far l rom that in Which the ox'iginal exper~nents  had 
been carried out. Electrodes were treated as described 
above and were placed in glass vials, the tops of which 
were carefully sealed using Teflon tape and screw 
caps .  They were opened under  iner t  gas conditions 
and placed in the respective spectrometer chambers. 

The SIMS measurements  were performed on a Gatan  
Model 591C SIMS-SIPS ion microprobe at the Mate- 
rials Research Laboratory,  Pennsy lvan ia  State Uni -  
versity, Dunmore,  Pennsylvania .  The ion beam con- 
sists of a Colutron ion source, Wein mass filter, and 
t w o  electrostatic lenses. The ion gun chamber  is 
pumped with a turbomolecular  pump. The target cham- 
ber can be evacuated to 10 -10 torr with a second 
turbomolecular  pump and t i t an ium subl imat ion pump. 
The secondary ions are detected with an Ext ranuclear  
quadrupole mass spectrometer with a Spheric-E1 en-  
ergy filter. 

The operat ing parameters  were: probe ion beam 
40Ar+, beam voltage of 7 keV, beam current  of 90 nA, 
and a sample chamber  pressure dur ing analysis of 
5 X 10 -9 torr. The ion beam of ,~ 70 ~m diam was ras-  
tered over an area of 1.2 X 1.2 ram. The signal was 
gated so that the data were collected over a central  
area of 0.36 X 0.36 mm. The sput ter ing rate was de- 
termined as 0.3A s -1, using a 102A SiO2/Si standard. 

The ISS analyses were carried out with a Leybold-  
Herraeus LHS 10 surface analysis system at the Solar 
Energy Research Insti tute,  Golden, Colorado. 

The operating parameters  were: probe ion beam 
SHe+, p r imary  beam energy 1 kV, beam current  of 
94 nA, and a sample chamber  pressure dur ing analysis 
of 1.4 X 10-7 torr. The ion beam --  200 ~m was ras-  
tered over an area of 2 X 2 mm. The signal was gated 
so that the data were collected over a central  area of 
1 X 1 ram. The sput ter ing rate was determined as 
1.3 A rain - I ,  using as a s tandard the etch rate for the 
iron substrate in conjunct ion with a mechanical  pro- 
filer. 

The atomic ratio of O to Fe was calculated using the 
equat ion (31) 

No Io fFs  

NFe IFe r 

where No and Nee equal the n u m b e r  of atoms of o x y -  
g e n  and iron, Io and IFe are the corresponding ISS peak 
intensities,  and eo and fFe are the corresponding c r o s s  
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sections. The re la t ive  cross section, CFe/r t aken  was 
the mean  of those found in the l i te ra ture ,  6.6 (31) and 
8.8 (32), y ie ld ing  a value  of 7.7. 

Results 
The resul ts  of the  invest igat ions  can be d iv ided  into 

four  parts ,  corresponding to the techniques used. 

Electrochemical techniques.--The norma l  pass iva-  
t ion curve for i ron is shown in Fig. 1 and corresponds 
to a sweep ra te  of 0.2 mV s - L  

In Fig. 2, the  log of the b r e a k d o w n  ra te  (v) is p lo t -  
ted  as a funct ion of ch lor ide- ion  concentra t ion in the  
buffered bora te  solut ions to which  pass iva ted  elec-  
t rodes  were  exposed.  

I t  can  be seen tha t  

8 log v/8 log cc l -  - -  1 

where  v (_-- l / r )  is the ra te  of the  react ion lead ing  to 
the  b r eakdown  of  the passive layer .  The process has 
a reac t ion  o rde r  of un i ty  a t  cons tant  potent ia l  [0.3V 
(NHE) ]. 

The corresponding var ia t ion  of the  log of the  b r e a k -  
down ra te  wi th  hydrogen  ion concentra t ion is shown 
in Fig. 3. I t  t ransp i res  upon examin ing  this p lo t  tha t  

8 log v/8 log CH+ = 0.66 

In  Fig. 4, the log of the b r e a k d o w n  rate  as a funct ion 
of the  e lec t r ic  field across the  passive film, for  films 
grown at  a constant  po ten t ia l  of 0.3V (NHE) for  va r i -  

15 i i 

0 

-0.4 -0.2 o!o o!2 o14 o!6 o!0 
Poten t ia l /V  (NHE)  

S 

Fig. 1. Current/potentlal curve for a clean iron electrode |n 
borate buffer solution, pH - -  8.4. Scan rate: 0.2 mV s - i .  
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Fig. 2. Variation of the log of the breakdown rate, v, as a func- 
tion ,of chloride-ion concentration. Film growth conditions: 0.3V 
(NHE) in borate-buffer solution. Breakdown conditions: 0.3V (NHE) 
in chloride containing borate-buffer solution. 
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Fig. 3. Dependence of the log of the breakdown rate, v, on 
hydrogen-ion concentration. Film growth conditions: 0.3V (NHE)  in 
borate-buffer solution. Breakdown conditions: 0.3V ( N H E )  in solu- 
tions of variable pH containing 0.1M NoCh 
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Fig. 4. Variation of the log of the breakdown rote, v, as a func- 
tion of the electric field, E, across the film. Film growth conditions: 
0.3V (NHE) in borate-buffer solution for various times and, hence, 
various film thicknesses. Breakdown conditions: 0.3V (NHE) in 
borate-buffer solution containing 0.1M NaCI. 

ous t imes is presented .  F i lm thicknesses were  es t i -  
m a t e d  b y  ut i l iz ihg the charge  passed in forming  the 
films and by  assuming tha t  the  passive l aye r  consists 
of  Fe203. The slope of the graph  

8 log v/8 E = 0.48 X 1 0 - 6  V - i  cm 

The dependence  Of the  log of the  b r eakdown  ra te  on 
the b r eakdown  potent ia l ,  V, is given in  Fig. 5. I t  can 
be ascer ta ined  f rom the figure tha t  3 

8 log v/8 V = 4.1 V - i  

X P S  spec t r a . - -Seve ra l  analyses  were  m a d e  wi th  
XPS.  In Fig. 6 is shown the b inding  energy  curve cor -  

T h e  v a l u e  g iven  h e r e  is,  of  cou r se ,  n o t  t o  be  t a k e n  s impl is t i -  
ca l ly ,  b e c a u s e  t h e  V is r e f e r e n c e d  to  o t h e r  p o t e n t i a l s  a n d  is only 
a m e a s u r e  of  t h e  p o t e n t i a l  d i f f e r e n c e  a c r o s s  t h e  film. 
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Fig. 5. Dependence of the log of the breakdown rate, v, on the 
breakdown potential, V. Film growth conditions: 1.0V (NHE) in 
borate-buffer solution. Breakdown conditions: borate-buffer solu- 
tion containing 0.1M NaCI. 
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Fig. 6. XPS spectrum for Fe 2p3/2 for the passive film formed on 
iron in borate-buffer solution at O.3V (NHE). 
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Fig. 7. XPS spectrum for 0 ls for the passive film formed on 
iron in borate-buffer solution at 0.3V (NHE). 

Fe, are less clear, bu t  if each pair  is added together 
and averaged, a value of approximately  1.5 is obtained. 

In  Table II, s imilar  results are shown as a funct ion 
of escape angle, e, for a passive film prepared at 0.3V 
(NHE). The ratio of O t o t j F e  corresponding to an 
escape angle of 8 ~ (-~ 5A) is 2.61, higher than the ex-  
pected 2.0. The average value of the ratio H20/Fe  is 
0.77. The average of the sum of the ratios, O/Fe  and 
OH/Fe,  is 1.46. 

The effects of the exposure of passive films to chlo- 
r ide ions for times after b reakdown for three escape 
angles, e, 18 ~ ( ~  l l A ) ,  38 o (N 22A), and 58 ~ (--  30A) 
are presented in Table III. The ratio Ototal/Fe has 
decreased to ca. 1.5. However, more str ikingly,  the 
ratio H~O/Fe is lowered considerably to about 0.1. The 
average of the sum of the O/Fe  and OH/Fe ratios 
yields 1.53. 

I S S  s p e c t r a . - - A  typical  ISS spectrum of a passive 
film prepared at 0.3V (NHE) in borate solution (pH --  
8.4) is shown in Fig. 8. Two peaks can be seen, the 
first one at an energy ratio E / E o  - -  0.53 corresponds 
to oxygen and the second one with an energy ratio 
E/Eo  - -  0.83 is for iron. 4 

,Leybold-Herraeus ISS energy ratio (E/Eo) data for  the ele .  
ments  for various bombarding ions applicable to the scattering 
geometry used,  

Table I. Ototal/Fe, H20/Fe, OH/Fe, O/Fe, and (OH -b O)/Fe 
ratios at an electron escape angle e = 38 ~ ( ~ 2 2 A )  from XPS 
of passive films on iron formed at various potentials in borate 

solution (pH = 8.4) for 50 mln 

responding to iron (Fe 2p~/s). It  can be seen that  after  
deconvolution metall ic i ron shows up at a b inding  
energy of 707.4 eV (33), while i ron in the oxidized 
state, Fe ~+, is seen at a b inding energy of 711.5 eV 
(34). The passive film prepared at 0.3V (NHE) con- 
tains exclusively ferric i ron with no ferrous iron con- 
tent  (Fe 2+ b ind ing  energy 708.5-709.5 eV) (34, 35). 

In  Fig. 7 is shown the O is  spectra. On deconvolut ing 
the spectra, three peaks were obtained. The peak with 
b ind ing  energy of 530.3 eV is a t t r ibuted to O = (25, 
34, 36), while the peak at 531.8 eV is assigned to O H -  
(14, 34, 36) and the peak at 533 eV to HsO (25, 35). 

In  Table I, XPS results are given for an electron 
escape angle, e of 38 ~ (-~ 22A), corresponding to pas-  
sive films prepared at  three different potentials. The 
ratio Ototal/Fe is about 2 for all potentials, and the 
HsO/Fe ratio averages 0.5. The ratios, O/Fe  and OH/ 

Potential 
V (NHE) Ototal/Fe H20/Fe OH/Fe O/Fe (OH + O)/Fe 

§ 0.30 2.1 0.7 0.6 0.82 1.42 
+ 0.065 1.88 0.2 0.77 1.11 1.88 
- 0.~0 1.97 0.5 0.74 0.74 1.58 

Table II. Otot~i/Fe, H20/Fe, OH/Fe, O/Fe, and (OH ~ O)/Fe 
ratios at various electron escape angles, 0, from XPS of passive 

films formed on iron at +0.30V (NHE) in borate solution 
(pH - -  8.4) for 50 min 

Angle ,  0 Ototal/Fe H20/Fe OH/Fe O/Fe  (OH + O ) / F o  

8 ~ ( ~  5A~ 2.61 0.91 0.03 0.99 1.02 
18 ~ ( ~  l l A )  2.03 0.84 0.58 0.77 1.35 
38" ( ~  22A) 2.09 0.69 0.58 0.83 1.41 
58" ( ~  30A) 1.96 0.65 0.52 0.76 1.28 
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Table III. Ototal/Fe, H20/Fe, OH/Fe, O/Fe, and (OH + O)/Fe 
ratios at various electron escape anglesi e, from XPS of passive 

films after breakdown in an 0.1M chloride containing 
borate-buffered solution (pH ~ 8.4) at 0.3V (NHE) 

Angle, 0 Ototal/Fe IIsO/Fe OH/Fe O/Fe (OH + O)/Fe 

18 ~ ( ~  l l A )  1.51 0.10 0,6 0.88 1.48 
38 ~ ( ~  22A,) 1.52 0.09 0,69 0.91 1.60 
58 ~ ( ~  80A) 1.51 0.12 0.68 0.96 1.51 

Plots  of  the  atomic ra t io  O/Fe ,  der ived  f rom the 
ISS spectra,  as a funct ion of depth,  a re  p resen ted  in 
Fig. 9 for  a passive film formed in bora te  solut ion at  
0.3V (NHE) and for  a s imi la r  film broken  down in a 
bora te -buf fe red  chlor ide  solut ion at the  l a t t e r  po ten-  
tial.  In  the  case of the  film which has not  been  ex-  
posed to chlor ide  solution, the rat io  is close to 2, whi le  
for  the  film af te r  b reakdown  in buffered chlor ide  so- 
lution,  i t  is 1.5. 

SIMS spectra.--The SIMS data  are  p resen ted  in 
th ree  aspects.  

In  Fig. 10, the  O H - / O -  rat ios a re  given as a funct ion 
of depth  for  passive films formed in bora te  solut ion at  
0.3V (NHE) and subsequent ly  t he rma l ly  t r ea ted  under  
a flowing argon gas a tmosphere  at  var ious  t empe ra tu r e s  
for  I5 rain. As the  t e m p e r a t u r e  increases,  the  O H - /  

c- 
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Fig. 8. ISS spectrum of passive film on iron formed in borate- 
buffer solution at 0.3V (NHE). 
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Fig. 10. Variation of O H - / O -  ratio with depth into passive 
films formed in borate buffer solution at 0.3V (NHE). Annealing 
temperatures under an argon gas flow were: (11) 25~ (O)  70~ 
( V )  160~ ( A )  200~ 

O -  ra t io  decreases.  The  rat ios  of OH-/O- for  t e m -  
pe ra tu res  above  room t e m p e r a t u r e  a re  reduced.  

The  C1- peak  he ight  intensit ies,  as a funct ion of  
depth,  p resented  in Fig. 11 for  passive films fo rmed  
at  0.3V (NHE) in bora te  solut ion and subsequen t ly  
exposed to a bora te -buf fe red  chlor ide  containing solu-  
t ion for  t imes of 40, 80, 163, 205, and 420s, i.e., for  t imes  
before  and a f te r  b r e a k d o w n  (~, 160s), show s o m e  

1600 

9 

8 

@ �9 
@ �9 

�9 = - (b) 

I 0  F I I 
1 20 30 40 

Depth/A 
Fig. 9. O/Fe ratio as a function of depth, .&, into the passive 

film on iron from ISS depth profiling: (a) film formed in borate 
buffer solution at 0.3V (NHE); (b) passive film after breakdown 
[0.3V (NHE) in borate-buffer solution containing 0.5M NaCI] .  
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Fig. 11. Variation of C I -  peak height intensities as a func- 
tion of depth into passive films formed in borate-buffer'solution 
at 0.3V (NHE) and subsequently exposed to a borate-buffer solu- 
tion containing 0.SM NaCI at this potential for various times. 
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in teres t ing  features :  (i) for increas ing exposure  t imes 
(40, 80, and 163s) up to b r eakdown  time, increas ing 
amounts  of chlor ide  ions pene t ra te  the passive films, 
reaching  a m a x i m u m  around  breakdown,  (ii) for ex-  
posure t imes longer  than  breakdown,  however ,  namely ,  
205 and 420s, a decrease in the chlor ide  content  of the 
passive films becomes apparen t ,  the C1- concent ra t ion  
wi th in  the  film being now anomalous ly  lower  for the  
Iar~er  exposure  t ime (420s). Chlori.de ions pene t r a t e  
passive films r ight  up to the  me ta l / f i lm  interface.  

The posi t ive SIMS O + peak  he ight  signals as a func-  
t ion of dep th  into the same passive films as used in 
obta in ing  the da ta  shown in Fig. 11 are  given in Fig. 
12. The O + signals  are  seen to increase as the depth  
into the films increases,  undergo a constant  value  for 
the bu lk  of the films, and decay as the passive f i lm/  
me ta l  interfaces  are  reached.  

Discussion 

Electrochemically derived kinetic da t a . - -Cr i t e r i a  de -  
r ived  f rom the da ta  presented  in Fig. 2-5, and which 
are  convenien t ly  summar ized  in Table IV, m a y  now 
be compared  for  consistency wi th  leading  models  for  
passive film breakdown.  

Adsorption-dispZacement models.--In one approach  
(37, 38), the  events  leading  to b reakdown  involve the  
adsorpt ion  of C1- and  s imul taneous  d isp lacement  of 
oxygen  f rom the monolayer  said to const i tute  the  pas -  
sive l aye r  in this model.  As soon as the chlor ide  ion 
is adsorbed,  dissolution is fac i l i ta ted  (39, 40). 

I t  has been shown tha t  the film b reakdown  kinet ics  
depend upon the electr ic  field across the film at  con- 
s tant  potent ia l  (var ious  thicknesses)  (41) (Fig. 4) 
and at  constant  thickness (wi th  various appl ied  b r e a k -  
d o v ~  potent ia ls)  (Fig. 5), so tha t  concepts inheren t  
in the  Uhlig theory  are  negated.  

In  ano ther  v i ew (42), adsorpt ion  of  a smal l  number  
of chlor ide  ions a round  an i ron cat ion on the surface 
of a pass ive  film gives r ise to the format ion  of a com- 
plex,  which is supposed to dissolve more  read i ly  than  
the corresponding aquo complex.5 The local thinning,  
which would  be caused, and the associated s t ronger  
local anodic field at the  site of removal ,  wi l l  cause 
fu r the r  cat ions to diffuse to the surface, where  they  
wil l  complex wi th  hal ide  ions and dissolve. 

A rea.ction o rde r  of vn i ty  wi th  respect  to chlor ide  
ion, found here  for  the depass ivat ion  reaction,  appears  
cont radic tory ;  the view demands  an  o rde r  equal  to the  
n u m b e r  of C1- ions in the complex.  

Ion exchange processes.--Penetration of aggressive 
ions th rough  pass ive  films by  ion exchange processes,  
e.g., C1 = for la t t ice  0 2 -  (1),  or  via  cat ion vacancies 
(44, 45), has also been considered.  A react ion order  
of un i ty  wi th  regard  to chlor ide ion is consis tent  wi th  
this  view. The dependence  of l a t t i c e -b r eakdown  veloc-  
i ty  upon electr ic-f ie ld s t rength  (Table  IV) is consistent  
wi th  the fact  that  diffusion of chlor ide ions in the 
la t t ice  wil l  be exponen t i a l ly  a ided by  a field. The pH 
dependence  seems anomalous  to this  view. 

The implied greater  stability of the chloride over  the  aquo 
complex seems dubious (43). 
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Fig. 12. Variation of 0 + peak height as o function of depth into 
passive films utilized in obtaining the data presented in Fig. 11. 

Pore models.--The basic  supposi t ion is that  a l l  pass ive 
layers  contain flaws or  are  porous in na tu re  (46, 47). 
Chloride ions pass th rough  the pores and make  con- 
tact  wi th  the  i ron latt ice.  Complexes  are  formed 
which diffuse u p w a r d  to the outer  f i lm/solut ion in t e r -  
face. Pi ts  a re  formed at  the  bo t tom of each pore.  
Cont inuat ion of  this process would  give rise to g rea t ly  
increased anodic cu r ren t  densi t ies  t an tamount  to film 
breakdown.  

I t  is to be expected that  this model  would  be de -  
penden t  d i rec t ly  on the chlor ide- ion  concentra t ion but  
that  i t  would  not  be dependen t  on the concentra t ion of 
hydrogen  ions. 

The point-defect model.--Cation diffusion f rom the 
meta l / f i lm to the f i lm/solut ion in ter face  resul ts  on ly  
in dissolution, a consequence of  which is the format ion  
of me ta l  holes at  the meta l / f i lm interface,  which no r -  
ma l ly  tend to d i sappear  into the  bu lk  of the me ta l  (22). 
However ,  when the cat ion diffusion ra te  is g rea te r  
than  the ra te  of d i sappearance  of holes into the meta l  
bulk,  voids fo rm at the meta l / f i lm interface.  When  a 
void of sufficient size is formed,  local collapse of the 
passive film occurs, which subsequent ly  dissolves 
fas ter  than  a t  a n y  o ther  region of the  film, leading  to 
pi t  growth.  

The effect of chlor ide  ions on this process would  be 
to increase the potent ia l  difference across the film and, 
therefore,  enhance Fe 2+ diffusion to the surface (22). 
A consequence of this is seen as increased void fo rma-  
t ion and breakdown.  

Table IV. Summary of data from electrochemical kinetic study of passive-film breakdown 

Parameter  invest igated Kinetic law ~ollowed Rate dependence  

Rate of breakdown dependence on 
chloride ion concentration at constant 
poten t i a l ,  th ickness ,  and  pH 

Ra te  of breakdown dependence u p o n  
hydrogen- ion  concentrat ion at c o n s t a n t  
potential,  thickness,  and CI- concentration 

Rate of breakdown dependence on e lec t r i c  
field, E, across the film at constant  
potential,  pH, and CI- concentrat ion 

Rate of breakdown dependence on 
breakdown potential  at constant 
thickness,  PHa and CI- concentration 

: k Cr 

: k CH+ 

• k e BB 

: ~ eBv 

log v/6 log cm- == 1 

log v/8 log cn+ = 0.06 

6 log v/~ E = 0.48 • 10-e V ~ cm 

log v/6 log V --- 4.1 V -1 
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A model  of this k ind  fits the cr i ter ia  of Table  IV 
ra the r  wel l  except  for the pH dependence,  which 
should be zero on this model.  

The chemico-mechanical models.--Adsorption of ions, 
e.g., CI- ,  on passive film surfaces lowers  the in t e r -  
facial  tension at  the f i lm/solut ion inter~aces, which  
resul ts  in the  fo rmat ion  of cracks or flaws when the 
repuls ive  forces be tween  the adsorbed  ions are  suf-  
f iciently la rge  (48). Rupture  of passive films can also 
arise f rom elect ros t r ic t ion pressure  effects (49, 50). 
The effect of film thickness  and reduced  in te r rac ia l  
tension, as a r e su l t  of C1- adsorpt ion  on the surface 
of  a passive film, on increas ing the e lect ros t r ic t ion 
p ressure  above a cr i t ical  va lue  to br ing  about  b r e a k -  
down  was considered.  

This view does not  seem consis tent  wi th  the  l inea r i ty  
of the  b r e a k d o w n  ra te  wi th  chlor ide  concentrat ion.  
Thus, chlor ide  occupancy of the surface and the cor-  
responding reduct ion  of in te r fac ia l  tension would  de-  
pend upon an isotherm. At  the  h igher  ch lor ide- ion  
concentra t ion  in solution, a non l inear  region of the  
i so therm would be reached,  and, hence, surface tension 
would  no longer  be l inear  wi th  concentrat ion.  A 
l inea r i ty  of b r eakdown  ra te  wi th  ch lor ide- ion  con- 
cent ra t ion  (as  is observed)  would  not  be expected.  

The hydrated polymeric oxide models.--After the C1- 
ion adsorbs  on the outside of the passive l aye r  and 
begins to diffuse inward  toward  the i ron base, it  meets  
wi th  the bound wate r  molecules  (17, 51), which, in 
this  model,  a re  the  essential  cement ing  e lements  of 
the  s table  pass ive  l aye r  (15-18, 20). The chlor ide  ions 
displace  wa te r  molecules  (or hyd roxy l  ions) ,  since 
chlor ide  ion is a s t ronger  Lewis  base than  the la t te r  
(52), and form chlor ide  conta ining i ron complexes,  
which then  diffuse up,ward and ou tward  to the solu-  
t ion (53). 

As chlor ide  ions displace wa te r  molecules,  the b r e a k -  
down ra te  would  be p ropor t iona l  to the  ch lor ide- ion  
concentrat ion.  The presence of increas ing amounts  of 
pro tons  in solution, w h i c h  are  known (54) to adsorb  
on oxide surfaces, would  give rise to a weaken ing  of 
NI - -O- -M and M - - O - - H  . . . .  O - - M  bonds as a resul t  
of  conversion to - - O H  and - -OH2 groups,  respect ively .  
Wi th  increas ing hydrogen- ion  concentrat ion,  such p ro -  
cesses would  l ead  to a weakened  pass ive-f i lm s t ructure .  
Thus, the  observed ra te  of b r eakdown  dependence  on 
hyd rogen - ion  concentra t ion  is in t e rp re tab le  qua l i t a -  
t ive ly  in t e rms  of in terac t ion  of  protons wi th  surface 
h F d r o x y l  groups,  surface wa te r  molecules,  and  sur -  
face la t t ice  oxygen.  The exponent ia l  dependence  of 
b r e a k d o w n  ra te  upon field s t rength  (Table  IV) would  
be consis tent  wi th  the  dependence  of  the  ch lor ide- ion  
diffusion ra te  upon field. 

Thus, the  k ine t ic  da ta  p resen ted  in this  pape r  is 
sha rp ly  inconsis tent  w i th  the  adsorp t ion -d i sp lace -  
men t  models  p roposed  by  Ko lo ty rk in  (37), Uhlig (38), 
and  Hoar  (42), flaw or  pore  models  (46, 47), and 
chemico-mechanica l  models  (48-50), but  is not  in-  
consis tent  wi th  ion-exchange  processes (I ,  45, 46), 
po in t -de fec t  models  (22), or  the h y d r a t e d  po lymer i c  
oxide  mode l  (15-17, 20). 

X P S  data.--The spectroscopic da ta  (Fig.  6-12) wi l l  
be  ut i l ized in leading  to a d is t inct ion be tween  the 
a l t e rna t ive  models  ment ioned  above. 

The lack  of a fe r rous - ion  signal  on deconvolut ing  
the Fe  2p8/2 spect ra  (cf. Fig. 6) is not  surpr is ing,  in 
v iew of the  poten t ia l  at  which the film was grown,  
namely ,  0.3V (NHE).  This is 0.2V more  posi t ive than  
the F lade  poten t ia l  for  the  solut ion pH used. This view 
contrasts  wi th  the  work  of Sato et al. (55), who found 
Fe~+ ions at  less posi t ive potent ia ls  (and at  t r ans -  
pass ive  po ten t ia l s ) .  

F o r  passive films grown at  var ious  potent ia ls ,  the  
observed Ototal/Fe ra t io  of about  2 and HzO/Fe  ra t io  
of ca. 0.5 at  a cons tant  dep th  for  each film (cf. Table  I)  
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are  consistent  wi th  the  model  in which the passive film 
is const i tu ted  essent ia l ly  of FezO3 �9 H~O. In  respect  to 
the  O / ~ e  rat io,  the value  is not  consistent  wi th  the  
model,  which requires  1.5, whereas  the value  observed  
is a round  0.9. However ,  if one takes  the average  of the  
sum of the O / F e  and O H / F e  ratios,  a value  of a p p r o x i -  
ma te ly  1.5 is obta ined.  To ra t ional ize  this  resuli ,  i t  
m a y  be taken  tha t  the la t t ice  wa te r  is bound by  means  
of hydrogen  bonding to the lat t ice 0 2 -  ions, so that  the 
XPS sees a p seudohydroxy la t ed  s t ructure .  The sche-  
mat ic  shown in Fig. 13 shows a type  of s t ruc ture  which 
might  be consistent  w i t h  a val~e of 1.5. 

Table  I I  shows the effect of XPS  analyzing depth  
on var ious  re levan t  ratios.  The Ototal/Fe and the H~O/ 
Fe ra t ios  are h igher  than  that  requi red  by  the po lymer  
model  nea r  the surface, but  they  correspond to tha t  
requ i red  as one goes into the  dep th  of  the  film. The 
ex t ra  wa te r  near  the  surface m a y  seem reasonable  in  
te rms of wa te r  adsorbed  in the double  layer .  

In Table III, the effect of chlor ide  ions on the re le -  
vant  rat ios  is tabula ted .  The Ototal/Fe ra t io  is down 
to 1.5 f rom 2.0. This corresponds to wha t  would  be 
expected  if C 1 - i o n s  r emoved  wa te r  in the  process  of 
depass ivat ion (13, 23). More s t r ik ing ly  still,  the  rat io  
of H~O/Fe goes down to 0.1 a f te r  exposure  to C1- ions, 
in marked  consistence wi th  the model. The average  of 
the sum of (OH + O ) / F e  is 1.5, a f te r  C1- addit ion,  
in accordance with  a dehydra t ed  s t ruc ture  a f te r  de-  
passivation.  The fact  tha t  the O H / F e  rat ios of a film 
af te r  b r eakdown  (Table  I I I )  are  s imi lar  to those of 
the nonexposed  pass ive  films (Tables  I and  II )  is pos-  
s ib ly  due to res idua l  hydrogen,  in the  form of h y -  
d roxy l  groups, r emain ing  in the passive film, or, more  
probably ,  due to corrosion product  bui ldup,  e.g., 
Fe(OH)8,  th roughout  the  l aye r  af ter  b reakdown.  

Ion scattering spectroscopy data.--This is shown in 
te rms of O / F e  rat ios  (cf. Fig. 9). Af t e r  the first 5A, 
the rat io  for a passive film at ta ins  a value  of about  2, 
jus t  wha t  is requ i red  of the po lymer  model  wi thout  
chlor ide  exposure.  The O / F e  rat io af ter  chlor ide  add i -  
t ion has the constant  value  of 1.5, as is needed  b y  the 
po lymer  model.  The constant  values  obta ined  also 
indicate  a single oxide phase th roughout  the  thickness  
of t h e  passive films. 

SIMS data. With  respect  to depth,  i t  is seen tha t  
the  O H - / O -  rat ios  (Fig. 10) reach  a h igh  of 0.5 nea r  

0 0 0 \ \ \ 
O-- Fe Q Fe Q Fe OH 

>-. /.o / ' 
I~1 H ILl H ILl 

/ / \o / 0 0 . 0 

\ '  \ \e'' / / J 
0 Fe 0 Fe 0 OH 

/ \  / \  / \  
0 0 0 0 0 0 \ /  \ /  \ /  

0 Fe 0 Fe 0 Fe OH /", /,,, 0%..0 .o 
0 ' Fe 0 Fe 0 Fe 0 H 

/ / / 
0 0 0 

Iron Metal 
Electrode Passive Film 

Fig. 13. Schematic representation of the hydrated passive film an 
iron. 
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the surface and level off in the bulk of the films at 
less than 0.1. The modelistic ratio for the polymer 
structure, e.g., Fe~Oz. H20, is about 0.3, but SIMS is 
qualitative, and, therefore, the numerical discrepancy 
does not seem significant. However, what is significant 
is the temperature effect. It is seen that, qualitatively, 
the fall of the O H - / O -  ratios with increase of tem- 
perature is consistent with the removal of water as 
the key aspect of the effect of temperature on passi~re 
films. 

The data presented in Fig. 11 establishes chloride 
penetration into passive films on iron on being ex- 
posed to chloride-ion solutions as a result of events 
leading to breakdown. The requirement of water within 
passive films to facilitate chloride-ion penetration of 
the latter has been stressed in the case of the break- 
down of passivated titanium alloys (52). With respect 
to the surprising decrease of chloride ions with time 
in passive films (cf. Fig. 11), some dissolution of the 
passive film itself takes p~ace, as is evidenced by the 
rotating ring-disk work of Heusler and Fischer (53), 
which showed Fe z+ species arising after exposure of 
passivated iron disks to chloride solution. 

From the data presented in Fig. 12, the interracial 
passive film region is about 5A thick, and the region 
between 10 and 27A corresponds to films with constant 
properties. After 27A, the fall off in the O + signal 
indicates that the inte~ace with the iron substrate is 
reached. A film thickness of ca. 27-30A for a growth 
potential of W 0.3V (NHE) is in excellent agreement 
with the ellipsometric data of Sato et al, (55). It is 
also possible to conclude from this data (Fig. 12) with 
regard to the effect of chloride ions that the thickness 
of passive films clearly remains unchanged for various 
times of exposure to chloride ions before and after 
breakdown (41). 

It  must be pointed out, however, that the data de- 
rived from SIMS analyses is qualit~ative in nature (56, 
57). In the SIMS process, complications associated with 
matrix effects (58, 59), preferential sputtering (60, 61), 
and knock-on effects (62) in sputtering can arise. Only 
a general picture, at best, can be deduced from such 
data. 

Conclusion 
The electrochemical kinetic evidence excludes ad- 

sorption-displacement models (37, 38, 42), pore models 
(46, 47), and chemico-mech.anical models (48-50), but 
leaves open a choice among ion-exchange processes 
(1), point-defect models (22), or the hydrated poly- 
meric oxide model (15-17, 20) in the case of the break- 
down of passive films on iron in chloride solutions. 
With respect to the spectroscopic evidence, though none 
of the data is by itself conclusive, yet, taken together, 
they point in favor of the polymeric oxide model. 
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ABSTRACT 

A tertiary current-distribution model is developed for predicting two-dimensional shape change during 
electrodeposition through polymeric masks. The cathode geometry studied consists initially of a parallel array of micro- 
scopic, rectangular trenches, the trench bottoms being conductive metal, and the trench walls being formed from insulating 
mask material. Concentration polarization, activation polarization, and a stagnant diffusion-layer treatment of convective 
mass transport are incorporated into the model equations. Boundary integral equation methods and Euler-predictor, 
trapezoid-corrector time integration are used to calculate the deposit-shape history as it depends on geometrical parame- 
ters, the level of convection, and the degree of polarization. 

U s i n g  photolithography techniques and materials 
developed for the manufacture of integrated circuits, 
it has become possible to create electroforming molds 
on a micron- or even submicron-size scale. In the 
semiconductor industry, these microscopic electro- 
forming molds are termed mask structures, so that 
the process of electroforming with them is called 
electroplating through polymeric masks. The individual 
steps in this process are described elsewhere (1). When 
metal is electrodeposited through a mask under the 
proper conditions, the deposit conforms faithfully to 
the dimensions of the mask pattern. Hence this pro- 
cess can be used to fabricate metal structures that 
preserve the pattern resolution obtainable with current 
lithography technology (2). 

Romankiw et al. (3) have compared this technique 
to other procedures used to obtain patterned micro- 
scopic metal structures. The techniques of wet chemi- 
cal etching, reactive ion etching, sputter etching, and 
ion milling cannot etch wholly in one direction. To 
varying extents they degrade the resolution of the 
mask pattern by lateral spread of the etching species. 
Lift-off techniques "nvolving the evaporative deposi- 

* Electrochemical Society Active Member. 
Key words: current density, moving boundary, boundary ele- 

ment method, electrodeposition. 

tion of a metal are more faithful to the mask pattern, 
but it is only with difficulty that features much taller 
than they are wide can be obtained. Electroplating 
through masks does not have this aspect-ratio limita, 
tion. In view of its advantages, electroplating through 
masks is beginning to see use in the fabrication of 
magnetic bubble memories (2), thin film recording 
heads (4), masks for x-ray hthography (5), fresnel- 
zone plates and submicron gratings for  x-ray diffrac- 
tion (6), and interconnection networks for micro- 
electronic circuitry (7). 

This work is a theoretical investigation into the mass- 
transfer aspects of the electrodeposition step of this 
metallization process. The masked electrode is dis- 
tinguished by feature sizes that are small relative to 
the concentration boundary-layer thickness, and by 
the separated, recessed cathodic areas. We derive a 
model which emphasizes the importance of diffusional 
limitations in influencing the evolving shape of the 
electrodeposit. Other  theoretical studies of electrode 
shape evolution either have not considered tertiary 
current-distribution effects (8-11), have considered 
tertiary effects but do not apply to microprofiles (12), 
or have only cons4dered the limiting current case (13). 
Among the studies just cited, only Alkire et al. (8) 
have considered a discontinuous electrode geometry. 
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Theoretical Formulation of the Model Problem 
A microprofi le  is defined as a fea ture  of e lectrode 

topography  whose size r iva ls  or  is smal le r  than  the 
thickness  of  the  concentra t ion bounda ry  l aye r  ad jacen t  
to the e lect rode surface (14). Microprofiles of an elec-  
t rode  p resen t  an uneven surface to mass t ransfer  by  
diffusion and convection because ra ised  par t s  of the 
profile a re  more  accessible to mass t ranspor t  of the  
reac t ing  species f rom the bu lk  electrolyt~e. In  the p ro -  
cess of e lec t rodeposi t ion th rough  masks,  the cathode 
layout  is de te rmined  photo l i thographica l ly ,  so tha t  
typica l  fea ture  sizes are 1-100 ~n .  The thickness  of 
the concentra t ion bounda ry  l aye r  can be app rox ima ted  
f rom measurements  or  calculat ions of the  ma~s- t rans -  
fer  coefficient. Under  condit ions of gent le  s t i r r ing,  an 
effective film thickness of 50-100 ~m is typical .  Hence 
deposi ted fea tures  wil l  be wi th in  the  size domain of 
the  microprofi le.  

Kardos  and Foulke  (14) have presen ted  an ex ten-  
sive rev iew of e lec t rodeposi t ion on microprofiles.  They  
present  theore t ica l  es t imat ions  and expe r imen ta l  r e -  
sults to suppor t  the  re la t ive ly  large impor tance  of 
diffusional and convective effects in de te rmin ing  the 
d is t r ibut ion  of cur ren t  dens i ty  on a microprofile.  For  
a microprofile,  ohmic influences are  negl igible  as com- 
pa red  to concent ra t ion  and ac t iva t ion  overpoten t ia l s  in 
de te rmin ing  the local pa t t e rn  of cur ren t  d is t r ibut ion.  
Neg}ecting the role  of p la t ing  ba th  addit ives,  va r i a -  
t ion in the  cur ren t  dens i ty  on a microprofi le  is p r i m a r -  
i ly  due to the var ia t ion  in mass  t rans fe r  by  diffusion 
or convection of the  deposi t ing species. 

We consider  the  case of a single deposi t ing species in 
a suppor t ing  e lec t ro ly te  bath.  The reduced  impor tance  
of the  poten t ia l  field in the  v ic in i ty  of a microprofi le  
e lect rode fea ture  leads to a simplif ication of the  cur-  
r en t -d i s t r i bu t ion  analysis.  The por t ion of the e lec t rode  
overpo ten t i a l  tha t  is not  a t t r i bu ted  to changes in the  
concentra t ion field of the  deposi t ing species is assumed 
constant .  The contr ibut ion  of migra t ion  to t r anspor t  of 
the minor i ty  deposi t ing species is negligible,  and solu- 
t ion of the potent ia l  field is unnecessary.  

The cell  geomet ry  considered is i l lus t ra ted  in Fig. 1. 
At  the  cathode, whe re  the deposi t ion occurs, a p ro to -  
typic  pa t t e rn  of evenly  spaced, ident ica l  r ec tangu la r  
t renches  is considered.  This might  r epresen t  a mask  for 
a gra t ing  or  a group of circuit  lines. Since the  potent ia l  
field on ly  influences the deposi t  g rowth  th rough  its con- 
s tant  cont r ibu t ion  to the  cathodic overpotent ia l ,  detai ls  
of the  anode geomet ry  are  not  considered.  Concep-  
tual ly ,  the anode is pa ra l l e l  to and located far  above the 
masked-e l ec t rode  plane.  

Convect ive effects a re  inc luded in the analysis  in an 
app rox ima te  manner  b y  model ing  the concentrat ion 
b o u n d a r y  l a y e r  as an equiva lent  s tagnant  film ad jacen t  
to the  e lect rode surface.  The thickness of this  film is 
i nve r se ly  p ropor t iona l  to the  mass - t r ans fe r  coefficient. 
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Fig. 1. Two-dimensional model geometry 
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A th inner  film corresponds to grea ter  agi ta t ion and a 
fas ter  ra te  of deposit ion.  Outside of the s tagnant  film, 
al l  species a re  assumed to be  at the i r  bu lk  concent ra -  
tions. 

This approx imat ion  neglects  the effects of the local 
flow pa t t e rn  on mass t rans fe r  in the trench,  a s impl i -  
fication which is val id  for  smal l  fea tures  and modera te  
ra tes  of agitat ion.  In real i ty ,  flow over  the top of 
the t rench wil l  induce rec i rcu la t ing  mot ion wi th in  the 
trench.  If  ~ is the character is t ic  veloci ty  grad ien t  on 
the surface of the  mask and L is the ha l f -w id th  of the 
t rench,  then the character is t ic  veloci ty  of the  rec i rcu-  
la t ing m o t i o n  is ,.,0.01,~L (15). Accordingly ,  the Pecle t  
n u m b e r  tha t  character izes  the impor tance  of this r ec i r -  
cu la t ing  mot ion re la t ive  to diffusion is Pe  --~ 0.01-~L~/D, 
where  D is the diffusion coefficient of the deposi t ing 
species. Fo r  example ,  wi th  L --  10 ;~m, D _-- 10 .5  cm2/s, 
and # = 100 s -1 (character is t ic  of a vigorous,  bu t  l ami -  
na r  shear  flow), Pe -~ 0.1, and diffusion wi l l  be domi-  
nant .  

I t  is assumed tha t  a single ca thodic-depos i t ion  reac-  
t ion occurs and tha t  the  current  dens i ty  no rma l  to the  
cathode surface is descr ibed by  a concen t r a t ion -depen-  
dent  Tafel  equat ion (16) 

icath = --i| exp (--ac~lsF/RT) [1] 

The surface overpotent ia l ,  ~s, is found as the sum of the  
concentra t ion overpotent ia l ,  ~c, and a constant  

~s -- --~ + const. [2] 

~= --(RT/zF) In (C| iS] 

As discussed above, the constant corresponds to the 
level of applied potential, which influences the current 
level but is much less important than the concentration 
field in affecting current density uniformity. The ex- 
pression [3] for the concentration overpotential is valid 
for a minority reacting species in a supported elec- 
trolyte, as shown by Newman (16). 
We assume that the bulk concentration and the 

diffusivity of the reacting species are constant during 
the deposition and that the rate of shape change of the 
deposit is slow compared to the establishment of the 
concentration field. The last assumption is based on an 
estimated Peclet number for the advance of the cathode 
of I0 -S, using 10 -6 cm/s as a typical velocity for the 
cathode surface (7). 
With these assumptions the deposit growth is modeled 

by solving Laplace's equation for the concentration field 

= 0 [4] 

subject  to the fol lowing bounda ry  conditions.  Firs t ,  the  
ca thode cur ren t  dens i ty  is p ropor t iona l  to the  diffusive 
flux of the reac t ing  species normal  to the  cathode 

i~ata -- n �9 zFD~TC, cathode surface [5] 

Here  n is the  surface no rma l  vector  which points  i n t o  

the  deposi t  surface f rom the e lectrolyte .  Usual ly  the  
cu r ren t  dens i ty  is descr ibed by  Eq. [1]. We are  also 
in te res ted  in solving for  the l imi t ing  cur ren t  d i s t r ibu -  
t ion for  comparison.  For  this  special  case,  the  concen-  
t ra t ion  of the  l imi t ing  reac tan t  a t  the  cathode is s e t  to  
zero 

C = 0, cathode surface ( l imi t ing  cur ren t )  [6] 

The cathode cur ren t  dens i ty  also de te rmines  the  ra te  of 
cathode movement .  Assuming  a cur ren t  efficiency of 
uni ty ,  and  denot ing the surface  ve loc i ty  as Vs, the  
ca thode ve loc i ty  in  the  d i rec t ion  of the  surface  n o r m a l  
i s  g i v e n  a s  

M 
_n. v ,  = io.  [7] 

The cathode current density is negative, indicating that 
growth is into the electrolyte. At the bulk solution- 
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diffusion l aye r  interface,  the  reac t ing  species is at its 
bu lk  concent ra t ion  

C : C| Y : H [8] 

F ina l ly ,  there  is no flux across p lanes  of s y m m e t r y  or  
insula t ing  surfaces 

n .  VC - -  0, insulator ,  s y m m e t r y  p lanes  [9] 

The equat ion set is recas t  in  nondimens iona l  v a r i -  
ables  b y  using the t rench  ha l f -w id th  as the  charac te r -  

to 
[I0] 

ist ic l eng th  and defining 

x -- X / L  c = C/C~ 

y -- Y / L  Vs = Vsto/L 

h =_ H / L  D C ~ I t  

pL 2 
V~LV 

Upon subst i tu t ion,  Eq. [1]-  [9] become 

82c 02c 
-- -t- -- = 0 [11] 
Ox 2 Oy 2 

C = 1, y : h [12] 

n �9 Vc : _~c~+(adz), cathode surface [13] 

c : 0, cathode surface ( l imi t ing  cur ren t )  [14] 

n �9 Vc : O, insulator ,  s y m m e t r y  planes  [15] 

n.vs:n'Vc, T>O [16] 

where  the  polar iza t ion  pa rame te r ,  ~, is defined as 

Li .  
- z F D C .  exp [ - - acF(n  s +  n ~ ) / R T ]  [17] 

This  use of  the  t e rm  polar iza t ion  p a r a m e t e r  differs 
f rom its use in  descr ib ing  s econda ry -cu r r en t  d i s t r ibu -  
tions. Here  i t  is a measure  of diffusional mass - t r ans fe r  
l imi ta t ions  compared  to e l ec t rode -k ine t i c  l imitat ions.  

A t  any  t ime, Eq. [11]-[15] are  used to de te rmine  the 
concentra t ion  field along the cathode, which is then 
used to advance  the cathode according to Eq. [16]. 
Repet i t ion  of this  process resul ts  in a h is tory  of the  de-  
posi t  shape and its local g rowth  ra te  s ta r t ing  f rom the 
in i t ia l  condit ion of a flat profile. 

The model  equat ions are  sufficiently complex  so tha t  
numer ica l  solut ion is requi red .  Pren t ice  and Tobias 
(17) have  recen t ly  su rveyed  numer ica l  methods  for 
solut ions to cu r ren t -d i s t r i bu t ion  problems.  Of the  
methods  used to da te  for moving bounda ry  e lec t ro-  
chemical  problems,  the f in i te -e lement  method  (FEM) 
(8, 10, 13) and the f ini te-difference method  (FDM) 
(9, 11, 12) are  the most general .  In  the  presen t  s tudy,  
we have  found it  advantageous  to use an i n t e g r a l - e q u a -  
t ion technique appropr ia t e  for  Laplace ' s  equation,  r e -  
f e r r ed  to as the bounda ry  e lement  method (BEM).  The 
BEM is the method  of choice for this inves t igat ion p r i -  
m a r i l y  for  two reasons.  Firs t ,  i t  incorpora tes  the  iso- 
pa r ame t r i c  mapping  advan tage  of the FEM. That  is, the  
basis  functions tha t  are  used to in te rpo la te  the  concen-  
t ra t ion  field are  also used to in te rpo la te  the  sys tem 
boundar ies .  The ab i l i ty  to convenien t ly  represen t  curved 
or  deforming  boundar ies  is therefore  bui l t  into the  
method.  Second,  b y  us ing an in t eg ra l - equa t ion  form of 
Laplace ' s  equat ion,  it  is poss ible  to reduce a p rob l e m 
from a form involv ing  an ent i re  region to a form in -  
volving da ta  only alon~ the region 's  boundary .  This re -  
duct ion in d imens iona l i ty  of the  p rob lem can resul t  in 
computa t iona l  savings, especia l ly  if only  surface values  
of deuendent  var iab les  are  sought. Unl ike  the  FDM or 
the  FEM, which genera te  banded,  symmet r i c  matrix~ 
problems,  the  BEM resul ts  in a ma t r i x  p rob lem tha t  is  
ful l  and  asymmetr ic .  The economy of  the  technique 
hinges on the reduct ion  of the  p rob l em to only  the  sys -  
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tem boundar ies  and the concomitant  savings in the  
n u m b e r  of node points.  I ts use  has been demons t ra ted  
by  severa l  authors  (18-23). 

The mathemat ica l  formula t ion  of the BEM is der ived  
f rom the requ i rement  that  weighted  res idual  in tegra ls  
of Laplace ' s  equat ion  vanish  over  the  domain,  

I a  wiV2cd~ = O [18] 

Here wi : w i ( x ,  y;  xi,  Yi) is a we igh t ing  funct ion tha t  
is defined with  reference to a node point  (xi, Yi) and an 
observa t ion  po in t  (x, y ) .  By in tegra t ing  by  par t s  twice 
and using the d ivergence  theorem,  Eq. [18] is r educed  
to 

--  s  -~ - I r C ( n  �9 V w i ) d r  

-- .,rf-wi(n" V c ) d r  = 0 [19] 

where  d r  is used to s ignify in tegra t ion  over  the  sys -  
tem boundaries ,  r .  The first in tegra l  t aken  over  the  
domain  is e l imina ted  by  choosing wi to be a Green ' s  
funct ion ( fundamenta l  solut ion) for  Laplace ' s  equa-  
tion. The general ,  two-d imens iona l  BEM formula t ion  
is based on using the free space Green ' s  funct ion 

1 
w i ( : c , Y ; x i ,  y i )  =- In [ ( x - -  z i )2-I  - ( y - - y i )  2] [20] 

4~ 

which satisfies V2wi(x, y; xi, Yi) W 8 (x --  xi) 8 (y --  Y0 
= 0. Here  ~ is the Dirac  del ta  function. Subs t i tu t ing  
Eq. [20J into Eq. L19J resul ts  in the  in teg ra l  form of 
Laplace ' s  equat ion 

e~ci - -~ c [ n .  V In ( r ) ] a r  

+ - ~  I n ( r )  ( n .  V c ) d r  = 0 [211 

where  r ------ ~/ ' (x  --  xi) 2 + (y --  yi) 2, and  ei depends  on 
the point,  (xi, YD, at  which the equat ion is appl ied.  
When  (xi, Yi) is outside the domain,  Oi = 0; when 
(xi, Yi) is inside the domain,  el ---- 1; and when (xi, YD 
is on the domain  boundary ,  as is the  usual  case, el 
equals  the in te r io r  angle  of the domain  d iv ided  by  2n. 
Fo r  the usual  smooth surface point,  Oi = l/z. 

A ma t r i x  formula t ion  of the BEM is constructed by  
choosing a set of noda l  points  a long the  boundary .  The 
values  of the  concentra t ion and its no rma l  der ivat ive ,  
d c / d n  -- n .  Vc, on the b o u n d a r y  are  in te rpo la ted  b y  
a set of one-d imens iona l  finite e lement  basis  funct ions 
{~i(s) }. Each funct ion is wr i t t en  in a local  coordinate  
s tha t  accounts for the  or ien ta t ion  of the pa r t i cu l a r  
segment  of the boundary .  The concent ra t ion  and its 
der iva t ive  on the bounda ry  are  expressed  as 

N 

C[~:(S) ,y(S)]  = ~.~ r  
i = l  

[22] 
N 

dc 
[ x ( s ) , y ( s ) ]  = ~-~ c K s ) d i  

an i= I 

where  the  coefficients {cl} and  {di} are  de t e rmined  f rom 
the solut ion of the  weigh ted  res idua l  equations.  The  
shape of  each segment  of the  bounda ry  is also in t e rpo -  
la ted  b y  this finite e lement  basis according to the  iso-  
pa rame t r i c  mappings  

N N 

x = ~ ~i(s)xt, y = ~ ~i(s)y~ [2s] 
i=l / : 1  

The summat ions  in Eq. [22] and [23] a re  fo rma l ly  over  
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all nodes on the boundary; however, for the quadratic 
basis functions used here, only three terms are nonzero 
at any location. 

Substituting the basis functions and boundary con- 
ditions of Eq. [12]-[15J into Eq. [21] results in an 
algebraic =equation for each node point (xi, Yi) 

e,tci - -  ~ ,, n .  V In ( r )d r  

1 
S r  (Zcjcj) [n .  Y In ( r ) ]d r  

p.~ l.re 

•  
+ 2~L r, [In (r)] [Zcj(dc/dn)j]dr 

S r  [In (r)] (Z~jc])~ +(=J=) dr  = 0 [24] 
2~L o 

where r measures the distance from the point (xb Yi). 
The integrals in Eq. [24] are nonzero only along spe- 
cified boundary segments, as indicated by the notation. 
The segment types are rc (cathode), rj (insulator or 
symmetry plane), and rd (top of diffusion layer). 

The boundary conditions for a well-posed problem 
specify either c, dc/dn, or a relationship between them, 
at every point along the surface. Therefore, application 
of Eq. [24] using each node as a base point results in 
a set of simultaneous equations for the unknown nodal 
values of {ci} and {dt}. The matrix formulation for 
this problem 

AX+F+Q=0 [ 25 ]  

is obtained by defining 

I / r i . r {  r [n .  V In ( r ) ]d r  - 2J~Oi~lj, for Xi = ci 

Aij == [ 2 6 ]  

-- L-St, In (r) r for Xl = di 

I Ci for ri, re 
X i  = [27] 

dl for rd 

u ~/r, n. V In (r)dr [28] 

Ql = i f ,  L ro [In (r)](Zcjej)~+(a,/=)dP [29] 

In  Eq. [25], the vector Q h a s  a nonlinear dependence 
on the unknown cathode-surface concentrations. Solu- 
tion to the matrix equations is accelerated using New- 
ton-Raphson iteration, where the components of the 
Jacobian are found from the A matrix and from ex- 
plicit differentiation of Qi with respect to cj. 
The integrals needed in the above terms are done 

numerically using a ten-point Gauss-Legendre quad- 
rature rule, except when the base point coincides with 
the portion of the boundary being integrated. In this 
case, integrals with In (r) singularities result, and a 
four-point quadrature formula that accounts for the 
singularity is applied~(24). We have found that better 
numerical accuracy is obtained if oi is calculated by 
difference, as described by Brebbia (22), rather than 
directly from the interior angle of the domain at 
(x~, y~). The derivation summarized here for the Tafel 
polarization expressed in Eq. [1] also applies to the 
limiting current case, mutatis mutandis. 

A Euler-predictor, trapezoid-correetor scheme is 
used to determine the time evolution of the cathode 
surface, according to Eq. [16]. The method has second- 
order accuracy in time, with local error being O (At) s, 
and .therefore offers a similar level of approximation 
in time to what quadratic basis functions offer in the 

spatial representation. Irrespective of the integration 
scheme used, the error in the calculated position of 
the deposit surface must increase with time. This is 
because the problem is physically and mathematically 
unstable, as will be discussed in the next section. 

The calculation procedure is presented in detail 
elsewhere (25). 

Results and Discussion 
A definitive analysis of error in the numerical solu- 

tiorm is not possible since analytical solutions are not 
available. However, an estimate of the solution error  
was obtained by analyzing the convergence of the 
solution as the number  of nodal points was increased. 
Figure 2 shows the root-mean-square (rms) differ- 
ences in the concentration values at the cathode nodes 
for solutions obtained with varying total nodes, rela- 
tive to the solution obtained with 240 total nodes. The 
observed solution convergence rate was slightly less 
than quadratic for the calculation with the nonlinear 
Tafel kinetics and somewhat faster than quadratic for 
the linear limiting current calculation. There was 
close agreement between the solutions obtained with 
a small number of nodes and the solutions obtained 
using 240 nodes. 

A strong indication that the solutions obtained were 
converging to the correct result was the rapid con- 
vergence of the overall mass balance, also shown in 
Fig. 2. The mass balance was obtained by integrating 
the net current over the surfaces of the domain. This 
imbalance was expressed as a fraction of the total 
current at the cathode boundary. The slopes of the 
mass-balance curves in Fig. 2 indicate that the mass- 
balance error was proportional to the node spacing 
raised to the third power, and was comparable to solu- 
tion error convergence rates for the Galerkin finite- 
element method applied to Laplace's equation using 
biquadratic elements (26). 

Figure 3 may be used as a guide to estimate com- 
putation expense. In Fig. 3, the CPU time needed on 
a Honeywell 6180 mainframe computer to obtain a 
concentration field solution at a single time step i s  
plotted as a function of the number ~of nodes in the 
solution. The rate of growth of execution time with 
the number of nodes suggests that formulation of the 
integral terms dominated the computation expense, 

I 
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Fig. 2. Convergence of the overall mass balance and of the con- 
centration solution at the cathode surface. Imbalance of the mass 
flow over the boundaries is expressed as a fraction of the aver- 
age cathode current. The concentration-field error is the raot- 
mean-square error at the cathode relative to the solution obtained 
using 240 total nodes. Slopes for the linear regression lines are as 
indicated. 
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Fig. 3. Computation time as a function of the number of nodes, 
for solution of the initial concentration field on a Honeywell 6180 
mainframe computer, 

since this  grows wi th  the  square  of the  n u m b e r  of 
nodes and  the expense  of solving the s imul taneous  
equat ion set  scales as the  th i rd  power  of the same 
number .  Given  a sufficient number  of nodes,  the  cost 
of solving the s imul taneous  equat ion set wi l l  even tua l ly  
domina te  the  computa t ion  t ime: 

Fo r  each t ime step, the concentra t ion field had to be 
solved for twice,  and  for  t h e  deposi t ion his tory  os a 
profile,  a sequence of t ime steps was needed.  The re -  
sul ts  were  insensi t ive  to the size of the  t i m e  step tha t  
was used. F o r  most p roblems  a s imula t ion  composed of 
five t ime  s teps agreed  to wi th in  a few percent  wi th  
s imulat ions  tha t  used many  sma l l e r  t ime steps.  When 
the  cur ren t  d i s t r ibu t ion  was nea r ly  uniform, even fewer  
t ime steps were  needed.  S imula t ions  tha t  involved fill- 
ing a deeper  t rench area,  or  that  involved a less un i -  
fo rm cur ren t  d i s t r ibu t ion  were  more  sensi t ive to the 
t ime step and  were  hand led  accordingly.  

React ion kinetics,  t rench  geometry ,  and  deposi t ion 
t ime are  each impor t an t  in de te rmin ing  the deposi t -  
shape his tory.  The kinet ic  factors include /~, at, z and  
~. The values  of/~, .ac, and z were  fixed throughout  this 
s tudy  at  0.58, 0.36, and 2, respect ively .  These values  
are  appropr i a t e  for  a copper  ac id-su l fa te  ba th  and are  
based  on the s ta t is t ical  s tudy  of Caban and Chapman 
(27). The most  impor t an t  kinet ic  factor  is the po la r iza -  
t ion p a r a m e t e r  (Eq. [17]),  ~. I t  is a measure  of mass -  
t r ans fe r  l imi ta t ions  compared  to e lec t rode-k ine t ic  l im-  
i tat ions.  Increas ing  the Tafel  exchange  cur ren t  dens i ty  
corresponds  to a more  act ive e lec t rode  surface and a 
h igher  va lue  of $. However ,  l a rge r  diffusivi ty  and bu lk  
concent ra t ion  of the  deposi t ing species decrease  mass -  
t r ans fe r  l imi ta t ions  and thus decrease  ~. ~ also incor -  
pora tes  the effect of  appl ied  cell  potent ia l  on the  elec-  
t rode  react ion;  for a h igher  appl ied  cell  potent ia l ,  
wi l l  g row exponent ia l ly .  As ~ becomes infinite, the  
in te r fac ia l  concentra t ion becomes zero, and  l imi t ing  
cur ren t  behav ior  results .  

In  Fig. 4, the effect of ~ on the average  cur ren t  den -  
s i ty  across the ini t ial ,  flat ca thode surface is por t rayed .  
The th ree  curves represen t  different  levels  of convec-  
tion, or  th icknesses  of the  diffusion film, h. Two r e -  
gimes of e lec t rochemical  cell  behav io r  are  identified. 
When  $ < 0.01, the  k inet ic  res is tance of the  e lec t rode  
reac t ion  controls  the  ra te  of reaction,  and the cur ren t  
is independen t  of h. The solut ion of the  concent ra t ion  
field in this  low cur ren t  reg ime was n e a r l y  constant  
at  the  bu lk  value,  and the cur ren t  dens i ty  was n e a r l y  
un i form over  the cathode surface.  At  high levels  of & 
mass t r ans fe r  control led  the  electrodeposi t ion.  The 
to ta l  cu r ren t  was insensi t ive to the  precise  leve l  of  ~; 
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Fig. 4. Average initial current density as a function of the 
polarization parameter and diffusion film thickness, for b = 0.2 
and w - -  2. 

the cell  geomet ry  and the thickness  of the  diffusion 
film de te rmined  the deposi t ion pa t te rn .  Only  at  i n t e r -  
media te  values  of ~ were  both mass t rans fe r  and  k i -  
net ics  impor t an t  in set t ing the deposi t ion his tory.  

In  Fig. 4, the  polar iza t ion  scale is b roken  so tha t  the 
cur ren t  values  f rom the l i m i t i n g  cur ren t  calculat ions 
are  shown on the ex t r eme  r ight .  There  was a smooth 
approach  of the  non l inea r  (finite ~) solut ions to the  
sepa ra te ly  ca lcu la ted  l imi t ing cur ren t  (infinite ~) so-  
lutions.  This confirmed the consis tency of the u n d e r l y -  
ing calculations.  

The va lue  of ~ had a s t rong influence also on the 
thickness var ia t ions  of the deposi t  shape. In  Fig. 5, 
deposi t  profiles are  d rawn  to show the influence of 
af ter  sufficient cur ren t  has passed to fill e i ther  35% or  
70% of the t rench  area,  denoted b y  A = 0.35 and A - -  
0.70. F igure  5 shows only the r ight  ha l f  of a s y m m e t r i -  
cal  t rench  deposit ,  being consis tent  wi th  the mode l  
cell  geomet ry  of Fig. 1. For  the  cases depic ted  in Fig. 5, 
the in i t ia l  t rench  depth  was 20% of the t rench ha l f -  
width.  The pa t t e rn  of nonun i fo rmi ty  depic ted  in Fi~. 
5 is in accord wi th  expectat ion.  The r i g h t - h a n d  s ide  
of the cathode received addi t iona l  cur ren t  f rom the 
area  above the insula t ing resis t  mater ia l .  The deposi t  
on the  l e f t -hand  side of the  d i ag ram corresponds  to 
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Fig. 5. Deposit profi|es for two values of the polarization param- 
eter, when the trencharea is 35% or 70% full, and h - -  5, b "-  
0.2, and w -"  2. 
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the center  of the t rench and only received current  f rom 
the cell area above it. Therefore, as ~ was increased ,o 
and mass- t ransfer  effects became more important ,  the 
deposit grew fastest nex t  to the t rench wall. The pro- 
file was fiat as it approached the left side of the dia-  >. os 
gram. This was predictable from the symmet ry  con- "~ 
dition that  was imposed for the center of the trench. ~_ 

Except near  the l imi t ing  current,  the deposit pro-  
r 0.6 files calculated for other conditions were s imilar  to o 

those, depicted in Fig. 5. The max imum deposit was at 
the t rench wall, and the m i n i m u m  was at the trench z 
centerline. A smooth curve connected the two extrema, o 0.4 
and  the curve became flat as it neared the center l ine 
min imum.  As the l imit ing current  was approached and o 
the current  dis t r ibut ion became less uniform, it was o= 0.2 
possible to develop r ippled deposit shapes. In  this case, 
the predicted node locations along the cathode surface 
were a l ternate ly  above or below some average curve. ~ 1 7 6  I 

This r ippl ing is due to an  under ly ing  physical in -  
s tabil i ty of the deposition process. A point  on the 
cathode surface that rises above the neighbor ing sur-  
face receives more current  because it is more acces- 
sible. The enhanced deposition caused by the increased 
current  accelerates the growth of the nonuniformity .  
The per turbat ion  analysis of Fedkiw (28), for a pr i -  
mary  current  distribution, indicates that shorter  wave-  
length, sinusoidal electrode profiles will grow faster 
than longer  wavelength  ones. Our numer ica l  s imula-  
tions are consistent with this result  in two ways. First, 
when  r ippl ing occurred, it had the periodicity of the 
node spacing, which is the lowest ripple wavelength 
that  can be accommodated in the boundary-e lement  ap- 
proximation. Second, refining the approximation by 
in t roducing more nodes caused rippled deposits to 
appear at lower currents,  indicating that  the shorter 
wavelength ripples had a faster rate of growth. 

In  addition to the node spacing, the formation of 
ripples was influenced to an unknown  extent  by the 
accumulat ion of calculation error. Fortunately,  r ippled 
surfaces were found only near  the l imit ing current ,  
and after a substant ia l  degree of deposit growth. P r e n -  
tice and  Tobias (17) report  s imilar  ins tabi l i ty  phe-  
nomena  which they suppressed, arbi trar i ly,  by n u -  
merical ly smoothing their  node locations. No smooth- 
ing procedure was employed in the present  study. 

An effective means of parameter iz ing the usual  de- 
posit shapes as they evolve in t ime is to express the 
difference in deposit thickness as a fraction of the 
m a x i m u m  thickness. That  is, the index of nonun i fo rm-  
i ty is defined as 

A Y  ~- ( Y r a a x  - -  Ymin)/Ymax [ 3 0 ]  

The extent  of the deposit is described by  k (deposit 
a rea / t r ench  area) .  Plots of t ,y vs. A are used to i l lus-  
trate the effects of the various geometric parameters  Lo 
on the nonuni fo rmi ty  of the deposit. With reference to 
Fig. 1, recall  that the following geometric factors are 
defined as dimensionless ratios to the t rench half -  
width, L; h, the upper  l imit  of the diffusion film; b, the 
depth of the trenches before deposition; and w, the 
overall  symmet ry  width. To elicit the effect of these 
parameters  on the deposit formation, it  is convenient  to 
define a s tandard set of parameter  values as a reference 
case. For  this purpose we choose h -- 5, b = 0.2, and 
w----2. 

Figure 6 displays the effect of vary ing  the level of 
convection, as expressed by h, at three values of the 
]polarization parameter ,  ~. The other geometric pa ram-  
eters, b and w, are held at their  reference values. For  
a given value of $, increased convection (lower h) 
resulted in a more un i form deposit. With higher levels 
of convection, the diffusion film was thinner,  mass- 
t ransfer  l imitat ions were lessened, and current  from 
above the insula t ing  resist mask that caused uneven  
deposition made a smal ler  contr ibut ion to the total 
current .  It  is convenient  to regard the area above the 
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Fig. 6. Effect of diffusion film thickness on the development of 
deposit nonuniformity, for b = 0.2 and w - -  2. 

insula t ing resist mask as a reservoir  of the deposit ing 
reactant.  As mass- t ransfer  l imitat ions become more 
pronounced,  the addit ional  mass flow from this reser-  
voir promotes uneven  deposition. 

The curves in Fig. 6 fall  into groups showing the 
importance of ~ in  set t ing the nonun i fo rmi ty  of the 
deposit. At the low value, ~ -- 0.2, the influence of the 
t rench geometry Was only weakly felt and the profiles 
varied by on ly  a few percent  in thickness. One might  
suppose that the level of current  at ~ -- 0.2 is on ly  a 
small  fraction of the l imit ing current ,  in  view of the 
predicted un i formi ty  of profile shapes. It  is surpr is ing 
to note that  for the h = 5 in termediate  case, the cur-  
rent  was at 39% of the l imit ing current  level for the 
unfilled trench. The corresponding figures for h -- 1 
and 10 are approximately  15% and 57% of the l imi t -  
ing current,  respectively. When ~ vcas 2.0, the current  
level for the h : 5 case was at 91% of the l imit ing 
current.  

In  Fig. 7, the effect of varying the overall  symmet ry  
width (u)) is shown, with h and b held constant. As 
already noted, the dimensionless cathode ha l f -wid th  
is always defined as 1.0. The results were again con- 
sistent with the idea of the insulator  area funct ioning 
as a reservoir of the depositing reactant.  When the 
overall  symmet ry  width approached the cathode width 
(w -- 1.1), there was little mass flow available f rom 
the vanishing insulator  area. If the insulator  area were 
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Fig. 7. Effect of the trench spacing on the development of de- 
posit nonuniformity for h - -  5 and b = 0.2. 
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eliminated, a uniform one-dimensional current dis- 
tribution would result. With a larger insulating area, 
mass flow to the cathode edge was augmented. 

The effect of varying trench depth (b) is shown in 
Fig. 8. As the initial trench was made deeper, the 
current density became more uniform, since the mass 
flow from above the insulator was able to diffuse 
laterally to a greater extent before reaching the 
cathode surface. With progressively greater amounts 
of deposition, the deeper trenches became shallower 
and developed current distributions that were similar 
to those of trenches that were initially shallow. As any 
given deposit approached the top of the trench area, it 
encountered the least uniform current distribution of 
its history. For a deeper trench, this late growth had 
a smaller effect on the overall uniformity index (~Y), 
because hY was normalized by the maximum thick- 
ness of the deposit. 

A word of explanation concerning the end points of 
the curves in Fig. 6-8 is in order. The calculations 
assumed that the deposit height along the insulator 
wall was always below the top of the insulator. Since 
the profiles can become sharply curved, the deposit 
can reach the top of the insulator when there is still a 
large portion of the trench area unfilled. The different 
curve lengths in Fig. 6-8 were caused by varied times 
for termination of the calculations, because of this 
trench-overrun phenomenon. 

Summary and Conclusion 
Theoretical predictions have been made for deposit 

shapes resulting from the use of photolithographically 
prepared mask structures. The analysis emphasizes the 
effect of concentration variations in determining the 
pattern of current nonuniformity on the exposed cath- 
ode, represented as a set of parallel, microscopic 
trenches. We have treated the applied cell potential as 
a constant contribution to the cathodic overpotential. 
This analysis is appropriate when ohmic influences on 
the local variation of current density are negligible 
compared to concentration and activation overpoten- 
rials. 

The results show a strong dependence of deposit 
shape on the polarization parameter, ~, which expresses 
the importance of mass-transfer limitations relative 
to electrode-kinetic limitations. For large values of ~, 
where mass-transfer limitations predominate, addi- 
tional mass flow from the area above the inactive mask- 
ing material to the cathodic surface causes enhanced 
deposition rates at the electrode edges adjacent to the 
mask. This edge effect can be diminished by reducing 
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Fig, 8. Effect of the trench depth on the development o~ (le- 
posit nonuniformity, for h = 5 and w '.= 2. 

the fractional ,area of the substrate that is masked, by 
increasing the agitation of the bath, or by increasing 
the thickness of the mask pattern. Reducing the ap- 
plied cell potential corresponds to reducing ~. This 
diminishes mass-transfer limitations and smooths the 
current distribution but slows the deposition rate. The 
tradeoff is such that deposit profiles formed at 40% of 
the limiting curent show only a small degree of height 
variation, for the geometry considered. 

The boundary element method was found to be 
effective for solving this electrochemical current dis- 
tribution problem, which involves Laplace's equation. 
The method is especially useful for irregular and de- 
forming domains because it accommodates them in a 
regular way  using isoparametric mapping. Compara- 
tively few nodal points are needed to obtain an ac- 
curate current-distribution solution since the problem 
is only discretized over the boundary surface of the 
domain. The present analysis can be readily extended 
to other mask geometries, including nonperiodic and 
three-dimensional patterns. For the latter case, the 
relative compactness of the boundary-element method 
is particularly advantageous. The boundary-element 
method is also applicable to the unsteady diffusion 
equation (19), which would allow our analysis to be 
extended to pulsed cell potentials. However, the bound- 
ary-element method only applies to field equations 
where a Green's function is available, and does not 
apply directly to current-distribution problems where 
diffusion and migration are both important. 
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LIST OF SYMBOLS 
A formulation matrix 

dimensionless depth of trench before deposition 
B dimensional depth of trench before deposition 

(m) 
c dimensionless concentration of the depositing 

species 
ci dimensionless concentration at the nodal point 
C concentration of the depositing species !g mol/m s) 
Cs concentration of the depositing species at the 

cathode surface (g mol/m~) 
C| bulk concentration of the depositing species (g 

mol/m s) 
di dimensionless normal concentration gradient, n .  

Vc, at the nodal point i 
D diffusivity of the depositing species (m~/s) 
F Faraday's constant (96,500 C/g equiv.) 
F vector resulting from matrix formulation 
h dimensionless thickness of the diffusion film 
H dimensional thickness of the diffusion film (m) 
icam current density normal to the cathode surface 

(Aim2) 
i| exchange current density corresponding, to the 

bulk concentration of the depositing species (A/ 
m 2 ) 

L half-width of the cathode trench (m) 
M molecular weight of the depositing species (g/g  

mol) 
n normal vector pointing from the electrolyte into 

the deposit 
~_ vector of nonlinear contributions 
r radial distance from the point 
R gas constant (8.32 J /g  mol K) 
t time (s) 
to characteristic dimensionless time, pL2/DC.M 
T absolute temperature (K) 
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vs dimensionless velocity of the cathode surface 
V...~s dimensional velocity vector of the cathode sur- 

face (m/ s )  
w dimensionless symmetry width 
wi weighting function based at the ith node point 
W dimensional symmetry width (m)  
x horizontal coordinate, dimensionless 
xi horizontal coordinate of node i 
X dimensional horizontal coordinate (m) 
X vector of unknown conCentrations and fluxes 
y vertical coordinate, dimensionless 
Yi vertical coordinate of node i 
Y dimensional vertical coordinate (m) 
~Y deposit nonuniformity index, Eq. [30] 
z valency of the depositing species and the number 

of electrons in the deposition reaction (g equiv./ 
g mol) 

Greek Characters 
ac cathodic transfer coefficient 

concentration dependence exponent of the ex- 
change current density 

q velocity gradient (s -1) 
r the boundary surface of the model domain 
rc cathode surface contour 
rd diffusion film surface contour 
ri insulator or symmetry plane surface contour 
5 Dirac delta function 
8~ Kronecker delta function, 8ij ---- 1 if i -- j, other- 

wise 5ij ---- 0 
~]s surface overpotential 
~]r concentration overpotential 
oi constant related to position of the point i 
.', trench deposit area/total trench area 

polarization parameter 
o density of the cathodic deposit (g/m s) 
T dimensionless time 
r quadratic polynomial basis function centered at 

nodal point i 
r$ two-dimensional region where Laplace's equa- 

tion applies 

~7 dimensional gradient operator 
V dimensionless gradient operator 
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Efficiency of Splitting Water with Semiconducting Photoelectrodes 
Michael F. Weber* and Michael J. Dignam* 

Department of Chemistry, University of Toronto, Toronto, Ontario, Canada M5S 1A1 

ABSTRACT 

Solar conversion efficiencies for splitting water with semiconducting photoelectrodes are calculated from basic ther- 
modynamic principles combined with transport properties matching those of the best materials presently available. As- 
suming no further constraints, we derive in this way "upper limit" estimates of efficiencies achievable via semiconductor 
photoelectrochemical cells (PEC's), operating with no external electrical bias. Both one- and two-photon configurations are 
considered. A one-photon PEC is found to have an "upper limit" efficiency of -7% (AM 1.2 solar energy to chemical poten- 
tial energy stored as H2). For two-photon configurations, the "upper limit" for a p-n PEC is -10%, while for a tandem PEC it 
is -18%. The tandem cell configuration is the least sensitive to the choice of materials parameters and transport losses and 
yields the highest efficiencies. Significant increases in conversion efficiencies result from assuming lower oxygen 
overpotentials and higher photoelectr0de fill factors than have been achieved so far, with the latter being the more impor- 
tant, however. 

The free energy required to split water reversibly 
into I-I2 and O~ gases at room temperature is about 

* Electrochemical Society Active Member. 
Key words: solar, semiconductor, EMF, energy conversion. 

1.23 eV per electron transferred. As a large fraction of 
solar radiant energy is represented by photons Of en- 
ergy greater than 1.23 eV, one can be misled into be- 
lieving that reasonable sohr  energy  conversion effi- 
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ciencies are  achievable  by  spl i t t ing  wa te r  wi th  an 
e lec t r ica l ly  unbiased,  low bandgap  semiconductor .  Cer-  
ta in  t h e r m o d y n a m m  losses, however ,  a re  associated 
wi th  this process. On conversion of photon energy  to 
free energy,  there  is an en t ropy  price to be paid  which 
is en t i re ly  analogous to that  associated wi th  hea t  en-  
e rgy  conversion in a Carnot  engine (1). In  addi t ion to 
this inevi tab le  loss, there  are  ene rgy  losses associated 
wi th  bu lk  and in te r rac ia l  t ranspor t ,  i.e., wi th  nonrad i -  
a t ive  recombinat ion ,  in te r rac ia l  k inet ics  (overpoten-  
ti,als), and band  bend ing  in the semiconduct ing e le-  
m e n t ( s )  mak ing  up  the e l ec t rode ( s ) .  In  the fo l low- 
ing, we show that  on choosing t r anspor t  p roper t ies  
ma tch ing  those of the best  mater ia l s  p resen t ly  avai lable ,  
these losses requ i re  tha t  a semiconductor  of bandgap  
,,~2.4 eV be used to achieve the  "upper  l imi t"  efficiency 
for conversion of  solar  energy  to chemical  free energy  
as H~ via  an unbiased  s ing le-ph0ton  photoelectrode.  
The use of such a la rge  bandgap  ma te r i a l  for photo-  
conversion excludes most of the solar  r ad ian t  energy,  
resu l t ing  in a f a i r ly  low "upper  l imi t"  efficiency. How-  
ever, much h igher  efficienCies are  possible using mul t i -  
p le  photon devices that  combine the energies  of t w o  
or more photons to effect the t ransfe r  of a single elec-  
t ron  (2).  

The aim of this  pape r  is to calcula te  the "upper  l imit"  
efficiencies for sp l i t t ing  wa te r  wi th  semiconductor  de-  
vices. We define the  "upper  l imi t"  efficiency as that  cal-  
culated inc luding  al l  essent ial  t he rmodynamic  losses, 
and  t r anspor t  losses, assuming t r anspor t  p roper t ies  
match ing  those of the  best  mate r ia l s  p re sen t ly  ava i l -  
able, but, otherwise,  the efficiencies are  op t imized  
wi th  no fu r the r  constraints.  Three  specific photo-  
e lec t rochemical  cell  (PEC) configurations are  con- 
s idered,  s ingle bandgap  photoe lec t rode  wi th  da rk  
aux i l i a ry  electrode,  s epa ra t e ly  i l lumina ted  single 
bandgap  photoanode  and photocathode,  and  t w o - b a n d -  
gap photoe lec t rode  wi th  clark aux i l i a ry  electrode.  The 
first has been wide ly  studied,  fol lowing Fu j i sh ima  
and Honda ' s  paper  on TiO~ photoanodes  (3). In  
the paper ,  Fu j i sh ima  and Honda proposed using a 
p - t y p e  photocathode to rep lace  the  P t  aux i l i a ry  elec-  
trode. This second configurat ion has since been ex-  
p lored  by  severa l  workers  (4-7).  This configurat ion is 
commonly  called a p -n  PEC. Various  ways  of making  
devices in the  th i rd  configuration have been proposed  
and tes ted  by  Wagner  and Shay  (8),  Nozik (9, 10), 
and Morisaki  e t a l .  (11). Fan  (12) has cal led this 
opt ical  series, e lect r ica l  series a r r angemen t  a t andem 
cell, bu t  has pe r fo rmed  calculat ions for photovol ta ic  
(d ry)  devices  only.  

Calcula t ing  the  the rmodynamic  m a x i m u m  open -c i r -  
cuit  vol tage  of a quan tum absorbing  sys tem is r e l a t ive ly  
s t ra igh t fo rward .  Such calculat ions have been car r ied  
out  by  Ross (13), Ross and Hsiao (14), and Ross and 
Collins (15). They  de r ived  expressions for  the  m a x i -  
m u m  p o w e r  obta inable  f rom such systems as well.  
Bolton (16) and  Bolton and Hal l  (17) have  ex tended  
these resul ts  to two-pho ton  processes and appl ied  them 
to severa l  fuel  genera t ion  react ions  and to p h o t o b i o -  
l og i ca l  systems.  The resul t ing  vol tage  and power  
m a x i m a  are  a lmost  twice as high as the. efficiencies 
usua l ly  achieved wi~h s ing le -c rys t a l  devices. The 
difference is of course due to the t r anspor t  losses men-  
t ioned above. In  photoe lec t rochemical  junctions,  a fu r -  
the r  p a r a m e t e r  is involved,  name ly  the  f la tband po ten-  
t ial ,  V~B, of  the  semiconductor ,  as this  de te rmines  the  
re la t ive  a l ignment  of the  semiconductor  bands  and the  
redox  energy  levels of the e lectrolyte .  

We do not  make  es t imates  for  any  pa r t i cu l a r  choice 
of mater ia ls ,  but  have  chosen t r anspor t  p roper t ies  tha t  
a re  upper  l imits  for  any  ma te r i a l  to date. Bandgap  
energies,  Ee, and VFB, on the  o ther  hand, are  chosen 
free]~y to opt imize the convers ion efficiencies in the  
hope tha t  ma te r i a l s  can be found  wi th  the  des i red  Es 
and VFB. 

Open-Circuit Potentials 
The free energy, ~#, or voltage, ~Me, available from 

the  electrodes of a PEC cannot  be easi ly  measured  be-  
cause ohmic contacts  are  not  made  at one or both of the  
appropr i a t e  interfaces.  However ,  the concept is jus t  as 
useful, and its exis tence real,  as for so l id-s ta te  de -  
vices. The vol tage  output  of a sol id-sol id  junct ion is 
der ived  f rom the difference be tween  the q u a s i - F e r m i  
levels  for e lectrons and  holes in the  space charge  region.  
Simi lar ly ,  the  f ree  energy  d r iv ing  force for  an e lec t ro-  
chemical  j u n c t i o n  is de te rmined  by  the difference be -  
tween  the two quas i -Fe rmi  levels.  Ger ischer  (18-20) 
has s tressed this repeatedly ,  point ing out that  the EMF 
der ived  f rom a doped n - t y p e  semiconductor  is given 
by  

~ = k T l n  [(p + ~p*)lp] [1] 

i.e., by the increase in the hole q u a s i - F e r m i  level  upon 
i l luminat ion,  where  p is the hole concen t ra t ion  in the  
dark,  and hp* is the  change in the hole concentra t ion  
upon i l luminat ion.  In  the dark,  the re  is only  one com- 
mon Fermi  level.  

Thus, for a s ing le-photon  photoe lec t rochemica l  j u n c -  
t ion to function, b ias- f ree ,  f o r  the photoelec t ro lys is  of 
water ,  it  is not  a sufficient condit ion tha t  the energy  
bandedges  of the semiconductor  s t raddle  the e lec t ro-  
chemical  redox energy levels  for H+/H~ and O2 /OH- .  
Rather ,  the e lec t ron and hole qu,asi-Fermi levels  mus t  
s t raddle  these e lec t rochemical  po ten t ia l  levels,  wi th  
sufficient ex t ra  separa t ion  to a l low for band bending,  
overpotent ia ls ,  and in te r fac ia l  recombinat ion.  1 In o ther  
words,  the open-c i rcu i t  potent ia l ,  A/~max/e, of a PEC 
must  be cons iderab ly  l a rge r  than  1.23V. The open-  
circui t  potent ia l  of e i ther  a good s ing le -c rys ta l  s i l icon 
p - n  junct ion  or  Scho t tky  ba r r i e r  is usua l ly  ,-0.6 V, 
which is cons iderab ly  less than  the bandgap  of 1.14 eV. 
One can then  see qua l i t a t ive ly  tha t  for a s ingle b a n d -  
gap device, a bandgap  a lmost  twice  1.23 eV wi l l  be  r e -  
qu i red  for  sp l i t t ing  water .  

I f  two semiconductor  devices a re  connected in e lec-  
t r ica l  series, the total  h~ is the sum of the ~ ' s  f o r ~ a c h  
device. An  example  of a t andem cell  is shown in ~.g. 1. 
In  this case, the  hole quas i -Fe rmi  level  in semicon-  
ductor  I must  lie sufficiently be low the O2 /OH-  redox  
level,  and the e lec t ron  quas i -Fe rmi  level  in semicon-  
ductor  I I  must  l ie  sufficiently above the H+/H~ level,  in 
o rde r  to take  care of the var ious  free energy  losses. I t  is 

1 Redox levels and quasi-Fermi levels are electrochemical po- 
tentials for electrons. Net electron flow is forbidden except from 
higher to lower electrochemical potentials. A common misconcep- 
tion is that net electron flow is determined by the relative align- 
ment of bandedges and redox levels. 
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Fig. I. Example of a tandem PEC which divides the solar spectrum 
into high and low energy photons by sequential irradiance of 
materials with different bandgaps. An n-n isotype junction is shown 
here for simplicity, along with the photoelectrochemical junction, 
but other configurations are possible. Electrons from the high 
bandgap material enter the valence band of the low bandgap 
material where low energy photons boost them to the conduction 
band. 



1260 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  June 1984 

evident  tha t  smal le r  bandgap  ma te r i a l s  m a y  be suc-  
cessfully used in this device compared  to a s ingle band-  
gap device. 

Calculations and Results 
We begin by  calcula t ing the open-c i rcu i t  potent ia l ,  

A~max/e , obta inable  in a semiconductor  of  banclgap, Eg, 
in the  presence of both  rad ia t ive  and nonrad ia t ive  re-  
combination.  Using a more  genera l  formula t ion  than 
Gerischer ,  Ross (13) has developed equat ions for  the 
e lec t rochemical  po ten t ia l  difference,  h~, be tween  the 
lower  and upper  electronic states of a two-s ta te  system. 
He assumes tha t  a l l  subs t ra tes  wi th in  each band  are  in 
the rmal  equi l ibr ium,  i.e., he assumes the va l id i ty  of 
the  quas i -Fe rmi  leve l  descr ipt ion.  Thus, a common 
chemical  po ten t ia l  character izes  a l l  .electrons wi th in  
a s ingle band  (13). A more  recent  formula t ion  of the 
p rob lem has been given by  Ross and Collins (15), 
upon which we base our  presen t  analysis.  Ross has 
shown (13-15) that  the  gross ra te  of r ad ia t ive  r e -  
combinat ion  pe r  un i t  a r ea  is given b y  

[exp (h#/kT) ] fIBB (v) ~ (V) Wdv [2] 

where  ~(v) is the absorpt ion  coefficient and  W is the 
thickness.  The ne t  ra te  is less because of reabsorp t ion  
of tha t  rad ia t ion  in o the r  par ts  of the absorber ,  and is 
given by  

[exp ( ~ / k T )  ] fIBB (v) e (V) dv [3] 

where  ~(v) is the spec t ra l  emiss iv i ty  and IBB is the  
photon flux of t he rma l  b l ackbody  rad ia t ion  over  al l  
direct ions 

IBB = 8~n2(z,/c)~[exp ( - -hv/kT)] ,  by>>  kT [4] 

where  n is the re f rac t ive  index,  and  al l  o ther  symbols  
a re  conventional .  The ra te  of nonrad ia t ive  recombina-  
tion, t rea ted  as s imply  a constant  K t imes the  gross 
ra te  of r ad ia t ive  recombina t ion  given by  [2], is given 
by  

K [exp (A~/kT) ] fIBB (~') a (v) Wdv [5] 

A t  open circuit,  a l l  carr iers  recombine,  i.e., the ra te  
of photon absorpt ion,  Ig, for  hv ~ Eg, equals the  to ta l  
ra te  of car r ie r  recombinat ion.  Using this condition, we 
ob ta in  

A~max - -  kT in Ig -- kT ln [ f IBB (~)e(v)dv 

+ KW f IBB(~)a(v)d~] [6] 

Equat ions  [2] and [3] were  de r ived  for  a s imple  two-  
s ta te  system. Nonrad ia t ive  recombina t ion  requires  mid -  
gap s ta tes  however ,  so Eq. [6] is not  genera l ly  valid.  
For  example ,  h~rnax must  vanish  in the  dark,  which is 
p red ic ted  by  Eq. [6] only  if  K : 0. The er ror  is smal l  
a t  no rma l  i l lumina t ion  intensit ies,  however ,  as we dem-  
onst ra te  below. For  semiconductors ,  KW~(v) > >  ~(v) 
for  a l l  v so the  first in tegra l  in Eq. [6] can be neglected.  

To eva lua te  the  second in tegra l  in Eq. [6], we mus t  
assume some genera l  funct ional  form for the absorpt ion  
coefficient ~(v).  The s implest  form, a s tep-funct ion,  was 
found to give considerable  e r ror  in p red ic t ing  open-  
circui t  potent ials .  The in tegra l  is heav i ly  weighted  for 
values  of hv nea r  the  bandgap,  so a real is t ic  form for 
~(v) mus t  increase  more  s lowly  as a funct ion of ~ than 
does a step function. Fo r  s implici ty,  we assume a s imple 
l inear  dependence  on v 

a(E) : a ( E / E ~ - - I ) ,  E : h v ~ E g  [7] 

Neglect ing  h igher  o rder  te rms in kT/E~, we obta in  

~max : Eg --  kT In [8~ (kT) ~n2EgKaL/c~h~Ig] [8] 

in which  we have  rep laced  the sample  thickness W b y  
L where  L _-- Lrn, the  minor i ty  car r ie r  diffusion length,  
i f  Lm ~< W, while  L _-- W if  Lm ~ W. This Iast condit ion 
was chosen for  the fol lowing reason. Ross' der iva t ion  
of ~ is based on the  assumpt ion  that  the q u a s i - F e r m i  
levels  for  both  electrons and holes are  constant  t h rough-  

out the semiconductor .  This is essent ia l ly  an assumpt ion  
of high carr ier  mobi l i ty  or  long diffusion length.  In  
considering this approximat ion ,  he argues (21) tha t  
this case produces  the highest  efficiency, so its use is 
consistent  wi th  our a im of calcula t ing "upper  l imi t"  
efficiencies. However ,  the assumpt ion  becomes unphys i -  
cal in the case of th ick solids for which W > >  Lm. Par t s  
of the solid that  cannot  communicate  via  diffusing car-  
r iers,  cannot affect the separa t ion  of quas i -Fe rmi  
levels  in the i l lumina ted  space charge region. Thus, 
we have l imi ted  the region of impor tance  to the  smal le r  
of Lm and W. 

Other  than  the bandgap  energy,  Eg, al l  ma te r i a l  pa -  
r amete r s  a re  contained in the  product  n2KaL. To test  
Eq. [8] for  silicon, we use the fol lowing values  for  the  
pa ramete r s :  n = 4, L = W = 10 -~ cm, a = 108 cm -1 
(obtained f rom the absorpt ion  spec t rum) ,  Eg ---- 1.14 
eV, and Ig = 2.5 • 1017 c m - 2 .  s -1 for  AM 1.2. Fo r  
good s ing le -c rys ta l  silicon, K ,~ 600 (15). With  these 
values,  Eq. [8] predic ts  an open-c i rcu i t  po ten t ia l  f o r  
sil icon of Lt~rnax/e --- 0.60V. Good s ing le -c rys ta l  sil icon 
junct ions  give Voc =- 0.57V (22). The highest  r epor ted  
va lue  for silicon under  AM 1.2 i l lumina t ion  is 0.614V, 
obta ined wi th  W -- 0.03 cm (23). Fo r  L _-- 0.03 cm, 
Eq. [8] yields  Vo~ ---- 0.63V. Upper  l imi t  values were  
expected,  as we have not  considered other  minor  losses. 

Values of n, K, ~(v),  and L are, of course, not  ava i l -  
ab le  for  as ye t  undiscovered mate r i a l s  wi th  bandgaps  
chosen to opt imize conversion efficiency. Therefore ,  in 
a l l  cases, we assume a va lue  of  n~KaL ---- 3.3 • 106, 
which gives a va lue  of 0.57V for A~max/e in silicon. 
Direct  bandgap  mate r ia l s  have h igher  values  of a, but  
lower  values  of Lm than  silicon, leaving  neKaL r e l a -  
t ive ly  unchanged.  Using this value  for n2KaL, we ob-  
ta in  for CulnSe~:, wi th  Eg = 1.0 eV, a A~raax/e Of 0.44V. 
This agrees qui te  wel l  wi th  the  best  observed value  of 
0.437V (24). For  amorphous  silicon, wi th  Eg = 1.7 eV, 
we obta in  1.1V, which is h igher  than  the bes t  values  
of 0.gv. Amorphous  si l icon undoub ted ly  has a much 
h igher  recombinat ion  ra te  than  the value  of K used 
here.  Therefore,  the values of ~max which we calculate  
wi th  Eq. [8] can be considered as "upper  l imit"  es t i -  
mates.  

Ex t rac t ing  carr iers ,  i.e., d ra w ing  a cur ren t  to p ro -  
duce power,  a lways  reduces  ~ .  The reduct ion  of 
f rom A#m~x is due to band  bending  and in ter fac ia l  r e -  
combinat ion losses. "Lower  l imits"  for  these losses a re  
in t roduced here  b y  tak ing  expe r imen ta l  I -V  curves 
f rom the best  s ing le -c rys ta l  devices. Fo r  different  b a n d -  
gaps, these response curves are  scaled to the a p p r o p r i -  
ate open-c i rcu i t  vol tage and sa tura t ion  cur ren t  den -  
sities, as descr ibed below. The va lue  of A~ at  any  
opera t ing  cur ren t  can be obta ined  f rom these response 
c u r v e s .  

F o r  the two-pho ton  t andem cell, we assume that  a 
large  bandgap  ma te r i a l  can be jo ined  phys ica l ly  to a 
smal le r  bandgap  photovol ta ic  device such tha t  the  
l a t t e r  can provide  an  e lec t r ica l  bias for  the  former ,  
for example ,  by  a t r anspa ren t  ohmic contact.  The 
photovol ta ic  could be a p -n  junct ion,  Schot tky  b a r -  
r ier,  etc. We fu r the r  assume tha t  a l l  rad ia t ion  not  ab -  
sorbed in the l a rge r  bandgap  semiconductor  can reach  
the lower  bandgap  mater ia l .  

The remain ing  pa rame te r s  and t r anspor t  cha rac t e r -  
istics necessary  to calculate  "upper  l imi t"  efficiencies 
a re  in t roduced as follows: (i) A l l  photovol ta ic  I - V  
curves  for different  bandgap  mate r i a l s  are  mode led  
a f te r  tha t  for a silicon s ing le -c rys ta l  p - n  junct ion  wi th  
Voc = 0.57V, Isc --  37 m A / c m  2, ff ----- 0.82 (22). The 
open-c i rcu i t  potent ia l  for  a given bandgap  is the  
~max]'e ca lcula ted  f rom Eq. [8], Is is de t e rmined  f rom 
the AM 1.2 spec t rum and the absorpt ion  spec t rum 
given be low in (iii). (ii) Al l  photoelec t rode  curves 
are  modeled  af te r  tha t  for  O~ evolut ion on one of our  
th in  films of TiO2 at  300 nm. The curve  shape is es-  
sent ia l ly  the  same as tha t  for  s ing le -c rys t a l  TiO~ at 
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330 nm (25) and ve ry  close to tha t  for  H2 evolut ion on 
P t -ove rcoa ted  InP  as r epor ted  by  Hel le r  et al. (26). 
Pho tocur ren t  onset  is assumed to occur  at  VFB. An  
op t imum value of VFB is chosen, as descr ibed in ( iv) .  
(iii) To calculate  the sa tura t ion  cur ren t  dens i ty  Is, the  
quan tum efficiency of a l l  mate r ia l s  was assumed to 
increase  l i nea r ly  f rom zero a t  hv = Eg to un i ty  at  hv 
> Eg + 0.2 eV. This approx imat ion  is s imi lar  to the 
one made  for  ~(~) in calcula t ing h#ma~, but  is more  
convenient  for this  appl icat ion.  (iv) Various values  of 
f la tband are  found for  different  mater ia ls ,  so we have  
assumed no res t r ic t ions  here.  For  an n - t y p e  photo-  
anode of bandgap  Eg, we choose VFB SO that,  w i th  AM 
1.2 i l lumina t ion  dr iv ing  a po ten t ia l  of h#max/e, the  
quas i -Fe rmi  level  for  holes is jus t  far  enough below the 
O e / O H -  level  to include the  overpo ten t ia l  for oxygen  
evolut ion,  ~lo~. This is i l lus t ra ted  in Fig. 2. Fo r  the  
case shown there,  the bandgap  is not  wide enough for  
sp l i t t ing  wa te r  unless  an addi t ional  e lec t r ica l  bias is 
suppl ied.  

Al though  the  overpo ten t ia l  changes wi th  cu r r en t  
densi ty ,  i t  d o e s s o  roughly  logar i thmica l ly ,  and so is 
essent ia l ly  constant  o v e r  the l imi ted  range  of  cur ren t  
dens i ty  of in teres t  for  these calculations.  

Thus, the  op t imum value  for VFB iS one tha t  causes 
the hole q u a s i - F e r m i  level  to be ~1o2 be low the O2 /OH-  
level  dur ing  AM 1.2 i l luminat ion.  For  more  cathodic 
values  of VFB, hole t rans fe r  is impeded  kinet ica l ly .  
However ,  sufficient band bending  wil l  increase  the  hole 
concentra t ion at  the  interface,  thus lower ing  the hole 
quas i -Fe rmi  leve l  and  a l lowing the react ion to proceed.  
This could change  the I -V response curve and, depend-  
ing on the kinetics,  conceivably  e i ther  raise, or lower,  
the efficiency for  different  cases. For  values  of VFB 
more  anodic  than  opt imum, a h igher  bias vol tage is 
required .  This l a t t e r  case is a lways  deleter ious  and 
leads  to lower  efficiencies. (V) Fo r  the in i t ia l  set of 
calculations,  the overpoten t ia l s  were  set at 400 mV 
for  O~ evolut ion and 50 mV for H2 evolut ion.  On most  
semiconductors  and metals ,  the  va lue  of ~]oe is much 
h igher  than  400 mV at 10 m A / c m  2. This choice of over -  
potent ia l ,  and the poss ib i l i ty  of  cata lyt ic  overcoatings,  
is discussed la te r  in detail .  (vi) All  calculat ions use the 
AM 1.2, 100 m W / c m  2 summer  to ta l  solar  spec t rum 
impinging  on a flat p la te  col lector  as measured  by  Boer 
(27). The rad ia t ion  inc ident  on the photovol ta ic  e le-  
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Fig. 3. Current-vo|tage curves 
for three cases of a 1.8 eV band- 
gap phetoanode on top of a low 
bandgap photovoltalc. In each 
case, the operating current is 
given by the intersection of the 
two curves (circled position). 

ment  i:s correc ted  for  the l ight  absorbed  in the wide  
bandgap  photoanode.  No correct ions are  made  for re -  
flection losses. (vii) All  efficiencies are  de te rmined  b y  
a graphica l  method for each type  of PEC configuration. 

Tandem PEC 
Efficiencies are  de t e rmined  b y  combining the I -V  

photoresponse curves of the  photovol ta ic  and  the photo-  
anodic junctions.  The photovol ta ic  junct ion  acts to bias 
the photoanodic  junc t ion  to the r equ i red  poten t ia l  
anodic of VFB. The opera t ing  current ,  i~p, is given 
un ique ly  by  the intersect ion o f  the  photovol ta ic  I -V  
curve wi th  that  of the photoanode,  as this quan t i ty  
mus t  be equal  at  both  interfaces.  Examples  are  given 
in Fig. 3 and 4 for different  pho toanode  and photovol -  
talc bandgaps.  A n y  excess car r ie rs  recombine  as they  
n o r m a l l y  wouM for ind iv idua l  opera t ion  of e i ther  de -  
vice at  the opera t ing  cur ren t  density.  The efficiency of 

Fig. 2. Energy diagram for the photoanode-electroWyte interface. 
The hole quasi-Fermi level must lie at least ~o~ below the O ~ / O H -  
level to overcome the kinetic hindrance of charge transfer (over- 
potential). 
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afficiencies. 

conversion of incident solar radiant  energy to stored 
chemical potential energy (as H~) is given by iop (mA/  
cm~) • 1.23V/100 (mW/cm2). Obviously, lower band-  
gap materials give higher photocurrent densities, but 
the tradeoff is the larger  bias voltage needed. In Fig. 
3, we see that a bandgap combination of 1.14 (silicon) 
and 1.8 eV gives nearly equal saturation currents in 
each, but that the silicon cannot provide the high bias 
needed to operate a 1.8 eV bandgap photoanode. Re- 
call that the minimum photocurrent onset potential is 
determined by the requirement that the quasi-Fermi 
level for holes lie 0.4 eV below the Oz/OH- level. In 
addition, we have allowed for the 50 mV of overpo- 
tential for H~ evolution at the metal cathode by shifting 
the photoanode I-V curves by that amount. The effi- 
ciency is markedly improved if a 2.0 eV bandgap photo- 
anode is employed. With still higher bandgaps, such 
as 2.2 eV, shown in Fig. 4, the efficiency begins to drop 
because of the smaller saturation photocurrent. The 
two photojunctions are in electrical as well as optical 
series, so the efficiency can become limited by the 
saturation current of either one of them. 

Curves of efficiency vs. photoanode bandgap are dis- 
played in Fig. 5 for three photovoltaic bandgaps. The 
efficiency curve for a photovoltaic bandgap of 1.5 eV 
is not shown here, but is comparable to that for 1.3 
eV. Efficiency contours as a function of both bandgaps 
are displayed in Fig. 6. The overall  maximum efficiency 
occurs for a photovoltaic bandgap ,-, 1.4 eV and a 
photoanode bandgap ~ 1.95 eV, and is 16.7%. This 
efficiency is for solar to chemical potential energy as 
H~ gas. Photovoltaic solar cells driving an electrolysis 
cell at  1.68V (,-, 75% efficiency) must operate at 22.3% 
to match this performance. 

Although the above results were obtained for photo- 
anodes, the same results apply to photocathodes on 
photovoltaics. With the latter,  however, the overpo- 
tential  for 02 evolution is easier to reduce, since it 
involves the dark electrode, and hence could be sub- 
stantial ly less than 400 mV. This is discussed in detail  
later. 

p-n PEC 
The as~1,mDtions and I-V curve shapes used for the 

tandem PEC are applied here as well. The optimum 
flatband potential for the photoanode is chosen in the 
same way. For the Dhotocathode, the flatband is chosen 
so that  the quasi-Fermi level for electrons lies 50 mV 
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Fig. 5. Conversion efficiency of a tandem PEC as a function of 
both first (photaanode) and second (photovoltaic) absorber band- 
gap energies. Smooth curves were drawn through the circled points, 
which were obtained from Fig. 3 and 4 and others (not shown). 

above the H+/Hz level during AM 1.2 illumination. 
Photocurrent onset is assumed to occur at flatband in 
each case. The operating .current of the cell is deter-  
mined graphically by plotting the absolute values of 
anodic and cathodic I-V curves and noting the inter-  
secting point. In calculating the efficiency, the operat-  
ing current must be halved to obtain the current per 
cm 2 under illumination. Again the trade-off of satu- 
ration currents and onset potentials produces a maxi-  
mum in the efficiency. Examples are shown in Fig. 7 
and 8. Efficiency vs. bandgap is plotted i n  Fig. 9, with 
a peak efficiency of 9.8% occurring for a bandgap of 
1.75 eV. The analysis is for both equal bandgaps and 
areas for the photoanode and photocathode, but the 
maximum efficiency does not increase for unequal 
bandgaps on keeping the I-V curves of the same form. 

S i n g l e - P h o t o n  PEC 
Finally, the single-photon photoelectrolysis cell is 

considered. We graphically analyze the case of a photo- 
anode and dark cathode. The analysis is the same for 
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tours were generated directly from the information in Fig. 5 and 
similar graphs (not shown). 
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a photoca thode  and da rk  anode if the  same overpo-  
tent ia ls  are  assumed. In e i ther  case, the opera t ing  
cur ren t  dens i ty  for b ias - f ree  opera t ion  corresponds to 
set t ing V = 0 (Fig.  10). As for the  t andem PEC, we 
have  included the 50 mV for H2 evolut ion by  shif t ing 
the  I -V  response curve 50 mV in the anodic direct ion.  
The m a x i m u m  efficiency ob ta ined  is seen to be ,-~ 4.5% 
at Eg ~ 2.6 eV. Fo r  AM 2, or AM 1.2 under  hazy a tmo-  
spher ic  conditions,  the sca t ter ing  of h igher  energy  
photons causes this  to drop to about  3%. 

Discussion 
Considerable  a t ten t ion  was given to the  choice of 

oxygen  overpoten t ia l  used in these calculations.  Dif -  
fe rent  mate r ia l s  exhib i t  a wide range  of overpotent ia ls ,  
w i th  t e m p e r a t u r e  and e lec t ro ly te  composi t ion be ing  

impor t an t  factors.  Increas ing  the  t e m p e r a t u r e  lowers  
the overpotent ia l ,  bu t  doing so also lowers  the  vol tage 
obta inable  f rom any  semiconductor .  The l a t t e r  is a 
w e l l - k n o w n  result ,  and is born  out  by  Eq. [8]. Run-  
ning a cell at  100~ v s .  25~ increases the r ecombina -  
t ion vol tage losses by  some 150 mV. This is roughly  
equal  to the  resul t ing  decrease in overpotent ia l .  Thus, 
for photoanodes we considered only room t empera tu r e  
values for  002, and only  for smooth electrodes.  Some 
roughening of photoelect rodes  may  be possible,  but  
is l imi ted  because of the  need to main ta in  a p rope r  
in te rna l  space charge  field for  efficient e lec t ron-hole  
separat ion.  

A p a r t  f rom the s imple factor  of rea l  surface area,  
many  O~ evolut ion cata lys ts  exh ib i t  an abrup t  increase  
in  Tafel  s lope at  h igher  cur ren t  densi t ies .  F o r  example ,  
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Fig. 8. As for Fig. 7, but for a 
bondgap of 1.9 eV. 
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a Pt-b lack  electrode can evolve oxygen at l0 m A / c m  2, 
75~ 3M KOH, with '1o2 = 180 mV (28) ; but  the over-  
potent ia l  increases to 700 mV at 25~ in 1M KOH on 
smooth Pt  at the same current  densi ty (29). For  high 
surface area NiCo~O4, ,Io2 equals 200 mV at 75~ 10 
m A / c m  2, in  3M KOH (27), but  the overpotential  in -  
creases to 440 mV at 25~ in 1.2M KOH (30). 

A new catalyst of l an thanum nickelate (31) exhibits 
an 002 of only 270 mV at 25~ 10 mA/cm 2, for a s in-  
tered powder electrode (surface area not  reported) .  
Very low overpotentials of ~ 100 mV at 12.5 m A / c m  2 
have recent ly  been reported, after long term tests, for 
lead ru thenate  catalysts (28). These results were ob-  
tained at 75~ in 3M KOH with heavy catalyst  load- 
ing of high surface areas. ~dd ing  ~ 100 mV for room 
tempera ture  operation, assuming no change in Tafel 
slope, and another  100 mV for low surface area elec- 
trodes, ~o2 is about 300 mV at 10 mA/cm2. 

Unless the photoanode mater ial  itself is highly cata- 
lytic, some catalyst such as one of the above m u s t  be 
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Fig. 10. Current-voltage curves for a single-photon photoanode 
for various bandgaps, with inset figure for conversion efficiency Ys. 
bandgap. 

deposited on the electrode in a thin film or island con- 
figuration without blocking either the incident  radia-  
tion or interracial  hole transfer, and without  increas-  
ing surface recombinat ion or delaying the photocurrent  
onset. As this would be difficult to achieve, we have 
chosen the value of 400 mV as the lower l imit  for the 
oxygen evolution overpotential  on a photoanode. For 
PEC's with a dark anode at 25~ a value of 200 mV 
seems ent i reIy possible and wil l  be selected for this 
case. Repeating the analysis for ~o2 =- 200 mV, a maxi -  
mum efficiency of 18.2% occurs for a photovoltaic band-  
gap of 1.3 eV and photoelectrode bandgap of 1.87 eV. 
This is only an increase of 1.5% in efficiency over that  
for the case of ~o2 ---- 400 mV. 

A p - n  PEC of course uses no dark electrode, bu t  
repeat ing the analysis anyway  for ~o2 = 200 mV gives 
a max imum efficiency of 11.5%, with a common band-  
gap of 1.67V. The gain of 1.7% is about the same as 
for the tandem cell. With a s ingle-photon PEC, the 
efficiency increases from 4.5 to 7.1% at a bandgap of 
2.4 eV, a gain of 2.6%. Since the voltage at which the 
cells store energy is fixed at 1.23V, the increase in  
efficiency is due only to the increased rate of photon 
collection made possible by using materials  with 
smal ler  bandgaps. 

A major  source of efficiency loss lies in the slow 
rate of rise of photocurent  with voltage for photo- 
electrodes. In the terminology of photovoltaics, photo- 
electrodes have low fill factors. This high t ranspor t  
loss enters twice for the p - n  PEC. If we again use 
~o2 ---- 400 mV, but  instead replace the no rma l  photo- 
electrode I-V curve with one modeled after the photo- 
voltaic curves used above, considerable gains in the 
m a x i m u m  efficiency result.  The p - n  PEC m a x i m u m  
efficiency changes the most; from 9.8 to 14.7% at Eg -- 
1.55 eV. The max imum single-photon cell efficiency in-  
creases from 4.5 to 8.4% at Eg _-- 2.4 eV, and the t andem 
PEC from 16.7 to 20.3% with Eg I ---- 1.85 eV and Eg II -- 
1.25 eV. These gains are considerably larger than  those 
at tained by a 200 mV reduct ion in overpotential.  

For the case of high fill factor and 200 mV oxygen 
evolution overpotential ,  the m a x i m u m  efficiency of 
22% occurs for a tandem cell with Eg I _-- 1.8 eV and 
Eg II _-- 1.15 eV. A p - n  PEC peaks at 16.6% for Eg = 
1.4 eV, and the s ingle-photon cell peaks at 11.6%, at 
Eg _-- 2.2 eV. In all cases, we have used the opt imum 
value of the flatband potential,  as described above. 
From Fig. 2, one can see that  an anodic shift in  the 
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Table I. Conversion efficiencies (solar to stored H2) in percentages 
as a function of the oxygen overpotential and fill factor* 

for the solid-electrolyte ]u~nction 

Low fill factor High fill factor 
.System ~oJ400 mV 200 mV 400 mV 200 mV 

Single-photon 4.5 7.1 8.4 11.6 
ceU 

p-n PEC 9.6 11.5 14.7 16.6 
Tandem PEC 16.7 18.2 20.3 22 

* By fill factor we mean the rate of increase of photocurrent  
from flatband. "Low" refers to values observed for TiOe (25) 
and InP (26). "High" refers to values observed for silicon p-n 
photocells  (22}. 

flatband can be treated as equivalent to a higher oxy- 
gen overpotential. All  the cases just described will be 
treated in more detail in a forthcoming publication 
(32), where the analysis is extended to. include three- 
v~nd four-photon devices. 

Summary and Conclusions 
The various cases and resulting effici~encies are sum- 

marized in Table I. The underlined values are the 
"upper limit" efficiencies based on transport  properties 
matching those of the best materials presently avail- 
able, and hence, represent current realistic goals for 
these systems. If one includes reflection losses, the 
efficiency values must be reduced by up to 10% of 
their  value, as the AM 1.2 total, not direct, solar spec- 
t rum was used for the calculations. We have not in- 
cluded resistance losses in the electrolyte and separator 
membrane, but these would be important in an engi- 
neering analysis. 

We draw three conclusions that are probably of 
greater  significance than the actual calculated effi- 
ciencies. First, improving the fill factor would be po- 
tential ly more rewarding than reducing the oxygen 
overpotential. Secondly, the sin~Ae-photon cell effi- 
ciency is most sensitive to changes in transport  loss 
fsctors such as fill factor and overpotential. The p-n 
PEC efficiencies are less sensitive to these loss factors, 
followed by the tandem cell efficiencies which are the 
least sensitive. Thirdly, for equal loss factors, the t an-  
dem cell would yield the highest efficiency, followed by  
t h e  p-n PEC, then by the single-photon device. 
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Thin Film Photoelectrochemistry: Iron Oxide 
K. I t o h t  and J. O ' M .  Bockris* 

Department of Chemistry, Texas A&M University, ColLege Station, Texas 77843 

ABSTRACT 

Fe203 photoelectrodes offer advantages in respect to simplicity. However, at normal thickness, the efficiency is low. In 
this paper, the consequences of reducing the thickness of the oxide below that of the space-charge region is investigated. 
Allowing the ]ight transmitted through the first electrode to be incident on further semitransparent electrodes should give a 
gain over a normal (ca. 1 ~m thick) electrode of ca. three times for ten successive electrodes. The theory is experimentally 
tested. It is quantitatively in agreement with experiment for values of the hole-solution transfer-rate constant (for water 
oxidation) of 6 • I0 -2 cm s -~ M -~ and a model in which �88 of any change in applied p.d. occurs across the Helmholtz layer. 

i t  is we l l  known tha t  Fe203 has in te res t ing  p rope r -  
t ies as a photoanode (1-8).  However ,  the efficiency is 
poor [corresponding to a m a x i m u m  pho tocur ren t  of a 
few hundred  , A  �9 cm -2 at  one sun (6-8)], because of a 
low absorpt ion  coefficient (~) as wel l  as low ca r r i e r  
mobil i t ies  (~) (2, 4). Thus, much l ight  is absorbed  out -  
side the space-charge  region, and, consequently,  m a n y  
of the corresponding holes are  not  subject  to an effec- 
t ive in te rna l  field in t r anspor t  to the  surface.  How-  
ever,  if an Fe203 l aye r  were  made with  a thickness 
comparab le  to or less than  tha t  of the space-charge  
region in a th ick electrode,  and if  the subs t ra te  on 
which Fe~O8 is deposi ted were  t ransparent ,  l ight  t r ans -  
mi t t ed  th rough  the e lec t rode  could b e  ut i l ized by  a 
second electrode.  Repet i t ion  of this  pr inc ip le  should  
a l low most of the incident  l ight  to be absorbed wi thin  
the  space-charge  regions. Thus, the effect of the dis-  
advantages  of Fe203 could be reduced.  

A s imple  model  is used to quan t i fy  this  concept. I t  is 
shown tha t  ten layers  of films each wi th  thickness  
600A. deposi ted on SnO2- a n d / o r  In203-coated glass 
subs t ra tes  increase the pho tocur ren t  compared  wi th  
tha t  of a thick electrode by  a factor  of up to 4: 

Photocurrent Electrode-Thickness Dependence for a 
Thin Film 

The pho tocur ren t -po ten t i a l  (ip-V) character is t ics  of 
thin films is different  f rom tha t  of thick e lect rodes  in 
a potent ia l  range  where  the space-charge  region of 
thickness  W -- (2eeoVs/eNd)'/2, exceeds the film th ick-  
ness d, where  e represents  the die lect r ic  constant  of 
Fe2Os, Co is tha t  of vacuum, Vs is the Schot tky  b a r r i e r  
height ,  e is e lectronic  charge,  and/V~ is the donor  den -  
s i ty  (9).  

In  the  poten t ia l  reg ion  in  question, the  e l e c t r i c  

f ie ld in  the Fe~.Os, E ( =  - - d V / d x ) ,  is approxim&tely  
- -Vs /d  =_ --E, since the SnOs subs t ra te  employed  he re  
is h igh ly  conduct ive (cf. Fig. 1). Then  the diffusion 
equat ion  for holes in the th in  l aye r  of Feg.O3 c a n  b e  
expressed  as fol lows 

D d2p dp 
'dos 4 -  gE "~x - -  p/T'4- Ioe -'~z -- 0 [ I ]  

Here, D represents  the  diffusion coefficient o f  ho les ,  p 
is  the hole densi ty,  ~ is the hole mobi l i ty ,  r the  h o l e  
l i fet ime,  a the absorpt ion  coefficient, Io t h e  l ight  in-  
tensi ty,  and x the dis tance f rom the e lec t rode-so lu t ion  
interface.  The l i fe t ime of holes in the film was a s -  
s u m e d  to be independen t  of position, i.e., r ecombina -  
t ion centers  ( ra the r  than e lec t ron-hole  collisions) in 
the film bu lk  are  r ega rded  as the p redominan t  source 
of loss, since the  e lect ron dens i ty  in a pos i t ive ly  b iased 
film is severa t  o rders  of magni tude  smal le r  than  tha t  
in the bulk.  

�9 Electrochemical Society Active Member. 
t On leave from Department of Chemistry, Faculty of Engineer- 

lng, University of Tokyo, Tokyo, Japan. 

These assumptions  are  reasonable  for the s i tua t ion  
in which ~ and ~ are  smal l  and the film is thin. Other -  
wise, surface recombina t ion  m a y  be the dominat ing  
mode of 10ss. 

One bounda ry  condit ion can be taken  for  the  Fe203- 
SnO~ interface,  where  a pa r t i cu l a r ly  high concent ra-  
t ion of surface t raps  can be t aken  to imp ly  (c#. Fig. 1) 

p ( d )  = 0 [2] 

Also, at the bounda ry  of Fe203 wi th  the solut ion 

+ Ep(0)  : kvHP(0) : - -  [31 D ~ ==0 e 

Here, kvH represents  the ra te  constant  of the in te r ra -  
cial react ion be tween  holes in Ye208 and reac tan ts  in 
solution; t h e  p.d. in the Helmhol tz  l aye r  is VH. 

The solut ion of Eq. [1], [2], and [3] is given b y  Eq. 
[4]. 

p ( x )  : A e x p ( - - a x )  4- B e x p ( b x )  4- C e x p ( - - a m )  

[ 4 ]  
Here 

C[ (kvH -- aD) e - a d  _ (kvH 4- aD --  v ) e  bd] 
A -- [5] 

(kvH 4 .  bD)e  bd - -  (kvH - -  aD)e -ad 

(a) Ohmic Electron {c) 
Sn02 Contact Fe203 Energy Sn02 

Helmholtz 
Plane 

Solution 
E 

x d 0 
-Electrical 

(b) Potential 

........... r _~iv. T ..... 

1 / I I~He~mh~ 

1 l i  
x d 0 

Fe203 

q P(O) 

g 
0 

Fig. 1. a: Schematic energy-level diagram for an Fe203 film- 
Sn02 junction. The thickness of the ohmic contact region is re- 
garded as negligible in the text. The dotted line represents a 
Schottky barrier with a width smaller than d. Vs is the potential 
difference (p.d.) across an Fe20~ film. b: Schematic diagram of 
electrical potential in the electrode and in solution. VH is the 
Helmholtz layer p.d. c: Schematic d~agram of the distribution of 
hole concentration in the film; p(d) = 0 was chosen as one 
boundary condition. 

1266 



Vol. 131, No .  6 

B - -  

T H I N  F I L M  P H O T O E L E C T R O C H E M I S T R Y  

C[(kvH Jr aD -- v ) e  -an --  (kvu 4- bD)e  -ad]  

(kvH 4- b D ) e  bd -- (kv~ --  a D ) e  T M  

[6] 
aZo 

C = [73 
1/~ + av - -  D,~ 

a --  ( ~ / v  ~ 4- 4D/~ 4- v ) / 2 D  [8] 

b --- ( ' k / ~ ~ 4 -  4D/~ - -  v ) / 2 D  [9 ]  

v = ~E ( Y J d )  [10] 
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Here we consider  a s tack  of film electrodes:  each 
e lect rode is in contact  wi th  solution; l ight  f rom the 
same 'source  passes th rough  each e lect rode (c]. Fig. 3).  
Let  the t ransmi t tance  oI an Fe20~ film and tha t  o~ the 
conducting subs t ra ta  be ] and g, respect ively.  Then the 
l ight  in tens i ty  af ter  the ruth electrode,  1,n, can be r ep -  
resented as foIlows 

I m =  f g Im-1  " - .  . = (fg)r~ 1o [13] 

The pho tocur ren t  ip is g iven by  Eq. [3] as i# --  
ekvHP (0).  

ekvtt CD[a(e  bd -- e - e d )  - -  b ( e  TM - -  e TM) - -  a ( e  bd - -  e - - a d )  ] 
{,= 

(kvH 4- b D ) e  bd --  (kvH -- a D ) e  T M  

It  is n o t e w o r t h y  tha t  there  are two dis t inct  po ten-  
t ia l  differences at  the in terface:  one, Vs, is the  Schot tky  
ba r r i e r  height ;  the  other,  Vm is the Helmhol tz  po ten-  
t ia l  difference (p.d.) in solution. In  the absence of a 
high concent ra t ion  of surface states, the va lue  of VH 
is constant  wi th  change of ex te rna l  potent ia l .  How-  
ever,  wi th  a high concentra t ion  of ionized surface  
s tates  (e.g., 10 i~ cm -2, 1/10 ionized) ,  VIi var ies  wi th  
total  appl ied  p.d. (10). The value  of VH at the  f la tband 
condi t ion (i.e., Vs = 0), VH ~ is not  necessar i ly  0 (10). 
Therefore,  the to ta l  p.d. V measured  f rom the f la tband 
potent ia l  (VFB) can be represen ted  as V -~ Vs 4- (VH 
- -  VIi ~ ---- Vs 4- ~VH. The rat io V s / V  = "y is r ega rded  
in this pape r  as a pa ramete r .  

Equat ion  [11] is p lo t ted  in Fig. 2. I t  shows ip as a 
funct ion of the to ta l  potent ial ,  V at  a thickness  of 
800A, wi th  va ry ing  ~. 

kv~{ can be represen ted  phenomenologica l ly  as (11) 

k v H  = Cko exp [/~AVH/(kBT/e)] [12] 

where  kB represents  Bol tzmann 's  constant ,  T is the 
t empera tu re ,  c is the concentra t ion of reducing species 
in solution,  and ko and #(# ,~ 0.5) are  parameters .  

Deduct ion  of Photocur rent  of a S tack  of  
Th in  Fi lm Electrodes 

The advantage  of thin film f o r  e lect rode mate r ia l s  
hav ing  proper t ies  s imi lar  to those of Fe20~ is an en-  
hanced in te rna l  field, but  the d isadvantage  is reduced  
absorpt ion  of l ight ,  compared  wi th  a th ick  film, re -  
spect ively.  Consequently,  increased cur ren t  dens i ty  can 
on ly  be obta ined  by  s tacking  severa l  e lectrodes to-  
gether .  

i 

0.75 ~ 0.50 

0.2 0.25 

' 0.0 0 2  0.4 0.6 0 8  1 0 1.2 

V / v o l t s  

Fig. 2. Calculated ip-V curves based on Eq. [11] for different 
values of % Parameters used were d = 800_-&, # ~- 0.01 cm 2 V - 1  
s -1 ,  a = 10 4 cm " l ,  cko = 10 cm s - i , / ~  "-  O.S, �9 - -  2 X 10--9S, 
and Io = 1017 s - ;  cm -~ .  

The amount  of l ight  absorbed  b y  the ruth l a y e r  
equals  ( 1 -  ] ) I m - i .  Hence, the l ight  absorbed  b y  
Fe~O~ layers,  An, is 

[11] 

A n :  ~r  ( 1 - - ~ ) I m - i  
m = l  

= Io (1  - -  •) , ~  ( / g ) r n - 1  
~ n = l  

- -  I o (1  - -  ] )  (1 - J - g - ) / ( 1  - fg )  I14]  

T h e r e f o r e ,  l i g h t  a b s o r b e d  b y  Fe2Os, increases b y  a f ac -  
t o r  o f  A J A 1  = (1 - -  ] * g n ) / ( 1  - -  ] g )  - -  L . .  T h e  t o t a l  
p h o t o c u r r e n t  ST is o b t a i n e d  as 1 

iT = Ln ip [1B] 

where  i ,  is given by  Eq. [11]. 
F igure  4 shows the iT-d  re la t ions  for  a s tacked sys-  

tem wi th  va ry ing  values  of the n u m b e r  of electrodes,  
n, name ly  n = 1, 4, 10, 20, and oo. Here,  b was t aken  
as 0.90, a typ ica l  va lue  for  SnO2- a n d / o r  In2Os-coated 
glass (13). The values  of ~, ~, ~, and V were  taken  as 
0.01 cm 2 V - i  s -1, 2 X 10-9s, 104 cm -1 (2), and 1V, r e -  
spect ively;  ~ was assumed to be the same as the e lec-  
t ron mobi l i ty  (4), considering tha t  'both the conduct ion 
band and valence band of Fe~O3 are  d bands  (12). The 
value of �9 is known from the l i t e ra tu re  (9) on o ther  
mater ia l s  to have the o rde r  of magni tude  10-9-10-lOs; 
it  was var ied  here be tween  0.1 and 100 X 10-gs. 

I t  is c lear  f rom Fig. 4 and 5 that  ip c a n  be increased 
by  s tacking electrodes having  an opt imal  value  of 
thickness.  Fo r  the condit ions chosen for the plots  of 
Fig. 4 and 5, the op t imum thickness is 500-&, which 
value  is smal le r  than  the space-charge  region wid th  W, 
w h i c h  is about  1500A in a th ick e lec t rode  at  Vs --  1V. 

T h u s ,  t he  v a l u e  of i ,  r e f e r s  to  a f ixed p o t e n t i a l  c o n t r o l l e d  b y  
a n  e x t e r n a l  p o t e n t i o s t a t .  I t  r e p r e s e n t s  t h e  c u r r e n t  d e n s i t y  for  
the  f i rs t  e l ec t rode .  T h e  c u r r e n t  a c r o s s  t h e  s e c o n d  e l e c t r o d e  wi l l  
be  th i s  s a m e  i ,  ( as  t h e  p o t e n t i a l  is he ld  t h e  s a m e  a t  each  e lec-  
t r o d e ) ,  m u l t i p l i e d  b y  a f r a c t i o n  r e p r e s e n t i n g  t h e  l i g h t  i n c i d e n t  
u p o n  it ,  c o m p a r e d  w i t h  t h a t  i n c i d e n t  u p o n  t h e  f irst .  T h e  c u r r e n t s  
for  each  e l e c t r o d e  add. T h e  e x p r e s s i o n  [151 r e p r e s e n t s  t h i s  rea- 
son ing  fo r  n e l ec trodes .  

1 2 m 

[~::.;s 

L~_~.:-"I!' ..~.':'..'?i. '-'"::'.. 

;"> F;;O3 J Substrata 
Fig. 3. Schematic diagram of stacked film electrodes, Light in- 

tensity after the mth electrode is/'m. 
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Fig. 4. Dependence of iT on d for a stack of film electrodes. 
The numbers of electrodes are shown in the figure, namely, 1, 4, 
10, 20, and oo. Parameters were taken, b : 0.90, V : 1V, T 
2.7 X 1 0 - % ' ; ,  ~ 0.75, cko ~- 30 cm s - 1 , #  ~ 0.5, and Io "- 
1017 s-1 cm-2. 

Exper imental  
Fe208 thin  films were  deposi ted  onto conduct ing 

glass made  by  coating the glass wi th  SnO2 a n d / o r  
In2Os by  the use of a sp ray  pyrolys is  technique (13). 
A 0.1M FeCl~ e thanol ic  or i so -p ropy l  alcoholic solut ion 
conta ining 0.1M HC1 was sprayed  onto hea ted  conduct-  
ing glass subs t ra tes  (350~ in a i r  by  the use of an al l -  

~ 400 

/ 

n 

Fig. 5. bependence of ;T o n  the number of stocked electrodes for 
different film thickness, d. Parameters chosen are the same as 
those in Fig. 4. 

glass a tomizer  and  N2 as ca r r i e r  gas. The subs t ra te  
t empe ra tu r e  was moni to red  b y  the  use of a thermocou-  
ple. The thickness of the  films were  fol lowed by  ob-  
serving in te r fe rence  colors. A p p r o x i m a t e l y  40A of 
Fe2Oa film was deposi ted b y  one spray ing  (i.e., 0.5 cm 3 
of the FeC13 solut ion) ;  1-2 min  in terva ls  were  t aken  
be tween  each spray ing  to avoid excess cooling of the 
substrate .  

F igure  6 shows the construct ion of  the th in  film 
Fe20~ electrode.  The e lec t rode  a rea  exposed to the  so- 
lu t ion was 1.0 cm2; the o ther  pa r t  of the Fe203 film 
was covered with  silicone sealant ,  and an ohmic con- 
tact  was taken  at  the SnO2 or  In208 surface. 

The e lec t rochemical  measurements  were  pe r fo rmed  
in a glass cell wi th  a quar tz  window, and the usual  
equipment :  a potent ios ta t  and a p rog rammer .  A 200W 
Hg-Xe  lamp and a solar  s imula tor  were  used as l ight  
sources. 

Results 
Fi lms deposi ted on glass as wel l  as onto conduct ing 

glass were  un i form and hard,  having  a m i r r o r - l i k e  
surface.  They were  t r anspa ren t  and b rown in color up 
to 40 spray ings  (,., 1600A). Sheet  resis tances of Fe2Os 
films formed on glass subs t ra tes  were  high ( >  20 M12). 

F igure  7 shows typ ica l  expe r imen ta l  ip-V curves 
obta ined  on 10 and 15 t imes sprayed  films in a lka l ine  
solution. No difference in behavior  was observed upon 
change f rom SnO2 to In208 as substrate .  Fe~Os de-  
posi ted  onto TiO2 made  f rom hea ted  Ti foi l  was also 
tested,  bu t  i t  gave less pho toac t iv i ty  than  d id  Fe2Os 
on conduct ing glass. The 15 t imes - sp rayed  film ex -  
h ib i ted  good photoac t iv i ty  (curve a in Fig. 7). The 
pho tocur ren t  was stable,  and no corrosion was ob-  
served.  I l lumina t ion  f rom the back  side of the  elec-  
t rode gave consistent  photocur ren ts  wi th  f ront  i l lumin-  
ation, except  in the wave leng th  region less than  350 
n m  where  l ight  absorpt ion  due to In203 and SnO2 
occurs. Photocur ren ts  f rom In203 and SnO~ themselves  
were  negligible.  

The 10 t imes - sp rayed  film showed less pho toac t iv i ty  
(curve b Fig. 7) for  wa te r  oxida t ion  than  t h e  15 t imes -  
sp rayed  fi]m. However ,  a f te r  the addi t ion of 0.5% of 
H202 to the e lec t ro ly te  (5), the 10 t imes - sp rayed  films 
showed a photoact iv i ty  as high as for  the  15 t imes -  
sp rayed  one [curves c and d in Fig. 7]. 

The dependence  of the pho tocur ren t  on the film 
thickness (ip-d curve)  was examined  in the  presence 
and absence of H202 in the e lectrolyte .  The ip-d curve 
for  I-I202 oxida t ion  (curve b in Fig. 8) was s imi la r  to 
the  theore t ica l  curve (Fig. 4), while  tha t  for  wa te r  
oxida t ion  showed some quant i ta t ive  d iscrepancy  
(curve a in Fig. 8) in tha t  no cur ren t  was observed  
for the first five sprayings,  and the ip n u m b e r  of s p r a y -  
ings, re la t ion tended to an asymptote .  

By s tacking  electrodes,  one behind  the other,  each 
electrode being in contact  wi th  solution, the pho tocur -  
ren t  increased,  as expected.  F igure  9 shows the pho to -  
cu r r en t  dependence  on the n u m b e r  of 15 t imes - sp rayed  
e lec t rodes  for  wa te r  ox ida t ion  (a s imi lar  r e su l t  was 

SnO2 

/ 
Fe2 03 

/ Silicone Sealant 

- -  Fe~O s 

Glass SnO2 
P'- 1.0 cm - - I  

Fig. 6. Construction of a thin film Fe~O~ electrode 
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Fig. 7. Photooctivlties of �9 
thin film Fe~O8 electrode on 
conducting electrode, a, c: 15 
times-sprayed film. b, d: 10 
times-sprayed film. Light in- 
tensity was 325 mW cm -2, Hg- 
Xe 200W lamp without filters. 
Solution was 0.5M Na~SO4 + 
rNaOH (pH 13) for a, b, and 
0.SM H~O~ was added for c, d. 
Corrections for iR drops due to 
the resistance of SnO2 and of 
In2Oa films (0.SV at most) were 
made. 

o b t a i n e d  fo r  HzOs o x i d a t i o n ) .  S i m u l a t e d  so l a r  l i g h t  
was  used  as a l i gh t  source.  

I n  Fig.  8, t h e o r y  and  e x p e r i m e n t  a re  compared .  T h e  
c i rc les  a r e  the  e x p e r i m e n t a l  points .  T h e  a g r e e m e n t  
is good (~ = 2.7 X 10-gs,  7 = 0.75, d = 600A).  I f  t h e  
t h e o r e t i c a l  c u r v e  in  Fig.  9 (see also Fig.  5) was  e x -  
t r apo la t ed ,  i t  r e a c h e d  an a s y m p t o t i c  v a l u e  of  1.6, 1.9, 
and  2.0 m A - c m  -2  fo r  a n u m b e r  of  e l ec t rodes  in  the  
s tack,  n = 10, 20, and  oo, r e s p e c t i v e l y  (see Discuss ion) .  

Discussion 
Films made by the pyrolysis technique, with thick- 

ness of less than 1000A, give good photoactivities when 
they are deposited onto suitable substrates. The highly 
conducting SnO2 and In20~ act as materials with lower 
work functions than the n-type Fe203 film, so that 
there is an ohmic junction at the Fe20~-substrate in- 
terraces. Conversely, for Fe2Os-TiO2 junctions (which 
give smaller currents), the smaller fiatband potential 

of TiOz compared with Fe2Oa implies a nonohmie con- 
tact for electrons at the solid-solid boundary. 

The difference in ip-V characteristics between those 
measured in H202 and H20 oxidation can be inter- 
preted by the use of Eq. [11] with appropriate values 
of ko and -/. Figures 10 and 11 show ip-V curves calcu- 
lated for typical cases. Figure 10 shows the calculated 
curves for water oxidation for some values of ko; 
curves are normalized to unity at V = 1.2V. Experi- 
mental values fit with the calculated curve quite well 
at cko = 3.5 cm �9 s -I (ko = 6.4 X 10 -2 cm �9 s -I M-I; 
c = 55M) and ~ = 0.75. Figures 11a and 11b show simi- 
lar curve fittings for H202 oxidation for different film 
thickness. The consistency of calculation with experi- 
ment is good again. For both the 6 times-sprayed film 
and the 15 times-sprayed film, the best value of cko 
was 30 cm �9 s -1  (/Co ~- 2.0 X 10 ~ cm s -1 M - l ;  c = 
0.15M). T h e  v a l u e  of  v was  0.75, t he  s a m e  as fo r  w a t e r .  
These  resu l t s  suppo r t  t he  specific m o d e l  a s sumpt ions  
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Fig. 9. Photocurrent dependence on the number of 15 times- 
sprayed electrodes stacked. The solid line is the calculated curve 
from Eq. [15] d = 600A (a = 0.95) and b = 0.90. Open circles 
are experimental values. Experimental condition is pH 13, 0.6V vs. 
SCE, and light intensity 1 sun from a solar simulator. 

upon which the present  calculation is based; the elec- 
tric field in the film can be taken  as uniform, and V 
may be divided into two parts, i.e., Vs and hVH. 

The values of 7 and ko can be tested by vir tue of 
those in  the l i terature al though only a few experi-  
menta l  values have so far been reported. Theoretically, 
7 can vary  from 1 to 0 (10). A pure Schottky bar r ie r  
model requires 7 -- 1, and complete Fermi- leve l  p in-  
n ing corresponds to 7 ---- 0. Vanden Berghe et al. ob- 
served that a fraction of 0.9 of the applied voltage 
changes occur over the depletion region of n - type  
s ingle-crystal l ine ZnO electrodes (Nd ___ 10 TM cm -3) 
in  contact with aqueous solution (14). Considering 

that  the electrodes we employed are polycrystall ine,  
the value -~ = 0.75 seems acceptable. 

Morrison estimated the react ivi ty  (e lectron-capture  
rate) of oxidizing agents at n - type  ZnO surface (15). 
Typical results f rom his work recalculated in terms of 
ko, are 1 • 10"~-8 X 103 cm s - l M  -1 for Fe(CN)6 s -  
for different pH values, 6 cm s - I  M -1 for Ce 4+, < 10 - s  
cm s -1 M-1 for Cu 2+ and V 8+. In  his experiment,  the 
energy differences be tween the conduction bandedge 
and Eredox'S are 0.7-1.6 eV, which values are of the 
same order as those between the valence bandedge and 
Eredox in  our exper iment ;  ,~ 1.4 eV for water  and ,~ 1.8 
eV for H202 oxidation. The value of ko or cKo which 
we found consistent with our  experiments,  ko = 6.4 X 
10-2 cm s -~ M-~ for water  and 2.0 X 102 cm s - I  M -1 
for H202 oxidation, are reasonably consistent with 
these. 

Charge accumulat ion may occur in the film when 
hole consumption is slow, giving rise to an accelerated 
electron-hole recombinat ion rate. This may be the case 
with water  oxidat ion in  the relat ively low bias region. 
H~Oz acts as a strong reducing agent, i.e., a hole 
scavenger, at the i l luminated  photoanode due to the 
less positive potent ia l  (0.86V vs. NHE) needed for 
the reaction 

0~. -b 2H+ -{- 2e -+ H20~ [16]  

than  that  of water  oxidation (1.23V vs. NHE) (16). 
Consequently,  hole consumption by  H202 occurs faster 
than by water, and hence electron-hole recombinat ion 
is suppressed; the charge t ransfer  rate cko for I-I~Oa is 
ca. 10 times that  for water  in Fig. 10 and 11. The ip-d 
relat ion for H~O2 oxidation (curve b in Fig. 8) is con- 
sistent with the theoretical one in  Fig. 4. However, the 
exper imental  results for water  oxidation did not show 
significant currents  unt i l  5 sprayings (curve a in Fig. 
8). This may arise from the fact that if the film is suf-  
ficiently thin, the diffusion length for electrons from 
the SnO~ layer  extends over a greater port ion of the 
film than when it is thicker, hence causing enhanced 
recombination. To deal with this, the distance depen-  
dence of �9 should be taken into account in Eq. [1]. 

It has been shown above that the exper imenta l  re-  
sults of Fig. 9 showing experiments  on stacks of two, 
three, and four electrodes are consistent with Eq. [15]. 
This shows that, if some ten electrodes were brought  
together in  the m a n n e r  suggested, the mul t ip ly ing  

1.0 

0.8 

Fig. 10. Theoretical calcula- 
tion of ip-V curves for water oxl- .._~ 
dation based on Eq. [11] far ~ 0.6 
different values of cko (cm s - l ) .  
Circles are experimental values ' -  
for a 15 times-sprayed film. The F: 
values of parameters, d, ~, #, ~- 

o 0.4 and 7 are the same as those in Z 
Fig. 4; note that d = 600A - -  
15 • 40A. VFB was taken as 
--O.~V vs. SCE. 
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Other parameters are the same 
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~actor over the result for a thin film electrode would 
be about 5.3X. Thin electrodes of the type used here 
give around 0.3 m A c m  -2 (0.6V/SCE, pH -- 13, 1 sun, 
solar simulator), so that a ten-stack cell should give 
around 1.6 mA cm -2. A "thick" electrode (1 ~m) 
under similar conditions but prepared by holding an 
iron foil in a natural gas flame gives about 0.5 mA 
cm -2. An increase of more than three times may there- 
fore be expected from stacking. 

Further increase in ip could be obtained by improve- 
ment of the film. An increase of �9 is important. This 
might be accomplished by changing the spraying con- 
dition, including substrate temperature, dopant, and 
carrier gas, and thus changing the crystallite size. 
Furthermore, a catalyst introduced on the surface of 
the films might cause an increase in the ko in Eq. [12], 
and hence make the onset of ip shift in the negative 
direction. 

The thin films were observed stable for 12h. No 
stability tests were made for further hours. 

Conclusion 
If a photoanode has a low value of the carrier mo- 

bility and/or the absorption coefficient, an increase in 
current up to four times can be obtained in a device 
in which about ten thin (e.g., 600A) semiconductor 
layer electrodes are placed one behind the other. 

Manuscript submitted Aug. 15, 1983; revised manu- 
script received Dec. 18, 1983. 
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ABSTRACT 

A new electrochemical determination of potassium ion concentration in serum with immobilized valinomycin disk was 
studied, in which the disk having porous structure was prepared by radiation polymerization of hydrophilic monomer at 
low temperature. The method was based upon the measurement  of the current resulting from liberated potassium ion in the 
disk. The sensitivity varied with the pore size in the porous polymer matrix of the disk, which depends on monomer concen- 
tration. Potassium ion concentration ranging from 0.4 to 10 mM/1 can be easily assayed with precision of 2% by using 20 ~] of 
sample. The correlation between potassium ion concentrations in sera measured by flame photometry and by the present, 
method was good (r = 0.91). 

l )e terminat ion  of sodium and potassium ion concen- 
t rat ion in blood serum is impor tant  in diagnostic assay, 
so that various methods have been developed (1-3). 
The average concentrat ion ranges of sodium and po- 
tassium ion in se rum of normal  humans  are 134-I43 ,and 
3.5-5.4 mM/1, respectively. Thus, the concentrat ion 
range is very narrow,  so that an analysis method with 
a high precision is needed. Furthermore,  for the diag- 
nostic assay of these ions, a speedy operation is usual ly  
necessary. From these points, a flame photoscopic 
method and electrochemical method with ion-selective 
electrodes, which have a relat ively high sensitivity, 
have been used (1). However, these methods consist of 
complicated large apparatus  and their  response times 
are relat ively long. 

In  this paper, a new electrochemical de terminat ion 
method with immobilized val inomycin disk, obtained 
by radiat ion polymerization, is described. Val inomycin 
is dissolved in an appropriate organic solvent placed in 
a convenient  l i qu id -membrane  electrode assembly 
giving rise to an electrode with selectivity ratios of the 
order of 5000:1 for potassium over sodium; such a 
selectivity ratio is considerably higher than those of 
about 8:1 for cat ion-sensi t ive glass electrodes (4, 5). 
The high selectivity of the electrode makes it a very 
useful sensor for analyt ical  and biomedical measure-  
ments  in which potassium ion determinat ions are 
usual ly  required in the presence of comparable or 
larger concentrations of sodium ion. Thus, va l inomyc in  
has been utilized as the membrane  component of ion- 
selective electrodes capable of in vitro or extracor-  
poreal potassium analysis (5-9), in which va l inomycin-  
impregnated membranes  using usual ly  polyvinyl  
chloride (PVC) have been used for the construction of 
solid-state electrodes. The methods using these sensors 
based on the diffusion and t rapping of potassium ion in 
the va l inomycin- impregnated  PVC membranes,  in 
which electrode potentials are measured. We have de- 
veloped an electrochemical method with immobilized 
val inomycin disk having a porous s tructure in which 
the currents  resul t ing from potassium ions in the disk 
a r e  measured. 

Experimental 
Instrumentation.--A regulated de power supply h a w  

ing cur ren t  measurement  equipment,  PAB 350-0.2 
(Kikusui  Electronics Corporation, Tokyo) was used to 
supply a constant  potential  at 20.0V and to measure the 
current .  An Atomic Absorption and Flame Emission 

Key words: potassium ion, electrochemical determination, im- 
mobilized vaUnomycin disk. 

Spectrophotometer, AA-8200 (Nippon 3arrel l  Ash 
Company, Limited, Kyoto) was used for comparison of 
the assay. 

Reagents.--Valinomycin anc~ potassium chloride were 
obtained from Sigma Chemical Company, St. Louis, 
Missouri, and Wako Pure  Chemical Industries,  Limited, 
Osaka, respectively. 

2-Hydroxyethyl  methacryla te  (HEMA) was obtained 
from Mitsubishi Gas Chemical Company, Limited, 
Tokyo. 

Preparation of reagents.mStandard potassium solu- 
tions were prepared using potassium chloride and 
doubly distilled water. Freshly  centr ifuged serum was 
used throughout.  HEMA was purified by base extrac-  
tion and disti l lation to remove an inhibi tor  and im-  
pur i ty  prior to use. 

Immobilization of valinomycin by radiation polym- 
erization.--Monomer (HEMA), Valinomycin (5% 
w / v ) ,  and water were mixed, poured into a 20 • 0.8 
cm (diam) glass tube, and used quickly shaken. With-  
out delay, the tube was frozen at --78~ and i rradiated 
(1 Mrad) by v-ray  from a S~ source. After  i r radia-  
tion, val inomycin immobilized in the polymer mat r ix  
formed was removed from the tube and sliced into 
thin disks (20 ~m thick, 0.8 cm diam) at low tem-  
perature  with cryostat Model EF-FCS (Bright Ins t i -  
tute Company, Limited, England) ,  and then dried with 
a lyophilizer (Kyowa Vacuum Engineer ing Company, 
Limited, Tokyo).  

Measurement of potassium ion concentration with 
immobilized valinomycin disk.--An immobilized va l in-  
omycin disk was immersed in the s tandard potassium 
solution or serum sample (20 ~1) for 10-30 min, and 
washed with doubly distilled water. The washed disk 
was placed on a glass plate (18 • 18 • 0.15 ram) and 
heated at 120~ with a heater. After  heating, potassium 
ion with the disk was measured by the ins t rument  as 
shown in Fig. 1. The disk placed on the plate was put  
into a sample cell constructed with two p la t inum elec- 
trodes, containing doubly distilled water  (2.0 ml) .  A 
constant  potent ial  of 10V was applied to the electrode 
with the size of 20 • 20 • 0.5 ram. After  1.0 min, the 
currents  based on the l iberat ion of potassium ion from 
the polymer matr ix  of the disk were measured at 25~ 

Results and Discussion 
Characterization of immobilized vaIinomycin disk.-- 

The relationship between potassium-ion concentrat ion 
and current  is shown in  Fig. 2. The cur ren t  increased 
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i 

B 

C 

\A 
Fig. 1. Construction of the sample cell for the measurement of 

potassium ion. A: immobilized valinomycin disk. B: glass plate. C: 
electrode. D: sample cell. 

l inearly with increasing potassium-ion concentration, 
and this indicated that immobilized valinomycin disk 
reacts efficiently with potassium ion to form a complex, 
.and its disk-potassium complex liberates available 
potassium ion by heat- treatment.  According to the 
typical current-potassium-ion concentration curve in 
Fig. 1, it was found that a l inear relationship between 
current and potassium-ion concentration holds up to a 
potassium-ion concentration of 0 mM/1 and the slope 
of the curve was obtained to be 4.50 ~ (mM/1 of po- 
tassium ion) -1 with a standard error of 0.20 ~A (mM/1 
of potassium ion) -1. The detection limit for potassium 
ion in the present method was found to be 0.4 mM/1. 
The bond of potassium ion and valinomycin in the 
polymer matr ix  of the disk is weak, so that its bond is 

,broken by heat- t reatment  and then potassium ion is 
l iberated from the disk- to-water  system. The liberated 
potassium ions act as the carrier  of the current. Thus, 
the heating of the disk on the plate was necessary for 
the dissociation of the bond in the potassium-valino- 
mycin complex. After heat- treatment,  the present 
method at tr ibuted simply to the measurement of con- 
ductivity of potassium-ion aqueous solution. 

It is known that potassium ion-valinomycin complex 
is retained with hydrogen bond-stabilized framework, 
in which all the ester carbonyl groups become in- 
volved in ion-dipole interaction with potassium ion 
(10). Complexation is accompanied by conformational 
reforming of the molecule in which the three ester 
carbonyl groups are oriented wi th in  the ring to form 
a hexadentate system of oxygen atoms about the 
cation. From the situation of such a complex formation, 
it  is proposed that valinomycin immobilized in the 
polymer matr ix of the disk should have a large mobil-  
i ty to react with potassium ion. The polymer matr ix of 
the disk obtained by radiation polymerization of hy- 
drophilic HEMA at low temperature had a soft sponge- 
like porous structure, as shown in Fig. 3, in which 
valinomycin is trapped on the surface of the porous 
polymer matrix. The soft porous polymer matr ix  hav- 
ing large surface area gives a very convenient situation 
for the formation of potassium ion-valinomycin com- 
plex. The formation of the porous structure was one of 
the most characteristic features of the polymer matr ix  
obtained by the present method, and its mechanism 
was due to small ice particles formed at low tempera-  
ture (--78~ at which the radiation polymerization 
was carried out, melting as the temperature rose to 
room temperature after irradiation. The soft porous 
polymer matr ix  of the disk obtained by the present 
method was different from the rigid, blocky polymer 
which was deve]oped for ion-selective electrodes re ,  
sulting from PVC, poly(si loxane),  etc. (5-9, 11). Since 
the porosity of the porous polymer matr ix was large 
(50%-80%) and the pore diameter was 1-10 ~m, the 
diffusion of potassium ion would not be affected by the 
polymer matrix. 

Effect of monomer concentration on the cur ren t . -  
The effect of monomer concentration on the current 
was studied by varying HEMA concentration in the 
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Fig. 2. Relationship between potassium ion concentration and 
current. HEMA monomer concentration: 50% v/v. 

Fig. 3. Scanning electron m|crophotograph of the surface of 
immobilized valinomycin disk. HE/ViA monomer concentration: 50% 
v/v. 
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Fig. 4. Effect of HEMA monomer concentration on the current. 
Potassium ion concentration: 10 mM/I. 

immobi l iza t ion  of val inomycin.  The re la t ionship  be -  
tween  the cur ren t  and HEMA concentra t ion is shown 
in Fig. 4. The cur ren t  increased and had a m a x i m u m  
and then decreased wi th  increas ing HEMA concentra-  
tion. F rom this result ,  it  was found that  op t imum 
monomer  concentra t ion exists for the sensi t ivi ty .  The 
decreases  of the cur ren t  at lower  and higher  monomer  
concentrat ions  were  p robab ly  due to the leakage  and 
the en t rapp ing  of val inomycin,  respect ively,  because 
the nature ,  such as poros i ty  and f lexibi l i ty  of the disk, 
depended  on monomer  concentrat ion.  That  is, the 
disks f rom lower  monomer  concentrat ions  be low 10% 
gave a ve ry  soft po lymer  ma t r i x  having  large  pore  
sizes above 10 #m in diameter ,  whi le  those f rom high 
monomer  concentrat ions  above 70% a ve ry  r ig id  po ly -  
mer  m a t r i x  having  smal l  pore  sizes be low 0.5 #m. The 
t rapp ing  yie ld  of va l inomycin  in the immobi l iza t ion  at  
lower  monomer  concentrat ions would  be low, and then 
the appa ren t  content  of va l inomycin  in the disk is low, 
so that  the appa ren t  sens i t iv i ty  ~f the disk became low. 
However ,  va l inomycin  in the disks f rom high monomer  
concentrat ions was t r apped  r ig id ly  in the  po lymer  ma-  
tr ix,  in which  the mobi l i ty  of va l inomycin  suffered, 
and it did not  appear  to react  wi th  potass ium ion. 
Thus, the op t imum monomer  concentra t ion range giv-  
ing high sens i t iv i ty  appea red  to be 20%-50%, in which 
the  disk was flexible and gave sui table  state for the  
complex  format ion  of va l inomycin  wi th  potass ium ion. 

The porous s t ruc ture  in the disk obta ined f rom such 
an op t imum monomer  concentra t ion  lead  to the in-  
crease of the diffusion ra te  of potass ium ion into the 
disk. Af te r  h e a t - t r e a t m e n t  of the disk, potass ium ion 
can be eas i ly  re leased throughout  the pore  of the  po r -  
ous po lymer  mat r ix .  In fact, the response t ime in which 
the cur ren t  became constant  was ve ry  short  (<1.0 
ra in) .  

Reproducibility and precision.--A s tandard  potass ium 
ion solut ion of 5.00 mM/l  was measured  ten t imes using 
the disks. A coefficient of va l inomycin  of 2% was ob-  
ta ined.  
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Fig. 5. Comparison of determinations of the concentration of 
potassium ion in serum by flame photometry and immobilized 
valinomycin disk method. 

Comparison study with #ame photometry.--Figure 5 
shows the good agreement  be tween flame pho tomet ry  
and the present  method,  which is based on different  
ca l ibra t ion  procedures  in the two techniques applied.  
The l inear  regression analysis  of potass ium ion gave a 
correla t ion coefficient of 0.91. 

We conclude from these resul ts  that  the  immobi l ized  
va l inomycin  disks having porous po lymer  ma t r i x  ob-  
ta ined by  radia t ion  po lymer iza t ion  at  low t empera tu re  
provides a new simple e lec t roana ly t ica l  p rocedure  for  
the de te rmina t ion  of potass ium ion in serum samples.  
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Correlations Between Transport Properties, 'HNMR Spectra, and 
Structure of Molten Methylpyridinium Iodides 

David S. Newman*  and Rex M.  Stevens* 

Department of Chemistry, Bowling Green State University, BowLing Green, Ohio 43403 

ABSTRACT 

The equivalent conductance, viscosity, and 1HNMR spectra of the four molten methylpyridinium iodides were mea- 
sured as a function of temperature, and correlations between structure, spectra, and transport properties were made. In 
addition, an interesting new compound was found in the 2-methylpyridinium iodide melt. 

In  earl ier  studies of mol ten pyr id in ium salts, we 
found that  a melt 's  t ransport  propert ies ,  thermody-  
namic properties, and 1HNMR spectrum were affected 
by  the presence or absence of a methyl  subs t i tuent  
and by the position of this methyl  group on the 
pyr idine r ing (1-3). From these observations, we con- 
cluded, among other things, that hydrogen bonding 
be tween the ni trogenic proton and the halide ion 
strongly influenced the melt 's  structure,  as well as its 
t ranspor t  properties. In  the me thy lpyr id in ium iodides, 
hydrogen bonding does not occur (4), so by comparing 
their  t ransport  properties and 1HNMR spectra with 
those of the chlorides and bromides, a more accurate 
assessment of the influence of hydrogen bonding on 
the chloride and bromide melts can be made. 

The suggestion that  molten organic salts have rela ~ 
t ively weaker  repulsive forces between ions than in-  
organic salts, and also possess the general  proper ty  
that the ratio of the energy of activation for viscosity, 
E~, to the energy of activation for equiva lent  conduc- 
tance, EA, is about equal to 1.1, is explored further,  
and the consequences and causes of this ratio are dis- 
cussed. The existence of an interest ing new species 
present  in the 2 -methy lpyr id in ium iodide melt  is 
postulated, and the role of complex species in deter-  
min ing  the melt 's  properties is discussed. 

Experimental 

The methy lpyr id in ium iodide salts were synthesized 
by methods already described in  the l i terature (3, 5), 
with the exception that  the appropriate methylpyr id ine  
was mixed with an equal quant i ty  of pet roleum ether 
ra ther  than benzene. Anhydrous  HI gas was bubbled  
through the solution following a 10 min  ni t rogen 
purge that removed air from the system. White crys- 
tals of the me thy lpyr id in ium salt began to precipitate 
after  about 1 min. All  four iodides tu rned  br ight  
yellow upon melt ing;  the yellow color disappearing 
upon freezing. 

Densi ty  measurements  were made using the modified 
Lipkin  bicapi l lary arm pycnometer  (6), together with 
a fiber-optic l ight pipe that greatly facili tated seeing 
t h e  graduat ion markings  on the pycnometer,  which 
was immersed in a cons tant - tempera ture  oil bath. 

Conduct ivi ty measurements  were made with a Jones 
bridge at a f requency of 1000 Hz using a capil lary cell 
with cylindrical  p l a t inum electrodes. 

Chemical analysis of the salts was done by  de te rmin-  
ing the iodide concentrat ion using a s tandard  KIO8 
solution to t i trate the iodide (7). 

Viscosities were measured with a Cannon-Fenske  
viscometer. The 1HNMR spectra were obtained using 
the variable temperature  probe of a Var ian CFT 20 
NMR machine and external  reference standards. Since 
the salts are hygroscopic, all  t ransfer  operations w e r e  
done in  a dry  box. 

* Electrochemical  Society Act ive  Member. 
Key words: fused salts, conductance,  viscosity, tunnel ing.  

R e s u l t s  

The densities of the four methy lpyr id in ium iodide 
isomers are listed as a funct ion of tempera ture  in 
Table I together with each salt 's mel t ing point. I t  
should be noted that  the 2-methyl  iodide is consider-  
ably less dense than the other isomers and lies in the. 
density range of the mol ten bromides (1, 6). 

The logs of the equivalent  conductances plotted as a 
function of T -1 are shown in Fig. 1, and it is evident  
that  the conductance of 2 -mepyr /HI  does not fall  
on the same curve as the conductances of the other 
three isomers. The logs of the absolute viscosities vs. 
T -1 are shown in Fig. 2. The viscosity values for 
N-mepyr  I differ somewhat from those reported earl ier  
by us (2) and are more accurate. 

Table II lists the equivalent  conductances and vis- 
cosities of the twelve methy lpyr id in ium halides at a 
common temperature  of 425K. The chloride and 
bromide data are f rom earl ier  studies (1, 2). 

This tempera ture  has been selected as the reference 
temperature  because it lies wi thin  the accessible l iquid 
range of most of the salts. For  the salts whose l iquid 
range does not  include 425 K, extrapolated values a r e  
used. In  the absence of ideal glass- t ransi t ion tempera-  
tures or normal  boil ing points, which are na tu ra l  ref-  
erence states (8), a common tempera ture  is the m o s t  
valid reference state f rom which to compare t r a n s p o r t  
properties. 

Table I. The densities of the four methylpyridinium iodide salts as 
a function of temperature 

p =A - B T (K) 

Salt A B ( x 1O~) Tm(~ Temp. range "C 

4-mepyr/HI 1.995 8.377 171 171-200 
3-mepyr/HI 1.968 7.779 92 93-143 
2-mepyr/HI 1 591 7.057 94 94-130 
N-mepyr/I* 1.943 6.880 117 117-187 

* See Ref. (4). 

Table II. Equivalent conductances and viscosities of the twelve 
methylpyridinium halides at 425 K 

Isomer A c m  ~ (eq)-~ ~ (cp) 

2-mepyr/HC1 6.68 3.90 
3-mepyr/HC1 8.58 3.87 
4-m~pyr/HC1 6.61 3.06 
N-mepyrC1 10.50 6.24 

2-mepyr/HBr 7.76 4.78 
3-mepyr/HBr 8.41 6.65 
4-mepyr/HBr 6.55 5.41 
N-mepyrBr 9.00 7.27 

2-mepyr/HI 16.44" 1.32 j 
3-mepyr/HI 7.76* 3.93* 
4-mepyr/HI 7.97* 3.97* 
N-mepyrI 8.16 5.26 

* Extrapolated value. 
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iodides. 

The 1HNMR spectrum of molten 4-mepyr /HI  at 
174K is shown in Fig. 3. The reference here is 
(CIq-~)2SO2 and appears in the spectrum. No tempera-  
ture dependence was observed for any peak over the 
temperature range studied. Figure 4 shows the 1HNMR 
spectrum Of 3-mepyr/HI,  and Fig. 5 shows the spec- 
t rum of 2-mepyr/HI.  DMSO is the reference in both 
of these melts, but is not shown. Table III  lists the 
chemical shifts, 8, for the three isomers, all corrected 
to a DMSO reference. DMSO is approximately 2.60 
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Table 111. Proton chemical shifts for 4, 3, and 2-methylpyridinium 
iodide vs. DMSO (ppm) 

\ Temp. 
Salt " N - - H  a ~ ~ CHs range (K) 

/ 

4-mepyr/HI 12.1 7.~ 6.08 0.84 447 
3-mepyr/HI 12.32-12.23 6.93 6.10 6~'8 0.50 369-418 
2-mepyr/HI 12.84-13.10 6.30 5.22 5.78 0.27 369-4~ 

\ 
ppm downfield from TMS. The N--H+ proton in the  

/ 
3-methyl melt showed a small upfield shift of the 
\ 

N--H+ peak position with increasing temperature,  
/ 
whereas the ring proton chemical shifts were tern- 
perature independent. In the 2-methyl salts, the 
\ 

N i H +  proton chemical shift showed a ra ther  strik- 
/ 
ing temperature dependence, moving upfield 0.0083 
ppm/K. This temperature dependence is larger than 
any we have yet measured and is in an unexpected 
direction. Moreover, the integrated area under the 
\ 

N--H+ peak was approximately 0.5, ra ther  than 1, 
/ 
as it was in each of the other two spectra. 

Chemical analysis of six different 2-mepyr /HI  salt 
samples (each analysis in triplicate) indicated a meth-  
ylpyridine to iodine ratio of 1.99 to 1. 

Discussion 
~-hydrogenbis (2-methylpyridinium) iodide 

[(C6HTN)2H]I.--These data are compelling evidence 
for the existence of a dimeric species in the 2-methyl-  
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Fig. 3. ZHNMR spectrum of 4-methy|pyrJdinium iodide at 172~ 
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Fig. 4. 1HNMR spectrum of 3-methylpyridinium iodide at 134~ 
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CH3(O.27ppm) 

N-H 

Fig. 5. 1HNMR spectrum of ~-hydrogenbis(2-methylpyridinium) 
iodide. 

pyr id in ium iodide melt .  In  the l iquid state, this  ~ -hy-  
drogenbis  (2 -me thy lpy r id in ium)  iodide consists of a 
d imer ic  cation, the s t ruc ture  of which is shown in 
Fig. 6, and an I-- anion. There  are  two pr inc ipa l  rea -  
sons why  the 2 -me thy l  iodide is different  f rom t h e  

\ 
o the r  p y r i d i n i u m  sal ts  s tudied  to date. The N - - H  + 

/ 
does not  hydrogen  bond wi th  the I - ,  as i t  does wi th  
the C1- and B r -  ions, so it is able to form a bond  wi th  
the pa r t i a l l y  negat ive  n i t rogen (9) on the "second" 
me thy l  pyr id ine  ring, and the CH3 groups on the "2" 
posi t ions s t e r i ca l ly  p reven t  the  large  I -  f rom d i s rup t -  

\ / 
ing the  N - - H - - N  bond once i t  forms. Precedents  

/ \ 
for this p y r i d i n i u m - p y r i d i n e  type  of s t ruc ture  do exis t  
in the l i tera ture .  X - r a y  and neut ron  diffraction s tudies  
show [(CsHsN)2H] + [ZnBr3/2C13/=(C5HsN)]- to pos-  

\ / 
sess a N - - H - - N  bond (10), and IR toge ther  wi th  

/ \ 
neut ron  diffract ion indicate  "4 -aminopyr id ine  hemi -  
pe rch lora te  (CsH6N. ~ H C 1 0 4 ) "  also has a s t rong 
\ / 

N - - H - - N  bond (11). More impor tan t ly ,  however ,  
/ \ 
this  s t ruc ture  corre la tes  ve ry  wel l  wi th  t r anspor t  
proper t ies ,  1HNMR spectra,  and density.  

The average  shie ld ing at a nucleus cannot  be mea -  
sured  d i rec t ly  by  NMR, so the re  wi l l  be some am-  
b igu i ty  in account ing for the upfield chemical  shi f t  
of the b r idg ing  proton.  Nevertheless ,  it  can be said 
wi th  some ce r ta in ty  tha t  the upfield shif t  wi th  in-  
creasing t e m p e r a t u r e  is caused b y  the b r idg ing  pro ton  
becoming more  shie lded by  the bonding electrons,  
r a the r  than  less deshie lded by  the a romat ic  r ing  cur-  
rents.  The average  chemical  shif t  difference, Z~r is 
given by  the equat ion 

~O'av : O'av ( A )  - -  ~av ( B )  

--- O-avV(A) + O'avd(A) - -  O-avP(B) --  c a v d ( B )  

where  A and B are  different  magnet ic  env i ronments  
and Cav 9 and Car d are  the pa ramagne t i c  and d iamagnet ic  
contr ibut ions,  respect ively.  Employ ing  l i t e r a tu re  va l -  
ues for  the  r e l evan t  molecu la r  pa rame te r s  and severa l  
p laus ib le  assumptions,  ca~ for  the  b r idg ing  pro ton  can 
be ca lcula ted  to a f a i r ly  accurate  first app rox ima t ion  
using a modificat ion of the  technique  deve loped  b y  

Shuppe r t  and  Angel1 (12). ~av  can then  be es t imated  
by  compar ing  this calculat ion wi th  Car (TMS) at  10 
ppm. The bare  pro ton  has a O'av of --20.9 ppm re la t ive  
to TMS (13). A single e lec t ron in a ls  o rb i ta l  shields 
this ba re  pro ton  + 17.7 p p m  (13), bu t  a be t t e r  sh ie ld ing 
value  is +21.4 p p m  because the electrons su r rounding  
a bonded hydrogen  are  less diffuse than  in a hydrogen  
a tom (14)! Emsley  has ca lcula ted  a ne t  posi t ive charge 
of 0.21 units on the n i t rogenic  pro ton  in an isola ted 
py r id in ium ion (9). However ,  the more  recent  com- 
pu ta t ion  of Goldstein and Ragle p laced  a ne t  posi t ive 
charge of 0.32 units on this pro ton  or  a net  l s  orb i ta l  
popula t ion  of 0.68 electrons (4). Using the newer  value  
and assuming, first, tha t  a 2 -me thy lpy r id in ium "mono-  
mer"  and a py r id in ium ion are  not  s ignif icant ly d i f -  
fe ren t  wi th  respect  to the n i t rogenic  proton 's  l s  o rb i t a l  
popula t ion  and, second, tha t  both me thy lpy r id ine  r ings 
make  ident ica l  contr ibut ions  to the bond in the d imer ic  
cation, the ls  orb i ta l  popula t ion  wil l  be 0.68 + (0.32/2) 
= 0.84 electrons.  

The chemical  shift  at  the b r idg ing  pro ton  also de -  
pends on the electr ic  field ar is ing f rom charges on 
o ther  a toms in the molecule.  This dependence  is de -  
scr ibed by  the equat ion (9, 15) 

0 "E : - - 6 . 5 8  X 10 -22 ~ qicos 8 i r i  - 2  
i 

- -  3.34 X 1O-~S ~ qi2ri-~ 
l 

where  the coefficients are  in coulombs, the q~ a r e  t h e  
formal  charges,  0i the  angle  be tween  the bond, and the  
vector  is ri. It  is obvious tha t  these electr ic  field effects 
wil l  cancel  by  v i r tue  of symmet ry .  For  example ,  the  
e lect r ic  field due to the pa r t i a l  negat ive  charge  on o n e  

ni t rogen wil l  exac t ly  cancel the field due to the o ther  
ni t rogen.  This leaves on ly  sh ie ld ing  caused by  r ing 
currents  to be est imated:  and this cannot  differ signifi-  
can t ly  f rom tha t  in benzene,  the  ex t r a  charge on the 
n i t rogen nucleus being almost  exac t ly  canceled by  
the red is t r ibu t ion  of electronic charge (4, 16). We use, 
therefore ,  Johnson and Bovey 's  p red ic ted  values  of 
sh ie ld ing contr ibut ions  f rom r ing currents  in a romat ic  
hydrocarbons  (17, 18) to calculate  the r i ng -cu r r en t  
contr ibut ion  to the  chemical  shift  in the cation. 

\ / 
We assume tha t  the N - - H - - N  bond length  is 0.27 

/ \ 
nm, as measu red  by  Roziere et al. for  4 -aminopyr id ine  
hemiperch lora te  (11), tha t  both  me thy lpy r id ine  r ings 
are  in the same plane,  and that  at any  in te rmedia te  dis-  
tance be tween  the two ni t rogens  the r ing cur ren t  con- 
t r ibut ions  are  addit ive.  The ca lcula ted  values  are  l i s ted  
in Table IV. These da ta  show tha t  the  region,  or  "box" 
where  the br idg ing  pro ton  has a high p robab i l i t y  of 
being found has a r e l a t ive ly  i nva r i an t  r ing  cu r r en t  
shie lding contr ibut ion.  At  a distance of about  +_. 0.07 n m  
f rom the p lane  of t h e  rings, the negat ive  shie ld ing 
begins to decrease,  but  the posi t ive ls  shie lding also 
decreases.  Since the  electronic shie ld ing is about  an 
order  of magni tude  l a rge r  than  the r ing cur ren t  de -  
shielding and since it decreases at least  as sha rp ly  wi th  
distance,  i t  wi l l  a lmost  cer ta in ly  dominate .  Conse-  
quently,  i t  is h igh ly  un l ike ly  tha t  the upfield shif t  
wi th  increas ing t e m p e r a t u r e  is caused b y  decreased 

Table IV. Ring current shielding 

Fig. 6. Structure of #-hydrogenbis(2-methylpyridinium) cation 

Distance from 
reference nitrogen (nm) 

Shielding 
Shielding in -~ 0.05 nm from 

plane of ring (ppm) plane of ring 

0.097 - 2 . 4 7  - -2 .94  
0.111 - 2 . 4 2  - -2 .34 
0.135 - 2 . 5 0  - 2 . 4 6  
0.159 --2.42 --2.34 
0.173 -- 2.47 -- 2.49 
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deshielding.  The only other  p laus ib le  exp lana t ion  is 
the one we offer. Calculat ing the  chemical  shift ,  we 
obta in  ( re la t ive  to TMS) 

~r = [(0.84 • 2.14) --  (2.50) --  (20.9)] ---- 
--15.42 ppm 

/~r ---- (--15.44 to --15.70) ppm 

The excel lent  agreement  be tween  theory  and exper i -  
ment  is no doubt  pa r t ly  for tui tous because of the many  
assumptions  made  and because both the CHa group 
and the I -  have unknown,  but  opposite,  contr ibut ions  
to the chemical  shif t  which p robab ly  cancel. Never the -  
less, the agreement  offers s t rong suppor t  for our  con- 
clusions. Because the peak  moves upfield, the sh ie ld ing  
of the pro ton  must  increase.  Since the bond i tself  
weakens  s l ight ly  as t empera tu re  increases, the only 
plausible  exp lana t ion  for the increased e lec t ron den-  

\ / 
s i ty  about  the br idg ing  a tom is that  the  N - - I t - - N  

/ \ 
bond is a symmet r i c  to begin with,  the proton is lying, 
on the average,  closer to one n i t rogen than the other,  
and e lec t ron  dens i ty  is being localized a round  it for  
longer  per iods  of time. I t  should be kep t  in mind  tha t  
the nonbonding  electrons of n i t rogen are  less delocal-  
ized in the  py r id in ium ion than  in the pyr id ine  (9, 16). 
This means  tha t  the b r idg ing  pro ton  lies in a double  
m in imum-po t en t i a l  wel l  be tween  the two halves  of the 
p y r i d i n i u m - p y r i d i n e  cat ion and tunnels  back  and for th  
be tween  the two minima.  The tunnel ing  f requency  wil l  
be s t rongly  dependent  on the re la t ive  or ienta t ion  of 
one n i t rogen  to the other. As t empe ra tu r e  rises, the 
n i t rogens  move a w a y  f rom the appropr ia t e  posi t ion for  
m a x i m u m  tunnel ing to occur, so that  the tunnel ing  
f requency  diminishes  much fas ter  than  the f requency  
of hopping  over  the ba r r i e r  increases (19, 20). The 
pro ton  thus resides in its wel l  for  longer  t ime in terva ls  
and becomes more  and more  shie lded wi th  increas ing 
t empera tu re .  If  the proton res ided in a deep s ingle-  
m i n i m u m  wel l  for  a long per iod  of t ime on the NMR 
t ime scale, its resonance peak  would be a n i t rogen-  
b roadened  tr iplet ,  as i t  is in the mol ten  C~HsNH + 
A12C17- spec t rum (21, 22), and the proton would be-  
come more  acidic and less shie lded as t empera tu re  in-  
creased. 

Equivalent conductance.--The da ta  in Table II  show 
tha t  a t  425 K the conductances of the th ree  N - m e t h y l  
salts  increase in the order  I -  ~ B r -  ~ CI - ,  and tha t  
the increase is substant ia l .  This fu r the r  s t rengthens  
our  content ion that  these salts  are  p r inc ipa l ly  anionic 
conductors  in the mol ten  state. If  one assumes that  the 
mobi l i ty  of the  cat ion is roughly  constant  in al l  three  
melts,  the only p laus ib le  explana t ion  for the observed 
increase  in A be tween  the three  salts  is tha t  the  ha l ide  
ion's mobi l i ty  increases f rom I -  to C1-. Consequently,  
the f rac t ion of the cu r ren t  carr ied  by  the anion also 
increases. In  al l  l ikel ihood,  the  iodide ion's mobi l i ty  
a n d  the m e t h y l p y r i d i n i u m  ion's mobi l i ty  are  some-  
wha t  s imilar ,  the difference i n  ionic radius  compensa t -  
ing for the difference in ionic mass. 

Compar ing  the h's of the 4 -me thy l  ha l ides  wi th  those 
of the N - m e t h y l  salts shows that  the percentage  differ-  
ences in conductance,  [ (AN - -  A 4 ) / A N ]  X 100, are  37% 
for the chlorides,  27.2% for the bromides,  and only 
2.3% for the iodides. This large difference is a lmost  
ce r ta in ly  due to the fo rmat ion  of complexes  of the  sor t  

which form in the C1- and B r -  mel ts  because of h y -  
drogen  bonding.  Complex  format ion  reduces the e l -  
fective n u m b e r  of charge carr iers  pe r  u n i t  volume a t  
any  ins tan t  and thus reduces  the conduct ivi ty.  T h e  

l a rge r  percentage  difference be tween  chloride conduc-  
t ivi t ies than  be tween  bromide  conduct ivi t ies  is exac t ly  
what  is expected i f  the C1- ion is both more  mobi le  
than the B r -  ion and forms a s t ronger  bond wi th  a 
C~HTNH + ion. In effect, the hydrogen bonding im- 
mobilizes a greater number of faster moving species in 
the chloride melt and fewer slower species in the bro- 
mide melt, thus giving the observed result. This con- 
jecture is confirmed by the fact that at 425 K A4 meCl 
A4 meBr, but  ANmeCI i s  about  14% la rger  than  ANmeBr. 

The 2.3% difference in conductance be tween  the two 
symmet r i ca l  iodide mel ts  is fu r the r  confirmat ion tha t  
in iodides hydrogen  bonding is not a factor. This is 
the sort  of difference expected f rom ster ic  cons idera-  
t ions only. This smal l  difference in 2. confirms our  
ear l ie r  hypothesis  (1) that  the 4 -me thy l  py r id in ium 
chloride and bromide  conduct ivi t ies  would be about  
the same as the respect ive  N - m e t h y l  conduct ivi t ies  if  
not  for  hydrogen  bonding. This means  our  ca lcula ted  
values for the association constants  (0.11 for the 
chlor ide mel t  and 0.052 for  the bromide  mel t )  based 
on this assumption are p robab ly  fa i r ly  accurate.  1 

Viscosity.--The iodide viscosities are  difficult to ex -  
plain,  especia l ly  in context  wi th  our  o ther  observa-  
tions. I t  is evident  f rom the da ta  in Table II  that  at  
425 K each iodide is less viscous than the cor respond-  
ing bromide  and, wi th  the except ion of 3 -mepyrHI ,  less 
viscous than  the corresponding chloride.  However ,  each 
bromide  mel t  is more  viscous than its cor responding 
chloride melt,  which implies  tha t  something  unique is 
occurr ing in the iodides to reverse  the expected  trend.  
Pa r t  of the exp lana t ion  is the absence of hydrogen  
bonds, but, obviously,  something  else mus t  be occur -  
ring. The yel low color of the mel t  and the r e l a t ive ly  
low elect ron affinity of iodine are  indicat ive  of the 
presence of complex species, and we suggest  these m a y  
be cha rge - t r ans fe r  complexes  having long enough l i fe-  
t imes to lower  each iodide mel t ' s  viscosi ty re la t ive  to 
wha t  it  would  be if no neu t ra l  species were  p resen t  
(23). Since the forces of a t t rac t ion  be tween  neu t r a l  
molecules and be tween  ions and neu t ra l  molecules  are  
much weaker  and fal l  off much more r ap id ly  as a func-  
t ion of in t e rnuc lea r  dis tance than  the forces of a t t r ac -  
t ion be tween  ions, the h igher  the concentra t ion of CT 
or o ther  ne u t r a l  complexes,  the lower  the viscosity,  
o ther  things being equal.  

The a ppa re n t l y  "normal"  conduct ivi t ies  of the N-  
methyl  melts,  i.e., C1- > B r -  > I - ,  in the presence of 
abnormal  iodide viscosities ( I -  < C1- < B r - )  aga in  
imply  a different  iodide mel t  s t ructure .  The fo rma-  
tion of r e la t ive ly  s table  iodide complexes causes local  
l iquid re laxa t ion  (24), which reduces viscosity. These 
complexes do not  contr ibute  to the conduct ivi ty,  so  
tha t  charge is being car r ied  at  any  ins tant  by  fewer  
ions pe r  uni t  volume than in the o ther  two N - m e t h y l  
melts ,  but  these ions are  fa i r ly  mobile.  

The explana t ion  for  the t~" iodide mel t ' s  h igh con- 
duc t iv i ty  and low viscosi ty is not  a t  al l  clear,  but  i t  
would seem to be d i rec t ly  re la ted  to the mel t ' s  low 
density.  Because the dens i ty  is much lower  than  tha t  
of the  o ther  iodides, there  is a g rea te r  p robab i l i t y  for  
"holes" to form, due to local  dens i ty  fluctuations, 
which  an I -  ion can move into. Moreover,  the d imer  
i tself  contr ibutes  to l iquid re laxa t ion  by  shie lding the  
proton 's  charge, which fu r the r  reduces viscosity.  

Energies of activation.--Table V lists energies  of ac-  
t iva t ion for  viscosity, E,, and for  equiva lent  conduc-  
tance,  EA, assuming Ar rhen ius  behav io r  for  a l l  of 
the iodide melts .  Severa l  melts,  most  no tab ly  2- 
mepyr - I ,  dev ia ted  s l ight ly  f rom s t r ic t  Ar rhen ius  be -  
havior ,  but  the l imi ted  t empera tu re  range  and p rec i -  
sion of the da ta  did not  w a r r a n t  the use of the  th ree -  

1Tab le  V in Ref. (1) contains  s eve ra l  i n co r r ec t  en t r ies .  The  
co r r ec t  KA'S a re  t h e  ones l isted here .  T h e  G's  for  the  C1- and  
Br -  me l t s  a re  7.8 an d  9.8 k J / m ,  respec t ive ly .  
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Table V. Energies of activation for viscosity and conductance 

Salt E~ (J/~ EA (J/'mol) ET~/EA 

N-mepyrI 27.6 26.2 1.05 
4-mepyrI 27.6 19.2 1.43 
3-mepyrI 30.9 26.7 1.15 
2-mepyrI 26.4 18.5 1.42 

p a r a m e t e r  VTF equation.  In  any  case, the  EJEA rat ios 
did  not  change signif icantly as a function of t e m p e r a -  
ture. As is t rue  for  a l l  o ther  organic salts  studied, t h e  
ra t ios  a re  be tween  1 and 1.5 and cons iderab ly  less than  
the ra t ios  for  typica l  inorganic  salts, which range b e -  
tween  2 and 5 (25). We consider  this difference to be 
quite significant and indicat ive  of a fundamen ta l ly  
different  t r anspor t  mechanism occurr ing in organic 
mol ten  salts. In  inorganic  melts ,  repuls ive  forces domi-  
nate,  there  is a 10%-20% expans ion  on mel t ing  (26), 
and, as a result ,  l a rge  dens i ty  fluctuations occur. There-  
fore, a smal l  posi t ive ion requires  cons iderab ly  less 
energy  to move than an ent i re  molecule  or  ion pair .  In  
organic  melts ,  repuls ive  forces are  mi t iga ted  by  a t t r ac -  
t ive forces, there  is l i t t le ,  if any,  expans ion  upon 
melt ing,  and dens i ty  fluctuations are  qui te  small .  
Therefore,  i t  takes  nea r ly  as much energy  for a ha l ide  
ion to "waffle" by  a py r id in ium ion as i t  does for  a 
py r id in ium hal ide  ion pa i r  to waffle by  another  hal ide  
or  ion pair .  Since a given dens i ty  f luctuation wil l  be 
st i l l  s l ight ly  less l i ke ly  to accommodate  the  mot ion of 
a l a rge r  cat ion than  a smal le r  anion, the  E~ is a lways  
a bi t  l a rge r  than  EA. The re la t ive ly  high EJEA rat io 
of 1.4 for  the ~ - i o d i d e  mel t  is consistent  wi th  our  
exp lana t ion  for its unusua l  t r anspor t  proper t ies .  The 
reason w h y  the 4 -me thy l  mel t ' s  ra t io  is also 1.4 is 
not  ye t  clear.  

Based on the energies  of ac t iva t ion  ob ta ined  here  
as wel l  as those measured  elsewhere,  we suggest  c lassi-  
fy ing  those sal ts  whose EJEA rat io  is be tween  1.0 and 
1.5 as "soft" salts,  and those salts whose EJEA rat io 
is be tween  2 and 5 as "hard"  salts. This t e rmino logy  
m a y  even be more  apt  in mol ten  salt  systems than  in 
ac id -base  theory  because those salts  whose EJEA 
rat ios are  1: 1, and therefore  considered soft, are  easi ly  
polar izable  and have re la t ive ly  weak  repuls ive  forces. 
However ,  the inorganic  salts, p a r t i cu l a r l y  at  mel t  t em-  
pera tures ,  do behave  to a good first approx ima t ion  as 
charged  ha rd  spheres.  

Errors.--We es t imate  the  er rors  involved  in the 
iodide measurements  to be s l ight ly  g rea te r  than  in the 
chlor ide  and b romide  measurements ,  p robab ly  because 
there  are  two decomposi t ion pa thways ,  one being pho-  
~tochemical, the o ther  be ing  thermal .  This led  to a 
s l ight ly  lower  precis ion in our measurements ,  since i t  
was impossible  to exac t ly  dupl ica te  both the t he rma l  
and photochemical  h i s tory  of a given melt .  Wi th  this 
in mind, we es t imate  the e r ro r  in dens i ty  to be • 1% 
(the prec is ion was • 0.3% overal l ,  and in the case of 
4 - m e p y r I  ~- 0.1%). The e r ro r  in equiva len t  conduc-  
tance • 2% and the e r ro r  in v i s c o s i t y _  3%. 

Conclusion 
By obta in ing  corre la t ions  be tween  s t ructure ,  t r ans -  

por t  proper t ies ,  and 1HNMR spect ra  of a series of iso- 
mer ic  mel ts  in which  no hydrogen  bonding  occurs, we 
a re  be t t e r  able  to assess the  cont r ibut ion  of hyd rogen  
bonding  to s t ruc tu re  and t r anspor t  p roper t ies  of those 
mel ts  in which hydrogen  bonding p lays  an impor t an t  
role. In  addit ion,  we have found tha t  b y  s tudy ing  a 
ser ies  of compounds in a sys temat ic  way,  we were  able  
to de tec t  the presence of an in te res t ing  new compound 
tha t  o therwise  might  have  gone unnot iced .  
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ABSTRACT 

Internal cation mobilities of Li + and K + in the system (Li-K)CI were determined experimentally using the counter cur- 
rent eleetromigration method over the temperature range 700-778 K, with initial equivalent fractions of KCI of 0.356, 0.416, 
and 0.451. The relative difference in internal cation mobilities ofLi + and K + was found to reach as much as 7% in this range. 

L i t h i u m - a l u m i n u m / i r o n  sulfide cells tha t  contain  
mul t i component  mo l t en  salt  e lec t ro ly tes  such as 
(Li -K)C1 mix tu re  are  cur ren t ly  under  deve lopment  
for ene rgy-s to rage  appl icat ions  (1). Dur ing  charge or  
d ischarge  of such cells, composit ion gradients  of ions, 
Li  + and K + are  induced  wi th in  the  mol ten  sa l t  by  
the e lec t rode  reactions.  As a result ,  the  salt  composi-  
t ions a re  shif ted local ly  from the l iquidus  range,  and 
prec ip i ta t ion  of a solid phase m a y  occur. In  l i t h ium/  
sulfide cells, which are  opera ted  at  a t empera tu re  range  
of 400°-430°C in (Li -K)C1 eutectic, Askew and Hol-  
l and  (2) noted tha t  the l i th ium electrode was severe ly  
po la r ized  when .discharged at  h igh cur ren t  densit ies.  
They  conjec tured tha t  the  polar iza t ion  was caused by  
prec ip i ta t ion  of LiC1 at  the l i th ium electrode.  Wil la rs  
et al. (3) found that  the cell capaci ty  was inverse ly  
p ropor t iona l  to discharge rate,  and the resul t  was in-  
t e rp re t ed  in te rms of e lec t ro ly te  phase separa t ion  at  
the  i ron  sulfide electrode.  Brauns te in  and Val le t  (4) 
and  Po l l a rd  and Newman  (5) ca lcula ted c u r r e n t - i n -  
duced composit ion profiles of LiC1 and KC1 in l i t h ium/  
sulfide cells containing (Li-K)C1 electrolyte .  F u r t h e r -  
more,  Val le t  et al. (6) p red ic ted  a composit ion profile 
tha t  indicates  an increased KC1 concentra t ion nea r  the 
cathode. More recent ly ,  t hey  presen ted  d i rec t  evidence 
of KC1 prec ip i ta t ion  (7). Fur the rmore ,  t hey  have 
shown that  the  composit ion profile depends  not only  on 
the in i t ia l  composit ion of the  e lectrolyte ,  but  also on 
the  cur ren t  dens i ty  and dis tance be tween  electrodes.  
The high KC1 concentra t ion also favors  the format ion  
of J -phase  (LiKsFe2~S26C1) in the iron sulfide e lect rode 
(8). Trans i t ion  t ime requ i red  for  the separa t ion  of the  
components ,  which  was es t imated  by  Brauns te in  and  
Val le t  (5), is cor re la ted  with  the t ransference  n u m b e r  
and diffusion coefficient. However ,  t ransference  n u m -  
ber  is d i r ec t ly  r e l a t ed  to the emf because the concen-  
t ra t ion  polar iza t ion  is involved.  Thus i t  is necessary  
to know the mobi l i t ies  of  the ions at  the  opera t ing  
t e m p e r a t u r e  for  accurate  de te rmina t ion  of the t r ans -  
ference  numbers .  At  present ,  the expe r imen ta l  da ta  
repor ted  on the mobi l i t ies  of Li+ and  K + in the  sys-  
tem (Li -K)C1 are  l imi ted  to the t empera tu res  at  913 
(9) and 1100 K (10), which  are  much h igher  than  the 
no rma l  opera t ing  t empe ra tu r e  of l i t h i u m / i r o n  sulfide 
cells, i.e., 723 K. 

In this  s tudy,  the in te rna l  ca t ion  mobil i t ies ,  ~.e., the  
cat ion mobil i t ies  re la t ive  to the  common anion, were  
measu red  in the  sys tem ( L i - K ) C I  at  the cell  opera t ing  
t e m p e r a t u r e  range  by  the counter  cur ren t  e lec t ro-  
migra t ion  method  deve loped  by  K l e m m  (11) and  
Okada  (12). 

Experlmentai 
Figure  1 is a schemat ic  d i ag ram of the e lec t !omi -  

gra t ion  cell. The sys tem consists of a sample  mel t  
r ese rvo i r  made  of an a lumina  tube (a) .  tha t  has a 
2.54 cm id and a length  of  35 cm, conta ining a sample  

* Electrochemical SOciety Active Member. 
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sa l t  mix tu re  (b) ,  a quar tz  e lec t romigra t ion  tube (d) 
w i th  a main  tube that  is 0.4 cm id and 20 cm long, 
which has been packed  wi th  quar tz  powder  (80-100 
mesh)  (g) and sealed with  quar tz  wool (f) ,  an a lu-  
minum electrode ( j)  tha t  is 0.8 cm id and 7 cm long, 
encased in a boron n i t r ide  tube  (i) a t tached to a n ickel  
lead wire  (h) ,  and a thermocouple  covered with  an 
a lumina  sheath  (e) .  The e lec t romigra t ion  tube,  the 
a l u m i n u m  electrode,  and thermocouple  a re  immersed  
in an electrolysis  vessel  (1) that  has a 3.8 cm id and is 
43 cm long, made  of a lumina  containing ( L i - K ) C I  
eutectic mel t  (k) .  The ent i re  sys tem is assembled in-  
side a glove box conta in ing  a high p u r i t y  he l ium a tmo-  
sphere.  The (Li -K)C1 mix tures  were  p r e p a r e d  f rom 
LiC1 and KC1 (polarographic  grade)  suppl ied  by  A n -  
derson Physics  La, bora tory .  

h 

® 

® 

- e - - -  Cl 

b 

Fig. 1. Electromigratlon cell. a: alumina vessel, b: mixture under 
investigation, c: graphite electrode, d: electromigratlon tube. e: 
thermocouple, f: quartz wool. g: quartz powder (80-100 mesh), h: 
Ni lead wire. i: BN sleeve, j: AI mesh metal electrode, k: salt 
bath [(Li-K)CI eutectic composition]. I: alumina vessel. 
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The expe r imen ta l  p rocedure  was as follows: the  
e lec t romigra t ion  tube  packed  wi th  d ry  quar tz  powder  
was first immersed  in  the  mol t en  sa l t  mix tu re  to be 
tes ted  in the  sample  mel t  reservoir .  The tube filled 
wi th  the  sample  mel t  was then  t r ans fe r red  into the  
mol ten  sal t  ba th  held  in the  e lectrolysis  vessel. The 
e lec t romigra t ion  was car r ied  out  by  passing a current ,  
100 m A  at  about  100V for 4,7h suppl ied  b y  a dc p o w e r  
supply.  The t r anspor ted  charge,  Q, was de te rmined  b y  
a copper  coulometer .  A f t e r  e lec t romigra t ion  had oc- 
curred,  the  e lec t romigra t ion  tube was removed  from 
the  sal t  ba th  and immed ia t e ly  quenched to room tem-  
pera ture .  The upper  pa r t  of the tube  was then cut into 
e ight  pieces, each --~1.5 cm long. The sal t  in each piece 
was d issolved in d is t i l led  wa te r  and the quan t i ty  of 
Li  + and K+ was de t e rmined  by  emission or a tomic 
absorp t ion  spec t rophotomet ry .  The va r ia t ion  of the  
composi t ion of Li + and K + along the e lec t r0migra t ion  
tube  a l lowed the construct ion of composi t ion profile. 

Results ond Discussion 
The in i t i a l  equ iva len t  f rac t ion of KC1, PK, in the  

(L i -K)C1 mix tu re s  was va r ied  f rom 0.356 to 0.451, 
and  the t empe ra tu r e  was selected in the  l iquidus  r e -  
gion according to the  phase d i ag ram (13). The r e l a -  
t ive difference in the  in te rna l  cation mobil i t ies ,  ,1~, is 
defined b y  

elS " -  (bLi - -  bK)/b [1] 

whe re  E i s  the average  value  of b's, and re la ted  to the 
equiva len t  conduct iv i ty ,  A, b y  

b -"  A / F  : PLibLi + PKbK [2] 

where  F is the  F a r a d a y  constant .  F r o m  Eq. [1] and [2], 
one can obta in  

bLl " -  ( A / F )  (1 + el2PK) [3] 

bK = ( A / F )  (1 - -  el2PLi) [4] 

The values  of ,i~ for  the  different  equiva len t  fract ions 
of K + at  the  different  t empera tu re s  a re  ca lcula ted  
f rom the chemical  analysis  and the t r anspor ted  charge 
balances  (11, 12) based on the concentra t ion profile 
a long the e l ec t romig ra t ion  tube,  an example  of which 
is shown in Fig. 2. The expe r imen ta l  condit ions and 
resul ts  a re  also l i s ted  in Table  I. The va lue  of ,12 ob-  
ta ined  in this  s tudy at  PK = 0.416 and T = 711 K is 
es t imated  to be --0.06, which reasonab ly  agrees wi th  
, ~  = --0.10 at  pE ---- 0.41 de t e rmined  by  Moynihan  and 

0.7 

Table I. Experimental conditions and results 

Run T/K PLs Q/C em 
1 712 0.644 • 0.008 1219 --0.014 0.015 
2 700 2156 -0.035 0.004 
3 777 2503 --0.048 0.008 
4 700 0.584 --.+ 0.008 1740 -0.049 0.007 
5 721 1699 -0.071 0.015 
6 778 2127 --0.092 0.007 
7 737 0.549 • 0.008 1613 -0.070 0.008 
8 775 2030 -- 0.072 0.007 

L a i t y  (9) a t  the same t empe ra tu r e  using the Hi t to r f  
method.  The poin t  at  which  the difference in the i n -  
t e rna l  mobil i t ies  of Li  + and K + reached  zero was 
des ignated  as the  Chemla  crossing poin t  (14), which 
is a funct ion of  t empera tu re .  The Chemla  crossing 
point  at  PK - -  0.356 was es t imated  to be at  700 K, 
ex t rapo la t ed  f rom expe r imen ta l  values.  This ex t r apo-  
la ted  poin t  is p lo t ted  in Fig. 3 together  wi th  values  for 
the Chemla  crossing point  es t imated  wi th  the r e p o r t e d  
resul ts  (9, 10). In  the  region represen ted  by  the  a rea  
be low the curve obta ined  by  connect ing  these points,  
the  mobi l i ty  of Li  + is g rea te r  than  tha t  of K +. 

The in te rna l  mobil i t ies ,  bLi and bE, were  ca lcula ted  
f rom Eq. [3] and [4] using the equiva len t  conduc t iv i ty  
da ta  ava i lab le  in the  l i t e r a tu re  (15). The i so therms of 
the resul ts  at  723 and 772 K are  shown in Fig. 4, which 
indicates  tha t  the  mobi l i ty  of Li + becomes less than  
that  of K+ at these t empera tu re s  over  the concent ra-  
t ion range  of this s tudy.  This in te rac t ing  phenomenon  
in which a large  cation, K +, migra tes  fas ter  than  a 
smal l  cation, Li  +, has been known  in o ther  systems and 
was des ignated  as the Chemla  effect (12). The o ther  
sys tem in which this phenomenon was first observed  
was ( L i - K ) B r  (16), and  la te r  s imula ted  by  a model  
based on the molecu la r  dynamics  (1T, 13). 

I t  has been expe r imen ta l l y  shown tha t  the  in te rna l  
mobi l i ty  of Li +, bLi, is expressed  b y  

bLi = A exp (--E/RT)/(V -- Vo) [G] 

where E and Vo are constants, R is the gas constant, 
and V is the molar volume of the system. The recipro- 
cal value of bLi obtained in this study is plotted in Fig. 5 
against the molar volume of the system together with 
that obtained by Moynihan and Laity (9). This figure 
shows that within the experimental range the relation- 
ship expressed by Eq. [5] holds in the present system. 
The constants for the solid lines in Fig. 5 are A = 1.16 
em 5 V -I s -~*, Vo = (43.7 -- 0.0259T) cmz mol-*, and 
E --_ 33.1 k J  tool-*.  As for  the  mobi l i ty  of K +, its 
rec iproca l  shows s imi la r  l inea r  re la t ionsh ips  wi th  
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e , I z l a 1 4 1 s 1 6 1 7 1 8 1  e 
migration tube section 

Fig. 2. Typical profile of concentration in the migration tube 
(run 5). 
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Fig. 3. Temperature of crossover composition and of llquidue 

composition, e :  (10). O :  from Ref. (9). A :  this work. ----: 
liquidus tempernture (13). m ' m ' :  .50 K obove liquidus tempera- 
ture. X : the eutectic composition of 723 K. 
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Fig. 4. Isotherms of internal cation inabilities against equivalent 

fractions of KCI at 723 and 773 K. C): b~i. 0 :  bE. A:  the 
Chemla crossing points estimated from Fig. 3. 

molar  volume of the system at temperatures  773 and 
913 K, as shown in  Fig. 6. The parameters  for K + are 
A -- 6.18 cm 5 V -z  s -z, Vo = (75.8 -- 0.0743T) cm S 
mol -z, and E -- 40.7 kJ mo1-1. The curve at 723 K 
deviates considerably from lineari ty.  Similar  non-  
l inear i ty  was observed with large cations such as Rb + 
in the mol ten  ni trates  at lower temperatures  (14). 

The t ransference n u m b e r  of species i, t~ is related to 
the mobi l i ty  of species i, bi, by the following equ.ation 
in  a b ina ry  system 

ti "- Pibi/ (Pzbt -I- P2b2) [6]  

V/cm :3 mol-I 
28 30 32 34 36 38 

I I I I I I l l l 

0.16 

0.200.18 ~ 3 K  0.14 :~ 

7 / oJ2 
E /o _ , ~ K  f T oJ6 3 T 
_c 2 o 
x , ~  ~, J g I 3 K  O.lOx _ 

(._ 
T'--3 O.14 " .a 

"= 3,.08 

0.12 

3,06 

0 . I (  I l I I I I I I I 
2 34 56 

V/cm 3 rnol -I 

Fig. 5. The reciprocal of internal mobilifies of Li + plotted vs, 
molar volume. O :  this work. O: from Ref. (9). A :  the Chemlcl 
crossing points. 
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Fig. 6. The reciprocal of internal inabilities of K + plotted vs. 

molar volume using the some symbols as in Fig. 5. 

Therefore 
t']Pi = bi/ (Ptbz + p~b~) [7] 

When bz --  b~, one can obtain t ]P i  -- 1, which is fre-  
quent ly  used as an approximation l'or the t ransference 
number .  However, the present  s tudy shows the values 
of tLi/PLi and tK/PK to be 0.97 and 1.04 at T -- 723 K 
and near  the eutectic composition, i.e., PK ---- 0.416, re-  
spectively. The relative aifference in in te rna l  cation 
inabilities, which is equal  to (tLi/PLi -- tK/PK), reaches 
as much as --7% in this system. Since the eutectic com- 
position (x in Fig. 3) is located above the solid l ine in  
Fig. 3, where tk base l ine is larger than Pk, t ransi t ion 
time for phase separat ion becomes shorter than  that  
est imated from the assumption tk -- Pk. For example, 
the value of tk/Pk -: 1.04 determined by this s tudy at 
Pk = 0.416 and T ---- 723 K gives about 8% less t ransi t ion 
t ime than  that  estimated using the assumption tk = Pk. 
The discrepancy becomes more pronounced at higher 
concentrat ion of KC1. However, increased concentrat ion 
of LiC1 lowers tk and brings tk to below the value of Pk, 
resul t ing in the favorable condition for the cell opera- 
tion. However. the addit ion of LiCI to the eutectic salt 
mixture  also results in a higher l iquidus temperature ,  
causing the precipitat ion of the salt component.  In  such 
case, the operating tempera ture  of the cell must  be kept 
sufficiently high to main ta in  the stable cell operation. 
Usual ly the cell operat ing tempera ture  is kept at least 
50 K above the l iquidus  tempera ture  of the salt. For  
example, changing the electrolyte composition from 
Pk = 0.415 to Pk = 0.36 raises the l iquidus tempera ture  
of salt to 673 K. A cell containing this salt requires an 
operat ing tempera ture  of 723 K for the stable operation. 

EMF, r due to the concentrat ion polarization can be 
calculated by  

1 ~J~ l - - i L l  d~ucl 

@ -" -F ' ,~o  1 - -  P L i  d---- '~  
dx [8] 

where ~ is chemical potential  and ~ is the separat ion 
distance between electrodes (4). With the boundary  
conditions PLi - "  0.52 at x : 0 and PLi : 0.72 at x : 
and assuming t L i =  PLi and an ideal solution, one can 
obtain D ---- 20.4 mV. A similar calculation can be car- 
ried out, us ing tL~, estim,ated from Eq. [6], and r = 20.7 
mV is obtained. Therefore, as far as EMF of this sys- 
tem is concerned, the assumption of ti/Pi = 1 seems to 
be satisfactory. 

Conclusion 
The in te rna l  cation mobili t ies of Li + and K + in the 

system (Li-K)C1 were determined exper imenta l ly  over 
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the t e m p e r a t u r e  range  700-778 K, wi th  in i t ia l  equiva len t  
fract ions of KC1 of 0.356, 0.416, and 0.451. The Chemla 
effect was observed in this system. 

The t ransference  numbers  ca lcula ted  f rom the in-  
t e rna l  mobilit~es showed a d iscrepancy f rom the re l a -  
t ionship t 'Jpi : 1, which is f r equen t ly  used as an ap-  
p rox ima t ion  for  t ransference  number .  

Manuscr ip t  submi t ted  Aug. 2, 1982; rev ised  m a n u -  
scr ip t  received Dec. 9, 1983. 

Argonne National Laboratory assisted in meeting the 
publication costs of this article. 

LIST OF SYMBOLS 
A constant  in Eq. [6] (cm 5 V - i  s -1)  
bi in te rna l  mobi l i ty  of cat ion i (cm 2 V -1 s - i )  

average  value  of mobil i t ies  defined by  Eq. [2] 
(cm 2 V - I  s - l )  

Pi equiva len t  f ract ion of cat ion i 
ti i n t e rna l  t r anspor t  number  of cat ion i 
E constant  in Eq. [5] (k J  m01 - i )  
Q t r anspor t ed  charge  (C) 
T t empe ra tu r e  (K) 
V mola r  volume of the sys tem (cm 3 t o o l - i )  �9 
Vo constant  in Eq. [5] (cm 3 mo1-1) 

G r e e k  Le t te rs  
el2 re la t ive  difference in in te rna l  mobi l i t ies  defined 

b y  Eq. [1] 
i equ iva len t  conduct iv i ty  (S cm 2 mol  - i )  

chemical  potent ia l  (kJ  mol - i )  
separa t ion  dis tance be tween  e lec t rodes  (cm) 

~I, EMF due to the  concentra t ion polar iza t ion  (V) 
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Porous Electrodes 

I. Numerical Simulation Using Random Network and Single-Pore Models 

Michael Kramer and Micha Tomkiewicz* 

Department of Physics, Brooklyn College of the City University of New York, Brooklyn, New York 11210 

ABSTRACT 

A random network model  is in t roduced to simulate the porous metal-electrolyte interface. This is the first t ime that  an 
a t tempt  has been made at defining a model  for this system that  maintains the random nature of the rough topology. A previ- 
ously util ized model  for this system, the single-pore model, is explored and extended.  The models  are compared,  and the 
results of the random network model  are found to be in qualitative agreement  with the single-pore models. 

The porous me ta l  e lect rode is a subjec t  of in tense 
theore t ica l  and  appl ied  interest .  A l though  wide ly  u t i l -  
ized in e lec t rochemical  systems, especia l ly  in ba t t e ry  
technology,  ve ry  l i t t le  is known in deta i l  about  the 
porous in terface  f rom first pr inciples ,  aside f rom a gen-  
e ra l  knowledge  of how the porous e lec t rode ' s  behav ior  
devia tes  f rom f ia t -e lec t rode behavior .  Specifically,  i t  
would  be useful  to know how the compl ica ted  topology 
of the porous meta l  e lec t rode  contr ibutes  to the elec-  
t r ica l  p roper t ies  of the interface.  Previous  a t tempts  at  
model ing  the porous e lec t rode  are  presented  in the  
rev iew ar t ic le  b y  DeLevie  (1).  The macroscopic  model  
(2) t rea ts  the  e lec t rode-e lec t ro ly te  sys tem as a super -  
posi t ion of two continua,  one of the e lec t rode  ma t r i x  
and  one of the solut ion m a t r i x  tha t  fills all  the un -  
occupied space. The solut ion is assigned an effective 
conduct ivi ty,  and the in ter face  is considered to have an 
effective capaci tance per  uni t  area. The s ing le -pore  
model  is based on a one-d imens iona l  represen ta t ion  of 

* Electrochemical Society Active Member. 
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a pore  as a t ransmiss ion l ine (see Fig. 5) which  r e p r e -  
sents a pore  of "average  pore  length."  These models,  
however ,  do not  account for  the  random dis t r ibu t ion  of 
pores in a t rue  porous solid, nor for a compl ica ted  
surface topology. We have chosen to in t roduce  a th ree -  
d imensional  mode l  of the  rough interface  based on the  
r a n d o m - n e t w o r k  la t t ice  tha t  has p roven  to be so usefu l  
in represen t ing  conduct ion in inhomogeneous mate r ia l s  
and re la ted  percola t ion  problems  (3-5).  A C impedance  
measurements  are  wide ly  used expe r imen ta l l y  for the 
in situ charac ter iza t ion  of e lec t rochemical  systems 
under  equ i l ib r ium condit ions.  In  conduct ing these 
measurements  on porous electrodes,  the  complex  topol-  
ogy of the e lect rode in var ious  states of charge  yields  
ambiguous  data ,  not  subject  to a un ique  in te rpre ta t ion .  
The compute r  s imula t ion  al lows us to examine  the im-  
pedance  of the sys tem as a funct ion of given charge 
accumula t ion  modes at  the  e l ec t rode-e lec t ro ly te  in t e r -  
face. The model  is not  in tended  to po r t r a y  the dc 
opera t ion  of the  electrode,  bu t  r a the r  to provide  a 
means  for  under s t and ing  the  interface.  Using an IBM/  
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370 computer ,  we const ruct  our  model  and  calculate i ts 
complex  impedance,  Z (~ ) ,  in the f requency  range  of 
1 Hz to 1 MHz. Based on this impedance  spectrum,  we 
model  the system in te rms of passive e lements  (6). 

In  this paper ,  we wil l  present  our  model  in detail ,  
discuss p r e l im ina ry  results ,  and compare  these resul ts  
wi th  the  "DeLevie model ."  We wil l  also discuss fur ther  
work  being done to uti l ize this m o d e l  for a more  de-  
ta i led  charac ter iza t ion  of the interface.  

The "Random" Network Model 
We consider  a s imple  system, in which  a 1 cm~ porous 

me ta l  e lec t rode  is immersed  in e lectrolyte ,  a long with  
a counterelect rode.  Only the bot tom (1 cm ~) surface of 
the e lect rode is exposed  to the electrolyte .  The e lect rode 
is a l lowed to discharge,  a l lowing for  a bu i ldup  of a 
semiconductor  on the me ta l  surfaces exposed to the  
electrolyte .  To exp lore  the e lec t r ica l  behavior  of this 
system, we note tha t  we may  define a lo,cal conduc-  
t ivi ty,  = (r-), the bu lk  conduct iv i ty  at  point - r  in our  sys-  
tem. Ra ther  than  a t t empt  to solve for  the cur ren t  d is-  
t r ibu t ion  using the el:ectrostatic equat ions for the con- 
t inuous case, we t r ans fo rm the p rob lem into one r e -  
qui r ing the solut ion of  a discrete  set of Kirchoff 's  law 
equations (a finite difference approx imat ion  to the con- 
t i nuum p rob lem (3) ) .  We subdiv ide  our  bulk  system 
into a r egu la r  cubic mesh of points  {ri} (i = 1, S) and  
assign to each b ranch  of the mesh a conduct iv i ty  tha t  
represents  the  conduct iv i ty  of the  sur rounding  bu lk  in 
tha t  region of space. Let  the  conductance of  the  circui t  
b ranch  tha t  connects node i and j be  denoted as gu, 
the  vol tage at  node i be Vi, and the ne t  cur ren t  into 
node i be Ii. We then  have ( S - l )  equat ions of t h e  form 

]~jgij(Vi --  Vj) - -  Ii [1] 

or  in m a t r i x  no ta t ion  

G . V : I  

where  G is the conductance m a t r i x  ((3ii = ~jgij and 
Gij = --g~j), V is a vec tor  containing the vol tages on 
each node with  respect  to ground,  and I is a vector  con- 
ta in ing the net  cur ren t  inputs  to each node. We may  
solve these s imul taneous  equations for the V's on al l  
the  nodes,  and  for the total  impedance  of the system. 
A deta i led  presen ta t ion  of the  a lgor i thm tha t  we have 
employed  follows. 

We define a t h ree -d imens iona l  cubic la t t ice ,  A(i, j, k), 
where  i, j, and k range  f rom 1 to N, and N 3 : S, the 
total  number  of nodes. N is chosen so tha t  i t  is suffi- 
c ient ly  large  to app rox ima te  an infinite system. Con- 
s t ruct ion of the  e lec t rode  is s imula ted  using a r a n d o m  

n u m b e r  genera to r  to place "metal"  at  var ious  points  in 
the latt ice,  unt i l  the  des i red  poros i ty  is reached.  A 
check is made  of the resul t ing  e lect rode to insure  tha t  
it  is cont inuous and that  no pieces of meta l  a re  "hang-  
ing" in midair .  A n y  d is jo in ted  pieces of me ta l  are  re-- 
moved,  and are  r andomly  rep laced  on the remain ing  
avai lab le  la t t ice  points. This process is repea ted  unt i l  
a continuous e lec t rode  of the des i red  poros i ty  is ob-  
tained.  Lat t ice  plane k --  1 is defined as e lectrolyte ,  
to r epresen t  the solution; the e lec t rode  i tself  begins at  
la t t ice  p lane  k : 2. The e lec t ro ly te  is a l lowed to "seep" 
into the pores in the e lect rode unt i l  al l  accessible pores 
are  filled, by  sea rch ing  for  continuous e lec t ro ly te  paths  
f rom the k ---- 1 p lane th roughout  the electrode.  A n y  
point  on the la t t ice  which has been  lef t  e m p t y  (i.e., no 
meta l  was p laced  there,  and  e lec t ro ly te  was p rec luded  
f rom pene t ra t ing  to tha t  si te) is considered to be "air ." 

Each la t t ice  point  represents  a node in a t h r e e - d i -  
mensional  circui t  ne twork ,  (see Fig. 1), and each pa i r  
of nodes defines a c i rcui t  branch in the  ne twork .  The 
impedance  of each branch  is de t e rmined  by  the char-  
acterist ics  of the two sur rounding  nodes. Thus, for  ex-  
ample,  if  A(1,  1, 1) is e lec t ro ly te  and A(1,  2, 1) is also 
electrolyte ,  the  c i rcui t  b ranch  defined by  those nodes 
wi l l  consist of two series  resis tors  of resis tance Re (the 
resis tance of a microscopic section of the e lec t ro ly te ) .  I f  
A ( 1 , 1 , 2 )  is meta l  and A ( 1 , 2 , 2 )  is metal ,  then the 
circuit  branch de~ned by  those two nodes wi l l  be  two 
series resis tors  of value  Rm (the resistance of a mic ro -  
scopic sect ion of the  me ta l ) .  F ina l ly ,  the  b ranch  de -  
fined b y  A (1, 1, 1) -e lec t ro ly te ,  and A (1, 1, 2) -meta l ,  is 
r epresen ted  by  an Rm and an Re res is tor  in series, wi th  
the addi t ion  of a pa ra l l e l  R-C e lement  in series wi th  
them to represen t  the  semiconduc tor -e lec t ro ly te  in t e r -  
face tha t  resul ts  (see Fig. 2). A n y  circuit  b ranches  
leading  into nodes that  are  defined as "air"  a re  t aken  to 
be of infinite resistance.  

The values that  we have chosen to use as our  uni t  
impedances  for  the ind iv idua l  components  of metal ,  
e lectrolyte ,  and semiconductor  a re  presented  in Fig. 2. 
These values were  obta ined  by  t ak ing  the values  of 
bu lk  impedance  f o r  a 1 cmS-sized sample  (we chose 
numbers  character is t ic  of Zn and ZnO) and seal ing 
them down to the magni tude  of a uni t  pore  size: ap -  
p r o x i m a t e l y  10~ diam. We define a charac te r i s t ic  t ime 
constant  of the interface,  �9 -:-- RpC. These components  
a re  azsembled into a system, as descr ibed  above (see 
Fig. 3), and the total  impedance  of the  sys tem is cal -  
culated.  The to ta l  impedance  is then  rescaled b y  an 
appropr ia t e  factor  that  normal izes  the whole  sys tem 
to a 1 cm~ size. Thus, an a t t empt  is made  to obta in  i ra-  

Fig. 1. RepresentatTon of the 
three-dimensional lattice in 
terms of circuit elements. Figure 
lb shows our model in terms of a 
checkerboard pattern of bulk 
components of metal, electro- 
lyte, semiconductor, and air. 
Figure la depicts our represen- 
tation of a corner of Figure lb 
in terms of a network of circuit 
elements. Zse is the impedance 
of the semiconductor layer on 
the interface (see Fig. 2). 
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Metal 

Rm = 6 x 10-6.0. 

Electrolyte 

Re = 5 £  

Semiconductor 

Rs =.055.0. 
Rp= IK.Q 

II 
C = I,uF 

Fig. 2. Equivalent circuits used to represent the microscopic 
components of the system (metal, electrolyte, semiconductor, etc.). 

pedance  da ta  wi th  numbers  represen ta t ive  of that  
which  might  be encountered  in a rea l  system. 

Once the e lect r ica l  ne twork  has been defined, the  
compute r  sets up the Kirchoff 's  l aw equations.  Due to 
the  fact tha t  our  model  includes react ive  circuit  e le -  
ments,  the quant i t ies  G, V, and I in Eq. [1] a re  com- 
plex,  and  m a y  be represen ted  as 2S-1 equat ions of the  
form 

Gl 

Fig. 3. The random network lattice used to generate the data 
for Fig. 4. At this porosity of 0.3, the electrolyte does not fully 
penetrate the lattice. (Actually, the penetration of the electro- 
lyte into the pores seems to conform to classical percolation 
theory. At porosities above 0.35, the liquid starts to penetrate 
through the electrode). 

where the subscripts r and i stand for the real and 
imaginary components, respectively. 

A known current is sent uniformly into all the bot- 
tom nodes (so as to e l iminate  the "edge effects" tha t  
would  resul t  if the  cur ren t  were  sent  only  into one 
node) ,  and the impedance  of the sys tem is ca lcula ted 
be tween  one node on the e lec t ro ly te  p lane  (1, 1, 1) and  
one node of the top e lect rode p lane  (N, N, N) by  solv- 
ing for  the  V's on al l  the nodes. 

Fo r  a sys tem of N --  15 (a la t t ice  of size 15 × 15 × 15 
wi th  3375 nodes)  there  a re  up to 6748 equations to be  
solved. This is a formidable  compute r  problem.  In -  
deed, the  task would be prohib i t ive  wi thout  t ak ing  
advan tage  of the  fact  tha t  the conductance mat r ix ,  G, 
is a spa r se - symmet r i c  coefficient mat r ix .  

A n u m b e r  of techniques exist  for the solut ion of this  
class of problems.  A wide ly  used method  for solving 
the s imul taneous  equations in the r andom res is tor  
la t t ice  is the Gauss -Se ide l  i t e ra t ion  p rocedure  wi th  
ove r - r e l axa t ion  (5). This is a ve ry  economical  method,  
in both execut ion t ime and s torage space. A serious 
d r a w b a c k  of this  technique  is the  r e l a t ive ly  s t r ic t  r e -  
qui rements  tha t  i t  p laces  on the coefficient ma t r i x  in 
o rder  for  convergence to be achieved,  namely ,  that  the  
ma t r i x  be e i ther  d iagona l ly  dominant ,  or at  least  posi -  
t ive  definite (7). For  Kirchoff 's  l aw problems  wi th  
pu re ly  res is t ive  components ,  d iagonal  dominance  is 
assured, since the  d iagonal  e lements  of the conductance 
ma t r i x  a re  s imply  the sum of the  off d iagonal  elements.  
In  our problem,  wi th  complex impedances,  we f i n d  
tha t  at  f requencies  for which the rea l  conductance ap-  
proaches  the  same order  of magni tude  as the  imag ina ry  
conductance,  the  Gauss -Se ide l  p rocedure  does not  con- 
verge.  This is due to the  fo rm of the equat ion in Ref. 
(2) where  there  are  many  more  off d iagonal  e lements  
due to the Gi values.  When  these imag ina ry  compo-  
nents  are  large,  the  ma t r i x  is no longer  d iagona l ly  
dominan t  nor  posi t ive definite. 

F o r  most  of our  computat ions,  we have resor ted  to 
the  use of a Gauss ian  e l iminat ion  rout ine  which  takes  
advan tage  of bo th  the  sparseness and the s y m m e t r y  
of the  G coefficient m a t r i x  (8). Only  the  nonzero e le-  
ments  in the upper  ha l f - t r i ang le  of the  ma t r i x  a re  
stored,  and  an efficient p ivot ing  s t ra tegy  is chosen to 
minimize  nonzero m a t r i x  fill dur ing  the p ivot ing  and  
to minimize  the  number  of mul t ip l ica t ions  r equ i r ed  in 
the  solution. In practice,  the technique is app rox ima te ly  
an order  of magn i tude  more  expens ive  to use than  
Gauss -Se ide l  in both speed and s torage requi rements .  
The advan tage  of using the Gauss ian  e l imina t ion  tech-  
n ique is tha t  a solut ion is gua ran teed  for a lmost  any  
prob lem.  The solutions ob ta ined  f rom the Gauss -Se ide l  
p rocedure  (in the  range  in which convergence is 
reached)  are  in complete  ag reemnt  wi th  the  resul ts  ob-  
ta ined  using the modified Gauss ian  e l iminat ion  tech-  
nique,  

F igure  3 presents  a sys tem constructed wi th  a poros-  
i ty  of 0.30, and the  resul t ing  impedance  of the sys tem 
as a funct ion of f requency  is p lo t ted  in Fig. 4. We 
have  identif ied th ree  basic regions of in te res t  in  the  
f requency  range  spanned  by  our  results.  Region I is the  
low f requency  range,  in which our  system seems to be -  
have as a para l l e l  RC combinat ion  (see Fig. 4). Region 
II  is in the  mid - f r equency  range,  wi th  an impedance  
spec t rum tha t  cannot  be r ep resen ted  us ing passive e le-  
ments,  and Region I I I  is r ep resen ta t ive  of a series RC 
combinat ion.  The var ia t ion  of the  impedance  da ta  as a 
funct ion of sys tem size is p resen ted  in Fig. 5 f rom size 
N = 5 to N ---- 15. For  the resul ts  p resn ted  here,  N ---- 15 
w-as used to ensure  p rope r  s ta t is t ica l  r ep resen ta t ion  of 
an in f in i t e  system. 

The Single-Pore Model 
I t  is in teres t ing  to compare,  at  leas t  qual i ta t ive ly ,  the  

resul ts  f rom our  th ree  d imens iona l  model  wi th  the  r e -  
sults ob ta inab le  f rom the s ingle pore  model  p rev ious ly  
ment ioned  (1).  
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Fig. 4 Impedance spectrum from the random network model at 
a single porosity (0.3), and a single random number. Three fre- 
quency regimes are identified, and we have modeled two regimes 
with a simple passive-element model. The bars on each curve rep- 
resent the variations in the data when various random-number seeds 
are used to construct the lattice. For each random-number seed, 
the shape of the impedance spectrum is almost identical. 

DeLevie, following on the heels of other researchers 
[Daniel ' -Bek (9) and others],  suggested that each 
pore in a porous electrode may  be thought  of as having 
a uniformly distributed electrode and electrolyte re-  
sistance throughout  its length. As such, the single pore 
may  be modeled as in Fig. 6a, where R is the re-  
sistance per  unit  length of the electrolyte solution in- 

1"5 I 

H I Hz .,- . . . . . .  __. 

E l0 5 Hz 
H 

0 .5  

1.5 I I I I 

I.o ~ I H z  . . . . . . .  : . . . . . . . .  :___:_:~>~ 

/ 

~ -  ," 10 5 HZ 

a: 0 .5  / 

t i i i 
5 ? 9 II 15 15 

N 
Fig., 5. The impedance in the random network model as a func- 

tion of system size. All values are normalized to the impedance of 
latticel size 15 X 15 X 15 (N - -  15). 

side the pore and Z is the impedance of the electrode- 
electrolyte interface. The current voltage relationships 
of this circuit may  be expressed as a differential equa-  
tion, and a solution may be obtained for  the total im- 
pedance of the circuit as (1) 

Zo = (RZ)  '/~ coth (pL) [3] 

where R and Z are defined above, p --- ( R / Z )  ~/2 and L is 
the length of the pore. This is the main, and current ly  
utilized (10), result f rom this model. The main char-  
acteristics of the calculation are: (i) al though fiat elec- 
trode impedances vary  as a function of Z, porous sur-  
face impedances will be dependent on (RZ) ~/2, and (ii) 
the contribution of the electrode surface deep inside 
the pore is negligible, 1/p becoming the characteristic 
"penetration depth." If  pL > >  1, the pore behaves like 
a semi-infinite one. 

In  order to utilize these results for comparison with 
the random network  model, we must  introduce a 
value for Z, and we must  also combine the single-pore 
transmission-line impedances to form a complete rough 
electrode. The former  is accomplished by defining the 
electrode-electrolyte interface as a standard parallel 
RC model, as depicted in Fig. 6b. We have used the 
same numerical  values for the individual components as 
those in the random network  model (here they are 
shown already normalized to the 10 ~m single-pore 
size). As a result 

Rp w'~Rp 
Z = r~ + - -  j [4] 

1 + t~2r 2 1 -~  ~2Z2  

where ~ -- RpC. Substi tuting Eq. [4] into Eq. [3] and 
simplifying, we get 

~ / RP e2x _ e-2~ 
Zo V 2 e2x _~ e-2x 

+ j  [ ( ~ _  ~)v. 

2 sin 20 ] 

e2x _ e - ~  (~ -- a) ~/~ 

2 sin 20 ( ~ + a ) ~ ]  } [5] 

e2x .~- e-2z 

where we have defined the following quantities 

Rp p - -  
1 -t- ~2~ 2 

rs 
a =  1 - t - - -  

P 

= C ~  + ~ )  

x=L - . ~  (# + a ) ~  

o=L ~ (/3--a)~ [6] 

A log-log plot of the relationship between Z and f 
(for a single pore) is presented in Fig. 7.  It is inter-  

esting to note the similarity in sh~ape between the im- 
pedance spectrum of the single-pore model (even 
though we are only considering a single pore) and that  
of our  random network model (Fig. 4). The advantage 
of considering a single pore at the present stage is that  
it is the only system for which we have an analytic 
result  (Eq. [5]),  which may  be used to derive ex-  

press ions  for the impedance in different f requency 
ranges. 

We define three f requency regimes: 

1. The low frequency range (art < <  1) 

Re (Zo) ~_ K 

ImCZo) ~_ K ~  [7a] 
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|~4xlO4O. ~ r~c - 
Rp=IO9Q ~ T C  = IpF Rp C Rp 

(6b) 
Fig. 6. The DeLevie model of a single pore. Figure (6a) presents 

the general transmission-line model. (6b) presents the value we 
have chosen for R, the electrolyte impedance, and our specific 
model for Z, the electrode-electrolyte interface inside the pore. 
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Fig. 7. Impedance spectrum from the DeLevie model, single pore. 
The sections of the curve labeled 1 are areas in which the imaginary 
impedance plot is of slope = 1 on the log-log plot, and the im- 
pedance in these ranges may be modeled by the two passive ele- 
ments models shown. The section of the curve labeled 2 has a 
slope of 1/2 (see Eq. [7a] - [7c] ) .  

w h e r e  K ( independen t  of f r equency)  is g iven as 

K = 
e 2= "1"- e - ~  -t" 2 

a n d  x i s  
x ~ L ( R / R p )  

The no tab l e  fea tures  o~ Eq. [7a] a re  the  f requency  
independence  of the rea l  pa r t  and  the slope 1 depen-  
dence (on the log- log  plot)  in the  imag ina ry  pa r t  of the  
impedance  (see Region I on Fig.  7).  

2. The in t e rmed ia t e  f requency  range  ( ~  > >  1, b u t  
rs~lR < <  1) 

1 
Re(Zo)  = Im(Zo)  = [7b] 

This  resu l t s  in  the  slope - - � 8 9  l ine  in  Region I I  of  
Fig. 7. 

3. The  h igh  f requency  range  ( ~  > >  1 and  reO~/Rp >> 1) 
Re(Zo) = 

which resul ts  in a f requency  independen t  rea l  im-  
pedance,  and the slope --1 l ine in the  imag ina ry  im-  
pedance,  as can be seen in Region I I I  of Fig. 7. 

In  addi t ion  to the f requency  l imits ,  i t  was also as-  
sumed that  Rs/R, < <  1, and  that  R > rs by  at  least  an 
order  of magni tude  (which  is usua l ly  the  case) .  

To combine the single pores  into a unified me ta l -  
e lec t ro ly te  system, we ex tend  DeLevie ' s  model  s l ight ly.  
We define an X - Y  plane  and divide  i t  into N 2 squares,  
and r a n d o m l y  place  a r e c t a n g u l a r - w i d t h  pore  on the 
X - Y  p lane  wi th  its length  ex tend ing  in the  Z d i rec-  
tion. The length  of the  pore,  L, is also r andomly  chosen 
to be f rom 1 to N, and the pore  width,  W, is selected so 
tha t  there  is a Gauss ian  d i s t r ibu t ion  about  W = 2 (to 
p reven t  a few ve ry  wide pores f rom " taking  over"  the  
whole  e lec t rode) .  More random-s ized  pores  are  r a n -  
domly  p laced  on the X - Y  p lane  unt i l  the des i red  
poros i ty  is reached.  We may  then  solve  for  the  to ta l  
impedance  of the sys tem by  adding  up al l  the  p a -  
ra l le l  impedances  due to the  ind iv idua l  pores,  using 
Eq. [5] to represent  the impedance  of each pore.  The 
impedances  of the  nonporous  sections of the  e lec t rode  
are also added  on to the  total  impedance.  

The  results ,  for  a poros i ty  of 0.3 and N = 40, a re  
p resen ted  in Fig. 8. The cr i ter ia  for  choosing N was 
based on considerat ions  s imi lar  to those used to choose 
N in the random ne twork  model,  namely ,  tha t  the  
resul ts  be independen t  of N and s ta t i s t ica l ly  i ndepen-  
den t  of the r andom number .  This phase of the ca lcu-  
la t ion was pe r fo rmed  on an  IBM PC. 

Discussion of  Results 
There  is a qual i ta t ive  agreement  be tween  the r a n -  

dom ne tw ork  model  and the s ing le -pore  model.  A 
compar ison of the  passive e lements  represen ta t ion  o f  
the two systems (Fig. 4 and Fig. 8) also yields  o r d e r -  
o f -magni tude  quant i ta t ive  agreement .  One d i sc repancy  
be tween  the two models  is the definite shif t  in the  
locat ion of the "mid - f r equency  peak"  in Fig. 8 as com-  
pa red  to the  r andom ne tw ork  .and s ing le -pore  results .  
A ma jo r  difference be tween  the two models  in con- 
struction,  is the  fact tha t  in the  r andom ne tw o rk  the 
pores  in te rac t  wi th  each o ther  as in a t rue  porous  
electrode,  while  in the  DeLevie  model  each pore  is kep t  
separa te  f rom the others,  and is a separa te  channel .  
The favorable  comparison of the two models  would  
seem to b e a r  out  DeLevie ' s  assert ion tha t  " the  d i s r ega rd  
of crossl inks [between the pores] p r e suma b ly  does not  
in t roduce  a significant er ror"  (1).  Nevertheless ,  this  
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can be a useful  s t a r t i ng  place for  an exp lana t ion  of a 
d i screpancy  be tween  tt~e two. 

The behavior  of  the  sys tem impedance  in the  r a n -  
dom n e t w o r k  mode l  m a y  be somewhat  in fe r red  f rom 
the values of  the const i tuent  components  tha t  make  
up the system. The low f requency ( real  and imaginary)  
impedance  in Fig. 4 reflects the  values  of  Rp and C of  
the uni t  (semiconductor)  interface,  a l though the 300~ 
value  of Re (Z) is no t iceab ly  l ower  than  the 1 k ~  Rp. 
In  the  high f requency  regime,  C dominates ,  to ta l ly  
shunt ing out  Rp, the only  cont r ibut ion  to the  rea l  im-  
pedance  being Re- This provides  us wi th  an indica t ion  
tha t  the to ta l  behavior  of the  po rous -me ta l  sys tem may  
be in fe r red  f rom the values  of the  components  tha t  
make  up the compl ica ted  surface topography.  Our u l t i -  
mate  goal  is to genera te  a deta i led  pic ture  of  the 
macroscopic interface f rom the impedance  da ta  of the 
microscopic components  tha t  make  up the system. 
This wi l l  be considered fu r the r  in a subsequent  paper ,  
a long with  an exp lora t ion  of the  phys ica l  significance 
of the  passive e lements  model  of  the  ent i re  system. 

We wil l  also examine  the corre la t ion be tween  the 
s ing le -pore  ana ly t ic  resul ts  (in the var ious  f requency  
l imits)  and  the r andom n e t w o r k  model.  Only a single 
poros i ty  has  been considered thus far, but  an exp lo ra -  
t ion of the r andom ne twork  model  a t  different  poros-  
i t ies is in order.  Al though  some rough  surfaces may  
exhib i t  a conduct ion percola t ion  threshold  (11, 12), we 
do not  expect  to see any  classical  percola t ion  in our 
system. This is due to the  fact that  we have const ra ined 
the sys tem to be above the percola t ion  threshold  b y  the 
r equ i rement  tha t  the meta l  e lec t rode  be continuous. 
We would, however ,  expect  to see some less d r ama t i c  
sys tem dependence  on porosi ty.  

Acknowledgments 
We would  l ike  to express  our  special  g ra t i tude  to 

Dr. Phi l ip  E. Se lden  f rom IBM, Thomas J. Watson Re-  

search Center,  for he lp ing  us to formula te  the Random-  
Ne twork  problem.  We would  also l i k e  to thank  Dr. 
I t~hak W e b m a n  from Exxon,  for  he lp fu l  discussions 
dur ing  the ini t ia l  phases of  the  project .  This work  was 
suppor ted  by  the Office of Nava l  Research under  Con- 
t rac t  N000,14-81-K-0339. 

Manuscr ip t  submi t t ed  Ju ly  14, 1983; rev ised  m a n u -  
scr ip t  received Feb.  14, 1984. 

Brooklyn College assisted in meeting the publication 
costs o] trois article. 

REFERENCES 
1. R. DeLevie,  in "Advances  in E lec t rochemis t ry  and 

Elec t rochemica l  Engineer ing,"  Vol. 6, P. De lahay  
and C. W. Tobias, Editors,  p. 329, John Wiley  
and Sons/ In tersc ience ,  New York  (1967). 

2. J. S. Newman  and C. W. Tobias, This Journal, 109, 
1183 (1962). 

3. S. K i rkpa t r i ck ,  Rev. Mod. Phys., 45, 574 (1973). 
4. I. Webman,  J. Jo r tner ,  and  M. H. Cohen, Phys. Rev. 

B, 14, 4737 (1976). 
5. L Webman,  J. Jor tner ,  and M. H. Cohen, ibid., 11, 

2885 (1975). 
6. M. Tomkiewicz,  This Journal, 126, 2221 (1978). 
7. Carnahan,  Luther ,  and Wilkes,  "Appl ied  N u mer i -  

cal Methods,"  p. 300, John Wi ley  and Sons, 
New York  (1969). 

8. G. E. Forsythe ,  M. AI Maicom, and C. B. Moler, 
"Computer  Methods for  Mathemat ica l  Computa -  
tions," Prent ice  Hall,  Inc., Englewood Cliffs, NJ  
(1977). 

9. V. S. Danie l ' -Bek ,  Zh. Fiz. Khim., 22, 697 (I948).  
10. S. A. G. R. K a r u n a t h i l a k a  and N. A. Hampson,  J. 

Appl. Electrochem., 10, 357, 603 (1980). 
11. M. H. Cohen and M. Tomkiewicz,  Phys. Rev. B, 26, 

7097 (1982). 
12. M. H. C~hen, J. K. Lyden ,  and  M. Tomkiewicz,  

Phys. Rev. Lett., 47, 13 (1981). 

Study of the Initial Stages of Anodic Oxidation-of Polycrystalline 
Silver in KOH Solutions 
Maria Hepel* and Micha Tomkiewicz* 

Department of Physics, Brooklyn College of the City University of New York, Brooklyn, New York 11210 

ABSTRACT 
Growth of the anodic Ag20 film on a polycrystal l ine silver disk electrode in 1 mol dm -3 KOH solution at ambient  

temperature  has been examined using a variety of electrochemical  techniques. On the basis of the exper imental  results, 
a solid-state model  of silver electrode covered by a thin semiconductor  film with a finite ionic conductivi ty has been 
proposed.  I t  has been found that  under  potentiostat ic control, thickness of the oxide film adjusts very quickly to the hy- 
drodynamic  conditions by a deposit ion/dissolution process, and the steady-state oxidation currents fulfill the Levich 
equation for RDE, despite the fact that the electrode is covered by a thin Ag20 film. In the case of thicker films, after 
complet ion of nucleation and growth, changes in the hydrodynamic  conditions do not influence the oxidation current, 
and adjus tment  of the thickness of the oxide film to new hydrodynamic  conditions proceeds at slower rate because of 
the slowness of the solid-state diffusion step. The Ag20 nucleation and growth peak has been observed in chronoam- 
perometric  transients above potential  of + 240 mV (vs. Ag/AgC1). I t  has been observed that  the nucleation and growth 
peak decreases as the convective diffusion is accelerated by the rotation speed of the RDE. The dependence  of the oxi- 
dation current  upon the rotation speed vanishes gradually during the Ag20 nucleation and growth process. 

Porous silver oxide electrodes in conjunction with zinc, 
cadmium, iron, or hydrogen electrode serve as cathodes 
in various batteries (1). The silver electrodes offer excel- 
lent cycle life when used in rechargeable cells (1-4). In 
spite of development  of commercial  rechargeable silver- 
zinc batteries and the numerous  investigations on the 
electro-oxidation of silver in alkaline solutions, the basic 
electrochemical  processes involved are still not well un- 
derstood. Apparent ly  simple, consecutive oxidation 

*Electrochemical Society Active Member. 
Key words: anode, films, nucleation, transients, battery. 

scheme 

2Ag + 2 OH- = Ag20 + H20 + 2e- [i] 

Ag20 + 2 OH- = Ag202 + H20 + 2e- [2] 

is complicated by adsorption processes, nucleation 
overvoltages, solid-state diffusion, and dissolution of 
Ag(I) in form of hydroxy complexes. The resulting cyclic 
voltammogram for polycrystalline smooth electrode con- 
sists of five anodic peaks (see Fig. 1), of which only two 
are associated with the formation of bulk Ag~O and AglOw. 
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Fig. 1. The CV characteristic for the polycrystalline silver electrode 
(geometric area A = 0.38S cm 2) in 1 mol dm -8 KOH solution at 22~ 
Potential cycles 6-8 between - 6 5 0  and +900  mV v s .  Ag/AgCI, v = 10 
mV/s, quiet solution, Econd = - 1 2 4 0  mV. 

Our present objective is to study the initial stages of the 
oxidation of smooth polycrystalline silver electrode. 

Commencement  of silver oxidation has been ascribed 
by Giles et al. (5, 6) on the basis of impedance measure- 
ments, to its dissolution in form of Ag(OH)2- complexes. 
According to Brezina et al. (7), the multilayer surface ox- 
ides are formed in the region of peak A1 (see Fig. 1), while 
Giles et al.  (5, 6) proposed a mechanism in which a mono- 
layer of Ag20 is completed in the region of the first oxi- 
dation peak. Droog et al. (8) and Ambrose et al. (15) 
treated their peak as A1 on the basis of the recalculation 
of the electrode-potential scale, but, previously (5, 9, 10), 
this peak was compared to the peak A~ of other authors 
(11-14). Ambrose and Barradas (15) conclude on the basis 
of ring-disk study that in the A1 region the dissolution 
of silver(I) as Ag(OH)2-occurs, giving linear Koutecky- 
Levich plots, i -1 = f(oJ-�89 However, no further conclusions 
could have been drawn from the potential dependence of 
the determined values of the anodic current at (o --> ~. 
Earlier, the ring-disk technique has .been applied by 
Miller (16). In this study, the supersaturation in the vicin- 
ity of the electrode surface has been observed at the foot 
of the 2~ peak; the peaks A1 and A2 have not been ob- 
served on his freshly polished electrodes. T~ak et al.  (9), 
Perkins et al. (10), and Stonehart (11) have treated the 
peak A~ as an artifact (carbonate impurities, electrode 
etching, etc.). Droog et al. (8) attribute it to a complex sit- 
uation in which at least two reactions are involved. They 
have proven that the change in carbonate concentration 
does not influence the A~ peak potential. On the  basis of 
the combined electrochemical and ellipsometric studies, 
the same authors (8) conclude that the A~ peak is due to 
the silver dissolution and the formation of a surface 
monolayer. The peak A2 has been identified by Dirkse 
and de Vries (12) as AgOH. To similar conclusions came 
Stonehart  (11), neglecting dissolution of adsorbed and 
volume films of AgOH. Other hypotheses have also been 
proposed: oxidation of adsorbed hydrogen (13), preferen- 
tial oxidation of surface s i lver  atoms of low coordination 
number  (16, 17), and electrodissolution of silver with 
eventual formation of a surface of Ag20 monolayer (9, 10). 
The latter point of view has been associated (10) with the 
fact that no photoeffects were observed in the A2 region. 
It has been found that the onset of the photocurrent  on 
vo]tammetric characteristics for semiconducting n-Ag20 
film electrode takes place after the peak A2 is completed 
(10, 18). 

The aging effects in the initially formed oxide film 
have been Considered by Arvia and co-workers (19). The 
electrochemistry of silver in KOH solutions at elevated 

temperatures has been studied by Macdonald and co- 
workers (25-28). 

In this study, we examine the initial stages of the elec- 
tro-oxidation of silver and growth .of the semiconducting 
oxide films on polycrystalline silver electrodes in alka- 
line environment.  The aim of this work is to describe the 
solid-state transport processes across the thin Ag20 
anodic film starting from first monolayers. The influ- 
ence of different parameters on the total oxidation cur- 
rent  is discussed. On the basis of the performed experi- 
ments, we propose a steady-state model of the Ag/Ag20 
electrode in the region of the space-charge buildup in the 
growing film. The linear scan vol tammetry (LSV), linear 
potential scan coulometry (LPSC), cyclic vol tammetry 
(CV), and rotating disk electrode (RDE) techniques have 
been used in measurements. 

E x p e r i m e n t a l  

A standard plexiglass electrolytic cell of about 100 cm 3 
capacity was used in this study. A fritted glass tube was 
used to separate the Pt-foil counterelectrode from the 
main cell compartment.  A silver rod (Johnson-Matthey) 
pressed into a Teflon holder was used as a working elec- 
trode; its active surface area was 0.385 cm 2. A Model 
EC-219 rotating disk electrode (IBM Instruments,  Incor- 
porated) was also used in experiments  with controlled hy- 
drodynamics. The potentials were measured against the 
double-junction silver/silver chloride electrode (Sargent- 
Welch Scientific Company) with internal saturated KC1 
solution and external 1 tool dra 3 KNO3 solution. The lat- 
ter one was exchanged each day to avoid contamination 
of the main solution (KOH) by chloride ions. 

An EG&G Model 173 potentiostat, equipped with a 
Model 179 digital coulometer and Model 175 universal 
programmer, was used for voltammetric and chronocoul- 
ometric measurements.  The experimental  plots were re- 
corded on a Hewlett-Packard Model 7044 A XY-plotter. 

All the chemicals used were of analytical-grade purity. 
The solutions were prepared with deionized water (18 
M~) obtained using a Milli-Q purification system. Before 
the measurements,  silver electrode was polished with 0.05 
tLm alumina (Fisher Scientific Company), washed with 
deionized water, and dried in a vacuum. The solutions 
were deoxygenated by nitrogen bubbling. 

Resul ts  

A well-developed full CV characteristic for polycrystal- 
line silver electrode in 1 mol dm -a KOH solution can be 
obtained after approximately six cycles beween -650 and 
+900 mV vs.  Ag/AgC1 reference electrode. Such a 
vol tammogram is presented in Fig. 1 for the potential 
scan rate of 10 mV/s. All the faradaic activity start at po- 
tentials positive to -300 mV vs. Ag/AgCI. In consecutive 
cycles, only small changes (increase) in the peak heights 
are observed, and they are due to increasing real surface 
area of the electrode. It is seen, that in the anodic scan, 
five current peaks are observed and they are designated 
A1 through As. The current increase at the positive limit 
of the vol tammogram is associated with the o x y g e n -  
evolution reaction. 

The formation of bulk Ag20 and Ag202 can be ascribed 
(5, 6, 8-10, 12-21) to peaks A~ and A4, respectively. In the 
potential region of the peak A5 at the foot of the oxygen- 
evolution wave, the highest silver oxide, Ag203, is formed, 
as has also been reported in Ref. (22, 23, 25, 29-32). The 
peaks AI and A2 correspond to the initial stages of the 
silver oxidation. 

When the electrode is conditioned in solution at open 
circuit for a long time (e.g., 24h) significant changes are 
seen in the LSV peak structure (Fig. 2). The peak A2 is not 
observed, and the peak A3 is much sharper than normally 
obtained on freshly polished electrode and also is higher 
than the peak A4 corresponding to the nucleation and 
growth of the argentic oxide. Furthermore, upon succes- 
sive cycles, large changes are observed in the relative am- 
plitude and the position of the various peaks. After about 



1290 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY June1984 

E 

-2 

2 

3i 

:, I . l � 9  

� 9 1 4 9  
II hl 
4b�9 2 

~': 3 
"-4 

:II 

:II 

Sweep No. 

I - -  
2 . . . .  

3 . . . .  

4 . . . . . .  

Square Root of Scan Rale, (mV/s) t/z 
0 5 I0 15 20 

~ . 2 0 0  
:3. 

~ i p=f(v) / /  

Y /  
I00 

/ 

I 1 I 
0 0 50 I00 150 200 

Scan Rate, mV/s 

Fig. 4. The dependence of the cathodic peak current (C1) upon the po- 
tential scan rate (curve 1 ) and the square root of the scan rate (curve 2). 
Solution: 1 mol dm -3 KOH. 

0 200 400 600 800 
Potential, mV 

Fig. 2. Consecutive runs (1-4) of the cyclic voltarnmogram for a sta- 
tionary silver electrode conditioned far 24h in 1 mol dm -3 KOH solution�9 
Scan rate: 10 mV/s. Potential limits: - 6 5 0  and +900  mV. A = 0.385 
cm 2. 

four  cycles,  a s t ab le  v o l t a m m o g r a m  emerges .  Th i s  evolu-  
t ion  is s h o w n  in Fig. 2. 

Potential region of  the peak A , - - T h e  c u r r e n t  p r e w a v e  
A~, h a r d l y  seen  in  Fig. 1, is p r e s e n t e d  in e n l a r g e d  scale  in  
Fig. 3 for  a set  of po t en t i a l  s can  ra tes  r a n g i n g  f rom 10 to 
200 mV/s.  W h e n  t he  anod ic  i n v e r s i o n  po t en t i a l  E~ is equa l  
+180 m V  (as in  Fig. 3), a ful l  anod ic  wave  is d e v e l o p e d  
only  at  v ~ 10 mV/s.  In  t he  r eve r se  scan,  t he  p e a k  C~ is ob- 
s e r v e d  for all  va lues  of  v. T h e  ha l f -peak  w i d t h  i n c r e a s e s  
w i th  v a n d  a p p r o a c h e s  a p p r o x i m a t e l y  60 m V  at  v = 200 
mV/s.  The  d e p e n d e n c e  of  the  p e a k  h e i g h t  u p o n  t he  po ten-  
t ial  s c a n  ra te  is p r e s e n t e d  in Fig. 4. 

The  a m o u n t  of cha rge  c o n s u m e d  d u r i n g  L S V  exper i -  
m e n t  c a n  be  ca lcu la ted  b y  i n t e g r a t i n g  t he  v o l t a m m e t r i c  
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Fig. 3. The LSV characteristics for the Ag electrode in 1 mol dm -3 
KOH solution in the region of peaks A, and C1 for the potential scan rate 
v[mV/s]: (1)10, (2)20, (3)40, (4)60, (5)80, (6)100, (7)120, (8)140, 
(9)160, (10)180, (11)200, A = 0.385 cm 2. 

charac te r i s t i c .  The  cha rge  Q p lo t t ed  vs. t h e  e l ec t rode  po- 
t en t i a l  g ives  t h e n  t he  L P S C  charac te r i s t i c .  The  s a m e  re- 
su l t  c an  be  o b t a i n e d  b y  t he  u se  of  a n  e l ec t ron ic  digi ta l  
c o u l o m e t e r  w i th  ana log  ou tpu t .  Typica l  L P S C  charac te r -  
is t ics  o b t a i n e d  in th i s  way  for t he  in i t ia l  s tage  of  s i lver  ox- 
i da t i on  are p r e s e n t e d  in  Fig. 5. The  e x p e r i m e n t a l  condi -  
t ions  are  s imi la r  to the  L S V  cu rves  s h o w n  in Fig. 3, 
e x c e p t  t h a t  Ei is n o w  equa l  to +200 mV,  a n d  t h e  s can  
ra tes  d o w n  to 1 mV/s  are appl ied .  Desp i t e  a fall of  t he  
L S V  cur ren t s ,  t he  to ta l  anod ic  cha rge  i nc r ea se s  signifi- 
can t ly  as v decreases .  The  to ta l  ca thod ic  c h a r g e  Qc does  
no t  c o m p e n s a t e  t he  a n o d i c  one  Q ,  a n d  is a lways  l ower  b y  
a b o u t  1.2-1.5 t imes .  The  s lower  t he  po t en t i a l  scan,  t he  
l a rger  t he  u n r e c o v e r e d  charge .  

Note,  t h a t  all t h e  c h a r g e  p e a k s  on  t he  L P S C  c u r v e s  in  
Fig. 5. a p p e a r  exac t ly  at  t h e  s a m e  potent ia l .  I t  corre-  
s p o n d s  to the isopotential point E, in the family of the re- 
spective LSV characteristics. In this case, Ex = 175 mV. 

As shown by Droog et al. (8), the cathodic peak C~ in- 
creases as the anodic potential limit El is shifted toward 
more positive values. We have observed the same effect 
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Fig. 5. The LPSC curves for the initial stage of silver oxidation and 

reduction in 1 mol dm -3 KOH solution. Potential scan rates v[mV/s]: 
(1)200, (2)180, (3)160, (4)140, (5)120, (6)100, (7)80, (8)60,.(9)40, 
(10)20, (1 I)10, (12)5, (13)2, (14)1, A = 0.38S cm 2. 
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on  a s t a t i o n a r y  po lyc rys t a l l ine  s i lver  e lec t rode .  I t  is in ter -  
e s t ing  n o w  to c o m p a r e  th i s  ef fec t  w i th  t h e  L S V  c u r v e s  
o b t a i n e d  u n d e r  d i f fe ren t  h y d r o d y n a m i c  cond i t ions .  A set  
of  L S V  cha rac t e r i s t i c s  w i th  c h a n g i n g  Ei o b t a i n e d  on  t he  
r o t a t i n g  s i lver  d i sk  e l ec t rode  (RDE) is p r e s e n t e d  in Fig. 6. 
No effec t  of  Ei is o b s e r v e d  u p  to Ei = 220 mV, u n l e s s  fas t  
p o t e n t i a l  s cans  are  appl ied .  T h e  s ign i f i cance  of  th i s  ob- 
s e rva t i on  is d i s c u s s e d  in  t he  D i s c u s s i o n  sect ion.  

Dissolution effects in the formation of a thin Ag~O 
film.--The s t eady-s t a t e  a n 0 d i c  o x i d a t i o n  c u r r e n t s  mea-  
s u r e d  on  s i lver  R D E  at d i f f e ren t  a n g u l a r  veloci t ies ,  in  t h e  
p o t e n t i a l  r a n g e  180-250 mV,  fulfill  t h e  L e v i c h  e q u a t i o n  

i = 0.62nFAD213w116~11~(C~ - C*) [3] 

w h e r e  D is t h e  d i f fus ion  coeff ic ient  of t he  d i f fus ing  spe- 
c i e s , ,  is t h e  k i n e m a t i c  v i scos i ty  of t he  so lu t ion ,  C~ a n d  C* 
are  t h e  c o n c e n t r a t i o n s  of  t he  d i f fus ing  spec ies  at  t he  elec- 
t r o d e  su r face  a n d  in t he  so lu t ion  bulk ,  r espec t ive ly ,  co is 
t h e  a n g u l a r  ve loc i ty  of  t he  r o t a t i n g  disk,  a n d  t h e  o the r  
s y m b o l s  h a v e  t h e i r  u sua l  m e a n i n g .  

T h e  p lo t  of  t h e  l inea r  re la t ions  i = f (x/~)  for  different:  
e l ec t rode  p o t e n t i a l s  u n d e r  s t eady- s t a t e  c o n d i t i o n s  is p r e -  
s e n t e d  in Fig. 7. (The ro t a t i on  speed  ~ is e x p r e s s e d  in 
rpm;  ~ = [60/2~]o~). I t  is e v i d e n t  f rom Fig. 7 t h a t  t he  sur- 
face c o n c e n t r a t i o n  C, i nc r ea se s  w i t h  i n c r e a s i n g  p o t e n t i a l  
u p  to a p p r o x i m a t e l y  +250 mV. A b o v e  +250 mV, t h e  s i tua-  
t i on  is m u c h  m o r e  c o m p l e x  b e c a u s e  of c o m m e n c e m e n t  of  
t he  g r o w t h  of  t he  b u l k  Ag20 film. Th i s  p r oce s s  p r o c e e d s  
v ia  t he  n u c l e a t i o n  a n d  g r o w t h  m e c h a n i s m  (21) w i t h  t he  
con t ro l  b y  a so l id-s ta te  t r a n s p o r t  t h r o u g h  t he  u n d e r l y i n g  
basa l  layer.  

The  c h r o n o a m p e r o m e t r i c  c u r v e s  p r e s e n t e d  in  Fig. 8 il- 
l u s t r a t e  t h e  n u c l e a t i o n  a n d  g r o w t h  of Ag~O film at  E = 
+260 m V  on  RDE  at  5990 r p m  a n d  on  a s t a t i o n a r y  e l e c -  
t rode .  No te  t h a t  t he  c h a r g e  u n d e r  t he  n u c l e a t i o n  a n d  
g r o w t h  p e a k  is m u c h  g rea te r  for  t h e  s t a t i o n a r y  e l ec t rode  
t h a n  for  t he  RDE.  I t  is no t  u n r e a s o n a b l e  to a s s u m e  t h a t  a 
t h i c k e r  film is f o r m e d  in t he  f o r m e r  case. T he  p r o b l e m  
t h e n  ar i ses  w h a t  is t he  d e p e n d e n c e  of the  o x i d a t i o n  cur-  
r e n t  u p o n  t he  h y d r o d y n a m i c  c o n d i t i o n s  in  d i f f e ren t  
s t ages  of  t he  Ag20 film g r o w t h  a n d  w h a t  is t he  role  of the  
ox ide  d i s so lu t i on  processes .  F r o m  m a n y  e x p e r i m e n t s  per-  
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Fig. 6. The slow-scan, LSV characteristics for a rotating poly- 

crystalline silver disk electrode in 1 mol dm -3 KOH solution for dif- 
ferent values of the anodic inversion potential E,[mV]: (1)185, (2)182, 
(3) 190, (4)200, (5)21 O, (6)220. Conditions: v = 1 mV/s, co = 5990 rpm. 
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Fig. 7. Dependence of the steady-state oxidation current io upon the 
square root of the rotation speed ~ [in: (rpm) 't2] of the silver RDE for 
different electrode potentials E[mV vs. Ag/AgCI]: (1)260, (2)250, 
(3)230, (4)200, (S)180. Solution; 1 mol dm -3 KOH. 

f o r m e d  to a n s w e r  t h e s e  ques t ions ,  we p r e s e n t  be low t h r e e  
typ ica l  e x a m p l e s  w h i c h  e x p l a i n  t h e  r e su l t s  in  t e r m s  of  t he  
r e l a x a t i o n ' o f  the  ox ida t i on  c u r r e n t  af ter  t he  p e r t u r b a t i o n  
of  t he  t r a n s p o r t  ra te  in  solut ion.  

T h e  c u r r e n t - t i m e  c u r v e  s h o w n  in Fig. 9 was  o b t a i n e d  
af ter  a n o d i z a t i o n  of  the  s i lver  d i sk  e l ec t rode  at  c o n s t a n t  
po t en t i a l  E = +260 m V  and  oJ = 0 for 10 m i n  un t i l  t h e  nu-  
c l ea t ion  a n d  g r o w t h  p e a k  h a d  b e e n  comple t ed .  Th i s  c u r v e  
is a c o n t i n u a t i o n  of  t he  cu rve  1 f rom Fig. 8. A ve ry  smal l  
r e s p o n s e  to the  c h a n g e  of t he  h y d r o d y n a m i c  c o n d i t i o n s  is 
t h e n  o b s e r v e d  ( compare  b r a n c h  A o b t a i n e d  at ~ = 0 w i t h  
b r a n c h  B at  co = 5990 r p m  in Fig. 9), a n d  t he  c u r r e n t  re- 
t u r n s  to t he  p r ev ious  va lue  af te r  s t o p p i n g  t he  d i sk  rota-  
t ion  ( b r a n c h  C, ~ = 0). However ,  a l onge r  ro t a t i on  at  ~ = 
5990 r p m  ( b r a n c h e s  D a n d  E) causes  a g r adua l  i nc r ea se  in  
t he  o x i d a t i o n  c u r r e n t  w h i c h  finally a p p r o a c h e s  a s teady-  
s ta te  level.  I f  n o w  t h e  d i sk  is s t o p p e d  again,  t he  c u r r e n t  
falls down,  b u t  t he  n u c l e a t i o n  a n d  g r o w t h  p roce s s  s ta r t  
again,  l e ad ing  to t he  t r a n s i e n t  s imi la r  to  t h a t  p r e s e n t e d  i n  
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Fig. 8. Typical chronoamperometric transients obtained on a station- 

ary (1) and rotating (2) silver disk electrodes at E = +260 mV (vs. 
Ag/AgCI) in 1 mol dm -3 KOH solution. Curve 2: ~o = 5990 rpm. Current 
scale: right for curve 1, left for curve 2. 
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Fig. 9. The current-time tran- 
sient obtained on a silver disk elec- 
trode after depositing of the Ag~O 
film for rd = 600s. The branches 
A-E of the transient correspond to 
the rotation speed of the disk co: 
(A,C)0 and (B,D,E)5990 rpm. Solu- 
tion: 1 mal dm -3 KOH; E = +260 
mV (vs. Ag/AgCI),A = 0.192 cm 2. 
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Fig. 10. The  t ransients  shown  in Fig. 10 i l lustrate  the  
shor t - te rm rota t ion-speed d e p e n d e n c e  of  the  ox ida t ion  
cur ren t  in different  stages of  the  Ag~O film growth.  Ap- 
p rox ima te ly  s teady-state  anodic  cur ren t  at ~ = 5990 rpm 
is observed  after about  2 min  (E = +260 mV). At  the  poin t  
A, disk rota t ion was  s topped.  The  i - ~ relat ions at differ- 
en t  t imes  (points B th rough  G) are r ep resen ted  by the  ar- 
row whose  l eng th  is equal  to the  d i f ference  hi b e t w e e n  
the  current  at  ~ = 5990 rpm (measured  af ter  25s) and the  
cur ren t  at e = 0. Each ar row represen ts  a separate  experi-  
m e n t  because  the  disk rota t ion for 25s inf luences  the  nu- 
c leat ion and growth  peak at ~ = 0, which  b e c o m e s  more  
e x p a n d e d  in time. As seen in Fig. 10, the  d e p e n d e n c e  of  
the  ox ida t ion  current  upon  ~ vanishes  gradua l ly  dur ing  
the  Ag20 nuc lea t ion  and growth  process.  

At  the  potent ia l  E = +230 mV, the  nuc lea t ion  and 
growth  of  the Ag~O film is not  observed,  and ad jus tmen t  
of  the  anodic  current  after changing  rota t ion speed  of  the  
disk e lec t rode  proceeds  faster. This  s i tuat ion is i l lustrated 
in Fig. 11 and can be  compared  to those  desc r ibed  above.  

Discussion 
The vo l t ammet r i c  character is t ics  of si lver e lec t rodes  in 

alkal ine solut ions are in f luenced  by m a n y  factors,  of  
which  the  fo l lowing seem to be the  mos t  impor tan t :  (i) 
p r e t r ea tmen t  of  t he  e lec t rode  surface, (ii) roughness  fac- 

tor  and surface structure,  (iii) hyd rodynamic  condi t ions ,  
(iv) solut ion impuri t ies ,  (v) i l luminat ion,  and (vi) e lec t rode  
h i s t o r y  (i.e., condi t ion ing  potentials ,  cycling,  potent ia l  
p rog rams  of prev ious  exper iments ,  etc~). Most  of  the  pres- 
en t  l i tera ture  cont radic t ions  concern ing  si lver ox ida t ion  
can be  exp la ined  w h e n  specific expe r imen ta l  c o n d i t i o n s  
and p rocedures  are t aken  into account .  

The  genera l  oxida t ion  path  at the  si lver e lec t rode  in the  
potent ia l  range -300  th rough  +900 mV is shown in Fig. 1 
(cycling be tween  -650  and +900 mV). There  are five 
anodic  peaks,  A, th rough  As. On the basis of  our  experi-  
ments ,  we  list the condi t ions  under  which  AI and A2 
peaks  can be  observed:  uns t i r red  solution, e lec t rode  
r o u g h e n e d  by s t rong ox ida t ion  and oxide  str ipping,  solu- 
t ion no t  sa tura ted  wi th  Ag(I)-hydroxy complexes .  S imi la r  
peak  s t ruc ture  has receti t ly been  repor ted  by Droog et al. 
(8) and Teijelo et al. (except  the  feature  As). 

It  is clear  f rom our  m e a s u r e m e n t s  (Fig. 2, 6) that  the  
first two peaks  A1 and A2 do not  appear  on the  
v o l t a m m o g r a m  for polycrys ta l l ine  silver e lec t rode  condi-  
t ioned  for a long t ime  or w h e n  the  solut ion is s t i rred and 
is not  sa tura ted  wi th  Ag(I). The  surface r e s t ruc tu r i ng  pro- 
cesses  are ev ident ly  invo lved  in the  condi t ion ing  step. 
The recons t ruc t ion  of the surface monolayers  and forma- 
t ion of  the  t he rmodynamica l ly  more  stable a tomic  con- 
f igurat ions wi th  some preferent ia l  c rys ta l lographic  orien- 

Fig. 10. The short-term effect 
(marked by the length of arrows) of 
changing the rotation speed of the 
filmed silver disk electrode from 0 
to 5990 rpm in different stages of 
the Ag20 film growth. The current- 
time transients were obtained at co 
= 5990 (branch A) and 0 rpm 
(branch B). Each arrow represents a 
separate experiment in which the 
transient was interrupted at the 
time (marked by arrow) by turning 
the rotation on (co = 5990 rpm) and 
reading the value of current after 
25s. E = 260 mV (vs. Ag/AgCI), A 
= 0.192 cm 2. 
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Fig. 11. The current response on the change in the rotation speed of 
the filmed polycrystalline silver disk electrode at E = 230 mV (vs. 
Ag/AgCI} in 1 mal dm -3 KOH solution; c~ [rpm]: (1)0, (2)5990, (3)0, 
(4)100, (5)400, (6)900, (7)1600, (8)2500, (9)3600, (10)4900, 
(11 )5990. Dashed curve: initial current-time transient at $990 rpm (cur- 
rent scale • 2). 

ta t ions on a polycrys ta l l ine  mater ia l  can be cons idered .  
Eventual ly ,  it may  concern  even  a few monolayers .  Note,  
tha t  s o m e  authors  (14, 17) ident i fy  the  peak  A= wi th  the  
preferent ia l  oxida t ion  of  surface  a toms of  low coordina-  
t ion number .  Also, in this  case (Fig. 2, curve  1) the  peak  
A3 has a d i f ferent  shape than  that  seen in Fig. 1; it is sharp 
and m u c h  h igher  than  the peak  A4 for the  Ag202 nuclea-  
t ion and  growth.  

This  indica tes  that  Ag20 nuc lea t ion  process  (A3) is 
h igh ly  re ta rded  on recons t ruc ted  surfaces  and starts 
spon taneous ly  w h e n  the  solut ion becomes  supersa tu ra ted  
at the  e lec t rode  surface and the  potent ia l  reaches  suffi- 
c ient ly  pos i t ive  value. Before  the  first mono laye r  of Ag20 
film starts to grow, the  react ion of  si lver d issolut ion ac- 
cord ing  to Giles and Harr i son  (5) can be  r ep resen ted  by 
the  equa t ion  

Ag + 2 OH-  = Ag(OH)=- + e- [4] 

a s s u m e d  also by other  authors  (15). 
The  init ial  s tage of Ag20 format ion  proceeds  via the  ne t  

e l ec t rochemica l  react ion [5] wh ich  in our  op in ion  is pre- 
sumab ly  c o m p o s e d  f rom a few e lemen ta ry  steps 

2Ag + 2 OH-  - 2e = Ag20~i) + H20 [5] 

or by the  prec ip i ta t ion  m e c h a n i s m  which  is genera l ly  ac- 
cep ted  for th icker  Ag20 films (9, 15, 16, 21, 22). In  the  lat- 
ter  case the  react ions  that  m igh t  be  invo lved  are the fol- 
lowing  

2Ag(OH)2- = Ag20~L~ + 2 OH-  + H20 [6] 

2AGO- + H=O = Ag2Oii~ + 2 OH-  [7] 

2AgOHc,q, = Ag=O~i, + H20 [8] 

The  subscr ip t  (i) was used  at Ag=O in the  reac t ion  Eq. 
[5]-[18] to deno te  di f ferences  b e t w e e n  consecu t ive  mono-  
layers (at least  be tween  the  first, adsorbed  layer  and the  
bu lk  Ag20 layers). The  complexes  Ag(OH)2- and A g O :  are 
preva i l ing  Ag(I) species in the  solut ion (16, 32). The  reac- 
t ion Eq. [5] has been  p roposed  for the  format ion  of  the  ad- 
sorp t ion  Ag20 film (5). For  the  nex t  monolayers ,  the  
same equa t ion  can be  used  as a total  react ion for the  film 
growth,  bu t  it has been  found on the basis of  the  R R D E  
e x p e r i m e n t s  (15, 16), tha t  the  impor t an t  step in the  mech-  
an ism is prec ip i ta t ion  of  Ag20 from the  supersa tu ra ted  
solut ion via  the  nuc lea t ion  and growth  process.  D i g n a m  
et al. (33) and o ther  authors  (9, 21, 34) po in ted  out  the  sig- 
ni f icance of t he  solid-state mass  t ranspor t  in the  Ag20 
film format ion.  

Initial stages of silver oxidation.--Determination of the  
con t r ibu t ions  of  the  initial s i lver-dissolut ion process  and 
the  Ag, O adsorp t ion  react ion to the total  cur ren t  is dif- 
ficult  because  no mechan is t i c  s tudies have  been  per- 
fo rmed  which  could  give a be t ter  insight  into the  reac- 
t ions involved .  

Compar i son  of  our  L S V  character is t ics  for the  reg ion  of  
peak  A1 (Fig. 3 and 6) shows a signif icant  inf luence  of  
the  d issolu t ion  processes  at the  RDE,  where  the  effect  of  
the  increas ing  invers ion  potent ia l  El on the  ca thodic  cur- 
rents  is not  observed.  The  resul ts  of the  L P S C  measure-  
men t s  (Fig. 5) at a s ta t ionary e lec t rode  can be  exp la ined  
by loss of  charge  due  to the  d issolut ion at El < 200 mV. 

On the  basis  of  the  R D E  e x p e r i m e n t s  (Fig. 7 and  other  
data), we can calculate  the  surface concen t ra t ion  Cs of  the 
Ag(I) species  at different  potent ia ls  us ing  Lev ich  Eq. [3]. 
Fo r  a revers ib le  e lec t rodisso lu t ion  of  metal l ic  silver, one 
can e x p e c t  a l inear  relat ion log Cs vs. potent ia l  E wi th  a 
s lope (8E/8 log C,) = 59.16 mV. However ,  in our  case (Fig. 
12), the  s lope is 73 m V  at h igher  potent ia ls  and about  90 
mV at lower  potentials .  The  potent ia l  reg ion  where  the 
s lope 73 mV is observed  cor responds  to the  reg ion  of  the 
change  in optical  parameters  (SA) in the  e l l ipsomet r ic  
s tudies  of  Droog  et al. (8) and can be  associa ted wi th  the  
inf luence  of  the  adsorp t ion  process.  

Effect of the solid-state transport and nucleation and 
growth phenomena on the potentiostatic transients under 
different hydrodynamic conditions.--At potent ia ls  E > 
250 mV, the  bulk  Ag20 is formed,  however ,  the  Ag(I) sur- 
face concen t ra t ion  C, ma in ta ins  the  sa tura t ion value.  The  
d e p e n d e n c e  of  the  s teady-sta te  oxida t ion  currents  vs. x/~ 
is still s imilar  to that  r ep resen ted  by the  curve  for E = 250 
mV, a l though  ad jus tmen t  of the  film th ickness  dur ing  
the change  in the  rota t ion speed  takes  p lace  (Fig. 9-11). 
This  fact seems to be a natura l  consequence  of  the  inter- 
re la t ions be tween  the  vary ing  rate of  convec t ive  di f fus ion 
in the  solut ion and the  mass  t ranspor t  wi th in  the  solid 
film. The  electr ical  c o n d u c t i v i t y  of  Ag20 is ve ry  low [o- = 
10 -8 S/cm (33)], and, basically, one migh t  a s sume  a con- 
stant  field app rox ima t ion  

d~ 
E - - -  - const.  [9] 

dx 

for the  potent ia l  d is t r ibut ion  across the  Ag20 film, simi- 
larly to that,  for example ,  for n iob ium ox ide  (35) or i ron 
oxides  (36). In  consequence ,  ad jus tmen t  of  the  film thick-  
ness  to the  changed  h y d r o d y n a m i c  condi t ions  wou ld  re- 
qui re  in this  case a change  in the  potent ia l  drop across  the  
film. But,  because  of  the  observect cons tancy  of  C, = C, 'at 
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Fig. 12. Plot of the electrode potential vs. the logarithm of the surface 
Ag(I) concentration calculated from experimental steady-state oxida- 
tion currents using Levich Eq. [3]. Solution: 1 mol dm -3 KOH. 
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at varying ~ (i.e., linearity of the Levich plot) under 
steady-state conditions, it seems that constant potential 
drop rather than constant field is maintained in the oxide 
film. Work is underway in our laboratory to address this 
question, using impedance measurements,  and the results 
will be reported in the forthcoming publications. 

Finally, we would like to emphasize one characteristic 
feature of the system behavior: the invariance of the LSV 
peak currents As and A~ with respect to the rotation speed 

as was reported by Tilak et al. (8) and Hampson et al. 
(17), as compared to the rotation speed dependence of the 
oxidation currents at constant potentials in the potential 
region of the LSV peak As that is reported here (Fig. 8-11). 
A possible explanation of this fact is that in the LSV ex- 
periments (v = const.), the film thickness increases fol- 
lowing the continuous changes in the electrode potential. 
In the case of the nucleation and growth, the current peak 
is determined by the increasing real surface area. An ac- 
celeration of the rotation speed causes a longer delay be- 
fore the commencement  of the nucleation and growth 
process, and this is manifested by a shift of the peak po- 
tential. The peak currents, however, remain undisturbed 
by the dissolution processes. The nucleation and growth 
peaks seen in Fig. 8 and 10 correspond probably to the 
same processes as those at the LSV peak A3 because a 
further potential scan applied in the direction of positive 
potentials shows only peak A4 (Ag202 formation). 

Conclusion 
The steady-state oxidation currents measured on the 

polycrystalline silver RDE fulfill the limiting Levich 
equation, despite the fact that the electrode is covered by 
a thin Ag20 film. When the hydrodynamic conditions are 
changed by the change of the rotation speed of the disk, 
the anodic current adjusts to the new value. The rate of 
this adjustment indicates that the solid-state transport 
processes and changes in the film thickness are involved. 
However, the final value of the current indicates that the 
saturation of the solution with respect to Ag(I) is main- 
tained. A steady-state model of the metal/semiconductor 
electrode undergoing dissolution is thus proposed. In the 
case of thick Ag20 films, the solid-state diffusion control 
of the anodic processes can occur. At the same constant 
electrode potential, thicker films are obtained under con- 
ditions of slower mass transport in the solution. This con- 
clusion follows from the proposed model and is consist- 
ent with the experimental results. 

The Ag20 nucleation and growth peak has been ob- 
served in chronoamioerometric transients above the po- 
tential of +240 mV (vs. Ag/AgCl). The height of this peak 
decreases as the convective diffusion is accelerated by the 
rotation speed of the RDE. 

In case of the monolayer Ag~O films, which can be ob- 
tained in the potential region of the first LSV peak (A,), 
the surface concentration of Ag(I) in solution is lower 
than the equilibrium value corresponding to the reversi- 
ble Ag/Ag(I) electrode, and the slope (SE/~ log C~) is 
greater than 59.16 inV. The results of the LPSC measure- 
ments obtained on a stationary silver-disk electrode show 
a large unrecovered charge during the potential cycle 
(starting from the negative potential limit at the condi- 
tioning potential). The dependence of the peak currents 
AI and C~ upon the potential scan rate is not linear. All 
these observations indicate a complex behavior of the 
system in the region of peak A, which cannot be simply 
described by the equilibrium silver dissolution with the 
formation of a reversible~adsorption layer of Ag20. 
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Application of a Magnetohydrodynamic Generator-Detector 
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ABSTRACT 
Utilizing a fluid motion induced by electromagnetic force, a new method of vol tammetry under forced convection 

was developed. The electrolytic cell was composed of two pairs of electrodes, viz., generator and detector pairs 
embedded on the bottom and top innerwalls of a rectangular channel. An intermediate produced on the surface of one 
of the first generator pair of the electrodes was swept downstream by the induced liquid flow to the neighboring elec- 
trode of the second detector pair and measured as a current. Examination of the mechanism between the induced flow 
of the electrolyte solution and the diffusion process of the intermediate permi t ted  deriving the several expressions of 
electrolytic ~urrent for each pair of the electrodes as functions of bulk concentration of reacting species and externally 
applied magnetic field. It was also predicted that the detecting current interacts with the generating current, which can 
be depicted in terms of the collection efficiency of the intermediate. Observed results in experiments  were in good 
agreement  with these predictions. 

It has been known that when a magnetic field is extel> 
nally imposed on an electrolytic cell system, electromag- 
netic force is induced to move the solution and thus pro- 
motes the masS-transport process (1-4). Such a liquid 
motion becomes laminar flow in viscous or boundary 
layer mode for well-defined electrode celt geometry. The 
kinetics of the diffusion current in the viscous and 
boundary layer flows of electrolyte solution have already 
been established (5-7). The characteristics of the phenom- 
enon are essentially attributable to the fact that the elec- 
trode itself acts as a kind of fluid pump. Thus, as a conse- 
quence of the coupling Qf electrolytic current and 
magnetic field, the electrolyte solution acquires fluid 
motion along the electrode surface. Therefore, in view of 
the application to studying the kinetics of electrochem- 
ical reactions, the electrode system has some advantages 
in contrast to other static electrode systems containing 
mechanical  moving parts (8), i.e., the cell dimension be- 
comes stable and compact, and the whole system is easy 
to seal under arbitrary atmospheres. In this paper, we will 
aim at the application of this electrode system to voltam- 
metry under forced convection, as represented by the 
rotating ring-disk electrode (RRDE), important for study- 
ing intermediates of electrode reactions. 

The experimental  setup of this magnetohydrodynamic 
generator-detector electrode system is two neighboring 
pairs of parallel electrodes; the first, a generator pair (one 
being a working electrode and the other its counterelec- 
trode) yields intermediates and acts as a pump to carry 
the species downstream to the neighboring electrode, 
which is the working electrode of the second detector 
pair, capturing the intermediates in the form of electro- 
lytic current. 

In order to establish this method, it is important to 
know the mechanism between the generating and de- 
tecting currents and to obtain t h e  expression for the col- 
lection efficiency of the detector electrode. We will, 
therefore, examine the behavior of the flowing of electro- 
lyte solution induced by electromagnetic force, and then 
d e d u c e t h e  expressions of the diffusion currents at the 
generator and detector working electrodes as functions of 
the bulk concentration of reactants, the external magnetic 
flux density, and the collection efficiency. Finally, the 
predicted expressions are verified in experiments by 
comparing them with the observed results for the redox 
reaction in aqueous CuCI~ solutions containing KC1 as a 
supporting electrolyte. 

*Electrochemical Society Active Member. 
Key words: magnetic property, magnetohydrodynamic effect, 

voltammetry. 

Theoret ica l  
Figure 1 shows the schematic configuration of the elec- 

trolytic cell used for this study. The cell is made of a rela- 
tively short channel with two open ends. Inside the chan- 
nel, two pairs of electrodes are embedded in the top and 
bottom innerwalls; the first pair comprises the working 
and counterelectrodes to generate reaction intermediates, 
and the second pair is the working and counter-electrodes 
for detecting the intermediates. Each electrode of the 
same pair possesses equal area. Consequently,  the elec- 
trolytic cell is characterized by the following five zones: 
the first zone is the inactive entrance section, 0 ~< x < x,; 
the second zone is the region of generator electrode pair, 
x, ~< x < x2; the third zone is the inactive gap, x~ ~< x < x~; 
the fourth zone is the region of detector electrode pair, x~ 

x < x4; and the fifth zone is the inactive exit  section, x4 
~< x < 1. The reference electrodes, as ment ioned in the 

d 

C 

Fig. 1. Electrolysis cell. Magnetic flux density B" is applied vertically to 
the electrolytic currents, and the cell is placed horizontally in a large 
vessel. (a) Generating electrode section, (b) detecting electrode section, 
(c) Luggin capillary, and (d) streamline. 
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previous papers (5-7), are inserted into small holes drilled 
behind the working electrodes through conical Luggin 
capillaries so that the tips of the capillaries come to the 
levels of the electrode surfaces. The whole electrode cell 
is horizontally immersed in a large vessel (25 x 30 x 5 cm) 
filled with an electrolyte solution. When a dc current 
flows between the first genera to r  electrode pair in the 
y-direction, the motion of the electrolyte solution is pro- 
duced in the channel in the x-direction due to the electro- 
magnetic force. Simultaneously, the reaction intermedi- 
ate formed at the generator working electrode is 
conveyed downstream to the neighboring detector work- 
ing electrode for measurement.  As a result of the fluid 
motion, friction exerted over the whole channel walls by 
the liquid entering the channel gives rise to hydrody- 
namic boundary layers which develop with the distance 
from the inlet section. With assumptions of small channel 
length and/or comparatively large Reynolds number  (>> 
1) referring to the channel width, the boundary layers do 
not fully develop. Thus, the fluid motion consists of two 
types of flows, viz. ,  main and thin boundary layer flows 
(14). Within the layer, another type of thin diffusion layer 
is occurring as a consequence of the mass transfer of ac- 
tive ionic species accompanying the electrode reactions. 
This was actually observed by means of laser inter- 
ferometry (9). Figure 2 schematically illustrates the char- 
acteristics of the relation mentioned above. 

The main flow part of the electrolyte solution is re- 
garded as nonviscous and incompressible. It is essentially 
the same as in the previous paper (5); the main flow ve- 
locity, U, in the channel is given by 

U = \/.2TB(Ig + Id) [1] 
pw 

where T is the cell constant of value nearly equal to unity 
(5), Ig is total generating current, Id is total detecting cur- 
rent, w is the electrode width, B is the magnetic flux den- 
sity, and p is the fluid density. 

Then, the x and y components  of the velocity in the 
boundary layer can be expressed as (6) 

1.33 U ~/2 
vx - ~ ~lj2X3/2 y [2] 

and 

1.33 U 3/2 
v y -  1 ~  ~,1]2x~/2 y2 [3] 

where , is the kinematic viscosity. 

Di f fu s ion  curren t  f o r  ac t i ve  species reac t ing  on the gen- 
e ra tor  w o r k i n g  e lec t rode . - -As  the electrolytic current 
flows between the working and counterelectrodes o f  the 
generator section, the intermediate is formed on the sur- 
face of the generator working electrode following an elec- 
trode reaction represented by 

S~ *- nje --* $2 [4] 

where S~ and $2 are the species participating in the elec- 
trode reaction and nl is the number  of electrons ex- 
changed in the reaction. The transport of the active spe- 
cies will take place through the diffusion layer, which is 
due to the motion of the species entrained by the fluid 
motion induced by the electromagnetic force and to the 
diffusion of the species resulting from the concentration 
gradient, since any migration contribution is negligible 
owing to a large excess of an inert electrolyte. The 
diffusional equation for convective diffusion of species S~ 
in steady state is simplified in consideration of 
sufficiently small thickness of the diffusion layer com- 
pared with the representative length of the electrode, i.e., 
channel width (6). Subsequently,  the equation is written 
a s  

OC OC O2C 
v x - ~ x  + v ,  ~-y = D,--ay 2 [5] 

The diffusion problem for the species $1 at the generator 
working electrode (x~ < x ~< x2) is solved with the follow- 
ing boundary conditions; (i) C~ = C~ ~ (surface concentra- 
tion) at y = 0, and (ii) C~ = Cj" (bulk concentration) as y --> 

The total generating current Ig solved in the same man- 
ner as before (6), is expressed as 

Ig = 0.68nlFDI(C1 ~ - C1 s) 

. T ,  ( V ~  - Vx--),w [6] 

where D~ is the diffusion coefficient of S ,  
Detec t ing  curren t  a n d  collection e f f i c i e n c y . - - T h e  inter- 

mediate $2 formed on the surface of the generator work- 
ing electrode is carried downstream to the neighboring 
detector working electrode surface by  the resulting fluid 
flow. The reaction product $2 is afterwards reduced or 
oxidized at the detector electrode section, yielding the 
species $3 according to the reaction 

$2 -+ n2e ~ $3 [7] 

where n2 is the number  of the electrons participating in 
the reaction. In the case when the intermediate $2 can be 
regarded stable enough not to be decomposed on the way 

Fig. 2. Schematic profile of the 
cell and the solution flow. (A) 
Luggin capillary, (B) generating 
electrode, (C) detecting electrode, 
(D) diffusion layer formed at the 
generating pair of electrodes, (E) 
diffusion layer at the detecting pair 
of electrodes, (F) hydrodynamic 
boundary layer, (G) streamline, (ig) 
generating current, (Id) detecting 
current, and (B) magnetic flux 
density. 
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to the  de tec tor  work ing  electrode,  it can be  col lec ted  wi th  
a cer ta in  col lect ion eff ic iency as will  be  m e n t i o n e d  later. 
The  col lec t ion  eff ic iency is def ined accord ing  to Mat- 
suda (13) as the  absolu te  ratio of the  total  genera t ing  cur- 
rent  to the  total  de tec t ing  current ,  N 

Id [8] 
N = Ig(DE on) 

or as the  absolute  ratio of  the  mass flux at the  genera tor  
work ing  e lec t rode  to the  a m o u n t  reaching  the  de tec tor  
work ing  electrode,  N', as fol lows (16) 

N'  Jd 
Jg(DE on) [9] 

where  Ig (DE on) and Jg(DE on) deno te  the  total  
genera t ing  current  and mass  flux of  S,, respect ively ,  
w h e n  the  de tec tor  e lec t rode  pair  is employed ,  and Id and 
Jd are the  total  de tec t ing  cur ren t  and mass  flux of  $2, re- 
spect ively.  N and N'  have  a relat ion of  N = (n2 /n , )N ' ,  
where  N'  should  be a funct ion  of  only e lec t rode  geome t ry  
in cons idera t ion  of  the equat ion ,  Eq.  [10] below. 

For  the  double -channe l  e lec t rode  compr i s ing  two 
ne ighbor ing  rec tangular  electrodes,  the  diffusion p rob l em 
of the  in t e rmed ia t e  $2 wi th  a half-life long enough  for it to 
be carr ied by the  l iquid  flow to the  de tec tor  work ing  
e lec t rode  surface is so lved f rom Eq. [5] wi th  the  fo l lowing 
b o u n d a r y  condi t ions;  (i) the  a m o u n t  of  the  p roduc t  $2 
leaving f rom the  surface of  the  genera tor  work ing  elec- 
t rode  per  uni t  t ime  is equal  to that  of  the  species  S, en- 
te r ing  f rom the  bu lk  per  uni t  t ime, i .e.,  D 2 ( O C 2 / O y ) , ~ _ o  = - 

D,(OCI/ay)~_o for x ,  <~ x <  x2. (it) The p roduc t  $2 does  not  
react  at the  inact ive  gap, D2(OC2]Oy)~=o = 0 for x~ ~< x < x3. 
(i i i)  $2 is de t ec t ed  as a l imi t ing cur ren t  at the  de tec tor  
work ing  electrode,  C2 = 0 at y = 0 for x3 <~ x < x4. ( iv)  $2 
does  not  exis t  in the  bu lk  of the  solution, i .e.,  C2 --* 0 as y 

~ for all zones. 
These  bounda ry  condi t ions  cor respond  to those  a l ready 

t rea ted  for geomet r ic  sys tems such  as a ro ta t ing r ing-disk 
e lec t rode  (12). Accord ing  to Matsuda  (13), the  col lect ion 
eff ic iency express ion  for the  two ne ighbor ing  plane  elec- 
t rodes  exposed  to the  solut ion flow wi th  two-d imen-  
sional  b o u n d a r y  layer and the  condi t ions  m e n t i o n e d  
above  is 

{t x:,4_ x33,4 of x 3,_ _x3,4 ) 
n I X2314 Xl 3/4 X33/4 - -  X23/4 

X3314 X2314 \" X23[-'--- ~ ~ 

(X23/4--XI3]4 X43[4--X3314)} 
X43/4 X3314 

where  

G(o)  = 

[10] 

I / + - - a r c t a n  ~ , + - -  
4~r 1 + 0 2~ X/3 4 

[11] 

I n t e r f e r e n c e  e f f ec t  a n d  d i f f u s i o n  c u r r e n t s . - - T h e  total  
diffusion currents ,  Ig and Id, in Eq. [6] and [8] are 
ident i f ied  wi th  the  e lectrolyt ic  currents  coupled  wi th  the  
ex te rna l  magne t i c  field in Eq. [1]. Therefore ,  the  follow- 
ing two expe r imen ta l  condi t ions  are considered.  

1. The  case w h e n  the  de tec t ing  cur ren t  does  not  flow (Id 
= 0). 

This  s i tuat ion is fu r the rmore  d iv ided  into two cases; 
the  first is that  no in t e rmed ia t e  col lected by the  de tec tor  
work ing  e lec t rode  is fo rmed  at the  genera to r  work ing  
electrode,  and the  second  is that  f rom the  beginning ,  the  
de tec tor  e lec t rode  pair  is not  employed .  In  these  cases, 
the  usua l  d i f fus ional  genera t ing  cur ren t  flows at the  gen- 
erator  sect ion accord ing  to the  equa t ion  in the  prev ious  
repor t  (6). Namely ,  in v i ew of Id = 0, e l imina t ion  of  the  
ma in  flow ve loc i ty  f rom Eq. [1] and [6] leads  to the  fol- 
lowing  equa t ion  

Ig(DE off) = H(C1 ~ - C l S ) 4 1 3 B  1/8 [12] 

where  

H = 0.753(n,FD1)413(v/D,)419v-~13p 1137,~w(~/x2 _ x/x,)4/3 [13] 

2. The  case w h e n  the  de tec t ing  cur ren t  flows (Id ~ 0). 
When an in te rmedia te  is fo rmed  on the genera tor  work- 

ing e lec t rode  surface, it diffuses into the solut ion to be  
carr ied d o w n s t r e a m  by convec t ion  to the  de tec tor  work- 
ing electrode.  At the  e lec t rode  surface, the  species  reacts  
immedia te ly ,  and, s imul taneously ,  a de tec t ing  cur ren t  
flows be tween  the work ing  and coun te re lec t rodes  of  de- 
tector  section.  S ince  both genera t ing  and de tec t ing  cur- 
rents  par t ic ipate  in the  fo rmat ion  of the e lec t romagne t ica l  
force induc ing  fluid motion,  they  b e c o m e  d e p e n d e n t  on 
each  other,  and are obta ined  by e l imina t ing  the  variable,  
U, f rom Eq. [1], [6], and [8] 

Ig (DE o n )  = (1 - N ) ' a H ( C ,  ~ - C,S)413B 'la [14] 

Id = - N(1 - N ) ' 3 H ( C ,  ~ - Cls)413B 1~3 [15] 

where  the  s ign of  the current  is de t e rmined  accord ing  to 
the  d i rec t ion  of the  electrolyt ic  current.  Consequent ly ,  
the  genera t ing  current  Ig(DE on) is in f luenced  by the  de- 
tec t ing  current ,  decreas ing in compar i son  wi th  Ig(DE off) 
in the  case of  Id ~ 0. Such  an in te r fe rence  effect  is intro- 
duced  th rough  the  col lect ion eff iciency of  the  in te rmedi -  
ate, N. The  e lec t romagne t ica l  Forces induced  by Ig(DE on) 
and Id are oppos i te  in sign, so that  the  b lock ing  effect  of  Id 
on fluid flow increases  wi th  increas ing  N, wh ich  impl ies  
that  the  large va lue  of  N is not  appl icable  to actual  sys- 
t ems  because  the  fluid mot ion  slows d o w n  wi th  increas- 
ing N. In  the  ex t r eme  case, v i z . ,  N = 1.0, as de r ived  f rom 
Eq. [14] and [15], Ig(DE on) and Id b e c o m e  zero s ince the  
fluid is p reven ted  f rom flowing by the  two e lec t romag-  
net ical  forces which  are equa l  in quan t i ty  bu t  oppos i te  in 
sign; thus,  the  th ickness  of the  diffusion layer increases  
toward  infinity. 

Experimental 
Theore t ica l  Eq. [12], [14], and [15] were  expe r imen ta l ly  

e x a m i n e d  by measur ing  the  relat ion of the  l imi t ing  diffu- 
sion cur ren t  co r respond ing  to C, ~ = 0 against  the  concen-  
t ra t ion of  act ive species in the  bu lk  of  the  solut ion and 
the ex terna l ly  appl ied  magne t ic  field. Moreover ,  the  col- 
lec t ion efficiencies observed  for the e lec t rode  cells wi th  
several  d imens ions  were  c o m p a r e d  with  the  va lues  calcu- 
la ted by the  theoret ica l  equat ions ,  Eq. [10] and [11]. The  
deta i led  d imens ions  of  the  cells are desc r ibed  in Table  I. 

The  work ing  e lec t rodes  for genera t ion  and de tec t ion  
were  m a d e  of P t  sheets  and e a c h  coun te re lec t rode  was a 
copper  shee t  wi th  the  same area as its co r respond ing  
work ing  electrode.  The  solut ions used  in the  e x p e r i m e n t s  
were  aqueous  CuC12 solut ions con ta in ing  1M KC1 which  is 
o n e  of the  conven t iona l  e lect rolyte  sys tems  to measu re  
the col lec t ion  eff iciency of  R R D E  (12). F igure  3 repre-  
sents  the  current -potent ia l  curves  for the  cell 4 in wh ich  
cupr ic  ion was r educed  unde r  a un i fo rm magne t ic  flux 
dens i ty  of  0.6 Wbm -2, and SCE was used  as a re fe rence  
electrode.  When increas ing  potent ia l  was at first appl ied  
to the  genera tor  work ing  electrode,  the  reduct ion,  Cu 2+ + 
e ~ C u  § star ted on the  surface and at the  same t ime,  the  
genera t ing  current  Ig(DE off), w h e n  the  de tec tor  e lec t rode  
pair  was not  employed ,  began  to flow b e t w e e n  the  work-  
ing and counte re lec t rodes  of  the  genera tor  pair. As soon 
as the  de tec t ing  e lec t rodes  were  swi tched  on, the  de- 
tec t ing  current ,  Id, began  to flow in the  oppos i te  d i rec t ion  
of  Ig, co r respond ing  to the  oxidat ion,  Cu + ---* Cu 2+ + e. As a 
result ,  the  genera t ing  current  Ig(DE on) in the case of  Id 
0 dec reased  in contras t  to the  initial value,  Ig(DE off) by 
the  in terac t ion  of  Id. Therefore ,  in this area, three  differ- 
ent  curves  emerged.  

Fur ther ,  as the  potent ia l  was increased,  even tua l ly  cop- 
per  meta l  deposi t ion,  Cu 2+ + 2e ~ Cu, took  place and the  
genera t ing  cur ren t  rose  on the  second wave,  as shown in 
Fig. 3. In  this  region, s ince the  react ion p roduc t  was de- 
pos i ted  as an insoluble  substance,  the  de tec t ing  cur ren t  
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Table I. Dimensions of the electrolysis cell (unit: m) 

Cell no. x~ x~ xs x4 i 

1 2.9 • 10 -3 5.365 • 10 -~ 5.464 x 10 -2 6.454 • 10 -2 6.654 • 10 -2 
2 2.8 • 10 -3 5.28 • 10 -~ 5.342 • 10 -~ 7.342 • 10 -~ 7.542 • 10 -~ 
3 1.0 • 10 -3 5.10 • 10 -2 5.262 • 10 -~ 8.262 x 10 -= 8.462 • 10 -2 
4 1.0 x 10 -3 5.10 • 10 -~ 5.306 • 10 -2 1.0306 • 10 -~ 1.0506 • 10 -" 

channel height, h = 5.0 x 10-~m 
channel width, w = 1.0 • 10-"m 

ceased.  Thus,  the  gene ra t ing  cu r r en t  was  no longe r  af- 
f ec ted  and  Ig(DE on) was  the  s ame  as Ig(DE off), the  sepa-  
ra ted  curves  b e c o m i n g  one. In  addi t ion,  re fe r r ing  to the  
reac t ions  occur r ing  in the  two regions,  the  ratio of  the  
s e c o n d  l imi t ing  value  of  Ig(DE off) to the  first cu r r en t  
value of  I~(DE off) was  32 mA/89 m A  = 0.36, w h i c h  is 
caused  by  the  change  of  e lec t rons  t r ans fe r r ed  f rom 1 to  2. 
This is near ly  equal  to the  value,  1/24~3 = 0.4, theore t ica l ly  
p red ic ted .  The usual  R R D E  m e t h o d  gives  the  theore t ica l  
ratio, 1/2 = 0.5 to this  CuC12 sys tem.  The e x p e r i m e n t a l  
data  by  N ek ra sov  a n d  Berez ina  (15) give it as 46 /~A/102 
/~A = 0,44. 

Then,  t he  e x p e r i m e n t s  to measu re  the  th ree  total  l imit- 
ing cur rents ,  Ig(DE off), I~(DE on), and  Id were  carr ied  out  
wi th  the  cell  3. Each  obse rved  value is p lo t t ed  in Fig. 4 
aga ins t  var ious  magne t i c  flux dens i t i e s  in an aq u eo u s  
7.14 x 10:2M CuC12-1M KC1 solut ion.  The plot  of  each  cur-  
r en t  v s .  the  1/3-power of  magne t i c  flux dens i ty  fol lows a 
good  s t ra igh t  line. F igure  5 s h o w s  the  resu l t s  ob ta ined  by  
obse rv ing  Id aga ins t  var ious  concen t r a t i ons  of  CuCl~ in  
the  bu lk  at a f ixed magne t i c  flux densi ty .  Good  l inear i ty  
can be s e e n  b e t w e e n  the  cu r r en t  and  the  4/3-power of  the  
concen t ra t ion .  

Finally,  t he  d e p e n d e n c e  of t he  col lect ion ef f ic iency N 
for t h e  cell  d i m e n s i o n s  l is ted in Table  I was  inves t iga ted .  
The  e x p e r i m e n t a l  da ta  of  N were  t h e n  c o m p a r e d  wi th  t he  

0 

~C 
<~ 

V I V v s S.C.E. 
Fig. 3. Current-potential curves measured with cell 4 at 20~ in the 

aqueous solution of 8.2] • 10 mol rn -3 CuCI: with I 0 ~ real m -3 KCI as a 
supporting electrolyte. Imposed magnetic flux density is 0.6 Wbm -2. 

g \o f f / "  total generating current when la = O; Ig on 

total generating current when Id ~: O: Id: total detecting current. 

Table II. Collection efficiency of detecting electrode (Nabs: observed 
value, Npr~: theoretical prediction) 

Cell no. Nob, N.rea 

1 0.185 0.184 
2 0.261 0.263 
3 0.309 0.302 
4 0.395 0.368 

ca lcula t ions  as s h o w n  in Table  II. For  cells 1-4, the  ob- 
se rved  and  theore t ica l  values  of  the  col lec t ion ef f ic iency 
fall, e x c e p t  for cell 4, wi th in  a l imi t ing  error  o f  abou t  2%: 
cell  1, No~ = 0.185 and  Np~d = 0.184; cell 2, Nabs = 0.261 and  
Npre~ = 0.263; and  cell 3, Nob, = 0.309 and  Npred = 0.302, 
w h e r e  Nabs and  N,red are the  o b s e rv ed  and  p red i c t ed  col- 
lec t ion  efficiencies,  respect ive ly .  The  d i s a g r e e m e n t  be- 
t w e e n  the  eva lua ted  and  m e a s u r e d  values,  tha t  is, the  
eva lua ted  value 0.368 and  the  obse rved  value 0.395, for 
cell  4 m a y  be because  the  relat ively long channe l ,  in  com-  
pa r i son  wi th  the  o the r  cells  m a k e s  the  flow m o d e  more  
v iscous- l ike  (7). 

The in t e r fe rence  effect  b e t w e e n  the  gene ra t ing  and  de- 
t ec t ing  cu r r en t s  is i l lus t ra ted  in Fig. 6. In  the  figure, sol id 
l ines  indica te  the  theore t ica l  resu l t s  d e d u c e d  f rom Eq. 
[14] and  [15], and  circles  are ex p e r i men t a l l y  o b s e r v e d  
data;  he re  Ig(DE on) and  Ia are d iv ided  by Ig(DE off) for 
normal iza t ion .  Obse rved  values  are in good  a g r e e m e n t  
wi th  the  theore t ica l  curve.  However ,  the  who le  range  of  
the  col lec t ion  eff ic iency theore t ica l ly  p r ed i c t ed  c a n n o t  
be rea l ized in the  actual  s i tuat ions .  For  the  r ange  near ly  

8 0  2 e - ~ C u  equa l  to 1.0, it is difficult  to car ry  out  the  e x p e r i m e n t s .  In 
the  e x t r e m e  case  of  N -- 1.0, w h e r e  Ig(DE on) and  Id have  
the  s a m e  m a g n i t u d e  and  oppos i t e  s igns  in d i rec t ion ,  the  
ne t  flow of  the  solut ion falls to zero, a n d  th is  dev ice  be- 

6 0  
4~ 

r B = 0.6 Wbm -2 

I (o~ 1 . , , , ,  f • 10 

CG'+ e-.Cu§ ~ 0 .  I | I I i i i ~ 05 0 rl. ' ' 

0 6 
-2 

CJ--.,.C~,,. e B / Wb m 
Fig. 4. Dependence of the total limiting current on the external mag- 

netic flux density with cell 3. Electrode reaction is Cu 2§ + �9 ~-  Cu + at 
20~C in 7.14 x 10 real m -a CuC|2 + | 0 ~ mol m -3 KCL aqueous solution. 

(OE)  
Ig off : total generating limiting current in the case of la = O; 

():totalgenerating DE limitingcurrentinthecaseofiaC:O;latotal 
Jg on 
detecting limiting current. 
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Fig. 5. Plots of Id vs. the 4/3-power of the bulk concentration of CuCI2 

at the fixed magnetic flux density with cell 3. Electrode reaction in Cu § 
--~ Cu 2§ + e at 20~ �9 B = 0.6 Wbm-2; liD: B = 0.5 Wbm-~; A: B = 0.4 
Wbm-~; A: B = 0.3 Wbm-2; R: B = 0.2 Wbm-2; l :  B -- 0.1 Wbm -2. 

comes  useless  for s tudying  e lec t rode  kinetics.  In  mos t  
cases  of  RRDE geometry ,  efficiencies rang ing  f rom 
about  0.2 to 0.4 are emp loyed  (17). Fo r  this e lec t rode  sys- 
tem,  the  same range of  the  eff ic iency is also avai lable for 
operat ion.  

Discussion 
The  s t rength  of  the  magne t ic  field we  used was unfor-  

tuna te ly  not  h igh  enough  to have  the flow veloc i ty  in- 
duced  by the  e lec t romagne t ica l  force very  high. The  mag- 
n i tude  of  the  main  flow veloc i ty  can be easily es t imated  
by  Eq. [1], i.e., U ~ x/271TI-J-fiw. Using the  data, ~ / -  1. B 
0.5 W b m  -2, Ig ~ 10-2A, p ~ 108 kg m -3. and w - 10-2m, we  
can obta in  U - 3 • 10 -3 ms -1. Thus,  the  Reyno lds  n u m b e r  
in this  case b e c o m e s  Re = Uw/v - 3 • 103. Therefore ,  the  
i n duced  flow is conc luded  to b e  laminar,  no t  turbulent .  
The sensi t iv i ty  to detec t  uns tab le  in te rmedia tes  is chiefly 
l imi ted  by the  main  flow veloci ty.  But,  in the  case of rec- 
tangular  e lectrode,  it is compara t ive ly  easy to m a k e  the  
gap b e t w e e n  the  genera tor  and de tec tor  e lec t rode  sec- 
t ions qui te  na r row up to the  order  of  m a g n i t u d e  of 10-4m. 
The t i m e  for the  in te rmedia tes  to reach the  de tec tor  
work ing  e lec t rode  f rom the  genera tor  work ing  e lec t rode  
is e s t ima ted  as about  10-4m/10 -2 ms -~ = 1O-2s. Hence ,  we  
can  app rox ima te ly  say that  the  species  of  wh ich  l i fe t ime 
is up to 10 ms can be  de tec tab le  unde r  usual  labora tory  
condi t ions.  This  s i tuat ion can be  i m p r o v e d  if  we  use a 
s t ronger  m a g n e t  such as a supe rconduc t ing  m a g n e t  wi th  
a magne t i c  flux dens i ty  of  the  order  of  10 Wb m -2. Spe-  
cies hav ing  a l i fe t ime up to 0.1 ms will  then  be  detectable .  
Such  a s t rong m a g n e t  will  also m a k e  avai lable  a m u c h  
wide r  range  of  flow veloci t ies  for this device.  

Ano the r  l imi ta t ion  may  exis t  in the  a p p r o x i m a t e  na tu re  
of  the  fluid flow, which  is based on the  buil t - in assump-  
tions, not  only  that  the  current  d is t r ibut ions  are un i fo rm 
on bo th  the  genera tor  and de tec tor  e lec t rodes  bu t  also 
that  the  ex te rna l ly  appl ied  magne t i c  field is homogene -  
ous in the  who le  region of  the  electrodes.  S u c h  uni formi-  
t ies may  no t  be  comple te ly  real ized since the  edge  effect  
of  e lectrolyt ic  cur ren t  at the  ends  of e lec t rode  cannot  be 
neglected.  However ,  this difficulty can be  modi f ied  by 
in t roduc ing  the  cell cons tant  ~/as shown in Eq. [1], which  
can be  easi ly obta ined  accord ing  to the expe r imen ta l  pro- 
cedures  in the  p reced ing  papers  (5, 6). The  in t roduc t ion  of  

gives sat isfactory resul ts  suppor ted  by the  good agree- 
m e n t  be tween  the  observed  and pred ic ted  va lues  of  the  
col lect ion eff iciency in Table  II. 

The  re la t ive  advantages  of  this  m e t h o d  may  be  s t ressed 
in the  fol lowing;  there  is no mechan ica l  m o v i n g  part  so 
that  the  cell  d imens ion  is s table and compact ,  and the  
whole  cell  sys tem can be  comple te ly  sealed unde r  arbi- 
t rary a tmospheres .  This  suggests  that  some t roubles  asso- 
c ia ted wi th  n o n a q u e o u s  or fused  salt sys tems will  be  re- 
duced.  In  addit ion,  one should  bear  in m i n d  tha t  the  
range  of  appl ica t ion  of  this  dev ice  can be  e x t e n d e d  not  

1.0 
D.E. D.E. 

off ) 

 ~ 

0 
0 0.5 1.0 

N 
Fig. 6. Interference effect between the generating and the detecting 

I (DE~ currents, g \on]  and I~, for the cells listed in Table I. Each current is 

DE 
divided by IgIoff t for normalization. Solid lines denote the resultsofcal- 

culation while circles are the results of observation. 

only to bounda ry  layer flow discussed  in this  paper ,  bu t  
also to o ther  flow modes  l ike v i scous  flow. This  fact  
seems  to indicate  the  possibi l i ty  of  the  appl ica t ion  to 
qui te  small  e lec t rode  geometr ies .  The  mul t ip le  possibil i-  
t ies conce rn ing  pract ical  appl icat ions  are l ikely to br ing 
br~ight p rospec t s  to this k ind  of  vo l t ammet ry .  F r o m  an- 
o ther  po in t  of view, this sys tem may  be  the  mos t  useful  
w h e n  the  effect of  magnet ic  field on e l ec t rochemica l  re- 
act ions is invest igated.  
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Photointercalation and Photodeposition of Copper in P-Type 
/amellar InSe 

C. Levy-Clement* and B. Theys 
Laboratoire de Physique des Solides, CNRS, 92195 Meudon France 

ABSTRACT 
We report here, as an example of actual photointercalation, the light-induced intercalation of copper into p-type 

InSe from an organic medium (CH3CN + 0.1M TBA-BF4 + 0.1M CuC1). The two types of InSe electrodes used had their 
exposed surfaces parallel or perpendicular to the cleavage surface [(001) plane]. From the photovoltages, short-circuit 
currents, current vs. potential characteristics, photocurrent  spectra, and SIMS measurements,  it is shown that metallic 
copper  is photoelectrodeposited on the cleavage surface whereas copper is photointercalated when the surface perpen- 
dicular to the cleavage face is in contact with the electrolyte. Deintercalation of copper does not take place spontane- 
ously in the dark. 

One of many photoelectrochemical effects that can oc- 
cur at the semiconductor-electrolyte in te r face  (1) is 
photointercalation. This effect has been theoretically pre- 
dicted (2), but no experimental  evidence has been pub- 
lished. In a classical semiconductor-liquid Schottky bar- 
rier, photogenerated minority carriers are ejected from 
the semiconductor to the electrolyte where they react 
with the redox system in solution. Majority carriers flow 
through the semiconductor and the external load to the 
counterelectrode. In a p-type photocathode whose crystal 
structure allows the insertion of guest atoms, oxidized 
species of the redox couple may penetrate into the semi- 
conductor and trap in situ the photogenerated electrons, 
while holes flow to the counterelectrode. This process, is 
known as photointercalation. Lamellar compounds are 
very suitable materials, because of the existence of weak 
Van der Waals bonds between some adjacent planes. The 
layers are easily separated and a variety of atoms or or- 
ganic molecules can be intercalated into the Van der 
Waals gaps (3). This process will occur spontaneously 
when thermodynamically favorable. When the interca- 
lated species is a cation (M +) and an electron is provided 
by the lamellar compound (Lc) the following reaction 
may proceed: xM § + xe- + Lc --~ (M)~:Lc. When the lamel- 
lar compound is a metal or an n-type semiconductor the 
electrons can be introduced electrochemically (4-5) (Fig. 
la). Such a reaction cannot proceed in a p-type semicon- 
ductor in the dark because of  the lack of electrons. The 
electrons can however be photogenerated (Fig. lb). 

For photointercalation to take place, one must  find a 
suitable semiconductor plus cation pair. The p-type semi- 
conductor must meet  following conditions: (i) adequate 
carrier mobility, (ii) favorable thermodynamics for reac- 
tion Of the reduced species with the lattice, (iii) fast diffu- 
sion of the reduced species in the lattice, (iv) stability 
against corrosion and photocorrosion, and (v) the redox 
potential of the intercalated cation must be located inside 
the bandgap of the semiconductor. 

Indium selenide InSe is a III-VI lamellar semicon- 
ductor which meets the criteria for photointercalation. 
Depending on the growth conditions and on doping, this 
material exhibits n or p-type behavior (6). From a prelimi- 
nary phot0electrochemical study of InSe in aqueous elec- 
trolytes, the position of the bandedges was estimated as 
-0.45V vs. NHE for the conduction band and as + 0.75V 
vs. NHE for the valence band (7-9). Copper (I) with a 

* Electrochemical Society Active Member. 
Key words: photointercalation, photodeposition, p-type InSe, 

layered semiconductor. 

Cu+/Cu ~ redox potential at -0.38V vs. NHE in acetonitrile 
(10) is very suitable for intercalation. One can also easily 
see when it is reduced to red metallic copper (0). InSe has 
two crystalline surfaces exhibiting very different physical 
~properties. One, the cleavage surface perpendicular to the 
c axis, consists of selenium atoms bonded together with 
covalent forces. The other surface, parallel to the ~ axis, 
is made of selenium and indium atoms, the selenium 
atoms of adjacent layers being bonded by Van der Waals 
forces (Fig. 2). 

We report an example of demonstrated photointercala- 
tion, the light-induced topotactic reaction with p-type 
InSe and show how the structure of the surface in contact 
with the electrolyte plays a major role in this effect. 

Experimental 
Preparation of the electrodes.--p-type InSe single crys- 

tal was grown by the Bridgman-Stockbarger method (6) 
and has 500 ppm zinc doping. In the direction perpendic- 
ular to the c" axis, the bulk resistivity was 240 t~-cm and 
the mobility 40 cm2v-~s-L The number  of carriers was 6.8 
1014cm -3, assuming a one carrier model. Two types of 

meta l l i c  
counter 

electrode 

(a) 

(1) ~ {2) 

electrolyte 
(metallic ions dissolved ) 

lame{lar 
active 
electrode 

, % 

E b I 
f j 

(b) 
Fig. 1. (a) Schematic representation of the electrochemical 

(de)intercalation process [(i) --~ intercaJation, (2) --~ deintercolation]. 
(b) Schema of the photointercalation process for o p-type semiconductor. 
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Fig. 2. Crystal structure of a polytype for InSe (a) packing of the lay- 
ers, (b) perspective view, the unit cell extends over three layers. 

crys ta l l ine  su r faces  were  used.  C r s s t a l s  we re  c l eaved  p e r :  
p e n d i c u l a r  to  t he  ~ axis  or carefu l ly  cu t  para l le l  to t h e  c 
axis.  The  e l ec t rode  was  n a m e d  • e l ec t rode  w h e n  t he  
c l eavage  sur face  was  e x p o s e d  to t he  so lu t ion  a n d / / e l e c -  
t r ode  w h e n  t he  sur face  para l le l  to t he  c axis  was  exposed .  
The  two  su r faces  were  u s e d  w i t h o u t  p r e t r e a t m e n t .  Op- 
t ica l  properties of InSe are well known (II). In the direc- 
tion • to the c axis there is an indirect gap of 1.187 eV and 
a direct gap, weakly allowed by spin-orbit coupling in 
the valence band, at 1.352 eV. In the direction//to the c 
axis  t h e r e  is on ly  t he  d i rec t  t r a n s i t i o n  gap. O h m i c  con- 
t ac t s  at  t h e  b a c k  of c rys ta l s  we re  m a d e  w i t h  c o n d u c t i v e  
s i lver  paint .  Crys ta ls  were  e n c a p s u l a t e d  in r e s in  (Epoxi-  
pa tch ,  t h e  D e x t e r  Corpo ra t i on )  w i th  on ly  t he  c h o s e n  sur-  
face lef t  e x p o s e d  to t he  e lect rolyte .  

Choice of  the electrolyte.--The r e d o x  coup le  Cu+/Cu ~ is 
no t  s t ab le  in  n o n c o m p l e x i n g  a q u e o u s  so lu t ions ;  t h e r e f o r e  
an  o rgan ic  e lec t ro ly te  was  used.  T he  e lec t ro ly te  was  
h i g h l y  p u r e  a n d  d ry  ace ton i t r i l e  in  w h i c h  0.1M t e t r abu ty l -  
a m m o n i u m  t e t r a f l u o r o b o r a t e  (TBA-BF4 S i g m a n  Chemi -  
cal C o m p a n y )  s u p p o r t i n g  e lec t ro ly te  w as  d i s so lved  w i t h  
0.1M CuC1 ( J o h n s o n  Mat they) .  T B A - B F ,  a n d  CuC1 were  
d e h y d r a t e d  u n d e r  a 10 -6 to r r  v a c u u m  at  150 ~ a n d  110~ re- 
spec t ive ly ,  for  24 hr.  The  e lec t ro ly te  was  k e p t  ou t  of  t he  
l igh t  to avo id  t h e  p h o t o - o x i d a t i o n  of c o p p e r  (I). 

Measurements.--A spec ia l  cell  was  bu i l t  w i t h  a P y r e x  
opt ica l  flat w i n d o w  a n d  t h r e e  w a t e r t i g h t  passages .  A 
t h r e e  e l ec t rode  s y s t e m  was  used .  T he  c o u n t e r e l e c t r o d e  
was  a c o p p e r  wi re  a n d  t h e  r e f e r ence  e l ec t rode  was  
Ag/0.1M AgNO3 (d i s so lved  in  CH3CN). Deta i l s  o f  t h e  
pho tovo l t age ,  sho r t - c i r cu i t  cu r ren t ,  c u r r e n t / v o l t a g e  char-  
ac te r i s t i c s  [I-V] in  t he  d a r k  a n d  u n d e r  i l l umina t ion ,  
p h o t o c u r r e n t  s p e c t r o s c o p y  m e a s u r e m e n t s  a n d  t he  elec- 
t r o n i c  e q u i p m e n t  h a v e  b e e n  r e p o r t e d  p r e v i o u s l y  (12). The  
e l ec t rode  was  i l l u m i n a t e d  b y  a 6.5 m W  632.8 n m  h e l i u m  
n e o n  laser,  or  b y  a 250-W t u n g s t e n - i o d i n e  l amp ;  w h i t e  
l igh t  a n d  l a se r  l igh t  h a d  c o m p a r a b l e  i n c i d e n t  i n t ens i t i e s  
in  mi l l iwa t t s  p e r  s q u a r e  c e n t i m e t e r .  E i t h e r  d i r ec t  or 
Chopped  w h i t e  l igh t  or m o n o c h r o m a t i c  c h o p p e d  l igh t  was  
used .  

Results 

The redox system.--The o x i d a t i o n - r e d u c t i o n  p o t e n t i a l s  
of  Cu~ + a n d  Cu+/Cu 2+ in  CH3CN + 0.1M TBA-BF4 elec- 
t ro ly te  were  d e d u c e d  f rom t he  cycl ic  v o l t a m m e t r i c  char-  
ac ter is t ics ,  o b t a i n e d  u s i n g  two  p l a t i n u m  e lec t rodes .  I n  
Fig. 3 two  o x i d a t i o n - r e d u c t i o n  waves  are  vis ible .  T h e  re- 
d u c t i o n  of  Cu  + s t a r t s  a t  - 2 9 0  m V  vs. Ag/AgNO3 a n d  t h e  
o x i d a t i o n  of  Cu + t akes  p lace  at  +600 mV.  T he  la rge  p e a k  
t h a t  a p p e a r s w h e n  t he  p o t e n t i a l  is s c a n n e d  n e g a t i v e  to 
pos i t i ve  c o r r e s p o n d s  to t he  o x i d a t i o n  of  meta l l i c  Cu ~ de- 
pos i t ed  o n  t he  sur face  of t he  p l a t i n u m  ca thode .  

-5 

:urrent(,mA) 

V ( V/A g/.1M Ag NO 3) 
-1 -6  0 .5 1 

Fig. 3. Voltammetric behavior at Pt electrodes of CuCI in CH3CN con- 
taining 0 . tM TEA-BF4. 

P h o t o e l e c t r o c h e m i c a l  e x p e r i m e n t s  are  d o n e  w i t h  e i t h e r  
a • or  / /  e l e c t rode  in con t ac t  w i t h  t h e  e lec t ro ly te  con-  
t a i n ing  Cu +. 

Behavior of the • electrode.--Figure 4 s h o w s  t h e  var ia-  
t i on  of  t he  open-c i r cu i t  vo l tage  of  t he  • I n S e  
p h o t o c a t h o d e  vs. t h e  r e f e r ence  e lec t rode .  In  t he  d a r k  t h e  
open -c i r cu i t  vo l t age  is - 2 1 0  mV.  U n d e r  t he  l ase r  i l l umina-  
t ion  it i nc r ea se s  p r o m p t l y  to +180 m V  a n d  r e a c h e s  +250 
m V  af ter  1 min .  W h e n  t he  i l l u m i n a t i o n  is d i s c o n t i n u e d  
the  open -c i r cu i t  vo l tage  d r o p s  rap id ly  to +70 mV,  t h e n  
s lowly  over  a p e r i o d  of  20 min ,  to  t he  in i t ia l  va lue  of  - 2 2 0  
inV. S imi l a r  r e su l t s  are  o b t a i n e d  u n d e r  w h i t e  l igh t  i l lumi-  
na t ion .  The  v e r y  long  p e r i o d  n e c e s s a r y  for t he  open-  
c i rcu i t  vo l t age  to r e a c h  b a c k  t h e  in i t ia l  va lue  is a n  ind ica-  
t i on  of  a n  i m p o r t a n t  mod i f i ca t i on  of  the  I n S e  su r face  
u n d e r  i l l umina t ion .  F u r t h e r  i n f o r m a t i o n  will  be  o b t a i n e d  
u n d e r  sho r t - c i r cu i t  cond i t ions .  

F i g u r e  5 s h o w s  t he  v a r i a t i o n  of  t h e  shor t - c i r cu i t  c u r r e n t  
b e t w e e n  • I n S e  a n d  t he  c o u n t e r e l e c t r o d e  in  t he  d a r k  a n d  
u n d e r  t he  l ase r  i l l u m i n a t i o n .  The  c u r r e n t  e q u a l s  0.1 
~A/cm ~ in  t h e  dark.  U n d e r  t h e  l ase r  i l l umina t ion ,  t he  cur-  
r e n t  r i ses  r ap id ly  to 4 m A / c m  ~ t h e n  s ta r t s  to decl ine .  W h e n  
t he  i l l u m i n a t i o n  is d i s c o n t i n u e d ,  the  c u r r e n t  d r o p s  i n s t an -  
t a n e o u s l y  to t he  b a c k g r o u n d  level.  Af ter  a 5 r a in  i l lumina-  
t i on  t he  p h o t o c u r r e n t  d rops  to a q u a r t e r  of the  in i t ia l  
v a l u e  a n d  a c o p p e r  spot ,  t he  s h a p e  of  t he  l ase r  i l lumi-  
n a t e d  area, appears .  W h e n  t he  en t i r e  su r face  is i l lumi-  
n a t e d  w i th  t he  w h i t e  l igh t  t he  p h o t o c a t h o d e  is c o m p l e t e l y  

open,circuit voltage 

(V/Ag/.1M Ag NO 3) 

.I 
i 

-.1 

- -dark 

--[ ightlHr laser) 

5 time(min] 

Fig. 4. Variation of the open-circuit voltage of • InSe cathode vs. the 
Ag/Ag § reference electrode in the electrolyte. - . . . . .  In the dark, un- 
der He-He laser illumination. 
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Fig. 5. Variation of the short-circuit current between • InSe and the 
copper counterelectrode in the electrolyte. - . . . . .  In the dark, under 
He-Ne laser illumination. 

covered with a metallic layer of copper. The very fast var- 
iation of the current between dark and light Conditions 
shows that the photoelectrochemical effect at the semi- 
conductor/electrolyte interface (photoelectrodeposition of 
copper 0) occurs with, or stops instantaneously without, 
the light. 

Figure 6 shows the I-V characteristics. In the dark • 
InSe shows the expected p-type diode behavior (curve a). 
Under  white light illumination a cathodic photocurrent  
appears, corresponding to the reduction of the copper (I). 
A residual photocurrent of 0.05 mA/cm ~ maintained under 
anodic polarization up to 1V is due to the presence of an 
InSe/Cu ~ Schottky junction formed by the photodeposi- 
tion of the metallic copper (curve b). When a +0.7V bias is 
applied for 5 min, the copper deposited at the surface of 
the Ph0tocathode is oxidized; as it i s dissolved, a thin yel- 
low film appears at the surface and the residual photo- 
current disappears. 

Figure 7 shows the photocurrent spectrum of the • 
InSe electrode with the copper deposited at the surface 
after 10 min white light illumination at - 1 V  vs. Ag/Ag § 
The photoresponse is in agreement with the photocurrent  
spectrum of p-type InSe in contact with aqueous solu- 
tions (7). 

Behavior of  the / /  electrode.--Figure 8 shows in the 
dark and under the laser illumination the variation of the 
open-circuit voltage of the z~ InSe photocathode vs. the 
reference electrode, in the dark the 0pen~circuit voltage 
equals -305 mV and under the laser il lumination it in- 
creases to -200 mV in 30s. Three minutes later it reaches 
an equil ibrium value of -100 mV. When the il lumination 
is di~scontinued, the open-circuit voltage declines slowly 

2./. 

1.2 

-1.2 

l (mA/cm2) ," / 

/ /" 

f - -  light 

V(V/Ag 1.1M Ag NO 31 
-.5 0 .5 1 

Fig. 6. Current voltage characteristics of • InSe electrode in the elec- 
trolyte. - . . . . .  Curve a in the dark, curve b under direct white light. 
Light source, 2SOW tungsten-iodine. 

~hotocurrent ( a.u. ) 

w a v e l e n g t h  ( p r n )  

Fig. 7. photocurrent spectrum of • InSe electrode, in the electrolyte 
at - 1 V  vs. Ag/0.1 AgNO3. 
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Fig. 8. Variation with time of the open-circuit voltage of / / InSe elec- 
trode vs.  the reference electrode in the electrolyte. - . . . . .  In the dark, 
- -  under He-Ne laser illumination. 

and regularly over a period of 2 rain to the initial value. 
Ident ical  results are obtained under white light illumina- 
tion and the value of the photovoltage is the same. When 
the experiment  is repeated, the photovoltage value de- 
creases, and, on successive trials, the photovoltage con- 
tinues to  decrease. 

Figure 9 shows the variation of the short-circuit current 
between InSe and the counterelectrode in the dark and 
under the laser illumination. The dark current is 1.7 
~A/cm 2. Under  the laser illumination it increases slowly 
and regularly; it takes 4 min to reach the steady-state 
value at 90 ~A/cm 2. The value of the photocurrent  stays 
stable for at least half an hour. When the illumination is 
discontinued, the intensity of the current decreases regu- 
larly and after 2 min is back to its initial value. The same 
steady-state value for the photocurrent  is obtained under 
direct white light illumination. Even after a 2h illumina- 
tion period, no metallic copper was visible at the surface 
of the photocathode. The shapes of the photopotential  
and the short-circuit photocurrent  vs. t ime curves are an 
indication that the effect occurring at the semiconductor- 

- - d a r k  

- -  l i g h t ( H e - N e  l a s e r )  

\ 
\ 

18 36 54 
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Fig. 9. Variation with time of the short-circuit current between//InSe 
electrode and the counterelectrode in the electrolyte. - . . . . .  In the dark, 
- -  under He-Ne laser illumination. 
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e lec t ro ly te  in t e r f ace  is d i f fus ive  in  na tu re .  T he  in te rca la-  
t i on  ef fec t  is s u c h  a n  effect. We be l i eve  t h a t  u n d e r  shor t -  
c i rcu i t  cond i t ions ,  t he  i n t e r c a l a t i o n  of  c o p p e r  (I) is 
p h o t o i n d u c e d .  

F i g u r e  10 s h o w s  t he  cu r r en t / vo l t age  cha r ac t e r i s t i c s  
u s i n g  t h e  t h r ee  e l ec t rode  sys tem.  Af ter  a p r e v i o u s  w h i t e  
l igh t  i l l u m i n a t i o n  u n d e r  sho r t - c i r cu i t  c o n d i t i o n s  for  10 
m m ,  I n S e  no  l o n g e r  s h o w s  p - type  d i o d e  b e h a v i o r  in  t he  
d a r k  (curve  a). S t r o n g  h y s t e r e s i s  of t he  c u r v e  d e p e n d i n g  
on t he  s c a n  d i r ec t ion  is obse rved .  U n d e r  d i r ec t  w h i t e  
l i gh t  i l l u m i n a t i o n  b o t h  a n o d i c  and  ca thod ic  p h o t o c u r r e n t  
are o b s e r v a b l e  (curve  b). Th i s  ef fec t  is m o r e  r ead i ly  visi-  
b le  on  c u r v e  c w h e r e  t he  p h 0 t o c u r r e n t  is m e a s u r e d  w i t h  a 
l ock - in  ampl i f ier ,  t he  w h i t e  l igh t  b e i n g  c h o p p e d ,  a f te r  a 
3h  w h i t e  l igh t  i l l u m i n a t i o n  per iod ,  u n d e r  a - 0 . ? V  bias.  
B o t h  d a r k  c u r r e n t  a n d  p h o t o c u r r e n t  c u r v e s  i n d i c a t e  t ha t  
t h e  ~ e l ec t rode  I n S e  is no  l o n g e r  a s imp le  p - type  semi-  
c o n d u c t o r  b u t  has  n o w  n and  p doma ins ,  c o e x i s t i n g  on  
t he  s a m e  surface.  A s imi la r  coex i s t ence  ha s  b e e n  r e p o r t e d  
for  t h e  t u n g s t e n  d i s e l en ide  p h o t o e l e c t r o d e  (13). T h e  in ter -  
ca la t ion  of  c o p p e r  is be l i eved  to be  r e s p o n s i b l e  for  t he  
a p p e a r a n c e  of  t h e  n - type  doma ins .  

F igu re  11 s h o w s  t h e  p h o t o c u r r e n t  s p e c t r a  of  t he  ~ I n S e  
e lec t rode .  Curve  (a) c o r r e s p o n d s  to t h e  b e g i n n i n g  of  t h e  
p h o t o i n t e r c a l a t i o n  w h e n  I n S e  is b i a s e d  at  - 1 V  v s .  

Ag/AgNO~. S p e c t r u m  (b) also o b t a i n e d  w i t h  a - 1 V  bias  
a p p l i e d  to th i s  I n S e  e l ec t rode  (bu t  af ter  a p r e v i o u s  3h 
w h i t e  l igh t  i l l u m i n a t i o n  pe r iod  at  a - 1 V  bias)  c o r r e s p o n d s  
to a n  a d v a n c e d  s tep  of t he  pho t o i n t e r ca l a t i on .  Curve  b in- 
d ica tes  t h a t  t he  i n t e r c a l a t e d  c o p p e r  i n t r o d u c e s  r e c o m b i n -  
a t ion  c e n t e r s  in  t he  s e m i c o n d u c t o r .  F r o m  t h e  fact  t h a t  t he  
m a x i m u m  of t h e  p h o t o c u r r e n t  s p e c t r u m  is at  1030 nm,  
one  can  d e d u c e  t h a t  less  c o p p e r  is i n t e r ca l a t ed  in t he  b u l k  
t h a n  n e a r  t h e  sur face  of the  s e m i c o n d u c t o r .  

F i g u r e  12 s h o w s  t he  c o n c e n t r a t i o n  profi le  of  c o p p e r  in  
I n S e  af te r  a 20h w h i t e  l igh t  i l l u m i n a t i o n  pe r iod  at  a 0.15V 
v s .  Ag/Ag + bias.  The  m e a s u r e m e n t  was  m a d e  w i t h  an  IMS 
300 C A M E C A  m e a s u r i n g  t he  126 C uE  a n d  t he  78 Se  + 
peaks .  The  c o p p e r  was  d e t e c t e d  to a d e p t h  of  55 ~m.  

Discussion 
T h e  r e su l t s  r evea l  dras t ica l ly  d i f f e ren t  pho toe l ec t ro -  

c h e m i c a l  b e h a v i o r  for  t he  • face a n d  t h e  ~ face of  I n S e  in  
c o n t a c t  w i t h  t he  o rgan ic  e lec t rolyte .  P r e v i o u s l y  we  h a v e  
s h o w n  t h a t  i n  0.1M H~SO4 t h e  p h o t o p o t e n t i a l s  of  • a n d  
e l e c t r o d e s  are  l i m i t e d  to 280 a n d  230 mV,  respec t ive ly ,  b y  
t h e  p r e s e n c e  of  s t a t e s  w h i c h  p i n  t he  sur face  F e r m i  level.  
T h e s e  va lues  d e c r e a s e  b y  less  t h a n  50 m V  w h e n  t h e  p H  is 
i n c r e a s e d  f rom 1 to 12 (14). In  ace ton i t r i l e ,  t he  p h o t o p o -  
t en t i a l  of  t h e  • e l ec t rode  is no  l o n g e r  l i m i t ed  b y  su r face  
s t a t e s  a n d  a p h o t o p o t e n t i a l  of  450 m V  is deve loped .  S u c h  

I I l I I I 1 
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Fig. 10. I-V curve of//InSe in the electrolyte. Curves a and b after a 10 
rain white light illumination under short-circuit conditions. - . . . . .  In the 
dark, - -  under direct white light. Curve c under white chopped 
illumination and after a 3h white light illumination period at 0.7 V. 
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Fig. 11. Photocurrent intercalation spectra of//InSe electrode, in con- 
tact with the electrolyte at - 1 V  vs, Ag/0.1M AgNO~. Curve (a) corre- 
sponds to the beginning of the photointerca!ation. Curve (b) after a 3h 
white light illumination period at - 1 V  bias, corresponds to on advanced 
step of the photointercalation. 

a h i g h  p h o t o p o t e n t i a l ,  however ,  c a n n o t  be  r e a c h e d  e v e n  
in  ace ton i t r i l e  w i t h  t he  ~ e lec t rode .  

U n d e r  i l l umina t ion ,  meta l l i c  c o p p e r  i s e l e c t r o d e p o s i t e d  
at  t he  • su r face  w h e r e a s  i t  is i n t e r ca l a t ed  in  t he  ~ elec- 
t rode .  In  b o t h  cases  p h o t o g e n e r a t e d  e l ec t rons  r e d u c e  t he  
Cu + at  t he  sur faces  of t he  e lec t rodes .  B e c a u s e  i n t e r c a l a t i o n  
of  Cu ~ in  I n S e  is a t h e r m o d y n a m i c a l l y  d o w n h i l l  p rocess ,  
less  e n e r g y  is n e e d e d  to in t e rca l a t e  the  m e t a l  t h a n  to de- 
pos i t  i t  a t  t he  surface.  S ince  Cu ~ (or Cu +) c a n n o t  d i f fuse  in  
a d i r ec t i on  p e r p e n d i c u l a r  to t h e  V a n  de r  Waals p lane ,  in- 
t e r ca l a t i on  can  phys ica l ly  t ake  p lace  on ly  w h e n  t h e  V a n  
de r  Waals  gaps  are in  c o n t a c t  w i t h  t he  e lec t ro ly te .  Be- 
cause  t he  p o t e n t i a l  for  i n t e r c a l a t i o n  is less n e g a t i v e  t h a n  
t he  p o t e n t i a l  for  e l ec t rodepos i t ion ,  no  e l e c t r o d e p o s i t i o n  
t akes  p lace  as long  as c o p p e r  is b e i n g  in te rca la t ed .  In-  
deed ,  a t  t he  ~ e lec t rode ,  i n t e r ca l a t i on  of  c o p p e r  occu r s  
s p o n t a n e o u s l y  u n d e r  shor t - c i r cu i t  cond i t ion .  Af te r  a half-  
h o u r  i l l u m i n a t i o n  per iod,  t he  90 ~A/cm 2 m a x i m u m  
p h o t o c u r r e n t  s ta r t s  to dec rea se  and,  af ter  20h, i t  d r o p s  to 
h a l f  of  i ts  in i t ia l  value.  At  t he  • e l ec t rode  w h e r e  in te rca la -  
t ion  c a n n o t  t ake  p lace  e v e n  u n d e r  i l l umina t ion ,  Cu ~ is 
s i m p l y  p h o t o d e p o s i t e d  on  t h e  surface.  Af ter  5 m i n  i l lumi-  
n a t i o n  at  sho r t  circuit ,  a m e t a l  (Cu~  
(p- type InSe )  S c h o t t k y  j u n c t i o n  is fo rmed .  F i g u r e  6 s h o w s  
t he  I-V cha rac t e r i s t i c s  of th i s  S c h o t t k y  j u n c t i o n  w h e n  im- 
m e r s e d  in  t h e  o rgan ic  e lectrolyte .  The  sma l l  p h o t o c u r r e n t  
t h a t  pe r s i s t s  u n d e r  a n o d i c  po la r i za t ion  is t h e  l eakage  cur- 
r e n t  ac ross  t h e  S c h o t t k y  barr ier .  

B o t h  d a r k  a n d  l igh t  I-V cha rac t e r i s t i c s  of  t h e  ~ elec- 
t r o d e  i nd i ca t e  tha t ,  u p o n  p h o t o i n t e r c a l a t i o n  of  copper ,  
t h e  p - I n S e  a c q u i r e s  n - type  regions ,  w i t h  b o t h  n- a n d  
p - type  r eg ions  c o e x i s t i n g  o n  t he  s a m e  surface.  

The  o b s e r v e d  dec rease  in  p h o t o c u r r e n t  w i t h  t i m e  is due  
b o t h  to p h o t o d e p o s i t i o n  a n d  p h o t o i n t e r c a l a t i o n  of  cop-  
per.  P h o t o d e p o s i t e d  c o p p e r  a b s o r b s  the  l igh t  and ,  as i ts  
t h i c k n e s s  grows,  t he  p h o t o c u r r e n t  dec l ines .  P h o t o i n t e r c a -  

counts number {a.u.) / 

7.6lj 22p 46p 55r 
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Fig. 12. SIMS measurement. Concentration profile of copper in//InSe 
electrode after a previous 20h white light illumination period at - 0 . 1 5 V  
bias in t h e  electrolyte. 
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lation of copper in InSe does not prevent photons from 
being absorbed but introduces electron-hole recombina- 
tion centers. These also cause the photocurrent  to 
decline. 

Copper photodeposited at the surface of the cleavage 
face can be anodically oxidized at +IV vs. Ag/Ag § be- 
coming a thin yellow film visible at the surface of the 
electrode. 

Intercalation is a reversible reaction. From the theoreti- 
cal study (2) it has been predicted that if intercalation of 
cations occurs by photoelectrochemical process, the dein- 
tercalation of these cations should take place spontane- 
ously in the dark, while electrons flow to the counterelec- 
trode, giving an external current of direction inverse to 
the one observed during photointercalation. Such a be- 
havior is not observed in Fig. 9. We conclude that in our 
experiment  the deintercalation of copper does not take 
place spontaneously in the dark. 

In a classical l i thium layered cnalcogenide cell the host 
material is deintercalated upon charging the cell, i.e., by 
driving electrons from the host to the metal electrode 
where li thium is electroplated. Similar deintercalation 
should be observed in InSe/Cu when an anodic bias is ap- 
plied. Our results do not allow us, however, to conclude at 
this t ime that under anodic polarization copper is indeed 
deintercalated. More experiments have to be done in this 
direction with new p-type semiconductors, considering 
the important  implication of the deintercalation process 
for in situ energy storage. 

Conclusion 
Evidence for the photointercalation of a metal into a 

layered semiconductor is presented. Under  il lumination 
copper is intercalated into p-type InSe only when the Van 
der Waals gaps are in contact with the electrolyte. This 
phenomenon occurs at more positive potential than the 
deposition potential of copper at the surface because in- 
tercalation is a thermodynamically favored process. For 
this reason deintercalation of copper does not occur spon- 
taneously in the dark under short-circuit conditions. On 
the cleavage face only the photoelectrodeposition of me- 
tallic copper occurs. 
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Selectivity Changes in Electrochemical Reaction Sequences by 
Modulated Potential Control 

Peter S. Fedkiw* and William D. Scott, Jr. 

Department of Chemical Engineering, North Carolina State University, Raleigh, North Carolina 27695 

ABSTRACT 
Electro-organic reactions typically involve the electrochemical generation of a reactive intermediate which may par- 

ticipate in further chemical or electrochemical reactions. It is possible to effect the product distribution in such 
branched reaction networks by modulat ing the electrode potential. Reaction rate calculations under electrokinetic- 
controlled conditions for four reaction mechanisms, each involving an electrogenerated intermediate, are presented for 

s t ep -  and sinusoidal-potential modulation. The results show that reactor operating conditions unobtainable under 
steady potential control are possible. The cycle-averaged selectivity and yield of selected products may be significantly 
increased at the stationary state in comparison to those at an identical production rate but  under dc conditions. The ef- 
fect of modulation is frequency dependent;  for some reaction sequences, the reaction trend at low frequency may be op- 
posite than that at high frequency. The relative rates of a chemical reaction in parallel with an electrochemical reaction, 
both involving the intermediate, are more sensitive to potential modulation than either two parallel chemical or electro- 
chemical reactions. Mass transfer limitations dampen the results of modulation. Reactor performance increases under 
modulated potential (or current) control possibly may be significant enough to make an electrochemical processing 
route economically viable. 

In a branched-reaction sequence involving both chemi- 
cal and electrochemical steps, the electrochemical reac- 
tion rates may be modified by a change in the electrode 
potential during the course of the reaction. Thus, it is con- 
ceivable to manipulate, by modulation of the potential, 

*Electrochemical Society Active Member. 

the outcome of a reaction to enhance the formation of de- 
sired products and simultaneously retard the formation of 
undesired products. The yield (percent of reactant con- 
sumed to form the desired product) and selectivity (ratio 
of desired product to all other side products) may be fa- 
vorably increased by modulated potential control such 
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that an otherwise inefficient reaction may possibly be- 
come economically viable due to decreased capital costs 
(yield improvement)  and reduced separation costs (select- 
ivity increase). 

The possible beneficial effects of modulated potential 
control have been qualitatively noted in the literature (1), 
but quantitative guidelines as to when modulated poten- 
tial may be useful have not been presented. This paper 
presents calculated yields and selectivities of several 
branched-reaction sequences, typical of electro-organic 
processes, under two modes of potential control: sinus- 
oidal and step modulation. Simple kinetic expressions 
and isotherms have been used to focus the results on the 
modulat ion effect. In this vein, the discussion is directed 
mainly at electrokinetic-controlled reactions occurring on 
electrodes with a uniform secondary-current distribution. 
It is shown that modulation can significantly enhance 
the selectivity of some products or can be detrimental to 
other products or even entire reaction sequences. 

A brief review of modulated control of a chemical reac- 
tor and the use of modulated potential (or current) in elec- 
trochemical reactors is presented first. The example re- 
action sequences used in the calculations and their 
kinetic expressions are presented next, followed by the 
results and discussion. 

Periodic Control of Reaction Rates 
Chemical reactions.--It  has been recognized that reac- 

tion rates and selectivities may be significantly effected 
in ordinary chemical reactors by periodic control of some 
external forcing function. Theoretical and experimental  
studies of both homogeneous and heterogeneous reac- 
tions have been performed. Temperature (2-6), reactant 
concentration (7-16), and heat-addition rate (17) have been 
modulated and have been shown to change the reaction 
rate and yield from that at the cycle-averaged value. De- 
pending upon the particular reaction sequence under 
consideration, periodic control may be better or worse 
than steady-state operation. Reviews of periodic control 
for ordinary chemical reactors are available (18, 19). It is 
not very practical in an industrial context to modulate the 
reactant concentration into a reactor. In addition, the 
large thermal inertia associated with the reactor wall, cat- 
alyst support, and solvent can significantly dampen tem- 
perature fluctuations. Consequently, periodic forcing 
control of a reactor has not been practiced by the chemi- 
cal industry. 

Inorganic electrochemical reactions.--Periodic reaction 
control has been recognized to be of benefit by the inor- 
ganic electrochemical industry. In particular, electroplat- 
ing characteristics may be significantly altered by peri- 
odic reaction control (20). The morphology of an elec- 
trodeposit  may be controlled under periodic potential 
or current manipulation (21-28), and electrodeposited al- 
loy composit ion may be changed by periodic reaction 
control (29-31). Electrodeposition under periodic reaction 
control at mass-transfer-limited conditions has also re- 
ceived attention (32-37). In addition, it has been shown 
that electrodissolution efficiency may be increased under 
periodic current control (38, 39) and corrosion characteris- 
tics may be modified (40, 41). 

Electro-organic reactions.--Electro-organic reactions 
should be particularly sensitive to potential or current 
modulation, since they typically involve a sequence of 
electrochemical  and chemical steps in a parallel or series 
arrangement. Electrolysis of organic substrates under pe- 
riodic current modulation was first studied by Ghosh 
(42). Modulation of potential and current has been used 
ma in ly  to ascertain reaction mechanisms in electro-or- 
ganic-reaction sequences. Most studies on ac electrolysis 
are concerned with the determination of current 
efficiency and its dependence on frequency and do not 
explicitly consider the most interesting aspect of ac con- 
trol, which is the ability of periodic operation to alter the 
course of complex reactions and the nature of the re- 
sulting p roduc t s .  

Wilson and Lippincott  (43) used step current modula- 
tion to study the oxidation of propionic acid and acetate. 
They found the production of ethylene from oxidation of 
propionic acid decreased sharply with increasing fre- 
quency, while only a slight decrease in ethane formation 
from the oxidation of acetate was observed. They rea- 
Soned that the first reaction was second order in an ad- 
sorbed intermediate, while the second was first order. 
The realization that the pulse frequency has different ef- 
fects on reactions of different orders has important conse- 
quences for reaction sequences in which competing reac- 
tions are of different order. Fleischmann et al. (44) studied 
the kinetics of the Kolbe electrosynthesis of ethane on Pt 
from aqueous acetate solutions under pulse-potential con- 
trol. They observed that with short pulses acetate ions 
were completely oxidized to carbon dioxide; however, 
with increasing pulse time, the formation of ethane in- 
creased to its steady-state value. Hickling and Wilkins (45) 
investigate the anodic electrolysis of aqueous potassium 
ethyl malonate solutions and acetate solutions using step 
current modulation. By applying small cathodic currents 
between the anodic pulses, they observed a sharp mini- 
mum in current efficiency at a characteristic frequency. 
This frequency corresponded to the passage of a critical 
quantity of charge sufficient to destroy conditions for 
dimerization, thereby permitt ing oxygen evolution to be- 
come an effective side reaction. Fleischmann and Good- 
ridge (46) and Atherton et al. (47) studied the decarboxyla- 
tion kinetics of acetate ions in alkaline solution using 
square-wave potential modulation. Cycle time, amplitude, 
and duty ratio of the potential pulse were varied. Produc- 
tion of methanol, ethane, methane, and oxygen were mea- 
sured. Oxygen evolution exhibited a max imum with 
pulse ~ duration, while both ethane and methanol yields 
decreased. The ratios of ethane and methanol  production 
to oxygen production (and, to some extent, ethane pro- 
duction to methanol production) were changed by vary- 
ing the pulse length while holding the amplitude and 
duty ratio constant. Fleischmann et al. (1, 48) studied the 
reduction of nitrobenzene and the Kolbe synthesis of eth- 
ane under pulse potential control. They concluded that 
for the reduction of nitrobenzene, the product distribu- 
tion could be altered by pulsing the electrode potential. 
Their work is the first clear qualitative statement that pe- 
riodic control can selectively produce certain reaction 
products in cases where there are competit ive reactions. 
Nadebaum and Fahidy (49, 50) developed a model  for the 
reaction kinetics in the Kolbe synthesis and were able to 
predict the observed max imum production of oxygen 
with varying pulse t ime as seen by Fleischmann et al. 
Scrivastava and Shukla (51) studied the ac electrolysis of 
sodium salts of aliphatic acids. The reaction products 
were the same for both constant current and ac, but the 
relative distribution of the products exhibited a marked 
dependence on current density and frequency. Bhadani 
(52) studied the electropolymerization of styrene under ac 
control and noted that the yield and molecular weight of 
the resulting polymer decreased with frequency. Alkire 
and Tsai (53) examined the alternating current electroly- 
sis of propylene oxide and reported a decrease in current 
efficiency with increasing frequency. 

Electro-Organic Reaction Sequences 
In electro-organic reactions an intermediate species is 

usually generated by a one- or two-electron transfer. This 
intermediate may then participate in further chemical or 
electrochemical reactions. Table I illustrates the reaction 
sequences which were studied in this work. [Other, more 
complex reactions have been discussed by Scott (54).] 
The intermediate concentration may be manipulated by 
modulat ion of the initial electrochemical-reaction rate, 
and, hence, any reaction which depends upon its concen- 
tration. Consider the E-C,E reaction sequence shown in 
Table I. If  the electrode potential is modulated between a 
high driving force for the production of R1 and a low 
value where this rate is negligible, the production of R2 
and R3 will consequently vary periodically. The questions 
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Table I. Coupled electrochemical-chemical reaction sequences 

Reaction designation Mechanism 

E 
E-C,E R0 K1P~ exp(-ad'E) ~ R, 

E 
EIC2,E R0 , R, 

K1Ro exp(-  ad'E) 

E 
E-C,C 2 R0 * R, 

K1Ro exp(-  a lE)  

E 
EIE,E R0 , R, 

KIRo e x p ( - a f E )  

C 

K2R, 

E 
) R3 

K3R, exp(-affE) 

C 2 

K2R, z 

E 

K3R, exp(-affE) 

C 

K2R, 

C 2 
, R ,  

K3R, 2 

E 
,R~ 

K2R, exp(-  affE) 

E 
,R3 

K3R, exp(-  affE) 

E = electrochemical reaction. 
C = first-order chemical reaction. 
C 2 = second-order chemical reaction. 

a d d r e s s e d  he re  are: h o w  does  the  cyc le -ave raged  p roduc -  
t ion  of  R2 or  R~ or t he i r  ra t io  (select ivi ty)  i nc r ea se  or  de- 
c rease  u n d e r  t he  m o d u l a t e d  cond i t ions ,  a n d  w h a t  is the  
bas i s  for  th i s  dec is ion;  w h a t  a r e  the: con t ro l  c o n d i t i o n s  
(e.g., f r equency ,  m o d u l a t i o n  wavefo rm,  etc.) w h i c h  re su l t  
in  h i g h e r  p r o d u c t i o n  ra tes  a n d  r eac t i on  se lec t iv i ty?  

E l e c t r o d e  k i n e t i c s . - - S i n c e  t h e  focus  of  t h i s  w o r k  is t h e  
ef fec t  of  m o d u l a t e d  e l ec t rode  po t en t i a l  on  t he  o u t c o m e  of  
r eac t ion  s e q u e n c e s ,  s imple ,  ye t  r e p r e s e n t a t i v e  k ine t i c  ex-  
p r e s s i o n s  h a v e  b e e n  u sed  in t h e  ca l cu la t ions  a n d  are  
s h o w n  in  Tab le  I. T he  ra te  e x p r e s s i o n s  u s e d  are  cons i s t -  
en t  w i t h  t h o s e  g iven  by  S a k e l l a r o p o u l o u s  (55). Fo r  pre-  
s e n t a t i o n  pu rposes ,  all e l e c t r o c h e m i c a l  r eac t i ons  are  as- 
s u m e d  to be  r educ t ions .  No s ide r eac t i ons  ( such  as 
so lven t  e lec t ro lys is )  t ake  place, a n d  the  e lec t rode-  
e lec t ro ly te  p o t e n t i a l  d i f f e rence  is a s s u m e d  to be  spa t ia l ly  
un i fo rm.  F u r t h e r m o r e ,  for t h e  ma jo r i ty  of  t he  calcula-  
t ions ,  m a s s - t r a n s f e r  l imi t a t ions  are neg l ec t ed ;  i.e., 
e l ec t rok ine t i c - con t ro l l ed  r eac t i on  c o n d i t i o n s  exist .  Addi-  
t iona l  a s s u m p t i o n s  are l i s t ed  below.  

1. All  c o n c e n t r a t i o n s  a p p e a r i n g  in  Tab le  I are on  a n  area  
basis ,  a n d  t he  a d s o r b e d  spec ies  are a s s u m e d  to fol low a 
l inea r  a d s o r p t i o n  i so the rm.  (Scot t  has  also p r e s e n t e d  cal- 
cu l a t ions  for  a L a n g m u i r  i so the rm. )  T he  c o n c e n t r a t i o n  of  
t he  i n t e r m e d i a t e  R, in  the  b u l k  so lu t ion  is a s s u m e d  to be  
zero, a n d  the  ne t  ra tes  of  all c h e m i c a l  a n d  e l e c t r o c h e m i c a l  
r eac t i ons  w h i c h  c o n s u m e  R~ are  a s s u m e d  to occu r  at  a 
la rge  e n o u g h  va lue  s u c h  t h a t  no  R, e scapes  t he  v ic in i ty  of  
t h e  e lec t rode .  

2. The  e l e c t r o c h e m i c a l  r eac t ions  are  a s s u m e d  to be  irre- 
vers ib le ,  f irst  o rder  in  t he  c o n c e n t r a t i o n  of t h e i r  r eac tan t ,  
a n d  o b e d i e n t  to  Tafel  b e h a v i o r  w i t h  potent ia l .  T h e  po ten-  
t ial  is a s s u m e d  to be  d i sp l aced  suf f ic ien t ly  f rom the  
open -c i r cu i t  p o t e n t i a l  of  t he  in i t ia l  e l e c t r o c h e m i c a l  reac-  
t ion  a n d  any  fo l low-up  e l e c t r o c h e m i c a l  reac t ion .  

Wi th in  t he  l im i t a t i ons  of  t he  a b o v e  a s s u m p t i o n s ,  the  
ra tes  of  reac t ion ,  for  example ,  in  t he  E-C,E r eac t i on  se- 
qu ence ,  are  w r i t t e n  as 

rl = K 1 R o e x p ( - a G ~ E )  
r~ = K 2 R ,  
r3 = K 3 R ,  e x p ( - a f f E )  

w h e r e  t he  ra te  c o n s t a n t s  Ki  are i n d e p e n d e n t  of  t he  po- 
t en t i a l  E, w h i c h  is m e a s u r e d  w i t h  a n  a rb i t r a ry  r e f e r ence  
e lec t rode ,  ai is a c a thod i c  t r ans f e r  coeff icient ,  a n d  f = 
F/RT.  

Solution Procedure 
P r o d u c t i o n  ra tes  for  t he  p r o d u c t s  R2 a n d  R3 in the  

va r ious  r eac t ion  s c h e m e s  s h o w n  in  Tab le  I were  calcu-  
l a ted  by  so lv ing  the  g o v e r n i n g  e q u a t i o n  for  t he  i n t e r m e d i -  
a te  c o n c e n t r a t i o n  Rl ( t )  a n d  s u b s t i t u t i n g  in to  t he  appropr i -  
ate  ra te  express ion .  The  A p p e n d i x  s h o w s  t he  d i f fe ren t ia l  
e q u a t i o n  w h i c h  gove rns  t h e  i n t e r m e d i a t e  c o n c e n t r a t i o n  
for t he  va r ious  r eac t i on  s equences .  The  so lu t ion  d e p e n d s  
u p o n  t he  w a v e f o r m  of  t he  i m p o s e d  vol tage,  E(t); s inus-  
o idal  a n d  s tep  p o t e n t i a l  m o d u l a t i o n  as s h o w n  in  Fig. 1 
we re  used.  S i n c e  t he  d i f fe ren t ia l  e q u a t i o n  c a n n o t  b e  
so lved  analyt ica l ly ,  a n u m e r i c a l  i n t e g r a t i o n  s c h e m e  usefu l  

. _  

4n 
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4n 
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TIME 

EHI 

C 

~LOt~ 
0 
p- 

T d = t H l / < t H l  + tLO W) 

~-- till ~|~aJ "" tLOW ~J 
t 

Tlrlf 
Fig. 1. Electrode potential waveforms used in calculations (a) sinus- 

oidal (b) step. The definition of duty cycle is indicated in Fig. 16. 
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for stiff ordinary differential equations was used (56). The 
integration was continued until the stationary state of the 
intermediate concentration was found. The reaction rates 
were then averaged over a period; only cycle-averaged 
quantities are reported here. The yield and selectivity of 
the reaction are of interest, and it is only necessary to re- 
port one of the two, since they are related for the reac- 
tions shown in Table I; for example, in the E-C,E reac- 
tion, the yield, Y, of the chemical product R2 (Y = <r2> 
/<r0>) is related to its selectivity, S (S = <r2>/<r3>), as Y 
= S/(1 + S), where <>  designates a cycle-averaged quan- 
tity. 

Results and Discussion 
Basis of  comparison.--At the stationary state, the cycle- 

averaged production rate and selectivity should be com- 
pared to some reference values to determine if the reac- 
tion modulat ion is beneficial. The dc reaction rates 
evaluated at the average potential of the modulat ion ap- 
pear to be a logical choice, but are inappropriate bases, 
however, for two reasons. The first is a practical limita- 
tion due to the nature of the kinetic expressions used in 
the calculations. Step potential manipulation when the 
electrochemical  reactions are completely eliminated dur- 
ing the ,'off" cycle is a limiting case of interest. Since the 
reactions are assumed irreversible, an infinite positive 
voltage, fELow, will be required to eliminate Completely the 
electrochemical reactions. Hence, in this case, an average 
potential for a step potential manipulation has no mean- 
ing. The second objection is more fundamental. Because 
the electrochemical reactions depend exponentially upon 
the electrode potential, the cycle-averaged reaction rates 
under sinusoidal modulation will always be greater than 
that of a steady-state reaction evaluated at the cycle- 
averaged potential. It can be argued that, if the goal is 
larger production rates, then the reaction need only be 
operated at a higher, steady polarization instead of 
modulat ing the potential. 

A given product-production rate is the basis chosen in 
this work for comparison of the modulated to steady-state 
reactor. It is assumed that there is a given requirement  of 
the desired product, e.g., Z kg/hr of R2. At this given pro- 
duction rate, selectivities are calculated under steady- 
state and stationary-state conditions. With the results pre- 
sented in this manner, it is clear if  cyclic operation is 
beneficial or harmful to the net outcome of a reaction se- 
quence. 

E-C,E reaction sequence.--There are four intrinsic di- 
mensionless variables which effect the outcome of the, 
E-C,E reaction sequence:  a,, a2, KI/K2, and K3/K2. In ad- 
dition, the results depend upon the waveform of the im- 
posed potential. For step potential modulation, the 
characteristics of the waveform are the duty cycle, T,, the 
most cathodic and least cathodic voltage, fern and fELow, 
respectively, and the cycle time or frequency, w. Under  
sinusoidal potential modulation the control variables are 
the frequency, amplitude, fAE, and bias voltage, fEd~. 

Calculations have been performed for a range of the 
rate constants (54). The magnitude of the reaction rates at 
any potential will, of course, depend upon the value of the 
rate constants; however, the trend of either increased or 
decreased selectivity under modulated potential control 
was found to be independent  of the rate constants exam- 
ined. The results are much more sensitive to the value of 
the transfer coefficients. Consequently, one set of reason- 
able values of the rate constants are used in the calcula- 
tions presented, with emphasis placed on the effect of the 
transfer coefficients. 

Figure 2 a presents the cycle-averaged selectivity of the 
chemical product R2 as a function of its dimensionless 
cycle-averaged production rate for constant and step po- 
tential modulation. Figure 2b presents analogous results 
for sinusoidal modulat ion with both figures calculated 
with a, > a3. The center curves in Fig. 2a and 2b, labeled 
with "+,"  are the selectivity under steady potential con- 
trol. The potential becomes increasingly cathodic as more 

of the product R2 is produced, and three values of the 
steady-state potential are indicated in Fig. 2a and 2b. 

The limiting case offELow = + oo is used for step poten- 
tial modulation. Under this polarization condition, all 
electrochemical steps are eliminated during the "off" 
portion of the cycle; hence, the intermediate may decay 
only via the chemical-reaction pathway. The largest se- 
lectivity for the chemical product can be anticipated un- 
der these conditions. 

The asymptotic behavior for low and high frequency is 
shown on each figur e for three fEHi for step potential 
modulat ion and threefE~c for sinusoidal potential control. 
Each point on the modulated potential control curves in 
Fig. 2a represents operation at a different duty cycle. All 
curves originate on the dc line on which the duty cycle is 
one. Table II is an index for the duty-cycle value for all re- 
sults graphically reported; e.g., the fourth symbol from 
the dc curve at any frequency represents a 50% duty cy- 
cle. Under  sinusoidal potential control, the amplitude is 
varied at any frequency, and Table II also presents an in- 
dex for all these results; e.g., the third point from the dc 
curve represents a dimensionless voltage ampli tude of 5 
imposed upon the dc bias. 

The results show that selectivities not obtainable under 
dc operation are possible with modulated potential con- 
trol, and an improvement  in reactor performance is possi- 
ble. Both an increase or decrease in selectivity is obtaina- 
ble for both waveforms at any given production rate of R2 
depending upon the frequency; high frequency improves 
selectivity, while low frequency always decreases it for si- 
nusoidal operation and, except  at very low duty cycles, 
also for step potential control. Figure 3a and 3b show re- 
sults at a number  of intermediate frequencies for step and 
sinusoidal control, respectively. The dependence on fre- 
quency may be understood by examining the behavior of 
the intermediate concentration R, over a cycle. Under  si- 
nusoidal control at low frequency, a pseudo-steady state 
is obtained, and the intermediate concentration is main- 
tained at a high value, which is effectively consumed by 
the electrochemical reaction during the potential oscilla- 
tion. At high frequency, however, the intermediate con- 
centration cannot follow the potential oscillations and is 
maintained at a lower value than that expected from t h e  
average calculated under steady conditions at the cycle- 
extreme potentials. Under step potential control at low 
frequency, the intermediate concentration and, hence, se- 
lectivity depend upon the duty cycle. A psuedo-steady 
state in the intermediate concentration during the "on" 
cycle may be obtained at low frequency. Since the inter- 
mediate concentration is its largest value then, the select- 
ivity decreases because of its consumption in the electro- 
chemical reaction. However, if the duty cycle is decreased 
to a small enough value, a pseudo-steady state of R, will 
not be obtained, and the selectivity will increase as TD is 
decreased further, since the intermediate is consumed 
only by the chemical reaction during the "of f '  period. 

The sign of the slope of the modulated-potential-control 
curves in Fig. 2 is different for the step and sinusoidal 

Table II. Notation index for selectivity-production rate curves under 
modulated potential control 

Step potential Sinusoidal potential 
control control 

Number of symbol Duty cycle Amplitude 
from dc curve Td f ~ E  

0 1 
1 0.8 
2 0.7 
3 0.6 
4 0.5 
5 0.4 
6 0.3 
7 0.2 
8 0.1 
9 0.05 

10 0.01 
11 0.005 

0 
1 
3 
5 
8 

10 
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Fig. 2. Selectivity of the chemi- 
cal product of the E-C,E reaction 
sequence as a function of its di- 
mensionless production rate (R2 = 
r2K2Ro): a~ = 0.4, a3 = 0.2, K1/K2 
= 0.01, and K3/K2 = 0.3. A, top: 
step potential  modulation. B, 
botton: sinusoidal modulation. 
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wavefo rm.  Th i s  is due  to t he  e x p o n e n t i a l  d e p e n d e n c e  of  
t he  e l e c t r o c h e m i c a l  r eac t i ons  on  potent ia l .  U n d e r  s inus-  
o idal  m o d u l a t i o n  t he  cyc le -averaged  p r o d u c t i o n  of  R, in- 
c reases  w i th  a m p l i t u d e ;  hence ,  t he  c u r v e s  s lope  d o w n -  
w a r d  to h i g h e r  R2-produc t ion  rates .  U n d e r  s tep  p o t e n t i a l  
m o d u l a t i o n ,  however ,  t he  cyc le -averaged  p r o d u c t i o n  of  R, 
d e c r e a s e s  w i th  a d rop  in t he  d u t y  cycle, and,  hence ,  the  
oppos i t e  b e h a v i o r  is obse rved .  E x a m i n a t i o n  of  Fig. 2 
s h o w s  t h a t  t he  s tep  po t en t i a l  m o d u l a t i o n  is a b e t t e r  con-  
t ro l  s t r a t egy  in t h a t  l a rger  i nc r ea se s  in  se lec t iv i ty  c an  be  
o b t a i n e d  t h a n  w i th  s inuso ida l  control .  

IffELow for s tep  p o t e n t i a l  con t ro l  is se t  to  a less  a n o d i c  
v a l u e  t h a n  t h a t  u s e d  in t he  ca l cu la t ions  in  Fig. 2, t h e  in- 
c rease  in  se lec t iv i ty  as TD is lowered ,  w i th  all o t h e r  condi -  
t ions  r e m a i n i n g  cons t an t ,  goes  t h r o u g h  a m a x i m u m  s ince  
t he  se lec t iv i ty  a p p r o a c h e s  t h e  s t eady- s t a t e  va lue  at  fE~w 
a s  T D ----> 0 .  

The  d r a m a t i c a l l y  d i f fe ren t  b e h a v i o r  w h e n  t he  t r a n s f e r  
coeff ic ient  of  t he  s e c o n d  e l e c t r o c h e m i c a l  s t ep  is l a rge r  
t h a n  t h a t  of  t h e  first  is s h o w n  in  Fig. 4. In  t h i s  s i t ua t ion  at  
c o n s t a n t  p o t e n t i a l  con t ro l  of  t he  reactor ,  a m a x i m u m  in  
t he  p r o d u c t i o n  ra te  of  t he  c h e m i c a l  p r o d u c t  is obse rved .  
At  low c a t h o d i c  po la r i za t ions  R, is g e n e r a t e d  at  a ra te  
suf f ic ien t  to  s u p p l y  b o t h  t he  e l ec t rochemica l -  a n d  
chemica l - fo l low-up  reac t ion .  As  t h e  po t en t i a l  b e c o m e s  
m o r e  ca thod ic ,  howeve r ,  t he  s e c o n d  e l e c t r o c h e m i c a l  reac- 

t ion  ef fec t ive ly  c o n s u m e s  m o r e  of  R, t h a n  t he  c h e m i c a l  
s tep  and,  even tua l ly ,  c o n s u m e s  all of  t he  R, p r o d u c e d .  In  
th i s  case,  n e i t h e r  s tep  or s i nuso ida l  po t en t i a l  m o d u l a t i o n  
was  benef ic ia l ;  e i t he r  a dec rea se  in  se lec t iv i ty  was  ob- 
s e r v e d  u n d e r  v a r y i n g  p o t e n t i a l  or a s t eady  p o t e n t i a l  ex- 
i s ted  w h i c h  w o u l d  m e e t  t h e  g iven  p r o d u c t i o n - r a t e  re- 
q u i r e m e n t  a n d  yet  r e su l t  in  a h i g h e r  select ivi ty .  (The  case  
in w h i c h  a ,  = as was  also e x a m i n e d ,  a n d  the  s ame  conclu-  
s ions  m a y  b e  stated.)  

E-C2,E reaction sequence.--There are  four  i n t r in s i c  di- 
m e n s i o n l e s s  va r i ab l e s  w h i c h  g o v e r n  t he  o u t c o m e  of  th i s  
r eac t i on  s equence :  K1/K2Ro, K3/K2Ro, a,, a n d  as. Calcula-  
t ions  are p r e s e n t e d  for one  set  of  ra te  c o n s t a n t s ,  s ince  t he  
t r e n d  of  i n c r e a s i n g  or d e c r e a s i n g  r eac t i on  se lec t iv i ty  was  
f o u n d  to b e  i n sens i t i ve  to t h e s e  pa rame te r s .  The  re la t ive  
va lues  of  t h e  t r ans f e r  coeff ic ients  effect  w h e t h e r  t h e r e  is 
a pos i t ive  or nega t ive  r e su l t  of the  po t en t i a l  m o d u l a t i o n .  
F o u r  cases  arise: (i) a ,  = 2a3, (ii) a, > 2a3, (iii) 2a3 > a, > 
a3, a n d  (iv) a, < a3. Case (i) is a d e g e n e r a t e  case  in t h a t  t he  
dc  se lec t iv i ty  is i n d e p e n d e n t  of potent ia l .  B o t h  h i g h  a n d  
low f r e q u e n c y  m o d u l a t i o n  e n h a n c e  t he  se lec t iv i ty  at  a n y  
g iven  p r o d u c t i o n  ra te  of  t he  c h e m i c a l  p r o d u c t  for  b o t h  
w a v e f o r m s ;  t he  e n h a n c e m e n t  is m o r e  p r o n o u n c e d  at t he  
h i g h e r  f r equency .  Fo r  case  (ii), t h e  dc se lec t iv i ty  i nc r ea se s  
w i t h  a n  inc rease  in t he  p r o d u c t i o n  ra te  of t he  c h e m i c a l  
p roduc t ,  wh i l e  for case  (iii) t h e  dc  se lec t iv i ty  decreases .  



Vol. 131, No. 6 ELECTROCHEMICAL REACTION SEQUENCES 1309 

0 
0 

r r  

L~q 

0 
--I 

0 q 
0 

0 
0 

T-2.50 

0 

0 
0 

,.-, ¢5 CO 
E 
t",,I 
v 
¢..9 
0 
"J O 

tO 
O 
I 

0 q 
T 

-2.00 

w/K2 = 10.0 +'  DC 

w/K2 = 7.0 
w/K2 = 3.0 fEL0w * + ~  

w/K2=0,7 

+ ~  
w/K2 = 0.3 

- +  

+ 

w/K2=O.1 

I I I I 

-2.00 -1.50 -1.00 -0.50 

LOG R2 

f E D c  3 89 

w/K2 = 0.3 

w/K2 = 0.1 

+ OC 

w/K2= 10.0 

w/K2= 7.0 

w/K2= 3.0 

~ +  

I I 

-1.50 -1.00 

LOG R2 

fEHi=-15.00 

0.00 

I 

-0.50 0.00 

Fig. 3. Effect of frequency an the 
selectivity of the chemical product 
of the E-C,E reaction sequence as a 
function of its dimensionless pro- 
duction rate (R2 = r2K2Ro): al = 
0.4, a~ = 0.2, K1/K2 = 0.01, and 
K3/K2 = 0.3. A, top: step potential 
modulation. B, bottom: sinusoidal 
potential modulation. 

Figure  5a and 5b and 6a and 6b i l lustrate the  effect  of  step 
and s inusoidal  potent ia l  modu la t i on  for cases (~i) and (iii), 
respect ively .  Again,  ranges  of reactor  opera t ion  are possi- 
ble wh ich  cannot  be ob ta ined  unde r  s teady-state  condi-  
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Fig. 5. Selectivity of the second- 
order chemical reaction product of 
the E-C2,E reaction sequence as a 
function of its dimensionless pro- 
duction rate (R2 = r~/K2Ro2): a~ = 
0.4,a3 = 0.1,K1/K2Ro = 0.1, and 
KJK2Ro = O.I. A, top: step poten- 
tial modulation. B, bottom: sinu- 
soidal potential modulation. 
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both high and low frequency modulation increase the se- 
lectivity. This may be attributed to the higher sensitivity 
of the second-order chemical reaction to the intermediate 
concentration than the first-order electrochemical r e a c -  
tion. In case (iv), a maximum-product ion rate of the 
chemical product is obtained under dc conditions as seen 
in Fig. 7, which shows the results of step potential modu- 
lation. No advantage of either step or sinusoidal potential 
control over steady potential control was found in this 
case. As in the E-C,E sequence, the step potential wave- 
form appears to be better than sinusoidal when modula- 
tion is beneficial. 

E-C,C ~ reaction sequence.--There are three dimension- 
less parameters which effect the outcome of this reaction 
sequence: K1/K2, K3Ro/K2, and al. Figures 8a and 8b il- 
lustrate typical results for the selectivity of the second- 
order chemical  product as a function of its production 
rate for step and sinusoidal potential modulation, respec- 
tively. Reactor operating conditions are again possible at 
the stationary state which are unobtainable at the steady 
state. The results at high frequency modulation approach 
those of dc operation; however, the low frequency modu- 
lation results for both waveforms illustrate an increase in 
selectivity at any given production rate of R~. At the tow 
frequency, an increase in the intermediate concentration 
is obtained over that at higher frequencies; thus, the 
second-order chemical reaction is favored. The selectivity 

of the first-order product is decreased by potential modu- 
lation. 

E-E,E reaction sequence.--Five dimensionless kinetic 
parameters determine the outcome of this reaction se- 
quence: K1/K2, K3/K2, a,, a~, and a3. Under  dc condi- 
tions, the steady-state selectivity of the product  with the 
smaller transfer coefficient decreased with an increase in 
its production rate, while the selectivity of the product  
with the larger transfer coefficient increased with its pro- 
duction rate. Modulation always decreased the selectivity 
in the first case and always increased it in the second 
case. Figures 9a and 9b illustrate typical results under 
step and sinusoidal potential control. Results using two 
different values of the lower potential, fELow, are shown in 
Fig. 9a. High frequency is better than low frequency in in- 
creasing selectivity for both waveforms, but note that the 
increase above the dc selectivity is considerably smaller 
for this reaction sequence than those for the previous 
three. 

Comments.--Clearly, orders of magnitude increase in re- 
action selectivity can be obtained by modulation of the 
potential for some of the reaction sequences studied. The 
calculations have shown that modulation is most effective 
when a chemical-reaction step competes in parallel with 
an electrochemical step for the same intermediate. Such 
large increases in selectivity and yield may make an elec- 
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func t ion  can be defined, ma themat i ca l  t e chn iques  devel-  
oped  in control  theory  (57, 58) can be  used  to cons t ruc t  
the  op t imal  wave fo rm to establ ish the  m a x i m u m  or mini-  
m u m  of  the  objec t ive  function.  

I f  mass- t ransfer  l imita t ions  are present ,  the  degree  to 
which  the  modu la t ed  potent ia l  changes  the  ou t come  of 
the  reac t ion  sequence  is dampened .  This  can be ex- 
pected,  s ince mass t ranspor t  is i n d e p e n d e n t  of potent ia l  
in a wel l - suppor ted  electrolyte.  Indeed,  Scot t  has shown 
that  a m a x i m u m  produc t ion  rate exists  for some  of the  
p roduc t s  in the  react ion sequences  of  Table  I w h e n  the  
mass- t ransfer  rate  of  the initial reactant  R0 to the  elec- 
t rode  b e c o m e s  important .  F igure  10 i l lustrates this effect  
for the  E-C,E sequence  at three  va lues  of  the mass-  
t ransfer  coeff icient  KM. Thus,  the  calculat ions p re sen ted  
here  m a y  be though t  of  as the "bes t  case"  e x a m p l e  for the  
posi t ive  effect  of  potent ia l  modu la t ion  on react ion out- 
come.  A s imula t ion  of  an actual  opera t ing  reactor  m u s t  
also cons ider  the  effect  of nonun i fo rm potent ia l  distr ibu- 
tion, as wel l  as possible  mass- t ransfer  l imitat ions.  

I f  the  in t e rmed ia t e  RI is soluble in the bulk  solution,  the  
benef ic ia l  effect  of  potent ia l  modu la t ion  m a y  be e i ther  
inc reased  or decreased,  d e p e n d i n g  upon  the  des i red  prod- 
uc t  and react ion sequence  involved.  For  example ,  i f  the  
fo l low-up chemica l  react ion may  occur  h o m o g e n e o u s l y  in 
the  E-C,E reac t ion  sequence ,  the  increase  in select ivi ty  
under  m o d u l a t e d  react ion control  should be greater  than  
that  ca lcula ted  here. This  would  be expec ted ,  s ince the  

c o m p e t i n g  e lec t rochemica l  react ion is he t e rogeneous  and 
cannot  c o n s u m e  that  R~ which  enters  the bu lk  electrolyte.  
However ,  the  select ivi ty of the  second-order  p roduc t  in 
the  E-C,C ~ react ion sequence  if  both  chemica l  react ions  
occur  h o m o g e n e o u s l y  will  be  lower  than  that  ca lcula ted 
here. This  occurs  because  of  the di lut ion effect  and the  
h igher  sensi t ivi ty  of  the  second-order  chemica l  reac t ion  
to concen t ra t ion  than  the first-order reaction.  

The deta i led  unde r s t and ing  of  react ion s equences  and 
thei r  character iza t ion  by  appropr ia te  rate express ions  
may  l imi t  t he  ut i l izat ion of  m o d u l a t e d  potent ia l  control  of  
a reactor.  The  resul ts  show how dramat ica l ly  di f ferent  the  
effect  of  modu la t ion  is on a react ion p roduc t  d e p e n d i n g  
upon  h o w  that  p roduc t  is formed.  The  wavefo rm of the 
imposed  potent ia l  s t rongly effects  the  react ion outcome�9 
I f  expe r imen t s  are pe r fo rmed  on the  wrong  react ion sys- 
tem, or wi th  the  wrong  waveform,  or at the  wrong  fre- 
quency,  the  unfor tuna te  conc lus ion  may  be d rawn  that  
modu la t i on  is not  effect ive in enhanc ing  reac tor  per form-  
ance. 

Finally,  current  to the reactor  may  be m o d u l a t e d  in- 
s tead of  the  potential .  The  ou tcome  will  be cons i s ten t  
wi th  some  per iodic  modula t ion  of the potent ia l  bu t  wi th  a 
d i f ferent  wave fo rm f rom tha t  of  the current�9 Care m u s t  be  
taken,  i f  the  reactor  is opera ted  in this mode ,  tha t  the  po- 
tent ial  does  not  oscillate into secondary  reac t ion  reg imes  
such  as solvent  electrolysis�9 
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Summary 
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Fig. 9. Selectivity of the product 
with the larger transfer coefficient 
for the E-E,E reaction sequence as a 
function of its dimensionless pro- 
duction rate (R2 = rJK2Ro): a, = 
0.2, a2 = 0.4, a3 = 0 .3 ,  K i / K 2  = 
O. 1, and K 3 / K 2  = 1.0. A. top: step 
potential modulation. B, bottom: 
sinusoidal potential modulation. 

t h e  a s s u m e d  ra te  exp re s s ions ,  s u b s t a n t i a l  i nc r ea se s  in  re- 
ac t ion  se lec t iv i ty  are poss ib l e  b y  m o d u l a t i o n  of  t he  elec- 
t r o d e  p o t e n t i a l  in  c o m p a r i s o n  to s t eady-s t a t e  opera t ion .  
S t ep  p o t e n t i a l  m o d u l a t i o n  was  f o u n d  to be  m o r e  e f fec t ive  

~ ~  �9 w/K2 =10.0 

:L?w + =  

K1/KM = 0.1 K1/KM-" 0.01 K1/KM = 0.0 
i i I I 
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Fig. 10. Selectivity of the chemi- 
cal reaction product of the E-C,E 
reaction sequence as a function of 
its dimensionless production rate in 
the presence of mass-transfer re- 
sistance under step potential mod- 
ulation (R2 = r2/K2Ro): a~ = 0.4, a3 
= 0 . 2 , K 1 / K 2  = 0.01, a n d K 3 / K 2  = 
0.3. 
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Table A-I. Dimensionless intermediate concentration equations 

Mechanism Governing equation for intermediate 

t dI K2 �9 Ro K1 K2 . Ro K3 K2 �9 Ro E-C2,E . . . .  p dr w K2 �9 R0 exp(-aJ'E) - - w  - - K 2  �9 R0 w I exp(-a~E) 

dI K1 K2 K2 K3. Ro K2 12 
E-C,C ~ - -  exp(-ad~E) - - -  I 

dr K2 w w K2 w 

dI K1 K2 exp(-a~ ~E) K2 I exp(-a~E) K3 K2 E-E,E . . . .  I exp(-aafE) 
dr K2 w w K2 w 

than sinusoidal modulation, although neither of the two is 
necessarily the best waveform. The effect is highly fre- 
quency dependent; the reaction outcome may show oppo- 
site behavior at low vs. high frequency. Mass transfer ef- 
fects dampen any changes in reaction outcome caused by 
modulating the potential. By operating an electrolysis re- 
actor in a modulated control mode, the combination of  
decreased capital cost for the reactor (increased yield) and 
decreased operating cost of downstream mass-separation 
devices (increased selectivity) may possibly make an elec- 
trolytic production route economically favorable. 
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APPENDIX 
In the E-C,E reaction sequence, the intermediate con- 

centration R, is governed by the rate equation 

d 
(it Rj = r ,  - r 2 - r ~  

The transport rate of the  initial reactant from the bulk 
solution to the electrode surface may be characterized by 
a pseudo-mass-transfer coefficient, KM, times the con- 
centration difference between the surface and bulk con- 
centration. The concentration driving force must be ex- 
pressed on a surface concentration to be consistent with 
Table I. After simple manipulations and nondimensional- 
ization of the resulting equation, the following equation 
which governs the dimensionless intermediate concentra- 
tion I (RJRo) may be derived 

d I _ (K1/K2)(K2/w)exp(-al fE) 
- (K2/w)I 

dT 1 + (K1/KM)exp(-ad~E) 

- (K3/K2)(K2/w)Iexp(-aafE) 

where ~ = wt, w is the fundamental  frequency of the po- 
tential oscillation (w = 2~r*cycle time), and R0 is the sur- 
face concentration of the initial reactant. 

Similar equations in the absence of mass-transfer limi- 
tations may also be derived for the other reaction mecha- 
nisms and are shown in Table A-1. 
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Formation and Reduction of Anodic Sulfide Films on Antimony 
Electrodes 

Alfred Viehbeck *,1 and Norman Hackerman** 

Department of Chemistry, Rice University, Houston, Texas 77251 

A B S T R A C T  
The growth  and reduc t ion  of anodic  Sb2S3 films on an t imony  e lec t rodes  in alkal ine sulfide solut ions has been  in- 

ves t iga ted  us ing  po ten t iodynamic ,  galvanostat ic ,  and potent ios ta t ic  techniques .  The  sulf idat ion m e c h a n i s m  and the  
eff ic iency of  charge storage in the sulfide film ave d e p e n d e n t  on the  e lec t rode  potent ia l  and cur ren t  density.  The  initial 
s tages of  film format ion  f o l l o w  a high field g rowth  process  invo lv ing  ionic t ranspor t  t h rough  the  sulfide film. The  
g rowth  of  th icker  films is cont ro l led  by coupled  e lec t rochemica l  and chemica l  react ions invo lv ing  mass t ranspor t  and 
nucleat ion.  Metal  d issolu t ion  accompan ies  film format ion  under  mos t  g rowth  condit ions.  The  anodic  and cathodic  be- 
havior  of  these  films is consis tent  wi th  thei r  rect i f icat ion or n- type s emiconduc to r  propert ies .  

The  fo rmat ion  and reduc t ion  of  anodic  surface  films 
has a major  inf luence on the  overal l  e l ec t rochemica l  re- 
act ivi ty  of  a metal.  The  growth  of  an anodic  film usual ly  
occurs  by  the  migra t ion  of  cat ions or anions  (or both) 
th rough  the  film phase  and across the  interfaces  and is 
often desc r ibed  us ing  e i ther  Verwey ' s  (1) or Cabrera- 
MoWs (2) h igh  field model .  Recent ly ,  Chao et al. (3) pro- 
posed  a point -defect  m o d e l  for the  growth  of  a pass ive  
layer.  While mos t  of  the  in format ion  concern ing  anodic  
film growth  and  the  basic mechan is t i c  mode l s  have  been  
der ived  f rom studies of  ox ide  format ion  on metals ,  the  
d e v e l o p m e n t  and behav ior  of anodic  sulfide films has 
r ece ived  re la t ively li t t le a t tent ion  (4, 5). 

The  g rowth  of  some  meta l  sulfides was e x a m i n e d  by 
Miller and Hel ler  (6) in connec t ion  wi th  thei r  poss ible  use 
as photoanodes .  Pe te r  (7, 8) has  correla ted the  anodic  for- 
ma t ion  of  CdS and Bi2S3 to a high field process  and on 
Hg e lec t rodes  e x a m i n e d  the  initial underpo ten t i a l  deposi-  
t ion of  a sulfide mono laye r  (9). Anodic  Ag2S format ion  
repor ted ly  occurs  in a m a n n e r  s imilar  to the  m e r c u r y  sys- 
t e m  (10). Recent ly ,  the  anodic  ox ida t ion  of  sulfide on a P t  
e lec t rode  in alkal ine solut ions was found to resul t  in the  
fo rmat ion  of  a sulfide conta in ing  surface layer that  
pass lva ted  the  e lec t rode  (11). P r e l i m i n a r y  inves t iga t ions  
have  also demons t r a t ed  the  s e m i c o n d u c t o r  proper t ies  of  
anodica l ly  fo rmed  an t imony  sulfide films (12). 

In  the  work  repor ted  here  we discuss  the  g rowth  and 
r educ t ion  of  anodic  sulfide films on polycrys ta l l ine  anti- 
m o n y  e lec t rodes  (13). The  e lec t rode  behav io r  and k ine t ic  
pa ramete r s  de t e rmined  exper imen ta l ly  have  been  used  to 
corre la te  var ious  growth  mode l s  to this system. The re- 
sults  of E S C A  analysis of  the  anodic  films are discussed.  

Experimental 
All e x p e r i m e n t s  were  carr ied out  in 0.1M Na~S + 1.0M 

NaHCO3 (pH 9.0) solutions,  p repared  us ing  conduc t iv i ty  
water  (resist ivi ty > 5 • 106 ~ - c m ) a n d  reagent -grade  
chemicaIs .  A n t i m o n y  e lec t rodes  were  m a d e  f rom disks  
cut  f rom a polycrys ta l l ine  rod (6.615 g/cm 3) hav ing  a pu- 
r i t y  of  99.998% (Alfa Products) .  These  were  c e m e n t e d  to 
n ickel  wire  and m o u n t e d  in epox ide  resin. The  e lec t rode  
surface  was pol i shed  to 0.05 ~m a lumina  finish. 

The  e lec t rochemica l  cell  was a conven t iona l  three- 
c o m p a r t m e n t  Py rex  design. The  reference  e lec t rode  was 

* Electrochemical Society Active Member. 
** Electrochemical Societ~r Honorary Member. 
1 Present address: SumX Corporation, Austin, Texas, 78761. 
Key words: antimony sulfide, anodic films, sulfidation, 

SbzS~ film reduction. 

a mercu ry /mercu r i c  sulfide (red) s lurry in con tac t  wi th  
the  sulfide solut ion (-0.513V vs. NHE) to wh ich  all po- 
tent ials  are referred.  

The  e lec t rochemica l  m e a s u r e m e n t s  were  carr ied out  
unde r  an N2 a tmosphe re  on fresh e lec t rodes  that  were  
first ca thodica l ly  polar ized (-1.00V) in the  sulfide solu- 
t ion to r e m o v e  any reduc ib le  surface films. Curren t  den- 
sities were  de te rmined  us ing  a roughness  factor  of  1.7 as 
es t imated  f rom capaci tance  m e a s u r e m e n t s  (13). 

Results and Discussion 
Potentiodynamic conditions.--A typical  cur ren t  vs. po- 

tent ia l  (i/E) curve  for an an t imony  e lec t rode  in the  solu- 
t ion desc r ibed  and subjec ted  to a t r iangular  potent ia l  
scan is shown in Fig. 1. The  polar izat ion profi le is 
s t rongly  d e p e n d e n t  on the  e lec t rode  surface preparat ion,  
solut ion composi t ion ,  scan rate (v), and the  n u m b e r  of  
prev ious  scanning  cycles. With a fresh electrode,  a posi- 
t ive potent ia l  scan usual ly  exhib i t s  four  major  anodic  
peaks  which  are r ep resen ted  as Peaks  I, II, III, and  IV 
(Fig. 1). The  e lec t rode  surface also becomes  ye l low near  
the  onset  of  Peak  III  t u rn ing  to an orange color  as the  
sulfide film th ickens  at h igher  potentials .  The  mul t ip le  
anodic  peaks  are in te rpre ted  as the  nuc lea t ion  and 
spread ing  of  success ive  sulfide layers where  the  overal l  
surface process  can be summar ized  by the  fol low react ion 

2Sb + 3HS-  --* Sb2S3~fi~m~ + 3H + + 6e k [1] 

S imi la r  i/E behav ior  has been  seen  for o x i d e  nucle i  
spread ing  on an e lec t rode  surface (14, 15). Oxygen  evolu-  
t ion does  not  occur  even  at potent ia ls  to +4.00V. 

On the  re turn  negat ive  (cathodic) scan the re  is a ne t  
anodic  current  response  t h roughou t  mos t  of  the  potent ia l  
reg ion  of  film formation.  D e p e n d i n g  on the sweep  rate a n  
anodic  current  peak  is seen in the  region 0.60 to 0.10V. 
This behav io r  migh t  be  due  to the t ime d e p e n d e n t  dis- 
solut ion of some  outer  surface phase  (e.g., a sulfur layer) 
that  is fo rmed  at the  more  noble  potent ia l s ,  t hus  reac- 
t iva t ing the  e lect rode to fur ther  sulf idat ion or meta l  dis- 
solution.  Surface  film reduc t ion  on the  Sb e lec t rode  oc- 
c u r s  b e t w e e n  -0.70 and -1 .00V with  a toss of  the  
ye l low-orange  coloration.  

The  " d e v e l o p m e n t "  of  the  surface is demons t r a t ed  in 
the  i/E profiles in Fig. 2, m a d e  by repe t i t ive  t r iangular  po- 
tent ia l  scans (RTPS). In each success ive  cycle, the  anodic  
potent ia l  l imi t  (E~.~) was progress ive ly  increased.  As E~.a is 
m a d e  more  posit ive,  the  co r respond ing  r educ t ion  charge  
increases,  and  there  is a nega t ive  shif t  in the  reduc t ion  
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Fig. 1. Current vs. potential 
profile for an Sb electrode in a 
0.1M Na2S + 1.0M NaHC03 solu- 
tion. v = 20 mV/s. 
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peak potential .  This  nega t ive  shift  in the  reduc t ion  peak  
wi th  an increase in E~., migh t  be associa ted wi th  an in- 
crease in film stabili ty due  to a field-assisted g rowth  pro- 
cess in which  the  free energy  of the  phase  increases  wi th  
potent ial ,  thus  requ i r ing  a larger  ca thodic  overvo l t age  to 
r educe  the  phase  (16). 

F r o m  cou lomet r i c  m e a s u r e m e n t s  of  the  R T P S  above  
(Fig. 3) the  charge  associa ted wi th  Peak  I is ca lcula ted to 
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Fig. 2. Repetitive triangular potential scans for an Sb electrode in the 
sulfide solution with varied E~,a a t  ~ = 2 0  mV/s. 
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be ~0.30 mC/cm 2. Taking the  sulfide film dens i ty  (p) as 
that  of  bu lk  Sb2S3 (4.12 g/cm 3) this charge va lue  corre- 
sponds  to approx ima te ly  a mono laye r  of  film with  an es- 
t ima ted  th ickness  of  0.52 nm. The charge passed in Peak  
II  accounts  for approx ima te ly  two monolayers ,  whi le  in 
P e a k  III  the  film grows to above  15 nm. However ,  the  
eff ic iency of  anodic  charge  s tored as film (i.e., the  ratio 
be tween  Qr and Q~ in Fig. 3) rapid ly  decreases  for poten-  
tials posi t ive  of  -0.30V. 

The cur ren t  response  under  R T P S  in the  potent ia l  re- 
gion b e t w e e n  -1.00 and -0 .20V displayed an overal l  cur- 
rent  increase  wi th  each success ive  cycle. This  behav ior  is 
due  to an increase  in surface area by roughening.  The  re- 
duc t ion  of  the  sulfide film leads to the  format ion  of a po- 
rous  layer  of  Sb metal,  s ince the  Sb2S3 phase  occupies  
near ly  twice  the  v o l u m e  than  the  Sb meta l  f rom which  it 
forms (17). 

The  sweep  rate (v) data for some of  the  anodic  peak  cur- 
rent  m a x i m a  (ira) and anodic  peak  potent ia ls  (Era) are 
plot ted  in Fig. 4 and 5. The  kinet ic  parameters  der ived  
f rom the  vo l t ammet r i c  expe r imen t s  are summar i zed  in 
Table  1. 

The potent ia l  of  Peak  I (Era = -0 .74V or revers ib le  po- 
tential,  E ~ is not  d e p e n d e n t  on v, whi le  im and v are lin- 
early re la ted (Fig: 4a). This  is cons is tent  wi th  a depos i t ion  
process  invo lv ing  a one-e lec t ron transfer,  a s suming  
L a n g m u i r  adsorp t ion  condi t ions  and negl igible  solut ion 
diffusion effects (18). The init ial  react ion is cons idered  to 
involve  the  adsorp t ion  of  hydrosul f ide  ions (HS-) to form 
a mono laye r  depos i t  as in Eq. [2] 

Sb + HS-  ~ Sb(HS)ad~ + e- [2] 

A s imilar  process  y ie ld ing an adsorbed  sulfide in te rmedi -  
ate pr ior  to bu lk  sulfide f i lm format ion  has  b e e n  dis- 
cussed  for the  sulf idat ion of  Hg  (9), Ag (10), and  P t  (11). 

The  sweep-ra te  character is t ics  of  Peak  II  (Fig. 4a and 5) 
co r respond  to a mul t i s tep  consecu t ive  m e c h a n i s m  in 
which  the  initial e lect ron- t ransfer  react ion is fo l lowed by 
a chemica l  react ion (19). A proposed  s c h e m e  for the pro- 
cesses r ep resen ted  by Peak  II is 

Sb(HS)~ds ~ Sb(S)ads + H + + e- [3] 

Sb(S)ad~ + H S -  ~ HSbS2- [4] 

y ie ld ing a hydro-sulfo Sb c o m p l e x  as an in termedia te .  



Vol. 131, No. 6 1 3 1 7  

YE 
r_) 
E s 

(~ 
Cr~ 
L 
CO 
_C 
C) 

A N O D I C  S U L F I D E  F I L M S  

1 

0 [] , > 

Qa / / Qc Qa 

Qc 

20 

"l 

3 

3, 

Fig. 3. Measured anodic (Q~) 
and cathodic (Q~) charge vs. E~,,. 

i2o 

-o.~ -0.4 -o.~ -02 -o :  o.o o.1 
Potent iml  (V v s  NHE) 

Thi s  c o m p l e x  cou ld  t h e n  e i t h e r  d i s so lve  or pa r t i c ipa t e  in  
a r a p i d  e l e c t r o n - t r a n s f e r  r e a c t i o n  r e s u l t i n g  in  b u l k  ant i -  
m o n y  sulf ide  film f o r m a t i o n  

HSbS2-  ~- HSbS2 + e- [5] 

2HSbS~ ~ Sb~S3 + H~S [6] 

A s imi la r  m e c h a n i s m  has  b e e n  p r o p o s e d  for t h e  a n o d i c  
f o r m a t i o n  of  a n  ox ide  film on  a n t i m o n y  (20, 21). I t  was  re- 
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Fig. 4. A, top: sweep rate dependence of the current maximum for 
Peaks ! and Ii. B, bottom: sweep rate dependence of the current maxi- 
mum for Peaks III and IV. 
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p o r t e d  t h a t  t he  c u r r e n t  e f f ic iency for ox ide  f o r m a t i o n  is 
n e a r l y  100% in  ac id ic  med ia ,  w h e r e a s  e x t e n s i v e  m e t a l  dis- 
so lu t ion  occu r s  d u r i n g  o x i d a t i o n  in a lka l ine  so lu t ions .  

In  t he  p r o p o s e d  sulf ide  f i lm f o r m a t i o n  process ,  Eq.  [4] 
is t a k e n  as t h e  r a t e - d e t e r m i n i n g  s tep  (RDS). The  quas i -  
e q u i l i b r i u m  h y p o t h e s i s  a s s u m e s  t h a t  for  a n  a c t i v a t i o n  
c o n t r o l l e d  process ,  all s t eps  p r io r  to  t he  R D S  are in  equi-  
l i b r i u m  (18). U n d e r  p o t e n t i o d y n a m i c  c o n d i t i o n s  (i.e., E = 
Ei + vt, w h e r e  Ei is t he  in i t ia l  po ten t ia l )  t he  r e s u l t i n g  ex- 
p r e s s i o n s  for  the  p e a k  c u r r e n t  a n d  p o t e n t i a l  m a x i m u m  as 
a f u n c t i o n  of  v a re  

i~, = Qf(1 - 0m) (FIRT)v [7] 

E m =  G + 2.303 (RT/F) log v [8] 

w h e r e  Qf is t h e  to ta l  film charge ,  0m is t he  f r ac t ion  of  sur-  
face c o v e r e d  b y  (HS)ad, a t  t h e  m a x i m u m  p e a k  r e sponse ,  G 
is a cons t an t ,  a n d  R, T, a n d  F h a v e  t he i r  u sua l  m e a n i n g s  
(22). T h e s e  e q u a t i o n s  d e m o n s t r a t e  t h e  l i n e a r / ~  vs.  v a n d  
ca. 59 m V / d e c a d e  Em vs.  v re la t ions  f o u n d  for  P e a k  II. 

T h e  ef fec t  o f  v on  P e a k  I I I  (Fig. 4b  a n d  5) c o r r e s p o n d s  
to a n  i r r eve r s ib l e  p roces s  i n v o l v i n g  b o t h  a n  e l e c t r o c h e m -  
ical  a n d  c h e m i c a l  r eac t i on  u n d e r  d i f fus ion  con t ro l  (23, 24). 
A c c o r d i n g  to D e l a h a y  (23), t h e  e x p r e s s i o n s  for  t h e  p e a k  
c u r r e n t  a n d  p o t e n t i a l  as a f u n c t i o n  of  v are  g i v e n  b y  

i m =  (3.01 x 10 ~) n(aN~Dav) 11~ Co [9] 

E m =  E ° + (RT/aN~F) [0.78 - ln (KJDa 112) 

+ 0.5 In (aNaFv/RT)] [10] 

w h e r e  a is t he  t r a n s f e r  coefficient ,  N, is t he  n u m b e r  of  
e l ec t rons  in  t he  rds ,  n is t h e  to ta l  n u m b e r  of  e l ec t rons  
t r a n s f e r r e d  in  t he  s equence ,  Co is t he  c o n c e n t r a t i o n  of  
d i f fus ing  species ,  a n d  Ko is t he  e l e c t r o c h e m i c a l  ra te  con-  

Table I.,Experimental kinetic parameters for anodic peaks 

(a log im/a log v) = 0.88 -+ 0.01 
Peak I (aE~lav) = 0 

E~ ° = -0.74V 

(a log im/a log v) = 1.19 -+ 0.10 
Peak II (aEJa log v) = 55 mV/decade 

E. o = -0.57V 

(0 log im/a log v) = 0.63 +- 0.02 
Peak III (aEm/0 log v) = 28 mV/decade 

EmO = L-O.31V 

Peak IV (a ]og im/o log v) = 0.57 -+ 0.05 
E~v ° = +0.20 to + 0.40V 
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Fig. 5. Sweep rate dependence 
of the potential for Peaks II and III 
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stant. Thus, the slope of the experimental  Em vs .  log ~ plot 
yields a value that is one-half of the Tafel slope, which in 
this case gives a 56 mV/decade value for Peak III, and 
t h e r e f o r e  ~ N  a = i .  The value of the diffusion coefficient 
(Da) as calculated from the im vs .  v'p plot, and Eq. [9] is 5.4 
x 10 -7 cm2/s, assuming H S -  as the diffusing species. This 
value is lower than expected for such a solution process, 
which is usually 2 x 10 -5 cm2/s. This discrepancy suggests 
that the presence of sulfide film influences the charge 
transport kinetics. Similar deviations have also been 
found for the anodic growth of metal oxides and sulfides 
(10, 11, 25). Since the quantity of charge represented by 
Peak III is much greater than the charge in Peak II, this 
process is not merely due to the transformation of the 
Sb2S3 phase to a higher oxidation state; rather, it involves 
additional oxidation of Sb metal to Sb (III). 

The current maximum of Peak IV (Fig. 4b) is linear 
with respect to vl(z,, which again indicates a mechanism 
having a diffusion-controlled rds. However, the depend- 
ence of the Peak IV potential on ~ was difficult to estab- 
lish due to the broad current response. 
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Although neglected in the above scheme, the anodic 
sulfidation process probably involves hydration effects, 
and at the more positive potentials oxide (hydroxide) in- 
corporation into the sulfide film. Miller e t a l .  (26) dem- 
onstrated the influence of sulfide film breakdown and 
hydroxide incorporation on the photoelectrochemical ac- 
tivity of anodic CdS and Bi2S3 films. 

G a l v a n o s t a t i c  c o n d i t i o n s . - - U n d e r  a controlled anodic 
current density (ia), the electrode potential must compen- 
sate for the rate of film formation and dissolution. In Fig. 
6, the potential vs .  anodic charge (E/QD transients are 
shown for the initial passage of 8 mC/cm 2 under different 
ia. Within the first few tenths of a millicoulomb, there is a 
rapid potential increase which approaches a nearly con- 
stant value after ~3 mC/cmt  The constant potential rep- 
resents a stationary state, when the anodic current is no 
longer consumed by film formation (i.e., constant film 
thickness) (27). 

Figure 7 shows plots of log ia vs .  E at various constant 
anodic charge. The resulting Tafel slopes exhibit  an in- 

Fig. 6. Dependence of electrode 
potential on the anodic charge un- 
der galvanostatic conditions. 
Carves a through i: 8, 20, 40, SO, -~ 
7S, 100, 1S0, 200, 2S0, and 500 "~ 
/~A/cm 2, respectively. 0 
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crease  wi th  film th ickness  and are cons is ten t  wi th  the  
va lues  de t e rmined  f rom the  scan-rate d e p e n d e n c e  of  
Peaks  I and II. This  behav ior  indica tes  that  a cons tan t  po- 
tent ia l  drop is ma in ta ined  across the  film dur ing  its 
growth.  The  growth of  an anodic  film invo lv ing  ionic 
charge  t ranspor t  is desc r ibed  by an exponen t i a l  f u n c t i o n  
of  t h e  field s trength,  H, g iven  b y  

i = Ao exp  (BH)  [11] 

where  Ao and B are electrolyt ic  parameters  and negl ig ib le  
ionic m o v e m e n t  in the  d i rec t ion  opposi te  the  field is as- 
s u m e d  (1, 2, 28). 

The  (E/t) t ransients  for sulf idat ion show an e x t e n d e d  
init ial  l inear  response  and lower  s lopes wi th  a lower  i~. 
The  s lopes  o f  the  charg ing  curves  are re la ted to the  rate of 
f i lm  format ion  where  the  film t h i c k n e s s  is r ep re sen ted  
by the  fo l lowing express ion  (29) 

L = Lo + m i  (t - to)It [12] 

where  Lo is the  initial film thickness ,  m is the  coulo- 
met r ic  v o l u m e  of Sb2S3 (m = 2.85 x 10 -4 cm3/C), and r is 
the  roughness  factor. Ex t r apo l a t i ng - the  l inear  potent ia l  
t races to t = 0 gives an in te rcep t  at Ez ~ = -0.55V, w_hich is 
t he  m i n i m u m  po ten t i a l  r equ i red  for film format ion.  This 
va lue  cor responds  to t h e :  po t en t iodynamic  film- 
fo rmat ion  potent ia l  EH ~ The m i n i m u m  current  necessa ry  
for ini t ia t ion of  film growth  is e s t imated  to be io = 10 
/~A/cm 2 for dE~dr = 0 and E~ ~ 

The s lopes  (log) of  the  l inear  charg ing  t rans ien ts  are 
p lo t ted  vs .  ia (log) in Fig. 8. The  s teady-state  rate  of  
sulf idat ion is re la ted to i~ by the  empir ica l  equa t ion  

(dE~dO = a( i?  [13] 

where  a is the  format ion  rate at uni t  current  density.  
F r o m  the  s lope of the  plot  in Fig. 8, b has  a va lue  of  1.29, 
which  compares  favorably  wi th  va lues  repor ted  for the  
anodiza t ion  of  o ther  va lue  meta ls  (29, 30). 

U n d e r  a fixed i, the  potent ia l  drop across the  film (El) 
can be  cons idered  cons tan t  wi th  a field s t rength  

H = EflL [14] 

Us ing  the  high field app rox ima t ion  and Eq. [12] and [14], 
t he  e lec t rode  potent ia l  can be expres sed  as 

E = ~b + (LJB) ln ( i /Ao )  + (mi / rB) In( i /Ao)  [15] 

and t h e  film format ion  rate by 

(dE/dt)~ = (Mi/rB) ln(i/Ao) [16] 

where  ~ is the  sum of the  potent ia l  d i f ferences  at all the  
interfaces.  In  a l imi ted  range the  log (i/Ao) t e rm in Eq. [16] 
is insignificant,  which  is in ag reemen t  wi th  the  experi-  
men ta l ly  observed  l inear i ty  in Fig. 8. Us ing  Eq. [16], the  
calcula ted va lues  for B are be tween  2.11 x 10 -6 cm/V and 
4.78 x 10 -8 cm/V. The act ivat ion or "ha l f - jump"  d is tance  
(7) can be obta ined f rom the  re la t ion 

ZTF 
S -  RT [17] 

where  Z is the  charge  of  the  migra t ing  ion. The  va lue  
ca lcula ted  for 7 ranges  be tween  0.18 and 0.41 nm. The-es-  
t imated  electr ic  field s t rength  varies  f rom 3.2 x 105 
V/cm for the  lowes t  cur ren ts  to 6.4 x 10 ~ Vtcm for the  
h ighes t  currents  applied. This  var ia t ion in the  field 
s t rength  with  current  i l lustrates the  effect  of  the  film- 
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Fig. 9. Dependence of cathodic 
charge on anodic charge under the 
galvanostatic condition i = 50  
/~A/cm ~. 
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fo rmat ion  potent ia l  under  the  appl ied current.  The  film- 
growth  parameters  de te rmined  above correlate  reasona- 
bly well  wi th  the  growth  mode l  based  on a field-assisted 
ionic conduct ion ,  in spite of  the  fact that  the  fo l lowing 
have  not  been  accoun ted  for: (i) the  small  changes  in po- 
tent ial  dur ing  film growth,  (ii) not  all anodic  charge  is 
s tored  as film, and (iii) the  polycrys ta l l ine  and 
nons to ich iomet r i c  na ture  of the sulfide film. 

F igure  9 i l lustrates the  re la t ion be tween  the  anodic  
charge  and cor respond ing  cathodic  reduc t ion  charge  un- 
der  a cons tan t  50 /~A/cm 2. The  quan t i ty  of  charge  s tored 
as film or Q~ was. de te rmined  as the  a m o u n t  of charge 
c o n s u m e d  whi le  at the  r educ t ion  potent ia l  unde r  chrono-  
po ten t iomet r i c  condit ions.  The  resul ts  of  the  galvano-  
static m e a s u r e m e n t s  co inc ide  wi th  the  po ten t iodynamic  
resul ts  wh ich  indicate  a <100% anodic  f i lm-product ion  
eff ic iency (i.e., charge-s torage efficiency) after the  
passage  of  ~2 m C / c m  2. A tomic  absorp t ion  analysis of  the  
e lec t ro ly te  solut ion for Sb ions conf i rmed  that  more  than  
95% of the  charge not  res id ing in the  film is due  to film 
dissolution.  This observa t ion  suppor ts  a cat ionic  migra-  
t ion s c h e m e  accord ing  to the  Cabrera-Mott  m o d e l  for 
film growth.  

The  a m o u n t  of charge s tored in the film, p lo t ted  as re- 
c iprocal  Qr vs. log t is linear, as shown in Fig. 10. Dur ing  
galvanosta t ic  sulfidation, the e lec t rode  potent ia l  is t aken  
as near ly  constant,  and thus  the  growth  process  fol lows 
the Cabrera-Mott  model ,  where  the in tegra ted  fo rm of the  
rate equa t ion  yields the  inverse  logar i thmic  rate law 

1 
- C - D l n t  [ 1 8 ]  

L 
where  C is a cons tan t  and D = RT/ZTFEf (2). 

F igure  l l a  shows a typical  E/t t rans ien t  for an Sb elec- 
t rode  at 250 /~A/cm 2. Two potent ia l  steps are exh ib i t ed  
wi th  the  second arrest  having  an initial potent ia l  peak. 
Di scon t inu ing  the  current  at any t ime  in e i ther  step re- 
sults in a potent ia l  drop to the  same open-c i rcui t  potent ia l  
(Eoc = -0.45 -+ 0.01V). The peak  prior  to the  second arrest  
i s  a t t r ibu ted  to a fast nuc lea t ion  process  in the solut ion 
phase  invo lv ing  a d issolut ion/precip i ta t ion  m e c h a n i s m  
(31). The  inflect ion b e t w e e n  the  t ransi t ion f rom the  first 
to second potent ia l  arrest, and the  peak is p roduced  w h e n  
a species  such as a hydro-sulfo  an t imony  c o m p l e x  (e,g., 
HSbS2) i n  revers ible  equ i l ib r ium is c o n s u m e d  by nuclea-  
t ion and deposi t ion,  causing a lower ing  of  the  concentra-  

Fig. 10. Dependence of sulfide 
film charge on growth time under 
(a) 50  ;~A/cm 2 and (b) 2 5 0  ~A/cm 2. 
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Fig. 11. A, top: potential transient under constant anodic current, i = 
250 /~A/cm ~. B, bottom: relation between anodic charge passed as 
(l/Q2a) at the time of the potential inflection and current density. 

tion polarization until a steady-state condition is reached. 
This diffusion-controlled process is also consistent with 
the results from the potential-scan experiments.  In addi- 
tion, processes involving sulfide film breakdown and 
oxide formation are also possible (26). 

The transition from the first to second potential arrest 
assumed to be a change from a solid-state to a diffusion- 
limited growth process is dependent  on the applied cur- 
rent density and the potential acquired. The quantity of 
charge required to induce the transition shown in Fig. l l b  
is represented by 

1/Qa 2 = imin + ia [19] 

where imin is the minimum current needed to initiate the 
transitions. As extrapolated from the plot (Fig. l lb )  imi, = 
90 t~A/cm 2 at infinite time. In the equilibrium condition, 
the film thickness remains constant while the anodic cur- 
rent flow is consumed by film or metal dissolution. 

ESCA analysis was used to further investigate the 
anodic sulfide films. The spectra (0 = 8 ~ and O = 58 ~ of a 
film grown at 250 t~A/cm 2 to the second potential-arrest 
region revealed the presence of both a hydrated Sb~O3 
outer layer and sulfide. The $2, response showed two 
sets of doublets corresponding to $2 -2 and S -2 species. 
From the sulfur ratios, the structure of the sulfide com- 
ponent at the outer surface is a sulfide-polysulfide 
Sb2(S~)2S or Sb2S5. The trend for the outer 30~ of film in- 
dicates a compositional increase toward Sb2S3 and de- 
crease in the Sb2S~ and hydrated Sb203 away from the 
outer surface. 

From these results, it is inferred that the bulk of the 
film is present as Sb2S.~. The existence of polysulfide 
units in Sb2S5 is manifested by previous MSssbauer stud- 
ies showing Sb in Sb~S~ exists only in the Sb (III) state 
(32, 33). Thus, the sulfidation at higher potentials proba- 
bly results in the additional oxidation of sulfide to 
polysulfide during film growth and oxide (hydroxide) 
incorporation without oxidation of Sb to the (+5) state. 

Photoelectrochemical  spectral measurements  of these 
semiconducting sulfide films gave the same bandgap for 
films grown at low and high potentials. The value of 1.7 
eV is consistent with that of bulk crystalline Sb2S3 (12). 

P o t e n t i o s t a t i c  c o n d i t i o n s . - - A n a l y s i s  of the t ime de- 
pendence  of the current  response to a potential  step can 
be used to investigate film-formation processes. Cur- 
rent  transients (i/t) for an electrode subjected to a posi- 
t ive potential  pulse exhibi t  high currents during the ini- 
tial few mill iseconds due to the charging of the double 
layer. The current  decay thereafter  is in response to the 
bui ldup of film on the surface until  a steady-state con- 
dition is reached. Under  potentiostatic conditions,  the 
expression which relates the current  to the charge accu- 
mulated in the film (Qf) is given by 

i = K exp(cE - Qf/d) [20] 

where K, c, and d are potent ia l - independent  constants 
(28). In this model,  it is assumed that film growth oc- 
curs through a cation/anion place exchange in the film 
where the activation energy for growth increases lin- 
early with film thickness. Integrat ing Eq. [20] yields the 
following equat ion relating i, t, and E 

1/i = (t/d) + (l/K) exp[(Qo/d)  - c E ]  [21] 

where Qo is the charge associated with the film at the 
t ime of the potential step. The integrated form of Eq. [21] 
gives a direct logari thmic growth-rate law. 

For ant imony sulfide film formation, the initial state 
of electrode surface is taken as film free or Qo = 0 at t = 
&.Figure 12 shows the resultant  current  transients at dif- 
ferent potentials plotted as reciprocal i vs .  t. In the plots 
shown, the zero-time intercept  decreases with E, as pre- 
dicted by Eq. [21]. The value of d as determined from the 
slopes depends exponential ly on E with a 195 mV/dec- 
ade gradient. However,  t he  parameter  d is supposedly 
related to the chemical-activation energy and is there- 
fore only a function of temperature.  Such a dependency  
of d on E has also been found for the growth of oxides 
on Sn (29) and Fe (30), and is still a matter  for debate. 
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Fig. 13. Repet i t ive t r iangular  po- 
tent ia l  scans with varied E~,¢ at  u - 
2 0  mV/s. Ex,~ = - 0 . 2 0 V .  
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T h e  p lo t s  in  F i g .  12 also d e v i a t e  f r o m  l i n e a r i t y  in  t h e  
in i t i a l  few seconds .  T h e  c u r r e n t  is l i nea r ly  r e l a t e d  to t -'12 
at  s h o r t  t imes .  One  e x p l a n a t i o n  for  t h i s  b e h a v i o r  is t h a t  
s ince  d is a t i m e - i n d e p e n d e n t  c o n s t a n t ,  t h e  in i t i a l  devia-  
t i on  is d u e  to t h e  e x p o n e n t i a l  t e r m  in  Eq.  [21] w h e r e  c = 
F/2ORT c a n n o t  b e  a s s u m e d  c o n s t a n t .  In  o t h e r  words ,  t h e  
term (l/K) exp (-cE) must initially decrease with time 
until it reaches the value at the I/i vs. t intercept. This 
can be explained on the basis that ¢P, representing the 
ratio between the occurrence of the rate-determining 
step to that of the overall reaction, might be compara- 
tively small when there is little or no film on the sur- 
face, but then increases with time until a steady-state 
value is attained. 
value is attained. 

The potentiostatic film-growth data can also be suc- 
cessfully described using the "point-defect model" (3). 
In this model, the initial current transient associated 
with very thin films varies inversely with the square 
root of time. At longer times, the current varies inversely 
with time, leading to a logarithmic rate law for film 
growth. The model also assumes that the migration of 
anion vacancies through the film results in film 
growth, while the migration of cation vacancies results 
in metal dissolution. The metal cations at the film/so- 
lution interface are also considered to be in equilibrium 
a n d  can  r e s u l t  i n  f i lm g r o w t h  t h r o u g h  r e p r e c i p i t a t i o n .  

Potentiodynamic film reduction.--Further i n f o r m a -  
t i on  c o n c e r n i n g  t he  g r o w t h  a n d  p r o p e r t i e s  of  t h e  su l f ide  
f i lms c a n  b e  o b t a i n e d  b y  s t u d y i n g  v o l t a m m e t r i c  film- 
r e d u c t i o n  b e h a v i o r .  T he  i n f l u e n c e  of  t h e  c a t h o d i c  s c a n  
p o t e n t i a l  l i m i t  (Ex.c) on  t h e  a n o d i c  c u r r e n t  prof i le  is 
s h o w n  in  Fig.  13. I n  e a c h  case ,  t he  p o t e n t i a l  is first  h e l d  
a t  - 0 . 2 0 V  for  30s t h e n  s c a n n e d  in  t h e  n e g a t i v e  d i r ec t ion .  
On  t h e  p o s i t i v e  g o i n g  r e t u r n  scans ,  t h e  a n o d i c  r e s p o n s e  
is n e g l i g i b l e  for  Es,c > -0 .68V.  As  Es,c is m a d e  m o r e  neg-  
a t ive ,  t h e  s u b s e q u e n t  p o s i t i v e  s c a n s  e x h i b i t  a n o d i c  cur-  
r e n t  o v e r  m u c h  of  t h e  s a m e  p o t e n t i a l  r eg ion ,  a n d  w i t h  
i n c r e a s e d  film r e m o v a l  t he  m a g n i t u d e  of  t h e  r e s p o n s e  is 
g rea te r .  

T h e  m o s t  c o m m o n l y  u s e d  r e d u c t i o n  m o d e l  i n v o l v e s  
t he  t r a n s p o r t  of  c a t i ons  t h r o u g h  t h e  fi lm a n d  r e d u c t i o n  
at  t h e  me ta l / f i lm  i n t e r f a c e  (34). Th i s  m o d e l  is t h e  re- 
v e r s e  of  t h e  h i g h  field a n o d i c - g r o w t h  m e c h a n i s m .  Ac- 
c o r d i n g  to t h e  ion ic  c o n d u c t i o n  m e c h a n i s m ,  t h e  anod ic -  

c u r r e n t  r e s p o n s e  d u r i n g  a p o s i t i v e  p o t e n t i a l  s c a n  for  t h e  
case  w h e r e  t h e r e  is s o m e  fi lm p r e s e n t  o n  t h e  e l e c t r o d e  
s h o u l d  r e m a i n  s m a l l  u n t i l  t h e  a n o d i c  field ac ros s  t h e  
fi lm c a n  s u p p o r t  ion ic  t r a n s p o r t  (35). 

T h e  r e a n o d i z a t i o n  p rof i l es  in  Fig. 13 s u g g e s t  t h a t  
s u l f i d a t i o n  a n d  g r o w t h  p r o c e e d s  at  p o t e n t i a l s  p o s i t i v e  
of the critical formation potential at a reduced rate on a 
partially removed film. Therefore, it is assumed that re- 
duction to Sb metal occurs at the outer surface, as op- 
posed to being formed at the metal/film interface. In- 
stead Of an ionic mechanism, the reduction can be 
expressed as an electronic migration process, where 

e-¢metab ---> e-cs,rfac¢~ [22] 

I t  is f u r t h e r  a s s u m e d  t h a t  e l e c t r o n  i n j e c t i o n  o c c u r s  ove r  
a low e n e r g y  b a r r i e r  a t  t h e  me ta l / f i lm  i n t e r f a c e  (35). 
T h i s  m e c h a n i s m  is in  a g r e e m e n t  w i t h  t h e  r ec t i f i ca t ion  
p r o p e r t i e s  (n - type  s e m i c o n d u c t o r )  of  t h e s e  a n o d i c  f i lms,  
in  w h i c h  e l e c t r o n i c  c u r r e n t  is no t  eas i ly  p a s s e d  u n d e r  
a n o d i c  c o n d i t i o n s ,  b u t  c a n  r ead i ly  f low u n d e r  c a t h o d i c  
b ias  (12). 

T h e  r e d u c t i o n  of  t h e  a n o d i c  Sb2Sa f i lms is u s u a l l y  ob- 
s e r v e d  as a s ing le  c a t h o d i c  p e a k  p r io r  to  H2 e v o l u t i o n .  
T h e  r e d u c t i o n  r e s p o n s e  is d e p e n d e n t  on  b o t h  film 
t h i c k n e s s  a n d  sweep  rate .  F i g u r e  14 i l l u s t r a t e s  t h e  influ-  
e n c e  of  s c a n  ra t e  on  t he  r e d u c t i o n  r e s p o n s e  for  b o t h  a 
t h i n  fi lm (curve  a) a n d  a t h i c k  fi lm (curve  b). T h e  t h i n  
su l f ide  f i lms (~10/~) we re  p o t e n t i o d y n a m i c a l l y  g r o w n  
a t  20 m V / s  to -0 .40V,  w h i l e  t he  t h i c k e r  f i lms (~500A)  
were  f o r m e d  at  100 mV/s  to +0.65V. 

T h e  s w e e p - r a t e  e f fec t  on  t h e  r e d u c t i o n - p e a k  p a r a m e -  
t e r s  for  t h e  t h i n  f i lm c a s e  is d e p i c t e d  b y  t h e  p lo t s  in  Fig. 
15a. T h e  l i n e a r  r e l a t i ons ,  im VS. P a n d  Em vs. log v (25 
m V / d e c a d e  s lope)  a re  c o n s i s t e n t  w i t h  a r e d u c t i o n  m e c h -  
a n i s m  i n v o l v i n g  c o n s e c u t i v e  e l e c t r o c h e m i c a l  r e a c t i o n s  
in  w h i c h  t h e  t h i r d  e l e c t r o n - t r a n s f e r  s t ep  is  r a t e  
d e t e r m i n i n g .  A c c o r d i n g l y ,  t h e  S b  ions  in  t h e  t h i n  fi lm 
g r o w n  to - 0 . 4 0 V  are r e d u c e d  f r o m  t h e  (+3)  s t a t e  to S b  
meta l ,  The  r e s u l t s  c o r r e l a t e  w i t h  t h e  p r o p o s e d  m e c h a -  
n i s m  i n v o l v i n g  t h e  f o r m a t i o n  of a n  Sb2S3 p h a s e  at  P e a k  
II. 

F i g u r e  15b s h o w s  t he  v "~ d e p e n d e n c e  of  t he  r e d u c t i o n -  
p e a k  p a r a m e t e r s  for  a t h i c k e r  su l f ide  film. T h e s e  cha r -  
a c t e r i s t i c s  for  t h e  p e a k  p a r a m e t e r s  c an  b e  e x p l a i n e d  b y  
a d i s s o l u t i o n / p r e c i p i t a t i o n  p r o c e s s  u n d e r  ohmic - r e -  
s i s t a n c e  c o n t r o l  (36, 37). A s s u m i n g  t h a t  t h e  Sb2S~ film 
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reduct ion occurs through electronic t ransport  from the 
under lying metal  to the film/solution interface, metal 
from the freshly reduced film would initially appear at 
discrete surface positions where electrons a r e  likely to 
be trapped, e . g . ,  anion vacancies. Such centers could act 
as nucleat ion sites which collect the Sb atoms diffusing 
across the surface. The newly formed Sb deposit  oc- 
cupies less vo lume than the sulfide. Thus, as the sul- 
fide phase continues to be reduced at discrete locations, 
the reduct ion process can be envisaged as result ing in 
the deve lopment  of channels in a dendri te  fashion ex- 
tending through the film to the metal substrate, where 
now the newly formed Sb metal  accumulates  at the base 
of the channels  (35). This concept  is substantiated by the 
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vol tammetr ic-reduct ion results discussed above, where 
the current  flow upon resulfidation of a partially re- 
duced film depends mainly on the area of the film re- 
moved,  rather than showing a threshold-voltage depend- 
ence, which would prevail  for a uniform thinning of 
film. 

It is bel ieved that in the latter stages of film reduct ion 
the fresh metal  deposits grow and spread to cover the 
base substrate. The reduct ion of the thicker  films is 
then l imited by the resistance in the pores be tween the 
Sb deposits  given by 

R = L J a A ( 1  - O) [23] 

where Ld is the deposit  thickness,  a is the specific con- 
ductivi ty of the solution, A the surface area, and 0 is the 
fraction of surface occupied by the newly deposited 
metal. Under  potent iodynamic conditions, the following 
equat ions describe the sweep rate dependence  of the 
peak maxima 

i m = ( n F p S / M )  I~2 A(1 - 0m)V 1/2 [24] 

E , ,  = ( n F p S / M )  1~2 [(LJS) + R s A ( 1  - 0~,)]v 1/~ [25] 

where R. is the bulk solution resistance, 0m is the cover- 
age at the peak maximum,  and M is the molecular  
weight  of Sb (36, 37). Using Eq. [24], 0r~ from Fig. 15b was 
est imated to be 0.9991, assuming the physical properties 
for Sb metal. This 0m value is in good agreement  with the 
model,  which assumes that  the layer-pore resistance is 
relatively small until  the surface is beyond 99% covered 
(36). 

Conclus ions 

The electrochemical investigation of antimony in alka- 
line sulfide solutions has demonstrated that anodization 
results in the formation of an antimony (III) sulfide film. 
The first anodic process possibly involves the adsorption 
of hydrosulfide onto the surface, followed by the nuclea- 
tion of an Sb2S3 phase and its lateral spread across the 
electrode. The growth kinetics follow different rate laws, 
depending on whether film growth is produced by an ap- 
plied current or an applied potential. However, consider- 
ing the approximations made in the inverse and direct 
logarithmic rate models, they are nearly equivalent when 
considering small changes in the film thickness such as 
the situation during initiation of film formation. 

The initial stage of film thickening has been inter- 
preted as a high field-assisted ionic-migration process 
with, possibly, the rate-limiting energy barrier being at 
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the film/solution interface. The nature of the films is 
nonstoichiometric, which might be due to the differences 
in the cationic and anionic conductivities. A simple elec- 
trostatic approach has been taken in discussing the 
anodic films. Under anodic conditions, the films exhibit 
resistance to electronic transport, in accordance with 
their n-type semiconductor properties (12). For thicker 
films grown positive of -0.40V, the growth mechanism is 
controlled by a dissolution/precipitation process resulting 
in a porous antimony sulfide layer with some hydrated 
oxide incorporated into the film. 

The reduction behavior of the sulfide (E ~ = -0.76V) has 
been found to be dependent on the film thickness and 
sweep rate. For films a few monolayers thick, reduction 
proceeds through three consecutive electron transfers 
from Sb(III) to Sb(0). The reduction of thicker films is 
limited by resistance in the pores between the deposited- 
metal sites. Under cathodic Conditions, charge transport 
through the films is predominantly due to electronic con- 
ductivity. Reduction occurring at the film/solution inter- 
face results in the deposition of a porous metal surface 
layer. 
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LIST OF SYMBOLS 
A electrode surface area 
Ao electrolytic parameter 
a film formation rate at unit  current density 
B electrolytic parameter, defined in Eq. [17] 
b empirical constant, Eq. [13] 
C constant, Eq. [18] 
Co Concentration of diffusing species 
c potential independent  constant, Eq. [20] 
D potential dependent  function, Eq. [18] 
Da diffusion coefficient 
d potential independent  constant, Eq. [20] 
E electrode potential referred to NHE 
E" reversible potential 
Eg ~ min imum film-formation potential 
E~ potential drop across film 
Ei initial electrode potential 
Em potential at i/E peak maximum 
Eoc open-circuit potential 
E~. a anodic potential scan limit 
E~.c cathodic potential scan limit 
G constant, Eq. [8] 
H electric field strength 
i current density (per cm 2) 
io min imum film-formation current 
ia anodic current 
im current at i/E peak maximum 
imin min imum current for galvanostatic transition 
K potential independent  constant 
K~ electrochemical rate constant 
L film thickness 
Lo initial film thickness 
La Sb deposit thickness 
~rb coulometric volume 
n total number  of transferred electrons 
Na number  of electrons in rds 
Qo initial film change 
Qa anodic charge 
Qr cathodic charge 
Qf total film charge 

Rs bulk solution resistance 
rds rate-determining step 
r roughness factor 
t t ime 
Z charge of migrating ions 

Greek Symbols 
transfer coefficient 
activation distance 
solution specific conductivity 

0 fraction of surface covered by Sb deposit 
0m fraction of surface covered at i/E peak max imum 
v potential scan rate 
p density 
~P ratio of the rds to overall reaction occurrence 
(b sum of all interfacial potential differences 
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A B S T R A C T  

A nove l  ionized air e lec t rode  (IAE) has been  inves t iga ted  for use as a reference  e lec t rode  in e l ec t rochemica l  systems.  
The  IAE employs  a low level  source  of  ionizing radia t ion (Am-241) to ionize an air gap, t he reby  es tabl ish ing electr ical  
contac t  wi th  the  e lec t ro lyte  of  an e lec t rochemica l  sys tem wi thou t  in t roduc ing  a l iquid  junc t ion  potent ia l  and its associa- 
ted  uncer ta in t ies ,  such as con tamina t ion  of the  test  solution.  Other  advantages  of  the  IAE inc lude  opera t ion  over  an ex- 
t r eme ly  large t empera tu re  range,  long life, h igh durabil i ty,  low cost, s imple  design, and f r e e d o m  f rom main tenance .  
S tud ies  of  the  effects  on e lec t rode  behav ior  of  factors such as e lec t rode  conf igura t ion  and mater ia ls  of  cons t ruc t ion  are 
presen ted .  P re l imina ry  m e a s u r e m e n t s  indica te  that  i t  m a y  be poss ible  to use  the  IAE to replace  conven t iona l  re fe rence  
e lect rodes ,  such  as the  sa tura ted  ca lomel  e lectrode,  in e l ec t rochemica l  m e a s u r e m e n t s  such  as the  e lec t romet r ic  de te rmi-  
na t ion  of  pH. 

C o m m o n l y  used  reference  electrodes,  such as the  satu- 
ra ted ca lomel  electrode,  suffer  f rom l imita t ions  resul t ing  
f rom the  d i rec t  physical  contac t  m a d e  with  the  test  solu- 
t ion by way  of  a l iquid  junct ion .  Diffusion con tamina t ion  
of  t h e  tes t  solut ion and the  in ternal  solut ion of  the  refer- 
ence  e lec t rode  is t roublesome.  In  addit ion,  the  l iquid  
junc t ion  potent ia l  (LJP)  is of ten difficult  to evaluate .  In  
aqueous  solutions,  such L J P ' s  general ly  are in the  order  
of  -* 10 m V  (1). Ionic act ivi t ies  in n o n a q u e o u s  med ia  can 
vary  so m u c h  f rom the  va lues  in aqueous  solut ions  that  
L J P ' s  b e t w e e n  aqueous  and nonaqueous  solut ions  can be  
as large as several  h u n d r e d  mill ivolts.  In  such  cases, com- 
m o n l y  used  reference  e lec t rodes  often do not  func t ion  
very  wel l  because  the  u n k n o w n  L J P  can compr i se  a large 
fract ion of  the  total  measu red  e lec t rode-potent ia l  differ- 
ence.  Fur the rmore ,  because  of hysteresis  effects, t h e r m a l  
d i spropor t iona t ion  react ions,  decompos i t i on  react ions,  
and the  p resence  of  a volat i le  aqueous  phase,  famil iar  ref- 
e rence  e lec t rodes  such as the  ca lomel  e lec t rode  or the  
Ag/AgC1 e lec t rode  are not  ve ry  amenab le  to use at eleva- 
t ed  tempera tures .  

In  v i ew of the above  problems,  a re ference  e lec t rode  
that  funct ions  th rough  a m e c h a n i s m  that  differs f rom 
those  encoun te r ed  in the  above -men t ioned  conven t iona l  
sys tems  might ,  unde r  cer ta in  c i rcumstances ,  serve  as a 
useful  a l te rna t ive  that  suffers f rom fewer,  or  less severe,  
l imitat ions.  In  the p resen t  paper,  we descr ibe  a secondary  
re fe rence  e lec t rode  that  is based  on the  use  of  an ionized 
air gap to contac t  the  surface 0f  the  test  solut ion (2-4). 
Such  an e lec t rode  e l iminates  ionic con tamina t ion  and 
pe rmi t s  use  over  a wide  t empe ra tu r e  range, inc lud ing  use  
wi th  mo l t en  salts. 

Ion ized  air e lec t rodes  (IAE) have  been  used  in conjunc-  
t ion wi th  s tandard  reference  e lec t rodes  since 1924 as indi- 
cator  e lec t rodes  to s tudy the  surface potent ia ls  (X) of  solu- 
t ions (5-7). The  t echn ique  emp loyed  by all the  early 
workers  suffered f rom the  major  d rawback  o f  the  ve ry  
short  half-life (138 days) of  the  Po-210 that  was used  to 
ionize t he  air. This  r equ i red  the  f r equen t  p repara t ion  of  
f resh e lec t rodes  f rom a s tock solut ion o f  r ad ium bromide .  
In  !960, K a m i e n s k i  and co -worke r s  (8) began  us ing  
plutonium-239 as the  ionizing source. Pu-239 has a m u c h  
longer  half-life than  Po-210 (24,000 yr  vs. 138 days), and 
decays  wi th  mono-energe t i c  a lpha par t ic les  of  an energy  
about  equa l  to that  of  Po-210 a lpha particles.  Us ing  a 2 
~Ci source  above  a 0.1M po tass ium chlor ide  solution,  it 
was found  that  the  t ime  r equ i r ed  to attain a s teady poten-  
tial va r ied  f rom about  3 to 25 min.  In  1964, K a m i e n s k i  and 
Czarnecki  (9) great ly  r educed  the  t ime  r equ i r ed  to obta in  
a s teady potent ia l  by  increas ing  the  act ivi ty  of  the  a lpha 
par t ic le  source  to 20 ~Ci, pe rmi t t ing  the use  of  e lectrode-  
solut ion separat ions  of  up to 1.5 cm to protec t  the  elec- 
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t rode  f rom wett ing.  In  more  recent  work  americium-241 
has been  used  as the  ionizing source  by Vol thard t  and 
Wus tneck  (10) and by Costa and co-workers  (11, 12). 

In spite of  the  previous  use  of the  IAE as an indica tor  
e lec t rode  to measu re  solut ion surface potent ials ,  it wou ld  
appear  that,  prior  to t h e  p resen t  work, such  an e lec t rode  
has not  ser iously been  t r ied as a re ference  electrode.  Pos- 
sibly this overs ight  has resul ted  f rom concern  about  the  
var ia t ion of  the  surface potent ia l  f rom solut ion to solut ion 
or  f rom concern  about  the  reproduc ib i l i ty  of  the  surface 
potent ia l  in s eeming ly  ident ica l  solut ions.  

The  m a g n i t u d e  of  the  surface  potent ia l  that  exis ts  at a 
pure  water/air  in terface  is be l i eved  to be of  the  order  of 
0.13 ~ 0.02V, as a c o n s e q u e n c e  of  a ne t  a l ignment  of  water  
molecu les  in the  first few monolayers  of  the  l iqu id  phase  
(12-16). E x p e r i m e n t s  have  demons t r a t ed  that  the  aqueous  
phase  is posi t ive  re la t ive  to the  air, ind ica t ing  that  the  hy- 
d rogen  ends  of  the  water  dipoles  are d i rec ted  inwards  to- 
wards  the  bu lk  of  the  l iquid  phase  (17-21). Insofar  as this 
surface  potent ia l  is r eproduc ib le  and constant ,  it poses  no 
i m p e d i m e n t  to the  use of  the  IAE as a re fe rence  electrode.  
Unfor tuna te ly ,  the  surface potent ia l  of  water  is shif ted by  
the  p re sence  of  d issolved solutes,  so that  such  a var ia t ion  
poses  a l imi ta t ion  on the  use  of  an IAE as a re fe rence  elec- 
trode. Conversely ,  the L J P  that  is es tab l i shed  b e t w e e n  
mos t  conven t iona l  re fe rence  e lec t rodes  and a tes t  solu- 
t ion also varies  f rom solut ion to solution,  g iv ing rise to a 
s imilar  l imi ta t ion on the  reproduc ib i l i ty  and cons tancy  of  
the  re ference  potential .  

In general ,  s imple  e lect rolytes  s u c h  as the  alkal ine 
meta l  hydroxides ,  fluorides, chlorides,  and sulfates exer t  
only  a small  effect  (hX) on the  surface potent ia l  of  water  
(22, 23). At 0.1M concentra t ion,  aqueous  solut ions of  the  
major i ty  of  c o m m o n  elect rolytes  exhib i t  surface poten-  
tials wi th in  ~ 2 mV f rom the  va lue  for pure  water.  
Fu r the rmore ,  excep t  in the  p resence  of surface-act ive  
agents  [which can alter the  surface potent ia l  drast ical ly 
(19, 20)], or at ve ry  high concent ra t ions  of  solute,  the  
shifts f rom the  va lue  for pure  water  are se ldom greater  
than  -+ 10 m V  (12, 22-24). 

Similarly,  the  effect  of  solut ion p H  on the  surface  po- 
tent ia l  of  an aqueous  solut ion does not  seem to be  signifi- 
cant ly  worse  than the  cor respond ing  effect  on a LJP .  
Kamiensk i  (25), for example ,  has shown that  d i lu te  hydro-  
chloric  acid exer ts  negl ig ible  effect  on solut ion surface  
potent ia l  over  t h e ' p H  range of  2 to 12. He also has shown 
that  over  the  p H  range of about  6 to 10 even  cer ta in  sur- 
face act ive agents  such as 0.025M p-hydroxybenzo ic  acid 
do not  change  the  surface potent ia l  of  the solut ion by 
more  than  about  10 mV (20). Admit ted ly ,  as is ev iden t  
f rom Table  I, in more  concen t ra ted  acid solutions,  the  
surface  potent ia l  does change  qui te  s ignif icantly f rom 
the  va lue  for pure  water  (22). However ,  as can be seen 
f rom Table  II  (1), L J P ' s  also undergo  large changes  at ex- 
t r eme  va lues  of  pH.  
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Table I. Effect of HCI concentration on the surface potential (X) of 
aqueous solution at 25~ (22) 

HC1 molality hX* (mV) 

o.01 - 2 . 0  
0,05 -3.0 
0.1 -3.5 
0.2 -2.0 
0.5 +4.6 
1.0 +18.3 
2.0 +46.4 
3.0 +74.0 

* hx = x(soluti0n) - X(pure water) 

Table II. Liquid junction potentials at 25~ between saturated Kci 
solution and solutions of various pH (1) 

Solution composition pH LJP~ (mV) 

1M HC1 0.1 +14,1 
0.1M HC1 1.1 +26.9** 
0.iM HC1 1.1 +4.6 
0.05M KH3(C204)2 1.68 +3.3 
0.01M HCI 2.0 +9.1"* 
0.01M HC1 2.0 +3.0 
0.5M KH-phthalate 4.00 +2.6 
0.025M KHzPO4 + 0.025M Na2HPO4 6.86 +1.9 
0.01M NaOH 12.0 -F2.3 
0.05M NaOH 12.7 +0.7 
0.1M KOH 13.0 -0.1 
0.1M NaOH 13.0 -0.4 
1.0M KOH 14.0 -6.9 
1.OM NaOH 14.0 - 8.6 

* The sign denotes the sign of the KC1 side of the junction. 
** Using 0.1M KC1 instead of saturated KC1. 

A p r e l i m i n a r y  d e s i g n  for an  ion ized  air  r e f e r ence  elec- 
t r ode  e m p l o y e d  a s ingle  e l e m e n t  cons i s t i ng  of  a 100 /~Ci 
sou rce  of  a m e r i c i u m  foil, w h i c h  se rved  b o t h  as ion iz ing  
sou rce  a n d  c u r r e n t  co l lec tor  (2). T he  e l e m e n t  was  k e p t  
s u s p e n d e d  a b o u t  1 c m  a b o v e  t h e  l iqu id  in a s h i e l d e d  glass  
tube .  Th i s  e l ec t rode  was  u s e d  to rep lace  the  SCE as refer-  
ence  e l ec t rode  in a ser ies  of  g lass -e lec t rode  p H  m e a s u r e -  
m e n t s  in  a q u e o u s  so lu t ions  of  wide ly  v a r y i n g  p H  a n d  
ionic  s t r e n g t h  a n d  in  m e t h a n o l - w a t e r  sys tems .  

A l t h o u g h  th i s  p r e l i m i n a r y  r e fe rence  e l e c t r o d e  per-  
f o r m e d  well, p r o d u c i n g  p H  m e a s u r e m e n t s  of  good  qual-  
ity, t he  t i m e  r e q u i r e d  to r e a c h  a s t eady-s ta te  p o t e n t i a l  was  
l ong  (10 - 15 rain)  a n d  a s low po ten t i a l  dr i f t  a b o u t  5 m V  �9 
h -~ was  obse rved .  In  t he  p r e s e n t  s tudy,  t he  e l ec t rode  de- 
s ign ha s  b e e n  modi f i ed  to r e d u c e  the  r e s p o n s e  t i m e  a n d  
p o t e n t i a l  dr if t  by  u s i n g  t he  Am-241 foil on ly  as a n  ion iz ing  
sou rce  a n d  b y  p r o v i d i n g  a separa te ,  e lec t r ica l ly  i so la ted  
co l l ec to r  e l ement .  

In  o rde r  to d e t e r m i n e  the  su i t ab i l i ty  of  t he  IAE for 
va r ious  p r o p o s e d  app l ica t ions ,  d e s i g n  p a r a m e t e r s  s u c h  as 
ion iza t ion  b u i l d - u p  t ime,  potent ia l ,  a n d  res i s tance ,  as 
f u n c t i o n s  of  s o u r c e  h e i g h t  , c o m p o s i t i o n  of  ion ized  gas, 
a n d  c o m p o s i t i o n  of  co l lec tor  m e t a l  h a v e  b e e n  s tud ied .  

Exper imenta l  
Electrode construction.--The d e s i g n  of  the  Am-241 ion- 

ized air  r e f e r e n c e  e l ec t rode  (IAE) is s h o w n  in Fig. 1. The  
e l ec t rode  h o u s i n g  (B) is c o n s t r u c t e d  in two  par ts ,  t h e  up .  
pe r  c o n t a i n i n g  t he  source  (A) a n d  t he  lower  c o n t a i n i n g  
the  co l lec tor  (D). T he  u p p e r  h o u s i n g  is a d o u b l e  layer  of 
P y r e x  glass  t u b i n g  c losed  at  t he  top  w i th  t he  layers  b e i n g  
s e p a r a t e d  b y  0.002 cm t h i c k  lead foil, w h i c h  se rves  as an  
e l ec t ros ta t i c  sh ie ld  a r o u n d  t he  ion ized  air. T he  lower  
h o u s i n g  is c o n s t r u c t e d  of  a s ingle  layer  of  P y r e x  glass  
t ub ing .  F ive  lower  h o u s i n g s  were  cons t r uc t ed ,  e ach  w i t h  
a d i f f e ren t  co l lec tor  metal .  T he  gas  in l e t  (C) is 5 m m  id 
glass  t u b i n g  t h a t  c o n n e c t s  d i rec t ly  to t he  gas  s u p p l y  via  a 
s h o r t  l e n g t h  of  T y g o n  tub ing .  T h e  two-pa r t  h o u s i n g  was  
c o n s t r u c t e d  to a l low t h e  source- to-co l lec tor  s p a c i n g  to be  
eas i ly  va r i ed  f rom a b o u t  0.5 to 6.0 cm a n d  to faci l i ta te  t he  
use  of  t h e  s a m e  Am-241 sou rce  for  each  of  t he  d i f f e ren t  
col lectors .  
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Fig. 1. Details of Am-241  ionized air reference electrode. A = 
Am-241  source; B = housing; C = gas inlet; D = collector electrode; E 
= connection to eleCtrOmeter; F = surface of elecffolyte. 

The  amer ic ium-241  a lpha-par t i c le  sou rce  (A) is a d i sk  
( a p p r o x i m a t e l y  0.83 c m  d iam)  of  i00 /~Ci ]cm 2 Am-241 foil 
w i t h  a n  ac t iv i ty  of  a p p r o x i m a t e l y  57 /~Ci. Am-241 ha s  a 
half-l ife of  433 yr  a n d  emi t s  a l p h a  par t ic les  at  a n  e n e r g y  of  
5.5 MeV. The  2 /~m t h i c k  go ld  cove r ing  on  t he  foil, re- 
q u i r e d  to k e e p  s t r u c t u r a l  i n t eg r i ty  of  t he  Am-241 layer,  
s o m e w h a t  r e d u c e s  t he  ave rage  a l p h a  par t ic le  energy.  

The  co l lec tor  e l e m e n t  (D) is c o n s t r u c t e d  of  50-mesh  
s c r e e n  a n d  is of  a p p r o x i m a t e l y  1 c m  diam.  Col lec tors  
were  c o n s t r u c t e d  f rom p l a t i num,  copper ,  n ickel ,  i ron,  a n d  
brass .  E lec t r ica l  c o n n e c t i o n  to t h e  col lec tor  is b y  t he  cen-  
te r  c o n d u c t o r  of  R G  58/U coaxia l  cab le  w i t h  the  b ra id  
c o n n e c t e d  to t he  Am-241 s o u r c e  a n d  t he  i n t e r n a l  sh ie ld  of  
the  u p p e r  hous ing .  

Measurements.--Voltage m e a s u r e m e n t s  were  m a d e  
u s i n g  a Ke i th l ey  610 C e lec t romete r .  A Ke i th l ey  370 s t r ip  
cha r t  r e c o r d e r  was  u s e d  w i th  the  e l e c t r o m e t e r  for t he  
m e a s u r e m e n t  of vo l t age - t ime  behav io r .  A C o r n i n g  Mode l  
7 p H  m e t e r  was  u sed  in t h e  mi l l ivo l t  m o d e  for  p H  mea-  
s u r e m e n t s .  The  c o n v e n t i o n a l  e l ec t rodes  e m p l o y e d  con-  
s i s t ed  of  a B e c k m a n  Mode l  40498 glass e l ec t rode  a n d  a 
F i s h e r  Mode l  13-639 s a t u r a t e d  ca lomel  r e f e r e n c e  elec- 
t rode ,  b o t h  of w h i c h  were  n e w  at  the  s tar t  of t he  work .  

Reagents and materials.--Reagent grade  c h e m i c a l s  dis- 
so lved  in  d o u b l y  d is t i l led  w a t e r  were  u s e d  for  all a q u e o u s  
so lu t ions .  F i s h e r  Cert i f ied Buf fe r  S o l u t i o n s  of  p H  1, 2, 4, 
6, 8, a n d  10 were  u sed  in t he  p H  m e a s u r e m e n t s .  Labora -  
to ry  g rade  gases  (H2, He, Ne, Ar, CO2, CH4, O~, a n d  air) 
s u p p l i e d  f rom gas cy l inde r s  were  u s e d  w i t h o u t  f u r t h e r  
pur i f i ca t ion  in  the  e x p e r i m e n t s  dea l ing  w i t h  the  elec- 
t r ode  p e r f o r m a n c e  in  d i f fe ren t  gaseous  e n v i r o n m e n t s .  

Temperature regulation.--The t e m p e r a t u r e  was  he ld  
c o n s t a n t  u s i n g  a wa te r  b a t h  con t ro l l ed  b y  a P h i l a d e l p h i a  
Ro to -Se t  a d j u s t a b l e  m e r c u r y - s w i t c h  t e m p e r a t u r e  cont ro l -  
ler, w h i c h  was  c o n n e c t e d  to a 50W electr ic  i m m e r s i o n  
h e a t e r  t h r o u g h  a n  e l ec t ron ic  relay. T e m p e r a t u r e s  be low 
25~ were  o b t a i n e d  b y  a d d i n g  ice to  t he  w a t e r  b a t h  to sta- 
bi l ize t he  h e a t e r  at  t he  lower  t e m p e r a t u r e s .  To r e d u c e  the  
poss ib i l i t y  of e lec t r ica l  i n t e r f e rence ,  t he  wa te r  b a t h  was  
c i r cu la t ed  a r o u n d  t he  e x p e r i m e n t a l  e l ec t rode  a s s e m b l y  
f r o m  ou t s i de  t he  F a r a d a y  cage  u s e d  to c o n t a i n  t h e  cell, 
u s i n g  a 50 ml  - s -1 p u m p .  Fo r  e a c h  e x p e r i m e n t ,  a n  equ i l i -  
b r a t i o n  t i m e  of  a b o u t  2h was  a l lowed  to e n s u r e  t h a t  t he  
t e s t  a s s e m b l y  was at  t he  des i r ed  t e m p e r a t u r e .  
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Exper imenta l  Results and Discussion 

Potential gradient profiles.--If the  a m e r i c i u m  ionized  
air e lec t rode  (IAE) is to be used  in appl icat ions  such  as 
vo l t ammet ry ,  which  involve  m a k i n g  m e a s u r e m e n t s  in an 
appl ied  electric potent ia l  field, the  e lec t rode  mus t  main-  
ta in a cons tan t  potent ia l  in the  appl ied  field. This  prop-  
er ty of  the  e lec t rode  was tes ted  by cons t ruc t ing  the  de- 
vice  shown in Fig. 2. By  pass ing a cons tan t  cur ren t  
th rough  the  p la t inum elec t rodes  in the  aqueous  KC1 solu- 
tion, a potent ia l  gradient  is es tabl ished be tween  the  elec- 
t rodes  that  is l inear over  mos t  of  the separa t ion  distance.  
By record ing  the  potent ia l  of  the  test  e lec t rode  (T) vs. the  
s ta t ionary e lec t rode  (R) at var ious  d is tances  (x) a long the  
slider, the  vol tage-dis tance  profile in the  KC1 solut ion 
can be obtained.  If  the  profile is l inear  wi th  a s lope equa l  
to the  p roduc t  of the  solut ion cur ren t  dens i ty  and the  so- 
lu t ion  resist ivi ty,  then  the  potent ia l  of  the  tes t  e lec t rode  is 
cons tan t  in the  appl ied  electric field. 

F igure  3 shows the  resul ts  of such  an exper iment ,  dur- 
ing which  an appl ied potent ia l  d i f ference of  3.0V was 
p laced  across the  two P t  e lec t rodes  (spaced 20 cm a p a r t ] n  
0.1M KC1 at 22~ dr iving a cons tan t  cur ren t  of  1.3 mA 
th rough  the  cell. With an e lec t ro lyte  res is t ivi ty  of  78 --- 2 
12-cm and an e lec t ro lyte  cross-sect ional  area of  3.8 -* 0.2 
cm 2, the  theore t ica l  s lope of  the  profile is 26.5 -~ 2 m V  �9 
c m - '  (95% conf idence  limits). Us ing  a SCE as the  station- 
ary re fe rence  e lec t rode  (R), the  lower  l ine shows the  
profile obta ined  using a SCE as test  e lec t rode  (24.9 • 2.5 
m V  �9 cm- ' ) ,  whi le  the  upper  l ine shows the  profile ob- 
t a ined  us ing  the  IAE as test  e lec t rode  (24.5 • 2.2 m V .  
cm-1). The  IAE e m p l o y e d  a P t  co l lec tor  at 0.5 cm above  
the  solut ion wi th  a 57 tzCi source  at 4.0 cm above  the  
collector.  

Both  expe r imen ta l  s lopes devia te  by less than  10% from 
the  theore t ica l  va lue  and by less than  2% f rom each other.  
A stat is t ical  test  at the  97% conf idence  level  indica tes  no 
s ignif icant  d i f ference be tween  the  theore t ica l  and exper i -  
men ta l  slopes. 

Response time.--In measu r ing  the  potent ia l  deve loped  
be tween  a SCE prev ious ly  p laced  in 0.1M KC1 solut ion at 
22~ and the  IAE, the  initial r ise t ime of  the  IAE, i.e., the  
t ime  taken  to fully bui ld  up the  ionized air gap f rom t = 0 
w h e n  the  glass shell  of the  IAE is first p laced ad jacent  to 
the  so lu t ion  surface, is in the  order  of  20 - 60s. When 
used  in con junc t ion  wi th  a glass e lec t rode  in a p H  mete r  
appl icat ion,  the effect  of  this response  t ime  is 
un impor tan t ,  s ince it is less than  the  t ime  requ i red  for the  
glass e lec t rode  to stabilize in the  solution. I f  desired,  the  
response  t ime  probab ly  could  be shor tened  by na r rowing  
the  tip of  the  IAE, poss ibly  to capi l lary d imens ions ,  
t he reby  be t te r  main ta in ing  t rapped  ionized air wi th in  the  
e lec t rode  shell. 

The  longer  t ime- response  stabil i ty of  the  potent ia l  de- 
ve loped  by the  IAE over  p H  4.00 buffer  solut ion at 25~ 
also was de te rmined .  The  drift  in the  potent ia l  d i f ference  
b e t w e e n  the  IAE and the  SCE over  a per iod  of  8h was 
only 1.5. 10 -4 V �9 h -1. In  the  same solut ion the  drift  in the  
potent ia l  d i f ference  be tween  the  IAE and  the  glass elec- 
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Fig. 2. Experimental assembly for measuring |R profile. E = electrom- 
eter; PS = dc power supply; Pt = platinum screen electrodes; R = sta- 
tionary SCE reference electrode; S = slider; T = moving Am-241  test 
electrode; G = glass trough. 
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Fig. 3. IR profile test results. Potential profile through 0.1M KCI at 
22~ Cell electrodes 20 cm apart. Cell voltage 3.0V; current 1.3 mA. 
(0 )  using SCE as test electrode; (Ig) using Am-241 IAE as test electrode. 

t rode  was equ iva len t  to app rox ima te ly  0.15 p H  uni ts  over  
the same  8h period. An analogous  s tudy  us ing a SCE vs. a 
glass e lec t rode  showed  a drift  s imilar  to tha t  us ing  the  
IAE vs. glass e lec t rode  system, indica t ing  e i ther  that  the  
drift  was a t t r ibutable  pr imar i ly  to the  par t icular  glass 
e lec t rode  used  or that  the  IAE and SCE used  both  exhib-  
i ted about  the  same a m o u n t  of drift. 

Electrode resistances.--The IAE consis ts  of  two paral le l  
conduc t ion  paths:  col lec tor  to g round  via  the  source  (R~), 
and col lec tor  to ground via the  solut ion and ex te rna l  
c i rcui t ry  (R~). Unless  the  res is tance of  the  collector-to- 
source  pa th  is m u c h  h igher  than  that  of  the  collector-to-  
solut ion path, its p resence  can cause an error  in the  IAE 
potent ia l  measurements .  A source- to-col lector  res is tance  
of  100 t imes  that  Of the  col lector- to-solut ion pa th  can be  
e x p e c t e d  to p roduce  a measu red  error  of  about  1%. 

T h e  electr ical  res is tances  R~ and Rg were  measu red  
us ing the  Kei th ley  e l ec t romete r  in the  h igh  i m p e d a n c e  
o h m m e t e r  mode.  As can be seen f rom Fig. 4, Rs inc reased  
rapidly  wi th  increas ing source- to-col lector  separa t ion  (h). 
Rg was measu red  with  the  col lector  at a he igh t  of  0.5 cm 
above  the  0.1M KC1 solution. Electr ical  connec t ion  to the  
solution was made via a platinum wire with the end 
placed in the solution approximately 1 cm directly below 
the collector. The resistance of the 0.1M KCI solution was 
negligible compared with that of the air gap. 
The high magnitude of Rg (101~ - i0'I~I) indicates the 

need for a very high impedance voltmeter to be used with 
the IAE. Electrometers and good-quality pH meters have 
comparable and suitable input impedances in the order of 
1014~. 

Alpha  par t ic les  of  5.5 MeV energy  that  are emi t t ed  into 
air ionize the  air, p roduc ing  a m a x i m u m  n u m b e r  of  ion 
pairs per  cen t ime te r  at a d is tance  of  about  4 cm f rom the  
source,  wi th  the  rate of ionizat ion decreas ing  rapidly  at 
d is tances  greater  than  this (26). As d i scussed  below, the 
meta l  col lec tor  in teracts  wi th  t h e s e  ionized air part icles;  
therefore,  i t  was d e e m e d  opt imal  to locate  the  col lec tor  at 
a d is tance  of h = 4 cm f rom the  Am-241 source.  With re- 
gard to the  col lector- to-solut ion distance,  it was found  
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Fig. 4. Variation of source-to-collector resistance (Rs) and collector- 
to-solution resistance (Rg) with source-to-collector separation distance 
(h). 0.1M KCI solution. 

t h a t  w h e n  th i s  d i s t a n c e  was m a d e  less  t h a n  0.5 cm, t he  
r e p r o d u c i b i l i t y  of  t he  IAE was  h a m p e r e d  b y  t he  c o n d e n -  
sa t ion  of  w a t e r  v a p o r  on  t he  sur face  of t he  col lector .  Con- 
verse ly ,  i f  t he  co l lec tor - to -so lu t ion  d i s t ance  was  i n c r e a s e d  
to b e y o n d  0.5 cm, in  o rde r  to m a i n t a i n  a suf f ic ien t ly  h i g h  
ra t io  of  R~ to Rg it wou ld  h a v e  b e c o m e  n e c e s s a r y  to in- 
c rease  t he  co l lec tor - to -source  d i s t ance  (h) to  g rea t e r  t h a n  
4 cm, w h i c h  was c o n s i d e r e d  undes i r ab l e .  Fo r  t h e s e  rea- 
sons,  a co l lec tor - to -so lu t ion  d i s t ance  of  0.5 c m  was  con-  
s ide red  to be  t he  o p t i m u m  prac t i ca l  d i s tance .  Conse-  
quen t ly ,  m o s t  of  t he  s u b s e q u e n t  e x p e r i m e n t a l  w o r k  was  
p e r f o r m e d  wi th  t he  co l lec tor  0.5 c m  a b o v e  t h e  so lu t ion  
a n d  t he  source  4.0 c m  a b o v e  t he  collector.  U n d e r  t h e s e  
c o n d i t i o n s  t h e  co l lec to r - to : so lu t ion  r e s i s t a n c e  is a b o u t  
10"gt, a n d  t h e  e r ro r  in  the  m e a s u r e d  vo l t ages  due  to t he  
vo l t age  d r o p  ac ross  the  v o l t m e t e r  is a b o u t  10~1/1014 or 
0.1%. The  Rs/Rg ra t io  of  a p p r o x i m a t e l y  100 leads  to a 
m e a s u r e m e n t  e r ro r  of  less t h a n  1%. 

IAE potential vs. source height.--In Fig. 5, t he  po t en t i a l  
of  t he  IAE is p l o t t ed  as a f u n c t i o n  of  t he  source- to-  
co l lec tor  d i s t ance ,  t he  p l a t i n u m  col lec tor  b e i n g  f ixed at  
a h e i g h t  of  0.5 c m  a b o v e  t he  0.1M KC1 so lu t ion .  I t  c a n  
b e  s een  t h a t  t he  po t en t i a l  b e c o m e s  m o r e  pos i t ive  as t he  
s o u r c e  h e i g h t  is inc reased ,  i n d i c a t i n g  t h a t  i t  is pos s ib l e  to 
c h a n g e  t h e  p o t e n t i a l  of  the  IAE by  a l t e r ing  the  sou rce  
he igh t .  T h e  p rac t i ca l i ty  of  t h i s  c h a n g e  is, howeve r ,  l im- 
i t ed  b y  t he  r e s t r i c t ions  on  t he  e l ec t rode  r e s i s t a n c e s  dis- 
c u s s e d  in t he  p r e v i o u s  sect ion.  

Influence of  the gas used for  ionization.--It  has  b e e n  
k n o w n  s ince  1897 (27) t h a t  t he  vo l tage  g e n e r a t e d  at  an  
ion ized  gas e l ec t rode  is a f fec ted  by  t he  n a t u r e  of  t he  gas 
ionized.  To i n v e s t i g a t e  th i s  d e s i g n  p a r a m e t e r  a n  exper i -  
m e n t a l  cel l  c o n s i s t i n g  of  a n  ion ized  g a s  e lec t rode ,  an  
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Fig. 5. Potential of IAE vs. source-to-collector separation distance (h). 
0.1M KCI solution. 

a q u e o u s  0.1M so lu t ion  of KC1, a n d  a SCE was  u s e d  w i th  
va r ious  gases  as t he  a b s o r b i n g  m e d i u m .  The  resul ts ,  
s h o w n  in Fig. 6, i nd i ca t e  t h a t  a wide  va r i a t i on  in  t h e  vol- 
t age  of  t h e  IAE resu l t s  f rom va r i a t i on  in the  gas ion ized  
a n d  t h a t  t he  m o l e c u l a r  w e i g h t  of the  gas is a p r o p e r t y  of  
m a j o r  inf luence .  

A l p h a  par t i c le  e n e r g y  loss  occu r s  m a i n l y  t h r o u g h  ioni-  
za t ion  a n d  exc i t a t ion  of the  a b s o r b i n g  m e d i u m .  Ine las t i c  
col l i s ions  of  a -par t ic les  w i t h  loose ly  b o u n d  ou te r  elec- 
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t rons in the  a toms or molecu les  of the  absorb ing  gas re- 
sult  in the  e ject ion of  the  s t ruck  electrons,  i.e., pr imary  
ionizat ion of  the  a toms or molecu les  (28). The  e jec ted  
e lec t rons  (delta Particles) m a y  possess  suff icient  k inet ic  
ene rgy  to cause  secondary  ionizat ion of  the  gas mole-  
cules, wi th  the  resul t  that  the  total  ionizat ion may  be  sev- 
eral t imes  larger  than  the  p r imary  ionizat ion (29). A sim- 
ple  ca lcula t ion (see Append ix )  for the  IAE used  in the  
p resen t  s tudy  indicates  that, w h e n  the  absorb ing  m e d i u m  
is air, the  s teady-sta te  concent ra t ion  of ions wil l  be  about  
2 x 10 8 ions /cm ~. 

To exp la in  the  effect  of d i f ferent  gases, it appeared  rea- 
sonable  to pos tu la te  that  the  potent ia l  es tabl i shed at the  
IAE migh t  be re la ted to the  average  specific ionizat ion of  
a g iven  gas, i.e., the  average  total  n u m b e r  of  ions  pro- 
duced  by an a-part icle  per  uni t  pa th  l eng th  t raversed.  
This  is g iven  by 

(dE/dX)Av [1] 
W 

whe re  ( -dE/dx) , v ,  is the  average rate of  e-par t ic le  energy  
loss wi th  d i s tance  and W is the  m e a n  energy  e x p e n d e d  to 
fo rm an ion pair  in a g iven gas. S ince  W is cons tan t  over  a 
wide  energy  interval ,  the  average  specific ionizat ion is 
app rox ima te ly  propor t iona l  to the  average rate of  energy  
loss (28). This ,  in turn,  is re la ted to the  proper t ies  of  the  
gaseous  m e d i u m  th rough  t h e  t e rms  N, Z, and I in the  
we l l -known Bethe  equa t ion  (28-33), which,  w h e n  ex- 
p ressed  in SI  uni ts  takes  the  fo rm 

dE _ e'z~NZ l n / 2 m e v 2 ~  [2] 
dx  41reo2me v2 

where  E = energy  of  the  a-part icle  (J), x = d is tance  (m), e 
= e lec t ronic  charge  (C), z = va lence  of the  a-part icle  (2 /> z 
~> 0), N = n u m b e r  of a toms in the  absorb ing  m e d i u m  
(m-g), Z = a tomic  n u m b e r  of  the absorb ing  med ium,  e0 = 
permi t t iv i ty  of  free space (C - V -1 - m-l), m~ = rest  mass  of  
the  e lec t ron  (kg), v = ve loc i ty  of  the  a-part icle  (m �9 s-*), 
and I = effect ive  ionizat ion potent ia l  of  the  absorb ing  me- 
d i u m  (J). 

The  valence,  z, of  an a-part icle  is a funct ion  of  its (ki- 
netic) energy,  ranging f rom z = 2 at energies  greater  than  

3 MeV (4.8 x 10 -'3 J) to z = 0 (cor responding  to a neut ra l  
he l ium atom) w h e n  the  part ic le  essent ia l ly  has been  
" s t o p p e d "  by the  absorb ing  med ium.  By subs t i tu t ing  an 
express ion  for z = f(E) (34) into the Bathe  equat ion ,  the  
equa t ion  can be  n u m e r i c a l l y  in tegra ted  for each  gaseous  
m e d i u m  [the Bragg Addi t iv i ty  Rule  (35) be ing  used  for 
c o m p o u n d  gases] to yield a reasonably  accura te  va lue  for 
the  average  " s topp ing  power"  (-dE/dX),v~ for each gas 

(-dE/dX)Av = Eo/L [3] 

where  Eo is the  initial energy  of  the a-part icle  and l is its 
range in the  g iven med ium,  g iven  by 

F igure  7 shows a plot  of  the  vol tage of  the  ionized gas 
e lec t rode  vs. the  average specific ionizat ion for each  gas, 
as ca lcula ted us ing  Eq. [1]-[4]. I t  is ev iden t  that,  wi th  the  
excep t ion  of  a rgon and hel ium,  the  corre la t ion  is some- 
wha t  be t te r  than  that  obta ined  by plot t ing the  vol tage  vs. 
the  molecu la r  we igh t  (cf. Fig. 6). The  devia t ions  for he- 
l ium and argon are readily exp la ined  by  the  so-called 
" Je s se  Effec t"  (36), wh ich  refers to the  m a r k e d  increase  in 
the  total  a m o u n t  of  ionizat ion of  nob le  gases  w h e n  ve ry  
small  amoun t s  of  certain o ther  gases are added.  Thus,  
w h e n  less than  1% of n i t rogen is added  to he l ium,  the  
va lue  of  W drops  f rom 46 eV/ion pair to about  30 eV/ion 
pair, resu l t ing  in a 50% increase  i n  specific ionization.  
Similarly,  in argon, the  presence  of  small  amoun t s  of  car- 
bon  dioxide,  for example ,  great ly increases  the  specific 
ionizat ion of  the  argon. These  marked  increases  in the  ob- 
se rved  ionizat ion of  noble  gases, wh ich  may  be  b rough t  
about  by only a few hund red  parts  per  mi l l ion of  var ious  
gases, can be  exp la ined  in t e rms  of  the  t ransfer  of  exci ta-  
t ion energy  f rom the  main  gas c o m p o n e n t  to the  mino r  
gas componen t .  S ince  only cyl inder-grade  gases were  
used  and no special  p r e c a u t i o n s  were  t aken  to exc lude  
small  amoun t s  of  con taminan t  gases, it is l ikely  tha t  the  
actual  va lues  for the  specific ionizat ion of  argon and he- 
l ium are m u c h  greate  r than  indica ted  by  the  ca lcula ted  
va lues  shown in Fig. 7, which  wou ld  have  the  effect  of  
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sh i f t ing  t he  r e l e v a n t  da ta  po in t s  to t h e  r i gh t  to fall in  l ine  
w i t h  t he  b e h a v i o r  of  t he  o t h e r  gases.  

The results shown in Fig. 7 indicate that the mechanism 
by which a potential is generated at the IAE depends 
more on the number of ions present in the ionized gas 
than it does on the particular gas ionized. This might 
mean that the potential-determining ionized species is the 
same for all the gases employed. In pure air, for example, 
it is known that initially almost all the species are ionized 
with equal probability; but that within nanoseconds these 
ions transform into certain dominant species (37). In air, 
the dominant positive ions are (H~O)+(H~O), and 
(NH4)+(NH3) �9 (H20),,, whereas the dominant negative ions 
are (O2)-(H20), and (CO()(H20),,, with n ranging from 2 to 
6. A common species present in all the gases employed 
was water, present to the extent of about 3% (assuming 
saturation at 25~ from the aqueous electrolyte). This 
implies that the ions (H,O)+(H20)n and/or (O2)-(H~O), 
might be the potential-determining species. 

Although air is preferred because of the simplicity of 
the electrode system, other gases may be useful under 
spec ia l  c i r cums t ances .  

Influence of the collector metal.--It also ha s  l ong  b e e n  
k n o w n  t h a t  t he  po t en t i a l  of  a n  IAE is i n f l u e n c e d  b y  t he  
m e t a l  c h o s e n  for  t h e  co l lec tor  e l e m e n t  (27). To i n v e s t i g a t e  
th i s  aspect ,  co l lec tor  s c reens  m a d e  f rom severa l  d i f f e ren t  
m e t a l s  were  u s e d  w i t h  air  as t he  ion iz ing  gas  in  a 
c o n f i g u r a t i o n  s imi la r  to t h a t  u s e d  for t he  p r e v i o u s  sec- 
t ion.  As can  be  s een  f rom Fig. 8, t he  p o t e n t i a l  g e n e r a t e d  
b y  t he  IAE inc reases  l inear ly  w i t h  a n  i nc r ea se  in  t h e  elec- 
t ron ic  work function (dp) of the metal used for the col- 
lector element (38). This dependence confirms that the 
voltage-determining mechanism involves electron ex- 
change at the collector/gas interface. A metal with a high 
electronic work function has a strong affinity for elec- 
trons. This means that it has more electron energy states 
than does a metal with a low electronic-work function, so 
that electrons are readily accepted without conferring a 
negative charge to the surface of the metal. Conversely, a 
metal with a low electronic-work function accepts elec- 
trons with an accompanying tendency to acquire a nega- 

t ive  sur face  charge.  The  above  r e a s o n i n g  a c c o u n t s  for t he  
va r i a t i on  of  po t en t i a l  w i t h  r The  da ta  p l o t t e d  in  Fig. 8 
also con f i rm  the  c o n s t a n c y  a n d  r e p r o d u c i b i l i t y  of  t he  
su r face  po t en t i a l  at  t he  e lec t ro ly te /a i r  in ter face ,  s ince,  i f  
a n y  v a r i a t i o n  in th i s  q u a n t i t y  f r o m  e x p e r i m e n t  to  exper i -  
m e n t  were  g rea te r  t h a n  a few mil l ivol ts ,  s u c h  v a r i a t i o n  
w o u l d  s h o w  u p  in  Fig. 8 as a d d i t i o n a l  scat ter .  

Wi th  r e g a r d  to t he  p o t e n t i a l - d e t e r m i n i n g  spec ies  at  t he  
col lec tor /a i r  in ter face ,  ear ly  w o r k  b y  T o w n s e n d  (39) 
p r o v e d  t h a t  nega t ive ly  c h a r g e d  ions  in  air  no t  on ly  were  
m o r e  m o b i l e  t h a n  pos i t ive ly  c h a r g e d  ions,  b u t  also h a d  a 
g rea t e r  aff ini ty  for water .  I t  is t h u s  s u g g e s t e d  t h a t  the  
p o t e n t i a l - d e t e r m i n i n g  r eac t i on  for t he  IAE m i g h t  be  

(O2)-(H~O), ~ 02 + nH20  + e- [5] 

Use in pH measurements.--In orde r  to t e s t  t he  IAE  as a 
r e f e r e n c e  e l ec t rode  for p r ac t i c a l  p H  m e a s u r e m e n t s ,  mea-  
s u r e m e n t s  were  m a d e  u n d e r  a va r i e ty  of  c o n d i t i o n s  u s i n g  
a c o m m e r c i a l  glass  e l ec t rode  pH m e t e r  w i t h  t h e  SCE ref- 
e r e n c e  e l ec t rode  r ep l aced  b y  t he  IAE. The  IAE u s e d  for  
th i s  p rac t i ca l  app l i c a t i on  c o n s i s t e d  of  a 57 ~Ci sou rce  se t  
a t  4.0 c m  a b o v e  a 50-mesh  P t  co l lec tor  in  air, t h e  co l lec tor  
in  t u r n  b e i n g  0.5 c m  f rom the  so lu t ion  surface.  The  IAE 
s y s t e m  was  f o u n d  to give a re la t ive ly  r ap id  r e s p o n s e  a n d  
to be  r e a s o n a b l y  free f rom dr i f t  or ins tabi l i ty ,  a l t h o u g h  it 
was  s o m e w h a t  less r ap id  a n d  s t ab le  t h a n  t he  SCE refer-  
e n c e  sys tem.  In  general ,  t h e  va lues  of  pH m e a s u r e d  in 
a q u e o u s  so lu t ions  at  r o o m  t e m p e r a t u r e  were  ind i s t in -  
g u i s h a b l e  f rom the  va lues  o b t a i n e d  u s i n g  a SCE r e f e r e n c e  
b o t h  in m a g n i t u d e  a n d  p rec i s i on  as shown ,  for example ,  
in  Fig. 9, p lo t  A. P lo t  B i l lu s t r a t e s  t he  m a g n i t u d e  of  t h e  e r -  
rors  i n t r o d u c e d  b y  t h e  u se  of a smal l  source- to -co l lec tor  
d i s t ance .  The  s lope of  t he  h = 4.0 c m  l ine (plot  A) is 
-0 .059  -+ 0.002 V/pH u n i t  wh i l e  t h a t  of t he  h = 2.0 c m  l ine  
(plot  B) is -0 .0185 -+ 0.003 V/pH uni t ,  b o t h  b y  leas t  
s q u a r e s  l inea r  regress ion .  T h e  theo re t i ca l  s lope  of  t h e s e  
l ines  at  25~ is -0 .05915 V/pH uni t .  Fo r  p lo t  A, t h e  resis t -  
a n c e  ra t io  is RJRg = 100. T h e r e f o r e  t h e r e  is neg l ig ib le  er- 
ror  c a u s e d  b y  the  para l le l  c o n d u c t i o n  p a t h  error.  Fo r  p lo t  
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B, RJRg = 2.33. T h e  la rge  e r ro r  c a u s e d  b y  th i s  low ra t io  
was  as e x p e c t e d .  Th i s  e r ror  cou ld  be  r e d u c e d  b y  inc reas -  
ing  t he  source- to -co l lec tor  d i s tance ,  b u t  th i s  also w o u l d  
cause  a n  i n c r e a s e  in  t he  e l ec t rode  r e s p o n s e  t ime,  A sui ta-  
b le  t r ade -o f f  a m o n g  t h e s e  fac tors  ha s  to be  e s t a b l i s h e d  for 
a g iven  a p p l i c a t i o n  a n d  i n c o r p o r a t e d  in to  t he  e l ec t rode  
des ign .  T h e  0.5 c m  col lec tor  h e i g h t  c o m b i n e d  w i t h  t h e  4.0 
c m  source - to -co l l ec to r  s e p a r a t i o n  was  f o u n d  to b e  prac t i -  
cal  for  t he  e x p e r i m e n t a l  w o r k  r e p o r t e d  here .  

S i m i l a r  sa t i s fac tory  r e s u l t s  we re  obtair~ed a t  va r i ous  
t e m p e r a t u r e s  in  t he  r a n g e  10~176 P r e l i m i n a r y  p H  mea-  
s u r e m e n t s  in  m e t h a n o l - w a t e r  s y s t e m s  u s i n g  t he  IAE ref- 
e r e n c e  e l ec t rode  also were  w i t h o u t  s ign i f ican t  d i f f e rence  
f r o m  SCE m e a s u r e m e n t s .  These ,  a n d  o the r  p rac t i ca l  ap- 
p l i ca t i ons  of  t he  IAE will  b e  r e p o r t e d  in de ta i l  in  t h e  sub-  
s e q u e n t  paper .  

Areas  fo r  fur ther  s tudy . - -One  p r o b l e m  area  e n c o u n t -  
e r ed  w i t h  t he  IAE is t h e  g rea t  care  r e q u i r e d  in p r o v i d i n g  
a d e q u a t e  e lec t r ica l  s h i e l d i n g  to t h e  sys tem.  To a c h i e v e  re- 
p r o d u c i b l e  m e a s u r e m e n t ,  i t  was  f o u n d  n e c e s s a r y  no t  on ly  
to p r o v i d e  e lec t r ica l  s h i e l d i n g  to b o t h  t he  IAE a n d  all t he  
leads,  b u t  also to p lace  t he  c o m p l e t e  a s s e m b l y  (cell, elec- 
t r ome te r ,  t e m p e r a t u r e  ba th ,  etc.) in  a F a r a d a y  cage  a n d  t o  
s t a n d  b a c k  f r o m  the  a s s e m b l y  wh i l e  t a k i n g  read ings .  Ap- 
pa ren t ly ,  c a p a c i t a n c e  effects  f r o m  t he  h u m a n  b o d y  are  
s t r o n g  e n o u g h  to in f luence  t he  e l e c t r o m e t e r  r ead ings .  

A s e c o n d  p r o b l e m  is vo l tage  dr i f t  f r om w h a t  a p p e a r s  to  
b e  m o i s t u r e  c o n d e n s a t i o n  o n  t h e  co l lec tor  e l emen t .  Th i s  
was  e n c o u n t e r e d  i f  t he  co l lec tor  was  c loser  t h a n  a b o u t  0.5 
c m  f rom t h e  sur face  of  the  a q u e o u s  t e s t  so lu t ion  or i f  t he  
air  t e m p e r a t u r e  was  p e r m i t t e d  to d r o p  severa l  deg rees  
ove r  a s h o r t  pe r iod  of  t ime.  M e t h o d s  of  c i r c u m v e n t i n g  
t h i s  p r o b l e m  m i g h t  be  t he  p rov i s ion  of  a sma l l  h e a t i n g  el- 
e m e n t  in  t h e  e l ec t rode  casing,  c o n t i n u o u s  f lush ing  w i th  
re la t ive ly  d ry  ion iz ing  gas, or t h e  p rov i s ion  of  a h y d r o p h o -  
bic  m i c r o p o r o u s  p las t ic  cap  over  t he  t ip  of  t h e  IAE.  Th i s  
p r o b l e m  is un l i ke ly  to occu r  in  n o n a q u e o u s  or h i g h  t em-  
p e r a t u r e  app l i ca t ions .  

A t h i r d  conce rn ,  m o r e  of  t heo re t i ca l  t h a n  p rac t i ca l  
s igni f icance ,  is h o w  to cor re la te  t he  p o t e n t i a l  of  t h e  IAE 
w i t h  t he  S t a n d a r d  H y d r o g e n  Scale.  T h e  da ta  p l o t t e d  in  
Fig. 3, for example ,  i nd i ca t e  t h a t  t h e  p o t e n t i a l  of  t he  IAE 
is +0.108V vs. t h a t  of  t he  SCE,  w h i c h  gives  a " s t a n d a r d "  
va lue  of +0.35V on t he  S t a n d a r d  H y d r o g e n  Scale.  As dis- 
c u s s e d  earl ier ,  howeve r ,  t he  p o t e n t i a l  of  t he  IAE d e p e n d s  
on  a n u m b e r  of  factors,  s u c h  as t he  c o m p o s i t i o n  of  t h e  
i on iz ing  gas, t h e  co l l ec to r  mater ia l ,  t h e  p l a c e m e n t  of  t h e  
e l ec t rode  e l emen t s ,  t he  sou rce  s t r eng th ,  a n d  the  compos i -  
t i on  of t he  e lectrolyte .  Fo r  any  g iven  set  of va lues  for  t he  
a b o v e  p a r a m e t e r s ,  t he  p o t e n t i a l  of  t he  IAE a p p e a r s  to b e  
c o n s t a n t  a n d  r e p r o d u c i b l e  ', hence ,  t he  e l ec t rode  can  be  
c a l i b r a t e d  aga ins t  a c o n v e n t i o n a l  r e f e r ence  e lec t rode ,  
m a k i n g  it  a t y p e  of  ~ec0ndary  r e f e r ence  e lec t rode ,  a lbe i t  
a t  t he  p r e s e n t  t i m e  one  for  w h i c h  t h e  m e c h a n i s m  of  oper-  
a t ion  is no t  c o m p l e t e l y  u n d e r s t o o d .  Th i s  in  no  way  de- 
t r ac t s  f r o m  its u s e f u l n e s s  in  m e a s u r i n g  t h i n g s  s u c h  as 
e l e c t r o d e  po la r i za t ion  or  as a m o n i t o r  e l ec t rode  in  va r i ous  
di f f icul t  e n v i r o n m e n t s .  F u r t h e r m o r e ,  as d i s c u s s e d  
earl ier ,  t h e  po t en t i a l s  of  e v e n  c o n v e n t i o n a l  e l ec t rodes  
s u c h  as t h e  Ag/AgC1 e l ec t rode  or t he  Calomel e l ec t rode  in- 
vo lve  u n c e r t a i n t i e s  Owing to l iqu id  j u n c t i o n  p o t e n t i a l s  
(especia l ly  in  n 0 n a q u e o u s  media) ,  d i s p r o p o r t i 0 n a t i o n  
and /o r  o x i d a t i o n  reac t ions ,  hys te res i s ,  h e a t  effects,  aging,  
a n d  c o n t a m i n a t i o n  (1). 

In  conc lus ion ,  a l t h o u g h  it  is un l i ke ly  in  t he  n e a r  fu tu re  
t h a t  t h e  IAE  is go ing  to d i sp l ace  m o r e  c o n v e n t i o n a l  elec- 
t r o c h e m i c a l  r e f e r ence  e lec t rodes ,  i t  w o u l d  a p p e a r  poss i -  
b le  t h a t  w i t h  m o r e  d e v e l o p m e n t  i t  cou ld  p lay  a v a l u a b l e  
role  as a s e c o n d a r y  r e f e r e n c e  e l ec t rode  for u s e  in  spec ia l  
s i t ua t i ons  for  w h i c h  c o n v e n t i o n a l  r e f e r ence  e l ec t rodes  
w i t h  l i qu id  j u n c t i o n s  are  i napp r op r i a t e .  A p p l i c a t i o n s  t h a t  
c o m e  to m i n d  i nc l ude  h i g h  t e m p e r a t u r e  co r ro s ion  mon i -  
to r ing ,  u se  w i t h  fused-sa l t  or so l id -e lec t ro ly te  sys tems ,  
c o n t a m i n a n t - s e n s i t i v e  sys tems ,  s i t ua t ions  i n v o l v i n g  long- 
t e r m  s to rage  w i t h  on ly  i n t e r m i t t e n t  use,  a n d  e m b e d d e d  in 
s i tu  s y s t e m s  t h a t  are n o t  r ead i ly  access ib l e  for se rv ic ing .  
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A P P E N D I X  

Calculation of Extent of Air Ionization 
S t r e n g t h  of ion iz ing  sou rce  

= 57 ~Ci 

= (57 • 10 -6 Ci)(3.7 • 10 TM s -1 - Ci -1) 

= 2.109 • 106 a-par t ic les /s  

V o l u m e  of  c o n t a i n e d  air  = (4.5)(7r • 0.752) = 7.952 c m  3 
N u m b e r  of  air  m o l e c u l e s  p r e s e n t  at  25~ a n d  1 a t m  

PVNA (1.013 • 105)(7.952 • 10-6)(6.022 • 1023) 

R T  (8.314)(298.15) 

= 1.957 • 102~ 

Eo = Tota l  e n e r g y  of  e ach  a-par t ic le  at  p o i n t  of  e m i s s i o n  
= 5.48 MeV 
N u m b e r  of ion pa i rs  f o r m e d  pe r  a -par t ic le  

_ Eo _ 5.48 • 106eV _ 1.565 • 105 
W 35 eV/pai r  

Tota l  n u m b e r  of  ion  pa i rs  f o r m e d  pe r  s e c o n d  

= (1.565 • 105)(2.109 • 106) = 3.302 • 1611 

Total  n u m b e r  of ions  f o r m e d  pe r  s e c o n d  

= (2)(3.302 • 10") = 6.604 • 10" 

R u t h e r f o r d  (40) s h o w e d  t h a t  for  t he  i r r ad i a t i on  of  air  
w i t h  a-par t ic les ,  t he  ra te  of  r e c o m b i n a t i o n  of  t he  ion ized  
par t i c les  is g iven  b y  

dn 
- a n  ~ = - 1 . 6 0  • 1 0  - 6  n 2 [ A - l ]  

dt 

w h e r e  n is t he  n u m b e r  of  i o n s / c m  3 a n d  t is seconds .  
I f  No is t he  c o n s t a n t  ra te  of  ion p r o d u c t i o n ,  t h e n  

6.604 x 1011 
No 7.952 - 8.305 x 10 ~~ ions  �9 s -I �9 e m  -3 

a n d  

i.e. 

d n  
.-~ N o - o t n  2 

dt 

n = ( N o  - ~ n 2 ) t  

atn ~ + n - Not = 0  

So lv ing  Eq.  [A-2] g ives  

n = ( -1  + ~/1 + 4aNot2)/2at 

[A-2] 

Fo r  la rge  t 

,NrK. 
n = ~]--~- [A-3] 

There fore ,  f r om Eq.  [A-3], t he  s t eady - s t a t e  c o n c e n t r a t i o n  
of  ions  is x/8.305 x 101~ x 10 -~ = 2.278 x l0 s i o n s / c m  3, 
a n d  t he  to ta l  n u m b e r  of  ions  p r e s e n t  is (2.278 x 108 
i ons / cm 3) (7.952 c m  3) = 1.812 x 109 ions.  

P e r c e n t a g e  of  air  m o l e c u l e s  ion ized  
1.812 x 10 s 

• 1 0 0 %  = 9 . 2 6  • 1 0 - ~ ~  
1.957 x 1020 
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An Ionized Air Reference Electrode 

II. Applications 

D. W. Kirk* and F. R. Foulkes* 
Department of Chemical Engineering and Applied Chemistry, University of Toronto, Toronto, Ontario, Canada MSS 1A4 

ABSTRACT 
A novel ionized air electrode (IAE) that utilizes a low level source of ionizing radiation (Am-241) to ionize an air gap 

in order to establish electrical contact with an electrolyte was tested for use as a reference electrode in a number  of elec- 
trochemical measuring systems. Experimental results indicated that it may be possible to use the IAE to advantage to 
replace conventional reference electrodes, such as the saturated calomel electrode, for use in pH meters. This use was 
shown to be especially promising in the case of pH measurements made in nonaqueous solvents such as methanol. The 
IAE also was tested in a binary molten carbonate electrolyte at 525~ and ~vas found to give results comparable with 
those obtained using a platinum-wire reference electrode. 

An ionized air reference electrode (IAE) has been de- 
scribed in a previous report (1). This reference electrode 
has a number  of features that would be useful particularly 
for applications in which temperature, contamination, 
corrosion, or ill-defined liquid junct ion potentials create 
difficulties for conventional reference electrodes. An es- 
sential feature of the ionized air reference electrode is that 
contact with the electrolyte is achieved through an ion- 
ized air gap. Thus, contamination and liquid junct ions are 
eliminated, while corrosion problems are much reduced. 
The details of the operation and design of this electrode 
have been discussed in Part I of this work (1). 

All reference electrodes have the function of providing 
a stable reference voltage against which voltage changes 
at another electrode may be measured. Difficulties in the 
use of reference electrodes arise in a number  of ways. Dif- 
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ferences in the electrolytes surrounding the reference 
electrode and working electrode cause liquid junct ion po- 
tentials to be set up, as well as causing cross-contamina- 
tion problems. This is particularly serious for nonaqueous 
electrolytes where liquid junct ion potentials of several 
hundred millivolts can be generated. In high temperature 
work, reference electrodes with aqueous electrolytes are 
unsuitable, so that bare silver or plat inum wires fre- 
quently are used (2). Corrosion and the build up of corro- 
sion products on the electrode surface often severely limit 
the useful life of these electrodes. In the case of a solid 
electrolyte, no satisfactory reference electrode has been 
found. 

The ionized air reference electrode makes contact with 
the electrolyte only through an air gap. With the use of 
suitable materials for the collector and housing, potential 
measurements can be made at almost any temperature 
and with any electrolyte. Although liquid junct ion poten~ 
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t ials  are  e l i m i n a t e d  w i t h  th i s  a r r a n g e m e n t ,  su r face  po ten-  
t ials  are  gene ra t ed .  I n  m o s t  cases,  t he  m a g n i t u d e  of t he  
su r face  p o t e n t i a l  wil l  b e  c o m p a r a b l e  w i t h  t h a t  of  t he  l iq- 
u id  j u n c t i o n  potent ia l .  Fo r  m o s t  i no rgan i c  e l ec t ro ly tes  in  
a q u e o u s  so lu t ions ,  t he  su r face  po t en t i a l  is w i t h i n  t he  
r a n g e  -+ 15 m V  f rom t h a t  of  p u r e  w a t e r  (3) a n d  is no t  ve ry  
d e p e n d e n t  on  e lec t ro ly te  c o n c e n t r a t i o n  at  c o n c e n t r a t i o n s  
of  less  t h a n  one  m o l a r  (3-6). In  o rgan ic  e lec t ro ly tes ,  l i qu id  
j u n c t i o n  po t en t i a l s  are o f ten  as la rge  as 100 m V  (7), a n d  in 
m o s t  cases  are  diff icul t  to ca lcu la te  b e c a u s e  of  t he  l ack  of  
ac t iv i ty  a n d  c o n d u c t i v i t y  da ta  for  t h e s e  e lec t ro ly tes .  In  
con t ras t ,  t h e  c o r r e s p o n d i n g  sur face  p o t e n t i a l s  m a y  be  
small ,  a n d  m a y  no t  pose  a p r o b l e m  in o p e r a t i n g  w i t h  a n  
ion ized  air  e lec t rode .  In  th i s  s tudy,  t he  u s e  of t h e  ion ized  
a i r  e l ec t rode  will b e  c o m p a r e d  w i t h  t h a t  of  t h e  s a t u r a t e d  
ca lome l  e l ec t rode  in a q u e o u s  a n d  n o n a q u e o u s  e lectro-  
ly tes  a n d  w i t h  a p l a t i n u m  wi re  in  a m o l t e n  sa l t  e lec t ro ly te .  

Exper imenta l  
A de ta i l ed  d e s c r i p t i o n  of  t h e  e l ec t rode  d e s i g n  a n d  t he  

a r r a n g e m e n t  of t he  m e a s u r i n g  s y s t e m  for  u s e  w i t h  aque-  
ous  s y s t e m s  ha s  b e e n  g iven  p r e v i o u s l y  (1). Fo r  t he  h i g h  
t e m p e r a t u r e  work ,  t he  e l ec t rode  h o u s i n g  was  c o n s t r u c t e d  
of  h i g h  t e m p e r a t u r e  v y c o r  glass  ( s t ruc tu ra l ly  s t ab le  to 
1000~ A n  amer ic ium-241  foil of  s t r e n g t h  100 ~Ci �9 c m  -~ 
was  u s e d  as t he  ion iza t ion  source.  T he  co l lec tor  e l e m e n t  
was  a 50-mesh  p l a t i n u m  sc reen  p l a c e d  4 c m  f rom the  am-  
e r i c i u m  source .  P l a t i n u m  wire  was  u s e d  to m a k e  electr i-  
cal c o n n e c t i o n s  to t h e  co l lec tor  a n d  to g r o u n d  t he  source.  
N icke l  foil was  w r a p p e d  a r o u n d  t h e  e l e c t r o d e  to se rve  as 
a n  e l ec t ros t a t i c  sh ie ld .  A s b e s t o s  t a p e  w a s  u s e d  for  in- 
su l a t i ng  t h e  w i r e  l eads  w i t h i n  t he  fu rnace .  A K e i t h l e y  
e l e c t r o m e t e r  (Model  610 C) was  u s e d  for  all t h e  measu re -  
m e n t s .  A s c h e m a t i c  of  t he  a r r a n g e m e n t  is s h o w n  in Fig. 1. 

~ B 

Fig. 1. Schematic arrangement of molten carbonate measuring system. 
A: dc power supply; B: electrometer; C: ionized air electrode; D: Pt wire 
cathode; E: Pt wire anode; F: binary carbonate melt; G: ceramic dish; H: 
electric furnace. 
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Results and Discussion 
Aqueous measurements.--The ion ized  air  r e f e r e n c e  elec- 

t r ode  (IAE) was  first t e s t e d  as a r e fe rence  e l e c t r o d e  for  
use  w i t h  t he  glass  e l ec t rode  for  pH m e a s u r e m e n t s .  Buf-  
fe red  so lu t ions  were  p r e p a r e d  w i t h  pH va lues  f rom 2 to 
10. At  r o o m  t e m p e r a t u r e ,  t h e  t heo re t i ca l  vo l t age  r e s p o n s e  
of  t he  glass  e l ec t rode  w i t h  a s t a n d a r d  r e f e r e n c e  e l ec t rode  
s u c h  as t h e  s a t u r a t e d  ca lomel  e l ec t rode  (SCE) is -0 .059V 
pe r  pH uni t ,  w i t h  t he  abso lu t e  vo l t age  b e i n g  s t a n d a r d i z e d  
at  a pa r t i cu la r  pH. The  vo l tage  r e s p o n s e  of  t he  IAE de- 
p e n d s  on  t h e  ra t io  of  the  r e s i s t a n c e  b e t w e e n  t h e  sou rce  
a n d  the  co l lec tor  (R~) to t h a t  b e t w e e n  t he  co l l ec to r  a n d  t he  
so lu t ion  (Rg). Wi th  a source- to-co l lec tor  d i s t a n c e  of  4 c m  
a n d  a source - to - so lu t ion  d i s t ance  of  4.5 cm, RJRg = 100. 
Wi th  RJRg = 100, t he  s lope of  t he  l ine  is -0 .059 - 0,002V 
pe r  p H  uni t ,  as r e p o r t e d  ear l ie r  (1). 

The  ef fec t  of  t e m p e r a t u r e  o n  t h e  p o t e n t i a l  r e s p o n s e  of  a 
r e f e r e n c e  e l ec t rode  is an  i m p o r t a n t  o p e r a t i n g  cha rac te r i s -  
t ic  of  t he  e lec t rode .  La rge  p o t e n t i a l  va r i a t i on  is u n d e s i r a -  
ble,  s ince  th i s  c rea tes  m o r e  s t r i n g e n t  r e q u i r e m e n t s  for ac- 
cu ra t e  t e m p e r a t u r e  con t ro l  a n d  t he  m e a s u r e d  vo l t age  
m u s t  b e  co r r ec t ed  for t he  p o t e n t i a l  change .  I f  t he  refer-  
ence  e l ec t rode  ha s  an  i sopo ten t i a l  p o i n t  w i t h  t he  glass  
e l ec t rode  (i.e., a po t en t i a l  a t  w h i c h  the  g lass / re fe rence  
e l ec t rode  coup le  does  no t  c h a n g e  w i th  t e m p e r a t u r e ) ,  t h e n  
a u t o m a t i c  t e m p e r a t u r e  c o m p e n s a t o r s  can  be  used .  Mos t  
pH m e t e r s  u s i n g  a g lass /SCE e lec t rode  coup le  h a v e  th i s  
fea ture .  

The  c h a n g e s  in po t en t i a l  m e a s u r e d  at t h r e e  t e m p e r a -  
t u r e s  for  t he  g lass / IAE coup le  a n d  the  g lass /SCE coup le  
are s h o w n  in  Fig. 2 as  a f u n c t i o n  of  pH. T h e  ra te  of  
c h a n g e  of  po t en t i a l  w i t h  p H  is g rea te r  w i t h  i nc r ea se  in 
t e m p e r a t u r e  for b o t h  e l ec t rode  couples .  B o t h  t h e  glass/  
SCE a n d  t he  g lass / IAE e l ec t rode  coup le s  h a v e  well- 
de f ined  i sopo ten t i a l  poin ts .  

In  Tab le  I, t h e  theo re t i ca l  a n d  m e a s u r e d  p o t e n t i a l / p H  
r e s p o n s e s  for t he  g]ass /SCE a n d  g lass / IAE e l ec t rode  cou- 
p les  are g iven  for  10 ~ 25 ~ a n d  50~ The  d e v i a t i o n  of  ei- 
t h e r  e l ec t rode  pa i r  is less t h a n  1% f rom the  t heo re t i ca l  
value.  
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Fig. 2. Variation of pH response with temperature. V(glass) - V(IAE): 
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Table I. pH response vs .  temperature for glass/reference electrode 
couples 

Slope, V/pH unit 

Temperature 
(~  Theoretical (8) Glass vs. SCE Glass vs. IAE 

10 -0.05618 -0.0563 • 0.0015" -0.0560 +- 0.0014 
25 -0.05916 -0.0592 • 0.0018 -0.0591 -+ 0.0015 
50 -0.06412 -0.0643 • 0.0012 -0.0642 • 0.0017 

* 95% confidence interval. 

A p lo t  of  t he  e lec t rode  vo l t age  vs. t h a t  of  t he  S H E  as a 
f u n c t i o n  of  t e m p e r a t u r e  is s h o w n  in Fig. 3. Da t a  for t he  
SCE were  t a k e n  f r o m  D o b o s  (9), w h e r e a s  t he  p o i n t s  for  
t he  IAE r e p r e s e n t  ave rages  over  t he  pH r a n g e  2-10, t a k e n  
f rom the  e x p e r i m e n t a l  data.  T h e  t e m p e r a t u r e  coeff ic ient  
for t he  SCE is -0.51 m V  �9 ~ -l,  wh i l e  t he  e x p e r i m e n t a l l y  
d e t e r m i n e d  t e m p e r a t u r e  coeff ic ient  for t he  IAE was  
-0 .75  -+ 0.15 m V  �9 ~ T he  t e m p e r a t u r e  coeff ic ient  for 
the  IAE is suf f ic ien t ly  close to t h a t  of t he  SCE t h a t  the  
IAE cou ld  b e  s u b s t i t u t e d  for  the  SCE in  p H  m e a s u r e -  
m e n t s  w i t h o u t  r eca l i b r a t i on  over  t he  t e m p e r a t u r e  r a n g e  
0~176 

S o m e  pH m e a s u r e m e n t s  cou ld  be  m o r e  accu ra t e  w i t h  
t he  IAE. P o l y b a s i c  ac id  e lec t ro ly tes  gene ra t e  l iqu id  j unc -  
t ion  p o t e n t i a l s  wi th  t he  SCE of  30-40 m V  (3), w h i c h  is 
e q u i v a l e n t  to over  0.5 pH u n i t s  at  25~ In  m a n y  cases,  t h e  
sur face  p o t e n t i a l  e r ror  for t h e  IAE for t h e s e  so lu t i ons  is 
sma l l e r  a n d  m o r e  c o n s t a n t  (3-6). 

Organic electrolytes.--The effect  of  o rgan ic  e lec t ro ly tes  
on  the  m a g n i t u d e  of the  l iqu id  j u n c t i o n  po t en t i a l  c an  be  
diff icul t  to e s t ima te  b e c a u s e  of  t he  lack  of  ac t iv i ty  a n d  
c o n d u c t i v i t y  data.  One  e lec t ro ly te  so lu t ion  for w h i c h  da ta  
are  ava i l ab le  for  the  ca l cu la t ion  of  l iqu id  j u n c t i o n  po ten-  
t i a l s  w i t h  t h e  SCE is a q u e o u s  m e t h a n o l  (7). There fore ,  
m e t h a n o l ,  water ,  a n d  s o d i u m  ci t ra te /c i t r ic  ac id  c o m b i n a -  
t ions  were  u s e d  to s t u d y  t he  b e h a v i o r  of the  IAE re la t ive  
to t h a t  of  t he  SCE. F o r  t h e s e  so lu t ions  t he  l iqu id  j u n c t i o n  
po t en t i a l  is = 5 m V  (7) 

A p lo t  of m e a s u r e d  po t en t i a l s  for  t he  g lass /SCE a n d  the  
g lass / IAE e l ec t rode  coup le s  as a f u n c t i o n  of  t he  p e r c e n t  of  
m e t h a n o l  is g i v e n  in  Fig. 4. B o t h  e l ec t rode  pa i r s  s h o w  
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ples in aqueous methanol solutions. 25~ V(glass)- V(IAE): �9 = exper- 
imental, X = calculated. V(gloss) - V(SCE): �9 = experimental, O = 
calculated. V(IAE) - V(SCE): �9 = experimental. 

ve ry  s imi la r  behav ior .  With  i nc r ea se  in  m e t h a n o l  c oncen -  
t ra t ion ,  t he  m e a s u r e d  p o t e n t i a l  decreases .  In  a q u e o u s  
e lec t ro ly tes ,  t h i s  po t en t i a l  d e c r e a s e  w o u l d  c o r r e s p o n d  to 
a n  i nc r ea se  in  a lkal ini ty .  Wi th  o rgan ic  e lec t ro ly tes ,  t he  pH 
scale  ceases  to b e  wel l  def ined.  The  p r e r e q u i s i t e  t h a t  p K  
for  w a t e r  = - log [H+][OH -] = 14 at  25~ is no  longe r  ap- 
p ropr ia te .  Thus ,  for  m e t h a n o l  pK = 16.7. A m e t h o d  of  cal- 
cu l a t i ng  t he  pK va lue  for  a m e t h a n o l - w a t e r  m i x t u r e  ha s  
b e e n  g i v e n  b y  Oh tak i  a n d  T a n a k a  (7). T h e s e  va lues  h a v e  
b e e n  c o n v e r t e d  to t h e  vo l t age  scale  a n d  p lo t t ed  in  Fig. 4. 
The  ca l cu la t ed  va lues  h a v e  t he  s a m e  vo l tage  t r e n d s  as t he  
m e a s u r e d  values .  The  d i f f e rences  b e t w e e n  t he  exper i -  
m e n t a l  a n d  ca lcu la ted  va lues  c an  be  a t t r i b u t e d  to l i qu id  
j u n c t i o n  p o t e n t i a l s  in  t he  case  of  the  SCE a n d  to sur face  
po t en t i a l s  in  t he  case  of the  IAE. In  b o t h  cases  t h e  mea-  
s u r e d  va lues  are = 5 m V  m o r e  pos i t ive  t h a n  t he  calcu-  
l a t ed  values .  The  d i f f e rences  b e t w e e n  t he  two e l ec t rode  
coup le s  also are  p lo t t ed  in Fig. 4, a n d  ref lect  t he  effect  of 
t he  so lven t  on  t he  two half-cel l  po t en t i a l s  of  t he  SCE a n d  
IAE w i t h o u t  the  effect  of  t h e  glass  e lec t rode .  B o t h  elec- 
t rodes  e i t he r  are no t  a f fec ted  grea t ly  by  t he  c h a n g e  in 
m e t h a n o l  c o n c e n t r a t i o n  or c h a n g e  in  a s imi la r  m a n n e r .  

The  b e h a v i o r  of  the  g lass /SCE a n d  t he  g lass / IAE elec- 
t r o d e  coup l e s  also was  s t u d i e d  w i t h  t he  a d d i t i o n  of  ci t r ic  
ac id  or s o d i u m  h y d r o x i d e  to va r ious  m e t h a n o l - w a t e r  mix-  
tures .  The  re su l t s  are s h o w n  in Fig. 5. A t  a c o n c e n t r a t i o n  
of  0.1M citr ic acid,  the  m e a s u r e d  po t en t i a l s  of  b o t h  elec- 
t r ode  coup le s  dec rea se  w i t h  i nc r ea se  in  m e t h a n o l  concen -  
t ra t ion .  The  effect  is s imi la r  to t h a t  of  the  m e t h a n o l - w a t e r  
b e h a v i o r  in  Fig. 4. The  to ta l  po t en t i a l  c h a n g e  f rom p u r e  
w a t e r  to p u r e  m e t h a n o l  is a b o u t  -0 .088V,  wh i l e  w i t h  0.1M 
ci tr ic  ac id  t he  to ta l  c h a n g e  is a b o u t  -0.080V. I n  t he  case  
of  t he  a d d i t i o n  of  a s t rong  b a s e  (0.1M NaOH), also s h o w n  
in Fig. 5, t he  po t en t i a l  of b o t h  g lass / re fe rence  e l ec t rode  
coup le s  r e m a i n s  cons tan t .  The  ac t iv i ty  of  the  h y d r o x i d e  
ion  a p p a r e n t l y  r e m a i n s  c o n s t a n t  a n d  d o m i n a t e s  t he  re- 
s p o n s e  of  the  g lass / re fe rence  e l ec t rode  couple.  The  differ- 
e n c e  b e t w e e n  t he  g lass /SCE a n d  t he  g lass / IAE r e m a i n s  
c o n s t a n t  ove r  t he  en t i r e  m e t h a n o l  c o n c e n t r a t i o n  r a n g e  for  
b o t h  w e a k  acid a n d  s t rong  b a s e  add i t ions .  Thus ,  t he  IAE 
f u n c t i o n s  as a w e l l - b e h a v e d  r e f e r e n c e  e l ec t rode  in  t h e s e  
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Fig. 5. Electrode response to aqueous methanol solutions containing 
0 .10M citric acid or 0 .10M sodium hydroxide. 25~ 0 .10M citric acid: 
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solutions,  and the  surface potent ia l  effects  do not  pose  a 
serious p rob l em to the  opera t ion  of  the  electrode.  

Molten salt electrolyte.--High t empe ra tu r e  measure-  
men t s  were  conduc t ed  at 525~ us ing  a b inary  mol t en  car- 
bona te  e lec t ro ly te  consis t ing of  62 tool  pe rcen t  (m/o) 
Li2CO3 and 38 m]o K2CO3, having  a me l t ing  poin t  of  500~ 
A cons tan t  cur ren t  was passed t h rough  the  mel t  via  two 
p la t inum work ing  e lec t rodes  spaced 6 cm apart. The  po- 
tent ials  of  each work ing  e lec t rode  were  r ecorded  re la t ive  
to the  re fe rence  e lec t rode  (IAE or P t  wire) s i tuated 3 cm 
f r o m  ei ther  e lectrode.  

Init ial  m e a s u r e m e n t s  wi th  the  I A E  part ial ly ins ide  the  
furnace  gave poor  reproducibi l i ty .  The  cause of  the  prob- 
l em was t raced  to two effects. First ,  the  cooler  surfaces  of  
the IAE not  in the  furnace were  subject  to condensa t ion  
of  the  mel t  vapors.  Second,  the  t empera tu re  g rad ien t  af- 
fec ted  the  ionizat ion of  the  air gap in the  IAE and was 
difficult  to control.  By  inser t ing  the  IAE comple te ly  into 
the  furnace  and  increas ing  the  col lector- to-solut ion dis- 
t ance  to 1 cm, r ep roduc ib le  readings  were  obtained.  

In  order  to obta in  an es t imate  of  the  ionizat ion r ise  t ime  
and the  stabil i ty of  the  potent ia l  genera ted  at the  IAE, the  
e lectrolysis  cell  was run  at a s teady cell vol tage  and c e l l  
cur ren t  of  2.15V and 15 mA, respect ively .  At  t = 0, the  
IAE was b rough t  ad jacent  to the  me l t  surface,  and its po- 
ten t ia l  vs. the  anode  and  ca thode  m o n i t o r e d  as a func t ion  
of  t ime.  The  results,  shown  in Fig. 6, indicate  that  the  be- 
havior  of  the  IAE stabil izes after about  1 min.  S imi la r  
m e a s u r e m e n t s  m a d e  us ing  a P t  wire  re fe rence  e lec t rode  
stabi l ized wi th in  a few seconds.  

The  change  of  potent ia l  of  both  the  IAE and the  plati- 
n u m  wire  re fe rence  e lec t rode  is shown in Fig. 7 as a func- 
t ion  of  cell  current .  Bo th  re fe rence  e lec t rodes  show essen- 
t ial ly the  same  potent ia l  change  wi th  cur ren t  in the  
m e a s u r e m e n t  of  the  cell anodic  and ca thodic  polarizat ion,  
a l though  it  is ev iden t  that  there  is somewha t  more  scat ter  
wi th  the  IAE than  wi th  the  p la t inum wire  re fe rence  elec- 
trode. The  cause  of  this scat ter  has not  yet  been  deter- 
mined,  bu t  may  be related to CO2 gas f rom the  cell  reac- 
t ion mix ing  with  the  ionized air in the  IAE hous ing  and 
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affect ing the  ionizat ion process.  Regress ion  analysis  of  
the  data  shows that  there  is no statistical s ignif icance at 
the  95% conf idence  level  be tween  the  anode  and ca thode  
s lopes  ob ta ined  us ing  e i ther  t he  IAE or the  P t  wire  refer- 
ence  e lectrode.  It  is clear  tha t  the  IAE can opera te  as a 
re fe rence  e lec t rode  in mo l t en  salt electrolytes.  The  re- 
sponse  t ime  is relat ively rapid  (1 min)  and di rec t  contac t  
of  the  e lec t rode  wi th  the  mel t  is avoided.  Fu r the r  w o r k  is 
be ing  carr ied  out  to demons t r a t e  the  appl ica t ion  of  the  
IAE wi th  solid electrolytes.  
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Some Results on the Electrochemical and Thermal Oxidation and 
the Electrochemical Oxygen Evolution at Ti,CUl_x Alloys 

G. G. Scherer, P. Brbesch, H. Devantay, K. Mbller, and S. Stucki 
Brown Boveri Research Center, CH-5405 Baden, Switzerland 

A B S T R A C T  
The anodic  behav ior  of  polycrystal l ine,  some del ibera te ly  oxidized,  and amorphous  Ti~Cu,_~ alloys has been  investi-  

gated in 1N H2SO4 (0-2.5V SCE). In  addit ion,  some  of  the  polycrysta l l ine  e lec t rodes  were  character ized by means  of  
E S C A  before  and after e lec t rochemica l  t rea tment .  Two types  of  alloys exist:  Ti-rich alloys (Ti -> 0.84) wh ich  passivate  
and behave  l ike pure  Ti, and Cu-rich alloys (Cu -> 0.33) wh ich  corrode  and show oxygen  evolut ion.  Nonpass iva t ion  be- 
havior  of  the e lec t rodes  is related to a s ta t ionary copper  concen t ra t ion  (>- 0.01) at the  surface. 

The  in teres t  in the e lec t rochemis t ry  of  t i t an ium has 
g rown dur ing  the last  years  due to the  e l ec t rochemica l  
proper t ies  of  t i t an ium and the  potent ia l  appl ica t ions  of  
the  meta l  (1). The  d i scovery  of  pho toe lec t rochemica l  
wa te r  spl i t t ing at the  T iOJe lec t ro ly te  in terface  (2) has 
p r o m p t e d  a great  n u m b e r  of  invest igat ions  about  doped  
and u n d o p e d  t i t an ium oxide  e lect rodes  p repa red  m a i n l y  
by the rma l  or anodic  oxida t ion  of  a t i t an ium subst ra te  (3). 
The  e l ec t rochemis t ry  of  t i t an ium alloys, to the  contrary,  
is hardly  es tabl ished excep t  for some  Ti alloys wi th  Pd  
and P t  (1). Corros ion of  TixCu,_~ (x up to 0.33), for exam-  
ple, has only been  investigated~in detail  in 1N H2SO4 be- 
tween  -600  and -10  m V  (SCE) (4). 

It  was our  idea to use  the  stabili ty of TiO2 layers in 
p repar ing  an e lec t ronical ly  conduct ing ,  noncor rod ing  sur- 
face layer  which  could  sustain the  current  densi t ies  of 
t echnica l  electrolysis  processes  (e.g., 250 mA/cm2). Such  
layers should  be prepared  by anodic  or t he rma l  t r ea tmen t  
of  a t i t an ium alloy, for which  we chose  TixCu,_~ wi th  dif- 
ferent  composi t ions .  Results ,  to be p resen ted  below, 
show tha t  for our  expe r imen ta l  condit ions,  two types  of  
alloys exist:  type  I, wi th  low Cu content ,  pass ivat ing l ike 
pure  t i tanium;  and type  II, wi th  h igher  Cu content ,  not  
fo rming  an electr ical ly  b lock ing  film, b u t  corroding.  In- 
terest ingly,  s t rong oxygen  evolu t ion  is observed  at the  
type  II alloys, a feature not  found for the pure  const i tu-  
ents. Bu t  our  more  detai led inves t iga t ions  showed  that  
surface  layers with the des i red  proper t ies  could  not  be  
p repared  f rom TiCu alloys by the  appl ied methods .  

Experimental 
Alloy preparation and characterization.--Polycrystal- 

l ine Ti~Cu, ~ alloys were  p repa red  by arc me l t i ng  the  re- 
spec t ive  mix tu res  of  meta l  powders  (reagent  grade) in ar- 
gon a tmosphere .  For  homogene i ty ,  the  alloy bu t tons  were  
r eme l t ed  two times. After  cutt ing,  the  samples  were  pol- 
i shed  to a mir ror  finish. 

The  mic ros t ruc tu re  of each alloy was inves t iga ted  us ing 
optical  mic roscopy  after a chemica l  e tch ing  process  and 
scann ing  e lec t ron  mic roscopy  after e lec t rochemica l  treat- 
ment .  X-ray powder  diffract ion pat terns  were  recorded  in 
a Guin ie r  camera  wi th  Cu K~ radiation.  The  phases  deter-  

Key words: alloy, electrode, ESCA, oxidation. 

mined,  wh ich  are shown in Table  I, are in a g r e e m e n t  wi th  
the  recent ly  pub l i shed  phase  d iagram (5). The  hexagona l  
solid solut ion of  Ti2Cu in ~-Ti is p resen t  in t he  samples  
con ta in ing  92 and 84 a tomic  pe rcen t  (a/o) Ti. Al loys  
Ti0.67Cuo.33 and Ti0~soCu0.50 are essent ia l ly  single phases  of  
Ti2Cu and TiCu, respect ively.  Bo th  of  these  in termeta l l ic  
c o m p o u n d s  have  been  fo rmed  congruent ly .  The  micro-  
s t ruc ture  of  Ti0.50Cu0.50 is shown in Fig. 1. Al loy Ti0.25Cuo.75 
consists  main ly  of  the  TiCu3 phase.  

Samples  bf  Ti0.~.Cu0~0~ and Ti0.~oCu0.~0 were  also oxid ized  
for l h  at 350~ in air, and samples  of Ti0.~TCu• were  oxi- 
dized at the  same t empera tu re  for l h  and 16h, to see the  
inf luence  of the rmal  p re t r ea tmen t  on e lec t rochemica l  be- 
havior.  

A m o r p h o u s  TixCu,_x alloys wi th  x = 0.46, 0.57, and 0.67 
were  p repared  by mel t  sp inning. '  These  samples  were  
0.05 m m  thick, 1 cm wide,  and self-support ing.  

Electrochemical measurements.--Electrochemical mea- 
su remen t s  were  pe r fo rmed  wi th  a P r ince ton  Appl ied  Re- 
search E lec t rochemica l  S y s t e m  in s tandard  e lec t rochem-  
ical cells. Nondeaera ted  IN H2SO4 was used  as e lec t ro lyte  
at r o o m  t empera tu re  (20~ All potent ia ls  refer  to the  sat- 
u ra ted  ca lomel  e lec t rode  (SCE). 

Po t en t i odynamic  scans were  run  be tween  0 and 2.5V 
(SCE) with  scan rates of 2 mV/s. Galvanosta t ic  measure-  
men t s  were  conduc t ed  at 250 m A / c m  2. 

The  surface of  some anodica l ly  oxid ized  samples  was 
charac ter ized  by XPS.  After  e lec t rochemical ,  t r ea tmen t  
unde r  specific condit ions,  the  samples  were  c leaned  wi th  
dist i l led water ,  dr ied wi th  purif ied ni t rogen,  and immedi -  
a te ly  i n t roduced  into the  v a c u u m  system. 

XPS measurements.--XPS m e a s u r e m e n t s  were  carr ied 
out  in a Kratos  ES 300 Elec t ron  S p e c t r o m e t e r  wi th  an 
overal l  resolut ion  of  -1 .3  eV. B ind ing  energies  have  been  
measu red  us ing  a gold standard.  Polycrys ta l l ine  Ti.,.Cu,_r 
samples  (x = 0.25, 0.67, and 0.92) have  been  invest igated.  
Samples  pol i shed  outs ide  the  X P S  mach ine  could  not  be 
used  for re ference  spectra owing  to the  format ion  of  ox- 
ide films of  var ious  thicknesses .  Therefore ,  samples  were  
g round  in situ in ul t rahigh v a c u u m  (p < 10 -s torr) wi th in  

'We thank Professor Gfinterodt, University of Basel, for kindly 
supplying these alloys. 
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Table I. Composition and x-ray analysis 

Composition a/o Structure 

Tio..9~Cu0.0s Ti(a) and other weak lines 
Ti0.s4Cu0.j~ Ti(a) + Ti2Cu 
Tio.67Cu0.33 Ti2Cu 
Ti0.~0Cu0.~0 TiCu and other weak lines 
Tio.~.~Cu0.7~ TiCu~ and other weak lines 

the  p repara t ion  cham be r  by  a l lowing the  t ip of  t he  rotat- 
ing d i a m o n d  end mill  to abrade  the  sample  in such  a way  
as to c lean the  area that  wou ld  be  i l lumina ted  by the  x-ray 
dur ing  analysis  (6). The  spectra  o f  the samples  g round  in 
situ can be cons idered  as re ference  spectra  which,  for 
large take-off  angles  of  the electrons,  reflect  the  composi -  
t ion of  the  bu lk  material .  

In  separa te  exper iments ,  samples  g round  in situ were  
the rma l ly  oxid ized  in the  prepara t ion  c h a m b e r  at differ- 
en t  t empera tu re s  and an oxygen  pressure  of  5 • 10 -5 torr. 
Af ter  t he rma l  oxidat ion,  qual i ta t ive  dep th  profiles have  
been  ob ta ined  by  sput te r ing  wi th  Ar ions  (4 keV, 16 
~A/cm~). Samples  wi th  a surface area of 3 • 16 m m  2 were  
used  in order  to guarantee  an app rox ima te ly  un i fo rm 
sput te r  eff ic iency over  the  sample  surface. These  areas 
had been  de t e rmined  by sput ter  expe r imen t s  of  opaque  
films on glass substrates;  t hey  are also app rox ima te ly  
un i fo rmly  i l lumina ted  by  the  x-ray beam.  Spu t t e r  ra tes  of  
TiO2 and Ti0.67Cu0.~3 have  been  cal ibrated wi th  films of 
k n o w n  th ickness  depos i ted  on  glass b y  reac t ive  sput- 
te r ing  in a Balzers  Spu t ron  RF/DC machine .  Th icknesses  
have  been  measu red  by an Alpha-S tep  Tencon  instru- 
ment .  The  sput ter  yield was abou t  30 A/min for Ti0.6TCuo.33 
and 27 A/min for TiO2. F r o m  these  cal ibrat ion measure-  
ments ,  the  th ickness  of  the  oxide  layer on the  bu lk  
sample  of  Ti0.67Cu0.3~ prepared  by in situ t he rma l  oxida-  
t ion has  been  es t imated.  

S o m e  informat ion  about  the  dep th  profile of  Cu, Ti, 
and  O wi th in  the  in format ion  dep th  of X P S  (~20s has  
also been  obta ined  by measu r ing  the  angular  d e p e n d e n c e  
of the  in tensi t ies  (7-9). 

Results 
Electrochemical measurements.--Polycrystalline al- 

loys.--During the  first anodic  scan the  corros ion current  
at potent ia ls  lower  than  1.6V is always app rox ima te ly  one 
order  of  m a g n i t u d e  h igher  than  for the  second and the  
fo l lowing scans, p robab ly  because  of  preferent ia l  copper  
d issolu t ion  f rom the  surface (see X P S  results)  and oxida- 
t ion of  Ti. Cycl ing  (2 mV/s) the  e lec t rodes  be tween  0 and 
2.5V for 2h leads to the  vol tage- log cur ren t  plots  dis- 
p layed  in Fig. 2. 

In  analogy to Ti, the  current  in the  oxygen  evo lu t ion  re- 
g ion of  the  alloys Tio.92Cuo.os and Ti0.s4Cu0.16 is s l ightly 
lower  in each consecu t ive  scan even  after 2h. The  oppo- 
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Fig. 2. Potentiodynamic (2 mV/s) voltage-log current plots for 
TixCul_~ electrodes recorded after 2h cycling in 1N H2SO4. 

site is obse rved  wi th  the  o ther  three  alloys on accoun t  of 
an increase  in surface area because  of  copper  and tita- 
n i u m  corrosion.  This  can be  seen in Fig. 3 for Tio.5~Cuo.~0 
(galvanostat ical ly  polarized), where  cor ros ion  occurs  
preferent ia l ly  at the  grain boundar ies .  Copper  redeposi -  
t ion at the  counte re lec t rode  is seen after some  time. Tita- 
n i u m  can be  de tec ted  in solut ion by the  specific ye l low 
color  p roduced  w h e n  adding H20~. 

C o m m o n  features  are  obse rved  for all five alloys. First ,  
the  corros ion starts at app rox ima te ly  +50 m V  in non- 
deaera ted  1N H2SO4. Second,  the  cur ren t  increases  only 
s l ight ly in the  vol tage range f rom 200 mV to 1.6V. Third,  a 
s teep increase  in slope in the  log current -potent ia l  plot  is 
obse rved  s tar t ing at app rox ima te ly  l.6V; it is due  to oxy- 
gen evolut ion.  Generally,  whi le  the  shape of t h e  cu rves  re- 
mains  more  or less the  same, the  currents  increase  wi th  
increas ing  copper  con ten t  of  the  alloy. 

The  curves  for Ti and Cu are also ske tched  in Fig. 2 for 
compar ison .  While Ti is total ly pass iva ted  after a few cy- 
cles, Cu is cor rod ing  wi th  a cons tan t  cur ren t  dens i ty  
-within the  inves t iga ted  potent ia l  range. I t  is in te res t ing  to 
note  that  ne i ther  of  the two meta ls  a lone shows o x y g e n  
evolut ion.  

Po t en t i odynamic  current -vol tage  curves  were  also mea-  
sured  unde r  the  same condi t ions  wi th  de l ibera te ly  oxi- 

Fig. 1. Microstructure of an arc-melted Tio.5oCuo.~o sample. The struc- 
ture contains only congruently formed TiCu with traces of other phases 
at the grain boundaries. 

Fig. 3. SEM micrography of an anodically polarized Tio.5oCuo.5o sample 
(lh, 250 mA). 
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dized samples of Ti~.~2Cu0.08, Ti0.67Cu0.~.~, and Ti0.~0Cuo..~0 in 
order to see the influence of an oxidized surface on the 
electrochemical performance. Oxidation at 350~ for lh in 
air causes only minor changes in the electrochemical be- 
havior. Oxidation of Ti,.,TCu0..~3 for 16h leads to sig- 
nificant changes, The corrosion current (0.2-1.6V) de- 
creases by a factor of five, and the current at 2.5V drops 
by more than two orders of magnitude. 

Under galvanostatic conditions (250 mA/cm2), alloys 
with x = 0.92 and 0.84 passivate within a few seconds, the 
potential rising up to 50V (limited by the power supply) 
and the current dropping to ~5-10 mAo Alloys with x < 
0.67 exhibit  strong oxygen evolution and corrosion of the 
two alloy components at steady state. No reasonable cor- 
relation of the corrosion potential at 250 mA/cm 2 with 
composition could be observed. A gravimetric determina- 
tion of the dissolved copper from Ti0.~0Cu0.~, showed that 
less than 1% of the total current is consumed for copper 
corrosion, oxygen evolution being the predominant  elec- 
trode reaction. 

As mentioned above, corrosion of alloys with x < 0.67 
leads to a strong roughening of the surface (Fig. 3). Alloys 
with x = 0.92 and 0.84 on the contrary, show a smooth 
surface (SEM) after electrochemical treatment. 

Amorphous alloys.--Potentiodynamic voltage-log cur- 
rent plots for amorphous Ti~.Cu~-.~ with x = 0.46, 0.57, and 
0.67 are shown in Fig. 4. The shape of the anodic curves is 
very similar to the ones of the polycrystalline alloys. 
Within the entire potential range, the currents are shifted 
to higher values with decreasing Ti concentration. A char- 
acteristic difference exists between the polycrystal l ine 
and amorphous Ti0.67Cu0.33 sample, the current of the 
amorphous sample being approximately one order of 
magnitude higher within the entire potential range. This 
result is in contrast to the anodic behavior reported for an 
amorphous and a polycrystalline Ti0~50Cu0.50 alloy (10). 
However  , the preparation conditions may ptay an impor- 
tant role in corrosion behavior, as could be shown with 
differently prepared TiCu alloys (11). 

Contrary to what was seen with the polycrystalline al- 
loys, a nice linear dependence of the potentials at 250 
mA/cm 2 on alloy concentration is observed for these three 
amorphous samples: This very probably reflects the 
single-phase behavior of these alloys (12). 
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Fig. 4. Potentiodynamic (2 mV/s) voltage-log current plots for 
amorphous TixCul-x electrodes in 1N H~S04. 

X P S . - - A n  XPS spectrum of an in situ ground 
Ti0.67Cu033 sample is displayed in Fig. 5a. The residual ox- 
ygen level of the alloy is reflected by the Ols line ob- 
served near 950 eV kinetic energy and is at least four 
times lower than at the surface of an air exposed sample. 
This demonstrates the necessity of in situ preparation of 
a "clean" surface to characterize the true bulk composi- 
tion of these samples. 

Anodic polarization of the sample for lh  at 250 mA/cm ~ 
changes the surface composition of the alloy. These 
changes are shown in Fig. 5b. Electrochemical treatment 
increases the intensity of the Ols line more than four 
times while decreasing the copper lines (see below). In 
addition, three weak sulfur lines near 1258 eV ($2s~2), 
1322 eV ($2p1~), and 1323 eV ($2p3~) appear which very 
probably originate from the electrolyte. 

The Ti2p doublet of the same sample is shown in more 
detail in Fig. 6. That for the air-exposed sample is dis- 
played in Fig. 6a, that for the in situ ground in Fig. 6b. 
The differences emphasize the statement about surface 
preparation made above. The air-exposed sample con- 
tains metallic Ti and TiO2. The binding energies of metal- 
lic Ti2pl~2 and Ti2p~ are 461.0 and 454.9 eV, respectively, 
while the corresponding energies for TiO2 are 464.7 and 
458.9 eV (13, 14). Thus, the chemical shift component  of 
Ti2p3/2 overlaps with the Ti2pi/2 line. Grinding the sample 
in situ removes the TiO~ layer (Fig. 6b). After anodic po- 
larization, TiO2 is the only detectable Ti species at the sur- 
face (Fig. 6c): 

The influence of anodic polarization on superficial 
copper concentration is shown in Fig. 7 with the Cu2p 
doublet. After anodic oxidation, the intensities decrease 
by a factor of 40 (-1 a/o Cu). The chemical shifts and the 
satellite structures indicate the presence of CuO and pos- 
sibly Cu20 (15). 

The big difference between the air exposed and the in 
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situ ground sample was also observed with Ti0.92Cu0.0s. 
Anodic oxidation leads to total conversion of the surface 
to TiO2. In contrast to Ti0.~TCu0.33, very little copper (< 0.2 
a/o Cu) can be detected at the surface of this alloy after 
electrochemical treatment (10 mA/cm 2 for 2h). Anodizing 
the sample with 250 mA/cm 2 leads to immediate  
passivation. (Limited by the voltage output (50V) of the 
power supply, -10  mA/cm 2 can be passed through the 
electrode.) Hence, the XPS results demonstrate that, 
within the information depth, very little copper or copper 
oxide is present at the surface of a passivating TixCu,-x al- 
loy, the surface consisting essentially of pure TiO2. 

The contrasting result for a corroding and heavily oxy- 
gen evolving alloy is displayed in terms of the Cu2p doub- 
let for Ti0.25Cu0.75 (Fig. 8). Anodic oxidation (250 mA, lh) 
again leads to a decrease in the copper concentration by a 
factor of 25 (Fig. 8b) compared to the copper surface con- 
centration of the in situ ground sample (Fig. 8a). As with 
the Ti0.67Cu0.33 sample, the chemical shifts and satellite 
structures indicate the presence of CuO and possibly 
Cu20. After electrochemical treatment, Ti again is com- 
pletely converted to TiO~, as with type I alloys. 

The electrochemical results for oxidized TixCu,_x dem- 
onstrate that oxidation for lh  at 350~ in air did not sig- 
nificantly change the anodic behavior. To characterize 
the surface of oxidized Ti~Cu,_x alloys, in situ ground sur- 
faces of Ti~.~Cuo.0s and Tio.67Cu0.~ were exposed for 10 rain 
to an oxygen pressure of 5 x 10 -~ torr at 350~ The result 
for Ti0.67Cu0.~3 is shown in Fig. 9 for the two Cu2p lines. 
The intensity decreased by a factor of about 12. The cor- 
responding factor for Ti0.92Cu0.08 is more than 20. Addi- 
tional oxidation of the former sample leads to a gradual 
increase in intensity of the Ols line and a further decrease 
in the intensities of the Cu lines. After 160 min of oxida- 
tion, the surface consists essentially of TiO2 as can be 
judged from the chemical shifts of the Ti2p lines. Very 
small amounts of copper can, however, still be detected, 
indicating that the segregation between Ti and Cu is not 
complete. In contrast to anodic oxidation (Fig. 7), thermal 
oxidation leaves copper predominantly in its metallic 
state beneath the TiO2 film; this is indicated by the bind- 
ing energies of the Cu2p lines (Fig. 9). It shold be men- 
tioned, however, that the Cu3p line does show a chemical 
shift component  in the form of a weak shoulder, indicat- 
ing small amounts of CuO and/or Cu20. 
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Fig. 8. XPS spectrum of Cu2p,/2 and Cu2p312 lines of Tio.2~Cuo.7~. (a) 
Sample ground in situ (AI 75W, 104 Hz); and (b) after anodic polariza- 
tion (AI 105W, 3 x 103 Hz). 
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Fig. 9. XPS spectrum of Cu2pl/2 and Cu2p3/~ tines of Tio.67Cuo.33. (a) 
Sample ground in situ (AI 130W, 104 Hz); and (b) after thermal oxidation 
during 10 min at 350~ and p(O2) = 5 • 10 -5 torr (A1120W,10 r Hz). 

A similar result is obtained when the depth profile of 
such an oxide film is determined by angular resolved 
XPS. Here the surface sensitivity can be considerably en- 
hanced by measuring the spectra at small take-off angles 
0 of the photoelectrons (insert of Fig. 10) (7-9). Thin oxide 
films of less than 50A have been formed by exposing a 
Ti0.67Cu0.33 sample first ground in situ to oxygen at p = 5 
• 10 -~ torr for 8 min at room temperature in the prepara- 
tion chamber of the XPS system. Figure 10 shows the an- 
gular variation of the intensity ratios R~ = I(Ols)/I(Cu2p312, 
met.), R2 = I(Ti2p~=, oxide)/I(Cu2p~, met.), and R3 = 
I(Ti2p3=, met.)/(Cu2p3~2, met.). The strong angular varia- 
tion of the R,(O) and R2(0) curves suggests that the first 
surface layers consist of pure TiO2. On the other hand, the 
small variation of R3(0) confirms the fact that both metal- 
lic Cu and Ti exist below the oxide film. 

The depth profile obtained by argon sputtering of the 
Ti0.67Cu0.33 sample after 160 rain of oxidation is shown in 
Fig. 11. The intensity of the Cu2pz~ line increases continu- 
ously and reaches a maximum near t -~ 30 min corre- 
sponding to a film thickness of about 900A. The concen- 
tration of oxygen decreases, as can be seen from the 
intensity of the Ols peak. Steady-state values are reached 
after about 70 min sputtering time. The origin of the weak 
oscillations in the copper and oxygen intensities is not 
known; we believe, however, that they do not reflect the 
true concentration profile but are, rather, sputter-in- 
duced effects. 

Discussion 
Anodic passivation behavior.--The potentiodynamic 

and galvanostatic measurements  demonstrate that with 
respect to anodic corrosion two types of Ti~Cu,_~ alloy ex- 
ist: type I, Ti-rich, with Cu concentrations going up to at 
least 16 a/o, which passivate and behave like pure Ti elec- 
trodes; type II, Cu-rich, with Cu concentrations going 
down to at least 33 a]o, which do not passivate but cor- 
rode and exhibit  rather strong oxygen evolution. 

The anodic passivation mechanism of t i tanium in 
H2SO4 has been carefully investigated (16, 17). Passivation 
starts with the growth of discrete patches of t i tanium 
oxide-hydroxide, which coalesce (17). Depending on the 
final applied voltage, two different passivation layers oc- 
cur.. Below 50V, the passivation film shows a quasi- 
amorphous structure, and above 50V, the layer is p o l y -  
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crystalline and of anatase modification. For both voltage 
ranges, a characteristic value of 25 A/V has been deter- 
mined (16). Auger measurements combined with noble 
gas i o n  sputtering showed a rather constant Ti/O ratio 
within the film and a relative sharp transition of the oxy- 
gen concentration at the metal oxide/metal interface (18). 

XPS measurements of Ti0.92Cu0.08 after galvanostatic 
treatment demonstrated that the surface consists of more 
or less pure TiO2. Copper has been preferentially dis- 
solved from the alloy (4). Considering the anodic passiva- 
tion of Ti0.s4Cu0.16 the same may be expected for this alloy. 
Both alloys essentially consist of Ti(a) with some amount  
of Ti2Cu (Table I).,The influence of foreign atoms on the 
passivation of Ti has been discussed as distortion of the 
TiO2 lattice (19). Hence, a certain concentration of foreign 
component  is necessary to bring about this distortion and 
hinder the build up of a "long range" order of TiO2. For 
the two investigated alloys, this would imply that bulk 
concentrations of-8 or 16% Cu are not enough to sustain 
the required surface concentration (at least > 0.2 a/o) 
w h i c h  is balanced by preferential dissolution and bulk 
diffusion of Cu within the alloy, and necessary for pre- 
venting the formation of the passivation layer. For the 
surface of Ti0..,75Cuo.02.~ passivated for 1 or 10 min, it has 
been found that the setting up of a long-range order is 
shifted from -50V (the value for pure Ti) to higher vol- 
tages (19). Also, from the appearance of a quadratic term 
in the growth law, it had been concluded that these films 
do not behave as barrier films. 
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Fig. 1 I .  Depth profile obtained 
by Ar ion sputtering of Tio.67Cuo.33 
after thermal oxidation during 160 
min at 350~ and p(O2) = 5 x ! 0 -5 
torr. (Beam voltage 4 keV, ion cur- 
rent density 10 /~A/cm 2, sputter 
yield - 30/~/min.) 

T h e s e  qua l i t a t ive  a s s u m p t i o n s  a b o u t  t h e  in f luence  of  
Cu on  t h e  p a s s i v a t i o n  b e h a v i o r  of Ti are in  a g r e e m e n t  
w i t h  t he  o b s e r v a t i o n s  m a d e  w i t h  t ype  II  alloys. Af te r  
a n o d i c  t r e a t m e n t ,  a s t a t i o n a r y  c o p p e r  c o n c e n t r a t i o n  can  
b e  d e t e c t e d  at  t h e  sur face  for type  II  w i t h  t he  h i g h e s t  Ti 
c o n c e n t r a t i o n  (Ti0.67Cu0.33). 

T h e  su r face  c o n c e n t r a t i o n  of c o p p e r  is r e d u c e d  to ap- 
p r o x i m a t e l y  1% t h r o u g h  the  p re fe ren t i a l  d i s s o l u t i o n  pro- 
cess.  H e n c e  1% of c o p p e r  at  t he  sur face  is e n o u g h  to pre-  
v e n t  pa s s iva t i on .  A s imi la r  r e s u l t  ha s  b e e n  o b t a i n e d  w i t h  
Ti0.~Cuo.7~, where ,  a f te r  a n o d i c  t r e a t m e n t ,  a su r face  con-  
c e n t r a t i o n  of  3% Cu ha s  b e e n  m e a s u r e d .  In  b o t h  cases ,  Ti  
is c o m p l e t e l y  ox id ized  to TiO2, no  m e t a l l i c - t i t a n i u m  p e a k s  
are  obse rved .  

The  q u e s t i o n  r e m a i n s  h o w  h i g h  t he  c o p p e r  su r face  con-  
c e n t r a t i o n  ha s  to  b e  to s ta r t  p r e v e n t i n g  p a s s i v a t i o n  b e h a v -  
ior. T h e  m e t a l l o g r a p h i c  r e su l t s  s h o w  t h a t  t h e  two type  I 
a l loys  are  e s sen t i a l ly  t w o - p h a s e  alloys c o n t a i n i n g  (Ti(a) 
a n d  Ti2Cu. Al loy  Ti0.67Cu0.3~, m o r e  or less  100% a s ingle  
p h a s e  of  Ti2Cu, a l r eady  b e l o n g s  to  t y p e  II. There fore ,  
n o n p a s s i v a t i n g  b e h a v i o r  ha s  to  s ta r t  a t  t he  pa r t i cu l a r  
Ti2Cu/Ti(a) ra t io  w h e r e  t he  sur face  p o r t i o n  of  "Ti2Cu" 
( t ak ing  in to  a c c o u n t  t he  sur face  d e p l e t i o n  of Cu) is la rge  
e n o u g h  to p r e v e n t  t he  coa l e s cence  of  p a s s i v a t i n g  TiO2 
pa tches .  I t  w o u l d  be  i n t e r e s t i n g  to d e t e r m i n e  t h e  e x a c t  
c o n c e n t r a t i o n  w h e r e  t he  b r e a k  in p a s s i v a t i o n  b e h a v i o r  oc- 
curs,  a n d  re la te  i t  to a m o d e l  as d o n e  for Ti6A14V (20). 

T h e  po la r i za t ion  b e h a v i o r  of  t h e  de l i be ra t e ly  ox id i zed  
s a m p l e s  ( l h  350~ air) was  no t  s ign i f ican t ly  d i f f e ren t  
f rom t h a t  of  t he  n o n o x i d i z e d  samples ,  e x c e p t  for  
Tio.soCuo.5o ox id ized  for  16h. E v e n  if  t he  c o n d i t i o n s  for t he  
two  o x i d a t i o n  p r o c e d u r e s  were  d i f f e ren t  (a s t r o n g e r  oxi- 
d a t i o n  m a y  be  e x p e c t e d  in air  t h a n  at  5 • 10 -5 t o r r  O2), t he  
X P S  re su l t s  for t he  ox id ized  s am p l e s  s h o u l d  g ive  s o m e  
i n f o r m a t i o n  use fu l  to u n d e r s t a n d  t he  po la r i za t ion  b e h a v -  
ior  of  t h e  a i r -oxid ized  alloys. X P S  shows  t h a t  p r e f e r en t i a l  
o x i d a t i o n  of  Ti to TiO~ occu r s  a n d  t h a t  Cu seg rega te s  to- 
w a r d s  t h e  bulk .  B u t  af ter  160 m i n  of  ox ida t ion ,  Cu still  
c an  b e  d e t e c t e d  w i t h i n  t h e  i n f o r m a t i o n  d e p t h  of  X P S  in  
Tio.67Cuo.33 samples .  In  c o n t r a s t  to  a n o d i c  ox ida t ion ,  Cu  is 
no t  ox id i zed  a t  t h e s e  t e m p e r a t u r e s  b u t  r e m a i n s  in  t h e  me-  
tal l ic state,  w h i c h  can  b e  e x p l a i n e d  b y  t h e  d i f f e ren t  
s t a n d a r d  free ene rg ies  of ox ide  f o r m a t i o n  for t h e  two  met -  
als (21). Th i s  is also c o n f i r m e d  b y  ang le - r e so lved  X P S  of  
Ti0.6TCuo.3~ ox id ized  for on ly  8 ra in  (Fig. 10). On ly  a v e r y  
few su r face  layers  of  th i s  s a m p l e  cons i s t  of  e s sen t i a l ly  
p u r e  TiO2, l eav ing  meta l l i c  Ti a n d  Cu b e n e a t h .  H e n c e  oxi- 
d a t i o n  u n d e r  t h e s e  c o n d i t i o n s  p r o d u c e s  a few a n g s t r o m s  
t h i n  TiO2 l aye r  on  t o p  o f  a m i x t u r e  of  Ti ox ide  a n d  meta l -  
lic Cu (see also below).  Fo r  t h e  e l e c t r o c h e m i c a l  b e h a v i o r  

i t  m a y  b e  c o n c l u d e d  t h a t  a t  l eas t  for  the  c h o s e n  o x i d a t i o n  
c o n d i t i o n s  ( lh ,  350~ air), t h e  TiO2 layer  is no t  t h i c k  
e n o u g h  to b e h a v e  pass iva t ing .  In  o the r  words ,  t h e  Cu 
c o n c e n t r a t i o n  b e n e a t h  th i s  TiO2 layer  i s  h i g h  e n o u g h  to 
still  d i s to r t  t he  TiO2 layer  u n d e r  e l e c t r o c h e m i c a l  condi -  
t ions .  A n  effec t  of  t he  meta l l i c  s ta te  of  Cu b e l o w  th i s  TiO2 
layer  on  t he  d i f fus ion  p r o p e r t i e s  of  Cu in  TiO2 m a y  be  
s p e c u l a t e d  to b e  p resen t .  The  fact  t h a t  a n o d i c  o x i d a t i o n  
leads  to ana t a se  wh i l e  t h e r m a l  o x i d a t i o n  yie lds  a m i x t u r e  
of  a n a t a s e  a n d  ru t i le  m a y  also h a v e  s o m e  in f luence .  

T h e  d i s t r i b u t i o n  of  Cu w i t h i n  t he  Ti  o x i d e  layer  c an  
also b e  s e e n  f r o m  t h e  s p u t t e r  prof i le  S ~of t h e  Tio.67Cu,.33 
s a m p l e  ox id ized  for 160 ra in  (Fig. 11). The  Cu c o n c e n t r a -  
t ion  sy s t ema t i ca l l y  i nc r ea se s  f rom t h e  sur face  to t h e  bulk .  
The  t h i c k n e s s  of t he  m i x e d  Ti ox ide-Cu layer  is e s t i m a t e d  
to b e  a b o u t  900h. Th i s  v a l u e  is m u c h  h i g h e r  t h a n  t he  
va lue  for a n  ox ide  layer  of p u r e  TiO2 p r e p a r e d  u n d e r  com- 
pa r ab l e  o x i d a t i o n  c o n d i t i o n s  ( - 2 0 0 h )  (22). Th i s  is in  qual i-  
t a t ive  a g r e e m e n t  w i th  r e su l t s  o b t a i n e d  f rom m a r k e r  ex- 
p e r i m e n t s ,  w h e r e  A u  d o p i n g  of  t he  Ti su r face  i m p e d e s  
t he  d i s s o l u t i o n  p roces s  of t he  ox ide  layer  in to  t h e  b u l k  
a n d  t h e r e f o r e  causes  an  i nc r ea se  i n  ox ide  layer  t h i c k n e s s  
(23). 

Oxygen evolution.---An i n t e r e s t i n g  fea tu re  of  t y p e  II  
TixCu~ ~ al loys is t he  s t rong  o x y g e n  e v o l u t i o n  s t a r t i ng  at  
a r o u n d  1.65V (Fig. 2). This  is e v e n  m o r e  s u r p r i s i n g  be-  
cause  n e i t h e r  of  t he  two  c o m p o n e n t s  s h o w  o x y g e n  evolu-  
t ion  at  t h e s e  poten t ia l s .  At  2.5V, for e x a m p l e ,  a c u r r e n t  
d e n s i t y  o n  t h e  o rde r  of  10 -5 to  10 -~ A /cm 2 c a n  b e  p a s s e d  
t h r o u g h  a pas s iva t ed  Ti e lec t rode .  On  t h e  o t h e r  h a n d ,  Cu 
e x h i b i t s  a c o n s t a n t  co r ros ion  c u r r e n t  ( -0 :1  A /cm 2) w i t h  no  
o x y g e n  e v o l u t i o n  u p  to po t en t i a l s  of  at  l eas t  10V. Th i s  
p o t e n t i a l - i n d e p e n d e n t  c u r r e n t  in  H2SO4 c o m e s  a b o u t  ow- 
ing  to a sur face  layer  of  C u O H  w h i c h  i m p e d e s  p a s s i v a t i o n  

2 I t  is interesting to compare the intensity ratios R(Ti]O) = 
I(Ti2p,2)/I(Ols) and R(Ti/Cu) = I(Ti3p)/I(Cu3p) observed at steady 
state with the corresponding bulk ratios. The latter values have 
been obtained from independent measurements with the same 
sample ground in situ before sputtering, We find R(Ti/O) = 1.60 
after sputtering and R(Ti/O) = 1.1 for the bulk, indicating a rather 
strong preferential sputtering of the residual oxygen compared 
with Ti. For R(TifCu), we find a value of 0.42 after sputtering and 
0.51 for the bulk, reflecting a slight sputter-induced enrichment 
of Cu. This observation is in agreement with the general result ob- 
tained for many binary alloys; that the target develops a surface 
layer enriched in the heavier constituent, copper in our case (24, 
25). Using the relation for the steady-state concentration ratio (25) 
we estimate a sputter yield ratio Scu/ST, of about 1.1 for the alloy in 
the steady state. On the other hand, the corresponding ratio for 
the individual elements is about 3.2 at 1 keV (26). This demon- 
strates that  the preferential sputtering behavior of the alloy can- 
not be predicted according to the sputter yields of the individual 
elements, a fact which has also been established for other alloys 
such as AYPd and Si/Pd (27). 



1342 J. Etectrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  June  1984 

as well as oxygen evolution, as could be demonstrated 
with freshly scratched copper electrodes (28). 

Obviously, oxygen evolution at these electrodes is cor- 
related to nonpassivation. The surface sites of the elec- 
trode where oxygen evolution occurs remain a matter of 
speculation. We could see above that nonpassivation is 
due to a stationary Cu surface concentration causing Cu, 
and some Ti, corrosion. Hence, a more or less fresh sur- 
face composed of Cu oxide and Ti oxide is exposed to the 
electrolyte under steady-state conditions. One can assume 
that the Cu component in the alloy should behave like a 
pure Cu electrode, implying that 02 evolution does not 
take place on Cu sites. Oxygen evolution rather should 
take place at the t i tanium part of the electrode. It is tenta- 
tively assumed that at type II alloys, Ti is oxidized to TiO2 
only within the first layers. It has been shown that sur- 
face layers do not alter electrode behavior as long as they 
are less than 20A thick (29). Furthermore, fresh t i tanium 
electrodes exhibit an activity orders of magnitudes higher 
than electrodes already passivated (30). 

Conclusions 
Our results demonstrate that passivation of TixCul-.~ al- 

loys is related to' a critical copper surface concentration. 
Alloys either passivate or corrode, hence the desired 
properties of a stable and conducting surface layer could 
not be obtained. Nevertheless, TixCu~_x seems to be an in- 
teresting system to study passivation of t i tanium and 
should deserve further attention. 
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Technical Notes 

Effect of Nonstoichiometry and Solvent on Discharge Property of 
Li/TiS2 Battery 

T. Yamamoto, *,] S. Kikkawa, and M. Koizumi 
The Institute of Scientific and Industrial Research, Osaka University, Osaka 567, Japan 

In te rca la t ion  into TiS2 has been  ex tens ive ly  invest i-  
ga ted  and was appl ied  as ca thode  react ion of  l i th ium sec- 
ondary  ba t te ry  (1). There  have  been  m a n y  publ ica t ions  on 
this topic  (1). However ,  it was no t  easy to obta in  stoichio- 
met r ic  TiS2 due  to its var iable  compos i t iona l  range  and  
t h e  presence  of  h igher  sulfide, TiS3 (2). T h o m p s o n  et al .  
veri f ied the  ex is tence  of s to ichiometr ic  TiS2 (3). Its fine 
p o w d e r  was then  prepared  f rom a t i t an ium sponge  be- 
tween  450 ~ and 600~ in a t empera tu re  grad ien t  which  
fixed the  sulfur pressure  (4). Nons to i ch iome t ry  affects  
the  d ischarge  p roper ty  of l i th ium battery.  Winn et al. pre- 
pared  single crystals of  Ti~S2 (x = 1.002, 1.01, 1.02) and 
e lec t ro- in tercala ted  l i th ium and sod ium in  p ropy lene  car- 
bona te  (5). They measu red  open-ci rcui t  vol tages  and 
chemica l  diffusion coefficients  of alkali  meta ls  as a func- 
t ion of  alkali  content .  Whi t t ingham repor ted  d i scharge  
curves  of l i th ium bat tery  in 70% te t rahydrofuran  and 30% 
d i m e t h o x y e t h a n e  m i x e d  solut ion us ing  TiS2 and Ti,.,S2 as 
ca thodes  (6). They  also found that  excess  t i t an ium re- 
duced  the  diffusibi l i ty of  in terca la ted  l i th ium (6). Selec- 
t ion of so lvent  is impor tan t  for the d e v e l o p m e n t  of an am- 
bient  t empe ra tu r e  secondary  battery.  2-Methyltetrahy- 
drofuran-LiAsF6 was found  to be super ior  to the 
e lec t ro ly tes  based  on p ropylene  carbonate ,  me thy l  acetate  
and te t rahydrofuran  for the  l i th ium e lec t rode  cycl ing 
eff ic iencies  (7). However ,  the  effect  of solvents  has not  
ye t  b e e n  compara t ive ly  inves t iga ted  on in tercala t ion bat- 
tery  us ing  TiS2 hav ing  var ious  Ti/S ratios. 

In  the  p resen t  study, samples  having  compos i t ions  of 
TixS2 (1.00 =< x = 1.13) were  p repared  and the  d ischarge  
proper t ies  of  l i th ium bat ter ies  were  galvanosta t ica l ly  in- 
ves t iga ted  us ing  l i th ium perchlora te  as the e lec t ro ly te  in 
severa l  k inds  of organic  solvent .  The  d i scharged  p roduc t s  
were  charac te r ized  us ing p o w d e r  x-ray di f f ractometry .  

T i t an ium sulfides were  p repa red  by hea t ing  mix tu res  
of t i t an ium and sulfur hav ing  var ious  mix ing  ratios at 
t empera tu re s  of  500 ~ 600 ~ and 800~ for several  days in 
evacua ted  sil ica tubes.  The  tubes  were  8 m m  in d iam and 
i0 cm long. The  t empe ra tu r e  gradient  was wi th in  3~ 
in the  furnace.  The  products  were  character ized by x-ray 
d i f f rac tomet ry  and the rmograv imet ry .  They  had composi-  
t ions of  Ti,.00S2, Ti,.08S2, Til.00S2, and Til.]3S~. Average  
par t ic le  sizes were  ca. 13 t~m for TiL00S2 and 9 tLm for the  
others.  E lec t rochemica l  proper t ies  were  inves t iga ted  sev- 
eral t imes  on the  sample  be long ing  to the  same  batch.  
The  samples  of  ca. 2 mg  were  pressed  to disks  of  5 m m  
diam at 700 MPa. L i th ium perchlora te  was dr ied  in vac- 
u u m  at 150~ Te t rahydrofuran  (THF), d ime thy l su l fox ide  
(DMSO), fo rmamide  (FA), and propylene  carbona te  (PC) 
were  dr ied  us ing  3}~ molecu la r  sieves.  1M solut ions of  
LiC104 were  p repa red  us ing the  respec t ive  solvents.  
Bot t le- type l i th ium bat ter ies  were  set up us ing  these  elec- 
t rolytes  and d ischarged  in He a tmosphere .  The  H o k u t o  
Denko  L imi t ed  H J-201 charge /d ischarge  tes t ing  sys tem 
was used  for the  galvanosta t ic  discharge.  The d i scharged  
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p roduc t s  were  sealed in a capillary, and they  were  invest i-  
ga ted  by  x-ray d i f f rac tometry  us ing  CuKa  radiation.  

Discharge  proper t ies  were  inves t iga ted  us ing  THF,  
DMSO, FA, and P C  as the respec t ive  solvents  of  electro-  
lyte  on the  sample  hav ing  compos i t ion  of  Til.0352. 
Galvanosta t ic  d i s cha rge  curves  at 1.5 m A / c m  2 were  pre- 
sen ted  in Fig. 1. The ut i l izat ion in the figure was calcula- 
ted  as a quant i ty  of  d i scharged  electr ic i ty  f rom Li/TiS~ 
cell  against  the  a m o u n t  of TiS2 used  as cathode.  100% util- 
izat ion means  tha t  the  d i scharged  electr ici ty co r responds  
to the  a m o u n t  necessary  to obta in  LiTiS2 by l i th ium inter- 
calat ion into TiS2. Cell EMF was ca. 2.2V at the  begin-  
ning. It  gradual ly  decreased  to 1.5V with  the  discharge.  
Uti l izat ions were  80% in DMSO, 75% in THF,  55% in FA, 
and 45% in PC w h e n  1.5V of cell  EMF was at tained.  
Thereaf ter ,  the  potent ia ls  rapid ly  decreased  wi th  the  dis- 
charge  in the  solvents  of THF,  DMSO, and PC. H o w e v e r  a 
p la teau was observed  at about  1.2V on the  d ischarge  
curve  in FA. 

The d i scharged  products  were  inves t iga ted  us ing  pow- 
der  x-ray diffractometry.  The  ca thode  mater ia ls  were  
t aken  out  f rom the  fo l lowing two points;  (i) 1.5V of cell 
EMF was attained,  and (it) the  rapid potent ia l  decrease  
was finished. They were  sealed in capil lary tubes  to pre- 
ven t  react ions  wi th  humidi ty .  The  dif f ract ion resul ts  are 
summar i zed  in Table  I. The  p roduc t s  d i scharged  in T H F  
showed  only the  basal  spacing of  about  6.2A, which  was 
the  va lue  of  l i th ium in terca la ted  TiS2 (1). The  p roduc t s  in 
DMSO or PC had the same spacing of  6.2A and addit ion-  
ally ve ry  weak  diffract ion l ines a round 8.8A, wh ich  could  
be ass igned as the basal  ref lect ion of hydra ted  l i th ium in- 
te rca la ted  phase  by a mono laye r  of water  (8). A small  
a m o u n t  of  water  m igh t  remain  in these  solvents  even  
after the  drying on molecu la r  sieves. The  a s s ignmen t  is 
difficult  for the  spacing of 13.6A observed  in DMSO. This  
phase  may  cor respond  to the  one  de tec ted  on TaS~ inter- 
calated alkali  ions solvated by DMSO (8). Basal  spacing of  
ca. 13.2A was observed  on th e d ischarged  p roduc t s  in F A  
wi th  6.2A phase.  The  in tens i ty  of  x-ray diffract ion l ines 
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Fig. 1. Effect of solvents on discharge of Li/TiLo3S~ cell with I M  

LiCIO~. Current density was 1.5 mA/cm 2. 
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Table I. X-ray diffractions of the discharged cathodes in Li/TiLo3S2 at 
1.5 mA/cm 2 

Solvent 

Basal spacings (A) of the 
additional phases observed 

Utilization (%) with LixTiS2 having 6.2A 
(final voltage, V) spacing 

THF 70 - -  
(1.7) 
94 
(O.2) 

DMSO 68 13.6, 8.8 
(1.6) 
95 13.6, 8.8 
(O.2) 

FA 49 13.2 
(1.6) 

100 13.5 
(0.9) 

PC 45 8.8 
(1.6) 

69 8.8 
(o.2) 

for  13.2A p h a s e  was  c o m p a r a b l y  s t rong  as t h a t  for  6.2A. 
S p a c i n g s  of 13A h a d  b e e n  r e p o r t e d  for  F A  i n t e r c a l a t e d  
c o m p l e x e s  of  m e t a l  d isu l f ides  (9). T h u s  t h e  13.2A s p a c i n g  
was  e s t i m a t e d  as t h a t  of t he  i n t e r ca l a t ed  TiS2 w i t h  l i t h i u m  
ions  so lva t ed  b y  FA. Co in t e rca l a t i on  of  s o l ven t  r e d u c e d  
t he  a m o u n t  of  l i t h i u m  w h i c h  can  be  i n t e r c a l a t e d  in to  
TiS2. 

I t  m a y  b e  a s soc ia ted  w i t h  s a l v a t i o n  e n e r g y  w h e t h e r  l i th-  
i u m  a lone  is i n t e r ca l a t ed  or i n c o r p o r a t e d  w i th  so lven t  
molecu les .  A c c o r d i n g  to B a r n ' s  mode l ,  s a l v a t i o n  e n e r g y  
AG can  genera l ly  b e  re la ted  to t h e  d ie lec t r ic  c o n s t a n t  of  
so lven t  as fol lows 

AG - 8 ~ e o ~  

w h e r e  L is A v o g a d r o ' s  n u m b e r ,  Z is t he  n u m b e r  of ionic  
charge ,  % a n d  �9 are  d ie lec t r ic  c o n s t a n t s  of  v a c u u m  a n d  of  
so lvent ,  a n d  ~ is ionic  radius .  Die lec t r ic  c o n s t a n t s  are 7.39 
for  THF,  48.9 for DMSO, 64.4 for  PC, 78.5 for  water ,  a n d  
111.5 for F A  (10). T H F  p r o b a b l y  has  t he  sma l l e s t  s a l v a t i o n  
e n e r g y  b e c a u s e  of  t he  smal l e s t  d ie lec t r ic  c o n s t a n t  in  t h e s e  
so lvents .  Thus ,  co in t e r ca l a t i on  of so lven t  was  no t  ob- 
s e r v e d  in  THF.  T H F  m i g h t  be  t he  m o s t  f avorab le  so lven t  
in  t he  p r e s e n t  s tudy.  

C u r r e n t  pu l se  t e c h n i q u e  (11) was  app l i ed  to i nves t i ga t e  
w h e t h e r  t h e  so lven t  ef fec t  s i m p l y  b e  due  to ionic  c o n d u c -  
t iv i ty  and /o r  l i t h i u m  ion  t r a n s p o r t  in  t he  so lu t ion  phase .  
0.05 ~ 0.3 m A  c u r r e n t  was  supp l i ed  to t he  ba t t e r i e s  u s i n g  
Ti~.o3S2 for  t he  pe r iods  of  15s. T he  va r i a t i on  of  t he  t ran-  
s i en t  vo l t age  (hE) w i t h  t i m e  (t) was  p lo t t ed  aga ins t  t - '2.  
The  l inea r  r eg ion  was  o b s e r v e d  in  t he  p e r i o d  of  2 ~ 400s 
w h e n  T H F  was  u s e d  as t he  so lvent .  T he  in i t ia l  n o n l i n e a r -  
i ty  w h i c h  was  a t t r i b u t e d  to an  "e lec t ro ly te  ef fec t"  (11) was  
no t  o b s e r v e d  for  t he  d u r a t i o n  less t h a n  2s. Di f fus iv i ty  
a r o u n d  2.5 • 10 -s cm2/s was  ca lcu la ted  f rom t he  s lope  of 
t h e  l i n e a r  region.  T h e  v a l u e  is c o m p a r a b l e  to  l i t h i u m  
di f fus iv i ty  (11), b u t  i t  c h a n g e d  w i t h  t he  a m o u n t  of  in te rca-  
l a t ed  Li. In  the  case  of  PC, two  k i n d s  of  s lope we re  ob- 
s e r v e d  w h e n  m o r e  t h a n  10% ut i l i za t ion  was  a t t a ined .  The  
d i f fus iv i ty  ca lcu la ted  f rom t he  s lope for t he  p e r i o d  be- 
t w e e n  2 a n d  25s was  a b o u t  2.5 • 10 -s cm2/s. M u c h  sma l l e r  
v a l u e s  of  4 • 10 -9 cm2/s was  o b t a i n e d  f rom t he  s lope in  
t he  p e r i o d  b e t w e e n  25-400s. I t  m a y  c o r r e s p o n d  to the  
d i f fus iv i ty  of  h y d r a t e d  l i th ium.  I n t e r c a l a t i o n  u s i n g  F A  as 
s o l v e n t  s h o w e d  l inea r  r eg ion  in  AE vs. t - ~  p lo t  in  t h e  utili- 
za t ion  a b o v e  20%. The  ca l cu la t ed  d i f fus iv i ty  was  a b o u t  1 
• 10 -9 cm2/s, w h i c h  was p r o b a b l y  t he  va lue  for  Li  so lva ted  
w i th  F A  molecu les .  Thus ,  t he  ionic  c o n d u c t i v i t i e s  of  l i th- 
i u m  i t se l f  and /or  of  so lva ted  l i t h i u m  are  a p p a r e n t l y  im- 
p o r t a n t  for t h e  o b s e r v e d  so lven t  effect. T he  e lec t ro ly te  ef- 
fect  c an  p r o b a b l y  be  o b s e r v e d  in t he  in i t ia l  pe r iod  un t i l  
2s. Our  e q u i p m e n t  does  no t  h a v e  e n o u g h  capac i ty  to re- 
solve  s u c h  t r a n s i e n t  p h e n o m e n a .  

D i s c h a r g e  p r o p e r t i e s  we re  s t ud i ed  on  t h e  s a m p l e s  hav-  
ing  various compositions, Ti~.ooS2, Ti~.oaSz, Ti~.ooS~, and 
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Fig. 2. Effect of nonstoichiometry on discharge of Li/1M LiCIO4- 

THF/TiS~ cells at 1.5 mA/cm 2. 

Ti,.,3S2 at  the  c o n s t a n t  c u r r e n t  dens i t y  of 1.5 m A / c m  2 in 
THF.  E x c e s s  t i t a n i u m  r e d u c e s  the  d i s c h a r g e  ra te  as previ -  
ous ly  r e p o r t e d  (6). The  u t i l i za t ions  at  1.5V were  75% for 
Til.0oS2 a n d  Ti,.03S2, a n d  71% for Tii.o6S2 a n d  62% for 
riL13S2, as s h o w n  in  Fig. 2. S u m m a t i o n s  of  t he  a m o u n t  of 
exces s  t i t a n i u m  a n d  t he  u t i l i za t ion  p e r c e n t  we re  a b o u t  
75% for all samples .  Excess  t i t a n i u m  p r o b a b l y  si ts  in  t he  
si te  w h i c h  t he  i n t e r ca l a t ed  l i t h i u m  s h o u l d  occupy.  I t  re- 
d u c e s  t he  n u m b e r  of  s i tes  w h i c h  can  a c c o m m o d a t e  t h e  in-  
t e r c a l a t e d  l i th ium.  

I n t e r c a l a t i o n  of  l i t h i u m  in to  TiS2 r e d u c e s  t he  anisot-  
r opy  of  t h e r m a l  e x p a n s i o n  in  t he  TiS2 la t t ice  (12). E x c e s s  
t i t a n i u m  in  t he  in t e r l aye r  r eg ion  also p lays  s imi la r  role  to 
t he  i n t e r c a l a t e d  l i t h i u m  a n d  b i n d s  the  hos t  TiS2 layers  to 
e a c h  other .  Thus ,  the  d i f fus ion  c o n s t a n t  of  a b o u t  10 -7 
cm2/s was  r e p o r t e d  for s o d i u m  in NaxTil.00S2, b u t  i t  was  
on ly  a b o u t  10 -9 cm2/s in  Na~Ti,.o.~S2. The  p r e s e n t d i s -  
c h a r g e d  p r o d u c t s  of  Ti,.o6S2 a n d  Ti,.,~S2 in  T H F  s h o w e d  
only  t h e  basa l  s p a c i n g  of 6.2A, w h i c h  is t h e  s a m e  as t h a t  
for  LixTiS2, as s h o w n  in  Tab le  II. However ,  t he  dis- 
c h a r g e d  p r o d u c t  of s t o i ch iome t r i c  TiS2 was  a c c o m p a n i e d  
b y  a sma l l  a m o u n t  of  12.8 a n d  8.8A phases .  These  two 
spac ings  p r o b a b l y  c o r r e s p o n d  to t hose  of  t he  h y d r a t e d  
p h a s e s  h a v i n g  bi- a n d  m o n o l a y e r s  of  wa te r  (1). The  stoi- 
c h i o m e t r i c  TiS2 par t ia l ly  i n t e r ca l a t ed  the  b u l k y  h y d r a t e d  
l i t h i u m  due  to i ts w e a k  b o n d i n g  b e t w e e n  t he  TiS2 layers.  

D i s c h a r g e  cu rves  in  F A  are  g iven  in  Fig. 3. Ti,.00S2 
s h o w e d  t h e  in i t ia l  vo l tage  of  2.5V. The  vol tage  r ap id ly  de- 
c r ea sed  at  a r o u n d  25% of ut i l izat ion.  On ly  t he  e x p a n d e d  
basa l  s p a c i n g  of  13.2A was  o b s e r v e d  j u s t  be fo re  a n d  af te r  

Table II. X-ray diffractions of the discharged cathodes in lithium battery 
at 1.5 mA/cm 2 prepared by using various compositional titanium 

disulfides 

Solvent Cathode 

Basal spacings (A) of the 
Utilization (%) additional phases observed 
(final voltage, with LixTiS2 having 6.2~ 

V) spacing 

THF Ti,.00Sz 96 12.8, 8.8 
(O.2) 

Til.06S2 95 
(O.2) 

TiI.13S~ 80 
(0.2) 

FA Til.00S2 26 13.2" 
(2.0) 

TiL0oS~ 49 13.2" 
(1.0) 

Ti,.06S2 100 8.8 
(0.9) 

TiHsS~ 100 8.8 
(0.8) 

PC Ti~.00S2 80 8.8 
(0.6) 

Ti,.,3S~ 55 8.8 
(0.1) 

* Diffraction lines of Li~TiS2 having 6.2A spacing were not 
observed. 
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Fig. 3. Effect of nonstoichiometry on discharge of Li/1M LiCIO4- 
FA/TiS2 cells at 1.5 mA/cm 2. 
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Fig. 4. Effect of nonstoichiometry on discharge of Li/1M LiCIO4- 
PC/TiS2 cells at 1.5 mA/cm 2. 

the rapid decrease of potential. The discharged product of 
Til.03S2 also showed the expanded spacing of FA 
cointercalated phase. However, the discharged products 
of Ti~.06S2 and Ti1.1~$2 showed the spacing of ca. 6.2~ ac- 
companied by a very weak 8.8s line of the hydrated phase 
as shown in Table II. The variation of discharge property 
seems to suggest that the interlayer bonding of TiS~ is 
strengthened with nonstoichiometry as observed on the 
discharge in THF. The final discharge voltage is ca. 1.0V, 
which is quite different from the value observed in other 
solvents. This peculiar behavior may correspond to the 
formation of formamide complexes with t i tanium sul- 
fides whatever their nonstoichiometries are. 

The utilizations at 1.5V in PC was seriously decreased 
with the degree of nonstoichiometry as illustrated in Fig. 
4. The values were 55% for Til.00S2, 45% for Tij.0~S2, 38% for 
Til.06Sz, and 28% for TiH~S2. Only the discharged product 
of Til.00S~ to 100% utilization showed a basal spacing of 
18.8A which might be a PC-cointercalated phase (1). The 
expanded basal spacing could not be observed on other 
discharged products. 

In summary, excess t i tanium reduced the utilization of 
Li/TiS2 battery due to the reduction of available interlayer 
sites for l i thium as reported earlier (6). However, it is ef- 
fective for pinning TiS2 layers to each other to prevent the 
cointercalations of solvents. Polar solvent was sometimes 
cointercalated and this reduced the cell utilization for 
stoichiometric TiS~. In this respect, THF was the most fa- 
vorable solvent in the present research. 
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Composition of Chromate Passivation Films on Aluminum-Zinc 
Alloy-Coated Sheet Steel 

H. E. Townsend and R. G. Hart 

Bethlehem Steel Corporation, Sheet Steels and Coated Products Division, Research Department,  Bethlehem, 
Pennsylvania 18016 

Galvanized coatings, that is, zinc coatings applied by a 
hot-dip process, are widely used to protect steel against 
corrosion (1). Even greater protection is afforded by a new 
coating comprising (by weight percent): 55 A1, 43.5 Zn, 
and 1.5 Si (2, 3). Steel sheet with the A1-Zn alloy coating is 
marketed in the United States under Bethlehem Steel 
Corporation's trademark Galvalume. The A1-Zn alloy 
coating generally provides greater than two times the life 
of a zinc coating of equivalent thickness. 

Although Zn and A1-Zn coatings have good durability 
during bold atmospheric exposure, both are susceptible 

Key words: x-ray photoelectron spectroscopy, wet storage 
stain, galvanized. 

to accelerated attack when exposed to moisture in the 
crevice-like conditions which are created when sheet is 
stored in coiled or stacked form. This attack is known as 
wet-storage staining, and its effects vary from mere 
superficial discoloration of the surface to total destruc- 
tion of the coating. 

Chromate passivation is the usual method of providing 
temporary protection against wet-storage stain during 
shipment and storage of Zn- and A1-Zn-coated sheet. This 
passivation treatment typically involves immersion of the 
sheet in an acid chromate bath to deposit a thin film con- 
taining roughly 6-25 mg of chromium per square meter. 
In an earlier study, we found that the degree of protection 
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aga ins t  we t - s to rage  s ta in  i m p a r t e d  b y  a g iven  a m o u n t  of 
c h r o m i u m  d e p o s i t e d  d u r i n g  c h r o m a t e  p a s s i v a t i o n  is 
g rea te r  for the  A1-Zn coa t ing  t h a n  for t he  Z n  coa t ing  (4). 
The  p r e s e n t  s t u d y  was  c o n d u c t e d  to d e t e r m i n e  w h e t h e r  
d i f f e rences  ex i s t  in  t he  p a s s i v a t i o n  f i lms t h a t  cou ld  ac- 
c o u n t  for t he  d i f f e rence  in p e r f o r m a n c e .  

Experimental 
A1-Zn- a n d  Zn-coa t ed  s teel  shee t s  were  p r o d u c e d  on  

c o m m e r c i a l  c o n t i n u o u s  ho t -d ip  coa t ing  lines.  T he  u sua l  
mi l l - app l i ed  c h r o m a t e  t r e a t m e n t s  were  o m i t t e d  to e n a b l e  
sur face  ana lyses  before  a n d  af te r  c h r o m a t e  t r e a t m e n t ,  
w h i c h  was  d o n e  in the  l abora to ry .  Fo r  c o m p a r a t i v e  pur-  
poses,  we  also s tud ied  w r o u g h t  zinc (99.9%) shee t  a n d  A1- 
c lad  3003 a l u m i n u m  sheet .  

Mate r ia l s  were  p a s s i v a t e d  in t he  l a b o r a t o r y  a c c o r d i n g  to 
the  fo l lowing  p r o c e d u r e :  (i) v a p o r  degrease ,  (ii) h e a t  to 
66~ (iii) i m m e r s e  in a c h r o m a t e  b a t h  at  66~ for  5s, (iv) 
r u b b e r  rol l  s q u e e g e e  to r e m o v e  excess  so lu t ion ,  a n d  (v) 
d ry  in  52~ air. The  c h r o m a t e  b a t h  was  a 3 v/o so lu t ion  of  
I r id i te  9L6, a p r o p r i e t a r y  f luobor ic  ac id -ac t iva ted  chro-  
m a t e  pa s s iva t i on  t r e a t m e n t  supp l i ed  by  the  R i c h a r d s o n  
C o m p a n y ,  Des  Pla ines ,  I l l inois .  In  t he  case  of  t he  zinc 
sheet ,  we  f o u n d  it  n e c e s s a r y  to a b r a d e  the  sur face  p r io r  to  
c h r o m a t i n g  in  o rder  to e n s u r e  u n i f o r m  r eac t i on  in  t he  
c h r o m a t e  ba th .  

To r e m o v e  m o s t  of t he  wa te r  soluble ,  u n r e a c t e d  p o r t i o n  
of  t h e  film r e m a i n i n g  on  t he  shee t  af ter  p a s s i v a t i o n  a n d  
t h u s  faci l i ta te  spec t roscop ic  analyses ,  t he  c h r o m a t e -  
t r e a t ed  ma te r i a l s  were  w a s h e d  in  d is t i l led  w a t e r  at  91~ 
for 1 min .  Wate r - inso lub le  c h r o m i u m  on t he  sur face  af ter  
w a s h i n g  (Table  I) was  d e t e r m i n e d  b y  s t r i p p i n g  the  re- 
m a i n i n g  film in d i lu te  p h o s p h o r i c  a n d  su l fur ic  ac ids  a n d  
ana lyz ing  t he  so lu t ion  b y  a tomic  abso rp t ion .  

X-ray  p h o t o e l e c t r o n  s p e c t r o s c o p y  (XPS)  ana lyses  were  
p e r f o r m e d  in a P e r k i n - E l m e r ,  Phys i ca l  E lec t ron ic s  Mode l  
548 s p e c t r o m e t e r  at  p r e s s u r e s  genera l ly  less  t h a n  10 -9 
torr.  A m a g n e s i u m  x-ray source  was  u s e d  to exc i te  
p h o t o e l e c t r o n s  w h i c h  were  d e t e c t e d  over  a n  a rea  of  4 
m m  2 w i t h  a pass  e n e r g y  of  50 eV. X- ray  exc i t ed  
p h o t o e l e c t r o n s  u s e d  in t h e s e  ana lyses  are  l i s t ed  in  Tab le  
II. D e p t h  profi les  were  o b t a i n e d  b y  a rgon  ion  (5 keV) 
spu t t e r ing .  The  ion b e a m  was  r a s t e r ed  over  a 25 m m  2 a rea  
to give a Ta205 s p u t t e r i n g  ra te  of 2 n m  per  rain.  

Results and Discussion 
X P S  p r o v i d e s  i n f o r m a t i o n  on  t he  i den t i t y  of  e l e m e n t s  

p re sen t ,  re la t ive  quan t i t i e s ,  a n d  ox ida t i on  states.  In  Fig. 
1-3, we give d e p t h  prof i les  for ca t ion ic  spec ies  p r e s e n t  in  
the  film, e x p r e s s e d  in a tomic  p e r c e n t  of  ca t ions .  O x y g e n  
a n d  a sma l l  a m o u n t  of  f luor ine  also p r e s e n t  in  t he  f i lms 
are o m i t t e d  for s impl ic i ty .  In  general ,  o x y g e n  was  de- 
t e c t e d  in d i rec t  p r o p o r t i o n  to t he  a m o u n t  of  t r i va l en t  
cat ion.  

P r io r  to  c h r o m a t i n g ,  t he  sur face  of  t he  A1-Zn c o a t i n g  is 
cove red  w i t h  a t h i n  layer  of  t r i va l en t  a l u m i n u m  ox ide  
(Fig. la). We a t t r i b u t e  t he  pauc i t y  of  zinc in t he  ox ide  
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Fig. 1. XPS analysis of AI-Zn alloy-coated sheet steel, a, top: before 
chromating, b, bottom: after chromating. 

Table I. Materials and chromium content of passivation films 

Chromium in film 
Material (mg/m 2) 

55% Aluminum-zinc- 8 
coated sheet steel 

Zinc sheet 24 
Aluminum sheet 7 

Table II. Peaks used for XPS analyses 

Shell or Auger transition for 
Element XPS analyses 

O 1S 
A1 2P 
Cr 2P 
Zn 2P, L~IVL~lVL5 

film to p re fe ren t i a l  ox ida t i on  of  t he  m o r e  ac t ive  a lumi-  
n u m  c o m p o n e n t  d u r i n g  so l id i f ica t ion  of t he  ho t -d ip  coat- 
ing  in  air. 

Af te r  c h r o m a t i n g  (Fig. lb) ,  a p a s s i v a t i o n  filfn is ob- 
s e r v e d  t h a t  c o m p r i s e s  c h r o m i u m  in t h r e e  o x i d a t i o n  
states.  At  t he  ou te r  sur face  of  the  film, c h r o m i u m  is pres-  
en t  in  t he  h e x a v a l e n t  f o rm  t h a t  we assoc ia te  w i t h  a t h i n  
r e s idue  of the  we t  film t h a t  was  d r agged  ou t  of  t he  chro-  
m a t e  b a t h  d u r i n g  p rocess ing ,  d r i ed  on  t he  surface,  a n d  in- 
c o m p l e t e l y  r e m o v e d  d u r i n g  s u b s e q u e n t  work ing .  Fol low-  
ing s p u t t e r  r e m o v a l  of t he  h e x a v a l e n t  c h r o m i u m ,  t h e  
m a j o r  c o m p o n e n t s  of  t he  film are  t r i va l en t  ox ides  of  alu- 
m i n u m  a n d  c h r o m i u m .  With  c o n t i n u e d  spu t t e r ing ,  t h e  tri- 
v a l e n t  c o m p o n e n t s  d imin i sh ,  a n d  a p e a k  in  me ta l l i c  chro-  
m i u m  occurs .  Thus ,  in  s i m p l e s t  t e r m s  we c a n  p i c t u r e  t he  
p a s s i v a t i o n  film on the  A1-Zn sur face  as c o n s i s t i n g  of  
t h r e e  layers  as s h o w n  in Fig. 5. 
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Fig. 2. XPS analysis of aluminum sheet, a, top: before chromating, b, 
bottom: after chromoting. 
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Fig. 3. XPS analysis of zinc sheet, a, top: before chromating, b, bottom: 
after chromating. 

Analysis of aluminum sheets prior to chromating (Fig. 
2a) shows the surface is initially covered with an alumi- 
num oxide film. After chromating (Fig. 2b), a three-layer 
film is observed that, except for the lack of zinc, is quali- 
tatively similar to that formed on the Ai-Zn coating. 

Corresponding analyses of the zinc surface before chro- 
mate treatment (Fig. 3b) show an initial film of zinc ox- 
ide. After chromating (Fig. 3b), we see only two chro- 
mium containing layers: an outer layer of hexavalent 
chromium and an inner layer of trivalent chromium 
oxide. 

Additional XPS analyses comparing galvanized and Al- 
Zn-coated sheet steel, typified in Fig. 4, confirm the ab- 
sence of metallic chromium on the zinc-coated sheet. 

The above results, which we summarized schematically 
in Fig. 5, indicate that the chromate passivation films 
formed on the AI-Zn alloy and aluminum differ from that 

on zinc in two significant ways. They exhibit: (/) an inter- 
mediate layer containing aluminum oxide and (//) an in- 
ner layer of metallic chromium. Either or both of these 
additional features could account for the greater degree of 
protection afforded by chromate passivation to Ai-Zn 
coatings as compared to zinc coatings. 

Our results for zinc surfaces are in reasonably good 
agreement with those of earlier work (7). However, our re- 
sults differ from those of earlier studies of aluminum (8, 
ll) and aluminum-zinc coated steel (9) in that metallic 
chromium was not reported in the previous work. A prob- 
able explanation for the difference between our results 
and those of Ref. (8) and (9) is that we used ion sputtering 
to remove the outer layers of the passivation film and 
thus we were able to detect the underlying metallic chro- 
mium. Ion sputtering was employed in the work reported 
in Ref. (ii), and, while the authors do not explicitly note 
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Fig. 4. XPS chromium spectrum comparing zinc-coated (upper curve) 
and AI-Zn alloy-coated (lower curve) sheet steel. 
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Fig. 5. Schematic of chromate passivation film on 55% AI-Zn-coated 
steel sheet. 

it, there  may  be ev idence  in these  resul ts  [compare  Fig. 5 
of  our  work  to Fig. 7 of  Ref. (11)] of  chromiun~ metal.  

A l u m i n u m  oxide  is t he rmodynamica l l y  more  stable 
than  c h r o m i u m  oxide. Greater  th ickness  or stabil i ty of  
the  a l u m i n u m  conta in ing  ox ide  is sugges ted  by the  fact 
that  twice  the  sput ter ing  t ime  was needed  to r e m o v e  the 
pass ivat ion film on a l u m i n u m  even  though  the  a m o u n t  
of c h r o m i u m  depos i ted  on the  zinc was over  three  t imes  
greater.  For  a g iven  a m o u n t  of ch romium,  an ox ide  film 
con ta in ing  both  a l u m i n u m  and c h r o m i u m  should  be a 
th icker  or more  dense  barr ier  than  one conta in ing  only 
ch romium.  

A layer  of  metal l ic  c h r o m i u m  could also p rov ide  addi- 
t ional  barr ier  protect ion.  Indeed,  metal l ic  c h r o m i u m  
found in the  pass ivat ion film on CDC (cathodic depos-  
i ted chromate)  t rea ted  t inplate  is be l i eved  to enhance  re- 

s is tance to tarn ishing (5, 6). In  the case of  a l u m i n u m  and 
Al-Zn-coated  steel, the  metal l ic  c h r o m i u m  may  resul t  
f rom comple te  reduc t ion  of  chromic  acid in the  passiva-  
t ion bath  according  to 

H2CrO4 + 2A1 ---> A120~ �9 H~O + Cr 

Ano the r  explana t ion  is that  the  metal l ic  c h r o m i u m  de- 
tec ted  in our work  is a sput te r ing  artifact. A l t h o u g h  it has 
been  repor t ed  that  c h r o m i u m  oxide  is not  r educed  by 
argon-ion b o m b a r d m e n t  in the  v a c u u m  of a spec t romete r  
(10), we cannot  rule out  the  possibi l i ty  that  a l u m i n u m  
may  reduce  c h r o m i u m  oxide  w h e n  ac t iva ted  by  an ion 
b e a m  accord ing  to 

ion b e a m  
Cr203 + 2AI ~ AI20.~ + 2Cr 
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Two of the authors of this article (H. L. and H. H.) 
served on a National Academy of Sciences Committee to 
review the application of flame-sprayed aluminum to 
corrosion protection of components of naval vessels. A re- 
port on this subject has recently been issued by the Acad- 

emy (i). As a result of the discussions of the committee, it 
became apparent that the type of bonding between a steel 
substrate and the aluminum was not known, although the 
low bonding strength, typically 2000-4000 Ib/in ~, and the 
necessity of having the proper degree of roughness of the 
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Table I. M~ssbauer parameter of thin electrodeposit after exposure to the atmosphere 

Magnetic Half-width 
Quadrupole hyperfine at half 

Chemical shift* splitting splitting max Area 
Component (ram/s) (mm/s) (kOe) (mm/s) fraction 

Metallic +0.394 0.00 337 1.03 56% 
Divalent -0.658 2.80 - -  1.13 7% 

species** 
Trivalent +0.009 0.754 - -  0.94 37% 

species** 

* With respect to potassium ferrocyanide. 
** Gamma ray emission is from Fe-57 species. There is not necessarily a 1:1 relationship between the originating Co.-57 species and the 

Fe-57 atom that emits the gamma ray. 

subs t r a t e ,  s u g g e s t e d  t ha t  t he  a d h e r e n c e  was  p r i m a r i l y  
m e c h a n i c a l  in  na tu re .  T he  fo l lowing  m o d e l  ~ e x p e r i m e n t s  
we re  ca r r i ed  ou t  in  o rder  to  exp l o r e  th i s  point .  

The  t e c h n i q u e  s e l e c t e d - e m i s s i o n  M S s s b a u e r  spec t ros -  
c o p y - h a s  b e e n  u s e d  p r e v i o u s l y  in  s tud ies  of  t he  in terfa-  
cial r eg ion  b e t w e e n  a coba l t  s u b s t r a t e  a n d  a poly- 
b u t a d i e n e  coa t ing  (2). T he  m e t h o d  r e q u i r e s  t he  u se  of  
coba l t  b e c a u s e  Co-57 is t he  p r e c u r s o r  for t he  exc i t ed  s ta te  
of  Fe-57, w h i c h  ac tua l ly  emi t s  t he  g a m m a  ray  t h a t  is de- 
t e c t e d  b y  t h e  D 0 p p l e r  effect  c o n v e n t i o n a l l y  u t i l ized  to ob- 
t a in  a M S s s b a u e r  s p e c t r u m .  T he  m e t h o d  is ve ry  s imp le  in  
concep t .  Metal l ic  coba l t  is e l ec t rocoa t ed  w i t h  a v e r y  t h i n  
depos i t  of coba l t  c o n t a i n i n g  Co-57. A r e f e r e n c e  MSss- 
b a u e r  s p e c t r u m  is ob ta ined .  T he  coba l t  is sp ray  coa t ed  
w i t h  a l u m i n u m ,  a n d  a n o t h e r  s p e c t r u m  is ob ta ined .  Differ-  
ences  in  t h e  s p e c t r u m  before  a n d  af ter  sp ray  coa t ing  w i th  
a l u m i n u m  are i nd i ca t i ve  of c h e m i c a l  c h a n g e s  at  t he  in ter -  
face. A d e s c r i p t i o n  of  the  e x p e r i m e n t a l  de ta i l s  will  n o w  
be  given.  

The  coba l t  shee t  in  t h e  fo rm of a square ,  a p p r o x i m a t e l y  
2 c m  on  a side, was  s a n d b l a s t e d ,  s c r u b b e d  gen t ly  w i t h  a 
n y l o n  b r u s h  u n d e r  r u n n i n g  d is t i l led  water ,  a n d  i m m e d i -  
a te ly  i m m e r s e d  in  a p l a t i ng  b a t h  c o n t a i n i n g  CoSO4 �9 7H~O 
d o p e d  w i t h  Co-57, 0.31 g/l; MgSO4 �9 7H20 100 g/l; H3BO3 30 
g/l; p H  = 4.0. A c u r r e n t  d e n s i t y  of 0.01 A /cm 2 was  used.  
Two s a m p l e s  were  p repa red .  One  depos i t  was  e s t i m a t e d  
to be  a p p r o x i m a t e l y  5 n m  th ick ,  a n d  t he  o the r  was  esti- 
m a t e d  to b e  a p p r o x i m a t e l y  10 n m  th ick .  T he  r e s u l t i n g  co- 
ba l t  e l e c t r o d e p o s i t  c o n s i s t e d  of an  ionic  c o m p o n e n t  (pre- 
s u m a b l y  t he  sur face  oxide)  a n d  a f e r r o m a g n e t i c  meta l l i c  
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Fig. 1. M~ssbauer emission spectrum of a cobalt electrodeposit doped 
with Co-57 
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Fig. 2. M~ssbauer emission spectrum of the same cobalt sample used 
in Fig. 1 after coating with flame-sprayed aluminum 

c o m p o n e n t  ( the u n o x i d i z e d  metal) .  A c o m p u t e r  evalua-  
t ion  of  t he  s p e c t r u m  of t he  t h i c k e r  depos i t  is g iven  in  
Tab le  I, in  w h i c h  it is n o t e d  t h a t  t he  meta l l i c  c o m p o n e n t  
c o m p o s e d  56% a n d  t he  ionic  c o m p o n e n t  c o m p o s e d  44% 
u n d e r  t he  a s s u m p t i o n  t h a t  t he  recoi l  f r ac t ion  was  t h e  
s a m e  for all c o m p o n e n t s .  

Af te r  t he  or ig ina l  spec t r a  h a d  b e e n  ob t a ined ,  t he  
s a m p l e s  were  m a i n t a i n e d  in a des i cca to r  for approx i -  
m a t e l y  2 weeks  be fo re  b e i n g  t r a n s p o r t e d  to S t o n y  B r o o k  
for t he  f lame s p r a y i n g  process .  B o t h  s a m p l e s  r e t a i n e d  
the i r  c l ean  a p p e a r a n c e  b e t w e e n  the  t i m e  of  p r e p a r a t i o n  
a n d  f lame spraying.  The  s a m p l e s  were  m a i n t a i n e d  in  a 
ve r t i ca l  pos i t i on  t h r o u g h  use  of a m a g n e t i c  h o l d e r  a n d  
were  f lame sp r ayed  in two pas ses  w i th  t he  g u n  p o i n t i n g  
in  a d i r ec t i on  n o r m a l  to t he  s p e c i m e n  surface.  The  re- 
su l t i ng  coa t ing  was  a p p r o x i m a t e l y  0.01 cm th ick .  A d h e r -  
ence  of  t he  coa t ing  was  poor  at  t h e  edges,  b u t  t h e  coa t ing  
on  t he  m a j o r  f rac t ion  of  the  sur face  e x h i b i t e d  sa t i s fac to ry  
a d h e r e n c e .  The  a d h e r e n c e  was  no t  m e a s u r e d  quan t i t a -  
t ive ly  b e c a u s e  of t he  di f f icul ty  in  w o r k i n g  w i t h  a rad ioac-  
t ive  sample .  

T h e  spec t r a  for  t he  t h i c k e r  e l e c t r o d e p o s i t  are  g i v e n  in 
Fig. 1 for  t h e  coba l t  su r face  i m m e d i a t e l y  a f te r  p r e p a r a t i o n  
a n d  in Fig. 2 for t he  s a m p l e  af te r  the  app l i c a t i on  of  t he  
a l u m i n u m .  S u p e r p o s i t i o n  of  t he  two  spec t r a  i n d i c a t e d  
t h a t  t h e y  we re  iden t i ca l  in  all respec ts .  The  fo l lowing  con-  
c lu s ions  can  be  d rawn .  

1. The  a m o u n t  of  ox ide  fi lm on  coba l t  r e m a i n e d  con-  
s t a n t  be fo re  a n d  af ter  f lame spraying .  Thus ,  a l u m i n u m  
d id  no t  r e d u c e  the  ox ide  film, a n d  t he  ox ide  fi lm d id  no t  
t h i cken .  

2. T h e r e  was  no  e v i d e n c e  of  a c h a n g e  in t he  c h e m i c a l  
n a t u r e  of  t he  ox ide  film on  cobal t .  The  37:7 ra t io  of  t he  
t r i v a l e n t : d i v a l e n t  species  was  t he  s ame  be fo re  a n d  af te r  
f lame spraying.  

In  s u m m a r y ,  i t  c an  be  c o n c l u d e d  t h a t  a f l ame-sp rayed  
a l u m i n u m  coa t ing  has  no  s ign i f ican t  effect  on  t he  c h e m i -  
cal n a t u r e  of  a coba l t  su r face  s u c h  as n o r m a l l y  ex i s t s  dur-  
ing  e x p o s u r e  to  air  a t  r o o m  t e m p e r a t u r e .  The  b o n d i n g  be-  
t w e e n  coba l t  a n d  f l ame-sp rayed  a l u m i n u m  does  no t  
i nvo lve  a c h e m i c a l  r eac t ion  a n d  is largely,  or p e r h a p s  ex- 
c lusively ,  m e c h a n i c a l  in na tu re .  I t  a p p e a r s  r e a s o n a b l e  
t h a t  t h i s  c o n c l u s i o n  in  t he  case  of coba l t  can  b e  e x t e n d e d  
to s teel  b e c a u s e  t he re  are m a n y  s imi la r i t i es  in  t h e  chemi -  
cal b e h a v i o r s  of  the  sur face  ox ides  on  coba l t  a n d  iron.  
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Solubility Characteristics of Perfluorinated Polymers with Sulfonyl 
Fluoride Functionality 
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F u n c t i o n a l i z e d  p e r f l u o r o c a r b o n  p o l y m e r s  s u c h  as 
Nat ion  (E. I. d u  P o n t  de  N e m o u r s  & C o m p a n y )  are  of  
s ign i f ican t  c o m m e r c i a l  i m p o r t a n c e  as m e m b r a n e s  in 
b r i n e  e lec t ro lys i s  cells (1), as wel l  as fuel  cells. T he  excel-  
l en t  c h e m i c a l  a n d  t h e r m a l  s t ab i l i ty  of  t h e s e  ma te r i a l s  in  
t he  p r e s e n c e  of h a r s h  ox id iz ing  e lec t ro ly tes ,  s u c h  as chlo- 
r i n a t e d  br ine ,  m a k e  th i s  class  of  p o l y m e r s  u n i q u e l y  su i t ed  
for  e l e c t r o c h e m i c a l  appl ica t ions .  A n u m b e r  of  o the r  elec- 
t r o c h e m i c a l  p roces se s  a n d  c o m p o n e n t s  h a v e  ut i l ized 
func t i ona l i z ed  p e r f l u o r o c a r b o n  po lymer s  inc lud ing ,  for 
example ,  nove l - coa ted  e l e c t r o d e s  (2) a n d  w a t e r  e lectroly-  
sis cells (3). 

Membranes are fabricated into sheet form by extrusion 
of the sulfonyl fluoride (or alkylcarboxylate) form. They 
are then saponified (4) in caustic to generate the 
hydrophilic sulfonate form which, unlike the sulfonyl 
fluoride precursor, swells in aqueous electrolytes and ex- 
~hibits transport behavior typical of a cation exchange 
membrane. This fabrication method applies only to the 
manufacture of sheet and tube membranes (or other ge- 
ometries of constant cross-sectional area). Martin et al. (5) 
published the first procedure to solubilize commercially 
available perfluorosulfonate polymers having equivalent 
weights of ii00-1200 for use in preparing chemically 
modified electrodes. Their procedure involves heating 
the polymer (presumably in the potassium sulfonate 
form) in an alcohol/water solution up to 250~ in a stirred 
pressure reactor. Stable solutions are obtained up to solid 
concentrations of 1 weight/volume percent (w/v). Above 
this concentration, the polymer can be well dispersed, but 
it partially settles out with time (6). Thus, this method is 
particularly useful for the preparation of very thin (<20 
t~m) film structures. Baczek and MeCain (7) reported an- 
other procedure for solution processing of these materi- 
als. They found that solutions of up to 20 weight percent 
(w/o) solids can be prepared by dissolving the sulfonyl 
fluoride precursor form of the polymer in perhalo- 
genated solvents at temperatures in excess of 220~ at at- 
mospheric pressure. For the preparation of thick solvent 
cast separators (>I00 t~m thick) such as those which are 
use fu l  as s t a n d - a l o n e  m e m b r a n e s  for  m a n y  e l e c t r o c h e m -  
ical p rocesses ,  t h e  la t te r  p r o c e d u r e  p r o v i d e s  a f ab r i ca t i on  
m e t h o d  w h i c h  is b o t h  c o n v e n i e n t  a n d  su i t ab l e  for  the  
p r e p a r a t i o n  of m e m b r a n e s  w i t h  c o m p l e x  geomet r i es .  
Th i s  p a p e r  d e s c r i b e s  t he  so lub i l i ty  cha rac t e r i s t i c s  of  sul- 
fonyl  f luor ide- type  pe r f l uo r i na t ed  p o l y m e r s  in  detail ,  in- 
c l ud ing  severa l  n e w  so lven t s  w h i c h  are use fu l  for  dissolv-  
ing t h e  p o l y m e r  a t  t e m p e r a t u r e s  as low as 143~ 

Experimental 
The  1100 e q u i v a l e n t  w e i g h t  (EW) p e r f l u o r i n a t e d  sulfo- 

nyl  f luor ide  p o l y m e r  was  p r e p a r e d  f rom Na t ion  511 or 
Na t ion  117 b y  t he  fo l lowing  p rocedure .  T he  as - rece ived  
p o l y m e r  ha s  c o n v e r t e d  to t he  su l fonic  ac id  fo rm b y  con-  
t i n u o u s  e x t r a c t i o n  w i th  18% HCI u n d e r  ref lux for 16h fol- 
l o w e d  by  t h o r o u g h  w a t e r  w a s h i n g  a n d  f inal ly v a c u u m  
d ry ing  at  80~ for 24h. The  p o l y m e r  was  t h e n  c o n t a c t e d  
w i t h  SF4 a n d  H F  at  30~176 u n d e r  a u t o g e n o u s  p r e s s u r e  in  
e i t he r  a l - l i ter  M o n e l  b o m b  m o u n t e d  on  a s h a k e r  r a c k  or  a 
l - l i ter  s t i r red  P a r r  M o n e l  r eac to r  a c c o r d i n g  to the  proce-  
d u r e  d e s c r i b e d  e l s e w h e r e  (8). T he  r eac t ion  p r o d u c t  was  
s t i r red  in m e t h a n o l  for severa l  h o u r s  a n d  v a c u u m  dr ied  at  
40~176 for  24h. 1200 EW su l fony l  f luor ide  p o l y m e r  was  
p r e p a r e d  as a b o v e  f rom Nat ion  501. 

~Present address: The Lubrizo] Corporation, Wickliffe, Ohio 
44092. 

Key words: membrane,  solvents, separators, solvation. 

All so lven t s  were  u sed  as - rece ived  f rom c o m m e r c i a l  
supp l i e r s  w i t h o u t  f u r t h e r  pur i f ica t ion.  P o l y m e r  dissolu-  
t ion  was  p e r f o r m e d  in P y r e x  ( C o m i n g  Glass  Works)  ves- 
sels  u n d e r  a b l a n k e t  of d ry  n i t rogen .  The  vesse l  was 
h e a t e d  in e i t h e r  a n  oil or a s a n d  b a t h  a n d  was  pe r iod ica l ly  
r e m o v e d  a n d  s h a k e n  to p r o m o t e  d isso lu t ion .  

Swe l l i ng  m e a s u r e m e n t s  were  p e r f o r m e d  on t he  sulfo- 
ny l  f luor ide  fo rm of  Na t ion  117. The  d ry  m e m b r a n e  was 
s u b m e r g e d  in a g iven  l iqu id  at  20~176 a n d  r e m o v e d ,  
b lo t t ed ,  a n d  w e i g h e d  dai ly  un t i l  i t  r e a c h e d  c o n s t a n t  
weight .  R e p o r t e d  w e i g h t  gain  va lues  r e p r e s e n t  ave rages  
of  at  l eas t  t h r e e  days '  e q u i l i b r i u m  data.  C loud  p o i n t  mea-  
s u r e m e n t s  were  m a d e  as fol lows:  t he  su l fony l  f luor ide  
p o l y m e r  a n d  a 50/50 m i x t u r e  b y  w e i g h t  of  H a l o c a r b o n  
Oils 11-14 a n d  11-21 (Ha loca rbon  P r o d u c t s  Corpo ra t i on )  
were  h e a t e d  in  a t es t  t u b e  to 250~ in  an  oil b a t h  un t i l  dis- 
so lu t ion  occur red .  The  t e s t  t u b e  was t h e n  a l lowed  to cool  
in  a m b i e n t  air, a n d  the  t e m p e r a t u r e  ( m e a s u r e d  b y  a ther -  
m o c o u p l e  p r o b e  i n s e r t e d  in  t h e  solut ion)  at  w h i c h  t he  so- 
l u t i o n  first b e c a m e  t u r b i d  was  r e c o r d e d  as t h e  c loud  
p o i n t  t e m p e r a t u r e .  

Results and Discussion 
Ambient temperature swelling studies.--A n u m b e r  of  

o rgan ic  l iqu ids  v a r y i n g  in  so lub i l i ty  p a r a m e t e r  ~ f rom 
6.8-12.1 H b  were  c h o s e n  as swel l ing  agen t s  in  o rde r  to 
p rov ide  c lues  w h i c h  wou ld  lead  to the  iden t i f i ca t ion  of a 
su i t ab l e  so lven t  for the  su l fony l  f luoride t l uo ropo lymer .  
This  so lub i l i ty  p a r a m e t e r  r a n g e  was  s u g g e s t e d  b y  Yeo 
(10) to i nc lude  the  so lub i l i ty  p a r a m e t e r  of  t he  "o rgan ic  
pa r t "  of  t he  "Na t ion  p r e c u r s o r "  (SO2F form). The  re su l t s  
of  t h e s e  swel l ing  e x p e r i m e n t s  are  s u m m a r i z e d  in Tab le  I 
a n d  Fig. 1. The  on ly  s ign i f ican t  w e i g h t  i nc rease  is ob- 
s e r v e d  in t he  so lubi l i ty  p a r a m e t e r  r a n g e  f rom 7.3-9.1 Hb,  
w h i c h  is w i t h i n  the  lower  r a n g e  of Yeo 's  " e n v e l o p e  I"  (10). 
The re  does  no t  a p p e a r  to b e  a good  cor re la t ion  b e t w e e n  
h y d r o g e n  b o n d i n g  s t r e n g t h  of the  swel l ing  a g e n t  a n d  
p o l y m e r  w e i g h t  gain s ince  t he re  are  e x a m p l e s  of  h i g h  
w e i g h t  ga in  for b o t h  poor ly  a n d  s t rong ly  h y d r o g e n  
b o n d i n g  solvents .  

Wi th in  t h e  c lass  of poor ly  h y d r o g e n  b o n d i n g  so lven t s ,  
t he  p e r h a l o g e n a t e d  c o m p o u n d s  all i n d u c e  p o l y m e r  
w e i g h t  ga ins  g rea te r  t h a n  1.5%, w h e r e a s  t he  n o n h a l o g e n -  
a t ed  l iqu ids  swell  the  p o l y m e r  to less t h a n  0.7%. A m o n g  
t h e  p e r h a l o g e n a t e d  l iquids ,  t h e r e  are  two s u g g e s t e d  
t r ends .  First ,  as t he  re la t ive  vola t i l i ty  (def ined  as t he  rat io  
of t he  t e m p e r a t u r e  of  the  e x p e r i m e n t  to t he  bo i l i ng  p o i n t  
in K) of the solvent increases, the weight gain increases 
(see Table II). Second, within the solubility parameter 
window of higher polymer weight gain (7.3-9.1 Hb), 
fluorinated liquids are more effective swelling agents 
than chlorinated compounds. Within the class of strongly 
hydrogen bonding liquids, all of the amines act as effec- 
tive swelling agents. Piperidine, a secondary amine, may 
have reacted with the sulfonyl fluoride group of the poly- 
mer; thus, the weight gain of 27.45% in piperidine may be 
misleadingly high. The two tertiary amines probably are 
not quaternized by the sulfonyl fluoride group under the 
conditions of this experiment; thus, the weight gain 
values in these liquids are considered to be representative 
of the sulfonyl fluoride fluoropolymer per se. As was the 

2The solubility parameter (9) is defined~as (hE/Vy ~ where AE is 
the energy of vaporization to infinite molecular separation and V 
is the molar volume. The dimension of the solubility parameter 
used in this paper is the Hildebrand, where 1 Hb = 1 (cal/cm3)l~h 
When the solubility parameters of the solvent and solute are very 
close in value, mutual solubility is thermodynamically favored. 
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Table I. Swelling data for Nation 117 (S02F form) in various liquids 
grouped according to hydrogen bonding strength 

Weight gain 
Solubility of Nation 117 

Swelling agent parameter, Hb (SO2F) at 20~ % 

Poorly hydrogen bonding 
n-pentane 7.0 0.65 
1,1,2,-trichloro-2,2,1- 7.3 27.08 

trifluoroethane (TCTFE) 
n-heptane 7.4 0.40 
Halocarbon Oil (HO) 8.0 a 1.92 

CI(CFC1CFDnC1 
Cyclohexane 8.2 0.62 
Carbon tetrachloride (CTC) 8.6 2.83 
Toluene 8.9 0.35 
Acetonitrile 11.9 0.18 

Moderately hydrogen bonding 
Diethylether 7.4 0.73 
Dibutylether 7.8 0.33 
n-butylacetate 8.5 0.31 
Tetrahydrofuran (THF) 9.1 11.63 
1,4-dioxane 10.0 0.52 
Dimethylsulfoxide 12.0 0.05 
N,N'-dimethylformamide 12.1 0.13 

Strongly hydrogen bonding 
Triethylamine (TEA) 7.4 20.74 
Tributylamine (TBA) 7.7 9.99 
Lauryl alcohol 8.1 0.23 
Piperidine (PD) 8.7 27.45 

a Estimated according to Small's method (11) using a value of G = 
122 for F and n = 6. 

Table II. Relationship between swelling agent relative volatility* and 
polymer swelling for poorly and strongly hydrogen bonding solvents 

Relative Weight 
Swelling agent volatility gain, % 

Poorly hydrogen bonding 
1,1,2-trichloro-2,2,1- 0.918 27.08 

trifiuoroethane 
Carbon tetrachloride 0.837 2.83 
Halocarbon Oii 0.555 1.92 

Strongly hydrogen bonding 
Triethylamine 0.807 20.74 
Tributylamine 0.598 9.99 
Lauryl alcohol 0.551 0.23 

* See text. 

case  of  t he  poor ly  h y d r o g e n  b o n d i n g  so lvents ,  t he  re la t ive  
vo la t i l i ty  of  t h e s e  s t rong ly  h y d r o g e n  b o n d i n g  l iqu ids  cor- 
r e l a t e s  w i t h  p o l y m e r  w e i g h t  ga in  (Tab le  II). 

Note that triethylamine swells the fluoropolymer more 
than tributy]amine by a factor of two. Since the tertiary 
nitrogen is, less shielded by the alkyl component i n trieth- 
ylamine than in tributylamine, the tertiary nitrogen group 
may play a significant role in polymer swelling. 

Tetrahydrofuran is the only moderately hydrogen 
bonding liquid that swells the sulfonyl fluoride fluoro- 
polymer to any great extent. This may be due to its high 
relative volatility (0.867), although diethylether has a 
larger relative volatility (0.951) but is far less effective as a 
swelling agent. 

In summary, the room temperature swelling experi- 
ments suggest that compounds with high relative volatil- 
ity, fluorine atoms, tertiary nitrogens, and/or cyclic ether 
oxygens may prove to be effective solvents for the sulfo- 
nyl fluoride fluoropolymer. 

Polymer solubility.--As p o i n t e d  ou t  by  G i e r k e  (12) a n d  
S t a r k w e a t h e r  (13), t h e s e  f l uo ropo lymer s  are par t ia l ly  
c rys ta l l ine  at  e q u i v a l e n t  w e i g h t s  g rea te r  t h a n  a b o u t  910. 
There fore ,  d i s so lu t i on  of  t h e  f l u o r o p o l y m e r  m a y  b e  
i m p e d e d  b y  t h e  p r e s e n c e  of crys ta l l in i ty .  I t  is k n o w n  (14) 
t h a t  t h e s e  p o l y m e r s  are  so lub le  in  po la r  o rgan ic  l i qu ids  
s u c h  as a lcohols  b e l o w  a b o u t  950 EW b u t  are i n s o l u b l e  in  
t h e s e  s a m e  so lven t s  a b o v e  1000 EW e x c e p t  at  e l eva t ed  
p r e s s u r e  (5). Th i s  is an  a n a l o g o u s  s i tua t ion  to t he  dissolu-  
t ion  of  o t h e r  s emic rys t a l l i ne  p o l y m e r s  s u c h  as po lye thy l -  
ene  w h i c h  r equ i r e  hea t  to b r e a k  up  t he  c rys ta l l ine  do- 
m a i n s  by  so lven t  act ion.  Therefore ,  c o m p o u n d s  w i t h  h i g h  
bo i l i ng  t e m p e r a t u r e s  w h i c h  c o n t a i n  t he  c h e m i c a l  cons t i t -  
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Fig. 1. Swelling data for Nafion 117 (S02F form) in various liquids 
grouped according to hydrogen bonding strength (see Table I for data). 
Solid line represents Yeo's "envelope I" (10). 

u e n t s  s u g g e s t e d  b y  t he  swel l ing  e x p e r i m e n t s  were  c h o s e n  
for s t u d y  as  po t en t i a l  so lven t s  for  t he  f iuoropo lymer .  In  
o rde r  to  m a x i m i z e  t he  poss ib i l i ty  for d i s s o l u t i o n  in a 
g iven  c o m p o u n d ,  t he  d i s so lu t i on  t e m p e r a t u r e  was  c h o s e n  
to b e  w i t h i n  ]0~ of  t he  bo i l ing  t e m p e r a t u r e  of  t he  sol- 
ven t .  

A l is t  of c o m p o u n d s  w h i c h  were  success fu l  in  d issolv-  
ing  1100 and  1200 EW Na t ion  su l fony l  f luor ide  fluoro- 
p o l y m e r  is f o u n d  in Tab le  III. A l t h o u g h  at r o o m  t e m p e r a -  
t u r e  H a l o c a r b o n  Oil ba re ly  swel ls  t he  f luoropo lymer ,  a t  
h i g h  re la t ive  vola t i l i ty  i t  c o m p l e t e l y  d i s so lves  t he  ma te -  
rial, r e s u l t i n g  in  a c lear  f ree- f lowing l iquid .  As  th i s  solu- 
t ion  cools, i t  b e c o m e s  t u r b i d  at  a t e m p e r a t u r e  w h i c h  is de- 
p e n d e n t  u p o n  b o t h  e q u i v a l e n t  w e i g h t  a n d  sol ids  c o n t e n t  

Table III. Solubility of the sulfonyl fluoride forms of Nafion 501 and 511 
at solids concentrations ~ 2  w/o 

Solvent 
boiling point Appearance 

~ at 20~ 

Complete solubility 
Haloearbon Oil (telomers of 225-260 Translucent gel 

chlorotrifluor oethylene) 
Perfluorooctanoic acid 189 Solid 
Perfluorodecanoic acid 218 Solid 
Perfluorotributylamine 170-180 Clear gel 
Fluorinert FC-70 (3M Co., 215 Clear gel 

perfluorotrialkylamine) 
Pentafluorophenol 143 Clear gel 
Pentafluorobenzoic acid 220 Solid 
Per tiuoro- 1-methyldecalin 159 Clear gel 
Decafluorobiphenyl 206 Solid 

Partial solubility 
Ethylperfluorooctanoate 167 Cloudy gel 
1H,1H, 11H-eicosafluoro- 180 Solid 

1-undecanol 
Poor solubility 

1H,1H,7H-dodecafluoro-1- 169 
heptanol 

Pentafiuor obenzylalcohol 181 
1-fluoronaphthalene 216 
Trifluor omethanesulfonic 162 

acid 
Pentafluorobenzaidehyde 
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Fig. 2. Effect of solids content on cloud point temperature for 
fluoropolymer solutions in Halocarbon Oil. 

(see Fig. 2). Below this temperature, the cloud point tem- 
perature, the polymer forms a translucent gel and exudes 
a portion of the solvent (syneresis). The other solvents 
also form gels as they cool, although most other gels are 
relatively transparent. The solutions which form solids at 
room temperature do so by virtue of the melting points of 
their respective solvents. The driving force for gelation 
during cooling is most probably related to the energy bar- 
rier for dissolution during heating, polymer crystalliza- 
tion. 

Examination of Table III confirms several predictions 
which resulted from the room temperature swelling ex- 
periments. First, the solvent must be totally halogenated 
and preferably fluorinated. The only hydrogens which 
may be present are carboxylic acid and hydroxyl protons. 
Aliphatic, aromatic, aldehydic, and sulfonic acid hydro- 
gens are undesirable. Second, the perfluorotertiary 
amines are good solvents for the sulfonyl fluoride fluo- 
ropolymer. Third, relative volatility seems to play a role 
in the salvation process since the temperature which is 
necessary for dissolution depends largely upon the boil- 
ing point of the solvent. For example, the 1100 EW sulfo- 
nyl fluoride fluoropolymer forms a clear 2 w/o solution 
in pentafluorophenol at 143°C; however, it does not go 
into solution in Halocarbon Oil at this concentration at 
temperatures less than 224°C. 

Membrane formation from these solutions can be ac- 
complished by standard casting techniques (7). Close con- 
trol of the solution temperature, the substrate tempera- 
ture, and the coating speed are required for reproducible 
results. Since these solutions form gels upon cooling, the 
solution must be maintained at a temperature within 
about 10°C of its boiling point during casting. If a cool 
substrate is dipped into the hot solution, a dense gel layer 
will form on the substrate. The solvent can then be ex- 
tracted by leaching in a miscible liquid such as methylene 
chloride, or it can be driven off in a vented oven. It is of- 
ten useful to fuse the membrane at 150°C for several 
hours following solvent extraction to ensure that the sep- 

arator is free of pinholes or other imperfections. Flat 
sheets, thimbles with one closed end, fabric reinforced 
membranes,  and complex shapes have all been formed by 
this process. 

Now that the dissolution of sulfonyl fluoride con- 
taining perfluorocarbon polymers has been demon- 
strated, a number  of fundamental  investigations aimed at 
elucidating the molecular architecture of these materials 
are suggested. High temperature light scattering can re- 
veal molecular weight and chain conformation informa- 
tion. Mechanisms of network formation (crystallinity, side 
chain aggregation?) could be elucidated by conducting 
x-ray diffraction and/or light scattering (clear gel systems 
only) experiments both above and below the gelation 
temperature. The dynamic mechanical and dielectric re- 
sponse of these gels as a function of temperature would 
complement  similar studies (15) of these materials in the 
dry state and could provide direct evidence for dipole- 
dipole interactions between sulfonyl fluoride groups 
and/or the entire perfluoroether side chains. These are 
only several of a myriad of fundamental studies which are 
made possible by the identification of methods to 
solubilize sulfonyl fluoride containing fluoropolymers. 
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A B S T R A C T  
O x y g e n  reac t ive  ion  e t c h i n g  of  t he  p l ana r i z ing  p h o t o r e s i s t  layer  in  a th ree - l aye r  res i s t  s y s t e m  is desc r ibed .  The  vert i -  

cal a n d  la tera l  e t ch  ra tes  of  t he  t h i ck  res i s t  layer,  as wel l  as t he  degree  of  i so t ropy  of  t he  res i s t  profile,  are  r e p o r t e d  as 
f u n c t i o n s  of R F  p o w e r  a n d  o x y g e n  p ressure .  T h e  op t ica l  e m i s s i o n  spec t r a  are r e c o r d e d  a n d  i n t e r p r e t e d  for o x y g e n  plas-  
m a s  u s e d  in e tch ing ,  r evea l i ng  t he  p r e s e n c e  of o x y g e n  a t o m s  (O) a n d  ion ized  o x y g e n  m o l e c u l e s  (O~+). I t  is d e m o n s t r a t e d  
t h a t  t r e n d s  in  t he  d e g r e e  of  i so t ropy  w h i c h  o c c u r  w i t h  c h a n g e s  in  R F  p o w e r  a n d  o x y g e n  p r e s s u r e  c an  be  p r e d i c t e d  b y  
m o n i t o r i n g  t he  O/O2 + e m i s s i o n  i n t e n s i t y  ratio. 

A th ree - l aye r  res i s t  s y s t e m  h a s  b e e n  d e v e l o p e d  for use  
in  a va r i e t y  of app l i c a t i ons  (1). S o m e  of  t h e s e  app l ica t ions ,  
s u c h  as e l e c t r o n - b e a m  l i t hog raphy ,  r equ i r e  t he  p lanar iz-  
ing  res i s t  to be  e t c h e d  w i t h  ver t ica l  walls.  I n  t he  pro- 
ce s s ing  of GaAs  devices ,  on  t he  o the r  h a n d ,  l if t-off  is u s e d  
to def ine  smal l  me ta l  fea tures .  A th ree - l aye r  res i s t  u s e d  
for  l i f t -off  r equ i r e s  t he  p l ana r i z ing  layer  to b e  u n d e r c u t  
f r o m  the  edge  of  t he  t r a n s f e r  layer.  In  o rde r  to  a c h i e v e  
b o t h  ve r t i ca l  a n d  u n d e r c u t  profi les  r e p r o d u c i b l y  in  t he  
s a m e  m a t e r i a l  r equ i r e s  accu ra t e  con t ro l  of t h e  e t ch  step.  
R e a c t i v e  ion e t c h i n g  can  b e  m a d e  r e p r o d u c i b l e  w h e n  
t h e r e  is s o m e  u n d e r s t a n d i n g  of  t he  e t c h i n g  process .  Emis -  
s ion  s p e c t r o s c o p y  is an  u n o b t r u s i v e  t e c h n i q u e  for ga in ing  
i n f o r m a t i o n  a b o u t  t he  c h e m i c a l  species  p r e s e n t  in  t he  
p l a sma ,  as wel l  as t he i r  re la t ive  c o n c e n t r a t i o n s .  Th i s  pa-  
pe r  d e s c r i b e s  h o w  e m i s s i o n  s p e c t r o s c o p y  can  b e  em- 
p l o y e d  to s t u d y  o x y g e n  r eac t ive  ion  e t c h i n g  of  pho to re -  
s is t  u s e d  as t he  p l ana r i za t i on  layer  of a t h r ee - l aye r  sys tem.  
The  spec t r a l  da ta  are u s e d  to d e t e r m i n e  a n d  m o n i t o r  t he  
c h e m i c a l  spec ies  in  t he  p l a s m a  as f u n c t i o n s  of gas pres-  
sure  a n d  RF power .  I t  is t h e n  d e m o n s t r a t e d  h o w  e m i s s i o n  
s p e c t r o s c o p y  can  b e  u s e d  as a p roces s  d e v e l o p m e n t  tool  
to p r e d i c t  a n d  con t ro l  t he  degree  of  i so t ropy  in  t he  
profi le  of t he  p l ana r i za t i on  laYer. 

Experiments 
T h e  th ree - l aye r  res i s t  s y s t e m  d e v e l o p e d  at  t h e  S p e r r y  

R e s e a r c h  C e n t e r  e m p l o y s  pos i t ive  p h o t o r e s i s t s  a n d  
p l a s m a  d e p o s i t e d  s i l icon n i t r ide .  Two m i c r o n  t h i c k  A Z  ® 
2430 is u s e d  as t he  p l ana r i z i ng  layer,  a n d  o n e - t e n t h  mi-  
c r o n  s i l i con  n i t r i de  is p l a s m a  d e p o s i t e d  over  t he  resist ,  
w h i c h  ha s  b e e n  h a r d - b a k e d  to p r e v e n t  wr ink l ing .  Deta i l s  
of  th i s  p roce s s  are r e p o r t e d  e l s e w h e r e  (1). T he  i m a g i n g  
layer  is genera l ly  0.5 ~ m  of a pos i t ive  res i s t  w h i c h  can  be  
e i t h e r  e l e c t r o n - b e a m  or opt ica l ly  e x p o s e d  a n d  t h e n  devel-  
oped.  Once  deve loped ,  t he  i m a g i n g  res i s t  ac ts  as a m a s k  
for  p l a s m a  e t ch ing  t he  s i l icon n i t r i de  layer  in  CFJO2. The  

*Electrochemical Society Active Member. 
1Present address: Digital Equipment  Corporation, Hudson, 

Massachusetts 01749. 
®Registered trademark of American Hoechst Corporation, 
Somerville, New Jersey, for their photoresist products. 

p a t t e r n e d  s i l icon n i t r i de  layer  t h e n  serves  as a m a s k  for 
r eac t ive  ion  e t c h i n g  of  t he  A Z  2430 layer.  

E t c h i n g  of t he  A Z  2430 layer  is a c c o m p l i s h e d  w i t h  13.56 
MHz R F  p o w e r  app l i ed  to t he  b o t t o m  e l ec t rode  of  a pla- 
na r  s y s t e m  w i t h  a c h a m b e r  v o l u m e  of  13:5 l i ters.  The  in- 
p u t  p o w e r  to t he  25.4 c m  d i a m e t e r  e l ec t rode  is va r i ed  be-  
t w e e n  50 a n d  450W. MOS p u r i t y  o x y g e n  is u s e d  as t he  
e t ch  gas a n d  t he  flow of  gas  in to  the  c h a m b e r  is con-  
t ro l l ed  b y  m a s s  f lowmeters .  The  c h a m b e r  p r e s s u r e  is 
he ld  c o n s t a n t  b y  a n  a u t o m a t i c  v e n e t i a n  b l i n d  va lve  con-  
t ro l l ed  b y  a c a p a c i t a n c e  m a n o m e t e r ,  w h e r e  p r e s s u r e s  be- 
t w e e n  5 a n d  1000 m t o r r  are  s tud ied .  D u r i n g  t h e  e t c h i n g  
b o t h  t he  top  a n d  b o t t o m  e lec t rodes  are  m a i n t a i n e d  at  
40°C. 

S a m p l e s  are e t c h e d  for v a r y i n g  t ime  pe r iods  b u t  n e v e r  
long  e n o u g h  to c o m p l e t e l y  r e m o v e  the  p l ana r i z ing  resist .  
Af te r  t he  speci f ied  e t ch  t ime,  t he  s a m p l e  is c l eaved  a n d  
e x a m i n e d  in the  SEM, w h e r e  m e a s u r e m e n t s  of  t he  e t ch  
d e p t h  a n d  t h e  a m o u n t  of  u n d e r c u t  f rom the  m a s k  are 
m a d e  f rom S E M  p h o t o g r a p h s .  These  data,  t a k e n  f rom 
severa l  loca t ions  on  t he  sample ,  are  u s e d  to ca lcu la te  t he  
ave rage  ver t ica l  a n d  la tera l  e t ch  rates .  The  la te ra l  e t ch  
ra te  d iv ided  b y  the  ver t ica l  e t ch  ra te  is de f ined  as t h e  de- 
gree  of i so t ropy,  w h i c h  is a q u a n t i t a t i v e  way to d e s c r i b e  
the  e t c h e d  profi le  of t he  p l ana r i z ing  resist .  The  deg ree  of 
isotropy is calculated for several oxygen pressures and 
RF input powers, and the average value is reported for 
each set of conditions. 

Emission spectra are taken through a quartz window in 
the etching chamber using an optical multiehannel analy- 
zer. The spectrum between 366 and 800 nm is integrated 
on a 1024 channel linear diode array detector for 16s, 
which gives a good signal-to-noise ratio. The relative con- 
centration of a species is determined by computing the 
area under the peak due to emission by that particular 
atom or molecule. These areas are corrected by sub- 
stracting the background spectra due to stray light and 
detector noise. 

Results 
The  ver t i ca l  e t ch  ra te  of h a r d - b a k e d  A Z  2430 in  an  oxy- 

gen  p l a s m a  is p lo t t ed  in Fig. 1 for  severa l  v a l u e s  of  t he  
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Fig. 1. Vertical etch rates for hard-baked AZ 2430 in an oxygen 
plasma. Etch rates as a function of RF power for several system pressures; 
error bars represent lo- uncertainties. 

m a c h i n e  pa r ame te r s .  F igu re  1 s h o w s  t h e  ve r t i ca l  e t ch  ra te  
as a f u n c t i o n  of  R F  p o w e r  at  c o n s t a n t  p r e s s u r e  va lues .  I t  
can  be  seen  t h a t  t he  e t ch  ra te  i nc r ea se s  l inear ly  w i t h  in- 
c reas ing  p o w e r  w h e n  the  o x y g e n  p r e s s u r e  is 5, 20, 200, 
a n d  1000 mtorr .  A t  a c h a m b e r  p r e s s u r e  of  100 mtor r ,  t h e  
e t ch  ra te  i nc r ea se s  w i t h  i n c r e a s i n g  power ,  b u t  the  de-  
p e n d e n c e  is no t  l inear .  

The  la tera l  e t ch  ra tes  for t he  s a m e  s a m p l e s  are p lo t t ed  
in Fig. 2 as a f u n c t i o n  of  p o w e r  at  c o n s t a n t  p ressure .  The  
p o w e r  d e p e n d e n c e  of t he  la tera l  e t ch  ra te  is s imi la r  to t he  
p o w e r  d e p e n d e n c e  of  t he  ver t i ca l  e t ch  rate.  La t e ra l  e t ch  
ra tes  i nc r ea se  w i t h  i n c r e a s i n g  power ,  t he  d e p e n d e n c e  be-  
ing  l inea r  e x c e p t  for  p r e s su re s  nea r  100 mtor r .  

Opt ica l  e m i s s i o n  spec t r a  are  r e c o r d e d  of  o x y g e n  plas- 
m a s  u n d e r  t h e  c o n d i t i o n s  u sed  for  e t ch ing .  T he  spec t r a  
are r e c o r d e d  w i t h o u t  wafe rs  in  t he  c h a m b e r  to d e t e r m i n e  
w h i c h  c h e m i c a l  spec ies  are  g e n e r a t e d  in t he  p l a s m a  a n d  
are ava i l ab le  in  t he  gas p h a s e  as pos s ib l e  e t chan t s .  F i g u r e  
3 s h o w s  the  e m i s s i o n  s p e c t r u m  of  a 20 m t o r r  o x y g e n  
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Fig. 2. Lateral etch rates for hard-baked AZ 2430 in on oxygen 
plasma. Etch rates as a function of RF power for several system pressures. 

p l a s m a  exc i t ed  at  300W. The  w a v e l e n g t h  of a p e a k  or l ine  
in  t he  s p e c t r u m  is u s e d  to i den t i fy  t he  c h e m i c a l  spec ies  
r e s p o n s i b l e  for the  emiss ion .  Most  of the  e m i s s i o n  p e a k s  
can  be  a s s igned  to e l ec t ron ic  t r an s i t i ons  of o x y g e n  a t o m s  
(O) a n d  ion ized  o x y g e n  m o l e c u l e s  (02+). The  p r o m i n e n t  
o x y g e n  a t o m  l ines  are in  the  q u i n t e t  a n d  t r ip l e t  s y s t e m s  
(2). The  o x y g e n  m o l e c u l a r  ion  t r a n s i t i o n s  o b s e r v e d  are  in  
the  first nega t i ve  4~g- __~ 4ii u a n d  s e c o n d  nega t i ve  211, 
~Hg s y s t e m s  (3). E v e n  t h o u g h  m o s t  of  the  gas  in  t he  s y s t e m  
is m o l e c u l a r  oxygen ,  t he  e m i s s i o n  f rom O2 is too  w e a k  to 
observe ,  a c o m m o n  o c c u r r e n c e  in low p r e s s u r e  dis- 
cha rge s  (3). 

Discussion 
The  e l ec t ron -mo lecu l e  r eac t i ons  w h i c h  occu r  in  an  oxy- 

gen  d i s cha rge  are l i s ted  in  Tab le  I. The  n u m b e r  of  ions  or  

Fig. 3. Emission spectrum of 20 
mtorr oxygen plasma excited at 
300W. Emission peaks due to oxy- 
gen atoms and ionized oxygen mol- 
ecules ore identified. 
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Table I. Electron-molecule reactions occurring in an 
oxygen discharge (4) 

R e a c t i o n  cr~,x (cm*) 

1. e -  + O~ --* O ,  + 2 e -  2 .72  x 10 - '~  
2. e -  + O2--* O + + O + 2 e -  1.0 x 10 -re 
3. e -  + O2--* 2 0  + e 2 ,25  x 10 -'8 
4. e + O~--~ O -  + O 1.41 x 10 -~8 
5. e -  + O 2 ~ O -  + O  + + e -  4 .85  x 10 -~9 
6. e-  + O~ -~ O2('Ag) + e-  3.0 • i0  -2~ 
7. e-  + 0 --* 0 + + 2e- 1.5 x 10 -'s 

a t o m s  p r o d u c e d  f rom a n  e l e c t r o n - o x y g e n  r eac t i on  de- 
p e n d s  on  t he  dens i t y  of oxygen ,  t he  cross  sec t ion  for the  
p r o c e s s  (Tab le  I), t h e  n u m b e r  of e lec t rons ,  a n d  t he  elec- 
t r o n  e n e r g y  d i s t r i b u t i o n  w i t h i n  t h e  p l a sma .  To d i s soc ia t e  
O~ in to  O a t o m s  ( reac t ion  3) r equ i r e s  an  e l ec t ron  e n e r g y  
a b o v e  4.5 eV (5); i on iza t ion  of O~ to O2 + ( reac t ion  1) re- 
qu i res  12.2 eV (5); a n d  ion iza t ion  of  O a t o m s  to O + (reac- 
t ion  7) r e q u i r e s  13.6 eV (2). F r o m  o the r  da ta  i t  is e x p e c t e d  
t h a t  the  e l ec t ron  e n e r g y  d i s t r i b u t i o n  f u n c t i o n  p e a k s  nea r  
5 eV (6, 7), so to  ionize 02 a n d  O r equ i r e s  e l ec t rons  in t h e  
h i g h - e n e r g y  tail  of  the  d i s t r i bu t ion .  O the r  s tud ie s  h a v e  
f o u n d  t h a t  o x y g e n  a t o m s  can  m a k e  u p  a p p r o x i m a t e l y  
10% of t he  p l a s m a  (8), b u t  t he  degree  of i on iza t ion  of  02 in 
t he  t y p e  of  low t e m p e r a t u r e  p l a s m a s  u sed  for e t c h i n g  is of 
o rde r  10 -7 - 1 0  -4  (9 ,  10) .  Spec t r a l  da ta  of the  p l a s m a s  s tud-  
ied  in th i s  w o r k  s h o w  e m i s s i o n  f rom on ly  O a t o m s  a n d  
02 + ions.  No e m i s s i o n  is o b s e r v e d  due  to O + ions,  b u t  s ince  
t h e  l o w e s t  a l lowed  t r a n s i t i o n s  h a v e  exc i t a t i on  ene rg i e s  in  
exces s  of 25 eV, th i s  does  no t  p r e c l u d e  t he  p r e s e n c e  of O + 
( the h i g h e s t  e n e r g y  O a n d  02 + t r a n s i t i o n s  o b s e r v e d  are  ex- 
c i t ed  at  less  t h a n  15 eV). However ,  T h o m p s o n  r epo r t s  t h a t  
in  t he  pos i t i ve  c o l u m n  of  a D e  d i s cha rge  t he  0§ § ra t io  is 
e q u a l  to  1/70 (11). There fore ,  t h e  dens i t y  of  O 4 is s m a l l  
e n o u g h  t h a t  O + can  b e  n e g l e c t e d  as an  e t ehan t .  O x y g e n  is 
a v e r y  e l ee t ronega t i ve  e l ement ,  so e l ec t ron  a t t a c h m e n t  
( reac t ions  4 a n d  5) is a l ike ly  reac t ion .  However ,  t he  re- 
ve r se  of r eac t i on  4 is ve ry  r ap id  (4), s o . a n y  O f o r m e d  
w o u l d  r e c o m b i n e  qu i ck l y  a n d  ve ry  l i t t le  O- w o u l d  b e  
ava i l ab le  for e tch ing .  In  add i t ion ,  O- is nega t ive ly  
c h a r g e d  a n d  w o u l d  b e  r epe l l ed  f rom t he  ca thode ,  w h e r e  
e t c h i n g  is t a k i n g  place.  

T h u s  it  can  be  c o n c l u d e d  t h a t  t he re  are  t h r e e  spec ies  
p r e s e n t  in  t he  o x y g e n  d i s cha rge  w h i c h  cou ld  pos s ib ly  be  
r e s p o n s i b l e  for  t he  e t c h i n g  w h i c h  occurs :  O~, O, a n d  02 +. 
I t  is k n o w n  t h a t  O a t o m s  will  e t ch  pho to res i s t ,  b u t  O~ 
m o l e c u l e s  will  no t  e t ch  p h o t o r e s i s t  u n d e r  t he  s ame  condi -  
t i ons  (12), I t  is also l ike ly  t h a t  O2 + ions  ~vill e t ch  
pho to re s i s t ;  t h e s e  ions  will  b e  acce le ra t ed  in  a d i r ec t i on  
p e r p e n d i c u l a r  to t h e  wafe r  sur face  by  t he  p l a s m a  s h e a t h  
e lect r ic  field. T h e s e  ions  m a y  b e  d i rec t ly  r e s p o n s i b l e  for 
e t c h i n g  p h o t o r e s i s t  in  t he  ve r t i ca l  d i r ec t i on  as p r o p o s e d  
b y  N a m a t s u  et al. (13), or t h e s e  ions  m a y  pa r t i c ipa t e  in  an  
i o n - e n h a n c e d  m e c h a n i s m  to p r o m o t e  ver t i ca l  e t ch ing .  In  
e i t h e r  case,  t he  ver t ica l  e t ch  ra te  w o u l d  be  p r o p o r t i o n a l  to 
t h e  flux of  O~ + ions  to t he  wafe r  surface.  T he  O a t o m s  
p r o d u c e d  in  t he  o x y g e n  p l a s m a  are u n e f f e c t e d  b y  the  
s h e a t h  e lect r ic  field, so t he  a t o m s  will  e t ch  in  b o t h  t he  
la te ra l  a n d  ver t i ca l  d i rec t ions .  

The  deg ree  of i so t ropy  is de f ined  to q u a n t i t a t i v e l y  
c o m p a r e  e t c h  prof i les  of  t he  p l ana r i z ing  res i s t  u n d e r  dif- 
f e r en t  p l a s m a  cond i t ions .  Th i s  p a r a m e t e r  is de f ined  as 
t he  la te ra l  e t ch  ra te  d iv ided  b y  t he  ver t ica l  e t ch  rate.  Fo r  
c o m p l e t e l y  i so t rop ic  e t c h i n g  t h e  degree  of i so t ropy  is one, 
wh i l e  for  a n i s o t r o p i c  e t c h i n g  it  equa l s  zero. T h e  d e g r e e  of  
i so t ropy  is p lo t t ed  as a f u n c t i o n  of R F  p o w e r  a n d  o x y g e n  
p r e s s u r e  in  Fig. 4. T he  deg ree  of  i so t ropy  is s e e n  to in- 
c rease  w i t h  i n c r e a s i n g  p ressu re .  At  c o n s t a n t  p ressu re ,  t he  
deg ree  of  i so t ropy  dec rea se s  for i n c r e a s i n g  R F  power ,  b u t  
on ly  at  low va lues  of power .  At  h i g h  R F  p o w e r  va lues  t he  
deg ree  of  i so t ropy  r e m a i n s  c o n s t a n t  as t he  p o w e r  is in- 
c reased .  Th i s  i n f o r m a t i o n  is v a l u a b l e  for p r oce s s  deve lop-  
m e n t .  Fo r  c o m p l e t e l y  an i s o t r op i c  e t c h i n g  t he  o x y g e n  
p r e s s u r e  m u s t  b e  b e l o w  5 mtor r .  T h e n  any  p o w e r  v a l u e  
b e t w e e n  150 a n d  400W wil l  y ie ld  a n i s o t r o p i e  e t ch ing ,  b u t  
t he  p o w e r  v a l u e  d e t e r m i n e s  t he  e t c h  r a t e  (Fig. 1). Fo r  

(].7 

0.6 

0.5 

0.4 

co 0 .3  

0.2 

C~ 
0.1 

0 -- 

i i I I I 

i T ~ooo ,~ro. 

I 200 mTorr 

100 mTorr 

 20mrorr 

- & I 6 5 m T ~  ) 
1oo 200 300 400 

83-333 
POWER (W) 

Fig. 4. Degree of isotropy of hard-baked AZ 2430 after oxygen RIE. 
The ratio of lateral to vertical etch rate is shown as a function of RF 
power for several system pressures. Error bars represent 1~ 
uncertainties. 

s o m e  p r o c e s s i n g  t e c h n i q u e s  a con t ro l l ed  u n d e r c u t  is de- 
s ired;  th i s  c an  be  r e p r o d u c i b l y  a c h i e v e d  b y  u s i n g  t h e  e t ch  
ra te  a n d  deg ree  of i so t ropy  da ta  in  Fig. 1 a n d  4 (1). 

A s s u m i n g  a m o d e l  u s i n g  f i rs t -order  k ine t ics ,  b o t h  t he  
ver t i ca l  a n d  la tera l  e t ch  ra tes  will  b e  p r o p o r t i o n a l  to t h e  
density of the reactant species in the etching reaction. By 
this model the lateral etch rate will be proportional to the 
number of O atoms present in the plasma and the vertical 
etch rate will be proportional to the number of 02 + ions. 
The oxygen atoms also contribute to the vertical etch 
rate, but at low pressures this contribution can be ne- 
glected because the lateral etch rate is small compared to 
the vertical etch rate (see Fig. 1 and 2). The emission in- 
tensities of these species can be used to monitor their rel- 
ative concentrations in the plasma. 

For an observed spectral line, the emission intensity 
has the form 

I ~ nen~f(x,Te) exp (-x/kTe) 

where ne is the electron density, n~ is the density of the 
ions or atoms responsible for the emission, X is the excita- 
tion energy to the upper state, and Te is the electron tem- 
perature. The Boltzmann factor, exp (-x/kTe), naturally 
appears in the rate of excitation due to electron collisions 
(14); the remaining temperature dependence has been 
written as f(x, Te). Since the Boltzmann factor dominates 
the temperature dependence for kTe ~ X, the ratio of emis- 
sion intensities for O atoms and 02 + ions is given approxi- 
mately by 

I_o ~ no exp  (-Ax/kT~) 
I+ n§ 

Here  no a n d  n+ are the  dens i t i e s  of O a n d  02 +, respec-  
t ively,  wh i l e  hX = Xo - • is t h e  d i f f e rence  in  e x c i t a t i o n  en- 
ergies  for  t he  two spec t r a l  l ines  chosen .  

A s s u m i n g  t h a t  the  degree  of  i so t ropy  is p r o p o r t i o n a l  to 
t he  ra t io  nJn+, i t  is also p r o p o r t i o n a l  to Io/I+ m u l t i p l i e d  b y  
a t e m p e r a t u r e - d e p e n d e n t  factor ,  exp  (Ax/kTe). Thi s  correc-  
t ion  t e r m  is a d e c r e a s i n g  f u n c t i o n  of e l ec t ron  t e m p e r a -  
ture .  At  low t e m p e r a t u r e s  (kT~ < AX) c o r r e s p o n d i n g  to low 
p o w e r  a n d  h i g h  p r e s su re  in  the  p lasma,  t he  c o r r e c t i o n  
t e r m  is a s t rong ly  v a r y i n g  func t ion .  At  h i g h  t e m p e r a t u r e s  
(kTe > AX) c o r r e s p o n d i n g  to h i g h  p o w e r  and  low p res su re ,  
t h i s  t e r m  va r i e s  slowly. 

The  i n t e n s i t y  ra t ios  of  va r ious  o x y g e n  a t o m  l ines  to t he  
558 n m  02 + b a n d  are p lo t t ed  in Fig. 5. The  ra t ios  are 
p lo t t ed  as a f u n c t i o n  of RF  p o w e r  for a 20 m t o r r  O~ 
p lasma .  The  ra t io  of  o x y g e n  a t o m  l ines  at  394, 437, 533, 
615, a n d  645 n m  to t he  558 n m  02 + b a n d  c h a n g e s  v e r y  lit- 
t le  as t he  p o w e r  is inc reased .  The  ra t io  of  t he  O a t o m  l ines  
at  777 a n d  844 n m  ( lat ter  no t  s h o w n  in  t he  s p e c t r u m  or  
plot)  to t he  O2 + b a n d  dec rea se s  s h a r p l y  as t h e  p o w e r  is in- 
c reased .  S imi l a r  p lo t s  h a v e  b e e n  m a d e  for  p l a s m a s  pro- 
d u c e d  at  O~ p r e s s u r e s  of  5 a n d  100 m t o r r ;  s imi la r  r e su l t s  
are  obse rved .  The  d i f f e rences  b e t w e e n  t he  l onge r  wave-  
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Fig. 5. Relative emission intensities of several oxygen atom lines com- 
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l e n g t h  l ines  a n d  t he  o t h e r  five O a t o m  l ines  are  n o t  pres-  
en t ly  u n d e r s t o o d  b u t  are  b e i n g  e x p l o r e d  fur ther .  S p e c t r a  
h a v e  also b e e n  c o m p a r e d  to an  O2 + b a n d  at 523 n m  a n d  a 
b a n d  in t h e  s e c o n d  nega t ive  s y s t e m  of 03 + at  383 nm.  All 
of t h e s e  r e su l t s  s h o w  t he  s a m e  d e p e n d e n c e  of  t he  ra t ios  
on  m a c h i n e  p a r a m e t e r s  as o b s e r v e d  in  Fig. 5. 

The  ra t io  of the  O a t o m  e m i s s i o n  l ine at  615 n m  to the  
558 n m  02 + b a n d  is p lo t t ed  as a f u n c t i o n  of  p o w e r  at  sev- 
eral  va lues  of o x y g e n  p r e s s u r e  in  Fig. 6. T he  ra t io  of  t he  
o x y g e n  a t o m  e m i s s i o n  to t he  ionized o x y g e n  m o l e c u l e  
e m i s s i o n  d e c r e a s e s  as t he  p r e s s u r e  is lowered .  At  5 a n d  20 
m t o r r  c h a m b e r  p ressu re ,  t he  ra t io  i nc r ea se s  as t he  p o w e r  
is r a i sed  f rom 50 to 200W;-between 200 a n d  400W the  ra t io  
of  e m i s s i o n  i n t ens i t i e s  is cons t an t .  Fo r  an  o x y g e n  pres-  
sure  of  100 m t o r r  t he  cu rve  of  i n t e n s i t y  ra t ios  falls s l igh t ly  
as t he  p o w e r  is r a i sed  over  the  r a n g e  50-400W. At  o x y g e n  
p r e s s u r e s  of  200 m t o r r  the  e m i s s i o n  cu rve  falls s ha rp ly  as 
t he  p o w e r  increases .  

The  e m i s s i o n  da ta  in  Fig. 6 a n d  t he  deg ree  of  i so t ropy  
da ta  in  Fig. 4 s h o w  i m p o r t a n t  s imi la r i t i es  in  t h e i r  d e p e n d -  
e n c e  on  p r e s s u r e  a n d  power .  At  a f ixed p r e s s u r e  of  100 
m t o r r  or be low,  b o t h  g r a p h s  f la t ten for  p o w e r s  a b o v e  
200W. I n  add i t ion ,  a t  a f ixed power ,  d e c r e a s i n g  t he  pres-  
sure  d e c r e a s e s  b o t h  t h e  e m i s s i o n  ra t io  a n d  t he  degree  of 
i so t ropy.  The  lowes t  degree  of  i so t ropy  occu r s  at  t he  
l owes t  p ressu re ,  w h e r e  the  ra t io  of  0 /02  + e m i s s i o n  is also 
at  a m i n i m u m .  

A p p l i c a t i o n  of  the  t e m p e r a t u r e  co r r ec t i on  t e r m  [exp 
(Ax/kTe)] to t he  e m i s s i o n  i n t e n s i t y  da ta  h e l p s  to  u n d e r -  
s t a n d  t he  Small  d i f f e rences  b e t w e e n  Fig. 4 a n d  6 at  low 
power .  C o n s i d e r  t he  da ta  at  f ixed low p r e s s u r e  (5 or 20 
mtor r )  w h e r e  t he  deg ree  of  i so t ropy  is small .  A t  h i g h  R F  
powers ,  t he  co r r ec t i on  t e r m  var ies  s lowly  w i th  p o w e r  a n d  
the  da ta  s h o w n  m Fig. 4 a n d  6 are in  s u b s t a n t i a l  agree-  
men t .  As t he  p o w e r  is dec reased ,  the  e l ec t ron  t e m p e r a -  
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Fig. 6. Ratio of 0 emission at 615 nm to 02 + emission at 558 nm. This 
ratio is plotted against power for several pressures values. 

t u r e  dec rea se s  and  the  co r r ec t i on  t e r m  inc reases ,  ex- 
p l a i n i n g  the  a p p a r e n t  d i s c r e p a n c y  b e t w e e n  the  deg ree  of 
i so t ropy  a n d  the  e m i s s i o n  data.  

C o n c l u s i o n s  
I t  h a s  b e e n  s h o w n  tha t  the  degree  of i so t ropy  o b t a i n e d  

in o x y g e n  reac t ive  ion  e t c h i n g  of the  p l ana r i z ing  layer  of  a 
t h ree - l aye r  res i s t  s y s t e m  is a s t rong  f u n c t i o n  of p re s su re ,  
b u t  a m u c h  w e a k e r  f u n c t i o n  of  RF  power .  E m i s s i o n  spec- 
t ra  of o x y g e n  p l a s m a s  r evea l ed  t h a t  O a t o m s  a n d  O2 + ions  
are p r e s e n t  a n d  ava i l ab le  to e t ch  pho tores i s t .  I t  was  dem-  
o n s t r a t e d  t h a t  the  p a r a m e t e r  d e p e n d e n c e  of the  deg ree  of 
i so t ropy  can  be  p r e d i c t e d  b y  m o n i t o r i n g  the  O/O2 + emis -  
s ion i n t e n s i t y  ra t ios  as f u n c t i o n s  of  the  s a m e  p a r a m e t e r s .  
The  ef fec t  t h a t  c h a n g e s  in  t h e  p r e s s u r e  a n d  p o w e r  h a v e  
on  the  p l ana r i z ing  res i s t  profi le  can  be  p r e d i c t e d  f rom 
c h a n g e s  in  the  e m i s s i o n  rat ios.  

M a n u s c r i p t  s u b m i t t e d  J u n e  29, 1983; r ev i sed  m a n u -  
sc r ip t  r ece ived  Feb.  9, 1984. This  was  p a p e r  180 p r e s e n t e d  
at  the  San  Franc i sco ,  Cal ifornia ,  Mee t i ng  of  t he  Society,  
May  8-13, 1983. 

Sperry Corporation assisted in meeting the publication 
costs of this article. 
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Low Temperature Plasma-Enhanced Epitaxy of GaAs 
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ABSTRACT 
Low temperature (~450~ deposition of single-crystal GaAs using a new plasma-enhanced MO-CVD technique is 

reported. In this technique, plasma is created by a dc potential and the substrate is not directly exposed to the plasma. 
Deposition of GaAs was achieved at extremely low plasma power (0.3-0.5 W/cm 2) using trimethylgallium (TMGa) and ar- 
sine (or trimethylarsenic) reactants. The resulting epitaxial films show excellent surface morphology and thickness uni- 
formity over a large area substrate. A linear dependence of growth rate upon TMGa concentration was observed with a 
typical growth rate of 0.1 ~m/min for a TMGa flow rate of 15 ml/min. Undoped films were found to be n-type with a 
room temperature mobility in the range of 5200 cmz V -1 �9 s -1. Measurements on Schottky barrier devices fabricated on 
n/n + layers show uniform impurity doping profiles. Temperature dependence of the diode capacitance indicates a den- 
sity of deep trapping centers as low as 6.2 x 10 '3 cm -3. 

Significant advances have been made in the prepara- 
tion of high purity GaAs for microwave and optoelec- 
tronic device applications using a number  of epitaxial 
growth techniques (1). These techniques include liquid 
phase epitaxy (LPE), vapor phase epitaxy (VPE), metal- 
organic chemical vapor deposition (MO-CVD), and molec- 
ular beam epitaxy (MBE). With the exception of MBE, all 
of these techniques require high growth temperatures, 
typically 600~176 These high temperature growths can 
lead to thermally generated defects, interdiffusion, and 
autodoping in the epitaxial layer. While high quality MBE 
layers can be grown at lower temperatures (~> 500~ this 
technique requires an expensive ultrahigh vacuum unit, 
and the epitaxial  growth rate is extremely slow. Plasma- 
enhanced deposition offers the advantage (2) of low tem- 
perature growth with comparable or higher growth rates 
than those achieved with conventional epitaxial tech- 
niques. In addition, plasma-enhanced deposition should 
result in efficient utilization of reactant, high reactivity 
among constituent atoms, increase in the number of nu- 
cleation sites, residual impurity gettering, and high 
doping efficiency. This paper describes a novel growth 
system utilizing a plasma-enhanced MO-CVD process. In 
order to minimize any substrate damage due to radiation 
and ion bombardment, the substrate is not directly ex- 
posed to the plasma. Moreover, deposition of single- 
crystal GaAs is achieved at extremely low plasma power 
(0.3-0.5 W/cm ~) using metal-organic reactants. The use of 
metal-organic reactants facilitates the use of a simple one- 
zone reaction chamber, and the grown layers are highly 
uniform over a large area substrate (50 mm diam). 

electrode was kept at ground potential, while a negative 
dc bias in the range of 300-350V was applied to the active 
pedestal electrode to create a plasma in the region shown 
in Fig. 1. This arrangement prevents the substrate from 
being directly exposed to the plasma. 

For the deposition of epitaxial GaAs, tr imethylgall ium 
(TMGa) was introduced from the top of the reaction 
chamber by bubbling hydrogen through the TMGa 
source (at 0~ Dopants [hydrogen sulfide (H2S) or tri- 
methylsilicon ([CHa]3Si)] can be introduced as needed 
through the TMGa port. Provisions were also made to 
etch the substrate in situ using gaseous HCI and to cover 
the substrate with a shutter (not shown in Fig. i) during 
initial plasma excitation. 

The epitaxial layers were deposited on highly polished 
Cr-doped GaAs substrates oriented 2 ~ off the (100) direc- 
tion, toward the (II0) direction. Some samples were also 

Experimental Details 
Epitaxial GaAs layers were deposited using a reactor 

configuration shown schematically in Fig. 1. The 
T-shaped stainless steel pedestal was used as the active 
plasma electrode on which a dc bias was applied via an 
electrical feedthrough enclosed in a ceramic sheath. The 
substrate was placed on the top of the pedestal. The ped- 
estal contains a resistive heater to heat the substrate and a 
thermocouple to monitor its temperature. The second 
plasma electrode (passive), placed approximately 2-3 in. 
below the pedestal, was made of a 1/4 in. diam stainless 
steel tube bent at 90 ~ as shown in Fig. i. Arsine (AsH~, 
10% in HD gas or trimethylarsenic ([CH~]3As) was intro- 
duced into the reaction chamber through a row of holes 
in the horizontal arm of this electrode. All the results re- 
ported here were obtained for epitaxial layers grown 
using arsine, since in using a trimethylarsenic source, 
high quality layers were not readily achieved. The passive 

*Electrochemical Society Active Member. 
Key words: plasma CVD, MO-CVD, low temperature epitaxy, 

GaAs epitaxy. 
Fig. 1. Cross section of the plasma-enhanced MO-CVD reaction 

chamber. 
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grown on highly  doped  (n § GaAs substrates  for device  
applicat ion.  Pr ior  to the  growth,  the substra tes  were  
c leaned in organic solvents  and e tched  in 
H2SO4:H202:tt20 (3:1:1 by volume)  to r e m o v e  the  surface 
damage  due  to polishing. 

Before  a typical  g rowth  run, the  sys tem was evacua ted  
to a few mil l i torr  pressure  and purged  with  n i t rogen  gas. 
This s equence  was repea ted  at least three  t imes.  A p lasma 
was then  genera ted  in argon or n i t rogen gas to c lean the  
react ion chamber .  Dur ing  this period, the substra te  was 
covered  with  the shut ter  to min imize  any hydroca rbon  
depos i t ion  on the substrate.  After  cleaning,  the shut ter  
was opened  and the  substrate  was e tched  (3) in  s i tu  with 
gaseous  HC1 at 200~ (as desired) us ing a flow rate of  2 
ml/min.  As soon as the des i red growth t empera tu re  was 
stabilized, the  reactants  were  in t roduced  to begin  the  
epi taxial  layer growth.  

Results and Discussion 
M a t e r i a l s . - - E p i t a x i a l  growth  was carr ied out  over  the  

t empera tu re  range 250~176 with  TMGa flow rate 
var ied  be tween  5 and 35 ml /min  at cons tant  arsine flow 
rate of 15 ml/min.  Dur ing  the growth,  the  pressure  in the 
react ion chamber  was main ta ined  be tween  0.8 and 1.5 
torr. Typically,  SEM micrographs  of the  epi taxial  layers 
were  h ighly  uni form and featureless  (4). Typical  epi taxia l  
layer th icknesses  were  be tween  1 and 10 /zm. The films 
exh ib i t  exce l len t  th ickness  un i fo rmi ty  (within 3 to 4%, as 
measu red  in an SEM after c leaving  and staining) Over a 
large area (50 m m  diam) substrate.  F i lms  can be g rown  at 
t empera tu res  as low as 250~ but  films g rown at such 
low t empera tu res  show gal l ium inclus ions  (identified by 
energy  dispers ive  x-ray analysis us ing  an SEM) and hil- 
lock format ions  (4). By us ing an SEM in the spec imen  
cur ren t  mode,  e lec t ron channe l ing  pat terns  (ECP) (5) 
were  r ecorded  for films g rown at 425~ The e lec t ron 
channe l ing  pat terns  for these  layers are sharp wi th  fine 
lines, angular  details, and high band contras t  (4), showing  
features  ve ry  similar  to those  observed  in h igh  qual i ty  
V P E  layers.  

TO s tudy  the  growth kinetics,  the  films were  depos i ted  
at d i f ferent  TMGa flow rates at a cons tan t  arsine flow 
rate of 15 ml/min.  F igure  2 is a plot  of  g rowth  rate vs. 
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Fig. 2. Variation of growth rate with TMGo flow 

30 

TMGa flow. The l ineari ty of  the  plot  indica tes  that  the  
growth  is mass- t ransport - l imited,  as repor ted  p rev ious ly  
(6). The  growth  rate was found to be i n d e p e n d e n t  of  
g rowth  t empe ra tu r e  in the  range 300~176 (Fig. 3), wi th  
all o ther  depos i t ion  parameters  constant .  Note  that  be low 
300~ the g rowth  rate decreases  rapidly,  and a signifi- 
cant  depar ture  f rom l ineari ty is observed.  Be low 300~ 
incomple te  growth,  which  m a y  be caused  by incomple te  
pyrolysis  of  the  arsine, occurs. 

Without  in tent ional  doping,  all the  epi taxial  layers were  
found to be n- type . 'Net  carrier  concent ra t ion  for u n d o p e d  
layers was found to decrease  wi th  decreas ing  growth  tem- 
perature ,  as shown in Fig. 4. At a growth  t empera tu re  of  
350~ the ne t  impur i ty  concen t ra t ion  der ived  f rom Hall- 
effect  m e a s u r e m e n t s  was found to be ~-5 x 10 '~ cm -3. Un- 
doped  films g rown at 400~ show a room t empera tu r e  
Hall  mobi l i ty  of  5200 cm 2 V- '  - s - '  (Fig. 4). F i lms  g rown  
be low 350~ show a decrease  in mobil i ty,  wh ich  may  be 
due to increased  scat ter ing as a result  of hi l lock forma- 
tion, as repor ted  prev ious ly  (7). 

In order  to assess the  doping  dens i ty  in typical  epi taxia l  
layers, capaci tance-vol tage  m e a s u r e m e n t s  were  per- 
fo rmed  on Schot tky-bar r ie r  d iodes  fabr icated on two un- 
doped  n-type layers g rown on (Te-doped) n § substrates.  
Both  layers were  g rown at 425~ with  a TMGa flow rate 
of  12 ml/min.  Layer  B1 was g rown with an arsine flow 
rate of  15 ml/min,  whi le  layer B2 was g rown with  flow 
rate of 20 ml/min.  Both  of these  layers showed  a flat 
dop ing  profile wi th  ne t  backg round  impur i ty  concentra-  
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Fig. 3. Dependence of growth rate on growth temperature, with TMGo 
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doping profile with net background impuri ty  concentra- 
t ion of roughly 5 • 10 '~ cm -~ (layer B2 is shown, Fig. 5). 

To estimate the trap concentration in these films, 
capacitance-temperature measurements  were performed 
after the method of Sah et al. (8). The plots of measured 
reciprocal capacitance squared as a function of voltage at 
77 K and room temperature are given in Fig. 6 for layers 
B1 and B2. Assuming all the deep traps are ionized at 
room temperature and deionized at 77 K, the difference in 
the ionized impurity concentration (measured from the 
slopes of the two lines) at these two temperatures is equal 
to the trap density. The lines drawn are least squares fits 
to the data points. The trap densities for layers B1 and B2 
were 6.2 • 1018 and 3.0 • 10 '4 cm -3, respectively. It is not 
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Fig. 5. Impurity profile of on n-type epitaxiol layer on an n + substrate 

for a TMGa flow rate of ]2 ml/min and growth temperature of 425~ 

4 . 0  i i I J i r i 

o 3 0 0  K 

~ 2 . 0  

( a l  

0 I I I I I .I [ 
0 i J I I I I I 

2 . 0  

o 3 0 0  K 

i 
o 
x 1 . 0  

(b) 

0 I I I I I I I 
- 1 6  - 1 4  - 1 2  - 1 0  - 8  - 6  - 4  - 2  

V R ( v o l t s )  

Fig. 6. Reciprocal capacitance squared vs. voltage ot 77 and 300 K (a) 
for layer B1 and (b) for layer B2. Upper solid line corresponds to 77 K 
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known at present  if low trap density in layer B1 is the re- 
sult of reduced arsine flow rate during growth. 

Devices.--The I-V characteristics o f a  Schottky-barrier 
device fabricated on an n/n + GaAs layer with gold as the 
rectifying contact exhibited 0.6V forward voltage drop 
and -55V reverse breakdown voltage (4). A device ideal- 
ity factor of 1.02, indicating a thermionic emission trans- 
port medhanism, and a saturation current density in the 
range of  10 -~ A/cm 2 were determined. A few Schottky- 
barrier solar cells were also fabricated by evaporating 
7.5-10 nm of gold on the active n/n + layer. The response of 
the cells was measured under AM1 illumination. The pho- 
tovoltaic response of these cells (4) without antireflective 
(AR) coatings showed an efficiency of 5.7% with high 
current collection (17.8 mA/cm ~) and fill factor (0.82), al- 
though open-circuit voltage was low (0.39V). 

Conclus ions 
A new plasma-enhanced MO-CVD technique for the 

growth of epitaxial GaAs has been demonstrated. Using 
this technique, low temperature growth of device-quality 
GaAs layers with room temperature mobility of 5200 cm ~ 
V 1. s- '  has been achieved. The films show excellent  sur- 
face morphology when grown between 350 ~ and 500~ It 
is the first time, to the authors' knowledge, that single- 
crystal epitaxial layers of GaAs have been grown at 
-<400~ with good electrical properties and device charac- 
teristics. Undoped n-on-n + epitaxial layers grown at 425~ 
showed a flat dopan tp ro f i l e  with a shallow impurity 
concentration of approximately 5 • 10 '~ cm 3. The deep 
trap content in the epitaxial layers was in the range 6 • 
10'3-3 • 10 ̀4 cm-E Schottky barrier devices show excel- 
lent performance with characteristics comparable to 
those fabricated on VPE- and MBE-grown samples. Solar 
cells without an AR coating showed an AM1 efficiency of 
over 5%. Optimization of this growth technique should 
lead to epitaxia] layers with excellent electrical properties 
for high performance microwave and optoelectronic de- 
vices. 
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A B S T R A C T  
The origins of  the e lect ronic  levels  of rare earths in the  condensed  phase  and the inf luence of the glassy mat r ix  on 

the  posi t ion of  the energy  levels  and factors respons ib le  for radia t ive  and nonradia t ive  t ransi t ions  are discussed.  Exam-  
ples are g iven  of rare ear th  in tens i ty  parameters  and nonradia t ive  t ransi t ions in oxide,  chalcogenide,  and fluoride 
glasses. The  spectral  behav ior  of rare earth ions adsorbed  or incorpora ted  into high surface porous  mater ia ls  are dis- 
cussed.  

The  main  difference be tween  optical  spectra  of  inor- 
ganic  ions in amorphous  mater ia ls  and crystal l ine media  
of  comparab le  compos i t ion  is the  i n h o m o g e n e o u s  broad- 
en ing  due  to the  var ie ty  of sites in the  former  (1, 2). This  is 
due  to the fact  that  the  dopant  ions in glasses res ide  in a 
var ie ty  of  env i ronmen t s  and expe r i ence  dif ferent  per- 
tu rb ing  local  fields. Thus,  ins tead of  ident ical  e lect ronic  
energy  levels,  there  is a d is t r ibut ion  of  spec t roscopic  pa- 
rameters  wh ich  d e p e n d  on the  host  glass compos i t ion  
and resul t  in di f ferent  radiat ive and nonrad ia t ive  transi- 
t ion probabil i t ies .  These  var ia t ions  are ev iden t  in absorp-  
t ion and f luorescence spectra  as i n h o m o g e n e o u s l y  
b roadened  l ines w h e n  convent iona l  l ight  sources  are 
used. The  decay t imes  of  f luorescence f rom exc i ted  
states of  different  sites normal ly  exhib i t  a n o n e x p o n e n t i a l  
behavior .  However ,  i f  fast diffusion of exci ta t ion  energy  
occurs  among  the  different  sites, then  the  decay  will be- 
c o m e  exponen t i a l  wi th  the  fastest  t ime  cons tant  avai lable 
among  the  sites. 

Laser - induced  f luorescence  line nar rowing  (FLN) en- 
ables, in some  cases, the exci ta t ion  of  a subse t  of  ions 
hav ing  the same energies.  In the  absence  of acc identa l  co- 
inc idence  of e lectronic  levels, a tunable  pu lsed  laser can 
be used  for de te rmin ing  the  e lectronic  levels  and transi- 
t ion probabi l i t ies  of  a selected subset  of  the  total  ensem- 
ble of  sites. The  in t raconf igura t ional  4f-4f t ransi t ions  of  
rare ear th  ions are especial ly  sui table  in this type  of inves- 
t igat ion because  of  small  e lectron p h o n o n  coupl ing.  The 
degree  of  select ivi ty  of  the F L N  t echn ique  depends  on 
the  ratio of  h o m o g e n e o u s  to i n h o m o g e n e o u s  widths  (3), 
which  is of  the order  of 10 -~ for rare earths at low temper -  
atures. F igure  1 (4) provides  an example  of  F L N  on Eu 3+ 
in phospho tungs t a t e  glasses at 4 K, the  exci ta t ion  be ing  
pe r fo rmed  into t h e  5D0 level  of  the di f ferent  sites. The  
three- l ine  5D0 --~ 7F1 emiss ion  is shown as a func t ion  of  ex- 
ci ta t ion f r equency  of  the  7D0 --~ aDo t rans i t ion  and corre- 
sponds  to the  di f ferent  sites. 

Mode l ing  the a tomic a r r angemen t  in glass is often done  
us ing  molecu la r  dynamics .  In  this t e chn ique  the  posi t ion 
of  the  ions is calculated by numer ica l  in tegra t ion  of 
Newton ' s  equa t ions  of  mot ion  us ing  a mode l  in te ra tomic  
potent ia l  function.  This m e t h o d  so far has been  appl ied  to 
SiO2, B203, BeF2, ZnC12, and KC1 and m u l t i c o m p o n e n t  so- 
d i u m  silicate, sod ium borosil icate,  and f luoroberyl la te  
glasses (3). While the m e t h o d  is ve ry  e legant  and promis-  
ing, its va l id i ty  is still be ing  tes ted by compar i son  with  
expe r imen ta l l y  measu red  physical  proper t ies  such  as 
t h e r m o d y n a m i c  and t ranspor t  characterist ics.  

Radiat ive  Transi t ions 
For  mos t  pract ical  purposes ,  the  oscillator s t rengths  

and the connec ted  radiat ive- t ransi t ion probabi l i t ies  ob- 
ta ined  f rom the  absorp t ion  spectra  cor respond  to some  
average  values  due  to the  total  n u m b e r  of  sites. This is 
also t rue  for the nonradia t ive- t rans i t ion  probabil i t ies ,  
wh ich  are obta ined  f rom the  measu red  average l i fe t imes 
and average  q u a n t u m  efficiencies of f luorescence.  

The  pos i t ions  of  the spectra of the  rare earth ions  which  
are due  to in t raconf igura t ional  f-f t ransi t ions in amor- 

phous  materials  are only sl ightly d e p e n d e n t  on the host. 
However ,  a small  shift  of  the  free-ion levels  to lower  ener- 
gies, the  nephe lauxe t i c  effect, can be observed  as a resul t  
of  cova lency  be tween  the  rare earths and the  matr ix.  This 
is ev iden t  especial ly  in cha lcogenide  glasses (5). The  in- 
tens i ty  of  the  t ransi t ions can be calculated to a good ap- 
p rox ima t ion  by the Judd-Ofe l t  theory,  in which  the 
calcula ted mat r ix  e lements  of  the  t ransi t ion are c o m b i n e d  
with  the  exper imenta l ly  obta ined  intensi ty  parameters  
(6). 

The optical  t ransi t ions  of  rare earths in solids are pre- 
dominan t ly  of  electric dipole  character  and thei r  spectral  
intensi t ies  can be descr ibed  us ing  the t r ea tmen t  of  J u d d  
and Ofelt. In this approach,  the  l ine s t rength  S of  a transi- 
t ion be tween  two J states is g iven  by the  sum of p roduc t s  
of  empir ica l  in tensi ty  parameters  t2t and mat r ix  e lements  
of  tensor  operators  U (t) of  the form 

S(J, J ' )  = ~ fz, <aJllU(t)llbJ'> ~ [1] 
(=2,4,6 

The values  of  ~t are obta ined f rom a least  squares  fit of  
measu red  and calcula ted absorp t ion  l ine s t rengths  and 
typical ly  have an expe r imen ta l  uncer ta in ty  of  - -+ 10%. 
The in tegra ted  intensi t ies  of  the absorpt ion  bands  yield 
ft 's which  are an effect ive average over  the different  rare 
earth env i ronmen t s  in the  glass. 

The  mos t  significant  factor de te rmin ing  the ft va lues  is 
the  s t rength  of  the odd-order  te rms  in the  expans ion  of  
the  local field at the rare earth site. These  in turn are af- 
fected by the  neares t  ne ighbor  anion(s) and cations. For  a 
g iven  glass, fo rmer  sys temat ic  c h a n g e s  of  ftt have  been  
observed  wi th  changes  in the  size and charge of  ne twork  
modif ie r  ions (7). 

In tens i ty  parameters  of  Nd ~+, Ho a+, and Eft + are g iven  
in Tables  I, II, and III. 

It  has been  shown recent ly  (8) for EP  + that  the Judd-  
Ofelt parameters  have also a physical  meaning ,  so that  the 
~2 pa ramete r  is indicat ive  of the amoun t  of cova len t  
bonding,  whi le  the  D.~ pa ramete r  is re la ted to the r igidi ty  
of  the  m e d i u m  in which  the  ions  are situated. 

f ~  ,, ,~exc : 5770~  
,' ', 5784A 
J !  . . . . . . .  58oo~  

~ , ,.., 

or" 

r r I I [0  [ I [ [ I [ 
5800 59 0 6000  

Fig. 1. Laser selective excitation of 2 w/o Eu s+ in phosphotungstate 
glasses at liquid helium temperature. 
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Table I. Intensity parameters of N d  3+ in various hosts 

Host materials Dr 10 -20 cm 2 D~ 10 -~~ cm 2 D~ 10 -~~ cm 2 

3A1~$3 �9 La~S3 glass 9.45 4.84 6.54 
3Ga~S3 �9 La3S3 glass 6.65 4.39 4.67 
YAG crystal 0.20 2.70 5.00 
Y303 crystal 8.55 5.25 2.89 
YA103 crystal 1.24 4.68 5.85 
ED-2 glass 3.30 4.70 5.20 
Borate glass 4.10 3.40 4.30 
Silicate glass 4.00 3.30 2.50 
Phosphate glass 3.50 3.90 5.80 
Germanate glass 5.80 3.30 2.90 

Table II. Intensity parameters of Ho 34 in various hosts 

Host materials D~2 10 -20 cm: g!4 10 -2~ cm 2 tl~ 10 -80 cm 2 

3AI2Sa ' La2S3 glass 8.09 3.85 1.40 
3Ga~S3 �9 La2S3 glass 2.31 2.81 1.08 
Phosphate glass 5.60 2.70 1.87 
Calibo glass 6.83 3.15 2.53 
Tellurite glass 6.92 2.81 1.42 
LaF3 1.16 1.38 0.88 

Table Ill. D~ parameters for erbium (111) in different environments (8) 

( x  10 -3o (x  lO- 
Sys tem em 3) cm 2) em ~) 

46PbFz-22ZnF~-30GaF3-2LaF3 glass 1.54 1.13 1.19 
Er(III) hydrated ion solution 1.59 1.95 1.90 
Y0 sZr050, 7~ fluorite-type crystal 2.92 0.78 0.57 
Err .'6H~O in CH3OH 3.2 3.2 0.8 
2ErFr 57ZrF4-34BaF2-4A1F3-3LaF3 3.26 1.85 1.14 

glass 
3A13S3-LasS3 glass 3.74 4.33 0.90 
Y203 C-type crystal 4.59 1.21 0.48 
NaPO3 glass 9.9 4.3 7 
Borate glass 11.3 3.6 2.2 
Molten LiNO3 + KNO3 15.8 1.8 1.4 
ErCla(A1CI3)~ vapor 25.8 2.7 2.0 

Nonradiative Transitions 
Exc i t ed  e lec t ronic  levels of rare ear ths  (RE) in solids de- 

cay nonrad ia t ive ly  by  exc i t ing  lat t ice v ib ra t ions  
(phonons )  (9). When  the  ene rgy  gap b e t w e e n  the  exc i t ed  
level  and  the  nex t  e lec t ronic  level is larger  t h a n  the  
p h o n o n  energy,  several  lat t ice p h o n o n s  are emi t t ed  in or- 
de r  to b r idge  the  ene rgy  gap. It was  recogn ized  tha t  the  
m o s t  energe t ic  v ibra t ions  are r e spons ib l e  for the  non- 
radia t ive  decay,  s ince such  a p rocess  can conse rve  ene rgy  
in the  l owes t  order.  In glasses,  the  m o s t  energe t ic  vibra- 
t ions  are the  s t r e t ch ing  v ibra t ions  of  the  g la s s -ne twork  
po lyhedra ,  and  it was  s h o w n  tha t  t hese  d i s t inc t  v ibra t ions  
are act ive  in the  m u l t i p h o n o n  p rocess  (10) ra ther  t h a n  the  
less  energe t i c  v ibra t ions  of  the  b o n d  b e t w e e n  the  RE and  
its s u r r o u n d i n g  l igands.  La te r  (11), it was  d e m o n s t r a t e d  
tha t  t hese  less  energe t ic  v ibra t ions  may  par t ic ipa te  in 
cases  w h e n  the  ene rgy  gap is no t  b r i dged  total ly by  the  
h igh  e n e r g y  vibra t ions .  The e x p e r i m e n t a l  resu l t s  reveal  
t ha t  t he  logar i thm of  the  m u l t i p h o n o n - d e c a y  rate  de- 
c reases  l inear ly  wi th  the  ene rgy  gap, or the  n u m b e r  of  
p h o n o n s  b r idg ing  the  gap. The theo ry  of  nonrad ia t ive  de- 
cay by  m u l t i p h o n o n  m e c h a n i s m  was  first p r o p o s e d  by  

K u b o  a n d  Toyozawa (12), who  p r o p o s e d  tha t  the  basic  
m e c h a n i s m  a l lowing such  t r ans i t ions  is t he  cor rec t ion  in 
the  B o r n - O p p e n h e i m e r  (BO) a p p r o x i m a t i o n  due  to vibra-  
t ional  mo t i o n  of ions wh ich  a d m i x e s  the  e lec t ron ic  wave  
func t ion  and  causes  t r ans i t ions  tha t  r e p r e s e n t  s ta t ionary  
s ta tes  in the  zero-order  BO approx ima t ion .  For  mult i-  
p h o n o n  processes ,  one  has  to p roceed  to h ighe r  order  be- 
ing hE/TaoJ to get  real t r ans i t ions  b e t w e e n  the  e lec t ron ic  
s ta tes  (13). It should  be no ted  tha t  in con t ras t  to t he  small-  
nes s  of  t he  radiat ive p roces se s  of h igh  order,  t he  nonra-  
diat ive h igh  order  p roces ses  are qui te  high.  

F r o m  the  po in t  of v iew of theore t ica l  t r ea tmen t ,  it is ex- 
t r eme ly  difficult  to calculate  accura te ly  the  p e r t u r b a t i o n  
of  a h igh  order.  H o w ev e r  a cons ide rab le  par t  of  hHv~b, can  
be e l imina t ed  as a pe r tu rba t i on  by  inc lud ing  it exac t ly  in  
the  wave  func t ion  by a " renormal iza t ion . "  The  par t  of  
hH,,b~ w h i c h  still r ema ins  af ter  renormal iza t ion  is t he  non-  
ad iabac i ty  of  the  BO cor rec t ion  operator .  At the  end  of 
the  calculat ion,  an a p p r o x i m a t i o n  is m a d e  of the  interac-  
t ion wi th  only one  p h o n o n  m o d e  (14-18). For  smal l  cou- 
p l ing  and  low t empera tu re ,  a Po isson- l ike  func t ion  is ob- 
t a ined  (17) for the  d i s t r ibu t ion  of  t h e  m u l t i p h o n o n  
re laxa t ion  rate  wi th  the  n u m b e r  of  p h o n o n s .  The  nonra-  
diat ive t rans i t ion  probabi l i ty  Wp is given by  

W~ = exp  ( - S )  S ~ / p  ' [2] 

w h e r e  S is t he  H u a n g - R h y s - P e k a r  n u m b e r  (13), and  

S ( T  = O) = 1/2 A ~ [3] 

(S is the  meas u re  of  e lec t ron  p h o n o n  coupl ing  s t rength . )  
The d i s p l a c e m e n t  A m e a s u r e s  the  hor izonta l  shif t  of  t he  

e lec t ronic  s tate  poten t ia l s  in un i t s  of the  zero-poin t  ampli-  
tude.  In the  case of an i so la ted  RE (S < <  1), S can be  in- 
co rpo ra t ed  in the  exponen t i a l  fo rmula  of D ex t e r  

W = fl exp  ( -aAE)  [4] 
wi th  

= (hoJ)-l[ln ( p / S )  - 1] for low t e m p e r a t u r e  [5] 

and  

= (h~o)-l[ln ( p / S ) ( n  + 1) - 1] for T > 0 [6] 

n be ing  the  p h o n o n  o c c u p a n c y  n u m b e r  or 

n = (exp ( - - h t o / k T  - 1) -1 as e x p l a i n e d  in Ref. (19) [7] 

App l i ca t ion  of the  m u l t i p h o n o n  theory  to g lasses  re- 
qui res  t he  k n o w l e d g e  of  the  s t ruc tura l  uni ts  fo rming  the  
glass. Similar  to the  e lec t ronic  spec t ra  in glasses,  the  vi- 
bra t ional  f r equenc ie s  s h o w  i n h o m o g e n e o u s  b r o a d e n i n g  
due  to the  var iat ion of  sites. Table IV s h o w s  the  average  
f r equenc ie s  of  the  n e t w o r k  formers .  The v ib ra t ions  in- 
vo lv ing  the  n e t w o r k  modif ie rs  are lower  by  a factor  of  2 
to 4. The lack of  s y m m e t r y  in a glass and  the  molecu la r  
charac te r  of the  high ene rgy  v ibra t ion  were  t aken  in to  ac- 
coun t  by Layne  e t  a l .  (20) in deve lop ing  the  t h eo ry  of  
m u l t i p h o n o n  re laxat ion  in glass us ing  h ighe r  o rde r  t e r m s  
in the  pe r tu rba t i on  theory.  The d e p e n d e n c e  of  a mult i-  
p h o n o n  rate  on the  ene rgy  .gap to be b r i d g e d  resu l t s  t h e n  
f rom the  ratio of p - p h o n o n  p roces s  to t ha t  for a p-1 
p h o n o n  decay.  A s s u m i n g  the  average  ma t r ix  e l e m e n t s  to 
be the  same for p- and p - l -o rde r  processes ,  the  ratio of Wp 

Table IV. Parameters of nonradiative relaxations 

Host S - I  O/ c m  15-(O c m  - 1  Ref. 

GLS, ALS glass 
Tellurite glass 
Germanate glass 
Phosphate glass 
Borate glass 
49BeF2. 27KF, 14CaF2, 10A1F3 glass 
LaCI3 crystal 
LaBr3 crystal 
LaF3 crystal 
Y203 crystal 
SrF~ crystal 
Y3AI~OI~ crystal 
YA103 crystal 
LiYF4 crystal 

i X 

6.3 x 
3.4 x 
5.4 x 
2.9 x 

9 x  
1.5 • 
1.2 • 
6.6 • 
2.7 • 
3.1 x 
9.7 • 

5 •  
3.5 • 

10 6 2.9 x 10 -a 
1010 4.7 • 10 -3 
10 TM 4.9 x 10 -3 
10 '2 4.7 • 10 -3 
10 TM 3.8 • 10 -8 
10 'I 6.3 • 10 -3 
I0 '~ 13.0 x 10 -3 
10 ~~ 19.0 x 10 -3 
lO s 5.6 x i0  -3 
10 a 3.8 x 10 .3 
l0 s 4.0 x 10 -3 
107 3.1 x 10 -8 
109 4.6 • 10 -8 
10 7 3.8 • 10 -8 

350 
700 
900 

1200 
1400 
500 
260 
175 
350 
550 
360 
700 
600 

0.36 
0.037 
0.013 
0.0037 
0.0049 
0.042 
"0.037- 
0.037 
0.14 
0.12 
0.20 
0.045 
0.063 

(9) 
(9) 
(9) 
(9) 
(9) 
(43) 
(23) 
(23) 
(23) 
(23) 
(23) 
(23) 
(9) 
(9) 



1362 J. Electrochem. Soc.: SOLID-STATE SCIENCE AND TECHNOLOGY June 1984 

to Wp_, is 

Wp/W,., = (h/2Mc0) (n + 1) 4m2j<alV'[b>12/(~co) ~ [8] 

S ince  t he  p e r t u r b a t i o n  is w e a k  

WJW,_, = e < <  1 [9] 

This  r e su l t  leads  to the  fo l lowing  e x p o n e n t i a l  d e p e n d e n c e  
of  the  ra te  on  t he  e n e r g y  gap 

Wp = Woe" = W exp  [ln (e)/h~]AE [10] 

C o n s i d e r i n g  the  d e p e n d e n c e  of  Wp on t he  p h o n o n  occupa-  
t ion  n u m b e r  f r o m  Eq. [7], t he  ra te  for a p -o rde r  
m u l t i p h o n o n  decay  is at  t e m p e r a t u r e  T > 0 

Wp = W0{n(T) + 1} p exp  ( -abE)  [11] 
w h e r e  

= - i n  (e)h~ [12] 

a n d  W0 = fl of  Eq.  [4] is d e p e n d e n t  on  t he  h o s t  b u t  inde-  
p e n d e n t  of t he  specif ic  e lec t ron ic  level  of  RE f rom w h i c h  
t h e  decay  occurs .  

S t r u c k  a n d  F o n g e r  h a v e  t r e a t ed  the  n o n r a d i a t i v e  decay  
p r o c e s s e s  b y  a n u m e r i c a l  m a t r i x  m e t h o d  (21) a n d  f o u n d  
t h a t  in  t he  case  of ra re  ea r th  ions  w h e r e  t he re  is a sma l l  
offset  in  t he  con f igu ra t iona l  coo r d i na t e s  the  mul t i -  
p h o n o n  t r a n s i t i o n  ra te  can  be  t r e a t ed  by  t he  Kie l  f o r m u l a  
of  t he  t ype  w h i c h  is c o n s i s t e n t  w i t h  Eq. [11] p r e s e n t e d  in  
Eq.  [4], [10], a n d  [11]. 

In  ca l cu la t ing  theo re t i ca l ly  t he  m u l t i p h o n o n  r e l a x a t i o n  
S i e b r a n d  (22) has  u s e d  the  C o n d o n  a p p r o x i m a t i o n  in 
w h i c h  t he  e lec t ron ic  m a t r i x  e l e m e n t s  are s e p a r a t e d  f rom 
the  v i b r a t i o n a l  ones  a n d  a s s u m i n g  t h a t  the  t r a n s i t i o n  is 
d o m i n a t e d  b y  a smal l  n u m b e r  of  p r o m o t i n g  m o d e s  w h i c h  
c o n s u m e  the  e n e r g y  hoJ. T he  a c c e p t i n g  m o d e s  p r o v i d e  
on ly  for  t h e  r e m a i n i n g  e n e r g y  d i f f e rence  AEo - -h~m~x. 

The  theo re t i ca l  r e su l t s  a r i s ing  f rom th i s  t h e o r y  are 

WNR = exp  (-AEo - 2]~(Om~=)a [14] 

By  d e v e l o p i n g  th i s  t heo re t i ca l  e x p r e s s i o n  fu r ther ,  v a n  
Di jk  a n d  S c h u u r m a n s  (23) h a v e  s h o w n  t h a t  t he  pre-ex-  
p o n e n t i a l  fac tor  in  t he  n o n r a d i a t i v e  r e l a x a t i o n  e x p r e s s i o n  
does  no t  va ry  b y  m o r e  t h a n  one  order  of  m a g n i t u d e  for  
the  va r i ous  c o m p o u n d s  s tud ied ,  a n d  is due  to t he  elec- 
t ron ic  factor.  

The  m u l t i p h o n o n  decay  ra te  f rom a g iven  level  to the  
n e x t  lower  level  dec rea se s  w i th  t he  l ower ing  of  e n e r g y  of  
t he  s t r e t c h i n g  f r equenc i e s  of the  glass  former .  S ince  a 
la rge  n u m b e r  of  p h o n o n s  is n e e d e d  in f luor ide g lasses  
a n d  m o r e  so in c h a l c o g e n i d e  g lasses  in  o rde r  to  r e a c h  t h e  
s a m e  e n e r g y  gap, the  n o n r a d i a t i v e  r e l axa t i ons  are 
sma l l e s t  i n  t he se  hos ts .  D e p e n d e n c e  of  t he  m u l t i p h o n o n  
t r a n s i t i o n  ra te  on  t he  n u m b e r  of  p h o n o n s  f r o m  the  
e m i t t i n g  to t he  n e x t  lower  level  for a n u m b e r  of g lasses  
a n d  c rys ta l  hos t s  are  p r e s e n t e d  in Fig. 2. 

The  p a r a m e t e r s  a a n d  /3 of  Ea.  [4] a n d  �9 of  Eq.  [12] of 
g lasses  a n d  crys ta ls  are  p r e s e n t e d  in Tab le  IV  t o g e t h e r  
w i t h  t he  p h o n o n  f requenc ies .  

Chalcogenide and Fluoride Glasses 
C h a l c o g e n i d e  a n d  f luor ide  g lasses  h a v e  b e e n  f o u n d  to 

b e  h i g h l y  eff ic ient  p h o s p h o r s  w i th  severa l  ac t iva tors .  
These  g lasses  h a v e  also low a b s o r p t i o n  in  t he  i n f r a r ed  
pa r t  of t h e  s p e c t r u m  b e c a u s e  of t he  h i g h  o rde r  mul t i -  
p h o n o n  a b s o r p t i o n  in th i s  region,  lower  t h a n  t h a t  for t he  
ox ide  glasses.  

Rare  e a r t h  sulf ides  w i th  Ga2S3 a n d  AI~S3 were  p r e p a r e d  
b y  F l a h a u t  a n d  his  group,  w h o  have  s tud ied  in de ta i l  t h e  
p h a s e  d i a g r a m s  of  t he se  ma te r i a l s  (24). The  glass  of  com- 
p o s i t i o n  3A12S3:La2S3 (ALS) is t r a n s p a r e n t  f rom 1,500- 
25,000 c m  -~, a n d  t h e  glass of  c o m p o s i t i o n  3Ga2S3:La~S3 
(GLS)  f rom 1,500-20,000 cm -~. T h e s e  m a y  p r o v e  i m p o r t a n t  
ma te r i a l s  for  f iber  op t ica l  wavegu ides .  

L a s e r  e m i s s i o n  cross  sec t ions  of  the  1077 a n d  1370 n m  
e m i s s i o n s  of  N d  3+ in  3Ga2S3:0.85 La2S3:0.15Nd~S3 (GLS)  
and  3A1~$3:0.872 La2S3:0.128 Nd2S3 (ALS) were  o b t a i n e d  
f rom the  ca l cu la t ed  m a t r i x  e l e m e n t s  in  the  glasses ,  exper -  

u~ 
~o 

o 
C~n 
0 

no. of phonons P 

Fig. 2. Dependence of multiphonon transition rate on number of 
phonons in different glasses. 

i m e n t a l l y  m e a s u r e d  i n t e n s i t y  pa rame te r s ,  e m i s s i o n  half- 
wid ths ,  a n d  l i fe t imes.  The  lase r  t h r e s h o l d  p o w e r  for  side- 
p u m p i n g  in  t he  c h a l c o g e n i d e  glasses  is m u c h  lower  t h a n  
for ED-2 glass. 

The  p e a k  cross  sec t ions  of  N d  3+ i n  G L S  are  7.95 x 102o 
c m  ~ at  1077 n m  a n d  3.60 x 10 -~~ cm 2 at  1320 nm;  8.20 x 
10 20 cm 2 at  1077 n m  a n d  4.10 x 10 -~~ cm 2 at  1370 n m  in 
ALS,  as c o m p a r e d  to 2.90 • 10 -2o c m  2 at  1060 n m  a n d  0.72 
• 10 -20 c m  2 at  1300 n m  for ED-2 glass  (25). 

A n e w  fami ly  of  f luor ide g lasses  was o b t a i n e d  in  1975 
by  P o u l a i n  et al. (26) in  Rennes .  They  are cal led fluorozir- 
c o n a t e  g lasses  c o n t a i n i n g  la rge  a m o u n t s  ( above  50 tool  
p e r c e n t  [m/o]) of  ZrF4 (which  can  be  r ep l aced  by  HfF4 or 
ThF4) a long  wi th  lesser  a m o u n t s  of a lka l ine-ear th ,  rare  
ear th ,  or u r a n i u m  IV fluorides.  M i r a n d a y  et al. (27, 28) 
p r e p a r e d  a n o t h e r  t ype  of n e w  f luor ide  g lasses  b a s e d  on  
PbF2 a n d  3d-group  fluorides.  

B e c a u s e  of  t he  low r e l axa t ion  of  t he  rare  ea r th  l umines -  
c e n t  ion  in f luor ide glasses,  t h e y  can  p r o v i d e  a n  idea l  me-  
d i u m  or h o s t  for va r ious  devices .  The  h i g h  i n f r a r ed  t rans-  
m i t t a n c e  a n d  good  c h e m i c a l  s tab i l i ty  m a k e s  t h e m  
su i t ab l e  for i n t e g r a t i n g  t he  lase r  l igh t  sou rce  a n d  t he  
w a v e g u i d e  itself. The  spec t ro scop i c  a n d  f luo rescen t  
p r o p e r t i e s  of  Nd 3+ c o n t a i n i n g  f iuoroz i rcona te  glasses  
h a v e  b e e n  r e p o r t e d  by  W e b e r  in  work  w i t h  the  Lucas-  
P o u l a i n  g r o u p  in  R e n n e s  (29). 

The  low m u l t i p h o n o n  r e l a x a t i o n  in  f luor ide  g lasses  is 
also e v i d e n c e d  b y  t he  l u m i n e s c e n c e  a r i s ing  f rom the  ~D3, 
~D~, a n d  5D, levels  of Eu  ~+ in  a d d i t i o n  to t h e  ~D0 
f luorescence  in  f luor ide g lasses  (30). A n  e x a m p l e  of  s u c h  
f luorescence  is p r e s e n t e d  in  Fig. 3 for  Eu  3+ in  a glass  of  
c o m p o s i t i o n  57ZrF4:34BaF2:4A1F3:3LaF3:2EuF3. 

The  l u m i n e s c e n c e  cha rac t e r i s t i c s  o f - E r  3+ in  f luor ide  
g lasses  were  s tud ied  r e c e n t l y  (31). B e c a u s e  of low n o n r a -  
d ia t ive  re laxa t ion ,  e m i s s i o n  of  Er  3+ in t h e s e  g lasses  c an  be  
o b s e r v e d  f rom the  first, second ,  four th ,  a n d  fifth elec- 
t ron ic  levels  w h e n  exc i t ed  in to  the  ~H1,2 level  (see Fig. 4). 
In  all t h e s e  cases,  t he  e n e r g y  gap  is lower  t h a n  2800 cm -1 
to the  n e x t  lower  exc i t ed  level.  

S i n c e  t h e  u n d o p e d  ma te r i a l s  are e x c e l l e n t  c a n d i d a t e s  
for  f iber opt ic  w a v e g u i d e s  d u e  to t he i r  h i g h  t r a n s m i t -  
t ance  in  t h e  i n f r a red  a n d  t h e i r  c h e m i c a l  s tabi l i ty ,  i t  was  
s u g g e s t e d  t h a t  e r b i u m - d o p e d  ma te r i a l s  h a v i n g  t he  de-  
s i red  lase r  e m i s s i o n  wave l eng th s ,  w h i c h  can  be  se lec ted  
f rom Tab le  V, be  u s e d  as l igh t  sources  for f iber  opt ic  sys- 
t ems .  T h e y  cou ld  be  i n t e g r a t e d  in to  t he  w a v e g u i d e  pro- 
v i d i n g  i n t e g r a t e d  f iber opt ic  s y s t e m s  (31). 
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Fig. 3. Emission spectrum of Eu ~+ in the glass 57ZrF~:34BaF~: 
4AIF~:3LoF~:2EuF~ under 395 nm excitation. 
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Fig. 4. Comparison of emission spectra of EP + in two fluoride glasses 
(1) 2.00 w/o ErF~:46PbF~:22ZnF~:30GaF~:2LaF~ m/o, and (2) 2.66 w/o 
ErF~:57ZrF4 34BaF~ 3LaF.~ 4AIF3 m/o. 

The  e m i s s i o n  of Er  ~+ in f luor ide  g lasses  c an  be  addi-  
t i ona l ly  in t ens i f i ed  b y  t he  p roces s  of  e n e r g y  t r a n s f e r  
f rom M n  ~+ to Er  ~+ (32). 

Luminescence of Rare Earths Adsorbed on Porous 
Glasses 

W h e n  p o r o u s  g lasses  are d i p p e d  in to  a ra re  e a r t h  solu- 
t ion,  t he  ions  are a d s o r b e d  in to  t he  glass  pores  a n d  ex- 
h i b i t  f l uo re scence  s imi la r  to t h a t  o b t a i n e d  for ions  in  t h e  
b u l k  of  a glass  (33). 

Vycor  p o r o u s  glass, C o r n i n g  no. 7930, ha s  an  ave rage  
po re  d i a m e t e r  of 40-70A, suff ic ient ly  large  for t h e  pene-  
t r a t i on  of  ra re  ea r th  ions  or complexes .  T he  sur face  area 
of  s u c h  g lasses  is a b o u t  200 m~/g, as o b t a i n e d  by  t he  n i t ro-  
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Fig. 5. Emission spectrum of Eu ~+ adsorbed on Vycor 

gen  B E T  m e t h o d .  Also c o m p r e s s e d  p y r o g e n i c  si l ica gel 
Cab-O-Si l  Aerosi t ,  y ie lds  p o r o u s  t r a n s p a r e n t  d i sks  (34). 
The  d i sks  are  to ta l ly  t r a n s p a r e n t  in  nea r -u l t r av io l e t  a n d  
v i s ib le  l ight .  

The  re la t ive  i n t ens i t i e s  of  f l uo rescence  in  t h e  va r ious  
ra re  e a r t h  ions  a d s o r b e d  in  Vycor  a n d  f u m e d  si l ica d i sks  
are:  T b > E u > D y > T m > P r > H o > E r  (35). 

F i g u r e  5 p r e s e n t s  t he  f luorescence  s p e c t r u m  of  Eu  ~+ 
a d s o r b e d  on  Vycor.  The  h y p e r s e n s i t i v e  t r a n s i t i o n  ~D0 
~F~ is m u c h  h i g h e r  t h a n  t he  ~D0 ~ 7F, t r a n s i t i o n  due  to 
m a g n e t i c  dipole.  S u c h  a p i c tu r e  c o r r e s p o n d s  to t h e  well- 
k n o w n  b e h a v i o r  of  the  Eu  ion  in  a low s y m m e t r y  site. 

We be l i eve  t h a t  a c h e m i c a l  b o n d  is f o r m e d  b e t w e e n  
E u  ~+ a n d  t he  glass  s u p p o r t  s ince  t he  a d s o r b e d  ion c a n n o t  
b e  w a s h e d  ou t  b y  l iquids .  

The  ra t io  b e t w e e n  t he  ~D0 ~ ~F~ t r a n s i t i o n  to t he  ~Do --+ 
~F~ t r a n s i t i o n  is e v e n  grea te r  w h e n  E u - b e n z o y t a c e t o n a t e  is 
a d s o r b e d  on  Vycor  glass. The  i n t r o d u c t i o n  of  f luo rescen t  
c o m p l e x e s  in to  p o r o u s  g lasses  o p e n s  a poss ib i l i t y  of  
u s i n g  i no rgan i c  spec ies  w i th  o rgan ic  l igands ,  a n d  t h u s  in- 
c reas ing  t he  l u m i n e s c e n c e  b y  seve ra l  o rders  of  m a g n i t u d e  
(36). 

E n e r g y  t r a n s f e r  b e t w e e n  dyes  a n d  rare  e a r t h  ions  can  
also be  p e r f o r m e d  on  va r ious  types  of glass  (37). 

Appl icat ion of Luminescence of Rare Earths in 
Luminescence Solar Concentrat ions 

While  t he  l u m i n e s c e n c e  of rare  ea r th s  for l a se rs  (Nd- 
glass  laser)  a n d  p h o s p h o r s  ha s  b e e n  wel l  e s t a b l i s h e d  dur-  
ing  t he  las t  two  decades ,  t h e i r  u se  in  l u m i n e s c e n t  solar  
c o n c e n t r a t o r s  has  b e e n  p r o p o s e d  on ly  r e c e n t l y  (38-40). 

The  first a t t e m p t  to use  n e o d y m i u m  ions  for  so lar  col- 
l ec to rs  was  m a d e  b y  Lev i t t  a n d  W e b e r  (41), w h o  m e a s u r e d  
dev ices  c o n s i s t i n g  of  Owens- I l l ino i s  ED-2 N d - d o p e d  l a se r  
glass. T h e  eff ic iency of  th i s  g lass  for  solar  co l l ec t ion  is 
r a t h e r  low b e c a u s e  of  t he  low a b s o r p t i o n  of  Nd  ~+ in  th i s  
glass. T h e  p r o b l e m  can  be  c i r c u m v e n t e d  b y  i n c o r p o r a t i n g  
Nd  ~+ in to  t e l lu r i t e  glass. Ca l cu l a t ed  p la te  ef f ic iencies  of  
Nd ~+ in  te l lu r i te  glass  b a s e d  on  opt ica l  m e a s u r e m e n t s  of 
a b s o r p t i o n  a n d  e m i s s i o n  spec t ra  a n d  q u a n t u m  eff ic iency 

Table V. Selected possible laser transitions of erbium(Ill) in the glass 57ZrF4:34BaF~:3LaF~:4AIF~:2 ErF~ 

Radiative 
transition 

Wavelength probabilities Branching Peak cross section 
Transition (nm) A(s -') ratio B,~ (r,(10 -~ c rn~) 

4G,,j~ --~ 4I,s~2 378 14,900 0.859 3.719 
2H9;2 --* 4I~5/2 405 1,030 0.394 0.453 
4F3~ --* 4 I~  440 1,000 0.457 0.524 
4F5~2 ~.~ 411~/2 448 1,070 0.434 0.939 
4Fro 4T~s/~ 486 2,430 0.750 1.770 
2H1~/2 --~ 41,5/2 519 4,110 0.932 2.536 
4S3~2 --~ 4I~/2 540 886 0.656 0.702 
2Hgls --> 41,312 551 1,150 0.442 - -  
4Fgj2 --> 4I~j2 650 1,250 0.909 1.119 
~H,.2 --~ ~I~3/2 786 158 0.036 - -  
419~2 --~ 4I~,2 795 148 0.774 0.192 
4S~/~ --~ 41,3~2 835 383 0.284 - -  
4I,,r~ --* 4Ii5/~ 975 111 0.820 0.372 
2Hnl~ ~ 419/~ 1495 640 0.014 
~I,~ -~ ~I,~ 1529 122 1.000 0.577 
ff~u~ --* 4I:~ 2691 24 0.180 - -  
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of Nd 3+ are 12%, which is three times higher than in con- 
ventional silicate glass (42). 

Reisfeld and Kalisky have shown that a combination of 
UO22§ with Nd ~+ or Ho 3+ in glass (39) extends the spectral 
sensitivity range of luminescent  solar concentrators due 
to efficient energy transfer from the 20,500 cm -~ excited 
level of the uranyl ion. Both energy transfer and direct ex- 
citation to the Nd 3+ levels provide the well-known laser 
transition 4F3/2 --> 4I,~ (1060 nm) with a branching ratio 
around 0.5, as well as the transition to the ground state 
4F3~ ~ 4I.~2 (880 nm) (6). The latter transition is a resonant 
one and repopulates the 4F3~2 level, and thus no appreci a- 
ble amount  of energy is lost by reabsorption. Both transi- 
tions lie in the spectral range in which silicon solar cells 
have high spectral sensitivity. 
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ABSTRACT 
Phosphor  depreciation due to physical damage has been studied. The effects of ion bombardment  on luminescence, 

lattice disorder, and affinity for Hg atoms are investigated. The following results are obtained for Zn2SiO4:Mn poly- 
crystal: An amorphous layer of about 3000A in depth is produced at the surface bombarded by Ar § ions with an energy 
of 200 eV. Hg atoms are adsorbed more easily at the ion bombarded surface than the nonbombarded surface. It is also 
found for 16 kinds of phosphor powders that the deterioration characteristic caused by  ion bombardment  is similar with 
that of lumen depreciation of a fluorescent lamp composed with the same phosphor. The possibility of  the lumen de- 
preciation of a fluorescent lamp arising from the ion bombardment  is discussed. 

Since the advent of the fluorescent lamp in the middle 
nineteen-thirties, many technical efforts have been ex- 
pended for improvements  in the fluorescent ]amp. Nev- 
ertheless we have little information concerning the phos- 
phor depreciation in a burning fluorescent lamp. In the 
investigation of the depreciation mechanism of a 
fluorescent lamp, the possibility of phosphor deprecia- 
tion due to ion bombardment  has not been denied com- 
pletely. For example, Lehmann (1) proposed that phos- 
phor depreciation is caused by energetic ion bombard- 
ment  in the fluorescent lamp, although the generation 
mechanism of the energetic ions is not still clear. How- 
ever, studies of the effects of ion bombardment  on the 
properties of fluorescent phosphors are few. In this work 
we investigated the influence of ion bombardment  on 
phosphor depreciation. First, physical damage of 
Zn2SiO4:Mn polycrystal by ion bombardment  is pre- 
sented. An amorphous layer of about 3000A in depth is 
produced at the surface bombarded by Ar + ions with an 
energy of 200 eV. The amorphous layer is nonluminescent  
under UV light excitement, but absorbs UV light. Hg 
atoms are adsorbed more easily at the amorphous layer 
than the nonbombarded polycrystal surface. Next ion 
bombardment  test for phosphor powders and burning 
test for fluorescent lamps were carried out concerning 16 
kinds of  phosphors. The results show that the deprecia- 
tion characteristic of phosphor powders induced by the 
ion bombardment  is similar with that of lumen deprecia- 
tion of fluorescent lamp. Finally the possibility of the lu- 
men depreciation of fluorescent lamp arising from ion 
bombardment  is discussed. 

Experimental 
Preparation of Zn2SiO4:Mn polycrystalline disk.--To in- 

vestigate the influence of ion bombardment  on the prop-  
erties of phosphor, it is desirable to use a large crystal sur- 
face rather than powders. Using the floating zone 
method (2), we prepared Zn2SiO4:Mn polycrystals. Ap- 
pearances of as-grown Zn2SiO4:Mn polycrystal rod and its 
cross section (8 ram in diameter) normal to growth direc- 
tion are shown in Fig. 1. The interior part of the cross sec- 
tion is composed of polycrystalline grains of about 0.5 
mm in diameter, and the crystal axis [111] of each grain is 
uniquely parallel to the growth direction. The interior 
part was used for the experiment.  

Apparatus for ion bombardment.--A schematic dia- 
gram of an apparatus used for the ion bombardment  is 
shown in Fig. 2, which is a usual RF (radio frequency) di- 
ode sputtering apparatus. When RF voltage is applied on 
the target holder, glow discharge occurs and the phos- 
phor placed on the target holder is bombarded by ener- 
getic positive ions. In the present experiment,  the glow 
discharge was made in pure Ar or a mixed gas of Ar and 

*Electrochemical Society Active Member. 
Key words: amorphous, adsorption, fluorescence, damage. 

Hg vapor. Hg vapor was evaporated naturally from a glass 
vessel containing Hg. During the ion bombardment,  gas 
pressure of Ar or Ar-Hg gas was maintained at 0.03 torr 
and the RF voltage was at 200 or 400V. 

Phosphor powders used in this experiment.--An ion 
bombardment  test for phosphor powders and a burning 
test for fluorescent lamps were carried out concerning 
the following 16 kinds of phosphors: (i) (LaCe)PO4:Tb, 
(ii) 3.5MGO 0.5MgF2GeO2:Mn, (iii) Y20~:Eu, (iv) CaWO~:Pb, 
(v) MgAL,O,4:CeTb, (vi) CaO,0(PO4)FCI:Eu, (vii) 
BaMg~Al~6027:Eu, (viii) (SrCa)5(PO4)~CI:Eu, (ix) Y~O2S:Eu, 
(x) Sr~(PO4)Cl:Eu, (xi) Sr2P2OT:Sn, (xii) Y(PV)O4:Eu, (xiii) 
Ba2P~OT:Ti, (xiv) (SrMg)3PO4:Sn, (xv) YVO4:Eu, (xvi) 
Zn2SiO4:Mn. Correlation between the phosphor deprecia- 
tion by ion bombardment  and the lumen depreciation of 
fluorescent lamp was investigated. 

Results and Discussion 
Damage of phosphor surface by Ar + ion bombard- 

ment.--In the following experiments,  we used the 
Zn2SiO4:Mn polycrystalline disks indicated in Fig. 1, 
which were polished and etched by diluted H F  solution. 
Then half the region of the disk surface was bombarded 
by Ar + ions with an energy of 200 eV using the apparatus 
illustrated in Fig. 2. Hg + ion bombardment  gave a similar 
result, so we show only the results for the Ar + ion bom- 
bardment  to make clear the influence of physical dam- 
age. 

Amorphous layer- by ion bombardment.--Residual dam- 
age on the Zn2SiO4:Mn surface by the Ar + ion bombard- 
ment  has been investigated by high energy electron dif- 
fraction (RHEED). The RHEED pattern for original 
nonbombarded surface is indicated in Fig. 3(a). Sixfold 
symmetry spots and extra spots are observed. But after 
the Ar + ion bombardment,  all these spots vanished and 
the pattern changed to hollow pattern as shown in Fig. 
3(b). This result indicates that most atoms at the 
Zn2SiO4:Mn surface are microscopically displaced from 
the regular position, that is, the surface becomes 
amorphous by the ion bombardment.  

Depth of amorphous (damaged) layer.--Depth of 
amorphous layer was estimated as follows. After the ion 
bombardment,  a thin layer was removed chemically by. 
diluted HF solution (0.03N), and cathodoluminescence 
was measured at each surface. In this case, the mean etch 
rate for Zn2SiO4:Mn was determined to be 230 A/rain from 
the scanning microscope views of the cross sections of 
etched samples. Figure 4(a) shows the cathodolumines- 
cence spectra at different etching time. Figure 4(b) indi- 
cates the peak intensities of the spectra as a function of 
the etching time or the etched depth. It is found that the 
defects whic~ deteriorate the cathodoluminescence range 
to the depth of about 3000A from the surface. At the sur- 
face there is a heavily damaged layer whose depth is be- 
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Fig. 1. Appearances of the as-grown Zn~SiO~:Mn polycrystal rod and its cross section. The growth direction is parallel to the crystal axis [111] 

low 100A. Similar defect distribution monitored by 
photoluminescence intensity was obtained for ion-bom- 
barded GaAs by Kawabe et al. (3). Since direct atom dis- 
placement by ion bombardment  is thought to be much 
smaller than the depth of 3000A, the heavily damaged 
layer will be the region corresponding to the direct atom 
displacement and the diffusion of defects will be respon- 
sible for the following damaged layer. The presence of 
this kind of diffused defects wa s assumed by Lehmann 
(1) in the investigation of phosphor depreciation. Our re- 
sult confirms his assumption experimentally, although 
our bombarding ion energy (200 eV) is larger than that in 
Lehmann's  report (100 eV). 

Mercury adsorption on phosphor.--Fluorescent lamp 
phosphors originally have strong resistance against mer- 
cury adhesion. However ion bombardment  changes this 
character. This will be understood from the following two 
experiments. The Zn2SiO4:Mn polycrystalline disks were 
treated following processes (I), (II), and (III) indicated in 
Fig. 5(a), where process (I) is the bombardment  by 200 eV 
Ar + ions, process (II) is the dipping process accompanying 
the stirring of Hg pool by ultrasonic vibrator, and process 
(III) is annealing at 400~ in air. 

(i) Using electron probe microanalysis, we first mea- 
sured the Hg signal on the Zn2SiO4:Mn surface. In this 

case, ion bombardment  [process (I)] was carried out for 
only a part of the disk surface, and then the disk was 
dipped into Hg pool [process (II)]. The Hg signal at 
boundary area between the bombarded and nonbom- 
barded parts is shown in Fig. 5(b). Almost all large signals 
are observed at the bombarded part. This result indicates 
that ion bombardment  promotes the adsorption of Hg on 
the Zn~SiO4:Mn phosphor. 

(ii) To detect the adsorbed Hg atoms by another 
method, the samples were annealed abruptly at 400~ 
[process (III)]. In this case, the adsorbed Hg atoms will 
amalgamate with phosphor, and recovery of photolumi- 
nescence intensity will be hindered. Figure 5(c) shows the 
change in photoluminescence intensity during the above 
three processes. A curve (I-III) indicates that the ion bom- 
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Fig. 2. Apparatus for the ion bombardment of phosphors (RF diode 
sputtering apparatus). 

Fig. 3. Reflection high energy diffraction (RHEED) pattern for (a) 
nonbombarded and (b) bombarded Zn2SiO4:Mn polycrystalline surface. 
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Fig. 4. (a) Cathodoluminescence spectra for etched Zn2SiO4:Mn sur- 
faces at different etching time. Curves A and B indicate the 
cathodoluminescence spectra for nonbombarded and bombarded 
Zn2SiO4:Mn. (b) Defect distribution monitored by cathodoluminescence 
intensity. 
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Fig. 5. (a) Treatment processes (I), (11), and (111) for Zn2SiO4:Mn 
polycrystals. (b) Hg distributions on the bombarded and nonbombarded 
parts measured by electron probe microanalysis. (c) Photoluminescence 
intensity with respect to the above processes (I), (11), and (111). 

barded  sample  is comple te ly  recovered  by the  annea l ing  
process  (III). For  the case of the  n o n b o m b a r d e d  sample,  
too, the  pho to luminescence  in tens i ty  becomes  100% after 
the  d ipp ing  and anneal ing  processes  as shown by a curve  
(II-III). However ,  when  the  b o m b a r d e d  sample  is d ipped  
into the  Hg pool  and then  annealed,  the  pho to lumines -  
cence  in tens i ty  does not  re turn  to 100% as ind ica ted  by a 
curve  (I-II-III). This  deprec ia t ion  is though t  to be  due  to 
an ama lgama t ion  of the  amorphous  layer wi th  Hg atoms,  
so we can say that  Hg a toms are adsorbed  main ly  on the  
b o m b a r d e d  phosphor  surface. This is the  same resul t  as 
that  by e lec t ron  probe  micr0analysis .  Both  resul ts  in Fig. 
5(b) and (c) indicate  that  Hg adsorp t ion  is e n h a n c e d  by 
ion b o m b a r d m e n t ,  that  is, the  amorphous  layer is more  
react ive  in the  adsorp t ion  of Hg a toms than  crystal l ine 
surface. 

Depreciation characteristic and annealing effect.--First 
we carr ied out  the  ion b o m b a r d m e n t  test  for the  
Zn2SiO4:Mn phospho r  powder .  The  powder  was pu t  into a 
small  stainless steel box  and b o m b a r d e d  by Hg + or Ar  + 
ions. F igure  6 shows the  change  in the  logar i thm of nor- 
mal ized p h o t o l u m i n e s c e n c e  intensi ty,  in Pt, with  respec t  
to the  square  root  of  the  b o m b a r d i n g  t ime,  ~ .  In  both 
cases for the ion bombardments by Hg + and Ar +, the de- 
preciation characteristic is the same. Data for 200 eV ion 
bombardment lie on a straight line as shown in Fig. 6, 
which indicates that Pt is expressed by an exponential 
function of x/t. This time dependence is the same as that 
reported by Lehmann (i) for lower ion bombardment. 
Data for 400 eV ion bombardment are also indicated in 
Fig. 6. In this case, the data are approximately expressed 
by the two straight lines. At the initial stage of ion bom- 
bardment, the phosphor depreciates at a higher speed 
and thereafter the decreasing rate becomes slow. Accord- 
ing to Lehmann's consideration (i), the photolumines- 

m 

cence  in tens i ty  should  be propor t iona l  to exp(-ac~/tI), 
where  a is the  optical  absorp t ion  cons tan t  for UV 
l ight  of  the  damaged  layer, c is a constant,  and I is the  in- 
tens i ty  of  bombard ing  ion flux. The  above express ion  ex- 
plains the  resul ts  in Fig. 6 at the  initial s tage at least,  be- 
cause the  increase of RF vol tage  means  the increase  of  
the  b o m b a r d i n g  ion flux accord ing  to d iode spu t te r ing  
theory  (4). Therefore  we can under s t and  the  resul ts  in Fig. 
6 by the  same mode l  m e n t i o n e d  by L e h m a n n  (1), which  
as sumes  that  the damaged  (nonluminescent )  layer  opti- 
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Fig. 6. Depreciation curves of the photoluminescence intensity Pt for 

ion-bombarded Zn2SiO4:Mn powder at RF voltages of 200 and 400V. 
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cally absorbs exciting UV light and the thickness of dam- 
aged layer can be expressed by cx/~. 

Next we investigated the annealing effect on the 
photoluminescence after ion bombardment.  Damage by 
ion bombardment  vanishes by heating the sample. Figure 
7 shows the recovery characteristic of photoluminescence 
by thermal annealing for Zn2SiO4:Mn powder. The de-  
creased photoluminescence by Ar § ion bombardment  is 
perfectly recovered by annealing at a temperature of 
400~ in air under atmospheric pressure. The same phe- 
nomenon was observed by annealing in H2 gas, which in- 
dicates that the photoluminescence recovery is due to 
thermal rearrangement of the displaced atoms at the 
nonradiative layer, but not to some oxidation. However 
the damage by Hg + ion bombardment  does not recover 
perfectly by the annealing. This residual damage is 
thought to be induced by the amalgamation of phosphor 
with Hg atoms. 

The relatively low annealing temperature in this experi- 
ment is not so exceptional a condition. For example, in 
annealing experiments for ion-bombarded Ag, Ge, and 
GaAs, the annealing temperature ranged from 300 ~ to 
500~ and sufficient annealing effect was obtained for 
the recovery of lattice disorder and luminescence (3, 5, 6). 
These low annealing temperatures react as follows; De- 
fects generated by ion bombardment  are easily movable 
at a room temperature as indicated in the diffusion of de- 
fects in Fig. 4, and so these defects conversely are re- 
moved by annealing at a relatively low temperature. 

Relation between phosphor depreciation by ion bom- 
bardment and lumen output drop of fluorescent 
lamp.--Figure 8 shows lumen output Lt of fluorescent 
lamps of (LaCe)PO4:Tb and Zn2SiO4:Mn as a function of 
burning t ime t. The time dependence of L, is the same as 
that of the photoluminescence intensity Pc in Fig. 6, al- 
though the scale of burning time in Fig. 8 is much longer 
than that of bombarding time in Fig. 6. Similar t ime de- 
pendence of Lt and Pt was observed for the remaining 14 
kinds of phosphors. To investigate the relation between 
Lt and Pt, the intensities of Lt after 100, 500, and 1000h 
during the burning test run were plotted in Fig. 9(a), (b), 
and (c), respectively, with respect to the intensity of Pc 
after the Hg + ion bombardment  for lh. According to a re- 
gression analysis, a regression line of Lt on Pt is indicated 
as a solid line. In this case, the regression line was ex- 
pressed by the relation (100 - LD =/3 (100 - Pt), where fl is 
the inclination of the line. Two dashed lines correspond- 
ing to two inclinations fi (1 -* 0.3) are also described in 
Fig. 9. Most data points enter the region surrounded by 
the two dashed lines. These results indicate the tendency 
that the phosphor depreciated easily by ion bombard- 
ment  also degrades rapidly in a fluorescent lamp during 
the burning test. 
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Fig. 7. Annealing characteristic of the photoluminescence of 
Zn2SiO4:Mn powder bombarded by Ar + or Hg + ions. 
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It has been said that there is a correlation between Hg 
content in a depreciated lamp phosphor and lumen drop 
of its fluorescent lamp, and so the contamination of Hg 
atoms at the phosphor surface is responsible for the long- 
term depreciation of the lamp. For example, Froelich (7) 
proposed a photochemical L depreciation process where 
the excited Hg atoms react with phosphor atoms such as 
oxygen. From this point of view, a criterion is deduced 
that a phosphor which has a long life in a burning lamp is 
the phosphor which resists the adsorption of Hg atoms. 
At the present stage, however, the content of Hg in the 
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Fig. 9. Relation between the photoluminescence of the phosphors 
bombarded by Hg + ions for lh and the lumen output of fluorescent lamp 
after the burning time for (a} 100, (b) 500, and (c) 1000h. The data for 
the 16 kinds of phosphor powders mentioned in th e experiment are 
plotted. The solid line is a regression line which is expressed by the rela- 
tion (100 - Lt) = fl (100 - Pt), where fl is the inclination. Dashed lines 
are expressed by the relations (100 - Lt) = fl (1 +- 0.3) (100 - Pt). 
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depreciated lamp phosphor depends on the different 
phosphors and the criterion to estimate the affinity of Hg 
atoms for phosphor is not  known as pointed out by Narita 
(8). We can obtain another criterion to improve the phos- 
phor maintenance. The results indicated in Fig. 6, 8, and 9 
show that there is a close relation between the suscepti- 
bilities of the lumen drop of a fluorescent lamp and the 
phosphor depreciation by ion bombardment,  and that the 
phosphor which has a long life in a fluorescent lamp is 
also stable for the Hg § ion bombardment.  Therefore the 
influence of ion bombardment  on the phosphor deprecia- 
tion by physical damage in a fluorescent lamp is sup- 
posed. However, for phosphor depreciation in a lamp, the 
presence of energetic ions to produce an amorphous layer 
is not demonstrated explicitly, so precise experimental  
works are necessary further for this point. Furthermore,  
taking into account that the adsorption of Hg atoms is en- 
hanced by ion bombardment  as indicated in Fig. 5, we 
think that the influence of ion bombardment  on phos- 
phor depreciation by Hg adsorption should be also taken 
into consideration for the depreciation mechanism of a 
fluorescent lamp. 

Conclusions 
In this experiment  we obtained the following results: 
1. Under  energetic ion bombardment,  the phosphor sur- 

face becomes amorphous. The depth of the amorphous 
layer is about 3000A for ion bombardment  by Ar + ions 
With an energy of 200 eV. This amorphous layer is non- 
radiative under UV light exci tement  and absorbs UV 
light. 

2. Adsorption of Hg atoms on the phosphor surface is 
enhanced by ion bombardment.  

3. The depreciation characteristic of phosphor induced 
by ion bombardment  is similar to that of lumen deprecia- 
tion of a fluorescent lamp. 

4. One of the criteria to produce the phosphor which 
has a long life is to prepare the phosphor which is strong 
for ion bombardment.  

5. The results obtained in this experiment  suggest that 
the influence of ion bombardment  on phosphor deprecia- 
tion should be taken into consideration for the lumen 
drop of a fluorescent lamp. 
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A Simple Pre-Exposure Treatment to Improve Post-Develop 
Photoresist Step Coverage 
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ABSTRACT 
In this study, a pre-exposure treatment to AZ-type photoresist that helps post-develop step coverage is reported. 

Using the present-day standard technique, the photoresist  is coated and baked. This is followed by an immersion of the 
wafers in a dilute alkaline base such as 5:1 AZ351 developer for a short time. The wafers are then rinsed, dried, exposed, 
and developed using standard techniques. By this procedure, a significant improvement  in step coverage has been ob- 
served. A possible reaction mechanism is proposed. 

In semiconductor  device fabrication, step heights of the 
order of 1 ~m are not uncommon.  Photoresist  deposited 
on such surfaces by spin coating technique gives rise to 
nonuniform thickness of the photoresist layer in the vi- 
cinity of the steps. Postpatterning linewidth variation 
near the steps in the form of notching has been reported 
by several authors (1, 2). Nonuniform photoresist line- 
widths on metal layers result in nonuniform conductor 
linewidths, which in turn lead to electromigration failure 
and nonuniform electrode spacing in CCD. In extreme 
cases, discontinuities in the conductor due to poor step 
coverage have been observed. Increased usage of dry 
etching to produce small features adds to the step- 

Key words: photoresist Step coverage, coupling reaction, dis- 
solution rate of photoresist. 

coverage problem by leaving vertical feature walls and 
cusped upper edges. The PCM technique (3) is one of the 
few solutions to this problem. In this study, a simple pre- 
exposure treatment has been investigated by the authors 
which gives improved step coverage without making the 
l i thography process more complex. 

Experimental 
A pattern was etched in a 1.25 ~m thick thermally 

grown SiO2 layer on the wafer surface to produce steps of 
height about 1.25 ~m. The wafers were primed with 
HMDS and coated with Shipley's AZ1350 photoresist  to 
an average thickness of about 1.5 ~m. After air drying for 
10 rain, the photoresist-coated wafers were baked at 90~ 
for 30 rain in a convection-type bake oven. At this point, 
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Fig. I. Wafer processed with pre-exposure treatment 

(typically 15-30s), rinsed in DI water for 10 min, spin 
dried, and sent on for exposure. The other group (Group 
B) went directly to exposure. 

The projection aligner used was a Canon mask aligner 
which uses 405 and 436 nm wavelength UV light for expo- 
sure. After determining the optimum focus on a flat w a -  
fer,  step exposure was performed on a test wafer from 
Group A and on one from Group B. The wafers were de- 
veloped in 5:1 AZ351 developer for 60s. The minimum ex- 
posure required to clear a 4 Izm pitch grating was deter- 
mined in both cases. It was observed that the Group A 
wafers which went through the pre-exposure treatment 
required about 10% higher exposure than the Group B 
wafers. The wafers were then examined for the step cov- 
erage using the SEM. 

Results 
A remarkable increase in photoresist step coverage was 

observed in the case of the Group A wafers that went 
through the pre-exposure treatment. In the case of Group 
B wafers, the photoresist going over the 1.25 tzm steps 
was found to thin down or disappear entirely. When the 
experiment  was repeated using a new set of wafers and a 
different operator the results were the same. 

The authors believe that the improved step coverage of 
the Group A wafers is the consequence of the dissolution 
rate of unexposed photoresist 's being considerably lower 
than that of the conventional processing used in Group B. 
It was also observed that the surface of the Ph0toresist of 
the pre-exposure-treated wafers was considerably 
smoother than that of GrouP B wafers. The image quality 
of Group A wafers were as good as that of Group B, if not 
better. The  results are shown in SEM pictures (Fig. 1-6). 

Explanat ion  
The nature and chemistry of AZ-type positive resists 

has been extensively studied and reported by several au- 
thors (4-6). The AZ1350 formulation is composed primar- 
ily of PAC (Fig. 7) in a phenolic resin (Fig. 8). Imaging re- 
sults from UV exposure of the resist in desired areas. The 

Fig. 2. Wafer processed by standard method. Note the resist line 
thinning over the step. 

the wafers were divided into two groups. One group of 
wafers (Group A) were immersed in a 5:1 solution of 
AZ351 developer at room temperature for a short t ime Fig. 3. Wafer processed with pre-exposure treatment 
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Fig. 4. Wafer processed by standard method. Note the discontinuity of 
the resist line over the step. 

Fig. 6. Wafer processed by standard method. Note the resist line dis- 
appearing over the step. 
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Fig. 5. Wafer processed with pre-exposure treatment 

r e s u l t i n g  p h o t o l y s i s  m e c h a n i s m  (Fig. 9) was  first  pro- 
p o s e d  b y  Sfis in  1944 a n d  is n o w  well  r ecogn ized .  T h e  
ba se - so lub l e  ma te r i a l  p r o d u c e d  b y  U V  e x p o s u r e  of  PA C 

Fig. 7. Photoactive component in AZ1350 photoresist 

h as  b e e n  p r e s u m e d  to b e  a n  i n d e n e c a r b o x y l i c  ac id  
f o r m e d  f rom a r eac t ive  k e t e n e  i n t e rmed ia t e .  In  t he  alka- 
l ine  base ,  t h e  e x p o s e d  areas  u n d e r g o  the  r eac t i on  s h o w n  
in Fig. 10. 

As  t h e  bas ic  d e v e l o p e r  is also a s o l v en t  for  t h e  res in ,  t h e  
s lower  ra te  of  d i s s o l u t i o n  in  t h e  u n e x p o s e d  a rea  was  pos-  
t u l a t e d  b y  D e F o r e s t  (4) to r e su l t  f r om a b a s e - i n d u c e d  aZo  
c o u p l i n g  b e t w e e n  the  PA C a n d  t h e  r e s in  (Fig. 11). I t  was  
p r o p o s e d  b y  D e F o r e s t  t h a t  t h e  coup l ing  r eac t i on  t akes  
p lace  " i n s t a n t a n e o u s l y , "  p r o d u c i n g  a c ros s - l i nked  s t ruc-  
t u r e  t h a t  r e d u c e s  t h e  so lub i l i ty  of  t h e  u n e x p o s e d  region.  

T h e  o b s e r v e d  s low d i s s o l u t i o n  ra te  of  t h e  u n e x p o s e d  
p h o t o r e s i s t  of G r o u p  A wafers  in  t h e  p r e s e n t  s t u d y  can  b e  
e x p l a i n e d  i f  we a s s u m e  t h a t  c o u p l i n g  is a slow, d i f fus ion-  
dependent reaction rather thaff an instantaneous reaction. 
The development and the coupling rates of resists depend 
on diffusion of the developer in the polymer film, the 
molecular configuration, and strain in the polymer film. 
At a given temperature, many parameters may affect the 
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Fig. 8. Typical phenolic resin used in AZ1350 photoresist 
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Fig. 9. Photolysis mechanism for photoactive component proposed by 
S',',s in 1944. 
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Fig. 10. Developing reaction of the exposed areas 
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Fig. 11. Coupling reaction of sensitizer molecule with the resin m 
unexposed areas. 

diffusion mechanism. Gel formation, free volume in the 
film, and solvent retention may all play a role in the de- 
veloping of photoresist  films (7). It is conceivable that in 
the conventional developing method, the coupling does 
not take place instantaneously to completion in the unex- 
posed areas. Since the developer is amply used up in de- 
veloping the exposed resist, fresh developer is not locally 
available to the unexposed resist in order that coupling 
may effectively take place. 

In the method the authors have tried, the coupling 
takes place prior to exposure. Although this method de- 
sensitizes the resist a little bit, the compound is still 
photoactive. The study of Hiraoka and Pacansky (8) indi- 
cates that after development  and rinsing there is some re- 
sidual developer left in the resist. The authors believe 
that in their investigation, the residual developer has ade- 
quate time to be able to diffuse into the bulk of the resist 
and so the coupling reaction takes place to completion 
before the wafers go into the developer for the second 
time. The completion of the coupling reaction is responsi- 
ble for preserving the photoresist thickness over the 
steps. In addition to inhibiting the dissolution rate of the 
unexposed portions of the resist, the authors believe that 
the pre-exposure treatment hardens the surface of the 
photoresist, which explains the smoother photoresist sur- 
face of Group A wafers as compared to Group B. This ef- 
fect is similar to the technique used by Canavello et al. 
(9), in which the resist is soaked in chlorobenzene to alter 
the local development  rate of the resist near the surface. 

Summary 
A simple pre-exposure treatment of wafers coated with 

AZ-type photoresist has been described. It improves the 
step coverage after development  by inhibiting the disso- 
lution rate of unexposed photoresist. The pre-exposure 
treatment involves immersing the photoresist-coated and 
baked wafers in a mild alkaline base such as 5:1 AZ351 
developer for a short time. The phenomenon is explained 
as a consequence of the slow diffusion-dependant cou- 
pling reaction in which the diazide joins with other com- 
pounds to form aZo linkage. 
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Carrier Saturation in Tin-Doped InP Films Grown by Liquid Phase 
Epitaxy 

B. H. Chin, R. E. Frahm, T. T. Sheng, and W. A. Bonner 
A T & T  Bell Laboratories,  Murray  Hill, N e w  Jersey 07974 

A B S T R A C T  

We h a v e  i n v e s t i g a t e d  t in  d o p i n g  a t  h i g h  c o n c e n t r a t i o n s  in  I n P  films g r o w n  o n  < 1 0 0 >  I n P  b y  l i qu id  p h a s e  ep i taxy .  
C o n t r a r y  to p r e v i o u s l y  p u b l i s h e d  work ,  ou r  Hal l  m e a s u r e m e n t s  show t h a t  t he  ca r r ie r  c o n c e n t r a t i o n  s a tu r a t e s  a t  ~6  x 
10'8/cm ~ for  a mo l  f r ac t ion  of  t in  in  l i qu id  ~> 0.08. M e a s u r e m e n t s  of  ac tua l  t i n  c o n c e n t r a t i o n s  in  t h e  sol id b y  s e c o n d a r y  ion  
m a s s  s p e c t r o s c o p y  i nd i ca t e  t h a t  a sol id  so lub i l i ty  l imi t  is r eached .  T r a n s m i s s i o n  e l ec t ron  m i c r o s c o p y  revea l s  no  precipi -  
t a t e  fo rma t ion .  

L i q u i d  p h a s e  ep i t axy  (LPE)  in I n P  f rom i n d i u m - r i c h  so- 
l u t i ons  ha s  b e c o m e  a m a j o r  t e c h n i q u e  for t he  g r o w t h  of  
o p t o e l e c t r o n i c  dev ice  s t ruc tu res .  W h e n  n - type  layers  are  
n e e d e d ,  t in  is t he  u sua l  dopan t .  A l t h o u g h  t h e r e  h a v e  b e e n  
m a n y  s t ud i e s  (1-8) of  t in  d o p i n g  in  L P E  InP ,  t h e y  h a v e  
m a i n l y  c o n c e r n e d  d o p i n g  levels  of  (ND -- NA) ~< 5 • 
10'S/cm 3, c o r r e s p o n d i n g  to a tool  f r ac t ion  of  t in  in  solu- 
t i on  of  • <~ 0.1. H i g h e r  d o p i n g  levels ,  howeve r ,  h a v e  
b e e n  less  t h o r o u g h l y  inves t iga t ed ;  f u r t h e r m o r e ,  s tud ie s  of  
d o p i n g  in  t h e  10'9/cm 3 r ange  h a v e  of ten  i n v o l v e d  a typ ica l  
L P E  g r o w t h  cond i t ions .  U n d e r  t he  usua l  c o n d i t i o n s  for  
o p t o e l e c t r o n i c  s t ruc tu res ,  i.e., g r o w t h  f rom i n d i u m  solu- 
t ion  on  a n  I n P  s u b s t r a t e  at  600~176 we are  aware  of  
on ly  two s tud ie s  r e p o r t i n g  d o p i n g  levels  in  the  10'9/cm 3 
range.  Rosz toczy  et al. (1) m e a s u r e d  (ND - NA) ~ 1.5 • 
1019/cm 3 at  X'Sn ~ 0.4; Wil l iams et al. (2) a n d  As t les  et al. (3) 
f o u n d  (ND -- NA) ~ 8.5 • 1019/cm 3 at X's, ~ 0.5. We w o u l d  
l ike to e m p h a s i z e  tha t ,  in  b o t h  in s t ances ,  on ly  a s ingle  
da ta  p o i n t  w i t h  (ND - NA) in t h e  10'9/cm 3 r a n g e  was  given.  
O t h e r  w o r k  r e p o r t i n g  ve ry  h i g h  d o p i n g  levels  ha s  u t i l ized 
a typ ica l  g r o w t h  cond i t ions .  S h a y  et al. (4) d e p o s i t e d  an  
I n P  film o n  a n  I n P  s u b s t r a t e  f rom a t in  so lu t i on  at  
-510~ t h e  r e s u l t i n g  (ND -- NA) was  5 • 10'9/cm ~. J a c o b s  
et  al. (5, 6) s t u d i e d  doped ,  s t r ong ly  l a t t i c e - m i s m a t c h e d  
layers  of  I n P  g r o w n  on GaAs  s u b s t r a t e s  f rom e i the r  in- 
d i u m  so lu t i on  at  785~ or t in  so lu t ion  at  580~ Va lues  of 
(ND - NA) as h i g h  as 9 • 10'9/cm 9 we re  m e a s u r e d .  

In  th i s  s tudy,  we h a v e  g r o w n  InP ,  u n d e r  typ ica l  L P E  
cond i t i ons ,  w i t h  X~s, up  to 0.14. C o n t r a r y  to p r e v i o u s  
work ,  we f ind t h a t  (ND - NA) s a tu r a t e s  at  --6 • 10'8/cm 3 
for  Xls. ~> 0.08. In  a d d i t i o n  to Hal l  m e a s u r e m e n t s ,  t he  
ep i t ax ia l  layers  were  e x a m i n e d  by  s e c o n d a r y  ion  m a s s  
s p e c t r o s c o p y  (SIMS) a n d  t r a n s m i s s i o n  e l ec t ron  micros -  
copy  (TEM). 

Crystal Growth 
T h e  ep i t ax ia l  layers  we re  g r o w n  on  s e m i - i n s u l a t i n g  sub-  

s t ra tes  f r o m  t w o - p h a s e  so lu t ions  (9); a g r a p h i t e  ho r i zon ta l  
s l ider  b o a t  was  used .  T he  < 1 0 0 >  or ien ted ,  F e - d o p e d  I n P  
wafe r s  we re  first cu t  f rom a b o u l e  g r o w n  b y  l iqu id-en-  
c a p s u l a t e d  Czochra l sk i  (LEC) a n d  t h e n  po l i shed  w i t h  bro-  
m i n e - m e t h a n o l .  I m m e d i a t e l y  p r io r  to a L P E  run,  a sub-  
s t r a t e  was  f r e sh ly  e t c h e d  in 3 m e t h a n o l : l  H3PO4:1 H202, 
r i n s e d  succes s ive ly  in  m e t h a n o l  a n d  r u n n i n g  DI  water ,  
and,  finally, b l o w n  d ry  w i t h  h i g h  pu r i t y  h e l i u m  gas. Dur-  
ing  t he  pe r iod  n e e d e d  to h o m o g e n i z e  t he  g r o w t h  so lu t ion ,  
t he  s u b s t r a t e  was  p r o t e c t e d  w i t h  an  I n P  c o v e r p i e c e  (10) to 
r e d u c e  sur face  t h e r m a l  d e c o m p o s i t i o n .  

To r e d u c e  v a r i a t i o n s  in  b a c k g r o u n d  d o p i n g  levels ,  spe- 
cial  p r e c a u t i o n s  were  o b s e r v e d  for  p r e p a r i n g  t he  sou rce  
materials--vacuum-baked indium rod (six 9's purity), tin 
shot (six 9's purity), and undoped [(ND -- NA) ~ 5 • 
10'~/cm ~] polycrystalline InP slices. The indium rod was 
first etched in 1 HNO3:I HgO, rinsed in running DI water, 
rinsed in methanol, and blown dry with helium. After the 
rod had been cut up into pieces weighing 5.00g, the pieces 
were loaded into the wells of the growth boat and baked 

Key words: Hall measurements, secondary ion mass spectros- 
copy, transmission electron microscopy. 

ou t  o v e r n i g h t  at  700~ in f lowing h y d r o g e n .  The  boa t  was  
t h e n  cooled,  a n d  t he  i n d i u m  ingo t s  we re  r e m o v e d  and  
s to red  for fu tu re  use.  S ince  h i g h  c o n c e n t r a t i o n s  of  t in  are 
u s e d  in th i s  s tudy,  i m p u r i t i e s  in  the  t in  m a y  b e  
s ignif icant .  Hence ,  t he  t in  sho t  was  also pur i f ied  by  t he  
s a m e  p r o c e d u r e  (excep t  t h a t  c o n c e n t r a t e d  HC1 was  t he  
e tchan t ) .  J u s t  be fore  a g r o w t h  run,  t he  source  ma te r i a l s  
we re  f resh ly  r e -e t ched  a n d  w e i g h e d  ( the po ly  I n P  was  
also e t c h e d  in c o n c e n t r a t e d  HC1). Two m e l t s  were  l oaded  
in to  t he  boat :  (i) a p u r e  In  " w a s h "  m e l t  (11) for in situ 
e t c h i n g  of t he  s u b s t r a t e  sur face  a n d  (ii) t h e  g r o w t h  melt ,  
c o n s i s t i n g  of  5.000g In,  the  p r o p e r  a m o u n t  of Sn,  a n d  po ly  
I n P  in  exces s  of the  so lub i l i ty  l imi t  a t  t he  g r o w t h  t e m p e r -  
a ture .  

A n  L P E  r u n  p r o c e e d e d  a c c o r d i n g  to t he  fo l lowing  
schedu le .  Af ter  t he  m e l t s  h a d  b e e n  h o m o g e n i z e d  at 660~ 
for lh ,  t he  fu rnace  t e m p e r a t u r e  was  r a m p e d  d o w n  at 
0.7~ At  648~ t he  s u b s t r a t e  was  p u s h e d  u n d e r  the  
In  " w a s h "  m e l t  for  10s a n d  t h e n  p u s h e d  u n d e r  t he  g r o w t h  
melt .  G r o w t h  c o n t i n u e d  at a r a m p  rate  of 0.7~ un t i l  
640~ was  r eached .  T h e  wafe r  was  t h e n  w i p e d  off, a n d  t he  
b o a t  was  r ap id ly  coo led  down.  (Sur face  t e r r ace s  b e c a m e  
i nc r ea s ing ly  p r o n o u n c e d  at  h i g h  d o p i n g  levels ;  h o w e v e r ,  
c lean  wipe-of f  was  a c h i e v e d  on all samples . )  S i n c e  the  
d i s t r i b u t i o n  coeff ic ient  of  t in  m a y  va ry  w i t h  t e m p e r a t u r e ,  
t he  g r o w t h  t e m p e r a t u r e  was  de l ibe ra t e ly  he ld  to a n a r r o w  
r a n g e  (8~ Th i s  g r o w t h  in t e rva l  was  suf f ic ien t  to pro- 
d u c e  a film t h i c k  e n o u g h  ( - 5  ~m) for s u b s e q u e n t  charac-  
te r iza t ion .  

Befo re  d i s c u s s i n g  t he  cha r ac t e r i z a t i on  resul ts ,  we  m u s t  
first c lar i fy .one point .  Quan t i t i e s  wil l  be  p lo t t e d  as a 
f u n c t i o n  of  Xlsn, t he  mo l  f r ac t ion  of  t in  in  l iquid .  S t r ic t ly  

Xlsn  = Ms,/(M~ + Mlln + Me + Msn) [1] 

w h e r e  Msn a n d  M~ are, respec t ive ly ,  t he  n u m b e r  of  mo l s  
of  p u r e  S n  a n d  In,  w h e r e a s  MI,. a n d  Mp are  t h e  con t r i bu -  
t ions  f r o m  the  d i s so lved  InP .  I f  

(MI~, + M,) < <  (M~ + Ms,) [2] 

t h e n  

Xls~, ~ Ms./(M~ + Ms,) [3] 

We d i rec t ly  ver i f ied  t h a t  c o n d i t i o n  (ii) was sat is f ied over  
the  en t i r e  r ange  of  d o p i n g  u s e d  in th i s  s tudy.  The  solubi l -  
i ty of I n P  in  t he  m o s t  h igh ly  d o p e d  me l t  was  d e t e r m i n e d  
in t he  fo l lowing  way. A m e l t  cons i s t i ng  of 5.000g In  a n d  
0.875g S n  was  h o m o g e n i z e d  at 648~ An  I n P  wafer ,  
w h i c h  h a d  b e e n  accu ra t e ly  weighed ,  was  t h e n  sl id u n d e r  
the  melt .  Af te r  a l h  h o m o g e n i z a t i o n ,  t h e  wafe r  was  
p u s h e d  clear.  F r o m  m e a s u r e m e n t s  of  t he  w e i g h t  ga in  in  
t he  m e l t  a n d  of  t he  w e i g h t  loss  in  t he  subs t ra t e ,  we deter -  
m i n e d  t he  so lubi l i ty  to b e  0.055g InP ,  a neg l ig ib le  a m o u n t  
c o m p a r e d  to t he  ini t ia l  5.875g charge.  Thus ,  Eq.  [3] was  
u s e d  for X~Sn. 

Characterization 
The  ep i t ax ia l  layers  we re  cha rac t e r i zed  b y  Hal l  mea-  

s u r e m e n t s ,  SIMS,  a n d  TEM. The  ne t  ca r r i e r  c o n c e n t r a -  

1 3 7 3  



1 3 7 4  J .  E l e c t r o c h e m .  Soc . :  S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  J u n e  1984 

t ion  (ND - NA) was d e t e r m i n e d  by  Hal l  m e a s u r e m e n t s  in  
the  y a n  der  P a u w  conf igura t ion ;  a fully c o m p u t e r -  
con t ro l l ed  a p p a r a t u s  (12) was  u sed  for r ap id  a n d  accu ra t e  
m e a s u r e m e n t s .  To m o n i t o r  t he  ac tua l  t in  c o n c e n t r a t i o n ,  
s a m p l e s  we re  ana lyzed  by  SIMS ' ,  a Cs ion  sou rce  was 
u s e d  for  d e p t h  profil ing,  a n d  t he  mass  120 t in  p e a k  was 
m o n i t o r e d .  C o n v e r s i o n  of  t he  S IMS s ignal  levels  to 
a tomic  c o n c e n t r a t i o n s  was a c h i e v e d  b y  c o m p a r i s o n  w i t h  
s igna l s  f rom i o n - i m p l a n t e d  s t anda rds .  F o r  T E M  analys is ,  
a 3 m m  d i a m  d i sk  was  u l t r a son ica l ly  cu t  f rom a wafer .  
Af ter  t h e  s u b s t r a t e  h a d  b e e n  po l i shed  d o w n  to - 2 5  /~m 
wi th  b r o m i n e - m e t h a n o l ,  a n u m b e r  of smal l  ho les  were  
o p e n e d  u p  nea r  t he  cen te r  of  t he  d i sk  w i th  a j e t  po l i sh  of  
b r o m i n e - m e t h a n o l .  

Hal l  m e a s u r e m e n t s  of severa l  n o m i n a l l y  u n d o p e d  lay- 
ers  gave  a r e p r o d u c i b l e  b a c k g r o u n d  d o p i n g  level  of  (ND -- 
NA) ~ 1 x 1017/cm~, w h i c h  was  an  order  of  m a g n i t u d e  less 
t h a n  t he  lowes t  i n t e n t i o n a l  d o p i n g  level.  T he  va lues  of  (ND 
- NA) at  r o o m  t e m p e r a t u r e  as a f u n c t i o n  of  X'sn are p lo t t ed  
in  Fig. 1. Fo r  X'sn ~< 0.08, t h e r e  is a l inear  d e p e n d e n c e  of  
(ND - NA) on  X'sn; in  th i s  reg ime,  the  ca lcu la ted  d i s t r ibu-  
t ion  coeff ic ient  is k ~ 2.7 • 10 -3, in  good  a g r e e m e n t  w i th  
va lues  m e a s u r e d  b y  o the r  w or ke r s  (8) [Two def in i t ions  of  
k ex i s t  (8); here ,  we use  t h e  c o m m o n  one:  k = (mols  
S r dg ram of  sol id) / (mols  S n / g r a m  of  l iqu id)  (3, 8).] C o n t r a r y  
to p r e v i o u s  w o r k  (1-3), however ,  we f ind t h a t  (No - NA) 
s a tu r a t e s  at  - 6  • 10'8/cm 3 for X's, > 0.08. 

S ince  Hal l  m e a s u r e m e n t s  yie ld  on ly  t he  ne t  e lec t r ica l ly  
ac t ive  c o n c e n t r a t i o n ,  t h e y  do no t  u n a m b i g u o u s l y  deter -  
m i n e  t he  d o p i n g  behav ior .  S a t u r a t i o n  of  (ND - NA) as a 
f u n c t i o n  of X~sn m a y  be  c o n s i s t e n t  w i th  t he  fo l lowing  sce- 
nar ios :  (i) t he  mo l  f rac t ion  of  t in  in  t he  solid, X'Sn, sa tu-  
ra tes ;  i.e., a so lub i l i ty  l imi t  of  t i n  in  t he  sol id is r eached .  
(it) X'Sn inc r ea se s  as a f u n c t i o n  of XLs. w i t h  c o n s t a n t  (No - 
NA). In  th i s  case, some  of the  t in  m a y  be  i n c o r p o r a t e d  in to  
n e u t r a l  or a ccep to r  sites. Al te rna t ive ly ,  (ND - NA) m a y  also 
r e m a i n  c o n s t a n t  i f  t h e  c o n c e n t r a t i o n  of  a c c e p t o r  impur i -  
t ies  i n c r e a s e s  w i t h  X'sn- 

To c lar i fy  t he  s i tua t ion ,  t h e  c o n c e n t r a t i o n  of  t i n  in  t h e  
solid,  C~s, (atoms/cm3), was  d e t e r m i n e d  by  SIMS;  t he  re- 
su l t s  are p lo t t ed  in  Fig. 1 as a f unc t i on  of  X's~. Wi th in  t he  
accu racy  of  t he  S IMS ca l ib ra t ion  (a fac tor  of 2), t he  va lues  
of  c% m e a s u r e d  by  S IMS agree  wi th  t he  va lues  of  c %  ex- 
p e c t e d  f rom the  Hal l  m e a s u r e m e n t s  ( a s s u m i n g  t h a t  all t in  
is i n c o r p o r a t e d  as ion ized  donors) .  We see c lear ly  in  Fig. 1 
t h a t  c% sa tura tes ;  hence ,  a solid so lub i l i ty  l imi t  is 
r eached .  

The  fo l lowing  a d d i t i o n a l  ana lyses  were  t a k e n  to sup-  
por t  th i s  resul t .  The  b a c k g r o u n d  d o p i n g  of  t h r e e  samples ,  
w i t h  X's. = 0, 0.06, a n d  0.14, respec t ive ly ,  was  m o n i t o r e d  
by  wide-f ie ld  S IMS scans.  S ince  the  m a s s  s pec t r a  of  all 
t h r e e  layers  were  e s s e n t i a l l y  ident ica l ,  t h e r e  was  no  
s ign i f i can t  i nc rease  in b a c k g r o u n d  d o p i n g  w i t h  increas -  
ing  X's.. F u r t h e r m o r e ,  T E M ana lys i s  of  t he  s a m p l e  w i th  
X'sn = 0.14 revea led  no  p rec ip i t a t e s  (at a m a g n i f i c a t i o n  of 
50,000 • i n d i c a t i n g  t h a t  all t in  was  in  solid solut ion.  

Discussion 
For  X~s, > 0.08, we have  s h o w n  t h a t  the  ca r r ie r  concen -  

t r a t i on  in t i n - d o p e d  I n P  s a tu r a t e s  at  (ND - NA) = 6 • 
1018/cm8; f u r t h e r m o r e ,  the  car r ie r  s a t u r a t i o n  ar ises  be- 
cause  a so lub i l i ty  l imi t  of t in  in  the  solid is a t ta ined .  We 
e m p h a s i z e  t h a t  th i s  r e su l t  ho lds  u n d e r  t he  specif ic  condi -  
t ions  e m p l o y e d ,  namely ,  g r o w t h  f rom i n d i u m  so lu t ion  on  
a < 1 0 0 > - o r i e n t e d  I n P  s u b s t r a t e  a t  648~176 however ,  
t he se  c o n d i t i o n s  are  t h e  c o m m o n  ones  for o p t o e l e c t r o n i c  
dev ice  s t ruc tu res .  Our  r e su l t s  d i f fer  f rom t h o s e  r e p o r t e d  
b y  Rosz toczy  et al. (1) and  As t l e s  et at. (2, 3), w h o  f o u n d  
no  e v i d e n c e  of car r ie r  sa tu ra t ion .  A l t h o u g h  t he  exac t  rea- 

~SIMS analysis performed by C. A. Evans and Associates, San 
Mateo, California. 

10 

(.D l-'- 
r r  ,~  
U.I r r  

0 ~ 
~ o 

2 

i , i i ~ i i ] i I ' P ; f 

O 0,05 O.10 
MOLE FRACTION TIN IN LIQUID 

10~9 a_ 
_ J  
0 
u )  

Z 

Z w ~  
~ E  

10 ,8 ~ 
Z 0 

0 
0 
Z 

1017 ~- 
0.15 

Fig. 1. Plot of room temperature carrier concentration and tin concen- 
tration as a function of mol fraction tin in liquid. 

sons  for th i s  d i f f e rence  are no t  clear,  t h e r e  are two possi-  
bil i t ies.  F i r s t  of all, d o p a n t  i n c o r p o r a t i o n  m a y  d e p e n d  on  
subs t r a t e  o r ien ta t ion  (13, 14) Rosztoczy et al. used  < l l l > B  
s u b s t r a t e s  t h r o u g h o u t .  In  t he  case  of  As t les  et al., t h e  si tu-  
a t ion  is m o r e  v a g u e  b e c a u s e  < l l l > A ,  < l l l > B ,  a n d  
<100>  s u b s t r a t e s  were  used .  T h e  a u t h o r s  m e n t i o n e d  t h a t  
the  d o p i n g  b e h a v i o r  d id  no t  d e p e n d  s t rong ly  on  or ienta-  
t ion;  however ,  i t  is no t  c lear  w h e t h e r  the  one  v e r y  h i g h  
va lue  of  (ND -- NA) r e p o r t e d  (8.5 • 1019/cm ~) was  a t t a i n e d  
on  all o r i en ta t ions .  Secondly ,  a t  h i g h  X's,, i m p u r i t i e s  in  t he  
t in  m a y  be  s ignif icant .  Thus ,  t h e  h i g h e r  va lues  of  (ND - 
NA) m e a s u r e d  by  o the r  w o r k e r s  m a y  have  b e e n  due  to a 
s t rong  d o n o r  i m p u r i t y  p r e s e n t  in  the  t in.  To reso lve  t h e s e  
issues ,  t he  i n c o r p o r a t i o n  of  t in  as a f u n c t i o n  of  o r i e n t a t i o n  
a n d  t he  p r e s e n c e  of i m p u r i t i e s  in  t in  n e e d  f u r t h e r  inves t i -  
gat ion.  
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ABSTRACT 
The electronic properties of silicon-on-sapphire were investigated as a function of selected heat-treatment sequences 

between 900 ~ and ll00~ similar to certain processing steps used in device fabrication. Employing  photovoltage spec- 
troscopy and laser scanning photovoltage microprofiling, it has been found that heat-treatments significantly change 
deep and shallow levels and the minority-carrier lifetimes. Detectable changes of the amorphization factor and of the 
magnitude of inhomogeneit ies were also observed, but only upon annealing at the highest temperature investigated (3h 
at 1100~ 

Silicon-on-sapphire (SOS) (1), in addition to bulk silicon 
(2), is a well-recognized material for applications in the 
electronic industry, especially for the fabrication of radia- 
tion hard devices. It has been previously demonstrated 
that macro- and microscopic electronic properties of as- 
grown SOS films are closely related to film crystallinity 
(3, 4), and that surface photovoltage spectroscopy can be 
used successfully to characterize their electronic proper- 
t ies  (3-5). The properties of bulk silicon change during 
processing (6, 7). By analogy, it is anticipated that the 
electronic properties of as-grown SOS films also change 
during various heat-treatments, and that these changes 
are a strong function of the temperature of the processing 
steps. The various processing cycles used for the fabrica- 
tion of conventional  circuits and radiation-hard CMOS 
circuits could influence material characteristics differ- 
ently, and could be reflected in circuit performance. In 
this work, we present systematic studies of ion-implanted 
and nonimplanted SOS films subjected to heat-treat- 
ments typical of the conventional CMOS fabrication and 
radiation hard processes. In addition, we also investigated 
the effects of a high temperature preannealing (which 
could be applied prior to processing) on the electronic 
characteristics of SOS films. 

Experimental 
Commercially available SOS wafers 0.6 ~m thick were 

preselected according to their crystallographic quality (A 
type according to UV reflection) (8) and were subjected 
to processing treatments listed in Table I. Two processing 
sequences were used, one involving no ion implantation 
(sequence I), and another involving ion implantation as 
follows: 1 • 10~2cm -2 boron implanted at 150 keV plus 1.1 

*Electrochemical Society Active. 

• 1012cm -2 boron implanted at 35 keV (sequence II). After 
implantation, the SOS films were oxidized in steam at 
900~ for 23 min. The wafers were sectioned by cleaving. 
Sections A, B, and C were thermally treated according to 
a specification given in Table I. The processing tempera- 
tures used for the sequence A were typical fo r t h e  radi a- 
tion hard process, while those used for the sequence B 
are for the conventional process. The untreated section D 
was used as a reference. 

The study of sections A. B, C, and D was carried out 
utilizing photovOltage-related techniques (5): (i) photo- 
voltage spectroscopy measurements for determination of 
localized levels and the degree of amorphization, (ii) mea- 
surements of the temperature dependence of photovolt- 
age for assessment of the role of trapping centers, and (iii) 
laser scanning photovoltage microprofiling for determi-. 
nation of the homogeneity of silicon-on-sapphire. A de- 
tailed description of these approaches and their applica- 
tion to silicon-on-sapphire was given elsewhere (5, 9). 

Photovoltage measurements  were carried out utilizing 
the metal-semiconductor (MS) configuration. Photovol- 
tage generated by a chopped monochromatic  light was 
measured between a semitransparent gold film and a sec- 
ond electric contact (made with a silver paste) which was 
kept in the dark. Two sets of samples (3 • 10 mm), 1A, 1B, 
1C, and 1D and 2A, 2B, 2C, and 2D, were cleaved from wa- 
fers treated according to process simulation sequence I 
and II, respectively (see Table I). They were simulta- 
neously prepared for measurements  (evaporation of gold- 
and silver-paste contacts). Four samples (1A~ID and 
2A-2D) were placed on the cold finger of the variable- 
temperature cryostat. They were simultaneously mea- 
sured in an effort to optimize the reliability of compara- 
tive study. 

Table I. Process simulation Sequences I and II 

Section of the wafer 
Processing A B C D 

1 Etching 

4. No implantation 
or 
Boron implant 

5. 900~ steam, 
23 min 

6. Cleaning 
7. 
8. 
9. 

10. 
11. 
12. 

13. Strip oxide 

o r  

900~ N~; 55' 
pull out 

950~ N2; 25' 
pull out 

850~ N2; 75' 
450~ FG; 20' 

forming gas (FG) 

all sections 

no implantation sequence I 

150 keV; 1 • 10 ~2 + 35 keV; 1.1 • 10 ~ sequence II 
all sections 

1050~ N~; 35' 1100~ N2; 3h 
pull out 

950~ N2; 65' 
pull out 

1050~ N2; 20' 
450~ FG; 20' 450~ FG; 20' 

all sections 

1375 

m 

M 
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Table II. Magnitude of photovoltage at 
h~ = 2 eV, 220 K, photon flux 1018 cm "2 s "1 

Section of the wafer 
A B C D 

Not implanted 0.18 mV 0.480 mV 0.95 mV 0.12 mV 
(Sequence I) 

Implanted 0.40 mV 1.2 mV 1.05 mV 0.33 mV 
(Sequence II) 

Note: Thermal treatment for sections A, B, C, and D as defined by 
Table I. 

Results and Discussion 
Magnitude of photovoltage.--The most significant 

quantitative difference between the various SOS films 
w a s  in the magnitude of photovoltage in the region of in- 
trinsic excitation (h~ > E~). As shown in Table II, the 
photovoltage was smallest for untreated film D and had 
higher values for films subjected to thermal treatments. 
This seems to be the observation for implanted and unim- 
planted films. The simplest interpretation of this effect is 
that it is associated with the enhancement  of excess car- 
rier lifetime. This would lead to a tentative conclusion 
that the highest temperature annealing steps (the heat- 
treatments B and C) are most beneficial in improving the 
lifetime value. 

Temperature dependence of photovoltage.--In our previ- 
ous studies, we utilized the temperature dependence of 
photovoltage as a means for the determination of thermal- 
activation energies of trapping centers (3-5). Such typical 
photovoltage vs. lIT dependence is shown in Fig. 1. It ex- 
hibits, in the high temperature region, the photovoltage 

quenching with a characteristic activation energy, EA = 
0.5 eV, which has been observed in most of the SOS 
films studied previously (3-5). Exemption from this rule 
w a s  observed only in films with the lowest density of 
deep levels, such as, for example, hydrogenated films of 
SOS (10). 

The temperature dependence of photovoltage of the un- 
implanted films discussed here is only partially consist- 
ent with this tendency. As seen in Fig. 2, these films ex- 
hibit a photovoltage maximum at a temperature of about 
220 K, and also photovoltage quenching with an activa- 
tion energy approximately equal to 0.5 eV. However, this 
photovoltage quenching does not extend to room temper- 
ature. Instead, the photovo]tage increases near room tem- 
perature for thermally treated films A, B, and C, and at a 
slightly lower temperature for the untreated film D. It is 
very likely that the differences, in comparison with previ- 
ous results of Ref. (3) and (5), are due to surface effects. 
The SOS films discussed in Ref. (3) and (5) were covered 
with a protective SiO2 layer (for example, 100 min steam 
oxidation at 900~ while the films described here were 
subjected to oxide removal as the final preparation step. 
A silicon surface covered with a thin native oxide and 
with thermal oxide is known to exhibit different electrical 
properties (11). 

Photovoitage vs. lIT for a series of ion-implanted films 
treated according to process simulation sequence II is 
presented in Fig. 3. i t  is evident that all ion-implanted 
samples exhibit  basically similar temperature depend- 
ence to the oxidized samples studied in Ref. (3) and (5). 
Thermal quenching with 0.5 eV activation energy is also 
clearly visible. The photovoltage quenching of unim- 
planted films did not extend up to room temperature, 

7 most likely because of surface effects. In ion-implanted 
material with much higher carrier concentration, the sur- 
face effects can generally be expected to be less pro- 

X nounced; thus, the boron-implanted films analyzed in 
6 Fig. 3 did not show this surface-related effect. 
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Fig. i. Typical temperature dependence of the photovoltage of 

silicon-on-sapphire containing deep traps of thermal activation energy 
0.5 eV. 
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Fig. 2. Temperature dependences of the photovoltage of unimplanted 
silicon-on-sapphire heat-treated according to Table I (processing se- 
quence I). 
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Fig. 3. Temperature dependences of the photovoltoge of ion- 
implanted silicon-on-sapphire treated according to the processing se- 
quence II (see Table I). 

Spectral dependence of photovoltage.--The photovol-  
tage spectra  normal ized  to pho tovo l t age  va lues  at hv = 2.0 
eV are g iven  in Fig. 4 for t he  two  ex t r emes  of  heat-  
t r ea tments  C and  D. The  normal iza t ion  of pho tovo l t age  
e l imina tes  the  d i f ferences  in m a g n i t u d e  d i scussed  above,  
and thus  pe rmi t s  the  observa t ion  of  o ther  d i f ferences  
occur r ing  in par t icular  spectral  regions.  Two regions,  hv 
< Eg and h v = Eo, are of  pr imary  impor t ance  here, as they  
cor respond  at lower  energy  t o  photo ion iza t ion  t ransi t ions  
invo lv ing  local ized levels  and the  h igher  energy  reflect  a 
degree  of  amorph iza t ion  of  SOS films (3) 1. I t  is seen  f rom 
Fig. 4 that  the  hea t - t r ea tment  at l l00~ suppresses  bo th  of  
them,  a l though  the  effect  is m u c h  s t ronger  in the  case of  
subbandgap  photo ioniza t ion  transi t ions.  The  photovol-  
tage spectra  of  films A and B, wh ich  rece ived  an in te rme-  
diate hea t - t r ea tment  (not shown in Fig. 4) also showed  a 
not iceable  suppress ion  of  deep  leve l  photo ion iza t ion  tran- 
s i t i ons  in compar i son  with  the  un t r ea t ed  film D. How- 
ever,  no s ignif icant  change  was found for these  films re- 
gard ing  the  degree  of  amorph iza t ion  (as j u d g e d  f rom 
photov01tage increase  a round h .  = Eo). It  should  be  em- 
phasized that  t he  effects  of  hea t - t rea tment  were  ve ry  simi- 
lar for u n i m p l a n t e d  and ion- implan ted  films (sequence  1 
and 2). 

For  a quant i ta t ive  analysis of the  effect  of  heat- 
t r ea tmen t  on deep levels,  we have  a t t empted  here  a pro- 
cedure  d iscussed  in Ref. (3) based on the  subbandgap  
photo ion iza t ion  t ransi t ions in s i l icon-on-sapphire  involv-  
ing deep  levels  of  energies,  E~ = 0.6 - 0 . 7  eV be low the 
conduc t ion  band. The  s t rength  of this photo ioniza t ion  
t rans i t ion  can be  es t imated  f rom the  pho tovo l t age  va lue  
normal ized  to the pho tovol tage  va lue  at the  m a x i m u m  (2 
eV). As d iscussed  in Ref. (3), they  can be  t rea ted  as a 
rough  indica t ion  of  the  concen t ra t ion  of the  deep  levels.  
The  re la t ive  concen t ra t ion  of deep levels  E1 in the  pro-  
cessed samples ,  normal ized  to the  concen t ra t ion  ob- 
se rved  in as-grown samples  (D), is g iven  in Table  TII. The  

~Note that the amorphous-like shoulder at Eo (Fig. 4) originates 
from defects in SOS affecting long-range interaction (dangling 
bonds and lattice strains), rather than from amorphous domains 
(12). 
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Fig. 4. 170 K photovoltoge spectra (normalized to photovoltage value 
at hv = 2 eV) for unimplanted SOS films 1C and 1D and ion-lmplanted 
films 2C and 2D. Spectra were averaged in order to eliminate interfer- 
ence extrema. 

lowes t  concen t ra t ion  of  deep  level  E~ is cons is ten t ly  ob- 
se rved  in sample  C, which  rece ived  the  h ighes t  t empera -  
ture  hea t - t rea tment  (ll00~ the  h ighes t  concen t ra t ion  of  
E1 levels  is in the  unannea l ed  sample  D. 

A degree  of amorphiza t ion  can be conven ien t ly  ana- 
lyzed by in t roduc ing  the  amorphiza t ion  factor  V (3) 

hV 
7 = - - - 1  

V A~ 

where  AV/V is the  relat ive pho tovol tage  increase  tak ing  
place  in the  v ic in i ty  of  h ,  = Eo, and h~/~ is the  corre- 
spond ing  change of t h e  absorp t ion  coeff icient  of  the  bu lk  
(single-crystall ine) silicon. Es t ima ted  values  of  ~ normal-  
ized to values  observed  in the  unannea l ed  films D are 
l is ted in Table  I I I  for all films unde r  study. I t  seems  that  
only the  films annealed  at 1100~ show a sys temat ic  re- 
duc t ion  in the  value  of  t h e  amorphiza t ion  factor 7, com- 
pared  to the  as-grown films D. Also, the  va lue  of  the  
minor i ty-car r ie r  l ifetime, de t e rmined  f rom the  photovol -  
rage magn i tude  and normal ized  to values  ob ta ined  f rom 
as-grown films D, is shown in Table  III. The  largest  im- 
p r o v e m e n t  is also observed  in the  films 1C and 2C, wh ich  
were  exposed  to the  h ighes t  tempera tures .  

Comments on Deposit Homogenei ty  
As d iscussed  in Ref. (9), the  laser scanning  pho tovo l t age  

in the  MS conf igurat ion provides  an effect ive  m e a n s  for 
reveal ing  the  electr ical  inhomogene i t i e s  of  a th in  semi-  
conduc t ing  film. The re la t ive  change  of  the m a g n i t u d e  of 
photovol tage ,  AV, with respec t  to an average pho t0vol tage  
signal, Vav , was used in our previous  s tudy as a quant i ta-  
t ive measu re  of  the  h o m o g e n e i t y  of  s i l icon-on-sapphire.  
The  centra l  por t ion  of the  best  SOS films analyzed by 
this t e c h n i q u e  exh ib i t ed  hV/Vav as low as -+3%, whi le  the  

i n f e r i o r  qual i ty  films of  D-F ca tegory  exh ib i t ed  hV/V~v 
even  as high as -+50% (9, 10). Values  of  AV/Va~ for the  
presen t ly  s tudied  u n i m p l a n t e d  films, wi th  the  excep t ion  
of  the  edge  of the  wafers,  were  es t imated  to be  b e t w e e n  
-+10% and -+15%. The lowes t  va lue  cor responds  to film C, 
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Table III. The effect of heat-treatment on electrical properties of SOS 

Processing schedule 
A B C D* 

Property Implant No implant Implant No implant Implant No implant As grown 

Relative concentration 1.0 0.4 0.7 0.3 0.2 0.2 1 
of deep levels E1 

Amorphization factor 1.2 1.0 1.0 1.2 0.7 0.7 1 
Excess** carrier 1.2 1.5 4 4 3 8 1 

lifetime 

* Note that all properties are referred to corresponding property of silicon-on-sapphire film not subjected tc thermal annealing. 
** Estimated from the magnitude of photovoltage under intrinsic excitation (by = 2 eV). which at low temperature minimizes effects of 

surface recombination. 

which received the highest temperature heat-treatment, 
and the highest value to the as-grown film D. Typical 
He-Ne laser photovoltage scans along the radial direction 
for a short distance in the central portion of the films 1D 
and 1C are Shown in Fig. 5. The homogeneity of films 1A 
and 1B seems to fall between those of films 1C and 1D; 
however, the differences were too small for unambiguous 
correlation of homogeneity with a giVen heat-treatment. 
The peripheral regions o f  the films exhibited large 
inhomogeneit ies (photovoltage changes by as much as a 
factor of 3) confined within about 1 cm from an edge of 
the wafer. 

Ion implanted wafers exhibited measurable  inhomoge: 
neities only in peripherical regions. It should be noted 
that the presence of inhomogeneous peripherical regions, 
and improvement  of homogeneity upon ion implantation, 
is consistent with our previous study of silicon-on- 
sapphire (4, 9, 10). This indicates that a uniform implant 
of shallow ionized impurities tends to overshadow electri- 
cal inhomogeneit ies present in as-grown films with local- 
ized potential barriers. 

Summary 
It has been shown that the electronic properties of SOS 

films are affected by high temperature annealing. Im- 
provement  of the lifetime, a decrease of deep level con- 
centration, and reduction of inhomogeneit ies have been 
observed in both ion-implanted and nonimplanted SOS 
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Fig. 5. Photovoltage scans of central portions of SOS wafers 1C and 
1D. He-Ne laser excitation, MS configuration. Note that the magnitude 
of relative photovoltage changes AV/Vavg provides the measure of the 
magnitude of inhomogeneities. 

films after annealing. The annealing was designed to 
simulate processing steps used in the fabrication of 
radiation-hard and conventional SOS circuits. The largest 
improvement  in electronic properties has been observed 
for SOS films subjected to the highest temperature treat- 
ment: ll00°C for 3h. These SOS samples also showed a re- 
duction in the degree of amorphization. It seems that the 
smallest improvement  of electronic properties has been 
observed for simulation of the radiation-hard process 
which has the lowest processing temperatures. Very simi- 
lar changes in electrical properties have been observed 
for ion-implanted and nonimplanted samples. 

It can be speculated that an increase of the minority- 
carrmr lifetime is caused by a decrease in the deep level 
concentration, which is caused by the gettering action of 
the interfacial region between the silicon film and the 
sapphire substrate. 

The efficiency of gettering introduced by interfacial 
strain should increase with increasing temperature due to 
the increase of strain and the mobility of defects. There- 
fore, one can expect that the defect density will be lower 
for the highest processing temperature. It can be specu- 
lated that high temperature annealing could also affect re- 
distribution of a luminum near the silicon-sapphire inter- 
face, which could be reflected in the reduction of 
amorphization and interfacial inhomogeneities, as ob- 
served in the photovoltage scans. 
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Application of Low Angle Beveling for Thin Film Thickness 
Measurement by SEM or AES 
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F a i r c h i l d  C a m e r a  & I n s t r u m e n t  C o r p o r a t i o n ,  M o u n t a i n  V i e w ,  C a l i f o r n i a  94039 

A B S T R A C T  
T h e  feas ib i l i ty  of  m e a s u r i n g  t he  t h i c k n e s s  of  v e r y  t h i n  fi lms (<1000~) b y  u s i n g  a low a n g l e  b e v e l i n g  t e c h n i q u e  in  

c o n j u n c t i o n  w i t h  a s c a n n i n g  e l ec t ron  m i c r o s c o p e  (SEM) or a n  A u g e r  e l ec t ron  s p e c t r o s c o p e  (AES)  ha s  b e e n  d e m o n -  
s t ra ted .  T h e  t h i n  film t h i c k n e s s  h a s  b e e n  m a g n i f i e d  in two s teps ,  200 t i m e s  w i t h  l ow  ang le  beve l ing ,  a n d  a n  a d d i t i o n a l  
5000 t i m e s ~ i t h  t he  SE M or AES.  T he  accu rac i e s  of  m e a s u r e m e n t s  p e r f o r m e d  on  two  SiO2 fi lms h a v i n g  t h i c k n e s s e s  of 
740 a n d  194A were  f o u n d  to b e  4.2% a n d  13.4%, respec t ive ly ,  w h e n  c o m p a r e d  to e l l i p some t r i c  m e a s u r e m e n t s .  Th i s  t ech-  
n i q u e  ha s  also b e e n  u s e d  on  MO S gate  ox ide  a n d  Si-Cr  t h i n  fi lm res i s to r  samples .  Wi th  b e t t e r  con t ro l  of  t he  va r i ab l e s  in- 
vo lved ,  i t  is r e a s o n a b l e  to e x p e c t  t h a t  f i lms on  t h e  o rde r  of  20A cou ld  be  m e a s u r e d .  

In  m a n y  cases,  c o n v e n t i o n a l  t e c h n i q u e s  c a n n o t  b e  u s e d  
to m e a s u r e  t he  t h i c k n e s s  of  ve ry  t h i n  films. Th i s  is be-  
c a u s e  t he  r e q u i r e d  accu rac i e s  c a n n o t  b e  a c h i e v e d  u n d e r  
t he  r e s t r i c t i ons  i m p o s e d  b y  s a m p l e  size a n d  s t r u c t u r e  
(1-3). B y  u s i n g  a c o m b i n a t i o n  of  a n g l e  b e v e l i n g  w i t h  
s c a n n i n g  e l ec t ron  m i c r o s c o p y  (SEM) or A u g e r  e l ec t ron  
s p e c t r o s c o p y  (AES), i t  is pos s ib l e  to  m e a s u r e  t he  th ick -  
ness  of  a l a rge  n u m b e r  of  t h i n  f i lms in  a w ide  va r i e ty  of  
s t ruc tu res .  I n  t h e  case  of insuf f i c ien t  S E M  i m a g e  con-  
t ras t ,  t h e  A E S  p r o v i d e d  spa t ia l  a n d  c h e m i c a l  r e s o l u t i o n  to 
d e t e r m i n e  t h e  f i lm bounda r i e s .  

Description of the Technique 
A t e c h n i q u e  t h a t  u se s  two  s tages  of  m a g n i f i c a t i o n  ha s  

b e e n  e m p l o y e d  to m e a s u r e  t he  t h i c k n e s s e s  of  v e r y  t h i n  
films. T h e  first magn i f i ca t i on  is o b t a i n e d  by  b e v e l i n g  
t h e  s a m p l e  at  a sma l l  ang le  (4, 5, 9). T he  s e c o n d  is pro-  
v i d e d  b y  t h e  S E M  or A E S  (6). 

The  t e c h n i q u e  cons i s t s  of  t he  fo l lowing  s teps :  (i) 
s a m p l e  p r e p a r a t i o n ;  t h a t  is, m o u n t i n g  a n d  beve l ing ,  (ii) 
m e a s u r e m e n t s  of  beve l  angle ,  f i lm t h i c k n e s s  b y  S E M  or 
AES,  a n d  film w i d t h  on  t h e  pho to ,  a n d  (ii i)  ca l cu l a t i on  of  
t he  fi lm t h i c k n e s s .  

The  s a m p l e  is m o u n t e d  on  a b e v e l e d  m o u n t i n g  b l o c k  
u s i n g  a low t e m p e r a t u r e  m e l t i n g  wax.  T h e  b l o c k  cons i s t s  
of  a me ta l l i c  d i sk  t h a t  has  t he  t op  sur face  p r e c i s i o n  ma-  
c h i n e d  at  a k n o w n  smal l  ang le  w i t h  r e s pec t  to  t h e  b o t t o m  
sur face  of  t he  disk.  T he  b e v e l i n g  is a c h i e v e d  b y  p o l i s h i n g  
t he  s p e c i m e n  on  a f ros ted-g lass  plate.  T he  final p o l i s h i n g  
m e d i u m  is a 0.1 ~ m  d i a m o n d  par t ic le  in  oil. T he  su r face  
of  t he  s p e c i m e n  is c l e aned  w i t h  t r i c h l o r o e t h y l e n e  (TCE). 
The  b e v e l  ang le  is t h e n  m e a s u r e d  u s i n g  t he  smal l  ang l e  
m e a s u r e m e n t  (SAM) t e c h n i q u e  (7) .  

T h e  S A M  t e c h n i q u e  r e q u i r e s  a m i c r o s c o p e  in  w h i c h  t h e  
r o t a t i o n  of  t he  s p e c i m e n  can  be  accu ra t e ly  d e t e r m i n e d .  
T h e  d e t e c t i o n  of  t h e  layer  c an  b e  a c c o m p l i s h e d  b y  u s i n g  
t he  S E M  or AES.  T h e  S E M  can  be  u s e d  in  all cases  w h e r e  
t he  s e c o n d a r y  or  b a c k s c a t t e r e d  e l ec t rons  p r o v i d e  suffi- 
c i en t  m a t e r i a l  c o n t r a s t  to  d i s t i n g u i s h  t he  edges  of  t h e  
layer.  The  A E S  can  b e  u s e d  for  all s p e c i m e n s ,  a n d  is par-  
t i cu la r ly  use fu l  in  d i s t i n g u i s h i n g  layers  t h a t  d i f fe r  on ly  

*Electrochemical Society Active Member. 
1Present address: Riga Analytical Lab, Incorporated, Santa 

Clara, California 95051. 
~Presently consulting for Riga Analytical Lab, Incorporated, 

Santa Clara, California 95051. 

s l igh t ly  in  compos i t i on .  The  i m a g e  o b t a i n e d  is in  t he  fo rm 
of a n  A u g e r  e l e m e n t a l  m a p  (8). I t  is i m p o r t a n t  to  no t e  t h a t  
t he  m i n i m u m  d e t e c t i o n  l imi t  of  t he  A E S  is a b o u t  1 w e i g h t  
p e r c e n t  (w/o). In  e i t h e r  c a s e - S E M  or A E S - c a r e  m u s t  be  
t a k e n  t h a t  t he  s a m p l e  is m o u n t e d  p e r p e n d i c u l a r  to t h e  
e l ec t ron  beam.  Af ter  t he  i m a g e  0s t he  layer  is o b t a i n e d ,  
t he  w i d t h  of  t he  layer  is m e a s u r e d  f rom the  p h o t o m i c r o -  
g r a p h  a n d  t he  ac tua l  layer  t h i c k n e s s  is c a l cu l a t ed  u s i n g  

T = A . s i n ~ . M  -1 

w h e r e  T is t he  ac tua l  film t h i c k n e s s ,  A t he  film w i d t h  
m e a s u r e d  f rom the  p h o t o m i c r o g r a p h ,  a the  beve l  angle ,  
a n d  M t h e  p h o t o m i c r o g r a p h  magni f i ca t ion .  

Test to Determine Accuracy 
T h e  a c c u r a c y  of  the  t e c h n i q u e  d e s c r i b e d  a b o v e  ha s  

b e e n  d e t e r m i n e d  by  c o m p a r i s o n  to e l l i p some t r i c  mea-  
s u r e m e n t s .  S i l icon d iox ide  fi lms of  a b o u t  200 a n d  700~ 
were  t h e r m a l l y  g r o w n  o n  s i l i con  wafers .  The  f i lms were  
care fu l ly  m e a s u r e d  w i t h  a n  e l l ipsomete r .  T h e  ave rages  
a n d  r a n g e s  of  t h e  m e a s u r e m e n t s  are  r e p o r t e d  in  T a b l e  I. 

The  t h i n  ox ide  fi lms we re  cove red  w i th  2500A of  poly- 
s i l i con  for  edge  de l i nea t i on  a n d  s i m u l a t i o n  of  typ ica l  
dev ice  s t ruc tu re .  Af ter  t h e  s a m p l e s  were  beve led ,  a n  S E M  
p h o t o m i c r o g r a p h  a n d  a n  A E S  e l e m e n t a l  do t  m a p  of  t h e  
SiO2 fi lms were  o b t a i n e d  (Fig. 1-4). T h e  w i d t h  of  t he  layer  
m e a s u r e d  f r o m  t h e  p h o t o m i c r o g r a p h  i s  r e p o r t e d  in Tab le  
I a long  w i t h  t he  ca l cu la t ed  fi lm t h i c k n e s s .  T h e  e r ror  w i t h  
r e s p e c t  to  t h e  t h i c k n e s s  v a l u e  o b t a i n e d  f rom the  el l ipso- 
m e t r i c  m e a s u r e m e n t  is 4.2% a n d  13.4% for t h e  700 a n d  
200~ samples ,  respec t ive ly .  

Source of Errors 
T h r e e  o rde r s  of  e r ro rs  h a v e  b e e n  ident i f ied .  Er ro r s  of  

first  o rde r  i n c l u d e  (i) edge  def in i t ion  of  t he  film, (ii) de- 
t e r m i n a t i o n  of  t he  beve l  angle ,  a n d  (ii i)  S E M  or A E S  
magn i f i ca t ion .  Er ro r s  of  s e c o n d  o rde r  i n c l u d e  (i) l e n g t h  
m e a s u r e m e n t s  f rom the  p h o t o m i c r o g r a p h s ,  a n d  (ii) 
s a m p l e  pos i t i on  in  the  S E M  or AES.  The  e r ro r  of  t h i r d  or- 
de r  is spa t ia l  r e so lu t i on  of  the  S E M  or AES.  

The  s h a r p n e s s  of  t he  in t e r f ace  b e t w e e n  t h e  film a n d  
t h e  s u r r o u n d i n g  ma te r i a l  d e t e r m i n e s  h o w  wel l  t he  edge  of  
t he  fi lm can  b e  de f ined  a n d  t h e r e f o r e  h o w  wel l  i ts  w i d t h  
can  b e  m e a s u r e d .  The  edge  def in i t ion  of  t h e  film is a 
s t rong  f u n c t i o n  of  t he  qua l i ty  of  the  b e v e l e d  surface,  

Table I. Summary of experimental data 

Tra(A) A (mm) T (A) e % 
Sample id avg/range Sin a M (1000x) S:EM AES SEM AES SEM AES 

700 740/2 0.0094 5 38 41 714 771 -3.5 +4.2 
200 194/7 0.0044 4 20 20 220 220 + 13.4 + 13.4 

sio2 gate NA 0~0100 6 41 42 683 700 - -  - -  
SiCr resistor NA 0.0083 2 * 24 - -  996 - -  - -  

�9 Difficult to measure. 
Tra = thickness from ellipsornetric measurements. 
e (%) = (T - Tra/Tra) 100. 
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Fig. 1. SEM photomicrograph of 700/~ SiO2 film at 5000x  

Fig. 2. AES oxygen dot map of sample shown in Fig. 1 at 5000x 

Fig. 4. AES oxygen dot map of sample shown in Fig. 3 at 5000x  

T h e  S E M  or A E S  magn i f i ca t ion  error,  w h i c h  d i rec t ly  
i n f luences  t h e  w i d t h  of  t h e  film o b s e r v e d  f rom the  pho-  
t o m i c r o g r a p h ,  is genera l ly  less  t h a n  10%. The  e r ror  c an  be  
r e d u c e d  to less t h a n  3% wi th  t h e  u s e  of a p p r o p r i a t e  cali- 
b r a t i o n  s t anda rds .  

Af te r  t h e  edges  of the  film are  def ined  on  t h e  p h o t o m i -  
c rograph ,  t h e  e r ror  i n t r o d u c e d  in m e a s u r i n g  t he  film 
w i d t h  is on  t h e  order  of + / -  0.5 ram.  The  e r ro r  in  p e r c e n t  
is t h e r e f o r e  a func t i on  of the  film w i d t h  on  the  p h o t o m i -  
c rograph .  

Appl ica t ions  
To d e m o n s t r a t e  t h e  app l i cab i l i t y  of  t h e  t e c h n i q u e  to a 

dev ice  s t r u c t u r e  cha rac te r i za t ion ,  t h e  ga te  ox ide  of  a MOS 
t r a n s i s t o r  a n d  a Si-Cr t h i n  film res i s to r  h a v e  b e e n  mea-  
s u r e d  ( see  Fig. 5-8). T h e  film t h i c k n e s s e s  h a v e  b e e n  
f o u n d  to be  700 a n d  9964. 

T h e  Cr d o t  m a p  of  t h e  Si-Cr fi lm i l lus t ra tes  t h e  effec- 
t i venes s  of  t h e  A E S  in d e l i n ea t i n g  t h e  fi lm b o u n d a r i e s  in  
cases  of  low ma te r i a l  cont ras t .  The  Si-Cr res i s to r  l ies on  
a n d  is co v e red  b y  s i l icon dioxide .  

Conclusions 
I t  has  b e e n  d e m o n s t r a t e d  t h a t  ve ry  t h i n  fi lms can  be  

m e a s u r e d  b y  a p p r o p r i a t e l y  c o m b i n i n g  the  w e l l - k n o w n  
t e c h n i q u e s  of ang le  b e v e l i n g  w i th  s c a n n i n g  e l ec t ron  mi- 
c r o s c o p y  or Auge r  e l ec t ron  spec t roscopy .  Rega rd l e s s  of  
t h e  film n a t u r e  (e.g., c o n d u c t o r  or insula tor) ,  t h i s  tech-  
n i q u e  can  be  u s e d  a n d  is l i m i t ed  on ly  b y  the  A E S  detec-  
t ion  l imit .  

Fig. 3. SEM photomicrograph of 200/~ Si02 film at 5000x  

w h i c h  is i n f luenced  b y  the  pa r t i cu la r  l a p p i n g  t e c h n i q u e  
used.  F o r  the  200A film, t he  edge  def in i t ion  was t h e  m a i n  
sou rce  of  e r ror  in  the  d e t e r m i n a t i o n  of  t h i cknes s .  

The  e r ror  i n t r o d u c e d  by  t he  m e a s u r e m e n t  of  t h e  beve l  
ang le  w h i c h  was  p e r f o r m e d  b y  the  smal l  ang le  m e a s u r e -  
m e n t  t e c h n i q u e  is on  the  o rde r  of  + / - 5 % ,  a n d  it  c an  be  
f u r t h e r  r e d u c e d  i f  an  i n t e r f e r o m e t r i c  t e c h n i q u e  is used .  Fig. 5. SEM photomicrograph of a SiO~ gate at 6000x  
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Fig. 6. AES oxygen dot map of sample shown in Fig. 5 at 6000x 

Fig. 7. SEM photomicrograph of Si Cr resistor at 2000x 

By improving the beveling techniques (smoother sur- 
face) and increasing the accuracy in determining the 
bevel angle (by interferometry), it is reasonable to expect 
that films on the order of 20~ thick and covering small 
areas (e.g., 1 x I0 ~mi might be measured (9, i0). 
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A B S T R A C T  
Subs t i tu t ing  an iner t  gas for hydrogen  as the  carr ier  gas in the  VPE growth  of I n P  and other  III-V c o m p o u n d s  has 

the  nega t ive  effects of r educ ing  the  growth  rate and the  HC1 concen t ra t ion  in the  growth  zone. This resul ts  f rom a de- 
crease  in the  supersa tura t ion  for the  depos i t ion  react ion.  These  effects  are quant i f ied for the  hydr ide  growth  of I n P  un- 
der  equ i l i b r ium condit ions.  The  t h e r m o d y n a m i c  g rowth  rate and the  equ i l ib r ium InC1, HC1, P2, P4, and PH.~ part ial  pres- 
sures  are c o m p u t e d  as a func t ion  of  the iner t  gas/ inert  gas + H~ pressures.  

H y d r o g e n  is an exce l len t  carrier  gas because  it can  be  
h igh ly  purif ied at a relat ively low cost  us ing  a hyd rogen  
purifier. It  also get ters  oxygen.  Recent ly ,  some  people  
have  sugges ted  us ing N~ as the  carrier  gas because  it can 
be h ighly  purif ied by first l iqui fy ing it  (1), and because  it 
suppresses  the  si l icon con tamina t ion  and reduces  the  de- 
gree of  compensa t ion  (2). One should  cons ider  the  possi- 
bi l i ty of  forming  ni t r ides  if  he  chooses  to use N~, bu t  he 
should  also cons ider  how subs t i tu t ing  an iner t  gas for the  
H2 affects the  t h e r m o d y n a m i c s  of the  growth  process.  
The  lat ter  cons idera t ion  is the  topic  of  this  paper.  

The  paramete rs  cons idered  in this paper  are the  ther- 
m o d y n a m i c  growth  rate and the equ i l ib r ium PH3 and HCI 
concent ra t ions  in the  growth  zone. Clearly, r educ ing  the  
H2 part ial  pressure  will  r educe  the PHa pressure.  This  is 
impor t an t  since it has been  sugges ted  that  the  g rowth  
rate is h igher  w h e n  more  PH3 is p resent  due  to the  fact 
that  InC1 more  readi ly  reacts  wi th  PH3 than  with  P2 or P4 
(3). [It should  be noted  that  PH3 decomposes  ra ther  
s lowly (4), so that  more  PH~ is p resent  in the  g rowth  zone 
than  is c o m p u t e d  f rom t h e r m o d y n a m i c  data. Thus,  the  
calculat ions  that  fol low can only be  used  to indicate  the  
trends.]  The  HC1 concen t ra t ion  is impor tan t  because  it is 
t hough t  that  increas ing the  HC1 concen t ra t ion  reduces  
the  act ivi ty  of  s i l icon in the  quar tz  reactor  (5). 

F r o m  the  depos i t ion  react ion 

x (1 - x) P4 + yPHz InC1 + (1 - y ) ~ - P 2  + (1 - y) 4 

1 
+ - -  (1 - 3y)H~ ~ InP(s) + HC1 [1] 

2 

one can see that  r educ ing  the  H2 pressure  will  r educe  the 
depos i t ion  rate, and this, in turn,  will  r educe  the  HC1 par- 
t ial  pressure,  s ince it is fo rmed  dur ing  the  depos i t ion  re- 
action. In this equat ion,  x is the  ratio of  the a m o u n t  of 
phosphorus  in the  P~ form to the  a m o u n t  of  phosphorus  
in the  P2 and P, form and is g iven  by the equa t ion  

PP$ 
x = [2] 

PP2 + 2PP4 

y is the fract ion of the phosphorus  in PH3 and is g iven 
by 

PPH8 
y = [3] 

PpH 3 + xPp 2 + (1 - x)Pe 4 

First,  the  ou tpu t  pressures  f rom the source zone, des- 
igna ted  by the  superscr ip t  1, mus t  be  de t e rmined  for the 
source  zone react ion 

1 
HC1 + In(l) --* InC1 + ~-  H2 [4] 

The  ou tpu t  InC1 pressure  is, f rom a chlor ine ba lance  

P~ncP ~ PHcl ~ -- ~HCl j 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

[5] 

where  PHoto is the  inpu t  HC1 pressure.  PHc~' can be  found  
f rom the  equa t ion  

PHC~O (1 -- P ,  clo) 1/~ 
PHcg = (1 - Pnclo) u* + K.~ [6] 

where  K,  is the equ i l ib r ium cons tan t  for the react ion in 
equa t ion  n. 

PH 2 = 1 - PncJ~ [7] 

was used  in der iv ing Eq. [6]. 
For  the  depos i t ion  zone, first a va lue  of PP4 is assumed,  

and then  it is used  to de t e rmine  PP2 after the  equ i l ib r ium 
cons tan t  for the react ion 

i p . _ _  1 
-~  ~ ~ -  P4 [8] 

has been  found. PP"3 can be  found f rom the  phosphorus  
ba lance  

Pert 3 = PeHs~ -- 2PP 2 - 4PP 4 - (PHcl -- PHCl 1) [9] 

where  Pe,3o is the  input  phosph ine  pressure  and Psc~ - 
Psc!l is the a m o u n t  of phosphorus  consumed  by the  depo- 
sit ion of  InP.  Again,  P~c~ is found  from the  chlor ine  bal- 
ance  

02 

- 12  

-2.0 

H2 ~ -3.0 

=, 
P2 

P 4 - 4.0 

P H 3  

-5.0 
HCI 

InCI 

02 

" * ~ J * , , ~ I W ~ I I I I  
" ' ' ' ' ' ' ' ' ' . . , . . . .  

\ 
\ 

I 
\ 

I t | t .'~ 2 '3 4 ; 6 7 ; ; , 0  
PI (ATM) 

Fig. 1. The equilibrium HCI, PHi, P2, P4, InCI, and H2 partial pressures 
in the deposition zone plotted as a function of the inert gas partial pres- 
sure when Pnel~ = PPn3 o = 0.01 atm, Ts = 750~ and To = 650~C. 
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Table I. The equilibrium HCI and PH~ partial pressures for the Pmlo/Pms.o ratios of 0 .01/~/0 .01,0 .01/0 .01,0 .03/0 .0 | ,  0.0 ]/0.01/3, and 0.01/0.03, and 
for T D = 600 ~ 650 ~ and 700~ 

P~ (atm) 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0,8 0.9 

P.cv 

PpH3 ~ 

0.0!/3/0.01 3.23 3.08 2.93 2.76 2.57 2.36 2.13 1.86 1.53 1.08 
0.01/0.01 9.53 9.10 8.64 8.13 7.59 6.97 6.28 5.47 4.48 3.11 
0.03/0.01 27.10 25.92 24.63 23.23 21.67 19.92 17.91 15.52 12.52 8.15 

x 0.01/0,01/3 7.08 6.78 6.45 6.10 5.70 5.25 4.74 4.14 3.40 2.38 
0.01/0.03 12.38 11.82 il .22 10.56 9.85 9.05 8.15 7.09 5.78 3.97 

r 0.01/3/0.01 3.55 3.04 2.55 2.08 1.65 1/26 0.896 0.578 0.311 0.105 
0.01/0.01 3.46 2.96 2.48 2.03 1.61 1.22 0.864 0.554 0.292 0.093 

"~ 0.03/0.01 3.20 2.73 2.28 1.86 1.47 1.10 0.775 0.484 0.242 0.062 
x 0.0i/0.01/3 2.51 2.16 1.81 1.49 1.19 0.903 0.683 0.416 0.221 0.072 

0.01/0.03 4.62 3.94 3.29 2.68 2.12 1.00 1.13 0.717 0.372 0.113 
m~ 

To 
�9 ~ 600 18.81 18.07 17.26 16.37 15,38 14.26 12.97 11.42 9.48 6.72 
• 650 9.53 9.10 8.64 8.13 7,59 6.97 6.28 5.47 4.48 3.11 

700 4.87 4.63 4.38 4.12 3.82 3.45 3.14 2.72 2.21 1.52 

• E 600 3.84 3.28 2.75 2.26 1.79 1.36 0.967 0.621 0.329 0.105 
~ 650 3.46 2.96 2.48 2.03 1.61 1.22 0.864 0.554 0.292 0.093 
.~-r 700 3.10 2.64 2.21 1.81 1.43 1.08 0.769 0.492 0.260 0.083 

m, 

Pi,cl = PlnCl I + P ,  cI' - PHcl = C,  - PHCl [10] 

T h e  t o t a l  p r e s s u r e  is  1 a t m ,  so  t h a t  

PH 2 = 1 -- Pmcl - PP., - PP4 - PPn3 - P I  - PHCl 

= 1 -- P~,cl~ - 2 P n c l i  + Pe~ + 3PP 4 - P pso  - PI + P~cl 

= C~ + PHc~ = C~ [11] 

w h e r e  P~ is  t h e  p a r t i a l  p r e s s u r e  o f  t h e  i n e r t  gas .  N o w ,  PPH~ 
c a n  b e  c o m p u t e d  f r o m  

"\ ,, 
'1 \\ ',, 

.7 \ , \  \,, !; 
s l "\  \ \ \ V, 

~-70oc ~ ~ ' - .  \" \ !i 

. . . . . . .  ~ .4 ~ ; 

PH3=.OI/3ATM " '  ~ ' . .  ~ "" 'k ~' I | 

" . . .  \ ~ ,  

HCI-.OSATM .2 

HCI-,O1/3ATM .1 

0.0 
STANDARD 0.0 .1 .2 .3 .4. .5 .6 .7 .8 .9 %0 

PI (AIM) 

Fig. 2. The thermodynamic growth rate plotted as a function of the 
inert gas pressure for (a) the standard conditions, (b) P~clo = 0.01/3,  (c) 
P.clo = 0.03. (d) Ppn3o = 0.01/3, (e) PpH~o = 0.03, (d) TD = 600~ and 
(e) TD = 700~ 

pptt  3 = pp2~J2 pp4(1 ~)l* pH23/2/K13 [12] 

w h e r e  KI~ is  t h e  e q u i l i b r i u m  c o n s t a n t  fo r  t h e  d i s s o c i a t i o n  
r e a c t i o n  

PI%--~  x P2 + ( l - x )  3 [13] 
2 ~ P 4  + -~-H2 

PHc~ c a n  b e  c a l c u l a t e d  f r o m  

C ~ K I Q  
PHc~ - - -  [14] 

1 + K j Q  

w h e r e  

Q = pp2(l -y)x l2  ppa~l-y)(l x)]4 pypn  3 PH21/2(1-au) [15]  

K~ is  t h e  e q u i l i b r i u m  c o n s t a n t  fo r  t h e  d e p o s i t i o n  r e a c t i o n ,  
a n d  R is  d e f i n e d  in  Eq ,  [10]. F i n a l l y ,  Pe~3 c o m p u t e d  f r o m  
Eq.  [9] is  c o m p a r e d  w i t h  t h e  v a l u e  f o u n d  f r o m  Eq .  [13]. I f  
t h e y  a r e  n o t  t h e  s a m e ,  a n e w  v a l u e  o f  Pp, i s  a s s u m e d .  T h e  
p r o c e s s  i s  r e p e a t e d  u n t i l  t h e  t w o  Peas v a l u e s  a r e  e q u a l .  

T h e  t h e r m o d y n a m i c  g r o w t h  ra te ,  R, is  

Plncl  ~ - -  Pmcl  
R -  

P l n c l  1 

no .  o f  InC1 ~ a t o m s  c r o s s i n g  u n i t  a r e a  p e r  u n i t  t i m e  
X 

no .  o f  I n  a t o m s  p e r  u n i t  v o l u m e  i n  I n P  

T h e r e f o r e  

R cc P[ncl 1 - Pincl [16] 

U s i n g  t h e  t h e r m o d y n a m i c  d a t a  c o l l e c t e d  b y  S h a w  (6), 
t h e  e q u i l i b r i u m  p a r t i a l  p r e s s u r e s  o f  HC1, PH3,  H2, P2, P4, 
a n d  InC1 w e r e  c o m p u t e d  a n d  a r e  p l o t t e d  as  a f u n c t i o n  o f  
t h e  i n e r t  g a s  p a r t i a l  p r e s s u r e  in  F ig .  1, a n d  t h e r e  i t  i s  s e e n  
t h a t  t h e  g r o w t h  r a t e s  a r e  q u a l i t a t i v e l y  s i m i l a r  to  t h e  ex -  
p e r i m e n t a l  c u r v e s  o f  I h a r a  e t  a l .  (1). F o r  t h e s e  c a l c u l a -  
t i o n s ,  t h e  s o u r c e  t e m p e r a t u r e  w a s ,  Ts = 750~ t h e  d e p o s i -  
t i o n  t e m p e r a t u r e  w a s ,  TD = 650~ a n d  b o t h  P~c~o a n d  PPH o 
w e r e  0.01 a t m .  P~cI d e c r e a s e s  b y  a b o u t  a f a c t o r  o f  10 a s  ~t  
i n c r e a s e s  f r o m  0 to  0.98 a rm .  T h i s  r e d u c t i o n  is  d u e  to  l e s s  
h y d r o g e n  b e i n g  a v a i l a b l e  to f o r m  HC1 d u r i n g  t h e  d e p o s i -  
t i o n  r e a c t i o n .  B e c a u s e  t h e r e  i s  l e s s  I n P  d e p o s i t e d  w i t h  in-  
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c rea s ing  P,, P,,c, increases .  PeK~ dec rea se s  two  o rde r s  of 
m a g n i t u d e  over  the  r a n g e  of  P,, s ince  t he re  is less hydro -  
gen  avai lable ,  and,  as a resul t ,  Pe 2 a n d  Pe4 increase .  T h e y  
also i nc r ea se  b e c a u s e  t h e r e  is less I n P  depos i t ed .  

T h a t  t h e r e  is less  depos i t i on  w h e n  P, i nc r ea se s  is s h o w n  
in  Fig. 2 w h e r e  the  ideal  g r o w t h  ra te  is p lo t t ed  vs. P,. R de-  
c reases  c o n t i n u o u s l y  un t i l  at  P~ = 0.975 a rm t h e r e  is no  
depos i t ion .  T h e  effects  on  t h e  g r o w t h  ra te  of  d e c r e a s i n g  
PHC~~ or  P~H3O b y  o ne  th i rd ,  i n c r e a s i n g  P~c,~, or  PpH~ by  a 
fac to r  of  three ,  or i n c r e a s i n g  or d e c r e a s i n g  TD b y  50~ are 
also s h o w n  in Fig. 2. T he  effects  are  l a rges t  w h e n  P~ = 0, 
a n d  all of  the  cu rves  t e n d  to c o n v e r g e  on  t he  p o i n t  R = 0 
a n d  P~ = 0.97. 

R e d u c i n g  P~c,o by one - th i rd  r e d u c e s  t he  in i t ia l  g r o w t h  
ra te  b y  one- th i rd ,  a n d  t r ip l ing  PHc,o t r ip les  t he  in i t ia l  
g r o w t h  rate.  R ~ P~c~o in  th i s  range,  b e c a u s e  P, nc~J ~ P~c~o 
a n d  R ~ P,,ct'. Th e  effect  of  t h i r d i n g  or  t r ip l ing  PeH3o is 
smal ler ,  as i t  on ly  c h a n g e s  t h e  in i t ia l  g r o w t h  ra te  b y  30%. 
A d d i n g  to or r e d u c i n g  t he  PH3 ~ c o n c e n t r a t i o n  ha s  a 
sma l l e r  effect  b e c a u s e  t he  f ree -energy  c h a n g e  for  t he  dep-  
os i t ion  r eac t i on  is m u c h  m o r e  sens i t ive  to t he  HC1 con- 
cen t ra t ion .  L o w e r i n g  the  d e p o s i t i o n  t e m p e r a t u r e  by  50~ 
d o u b l e s  the  ini t ia l  g r o w t h  rate,  a n d  ra i s ing  it  b y  50~ 
ha lves  the  g r o w t h  rate.  T h e s e  effects  ref lect  t he  t e m p e r a -  
tu re  d e p e n d e n c e  for the  d e p o s i t i o n  reac t ion .  

H o w  c h a n g i n g  HC1 ~ PH3", a n d  TD affects  t he  equi l ib -  
r i u m  HC1 a n d  PH3 c o n c e n t r a t i o n s  for d i f fe ren t  va lues  of  
P~ is i l l u s t r a t e d  in Tab le  I. 

T h a t  d e c r e a s i n g  the  h y d r o g e n  par t ia l  p r e s s u r e  de- 
c reases  t he  g r o w t h  ra te  ha s  b e e n  ver i f ied e x p e r i m e n t a l l y  
for t h e  ch lo r ide  g r o w t h  of  GaAs,  InAs,  GaP,  a n d  I n P  (7). 
The  i nves t i ga to r s  also f o u n d  t h a t  t h e r e  were  k ine t ic ,  as 
wel l  as t h e r m o d y n a m i c ,  effects,  s u c h  as  t h e  g r o w t h  ra te  
b e i n g  r e d u c e d  m o r e  b y  a h e a v i e r  i n e r t  gas. 

M a n u s c r i p t  s u b m i t t e d  Dec. 6, 1982; r ev i sed  m a n u s c r i p t  
r ece ived  Nov. 3I, 1983. 
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Chemical Vapor-Deposited Boron Nitride Film on Silicon as a 
Boron Diffusion Source 

Chol Kim,* Byung-Ki Sohn, 1 and Katsufusa Shono** 
Faculty of Science and Technology, Sophia University, Tokyo 102, Japan 

A B S T R A C T  

C V D - B N  films d e p o s i t e d  on to  s i l icon n a v e  b e e n  i n v e s t i g a t e d  as a d i f fus ion  source.  The  c o n c e n t r a t i o n  rat io  of  b o r o n  
to n i t r o g e n  CB/CN in  t he  a s -depos i t ed  B N  film cou ld  be  con t ro l l ed  in  t he  r a n g e  f rom 1.4 to 2.5 b y  c h a n g i n g  t he  d e p o s i t i n g  
t e m p e r a t u r e  w i th  t he  B2H6/NH3 ra t io  of 1/140. T he  b o r o n  c o n c e n t r a t i o n  at  t h e  s i l icon sur face  d e p e n d s  m a i n l y  on  t h e  con- 
c e n t r a t i o n  ra t io  CdCN a n d  r e m a i n s  c o n s t a n t  d u r i n g  t he  h e a t - t r e a t m e n t  for  di f fusion,  b u t  d e c r e a s e s  w i th  d i f fus ion  t em-  
pe ra tu re .  The  c o n c e n t r a t i o n  ra t io  of b o r o n  n i t r i de  to exces s  b o r o n  CB~/CBx in  the  film has  b e e n  empi r i ca l ly  f o r m u l a t e d  in  
the  B o l t z m a n n  fo rm as a f u n c t i o n  of  t he  d e p o s i t i o n  t e m p e r a t u r e .  The  b o r o n  sur face  c o n c e n t r a t i o n  ha s  also b e e n  de-  
s c r i bed  in  t h e  B o l t z m a n n  form,  in  t e r m s  of the  d i f fus ion  t e m p e r a t u r e  a n d  the  c o n c e n t r a t i o n  ra t io  CBN/CBx. The  excess  bo- 
r o n  a t o m s  in  t he  B N  film cause  b o r o n  d i f fus ion  in to  t he  sil icon. The  act iVat ion ene rgy  for  excess  b o r o n  d i f fus ion  in  the  
B N  film is a p p r o x i m a t e l y  p r o p o r t i o n a l  to the  c o n c e n t r a t i o n  ra t io  CBN/CBx. 

A c h e m i c a l  v a p o r - d e p o s i t e d  b o r o n  n i t r i de  (CVD-BN) 
film 2 ha s  b e e n  u s e d  as a sol id source  of b o r o n  for diffu- 
s ion  in to  a s i l icon crys ta l  (1). The  e n c a p s u l a t i o n  over  the  
B N  sur face  w i th  a t h i n  Si3N4 film ve ry  e f fec t ive ly  pro- 
duces  good  u n i f o r m i t y  a n d  good  r e p r o d u c i b i l i t y  of  t he  
shee t  r e s i s t a n c e  of t he  bo r on - d i f f u s ed  layer.  

The  c h e m i c a l  a n d  phys i ca l  p r o p e r t i e s  of  the  C V D - B N  
films are  s t rong ly  d e p e n d e n t  on  t he  d e p o s i t i o n  pa r ame-  
ters,  s u c h  as the  flow ra tes  of  the  r e a c t a n t  a n d  ca r r ie r  
gases,  t he  f low-rate ra t io  of  r e a c t a n t  gases,  a n d  t he  sub-  
s t ra te  t e m p e r a t u r e  d u r i n g  t h e  d e p o s i t i o n  (2). A n  e x a m p l e  
is t h a t  t he  e lec t r ica l  r es i s t iv i ty  of  t he  B N  film d e p o s i t e d  
in  the  t e m p e r a t u r e  r a n g e  f rom 400 ~ to 600~ u n d e r  a f ixed 
gas-flow c o n d i t i o n  inc reases  f rom 10 '~ to 10 '5 s With 
i n c r e a s i n g  d e p o s i t i o n  t e m p e r a t u r e  (3). T he  s t r o n g  de- 
p e n d e n c e  o f  t h e  p r o p e r t i e s  of  B N  film o n  t h e  d e p o s i t i o n  
p a r a m e t e r s  is m a i n l y  a t t r i b u t e d  to t he  c o m p o s i t i o n  a n d  
s t r u c t u r e  of  t h e  B N  layer.  

In  th i s  paper ,  t he  c h e m i c a l  c o m p o s i t i o n  of  B N  fi lms is 
ana lyzed  as a f u n c t i o n  of the  d e p o s i t i o n  t e m p e r a t u r e .  The  

*Electrochemical Society Student  Member. 
**Electrochemical Society Active Member. 
1On leave from Department of Electronics, Kyungpook Na- 

tional University, Daegu 635, Korea. 
Key words: CVD, solubility, and integrated circuits. 
2In this study and in the work of Ref. (2), the obtained film is 

nonstoichiometric. We customarily call the film "BN," which 
involves excess boron in boron nitride. 

b o r o n  c o n c e n t r a t i o n  at  t he  s i l icon surface  is d i s c u s s e d  as 
a f u n c t i o n  of the  f ihn c o m p o s i t i o n  a n d  the  heat-  
t r e a t m e n t  t e m p e r a t u r e  for d i f fus ion.  

Experimental 
B N  a n d  Si3N4 films were  d e p o s i t e d  w i th  the  CVD sys- 

t e m  d e s c r i b e d  in a p r ev ious  p a p e r  (4). The  f u s e d  si l ica re- 
ac t ion  c h a m b e r  was  35 m m  wide,  400 m m  long,  a n d  20 
m m  high.  A g raph i t e  plate,  30 m m  wide,  50 m m  long,  a n d  
5 m m  th ick ,  was  used  as t he  s u s c e p t o r  w i t h  R F  hea t ing .  
The  r e a c t a n t  gases  u s e d  were  1% B2H~ in  N2, 5% Sill4 in  
N2 a n d  NH3, a n d  the  car r ie r  gas was  n i t rogen .  

P h o s p h o r o u s - d o p e d  s i l icon wafers ,  h a v i n g  t he  res is t iv-  
i ty of  3-5 ~ -cm a n d  (100) o r ien ta t ion ,  were  u s e d  as  t h e  sub-  
s t rate .  The  B N  films were  d e p o s i t e d  u n d e r  the  gas-f low 
cond i t i ons :  50 em3/min of  1% BzH~, 70 cm3/min  o f  NH.~, 
a n d  2000 cm3/min of  n i t r o g e n  ca r r ie r  gas. T h e  v o l u m e  ra- 
t io of  B,H6 to NH3 was k e p t  c o n s t a n t  a t  1/140. T h e  a b o v e  
c o n d i t i o n s  were  m a i n t a i n e d  c o n s t a n t  for  all d e p o s i t e d  
films. The  d e p o s i t i o n  t e m p e r a t u r e  was  va r i ed  f rom 440 ~ 
to 830~ The  r e s u l t a n t  t h i c k n e s s  of t he  B N  fi lms g r o w n  
over  t he  s i l icon sur face  was a b o u t  1000A. A n  Si3N4 film 
was  success ive ly  d e p o s i t e d  over  t he  sur face  of  t he  B N  un-  
de r  the  gas-flow cond i t ions :  70 cm3/min of  NH3, 20 
cm3/min of 5% Sill4, a n d  2000 cm3/min of  n i t r o g e n  ca r r ie r  
gas, a n d  a s u b s t r a t e  t e m p e r a t u r e  of  720~ T h e  t h i c k n e s s  
of  t he  Si3N4 film was  a p p r o x i m a t e l y  300A. 
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Boron  diffusion into si l icon f rom the  BN film was car- 
r ied out  by  hea t - t r ea tment  pe r fo rmed  in the  t e m p e r a t u r e  
range f rom 1050 ~ to 1200~ for 15-400 rain in a n i t rogen  at- 
mosphere .  Af ter  the  heat - t rea tment ,  the  Si3N4 was re- 
m o v e d  in H F  and the  BN film in hot  H.~PO4 (1). 

The  boron  diffusion dep th  was m e a s u r e d  by spher ical  
dri l l ing and staining,  and the  shee t  res is tance  wi th  a four- 
po in t  probe.  The  boron  diffusion profile was obta ined  by 
use  of spread ing  resistance.  In  obta in ing  the  profile for 
the  surface region,  there  were  some  errors which  proba-  
b ly  arose f rom us ing  the  angle  lapping techn ique ,  or the  
cor rec t ive  func t ion  to calculate  the boron  concen t ra t ion  
f rom spread ing  res is tance (5). Therefore ,  the  surface  con- 
cent ra t ion  and the  profile in the  surface  reg ion  were  de- 
t e r m i n e d  by the  different ial  conduc t iv i ty  t echn ique .  The  
chemica l  compos i t ion  of the  BN film was de t e rmined  by 
Auge r  e lec t ron  spec t roscopy  (AES). 

Results 
Composition of the CVD-BN film.--The boron  concen-  

t ra t ion CB in the  as-deposi ted  CVD-BN film as a func t ion  
of the  depos i t ion  t empe ra tu r e  TD is shown in Fig. 1. For  
increas ing  depos i t ion  t empera tu re s  f rom 440 ~ to 830~ 
the  boron  concen t ra t ion  CB decreased  f rom 2.25 x 1022 to 
1.05 • 1022 cm -3. 

F igure  2 shows the concen t ra t ion  ratio of boron  to ni- 
t rogen  CB/CN in the  as-deposi ted  BN film as a func t ion  of  
the  depos i t ion  t empera tu re  TD. U n d e r  the  gas-flow condi-  
t ions, the  concen t ra t ion  ratio CB/CN decreased  f rom 2.5 to 
1.4 wi th  increas ing  depos i t ion  t empera tu re  in the  t emper -  
a ture  range  f rom 440 ~ to 830~ In  all the  cases invest i-  
gated, the  as-deposi ted  B N  films were  boron-r ich  and 
had an a m o r p h o u s  form, wh ich  was conf i rmed  by ob- 
serv ing  ref lect ion e lec t ron diffractior, pat terns.  

Boron concentration at the silicon surface.--The boron  
profiles in si l icon are shown in Fig. 3, where  the  deposi-  
t ion t e m p e r a t u r e  TD was (a) 440~ (b) 600~ and (c) 720~ 
the  di f fus ion t empera tu re  Tn was 1200~ and the  diffu- 
sion t imes  were  15, 30, and 60 min.  As the  depos i t ion  tem- 
pera tu re  increased,  the  boron  surface concen t r a t i on  Cs at 
s i l icon decreased.  The  BN films depos i t ed  at 440 ~ 600 ~ 
and 720~ gave  boron  surface concent ra t ions  of  (a) 2 • 
10 B~ (b) 5-6 x 10 m, and (c) 0.9-1.2 x 10 '9 cm -3, respect ively .  
These  were  kep t  cons tan t  dur ing  the  hea t - t rea tment  for 
boron  diffusion. 

The  boron  surface concen t ra t ion  as a func t ion  of the  
depos i t ion  t empera tu re  is shown in Fig. 4 for the  diffu- 
s ion temperatures of 1050 ~ Ii00 ~ and 1200~ The maxi- 
mum boron surface concentration, which was obtained 
for the BN deposited at temperatures lower than 500~ 
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Fig. 2. CB/CN ratio of the as-deposited BN film vs. 
temperature. 
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Fig. 1. Boron concentration ofthe as-deposited BN film vs. deposition 
temperature. 

Distance from Silicon Surface (jim) 

Fig. 3. Boron profiles in the silicon. The groups a, b, and c show the 
profiles for the deposition temperature 440 ~ 600 ~ and 720~ respec- 
tively. The three carves in each group stand for the three different diffu- 
sion times 15, 30, and 60 min. 

was 2.2 x 1020 cm -8. The boron  surface concen t ra t ion  Cs 
decreases  f rom 2.2 x 1020 to 2 x 10 is cm -3 wi th  increas ing  
depos i t ion  t empera tu re  TD f rom 500 ~ to 800~ and wi th  de- 
c reas ing  the  diffusion t empe ra tu r e  Tm 

Discussion 
As a resul t  of the s tudy of  the  depos i t ion  rate and the  

compos i t ion  of BN films as a func t ion  of  the  flow rate 
and the  flow-rate ratio of reac tant  gases, Murarka  et al. 
conc luded  that, dur ing  the  deposi t ion,  two near ly  inde- 
p e n d e n t  react ions  occurred,  l ead ing  to t he  s imul taneous  
depos i t ion  of boron  ni t r ide  and boron.  They  also con- 
c luded  that  the  resul t ing  films conta ined  both  BN and B 
in an in t imate  amorphous  mix tu re  (2). In  o ther  words,  
they  c o n c l u d e d  that  the proper t ies  of the  as-deposi ted  BN 
films d e p e n d  on the  compos i t ion  in t e rms  of  the  concen-  
t ra t ion ratio of boron  ni t r ide  to excess  boron  CBN/CBx in 
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Fig. 4. Boron surface concentration vs. deposition temperature 

the film, where CBN is the BN concentration defined as 
equal to CN, and CB• is the excess boron concentration 
given by CB~ ~ CB - CN. 

From the results shown in Fig. 2, the concentration ra- 
tio of boron nitride to excess boron CBN/CBx in the as-de- 
posited CVD-BN film can be plotted in Fig. 5 as a func- 
tion of the reciprocal of th edepos i t ion  temperature TD. In 
the range of deposition temperature, given in Fig. 5, the 
concentration ratio CBN/CB~ can be written as 

CBN ( A E )  
CBx - R ~  - ~  [1] 

where Ro = 24.40, hE = 0.225 eV, and k is the Boltzmann 
constant. If  the concentration ratio Cs~,/Csx corresponds to 
the deposition rate ratio of BN to B, AE may stand for the 
difference between the activation energies for the simul- 
taneous deposition of BN and B. Under the conditions in 
this investigation, both the reference concentration and 
the activation energy for the formation of the BN are 
larger than those for the B. 

From Fig. 4 and Fig. 5, the boron surface concentration 
Cs can be plotted, as shown in Fig. 6, as a function of the 
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Fig. 5. CBN/CBx ratio vs. the reciprocal of deposition temperature 
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concentration ratio CBN/CB~ of the as-deposited BN film. 
The boron surface concentration Cs is an exponential  
function of the concentration ratio CBN/C,x, and the slope 

of the straight line on the semilogarithm graph varied 
approximately linearly with the diffusion temperature TH, 
as shown in Fig. 7. The slope fl is thus seen to be 

Eo 
# = i + -  [2] 

kT.  

where Eo = 0.38 eV. Then, the boron surface concentra- 
tion Cs can be written, in Boltzmann form, as 

where 

C s = C ~ e x p  ~ [3] 

/ CBN 
Cx = Co exp ~ -  I [4] 

CBx / 
t 

CBN 
Ex = E o -  [5] 

CBx 

where Co = 9.5 x 102' cm 3. E,, the activation energy, is a 
function of the concentration ratio CsN/CBx and increases 

5,0 

Heat-treatment temperature T H (~ 

1200 1100 1000 

4.5 

r 4,0 

3,5 

3,0 I I I 
7,5 8,0 8,5 9,0 9,5 

1 / kT H (eV -1) 
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l inear ly  f rom 0.25 to 0.95 eV wi th  an increase  of  CBJCBx 
over  the  range  f rom 0.6 to 2.5. 

The  excess  boron  concen t ra t ion  CBx in the  as-deposi ted  
BN film, wh ich  was shown as a func t ion  of  the  deposi-  
t ion t empe ra tu r e  To in Fig. 1 and 2, is compared  in Fig. 8 
wi th  the  reference  concen t ra t ion  C~ in Eq. [3]. The  solid 
l ine in Fig. 8 is 2.6 t imes  the  va lue  of  C• wh ich  was 
calcula ted f rom Eq. [1] and E4]. It  c losely fits the  curve  for 
CB• the  excess  boron concentra t ion.  This  means  that, in 
the  t e m p e r a t u r e  range cons idered ,  the  e x c e s s  boron  con- 
cent ra t ion  CBx is approx ima te ly  equal  to 2.6 t imes  C~. The  
boron  surface concent ra t ion  Cs increases  wi th  the  in- 
creas ing excess  boron concen t ra t ion  CBx, and mus t  be  
zero if the re  are no excess  boron  a toms in the  BN film. 
This  fo rmula t ion  leads to the  conclus ion  that  only  the  ex- 
cess boron  a toms in the  BN films act as a boron  diffusant  
into the  silicon. 

Acco rd ing  t o E q .  [3], the boron  surface concen t ra t ion  Cs 
in s i l icon should  increase exponent ia l ly  with the  decreas-  
ing  concent ra t ion  ratio CsN/CB, and finally reach the  
va lue  Co. However .  in the  ~egion at depos i t ion  tempera-  
tures  lower  than 500~ in Fig. 3 or at concen t ra t ion  ratios 
CBJCB~ less than  1.0 in Fig. 5. the  expe r imen ta l  resul ts  do 
not  agree  wi th  the  t rend  of  Eq. [3], bu t  for a di f fus ion tem- 
pera tu re  of 1200~ the  boron  surface concen t ra t ion  Cs is 
l imi ted to  2.2 x 102~ cm -3. which  cor responds  to the  solid 
solubi l i ty  of  boron  in sil icon (6). 

A genera l  descr ip t ion  Of impur i ty  diffusion f rom a thin 
film source  into a semi-infini te  sink has  been  presen ted  
by Barry  and Olofsen (7). In  thei r  model ,  w h e n  the  film 
th ickness  is larger  than  the  diffusion l eng th  of  impur i ty  in 
the  film. the  impur i ty  concent ra t ion  at si l icon surface  Cs 
is i n d e p e n d e n t  of diffusion t ime  but  depends  on an init ial  
concen t ra t ion  of  the  impur i ty  C~ in the film, a ratio of  the  
impur i ty  diffusivi ty Dx in the film to that  DB in the  sili- 
con,  and a segregat ion coeff ic ient  m of the  impur i ty .  The  
re la t ion is g iven as 

Q %/DjC~ 
C~ [6] 

"~/DxlDB 
i +  ~Z 

The expe r imen t a l  resul ts  of  Ref. (1) give the  excess  bo- 
ron  diffusivi ty  Dx in the  B N  film less than  10 -a~ cme/s at 
the  diffusion t empera tu re  of  1200~ which  is m u c h  
smal ler  t han  the  boron  diffusivi ty DB in silicon. Therefore ,  
Eq.  [6] can be  s impli f ied as 

Cs = CB~ %/DjDB [7] 

where  the  initial impur i ty  concent ra t ion  C~ was rep laced  
by the  ini t ial  concent ra t ion  of  excess  boron  CBx in the  
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film. I t  can  be  found that  the  act ivat ion energy  E• of  Eq. 
[3] is a d i f ference  of  the  act ivat ion energy  for the  excess  
boron  diffusion in the  film and for the boron  diffusion in 
silicon. The  former  is app rox ima te ly  propor t iona l  to the  
concen t ra t ion  ratio CBJCBx and the  lat ter  is still constant .  
The  exponen t i a l  re lat ion of  the  surface concen t ra t ion  Cs 
on the  concent ra t ion  ratio CBN/CB* can be  refer red  to the  
exponen t i a l  dependence  of  the  excess  boron  diffusivi ty 
Dx on the  concen t ra t ion  ratio CBJCB,. 

The  boron  profiles of  Fig. 3 show signif icant  charac-  
teristics.  For  t h e  boron  surface concent ra t ion  Cs = 2 • 
10 ~~ cm -3, the  boron  concen t ra t ion  in the  si l icon decreases  
l inear ly  wi th  increas ing d is tance  f rom the  si l icon surface.  
The  diffusion profiles for the  boron  surface concentra-  
t ion Cs = 0.9 to 1.2 x 10 TM cm -3 fit wel l  on the  c o m p l e m e n -  
tary error  func t ion  curve  wi thou t  the  tail  region where  the  
boron  dif fus ion was retarded.  The  detai led analysis  of  
this will  not  be d iscussed here. 

The  boron  diffusion t e c h n i q u e  p resen ted  has b e e n  em- 
p loyed  in source  and drain format ion  for P M O S  IC fabri- 
cat ion and in the  s imul taneous  format ion  of  base  and iso- 
la t ion regions  in bipolar  IC's. After  the  depos i t ion  of the  
BN, the  film th ickness  has been  inspec ted  by the  ellipso- 
met r ic  t e chn ique  and the refract ive  index  of the  film 
calculated.  

The  refractiQe index  of  CVD-BN is shown in Fig. 9 as a 
func t ion  of th e reciprocal  of  depos i t ion  t empera tu re .  The  
refract ive  index  n can be  wr i t ten  as 

hE'  
n = no exp  ( ~ )  [8] 

where  no = 1.17 and hE'  = 0.032 eV. By  Combining Eq. [1] 
and [8], an empir ica l  re lat ion be tween  the  concen t ra t ion  
ratio CBN/CB, and the  refract ive  index  n can be  wr i t ten  as 

n ' CBx~ ~ ' ~  

o r  

(CBx~ TM 
n = 1.83 , ~  r] [10] 

Equa t ion  [10] shows that  the  refract ive i ndex  n depends  
0nly weak ly  on the concen t ra t ion  ratio CBN/CBx and that  
incorpora t ion  of  boron  into the  films leads to a h igher  re- 
f ract ive index.  

Us ing  the  relat ion of Eq. [10], the  concen t ra t ion  ratio 
C~NIC~. can be  de t e rmined  f rom the  refract ive  i ndex  n, in- 
s tead of by  direct  m e a s u r e m e n t  of the compos i t ion  us ing  
the  A E S  technique .  This  provides  a conven ien t  way  of 
check ing  the  boron  diffusion source  dur ing  the  process,  
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Conclusions 
Boron-rich BN films were deposited on silicon by CVD 

with the B2H6/NH.~ ra t io  of 1/140. When the deposition 
temperature increased from 440 ~ to 830~ the concentra- 
tion ratio of boron to nitrogen Cs/CN in the as-deposited 
film decreased from 2.5 to 1.4. The CVD-BN films depos- 
ited over the silicon wafer can be effectively used as a bo- 
ron diffusion source. For diffusion heat-treatment at 
1200~ the boron surface concentration decreased over a 
range from 2.2 • 1020 to 2 • 10 is cm ~-3 as the deposition 
temperature of the BN film was increased from 440 ~ to 
830~ The surface concentration remained constant dur- 
ing the diffusion heat-treatment, but decreased with de- 
creasing heat-treatment temperature. 

The concentration ratio of boron nitride to excess bo- 
ron CBN/CBx in the film was empirically formulated in the 
Boltzmann form as a function of the deposition tempera- 
ture. The boron surface concentration has also been de- 
scribed in the Boltzmann form, in terms of the diffusion 
temperature and the concentration ratio CBN/CBx. The ex- 
cess boron atoms in the BN film constitute a source of 
boron diffusion into silicon. The activation energy for ex- 
cess boron diffusion in the BN film is approximately pro- 
portional to the concentration ratio CBN/CB~. 
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Characterization of Metallic Precipitates in Epitaxial Si by Means 
of Preferential Etching and TEM 

C. J. Werkhoven, *'1 C. W. T. Bulle-Lieuwma, B. J. H. Leunissen, and M. P. A. Viegers 

Philips Research Laboratories, 5600 JA Eindhoven, The Netherlands 

ABSTRACT 

Microdefects in epitaxial silicon have been studied by means of preferential etching and transmission electron mi- 
croscopy. Wafers with a high density of etch pits contained a high density of very small (~ 10 nm) defect clusters, as re- 
vealed by transmission electron microscopy. A good correlation between defect clusters and etch pits could be estab- 
lished. In a larger type of defect, occurring at lower density, the precipitating material was identified as being Cu. In 
wafers showing a low etch pit density, only a low density of another type of larger defects was found containing Fe or Ti. 
Processing conditions and gettering treatments only affected the density of the smallest and the Cu containing particles. 

Preferential etching is widely used as a rapid method to 
characterize defects in semiconductor materials. Among 
the many etching features of silicon, the so-called shallow 
etch pits or S-pits (1) have been attributed to microdefects 
which usually develop after high temperature treatments, 
and which have been correlated with precipitates of tran- 
sition metals (2). At high etch pit densities, i.e., about 106 
cm -2, the appearance of the wafer surface is referred to as 
"haze." 

At various instances, the characterization of microde 
fects was reported. Cullis and Katz (3) found relatively 
large ( -2  ~m) rod-like FeSi2 precipitates, sometimes asso- 
ciated with Cu. Ward (4) observed iron disilicide precipi- 
tates in the emitter regions of ion-implanted bipolar tran- 
sistors. Gleichmann et al. (5) found large precipitates in 
power devices after prolonged high temperature pro- 
cessing. Augustus (6) reported small precipitates in 
epitaxial silicon wafers, which were shown to c.ontain ei- 
ther Ni or Fe. In wafers with gross contamination, larger 
Ni-containing defects were identified and it was con- 
cluded that Ni precipitated as NiSi~. Earlier, Augustus et 
al. (7) reported the contamination of bipolar transistors 
with large rod-like precipitates of a-Fe, which were found 
in the boron diffused base regions. Stacy et al. (8) 
identified Ni as an impurity decorating oxidation-in- 

*Electrochemical Society Active Member. 
1Present address: Philips Research Laboratories Sunnyvale, 

c/o Signetics Corporation, Sunnyvale, California 94086. 
Key words: semiconductor, defects, epitaxy, contamination. 

duced stacking faults in wafers contaminated by metallic 
tools, and Cu as an impurity precipitating in noninten- 
tionally contaminated wafers. Recently, Pearce and Kan- 
non (9) reported precipitation phenomena of various me- 
tallic and nonmetallic impurities after high temperature 
processing. 

The present work is part of a study on microdefects in 
nonintentionally contaminated epitaxial layers. In the 
first part (10), the characterization of a larger type of de- 
fect observed in wafers processed in an RF-heated reactor 
was described. The precipated impurities were identified 
as Fe and Ti, which, as radioactive tracer experiments 
showed, originated from the susceptor. The present re- 
port focuses on a smaller type of defect which was un- 
identified at that time, and which appears to  have a good 
correlation with preferential etching features. 

Experimental Procedures 
Epitaxial layers were grown in a radiantly heated bar- 

rel-type reactor at 1080~ using dichlorosilane as the Si 
source material. A prebake at 1150~ in H2 was used to re- 
move the native oxide. The substrate wafers were of 3 in. 
diam, boron-doped in the range 7-21 t~cm, and of (111) ori- 
entation. Prior to high temperature processing, the wafers 
were cleaned in H202-H~SO4 for 10 min at ll0~ 

Defect characterization of the near front surface region 
was performed by preferential etching and transmission 
electron microscopy (TEM). In the former case, the wa- 
fers were immersed in the Wright etchant for 1 min at 
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room temperature.  The etching features were examined 
by optical microscopy and scanning electron microscopy 
(SEM). For TEM investigations, samples of the wafers 
were thinned from the rear side surface to a thickness of 
300 nm by wet chemical etching. The specimens were 
studied in a 120 kV Philips EM400T microscope, 
equipped with an energy-dispersive x-ray spectrometer. 
The TEM work was done on the part of the wafer which 
was not preferentially etched. Some samples were also 
prepared with wafers which were etched for only 15s in 
order to investigate the development  of etch pits at defect 
sites. 

Preferent ia l  Etching 
The density of etch pits as observed by optical micros~ 

copy ranged between 103 and 107 cm -2. An accurate 
figure in the low density regime was difficult to obtain 
because of the small size and the shallowness of the etch 
pits. Even in the SEM, good contrast was not readily 
achieved in most cases. At higher densities the etch pits 
tended to be larger and deeper. A first indication of the 
density and the distribution of etch pits across the wafer 
surface could be obtained by visual observation using 
high intensity light. 

A SEM micrograph of an etched wafer surface showing 
a high density of etch pits is presented in Fig. 1. The typi- 
cal triangular-shaped pits vary in size from almost indis- 
t inguishable to about 1 /~m. It is evident that optical mi- 
croscopy can significantly underestimate the defect 
density. A reduction of the etch-pit density by more than 
an order of magnitude was noticed after removal of a thin 
(200-300 nm) surface layer, indicating the presence of a 
near surface region significantly enriched with defects. 
The size distribution of etch pits as visible in Fig. 1 proba- 
bly represents the depth distribution of the correspond- 
ing defects (about 700 nm is etched off during i rain pref- 
erential etching). 

In anticipation of the TEM investigations, we wish to 
remark that the lateral distribution of defects even on a 
submicron scale could be very inhomogeneous (see Fig. 
i). Hence, large variations in defect density from one area 
to the other can be expected in high magnification TEM 
micrographs. 

Transmission Electron Microscopy 
The samples investigated by TEM were selected ac- 

cording to the etch pit density observed on separate parts 
of the wafers. Two extreme cases were considered, viz..a 
ve ryh igh  density of etch pits (106-107 cm -2) and a low den- 
sity of etch pits (10~-104 cm-% In addition, we examined 
wafers whose initially high etch pit density was reduced 
to a low value by means of a phosphorus-diffusion get- 
tering t reatment  at the rear side of the wafers from a 
POC13 source (3). 

In samples with a high density of etch pits, three types 
of defects could be distinguished: 

Type l: very small defects, which were not resolved un- 
der dynamical two-beam imaging conditions. They 

showed only a spherically symmetric tensile strain field 
typically extending about 10-nm: Faceting could be ob- 
served on somewhat larger defects. X-ray analysis failed 
to yield reliable results, probably owing to the small di- 
mensions. The density varied markedly within a given 
sample and could be locally as high as 10 '~ cm -2. A de- 
tailed study of the contrast phenomena (11) indicated in- 
creasing density towards the surface. A typical micro- 
graph is shown in Fig. 2. 

Type 2: faceting features similar to those present on the 
type 1 defects were also observed on a larger type of de- 
fect ranging in size between 30 and 200 nm. Many of these 
particles showed fringe contrast (see also Fig. 2), which 
indicates a specific orientation and misfit of the defect 
lattice in the Si matrix. Locally, the density could be 107 
cm :~ (larger defects), but it could also be as low as 104 
cm -2 (larger defects). The larger particles were accessible 
to x-ray microanatysis, showing Cu significantly above 
the background signal of the microscope. Attempts for a 
microdiffraction analysis were unsuccessful, due to the 
very small volume of the particles involved. 

Type 3: the largest type of defect, with dimensions be- 
tween 100 and 200 nm and densities between 104 and 105 
cm -~. These precipitates had a characteristic elongated or 
spherical shape and contained either Fe or Ti, respec- 
tively [see Fig. 3 and Ref: (10)]. The low densities involved 
hampered a reliable estimate of differences in density be- 
tween different samples. In the earlier report (10), we re- 
lated these defects with impurities in the susceptor. 

Considering the TEM results on wafers with a low etch 
pit density, the absence of type 1 and 2 defects can be 
seen as a striking difference in comparison to wafers with 
a high etch pit density. The same applies to the wafers 
which received the gettering treatment. We therefore con- 
clude that the smallest type 1 defects also leave distinct 
etch pits in the surface upon preferential etching. This 
was verified by examination of slightly etched (15s) wa- 
fers in the transmission electron microscope. As illus- 
trated in Fig. 4, well-defined etch pits were observed, 
which showed a black, a white, or a black-and-white 
fringe contrast, depending on their depth. Under  some 

Fig. 1. SEM micrograph of a preferentially etched epitaxial water 
showing a high etch pit density. Scale mark is 1 /~m. 

Fig. 2. Bright field TEM micrograph showing dynamical diffraction 
contrast of a higher density of small type 1 defects and one larger, type 2 
defect containing Cu. The operative reflection: g = 220. 



1390 J .  E l e c t r o c h e m .  Soc . :  S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  J u n e  1984 

Fig. 3. TEM micrographs and x-ray spectra of type 3 defects con- 
taining Fe and Ti. 

etch pits, showing very weak contrast, a small type 1 de- 
fect was still present. Other defects, situated at a larger 
distance below the surface, had not yet developed etch 
pits with sufficient depth to cause a noticeable contrast 
effect. Larger and less regular contrast features were also 
observed, and because of their much lower density, we at- 
tributed these etch pits to type 2 and 3 defects. 

In relation to the impurities identified in some of the 
defects, it is of  interest to note the difference in sensitivity 
to the gettering treatment between type 1 and 2 defects 
on one hand and type 3 defects on the other. The trend 
observed here is in good agreement with the RBS results 
of Buck et al. (12), i,e., rapid gettering of Cu with respect 
to Fe, and suggests that the type 1 defects, like the type 2 
defects, also contain Cu. Some morphological resem- 
blance between types 1 and 2 supports this as well. 

Regarding the source of the metallic contamination, we 
have already mentioned (10) the role of the susceptor in 
the case of Fe and Ti. The same report also pointed out 
that Cu was consistently detected in substrate wafers by 
means of neutron ac t iva t ion  analysis and confirmed 
earlier results obtained by the same technique (13). As re- 
ported by Stacy et al. (8), Cu is a major background impu- 
rity decorating oxidation-induced stacking faults. Hence, 
there are strong indications for suspecting the substrate 
wafer of being a source of the Cu on the defects observed 
after various high temperature processes. 

A general phenomenon of Cu appears to be its tendency 
to form a high density of very small precipitates (3). In 
contrast with most transition metals, Cu has a relatively 
high solid solubility, so that supersaturation is reached at 
relatively low temperatures. The limited range Of diffu- 
sion at low temperatures favors the formation of a high 
density of nuclei. The extremely weak x-ray signals ob- 
tained from the precipitates containing Cu point to a low 
metal content, suggesting a heterogeneous nucleation 
mechanism which may involve intrinsic point defects. 

Summary 
Depending on process conditions, preferential etching 

of (111)-oriented epitaxial wafers revealed a wide range of 
etch pit densities. When a high density of etch pits was 
found, TEM showed a high density of very small isolated 
defects which are not accessible for x-ray microanalysis. 
A good correlation was established between these defects 
and the etch pits. In addition, two types of larger precipi- 
tates containing Cu and Fe or Ti, respectively, were pres- 
ent in much lower densities. Apart from the etch pit den- 
sity, only the density of the smallest defects and that of 
the somewhat larger precipitates containing Cu varied 
with deposition conditions and postgrowth gettering 
treatments. Both the etch pit density and the defect den- 
sity decreased rapidly below the surface. 
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Fig. 4. Dark field TEM micrograph of a slightly etched wafer showing 
the various stages of development of etch pits at defect sites. The opera- 
tive diffraction vector: g = 220. 

REFERENCES 
i. G. A. Rozgonyi, R. P. Deysher, and C. W. Pearce, This 

Journal, 123, 1910 (1976). 
2. C. W. Pearce and R. G. MeMahon, J. Vac. Sci. 

Technot., 14, 40 (1977). 
3. A. G. Cullis and L. E. Katz, Philos. Mag., 30, 1419 

(1974). 
4. P. J. Ward, This Journal, 129, 2573 (1982). 
5. R. Gleichmann, U. Mohr, and K. Jegerlehner,  Cryst. 

Res. Technol., 18, 297 (1983). 
6. P. D. Augustus, in "Proceedings o f t h e  3rd Oxford 

Conference on Microscopy of Semiconduct ing Ma- 
terials," A. G. Cullis, S. M. Davidson, and G. R. 
Booker, Editors, p. 229, Institute of Physics, Oxford 
(1983). 

7. P. D. Augustus, J. Knights, and L. W. Kennedy, J. 
Microsc. (Oxford), llfl, 315 (1980). 



Vol.  131, No.  6 M E T A L L I C  P R E C I P I T A T E S  IN  E P I T A X I A L  Si  1391 

8. W. Stacy, D. F. Allison, and T.-C. Wu, in "Semicon- 
ductor Silicon 1981," H. R. Huff, R. J. Kriegler, and 
Y. Takeishi, Editors, p. 344, The Electrochemical  
Society Softbound Proceedings Series, Pennington, 
NJ (1981). 

9. C. W. Pearce and V. C. Kannon, Abstract 307, p. 478, 
The Electrochemical Society Extended Abstracts, 
Vol. 83-1, San Francisco, CA, May 8-13, 1983. 

10. C. J. Werkhoven, in "Aggregation Phenomena  of 

Point Defects in Silicon," E. Sirtl and J. Goorissen, 
Editors, p. 144,  The Electrochemical Society 
Softbound Proceedings Series, Pennington, NJ 
(1983). 

11. C. W. T. Bulle~Lieuwma, To be published. 
12. T. M. Buck, J. M. Poate, K. A. Pickar, and C-M. Hsieh, 

Surf. Sci., 35, 362 (1973). 
13. M. J. J. Theunissen and G. S. Gruintjes, Abstract $81, 

ESSDERC/SSSDT, Toulouse, 1981. 

Reduction of Electron-Beam-Induced Damage in MOS Devices 
Using Three-Layer Resist with Heavy Metal Interlayer 
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Japan 

ABSTRACT 
A three-layer resist with a heavy metal interlayer is proposed to remove the electron-beam-induced damage in MOS 

devices. The three-layer resist with 280 nm thick platinum interlayer can decrease positive charge and neutral traps in 
the gate oxide to about one-fifth of those for direct exposure. This effect is equivalent to reducing exposure dosage 
about two orders of magnitude. The saturation effect of damage reduction is found with increasing the Pt interlayer 
thickness to above 280 nm, due to the damage generation by secondary electrons or x-ray. The dissipation energy calcu- 
lation by Monte Carlo technique indicates that the saturation threshold for damage removal  corresponds to about 1 • 
10 ~1 eV/cm 3 dissipation energy in the gate oxide. This critical value for the dissipation energy provides an opt imum 
metal interlayer thickness Tm in the three-layer resist, which is given as Tm= 30EI'75/p (nm), where E is the electron en- 
ergy (keV) and p is the metal mass density (g/cm% Considering the restriction of interlayer thickness and the dry etching 
capability in the lithography and patterning process, tungsten is suitable for the metal interlayer in the three-layer resist. 

Direct writing electron-beam lithography provides the 
high resolution pattern delineation necessary to fabricate 
high density and high performance VLSI's. However, en- 
ergetic electrons can create radiation damage in the gate 
oxide in MOS devices, due to the fact that they ionize ma- 
terials as they pass through the surface layer. The 
radiation-induced positive charge and neutral traps in the 
oxide and interface traps at the Si-SiO~ interface degrade 
MOSFET characteristics severely (i). Therefore, the radi- 
ation damage in the gate oxide has been studied exten- 
sively (2, 3). Of particular importance is the annealability 
of that damage with the temperature-time limits imposed 
by the device processing. The most restricted annealing 
process is postmetallization annealing, in which anneal- 
ing temperatures are limited by either metal penetration 
or contact resistance degradation problems associated 
with the contact metallurgy. Typical postannealing at 
400~176 in N~ or forming gas, however, is not sufficient 
to remove positive oxide charge and neutral traps. Above 
700~ annealing has been reported necessary to remove 
these traps completely (4). Therefore, more efficient post- 
metallization annealing procedures have been investi- 
gated recently to remove radiation damage, such as an- 
nealing in pure hydrogen gas ambient (5), annealing in 
high pressure (50 atom) forming gas (6), and in the RF 
plasma (7). These methods are effective to some extent, 
compared to conventional forming gas annealing, but are 
not sufficient to remove radiation damage completely. 

In this paper, the approach proposed is the suppressing 
or stopping of electron penetration into the gate oxide in 
the lithography step, using three-layer resist (8) with a 
heavy metal interlayer. We have evaluated residual dam- 
age in the gate oxide after electron-beam exposure and 
after annealing in N~ at 450~ as a function of the thick- 
ness of platinum interlayer in the three-layer resist. We 
also compare the experimental  results with the dissipa- 
tion energy in the gate oxide, calculated by Monte Carlo 
simulation. The optimum metal interlayer thickness is de- 
termined for some heavy metals, according to the elec- 
tron energy. 

Key words: radiation damage, neutral trap, MOS devices, 
three-layer resist, dissipation energy. 

Experimental Procedure 
MOS devices used in th is  work were polysilicon gate 

MOS capacitors fabricated on p-type (100) silicon sub- 
strate with a resistivity of 0.1-0.2 ~ - cm. All MOS capaci- 
tors were fabricated with conventional photoli thography 
and chemical etching. After forming thick field oxides 
and removing oxides in the 2.5 x 10 -3 cm 2 gate area, a 30 
nm thick gate oxide was grown in dry oxygen at 950~ 
Phosphorous-doped polysilicon electrodes 450 nm thick 
were fabricated by CVD, followed by annealing in dry N2 
at 1000~ so as to reduce the resistivity. After etching off 
polysilicon outside the gate area, CVD SiO2 was deposited 
for surface passivation, followed by contact hole etching. 
Finally, the capacitors were annealed in a forming gas 
ambient  at 450~ for 30 rain. 

The three-layer resist was formed as follows. AZ | resist 
1.0 t~m thick was spun on MOS capacitors and baked at 
200~ for an hour. A platinum interlayer, 0-500 nm thick, 
was deposited on the AZ resist by RF sputtering. Finally, 
an electron-beam-exposed resist CMS 400 nm thick was 
spun on the Pt interlayer. 

Electron-beam exposure to some capacitors in a wafer 
was carried out through the three-layer resist by an 
electron-beam lithography system (9). The gate area for 
individual capacitors was scanned by a 20 k e y  electron- 
beam. Dosages were between 2 and 2000 ~C/cm 2. Anneal- 
ing was carried out at 450~ in an N~ ambient fo~ 30 rain 
after electron-beam exposure and taking off the t]~ree- 
layer resist. 

High frequency C-V curves were measured to deter- 
mine the radiation-induced fiatband voltage shift. The 
density of neutral traps, as well as positively charged 
traps, were determined by avalanche injection technique, 
which injects hot electrons from the silicon substrate to 
gate oxides and measures the fiatband voltage shift (10). 
By analyzing the characteristics of flatband voltage shift 
vs. the number  of injected electrons; the effective density 
and the cross section of electron traps can be obtained. 

Results and Discussion 
Radiation damage after exposure.--Figure 1 shows the 

relation of the V~B shifts vs. Pt  interlayer thickness in 
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Fig. i. Flotband voltage shift from pre-irradiotion state for electron- 
beam-irradiated MOS capacitors as a function of Pt interlayer thickness 
in the three-layer resist. 

three-layer resist after electron-beam exposure. Negative 
VFB shift, indicating positive charge buildup in the oxide, 
decreases with an increase in the metal thickness, and 
tends to become constant when Pt layer is more than 280 
nm thick. The VFB shift for capacitors on which a three- 
layer resist was applied with 280 nm thick Pt interlayer 
decreases drastically to about one-fifth of that for direct 
exposure. This indicates that the application of three- 
layer resist in the lithography step is very effective in 
reducing radiation damage, and equivalent to reducing 
exposure dosages by about two orders of magnitude. 

Figure 2 shows the results of electron injection mea- 
surements for MOS capacitors exposed at 20 ~C/cm 2. In 
this figure, the change in VFB, which occurs as injected 
electrons are captured, is plotted against the number  of 
injected electrons per unit gate area. This clearly shows 
that electron beam exposure substantially increases the 
trapping in the oxide and that the three-layer resist is 
very efficient to reduce the traps in the oxide. For unex- 
posed capacitors, V~B shift occurs after injecting above 
10~6/cm 2 electrons. This Vw shift is thought to be due to 
electron trapping by water-related defects in the oxide 
(ii), which exist in as-made state. Analysis of the curve 
for capacitors exposed directly, without the three layer re- 
sist, shows that two distinct kinds of traps are being 
filled as electron injected. The first kind of trap is posi- 
tively charged and is completely filled after 10Wcm 2 elec- 
trons have been injected. This saturated VFB shift coin- 
cides to the negative VFB shift in the magnitude, observed 
after electron beam exposure, as shown in Fig. i. The 
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Fig, 2. Flatband voltage shift due to avalanche hot electron injection 
into the gate oxide for irradiated MOS capacitors. 

electron capture cross section for positively charged traps 
is 10-1~-10 -I4 cm ~. The additional VFB shift, observed after 
saturation of positively charged traps, is due to filling of 
neutral electron traps introduced by electron beam expo- 
sure. Its capture cross section is 10-~5-10 -m cm 2. 

Noticeably, application of the three-layer resist is very 
effective in reducing neutral traps, as well as positively 
charged trap. The V~m shift for capacitors with 280 nm. Pt 
interlayer thickness after injection of 2 • 10m/cm 2 elec- 
trons is only 330 mV and about one-seventh of that for di- 
rect exposure, where this injection level corresponds to 
the filling of positively charged traps and neutral traps. 
This damage reduction effect is accounted for by the sup- 
pression of electron penetration in the oxide through the 
three-layer resist. However, the decrease in positively 
charged traps and neutral traps is found to be constant 
with increasing interlayer thickness to above 280 nm. 
This constant phenomenon is believed to be due to the 
damage generation by secondary electrons or x-ray, 
which is produced by electron scattering within a high 
density metal layer in the three-layer resist. 

Residual radiation damage after annealing.--Figure 3 
shows V~B shifts after annealing in a N2 ambient at 450~ 
as a function of Pt layer thickness. V~B shift decreases ex- 
tremely with increasing metal thickness. When exposure 
dosage is 20 ~C/cm 2, V~B shift for capacitors with a 280 nm 
thick Pt interlayer is about 40 mV and is one-ninth of that 
for direct exposure. This ratio is smaller than that before 
annealing. When exposure dosage is 2 mC/cm 2, VFB shift 
for capacitors with 280 nm Pt interlayer thickness is 
about 0.2V. This shift is smaller than the VFB shift for di- 
rect exposure with 20 ~C/cm ~ exposure dosage. This re- 
sult indicates that, after annealing in N2 at 450~ the ap- 
plication of three layer resist is equivalent to reducing 
exposure dosage more than two orders of magnitude. 

Figure 4 shows the electron injection measurement  re- 
sults for capacitors annealed in N~ at 450~ The V~B shift 
after injecting 2 • 1016/cm 2 electrons is only 90 mV for ca- 
pacitors with 280 nm thick Pt interlayer. The V~B shift due 
to filling of neutral traps is approximately 50 mV. Neu- 
tral traps as well as positive charge are found to be re- 
moved sufficiently by annealing in N2 at 450~ for capaci- 
tors with 280 nm Pt interlayer thickness. 

These experimental  results show that three-layer resist 
application with a heavy metal layer suppresses the gen- 
eration of damages  and furthermore enhances the re- 
moval efficiency of positive charge by low temperature 
annealing. 

Dissipation energy in gate oxide.--The dissipation en- 
ergy in the gate oxide is calculated and compared with 
the experimentally observed radiation damage. 
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Fig. 3. Flatband voltage shift from pre-irradiation state for annealed 
MOS capacitors after EB exposure, as a function of Pt interlayer 
thickness. 
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The Monte Carlo technique for the electron trajectories 
calculation has been applied by several authors to study 
the backscattered electrons, energy dissipation, and sec- 
ondary electron emission (12, 13). We also use this method 
to calculate the dissipation energy in each layer of the 
multi layered structure. 

In electron free path calculation, a few free path model 
is used, which takes into account not only the scattering 
probability in the layer involving the initial scattering 
point, but also that in other layers along the scattering di- 
rection (14). The multilayered structure shown in Fig. 5 is 
employed to calculate dissipation energy, where point 
electron beam is exposed. For detailed dissipation energy 
calculation, the multiple layer is divided into 50 layers. 
The calculation is accomplished for 10,000 electrons in or- 
der to obtain meaningful results. 

The AZ resist thickness (0.4 ~rn) in Fig. 5 is thinner 
than that used in the experiment  (1 vm). This is caused by 
the res t r ic t ion  in calculation depth. However; an esti- 
mated error in the dissipation energy in the gate oxide 

d u e  to inadequate AZ resist thickness is negligible, since 
~he density of AZ resist is low. 

Figures 6a and 6b show examples of the dissipation en- 
ergy profile for the multilayer structure, where metal 
interlayers are formed by 320 nm thick platinum and 600 
nm thick platinum, respectively. In Fig. 6a, the dissipa- 
tion energy in SiO2 is about 3 • 1020 eV/cm ~, which indi- 
cates that incident electrons penetrate the three-layer re- 
sist and reach the gate oxide. In Fig. 6b, the dissipation 
energy decreases drastically in the Pt layer and the dissi- 
pation energy in SiO2 cannot be estimated. This result 
shows that incident electrons cannot penetrate the three- 
layer resist with 600 nm thick Pt interlayer. 

ELECTRON-BEAM 

l 
CMS RESIST (400nm) 

METAL LAYER (0~,600 nm) 

AZ RESIST (400 nm) 

SILICON (440 nm) 

SILICON DIOXIDE (40nm) 

SILICON SUBSTRATE 

Fig. 5. Multilayered structure for dissipation energy calculation 
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Fig. 6. An example of dissipation energy profile for the multilayered 
structure. (a, top) Platinum layer is 320 nm thick. (b, bottom) Platinum 
layer is 600 nm thick. 

Optimum metal layer thickness.--Figure 7 shows the re- 
lation of the experimentally observed effective density for 
the positive oxide charge after electron-beam exposure 
and the calculated average dissipation energy in SiO2. As 
shown in the experiment, radiation damage cannot be re- 
duced to less than a certain level, which will be deter- 
mined by secondary electron or x-ray, even if the metal 
interlayer in the three-layer resist is sufficiently thick. A 
thinner metal interlayer is better with regard to the dry 
etching process. In Fig. 7, the effective positive charge 
density is found to become constant with a decrease in 
the dissipation energy below 1 x 1021 eV/cm 3. Therefore, 
the opt imum thickness of metal interlayer can be deter- 
mined to be a thickness where the dissipation energy in 
the gate oxide is about 1 x 10 zl eV/cm 3. 

Figure 8 shows the dissipation energy in the gate oxide 
as a function of several kinds of metal interlayer. The 
thickness corresponding to the 1 • 1021 eV/cm 3 dissipa- 
tion energy is about 260 nm for Pt, about 280 nm for W, 
and about 570 nm for Mo. These thicknesses correspond 
to about 65% of the experimental  penetration distance for 
the metal layer, called gruen range RG (15), which is repre- 
sented by 

RG (nm) = 46 El'75/p [1] 

where E is electron energy (keV) and p (g/cm 3) is the den- 



1394 

E 

W 

rr 
< I0t2 -I- 
0 

LLI 
O O. 

__. 1 0 t  
I-- 
o 
u. 
LI. i. 

J. Electrochem. Sac.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  

THICKNESS OF METAL LAYER (nm) 

510  280  160 0 DIRECT 
t~ 

I l+ I I I I 

DOSE 20 pC/cm 2 

f 
,, , I = I t+ 1021 1022 

AVERAGE DISSIPATION ENERGY 

IN SiO 2 (eV/cm3)  

Fig. 7. Relation between effective density of radiation-induced posi- 
tive charge and the average dissipation energy in the gate oxide. 

E 

o~ 1 0 2 2  

z 

~ 1021 
W 
Z 
W 

Z 

a. 102o 

IRRADIATION ENERGY 20 keV 

DOSE 20 IJC/cm2 

\ 

, ,  
I , I 1 , ] + ] 

0 100 200  300  4 0 0  500  6 0 0  

THICKNESS OF METAL LAYER (nm) 
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sity of metal. Thus, the opt imum metal interlayer thick- 
ness in three-layer resist (Tin) can be given by a simple 
formula 

Tm (nm) = 30 El7~/p [2] 

Using this formula, the metal interlayer thickness is eas- 
ily estimated without the complicated calculation of tile 
dissipation" energy. In Table I, Tm values are shown for 
various metal~ as a function of electron energy. For the 
three-layer resist technology, the metal interlayer thick- 
ness is restricted by dry etching tolerance of electron- 
exposed resist. Its thickness is normally less than 600 nm. 
When electron energy is 20 keV and metal thickness is as- 
sumed to be 600 nm, required metal density is calculated 
to be more than 9.5 g/cm 8, using Eq. [2]. Considering this 
condition and the dry etching process, tungsten (p = 19.3 
g/cm 3) is suitable for the metal interlayer in the three- 
layer resist .  

On the other hand, it seems that the use of the three- 
layer resist with a heavy metal interlayer may degrade the 
patterning resolution, because of the increase in the 
backscattered electrons. However, after careful considera- 
tion, no degradation in patterning resolution was ob- 
tained by thinning the electron-beam-exposed resist and 
selecting the appropriate exposure dosage. Moreover, the 

June1984 

Table I. Optimum thickness (nm) of metal interlayer for reducing damage, 

METAL 
ELECTRON-BEAM ENERGY (keV) 

10 20 50 

Mo 164 550 2743 

Ta 102 342 1700 

W 87 294 1461 

Pt 78 265 1318 

use of this resist has several advantages, for instance, the 
reduction in irradiation dosage. The work relating the 
patterning characteristics for the three-layer resist with a 
heavy metal interlayer will be published in detail else- 
where. 
Although a three-layer resist with heavy metal inter- 

layer has been discussed here, there is another scheme, 
such as a thick monolayer resist and a two-layer resist 
with the thick bottom layer for blocking incident elec- 
trons. These schemes are usually done by applying an or- 
ganic material which has an excellent step coverage and 
high RIE resistance. However, a thickness of more than 5 
~m needs 20 keV electrons for blocking. Using such a 
thick resist, it is not easy to get a high pattern resolution. 
Therefore, the three-layer resist with heavy metal 
interlayer is a better technique than other resist schemes, 
with regard to the damage reduction and the high pat- 
terning resolution. 

Conclusion 
The three-layer resist with a heavy metal interlayer in 

the electron beam exposure step has been proposed to re- 
duce electron-beam-induced damages in MOS devices. 

Applying this resist with a 280 nm thick Pt interlayer, 
damages decreased drastically to about one-fifth of that 
for direct exposure and were removed sufficiently by an- 
nealing in N2 at 450~ The application of three-layer re- 
sist with 280 nm Pt interlayer is equivalent to reducing 
exposure dosages about two orders of magnitude. How- 
ever, the decrease in damages is found to become con- 
stant with increasing Pt interlayer thickness to above 280 
nm, because of the damage generation by secondary elec- 
trons or x-ray. 
Applying the Monte Carlo method to the dissipation en- 

ergy calculation, it is clear that the constant phenomenon 
for the damage decrease begins when the dissipation en- 
ergy in the gate oxide is about 1 • i0 ~I eV/cm 3. According 
to these results, the optimum metal interlayer thickness 
in the three-layer resist can be extracted by Tm = 30E':Wp. 
Tungsten is suitable as the interlayer metal in the three 
layer resist, because of its high mass density and its dry 
etching capability. 
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Effects of Laser Back-Side Damage upon Mechanical Properties of 
Silicon 

Dennis Elwel l*  

Center for Materials Research, Stanford University, Stanford, California 94305 

Sookap Hahn*  

Siltec Corporation, Mountain View, California 94043 

ABSTRACT 

The warpage Of laser-damaged P-type (111) and (100) silicon wafers subject to thermal cycles which simulate pro- 
cessing sequences was found to be less than that produced by mechanical abrasion damage. Both warpage and laser 
damage depth in wafers from the tail-end of crystals were found to be different from that in wafers from the middle or 
seed-end. These differences cannot be explained on the basis of the total interstitial oxygen content in the wafer and 
suggest that the state of the oxygen has an important influence on the mechanical properties of silicon. 

In recent years, one of the major aims of VLSI technol- 
ogy has been the fabrication of large area devices free of 
lattice defects. For this reason, efforts have been concen- 
trated on the suppression of process-induced defects in 
silicon. The effectiveness of back-side damage gettering 
in the reduction of process-induced defects has been 
widely investigated and reported in the open literature 
(1-3). Back-side damage gettering uses a dislocation net- 
work on high stress regions created on the wafer back 
surface, which acts as an effective source of vacancies or 
a sink of interstitials. This dislocation network also acts 
as a sink of fast-diffusing metallic impurities and reduces 
their decoration on oxidation-induced stacking faults 
near the front surface, which is an important  cause of 
structure-related device failure in silicon devices. 

*Electrochemical Society Active Member. 
Key words: semiconductor, integrated circuit, warpage, get- 

tering. 
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Fig. 1. Axial  oxygen concentration distribution of two ingots used for 
this investigation. 

Although various other methods of inducing back-side 
damage for gettering have been studied, for example lap- 
ping, sandblasting, phosphorous diffusion, ion implanta- 
tion, Si3N4 deposition, polycrystalline silicon deposition, 
and laser irradiation, laser damage gettering has many ad- 
vantages and has received some attention from a number  
of research groups (4, 5). Laser damage gettering utilizes 
laser irradiation to generate gettering sites where a vari- 
ety of point defects, such as impurities and interstitials, 
gather. The technological advantages of this method are 
(i) the damage is induced at room temperature,  (ii) the 
damage can be precisely controlled, and (iii) the damage 
is more permanent  during common IC fabrication 
thermal cycles. Laser back-side damage gettering has the 
additional advantages that it is a clean and reproducible 
process, and throughput  rates are compatible with wafer 
fabrication requirements.  

One of the major obstacles to the development  of a laser 
back-side damage gettering process is wafer distortion 
due to lattice damage generated by high power pulsed 
laser irradiation (6), Warped wafers are difficult t o h a n d l e  
in automatic processing equipment.  The generation of 
complex circuit patterns by photoli thography on a 
warped or bowed wafer is difficult to perform due to a 

Table I. Typical interstitial oxygen radial distributions for two ingots 
used for this investigation 

(Unit = ppma, conversion factor = 9.63) 

Type P P 

Orientation 111 i00 

xial Seed- Tail- Seed- Tail- 
Radi end Mid end end Mid end 

R* 35.7 33.8 33.2 31.3 29.0 27.8 
(Center) 

R/2* 33.8 33.1 32.5 30.4 29.0 27.9 
R/4* 31.2 32.7 32.2 28.5 28.0 27.7 
R/8* 26.5 31.9 31.0 26.9 27.1 27.2 

*Distance from the periphery of the wafer. 
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varying focal plane. This problem is especially serious 
with projection printing, during which wafer flatness is 
no longer improved by the application of mechanical 
pressure to a wafer with a mask, as occurs during contact 

Fig. 3. Typical histogram showing distribution of depth of high power 
pulsed laser induced damage for a large number of dislocations. 

3 5 - -  

printing. In addition to wafer handling and photolitho- 
graphic problems, warpage can also affect the electrical 
characteristics of devices and circuits. Dislocations intro- 
duced into processed wafers as a result of plastic defor- 
mation are known to cause excessive leakage currents in 
processed circuits when located in the active device vol- 
ume. Due to a change of lateral dimensions on the wafer 
by warpage, an exact device geometry (e.g., a channel 
length) cannot be realized due to the misalignment which 
can cause degradation of device characteristics. 

The purpose of the present work is to examine how the 
lattice damage caused by laser irradiation affects the me- 
chanical properties of silico/1 wafers during simulated 
high temperature device processing. In addition, an at- 
tempt is made to quantify the laser damage from mea- 
surements of the depth of damage using etching of pol- 
ished sections. 

Experimental  
P(111) ~ (%21 12-cm) and P(100) 1 (t0-20 12-cm) wafers 

grown by the Czochralski method were used for this in- 

1In this paper, P(lll)  and P(100) wafers mean P-type 
(lll)-oriented and P-type (100)-oriented wafers, respectively. 
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side damage P(111) wafers based upon thermal cycles shown in Fig. 2. 
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vestigation. The P ( l l l )  silicon crystal was grown under 
the following conditions: flat top shoulder, pull speed 
during body growth 3-3u in./hr, seed rotation 15 rpm 
CCW, crucible rotation 8 rpm CW with a 3-phase ac pow- 
ered Siltec 860D furnace. The growth parameters for the 
P(100) crystal were: slow shoulder, pull speed during 
body growth 3 1/2-4 in./hr, seed rotation 20 rpm CCW, cru- 
cible rotation 7 rpm CW with 3-phase ac powered Siltec 
860D furnace. Both ingots had the same size of 100 mm 
diameter and 580 mm effective length and were doped 
with boron. 50 wafers of 625 tLm thickness were cut from 
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Fig. 8. Warpage of nondamaged, mechanically back-side damaged, 
and laser damaged P(IO0) wafers based upon multiple oxidation cycles 
with ramp-up and ramp-down schedules. 

three portions (namely, seed-end, middle, and tail-end) of 
an ingot and were called P(100)-SEED, -MID, and ~TAIL 
and P ( l l l )  -SEED, -MID, and -TAIL. The interstitial oxy- 
gen content, [Oi] and substitutional carbon were mea- 
sured by a Nicolet MX-1 Fourier transform infrared spec- 
trophotometer.  The conversion factor for the deter- 

Fig. 7. Cross-section optical micrographs of P(111) wafer (a, above left) mechanically back-side damaged and (b, above right) laser back-side 
damaged (Ed = 45 J/cm :) after simulated high temperature bipolar thermal cycles. Stained by Sirtl etchant far 5 min (magnification: 1 IOX). 
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ruination of interstitial oxygen contents was 9.63 from 
ASTM F121-79. The longitudinal distribution of [Oi] along 
the pulling direction for both crystals is shown in Fig. 1. 
The radial distribution of [Oi] from three portions for both 
crystals is summarized in Table I. Carbon contents 
ranged from less than 0.05 ppma to 1.0 ppma for both 
crystals. 

Laser damage was induced on the rear surface of the 
caustic-etched wafers by a Quantronix 610 Epitherm 
Q-switched Nd:YAG laser system. Various levels of en- 
ergy density were used for back-side damage gettering as 
follows: 20, 24, 34, and 45 J/cm 2 for P ( l l l )  and 20, 24, 30, 
35, and 50 J/cm 2 for P(100) wafers. The dot spacing of 150 
~m and row spacing of 250 ~m were fixed for all the dif- 
ferent laser parameters. The pulse repetition rate varied 
between 0.9 and 8.5 kHz (which depends upon the desired 
energy density). The pulse duration t ime was 150 nsec, 
and the focused 1/e spot size of the pulses was about 65 
~m. The mechanical  back-side damage process was 
carried out by a direct surface abrasion technique 
(DSAT). In this process, the wafer was rotated on a vac- 
uum chuck, and an abrasive-coated paper (grit size 400), 
placed in line contact with the safer, was moved radially, 
leaving a series of concentric damage sites. Simulated 
multiple high temperature thermal cycles used for P(111) 
warpage studies are shown in Fig. 2. Three multiple oxi- 
dation cycles at 1000~ for 3 hr with or without ramp-up 
and ramp-down schedules were used for P(100) warpage 
studies. For these experiments the wafers were stacked in 
the vertical position in a boat with 2.5 mm distance be- 
tween wafers with at least five "dummy"  wafers at both 
ends to ensure the same cooling kinetics for all the test 
wafers. Warpage during simulated thermal cycles was 
measured by an ADE 3046A gauge. 

For measurements of laser damage depth, the wafers 
were cleaved and polished, initially with diamond grit 
and then with three different submicron alumina pow- 
ders with appropriate felt pads. The polished surfaces 
were then Sirtl etched. 

Results and Discussion 
Laser damage depth measurements were made only on 

P ( l l l )  wafers. This method of characterizing the damage 
was suggested by Yang and Schwuttke (7) who used 
P(100) wafers and reported that the threshold energy den- 
sity for Nd:YAG laser irradiation was about 6 J/cm 2. 

Each laser spot gives rise to a bundle of dislocations, 
and the resulting pits were observed on Sirtl etching 
points where each dislocation (or similar defect) inter- 
sected the polished surface. The distance from the silicon 
surface to the center of the etch pit was measured for a 
number  of etch pits. The depth of damage was then taken 
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Fig. 9. Warpage of laser back-side damaged and mechanically back- 
side damaged P(IO0) wafers during multiple oxidation cycles without 
ramping. 

as the tail of the resulting histogram of the number  of pits 
observed at a certain distance from the wafer surface vs. 
that distance. A typical histogram is shown in Fig. 3; this 
was obtained for 232 individual damage depth counts. 

It can be seen that occasional etch pits appear well be- 
yond the normal tail of the distribution plot. These have 
been ignored in calculating the depth of damage, al- 
though they may be important in practice. The laser dam- 
age depth obtained as the mean of the cluster of data 
points at the tail of the distribution is plotted in Fig. 4 for 
the series of samples investigated. The accuracy of mea- 
surement is about -+ 10% but error bars have been 
omitted for clarity. 

The damage depth for a laser beam intensity of 20 J /cm 2 
was found to be only 1-2 ~m so the threshold intensity for 
detectable damage is 19 -+ 1 J /cm ~. This value depends on 
the surface roughness as well as on the orientation. The 
dependence of damage depth on laser intensity has been 
indicated by joining up the data points in Fig. 4; the real 
behavior may be on a curve or show a step, but more data 
points would be necessary to resolve this question. 

Within experimental  error the damage depth is the 
same for wafers taken from the seed end and from the 
middle of a crystal. However, the average damage depth 
in wafers cut from the tail end is consistently a little 
higher than from the other regions. 

Warpage  
Due to rather subtle differences of warpage variation 

and related phenomena between P(100) and P ( l l l )  type 
materials during simulated multiple high temperature 
thermal cycles, we believe they warrant a separate discus- 
sion in this section. 

P(111) materials.--The warpage of various energy den- 
sity laser damaged and mechanical back-side damaged 
P ( l l l )  wafers is shown in Fig. 5. These data clearly dem- 
onstrate that back-side damage generated by pulse laser 
irradiation of energy densities less the 45 J /cm 2 have 
shown no adverse effects on warpage during subsequent  
oxidation cycles, compared with that of mechanical  back- 
side damaged wafers. Based on the depth of damage mea- 
surements, the warpage of wafers damaged at 20 3/cm ~ is 
expected to be similar to that of undamaged wafers. 

During the course of this investigation it was observed 
that P ( l l l )  materials from the seed-ends of the ingot gen- 
erally exhibit  higher resistance to warpage, regardless of 
the back-side damage techniques applied (mechanical or 
laser). A typical example is shown in Fig. 6. Recently, 
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Fig. 10. Warpage ratio of 20 J/cm 2 laser back-side damaged P(100) 
wafers from seed-ends or middle section over those from tail-ends. 
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Eggermont et al. (8) have demonstrated that as-irradiated 
P(111) materials show a dramatically lower fracture 
strength than virgin wafers. It also has been reported by 
Schwuttke (9) that silicon materials from the seed-end are 

stronger than those from the tail-end. As shown in Fig. 1, 
interstitial oxygen content differences between seed-end 
and tail-end materials are about 5 ppma, at the most. Also, 
oxygen diffusivity at room temperature is so low that it is 

Fig, 11. Cross-section optical micrograph of (o, top left) nondamaged (b, top right) mechanically back-side damaged (c, bottom left) and (d, bottom 
right) laser back-side damaged (Ed = BO and SO J/cm z) P(100) wafers after multiple oxidation cycles with ramp-up and ramp-down schedules. Stained 
by Wright etchant for S min. (magnification: 1 IOX). 
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highly unlikely for oxygen impurities inside the bulk to 
interact with laser-irradiated defects. Therefore, we be- 
lieve that this phenomenon cannot be explained by inter- 
stitial oxygen content differences alone. 

The state of oxygen that gives the dislocation pinning 
effect is of technical importance. Hu and Patrick (10) es- 
tablished that precipitates are not the cause of pinning 
and proposed that clusters were. Other explanations 
(such as CottreI1 atmospheres) fit the known data. Since, 
inside the Czochralski crystal pullers currently available, 
materials from seed-ends have beefl known to experience 
much faster cooling rates (-100~ than those from tail- 
ends, it can be expected that the state of oxygen from 
seed-ends might differ from that near tail-ends. The com- 
plexing of oxygen with carbon and other impurities could 
also vary from seed-end to tail-end. It should be pointed 
out that the difference in mechanical properties between 
material from the seed- and tail-end of a crystal could be 
associated with microcracks (or "microsplits") as sug- 
gested by Schwuttke (9). He found more saw damage in 
wafers cut from the tail-end, and this residual damage is 
not completely removed from the back surface by the 
etching procedure. Recently, Eggermont et al. (8) have 
proposed that back surface laser damage depends 
strongly on the presence of microcracks and the seed- vs. 
tail-end microcrack concentration would explain the dif- 
ferences seen in Fig. 4 and 6. 

It has been also reported that the presence of the oxy- 
gen precipitation induced by heat-treatment can increase 
the amount  of nucleation sites for dislocations and de- 
crease the upper yield point (11). The first half of the 
final thermal cycles used for P ( l l l )  material testing in- 
volved a Sb subcollector diffusion drive-in step (no 
predeposition) for about 3 hr at 1270~ under dry oxygen 
ambient. It has been well recognized that 1270~ is a 
sufficiently high temperature to dissolve grown-in micro- 
precipitates and process-induced oxide precipitates dur- 
ing the first oxidation cycle (1150~ shown in Fig. 2. 
Therefore, we should not expect  any significant contri- 
bution toward overall warpage variations due to the oxy- 
gen precipitation. Optical microscopic analysis of cleaved 
but unpolished laser back-damaged wafers by Sirtl 
etchant revealed that there were, in fact, very few precipi- 
tates inside the bulk of the finished wafers [Fig. 7 (a) and 
(b)]. These pictures also clearly demonstrate that damage 
generated by conventional mechanical means tends to 
propagate much  deeper towards the front surface than 
that produced by laser irradiation of energy density less 
than 45 J/cm 2 during the high temperature thermal cycles 
used, and this leads to more pronounced warpage degra- 
dation. 

P(IO0) materials.--Warpage data for P(100) materials 
based upon simulated multiple high temperature thermal 
cycles with or without ramp-up and ramp-down sched- 
ules are displayed in Fig. 8 and 9. The data clearly demon- 
strate that warpage variations of the wafers subjected to 
pulsed laser irradiation processes with energy density 
less than 35 J/cm ~, regardless of the thermal cycles used, 
compare very favorably to those produced by the me- 
chanical damage process. As in the case of (111) wafers, ir- 
radiation at 20 J/cm ~ appears to produce very little dam- 
age. Materials from seed-ends and middle sections were 
found to be more resistant to warpage than those from 
the tail-ends. This phenomenon is more pronounced un- 
der the thermal cycles without the ramping schedule. A 
typical example is shown in Fig. 10. Since interstitial oxy- 
gen concentration differences between seed-ends and tail- 
ends are less than 4 ppma, interstitial oxygen differences 
are not enough to explain this phenomenon, as in the case 
of P(111) wafers. 

One interesting aspect of P(100)materials is that the 
laser irradiation process does not degrade warpage char- 
acteristics of materials from tail-ends significantly, 
whereas the opposite is true for P(111) materials. Why this 
rather subtle difference in warpage behavior between wa- 

fers of the two different orientations occurs under high 
energy density pulsed laser irradiation is not obvious at 
the present time. 

The finished wafers were cleaved and decorated by 
Wright etchant. Cross-section optical micrographs shown 
in Fig. 11 (a)-(d) reveal very limited numbers of noticeable 
precipitates. This is another clear indication of the rather 
insignificant role that oxygen precipitation plays in 
explaining the overall warpage variation phenomena ob- 
served during the course of this investigation. 

Conclusions 
Etching of polished sections to reveal the point of emer- 

gence of dislocation etch pits is a simple method of quan- 
tifying the initial back-side damage produced by laser ir- 
radiation. The damage threshold for P ( l l l )  silicon is 19 -+ 
1 J /cm z. 

From warpage variation studies of laser back-side dam- 
aged P(100) and P ( l l l )  material subjected to simulated bi- 
polar and n-MOS high temperature thermal cycles, the 
following conclusions were reached: 

1. Laser irradiation with energy density less than 45 
J/cm ~ for P ( l l l )  materials and energy density up to 35 
J /cm 2 for P(100) materials has shown no adverse effect on 
warpage variations during their respective simulated bi- 
polar and n-MOS high temperature thermal cycles, com- 
pared with a conventional mechanical  back-side damage 
process. 

2. Materials from seed-ends are generally more resistant 
to warpage than those from tail-ends. This phenomenon 
cannot be explained by the total interstitial oxygen con- 
tent alone. The state of the oxygen, which is a strong 
function of thermal history inside the Czochralski crystal 
puller, should be considered in addition to the total oxy- 
gen content. 
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Ion Bombarded-Enhanced Etching of Indium Phosphide 
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ABSTRACT 

The effect of ion bombardment  on the enhancement  of the etch rate of InP has been investigated. The damage Crea- 
tion in InP due to ion bombardment  has also been examined by Rutherford backscattering techniques. It has been 
shown that a highly enhanced etch rate of 800 A/min in an HF solution is obtained from the ion bombardment- induced 
amorphous InP layer, which can be easily produced by room temperature ion bombardment  with light mass ions such 
as Mg ions. The experimental  results obtained have shown that the ion bombardment-enhanced etching can be used as 
a rapid precise tool for selective sectioning of InP. 

Recently, there have been increasing requirements  for 
the development  of a precise tool for sectioning Si and 
compound semiconductors. Ion bombardment-enhanced 
(IBE) etching would be one of the most promising tools 
because this etching process can be characterized by ion 
species, incident ion energy, and ion dose used. In addi- 
tion, this technique has a potential advantage of maskless 
selective etching of semiconductors if combined with a 
fine ion beam technology. 

The possibility of the IBE etching for Si has been re- 
ported by Gianola (1) and then clearly demonstrated by 
Mazey et aL (2) and by Gibbons et al. (3). No report, how- 
ever, has been published on the IBE etching of III-V com- 
pound semiconductors. This paper will present the re- 
sults on the IBE etching of InP. We have investigated the 
introduction of lattice damage into InP, bombarded with 
Mg ions, using Rutherford backscattering techniques.  
Etch rates of InP bombarded under various conditions 
have been measured. Results clearly indicated the etch 
rate in an HF solution is highly enhanced for ion-bom- 
barded amorphous InP layers. 

Experimental 
The substrates used in the present work were 

(100)-oriented, Fe-doped semi-insulating commercial ly 
available InP wafers. The substrates were degreased in 
several organic solvents, dipped in an HF solution, rinsed 
in deionized water, and then dried in an N2 flow. The 
substrates were bombarded with Mg ions at room temper- 
ature and at incident energies in a range from 40 to 200 
keV. During ion bombardment,  the substrate was tilted 
by 7 ~ from the incident ion beam to reduce channeling ef- 
fects. The incident ions were scanned along the X- and 
Y-directions to introduce uniformly distributed damage 
in the InP substrate. A part of every sample was masked 
from the incident ion beam with a metal plate to get an 
unbombarded area on the sample. For some of the sub- 
strates, a mask of SiO2 with various configurations was 
formed on the substrate prior to ion bombardment by a 
chemical vapor deposition technique combined with a 
conventional photoresist technique. Note that no damage 
was introduced in the InP surface layer during the SiO~ 
deposition process within the detection limits of the 
Rutherford backscattering system used. The thickness of 
the SiO~ mask was chosen so that almost all of the inci- 
dent ions stop within the mask film. After ion bombard- 
ment, the mask patterns were printed in the InP substrate 
surface layer in a form of damage. If the etch rate of the 
ion-bombarded area is enhanced as compared with that of 
the unbombarded area, the printed mask patterns will be 
developed after etching. Such surface structures as devel- 
oped by selective IBE etching were examined with a 
scanning electron microscope (SEM). 

The damage incorporated into InP substrates due to ion 
bombardment was examined by Rutherford backseatter- 
ing techniques using a collimated beam of 1.5 MeV He 
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ions from the Van de Graaff accelerator of Hosei Univer- 
sity. The scattering angle used in the Rutherford back- 
scattering measurement  was 150 ~ . Chemical etching of 
ion-bombarded InP was carried out by dipping the sub- 
strates into solutions with different HF contents. The 
etching t ime ranged from 40 to 10,000s. The variation of 
the thickness of the damaged surface layer with etch time 
was examined by successive Rutherford backscattering 
measurements  followed by the chemical etching process. 
The height of a step, which appeared after etching be- 
tween the ion-bombarded and unbombarded areas on the 
sample, was also measured using either an interferometer 
or a step-meter. 

Results and Discussion 
Figure 1 shows the Rutherford backscattering spectra 

obtained from an InP sample before and after ion bom- 
bardment  with 200 keV 1Vig ions to a dose of 5 x 1014/cm ~ 

oo 

z 

8 
% 

x 
v 

I I 

1 - R a n d o m  

I ! 
ktg* = t n P  
( 2 0 0 k e V  �9 4 0 k e V  ) 

E T C H E D  IN 5 0 %  H F ( R T )  

a :  0sac  -e : 2 4 0  sac 

b :  4 0 s a c  f :  3 2 0 s a c  

g 

~c 

r-t 
. _ 1  

LU 

0 
Z 
nr 
LU 
I - -  

(.J 
u3 ,t- 
o 
en 

v 

1.0 1.1 1.2 1.3 

ENERGY ( M e V )  

Fig. i. Rutherford bnckscattering spectra obtained from an InP 
sample, bombarded with Mg ions to a total dose of 7 x lOWcm 2 (200 
keV 5 x 1014 + 40 keV 2 x 1014/cm~), before (curve a) and after succes- 
sive etching in an HF (50%) solution at room temperature (curve b-h). 
The curve (virgin) was obtained from an unbombarded area of the InP 
sample. 

1401 



1 4 0 2  J.  E l e c t r o c h e m .  Soc.:  S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  J u n e  1984 

at  r o o m  t e m p e r a t u r e .  The  s a m p l e  was  add i t i ona l l y  bom-  
b a r d e d  w i t h  40 keV  to a dose  of  2 x 10~4/cm 2 to a ch i eve  a 
u n i f o r m l y  d i s t r i b u t e d  d a m a g e  profile. T he  cu rves  (virgin) 
a n d  (a) in  Fig. 1 s h o w  t he  c h a n n e l i n g  spec t r a  f rom an  I n P  
s a m p l e  be fo re  a n d  af ter  ion  b o m b a r d m e n t ,  respec t ive ly .  
The  c h a n n e l i n g  yie lds  r e a c h e d  the  r a n d o m  levels  a f te r  ion 
b o m b a r d m e n t ,  i n d i c a t i n g  t h a t  t he  sur face  layer  was  t r ans -  
f o r m e d  to an  a m o r p h o u s  state.  T he  t h i c k n e s s  of t he  
a m o r p h o u s  layer  f o r m e d  was  e s t i m a t e d  to be  a b o u t  0.38 
~ m  as ca l cu la t ed  f rom the  c h a n n e l i n g  da ta  s h o w n  w i t h  
t he  cu rve  (a). Af ter  ion b o m b a r d m e n t ,  t he  s a m p l e  was  
succes s ive ly  d i p p e d  in an  H F  (50%) so lu t ion  at  r o o m  tem-  
pe ra tu re .  The  cu rves  (b)-(h) were  o b t a i n e d  f rom the  
s a m p l e  af te r  e ach  e t ch  step. These  c h a n n e l i n g  da ta  
c lear ly  s h o w  t h a t  the  t h i c k n e s s  of t he  a m o r p h o u s  layer  re- 
m a i n i n g  a f te r  e t c h i n g  was  d e c r e a s e d  w i t h  i n c r e a s i n g  e t ch  
t ime.  Af te r  e t c h i n g  for  320s, t he  en t i re  a m o r p h o u s  layer  
was  r e m o v e d  f rom the  subs t ra te ,  as i n d i c a t e d  w i th  t he  
c u r v e  (f) in  Fig. 1. The  c h a n n e l i n g  yie lds  of  th i s  s a m p l e  
were  f o u n d  to be  still  h i g h e r  t h a n  t hose  f rom the  un-  
b o m b a r d e d  area, i n d i c a t i n g  t h a t  t h e r e  was  a t r a n s i t i o n  
layer  w h i c h  c o n t a i n e d  a h i g h  c o n c e n t r a t i o n  of  d a m a g e  be- 
t w e e n  t he  i o n - b o m b a r d e d  a m o r p h o u s  layer  a n d  t he  un-  
de r ly ing  s ing le :c rys ta l  subs t ra te .  I t  was  also f o u n d  t h a t  
the  t h i c k n e s s  of  the  t r a n s i t i o n  layer  was  d e c r e a s e d  w i th  
i n c r e a s i n g  e t ch  t i m e  as s h o w n ~ c i t h  the  c u r v e s  (f)-(h) in  
Fig. 1. T h e s e  r e su l t s  show~e~l t h a t  the  e t c h i n g  still  pro- 
c e e d e d  in  the  t r a n s i t i o n  layer.  

The  t h i c k n e s s  of  the  I n P  layer  r e m o v e d  a t  e ach  e t c h i n g  
s tep  is p o t t e d  in  Fig. 2 as a f u n c t i o n  of  e t ch  t ime,  w h i c h  is 
ca l cu la t ed  f rom th e  c h a n n e l i n g  da ta  s h o w n  in Fig. 1. In  
Fig. 2, t he  e t c h e d  d e p t h s  are also given,  w h i c h  were  mea-  
s u r e d  u s i n g  e i t he r  an  i n t e r f e r o m e t e r  or a s tep-meter .  The  
e t c h e d  d e p t h  was def ined  as a h e i g h t  of a s tep  w h i c h  ap- 
p e a r e d  af te r  e t ch ing  b e t w e e n  t he  i o n - b o m b a r d e d  a n d  un-  
b o m b a r d e d  areas  on  t he  sample ,  as i l l u s t r a t ed  w i t h  t he  in- 
s e r t i on  in  Fig. 2. Note  t h a t  t h e r e  was  a good  c o i n c i d e n c e  
b e t w e e n  t he  da ta  of  the  e t c h e d  d e p t h  o b t a i n e d  by  t h e  
c h a n n e l i n g  a n d  s tep  m e a s u r e m e n t s  w i t h i n  t he  exper i -  

m e n t a l  errors ,  i n d i c a t i n g  t h a t  the  e t c h i n g  p r o c e e d e d  on ly  
in  t h e  d a m a g e d  reg ion  a n d  no t  in  t h e  u n b o m b a r d e d  a rea  
of t he  I n P  sample .  This  is b a s e d  u p o n  the  idea t h a t  i f  t h e  
u n b o m b a r d e d  area  was s t r i p p e d  in the  e t c h a n t  used ,  the  
t h i c k n e s s  of  the  r e m o v e d  I n P  layer  in  the  b o m b a r d e d  
area  o b t a i n e d  b y  t he  s tep  m e a s u r e m e n t  s h o u l d  be  t h i n n e r  
t h a n  t h a t  by  t he  c h a n n e l i n g  m e a s u r e m e n t .  F r o m  t h e s e  re- 
su l t s  i t  was  c o n c l u d e d  t h a t  t he  e t ch  ra te  of I n P  in  t he  H F  
so lu t ion  was e n h a n c e d  by  t he  i n t r o d u c t i o n  of  d a m a g e  in  
t he  s u b s t r a t e  by  ion  b o m b a r d m e n t .  

As s h o w n  in Fig. 2, t he  e t c h e d  d e p t h s  were  m o n o t o n i c -  
ally i n c r e a s e d  w i th  i n c r e a s i n g  e t ch  t i m e  in a r a n g e  f rom 
40 to 320s. The  e n h a n c e d  e t ch  rate,  de f ined  as t h e  incl ina-  
t ion  of  t he  d e p t h  vs. e tch  t i m e  curve,  was  e s t i m a t e d  to be  
a b o u t  800 A/min in  the  i o n - b o m b a r d e d  a m o r p h o u s  layer.  
I t  was  also f o u n d  t h a t  t he  e t ch  ra te  was  sti l l  e n h a n c e d  in 
the  h igh ly  d a m a g e d  (not  a m o r p h o u s )  I n P  layer  b u t  i t  was  
m u c h  r e d u c e d  as c o m p a r e d  w i th  t h a t  of  the  a m o r p h o u s  
layer.  

The  IBE  e tch  ra te  was  f o u n d  to d e p e n d  on  b o t h  t he  
c o n c e n t r a t i o n  of  H F  in  t he  e t c h a n t  a n d  i ts  t e m p e r a t u r e .  
F i g u r e  3 shows  an  e t c h e d  d e p t h  vs. e t ch  t i m e  curve,  
w h e r e  e t c h i n g  was  ca r r ied  out  on  an  i o n - b o m b a r d e d  
a m o r p h o u s  I n P  s a m p l e  u s i n g  a low H F  c o n t e n t  (25%) 
e t chan t .  In  add i t ion ,  the  e t c h a n t  was  cooled  at  0~ d u r i n g  
e t c h i n g  p rocedure .  In  th i s  case, a r e d u c e d  IBE  e t ch  ra te  
of  45 M m i n  was  measu red .  This  ra te  is a fac tor  of  17 
s lower  t h a n  t h a t  for  t he  e t c h i n g  in  t he  h i g h  H F  c o n t e n t  
so lu t ion  at  r o o m  t e m p e r a t u r e .  T h e s e  r e su l t s  s h o w e d  t h a t  
t he  I B E  e t c h i n g  is a t h e r m a l l y  ac t iva t ed  process .  F i g u r e  4 
s h o w s  t h e  d e p e n d e n c e  of t he  t h i c k n e s s  of  InP ,  r e m o v e d  
af te r  e t c h i n g  in t he  h igh  H F  c o n t e n t  (50%) solut ion,  on  
b o m b a r d m e n t  energy.  The  e t c h i n g  was  d o n e  at  r o o m  
t e m p e r a t u r e  for a g iven  t ime,  1500s. The  solid l ine  in  th i s  
f igure shows  the  e n e r g y  d e p e n d e n c e  of  the  s u m  of (Rp + 
ARp) for  Mg ions  in InP ,  ca lcu la ted  f rom the  L S S  range-  
e n e r g y  t h e o r y  (4), w h e r e  t he  Rp a n d  ARp are  t he  p ro j ec t ed  
p e a k  r a n g e  and  s t a n d a r d  dev ia t ion ,  respec t ive ly .  As can  
be  s een  in Fig. 4, t h e r e  is a c lear  r e l a t i onsh ip  b e t w e e n  the  
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dipping them in an HF (50%) solution for 1500s. 

thickness of InP that can be removed by the IBE etching 
and  the incident ion energy. This result shows that the 
depth of the region to be etched off from an InP substrate 
can be determined by incident ion energy rather than 
etch time, which is the striking feature of the IBE etch- 
ing. 

About 2/Lm width SiO~ strips were formed on InP sub- 
strates and used as a mask against the incident ion beam 
for achieving selective ion bombardment.  These samples 
were bombarded at room temperature with 200 key Mg 
ions to a dose of 5 • 1014/cm 2 and then additionally with 
40 keV Mg ions to a dose of 2 • 1014/cm 2. After ion bom- 
bardment, these samples were submerged in the high HF 
content (50%) solution. As a result, steps were developed 
on the surface of the sample. Figure 5 is a SEM photo- 
graph showing a typical side view of the step developed 
by the IBE etching. The side of the step was found to  be 
very sharp as shown in Fig, 5. We believe that this is due 
to the fact that the boundary between the ion-induced 

Fig. 5. SEM photograph showing the surface structure of InP, formed 
by selective ion bombardment-enhanced etching. 

amorphous region and the unbombarded single-crystal 
region is clearly defined not only at the surface but also 
inside of the substrate, and the IBE etching stops at the 
boundary. These results indicate that the IBE etching is 
useful as a precise sectioning technique for submicron 
InP devices. 

Summary 
In summary, it has been demonstrated that the etch 

rate of InP in an HF solution is enhanced by the introduc- 
tion of damage in the substrate by ion bombardment.  The 
results obtained clearly show that the IBE etching of InP 
is controlled by physical parameters such as ion energy 
and dose. The highest rate of 800 Mmin is obtained in ion- 
induced amorphous InP layers, This etch rate is suffi- 
ciently high enough for the practical use of sectioning 
fine structures of InP devices. Such fundamental  charac- 
teristics of the IBE etching as revealed in InP might  be 
applied to other III-V compound semiconductors. Similar 
experiments on GaAs are now in progress and the results 
will be reported in the near future. 

Manuscript submitted Oct. 3, 1983; revised manuscript  
received Feb. 7, 1984. 

REFERENCES 
1. U. F. Gianola, J. Appl. Phys., 28, 9 (1975). 
2. D. J. Mazey, R. S. Nelson, and R. S. Barnes, Philos. 

Mag., 17, 1145 (1968). 
3. J. F. Gibbons, E. O. Hechtl, and T. Tsurushima, Appl. 

Phys. Lett., 15, 117 (1969). 
4. J. F. Gibbons, W. J. Johnson, and S. W. Mylroie, "Proj- 

ected Range Statistic," Dowden, Hutchinson, and 
Rose, Stroudsburg, PA (1975). 



Low Energy X-Ray and Electron Damage to IGFET Gate Insulators 
A. Reisman* 

Microelectronics Center of North Carolina, Research Triangle Park, North Carolina 27709 
and 

North Carolina State University, Raleigh, North Carolina 27650 

C. J. Merz,* J. R. Maldonado, and W. W. Molzen, Jr. 
IBM Corporation, Thomas J. Watson Research Center, Yorktown Heights, New York 10598 

ABSTRACT 

Radiation damage to 35 nm gate insulators of n-channel silicon IGFET's  was investigated using direct exposure by 
x-rays from aluminum and copper targets in the dose range 104-108 rads (SiOz). In addition, direct electron-beam damage 
at 3 • l0 s fads (SiO~) and 3 x 107 rads (SiO~) was studied using an electron-beam direct write exposure system at 10 keV 
accelerating voltage, and incident electron doses of 20 and 200 izC/cm 2. The extent of damage was estimated using hot 
electron trapping in conjunction with device threshold determination via source-drain current-voltage measurements.  It 
was found that the extent of x-ray induced damage is essentially the same for A1 Ks  and Cu Ks  irradiation, and that the 
damage levels were the same when different dose rates at a constant total dose was employed. Positive charge levels 
were observed to begin leveling off above 10 e rads, while neutral trap levels continued to increase mt)notonically. These 
levels atl08 rads are of the order of 2.3V positive charge threshold equivalent, and 4.2V of neutral traps using A1 K s  irra- 
diation. Electron damage appears to be considerably higher at equivalent dosages. Apparent negative charge generation 
by x-rays is low, even at 107 rads, and appears to become significant (ca. 0.4V) at 108 rads. Apparent negative charge gen- 
eration by electrons is noticeably greater, ca. 0.3V at 3 • 106 rads and 1.1V at 3 • 107 rads. The above, together with the 
results of an earlier report, indicate that it is important  to keep ionizing radiation insulator dosage levels at l0 s rads or 
less in processing steps. This can be best accomplished by using the lowest energy radiation possible to increase energy 
absorption in the films overlaying the gate insulator. 

A variety of fabrication and analytical processes of po- 
tential, use in semiconductor chip manufacturing, sub- 
ject  the devices to low energy ionizing radiation in the 
range ---25 keV. These processes include x-ray or E-beam 
lithography, E-beam metallization, plasma-assisted etch- 
ing and deposition, plasma-assisted oxidation, and scan- 
ning electron microscope voltage contrast testing, to 
name several. The primary impinging radiation can, in 
turn, generate secondary ionizing radiation. Because of its 
lower energy, the absorption of this secondary radiation 
may be greater per unit of film thickness than that of the 
primary radiation. 

This will, in fact, be the case if either the type of the 
secondary emission is of the same kind as that of the pri- 
mary impinging radiation, e .g. ,primary x-rays give rise to 
secondary x-rays, or if photon primary radiation gives rise 
to electron secondary radiation. If electron primary radia- 
tion gives rise to secondary x-radiation of similar energy, 
this secondary radiation may penetrate more deeply than 
would the primary radiation (1). As a result of ionizing ra- 
diation exposure, it is also known that the gate insulator 
of an insulated gate field effect transistor, IGFET, may 
exhibit  damage in the form of fixed positive charge and 
interface states immediately following irradiation (2, 3). In 
addition, so-called neutral traps are simultaneously gener-  
ated during exposure to such radiation (4, 5). In the as- 
fabricated device, such neutral traps are not electrically 
active. The fixed positive charge and interface states can 
alter the t ime zero threshold and transconductance, re- 
spectively, of the IGFET, while as a function of time, all 
three of these defect types can be either annihilated or 
trap charge, thereby affecting the longer term device 
threshold stability. If  electrons are captured, the instabil- 
ity is evidenced by an upward drift of the threshold volt- 
age. These defects can, in large measure, be removed in 
all stages of device fabrication up to the device metalliza- 
tion step by elevated temperature annealing. If they are 
introduced during the metallization process via the use of 
E-beam metal deposition, x-ray or E-beam lithography, or 
plasma-based etching techniques, they cannot be re- 
moved completely using conventional annealing proce- 
dures. This is because metallized shallow junctions (0.5 
]~m or less) cannot be subjected to temperatures much in 

*Electrochemical Society Active Member. 
Key words: x-rays, electrons, MOSFET's, gate insulators. 

excess of 400~ for time intervals much in excess of 30 
rain without incurring the possibility of metal penetration 
through the junctions. At atmospheric pressure, it has 
been found that in ambient atmospheres containing hy- 
drogen, temperatures in excess of 550~ are required to 
remove neutral traps and fixed positive charge, while in- 
terface states can be removed at somewhat lower temper- 
atures (5, 6). In nitrogen, it has been reported that fixed 
positive charge and neutral traps require temperatures in 
excess o f  700~ while the interface states can be elimi- 
nated at 450~ (7). It is argued in Refi (7) that when the 
gate insulator is cyclically damaged and reannealed, it be- 
comes more difficult to remove the damage with each 
successive damage cycle. This result is, however, debata- 
ble, since it has been shown that inert gas is not effective 
in removing fixed positive charge and neutral traps (8). 
When such removal is observed to a degree, it appears to 
be due to the presence of water vapor present as a 
contaminant in the inert gas. 

In two recent studies (8, 9), it has been reported that es- 
sentially all of the generated fixed positive charge, al- 
most all of the excess neutral traps, and all of the inter- 
face states and apparent negative charge can be removed 
by annealing at 50 atm and 400~ in a 10% H2-90%. Ar am- 
bient atmosphere. For these elevated pressure annealing 
studies, damage was introduced via a simulated E-beam 
metallization process using 10 keV electrons to evaporate 
a luminum from a hearth. First, the IGFET wafers were 
fabricated via a conventional polygate process using 
nonionizing radiative processing. The completed metal- 
lized patterned wafers were then coated with photoresist, 
and E-beam-evaporated aluminum was deposited on the 
photoresist as described in Ref. (8, 9). During this blanket 
metal deposition, the surface of the photoresist-covered 
wafer was bombarded by reflected primary electrons, 
secondary electrons from the aluminum melt, a luminum 
Ka, and white radiation, as well as additional secondary 
electrons and x-rays when the hearth radiation impacted 
the device wafer surface. At the conclusion of the process, 
the ph0toresist and deposited aluminum v~ere stripped 
off, and the devices were analyzed. Using 10 keV primary 
radiation, it is obvious that the energy range of the bom- 
barding radiation, E, lies in the interval 0 < E -< 10 keV. 
The dosage range examined was approximately 104-107 
rads (SIO2). As a reference point, for the metallzation sys- 
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t e m  e m p l o y e d ,  a 10 ra in  e v a p o r a t i o n  at  0.5A b e a m  cur-  
rent ,  d u r i n g  w h i c h  50 n m  of  a l u m i n u m  was  depos i t ed ,  re- 
su l t ed  in  a c o m p o s i t e  x - ray /e lec t ron  dose  of  a b o u t  5 x 106 
rads  (SIO2). 

I t  was  f o u n d  t h a t  t he  d a m a g e  p r o c e s s  r e s u l t e d  in t h e  
g e n e r a t i o n  of f ixed pos i t ive  c h a r g e  a n d  n e u t r a l  t raps ,  as 
e x p e c t e d .  W h a t  was  u n e x p e c t e d  were  t he  o b s e r v a t i o n s  
t h a t  t he  f ixed pos i t ive  c h a r g e  level  s a t u r a t e d  w i t h  in- 
c r eas ing  dose,  a n d  t h a t  " a p p a r e n t "  nega t i ve  c h a r g e  was  
gene ra t ed .  Th i s  a p p a r e n t  nega t i ve  c h a r g e  cou ld  b e  due  to 
i n t e r f ace  s ta te  g e n e r a t i o n  as def ined  b y  t he  Deal  Com- 
m i t t e e  (3), or to  a n  a n a l o g  o f  f ixed pos i t ive  charge .  The  
l a t t e r  is be l i eved  to b e  t he  m o r e  l ike ly  e x p l a n a t i o n ,  s ince  
ve ry  l i t t le  t r a n s c o n d u c t a n c e  d e g r a d a t i o n  was  d e t e c t e d  
f rom I-V m e a s u r e m e n t s .  Recent ly ,  s u c h  fixed nega t i ve  
c h a r g e  was  o b s e r v e d  as a r e su l t  of ho t  ca r r i e r  i n j e c t i o n  in  
e n c a p s u l a t e d  I G F E T ' s  (10). I t  is p r o p o s e d  in Ref. (10) t h a t  
s u c h  f ixed nega t i ve  c h a r g e  is due  to t he  f o r m a t i o n  of  
S iO-  b o n d s .  

N ing  (11) h a d  e x a m i n e d  I G F E T  d a m a g e  fo l lowing  
E - b e a m  me ta l l i za t ion  at  6.8 keV  a n d  210 m A  for 100s in a 
n o n s c a n n e d  h e a r t h  w h i c h  d e p o s i t e d  1.2 ~ m  of  A1. Ning  
d id  no t e  d i f f e rences  b e t w e e n  hVT ( t h r e s h o l d  shif ts)  a n d  
AVrB ( f l a tband  shif ts)  w h i c h  he  a t t r i b u t e d  to i n t e r f ace  
states.  He d id  not ,  howeve r ,  ve r i fy  th i s  specu la t ion ,  a n d  
th i s  ef fec t  m a y  b e  s imi la r  to  t he  one  we h a v e  a t t r i b u t e d  to 
f ixed nega t i ve  charge.  Fu r the r ,  as he  u s e d  on ly  a s ingle  
a l u m i n u m  t h i c k n e s s ,  he  cou ld  no t  h a v e  o b s e r v e d  t he  
f ixed pos i t ive  cha rge  s a t u r a t i o n  ef fec t  we r e p o r t e d  on. 

The  p r e s e n t  s t u d y  was  s t i m u l a t e d  by  a des i re  to u n d e r -  
s t a n d  b e t t e r  (i) t h e  rad ia t ion(s )  r e s p o n s i b l e  for t he  nega-  
t ive  charge ,  (it) w h e t h e r  t he  f ixed pos i t ive  c h a r g e  sa tura-  
t ion  p h e n o m e n o n  can  b e  g e n e r a t e d  u s i n g  a s ingle  t y p e  of  
r ad ia t ion ,  (iii) w h a t  t he  effects  are  of v a r y i n g  p h o t o n  en- 
e rgy  at  f ixed to ta l  dose,  (iv) w h a t  t he  effects  are of vary-  
ing  p h o t o n  flux for a f ixed to ta l  dose, (v) w h a t  t h e  effects  
are of  a large  va r i a t i on  in e l ec t ron  dose  w i t h  e l ec t ron  en- 
e rg ies  in  t he  10 keV range,  a n d  (vi) t he  s imi la r i t i es  a n d  
d i f f e r ences  b e t w e e n  p h o t o n  a n d  e l ec t ron  damage .  

Experimental Procedure 
Devices.--The dev ices  e x a m i n e d  in t he  p r e s e n t  s t u d y  

w e r e  350 n m  t h i c k  po lys i l i con  e l e c t r o d e d  I G F E T ' s  fabr i -  
ca ted  as d e s c r i b e d  in Ref. (8). T h e y  e m p l o y e d  a l if t-off  Ti 
c o n t a c t  me ta l lu rgy ,  A1-3% Si i n t e r c o n n e c t i o n  me ta l lu rgy ,  
35 n m  gate  insu la to r s ,  a n d  0.5 ~ m  p h o s p h o r o u s  j u n c t i o n s .  
The  t h r e s h o l d  of  t h e s e  devices ,  f a b r i c a t e d  in  0.5 l l c m  St, 
was  1.2 - 0.1V u s i n g  - 1 V  s u b s t r a t e  bias.  T he  specif ic  de-  
v ices  e m p l o y e d  in  t he  p r e s e n t  s t u d y  were  20:1 wid th]  
l e n g t h  ra t io  dev ices  w i th  50m c h a n n e l  l e n g t h s  a n d  gate  
i n s u l a t o r  a reas  of  5.0 x 10 -4 c m  2. Th i s  gate  a rea  is su i t ab l e  
for  p rec i se  m e a s u r e m e n t  of  i n j ec t ed  e l ec t ron  t r a p p i n g  b y  
pos i t ive ly  c h a r g e d  a n d  n e u t r a l  t raps .  As in  t h e  ear ly  s t u d y  
(8), on ly  t r a p s  w i t h  cross  s ec t ions  ->10 -15 c m  2 we re  exam-  
i ned  s ince  t h e s e  are  of  g rea t e s t  in te res t .  T h e  dev ices  w e r e  
e x a m i n e d  u s i n g  t he  ho t  e l ec t ron  i n j e c t i o n  t e c h n i q u e  of  
N ing  (11) as u s e d  in Ref. (8). 

X-ray damage.--Because of t h e  n a t u r e  of t he  process ,  
in  t he  s i m u l a t e d  E - b e a m  m e t a l  e v a p o r a t i o n  p r oce s s  em- 
p loyed  in Ref. (8), t he  I G F E T ' s  we re  e x p o s e d  to all x-ray 
w a v e l e n g t h s  u p  to 10 keV. B e c a u s e  n o r m a l  x - ray  sou rces  
e m p l o y  b e r y l l i u m  w i n d o w s ,  t h e y  do no t  p r o v i d e  m u c h  
e n e r g y  less  t h a n  1 keV. C o n s e q u e n t l y ,  u s i n g  a n  a l u m i n u m  
t a rge t  x- ray  source,  as we d id  in  t h e  p r e s e n t  s tudy,  is no t  a 
c o m p l e t e  r e p r e s e n t a t i o n  of  t he  a l u m i n u m  r a d i a t i o n  expe-  
r i e n c e d  b y  a dev ice  wafe r  in  an  E - b e a m  me ta l l i z a t i on  pro- 
cess. Wha t  we  cou ld  do, howeve r ,  was  to c o m p a r e  radia-  
t ion  of d i f f e ren t  ene rg ies  to see if, a t  c o n s t a n t  to ta l  dose,  
qua l i t a t ive  or q u a n t i t a t i v e  d i f f e rences  in  d a m a g e  cou ld  be  
de tec ted .  This  wou ld  give s o m e  i n d i c a t i o n  of  w a v e l e n g t h  
ef fec ts  p e n d i n g  s tud ies  in  t he  <-1 keV  r a n g e  via  o the r  
m e a n s .  S u c h  a c o m p a r i s o n  was  r u n  b e t w e e n  a l u m i n u m  
K a  r a d i a t i o n  (1.49 keV) a n d  c o p p e r  K a  r a d i a t i o n  (8.03 
keV). In  addi t ion ,  t he se  two ene rg i e s  s p a n  t he  w h i t e  radi-  
a t ion  r a n g e  e n c o u n t e r e d  in t h e  E - b e a m  me ta l l i z a t i on  pro- 
cess  in  ques t ion .  Whi le  t he  p r e s e n t  a p p r o a c h  to e x p o s u r e  

w i th  a l u m i n u m  rad i a t i on  does  no t  fully d u p l i c a t e  condi -  
t i ons  in  an  E - b e a m  meta l l i za t ion  sys tem,  it does  app rox i -  
m a t e  e x p o s u r e  c o n d i t i o n s  f rom a s y n c h r o t r o n  r ing  
source .  T h e  la t te r  offers  p o t e n t i a l  in  x-ray l i t h o g r a p h y  ap- 
p l ica t ions ,  a n d  t he  e n e r g y  r a n g e  e m p l o y e d  w o u l d  b e  in 
t h e  1-2 keV  vicini ty .  Fo r  a g iven  target ,  t h e  p h o t o n  o u t p u t  
a b o v e  a n d  be low the  cha rac t e r i s t i c  w a v e l e n g t h  r a n g e  is 
small .  Fo r  example ,  m e a s u r e m e n t s  of  the  h i g h  o u t p u t  alu- 
m i n u m  t a rge t  x-ray source  ava i l ab le  to us  s h o w e d  an  alu- 
m i n u m  K~ p h o t o n  ou tpu t / to t a l  p h o t o n  o u t p u t  at  15 k V  of 
0.8. B e c a u s e  of this ,  dosages  were  ca lcu la ted  b a s e d  on ly  
o n  t h e  K~ ou tpu t .  Fo r  e x a m p l e ,  i f  i t  is a s s u m e d  t h a t  t he  
ave rage  w a v e l e n g t h  of  the  w h i t e  r ad ia t ion  c e n t e r e d  n e a r  
the  K s  value ,  t he  m a x i m u m  e n e r g y  e r ror  w o u l d  b e  20%. I f  
it c e n t e r e d  at  h i g h e r  w a v e l e n g t h s ,  t he  e r ro r  w o u l d  be  
m u c h  less  s ince  the  a b s o r p t i o n  of  th i s  h i g h e r  w a v e l e n g t h  
i n  a g iven  film t h i c k n e s s  wou ld  be  r o u g h l y  p r o p o r t i o n a l  
to t he  c u b e  of  t he  e n e r g y  ratios.  C o m p a r i n g  t he  K s  w i t h  
a n  a v e r a g e  e n e r g y  of  w h i t e  r a d i a t i o n  o f  5 keV,  for  e x a m -  
ple, l eads  to t h e  c o n c l u s i o n  t h a t  t he  a b s o r p t i o n  in  a u n i t  
of fi lm t h i c k n e s s  is g iven  a p p r o x i m a t e l y  b y  t he  ra t io  
(1.5/5) 8 = 0.03. Thus ,  on ly  0.03 x 0.20 = 0.006 of  t he  w h i t e  
r ad i a t i on  p h o t o n s  are  a b s o r b e d  in  t he  s a m e  film th ick -  
ness  as is t he  cha rac t e r i s t i c  rad ia t ion ,  a neg l ig ib l e  
a m o u n t .  The  c a l i b r a t e d  a l u m i n u m  K a  x-ray  sou rce  was  
o p e r a t e d  at  15 k e V  for  all e x p o s u r e s .  T h e  t a rge t  was  40 
c m  f rom t h e  s a m p l e  p r o v i d i n g  u n i f o r m  r a d i a t i o n  over  a 1 
in. d iam.  F ive  of  s ix  pie w e d g e - s h a p e d  sec t ions  on  each  of  
two  dev ice  wafe r s  were  i r r ad ia t ed  u s i n g  a 1.02 m m  t h i c k  
s t a in less  s teel  t e m p l a t e  as a mask .  T h e  s ix th  w e d g e  was  
u s e d  as a cont ro l .  D u r i n g  i r rad ia t ion ,  c a l cu l a t ed  Si r ad  
dosages  a b s o r b e d  in  t he  i n su l a to r ,  t a r g e t  b e a m  cu r ren t ,  
a n d  e x p o s u r e  t imes ,  r espec t ive ly ,  were :  104 rads  10 m A  
36s; 105 rads  100 m A  36s; 106 rads  200 m A  3 min ;  l0  T rads  
200 m A  30 min ;  a n d  l0 s rads  200 m A  300 rain.  The  wafe r s  
were  u n b i a s e d ,  as w o u l d  b e  t he  case  d u r i n g  dev ice  pro- 
cess ing.  The  s a m e  e x p e r i m e n t  was  r e p e a t e d  on  a wa fe r  
o v e r c o a t e d  w i t h  0.4 ~ m  p h o t o r e s i s t  a n d  on  a n o t h e r  wafe r  
o v e r c o a t e d  w i t h  0.4 ~ m  of  p h o t o r e s i s t  a n d  30 n m  of  a lumi-  
n u m  to e x a m i n e  t h e  effects  of  t h e s e  coa t ings ,  s ince  s u c h  
layers  cou ld  b e  p r e s e n t  in  a m e t a l  l i f t -off  p roce s s  a n d  
were  p r e s e n t  in  t h e  s tud ies  d e s c r i b e d  in  Ref. (8, 9). On an  
a d d i t i o n a l  dev ice  wafer ,  t he  ef fec t  of  dose  ra te  a t  c o n s t a n t  
to t a l  dose  was  e x a m i n e d  s ince  t he  a b o v e - d e s c r i b e d  expo-  
su res  were  m a d e  at  d i f fe ren t  dose  r a t e s  for  p rac t i ca l  rea-  
sons.  In  a d d i t i o n  to a con t ro l  wedge ,  one  w e d g e  was  irra- 
d i a t ed  a t  3.3 k r a d s / m i n  a n d  a n o t h e r  a t  330 k r a d s / m i n ,  b o t h  
to a to ta l  i n s u l a t o r  dose  of  1.5 x 106 rads  (SiO~). 

C o p p e r  r ad i a t i on  e x p o s u r e s  were  c o n d u c t e d  s o m e w h a t  
d i f fe ren t ly  t h a n  t hose  v~ith a l u m i n u m  to assess  t he  effects  
of  p h o t o n  energy,  a n d  to see i f  d i f f e rences  in  t a r g e t  spec- 
t ra l  c o n t e n t  at  d i f fe ren t  exc i t a t i on  vo l t ages  w o u l d  af fec t  
de fec t  g e n e r a t i o n  levels.  The  yie ld  of cha rac t e r i s t i c  radia-  
t ion  is k n o w n  to i nc rease  m a r k e d l y  w i t h  e x c i t a t i o n  vol- 
tage.  Fo r  example ,  the  o u t p u t  f rom a c o p p e r  t a r g e t  in- 
c reases  in  t he  ra t io  1:2:10 (12) w h e n  t he  e x c i t a t i o n  vo l tage  
is i n c r e a s e d  f rom 15 to 20 to 40 kV, b a s e d  on  ex t rapo la -  
t i on  of  t he  da t a  in  Ref. (12) for a 15 k V  t a r g e t  ope ra t i ng  a t  
200 m A  a n d  a t a r g e t  to s a m p l e  d i s t a n c e  of  40 cm.  The  cop-  
pe r  K a  20 kV i r rad ia t ions ,  all a t  50 mA,  a n d  a s a m p l e  to 
sou rce  d i s t ance  of  36 c m  were  c o n d u c t e d  at: 104 rads  118s; 
l0  b r a d s  19 m i n  46s; 10 ~ r ads  3h  17 m i n ;  a n d  2 x 107 rads  
64h 48 min .  The  40 k V  e x p o s u r e s  all a t  100 m A  were  at: 
104 rads  12s; 10 ~ rads  l19s;  106 rads  19 m i n  46s; 107 rads  3h  
17 min ;  7.2 x 107 rads  24h. The  c o p p e r  source ,  of  course ,  
h a d  a s imi la r  low e n e r g y  cu to f f  p r o b l e m  as d id  t he  a lumi-  
n u m  source ,  b e c a u s e  of  the  p r e s e n c e  of  a b e r y l l i u m  
window.  

A1 K a  x-ray  dosages  were  ca l cu la t ed  a s s u m i n g  m a s s  ab- 
s o r p t i o n  coef f ic ien ts  for SiO~ a n d  Si of  1.268 • 10 a a n d  
0.5428 • 103 cm2/g, respec t ive ly .  C o p p e r  Ka x-ray  dosages  
were  ca l cu la t ed  a s s u m i n g  m a s s  a b s o r p t i o n  coeff ic ients  
for  SiO~ a n d  Si of  28 a n d  48 cm2/g, respec t ive ly .  The  ab- 
s o r p t i o n  in t he  SiO2 was  ca l cu la t ed  at  a n  i n c i d e n t  f lux of  
2.8 mJ /cm2/min .  F o r  10 a n d  100 mA,  ra t e s  we re  a s s u m e d  
to v a r y  l inearly.  Thus ,  a t  200 m A  a n d  15 kV, t h e  SiO, t ad  
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ra te  was  0.33 x 106/rain; a t  100 m A  a n d  15 kV, i t  was  0.165 
x 10e/min, etc. Fo r  copper ,  t he  da ta  we re  ca l cu la t ed  .at 200 
m A  t a rge t  cu r ren t ,  t h e n  r e c o m p u t e d  for  50 m A  at  20 k V  
a n d  100 m A  at  40 k V  u s i n g  t he  da ta  in  Ref. (12). 

Electron damage. - -Elec tron i r r ad ia t ion  was  c o n d u c t e d  
in an  e l e c t r o n - b e a m  l i t h o g r a p h y  sys tem.  C h e n  et al. (13) 
h a d  r e p o r t e d  on  E - b e a m  l i t h o g r a p h y  d a m a g e  to 38 n m  
gate  i n s u l a t o r s  in  s u b m i c r o n  I G F E T ' s .  T h e y  d i d  n o t  spec-  
ify t h e i r  dev ice  layer  t h i c k n e s s e s ,  n o r  b e a m  acce l e r a t i ng  
vol tages ,  a n d  t h e y  d i d  no t  q u a n t i f y  de fec t  Concen t r a t i ons  
u s i n g  e l ec t ron  in j ec t ion  m e t h o d s ,  b u t  s i m p l y  m e a s u r e d  
t h r e s h o l d  shi f t s  a t  r ad  doses  u p  to 104. This  m a d e  it im- 
pos s ib l e  for  us  to c o m p a r e  our  r e su l t s  w i th  thei rs .  F o r  t he  
p r e s e n t  s tudy,  t he  E - b e a m  s y s t e m  was  o p e r a t e d  at  10 keV  
to s i m u l a t e  the  p rocess  b e i n g  e x a m i n e d .  T he  d a m a g e  in- 
t r o d u c e d  at  20 a n d  200/zC/cm 2 i n c i d e n t  f luxes  was  exam-  
ined.  The  m a x i m u m  p e n e t r a t i o n  d e p t h  for t h e s e  e l ec t rons  
was  ca l cu la t ed  u s i n g  the  Terr i l l  e q u a t i o n  (14). Th i s  equa-  
t ion,  Eq. [1], is r e p o r t e d  to b e  app l i cab le  to e l ec t rons  w i th  
acce l e r a t i ng  po t en t i a l s  in  t he  r a n g e  10a-105V. F o r  t he  cal- 
cu l a t i ons  

2.5 x lO-'2V 2 
X~ - [1 ]  

O" 

w h e r e  V is in  vol ts ,  er is t he  dens i t y  in  g /cm 3, a n d  Xe is in  
cm. (r was  a s s u m e d  to be  2.32 g/cm 8 w h i c h  a p p r o x i m a t e s  
the  va lues  for SiO2 (2.32 g /cm ~) a n d  Si (2.33 g/cm3). The  
dosage  in  t h e  gate  i n s u l a t o r  was  t h e n  ca l cu l a t ed  a s s u m i n g  
(i) t he  p e n e t r a t i o n  d e p t h  was  1.08 ~m,  (it) t h e  a b s o r p t i o n  
is e s sen t i a l ly  l inear ,  a n d  (iii) n o n e  of  the  i n c i d e n t  elec- 
t r o n s  is ref lected.  B a s e d  on  the se  a s s u m p t i o n s  a n d  the  
i n c i d e n t  e l ec t ron  flux of  20 a n d  200 ~C/cm ~, t he  dosages  
we re  ca l cu la t ed  to be  a p p r o x i m a t e l y  3 • 106 rads  (SIO2) 
a n d  3 • 107 rads  (SiO2), respec t ive ly .  Fo r  t he  e lec t ron-  
b e a m  s tudies ,  15-18 dev ices  were  m e a s u r e d  for  e a c h  ex- 
p e r i m e n t a l  cond i t ion .  

Experimental Results and Discussion 
A l u m i n u m  and copper K ~  irradiat ion. - -Table  I s h o w s  

for  an  u n c o a t e d  wafer  a n d  15 k V  ta rge t  vol tage,  t he  
t h r e s h o l d  vol tages ,  Vr, of dev ices  before  a n d  a f te r  i r radia-  
t ion  fo l lowing  in j ec t ion  of  2.5 • 1013 e/cm 2 to a n n i h i l a t e  
pos i t ive  c h a r g e  a n d  1.25 • 10 TM e/cm 2 to l abe l  n e u t r a l  t raps .  
Pos i t i ve  charge ,  n e u t r a l  t rap,  a n d  a p p a r e n t  nega t i ve  
c h a r g e  c o n c e n t r a t i o n s  in  t e r m s  of  vol t s  of t h r e s h o l d  sh i f t  
are  also g iven  in Tab le  I. T h e  t h r e s h o l d s  were  all mea-  
s u r e d  at a s u b s t r a t e  b ias  of  - 1 . 0 V  a n d  a source  d r a i n  vol- 
t age  of  0.1V. A n  ave rage  of  five dev ices  were  i n j ec t ed  a n d  
m e a s u r e d  on  e a c h  pie wedge .  

It  is  s e e n  f rom Tab le  I t h a t  t he  con t ro l  w e d g e  was  unaf-  
fec ted  b y  t h e  i r r ad i a t i on  s e q u e n c e  a n d  the  dev ice  t h r e s h -  
olds  va r i ed  b y  less t h a n  0.05V for  t he  30 or so u n i r r a d i a t e d  
dev ices  m e a s u r e d  on  t he  d i f f e ren t  wedges .  On all wedges ,  
t he  s a m e  dev ices  were  m e a s u r e d  be fo re  a n d  af te r  i r radia-  
t ion.  T h e  effects  at  -<106 rads  are  smal l  w i t h  no  nega t i ve  
c h a r g e  de tec ted ,  pos i t ive  c h a r g e  s h o w i n g  a b o u t  a 0.2V 
shift ,  a n d  g e n e r a t e d  neu t r a l  t r ap  c o n t e n t  at  on ly  0.06V or 
t h e r e a b o u t s .  A t  106 rad  dosages ,  the  pos i t ive  c h a r g e  gen-  
e r a t ion  ra te  a p p e a r s  to b e g i n  s lowing  d o w n  whi le  t he  neu-  
t ra l  t r ap  c o n c e n t r a t i o n  r i ses  dramat ica l ly .  F o r  the  first 
t ime,  a sma l l  q u a n t i t y  of nega t ive  c h a r g e  a p p e a r s  to h a v e  
b e e n  g e n e r a t e d  at  the  107 rad  dosage  level.  A t  108 rads ,  
w h i c h  is a g rea te r  dosage  t h a n  u s e d  in Ref. (8), t h e  posi-  
t ive  c h a r g e  g e n e r a t i o n  ra te  is s lowing  clown f u r t h e r  whi l e  
t h e  n e u t r a l  t r ap  g e n e r a t i o n  ra t e  c o n t i n u e s  to increase .  

Nega t i ve  cha rge  inc reases  s ign i f ican t ly  b u t  is st i l l  a t  a 
lower  va lue  t h a n  o b s e r v e d  in Ref. (8) at  l ower  doses.  

F r o m  the  above ,  we m a y  c o n c l u d e  t h a t  t h e  n e g a t i v e  
c h a r g e  o b s e r v e d  in Ref. (8) is no t  due  to t he  A1 K~ radia-  
t ion,  a t  leas t  no t  w h e n  it  is t h e  sole  t y p e  of  ion iz ing  radia-  
t ion.  F u r t h e r ,  wh i l e  t he  pos i t ive  c h a r g e  level  does  no t  sat- 
urate ,  i ts  ra te  of  g e n e r a t i o n  on  a p e r c e n t a g e  bas i s  
d e c r e a s e s  m a r k e d l y  w i t h  i n c r e a s i n g  dose.  The  m o s t  im-  
p o r t a n t  c o n c l u s i o n s  t h a t  c a n  be  d r a w n  f rom T a b l e  I r e la te  
to  t he  n e u t r a l  t r ap  p ic ture ,  b e c a u s e  t h e s e  t r aps  are t he  
m o s t  d i f f icul t  to  r emove .  I t  is s een  t h a t  t h e i r  c o n c e n t r a -  
t ion  does  n o t  b e c o m e  s ign i f ican t  un t i l  a dose  of 106 rads  
is a b s o r b e d .  I n  Ref. (8) i t  was  p o i n t e d  ou t  t h a t  u n l i k e  posi-  
t ive  charge,  n e u t r a l  t rap  r e m o v a l  is r e l a t ed  d i rec t ly  to i ts  
c o n c e n t r a t i o n  be fo re  annea l ing ;  t he  l a rge r  t he  concen t r a -  
t ion,  t he  m o r e  t h a t  wil l  r e m a i n  fo l lowing  annea l ing .  Thus ,  
i t  w o u l d  a rgue  for t a i lo r ing  p roces s  s teps ,  w h e n  poss ib le ,  
to k e e p  the  a b s o r b e d  dose  in  the  gate  i n s u l a t o r  to -<106 
rads  (SIO2). 

In  a n  E - b e a m  meta l l i za t ion  process ,  for e x a m p l e ,  i t  
w o u l d  i nd i ca t e  t h a t  t he  h e a r t h  ( the t a rge t  in  effect)  s h o u l d  
be  k e p t  as smal l  as poss ib le  a n d  t h a t  t he  m o l t e n  s c a n n e d  
reg ion  s h o u l d  be  as smal l  as poss ib l e  to keep  the  e n e r g y  
as loca l ized  as poss ib l e  to  o b t a i n  t he  m a x i m u m  a m o u n t  of  
e v a p o r a t i o n  in  t he  sho r t e s t  t ime.  As we shal l  see be low in  
d i s c u s s i o n s  of nega t ive  c h a r g e  g e n e r a t i o n  due  to e l ec t ron  
damage ,  t h i s  wou ld  a rgue  for  u s i n g  m a g n e t i c  or e lectro-  
s ta t ic  r e m o v a l  of  re f lec ted  or s e c o n d a r y  e l ec t rons  f rom 
the  h e a r t h  before  t hey  can  i m p i n g e  on  the  sample .  In  
x- ray  l i t hog raphy ,  i t  wou ld  a rgue  for e m p l o y i n g  t he  
l onges t  w a v e l e n g t h s  poss ib l e  to m i n i m i z e  p e n e t r a t i o n  
dep th .  Th i s  wou ld  r equ i r e  w o r k i n g  in the  e n e r g y  r a n g e  
0.5-1 keV, r a t h e r  t h a n  u s i n g  r ad i a t i on  in  the  1-2 keV  range  
s ince  t he  a b s o r p t i o n  wou ld  be  g rea te r  b y  a p p r o x i m a t e l y  
t h e  c u b e  of t he  rat ios,  e.g., 0.53/1.03 X, w h e r e  X is t h e  ab- 
s o r p t i o n  d e p t h  of  a 1 k e V  p h o t o n .  Th i s  is a b o u t  12.5% of 
X. F u r t h e r ,  as t he  i n c i d e n t  e n e r g y  is c o n f i n e d  to a t h i n n e r  
layer ,  i t  is ve ry  l ike ly  t h a t  m u c h  sma l l e r  i n c i d e n t  doses  
w o u l d  be  r e q u i r e d  for exposure .  

Th i s  ra i ses  a n o t h e r  q u e s t i o n  as to  w h e t h e r  t r aps  are cre- 
a ted  d u r i n g  i r r ad ia t ion  or m e r e l y  m a d e  vis ible .  I t  cou ld  b e  
a rgued ,  for  example ,  t h a t  t he  2.30V e q u i v a l e n t  o f  pos i t ive  
c h a r g e  s een  at  a dosage  of l0 s rads  in  Tab le  I was  p r e s e n t  
in  t he  insu la tor ,  p r io r  to i r rad ia t ion ,  a n d  t h a t  t he  t r aps  
were  e lec t r ica l ly  inac t ive  b e c a u s e  t h e y  h a d  b e e n  ann ih i -  
l a t ed  b y  e lec t rons ,  t h a t  all i r r ad i a t i on  d id  was  to e m p t y  
t h e s e  t r aps  of  the i r  e lec t rons .  It  would ,  howeve r ,  be  diffi- 
cul t  to a d v a n c e  such  an  a r g u m e n t  in  the  case  of  n e u t r a l  
t r aps  for t h e  fo l lowing  reason.  The  neu t r a l  t r aps  are  no t  
v i s ib le  e lec t r ica l ly  before  or a f te r  i r rad ia t ion .  I f  t he  quan -  
t i t ies  s een  af te r  i r r ad ia t ion  were  a l ready  p r e s e n t  be fo re  ir- 
rad ia t ion ,  t hey  w o u l d  h a v e  b e e n  d e t e c t e d  in t he  n e u t r a l  
t r ap  m e a s u r e m e n t s  of  the  con t ro l  s a m p l e s  p r io r  to i r radia-  
t ion.  However ,  t h e y  are  n o t  s een  and,  the re fo re ,  t h e y  
cou ld  no t  h a v e  b e e n  p r e s e n t  init ial ly.  I t  is no t  u n l i k e l y  
t h a t  pos i t ive  a n d  nega t ive  c h a r g e  defec ts  are also c rea ted ,  
a n d  no t  s i m p l y  m a d e  v i s ib le  d u r i n g  t he  i r r ad i a t i on  
process .  

Tab le s  II  a n d  III  r e p r e s e n t  t he  r e su l t s  o b t a i n e d  w h e n  
dev ice  wafers  were  e m p l o y e d  to s imu la t e  an  E - b e a m  met -  
a l l iza t ion  p roces s  u s i n g  on ly  the  a l u m i n u m  K~ p h o t o n  
o u t p u t  of  a h e a r t h  in  such  a process .  Thus ,  in  Tab le  II, t h e  
da ta  we re  o b t a i n e d  w h e n  t he  wafe r  was  coa t ed  first  w i th  
0.4 ~ m  of  a pos i t ive  pho to re s i s t ;  in  Tab le  I I I  t he  da ta  are  
t h o s e  o b t a i n e d  w h e n  t h e  wafe r  was  c o a t e d  w i t h  a b o t t o m  

Table I. AI K~ x-radiation damage in 35 nm SiO2 gate insulators at 15 kV target voltage, uncoated wafer 

VT before Volts Volts Volts 
Rads irradiation VT after positive neutral negative 
(SIO2) (control wedge) irradiation charge traps charge 

0 1.10 • 0.02 1.09 • 0.02 0.00 0.06 • 0.01 0.00 
104 1.07 • 0.02 1.05 • 0.03 0.03 -+ 0.01 0.06 -+ 0.01 0.00 
105 1.07 • 0.03 0.90 • 0.05 0.19 • 0.00 0.10 • 0.00 0.00 
108 1.07 • 0.02 0.04 • 0.02 1.07 • 0.01 0.35 _+ 0.01 0.00 
10 ~ 1.07 • 0.02 -0.61 • 0.01 1.77 • 0.01 1.72 • 0.04 0.08 • 0.01 
l0 s 1.12 • 0.02 -0.78 • 0.03 2.30 • 0.02 4.18 • 0.06 0.36 • 0.05 
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Table II. AI Ka x-radiation damage in 35 am SiO~ gate insulators at 15 kY target voltage, wafer coated with 0.4/~m positive photaresist 

Vr before Volts Volts Volts 
Rads irradiation Vr after positive neutral negative 
(SiO~) (control wedge) irradiation charge traps charge 

0 1.05 +- 0.02 1.05 • 0.02 0.00 0.06 • 0.02 0.00 
10 ~ 1.07 + 0.01 1.04 • 0.Ol 0.03 • 0.01 0.05 • 0.Ol 0.00 
10 ~ 1.05 + 0.02 0.88 • 0.02 0.17 • 0.01 0.08 • 0.01 O.00 
106 1.03 • 0.02 0.09 +- 0.01 0.94 • 0.01 0.29 • 0.02 0.00 
10 ~ 1.03 • O.0I -0.69 • 0.02 1.82 • 0.03 1.60 • 0.03 0_10 • 0.02 
106 1.04 -+ 0.02 -0.81 • 0.02 2.22 • 0.01 3.87 • 0.04 0.37 • 0.02 

Table Ill. AI K~ x-radiation damage in 35 nm SiO2 gate insulators at 15 kV target voltage, wafer coated with 0.4/~m positive photoresist plus 30 nm AI 

VT before Volts Volts Volts 
Rads irradiation VT after positive neutral negative 
(SiO~) (control wedge) irradiation charge traps charge 

0 1.08 • 0.03 1.08 -+ 0.03 0.00 0.06 • 0.02 0.00 
104 1.08 + 0.02 1.07 +_ 0.02 0.02 -+ 0.01 0.04 • 0.02 0.00 
10 ~ 1.10 • 0.03 0.95 • 0.02 0.23 -+ 0.02 0.14 _~ O.01 0.07 • 0.02 
106 Not measured 
107 1.11 • 0.01 -0.65 • 0.08 1.99 • U.U4 1.81 • 0.06 0.19 • 0.05 
l0 s 1.08 • 0.01 -0.56 • 0.15 2.19 • 0.11 3.78• 0.41 0.62 • 0.12 

layer  of  0 ,4 /~m of  photores is t~  a n d  a top  layer  of  30 n m  of  
a l u m i n u m  was  t h e n  d e p o s i t e d  by  r e s i s t a n c e  hea t i ng .  To a 
first a p p r o x i m a t i o n ,  t he  r e s u l t s  are, w i t h i n  e x p e r i m e n t a l  
l imi ts l  i den t i ca l  to t h o s e  s h o w n  in  Tab le  I. Th i s  i n d i c a t e s  
t h a t  no  co o p e ra t i ve  p h e n o m e n a  occu r  t h a t  a f fec t  t h e  d a m -  
age  b e h a v i o r  i n d u c e d  by  t he  10w e n e r g y  a l u m i n u m  K a  ra- 
d ia t ion  d u e  to t h e  p r e s e n c e  of  t h e s e  fi lms. No a b s o r p t i o n  
co r r ec t i o n s  were  m a d e  in a r r iv ing  a t t h e  to ta l  dose  exper i -  
e n c e d  b y  t h e  ga te  i n s u l a t o r  d u e  to a b s o r p t i o n  in  t h e s e  top  
coa t ings .  

Tab l e  IV s h o w s  t he  r e s u l t s  o b t a i n e d  w h e n  t he  dev ice  
ga te  i n s u l a t o r s  a b s o r b e d  t h e  s a m e  a l u m i n u m  K a  dose ,  1.5 
x 106 r a d s  (SiO~) at  two  d i f f e ren t  rates:  3.8 k r a d s / m i n  a n d  
330 k r a d s / m i n .  It  is s e e n  t h a t  t he  r e su l t s  are  t he  s a m e  for 
t he  two  c a s e s  a n d  c o n s i s t e n t  w i th  t h e  r e s u l t s  s h o w n  in  
T a b l e s  II  a n d  III. T h i s  d e m o n s t r a t e s  t h a t  t h e  i n s u l a t o r  
d a m a g e  is r e a s o n a b l y  i n d e p e n d e n t  o f  t h e  dose  ra te  a n d  a 
f u n c t i o n  on ly  of t h e  total  dose.  I t  also i n d i c a t e s  t h a t  t he  
d a m a g e  a r i ses  as a f u n c t i o n  of m i c r o s c o p i c  i n t e r a c t i o n  of  
t he  ion iz ing  rad ia t ion ,  e.g. ,  b o n d - r a d i a t i o n  i n t e r a c t i o n  as 
o p p o s e d  to a m a c r o s c o p i c  effect ,  e.g. ,  m a c r o s c o p i c  hea t -  
ing.  T h e s e  data ,  o b t a i n e d  at d o s e s  of  1.5 x 108 rads ,  to- 
g e t h e r  w i th  t h e  da ta  of  Tab le  I s h o w  the  r ap id  i n c r e a s e  in  
d a m a g e  w h e n  t h e  d o s a g e  r e a c h e s  t h e  106 rad  range .  I t  in- 
d ica tes  again ,  t h e  n e c e s s i t y  of  k e e p i n g  t he  i n s u l a t o r  dos-  
age  b e l o w  th i s  v a l u e  in  p roce s s ing .  F r o m  a p rac t i ca l  po in t  
of  v iew,  e.g. ,  in  a l i t h o g r a p h i c  e x p o s u r e  u s i n g  x- rays ,  or in  
an  E - b e a m  m e t a l  evapora t ion ,  it i n d i c a t e s  t h a t  t h e r e  is no  
a d v a n t a g e  in r e d u c i n g  t he  dose  rate  of  ion iz ing  r a d i a t i on  
in o rde r  to m i n i m i z e  d a m a g e ;  t h a t  as l ong  as  t he  to ta l  in- 
su l a to r  d o se  is t h e  same ,  t h e  d a m a g e  will be  t he  s a me .  

Tab l e s  V a n d  VI s h o w  the  e f fec t s  of  Cu  K a  r a d i a t i o n  at  
c o n s t a n t  to ta l  d o se  b a s e d  on  K a  con ten t ,  w h e n  t h e  spec-  

tral  o u t p u t  f r o m  the  t a rge t  w a s  va r i ed  s ign i f i can t ly  b y  
e m p l o y i n g  20 a n d  40 kV  t a rge t  b e a m  a c c e l e r a t i ng  volt-  
ages .  W i th in  e x p e r i m e n t a l  l imi ts ,  t h e  r e su l t s  are  t h e  s ame ,  
i n d i c a t i n g  t h a t  b a s i n g  t he  e n e r g y  c o n t e n t  ca l cu l a t i on  on  
K a  o u t p u t  is a r e a s o n a b l e  one.  As  w i th  t h e  A1 K ~  expo -  
su res ,  t h e  p r i m a r y  d a m a g e  i n t r o d u c e d  a p p e a r s  to be  in  
t h e  f o r m  of  pos i t ive  c h a r g e  a n d  n e u t r a l  t raps .  T h u s ,  a t  t he  
108-10 ~ rad  levels ,  wh i l e  vo l t s  Of pos i t ive  Charge a n d  neu -  
tral  t r a p s  are  de tec ted ,  on ly  t e n t h s  of  vo l t s  of  n e g a t i v e  
c h a r g e  is in  ev idence .  

T h e  da ta  in  Ta b l e s  I-VI are de p i c t e d  g raph ica l l y  in  Fig. 
1 a n d  2. F i g u r e  1 s h o w s  t he  pos i t ive  c h a r g e  s i tua t ion ,  
wh i l e  Fig. 2 dep ic t s  t he  n e u t r a l  t rap  b e h a v i o r  for A1 a n d  
Cu  x- ray  d a m a g e .  T h e  g r a p h s  n e e d  no  f u r t h e r  d i s c u s s i o n .  

E~ectron  b e a m  i r r a d i a t i o n . - - T a b l e  VII s h o w s  t h e  d a m -  
age  leve ls  o b t a i n e d  a t  3 • 108 r a d s  (SiO~) a n d  3 x l07 r a d s  
SiO2 u s i n g  20 t~C/cm ~ a n d  200 ~C/cm ~ i n c i d e n t  e l e c t ron  
doses ,  r e spec t ive ly ,  at  10 ke V  acce le ra t ing  vol tage .  Pos i -  
t ive  c h a r g e  levels  a p p e a r  to be  s o m e w h a t  h i g h e r  t h a n  ob- 
t a i n e d  u s i n g  x - r ays  as  c a n  be  s e e n  in  Fig. 1, e.g. ,  1.8V vs .  
1.3V at t he  20 t~C level,  a n d  2.9V vs .  <2V at  t he  200 t~C 
level.  B y  c o m p a r i n g  t he  r e s u l t s  of  the  p r e s e n t  w o r k  to 
t h o s e  o b t a i n e d  in Ref. (8), it c a n  be  s e e n  t h a t  t he  pos i t ive  
c h a r g e  level  d u e  to x - rays  a lone  is lower  t h a n  t he  com-  
b i n e d  x - ray  a n d  e l ec t ron  d a m a g e  o b t a i n e d  in  t he  earl ier  
s t u d y  in  t he  108-107 total  rad  d o s a g e  range ,  w h i l e  t he  posi-  
t ive  c h a r g e  level  d u e  to e l ec t rons  a lone  in  t h e  s a m e  dos-  
age  r a n g e  is greater .  Th i s  a p p e a r s  to be  r e a sona b l e .  

N e u t r a l  t rap  d i f f e r ences  are e v e n  m o r e  p r o n o u n c e d  
t h a n  pos i t ive  c ha rge  effects .  At  3 • 106 f a ds  e l ec t ron  dose ,  
a b o u t  3.5V of t h r e s h o l d  e q u i v a l e n t  are ge ne ra t e d ,  whi le  
x - r ays  at  t h e  s a m e  dose  g e n e r a t e  only  1V of  e q u i v a l e n t  

Table IV. AI Kc~ x-radiation damage in 35 nm SiO2 gate insulators at ! 5 kV target voltage, wafer uncoated. Two different exposure rates 

VT before Volts Volts Volts 
Rads irradiation VT after positive neutral negative 
(SiO~) (control wedge) irradiation charge traps charge 

O 1.10 +- 0.03 1.11 • 0.02 0.00 0.06 • 0.02 0.00 
1~5 x 10 ~ 1.07 -+ 0.02 -0.01 • 0.02 1.12 • 0.03 0.49 • 0.02 0.04 • 0.01 

3.3 krads/min 
1.5 • 106 1_09 -+ 0.03 -0.14 -+ 0.02 1.26 • 0.02 0.47 • 0.03 0.03 • 0.01 

330 krads/ram 

Table V. Cu Ka x-radiation damage in 35 nm SiO2 gate insulators at 20 kV target voltage, wafer uncoated 

V~ before Volts Volts Volts 
Rads irradiation Vw after positive neutral negative 
(SIO2) (control wedge) irradiation charge traps charge 

0 1.07 • 0.04 1.06 • 0.03 O.00 0.06 • 0.01 0.O0 
104 1.10 • 0.02 1.03 • 0.02 0.07 _+ 0.01 0.06 • 0.01 0.00 
10 ~ 1.i0 ~ 0.03 0.63 • 0.02 0.48 • 0.01 0.15 • 0.03 0.00 
106 1.10 -~ 0.03 -0.02 • 0.04 1.14 • 0.02 0.76 • 0.04 0.03 • 0.02 

2 • 107 1.07 • 0.02 -0.15 _+ 0.03 1.53 • 0.06 3.62 -- 0.08 0.31 -+ 0.03 
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Table VI. Ca Ka x-radiation damage in 35 nm SiO~ gate insulators at 40 kV target voltage, wafer uncoated 

VT before Volts Volts Volts 
Rads irradiation Vv after positive neutral negative 
(SiO~) (control wedge) irradiation charge traps charge 

0 1.10 • 0.03 1.10 • 0.03 0.00 0.06 -+ 0.01 0.00 
104 1.10 • 0.03 1.03 • 0.02 0.05 -+ 0.01 0.06 -+ 0.01 0.00 
105 1.08 • 0.02 0.69 • 0.02 0.39 -+ 0.01 0.12 +- 0.01 0.00 
10 s 1.07 -+ 0.02 -0.11 • 0.08 1.28 -+ 0.03 0.59 -+ 0.04 0.03 • 0.01 
10 ~ 1.07 • 0.02 -0.40 • 0.05 1.65 • 0.04 2.51 -+ 0.13 0.18 • 0.01 

7.2 xl0 ~ 1.10 • 0.03 -0.36 • 0.08 2.00 • 0.07 4.46 -+ 0.09 0.48 • 0.03 

Table VII. Electron radiation damage at 3 • 10 6 rods (20/-LC/cm 2) and 3 • 107 rods (200/~C/cm 2) using TO keV electrons 

VT before Volts Volts Volts 
Rads irradiation VT after positive neutral negative 
(SiO~) (control wedge) irradiation charge traps charge 

0.00 1.16 • 0.02 1.16 -+ 0.01 0.00 0.06 • 0.01 0.00 
3 x 106 1.19 -+ 0.02 -0.32 • 0.03 1.76 • 0.03 3.53 • 0.05 0.25 ~ 0.04 

0.00 1.16 • 0.01 1.14 • 0.0I Not measured 
3 • 107 1.18 • 0.02 -0.55 • 0.10 >5.0V 

t h r e s h o l d  vol tage.  With  t he  3 x 107 r ad  e l ec t ron  dosage ,  
> 5V are  genera ted .  The  l imi t  of  our  m e a s u r i n g  capab i l i t y  
for  VT is 5V. The  c o m p a r a b l e  x- ray  figure is 4V. A p p a r e n t  
nega t i ve  c h a r g e  g e n e r a t i o n  for  the  e l ec t rons  at  3 • 10 ~ 
r ads  is s o m e  th ree  t i m e s  g r ea t e r  t h a n  t h a t  g e n e r a t e d  by  
x-rays  at  t he  107 level.  Similar ly ,  at  t he  3 • 107 e l ec t ron  
dose  level,  a p p r o x i m a t e l y  t h r e e  t imes  as m u c h  nega t i ve  
c h a r g e  is g e n e r a t e d  t h a n  t h a t  at  t he  106 level  for x-rays.  

Conclusions 
B a s e d  on  t he  r e su l t s  of  s tud ie s  of  gate  i n s u l a t o r  d a m a g e  

in I G F E T ' s  due  to x-rays  a lone,  or e l ec t rons  a lone ,  i t  ap- 
pea r s  t h a t  a p p a r e n t  nega t ive  cha rge  o b s e r v e d  in  ear l ie r  
w o r k  (8) is due  a l m o s t  en t i r e ly  to e lec t rons ,  w i t h  x-rays  
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2.85 -+ 0.10 1.08 • 0.03 

y i e ld ing  low levels  of  s u c h  d a m a g e  un t i l  t he  108 r ad  (SiO2) 
r a n g e  is r eached .  I t  was  f o u n d  also t h a t  w h e n  u s i n g  differ- 
en t  x- ray  dose  rates ,  t he  e x t e n t  of d a m a g e  at c o n s t a n t  to- 
tal  dosage  is e ssen t i a l ly  t he  same.  I t  also a p p e a r s  t h a t  t he  
d a m a g e  level  w i th  x-rays is r e la t ive ly  i n sens i t i ve  to t he  
x-ray e n e r g y  e m p l o y e d  u s i n g  a l u m i n u m  a n d  c o p p e r  radi-  
a t ion,  aga in  the  to ta l  dose  b e i n g  the  d e t e r m i n i n g  factor.  
The  pos i t ive  cha rge  s a t u r a t i o n  effect  o b s e r v e d  in the  
ear l ie r  w o r k  a p p e a r e d  to occu r  u s i n g  x-rays  alone,  a t  
a b o u t  the  s a m e  tota l  dosage  level  as in  the  ear l ie r  s tudy.  
However ,  e v e n  at  t he  106 dosage  level,  t h e r e  is still  some  
inc rea se  in pos i t i ve  cha rge  level  obse rved .  A p o s s i b l e  ex- 
p l a n a t i o n  is t h a t  pos i t ive  c h a r g e  s a t u r a t i o n  is c o u p l e d  in 
s o m e  way  to the  s i m u l t a n e o u s  g e n e r a t i o n  of a p p a r e n t  
nega t i ve  charge ,  s u c h  cha rge  r e q u i r i n g  e l ec t ron  i r radia-  
t ion  for  g e n e r a t i o n  at  lower  dosage  levels.  

While  x-rays  a n d  e l ec t rons  a p p e a r  qua l i t a t ive ly  to gen-  
e ra te  the  s ame  type  of  damage ,  e l ec t rons  a re  m u c h  m o r e  
effect ive,  i.e., at  g iven  dosages ,  t he  c o n c e n t r a t i o n s  of  t he  
g e n e r a t e d  defec ts  are c o n s i d e r a b l y  g rea te r  w i th  e l ec t rons  
t h a n  w i t h  x-rays.  The  effect  is m o s t  obv ious  w i t h  nega t i ve  
c h a r g e  fo rmat ion .  

With  x-ray exposure ,  t h e  d a m a g e  to t h e  gate  insu la tor ,  
in  the  fo rm of  b o t h  pos i t ive  cha rge  and  n e u t r a l  t r aps  is 
re la t ive ly  m i n o r  at  the  104 r ad  (SIO2) level,  b u t  b e c o m e s  
s ign i f i can t  in  t he  10~-106 range .  In  fact, t he  ra te  of  d a m a g e  
i nc r ea se  of n e u t r a l  t r aps  is c o n s i d e r a b l y  g rea te r  a b o v e  105 
rads  t h a n  be low it. A n  oppos i t e  effect  is o b s e r v e d  in  posi- 
t ive  c h a r g e  fo rmat ion .  However ,  as the  ra te  of  pos i t ive  
c h a r g e  g e n e r a t i o n  is g rea t e r  b e l o w  105 rads  a n d  sma l l e r  
a b o v e  th i s  value,  pos i t ive  c h a r g e  a n d  neu t r a l  t r aps  
a c h i e v e  s imi la r  d a m a g e  levels  a r o u n d  t he  106 rod  value .  

S i n c e  h i g h  leve ls  of  n e u t r a l  t r aps  are  diff icul t  to re- 
move ,  i t  appea r s  t h a t  p r o c e s s e s  i n v o l v i n g  ion iz ing  radia-  
t ion  s h o u l d  b e  a d j u s t e d  tq  keep  dosage  levels  b e l o w  106 
rads  (SiO~). In  a l i t h o g r a p h i c  process ,  for  example ,  th i s  
can  be  d o n e  by  u s i n g  lower  x- ray  or e l ec t ron  ene rg i e s  for  
p h o t o r e s i s t  exposure .  I f  t h i s  is done ,  t h e n  two effects  will  
l ead  to lower  d a m a g e  leve l s  b e i n g  i n t r o d u c e d  in to  gate  in- 
su l a to r s  of I G F E T ' s .  Firs t ,  s ince  a b s o r p t i o n  will b e  
g rea t e r  in  t h e  photores i s t ,  p e n e t r a t i o n  to u n d e r l y i n g  
films will  be  less. Second ,  s ince  a b s o r p t i o n  in  t he  des i r ed  
layer  is m o r e  efficient,  l ower  i n c i d e n t  doses  will be  re- 
q u i r e d  to a ch i eve  the  des i r ed  dose  in  the  pho to res i s t .  
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ABSTRACT 

Phosphorus and boron implantation studies of laterally seeded silicon on silicon dioxide recrystallized by a scan- 
ning graphite strip heater are presented. Hall profiling has been used to obtain carrier concentration and mobility as a 
function of depth. The recrystallized silicon layer contains subgrain boundaries which slightly reduce dopant activation 
and carrier mobilities compared with bulk silicon values. 

Composite structures consisting of laterally seeded re- 
crystallized polysilicon films on insulating layers such as 
silicon dioxide grown on bulk silicon substrates have a 
t remendous potential in device applications. Such struc- 
tures may, in principle, be used to make three-dimen- 
sional integrated circuits, dielectrically isolated high 
speed devices, solar cells, and other thin film devices. 
These films have certain advantages over silicon-on- 
sapphire (SOS) or conventional dielectrically isolated sili- 
con. This technology is potentially less expensive than 
traditional dielectric isolation methods. Compared with 
SOS or silicon-on-quartz, these silicon-on-insulator (SOI) 
films are under less mechanical stress, which commonly 
results in a high density of stacking faults and in drastic- 
ally altered carrier mobilities. Various directed energy 
sources such as scanned laser and electron beams have 
been employed to recrystallize the silicon films on insu- 
lating substrates (1). A particularly simple alternative is 
the use of a thin heated graphite strip swept mechanically 
across the surface (2). 

Ion implantation is an extremely important method of 
selectively doping these films, as required in forming the 
source and drain regions in MOS transistors, for example. 
Although some structural and electrical properties of SOI 
layers have been reported (3), there have been few studies 
of ion implantation into such regrown films. The electri- 
cal activation and carrier mobilities for phosphorus and 
boron implants into silicon films regrown by a scanning 
graphite strip system are reported here as a function of 
dopant concentration and isochronal furnace anneal tem- 
perature. It is found that electrical activation and carrier 
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mobilities are comparable to those in bulk silicon and are 
much superior to those in the unrecrystallized films. 
Transmission electron microscopy (TEM) and selected 
area electron diffraction studies have been performed on 
the as-implanted and furnace annealed films. Residual 
implantation damage is observed, including dislocation 
loops and deibct clusters. Segregation of implanted atoms 
along the subgrain boundaries is also observed. 

Experimental Procedure 
A recessed oxide 9100A thick was grown on (100) Czoch- 

ralski silicon wafers, with windows in the Oxide exposing 
the underlying single crystal silicon. This step employed 
a modified LOCOS technique, which avoids "bird- 
beaking." An essentially planar surface of oxide and ex- 
posed crystalline silicon resulted, which was then cov- 
ered by a 5000A layer of polycrystalline silicon in a low 
pressure chemical vapor deposition (CVD) system (4). 

The recrystallization technique is essentially the same 
as that described by Fan et al. (2). The samples were cov- 
ered by a composite encapsulation layer to improve the 
stability of the liquid zone during zone melting and re- 
crystallization. The cap consisted of a 500A thermal oxide 
layer, covered by a 2 /~m atmospheric pressure CVD sili- 
con dioxide layer, and a final covering by 500A of RF 
plasma-deposited silicon nitride. The thermally grown 
oxide appears to provide a smooth interface between the 
cap and the polysilicon and thereby improves the 
smoothness of  the regrown film. The samples were 
placed on a stationary graphite strip which was resistively 
heated in a flowing argon ambient to approximately 
1300~ in about 30s. A narrow graphite strip about 1 mm 
wide, placed 0.5 mm above the sample, was then heated 
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up  to p r o d u c e  a n a r r o w  m o l t e n  reg ion  in the  po lycrys ta l -  
l ine  film over  one  of the  " w i n d o w "  regions .  The  u p p e r  
s t r ip  was  t h e n  s c a n n e d  over  t he  s a m p l e  sur face  at  1 m m / s  
u s i n g  a m o t o r  d r iven  sys tem.  In  th i s  p rocedure ,  the  poly- 
s i l icon over  the  w i n d o w  reg ion  is recrys ta l l i zed  first, w i th  
t he  u n d e r l y i n g  s ingle  c r y s t a l s i l i c o n  s u b s t r a t e  ac t ing  as a 
seed. Th i s  recrys ta l l i zed  reg ion  t h e n  ass is t s  in  t he  la tera l  
s e e d i n g  of  t he  s i l icon film as t h e  m e l t  zone  is p r o p a g a t e d  
over the silicon dioxide layer. 

After completion of the recrystallization step, the en- 
capsulant was removed using IHF: IHzO. Electron chan- 
neling p a t t e r n s  u s i n g  a s c a n n i n g  e l ec t ron  m i c r o s c o p e  
(SEM) a n d  se lec ted  area e l ec t ron  d i f f rac t ion  spot  p a t t e r n s  
u s i n g  a T E M  s h o w e d  t h a t  t he  r e g r o w n  f i lms were  (100) 
s ingle  c rys ta l  si l icon. The  sur faces  were  s t ud i ed  u s i n g  
SEM a n d  N o m a r s k i  c o n t r a s t  opt ica l  m ic roscopy .  The  
r o u g h n e s s  of  the  r e g r o w n  fi lms is a b o u t  200A. The  films 
c o n t a i n  la rge  s ingle  crys ta l  g ra ins  a b o u t  1 m m  wide  a n d  
e x t e n d i n g  indef in i t e ly  a long  t h e  scan  d i rec t ion .  T h e r e  
are a few smal l  p r o t r u s i o n s  a long  some  of the  g ra in  
b o u n d a r i e s .  The  crys ta l  g ra ins  c o n t a i n  low ang le  g ra in  
b o u n d a r i e s  at  a b o u t  25 / ,m in te rva l s  (5). T h e s e  s u b g r a i n  
b o u n d a r i e s  h a v e  b e e n  d e l i n e a t e d  b y  Seeco  e t c h i n g  a n d  
h a v e  b e e n  e x a m i n e d  by  N o m a r s k i  op t ica l  mic roscopy .  
Cross - sec t iona l  S E M  p ic tu re s  were  o b t a i n e d  t0 ver i fy  t h a t  
the  i n t e g r i t y  of  t h e  u n d e r l y i n g  i so la t ion  ox ide  was ma in -  
t a ined  af te r  t he  rec rys ta l l i za t ion  of  the  po lys i l i con  films. 

R o o m  t e m p e r a t u r e  3~p+ (~,B +) i m p l a n t s  were  p e r f o r m e d  
a t  150 k e V  (70 keV) w i th  t he  s a m p l e s  t i l t ed  7 ~ w i th  r e s p e c t  
to t he  ion  b e a m  n o r m a l  to r e d u c e  c h a n n e l i n g  effects.  The  
L S S  p e a k  for  P (B) l ies at  18882[ (2188~) w h i c h  is n e a r  t he  
c e n t e r  of  t he  4500A Si film. The  a m o r p h i z a t i o n  t h r e s h o l d  
for  P (B) r o o m  t e m p e r a t u r e  i m p l a n t s  is 6 x 1014 c m  -3 (8 x 
10 TM cm -a) (6). To s t u d y  t he  c o n c e n t r a t i o n  d e p e n d e n c e  of  
annea l ing ,  low (1013 cm-2), m e d i u m  (101. cm-3), a n d  h i g h  
(10 '~ c m  -3) dose  i m p l a n t s  were  s tud ied .  T he  10 ~ cm -2 a lp .  
dose  p r o d u c e s  a sur face  a m o r p h o u s  layer  (~  3000A) as de-  
t e r m i n e d  b y  e t c h i n g  e x p e r i m e n t s  (7). T h i r t y - m i n u t e  con-  
v e n t i o n a l  fu rnace  annea l s  of  t he  i m p l a n t e d  s a m p l e s  were  
p e r f o r m e d  at va r ious  t e m p e r a t u r e s  to s t u d y  t he  t e m p e r a -  
tu re  d e p e n d e n c e  of  annea l ing .  T he  annea l s  were  per-  
f o r m e d  in  f lowing f o r m i n g  gas  (4% H3, 96% N3), u s i n g  a 
1000A Si3N4 e n c a p s u l a n t  l ayer  to i n h i b i t  i m p u r i t y  out- 
d i f fus ion  d u r i n g  annea l ing .  

Di f fe ren t ia l  res i s t iv i ty  a n d  ac Hal l  effect  m e a s u r e m e n t s  
in  c o n j u n c t i o n  w i th  success ive  l a y e r  r e m o v a l  were  u s e d  
to o b t a i n  t he  e lec t r ica l ly  ac t ive  d o p a n t  profi le  a n d  the  
ca r r ie r  mob i l i t y  va r i a t ion  w i th  d e p t h  (8). A u - S b  (Au-B) 
c o n t a c t s  were  d e p o s i t e d  in a V an  de r  P a u w  g e o m e t r y  b y  
e v a p o r a t i o n  a n d  a l loyed at  370~ for  10s in  f lowing hy- 
d r o g e n  to p r o d u c e  o h m i c  con t ac t s  for t h e s e  m e a s u r e -  
m e n t s .  The  layer  r e m o v a l  was  a c c o m p l i s h e d  by  c h e m i c a l  
e t c h i n g  (750 HNOa: 250 CH3COOH: 1HF), p r o v i d i n g  an  
e t ch  ra te  of  ~ 300A/rain. The  layer  t h i c k n e s s e s  r e m o v e d  
were  m e a s u r e d  by  a S loan  D e k t a k  prof i lomete r .  For  
c o m p a r i s o n ,  s imi la r  s tud ies  were  p e r f o r m e d  on  t h e  unre-  
c rys ta l l ized  p o l y s i l i c o n  films, a n d  on  b u l k  s ingle  c rys ta l  
si l icon.  S e c o n d a r y  ion  m a s s  s p e c t r o m e t r y  (SIMS) was  
u s e d  to o b t a i n  t h e  a tomic  profiles.  

T E M  a n d  se lec ted  area  e l ec t ron  d i f f rac t ion  s tud ie s  were  
p e r f o r m e d  on the  a s - i m p l a n t e d  and  the  a n n e a l e d  s a m p l e s  
af te r  t h i n n i n g  by  c h e m i c a l  e t c h i n g  f rom t he  b a c k  of  t he  
wafers .  R e s i d u a l  i m p l a n t a t i o n  defec ts  a n d  gra in  b o u n d a r y  
s eg rega t ion  effects  we re  s tud ied  in o rde r  to c o m p a r e  the  
s t r u c t u r a l  i n f o r m a t i o n  w i t h  t he  e lec t r ica l  data.  F o r  P, an-  
nea l s  a t  500 ~ 700 ~ 900 ~ a n d  1000~ cove r  t he  e n t i r e  r a n g e  
of  t e m p e r a t u r e s  for  w h i c h  t h e r e  is s ign i f ican t  a n n e a l i n g  
w i t h o u t  a p p r e c i a b l e  r e d i s t r i b u t i o n  of t he  P a t o m s  (9). 

I s o c h r o n a l  fu rnace  a n n e a l i n g  s tud ies  of  B - i m p l a n t e d  
b u l k  Si b y  Se ide l  and  M a c R a e  (10) revea l  t h r e e  a n n e a l i n g  
t e m p e r a t u r e  ranges .  B e l o w  500~ ac t iva t ion  i nc r ea se s  be- 
cause  of  a n n e a l i n g  ou t  of  c o m p e n s a t i n g  d a m a g e  cen te rs ,  
t he  f r ac t ion  of  s u b s t i t u t i o n a l  B a t o m s  r e m a i n i n g  fixed, 
and  mob i l i t i e s  b e i n g  low. B e t w e e n  500 ~ a n d  600~ a re- 
verse  a n n e a l i n g  ef fec t  is o b s e r v e d  w i th  s u b s t i t u t i o n a l  B 
a t o m s  b e i n g  r ep l aced  b y  Si in ters t i t ia ls ,  t h e r e b y  improv -  

ing ho le  mobi l i t ies ,  The re  is a h igh  t e m p e r a t u r e  a n n e a l i n g  
r a n g e  b e t w e e n  700 ~ a n d  1000~ w h e r e  B a t o m s  o c c u p y  
s u b s t i t u t i o n a l  si tes by  a m e c h a n i s m  i n v o l v i n g  t he  crea- 
t ion  of  Si vacanc i e s  and  t he  m o v e m e n t  of t he se  v a c a n c i e s  
to c o m b i n e  wi th  B in ters t i t ia ls .  In  the  p r e s e n t  s tudy,  30 
ra in  i s o c h r o n a l  fu rnace  a n n e a l s  h a v e  b e e n  p e r f o r m e d  at 
700 ~ 800 ~ 900 ~ a n d  1000~ for  each  dose  to cover  t he  h i g h  
t e m p e r a t u r e  a n n e a l i n g  r a n g e  d e s c r i b e d  by  Se ide l  a n d  
M a c R a e  (10). 

Results and Discussion 
Temperature and dose dependence.--The d o n o r  concen -  

t r a t i on  prof i les  a n d  the  e l ec t ron  mob i l i t y  v a r i a t i o n  wi th  
d e p t h  in  the  recrys ta l l i zed  SOI layers  are s h o w n  in Fig. 
1-3 for  P f luences  in  t he  r a n g e  101~-10 ''~ cm -2. The  theore t -  
ical  I r v i n  mob i l i t y  (11) c u r v e  c o r r e s p o n d i n g  to a d o n o r  
c o n c e n t r a t i o n  profi le  a f te r  a 900~ 30 ra in  a n n e a l  is also 
shown.  The  shee t  car r ie r  c o n c e n t r a t i o n s  for t he  va r ious  P 
doses  a n d  a n n e a l  t e m p e r a t u r e s  are s h o w n  in Fig. 4. For  
low doses  a n d  s l ight  la t t ice  damage ,  t h e r e  is a p p r e c i a b l e  
ac t i va t i on  even  at  500~ b u t  for  h i g h e r  doses  a n d  la t t ice  
d a m a g e  t h e r e  is a c o n s i d e r a b l e  i nc rease  in  e lec t r ica l  acti- 
v a t i o n  b e t w e e n  500 ~ a n d  900~ The  g rea te r  r e d i s t r i b u t i o n  
for t he  h i g h e r  doses,  espec ia l ly  at  900 ~ a n d  1000~ (Fig. 2 
a n d  3), is c o n s i s t e n t  wi th  t he  c o n c e n t r a t i o n  a n d  de fec t  de- 
p e n d e n c e  of P d i f fus ion  o b s e r v e d  in  b u l k  Si i m p l a n t a t i o n  
(!2). A n o t a b l e  fea tu re  is t h a t  t he  e lec t r ica l  prof i le  ex- 
t e n d s  t h r o u g h o u t  t he  r e g r o w n  film t h i c k n e s s ,  t h e r e b y  at- 
t e s t i ng  to t h e  exce l l en t  Crystal l ine qua l i ty  of t he  r e g r o w n  
film e v e n  nea r  the  Si-SiO~ in ter face .  F r o m  the  shee t  con-  
c e n t r a t i o n  da ta  in  Fig. 4, t h e  p e a k  ac t iva t ion  for t h e  10 'a 
cm -2 dose  is s een  to be  at  700~ whi le  for  t he  h i g h e r  
doses  a 900~ a n n e a l  a p p e a r s  to be  o p t i m u m .  Also,  t he  
p e a k  e lec t r ica l  ac t iva t ion  for the  10 '4 c m  -2 dose  is less 
t h a n  for a lower  (10 '3 cm -~) or a h i g h e r  (10 ''~ c m  -3) dose. 

The  mob i l i t y  prof i les  are c o n s i s t e n t  w i th  the  e lec t r ica l  
a c t i v a t i o n  data .  In  i o n - i m p l a n t e d  Si, t h e r e  is m o b i l i t y  deg- 
r a d a t i o n  d u e  to r e s idua l  d a m a g e  a f te r  annea l ing .  T h e r e  is 
a d ip  in  t h e  mob i l i t y  profi le  c o r r e s p o n d i n g  to t he  p e a k  of  
the  e lec t r ica l  profi le  due  to ion ized  i m p u r i t y  sca t te r ing ,  
as s een  f rom the  I rv in  curves .  However ,  r e s idua l  d a m a g e  
is also a p p a r e n t  in  t h a t  the  m e a s u r e d  mob i l i t i e s  are  lower  
t h a n  t he  I rv in  mobi l i t ies .  Th i s  d i s c r e p a n c y  is g rea t e r  for 
h i g h e r  doses  a n d  for lower  a n n e a l  t e m p e r a t u r e s ,  as ex- 
pec ted .  F o r  d o n o r  c o n c e n t r a t i o n s  of a b o u t  5 x 10 TM cm -3, 
e l ec t ron  mob i l i t i e s  as h i g h  as 600 cm2/V-s are obse rved .  

S imi la r  s tud ie s  h a v e  b e e n  p e r f o r m e d  for  B w i t h  doses  
b e t w e e n  10'3-10 '5 cm -3 a n d  a n n e a l  t e m p e r a t u r e s  b e t w e e n  
700~176 The  re su l t s  are e s sen t i a l ly  s imi la r  to t h o s e  for 
P imp lan t s .  The  e lect r ica l  prof i les  for  a 10 '~ c m  -2 i m p l a n t  
are s h o w n  in Fig. 5, a n d  the  shee t  car r ie r  c o n c e n t r a t i o n  
da ta  are s u m m a r i z e d  in Fig. 6. The  a n n e a l i n g  a n d  redis t r i -  
b u t i o n  of  B i m p l a n t s  in  b u l k  s i l icon have  b e e n  ex ten-  
s ively  d i s c u s s e d  by  H o f k e r  (13). The  r e d i s t r i b u t i o n  of  B 
d u r i n g  a n n e a l i n g  in Fig. 5 can  be  e x p l a i n e d  u s i n g  the  
t h r e e - s t r e a m  d i f fus ion  m o d e l  of  Chu  a n d  G i b b o n s  (14). 
The  m o d e l  is va l id  for  ion  f luences  b e l o w  10 '~ c m  -2 a n d  
a n n e a l  t e m p e r a t u r e s  a b o v e  900~ The  m o d e l  cons ide r s  
subs t i t u t i ona l ,  e lec t r ica l ly  ac t ive  B w h i c h  d i f fuses  slowly, 
B - v a c a n c y  pa i rs  w h i c h  are e lec t r ica l ly  i nac t ive  b u t  d i f fuse  
fast, a n d  pos i t ive ly  c h a r g e d  vacanc ies .  I t  m a y  be  n o t e d  
t h a t  100% ac t iva t ion  is n e v e r  ach ieved .  Th i s  is c o n s i s t e n t  
w i th  o b s e r v a t i o n s  in  b u l k  Si, w h e r e  a m o r p h i z a t i o n  is a 
p r e r e q u i s i t e  for  c o m p l e t e  ac t iva t ion  of  B. Tsai  a n d  
S t r e e t m a n  (15) h a v e  s h o w n  t h a t  comp]e t e  B ac t i va t i on  in  
b u l k  Si is a c h i e v e d  b y  a n n e a l i n g  at  low t e m p e r a t u r e  
(550~ if  t he  Si is p r e - a m o r p h i z e d  by  Si se l f - implants .  
Th i s  i nvo lves  sol id p h a s e  ep i t ax ia l  r e g r o w t h  f rom t h e  un-  
de r ly ing  s ingle  crys ta l  Si subs t ra t e .  In  o rde r  to e x a m i n e  i f  
a s imi la r  t e c h n i q u e  could  be  app l i ed  to t he  SOI  films, the  
rec rys ta l l i zed  films were  a m o r p h i z e d  by  low t e m p e r a t u r e  
(-110~ m u l t i p l e  Si i m p l a n t s  (4 x 10 ~ cm -2 at  200 keV,  2 
x 10 I~ c m  -3 at  150 keV, 1 x 10 ~ cm -~ at 100 keV, 6 x 1014 
c m  -3 at  50 keV) to p r o d u c e  a c o n t i n u o u s  3500A 
a m o r p h o u s  layer  in  a 4500A t h i c k  r e g r o w n  film. A 60 ra in  
550~ a n n e a l  for a 70 keV, 1015 c m  -2 B i m p l a n t e d  s a m p l e  
r e s u l t e d  in 100% ac t iva t ion  w i t h  a shee t  ca r r i e r  m o b i l i t y  
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Fig. 1. Net donor concentration and electron mobility profiles ob- 
tained from differential sheet resistivity and Hall effect measurements 
for s~P(10 ~ cm -~) implanted silicon-on-oxide, after various isochronal 
anneals. The LSS distribution for the as-implanted ~1 ~ is shown. The 
theoretical Irvin mobility profile in bulk Si is shown for the donor distri- 
bution measured after a 900~C anneal. 
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of 57 cm2/V-s. There  is solid phase  epitaxial regrowth 
from the underlying 1000A thick single crystal Si layer ac- 
companied by activation of the implanted B. 

The mobility results suggest  that t h e  films are  rela- 
tively free of stress. For example, compressive strain in 
the regrown silicon would lead to electron mobility degra- 
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d a t i o n  a n d  e n h a n c e m e n t  of hole  mob i l i t i e s  (16). Con- 
verse ly ,  a t ens i l e  s t ress  in  t h e  f i lms wou ld  cause  e l ec t ron  
m o b i l i t y  e n h a n c e m e n t  a n d  a dec rease  of ho le  mobi l i ty .  
S i n c e  no  st~ch effects  are obse rved ,  we c o n c l u d e  t h a t  t h e  
fi lms are  essen t i a l ly  s tress-free.  I t  m a y  be  n o t e d  t h a t  SOS 
films are  u n d e r  t r e m e n d o u s  c o m p r e s s i v e  stress,  w h i c h  
causes  a la rge  d e n s i t y  of  s t a ck ing  faults.  Converse ly ,  
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s i l i con-on-quar tz  fi lms are u n d e r  t ens i l e  s tress,  w h i c h  
t e n d s  to cause  c racking .  In  cont ras t ,  re la t ive ly  s t ress- f ree  
fi lms s u c h  as s i l i con-on-ox ide  h a v e  a h i g h  p o t e n t i a l  for 
dev ice  app l ica t ions .  

Structural properties of implanted SOI.--TEM a n d  
S E M  s tud ie s  of  the  P i m p l a n t e d  fi lms h a v e  b e e n  u s e d  to 

Fig. 7. Selected area electron diffraction pattern from as-implanted (1015 cm -~, 1 S0 keV, 31p+) SOl film (left)and after a 30 rain, 900~ furnace 
anneal (right). 
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Fig. 8. Transmission electron micrograph of as-implanted (1015 cm -2, 150 keV, ~1 p~) SOl film (left) and after a 30 min, 900~ furnace anneal (right) 

correlate their structural and electrical properties. For a 
1014 cm -2 implant, electron channeling patterns can be ob- 
served in the as-implanted samples, indicating that the 
single crystal structure of the regrown films is retained. 
In contrast, for the 10 '~ cm 2 implant channeling patterns 
are not obtained from the as-implanted sample. However, 
upon annealing at 900~ for 30 rain, the channeling pat- 
tern reappears. Selected area electron diffraction patterns 
obtained from the 10 ~5 cm -2 implanted sample before and 
after annealing are shown in Fig. 7. For the as-implanted 
(10 ~ cm 2) sample, the diffraction pattern is a superposi- 
tion of a single crystal spot pattern and a diffuse ring pat- 

tern, which indicates the presence of a highly damaged 
amorphous layer. Upon annealing, the ring pattern disap- 
pears, and the spot pattern alone is seen. There is solid 
phase epitaxial regrowth of the top amorphous layer from 
the underlying damaged but single crystal Si. TEM mi- 
crographs of an as-implanted and an annealed sample are 
shown in Fig. 8. Implanted P ions produce defect com- 
plexes and clusters during room temperature implanta- 
tion. Upon annealing at high temperatures, these clusters 
coalesce into dislocation loops and networks. These resid- 
ual defects cause the mobilities to be lower than would be 
expected from the Irvin mobilities. Since similar results 

Fig. 9. Transmission electron micrograph of as-implanted (1025 cm -2, 70 keV, HB§ SOl film (left) and after a 30 min, 1000~ turnace anneal (right) 
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have been observed in bulk silicon (7), the observed mo- 
bility degradation is apparently due to the implantation 
and annealing process and not because of the crystal 
growth technique. For 10 ~ cm -~ implants, there is so little 
lattice damage that complete activation can be achieved 
at 700~ For 10 '~ cm -= implants, complete activation is 
again achievable, although at a higher temperature be- 
cause the epitaxial recrystallization of amorphized Si is 
accompanied by activation of the P in the regrown layer. 
It is for the intermediate dose (i0 TM cm-~), which is insuf- 
ficient to cause amorphization, that the residual defect 
density after annealing is rather high, leading to incom- 
plete activation. 

The B implantation produces point defects in Si such 
as vacancies and self-interstitials which have a high mo- 
bility at room temperature. Room temperature annealing 
causes these Frenkel type defects to coalesce into defect 
complexes including clusters such as those seen in Fig. 9 
for a 10 '5 em -~ implant into the regrown Si. However, 
since B is a very light atom, the amorphization threshold 
for room temperature implants is very high (8 • i0 TM 
cm-e). The electron channeling pattern obtained from the 
as-implanted (10 '~ cm -~) sample shows that the film is 
still single crystal. The defect clusters produced during a ~ 
10 '5 cm -~ implant coalesce to form dislocation loops which 
remain even after annealing at 1000~ (Fig. 9). For anneals 
at 700 ~ and 800~ B precipitates along these dislocation 
networks, thereby leading to extremely poor activation, 
especially for the higher doses (Fig. 6). At higher tempera- 
tures, precipitated B atoms are released from the disloca- 
tion loops and occupy substitutional sites. 

Comparison with bulk Si and polysilicon.--Since a 
900~ anneal is optimal for implantation into the regrown 
Si, 900~ anneals were also performed for implanted poly- 
silicon and bulk Si. For polysilicon, no profiles could be 
obtained for the 10 TM cm -~ and 10 TM cm -~ doses because of 

the extremely high resistivity of the samples. Typical 
electrical profiles for 10 ~ cm -= P and B implants are 
shown in Fig. 10 and 11, respectively. SIMS atomic pro- 
files are also shown for comparison. The sheet carrier 
concentration data for bulk Si and polysilicon are shown 
in Fig. 4 and 6 for P and B implants, respectively. B and P 
activation in the regrown Si films approaches bulk Si 
values for all doses. There is good agreement between the 
atomic and electrical profiles. At high anneal tempera- 
tures there is substantial dopant redistribution in the 
regrown Si films, accompanied by segregation effects 
along the subgrain boundaries (18). This becomes appar- 
ent in Fig. 12, which shows a typical subgrain boundary 
before and after a 1000~ 30 min furnace anneal of a 10 ~ 
cm -= B implant. The subgrain boundaries become 
broader and darker after annealing, presumably because 
of B segregation along these boundaries. For the as- 
deposited polysilicon, the density of grain boundaries is 
so large that the electrical profiles lie significantly below 
those in bulk Si and recrystallized Si (Fig. 10 and 11). 
Trapping of carriers in a disordered region near the grain 
boundary can also contribute to lowering the sheet carrier 
concentration (18). 

The variation of sheet carrier concentration with tem- 
perature in the regrown films can be understood in terms 
of two dominant  mechanisms. Ion implantation damage 
is annealed out better at higher temperatures, leading to 
increased electrical activation. However, the increased re- 
distribution at higher temperatures causes increased seg- 
regation at grain boundaries. This explains why for the 
10 ~4 cm -~ and 10 ~5 cm -~ implants, the sheet carrier concen- 
tration is lower after annealing at 1000 ~ than at 900~ For 
the 10 ~= cm -= implant, the peak concentration occurs at a 
lower temperature (700~ because the implantation dam- 
age is more easily annealed out. It is unlikely that the de- 
crease in sheet carrier concentration after 1000~ anneals, 
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Fig. 12. TEM micrograph of a subgrain boundary in a 10  ~5 cm -~, 7 0  keV,  riB+ implanted SOl  sample before ( lef t )  and after  (right) a 1000~ 3 0  min 
furnace anneal. 

relative to the 900~ anneals, is due to outdiffusion of im- 
purities into the SiO2 because the integrated SIMS atomic 
profiles indicate that there is little loss of dopants even at 
1000~ 

The  m o b i l i t y  prof i les  in  Fig. 10 and  11 e x h i b i t  t h e  gen- 
eral  t r e n d  t h a t  mob i l i t i e s  are h i g h e s t  in  b u l k  Si a n d  ex- 
t r e m e l y  p o o r  in  t h e  un rec rys t a l l i z ed  polys i l icon.  A con-  
d u c t i o n  m o d e l  h a s  r ecen t l y  b e e n  p r o p o s e d  b y  Wu a n d  
Y a n g  (19) for  po lys i l i con  w h i c h  i n c l u d e s  s c a t t e r i n g  of  ma-  
jo r i ty  car r ie rs  b y  gra in  b o u n d a r i e s  and  s u b g r a i n  b o u n d a -  
ries. I n  t h i s  m o d e l  a po t en t i a l  ba r r i e r  is c r ea t ed  at  g ra in  
b o u n d a r i e s  a long  w i t h  a d e p l e t i o n  reg ion  b e c a u s e  of  
t r a p p e d  c h a r g e  a n d  th i s  causes  ma jo r i ty  ca r r i e r  scat ter -  "I' 
ing. S u c h  sca t t e r ing  at  s u b g r a i n  b o u n d a r i e s  is a p p a r e n t l y  
r e s p o n s i b l e  for lower  mob i l i t y  in  t he  rec rys ta l l i zed  Si 
t h a n  in  b u l k  St. One  can  wr i te  the  mob i l i t y  in  t h e s e  SOI  
films,/-s as 

/Zsol -I = lab - I  + /~GB - I  [I] 
kJ 

w h e r e  /zs is t he  mob i l i t y  in  i m p l a n t e d  b u l k  Si a n d  /ZGB is 
the contribution of subgrain boundary scattering. The dif- 
ference in mobility values for the regrown Si and bulk Si 

8 is m o s t  p r o n o u n c e d  for t he  l owes t  dose ,  w h e r e  ion ized  < 
i m p u r i t y  s ca t t e r ing  is leas t  s ignif icant .  F i g u r e  13 s h o w s  
t h e  B e lec t r ica l  prof i les  for  a 10 ~3 c m  =2 i m p l a n t  in  recrys-  
ta l l ized  SOI  a n d  b u l k  St. T h e  accep to r  c o n c e n t r a t i o n s  a t  
1200A are  t be  s ame  in  b u l k  a n d  r e g r o w n  St. There fore ,  we 
e x p e c t  t he  s ame  ionized  i m p u r i t y  sca t te r ing .  We o b s e r v e  , 
/zB = 240 cm2/V-s a n d  /~so, = 180 em2/V-s. There fore ,  t h e  
subgrain boundary contribution to mobility is found to be 
/ZCB = 720 cm2/V-s. In  polys i l icon,  t he  ho le  mob i l i t i e s  are  
e x t r e m e l y  poo r  b e c a u s e  of  t he  h i g h  dens i t y  of g ra in  
boundaries. The further degradation of mobilities close to 
t h e  Si-SiO2 in te r face  (Fig. 10 a n d  11) is a t t r i b u t a b l e  to a o 
high density of defects near the interface in the as- :~ 
d e p o s i t e d  films. 

Summary 
La te ra l  ep i t axy  b y  s e e d e d  so l id i f ica t ion  u s i n g  a m o v i n g  

g r a p h i t e  s t r ip  h e a t e r  h a s  b e e n  u s e d  to p r o d u c e  s ingle  
c rys ta l  s i l i con  fi lms on  s i l icon d ioxide .  E l e c t r o n  c h a n n e l -  
ing  pa t t e rns ,  T E M  m i c r o g r a p h s ,  a n d  se lec ted  area  elec- 
t r o n  d i f f r ac t ion  p a t t e r n s  all s h o w  t h a t  t he  r e g r o w n  fi lms 
are  s ingle  crystal .  However ,  t he  fi lms c o n t a i n  low ang le  

grain boundaries, as  determined by SEIV[ and Seeco etch 
techniques. Donor concentrations and electron mobilities 
measured as a function of depth by the double ac Hall ef- 
fect method show that a 30 rain furnace anneal at 700~ is 
optimum for low (1013 cm -~) phosphorus doses, while for 
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higher doses, a 900~ anneal gives the highest activation. 
Phosphorus atoms are activated throughout the entire 
film thickness, with no mobility degradation near the 
silicon-silicon dioxide interface. TEM micrographs reveal 
the presence of residual implantation damage such as dis- 
location loops even after annealing at 900~ These recrys- 
tallized films have electrical activation and mobilities 
comparable to bulk silicon, and are considerably superior 
to that in unrecrystallized polysilicon films. The slightly 
lower activation in the recrystallized films compared to 
that in bulk silicon is apparently due to phosphorus seg- 
regation and carrier trapping effects at subgrain bounda- 
ries in the regrown films, and grain boundary scattering 
causes slightly lower electron mobilities in these films 
compared with bulk silicon. Thus the subgrain bounda~ 
ries in the silicon on silicon dioxide films have a slightly 
deleterious effect on carrier transport and electrical acti- 
vation. 

The annealing behavior of boron acceptor implants into 
silicon-on-insulator films recrystallized by seeded lateral 
epitaxy has been studied for doses of 101~-10 ~ cm -2. A 30 
rain furnace anneal at 900~ is optimum. Complete activa- 
tion at low temperatures (550~ is achievable if the boron 
profile lies in an amorphized layer  not extending 
throughout the entire regrown film thickness. In all cases 
electrical activation is observed throughout the entire re- 
grown film thickness. TEM studies reveal clusters and 
dislocation loops as residual implantation damag e even 
after annealing at 1000~ This residual damage leads to 
mobility degradation and incomplete activation. The 
presence of subgrain boundaries in the regrown silicon 
films decreases carrier mobilities by introducing grain 
boundary scattering, and reduces sheet carrier concentra- 
tions by causing impurity segregation and carrier trap- 
ping. However, the effect of the residual subgrain bound- 
aries on mobility is not severe, indicating that relatively 
stress-free device quality films are obtained. Hole 
mobilities and electrical activation values in the regrown 
film approach bulk silicon values. In the as-deposited 
polysilicon films, by contrast, electrical activation and 
hole mobilities are extremely poor. 
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Crystal Damage during CV Profiling 
J. van de Ven 
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Netherlands 

ABSTRACT 

After CV measurements of GaAs and highly doped St, using mercury as a Schottky contact, crystal damage on the 
diode electrode sometimes occurs as can be made visible by selective etching techniques. The presence of this damage 
appears to be related to the magnitude of the applied bias voltage and to a slight contamination of the mercury with dust 
particles. The penetration depth has been observed to be in the order of a few hundred nanometers. 

CV measurement of semiconductor structures has be- 
come a very important technique for fast profiling of car- 
rier concentrations. It has been shown by various authors 
that for silicon and gallium arsenide mercury can be ap- 
plied as cathodic as well as anodic Schottky contact (1-3). 
This method always has been considered as being nonde- 
structive, but the present results point out that care has to 
be taken as to this assumption because it appeared rather 

easy to create surface damage on the crystal during the 
CV measurement. This is not evident by normal inspec- 
tioh, bfit by using sensitive defect revealing methods the 
damage can be made visible. 

Experimental 
Measurements were mainly performed on n-type St- 

doped GaAs with doping levels ranging from 5 x 10 TM to 2 
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x 10 Is cm -3, bu t  also some  Sb- and P -doped  Si samples  
were  used.  Various surface p re t r ea tmen t s  were  used:  For  
GaAs, anodic  pol i sh ing  fol lowed by a 4 w/o HC1/H20 dip 
(4) or a H2SOJH2OJH20 (vol. 3 : l : l ) -e tch.  Si crystals re- 
ce ived  a final 10 w/o H F  dip. After  CV m e a s u r e m e n t  the  
samples  were  also c leaned in different  ways,  e.g., with  a 
HC1 or H F  dip, u l t rasonic  ace tone  bath, etc. 

The  CV m e a s u r e m e n t s  t hemse lves  were  p e r f o r m e d  
us ing  e i ther  the  Hg-1 single me rcu ry  p robe  f rom MSI- 
e lec t ronics  or a h o m e m a d e  double  m e rcu ry  probe.  In  
both  cases contac t  wi th  the  crystal  was m a d e  by  evacuat-  
ing the  v a c u u m  channels  on the  probe  head. The  mercu ry  
used  was " sup rapu r "  f rom Merck  and was regular ly  re- 
freshed.  

To revea l  poss ible  defects  on the  crystal  surface  DS  and 
D S L  e tchan ts  (5) have  been  used  as well  as anodic  disso- 
lu t ion  in E D T A  elect rolyte  of  p H  - 8.5 (6). 

Results and Discussion 
It  was found in several  cases after CV m e a s u r e m e n t s  of 

GaAs and St, that  the  reverse-biased  d i o d e  contac t  could  
be  m a d e  vis ible  by select ive  e tch ing  methods .  Usua l ly  
this crystal  damage  appeared  in the  form of a r ing on the  
surface,  whereas  inside as well  as outs ide  the  r ing the  sur- 
face morpho logy  was similar  (Fig. 1). As revea led  wi th  a 
step profiler,  the  r ing appears  as an e levat ion  on the  sur- 
face after D S L  or anodic  defect  revealing,  but  as a depres-  
s ion after  DS etching.  The  format ion  of  the r ing has been  
obse rved  on GaAs samples,  Si doped  in the  range  5 x 
10'6-2 • 10 TM cm -~, and on some  heavi ly  doped  n- type Si 
samples .  A condi t ion  for this tu rned  out  to be that  the  
m a x i m u m  appl ied  bias vol tage  dur ing  profi l ing should  at 
least  have  a p p r o a c h e d  the  b r e a k d o w n  vol tage  for the  
anodic  d iode  contact.  It  was found t h a t  for h ighly  doped  
mater ia l  the  r ing could  be revea led  more  easily. Af ter  
us ing  the  doub le  m e r c u r y  probe,  the  large con tac t  could  
only be  m a d e  vis ible  w h e n  the  vol tage  was  reversed  dur- 
ing  the  CV measu remen t ,  t he reby  actual ly  t u rn ing  this 
contac t  into the  reverse-biased diode contact.  S imi la r  re- 
sults  were  ob ta ined  w h e n  a thin, - 100~, ox ide  layer  on 
top of  the  GaAs sample  was present .  In  some cases it was 
also no t iced  that  after e tching,  the  reverse-b iased  d iode  
showed  up as a rough area de l imi ta ted  by a ring, bu t  this 

k ind  of damage  could  be a t t r ibu ted  to i ncomple t e  clean- 
ing of  the  sample  after CV measuremen t .  R e c o m m e n d e d  
in this respec t  is an ul t rasonic  ace tone  ba th  fo l lowed by a 
4 w/o HC1 dip and ex tens ive  r ins ing wi th  water.  

In order  to s tudy the  pene t ra t ion  dep th  of the  crystal  
damage~ e lec t rochemica l  s equence  e tch ing  on GaAs was 
per formed.  Fi rs t  th in  layers of  the  sample  were  anodical ly  
po l i shed  off, fo l lowed by  anodic  defect  revea l ing  (6). Fo r  a 
10 TM cm 3 St -doped GaAs sample  wh ich  had been  at the 
b r e a k d o w n  vol tage of  - 2V for about  30s (which in i tself  
is no ex t r eme  condition),  the  r im of the reverse-b iased  di- 
ode could  still be  observed  after remova l  of 0.2 ~m of ma- 
terial, bu t  it had d i sappeared  after anodical ly  po l i sh ing  
off 0.5 ~m of material .  This shows that  in this case the 
pene t ra t ion  dep th  of t h e  effect  is at least  seyeral  tenths  of  
microns ,  which  lies in the same order  of  m a g n i t u d e  as the  
dep le t ion  width  at b r eakdown  for this sample.  

Closer inspec t ion  of  the  ring, p roduced  after anodic  de- 
fect e tching,  wi th  SEM showed  a twis ted  s t ruc ture  (Fig. 
2). This  s t ruc ture  cor responds  with  the  mic ros t ruc tu re  of 
the (perspex) probe  head. 

Careful  inspec t ion  of  the  contac ts  showed  that  small  
dus t  part icles  con tamina te  the  m e r c u r y  and gather  at the  
contac t  edges  w h e n  v a c u u m  is applied.  These  contamina-  
t ions cannot  be  r e m o v e d  by s imply  rep lac ing  the  mer-  
cury, but  requi re  ex tens ive  c leaning  of the  ent i re  p robe  
head. After  such c leaning they  will  rapidly ga ther  again, 
however ,  even  w h e n  Working under  dust  poor  condi t ions.  
The  p resence  of these  part icles  p roved  to be  a crit ical  fac- 
tor  in the  appearance  of  the ring. 

F r o m  the  fo rmer  observat ions  we can conc lude  about  
the origin of the  crystal  damage,  that:  

1. It  is not  mere ly  mechanica l ,  for then  the  appl ied  bias 
vol tage  wou ld  not  be  critical and defects  should  be  seen 
direct ly  on the  surface wi thou t  defect  etching,  

2. I t  is not  a s imple  mat te r  of  an ama lgamat ing  react ion,  
for then it cannot be explained (i) ihat only the edge of 
the contact would be visible, (it) that when a thin oxide 
layer is left on the surface it looks undamaged after pro- 
filing, whereas on the crystal itself the reverse-biased di- 
ode ring can be made visible, and (iii) that the damage 
Could not be seen on the polished surface before defect 
revealing. In addition, neither Si nor As have any tend- 
ency to dissolve in Hg, whereas pure elementary Ga only 
dissolves slightly (7, 8), 

3. It is related to the presence of dust particles at the 
surface of the mercury diode biased up to breakdown 
conditions. 

Therefore the conclusion is that at breakdown voltages 
an "avalanche effect" takes place at the diode edge, most 
probably supported by the presence of dust particles. The 
precise nature of the defect is unknown. It may be either 
caused by local introduction of impurities from the con- 
tact into the crystal lattice, possibly supported by a local 
heating up during the avalanche period, or it can be 

Fig. 1. NQmarski interference microscopy picture of the diode ring 
after CV measurements on 10 TM cm -3 Si-doped GaAs. Selective etching 
has been performed with Dl:4Sljl [notation defined in Ref. (S)], etch 
depth - 2  p~m. The ring is a depression of 500-1000~. Fig. 2. Detail of Fig. 1; SEM photograph 
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formed by a local disordering of the lattice under the ava- 
lanche conditions. Anyhow, the appearance of an eleva- 
ted ring on GaAs after DSL and anodical defect etching 
indicates an increased recombination center density in 
the damage region. The fact that a depression is found 
after DS etching indicates that a strong change in chemi- 
cal potential has also taken place, because otherwise this 
defect revealing method would be expected to produce 
an elevation on the defect as well. 

Summary 
As under normal working conditions voltages may eas- 

ily approach breakdown values and because small con- 
tamination of the mercury contacts will normally appear 
as well, crystal damage during CV profiling always may 
occur, especially when dealing with higher doped 
samples. Therefore, special attention to this effect should 
be given when dealing with highly doped epilayers which 
have to be used for further processing. As a positive side 
effect it can be mentioned that the contact surface area of 
the reverse-biased diode contact can be evaluated accu- 
rately after measurement. It should be stressed here that 
the CV results themselves are not influenced noticeably 
by the crystal damage. 
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ABSTRACT 

As device dimensions approach 1 ~m, narrow channel effects are becoming more and more critical. In a LOCOS 
structure, these effects are essentially due to lateral diffusion of the field threshold implant during oxidation. EBIC, 
SIMS, and preferential chemical etching have been used to investigate the effects of high pressure oxidation on lateral 
and in-depth diffusion of boron. It has been found that lateral and vertical diffusion of boron is reduced by 0.20 and 0.33 
~m, respectively, when the pressure increases from 1 to 20 bar. For a 3 t~m linewidth test device, the observed reduction 
of the lateral diffusion of boron with increased pressure is shown to correspond to a 22% increase in the width of the ac- 
tive regions. The actual shape of the boron-doped region under the bird's beak has been deduced from EBIC measure- 
ments and preferential chemical etching within 0.06 ~m accuracy. In addition, the boron segregation coefficient at the 
Si/SiO2 interface is given as a function of pressure. 

MOS devices in integrated circuits are becoming ever 
smaller in an aim to achieve higher device density and 
lower cost. However, many difficulties have arisen from 
the reduction of device size (1). One of these difficulties 
emanates from lateral diffusion of boron, which is used as 
a channel-stop implant in coplanar structures (2). Redis- 
tribution of the boron field implant plays an important  
role in narrow-channel effects (3) and influences the ca- 
pacitance value between the n + sidewall region and the P 
region at the field edge (4). Circuit designers require 
knowledge of such phenomena to draw up valid design 
rules. 

Lee and Dutton have presented a 2-D approach to bo- 
ron impuri ty profiles after oxidation at atmospheric pres- 
sure (5). 

This paper presents measurements of the actual extent, 
both lateral and vertical, of the boron-doped region under 

Key words: bird's beak, electron beam induced current, sec- 
ondary ion mass spectroscopy. 

the bird's beak in samples oxidized under high pressure. 
Test devices were fabricated, and three main characteri- 
zation techniques used: electron-beam-induced conduc- 
tivity (EBIC), secondary ion mass spectroscopy (SIMS), 
and preferential chemical etching. According to our mea- 
surements, lateral diffusion of the boron implant is re- 
duced by 0.20 t~m and vertical diffusion by 0.33 ~m when 
the pressure is increased from 1 to 20 bar. The segrega- 
tion coefficient of boron at the Si/SiO2 interface has also 
been investigated as a function of pressure. 

Experimental 
Sample preparation.--Test devices for determining the 

lateral diffusion of boron were fabricated according to the 
classical coplanar process outlined in Fig. 1. CZ, n-type 
<100> silicon wafers of 10 ~t - cm resistivity were used. 
The wafers were oxidized at 950~ in dry ambient  to grow 
a 0.025 t~m pad oxide. A silicon nitride film, 0.1 ~m thick, 
was deposited by LPCVD. The wafers were subsequently 
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Fig. 1. FabricatiOn sequence of the test device investigated in this 
work 

c o a t e d  w i t h  pho to res i s t ,  a n d  t h e  n i t r i de  fi lm wa s  selec- 
t ive ly  p l a s m a  e t c h e d  so t h a t  a r epe t i t i ve  p a t t e r n  of  n i t r i d e  
s t r ipes  of  w i d t h  Wn was  o b t a i n e d  (see Fig. la), 

The  s a m p l e s  we re  t h e n  i m p l a n t e d  w i t h  b o r o n  at  a dose  
of  3 �9 10 TM c m  -2 a n d  an  e n e r g y  of  80 keV.  The  p h o t o r e s i s t  
was  r e m o v e d ,  and,  a f te r  c lean ing ,  t he  wafe r s  were  oxi- 
d ized  in  a we t  O~ a m b i e n t  at  a c o n s t a n t  t e m p e r a t u r e  of  
920~ a n d  u n d e r  va r ious  t i m e - p r e s s u r e  cond i t i ons ,  as 
s u m m a r i z e d  in Tab le  I. 

F o r  e a c h  p ressu re ,  Pox, t he  c o r r e s p o n d i n g  o x i d a t i o n  
t ime,  tox, was  c h o s e n  so t h a t  a 0.6 ~ m  t h i c k  SiO2 layer  was  
g rown.  T h e  n i t r i de  fi lm was  t h e n  e t c h e d  off  in  or tho-  
p h o s p h o r i c  ac id  at  180~ a n d  t h e  t h i c k  ox ide  was  com- 
p le te ly  r e m o v e d  in  bu f f e r ed  HF. F o l l o w i n g  tha t ,  a 0.1 tzm 
fi lm of  low t e m p e r a t u r e  ox ide  (LTO) was  depos i t ed ,  in- 
t e n d e d  to r e d u c e  t he  r eve r se  c u r r e n t  of  p -n  j u n c t i o n s .  
Final ly ,  a l u m i n u m  e lec t rodes  we re  def ined ,  y i e ld ing  t h e  
s t r u c t u r e  s h o w n  in  Fig. lc.  

Experimental  details .--The d i s t a n c e s  to be  m e a s u r e d  
were  W, (see Fig. la) a n d  We (see Fig. lc). The  la te ra l  diffu- 
s ion of  b o r o n  is t h e n  d e d u c e d  f rom t h e s e  m e a s u r e m e n t s  
u s i n g  t he  r e l a t i on  

1 
Xjl : ~ -  (W n - We) [1]  

In  o t h e r  words ,  ou r  Xjl m e a s u r e m e n t s  are b a s e d  on  t h e  
exac t  va lues  for  Wn a n d  We de r ived  a c c o r d i n g  to t h e  m e t h -  
ods  d e s c r i b e d  below.  

SEM measurement o f  W,. - -Spec ia l  p r e c a u t i o n s  h a d  to 
b e  t a k e n  in th i s  m e a s u r e m e n t .  First ,  we m u s t  p o i n t  ou t  
t h a t  Wn r e p r e s e n t s  t he  ac tua l  w i d t h  of  the  n i t r i de  s t r ipes,  
as s h o w n  in Fig. la, a n d  no t  t he  w i d t h  of  t he  p h o t o m a s k  
u s e d  for  e t c h i n g  t he  resist .  Thus ,  Wn was  m e a s u r e d  j u s t  
a f te r  e t c h i n g  of t he  res i s t  film. Second ,  we h a d  to b e  sure  
t h a t  Wn a n d  We re fe r red  to t he  s a m e  n i t r i de  s t r ipe  on  our  
t e s t  dev ices ;  o the rwise ,  c o n f u s i o n  cou ld  r e s u l t  f r om poss i -  
b le  f luc tua t ions  of  W, on  a g iven  ch ip  or f rom ch ip  to 
chip.  To get  a r o u n d  t h i s  p r o b l e m ,  a l i n e w i d t h  opt ica l  sys- 

Table h Time (fox) and pressure (Pox) conditions 
used in our oxidation process 

Po~ (bar) 1 5 10 15 20 
tox (mfn) 290 56 32 25 19 

Fig. 2. a: Cross-sectional drawing of the sample structure investigated 
by EBIC. b and c: EBIC signal induced by the electron beam swept along 
x'x in Fig. 2o and corresponding to beam energies of 5 and 10 keV, 
respectively. 

te rn  m e a s u r e m e n t  f rom Lei tz  was  u s e d  to de l i nea t e  a n  
a rea  on  each  wafer  in  w h i c h  va r i a t ions  in  l i n e w i d t h  are 
less  t h a n  0.05 ~m.  T h e  wafe r s  we re  t h e n  c l ea red  in  th i s  
a rea  a n d  s u b s e q u e n t l y  o b s e r v e d  in  a c a l i b r a t e d  s c a n n i n g  
e l ec t ron  m i c r o s c o p e  to c h e c k  t h e  opt ica l  m e a s u r e m e n t .  

EBIC measurement of  We.--The w i d t h  We was  m e a s u r e d  
u s i n g  t h e  E B I C  t e c h n i q u e  in  a Jeo l  35C m i c r o s c o p e  oper-  
a t ed  in t h e  l i ne : scan  mode .  As s h o w n  in Fig. 2a, a n  elec- 
t r on  b e a m  of  e n e r g y  E is swep t  a long  x ' x  p e r p e n d i c u l a r  to  
t h e  su r face  of  the  sample .  T h e  c u r r e n t  i n d u c e d  b y  t he  
e l ec t ron  b e a m  in  t h e  p-n  j u n c t i o n s  is co l l ec ted  in  a n  ex ter -  
na l  c i rcu i t  v ia  a 107-108 V/A preampl i f ie r .  

F i g u r e  2b s h o w s  t h e  E B I C  r e s p o n s e  of  t h e  p -n  j u n c t i o n s  
at  a b e a m  e n e r g y  of  5 keV. Th i s  s igna l  e x h i b i t s  t h r e e  dis- 
t i nc t  areas.  

A r e a / . - - T h i s  is loca ted  b e t w e e n  two  a d j a c e n t  p - type  re- 
gions,  i.e., o u t s i d e  t h e  space -cha rge  regions ,  a n d  g ives  r i se  
to a low i n d u c e d  c u r r e n t  i, c o r r e s p o n d i n g  to t h e  d i f fus ion  
pa r t  of  t h e  E B I C  signal .  

Area / / . - - T h i s  is cha rac t e r i zed  b y  a m a x i m u m  i n d u c e d  
c u r r e n t  i,, a n d  c o r r e s p o n d s  to the  nea r ly  ve r t i ca l  space-  
c h a r g e  r eg ion  at t h e  edge  of the  p-n  j u n c t i o n s .  

Area I I I . - -This  c o r r e s p o n d s  to t h e  E B I C  r e s p o n s e  i,,, in  
t h e  p -n  h o r i z o n t a l  j unc t i on .  

In  o rde r  to ex p l a i n  t h e  d e p e n d e n c e  of  t h e  E B I C  s igna l  
on  t h e  b e a m  e n e r g y  E, we shal l  cons ide r  b o t h  t h e  r a n g e  of  
e l ec t rons  in  s i l icon g iven  b y  (6) 

R = 0.01837 E 1'75 R(tzm) 
E(keV) [2] 

a n d  t h e  j u n c t i o n  d e p t h  Xjv e q u i v a l e n t  to a few t e n t h s  of  a 
m i c r o m e t e r ,  as will  be  seen  below.  

In  Fig. 2b, t h e  b e a m  e n e r g y  is se t  so t h a t  R <- Xjv, i.e., 
t h e  l i m i t e d  exc i t a t i on  v o l u m e  a n d  t h e  ve ry  sma l l  diffu- 
s ion  l e n g t h  for  m i n o r i t y  car r ie rs  in  t h e  p+ r eg ion  p r o d u c e  
a low im in tens i ty .  The  E B I C  s ignal  is m a x i m u m  in  area  
II, w h e r e  t h e  space -cha rge  r eg ion  c o m e s  u p  to t h e  s a m p l e  
sur face  (Fig. 2a). 
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The d is tance  W~ be tween  two adjacent  boron-doped  re- 
gions can then  be deduced  f rom the  d is tance  be tween  
two EBIC peaks,  as shown in Fig. 2b. I f  E is now in- 
c reased  (case c in Fig. 2), the  e lect ron-hole  pairs will  be 
main ly  genera ted  in the  hor izontal  space-charge  reg ion  of 
the  junc t ion  (area III), t he reby  increas ing  both  i,H and W~. 
Indeed ,  this increase in W~ can be accounted  for by the  
curve  of  the  space-charge regions  as d rawn in Fig. 2a. Re- 
lation [1] can then  be  wr i t ten  as 

Xj,(E) = ~/2 {W~ - W~ (E)} [3] 

or, in t e rms  of  R, g iven  by [2] 

Xj~(R) = V~ {W, - W~. (R)} [4] 

Finally,  after measur ing  W, and We. (R), we plot  Xj~ (R) 
g iven by Eq. [4] t o  obtain  a 2-D representa t ion  of  the  p-n 
junct ion .  We have  measu red  W~ (E) by vary ing  E f rom 3 to 
9 keV and us ing  e lec t ron-beam intensi t ies  f rom 2 to 20 
pA. L o w  intens i t ies  were  del ibera te ly  chosen  to avoid  fast 
charge  effects in the top ox ide  layer. The fo l lowing exper-  
imenta l  p rocedures  were  l ikewise  in t roduced:  (i) to en- 
hance  the EBIC signal, the  backg round  level  was counter-  
ba lanced by in jec t ing  an adjus table  opposi te  dc current  in 
the  preamplif ier ,  and (ii) to improve  the  accuracy  of  mea- 
surement ,  the  EBIC signal was recorded  on a plot ter  
mon i to red  by the  l ine scan m o d e  of the SEM. 

SIMS analysis.--To comple te  our  E B I C  results,  we  
used a Cameca  IMS 300 ion mic rop robe  for SIMS mea- 
su remen t s  of  bo ron  dep th  profiles in our  samples.  F r o m  
these  profiles, the  segregat ion coeff ic ient  of  boron  at the  
Si/SiO2 in ter face  was deduced.  F la t -bo t tomed,  sharp- 
edged  craters were  crea ted  by  us ing a large defocused  pr  i- 
m a r y  b e a m  (7). 

The . i n -dep th  resolut ion obta ined  in these  craters was 
bet ter  than  5 rim. To obtain  the  same secondary  ion yield 
for boron  in both  sil icon d iox ide  and silicon, an o x y g e n  
flow was set to saturate  the  surface with  respect  to our  
un i fo rm sput ter ing  rate (0.2 n m  s-F). 

Preferential chemical etching.--Preferential chemica l  
e tch ing  of si l icon was used  to reveal  the p-n junc t ions  in 
the LOCOS structure.  The test  devices  were  cleaved,  
preferent ia l ly  e tched  in a 1:3:20 HF/HNOJCH3COOH solu- 
t ion (9) and subsequen t ly  observed  in a SEM. 

Results 
Bird's beak measurement.--Figure 3 is an SEM cross- 

sect ional  v i ew of the  LOCOS s t ructure  ob ta ined  at Pox = 
15 bar. In  this micrograph,  the  bi rd 's  beak  and the  edge  of  
the Si3N4 mask  are clearly del ineated.  The lateral  b i rd 's  
beak  pa rame te r  (LBB) is def ined as the  d is tance  be tween  

the edge  of  the  nl tr ide mask  and the tip of  the bi rd 's  beak. 
SEM examina t ion  showed  that  LBB is equal  to 0.70 --- 0.003 
tLm for all the  sample  condi t ions  g iven in Table  I, i.e., LBB 
is cons tan t  wi th in  the  accuracy  of  our measurement s .  The  
ratio LBB/E,,x where  Eox is the  oxide  thickness,  is found to 
be 1.16 in each case. Therefore ,  h igh pressure  ox ida t ion  
has no signif icant  effect  on the  shape of the bi rd 's  beak. 

Two-dimensional representation of p-n junction, as de- 
duced by SEM-EBIC.--Figure 4 shows the  plots  of  Xj~ (R) 
der ived  f rom relat ion [4] for Pox = 1, 10, and 20 bar, and 
Fig. 5 gives those  for PoX = 1, 5, and 15 bar. In  these  
figures; the  bi rd 's  beak, as seen in the  mic rog raph  in Fig. 
3, has  been  drawn for purposes  of  clarity. The  expe r imen-  
tal points  have  been  de t e rmined  with  an unce r t a in ty  of  -+ 
0.06 t~m, which  is main ly  due  to the  diff iculty in 
de t e rmin ing  the  EBIC maxima.  

F igures  4 and 5 i l lustrate that: (i) the  reduc t ions  o f  Xj~ 
and Xjv are about  0.2 ~ m  and 0.33 ~m, respect ively ,  w h e n  
Pox increases  f rom 1 to 20 bar, and (ii) the  junc t ion  profile 
does  not  vary  signif icantly be tween  10 and 20 bar oxida- 
t ion pressure.  In  the  case of  our  3 t~m l inewid th  test  de- 
vice and tak ing  into account  the  lateral  ex tens ion  of  the 
bi rd 's  beak, this reduc t ion  of  Xj~ with  pressure  leads to a 
re la t ive  increase of the wid th  of the  act ive regions  of  
about  22%. 

Also g iven  in Fig. 4 and 5 (lower lef t -hand corner)  are 
the  junc t ion  depths  X~v for each Pox as deduced  f rom 
SIMS m e a s u r e m e n t s .  These  values  sat isfactori ly fit the  
Xjt (R) plots. Finally,  our  EBIC m e a s u r e m e n t s  sugges t  a 
modif ica t ion  in the curva ture  of  the  junc t ion  profile be- 
nea th  the bi rd 's  beak. The solid lines of the  Xj~ (R) plots 
represen t  the  actual shape of  the junct ion ,  and the dashed  
l ines those  which  migh t  be expected .  This  surpr is ing  re- 
sult  is also found in the following. 

Junction delineation by preferential chemical 
etching.--Figures 6a and 6b show our  resul ts  for Pox = 1 
bar and 15 bar, respect ively.  For  both  pressures,  the  junc-  
t ion has been  revealed.  The  junc t ions  are d rawn schemat-  
ically in Fig. 6c. A reduc t ion  of  X)~ and Xjv occurs  w h e n  
Pox is increased.  However ,  quant i ta t ive  m e a s u r e m e n t s  can 
not  be m a d e  by direct  compar i son  of Fig. 6a and 6b. The  
sample  s t ructures  in these  figures i ssued f rom two dis- 
t inc t  areas of  the  wafer.  Hence ,  var ia t ions  may  exis t  in the  
l inewid th  m e a s u r e m e n t  W, not  taken  into account  in this 
exper iment .  Never theless ,  the modif ica t ion  of  the curva-  
ture  of  the  junc t ion  profile unde r  the b i rd ' s  beak,  as re- 
vea led  by EBIC,  appears  again here. This resul t  will  be 
d i scussed  next.  

SIMS results.--The boron  dep th  profiles measu red  by 
SIMS are plot ted  in Fig. 7 fo r  Pox = 1, 10, and 20 bar. The 

Fig. 3. Cross-sectional SEM mi- 
crograph of the LOCOS structure. 
Oxidation was performed at 920~ 
at pressures of 1, 10, and 20 bar, 
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Fig. 4. Two-dimensional repre- 
sentation of the dopant profiles ob- 
tained after oxidation and deduced 
from EBIC measurements. Oxida- 
tion was performed at 920°C at 
pressures of 1, 10, and 20 bar. 
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Fig. 5. Two-dimensional repre- 
sentation of the dopant profiles ob- 
tained after oxidation and deduced 
from EBIC measurements. Oxida- 
tion was performed at 920°C at 
pressures of 1, S, and 1S bar. 

as- implanted  profile prior  to ox ida t ion  is g iven  for com- 
par ison purposes  (dashed line). The  data  are summar i zed  
in Table  II. 

When Pox increases  f rom 1 to 20 bar, the  fo l lowing can 
be  observed:  (i) the  in-depth  diffusion of  boron  decreases  
f rom 0.47 to 0.14/~m, (ii) the  surface concen t ra t ion  C~ in- 
creases  by a factor  of  2, and (iii) the  m a x i m u m  concent ra-  
t ion C~ax also increases  and is located close to the  Si/SiO2 
interface.  

The segregation coefficient of boron at the Si/SiO~ in- 
terface, defined by 

concentration of B in Si 
m = 

concentration of B in SiO~ 

was determined from SIMS profiles, as shown in Fig. 8a 
and 8b. Results of these calculations are given in Fig. 8c. 
The accuracy of measurement is 5%. m increases from 0.3 
to 1 bar to 0.92 at 20 bar, i.e., the surface concentration in 
silicon at 20 bar is 2.5 times greater than at 1 bar. This re- 
sult is in good agreement with the findings of Fuoss et al. 
(i0), who recently reported a ratio of 2.48 between I and 
10 bar  at To~ = 850°C. 

Table II. Boron profile data deduced by SIMS 

Fig. 6. a and b: Cross-sectional SEM micrographs showing preferential 
chemical etching of the channel-stop diffusion obtained at Pox = 1 and 
15 bar, respectively, c: a schematic representation of cases a and b. 

As-implanted* 1 bar** 5 bar 10 bar 15 bar 20 bar 

Xjv (~m) 0.72 0.93 0.75 0.73 0.62 0.60 
Cs 15 8 21 24 26 21 

(101~ at./cm-3) 
Ca ~.x 120 26 37 40 38 40 

(1015 at./cm -~) 
Depth at Cs ma~ 0.28 0.2 0.12 0.08 0.08 0.08 

(/~m) 

* X~v values calculated from the original surface of Si. 
**Xjv values calculated from the SJ/SiO~ interface. 
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Concentrat ion (At cm -3) 

Fig. 7. Boron concentration pro- 
tiles measured by SIMS. The 
dashed line corresponds to the as- 
implanted profile prior to oxida- 
tion. 
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Discussion 
Our investigations show that the shape of the bird's 

beak and, in particular, its lateral extension LsB are inde- 
pendent  of oxidation pressure. This corroborates the re- 
sults of Wu e t  a l .  (11), who noticed a 30 nm increase in LsB 
at 10 bar compared to that at 1 bar. This increase is within 
the accuracy of our SEM measurements.  

In this work, we have used the EBIC signal obtained at 
a single-line scan of the electron beam to determine the 
2-D redistribution of boron. To our knowledge, this is the 
first use of EBIC for such purposes. Crucial to our study 
were the choice of a test device composed of a repetitive 
line pattern and the use of SIMS data to correctly call- 
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Fig. 8. a and b: SIMS profiles of the boron redistribution in the vicinity 
of the Si/SiO~ interface after oxidation at 1 and 20 bar, respectively, c" 
segregation coefficient m vs. oxidation pressure. 

brate the depth axis of the 2-D plot s, In Fig. 4 and 5, we 
have plotted Xj~ as a function of the electron range R, as 
the Xjl (R) curves correctly fit the Xjv values deduced 
from SIMS. The low energies used, i .e . ,  E <- 10 keV, fur- 
ther justify our choice of R. Indeed, the relationship be- 
tween the collection efficiency of our junctions and E is 
nearly linear. This indicates that the generation mecha- 
nism of the electron-hole pairs is mainly limited by the 
surface recombination velocity. 

Thus, according to a simple model of charge-collection 
(12) the depth of maximum collection shifts towards R, 
i .e. ,  the maximum depth of penetration. At any rate, our 
2-D determination of the junction profiles was carried 
out merely to compare the different boron redistributions 
after oxidation. 

The modification of the curvature of the junction delin- 
eation under the bird's beak revealed by both EBIC and 
preferential chemical etching was a surprising result. 
This particular shape may be accounted for as follows: 
the bird's beak is a region in which local stress within the 
oxide is likely to slow down growth of SiO2 (13). Accord- 
ing to Hu's model (14), the injection of Si interstitials from 
the Si/SiO~ interface will also be reduced, making the oxi- 
dation enhanced diffusion (OED) of boron less effective 
in this area (15). 

As outlined in Table I, the main advantage of a high 
pressure process is a reduction of the oxidation time tox. 
Our results further indicate that the shallowness of the 
junction depth xjv under increasing pressure may be di- 
rectly accounted for by the reduction of tox. Our SIMS re- 
sults served as a first check of the to• ~/~ relationship of the 
in-depth diffusion of boron after heat-treatment. This 
time behavior suggests that, during high pressure oxida- 
tion, boron diffusion may be described using a classical 
model. 

So far, apparently little research has been reported on 
the segregation mechanism of boron during high pressure 
oxidation. Recently, Charitat (16) developed the thermo- 
dynamic aspect of boron segregation on the basis of Fair's 
model  (17). Assuming that the pressure is much lower in 
Si than in SiO2, Charitat stated the thermodynamic equi- 
l ibrium of boron by adding terms proportional to pres- 
sure to the chemical potentials. Therefore, in his model, 
he obtained an exponential  relationship of the segrega- 
tion coefficient, m vs .  Pox. Our results, especially between 
5 and 20 bar, are in good agreement with Charitat's pre- 
diction. 

Conclusions 
In summary, we have drawn the following conclusions. 
1. High pressure oxidation is not only useful for 

reducing time. It also appears very attractive for reducing 



Vol. 131, No. 6 B O R O N  IN  

the lateral diffusion of boron in LOCOS structures. For a 
3 ~m oxide-isolated device, this effect corresponds to a 
22% increase in the active regions. With dimensions 
scaled down to 1 ~m, this relative increase will be propor- 
tionally greater. 

2. Under increasing oxidation pressure, a reduction in 
the junction depth together with an increase in the sur- 
face concentration of boron has been observed. These ef- 
fects could have interesting implications, e.g., choice of 
the implant dose for precise adjustment of the threshold 
voltage of a device would be more straightforward. 

3. A modification of the curvature of the p-n junction 
has been revealed under the bird's beak. This phenome- 
non is considered to be related to stress effects in the 
oxide. 

4. The pumping of boron within the oxide is reduced in 
a high pressure process. This effect is correlated with the 
increase in the surface concentration of boron in silicon. 
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An AES Investigation into the Phase Distribution of Ion-Implanted 
Oxygen in Silicon N-Channel Devices 

C. G. Tuppen and G. J. Davies 
British Telecom Research Laboratories, Ipswich, IP5 7RE, England 

ABSTRACT 

The buried oxide layer formed by high dose ion implantation has been shown, by Auger depth profiling, to be stoi- 
chiometric SIO2. A detailed examination of the Si KLL Auger transition suggested that regions corresponding to the 
tails of the implant profile contained oxygen randomly distributed in the silicon lattice. A model  has been produced 
which accounts for the observed Auger spectrum associated with such a distribution. Ion beam-induced mixing and 
broadening effects are assessed, and the min imum detectable size of SiO2 particles is calculated. 

A number  of recent communications have described 
the successful fabrication of LSI circuits on silicon-on- 
insulator (SOI) substrates prepared using ion-implanta- 
tion techniques (1-3). The good electrical characteristics 
of these circuits have established SOI as a viable alterna- 
tive to the established silicon-on-sapphire (SOS) technol- 
ogy. The insulating layer is prepared by high energy oxy- 
gen ion implantation with a sufficiently high dose to 
form a buried oxide layer. The near-surface silicon retains 
its crystalline properties (4), and, following a high temper- 
ature anneal, can be overgrown with good quality 
epitaxial silicon (4). 

A number  of analysis techniques have been used to 
study the implantation process and subsequent  device- 
fabrication steps. These have included cross section 
transmission electron microscopy (TEM) (2, 4. 5-7). 
Rutherford backscattering spectroscopy (RBS) (2, 7-8), 
secondary ion mass spectrometry (SIMS) (7), x-ray 
photoelectron spectroscopy (XPS) (6-7), and Auger elec- 
tron spectroscopy (AES) (2, 4, 6, 7, 9). Previously, AES has 
been used, qualitatively, to determine the shape of the im- 
planted oxygen profile (6, 7), but  not for accurate quanti- 
tative analysis. 

This paper describes an AES investigation into the dis- 
tribution, dose, and chemistry of the im!alanted layers. 

Particular attention has been paid to the chemical form o f  
the oxygen/silicon interaction both in the main body of 
the implant and more particularly in the ~ t e r f a c e  region. 
The discussion includes a section on two alternative, the- 
oretical models which describe different oxide phase dis- 
tributions. The effect of sputter:cascade mixing is also 
considered. 

Experimental 
Substrates for implantation were 17-23 tl-cm, boron- 

doped, p-type silicon of (100) orientation. The buried ox- 
ide structures were prepared using an electrostatically 
scanned, 400 keV, molecular 03 + ion beam 1. All doses 
have been converted to equivalent  200 keV, atomic O + 
doses. Specimens were implanted through a 2 • 2 em sili- 
con mask, and were supported on silicon points to reduce 
conductive heat loss, thus allowing a higher implantation 
temperature to be attained. Typical ion beam currents 
were in the range 40-52 ~A, resulting in substrate temper- 
atures in the range 450~176 

Following implantation, the substrates were capped 
with CVD silica and annealed in nitrogen at 1150~ for 2h. 
A thin epitaxial Si layer (0:02 ~m) was grown by CVD 

i Courtesy of Dr. P. L. F. Hemment, Surrey University, Guild- 
ford, Engl~nd. 
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from SiCIJI-I~ at 1170~ for 75s. Devices were then fabri- 
cated using the standard 5 ~m n-MOS process. 

AES was performed on a VG Scientific MAS00 
scanning Auger microscope fitted with a 5 keV argon ion 
gun. The spectrometer was controlled by an HP1000 
minicomputer,  which stored all the spectra on disk. This 
allowed detailed postprofiling examina t ion  of peak en- 
ergy shifts and was also used for computer  simulations of 
Auger spectra. 

A series of samples was studied with doses ranging 
from i.i x I0 TM to 3.3 x I0 ~80 + cm -2. Some were analyzed 
"as implanted," while others were profiled following 
various stages of the circuit fabrication process. 

Results 
Auger depth profiles were recorded by multiplexing 

the Si KLL, Si LVV, and O KLL transitions. Sputter  
depth scales were calibrated from a combination of ball- 
lapped craters and Dektak II surface-profile measure- 
ments. Quantification of  Auger peak heights was compli- 
cated by changes in the relative atomic sensitivity of 
silicon. In the transition from elemental Si to stoichiomet- 
ric SiO2, the relative sensitivity increased by a factor of 
3.4. In view of this large matrix effect, all calculations 
were based on the oxygen peak heights, which were 
taken as directly representative of the oxygen concentra- 
tion. Calibration of oxygen concentrations in the im- 
planted region was based on spectra obtained during the 
same profile from silica capping layers and, in the case of 
device structures, silica gate oxides. 

The Auger depth profile through a polysilicon capaci- 
tor fabricated on a 2.0 • 10 '8 ions cm -2 implanted sub- 
strate is shown in Fig. 1. In this case, quantification of 
the silicon concentration was achieved using the relative 
sensitivity of silicon in silica, and so the profile is only 
truly valid in areas of stoichiometric SiO~. It does, how- 
ever, show that the implant saturates at stoichiometric 
SiO2 and also demonstrates the good depth resolution ob- 
tained during this work. Taken from the surface, this 
profile clearly displays the following layers: 0.8 ~tm SiO~ 
passivation, 0.3 ~m polysilicon, 0.05 ~m gate oxide, 0.02 
~m epitaxial silicon, and, finally, the ion-implanted 
oxygen. 

Figure 2 shows how the shape of the oxygen profile 
changed as the dose was increased from 1.1 x 10 Is to 3.3 x 
10 '8 ions cm -z. For doses below 1.8 x 10 's ion cm -~, the im- 
plant failed to reach stoichiometric SiO~, and the profile 
shape follows a distorted gaussian curve with the leading 
edge of the profile displaying a steeper gradient than the 
trailing edge. The 1.8 x 10 TM ions cm -~ profile shows a 
well-formed, flat-topped SiO~ region with very steep 
sides. As the dose was increased still further, the flat- 
top~ped region widened and the leading edge of the im- 
plant approached the surface of the substrate. Profiles 
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Fig. 1. Quantitative Auger depth profile of silicon (�9 and oxygen (X) 
through a polysilicon capacitor fabricated on a 2.0 x 10 TM ions cm -~ im- 
planted substrata. 
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Fig. 2. A series of oxygen Auger depth profiles for implants in the 
range 1.1-3.3 x 10 TM ions cm -~. 

from annealed specimens frequently displayed signifi- 
cant structure in the wings of the implant, e.g., the 2.4 x 
10 TM ions cm -2 profile in Fig. 2. These findings are in ac- 
cord with those of other workers (10, 11) and have been 
explained in terms of preferential nucleation centers (11). 

Depth scales were determined using a series of ball laps 
on the 1.8 x 10 TM ions cm -~ implant. Penetrat ion of the im- 
planted layer by the ball lap was confirmed using Auger 
line scans, and accurate depths were then established 
using a surface profiler. Measurements gave an average 
implant depth of 4000 - 200~ and a layer thickness of 
2100 -+ 200~. 

An implant dose could then be calculated from the inte- 
grated area under the oxygen Auger depth profile, as- 
suming the following. 

1. The O atomic density in the stoichiometric SiO2 layer 
was 5.33 x 1022 atomic cm -s (12). A high silica density 
value is considered appropirate, as the oxide would have 
been under severe compression during growth. 

2. The sputter rate was constant throughout the im- 
planted material. 

3. Interference fringe errors in the ball-lap measure- 
ments were minimal. 

Using the derived 1.8 x 10 TM ions cm -~ implant data, a 
plot of calculated dose vs. measured dose for the full 
range of profiles is shown in Fig. 3. The points all lie on a 
straight line with a slope of - i .  

The Si KLL peak energy was monitored for all profiles 
and confirmed the assigned SiO2 stoichiometry in the 
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Fig. 3. Plot of implant dose calculated from the integrated area under 
oxygen Auger depth profiles v s .  the dose measured during ion 
implantation. 
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flat-topped regions. Concentrating on the near surface 
tail of  the unannealed 1.8 x 1018 ions cm -~ implant  
profile, the Si peak showed a gradual transition from the 
elemental  spectrum to a fully oxidized spectrum (Fig. 4). 
In line with a recent XPS study (13), the integrity of the 
silica, both in the implants and capping layers, was found 
to be unaffected by ion bombardment.  Also, electron- 
beam irradiation was kept to a minimum, and, therefore, 
subsequent  reduction of the oxide was also minimized. 

Analysis of Results 
The close agreement shown earlier between calculated 

and measured doses suggests that the Auger profiles are 
a good representation of the implanted-oxygen distribu- 
tion. A theoretical model  of the implantation process has 
already been produced and used to simulate these Auger 
profiles. A preliminary report of this model  has been de- 
scribed elsewhere (14); a more complete description will 
be published shortly. 

The shape and energy of the Si KLL peak can be used 
as an indication of the phase distribution of oxygen in the 
lattice. Although it has been shown that silicon is present 
as stoichiometric SiO2 in the majority of the implant re- 
gion, the spectra recorded in the near surface tail (Fig. 4) 
need to be discussed in terms of the oxygen phase 
distribution. 

Two independent  models have been proposed for the 
phase distribUtion of oxygen in nonstoichiometric silicon 
oxides; the microscopic-mixture model  and the random 
bonding model  (15, 16). In the microscopic-mixture 
model, the oxide is assumed to be composed of a mixture  
of discrete regions of SiO2 in the Si lattice. In the random 
bonding model, the oxygen is considered to be randomly 
distributed in the Si lattice, giving a mixture of atomically 
localized oxides. These take the form of highly distorted 
tetrahedra with the general formula Si-(SixO4-x) where 0 -< 
x<_4. 

The microscopic-mixture model.--Spectra can be theo- 
retically simulated using the microscopic-mixture model, 
by forming a theoretical matrix of Si and SiO2 peaks (17). 
This technique was confirmed by Auger analysis of a 
specially prepared silicon substrate partially covered by a 
silica layer. The electron beam was kept at a fixed raster 
size and moved stepwise across the Si/SiO2 boundary. 
Using this method, intermediate spectra were recorded, 
ranging from elemental silicon to stoichiometric silica. 
The peak shapes and energies established in this way 
were found to mirror those derived by computer  simula- 
tion. These showed a distinct double peak, unlike the Au- 

ger spectra recorded from ion-implanted material (Fig. 5), 
and gave incorrect energy shifts. A summary of experi- 
mental and calculated peak energies is given in Fig. 6. 

A possible cause of the discrepancy mentioned above 
could be a loss of resolution in spectra recorded during a 
depth profile due to sputter broadening. At any given 
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Fig. 5. KLL Si Auger spectra at a fractional oxygen concentration of 
0.65 compared to Si02. Curve a: recorded during depth profile. Curve b: 
simulated using the microscopic-mixture model. Curve c: simulated 
using the random bonding model. 
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Fig. 6. Plot of Si KLL peak energies vs .  effective SiO~ concentration 
for spectra recorded during depth profiles (�9 spectra simulated using 
the microscopic-mixture model (X), and spectra simulated using the ran- 
dom bonding model (+).  
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point on the profile curve shown in Fig. 4, spectra will 
contain components due to Si/SiO, ratios distributed 
about that point and described by a gaussian sputter 
broadening distribution function. Such a function is in- 
cluded in Fig. 4 and has been calculated on a worst possi- 
ble case based on the broadening equation derived by 
Hofmann (18). After taking account of such a distribution 
in the theoretical microscopic-mixture model, a second 
set of simulations significantly failed to alter the results 
already described. The double-peak structure remained 
intact, and the peak energies showed only minor changes. 

The random bonding model.--The random bonding 
model  can be described in terms of a simple statistical 
distribution of oxygen in the silicon lattice (15). This 
model  assumes that each tetrahedrally coordinated sili- 
con atom can be surrounded by any number  of oxygen 
atoms, up to a maximum of four. Each of the five possi- 
ble tetrahedral oxide structures are assumed to be equally 
probable. The actual distribution varies according to the 
fractional oxygen concentration relative to SiO~. In addi- 
tion, the original model has been modified to take ac- 
count of the change in density between silicon and silica 
(Fig. 7). This distribution was then used to simulate the Si 
KLL Auger spectrum for various oxygen concentrations. 

A recent communication (19) has shown that chemical 
shifts of the Si KLL transition in stoichiometric binary 
compounds is linearly related to the difference in 
eleetronegativities between Si and its partner. This is 
supportive evidence for the assumption made by Johan- 
nessen et al. (17) that the chemical shift for each of the 
five possible tetrahedral oxide coordinations will follow 
a linear relationship. 

The simulation was based on an elemental silicon Au- 
ger peak, and chemical shifts were calculated from a lin- 
ear scale. Taking account of the change in relative atomic 
sensitivity in the transition from Si to SiO2, a spectrum 
was produced for each of the five possible oxide coordi- 
nations. Following the distribution shown in Fig. 7, the 
peak shape and energy of the Si KLL transition was then 
calculated for the full range of oxygen concentrations. In 
line with the implant profiles, the peaks showed a grad- 
ual transition from Si to SiOe with no evidence of the dou- 
ble peak predicted by the microscopic-mixture model, 
(Fig. 5). A plot of simulated peak energies vs. the frac- 
tional oxygen concentration relative to SiO~ (Fig. 6) shows 
that the random bonding model comes very close to pre- 
dicting the experimentally observed results. 

Finally, effects due to ion beam mixing have to be con- 
sidered. During low energy ion etching, some of the en- 
ergy of the incident ion beam is distributed amongst the 
near-surface lattice atoms. This causes random scattering 

2.0 

= ~ ' -• 
~ o  

~ x = 4  

'~, E 1.0 

bS*/ x = 3  
x = O  

0 0.5 1 . 0  

oxygen fraction relative to SiO 2 

Fig. 7. The statistical distribution of silicon atoms in the 
nonstoichiometric oxides described by the random bonding model. The 
silicoa atoms are present in the form of highly distorted tetrohedra with 
the general formula Si-(Si~04 x). 

and collision processes, which disrupt the local order of  
the lattice. The sputter broadening of interfaces is, in 
part, attributable to this effect and has been modeled by 
Anderson (20) in terms of a fixed-step diffusion process. 
Under  the sputtering conditions used in this work, An- 
derson's equation gives a value for the sputter broadening 
of 100)~. To a first approximation, this value can be taken 
as the smallest size of discrete SiO2 particles detectable 
during the set of depth profiles reported here and places 
a rider on the comparison between the oxygen- 
distribution models discussed above. Any silica particles 
distributed in the silicon lattice that were much less than 
100)~ in size would have been "randomized" by the cascade 
mixing process and would thus be indistinguishable from 
the random bonding model. 

Discussion 
The exact phase distribution of oxygen in single-crystal 

silicon has been the subject of  much discussion. This has 
centered mainly on low concentrations of oxygen (< 10 TM 

at. cm -3) dissolved in Czochralski-grown ingots (21-24). 
After extended high temperature annealing (650~176 
precipitation of the dissolved interstitial oxygen was 
found. The rate of precipitation and resultant size of the 
precipitates has been shown to depend on the initial oxy- 
gen concentration, the number  of lattice defects, the an- 
nealing time, and temperature. 

The unannealed 1.8 • 10 TM ions cm -~ sample described in 
Fig. 4 was implanted with a substrate temperature of 
500~ The mobility of interstitial oxygen at this tempera- 
ture is likely to be small, and we would, therefore, expect  
the majority of implanted oxygen to remain in the inter- 
stitial form. Interstitial oxygen would be described by the 
random bonding model and corresponds to the phase 
measured by Auger analysis. TEM micrographs of this 
sample have been published elsewhere (4), and prelimi- 
nary interpretations showed no evidence of SiO~ precipi- 
tates > 200)~. 

One final parameter that should be considered is the 
local lattice temperature at the end of the implant path: 
way. This could be considerably higher than that of the 
surrounding bulk material and may give rise to localized 
precipitation effects. The magnitude and precise physical 
meaning of an increase in local temperature is very 
difficult to define, as the exact mechanisms and range of 
energy loss at termination of the implant process are not 
clearly understood. However, Shimura (25) has demon- 
strated redissolution of precipitates during 1230~ an- 
neals of Czochralski silicon. Therefore, if the local tem- 
perature exceeded - 1200~ precipitate formation would 
not be expected. 

The results presented in this paper represent the first 
stage of a detailed AES investigation into device-quality 
oxygen ion-implanted layers. A subsequent report will 
consider, in detail, the affects of annealing the implants 
and discuss the formation of structure in the wings of the 
profile. In addition, lower energy ion beam sputtering 
will be employed to decrease the min imum detectable 
partiele size in proportion to the square root of the ratioed 
energies, thus reducing areas of uncertainty. 

Conclusions 
1. Auger depth profiles have been recorded for oxygen 

ion implants in the range 1.1-3.3 • 1018 ions cm -2. The pro- 
file distributions have been used to model the implanta- 
tion process theoretically. 

2. Implant  doses ealeulated from Auger profiles accu- 
rately matched values measured during implantation. 

3. The oxygen Auger depth profiles for doses > 1.4 • 
10 TM ions cm -~ displayed flat-topped plateaus which corre- 
sponded to an implanted stoichiometric SiO2 layer. 

4. An initial study of the Si KLL Auger peak shape has 
suggested that oxygen in the near-surface tail of the im- 
plant profile was present as a mixture of atomically ran- 
dom oxide species. The alternative microscopic-mixture 
model  has been discounted for silica particles > 100k in 
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size. Future work at lower ion beam energies will reduce 
the value of this min imum detectable particle size. 
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Selective Low Pressure Chemical Vapor Deposition of Tungsten 
E. K. Broadbent* 
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ABSTRACT 

We have examined the kinetics of low pressure chemical vapor deposition of tungsten by the hydrogen and silicon 
reduction of WF6 within a pressure range of 0.1-5 torr and a temperature range of 250~176 The rate-limiting mecha- 
nism for the hydrogen reduction system was determined to be the dissociation of Ha adsorbed on the surface, with an 
activation energy of 0.71 eV. A se l f  limiting deposit results from the WF~-Si reaction, the thickr/ess and structure of 
which are dependent  upon the initial native oxide characteristics. Deposition occurs selectively on materials that react 
directly with WF~ or yield monatomic hydrogen. In the presence of hydrogen, the degree of selectivity is a function of 
temperature substrate material and surface cleanliness. 

A number  of potential integrated-circuit applications 
exist for selectively deposited tungsten thin films. Gar- 
gini and Be~nglass (1, 2) have demonstrated that select- 
ive]y deposited tungsten (1000-1500A) on polysilicon and 
monosilicon surfaces within MOS device structures can 
serve as an interconnect shunt material and contact diffu- 
sion barrier, respectively. By selective deposition it is 
meant that tungsten is deposited only onto certain materi- 
als on the substrate while the surrounding regions remain 
essentially free of any deposit. Low pressure chemical 
vapor deposition (LPCVD) processing provides several 
distinct advantages over atmospheric CVD techniques. 
These advantages include increased control over the dep- 

*Electrochemical Society Active Member. 
1Present address: Tetron, Incorporated, Fremont, California 

94539. 

osition ambient ,  large load-size throughput ,  lower 
reactant gas flows, high purity deposits, and excellent 
deposit thickness uniformities and conformites. 

Tungsten hexafiuoride is well suited as a source gas for 
tungsten deposition on integrated-circuit substrates since 
it can be reduced by interactions with either hydrogen or 
directly with silicon. Chemical vapor deposition of tung- 
sten has been reported by the hydrogen reduction of WF6 
(3-8) and by the silicon reduction of WF~ (9-12) according 
to the reactions 

WF~ + 3H2 --> W + 6HF 

and 

2WF~ + 3Si -~ 2W + 3SiF4~ 

As will be shown, it becomes advantageous to utilize both 
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reduction reactions to selectively deposit tungsten films 
of an appreciable thickness onto monocrystalline or poly- 
crystalline silicon surfaces. 

A significant amount of work has been devoted  to ex- 
plain the reduction mechanism of WF~ in the presence of 
hydrogen. In particular, Bryant (13) performed an ex- 
haustive investigation of all previously available dePosi- 
tion rate data for the hydrogen reduction of WF~ under 
experimental  conditions in which gas-phase diffusion- 
controlled limitations were absent. His conclusions agree 
with the model presented earlier by Cheung (14), which 
states that the dissociation of H~ molecules adsorbed on 
the substrate was the rate-limiting mechanism under 
surface-controlled reaction conditions. Since surface con- 
trol of a chemical vapor deposition reaction is favored in 
relatively low pressure and temperature regimes, it was 
anticipated that the kinetic evaluation of low temperature 
LPCVD of tungsten by hydrogen reduction would yield 
data in agreement with the findings of Cheung and 
Bryant. 

Much less effort has been committed to explain the re- 
duction mechanism of WF~ by interactions directly with 
silicon. Morosanu and Soltuz (15) reported a linear de- 
pendence between the tungsten deposit thickness and the 
reaction time for thin tungsten films (-< 10,000A) depos- 
ited in an atmospheric CVD flow system. Melliar-Smith 
et al. (1 i) noted a limiting tungsten thickness of 300-400A 
was reached when WF~ was reduced at a surface within 
an inert atmosphere. Sauermann and Wahl (12) also ob- 

s e r v e d  a limiting tungsten deposit thickness which dis- 
played a dependence on the deposition temperature un- 
der high flow atmospheric conditions. 

The purpose of this study was to examine the reaction 
mechanisms involved in low temperature (250~176 low 
pressure (0.1-5 torr) CVD of tungsten. This particular re- 
gime is of practical interest for use in the fabrication of in- 
tegrated circuits where both lower tungsten deposition 
rates and selective deposition is required. Both the hydro- 
gen and the silicon reduction of WF6 were evaluated. Ex- 
per iments  were designed to isolate and study each reduc- 
tion reaction uniquely, without complicating interactions 
from the other. An explanation of the two-stage tungsten 
growth sequence that occurs on silicon in the presence of 
hydrogen was formulated and experimentally verified. A 
discussion of the two separate reduction systems as well 
as the mechanism for selective deposition is presented. 

Experimental Procedure 
The tungsten film depositions were carried out in a low 

pressure CVD system using a three-zone resistance- 
heated horizontal furnace 165 cm long. A quartz furnace 
tube 203 cm long with an inner diameter of 126 mm was 
centrally positioned within the furnace and served as the 
reaction chamber. A quartz boat was used to position the 
substrates vertically w~thin the tube. The chamber  inte- 
rior is evacuated with a series combination of a 164 c.f.m. 
Roots blower and a 36 c.f.m. (at 1 atm) rotary-vane me- 
chanical pump. Gas injection ports located in a load door 
assembly allowed for introduction of the processing gases 
into the chamber. Total chamber pressure was controlled 
by adjusting the speed of the Roots blower pump to- 
gether with the gas flow rate into the tube. Gases used in 
the experiments were tungsten hexafluoride (99.8% WF6), 
hydrogen, and argon (99.9998% Ar). The hydrogen was 
purified using an in-line palladium diffuser element. 

All gas flows were controlled using valves and auto- 
matic mass flow controllers linked to a microprocessor. 
The WF~ exists as a liquid source, and, hence, a resistance 
heating jacket  was placed around the source bottle and 
adjusted to obtain the desired inlet gas line pressure. The 
WF~ gas lines and mass flow controller were heated to 
avoid condensation of the source gas upon interior flow 
surfaces. Temperature within the three heated zones of 
the chamber was monitored with a three-position thermo- 
couple array placed in close proximity to the wafer sub- 
strates. The temperature was controlled to within _+ 2~ of 
the desired value within the deposition zone. Pressure 

was monitored with a capacitance manometer  positioned 
within the chamber. The vacuum integrity of the system 
was ensured with helium leak detectiotl techniques. Ex- 
haust and by-product gases were handled by an exhaust 
hood and water scrubber apparatus. A schematic diagram 
of the system is shown in Fig. 1. 

The deposition substrates were 100 mm diam 7-21 ll-cm 
p-type <111 >-oriented single-crystal silicon wafers. Three 
types of substrates were used: bare silicon, patterned 
oxide-coated, and patterned aluminum-coated. For the 
oxide-coated substrates, a 3000A layer of undoped SiO2 
was thermally grown on the Si and patterned into a sim- 
ple repetitive bar structure by conventional photolitho- 
graphic techniques. The aluminum-coated samples were 
prepared by depositing a 1500A evaporated A1 layer atop 
3000A of thermally grown SIO2. Both the bare and oxide- 
patterned Si substrates received a 2 rain dilute hydro- 
fluoric acid preclean prior to deposit,, followed by a dei- 
onized water rinse and spin dry. The aluminum-coated 
samples received no pretreatment prior to deposition. 
Tungsten deposition thickness was determined using 
fl-backscatter and stylus profilometer measurement  tech- 
niques. The amount of silicon thickness consumed dur- 
ing tungsten deposition was determined by step height 
measurements  and transmission electron microscopy. 

The tungsten is deposited according to the following se- 
quence. The substrates are cleaned by a wet chemical 
pretreatment technique. The loaded reactor tube is evacu- 
ated to a base pressure of less than 0.02 torr. The tube is 
then purged with hydrogen or argon, typically at a flow 
of 1500 cm3/min and a system pressure of 0.3 torr. After 
the substrates reach the desired processing temperature, 
the chamber is again evacuated and metered flows of the 
processing gases are introduced into the chamber. Steady 
flow and pressure conditions are maintained for the dep- 
osition time period, after which the tube is evacuated. 
Dry nitrogen is used to backfill the chamber to atmos- 
pheric pressure. The samples are then cooled and re- 
moved. 

The chemical vapor deposition of tungsten was per- 
formed in a low pressure regime of 0.1-5 torr for a temper- 
ature range of 250~176 During the course of our experi- 
ments, the gas flow rates of WF~, hydrogen, and argon 
ranged between 20-200, 200-2000, and 200-2000 cm~/min, 
respectively. The hydrogen reduction of WF6 was studied 
using H~ and WF6 gases. Aluminum-coated samples 
served as the deposition substrates. Deposition times for 
tungsten on aluminum ranged from 1 to I80 rain. The sili- 
con reduction of WF6 was examined using a hydrogen- 
free mixture  of WF8 and argon gases. The deposition sub- 
strates were either bare or oxide-patterned monosilicon 
wafers. Deposition times for tungsten on silicon ranged 
from 0.1 to 90 rain. 

Results and Discussion 
Hydrogen reduction of WF6.--It was observed early in 

our studies that an adherent tungsten deposition could 
be readily initiated and sustained on aluminum surfaces. 
The use of aluminum-coated substrates with WF6 and H2 
reactant gases enabled us to study uniquely the hydrogen 

VIBRATION 

ASSEMBLY VACUUM 

R~CTJVE '~ZONE RESISTANC'-"~aE'H ~TE  R i VALVE 

SYSTEM 

. . . . . . . . .  
H~TING 
JACK~ 

WFS Ar H~ 

Fig. 1. Schematic diagram of the tungs~n-deposition apparatus 



Vol. 131, No. 6 S E L E C T I V E  L P C V D  O F  T U N G S T E N  1429 

reduction system without any additional complicating ef- 
fects from WF~-silicon interactions. 

The deposition rate of tungsten was examined as a 
function of the substrate temperature between 250 o and 
500~ The growth rate of tungsten was found to be con- 
stant with respect to time. Arrhenius plots were assem- 
bled from the temperature-rate data for several total reac- 
tion pressures (Fig. 2). The HJWF~ mass flow ratio was 
held constant throughout the course  of experiments  for 
each total pressure system. The plots display a constant 
slope throughout  the temperature and pressure ranges 
evaluated, giving evidence of a consistent rate-limiting re- 
action mechanism. From the Arrhenius plots an activa- 
tion energy, E~, of 0.71 eV/atom (69,000 J/mol) was calcu- 
lated. 

A pressure dependence of the tungsten deposition rate 
is apparent in Fig. 2. This dependence was displayed 
more clearly by plotting the growth rate as a function of 
total pressure (Fig. 3) for the same data comprising the 
previous figure. As mentioned earlier, the H2/WF~ molar 
ratio remained essentially constant throughout these ex- 
periments. The deposition rate is seen to display a square 
root dependence on the total pressure (R a p,2). 

Further  experiments were performed to examine the re- 
action order of the WF~-H~ system with respect to each in- 
dividual reactant. A correlation between the deposition 
rate a n d  changes in the H2 partial pressure was first ob- 
tained. Shown in Fig. 4 is the rate as a function of the H~ 
partial pressure component.  During these depositions, 
the WFs partial pressure was maintained constant. Data 
were obtained for substrate temperatures between 270 ~ 
and 475~ The growth rate clearly displays a square root 
dependence on changes in the H2 partial pressure (R 
PH'J2). Similarly, the correlation between deposition rate 
and the WF6 partial pressure was obtained while main- 
taining the H2 partial component  constant (Fig. 5). The 
tungsten growth rate displays no dependence on changes 
in the WFG partial pressure (R a P%.r~). The reaction o rde r  
for this system with respect to hydrogen and tungsten 
hexafluoride was thus determined to be one-half and 
zero, respectively, under the stated conditions. 

Both the temperature and pressure dependence of the 
reaction rate suggest H~ dissociation as the rate-limiting 
surface mechanism. The calculated activation energy 
(0.71 eV/atom) from the data represented in Fig. 2 is in 
close agreement  with the reported value of 67,000 J/mol 
(0.69 eV/atom) for H2 surface diffusion on tungsten (16, 
17). According to Cheung (14), H2 dissociation is con- 
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trolled by the jumping of one of the H atoms to a neigh- 
boring site. The calculated E~ value is also in excellent 
agreement with the value of 16,000 eal/mol (0.69 eV/atom) 
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o b t a i n e d  b y  H o l m a n  a n d  Huege l  (5) for a sur face-con-  
t ro l l ed  WF6-H2 react ion.  

The  a s se s sed  r eac t i on  order  of  t he  WF6-H2 s y s t e m  wi th  
r e spec t  to to ta l  a n d  par t ia l  p r e s s u r e s  p r o v i d e s  f u r t h e r  evi- 
d e n c e  for H2 d i s soc ia t ion  as t he  r a t e -con t ro l l ing  m e c h a -  
n i sm.  C h e u n g  (14) n o t e d  t h a t  e i the r  H2 d i s soc i a t i on  or H F  
d e s o r p t i o n  cou ld  b e  c o n s i s t e n t  r a te - l imi t ing  p r o c e s s e s  un-  
de r  ce r t a in  c o n d i t i o n s  for t he  su r f ace -con t ro l l ed  r educ-  
t ion  of  t u n g s t e n  hexaf luor ide .  He p r o p o s e d  t h a t  t he  ef- 
fect  of  to ta l  p r e s s u r e  on  the  r eac t i on  ra te  w o u l d  p r o v i d e  
t he  m o s t  cr i t ica l  t e s t  of the  con t ro l l i ng  m e c h a n i s m .  For  a 
c o n s t a n t  feed-gas  compos i t i on ,  t he  depos i t i on  ra te  s h o u l d  
v a r y  as the  s q u a r e  root  of  the  to ta l  p r e s s u r e  i f  t he  rate-  
l im i t i ng  m e c h a n i s m  were  t h a t  of  H~ d i ssoc ia t ion .  This  
was  i n d e e d  the  case d e m o n s t r a t e d  in  our  e x p e r i m e n t s  
(Fig. 3). The  s q u a r e  root  to ta l  p r e s s u r e  d e p e n d e n c e  of the  
t u n g s t e n  g r o w t h  ra te  was  f u r t h e r  d e c i p h e r e d  by  e x a m i n a -  
t ion  of  t he  ra te  w i th  r e s pec t  to i n d i v i d u a l  r e a c t a n t  pres-  
sure  (Fig. 4 a n d  5). T he  r eac t ion  o rde r s  de r i ved  for  CVD 
t u n g s t e n  f o r m a t i o n  k ine t i c s  i nd i ca t e  t h a t  on ly  t he  rate-  
l i m i t i n g  k ine t i c  s tep  of  H2 d i s soc ia t ion  w o u l d  y ie ld  t he  
o b s e r v e d  d e p e n d e n c e s  (13). 

Silicon reduction of WF6.--The d e p o s i t i o n  ra te  of  tung-  
s t en  on  s i l icon was  e x a m i n e d  for severa l  s u b s t r a t e  t em-  
p e r a t u r e s  u s i n g  WF6 a n d  Ar  gases.  T he  t u n g s t e n  g r o w t h  
ra te  on  Si is no t  l inea r  w i th  r e s pec t  to t ime.  The  r e d u c t i o n  
r eac t i on  b e t w e e n  WF6 a n d  Si p r o c e e d s  r ap id ly  un t i l  a l im- 
i t ing  d e p o s i t  t h i c k n e s s  is r eached .  Once  th i s  l im i t i ng  layer  
is ach ieved ,  no  f u r t h e r  d e p o s i t i o n  was o b s e r v e d  to t ake  
p lace  (Fig. 6). I t  is to  be  n o t e d  t h a t  t he  l im i t i ng  depos i t  
t h i c k n e s s  was  o b s e r v e d  w i t h i n  t he  s h o r t e s t  con t ro l l ab l e  
depos i t  t i m e  of 0.1 m i n  (6s), a n d  t h a t  th i s  t h i c k n e s s  ap- 
pea r s  re la t ive ly  i n d e p e n d e n t  of t he  t e m p e r a t u r e s  exam-  
ined.  The  c o n s i s t e n t  r e su l t s  s h o w n  in Fig. 6 were  ob- 
t a ined  by  load ing  all s u b s t r a t e s  in to  a r eac to r  t u b e  coo led  
to r o o m  t e m p e r a t u r e ,  a n d  t h e n  r a m p i n g  u p  to t e m p e r a -  
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Fig. 6. Thickness of tungsten deposit an silicon as o function of deposi- 
tion time (Ar: WF6 flow = 10, 1250 cm~/min total flow, 0.5 torr). 

t u re  w i t h  an  i ne r t  a m b i e n t  p r io r  to p e r f o r m i n g  t he  deposi -  
t ion.  

The  d e p o s i t i o n  of  t u n g s t e n  r e su l t i ng  f r o m  WF6-Si reac- 
t ions  occu r s  at  a ra te  of  at  leas t  1000 A/rain un t i l  t h e  l imit-  
ing  depos i t  t h i c k n e s s  is r eached .  Our  f ind ings  w i t h  re- 
spec t  to a l imi t ing  depos i t  t h i c k n e s s  of 100-150A for  t he  
t e m p e r a t u r e  r a n g e  of 270~176 are in  accord  w i t h  the  re- 
sul ts  r e p o r t e d  by  Mel l i a r -Smi th  et al. (11). T h e y  o b s e r v e d  
a l imi t ing  t u n g s t e n  t h i c k n e s s  of 300-400A w h e n  t u n g s t e n  
h e x a f l u o r i d e  was  r e d u c e d  b y  s i l icon in an  i ne r t  a tmo-  
s p h e r e  b e t w e e n  420 ~ a n d  880~ U n d e r  no  c o n d i t i o n s  did  
we o b s e r v e  a l inea r  d e p e n d e n c e  of t u n g s t e n  depos i t  
t h i c k n e s s  on  r eac t ion  t ime,  as r e p o r t e d  by  M o r o s a n u  a n d  
So l tuz  (15). 

The  t h i c k n e s s  a n d  phys i ca l  s t r u c t u r e  of  t h e  depos i t  
l ayer  we re  f o u n d  to be  e x t r e m e l y  d e p e n d e n t  u p o n  the  ini-  
t ial  s i l icon sur face  p r epa ra t i on ,  a n d  h e n c e  t he  n a t i v e  ox- 
ide  charac te r i s t i cs .  E v i d e n c e  of  th i s  is s een  in  Fig. 7, 
w h e r e  t h e  l imi t ing  depos i t  t h i c k n e s s  is r e c o r d e d  for  two 
d i f f e ren t  l o a d / p r e p a r a t i o n  t e c h n i q u e s .  S u b s t r a t e s  receiv-  
ing  e i t he r  no  p r e t r e a t m e n t  or an  i n a d q u a t e  we t  c h e m i c a l  
c l ean ing  t r e a t m e n t  of ten  d i s p l a y e d  v i s ib le  " s t r e a k i n g "  
across  t he  depos i t  layer.  Th i s  s t r e a k e d  a p p e a r a n c e  is a re- 
su l t  of  n o n u n i f o r m i t i e s  ex i s t i ng  in  t he  depos i t  t h i c k n e s s  
a n d  sur face  r o u g h n e s s  across  a subs t ra te .  A ve ry  s m o o t h  
sur face  is typ ica l  of t u n g s t e n  depos i t  r eg ions  w h e r e  a l im- 
i t ing  t h i c k n e s s  of  less t h a n  a few h u n d r e d  a n g s t r o m s  has  
b e e n  r e a c h e d  (Fig. 8). T h e s e  r eg ions  a p p e a r  ve ry  specu la r  
u n d e r  op t ica l  l igh t  i n spec t ion .  F i lm  reg ions  p o s s e s s i n g  a 
g rea te r  l im i t i ng  depos i t  t h i c k n e s s  d i sp lay  an  i n c r e a s i n g  
sur face  r o u g h n e s s ,  a p p e a r i n g  c loudy  or m i lky -wh i t e  un-  
de r  op t ica l  in spec t ion .  
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Fig. 8. 5EM micrographs showing surface roughness for a limiting 
tungsten deposit of (a, top) |20A and (b, bottom) 800A. 

The surface roughness of the deposited-tungsten layer 
was found to correlate with the tungsten-to-silicon intei- 
face roughness. Cross-sectional profiles of the W-to-St in- 
terface were obtained using a stylus profitometer after re- 
moving the deposited layer in a solution of hydroge n 
peroxide. Thin deposits display both a very smooth W 
surface and a very even W-to-St interface profile. Depos- 
its that possess a greater limiting deposit thickness dis- 
play an extreme W surface roughness (~ 400-800A) and a 
very uneven W-to-St interface (Fig. 9). These observations 
were also confirmed using transmission electron micros- 
copy (TEM) analysis of several prepared cross-sectional 
sample specimens (18). 

No evidence of continued WF6-Si reactions exists after a 
limiting deposit layer is formed. The data of Fig. 6 do not 
suggest a diffusion-controlled transport mechanism of 
WF6 through the deposit layer to the W-St interface exists 
after the initial reaction stage. Scanning transmission 

(INITIAL Si SURFACE) 
A 

0.1pm 

T 

(INITIAL Si SURFACE) 

0.1~m 

Fig. 9. Profile cross section of the exposed W-to-Si interface for o lim- 
iting deposit of (a) 120A and (b) 800A, after removal of tungsten 
material. 

electron microscopy/energy dispersive x-ray analysis 
(STEM/EDX) and electron diffraction analysis of deposits 
obtained at 300 ~ and 425~ show the tungsten films to be 
comprised of monocrystalline W grains, containing no 
large (> 1 atom percent [a/o]) amounts of St. An abrupt in- 
terface exists between the tungsten grain structure and 
the silicon lattice. At higher processing temperatures,-the 
underlying silicon can be expected to react with tungsten 
in the formation of WSi2. WF, species will react only with 
exposed regions of silicon until a continuous tungsten 
product layer is formed. 

It can be argued that a more homogeneous rate of reac- 
tion between WF6 and Si across a surface would result in 
a continuous limiting layer being formed with a minimal 
amount of silicon consumption. The presence of an oxide 
layer on the silicon surface can act as a barrier to the 
WF~-Si reaction. Where nonuniformities in the thickness 
and structure (e.g., pinhole density) of the oxide occur, 
the reaction will first initiate at preferred sites where the 
WF~ can penetrate the barrier. Lateral tungsten growth 
from locally adjacent sites contributes to the formation of 
a continuous layer. As the density and uniformity of reac- 
tion sites increases, a continuous product layer is formed 
earlier, the resultant W-St interface is more even and less 
consumption of silicon is required to yield the passivating 
layer. Where silicon surfaces have been exposed to higher 
temperatures in the presence of an oxidizing ambient, 
limiting deposits possessing both a greater thickness (Fig. 
7) and a greater W-to-St interface roughness (Fig. 9b) have 
resulted. As the thickness of the initial surface oxide layer 
continues to increase, discontinuous layers of islandlike 
growths, as well as no tungsten growth at all, were ob- 
served. 

The thickness of silicon consumed during deposit was 
measured for the sample group prepared at 300~ using 
a number of deposit times. The ratio of silicon depth con- 
sumed to tungsten thickness deposited was observed to 
be approximately 2:1. Considering the stoichiometry of 
the WF~-Si reaction, calculations predict that 1.9A of sili- 
con would be consumed for each iA of tungsten depos- 
ited. This corresponds well to our observed 2:1 ratio. 

Growth sequence on Si in presence of hydrogen.--A 
problem arises in using only the silicon reduction of WF6 
to perform depositions on silicon because only a limiting 
tungsten layer is achievable. Thus, if controllable deposi- 
tion thicknesses of greater than several hundred ang- 
stroms are desired with minimal Si consumption, it t~e- 
comes necessary to use both the silicon and hydrogen re- 
duction reactions to result in thicker deposit layers. On 
the basis of separate examination of the reaction mecha- 
nisms of the WF~-Si and WF6-H2 systems, a model  was 
proposed and verified for the g rowth  sequence that oc- 
curs on silicon in the presence of both WF6 and hydrogen. 

Examination of the growth sequence on silicon sub- 
strates suggests the following steps result (Fig: i0). The 
precleaned substrates are introduced into the reactor, and 
a deposition cycle is accomplished in which both WF6 and 
H2 gases are present. The exposed regions of silicon rap- 
idly react with and reduce WF~, yielding a thin limiting 
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Fig. 10. Sequence of selective growth on Si in presence of hydrogen 
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tungsten deposit. As this reaction involves direct Si con- 
sumption, the ensuing growth and deposit occurs internal 
to the original silicon bulk structure. Once continuous, 
however, the limiting deposit layer passivates the WF~-Si 
reaction and provides an initiatory metal layer now capa- 
ble of sustaining hydrogen dissociation. As dissociation 
occurs, the WF~-H2 reaction results in additional amounts 
of tungsten deposit at a constant growth rate. This phase 
of growth thus continues until the desired final deposit 
thickness is achieved. To verify the existence of a two- 
stage growth sequence, tungsten films were deposited at 
lower substrate temperatures of 270 ~ 300 ~ 325 ~ and 350~ 
onto silicon substrates in the presence of WF~ and H2. 
Thickness measurements performed after various deposit 
t imes demonstrate clearly the occurrence of a two-stage 
growth sequence  (Fig. 11). 

Selective deposition.--Tungsten was deposited on a 
number  of additional samples prepared by patterning var- 
ious materials on silicon substrates. These samples pro- 
vided information as to the selective nature of low pres- 
sure CVD of tungsten. In the presence of tungsten 
hexafluoride and argon, selective limiting deposits of 
tungsten were observed on both monocrystalline and 
polycrystalline silicon surfaces within the entire tempera- 
ture and pressure ranges examined. These areas of ex- 
posed silicon were immediately adjacent to areas of both 
silicon dioxide and silicon nitride on the substrate. Ruth- 
erford backscattering (RBS) analysis resolved the amount  
of residue accrued on such adjacent dielectric surfaces to  
be much less than one atomic monolayer (10 ~ atom/cm ~) 
of tungsten, while also confirming the absence of tung- 
sten within the bulk material. The surface of the quartz 
reaction chamber and substrate holder remain visibly free 
of any tungsten deposit when using WF6 and Ar gases 
only, even after many hours of accumulated processing 
time. 

In the presence of tungsten hexafluoride and hydro- 
gen, selective deposition was observed to be dependent  
upon temperature, the local chemical composition of the 
surface, and surface cleanliness. As discussed previously, 
the initiation of a tungsten deposit on a particular mate- 
rial depends on the ability of this material to either (i) re- 
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Fig. 11. Thickness of tungsten deposit on Si as a function of time in the 
presence of hydrogen (H~:WF6 flow = 15g, 1700 crn3/min total flow, 0.5 
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duce directly the hexafluoride species, as in the case of 
silicon, or (ii) yield monatomic hydrogen. Certain materi- 
als act as nucleating surfaces throughout the entire 
250~176 temperature range examined. Other materials, 
however, such as silicon dioxide, were seen to be both 
nucleating and non-nucleating, depending on the spec- 
ific preparation of the oxide layer and conditions of the 
deposit. In general, increasing temperature leads to a loss 
of selectivity and deposition results on all materials pres- 
ent. Surface cleanliness also plays a role in the selective 
nature of the deposition, as contamination can locally re- 
tard or enhance the ability of a surface to initiate a 
deposit. 

Cuomo and Laff (19) reported the ability to selectively 
deposit tungsten onto certain desired nucleating surfaces 
by chemically ablating the remaining portions of the sub- 
strate surface area. Such ablation is a consequence of at- 
tack by either the hexafluoride metal compound or hy- 
drogen fluoride by-product, and is facilitated by high 
vapor concentrations as well as high reactor tempera- 
tures. Using low pressure CVD of tungsten, an ablative 
mechanism is not required in order to achieve selective 
deposition. Typically, for pressures below 1 torr, less than 
20A of SiO2 is eroded in depositing 2000A of tungsten se- 
lectively, The specific mechanism for selective deposi- 
tion using low temperature-low pressure CVD techniques 
appears directly linked to free silicon and hydrogen sur- 
face interactions, and remains the focus of continuing 
studies. 

Conclusions 
The lower temperature-pressure conditions examined 

in the chemical vapor deposition of tungsten yield 
surface-controlled reactions for both the hydrogen and 
silicon reduction of WF6. The rate-limiting mechanism in 
the WF6-H2 system was found to be the dissociation of hy- 
drogen on the substrate. An activation energy of 0.71 
eV/atom (69,000 J/tool) was found for this reaction. The 
deposition rate displays a square root dependence on the 
H2 partial pressure. Observed deposition rates range from 
10 to 3500 A/rain. 

For the WF6-Si system, limited deposits of a controlled 
thickness (100-150A) were formed on monocrystalline Si 
at all temperatures examined. The resultant surface 
roughness and film thickness are dependent upon native 
oxide characteristics, and hence the Si surface prepara- 
tion. In the presence of hydrogen, a two-stage tungsten 
growth sequence occurs on silicon. Within a patterned 
substrate, an ablation mechanism is not necessary for se- 
lective deposition, as less than 20A of SiO2 is eroded in de- 
positing 2000A of tungsten. 
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Modeling of Sulfur Incorporation during Low Pressure CVD of 
GaAs (100) in the Ga-HCI-AsH -H -H S System 

J. Korec, D. Grundmann, and M. Heyen 
Institute of Semiconductor Electronics, Technical University Aachen, D-5100 Aachen, Germany 

ABSTRACT 
An extension is presented of an earlier model of the epitaxial growth of GaAs (100) under  reduced pressure to in- 

clude sulfur incorporation. In describing the growth of doped crystals, the dopant is treated in the same manner  as the 
lattice components. Its incorporation flux is obtained from a dynamic balance between diffusion of the gaseous 
reactants towards the substrate and a sequence of surface processes. In the case of sulfur doping, the process is de- 
scribed as first leading to the formation of GaS which subsequently yields a regular solution GaAsl ~S~. The molar ratio 
x is determined by the ratio of the incorporation flux of the dopant and the growth rate of GaAs. Model calculations 
show quantitative agreement with the experimental  data for the Ga-HC1-AsH3-H2-H~S system at various H~ pressure s. 

Reduction of the total pressure in the deposition system 
leads to improved uniformity of the thickness and d o p a n t  
concentration of epitaxial films. For this reason, the low 
pressure technique has  gained considerable importance 
in the technology of semiconductor devices. 

The growth and doping of GaAs deposited under  re- 
duced H~ pressures have been the subjects of recent in- 
vestigations in our laboratory (1, 2). The topic of the pres- 
ent  study is the analysis of the kinetics of the dopant 
incorporation for the case of the Ga-HC1-AsH3-H2-H2S sys- 
tem at low H2 pressures. As in the modeling of the growth 
process, a description of dopant incorporation requires 
taking into account the complete series of kinetic steps of 
diffusion in the gas-phase, adsorption, chemical reaction, 
and surface diffusion (3). To this end we will extend the 
model of GaAs growth on (100) surfaces for atmospheric 
(4) and reduced total pressures (5) to include sulfur incor- 
poration. The model considerations will be focused on 
the experimental  results published by Veuhoff et al. (2). 

Model of Dopant Incorporation 
Following Stringfellow (6), the sulfur incorporation in 

GaAs will be treated as the formation of GaS and its dis- 
solution into GaAs to give a regular solution GaAs~ xS~. 
The diffusion of H2S through the gas phase towards the 
growth surface should obey the mass-balance equation 
for sulfur atoms 

kd..2s (P~ - PH2s) = Jc~s [i] 

with 
213 o V 

kaH2S= (Do'"2s~ ka.HCt 
�9 \ Do.HC~ / 

[2] 

where kd.Hzs is the mass-transfer coefficient, P%2s the input  
Key words: doping, gas phase epitaxy, growth kinetics. 

partial pressure of H2S, PH2S the H2S pressure near the 
substrate surface, Ja,s the formation flux of the GaS in 
the solid mixture, Do,~2s and Do.~c~ the gas-phase diffusion 
coefficients for H2S and HC1 in H~ at 273 K, V the linear 
gas velocity, and P the total pressure. We will put the lat- 
ter quantity equal to the H2 pressure in the reactor. The 
ratio of Do.~2s a~ Do.~r is estimated to be 1.057; the value of 
k%.Hc, is known from our growth calculations to be 7 - 104 
~m h -1 bar -1 (5). 

The mass transport in the gas phase is followed by ad- 
sorption of the species and chemical reaction at the sub- 
strate surface 

GaC1 + v ~ GaCl(~d) [3] 

H2S + v ~ H2S(ad) [4] 

H~S(,d~ + GaCL, d- ~ GaS(~d) + HC1 + H + v [5] 

H ~ 1/2 H~ [6] 

GaS(~d) ~ GaS(~) + v [7] 

where v denotes a surface site of the arsenic sublattice; 
these adsorption sites were assumed to be the same in the 
doping and growth processes (4). Reaction [7] includes a 
surface diffusion step. However, in the growth model, the 
effect of surface diffusion was neglected for the (I00) sub- 
strate orientation, and the same will be clone here. The 
rate-limiting step on the surface is assumed to be reac- 
tion [5] leading to formation of GaS. Following the earlier 
study (3), the rate of this reaction is described in terms of 
the activated complex theory 

k.T 
J G a s  = O" " ~ "  - - h  " Z*  (~GaCl(ad) " kH2S(ad) 

- ~s (~)  �9 kHcl" hH" ~)  [8] 

where o- is the thickness of the absorbed layer, ~ the 
transmission coefficient, k Boltzmann's constant, T the 
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substra te  tempera ture ,  h P lanck ' s  constant,  z* the  parti- 
t ion func t ion  of  the  act ivated complex  GaC1-H2S*(~a), and 
~ the absolu te  act ivi ty  of the  species i. 

A s s u m i n g  the  equ i l ib r ium state for the  react ions [3], [4], 
[6], and [7], we obta in  (see Append ix )  

XGaClr = XGaCl " X~ [9] 

~t-H2S(ad ) = ~t-H2 S ' X v [i0] 

XH = kH~ 1;~ [11] 

XGaS(ad ) = XGaS(s) �9 )k v [12] 

By expressing the absolute activities X~ in terms of the ab- 
solute activities in the standard state X~ and activities of 
the species i, we can rearrange Eq. [8] to the form 

Ja~s = C �9 0~ 2 (PG~c, " PH2S -- aGaS(s)PHcl PH2~I2/K) [13] 

with 

k ' T  * 
C = ~ '  Y r  z " h%~cl �9 X~ 2 [14] 

Since  at typical  H2S pressures,  the  effect  of  S conta in ing  
species on the  fract ion of  free adsorp t ion  sites 0~ is negli-  
gible, we will use  the  va lue  of  0v calcula ted f rom the  
growth  mode l  in absence  of  H2S (4). The  equ i l ib r ium con- 
stant  K in Eq. [13] is the equ i l ib r ium cons tan t  of  the  over- 
all reaction,  which  may  be obta ined  by addi t ion  of  the re- 
act ions [3] th rough  [7] 

GaC1 + H2S ~- GaS(s) + HC1 + 1/2 H2 [15] 

The  act ivi ty  acas(~) appear ing  in Eq. [13] can be expressed  in 
the form 

[ (1 - x(~) 2E ) 
aGas(s) = X(s) exp  ~ - ~ -  [16] 

where  x(~) is the  molar  ratio of  GaS incorpora ted  in the  
solid at the  s emiconduc to r  surface and E the  in te rac t ion  
energy  be tween  GaAs and GaS. Taking  into accoun t  that  
the  molar  ratio x has values  be tween  10 -6 and 10 -3, we see 
that  the  act ivi ty  of  the  GaAs phase  remains  close to uni ty  
also in doped  samples  and s impli fy  Eq.  [16] to 

a~s(~) = x(~) exp  - ~ -  [17] 

The  flux J~as d iscussed  above  (Eq. [13]) descr ibes  the  in.- 
corpora t ion  of neutra l  S a toms into the  substrate  surface. 
In  a nex t  step, they  are ionized, poss ibly  after  be ing  cov- 
ered by the  nex t  g rown  mono laye r  

S(~) -~ S+(~) + e- [18] 

As one can expect, different binding energies of dopant 
atoms near the surface and in the bulk of the crystal, the 
concentration of ionized S atoms in the volume [S+(b)] can 
differ from that at the surface [S+(~)]. At given growth con- 
ditions, the volume concentration should be adjusted ac- 
cordingly 

S+(~) ~-~ S+(h) [19] 

If the total process of S uptake takes place at near equilib- 
rium conditions, one could expect for [S+<b)] < ni 

[S+(n)]e,, PH2S [20] 
ni 

and for [S+(h)] = n < ni 

[S+(b)Jeq ~ pU2H2 S [21] 

where  n~ is the  intr insic e lec t ron concent ra t ion  at g rowth  
t empe ra tu r e  (5 • 10 '6 cm -3 at 1000 K). However ,  it was ob- 
se rved  that  the carrier  concent ra t ion  depends  l inearly on 
the H2S pressure  for sulfur concent ra t ions  co r respond ing  
to the  ent i re  accessible  range of e lectron concentra t ions ,  
namely, up to 3 x i01~ cm -8 (7). Hurle (8) explained this 
apparent discrepancy by postulating the existence of a 
high concentration of donor-type As vacancies fixing the 

Fermi  level  at g rowth  t empera tu re  for all sulfur  concen-  
trations.  However ,  Veuhof f  et al. (9) could  show that  the  
sulfur  up take  cont inues  l inear ly  beyond  the  sa tura t ion 
level  of  the  e lec t ron concentra t ion,  namely,  up to approxi-  
mate ly  5 • 10 TM cm -3. I t  seems unl ike ly  that  the  vacanc ies  
in a CVD-grown mater ia l  could  reach concent ra t ions  as 
great  as 102o cm -~. 

A second possible  explana t ion  was given by Zschaue r  
and Vogel  (10) and Casey and Pan ish  (11) for L P E  of 
GaAs. These  authors  postula te  a p inn ing  of  the  Fe rmi  
level  at the  surface due  to a large dens i ty  of  acceptor- l ike  
surface states. Fo l lowing  this hypothesis ,  the  l inear  
up take  of  the  dopant  can be exp la ined  p rov ided  that  the  
g rowth  rate is h igher  than  the rate of exchange  of dopan t  
a toms be tween  the  surface region and the  v o l u m e  of the 
film. A s s u m i n g  that  in this case equ i l ib r ium exists  be- 
tween  the  gas phase and the substrate  surface one obtains 

[S+(b) ] = [S+ s)]e q PH2S [22] 
n(s) 

where  the  surface e lectron concent ra t ion  n(s~ does not  de- 
pend  on the  dop ing  level. It  has been  obse rved  in U H V  
expe r imen t s  at room t empera tu re  that  the  adsorp t ion  of  
hydrogen  a toms on clean n-type (110) GaAs causes 
acceptor- l ike  defects  which  lead to a dep le t ion  of the sur- 
face (12). However ,  it should  be m e n t i o n e d  that  there  is 
no direct  expe r imen ta l  ev idence  for the p inn ing  of  the 
Fe rmi  level  under  growth  condit ions.  

The same qual i ta t ive  resul ts  concern ing  the  dop ing  in 
CVD sys tems can be obta ined  by s imply  a s suming  differ- 
ent  b ind ing  energies  for neutral  dopan t  a toms at the  inter- 
face and in the  v o l u m e  of the semiconductor .  Also in this 
case, for g rowth  rates larger  than  some critical value, the  
dopan t  a toms incorpora ted  in the  surface are t r apped  by 
the g rowing  layer. At  smal ler  growth rates, the  t rapped  
dopan t  a toms have  the  possibi l i ty  of  ad jus t ing  thei r  con- 
cent ra t ion  in the  v o l u m e  in accordance  to the  constra ints  
of  equ i l ib r ium the rmodynamics .  For  all cases m e n t i o n e d  
above,  the  molar  ratio of dopant  in the  v o l u m e  x(b) will  be 
ad jus ted  to the  surface  condi t ions  (x(~)); the  level  of  ad- 
j u s t m e n t  is de t e rmined  by the  ratio of  diffusion rate and 
the rate of mot ion  of  the g rowing  surface (13) 

X(b) 
kr - - k~, + (1 - k~q) exp ( - r J r )  [23] 

X{s) 

with 

= EZ4J 
X(s) eq 

r~. = Ds/d [25] 

r = ~CaASJc, aA~ [26] 

where  k~ is the equ i l ib r ium value  of the d is t r ibut ion  
c o e f f i c i e n t  kr, r c is the  critical g rowth  rate de t e rmined  by 
the  ratio of  the  diffusion coeff icient  of sulfur Ds in GaAs 
and the  wid th  of  the  region over  which  the dopan t  gradi- 
en t  at the  interface extends ,  and r is the actual  growth 
rate re la ted  to JC~A~ by the  molecu la r  v o l u m e  of GaAs in 
the  solid 12~aAs. 

Cons idera t ion  of  dopant  red is t r ibu t ion  in the solid re- 
quires  an es t imat ion  of two parameters ,  k~, and r(.. The 
values  of these  parameters  can differ  for the var ious  mod-  
els d i scussed  above,  but  the formal  descr ip t ion  on this 
p h e n o m e n a  by Eq  [23]-[26] should  remain  valid. 

An i m m e d i a t e  consequence  of  the  mass  ba lance  for sul- 
fur atoms,  is that  the  ne t  diffusion flux of  sulfur  con- 
ta ining species in the gas phase  (Eq. [1]) equals  the incor- 
pora t ion  flux of  GaS (Eq. [13]). The  molar  f ract ion of GaS 
incorpora ted  in the bulk  of  the  g rowing  film is g iven  by 

J6as JGas 
- -  [27] 

X(b) -- J6as + JGahs JGaAs 

In t roduc ing  Eq. [13], [17] and [23] in Eq.  [27] yields 

COy 2 
- (b)PHcIP H 2 KeJkr) [28] X(b) = ~ (P6aclPFr2S X 1/2 
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wi th  

K+, = e x p ( E / k T ) / K  [29] 

For  PH=s fol lows f rom Eq. [1] and [27] 

PH2s = P~ - Xm)JG~AJkd.~2s [30] 

Subs t i tu t ing  PH2s in Eq.  [28] us ing  Eq. [30], we obta in  

P~ 
x(b) 1 + 1 + ~-qPHctP H2 

JGaAs COv~PGac 1 ka,H2S krPGac 1 
[31] 

A s s u m i n g  negl igible  effect  of  the  dop ing  process  on the  
mass  t ranspor t  balances  for GaC1, HC1, and H2 and on the  
surface  coverage  factors for adsorbed  species  resu l t ing  
f rom the  g rowth  of GaAs (because P~ < <  P%c~, P~ 
the  quant i t ies  JG~A~, 0~, PG~C,, PHC,, and Ps2 (Eq. [31]) can be  
t aken  f rom the  g rowth  calculat ions  (4, 5). Thus,  after 
es t imat ing  the  factors C, K+~, r~ and k~, we  can use  Eq  
[31], [2], and [23] to calculate  the  d e p e n d e n c e  of  the  mola r  
ratio x(~) on such  technologica l  parameters  as P~ T, V, P, 
P~ and P~ 

In  order  to de te rmine  the  cont r ibut ion  of the  di f ferent  
process  steps to the  overal l  k inet ics  of dopan t  incorpora-  
tion, we rewri te  Eq. [31] as fol lows 

P~ 
x(~) = [32] 

A �9 r + B �9 r + E/kr 

w h e r e  

A = 1/(~GaAsikdm2S) [33] 

B = 1/(~aaAs" COy 2 �9 PGaCt) [34] 

E = PEel"  pl/2Hu K ~ / P ~ c l  [35] 

The  t e r m s  A �9 r, B �9 r, and  E/kr appea r ing  in Eq.  [32] repre-  
sent  the  con t r i bu t ions  of  the  three  l imi t ing  factors  dis- 
cus sed  above:  mass  t r anspor t  in the  gas phase ,  k ine t i cs  
of  t he  sur face  react ions ,  and t h e r m o d y n a m i c s  of  the  in- 
co rpo ra t i on  react ion.  The  la rges t  t e r m  is the  "bo t t l e  
n e c k "  fac tor  wh ich  d o m i n a t e s  and cont ro ls  the  rate  of  
the  i n c o r p o r a t i o n  process .  

E q u a t i o n  [32] impl i e s  th ree  poss ib le  r eg imes  of  con t ro l  
o f  t he  dopan t - i nco rpo ra t i on  process .  The  first one  ap- 
pears  w h e n  the  dopan t  i n c o r p o r a t i o n  is g o v e r n e d  by  the  
t h e r m o d y n a m i c s  of  the  overa l l  reac t ion  [15], so tha t  

x(b) = krP~ [36] 

This  s i tua t ion  arises w h e n  the  k ine t ic  barr iers  p r e s e n t e d  
by the  mass  t r anspor t  in the  gas phase  and  by the  sur- 
face p rocess  have  no s ignif icant  effect  on the  k ine t i cs  of  
the  overa l l  process ,  e.g., at h igh  depos i t ion  t e m p e r a t u r e s  
and  low tota l  pressures ,  and/or  low g rowth  rates  of  the  
hos t  mater ia l .  I t  can be  seen  tha t  only  u n d e r  cond i t ions  
of  t h e r m o d y n a m i c  cont ro l  can  the  p rocess  of  d o p a n t  in- 
co rpo ra t ion  be  af fec ted  by  the  var iab le  d i s t r ibu t ion  
coef f ic ien t  kr. 

The  d e p e n d e n c e  of  the  ac tua l  d i s t r i bu t ion  coef f ic ien t  
k+ (Eq. [23]) on the  g rowth  ra te  r is s h o w n  in the  Fig. 1 /At  
low g r o w t h  rates  (r < 0.1r~+), the  dopan t  i n c o r p o r a t i o n  
t akes  p lace  in e q u i l i b r i u m  wi th  the  bu lk  of  the  sol id and 

+the ac tua l  d i s t r ibu t ion  coef f ic ien t  k+ e q u a l i n g  its equi-  
l i b r i um va lue  k+q. This  va lue  can be  d e t e r m i n e d  f rom the  
e q u i l i b r i u m  state of  the  overa l l  r eac t ion  

H2S + GaC1 ~ GaS+(~) + e-(b) + HC1 + 1/2H2 [37] 

wi th  

[GaS+(b) ] = PH2sPG,cl " K '  [38] 
n(b)Puclpl/2H~ 

F r o m  a c o m p a r i s o n  of  Eq.  [38] wi th  Eq  [35] and [36] 
fo l lows  

K~q K'  
(kr) r < 0.1re. = kr - [39] 

-n(b~[GaAs] 

In  the  case  of  ex t r ins ic  cond i t ions  (n~ < [GaS+(b)] = n(b)) the  

1.0 

0.S 

I I I �9 

0.1 1.0 10 rlrc 
Fig. 1. Calculated dependence of distribution coefficient on growth 

rate of film r. rc is critical value of the growth rate. k~ = 0.1. 

e q u i l i b r i u m - d i s t r i b u t i o n  Coefficient (Eq. [39]) d e p e n d s  on 
the  dopan t  concen t r a t i on  in the  bu lk  of the  film 

k~Q = k~ [40] 

I n t r o d u c i n g  Eq. [40] in Eq.  [36], we  ob ta in  the  square  
root  d e p e n d e n c e  e x p e c t e d  for the  cond i t i ons  of  the rmo-  
d y n a m i c  e q u i l i b r i u m  

xm) = ( k~ P~ ) 1'~ 
" E [ 4 1 ]  

At h ighe r  g rowth  rates (k~ ~ 1), the  e q u i l i b r i u m  can  only  
ex is t  b e t w e e n  gas phase  and surface  of the  g rowing  
film, and the  dop ing  k ine t ics  shows a l inear  depend-  
ence  on P~ (Eq. [36]). U p o n  fu r ther  increase  of  the  
g rowth  rate,  the  dopan t  i nco rpo ra t i on  will  be con t ro l l ed  
by one  of the  k ine t ic  barr iers  p re sen t  in the  sys tem,  tha t  
is, mass  t r anspor t  in the  gas phase  

x~b) = P~ �9 r [42] 

or k ine t ics  of  reac t ion  [5] 

x(b) = p~ . r [43] 

The  d i f fus ive  cont ro l  (Eq. [42]) shou ld  be par t i cu la r ly  ob- 
se rved  at a tmosphe r i c  pressure ,  and the  k ine t ic  t ype  of 
the  dopan t - i nco rpo ra t i on  con t ro l  (Eq. [43] ) should  m a k e  
i t se l f  par t icu la r ly  fel t  at low p res su res  and low deposi -  
t ion  t empera tu re s .  

Comparison wi th  Experiments 
The above  m o d e l  was used  to descr ibe  the expe r imen-  

tal data  by Veuhof f  et al .  (2). The  concen t ra t ion  of  the 
dopan t  incorpora ted  in the  GaAs film was a s sumed  to be 
equal  to the  measu red  e lec t ron concentra t ion.  S ince  the  
data were  obta ined for a substra te  t empera tu re  of 1023 K, 
the va lues  of  the  mode l  pa ramete rs  were  es t imated  for 
this  par t icular  substra te  t empe ra tu r e  only. 

The  calcula ted values  appear  to depend  only weak ly  on 
the  va lues  of re and k~ (Eq. [23] and [40]), bu t  are s t rongly 
affected by  the  va lues  of  C and Keq (Eq. [31]). The  experi-  
men ta l  data could be reasonably  r ep roduced  if  the  va lues  
of  5 ~m/h  and 2 • 10 -7 were  chosen  for rc and k~ respec-  
tively. S u c h  values  wou ld  pertain,  i f  p inn ing  of the  F e r m i  
level  wou ld  occur  (11). However ,  as m e n t i o n e d  before,  
there  is no expe r imen ta l  p roof  that  this m o d e l  is correct.  
The  n u m e r i c a l  fitting of the  calculated e lec t ron  concen-  
t ra t ion to the  data  p resen ted  in Fig. 2 a l lowed us to deter- 
mine  the  values  of  the  factors C and Keq at 1023 K to be  
1.5 • l0 s ~m h --1 bar  -2 and 0.07 bar  t~2, respect ively .  These  
va lues  of  the  mode l  pa ramete rs  were  used  in all subse- 
q u e n t  ca lcula t ions  p e r f o r m e d  in this study. 

In  Fig. 3, t he  te rms  A �9 r, B �9 r, and  E/k~ are  p lo t ted  as 
funct ions  of  the  HC1 input  p ressure  for the  expe r imen ta l  
condi t ions  f rom Fig. 2. I t  m a y  be  seen that  the  mass  trans- 
por  t in the  gas phase  ( term A �9 r) does  no t  p resen t  a 
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Fig. 2. Dependence of electron concentration resulting from sulfur 
doping on input HCI pressure (P~ = P%.cl). Curve: fit to Eq. [31]. Ex- 
perimental points: Ref. (2). 
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Fig. 3. Dependence of terms in Eq. [32] on input HCI pressure for exper- 
imental conditions of Fig. 2. 

A comparison of the calculated electron-concentration 
dependence on the H2 input pressure with the experimen- 
tal results is presented in Fig. 4. The corresponding be- 
havior of the terms A �9 r, B - r, and E/k~ is plotted in Fig. 
5a. For the entire range of the experimental conditions 
used here, the dopant incorporation process appears t o  be 
controlled by the thermodynamics of the incorporation 
reactions [5]-[7] (term E/kD. The increase of the H~ pressure 
causes an almost linear increase of the GaAs growth rate 
from 1 ~m/h at 0.02 bar to 27 ~m at 0.64 bar. The critical 
growth rate rc is reached at about 0.1 bar causing a strong 
modulation of the thermodynamic term E/k~ by the 
trapping effect (Fig. 1) in this pressure range. The de- 
pendences of the terms A, B, and E on the H2 pressure are 
plotted in Fig. 5b. Comparing Fig. 5a and 5b we can see 
the strong influence of the trapping effect on the behav- 
ior of the thermodynamic term E/k~. 

The decrease of the growth rate below the critical value, 
around a H2 pressure of 0.1 bar, causes extension of the 
equilibrium between gas phase and interface into the vol- 
ume of the solid; the effect of trapping is reduced and the 
value of k~ decreases with decreasing growth rate. Under 
these conditions, the dopant uptake does not increase by 
further lowering P%2. This behavior is indeed observed ex- 
perimentally. The expected decrease and saturation of 
the electron concentration at lower H2 pressures (lower 
GaAs growth rates) needs further experimental  investiga- 
tion. 

The experimentally observed linear dependence of the 
electron concentration on the input H~S pressure is ob- 
tained also in model calculations, as shown in Fig. 6. The 
incorporation kinetics appears to be controlled by the 
equilibrium of reactions [5]-[7]. At the growth rates used in 
this experiment, 3.5 ~m/h at total pressure of 0,065 bar 
and 15.5 ~m/h at 0.33 bar, the equilibrium state is shifted 
to the surface conditions and the function kr has a nearly 
constant value. 

It was experimentally observed that the linear uptake 
of S atoms from the gas phase continues beyond the satu- 
ration value of the electron density appearing in Fig. 6 (9). 
However, also for the dopant uptake a saturation limit at 
5 x 10 '9 cm -3 was found, which is not considered in our 
model. For such a high dopant concentration, the regular 
solution model assumed here loses its validity. 

It should be interesting to study this dependence at low 
GaAs growth rates, where the calculations indicate a 
sublinear dependence of the dopant concentration in the 
film on the vapor pressure of H~S. Thus, at low growth 
rates (as compared to the critical value) and under equi- 
librium conditions, the dopant incorporation should take 
place in equilibrium with the bulk of the semiconductor, 
and the dependence of X(b) on P~ should approach the 
square root relationship of Eq. [41]. 

significant kinetic barrier at low total pressure. Since A 
does not depend on PHc], the plot of A �9 r against P%c] rep- 
resents the behavior of the deposition rate of GaAs (5), 
which is roughly constant and amounts 6 - 1.5 ~m/h. This 
growth rate is comparable to the assumed critical growth 
rate of 5 ~m/h, which implies that k~ = 0.45 -+ 0.1. The 
equilibrium value of k~(ke,) would be 0.01 for a dopant 
concentration of 10 TM cm -3. This means that for thermody- 
namic control, as obtained for low HC1 input pressures 
(i.e., <10 -2 bar), under the assumption of this model, the 
growing film would incorporate about fifty times more 
dopant atoms than would be obtained if equil ibrium with 
the bulk of the semiconductor would pertain, but about 
half of the concentration expected for a complete 
freeze-in of the surface concentration. However, the redis- 
tribution effect does not play any role at high input HC1 
pressures (>10 -2 bar), where the dopant incorporation 
process is governed by the kinetics of the surface reac- 
tions [3]-[5]. At these conditions, the surface adsorption 
sites are blocked by the species taking part in the GaAs 
deposition process, which suppresses the supply of H~S 
to the surface. 

n77 (cm-3) I 
1018 

o) 

I i I i J 

10 -2 10 -1 p~2 [bar} 

Fig. 4. Dependence of electron concentration resulting from doping on 
H2 pressure. Curve: calculated: Experimental points: Ref. (2). 
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Conclusions 
The  m e t h o d  of mode l ing  the  CVD processes  p roposed  

in an earl ier  paper  (3) can be  successful ly  adop ted  to de- 
scr ibe the  incorpora t ion  of  dopants .  D e p e n d i n g  on the  ex- 
pe r imen ta l  condi t ions,  the  sulfur up take  dur ing  the  
epi tax ia l  g rowth  of GaAs on (100)-oriented subst ra tes  in a 
hal ide  t ranspor t  sys tem is contro l led  by the  k ine t ics  of  
the  surface  react ions  [3]-[5] or by  the  t h e r m o d y n a m i c s  of  
the  dopan t  incorpora t ion  [5]-[7]. The  g rowth  rate of  the  
hos t  mater ia l  is one of the  major  pa ramete rs  govern ing  
the  incorpora t ion  process.  A r educ t ion  of  t he  t o t a l  pres- 
sure  in the  Tie t jen  sys tem causes  a shift  of  the  depos i t ion  
condi t ions  f rom t h e r m o d y n a m i c s  to kinet ic  cont ro l  (Fig. 
5b) wh ich  is well  k n o w n  for the  CVD of GaAs. However ,  
the  s imul taneous  decrease  of  the  g rowth  rate of  the  hos t  
mater ia l  al lows the  dopan t  a toms to reach  equ i l i b r ium 
concent ra t ions ,  first at the  surface, and n e x t  at ve ry  low 
growth  rates, wi th in  the  bu lk  of the  depos i t ed  semicon-  
duc to r  film (Fig. 5a). The  a g r e e m e n t  be tween  m o d e l  cal- 
cula t ions  and expe r imen ta l  data  may  be  cons ide red  to be  
an indica t ion  of  the  effect  of  the  red is t r ibu t ion  of  dopan t  
a toms  b e t w e e n  the  in terface  and the  bu lk  of  the  film. 
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A P P E N D I X  

Description of Adsorption Reaction in Terms of Absolute Activities 
Fol lowing  the  d iscuss ion pub l i shed  earl ier  (3), we pro- 

posed  to descr ibe  an adsorp t ion  react ion of the  type  

g A ( a d )  
A + v ~ Acad~ [A-l] 

in t e rms  of  act ivi t ies of par t ic ipat ing  species,  as com- 
m o n l y  done  in the  descr ip t ion  of the kinet ics  of  homoge-  
neous  chemica l  react ions (14). The  absolute  act ivi ty  Xi of a 
species  i is def ined as 

Xi = exp(/~i/kT) [A-2] 

where  ~i is the  chemica l  potent ia l  (Gibbs free energy  per  
molecule) .  In t roduc ing  a s tandard  state for species  i, one 
can express  the  absolu te  act ivi ty  ;~ by means  o f  an activ- 
ity a~ of  this species 

kl = k~ �9 ai [A-3] 

The  absolu te  act ivi ty  of the  species i in the  s tandard  state 
X~ can be calculated us ing  the  m e t h o d  of  stat ist ical  ther- 
m o d y n a m i c s  (3, 14). For  an ideal  gas, the  act ivi ty  a~ of  spe- 
cies i in the  gas phase  is 

Pi ai - [A-4] po 

where  po is the  s tandard  pressure  (105 Pa). The  act iv i ty  of  
an adsorbed  species  i has  been  p roposed  to be  def ined as 
(3) 

ai(ad~ = Oi = C,,d~/C~ [A-5] 

where  O~ is the  surface-coverage factor, Ci(ad~ the  concen-  
t ra t ion of  species i adsorbed  at the surface, and C% the  
concen t ra t ion  of surface sites available for adsorpt ion.  

The  condi t ion  for equ i l ib r ium state of reac t ion  [A-l] can 
be  expres sed  as fol lows 

hA " X,, = XA(.d) [A-6] 
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Substi tut ing Eq. [A-3] in [A-6] and considering [A-4] and 
[A-5], we obtain for the equilibrium constant of the reac- 
tion [A-1] 

h~176 OA 
KA~aa) . . . .  [A-7] 

h"A(ad~ Ov(PA/P ~ 
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The Elimination of Devitrification Defects in Antimony Buried- 
Layer Diffusions 

A. R. Alvorez and F. Pintchovski 

Motorola Semiconductor, Incorporated, Mesa, Arizona 85202 

Doped silicate glasses are widely used as diffusion 
sources for buried layers in bipolar technology. Thermal 
oxide is commonly used as a diffusion mask in these pro- 
cesses. More recently, the use of silicon nitride/silicon di- 
oxide as a diffusion barrier for this application has been 
reported (i). 

During the diffusion of boron, phosphorus, arsenic, and 
antimony from doped glass sources, a common type of 
glass damage occurs, devitrifieation, and this damage 
propagates into the silicon substrate (2). Devitrification 
can be defined as a phase transformation in which amor- 
phous silica changes to a crystalline form, either crista- 
bollite or trydimite. In this note, a composite Si3NiJSiO~ 
diffusion mask is described. This mask was found to 
greatly decrease the levels of devitrification damage in- 
duced by ant imony diffusions from a doped glass source. 
The reduction in defect density at buried layer led to im- 
proved breakdown characteristics in NPN transistors and 
a concomitant increase in functional circuit yields. 

Experimental  
Thermal SiO2 and SiO2/Si3N4 composites were evalu- 

ated as diffusion masks for antimony. The thermal oxide 
was grown in steam at 1200~ to a thickness of 1500 nm. A 
number of SiOJSi3N4 thickness combinations (Table I) 
were used. For the composite layer, SiO2 was steam 
grown at 1000~ while the SiaN4 was deposited by 
LPCVD at 780~ using ammonia and diehlorosilane as 
source gases (Fig. I). An LPCVD antimony-doped SiO2 
glass was used as a diffusion source (3). Diffusions were 
carried out at 1250~ in an N~/O~ atmosphere. 

Defect densities were obtained by averaging measure- 
ment taken at five points on a wafer. The measurements 
were performed using a microscope equipped with 
Nomarski interference contrast. Each measurement in- 
volved defect counting over a 0.0085 cm 2 area. A typical 
devitrification defect produced during the Sb buried- 
layer diffusion is shown in Fig. 2. Breakdown measure- 

Key words: antimony, devitrification, buried layer, SiO2/Si3N4 
mask. 

Table I. Devitrification vs. mask composition 

Devitrification 
Tox TN,T density 

(rim) (nm) (cm -2) 

200 20 0-90 
200 40 0-40 
200 100 0 

1500 --  150-400 
Buried layer: & = 15-17~/D, Xj = 9 ~m. 

ments of the collector-substrate diode formed in standard 
junction isolated bipolar integrated circuits were used to 
evaluate the electrical consequences of the defects. 

Results and Discussion 
Defect characterization of the Sb buried-layer process 

using SiO~ as the diffusion mask indicated a very high de- 
fect density. The defect density vs. sheet resistance of 
the buried layer is plotted in Fig, 3. Microprobe analysis 
(EDAX) confirmed the presence of Sb at the defect sites 
in the silicon after glass removal. Examination of p-n 

Q | 

THERMAL~ 
OXIDE 

,.F::, o x.o l LAYER 

P (111) SUBSTRATE 

Fig. I. Schemotic representation of test structures: ( i )  thermol oxide 
diffusion mask, f i i )  Si02/SI3N4 composite diffusion mask, 
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configurement. When no defect is present, BVc.so is nomi- 
nally 200V. If the Sb defect overlaps the isolation diffu- 
sion, BV~.so is reduced to approximately 35V: When the 
defect is located between the normal buried-layer pattern 
and the isolation diffusion. BVr is again degraded, l l0V 
being the dominant mode in this experiment.  

From the defect density data, a first-order yield analy- 
sis was performed in order to estimate the effect of defect 
density on yield. The area subject to Sb defect-induced 
failure is from the edge of the buried-layer pattern to the 
center of the isolation pattern. Using this definition of 
"active" area, the yield model 

Yield = exp(-DA) [1] 

Fig. 2. Devitrification defect on thermal oxide diffusion mask 

junction I-V characteristics verified the electrical activity 
of the defects. The Sb de f ec t s  degraded collector- 
substrate breakdowns (BVr on fully processed NPN 
transistors. The resultant BVc.s0 distribution was 
multimodal, since the breakdown voltage was dependent  
on the location of the defect (Fig. 4a). A simple heuristic 
argUment is proposed to exptain the distribution. De- 
pending on the location of the defect~ the avalanche 
breakdown voltage is determined by dopant concentra- 
tion or is thickness limited by lateral depletion spread 
(Fig. 5). In the thiCkness-limited situation, breakdown is 
probably degraded further by the asperity of the defects'  

where D = effective defect density and A = critical area, 
was fitted to existing data. Equation [1] does not take 
into account defect clustering or a nonrandom distribu- 
tion of defects across a wafer. Even so, it correlated well 
with observed yields, confirming devitrification as a 
dominant failure mode in the particular class of circuits 
studied. 

Devitrification of SiO2 during Sb and As diffusions is 
well documented (3, 4). It was felt that the suppression of 
SiO2 divitrification would greatly reduce the defect den- 
sity at the buried layer. During the course of experimen- 
tation, it was observed that besides being an effective dif- 
fusion barrier, an SiOJSi3N4 composite eliminated the 
devitrification problem. Defect density data v s .  compos- 
ite mask structure is given in Table I. Devitrification 
defects were not observed for nitride thicknesses greater 
than 100 nm. it  follows that the devitrification-defect 
density is independent  of the buried-layer sheet rho for 
nitride thicknesses greater than 100 nm. The composite 
mask exhibited similar results when a spin-on antimony 
solution was substituted for the LPCVD predeposition 
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Fig. 3. Devitrification defect 
density v s .  buried layer sheet 
resistance. 
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Fig. 5. Electric field vs.  distance with and without devitrification defect 

(5). An addi t ional  benefi t  of  the  compos i te  is the el imina- 
t ion of the  very  long oxida t ion  process  p rev ious ly  re- 
qu i red  w h e n  an oxide  mask  alone was used. 

Because  of the reduc t ion  in defect  dens i ty  at the 
bur ied- layer  step, ut i l ization of the compos i te  m a s k  re- 
sul ted in h igher  yields to the  BVcso test. B r e a k d o w n  data 
for N P N  transis tors  p rocessed  wi th  the  compos i t e  mask  
exh ib i t ed  a single m o d e  cen te red  at 190V (Fig. 4b). 

Conclusion 
An SiOJSi:~N4 compos i te  was found to essent ia l ly  elimi- 

nate  devi tr i f icat ion defects  c o m m o n l y  associa ted wi th  
ox ide -masked  an t imony  bur ied- layer  diffusions. The  re- 
duc t ion  in defect  dens i ty  s ignif icantly increased  the yield 
of N P N  transis tors  wi th  200V BVc.so. The compos i te  mask  
makes  it possible  to fabricate low sheet  rho Sb bur ied  lay- 
ers with negl igible  yield loss due  to d i f fus ion-mask 
devitr if ication.  
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Improved Techniques for Orientation of (100) 
Wafers 

InP and GaAs 

E. A. Caridi and T. Y. Chang 

AT&T Bell Laboratories, Holmdel, New Jersey 07733 

The dis t inct ion be tween  [011] and [011] di rect ions  on 
(100) I n P  and GaAs subst ra tes  is often of  crucial  impor-  
tance  in epi taxia l  g rowth  and device  fabrication.  In  mo- 
lecular  b e a m  ep i taxy  (MBE), the  in te rpre ta t ion  of  the 
ref lect ion h igh  energy  e lec t ron diffract ion (RHEED) pat- 
tern  depends  on along which  of  these  two direct ions  the  
e lec t ron  b e a m  is d i rec ted  (1). For  the  fabr ica t ion of  
var ious  str ipe geome t ry  lasers (2) and e tched  mi r ro r  lasers 
(3), the  ident i f icat ion of  these  two direct ions  is essent ia l  
s ince thei r  e tch ing  proper t ies  are ve ry  different.  The  
proper t ies  of  F E T ' s  fabr icated on (100) subst ra tes  have  
also been  found to be or ienta t ion d e p e n d e n t  due  to the  pi- 
ezoelectr ic  effect  (4). It  has been  c o m m o n  pract ice  to 
ident i fy  the [011] and [011] direct ions  by pa t t e rn ing  
and e tch ing  mesas  or  or thogonal  grooves  on the  substra te  
fo l lowed by an inspec t ion  of  the  c leaved  cross sect ion (5). 
This  p rocedure  is both  tedious  and was tefu l  of  material .  
Recent ly ,  a s imple r  m e t h o d  based on the  inspec t ion  of  
natural  e tch  pat terns  on c leaved <011> surfaces has been  
in t roduced  (6). This  la t ter  m e t h o d  min imizes  the  was te  of  
material .  However ,  the  contras t  be tween  different  e tch 
pat terns  is re la t ively weak  and easi ly confused.  We de- 
scr ibe in this paper  novel  t echn iques  that  are s imple,  
unambiguous ,  and appl icable  to po l i shed  and unpo l i shed  
substrates.  By  prepar ing  the  substra te  in a p resc r ibed  
manner ,  the  or ienta t ions  can always be ascer ta ined  al- 
mos t  ins tant ly  w i thou t  wast ing any material .  

We find that  the or ientat ions on saw cut  (100) surfaces 
of  I n P  wafers can be mos t  effect ively  revea led  by 
r e m o v i n g  30 ~m or more  of  the  mater ia l  per  surface by 

Key words: anisotropic etch, III-V compounds, orientation, 
GaAs, InP. 

free e tch ing  in a 1:1:1 mix tu re  of  96% H2SO4:30% 
H~O2:H20 (7). Large  wafers m a y  be p laced in a rack made  
of  iner t  mater ia l  (e.g., Ta) and i m m e r s e d  in the solut ion 
for t rea tment .  To obtain  the  des i red result ,  it is essent ial  
that  the solut ion be m i x e d  immed ia t e ly  before  use. The 
ef fec t iveness  of  the mix tu re  d imin ishes  rapidly wi th in  a 
few minutes .  For  about  400 ml  of  solution, the tempera-  
ture  will  r emain  at 85 ~ to 90~ due to the  exo the rmic  na- 
ture of  the  solution. The  appropr ia te  e tch t ime in such a 
case is 5 rain. For  t reat ing small  test  p ieces  us ing  less 
than  about  200 ml  of solution, it is necessary  to prehea t  
the  beaker  and mainta in  the  solut ion t empe ra tu r e  at 
abou t  80~ on a hot  plate. In this lat ter  case, the  appropri-  
ate e tch t ime is 20 rain. A pho tomic rog raph  of  the re- 
sul t ing surface is shown in Fig. 1. Great ly  e longated  paral- 
lel e tch pits are clearly evident .  In the case of a (100) saw 
cut  GaAs surface, e tch ing  in a solut ion of 1:8:8 
H2SO4:H202:H20 (8) at a t empera tu re  of 55~ for 3 rain pro- 
duced  features  as shown in Fig. 2. The  a m o u n t  of  mater ia l  
r e m o v e d  per  surface is about  50 ~m. 

S imi la r  preferent ia l  e tch ing  character is t ics  can be re- 
vea led  on a pol ished surface of InP  or GaAs. In  this case, 
it b e c o m e s  necessary  to p roduce  some etch pits on the 
surface first and then develop them into distinct orienta- 
tion dependent features by using the i:i:i sulfuric etch 
for InP and the 1:8:8 sulfuric etch for GaAs. 

A standard technique used to reveal the crystalline de- 
fects on InP single crystal is the Hubers etch (9) which is 
a solution of H~PO4:HBr in a 2:1 ratio. Figure 3a shows the 
characteristically symmetric etch pits produced after 2 
rain in the Hubers etch. These pits can be preferentially 
etched to produce the elongated features similar to those 
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Fig. 1. Saw cut (100) surface of InP after etching for 20 min in 1:1:1 
H2SO4:H202:H~O at a temperature of 80~ The area of the figure is 
about 90/~m by 60/~m. 

Fig. 2. Saw cut (!00) GoAs surface offer a 3 min etch in i:8:8 
H2SO4:H~O2:H20 at a temperature of 55~ The area of the figure is 
about 90/~m by 60 ~m. 

on t h e  saw cu t  sur face  (Fig. 1 a n d  2) w i th  t he  1:1:1 su l fur ic  
e tch.  F i g u r e  3b shows  the  s ame  area as Fig. 3a af te r  b e i n g  
e t c h e d  in t h e  1:1:1 su l fur ic  s y s t e m  at 80~ for 5 rain.  

A p o l i s h e d  (100) GaAs  sur face  can  be  su i t ab ly  rough-  
e n e d  by  e t c h i n g  for 5 to 10 ra in  in  a 1:1:1 so lu t ion  of  38% 
HCl:H202:H20. W h e n  th i s  is fo l lowed b y  a 3 ra in  e t ch  
u s i n g  a 1:8:8 so lu t ion  of  H2SO4:H202:H20, one  ob t a i n s  a 
cha rac t e r i s t i ca l ly  e l o n g a t e d  e t ch  p a t t e r n  s imi la r  to t h a t  
s h o w n  in Fig. 2, b u t  the  scale  is an  o rde r  of m a g n i t u d e  
finer. 

I t  has  b e e n  d e t e r m i n e d  by  c o m p a r i s o n  w i t h  k n o w n  
e t c h i n g  cha rac t e r i s t i c s  of  G a A s  (10) a n d  I n P  (7) t h a t  in  all 
t h e  a b o v e  cases  the  p i t s  are p re fe ren t i a l ly  e t c h e d  in t h e  
[011] d i rec t ion .  Th i s  has  b e e n  c o n f i r m e d  by  t h e  o b s e r v e d  
R H E E D  p a t t e r n  t a k e n  in a n  M B E  c h a m b e r  w h e n  t h e  
c rys ta l  is p u t  t h r o u g h  t he  t e m p e r a t u r e  cycle  (1). 

In  all t he  a b o v e  d i scuss ions ,  t he  d e s i g n a t i o n  of  [011] 
a n d  [011] d i r ec t ions  are sur face  specif ic  in  t h a t  t h e  sub-  
s t r a t e  sur face  of i n t e r e s t  ( the f ron t  surface)  is a lways  
de f ined  as t he  (100) surface.  To e x a m i n e  t he  p r o p e r t i e s  of 

t h e  b a c k  surface,  w h i c h  is t h e  (100) sur face  in  t h e  in i t ia l  
def in i t ion ,  one  m u s t  r ede f ine  the  b a c k  su r f ace  as (100). 
S i m u l t a n e o u s l y ,  in  o rde r  to p r e s e r v e  the  r ight -  
h a n d e d n e s s  of  t he  c o o r d i n a t e  sys tem,  one  m u s t  r eve r se  
one  m o r e  coo rd ina t e  (say t h e  t h i r d  coordina te) .  As a re- 
sult,  t h e  o r i en t a t i ons  of [011] a n d  [011] on  t he  b a c k  sur face  
are r o t a t ed  90 ~ f r o m  t h o s e  on t h e  f ron t  surface.  C o n s i s t e n t  
w i th  s u c h  a sur face  specif ic  def ini t ion,  we find t h a t  all 
t h e  e t ch  p a t t e r n s  d e s c r i b e d  above  are r o t a t ed  90 ~ on  the  
b a c k  sur face  of the  subs t ra t e .  Th i s  p h e n o m e n o n  of  90 ~ ro- 
t a t i o n  can  b e  u n d e r s t o o d  m a c r o s c o p i c a l l y  f rom the  90 ~ ro- 
t a t i o n  of  t he  re la t ive  loca t ions  of  i n t e r v e n i n g  {111} facets  
of  t y p e  A [Group  I I I  sur face]  a n d  t y p e  B [ G r o u p  V sur- 

Fig. 3. (a, top) A polished (100) surface of InP is shown after 2 min in 
an Hubers etch. (b, bottom) Same area as (a) after etching with 1:1:1 
H2SO4:H202:H20 for 5 min. The area of each figure is about 120/~m by 
90 ~m, 

face] (11) on  oppos i t e  s u b s t r a t e  sur faces  (6). I t  c a n  also b e  
u n d e r s t o o d  mic roscop ica l l y  f r o m  t h e  180 ~ r eve r sa l  of  t he  
sur face  a tomic  a r r a n g e m e n t  as one  goes  f rom (011) sur- 
face to (011) surface,  as wel l  as f rom t h e  90 ~ ro t a t i on  of 
su r face  b o n d s  on  oppos i t e  su r faces  of the  s u b s t r a t e  (as- 
s u m i n g  b o t h  G r o u p  III  s tab i l ized  or b o t h  G r o u p  V 
stabil ized).  

We find t h e  m o s t  c o n v e n i e n t  way to keep  t r a c k  of t he  
s u b s t r a t e  o r i en t a t i o n  is to deve lop  t h e  e t ch  p a t t e r n s  on  
b o t h  s ides  of an  u n p o l i s h e d  wafe r  a n d  t h e n  po l i sh  one  
s ide for ep i t ax ia l  g r o w t h  a n d  p rocess ing .  T h e  o r i e n t a t i o n  
can  a lways  be  a s c e r t a i n e d  s i m p l y  b y  i n s p e c t i n g  t h e  b a c k  
sur face  whi l e  k e e p i n g  in m i n d  t h e  90 ~ r o t a t i o n  b e t w e e n  
f ron t  an  d b a c k  surfaces .  This  m e t h o d  is s imple ,  
u n a m b i g u o u s ,  a n d  incu r s  no  was te  of mater ia l .  The  re- 
m o v a l  of saw cut  d a m a g e s  b y  t h e  e t ch i n g  p roces s  s h o u l d  
also be  benef ic ia l  to ep i t ax ia l  g rowth .  

M a n u s c r i p t  s u b m i t t e d  Oct. 19, 1983; r ev i sed  m a n u s c r i p t  
r ece ived  Feb .  1, 1983. 
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Cadmium Selenide Interface States Studied by Electrochemical 
Photocapacitance Spectroscopy 

Ran H a a k *  and Dennis  T e n c h *  

Rockwell International Science Center, Thousand Oaks, California 91360 

With time and the efforts of many workers, it has be- 
come increasingly clear that surface oxides play a key 
role in determining the electrical properties of the II-VI 
materials. For n-CdSe, recent literature reports indicate 
that oxygen chemisorbs on the semiconductor surface to 
produce a negatively charged interface state (1), which 
dominates the performance of electronic devices based 
on this material (2). In view of the obviously important 
implications of such findings, additional work in this 
area is certainly warranted. 

In the present work, the electrochemical photo- 
capacitance spectroscopy (EPS) method (3, 4), which in- 
volves measuring the differential capacitance for the 
reverse-biased semiconductor in an electrolyte as a func- 
tion of incident subbandgap light, was applied to further 
elucidate the nature of interface states on n-CdSe. This 
method has been shown to be an unusually sensitive 
means for characterization of deep levels in various semi- 
conductor materials (4). In aqueous electrolytes, the inter- 
facial oxide structure might be expected to be similar to 
that formed in the ambient atmosphere. A key goal in the 
present work was to establish unequivocally the location 
of the state associated with oxygen adsorption. Note that 
an alternate interpretation for previous data was that the 
observed states actually resided in the bulk and were 
rendered detectable by the enhanced thickness of the 
semiconductor space-charge layer resulting from the neg- 
ative surface charge associated with adsorbed oxygen. 

Exper imenta l  Deta i ls  
The electrochemical photocapacitance spectroscopy 

(EPS) method, apparatus, and procedures have been de- 
scribed in detail previously (4). Electrolytes used in the 
present studies were 0.SM aqueous KOH and 0.1M tetra- 
e thylammonium perchlorate/acetonitrile; The reference 
electrode was a double-junction Ag/AgC1 in the former 
electrolyte and a Ag/Ag + (0.1M AgNO3, 0.1M tetraethylam- 
monmm perchlorate-acetonitrile) in the latter. All poten- 
tials are reported relative to the flatband potential (UF~), 
which was determined by ac impedance measurements  to 
be -0.9V vs. Ag/AgC1 in the aqueous solution and -0.9V 
vs. Ag/Ag + in the acetonitrile electrolyte. The wavelength 
scan rate in nanometers per second is given m the figure 
captions. 

The n-CdSe electrodes (0.2 cm 2 • 0.1 Cm thick) were cut 
perpendicular the Z-axis from rods obtained from Cleve- 
land Crystals, Incorporated (Cleveland, Ohio), and had 
charge carrier concentrations in the 10~7/cm~ range. Ohmic 
contacts were made with In-Ga alloy. After at tachment of 
a wire lead via silver epoxy, the electrode was sealed in 
Torr Seal | resin (Varian Associates, Pale Alto, California). 
Electrodes were polished on aqueous alumina powder 
slurries, to 1 /~m particle size, unless otherwise noted. 
Chemically etched electrodes were immersed in 50 vol- 
ume percent (v/o) HNO3 for about 10s, then dipped in 
aqueous polysulfide solution (1.0M S 7- 2.5M Na2S ~ 1.0M 
KOH) to remove excess Se from the surface. Photoetch- 
ing was performed in an aqueous basic ferricyanide solu- 
tion. 

Results and Discussion 
Figure 1 shows an EPS spectrum for a photoetched 

single crystal of n-CdSe in a basic aqueous electrolyte. 
Three capacitance increases/plateaus, associated with 

*Electrochemical Society Active Member. 
Key words: cadmium selenide, surface states, oxygen adsorp- 

tion. 

transitions from donor states at 1.04, 1.21, and 1.34 eV (on- 
set values) to the conduction band, are evident. A capaci- 
tance decrease near the bandedge (at 1.60 eV), corre- 
sPonding to a transition from the valence band to a donor 
state - 0.2 eV below the conduction bandedge, is also re- 
solved. Note that, as might be expected, the onset ener- 
gies for these ph0totransitions are found to depend on the 
solvent and the observed or apparent values are affected 
by the corlcentration of the state in question and by inter: 
ference from energetically adjacent states as their concen- 
trations VarY. Since such Shifts in onset energy a re  
sufficiently small so that there is little doubt concerning 
the identity of the different states, they  are referred tO be- 
low by the onset energies given here, but the spectra are 
labeled With the actually Observed values, Which are als0 
given in parentheses in the text. 

The probable origin of these levels Can be ascertained 
by comparison of the EPS results with the vacuum sur- 
face photovoltage data for single-crystal n, c d s e  reported 
by Brillson (1). Figure 2 shows an EPS Spectrum for 
chemically etched Single-crystal n-CdSe (curve 1), and 
surface phot0voltage Spectra for oxygen, adsorbed 1 (curve 
2) and vacuum-cleaved (Curve 3) surfaceS. NOte that the 
observed onset for the i.21 eV state is somewhat higher in 
energy (i.28 ev)  in this case, presumably because of inter- 
ference from a large Concentration of the 1.04 eV state. It 
is evident that the surface Photovoltage spectrum for the 
0xygen-ads0rbed surface and the EPS spectrum are very 
similar indicating that th e same bandgap states are in, 
valVed. The 1.04 e v  transition, and possibly the transition 

1Such a surface gave results very similar to those for an etched 
surface and might be expected to be Comparable to that in an 
aque0us Solution. 
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Fig. 1. EPS spectrum (5 kHz, 1.0 nm/s) and associated energy 

levels/phototransitions for a photoetched n-CdSe single crystal (0.9V vs. 

UFB) in aqueous 0.SM KOH solution. 
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Fig. 2. Comparison of an EPS spectrum (5 kHz, 0.1 nm/s) for chemi- 
cally etched single-crystal CdSe (0.7V vs. U~B) in 0.SM KOH solution 
(curve 1) with surface photovoltage spectra reported in Ref. (1) for 
(curve 2) oxygen-adsorbed (70% coverage} and (curve 3) vacuum- 
cleaned (LEED-ordered) single-crystal n-CdSe. 

at 1.21 eV (not resolved by the vacuum technique), must 
involve interface states associated with oxygen adsorp- 
tion, since no change in surface photoVoltage was ob- 
served for the vacuum-cleaved CdSe (curve 3) in this en- 
ergy range. The densities of these states, calculated from 
the capacitance changes (4), are 5 • 10'~/cm 2 and 4 • 
10"/cm 2, respectively. The 1.34 eV transition is apparently 
intrinsic to CdSe since it was detected by Brillson for 
both vacuum-cleaved and oxygen-adsorbed CdSe crys- 
tals. 

Although the capacitance decrease occurring just  below 
the bandedge (at ~ 1.6 eV) is not always clearly resolved 
in EPS spectra because of interference from band-tailing, 
the state responsible (~ 0.2 eV below the conduction 
bandedge) always seems to be present in CdSe, at least in 
small concentrations, and is noteworthy. Brillson (1) 
found that argon-bombardment enhances the correspond- 
ing feature in surface photovoltage spectra, indicating 
that the state involved is associated with a lattice defect. 
EPS studies, which will be the subject of a future publica- 
tion, have shown that this state is a donor-type interface 
state which is present in large concentrations in poly- 
crystalline material prepared under some conditions. 

EPS data for n-CdSe in aqueous solutions also correlate 
extremely well with other solid-state literature data for 
oxygen-adsorbed surfaces (2, 5-10). Another example is 
given in Fig. 3, which shows the EPS spectrum from Fig. 
2 on the same graph with photocapacitance data reported 
by Ture et al. (2) for an aged Au-CdSe Schottky barrier 
device. Again, the similarities in the two sPectra are strik- 
ing; the apparent differences in the relative concentra- 
tions of the various states (as reflected: in the relative 
magnitude of the associated capacitance changes) and the 
small shifts in onset energies are not surprising, consider- 
ing the differences in environment  at t h e  two interfaces. 
It is important to note that these solid-state workers 
showed that the aging process for their  devices involved 
conversion of the CdSe surface from its normal hexago- 
nal structure to a cubic form, which readily chemisorbs 
oxygen, It was found that the aging process could be 
greatly accelerated by polishing the crystal, which pro- 
duces a cubic surface layer. 

Figure 4 shows EPS spectra in 0.5M KOH for a single- 
crystal n-CdSe after polishing on 1/~m grit without subse- 
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Fig. 3. Comparison of the EPS spectrum (curve 1) from Fig. 2 with a 
photocapacitance spectrum (curve 2) for an aged Au-CdSe Schottky- 
barrier device [after Ref. (2)]. 

quent  etching. Although the onset energies are shifted 
slightly, it is evident that the 1.04 (1.05), 1.21 (1.26), and 1.6 
(1.65) eV transitions observed for the etched surfaces also 
occur for the polished surfaces, although the correspond- 
ing states are present in larger concentrations. That all of 
these states reside at the interface is supported by the in- 
sensitivity of the corresponding capacitance changes to 
the electrode potential (Fig. 4), which is also observed for 
etched electrodes. Presumably, the 1.34 eV state is not re- 
solved because of interference from a large concentration 
of the 1.21 eV state. 

Figure 5 shows EPS spectra measured in acetonitrile 
solution for photoetched n-CdSe single crystals from two 
different batches of material. From spectrum no. 1 (same 
material as for studies discussed above), it is evident that 
the same principal interface states, although shifted 
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Fig. 4. EPS spectra (5 kHz, 0.3 nm/s) for a polished (1 ~m) n-CdSe 
single crystal at various bias voltages in 0.SM KOH. 
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Fig. 5. EPS spectra (7 kHz, 2.0 nm/s) in acetonitrile (0 . IM EhNCIO~) 
for photoetched n-CdSe single crystals from two batches of material 
(1.1V vs. Ur~). 

slightly in energy in some cases, are also present in the 
nonaqueous solvent. This indicates that the CdSe surface 
structure formed by etching in aqueous solutions, includ- 
ing the chemisorbed oxygen, is reasonably stable in the 
nonaqueous solvent. In acetonitrile, however, some 
"peaking" generally occurs in the plateau regions for both 
the 1.04 (1.03) and 1.21 (1.28) eV states. Transitions from 
the valence band to bandgap states (which would bring 
about capacitance decreases) could produce such effects, 
but would require the introduction of two acceptor states 
at specific energies, which is highly unlikely. It is much 
more probable that the surface oxide structure, which is 
reponsible for these states, is somewhat electrically de- 
coupled from the conduction band in the acetonitrile en- 
vironment so that the associated phototransitions are 
more localized, i.e., involve an excited-state intermediate 
and thermal activation of the electron into the conduction 
band (4). 

For material no. 2 (Fig. 5), the 1.40 eV transition is ap- 
parently enhanced, and a capacitance decrease, corre- 
sponding to a transition from the valence band to a band- 
gap state, is evident at longer wavelengths; the observed 
"tail" is superimposed on the normal 1.04 eV transition. 
This long wavelength tail is also observed for material no. 
2 in aqueous solvents and is apparently associated with 
excess selenium in the crystal, since photoetching in 
aqueous sodium sulfate solutions, which is known to pro- 
duce a selenium layer or~ CdSe surfaces, greatly enhances 
the magnitude of the long wavelength capacitance de- 
crease. 

At less positive potentials, significant CdSe surface re- 
actions do occur in acetonitrile solution. This is illus- 
trated in Fig. 6, which shows EPS spectra for an n-CdSe 
single crystal as a function of electrode potential. Normal 
spectra are observed at more positive potentials. As the 
electrode potential is decreased, however, the 1.21 (1.26) 
eV transition slowly disappears and the 1.04 eV transition 
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Fig. 6. EPS spectra (7 kHz, 0.3 nm/s) in acetonitrile (0.1M EhNCIO4) 
for a photoetched n-CdSe single crystal as a function of electrode 
potential. 

becomes more pronounced. Apparently, the oxide struc- 
ture associated with the 1.21 (1.26) eV state is electro- 
chemically reduced to that corresponding to the 1.04 eV 
state, a process which to some extent is reversible. As 
might be expected, although the qualitative features are 
consistent, the quantitative aspects of EPS spectra for 
CdSe in acetonitrile are very difficult to reproduce, 
which, apparently, is a consequence of the instability of 
the surface oxide in this media. 
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Zinc sulfide (ZnS) and cadmium sulfide (CdS) have 
the same two crystal structures, the cubic zinc-blende 
form transforming to the hexagonal wurtzite form as tem- 
perature is increased (1). Solid solubilities and phase 
transformations in the ZnS-CdS system were investigated 
using powder compacts heated in He, HC1, or H2S (2, 3), 
and in single crystals grown by the chemical transport 
method (4, 5) or the Bridgman method (6). The ZnS-CdS 
phase relationships in hydrothermally processed samples 
have not been investigated except  for a brief description 
of solid solution formation by Kremheller  et al. (7). 

In previous papers, we suggested that hydrothermal re- 
action was a useful synthesis method for inorganic pow- 
der materials (8-11). We further found that solid solution 
formation and phase transformations in the ZnS-MnS 
system were promoted by hydrothermal treatments (12). 
The present investigation was undertaken to elucidate 
the phase relationships in hydrothermally t r e a t e d  ZnS- 
CdS mixtures. 

Experimental  
High purity ZnS and CdS [> 99.99 weight percent (w/o)] 

for luminescent  applications (Dai Nippon Painting Com- 
pany, Limited) were used as starting materials. After corn-' 
bining the two powders in an agate mortar with ethyl al- 
cohol, the mixture was dried overnight in an oven at 90~ 
and sealed, together with a 50% water charge, in a test- 
tube type autoclave (ca. 8 cm 3 volume). The autoclave was 
heated in an electric furnace controlled to +-2~ Samples 
containing 0-100 tool percent (m/o) CdS at 10 m/o inter- 
vals were held in the furnace at 200~176 for 24h. After 
this treatment,  the autoclave was rapidly removed from 
the furnace and submersed in ice water. 

The phases present and the extent of solid solution for- 
mation were confirmed from x-ray diffraction patterns 
using a Rigaku Geigerflex Model D-2 with Ni-filtered 
CuKa radiation, and high purity silicon was used as an in- 
ternal standard. 

Results and Discussion 
Crystalline phases .--It is well known that the 

cubic-->hexagonal t ransformation in ZnS takes place at 
1020~ in a dry process (13). In the present hydrothermal 
study, the pressure was varied from 16 arm (1.6 MPa) at 
200~ to 200 atm (20 MPa) at 400~ depending on the 
treatment temperature, because of the constant 50% water 
charge (14). The phase transformation to hexagonal ZnS 
was not observed even at 400~ and 200 atm pressure. The 
transformation temperature of CdS in a dry process has 
not been well established, although it is known that the 
cubic--->hexagonal transformation is complete at 600~ in 
well-purified N~ or Ar atmospheres. The phase transfor- 
mation of CdS started to occur at 250~ using the  present 
hydrothermal treatment, proceeded gradually above this 
temperature, and was completed at 300~ (Fig. 1). In- 
creased pressure alone does not depress the transforma- 
tion temperature this far until it has reached several hun- 
dred atmospheres (15, 16). Consequently, it is probable 
that the phase transformation observed under hydrother- 
real conditions has beer~ facilitated by interaction with 

Key words: inorganic, crystallography, solubility, system ZnS- 
CdS, hydrothermal treatment. 

the included water (17) rather than by the pressure alone 
(14). Phase boundaries in the ZnS-CdS system under hy- 
drotherma] conditions are shown in Fig. 1. A complete 
ZnS-CdS solid solution was not formed by the hydrother- 
real t reatment over the t empera tu reand  pressure ranges 
investigated. The solubility of ZnS in CdS increases and 
the solubility of CdS in ZnS decreases with increasing 
temperature. Adding ZnS to CdS under hydrothermal 
conditions decreases the cubic--*hexagonal transforma- 
tion temperature. The solubility of ZnS in CdS is ca. 50 
m/o and that of CdS in ZnS ca. 10 m/o at 400~ sug- 
gesting that the zinc ion, which has a smaller ionic radius 
(0.74A), was easily incorporated into the CdS lattice, but 
that the cadmium ion, which has a larger ionic radius 
(0.97A), was not so easily incorporated into the ZnS lat- 
tice. 

No intermediate compounds such as hydroxides, sul- 
fates, or oxysulfates were identified from the x-ray dif- 
fraction patteI'ns. Thus, although the effect of hydrother- 
real conditions on the phase relationships is important, its 
precise role is not clear. 

Lattice constants of the solid solutions.--Figure 2 shows 
the lattice constants of solid solutions in the system ZnS- 
CdS calculated from the x-ray diffraction data by Cohen's 
least squares method (18). The lattice constant (a) of the 
cubic ZnS solid solution (ss) increased with increasing 
CdS content according to Vegard's law. Cubic ZnS ss was 
identified in the x-ray pattern of the 400~ sample up to 
50 m[o CdS, but the lattice constant could not accurately 
be determined beyond 20 m/o CdS owing to the weakness 
of the ZnS x-ray peaks. A similar effect in the hexagonal 
CdS ss limited lattice parameter determination to <-50 
m/o ZnS (Fig. 2). The lattice constants a and c of hexago- 
nal CdS decreased with increasing ZnS content. 

Hume-Rothery's rules are almost satisfied between the 
hexagonal forms ZnS and CdS, so that a complete range 
of solid solution should be formed between the two sul- 
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Fig. 1. Phase diagram of the system ZnS-CdS under hydrothermal con- 
ditions. I :  cubic-ZnS ss, B: cubic-CdS ss, �9 hexagonaI-CdS ss. 
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Fig. 2. Variation of lattice constants with composition in ZnS-CdS 
solid solutions treated hydrothermalfy at 400~ 

tides. The fact that two-phase regions existed in the sys- 
tem ZnS-CdS presumably stems from slight differences 
in the planar stacking of the two phases; cubic ZnS and 
hexagonal CdS formed under  hydrothermal conditions, 
as previously observed in the system ZnS-MnS (12). 

Summary  
The cubic-->hexagonal transformation of ZnS did not 

occur under  hydrothermal conditions up to 400~ while 
that of CdS was shifted to lower temperatures by hydro- 

thermal treatments and additions of ZnS in solid solution. 
The cubic--~hexagonal transformation of CdS ss was com- 
plete at 300~ The formation of ZnS-CdS solid solutions 
was verified by variation of the lattice constants as a 
function of composition. In the system ZnS-CdS, the 
plots of the lattice constants of ZnS- and CdS-rich solid 
solutions vs. composition followed Vegard's law. The 
solid solubility of ZnS in CdS increased with an increase 
in temperature, while that of CdS in ZnS decreased with 
increasing temperature. 

Manuscript submitted July 11, 1983; revised manuscript  
received Jan. 30, 1984. 
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Electrodeposition of Nickel and Cobalt Oxides onto Platinum and 
Graphite Electrodes for Alkaline Water Electrolysis 

Yih-Wen D. Chen and Rommel N. Noufi* 

Solar Energy Research Institute, Golden, Colorado 80401 

ABSTRACT 

Smooth,  compact,  and bright  films of nickel  and cobalt  oxides were prepared from 0.5M acetate aqueous solutions and 
electrodeposi ted onto pla t inum and graphite electrodes. Oxygen evolution potentials in 1M NaOH at room temperature  
were about  150-170 mV lower on nickel(III) o x i d e  [NiO(OH)] and cobalt(III) oxide (Co20~)-coated anodes than on bare an- 
odes. Scanning electron micrographs of NiO(OH) deposi ts  showed no morphological  change after extensive electrolysis, 
and electrocatalytic activity was stable in long-term controlled-potential  coulometric electrolysis. However, the 
electrocatalytic activity of Co203 showed initial decay followed by a fairly constant behavior. No visible change in the sur- 
face of the Co203 deposi t  was observed after extensive electrolysis. 

The e lec t rochemical  proper t ies  of me ta l  oxide  elec-  
t rodes  have  a t t r ac t ed  in teres t  over  severa l  decades. 
Ear ly  work  was o r ien ted  toward  unders tand ing  th ick 
films r e l evan t  to ba t t e ry  .development (1).  The ob-  
j e c t i ve  of more  recent  s tudies  has been to develop a 
fundamen ta l  unde r s t and ing  of the  redox processes in 
these films (2, 3). Since hydrogen  has recen t ly  been 
considered one of the  c}e~n fuels for ene rgy  s torage 
(4-6),  its p roduct ion  by  var ious  methods  (7-9) has 
been proposed.  Spl i t t ing  w a t e r  to hydrogen  and o x y ,  
gen by  e lec t ro lys is  r emains  the s imples t  and most eco- 
nomical  met.hod. One d rawback  in a lka l ine  wate r  e lec-  
t ro lys is  is the  high overvol tage  of the  oxygen  evolut ion 
on anodes. 

Al though  me ta l  anodes have been convent ional ly  
used for wa te r  e lectrolysis  (10-12), the i r  use is not  
feasible  because  these anodes [especial ly  n ickel  anodes 
(13)] tend to form a nonconduct ing oxide film, caus-  
ing oxygen evolut ion to de te r io ra te  wi th  time. Meta l  
oxides tha t  can provide  a ca ta ly t ic  pa th  for oxygen  
evolut ion have  been recognized (2). Most of the  anodic 
me ta l  oxides s tudied were  fo rmed  by  anodizat ion of 
the  ba re  subs t ra tes  in a lka l ine  solut ion (14-17). In this 
paper ,  we invest igate  e lec t rodeposi t ion  of th in  films of 
n ickel  and coba l t  oxides on p l a t i num and  graphi te  to 
s tudy  an inexpens ive  method  to p repa re  and charac-  
ter ize  these ve ry  thin  film etectrocatalysts .  The ob-  
jec t ive  of  the above task is to app ly  the resul ts  to semi-  
conductor  photoelect rodes  in o rder  to b r ing  about  or  
faci l i ta te  the photoelect rolys is  of water .  

Experimental 
Reagents.--Sodium acetate  and sodium hydrox ide  

a re  B a k e r - a n a l y z e d  reagents .  N icke l (H)  sulfate  was 
obta ined  f rom Johnson Mat they  Chemical ,  Limited,  
and coba l t ( I I )  aceta te  was ob ta ined  f rom Alfa  P r o d -  
ucts. Al l  of the reagents  were  reagent  g rade  and were  
used wi thout  fu r the r  t rea tment .  

Electrodes.--Rotating p la t inum disk  and graphi te  
d isk  e lec t rodes  (a rea  = 0.20 cm2) were  ob ta ined  f rom 
Pine  In s t rumen t  Company.  The electrodes were  pol -  
i shed wi th  1, 0.3, and f inal ly wi th  0.05 tLm a luminum 
oxide. 

Cells.--All measurements  and e lect rodeposi t ion were  
pe r fo rmed  in a th ree -e l ec t rode  cell and are  compared  
wi th  the  sa tu ra ted  calomel  e lectrode (SCE) results .  
The cel l  a ssembly  is s imply  a beake r  wi th  250 ml  ca-  
pac i ty  and  a Teflon .cap wi th  four holes for the ro ta t ing 
d i sk  electrode,  re fe rence  electrode,  countere lec t rode,  
and gas d ispers ing tube. To keep the reference  elec-  
t rode  f rom contamina t ing  the e lectrolyte ,  a Beckman 
junc t ion  tube  (no. 531041) was used to fill the  suppor t -  

* Electrochemical Society Active Member. 
Key words: electrocatalytic activity, morphology, stability. 

ing electrolyte .  Al l  expe r imen t s  were  conducted at 
room t empera tu r e  and under  argon a tmosphere .  

Apparatus.-- A PAR Model  173 potent ios ta t  wi th  
Model 175 Universa l  p r o g r a m m e r  and  Model  179 Digi -  
ta l  coulometer  was used to  control  po ten t ia l  e lec t ro-  
deposit ion,  cycl ic  vo l t ammet r i c  measurements ,  and 
potent ia l  coulometr ic  e lect rolys is  of water .  A Houston 
Model 200 X-Y recorde r  reg is te red  the data.  

Analysis of the film.--The nickel  and cobal t  contents  
in the  film were  .determined by  dissolving the meta l  
oxides in 1% HNO~ and measur ing  by  a tomic  absorp-  
tion. 

Results and Discussion 
Electrodeposition of nickel(III) oxide on platinum 

and graphite electrodes.--The nickel  ( I II)  oxide, 
NiO(OH), was prev ious ly  formed when nickel  (II) oxide  
was electro.chemically oxidized to the + 3  oxida t ion  
s tate  (14-16). In  this invest igat ion,  NiO(OH)  was p re -  
pa red  d i rec t ly  from 0.SM sodium acetate  aqueous solu-  
t ion wi th  0.05M NiSOd. F igure  1 i l lus t ra tes  the cyclic 
vo l t ammogram for the oxidat ion  of n i cke l ( I I )  ion onto 
pla t inum.  On the first anodic  scan, no obvious anodic  
peak  was observed;  however ,  on the  subsequent  cycles, 
anodic peaks  were  easi ly  identified. Upon scan reversal .  
reduct ion  waves  of the  oxide  were  observed.  The  in-  
crease in redox  peaks  wi th  each cycle indicates  the  
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Fig. I. Cyclic voltammograms at 50 rnV/s for a rotating (900 
rpm) platinum disk electrode (0.20 cm 2) in an aqueous solution 
containing O.OSM Ni$04 and 0.SM sodium acetate. 
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Fig, 4. Cyclic vo|tammograms at 50 mV/s for a rotating (900 
rpm) platinum disk electrode (0.20 cm~) in 1M NaOH aqueous solu- 
tion. Curve a: uncoated platinum electrode. Curve b: NiO(OH)- 
coated platinum electrode electrodeposited at -{-1.10V with 15 mC 
passed, on rotating (900 rpm) platinum disk electrode, in an aque- 
ous solution containing 0.05M NiSO4 and 0.SM sodium acetate. 
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Fig. 2. Controlled potential coulometric electrodeposition of 
NiO(OH) on rotating (900 rpm) platinum disk electrode (0.20 cm 2) 
in aqueous solution containing 0.05M NiSO4 and 0.SM sodium ace- 
tate at (a) 1.025% (h) 1.050% (c) 1.075% and (d) 1.100V vs. SCE. 

growth of the deposit. At potentials >I.0V, anodic 
currents [the result of electroeatalytfc evolution of 
oxygen at the NiO (OH) film] increase with each cycle. 
This increase is seen again in Fig. 2, which illustrates 
controlled potential coulometric electrodeposition at 
different anodie limits. At each anodic limit, the anodiC 
current decreases initially until ,~0.06 mC had passed, 
which is the estimated quantity needed for monolayer 
deposition (,~0.30 mC/cm 2) (18). After monolayer 
formation, the current density increases during the 
extensive electrodeposition because of electrocatalytic 

oxidation of water. Through x-ray photoelectron spec- 
troscopy (XPS), the deposition product was identified 
as predominantly NiO(OH) (see Fig. 3), which is 
similar to the results obtained from the anodic oxida- 
tion of the Ni(OH)2 film (14-16). Therefore, the 
NiO(OH) species seems essentially responsible for 
the catalyzed oxygen evolution. The oxygen evolution 
occurring with the anodic electrodeposition of NiO(OH) 
film is also evident from the analysis of the nickel 
content in the film (measured by atomic absorption, 
as shown in Table I). The coulometric efficiency of the 
deposition decreases with increase in applied potential. 

The controlled potential coulometric electrodeposi- 
tion of NiO (OH) on platinum and graphite electrodes 
yields reproducible, .compact, and smooth films. With 
this method, thick conducting films can be deposited 
over 1 C/cm 2. In comparison, passive oxide films were 
normally grown on nickel electrodes with limited 
thickness (19-21). 

The electro catalytic evolution of oxygen was also 
observed in 1M NaOH aqueous solution, where the 
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Fig. 3. XPS spectra of NiO(OH) electrodep.oslted on platinum (0.25 cm 2) at a potential, Ea ~ 1.10V with Q - -  3.7 mC in an aqueous 
solution containing 0.5M sodium acetate and 0.05M NiSO~. A, left: XPS spectrum of the immediate surface. B, right: XPS spectrum of 
the bulk. 
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Fig. 5. Oxygen evolution at NiO(OH)-coeted platinum electrode 
(0,20 cm 2) at @0.55V in 1M NaOH aqueous solution, Curve a: 
current-time curve for .initial electrolysis. Curve b: current-time 
curve for continuous electrolysis after 3 days. The NiO(OH)-coated 
anode was prepared by electrodep0sition on rotating (900 rpm) 
p!atinum disk electrode (0.20 cm 2) at ~- I .0V with 10 mC passed 
in an aqueous solution containing 0.05M NiSO4 and 0.SM sodium 
acetate. 

oxygen  evolut ion poten t ia l  was about  150 mV lower  
on the NiO (OH) e lec t rode  than on the p la t inum anode 
(as shown in Fig.  4). The l ong - t e rm  s tab i l i ty  of oxy -  
gen evolut ion on NiO(OH)  film was tes ted  in 1M 
NaOH, and the film showed good s tabi l i ty .  In i t ia l ly ,  the  
ca ta ly t ic  cur ren t  increased sharply ,  and then reached 
s t eady  s ta te  a f te r  a few minutes  (Fig. 5). The elec-  
t rolysis  cont inued for 3 days  wi th  no decay in current .  
Therefore ,  no passive oxide  film formed, and there  
was also no morphologica l  change in the NiO(OH)  
film (Fig. 6). 

Electrodeposition 05 cobalt(III) oxide onto platinum 
and graphite electrodes.--Cobalt(III) oxide films were  
p r e p a r e d  b y  e lec t rodepos i t ion  onto p l a t i num and 

Fig. 6. Scanning electron micrographs of NiO(OH)-coated plati- 
num electrode (times 2000) for (a, top) before and (b, bottom) 
after oxygen evolution in 1M NaOH aqueous solution. 
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Fig. 7. Cyclic voltammograms at 50 mV/s for a (a, left) rotating (900 rpm) platinum disk electrode (0.20 cn~) and (b, right) rotating 
(900 rpm) graphite disk electrode (0.20 cm 2) in aqueous solution containing 0.05M Co(OAc)2 and 0.50M sodium acetate. 
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graphite electrodes in essentially the same way as the 
NiO (OH) -coated electrodes. Cyclic voltammograms of 
the oxidation of coba!t(II) ion onto platinura and 
graphite electrodes were basically the same for both 
electrodes (Fig. 7): On the first an0dic scan, no obvious 
anodic peak was observed; however, on the subsequent 
cycles, anodic peaks were observed. On the scan re- 
versal, broad and relatively small reduction waves 
vcere observed. The increase in peak height with each 
cycle indicates the growth of the film. The oxidation 
currents at the anodic limit increase while the film is 
continuously deposited, indicating the electrocatalytic 
evolution of oxygen. However, the catalytic effect by 
the cobalt oxide is not as clear as it is with NiO (OH); 
a more complicated film growth behavior is observed 
(Fig. 8). At each anodic limit, the oxid~ation current 
decreases initially until ~0.10 mC had passed, which 
is the estimated quantity (,,0.5 mC/cm 2) required for 
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monolayer deposition (21). After the monolayer for- 
mation, the current density increases and then de- 
creases during bulk electrodeposition. The increase 
in the current density might indicate catalytic oxygen 
evolution, followed by a decrease in current density 
due to the less conducting character of the film. The 
electrodeposited film was not stable in air. The orange 
film gradu.ally changes to green on the surface and 
becomes soluble in 1M NaOH. However, the under- 
layer of the green film stays orange and stable in iM 
NaOH. XPS measurements were not sensitive enough 
to distinguish between the binding energies of Co208, 
Co~O4, and CoO (Fig. 9). However, Co=Oa is most 
likely the cobalt oxide deposited because the stoi- 
chiometry fits the analytical results of coulometric 
efficiency of the electrodeposition at lower applied 
anodic potential (Table I). At the lower potential, 
over 90% eoulometric efficiency based on Co208 film 
formation is observed. 
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Fig. 8. Controlled potential coulometric electrodepositio, of 
cobalt(liD oxide on rotating (900 rpm) platinum disk electrode 
(0.20 cm 2) in an aqueous solution containing 0.05M Co(OAc)2 and 
0.5M sodium acetate at (a) 0.80V, (b) 0.85V, and (c) 0.90V vs. 
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Fig. 9. XPS spectrum of cobalt oxide electrodeposited on plati- 
num (0.25 cm 2) at -F0.80V with 2 mC passed in an aqueous solu- 
tion containing 0.05M Co(OAc)~ and 0.hM sodium acetate. 
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Fig. 10. Cyclic v01tammograms at 50 mV/s for a (a, left) rotating (900 rpm) platinum disk electrode (0.20 cm2), and (b, right) rotating 
(900 rpm) graphite disk electrode (0.20 cm~), in 1M NaOH aqueous solution. Curves 1: uncoated platinum or graphite electrode. Curves 
2: cobalt(Ill) oxlde-coated platinum or graphite electrode at +0 .80V with 10 mC Passed from an aqueous solution containing 0.05M 
Co(OAc)~ and 0.50M sodium acetate. 
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Table I. Coulometric efficiency of electrodeposition of 
nickel(liD and cobalt(Ill) oxides a 

Sample Metal Qa b Ea e C d Coulometrle 
number analyzed (mC) (V) (ppm) efficiency (%)  

1 NI 30 1.10 0.47 28 
2 I'~ 30 1.07 0.55 92 
S NI 30 1.00 0.62 36 
4 Co 30 0.80 1.65 93 
5 Co 30 0.90 1.55 
6 CO 30 1.05 1.32 75 
7 Co 30 I.I0 1.12 63 

�9 A n  aqueous  solut ion of 0.5M sod ium ace ta t e  a nd  0.05M NISO4 
was  used  to e leetrodepos i t  NIO(OH) on a ro t a t ing  (900 r p m )  
p l a t i n u m  disk e lec t rode .  An  aqueous  solut ion of 0,5M sod ium 
acetate and 0.05M Co(OAc)z  was  u sed  to a lec t rodepos l t  coba l t ( I I I )  
oxide on a ro t a t ing  (900 r p m )  g r a p h i t e  disk electrode.  

b The  number  of coulombs applied for  e lectrodeposl t ion.  
�9 The constant  anodie potential  applled for  e lectrodeposit lon.  
d Metal oxides  w e r e  dissolved in I0 ml  1% HNO3 and  w e r e  mea-  

su red  by a tomic  absorption. 
�9 Coulometric  efficiency is  based on NIO(OH) and Co~Os forma- 

tion. 

The electrocatalytic evolution of oxygen was evi- 
dent in 1M NaOH aqueous solution where the oxygen 
evolution potential was about 170 mV lower on Co203 
than uncoated anodes (see Fig. 10). The long-term 
stability of oxygen evolution on Co203 film was tested 
in 1M NaOH, and this film also Showed good stability 
(Fig. 11). Contrary to NiO(OH), the catalytic current 
initially decreases sharply and stays fairly constant 
during extensive electrolysis. Initially, the catalytic 
current of Co203 is larger than that of NiO (OH). How- 
ever, after extensive electrolysis, the catalytic current 
of Co203 becomes less than that of NiO(OH): Essen- 
tially, no visible change in the cobalt(III) oxide film 
was observed after long-term oxygen evolution ex- 
periment. 
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Electroactive Properties of Polyaromatic Molecules 
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ABSTRACT 

Electroactive and electrochromic films of electropolymerized polyazulene and polythiophene have been found to be 
surprisingly insensitive to common solvents and temperature. As electrodes in all-organic batteries these thin polymeric 
films allow current densities of 2 mA/cm 2 at open-circuit voltages of 2.3V. The electrochromic properties suggest applica- 
tion in electro-optical displays. 

The var ie ty  of compounds which have been found to 
undergo electrochemical polymerizat ion have demon-  
strated the facility of the electrochemical approach to 
synthesis of electrically conducting polymeric films. 
Such films have been prepared from molecules which 
represent  all per t inent  classes of aromatic compounds. 
They include the heterocyclic pyrroles (1, 2), thio- 
phenes (3-5), furan  (5), carbazoles (6, 7), the poly- 
n u c l e a r  aromatic hydrocarbons pyrene or fluorene 
(8), and even the nonbenzenoid aromatic hydroca r -  
bon azulene (9). When in the oxidized form, all of 
these polymers are semiconducting (10-8_102 f l-1 
cm-1) ,  with polypyrrole exhibi t ing the highest c o n -  
d u c t i v i t i e s  of 10~ f l-1 cm-1.  Thin  films from poly- 
pyrrole, polythiophene, and polyazulene which are 
supported by a Pt surface are also attractive, because 
they exhibit  electroactive ,and electrochromic prop- 
erties. Thus, electrically conducting polymers become 
suitable for application in electro-optic display de- 
vices ( 1 0 ) o r  as electrode materials (11). Successful 
application in the la t ter  has been demonstrated by 
the fabrication of a lightweight, rechargeable bat tery  
employing a polyacetylene electrode, whereby large 
power and energy  densit ies were obtained (12). The 
fact that electrochemically prepared polymers, such as 
polythiophene or polyazulene, have similar  properties, 
points to their  potential  application in energy tech- 
nology a~ well. Accordingly, we report  herein some 
properties of these materials  re levant  to their appli-  
cations in  bat tery  technology. 

Experimental 
All  compounds were obtained from commercial 

sources. Polythiophene and poly-~-subst i tu ted thio- 
phenes were prepared by the electrochemical oxidation 
of the appropriate thiophene monomers  in a three-  
electrode,  s ingle-  or two-compar tment  cell. Pla t inum,  
gold, and sodium chloride calomel (SSCE) were used 
as the working, counter, and reference electrodes, r e -  
spectively. The solutions were typically 10-4-10-3M in 
monomer,  in a 0.1M electrolyte/acetonitr i le  solution. 
The electrolyte, usual ly  t e t rae thy lammonium tetra-  
fluoroborate (TEAFB),  was recrystaUized from alco- 
hol -e thyl  acetate and dried under  vacuum. The aceto- 
ni t r i le  (Burdick and Jackson, spectrometric grade) w a s  
used directly without fur ther  purification. The solutions 
were bubbled with argon for 5-10 min, and protected 
by an argon blanket.  Cyclic vol tammograms of polymer 
films were measured in electrolyte solutions conta in ing 
no other electroactive species. All electrochemical 
measurements  were performed with an IBM EC225 
Voltammetric  Analyzer.  

Results and Discussion 
Electrochemical data.--Cyclic vol tammetr ic  data for 

some thiophene monomers and their  corresponding 
polymers are given in Table I. All of the monomers  
show irreversible oxidation peaks and give rise to 
colored solutions upon electro-oxidation. The value of 
n for the oxidation reaction was estimated from the 

* Electrochemical Society Active Member, 
Institut f~ir Physikalishe Chemie, Bonn-l, Germany. 

Table 1. Cyclic voltammetric data for thiophenes: monomer 
concentration 8.9-23.0 ~mol cm -3 in 0.1M TEAFB/CH3CN with 

sweep rate 50 mV s -1 

Monomer 
i/ACpl/~ 
(A em Polymer 

Ep$ mol-lsl/S 10~nS/2D1/~ E,, 
Compound (V) V-l/~) (em sVD n (V) 

thtophene 2.06 3791 1.4 2.7 
3-methylthiophene 1.86 3203 1.2 2.4 
3-iodothiophene 2.03 2362 0.9 2.0 
3-bromothiophene 2.10 3085 1.1 2~3 
3-thiopheneacet onitrile 2.22 2725 1.0 2.2 
3-thiophenecarboxylic 2.28 1031 0.4 1.2 

acid 
3-cyanothiophene 2.46 2260 0.8 1.9 
3-nitrothiophene 2.89 2476 0.9 2.0 
2,5-dimethylthiophene 1.77 1134 0.4 1.2 

0.96 
0.72 

1.06 
1.12 

Nieholson and Shain t rea tment  for a totally irreversible 
e lec t ron- t ransfer  process which provides n3/2D 1/2, 
where D was assumed equal to 10 -5 cm 2 s -1. In  gen-  
eral, the reaction of compounds which produce poly- 
mer films occurs on the electrode surface and-has  n 
values between 2 and  3, as est imated from cyclic volt-  
ammetry.  From elemental  analysis, n values between 
2.07 and 2.17 are obtained for some of these polymers. 
The reaction of compounds which produce soluble 
products and, therefore, occur away from the electrode, 
has n values between 1 and 2, depending upon whether  
monomeric  (n ~- 2) or dimeric (n _-- 1) products are 
formed (13). Accordingly, the a,~'-blocked 2,5-di- 
methyl th iophene has an n value of 1.2, s imilar  to 2,5- 
d imethylpyrrole  (13). 

Whereas low molecular  weight products are ob- 
tained from a-subst i tuted heterocycles, polymeric films 
are indeed obtained from certain ~-substi tuted mono-  
mers. The cyclic vol tammogram of a typical 60 nm 
thin film of polythiophene on a Pt  surface obtained 
from the electropolymerization of 2,2'-bithiophene is 
shown in Fig. 1. 
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Fig. 1. Cyclic voltammogram of [Pt]-polythiophene-BF4 film in 
0.1M TEAFB/CH3CN solution. 
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The detai ls  of the  e lect roact ive  proper t ies  of these 
films have been prev ious ly  considered (4),  and no r e -  
i t e ra t ion  is necessary  here.  However ,  it  is impor t an t  to 
point  out that  these films can be cycled r epea ted ly  be-  
tween  the oxidized,  conduct ing s ta te  and  the  neutra l ,  
nonconduct ing state,  an event  which is accompanied 
by  a revers ib le  color change f rom g reen -back  to a pa le -  
copper color, respect ively.  The cycling behavior  is ob-  
served for po ly th iophene  films der ived  f rom ei ther  the 
monomer  or the  2,2'-dimer.  The anodic peaks obta ined  
f rom the d imer  de r ived  po lymer  films, however ,  are  
no t iceably  sha rpe r  wi th  peak  widths  at  ha l f  he igh t  
(PWHH)  of ca. 90 mV for 60 n m  films, whi le  monomer  
der ived  films of the same thickness  have P ~VHH of ca. 
300-350 inV. Since it is known that  the oxida t ion  and 
reduct ion  react ion is cont ro l led  by  the diffusion of 
counteranions  into and out of the sur face- loca l ized  film, 
diffusion of ions th rough  the d i m e r - d e r i v e d  film is less 
l imit ing.  This m a y  also reflect the more  r egu l a r l y  
a ,~ ' - l inked monomer  units in the d i m e r - d e r i v e d  film. 
The sens i t iv i ty  of the  e lect r ica l  p roper t ies  of po ly -  
th iophene  to l inkages  be tween  monomer  units o ther  
than  , , d - b o n d s  has been pointed out  by  Sanech ika  et al. 
(14). In par t icu lar ,  they  found that  the e lect r ica l  con- 
duc t iv i ty  of po ly th iophene  decreases wi th  increas ing 
~- l inkages  in t roduced  be tween  monomer  units.  

F igure  1 also shows that  the p e a k  oxidat ion  po ten-  
t ia l  of po ly th iophene  occurs at -t-1.0V. This is far  anodic 
of the peak  oxida t ion  poten t ia l  o f  po lypyr ro le  (--  0.15V), 
wi th  the  impor tan t  consequence that  po ly th iophene  
films are  much more  s table  , especial ly  to the p res -  
ence of oxygen.  Thus, unl ike  po lypyr ro le ,  neu t ra l  or 
e lec t rochemica l ly  oxidized po ly th iophene  films can be 
exposed  to air, o r  even passed under  a s t ream of oxy-  
gen, ye t  when put  back  into an e lec t ro ly te  so lu t ion  and 
cycled e lect rochemical ly ,  they  re ta in  thei r  swi tching 
capabil i t ies .  However ,  ESCA studies  of the  neu t ra l  
films revea l  the presence of bonded oxygen  at  the sur -  
face of these mater ia ls .  Fo r  neu t ra l  po ly th iophene  films 
exposed  to a i r  for  24h, the  C : S : O  rat io is 4.0:0.55:1.0, 
respect ively ,  whi le  a 14 day  exposure  reveals  a C: S :O  
ra t io  of 4.0: 0: 5.1, respec t ive ly  (15). However ,  the sur -  
face proper t ies  are  n o t  r ep resen ta t ive  of the bu lk  
proper t ies  of the film, as is evidenced by  its ab i l i ty  to 
re ta in  e lec t rochemical  switching.  

The e lec t rochemical  behav ior  of po lyazulene  films is 
s imi la r  to tha t  of po ly th iophene  films insofar  tha t  they  
too are  e lec t roact ive  and e lec t rochromic  (Fig.  2). The 
peak  oxida t ion  poten t ia l  of the po lymer  film occurs at  
+0.650V, i.e., lower  than  the po ly th iophene  counter -  
pa r t  but  s t i l l  anodic of po lypyr ro le .  

Stab i l i t y  of  f i lms . - -For  successful pe r fo rmance  of 
these mate r ia l s  in var ious  applicat ions,  such as in 
bat ter ies ,  a p a r t  f rom the des i rab le  e lec t roac t iv i ty  of 
the films, the i r  s t ab i l i ty  under  di f ferent  condit ions be -  
comes of pa ramoun t  impor tance .  Thus, th icker  films 
f rom poly th iophene  and polyazulene  can be pee led  off 
f rom the Pt  anode. These are  flexible, continuous,  free 
s tanding  films which  are  e lec t r ica l ly  conduct ing to the 
ex ten t  of  1 ~ - 1  c m - L  T h e  oxidized,  conduct ing forms 
of these polymer~ films a re  also r e m a r k a b l y  s table  
under  different  conditions.  They  are  insoluble  in 
s t rong acids, bases, or  common organic  solvents.  Fo r  
example ,  when  oxidized films are  p laced in 6M HC1 
or  NaOH, or in a solvent  such as d ich loromethane  for  
lh,  they  re ta in  the i r  e lec t roact ive  proper t ies  when 
subsequent ly  e lec t rochemica l ly  cycled. The th icker  
films are  also t he rma l ly  s table  to hea t ing  at 80~ for  
severa l  hours. When kep t  for 3h at this  t e m p e r a t u r e ,  
po lyazulene  and poly th iophene  show a decrease  in 
conduct iv i ty  f rom 0.4 to 0.2 ~ - ~  c m - L  and f rom 0.1 to 
0.04 12 -~ cm -~, respect ively ,  while  heat ing f o r  20h r e -  
sults in a t en- fo ld  decrease in thei r  conductivi t ies .  
Whereas  the th ick films show modera te  s tab i l i ty  to hea t -  
ing, the thin films d i sp lay  a sens i t iv i ty  of the  switching 
behav ior  to changes in t empera tu re .  Thin films we re  
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Fig. 2. Cyclic voltammogram of [Pt]-polyazulene-BF4 film in 
0.1M TEAFB/CH~CN solution. 

cycled r epea ted ly  in the t empe ra tu r e  range  be tween  
0.0 ~ and 80~ and were  found to be s table  under  these 
condit ions for at  least  severa l  hours. The e lec t roact ive  
proper t ies  a re  s t i l l  r e ta ined  (Fig.  3), and the peak  oxi -  
dat ion potent ia l  shifts  ca thodica l ly  by 0.88 mV d e g - '  
wi th  increas ing t empe ra tu r e  (Fig. 4). The 70 mV shift  
in the  oxida t ion  poten t ia l  is revers ib le  in this range,  
and a not iceable  sharpen ing  of the anodic peak  is ob-  
served  at h igher  t empera tu re s  (Fig. 3). 

A p a r t  from the demons t ra ted  t empe ra tu r e  s tabi l i ty ,  
these da ta  also a l low informat ion  concerning the en -  
ergetics of the swi tching react ion in this t e m p e r a t u r e  
range.  The react ion is e lec t rochemica l ly  i r revers ib le  
and thus the re la t ion  dG -- - - n F E  cannot  be applied.  
However ,  the d E / d T  dependence  is rea l  and can be 
re la ted  to d ( d G ) / d T ,  which provides  - -dS .  Thus, dS -- 
n F ( d E / d T )  = --3.4 cal deg -1, w he re by  n = 0.17, i.e., 
the  amount  of charge consumed in the  pa r t i a l  ox ida t ion  
of the  film, as can be der ived  from e lementa l  analysis  
data. This change of s ta te  also involves a change in 
composit ion where  anions are  incorpora ted  into the film 
in o rder  to ba lance  the  posi t ive charges along the 
po lymer  chain. The sign and magni tude  for the en-  
t ropy  t e rm dS is consistent  wi th  wha t  is character is t ic  
for  molecu la r  complex format ion  (16). The s ign for  
dS suggests  that  as the film switches f rom the neu-  
t ra l  to the oxidized state,  accommodat ion  of counter -  
anions (which is necessary  to balance  the  posi t ive 
charge  induced in the po lyme r  chain)  resul ts  in a 
s t ruc ture  more  r i g i d  than  in the neu t ra l  s ta te  of the 
film. 

Subs t i t uen t  e f]ects . - -The eventua l  appl ica t ion  of 
these mate r ia l s  in energy  technology or in o ther  fields 
wi l l  demand  some chemical  modifications in order  to 
meet  pa r t i cu la r  cri ter ia .  For  example ,  we have demon-  
s t ra ted  prev ious ly  tha t  the conduct iv i ty  of po ly th io -  
phene  can be increased 100-fold wi th  the in t roduct ion 
of a single ~ subs t i tuent  (4). The fract ion of counter -  
anions in the film can also va ry  depending  on which 
subs t i tuent  is in t roduced into the pa ren t  polymer .  
Correspondingly ,  an invest igat ion of po ly th iophene  
films with  appropr ia te  ~ subs t i tuents  showed tha t  when 
the peak  oxidat ion  poten t ia l  of some ~-subs t i tu ted  
monomers  are  p lot ted  against  thei r  respect ive  Ham-  
met t  subs t i tuent  constants,  a l inear  corre la t ion  is ob-  
ta ined  (Fig. 5). The shif t  in the  peak  oxidat ion  po-  
tent ia ls  of the  ser ies  of ~-subs t i tu ted  th iophenes  is de -  
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Fig. 3. Cyclic voltammograms of [Pt]-polythiophene-BF~, as 
function of temperature in 0.1M TEAFB/CH,~CN. 

pendent on three parameters:  namely, their polar, 
steric, and mesomeric effects, which are exerted by the 
substituents (17). This behavior can be described by 
the usual Hammett-Taf t  

E = p ~ + S  

equation where p~r~ describes the polar-mesomeric 
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Fig. 4. The shift in the peak oxidation potential of polythiophene 
as a function of temperature. 
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Fig. 5. Electrochemical peak oxidation potential of thiophene 
monomers vs. their respective Hammett substituent constants, 

parameters, and S accounts for the steric factor (17). 
Accordingly, Fig. 5 allows three conclusions to be 
drawn. First, the straight-l ine fit indicates that all of 
the monomers are oxidized by the same mechanism, 
i.e., electro-oxidation results in the removal of a 
electron from the thiophene ring. Second, the positive 
sign for the substituent constant p~ reveals that as 
the substituents take on more electrophilic character, 
the oxidation of the corresponding thiophenes proceed 
more difficultly. Finally, the steric term S appears to 
be minimal since for the substituents chosen here, a 
straight-l ine fit is obtained. Thus, the pr imary effect 
exerted by the/~ substituents is electronic and described 
by the p~  term. One possible interpretation of these 
facts (Fig. 5) suggests that there is an optimum po- 
tential range, i.e, reactivity of the radical cation in- 
termediate, which favors radical cation coupling in 
the follow-up reaction to yield polymeric films. 
Thus, Under these conditions, polymerization occurs 
only for the parent thiophene, and the methyls-, 
bromo-, and iodo-sUbstituted thiophenes. The lat ter  two 
monomers yield poorly conducting films, while the 
other two polymers, polythiophene and poly (3-methyl-  
thiophene), have conductivities of ca. 10-2-10 -1, and 
1 ~ - I  cm-1, respectively. 3-Thiophene carboxylic acid, 
3-cyan0-, and 3-nitro-thiophene yield no polymers on 
electro-oxidation under these conditions. Several rea- 
sons may be attributed to the lack of polymers ob- 
tained from the lat ter  three monomers. One interpreta-  
tion postulates that the stabil i ty (or reactivity) of 
these monomers is affected by the/3 substituents. Thus, 
as the reactivity of the radical cation intermediates in- 
creases, as reflected in their-increasing oxidation po- 
tentials (Fig. 5), the more reactive these intermediates 
become with respect to nucleophiles, or they undergo 
other "escape" reactions, e.g., with the solvent or other 
nucleophilic species in the vicinity of the Pt surface, 
Thus, one possible effect of these strongly electron 
withdrawing groups is to destabilize the radical cation 
intermediate to the extent that radical cation coupling 
reactions become unfavorable when compared with 
other reaction pathways. Another reason for their 
failure to promote electropolymerization may be due 
to a breakdown of the solvent, since the anodic po- 
tentials applied become rather high for the nitro- and 
cyano-substituted monomers (Table I) .  

While steric factors do not seem to play any ap- 
preciable role in the pr imary  electro-oxidation of the 
monomer (Fig. 5), their subsequent follow-up reactions 
(radical cation polymerization) are more susceptible 
to steric effects, which, therefore, may well play a role 
in deciding whether polymerization can compete favor- 
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ably with other potential  fol low-up reactions, such as 
with nucleophiles. This may explain the overall  in-  
ferior qual i ty of the polymer films derived from the 
3-bromo- and 3-iodo-thiophenes, even though their  
oxidation potentials do not differ greatly from that  of 
the parent  thiophene monomer.  It is, however, in ter -  
esting to note that  while a bu lky  subst i tuent ,  such as 
iodo, allows polymerizat ion (albeit  of poor qual i ty) ,  a 
sterically smaller  cyano group does not. 

Another  example of a proper ty-s t ruc ture  correlation 
between thiophene monomers and their  corresponding 
polymers is reflected in Fig. 6, where the peak oxida- 
tion potentials of some thiophene monomers are plotted 
against their  respective polymers. The s t ra ight- l ine  
fit suggests that /~=substituted monomers and their re-  
spective polymers are made up of a related system of 

electrons, i.e., the electronic structures of the mono-  
mers and their  corresponding polymers must  be alike. 
This is consistent with the fact that polvthioohene (and 
polypyrrole) consists pr imar i ly  of a,a ' - l inked monomer  
uni ts  (3, 4). 

Bat tery  appl icat ions.--The stabil i ty of polythio-  
phene and polyazulene films as described above sug- 
gests application of these materials as bat tery  elec- 
trodes. Of par t icular  importance is the high extent  of 
counteranions which can be incorporated into these 
polymer  films, especially into polyazulene, whereby 
one counteranion is shared by iour  azulene monomer  
uni ts  (Table II) .  Polythiophenes are addit ionally at-  
tractive from the s tandpoint  that their film properties 
are readily altered via subst i tuent  groups. Thus, a 
simple bat tery  cell (as shown in Fig. 7) was assembled 
uti l izing oxidized and neut ra l  polymer films adhered 
onto Pt  as the two terminals.  The films were typical ly 
1 X 2 cm 2 with a thickness of ca. 10 -2 cm, correspond- 
ing to a film weight of about 1-2 rag. These were im- 
mersed into a 0.1M TEAFB acetonitri le solution con- 
ta in ing no other electroactive species. The arrows in 
Fig. 7 indicate the direction of electron flow. A poly- 
azulene ba t te ry  yielded a maximal  open-circui t  voltage 
of  ca. 2.3V and an optimal init ial  short-circuit  current  
of 4 mA. These data are summarized in Table II for 
both polyazulene and polythiophene batteries. These 
pre l iminary  results for polyazulene are taken from 
five such batteries, while those for polythiophene 
(monomer  derived) are based upon a single bat tery  
test. Polythiophene batteries derived from the dimer 
may conceivably yield higher values since they can 
store more charge (six monomer  units  share one 
charge) than the monomer-der ived  films. The batteries 
tested so far could be recharged at constant  cu r ren t ,  
e.g., at 1 re_A, to yield s imilar  values in the regenerated 
cells. 

Table II.  Batteries from polyazulene and polythiophene 

P o l y a z u l e n e  P o l y t h i o p h e n e  

Elemental composition ( A Z )  4 + �9 BF~-  ( T H )  14 + �9 BF4-  
C u r r e n t  density 0.4-2.2 mA/cm 2 0.02 m A / c m  2 
Voltage 0,5-2.3V 0.SY 

Our values are actually quite s imilar  to the "all 
polymer" polyacetylene batteries of MacDiarmid et al. 
(18). However, unl ike polyacetylene, which is known  
to be air sensitive, polyazulene batteries can be open 
to the air, at least shor t - te rm (days) tests revealed no 
apparent  effect of air on the stabil i ty of the batteries. 
However, the long- term effect of oxygen on the re-  
chargeabil i ty of polyazulene batteries has not been 
investigated thus far. Figure 8 shows the voltage chauge 
dur ing a constant  current  discharge of 0.15 mA for a 
polyazulene cell in 0.1M TEAFB acetonitrile. More work 
is in progress. 1 

1 A f t e r  t h i s  w o r k  was completed, d a t a  c h a r a c t e r i z i n g  the elee- 
troehromic behavior of polythiophenea was reported by Garnier 
et al. ( 1 9 ) .  

t 

9 
"neutral" 
film 

oxidized 
film 

0.1M TEAFB/CH3CN 

Fig. 7. A simple "all  polymer" battery cell 

2.4 

2.2 
E O t- O 
E 2.0 

t.l.l 

1.8 

I ' I ' I ~ I ~ l ' 

~ CH2CN 
~~/ ~ B r  

j .  

I I [ , 1 I [ 
0.6 0.8 1.0 1.2 

Epa polymer (V) 

, [ , 
1.4 

Fig. 6. Peak oxidation potential of thTophene monomers vs. thelr 
respective polymers in 0 .1M T E A F B / C H 3 C N .  

I I ~ I I I I I l I 

2.00 

1.60 ~ 

0.80 - 

0.40 

I I I I I I 1 I I I 
10 20 30 40 50 

Time (min.) 

Fig. 8. A typical voltage change during 0.15 mA constant~current 
discharge of a polyazulene battery cell. 



1456 J. E lec t rochem.  Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  J u n e  1984 

Manuscript received .Aug. 25, 1983. This was Paper 
546 presented at the San Francisco, California, Meeting 
of the Society, May 8-13, 1983. 

IBM Corporation assisted in meeting the publication 
costs of this article. 

REFERENCES 
1. A. Dall'Olio, Y. Dascola, V. Varacca, and V. Bocchi, 

Acad. Sci. Ser. C, 267, 433 (1968). 
2. A. F. Diaz, K. K. Kanazawa, and G. P. Gardini, 

J. Chem. Soc., Chem. Commun., 635 (1979); A. F. 
Diaz and J. I. Castillo, ibid., 397 (1980); K. K. 
Kanazawa, A. F. Diaz, W. D. Gill, P. M. Grant, 
G. B. Street, G. P. Gardini, and J. F. Kwak, Syn-  
thetic Metals, 1, 329 (1979/1980). 

3. A. F. Diaz, Chem. Scr., 17, 145 (1981). 
4. R. J. Waltman, J. Bargon, and A. F. Diaz, J. Phys. 

Chem., 87, 1459 (1983). 
5. G. Tourillon and F. Garnier, J. EIectroanal. Chem., 

135, 173 (1982). 
6. J. F. Ambrose and R. F. Nelson, This Journal, 115, 

1159 (1968). 
7. J. Bargon, M. Mohmand, and R. J. Waltman, IBM 

J. Res. Develop., 27,330 (1983). 
8. R. J. Waltman and J. Bargon, Unpublished results. 

9. J. Bargon, S. Mohmand, and R. J. Waltman, Mol. 
Cryst. Liq. Crgst., 93, 279 (1983). 

1O. A. F. Diaz and K. K. Kanazawa, in "Extended 
Linear Chain Compounds," Vol. 3, J. S. Miller, 
Editor, p. 417, Plenum Press, New York (1982). 

11. A. F. Diaz, J. M. Vasquez Vallejo, and A. Martinez 
Duran, IBM J. Res. Develop., 25, 42 (1981). 

12. P. J. Nigrey, A. G. MacDiarmid, and A. J. Heeger, 
Mol. Cryst. Liq. Cryst., 83, 309 (1982). 

13. A. F. Diaz, A. Martinez, K. K. Kanazawa, and M. 
Salmon, J. Electroanal. Chem., 130, 181 (1981). 

14. K. Sanechika, T. Yamamoto, and A. Yamamoto, J. 
Polym. Sci., Polym. Lett. Ed., 20, 365 (1982). 

15. A. F. Diaz, R. Hernandez, R. J. Waltman, and J. 
Bargon, J. Phys. Chem., To be published. 

16. J. E. Leffier and E. Grunwald, "Rates and Equi- 
libria of Organic Reactions," John Wiley and 
Sons, Inc., New York (1963). 

17. P. Zuman, "Substituent Effects in Organic Polar- 
ography," Plenum Press, New York (1967), and 
references therein. 

18. A. G. MacDiarmid, M. Aldissi, R. B. Kaner, M. Max- 
field, and R. J. Mammone, Abstract 558, p. 843, 
The Electrochemical Society Extended Abstracts, 
Vol. 83-1, Washington, DC, Oct. 9-14, 1983. 

19. F. Garnier, G. Tourillon, M. Gazard, and J. C. 
DuBois~ J. Electroanal, Chem., 148, 299 (1983). 



J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  

A O C E L E R A T E D  

BRIEF'  C O M M U N I C A T I O N S  , ,, 
JUNE 

1984 

Application of Activated Carbon Fiber Fabrics to Electrodes of 
Rechargeable Battery and Organic Electrolyte Capacitor 

M. Nawa, T. Nogami, and H. Mikawa 

Department of Applied Chemistry, Faculty of Engineering, Osaka University, Yamada-Kami, Suita, Osaka 565, Japan 

Since the energy crisis, a new 
energy storage system which does not 
waste precious raw materials has been 
required. Graphite intercalation com- 
pounds appear to have good prospects as 
electrode materials in batteries. 1 
One product has already been marketed 2 
and it is likely that its importance 
will grow in the near future. Carbon 
black with extremely large specific sur- 
face area has recently been used as a 
electric double layer capacitor 3 with 
extremely large specific capacity. It 
is expected to find a great demand for 
back-up power source of computer memory. 
Most of these batteries and capacitors 
require some treatments to keep the 
electrode's stiffness. In a search for 
other electrode materials useful for the 
batteries and capacitors, we noticed 
that a special kind of activated carbon 
fiber (ACF) made from phenolic resin has 
the following attractive properties as 
an electrode material: 4 (i) It has a 
quite large specific surface area (1500- 
2500 m2/g), and thereby it is expected 
to store a large amount of electricity; 
(2) it has a high electrical conductiv- 
ity of 60 S cm-±; (3) various types Of 
ACF, such as felt, fiber, cloth and 
paper sheet can be obtained commercial- 
ly. Thus, ACF can be directly used as 
electrodes without any treatment; (4) It 
is a quite stable material; (5) it has a 
small bulk density of 0.01 g/cm 3 for a 
cloth; (6) it is a flexible material. 

We have made an organic electrolyte 
capacitor by use of a p-doped ACF as a 
cathode and a n-doped ACF as an anode. 5 
We have also made a rechargeable battery 
by use of a p-doped ACF as a cathode and 
a lithium metal as an anode. 5 

ORGANIC ELECTROLYTE CAPACITOR 
Two cloths of ACF (each 3.0 cm 2, 29 

Keywords: activated carbon fiber, or- 
ganic electrolyte capacitor, recharge- 
able battery, supecific surface area. 
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mg), type CH-25 available from Kuraray 
Chemical Co. Ltd., were separated with a 
glass fiber filter of 0.25 mm thickness. 
They were then placed in a glass vessel 
containing a 1 mol dm-3 solution of 
LiCIO 4 in y-butyrolactone (y-BL) in an 
argon atmosphere. Platinum wires were 
attached to both of the ACF electrodes. 
After passing 7.1 C, the cell configura- 
tion was (ACFa-)Li a+ [LiCIO 4 in ~-BL I 
(ACFa+) (Cl04-)a . The molor ratio of the 
dopant to carbon atom was estimated to 
be a = 0.0315 at this stage. 6 The Voc 
and Isc were 3.0 V and 975 mA, respec- 
tively. The plot of the quantity of 
electricity recovered against the cell 
voltage is shown in Fig. i. The plot 
deviates from a linear relation more and 
more significantly as the increase in 
the cell voltage. The upward deviation 
from a straight line is due to the co- 
existence of a capacitive contribution 
and a contribution from a galvanic cell. 
The capacitive contribution arises from 
an electric double layer formed over ex- 
tremely large surface area of ACF. In 
view of the high electrical conductivity 

a 

c. 

0 
0 I 2 3 

CeLl Votlage (~) 

Fig. i. Relation between the quantity 
of electricity recovered and the cell 
voltage. 
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Fig. 2. The chan~es of the electrode 
potential vs. Ag/Ag ~ and cell voltage 
in charge-discharge cycles (charge cur- 
rent:l.2mA, discharge load:2k ohm). 
(i) negative electrode; (2) positive 
electrode; (3) cell voltage. 
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Fig. 3. The chan@es of the electrode 
potentials vs Ag/Ag t and cell voltage 
in charge-discharge cycle under constant 
current of 1 mA/cm 2 . (i) Li electrode; 
(2) ACF electrode; (3) cell voltage. 

of ACF, graphite structure is assumed to 
be contained in ACF. The contribution 
of the galvanic cell arises from the 
intercalation of Li + and ClO 4- into the 
ACF lattice. Fig. 2 shows charge- 
discharge characteristics of the cell 
between 3.08 V and 1.65 V (Qin = 2.16 C, 
Qout = 2.08 C; 96 % efficiency), and the 
changes of the electrode potentials vs 
Ag/Ag +. The change of the potential of 
(ACFa-)Li a+ was about two times as large 
as that of (ACFa+) (Cl04-)a. The cycles 
were reproducible for more than 130 
cycles. Although the contribution from 
galvanic cell is present in this system, 
its operation resemble the organic 
electrolyte capacitor. The maximum 
power density, energy density, and 
specific capacity were estimated to be 
ii.i kW/kg, 36.2 WH/kg, and 36.5 F/(I g 
of ACF), respectively, based on Voc, 
Isc, quantity of electricity recovered 
and the weights of ACF and LiCIO4 con- 
sumed. If the cell is charged and then 
allowed to stand for one day, 40 - 50 % 
of charge initially inserted can no 
loger be recovered on discharge. 
However, it may be useful for a back-up 
power source because of the stability of 
the charge-discharge cycles and of ex- 
tremely large specific capacity. 

RECHARGEABLE BATTERY 
A cloth of ACF (38.4 mg, 3.8 cm2), 

and a strip of lithium were separated by 
a glass fiber filter of 0.25 mm thick- 
ness. They were then placed in a glass 
vessel containing a 1 mol dm -3 solution 
of LiCIO4 in Y-BL in an argon atmosphere. 
Platinum wires attached to the ACF and 
lithium were connected to the positive 

and negative terminals of D.C. power 
source, respectively. After passing 
14.91 C, the battery at the charged 
state is expressed as bLi I LiCI04 in 
y-BL I (ACFb+) (CIO4-)b. The molor ratio 
of dopant to a carbon atom was estimated 
to be b=0.0503 at this stage. 6 The Voe 
of 4.61 V and the Ise of 696 mA were 
obtained, which correspond to a maximum 
power density of 14.8 kW/kg, based on 
the weights of ACF and LiCIO 4 consumed. 
Fig. 3 shows the changes of the elec- 
trode potentials vs Ag/Ag + and the 
change of the cell voltage under a 
constant current of 1 mA/cm 2 both in 
charge and discharge processes. Flat 
voltage could not be obtained, because 
of the presence of capacitive contribu- 
tion of the ACF electrode. The present 
system is basically similar to the Li- 
graphite battery reported. 7 However, 
the capacitive contribution in the Li- 
ACF battery is much larger than in Li- 
graphite battery. The theoretical 
energy density was estimated to 358 
WH/kg based on Voc, quantity of elec- 
tricity passed and the weights of ACF 
and LiCl04 consumed. The energy density 
in the present system is about 3.5 times 
as large as that of Li-graphite battery 
reported. 7 The present system can store 
electricity more than three times as 
large as the Li-graphite battery. 
A partial charge-discharge cycle be- 
tween 4.5-3.6 V (Qin=6.84 C, Qout=5.7 C, 
83 % of the stored charge) was reprodu- 
cible for more than 50 cycles. If the 
cell is charged and then allowed to 
stand for four days, 60 % of the charge 
originally inserted can no longer be 
recovered on discharge. However, the 



Vol. 131, No. 6 A C T I V A T E D  CARBON F I B E R  F A B R I C S  1459 

self-discharge was very little after 
four days. 

Since ACF is a flexible material, 
we can made a capacitor and a battery 
with flexibility. 
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It has previously been shown that the 
rate at which polybutadiene coatings delami- 
nate from a steel surface, radially from a 
defect, upon cathodic polarization is a func- 
tion of the cation present in the medium (I). 
The rate of delamination in the presence of 
different cations decreases in the order, 
Cs +, K +, Na +, and Li +. This same order of 
relative activity has been observed with 
other metallic substrates and with alkyd, 
epoxy and photoactive polymer systems. Our 
experience to date is that this alkali metal 
ion effect is ubiquitous and that it probably 
results from the relative rates of migration 
of the ions either through the coating or in 
the liquid layer at the interface under the 
potential gradient which exists when a ca- 
thodic potential is applied. We have recent- 
ly observed another alkali metal ion effect 
which we have not yet explained but which ef- 
fect may possibly be put to a useful purpose 
in certain situations. A description of this 
effect is given below. 

All investigations have been conducted 
on a formulated epoxy/polyamideamine. The 
coating was applied to steel by a doctor blade 
technique to a thickness of 500 ~m, a thick- 
ness for use with aggressive environments 
which is less than that recommended by the 
formulator. Exposure of coated steel to 0.1M 
H2SO 4 at 60~ resulted in the formation in 
two days or less of blisters. Application of 
the coating to the as-received, rolled sur- 
face after solvent cleaning resulted in the 
formation of a single large blister that 
covered the entire 3.2 cm diameter exposed 
area after 2 days. Sandblasted steel surfaces 
treated similarly developed many isolated 
blisters that did not merge in two days. The 
results were reproducible. 

Alkali metal ions were introduced into 
the sulfuric acid as the sulfate to a concen- 
tration of 0.5M, i.e., in a 5/1 ratio of metal 

*Electrochemical Society Active Member 
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cation to hydrogen ion. The rate of blister 
formation was remarkably reduced. Small iso- 
lated blisters were detected after an average 
of 5 days in the case of Li + ion additions, 
after an average of 7 days in the case of Na + 
ion additions, and after an average of i0 
days for K + ion additions. 

The following experiment suggests that 
the alkali metal ions reduce the rate of col- 
lection of H + ions at the substrate/coating 
interface. A strip of pH sensitive paper was 
placed on a piece of glass and was overcoated 
with a 500 ~m thick layer of the epoxy coat- 
ing. The coated glass was exposed to 0.1M 
H2SO 4 at 60~ for two days. The paper indi- 
cated the pH at the interface was very low. 
A similar sample exposed to 0.1M H2SO 4 - 
0.5M Na2SO 4 for the same length of time yield- 
ed no cNange in color of the pH paper, sug- 
gestive of the fact that no significant con- 
centration of H + ions had collected at the 
interface. The results obtained with the pH 
sensitive paper were also reflected in the 
coating itself. This coating changes from a 
black to tan color upon exposure to H2SO 4 
under the conditions of our experiments. The 
sample immersed in 0.1M H2SO 4 exhibited this 
color change both at the top surface in con- 
tact with the electrolyte and the bottom sur- 
face as viewed through the glass. The sample 
immersed in the H SO - Na SO mixture exhibi- 2 4 2 4 
ted the color change at the top surface but 
the bottom surface as viewed through the 
glass exhibited no change in color. The ob- 
servations suggest that the alkali metal ion 
interferes with the transport of the hydrogen 
ions through the coating. 

We have no completely satisfactory ex- 
planation for the effect at the present time. 
Osmotic behavior offers a possible explana- 
tion since the amount of water migration 
through the coating would be expected to de- 
crease with increase in the ionic concentra- 
tion of the electrolyte. However, it is hard 
to explain the big differences observed with 
the different alkali metal ions. The most 
appealing explanation is that the alkali 
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metal ions compete with the H + ions for simple 
diffusion or electromigration through the 
coating. The ions also may form strong bonds 
with the water molecules present in the coat- 
ing and may reduce the rate at which an aqu- 
eous phase develops at the metal/coating 
interface. The aqueous phase is essential for 
the corrosion process to occur and consequent- 
ly the rate of blistering is reduced. The 
bonding of water by the cations may also 
change the rate at which the coating swells 
during exposure to the acid. 
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Hydrogen Evolution at p-lnP Photocathodes in Alkaline Electrolyte 
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ABSTRACT 

The photoelectrochemical (PEC) perform- 
ance of p-TnP single crystal, surface modified 
by the sequentialdeposition of cobalt and 
platinum, has been investigated in 6N KOH. 
Efficiencies of 14.2% were realized from the 
photocathode for the electrical power savings 
obtained compared to a platinum cathode, oper- 
ating at the same current density. A variety 
of definitions of efficiency for the conver- 
sion of light to hydrogen are discussed. 

RESULTS AND DISCUSSION 

Several approaches have been discussed 
previously for improving the performance of 
photoelectrodes by surface modification pro- 
cedures. These have been discussed in several 
PEC review articles (1-4). The role of plat- 
inum for improving the performance of iron- 
oxide photoanodes was discussed by us some 
time ago to assist the photoelectrochemical 
oxygen-evolution reaction (15). Improving the 
performance of p~InP in both acid (6,7,8) and 
alkaline electrolyte (9) for specific photo- 
electrochemical reactions has also been ob- 
served. We wish to report on the enhanced 
performance of p-lnP photocathodes realized 
by the sequential deposition of Co and Pt on 
its surface. 

The p-lnP single crystals (Zn-doped, 
carrier density 1016/cm 3, <IIi> surface, ob- 
tained from Crysta Comm Inc.) were used in the 
course of this work. Ohmic contact to the 
crystal was made by the sequential deposition 
of Au-Zn-Au followed by sintering at 475oc for 
20 seconds. Current collection was via a 
nickel wire to the ohmic contact using silver 
epoxy which was then cured at 150~ for one 
hour. After encapsulation of this current col- 
lector and the semiconductor edges, the photo- 
cathode surface was etched with concentrated 
HCI for I0 seconds, during which time gas evo- 
lution was observed. Surface modification of 

*Electrochemical Society Active Member. 
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the p-lnP surface was performed by the local 
electrodeposition of cobalt from a IM CoCI 2 
solution at low current density (I mA/cm2). 

The cobalt if electrodeposited uniform?.y 
would correspond to a thickness of 200~ 
However, it is likely that the cobalt becomes 
deposited at preferred sites (probably defect) 
on the p-lnP surface. Because of this, esti- 
mation of light blockage caused by this coat- 
ing is difficult. Some surface characteriza- 
tion is however presently underway using 
Raman spectroscopic techniques and will be 
reported on later (I0). 

Curve A of Figure i shows tne initial 
performance of the unmodified p-lnP electrode 
in 6N KOH under i00 mW/cm 2 ELH quartz halogen 
illumination. Here the open-circuit poten- 
tial vs SCE changed from -500 mV to -350 mV 
after illumination. Rather small photo- 
currents (4 mA/em 2 at -800 mV vs SCE) and 
poor fill factors (FF = 0.23) were character- 
istic of this electrode. After cobalt depos- 
ition, the initial open-circuit potential 
under illumination became more positive 
(-300 mV). The photocurrent density at 
-0.8 V vs SCE increased to 13 mA/cm z and gave 
a fill factor of 0.48, as shown in curve B of 
Figure i. 

The p-lnP was further modified by plac- 
ing 1 drop of a 0.01M chloroplatinic acid 
solution onto the cobalt-treated surface, 
followed immediately by rinsing with distill- 
ed water. The initial performance of this 
electrode is shown in curve C of Figure i, 
where the photocurrent density at -800 mV 
increased nominally to 14 mA/cm 2 with the 
initial open-circuit potential becoming 
-200 mV vs SCE. Here the fill-factor remain- 
ed at 0.48. The electrodepotential is about 
900mV positive of the reversible hydrogen 
potential in alkaline electrolyte. 

The series of curves A-C in Figure i are 
shown to indicate the incremental improvement 
in PEC performance that can be achieved by 
the sequential deposition of Co and Pt. 
However, greatest PEC performance enhance- 
ments on p-InP in alkaline electrolytes were 
achieved by completing the above sequential 
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surface modification procedures prior to tak- 
ing any current-potential measurements. This 
is shown using a second p-lnP electrode pre- 
pared in a similar manner. With all p-InP 
electrodes fabricated, the initial Voc of 
-200 mV vs SCE gradually drifted to more nega- 
tive values (=i0 mins) and typically equili- 
brated between -300 and -400 mV. The current- 
potential curve for this second photocathode 
is shown in Figure 2: The enhanced perform- 
ance observed for hydrogen evolution is pro- 
bably an electrocatalytic effect. For com- 
parison the current-potential curve scans for 
platinum during both hydrogen (left-hand side 
of Figure 2) and oxygen evolution (right-hand 
side of Figure 2) are shown. At the point of 
maximum power conversion efficiency, the 
p-InP photocathode gave a photopotential of 
-0.65 V vs SCE. The fill factor for this 
electrode was 0.58. At the same current 
density, the potential of the platinum elec- 
trode during hydrogen evolution was -1.24 V 
vs SCE. Here the cell voltage saving realiz- 
ed by substitution of a platinum electrode 
for the illuminated ~-inP photocathode was 
0.59 V. At 24 mA/cm2 this corresponds to a 
power savings of 0.59 V x 24 mA/cm 2 = 
14.2 mW/cm 2 . With an incident illumination 
of approximately 100 mW/cm 2 unfiltered quartz 
halogen lamp (General Electric ELH bulb), the 
efficiency of solar to chemical conversion 
can be realized in terms of power saving 
(6,7), which is defined as 

n = (i x AV)/Ilight , or n I = 14.2% 
It is appropriate at this time to com- 

pare the various alternative approaches avail- 
able which have recently been discussed for 
calculating the efficiency of ph0toelectrodes. 
One other approach (6) for calculating the 
efficiency of such photoelectrodes is to com- 
pare the potential (V), at which hydrogen 
evolution occurs at the optimum power for the 
photocathode, with the reversible thermo- 
dynamic potential of hydrogen (VH~ ) in an 
ideal fuel cell anode (-i.i V vx ~ .  Here 
it is assumed that overpotential losses at 
the hydrogenanode and at the oxygen cathode 
during operation is neglected. This second 
definition can be written as 

i x (V - VH2re v) 
~2 = 

Ilight 

With reference to Figure 2, this will give a 
value of 

24 mA/cm 2 x (-0.65 + I.I)V 
n2 = i00 mW/cm 2 = 10.8% 

This value obtained in 6N KOH by us com- 
pare to values of 13.3% for p-InP (Rh-H 
alloy) and 11.4% for p-lnP (P~e-H alloy) in 

IM HCI04 electrolyte obtained by others (6). 
It should be noted, however that direct com- 
parison of such efficiency values may in fact 
be a little erroneous since different light 
sources were used by each group. 

It should be noted that if direct photo- 
electrolysis of water is the eventual goal 
for this work, there are significant advan- 
tages to the use of alkaline electrolytes 
where not only greater stabilities might be 
realized from photoanodes (or anodes) used 
with p-InP but oxygen evolution kinetics are 
well documented to be more rapid. 

The efficiency of a PEC process can also 
be calculated as the power (P) ratio (Ii) 

Pstored 
n 3 = + Ilight Pbias 

from whieh we obtain an efficiency of 

n 3 = 1.23 V x 24 mA/cm 2 = 22.7% 
i00 mW/cm z + 1.25 V x 24 mA/cm 2 

1.23 V is the thermodynamic voltage of a 
hydrogen/oxygen fuel cell. The bias voltage 
of 1.25 V is the voltage between the p-InP 
and an o~ygen-evolving platinum electrode at 
24 mA/cmL. It should be noted that this 
definition of efficiency is somewhat insensi- 
tive to the magnitude of the bias voltage 
applied. Although this definition gives a 
relatively large efficiency value, one should 
be aware that for water electrolysis between 
two platinum electrodes under a bias voltage 
without light, the corresponding efficiency 
will be larger: 

1.23 V x 24 mA/cm 2 
~3 = 1.84 V x 24 mA/cm 2 = 66.8% 

Other ways are also available for cal- 
culating practical efficiency, including 

Pstored - Pbias 
n 4 = 

Ilight 

which for biased photoelectrodes can give 
decidedly pessimistic values. In our case we 

have ~4 = 

1.23 V x 24mA/cm 2 - 1.25 V x 24 mA/cm2=_0.48 % 
i00 mW/cm 2 

A fifth definition of efficiency is to 
take the high heating value of hydrogen 
(AH = 1.47eV) instead of using the Gibbs free 
energy AC = 1.23eV. One assumption here is 
that all electrical current in the p-InP is 
used to make hydrogen under 100% Faradaic 
efficiency, i.e. no corrosion or other 
simultaneous side reaction occurs. Thus we 
can write: 
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Pstored (using AH) - Pbias 

q 5 = Ilight 

or q5 = 

1.47V x 24mA/cm 2 - 1.25V x 24 mA/cm 2 

Eltron Research, Inc. assisted in meeting the 
publication costs of this article. 
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ABSTRACT 

We propose a three-step mechanism to describe the kinetics of the initial dissolution of zinc in alkaline electrolyte. 
The rate-determining step is postulated to be a reversible reaction where a monovalent  zinc hydroxide is converted to a 
soluble zincate. The surface reactions are assumed to occur on activated sites, where Langmuir  adsorption is assumed. 
The reaction scheme is shown to be consistent with experimental quantities such as Tafel slope and reaction order for 
data obtained near room temperature in approximately 1N hydroxide electrolyte. The thermodynamic consistency of 
each elementary step is demonstrated from an analysis of available free energy data. 

The zinc electrode in alkaline electrolyte is used in cur- 
rently available battery systems and is a prime candidate 
for incorporation in advanced energy storage devices (1, 
2). Consequently, many investigations have been con- 
ducted to determine the kinetic and thermodynamic char- 
acteristics of this electrode system. Extensive bib- 
liographies of this work appear in Ref. (3-5). The overall 
kinetic characteristics (reaction orders, Tafel slopes, etc.) 
have been determined in numerous studies; however, 
fewer investigations regarding the elementary phenom- 
ena comprising the dissolution process have been con- 
ducted. A notable exception is the quantitative treatment 
presented by Bockris et al. (6). 

Slow potentiodynamic sweeps on a rotating-disk elec- 
trode reveal four characteristic regions on a typical 
current-potential curve (Fig. 1): (i) an initial dissolution 
region where the current increases exponentially with po- 
tential, (ii) an active dissolution region where the current 
density increases rapidly with potential in a linear fash- 
ion, (iii) a prepassive region where a high level of current 
is maintained but  is not a strong function of potential, 
and (iv) a passive region where little current flows, 
irrespective of potential. In  the present investigation, we 
are concerned primarily with the initial dissolution re- 
gion. In  1N KOH the proposed model is valid in a range 
near -1.23V vs. NHE. 

Spectroscopic and potentiometric studies (7, 8) have 
demonstrated that the soluble reaction product is a 
zincate ion; the overall reaction can be respresented by 

Zn + 4 OH- = Zn(OH)4'- + 2e 

Ranges of the kinetic parameters for this reaction ob- 
tained by various investigators are summarized by 
Bockris et al. (6). 

Kato et al. (9) observed a decrease in collection ef- 
ficiency with rotation rate for the anodic dissolution of 
zinc on a rotating ring-disk electrode. This phenomenon 
has been confirmed by other investigators (4), and varia- 
tions in collection efficiency with bulk zincate have also 
been observed. 

In  this study, we present a detailed analysis of our 
model and compare the derived results with correspond- 
ing experimental  quantities and with the results derived 
from other proposed mechanisms. 

* Electrochemical Society Student Member. 
** Electrochemical Society Active Member. 

Proposed Model 
Reaction mechanism.--We are proposing the following 

three-step mechanism for the anodic dissolution of zinc in 
the initial stages 

Zn + OH- = ZnOH + e [1] 

ZnOH + 2 OH- = Zn(OH)3- + e rds [2] 

Zn(OH)~- + OH- = Zn(OH)4 =- [3] 

Our postulates are that the rate-determining step controls 
the overall reaction rate and that dynamic equilibria are 
rapidly established in the other two elementary steps. Al- 
though stable monovalent  zinc compounds have not  been 
isolated, evidence exists of their presence as short-lived 
species (10, 11). Reactions involving zinc and the monova- 
lent hydroxide species are assumed to occur on the elec- 
trode surface. The third reaction, which involves only a 
soluble zincate species, is assumed to be a homogeneous 
reaction occurring in the electrolyte. 

AnaLysis of  rate expressions.--We treat the adsorbed 
species in accordance with Langmuir 's  hypotheses and 
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Fig, 1. Typical potentiodynemic sweep on a zinc RDE. | .ON KOH, 300 
rpm, 4 mV/s sweep rate, 25~ 
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e x p r e s s  t he  r eac t ion  ra tes  in  t e r m s  of  spec ies  c o n c e n t r a -  
t ions  a n d  e l ec t rode  p o t e n t i a l  

r~ = i~/F = k~coH- (1 -- 9) exp[ ( l  - f l l )FV/RT]  

- k~,O e x p ( - f l ,  F V / R T )  [4] 

r~ = i J F  = k~2c2oH-O exp[(1 -- f l2)FV/RT] 

- k~(I  - ~) Cz,~om~- e x p ( - f l 2 F V / R T )  rds  [5] 

r3 = k~3cz.~oH,3-Cow -- k~3Cz,~oH,,2- [6] 

w h e r e  8 r e p r e s e n t s  the  f rac t iona l  su r face  cove rage  b y  t he  
Z n O H  species .  

At  s t e a d y  state,  all t he  r eac t ions  p r o c e e d  at  t he  s a m e  
rate;  t he  ne t  c u r r e n t  dens i t y  is g iven  by  

i = 2i, = 2/2 [7] 

S ince  r e a c t i o n  [1] is a s s u m e d  to be  fas t  a n d  e s sen t i a l ly  at  
equ i l i b r i um,  t he  f rac t iona l  su r face  cove rage  can  be  ob- 
t a i n e d  f r o m  Eq. [4] 

= kalCoH-/[ka~cow + kc~ e x p ( - F V / R T ) ]  [8] 

S u b s t i t u t i o n  of  Eq. [8] in to  Eq. [5] y ie lds  

/ dF  = i/(2F) = k~2k~ic3ow exp  [(2 - f l2)FV/RT]/ 

[(H + 1 ) k j  - kr 

e x p ( - f l ~ F V / R T ) / [ ( H  + 1)ka~CoH-] [9] 

w h e r e  

H = k~CoH./[kcl e x p ( - F V / R T ) ]  [10] 

The  e q u i l i b r i u m  potent ia l ,  d e t e r m i n e d  f rom Eq. [9], is 

V ~ = RT / (2F)  ln[kc~k~k~3cz~om42./k~k~k~3C%H-] [11~ 

a n d  t h e  e x c h a n g e  c u r r e n t  d e n s i t y  is 

i o = 2 F k r  2 

(kcJka3) r COH- 2/]2-1 CZn(OH)42-(2-~2Y2/(H ~ -[- 1) [12] 

w h e r e  H ~ is t he  va r i ab l e  H e v a l u a t e d  at  t he  e q u i l i b r i u m  
p o t e n t i a l  V ~ T h e  o v e r p o t e n t i a l  r e p r e s e n t s  t he  d e p a r t u r e  
f r o m  t h e  e q u i l i b r i u m  p o t e n t i a l  a n d  can  b e  e x p r e s s e d  as 

n = V - V ~ [13] 

E q u a t i o n  [9], cas t  in  t he  s t a n d a r d  B u t l e r - V o l m e r  form,  
b e c o m e s  

i = i o * [ e x p ( a , F v / R T )  - e x p ( - a ~ F ~ / R T ) ]  [14] 

w h e r e  a~ = 2 - fl~, a~ =/~2, a n d  i*o = io[H ~ + 1)/(H + 1)]. 

Results and Discussion 
In  o rde r  to  ca lcu la te  the  c u r r e n t  dens i t y  as a f u n c t i o n  of  

potent ia l ,  a va lue  for  t he  s y m m e t r y  factor,  a ra te  c o n s t a n t  
for  r eac t i on  [2], a n d  e q u i l i b r i u m  c o n s t a n t s  for  r eac t i ons  
[1] a n d  [3] m u s t  be  d e t e r m i n e d .  T he  free  ene rg i e s  of  for- 
m a t i o n  of  t he  r eac t ing  spec ies  in  r eac t ion  [3] are k n o w n ;  
howeve r ,  t he  free e n e r g y  of  r eac t i on  for t he  first  two  re- 
ac t ions  c a n n o t  be  d e t e r m i n e d ,  as t h e y  invo lve  t h e  uns t a -  
b le  m o n o v a l e n t  spec ies  for  w h i c h  t h e r m o d y n a m i c  da ta  
a re  unava i l ab l e .  As  a n  e s t i m a t e  for  t he  f ree  e n e r g y  of  for- 
m a t i o n  o f  ZnOH,  we  c h o s e  a va lue  o f  -65 .8  kcaYmol,  
w h i c h  c o r r e s p o n d s  to a n  e q u i l i b r i u m  c o n s t a n t  t h a t  is con-  
s i s t en t  w i t h  c u r r e n t  d e n s i t y - p o t e n t i a l  data ;  m o r e o v e r ,  t h i s  
v a l u e  is c lose to t he  free e n e r g y  of  f o r m a t i o n  of  Z n O  
( -76 .6  kcal lmol) ,  as we e x p e c t  f rom g r o u p  c o n t r i b u t i o n  
cons ide ra t i ons .  The  f o r w a r d  ra te  c o n s t a n t  for  r e a c t i o n  [2] 
was  also c h o s e n  to be  c o m p a t i b l e  w i t h  c u r r e n t - p o t e n t i a l  
data .  A s u m m a r y  of  k ine t i c  a n d  t h e r m o d y n a m i c  p a r a m e -  
ters  a p p e a r s  in  Tab le  I. 

Quan t i t i e s  s u c h  as Tafel  s lope  a n d  va r i a t ion  of  t h e  ex- 
c h a n g e  c u r r e n t  d e n s i t y  w i t h  c o n c e n t r a t i o n  are  d e p e n d e n t  
o n  t h e  cho ice  of  s y m m e t r y  fac to r  in  t he  r a t e - d e t e r m i n i n g  

Table I. Summary of kinetic and 
thermodynamic quantities 

J u l y  1 9 8 4  

Standard free energy 
Species of formation (kcal/mol) 

ZnOH 
OH- 
Zn(OH)~- 
Zn(OH)2- 

Reaction 

-65 .8  
-37.6 

-166.0 to -167.6 
205.2 to -206.2 

Standard fr~e energy Kinetic rate constant 
of reaction (kcal) cm4/(s mol) 

[1] -a8.2 
[2] -25.0 to -26.6 
[3] -2.6 to 0 

9.3 x 109 

Thermodynamic quantities were obtained (or derived) from data 
found in Ref. (7, 12, 13). The free energy of formation of ZnOH and 
the rate constant were estimated (see Results and Discussion 
section). 

s tep.  The  Tafel  s lopes  are o b t a i n e d  d i rec t ly  f r o m  Eq. [14]; 
t h e  a n o d i c  Tafel  s lope  is 

OV/O log ia = 2.3RT/[(2 - fl2)F - H F / ( H  + 1)] [15] 

a n d  t h e  ca thod i c  Tafel  s lope  is 

oV/a log ic = 2.3RT/[fl2F + H F / ( H  + 1)] [16] 

T h e  va r i a t i ons  in  t he  e x c h a n g e  c u r r e n t  d e n s i t y  w i t h  
c o n c e n t r a t i o n  are o b t a i n e d  f r o m  Eq. [12] 

0 In i Jo  In Cow = 2/~z - 1 - H~ + H ~ [17] 

0 In ido In Cz~oH)42- = (2 -- /~2)/2 [18] 

E q u a t i o n  [17] i nd i ca t e s  t h a t  t he  va r i a t ion  in  t he  l o g a r i t h m  
of  t he  e x c h a n g e  c u r r e n t  d e n s i t y  w i t h  p H  is d e p e n d e n t  on  
pH. I f  we  c h o o s e  /32 = 0.5 a n d  V = -1 .240  vs .  NHE,  01n 
/ jOin Cos- = -0 .33  w h e n  e v a l u a t e d  a t  [OH-] = 1M; a t  [OH-]  
= 2M, Oln iJOln Cow is e q u a l  to -0.5.  

The  v a l u e  of  t he  e x c h a n g e  c u r r e n t  d e n s i t y  ca l cu la t ed  
f r o m  Eq.  [12] is 10 m A / c m  ~, w h i c h  is in  a g r e e m e n t  w i t h  
t he  e x p e r i m e n t a l l y  d e t e r m i n e d  va lue  at  1M K O H  a n d  
10-~M Zn(OH)42-. T h e  e x p e r i m e n t a l  va lue  is a f fec ted  b y  
t he  su r face  r o u g h n e s s  of  t he  e lec t rode ,  as t he  t r ue  su r face  
a rea  m a y  be  2 or 3 t i m e s  l a rger  t h a n  t he  g e o m e t r i c  a rea  
(14). A far  m o r e  i m p o r t a n t  c o n s i d e r a t i o n  is t h e  s ens i t i v i t y  
of  t he  ca l cu l a t ed  va lue  to t h e  cho ice  of  t h e  s y m m e t r y  fac- 
tor. Da t a  for  m a n y  e l e c t r o c h e m i c a l  r eac t i ons  i n d i c a t e  t h a t  
t he  s y m m e t r y  fac to r  is genera l ly  n e a r  0.5 (15), a n d  we  
h a v e  c h o s e n  th i s  va lue  in  ca l cu l a t i ng  io. B e c a u s e  t he  sym- 
m e t r y  fac to r  a p p e a r s  as a n  e x p o n e n t  in  t h e  e x c h a n g e  cur-  
r e n t  d e n s i t y  e x p r e s s i o n  Eq. [12], io is e x t r e m e l y  sens i t i ve  
to t h e  v a l u e  of  f12. A d i f f e rence  of  0.2 in  f12 causes  a c h a n g e  
of  seve ra l  o rde r s  of  m a g n i t u d e  in io; b y  con t ras t ,  su r face  
a rea  effects  are  negl igible .  The  q u a n t i t i e s  t h a t  d e p e n d  on  
~2 a n d  t he  sens i t i v i ty  of  t h o s e  q u a n t i t i e s  to c h a n g e s  in  f12 
are  s u m m a r i z e d  in Tab le  II. 

Table II. Quantities that depend on the 
symmetry factor 

Calculated value Experimental 
Quantity /~ = 0.5 /3 = 0.7 value 

a~ 1.5 1.3 1.0-1.6 
ar 0.5 0.7 0.4-0.7 
Anodic Tafel 50 70 30-60 

slope (mV/decade) 
Cathodic Tafel 100 70 85-145 

slope (mV/decade) 
0log i J  -0.33 0.07 0.14-0.45 

Olog coH- 
Olog iJ  0.75 0.65 0-0.67 

olog Czn(om42- 
io (mA/cm 2) 10 2 • l0 s 10-100 

The experimental values are from the summary provided by 
Bockris et al. (6). Exchange current density is based on a zincate 
concentration of 0.0065M as in Ref. (6). 
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Fig. 2. Current density vs. potential for RDE. Solid line represents ex- 
perimental data: 1N KOH, 25~ 800 rpm, from Ref. (5). Dashed line 
calculated from Eq. [9]. 

The relation between current density and potential can 
be calculated from Eq. [9]. Comparison with the experi- 
mental data shows the narrow range, near -1.23V vs.  
NHE, over which the model  is valid (Fig. 2). At more 
anodic potentials, it is likely that reactions involving spe- 
cies such as Zn(OH)2 and ZnO become more important  
and would need to be considered in a model  for that 
region. 

The reaction orders and the equilibrium potential are 
not dependent  on the choice of symmetry factor. The 
anodic reaction orders are 

01n iJOln COH- = 3 -- H/(H + 1) 

01n iJOln Cznr ~ 0 

and the cathodic reaction orders are 

01n iJOln Co,- = -1  - H/(H + 1) 

01n ic/Oln Czn(om42- = 1 

[19] 

[20] 

[21] 

[22] 

Since H is proportional to hydroxide concentration, the 
reaction orders vary with pH. A comparison of calculated 
and experimental  reaction orders appears in Table III. All 
of the calculated values agree with the experimental  de- 
terminations within the error of the experiment.  

Several additional experimental  observations are con- 
sistent with the proposed mechanism. Armstrong and 
Bulman (16) performed anodic dissolution studies on a 
rotating disk electrode. They obtained a linear plot of 1/i 
vs.  1/o~ ]~2 at constant potential. Their analysis showed that 
the finite slope of this curve was evidence of the reversi- 
bility of the overall reaction. This observation is in agree- 
ment  with our assumption that the rate-determining step 
is reversible. Armstrong and Bell (17) carried out imped- 
ance experiments,  which indicated the presence of a 
single adsorbed intermediate. Their assumption that this 
intermediate is a monovalent  zinc species is in agreement 
with our model. These investigators also determined the 
anodic Tafel slope from steady-state measurements.  Their 
results show that the Tafel slope is 44 mV/decade at V = 
-1.34V (Hg/HgO) and 120 mV/decade at V = -1.31V. We 
can evaluate the anodic Tafel slope from Eq. [15] at poten- 
tials corresponding to the values where Armstrong and 
Bell obtained their data. Since the variable H in that 
equation is potential dependent,  the calculated Tafel 
slope is potential dependent.  The Tafel slopes are 50 and 
70 mV/decade, respectively. Both the experimental  and 
calculated results show that the Tafel slope increases at 
more anodic potentials. 

The four-step mechanism proposed by Bockris et al. (6) 
yields results that are generally similar to our results; 
however, there are several distinguishing features. In the 

Table III. Comparison of experimental and calculated 
thermodynamic and kinetic parameters 

Quantity Calculated value Experimental value 

V o (V) -1.26 -1.26 
01n iJ  -2.7 2.6 to 3.5 

~ln COH- 
01n ic/ 1 0.75 to 1.05 

0ln CZn(OH}4 2- 

C a l c u l a t e d  values are based on f12 = 0.5. Experimental values from 
Ref. (6, 16). 

Bockris model  there are two adsorbed species, ZnOH and 
Zn(OH)2-; in our model only the former species is consid- 
ered as an adsorbed species. The reaction order with re- 
spect to hydroxide is somewhat  different. Although direct 
comparisons are theoretically possible, the thermody- 
namic data on which to base a comparison are not availa- 
ble. For example, in the Bockris model Oln ia/Oln Co.- = 3 - 
(H + 2K~HCoH-)/(1 + H + K~Hco'H-), where K2 is the equilib- 
rium constant for the reaction ZnOH + OH- = Zn(OH)2-. 
This expression could be compared directly to Eq. [19] if 
free energy data Were available for ZnOH and Zn(OH)2-. 

In further work, we plan to extend the model  to more 
anodic regions and study the effects of mass transport on 
dissolution rates. 
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LIST OF SYMBOLS 

C 

F 
H 
i 
io 
k 
K 
P 
r 

R 
T 
V 

Greek 
O~ 

0 
(o 

concentration, mol/cm 3 
Faraday's constant, 96,500 C/eq 
special variable, see Eq. [10] 
current density, A/cm 3 
exchange current density, A/cm 2 
kinetic rate constant, cm4/(s mol) for reaction [2] 
equil ibrium constant, ratio of rate constants 
reaction order with respect to soluble species 
reaction rate, mol/s cm 2 
gas constant, 8.31 J/mol K 
temperature, K 
potential with respect to a given electrode, V 

Symbols 
transfer coefficient 
symmetry factor 
overpotential, V 
fractional surface coverage 
rotation rate, rad/s 

Subscripts 
a anodic 
c cathodic 
1, 2, 3 number  of reaction, see Eq. [1]-[3] 

Superscript  
o equil ibrium condition 
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A Model of the Structure of the Positive Lead-Acid Battery 
Active Mass 

D. Pavlov* and E. Bashtavelova 

Central Laboratory of Electrochemical Power Sources, Bulgarian Academy of Sciences, Sofia 1040, Bulgaria 

ABSTRACT 

A general model for the organization of the structure of the positive active mass is proposed based on SEM observa- 
tions of samples, obtained from PAM and pastes with different phase compositions and crystal morphology. The struc- 
ture is built  up of two levels: a first-level microstructure, which consists of small crystals with the form of grains, 
prisms, plates, and needles organized in porous agglomerate, and a second-level macrostructure. The individual agglom- 
erates (with a screw-like, spherical, prismatic or rock-like shape) are linked in a macroporous skeleton, which supports 
mechanically the active material, conducts the electric current, and serves as memory, where the conditions for the 
preparation of the paste, the curing, and the formation of the active material are coded. For convenience, two limiting 
structures are designated: (i) the "agglomerate type," when the agglomerate structure determines the properties and the 
cycle life of the plate; and (ii) the crystalline type," when the microstructure determines the energy performance and the 
stability of the plate. The "agglomerate-type" structure is obtained from low sulfatized and dense pastes, During cycling, 
some irreversible processes occur, whereby the "agglomerate" structure is transformed into the "crystalline-type" 
structure, which in turn is dispersed to individual crystallites. This leads to softening and shedding of the active mate- 
rial and finally to cell failure. The proposed general model reveals the relationships between the per~brmance of the 
positive plate and the technology of its production. 

There are two groups of problems associated with the 
structure of the positive active mass. The first one treats 
of the formation of the structure and the conditions upon 
which it depends, as well as the structure organization. 
The second group of problems deals with the disruption 
of the structure during the battery operation. A great vari- 
ety of structures has been presented in literature. Never- 
theless, there is a general agreement concerning their 
principal functions: part of the PbO2 serves as a mechani- 
cal support and electric conductor, while the rest takes 
part in the charge-discharge processes. Usually, these two 
functions have been associated with different structures 
of the PbO2 crystals. Thus, Simon and Jones (1) found out 
that the active material is composed of needlelike or pris- 
matic crystals and of small polyhedrons of nearly equal 
size. They ascribe the role of a mechanical support to the 
former, while the latter determine the plate capacity. The 
reason for this difference in morphology these authors re- 
lated to the a- and B-modifications of PbO2 (1). Very soon, 
however, this relation was experimentally rejected. 

It was established that the structure of the PbO2 active 
material depends upon two processes, as mentioned 
below. 

Phase composition and the morphology of the crystals in 
the paste.--Burbank (2), Pierson (3), and Biagetti and 
Weeks (4) established that in many cases the morphology 
of the paste crystals is transformed to the structure of the 
positive active mass by metasomatic processes during 
formation. 

Processes during plate formation.--Pavlov et al. (5) re- 
vealed that the formation occurs in two stages. During the 
first, only a part of the paste is oxidized to PbO2, while 

* Electrochemical Society Active Member. 
Key words: lead-acid battery, PbO2 active mass structure, 

PbO2 active mass shedding, agglomerate-type PbO2 structure, 
crystalline-type PbO2 structure. 

the rest is converted to PbSO4. During the second stage, 
PbSO4 is oxidized to fl-PbO2. Yarnell and Weeks (6) and 
Butler et al. (7) showed that the 4PbOPbSO4 crystals are 
oxidized by a solid phase reaction, as a result of which 
their morphology is acquired by the PbO~ crystals. The 
PbSO4 crystals, however, are oxidized by a dissolution- 
precipitation mechanism, whereby the morphology of the 
paste crystals is lost during the formation process. It was 
also established that the morphology of the PbO2 crystals 
at the surface and in the interior of the positive plates is 
different (8). 

The purpose of the present paper is to reveal the gen- 
eral organization of the positive active mass structure, as 
well as to establish some of the factors which influence 
this structure during its formation and destruction. 

Experimental 
Method 

The principles upon which the present investigation is 
based are: (i) the preparation of a large number  of struc- 
tures of the PAM (positive active mass) and the revelation 
of their common building elements and organization; (ii) 
on the basis of this organization, to compose a general 
model of the structure of the PAM; and (iii) to study the 
relationship between the capacity and cycle life of the 
positive plate and the type of structure. 

Types of Pastes 
The variety of structures of the PAM was achieved by 

preparation of pastes with various phase compositions, 
while the formation conditions were kept constant. As es- 
tablished by Pavlov and Papazov (9) and Iliev and Pavlov 
(10), pastes wilh definite phase compositions and mor- 
phology of the crystals can be prepared by varying the ra- 
tio between H2SO4 and the oxidized lead powder (leady 
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oxide) H~SOJPbO and the temperature during paste 
preparation. 

In Table I are presented the pastes which were pre- 
pared using commercial  leady oxide, oxidized to 63% 
tet-PbO. 

Preparation of the Pastes and Plates 
3 kg leady oxide was mixed in succession with calcu- 

lated quantities of water and H~SO4 solution s.g. 1.4 in a 
laboratory mixer at a constant temperature. The mixing 
continued for lh. The paste was applied manually on SLI 
battery grids of a lead alloy containing 6% Sb, 0.1% As, 
and 0.1% Sn. The applied amount  of the paste was similar 
for all plates. The calculated capacity of a plate was 11 Ah 
at a 50% efficiency of the PAM. 

The plates were cured in a chamber first for 48h at 30~ 
and 100% relative humidity (RH) and then for 24h at 40~ 
and 60-70% (RH). After curing, the content of metallic 
lead did not exceed 1%. 

Formation 
Elements were assembled of 3 positive and 4 negative 

plates. The formation was performed in H2SO4 (s.g. 1.05) 
at c.d. 5 mA]cm 2 and 30~ for 22h. The elements were then 
cycled in a H.~SO4 solution (s.g. 1.28) for 5 cycles: 7h 
charge at 2A and 5h discharge at 2A. 

Analysis 
First, the morphology of the crystals and structure of 

the inner parts of the plates were studied by a JEOL T 
200 SEM at two magnifications: small for the structure of 
the active mass and large for the crystal morphology. Sec- 
ond, the phase composition was determined by a TUR M 
62 x-ray diffractometer using a Cu K~ cathode. The 
samples were collected from five different places on the 
plate. Finally, the pore volume and pore-site distribution 
were determined by a Carlo Erba 1500 Hg porosimeter. 
The samples were collected from five different places on 
the plate. 

Electrochemical Performance 
Five cells were assembled from each type of paste with 

three positive and four negative plates. They were tested 
for: (i) capacity at 20h rate of discharge and 25~ and (ii) 
cycle life charging for 5h at 1.32A, discharging for lh  with 
5.5A (four cycles per day). The capacity was checked ev- 
ery 25 cycles. Every 50 cycles, samples were taken for 
structural, porometric, and phase investigations. All mi- 
crographs of the crystals and structure were taken after 
full charge of the plate only. 

Results and Discussion 
Model of Basic Building Elements and Levels of the Structure of the 

PAM 
Figure 1 presents SEM micrographs of PAM from paste 

"c" containing 4PbOPbSO4 and tet-PbO. 
From the micrographs, it is seen that the smallest ele- 

ments in the structure of the PAM are the individual crys- 

Table I. Pastes prepared using commercial leady 
oxide, oxidized to 63% tet-PbO 

Density of 
H2SO4]PbO paste 

Phase composition (%) (g]cm 3) (~ 

A. tet-PbO with small 1 4.3 30 
amounts of 
3PbOPbSO~ �9 H20 

B. 3PbOPbSO4 �9 H20 with 6 4.2 30 
small amounts 
of tet-PbO and 
orthoromb. PbO 

C. 4PbOPbSO4 with 6 4.3 80 
small amounts 
of tet-PbO and 
orthoromb. PbO 

D. PbOPbSO4, 3PbOPbSO4 12 4.2 30 
H~O with small 
amounts of tet-PbO 

tals. They have different morphology. The pictures in Fig. 
la  and lb illustrate two different types of morphology of 
these crystals. 

Needlelike and prismatic.--As seen in Fig. la, these 
have grown mainly along the C axis and have a common 
basis. A large number  of the crystals are connected to- 
gether in an agglomerate. For the case of Fig. la, the ag- 
glomerates are round. 

Platelike crystals.--As seen in Fig. lb, these have grown 
along the A and B axes and are connected by sharing the 
A-B planes. The crystals of this type are so ordered Chat 
they form screw agglomerates. 

One can observe micropores between the crystals in 
each agglomerate. The number  and volume of these pores 
depend on the morphology of the crystals. The combina- 
tion of the crystals and micropores in the agglomerate 
will be denoted as microstructure of the active mass, 
which is the first structure level. 

Figure lc  shows the SEM micrograph of the same ac- 
tive material with a low magnification. It is seen that the 
agglomerates have various forms, size, and microstruc- 
ture and are linked in a branched skeleton (framework). 
The agglomerates enclose macropores, which are con- 
nected in channels, which in turn pierce the plate. The 
combination of the skeleton of agglomerates with the 
macropores forms the macrostruCture of PAM and pre- 
sents the second structure level. 

It may be supposed that these two structure levels have 
different functions. In order that the charge-discharge 
reaction 

PbO2 + 2e- + 2H + + H2SO4 = PbSO4 + T2H20 

should proceed at a spot, located deeply in the plate, the 
following transport processes must occur: (i) flows of H § 
ions and H~SO4 should reach this spot coming from the 
bulk of the electrolyte, while H20 should move in the op- 
posite direction. The lowest resistance for these flows is 
along the macropores, which play the role of an ionic 
transport system. The micropores produce a large active 
surface area, and, consequently, they determine the ca- 
pacity of the plate. (ii) The electrons taking part in the 
charge-discharge reactions at the above-mentioned spot 
have to be transported freely in the macrostructure. The 
agglomerates have the largest cross section, and there- 
fore, low resistance. Hence, the macrostructure serves as 
a mechanical  framework, which conducts the current, 
forms the ionic transport system, and holds together the 
microstructures of the individual agglomerates. The mi- 
crostructures on their part provide the electric charge, 
which the active mass can yield without its disintegra- 
tion. 

Effect of the Phase Composition of the Paste on the Structure of the 
Active Material 

PAM from 1% H2SOJPbO paste.--Figure 2 presents the 
structure of a paste and the active mass formed from it. 

From Fig. 2b, one can see that only a few of the crystals 
from the first structural level have clearly expressed' pris- 
matic form, while a large part of them appears as grains, 
which are so tightly linked that it is very difficult to dis- 
t inguish them. In this case, the agglomerates have a com- 
pact granular microstructure. It can be assumed that this 
morphology of the crystals is related to the high rate of 
PbO2 nucleation on the surface of the paste crystals and 
low rate of PbO~ crystal growth during formation. PbO2 
has by 4% larger molar volume, as compared to that of 
PbO. It can be supposed that the PbO2 grains cover the 
surface of the paste crystals and some of its inner parts 
will remain unchanged. As a result, the PbO2 agglomer- 
ates will have a lower microporosity. 

Figure 2c shows that the macrostructure is composed of 
large, shapeless continuously interconnected agglomer- 
ates with a rocklike appearance. It is quite similar to the 
paste structure shown in Fig. 2a. The compactness of the 
agglomerates, their low microporosity, and their strong 
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Fig. 1. SEM micrographs of PAM obtained from a 4PbOPbS04 + tet- Fig. 2. SEM micrographs of: (a) 1% H~SO4/PbO paste, (b) and (c) PAM 
PbO + orthoromb. PbO paste. The white lines correspond to 1 /~m. obtained from it. The white lines correspond to 1 /~m. 
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adhesion make this macrostructure very rigid. The role of 
the microstructure of the agglomerates is strongly sup- 
pressed. Consequently, this type of PAM structure can be 
conventionally denoted as an "agglomerate type." 

PAM from 12% H2SOJPbO paste.--Figure 3a presents 
the structure of the paste and Fig. 3b and 3c that of the ac- 
tive mass. 

Figure 3b shows that PAM consists of well-grown and 
clearcut prismatic crystals. The paste composition is 
characterized by a high degree of sulfatization. A compar- 
ison of Fig. 3a and 3c shows that the shape of the paste 
crystals is different from that of PAM. This supports the 
idea that the high sulfatized paste crystals are oxidized by 
dissolution-precipitation mechanism (6). The regular 
shape of the crystals implies that the rate of their growth 
is significant and they polygonize well. 

The agglomerates are highly porous, which makes 
difficult their identification (Fig. 3b). This type of struc- 
ture will evidently have a large surface area and pore vol- 
ume, but  also a mechanically weak macrostructure. The 
properties of the active mass will be determined mainly 
by the features of the individual PbO2 crystals and the 
mode of their linking, i.e., by the microstructure level. 
Thus we could designate conventionally this type of 
structure as "crystal type." 

PAM from 6% H2SOJPbO, 80~ paste.--The micro- 
graphs of the crystal and the agglomerate levels of the 
PAM were presented on Fig. 1. Here, Fig. 4a presents the 
SEM picture of the structure of the paste and Fig. 4b that 
of the agglomerate level of PAM. 

The 4PbOPbSO4 crystals are 15-20 ~m long and 2-4 ~m 
wide (Fig. 4a). During formation, this morphology deter- 
mined the size and shape of the agglomerates (Fig. lc and 
4b), i.e., the second level of the active material structure. 
Many authors treated the agglomerates as PbO2 crystals, 
and, especially Burbank (2), proposed a model according 
to which the metasomatic processes transform every 
4PbOPbSO4 crystal into a PbO2 crystal. According to the 
model of two-level structure, proposed here, the 
4PbOPbSO4 crystal is the basic substance upon which the 
oxidation reaction proceeds, at a vast number  of active 
sites. At these sites, the PbO2 nuclei are formed which 
grow, fed by the oxidation reaction. The conversion of 
4PbOPbSO, crystal to PbO2 decreases the volume of the 
solid phase by 15.38% per gram atom of Pb. As a result of 
this, micropores are formed between the PbO2 crystals, 
through which the reaction is propagated deeply inside 
the 4PbOPbSO4 crystal. This type of structure has a well- 
built-up transport system of macropores. Its formation 
occurs during paste preparation and curing. The 
micropores are built  up in the agglomerate structure dur- 
ing the formation. 

PAM from 6% H2SOJPbO, 30~ paste.--Figure 5a shows 
the structure of the paste, and Fig. 5b and 5c that of the 
PAM. 

The paste contains shapeless 3PbOPbSO4 �9 H20 crys- 
tals, which are well connected to each other (Fig. 5a). 
When they are oxidized to PbO~, the volume of the solid 
phase decreases by 34% per gram atom of Pb in the com- 
pound. Figures 5c and 5b show that both levels-macro- 
and microstructures-are well developed. The agglomer- 
ates have a round shape and are built up of individual 
crystals with a highly developed system of micropores. 

Effect of the Paste Density on the Structure of PAM 
This dependence was studied with active materials pre- 

pared from pastes obtained at 30~ and a 6% H2SOJPbO 
ratio, using the following densities, obtained by varying 
the ratio liquid/leady oxide (9): (i) d = 3.70 g/cm 3, with 
a structure shown in Fig. 6a and 6b, (ii) d = 4.75, with a 
structure shown in Fig. 7a and 7b, and (iii) d = 4.2, with a 
structure shown in Fig. 5b and 5c. 

These figures demonstrate that the density of the paste 
exerts an exceptionall:~ strong influence on both levels 
(the microstructure and the macrostructure of the active 
mass). 

1471 

Fig. 3, SEM micrographs of: (a) 12% H~SO4/PbO paste, (b) and (c) 
PAM obtained from it. The white lines correspond to 1 ~m. 
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Fig. 4. SEM micrographs of: (a) 6% H2SO4/PbO 80~ paste, and (b) 
PAM obtained from it. The white lines correspond to 1 /zm. 

At a low density of the paste (Fig. 6a and 6b), the ag- 
glomerates are built up of individual needlelike and pris- 
matic crystals with a highly developed system of micro- 
pores, i.e., we have a "crystal-type" structure. Evidently, 
this type of structure is produced during the formation of 
the plates. At lower densities of the paste, the rate of 
sulfatization processes is very high, and a considerable 
part of the active material is produced by oxidation of 
PbSO4, obtained during formation. 

The active material obtained from dense pastes (Fig. 7a 
and 7b) has an "agglomerate-type" structure composed of 
screwlike ordered crystals. 

Agglomerates with shapeless grains were observed on 
some isolated sites. The cured paste was probably not 
macrohomogenous enough. On the other places, where 
the active material contained a system of large macro- 
pores, the agglomerates consisted of numerous small pris- 
matic crystals. This implies that both the micro- and 
macrostructure depend on the access of the H2SO4 and H + 
fluxes to the layer where the reactions of the plate forma- 
tion occur. It can be expected that during formation of 
low density pastes the pH in the reaction layer will be 
low, in contrast to the case when high density pastes are 

Fig. 5. SEM micrographs of: (a) 6% H2SO4/PbO 30~ paste, (b), and (c) 
PAM obtained from it. The white lines correspond to 1 /~m. 
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t h e  r e s u l t s  o b t a i n e d  f rom t h e  po ros i ty  m e a s u r e m e n t s  
(Fig. 8). 

Phase Composition of the Active Material 
T h e  ra t io  of  ~/~-PbO~ revea l ed  t h e  fo l lowing  t r e n d s  in 

t h e  a b o v e  PAM's :  (i) t h e  ac t ive  m a s s  p r e p a r e d  f r o m  the  
p a s t e  w i t h  a 1% H ~ S O J P b O  ra t io  c o n t a i n s  s ign i f i can t  
amounts of ~-PbO2, whereas that obtained from the paste 
with a 12% H2SOjPbO ratio has practically no a-PbO2. (ii) 
PAM prepared from pastes containing 3PbOPbSO4 - H20 
or 4PbOPbSO4 �9 H~O at an equal density have a very simi- 
lar ~/~-PbO2 ratio, despite the fact that their "micro- and 
macrostructures are quite different. 

These trends reveal the parallelism in the relationships 
of the oJB-PbO2 ratio and the type of the crystal structure 
of the active material on the oxidation mechanism of the 
crystals in the paste. The high sulfatized pastes maintain 
a low pH value on the reaction layer during the plate for- 
mation (5, 1 I), which leads to the dissolution-precipitation 
mechanism and formation of a large amount of B-PbO2, as 
well as to a predominantly "erystsl-type" structure. For 
the low sulfatized pastes, it is just the reverse ease. 

Fig. 6. SEM micrographs of PAM obtained from 6% H2SOJPbO paste 
with d = 3.70 g/cm 3. The white lines correspond to 1 ~m. 

fo rmed .  Th i s  will  lead  n a t u r a l l y  to d i f f e ren t  o x i d a t i o n  
m e c h a n i s m s  and,  c o n s e q u e n t l y ,  to d i f fe ren t  macro -  a n d  
m i c r o s t r u c t u r e s .  

Porosity, Pore-Size Distribution and Specific Surface Area 
F i g u r e  8 d is lays  t he  po re  d i s t r i b u t i o n  g r a p h s  of  t h e  

t ypes  of  P A M  m e n t i o n e d  above .  
I t  zs s e e n  t h a t  t he  s t r u c t u r e s - o f  P A M  o b t a i n e d  f rom a 

low d e n s i t y  pas t e  (d = 3.70 g �9 c m  -~) or a h i g h e r  d e g r e e  of  
su l fa t i za t ion  (12% H2SOJPbO)  h a v e  a l a rger  po re  v o l u m e  
t h a n  t h o s e  o b t a i n e d  f rom d e n s e  (d = 4.75 g �9 c m  -~) or  low 
su l fa t i zed  p a s t e s  (1% H 2 S O J P b O  ratio).  

P A M  s t r u c t u r e  o b t a i n e d  f rom t h e  p a s t e  w i t h  
3 P b O P b S O 4  - H~O h a s  a l a rge r  p o r e  v o l u m e  t h a n  t h a t  ob- 
t a i n e d  f r o m  4 P b O P b S O 4  pas te .  

In  T a b l e  II, t h e  specif ic  su r face  a reas  of  t h e  a b o v e  in- 
v e s t i g a t e d  P A M  are  p r e s e n t e d .  

T a b l e  II  s h o w s  t h a t  t h e  P A M  s t r u c t u r e s  o b t a i n e d  f r o m  
t h e  p a s t e s  w i t h  low dens i t y  of  h i g h  deg ree  of  sulfa- 
t i za t ion  h a v e  l a rge r  ac t ive  su r face  areas  t h a n  t h o s e  ob-  
t a i n e d  f r o m  d e n s e  or low su l fa t i zed  pas tes .  T h e  P A M  
s t r u c t u r e  o b t a i n e d  f rom t h e  pas te  w i t h  3 P b O P b S O 4  �9 H~O 
has  l a rge r  ac t ive  sur face  t h a n  t h a t  o b t a i n e d  f rom 
4 P b O P b S O 4  p a s t e .  The  r e su l t s  are  in  good  a g r e e m e n t  
w i t h  t he  S E M  s t r u c t u r e  o b s e r v a t i o n s  (Fig. 1-7) a n d  w i t h  

Fig. 7 .5FM micrographs of PAM obtained from 6% H2SO4/PbO , d = 
4.75 g/cm 3. The white lines correspond to: (a) 1 /~m and (b) 10/~m. 
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Fig. 8. Pore size distribution curves of six different PAM's obtained 
from the marked pastes. 

Evolution of the Capacity and Structure of the Active Mass during 
Cycling of the Battery 

C a p a c i t y  a n d  cyc le  l i fe  o f  the  c e l l s . - - T h e  in i t ia l  capac i ty  
a n d  t he  n u m b e r  of  t he  c h a r g e - d i s c h a r g e  cycles  to 80% C20 
at  a 50% d e p t h  of  d i s c h a r g e  and  20% o v e r c h a r g e  are 
s h o w n  in  Tab le  III. 

F i g u r e  9 ref lects  the  evo lu t i on  of  t he  capac i ty  d u r i n g  
cycl ing .  The  r e a s o n  for  fa i lu re  of  t h e  cel ls  is s h o w n  o n  
t h e  r e s p e c t i v e  cu rves .  

F r o m  t h e  r e s u l t s  in  T a b l e  I I I  a n d  Fig. 9, t he  f o l l o w i n g  
c o n c l u s i o n s  can  be  d rawn .  The  " a g g l o m e r a t e - t y p e "  s t ruc-  
t u r e  has  gene ra l ly  low ini t ia l  capac i ty  a n d  long  life, w h i c h  
d e p e n d s  on  t he  t ype  of  the  agg lomera tes .  T h u s  t h e  ag- 
g l o m e r a t e s  of  the  P A M  p r e p a r e d  f rom 4 P b O P b S O 4  is 
m o r e  r e s i s t a n t  to cyc l ing  t h a n  t h a t  of  t he  ac t ive  m a s s  pre-  
p a r e d  f rom 3 P b O P b S O 4  �9 H20 paste .  The  m o s t  r es i s t an t ,  
p robab ly ,  is t h e  s t r u c t u r e  of  t he  ac t ive  m a s s  o b t a i n e d  
f rom t e t - P b O  (1% H~SO4/PbO) pas te ,  b u t  t he  capac i ty  is 
be low 80e/~the lowes t  p e r m i s s i b l e  l imit.  The  low capac i ty  
of  s o m e  of  t h e  " a g g l o m e r a t e - t y p e "  s t r u c t u r e s  is p r o b a b l y  
d u e  to t he  i n c o m p l e t e  f o r m a t i o n  of  t he  pas t e  crystals ,  as 
wel l  as to  t he  low m i c r o s t r u c t u r e  poros i ty  a n d  t h e  ac t ive  

~oo, ~ J 3ooc, 6~o Hzso, J 

6O ( ~ )  I I r I I 

I0C i80~ C, 6'/,, HzSO,~] 

60 @ -;'; I I I I ] 

/ / / / ~ % / / / / / / / / / / ,  

loo I~o~ 1% HzSO4 1 

80 ~ y ,  ~,, ~7// / / / / / / / / / / / / / / / / ,  
| 

6O ~ I I I 1 
50 100 150 200 250 

Cycles 

Fig. 9. Evolution of cell capacity during cycling of four types of PAM 

su r face  area. D u r i n g  cycling,  t h e  r e s idua l  P b O  is oxidized,  
t h e  po ros i ty  a n d  ac t ive  sur face  area grow, a n d  t h e  capac-  
i ty  increases .  

T h e  ac t ive  m a s s  w i t h  a "c rys t a l - type"  s t r u c t u r e  ob- 
t a i n e d  f rom a 12% H 2 S O J P b O  pas te  h a s  a ve ry  h i g h  ini t ia l  
capac i ty ,  w h i c h  c o n t i n u o u s l y  d r o p s  d u r i n g  cycl ing,  due  
to s h e d d i n g  of t h e  ac t ive  mass .  

E v o l u t i o n  o f  the  s t r u c t u r e  o f  the  a c t i v e  m a t e r i a l  d u r i n g  
c y c l i n g . - - T h e  s t r u c t u r e  of  t h e  c h a r g e d  ac t ive  m a s s  ob- 
t a i n e d  f rom a 1% H ~ S O J P b O  pas te  af ter  150 cycles  is dis- 
p l a y e d  in  Fig. 10. 

Table II. PAM specific surface areas 

Type of PAM S~ET m ~ " g-i 

1% H~SOJPbO 
12% H~SOJPbO 
6% H~SO4/PbO, 80~ 
6% H2SOJPbO, 30~ 
6% H~SOJPbO, 30~ 

d = 3 . 7 0 g . c m  -3 
d = 4 . 7 5 g . c m  4 

3.53 
6.76 
4.41 
5.71 

8.16 
3.47 

Table Ill. Initial capacity and cycle lives 
for cells tested 

Active material prepared Capacity 
from paste containing C/Co % Cycle life 

1% H2SOJPbO, 30~ 71 - -  
6% H2SOJPbO, 30~ 101 140 
6% H2SOJPbO, 80~ 83 215 

12% H~SOJPbO, 30~ 110 90 
Fig. 10. SEM picture of PAM obtained from 1% H~SOJPbO paste after 

150 cycles. 
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One can clearly see the tightly linked large agglomer- 
ates (Fig. 10) covered by well-shaped prismatic crystals. 
The juxtaposit ion of Fig. 2 and 10 reveals that the mor- 
phology of the crystals is strongly improved during 
cycling. 

Figure 11 presents the structure of the charged active 
mass obtained from the 12% H2SO4/PbO paste after 100 
cycles. 

During cycling, the macrostructure is dispersed in well- 
shaped, not very tightly linked, needlelike, and prismatic 
crystals. 

Figure 12 presents the pictures of the structure of the 
charged active mass, obtained from a 3PbOPbSO4 - H~O 
paste after 100 and 150 charge-discharge cycles. 

At 100 cycles (Fig. 12a), the microporosity of the ag- 
glomerates has increased during the cycling. At 150 cy- 
cles, the agglomerate level of the structure is completely 
dispersed and transformed into a crystalline structure. 

Figure 13 presents the structure of the charged active 
mass obtained from a 4PbOPbSO4 paste. 

At 150 cycles, it is still possible to distinguish the ag- 
glomerates which have retained the morphology of the 
4PbOPbSO4 crystals. Besides this, the microstructural 
level has developed considerably. At 250 cycles, the ag- 
glomerate level of the structure is completely dispersed to 
a highly branched, weakly linked "crystal-type" 
structure. 

Change of porosity during cycling.--Porosity evolution 
of the above PAM's during cycling is presented in Fig. 14. 

Let us accept, conventionally, that the edge of the 
macro- and micropores is about 0.13 t~m radii of the pores. 
From the change of porosity with the number  of the cy- 
cles, the following trends of the structure evolution can 
be established. 

PAM, 1% H2SOJPbO paste.--At the above PAM (Fig. 14), 
the macro- and micropore systems are not well devel- 
oped. During cycling, the plate works toward eliminating 
this deficiency. The PAM first develops the ionic trans- 
port system of macropores. As a result, the capacity of the 
cell rises slightly (Fig. 9a). The corrosion of the grid 
makes it impossible to follow the further evolution of the 
structure. 

PAM, 12% H2SOJPbO.--During cycling at this type of 
structure, first the number  and volume of the micropores 
increase. The weakly expressed skeleton of agglomerates 
(Fig. 3) is dispersed to crystals and branches of crystals of 
the first structure level. During discharge, part of these 

Fig. 12. SEM pictures of the structure of PAM obtained from 6% 
H2SOJPbO at 30~ paste after: (a) 100 cycles and (b) 150 cycles. 

Fig. 11. SEM picture of the structure of PAM obtained from 12% 
H2SOJPbO paste after 100 cycles. 

crystals is transformed into PbSO4. It can be supposed 
that during charge the PbO~ crystals or branches are 
formed in new places in the volume of the plate and the 
volume of macropores increases. Thus, a very weak struc- 
ture is formed and the PAM softens and sheds. This pro- 
cess is described by Rand et al. (12). 

PAM, 6% H2SOJPbO, 30 ~ and 80~ the first 50, 
cycles, both structural levels of the PAM formed from 
4PbOPbS04 paste are reproduced completely. A similar 
process takes place with PAM formed from 3PbOPbSO4 �9 
H~O paste. After this period, the number  of the 
micropores begins to increase slowly, which leads to dis- 
persion of the agglomerate level of the structure, which 
accelerates the shedding of the active mass, which limits 
the cycle life of the battery. 

Summary 
In general, it can be stated that during cycling the ag- 

glomerate level of the structure evolves through the 
growth of the individual crystals and their chains, 
whereby the volume of micropores increases. Part of the 
crystals and their-chains are disrupted due to the mechan- 
ical effect of O~ bubbles, electrolyte convection, or me- 
chanical vibrations. 
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Fig. 13 SEM pictures of the structure of PAM obtained from a 6% 
H2SOJPbO paste at 80~ after: (a) 150 cycles and (b) 250 cycles. 

Initially, the structure is composed of thick agglomer- 
ates, and at the end of cycling of thin crystal branches. 
The electric network of the active mass raises its ohmic 
resistance due to deteriorated contacts between the crys- 
tals, and the polarization of the plate increases. This evo- 
lution of the structure is not uniform over the plate cross 
section. Hollows can be formed in separate regions, and 
can grow to large dimensions. Simon and Caulder (13) 
have investigated these processes. This brings about a de- 
terioration in the ionic transport system of the plate, 
which also increases its polarization. 

The dispersion of the macrostructure depends on the 
type of the agglomerate skeleton. And as emphasized 
earlier, the shape of the skeleton level is determined by 
the phase composition, the structure and density of the_ 
paste, and the conditions during plate formation. Conse- 
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Fig. 14. Evolution of pore size distribution during cycling. 

quently, the second structural level, the agglomerate skel- 
eton, is the memory substrate, where the conditions of 
the technological processes during the plate production 
are coded. 
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A B S T R A C T  

Direc t  ca lor imetr ic  m e a s u r e m e n t s  are r epor t ed  on three  half-cell  reac t ions  of in teres t  in zinc ba t te ry  t h e r m o d y n a m -  
ics: the  Zn /Zn  2+ react ion in aqueous  Br-  solut ion;  the  B r J B r -  react ion at P t  and the  Zn/ZnO-ZnO~- reac t ion  in alkali. An  
e x p e r i m e n t a l  p rocedure  is desc r ibed  for de t e rmin ing  the  single react ion heats,  observable  as TAS quant i t ies ,  in both  di- 
rec t ions  of  the  above  react ions,  thus  p rov id ing  a m e t h o d  for e l iminat ing,  by difference,  the  J o u l e  hea t ing  effects  wh ich  
are unavo idab le  in the  course  of  m e a s u r e m e n t s  at finite currents .  Correc t ions  for en t ropies  of  t ranspor t  are m a d e  and 
discussed.  U n d e r  cer ta in  condi t ions ,  where  Zn  cor ros ion  can occur  wi th  evo lu t ion  of  H2, the  TAS heat  change  for that  
p rocess  is also de te rminable .  S o m e  hea t  changes  for overal l  cell  reac t ions  are  also determined~ 

While en tha lpy  changes  for revers ib le  e l ec t rochemica l  
react ions  can be  obta ined  f rom EMF m e a s u r e m e n t s  and 
the i r  t e m p e r a t u r e  coeff icients  by means  of  the  Nerns t  
equa t ion  t h rough  the  Gibbs -Helmhol tz  relat ion,  such  
va lues  are necessar i ly  for the  overall ,  two-e lec t rode  reac- 
tion. Di rec t  ca lor imetr ic  measu remen t s ,  subjec t  to some  
cor rec t ions  for ionic  en t rop ies  of  t ransport ,  can be  ap- 
pl ied to eva lua t ion  of  the hea t  changes  that  are associa ted  
wi th  the  e l ec t rochemica l  react ions  at the  e lec t rodes  of  a 
cell. S u c h  di rec t ly  measurab le  heats  are, however ,  associ- 
a ted  wi th  the  "TAS"  quan t i ty  for the  cell  react ion,  ra ther  
than  the  AH. 

I t  is of  in teres t  to recall  that  the  actual  en tha lpy  change,  
AH, for an e lec t rode  react ion is not  measurab le  calor imet-  
r ical ly l ike it wou ld  be for a co r respond ing  overal l  chemi-  
cal react ion.  This  is because  the  AH norma l ly  cons t i tu tes  
the  main  c o m p o n e n t  of  the  AG value  de t e rmin ing  the  
E M F  of the  cell. F r o m  m e a s u r e m e n t s  of  the  lat ter  at 
var ious  t empera tu res ,  ~ can, of  course,  be  de t e rmined  
us ing  a fo rm of  the  Gibbs -He lmhol t z  equat ion .  

Di rec t  ca lor imetr ic  m e a s u r e m e n t s  m a d e  at a sui tably 
des igned  e lec t rode  conf igura t ion  wi th  an appropr ia te ly  
a r ranged  the rmal  de tec t ion  probe,  and separa ted  anode  
and  ca thode  compar tmen t s ,  can also give in fo rma t ion  on 
the  TZkS quan t i ty  for s ingle e lec t rode  processes  wh ich  are 
of  in teres t  in a genera l  way  in e l ec t rochemica l  t he rmody-  
namics  and ionic solut ion e lec t rochemis t ry .  In  some  pa- 
pers  (1-3), these  TAS quant i t i es  have  been  refer red  to as 
e lec t ro ly t ic  Pe l t ie r  heats,  and values  for several  r e d o x  re- 
act ions at e lec t rodes  have  been  repor t ed  (4-5). The  first 
re l iable  w o r k  of  this  k ind  was done  by  Lange  and Hesse  
(6) and Lange  and M o n h e i m  (7) some  years  ago, but,  for 
m a n y  years  s ince tha t  t ime  up unt i l  several  years  ago, few 
o ther  papers  have  appeared  on this  topic.  

R e n e w e d  in teres t  in e lec t rochemica l  ca lo r imet ry  has 
ar isen on accoun t  of  the  impor t ance  of  m e a s u r e m e n t s  of  
overal l  and c o m p o n e n t  hea t  changes  in ba t te ry  processes .  
S u c h  m e a s u r e m e n t s  are essent ia l  for u n d e r s t a n d i n g  the  
t h e r m o c h e m i s t r y  of  ba t te ry  react ions  and in assess ing 
pract ical  energy  eff iciencies as well  as eva lua t ing  hea t  
changes  associa ted  wi th  var ious  cont r ibu t ions  to i r revers-  
ibil i ty in bat tery  charge  and d i scharge  cycles. 

Signif icant  i m p r o v e m e n t s  have  been  m a d e  in exper i -  
men ta l  t e c h n i q u e  over  that  e m p l o y e d  in older  measure-  
ments ,  e.g., by a r ranging  sui table  the rmal  de tec t ion  
conf igura t ions  at the  e lec t rodes  toge ther  wi th  m o d e r n  
t empera tu re - sens i t ive  devices  of  low the rma l  capaci ty  
such  as the rmis to r s  (8-11b) and Pt/Pt-13% Rh h e m i s p h e r e  
p robes  (11c) used  in con junc t ion  wi th  a t he rmi s to r  b r idge  
and  an adiabat ic  ca lo r imete r  vessel.  By  means  of  
ca lor imetry ,  the  fo l lowing types  of  e l ec t rochemica l  phe-  
n o m e n a  have  been  p rev ious ly  s tudied:  (i) e lec t rochemica l  
p rocesses  invo lv ing  adsorbed  enzymes  at a Hg e lec t rode  
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tropy of electrode reactions. 

(8), (ii) photo-ass is ted  e lec t rochemica l  react ions  (9), (iii) 
processes  in e lec t rodepos i t ion  and corros ion  (10-11), and 
(iv) behav io r  of  a lkal ine cells u n d e r  load (12) and the rma l  
character iza t ion  of  in ternal  power  losses in Pace  Maker  
bat ter ies  (13). 

A m o n g  var ious  sys tems  employ ing  Zn  as the  anode  ma- 
terial,  the  Zn/Br2 (14-19), the  a lkal ine Zn]air (02), and  the  
a lkal ine ZrgNiOOH or Zn/AgO bat ter ies  (21) have  re- 
ce ived  m u c h  a t tent ion  in bo th  basic research  and in the  
d i rec t ion  of  m o d e r n  bat tery  t echno logy  wi th  the  a im of 
deve lop ing  mechan ica l ly  rechargeable  batteries,  espe- 
cially for au tomot ive  t ranspor ta t ion.  Various p rob l ems  
that  arise wi th  Zn bat te ry  sys tems  are w e l i  k n o w n  and 
have  been  ex tens ive ly  d i scussed  in the  l i terature (e.g., 16, 
2O). 

In compar i son  wi th  ZrYhalogen batteries,  a lkal ine  Zn 
bat ter ies  wi th  air or  ano ther  oxidiz ing agent  as ca thode  
mater ia l  have  been  deve loped  and used  over  m a n y  years  
(e.g., the  D r u m m  battery,  us ing  a combina t ion  of  Zn wi th  
n ickel  ox ide  in alkal ine m e d i u m ,  was  used  on the  Ir ish 
rai lways in the  '30's!). 

The  p resen t  paper  descr ibes  the  resul ts  of  ca lor imet r ic  
m e a s u r e m e n t s  carr ied out  on ZrgZn 2+ and Br-/Br2 (at Pt) 
couples  in a var ie ty  of  e lec t ro ly tes  that  can be  used  in the  
Zn/Br2 battery.  F r o m  the  results ,  the  - T s  quant i t ies  for 
the  e lec t rode  react ions  have  been  evaluated,  t ak ing  into 
accoun t  en t ropies  and heats  of  ionic t ransport ,  and the  
unavo idab le  J o u l e  hea t ing  effects  tha t  are associa ted  wi th  
"iR" drop in opera t ing  cells. 

Compara t ive  expe r imen t s  were  also carr ied Out on the  
Zn/ZnO-ZnO~- react ions  in alkal ine solutions.  

The  expe r imen ta l  objec t ive  of  this study, as m e n t i o n e d  
earlier, was  to inves t iga te  a m e t h o d  for pract ical  evalua-  
t ion of  hea t  changes  in e lec t rode  processes  and energy  
efficiencies,  as wel l  to es tabl ish some  ind iv idua l  elec- 
t rode  reac t ion  t h e r m o d y n a m i c  quant i t ies  by means  of  di- 
rect  calor imetry.  

Experimental 
General.--The heat  changes  accompany ing  the  Zn /Zn  2+ 

reac t ion  in b romide  solut ions  or of  Zn/ZnO-ZnO~- in alka- 
l ine solut ions were  measu red  unde r  galvanosta t ic  polari- 
zat ion condi t ions  at pure  Zn rod  e lec t rodes  3.0 m m  in di- 
ameter .  For  s tudy  of  the  Br-/Br2 reaction,  a b lack  plati- 
n ized p l a t inum m e s h  e lec t rode  was used.  

The  e x p e r i m e n t s  were  c o n d u c t e d  in an all-glass adia- 
batic ca lor imeter  m o u n t e d  in a thermosta t ,  wh ich  main-  
ta ined  the  t empera tu re  a round  the  ca lor imeter  cons tan t  
to -+ 0.01 K. A descr ip t ion  of  the  ca lor imeter  and the  asso- 
c ia ted the rmis to r  br idge  is g iven  below, toge the r  wi th  t he  
expe r imen t a l  p rocedure  and condit ions.  Calor imetr ic  
m e a s u r e m e n t s  were  m a d e  bo th  in the  anodic  and ca- 
thod ic  cur ren t  d i rect ions  at the  same cur ren t  dens i t ies  to 
enable  "i2R ' '  J ou l e  hea t ing  effects  to be  cance led  out  in 
the  m e a s u r e m e n t s  (see below), a p rocedure  that,  surpris-  
ingly, was not  e m p l o y e d  p rev ious ly  by m o s t  invest iga-  

1477 
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tors, wi th  the  significant excep t ion  ( l ld ,  l l e )  of  the  use  
of  both  anodic  and cathodic  v o l t a m m e t r y  scans to pro- 
v ide  an approach  to i so thermal  condi t ions  whi le  effect ing 
a ca lor imetr ic  cal ibrat ion by means  of  anodic  or ca thodic  
cur ren ts  passed th rough  an e m b e d d e d  Pel t ie r  t he rmocou -  
ple junct ion .  

Calorimeter.--The design of the ca lor imeter  is shown 
schemat ica l ly  in Fig. la. The ca lor imeter  vesse l  is m a d e  
f rom two in te rconnec t ing  tubu la r  c o m p a r t m e n t s  com- 
ple te ly  sealed wi th in  a s i lvered evacua ted  j acke t  in the  
form of a special  Dewar  flask. The  ca thode  and anode,  
and cor respond ing  catholyte  and anolyte,  were  thus  sepa- 
rated wi th  a c o m m o n  electrolyt ic  br idge  at the  top of  the  
two tubes.  The  m a x i m u m  dis tance  of separa t ion  be tween  
the  two compar tmen t s  was ca. 9 cm along the tubes,  each  
of  wh ich  was 2 cm in diameter .  A more  cons t r ic ted  br idge  
region at the  top of  the cell was avoided  in order  to mini-  
mize e lect rolyt ic  J o u l e  heating.  

Three  inlets  to the  cell  were  provided:  a central  one for 
a N~ purg ing  tube;  a second one for the  work ing  elec- 
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Fig. 1 o 

CALOR[&-TER 

C Connecting wire  
f Ara~dite Seal / u  

Zinc Coil / /Glass tube ~ Z 9 / 4 2  Female Joint 
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Fig.  I c 

i ~  R R I = 2.7 k~ THERMISTOR PROBE 
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VIA 29/42 FEMALE R 2 R 4 = S.D k~ VARIABLE RESISTANCE 
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THE BRIDGE OUTPUT SIGT~ALE. 

C = REFERENCE SIGNAL FROM SIGNAL 
GENERATOR 

A,B = BRIDGE OUTPUT TO LOCK-IN-ANALYZER 

Fig, 1. Experimental arrangement for the calorimetric and electro- 
chemical measurements, a (top): Calorimeter (schematic diagram), b 
(middle): Electrode configuration, c (bottom): Thermistor bridge. 

trode, the  re ference  e lec t rode  wi th  its Luggin  probe,  and 
the t he rmi s to r  probe;  and a third for the  countere lec-  
trode. The  e lec t rode  m o u n t i n g  tubes  of  glass, were  held  
in the  ca lor imeter  inlet  ports  (Fig. la) by means  of Teflon 
tape  w o u n d  a round  the  bounda ry  region. This  p rov ided  
the  oppor tun i ty  for success ive  m o u n t i n g  and d e m o u n t i n g  
of var ious  e lec t rode  materials,  as well  as for posi t ional  
ad jus tment .  

Thermistor bridge.--The t he rmis to r  br idge  circui t  is 
shown  in Fig. lb.  The  circui t  consists  of  a 2.5 k ~  type  
YSI-641 the rmis to r  p robe  for mak ing  the  t e m p e r a t u r e  
change  measurements ,  toge ther  wi th  ma tch ing  resist- 
ances  and a 5 k ~  var iable  resistance.  A 0.356V, 1 kHz si- 
nuso ida l  signal der ived  f rom a S e r v o m e x  signal genera tor  
was appl ied  to the  br idge  as well  as to the  reference  inpu t  
of  a lock-in analyzer  (PAR Model  5204). The  ou tpu t  signal  
f rom the  br idge  is p rocessed  by the lock-in analyzer  and 
b e c o m e s  ampli f ied w h e n  an appropr ia te  sensi t ivi ty range 
is chosen  on the analyzer.  Pr ior  to the  c o m m e n c e m e n t  of  
an expe r imen t ,  the  br idge  was ba lanced and the subse- 
quen t  off-balance signals due  to the  exo- or e n d o t h e r m a l  
energy  changes,  caused by passage of  cont ro l led  cur ren t  
at a dens i ty  of  -- i A c m  -2, were  measu red  and recorded  
on a Y-t ime recorder .  

The  br idge  was cal ibrated by pass ing k n o w n  currents ,  
0.1, 0.2, and 0.3 mA, success ive ly  t h rough  a 102 k ~  cali- 
bra t ion resis tor  (Real) m o u n t e d  adjacent  to the  the rmis to r  
in a s imilar  geomet ry  to that  co r respond ing  to the  posi- 
t ion of  the  e lec t rode  vis-a-vis the  thermistor .  B e t w e e n  
each  passage of current ,  t ime  for cool ing to the  ini t ial  
t e m p e r a t u r e  was allowed. The  cal ibrat ion s equence  was 
repea ted  several  t imes  for each calor imetr ic  run. Calibra- 
t ion heats  were  therefore  measu red  with  s imilar  sensit iv- 
i ty to that  for the  e lec t rochemica l ly  genera ted  heats  at the  
work ing  electrode.  This was ach ieved  by pack ing  the  cali- 
bra t ion res is tor  (d imensions  app rox ima te ly  1.5 x 5 mm)  
and the  the rmis to r  toge ther  in a r ep roduc ib le  geome t ry  
such  that  the  d is tance  or c learance  be tween  the  res is tance  
and the  the rmis to r  was main ta ined  a lmos t  ident ica l  wi th  
the d is tance  be tween  the work ing  e lec t rode  and the 
thermis tor .  Dur ing  actual  e l ec t rochemica l  runs, the cali- 
bra t ion res is tor  was r e m o v e d  f rom the  ca lor imeter  to min-  
imize  poss ibi l i ty  of  corrosion.  

A cal ibrat ion l ine was plot ted  by relat ing a series of  
J o u l e  hea t ing  rates, iRRea~, expressed  in mW vs. the  out-of- 
ba lance  the rmis to r  signal. F igure  2 shows such a calibra- 
t ion plot;  i t  is sat isfactori ly l inear  as ant icipated.  

Electrodes.mFor studies  of  react ions  at Zn, rods  of  this 
meta l  3 m m  in d iamete r  were  shaped  into smal l  coils  hav- 
ing about  four  turns  and apparen t  geomet r ic  areas in the  
range  17-20 cm R. The  other  ends  of each of  the  rods  were  
abraded  to r educe  the  d iamete r  and so ldered  to a 0.63 m m  
copper  wire. The e lec t rode  was finally sealed to a glass 
t ube  ho lder  wi th  Araldite,  wh ich  Was cured  overn igh t  at 
r o o m  tempera ture .  As shown  in Fig. lc,  the  the rmis to r  
p robe  was pos i t ioned  ins ide  the  e lec t rode  coil, m a k i n g  
close contac t  wi th  the surface of  that  e lectrode.  A 
Ag/AgBr  wire  reference  e lec t rode  was inser ted  th rough  
the side open ing  tube  of  the  T29/42 female  jo in t  (Fig. lc) 
and pos i t ioned  close to the  w o r k i n g  electrode.  The  work-  
ing and reference  electrodes,  toge ther  wi th  the  t he rmi s to r  
probe,  were  he ld  in posi t ion by wrapp ing  t h e m  wi th  
Teflon tape  at some dis tance  f rom their  act ive surfaces.  

Solutions.--The heat  changes  due  to the  Zn/Zn  R+ reac- 
t ionra t  a zinc e lec t rode  in Br-  salt solut ions were  mea- 
su-red in the  fol lowing b romide-con ta in ing  solut ions:  (i) 
0.1, 0.5, 1.0, 2.0, 3.0, and 4.0M Z n B h ;  (it) 1.0M KBr, 1.0M 
K B r  + 0.14M BrR; and (iii) 1.0M ZnBr~ con ta in ing  t.0M 
a n d  2.0M KBr. 

A 1.0M KBr  solut ion conta in ing  d issolved b r o m i n e  at 
0.18/1// was used  for s tudying  the  Br-/Br2 react ion at the  
p la t inum electrode.  

ZnO disso lved  in 8.0M K O H  solut ion to a concen t ra t ion  
of  1.0M was used  for s tudying  the  alkal ine ZrgZnO sys tem 
u n d e r  s imula ted  bat tery  condi t ions.  
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Fig. 2. Calibration line showing 
Joule heating rates generated by 
passage of controlled currents 
through a standard resistor vs. the 
off-balance thermistor bridge sig- 
nal. Currents were applied to a 102 
kC~ resistor. 

The  zinc c o n t e n t  in  the  so lu t ions  was  a n a l y z e d  b y  t he  
E D T A  t i t r a t i on  p r o c e d u r e  a n d  t he  d i s so lved  b r o m i n e  b y  
t he  u s u a l  i o d o m e t r i c  p rocedure .  

Procedure.---In a typ ica l  e x p e r i m e n t ,  t he  c a l o r i m e t e r  
c o n t a i n i n g  t he  e l ec t rodes  a n d  t h e r m i s t o r  p robe ,  t o g e t h e r  
w i t h  100 c m  3 of  the  r e q u i r e d  e lec t ro ly te  so lu t ion ,  was  
c o m p l e t e l y  i m m e r s e d  in  t he  w a t e r  t h e r m o s t a t  a t  299.4 - 
0.01 K a n d  a l lowed  to a t t a i n  t h e r m a l  e q u i l i b r i u m  
overn{ght .  

T h e  so lu t ion  res i s t ance ,  pH,  a n d  t h e  e l ec t rode  po ten-  
t ials  we re  t h e n  m e a s u r e d .  P r i o r  to  t he  c o m m e n c e m e n t  of  
po l a r i za t i on  e x p e r i m e n t s ,  t he  t h e r m i s t o r  b r i d g e  was  bal-  
anced .  A W e n k i n g  p o t e n t i o s t a t  was  u s e d  in  t he  ga lvano-  
s ta t ic  mode ,  a n d  a ser ies  of  c o n s t a n t  c u r r e n t s  b e t w e e n  10 
a n d  40 m A  were  a pp l i ed  to t h e  cell  in  5 m A  s teps ;  t h e  re- 
su l t i ng  t h e r m a l  t r a n s i e n t s  we re  r e c o r d e d  over  a p e r i o d  of  
100s. P r i o r  to  c u r r e n t  r eve r sa l  or a c h a n g e  in  cu r r en t ,  t h e  
t h e r m a l  t r a n s i e n t  was  a l lowed  to r e a c h  a r e a s o n a b l y  
s t e a d y  state .  Usual ly ,  t h i s  was  a s s i s t ed  b y  p a s s i n g  a few- 
b u b b l e s  of n i t r o g e n  t h r o u g h  t he  so lu t ion  wh i l e  m a k i n g  
sure  t h a t  t he  so lu t ion  was  no t  u n d e r c o o l e d  b y  evapora -  
t i on  of  w a t e r  f rom t he  so lu t ion .  This  p r o c e d u r e  a v o i d e d  
p r o l o n g e d  wa i t i ng  pe r iods  for  t h e r m a l  e q u i l i b r i u m  to b e  
a t t a i n e d  b e t w e e n  success ive  po la r i za t ions  at  d i f f e ren t  cur-  
ren ts .  P a s s a g e  of  t he  con t ro l l ed  c u r r e n t s  for  t h e  
c o n t r o l l e d  100s po la r i za t ion  t i m e  gave  t he  c h a r g e s  in  cou- 
l ombs ,  C, p a s s e d  in t he  e x p e r i m e n t s  and,  hence ,  w i t h  t he  
m e a s u r e d  h e a t  ch ange ,  t he  e l e c t r o c h e m i c a l  r a t e  of  hea t -  
ing  or coo l ing  in J s -~ C-L 

Results 

Heat changes.--The Zn/Zn 2+ reaction in bromide e lec -  

trolyte solutions.--Polarization of t h e  z inc e l ec t rodes  in  
z inc b r o m i d e  so lu t ions  at  app l i ed  c u r r e n t s  b e t w e e n  10 
a n d  40 m A  c a u s e d  the  in i t ia l ly  b a l a n c e d  t h e r m i s t o r  b r i d g e  
to go ou t  of  b a l a n c e  w i th  s igna ls  in  t he  pos i t ive  (exo ther -  
mic)  d i r ec t i on  for t he  a n o d i c  a n d  in  t he  n e g a t i v e  (endo-  
t h e r m i c )  d i r ec t ion  for  t he  ca thod i c  cu r ren t s .  The  s igna l  
(mV) vs. t i m e  t races  s h o w n  in Fig. 3 we re  o b t a i n e d  for po- 
l a r iza t ion  in  4M a q u e o u s  zinc b r o m i d e  so lu t ions ;  t he  re- 
s p o n s e s  exempl i f i ed  in  th i s  f igure  are typ ica l  of  t h e  h e a t  
c h a n g e  b e h a v i o r  of  t he  z inc e l ec t rode  in all t h e  ZnBr= so- 
lu t ions ,  t he  ZnBr2 + K B r  so lu t ions  a n d  t he  K B r  + Br2 
so lu t ions .  

T h e  ra te  of  h e a t  release,  d(-Q)/dt, e x p r e s s e d  in  m J  s -1 
at  e a c h  app l i ed  c u r r e n t  I, was  ob t a ined :  (i) b y  c o r r e c t i n g  
t he  b r i d g e  s igna ls  for  t he  j ou l e  (I2R) h e a t i n g  b y  o b t a i n i n g  
t h e  d i f f e r ence  b e t w e e n  t he  a n o d i c  a n d  c a t h o d i c  s igna l s  
(e.g., see  Fig. 4) a n d  averag ing ,  (ii) k n o w i n g  t h e  corre-  
s p o n d i n g  h e a t  c h a n g e  f rom a ca l i b r a t i on  c u r v e  s u c h  as 
t h a t  in  Fig. 2, a n d  (iii) d iv id ing  Q b y  t he  t i m e  p e r i o d  for 
w h i c h  t h e  s igna l  was  m e a s u r e d .  T h e  s lope  of  t h e  s t r a igh t  
l ine  s h o w n  in  Fig. 4, i.e., d(-Q)/dt • (1/I) was  0.23 J C- '  or, 
w h e n  m u l t i p l i e d  by  2F, is -44 .4  k J  mo1-1, t h u s  corre-  
s p o n d i n g  to t he  T/~S t e r m  w i t h i n  w h i c h  is i n c l u d e d  a n y  
h e a t  of  ionic  t r a n s p o r t  a s soc ia t ed  w i t h  t h e  Z r d Z n  2+ reac-  
t i on  a t  t he  pa r t i cu la r  c o n c e n t r a t i o n  invo lved .  The  T~S 
va lues  for  o t h e r  c o n c e n t r a t i o n s  of  ZnBr= f rom 0.1M up-  
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Fig. 4. Variation of bridge vol- 
tage and rate of heat release with 
applied current. Conditions as in 
Fig. 3. Typical thermistor bridge 
voltage (Y-axis; 25 mV cm -1) vs.  

time (X-axis; 25 s cm -1) is shown in 
the inset to illustrate the polariza- 
tion effect. Differences of the 
anodic and cathodic extents of 
heat evolution in Fig. 3 and 4 give 
the basis for evaluation of the Joule 
heat contributions to the measured 
overall reaction heat charges at fi- 
nite currents. 
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w a r d s  were  ca lcu la ted  a n d  are l i s t ed  in  Tab le  I. Also in- 
c l u d e d  in  th i s  t ab l e  are  da ta  for  t he  effects  of  K B r  addi-  
t ions ,  i.e., for  i nc rease  in  t h e  B r - / Z n  2+ ratio,  a n d  for  
po la r i za t ion  effects  in  aq. K B r  w i t h  a n d  w i t h o u t  d i s so lved  
Br2 p re sen t .  

The  0.1M ZnBr2 so lu t ions  we re  s o m e w h a t  u n s t a b l e ,  ow- 
ing  to a sma l l  b u t  s ign i f ican t  degree  of  hydro lys i s .  How-  
ever,  a d d i t i o n  of  a t race  of  H B r  p r e v e n t e d  th i s  p r o b l e m ,  
a n d  a s t ab l e  so lu t ion  h a v i n g  a n  a p p a r e n t  so lu t i on  resist-  
ance  of  7 7 . 0 f / a n d  a p H  of  1.65 resu l t ed .  T he  TAS va lue  
was  t he  s a m e  as t h a t  for a 4M solut ion,  b u t  t h e r e  was  a n  
i n c r e a s e  (see Tab le  1) u p o n  a d d i t i o n  of  NaC104, to  give a 
1M c o n c e n t r a t i o n ;  th i s  was  a d d e d  to i m p r o v e  t he  conduc -  
t iv i ty  ( a p p a r e n t  so lu t ion  r e s i s t a n c e  t h e n  = 11.0~). T h e r e  
was  a s l igh t  c h a n g e  in  t he  TAS v a l u e  w h e n  t he  e l ec t rode  
was  po la r ized  in ZnBr2 so lu t ions  c o n t a i n i n g  1 a n d  2M 
KBr,  i.e., for  an  i nc r ea se  in  t he  B r -  to Z n  2+ ratio.  However ,  
c a thod i c  po la r i za t ion  in  1M K B r  so lu t ion  was  a s soc i a t ed  
w i th  a n  e x o t h e r m i c  r eac t i on  (a sh i f t  in  t h e  b r i d g e  s ignal  to 
t he  pos i t ive  d i rec t ion ,  see  Fig. 5), c o r r e s p o n d i n g  to H2 
e v o l u t i o n  at  Zn.  In  th i s  case,  the  ca thod i c  a n d  a n o d i c  
b r i d g e  vo l t age  s igna ls  were  co r r ec t ed  for t h e  J o u l e  h e a t  
c o m p o n e n t  b y  s u b t r a c t i n g  t he  I2R va lues  t h a t  we re  ob- 
t a i n e d  wh i l e  po la r i z ing  t h e  z inc e l ec t rode  in  b r o m i d e  so- 
l u t i ons  of  t he  s a m e  o h m i c  res i s tance .  The  hea t  of  the  

a n o d i c  r eac t i on  was  t he  s ame  as for the  ZnBr~ case,  wh i l e  
t h e  ca thod i c  r eac t i on  hea t  was  a r o u n d  -132  k J  mo l  -I (Fig. 
5). Howeve r ,  a n o r m a l  t r e n d  was  o b s e r v e d  w h e n  t he  
a b o v e  so lu t i on  c o n t a i n e d  0.14M d i s so lved  Br2. This  be- 
h a v i o r  c o r r e s p o n d s  to t he  r eac t i on  Z n  + Br2 ~- ZnBr~ hav-  
ing  t he  a n o d i c  Z r g Z n  2+ a n d  ca thod i c  B r J B r -  c o m p o n e n t s ,  
r espec t ive ly .  Visua l  o b s e r v a t i o n s  a n d  c h e m i c a l  ana lyses  
s h o w e d  the  p r e s e n c e  of  b r o w n i s h  f i lm a d h e r i n g  to t he  
e l ec t rode  sur face  a n d  b r o w n  ma te r i a l  in  so lu t ion ,  w i t h  a 
d e p l e t i o n  of  t he  b r o m i n e  c o n c e n t r a t i o n .  The  ca lo r ime t r i c  
o b s e r v a t i o n s  s h o w e d  e v i d e n c e  t h a t  th i s  r e a c t i o n  was  as- 
s i s t ed  b y  l igh t  ( obse rva t i on  of  d i s co lo ra t i on  of  t he  solu- 
t ion  w h e n  a zinc e l ec t rode  was  e x p o s e d  to a e r a t ed  as wel l  
as d e a e r a t e d  solut ions) .  
The Zn/ZnO-Zn022- reaction in aq. KOH-ZnO solu- 
t ions.--The r e su l t s  for  th i s  s y s t e m  were  o b t a i n e d  in  a s im- 
i lar  way  to t h o s e  for  t h e  Z n / Z n  ~+ r eac t i on  in  B r -  so lu t i ons  
d e s c r i b e d  above .  The  r eac t i on  hea t s  were  - 0 . 4 - - 0 . 5  k J  
tool  -1 for  t he  Z n / Z n O  reac t i on  in 1M Zn(II )  so lu t i ons  in  8M 
E O H  so lu t ion ,  i.e., p o t a s s i u m  z inca te  so lu t ions .  T h e s e  
h e a t s  are  m u c h  smal l e r  t h a n  t hose  for t h e  Z n / Z n  ~+ reac-  
t ion  in  B r -  so lu t ion .  
The Br-/Br2 reaction.--As m e n t i o n e d  p rev ious ly ,  t he  
Br-/Br2 r eac t i on  was  s t u d i e d  at  b l ack -p l a t i n i zed  p l a t i n u m  
m e s h  e l ec t rodes  po la r ized  in 1M K B r  so lu t ion  c o n t a i n i n g  
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Table I. -TAS values, i.e., "molar Peltier heats" of Zn/Zn ~+ and Zn/ZnO- / 

ZnO ~- processes at the zinc electrode, and of Br-/Br2 at black-platinized | i 
platinum ehectrodes / 20 .CATHODIC ,zo 

Solution, conc. (M) -TAS (kJ mol ') Z~ 

,8o  / 8 
Zinc electrode/ZnBr2 solution 

1. 0.1 44.4 ~ t / " ~ "  2. O.1 + 1.0 NaC104 65.6 >- 160 16 T~ 

4. 1.0 49.5 - 
5. 2.0 42.5 
6. 4.0 44.4 .~140 i4 .~ 
7. 1.O + 1.0 KBr; Br :Zn 2+ =3  38.6 ~ | /A /A 

1.0 + 2.0 KBr; Br :Zn 2+ = 4 
8. ZnBr~ 0; KBr l.O: Br~ 0.14 44.4 >120 / / 12 t~ 

Zinc electrode/ZnO + 8MKOH / / 10 9. 0.25 ZnO 0.9 ~I00 
,o.,.oo oo o., i 
Black-platinized platinum 80 8 x: 
11. KBr+  0.18 Br2 (Br /Br2) 81.1 ~ I/A ,/ ~ ,. 

7~/ ~ TIME o 
tu 60 I . /  / ~ . , ,  6 i.u Solution volume 100 cm3; unstirred solutions; temperature of ] 9 / /  

thermostat bath: 299.4 K. Measured heats include heats of ionic ~_ ,~ 
transport. /~lo~ 6 rr * From anodic signals. 40  ANODIC 4 

** From cathodic signals. 

0.18M Br~ over  the  range of  cur rents  def ined above.  The  20 2 
T A S  va lue  for this reaction,  as ca lcula ted f rom the  l ine in 
Fig. 6, is -81.1 k J  mo1-1, i , i , 0 

P o l a r i z a t i o n  b e h a v i o r . - - W h e n  e lec t rochemica l  reac- 0 I0 20 50 40 
t ions are d r iven  to a condi t ion  of i rreversibi l i ty,  corre- CURRENT/mA 
spond ing  to a total  overpoten t ia l  ~ at a cur ren t  dens i ty  i, Fig. 5. Current vs. thermistor bridge voltage and rate of heat release 
the  i r revers ib le  hea t  p roduc t ion  associa ted wi th  k ine t ic  plots for a polarized zinc electrode in lM aq. KBrsolution. Time (X-axis; 
effects  is in  J s -1 cm-2; this is a lways an exo the rmic  hea t  25 s cm -1) vs. the thermistor bridge voltage (Y-axis; 10 mV cm-') traces 
l ike the  i2R J o u l e  heat. In  order  to m a k e  correc t ions  w h e n  are shown in the inset of this figure. The cathodic trace illustrates the 
necessa ry  for the  iT hea t ing  effect,  polar izat ion measure-  exothermic response for cathodic current. 
merits  were  m a d e  on the  e lec t rode  react ions unde r  the  
same  condi t ions  as those  e m p l o y e d  in the  ca lor imet ry  ex- 120 
per iments .  Here  only the  t rends  of  the  polar izat ion behav-  
ior  will  be  referred to. In  several  cases, the anodic  and ca- 
thod ic  overpotent ia l s  at a g iven  I were  app rox ima te ly  
equal ,  so the  iT hea t ing  a lmos t  canceled  w h e n  the  hea t  
changes  for the  ca thodic  and anodic  d i rec t ions  of  the  100 - - 2 0  
e lec t rode  reaction,  c o n d u c t e d  at the  same cur ren t  densi ty ,  
were  compared .  Here  the  same pr incip le  is used  as that  
re fe r red  to ear l ier  for compensa t i ng  out  the  I2R ohmic  
hea t ing  effects. I t  m igh t  be  m e n t i o n e d  that  c o m p e n s a t i n g  
out  the  I2R and Iv  or iT hea t ing  effects  has not  been  =~. 
referred to in mos t  of  the  prev ious  papers  on electro-  "~ 
chemica l  ca lor imet ry  excep t  in Scher fey  and Brenne r ' s  (4, ~ 8 0  E 
5) and in Graves ' s  w o r k  ( l l d ,  l l e ) ;  in that  of  Lange  (6, 7), ~ 15 
ex t rapola t ions  to zero I were  m a d e  to e l iminate  these  >O ~ 1  "~, 
effects. 

The  potent ia ls  of  unpolar ized  and polar ized zinc elec- ~9 
t rodes  were  measu red  in var ious  b romide  solut ions  and ~ 6 0  r 
in po t a s s ium zincate solution.  Similarly,  the  potent ia ls  of  ~ -JW 
pla t in ized p la t inum-black  e lec t rodes  in the  solut ions  con- uJ 
ta in ing  1M KBr  and 0.18M Br2 were  recorded.  These  n- 
va lues  are l is ted in Table  II. The  cathodic  and anodic  po- ~- - 10 r 
lar izat ion was h igh  dur ing  polar izat ion in 0.1M ZnBr2 so- ~ uJ 
lu t ion  and d imin i shed  wi th  increase  in the  ZnBr2 concen-  4 0  u. 
trat ion.  The  h igh  ca thodic  polar izat ion va lues  of  -1 .19V ~ O 

W vs. Ag/AgBr  are typical  of  the  hyd rogen  evo lu t ion  or oxy- I -  
gen  r educ t ion  reactions.  The  open-c i rcui t  potent ia ls  of  r 
the  zinc e lec t rode  in the  b r o m i d e  solut ions co r r e sponded  nr 
near ly  to the  revers ib le  half-cell  potent ia l  of  the  zinc elec- - 5 
trode,  i.e., -0 .76V vs. H2. However ,  in alkal ine solut ions,  2 0  
the  m e a s u r e d  potent ia l  of  -1 .6V vs. the  Ag/AgBr  elec- 
t rode  rough ly  cor responds  to a -0.059 x 16 m V  decre-  
m e n t  in the  potent ia l  due  to the  p H  effect. The  potent ia l  
of  the  p la t inum e lec t rode  in Br-/Br2 solut ions  corre- 
sponded  to the  revers ib le  potent ia l  of  the  B r J B r -  couple .  I I I I I :9 
The  ex ten t s  of  polar izat ion for anodic  and ca thodic  cur- 0 10 2 0  3 0  4 0  5 0  
rents  at 40 m A  cm -2 were  s imilar  (+- 120 mV) in this case 
bu t  for t he  Zn e lec t rode  in aq. K B r  solution,  t he  ca thod ic  CURRENT,  I / m A  
polar izat ion was m u c h  higher ,  co r respond ing  to the  Fig. 6. Currentvs. bridgevoltage and rate of heat releaselines for the 
k n o w n  H2 overvo l tage  behav io r  at Zn. The  s ignif icance Br-/Br 2 reaction at a black-platinized platinum electrode in 1.0M KBr + 
of  the  open-c i rcui t  potent ia ls  will  be  d i scussed  later. 0.18M Br 2 solution. O: Duplicate data. 
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TabJe II. PotentioJs of zinc in bromide and zincate, and of platinum electrode in bromide + bromine soJutions 

Current (mA) 
No. Solution 0 10 20 30 40 Remarks 

Zinc 
1. 0.1M ZnBr2 + 0.84 0.78 0.78 0.76 0.74 R~p, = 21.2~ 

1.0M NaC104 0.93 0.96 0.97 1.00 pH initial = 5.60 
adjusted to 3.34 

2. 0.1M ZnBr~ 0.86 0.70 0.65 0.62 0.56 R~,p = 77.5~1 
0.99 1.06 1.12 1.19 pH = 1.65 

3. 1.0M ZnBr~ 0.84 0.82 0.80 0.79 0.78 R ~  = 25.2~ 
0.86 0.88 0.89 0.90 pH = 4.90 

4. 4.0M ZnBr~ 0.78 0.75 0.75 0.74 0.73 R~,, = 39.21] 
0.80 - -  0.82 0.83 pH = 3.00 

5. 1.0M KBr 0.94 0.86 0.88 0.88 0.86 R~pp = 26.8~ 
- -  1.52 1.62 1.66 pH ~ 5.60 

6. ~8.0M KOH + 1.60 1.58 1.55 1.55 1.53 R~p, = 16.4~ 
~I.0M ZnO 1.63 1.61 1.66 1 . 6 7  beyond pH range > 14.0 

Platinum 
7. 1.0M KBr + 0.18M Br~ 0.94 0.97 1.00 1.02 1.06 R~pp = 24.0D 

0.90 - -  0.84 0.82 

All the potentials are referred to Ag/AgBr reference electrode. The potentials are negative for zinc and positive for platinum electrodes. At 
each concentration, the values in first and second rows are for anodic and cathodic polarization, respectively. 

Discussion 
Interpretat ion of  the exper imenta l  TAS va lues . - -The  

m e a s u r e d  T A S  values ,  o t h e r w i s e  k n o w n  as e lec t ro ly t ic  
Pe l t i e r  hea t s ,  are  de f ined  as t h e  hea t s  t h a t  m u s t  be  t r ans -  
f e r red  at  a n y  j u n c t i o n  in o rde r  to keep  its t e m p e r a t u r e  
c o n s t a n t  w h e n  F c o u l o m b s  flow f rom one  s ide  of  t he  
j u n c t i o n  to ano the r ,  or  w h e n  a flow of  1 m o l  of  e l ec t rons  
t akes  place.  Original ly,  t he  Pe l t i e r  h e a t - c h a n g e  p h e n o m e -  
n o n  r e f e r r ed  to t he  t r a n s f e r  of  e l ec t rons  f rom one  m e t a l  to 
a n o t h e r  at  a b ime ta l l i c  j u n c t i o n .  E l e c t r o c h e m i c a l  Pe l t i e r  
hea t s  o b v i o u s l y  invo lve  m o r e  c o m p l e x  p h e n o m e n a ,  in- 
c l u d i n g  c h a n g e s  of  so lva t ion  s ta te  of a n  ion  or m o l e c u l e  
a n d  c h a n g e  of  i ts  charge ,  as wel l  as t h e  exi t  or e n t r y  of  a n  
e l ec t ron  f rom/ to  the  F e r m i  level  of t he  m e t a l  ac ross  t he  
d o u b l e  layer.  

W h e n  t he  e l e c t r o c h e m i c a l  Pe l t i e r  hea t  is d i v i ded  b y  t he  
t e m p e r a t u r e  T, t h e  v a l u e  of  t h e  e n t r o p y  S t r a n s p o r t e d  
across  t he  e l ec t rode / so lu t ion  b o u n d a r y  can  b e  ob t a ined .  
Th i s  v a l u e  is t he  s u m  of  t he  e n t r o p y  c h a n g e s  d u e  to t he  
ionic  en t ropy ,  t he  m e t a l  en t ropy ,  a n d  t he  m e t a l  e l ec t ron  
e n t r o p y  c o n t r i b u t i o n s  to the  e n t r o p y  change ,  aS, of  t h e  

r eve r s ib l e  e l ec t rode  r eac t i on  a n d  also t he  e n t r o p y  
c h a n g e s  a r i s ing  as a c o n s e q u e n c e  of  ion t r a n s p o r t  as t he  
cell  r e a c t i o n  p roceeds ,  i.e, t h e  so-cal led E a s t m a n  ionic  
e n t r o p i e s  of  t r a n s p o r t  (22-23), S*. U s i n g  k n o w n  electro-  
c h e m i c a l  a n d  t h e r m o d y n a m i c  q u a n t i t i e s  f r o m  t h e  l i tera-  
ture ,  Ozeiki  et al. (2), T a m a m u s h i  (3), a n d  H o l m e s  a n d  
J o n c i c h  (10) h a v e  ca l cu la t ed  t he  Pe l t i e r  hea t s  for t he  
Cu/Cu 2+ a n d  Ag/Ag + s ing le -e lec t rode  r eac t i ons  a n d  com-  
p a r e d  t h e m  w i t h  t he  o b s e r v e d  values .  P r o b l e m s  associa-  
t ed  w i t h  e v a l u a t i o n  of  E a s t m a n  e n t r o p i e s  of  t r a n s p o r t  a n d  
r e l a t ed  q u a n t i t i e s  h a v e  b e e n  d i s c u s s e d  in  t he  p r e v i o u s l y  
p u b l i s h e d  r ev i ew ar t ic le  by  C o n w a y  a n d  B ock r i s  (24), a n d  
in p a p e r s  by  Aga r  (1) a n d  Tyrel l  a n d  Holl is  (25). Howeve r ,  
for  m o s t  ions  in  a q u e o u s  m e d i u m ,  e x c e p t  H § , t h e  S* 
r are  re la t ive ly  small .  

Calculat ion of  the molar  Peltier heat for  the Zn  ~ Z n  ~+ 
reaction, e.g., for  0.1M ZnBr2 solut ion. - -We reca l l  t h a t  t h e  

e l e c t r o c h e m i c a l  Pe l t i e r  h e a t  is de f ined  in t e r m s  of  t he  
c o m p o n e n t  e n t r o p y  quan t i t i e s ,  as fol lows 

T �9 ~ = II, (Molar  Pe l t i e r  hea t )  = 

l (Net  E n t r o p y  c h a n g e  (h+S)due to t he  r e a c t i o n ) }  x T  

( E n t r o p y  c h a n g e  d u e  to ionic  t r a n s p o r t  East -  
m a n  e n t r o p y  (~:)) [1] 

w h e r e  T is t he  t e m p e r a t u r e  (298 K) a n d  ~ is t h e  e n t r o p y  
t r a n s p o r t e d  across  t he  in ter face .  
Net  entropy change, hS, due to the react ion. - -aS is g iven  
b y  

~S = S~ + zS~ - SM [2] 

for  a r eac t i on  of  me ta l  M go ing  to ions  i a n d  z e lec t rons .  

N o r m a l l y  Se, t he  e n t r o p y  of  m e t a l  e lec t rons ,  c an  be  ne-  
g lec ted  re la t ive  to t he  o the r  e n t r o p y  t e r m s  in  Eq. [2]. This  
q u e s t i o n  has  b e e n  d i s c u s s e d  in  Ref. (1 ld). The  bas i s  of  t he  
a s s u m p t i o n  r e g a r d i n g  the  neg lec t  of  Se is t he  k n o w n  sma l l  
e l ec t ron i c  specif ic  hea t  of  m e t a l s  re la t ive  to t h e  D u l o n g  
a n d  P e t i t  va lue  for  t h e  sol id m e t a l  la t t ice  at  r o o m  t e m p e r -  
a ture .  Cp~e is t he  ca. 1% of t he  la t te r  specif ic  heat .  T h e  Se 
is t h e n  c o r r e s p o n d i n g l y  small .  In  t he  case  of  r e a c t i o n  of 
zinc, S~ = 41.6 J K -I mo l  -~. 

The  par t ia l  g. ionic  e n t r o p y  is 

~i = ~~ - R In al - R T  d i n  ai/dT [3] 

for  a n  ionic  ac t iv i ty  a~. I n t r o d u c i n g  t he  mo la l  ac t iv i ty  
coeff ic ient  7 a n d  t he  mola l  c o n c e n t r a t i o n  m1 

S i =  S ~  [4] 

= ~~ - R In m~ + SE~ 
[5] 

w h e r e  S ~  is t he  exces s  e n t r o p y  of  ion i at  i ts  c o n c e n t r a -  
t ion  m~. 

In  dea l ing  w i th  t he  p r o b l e m  of  i n d i v i d u a l  e l ec t rode  h e a t  
changes ,  i t  is s een  t h a t  t h e  i n d i v i d u a l  ionic  exces s  
e n t r o p i e s  are r e q u i r e d  in a d d i t i o n  to the  i n d i v i d u a l  Si ~ 
quan t i t i e s .  The  la t t e r  are  qu i t e  re l iab ly  k n o w n  for  m o s t  
s i m p l e  ions  f r o m  e x t r a - t h e r m o d y n a m i c  p r o c e d u r e s  (1, 22, 
23) b u t  t he  S~ E values ,  w h i c h  are  no t  neg l ig ib le  at  apprec i -  
ab le  c o n c e n t r a t i o n s ,  are  no t  so eas i ly  e v a l u a t e d  in a relia- 
b le  way. R e c o u r s e  m a y  b e  h a d  to da ta  ca l cu la t ed  f r o m  the  
Debye-H~ickel  theory ,  b a s e d  on  Kie l l and ' s  w o r k  (26), for  
d i lu te  so lu t ions ,  b u t  for  e l eva t ed  c o n c e n t r a t i o n s  w h e r e  
ion  size a n d  h y d r a t i o n  ef fec ts  b e c o m e  i m p o r t a n t  (27) in  
d e t e r m i n i n g  T~, the  r e q u i r e d  de r iva t i ve  d In T~/dT is 
dif f icul t  to eva lua te .  

Activitj7 coeff ic ient  da ta  for aq. ZnBr2 h a v e  b e e n  deter -  
m i n e d  b y  G i b b a r d  (18) ove r  t he  t e m p e r a t u r e  r a n g e  
273-309 K for  t he  c o n c e n t r a t i o n  r a n g e  0.1-4.0M a n d  pro- 
vide,  in  pr inc ip le ,  t he  r e q u i r e d  q u a n t i t i e s  b u t  in  t e r m s  of  
t h e  m e a n  ionic  ac t iv i ty  coeff icient .  However ,  a n o m a l o u s  
ac t iv i ty  b e h a v i o r  is i n d i c a t e d  for  th i s  s y s t e m  as a f u n c t i o n  
of  c o n c e n t r a t i o n  as s h o w n  in  Fig. 7a (18). Th i s  is due  to 
t he  w e l l - k n o w n  a u t o c o m p l e x a t i o n  t h a t  o 'ccurs in  z inc hal-  
ide  so lu t i ons  as i n d i c a t e d  by  EMF,  t h e r m a l  a n d  R a m a n  
s p e c t r o s c o p i c  e x p e r i m e n t s  (18, 23, 28). Thus ,  S h c h u k a r e v  
et al. (29) r e p o r t e d  wide ly  d i f f e ren t  TAS va lues  for t he  for- 
m a t i o n  of  Z n B r  § ZnBr2, ZnBr3- ,  a n d  ZnBr42- c o m p l e x  
ions.  

U s i n g  t h e  da ta  of  G i b b a r d ,  r e fe r red  to above ,  a n d  f rom 
Kie l l and  (26), we  h a v e  ca l cu la t ed  t he  Sj E for  Z n  2§ ion  in 
0.1M aq. ZnBr2 a s s u m i n g  t h a t  a t  t h i s  c o n c e n t r a t i o n  it  is 
m a i n l y  u n c o m p l e x e d  as fol lows f rom the  k n o w n  (21) asso- 
c i a t ion  cons t an t .  K~ = 10-~ S~ E is f o u n d  to b e  11.4 J K - '  
m o l - ' ,  so t h a t  S~ = -127.7  J K - i  mo1-1 t a k i n g  t he  conven -  
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Fig. 7. Dependence of mean ac- 
tivity coefficients (a) and transport 
numbers (b) of zinc bromide solu- 
tion at different concentrations 
and temperatures. 

t i ona l  Si ~ for  Z n  2+ as  -106.5  J K -1 m o l  -~ (23), n o t i n g  t h a t  
t he  c o r r e s p o n d i n g  a b s o l u t e  v a l u e  of  Si for  Z n  ++ will  be  
-152 .6  J K - '  mo l - ' ,  t a k i n g  2S%+ = -45 .6  J K -1 mo1-1 (1, 
23). I t  is no t  poss ib l e  to eva lua t e  S~ for Z n  2+ at  h i g h e r  con-  
c e n t r a t i o n s  owing  to t he  a u t o c o m p l e x a t i o n  a n d  l ack  of  
c o r r e s p o n d i n g  ac t iv i ty  coeff ic ient  data.  

Calculation of the Eastman entropy change due to ion 
t r a n s p o r t ~  is de f ined  as 

= (tzn2+ �9 S*zn2+ - 2 tBr- - S*sr-) [6] 

w h e r e  S* q u a n t i t i e s  are t he  e n t r o p i e s  of  t r a n s p o r t  for  t he  
spec ies  i n d i c a t e d  a n d  t t h e  c o r r e s p o n d i n g  t r a n s p o r t  
n u m b e r s .  

T h e  E a s t m a n  e n t r o p i e s  of  Z n  2+ a n d  B r -  ions  a re  18.8 
a n d  2.5 J K -1 mol-] ,  r espec t ive ly .  The  v a l u e  for t he  Z n  2+ 
ion  was  o b t a i n e d  f rom t he  d i f f e rence  b e t w e e n  t he  t r ans -  
p o r t e d e n t r o p y  of  h y d r a t i o n  a n d  t he  e n t r o p y  of  h y d r a t i o n  
itself,  Sh - Sh (23). T he  v a l u e  for  the  B r -  ion  is ava i l ab le  
f r o m  Aga r  (1). The  t r a n s p o r t  n u m b e r s  for  Z n  ~+ a n d  Br -  in  
0.1M s o l u t i o n  w h e r e  a u t o c o m p l e x a t i o n  is n o t  a p p r e c i a b l e  
are 0.37 a n d  0.63, respec t ive ly ,  f r om t he  w o r k  of  P a r t o n  
a n d  Mi tche l l  (30). A t  h i g h e r  ZnBr2 c o n c e n t r a t i o n s ,  > 1.0M, 
t he  ca t ion  t r a n s f e r e n c e  n u m b e r  b e c o m e s  nega t ive ,  
c o n f i r m i n g  a u t o c o m p l e x a t i o n  (see Fig. 7b). 

S u b s t i t u t i n g  t h e s e  t va lues  in to  Eq. [6] g ives  a v a l u e  of  S 
= 3.8 J K -1 mol-L 
Calculation of the resulting Peltier heat.--From t h e  
de f in i t ion  of  t he  Pe l t i e r  hea t ,  H, we can  n o w  ca lcu la te  
th i s  q u a n t i t y  for  t he  0.1M ZnBr2 so lu t ion  as 

T .  ~ = ( -  127.7 - 41.6 + 3.8) x 300 [7] 
= -49.7  k J  m o l - '  

The  e x p e r i m e n t a l l y  o b s e r v e d  v a l u e  f r o m  t h e  ca l o r ime t r i c  
m e a s u r e m e n t s  w i t h  w h i c h  t he  ca lcu la ted  v a l u e  m a y  b e  
c o m p a r e d  is -44 .4  k J  tool  - '  a t  a c o n c e n t r a t i o n  0.1M in  
ZnBr2. O t h e r  o b s e r v e d  da ta  are  as fol lows at  t he  concen -  
t r a t i ons  i n d i c a t e d  

1.0M ZnBrz  -49 .5  k J  too l - '  

4.0M ZnBr2 -44 .5  k J  m o l - '  

T h e s e  d i f f e rences  are  ou t s ide  t he  e x p e r i m e n t a l  e r ro r s  a n d  
are  t h e r e f o r e  l ike ly  to be  d u e  to i r r eve r s ib i l i ty  effects  in  
t he  k ine t i c  b e h a v i o r  of  t he  z inc e lec t rode .  

T h e  t h e r m o e l e c t r o c h e m i c a l  r e su l t s  o b t a i n e d  h e r e  for  

~2e Zn~+ the  a n o d i c  a n d  ca thod i c  d i r e c t i o n s  of  t he  Z n  

r e a c t i o n  gave  r a t h e r  c o n c e n t r a t i o n - i n d e p e n d e n t  v a l u e s  of  
TAS (Tab le  I), e x c e p t  for t he  0.bM ZnBr2 so lu t ion .  Th i s  re- 
su l t  is a l i t t le  s u r p r i s i n g  in r e l a t i on  to t h e  s e q u e n c e  of  T~S 
va lues  for  c o m p l e x a t i o n  of  Z n  ++ b y  Br -  to g ive  Z n B r  +, 
ZnBr2, ZnBr3- ,  a n d  ZnBr4 ~- spec ies  w h e r e  f o r m a t i o n  of  
t he  ZnBr3-  c o m p l e x  ha s  a n  u n u s u a l l y  h i g h  ThS  v a l u e  of  
+101 k J  mo1-1, wh i l e  TAS for  f o r m a t i o n  of  t h e  o t h e r  ions  
is sma l l  a n d  nega t i ve  (29). P o s s i b l e  s t r u c t u r e s  o f " Z n B r 3 - "  
in  t e r m s  of  a n  a q u o - b r o m o  c o m p l e x  h a v e  b e e n  d i s c u s s e d  
in Ref. (31). The  resu l t s  (Tab le  I) f o u n d  in  t he  p r e s e n t  
work ,  w h i c h  we re  c h e c k e d  in  severa l  s e p a r a t e  runs ,  m a y  
be  r a t iona l i zed  in  t e r m s  of  t h e  s i t ua t ion  w h i c h  ac tua l ly  
o b t a i n s  in  a so lu t ion  of  g iven  ZnBr2 at  a n  a p p r e c i a b l e  con-  
cen t ra t ion .  I t  is k n o w n  (28) t h a t  all  c o m p l e x e s  e x c e p t  
Z n B r  + a n d  t he  free aquo - ion  are  p r e s e n t  t o g e t h e r  at  appre -  
c iab le  a n d  c o m p a r a b l e  c o n c e n t r a t i o n s ,  w h e n  to ta l  [ZnBr2] 
is apprec i ab le ,  so t h e  TAS m e a s u r e d  in  t he  d i s c h a r g e  of  
Z n  is an  overa l l  value,  w h i c h  m a y  no t  b e  ve ry  s ens i t i ve  to 
t h e  c o m p o n e n t  of  d i s c h a r g e  c u r r e n t  f rom ZnBr3-  a n d  
h e n c e  to i ts  a n o m a l o u s  e n t r o p y  of  f o r m a t i o n  f rom free 
ions  (29). 

Peltier heats in other bromide-ion containing and alka- 
line zincate solutions.--In 1M p o t a s s i u m  b r o m i d e  solu- 
t ions ,  po la r i za t ion  is e x p e c t e d  to cause  zinc d i s s o l u t i o n  in  
t he  a n o d i c  a n d  poss ib le  h y d r o g e n  e v o l u t i o n  in t he  ca th-  
odic  d i rec t ions .  In  t h e s e  so lu t ions ,  t h e r e  can,  h o w e v e r ,  b e  
a c e r t a i n  c o n c e n t r a t i o n  of  z inc ions  owing  to d i s s o l u t i o n  
of  t he  z inc e l ec t rode  on  o p e n  circuit .  The  a p p r o x i m a t e  
c o n c e n t r a t i o n  can  b e  e s t i m a t e d  f rom the  po l a r i za t i on  
c u r v e s  w h e r e  t he  anod ic  a n d  ca thod i c  b r a n c h e s  can  b e  
e x t r a p o l a t e d  to o p e n  circui t .  Of  course ,  t h e r e  c a n  be  a 
s l igh t  b u i l d u p  of  z inc ions  also d u r i n g  t he  c o n s t a n t  cur-  
r en t  po la r i za t ion  e x p e r i m e n t s .  S e p a r a t e  po l a r i za t i on  mea-  
s u r e m e n t s  m a d e  ou t s ide  t he  ca lo r ime t e r  s h o w  t h a t  the  
z inc c o n c e n t r a t i o n  in  so lu t ion  due  to free co r ro s ion  of  t he  
z inc e l ec t rode  can  b e c o m e  a r o u n d  5 raM, c o r r e s p o n d i n g  
to a co r ro s ion  c u r r e n t  of  0.9 m A  p a s s i n g  d u r i n g  a n  over-  
n i g h t  p e r i o d  (14h). A t  th i s  c o n c e n t r a t i o n ,  t he  v a l u e  o f R  In 
c is -52 .5  J K -1 mo l - ' .  

U s i n g  t h e  t r a n s p o r t  n u m b e r  a n d  E a s t m a n  e n t r o p y  
va lues  for K + a n d  Br -  ions  (tK+ = 0.51; S'K+ = 7.1 J K -1 
m o l - 1 ;  tBr- = 0.49; S*sr- = 2.5 J K-]  mol - ' ) ,  one  can  o b t a i n  
t he  e n t r o p y  of  t r a n s p o r t  for  K B r  = 2.4 J K - '  too l - ' .  The  
m o l a r  Pe l t i e r  hea t ,  u p o n  s u b s t i t u t i o n  ofSzn, Sz,2+, a n d  SKBr 
in to  Eq.  [1] a n d  [2], is -43 .2  k J  mo l - ' ,  w h i c h  can  b e  com- 
p a r e d  w i t h  t h e  e x p e r i m e n t a l  va lue  of  -49 .2  k J  mo l - ' .  A 
po l a r i za t i on  in  t h e  ca thod i c  d i r ec t i on  s h o u l d  cause  H2 ev- 
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olut ion to take  place w h e n  the  cur ren t  exceeds  that  for 
the  d i f fus ion-control led  reduc t ive  depos i t ion  of  any resid- 
ual  Zn 2+ ions in solution, d e p e n d i n g  on thei r  concentra-  
tion. For  a solut ion at p H  6, the  es t imated  Pel t ie r  hea t  is 
-69.4 k J  m o l %  The appropr ia te  va lues  of  quant i t ies  used  
in this calculat ion are g iven  be low 

SH~ ~ 130.5 k J  mol-1; 2S%+ = -45.6 J K -I mo1-1 

S'H+ = 43.1 J K -~ mol-~; S*o.-  = 58.1 J K - ' , m o l  -~ 

toge ther  wi th  

t~+ = 0.64 and toll- = 0.36 

for the  aqueous  solutions.  
The  expe r imen ta l  va lue  is -132.0 k J  mol  1, so that  the  

excess  of  -63.0 k J  mol  -~ is due  to the  ~I t e rm cor respond-  
ing to the  overvol tage  of  ca. 700 m V  that  is obse rved  dur-  
ing the  polar izat ion (see Table  II). 

In  alkal ine solutions,  the  p red ic ted  molar  Pel t ie r  hea t  
for the  ZrgZnO react ion is 0.6 k J  tool -~ (S~ = 41.5 J K -1 
mol-~; S~ = 43.5 J K -1 mol-~). The  difference be tween  
this and the  expe r imen ta l  va lue  is about  1 k J  mol-*; any 
exp lana t ion  to account  for this  di f ference will  be ra ther  
speculat ive,  since the  paral lel  react ion of Zn to form 
Zn(OH)42- t h rough  the  pores  of  the  ox ide  film is wel l  
known,  and the  overal l  hea t  change  is ve ry  small.  

Pelt ier heat of  the Br-/Br2 reaction at  a p l a t i n u m  black 
sur face . - -The  part ial  mola r  en t ropy  of  Br -  ion on the  ab- 
solute  scale is 103.7 J K -~ mo1-1 (23). The  ionic ac t iv i ty  
coeff ic ient  for Br-  ion at 1.0M concentra t ion,  0.65, was 
obta ined  by ex t rapola t ing  the  s t raight  l ine plot  b e t w e e n  
log CBr- and act ivi ty  coefficient  to 1.0M [Kielland, Ref. 
(26)]. Fur ther ,  the en t ropy  of  aqueous  b romine  solut ion 
(0.18M) was calculated f rom the  k n o w n  hG~ (3.93 k J  
mol  -~) and •176 (-2.59 k J  mol - ' )  va lues  (32). The  va lue  of  
S%~2 obta ined  by this p rocedure  is -21.7 J K - '  m o l %  The 
total  en t ropy  of  ionic t ransport ,  SK~, is a l ready k n o w n  (2.4 
J K - '  tool- ' )  for 1M KBr. As i l lustrated by the  ca lcula t ion 
given below, a va lue  of  -74.8 k J  m o l - '  is ob ta ined  for the  
molar  Pel t ie r  hea t  for this reaction,  thus  compar ing  rea- 
sonably  wel l  wi th  the  expe r imen ta l  va lue  of  -81.0 k J  
mo1-1. 

Reac t ion  t e rm 

II = T.A~ = 300 [(S%.2- 2S%r 2R in CBr- - 2 R  ln~'Br- + 
R In ebbs) - (SKB~)] [8] 

1" 
Ionic  t ranspor t  t e rm 

where  
R in CBr = 0 w h e n  CB~ = 1.0M; R in CB~ = 

-14.2 J K - '  mol  - '  
w h e n  

CB~. = 0.18M. 

Heat  changes in the overall Zn/Br2 cell reaction and  en- 
ergy efficiency eva lua t ion . - -Whi le  ind iv idual  e lec t rode  
heat  changes,  as TAS quant i t ies ,  can be  m e a s u r e d  with  
reasonable  reliability, as we  have  shown earl ier  in this pa- 
per,  i t  is no t  possible  to obta in  f rom the  ca lor imetr ic  mea- 
su remen t s  the  cor responding  en tha lpy  change,  AH, for in- 
d ividual  e lec t rode  reactions,  as this wou ld  requi re  
k n o w l e d g e  of  the  free energy  change  for a half-cell  reac- 
t ion or the  cor responding  absolu te  half-cell  interfacial  po- 
tential.  While such  quant i t ies  have  been  d i scussed  fre- 
quent ly ,  and at l ength  in a recent  paper  (33), no es t imate  
of  a half-cell  free energy  change  can be m a d e  wi th  a relia- 
bi l i ty b e t t e r  than  -+ ca. 30 k J  m o l %  Thus,  energy  
efficiencies for half-cell  processes  have  lit t le quan t i t a t ive  
meaning .  However ,  overal l  cell  eff iciency quant i t ies  [cf. 
Ref. (34)] can be  de te rmined .  

For  ca lor imetr ic  m e a s u r e m e n t  of  the  overal l  hea t  effect  
associa ted  wi th  the  Zn/Br2 cell  reaction,  the  cell  

Zn  / ZnBr2 aq. solut ion / ZnBr~ + B r J C  
Coil e lec t rode  2M 2M 0.38M 

was  set  up  in the  ca lor imeter  and the  sys tem a l lowed to 
reach the rmal  equ i l ib r ium overnight .  The  cell  potent ia l  

was measured ,  and then  the  cell  was d i scharged  via the  
measu r ing  resistance,  1.2712 of  the ammeter ,  where  the  
ne t  cur ren t  due  to zinc ox ida t ion  coupled  wi th  Br2 reduc-  
t ion was measured .  The  the rmis to r  br idge  vol tage  vs. 
t ime  (trace I) and current  vs. t ime  curves  (trace II) are 
shown  in Fig. 8. The  inflect ion in the  br idge-vol tage  t race 
co r r e sponded  to the fast cur ren t  decay which  takes  place 
ini t ial ly and the  s u b s e q u e n t  a t t a inmen t  of  a s teady state 
after  25s. F r o m  the  br idge  signal  in the  s teady state, and 
based  on a prev ious  calibration,  the  ratio of  rate hea t  re- 
lease to i y ie lded  a va lue  of  73.4 k J  mo1-1, for the  total  
hea t  quan t i ty  - T A S  - I2R - I~, all exo the rmic  hea t  
changes  be ing  taken  as nomina l ly  negat ive  in the  usual  
way. 

For  p ro longed  equi l ibra t ion  t imes  pr ior  to the cell  dis- 
charges,  i.e., 48 and 72h, the  - T h S  - I2R - I~7 decreased,  
poss ib ly  because  of  i n t e rmix ing  and/or  c o n s u m p t i o n  of  
the Br2 reactant .  The  values  were  50 and 42 k J  mo1-1 for 
48 and 72h equi l ib ra t ion  periods,  respect ively.  

As wi th  the  ind iv idual  e lec t rode  exper iments ,  calor ime-  
tric m e a s u r e m e n t s  were  m a d e  in both d i rec t ions  of the  
overal l  cell  reaction,  i.e., on discharge  and charge.  This  al- 
lowed  the  I~R c o m p o n e n t  of  the  heat  change  to be esti- 
mated.  At the  current  of  34 m A  (see Fig. 8, curve  III), its 
va lue  was 10.4 m J  s - '  or  0.5 m J  s -1 cm -2, i.e., about  16% of  
the  m e a s u r e d  ThS hea t  or a substant ia l ly  smal ler  f ract ion 
of  the  total  en tha lpy  change.  The I2R c o m p o n e n t  is, how- 
ever,  re ta ined  in the  overall  es t imate  of  free energy  
eff ic iency g iven  below. 

The obse rved  cell  EMF was 1.775 - 0.015V, so that  the 
free energy  change  for the overal l  react ion is -343 k J  
m o l %  F r o m  the  above  value  of  the observed  hea t  change,  
AH is ob ta ined  as -416 k J  m o l %  This gives a " f ree  ene rgy  
eff ic iency"  o f  82% for the  overal l  cell react ion as con- 
duc ted  in the expe r imen t  (obviously I2R depends  on solu- 
t ion concen t ra t ion  and cell  geometry ,  and Iv on cur ren t  
dens i ty  at a s teady cur ren t  of  34 mA, ca. 1.7 m A  cm-2). 
This  va lue  is to be  compared  wi th  the  " t h e r m o d y n a m i c "  
eff ic iency value,  AG/AH, of 91% pred ic ted  by Gibbard  
(19). Of  course,  in pract ical  bat tery  designs,  I2R energy  
losses can be relat ively larger  depend ing  on choice  of  sep- 
arators  and geometr ies ,  whi le  ~ is m i n i m i z e d  by  
max imiz ing  e lec t rode  real area, especial ly  at the C 
cathode.  

Conclusions 
1. B y  means of  d i rect  ca lor imet r ic  measurements  

carr ied out  dur ing  the  passage of  ne t  anodic  or ca thodic  
currents  unde r  galvanosta t ic  condi t ions,  it was poss ible  
to measu re  the  electrolyt ic  Pel t ie r  heats,  i.e., t he  TAS 
va lues  for the  fol lowing individual ,  i.e., half-cell, e lec t rode  
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Fig. 8. Discharge characteristics of the ceil Zn/2M ZnBrJ2M ZnBr2, 

0.38M BrJC. Curve I: uncontrolled discharge, i.e., discharge via the re- 
sistance of the current measuring resistor, Curve I1: current decay with 
time. Curve II1: charge and discharge behavior of the above cell when 
polarized. X-axis: time = 10 s cm-* for all curves. Y-axis: for curves I and 
II I, bridge voltage = 10 mV cm-1, for curve I I, current = 10 mA cm -z. 
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couples: ZrgZn 2§ (in aqueous Br- solutions) and Zn/ZnO- 
ZnO22- processes at Zn electrodes and the Br-/Br~ process 
at black-platinized plat inum electrodes. 

2. The experimentally determined Peltier heat (TAS) 
quantities for the above processes, corrected for i2R Joule 
heating effects by a compensation measurement  in- 
volving differences of anodic and cathodic heat effects, 
and for ionic entropies of transport, compare quite well 
with values that can be calculated from the relevant ther- 
modynamic and extra-thermodynamic data for the spe- 
cies involved in the above half-cell reaction processes. 

3. Polarization measurements gave useful complemen- 
tary information on deviations from reversibility in the re- 
action processes studied, in relation to the components  of 
heat change associated with overvoltages at net  currents. 

4. Calorimetric measurements in the overall reaction in 
the cell Zn/2M ZnBr2, aq./2M ZnBr2 + 0.38M BrJC under  
conditions of free discharge at a steady-state current 
yielded information on the practical "free-energy 
efficiency" of the overall cell reaction under  conditions 
where i~? + i~R (or iT alone) components of irreversible 
heat production were included. The efficiency thus de- 
termined under  the experimental  condition employed 
was 82%, which is to be compared with the thermody- 
namically derivable value of 91% for a Zn/Br2 battery sys- 
tem behaving reversibly. 
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Structural Parameters of fi-Pb02 and Their Relationship to the 
Hydrogen-Loss Concept of Lead-Acid Battery Failure 
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ABSTRACT 

Full-profile, Rietveld-type, x-ray powder diffraction studies have been performed on fl-PbO2 samples either pre- 
pared chemically or obtained from batteries operated under simulated electric vehicle service at 25 ~ and 50~ After a 
sharp initial decrease, the unit cell volume and cell edge ratio of battery fl-PbO2 assume relatively stable values which 
are both independent  of the battery capacity and indistinguishable from those of chemically prepared material. A com- 
parison of the observed unit cell volumes with values calculated for given levels of O~-/(OH) -, Pb4+/Pb 2+ coupled substi- 
tution in the fl-PbO~ structure indicates that the maximum amount  of this substitution is about 0.01 atoms of hydrogen 
per formula unit. These results suggest that the decline in battery capacity is not a function of the loss of a hydrogen 
species from the crystal structure of electrochemically active fl-PbO2. Estimates of the changes in PbO2 crystallite size as 
a function of battery cycling history show that batteries began service with fl-PbO2 crystallite sizes of around 250~, 
irrespective of the temperature of operation, but increased to values of about 700 and 900A at 25 ~ and 50~ respectively. 
Since this increase in crystallite size occurred well before battery failure, the loss in battery capacity with cycling cannot 
be correlated with the changes in crystallite size and, therefore, with changes in the degree of structural order of the ac- 
tive material. 

The decline in performance and eventual failure of 
lead-acid batteries applied in electric vehicle service is 
usually associated with a decline in the efficiency of utili- 
zation of the lead dioxide in the charged positive plate. 
This dioxide is primarily present as the tetragonal, or 
B-PbO2, modification, although variable amounts of the 
orthorhombic, or ~-PbO2, form can also occur (1, 2). In ad- 
dition, significant quantities of amorphous and/or very 
poorly crystallized and disordered PbO2 in battery plates 
have been documented by x-ray diffraction (3-8), thermal 
decomposit ion (9, 10), and transmission electron micros- 
copy (11, 12). 

Among the more important reasons for the loss of bat- 
tery capacity may be included: (i) a decrease in the degree 
of electrical contact between the PbO2 particles them- 
selves in the plate and between the particles and the cur- 
rent collector (grid), (it) a decrease in the effective surface 
area of the particles, and (iii) softening and eventual shed- 
ding of material from the plate. However, a further recent 
suggestion (9, 10, 13-16) is that an electrochemically inac- 
tive form of fl-PbO2 develops in increasing amounts dur- 
ing charge/discharge cycling and that the loss of activity, 
and perhaps tendency toward active material shedding, is 
related (i) to the loss of a hydrogen species from the crys- 
tal structure of the active dioxide material and/or (it) to an 
increase in the degree of structural order in the crystals. 

In the latter proposed mode of battery failure, the 
electrochemically active PbO~ containing the hydrogen 
species and/or a significant degree of structural disorder 
is said to progressively change to a more stoichiometric, 
defect-free variety resembling the chemically prepared 
product, which has traditionally been considered to be in- 
active and to contain fewer hydrogen ions. This mecha- 
nism has, however, been disputed in regard to the pro- 
posed loss of intrinsic PbO2 activity (17, 18), and also in 
the claim that chemically prepared PbO~ is electro- 
chemically inactive (19). 

Chemical analyses of bulk samples of electrochemically 
prepared a-PbO2 and B-PbO2 (1, 20, 21) are usually consist- 
ent with the general formula PbO,.80-,.,8(OH)0.0~-0.26, which 
suggests the presence of a significant amount  of hydro- 
gen in the PbO2 structure. These observations are sup- 
ported by nuclear magnetic resonance (13), thermogravi- 
metric analysis (9, 10), x-ray photoelectron spectroscopy 
(22), and inelastic neutron diffraction (11, 12). However, 
coherent (elastic) neutron diffraction studies of crystalline 
PbO2 have been unable to locate ordered sites for the pro- 
posed hydrogen atoms and, in addition, have demon- 
strated that the traditional view of PbO2 as substantially 
oxygen deficient is probably incorrect (23-26). Indeed, 

Key words: x-rays, protons, crystallography, stoichiometry. 

rather than indicating the presence of oxygen vacancies, 
the neutron diffraction results consistently show a slight 
deficiency of lead atoms relative to oxygen. The number  
of lead vacancies has been observed to be in the range 
1%-5%, with the balance of positive charges presumed (23) 
to be achieved by the incorporation of hydrogen ions into 
the fl-PbO~ lattice, according to the formula 

Pb4+,_~/402-2_ ~ �9 (OH)-~ [1] 

Note that with this model the range of lead vacancies is 
sufficient to account for the observed range of hydrogen 
atom contents. However, the validity of these departures 
from stoichiometry remains in some doubt, since they 
are, at most, only a few times the estimated standard devi- 
ations of the measurements.  Furthermore, the amount  of 
hydrogen present in fl-PbO2 samples has been found (11) 
to correlate with the difference between the total Pb and 
Pb 4+ content of the material measured by chemical analy- 
sis. It has, therefore, been suggested (11, 26) that a more 
likely mechanism for the incorporation of large amounts  
of hydrogen atoms may involve the substitution of Pb 2+ 
ions for Pb ~+, leading to a formula of the kind 

Pb4+,_x/2Pb2+x/202-2 x' (OH)-~ [2] 

In this model, the presence of hydrogen atoms is not de- 
pendent  on the presence of either lead or oxygen vacan- 
cies in the fl-PbO2 structure. 

Since the unit cell volume of futile-type oxides is a sen- 
sitive and predictable function of the ionic radii of the 
cations present (27), precise measurements  of the unit cell 
dimensions of B-PbOs should show a systematic decrease 
in unit cell volume as the hydrogen atoms (and accompa- 
nying Pb 2+ ions) are lost during cycling of a battery. 
Furthermore, if chemically prepared PbO2 contains less 
hydrogen (and by implication is therefore electro- 
chemically inactive), then the unit cell volume of ~-PbO2 
from a failed battery should approach the value for chem- 
ically prepared material. 

In the present study, we have tested the proposal of the 
presence of hydrogen species in B-PbO~ and its relation- 
ship with battery capacity by undertaking full-profile 
Rietveld-type x-ray powder diffraction structure refine- 
ments (28) of fl-PbO2 samples prepared chemically and 
ones taken from batteries operated at 25 ~ and 50~ The 
use of a profile-refinement method incorporating the si- 
multaneous analysis of two phases (29) is necessary for 
this application because of the presence of both ~-PbO2 
and fl-PbO2 components in the battery material and the 
resultant high level of diffraction peak overlap. Moreover, 
the refinement method has the capability of producing 
unusually precise lattice parameters because of the 
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Table I. Proportion of operational life, relative capacity, and quantitative phase composition of the battery samples 
used for Rietveld structure refinement 

Battery 

Proportion of Phase composition (w/o) (31) 
Cycle number  battery operational Relative Ah 

of sample cycle life (%)* capacity (%) fl-PbO~ a-PbO2 PbSO4 Amorphous 

B25"* 0 O 100 38.1 31.2 0.3 30.3 
19 16 90 53.8 19.4 4.5 22.2 
44 38 100 51.6 23.2 2.7 22.5 
67 58 89 62.5 15.0 3.8 18.8 
90 78 83 71.4 8.9 2.3 17.4 

118 102 72 66.3 9.1 8.3 16.4 
145 125 49 63.3 12.3 7.1 17.3 

B50t 0 0 1O0 35.7 34.8 2.0 27.4 
19 8 123 73.2 6.2 0.7 20.0 
59 24 105 74.2 8.3 3.2 14.3 

101 41 101 67.5 6.3 5.4 20.8 
I43 58 100 64.3 8.3 1.4 26.0 
185 75 99 65.5 7.3 0.6 26.6 
228 93 92 58.9 9.6 2.2 29.4 
290 118 45 61.5 7.6 5.8 25.2 

* Defined as the ratio of the number  of charge/discharge cycles completed at the time of sampling to the total number  at the time of 
failure (75% of the initial battery capacity). 

** Battery operated at 25~ failed after 116 charge/discharge cycles (2621 km). 
* Battery operated at 50~ failed after 246 charge/discharge cycles (7690 km). 

r e q u i r e m e n t  t h a t  t he  ca l cu l a t ed  a n d  o b s e r v e d  p e a k  
prof i les  m a t c h  all a long  the i r  s teep  s ides  as wel l  as at  t he  
p e a k  center .  As a b y - p r o d u c t  of  t he  r e f inemen t ,  a ccu ra t e  
e s t i m a t e s  we re  also o b t a i n e d  for  t he  c h a n g e s  in  c rys ta l l i t e  
size w i t h  b a t t e r y  cycl ing,  w h i c h  cou ld  t h e n  be  r e l a t ed  to 
c h a n g e s  in  c rys ta l  s t r u c t u r e  o rder /d i sorder .  

Experimental 

Origin of fl-Pb02 samples.--After p r e l i m i n a r y  x- ray  
s c r e e n i n g  for  p h a s e  pur i ty ,  U n i v a r  PbO2 ( b a t c h  no. 11409) 
m a n u f a c t u r e d  b y  Ajax  Chemica l s ,  a n d  A n a l a r  PbO2 
( b a t c h  no. 81037 B210556) m a d e  b y  H o p k i n s  a n d  Wil l iams,  
we re  c h o s e n  to r e p r e s e n t  c h e m i c a l l y  p r e p a r e d  fl-PbO2. 

T h e  b a t t e r y  s a m p l e s  were  o b t a i n e d  a t  r egu la r  i n t e rva l s  
f r o m  t h e  c h a r g e d  pos i t ive  p la t e s  of  two  12V, 60 A h  lead-  
ac id  ba t t e r i e s  o p e r a t e d  at  25 ~ a n d  50~ respec t ive ly ,  a n d  
s u b j e c t e d  to c h a r g e / d i s c h a r g e  cycle  s t h a t  s i m u l a t e d  elec- 
t r ic  veh i c l e  se rv ice  in  a n  u r b a n  e n v i r o n m e n t .  Deta i l s  of  
t he  t e s t  s t a t i on  des ign ,  cell  c o n s t r u c t i o n ,  c h a r g e / d i s c h a r g e  
cha rac te r i s t i c s ,  Sampl ing  p r o c e d u r e ,  a n d  o p e r a t i o n a l  re- 
su l t s  h a v e  b e e n  r e p o r t e d  in  de ta i l  e l s e w h e r e  (8, 30, 31, a n d  
r e f e r e n c e s  there in) .  T he  e n d  of  use fu l  b a t t e r y  l ife was  
t a k e n  as t h e  p o i n t  a t  w h i c h  t h e  d i s c h a r g e  capaci ty ,  con-  
v e r t e d  to t h e  20h rate,  h a d  fa l len  to 75% of  t h e  n o m i n a l  
ra te  a t  25~ A t  fai lure,  t he  b a t t e r y  cyc led  at  25~ (B25) 
c o m p l e t e d  116 c h a r g e / d i s c h a r g e  cycles  (2621 k m  of  equiv-  
a l e n t  d i s t a n c e  t r ave led)  a n d  w as  s a m p l e d  a to ta l  of  five 
t imes ,  w h e r e a s  t he  b a t t e r y  cyc led  at  50~ (B50) c o m p l e t e d  
245 cycles  (7690 kin)  a n d  was  s a m p l e d  s e v e n  t i m e s  (Tab le  
I). B o t h  ba t t e r i e s  were  also s a m p l e d  at  leas t  once  in  t h e i r  
pos t f a i l u r e  per iod .  

X-ray diffraction data collection.--All s a m p l e s  were  
b a c k - p r e s s e d  in to  s t a n d a r d  a l u m i n u m  ho l de r s  a n d  
m o u n t e d  in a Ph i l i p s  PW1050 d i f f r a c t o m e t e r  e q u i p p e d  
w i t h  a PW1710 a u t o m a t i c  s t ep  s c a n n i n g  s y s t e m  a n d  a 
d i f f r a c t e d - b e a m  c u r v e d  g r a p h i t e  m o n o c h r o m a t o r .  I n t e n -  
s i ty  m e a s u r e m e n t s  were  m a d e  at  in t e rva l s  of  0.04 ~ over  
t he  20 r a n g e  22~ ~ u s i n g  CuK~ r a d i a t i o n  a n d  a s tep  
c o u n t i n g  t i m e  of 5s. T h e  x- ray  t u b e  was  o p e r a t e d  at  45 k V  
a n d  26 mA,  w i t h  1 ~ d i v e r g e n c e  a n d  r ece iv ing  slits. T h e s e  
c o n d i t i o n s  a l lowed  t h e  co l l ec t ion  of profi le  da t a  for  a to- 
ta l  of  43 a n d  121 u n i q u e  Bragg  re f lec t ions  for  fl-PbO~ a n d  
( w h e n  p re sen t )  a-PbO~, respec t ive ly .  1 D e a d - t i m e  correc-  
t i ons  w e r e  app l i ed  a u t o m a t i c a l l y  d u r i n g  da ta  col lec t ion.  

Structure Refinement Method 
T h e  l eas t  s q u a r e s  s t r u c t u r e  r e f i n e m e n t s  w e r e  u n d e r -  

t a k e n  w i t h  t h e  ful l-profi le  R ie tve ld - type  p r o g r a m  D B W  
3.2 (28, 29), mod i f i ed  to i n c l u d e  t he  app l i c a t i on  of  a Pear-  
son  VI I  d i f f rac t ion  p e a k  prof i le  s h a p e  f u n c t i o n  (32). Th i s  

1A complete listing of the step scan diffraction data for all of 
the samples is available from the authors upon request. 

p r o g r a m  can  s i m u l t a n e o u s l y  ref ine  t he  s t r u c t u r e s  of  two  
p h a s e s  u s i n g  x-ray da ta  o b t a i n e d  f rom a c o n v e n t i o n a l  
d i f f r ac tomete r ,  s ince  i t  a l lows  for  t he  p r e s e n c e  of  two  
w a v e l e n g t h s  (i.e., CuKal  a n d  a2). Deta i l s  of  t he  ref ine-  
m e n t  p r o c e d u r e  h a v e  b e e n  d e s c r i b e d  e l s e w h e r e  (24, 29, 
33). S t a r t i n g  va lues  for t he  profi le  p a r a m e t e r s  we re  ob- 
t a i n e d  b y  i n s p e c t i o n  of  t h e  o b s e r v e d  d i f f r ac t ion  pa t t e rn ,  
a n d  t h o s e  for  t he  a tomic  s t r u c t u r e  we re  t a k e n  f r o m  the  lit- 
e r a t u r e  (24). 

SiLicon calibration.--Before a p p l y i n g  t he  R ie tve ld  
m e t h o d  to t h e  fl-PbO~ samples ,  a coarse ly  c rys ta l l ine  
s a m p l e  of  s i l icon was  s t u d i e d  as a ca l i b r a t i on  s t anda rd .  
Th i s  s tep  was  r e q u i r e d  (i) to a sce r t a in  t he  p o t e n t i a l  accu-  
racy, as wel l  as prec is ion ,  of  t h e  un i t  cell  d i m e n s i o n  de ter -  
m i n a t i o n ,  (it) for t he  e x p e r i m e n t a l  d e t e r m i n a t i o n  of  t he  
g r a p h i t e  m o n o c h r o m a t o r  po la r i za t ion  ra t io  c o r r e c t i o n  a n d  
of  t h e  i n t e n s i t y  rat io  of  t he  CuKal  a n d  a2 re f lec t ion  pair ,  
a n d  (iii) to  def ine  t he  i n s t r u m e n t a l  c o n t r i b u t i o n  to dif- 
f r ac t ion  p e a k  b r o a d e n i n g  d u r i n g  t he  d e t e r m i n a t i o n  of  
c rys ta l l i t e  size. 

T h e  r e su l t s  of  t he  r e f i n e m e n t  of  t he  Si da ta  u s i n g  t he  
empi r i ca l l y  d e t e r m i n e d  po la r i za t ion  a n d  C u K a J a ,  radia-  
t ion  i n t e n s i t y  rat ios,  0.91 a n d  0.5, respec t ive ly ,  are  g i v e n  
in  Tab le  II. The  u n i t  cell  p a r a m e t e r  a = 5.43113(9)A is less 
t h a n  t h r e e  c o m b i n e d  s t a n d a r d  dev i a t i ons  l a rge r  t h a n  t h e  
v a l u e  5.43083(1)~ genera l ly  a c c e p t e d  as t h e  b e s t  a b s o l u t e  
e s t i m a t e  o f  t he  cell  d i m e n s i o n  of  c rys ta l l ine  Si (34). The  
a p p l i c a t i o n  of  t he  R ie tve ld  m e t h o d  to t he  p r e s e n t  p rob-  
l e m  is, the re fore ,  c apab l e  of  p r o d u c i n g  u n i t  cell  m e a s u r e -  
m e n t s  of  a c c e p t a b l e  accu racy  a n d  prec i s ion .  F u r t h e r -  
more ,  t h e  u n i t  cel l  p a r a m e t e r  ( and  r a d i a t i o n  i n t e n s i t y  
rat io) was  f o u n d  to b e  s ta t i s t ica l ly  i n v a r i a n t  for 
r e f i n e m e n t s  of Si da ta  co l l ec ted  at  r egu la r  i n t e rva l s  dur-  
ing  t he  cou r se  of  t he  s tudy.  

The  m e a n  d i m e n s i o n  of t he  c rys ta l l i tes  in  t he  ;~-PbO~ 
s a m p l e s  was  d e t e r m i n e d  f r o m  the  S c h e r r e r  (35) a n d  
W a r r e n  (36) e q u a t i o n s  b y  c o m p a r i n g  t he  va lues  of  p e a k  
w i d t h  ca l cu l a t ed  at  a c o n s t a n t  20 va lue  of 60 ~ (37). 

Battery samples.--Depending u p o n  t he  s tage  of  b a t t e r y  
o p e r a t i o n a l  life at  w h i c h  s a m p l i n g  t o o k  place,  t he  b a t t e r y  
s a m p l e s  c o n t a i n e d  b e t w e e n  6 a n d  35 w e i g h t  p e r c e n t  (w/o) 
of  a-PbO~ (Table  I). R a t h e r  t h a n  e x c l u d e  t h e s e  a-PbO2 
" c o n t a m i n a t i n g "  p e a k s  f rom the  d i f f rac t ion  profi le  re- 
f i nemen t ,  t h e y  were  t r e a t ed  s imi la r ly  to t h o s e  of  fl-PbO~ 
by  i n c o r p o r a t i n g  t he  a-PbO2 as a s e c o n d  p h a s e  (29). How-  
ever ,  de ta i l s  of t h e  a-PbO2 p a t t e r n  cou ld  on ly  b e  re f ined  
for  t h o s e  s a m p l e s  in  w h i c h  t h e  a m o u n t  of  a-PbO2 was  
g rea t e r  t h a n  15 w/o (Tab le  I), a n d  e v e n  then ,  on ly  t he  scale  
fac to r  a n d  a s ingle  p e a k  w i d t h  p a r a m e t e r  (for crys ta l l i te-  
size m e a s u r e m e n t s )  cou ld  b e  re leased .  No s u c h  compl i ca -  
t i on  a rose  for  t he  s a m p l e s  of  c h e m i c a l l y  p r e p a r e d  ~-PbO2, 
s ince  t h e s e  we re  s ingle  phase .  



1488 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  SCIENCE AND T E C H N O L O G Y  July 1984 

Table II. Rietveld crystal structure refinement results for silicon and the fl-Pb02 samples analyzed in the present study 

Sample 

fi-PbO2 cz-PbO2 
Proportion of 

battery Unit cell Peak FWHM Crystallite Peak FWHM Crystanite 
operational life volume at 60 ~ 2~ size at 29 ~ 2~ size 

(%)* Rwp? a(A) c(A) (A 3) cla (o)** (A)tt C) (A)t~ 

Silicon 14.20 5.43113(9) 0.132 
Ajax fl-PbO2 11.16 4.95602(11) 3.38646(9) 83.179(6) 0.68330(3) 0.239 460 
Hopkins & 12.78 4.95865(7) 3.38814(6) 83.308(4) 0.68328(2) 0.163 965 

Williams 
~-PbO.., 

B25cycle 0 0 16.04 4.96023(47) 3.38896(39) 83.382(25) 0.68323(14) 0.440 
19 16 11.19 4.96283(18) 3.38603(14) 83.397(9) 0.68228(5) 0.257 
44 38 12.07 4.95540(14) 3.38137(12) 83.033(8) 0.68236(4) 0.200 
67 58 10.88 4.95710(11) 3.38199(9) 83.105(6) 0.68225(3) 0.188 
90 78 11.98 4.95854(11) 3.38252(9) 83.166(6) 0.68216(3) 0.186 

118 102 12.48 4.95751(11) 3.38150(9) 83.107(6) 0.68210(3) 0.174 
145 125 12.02 4.96089(12) 3.38445(9) 83.293(6) 0.68223(3) 0.182 

B50 cycle 0 0 15.30 4.95949(42) 3.38858(35) 83.347(23) 0.68325(13) 0.404 
19 8 12.60 4.95521(9) 3.38053(8) 83.006(5) 0.68222(3) 0.173 
59 24 12.62 4.95497(9) 3.38087(7) 83.006(5) 0.68232(3) 0.160 

101 41 12.99 4.95327(8) 3.37992(7) 82.926(4) 0.68236(3) 0.152 
143 58 12.78 4.95570(10) 3.38076(9) 83.028(6) 0.68220(3) 0.171 
185 75 13.18 4.95348(9) 3.37969(8) 82.927(5) 0.68229(3) 0.161 
228 93 12.84 4.95540(11) 3.38084(9) 83.020(5) 0.68225(3) 0.184 
290 118 12.59 4.95397(10) 3.37993(8) 82.950(5) 0.68227(3) 0.169 

219 0.314(17) 143 
417 0.300(13) 154 
613 0.207(8) 188 
688 0.248(12) 171 
697 
806 
732 
240 0.249(12) 156 
821 

1014 
1236 
842 
993 
713 
869 

* Defined as in Table I. 
$ Conventional Rietve/d refinement agreement index (28). 

** Obtained from a peak full-width at half maximum (FWHM) relationship fitted to the entire pattern (28, 29). 
*t Obtained from the Scherrer equation (35) using silicon as the calibration standard. 

F ina l  va lues  of  all re f ined  s t ruc tu ra l  a n d  profi le  pa-  
r a m e t e r s  r e l e v a n t  to the  p r e s e n t  s t u d y  are s u m m a r i z e d  in 
Tab le  II: t h e  ful l  l is t  of  p a r a m e t e r s  m a y  be  o b t a i n e d  f rom 
the  a u t h o r s  on  reques t .  

Results and Discussion 
U n i t  c e l l  v o l u m e  . - -Va lues  for the  u n i t  cell  v o l u m e  of  t he  

fl-PbO~ c rys ta l  s t r u c t u r e  were  ca lcu la ted  f rom t h e  re f ined  
va lues  of  t he  un i t  cell  d i m e n s i o n s  (Tab le  II) a n d  are 
p lo t t ed  in Fig. 1 aga ins t  t he  p r o p o r t i o n  of  b a t t e r y  opera-  
t iona l  life at  t he  t i m e  of  s a m p l i n g  (Tab le  I). T he  u n i t  cell  
v o l u m e s  of  t he  two c h e m i c a l l y  p r e p a r e d  s a m p l e s  a re  
p lo t ted ,  for  conven i ence ,  a t  t he  100% pos i t i on  on  t he  bat-  
t e ry  life scale, a long  w i th  p u b l i s h e d  va lues  (38-42) of  t h e  
cell v o l u m e s  o b t a i n e d  f rom e igh t  ve ry  p rec i se  x- ray  s tud-  
ies of  c h e m i c a l  a n d  n a t u r a l  fl-PbO~. L i t e r a t u r e  va lues  for  
fl-PbO~ u n i t  cell v o l u m e s  d e t e r m i n e d  by  n e u t r o n  diffrac-  
t ion  were  no t  c o n s i d e r e d  b e c a u s e  of  a degree  of  unce r -  
t a i n t y  a b o u t  t he  exac t  v a l u e  of  t he  n e u t r o n  w a v e l e n g t h  
u s e d  (26). 

The  m o s t  obv ious  fea tu re  of  t he  da ta  p lo t t ed  for  ba t t e r -  
ies  B25 a n d  B50 is t h a t  t he  u n i t  cell  v o l u m e  of  t he  fl-PbO2 
c o m p o n e n t  s ta r t s  se rv ice  w i t h  a h i g h  va lue  ( abou t  83.36 
A3), w h i c h  dec l ines  s ha r p l y  d u r i n g  t he  first  s t age  of  bat-  
t e ry  ope ra t i ona l  life. T he  r e a s o n  for  th i s  s u d d e n  d rop  in  
cell  v o l u m e  at  a t i m e  w h e n  t h e  capac i ty  of  t h e  ba t t e r i e s  
(and  t he r e fo re  the  e l e c t r o c h e m i c a l  ac t iv i ty  of  t h e i r  
l~-PbO2) is e q u a l  to, or  indeed ,  h i g h e r  t h a n  t he  in i t ia l  va lue  
at  t he  c o m m e n c e m e n t  of  se rv ice  (Table  I) is unc lea r .  
However ,  as d i s c u s s e d  below,  t he  ear ly  s tages  of  t he  
ope ra t i ona l  l ife of  t he  ba t t e r i e s  are  m a r k e d  b y  a d r a m a t i c  
i nc r ea se  in t he  size of  t he  fl-PbO2 crystal l i tes .  Moreover ,  
t he  in i t ia l  va lues  for  t he  ra t io  of  t he  u n i t  cel l  d i m e n s i o n s  
(see be low)  are also a typ ica l  of  t he  va lues  e n c o u n t e r e d  
t h r o u g h o u t  t he  r e m a i n d e r  of  ba t t e r y  service.  B o t h  of  
t h e s e  o b s e r v a t i o n s  sugges t  t h a t  the  phys i ca l  p r o p e r t i e s  of 
t he  ve ry  smal l  c rys ta l s  p r e s e n t  in  t he  ve ry  ear ly  s tages  of  
b a t t e r y  ope ra t i on  are  no t  r e p r e s e n t a t i v e  of t he  b e t t e r  crys-  
ta l l ized ma te r i a l  w h i c h  re su l t s  f rom c h a r g e / d i s c h a r g e  
t r e a t m e n t .  The  s h a r p e r  dec l ine  in  the  u n i t  cell  v o l u m e  of  
B50 re la t ive  to B25 is p r o b a b l y  r e l a t ed  to the  fact  t h a t  
e lec t ro ly te  d i f fus ion,  a n d  c h a r g e / d i s c h a r g e  r e a c t i o n  ra tes  
in genera l ,  are m o r e  r ap id  a n d  m o r e  u n i f o r m  at  t he  h i g h e r  
o p e r a t i n g  t e m p e r a t u r e  of  th i s  b a t t e r y  (8, 31). 

Af te r  t he  in i t ia l  " se t t l i ng  in"  per iod ,  t he  u n i t  cell  vol- 
u m e  of  t he  B-PbO2 in  B50 r e m a i n s  fair ly cons t an t ,  wh i l e  
t h a t  of B25 t e n d s  to i nc r ea se  b a c k  t o w a r d s  i ts  s t a r t i ng  
value.  T h e s e  va r i a t ions  a re  s ta t i s t ica l ly  s ign i f i can t  w h e n  

c o m p a r e d  to t he  e r ro r  ba r s  on  t he  da ta  po in t s  Fig. 1, but ,  
s ince  each  s a m p l e  t a k e n  f rom t h e  o p e r a t i n g  b a t t e r y  is of  
n e c e s s i t y  sma l l  (in o rde r  no t  to d i s r u p t  b a t t e r y  pe r fo rm-  
ance) ,  t he  va r i a t i ons  p r o b a b l y  ref lect  sma l l  d i f f e rences  in  
the  re la t ive  p r o p o r t i o n s  of  u s e d  a n d  u n u s e d  fi-PbO2 in  t h e  
s a m p l e s  b e t w e e n  a n d  w i t h i n  i n d i v i d u a l  plates .  Fo r  B50, 
t he  f luc tua t ions  in  cell  v o l u m e  are  less  severe  t h a n  for  
B25, s ince  the  p la te  ma te r i a l  is m o r e  u n i f o r m  in compos i -  
t i on  a n d  u t i l i za t ion  at  h i g h e r  t e m p e r a t u r e .  

In  add i t ion ,  t he  B50 fl-PbO2 u n i t  cell  v o l u m e  is cons i s t -  
en t ly  sma l l e r  t h a n  t h a t  of  B25. This  o b s e r v a t i o n  is a lso 
I ikely to be  a f u n c t i o n  of  o p e r a t i n g  t e m p e r a t u r e ,  s ince  a 
s ign i f i can t ly  h i g h e r  p r o p o r t i o n  (abou t  45%) of  t he  availa-  
b le  fl-PbO2 p r e s e n t  in  t he  b a t t e r y  p la tes  t akes  pa r t  in  t h e  
c h a r g e / d i s c h a r g e  r eac t ion  at  h i g h e r  t e m p e r a t u r e  (9, 31). 
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Fig. I .  Unit cell volume of the fl-Pb02 crystals in the two batteries B25 
( " )  and B50 (x) and two chemical preparations (A) plotted against the 
proportion of battery operational life at which sampling took place. The 
values were calculated from the least squares derived unit cell dimen- 
sions and are included along with their associated estimated standard 
deviations. Also plotted are the unit cell volumes of eight chemical 
~-Pb02 samples (�9 identified by their literature reference numbers. 
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Therefore, less of the unreacted, large cell volume/3-PbO2 
remains to contribute to the bulk measurement.  

The rise in the B25/3-PbO= unit cell volume in the post 
battery failure period (Fig. 1) probably arises from a simi- 
lar effect, since the rate of "shedding" of the positive 
plate material is some 50% higher for this battery than for 
B50, and it is the heavily used material in the outer por- 
tions of the plate which is preferentially shed during bat- 
tery operation (8, 43). 

When allowance is made for the atypical nature of the 
/~-PbO2 present in the very early stages of battery opera- 
tion, the unit cell volume of the dioxide is either constant 
(B50) or increases slightly (B25) for the period during 
which 50% of the capacity of the battery is lost. Even 
when the unit cell volumes at the beginning of battery op- 
eration are included, the total range of volumes exhibited 
by the battery material, whether  healthy (active) or failed 
(inactive), is not much greater than the range of unit cell 
volumes observed for chemically prepared varieties of 
fl-PbO2 (Fig. 1). Behavior of this kind is not consistent 
with the suggestion that battery capacity declines as a re- 
sult of the loss of a hydrogen species (and Pb 2+ ions) from 
the fi-PbO2 structure, nor with the suggestion that chem- 
ically prepared fl-PbO2 is somehow more akin to inactive 
fl-PbO= than to active fl-PbO= (9, 10, 13-16). However, it is 
clear that comparisons between one or two isolated 
samples of battery and chemical /~-PbO= (23, 26) could 
lead to conclusions in contradiction with the trends dis- 
played by the larger number  of samples used in the pres- 
ent study. 

In Fig. 2, the unit  cell volumes of 12 well-characterized 
rutile-type oxides (44-53) have been plotted against the 
cube of the corresponding cation radii. The data all fall 
close (correlation coefficient = 0.993) to the line 

Volume = 41.8987 + 88.2806 (radius) 3 [3] 

Using the accepted (54) value of 0.775A for the radius of 
Pb 4+, the unit cell volume predicted for stoichiometric 
PbO2 with regression Eq. [3] is 82.949 A 3. This value has 
been plotted as the "x = 0.0" point in Fig..1 and 2, and lies 
at the lower end of  the range of determinations on both 
electrolytic and chemical /3-PbO2 given in Table II and 
Fig. 1 (82.926-83.397 M). All of the /3-PbO= samples have 
unit cell volumes which are, therefore, either equal to, or 
only slightly larger than, the predicted value for stoichio- 
metric fl-PbO~. 

I00 I I I I I 

E -I 
0 > 

:=_ 
E 

90 

80  

x : O'O-~./ .~pb 

S n . ~  
70 Os ~,_ 

T i R v  ! /  -To 

Mn "% 1 ~ ,  
60 V / "V \ ,r  'Cr Rh 

50  Ge 

4 0  I I I I I I 
0 .0  0.1 0.2 0 .3  0 .4  0 .5  0 .6  

(Cat ion radius) 3 (~3)  

Fig. 2. Variation of the unit cell volume of ] 2 rutile-type oxides M02 
with the cube of the radius of the cation M. The line is the least squares 
regression relation between the two quantities plotted. The two points 
labeled x = 0.0 and 0.1 represent the predicted volume of lead dioxide 
with the formulas PbO2 and pb4%.ssPbZ~o.o~Ol.e.(OH )-o.1 respectively. 

The Pb 2+ ion has a radius of 1.19A in six-fold coordina- 
tion, significantly different from the Pb 4+ radius of 
0.775A, whereas the O ~- and (OH)- radii are very similar 
with values of 1.36 and 1.34A, respectively (54). Changes in 
unit cell volume as a result of the coupled substitution of 
O2-/(OH) - and pb4+/pb 2+ according to the formula [2] may, 
therefore, be reduced merely to the effect of the Pb4+/Pb2+ 
pair on the radius of the octahedral site. The predicted 
unit cell volume for a given degree of substitution, x, can 
then be determined by calculating a weighted mean cat- 
ion radius for the octahedral site and inserting this in the 
regression Eq. [3]. 

A comparison (Fig. 1) of the range of observed unit cell 
volumes (82.926-83.397A) with the values calculated from 
the regression equation suggests that the max imum 
amount  of (OH)- substitution is likely to be of the order of 
x = 0.01. Hydroxyl contents of up to 25% quoted in the lit- 
erature (1, 20, 21, 41) for chemical analysis of bulk battery 
positive plate material cannot relate entirely to substitu- 
tion in the /~-PbO2 structure, since this would produce 
unit cell volumes vastly in excess of observed values (Fig. 
2). A large proportion of the hydroxyl must, therefore, be 
present in surface layers and/or noncrystalline fractions 
of the samples. X-ray photoelectron (22) and infrared (55) 
spectroscopic studies of chemically and electrochemi- 
cally prepared lead dioxide, and the related (rutile) oxide 
TiO=, respectively, are in support of this conclusion. 

c/a ratio.--By taking the ratio of the unit cell dimen- 
sions, c/a, rather than their individual values or the prod- 
uct, a2c (the unit cell volume), the effects of some possible 
systematic experimental  errors in the determinations 
(e.g., 20 zero error, sample eccentricity, wavelength uncer- 
tainty, etc.) are eliminated or reduced. Moreover, informa- 
tion is obtained about the relative changes (distortions) in 
unit cell dimensions which may otherwise cancel out in a 
volume calculation. 

The c/a ratios for the B25, B50, and chemical prepara- 
tions of/3-PbO= have been plotted against the appropriate 
proportion of battery operational life in Fig. 3. The most 
notable feature of the data is the rapid decrease in c/a ra- 
tio during the first 15% of battery life. As in the case of 
the variation in fi-PbO2 unit cell volume discussed above, 
the very early stage of battery operation is atypical of the 
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as in Fig. 1. 
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remainder of the life of the battery for which the c/a ratio 
remains very uniform and equal for each battery. This 
suggests that the ~-PbO~ crystal structure suffers no ob- 
servable distortion during the period for which more than 
50% of the battery capacity is lost. 

The c/a ratios determined for the two chemically pre- 
pared samples of fl-PbO2 in the present study are signifi- 
cantly higher than the middle- and late-stage battery 
sample values, but lie well within the range of values ob- 
tained from the literature for chemical fl-PbO2. Indeed, 
some of the chemical preparations have c/a ratios close to 
those of the uncycled B-PbO2, whereas others have ratios 
more akin to those of heavily cycled material. As deduced 
from unit cell volume measurements,  therefore, there ap- 
pears to be no systematic distinction between'  fl-PbO2 
from a failed and a healthy battery, or between electro- 
lytic B-PbO2 and at least some of the chemical prepara- 
tions. This is only the case, however, when the trends ex- 
hibited by a number  of samples are collected together. 

As expected, similar conclusions apply when the varia- 
tions of the two individual unit cell dimensions are ana- 
lyzed as a function of battery capacity (Table II): like the 
cell volume and c/a ratio, the a and c values are again 
high during the early stages of charge/discharge cycling, 
but they quickly settle down to relatively constant values 
for the remainder of battery operational life. Moreover, 
the total range of unit cell sizes for the battery fi-PbO2 is 
approximately equal to that observed for chemically pre- 
pared material. There is no evidence that the a parameter 
in battery fl-PbO2 is significantly greater than that of 
chemical samples, as reported by Antonio et al. (26) for a 
more limited number  of samples. 

Crystallite size.--The mean dimension of the crystal- 
lites in the samples analyzed in the present study are 
plotted against proportion of battery operational life in 
Fig. 4. Both the 25 ~ and 50~ batteries begin service with 
~-PbO~ crystallite sizes of around 250s and both experi- 
ence a substantial increase in size as the batteries are cy- 
cled, in agreement with earlier work (3, 5, 10, 41, 56). 

For B50, a crystallite size of around 900s is reached 
after only 10% of its operational life has been completed, 
whereas for B25, the rise to its stable value of around 700s 
is only reached after 60% of its life. In the postfailure pe- 
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plotted against the proportion of battery operational life at which 
samples were collected. The data are plotted for the same samples (mi- 
nus the literature chemical preparations) and presented in the same 
manner (minus the error bars) as in Fig. 1. 

riod, the size of the fl-PbO~ crystallites in both batteries is 
a round  800A, approximately halfway between the values 
obtained for the two chemically prepared fl-PbO2 
samples. Once again, therefore, it is clear that chemical 
preparations are not immediately distinguishable from 
the electrolytic samples. 

The broadening of diffraction peaks can, however, be a 
result of nonuniform lattice strain brought about by the 
presence of nonstoichiometry and/or defects in the crystal 
structure of the material examined, rather than of a real 
decrease in crystallite size (41). With this possibility in 
mind, it has been suggested that the decrease in peak 
width as ~-PbO2 is cycled in a battery represents a change 
in the fl-PbO2 crystal structure towards a more stoichio- 
metric, defect-free variety which is less reactive electro- 
chemically (9, 10, 13-16). 

The results presented for the B25 samples in Fig. 4 are 
consistent with this idea in that the effective crystallite 
size increases more or less steadily as the battery ~capacity 
declines towards failure. However, for B50 the crystallite 
size of the fl-PbO2 increased to its battery failure value 
after only 10% of the operational life passed. Therefore, 
while the increase in crystallite size for both batteries 
may well represent an increase in structural order, espe- 
cially during the first few cycles, it is difficult to attach a 
consistent relationship between particle size/structural or- 
der and the capacity changes observed for both batteries. 
Moreover, one of the chemically prepared/~-PbO~ samples 
has a crystallite size which is not much greater than fresh 
battery material, yet this material is claimed to be defect- 
free and inactive (2). 

During the limited period over which ~-PbO2 was pres- 
ent in sufficient quantities for its crystallite size to be de- 
termined, its size was found to remain constant at around 
150A. This very small crystallite dimension is consistent 
with the results of neutron powder diffraction (24, 26) and 
transmission electron microscope (12) studies of ~-PbO2, 
which suggest that the crystal structure of this phase is 
highly disordered. In fact, the ~-PbO2 content of the bat- 
tery samples decreases with charge]discharge cycling 
(Table I) because it does not reform from the PbSO4 dis- 
charge product (8, 31). The ~-PbO~ measured in the pres- 
ent study is, therefore, material which has not discharged, 
and its crystallite size is unaltered from that present in 
fresh battery plates. 

Summary and Conclusions 
After an initial short period of charge/discharge cycling, 

the unit cell volume and c/a cell edge ratio of ~-PbO2 
reach fairly stable values which are independent  of the 
battery capacity and are indistinguishable from the 
values obtained from chemically prepared material. The 
suggestion that battery capacity declines as a result of 
gradual loss of a hydrogen species from the fl-PbO2 crys- 
tal structure, therefore, seems unlikely. 

A comparison of the observed unit cell volumes with 
values calculated for a given level of O2-/(OH) -, Pb4+/Pb 2+ 
coupled substitution in the fl-PbO~. �9 xH formula suggests 
that the maximum value of x is about 0.01, i.e., little dif- 
ferent from stoichiometric fl-PbO2. Under  the constraints 
of this model  of hydrogen atom incorporation, measured 
(OH)- contents of up to 25% quoted in the literature for 
analyses of bulk (crystalline plus noncrystalline) active 
material must, therefore, relate to the (OH)- content of 
surface layers and/or the noncrystalline fractions of the 
samples, rather than to the fl-PbO2 crystal structure itself. 
Whether or not hydrogen atoms located in the fl-PbO~ sur- 
face layers and/or amorphous material play a role in the 
electrochemical activity of the positive plate remains to 
be determined. Furthermore, an alternative model  in 
which hydrogen atoms substitute into the fl-PbO2 struc- 
ture to compensate for lead atom vacancies may also yet 
prove to be relevant to the decline in battery capacity. 

Batteries operated at both 25 ~ and 50~ begin service 
with fl-PbO2 crystallite sizes of around 250A; and experi- 
ence an increase in size with cycling. However, in the case 
of the 50~ battery a crystallite size of around 900A is 
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reached after only 10% of its operational life has been 
completed. The gradual loss of battery capacity with cy- 
cle life cannot, therefore, be correlated with the observed 
relatively sudden increase in crystallite size and/or struc- 
tural order during the early stages of operation. 
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Determination of the Reliability of Aerospace Ni-Cd Batteries from 
Survival Data on Cells Fabricated Between 1964 and 1977 

A. S. Jordan * and T. D. O'Sullivan 

AT&T Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

We have performed a reliability analysis on Ni-Cd cells manufactured between 1964 and 1977 and aged by NASA 
("CRANE") in simulated low earth and geosynchronous orbits. Similar cells are used in the construction of Ni-Cd 
batteries that serve as the energy storage medium in communications satellites. The statistical treatment of cell aging 
data conforms to techniques applied to semiconductor  devices. In low earth orbit, the failure distribution by shorts is 
lognormal with standard deviation (s) of 1.06, median life (tin) of 128,000h and activation energy of 0.29 eV. In geosyn- 
chronous orbit, the additional failure mode of capacity degradation leads to a bimodal lognormal distribution character- 
ized by tm of 283,000 and 122,000h and s of 1.14 and 0.27 for short and degradation, respectively. We have also deduced 
the probability of battery-survival and battery-failure rate, respectively. The inclusion of cell redundancy is a key feature 
of the analysis. It is shown that enhanced redundancy is a major factor in assuring long-term battery performance. 

In view of the high initial cost and impossibility of re- 
pair at the present state of the art, no communicat ion 
system requires a higher degree of long-term reliability 
than satellite communications. In geosynchronous orbit, 
the electronic system of transponders is powered by relia- 
ble solar cells at all times except  during solar eclipses, 
when the energy storage system that frequently employs 
two rechargeable Ni-Cd batteries takes over. Each year, 
the satellite is exposed to two eclipse seasons, each last- 
ing 44 days. During these seasons, the eclipse t ime varies 
from 4 to 70 min in a predictable manner. Then, unless 
the spacecraft 's batteries deliver sufficient power above a 
specified voltage to the transponders, the operating loads 
must be reduced and the mission's objectives can only be 
partially met. 

In general, solid-state devices, such as solar cells and 
transponders comprising semiconductor components  (1), 
enjoy a greater reputation for reliability than batteries. In- 
deed, conventional Ni-Cd batteries exhibit  a time-depen- 
dent decrease in voltage due to cell degradation as well as 
cell shorting (2). Since at present the batteries on geosyn- 
chronous satellites may well be the life limiting com- 
ponent (2), a study of their reliability is a vital prerequisite 
in guaranteeing a successful mission of, say, 10 yr dura- 
tion. The most exhaustive source for life-test data on 
aerospace Ni-Cd batteries originates from the Naval 
Weapons Support  Center, Weapons Quality Engineering 
Center at Crane, Indiana (CRANE) (3). The major objec- 
tive of the current investigation is to determine by means 
of a large-scale statistical study the reliability of Ni-Cd 
cells and batteries tested by CRANE. Although these con- 
ventional cells are of an early vintage with respect to the 
date of design and manufacturing, it is considered that 
their statistical treatment would provide a "benchmark"  
to compare with more modern cell designs. Moreover, 
since the battery fs but one component  of the satellite's 
communicat ion system, it is thought to be necessary to 
develop a technique of reliability analysis for batteries 
consistent with that for solid-state.components on board. 

Bearing in mind these objectives, in the first part of the 
paper we briefly describe the structure of conventional 
Ni-Cd cells and the aging experiments performed at 
CRANE to assess their reliability. Second, we present an 
outline of the statistical methodology employed to obtain 
the cumulative failure function for a large sample when 
the life testing of the survivors is occasionally terminated. 
Then, we determine the failure distribution for shorts in 
Ni-Cd cells aged at three temperatures and deduce the ac- 
tivation energy for the shorting process. In addition, f o r  
cells exercised in a simulated geosynchronous orbit, the 
data, which include both degradation failures and shorts, 
are analyzed. 

At any t ime of service, the behavior of Ni-Cd cells is di- 
rectly predictable from the parameters of the failure dis- 
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tribution. Subsequent,  probabilistic reasoning combined 
with cell parameters leads to equations that forecast the 
long-term performance of the battery subsystem of any 
redundant  configuration. The two measures of success- 
ful mission employed in the calculations are probability 
of battery survival and battery failure rate, the latter be- 
ing a quantity preferred by designers of electronic sys- 
tems. Finally, two alternatives are suggested to assure 
10 yr of failure-free battery operation. These are (i) en- 
hanced redundancy using conventional ~ cells and/or (ii) 
longer median life, potentially achievable in improved de- 
signs. 

Experimental Data 
Ni-Cd cell and battery structure.--This investigation is 

restricted to the evaluation of reliability data on prismatic 
Ni-Cd cells (2, 3) manufactured by General Electric be- 
tween 1964 and 1977. Though some of these cells on test 
are over a decade old, they are by and large similar to 
those in use today. The electrodes in these Ni-Cd cells are 
chemically deposited and have nylon separators; the elec- 
trolyte is KOH. The battery under consideration com- 
prises a string of 32 cells, of which at least 29 or 30 must  
operate to deliver 29V, the min imum required in this real- 
istic example for full power transponder operation. There 
are two identical batteries on board. 

Aging program at CRANE.- -The  prismatic Ni-Cd cells 
made by General Electric (GE) were tested at CRANE 
(3). This facility has been running real-time tests for over 
17 yr under NASA supervision. The data base to be 
treated here is extracted from the annual reports of 
CRANE. It should be emphasized at the outset that the 
CRANE testing program includes, besides prismatic cells, 
cylindrical cells, as well as products of manufacturers 
other than General Electric. In addition to real-time tests 
in both low earth and geosynchronous orbits, aging ex- 
periments were also performed under accelerated condi- 
tions such as different temperatures and charge/discharge 
rates. This paper focuses on the treatment of real-time 
data, modified only by moderate temperature accelera- 
tion, on prismatic GE cells. 

Table I summarizes the total number  of suitable cells 
tested at CRANE and the actual numbers acceptable in 
our statistical analysis, separated with respect to nominal  
capacity. The cells excluded were either exercised in a 
nonstandard orbit or tested only for a few hundred hours 
before termination. Moreover, some cells were disquali- 
fied because at several aging temperatures the sample 
size was too small to establish the failure distribution 
with a reasonable degree of confidence. 

The cells were tested in groups of five held at the nom- 
inal aging temperatures 0 ~ 22.5 ~ and 40~ within less than 
-2~ Each pack of five had its own dc power supply for 
charging and discharging. In low earth orbit, cells at 0 ~ 
22.5 ~ and 40~ were cycled every 1.5h at 15%, 25%, and 
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Table I .  Cells tested by CRANE and number used in analysis, by nominal 
capacity 

Nominal capacity (Ah) Total no. of cells No. of cells used 

6 220 128 
8 20 20 

12 229 148 
20 61 48 
26.5 10 0 
40 10 0 
50 12 0 

40% dep ths  of  discharge.  There  was essent ia l ly  cont inu-  
ous mon i to r ing  for shorts,  de tec ted  by a prec ip i tous  drop  
in vol tage.  

The  second  m o d e  of  orbi t  s imula t ion  is the  geosynchro-  
nous  one, wh ich  vir tual ly  imi ta tes  the  opera t ion  of  a com- 
mun ica t i on  satellite. Dur ing  the  two ecl ipse seasons,  each 
las t ing 44 days, the  cells were  repea ted ly  charged  and dis- 
cha rged  for the  appropr ia te  l eng th  of  t ime,  wh ich  was 
cont ro l led  by a computer .  Aging  tests were  c o n d u c t e d  at 
40%, 60%, and 80% dep ths  of discharge,  and  at 0 ~ and 
22.5~ As was the  case in low ear th  s imulat ions ,  the  
shorts  were  au tomat ica l ly  recorded.  In  addit ion,  the  cells 
exe rc i sed  in geosynchronous  orbit  were  comple t e ly  dis- 
charged  to reveal  the i r  r ema in ing  capacity.  In  this  man-  
ner, the  t ime  d e p e n d e n c e  of  the  degradat ion  in actual  av- 
erage  capaci ty  for a pack  of  five cells could  be 
de te rmined .  It  should  be emphas ized  that  wi th  the  small  
degree  of  cell  r e d u n d a n c y  in series (29 or 30 f rom 32 m u s t  
funct ion)  feasible on some  spacecraft ,  each cell  m u s t  re- 
ta in at least  60% (7.2 Ah) of  its nomina l  capaci ty  (12 Ah) to 
a IV cu to f f  per  cell, because  o therwise  the  vo l tage  deliv- 
e red  to the  t r ansponder s  is insuff icient  for fu l l -power  op- 
erat ions.  The  fract ion 7.2 Ah/12 Ah is the  nomina l  dep th  
o f  discharge.  I f  actual  capaci t ies  were  used,  it b e c o m e s  7.2 
Ah/16.7 Ah = 43%, where  16.7 Ah is the  average  init ial  ca- 
paci ty  t aken  f rom the  C R A N E  data. Any  cell  can  be  
t rea ted  by this m e t h o d  as long as the  actual  capaci ty  is 
known.  

Statistical Methodology 
Prev ious  rel iabil i ty a s sessments  based  on the  C R A N E  

data base  concen t ra t ed  exc lus ive ly  on acce lera ted  tests,  
especia l ly  wi th  regard  to charge /d ischarge  rates and 
dep th  of  discharge.  For  example ,  Fedors  et al. (5) appl ied  
the  Griffi th theory  of  crack f o r m a t i o n ' i n  solids to con- 
s t ruct  a f ract ional  order  react ion-ra te  m o d e l  of  " f law" 
p ropaga t ion  in cells to descr ibe  fai lure due  to degrada-  
tion. In  contrast ,  w h e n  deal ing  wi th  real - t ime aging of  
cells, one  has  to cons ider  shorts  and degradat ion .  By in- 
v o k i n g  the  we l l -known lognorma l  probabi l i ty  d is t r ibu t ion  
to accoun t  for bo th  modes ,  we in tend  to t rea t  the  experi-  
men ta l  resul ts  in a unif ied manner .  Fur the rmore ,  a key  
fea ture  of our  t e c h n i q u e  is the  consis tent  analysis  of  
fai led and t e rmina t ed  cells. Clearly, on the  re la t ively shor t  
t ime-sca le  of acce lera ted  tes t ing  the  need  to d i scon t inue  
is reduced .  

Life tes t ing  of  componen t s ,  such  as cells and semicon-  
duc to r  devices ,  serves  two impor t an t  in te r re la ted  func- 
t ions.  One  purpose  is to unravel ,  i f  possible ,  the  major  
fai lure mechan i sms .  The  o ther  objec t ive  is to lay the  ex- 
pe r imen ta l  founda t ion  for p red ic t ing  and assur ing  relia- 
bi l i ty  in opera t ing  systems.  It  has been  p rev ious ly  shown  
that  w i thou t  a large sample  size the  forecas t ing  o f  future  
behav io r  wi th  a h igh  degree  of  conf idence  is imposs ib le  
(6). Therefore ,  in analyzing the  aging data  on shorts  f rom 
CRANE,  an e x t e n d e d  sample  had to be  cons t ruc ted .  In  
doing  so, though,  we  paid  par t icular  a t ten t ion  to u n i q u e  
fea tures  of  the  tes t ing procedure .  

Cells were  pu t  on test  in packs  of  five at d i f ferent  
t imes.  When rack space was needed ,  e x p e r i m e n t s  were  
d i scon t inued  before  all cells in the  pack  failed. S ince  
shor ts  r ep resen t  ca tas t rophic  even ts  w i thou t  a fore- 
warn ing  or precursor ,  no in fo rmat ion  can be der ived  
about  the  t ime  to fai lure of  the  t e rmina ted  survivors .  
Hence ,  the  statist ical  t r e a t m e n t  e m p l o y e d  in desc r ib ing  

the  fai lure d is t r ibut ion  mus t  be  such that  it a l lows (i) the  
c o m b i n a t i o n  of  the  tes t ing resul ts  on m a n y  packs  wi th  
cells of  c o m m o n  character is t ics  regardless  of ch rono logy  
and (ii) t ak ing  into account  the  r emova l  of  opera t ing  sur- 
vivors .  S imi la r  condi t ions  have  been  e n c o u n t e r e d  in the  
acquis i t ion  and analysis of  burn-out  fai lure of  GaAs 
power  F E T ' s  (4). Moreover ,  appropr ia te  p receden t s  for 
the  necessary  statist ical  reasoning  are available,  for in- 
stance, f rom medica l ly  or ien ted  invest igat ions .  Therefore ,  
a br ie f  out l ine  of  the  t echn ique  used  to cons t ruc t  the  fail- 
ure  d is t r ibu t ion  for shorts  will  be sufficient.  

In  the  absence  of  t e rmina t ions  the  cumula t i ve  fai lure 
func t ion  (CFF) cor responding  to a g iven  t ime  to fai lure is 
usual ly  ob ta ined  by eva lua t ing  the  so-called p lo t t ing  
poin ts  (6). I f  the  initial n u m b e r  of  cells in the  sample  is N, 
and at any t ime  be tween  tj-1 and tj, the  n u m b e r  of  failed 
cells is d ,  t hen  at tp /> tj the  s imples t  choice  of  p lo t t ing  po- 
si t ions for the  C F F  is 

CFF(tp) = ~ dj [la] 
~=, N + I  

The  rel iabi l i ty  funct ion  (7) R (t,), is then  g iven  by 

N -  ~ d j + l  

R(tp) = ~=' [ lb] 
N + I  

whe re  pu t t ing  N + 1 ins tead of  N in the  d e n o m i n a t o r  pre- 
ven t s  the  C F F  ever  reach ing  unity,  a va lue  that  canno t  be  
a c c o m m o d a t e d  in probabi l i ty  plott ing.  

If, however ,  at t ime  tj, rj cells  are r e m o v e d  pr ior  to fail- 
ure, the  above  p rocedure  m u s t  be altered. Kaplan  and 
Meier  were  a m o n g  the  first to formula te  and solve the  
p rob l em of the  d is t r ibut ion  of  survival  t imes  w h e n  com- 
ple t ing the  m e a s u r e m e n t s  is e i ther  i nconven i en t  or im- 
poss ib le  (8). A m a x i m u m  l ike l ihood es t imate  of  the  sur- 
vival  probabi l i ty  was der ived,  wh ich  can be  in te rpre ted  
by  the  fo l lowing appeal  to intui t ion:  suppose  after  2 y r  of  
tes t ing  a group of  ten  cells, two of t h e m  short,  and after 
an addi t iona l  year  one more  of  the  eight  surv ivors  fails. 
Then,  imag ine  ano ther  group of  five cells, of  wh ich  one  
shorts  af ter  2 yr  and the  r ema in ing  four  are i m m e d i a t e l y  
te rmina ted .  The  probabi l i ty  of  survival  or rel iabi l i ty  at 
two years  for the  jo in t  sample,  Rj, is 

12 
Rj(2) = - ~ -  = 0.80 

To obta in  the  rel iabil i ty of 3 yr  Rj(3), one first es t imates  
the  condi t iona l  probabi l i ty  for 3 yr  g iven  surv iva l  for 2 yr. 
Based  on the  first sample,  we  find 

R(3) 8 - 1 
- -  - - -  - 0.875 
R(2) 8 

Hence ,  we  can wri te  

R(3) 
Rj(3) = ~ Rj(2) = 0.70 

The  genera l ized  resul t  of  Kaplan and Meier  (8) is in the  
fo rm of the  fol lowing chain  rule  

N , -  d, N2-d2 N~- d~ Np- d~ 
R ( t , ) -  - -  x - - x - - x  . . . - -  [2] 

N, N~ 5/3 Np 

However ,  in order  to be  cons is ten t  wi th  Eq.  [lb], Herd ' s  
ve r s ion  of  Eq.  [2], where  uni ty  is added  to ]5oth n u m e r a t o r  
and denomina to r ,  was chosen  (9, 10). Accordingly ,  the  re- 
l iabil i ty func t ion  and C F F  which  take  into accoun t  fail- 
ures  as well  as remova ls  are of  the  form 

VI Nj - dj + 1 
R(tp) [3a] 11 ~=, N~ + 1 

CFF  = 1 - R(tp) [3b] 
where  ~_, 

Nj = N -  ~ (dj + r j )  
j=0 
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In  general ,  ini t ial ly do -- 0; thus  after s o m e  a lgebra  it can 
be shown that  i f  there  are no t e rmina t ions  Eq. [3] r educe  
to Eq.  [1]. 

Results 
Failure distribution in low earth orbit.--The C R A N E  

data for shorts  on conven t iona l  Ni-Cd cells aged in a sim- 
u la ted  low earth orbit  at 0 ~ 22.5 ~ and 40~ were  analyzed 
by means  of  Eq.  [3]. In  order  to avoid statist ical  uncer ta in-  
ties due  to a r educed  sample  size, no subd iv i s ion  wi th  re- 
spect  to nomina l  capaci ty  was in t roduced.  In Fig. 1, 2, and 
3, we have  p lo t ted  on lognormal  graph  paper  the  t ime  to 
induce  a short  at 0 ~ 22.5 ~ 40~ respect ively.  At each  of  
these  t empera tu res ,  the  course  of  the  data  points  suggests  
that  the  fai lure d is t r ibut ion  for shorts is app rox ima te ly  
lognormal  (7). By  least  squares  t r ea tmen t  (7), we  ob ta ined  
the  best  va lues  for the  m e d i a n  lives, tm, and s tandard  devi- 
ations, s, which  are l is ted in Table  II. The  fact  that  the  
corre la t ion coefficients  (see Table  II) are above  0.97 at all 
t empera tu res  is an indica t ion  of  the  reasonableness  of  the  
lognorma l  fai lure m o d e l  for shorts. However ,  s o m e  scat- 
ter  can be  d i sce rned  among  the  s tandard  deviat ions.  But,  
w h e n  thei r  uppe r  and lower  l imits  for the  popu la t ion  at 
the  90% conf idence  level  (7) are compared ,  a cons iderab le  
over lap  is observed,  imply ing  that  a c o m m o n ,  near ly  
t empe ra tu r e - i ndependen t  s tandard  devia t ion  character-  
izes the  distribuLion. 

In  o rde r  to i m p r o v e  the  p rec i s ion  of  the  ca lcu la t ions  
by us ing  a la rger  data  base  and  to d e t e r m i n e  the  act iva-  
t ion  ene rgy  for shorts ,  we have  r e d u c e d  the  resu l t s  at 40 ~ 
and  22.5 ~ to 0~ and  c o m b i n e d  t h e m  wi th  the  ac tual  data  
at 0~ In  th is  fashion,  the  sca t te r  due  to s ample  size 
seen  at t he  separa te  t e m p e r a t u r e s  is min imized .  The  
h i g h e r  t e m p e r a t u r e  t imes  to fa i lure  w e r e  ad jus t ed  by an 
acce le ra t ion  factor  based  on the  Ar rhen ius  law bu t  wi th  
a va r i ab le  ac t iva t ion  energy ,  E~. Then,  the  jo in t  s ample  
was  r epea t ed ly  t rea ted  by m e a n s  of  Eq.  [3] and  tha t  E~ 
was  f inal ly accep ted ,  w h i c h  led to the  smal les t  root-  
m e a n - s q u a r e  d i f fe rence  b e t w e e n  the  m e d i a n  l ives  at 
g iven  ag ing  t e m p e r a t u r e s  (see Table  II) and  the  ones  
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Fig. 1. The Iognormol projection of time to failure by shorts as a func- 
tion of cumulative failure percentage for Ni-Cd cells aged in low earth 
orbit at O~ The solid line was computed from the appropriate least 
squares estimates listed in Table II. The dashed line is based on a single 
parameter linear regression, taking s = 1.06 from that of the combined 
sample. 
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Fig. 2. The Iognormal projection of time to failure by shorts as o func- 
tion of cumulative failure percentage for Ni-Cd cells aged in low earth 
orbit at 22.5~ The solid line was computed from the appropriate least 
squares estimates listed in Table II. The dashed line is based on a single 
parameter linear regression, taking s = 1.06 from that of the combined 
sample. 

p r o j e c t e d  to t he  same  t e m p e r a t u r e s  f rom the  m e d i a n  l ife 
d e t e r m i n e d  for the  total  c o m b i n a t i o n  at 0~ In th is  man-  
ner,  an E~ of  0.29 eV was eva lua ted ,  wh ich  c o r r e s p o n d s  
to a r o o t - m e a n - s q u a r e  d i f fe rence  of  5323h. 
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orbit at 40~C. The solid line was computed from the appropriate least 
squares estimates listed in Table II. The dashed line is based on a single 
parameter linear regression, taking s = 1.06 from that of the combined 
sample. 
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Table II. Lognormal parameters for Ni-Cd cells in low earth orbit 
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Shorted cells 

Temp (~ Total no. of cells tmp, (h) tm t~p, @u s (r~ Correlation coefficient 

40 25/50 22,960 17,770 13,740 
22.5 29/171 77,420 63,740 52,500 

0 20/83 181,570 123,660 83,700 
0 [combined sample] 74/304 148,020 127,640 110,120 

Confidence level = 90%. 

1.06 0.86 0.72 0.9701 
1.16 0.98 0.85 0.9799 
1.74 1.42 1.20 0.9722 
1.16 1.06 0.98 0.9833 

In  Fig. 4, we  p r e s e n t  t h e  t i m e  to fa i lu re  b y  s h o r t s  vs. 
C F F  for  t h e  j o i n t  s a m p l e  at  0~ T he  i m p r o v e d  desc r ip -  
t i o n  of  t h e  f a i lu re  da t a  b y  m e a n s  of  t h e  l o g n o r m a l  d is t r i -  
b u t i o n  is i m m e d i a t e l y  o b v i o u s  w h e n  t h e  to ta l  s a m p l e  is 
used .  F u r t h e r  s u p p o r t  for  t h i s  q u a l i t a t i v e  v i e w p o i n t  is 
f o u n d  in  c o m p a r i n g  t he  i n c r e a s e  in  t he  c o r r e l a t i o n  coef- 
f ic ient  (0.983) w i t h  t h e  a v e r a g e  v a l u e  of  t h e  coe f f i c i en t s  
at  t h e  d i f f e r e n t  a g i n g  t e m p e r a t u r e s  (0.974). In  a d d i t i o n ,  
b y  b l e n d i n g  t h e  da ta  u s i n g  0.29 eV, t e m p e r a t u r e - d e -  
p e n d e n t  c l u s t e r i n g  c o u l d  b e  avo ided .  We h a v e  o b s e r v e d  
s u c h  c l u s t e r i n g  a t  l a rge  a s s i g n e d  a c t i v a t i o n  ene rg i e s .  

In  T a b l e  II, we  h a v e  also l i s t ed  t h e  l o g n o r m a l  p a r a m e -  
t e r s  a n d  c o n f i d e n c e  l imi t s  of  t h e  j o i n t  s am p l e .  C o n c e n -  
t r a t i n g  on  t h e  s t a n d a r d  d e v i a t i o n ,  we f ind t h a t  t h e r e  is a 
good  ove r l ap  b e t w e e n  t h e  b o u n d s  for  t h e  c o m b i n e d  
s a m p l e  a n d  t h o s e  o b s e r v e d  at t h e  d i f f e r e n t  a g i n g  t em-  
p e r a t u r e s .  A m a r g i n a l  d i s c r e p a n c y  of  0.04 s t a n d a r d  devi-  
a t i o n  u n i t s  e x i s t s  b e t w e e n  t h e  l o w e r  l im i t  of  t h e  0~ 
s a m p l e  a n d  t h e  u p p e r  l im i t  of  t h e  c o m b i n e d  one.  To b e  
sure ,  o n e  m a y  a t t a c h  s i g n i f i c a n c e  to t he  a p p a r e n t  t e m -  
p e r a t u r e - d e p e n d e n t  v a r i a t i o n  in  s v a l u e s  in  T a b l e  II. 
W i t h o u t  m o r e  a g i n g  data ,  t h i s  is n o t  s t a t i s t i ca l ly  war-  
r a n t e d  for  t h e  e r r o r  b o u n d s  w e r e  t a k e n  a t  t h e  90% confi-  
d e n c e  level .  At  t h e  95% level ,  t h e  ove r l ap  b e c o m e s  ac- 
c e p t a b l e .  T h a t  t h e  s t a n d a r d  d e v i a t i o n  of  1.06 o b t a i n e d  
for  t h e  t o t a l  s a m p l e  is s a t i s f a c t o r y  to d e s c r i b e  t h e  da t a  at  
all  t h r e e  t e m p e r a t u r e s  is d e m o n s t r a t e d  in  Fig. 1, 2, a n d  3, 
w h e r e  t h e  d a s h e d  l ines  r e p r e s e n t  l e a s t  s q u a r e s  l i ne s  
w i t h  a f ixed  s lope  (s = 1.06) a n d  v a r i a b l e  i n t e r c e p t s .  
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Fig. 4. The Iognormal projection of time to failure by shorts as a func- 
tion of cumulotive foilure percentoge for Ni-Cd cells aged in low earth 
orbit at 0 ~ 22.5 ~ and 40~ Before combination of the total data, the 
high temperoture values were reduced to O~ using on octivotion energy 
of 0.29 eV (see text). The solid line was computed from the appropriate 
least squares estimotes in Table II. 

T a k i n g  in to  a c c o u n t  t h e  c o n f i d e n c e  l imi t s ,  i n  Fig. 5 
we  s h o w  o n  a n  A r r h e n i u s  p lo t  t h a t  t h e  c o m b i n e d  d a t a  
b a s e  in  c o n j u n c t i o n  w i t h  t h e  0.29 e V  a c t i v a t i o n  e n e r g y  
p r o v i d e s  t e m p e r a t u r e - d e p e n d e n t  m e d i a n  l ives  cons i s t -  
e n t  w i t h  t h e  m e d i a n  l ives  d e t e r m i n e d  at  s e p a r a t e  a g i n g  
t e m p e r a t u r e s .  1 The re fo re ,  to  p r e d i c t  t h e  b e h a v i o r  of  con-  
v e n t i o n a l  Ni-Cd cel ls  o p e r a t i n g  in  low e a r t h  o r b i t  w h i c h  
fai l  p r e d o m i n a n t l y  b y  shor t s ,  we r e c o m m e n d  t h e  u s e  of  
l o g n o r m a l  p a r a m e t e r s  o b t a i n e d  b y  t r e a t i n g  t h e  to ta l  
s a m p l e  r e d u c e d  to 0~ 

Failure distribution in geosynchronous orbit .--As we 
h a v e  a l r e a d y  e s t a b l i s h e d ,  e m p l o y i n g  t h e  e x t e n d e d  d a t a  
base ,  t h a t  t h e  fa i lu re  d i s t r i b u t i o n  for  s h o r t s  of  c o n v e n -  
t i o n a l  Ni-Cd cel ls  e x e r c i s e d  in  low e a r t h  o r b i t  is  log- 
n o r m a l ,  t h e  p r o p o s i t i o n  t h a t  cells  aged  in  s i m u l a t e d  
g e o s y n c h r o n o u s  o r b i t  b e h a v e  s imi l a r ly  is e m i n e n t l y  
p l a u s i b l e .  F o l l o w i n g  t h e  p r e v i o u s l y  u s e d  c o m p u t a t i o n a l  
t e c h n i q u e s ,  we  h a v e  a n a l y z e d  t h e  m e a g e r  C R A N E  d a t a  
for  s h o r t s  a r i s ing  in  g e o s y n c h r o n o u s  o r b i t  (3) a n d  
p l o t t e d  t h e  r e s u l t s  in  t h e  u s u a l  l o g n o r m a l  p r o j e c t i o n  in  
Fig. 6. T h e  r e su l t s  of  t h e  l ea s t  s q u a r e s  r e g r e s s i o n  for  t h e  
p a r a m e t e r s  (7) a re  l i s t e d  in  T a b l e  I I I .  D u e  to t h e  l i m i t e d  
s a m p l e  size, t h e  e v i d e n c e  for  l o g n o r m a l i t y  is n o t  as 
s t r o n g  h e r e  as in  low e a r t h  orbi t .  Th i s  is i n d i c a t e d  b y  in-  
s p e c t i o n  of  t h e  da t a  in  Fig. 6. a n d  c o r r o b o r a t e d  b y  t h e  
m a g n i t u d e  of  t h e  c o r r e l a t i o n  coef f ic ien t .  T h e  no te -  
w o r t h y  f e a t u r e s  of  t h e  d e r i v e d  p a r a m e t e r s  a re  t h e  sig- 
n i f i c an t  e n h a n c e m e n t  of  tm in  g e o s y n c h r o n o u s  o r b i t  a n d  
the  g r a t i f y i n g  i n s e n s i t i v i t y  of  s to  t h e  t e s t  c o n d i t i o n s  
(1.14 vs. 1.06). 

In  a d d i t i o n  to shor t s ,  cel ls  in  g e o s y n c h r o n o u s  o rb i t  
a lso e x h i b i t e d  t i m e - d e p e n d e n t  d e g r a d a t i o n  in  t h e i r  ca- 
pac i ty .  S i n c e  t h e  d e g r a d a t i o n  p r o c e s s  is n o t  cata-  
s t r o p h i c ,  t h e  t i m e  to fa i lu re  c o u l d  be  e s t i m a t e d ,  a n d  t h u s  
t h e r e  is no  n e e d  in  t h i s  case  to  i n v o k e  t h e  a n a l y s i s  devel -  
o p e d  for  s u d d e n  fa i lu re  w i t h  t e r m i n a t i o n s .  H e n c e ,  Eq.  
[ la]  a n d  [ l b ]  c an  b e  d i r ec t l y  u s e d  in  t r e a t i n g  d e g r a d a t i o n  
data .  

1Treating the discrete median lives by a conventional least squares tech- 
nique would give equal weight to each of the three temperatures and not to 
each failure. The corresponding Ea is 0.34 -+ 0.05 eV, which is in reasonable 
accord with the preferred value of 0.29 eV. 
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Fig. 5. Logarithm of median life vs. reciprocal aging temperature for 
shorts of Ni-Cd cells aged in low earth orbit (Arrhenius plot). The solid 
line is based on the tm of the total sample and Ea = 0.29 eV. The discrete 
points ore the median lives obtoined ot the different aging temperotures 
ond listed in Table II. The error bars ond the dashed lines represent the 
confidence limits on tm at the 90% confidence level. 
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Table Ill, Lognormol parameters for Ni-Cd cells in geosynchronous orbit 

Failed cells 

Failure mode Total no. of cells tmpu (h) t m $mpl O-U 8 @1 Correlation coefficient 

S h o r t s  9 /40  4 3 9 , 8 1 0  2 8 3 , 4 0 0  1 8 2 , 5 3 0  1.57 1.14 0 .91  0 . 9 1 8 4  
Capacity degradation 29/29 132,640 1 2 2 , 2 8 0  112,690 0.35 0.27 0.22 0.9694 

Avg. temp: ll~ 
Confidence level = 90%. 

F r o m  the  C R A N E  data  col lec t ion ,  the  va r i a t ion  of  the  
ave rage  capac i ty  wi th  t ime  cou ld  be ex t r ac t ed  for packs  
of  five cells. Due  to the  m e a g e r  data  base,  no t empe ra -  
t u r e - d e p e n d e n t  t r ends  were  obse rved  b e t w e e n  capac i ty  
deg rada t i on  tes ts  c o n d u c t e d  at 0 ~ and 22.5~ In  full  op- 
erat ion,  t he  des ign  of  the  t r an sponde r s  on the  spacecra f t  
d e m a n d  at least  60% of the  ra ted  capac i ty  (12 Ah) of  any 
cell  or  7.2 Ah. As m e n t i o n e d  earlier,  in v i e w  of  the  fact  
that  the  ac tual  ini t ial  capac i ty  of  the  cells  was wel l  above  
the  ra ted  one,  namely ,  ave rag ing  16,7 Ah, t he  t i m e  to 
fa i lure  by deg rada t ion  was def ined  as the  t i m e  at wh ich  
the  capac i ty  is d e p l e t e d  to 43% of its or ig inal  value.  In  
cases  w h e n  the  t ime  to fa i lure  had no t  yet  b e e n  reached ,  
a l inear  ex t r apo la t i on  of  the  deg rada t i on  data  was em-  
p loyed .  This  can  be genera l i zed  for a n y  spacecraf t ,  s ince  
the  p o w e r  r e q u i r e d  is k n o w n  and  the  ac tual  capac i ty  of  
the  cel ls  can be measu red .  

In Fig. 6, we  p re sen t  the  t i m e  to fa i lure  by deg rada t i on  
as a f unc t i on  o f  C F F  in l o g n o r m a l  p ro jec t ion .  The  n u m -  
ber  of  cells  p lo t t ed  at a g iven  t i m e  ind ica tes  t he  cel ls  sur- 
v iv ing  in a p a c k  of  five, i.e., not  r e m o v e d  on a c c o u n t  of  
shor ts  or  o the r  defects .  The  least  squa res  l ine  t h r o u g h  
the  data, t oge the r  wi th  t he  re la t ive ly  h igh  cor re la t ion  co- 
eff icient ,  sugges t s  tha t  the  l o g n o r m a l  d i s t r i bu t ion  pro-  
v ides  a good  desc r ip t ion  of  capac i ty  deg rada t i on  fa i lure  
in Ni-Cd cells, C o m p a r e d  to the  fa i lure  by shorts ,  the re  
is a s ignif icant  r e d u c t i o n  in tm and s in the  case  of  the  
deg rada t i on  process .  Never the les s ,  as is s h o w n  later,  
w h e n  r e d u n d a n c y  on the  spacecra f t  is t aken  in to  ac- 
count ,  shor t ing  is m u c h  m o r e  l ike ly  to cause  ba t t e ry  fail- 
ure  than  degrada t ion .  S u m m i n g  up,  Ni-Cd cells  aged  in 
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Fig. 6. The Iognornal projection of time to failure by shorts and capac- 
ity degradation as a function of cumulative failure percentage for Ni-Cd 
cells aged in geosynchronous orbit. The solid lines were computed from 
the appropriate least squares parameters listed in Table III. 

s i m u l a t e d  g e o s y n c h r o n o u s  orbi ts  d e m o n s t r a t e  a bi- 
m o d a l  l o g n o r m a l  d is t r ibut ion ,  ini t ia l ly  by shorts ,  and  
t h e n  by capac i ty  degrada t ion .  

Discuss ion  
Comparison with field experience.--Telemetric infor- 

mat ion  rece ived  f rom Intelsat  IV, a c o m m u n i c a t i o n  satel- 
l i te managed  by Comsat ,  indicates  shorts  in three  cells 
f rom a total  of  150, the  last  failure occurr ing  at 6.7 years 
(2). Evident ly ,  one cannot  pe r fo rm credible  stat ist ical  
analysis  on three data  points,  especial ly  w h e n  the  largest  
C F F  is only  2%. Nonetheless ,  l inear  ex t rapola t ion  of  log t 
vs. C F F  at s = 1.1 yields t -~ 600,000h wi th  at least  
-300,000h uncer ta inty .  This  es t imated  m e d i a n  life "in the  
field shows a cons iderable  over lap with  the  one obta ined  
f rom the  C R A N E  resul ts  for shorts aged under  geosyn-  
ch ronous  condi t ions  (see Table  III). Therefore ,  we  con- 
c lude  that  wi th  regard  to shorts  the  long- te rm behav ior  in 
a s imula ted  geosynchronous  orbi t  is in no appa ren t  con- 
flict wi th  actual  opera t ing  expe r i ence  on board  a space- 
craft. 

Probability of  survival and failure rate of a ba t t e ry . -  
For  a sys tems  designer,  perl~aps the  mos t  impor t an t  infor- 
mat ion  invo lv ing  c o m p o n e n t  rel iabil i ty is its fai lure rate 
(4, 7, 10). At any service life, t, the  ins tan taneous  fai lure 
rate, f(t), can be calcula ted f rom the def ining equa t ion  

d l n R  
f(t) dt [4] 

wh ich  in the  case of  the  lognormal  d is t r ibu t ion  is of  the  
form (7) 

I 1 ( i n  t/tin) ~] 
f(t) = ~ exp  - 2s ~ [5] 

~/~rts erfc 1 lnt/tm 
x/~s 

In  Fig. 7, we have  p lo t ted  f(t) as a func t ion  of  serv ice  
life for cells us ing s = 1.1 and paramet r iz ing  tm be tween  
300,000 and 800,000h. It  can be  seen that  b e y o n d  7 yr  of  
service  t~ mus t  be at least  500,000h if  it is des i red  to keep  

f be low 1000 FIT ' s  (1 F I T  is def ined as one fai lure in 
109h), a va lue  easi ly surpassed  by s e m i c o n d u c t o r  compo-  
nents  (1) wh ich  may  be parts  of  a t ransponder .  
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Fig. 7. The failure rate for shorts in Ni-Cd cells as a function of service 

life, The lines were computed from Eq. [5] using a standard deviation of 
1.1. 
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As m e n t i o n e d  earl ier ,  t h e  Ni-Cd ba t t e r y  in  rea l i ty  is a 
s u b s y s t e m  c o m p r i s i n g  a f ixed n u m b e r  of  cells, m o s t  of  
w h i c h  m u s t  be  f u n c t i o n a l  a t  t he  e n d  of  m i s s i o n  to a c h i e v e  
c o m p l e t e l y  success fu l  t r a n s p o n d e r  ope ra t ions .  I f  t h e  to ta l  
n u m b e r  of  i den t i ca l  cel ls  in  a b a t t e r y  is n a n d  at  l eas t  m 
cells  p r o v i d e  fa i lure-f ree  p e r f o r m a n c e  at  t ime,  t, w i t h  reli- 
abi l i ty ,  R, t h e n  t he  p r o b a b i l i t y  of  s u b s y s t e m  surv iva l ,  R ,  
c a n  b e  d i rec t ly  o b t a i n e d  f r o m  t h e  b i n o m i a l  d i s t r i b u t i o n  in  
t h e  f o r m  (10) 

R~(x ~ m,n , t )  = x = . ,  x! (n  - x)! [R(t)]~[1 - R(t)]~-~ [6] 

A typ ica l  Ni-Cd b a t t e r y  in  a sa te l l i te  is d e s i g n e d  as a 
s t r i ng  con ta in ing ,  for example ,  n = 32 cells; m = 30 or per-  
h a p s  29 of  t h e s e  m u s t  de l ive r  vo l t age  to t h e  t r a n s p o n d e r s  
at  10 yr  of  service.  We can  conce ive  ~ = (n - m)/(n - 1) as 
t h e  d e g r e e  of  r e d u n d a n c y .  On  t he  one  h a n d ,  i f  n = m, t h e n  

= 0 a n d  t he  d e s i g n  is n o n r e d u n d a n t ;  on  t h e  o t h e r  h a n d ,  
i f  m = 1, t h e n  8 = 1, w h i c h  is t he  u l t i m a t e  in  safety.  A n  in- 
c rease  in  8 is a c c o m p a n i e d  b y  a n  i n c r e a s e  in  R~. 

To eva lua t e  t h e  b a t t e r y  fa i lure  rate,  f, ,  f r om t h e  cel l  fail- 
u re  rate ,  we  app ly  t he  cha in  ru le  of  d i f f e r en t i a t i on  to t he  
gene ra l  e x p r e s s i o n  e q u i v a l e n t  to Eq. [4]. A c c o r d i n g l y  

- d  in R~ d in R~ dR~ d R  

f ~(t ) - d ~  - dR~ d R  dt  [7] 

S u b s t i t u t i n g  t h e  cell  fa i lure  r a t e f  in to  Eq.  [7], we  h a v e  

R dR~ 
fs(t) - -f(t) [8] 

R~ d R  

P e r f o r m i n g  t h e  d i f f e ren t i a t ion  r e q u i r e d  b y  Eq.  [8] on  Eq. 
[6] p r o v i d e s  t h e  b a t t e r y  fa i lure  ra te  in  t e r m s  of f ( t )  as 

f(t) ~ n! 
f~(t) = ~ ~=~ x!(n  - x)! (x[a( t )M1 - R(t)] ~-~ 

- ( n  - x )  [R(t)]~'+~[1 - R(t)] . . . . . .  } [9] 

w h e r e  f ( t )  a n d  R~ are  g iven  b y  Eq.  [5] a n d  [6], r espec-  
t ively.  

Clearly,  i f  t he  l o g n o r m a l  d i s t r i b u t i o n  h o l d s  a n d  t he  
A r r h e n i u s  law is o b e y e d  t h e  m e t h o d  d e v e l o p e d  h e r e i n  
s h o u l d  be  use fu l  in  t h e  e x t r a p o l a t i o n  of  t e m p e r a t u r e -  
a cce l e r a t ed  data .  However ,  i t  p r o v i d e s  no  gu ide  in  relat-  
i ng  t e s t s  w i th  a cce l e r a t ed  c h a r g e / d i s c h a r g e  r a t e s  to real- 
t i m e  resul t s .  

L o n g - t e r m  p e r f o r m a n c e  o f  N i - C d  b a t t e r i e s . - - I n  Fig. 8 
a n d  9, we  p r e s e n t  t he  su rv iva l  p r o b a b i l i t y  (Eq. [6]) a n d  
fa i lure  ra te  (Eq. [9]) of  a Ni-Cd b a t t e r y  as a f u n c t i o n  of ser- 
v ice  life. S ince  in  g e o s y n c h r o n o u s  o rb i t  t h e  fa i lure  dis t r i -  
b u t i o n  for  cells  is b imoda l ,  re f lec t ing  s h o r t s  as wel l  as 
deg rada t i on ,  t h e  ca l cu la t ions  for  a b a t t e r y  t ake  in to  ac- 
c o u n t  b o t h  m e c h a n i s m s .  T he  r e s p e c t i v e  s t a n d a r d  devia-  
t i ons  for sho r t s  a n d  d e g r a d a t i o n  are  r o u n d e d  to 1.1 a n d  
0.3, in  a c c o r d  w i th  t he  va lues  l i s ted  in  Tab le  III.  For  
shor t s ,  tm is a p a r a m e t e r  i n c r e m e n t e d  in 100,000h s t eps  be- 
t w e e n  300,000 a n d  800,000h, w h i l e  i t  is p o s t u l a t e d  t h a t  tm 
for  d e g r a d a t i o n  is an  i n v a r i a n t  f rac t ion  of  t h a t  for  shor t s .  
B a s e d  on  Tab le  III,  t h e  ra t io  of  tm's b e t w e e n  s h o r t s  a n d  
d e g r a d a t i o n  is -2 .4 .  T h e  a s s u m p t i o n  i n v o k e d  imp l i e s  t h a t  
any  i m p r o v e m e n t  in  e l i m i n a t i n g  sho r t s  as a cause  of  fail- 
u r e  wil l  also lead to a p r o p o r t i o n a t e  r e d u c t i o n  in  deg rada -  
t ion.  One  can  o b s e r v e  in  Fig. 8 a n d  9 t h a t  capac i ty  degra-  
d a t i o n  is of  no  c o n c e r n  a b o v e  a m e d i a n  life of  400,000h. 

I f  one  w a n t s  to a s su re  t h e  p r o b a b i l i t y  of  b a t t e r y  sur-  
v iva l  a t  n o  less  t h a n  90%, t h e n  f rom Fig. 8, e m p l o y i n g  t he  
C R A N E  g e o s y n c h r o n o u s  r e su l t s  (tin = 300',000h), we  f ind 
t he  l o n g e s t  a l lowab le  se rv ice  l ives  of  4.7 a n d  7.2 yr, re- 
spec t ive ly ,  for  m = 30/n = 32 a n d  28/32 conf igura t ions .  To 
b e  o n  t h e  safe side,  a t  10 yr  t h e  30/32 a n d  28/32 conf igura-  
t i o n s  r e q u i r e  m e d i a n  l ives  of  650,000 a n d  425,000h, respec-  
t ively.  Clearly,  a sma l l  i n c r e a s e  in t h e  deg ree  of  r e d u n -  
dancy ,  8, e x t e n d s  a s s u r e d  se rv ice  life m o r e  e f fec t ive ly  
t h a n  a m i n o r  de s ign - r e l a t ed  i m p r o v e m e n t  in  tin. I ndeed ,  

lo , , 
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= \ \ \ 3  \ 
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i 0"6 cr (WEAROUT) =03 ~ ~ ' ~  
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~> ML=3 x l O S h o u r s ~  

\ 0.2 
HL=1"25 x lOG h~ ~ 
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2 3 4 5 6 7 8 9 10 11 

SERVICE LIFE (YEARS) 

Fig. 8. Probability of Ni-Cd battery survival as a function of service life 
and cell redundancy. The curves were calculated from Eq. [6]. Probabil- 
ity for both shorts and degradation ore shown. Each one of the lines is 
labeled by the cell median life for shorts and degradation, where applica- 
ble; the cell standard deviation is ]. ! and 0.3 for shorts and degradation 
failures, respectively. 
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Fig. 9. Failure rate for Ni-Cd battery as a function of service life and 
cell redundancy. The curves were calculated from Eq. [9]. Failure rates 
for both shorts and degradation are shown, Each one of the lines is la- 
beled by the cell median life for shorts and degradation, where applica- 
ble; the cell standard deviation is 1.1 and 0.3 for shorts and degradation 
failures, respectively. 

t h e  c o n v e n t i o n a l  cells  t e s t e d  a t  C R A N E  w o u l d  be  accep t -  
ab le  if  a 8 c o r r e s p o n d i n g  to 30/36 were  pe rmi s s ib l e .  To be  
sure,  overa l l  w e i g h t  l imi t a t ions  on  a spacec ra f t  m a k e  th i s  
an  un rea l i s t i c  op t ion  for t he  p r e s e n t  gene ra t ion .  

A n  e x a m i n a t i o n  of  t he  b a t t e r y  fa i lure  ra te  r e in fo rces  t h e  
p r e v i o u s  conc lus ions .  Conse rva t ive ly ,  we se lec ted  5000 
F I T ' s  as t he  l a rges t  p e r m i s s i b l e  fa i lure  ra te7  Th i s  is no t  
qu i t e  a rb i t r a ry  f o r f i  = 5000 F IT ' s  impl i e s  one  b a t t e r y  fail- 
u r e  p e r  20 yr  of service,  w h i c h  s e e m s  safe, as i t  is at  l eas t  
t w i c e  t h e  l ife e x p e c t a n c y  of  c u r r e n t  c o m m u n i c a t i o n s  sat-  
el l i tes.  The  cells in  t he  C R A N E  c o m p i l a t i o n  g u a r a n t e e  
b a t t e r y  fa i lure  ra tes  in  g e o s y n c h r o n o u s  o rb i t  b e l o w  5000 

ZThis t rans la tes  into a survival  p robabi | i ty  of s l ight ly over  90%. 
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FIT's at service lives less than 3.6 and 6.2 hr for 30/32 and 
28/32 configurations, respectively. Again, without excess 
redundancy (30/32), tm of -650,000h is necessary, while for 
a more redundant  design (28/32), t,~ -450,000 would be 
sufficient at 10 yr of service. Of course, perhaps we have 
a low estimate for tin, and its true population value may be 
near the upper limit given in Table III (-440,000h). Con- 
sequently, a battery service life over 6 yr could be assured 
in the standard (30/32) configuration. Nonetheless, one 
should not infer that Ni-Cd cells in the 30/32 mode do not 
perform satisfactorily at 10 yr of service because the state 
of the art in cell fabrication has advanced beyond the 
technology of the 1964-1977 period. 
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Electrochemical Behavior of Solid Cathode Materials in Organic 
Electrolyte Lithium Batteries: Copper Sulfides 
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ABSTRACT 

The characteristics of copper sulfide cathodes have been evaluated in typical organic electrolyte lithium batteries. 
The behavior of a-CusS (chalcocite), Cu,.~6S (digenite), and CuS (covellite) is discussed in terms of mechanism of reac- 
tion, discharge properties, and energy content. In view of possible use in primary, voltage-compatible l i thium batteries, 
Cu2S shows the most interesting performance, both in terms of constancy of the operational voltage and in terms of dis- 
charge rates. 

Within a research program on the relationship between 
electrochemical behavior and structure of solid materials 
which can be used as cathodes in primary and secondary 
li thium organic electrolyte batteries (1-5), the following 
copper sulfides have been studied in this work: ~-Cu.zS 
(chalcocite), Cu,.76S (digenite), and CuS (covellite). 

The behavior of these materials has been examined by 
determining the mechanism of the electrochemical reac- 
tion, the discharge properties, and the energy content. 

Experimental 
The copper sulfidea-have been synthesized from the el- 

ements using powdered Cu and S (reagent grade chemi- 
cals, dried under  vacuum prior to use). 

Chalcocite, a-Cu2S, has been prepared in a two-com- 
partment  glass envelope. The two starting elements, e.g., 
Cu and S, were separately placed in each compartment.  
After sealing under  vacuum, the envelope was heated, 

*Electrochemical Society Active Member. 

maintaining the Cu compartment at 475~ and the S com- 
partment  at 350~ respectively. After annealing for two 
days, the envelope was cooled still keeping a temperature 
gradient between the two compartments. 

Digenite, Cu,.7~S, has been prepared by heating in air a 
compressed pellet of a Cu-S mixture (with a slight excess 
of S). Covellite, CuS, has been obtained by annealing a 
stoichiometric amount  of Cu and S in an evacuated glass 
ampul for six days at 480~C. 

The structure of the final compound was in all cases 
controlled and characterized by x-ray analysis. 

The solvents used, e.g., propylene carbonate (PC) and 
~,-butyrolactone (BL), pure commercial products, were 
further purified by fractional distillation. All the li thium 
salts, e.g., LiC104, LiAsF6, and LiCF3SO3 were reagent 
grade chemicals. 

Typical two electrode, button-type laboratory cells were 
used for the discharge tests. The structure of these cells 
has been described previously (2, 4, 5). 
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Fig. 1. Typical discharge curves 
at 0.5 mA/cm 2 of lithium organic 
electrolyte cells with CuS, Cul.T6S, 
and Cu2S, respectively, cathodes. 
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Fig. 2. X-ray spectra of the Cu2S 
cathodic material before (a) and 
after (b) discharge in a lithium or- 
ganic electrolyte cell (CuKc~). 
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The  d i s c h a r g e  c u r v e s  a n d  cell  cha rac t e r i s t i c s  were  con-  
t ro l l ed  a n d  ana lyzed  b y  a c o m p u t e r  s y s t e m  o n  l ine  w i t h  
t h e  po t en t i o s t a t .  

Results and Discussion 
Typ ica l  0.5 m A / c m  2 c o n s t a n t  c u r r e n t  d i s c h a r g e  c u r v e s  

of  l i t h i u m  organ ic  e lec t ro ly te  cel ls  u s i n g  t h e  t h r e e  c o p p e r  
su l f ide  c a t h o d e s  are s h o w n  in  Fig. 1. 

T h e  r e d u c t i o n  of  CusS is a s ingle  p r o c e s s  c o n s u m i n g  
2F /mol  of  sulfide.  Af te r  t h e  c o m p l e t e  d i scha rge ,  t h e  ca th-  
od ic  m a s s  was  ana lyzed  b y  x-rays.  

Fig. 3. X-ray spectra of the 
Cul.76S cathodic material before 
discharge (a), after 0.25 F/mol 
discharge (b), and at the end of the 
discharge (c) in a lithium organic 
electrolyte cell (CuK~). 

The  s p e c t r u m ,  r e p o r t e d  in  Fig. 2b, r evea l ed  on ly  t h e  
p r e s e n c e  of  meta l l i c  c o p p e r  a n d  of  l i t h i u m  sulfide.  Com-  
p a r i s o n  w i t h  t h e  s p e c t r u m  of  t he  s t a r t ing  Cu2S, s h o w n  in  
Fig. 2a, i n d i c a t e s  t h a t  t he  e l e c t r o c h e m i c a l  r e a c t i o n  h a d  
p r o c e e d e d  to comple t i on .  

T h e  d i s c h a r g e  r eac t i on  of t he  Li/Cu~S cell  m a y  t h e n  be  
safe ly  iden t i f i ed  as 

2Li + Cu2S = LizS + 2Cu [1] 

The  f o r m a t i o n  of  c o p p e r  d u r i n g  d i s c h a r g e  is a f avo rab l e  
even t .  T h e  m e t a l  g ives  t he  ca thod i c  m a s s  suf f ic ien t  elec- 
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Fig. 4. X-ray spectra of the CuS 
cathodic material before discharge 
(a), after 0.4 F/tool discharge (b), 
and at the end of the discharge (c), 
in a lithium organic electrolyte cell 
(CuKc~). 
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tronic conductivity to be used without additives (such as 
graphite), and this is beneficial in terms of overall energy 
density. Furthermore, the exceptionally flat discharge 
curve shown in Fig. 1 is a direct result of the production 

of finely dispersed copper which keeps the resistance of 
the cathodic mass low throughout cell life. 

Digenite, Cu~.76S, shows a more complex, two-stage dis- 
charge process. The first starting at 2.1V (vs. Li) and 

Fig. 6. Typical discharge curves 
at 0.5 mA/cm ~ of the Li/Cu2S cou- 
ple in various electrolytes. 
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about  0.25 F /mol  deep,  and the  second s tar t ing at 1.6V 
(vs. Li) and up  to about  1.8 F /mol  (see Fig. 1). In  an at- 
t e m p t  to clarify the  d i scharge  mechan i sm,  x-ray analyses  
w e r e  done  on ca thodic  masses  after  a d i scharge  o f  0.25 
F /mol  and at the  end  of  the  d ischarge  (Fig. 3). In  the  first 
case, a ve ry  c o m p l e x  spec t rum was found in wh ich  all the  
ref lect ions of the  s tar t ing mater ia l  (Cul.76S) had disap- 
peared,  ind ica t ing  tha t  radical  s t ruc ture  modi f ica t ions  
had fo l lowed the  first r educ t ion  step. In  contrast ,  at the 
end  of  the  discharge,  the  spec t rum was wel l  def ined and 
showed  only  the  ref lect ions of  Cu and of  Li2S. S ince  
digeni te  m a y  be  cons idered  a solid solut ion of  20% CuS 
and 80% Cu2S, the  d ischarge  data  shown in Fig. t and the  
x-ray analysis  sugges t  that  the  first s tage of  d ischarge  
was  due  to the  reduc t ion  of  the  CuS fract ion via the  reac- 
t ion 

2Li + 2CuS = Li2S + Cu2S [2] 

and the  second was due  to the  reduc t ion  of  the  res idual  
Cu2S fract ion via  the  react ion 

2Li + Cu2S = Li2S + 2Cu [1] 

Severa l  expe r imen ta l  resul ts  conf i rm this hypothes is .  
They  are: (i) S o m e  ref lect ions of  Cu2S could  be  identi-  
fied in the  c o m p l e x  x-ray spec t rum after  the  first p la teau  
(see Fig. 2). (it) The cou lombic  ratio be tween  the  first pla- 
teau  (0.25 F/tool) and the  second p la teau  (1.55 F/mo]) ap- 
p roaches  the  ratio b e t w e e n  CuS (20%) and Cu2S (80%) in 
the  Cu:.76S c o m p o u n d  (see Fig. 1). (iii) The second  dis- 
charge  p la teau  of  the  LilCul.76S cell  approaches  that  of  the  
Li/Cu~S cell  (see Fig. 1). 

As in the  case of  digeni te ,  the  d ischarge  of  covell i te ,  
CuS, also seems to fol low a two-step route,  wi th  a first 
p la teau  a round  2V (vs. Li) ex tend ing  for 0.4 F /mol  and a 
second  at abou t  1.1V (vs. Li) ex tend ing  for 0.9 F/mol.  
X-ray analyses  at var ious  d ischarge  depths  are shown in 
Fig. 4. At  0.4 F/mol,  ref lect ions of  CuS, Cu~S, and Li2S are 
p re sen t  whi le  no ref lect ions o f  Cu are obse rved  (Fig. 4b). 
Af ter  comple t e  d ischarge  (0.9 F/mol), ref lect ions  of  
Cu, Li2S, res idual  CuS, and several  o thers  inc lud ing  
Cu~.96S and Cu~S, could  be  ident i f ied (Fig. 4c). The  mech-  
an i sm of r educ t ion  is then  very  complex ,  as has  been  
po in ted  out  by Dampie r  (6) and by Gabano et al. (7), who  
or iginal ly  inves t iga ted  the  character is t ics  of  the  LYCuS 
couple  in organic  e lec t ro lyte  cells. 

The  complex i t y  of  the  d ischarge  m e c h a n i s m  and the  
poor  cou lombic  eff ic iency (see Fig. 1) sugges t  that  CuS is 
no t  a ve ry  p romis ing  ca thode  mater ia l  for l i th ium bat- 
teries. F r o m  this poin t  of  view, Cu,.~S and par t icular ly  
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Table I. Characteristics of Li/Cu,.76S and of Li/Cu2S, organic electrolyte 
batteries at room temperature 

Current Average Depth of Specific Specific 
density voltage discharge capacity energy 

(mA]cm 2) (V) (F/mol) (Ah/kg) (Wh/kg) 

Li/Cul.T~S 
0.1 1.64 1.8 333 548 
0.3 1.62 1.75 315 510 
0.5 1.58 1.75 311 494 
1.0 1.52 1.3 229 349 

Li/Cu~S 
0.1 1.62 1.9 313 508 
0.3 1.61 1.9 309 497 
0.5 1.57 1.8 295 462 
1.0 1.54 1.7 280 431 
2.0 1.49 1.4 220 327 
4.0 1.42 1.1 189 268 

Cu2S show m u c h  more  in teres t ing  per formance .  There-  
fore, this s tudy  has been  concen t ra t ed  on these  two sul- 
fides. 

The  inf luence  of  the  e lec t ro lyte  on the  d ischarge  char- 
acter is t ics  of  Li/Cul.76S and of  Li/Cu2S cells is shown in 
Fig. 5 and 6, respect ively ,  where  d ischarge  curves  at 0.5 
m A i c m  ~ are compared  in var ious  electrolytes.  F o r  the  
Li/CUl.76S system, there  are some  dif ferences  b e t w e e n  
e lect rolytes  wi th  the  LiAsF6-BL electrolyte  appear ing  to 
be the  mos t  efficient (Fig. 5). For  the Li]Cu~S cell, all the  
e lec t ro ly tes  tes ted behaved  sat isfactori ly (Fig. 6). Note  the  
excep t iona l  flatness of  the  d ischarge  curves  for the  
Li/Cu~S sys tem at an opera t ional  vol tage  of  about  1.5V. 

The super ior  behav ior  of  the  LilCu~S cell  is also con- 
f i rmed by the  resul ts  of  Fig. 7 wh ich  i l lustrates the  dis- 
charge  behav io r  at var ious  rates: the  d i scharge  curves  re- 
main  flat even  at ve ry  h igh  cur ren t  densit ies.  

The  d ischarge  character is t ics  of  the  two coppe r  sulfide 
ca thodes  e x a m i n e d  in this s tudy are summar i zed  in Table  
I. 

The  va lues  of the  opera t ional  vol tages  and of  the  energy  
densi t ies  m a k e  these  sulfides, and Cu2S in part icular ,  
ve ry  p romis ing  ca thodic  mater ia ls  for vol tage compat ib le  
ambien t  t empera tu re  l i th ium batteries.  

Finally,  the  revers ibi l i ty  of  the  e lec t rochemica l  react ion 
in the  Li]Cu2S sys tem has been  inves t iga ted  in v i ew of 
poss ible  appl icat ions  as a rechargeable  system. Cu2S dis- 
charged  d o w n  to 1.5 F /mol  at 0.5 m A l c m  ~, can indeed  re- 
cover  m o r e  than  90% of the  capaci ty  dur ing  the  first re- 
charge  at the  same current  density.  However ,  the  x-ray 

Fig. 7. Typical discharge curves 
of the Li/LiCIO4-PC/Cu2S battery 
at various rates and at room 
temperature. 
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analysis, run at various stages of the recharge process, 
showed a progressive attenuation of the Cu and Li2S re- 
flections, followed by the formation of a complex mix- 
ture of sulfides (e.g., Cul.96S, Cu2S, Cul.sS, CuS). 

The rather complicated oxidation mechanism for the 
LYCu~S system excludes any immediate application of 
this system in secondary lithium batteries. 
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Electron Microscopy Study of Formation of Thick Oxide Films on Ir 
and Ru Electrodes 

V. Birss, *'1 R. Myers, H. Angerstein-Kozlowska, and B. E. Conway* 
Department of  Chemistry, University of  Ottawa, Ottawa K I N  9B4, Ontario, Canada 

ABSTRACT 

The thick (5-60 ~m) oxide films that can be formed electrochemically at Ir and Ru electrodes are examined by 
scanning and transmission electron microscopy. Their morphologies are discussed in relation to the remarkable reversi- 
bility of redox processes associated with the thick films and the enhancement of apparent electrocatalytic effectiveness 
of the oxide films, which is found for anodie Cl2 and 02 evolution processes to increasing extents with growth of the ox- 
ide film. The latter effects are much larger at Ir than at Ru. This difference is likely to be associated with the different 
morphologies of electrochemically grown oxide films that are observable on these two metals. In the case of Ir, the ap- 
parent enhancement of electroeatalysis for anodic Cl~ or O2 evolution seems to be associated with development of a 
hyperextended, microporous, hydrous oxide film that is accessible to H20 and Cl- ions. Comparisons are made with 
thermally formed oxide films generated by decomposition of RuCl3 coatings. 

The formation of oxide films on noble metals has been 
the subject of a large number  of papers on account of the 
interest of this topic for (i) electrocatalysis of organic mol- 
ecule oxidations (1-3), anodic C12 evolution (4-6), and 02 
reduction (7), and (ii) as a model-type system for studying 
the transition from monolayer oxide film formation to 
development  of multilayer oxide phases (8-10) on metals. 
The states of thick oxide films on Ir and Ru, where the 
oxides are principally-IrO2 and RuO2, respectively, are of 
particular interest in relation to electrocatalysis for C12 ev- 
olution as treated in previous papers from this and other 
laboratories. 

Much of the earlier work was concerned with the mech- 
anisms and characteristics of formation of monolayer 
films of OH and O species on Pt and Au, and the resolu- 
tion of the reversible from the irreversible stages of the 
oxide film formation processes at the submonolayer level 
of coverage. [For review, see Ref. (3).] 

The growth law for potentiostatic oxide film extension 
at Pt was established by Gilroy and Conway (11) as the di- 
rect logarithmic one in time, even at submonolayer levels 
of surface oxide formation, and a possible mechanism for 
this behavior was treated by Gilroy (12). Applications of 
the Mott-Cabrera "high field" growth mechanism (13), 
which applies to development  of thicker insulating di- 
electric films, were made by Ord and Ho (8), by Damjano- 
vid et al. (9, 10), and in related ways by Vetter and 
Schultze (14). 

The first indication that the oxide film formation and 
growth process at Ir is different from that at Pt or Au was 
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given in the work of Stonehart et al. (15), who showed 
that surface oxide formation and reduction at Ir behaves 
as a reversible process which can also be observed as op- 
tically (16) reversible. Subsequently, a number  of papers 
appeared characterizing this "reversible" type of oxide 
film behavior; in particular, Gottesfeld et al. (17) showed 
that the reversible behavior is not associated with metal 
oxidation and reduction of oxide back to the metal, but 
rather the oxide remains on the surface throughout  a cyc- 
lic variation of potential between 0.0 and 1.4 E~, but a 
redox process takes place within the film. The transition 
between true OH/O monolayer formation and reduction at 
Ir and development  of thicker films was recently studied 
by Mozota and Conway (18). 

Following the work on Ir (15, 18, 19, 20), similar behav- 
ior was found at Ru by Hadzi-Jordanov et al. (21) in this 
laboratory and by Rand et al. (22), and the transition from 
monolayer oxide formation and reduction to reversible 
redox behavior at oxide films formed at Ru either ther- 
mally or by potential cycling was demonstrated in the 
work of Hadzi-Jordanov et al. (21). Since that time, Burke 
(23) has shown that similar behavior can be generated at 
several other metals, even Rh and Pt, by a potential cy- 
cling regime. 

By extensive cycling at Ir and Ru, optically and elec- 
tron optically visible oxide films can be generated and 
their morphologies examined and related to their electro- 
chemical behavior, e.g., electrocatalysis for C12 (24) or 02 
(25, 26) evolution reactions. This paper reports scanning 
electron microscopy studies on such oxide films. Else- 
where (30), we report XPS results on the electronic states 
of Ir and O in electrochemically formed oxide films at Ir. 
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Experimental 
Electrodes.--High pu r i t y - g r ade  (Mater ials  R e s e a r c h  a n d  

E n g e l h a r d )  Ir  rod  or wi res  we re  e m p l o y e d  as t he  Ir  elec- 
t r o d e  mate r ia l s .  The  4 m m  d i a m  r od  was  cu t  in to  0.5 m m  
t h i c k  c i r cu la r  sec t ions  a n d  s po t - w e l ded  to an  Ir  wi re  t h a t  
was  p r e s e a l e d  in to  a sof t-glass  t u b e  as e l ec t rode  ho lder .  I r  
wi re  e l ec t rodes  were  s po t - w e l ded  to a ve ry  s h o r t  l e n g t h  of 
fine P t  wi res  p r e sea l ed  in to  glass  tubes .  T he  p u r p o s e  of  
th i s  p r o c e d u r e  is to avo id  p r e o x i d a t i o n  of  Ir, w h i c h  can  
occu r  u n d e r  f lame t r e a t m e n t .  Zone- re f ined  Ru  rods  were  
also o b t a i n e d  f rom Mater ia l s  R e s e a r c h  C o m p a n y ,  cut ,  a n d  
s imi la r ly  m o u n t e d  or  d i r ec t ly  sea led  in to  glass  t ubes .  Ru  
wire  was  no t  ob ta inab le .  

Solutions.--1.O or 0.5M a q u e o u s  H2SO4 so lu t i ons  u s e d  in  
t he  w o r k  we re  p r e p a r e d  f r o m  C1--free B D H  Ar i s t a r  g r a d e  
su l fu r ic  acid;  in  our  expe r i ence ,  th i s  is t h e  be s t  g r ade  of  
th i s  ac id  ava i l ab le  f rom t he  p o i n t  of v i ew  of  pur i ty .  Pyro-  
d i s t i l l ed  w a t e r  (27) was  u s e d  for  p r e p a r a t i o n  of  all solu- 
t ions ,  a n d  h i g h  p u r i t y  t e c h n i q u e s  were  e m p l o y e d  in  all 
t h e  e l e c t r o c h e m i c a l  e x p e r i m e n t s ,  as r e p o r t e d  e l s e w h e r e  
(18, 24, 27). 

Types of experiments.--Oxide f i lms we re  g e n e r a t e d  on  
R u  a n d  Ir  e l ec t rodes  b y  a po ten t i a l - cyc l ing  r e g i m e  [cf. 
Ref. (18-21)] u s i n g  a n  a n o d i c  p o t e n t i a l  l imi t  of at  l eas t  
+1.4V a n d  a ca thod ic  l imi t  of +0.05V EH. P o t e n t i a l s  we re  
r e f e r r ed  to t h a t  of a n  H2 r e v e r s i b l e  e l ec t rode  in  t he  s a m e  
so lu t ion  (scale d e s i g n a t e d  "Era V"), b u t  in  a s epa ra t e  com-  
p a r t m e n t  of  a t h r e e - c o m P a r t m e n t  cell. T he  p o t e n t i a l  cy- 
c l ing  r e g i m e  was  e s t a b l i s h e d  b y  m e a n s  of  a cycl ic  vo l t am-  
m e t r y  s e tup  e m p l o y i n g  a W e n k i n g  p o t e n t i o s t a t  a n d  a 
f u n c t i o n  g e n e r a t o r  in  t h e  u sua l  way. T he  coun te re l ec -  
t r o d e s  we re  a lways  m a d e  of t he  s a m e  meta l ,  R u  or Ir, as 
t h a t  u s e d  as t he  r e spec t ive  t e s t  e l ec t rode  in o rde r  to avo id  
c o n t a m i n a t i o n  b y  a fo re ign  meta l ,  e.g., f rom a P t  coun te r -  
e l ec t rode  b y  d i s so l u t i on  [cf. Ref. (28)]. 

In  s o m e  e x p e r i m e n t s ,  po t en t i o s t a t i c  ox ide  f i lm forma-  
t ion  was  inves t iga t ed .  As f o u n d  p r e v i o u s l y  (15), t h e  ox ide  
fi lm On I r  c a n n o t  be  g r o w n  in  t i m e  b y  h o l d i n g  t he  po ten-  
t ial  c o n s t a n t  a t  an  a p p r o p r i a t e  value,  1.4 - 1.6V EH; on ly  
u n d e r  a cyc l ic -po ten t ia l  p r o g r a m  does  i t  grow. However ,  
t he  o x i d e  fi lm at R u  can  b e  g r o w n  e i the r  b y  t he  cyc l ing  
r e g i m e  or u n d e r  c o n s t a n t  po t en t i a l  cond i t ions ,  viz., at  
> 1.45V, EH, w i t h  t h e  g r o w t h  ra te  i n c r e a s i n g  w i t h  h i g h e r  
a n o d i c  po ten t ia l s .  

D u r i n g  t he  cou r se  of  t h e  g r o w t h  of  t he  fi lm o n  Ir, t h e  
n o w  w e l l - k n o w n  e l e c t r o c h r o m i c  effect  (29) is o b s e r v e d ,  
p r o v i d e d  t h e  e x t e n t  of ox ide  fi lm t h i c k e n i n g  is n o t  too 
g rea t  (18), w h e n  t he  fi lm b e c o m e s  b l a c k  at all po ten t i a l s .  
Ru  also s h o w e d  s o m e  e l e c t r o c h r o m i c  effect  in  a lka l ine  so- 
lu t ion ,  b u t  th i s  is less  m a r k e d  t h a n  t h a t  a t  Ir. 

D u r i n g  t he  ox ide  f i lm- fo rmat ion  process ,  e i t he r  at  I r  or 
Ru, s o m e  d i s so lu t i on  of  t h e  m e t a l s  occu r s  g iv ing  b r o w n -  
i sh  so lu t i ons  a f te r  p r o l o n g e d  cycl ing.  T he  d i s s o l u t i o n  (at 
Ru) is g rea te r  u n d e r  cycl ing  c o n d i t i o n s  [cf. Ref. (28)] t h a n  
u n d e r  s t e a d y  a n o d i c  polar iza t ion .  

In  a n o t h e r  se t  of  e x p e r i m e n t s ,  g r o w t h  of  t he  ox ide  was  
ca r r i ed  ou t  at  Ru  u n d e r  c o n s t a n t  c u r r e n t  c o n d i t i o n s  or 
u n d e r  t h e  in f luence  of  a p r o g r a m  in w h i c h  t h e  c u r r e n t  
was  i n c r e a s e d  f rom 0.1 to 5 m A c m  -2 over  4h. T he  e x t e n t  
of  g r o w t h  of t h e  ox ide  fi lm u n d e r  c o n s t a n t  c u r r e n t  condi-  
t i ons  for  4 - 5h was  f o u n d  to b e  e q u i v a l e n t  to  t h a t  u n d e r  
p o t e n t i a l  cyc l ing  (0.05 to 1.45V, EH) over  a p e r i o d  of 3 - 4 
days.  Of  course ,  in  a p o t e n t i a l  cyc l ing  reg ime ,  t he  f r ac t ion  
of  t i m e  s p e n t  in  each  hal f -cycle  ove r  t he  p o t e n t i a l  
r a n g e  w h e r e  ox ide  g r o w t h  ra te  is s ignif icant ,  wil l  on ly  b e  
ca. 20%. U n d e r  con t ro l l ed  c u r r e n t  cond i t ions ,  h o w e v e r ,  02 
gas  is e v o l v e d  so t h a t  t he  fi lm g r o w t h  par t i a l  c u r r e n t  is a 
sma l l  f r ac t ion  of t he  overa l l  c u r r e n t  pass ing .  I f  O2, r a t h e r  
t h a n  C12 [cf. Ref. (24)], is evo l ved  at  ox id ized  Ir  e l ec t rodes ,  
t h e  ox ide  f i lm suffers  m e c h a n i c a l  deg rada t ion .  Th i s  does  
no t  o c c u r  w h e n  C12 is evolved.  

Scanning electron and optical microscopy.--A " S e m c o "  
N a n o l a b  7 s c a n n i n g  e l ec t ron  m i c r o s c o p e  was  e m p l o y e d  to 
s t u d y  t h e  m o r p h o l o g y  of  t he  ox ide  fi lms u p  to h i g h  mag-  
n i f i ca t ions  u s i n g  a LaB6 f i lament .  P h o t o m i c r o g r a p h s  

we re  t a k e n  at  va r ious  t i l t  ang les  w h i c h  i l l u s t r a t ed  th ree -  
d i m e n s i o n a l  a spec t s  of  m o r p h o l o g i e s .  The  ox ides  of  I r  or  
Ru g e n e r a t e d  in t h e s e  e x p e r i m e n t s  d id  no t  r equ i r e  coat- 
ing  b y  C or Au  as t h e y  were  a l ready  qu i te  Conduc t ing .  

Opt ica l  m i c r o s c o p y  o b s e r v a t i o n s  were  also m a d e  u s i n g  
a N o m a r s k i  i n t e r f e r e n c e  mic roscope .  

X-ray emission analyses.--The S E M  was  f i t ted w i t h  
Mic rospec  w a v e l e n g t h  a n d  K e v e x  e n e r g y  d i s p e r s i v e  x- ray  
ana lyze r  sys t ems ,  w h i c h  e n a b l e d  e l e m e n t a l  c o m p o s i t i o n s  
of  ma te r i a l s  to b e  m o n i t o r e d  d u r i n g  SEM. 

O :Ru  a n d  O:Ir  ra t ios  were  e v a l u a t e d  u s i n g  t h e  x-ray 
s p e c t r o m e t e r s  a t t a c h e d  to the  SEM. The  o x y g e n : m e t a l  ra- 
t ios  we re  d e t e r m i n e d  on  va r ious  s a m p l e s  of  ox id i zed  Ru  
or I r  b y  r e f e r ence  to t h e r m a l l y  f o r m e d  b u l k  s t a n d a r d  ma-  
ter ia ls  (RuO2 a n d  IrO2). The  Ru c o u n t  ra te  was  deter -  
m i n e d  on  t he  e l ec t rochemica l l y  f o r m e d  ox ide  fi lm at  Ru 
a n d  c o m p a r e d  w i th  t h a t  f r om t h e  RuO2 s t anda rd .  S imi la r  
m e a s u r e m e n t s  were  m a d e  on  ox id ized  Ir  e lec t rodes .  

Morphology and electrochemical history.--Photomicro- 
g r a p h s  were  t a k e n  on  ox ide  f i lms g r o w n  to va r ious  th ick-  
nesses .  E a c h  s a m p l e  was  cha rac t e r i zed  by  a cycl ic  vol- 
t a m m o g r a m  t a k e n  j u s t  be fo re  t he  e l ec t rode  was  
t r an s f e r r ed ,  a f te r  a b r i e f  w a s h  in py rod i s t i l l ed  water ,  to  
t he  S E M  c h a m b e r .  With some  e lec t rodes ,  a cyclic vo l t am-  
m o g r a m  was  t a k e n  also i m m e d i a t e l y  af te r  t he  e l ec t ron  
m i c r o g r a p h y  to c h e c k  i f  any  i r r eve r s ib l e  c h a n g e s  h a d  
o c c u r r e d  on  a c c o u n t  of  t he  e l ec t ron  m i c r o s c o p y  obse rva -  
t ions ,  e.g., due  to v a c u u m  d r y i n g  or e l e c t r o n - b e a m  reduc-  
t ion.  T h e  cyclic v o l t a m m o g r a m s  for Ru were  h a r d l y  
c h a n g e d  af te r  e x p o s u r e  of the  ox ide  fi lms in  t he  SEM. 

The  opt ica l  m i c r o s c o p y  was  d o n e  on  e l ec t rodes  t rans -  
f e r red  in t he  we t  s ta te  to t he  m i c r o s c o p e  s tage  so t h a t  arti- 
fact  s t r u c t u r e s  t h a t  cou ld  r e su l t  f r om d r y i n g  at a n  eleva-  
t ed  t e m p e r a t u r e  were  avo ided .  

Severa l  m i c r o g r a p h s  were  m a d e  by  t r a n s m i s s i o n  elec- 
t r o n  m i c r o s c o p y  (TEM) af te r  m a k i n g  rep l icas  b y  m e a n s  of 
co l lod ion  t r e a t m e n t .  Th i s  p r o c e d u r e  gave  h i g h e s t  levels  
of  m a g n i f i c a t i o n  up  to 25 n m  p e r  c m  of  t he  p r i n t e d  pho-  
t og raphs .  In  t h e  T E M  i n s t r u m e n t ,  e l ec t ron  d i f f rac t ion  
cha rac t e r i z a t i on  of t he  ac tua l  ob jec t  ma te r i a l  cou ld  also 
be  made .  

"Electrochemical" film thickness.--By m e a n s  of  t he  
cycl ic  v o l t a m m e t r y  m e a s u r e m e n t s ,  t he  e l e c t r o c h e m i c a l l y  
d e t e r m i n e d  a p p a r e n t  fi lm t h i c k n e s s  of  the  ox ide  f i lms 
was  d e t e r m i n e d  in t e r m s  of  t he  ratio,  CEF,  of  t he  c h a r g e  
u n d e r  t he  cyclic v o l t a m m o g r a m ,  i dt =- i/s �9 dV, for a 
sweep - r a t e  s = dV/dt, for  a g i v e n  ox ide  fi lm to t h a t  for  ini- 
t ial  t r ue  m o n o l a y e P  f o r m a t i o n  or r e d u c t i o n  (18). Th i s  ra t io  
was  t e r m e d  t he  " c h a r g e  e n h a n c e m e n t  fac to r"  (CEF) in 
p r e v i o u s  p u b l i c a t i o n s  (18, 24). 

Results and Discussion 
Electrochemical characterization of oxide films at Ir 

and R u . - - T y p i c a l  cyclic v o l t a m m o g r a m s  s h o w i n g  t he  
t r a n s i t i o n  f rom m o n o l a y e r  to m u l t i l a y e r  ox ide  fi lm for- 
m a t i o n  at I r  a n d  Ru  are  s h o w n  in  Fig. 1 a n d  2, a n d  illus- 
t ra te  t he  m a j o r  d i f fe rence  b e t w e e n  t he  b e h a v i o r  of t he  
t w o - d i m e n s i o n a l  sur face  m o n o l a y e r  p rocesses ,  w h i c h  are 
i r revers ib le ,  a n d  t he  r eve r s ib l e  b e h a v i o r  of  t he  m u l t i l a y e r  
f i lms h a v i n g  CEF  va lues  u p  to severa l  h u n d r e d  (18). The  
v a r i a t i o n  in  t he  s h a p e s  of  t he  cycl ic  v o l t a m m o g r a m s  w i t h  
potential for oxide films formed at Ir (Fig. I) is princi- 
pally due to the change of conductivity (31) of the oxide 
film at Ir as it is reduced from IrO~ to Ir~O3 (29) at poten- 
tials < ca. 0.65V Em In the case of the ruthenium oxide 
film (Fig. 2), good conductivity is retained throughout 
the potential range 0.05-1.4V Em i.e., down to the H2 re- 

SCare must  be exercised at Ir or Ru in the evaluation of the 
true oxide monolayer formation and reduction cyclic 
vol tammogram (18): thus, it is easy for multilayer oxide forma- 
tion to begin unless the potential limits of the cyclic- 
vol tammogram are carefully controlled and appropriately lim- 
ited (18). Such effects are seen in some previously published 
work (30) where monolayer behavior was referred to, but, in fact, 
the currents correspond to some multilayer redox component  
processes. 
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ve r s ib l e  p o t e n t i a l  in  t he  " r e d u c e d "  s ta te  as wel l  as in  t h e  
ox id i zed  state .  

The  t h i c k n e s s e s  of  ox ide  f i lms e s t i m a t e d  f r o m  CE F  
va lues  (based  on  0.3 n m  pe r  layer,  c o r r e s p o n d i n g  to pas-  
sage  of  c h a r g e  of  220 ~C c m  -2) are  s u b s t a n t i a l l y  sma l l e r  
t h a n  are  i n d i c a t e d  f rom the  d i m e n s i o n s  of  edges  of  
c r a c k e d  fi lms t h a t  are o b s e r v e d  in S E M  p ic tu r e s  (see be-  
low). A c o m p a r i s o n  of  n o r m a l i z e d  c u r r e n t s  a t  a g iven  po- 
t en t i a l  (0.SV E , )  in  t h e  cycl ic  v o l t a m m o g r a m s  for  Ru  a n d  
I r  d u r i n g  t he  g r o w t h  u n d e r  cyc l ing  cond i t ions ,  w i t h  t h e  
film t h i c k n e s s e s  o b s e r v e d  in t he  SEM, is s h o w n  in  Fig. 3. 
T h e s e  l ines  give an  a p p r o x i m a t e  idea  of  t he  r e l a t i o n s h i p  
b e t w e e n  t he  ef fec t ive  " e l e c t r o c h e m i c a l "  t h i c k n e s s  of  t h e  
f i lms a n d  t h e  a p p a r e n t  (i.e., a l l owing  for  po ros i ty  in  t h e  
s t r uc tu r e s )  geome t r i c a l  t h i c k n e s s .  The  d i s c r e p a n c y  is b y  a 
f ac to r  of  ca. 10 or m o r e  for  Ir  ox ide  f i lms a n d  50-100 for  
R u  ox ide  f i lms g r o w n  e lec t rochemica l ly .  T h e s e  d i sc rep-  
ancy  fac to rs  m a y  b e  d u e  to (i) m i c r o p o r o s i t y  in  t h e  
h y d r o u s  ox ide  films, and /o r  (it) l imi ted  e l e c t r o c h e m i c a l  
access ib i l i t y  of t he  ma te r i a l  i n s ide  the  films, or (iii) to 
e l e c t r o c h e m i c a l  r e d o x  ac t iv i ty  b e i n g  r e s t r i c t ed  on ly  to t h e  
su r f aces  of  pores ;  t h a t  is, t h e  c h a r g i n g / d i s c h a r g i n g  pro- 
cesses  o b s e r v e d  in c y c l i c - v o l t a m m e t r y  e x p e r i m e n t s  m a y  
ar i se  q u a s i - t w o - d i m e n s i o n a l l y  at  t h e  sur face  of  a h y p e r e x -  
t e n d e d  m i c r o p o r o u s  s t ruc tu re .  

Optical interference microscopy observations.--The 
first m i c r o s c o p i c  o b s e r v a t i o n s  of t he  ox ide  fi lm on  cy- 
c led  Ru  e l ec t rodes  we re  m a d e  b y  m e a n s  of  a N o m a r s k i  
op t ica l  i n t e r f e r e n c e  mic roscope ,  w i t h  t he  e l ec t rodes  still 
in  a we t  or d a m p  state.  Two p h o t o g r a p h s  of t he  ox ide  
f i lm d e v e l o p e d  af te r  ca. 200 cycles  of  p o t e n t i a l  c h a n g e  
f rom 0.05 to 1.4V EH are  s h o w n  in  Fig. 4a. Th i s  p h o t o  

Fig. 4. Nomarski optical microscope photos of the hard shell layer that 
develops on Ru electrodes as they are oxidized in a potential cycling pro- 
gram. Original photos are Kodachrome showing interference contrast 
colors of various regions of the surface, a (top left): initial stage of film 
formation, ca. SO nm. b (top right), c (bottom left), and d (bottom right): 
thicker films peeling off electrode, ca. S/~m. 
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cling, to film thickness determined by SEM observations. (Normalized 
currents are approximately proportional to CEF's.) Conditions: O.SM 
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s h o w s  t h a t  t h e  ox id ized  Ru  e l ec t rode  h a s  a s m o o t h  s h i n y  
o u t e r  su r face  layer ,  b u t  t h e  u n d e r l y i n g  t h i c k  film forma-  
t ion  c a n n o t  b e  o b s e r v e d  in  t h e  S E M  (see below).  Af ter  
t h i c k  fi lm f o r m a t i o n  has  occur red ,  th i s  s m o o t h  ou te r  
layer  s e e m s  to over lay  some  looser  ox ide  ma te r i a l  u n d e r -  
n e a t h  i t  (Fig. 4b). T h e  s m o o t h  ou te r  layer  is e x t r e m e l y  
hard ,  as was  i n d i c a t e d  by  i ts  r e s i s t ance  to a t t e m p t s  to 
p r o b e  in to  i t  w i th  a s teel  needle .  However ,  by  m e a n s  of  
t h e  n e e d l e  or a scalpel ,  f lakes of  th i s  h a r d  ox ide  layer  c an  
b e  s e p a r a t e d  off  f rom t h e  u n d e r l y i n g  b u l k  R u  ox ide  or  t he  
meta l ,  r evea l i ng  a looser  ma te r i a l  b e n e a t h .  At  Ir, s u c h  a 
l ayer  is n o t  obse rved .  

A n  i n t e r e s t i n g  a spec t  of  t h e  d e v e l o p m e n t  of t h e  ox ide  
f i lms on  Ru  is t h a t  i f  t h e  or ig ina l  m e t a l  su r face  is 
s c r a t ched ,  or o t h e r w i s e  r e t a in s  some  p o l i s h i n g  l ines,  t h e  
s c r a t ch  m a r k s  are r e t a i n e d  o n  t h e  ou t s ide  of  t h e  e lect ro-  
c h e m i c a l l y  g r o w n  ox ide  film. T h e  ou t e r  su r face  of t he  
ox ide  film, r e fe r red  to above ,  h a s  a n  a p p e a r a n c e  s h o w n  
in  Fig. 4a a n d  4b. T h e  r e t e n t i o n  of t h e  s c r a t c h  m a r k s  indi-  
ca tes  t h a t  t h e  ox ide  f i lm g rows  b y  m i g r a t i o n  of  OH or O 
ions  in to  t h e  f i lm r a t h e r  t h a n  t h e  r eve r se  p r o c e s s  of  m e t a l  
ion  f o r m a t i o n  a n d  m i g r a t i o n  o u t w a r d s  (cf., t h e  radio-  
i so tope  m a r k i n g  p r o c e d u r e  of  Davies  (32) for  s t u d y i n g  O 
or m e t a l  ion  m i g r a t i o n  p r o c e s s e s  in  oxide- f i lm f o r m a t i o n  
at  b a s e  meta l s )  co u p l ed  w i t h  p r o v i s i o n  of  OH-  or 02- spe- 
cies f r o m  H20 at  t h e  ox ide / so lu t i on  in terface .  

More  de ta i l ed  i n d i c a t i o n s  of  t h e  s t r u c t u r e  of  t h e  ox ide  
fi lms at  Ru a n d  Ir are g iven  by  t h e  e l ec t ron  m i c r o s c o p -  
ical  o b s e r v a t i o n s  to  b e  d e s c r i b e d  nex t .  

Scanning electron microscopy observations.--In t h i s  
s ec t ion ,  we sha l l  d e s c r i b e ,  first, t h e  g e n e r a t  m o r p h o l o g y  
of  t h e  o x i d e  f i lms a t  Ru  a n d  Ir  as s e e n  w i t h  t h e  S E M  
a n d  t h e n  r e f e r  m o r e  spec i f ica l ly  to  c e r t a i n  a s p e c t s  of  t h e  
m o r p h o l o g y  of  t h e  o x i d e  fi lms, e.g., t h e  p r e s e n c e  of  co- 
l u m n a r  s t r u c t u r e s  a n d  t h e  i d e n t i f i c a t i o n  of  r a t h e r  s m a l l  
sca le  po ros i t y .  

General morphological features .--The a p p e a r a n c e  in  t h e  
S E M  of t h e  h a r d  o u t e r  l aye r  ma te r i a l ,  r e f e r r e d  to a b o v e ,  
is s h o w n  in  Fig. 5. T h e  p e r s i s t e n c e  of  t h e  o r ig ina l  
s c r a t c h  m a r k s  on  t h e  meta l ,  n o w  on  t h e  o u t e r  s u r f a c e  of  



1506 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  Ju ly  1984 

Fig. 5. SEM photos of the hard outer shell layer at an electrochemically 
oxidized Ru electrode (cf. Fig. 4a and 4b). Note retention of scratch 
marks. 

the oxide film, is seen again. At higher  magnification, 
the general  appearance of the film is shown in Fig. 6, 
where the scratch marks are again clearly seen on the 
outside of the film. Figure 6 shows the structure of the 
film at a still h igher  magnification ("4.0 ~m"  scale) 
looking into its edge. 

Figure 8 shows a region where some oxide has broken 
away, exposing an underlying oxide or the substrate Ru 
metal  itself. (Compare the optical photomicrographs  in 
section 2, Fig. 4a and 4b). The CEF values for the oxide 
films shown in the above figures are ca. 400. The depth 
of the depression in Fig. 8 is ca. 6 gm, indicating an ox- 
ide thickness of at least this magnitude.  The CEF was 
400 which would correspond only to an "electrochem- 
ical th ickness"  of ca. 0.12 t~m. This verifies the deduc- 
tion that  the electrochemical  charge associated with a 
change of oxidation state of the film in cyclic voltam- 
metry exper iments  corresponds to only a small fraction 
of the oxide film material actually generated by the po- 
tential cycling procedure.  Alternatively, the film is 
highly porous or the reversible electrochemical  activity 
originates only at the outer regions of a porous struc- 
ture. 

The oxidation behavior of Ir appears to be signifi- 
cantly different from that of Ru in the following ways. 
Although a thick oxide film can also be formed, as at 
Ru, it is only generated by potential  cycling, not under  
constant potential  or constant current  conditions where 

Fig. 6. General appearance of the oxide film at a Ru electrode at 
higher magnification than that of Fig. S. Note retention of scratch marks. 

Fig. 7. SEM photo of the oxide film at Ru at high magnification show- 
ing edge of a fractured region. 

Fig. 8. SEM photo of the oxide layer at Ru showing o region where the 
film has broken away exposing underlaying material. 

Ru will form a thick oxide film. Also, very little dissolu- 
tion of Ir is detectable, even after several hundred  
growth cycles; hence Ir oxide film growth is not con- 
nected with a dissolution redeposit ion cycle. This is 
demonstra ted by the independence  of growth rate upon 
electrode rotation (Fig. 9) (0 or 4000 rpm) using an Ir 
rotating disk electrode. At Ru, by contrast, appreciable 
metal  dissolution takes place during the oxide forming 
process, as can be seen visually from the gradual colora- 
tion of the solutions which became brown. 

Figures 10a, 10b, and 10c show the structure of an 
electrochemical ly formed oxide film at Ir with a CEF of 
180. Again, the thicknesses of the films are substantially 
greater than corresponds to the CEF value. A cracked 
structure, similar to dried-out mud, is seen, and, al- 
though the oxide film appears to be peeling off in some 
photos, it was found that e lectrochemical ly oxidized Ir 
electrodes are mechanical ly stable to C12 evolut ion for 
ex tended  periods of t ime at 100 mA cm -2. Thus, a given 
electrode does not suffer diminut ion of CEF by this 
t reatment,  though the stability to 02 evolution is not as 
good as to C12 evolution. 

The " tubular"  pore structures found at oxidized Ru 
(Fig. 11 below) are not observed at Ir al though the appar- 
ent electrocatalytic behavior (24) for CI~ evolut ion does 
suggest the presence of a microporous,  hyperextended  
large area structure. 

Specific morphological features.--Under certain condi- 
tions and/or at high magnifications, several special fea- 
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t u r e s  of  t h e  s t r u c t u r e  of  t h e  o x i d e  f i lms f o r m e d  on  Ru  
c a n  b e  o b s e r v e d .  

F i rs t ,  Fig.  11 s h o w s  t h e  r e m a r k a b l e  c o l u m n a r  s t ruc -  
t u r e  t h a t  is s e e n  in  a f r a c t u r e  s e c t i o n  a c r o s s  t h e  o x i d e  
f i lm g r o w n  a t  a fas t  cyc l i ng  r a t e  (1 V s -1) to  a C E F  of  ca. 
200. T h e  p h o t o  in  Fig. 12 s h o w s  t h i s  c o l u m n a r  s t r u c t u r e  
a t  a h i g h e r  m a g n i f i c a t i o n  t o g e t h e r  w i t h  t op  e n d s  of  t h e  
pa ra l l e l  c o l u m n s .  T h e  o r i e n t a t i o n s  of  t h e  c o l u m n a r  
s t r u c t u r e s  s e e m  to d e p e n d  o n  t h e  g r a i n  o r i e n t a t i o n  of  
t h e  o r ig ina l  m e t a l  or  e lse  spec i f ic  o r i e n t a t i o n s  of  g r a i n s  
of  o x i d e  a re  d e v e l o p e d  d u r i n g  t h e  o x i d e  g r o w t h ,  as 
s h o w n  in  Fig. 13. As  wil l  b e  d i s c u s s e d  la ter ,  t h e s e  c o l u m -  
n a r  s t r u c t u r e s  m a y  r e s u l t  f r o m  a n o d i c  e t c h i n g  w i t h  con-  
c u r r e n t  o x i d e  fi lm f o r m a t i o n  a t  t he  e t c h e d  r eg ions ,  i.e., 
i n v o l v i n g  a n o n p a s s i v a t i n g  o x i d e  layer .  

A n  o x i d e  f i lm t h a t  h a s  b e e n  f o r m e d  a t  a Ru  e l e c t r o d e  
b y  c o n s t a n t - c u r r e n t  o x i d a t i o n  or b y  a p r o g r a m m e d  
c h a n g e  of  c u r r e n t  (Fig. 14), in  b o t h  cases  w i t h  c o n c o m i -  
t a n t  02 e v o l u t i o n ,  does  no t  s h o w  the  c o l u m n a r  s t ruc -  
t u r e s  i l l u s t r a t e d  above .  T h e  s t r u c t u r e  is m o r e  
a m o r p h o u s  a n d  is a s s o c i a t e d  w i t h  a h i g h e r  O : R u  rat io,  
d e t e r m i n e d  in  t h e  x - ray  s p e c t r o m e t r y  e x p e r i m e n t s ,  t h a n  
is f o u n d  at  t h e  c y c l e d  ma te r i a l .  H o w e v e r ,  t h e s e  expe r i -  
m e n t s  a l w a y s  gave  s u b s t a n t i a l l y  l o w e r  O :Ru  r a t i o s  t h a n  
c o r r e s p o n d  to t h e  n o m i n a l  s t o i c h i o m e t r i c  c o m p o s i t i o n  
"RuO2"  t a k e n  for  a t h e r m a l l y  p r e p a r e d  RuO2 s p e c i m e n  
as s t a n d a r d .  A t  e l e c t r o c h e m i c a l l y  o x i d i z e d  Ir, t h e  corre-  
s p o n d i n g  O:Ir  r a t ios  we re  l a r g e r  a n d  c lose r  to  t h e  ex- 
p e c t e d  "I rO2" s t o i c h i o m e t r y  for  a n  IrO2 s t a n d a r d .  

Pore structures.--Attempts w e r e  m a d e  a t  h i g h  S E M  
m a g n i f i c a t i o n s  to  d e t e c t  a p o r e  s t r u c t u r e  t h a t  m i g h t  ac- 
c o u n t  for  t h e  l a rge  o x i d a t i o n / r e d u c t i o n  c h a r g e  assoc ia -  
t ed  w i t h  t h e  e l e c t r o c h e m i c a l  b e h a v i o r  of  o x i d e  f i lms de- 
v e l o p e d  o n  I r  a n d  Ru to a p p r e c i a b l e  t h i c k n e s s e s  (CEF  
v a l u e s  of  200-500). T h e  c o l u m n a r  s t r u c t u r e s  d e v e l o p e d  a t  
R u  u n d e r  c e r t a i n  c o n d i t i o n s  (cf., Fig. 11, 12, a n d  13) ind i -  
ca te  t h e  p o s s i b i l i t y  of  e x t e n d e d  p o r e s  d o w n  or  b e t w e e n  
t h e  c o l u m n s .  H o w e v e r ,  d i r e c t  h i g h  m a g n i f i c a t i o n  obse r -  
v a t i o n s  in  t h e  S E M  were  u n a b l e  to  d i s t i n g u i s h  fine- 
sca le  r o u g h n e s s  f r o m  p o s s i b l e  e n t r a n c e s  to  p o r e s  in  t h e  
su r face ,  e.g., in  Fig. 6. B e c a u s e  of  t h i s  p r o b l e m ,  s ev e ra l  
o b s e r v a t i o n s  w e r e  m a d e  a t  v e r y  h i g h  m a g n i f i c a t i o n s  b y  
m e a n s  of  T E M  w h i c h  a re  d e s c r i b e d  be low.  

Fig. 10. SEM photos of the structure of electrochemically formed thick 
oxide films at an Ir electrode. (Note crocked structures not seen at Ru, 
and absence of outer shell layer.) 

Morphologies of  other deposits.--Comparison w i t h  o x i d e  
f i lms f o r m e d  in  o t h e r  ways  is o f  s o m e  in t e r e s t .  F i g u r e  
15a s h o w s  t h e  m o r p h o l o g y  o f  a n  RuO~ o x i d e  f i lm 
f o r m e d  t h e r m a l l y  f rom a RuC13-coated e l e c t r o d e  (Ti sub-  
s t rafe ,  as w i t h  a D S A - t y p e  e lec t rode) .  F i g u r e  15b s h o w s  
a n  o x i d e  fi lm d e v e l o p e d  b y  t h e  cyc l ing  p r o c e d u r e  f r o m  
Ru  e l e c t r o p l a t e d  on  Au.  C o m p a r e d  w i t h  f e a t u r e s  devel -  
o p e d  in  t h e  o x i d a t i o n  of  b u l k  Ru,  t h e  o x i d e  s t r u c t u r e  
s e e m s  to b e  i n f l u e n c e d  m a i n l y  b y  t h e  m o r p h o l o g y  of  
t h e  e l e c t r o p l a t e d  R u  m e t a l  s u b s t r a t e .  

Transmission electron microscopy.--During t h e  S E M  
s t u d i e s  of  t h e  o x i d e  f i lms f o r m e d  at  Ru  b y  p o t e n t i a l  cy- 
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Fig. 11. SEM photo showing columnar and apparently tubular structure 
at electrochemically oxidized Ru electrode. Region is a fracture section. 

Fig. 13. Columnar structures of oxidized Ru electrode developed in 
relation to different grain orientations. Note detached pieces. 

Fig. 12. Another SEM photo of the columnar structure of the oxidized 
Ru electrode at higher magnification and at an 86 ~ tilt. 

cling, it had been noticed that columnar structures de- 
velop in the latter material (see Fig. 5 and 11-13). It was 
possible to replicate the oxide surface with Formvar  
and, in so doing, to include some fragments of the oxide 
layer formed at Ru by the cycling procedure in the 
Formvar  replica. These replicas were then examined by 
transmission electron microscopy. (Fig. 16a and 16b). 

Fig. 14. SEM photo of amorphous oxide film formed at Ru under con- 
stant current oxide film formation conditions. 

Figure 16a shows a TEM photograph of such a replica 
of the surface of the columnar  film on Ru. At these high 
magnifications (scale of original photo 60 nm per cm), 
the oxide material  is seen to be made up of remarkable  
parallel cylindrical bodies ca. 30 nm in diameter.  Some 
are seen to have become separated and apparent ly bent  
around on top of other material. Details at a level of res- 

Fig. 15. a, left: SEM photo of oxide film at Ru formed thermally by decomposition of RuCI~ coatings, b, right: Oxide film on Ru electroplated on Au. 
Film developed by the electrochemical cycling procedure. 
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Fig. 16. a, top left: TEM photograph of the columnar structures devel- 
oped at electrochemically oxidized Ru electrodes, b, top right: TEM 
photo of outer region of oxide film at Ru. c, left: SEM photo of a region of 
an actuaJ oxide fragment trapped in the replica; see part of the TEM 
photo in Fig. 16a at the bottom right-hand side. In b, the circular 
microfeatures are clearer in the original photomicrographs than in this 
reproduction. 

o l u t i o n  of  < 5 n m  c a n  b e  d e t e c t e d  in  t h i s  pho to .  A n  S E M  
p i c t u r e  of  t h e  a c t u a l  r ep l i c a  of  t h e  c o l u m n a r  m a t e r i a l  is 
s h o w n  in  Fig.  16c. 

S i n c e  t h e  T E M  p h o t o  s h o w s  t h e  i m a g e  of  a rep l ica ,  i t  
is to b e  n o t e d  t h a t  t h e  a p p a r e n t  t o p o l o g y  is a n e g a t i v e  of  
t h a t  of  t h e  a c t u a l  s a m p l e  f r a g m e n t ?  

T h e  s m a l l  p i eces  of  o x i d e  w h i c h  we re  e x t r a c t e d  i n to  
t h e  r e p l i c a  f r o m  t h i s  r e g i o n  a p p e a r  as t h e  v e r y  d a r k  
a r e a s  o f  t h e  T E M  p h o t o g r a p h  in  Fig. 16a a t  t h e  l o w e r  
r igh t .  T h e  fac t  t h a t  t h e  t i n y  o x i d e  f r a g m e n t s  e x h i b i t  t h e  
s a m e  c o l u m n a r  s t r u c t u r e  as in  t h e  r ep l i c a  m a t e r i a l  (cf. 
Fig. 16a) c o n f i r m s  t h e  i n t e r p r e t a t i o n  of  t h e  p h o t o m i c r o -  
g r a p h s  t h a t  h i g h l y  o r i e n t e d  p o r e s  are  a n  i n t r i n s i c  p a r t  of  
t h e  o x i d e  s t r u c t u r e .  I t  s h o u l d  also be  n o t e d  t h a t  t h e  
o u t e r  wal l s  of  t h e  p o r e s  in  t he  o x i d e  p i eces  a l i gn  wel l  
w i t h  t h e  o b s e r v e d  c o l u m n  e d g e s  on  t h e  r e m a i n d e r  of  t h e  
rep l ica ,  d e m o n s t r a t i n g  t h e  a c c u r a c y  of  t h e  r e p l i c a t i o n  
p r o c e d u r e  a n d  t h e  h o m o g e n e i t y  of  t h e  s t r u c t u r e .  F i g u r e  
16a s h o w s  also t h a t  t h e  c h a n n e l s  or  p o r e s  of  t h i s  o x i d e  
r e g i o n  a re  of  a p p r o x i m a t e l y  10-15 n m  d iam.  F i g u r e  16b 
is a n o t h e r  T E M  p h o t o  of  a d i f f e r e n t  r ep l i c a  of  t h e  oxi- 
d i zed  Ru  s u r f a c e  t a k e n  f r o m  a n  a rea  w h e r e  t h e  o u t e r  
l aye r  of  t h e  o x i d e  was  st i l l  c o m p l e t e l y  i n t a c t  (cf. Fig. 4a, 
4b, a n d  5), so t h a t  t h i s  p h o t o  s h o w s  t he  a c t u a l  o u t e r  sur-  
face  of  t h e  oxide .  Th i s  p h o t o  s h o w s  m a n y  c i r c u l a r  fea- 
t u r e s  h a v i n g  a d i a m e t e r  of  ca. 10 n m .  I t  is p o s s i b l e  t h a t  
t h e s e  f e a t u r e s  are  t h e  e x p o s e d  e n d s  of  s o m e  of  t h e  p o r e s  
in  t h e  o x i d e  film. T h e  b a c k g r o u n d  ha s  a fine s t r u c t u r e  
on  t h e  o r d e r  of  1 n m  in  d i m e n s i o n s ,  p r o b a b l y  d u e  to car- 
b o n  c o a t i n g  t h e  rep l icas .  

3It is also to be noted that Formvar replicas of a smooth sub- 
strate surface are themselves entirely structureless, so the co- 
lumnar features in Fig. 16a are not artifacts of the replication 
procedure. In any case, the columnar structures are seen di- 
rectly under  the SEM (Fig. 11-13). 

A n  S E M  p h o t o  of  t h e  o x i d e  f r a g m e n t  s h o w n  in  Fig. 
16a is r e p r o d u c e d  in  Fig. 16c. Once  aga in ,  t h e  c o l u m n a r  
s t r u c t u r e  is c lea r ly  seen.  

I n  t h e  ca se  o f  I r  o x i d e  fi lms, t h e s e  c o l u m n a r  s t ruc -  
t u r e s  c o u l d  n o t  b e  d e t e c t e d ,  a n d  t h e  fine s t r u c t u r e  at  
h i g h  m a g n i f i c a t i o n s  s e e m s  g e n e r a l l y  l ike  t h a t  of  a n  
a m o r p h o u s  ma te r i a l .  P r e s u m a b l y ,  t h e  a p p a r e n t  h i g h  
a rea  i n d i c a t e d  b y  t h e  p r o p o r t i o n a l i t y  of  e l e c t r o c a t a l y t i c  
a c t i v i t y  for  a n o d i c  CI~ e v o l u t i o n  (24) to  f i lm t h i c k n e s s  
(CEF) is a s s o c i a t e d  w i t h  a h i g h l y  m i c r o p o r o u s  s t r u c t u r e  
w i t h  d i m e n s i o n s  b e l o w  t h o s e  r e s o l v a b l e  in  t h e  SEM.  We 
r e f e r  to t h i s  as a h y p e r e x t e n d e d  mate r i a l .  

Compar ison  of  oxide f i lms at  Ir  and  R u . - - T h e s e  re- 
su l t s  l e n d  c r e d e n c e  to t h e  v i e w  t h a t  t h e  h i g h  c a p a c i t y  for  
a c c e p t a n c e  of  e l e c t r o c h e m i c a l  c h a r g e  e x h i b i t e d  by  t h e  
h y d r o u s  o x i d e  t y p e  of  m a t e r i a l s  t h a t  c a n  b e  g e n e r a t e d  
on  Ir, Ru,  a n d  o t h e r  m e t a l s  [cf. B u r k e  (23)] is c o n n e c t e d  
w i t h  a h i g h  a rea  p o r e  s t r u c t u r e  w h i c h  p r o v i d e s  a c c e s s  
for  e l e c t r o l y t e  i ons  a n d  p a s s a g e s  or  c h e m i c a l  w a t e r  
c h a n n e l s  for  m i g r a t i o n  of  t h e  p r o t o n s  r e q u i r e d  in  t h e  ox- 
ide  r e d o x  p r o c e s s e s ;  t h e s e  are  of  a r e m a r k a b l y  r e v e r s i b l e  
k ind .  

F r o m  a n  e l e c t r o c h e m i c a l  p o i n t  of  v iew,  t h e  s t r i k i n g  
f e a t u r e  (18, 19, 21) of  t h e s e  a n o d i c a l l y  f o r m e d  t h i c k  ox- 
ide  f i lms is t h a t  t h e y  e x h i b i t  a c h a r g e  vs. p o t e n t i a l  rela-  
t i o n s h i p  of  t h e  s a m e  k i n d  as t h a t  of  a n  e l e c t r o c h e m i c a l  
t w o - d i m e n s i o n a l  s u r f ace  p roces s ,  e.g., s u b m o n o l a y e r  
s u r f ace  o x i d a t i o n  of  P t  o r  u n d e r p o t e n t i a l  d e p o s i t i o n  of  
m e t a l  m o n o l a y e r s  on  Au,  a n d  ye t  t h e  m a t e r i a l  is  d e m o n -  
s t r a b l y  p r e s e n t  in  b u l k  fo rm.  In  pa r t i cu l a r ,  for  a n y  g i v e n  
f r a c t i o n a l  d e g r e e  of  o x i d a t i o n  or  r e d u c t i o n  of  t h e  m a t e -  
rial, t h e r e  is a c o r r e s p o n d i n g  r e v e r s i b l e  p o t e n t i a l ,  as 
w i t h  a n  e l e c t r o s o r p t i o n  i s o t h e r m  (33) or w i t h  a t h ree -d i -  
m e n s i o n a l  r e d o x  s y s t e m ,  as in  t h e  case  of  a r e d o x  t i t ra-  
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t ion.  For  a no rma l  bu lk  phase  oxide,  on the  contrary,  
the re  is: (i) an a lmos t  u n i q u e  ( theoret ical ly ,  ac tua l ly  
un ique)  s ing le -va lued  po ten t ia l  for the  fo rma t ion  or  re- 
duc t i on  of  the  oxide,  and (ii) in a cycl ic  v o l t a m m e t r y  ex- 
pe r imen t ,  the  cu r ren t  vs. poten t ia l  profi les  in anodic  
and  ca thod ic  d i rec t ions  are n e v e r  mi r ro r  images  of  each  
other,  bu t  co r r e sp ond  to p rocesses  r equ i r ing  an overpo-  
tent ia l  in e i ther  d i rec t ion  for s ignif icant  cu r ren t s  to 
pass; hence ,  the  anodic  and ca thod ic  i vs. V profi les  are 
c o m p l e t e l y  a s y m m e t r i c  wi th  respec t  to one  ano the r  for 
o ther  sol id bu lk  phase  mater ia ls .  

While the  e l ec t rochemica l  behav io r  of  Ir and Ru is in 
s o m e  ways  s imilar  wi th  r e spec t  to the  d e v e l o p m e n t  of  
th ick  ox ide  films upon  po ten t ia l  cycl ing  wh ich  exh ib i t  
r eve r s ib l e  r edox  behav io r  over  a wide  r ange  of  po ten-  
t ials (wider  at Ru than  at Ir due  to loss  of  c o n d u c t i v i t y  
(18, 31) in Ir ox ide  films be low  ca. 0.65V EH, assoc ia ted  
wi th  r e d u c t i o n  to a lower  va l ence  state of  the  Ir  ions), 
the  p r e sen t  w o r k  d e m o n s t r a t e s  i m p o r t a n t  s t ruc tu ra l  and  
s o m e  s ignif icant  chemica l  d i f fe rences  in the  films. 

The  p r inc ipa l  s t ruc tu re  d i f fe rence  is the  d e v e l o p m e n t  
of  the  c o l u m n a r  fea tures  in the  case of  ox id ized  Ru and 
the  r e t en t ion  of  a ha rd  sur face  on the  ex te r io r  of  the  
e l e c t r o c h e m i c a l l y  gene ra t ed  ox ide  films at Ru. At  Ir, 
ne i the r  of  these  fea tures  is obse rved  and the  ox ide  ap- 
pears  s t ruc tu ra l ly  more  h o m o g e n e o u s  (amorphous )  
apar t  f rom " m u d  cracks ."  Also,  wi th  Ir, no hard  ou te r  
sur face  is re ta ined.  I t  m a y  be  sugges t ed  tha t  t he  struc- 
tures  d e v e l o p e d  at Ru are the  resu l t  of  anodic  e t ch ing  
a c c o m p a n i e d  by fo rmat ion  of  a th in  layer  of  ox ide  on the  
s t ruc tu res  resu l t ing  f rom e tching .  This  w o u l d  be  con- 
s i s ten t  wi th  the  appea rance  of  subs tan t ia l  quan t i t i e s  of  
d i s so lved  Ru species  in so lu t ion  dur ing  the  film forma-  
t ion  p rocess  u n d e r  cyc l ing  or dc polar iza t ion  condi t ions .  
An ox id i zed  e t ched  s t ruc tu re  wou ld  also be cons i s t en t  
wi th  the  low O:Ru  rat ios  found  in c o m p a r i s o n  wi th  the  
h ighe r  O:Ir  rat ios  found  at Ir, whe re  the  ox ide  film 
s t ruc tu re  is v i s ib ly  different .  Thus,  at Ru, the  x-ray sig- 
nals m a y  or ig ina te  re la t ive ly  m o r e  f rom u n o x i d i z e d  
me ta l  con t a ined  in the  film than  is the  case at Ir. How-  
ever,  t he  e l e c t rochemica l l y  access ib le  sur face  at the  Ru 
mate r ia l  is ce r ta in ly  in an ox id ized  state,  as i nd ica t ed  by 
the  " r e v e r s i b l e "  cycl ic  v o l t a m m o g r a m  and the  associa-  
t ed  increase  of  C E F  wi th  cyc l ing  (Fig. 2), as wel l  as by 
the  d i f f e rence  of  the  fea tures  of  the  cycl ic  v o l t a m m o -  
g r a m  c o m p a r e d  wi th  tha t  for m o n o l a y e r  ox ide  fo rma t ion  
and  r e d u c t i o n  [see Ref. (21)] 

O the r  e l e c t rochemica l  d i f fe rences  in the  p rope r t i e s  of  
t he  fi lms at Ru  and  Ir  can  be  s u m m a r i z e d  as fol lows:  (i) 
fa i lure  of  ox ide  films to g row at Ir  u n d e r  dc po ten t io -  
stat ic  cond i t ions  whi le  t hey  do g row at Ru urider  con- 
s tant  cu r r en t  or cons tan t  po ten t ia l  polar izat ion,  as wel l  
as by cycl ing;  (ii) progress ive  increase  of  anod ic  C12 or 
02 cu r ren t s  wi th  ox ide  film th i ckness  (CEF) at Ir  bu t  
no t i c eab ly  less at Ru e lec t rodes ,  and (iii) disso lu t ion  of  
so luble  species  dur ing  ox ide  film fo rma t ion  at Ru  bu t  
not  s igni f icant ly  at Ir. Also,  the  change  of  c o n d u c t i v i t y  
of  ox ide  films at Ir  wi th  po ten t ia l  (18, 31), r e f e r r ed  to 
earl ier ,  is to be noted .  

The  th ick  ox ide  film at Ir  seems  to be  d e v e l o p e d  as a 
h y p e r e x t e n d e d  hydrous  ox ide  layer  in wh ich  r e d o x  pro- 
cesses  i n v o l v i n g  the  Ir  i t se l f  can p roceed  r eve r s ib ly  4 and  
in which ,  t h rough  a m i c r o p o r o u s  s t ruc ture ,  o ther  
faradaic  react ions ,  such  as ox ida t ion  of  C1 , can also oc- 
cur  at cur ren t s  p ropor t iona l  to C E F  (24) and h e n c e  prob-  
ab ly  to real  e l e c t rochemica l l y  access ib le  area. H o w e v e r ,  
at Ru,  whi le  s imi lar  r edox  p rocesses  i n v o l v i n g  s o m e  
ionic  s tates  (Ru II, Ru  III,  Ru  IV) of  Ru  i t se l f  can evi- 
den t ly  t ake  p lace  revers ib ly ,  the  body  of  t he  fi lm struc-  
ture  r ema ins  inaccess ib le  for o the r  faradaic  react ions ,  
such  as C12 ~volut ion.  This,  we suggest ,  m a y  be  due  to 
the  p r e sence  of  the  i m p e r v i o u s  outer  layer  of  ox ide  
wh ich  is seen  to ex is t  at Ru  bu t  not  at Ir e lec t rodes .  

4Very recently, photos of thick films that can also be formed 
on Pt (34) have been published (35). However, the films do not 
show reversible redox behavior like that at Ru or Ir. 
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A B S T R A C T  

Meta l  p h t h a l o c y a n i n e s  (meta l  = Co, Ni) d e p o s i t e d  on  c a r b o n  e l ec t rodes  h a v e  b e e n  f o u n d  to ca ta lyze  t he  e lect ro-  
r e d u c t i o n  of  c a r b o n  d i ox i de  to fo rmic  ac id  in  ac id  so lu t ions  (pH = 3-7). The  o v e r p o t e n t i a l  f o r  CO2 r e d u c t i o n  on  coba l t  
p h t h a l o c y a n i n e  is a p p r o x i m a t e l y  200 m V  lower  t h a n  on  t he  b e s t  m e t a l  c a t h o d e s  at  c u r r e n t s  u p  to 10 m A J c m  2. The  m a i n  
r e a c t i o n  p r o d u c t  in  l o n g - t e r m  e lec t ro lys i s  is t he  f o r m a t e  ion  at  pH>5. M e t h a n o l  is also p r o d u c e d  at  lower  p H  values .  T h e  
p h t h a l o c y a n i n e  b e c o m e s  i nac t i ve  in the  less  ac id  so lu t ions  once  a fair ly nega t i ve  p o t e n t i a l  is i m p o s e d ,  p r o b a b l y  due  to 
a n  i r r eve r s ib l e  r e d u c t i o n  of  t he  catalyst .  

E v e n  t h o u g h  t he  ac t iv i ty  of  m e t a l  p h t h a l o c y a n i n e s  
t o w a r d s  t h e  r e d u c t i o n  of  o x y g e n  in  a q u e o u s  so lu t i ons  has  
b e e n  e x t e n s i v e l y  s t ud i ed  [(1-3) a n d  r e f e r ences  there in] ,  
t h e i r  use  as e l ec t roca ta lys t s  for  t he  r e d u c t i o n  of  c a r b o n  
d i o x i d e  h a s  a t t r a c t e d  m u c h  less a t t en t ion ,  T he  on ly  re- 
su l t s  ava i l ab le  (4, 5), c o r r e s p o n d i n g  to coba l t  a n d  n i cke l  
p h t h a l o c y a n i n e s  a d s o r b e d  on  a m a l g a m a t e d  p l a t i n u m  
e lec t rodes ,  s h o w  a s ingle  r e d u c t i o n  s tep  p r e c e d e d  by  t he  
f o r m a t i o n  of a CO2 complex .  T he  ac t iv i ty  of  t h e  e l ec t rode  
d e c r e a s e s  sha rp ly  once  a fa i r ly  nega t i ve  p o t e n t i a l  is 
r eached .  T h e s e  r e su l t s  p r o m p t e d  us  to r e p e a t  t h e s e  expe r -  
i m e n t s  in  o rde r  to o b t a i n  a b e t t e r  u n d e r s t a n d i n g  of  t h e  ki- 
ne t i c s  a n d  m e c h a n i s m  of  t he  reac t ion .  In  par t i cu la r ,  we 
c o n c e n t r a t e d  on  t h e  ef fec t  of t he  cen t ra l  m e t a l  ion  a n d  t he  
s u p p o r t i n g  e l ec t rode  ma te r i a l  on  t he  ac t iv i ty  of  t he  m e t a l  
p h t h a l o c y a n i n e s .  T he  re su l t s  of  l o n g - t e r m  e lec t ro lys i s  
h a v e  also b e e n  analyzed.  

Exper imenta l  
All m e a s u r e m e n t s  we re  p e r f o r m e d  in  a s t a n d a r d  th ree -  

c o m p a r t m e n t  cell  at  23 ~ • 0.2~ T he  w o r k i n g  e l ec t rode  
was  a g lassy  c a r b o n  rod  (Atomerg ic  Corpora t ion ,  P la in -  
v iew,  New York)  h a v i n g  a 0.07 c m  ~ cross  s ec t ion  a n d  
m o u n t e d  on  e i t h e r  a Tef lon or a P y r e x  glass  suppor t .  The  
e l ec t rode  was  p o l i s h e d  u s i n g  0.05 /zm a l u m i n a  a n d  ul t ra-  
son ica l ly  c l e a n e d  pr io r  to d e p o s i t i n g  t he  cata lys t .  The  
m e t a l  p h t h a l o c y a n i n e s  we re  p r e p a r e d  as d e s c r i b e d  in (6). 
T h e y  were  d e p o s i t e d  on  t he  p o l i s h e d  c a r b o n  su r face  f rom 
a c o n c e n t r a t e d  su l fur ic  ac id  so lu t ion  b y  d i lu t ing  t he  solu- 
t i on  w i t h  water .  By th i s  m e t h o d ,  a p p r o x i m a t e l y  10 
/~g/cm ~ of  m e t a l  p h t h a l o c y a n i n e  was  d e p o s i t e d  on  t he  car- 
b o n  su r face  (1). The  ca ta lys t  is p r o b a b l y  no t  d e p o s i t e d  
u n i f o r m l y  b u t  r a t h e r  fo rms  i s l ands  of  d i f f e ren t  th i ck -  
nesses .  

S o l u t i o n s  were  p r e p a r e d  f rom ana ly t i ca l -g rade  r e a g e n t s  
a n d  c o n d u c t i v i t y  water .  B o t h  N2 a n d  CO2 gases  were  pur i -  
fied b y  p a s s i n g  t h e m  t h r o u g h  ho t  c o p p e r  t u r n i n g s  a n d  
t h e n  t h r o u g h  a w a s h  bo t t l e  c o n t a i n i n g  a n  ac id  so lu t i on  of  
c h r o m i u m  (III) su l fa te  a n d  a m a l g a m a t e d  zinc g ranu les .  
The  ana lys i s  of  t he  so lu t ion  af te r  l o n g - t e r m  e lec t ro lys i s  
was  p e r f o r m e d  u s i n g  a GC fi t ted w i t h  a f lame ion iza t ion  
de tec tor .  The  ac tua l  c o n d i t i o n s  are d e s c r i b e d  in Ref. (7). 

S t a n d a r d  po t en t i o s t i c  a n d  p o t e n t i o d y n a m i c  t e c h n i q u e s  
we re  u s e d  for  t he  e l e c t r o c h e m i c a l  e x p e r i m e n t s .  C u r r e n t  
dens i t i e s  h a v e  b e e n  ca l cu la t ed  on  t h e  bas i s  of  t he  appar -  
en t  a rea  of  t he  e lec t rode .  All po t en t i a l s  are r e f e r r ed  to t he  
s a t u r a t e d  ca lome l  e l ec t rode  (SCE). 

Results and Discussion 
F i g u r e  1 s h o w s  c u r r e n t  vs. p o t e n t i a l  c u r v e s  o b t a i n e d  

u n d e r  p o t e n t i o d y n a m i c  c o n d i t i o n s  on  p h t h a l o c y a n i n e -  
mod i f i ed  c a r b o n  e lec t rodes .  Rega rd l e s s  of  t he  p H  va lue  
of  t h e  so lu t ion ,  CO2 is no t  r e d u c e d  on  ba re  c a r b o n  elec- 
t rodes .  T h e  c u r r e n t  due  to h y d r o g e n  e v o l u t i o n  u n d e r  
t h e s e  c o n d i t i o n s  is p rac t i ca l ly  zero u p  to a b o u t  -1 .6V.  
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T h e  ac t iv i ty  of t he  ca ta lys t  t o w a r d s  t he  r e d u c t i o n  of  CO2 
is j u d g e d  f rom b o t h  t he  p o t e n t i a l  a t  w h i c h  a n  i n c r e a s e  in  
c u r r e n t  w i t h  r e spec t  to b a c k g r o u n d  (i.e., b a r e  c a r b o n )  is 
n o t e d  a n d  f rom the  s h a p e  of  t he  r e d u c t i o n  c u r v e  (i.e., 
w h e t h e r  or  no t  a d i f fus ion- l imi ted  c u r r e n t  is observed) .  
T h e  overa l l  e f fec t iveness  of  t h e  p h t h a l o c y a n i n e s  for  
ca ta lyz ing  t he  CO2 r e d u c t i o n  r eac t i on  d e p e n d s  m a r k e d l y  
on  t h e  cen t r a l  m e t a l  ion. The  re la t ive  o rde r  of  ac t iv i ty  was  
f o u n d  to b e  Co 2+ > Ni 2+ > >  Fe  2+ = Cu 2+ > Cr 3+, S n  2+, etc. 
Th i s  o rde r  is qu i t e  d i f fe ren t  f rom t h a t  u sua l ly  r e p o r t e d  for  
t he  o x y g e n - r e d u c t i o n  r eac t i ons  (7), e spec ia l ly  r e g a r d i n g  
t he  re la t ive  ac t iv i ty  of  t he  i ron  p h t h a l o c y a n i n e .  In  all  fol- 
l o w i n g  e x p e r i m e n t s ,  on ly  coba l t  (CoPc) a n d  n i cke l  (NiPc)  
p h t h a l o c y a n i n e s  were  used.  

Two c u r r e n t  p e a k s  can  b e  o b s e r v e d  in t h e  po ten t io -  
d y n a m i c  t races  of  cu rve  1 in  Fig. 1. S imi l a r  b u t  sma l l e r  
p e a k s  we re  also o b s e r v e d  in COs-free so lu t ions  a n d  a t t r ib-  
u t e d  to t he  r e d u c t i o n  of  t he  CoPc  w i t h  f o r m a t i o n  of  
m o n o -  a n d  d ian ions ,  r e spec t i ve ly  (4). The  ab i l i ty  of t he  
ca ta lys t  to r e d u c e  CO2 is t h e r e f o r e  c losely  a s s o c i a t e d  w i t h  
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Fig. 1. Potentiodynamic i vs. E curves measured on glassy carbon elec- 
trodes covered with metal phthalocyonines. Curve 1 : ( - - )  cobalt. Curve 
2: ( - -  - )  nickel. Curve 3: ( -  - )  iron or copper. Curve 4: (. �9 .) bare carbon 
electrode. 0.SM Na2S04 + 0.1M NaHC03 solution, saturated with C02 
at normal pressure. Sweep rate: O.OS V/s. 
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Fig. 2. Potentiodynemic i-E curves measured on glassy carbon elec- 
trodes covered with CoPc. Curve i : ( - - )  first sweep. Curve 2: ( -  - )  sec- 
ond sweep. Curve 3: (- �9 .) third sweep following activation at 1.0V for 1 
min. Similar conditions as in Fig. I. 

its ox ida t ion  state, as is also the  case for oxygen  (8). The  
i-E curve  can be  cycled  several  t imes  wi th  ve ry  l i t t le hys- 
teresis  and good reproduc ib i l i ty  as long as the  ca thodic  
swi tch ing  potent ia l  is kep t  posi t ive  to the  first cur ren t  
peak  (about  -1.55V). In  neut ra l  and sl ightly acid solut ions  
(pH 5-7), the  loss of  act ivi ty  of  the  ph tha locyan ines  for 
COs reduc t ion  is no ted  once  this l imit  is exceeded .  The 
cur ren t  is then  m u c h  lower  for the  second i-E curve  than  
for the  init ial  sweep.  In  fact, the  act ivi ty  of  the  modi f ied  
e lec t rode  is r educed  to that  of  a bare  carbon e lec t rode  
after  a few cycles  to -1 .6V or an ex t ended  vol tage  excur-  

s ion to -1.9V. This  effect  can be obse rved  by compar -  
ing the  resul ts  shown in Fig. 2 wi th  curve  4 in Fig. 1. 
Polar iz ing the  e lec t rode  at abou t  1.0V for a few minu tes  
par t ia l ly  res tores  the act ivi ty  of  the catalyst.  The  h ighes t  
r educ t ion  currents  ob ta ined  on these  " re s to red"  elec- 
t rodes  is about  40% of  those  measu red  initially. The  
m e c h a n i s m  of deact iva t ion  is not  yet  unders tood ,  al- 
t hough  it p robab ly  involves  e i ther  po isoning  of  the  elec- 
t rode  by a react ion in t e rmed ia t e  or the  i r revers ib le  reduc-  
t ion of  the  catalyst.  

The  m a g n i t u d e  of  the  ca thodic  cur ren t  peaks  increases  
l inearly wi th  the  concen t ra t ion  of  CO~. The  sweep-ra te  de- 
pendence of  the  peak  current  and peak potential ,  shown 
in Fig. 3, are consis tent  wi th  a d i f fus ion- l imi ted irreversi-  
ble e lec t ron  t ransfer  hav ing  a Tafel  s lope of  -110 -+ 10 m V  
(9). The  diffusion coeff icient  of  COz can be  es t imated  
f rom the  s lope of  the  l ,  v s .  v '~  plot  to be about  1.x !0 -5 
cm2/s. Dif fus ion- l imi ted  currents  have  been  observed  on 
meta l  e lec t rodes  only at potent ia ls  200 mV more  nega t ive  
than  on CoPc  modif ied  electrodes.  F igure  4 shows  ca- 
thodic  Tafel  plots measu red  on bo th  CoPc  and NiPc  un- 
der  potent ios ta t ic  condit ions.  The  results  ob ta ined  on tin 
ca thodes  (10) are  shown  for compar i son .  The  s lopes of  the  
l inear  por t ions  ( i .e . ,  - 1 2 0  mV/decade) ,  are cons i s ten t  wi th  
the  resul ts  of  the  po ten t iodynamic  expe r imen t s  and indi- 
cate that  t ransfer  of  the  first e lec t ron  to a CO2 molecu le  is 
the  ra te -de te rmin ing  step of  the  reaction.  

L imi t ing  currents  are reached  on both  CoPc  and NiPc  
at abou t  the  same potential ,  a l though the  m a g n i t u d e  of  
these  currents  is qui te  different.  Of course,  no d i f ference  
should  be  expec ted  if  these  were  d i f fus ion- l imi ted  cur- 
rents.  We bel ieve  that  deact iva t ion  of the  NiPc  occurs  be- 
fore the  diffusion l imi t  is reached,  a l though k ine t ic  com- 
pl icat ions  ( i . e . ,  a di f ference in react ion mechan i sm)  could  
also exp la in  the  lower  currents .  The  total  ca thodic  charge  
m e a s u r e d  on PcCo dur ing  a single sweep  be tween  -0 .6  
and -1 .4V is about  30 m C / c m  2. This  large value,  com- 
pared  wi th  about  0.2 m C / c m  2 expec t ed  for a uni t  t u rnove r  
ratio, conf i rms the  catalytic na ture  of  the  process.  

At  p H  < 6, the  i-E profile shows a n e w  reduc t ion  peak  
at a potent ia l  of  about  -1.2V, in addi t ion  to the  main  peak 
at -1 .55V (Fig. 5). The ratio of  the  peak  currents  is about  
2.5 to 1, and depends  very  sl ightly on pH. We have  not  yet  
been  able  to ident i fy  the  processes  associa ted wi th  each  
peak,  a l though  we  e x p e c t  to gain a be t te r  u n d e r s t a n d i n g  
f rom r ing-disk e lec t rode  expe r imen t s  cur ren t ly  unde r  
way. We suspect,  however ,  that  the p resence  of  two re- 
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Fig. 3. Sweep rate dependence I 0  
of the cathodic peak current, ip, 
and peak potential, E,, measured / P 
on a CoPc covered carbon elec- mAcn~ 2 
trode. Same solution as in Fig. 1, 
CO~ saturated. 
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Fig. 4. Potentiostatic Tafel plots measured on CoPc-(1) and NiPc-(2) 
covered carbon electrodes. Results for tin (3) taken from Ref. (11 ). Simi- 
lar conditions as in Fig. 1. 

duc t ion  peaks  is re la ted to the  reduc t ion  of  CO2 b e y o n d  
the  fo rmate  stage. In  fact, the  a m o u n t  of  m e t h a n o l  pro- 
duced  in long- te rm electrolysis  of  COs solut ions increases  
on lower ing  the  p H  in the  range  7-3, a l though  it neve r  
reaches  a cur ren t  eff ic iency larger  than  5%. The ma in  re- 
act ion p roduc t  is in all cases the  formate  ion. 

P rev ious  repor ts  (5) ind ica ted  that  the  shape of  the  i-E 
plot  d e p e n d e d  on the  t ime  the  e lec t rode  was he ld  at po- 
tent ia ls  more  posi t ive  than  about  -1.0V, due  to the  forma- 
t ion of  a CO2-phthalocyanine complex .  We found  no evi- 

dence  for this  process.  It  seems l ikely that  the  repor ted  
effect  was caused  by a t i m e - d e p e n d e n t  coverage  of  the  
e lec t rode  wi th  water-soluble  phtha locyanines ,  and not  by 
a s low c o m p l e x  format ion  reaction.  

The  subst ra te  has a s t rong inf luence  on the  ac t iv i ty  of  
the  meta l  ph tha locyanines  towards  the  reduc t ion  of  CO2. 
Graphi te  and glassy carbon  seem to be  specific in thei r  
abi l i ty to utilize ph tha locyan ines  as catalysts.  As  men-  
t ioned  earlier, the  overpoten t ia l  for this reac t ion  on CoPc  
depos i t ed  on glassy carbon  is about  200 mV lower  than  on 
the  bes t  meta l  cathodes.  S o m e  act ivi ty  was also obse rved  
us ing  h igh  overpotent ia l  meta ls  (Hg, Pb) as supports .  On 
o ther  e lectrodes,  e.g., Pt  and Au, the  ph tha locyan ines  
have  essent ia l ly  no catalytic act ivi ty  towards  CO2 reduc-  
tion. These  resul ts  agree wi th  those  obta ined  for the  re- 
duc t ion  of  oxygen  (11), and sugges t  that  the  bond ing  be- 
tween  the  substrate  and the  catalyst  de t e rmines  the  
e lec t rode  activity. 

The  l imi t ing  potent ia l  at wh ich  the  catalyst  re ta ins  its 
ac t iv i ty  becomes  more  nega t ive  on lower ing  the  p H  of the  
solution.  To test  the  shor t - term stabil i ty of  the  phtha locy-  
anines,  a CoPc  e lec t rode  was opera ted  con t inuous ly  for 
72h at potent ia ls  be tween  -1 .4  and -1 .2V and cur ren t  
densi t ies  of  about  1 mA]cm 2 in a 0.1M NaHCO3 solut ion 
sa tura ted  wi th  CO2. The  ca thodic  charge  was equ iva l en t  
to 260 C/cm 2. No signif icant  loss of  act ivi ty  was observed .  
The  solut ion was analyzed after  this e lectrolysis  us ing  the  
GC t e c h n i q u e  desc r ibed  earlier. The  main  react ion prod-  
uc t  was the  formate  ion fo rmed  wi th  a cur ren t  eff ic iency 
of  about  60%. Methanol  was p roduced  only in those  solu- 
t ions hav ing  a p H  va lue  lower  than  4, ind ica t ing  tha t  for- 
mic  acid (rather than  the  formate  ion) is the  reac t ing  spe- 
cies for the  second reduc t ion  process.  The  m a x i m u m  
cur ren t  eff ic iency for m e t h a n o l  fo rmat ion  was about  5% 
a t p H  = 3. 

Fu r the r  in format ion  about  the  sys tem can be obta ined  
f rom measu r ing  the  e lec t rode  impedance .  F igure  6 shows 
the  potent ia l  d e p e n d e n c e  of the  different ial  capac i tance  
of  a CoPc-covered  carbon  e lec t rode  in solut ions sa tura ted  
wi th  N2 and CO2. The capac i tance  measu red  at 1 kHz is in 
good ag reemen t  wi th  the  double  layer capac i tance  deter-  
m i n e d  f rom c o m p l e x  plane analysis ("Cole-Cole" plots). 
The  d i f ference  be tween  bo th  curves  in Fig. 6 can be  at- 
t r ibu ted  to a d i f ference in the  p H  va lue  of  the  solutions.  
Therefore ,  the  capaci tance  m a x i m u m  is not  assoc ia ted  
wi th  the  format ion  of  a COs complex ,  as p rev ious ly  sug- 
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Fig. 6. Potential dependence of 
the differential capacitance mea- I 0 0  
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gested (5). It is more likely due to a change in the oxida- 
tion state of the central ion. The potential at the maxi- 
mum (-1.1V in CO2-saturated solutions) corresponds 
either to the foot of the first current peak in the i-E plots 
(Fig. 1), or to the first current peak at pH < 6. In any case, 
we think that there is a close relationship between the ox- 
idation state of the central ion, the catalytic activity of the 
electrode, and its differential capacity. 

In conclusion, metal phthalocyanines are promising 
electrocatalysts for the electroreduction of CO2 in aque- 
ous solutions. The reaction product in nearly neutral solu- 
tions is the formate ion, although methanol is also ob- 
tained in more acid solutions. Future work will be 
directed towards an understanding of the mechanism of 
the reaction and the deactivation of the catalyst in order 
to increase its long-term stability. 
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A B S T R A C T  

Data  have  been  obta ined  for the  rate of  repass iva t ion  of  nickel  and binary  n icke l /copper  alloys at p H  14. The  fresh 
meta l  surfaces,  wh ich  are crea ted  in situ, react  ini t ial ly to p roduce  a mono laye r  of  oxide.  This  mono laye r  is fo rmed  by 
r a n d o m  oxida t ion  of  exposed  meta l  a toms at a rate wh ich  is unaf fec ted  by the  copper  con ten t  of  the  material .  Subse-  
q u e n t  film th icken ing  occurs  by ion migra t ion  t h rough  the  film under  h igh  electr ic  field. The  copper  con ten t  of  the  al- 
loy affects this process  only to a small  extent ,  the  react ion be ing  largely control led  by the  n icke l  componen t .  The  rate 
cons tan ts  are given. 

Growth  of  anodic  ox ide  films on nickel  in alkal ine so- 
lu t ions  has  been  inves t iga ted  in some  detai l  owing  to the 
use  of  the  meta l  as an e lec t rode  mater ia l  in n ickel / i ron 
and n i cke l i cadmium bat ter ies  (1-11). F i lm  growth  is also 
of  impor t ance  in the  ma in t enance  of  pass ivi ty  of  n ickel  
ar/d alloys conta in ing  nickel.  

I t  is n o w  c o m m o n l y  accep ted  that  anodic  ox ida t ion  of  
n ickel  in alkal ine solut ions leads  initially to the  format ion  
of  a film of Ni(OH)2 (1-11). E l l ipsomet ry  has shown  that  
th is  film is ]3-Ni (OH)2 (4) a l though  it  may  be  fo rmed  from 
a-Ni (OH)2 (7, 8, 10). Recen t  expe r imen t s  have  shown  that  
w h e n  fl-Ni (OH)2 is formed,  it cannot  readi ly  be r educed  
e l ec t rochemica l ly  (10). At  h igher  potent ia ls  this film is 
conve r t ed  to fl-NiOOH (2, 6, 7, 10) a l though lit t le is k n o w n  
abou t  t he  k inet ics  and m e c h a n i s m s  of g rowth  of, and 
t rans format ions  be tween  these  ox ide  phases.  For  the  
Ni(OH)2 layer, fo rmed  anodical ly  f rom the  meta l  bo th  dis- 
solut ion fo l lowed by prec ip i ta t ion  (9, 12) and di rec t  solid- 
s tate surface  ox ida t ion  (6, 9) have  been  proposed .  Thick-  
en ing  of  the  ~-Ni(OH)2 fi lm has b e e n  shown  to fo l low the  
Cabrera-Mot t  (13) formal i sm of h igh  field-assisted ion 
t ranspor t  (10, 11). 

Pou rba ix '  t h e r m o d y n a m i c  calculat ions  for equ i l i b r ium 
of n icke l  wi th  aqueous  solut ions of p H  14 (14) p rov ide  
data  for addi t ional  oxides  of  nickel ,  inc lud ing  Ni304 and 
NiO2, bu t  no cons idera t ion  of  the  NiOOH phase  was 
made.  

Anod ic  ox ide  films on Ni-Cu alloys have  rece ived  less 
a t ten t ion  a l though  oxida t ion  in dry oxygen  and  s team en- 
v i r o n m e n t s  has been  charac ter ized  (15-17). The  anodic  ox- 
idat ion of  Monel  400 (70% Ni, 30% Cu) in L iOH solut ion is 
found  to app rox ima te  mos t  closely to the  ox ida t ion  of  the  
major  c o m p o n e n t  of  the  alloy (12). In  an earl ier  paper  (18) 
we  es tab l i shed  that  pass ivi ty  of  a range of  Ni-Cu alloys in 
1M H2SO4 solut ion was due  to ox ide  film g rowth  by ion  
migra t ion  unde r  h igh  electr ic  field. The  ra te-contro l l ing  
pa ramete r s  are a func t ion  of  the  copper  con ten t  of  the  al- 
loy, bu t  the  alloys largely fol low the  kinet ics  of  film 
g rowth  assoc ia ted  wi th  pure  nickel .  I t  was c o n c l u d e d  tha t  
the  film was fundamen ta l ly  a nickel  oxide,  con ta in ing  
vary ing  amoun t s  of  copper  ions  d e p e n d i n g  u p o n  the  alloy 
composi t ion .  

In  this  paper  we  es tabl ish  the  oxide  growth  pa ramete r s  
for Ni, Ni-30%Cu, Ni-50%Cu, and Ni-70%Cu in 1.0M KOH, 
p H  14, us ing  the  sc ra tched  e lec t rode  in order  that  film 
growth  could  be  s tudied  s tar t ing f rom the  bare  meta l  sur- 
face. The  t e c h n i q u e  is useful  in this case owing  to the  ap- 
pa ren t  i r reducibi l i ty  of  the  n ickel  ox ide  film (10). Alloys 
of  the  above  compos i t ions  are all s ingle phase  h o m o g e n e -  
ous solid solutions,  and the  data  obta ined  are not  compli -  
ca ted  by vary ing  meta l lurg ica l  micros t ruc tures .  

Experimental 
The  sc ra tched  rota t ing disk e lec t rode  t e c h n i q u e  was 

used  to inves t iga te  the  repass iva t ion  of  n ickel  and b inary  

* Electrochemical Society Student Member. 

alloys of  n ickel  and copper  in 1.0M KOH. The t e c h n i q u e  
has been  descr ibed  ex tens ive ly  in p rev ious  papers  (19-26). 

The  e lec t rodes  were  m a d e  f rom 99.999% pure  metals .  
Al loys  were  synthes ized  by arc mel t ing  fo l lowed by 
homogeniza t ion .  The  e lec t ro ly te  was A R  grade K O H  
m a d e  to 1.0M with  doubly  dist i l led water;  it was pu rged  
wi th  pure  n i t rogen  before  and dur ing  use. 

Scra tches  are genera ted  on the  e lec t rode  disk ( -0 .5  cm 
diam) rotat ing at 100 Hz. A stylus contac t  t ime  of  -1 .5  ms 
p r o d u c e d  a scra tch -0.15 cm long by - 4 0 / ~ m  wide  by - 3  
~m deep.  The  e lec t rode  was he ld  at cons tan t  potent ia l  
wi th  respec t  to a sa tura ted  ca lomel  re fe rence  e lectrode.  
The  cur ren t  t rans ient  consequen t  upon  genera t ion  of  the  
scra tch was recorded  supe r imposed  onto the  s teady-sta te  
b a c k g r o u n d  cur ren t  f lowing f rom the  whole  e lec t rode  
surface.  A typical  anodic  cur ren t  t rans ient  is shown  in 
Fig. 1. Pa ramete r s  t aken  f rom each  t rans ient  are  g iven  by 
the  m a x i m u m  observed  bare  surface cur ren t  dens i ty  is, 
the  cur ren t  dens i ty  f lowing f rom the  scra tch at t ime  t 
after scratching,  i(t), and the  charge  dens i ty  tha t  has  
f lowed f rom the  scratch at t ime  t, q(t). These  are 
quant i f ied  by 

1 dI 
- - -  I l l  

2~rwy dt 

1 
i(t) - - -  [I(t) - Ib] [2] 

2~rrondtc 
f t  

1 [ [I(t) - Ib]dt [3] 
q (t) -- 2~rrrmdt ~ J o 

where  dI  is the  increase  in cur ren t  on the  scra tch in t ime  
dt dur ing  scratching,  I(t) is the  total  cur ren t  f lowing f rom 
the who le  e lec t rode  at t ime  t after scratching,  Ib is the  
base  cur ren t  f lowing f rom the  whole  e lec t rode  before  
scratching,  tc is the contac t  t ime  of  the  stylus, y is the  
scra tch width,  r is its d is tance  f rom the cen ter  of  ro ta t ion 
and  r is the  e lec t rode  rota t ion rate. 

Cur ren t  t ransients  were  quant i f ied  as a func t ion  of  
e lec t rode  potent ia l  E (presented  on the  normal  h y d r o g e n  
e lec t rode  scale). The  meta ls  used  were  pure  Ni, Ni-30Cu, 
Ni-50Cu, and Ni-70Cu where  the  a m o u n t  of  copper  is ex- 
p ressed  in we igh t  percent .  All expe r imen t s  were  per- 
fo rmed  at ambien t  t empera tu re  of  (19 ~ +- 2~ 

Results 
The  m a g n i t u d e  of the  rate of  react ion of  the  freshly 

bared  meta l  surface  is g iven  by i~. A l though  is is a differ- 
ential  quan t i ty  (see Eq.  [1]), w h e n  its va lue  is h igh  it prob-  
ably does  not  give a measu re  of  the  t rue bare  surface  reac- 
t ion rate. Never theless ,  it p rov ides  a guidel ine  for the  bare 
surface  react iv i ty  of  the  mater ia l  w h e n  p lo t ted  as a func- 
t ion  of  e lec t rode  potential .  

The "bare  surface polarization curve"  for pure  nickel  in 
1.0M K O H  is shown in Fig. 2. It  shows a un ique  potent ial ,  
Em~, at wh ich  zero ne t  cur ren t  f lows f rom the  scratch.  Fo r  
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Fig. 1. Current transient recorded on scratched nickel immersed in 
1.0M KOH, pH 0 at - 105 mV (NHE). (a) and (b) depict the output from 
two transient recorders, and dashed lines represent changes of time 
scales. 

p o t e n t i a l s  nega t ive  w i th  r e s pec t  to th i s  b a r e  sur face  
m i x e d  p o t e n t i a l  t he  ne t  c u r r e n t  f lowing f rom t h e  s c r a t ch  
is nega t ive .  At  all po ten t i a l s  pos i t ive  w i th  r e s pec t  to Em~ 
the  c u r r e n t  f lowing f rom t he  sc ra t ch  is posi t ive.  The  first 
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Fig. 2. Bare surface current density, is (�9 0 )  and steady-state current 
density, ib (broken line) as a function of potential for nicke| in ].OM 
KOH. White points cathodic, black points anodic. 

250 m V  of  t he  anod ic  b r a n c h  s h o w s  l inea r  b e h a v i o r  (log i+ 
E) a n d  t h e r e f o r e  obeys  Tafel ' s  law. For  p o t e n t i a l s  h i g h e r  

t h a n  t h i s  t he  c u r r e n t  c o n t i n u e s  to i nc rease  w i t h  E, b u t  at  a 
s lower  rate,  un t i l  a p e a k  ba re  sur face  c u r r e n t  d e n s i t y  of  
- 1 5  A cm -2, and  th i s  is fo l lowed  by  a s t e a d y  dec rea se  in it 
for c o n t i n u i n g  i nc r ea se  in  E. Fo r  compa r i son ,  t h e  s teady-  
s ta te  c u r r e n t  dens i t y  (ib) f lowing f rom a n  u n s c r a t c h e d  
n icke l  e l ec t rode  is also shown.  The  va lues  of  i+ lie u p  to 5 
o rde r s  of m a g n i t u d e  h i g h e r  t h a n  lb. Ba re  su r face  polar iza-  
t ion  c u r v e s  for  t he  t h r e e  Ni-Cu alloys were  s imi la r  to  t h a t  
of n ickel ,  e a c h  s h o w i n g  a sma l l  l inear  anod ic  Tafel  r eg ion  
over  1-2 decades  in  it. Va lues  of  t he  ba re  sur face  m i x e d  
po t en t i a l  a n d  t h e  a n o d i c  Tafel  s lope  (in is) are  g iven  in  
Tab le  I. The  a n o d i c  Tafel  s lope,  aE/O log is, is 149 -+ 4 m V  
a n d  is i n v a r i a n t  w i th  t he  al loy compos i t i on ,  at  l eas t  w h e n  
t he  mo le  f r ac t ion  of  n ickel ,  Xm > 0.3. The  va lue  of Eros is a 
f u n c t i o n  of  Xni (also g iven  in  Tab le  I) a l t h o u g h  t he  de- 
p e n d e n c e  is small .  S u c h  da t a  can  b e  fi t ted to a logar i th-  
mic  p lo t  in  Xm w h i c h  gives  t he  empi r i ca l  r e l a t i o n s h i p  

Em+ (mV, NHE)  = - 639 - 92 log Xm [4] 

T h e  ra te  of  decay  of  c u r r e n t  d e n s i t y  on  t h e  s c r a t ch  can  
be  ana lyzed  in a n u m b e r  of ways.  The  s i m p l e s t  of  t h e s e  is 
a p lo t  of  log i(t) aga ins t  log t. S u c h  a p lo t  is s h o w n  for  cur-  
r e n t  decay  on  s c r a t c h e d  n icke l  in  Fig. 3 for  a r a n g e  of  po- 
ten t ia l s .  A t  low po ten t i a l s  t h e s e  p lo ts  are c u r v e d  a n d  
s h o w  a p rog res s ive ly  i n c r e a s i n g  ra te  of  c u r r e n t  decay  as 
the  d e c a y  p roceeds .  At  h i g h e r  po ten t ia l s ,  howeve r ,  t he  
p lo t s  are l inea r  e x c e p t  for  da ta  t a k e n  at ve ry  s h o r t  t i m e s  
a f te r  s c r a t ch ing .  In  th i s  c o n n e c t i o n  it  is  i m p o r t a n t  to bea r  
in  m i n d  t h a t  b e c a u s e  t he  s c r a t c h  is no t  c r ea t ed  i n s t an t a -  
neous ly ,  b u t  r equ i r e s  a f inite t i m e  to be  f o r m e d  (t~ ~ 1.5 
ms)  t he  pos i t i on  t = 0 is r a t h e r  a rb i t ra r i ly  de f ined  as t h a t  
p o i n t  a t  w h i c h  the  s c r a t ch  is ha l f  of  i ts  f inal  l eng th .  Th i s  
c rea tes  an  e r ro r  in  t he  t i m e  scale  for s h o r t  t i m e s  af te r  
s c r a t c h i n g  a n d  c o n t r i b u t e s  to t he  c u r v a t u r e  of  t he  l ines  in  
Fig. 3 in  t h a t  region.  The  h i g h  po t en t i a l  t r a n s i e n t s  s h o w  
l inea r i ty  however ,  for t ~> 4 ms,  a n d  th i s  ] inear i ty  covers  
a l m o s t  t h r e e  d e c a d e s  in  i(t) a n d  t. The  s lopes,  a log i (t)/a 
log t of  t h e s e  g r a p h s  were  f o u n d  to b e  i n d e p e n d e n t  of  po- 
t en t ia l  a n d  al loy c o m p o s i t i o n  for all four  mate r ia l s .  T h e y  
give a mean ,  a log i(t)/a log t = -0 .97  +- 0.01, i n d e p e n d e n t  
of  p o t e n t i a l  a n d  al loy compos i t i on .  P lo t s  of  t h e  t y p e  
s h o w n  in  Fig. 3 are by  n a t u r e  empi r i ca l  a n d  do n o t  di- 
r ec t ly  p r o v i d e  t he  m e c h a n i s m  of  film g r o w t h  as ha s  b e e n  
d e s c r i b e d  ear l ier  (18, 23, 26). De ta i l ed  i n f o r m a t i o n  on  t he  
k ine t i c s  a n d  m e c h a n i s m  of  t he  p roce s s  can,  h o w e v e r ,  b e  
o b t a i n e d  b y  d e s c r i b i n g  i(t) as a f u n c t i o n  of  q(t), t h e  to ta l  
c h a r g e  dens i t y  p a s s e d  on  the  s c ra t ch  at  t i m e  t. 

Two k ine t i ca l ly  d i s t i nc t  p r o c e s s e s  can  be  de f ined  f r o m  
the  data ,  d e p e n d i n g  u p o n  potent ia l .  A t  low po ten t i a l s  (bu t  
still  pos i t ive  w i t h  r e spec t  to Era+) a r a n g e  ex i s t s  w h e r e  i(t) 
is l i nea r ly  r e l a t ed  to q(t). This  r eg ion  c o r r e s p o n d s  to t h e  
da ta  w h i c h  show c u r v a t u r e  in  Fig. 3 (log i(t)/ log t plots).  
The  da ta  are p r e s e n t e d  in  Fig. 4 for a n u m b e r  of  e l ec t rode  
p o t e n t i a l s  for  all four  mater ia l s .  The  c u r r e n t  d e n s i t y  i(t) 
d e c a y s  l inea r ly  w i th  t he  c h a r g e  dens i ty  passed ,  q(t), up  to 
a m a x i m u m  of  q(t) ~ 530 ~C c m  -2. The  c u r r e n t  decay  
p lo ts  are r e p r e s e n t a t i v e  of t h o s e  occu r r i ng  at  low a n o d i c  
c h a r g e  dens i t ies .  

A t  h i g h e r  po t en t i a l s  Fig. 3 shows  t h a t  t he  decay  of  i(t) 
w i t h  r e s p e c t  to q(t) s h o u l d  b e  d i f f e ren t  f rom t h a t  de- 
s c r i b e d  b y  Fig. 4, a n d  th i s  is i n d e e d  t he  case.  Da ta  for  t he  
Ni-30Cu al loy are p r e s e n t e d  in Fig. 5 as a f u n c t i o n  of  E. 
The  g r a p h s  s h o w  t h a t  log i(t) dec rea se s  l inear ly  as q(t)- '  
d e c r e a s e s  for a t  l eas t  two d e c a d e s  in i(t), a l t h o u g h  for 
h i g h  va lues  of  q(t) -~ t h e  g r a p h s  are  curved .  The  s a m e  be- 

Table I. Bare surface mixed potential Eros, anodic Tafel slope in i~ 
(c~E/a log is) and anodic Tafel slope from Eq. [9] [aE/a log i(0)] 

Metal Eros (mV, NHE) OEIO log i~ (mV) aElO log i(0) (mV) 

Ni -643 149 93 
Ni-3O Cu -650 155 94 
Ni-50 Cu -665 145 92 
Ni-70 Cu -690 146 94 
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Fig. 3. Decay of current density with time for repassivation of 
scratched nickel in 1.0M KOH at potentials of [~: - 6 0 5  mV (NHE), �9 
- 5 8 0  mV (NHE), Y: - 1 0 5  mV (NHE), I :  - 5  mV (NHE), O: +70 mV 
(NHE). 

havior  was  shown for all four  meta ls  at potent ia ls  above  
those  desc r ibed  by Fig. 4. The  kinet ics  and m e c h a n i s m  
are desc r ibed  quant i ta t ive ly  below. 

Discussion 
The e n o r m o u s  accelera t ion  in e l ec t rochemica l  reac t ion  

rate p r o d u c e d  by scra tching the  e lect rodes  is a d i rec t  con- 
s e q u e n c e  of  r emova l  of  the  eXisting surface ox ide  films. 
The  dep th  of  the  scra tch (ca. 3 ~m) is far grea ter  than  the  
th i ckness  of  t he  pre-exis t ing  film and its creat ion thus  in- 
vo lves  e x p o s u r e  o f  bare  meta l  surface to the  electrolyte.  
The  w o r k  that  is put  into the  meta l  surface  by the  
m a c h i n i n g  act ion has i tself  been  shown to be  of  re la t ively 
l i t t le c o n s e q u e n c e  on the  rate of  react ion for s imilar  ex- 
pe r imen t s  on si lver (21) and b i smu th  (25) e lect rodes ,  and 
it is r easonab le  to assume the same to be  t rue for the  data  
p re sen ted  here. 

The  ca thodic  b ranch  of  the  bare  surface polar izat ion 
curve  obse rved  at low potent ia ls  (see Fig. 2) is undoub t -  
ed ly  a c o n s e q u e n c e  of  acce lera ted  hydrogen  evo lu t ion  on 
the  scra tch surface,  s ince water  is the  only reduc ib le  spe- 
cies of  any signif icant  concentra t ion.  It  should  be  no ted  
that  Em~ is posi t ive  wi th  respec t  to bo th  the  observed  
s teady-sta te  m i x e d  potent ia l  as well  as the  equ i l i b r ium 
h y d r o g e n  potent ia l  (Eo = -827 mV (NHE) at p H  14 and 1 
a tm H2). I t  is therefore  ev iden t  that  wa te r  is r educed  on 
the  scra tch surface  at an underpo ten t i a l  wi th  respec t  to 
Eo. This  ca thodic  cur ren t  represen ts  the  nons teady-s ta te  
reac t ion  H~O + e- ~ Had~ + OH-  on the  bare meta l  surface. 
In te rp re ta t ion  of  the  k inet ics  of  this react ion are, how- 
ever,  h a m p e r e d  by the  p resence  of  even  t race a m o u n t s  of  
o x y g e n  or  d isso lved  meta l  ions in the  electrolyte.  Because  
of  the  ve ry  h igh  e lec t rode  rotat ion speed  used  for these  
e x p e r i m e n t s  (~o = 100 Hz) t race amoun t s  of  r educ ib le  spe- 
cies p rov ide  de tec tab le  ca thodic  base currents  wh ich  may  
then  be  pe r tu rbed  by the  sc ra tch ing  process.  It  is not  yet  
k n o w n  whe the r  this  wou ld  p rov ide  a s ignif icant  er ror  in 
En,~ a l though  the  fact  that  Eros is a sys temat ic  func t ion  of  
XN~ (see Eq.  [4]) impl ies  that  the  er ror  is small. 

Polarizat ion Curves 
In  a prev ious  paper  (18) descr ib ing  the  behav io r  of  

n ickel  and n icke l /copper  alloys in acid solut ions  it was 
found that  the  bare  meta l  surfaces  reac ted  anodica l ly  at 
potent ia ls  be low those  expec t ed  f rom the  t h e r m o d y n a m i c  
potent ia ls  for n ickel  and for copper ,  equ i l ib ra t ing  wi th  
the i r  oxides.  A l though  anodic  d issolut ion was still 
t h e r m o d y n a m i c a l l y  possible  the  fact that  a t rans ient  was 
obse rved  at all means  that  a film had been  scraped  away 
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Fig. 4. Decay of current density as a function of charge density passed 
in 1.0M KOH at potentials of n: - 6 0 5  mV (NHE), V: - 5 8 0  mV (NHE), 
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and analysis of the  anodic  charge densi t ies  invo lved  
showed  that  the  film exis t ing at potent ials  be low the  
Ni]NiO equ i l ib r ium potent ia l  is of  the order  of  a mon0-  
layer in thickness .  

Fo rma t ion  of  an oxide  mono laye r  at a t h e r m o d y n a m i c  
underpo ten t i a l  wi th  respect  to that  r equ i red  for a bulk  ox- 
ide was not  observed  in the p resen t  resul ts  t aken  at p H  
14. The  value  of  Eros for pure  nickel ,  which  is the  potent ia l  
be low which  anodic  act ivi ty  on the  scra tch is no t  ob- 
served,  (see Table I) is in fact 74 mV more  posi t ive  than  
the  Ni/NiO equ i l ib r ium potent ia l  [ -717 m V  (NHE)] (27), 
and the  data provide  no ev idence  of  underpo ten t i a l  
anodic  activity. The same is t rue of  the  n icke l /copper  al- 
loys (Eq. [4], Table  I), a l though these  mater ia ls  all d isp lay  
an Em~ va lue  well  be low the  equ i l ib r ium potent ia l  for the 
Cu/Cu20 react ion [-356 m V  (NHE)] (27), even  where  the  
mole  fract ion of  Ni, XN~ = 0.3. I t  is, of  course,  poss ible  that  
n ickel  does  possess  such  underpo ten t i a l  anodic  ac t iv i ty  
as shown at p H  0 (18), but  its observa t ion  is m a s k e d  by 
the  accelera ted  ca thodic  react ion on the scratch (see Fig. 
2). Indeed ,  copper  i tself  has been  shown to be  anodica l ly  
act ive  at potent ia ls  wel l  be low -356 mV (NHE) at p H  14 
(22). The fact that  the  ca thodic  react ion is more  s t rongly  
acce lera ted  on scra tched nickel  than on sc ra tched  copper  
surfaces is seen clearly by inspec t ion  of  the  ca thodic  
branches  of  the  bare surface polar izat ion curves  for e i ther  
metal .  Thus,  for example ,  at E = -1000 m V  (NHE), pure  
Ni gives is = 2 A c m  -2 (Fig. 2) whi le  pu re  Cu at the  same 
potent ia l  and p H  gives is = 0.1 A cm -2 (22), both  be ing  ca- 
thodic  values.  

It  is a cur ious  consequence  of  this, that  a l though  copper  
is t he rmodynamica l l y  more  noble  than  nickel  w h e n  equi-  
l ibra ted  with  water  (27) the Em~ values  imply  that  the  
freshly genera ted  nickel  surface is apparent ly,  more  noble  
than  that  of  copper,  and this can be seen to hold t rue  for 
the  alloys as well  (Eq. [4]). It  is not  yet  k n o w n  whe the r  
this order  o f  bare surface reac t iv i ty  would  be  obse rved  in 
the  absence  of  the  bare ~urface ca thodic  curve  or not. All 
the anodic  values  of  is for the  4 meta ls  (see Fig. 2 and Eq. 
[4]) are, however ,  measu red  at a t h e r m o d y n a m i c  
overpoten t ia l  for Ni in equ i l ib r ium with  NiO [or Ni(OH)~]. 

The  anodic  Tafel  slope, aE/a log i~ (see Table  I) is 149 -+ 
4 m V  and is indicat ive  of  the  first e lec t ron t ransfer  step 
be ing  rate de termining.  We can wri te  this for pure  Ni as a 
p H  d e p e n d e n t  or i n d e p e n d e n t  react ion as 

Ni + OH ---> NiOH~d~ + e- [5] 

Ni + H20 ---> NiOH~d~ + H + +e-  [6] 

The  solubi l i ty  of  Ni(II) is negl ig ible  at this p H  and thus  
react ion [5] or [6] mus t  be  fo l lowed by rapid format ion  of  
the  first mono laye r  of  Ni(II) ox ide  (either NiO or 
Ni(OH)2). Usng  react ion 6 we can write  

I fiFE 
i~ = k~ exp  .~--R-~] [7] 

where  k6 is the  potent ia l  i n d e p e n d e n t  rate cons tan t  for re- 
act ion [6] and fl = 0.4, and this  equa t ion  will  hold  only for 
the  init ial  react ion rate at wh ich  no charge  has yet  
flowed. This  can only be t rue  where  the  actual  va lue  of is 
is re la t ively  low. Fo r  h igher  values  of is, s ignif icant  quan-  
ti t ies of  charge  flow in the  per iod requ i red  to measu re  is; 
thus  is is i tself  unde res t ima ted  by vi r tue  of the  g rowing  
film (see below). 

I t  is also poss ible  to inves t iga te  the  cur ren t  dens i ty  
f lowing f rom the  scratch at zero charge  dens i ty  (and 
therefore,  by definition, zero t ime) by ex t rapola t ion  of  
plots of  i(t), and this is cons idered  below. 

Film G r o w t h  a t  L o w  O v e r p o t e n t i a l s  
At low anodic  overpotent ia ls ,  wi th in  the  Tafel  regions  

of  the  bare surface polar izat ion curves  (see Fig. 2) the  log 
i(t)/log t plots for nickel  and the  three  alloys are all 
curved.  The  decay  of  cur ren t  dens i ty  obeys the  l inear  re- 
la t ionship  be tween  i(t) and q(t) demons t r a t ed  in Fig. 4. In 
the  absence  of  d issolut ion these  kinet ics  are best  seen as 

the  lateral  g rowth  of  film over  the  scratch surface wi th  
negl ig ib le  film thickening.  One would  expec t  this to oc- 
cur  dur ing  the  growth  of  the  first mono laye r  of  oxide.  
For  the  process  to fol low the  kinet ics  indica ted  by Fig. 4 
the  ox ida t ion  process  m u s t  be total ly r a n d o m  invo lv ing  
no nuc lea t ion  and growth stages. Thus the  observed  rate 
of  reac t ion  at t ime  t after sc ra tch ing  is s imply  the  cur ren t  
f lowing f rom that  por t ion  of  the  surface not  ye t  cove red  
by  film at that  instant.  We can thus  wri te  for cons tan t  
potent ia l  

i(t) = i(O) | |1 - q(t) I [8] 
q m J  L 

where  i(0) is the  potent ia l  d e p e n d e n t  rate cons tan t  
def ined by i(t) at q(t) = 0 and therefore  at t = 0, and qm is 
the  charge  dens i ty  associa ted  wi th  genera t ion  o f  the  com- 
ple ted  monolayer .  Assuming  react ion [6] to be rate 
control l ing,  we can replace Eq. [7] by 

fiFE '~ 
i(0) = k~ exp  ~ I  [9] 

Equa t ion  [8] is obeyed  by the  data in Fig. 4 for all four  
metals .  The  real bare surface cur ren t  dens i ty  in the  ab- 
sence  of  any film is i(0) and this was obta ined  by ext rapo-  
la t ion o f  plots of  the  type  shown in Fig. 4. Such  a plot  is 
shown  in Fig. 6. The graph is short  in its range of  poten-  
tials owing  to the  relat ively short  range over  wh ich  l inear  
i(t) vs:  q(t) behav ior  is observed.  The  Tafel  s lopes are 
l is ted in Table  I a longside  those  taken  f rom the  is data. 
They  are i n d e p e n d e n t  of  the  meta l  compos i t ion  and have  
a m e a n  va lue  OE/O log i(0) = 93 + 1 inV. F r o m  these  data  it 
is. not  qui te  so obvious  that  react ion [5] or [6] is rate 
cont ro l l ing  a l though Eq. [9] m a y  still be applicable,  wi th  fl 
= 0.64. Never theless ,  the  rate  cons tan t  is p rov ided  as a 
func t ion  of  potent ia l  and its va lue  is high. Fur the rmore ,  
there  is no signif icant  d e p e n d e n c e  of  i(0) on the  Cu con- 
ten t  of  the  material ,  demons t r a t ing  that  it is the  ox ida t ion  
of  Ni wh ich  controls  the  rate of  oxida t ion  of  the  alloys, 
even  where  XNI = 0.3. P resumably ,  the  oxide  m o n o l a y e r  
actual ly  conta ins  oxid ized  Cu since Cu is capable  of  
oxid iz ing  to the  ex ten t  of  a mono laye r  at these  potent ials ,  
(22). As such  react ion [6] is more  accura te ly  wr i t ten  for 
the  alloys as 

(Ni, Cu) + H20 --~ [(Ni, Cu) OH]ads + H § + e- [10] 

t0 
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Fig. 6. Maximum bare surface current density, i(O) (Eq. [9]) as a func- 
tion of potential for scratched nickel and nickel-copper alloys. V: Ni, t :  
Ni-30 Cu, 0 :  Ni-SO Cu, []: Ni-70 Cu. 



V o l .  131 ,  N o .  7 K I N E T I C S  O F  R E P A S S I V A T I O N  1519 

the  p roduc t  of  wh ich  is then  oxid ized  to a mono laye r  con- 
ta ining a m i x e d  NiO/Cu~O lattice. 

A l though  one  cannot  define the  equ i l i b r ium potent ia l  
for mono laye r  format ion,  it is possible  to ex t rapola te  the  
l ines in Fig. 6 to the  potent ia l  for Ni equi l ib ra t ing  wi th  
bu lk  NiO and p roduce  the  e x c h a n g e  cur ren t  dens i ty  to(0) 
for q(t) = O. The  va lue  is i n d e p e n d e n t o f  the  meta l  compo-  
si t ion and provides  for the  four  meta ls  i,,(0) = 0.013 --- 
0.002 A cm -~. 

The  va lues  of  q~,, the  anodic  charge  dens i ty  passed  in 
order  to comple te  the  mono laye r  (but in the  absence  of  
film thickening) ,  can also be  obta ined  f rom Fig. 4. I t  is 
the  va lue  of  q(t) w h e n  i(t)  = 0, (Eq. [8]) and is seen to be  in- 
d e p e n d e n t  of  the  meta l  compos i t ion  bu t  shows  a smal l  in- 
crease  wi th  increas ing potential .  The  data  are shown in 
Fig. 7. Measured  values  of  qm range be tween  - 0.3 and 
0.53 mC cm -2 and there  is l inear  d e p e n d e n c e  u p o n  poten-  
tial. The  lowes t  of  these  va lues  is wha t  migh t  be  expec t ed  
f rom ox ida t ion  of  surface  Ni atoms,  each  by  two  elec- 
trons,  to p roduce  a mono laye r  of  oxide  film, in l ine wi th  
s imilar  m e a s u r e m e n t s  m a d e  on o ther  mater ia ls  (20, 22, 24, 
25, 28-30). I t  is also in l ine wi th  the  Ni(I) m o n o l a y e r  pro- 
posed  for underpo ten t i a l  ox ida t ion  of  Ni in acid solut ions,  
where  the  m e a n  charge  dens i ty  invo lved  is -0 .16  mC 
cm 2 (18). The  mono laye r  in the  present  case can be  envis-  
aged  as a s imple  latt ice of  a l ternate  Ni ~+ and 02- ions of 1 
a tom th ickness  p roduced  by ox ida t ion  of  about  half  the  
or iginal  surface Ni atoms,  in l ine  wi th  p rev ious  w o r k  (24). 
Oxida t ion  of  the  comple te  surface  layer  of  me ta l  a toms  
wou ld  then  p roduce  a mono laye r  of  oxide  of  2 a toms 
th ickness  wi th  the  same structure.  F o r m a t i o n  of  such  a 
m o n o l a y e r  wou ld  involve  evo lu t ion  of  ~0.6 mC cm -2 of  
anodic  charge  dens i ty  and this is close to the  obse rved  
va lues  at the  h ighes t  potent ia l  of  Fig. 7. S u c h  behav io r  is 
not  incons i s ten t  wi th  the  fact that  these  reac t ion  rates are 
all m e a s u r e d  at an overpoten t ia l  for NiO [or Ni/(OH)2] 
format ion.  

The  l ine p resen ted  in Fig. 7 is that  p r o d u c e d  by l inear  
regress ion  of all the  data  for the  four  meta ls  and it is inter-  
est ing to no te  that  ex t rapo la t ion  of  the  l ine to qm = 0 pro- 
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Fig. 7. Maximum bare surface charge density, qm, as a function of po- 
tential for scratched nickel and nickel-copper alleys, V: Ni, <~: Ni-30 
Cu, @: Ni-50 Cu, m: Ni-70 Cu. 

duces  an in te rcep t  of  E = -710  mV (NHE). This  is ex- 
t r emely  close to the  equ i l ib r ium potent ia ls  (Eo) b e t w e e n  
Ni and  NiO or Ni(OH>2 [-717 and -711 m V  (NHE), 
respect ively]  (27) at p H  14, wi th  the  impl ica t ion  that  be- 
low Eo the  meta l  carries no Ni(II) ox ide  at all. I t  is also in- 
dicat ive of  the  fact that  it is the  ox ida t ion  of  Ni i tself  
wh ich  controls  ox ida t ion  of  the  alloys at these  potentials .  
However ,  ex t rapola t ion  of  Fig. 7 is open to ques t ion  since 
the  reasons  for potent ia l  d e p e n d e n c e  of  qm are no t  yet  
known.  

I t  should  be noted  that  i f  film th i cken ing  were  to occur  
at a significant  rate at these  potent ia ls  t hen  the  data  
shown in Fig. 4 wou ld  be expec ted  to show devia t ion  
f rom linearity,  par t icular ly  at the  lower  values  of  i(t). 

Film Growth at  High Overpotent ia ls  

At h igher  anodic  overpotent ia ls  the log i( t) / log t plots 
are l inear  (Fig. 3) for Ni and the  Ni/Cu alloys. The  charge  
densi t ies  invo lved  in the  decay  of  i( t)  are now 
signif icantly h igher  and cer ta inly well  in excess  of  that  
r equ i red  for format ion of  a mono]ayer  of  film (see Fig. 5). 
This  means  that  the  equ iva len t  mono laye r  charge  dens i ty  
has been  exceeded  in a short  t ime  compared  wi th  the  sty- 
lus contac t  t ime, and the  decay  in scratch cur ren t  dens i ty  
is due  to film thickening.  By assuming  that  the  rate of re- 
act ion at t ime  t is control led  by ion migra t ion  unde r  h igh  
electr ic  field th rough  that  th ickness  of  film a l ready re- 
formed,  x( t ) ,  we can wr i te  the  classical  film g rowth  
equa t ion  

i(t) = A exp  [11] 

where  V is the  cons tan t  appl ied  voltage.  I f  all the  anodic  
charge  dens i ty  passed on the  scratch goes towards  film 
growth  then  x( t )  is re la ted to q(t) by 

x ( t ) -  Mq(t )  [12] 
z F p  

where  M is the  molecu la r  we igh t  of  the  film, p is its den-  
sity, and z is the  charge n u m b e r  of  the  meta l  cation. When 
all the  appl ied  potent ia l  d i f ference lies across the  film 
then  V = E -E~ where  Eg is the  potent ia l  at wh ich  the  
field is zero. Thus  

B z F p  (E - E,) 1 
i(t) = A exp ~V/~5 ] [13] 

Equa t ion  [13] in logar i thmic  form is seen to be obeyed  in 
Fig. 5 for repass ivat ion  of  Ni-30Cu and is also obeyed  for 
the  remain ing  mater ia ls  whe re  i(t)  < 3 to 4 A cm 2; the  
equa t ion  is fo l lowed for at least  2 decades  in i( t)  for all 4 
materials .  

The  rate constant ,  A, f rom Eq. [13] was ca lcula ted  f rom 
the  in te rcep t  of  the  log i(t)/q(t) -1 curves  at q(t) = ~, and 
va lues  are l is ted in Table  II. There  is no var ia t ion  of  A 
wi th  e lec t rode  potent ia l  and  no signif icant  var ia t ion  wi th  
alloy composi t ion .  The  m e a n  va lue  is log ( A / A  cm -~) = 
-5 .4  -+ 0.5. Different ia t ion of  Eq.  [13] gives 

a log i(t)  B z F p  (E - Eg) 
- -  - [14] 

a q ( t ) - '  2.3M 

and the  high field gradient  should  therefore  be  l inear ly  
re la ted to the  appl ied  potential .  This  graph is shown for 
the  four  mater ia ls  in Fig. 8. The  data for each  meta l  de- 
scr ibe two regions of film growth,  depend ing  u p o n  po- 
tent ia l  and bo th  regions  can be  fi t ted to Eq.  [14]. Transi-  
t ion f rom the  low potent ia l  region of  Fig. 8 to the  h igh  
potent ia l  region is obse rved  at - +40 m V  (NHE). The  data  
are desc r ibed  by the  gradient  of  Eq.  [14] as 

a [_ a_ _log i(t) ] _ B z F p  [15] 
aE L a q(t) -1 2.3M 

and the  intercept ,  Eg, where  O log i(t)/aq(t) -~ = O. These  pa- 
ramete rs  are l i s ted in Table  II  for the  two regions  of  E < 
40 m V  (NHE) and E > 40 m V  (NHE). 
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Fig. 8. Gradient of high field cur- 
rent decay on scratched nickel and 
nickel-copper alloys in i .0M KOH 
as a function of potential O: Ni, ~1': 
Ni-30 Cu, Ig: Ni-S0 Cu, A: Ni-70 
Cu. 
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V alu es  of  Eg are i n d e p e n d e n t  of  t he  al loy c o m p o s i t i o n .  
T h e  m e a n  v a l u e s  are  Eg = - 6 9 4  m V  (NHE) for E < 40 m V  
(NHE) a n d  E~ = +18 m V  (NHE) f o r E  > 40 m V  (NHE). T h e  
lower  v a l u e  is v e ry  c lose  to t he  e q u i l i b r i u m  po ten t i a l  (Eo) 
b e t w e e n  Ni an d  NiO [or Ni(OH)2] ~(loc. cit.) a n d  to t he  in- 
t e r cep t  o f  Fig. 7; it is c lear  t ha t  t he  g r o w i n g  film is one  of  
t he  Ni(II) o x id e s  f r o m  the  m o m e n t  of  i n c e p t i o n  of  t he  ox- 
ide  on t h e  n e w l y  g e n e r a t e d  m e t a l  su r f ace  a n d  t ha t  i ts  oc- 
c u r r e n c e  is in c o m p l e t e  a cco rd  w i th  e q u i l i b r i u m  t h e r m o -  
d y n a m i c s .  Th i s  m e a n s  t ha t  for  t he  a l loys  c o p p e r  p l ays  no 
s ign i f i can t  t h e r m o d y n a m i c  pa r t  in  t he  reac t ion .  S ince  
e q u i l i b r i u m  b e t w e e n  Cu  a n d  its ox ide s  o c c u r s  at  a 
s ign i f i can t ly  m o r e  nob l e  po t en t i a l  i ts e l e c t r o c h e m i c a l  ac- 

t iv i ty  in t he  a l loys  m u s t  be  e n h a n c e d  to t h a t  o f  n i cke l  
s i m p l y  by  v i r tue  o f  t he  p r e s e n c e  of  Ni. 

T h e  m e a s u r e d  va lue  o f  E~ for t he  h i g h e r  po t e n t i a l  re- 
g ion  [+ 18 m V  (NHE)] can  be  i n t e r p r e t e d  in t e r m s  o f  oxi- 
da t ion  o f  the  n icke l  to one  of  i ts  h i g h e r  ox ides .  A c c o r d i n g  
to P o u r b a i x  (27) th i s  cou ld  be  

3NiO + H~O ~ Ni~O~ + 2H + + 2e- 
w i th  

or 

Eo [mV (NHE)] = 897 - 59.1 p H  

[16] 

[17] 

Eo [mV (NHE)] = 876 - 59.1 p H  [18] 

Table II. Measured parameters for film growth under high electric field (Eq. [11], [13]-[15], [19], [20]) for Ni/Cu alloys in 1.0M KOH 

Potential 0 log i(t)Dq(t) 
Metal (mV, NHE) log (A/A cm -2) C cm -2 

02 log i(t) 

Oq(t)-~aE 
C cm -2 V -I Eg (mV, NHE) 

E < 4 0  E > 4 0  E < 4 0  E > 4 0  
mV(NHE) mV(NHE) mV(NHE) mV(NHE) 

Ni -255 -5.6 
-105 -5.3 

-5  -5.6 
+45 -6.1 
+70 -6.0 
+95 -6.5 

+145 -6.4 
Ni-30 Cu -380 -5,3 

-205 -5.5 
-105 -5.4 

-5  -5.5 
§ -5.5 
+95 -5.4 

+145 -5.5 
+195 -5.9 

Ni-50 Cu -355 -5.2 
-205 -5.3 
-105 -5.4 

-5  -5.7 
+45 -5.7 
+95 -5.3 

+145 -5.4 
+195 -5.5 

Ni-70 Cu -355 -4.1 
-255 -4.0 
-105 -5.2 

-5  -5.2 
§ -5.3 
+95 -5.0 

+145 -5.2 
+195 -5.3 

0.0100 
0.0115 
0.0125 
0.0170 0.021 0.334 -705 +10 
0.0210 
0.0303 
0.0490 
0.0050 
0.0076 
0.0096 
0.0115 
0.0140 0.017 0.243 -690 +20 
0.0175 
0.0286 
0.0454 
0.0050 
0.0060 
0.0084 
0.0098 
0.0110 0.014 0.218 -695 +25 
0.0139 
0.0278 
0.0385 
0.0036 
0.0044 
0.0062 
0.0070 
0.0090 0.011 0.169 -685 +15 
0.0135 
0.0222 
0.0303 
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This  o b s e r v a t i o n  is c o n s i s t e n t  w i t h  p r e v i o u s  w o r k  by  
m o r e  c o n v e n t i o n a l  e l e c t r o c h e m i c a l  e x p e r i m e n t s  as wel l  
as e l l i p s o m e t r i c  m e a s u r e m e n t s  (4), a l t h o u g h  t he  p h a s e  
f o r m e d  at  h i g h e r  po t en t i a l s  m a y  b e  fl-NiOOH (2, 6, 7, 10), 
no t  c o n s i d e r e d  b y  P o u r b a i x .  

T h e  g r a d i e n t  g iven  b y  Eq.  [15] (see Tab le  II) is, now,  a 
f u n c t i o n  of  t he  al loy com pos i t i on .  Fo r  each  mate r ia l ,  i ts  
v a l u e  a t  h i g h e r  p o t e n t i a l s  [E > 18 m V  (NHE)] i s - s o m e  15 
t i m e s  t h a t  a t  l ower  p o t e n t i a l s  [E < 18 m V  (NHE)]. The  
da t a  are  p lo t t ed  in  Fig. 9 as a f u n c t i o n  of  t h e  al loy 
c o m p o s i t i o n .  The  r e l a t i o n s h i p  is a p p r o x i m a t e l y  l i n e a r  in  
tool  f r ac t ion  of  Cu a n d  gives  empi r i ca l ly  

~2 log i(t) 
- -  (C c m  -2 V -~) = 0.021 - 0.015Xc~ [19] 
Oq(t)-~OE 

for  E < 18 m V  (NHE), a n d  

02 l o g  i(t) 
(C c m  -2 V -1) = 0.325 - 0.220Xc, [20] 

gq(t)-'%E 

for  E > 18 m V  (NHE). E q u a t i o n  [19] is q u a n t i t a t i v e l y  com- 
p a r a b l e  w i t h  t h a t  for f i lm g r o w t h  at  low c u r r e n t  dens i t i e s  
on  t h e  s a m e  ma te r i a l s  in  ac id  so lu t ions  (18), Where  

a = log i(t) 
- -  (C cm -2 V -~) = 0.023 - 0.014Xc~ [21] 
Oq(t)-'~E 

T h e  q u a n t i t y  d e s c r i b e d  b y  Eq. [15] a n d  [19]-[21] is a 
p r o p e r t y  of  t he  fi lm only, a n d  b y  Eq. [15] can  b e  u s e d  to 
def ine  B, p r o v i d e d  va lues  for  z, p, a n d  M are  a s s u m e d .  
Fo r  NiO g r o w i n g  on  p u r e  Ni we h a v e  z = 2, p = 6.7 g c m  -~ 
a n d  M = 74.6 g mol-L F r o m  Eq. [19] B = 2.8 x 10 -6 c m  V-L 
I f  t h e  o x i d e  is Ni(OH)2, as d e s c r i b e d  by  o the r s  (1-11) t h e n  
p ~ 3.9 g c m  -3 (31) a n d M  = 92.7 g m o l  -~, w h e n c e B  = 6.1 x 
10 -6 c m  V- ' .  The  v a l u e  of  B can  be  i n t e r p r e t ed ,  as previ -  
ous ly  (18), in  t e r m s  of  t h e  h a l f - w i d t h  (b) of  t h e  e n e r g y  bar-  
r i e r  t o w a r d s  m i g r a t i o n  of  t he  ca t ions  t h r o u g h  t h e  oxide.  
T h u s  

BkT 
b - [22] 

e z  

w h e r e  k is t he  B o l t z m a n n  c o n s t a n t  T t h e  t e m p e r a t u r e ,  e 
t h e  e l ec t ron i c  charge ,  a n d  z t h e  cha rge  n u m b e r .  Fo r  p u r e  
NiO or  Ni(OH)~ g ro w i ng  on  p u r e  Ni  we o b t a i n  b = 0.35 n m  

m 
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Fig. 9. ~/~E [ ~ log i{t)/~q(t) -1] as a function of the mol-fraction of cop- 
per. II1: E < 18 mV (NHE) ,  left-hand ordinate. 0 :  E > 18 mV (NHE) ,  
right-hand ordinate. 

or 0.76 nm,  respec t ive ly ,  a n d  t he  va lues  are  r e a s o n a b l e  in  
t e r m s  of  a p p r o x i m a t e  la t t ice  spac ings .  Va r i a t i on  of  B w i t h  
c o p p e r  c o n t e n t  of  t he  al loy can  t h e n  b e  i n t e r p r e t e d  in  
t e r m s  of  c h a n g e s  in  t he  p a r a m e t e r s  a s soc i a t ed  w i t h  ion  
m i g r a t i o n  in  t he  film. I n s p e c t i o n  of  Eq.  [15] a n d  [22] 
s h o w s  t h a t  s u c h  va r i a t i on  ( s h o w n  in  Fig. 9) occu r s  in  t h e  
p a r a m e t e r  bz2p/M as t he  fi lm c o m p o s i t i o n ,  a n d  p e r h a p s  
s t ruc tu re ,  c h a n g e  w i th  t h e  i n c o r p o r a t i o n  of  Cu ca t ions ,  ei- 
t h e r  as  Cu + or as Cu ~+. While  i t  is no t  pos s ib l e  to  deter -  
m i n e  w h i c h  of  t h e  fi lm c o n s t a n t s  i n d i v i d u a l l y  are  c h a n g -  
ing, i t  is c lear  t h a t  t he  g r o w i n g  film is b a s e d  on  t he  n i cke l  
ox ide  lat t ice,  a n d  no t  c o p p e r  oxide ,  b o t h  in  t e r m s  of  t h e  
t h e r m o d y n a m i c  as wel l  as t h e  k ine t i c  p a r a m e t e r s .  I t  is 
also c lear  t h a t  t he re  are no  a b r u p t  c h a n g e s  in  t h e s e  p rop-  
e r t ies  w i t h  c o p p e r  con ten t ,  a t  l eas t  u p  to 70% Cu in  t he  al- 
loy (and  t he r e fo re  in  t he  fi lm as well); t h e  ox id i zed  cop-  
pe r  m u s t  t h u s  fo rm a u n i f o r m  h o m o g e n e o u s  sol id  
so lu t i on  in  the  n i cke l  o x i d e  lat t ice.  The  s a m e  d e d u c t i o n  
can  b e  m a d e  for pas s ive  f i lms g r o w n  on t h e s e  ma te r i a l s  
in  ac id  so lu t ions  (18). 

The  f i lm g r o w t h  p a r a m e t e r s  u n d e r  c o n d i t i o n s  of  h i g h  
app l i ed  p o t e n t i a l  [E > - 1 8  m V  (NHE)] are m o r e  diff icul t  
to  exp la in .  The  v a l u e  of  A is t h e  s a m e  as t h a t  for l ower  po- 
t en t i a l s  b u t  t he  v a l u e  of  B for  p u r e  Ni  as d e t e r m i n e d  f r o m  
Eq.  [15] a n d  [20] (see Fig. 9) are  c o n s i d e r a b l y  larger ,  no  
m a t t e r  w h i c h  s t o i c h i o m e t r y  one  ass igns  the  oxide.  Thus ,  
for  Ni304, w h i c h  we n o w  wr i t e  as NiOL3, p = 3.6 g c m  -3, M 
= 79.5 g tool  -~ (of  NiO,.3) a n d  z ha s  a m e a n  v a l u e  of  2.7. 
Th i s  g ives  B = 6.5 • 10 -2 c m  V - '  a n d  b = 6.2 rim. T h e  lat- 
t e r  va lue  is too  large  to b e a s s o c i a t e d  w i t h  a s i m p l e  e n e r g y  
ba r r i e r  in  t he  oxide.  I t  is pos s ib l e  t h a t  th i s  fi lm is d u p l e x  
or e v e n  m u l t i p l e x  in n a t u r e  w i t h  a m o r e  c o m p l e x  field 
d i s t r i b u t i o n  t h r o u g h  its t h i c k n e s s .  Neve r the l e s s ,  t he  ef- 
fects  of  c o p p e r  on  t he  p roce s s  are exac t ly  a n a l o g o u s  to 
t h o s e  effects  o b s e r v e d  w i t h  t he  lower  p o t e n t i a l  film, as is 
s een  in  Fig. 9. In  b o t h  r eg ions  of  p o t e n t i a l  t h e  n u c l e a t i o n  
a n d  g r o w t h  of  t he  p a s s i v a t i n g  film is c o n t r o l l e d  b y  n i cke l  
oxide;  on ly  t he  field s t r e n g t h  across  t h e  f i lms is modi -  
fied b y  t he  p r e s e n c e  of  copper ,  a n d  th i s  is t r ue  for a l loys  
of  c o m p o s i t i o  n 0.3 -< XN~ --< 1. 

T h e  p a r a m e t e r s  d e s c r i b e d  a b o v e  for  fi lm g r o w t h  u n d e r  
h i g h  e lect r ic  field (A, B, a n d  Eo) for  E < 18 m V  (NHE) are 
ful ly  c o n s i s t e n t  w i t h  t h o s e  d e s c r i b i n g  r e p a s s i v a t i o n  of  
t h e s e  ma te r i a l s  in  ac id  so lu t ion  (18). The  ear ly  k ine t i c  re- 
g ion  in  ac id  so lu t ions ,  w h i c h  is d e s c r i b e d  b y  a h i g h  v a l u e  
o f  A (18), was  not ,  howeve r ,  o b s e r v e d  at  p H  14. 

C o n c l u s i o n s  

1. T h e  in i t ia l  s tep  in t h e  r e p a s s i v a t i o n  of  a f r e sh ly  gener -  
a t ed  n i cke l  su r face  in a lka l ine  so lu t ion  is t he  f o r m a t i o n  of  
a m o n o l a y e r  of  NiO or  Ni(OH)2. The  r eac t i on  o c c u r s  w i t h  
a n  a p p a r e n t  ba r e  sur face  e x c h a n g e  c u r r e n t  d e n s i t y  of  13 
m A  c m  -2 a n d  an  a n o d i c  Tafel  s lope  of  93 mV.  T h e  m e c h a -  
n i s m  of  f o r m a t i o n  of  th i s  m o n o l a y e r  does  no t  i n v o l v e  sep- 
a ra te  n u c l e a t i o n  a n d  la tera l  g r o w t h  s t eps  b u t  cons i s t s  of  
r a n d o m  o x i d a t i o n  of  e x p o s e d  m e t a l  a toms .  No e v i d e n c e  
ha s  b e e n  f o u n d  for  n icke l  r eac t i ng  anod ica l l y  at  p o t e n t i a l s  
b e l o w  the  Ni/Ni (II) e q u i l i b r i u m  p o t e n t i a l  a l t h o u g h  th i s  
h a s  b e e n  o b s e r v e d  for  r e p a s s i v a t i o n  in  ac id  so lu t ions .  T h e  
m e a s u r e d  a n o d i c  c h a r g e  r e q u i r e d  to c o m p l e t e  t h e  m o n o -  
l ayer  is a f u n c t i o n  of  t he  a p p l i e d  po ten t ia l .  

2. The  in i t ia l  s tep  in  t he  r e p a s s i v a t i o n  of  f r e sh ly  gener -  
a t ed  su r faces  of  n i cke l ] coppe r  al loys c o n t a i n i n g  up  to 70% 
Cu is q u a n t i t a t i v e l y  s imi la r  to t h a t  d e s c r i b e d  a b o v e  for  
p u r e  n ickel .  No effects  of  copper ,  e i t he r  t h e r m o d y n a m i c  
or  k ine t ic ,  c an  b e  o b s e r v e d  on  t h e  g r o w t h  o f  t h e  first  
m o n o l a y e r  of  oxide.  

3. T h i c k e n i n g  of  t he  Ni(II) ox ide  pas s ive  f i lm on  n i cke l  
in  a lka l ine  so lu t ion  (pH 14) b e y o n d  t he  first  m o n o l a y e r  
c o v e r a g e  o b e y s  t he  e q u a t i o n  re l a t ing  t he  ra te  of  r e a c t i o n  
to t h e  h i g h  e lect r ic  field ac ross  t he  f i lm (Eq. [13]). Fo r  
p o t e n t i a l s  be low + 18 m V  (NHE) th i s  occu r s  w i t h  A = 4 x 
10 -6 A c m  2, B = 6 • 10 -6 c m  V- ' ,  a n d  Eo = - 6 9 4  m V  
(NHE). F o r  po t en t i a l s  a b o v e  +18 m V  (NHE) t h e  f i lm is 
ox id i zed  to a h i g h e r  ox ide  a n d  g r o w t h  of  t he  f i lm o c c u r s  
w i t h  t he  s a m e  v a l u e  of  A, b u t  w i t h  B = 6.5 • 10 -5 c m  V -~ 
a n d  Eo = +18 m V  (NHE). 
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4. Oxide film thickening during repassivation of 
nickel/copper alloys containing up to 70% Cu obeys Eq. 
[13] wi thA and Eo values similar to those described for Ni. 
The high field gradient (and therefore the B value) how- 
ever, decreases with increase in the copper content of the 
alloy for both film growth regions (E < and > +18 mV 
(NHE)). 
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ABSTRACT 

Nickel was electrodeposited on copper substrates from sulfamate-sulfite, sulfamate, chloride, and chloride-sulfate 
electrolytes. The crystalline orientation was determined by x-ray diffraction, the magnetic orientation by Mossbauer 
spectroscopy of Co-57-doped deposit.s., and the stress by electrode deflection. The stress level was correlated with the 
relative intensity of the lines in the Mossbauer emission pattern in the case of deposits with a (100) preferred orientation. 

The stress developed in nickel electrodeposits has been 
of interest for many years because of concern that inter- 
nal stress may reduce corrosion resistance and also may 
lead to deformation of the substrate when the substrate is 
thin. The goal of the studies reported herein was an ex- 
ploration of techniques based on Mossbauer spectroscopy 
that might be utilized for qualitative or quantitative mea- 
surements of the stress level in nickel electrodeposits. 
This goal has not yet been totally achieved but partial 
success has been obtained in the case of deposits with a 
(100) preferred orientation. 

We report in this and the following paper the results of 
studies of nickel electrodeposits utilizing x-ray diffrac- 
tion, Mossbauer emission spectroscopy of deposits doped 
* Electrochemical Society Active Member. 

with Co-57, and positron annihilation spectroscopy. For 
convenience in presenting the results, the first paper 
deals with the measurements related to stress in the de- 
posits and the second paper deals with measurements  re- 
lated to structural imperfections. 

Experimental 
The test samples were prepared by electrodeposition of 

nickel on copper substrates from four different plating so- 
lutions: sulfamate-sulfite, sulfamate, chloride-sulfate, 
and chloride. The copper substrates were 0.2 mm thick 
and were surfaced prior to electroplating by abrasion 
with pumice, etching in dilute HNO3, and washing in dis- 
tilled water. The experimental  conditions for the forma- 
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Table I. Composition of the plating solutions and deposition conditions 

Electro- 
lyte 

Sample Composition concen- Current 
identifi- of plating tration density Temp. 
cation baths (g/l) (A(dm 3) pH (~ 

1 Sulfamate-sulfite 2.75 4.0 50 
Ni sulfamate 330 
H3BO3 30 
Na lauryl sulfate 1 
Na~SO3 0.2 

2 Sulfamate 2.75 4.0 50 
Ni sulfamate 330 
H~BO3 30 
Na lauryl sulfate 1 

3 Chloride-sulfate 5.0 5.6 45 
NiSO4 �9 7H20 170 
NiCI~ - 6H~O 35 
H3BO3 35 
Na2SO4 �9 10H20 70 

4 Chloride 5.0 2.0 60 
NiC12 - 6H20 300 
H3BO~ 30 

5 Chloride 5.0 2.0 60 
NiC12 - 6H20 300 
HaBO3 30 
Na lauryl sulfate 0.5 

6 Chloride 10.0 2.0 60 
NiC12 �9 6H~O 300 
H3BO3 30 

7 Chloride 10.0 2.0 60 
NiC12 - 6H20 300 
H3BO3 30 
Na lauryl sulfate 0.5 

8 Chloride 15.0 2.0 60 
NiCI2 - 6H20 300 
H3BO3 30 

va lues  are c i ted  for depos i t s  p r ep a red  u n d e r  all e igh t  con- 
d i t ions  in Table  II. I t  will be  no ted  tha t  our  m e a s u r e d  
values  are  lower  t h a n  t h o s e  t aken  f rom the  l i terature.  

X-ray  di f fract ion measuremen t s . - -The  resu l t s  of the  
x-ray d i f f rac t ion  m e a s u r e m e n t s  are g iven in Table  III. 
Data are also given for rol led nickel  and  the  va lues  for 
p o w d e r e d  n ickel  f rom the  A S T M  s t anda rd  card  file are 
g iven at the  end  of  the  table.  

The depos i t  f rom the  su l fa te-chlor ide  ba th  exh ib i t ed  
very  s t rong  (100) p re fe r r ed  or ien ta t ion  as has b e e n  re- 
po r t ed  prev ious ly  (5, 6). S a m p l e s  1 and  2 e x h i b i t e d  a weak  
(100) p re fe r r r ed  or ien ta t ion  and  samples  4-8 e x h i b i t e d  a 
weak  (110) p re fe r red  or ientat ion.  

The x-ray di f f ract ion charac te r i s t ics  of  p la t ing  ba th  3 
were  also s tud ied  as a func t ion  of  t e m p e r a t u r e  over  the  
range  of  20~176 The s t rong  (100) p re fe r r ed  or ien ta t ion  
was  m a i n t a i n e d  over  t he  t e m p e r a t u r e  range,  30~176 

The rma l  t r e a t m e n t  of  s ample  3 at 500 ~ for l h  in an argon 
a t m o s p h e r e  did no t  change  the  crysta l l ine  or ienta t ion,  
and  the  sample  ma in t a ined  the  s t rong  (100) p re fe r r ed  
or ienta t ion.  

Mossbauer spectroscopic measurements.--M~Jssbauer 
data  for 13 n ickel  depos i t s  d o p e d  wi th  57Co are s u m m a -  
r ized in Table IV. The i somer  shift,  the  q u a d r u p o l e  split- 
t ing, and  the  effect ive magne t i c  field va lues  are t hose  
charac te r i s t ic  for ~7Co a tomical ly  d i spe r sed  in nickel .  The  
only p a r a m e t e r  tha t  exh ib i t ed  s ignif icant  d i f fe rences  for 
depos i t s  f o rmed  u n d e r  d i f fe ren t  e x p e r i m e n t a l  cond i t ions  
was  the  relat ive l ine in tens i t ies ,  g iven  as R in the  table.  
This  p a r a m e t e r  is d e t e r m i n e d  by  the  mag n e t i c  o r ien ta t ion  

t ion of  the  depos i t s  are s u m m a r i z e d  in Table I. Depos i t s  
f rom the  chor ide-su l fa te  ba th  were  p r e p a r e d  over  a tem-  
pe ra tu re  range  of  20~176 The surface  act ive agent ,  so- 
d i u m  lauryl  sulfate,  was  a d d e d  in th ree  cases  to min imize  
pi t t ing.  The  depos i t  t h i c k n e s s  was  250 ~m in the  case of 
the  pane l s  ut i l ized for t he  x-ray d i f f rac t ion  s tud ies  and  
was  30 ~m in the  case of  the  pane ls  ut i l ized in t he  
M o s s b a u e r  s tudies .  In  the  la t ter  case, a smal l  a m o u n t  of  
Co-57 in the  fo rm of  the  ch lor ide  was  a d d e d  to t he  p la t ing  
ba th  in o rde r  to yield an e l ec t rodepos i t  tha t  was  d o p e d  
wi th  Co-57. The  s t ress  in t he  depos i t  was  m e a s u r e d  in 
four  cases  us ing  the  def lec t ion  of  t he  ca thode  as devel-  
oped  by  Hoar  and  A r r o w s m l t h  (1). One  s ide  of  t he  cath-  
ode  was  coa ted  wi th  a c o m m e r c i a l  e p o x y - p o l y a m i d e  coat- 
ing  k n o w n  as " A b d e c k "  so as to l imit  t he  e l ec t rodepos i t  
to one  s ide  of  the  ca thode .  It is no t  felt  tha t  s t r e s ses  due  to 
wa te r  up t ake  by  the  coat ing  were  s ignif icant  s ince  the  
s t ress  m e a s u r e m e n t  was  m a d e  wi th in  10 min  of  immer -  
s ion in t h e  p la t ing  bath.  

X-ray di f f ract ion da ta  were  a c c u m u l a t e d  us ing  a 
DRON-3 d i f f r ac tomete r  and  the  I~  rad ia t ion  of  mo l y b d e -  
num.  The  emis s ion  M o s s b a u e r  spec t ra  were  o b t a i n ed  
us ing  a s p e c t r o m e t e r  m a n u f a c t u r e d  by  Range r  Elec t ron-  
ics. The abso rbe r  was  K4Fe(CN)6-3H~O, and  all chemica l  
shi f ts  are g iven relat ive to th is  s tandard .  The spec t r a  were  
f i t ted by  Loren tz i an  func t ions .  

Results 

Stress measuremen t s . - -The  m e a s u r e d  va lues  of  the  
s t ress  are t abu la t ed  for four  e l ec t rodepos i t s  and  l i te ra ture  

Table II. Residual stresses in nickel electrodeposits 

Residual stress (N/mm 2) 

Results taken from 
Sample Our results the literature Reference 

1 -130 (2) 
2 15 17.5 (2) 
3 170 260 (3) 
4 410 (4) 
5 410 (4) 
6 260 490 (4) 
7 280 490 (4) 
8 58O (4) 

Table Ill. X-ray diffraction data 

Reflection Lattice 
(Miller parameter 

Sample indexes) Ire1 Orientation a (rim) 

la (111) 100 Weak (100) 0.3512 
(2OO) 94 
(220) 1 

lb (111) 100 Weak (100) 0.3511 
(2OO) 9O 
(220) 0.8 

2a (111) 100 Weak (100) 0.3507 
(200) 74 
(220) 2 

2b (111) 100 Weak (100) 0.3506 
(200) 77 
(220) 1.5 

3a (111) 2.1 Strong (100) 0.3524 
(2OO) 100 
(220) O.2 

3b (111) 2.4 Strong (100) 0.3518 
(200) 100 
(220) 0.2 

4a (111) 100 Weak (110) 0.3513 
(200) 39 
(220) 44 

4b (111) 100 Weak (110) 0.3515 
(2OO) 35 
(220) 41 

5 (111) 100 Weak (110) 0.3514 
(2OO) 40 
(220) 40 

6 (111) 100 Weak (110) 0.3526 
(2OO) 4O 
(220) 42 

7 (111) 100 Weak (110) 0.3513 
(200) 37 
(220 34 

8a (111) 100 Weak (110) 0.3517 
(200) 39 
(220) 42 

8b (111) 100 Weak (110) 0.3518 
(2OO) 4O 
(220) 37 

Rolled (111) 100 
(200) 99 

Nickel (220) 24 
ASTM (111) 100 

Standard 
Powdered (200) 42 

Nickel (220) 21 

a and b refer to parallel measurements of different samples depos- 
ited from the same solution. 
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Table IV. MSssbauer parameters of the 57Co-doped Ni-electrodeposits 

Sample 

Quadrupole Effective Half-width at 
Isomer shift splitting magnetic field the half-maximum R 
8" (mms -~) AEQ (mms -~) H~& (Tesla) F (mms -1) 

A~ + Aa** 

A2 + A s  3/R 

la -0.042 -0.003 26.50 0.320 
lb -0.033 -0.003 26.73 0.326 
2a -0.038 -0:003 26.84 0.300 
2b -0.037 -0.002 26.58 0.300 
2c -0.040 +0.001 26.68 0.306 
3a -0.042 -0.005 27.00 0.320 
3b -0.041 -0.007 26.71 0.323 
4 -0.039 +0.013 27.50 0.295 
5 -0.046 +0.016 26.55 0.296 
7 -0.045 +0.010 26.05 0.288 
8a -0.044 +0.010 26.81 0.318 
8b -0.035 -0.001 26.68 0.307 
8c -0.042 +0.011 26.67 0.319 

3.31"** 
3.00 
2.33 
2.02 
2.10 
7.50 
7.35 
4.06 
2.76 
2.86 
3.73 
3.64 
3.67 

0.90 
1.00 
1.28 
1.48 
1.43 
0.40 
0.41 
0.74 
1.09 

1.05 
0.80 
0.82 
0.82 

* Relative to K4 Fe(CN)6.3H20 absorbent. 
** A~ is the area of the ith line. 

*** An aging for three months at room temperature did not change the results. 
(a, b, and c Stand for the parallel electrodepositions.) 

of  t he  doma ins  in the  nickel  e lec t rodepos i t ,  and  it is af- 
fec ted  by  the  crystal l ine or ien ta t ion  and  by the  in te rna l  
s t ress  (7, 8). Represen ta t ive  Spectra are s h o w n  in Fig. 1. 
The ratio of  l ines  3 to 1 shou ld  be una f f ec t ed  by  ch an g es  
in Orientation, and  the  spec t ra  s h o w n  in Fig. 1 do i n d e e d  
ind ica te  tha t  this  ratio is a cons tant .  

Discussion 
Previous ly ,  it has  b e e n  p red i c t ed  (9) tha t  the  s t ress  level 

in n icke l  e l ec t rodepos i t s  Can be d e t e r m i n e d  f rom 
M o s s b a u e r  emis s ion  spec t ra  p rov ided  tha t  t he  o r ien ta t ion  
of  t he  depos i t  is (100). The r eason ing  b e h i n d  th is  conclu-  
s ion will  be  br ief ly s tated,  bu t  t he  or iginal  pub l i ca t ion  
shou ld  be  consu l t ed  for a m o r e  de ta i led  s u m m a r y .  

~,,j,-,=~..-, . .  
�9 . ,  . -  

../.,:/.,.......:/........'...,. 

U ~ 2 

R = 3 . 3  ' " ": N ~ 1 

"'~:':""',":":"".".:.'.'.. ..;".'~".'... ....""''::.'... ,:..,.::v:.: :-:''~'."'.,".......'z:'.:'~"... .y:::'~"'>'."~"':"""':" 
,... ,... . 

R = 3 . 7  ' ' .  N ~  

!"..".'-..-'.2"-'"..,...'-... .....'.'.'.:"......:..:'".;"":. ......~.... .-.-...:-.:..:--v.'...:.j'".-..:.'-'.. ..:'?:,.'::':":'~"::'."""'', 
�9 . . 

R = 7 . 5  N O- 3 

- 6  - 4  - 2  0 2 /-, 6 
v (rn m/s) 

Fig. 1. Representative M~ssbauer emission spectra from nickel elec- 
trodeposits doped with Co-57. 

The easy  d i rec t ions  of  magne t i za t ion  in a mag n e t i c  ma- 
terial  are d e t e r m i n e d  by  the  magne toc rys t a l l i ne  anisot-  
ropy  and  the  mechan ica l  s t ress  b r o u g h t  abou t  by 
magne tos t r i c t ion .  These  easy d i rec t ions  are the  poss ib le  
d i rec t ions  for d o ma i n  magnet iza t ion .  The relat ive abun-  
dance  of  the  var ious  easy d i rec t ions  is d e t e r m i n e d  by  the  
r e q u i r e m e n t  tha t  the  magne tos t a t i c  ene rgy  shou ld  be a 
m i n i m u m .  The d o m a i n  s t ructure ,  and especia l ly  the  do- 
main  sizes, are re la ted  to the  necess i ty  for the  p r e s e n c e  of  
d o m a i n  walls w h e r e  spins  out  of  the  easy d i rec t ion  exist .  
In  a magne t i c  metal ,  all t he se  effects  are coup led  and  the  
d o ma i n  pa t t e rn  is d e t e r m i n e d  by  a local m i n i m u m  of  the  
s u m  of  the  magne tocrys ta l l ine ,  magne toe las t i e ,  elastic,  
magne tos ta t i c ,  and  d o m a i n  wall  energies .  

The mag n e t i c  or ien ta t ion  of  t h e  s ample  relat ive to t he  
spat ial  or ien ta t ion  of  t he  s amp l e  can be  d e t e r m i n e d  by  
m e a s u r e m e n t  of the  relat ive areas  of  the  first and  s ix th  
l ines  in the  M()ssbauer emiss ion  pa t t e rn  to the  s e c o n d  and  
fifth l ines  

A, + A~ 3/4 (1 + cos 2 0) 
R - - -  - [1] 

A2 + As sin 2 0 

w h e r e  A~ is the  area of  the  i th l ine of  the  M o s s b a u e r  spec-  
t r u m  and  0 is the  angle  b e t w e e n  the  d i rec t ions  of  the  
p ropaga t i on  of the  g a m m a  rays and  the  magne t i za t ion  
(10). 

I t  was  sugges t ed  tha t  s t ress  in the  e l ec t rodepos i t  
ch an g es  the  easy d i rec t ion  of  magne t i za t ion  f rom the  nor- 
mal  ( l i d  d i rec t ion  to the  (110) d i rec t ion  in t h o s e  cases  
w h e r e  t he  (100) p lane  lies paral lel  to the  meta l  surface.  
The m a g n i t u d e  of  the  s t ress  is a s s u m e d  to d e t e r m i n e  the  
f rac t ion of  the  d o ma i n s  w h i c h  have  a (110) d i rec t ion  of  
magne t iza t ion .  The f rac t ion s h o w s  up  in the  ratio of  the  
l ine in tens i t i es  as g iven in the  above  equat ion .  

The p r ed i c t ed  re la t ionsh ip  (9) b e t w e e n  the  value  of  3/R 
and  the  s t ress  level in n ickel  e l ec t rodepos i t s  wi th  a (100) 
p re fe r r ed  or ien ta t ion  is g iven in Fig. 2. E x p e r i m e n t a l  
po in t s  d e t e r m i n e d  in this  s tudy  for s amples  1-3, t he  only  
ones  of  the  set  wi th  a (100) p re fe r red  or ienta t ion,  are also 
i n c l u d ed  in the  figure�9 The po in t  for  s ample  2, in w h i c h  
the  s t ress  level  was  low, falls on the  theore t ica l  curve,  
w h e r e a s  t h e  po in t s  for s amp l e s  1 a n d  3 are  ser ious ly  off  
the  curve.  The zero s t ress  level  value is an a s s u m e d  value 
t aken  f rom the  sample  h ea t ed  at 500~ in argon.  

A s t rong  (100) or ien ta t ion  is ma in t a ined  over  the  
t e m p e r a t u r e  range  of 30~176 in the  case of  t he  pane ls  
p la ted  f rom the  su l fa te -chlor ide  bath.  M o s s b a u e r  
m e a s u r e m e n t s  on s imilar  s amples  ind ica ted  tha t  the  3/R 
values  i nc reased  a p p r o x i m a t e l y  20% for each  10~ in- 
c rease  in ba th  t empera tu re .  Data g iven by Bru g g e r  (11) 
and  Croly (12), as s u m m a r i z e d  by Saf ranek  (4), ind ica te  
tha t  the  s t ress  level in dePos i t s  f rom the  su l fa te -chlor ide  
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Fig. 2. Comparison between the theoretical curve developed in Ref. 
(9) and the experimental values for electrodeposits with a (100) pre- 
ferred orientation. The point at 130 N/mm ~ represents the literature 
value for a sample with compressive stress. 

bath decreases over the temperature range of interest, 
namely, 30~176 Thus, these data also support the 
prediction that deposits with a (100) preferred orientation 
exhibit a Mossbauer hyperfine split pattern whose char- 
acter is related to the stress level in the deposit. 

One other piece of information supports in a qualitative 
way the relationship between 3/R and the stress level in 
(100) oriented nickel electrodeposits. Sample 3 was 
heated at 500~ in an argon atmosphere for 6h and the 3/R 
value was determined after slowly cooling the sample to 
room temperature. The 3/R value increased from its origi- 
nal value of 0.4 to approximately 2, a value characteristic 
of a very low stress level in the deposit. Concurrently 
with the change in relative intensity of the lines in the 
hyperfine split spectrum, the measured effective mag- 
netic field increased to 29.2T from its original value of 
26.8. The probable explanation for this increase in the ef- 
fective magnetic field is the aggregation of cobalt atoms 
within the nickel matrix. 

The measurement  of stress, or changes .in stress level 
on thermal treatment by the emission Mossbauer tech- 
nique, is not practical for routine commercial applications 
because of the necessity to use the radioactive isotope 
57Co. However, the method may have application in labo- 
ratory studies or in the development of a process. Also, 
presently the method appears applicable only to deposits 
with a (100) preferred orientation. This limitation does not 
seem to be unduly restrictive since deposits made from 
the sulfate-chloride bath under  common conditions of 
current density and temperature in the absence of organic 
addition agents ordinarily exhibit a strong (100) preferred 
orientation. 

It does appear that there is a .relationship between the 
ratio of lines 1 and 2 in the Mossbauer spectra and the 
stress for nickel deposits with a (100) preferred orienta- 
tion. The chief difficulty is that the line ratio is much less 
sensitive to stress than the theoretical conclusions in Ref. 
(9) suggest. Refinements in the theoretical t reatment are 
warranted. 

Manuscript submitted May 13, 1983; revised manuscript  
received Feb. 10, 1984. 
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A B S T R A C T  

P o s i t r o n  l i fe t ime  m e a s u r e m e n t s  were  m a d e  on  n i cke l  e l ec t rodepos i t s .  The  s h a p e s  of  t he  l i f e t ime  spec t r a  d e p e n d e d  
on  t he  c o n d i t i o n s  of  t he  e l ec t rodepos i t ion .  T he  de fec t  s t r u c t u r e  of the  c rys ta l  la t t ice  of t he  e l e c t r o d e p o s i t s  was  ana lyzed  
on  t h e  bas i s  of  t h e  p a r a m e t e r s  of t he  p o s i t r o n  a n n i h i l a t i o n  m e a s u r e m e n t s .  The  effect  of h e a t - t r e a t m e n t  on  t he  l i fe t ime  
s p e c t r a  was  s t ud i ed  a n d  t he  h y d r o g e n  c o n c e n t r a t i o n  in t h e  e l e c t r o d e p o s i t e d  n icke l  was  e s t ima ted .  

P o s i t r o n  a n n i h i l a t i o n  m e a s u r e m e n t s  h a v e  p r o v e n  ve ry  
use fu l  in  s tud ies  of  t he  de fec t  s t r u c t u r e  in  meta ls .  S u c h  
m e a s u r e m e n t s  are  m a d e  by  i n j ec t i ng  p o s i t r o n s  g e n e r a t e d  
d u r i n g  t he  r ad ioac t ive  t r a n s i t i o n  in 2~Na. T he  p o s i t r o n s  
are  t h e r m a l i z e d  on  a t i m e  scale  w h i c h  is s h o r t  c o m p a r e d  
to t h e i r  l i fe t imes.  T he  a n n i h i l a t i o n  ra te  of  a pos i t ron-  
e l ec t ron  pa i r  is a f u n c t i o n  of  t h e  e l ec t ron  dens i t y  s a m p l e d  
b y  t he  p o s i t r o n s  at  t he  t i m e  of ann ih i l a t ion .  In  c o n d e n s e d  
media ,  m o s t  of t he  pos i t r ons  a n n i h i l a t e  w i t h  an  e l ec t ron  
in to  two  g a m m a  quan ta ,  e a c h  w i t h  a n  e n e r g y  of 511 keV, 
in  t he  c e n t e r  of t h e  mass  f r ame  of  t he  a n n i h i l a t i n g  
p o s i t r o n - e l e c t r o n  pair.  T he  m o m e n t u m  of  t h e  p o s i t r o n  
af te r  t h e r m a l i z a t i o n  can  be  neg l ec t ed  in first  o rde r  a n d  
t he  e l ec t ron  m o m e n t u m  is a s s u m e d  by  t h e  g a m m a  
quan ta .  Th i s  fact  r e su l t s  in  dev i a t i ons  f rom t he  180 ~ angu-  
lar  d i f f e rence  b e t w e e n  t he  two g a m m a  q u a n t a  as wel l  as 
in  a D o p p l e r  b r o a d e n i n g  of  t he  511. keV  a n n i h i l a t i o n  radi-  
a t ion  in t h e  l a b o r a t o r y  f r amework .  The  t h r e e  m a j o r  pa- 
r a m e t e r s  t h a t  ar ise  f rom p o s i t r o n  a n n i h i l a t i o n  exper i -  
m e n t s  in  me ta l s  are: pos i t r on  l i fe t ime,  ang le  b e t w e e n  t he  
two g a m m a  q u a n t a  fo rmed ,  a n d  t he  D o p p l e r  b r o a d e n i n g  
of  t he  g a m m a  quan ta .  M e a s u r e m e n t s  in  th i s  r e p o r t  are  
l im i t ed  to pos i t r on  l i fe t imes.  

P o s i t r o n s  m a y  be  t r a p p e d  in  vacanc ies ,  d i s loca t ions ,  va- 
c a n c y  c lus ters ,  voids,  a n d  in a l m o s t  any  t ype  of  s t r u c t u r a l  
d i sorder .  T h e  a n n i h i l a t i o n  of  p o s i t r o n s  in  a t r a p p i n g  s i te  
r e su l t s  in  a l onge r  l i fe t ime  a n d  in  a n a r r o w e r  a n g u l a r  or 
e n e r g y  d i s t r i b u t i o n  of  a n n i h i l a t i o n  g a m m a  q u a n t a  t h a n  
va lues  m e a s u r e d  for u n t r a p p e d  pos i t rons .  A n n i h i l a t i o n  of  
p o s i t r o n s  in  a specif ic  t y p e  of  t r a p p i n g  si te  r e su l t s  in  
specif ic  p a r a m e t e r s  for  t he  a n n i h i l a t i o n  process .  Conse-  
quen t ly ,  t he  p o s i t r o n  l i f e t ime  s pec t r a  c o n t a i n  i n f o r m a t i o n  
a b o u t  t he  s h a p e  a n d  c o n c e n t r a t i o n  of the  defec t s  in  crys- 
ta l l ine  ma te r i a l s  (1). 

The  da ta  g e n e r a t e d  in t h e  pos i t r on  l i fe t ime  m e a s u r e -  
m e n t s  yie ld  a p lo t  of p o s i t r o n  l i fe t ime vs. n u m b e r  of  
e v e n t s  a s soc ia t ed  w i th  t h a t  l i fe t ime.  T he  s p e c t r u m  was  
ana lyzed  to o b t a i n  t he  fo l lowing  i n f o r m a t i on :  ave r age  life- 
t i m e  (~, l i f e t ime  of  m a j o r  c o m p o n e n t s  o f - spec t rum (r, a n d  
T2), a n d  the i r  i n t ens i t y  (Ii). 

The  m e a s u r e m e n t s  r e p o r t e d  h e r e i n  r e p r e s e n t  p o s i t r o n  
l i f e t ime  m e a s u r e m e n t s  on  t he  n icke l  e l e c t r o d e p o s i t s  s tud-  
ied b y  x-ray d i f f rac t ion  a n d  M b s s b a u e r  s p e c t r o s c o p y  in 
t he  p r e c e d i n g  p a p e r  (2). 

Experimental 
The  s a m p l e s  we re  p r e p a r e d  by  e l e c t r o d e p o s i t i o n  of  

n icke l  on  c o p p e r  subs t ra tes .  T h e  e x p e r i m e n t a l  c o n d i t i o n s  
for d e p o s i t i o n  are g iven  in t he  p r e c e d i n g  p a p e r  (2). 

*Electrochemical Society Active Member. 

P o s i t r o n  l i fe t ime  m e a s u r e m e n t s  were  p e r f o r m e d  u s i n g  
a l i f e t ime  s p e c t r o m e t e r  b a s e d  on  NE 111 plas t ic  scint i l -  
lators ,  X P  1021 p h o t o m u l t i p l i e r s ,  a n d  O R T E C  e lec t ron ic s  
w i t h  d o u b l e - e n e r g y  ga t ing  (3) w i t h  a se l f - reso lu t ion  of  
- 3 2 0  ps  as d e t e r m i n e d  b y  6~ A s a n d w i c h - t y p e  sample -  
sou rce  a r r a n g e m e n t  was  app l i ed  w i t h  the  2~Na p o s i t r o n  
sou rce  in  t h e  (4-6)x105 B q  ac t iv i ty  range;  t he  s o u r c e  
h o l d e r  was  a - 1  m g / c m  2 t h i c k  Mylar  foil. 

The  l i f e t ime  spec t r a  were  d e c o n v o l u t e d  w i t h  t h e  POSI -  
T R O N F I T  E X T E N D E D  (4) p rog ram,  t a k i n g  in to  a c c o u n t  
t h e  sou rce  co r r ec t i on  g iven  b y  Bisi  et al. (5), t h e  i n t e n s i t y  
of  w h i c h  was  a r o u n d  7%. The  re su l t s  of  t he  two- 
c o m p o n e n t  u n c o n s t r a i n e d  eva lua t i ons  were  t he  m o s t  re- 
l iab le  a n d  r e su l t ed  in a v a r i a n c e  in the  1.0-1.3 r a n g e  for all 
t h e  spec t ra .  The  e r ro r  ba r s  in  t he  f igures  are all one  
s t a n d a r d  dev i a t i on  of  the  va lues  g iven  b y  t he  c o m p u t e r .  
Se l ec t ed  spec t r a  were  a c c u m u l a t e d  repea ted ly .  The  ex- 
t r a c t ed  p a r a m e t e r s  of  t he  i n d e p e n d e n t  m e a s u r e m e n t s  fell 
w i t h i n  one  s t a n d a r d  devia t ion .  The  ave rage  l i f e t ime  ~ = 
~IiTi was  ca lcu la ted  for  all s p e c t r a  (where  ri is t he  l i f e t ime  
~f  p o s i t r o n s  a n n i h i l a t i n g  in  t he  i t h  state,  a n d  Ii is t he  in- 
t e n s i t y  of  t he  i t h  componen t ) .  This  v a l u e  was  r a t h e r  in- 
s ens i t i ve  to the  t y p e  of eva lua t ion  a n d  was  w i t h i n  -+ 2 ps  
t he  s a m e  va lue  i n d e p e n d e n t  of t he  n u m b e r  of  t e r m s  in t he  
eva lua t ion .  

I s o t h e r m a l  h e a t - t r e a t m e n t s  were  p e r f o r m e d  in vacuo. 
The  s a m p l e s  were  m a i n t a i n e d  at the  g iven  t e m p e r a t u r e  
for lh .  T h e y  were  t h e n  a l lowed  to cool  s lowly to r o o m  
t e m p e r a t u r e .  All m e a s u r e m e n t s  were  t a k e n  at r o o m  tem-  
pe ra tu re .  

Results 
The  ave rage  l i fe t ime  va lues  for all t h e  a s -depos i t ed  

s a m p l e s  are  s h o w n  in  Fig. 1 as a f u n c t i o n  of  t he  l i t e r a tu re  
va lues  for  the  s t ress  in  s u c h  depos i t s .  I t  is l ike ly  t h a t  t h e  
l onge r  p o s i t r o n  l i fe t imes  are a s soc ia t ed  w i t h  h i g h e r  s t ress  
levels  a n d  t h a t  sho r t e r  p o s i t r o n  l i fe t imes  are  a s soc i a t ed  
w i t h  lower  s t ress  levels,  b u t  t he  c h e m i c a l  ef fec t  c a n n o t  
a d e q u a t e l y  be  e v a l u a t e d  b e c a u s e  all t h e  h i g h  s t ress  de- 
pos i t s  we re  f o r m e d  in b a t h s  c o n t a i n i n g  chlor ide .  

The  ef fec t  of  c u r r e n t  d e n s i t y  on  t he  ave rage  p o s i t r o n  
l i f e t ime  is s h o w n  in Fig. 2 w h e r e  i t  wil l  b e  n o t e d  t h a t  the  
sho r t  l i f e t imes  are  a s soc ia t ed  w i t h  depos i t s  f o r m e d  at  low 
c u r r e n t  dens i t i e s  a n d  t he  l onge r  l i f e t imes  are a s soc ia t ed  
w i t h  depos i t s  f o r m e d  at  h i g h e r  c u r r e n t  dens i t ies .  

F igu re  3 gives  da ta  on  s amp le s  d e p o s i t e d  f rom the  sul- 
f a te -ch lor ide  b a t h  over  a t e m p e r a t u r e  r a n g e  of  20~176 
The  sol id  po in t s  in  the  f igure r e p r e s e n t  m e a s u r e m e n t s  
m a d e  on  t he  s ame  s a m p l e s  a f te r  ag ing  at  r o o m  t e m p e r a -  
tu re  for  6 m o n t h s .  The  a r rows  i nd i ca t e  t h e  d i r ec t i on  in  

1526 
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Fig. 1. The average positron lifetime for all unannealed samples 
plotted as a function of stress in the deposit. Literature stress values are 
used in this representation. 

w h i c h  t h e  da t a  changed .  T he  s u m m a t i o n  of  t he  ef fec ts  in- 
d i ca t ed  t h a t  t he  c o n c e n t r a t i o n  of  t he  long  l i fe t ime  c o m p o -  
n e n t  i n c r e a s e d  d u r i n g  t he  aging.  

F i g u r e s  4 a n d  5 s u m m a r i z e  da ta  for  s a m p l e s  1, 2, 3, a n d  
8 as a f u n c t i o n  of  t h e  t e m p e r a t u r e  to w h i c h  t he  depos i t  
was  hea ted .  I t  will  be  n o t e d  t h a t  t he  ave rage  l i f e t ime  of  
t he  p o s i t r o n s  in  s a m p l e s  1 a n d  2 was  a p p r o x i m a t e l y  160 
ps  for a n n e a l i n g  t e m p e r a t u r e s  be low 300~ a n d  was  in  t he  
r a n g e  of  250-290 ps  for s a m p l e s  3 a n d  8 for a n n e a l i n g  t em-  
p e r a t u r e s  of  200~ a n d  below.  T he  va lue  of  ~ = 160 ps  in- 
d ica tes  t h e  p r e s e n c e  of  a s u b s t a n t i a l  c o n c e n t r a t i o n  of  
s t r u c t u r a l  i m p e r f e c t i o n s  s u c h  as vacanc ies ,  d i s loca t ions ,  
a n d  o t h e r  de fec t s  in  t h e  a s - depos i t ed  s ta te  in  s a m p l e s  1 
a n d  2. T h e  ave rage  l i f e t ime  of  t he  a s - depos i t ed  s a m p l e s  3 
a n d  8 is s ign i f i can t ly  a b o v e  t h e  l i f e t ime  v a l u e  of  180 ps  
cha rac t e r i s t i c  of  t h e  s a t u r a t i o n  l i f e t ime  for s ingle  vacan -  
cies in  n i c k e l  (6). T he  p r e s e n c e  of  m o r e  e x t e n d e d  de fec t s  
in  t he  a s -depos i t ed  s ta te  of  s a m p l e s  3 a n d  8 is i nd ica t ed .  

Discussion 
The  ave rage  l i fe t ime  of  t he  p o s i t r o n  in  e l e c t r o d e p o s i t e d  

n i cke l  is r e l a t ed  to t he  i n t e rna l  s t ress  as s h o w n  in  Fig. 1 
a n d  to t he  c u r r e n t  dens i t y  u t i l ized  in t h e  d e p o s i t i o n  pro- 
cess  as s h o w n  in Fig. 2. S a m p l e s  p r e p a r e d  at low c u r r e n t  
d e n s i t y  a n d  w i t h  low i n t e r n a l  s t ress  h a d  p o s i t r o n  ave rage  
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Fig. 2. The average positron lifetime for all samples plotted as a func- 
tion of the current density utilized in the deposition process. 
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Fig. 3, Positron lifetime data for deposits formed in the sulfate- 
chloride bath over a temperature range of 20~176 The solid points are 
measurements mode after aging at room temperature for 6 months. The 
arrows indicate the direction of change. 

l i f e t imes  of  t h e  o rde r  of  160 ps, w h e r e a s  t he  s a m p l e s  
f o r m e d  at h i g h e r  c u r r e n t  d e n s i t y  a n d  w i t h  h i g h  i n t e r n a l  
s t ress  h a d  p o s i t r o n  ave rage  l i f e t imes  of  t he  o rde r  of  260 
ps. T h e s e  ear ly  r e su l t s  led  us  to be l i eve  t h a t  t he  p o s i t r o n  
ave rage  l i fe t ime  m i g h t  be  u s e d  to d e t e r m i n e  quan t i t a -  
t ive ly  t he  s t ress  level  in  t he  depos i t  n o n d e s t r u c t i v e l y .  
However ,  t he  m e a s u r e m e n t s  s h o w n  in Fig. 3 lead  u s  to  
be l i eve  t h a t  a s imp le  r e l a t i o n s h i p  b e t w e e n  s t ress  level  
a n d  p o s i t r o n  ave rage  l i fe t ime  does  no t  exist .  I t  is wel l  
k n o w n  t h a t  a n  inc rease  in t he  t e m p e r a t u r e  of  d e p o s i t i o n  
in t he  case  of  t he  su l fa t e -ch lo r ide  b a t h  r e su l t s  in  a de- 
c rease  in t he  i n t e rna l  s t ress  (7), ye t  t he  p o s i t r o n  ave rage  
l i f e t ime  of s a m p l e  3 i n c r e a s e d  s l igh t ly  w i t h  an  i n c r e a s e  in 
d e p o s i t i o n  t e m p e r a t u r e  in  t h e  r a n g e  of  20~176 In  fact~ 
t he  v a l u e  of  rl e x h i b i t e d  a m i n i m u m  at a p l a t i ng  t e m p e r a -  
t u r e  of  40~ whi l e  t he  v a l u e  of  ls was  a m a x i m u m  at t he  
s a m e  p l a t i ng  t e m p e r a t u r e .  I t  is a p p a r e n t  t h a t  t he  m a g n i -  
t u d e  of  Is, w h i c h  is r e l a t ed  to t he  t h r e e - d i m e n s i o n a l  de fec t  
c o n c e n t r a t i o n ,  de t e rmines ,  to a m a j o r  ex ten t ,  t h e  v a l u e  of  
t he  p o s i t r o n  ave rage  l i fet ime.  The  va lue  of  vs was  n o t  a 
f u n c t i o n  of  t he  t e m p e r a t u r e  of d e p o s i t i o n  a n d  was  in  t he  
r a n g e  of  320-350 ps. 

A g i n g  of  t h e  s a m p l e s  for  6 m o n t h s  r e s u l t e d  in  a s l igh t  
d e c r e a s e  in  t h e  v a l u e  of  ~ a n d  a s l igh t  i n c r e a s e  in  t h e  
v a l u e  of  T2. The  la rge  i nc r ea se  in  Is sugges t s  t h a t  t he  de-  
fect  p a t t e r n  w i t h i n  t he  depos i t  c h a n g e s  ove r  t i m e  w i t h  a 
t r e n d  t o w a r d s  l a rger  v o l u m e  defec t s  a n d  a c o r r e s p o n d i n g  
d i m i n u t i o n  in  t he  n u m b e r  of  d i s loca t ions  a n d  vacanc ies .  
T h e s e  c h a n g e s  in  the  p o s i t r o n  l i f e t ime  p a r a m e t e r s  are 
c o n s i s t e n t  w i t h  t he  v a c a n c y  c lu s t e r ing  m o d e l  w h i c h  wil l  
be  d i s c u s s e d  later.  

Isochronal annealing studies.--In ear l ier  p u b l i c a t i o n s  
dea l ing  w i t h  pos i t r on  a n n i h i l a t i o n  in e l e c t r o d e p o s i t e d  
n ickel ,  it was  c o n j e c t u r e d  t h a t  t he  t r a p p i n g  cen t e r s  cou ld  
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Fig. 4. Positron lifetime data for samples 1 and 2 after annealing at 
elevated temperatures. 

be  i n t e r p r e t e d  in t e r m s  of  s ingle  v a c a n c i e s  a n d  v a c a n c y  
c lus t e r s  (8, 9). Da t a  o b t a i n e d  fo l lowing  h e a t - t r e a t m e n t  
h a v e  y ie lded  e v i d e n c e  t h a t  t h e  de fec t  s t r u c t u r e  of  e lectro-  
d e p o s i t e d  n i cke l  is m o r e  c o m p l e x  t h a n  or ig ina l ly  
s u p p o s e d .  

Le t  us  c o n s i d e r  first t he  b e h a v i o r  of  t he  p o s i t r o n  life- 
t i m e  p a r a m e t e r s  d u r i n g  i s o c h r o n a l  a n n e a l i n g  of  s a m p l e s  
c o n t a i n i n g  a re la t ive ly  smal l  n u m b e r  of  la t t ice  de fec t s  in  
t he  a s -depos i t ed  state,  s u c h  as t h o s e  f o u n d  in  s a m p l e s  1 
a n d  2. The  va lues  of  ~, T,, TS, a n d  I2 as a f u n c t i o n  of  annea l -  
ing t e m p e r a t u r e  are  s u m m a r i z e d  in Fig. 4. I t  is c lear  t h a t  
at  l eas t  two  types  of  de fec t s  are  c rea ted  d u r i n g  depos i -  
t ion.  One  of  t hem,  w i th  rs = 250-280 ps  a n d  I2 = 0.22, is as- 
soc i a t ed  w i t h  d ivacanc i e s  by  ana l ogy  w i t h  t h e  k n o w n  
va lue  for T~v for  d ivacanc i e s  in  b u l k  nickel ,  name ly ,  250 ps  
(6). We t h u s  a t t r i b u t e  th i s  c o m p o n e n t  to sma l l  th ree -  
d i m e n s i o n a l  m i c r o v o i d s  hav ing ,  on  average ,  t he  v o l u m e  
of  a d ivacancy .  The  va lue  of  t he  s ho r t e r  l i fe t ime  c o m p o -  
nen t ,  r, = 125 ps, is s l ight ly  g rea t e r  t h a n  the  cha rac t e r i s t i c  
l i f e t ime  for  a n n i h i l a t i o n  in b u l k  nickel ,  namely ,  110 ps  (6). 
Thus ,  i t  a p p e a r s  t h a t  t he  s h o r t e r  l i fe t ime is a n  ave r age  
v a l u e  for  a n n i h i l a t i o n  of  p o s i t r o n s  in  t he  u n t r a p p e d  s t a t e  
a n d  a l i f e t ime  cha r ac t e r i z i ng  a n n i h i l a t i o n  in  w e a k  t r aps  
s u c h  as v a c a n c i e s  a n d  d i s loca t ions .  T he  fac t  t h a t  t h e  T, 
a n d  Is p a r a m e t e r s  are no t  s ign i f i can t ly  c h a n g e d  b y  an- 
n e a l i n g  at  200~ sugges t s  t h a t  the  w e a k e r  t r aps  are  dislo- 
ca t ions  s ince  v a c a n c i e s  are m o b i l e  at  80~ in n ickel .  Dislo- 
ca t ions ,  on  t he  o the r  h a n d ,  s ta r t  to d e c r e a s e  in n u m b e r  
w h e n  a n n e a l i n g  is ca r r i ed  ou t  a b o v e  200~ as i n f e r r ed  
f r o m  p r e v i o u s  p o s i t r o n  a n n i h i l a t i o n  e x p e r i m e n t s  (6). 

T h e  h i g h  v a l u e  of  ~2 a t  t he  h i g h e s t  a n n e a l i n g  t e m p e r a -  
t u r e  of  500~ sugges t s  t h a t  t h e  d e e p e r  t r aps  are  micro-  
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Fig. 5. Positron lifetime data for samples 3 and 8 after annealing at 
elevated temperatures. 

vo ids  of  size e q u i v a l e n t  to  t r i vacanc i e s  or greater .  I t  is 
t e n t a t i v e l y  s u g g e s t e d  t h a t  t h e s e  t r aps  r e p r e s e n t  t r i vacan-  
cies f o r m e d  on  (111) p lanes ,  p e r h a p s  d u r i n g  g r o w t h  or 
p e r h a p s  d u r i n g  t he  a n n e a l i n g  t r e a t m e n t .  

The  a n n i h i l a t i o n  p a r a m e t e r s  c h a n g e d  d r a m a t i c a l l y  
w h e n  t h e  a n n e a l i n g  t e m p e r a t u r e  e x c e e d e d  200~ A de- 
c rease  in t he  va lues  of  r, a n d  Ts was  a c c o m p a n i e d  b y  a 
l a rge  i nc r ea se  in  I2 as a c o n s e q u e n c e  of  a n  inc rease  in  t he  
n u m b e r  of  sma l l  t h r e e - d i m e n s i o n a l  defects .  T h e  va lue  of  
T2 is m u c h  less  for  t h e  s a m p l e s  a n n e a l e d  at  250~176 t h a n  
for t he  s a m p l e  a n n e a l e d  at  200~ I t  is c o n j e c t u r e d  t h a t  
t h e s e  va lues  are  r e p r e s e n t a t i v e  of  a de fec t  v o l u m e  less 
t h a n  t h a t  cha rac t e r i s t i c  of  a t r ivacancy ,  p o s s i b l y  s ingle  va- 
cancies .  

The  dec rea se  of  r, is s i m p l y  a c o n s e q u e n c e  of  t h e  in- 
c rease  in t r ap  d e n s i t y  s ince  t he  i nc r ea se  m e a n s  a h i g h e r  
e s c a p e  ra t e  f r o m  t h e  " f ree"  s t a t e  of  pos i t rons ,  i.e., a h i g h e r  
t r a p p i n g  ra te  in defects .  

The  i nc r ea se  in the  va lue  of  Is for  s a m P l e s  a n n e a l e d  
a b o v e  200~ is a t t r i b u t e d  to t h e  i nc r ea se  in  t he  t r ap  den-  
s i ty  b e c a u s e  of  v a c a n c y  g e n e r a t i o n  b y  d i s loca t ion  c l i m b  
(10). Once  v a c a n c i e s  are gene ra t ed ,  t h e y  m i g r a t e  to s inks  
s u c h  as d i s loca t ions  a n d  g ra in  b o u n d a r i e s  a n d  c o n d e n s e  
to sma l l  v a c a n c y  c lus te r s  b o t h  at  g ra in  b o u n d a r i e s  a n d  
w i t h i n  t he  i n t e r io r  o f  t he  gra ins .  T h e  d e c r e a s e  in 12 a n d  
t h e  i nc r ea se  in rs in s a m p l e s  a n n e a l e d  a b o v e  350~ sug-  
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gests  such  an in t ragrain  vacancy  c lus ter ing  mec han i sm .  
As the  vacanc ies  aggregate  to divacancies ,  t r ivacancies ,  
and h igher  order  vacancy  agglomerates ,  the  n u m b e r  of  
smal l  t r app ing  centers  decreases  whi le  thei r  average  size 
increases .  Such  a process  has  been  de tec ted  p rev ious ly  in 
de fo rmed  nickel  conta in ing  a smal l  a m o u n t  of  a n t i m o n y  
impur i t y  wh ich  served  as a nuc lea t ion  center  for vacancy  
clusters  (6). 

Samp le s  annea led  at 550~ yield pos i t ron  paramete rs  
that  app rox ima te  the  unannea l ed  deposit .  This  fact sug- 
gests  that  there  is a h ighly  stable conf igura t ion  of  smal l  
t h ree -d imens iona l  defects  wh ich  are res is tant  to heat-  
t rea tment .  As vacancy  clusters  and dis locat ions  are 
k n o w n  to annea l  out  of  n ickel  total ly at 450~ by recrys-  
tal l ization,  it is p roposed  that  t hese  open  v o l u m e  defects  
are  associa ted  wi th  grain boundar ies .  

Le t  us cons ider  n e x t  the  hea t - t rea tment  of  samples  3 
and 8 wi th  the  h igh  va lues  of  internal  stress. These  data  
are summar i zed  in Fig. 5. In  the  case of  sample  3, the  
values  of  r~ and r2 increase at anneal ing  t empera tu re s  of  
200~ and  below. In  the  200~176 range, z2 increases  fur- 
ther  whi le  r~ remains  cons tan t  and is pract ical ly  equa l  to 
the  sa tura t ion l i fe t ime of  pos i t rons  t r apped  at s ingle va- 
cancies,  namely ,  180 ps (6). Annea l ing  above  3O0~ caused  
bo th  l i fe t imes  to decrease  wi th  an increase  in - tempera tu re  
unt i l  they  reached  values  at 500~ app rox ima te ly  the  
same  as those  of  the as-deposi ted  samples.  The  va lue  of  Is 
decreases  f rom 0.7 to 0.45 as the  anneal ing  t empe ra tu r e  is 
inc reased  f rom the  as-deposi ted  t empe ra tu r e  to 500~ 

The  va lues  for z~ in the  as -depos i ted  state were  suffi- 
c ient ly  h igh  that  it appears  that  there  is ve ry  lit t le annihi-  
la t ion f rom the  "f ree"  state. The  posi t rons  p r e sumab ly  are 
rapidly  local ized after  thermal iza t ion  and the  subsequen t  
annih i la t ion  takes  place in dis locat ions  or microvoids .  In  
the  .anneal ing  range of  170~176 the  va lue  of  r~ is ap- 
p rox ima te ly  180 ps, a va lue  character is t ic  of  single vacan-  
cies. 

The n a t u r e  o f  pos i t ron  t r a p s  in  n i cke l  e lectrode-  
p o s i t s . - - W e  will n o w  offer sugges t ions  concern ing  the  na- 
ture  of  the  pos i t ron  traps in n ickel  e lect rodeposi ts .  A m p l e  
ev idence  exis ts  for the  p resence  of  hydrogen  in meta l s  
and the  associa t ion of  this hyd rogen  with  a defec t  struc- 
ture  in the  metal .  For  example ,  hyd rogen  e m b r i t t l e m e n t  
of  meta l s  is a t t r ibu ted  to the  segregat ion  of  h y d r o g e n  at 
d is locat ions  and grain boundar ies  and the  subsequen t  de- 
v e l o p m e n t  of  voids  and microcracks  along such  imper fec-  
t ions (11). The  c lus ter ing  of  hydrogen  a toms in disloca- 
t ions is p r e s u m e d  to be respons ib le  for the  increase  in 
h y d r o g e n  absorp t ion  by steel  dur ing cold work ing  (12). 
The  h igh  act ivat ion energy  of  hydrogen  diffusion in iron 
near  r o o m  t empera tu re  was exp la ined  by the  excess  en- 
e rgy  r equ i r ed  to free hyd rogen  f rom dis locat ions  (13). 
Observa t ions  have  been  m a d e  of  the  prec ip i ta t ion  of  hy- 
d rogen  into bubbles  and the  nuc lea t ion  of  bubb les  
preferent ia l ly  at d is locat ions  and grain boundar ies  in the  
case of  hydrogen- loaded  copper  (14). Hydrogen  embri t -  
t l emen t  occurs  in n ickel  at t empera tu re s  and strain rates 
at wh ich  hyd rogen  a toms  can  segregate  to m o v i n g  dislo- 
cations.  Grain boundary  cracks  have  been  de tec ted  by 
T E M  in hydrogen-cha rged  nickel ,  which  exh ib i t ed  inter- 
crysta l l ine  bri t t le  f racture  (15). 

The  migra t ion  energy  of  hyd rogen  in n ickel  is Em = 0.38 
eV (15), wh ich  is low in compar i son  wi th  the  migra t ion  
energy  of  monovacanc i e s  E~v = 1.2 eV (6) and the  activa- 
t ion ene rgy  of  self-diffusion Q~v = 2.88 eV (16). These  
va lues  indica te  that  the  diffusion of  hydrogen  a toms in 
n icke l  takes  p lace  via interst i t ial  sites. It  is also clear  f rom 
the  va lue  of  the  migra t ion  energy  that  the  h y d r o g e n  is 
mobi l e  be low r o o m  t empera tu re  in nickel  and that  the  hy- 
d rogen  rapidly  prec ip i ta tes  at d is locat ions  and grain 
boundar ies .  The  typical  va lues  of  the hyd rogen  con ten t  of  
e lec t rodepos i t ed  n ickel  of  10-200 p p m  indica tes  that  con- 
s iderable  hyd rogen  is to be expec t ed  in the  n icke l  depos-  
its used  in this s tudy  (17). The  prec ip i ta t ion  of  h y d r o g e n  
at d is locat ions  and grain boundar ies  and the  subsequen t  
fo rmat ion  of  molecu la r  hydrogen  in dis locat ion cores  pro- 

duce  local  d is tor t ion  o f  the  lattice. The  ne t  effect  o f  this 
d is tor t ion  is a d iminu t ion  in the  n icke l  ion  core  e lect rons  
and a local  decrease  of  e lec t ron  dens i ty  wi th in  this region.  
S u c h  imper fec t ions  are possible  t raps for posi trons.  

The  long l i fe t ime c o m p o n e n t  in the  unannea !ed  
samples  is a t t r ibuted  to the  annihi la t ion  of  pos i t rons  in 
hyd rogen  bubbles  fo rmed  a long grain boundar ies .  These  
h y d r o g e n  bubbles  remain  as free v o l u m e  after heat-  
t r ea tmen t  and the  diffusion of  hyd rogen  out  of  the  
sample.  The  effect  of  d i sso lved  oxygen  in the  e lect rode-  
pos i ted  n ickel  is p robab ly  less than  that  of  d i sso lved  hy- 
d rogen  because  the  oxygen  is p robably  p resen t  as n icke l  
ox ide  or as an occ luded  salt con ta in ing  oxygen.  Migrat ion 
of  o x y g e n  is h inde red  by the  c o m p o u n d  format ion.  

A second  cons idera t ion  in appra is ing  the  pos i t ron  traps 
is the  charac te r  of  the  t r apped  hydrogen .  When  hyd rogen  
enters  a meta l  such as nickel ,  it yields its e lec t ron  to the  
conduc t ion  bands  of  the  meta l  and exis ts  in the  lat t ice as 
a p ro ton  (18). Vacancies,  microvoids ,  and dis locat ions  
have  ef fec t ive  a t t ract ive potent ia ls  for pos i t ive ly  charged  
par t ic les  such  as hydrogen  ions and posi trons,  and  these  
par t ic les  are thus  a t t racted to such  sites. I t  has been  sug- 
ges ted  by Alex  et al .  (19) that  p ro ton  t r app ing  at these  de- 
fects could  r educe  the  a t t ract ive  potent ia l  be tween  the  de- 
fects and the  posi trons.  This  r educ t ion  is p robab ly  more  
effect ive  than  in the  case of  hyd rogen  bubbles .  In  the  case 
of  vacancies ,  total  t r app ing  inhib i t ion  is possible.  

The release of  pro tons  f rom vacanc ies  and pro tons  or 
h y d r o g e n  molecu les  f rom hyd rogen  prec ip i ta tes  at gra in  
boundar i e s  increases  both  the  t rapp ing  probabi l i ty  and 
consequent ly ,  the pos i t ron  l ifetimes.  

The  increase  of  r~ upon  anneal ing  at modera t e  t empera -  
tures, as shown in sample  3 of  Fig. 5, may  be exp la ined  in 
t e rms  of  i r revers ible  the rmal ly  ac t iva ted  p ro ton  detrap-  
p ing  f rom init ial ly sc reened  vacanc ies  wh ich  then  be- 
c o m e  effect ive  posi t ron traps. The  init ial  increase  in the  
va lue  of  r2 wi th  an increase  in anneal ing  t e m p e r a t u r e  in 
the case of  sample  3 shown in Fig. 5 is i l lus t ra t ive  of  the  
reduc t ion  of e lec t ron dens i ty  in more  e x t e n d e d  imperfec-  
t ions which,  in turn, is exp la ined  by the  release of  p ro tons  
or hydrogen.  A similar  increase  in r2 was obse rved  in the  
case of  samples  1 and 2 shown in Fig. 4. The  release of  hy- 
d rogen  molecu les  f rom grain boundary  segregates  m a y  
p roceed  by  short  cu t  d i f fus ion a long dis locat ions  wh ich  
are k n o w n  to form dense  tangles  a round such  imper fec-  
t ions (14). Ano the r  possible  exp lana t ion  for the  init ial  in- 
crease  in z2 at low anneal ing  t empera tu res  is the  migra-  
t ion of  vacanc ies  to grain bounda ry  hyd rogen  prec ip i ta tes  
wi th  resul tan t  increase in defec t  size. 

The  avai lable data pe rmi t  an es t imate  of  the  a m o u n t  of 
hyd rogen  re leased f rom vacanc ies  dur ing  the rma l  treat-  
m e n t  unde r  certain assumpt ions .  The a s sumpt ions  are 
the  fol lowing:  (i) only a single pro ton  or hyd rogen  a tom is 
t r apped  in every  vacancy,  (it) saturat ion t rapp ing  occurs  
in dis locat ions  in the as-deposi ted  state, (iii) a s imple  
three-s ta te  t rapping  m o d e l  reasonably  app rox ima te s  the  
real condit ion.  The  annihi la t ion channels  in the  t r app ing  
mode l  are: " f ree ,"  dislocation-,  and vacancy -bound  state 
annihi lat ion.  The  l i fe t ime spec t rum is then  

S(t) = k~I~ exp  (-ki t )  + kdI2 exp  (--kdt) 

+ ~,vI3 exp  (-~,vt) [1] 

where  ~, = ~f + Ka + K,v, Kd, and K,v are t r app ing  rates to 
dis locat ions  and vacancies ;  I~ = K~/k, - k, as i = 2 or 3 on 
the  left  side, i mus t  be rep laced  by d or I V  on the  right;  I, 
= 1 - I~ - 13; kf, ;td, and ~,v are the  annihi la t ion  rates of  dif- 
ferent  pos i t ron  states; and ki = r~-', if  i = f, d, or IV. 

The  average  l i fe t ime is then  

= I,T, + I2r2 + /.~r.~ [2] 

= (1 + zaKa + r, vK,v)l(X~. + Kd + K,v) 

This  gives  a l inear  relat ion be tween  K,v and Ka 

K,v = [Ka(~ - Za) + ~Xf - 1]/(r,v - r-) [3] 

The  t rapp ing  rates are p ropor t iona l  to defec t  concentra-  
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t i ons  Ka = tza x Ca �9 Ca is t h e  t r ap  c o n c e n t r a t i o n  a n d  tzi is 
t he  specif ic  t r a p p i n g  ra te  to t he  i t h  type  defect .  

Ut i l i z ing  a s i m p l e  two-s ta t e  t r a p p i n g  m o d e l  (20), we 
give an  e s t ima te  for t he  d i s loca t ion  dens i t y  in  s a m p l e  3. 
Fo r  th i s  pu rpose ,  we set  K,v = 0 in the  a b o v e  fo rmulas ,  
a n d  f rom Eq. [2] we f ind t h a t  the  d i s loca t ion  d e n s i t y  is 
g i v e n  b y  

1 ~ - ~ f  
p ~  - - -  [41 

/zd - 7~ To - ~  

w h e r e  ~ is t h e  m e a n  l i fe t ime,  ,~ = l lO ps,  *o = 150 ps, a n d  
~zd = 1.2 em z s -~ is the  t r a p p i n g  ra te  p e r  u n i t  d i s loca t ion  
c o n c e n t r a t i o n  (21). Tak ing  t h e  s ta t i s t ica l  u n c e r t a i n t i e s  of 
our  da ta  in to  a c c o u n t  a n d  p r e s u m i n g  t h a t  on ly  dis loca-  
t ions  c o n t r i b u t e  to T,, i n s e r t i o n  of ~ = r, in to  Eq. [4] g ives  
Pd = 5 X 10 '~ c m  -3 as an  e s t ima te  for  t he  d i s loca t ion  den-  
s i ty  in  s a m p l e  3. 

Le t  us  use  th i s  e s t imate ,  w h i c h  is e q u i v a l e n t  to Kd = 6 • 
10 '~ s-% a n d  app ly  Eq. [3] for ~ = Y [Z,v = 180 ps  (9)]. The  
t r a p p i n g  ra te  to s ingle  vacanc ies ,  w h i c h  causes  s a t u r a t i o n  
t r a p p i n g  in  s u c h  defects ,  is t h e n  K,v = 4.2 x 10 ~ s- ' .  Th i s  
va lue  c o r r e s p o n d s  to C,v ~ 190 p p m  v a c a n c y  c o n c e n t r a -  
t ion  and,  u n d e r  ou r  a s s u m p t i o n ,  to t he  s a m e  h y d r o g e n  
c o n c e n t r a t i o n  as well. Th i s  v a l u e  is a lower  l imi t  for  t he  
h y d r o g e n  c o n t e n t  of  s a m p l e  3 as i t  does  no t  c o u n t  t he  pre-  
c ip i t a t ed  h y d r o g e n  at  g ra in  bounda r i e s .  

The  s l igh t  dec rea se  of I2 b e l o w  200~ (Fig. 5c) is s i m p l y  
t he  c o n s e q u e n c e  of  t he  i nc rease  in t he  t r a p p i n g  ra te  to 
w e a k e r  t r aps  (d i s loca t ions  a n d  v a c a n c i e s  in  t h i s  case), Kw 
= /Zw • Cw; t h a t  is, to t he  i nc r ea se  of w e a k e r  t r ap  concen -  
t ra t ion .  (Kw = t r a p p i n g  rate,  ~w = specif ic  t r a p p i n g  rate,  
a n d  Cw = t he  c o n c e n t r a t i o n  of  weake r  t raps.)  In  t he  case  
of  s a t u r a t i o n  t r a p p i n g  at  two types  of  defects ,  t he  in ten -  
s i ty  ra t io  of  t he  two  l i fe t ime  c o m p o n e n t s  in  t he  l i f e t ime  
spec t r a  is e q u a l  to t he  t r a p p i n g  rate  rat io  

[5] 
Ij K~ 

Since  we be l i eve  t h a t  a n n i h i l a t i o n  of p o s i t r o n s  local ized 
at h y d r o g e n  b u b b l e s  gives  r ise  to t h e  long  l i fe t ime  com- 
ponen t ,  Kb is t he  t r a p p i n g  ra te  to h y d r o g e n  b u b b l e s .  As 
Kw c h a n g e s  s t rong ly  c o m p a r e d  w i th  Kb, t he  i n t e n s i t y  ra t io  
c h a n g e s  accord ing ly .  

U s i n g  Eq. [5], we o b t a i n  an  e s t ima te  for  t he  l ower  l imi t  
of  t he  c o n c e n t r a t i o n  of  p r e c i p i t a t e d  h y d r o g e n .  We r ep lace  
Kw b y  K~v = 4.2 • 10 ~' s -~ a n d  t ake  I~ = 0.4 a n d  I2 = 0.6 
f rom Fig. 5c. The  t r a p p i n g  ra te  to b u b b l e s  is t h e n  Kb = 6.3 
• 10" S-L The  t r a p p i n g  ra te  is p r o p o r t i o n a l  to t he  b u b b l e  
c o n c e n t r a t i o n  Kb = ~b • C~, w h e r e  ]zb is t he  specif ic  t rap-  
p ing  ra te  or t r a p p i n g  ra te  pe r  u n i t  t r ap  c o n c e n t r a t i o n .  Cal- 
cu l a t i ons  s h o w  t h a t  t h e  specif ic  t r a p p i n g  ra te  for  sma l l  
s p h e r i c a l  m i c r o v o i d s  is p r o p o r t i o n a l  to t h e  n u m b e r  of va- 
canc i e s  b u i l d i n g  u p  t he  m i c r o v o i d  ~ = nX~,v (22). g,v is 
the  specif ic  t r a p p i n g  ra te  to s ingle  v a c a n c i e s  a n d  n is the  
n u m b e r  of  v a c a n c i e s  w h i c h  h a v e  t he  s a m e  to ta l  v o l u m e  as 
the  void.  I t  has  b e e n  ca lcu la ted  (23) t h a t  t he  p o s i t r o n  life- 
t i m e  is a s lowly v a r y i n g  f u n c t i o n  of the  vo id  v o l u m e  if  n > 
5 a n d  r~oid = f(nxVo), w h e r e  V0 is the  v o l u m e  of  a v a c a n c y  
in  n ickel .  Ut i l iz ing  th i s  r e l a t ionsh ip ,  one  could,  in  pr inc i -  
ple, e s t i m a t e  n a n d  g. In  our  case,  we m u s t  r ep lace  n by  
n~, = vxn, w h e r e  V a c c o u n t s  for the  s c r e e n i n g  ef fec t  of  
h y d r o g e n  ins ide  t he  void.  At  r2 ~ 366 ps, n~ff ~ 6-7 (6), a n d  
e m p l o y i n g  tZ, v = 2,2 • 10 ~5 s -~ (21), we get  Ch ~ 40 p p m  for 
the  l ower  l imi t  of  b u b b l e  concen t r a t i on .  F r o m  t he  esti- 
m a t e d  h y d r o g e n  d e n s i t y  in  s u c h  bubb le s ,  - 0.1 g /cm ~ (14), 
a n d  f rom the  e s t i m a t e d  v o l u m e  of  the  b u b b l e s  Vb = 
n~ffxVo, i t  fo l lows tha t ,  on  average ,  eve ry  de fec t  cou ld  
a c c o m m o d a t e  two  h y d r o g e n  molecu les .  We r e a c h  a n  esti- 
m a t e  of  t he  p r e c i p i t a t e d  h y d r o g e n  c o n c e n t r a t i o n :  CH~ ~- 
80 p p m .  The  to ta l  H~ c o n t e n t  of  our  s a m p l e  is t h e n  at  leas t  
C~H~ = 175 ppm.  

V a c a n c y  c lu s t e r ing  is o b s e r v a b l e  in s a m p l e  3 as a s teep  
i nc r ea se  of  z2 a b o v e  200~ desp i t e  t he  n e a r - s a t u r a t i o n  be- 
h a v i o r  of  I2 a n d  t he  a b s e n c e  of  a p e a k  in  th i s  p a r a m e t e r  
a r o u n d  350~ I t  is n o t e w o r t h y ,  however ,  t h a t  t he  min i -  
m u m  in  ~2 co inc ides  w i t h  t he  p e a k  in I~ for s a m p l e s  1 a n d  

2, a fact  w h i c h  also s u p p o r t s  t he  v a c a n c y  c lu s t e r ing  pic- 
ture.  The  dec rease  of  ~2 o b s e r v e d  b e t w e e n  200 ~ a n d  300~ 
in  t h e  case  of  s amp le s  1 a n d  2 was no t  o b s e r v e d  for  
s a m p l e  3, b e c a u s e  t he  h i g h  c o n c e n t r a t i o n  of  s ingle  vacan-  
cies in  s a m p l e  3 leads  to t h e  a p p e a r a n c e  of  a s epa ra t e  va- 
c a n c y  c o m p o n e n t  in  t he  d e c o n v o l u t e d  l i fe t ime s p e c t r u m  
as z, ~ r,v = 180 ps. The  i n t e r p r e t a t i o n  is t h a t  on ly  h i g h e r  
v a c a n c y  a g g l o m e r a t e s  c o n t r i b u t e  to r~. 

A b o v e  330~ all t h e  pos i t r on  p a r a m e t e r s  decrease ,  indi-  
ca t ing  t he  d i s a p p e a r a n c e  of  defects .  

The  b e h a v i o r  of  pos i t r on  p a r a m e t e r s  of s a m p l e  8 is t he  
m o s t  compl i ca t ed .  The  b e h a v i o r  of  Iz (Fig. 5e) is s imi la r  to 
t h a t  of  s a m p l e  3. r2 i nc r ea se s  in  the  s a m e  way  as for 
s a m p l e  3 u p  to 200~ w h e r e a s  t h e  s u b s e q u e n t  b e h a v i o r  is 
s imi la r  to t h a t  of  s amp le s  1 a n d  2 (Fig. 5d). The  e v o l u t i o n  
of  r, in  Fig. 5 r e s e m b l e s  t h a t  in  Fig. 4b. 

Conclusions 
D u r i n g  t he  course  of  depos i t ion ,  a t  l eas t  t h r ee  d i f f e ren t  

t ypes  of  s t r u c t u r a l  de fec t s  w h i c h  are e f fec t ive  t r a p p i n g  
cen t e r s  for  pos i t r ons  are c r ea t ed  in nickel .  T h e s e  are dis- 
loca t ions ,  la t t ice  vacanc ies ,  a n d  m o r e  e x t e n d e d  th ree -  
d i m e n s i o n a l  i m p e r f e c t i o n s  h a v i n g  at leas t  t h e  v o l u m e  of 
t h r e e  vacanc ies .  The  la t te r  de fec t s  are p r o b a b l y  h y d r o g e n  
seg rega t ions  at  g ra in  bounda r i e s .  

The  c o n c e n t r a t i o n  of de fec t s  is h igh ly  d e p e n d e n t  on  the  
p l a t i ng  c o n d i t i o n s  (2). 

S o m e  of  t he  defec t s  are filled w i th  h y d r o g e n  ions.  The  
re lease  of  p ro tons  t akes  p lace  at  a m b i e n t  t e m p e r a t u r e s .  

The  s tab i l i ty  of  some  m o r e - e x t e n d e d  defec t s  aga ins t  
h i g h  t e m p e r a t u r e  h e a t - t r e a t m e n t s  i nd ica t e s  t h a t  t h e s e  lat- 
t ice  d i s to r t ions  are  a s soc ia t ed  w i t h  g ra in  bounda r i e s .  

The  a n n e a l i n g  of  depos i t s  t akes  place as a r e s u l t  of  
v a c a n c y - m i g r a t i o n  a b o v e  200~ a n d  in t r ac rys t a l l i ne  ag- 
g l o m e r a t i o n  to v a c a n c y  c lus ters .  

Manuscript submitted June i, 1983; revised manuscript 
received Feb. I0, 1984. 
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A B S T R A C T  

An expe r imen ta l  s tudy  of  d i f fus ion-contro l led  s i lver  e lec t rodepos i t ion  has been  carr ied out  in order  to inves t iga te  
the  appl icabi l i ty  of  the  m o d e l  for revers ib le  meta l  depos i t ion  dur ing  mu l t i sweep  cyclic vo l t ammet ry .  For  a s ta t ionary 
p lanar  e lectrode,  exce l len t  a g r e e m e n t  be tween  theory  and e x p e r i m e n t  has been  obta ined  for the  posi t ion of the  ca thodic  
cur ren t  m a x i m a  on the  potent ia l  axis, as wel l  as for the  d e p e n d e n c e  of  their  m a g n i t u d e  on pa ramete r s  such  as sweep  
rate, ca thodic  reversal  potential ,  and n u m b e r  of  appl ied  sweeps.  Anod ic  cur rents  measu red  at the  foot of  the  w a v e  devi- 
a ted f rom theore t ica l  predic t ions  as a c o n s e q u e n c e  of  the  small  but  u n c o m p e n s a t e d  res is tance  of  the  electrolyte.  In  an 
effort  to pred ic t  and there fore  control  the  a m o u n t  of  deposit ,  in tegral  charges  associa ted wi th  each  sweep  have  been  
m e a s u r e d  and successful ly  corre la ted wi th  the  paramete rs  of  the  exper iment .  I t  has been  found  that  at mi l l imolar  con- 
centrat ions ,  depos i t  th icknesses  of  the  order  of  up to 20 monolayers  can be  fo rmed  wi th  quan t i t a t ive  control.  Exper i -  
men t s  wi th  a rota t ing-disk  e lec t rode  have  demons t r a t ed  that  a per iodic  cur ren t  response  is ob ta ined  u p o n  mul t ip le  
sweeping ,  as p red ic ted  by theory.  Firs t  sweep  and per iodic  currents  normal ized  wi th  respec t  to the  l imi t ing cur ren t  
could  be  corre la ted wi th  the  d imens ion less  sweep  rate in accordance  wi th  the  theore t ica l  predic t ions .  Cont rary  to previ-  
ous invest igat ions ,  the  diffusion coeff icient  of the  s i lver  ion was de t e rmined  by l imi t ing cur ren t  measu remen t s ,  and the  
va lue  thus  ob ta ined  was subsequen t ly  used  to successfu l ly  corre la te  s ta t ionary e lec t rode  cyclic v o l t a m m e t r y  data. Dur-  
ing l imi t ing  cur ren t  m e a s u r e m e n t s  wi th  very  s low sweeps,  the  d e v e l o p m e n t  of  surface roughness  was observed  as a 
s ignif icant  increase  of  the  cur ren t  f rom the  cons tan t  va lue  obta ined  at faster  sweeps.  Based  on the  d imens ion less  sweep  
rate, a semiempi r i ca l  cr i ter ion was deve loped  for the  op t imal  condi t ions  for the  po t en t i odynamic  de te rmina t ion  of  
s teady-sta te  l imi t ing  currents ,  the  use  of  wh ich  m a y  e l imina te  errors ar is ing f rom bo th  t rans ien t  effects  and surface  area  
increase  due  to roughness .  

In  p rev ious  c o m m u n i c a t i o n s  (1, 2), we p resen ted  calcu- 
lat ions for d i f fus ion-contro l led  cyclic v o l t a m m e t r y  (CV) 
for bo th  a s ta t ionary planar  and a rota t ing-disk  e lec t rode  
(RDE) for revers ib le  depos i t ions  at uni t  depos i t  activity. 
These  r ep resen ted  ex tens ions  to prev ious  l inear  sweep  
v o l t a m m e t r y  (LSV) analysis for the  s ta t ionary e lec t rode  
(3) and the  R D E  (4), and were  carr ied out  in order  to pre- 
dict  the  effects  of  mul t ip le  sweep ing  on the  depos i t ion  
cur ren t  and charge.  For  an expe r imen ta l  inves t iga t ion  of  
the  theore t ica l  predict ions ,  we chose  the  electro- 
depos i t ion  of  Ag. This  was for several  reasons.  The  kinet-  
ics of  this  react ion are ve ry  fast, so the  react ion can be  
cons ide red  revers ib le  and contro l led  by diffusion, as re- 
qu i red  by the  theory.  The  equ i l ib r ium potent ia l  is suffi- 
c ient ly  anodic  to al low for a wide  select ion of  va lues  for 
the po ten ta l  at which  the  sweep  is reversed  (other reversi-  
ble sys tems  such  as Sn+2/Sn do not  al low for this  possi- 
bi l i ty  due  to the  onset  of  H~ evolution).  S ince  Ag depos i t s  
are usua l ly  rough  and the  a m o u n t  of depos i t  is quant i ta-  
t ively  re la ted  to sweep  rate, man ipu la t ion  of  sweep  rate 
va lues  can be  used  to induce  e lec t rochemica l ly  no t iceab le  
roughness ,  t he reby  cont r ibu t ing  to a quant i f ica t ion  and 
poss ib ly  an e luc ida t ion  of  this p h e n o m e n o n .  P rev ious  in- 
ves t iga t ion  (5, 6) of  the Ag sys tem by LSV have  shown 
a g r e e m e n t  be tween  theory  and e x p e r i m e n t  for s ta t ionary 
e lect rodes ,  bu t  the  va lue  of  the  diffusion coeff ic ient  of  
the  Ag + ion used  by M a m a n t o v  et al. (5) or ig inated f rom a 
non-e lec t rochemica l  m e a s u r e m e n t  by S tacke lbe rg  et al. 
(7). However ,  B a c h m a n n  and D o h r m a n n  (6) ob ta ined  thei r  
diffusivi ty  va lue  by essent ia l ly  fitting the  Delahay  L S V  
mode l  (3). In  the  present  invest igat ion,  cons i s tency  is 
sough t  by measu r ing  dif fus ivi ty  f rom l imi t ing  currents  
and us ing  the  va lue  thus  ob ta ined  to corre la te  s ta t ionary 

*Electrochemical Society Active Member. 
Key words: electrode, deposition, mass transport, voltam- 

metry, silver. 

e lec t rode  and R D E  s ingle-sweep and mu l t i sweep  volta- 
me t ry  data. Also, in l imi t ing  cur ren t  m e a s u r e m e n t s  by 
K r a i c h m a n  and Hogge  (8), as wel l  as in a p rev ious  LSV- 
R D E  s tudy by Andr icacos  and Cheh  (4), gelat in was used  
in the  e lec t ro lyte  as a leve l ing  agent,  but  as we are inter- 
es ted  in this  s tudy in the  effects  of  roughness  on mult i-  
sweep  vo l t ammet ry ,  no leve l ing  agents  were  employed .  

Experimental 
E x p e r i m e n t s  were  pe r fo rmed  in a glass th ree-compar t -  

m e n t  cell. S i lver  wires  were  used  for both  reference  and 
countere lec t rodes .  The  work ing  e lec t rode  was a P ine  In- 
s t ruments  Au R D E  wi th  a geomet r ica l  area 0.46 cm 2 pol- 
i shed  to a mi r ro r  finish. When rotat ing,  it was d r iven  by a 
P ine  In s t rumen t s  Analyt ical  Rota tor  assembly.  The  elec- 
t ro lyte  compos i t ion  was 1.1(2) • 10 -3 AgNO3 in 1M HC104; 
it was p repa red  f rom reagent -grade  AgNO3 (Allied Chemi-  
cal), e lec t ronic-grade  HC104 (Apache Chemicals) ,  and 
pure  H20 (Harleco). No fur ther  purif icat ion was at- 
t empted .  The  e lec t rode  potent ia l  was contro l led  wi th  a 
P A R  poten t ios ta t  (Model 173D) connec ted  to a P A R  Uni-  
versal  P r o g r a m m e r  (Model 175). The  potent ios ta t  was 
e q u i p p e d  wi th  a digital  cou lomete r  (PAR Model  379), and 
bo th  cur ren t  and integral  charge  were  r eco rded  e i ther  
wi th  an X-Y recorder  or an osc i l loscope d e p e n d i n g  on the  
sweep  rate. 

The  Au RDE at zero rota t ion speed served  as a station- 
ary p lanar  electrode.  It  was prefer red  re la t ive  to o ther  
possibi l i t ies  because  its conf igurat ion min imized  possi- 
ble natura l  convec t ion  compl ica t ions ,  i.e., d o w n w a r d  fac- 
ing wi th  the  dens i ty  increas ing  f rom top  to bo t tom (9). An  
iner t  subs t ra te  was chosen  ins tead of  Ag to avoid  re- 
pea ted  pol i sh ing  and s u b s e q u e n t  i r reproducib i l i t ies  in 
the  ini t ial  condi t ion  of  the  surface'. 

The  Au R D E  was initially i m m e r s e d  in the  02 free elec- 
t ro lyte  at a potent ia l  of  0.200V anodic  to that  of  the  refer- 
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Fig. l. Cyclic voltammogram of o stationary Au disk electrode im- 
mersed in 1.1 • 10-3/,4 AgNO~ + 1M HCIO4. Sweep rate: 0.050 V .  s =1. 
The potential region is anodic to a Ag wire reference electrode in the 
same electrolyte. 

ence Ag wire and was subsequently cycled in the UPD re- 
gion. Figure 1 shows a typical vol tammogram obtained at 
0.050 Vs -l. Peaks I, I' represent underpotential  deposition 
and stripping, whereas peaks II, II' probably originate 
from an alloying state (10). These peaks were invariant 
with rotation speed, whereas peaks III, III '  were rotation 
dependent  and were taken as bulk deposition. Bulk depo- 
sition occurred at potentials slightly anodic to zero vs. Ag 
wire, since the Nernstian potential is apparently not es- 
tablished at monolayer coverages. If  the cathodic sweep 
is extended well into the bulk-deposition region, the re- 
sulting diffusion-controlled peak is of lower magnitude 

and appears at more cathodic potentials compared to an 
electrode initially covered with Ag. A simple excursion 
into the UPD region is thus not sufficient to establish the 
Nernstian equilibrium potential of Ag corresponding to 
unit activity at the surface. Unit activity was achieved by 
preplating the RDE surface at -0.025V and 1600 rpm until 
a deposit equivalent to a charge of ca. 10 -2 C cm -2 had ac- 
cumulated on the surface. The potential of the preplating 
was chosen sufficiently away from the limiting current to 
avoid powder formation (9). Upon open circuiting, the 
RDE potential was within 0.001V relative to the Ag wire 
and remained constant for at least 15 min. The potentio- 
star was reconnected and the electrode potential adjusted 
so that exactly zero current passed as judged by the digi- 
tal coulometer registering less than 10-7C for at least 1 
min. This procedure guaranteed that the anodic reversal 
potential was exactly the equilibrium at unit surface ac- 
tivity. After this initial preparation, the cathodic reversal 
potential was chosen, and multisweep measurements  
were taken. Upon completion of the measurements,  the 
electrode potential was swept into the anodic region 
again, and the deposited Ag was stripped at +0.020V. 
After some time, the anodic current dropped to ca. O, 
leaving residual Ag at a surface activity consistent with 
an equilibrium potential of 0.020V, Slow sweeping at 
0.001 Vs -I in the anodic direction resulted in stripping of 
all deposited Ag both during preplating and CV measure- 
ment. For each sweep rate, the procedure was repeated 
and yielded results reproducible to better than 1%. For 
the limiting current measurements  the preplating step 
was omitted. 

Results and Discussion 

Cyclic vot tammetry on a stationary planar elec- 
trode.--Figure 2a shows a typical multisweep voltam- 
mogram for Ag deposition on the Ag-preplated Au hori- 
zontal disk electrode. The same vol tammogram unfolded 
in t ime appears in Fig. 2b. The second representation is 
better if the emphasis is on the measurement  of  current 
peak heights. Figure 2c is the corresponding charge/ 
potential diagram. Since such diagrams have not ap- 
peared in the literature before, a brief qualitative descrip- 
tion will be given here. The curve 0-a-b-c in Fig. 2c 
corresponds to the charge in the first complete sweep, in- 
cluding both cathodic and anodic portions. Point  a is the 
value of the charge at the end of the first cathodic sweep, 
i.e., at the cathodic reversal potential. During the reverse 
sweep, the charge continues to increase in the cathodic 
direction until it reaches an ext remum at point b; this cor- 
responds to the potential at which the current changes 
from cathodic to anodic. Since the current remains 
anodic until the end of the reverse sweep, the cathodic 

Fig. 2. Cyclic voltammetry of Ag 
deposition on a stationary elec- 
trode, a: multisweep current/ 
potential diagram obtained at 
0.050 Vs -1 for a cathodic reversal 
overpotential of 6 (RT/F) or a8 = 
6. b: identical to a but recorded on 
a time axis. c: charge potential dia- 
gram recorded simultaneously with 
a and b. 
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c h a r g e  d e c r e a s e s  f rom p o i n t  b to c. Fo r  a ve ry  s h o r t  t i m e  
a f t e r  c, t he  dec rea se  c o n t i n u e s  c o r r e s p o n d i n g  to t h a t  in- 
t e rva l  d u r i n g  t he  s e c o n d  sweep  t h a t  t he  c u r r e n t  is anodic .  
A t  p o i n t  d, t he  c u r r e n t  b e c o m e s  ca thod ic ,  a n d  t h e  ca- 
t h o d i c  c h a r g e  s ta r t s  i n c r e a s i n g  again.  T he  gene ra l  fea- 
t u r e s  of  t he  c h a r g e - p o t e n t i a l  d i a g r a m  are  r e t a i n e d  as t he  
n u m b e r  of  app l i ed  s w e e p s  is i nc reased .  However ,  re la t ive  
m a g n i t u d e s  change ,  a n d  t he  q u a n t i t a t i v e  a s pec t s  of  t h i s  
change will be discussed below. 

Peak potentials.--The overpotential at which the cathodic 
current maximum is observed is predicted (3) to be equal 
to 0.854 (RT/nF) = 0.022V for l = 0 (T = 25~ n = i) and 
increases (2) to at most 1.3 (RT/nF) = 0.033V upon multi- 
ple sweeping; it is independent of the sweep rate, 
diffusivity, and bulk concentration for reversible deposi- 
tions at unit deposit activity. These predictions were veri- 
fied to within 0.003V. 

Cathod i c  cu r ren t  m a x i m a . - - T h e  t heo re t i ca l  ana lys i s  pre-  
d ic ts  c a t h o d i c  c u r r e n t  m a x i m a  g iven  b y  t he  r e l a t ions  (2) 

i] . . . . .  [(atc)lma~;aO] = A cbv lj2 11 . . . . .  [(atc)lmax; aO] [1] 

a n d  A = (nF) 3/2 (RT) -1/2 D 1/2 

w h e r e  I is t he  n u m b e r  of a l r eady  app l i ed  c o m p l e t e  
sweeps ,  v t he  d i m e n s i o n a l  sweep  rate,  c b t he  b u l k  concen -  
t r a t i o n  of  Ag ~, a = (nF/RT)v ,  (at~)=,= is t he  d i m e n s i o n l e s s  
p e a k  o v e r p o t e n t i a l  in  m u l t i p l e s  of RT/nF ,  0 t h e  t i m e  dura-  
t ion  of  e a c h  a n o d i c  or c a t h o d i c  pa r t  of  t he  sweep,  a n d  aO 
is t he  d i m e n s i o n l e s s  r eve r sa l  o v e r p o t e n t i a l  in  m u l t i p l e s  of 
RT/nF .  I % , ~  is t he  m a x i m u m  va lue  w i t h i n  a sweep  of  t he  
c a t h o d i c  c u r r e n t - d e n s i t y  func t ion ,  t he  va lues  of  w h i c h  
can  b e  c o m p u t e d  f rom t he  e q u a t i o n s  g iven  in  Ref. (2). 

E x p e r i m e n t s  were  p e r f o r m e d  at t h r e e  ca thod i c  r eve r sa l  
ove rpo ten t i a l s :  0.104, 0.155, a n d  0.411V, c o r r e s p o n d i n g  to 
aO = 4, 6, a n d  16, respec t ive ly .  T he  a n o d i c  r eve r sa l  po ten-  
t ial  was  a lways  a t  t h e  e q u i l i b r i u m  value .  V a l u e s  o f  t he  
c u r r e n t  f u n c t i o n  n e c e s s a r y  for  t h e  ca l cu la t ions  are g i v e n  
in  Tab le  I. P lo t s  of  i% . . . .  vs. v "2 are s h o w n  in Fig. 3. The  
so l id  l ines  in  t h e s e  f igures  c o r r e s p o n d  to t he  t heo re t i c a l  
p r e d i c t i o n s  of  Eq. [1] a n d  agree  ve ry  wel l  w i t h  t h e  exper i -  
m e n t a l  data .  S i n c e  th i s  is t he  case,  a va lue  for DA~ + can  be  
e x t r a c t e d  f rom t h e  m u l t i s w e e p  CV da ta  a n d  Eq. [1], as 
was  d o n e  b y  B a c h m a n n  a n d  D o h r m a n n  (6) u s i n g  t he  
D e l a h a y  m o d e l  (3) p r e d i c t i o n s  for  L S V  (l = 0). T h e  va lue  
e x t r a c t e d  f r o m  the  CV da ta  was  1.4 (2) x 10 -~ cm2s-% 
w h i c h  is also c o n s i s t e n t  w i t h  t he  va lue  ca l cu l a t ed  f rom 
t h e  R D E  l im i t i ng  c u r r e n t  m e a s u r e m e n t s  to b e  desc r ibed .  

The  va lue  of  t h e  p o t e n t i a l  a t  w h i c h  the  sweep  is re- 
v e r s e d  is i m m a t e r i a l  for  t h e  c u r r e n t  m a x i m u m  d u r i n g  t h e  
first sweep  ([ = 0). However ,  i t  s ign i f ican t ly  af fec ts  i ts  
m a g n i t u d e  d u r i n g  s u b s e q u e n t  sweeps .  As aO inc reases ,  
t he  h e i g h t  of  t he  s e c o n d  (l = 1) m a x i m u m  decreases .  Fur -  
t h e r m o r e ,  t h e  d i f f e rences  b e t w e e n  sweeps  for  l > 1 de- 
c rease  w i t h  i n c r e a s i n g  aO. Th i s  is in  a g r e e m e n t  w i t h  t he  
c o m p u t a t i o n a l  obse rva t ion  (2) t h a t  in  the  l imi t  aO ~ % the  

Table I. Computed values of the dimensionless current and charge 
density functions for multisweep cyclic voltammetry (reversible 

deposition at unit deposit activity on a stationary planar electrode) 

a@ 11 . . . . .  I I . . . . .  QJc(a@) Qln(a@) 

4 0.610" 0.785 1.917 1.982 
0 6 0.610 0.829 2.505 2.738 

16 0.610 0.899 4.368 5.282 
4 0.390 0.829 1.163 0.993 

1 6 0.355 0.868 1.439 1.345 
16 0.294 0.926 2.171 2.475 
4 0.353 0.848 1.026 1.764 

2 6 0.320 0.886 1.253 1.035 
16 0.268 0.938 1.827 1.901 
4 0.299 0.890 0.873 0.372 

10 6 0.270 0.923 0.964 0.503 
16 0.232 0.964 1.296 0.924 

* Independent  ofaO; computed in Ref. (3). 

c u r r e n t  b e c o m e s  per iodic .  I t  is i n t e r e s t i n g  to no t e  t h a t  
e v e n  a f te r  t en  sweeps  t he  ca thod i c  c u r r e n t  d e n s i t y  m a x -  
ima  c o m p u t e d  on  t he  bas i s  of  t he  geome t r i c a l  a rea  of  t he  
e l ec t rode  are still  d e s c r i b e d  b y  Eq. [1]. 

A n o d i c  c ur re n t  m a x i m a . - - A n o d i c  c u r r e n t  m a x i m a  are t h e  
a n o d i c  c u r r e n t s  m e a s u r e d  at t he  end  of  the  / th a n o d i c  or 
t he  b e g i n n i n g  of  t he  l + 1 ca thod i c  sweep,  i.e., t h e y  are 
t h e  c u r r e n t s  m e a s u r e d  at  t h e  e q u i l i b r i u m  p o t e n t i a l  for  l > 
0. T h e y  are  d e s c r i b e d  by  an  e q u a t i o n  i den t i ca l  to  Eq. [1], 
t h e  on ly  d i f fe rence  b e i n g  in  t he  va lues  of  t he  c u r r e n t  
f u n c t i o n  

i] . . . . .  = A c  b v 1/2 1 ] . . . . .  [2] 

I~a.~,• ' va lues  r e l evan t  to t he  e x p e r i m e n t a l  c o n d i t i o n s  of  
t he  p r e s e n t  s t udy  are g iven  in Tab le  I. F i g u r e  4 s h o w s  a 
c o m p a r i s o n  b e t w e e n  t h e  p r e d i c t i o n s  of  Eq.  [2] (sol id l ines)  
a n d  t h e  e x p e r i m e n t a l  po in ts .  

I t  is o b s e r v e d  t h a t  t h e  m e a s u r e d  c u r r e n t s  are  l o w e r  t h a n  
t h o s e  p r e d i c t e d  by  Eq. [2]; t he  dev i a t i ons  are  m o r e  pro- 
n o u n c e d  at  t he  h i g h e r  sweep  ra t e s  a n d  t he  l ower  va lues  of  
aO. S u c h  dev ia t ions  wou ld  b e  e x p e c t e d  f rom a sma l l  iR 
effect  s ince  t he  c u r r e n t  v a r i a t i o n  nea r  t he  e q u i l i b r i u m  po- 
t en t i a l  is v e r y  s teep  a n d  it  b e c o m e s  s t eepe r  t h e  fas te r  t h e  
sweep  ra te  a n d  t he  smal l e r  t he  a0 value.  A n  a l t e rna t i ve  ef- 
fect  w i t h  a s imi la r  p a t t e r n  of  d e v i a t i o n  w i t h  s w e e p  rate,  
a n d  a0 can  be  t h o u g h t  of  as a r i s ing  f rom finite k ine t i c s  of  
t he  d i s so lu t i on  react ion.  However ,  no  a d d i t i o n a l  e v i d e n c e  
of  k ine t i c  l imi t a t ions  was  obse rved .  I t  s h o u l d  b e  n o t e d  
t h a t  a n o d i c  c u r r e n t  dev i a t i ons  are no t  e x p e c t e d  to p ropa-  
gate  w i t h  l s ince  t hey  occu r  ove r  ve ry  s h o r t  t i m e  in te rva l s .  
M a x i m u m  anod ic  c u r r e n t s  do no t  e x h i b i t  a s t rong  de- 
p e n d e n c e  on  e i t he r  the  n u m b e r  of  cycles  or t h e  r eve r sa l  
potent ia l .  Genera l ly ,  t h e y  i nc r ea se  w i t h  1 a n d  aO, a n d  th i s  
b e h a v i o r  is no t  diff icul t  to ra t iona l ize  in  t e r m s  of  t he  
c o m p u t e d  c o n c e n t r a t i o n  prof i les  (1). 

'Equivalently, Ie ~+~ (0;aO). 
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Fig. 3. Dependence of the cathodic peal( current density on the square root of the sweep rate, the number of applied sweeps, and reversal potential. 
Solid lines are predictions of Eq. [1] (stationary electrode cyclic voltammetry). 
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Fig. 4. Dependence of the maximum anodic current on the square root of sweep rate, the number of applied sweeps, and reversal overpotential. Solid 
lines are predictions of Eq. [2] (stationary electrode cyclic voltammetry). 

Cathod ic  charges . - - In tegra l  ca thod ic  cha r ge s  as f u n c t i o n s  
of  l a n d  aO are  s h o w n  in Fig. 5 a n d  6. In  Fig. 5, t h e  q u a n -  
t i ty  qc is t h e  a m o u n t  of  c h a r g e  a c c u m u l a t e d  d u r i n g  t he  l + 
1 ca thod i c  sweep;  i ts  va lue  can  b e  r ead  off  easi ly  f r o m  a 
c h a r g e / p o t e n t i a l  d i a g r a m  s u c h  as t he  one  a p p e a r i n g  in  
Fig. 2c. Fo r  in s t ance ,  for  l = 0, q% is t he  va lue  at  p o i n t  a; for l 
= 1, q'e, i.e., t h e  c h a r g e  d u r i n g  the  s e c o n d  ca thod ic  sweep,  is 
the  d i f f e rence  b e t w e e n  po in t s  e a n d  c; for I = 2, q~c is t he  dif- 
f e rence  b e t w e e n  p o i n t s  g and  f, a n d  so on. 

Cha rge  ha s  a l inea r  d e p e n d e n c e  on  the  i nve r s e  of  the  
s q u a r e  roo t  of  the  sweep  ra te  (2) as s h o w n  b y  

qI~(aO) = Bc ~ v-~n QI~(aO) 

a n d  B = (nFRTD) ~1~- [3] 

w h e r e  Q]~ is the  c h a r g e  dens i t y  func t ion ,  va lues  of  w h i c h  
are  g iven  in Tab le  I, c o m p u t e d  f rom t h e  e q u a t i o n s  of  Ref. 
(2). G o o d  a g r e e m e n t  b e t w e e n  Eq.  [3] a n d  e x p e r i m e n t  c an  
b e  s een  in Fig. 5, e x c e p t  in  the  case  for aO = 16 a n d  1 > 0 
in t he  low sweep- ra te  range.  T he  c h a r g e  dev i a t i ons  u n d e r  
t h e s e  c o n d i t i o n s  are  no t  a c c o u n t e d  for by  t h e  a n o d i c  cur- 
r e n t  dev i a t i ons  in  Fig. 4. A l t h o u g h  one  w o u l d  e x p e c t  t h a t  
l ower  m e a s u r e d  anod ic  c u r r e n t s  w o u l d  yie ld  h i g h e r  ca- 
t h o d i c  charges ,  t he  t i m e  d u r a t i o n  over  w h i c h  t h e s e  lower  
a n o d i c  c u r r e n t s  are  m e a s u r e d  is too smal l  to a c c o u n t  for  
t he  dev i a t i ons  a p p e a r i n g  in  Fig. 5. We a t t r i b u t e  t h e s e  de- 
v i a t i ons  to a r o u g h n e s s  effect.  A l t h o u g h  it  m a y  no t  af fec t  
t he  v a l u e  of t h e  c u r r e n t  dens i t y  at  any  g iven  po ten t ia l ,  i ts  
e f fec t  is e n h a n c e d  w h e n  o n e  i n t e g r a t e s  over  t he  en t i r e  
c u r r e n t  curve .  Th i s  e x p l a n a t i o n  is c o n s i s t e n t  w i t h  devia-  
t ions  a p p e a r i n g  at  c o n d i t i o n s  t h a t  p r o d u c e  h i g h  to ta l  
change ,  e.g., low sweep  rates ,  h i g h  reve r sa l  po ten t ia l s ,  a n d  
va lues  of  l g rea te r  t h a n  0. 

30 

r 
' 20 
E 

Fig. 5. Dependence of integral o 

cathodic charges on the inverse 
square root- of the sweep rote, the o 

number of applied sweeps, and re- 
versal overpotential. Solid lines are ~ 
predictions of Eq. [3] (stationary 
electrode cyclic ~ voltammetry). 
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As can  b e  seen  f rom Fig. 5, t h e  a m o u n t  of  depos i t  accu-  
m u l a t e d  e v e n  af te r  mu l t i p l e  po t en t i a l  s w e e p s  is ve ry  
small .  A s s u m i n g  t h a t  t he  f o r m a t i o n  of  a Ag m o n o l a y e r  re- 
qu i res  2 • 10-4 C c m  -~, i t  is s een  t h a t  t he  l a rges t  v a l u e  (aO 
= 16, v = 0.010 Vs -I) m e a s u r e d  on  t he  first  sweep  corre-  
s p o n d s  to a b o u t  15 mono laye r s .  D u r i n g  t he  r eve r se  
sweep,  t h e  c h a r g e  r e m a i n s  a l m o s t  c o n s t a n t  (e.g., p o i n t s  a 
a n d  d on  Fig. 2c) a n d  i nc r ea se s  b y  a b o u t  t en  m o r e  m o n o -  
layers  d u r i n g  the  s e c o n d  ca thod i c  sweep  (l = 1). A l t h o u g h  
the  ne t  a m o u n t  is on ly  of  t he  o rde r  of  20 mono laye r s ,  a 
r o u g h n e s s  effect  is d e t e c t a b l e  f rom the  d e v i a t i o n s  of  t he  
c h a r g e  f rom t h a t  p r e d i c t e d  b y  t h e  theory .  I t  s h o u l d  b e  
n o t e d  t h a t  i f  t he  r o u g h n e s s  o r ig ina t ed  f r o m  p rep l a t i ng ,  i t  
s h o u l d  m a n i f e s t  i t se l f  d u r i n g  t h e  I = 0 sweep;  h o w e v e r ,  
t he  l = 0 r e su l t s  agree  w i t h  Eq.  [3], in  w h i c h  t he  geomet -  
r ica l  a rea  of  t he  e l ec t rode  ha s  b e e n  used.  

A p lo t  of the  d i m e n s i o n l e s s  ne t  cha rge  dens i t y  func t ion ,  
Q'n, is s h o w n  in Fig. 6. Theore t i ca l  p r e d i c t i o n s  (2) are 
g iven  in Tab le  I, w h e r e a s  e x p e r i m e n t a l  va lues  are  ob- 
t a i n e d  f rom 

Qln (aO) = q',(aO)/Bcbv i1~ [4] 

w h e r e  q~n is t h e  va lue  of  t he  cha rge  at  the  e q u i l i b r i u m  po- 
tent ia l .  Fo r  ins t ance ,  w i t h  r e f e r ence  to Fig. 2c, q% corre-  
s p o n d s  to p o i n t  c, q~ to the  d i f fe rence  b e t w e e n  po in t s  f 
a n d  c, a n d  so on.  Q~n d e p e n d s  on ly  on  l a n d  aO, a n d  n o t  on  
t he  sweep  rate.  Therefore ,  for  f ixed 1 a n d  aO, q'n s h o u l d  
be  t he  same,  i r r e spec t ive  of  w h i c h  pa i r  of  q',  a n d  v~values 
is used .  Resu l t s  in  Fig. 6 h a v e  b e e n  c o m p u t e d  for  v = 
0.150 Vs -~ a n d  the  c o r r e s p o n d i n g  q'~ va lues ;  howeve r ,  i f  
da ta  for 0.010 Vs - '  we re  used ,  t h e  dev i a t i ons  o b s e r v e d  for 
aO = 16 a n d  l = 1, 2 a p p e a r  in  Q~n as va lues  h i g h e r  t h a n  
the  ones  o b t a i n e d  for v = 0.150 Vs -L 

ae = 6 aO = 16 7 
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perimental results correlated by Eq. [4J (stationary electrode cyclic 
voltammetry). 

F i g u r e  6 i nd i ca t e s  t h a t  p o t e n t i a l  s w e e p i n g  f r o m  the  
e q u i l i b r i u m  to some  reve r sa l  va lue  a n d  b a c k  a lways  re- 
su l t s  in  t h e  f o r m a t i o n  of  a ne t  depos i t  on  t h e  surface .  The  
a m o u n t  is m a x i m u m  for t he  first sweep,  b u t  d e c r e a s e s  
c o n s i d e r a b l y  u p o n  m u l t i p l e  sweep ing .  I n  t he  l imi t  l -~ ~, 
t h e  h y p o t h e t i c a l  c h a r g e  d e n s i t y  d u r i n g  t h e  c o m p l e t e  
s w e e p  is p r e d i c t e d  (2) to be  0, a n d  th i s  t r e n d  a p p e a r s  in  
Fig. 6. 

Cyclic vo l tammetry  on a rotating-disk electrode. - - E x -  
p e r i m e n t s  we re  p e r f o r m e d  at two  ro t a t i on  speeds ,  80 a n d  
400 rpm,  a n d  at  sweep  ra t e s  v a r y i n g  f rom 0.050 to 10 Vs -1, 
c o r r e s p o n d i n g  to a va r i a t i on  in t he  d i m e n s i o n l e s s  sweep  
rate ,  o; b e t w e e n  5 a n d  215. D o u b l e  layer  c u r r e n t s  were  
co r r ec t ed  for  w i th  a c o n s t a n t  v a l u e  of  50 ~ f  c m  2 mea-  
s u r e d  b y  t he  m e t h o d  of  B a c h m a n n  a n d  D o h r m a n n  (6). 
S i n c e  t he  d o u b l e  layer  c a p a c i t a n c e  is a po ten t i a l -  
d e p e n d e n t  quan t i ty ,  e r ro rs  are i n t r o d u c e d  espec ia l ly  at  
sweep  ra tes  h i g h e r  t h a n  2 Vs -% at w h i c h  d o u b l e  layer  
c u r r e n t s  are  a s ign i f ican t  p o r t i o n  of  t he  m e a s u r e d  total .  

A r e p r e s e n t a t i v e  R D E  v o l t a m m o g r a m  a p p e a r s  in  Fig. 
7a, o b t a i n e d  at  0.1 V s - '  a n d  a ro t a t i on  s p e e d  of  80 rpm.  
The  v a l u e  of  t he  d i m e n s i o n l e s s  sweep  ra te  

n F  3 2 [5] 
O" ~ V - -  

RT D 

(where  6 is t he  t h i c k n e s s  of  t he  N e r n s t  d i f fus ion  layer  
c o m p u t e d  f rom t h e  L e v i c h  theory)  is ca. 11 at  th i s  sweep  
ra te  a n d  ro t a t i on  speed.  S ince  (r > 3, a p e a k  of  m a g n i t u d e  
i~215 s h o u l d  a p p e a r  on  the  first sweep  (1, 4), as was  ob- 
served.  Fo r  r > 4, th i s  p e a k  is t he  s a m e  as i f  t he  e l ec t rode  
we re  s ta t ionary .  I f  ~o is i n c r e a s e d  to 400 rpm,  t he  o- > 3 
c o n d i t i o n  is no t  sat isf ied a n d  no  c u r r e n t  p e a k  s h o u l d  ap- 
pear ;  s u c h  a p e a k  was  no t  o b s e r v e d  w h e n  w was  i n c r e a s e d  
to 400 rpm.  The  sweep  in  Fig. 7a was  r e v e r s e d  at  a n  over-  
p o t e n t i a l  of  0.300V, w h e r e  a l imi t ing  c u r r e n t  was  ob- 
se rved .  S ince  t he  cha rac t e r i s t i c  t i m e  of  t he  RDE,  62/D, was 
a p p r o x i m a t e l y  2.8s a n d  t he  du ra t ion ,  O, of  e a c h  sweep  3s, 
t he  pe r iod i c i t y  c r i t e r ion  (1) r e q u i r i n g  O > 62/D was  s t r ic t ly  
sat isf ied.  I t  is t h e n  e x p e c t e d  (1) t h a t  t he  c u r r e n t  r e s p o n s e  
d u r i n g  t h e  s e c o n d  ca thod i c  sweep  b e  per iodic ,  i.e., no t  
c h a n g e  d u r i n g  m u l t i p l e  sweep ing .  Th i s  b e h a v i o r  is con-  
f i rmed  in Fig. 7a; t he  h e i g h t  of  t he  pe r iod ic  ca thod i c  cur- 
r e n t  m a x i m u m ,  ic.m~x, is lower  t h a n  i% . . . .  a n d  does  no t  
c h a n g e  u p o n  m u l t i p l e  sweep ing .  ~ Similar ly ,  t he  magn i -  
t u d e  of  t h e  a n o d i c  cu r ren t ,  i~, at  t he  foot  of  t h e  wave  is al- 
ways  c o n s t a n t ,  p r o v i d e d  t h a t  t he  pe r iod ic i ty  c r i t e r ion  is 
sat isf ied.  I t  s h o u l d  b e  n o t e d  h e r e  t h a t  i t  is  no t  a lways  
p o s s i b l e  to  m e e t  the  pe r iod i c i t y  r e q u i r e m e n t  exact ly .  F o r  

2Errors arising from double layer capacitance corrections are 
more significant in the value of" the periodic current maximum, 
since i r  < i~ and their difference increases with increas- 
ing or. 

Fig. 7. Cyclic voltammetry of Ag deposition on a rotating disk elec- 
trode, a: multisweep current/potential diagram obtained at 0.100 Vs-'  
and o~ = 80 rpm showing the first sweep and periodic current responses. 
b: charge/potential diagram recorded simultaneously with a. 

i n s t ance ,  w i t h  a cha rac t e r i s t i c  t i m e  of  2.8s (80 rpm)  a n d  a 
s w e e p  ra t e  of  1 Vs-'~ 2.8V of  po t en t i a l  ra_nge are  r equ i r ed .  
However ,  e v e n  for (9 > 0.1 (6~/D) t he  dev i a t i on  o f  t h e  cur-  
r e n t  from that for the exact periodic state is not experi- 
mentally significant, as was confirmed by the observed 
voltammetry. 
Figure 7b is the charge/potential diagram correspond- 

ing to the RDE voltammogram of Fig. 7a. Due to the elec- 
trode rotation, more deposit is accumulated on the RDE 
than on the stationary electrode at the same conditions. 
The amount of deposit, and equivalent charge , is mostly 
def ined  b y  O a n d  t he  l imi t ing  cu r ren t ,  iL. S ince  t h e ' e l e c -  
t r ode  c u r r e n t  is nea r  iL for m o s t  of t he  t ime,  a n d  s ince  t he  
exces s  ca thod i c  c h a r g e  in  t he  ca thod ic  c u r r e n t  p e a k  is 
par t ia l ly  c o u n t e r b a l a n c e d  b y  t he  anod ic  c h a r g e  n e a r  t he  
e q u i l i b r i u m  potent ia l ,  t h e  cha rge /po t en t i a l  d i a g r a m s  h a v e  
a m u c h  s i m p l e r  (near ly  l inear)  a p p e a r a n c e  t h a n  t he  sta- 
t i o n a r y  e l ec t rode  d i a g r a m s  (Fig. 2c). 

L S V  c u r r e n t  f u n c t i o n s  are r e l a t ed  to o- b y  (1, 4) 

i~  
J ~  . . . .  - -  - 0.61 c~ I12, o" > 4 [6] 

iL 

It should be noted that an experimental investigation of 
Eq. [6] does not require knowledge of the bulk concentra- 
tion of the reactant or the electrode area as long as it re- 
mains constant during the performance of the experi- 
ment. Due to the dimensionless nature of Eq. [5], it is 
possible that different combinations of rotation speed and 
sweep rate yield the same value of o. However, the mea- 
sured peak currents when normalized with respect to the 
appropriate iL, should yield the same J. This was, in fact, 
observed, as shown by the results of Fig. 8. 

The periodic current maxima correlation (i) 

Jc .... _ i ...... 0.88 (r 0.25% ~ > 9 [7] 
iL 

is s e e n  (Fig. 9) to agree  wel l  w i t h  t he  e x p e r i m e n t a l  data.  
Aga in  Jr is i n d e p e n d e n t  of  e l ec t rode  area  a n d  r e a c t a n t  
b u l k  concen t r a t i on .  In  add i t ion ,  i ts  va lue  for  a p a r t i c u l a r  6 
does  no t  d e p e n d  on  t he  pa r t i cu la r  c o m b i n a t i o n  of  ~0 a n d  v 
t h a t  g ives  r ise  to th i s  va lue  of  c~. The  d e p e n d e n c e  of  Jc.,lax 
on  ~r is w e a k  a n d  r equ i r e s  a large  r a n g e  of sweep  ra tes  for  
i ts  e x p e r i m e n t a l  d e t e r m i n a t i o n .  However ,  if  l o w r o t a t i o n  
s p e e d s  are  used,  th i s  is no t  a s ign i f ican t  d i s advan t age .  At  
low r o t a t i o n  speeds ,  a pe r iod ic  s ta te  is e s t ab l i shed ,  u n l i k e  
t h e  t d e p e n d e n c e  of  a s t a t i o n a r y  e l ec t rode  r e s p o n s e ,  a n d  
can  be  r e t a i n e d  for  l onge r  t i m e s  s ince  depos i t  a c c u m u l a -  
t ion  is also lower.  

F i g u r e  10 s h o w s  t he  d e p e n d e n c e  of  t h e  pe r iod ic  d i m e n -  
s ion less  a n o d i c  c u r r e n t  f u n c t i o n  m a x i m u m  on ~, w h i c h  is 
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Fig. 8. Dependence of the first sweep cathodic current maximum on 
the dimensionless sweep rate. Solid line is the prediction of Eq. [6] (RDE 
cyclic voltammetry). 
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Fig. 9. Dependence of the periodic cathodic current maximum on the 
dimensionless sweep rate. Solid line is the prediction of Fq. [7] (RDE cyc- 
lic voltammetry). 

[8] 

p r e d i c t e d  (1) to b e  

ia 
J a =  .--:--= 1 --O - ' / 2 , o ->9  

?'L 

The  e x p e r i m e n t a l  o b s e r v a t i o n s  dev ia te  f r o m  t he  pred ic-  
t ions  of  Eq. [8] in  a m a n n e r  a n a l o g o u s  to t h e  ia for  t h e  sta- 
t i ona ry  e lec t rode .  T he  dev i a t i on  is h i g h e r  at  t h e  h i g h e r  ro- 
t a t i o n  speed ,  a n d  th i s  is c o n s i s t e n t  w i t h  an  iR effect,  s ince  
at  h i g h e r  r o t a t i o n  s p e e d s  a n o d i c  c u r r e n t  v a r i a t i o n s  are  
s t e epe r  n e a r  t h e  e q u i l i b r i u m  potent ia l .  

Limiting current measurements.--Limiting c u r r e n t s  
we re  m e a s u r e d  p o t e n t i o d y n a m i c a l l y  in  t he  r o t a t i o n  s p e e d  
r a n g e  100-6400 r p m  a n d  were  f o u n d  to d e p e n d  l inea r ly  on  
co "2 w i t h  zero in te rcep t .  B a s e d  on  t he  geom e t r i c a l  a rea  of  
t he  e lec t rode ,  t he  e x t r a c t e d  va lue  for  DAg + was  1.4 (2) • 
10 -~ cm~s -~, in  e x c e l l e n t  a g r e e m e n t  w i th  t he  one  r e p o r t e d  
b y  B a c h m a n n  a n d  D o h r m a n n  (6), a n d  c o n s i s t e n t  w i t h  the  
v a l u e  o b t a i n e d  f r o m  t he  CV da ta  ana lys i s  above .  

T h e  pos s ib l e  e r ro rs  a s soc ia t ed  w i th  t he  d e t e r m i n a t i o n  
of  l i m i t i n g  c u r r e n t s  by  po t en t i a l  s w e e p i n g  h a v e  b e e n  t he  
s u b j e c t  of  some  d i s c u s s i o n  in t h e  l i t e ra tu re  (11). I t  is be- 
l i eved  t h a t  i f  t he  sweep  ra te  is v e r y  h i g h  t he  r e s u l t i n g  
m a s s - t r a n s f e r  s i tua t ion  is t r a n s i e n t  a n d  does  no t  y ie ld  an  
accu ra t e  m e a s u r e m e n t  of  m a s s - t r a n s f e r  coeff ic ients  in  
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Fig. 10. Dependence of the periodic anodic current maximum on the 
dimensionless sweep rote. Solid line is the prediction of Eq. [8] (RDE cyc- 
lic voltammetry). 

t h e  s t e a d y  state.  However ,  i f  t h e  sweep  ra te  is ve ry  low, 
a n d  t he  r eac t i on  u n d e r  s t u d y  is e l ec t rodepos i t ion ,  t h e  on- 
se t  of  su r face  r o u g h n e s s  w i t h  cha rac t e r i s t i c  size s imi la r  to 
t he  d i f fus ion  layer  t h i c k n e s s  m a y  also y ie ld  an  e r r o n e o u s  
l im i t i ng  c u r r e n t  m e a s u r e m e n t .  

The  fac t  t h a t  t he  p o t e n t i o d y n a m i c a l l y  m e a s u r e d  l imit-  
ing c u r r e n t s  y ie lded  a va lue  of  DAg + t h a t  is c o n s i s t e n t  w i t h  
o t h e r  l i t e r a tu re  ind ica t e s  t h e s e  ob jec t ions  to t h e  po ten t io -  
d y n a m i c  m e t h o d  r equ i r e  qua l i f ica t ion .  The  m o r e  ser ious  
l im i t a t i on  is r e l a t ed  to t he  con t ro l  of  t he  to ta l  a m o u n t  of 
depos i t  d u r i n g  t he  t i m e  p e r i o d  r e q u i r e d  for  l im i t i ng  cur-  
r e n t  m e a s u r e m e n t s .  P o t e n t i o d y n a m i c a l l y ,  t h e  a m o u n t  of  
depos i t  is no t  con t ro l l ed  direct ly ,  b u t  i nd i r ec t ly  by  cho ice  
of  r o t a t i on  s p e e d  a n d  sweep  rate.  The  cho ice  of  t h e s e  two 
p a r a m e t e r s  m u s t  be  m a d e  j u d i c i o u s l y  to o b t a i n  t r ue  l imit-  
ing  c u r r e n t  m e a s u r e m e n t s  t h a t  are re la t ive ly  u n a f f e c t e d  
b y  su r face  r o u g h n e s s .  Fo r  t he  c o m b i n a t i o n  of  r o t a t i on  
s p e e d  a n d  sweep  ra te  s u c h  t h a t  (r > 3, as in  Fig. 7, t h e  l im- 
i t ing  c u r r e n t  can  b e  m e a s u r e d  w i t h  the  d e p o s i t i o n  of  less  
t h a n  1 m C  �9 cm -2. T h e r e  m a y  b e  c i r c u m s t a n c e s  w h e r e  iL 
m e a s u r e m e n t  u s i n g  ~ > 3 is no t  poss ib le ,  d u e  to ve ry  h i g h  
sweep  ra tes  or to insu f f i c i en t  po t en t i a l  r a n g e  ( c o m p e t i n g  
react ions) .  However ,  w h e n  ~ > 3, a n d  for  r eac t i ons  w h i c h  
are  no t  k ine t i ca l ly  l imi ted ,  t he  c u r r e n t  i n c r e a s e s  m o r e  
sha rp ly  to iL (1), so t h a t  t h e  m e a s u r e m e n t  can  b e  m a d e  in  
a n a r r o w e r  po t en t i a l  region,  b u t  t he  q u a n t i t y  of  depos i t  
wil l  b e  m u c h  larger,  a n d  t h e  poss ib i l i ty  of  r o u g h n e s s  ef- 
fects  m u c h  greater .  R o u g h n e s s  effects  were  c lear ly  evi- 
d e n t  for  s o m e  c o m b i n a t i o n s  of r o t a t i on  ra te  a n d  sweep  
rate,  as s h o w n  in Fig. 11. 

Fo r  ve ry  low va lues  of  t he  sweep  ra te  (0.002 a n d  0.005 
Vs- ' ,  Fig. 11) t h e r e  a p p e a r  to be  wel l -def ined  c o n d i t i o n s  
at  w h i c h  t he  c u r r e n t  i nc reases  b e y o n d  t he  IL value .  S ince  
t he  e l ec t rode  po ten t i a l  is s u c h  t h a t  no  o t h e r  r eac t i ons  be- 
s ides  Ag d e p o s i t i o n  can  occur ,  t h i s  i nc rease  m u s t  be  at- 
t r i b u t e d  to a n  inc rease  of  the  ef fec t ive  sur face  area  of t he  
e l ec t rode  t h r o u g h  the  f o r m a t i o n  of  i r regu la r i t i e s  of  char-  
ac te r i s t i c  d i m e n s i o n  c o m p a r a b l e  to t he  t h i c k n e s s  of  the  
d i f fus ion  layer.  I t  is also poss ib l e  t h a t  t h e s e  i r regu la r i t i e s  
once  f o r m e d  m a y  f u r t h e r  e n h a n c e  m a s s  t r a n s f e r  t h r o u g h  
t h e i r  ef fec t  on  t he  h y d r o d y n a m i c s  of  t he  sys tem.  Tab le  II 
s h o w s  r e su l t s  o b t a i n e d  at  d i f f e ren t  sweep  ra t e s  a n d  rota-  
t ion  s p e e d s  for  the  po t en t i a l  a n d  t he  in teg ra l  c h a r g e  at  
w h i c h  t he  m e a s u r e d  c u r r e n t  b e c o m e s  g rea t e r  t h a n  t he  
l im i t i ng  cu r ren t .  Severa l  f ea tu res  of  t h e s e  r e su l t s  s h o u l d  
be  no ted :  at  t he  s a m e  ro t a t i on  speed ,  less  depos i t  a n d  
m o r e  o v e r p o t e n t i a l  is r e q u i r e d  at  i n c r e a s i n g  sweep  ra tes ;  
a t  t h e  s a m e  sweep  rate,  t he  cr i t ical  ove r -po t en t i a l  in- 
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Fig. 11. Potentiodynamic limiting current determination at 1600 rpm 
and 0.025 Vs -1 (curve 1 ), 0.00S Vs -1 (curve 2), and 0.002 Vs -1 (curve 
3). 

creases  w i t h  i n c r e a s i n g  r o t a t i o n  speed ;  a s s u m i n g  u n i f o r m  
depos i t i on ,  t h e  h e i g h t  of  t he  depos i t  at  t he  onse t  is a t  l eas t  
100 t i m e s  smal l e r  t h a n  t he  b o u n d a r y  layer  t h i c k n e s s .  

I t  s h o u l d  be  n o t e d  also t h a t  t he  cha rac t e r i s t i c  a m o u n t s  
of  Ag d e p o s i t e d  in Tab le  II  are a p p r o x i m a t e l y  10-100 
t i m e s  g rea t e r  t h a n  in  t he  o t h e r  CV c u r v e s  w h i c h  we re  
u s e d  to t e s t  t he  R D E  theory .  Col lect ively,  t h e s e  observa-  
t i ons  i nd i ca t e  t h a t  t he  i r regu la r i t i e s  are  c o n f i n e d  to a 
v e r y  sma l l  (e.g., 1%) f rac t ion  of  t he  to ta l  surface ,  pos s ib ly  
at  t he  v e r y  edge  of  t h e  disk.  We do not ,  howeve r ,  offer  a 
de f in i t ive  phys i ca l  i n t e r p r e t a t i o n  of  t h e  su r face  
r o u g h n e s s .  

Conclusions 
A n  e x p e r i m e n t a l  i nves t i ga t i on  of  Ag d e p o s i t i o n  b y  

m u l t i s w e e p  cycl ic  v o l t a m m e t r y  ha s  s h o w n  e x c e l l e n t  
a g r e e m e n t  b e t w e e n  e x p e r i m e n t  a n d  a m o d e l  a s s u m i n g  re- 
v e r s i b l e  k ine t i c s  at  u n i t  ac t iv i ty  of  t he  depos i t .  The  
a n o d i c  r eve r sa l  p o t e n t i a l  was  set  to  equa l  t h e  e q u i l i b r i u m  
p o t e n t i a l  of  t he  e lec t rode ,  wh i l e  sweep  rate,  n u m b e r  of  
app l i ed  sweeps ,  a n d  ca thod i c  r eve r sa l  p o t e n t i a l  were  
t r e a t e d  as pa rame te r s .  

F o r  t he  s t a t i ona ry  e lec t rode ,  c a thod i c  c u r r e n t  m a x i m a  
(peaks)  we re  o b s e r v e d  t h a t  c o n t i n u o u s l y  d e c r e a s e d  in  
m a g n i t u d e  w i t h  i n c r e a s i n g  n u m b e r  of  app l i ed  sweeps ,  
wh i l e  t he  p e a k  po t en t i a l  sh i f t ed  in t he  ca thod i c  d i rec t ion .  
P e a k  h e i g h t s  we re  a l inea r  f u n c t i o n  of  t he  s q u a r e  roo t  of 
t he  s w e e p  ra t e  w i t h  s lopes  w h i c h  d e p e n d  on  t h e  v a l u e  of 
t he  c u r r e n t  f u n c t i o n  at  a g iven  ca thod i c  r eve r sa l  po t en t i a l  
as wel l  as on  t he  d i f fus ion  coeff ic ient  of  t he  ion, i ts  b u l k  
c o n c e n t r a t i o n ,  a n d  the  area of t he  e lec t rode .  A l t h o u g h  
e a c h  c o m p l e t e  sweep  r e su l t s  in  t he  f o r m a t i o n  of  a ne t  de- 
posi t ,  t h e  e l ec t rode  geom e t r i c a l  or p ro j ec t ed  a rea  cou ld  b e  

Table II. Characteristic values for the potential and integral charge at 
which deviation from the limiting current occurs 

v - ~  q • 10 zb 6 • 103e l • 106d 
(rpm) (V - s-') (V) (C " cm 2) (cm) (cm) ~// 

3600 0.005 0.250 7.0 0.9 7.4 125 
0.010 0.350 5.2 5.5 169 
0.020 0.400 3.0 3.2 286 

2500 0.002 0.175 10.1 1.1 11 104 
0.005 0.300 7.3 7.8 142 
0.010 0.425 5.3 5.6 198 

1600 0.002 0.200 9.4 1.4 10 139 
0.005 0.350 6.9 7.4 189 

a Cathodic overpotential at which deviation occurs. 
b Integral charge at n. 
c Thickness of the Levich diffusion layer. 
d Deposit thickness equivalent to q; deposit assumed uniform 

with a density of 10.5 g �9 cm -3. 
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u s e d  to c o m p u t e  c u r r e n t  dens i t i e s  at  m i l l i m o l a r  concen -  
t r a t i ons  e v e n  af te r  t he  a p p l i c a t i o n  of  t en  c o m p l e t e  sweeps  
at  0.010 Vs -1 e x t e n d i n g  for  0.411V in t h e  ca thod i c  po ten -  
t ial  region.  The  in teg ra l  cha rge s  a s soc ia t ed  w i t h  e a c h  po- 
t en t i a l  s w e e p  on  t he  s t a t i o n a r y  e l ec t rode  fo l lowed  a l i nea r  
d e p e n d e n c e  on  t he  i nve r se  of the  s q u a r e  roo t  of  t h e  
sweep  rate.  As  t he  n u m b e r  o f  app l i ed  s w e e p s  inc reases ,  
less  d e p o s i t  is  f o r m e d  d u r i n g  a c a t h o d i c  sweep.  Howeve r ,  
e v e n  at  depos i t  t h i c k n e s s e s  of  t he  o rde r  of  20 mono laye r s ,  
a su r f ace  r o u g h n e s s  effect  was  o b s e r v e d  as a d e v i a t i o n  of 
t h e  m e a s u r e d  c h a r g e  d e n s i t y  f rom the  va lue  c o m p u t e d  on  
t he  bas i s  of the  geome t r i c a l  area  of  the  e lec t rode .  

Cycl ic  v o l t a m m e t r y  e x p e r i m e n t s  p e r f o r m e d  on  t h e  
RDE ver i f ied  t he  p r e d i c t i o n  t h a t  a pe r iod ic  c u r r e n t  re- 
s p o n s e  is o b t a i n e d  d u r i n g  t he  s e c o n d  a n d  s u b s e q u e n t  po- 
t en t i a l  sweeps .  In  add i t ion ,  c u r r e n t  m a x i m a  were  ob- 
t a i n e d  w h e n  t h e  d i m e n s i o n l e s s  sweep  ra te  e x c e e d e d  3, in  
a g r e e m e n t  w i t h  theo re t i ca l  p red ic t ions .  

W h e n  t h e  m a g n i t u d e s  of  t h e  ca thod ic  c u r r e n t  m a x i m a  
were  n o r m a l i z e d  w i t h  r e spec t  to t he  l im i t i ng  c u r r e n t  at  a 
pa r t i cu l a r  ro t a t i on  speed,  t h e  r e s u l t i n g  d i m e n s i o n l e s s  
q u a n t i t y  was  co r re la t ed  to t he  d i m e n s i o n l e s s  sweep  rate.  
Fo r  ~ > 9, t he  per iod ic  d i m e n s i o n l e s s  c u r r e n t  was  s h o w n  
to v a r y  l inear ly  w i t h  o-1% It  was  c o n c l u d e d  t h a t  cyclic 
v o l t a m m e t r y  on  t he  R D E  s h o u l d  b e  p e r f o r m e d  at  low ro- 
t a t i o n  s p e e d s  to avo id  excess ive  depos i t  a c c u m u l a t i o n  
a n d  t he  n e e d  for  h i g h  sweep  rates .  A t  t h e s e  r o t a t i o n  
speeds ,  t he  l im i t i ng  c u r r e n t  as wel l  as t h e  first  a n d  peri-  
odic  c u r r e n t  m a x i m a  are wel l  def ined,  a n d  t he  R D E  
cor re la t ions  can  be  s u b s e q u e n t l y  u s e d  for d i agnos t i c  pur-  
poses  w i t h o u t  accu ra t e  k n o w l e d g e  of  t he  v a l u e  of  t he  
e l ec t rode  sur face  area  or the  b u l k  c o n c e n t r a t i o n  of  the  
r eac t i ng  species .  

In  co r r e l a t i ng  cyclic v o l t a m m e t r y  da ta  for  b o t h  s ta t ion-  
ary  a n d  ro t a t ing -d i sk  e lec t rodes ,  k n o w l e d g e  of  t he  diffu- 
s ion  coef f ic ien t  of  t h e  r eac t i ng  ion  is r equ i r ed .  I n  th i s  in- 
v e s t i g a t i o n  a d i f fus iv i ty  va lue  for  D,g + was  o b t a i n e d  b y  
R D E  p o t e n t i o d y n a m i c  l im i t i ng  c u r r e n t  m e a s u r e m e n t s .  A t  
m o d e r a t e  sweep  rates ,  a l imi t ing  c u r r e n t  p l a t eau  was  ob- 
t a i n e d  w h i c h  was  accu ra t e ly  d e s c r i b e d  b y  t he  L e v i c h  
equa t i on .  However ,  a t  m u c h  lower  sweep  rates ,  n o n u n i -  
f o r m  depos i t  a c c u m u l a t i o n  c a u s e d  t he  l imi t ing  c u r r e n t  to 
i n c r e a s e  a b o v e  its p r ev ious ly  d e t e r m i n e d  value .  In  o rde r  
to avo id  sur face  r o u g h n e s s  a n d  t r a n s i e n t  e f fec ts  a n d  also 
in o rde r  to m a x i m i z e  t he  po t en t i a l  r a n g e  over  w h i c h  t he  
l im i t i ng  c u r r e n t  is obse rved ,  i t  is c o n c l u d e d  t h a t  t he  opti-  
ma l  va lue  of  the  sweep  ra te  is t he  one  j u s t  be fo re  t he  ap- 
p e a r a n c e  of  t he  cycl ic  v o l t a m m e t r y  c u r r e n t  peak .  For  re- 
ve r s ib l e  d e p o s i t i o n  reac t ions ,  th i s  va lue  can  be  f o u n d  
f rom the  r e q u i r e m e n t  t h a t  the  d i m e n s i o n l e s s  sweep  ra te  
be  e q u a l  to 3. 
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Sulfur Chemistry in Equimolar NaOH-H20 Melt 
I. Electrochemical Oxidation of Sodium Sulfide 
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A B S T R A C T  

B o t h  a n o d i c  s teps  of  sul f ide  ox ida t i on  at  a gold  e l ec t rode  h a v e  b e e n  s t ud i ed  in  t he  e q u i m o l a r  NaOH-H20 m e l t  a t  
100 ~ a n d  140~ b y  v o l t a m m e t r i c  t e c h n i q u e s  a n d  e lec t ro lys i s  a s soc ia t ed  w i t h  U V  s p e c t r o p h o t o m e t r y .  The  first  s tep  leads  
to $2 ~-, $32-, a n d  m o l e c u l a r  su l fu r  fo l lowing  t he  t i m e  scale  of  the  t e c h n i q u e s ,  a n d  t he  s e c o n d  one  to sulfi te an ion .  T h e  
i n f l uence  of  t e m p e r a t u r e  is d i scussed .  A p p l i c a t i o n  to ana ly t i ca l  cha rac t e r i s t i c s  of  po lysu l f ides  is given.  The  m o s t  in te r -  
e s t ing  fea tu re  is t h e  d i s t i nc t i on  b e t w e e n  di- a n d  t r i -sul f ide  w i t h  t h e  he lp  of  t he i r  a n o d i c  w a v e s  a n d  U V  s p e c t r u m .  

Th i s  a n d  t he  fo l lowing  p a p e r  are d e v o t e d  to t he  s t u d y  
of  t he  su l fu r  c o m p o u n d s  f rom su l fu r  d i s p r o p o r t i o n a t i o n  
in s t rong ly  bas ic  media .  Th i s  r eac t ion  p l a y s  a n  i m p o r t a n t  
role  in  t he  u t i l i za t ion  of  th i s  a b u n d a n t  r aw ma te r i a l  be-  
cause  i t  l eads  to polysul f ides ,  w h i c h  are  u s e d  as i n t e r m e -  
d ia tes  in  organic  or i no rgan i c  s y n t h e s i s  (1). Th i s  dis- 
p r o p o r t i o n a t i o n  r eac t i on  is qu i te  c o m p l e x  a n d  is no t  
r i go rous ly  cont ro l led ,  pa r t ly  b e c a u s e  of  a l ack  of  conven -  
i en t  ana ly t i ca l  tools.  B e t t e r  con t ro l  cou ld  b e  e x p e c t e d  via  
t he  s p e c t r o p h o t o m e t r i c  or the  e l e c t r o c h e m i c a l  p r o p e r t i e s  
of  t he  r e l e v a n t  species ,  b u t  a s u r v e y  of  t he  l i t e r a tu re  (2) re- 
vea ls  a l ack  of  k n o w l e d g e  a b o u t  t h e  n a t u r e  a n d  t h e  p rop-  
e r t i es  of the ions, which must be considered in the 
strongly alkaline and high temperature conditions in 
which the reaction generally starts (liquid sulfur with so- 
dium hydroxide at temperatures above 120~ 

In view of these arguments, we investigated the electro- 
chemical and UV behavior of the various species from the 
sulfur disproportionation, i.e., sulfide, polysulfides, and 
sulfur oxyanions in the equimolar melt NaOH-H20 at 
temperatures between I00 ~ and 140~ Relevant proper- 
ties of water-NaOH mixtures have been studied and re- 
viewed largely by Tremillion et al. (3). These melts are 
ionic liquids and transparent in the near-UV down to 310 
nm. Their acidity is characterized by the pH20 or by the 
related pHO- or pO 2- function. But except around the 
pure components composition, the pH20 is quite buffered 
in a given melt, depending on the H~O/HO- ratio, so that 
the pH20 need not be regarded as an important parameter 
in the equimolar melt, contrary to the analogue pH in 
water. On the other hand, the potential can be varied over 
a wide range, allowing use of electrochemical techniques. 
The melting temperature of the equimolar melt is 64.5~ 
(4, 5). 

Th i s  first p a p e r  deals  w i t h  t he  e l e c t r o c h e m i c a l  oxida-  
t ion  of  s o d i u m  sulfide. Only  a few w o r k s  in t he  l i t e r a tu re  
are c o n c e r n e d  w i th  s t rong ly  bas ic  so lu t ions .  T he  first 
e l e c t r o c h e m i c a l  s tud ies  date  f rom t he  b e g i n n i n g  of  th i s  
cen tu ry .  A m o n g  t h e m ,  we can  m e n t i o n  Fe tze r ' s  (6) w o r k s  
in 4M s o d i u m  h y d r o x i d e .  Th i s  a u t h o r  ha s  s h o w n  b y  
c o n t r o l l e d  c u r r e n t  e lec t ro lys i s  t h a t  o x i d a t i o n  of  con-  
c e n t r a t e d  sul f ide  so lu t ions  l eads  at  low c u r r e n t  d e n s i t y  to 
polysul f ides ,  and  at  h i g h  dens i t y  to su l fa te  a n d  di- 
t h iona t e .  

By  con t ro l l ed  po ten t i a l  e lect rolys is ,  B o h n h o l t z e r  a n d  
H e i n r i c h  (7) d i s t i n g u i s h e d  su l fu r  f o r m a t i o n  a n d  i ts  disso-  
l u t i o n  in to  polysul f ides ,  t hen ,  a t  a more  ox id iz ing  po ten-  
tial, t h e  f o r m a t i o n  of  su l fa te  a n d  d i th iona te .  Fo r  his  part ,  
G e r i s c h e r  (8) s h o w e d  t h a t  the  p r e d o m i n a n t  spec ies  are  in  

Keywords: sulfide, polysulfides, electro-oxidation, hy- 
droxide-water melt. 

t u r n  polysulf ide ,  th iosu l fa te ,  a n d  sulfate.  A l l en  a n d  
H i c k l i n g  (9), s t u d y i n g  t he  m e c h a n i s m  a n d  t he  k ine t i c s  of  
t he  ox ida t ion ,  c o n c l u d e d  t h a t  t he  first o x i d a t i o n  s tep  of  
sul f ide  ion  in  1M N a O H  so lu t ion  on  p l a t i n u m  or gold  
e l ec t rode  leads  to polysul f ides .  

R e d o x  p o t e n t i a l s  of  po lysu l f ides  h a v e  b e e n  ca l cu la t ed  
(10) or m e a s u r e d  (9, 11, 12) in  weak ly  a lka l ine  cond i t i ons .  
T h o u g h  severe  d i s c r e p a n c i e s  ex i s t  in  the  va lues ,  t he  
r e d o x  po t en t i a l s  of  po lysu l f ides  fall w i t h i n  ve ry  n a r r o w  
l imi t s  in  water ;  t h u s  w h e n  t h e y  exist ,  t h e y  will  be  neces-  
sar i ly  p r e s e n t  s imu l t aneous ly .  

As all t h e s e  r e su l t s  we re  o b t a i n e d  in  so lu t ions  no t  con-  
c e n t r a t e d  e n o u g h  in  N a O H  to be  e x t r a p o l a t e d  to t he  
e q u i m o l a r  melt ,  we  u n d e r t o o k  i nves t i ga t i ons  on  t h e  elec- 
t r o c h e m i c a l  o x i d a t i o n  of  sul f ide  b y  m e a n s  of  s t eady - s t a t e  
v o l t a m m e t r y ,  cyclic v o l t a m m e t r y ,  c h r o n o a m p e r o m e t r y ,  
a n d  con t ro l l ed  p o t e n t i a l  cou lomet ry .  

Experimental 
Cells.--Two k i n d s  of  ma te r i a l s  were  used ,  P y r e x  for  ex- 

p e r i m e n t s  at  100~ a n d  Tef lon  at 140~ U n e x p e c t e d  ab- 
s e n c e  of  co r ros ion  of  P y r e x  and  quar t z  at  100~ a l lowed  
us  to u se  a c o n v e n t i o n a l  P y r e x  cell  w i t h  five ex i t s  a n d  a 
t h e r m o s t a t e d  jacke t .  The  cell  r e m a i n s  u n a t t a c k e d  d u r i n g  
m o r e  t h a n  one  year. A t  140~ a t t ack  was  fast, a n d  a 
Tef lon cell, s imi la r  to t he  c o n v e n t i o n a l  P y r e x  one, was  
used.  S i l i cone  oil was  c i r cu la t ed  ins ide  t he  j a c k e t  in  o rde r  
to con t ro l  t he  t e m p e r a t u r e  at  -+I~ 

S p e c t r o p h o t o m e t r i c  m e a s u r e m e n t s  cou ld  be  p e r f o r m e d  
on ly  at  100~ be.cause of  t he  a t t ack  of  sil ica at  h i g h e r  t em-  
pe ra tu re s .  The  P y r e x  e l e c t r o c h e m i c a l  cell was  for  th i s  
p u r p o s e  s u p p l i e d  w i t h  two ho r i zon ta l  g r ind ings ,  t h r o u g h  
w h i c h  ran  two sil ica opt ic  f ibers  w i t h  p o l i s h e d  faces. 
B o t h  f ibers  were  d i rec t ly  d i p p e d  in to  t he  mel t ,  w i t h  no  
p ro tec t ion ,  a n d  no  a t t ack  occur red .  The  opt ica l  p a t h  was  
t he  d i s t a n c e  b e t w e e n  b o t h  po l i shed  p l a n e  e n d s  of  the  
l i ned -up  f ibers  (genera l ly  0.315 cm m e a s u r e d  b y  a cali- 
b r a t e d  w e d g e  clock). 

Electrodes.--The w o r k i n g  e l ec t rode  was  e i t he r  a gold  
d i sk  e l ec t rode  (r  = 0.5 or 1.0 ram)  sea led  in to  P y r e x  glass  
or  Tef lon  a c c o r d i n g  to t he  t e m p e r a t u r e ,  or  a cy l indr i ca l  
gold  gauze  for e lectrolysis .  

All po t en t i a l s  are r e fe r red  to t he  s y s t e m  Ag/Ag (I) satu-  
r a t ed  w i th  Ag20 (13). We c h e c k e d  its r eve r s ib i l i t y  a n d  its 
s t ab i l i ty  in  our  melt .  The  r e f e r ence  e l ec t rode  was  a s i lver  
wi re  d i p p e d  in to  t he  m e l t  s a tu r a t ed  w i t h  Ag~O c o n t a i n e d  
in a c o m p a r t m e n t  m a d e  e i the r  of  a P y r e x  t u b e  t h i n n e d  at 
one  e n d  or of  po rous  Tef lon  to e n s u r e  suf f ic ien t  electr i-  
cal j u n c t i o n .  Fo r  cyclic v o l t a m m e t r y  a n d  s tep  ch rono -  
a m p e r o m e t r y ,  a P t  wire  was  u s e d  as q u a s i r e f e r e n c e  elec- 
t r ode  b e c a u s e  the  i m p e d a n c e  of  t he  t h i n n e d  t u b e  was  



Vol. 131, No. 7 EQUIMOLAR NaOH-H20 MELT 1539 

m u c h  too  h i g h  for  fas t  e x p e r i m e n t s  (14). T h e  aux i l i a ry  
e l e c t r o d e  was  a p l a t i n u m  wi re  s e p a r a t e d  f rom t h e  b u l k  of  
t he  m e l t  by  a glass  fri t  or a Na t ion  m e m b r a n e  (du  P o n t )  
m o u n t e d  in  a Tef lon cy l indr ica l  ho lder .  T he  glass  frit, of  
m e d i u m  poros i ty ,  was  s l igh t ly  a t t a c k e d  b y  t h e  m e l t  a n d  
h a d  to be  c h a n g e d  often.  

Instrumentation.--Electrochemical i n s t r u m e n t a t i o n  was 
s t a n d a r d  a n d  en t i r e ly  c o m m e r c i a l  (Tacussel) .  T h e  spec-  
t r o p h o t o m e t e r  was  a n  a p p a r a t u s  r u n n i n g  in s i n g l e - b e a m  
mode .  T h e  l igh t  b e a m  i s sued  f rom a x e n o n  arc (XBO 75W 
Osram)  a s soc ia t ed  to a m o n o c h r o m a t o r  (H 20 J o b i n - Y v o n )  
a n d  was  focused  on  t h e  first qua r t z  f iber  (Quar tex)  
w h i c h  d i p p e d  in to  t he  solut ion.  T he  l igh t  b e a m  w e n t  
t h r o u g h  t he  so lu t ion  a n d  was  sen t  w i t h  a n o t h e r  qua r t z  
f iber  exac t ly  a l i gned  o n  t h e  first  one  to a p h o t o -  
m u l t i p l i e r  (R 212 H a m a m a t s u ) ,  w h i c h  d e t e c t e d  t h e  
t r a n s m i t t e d  l ight.  N o r m a l i z a t i o n  of  t he  signal ,  i.e., correc-  
t ion  of  t h e  s igna l  for  v a r i a t i o n  of  t he  i n c i d e n t  f lux of  t he  
P M  r e s p o n s e  w i t h  w a v e l e n g t h  was  a c h i e v e d  b y  poin t - to-  
p o i n t  d iv i s ion  of  t he  s ignal  b y  a r e f e r ence  one. S tab i l i ty  
w i t h  t i m e  of  t h e  l igh t  flux was  f r e q u e n t l y  c h e c k e d  d u r i n g  
e x p e r i m e n t s  b y  m e a s u r i n g  t he  s ignal  a t  a w a v e l e n g t h  
w h e r e  su l fu r  c o m p o u n d s  do no t  absorb .  

Reagents.--All r e a g e n t s  we re  P r o l a b o  qua l i ty  R P  
N o r m a p u r  u s e d  w i t h o u t  f u r t h e r  pur i f ica t ion .  Hygro-  
scop ic  Na~S 9H20 was  pe r iod ica l ly  t i t r a t ed  b y  s t a n d a r d  
p rocedure s .  N i t r o g e n  e m p l o y e d  to m a i n t a i n  a n  i n e r t  at- 
m o s p h e r e  a b o v e  t he  m e l t  was  s a t u r a t e d  w i t h  H20 by  a 
b u b b l e r  w h i c h  c o n t a i n e d  w a t e r  at  t h e  s a m e  v a p o r  pres-  
su re  as t h e  1.1 melt .  

Results and  Discussion 

Cur ren t -vo l t age  c u r v e s  of  sul f ide  o x i d a t i o n  at  a gold  
e l ec t rode  are s h o w n  in Fig. 1 for v o l t a m m e t r y  at  a 
r o t a t i n g  e lec t rode ,  in  Fig. 2 for  po t en t i a l  s tep  ch rono -  
a m p e r o m e t r y ,  a n d  in  Fig. 3 for cyclic v o l t a m m e t r y .  T h e y  
s h o w  t h a t  o x i d a t i o n  of  Na2S occurs  in  two  m a i n  s t eps  for 
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Fig. 1. Sulfide oxidation at a rotating gold electrode in NaOH-H~O 
(1 - !)  melt at various temperatures. S 2- = 10-2M. Rotation speed: 1600 
rev. rain -1. Electrode area: 0.785 mm 2. Scanning rate: 10 mV s 1 
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Fig. 2. Potential step chronoamperometry for 1.57 ]0-2M sulfide in 

NoOH-H20 (1-1) melt at ]00~ Curve calculated from current mea- 
surement at t = 0.25s stepping from the rest potential Gold electrode 
area: 0.20 mm 2. Quasireference electrode: platinum wire. 
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Fig. :3. Cyclic voltammetry of 1 0 2 M  sulfide solution in NaOH-H20 
(1-1 ) melt at ] 00~ Gold electrode area: 0.20 mm 2. Scanning rote: 0. ] 
V s -1. Quasireference electrode: platinum wire, 

all t e m p e r a t u r e s  b e t w e e n  75 ~ a n d  150~ E l e c t r o c h e m i c a l  
cha r ac t e r i s t i c s  are  g iven  for  100~ in Tab le  I. The  two 
waves  are  p r o p o r t i o n a l  to t he  c o n c e n t r a t i o n  of  sul f ide  
ion. A p r e w a v e  is s o m e t i m e s  obse rved .  As  its p r e s e n c e  
does  no t  a f fec t  t he  cha rac t e r i s t i c s  of  t he  two m a i n  waves ,  
t h i s  p r e w a v e  ha s  no t  b e e n  s t u d i e d  in  m o r e  detai l .  

A priori, t h r ee  m a i n  spec ies  m u s t  b e  c o n s i d e r e d  as t he  
f inal  p r o d u c t s  of  t he  o x i d a t i o n  s teps ,  viz., polysu l f ides  
S~, 2- m o l e c u l a r  sulfur ,  or o x y a n i o n s  SzO~ 2-. O x y a n i o n s  
we re  ru l ed  ou t  for  t he  first wave  b e c a u s e  m o r e  t h a n  
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Table I. Electrochemical data of the two anodic steps of S ~- in NaOH-H20  (1 - 1 ) at 100~ Na~S = 10-~M; E vs. Ag/Ag(I); i = limit current at 1000 rpm 
or peak current at 0.1 V s -~ or diffusion current 0.25s after a 0.4V step from the rest potential to the plateau; n = electron number 

First step Second step 

EV~/V i,/n{A cm -~ n, EV~/V i~/mA cm -~ n2 igi, 

Rotating electrode -0.62 3.04 2 -0.27 11.2 ? 3.7 
Cyclic voltammetry 1.9 4/3 or 2* 5.6 4 2.95 
Step chronoamperometry 3.02 4/3 9.0 4 3.0 

* For scan rate > 2 V s-L 

2e-/S 2- w o u l d  re su l t  in  t he  un rea l i s t i c  v a l u e  of  m o r e  t h a n  
6e-/S ~- for  t he  s e c o n d  wave,  a c c o r d i n g  to t he i r  re la t ive  
he igh t .  C o n f i r m a t i o n  was  ca r r ied  on  b y  con t ro l l ed -  
po t en t i a l  e lec t ro lys is  on  t he  first p l a t e au  (less t h a n  
2e-/S ~-, see  below).  But ,  po lysu l f ides  or su l fu r  cou ld  no t  
be  ru l ed  out,  s ince  t he i r  o c c u r r e n c e  is n o w  wel l  es tab-  
l i shed  in  m o l t e n  salts. Be fo re  we  i nves t i ga t e  th i s  p r o b l e m  
in m o r e  detail ,  we  sha l l  f irst  c o m m e n t  on  t he  n a t u r e  of  
t he  po lysu l f ides  w h i c h  ex i s t  in  t he  1-1 mel t ,  t h e  di- a n d  
t r i -sul f ide  S22- a n d  $32-. T he  two class ic  ways  of  
po lysu l f ide  p r e p a r a t i o n  in a bas ic  m e d i u m  are  a d d i t i o n  
of  Ss to a sul f ide  so lu t ion  a n d  $8 d i s p r o p o r t i o n a t i o n .  Very  
s i m p l e  e x p e r i m e n t s  s h o w  tha t ,  d e p e n d i n g  on  t h e  m e t h o d ,  
two  d i f f e ren t  polysul f ides ,  b o t h  ye l low colored,  are  ob- 
t a i n e d  in  th i s  mel t :  (i) for case  a, b y  a d d i t i o n  of  su l fu r  to 
su l f ide  in excess ,  a U V  p e a k  a p p e a r s  at  hmax = 365 nm,  
i.e., w i t h  h i g h e r  a b s o r p t i o n  at  365 n m  t h a n  at  any  o t h e r  
w a v e l e n g t h ,  for ins t ance ,  t h e  a rb i t r a r i ly  c h o s e n  va lue  )~ = 
330 n m  (A365 > A330). T he  first ox ida t i on  w a v e  of  S 2- does  
no t  dec rea se  w i t h  S add i t ion ,  w h i c h  m e a n s  t h a t  t h e  ob- 
t a i n e d  Sx 2- is e lec t ro -ox id izab le  at  t he  s a m e  p o t e n t i a l  as 
S ~-. (ii) For  case  b, b y  d i s p r o p o r t i o n a t i o n  of Ss in  a 
sul f ide-f ree  mel t ,  a U V  b a n d  appear s ,  b u t  w i t h  A3~5 < A~o. 
No o x i d a t i o n  w a v e  c o r r e s p o n d i n g  to t h e  first  w a v e  of  S ~- 
is o b s e r v e d ,  w h i c h  i n d i c a t e s  t h a t  th i s  po lysu l f ide  is n o t  
e l ec t ro -ox id izab le  in  t h a t  p o t e n t i a l  range.  

In  b o t h  cases,  a r e d u c t i o n  wave  of po]ysul f ides  a p p e a r s  
r o u g h l y  at  the  s a m e  potent ia l .  S ince  t h e  w e l l - k n o w n  sta- 
b i l i ty  o rde r  of  po tysu l f ides  is (15, 16) in  bas ic  m e d i a  $22- 
> S~ 2- > St 2-, etc., t h e  s i m p l e s t  a n d  m o s t  logical  ass ign-  
m e n t  is t he  fol lowing.  In  p r e s e n c e  of S 2- in  e x c e s s  (case 
a), t he . l e s s  su l fu r  c o n t a i n i n g  spec ies  is. ob ta ined ,  i.e., $22-. 
The  w a v e l e n g t h  of  i ts  m a x i m u m  a b s o r p t i o n  ag rees  w i t h  
t he  p u b l i s h e d  va lue  for  $22- (16). In  t h e  d i s p r o p o r t i o n a t i o n  
case  b, t he  po lysu l f ide  w h i c h  fol lows in t he  s t ab i l i ty  or- 
der,  t h a t  is, S~ 2-, c an  be  a s s u m e d .  Th i s  a s s i g n m e n t  has  
b e e n  p r o v e d  by  e lec t ro lys is  e x p e r i m e n t s ,  d e s c r i b e d  in t he  
n e x t  p a r a g r a p h .  In  t h e s e  e x p e r i m e n t s ,  a po lysu l f ide  w i t h  
t he  s a m e  cha rac t e r i s t i c s  (A365 < A330, no  o x i d a t i o n  wave  at  
t he  p o t e n t i a l  of  t h e  first  S 2- wave)  is o b t a i n e d  for  
1.23e-/S 2- to  be  c o m p a r e d  to 1.0 for $22-, 1.33 for S~ 2 , a n d  
1.5 for $4 ~-. 

Deta i l s  of  t h e  e l e c t r o c h e m i c a l  and  s p e c t r o p h o t o m e t r i c  
p r o p e r t i e s  of  t h e s e  po lysu l f ides  are r e p o r t e d  in  t he  las t  
p a r a g r a p h .  No o t h e r  po lysu l f ide  ha s  b e e n  de tec ted ,  a n d  
t he  d i s t i nc t i on  b e t w e e n  $22- a n d  $3 ~- c an  be  c lear ly  
a c h i e v e d  via  cr i ter ia  a a n d  b m e n t i o n e d  above .  

First  O x i d a t i o n  S t e p  

M a i n  f e a t u r e s  o f  the  w a v e . - - W a v e  a n d  p e a k  were  ana- 
lyzed  a c c o r d i n g  to t he  u s u a l  p rocedure .  L i n e a r  p lo ts  of  
t he  w a v e  h e i g h t  or  of  t h e  p e a k  c u r r e n t  vs .  t h e  s q u a r e  roo t  
of  t h e  e l ec t rode  r o t a t i o n  s p e e d  or  of  t he  p o t e n t i a l  s w e e p  
ra te  i n d i c a t e  a p ro ce s s  l i m i t ed  b y  t he  sulf ide di f fus ion.  
The  d i f fus ion  coeff ic ient  D of  t he  sulf ide  ion  ha s  b e e n  
d e d u c e d  f r o m  c h r o n o a m p e r o m e t r y  m e a s u r e m e n t s  on  t he  
p l a t eau  of  t he  wave.  On t he  t i m e  scale  of  e x p e r i m e n t s  
( ls-10 ms),  l i nea r  dec rea se  of  c u r r e n t  vs .  t - ' 2  is o b s e r v e d  
a c c o r d i n g  to Cot t re l l ' s  e q u a t i o n  va l id  on  t h e  d i f fus ion  pla- 
t eau  w h a t e v e r  t he  r eve r s ib i l i ty  of  the  p r oce s s  (17) 
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w h e r e  n, F, A, a n d  C are  t he  n u m b e r  of  e lec t rons ,  t he  Far-  
aday  cons t an t ,  t h e  e l ec t rode  area,  a n d  t he  sulf ide  concen -  
t ra t ion ,  respec t ive ly .  A t  100~ we o b t a i n  a va lue  of  D 
e q u a l  to 4.3 10 -6 cm 2 s -~, a s s u m i n g  a va lue  of  n = 4t3 (see 
below).  Th i s  low va lue  can  b e  e x p l a i n e d  by  t he  h i g h  vis- 
cos i ty  (18) of  t he  m e d i u m  (0 = 8 cP). 

Wave  ana lys i s  g ives  s t r a igh t  l ines  of  E vs .  log i/(il - i) 
plo t  w i t h  a s lope  of  90 mV. C o m p a r e d  to a s lope  of  74 m V  
for a one -e l ec t ron  r eve r s ib l e  s y s t e m  at 100~ t he  elec- 
t r ode  r eac t i on  a p p e a r s  to b e  i r revers ib le ,  in  a g r e e m e n t  
w i t h  t he  la rge  a n o d i c  a n d  ca thod i c  p e a k  s e p a r a t i o n  ob- 
s e r v e d  in  cycl ic  v o l t a m m e t r y  (Fig. 3). 

C o n t r o l l e d  p o t e n t i a l  e l e c t r o l y s i s . - - C o n t r o l l e d  p o t e n t i a l  
e l ec t ro ly s i s  of  Na2S at  a c y l i n d r i c a l  gauze  e l e c t r o d e  h a s  
b e e n  p e r f o r m e d  o n  t h e  p l a t e a u  of  t h e  f irst  o x i d a t i o n  
s t ep  of  su l f ide  [ - 0 . 5 V  v s .  Ag/Ag(I)].  T h e  ye l low co lo r  de-  
v e l o p e d  m e a n w h i l e  p r o v i d e s  o b v i o u s  e v i d e n c e  of  t h e  
f o r m a t i o n  of  po ly su l f i de s  d u r i n g  t h e  e lec t ro lys i s ,  a n d  
t h e i r  a p p e a r a n c e  h a s  b e e n  fo l l owed  b y  s i m u l t a n e o u s  re- 
c o r d i n g  at  r e g u l a r  p e r i o d s  of  t h e i r  U V  s p e c t r u m  (Fig. 4) 
a n d  t h e i r  v o l t a m m e t r i c  w a v e s  a t  a r o t a t i n g  go ld  elec- 
t r o d e  (Fig. 5). 

I f  t h e  o x i d a t i o n  p r o c e s s  was  a s i m p l e  one :  R e d - e  
Ox, t h e  e l ec t ro lys i s  c u r r e n t  I s h o u l d  v a r y  as  t h e  c o n c e n -  
t r a t i o n  of  Red ,  i .e. ,  in  i n v e r s e  p r o p o r t i o n  to t h e  n u m b e r  
F/S 2- of  F a r a d a y  e x c h a n g e d  pe r  m o l e  of  su l f ide  ( l inear  
p lo t  of  I v s .  F/S2-), a n d  t h e  a b s o r b a n c e  s h o u l d  i n c r e a s e  
in  d i r e c t  p r o p o r t i o n  to F/S 2- w h a t e v e r  t h e  w a v e l e n g t h  in  
t h e  a b s o r p t i o n  b a n d  of  Ox. T h e  b r e a k  o b s e r v e d  for  1.3 
F/S ~- a n d  t h e  d i s c r e p a n c i e s  b e t w e e n  t he  c u r v e  A365 a n d  
A.~3o v s .  t h e  n u m b e r  of  F a r a d a y  p e r  m o l  of  su l f ide  (Fig. 6) 
s h o w  t h a t  t h e  o x i d a t i o n  of  su l f ide  c a n n o t  b e  a s s i g n e d  to 
a s i m p l e  r eac t ion .  T h r e e  m a i n  p a r t s  m u s t  b e  c o n s i d e r e d  
in  t h e  c o u r s e  of  t h e  e lec t ro lys i s .  

F i r s t  p a r t :  F/S  ~- < 0 . 5 . - - D u r i n g  t h i s  f irst  pa r t ,  A365 in-  
c r ea se s  at  a h i g h e r  r a t e  t h a n  A~30, w h i c h  i n d i c a t e s  t h e  
p r e v a i l i n g  f o r m a t i o n  of  S, 2- 

2S 2- - 2e ~ $22- 

A~ 

0.75 \ 

0,71 

0.25 ~ }  

300 350 400 k / n m  

Fig. 4. UV spectra recorded during the electrolysis otE = - 0 . 5 V  of a 
9.1 10-3/14 S -~ solution in NaOH-H20  (1-1) melt at 100~C. Humber of 
Faradays per sulfide mole are indicated on each curve. Optic path: 0 .315  
c m .  
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Fig. S. Voltammetric curves at a rotating gold electrode (S = 0 .20 
mm 2) recorded during the electrolysis at E = - 0 . S V  of a 9.2 10-3M S ~- 
solution in NaOH-H20  (1-1 ) melt at 100~ Number of Faradays per sul- 
fide mole is indicated on each curve. 

T h i s  r e a c t i o n  is n o t  q u a n t i t a t i v e  as s h o w n  b y  t h e  n o n -  
l i n e a r  i n c r e a s e  a b o v e  0.2 F/S 2- of  t h e  a b s o r p t i o n  a t  365 
n m  a n d  b y  t h e  m a x i m u m  v a l u e  of  0.8 F/S ~- i n s t e a d  of  1 
r e q u i r e d  for  c o m p l e t e  o x i d a t i o n .  A b o v e  0.2 F/S 2-, t h e  
less  a b s o r b i n g  t r i su l f ide  $32- m u s t  b e g i n  to a p p e a r ,  
t h o u g h  t h e r e  is n o  c l ea r  proof .  Th i s  s h o r t  r a n g e  d o e s  n o t  
a l low a n y  s i gn i f i c an t  e x t r a p o l a t i o n  to zero o f  t h e  elec-  
t r o ly s i s  c u r r e n t  to  ge t  t h e  n u m b e r  of  e x c h a n g e d  elec-  
t r o n s  a n d  m a k e  a d i s t i n c t i o n  b e t w e e n  $22- a n d  $32-. 

T h o u g h  $22- h a s  t he  s a m e  first  a n o d i c  w a v e  as S 2-, t h e  
l i m i t i n g  c u r r e n t  of  t h e  f irst  w a v e  d e c r e a s e s  (Fig. 5) be-  
c a u s e  two  su l f ides  l ead  to o n l y  one  $22-, w h i c h  i n v o l v e s  
a 50% d e c r e a s e  in  c o n c e n t r a t i o n  of  e l e c t r o a c t i v e  spec ies .  

Second part: 0.5 < F/S 2- < 1.3.--If e l ec t ro ly s i s  is c a r r i e d  
ou t  b e y o n d  0.5 F/S 2-, t h e  r e m a i n i n g  su l f ide  a n d  t h e  
d i su l f i de  w h i c h  is e l e c t r o - o x i d i z a b l e  at  t h e  s a m e  p o t e n -  
t ia l  as  su l f ide  a re  o x i d i z e d  i n t o  trisulficle,  as  s h o w n  b y  
t h e  l o w e r  i n c r e a s e  ra te ,  or e v e n  d e c r e a s e a b o v e  0.8 F/S 2-, 
of  A~65 c o m p a r e d  to A~30 

2S 2- - 2e ---> $22- 

3S22- - 2e --* 2S32- 

B o t h  su l f ides  c lea r ly  c o e x i s t  d u r i n g  a c e r t a i n  t ime ,  
b u t  t h e  p r e s e n c e  of  $32- b e c o m e s  o b v i o u s  at  F/S 2- > 1, 
s i n c e  A~30 > A365 a n d  t h e  c u r r e n t  of  t h e  a n o d i c  f irst  w a v e  
fal ls  to  a s m a l l  va lue .  E x t r a p o l a t i o n  o f  t h e  e l e c t r o l y s i s  
c u r r e n t  i n d i c a t e s  t h a t  it w o u l d  b e  zero  for  c o n s u m p t i o n  
of  1.23 -+ 0.05 F/S 2- at  100 ~ a n d  140~ C o m p a r e d  to t h e  
t h e o r e t i c a l  v a l u e s  of  1 n e e d e d  for  o x i d a t i o n  of  S 2- in to  
$22-, 1.33 in to  $32-, a n d  1.5 i n to  $42-, t h i s  e x p e r i m e n t a l  
v a l u e  a t t e s t s  t h e  f o r m a t i o n  of  t h e  t r i su l f ide  a n d  n o t  t h e  
t e t r a s u l f i d e  $4 ~-. T h i s  r e s u l t  s h o w s  also t h a t  $32- c a n n o t  
b e  p r o d u c e d  b y  d i s p r o p o r t i o n a t i o n  of  su l fu r  o b t a i n e d  as 
a t r a n s i t o r y  spec i e s  in  t h e  m e c h a n i s m  d e s c r i b e d  b e l o w  
b e c a u s e ,  in  t h a t  case,  e x t r a p o l a t i o n  to zero  c u r r e n t  
w o u l d  l ead  to a v a l u e  of  2 F /S  ~-. 

Third part: F/S 2 > 1 .3 . - - I t  is  f u n d a m e n t a l  to  rea l ize  t h a t  
t h e  t i m e  sca le  of  t h e  l a s t  p a r t  of  t h e  e l ec t ro ly s i s  is w i d e l y  
d i f f e ren t :  h o u r s  i n s t e a d  of  40 m i n  (see t i m e  ax is  of  Fig.  
6). D u r i n g  t h i s  pe r iod ,  o n e  o b s e r v e s  t h e  s i m u l t a n e o u s  
d i s a p p e a r a n c e  of  t h e  ye l low color ,  of  t h e  U V  b a n d ,  a n d  
of  t h e  a n o d i c  a n d  c a t h o d i c  v o l t a m m e t r i c  cu rves .  T h e s e  
c o n c o r d a n t  o b s e r v a t i o n s  m e a n  t h a t  t h e  t r i su l f i de  ion  
d i s a p p e a r s  v ia  a p r o c e s s  w h i c h  is too  s low to b e  m a s s -  
t r a n s p o r t  l im i t ed .  We s u p p o s e d  t h a t  $32- is u n s t a b l e  a n d  
s lowly  d i s p r o p o r t i o n a t e s  in to  a n  o x y a n i o n  SxOy 2- a n d  a n  
e l e c t r o a c t i v e  spec i e s  S 2- or  $22-, w h i c h  is a g a i n  o x i d i z e d  
in  $32-. T h e  h y p o t h e s i s  e x p l a i n s  t h e  s low d e c r e a s e  of  t he  
e l e c t ro ly s i s  c u r r e n t  (Fig. 6). B e c a u s e  of  t h e  low v a l u e  of  
t h e  c u r r e n t  a n d  of  t h e  l o n g  t i m e  r e q u i r e d  for  t h e  elec- 
t ro lys i s ,  n o  s ign i f i can t  e x t r a p o l a t i o n  of  t h e  I -F p lo t  of  
Fig. 6 c o u l d  b e  p e r f o r m e d  to ga in  i n f o r m a t i o n  o n  t h e  
d i s p r o p o r t i o n a t i o n  r eac t i on .  E l e c t r o l y s i s  m u s t  e n d  w h e n  
su l f ide  a n d  po ly su l f i de  a re  c o m p l e t e l y  c h a n g e d  i n t o  a 
m o r e  s t a b l e  o x y a n i o n .  

E v o l u t i o n  of  t h e  a n o d i c  a n d  c a t h o d i c  l i m i t i n g  c u r r e n t  
at  t h e  r o t a t i n g  go ld  e l e c t r o d e  r e c o r d e d  d u r i n g  t h e  elec- 

I / m A  

2 o o  

0.75F-~ 

10o - o . 5 ~  = 

o.zsl- 

O -  0 ' 
1 2 3 

Faraday /mole  Na2S 

Fig. 6. Variations of A330, A365, 
and I (electrolysis current) during 
the electrolysis of sulfide on the 
first plateau. Experimental condi- 
tions same as Fig. 4 and 5. 
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t r o lys i s  (Fig. 5) ag rees  q u a l i t a t i v e l y  w i t h  t h e  a p p e a r a n c e  
of  po lysu l f ides .  N e v e r t h e l e s s ,  q u a n t i t a t i v e  a n a l y s i s  d id  
n o t  a l low a c lea r  d i s t i n c t i o n  b e t w e e n  t he  di- a n d  tri-  
su l f ide  f o r m a t i o n  (19). 

We can  s u m  u p  t h e  f irst  s t ep  of  Na2S e l ec t ro ly s i s  w i t h  
t h e  f o l l o w i n g  s c h e m e  

N ~ n < 0 . 5 F  2S 2 - - 2 e - - ) $ 2  ~- 
n < 4 / 3 F / m o l  a2S[  F r 3 S  ~_ 4e $32- - - )  

n > 0 . 5  [ 3S22 - - 2e - - - >2S~  2- 

n > 4/3 F / too l  Na2S: s low d i s p r o p o r t i o n a t i o n  o f  $3 ~- 

N u m b e r  o f  e l e c t r o n s  i n v o l v e d  a t  v o l t a m m e t r i c  t i m e  
s c a l e . - -  I n  t h e  c lass ic  s c h e m e  of  f o r m a t i o n  of  po lysu l -  
t ides  v ia  a n  EC m e c h a n i s m ,  m o l e c u l a r  s u l f u r  is sup-  
p o s e d  to b e  first  o b t a i n e d  

S 2- - 2e --* S [1] 

S 2- + (x - 1)S -> Sx 2- [2] 

We sha l l  n o w  c o n s i d e r  w h i c h  c o m p o u n d  a m o n g  t h e  
p o s s i b l e  $22-, $3 ~-, or  S a n d  spec i e s  is o b t a i n e d  at  t h e  
t i m e  sca le  of  v o l t a m m e t r i c  e x p e r i m e n t s ,  w i d e l y  differ-  
e n t  f r o m  the  t i m e  sca le  of  c o n t r o l l e d - p o t e n t i a l  
e l ec t ro lys i s .  

A d i s t i n c t i o n  b e t w e e n  i n s o l u b l e  m o l e c u l a r  s u l f u r  a n d  
s o l u b l e  p o l y s u l f i d e s  was  a c h i e v e d  v ia  cycl ic  
v o l t a m m e t r y  e x p e r i m e n t s .  A t  m e d i u m  s w e e p  ra t e  (v < 2 
V s-l), Fig.  3 s h o w s  t h e  r e d u c t i o n  p e a k  a s s o c i a t e d  w i t h  
t h e  f i rs t  o x i d a t i o n  peak .  B o t h  i ts  d i f fu s ive  s h a p e  [ l inear  
ip vs .  v ~2 plot ,  s low d e c r e a s e  to zero  i n s t e a d  of  t h e  s h a r p  
fal l  o b s e r v e d  w h e n  r e d u c t i o n  of  s u l f u r  d e p o s i t  o c c u r s  as, 
for  e x a m p l e ,  in  PbC12-KC1 m e l t  (20)] a n d  i ts  p o t e n t i a l  
( the  s a m e  as t h e  r e d u c t i o n  p o t e n t i a l  of  a po l y s u l f i de  so- 
l u t i o n  p r e p a r e d  b y  d i s p r o p o r t i o n a t i o n  of  s u l f u r  i n to  t h e  
mel t )  r u l e d  ou t  m o l e c u l a r  s u l f u r  depos i t .  R e a c t i o n  [2] 
p r eva i l s  a t  low s w e e p  ra te .  T h e  po lysu l f i de  m u s t  b e  $32- 
a n d  n o t  $2 ~-, s i nce  $2 ~- is a n o d i c a l l y  o x i d i z e d  a t  t h e  po-  
t e n t i a l  of  t h e  f irst  wave .  $22- c an  b e  s e e n  on ly  a t  t h e  be-  
g i n n i n g  of  l a rge - sca le  e l ec t ro lys i s  w h e n  a c h e m i c a l  reac-  
t i on  b e t w e e n  t h e  a n o d i c a l l y  p r o d u c e d  t r i su l f ide  a n d  t h e  
r e m a i n i n g  su l f ide  in  l a rge  e x c e s s  c an  o c c u r  in  t h e  b u l k  
of  t h e  cell. 

W h e n  s c a n n i n g  t he  p o t e n t i a l  a t  a s w e e p  ra t e  h i g h e r  
t h a n  2V s- ' ,  in  a d d i t i o n  to t h e  o x i d a t i o n  a n d  r e d u c t i o n  
p e a k s  o b s e r v e d  at  s l o w e r  s w e e p  ra te ,  a n e w  r e d u c t i o n  
p e a k  a p p e a r s  at  less  n e g a t i v e  p o t e n t i a l  t h a n  t h e  f o r m e r  
(Fig. 7). Th i s  p e a k  was  a t t r i b u t e d  to t h e  i n t e r m e d i a t e  for- 
m a t i o n  of  s u l f u r  v ia  r e a c t i o n  [1]. 

As  t h i s  r e d u c t i o n  p e a k  is i l l - s h a p e d  a n d  m e r g e s  in to  
t he  m a i n  one  w i t h  i n c r e a s i n g  p o t e n t i a l  s w e e p  ra te ,  a 
q u a n t i t a t i v e  d i a g n o s t i c  w as  t r i e d  on ly  o n  t h e  a n o d i c  
p e a k  iA. In  d i f fu s ive  c o n d i t i o n s ,  iAV -1~2 is p r o p o r t i o n a l  to  
t h e  n u m b e r  of  e x c h a n g e d  e l e c t r o n s  a n d  s h o u l d  i n c r e a s e  
f r o m  less  t h a n  2e-/S ~- at  low s w e e p  ra t e  ( m i n i m u m  
l e - / S  2: for  $22-, 4/3 for  $32-, 1.5 for  $42-, etc.)  to 2e-/S ~- at  
h i g h e r  s w e e p  ra te ,  t h a t  is a t w o f o l d  m a x i m u m  inc rea se .  

A p lo t  of  i'AV -1~2 VS. log V is s h o w n  o n  Fig. 8. T h e  con-  
s t a n t  v a l u e  of  iAV -'~2 w h e n  v < 2 V s -1 a g r e e s  w i t h  a 
s ing le  d i f f u s i v e  s t ep  ( o x i d a t i o n  in  $32-), b u t  a t  a h i g h e r  
s w e e p  ra te ,  m u c h  m o r e  t h a n  a t w of o l d  i n c r e a s e  was  ob-  
s e r v e d  w i t h o u t  a p p a r e n t  l imit .  Fo r  w a n t  of  s o m e t h i n g  
be t t e r ,  we  s u p p o s e d  t h a t  s u l f u r  f o r m s  a d e p o s i t  o n  t h e  
e l e c t r o d e  w h i c h  ar t i f ic ia l ly  i n c r e a s e s  i ts  area.  S i n c e  a n  
iAv - ' ~  p lo t  h a s  no  s i m p l e  m e a n i n g  in  t h o s e  c o n d i t i o n s ,  
no  k i n e t i c  s t u d y  c o u l d  b e  p e r f o r m e d .  

In  cyc l ic  v o l t a m m e t r y  e x p e r i m e n t s ,  we  h a v e  s h o w n  
t h a t  a p o l y s u l f i d e  is o b t a i n e d  w i t h  p r o b a b l y  n = 4/3 ex- 
c e p t  at  h i g h  s w e e p  ra t e  (v > 2 V s - ' )  w h e r e  s u l f u r  was  de-  
t e c t e d  (n = 2). On ly  po l y s u l f i de  was  o b s e r v e d  in  d o u b l e -  
s t ep  c h r o n o a m p e r o m e t r y  at  t h e  t i m e  sca le  of  ou r  
a p p a r a t u s  ( l s  < t < 0.01s): t h e  b a c k w a r d  c a t h o d i c  reac-  
t i o n  is d i f f u s i o n  c o n t r o l l e d  ( l inear  ic vs .  t -'~2 plot )  w h i c h  
e x c l u d e d  a d e p o s i t  of  i n s o l u b l e  s u l f u r  d u r i n g  t h e  for- 
w a r d  a n o d i c  s t ep  (Fig. 2). As  in  cycl ic  v o l t a m m e t r y  a t  
low s w e e p  r a t e s  a n d  for  t h e  s a m e  r eason ,  $3 ~- m u s t  b e  
c o n s i d e r e d  as t h e  m o s t  p r o b a b l e  f inal  spec i e s  (n = 4/3). 
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Fig. 7. Cyclic voltommetry of o ] .6 ]0-2M solution of sulfide in 
NoOH-H20 (1-1) melt ot |O0~ ot o gold electrode (oreo: 0.20 ram2). 
Sconning rote: 20 V s -1. Quosireference electrode: Pt wire. 

On t h e  c o n t r a r y ,  a t  a r o t a t i n g  go ld  e l ec t rode ,  s eve ra l  
a r g u m e n t s  are  in  favor  of  a su l fu r  d e p o s i t  w h e n  c u r r e n t  
p o t e n t i a l  c u r v e s  are  s lowly  r e c o r d e d  (2 m V  s-l). The  
first  o n e  is e x p l a i n e d  in  t h e  s e c o n d  p a p e r  (21), w h e r e  i t  
is s h o w n  t h a t  d i su l f ide  a n d  su l f ide  are  o x i d i z e d  w i t h  
t h e  s a m e  n u m b e r  of  e l e c t r o n s  w h i c h  is n e c e s s a r i l y  two,  
a n d  w h i c h  a g r e e s  w i t h  r e a c t i o n  [1]. T h e  s e c o n d  r e a s o n  is 
t h a t  p o l y s u l f i d e s  r e a c t  w i t h  sulf i te  (21). S i n c e  a n o d i c  
c u r v e s  of  su l f ide  r e c o r d e d  a t  a r o t a t i n g  e l e c t r o d e  a re  n o t  
i n f l u e n c e d  by  t h e  p r e s e n c e  of  sul f i te  in  so lu t ion ,  i t  m a y  
b e  s u p p o s e d  t h a t  s u l f u r  is o b t a i n e d  i n s t e a d  of  po lysu l -  
fide. T h e  t h i r d  r e a s o n  is t h e  c u r i o u s  i n f l u e n c e  of  t e m -  
p e r a t u r e  on  t h e  a n o d i c  w a v e  d e t a i l e d  b e l o w  a n d  eas i ly  
e x p l a i n e d  b y  a s u l f u r  depos i t .  T h e  l a s t  p r o o f  c o m e s  f r o m  
t h e  v a l u e  of  t h e  ra t io  of  l i m i t i n g  c u r r e n t s  of  t h e  two  
a n o d i c  s teps ,  w h i c h  does  n o t  ag ree  w i t h  c h r o n o -  
a m p e r o m e t r y  a n d  cycl ic  v o l t a m m e t r y  r e s u l t s  ( T a b l e  I) 
a n d  c a n  b e  st i l l  e x p l a i n e d  b y  a su l fu r  depos i t .  

F r o m  all  t h e s e  r ea sons ,  we be l i eve  t h a t  m o l e c u l a r  sul-  
fur  a n d  n o t  po lysu l f i de  is o b t a i n e d  at  a r o t a t i n g  go ld  
e l ec t rode .  As t h i s  d e p o s i t  mod i f i e s  t h e  e l e c t r o d e  sur-  

Ip/V lr '  
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25 
O1 
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Fig. 8. lAY-�89 VS. log V plot for the first oxidotion peak of a 2.25 | 0-2M 
sulfide solution, 
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face,  q u a n t i t a t i v e  m e a s u r e m e n t s  r e q u i r e d  for  t h e  de te r -  
m i n a t i o n  of  t h e  d i f f u s i o n  coe f f i c i en t  or  t h e  n u m b e r  of  
e l e c t r o n s  i n v o l v e d  in t h e  s e c o n d  s t ep  h a v e  on ly  b e e n  
p e r f o r m e d  v ia  c h r o n o a m p e r o m e t r y  e x p e r i m e n t s ,  s i nce  
su l f ide  is o x i d i z e d  to t h e  S(IV) s t a t e  w i t h o u t  g o i n g  
t h r o u g h  t h e  i n t e r m e d i a t e  S(0) s ta te .  

Second Oxidat ion  Step 
The  s e c o n d  o x i d a t i o n  wave,  p r o p o r t i o n a l  to sulf ide 

c o n c e n t r a t i o n ,  was  f o u n d  to b e  con t ro l l ed  b y  d i f fus ion  of  
t he  su l f ide  ion  as p r o v e d  b y  t he  s t r a igh t  l ines  of  l i m i t i n g  
or p e a k  c u r r e n t  p lo t  vs. t h e  s q u a r e  root  of  e l ec t rode  rota-  
t ion  s p e e d  or p o t e n t i a l  sweep  rate.  T he  e l e c t r o c h e m i c a l  
p r o c e s s  i n v o l v e d  is i r revers ib le ,  as i n d i c a t e d  b y  t he  ab- 
s e n c e  of  a r e d u c t i o n  p e a k  in  cycl ic  v o l t a m m e t r y ,  e v e n  at  
h i g h  po t en t i a l - sw eep  ra te  (Fig. 7). T he  n u m b e r  of  elec- 
t r o n s  e x c h a n g e d  d u r i n g  th i s  s e c o n d  s tep  ha s  b e e n  cal- 
cu l a t ed  b y  two  d i f f e ren t  m e a n s :  c o m p a r i s o n  of  h e i g h t s  of  
t h e  two a n o d i c  waves  a n d  e lec t ro lys i s  on  the  s e c o n d  pla- 
teau.  T h e  ra t io  of  the  l im i t i ng  c u r r e n t  d e d u c e d  f r o m  
c h r o n o a m p e r o m e t r y  m e a s u r e m e n t s  or cycl ic  vo l t am-  
m e r r y  (Tab le  I) leads  to n = 4 (4.0 a n d  3.9, respect ive ly) ,  
t h a t  is, for  t he  to ta l  e l ec t ron  n u m b e r  of  t he  two  w a v e s  a 
v a l u e  of  5.3. Th i s  r e su l t  is no t  far  f rom t he  va lue  of  5.8 ob- 
t a i n e d  b y  e lec t ro lys i s  of  a S 2- so lu t ion  d i rec t ly  on  t h e  sec- 
o n d  p la teau .  No po lysu l f ides  are f o r m e d  d u r i n g  t he  
c o u r s e  of  e lec t ro lys i s  s ince  no  U V  b a n d  h a s  b e e n  t r ans i to -  
r i ly  de tec ted .  

I t  m a y  b e  c o n c l u d e d  t h a t  t h e  ox ida t i on  of  su l f ide  leads  
to S (IV). S ince  t he  on ly  k n o w n  su l fu r  c o m p o u n d s  in  h i g h  
a lka l ine  h y d r o x i d e  so lu t ion  are  oxyan ions ,  t he  s e c o n d  ox- 
i da t i on  s tep  of  sul f ide  w o u l d  lead to suifi te ion, accord-  
ing  to t h e  r eac t i on  

S 2- + 6 O H -  - 6e--~ SO32- + 3 H 2 0  

Inf luence of Tempera ture  
S t a t i o n a r y  v o l t a m m e t r i c  c u r v e s  at  a r o t a t i n g  go ld  elec- 

t r ode  h a v e  b e e n  r e c o r d e d  for  t e m p e r a t u r e s  b e t w e e n  74 ~ 
a n d  146~ (Fig. 1). B o t h  w a v e s  i nc r ea se  in t he  s a m e  way, 
b u t  t h e  l i m i t i n g  c u r r e n t  vs. t e m p e r a t u r e  p lo t  p r e s e n t s  two  
d i s c o n t i n u i t i e s  a r o u n d  90~ ~ a n d  140~ (Fig. 9). I f  var ia-  
t ions  of  c u r r e n t  are  due  to a c h a n g e  of phys i ca l  p r o p e r t i e s  
of  so lvent ,  t he  c u r r e n t  s h o u l d  b e  c o n s i s t e n t  w i t h  t h e  
L e v i c h  e q u a t i o n  (17) a n d  p r o p o r t i o n a l  to ~-5~6 pVe(V = kin-  
e m a t i c  v iscosi ty ,  p = densi ty) ,  w h i c h  is no t  ver i f ied  ex- 
p e r i m e n t a l l y .  No d i s c o n t i n u i t y  is o b s e r v e d  in  a n y  phys -  
ical  p r o p e r t i e s  of  t he  s o l ven t  in  t h a t  t e m p e r a t u r e  r a n g e  
(18, 22). I t  is m o r e  c r ed ib l e  to  a t t r i b u t e  s u c h  c u r r e n t  
d i s c o n t i n u i t i e s  to c h a n g e s  of  phys i ca l  p r o p e r t i e s  of  su l fu r  
(23). The  first  d i s c o n t i n u i t y  b e t w e e n  90 ~ a n d  100~ m i g h t  
b e  due  to t he  t r a n s i t i o n  b e t w e e n  t h e  two sol id  p h a s e s  aS8 

flSs a n d  t he  s e c o n d  one  a r o u n d  140~ to t he  po lymer -  
iza t ion  of  l iqu id  sulfur .  T h e  va r i a t i ons  of  t he  e lec t r ica l  
conduc t iv i t y ,  res is t iv i ty ,  a n d  v i scos i ty  of  su l fu r  vs. t em-  
p e r a t u r e  are s imi la r  to t he  one  t h a t  we o b s e r v e d  for  wave  
h e i g h t s  b e y o n d  120~ Th i s  c o n d u c t i v i t y  i nc r ea se s  be- 
y o n d  t he  su l fu r  m e l t i n g  p o i n t  to r e a c h  a m a x i m u m  
a r o u n d  160~ before  decreas ing �9  C o n s i d e r i n g  the  electr i-  
cal  res is t iv i ty ,  i t  va r ies  f rom 10 ]3 Ytcm -1 a t  115~ to 2 �9 10  I~ 

~ c m  -~ at  130~ A s u d d e n  c h a n g e  is no t i c ed  for  t h e  v iscos-  
i ty w h i c h  dec rea se s  to 6 c P  at  150~ t h e n  i n c r e a s e s  
q u i c k l y  to r e a c h  43 c P  at  170~ 

A l t h o u g h  u n p r o v e d ,  th i s  e x p l a n a t i o n  wou ld  s u p p o r t  t h e  
su l fu r  depos i t  h y p o t h e s i s  p u t  f o rwa rd  to e x p l a i n  t he  curi-  
ous  va lue  of  the  l im i t i ng  c u r r e n t s  at  a r o t a t i ng  go ld  elec- 
t rode ,  or t he  u n e x p e c t e d  inc rease  of  t he  iAv ,2 f u n c t i o n  in  
cycl ic  v o l t a m m e t r y .  

C o n t r o l l e d  po t en t i a l  e l ec t ro lyses  at  140~ on  t he  first  or 
t h e  s e c o n d  p l a t eau  do  no t  d i sp lay  a n y  c h a n g e  re l a t ive  to 
100~ r e su l t s  e x c e p t  for the  ra te  of  r eac t ions .  At  100 ~ a n d  
140~ t h e  ox ida t i on  m e c h a n i s m s  must .  be  t he  same,  on ly  
t he  k ine t i c s  are  d i f ferent ,  as t he  t i m e  scale  r e c o r d e d  on  
Fig. 10 shows .  R e a c t i o n s  b e c o m e  fas te r  w h e n  t e m p e r a t u r e  
is inc reased .  T h a t  is t r ue  no t  on ly  for t he  f o r m a t i o n  of  
t r isulf ide,  b u t  also for  i ts  d i s p r o p o r t i o n a t i o n .  

Properties of $22- and $32- 
The disu l f ide  is qu i t e  s t ab l e  ove r  2h a t  100 ~ a n d  140~ 

in oxygen- f r ee  a t m o s p h e r e � 9  On t h e  con t ra ry ,  t h e  t r isul -  
fide s lowly  d e c o m p o s e s  at  100 ~ a n d  m o r e  r ap id ly  at  
140~ T h e s e  r e su l t s  agree  w i t h  p r e v i o u s  o b s e r v a t i o n s  in  
less  bas ic  med ia :  t h e  s tab i l i ty  Of po lysu l f ide  ions  de- 
c reases  w h e n  t e m p e r a t u r e ,  l e n g t h  of t he  cha in ,  a n d  alka- 
l in i ty  i nc r ea se  (15, 24-26). 

We h a v e  no t  s t u d i e d  t he  d e c o m p o s i t i o n  r e a c t i o n  of  $32- 
b e c a u s e  of  a lack of  ana ly t i ca l  tools  for  o x y a n i 0 n s  a n d  be- 
cause  of  t he  c ros sed  r eac t i ons  b e t w e e n  t he  poss ib l e  p rod-  
uc t s  of  t h e  r eac t i on  (21). We c a n  on ly  s ta te  t h a t  a m i x t u r e  
of  d i su l f ide  (very s l igh t  i nc r ea se  of  A3~5) a n d  
m o n o s u l f i d e  ( increase  of  t he  first  a n o d i c  wave,  d e c r e a s e  
of  t he  r e d u c t i o n  wave)  a p p e a r s  w i t h o u t  any  o t h e r  infor-  
m a t i o n  a b o u t  the  p r e s e n c e  of  oxyan ion .  A s t e a d y  s ta te  
s e e m s  s lowly  r e a c h e d  at 100~ a n d  m o r e  q u i c k l y  at  140~ 
w h i c h  cou ld  c o r r e s p o n d  to t h e  e q u i l i b r i u m  b e t w e e n  S 2-, 
$22-, S~O32 , a n d  SO32- s t u d i e d  in t he  s e c o n d  p a p e r  (21). 

The  d i su l f ide  ha s  a b a n d  loca t ed  at  365 nm,  in  agree-  
m e n t  w i t h  p u b l i s h e d  va lues  (16, 27, 28). Fo r  t he  t r i su l f ide ,  
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Fig. 9. Variation of limiting currents i1 and i2 vs. temperature (data 
from Fig. 1). 
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Fig. 11. Determination of the molar absorptivity at 330 and 365 nm of 
$22- in NaOH-H20 (1 - 1 ) melt at 100~ Initial concentration of $2-: 0.91 
10-2M (A); 1.35 10-2M ([]); 1.70 10-2M (0) ;  and 2.09 10-ZM (~r and 
I ) .  

t h e  m a x i m u m  at  303 n m  cou ld  no t  b e  o b s e r v e d  b e c a u s e  
of  t he  m e l t  a b s o r p t i o n  be low 310 nm,  a n d  t he  v i s ib le  b a n d  
at  416 n m  no t i c ed  by  G i g g e n b a c h  (16) was  n o t  de tec ted .  

Molar  absorp t iv i t i e s ,  e, were  m e a s u r e d  by  a p p l i c a t i o n  of 
t h e  B e e r - L a m b e r t  l aw to so lu t ions  of  sul f ide  e l ec t ro lyzed  
at less  t h a n  0.2 F/S 2- a n d  1.2 F/S 2- a s s u m i n g  a 100% yield  
for t he  o x i d a t i o n  in to  $22- in  t he  first case  a n d  in to  $32- in  
t he  s e c o n d  case. Due  to e x p e r i m e n t a l  d i f f icul t ies  of  spec-  
t r o p h o t o m e t r y  in m o l t e n  salts,  a 5% r e p r o d u c i b i l i t y  was  
o b t a i n e d  (Fig. 11). Resu l t s  are  de ta i l ed  in Tab le  II. 

G o o d  a g r e e m e n t  w i th  p u b l i s h e d  va lues  is o b t a i n e d  for  
$2 ~-, b u t  s o m e  d i s c r e p a n c i e s  ar ise  for  $32-. B e c a u s e  of t he  
s low d e g r a d a t i o n  of  $32- in to  $22-, ou r  v a l u e  at  330 n m  
cou ld  be  s l ight ly  low a n d  t he  one  at  365 n m  s l ight ly  h igh ,  
w h i c h  is no t  in  o p p o s i t i o n  w i t h  t he  w o r k  of  G i g g e n b a c h .  
However ,  we do no t  be l i eve  t h a t  i t  cou ld  exp l a i n  a var ia-  
t ion  of  a fac tor  of  a l m o s t  two.  B es i de s  d i f f e rences  in  t em-  
p e r a t u r e  a n d  so lvent ,  we  wou ld  l ike  to  p o i n t  ou t  t h a t  re- 
su l t s  of  Ref. (16) s h o u l d  be  t r e a t ed  w i t h  c a u t i o n  b e c a u s e  
e a c h  i n d i v i d u a l  s p e c t r u m  of  po lysu l f ides  was  ca l cu l a t ed  
u s i n g  for  HS-  a pKA va lue  of  17.1 (29) w h i c h  ha s  b e e n  crit- 
ic ized (30) i n s t ead  of  13, t he  va lue  gene ra l ly  a c c e p t e d  
(30-32), e x c e p t  r ecen t l y  (33). 

B o t h  po lysu l f ides  c an  b e  ox id ized  or  r e d u c e d  a t  a 
r o t a t i n g  gold  e lec t rode ,  as ha s  b e e n  s h o w n  in  Fig. 5. Fig- 
u r e  12 s h o w s  typ ica l  cycl ic  v o l t a m m e t r i c  e x p e r i m e n t s  at  a 
s t a t i o n a r y  go ld  e l ec t rode  r e c o r d e d  for d isu l f ide  in  pres-  
ence  of  sul f ide  a n d  for  t r isulf ide.  B o t h  po lysu l f ide  ions  
are r e d u c i b l e  at  the  s a m e  potent ia l .  Th i s  p e a k  is d i f fus ive  
( l inear  p lo t  of  ip vs. v ll2 w h e n  v < 1 V s -1) a n d  i r revers ib le .  
I t  l eads  to  sulfide:  e lec t ro lys is  at  - 1 . 1 5 V  a l lows  t h e  re- 
cove ry  of  S ~- cha rac t e r i s t i c  v o l t a m m e t r i c  c u r v e s  a n d  e n d s  
up  af te r  1.9 -+ 0.2 F/S22- a n d  4.2 -+ 0.2 F/S32- a c c o r d i n g  to 
t he  fo l lowing  r eac t ions  

S22- "~- 2e ~ 282-  

$32- + 4e --* 3S ~- 

Th i s  r e d u c t i o n  s tep  cha rac t e r i ze s  t he  p r e s e n c e  of  
po lysu l f ides  in  solut ion,  b u t  does  no t  a l low a d i s t i n c t i o n  
b e t w e e n  t h e m .  This  d i s t i nc t i on  is a c h i e v e d  via  t he  a n o d i c  
waves :  t h e  d isu l f ide  is ox id ized  in two  s teps ,  t h e  tri- 
sul f ide  in  on ly  one. T h e s e  waves  h a v e  no t  b e e n  s t u d i e d  
in m o r e  de ta i l  b u t  b y  ana l ogy  w i t h  sulfide,  s ince  half-  

Table II. Molar absorptivity of Se 2- and S~ 2- (e in M -1 cm -1) 

This work After Ref. (16) 
$22 e33o = 405 -+ 25 260 
S~ 2- e36s = 870 -+ 50 (max) 850 
S~ ~- ~o  -> 580 102o 
S~ 2- e36~ -< 380 130 
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Fig. 12. Cyclic voltammetry on a stationary gold electrode (v = 0.2 V 
s - i )  in NaOH-H20 (1-1) melt at 100~ Curve A: S~ 2 (3.8 10 3M), 
Curve B: $22- (3.4 10-3M) + S ~- (1.4 10-~M). 

wave  po t en t i a l s  are s imilar ,  one  can  s u p p o s e  t h a t - t h e  
s a m e  r eac t i ons  occur.  

The  v o l t a m m e t r i c  c u r v e s  a n d  t he  U V  s p e c t r a  of  t he  sul- 
fur  c o m p o u n d s  can  be  u s e d  as a n  ana ly t i ca l  tool  to char-  
ac ter ize  t he i r  p r e s e n c e  in  t he  NaOH-H20 me l t  a n d  to mea-  
sure  t he i r  concen t r a t i on .  I t  will  be  app l i ed  in  t h e  s e c o n d  
p a p e r  (21) to s t u d y  t he  c ros sed  r eac t i ons  b e t w e e n  su l fu r  
c o m p o u n d s .  

M a n u s c r i p t  s u b m i t t e d  J u n e  17, 1983; r ev i s ed  m a n u -  
sc r ip t  r ece ived  M a r c h  2, 1984. 
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Sulfur Chemistry in Equimolar NaOH-H20 Melt 
II. Chemical Reactions Between Sulfur, Sulfide, Polysulfides, and Oxyanions 

N. M. Moscardo-Levelut and V. Plichon 
Laboratoire de Chimie Analyt ique des Milieux R~actionnels (ERA 953), ESPCI, 75231 Paris Cedex 05, France 

ABSTRACT 

Chemical reactions of sulfur compounds have been studied in equimolar NaOH-H20 melt at 100~ by vol tammetry 
and UV spectrophotometry. Disproportionation of sulfur is fast and quantitative according to 

Ss + 6OH- -~ 2S32- + $2032- + 3H20 

On the contrary, addition of sulfur to sulfide is not quantitative and gives $22- besides prevailing sulfur dispropor- 
tionation. SO3 ~- reacts with $2 ~- and $32 , while $2032- decomposes S 2-. A pseudoequil ibrium is observed: S 2- + $2032- 
$22- + SO32- with concentration quotient  Q = 10 -o's. 

This paper is devoted to the chemical reactions which 
occur in the equimolar NaOH-H20 melt at 100~ and 
140~ between the following sulfur compounds:  molecu- 
lar sulfur, sulfide, polysulfides Sx 2 , and oxyanions 
SxOy 2-. Though most of these reactions are qualitatively 
known or simply widely accepted sometimes without 
definite publication to support them, some discrepancies 
still arise in the literature. 

We shall focus first on the disproportionation reaction 
of molecular sulfur. Dissolution of sulfur in basic aqueous 
solution is industrially used to prepare polysulfide solu- 
tions. It has been shown since the beginning of the cen- 
tury that sulfur dissolution leads to polysulfides and 
oxyanions, according to a disproportionation reaction. 
Resulting compounds are not clearly known: sulfite or 
thiosulfate on the one hand, or mono-, di-, tri-, or 
tetrasulfide on the other. 

Polysulfides S~ ~- have been recognized in numerous 
reports (1-3), with mean rank, x, from 2.5 to 4 according to 
the conditions of NaOH concentration and temperature 
(3). A complex mixture is generally assumed.  However, 
both sulfite and thiosulfate have been claimed by 
Calcagni (1) in 66 weight percent (w/o) NaOH. Thiosul- 
fate has been suggested by Schulek et al. (2) at 100~ and 
Ugorets et al. (3) up to 200~ However, it is known that a 
precipitate of sulfite is obtained in industrial conditions. 

The rate of the disproportionation reaction strongly de- 
pends on the conditions of temperature and NaOH con- 
centration. It increases with both parameters (1, 4). For in- 
stance, at room temperature, no reaction occurs in 0.1M 
NaOH, while 1 month is required in 1M and only 24h in 
5M. At 100~ reaction is not yet observed in 0.1M, while a 
few hours in 1M, and, as we shall see, a few minutes in the 
equimolar  melt, are quite enough to achieve sulfur dis- 
solution. 

When sulfur is dissolved in sulfide containing solu- 
tions, addition reactions may compete with the dispropor- 
tionation 

Keywords: sulfur, polysulfides, sulfur oxyanions, hydroxide- 
water melt. 

S 2 - + ( x - 1 ) S ~ S x  2- 

There has been research directed at determining what 
polysulfides can be produced. In reviewing the literature, 
one finds conflicting reports as to the nature of the poly- 
sulfide species because of the difficulty of distinguish- 
ing between mixtures and pure compounds. 

In aqueous alkaline solutions, Schwarzenbach and 
Fischer (5) concluded that disulfide and trisulfide were 
not present. They showed that only the polysulfides of 
highest rank, such as $42- and most likely $52-, are 
obtained, contrary to the old study of Peschanski  and 
Valensi (6), who suggested that $22-, $32-, $42-, and $52- are 
present and depend upon the pH and the amount  of sul- 
fur added to sulfide solution. 

For high pH ranges (OH- concentration up to 18M), 
Giggenbach (7) has calculated the equil ibrium distribu- 
tion of the various species at 25~ as a function of OH- 
concentration. An increase of sodium hydroxide concen- 
tration displaces equilibria towards smaller polysulfide 
ions. 

All these complex equilibria are disturbed by the pres- 
ence of oxyanions. Ahlgren and Lemon (8) and then 
Giggenbach (9, 10) have shown that in neutral medium, 
SO~ ~- reacts with polysulfides according to 

$2-~+~ + xSOz 2- + H20 ~- xS2032- -~- OH-- 

This reaction is used for the titration of polysulfides 
(11, 12) though it is slow and quantitative only above 50~ 
and in presence of sulfite in excess. At higher tempera- 
tures, the compounds obtained react to form new polysul- 
tides: Giggenbach (9, 10) observes that at high tempera- 
tures addition of  sulfite to polysulfides leads first to an 
increase of the polysulfide concentration before the 
usual decrease. Values of x are unknown because various 
mixtures probably result. 

Disproportionation of oxyanions must also be taken 
into account; however, disproportionation constants of 
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sulf i te  a n d  th iosu l f a t e  h a v e  b e e n  p u b l i s h e d  on ly  for a 
w e a k l y  bas ic  m e d i u m ,  a s s u m i n g  S 2- a n d  SO42- as f inal  
p r o d u c t s  (13, 15). 

Two reasons ,  a m o n g  o thers ,  m a y  exp l a i n  d i s c r e p a n c i e s  
a b o u t  t h e  n a t u r e  of  t he  c o m p o u n d s  f o r m e d  in t h e s e  reac- 
t ions ,  a n d  pa r t i cu la r ly  f rom t he  su l fu r  d i s p r o p o r t i o n a t i o n .  
The  first one  s u p p o s e s  a c h a n g e  in  t he  n a t u r e  of  t h e  pre-  
va i l ing  r eac t i on  (e.g., t h e  d i s p r o p o r t i o n a t i o n  reac t ion)  
w i t h  t he  so lven t  compos i t i on ,  s ince  p u b l i s h e d  i n fo rma-  
t ion  h a s  b e e n  o b t a i n e d  in a w ide  r a n g e  of  s o l v e n t  c o m p o -  
s i t ion  a n d  t e m p e r a t u r e .  T h e  s e c o n d  one  a s s u m e s  a p e r m a -  
n e n c y  of  t he  in i t ia l  s tep  (e.g., d i s p r o p o r t i o n a t i o n )  a n d  ex- 
p la ins  c h a n g e s  in f inal  p r o d u c t s  b y  v a r i a t i o n s  in  s tabi l -  
i ty  of  t h e  in i t ia l  ones  w i t h  e x p e r i m e n t a l  cond i t ions .  F o r  
ins t ance ,  i t  has  no t  b e e n  p r o v e d  if  t he  i ndus t r i a l l y  ob- 
t a i n e d  sulf i te  is d i rec t ly  f o r m e d  b y  d i s p r o p o r t i o n a t i o n  of  
m o l e c u l a r  su l fu r  or  r e su l t s  f r o m  a f u r t h e r  d i s p r o p o r t i o n a -  
t ion  of, for  example ,  t r i su l f ide  or t h iosu l f a t e  in  t h e  v e r y  
h i g h  c o n c e n t r a t i o n  c o n d i t i o n s  genera l ly  used .  

We d id  no t  a t t e m p t  to o b s e r v e  t he  in f luence  of  t he  sol- 
ven t .  All  t he  r eac t ions  we s p e a k  a b o u t  were  s t u d i e d  in the  
s a m e  e x p e r i m e n t a l  cond i t ions .  In  th i s  paper ,  we  sha l l  t ry  
to give a n  answer ,  va l id  for  t he  e q u i m o l a r  NaOH-H20  
me l t  a t  100~ or 140~ to t he  fo l lowing  ques t i ons :  What  is 
the  n a t u r e  of  t he  d i s p r o p o r t i o n a t i o n  r eac t i on  of  su l fur?  Is 
t h e r e  any  c o m p e t i t i o n  b e t w e e n  d i s p r opo r t i ona t i on ,  fas t  in  
th i s  mel t ,  a n d  add i t i on  r eac t i on  w h e n  m o l e c u l a r  su l fu r  is 
a d d e d  to a sul f ide  c o n t a i n i n g  so lu t ion?  W h a t  is t he  influ- 
e n c e  of  t h e  o x y a n i o n s ?  We were  h e l p e d  b y  t he  fact  t h a t  
on ly  two  po lysu l f ides  ex i s t  in  the  mel t ,  S~ 2- a n d  $32-, 
w h i c h  h a v e  d i f f e ren t  v o l t a m m e t r i c  a n d  U V  charac te r i s -  
t ics  (16). 

Exper imenta l  
Methods of preparation of polysulfide solution.--Sev- 

eral  m e t h o d s  of  p r e p a r a t i o n  exist ,  b u t  n o n e  g ives  p u r e  so- 
l u t i ons  of  polysul f ides .  Genera l ly ,  a m i x t u r e  of  polysul -  
t ides  and /o r  o x y a n i o n s  is ob ta ined ,  t he  p r o p o r t i o n  
d e p e n d i n g  on  t he  rat io  of  r eagen t s ,  on  t he  t e m p e r a t u r e ,  
a n d  on  t h e  r eac t i on  t ime.  T h r e e  m e t h o d s  will  b e  spec ia l ly  
d i scussed :  d i s p r o p o r t i o n a t i o n  of  sulfur ,  a d d i t i o n  of  su l fu r  
to  sulfide,  a n d  e l e c t r o c h e m i c a l  o x i d a t i o n  of  sulfide.  

Disproportionation of sulfur.--The d i s s o l u t i on  of  su l fu r  
d i rec t ly  in to  t h e  melt ,  an  i ndus t r i a l  m e t h o d ,  is p e r h a p s  
t h e  s imples t .  As  we  shal l  see, i t  l eads  to  $3 ~- in i t ia l ly  f ree  
of  $22-, b u t  t h iosu l f a t e  is p resen t .  This  m e t h o d  offers  two  
advan t ages :  i t  is a ve ry  s imp le  one, a n d  the  c o n c e n t r a t i o n  
of  $32- c an  be  easi ly ca lcu la ted ,  t h o u g h  it  is va l id  on ly  j u s t  
a f te r  t he  d i s so lu t i on  of  sulfur ,  s ince  $32- is u n s t a b l e .  I ts  
d i s a d v a n t a g e s  c o m e  f rom t he  p r e s e n c e  of  t h io su l f a t e  a n d  
la te r  of  t h e  d e g r a d a t i o n  p r o d u c t s  of  b o t h  $32- a n d  S~O32- 
(SO42-, SO3 ~-, S.~ 2-, Ss-). B e c a u s e  t he  n a t u r e  of  t h e  r e a c t i o n  
was  sti l l  d e b a t e d  at  t he  b e g i n n i n g  of  th i s  s tudy ,  we cou ld  
no t  u se  i t  to d e t e r m i n e  t he  po lysu l f ide  p roper t i e s .  

Addition of sulfur to sulfide.--The p r o d u c t s  of  t h e  reac-  
t ion  of  $8 w i t h  sulf ide  so lu t ions  s t rong ly  d e p e n d  o n  t he  
p r o p o r t i o n  of  t h e  r eagen t s  a n d  on  t he  t e m p e r a t u r e  s ince  
two  r e a c t i o n s  are  c o m p e t i n g ,  t he  d i s p r o p o r t i o n a t i o n  reac-  
t i on  a n d  t h e  a d d i t i o n  reac t ion .  Wi t hou t  s t r ic t ly  c o n t r o l l e d  
cond i t i ons ,  a c o m p l e x  m i x t u r e  of  Ss 2-, $32-, SO32-, a n d  
S~Oa s- resul ts .  W h e n  sulf ide  is in  large  exces s  c o m p a r e d  
to sulfur ,  so lu t i on  of  S~ ~- free of  o x y a n i o n  is o b t a i n e d  in 
p r e s e n c e  of  S s- a n d  t r aces  of  Sa ~-. However ,  we d id  no t  
u se  th i s  m e t h o d  b e c a u s e  it  was  less q u a n t i t a t i v e  t h a n  t he  
e l e c t r o c h e m i c a l  p repa ra t ion .  

Electrochemical oxidation of sulfide.--As s h o w n  in 
ear l ie r  (16), e l e c t r o c h e m i c a l  ox ida t i on  of  sul f ide  leads  to 
S~ s- so lu t ion  w h e n  t he  e lec t ro lys i s  is s t o p p e d  be fo re  0.2 
F/S ~- a n d  to S~ ~- a f te r  e x c h a n g e  of  a b o u t  4/3 F/S ~-. Th i s  
m e t h o d  of  p r e p a r a t i o n  offers  two  i m p o r t a n t  a d v a n t a g e s :  
i n  e a c h  ease,  the  polysu l f ide  is o b t a i n e d  free  of  the  o the r  
po lysu l f ides  a n d  of  o x y a n i o n s  (bu t  S s- is p r e s e n t  in  t h e  
first ease),  a n d  i ts  c o n c e n t r a t i o n  can  b e  eas i ly  ca lcu la ted .  
Howeve r ,  c au t i on  m u s t  b e  t a k e n  to get  fas t  e lec t ro lys i s  
b e c a u s e  of  t he  i n s t ab i l i t y  of  S~ ~-. T he  o b v i o u s  d i s a d v a n -  

tage  of  th i s  m e t h o d  is t he  c o m p l i c a t i o n  of  any  electro-  
c h e m i c a l  syn thes i s .  

U n l e s s  o t h e r w i s e  m e n t i o n e d ,  we u s e d  on ly  t h e  e lec t ro-  
c h e m i c a l  p r e p a r a t i o n  for t he  a b o v e  reasons .  E x p e r i m e n t a l  
de ta i l s  h a v e  b e e n  d e s c r i b e d  e l s e w h e r e  (16). 

Other solutions.--Starting so lu t ions  of  sul f ide  are  
p r e p a r e d  b y  a d d i n g  to t h e  NaOH-H20 m e l t  va r ious  
a m o u n t s  of  sol id Na~S, r e c e n t l y  t i t ra ted .  C o n c e n t r a t e d  so- 
l u t i ons  of  o x y g e n a t e d  c o m p o u n d s  are  p r e p a r e d  in  w a t e r  
a n d  a d d e d  to t he  h y d r o x i d e  mel t ,  w i t h  a m i c r o s y r i n g e  to 
avo id  v o l u m e  cor rec t ion .  E x p e r i m e n t s  are ca r r i ed  ou t  un-  
de r  n i t r o g e n  a t m o s p h e r e .  

Results and Discussion 
Voltammetric properties of sulfur oxyanions.--Sodium 

su l fa te  a n d  su l f i t e  are  n e i t h e r  ox id i zed  n o r  r e d u c e d  in  t h e  
p o t e n t i a l  r a n g e  access ib le  at  a gold  e l ec t rode  in  t h e  
e q u i m o l a r  NaOH-H20 m e l t  a t  100~ or at  140~ Thiosu l -  
fa te  p r e s e n t s  no  r e d u c t i o n  wave,  b u t  c an  b e  ox id ized  at 
-O.05V, w h i c h  is nea r  t h e  po t en t i a l  of  o x i d a t i o n  of  t he  
go ld  e lec t rode .  This  w a v e  ha s  no t  b e e n  s t u d i e d  fur ther .  
Over  a p e r i o d  of  2h or more ,  sulf i te  a n d  su l fa te  so lu t i ons  
are  s table ,  b u t  t h iosu l f a t e  d e c o m p o s e s  e v e n  in  a n  i n e r t  at- 
m o s p h e r e ,  s lowly at  100~ (less t h a n  10% p e r  hour )  a n d  
m o r e  r ap id ly  at  140~ N o n e  of  t h e s e  c o m p o u n d s  a b s o r b  
in  t he  U V  r a n g e  access ib le  in  t he  melt .  

U V  spec t r a  a n d  v o l t a m m e t r i c  c u r v e s  of  sulfide,  poly- 
sul f ides  (16), a n d  o x y a n i o n s  can  b e  u s e d  as ana ly t i ca l  
tools  to p rove  t he  p r e s e n c e  of  t h e s e  spec ies  in  t he  m e l t  
a n d  m e a s u r e  t he i r  concen t r a t i on .  Qua l i t a t ive  c r i t e r ia  are 
g a t h e r e d  in  Tab le  I a n d  can  b e  s u m m a r i z e d  as fol lows:  
t he  p r e s e n c e  of  d isu l f ide  $22- is s h o w n  b y  a h i g h e r  ab- 
s o r p t i o n  at  365 n m  t h a n  at  t he  a rb i t ra r i ly  c h o s e n  v a l u e  330 
nm,  a n d  b y  t he  p r e s e n c e  of two  a n o d i c  waves .  The  t r isul-  
fide $82- is o b t a i n e d  w h e n  a b s o r p t i o n  at  365 n m  is lower  
t h a n  at  330 n m  a n d  only  one  a n o d i c  wave  is p re sen t .  In  
u n c o l o r e d  mel t ,  one  a n o d i c  wave  m e a n s  t he  p r e s e n c e  of  
th iosu l fa te ,  a n d  two a n o d i c  waves  t he  p r e s e n c e  of  
sulfide.  

Reactions between polysulfides and oxyanions.--The 
gene ra l  m e t h o d o l o g y  i n c l u d e s  p r e p a r a t i o n  of  po lysu l f ide  
so lu t ions  v ia  e l e c t r o c h e m i c a l  o x i d a t i o n  of  su l f ide  in  or- 
de r  to ge t  so lu t ions  f ree  of  oxyan ions ,  t h e n  a d d i t i o n  of  
va r i ous  q u a n t i t i e s  of  s o d i u m  th iosu l fa te ,  sulfi te,  or sul- 
fate. O c c u r r e n c e  o f  a r eac t i on  is s h o w n  b y  t h e  a p p e a r a n c e  
or t he  d i s a p p e a r a n c e  of  t he  su l fu r  c o m p o u n d s ,  w h i c h  can  
b e  o b s e r v e d  a c c o r d i n g  to t he  ana ly t i ca l  c r i te r ia  of  Tab le  I. 
(Resu l t s  are  s u m m a r i z e d  in  Tab le  III.) 

Cases of no reaction.--No o t h e r  mod i f i ca t ions  of  s p e c t r a  
or  v o l t a m m e t r i c  cu rves  t h a n  t h o s e  due  to i n s t ab i l i t y  ($32- 
a n d  S2032-) are  o b s e r v e d  in  t h e  fo l lowing  cases:  S 2 + 
SO42-; $22- + SO42-; S3 ~- + SO42-; S ~- + SO3~-; S2~- + 
S~Oz~-; $32- + S2Os 2-. T h e s e  r e su l t s  are  eas i ly  p r o v e d  ex- 
cep t  for  t he  S~ 2- + $2032- reac t ion ,  b e c a u s e  S~ 2- so lu t i on  
nece s sa r i l y  c o n t a i n s  a f ive-fold excess  of  sulfide,  w h i c h  
reac t s  w i t h  S~O3 ~- as de ta i l ed  below.  However ,  quan t i t a -  
t ive  m e a s u r e m e n t s  at  365 n m  or on  t he  r e d u c t i o n  wave  of  
$2 ~- s h o w  t h a t  for  e q u a l  in i t ia l  S ~- c o n c e n t r a t i o n s ,  t h e  
s a m e  q u a n t i t i e s  of  d i su l f ide  a p p e a r  w h e t h e r  S~ 2- is ini-  
t ia l ly p r e s e n t  or not .  Bes ides ,  t he  first a n o d i c  wave  re- 
m a i n s  cons t an t ,  w h i c h  m e a n s  t h a t  t he  to ta l  c o n c e n t r a t i o n  
in  S ~- + $22- k e e p s  a c o n s t a n t  value.  One  can  c o n c l u d e  
t h a t  S~O32- reac t s  w i t h  exces s  of  S 2-, b u t  no t  w i t h  $2 ~-. 

Table I. Analytical characteristics of sulfur compounds in NaOH-H20 
equimolor melt at 100 ~ or 140~ 

Anodic wave 
UV absorption (below -0.2V) Cathodic wave 

S 2- - -  two - -  
S~ 2- A365 > A33o two one 
832- A3~s < A33o one one 
$2032- - -  one - -  

S 0 3 ~  - _ _ _ 

S O 4 2 -  _ _ _  _ _  
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C o n s e q u e n t l y ,  in  all t h e  cases  m e n t i o n e d ,  we h a v e  b e e n  
ab le  to c o n c l u d e  t h a t  no  r e a c t i o n  occurs .  

E q u i l i b r i u m  be tween  S 2-, $22-, $2032-, a n d  SO3S-.--There 
ex i s t s  a n  e q u i l i b r i u m  b e t w e e n  S ~- a n d  $2032- o n  t he  one  
h a n d ,  a n d  $22- a n d  $2032- on  t h e  o the r  (it w o u l d  b e  m o r e  
exac t  to  say: p s e u d o e q u i l i b r i u m ,  s ince  t h r e e  of  t h e  com- 
p o n e n t s  are  t h e r m o d y n a m i c a l l y  u n s t a b l e )  

i f  
S ~- + S~O/- ~ S / -  + SO3 ~- [1] 

IS~-I ISO~-I Q -  
IS~-I IS2O/-I 

This  e q u i l i b r i u m  has  b e e n  p r o v e d  b y  s h o w i n g  t h a t  t he  
fo rwa rd  (if)  a n d  b a c k w a r d  ( lb )  r eac t i ons  do ex i s t  a n d  lead  
to t he  s a m e  p r o p o r t i o n  of  c o m p o n e n t s .  
B a c k w a r d  r e a c t i o n . - - A r g u m e n t s  to assess  t he  b a e k w a r d  
r e a c t i o n  a re  t h e  fol lowing.  A d d i t i o n  of  sulf i te  to a disul-  
fide so lu t i on  leads  to a d e c r e a s e  of  t he  r e d u c t i o n  wave  
(Fig. 1) a n d  of  t he  U V  b a n d  at 365 n m  (Fig. 2), w h i c h  
p r o v e s  t h a t  S22- d i sappea r s .  A t  t he  s a m e  t ime,  t h e  first 
a n o d i c  w a v e  k e e p s  a c o n s t a n t  va lue  (Fig. 3), w h i c h  p r o v e s  
t h a t  t h e  c o n c e n t r a t i o n  of  $22- + S 2- r e m a i n s  c o n s t a n t :  one  
S~ 2- is t r a n s f o r m e d  in to  one  S 2-. 

The  p r e s e n c e  of  $203 ~- is no t  s imple  to s h o w  because  its 
a n o d i c  wave  m e r g e s  in to  t he  s e c o n d  anod ic  wave  of  S22- 
a n d  S 2- in  excess .  T h e  r e d u c t i o n  wave  a n d  a b s o r p t i o n  at  
365 n m  do no t  en t i r e ly  d i sappear ,  e v e n  in  p r e s e n c e  of  
sulf i te  in  excess .  

F o r w a r d  r e a c t i o n . - - T h i o s u l f a t e  a d d e d  to a su l f ide  solu- 
t ion  leads  to S2 ~-, as p r o v e d  b y  t he  t h r e e  fo l lowing  obser -  
va t ions :  a p p e a r a n c e  of  ye l low color  w i t h  A ~  > A3~0, ap- 
p e a r a n c e  of  a r e d u c t i o n  wave ,  a n d  no  d e c r e a s e  of  t he  first  
a n o d i c  w a v e  (Fig. 3). Th i s  las t  o b s e r v a t i o n  i nvo lves  t he  
s u b s t i t u t i o n  of  one  S :-  b y  one  S~ ~-. No ana ly t i ca l  m e t h o d  
a l lows  sulf i te  de tec t ion .  Q u a n t i t a t i v e  m e a s u r e m e n t s  
s h o w  t h a t  t h e  r eac t i on  is no t  total ,  e v e n  w i t h  S~Oa :- in  
excess .  

R e a c t i o n  q u o t i e n t . - - T h e  p s e u d o r e a c t i o n  q u o t i e n t  Q, de- 
f ined  above ,  ha s  b e e n  d e t e r m i n e d  b y  m e a s u r i n g  t h e  l im- 
i t ing  c u r r e n t  i o f  t he  r e d u c t i o n  w a v e  or t h e  a b s o r p t i o n  A 
at  365 n m  vs.  t h e  ra t io  IS20~2-[/IS2-[~ for  t h e  f o r w a r d  reac-  
t ion  a n d  ISO~-I/IS~2-1~ for  t he  b a c k w a r d  reac t ion ,  t he  sub-  
s c r ip t  i r e f e r r ing  to t he  in i t ia l  cond i t ions .  A n  e x a m p l e  is 
g i v e n  on  Fig. 3. 

L e t  x b e  e i t h e r  t h e  a b s o r p t i o n  at  365 n m  or t h e  l im i t i ng  
cu r r en t .  A s s u m i n g  t h a t  x = x~ for  a to ta l ly  sh i f t ed  f o r w a r d  

- 1.2 -1~) 
i ! 

_1.4 
i 

/ 
E / V  

m 

Fig. 1. Voltammetric curves at a rotating gold electrode during the 
addition of a IO-1/,4 sulfite solution to a S~ 2- solution in NoOH-H20 
(1-1) melt at 100~ in presence of sulfide in excess. Initial conditions: 
S 2- = 2.2 10-2M electrolyzed up to 0.2 F/S 2-. SO~2-/$22- = 0 (curve 0), 
0.5 (curve 1), 1.25 (curve 2), 3.75 (curve 4), 4.35 (curve 5), and S.0 
(curve 6). 

A 
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02 

300 350 400' ~ /nn~  

Fig. 2. UV spectrum during the addition of a 1~1M sulfite solution to 
a $22- solution in presence of sulfide in excess. Initial conditions: S ~- = 
2.2 10-2M electrolyzed up to 0.2 F/S 2-. S032-/$22- = 0 (curve 0), 0.5 
(curve 1 ), 1.0 (curve 2), 2.0 (curve 3), and 2.8 (curve 4). 
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Fig. 3. Intensity of the reduction wave (a, b), of the first anodic wave 
(c, d) and of the absorption at 365 nm (e, I) vs. the ratio y of the reagents. 
(Curve d: scale • 10.) Curves a, c, and e: y = J S2Oz 2- I / I  $2-1 i with 
I $2-1~ = 5 10-3M. Curvesb, d, andf :y  = ISO32-1 / I  S22-1iwith 
IS2 ~ - 1 ~ = 5 1 0 - 3 M  + I S ~ - 1 ~ = 4 1 0 - ~ M -  

reac t ion ,  one  easi ly  ca lcu la te s  f rom b a l a n c e  e q u a t i o n s  
t h a t  Q is g iven  b y  

x ~ Q= 
(XT -- X) (axT - x) 

F o r  t h e  b a c k w a r d  equa t ion ,  t a k i n g  in to  a c c o u n t  t h a t  $22- 
is p r e p a r e d  in t h e  p r e s e n c e  of  exces s  s u l f d e  (]S~-h = 
8[$22-h), one  easi ly  ca lcu la tes  

x[axi  - (xi - x)] .  Q= 
8xi + (x~ - x) (xi - x) 

Resu l t s  are g iven  in Tab le  II. G o o d  a g r e e m e n t  is ob- 
t a ined ,  w h a t e v e r  t he  r e a c t i o n  ( fo rward  or b a c k w a r d ) ,  t he  
t e c h n i q u e s  or t he  rat io  of  t he  c o m p o n e n t s  ( f rom 0.2 to 3). 
The  m e a n  v a l u e  of pQ = - log Q is 0.8 -- 0.1 at  100~ 

R e a c t i o n  o f  SO~ ~- on S32-.--When sulfi te is a d d e d  to a $32- 
so lu t ion ,  t he  r e d u c t i o n  wave  (Fig. 4) a n d  t he  a b s o r p t i o n  at  
330 n m  (Fig. 5) cha rac t e r i s t i c  of  $3 ~- d e c r e a s e  in too  la rge  
p r o p o r t i o n  to b e  s i m p l y  e x p l a i n e d  b y  S3 ~- ins tab i l i ty .  
Af te r  a d d i t i o n  of  a four-fold  exces s  of  sulfi te,  A~30 does  
n o t  ye t  e q u a l  zero, b u t  is h i g h e r  t h a n  A36~. I t  c an  b e  con-  
c l u d e d  t h a t  S 2- a n d  no t  S~ 2- is f inal ly ob t a ined ,  b u t  no t  
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Tab}e II. pQ at 100~ of the pseudoequilibrium [1] ~ . ,~  

Reaction Method y = 0.2 y =0 .5  y = 1 y = 2  y = 3  I 

(lb) spectropho- 0.94 0.77 0.75 0.76 0.80 -1~, -1.2, -1.0, -G8 
tometry  

vo l tammet ry  0.95 0.83 0.81 0.83 0.76 ~ 0 

- 5  

10 

(lf) spectropho- 0.44 0.68 0.70 0.85 0.97 
tomet ry  

Condit ions for (lf): y = S~O~ 2- / S 2 - and  S~-[ = 5 10-~M. 
Condit ions for (lb): y = SO~ 2- / $22- and  $2 ~- l = 5 10-~M + S2-]~ = 4 

IO-~M. 

q u a n t i t a t i v e l y  

S3 ~- + xSO~ ~- --) y S  2- + ? 

I t  m u s t  b e  n o t i c e d  t h a t  a m i n o r  c o n c e n t r a t i o n  o f  $22- 
s e e m s  p r e s e n t  a t  t h e  b e g i n n i n g  o f  s u l f i t e  a d d i t i o n ,  s i n c e  
A ~  r e m a i n s  c o n s t a n t  o r  d e c r e a s e s  l e s s  t h a n  A330 u p  to  a 
r a t io  ISO3~-I/IS~2- I e q u a l  to  0.5. T h e  d i s u l f i d e  S ,  ~- d i s a p -  
p e a r s  f u r t h e r .  

A l l  r e a c t i o n s  b e t w e e n  p o l y s u l f i d e s  a n d  s u l f u r  o x y a n -  
i o n s  h a v e  b e e n  s u m m a r i z e d  in  T a b l e  III .  

Sulfur disproportionation.--Sulfur r a p i d l y  d i s s o l v e s  i n t o  
t h e  m e l t  w h i l e  a y e l l o w  co lor ,  c h a r a c t e r i s t i c  o f  p o l y s u l -  
t ides ,  a p p e a r s .  P o s s i b l e  d i s p r o p o r t i o n a t i o n  r e a c t i o n s  a r e  
g i v e n  in  T a b l e  IV  ( e x c e p t  fo r  t h e  l e s s  p r o b a b l e  
d i s p r o p o r t i o n a t i o n s  i n t o  S2Os ~-, S~O~ ~-, a n d  S~O~ ~-, w h i c h  
h a v e  n o t  b e e n  t a k e n  i n t o  a c c o u n t ) .  W e  h a v e  a l s o  g i v e n  t h e  
r e c o g n i t i o n  c r i t e r i a  b a s e d  o n  t h e  a n a l y t i c a l  p r o p e r t i e s  o f  
t h e  p o l y s u l f i d e s  a n d  t h e  n u m b e r  o f  F a r a d a y  p e r  s u l f u r  
a t o m  r e q u i r e d  to  r e d u c e  i n t o  S 2- t h e  r e s u l t i n g  p o l y s u l -  
t i de s  a c c o r d i n g  to  t h e s e  r e a c t i o n s  

S22- + 2e --~ 2S ~- 

S~ 2- + 4e---> 3S 2- 

If recorded shortly after the dissolution, voltammetric 
curves show at 100~ and 140~ a cathodic and only one 
anodic wave (Fig. 6, curve 0), while in the UV spectrum at 
100~ absorption at 330 nm is higher than at 365 nm (Fig. 
7, curve 0). Limiting currents and UV absorption are pro- 
portional to the quantity of added sulfur. The UV absorp- 
tion and the absence of the first anodic wave of S 2- or 
S22- support the fact that the disproportionation of sulfur 

Table Ill. Crossed reactions between polysulfides and sulfur oxyanions 
in NaOH-H20 (1-1) melt at 100~ 

$2032- SO32- S042- 

S 2- S 2- ~- 82032- ~'~ 822 n o n e  n o n e  
+ SO~ 2- 

$2 2- none $2 2- + SO3 2- ~ S 2- none 

+ S2032- 
S32- none S32 + xSO3 ~---~ yS 2- + ? none  

Table IV. Recognition criteria of the disproportionatian reaction of Ss : 
number of Faraday (F) per S atom required to reduce into S 2- the 

obtained polysulfide, presence (+)  or absence ( - )  of the first anodic 
wave, and UV absorption with A38o > A~s5 (+)  or A330 < As~5 ( - )  

Anodic  
React ion F/S wave UV 

[2] 6S + 6HO- -~ 2S22- 0.67 + - 
+ $2032- + 3H~O 

[3] 5S + 6HO --* 2S22- 0.60 + - 
+ SO32- + 3H~O 

[4] 7S + 8 H a -  -~ 3S22- 0.86 + - 
+ SO42- + 4H20 

[5] 8S + 6HO- --+ 2S~ 2- 1.00 - + 
+ S~O3 ~- + 3H~O 

[6] 7S + 6HO- --~ 2Sz ~- 1.14 - + 
+ SO32- + 3H20 

[7] 10S + 8 H a -  -~ 3S3 ~ 1.50 - + 
+ SO42- + 4H20 

Exper imental :  1.1 +- 0.1 - + 

E/V 

Fig. 4. Voltammetric curves at a rotating gold electrode during the ad- 
dition of o 0.5M sulfite solution to a 6.8 10-3M $3 ~- solution in 
NaOH-H20 ( ] - 1 ) melt at 100~ SOz2-/$32- = 0 (curve 0), 0.55 (curve 
1), 1.1 (curve 2), 1.7 (curve 3), and 3.0 (curve 4). A, 
1.25 

o 

0.7 
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300 350 400 ~//n ~n ~ 

Fig. 5. UV spectrum during the addition of a 0.5M sulfite solution to a 
6.7 10-aM $3 ~- solution in NaOH-H20 (1-1)melt at 100~ SOa2-/$3 ~- 
= 0 (curve 0), 0.38 (curve 1 ), 0.57 (curve 2), 0.95 (curve 3), 1.33 (curve 
4), 1.90 (curve 5), and 2.85 (curve 6). 

l e a d s  f i r s t  to  t r i s u l f i d e  f r ee  o f  d i s u l f d e  ($2 z- b e g i n s  to 
a p p e a r  l a t e r  on ,  a f t e r  l h  a t  100~ a n d  a f e w  m i n u t e s  a t  
140~ b e c a u s e  o f  t h e  i n s t a b i l i t y  o f  $32 a n d  $203~-). R e a c -  
t i o n s  [2], [3], a n d  [4] a r e  r u l e d  ou t .  

T h e  d e t e r m i n a t i o n  o f  t h e  r e a c t i o n  h a s  b e e n  a c c o m -  
p l i s h e d  v i a  a n  e l e c t r o l y s i s  o n  t h e  p l a t e a u  o f  t h e  c a t h o d i c  
w a v e  a t  - 1 . 1 5 V ,  c o r r e s p o n d i n g  to  t h e  r e d u c t i o n  o f  t h e  
p o l y s u l f i d e  i n to  su l f ide .  T h e  n u m b e r  o f  F a r a d a y s  p e r  
s u l f u r  a t o m  r e q u i r e d  for  c o m p l e t e  d i s a p p e a r a n c e  o f  t h e  
c a t h o d i c  w a v e  o f  a s o l u t i o n  o f  d i s s o l v e d  s u l f u r  h a s  b e e n  
e x p e r i m e n t a l l y  f o u n d  to  b e  b e t w e e n  1.0 a n d  1.15 a t  100~ 

T h i s  v a l u e  e x c l u d e s  al l  t h e  r e a c t i o n s  o f  T a b l e  I V  e x c e p t  
for  [5] a n d  [6]. R e a c t i o n  [6] m a y  b e  e l i m i n a t e d  b e c a u s e  i t  
h a s  b e e n  s e e n  a b o v e  t h a t  $32- r e a c t s  o n  su l f i t e  to  g i v e  
$22-: t h i s  a n i o n  i s  n o t  d e t e c t e d  j u s t  a f t e r  t h e  d i s s o l u t i o n .  
T h e r e f o r e ,  t h e  d i s p r o p o r t i o n a t i o n  r e a c t i o n  o f  s u l f u r  i n  t h e  
e q u i m o l a r  N a O H - H ~ O  m e l t  a t  100 ~ a n d  t40~  i s  r e a c t i o n  
[5]. 

T h i s  r e a c t i o n  is  a l so  t h e  m o s t  p r o b a b l e  i f  o n e  c o n s i d e r s  
t h a t  it  i s  t h e  o n l y  o n e  w h i c h  a g r e e s  fo r  i t s  s t o i c h i o m e t r y  
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(Ag/Agct) Fig. 7. UV spectra during the addition of sulfur to the NoOH-H20 

(1-1 ) melt in absence (curve 0) or in presence (curves ! -8) of 1.5 10-2M 
Na2S. S/Si 2- = 0 (curve 1 ), 0.02 (curve 2), 0.05 (curve 3), 0.09 (curve 4), 
0.15 (curve 5), 0.19 (curve 6), 0.24 (curve 7), 0.30 (curve 8), 0.39 
(curve 9), and 0.47 (curve 10). 

Fig. 6. Voltammetric curves at a rotating gold electrode during the ad- 
dition of sulfur to the NaOH-H20 (1-1) melt in absence (curve 0) or in 
presence (curves 1-7) of 4.3 l f fSM Na2S. S/Si 2- = 0 (curve 1), 0.46 
(curve 2), 0.80 (curve 3), 1.15 (curve 4), 1.53 (curve 5), 1.93 (curve 6), 
and 3.14 (curve 7). 

w i t h  t h e  e igh t  a t o m s  of  t he  su l fu r  r ing.  T he  d i sp ropor -  
t i o n a t i o n  is fas t  s ince  95% is a c h i e v e d  in 2 m i n  at  140~ 
The  ra te  is p r o b a b l y  l i m i t ed  s i m p l y  by  ag i t a t ion  s p e e d  
a n d  d i f fus ion  in to  t he  bulk .  

Addit ion of  sulfur to sulfide.--Since t h e  d i sp ropor -  
t i e n a t i o n  r eac t i on  is fas t  in  th i s  mel t ,  four  r e a c t i o n s  can  
c o m p e t e  w h e n  m o l e c u l a r  $8 is a d d e d  t o ' a  S 2- so lu t ion ,  
t h r e e  a d d i t i o n  reac t ions ,  a n d  t h e  $8 d i s p r o p o r t i o n a t i o n  
r eac t i on  

S 2- + 1/8Ss --> S22- [8] 

S 2- + 1/4S~---> $32- [9] 

$22- + 1/8S8 --> $3 ~ [10] 

$8 + 6HO- ---> 2S~ 2- + S~O3 ~- + 3H20 [5] 

We sha l l  s h o w  t h a t  w h e n  too l i t t le  su l fu r  is a d d e d  (typi- 
cal ly y = S/Si ~- < 0.1 in  ou r  c o n d i t i o n  s) r e ac t i on  [8] does  
o c c u r  t h o u g h  n o t  exc lus ive ly ,  wh i l e  i f  a d d i t i o n  is con t in -  
u e d  up  to a n  e x c e s s  of  su l fu r  ( typical ly  y > 2), d i sp ropor -  
t i o n a t i o n  r eac t i on  [5] is exc lus ive ly  obse rved .  In  t h e  in te r -  
m e d i a t e  range,  b o t h  S~ 2- a n d  $32- are  o b t a i n e d  v ia  c o m p e -  
t i t i on  b e t w e e n  r eac t i on  [8] a n d  r eac t ion  [5], t he  p r e v a i l i n g  
r e a c t i o n  as S/Si s- inc reases .  

F i g u r e s  6 a n d  7 s h o w  typ ica l  v o l t a m m e t r i c  c u r v e s  a n d  
U V  s p e c t r a  r e c o r d e d  for  succes s ive  a d d i t i o n s  of  su l fu r  to 
su l f ide  so lu t ion .  P lo t s  of  l i m i t i n g  c u r r e n t s  or a b s o r p t i o n  
a t  365 n m  vs. t h e  q u a n t i t y  of  a d d e d  su l fu r  are  g i v e n  in  Fig. 
8 a n d  9. W h e n  y < 0.1, a d d i t i o n  of  su l fu r  l eads  to  t he  onse t  
of  t h e  r e d u c t i o n  w a v e  a n d  t h e  U V  a b s o r p t i o n  of  po lysu l -  
t ides,  b u t  t he  cu rves  differ,  d e p e n d i n g  o n  w h e t h e r  
su l f ide  is p r e s e n t  or  not .  O b v i o u s l y ,  a r e a c t i o n  o c c u r s  
w i t h  sulf ide,  w h i c h  d i f fe rs  f r o m  t h e  Ss d i s p r o p o r t i o n a -  
t i on  o b t a i n e d  in i ts absence .  W h a t e v e r  t he  su l f ide  con-  
cen t r a t i on ,  i t  l eads  to  $22-, s ince  A~6~ > A3~0, w h e n c e  i t  c an  
b e  c o n c l u d e d  t h a t  r e ac t i on  [8] occurs .  

W h e n  $8 is a d d e d  in  exces s  (y > 2), v a r i a t i o n s  of  l im i t i ng  
c u r r e n t s  a n d  a b s o r p t i o n  are  s imi la r  to  t he  v a r i a t i o n s  in  
a b s e n c e  of  sulfide.  I t  m e a n s  t h a t  t he  d i s p r o p o r t i o n a t i o n  
r eac t i on  [5] occurs ,  w h i c h  is qu i t e  expec t ed .  

Completeness of  the addition reaction.--Reaction [8] is no t  
quan t i t a t i ve .  As d i s p l a y e d  in  Fig. 8 a n d  9, t he  U V  abso rp -  
t ion  is p r o p o r t i o n a l  to su l fu r  a d d i t i o n  on ly  for  low va lues  
of  y, a n d  t he  r e d u c t i o n  c u r r e n t  does  no t  i nc r ea se  w i t h  t he  

t h e o r e t i c a l  slope. A c lear  b r e a k  po in t  is no t  o b s e r v e d  on  
c u r v e s  for  y = 1, c o r r e s p o n d i n g  to t he  e n d  of  t he  a d d i t i o n  
a n d  t he  b e g i n n i n g  of  t he  d i sp ropo r t i ona t i on .  

W h e n  y < 2, d i su l f ide  a n d  t r i su l f ide  are s imul ta -  
n e o u s l y  fo rmed ,  a n d  for  $32- t he  q u e s t i o n  is b y  w h i c h  re- 
ac t ion:  [9], [10], or [5]? I t  is easi ly  s een  t h a t  r e ac t i ons  [9] 
a n d  [10] do no t  occur.  I f  t h e y  did,  a n  i nc r ea se  in  y w o u l d  
r e s u l t  in  a dec rea se  of  t he  first  a n o d i c  wave  b e c a u s e  of  
t he  s u b s t i t u t i o n  of  t he  ox id izab le  S ~- b y  t he  e lec t ro inac-  
t ive  S~ ~-, wh i l e  t he  r e d u c t i o n  wave  w o u l d  i nc r ea se  at  t he  
s a m e  ra te  as for  y < 0.2 ( r e d u c t i o n  of  x mo l  of  S~ 2- v ia  2e 
of  x/2 rea l  of  $3 ~- via  4e l eads  to t he  s a m e  l im i t i ng  cur-  
rent).  E x p e r i m e n t s  are  i n c o n s i s t e n t  w i t h  t h e s e  cond i t ions .  

R e a c t i o n  [10] is also ru led  ou t  by  s p e c t r o p h o t o m e t r i c  
m e a s u r e m e n t s ,  s ince  we  do no t  a r r ive  a t  a s i t ua t i on  w h e r e  
A365 /> A330, as w o u l d  be  e x p e c t e d  i f  S~ ~- we re  s u b s t i t u t e d  
b y  $32- [cf. e lec t ro lys is  e x p e r i m e n t s  in  Ref. (16) for  valua-  
ble  compar i son ] .  

I t  c an  be  c o n c l u d e d  t h a t  w h e n  0.1 < y < 2, c o m p e t i t i o n  
b e t w e e n  r eac t i ons  [8] a n d  [5] does  occur,  r a t h e r  t h a n  reac-  
t ions  [9] or [10]. 

Q u a n t i t a t i v e  m e a s u r e m e n t s  h a v e  no t  b e e n  p e r f o r m e d  to 
ca lcu la te  t he  re la t ive  a m o u n t s  of t he  two r e a c t i o n s  be-  
cause  i t  d e p e n d s  on  too m a n y  e x p e r i m e n t a l  p a r a m e t e r s  
( ini t ial  c o n c e n t r a t i o n  in  sulfide,  y value,  t e m p e r a t u r e ,  
etc.). Bes ides ,  q u a n t i t a t i v e  m e a s u r e m e n t s  on  S.~ ~- concen -  
t r a t i on  are diff icul t  b e c a u s e  of  i ts  i n s t ab i l i t y  (16). F o r  in- 
s tance ,  c u r v e s  of  Fig. 8 r e q u i r e  h o u r s  to be  p e r f o r m e d  in 
m o l t e n  s a l t  e x p e r i m e n t s ,  a n d  t he  d e c o m p o s i t i o n  of  t he  
n o n o x i d i z a b l e  S~ 2- in to  $22 a n d  S 2- e x p l a i n s  t he  s l igh t  in- 
c rease  of  t he  c u r r e n t  of  the  first  a n o d i c  w a v e  o b s e r v e d  
for  h i g h  va lues  of  y. 

We sha l l  j u s t  add  t h a t  e v e n  for  t he  sma l l e s t  v a l u e  of  y 
w h i c h  cou ld  be  u s e d  w i t h  a c o n v e n i e n t  e x p e r i m e n t a l  pre-  
c i s ion  (IS2-1 = 1.5 10-2M; y = 0.07), r e ac t i on  [8] r e p r e s e n t s  
on ly  70% of  t he  su l fu r  d i sso lu t ion ,  u s i n g  e v a l u e s  de ter -  
m i n e d  in  Ref. (16). Obvious ly ,  sol id f lowers  of  su l fu r  do 
no t  h a v e  t h e  s a m e  s t r u c t u r e  a n d  t he  s a m e  p r o p e r t i e s  as 
t h e  t r a n s i t o r y  e l e c t r o g e n e r a t e d  in situ su l fu r  (16). 

I n  ou r  mel t ,  su l fu r  d i s p r o p o r t i o n a t i o n  is fas t  a n d  wide ly  
c h a l l e n g e s  t h e  a d d i t i o n  r eac t i on  on  sulfide. D i s s o l u t i o n  
of  su l fu r  is no t  acce le ra t ed  b y  sulfide,  e spec ia l ly  as t h e  
r a t e - l imi t ing  s tep  s e e m s  to be  ag i t a t ion  s p e e d  a n d  diffu- 
s ion  in to  t h e  bulk .  This  w o u l d  no t  be  t he  case  at  l ower  
t e m p e r a t u r e s  or OH-  c o n c e n t r a t i o n s .  

A n  i m p o r t a n t  c o n s e q u e n c e  r e su l t s  f rom t h e  cons ide ra -  
t ion  of  t he  first a n o d i c  wave  s h o w n  on  Fig. 6 a n d  de t a i l ed  
on  Fig. 8. I f  one  does  no t  t ake  in to  a c c o u n t  t he  s l igh t  de-  
c rease  in  t h e  c u r r e n t  ( p r o b a b l y  due  to a sma l l e r  d i f fus ion  
coef f ic ien t  of  $22 as c o m p a r e d  to $2-), t h e s e  c u r v e s  s h o w  
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Fig. 8. Plot of the limiting cur- 
rent of the first anodic wave (X) 
and of the reduction wave vs. the 
amount of dissolved sulfur (in S 
atom 1-1) in absence (�9 or in pres- 
ence (e )  of 3.68 10-3M S 2-. Num- 
bers on curve are the ratio y = 
S/Si s- . 
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y values are indicated on each 
curve. Dotted line: theoretical 
curve assuming that reaction 1-8] is 
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t h a t  t he  ha l f -wave  p o t e n t i a l  a n d  l imi t ing  c u r r e n t  r e m a i n  
r o u g h l y  cons t an t ,  as long  as y < 0.5. S ince  one  sul f ide  is 
s u b s t i t u t e d  b y  one  disul f ide  a c c o r d i n g  to r e a c t i o n  [8], i t  
m e a n s  t h a t  $2 ~- is e lec t ro -ox id izab le  at  t he  s a m e  p o t e n t i a l  
as S 2-, a n d  in t he  case  of  a r o t a t i ng  gold  e l ec t rode  w i t h  t he  
s a m e  n u m b e r  of  e x c h a n g e d  e lec t rons .  

Th i s  l as t  a s s e s s m e n t  is i n c o n s i s t e n t  w i th  a n  o x i d a t i o n  
in to  $3 ~-, w h i c h  r equ i r e s  4/3 e l ec t rons  pe r  su l f ide  aga in s t  
2/3 pe r  disulf ide.  I t  does  agree  wel l  w i t h  a n  o x i d a t i o n  in  
m o l e c u l a r  su l fu r  (2 e l ec t rons  in b o t h  cases). Th i s  fac t  ha s  
a l r eady  b e e n  n o t e d  in Ref. (16). 

Conclusion 
W h e n  c o u p l e d  w i t h  s p e c t r o p h o t o m e t r y ,  e l e c t r ochemis -  

t ry  is a p o w e r f u l  tool  for  t he  s t u d y  of  c h e m i c a l  r eac t i ons  
in  so lu t ion .  Wi th  t h e s e  two t e c h n i q u e s ,  we  o b t a i n e d  t he  

1:0 1.5 102X $ / M  

fo l lowing  resu l t s  on  the  su l fu r  c o m p o u n d s  in  t he  equi-  
m o l a r  NaOH-H~O m e l t  a t  100 ~ or 140~ 

1. Only  two po lysu l f ides  ex i s t  in  th i s  mel t :  t h e  disul-  
fide $22- a n d  t he  t r i su l f ide  $32-. 

2. V o l t a m m e t r i c  a n d  spec t ro scop i c  cha rac t e r i s t i c s  of  
$22- a n d  Sz 2- h a v e  b e e n  desc r ibed .  T h e y  were  u s e d  as ana- 
ly t ical  c r i t e r ia  a l lowing  a d i s t i nc t i on  b e t w e e n  $22- a n d  $32- 
via  U V  a b s o r p t i o n  a n d  p r e s e n c e  of  a first  a n o d i c  wave.  

3. T h e r e  ex i s t  two anod ic  s teps  for  sul f ide  o x i d a t i o n  at  
a gold  e lec t rode :  the  first  one  leads  to $22-, $3 ~-, or  molec-  
u la r  su l fu r  d e p e n d i n g  on  t h e  t i m e  scale  of  t he  t e c h n i q u e s ,  
a n d  t he  s e c o n d  to sulfite. 

4. D i s p r o p o r t i o n a t i o n  of  su l fu r  is fas t  a n d  quan t i t a t i ve .  
I t  l eads  to S~ 2- a n d  $203 ~-. On t he  con t ra ry ,  a d d i t i o n  of  
su l fu r  on  sulf ide to fo rm $22- is on ly  part ia l .  
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5. Sulfite, thiosulfate, sulfide, and disulfide are re- 
lated by a pseudoequilibrium. 
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Chemical, Electrochemical, and Technological Aspects of Sodium 
Chlorate Manufacture 

K. Viswanathan* and B. V. Tilak* 
Occidental Chemical Corporation, Hooker Research Center, Grand Island, New York 14072 

ABSTRACT 

A critical review of the chemistry, electrochemistry, and engineering principles involved in the production of so- 
dium chlorate is presented. Various chlorate manufacturing technologies were discussed, with emphasis on materials of 
construction, and trends towards developing cost and energy effective methods for producing sodium chlorate. 

One of the energy intensive electrolytic industries is the 
electrochemical production of sodium chlorate, wherein 
approximately 4500-5500 kWh of electricity is required to 
produce 1 short ton of sodium chlorate which may be 
compared to a value of 2700-2800 kWh/ton of chlorine 
using OCC's H-4 cells with DSA | anodes 1 and asbestos di- 
aphragm (see Table I) (1). Electrosynthesis of chlorate 
dates back to 1802, when Hisinger and Berzelius (2) pre- 
pared sodium chlorate by electrolysis of sodium chloride. 
It was confirmed by Kolbe (3) who also prepared chloric 
acid from hypochlorous acid electrolytically. 

Presently, about one million tons of sodium chlorate 
are produced annually, the U.S. share being about 0:25 
MM tons. These figures may be compared to the annual 
chlorine production capacity of 30 MM tons, the U.S. pro- 
duction level being about 11 million tons. The anticipated 
growth of the chlorate industry is about 4%-5% per year, 
in contrast to the growth rate of 2%-2.5% for the chlor- 
alkali industry. These opportunities for growth in the 
chlorate industry appear promising in view of the follow- 
ing considerations: (i) environmental  regulations arising 
from the formation of chlorinated organics may mandate 
the replacement  of chlorine for bleaching purposes with 
alternate bleaching chemicals, such as C102, for which 
NaC103 is the precursor. About 20%-25% of the paper mills 
appear likely to change their bleaching process to chlo- 
rine dioxide. (ii) Oxygen bleaching, which is now at- 
tracting commercial  attention in pulp and paper industry, 
also uses C10~ and, hence, would require greater chlorate 
production. 

* Electrochemical Society Active Member. 
Keywords: chlorate formation, role of dichromate, unit opera- 

tions, cathodes, chlorate manufacturing technologies. 
~DSA is a registered trademark of Diamond Shamrock 

Technologies, S. A., of Geneva, Switzerland. 

The end-use profile of NaC103 shows that approxi- 
mately 82% of sodium chlorate is consumed by the pulp 
and paper industry. Other uses of sodium chlorate are in 
the agricultural industry as a defoliant and herbicide, as 
an oxidizer in uranium milling, and in perchlorate pro- 
duction. 

The purpose of this article is to review the chemistry 
and electrochemistry involved in the production of chlo- 
rate, and outline the various technologies with emphasis 
on (i) the materials of construction and (ii) the trends to- 
wards developing cost-effective and energy-efficient so- 
dium chlorate technology by improving current effi- 
ciency, lowering cell voltage, and minimizing capital 
costs. 

Chemistry and Electrochemistry Involved in Chlorate 
Formation 

Nature of the Overall Process 
Sodium chlorate is produced by the electrolysis of NaC1 

and can be described by the overall chemical reaction 

Table I. Comparison of chlorate and chlor-alkali industry 

Chlorate Chlor-alkali 

Power consumption 4500-5500 2700-2800 
(kWh]ton) 

World production 1 30 
capacity 
(MM ton) 

U.S. production 9.25 15 
capacity 
(MM ton) 

Anticipated growth 4-5* 2-2.5* 
rate (%) 

* Projected growth rates in 1983. 
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NaC1 + 3H20--~ NaC103 + 3H2 [1] 

w h i c h  r equ i r e s  6 F a r a d a y s  to p r o d u c e  1 g m o l  of  ch lo r a t e  
or 685 Ah / lb  of  ch lo ra te  (at 100% efficiency.) 

R e a c t i o n  [1] is e n d o t h e r m i c  (4), t he  overa l l  h e a t  of  t he  
r eac t i on  (2~/)  b e i n g  224 kcaYg tool  (3745 BT U/ lb ;  1.1 
kWh/lb)  of  chlora te .  Therefore ,  t he  t h e r m o n e u t r a l  vol tage ,  
i.e, t h e  vo l t age  a t  w h i c h  h e a t  is n e i t h e r  r e q u i r e d  b y  t he  
s y s t e m  n o r  los t  by  t he  s y s t e m  to t he  s u r r o u n d i n g s ,  w o u l d  
be  -1 .62V,  as ca l cu la t ed  f rom Eq.  [2] 

- riFE = AH [2] 

However ,  in  pract ice ,  ch lo ra te  cells ope ra t e  in  t h e  vo l t age  
r a n g e  3-4V, at  an  ave rage  c u r r e n t  ef f ic iency (CE) of  
-95%.  Th i s  r e su l t s  in  hea t  g e n e r a t i o n  (q) to t he  e x t e n t  of  

[ ( 1 0 0 /  l 
q = L \ C E /  (138.36) E - A H ( c a Y g m o l )  [3] 

wh ich ,  for  a ch lo ra te  e lec t ro lyzer  o p e r a t i n g  a t  95% 
ef f ic iency  a n d  3.3V, w o u l d  b e  - 2 5 0  kcaYg mol  or  4250 
B T U / l b  of NaC103. This  hea t ,  g e n e r a t e d  in cells  o p e r a t i n g  
at  vo l t ages  > 1.62V, m u s t  b e  r e m o v e d .  

Reactions Involved in Chlorate Formation 
The  p r i m a r y  e l e c t r o c h e m i c a l  r eac t ions  o c c u r r i n g  in a 

ch lo ra t e  cell are the  d i s c h a r g e  of  ch lo r ide  ions  a n d  H + 
ions  to f o r m  H~ a n d  C12, r e spec t ive ly  

2C1- --> C12 + 2e [E ~ (25~ = 1.36V] [4] 

2H + + 2e -~  H2 [E ~ (25~ = -0 .36V]  at  p H  - 6  [5] 

Ch lo r ine  evo lved  at  t he  a n o d e  d i sso lves  in  t he  b o u n d a r y  
layer  a n d  hyd ro lyzes  to fo rm HOC1 a n d  OC1- wh ich ,  in  
tu rn ,  r eac t  in  t he  b u l k  of t he  e lec t ro ly te  to fo rm chlora te .  
This series of reactions is shown in Eq. [6]-[9] with the 
equilibrium constants stated in parenthesis for Eq. [6]-[8] 
and rate constant for Eq. [9] 

C12 (g) ~ C12 (S)  
(6.18 x 10 -2 moYl000 g so lven t Ia tm at  25~ [6] 

CI~ (S) + H20 ~- H § + HOC1 + C1- 
(2-4 x 10 -4 m o F  12 at  25~ (5) [7] 

HOC1 ~ H + + OC1- 
(2-7 x 10 -s mol/l)  (5, 6) [8] 

2HOC1 + OC1- ---) C103- + 2H § + 2C1- 
(0.76 12/mop s at  70~ (6) [9] 

R e a c t i o n  [9], w h i c h  re su l t s  in  ch lo ra t e  fo rma t ion ,  pro- 
ceeds  ve ry  s lowly  w i t h  a n  o p t i m a l  ra te  (7), w h e n  [HOC1] = 
21OC1-], w h i c h  occurs  at  a p H  va lue  e q u a l  to p K  - log 2, 
w h e r e  p K  = - l o g  ( e q u i l i b r i u m  cons tan t )  for r e a c t i o n  [8]. 
Thus ,  t h e  p H  va lues  in  i n d u s t r i a l  cells are c o n t r o l l e d  in  
t he  r a n g e  of  5.9-6.7. 

K i n e t i c s  o f  c h l o r a t e  f o r m a t i o n . - - T w o  m e c h a n i s m s  are  
p r o p o s e d  in  t he  l i t e ra tu re  to de sc r ibe  t he  f o r m a t i o n  of  
ch lora te .  T h e  r eac t ion  s e q u e n c e ,  p r o p o s e d  b y  F o e r s t e r  (8) 
a n d  c o n f i r m e d  b y  m a n y  o the r s  (6, 9, 10), is a t h i r d - o r d e r  
r e a c t i o n  i n v o l v i n g  2 m o l  HOC1 a n d  1 m o l  OCI-, as repre-  
s e n t e d  b y  Eq.  [9]. However ,  a c c o r d i n g  to L i s t e r  (11), w h o  
e x a m i n e d  t h e  d e c o m p o s i t i o n  k ine t i c s  of  h y p o c h l o r i t e  in  
a lka l ine  so lu t ions ,  ch lo ra te  f o r m a t i o n  fo l lows a 
b i m o l e c u l a r  s e q u e n c e  

2HOC1--> C102- + C1- + 2H + [10] 

CIO2- + HOCI ~ CIO2- + CI- + H + [ii] 

Eq. [I0] being the slower of the above reactions. 
Recent studies (12) addressed this controversy and 

showed the mechanism to conform with that proposed by 
Foerster. The apparent inconsistency in Lister's analysis 
(11) was traced to his method of determining the HOCI 
concentration which was subsequently used in the evalu- 
ation of the rate constant. Thus, the chlorate formation re- 
action is an apparent third order involving 2 tool HOCI 

a n d  1 mo l  OCI-, t he  t h i r d - o r d e r  ra te  c o n s t a n t  b e i n g  0.025 
12 �9 mo1-2 �9 s -1 at  25~ in  4M NaC1 so lu t ions .  The  ra te  of  
ch lo ra t e  f o r m a t i o n  is p r o p o r t i o n a l  to [[HOC1] 2 [OC1-] V] 
w h e r e  V refers  to t he  v o l u m e  of  the  reactor ,  and,  h e n c e ,  as 
t he  c o n c e n t r a t i o n  of  OC1- + HOC1 decreases ,  t he  ra te  falls 
s ign i f i can t ly  n e c e s s i t a t i n g  t h e  use  of  la rge  v o l u m e s  (and  
t h e r e f o r e  large  r e t e n t i o n  t imes)  to car ry  ou t  t he  reac t ion .  

P a r a s i t i c  r e a c t i o n s  a f f e c t i n g  ef f ic ieney . - -Whi le  reac- 
t ion  [9] l eads  to t he  f o r m a t i o n  of  chlora te ,  severa l  para l le l  
r e ac t i ons  occu r  at  t he  e l ec t rodes  and  w i t h i n  t he  cell, low- 
e r ing  t he  overa l l  eff ic iency for  C103- fo rmat ion .  

Anodic parasitic reactions.--Prior to t he  a d v e n t  of  
m e t a l  anodes ,  the  p r e f e r r e d  a n o d e  ma te r i a l  was  g r a p h i t e  
[see, howeve r ,  Ref. (13) for  h i s to r ica l  details],  w h i c h  led to 
a ch lo ra t e  e f f ic iency  of  80%-85% due  to t h e  o x i d a t i o n  of  C 
to CO2 a n d  t h e  lower  o v e r p o t e n t i a l  for 02 e v o l u t i o n  com-  
p a r e d  to C12 e v o l u t i o n  on  graphi te .  However ,  s ince  t h e  
c o m m e r c i a l i z a t i o n  of  m e t a l  a n o d e s  b a s e d  on  P t - I r  a n d  
RuOz coa t ings  on  Ti subs t r a t e s ,  t he  c u r r e n t  ef f ic iencies  
h a v e  i n c r e a s e d  to 93%-95%. Th i s  loss  in  c u r r e n t  effi- 
c i ency  of  5%-7% can  b e  t r a c e d  to t he  c h e m i c a l  d e c o m p o s i -  
t i on  of  HOC1 a n d  OC1- to 02 a n d  C1 (wh ich  w i l l  b e  de- 
s c r i b e d  below).  The  r eac t ions  d e s c r i b e d  b e l o w  are  
t h e r m o d y n a m i c a l l y  f avored  at  po t en t i a l s  w h e r e  C12 is gen-  
e r a t ed  a n d  can  m a r k e d l y  l ower  the  efficiency.  

02 evolution.--Oxygen e v o l u t i o n  reac t ion ,  r e p r e s e n t e d  
by  Eq. [12], is d e p e n d e n t  

2H20 --> O2 + 4H + + 4e 
(E ~ at  25~ = 1.23V) [12] 

on  t he  n a t u r e  of  t he  a n o d e  ma te r i a l  a n d  t h e  p H  of  t h e  me-  
d ium.  Typical ly ,  t he  c u r r e n t  ef f ic iency va lues  for  t he  02 
e v o l u t i o n  r eac t i on  v a r y  f rom a b o u t  1% to 3% on  n o b l e  
m e t a l  b a s e d  e l ec t rodes  in  t he  p H  r ange  5.5-6.5. 

Oxidation of  OCl- to CIO~-.--This r eac t i on  

6 O C I  +3H20-- - )2C103-  + 6 H  + + 4 C 1 -  + 3 / 2 0 2  + 6e 
(E ~ at  25~ = 0.46V) [13] 

u n d e r  s o m e  c o n d i t i o n s  can  o c c u r  l ower ing  (14) t he  cur- 
r e n t  e f f ic iency for C103- f o r m a t i o n  to 66.67%. 

Bulk  parasit ic reactions.--There are  two  r e a c t i o n s  
o c c u r r i n g  in t he  b u l k  w h i c h  can  d e c o m p o s e  t he  OC1- es- 
sen t ia l  for c h l o r a t e  fo rmat ion .  T h e s e  are r e p r e s e n t e d  b y  
Eq. [14] a n d  [15] 

HC1 + HOC1 ~ C12 + H20 [14] 

2 OCI- ~ 2C1- + 02 [15] 

A d d i t i o n  of  ac id  r e su l t s  in  t h e  re lease  of  C12 and ,  h e n c e ,  
l o w e r e d  cell  efficiency. A n o t h e r  r eac t ion  f avo red  at p H  
va lues  less  t h a n  1 is t he  d e c o m p o s i t i o n  of  ch lo ra t e  to fo rm 
ch lo r ine  d iox ide  (14). 

L i s t e r  (15) m a d e  a carefu l  s t u d y  of  t he  k ine t i c s  of  O2 ev- 
o lu t ion  f r o m  so lu t ions  c o n t a i n i n g  h y p o c h l o r i t e  a n d  f o u n d  
t he  m e c h a n i s m  of  02 evo lu t i on  to be  of  s e c o n d  order .  The  
h y p o c h l o r i t e  d e c o m p o s i t i o n  r eac t i on  p r o c e e d s  at  a ra te  of  
1 x 10 -5 g mol]l  m i n  at  40~ in  p u r e  so lu t ions ,  a n d  is 
g rea t ly  acce l e r a t ed  b y  Co, Ni, Fe, Cu, a n d  M n  ions  in  the  
e l ec t ro ly te  in  t he  fo l lowing  o rde r  

C o > N i > C u > > F e  

a n d  also by  l ight.  
Fo r  c u r r e n t  ef f ic iency ca lcu la t ions ,  ch lo ra t e  i n d u s t r i e s  

u se  t h e  fo l lowing  f o r m u l a  (16) 

10O - 3% 02 - 2% C12 
Ch lo ra t e  ef f ic iency = [16] 2 

100 - % 0 2 -  %C12 

b y  ana lyz ing  t he  exi t  gas s t ream.  Mater ia l  b a l a n c e  calcula-  
t ions  s h o w  t h a t  Eq. [16] is a d e q u a t e  to de sc r ibe  t he  per-  
f o r m a n c e  of  a typ ica l  ch lo ra te  cell. However ,  imp l i c i t  in  

Ugine-Kuhlman uses the formula: chlorate efficiency = 
100% - 2% O~ - %C12, with %C1~ = 0.3-0.5 and %O2 = 2-2.5, which 
can be derived from Eq. [16] by simple binomial expansion. 
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the  der iva t ion  of  Eq. [16] are the  fo l lowing cons idera t ions :  
(i) 1 mo l  of  02 genera ted  cor responds  to a loss of  4 Fara- 
days of  electr ici ty,  and (it) 1 tool  of  C12 escaped  corre- 
sponds  to a loss of  2 Faradays  of  electr ici ty.  Very  often, 
the  cell  gas is sc rubbed  wi th  caustic,  and the  sc rubbe r  liq- 
uor  is r ecyc led  to the  cell  again. 

Cathodic parasitic reactions-role of sodium dichromate 
during chlorate etectrotysis.--The pr imary  reac t ion  at the  
ca thode  is the  d ischarge  of  H + ions to fo rm H2. However ,  
t h e r m o d y n a m i c  and kinet ic  cons idera t ions  favor  OC1- 
and  C103- r educ t ion  react ions  (Eq. [17] and [18]) 

O C F  + H20 + 2e--~ C1- + 2 OH-  
(E ~ = 0.89V at 25~ [17] 

C103- + 3H20 + 6e --> C1- + 6 OH 
(E ~ = 0.63V at 25~ [18] 

The  rates of  these  react ions  are be l i eved  to be  suppressed  
by the  addi t ion  of  sod ium d ichromate  (in the  1-5 g/1 range) 
dur ing  electrolysis .  

S o d i u m  d ichromate  is a conven t iona l  and mul t i func-  
t ional  addi t ive  used  rou t ine ly  in the  commerc i a l  produc-  
t ion of  sod ium chlorate.  Severa l  roles are a t t r ibu ted  to 
chrome,  wh ich  include:  (i) suppress ing  the  corros ion  of  
the  Fe  ca thode  (17-20), (it) buffe r ing  (9, 21) the  e lec t ro ly te  
in the  p H  range 5-7, where  the  chlorate  fo rmat ion  rate is 
o p t i m u m ,  (iii) preven t ing  the  ca thodic  r educ t ion  of  OC] 
and C103- ions  by  the  "Cr~O3" film fo rmed  by  ch roma te  
r educ t ion  (22, 23), and (iv) inh ib i t ing  the  02 evo lu t ion  re- 
act ion at the  anode  (24, 25). It  is of  in teres t  to note  tha t  the  
f luoride ion (26) is be l i eved  to play a s imilar  role as di- 
ch roma te  dur ing  chlorate  electrolysis  _with PbO2 anodes.  
The  re la t ive  impor t ance  of  these  func t ions  is cri t ical ly 
d i scussed  in this section.  

Inhibition of corrosion of steel cathode.--Cathodes m a d e  
of  s teel  are genera l ly  used  in electrolyt ic  ch lora te  cells, 
the  e lec t ro ly te  unde r  opera t ing  condi t ions  analyzing 450 
g/1 NaC103, 150 g/1 NaC1, 4-5 g/1 OCI-, and 2-3 g/1 Na2Cr207 
at 70~ (pH - 5.9-6.7). I f  the  role of  d i ch romate  is indeed  
one  of  suppress ing  the  corros ion  of  s teel  unde r  open- 
c i rcui t  condi t ions ,  t hen  the  open-c i rcui t  potent ia l  (Eoc,) 
shou ld  show signif icant  d i f ferences  in the  p re sence  and 
absence  of  d ichromate .  However ,  expe r imen ta l  measure-  
men t s  in the  above  solut ions show the  Eoep to be  -0.30 to 
-0 .32V vs. SCE in the p re sence  and absence  of  dichro-  
mate,  sugges t ing  tha t  the  major  role  of  Cr207-- is no t  one  
of  offer ing pro tec t ion  to steel  f rom corrosion.  

Enhancement of buffer capacity.---It was m e n t i o n e d  
ear l ier  tha t  the  prefer red  p H  range  of opera t ion  of  a typi- 
cal ch lora te  cell  is in the  range  5.9-6.7 to ach ieve  opt imal  
conver s ion  of  hypochlor i te  to chlorate.  The  sys tem has a 
na tura l  buffer  capaci ty  in this  range due  to HOC1/OC1- 
equ i l i b r i um represen ted  by Eq. [8]. Tan iguch i  and Sek ine  
(9) m e n t i o n e d  that  c h r o m e  addi t ion  enhances  the  buffer  
capac i ty  in this  cri t ical  p H  range  due  to the  equ i l i b r i um 
reac t ion  

Cr207 - + 2 OH-  ~ 2CRO4-- + H20 [19] 

p H  t i t ra t ion data  ob ta ined  in the  p resence  of  d i ch roma te  
in solu t ions  con ta in ing  150 g/1 NaC1 and 450 g/1 NaC103, at 
70~ in the  absence  of  OCI-, showed  (12) that  d i ch roma te  
i ndeed  buffers  in the  p H  range  5.9-6.7. In the  p re sence  of  
OC1- and Cr~O7--, the  buffer  capaci ty  was found  to be  di- 
rec t ly  p ropor t iona l  to the  concen t ra t ion  of  OC1- and 
Cr207- and equa l  to the sum of the  ind iv idua l  contr ibu-  
t ions f rom OCF and Cr207--. Thus,  it is def ini t ively es- 
tab l i shed  (12) that  d i ch romate  enhances  the  buffer  capac- 
ity in the  p H  reg ion  5-7. 

Inhibition of oxygen evolution.--One of the  parasi t ic  
anodic  react ions  dur ing  chlora te  electrolysis  is o x y g e n  ev- 
o lut ion f rom ei ther  the  d i scharge  of water  molecu les  (Eq. 
[12]) or  the  ox ida t ion  of  OC1- to C103- (Eq. [13]). I t  was 
s ta ted in the  l i tera ture  (24, 25) that  Cr2Oc-  suppresses  the  
a m o u n t  of  o x y g e n  genera ted  dur ing  chlorate  electrolysis .  
While one  m a y  rat ionalize this  observa t ion  in t e rms  of  

b lock ing  of  sites for oxygen  evo lu t ion  by d ich romate  
and/or  comp lexa t i on  of  hypoch lo r i t e  d e c o m p o s i n g  cata- 
lysts (e.g., Fe, Co, Ni) by Cr2Oc (and/or CrO4--), fur ther  
inves t iga t ions  are needed  to unde r s t and  the  mechan i s t i c  
aspects  i nvo lved  in ,this p h e n o m e n o n .  

Suppression of parasitic cathodic reactions.--In an elec- 
t rolyt ic  chlora te  cell, there  are two parasi t ic  ca thodic  reac- 
t ions (Eq. [17] and  [18] ar is ing f rom the  ca thodic  r educ t ion  
of  negat ive ly  charged  ions, OC1- and C103-. I f  these  nega- 
t ively  charged  ions are to be r educed  cathodical ly,  they  
have  to approach  the  ca thode  by diffusion and convec t ion  
agains t  an adverse  potent ia l  gradient .  I f  the  solut ion con- 
tains a large excess  of  suppor t ing  electrolyte,  the  adverse  
potent ia l  g rad ien t  is small  and the  t ranspor t  of  anions  is 
affected only slightly. However ,  i f  an iner t  porous  dia- 
p h r a g m  is fo rmed  on the  ca thode  that  great ly  counte rac t s  
the  effect  of  convect ion,  the  a p p r o x i m a t e  mater ia l  bal- 
ance equa t ion  for the  species  m a y  be  wr i t ten  as 

N i  = - Z t U i F C i V ~ b  - D i V C  i [20] 

where  Ni refers to the  flux of  species  i, Zi to the  va lence  
of  the  species,  Ui to mobil i ty ,  Ci to concent ra t ion ,  V~b to 
the  potent ia l  gradient ,  and D~ to the diffusivi ty  of  species  
i. 

The  first t e rm on the  r ight -hand side of  Eq.  [20] ac- 
counts  for t ranspor t  by migra t ion  (away f rom the  ca thode  
surface  for anions) and the  second  t e rm to the  contr ibu-  
t ion f rom diffusion. I f  the  potent ia l  g rad ien t  t e rm is in- 
c reased  by increas ing the  local  cur ren t  densi ty,  t hen  the  
t ranspor t  of  anions to a ca thode  can be  comple t e ly  sup- 
pressed.  This  may  be ach ieved  by fo rming  an iner t  film 
wi th  low porosi ty  on the  cathode.  These  facts were  clearly 
e x p o u n d e d  in a paper  by Wagner  (23). [See Ref. (27) for a 
h is tor ical  pe rspec t ive  on the  role of  ch roma te  dur ing  
chlora te  electrolysis.]  

D ich roma te  is k n o w n  to be  ca thodica l ly  r e d u c e d  to 
fo rm a "Cr20,"  film on the  ca thode  surface,  wh ich  creates  
an adverse  potent ia l  g rad ien t  that  p reven ts  the  reduc-  
t ion 'of OC1- and C1Oz- ions. Polar izat ion and mass-  
ba lance  s tudies  pe r fo rmed  in the  p resence  and absence  of  
d i ch roma te  us ing steel  and P t  ca thodes  clearly demon-  
s t ra ted (12) that  the  pr imary  role of  ch roma te  is in the  
suppress ion  of  ca thodic  r educ t ion  of  OC1- and C10~- via  
the  e s t ab l i shmen t  of  an adverse  potent ia l  gradient .  
Wagner ' s  film theory  is fur ther  subs tan t ia ted  us ing  steel  
ca thodes  coated  wi th  Kalgard  and Cr203 films in chlora te  
solutions,  and by rotat ing disk e lec t rode  s tudies  where in  
Fe(CN)63- r educ t ion  was h inde red  by 0.1 g/1 Cr207--, whi le  
Fe  ~§ r educ t ion  was unaffected.  

I t  is of  in teres t  to note  that  the  l imi t ing  cur ren t  dens i ty  
for Fe(CN)63- reduc t ion  is i n d e p e n d e n t  of  ro ta t ion speed  
in the  p resence  of  Cr207--, in contras t  to the  l inear  de- 
p e n d e n c e  as a func t ion  of  square  root  of  the  ro ta t ion 
speed  observed  in the  absence  of  Cr207--. This  suggests  
that  the  surface  film d a m p e n s  the  convec t ion  effects  sig- 
nificantly,  resul t ing  in the suppress ion  of  mass- t ransfer  
rates by a factor of  > >  100. To a first approx imat ion ,  
these  effects  m a y  be  expressed  (28) by the  re la t ionship  

Sh = 1.05 [Re/(1 + /de)] ~ [21] 

where  1 refers to the  th ickness  of  the  porous  film, d to the  
pore  d i ame te r  and �9 to the  porosity,  as shown  by 
Robe r s ton  et al. (28). These  resul ts  unequ ivoca l ly  sugges t  
tha t  t he  flow veloc i ty  in chlora te  cells can at best  only  
m i n i m i z e  the solut ion ohmic  drop  ar is ing f rom void  frac- 
t ion of  H2 bubbles  and in no way  inf luences  the  k inet ics  
of  the  hyd rogen  evo lu t ion  react ion occur r ing  via the  dis- 
charge  of  H20 molecu les  at p H  values  > 12 even  though  
the  bu lk  p H  is - 6 and d i scharge  of  H2 f rom H § ions  is 
mass- t ransfer  control led  at this  pH value.  

Energy Consumption and Components of Cell Voltage 
Energy  c o n s u m p t i o n  (P) o f  a chlorate  cell  is a func t ion  

of  cur ren t  eff ic iency (CE expres sed  as a fraction) and cell  
vo l tage  (V in volts) as 
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1372 x V 
P (kWh/ton) [22] 

CE 

Curren t  eff ic iency is a func t ion  of  opera t ing  characteris-  
t ics (e. g., flow rate, pH,  tempera ture ,  etc.) and cell  des ign  
(e. g., monopo la r  or bipolar), and is genera l ly  in the  range 
90%-95% for meta l  e lec t rode  cells. However ,  cell  vol tage  is 
gove rned  by the  polar izat ion character is t ics  of  the  anode  
and the  ca thode  and conduc t iv i ty  character is t ics  of  the  
e lec t ro lyte  + gas mix tu re  and can be expres sed  as 

V = ( the rmodynamic  decompos i t i on  of  the  anode  and the 
cathode)  + (anodic overvol tage)  + (cathodic overvol tage)  
+ (ohmic drop be tween  the  anode  and ca thode  due  to the  

gas/electrolyte mixture)  + ohmic  drop across the hardware  

Typical  energy  r equ i r emen t s  and  c o m p o n e n t s  of a chlo- 
rate cell vol tage are shown in Table  II [see Ref. (1)]. 

Unit Operations in Chlorate Technology 
The ve ry  na ture  of  the  fo rmat ion  of  chlorate  dictates  

the  need  for several  uni t  operat ions  for chlorate  produc-  
t ion as no ted  below. 

Electrolys is  zone . - - In  the  electrolysis  zone, the  electro-  
chemica l  react ions  (Eq. [4] and [5]) take place a long wi th  
the  hydrolys is  of  C12. Escape  of  chlor ine  due  to incom- 
plete  hydrolys is  resul ts  in an imba lance  of  pH, and HC1 
has to be added  to main ta in  the  p H  at the  op t imal  va lue  
r equ i red  for chlorate  formation.  (Pennwal t  uses  chlor ine 
to main ta in  p H  balance.) 

React ion zone . - -S ince  a relat ively large v o l u m e  is re- 
qu i red  to carry out  react ion [9], a react ion zone is needed.  

Gooling zone . - -Reac t ion  [9] is exo thermic ,  and the  en- 
ergy suppl ied  to the  cell exceeds  the  heat  r equ i r ed  to 
carry out  the  overall  react ion [1], and hence  a cool ing zone 
is needed  to r e m o v e  the  excess  hea t  and cont ro l  the  
opera t ing  tempera ture .  

Circulation zone and means . - -Th i s  is usual ly  carr ied 
out  by e i ther  a gas lift m e c h a n i s m  or by ex te rna l  
pumping .  

A c k n o w l e d g i n g  the need  for the  above,  var ious  manu-  
facturers  have  deve loped  thei r  t echnologies  jud ic ious ly  
by e i ther  separa t ing  or aggregat ing  the  four  essent ia l  
zones in their  overal l  designs.  Thus,  whi le  the  chemis t ry  
and e l ec t rochemis t ry  invo lved  in chlorate  fo rmat ion  ap- 
pear  re la t ively s imple,  e ight  to ten  c lever ly  eng inee red  
technologies ,  d is t inct ly  d i f ferent  f rom each  other,  were  
deve loped  dur ing  the  past  several  years (see Table  III). In 
spi te  of  the  d is t inguish ing  dif ferences  a m o n g  the  var ious  
technologies ,  emerged  (i) as a c o n s e q u e n c e  of  the  var ious  
pe rmuta t ions  and combina t ions  of  pat terns  avai lable  to 
cons t ruc t  the  cell  c i rcui ts  and (ii) as a resul t  of  
pa tentabi l i ty  and economic  considerat ions ,  there  are sev- 
eral c o m m o n  features in these  cell  designs.  In  this  sec- 

Table II. Typical requirement of electrical energy for a chlorate cell 
(using steel cathodes and Pt-lr anodes)* 

Current density 
Current efficiency 
Cell voltage components 

Thermodynamic decomposition 
voltage 

Anode overvoltage 
Cathode overvoltage 
Ohmic drops 

Average cell voltage 
Electrical energy requirement 
Operating conditions 

Temperature 
Solution composition (g/l) 

1.9 A/in 2 
94% 

1.71V 

0.05V 
0.94V 
0.80V (A/C gap: 3-5 ram) 
3.50V 
5100 kWh]ton chlorate 

80~ 
NaCI: 150. NaC103:450 
NaOCI: 3-5. Na2Cr207:2-5 

From Ref. (1). 

Table III. Chlorate cell technologies 

Technologies Ref. 

Canoxy-Squamish* (29) 
Chemetics/Solvay (30) 
Chemwest (31) 
DeNora (32) 
Huron (34) 
Kemanord (35) 
Krebs (25, 36) 
Krebskosmo (37) 
Pennwalt (38) 
Ugine Kuhlmann (39) 
OCC** (33) 
Oulu (50) 
Eltech Systems (51) 

* Presently licensed by Chemetics International Company. 
** Occidental Chemical Company (formerly Hooker Chemical 

Company) is a wholly owned subsidiary of Occidental Petroleum 
Corporation. This technology is presently licensed by Kemanord. 

tion, an a t t empt  is m a d e  to rat ional ize these  d i f ferences  
showing  the  commona l i t y  among  t h e m  in te rms  of  sys- 
t em and e lec t rode  configurat ions.  

System Configurations 
The basic  r equ i r emen t  in any chlorate  cell  opera t ion  is 

the need  for four  zones for ach iev ing  high eff iciency and 
low cost. However ,  by  jud ic ious  engineer ing,  one can 
combine  these  uni t  opera t ions  to make  the  overal l  sys tem 
cost  effect ive,  as shown in Fig. 1. Thus,  DeNora,  Eltech,  
OCC, Huron,  and Canoxy-Squamish  e m p l o y  a single- 
vesse l  sys tem where in  electrolysis,  reaction,  hea t  re- 
moval ,  and p u m p i n g  by gas-lift are accompl i shed .  Krebs,  
on the  o ther  hand,  prefers  to use a two-vesse l  sys tem in 
wh ich  electrolysis  is carr ied out  in a separate  vesse l  and 
the  cell  l iquor  is p u m p e d  by gas-lift to an ex te rna l  reac tor  
to r e m o v e  the  heat  and to a l low the react ion to p roceed  to 
comple t ion .  Pennwal t ,  Ug ine -Kuh lmann ,  Kemanord ,  and 
K r e b s k o s m o  des igned  thei r  cell  circuits  in a classical  
fashion by us ing  three  separate  vesse l  zones wi th  l iquor  
c i rcula t ing  f rom cell  tank, to reactor,  to c i rcula t ing p u m p  
th rough  the  heat  e x c h a n g e r  back  to the cell  bank. 
Chemet ics ,  instead,  p u m p s  the  e lect rolyte  only th rough  
the  hea t  exchange r  and employs  gas-lift to c i rcula te  liq- 
uor  f rom the  cell  to the  reactor.  It  may  be po in ted  out  
here  that  Canoxy-Squamish  t echno logy  is p resen t ly  li- 
censed  by Chemet ics .  

Electrode Configurations 
Monopolar ee l l s . - -The  basic  des ign (see Fig. 2) in 

monopo la r  chlorate  cells is the  paral lel  plate configura-  
tion, the  ca thode  plates be ing  solid sheets  in the  case of  
OCC, Chemet ics ,  and Krebs,  and per fora ted  in the  case of  
U g i n e - K u h l m a n n  and Pennwa l t  who  c la im lower  cell  vol- 
tage by this ca thode  design. 

Bipolar ee l l s . - -Four  di f ferent  e lec t rode  des igns  are 
present ly  emp loyed  in bipolar  cells, as shown in Fig. 3a 
and 3b. The  s imples t  des ign is that  of the  OCC's  D-cells  at 
Columbus ,  which  consis ts  of  paral lel  solid graphi te  
plates.  I m p r o v e m e n t s  in the  concep t  are i n t roduced  in 
the  E l tech  and Huron  cells by employ ing  b ipolar  plates  of  
t i t an ium ca thodes  and D S A  anodes  in electr ical  con tac t  at 
the  plast ic par t i t ion at the  top and bo t tom of the  s tack 
to separa te  the  ind iv idual  cells. The  plast ic  u sed  by Hu- 
ron is PVC, and El tech  uses  a fluoro polymer .  Circula t ion 
is ach ieved  in this design by gases genera ted  dur ing  elec- 
t rolysis  f lowing th rough  the  perforat ions.  A s imilar  de- 
s ign is used  by Canoxy-Squamish ,  the  di f ferences  be ing  
that  the  bipolar  uni ts  are sol id plates of  Ti anode  and Fe  
ca thode  bol ted  toge ther  and ar ranged ver t ical ly  wi th  spa- 
cers in b e t w e e n  the  bipolar  e lements .  

DeNora  achieves  efficient gas-lift c i rcula t ion in the  cell 
by  s tacking  the solid Ti-0.2% Pd  ca thodes /DSA anode  bi- 
polar  e l emen t s  vertically.  Thus,  cell  he igh t  appears  to 
p rov ide  h igh  c i rcula t ion rates in this design. 

While, the  OCC " D "  at Columbus ,  Eltech,  Huron,  
DeNora ,  and Canoxy -Squamish  cell  des igns  are t ruly bi- 
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SINGLE VESSEL SYSTEM 
(DeNora, OCC, Huron, Eltech, 

Canoxy-Squamish) 

4- 

J Electrolysis I 
Cell I 

t 
c ~  Heat Exchanger 
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TWO VESSEL SYSTEM 
(Krebs) 

-] Reactor I ~ 
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Ce, I 
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Chemetics, Krebs) 

-I- 

PERFORATED PARALLEL PLATES 
(Ugine-Kuhlmann, Pennwalt) 

Fig. 2. Electrode configurations for monopolar cells (sectional plan 
views), 

I v I 

ElectrolysiSCell ~'~ Reactor~ 

Heat-Exchanger I 

(Chemetics pumps liquor only 
through the heat exchanger) 

Fig. 1. System configuration 

polar in character, the Kemanord design may be classi- 
fied as a "pseudobipolar" system, since the bipolar 
stacks constituted of a Ti-Ag layer-steel composite sand- 
wich provide current to the monopolar  electrodes in be- 
tween them (see Fig. 3a). [For details related to these 
technologies see Ref. (29-40).] 

Materials of Construction 
An overview of the materials of  construction used in 

the chlorate industry presented in Tables IV and V shows 
that the materials used range from plastics (e.g., Huron) to 
exotic materials, such as Teflon and Ti, used by DeNora. 

The operating and capital costs of chlorate cell 
technologies differ from each other mainly because of the 
differences arising from system and electrode configura- 
tions and materials of construction of electrodes and 
cells. The differences in system and electrode configura- 
tion are reflected in power consumption, cell' voltage, 
and overall cell efficiency variations. The differences in 
the nature of the materials of construction, system, and 
electrode configurations are presumably reflected in the 
capital cost variations among these cell technologies. 

From the materials of construction point of view, the 
various chlorate technologies fall into three broad catego- 
ries: (i) those which rely very heavily on plastics (e. g., 
Eltech, Huron, Chemetics). (ii) those which rely very 
heavily on Ti and Fe (e.g., Kregs, Pennwalt,  Ugine- 
Kuhlmann, OCC at Taft), and (iii) those which at tempt to 
find an economic medium (e.g. DeNora, Canoxy- 
Squamish, Kemanord). 

The use of plastics (generally PVC or CPVC) limits the 
operating temperature and leads to high maintenance, 
whereas the use of Ti and Teflon increases the capital 
costs with low maintenance operations. Some of these as- 
pects related to materials of construction in chlorate cells 
are addressed in the following sections. 

Anodes  (41, 42) .--Graphite  was extensively used as an 
electrode 80 to 90 years ago in monopolar  and bipolar 
cells. However, it is not a satisfactory material because it 
is disintegrated by anodic oxidation and mechanical  attri- 
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DSA Fe DSA Fe 

+ I I - I + I I - 

Fig. 3. Electrode configurations, a (left): bipolar cells, b (above): bipo- 
lar cells (stacked bipolar plates). 

tion. As the electrodes wear away, the gap between the 
electrodes widens, resulting in an increase in the solution 
ohmic drop and, hence, the cell voltage. Furthermore, 
graphite imposes restrictions on the operating tempera- 
ture of the electrolytic cell due to its rapid disintegration 
at elevated temperatures. An important development in 
recent years has been the use of metal anodes, which are 
essentially precious metal alloy or precious metal oxide 
coatings on valve metals. Ti tanium is the most commonly 
used substrate material, and the noble metal coatings are 
based on Pt, Ir, and Ru. These electrodes do not deterio- 
rate like graphite electrodes, and are therefore termed di- 
mensionally stable. In  contrast to graphite electrodes, 
metal anodes can be operated at higher temperatures 
(70~176 and higher current densities (2-4 A/in s) with 
high current efficiencies (90%-95%). These dimensionally 

Table IV. Materiels of construction 

Materials Company 

Plastics 
(PVC, Siliglas | FRP, 
TFE-lined FRP) 

Metal 
(Ti, steel) 

Mixture of plastics 
(Teflon) and metals 
(steel, Ti) 

Chemetics/Solvay, Huron, 
Eltech 

Pennwalt, Krebs, OCC, 
Ugine-Kuhlmann 
Chemetics/Solvay 

DeNora, Canoxy-Squamish, 
Kemanord, Chemetics! 
Solvay 

* Registered trademark of Huron Chemicals, Limited. 

stable anodes operate close to the thermodynamic decom- 
position voltage for the C1- to C12 reaction, thus resulting 
in significant energy savings with minimal  maintenance 
and have, in a way, revolutionized the electrolytic chlor- 
alkali and chiorate operations making inroads into other 
electrochemical industries. 

Cathodes.--Cathodes are most often Fe based, and 
many chlorate cells use steel cathodes, with the possible 
exception of DeNora cells, which employ Ti-0.2% Pd al- 
loy, and Huron and Eltech cells, which use Ti cathodes. 
However, iron is a moderately good electrocatalyst for the 
hydrogen-evolution reaction, the activation overvoltage 
being 220-400 mV in the current density range 1.5-2.5 
A/in 2. However, the hydrogen overvoltage on t i tanium is 
much higher than on Fe. 

Chlorate cell liquor, which typically contains 450 g/1 
NaC103, 150 g/1 NaC1, and 2-5 g/1 NaOC1 (at 70~176 is one 
of the worst corrosive media since OC1- to C1- is a 
thermodynamically favored reaction, with sufficient free 
energy to drive the oxidation of most metals below their 
reversible potentials under  open-circuit conditions. The 
only metals that might withstand oxidation are probably 
noble metals which tend to establish the Nernstian poten- 
tial for the OC1-/C1- and/or C1OSC1- couple. While valve 
metals are also stable in this medium under  open-circuit 
conditions, they t e n d t o  hydride easily during electroly- 
sis, resulting in the loss of mechanical integrity due to lat- 
tice expansion and subsequent  distortion. 

Because of aforementioned limitations, chlorate cell 
technology is predominantly monopolar although there 
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Table V. Summary of materiGIs of construction and assembly techn,ques and operating parameters 

DC power  
Major assembly  Temp Curren t  densi ty Cell vol tage c o n s u m p t m n  

Company  Anode  Cathode  Cell body Cell cover Reactor  t echniques  (~ (Afin 2) (V) (kWh]ton) 

Canoxy Squamish '  Coated T i tan ium Steel T i t an ium suppor t  F R P  hood Ti tanium-l ined F R P  layout  over ti- N.A. 
cradle only F R P  t an ium hner .  and  bol t ing 
for electrodes 

Chemetics]Solvay Coated T l t a n m m  Steel PVC-1ined F R P ,  - -  PVCdined  FRP.  ti- Explos ion  c ladding on elec- 60-85 0.66-2.59 
Teflon-lined fiber- l an ium,  Teflon- trodeg, plast}c and metal  
glass and  steel, l ined F R P  weIdlng,  F R P  layout,  and  
t i t an ium bol t ing 

Chemwest Coated Tltanium Titamum Teflon-lined FRP Teflon-llned FRP Titanium FRP layout over Teflon N.A. 
liner, welding, and 
boltin~ 

DeNora Coated t i t an ium Ti tan ium Teflon-hned steel R u b b e r  (as explo-  Teflon-lined steel Welding and  bol t ing 90 1.42 3.2 4700 
(Ti-0.2% szon hatch)  
P d  al- 
loy) 

El tech  Coated ~ t a m u m  Ti tan ium Teflon-lined F R P  Teflon-lined F R P  Teflon-lined F R P  F R P  over  Teflon l iner  65 1.6 3.2 4625 
bolted assembly  

Huron  Coated T i tan ium Ti tan ium PVC Slliglas v F R P  Siliglas | F R P  PVC welding,  Siliglas ~ 05 1.08-2.08 3.22-3.4 4050-4950 
assembly 

K e m a n o r d  Coated Ti tan ium Steel Rubbe r -hned  steel Rubber- l ined steel Rubbe r -hned  steel Explos ion  c ladding on  50 1 55 3.3 5000 
electrodes, welding,  ce- 
m e n t i n g  of l inings,  
and  bol t ing 

Krebs  Coated Ti tan ium Steel Steel,  w i th  tl- T i tan ium inlet  T l t a n m m  Welding and  bol t ing 80 1.0 2.9 4180 
t a n i u m  anode  and  outlet  re- 
cover plate dueer  connec-  

t ions 
Krebskosmo  Coated Ti tantarn Steel  F rames  of End  plates TJ tenmm N.A. N.A. 

P V D F  of steel 
Spo t  welding,  exp los ion  

c laddgd t i t an ium Fe sheets.  
rivet fastening,  seahng  by 
inser t ion of gaskets  into 
grooves, bolting Ti anode 
and Fe cathode 

OCC Coated Titanium Steel Steel bo t tom,  Titanium Titanium Welding and bolting 90 1.49 
titanium top 

Oulu Coated Tltanmm Steel Steel Steel Titanium Welding 80 1.61 
P e n n w a l t  Coated T i t a n m m  Steel Steel T i tan ium Ti tan ium Welding and  bol t ing  85 1.8 
U g i n e - K u h l m a n n  Coated Ti tan ium Steel Steel bo t tom,  R u b b e r  (as explo-  T i tan ium Welding  and  bolt ing 70 1.3 

t i t an ium top slon hatch)  

2 6 and  up  3700 and  up  

3.g 4550-5230 
(at 80% 
to 120% 

of  nomina l  
cu r ren t  
ra t ing 

2.76 4000 

2.9 4250 
3.5 5000 
3.0 4350 

' Present ly  licensed by Chemetics/Solvay. 
N.A. refers to nonavai labdl ty  of data f rom the manufac turer .  

are few bipolar cells, such as the ones used by Huron, 
DeNora, and Eltech. Thus, whenever  steel cathodes are 
used, there is a need for cathodic protection to protect 
steel from corrosion during open-circuit conditions (or 
cell shutdown). The magnitude of the cathodic protection 
current should be so chosen that the potential of steel is 
well below the mixed potential set up by the hypochlorite 
reduction and the metal oxidation reactions. 

Reactor.--The nature of the material chosen for the re- 
actor should not only be stable to the "oxidative" chlorate 
cell liquor, but should also be able to withstand the tem- 
perature at which the cells are operated. For high temper- 
atures of operation, the choice seems to be restricted to ti- 
tanium or Teflon-lined materials. Krebs, Pennwalt,  
Ugine-Kuhlmann, and OCC use Ti reactors. DeNora, 
Eltech, and Chemetics/Solvay have exper imented with 
Teflon-lined steel and Teflon-lined fiber glass, and Hu- 
ron and Chemetics use plastics such as CPVC, Siliglas | 
and FRP. These may however restrict the operating tem- 
perature of the cells. (Huron, however claims that Siliglas 
is suitable up to 65~176 

Cell cover and cell body .--Choice of cell cover includes: 
FRP, Teflon-lined FRP, rubber, t i tanium and Siliglas. 
The considerations involved in selection are very similar 
to that of the reactor. Cell body is typically steel in most 
cases and should be protected by making it cathodic un- 
der all conditions. Criteria for the selection of cell body 
material are similar to those involved for the reactors; this 
requires no further elaboration. 

Energy Conservation in Chlorate Industry: Future 
Developments 

The opportunities to achieve energy savings in the chlo- 
rate industry can be generated by examining the flow 
sheet (1) describing the various unit operations involved 
in chlorate production. Figure 4 illustrates the general 
layout in a chlorate plant and shows the electrolytic stage 
to be the most capital and energy consuming unit in chlo- 
rate manufacture. 

A closer look at the energy consumption requirements  
indicates that the majority of energy losses in electrolytic 
chlorate production are associated with (i) thermody- 
namic decomposit ion voltage and (it) cathode potential. 
Some of these and other aspects related to the future de- 
velopments  in chlorate technology are discussed below. 

Materials of construction.--It is pertinent to address the 
issue of  why chlor-alkali diaphragm cells have certain 
characteristics different from those of chlorate cells. The 
reason for this primarily stems from the need to separate 
the anolyte from the catholyte via a diaphragm which re- 

stricts major design variations. Removal of this constraint 
in chlorate cells has permitted development  of a plethora 
of  cell designs. If  one now corrects for the effects of 
operating temperature, electrode gaps, and current densi- 
ties, and compares them on a common basis, it can be 
safely assumed that there is little to choose among these 
different chlorate technologies even though each design 
is different (40) - the process conditions being mainly lim- 
ited by the nature of the materials of construction. The 
development  of a superior technology depends to a 
significant degree on finding cheaper materials of con- 
struction which will withstand the chlorate cell environ- 
ment. This is elaborated upon in the following discussion. 

In the chlorate industry, approximately 50% of the pro- 
duction costs are associated with the electrical energy 
and 30% in capital. To reduce the power consumption, 
one has to operate the cells at high temperatures to 
reduce the cell voltage, and this presently demands the 
use of expensive materials of construction. The di lemma 
now lies in increased capital cost, which demands higher 
current densities (and hence higher cell voltages) or 
increased product output. For operation at high tem- 
peratures, t i tanium is the preferred material of cell con- 
struction. However, its price in today's market  is volatile. 
An economic replacement for the ex~ensive t i tanium 
metal is needed, and possibilities exist for example,  via a 
more extensive usage of cathodically ~rotected steel or 
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Fig. 4. Approximate capital and power requ,rements (expressed as 
percentage of total) for a 20,000 TPY chlorate plant using Krebs tech- 
nology. Total power: 275,000 kWh/day. (Power requirements are stated 
in parenthesis for a solutio n (R-2) plant [from Ref. (1)]. 
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cheaper stable coatings on metals. (For example, DeNora 
has examined Teflon-coated steel, and Huron proposed 
the usage of Sillglas| steel.) Another advantage of 
using expensive metals like t i tanium lies in decreased 
downtime and maintenance of the cells. Use of plastics in 
this regard may be unsatisfactory with the possible ex- 
ception of polyvinylidine defluoride (PVDF) or Teflon, 
which a re  also relatively expensive. Presently, no "low- 
cost" materials of construction capable of withstanding 
the corrosive environment  of a chlorate cell have been 
identified. 

Reduction in thermodynamic decomposition vol tage.-  
Voltage savings of approximately 1V can be accom- 
plished by using air-depolarized cathodes (43, 44) instead 
of the conventional H2 cathodes. While this is not yet a 
commercial reality, a quantum lead in this area would be 
a significant technological advance (49). However, its im- 
pact on capital and operating costs require critical 
evaluation. 

Cathode overpotential.--The cathode overpotential is 
presently about 1.0-1.2V, of which the contribution from 
the activation overpotential is about 0.3-0.4. The remain- 
der is associated with the concentration overpotential and 
IR drop in the "chrome film." While the concentration 
overpotential cannot be reduced unless the mass-transfer 
coefficient in the cells surpasses an impossible value 109 
(see above), the activation overvoltage can be reduced by 
using "activated" cathodes (45, 46). However, one of the 
problems with steel-based cathodes is the corrosion of Fe- 
based materials, under open-circuit conditions due to 
OC1- ion reduction; the conjugate reaction is the metal oxi- 
dation reaction. This imposes a serious restriction on the 
catalytic coatings (on steel) which provide the required 
high surface area for achieving low overvoltage. Thus, the 
search and/or development of materials exhibiting stabil- 
ity in OC1- containing electrolytes in the pH region of 4-6 
is the "slow-step" in the development of catalytic cath- 
odes. 

Ti cathodes, however, are stable in chlorate media but  
suffer from hydrogen embrit t lement due to permeation of 
H2 into the metal lattice, formation of Tills, and subse- 
quent  lattice distortion and degradation. While alloys of 
Ti containing 0.2% Pd (32) and rare-earth metals (47) and 
Ag-coated Ti (48) have been suggested to surmount  the 
hydriding problem, the performance characteristics of 
these electrodes have not been firmly established. More- 
over, an "understanding" of the factors involved in H2 
permeation kinetics into Ti during chlorate electrolysis 
and hydrogen embrittlement, required for the develop- 
ment  of criteria for preventing and/or minimizing hydro- 
gen entry, is presently lacking. A theoretical analysis of 
the nature and mechanism of H2 entry into and discharge 
on Ti and other materials such as Ag, Pt, Au, etc., in chlo- 
rate solutions could provide a lead in developing non- 
hydrogen embrittl ing Ti-based cathodes. Nevertheless, it 
is a monumenta l  task to develop materials that Would re- 
place steel. 

Hydrogen recovery.--Except the Kemanord, Pennwalt,  
and Krebs locations which recover the hydrogen from 
chlorate cells for hydrogenation and NH3 synthesis, re- 
spectively, all chlorate-recovered H2 is presently used as a 
boiler fuel. Chemetics/Solvay also recover hydrogen for 
bottling purposes. While detailed economic information is 
not available at the present time, it appears worthwhile 
considering the fuel cell route for H2 utilization, thus re- 
covering some of the energy put into the electrolytic cells. 
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Decomposition of Benzoate Ester Radical Anions 
John H. Wagenknecht,* Richard D. Goodin,* Patrick J. Kinlen, and F. E. Woodard 

Monsanto Company, Corporate Research Laboratories, St. Louis, Missouri 63167 

ABSTRACT 

The electrochemical reduction of benzoate esters in aprotic media leads to relatively stable radical anions. The radi- 
cal anions decompose to electroinactive products in an initial EC mechanism. At long-time scales and/or higher concen- 
trations, the benzoate esters begin to exhibit more complicated mechanistic behavior. The initial rates of decomposition 
of several benzoate ester radical anions have been determined by digital simulations of cyclic voltammograms, double 
potential step experiments, and rotating ring-disk techniques. On short-time scales, the reduction of t-butyl p-toluate is a 
good example of pure EC mechanistic behavior. The final decomposition products are many and complex for most of 
the esters studied, but  t-butyl benzoate cleanly gives benzoate anion and t-butyl p-t-butyl benzoate. 

The electrochemical reduction of benzoate esters has 
been studied by many workers. Coleman (1) recently re- 
viewed the area and work is described in Baizer's (2) 
and Weinberg's (3) books. Horner (4) has reported the re- 
sults of reduction of benzoate esters in aqueous medium. 
In  aprotic h~edia, benzoate esters may be reduced to radi- 
cal anions which have been studied by ESR (5). Isolable 
products of the reduction of benzoate esters in aprotic 
media have been described by various workers. The re- 
duction of phenylbenzoate led to cleavage of the carbonyl 
carbon-oxygen bond to form phenate and the dianion of 
benzil (6). Similar benzoate ester cleavage has been re- 
ported by Mairanovsky (7). Another example of cleavage 
of the same bond was reported in the reduction of 
methylbenzoate in acetonitrile to form benzoy]acetoni- 
trile (8). On the other hand, Gul'tyai has recently reported 
(9) that the reduction of methylbenzoate in 
dimethylformamide leads quantitatively to benzoate, i.e., 
cleavage of the oxygen-methyl bond. Gul' tyai 's report 
prompted us to report our results concerning the reduc- 
tion of benzoate esters, which confirms that oxygen-alkyl 
bond cleavage is the major pathway of decomposition of 
benzoate ester radical anions in aprotic media. 

Experimental 
Methyl, ethyl (Eastman), i-propyl, and t-butyl benzoates 

(ICN Pharmaceuticals) were u~ed as received, t-Butyl-p- 
toluate (bp 90~ at 3.2 torr) and t-butyl-p-t-butylbenzoate 
(bp 80~ at 0.1 torr) were prepared from the correspond- 
ing acid chlorides (Aldrich) and t-butyl alcohol. Tetra- 
e thylammonium perchlorate (Aldrich) was recrystallized 
from methanol before use. Tetraethylammonium fluoro- 
borate (Southwestern Analytical) was used as received. 
Acetonitrile (Burdick & Jackson distilled in glass) was 
dried (10) over a lumina (ICN Nutritional Biochemicals W 
200 Neutral Activity grade Super 1). 

*Electrochemical Society Active Member. 

Coulometry was performed using a Princeton Applied 
Research Model 173 potentiostat with a Model 179 
coulometer. GC analyses were performed with a Varian 
(Varian Associates, Incorporated) 3700 chromatograph 
with a 6 ft x 1/8 in. column packed with 10% OV-17 on 
80/100 mesh Chromasorb W-AW. GC-mass spectral analy- 
ses were performed on a Finnigan-TSG GC-mass 
spectrometer. 

Coulometry was performed in a 2.5 cm diam Nation | 
117 (E. I. du Pont de Nemours and Company) divided H 
cell with a 3 cm diam Hg pool cathode and 1 cm 2 Pt  foil 
anode. The anolyte and catholyte were 50 ml of CH3CN 
containing 0.1M Et4N+C10(. The catholyte contained 
-0.5g of benzoate ester and 0.5g of phenetole (internal 
standard for chromatography). Electrolyses were run at 
-2.3V vs. SCE. The SCE was sheathed in a tube separated 
from the catholyte by a porous ceramic plug to minimize 
contamination of the catholyte with water and KC1. 

At each 25C interval, a small catholyte sample was re- 
moved, treated with CH3I, warmed a few minutes,  and 
then analyzed by gas chromatography for remaining sub- 
strate and methylbenzoate. 

The catholyte from the t-butyl benzoate reduction after 
250C was analyzed by GC and found to contain a 85% 
yield of t-butyl-p-t-butylbenzoate, which was identified 
by comparison of the GC retention time and mass spec- 
t rum with an authentic sample. (Mass spectrum M/e(%): 
163(100), 179(30), 161(18), 164(6.7), 57(5.4), 135(5.3), 178(5.2), 
and 91(4.1).) 

All rotating ring-disk experiments were performed with 
a DT6 electrode from Pine Ins t rument  Company with a 
plat inum disk and plat inum ring. The calculated collec- 
tion efficiency (N) of this electrode is 0.176 (12). Digital 
simulation gives a value of 0.173. Using ferrocene as a 
model system, the experimental N value was found to be 
0.173. Rotation was provided by a Pine Ins t rument  ASR 
Rotator and potential control by a Tacussel (Ryaby Asso- 
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ciates) Bipotentiostat. The reductions were carried out in 
DMF, which was 0.1M in Bu4NC104 and dried over acti- 
vated neutral alumina. Kinetic rate constants for the de- 
composit ion of the anion radicals were determined from a 
working curve generated by finite difference digital sim- 
ulation techniques assuming an EC mechanism (12). 

The voltammetric cell was the same as the design of 
Buchta and Evans (13). All potentials are given with re- 
spect to a silver reference electrode (IBM Instruments) 
containing a filling solution of a 0.1M AgNO3 in acetonitrile. 

The hanging mercury drop electrode was of a design 
similar to that described by Evans et al. (14), while the 
planar platinum electrode (0.465 cm diam) was obtained 
from IBM Instruments. 

A mercury-plated planar platinum electrode (0.290 cm 
diam, used for vol tammetry of i-propyl benzoate) was pre- 
pared by alternatively oxidizing and reducing the plati- 
num electrode above a pool of mercury. After five or six 
cycles at 0.1A, the negatively polarized platinum elec- 
trode was dipped into the mercury pool for approxi- 
mately 5 min. The electrode was then removed from the 
pool while the negative potential on the electrode was 
maintained. Excess mercury was wiped carefully from 
the surface with a paper tissue. The electrode surface was 
renewed in this manner before each set of experiments.  

The computer-controlled cyclic voltammetric apparatus 
consisted of an Apple II Plus | microcomputer  (Apple 
Computer  Incorporated), an ISAAC 9/A (Cyborg Corpora- 
tion) data acquisition and control system, and an IBM 
Model EC/225 voltammetric analyzer. Standard IR 
compensat ion techniques were used. Figure 1 shows a 

schematic diagram of the ISAAC/IBM interface. Binary 
outputs from the ISAAC are used to reset and start the 
voltammetric scans. The SWEEP/SWEEP signal from 
the IBM indicates the cyclic scan has started and triggers 
the ISAAC data acquisition. The fastest t ime interval for 
data acquisition is 1 ms, which matches the time constant 
for the IBM potentiostat. Current and potential outputs of 
the IBM are measured by the ISAAC in the differential 
mode. The potential ("X") output of the IBM is refer- 
enced to the initial potential. The gain of the AiD convert- 
ers on the ISAAC is selected to optimize the full scale 
range of the current and voltage outputs (16). Normally, 
the current AID range is -+5V, while the potential AID 
range is -+5V or -+500 mV. 

The double potential step experiments were performed 
using a microcomputer  and data acquisition system de- 
veloped at the University of North Carolina (15). The high 
speed potentiostat (constructed in-house) and elec- 
trochemical cell used in these experiments are described 
elsewhere (16). The electrodes were prepared by attaching 
a mercury drop to a Pt disk using a method reported by 
Bellamy (17). The excess mercury was then removed by 
shaking the electrode, leaving a thin mercury film. 

Results and Discussion 
Initial voltammetric studies of a series of benzoate es- 

ters showed the relative stability of the radical anions to 
be from most stable to least stable: ethyl~isopropyl,  
t-butyl (Fig. 2). Initial attempts to calculate the rate of de- 
composit ion of the radical anions using the technique of 
Nicholson and Shain (18) gave values for kf which varied 
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Fig. 2. Superimposed voltammo- 
grams of the reduction of various 
benzoate esters. The dashed line 
represents a total reversible sys- 
tem, 

with sweep rate. This is thought  to be due to the fact that 
the return peak current is difficult to measure accurately 
when the decomposit ion rate is fast. 

The relative rates of decomposit ion of the radical an- 
ions were significant in that they suggest the following 
decomposit ion pathway 

le 
@CO~R -~ ~PCO~R: -* r + R' [I] 

The reasoning is that the relative rates of decomposition 
of the radical anions are in the same order as the stability 
of the cleaved alkyl radical. If the cleavage led to benzoyl- 
oxy radical and alkyl anion 

q)CO2R ~ --~ q)CO2' + R ~-) [2] 

then the relative rates of cleavage ought to be reversed; 
i.e., ethyl anion is a lower energy species than t-butyl an- 
ion and, therefore, the t-butyl ester radical anion should 
have been most stable. 

Coulometric analyses of the electroreductions of 
i-propyl benzoate and t-butyl benzoate and t-butyl 
p-toluate were carried out with solution analysis at regu- 
lar intervals during the electrolyses. Catholyte samples 
were removed, treated with methyl iodide, and analyzed 
by GC. By that method, the disappearance of starting es- 
ter and appearance of benzoate anion (analyzed as the 
methyl  ester) were monitored. The results are shown in 
Fig. 3-5. Least squares plot of the ester concentration 
show 1.12 and 1.18 F/tool reduction, respectively, for the 
i-propyl benzoate and t-butyl benzoate. 

Benzoate ion is formed at a yield much lower than the 
proposed mechanism would require. In the case of 
i-propyl benzoate, the yield of benzoate ion is only 25%. A 
complex mixture of other products is formed. A similar 
result was obtained in the reduction of methyl  benzoate 
in DMF or acetonitrile. Again, only about a 30% yield of 
benzoate ion was obtained [as opposed to the 100% re- 
ported by Gul'tyai (9)], and a complex mixture of prod- 
ucts was observed by gas chromatography. We were un- 
able to detect benzoylacetonitrile in the reduction of 
methylbenzoate in CH3CN as reported previously (8). 

t-Butylbenzoate was better behaved, cleanly yielding 
about 65% of benzoate ion and about 35% of t-butyl p-t- 
butylbenzoate. A pathway for the formation of those 
products is shown in Fig. 6. The initially formed ester rad- 
ical anion cleaves to form benzoate ion and t-butyl radi- 

cal. In addition to other reaction pathways for t-butyl 
radical, it may attack unreduced ester. By some means, 
that initially formed adduct must  lose a hydrogen and 
add an electron to give the observed product and allow 
for the observed 1F/mol disappearance of initial ester. 

There are several possible means of meeting both re- 
quirements.  The initial adduct  radical may lose the 
4-hydrogen atom to an acceptor, which is subsequently 
reduced at the electrode or by the ester radical anion. An- 
other possibility is that the radical adduct is reduced to 
the corresponding anion, which could lose hydride to an 
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Fig. 3. Coulometry of i-propyl benzoate 
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acceptor forming the product ester, or be protonated to 
the dihydro derivative shown. The dihydro compound 
might  be oxidized on workup or in the gas chromato- 
graph to the observed product, although we consider that 
quite unlikely. 

Another possible reaction pathway is the reaction of the 
benzoate radical anion with t-butyl radical to form the ad- 
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\ / 
Fig. 6. Reduction pathway for t-butlybenzoete 

duct anion, which might be protonated to the dihydro de- 
rivative or electron transfer to substrate, forming the ad- 
duct radical. 

As will be indicated later, t-butyl p-toluate is the best 
example of a simple EC mechanism by electroanalytical 
techniques at 1 mM concentration. The coulometry at 50 
mM concentration is not as clean, giving 1.31 F/mol. This 
indicates reactions after radical anion cleavage, which 
lead to products that are also reduced. As shown in Fig. 5, 
the yield of p-toluate ion is only 65%. 

Our first attempt at improving (compared to crude cy- 
clic voltammetry) the kinetic data for benzoate ester radi- 
cal anion decomposition was to use the rotating ring-disk 
technique. For t-butyl-p-toluate, a plot for disk diffusion 
limited current (iD, ~) v s .  ~o 112 was linear at rotation rates of 
500-3200 rpm with a correlation coefficient of 0.99996. 
Constant current was applied to the disk at levels corre- 
sponding to various points on the rising portion of the 
voltammetric wave. The collection efficiency at 1000 rpm 
was fairly constant (0.086 -+ 0.0002) at iDli~.l ratios from 
0.30 to 0.92. This behavior is indicative of a first order EC 
mechanism (19). 

The collection efficiency was measured with the disk 
potential held on the limiting plateau at rotation rates of 
500-3000 rpm. The rate constant for anion radical decom- 
position as determined from digital simulation working 
curves was 0.34 -+ 0.05 s -1. For t-butylbenzoate, the rate 
constant for anion radical decomposition was determined 
in a similar manner to the toluate and found to be (9.8 -~ 
0.4) x 10 -2 s-L 
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The rate constants determined by the rotating ring-disk 
method are significantly lower than those determined by 
electrochemical  techniques described later. This may be 
due to an artifact which results from the necessity of us- 
ing rigorously anhydrous solvents and very negative 
potentials to study these compounds.  The Teflon shroud 
housing the electrode assembly showed darkly colored 
areas on the surface radiating outward from the electrode. 
We believe that this is due to reduction of the Teflon by 
the anion radicals. Reduction of polytetrafluoroethylene 
is known to yield surface carbon layers which can have 
appreciable conductivity in the reduced form (20). Reduc- 
tion of the surface of the insulating spacer between the 
disk and ring electrodes could conceivably produce a re- 
sistive current leakage pathway, which could make the 
ring currents higher than expected and, thus, result in 
lower rate constants. This technique was abandoned for 
this application. 

We then turned to digital simulation of cyclic voltam- 
metry (22), carried out under more rigorously controlled 
conditions than had been done previously. 

Digital simulations were run assuming quasi-reversible 
electron transfer followed by a first-order chemical  step. 
(Incorporation of slow electron transfer was required to 
obtain good fits for t-butyl benzoate and t-butyl-p-tol- 
uate.) Best fits were obtained visually, the important  ki- 
netic parameter being k~ /a ,  where kf is the rate constant 
for the chemical step and a is related to the sweep rate, ,, 
by the expression a = n F v / R T .  

The cyclic vol tammograms for various esters and the 
digital simulation curves are shown in Fig. 7-10. For ethyl 
and i-propyl benzoate, scan rates of 50 mV/s or less were 
required to detect the effect of the chemical reaction of 
the reverse peak. At these low scan rates, spherical diffu- 
sion equations were required in the simulation to obtain 
good fits when using the HMDE. These are quite good 
fits, verifying that the reduction of benzoate esters in- 
volves a simple EC mechanism. The values of k~ are 
shown in Table I. 

The results of the preparative experiments show that 
since t-butyl p-t-butylbenzoate is formed in the reduction 
of t-butyl benzoate, the reaction is not simply EC but 
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Table I. 

~ V ~ n ,  b 

Benzoate ester E~  a kf (s-i) scan rate 

Ethyl benzoate -2683 0.015 -+ 0.002 ~ <10 
Isopropyl benzoate -2710 0.012 • 0.002 <10 
t-butyl benzoate -2710 4.3 _+ 0.2 200 
t-butyl p-toluate -2784 10.1 -+ 0.2 1000 

a MV vs. Ag/0.1M AgNOdacetonitrile reference electrode (AgRE). 
b Minimum scan rate (mV/s) required to see a return peak. 
c Variation required to see a deviation from "best fit" curve. 

c o m p l i c a t e d  by  s ide  reac t ions .  I t  s e e m s  l ike ly  t h a t  t he  dif- 
f e r ence  in r e su l t s  b e t w e e n  p r e p a r a t i v e  e x p e r i m e n t s  a n d  
e l ec t roana ly t i ca l  e x p e r i m e n t s  m a y  be  e x p l a i n e d  b y  t he  
large  d i f fe rence  in  c o n c e n t r a t i o n  of  t he  two t y p e s  of  
e x p e r i m e n t s  (50 mM for c o u l o m e t r y  vs. 1 mM for e lectro-  
ana ly t i ca l  expe r imen t s ) .  

t -Bu ty l  rad ica l  h a s  b e e n  r e p o r t e d  (23) to r e d u c e  in  o the r  
s y s t e m s  b e t w e e n  -2 .8  a n d  - 3 . 0 V  (cor rec ted  to our  Ag ref- 

< 
E ~  

0 

-2 

t -BUTYL BENZOATE 

�9 ' . . . .  m . . . .  , . . . .  i . . . .  , . . . .  r �9 , 

- 2 . 8  -2 .6  -2 .4  
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e r e n c e  electrode) .  We see no  e v i d e n c e  of  th i s  in  our  sys- 
t e m  e i t h e r  d i rec t ly  or as a n  ECE c o m p o n e n t .  We h a v e  no t  
r e e x a m i n e d  t h e  p r ev ious  s u b s t r a t e s  in  our  s y s t e m  as a 
cont ro l ;  howeve r ,  t he  a b s e n c e  of  d i r ec t  e l e c t r o c h e m i c a l  
e v i d e n c e  for  t -bu ty l  rad ica l  r educ t ion ,  c o n s i d e r i n g  t he  
m o d e s t  r e ac t i on  ra tes  for  our  c leavage  reac t ions ,  is no t  
pa r t i cu l a r ly  d i sconce r t i ng .  

D o u b l e  po t en t i a l  s tep  e x p e r i m e n t s  (15) we re  ca r r i ed  ou t  
to o b t a i n  i n d e p e n d e n t  ve r i f i ca t ion  of  t he  EC m e c h a n i s m  
a n d  rad ica l  a n i o n  d e c o m p o s i t i o n  ra te  cons t an t s .  E a c h  po- 
t en t i a l  s tep  e x p e r i m e n t  was  d o n e  b o t h  w i t h  a n d  w i t h o u t  
t he  r e d o x  coup le  (i.e., t h e  b e n z o a t e  es ter)  p resen t .  This  al- 
l o w e d  t he  c u r r e n t / t i m e  prof i les  to be  co r r ec t ed  for  dou-  
b le  l ayer  c h a r g i n g  a n d  b a c k g r o u n d  fa rada ic  p rocesses .  

The  r e l a x a t i o n  c u r r e n t s  m e a s u r e d  d u r i n g  d o u b l e  po ten-  
t ial  s tep  e x p e r i m e n t s  were  ana lyzed  by  a m e t h o d  s imi la r  
to t h a t  of  S c h w a r z  a n d  S h a i n  (21). The  h o m o g e n e o u s  ra te  
c o n s t a n t  was  d e t e r m i n e d  f rom a n o n l i n e a r  leas t  squa re s  
fit of  t he  d i m e n s i o n l e s s  c u r r e n t  ra t io  (i.e., t h e  c u r r e n t  
f lowing  af te r  t he  fo rward  s tep  (If) d iv ided  by  t h e  r eve r se  
s t ep  c u r r e n t  (Ib) at  c o r r e s p o n d i n g  t i m e s  af te r  e a c h  s tep)  
p lo t t ed  as a f u n c t i o n  of the  r e d u c e d  t i m e  (i.e., t h e  t i m e  
af te r  e a c h  s tep  d iv ided  b y  t h e  d u r a t i o n  of  t he  fo rwa rd  
step).  Our  m e t h o d ,  w h i c h  will b e  d e s c r i b e d  in  de ta i l  in  a 
l a t e r  paper ,  is a n  i m p r o v e m e n t  ove r  t he  m e t h o d  u s e d  b y  
S c h w a r z  a n d  S h a i n  in  t h a t  t h e  en t i r e  cu rve  is u s e d  r a t h e r  
t h a n  j u s t  a s ingle  point .  The  n o n l i n e a r  l eas t  s q u a r e s  
f i t t ing p rocedure ,  w h i c h  was  d o n e  on  t he  UNC 
m i c r o c o m p u t e r ,  was  c o m p l e t e  in  severa l  m i n u t e s .  A 
g r aph i c  d i sp lay  of  t h e  fit o b t a i n e d  d u r i n g  succes s ive  i ter- 
a t ions  was  p rov ided .  

F i g u r e  11 s h o w s  g raph ica l ly  t he  ser ies  of  s t eps  i n v o l v e d  
in o b t a i n i n g  t he  ra te  c o n s t a n t  for  t -bu ty l  benzoa te .  F i g u r e  
12 s h o w s  t h e  da ta  a n d  digi ta l  s i m u l a t i o n  fit for  t -bu ty l  
p- to luate .  T h e  ra te  c o n s t a n t s  o b t a i n e d  w e r e  5.9 a n d  10.0 
s -1, r espec t ive ly ,  w h i c h  were  ve ry  nea r  t he  r e su l t s  ob- 
t a i n e d  for  t h o s e  two c o m p o u n d s  b y  digi ta l  s i m u l a t i o n  of  
t he  cyclic v o l t a m m e t r y .  
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The double potential step method is particularly at- 
tractive for measuring the homogeneous rate constant for 
EC systems because the number  of variables used for 
fitting can be reduced to one. By stepping to a suffi- 
ciently forcing potential, the electrochemical reaction be- 
comes diffusion controlled, and thus the charge transfer 
rate parameters have no influence on the relaxation cur- 
rents. The dependence on electrode area as well as the de- 
pendence on the concentration and diffusion coefficient 
of the electroactive species is removed by using the ratio 
of the forward and reverse currents. 

In conclusion, we have demonstrated by several meth- 
ods (voltammetry, double potential step experiments,  
coulometry, and product isolation) that the reduction of 
benzoate esters in dilute (1 mM) nonaqueous medium in- 
volves an EC mechanism. The system becomes more 
complex  at higher concentrations. The initially formed 
radical anion cleaves to form benzoate ion and alkyl radi- 
cal. This is one of a very few examples of the reduction of 
organic compounds by an EC mechanism. 

Manuscript submitted Aug. 12, 1983; revised manu- 
script received Dec. 22, 1983. This was Paper 641 pre- 
sented at the San Francisco, California, Meeting of the So- 
ciety, May 8-13, 1983. 

Monsanto Company assisted in meeting the publication 
costs of this article. 
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Rotating Ring-Disk Electrode Study of Competitive Photo-oxidation 
at  -Fe203 Photoanodes in Aqueous Solution 

Menahem Anderman* and John H. Kennedy 
Department of Chemistry, University of California, Santa Barbara, California 93106 

ABSTRACT 

Competit ion reactions at a-Fe203 photoanodes were studied using the RRDE technique. It was f o u n d t h a t  iodide, 
bromide, and chloride ions were photo-oxidized in preference to water in acidic solutions. The competi t ion ratio was 
measured as a function of halide-ion concentration, halide-ion flux, light intensity, electrode potential, and solution pH. 
A direct correlation between the disk photocurrent  and the competit ion ratio at a given halide flux was demonstrated. 
A lack in selectivity for the dark current was also observed. 

Photogenerated holes (h § at an n-type semiconductor  
electrode/aqueous electrolyte interface are capable of 
oxidizing halide ions, as well as water and other reducing 
agents. The general scheme for such reactions is 

H20 + 2h + ---> 1/2 02 + 2H + acidic solutions [1] 

2OH- + 2h + ~ 1/2 02 + H20 neutral and basic solutions 
[2] 

2X- + 2h + --, X2 X- = I-, Br-, C1- [3] 

Such reactions have been studied previously using bulk 
electrolysis (1, 2) as well as rotating ring-disk electrode 
(RRDE) techniques (3-6). General trends that have been 
observed include: (i) X- is photo-oxidized in preference to 
water in acidic solutions, and (ii) the percentage of X- ox- 
idation (~x2) decreases with increasing pH and decreasing 
X- concentration. The only attempt to correlate competi- 
tive photo-oxidation with the disk electrode current was 

* Electrochemical Society Active Member. 
Key words: a-Fe203 photoanode, competition reactions, photo- 

electrochemistry, rotating ring-disk electrode. 

carried out by Kobayashi et al. on an n-TiO~ electrode 
(6). 

We report here RRDE measurements  of competi t ive 
photo-oxidation at a-Fe203 electrodes. In addition to 
testing the general trend described above for the a-Fe203 
case, we have quantitatively correlated the disk current 
with the flux of X- to the electrode surface. Questions 
probed were: (i) Does such a correlation exist? (ii) Can a 
simple kinetics scheme account for all available data? (iii) 
Do other parameters such as electrode potential or light 
intensity influence the competition, or is it only the over- 
all availability of holes at the electrode surface that deter- 
mines the competit ion at a given X- flux? (iv) Does the 
dark current show the same competit ion characteristics 
as the photocurrent? 

Experimental 
Polycrystalline pellets of ~-Fe203 (1 atom percent [a]o] 

SiC doped) were prepared as described previously (7). 
The procedure for assembling these disks into the RRDE 
has also been described in a previous publication (8). The 
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Pt  r ing was pre t rea ted  by pol i sh ing  wi th  fine a lumina  
p o w d e r  and wash ing  wi th  deionized water  in an ultra- 
sonic bath. Before  tak ing  measurement s ,  the  r ing was cy- 
cled be tween  the potent ia ls  for oxygen  evolu t ion  and hy- 
drogen  evolu t ion  unt i l  r ep roduc ib le  I-V curves  were  
obtained.  The  measu red  col lect ion eff iciency for the  
a-Fe203-disk/Pt-ring was No = 0.134 -+ 0.003, whi le  the  col- 
lec t ion eff ic iency for a Pt -disk/Pt- r ing of  the  same  size 
was 0.135. These  va lues  show fair ag reemen t  w i th  the 
calcula ted col lect ion eff ic iency of  0.143 us ing  the  formula  
of  Albery  and Bruckens te in  (9). The  disk area was 0.307 
c m  2. 

I t  should  be noted  that  the  a-Fe203 disk was s o m e w h a t  
porous  and was not  pol i shed  to avoid dele ter ious  surface  
defects  (8, 10). This  created s o m e  opera t ing  l imi ta t ions  as 
follows: 

1. Collect ion eff iciency d ropped  at h igh rotat ion 
speeds,  co > 1000 rpm. Therefore ,  a l l  quant i ta t ive  s tudies  
were  carr ied out  at co -< 470 rpm, wh ich  was wel l  wi th in  
the  sat isfactory opera t ing  region. 

2. At  disk cur ren t  densi t ies  above  2 m A / c m  2, oxygen  
bubbles  were  adsorbed  on the  surface and d i s tu rbed  solu- 
t ion flow to the  ring, resul t ing  in a drop in r ing current .  

3. S o m e  I2, Br2, and C12 apparen t ly  dif fused into the  
a-Fe203 pores. A few seconds  of  induc t ion  t ime  were  re- 
qu i red  before  ,steady-state col lect ion currents  were  ob- 
served.  This  p rob lem was especial ly  severe  for iodine,  
which  has  been  repor ted  before  (11). 

The  e lec t rochemica l  cell was a 200 ml  al l-quartz cylin- 
der, covered  wi th  a teflon lid. The  cell  i nc luded  a SCE 
reference,  Pt-wire  counte re lec t rode  separa ted  f rom the  
main  c o m p a r t m e n t  by fr i t ted glass, and gas ent ry  tubes.  

The  e lec t rochemica l  cell  was a 200 ml  al l-quartz cylin- 
der, covered  with  a Teflon lid. The  cell  i nc luded  a SCE 
wi th  two X-Y recorders  to moni to r  bo th  r ing and d isk  
currents .  All expe r imen t s  were  conduc t ed  at ionic 
s t rength  equa l  to 1.0, which  was ad jus ted  wi th  NaC104 as 
the suppor t ing  electrolyte.  E x p e r i m e n t s  in the  pH  range 
2.0-6.4 were  carr ied out  in p h o s p h a t e  buffers  (0.02-1M). It  
should  be noted  that  carboxyl ic  acid-based buffers  can be 
oxid ized  at ~-Fe~O3 (12) and,  therefore,  are not  suitable.  
Ful l  l ight  in tens i ty  of  the 150W xenon  lamp,  fil tered by 
an IR filter and focused  wi th  a quar tz  lens, was 500 
mW/cm ~ at the  e lec t rode  surface. Neut ra l  dens i ty  filters 
were  used  to reduce  this in tens i ty  w h e n  desired.  

Ring current - r ing  potent ia l  (IR-V~) scans were  t aken  at a 
rate of  33 mV/s at cons tan t  d isk  potent ia l  (and cons tan t  
disk current).  Disk current-disk  potentiaYring cur ren t  

scans (ID-VD/Ir) were  t aken  at a rate of  2 mV/s at a predeter-  
m i n e d  r ing potential .  Al ternat ively,  some  ID/IR data were  
ob ta ined  po in twise  wi th  the  d isk  potent ia l  s t epped  in 50 
mV intervals .  

Results 
B r o m i d e  o x i d a t i o n  in 1M a c i d . - - R i n g  current - r ing  po- 

tent ial  (IR-VR) curves  in 0.2M HBr/0.8M HC104 solut ion are 
s h o w n  in Fig. 1 (curves 1-3). Curve  1 was r ecorded  for 
an oxygen-f ree  solut ion in the  dark wi th  zero disk cur- 
rent.  Curve 2 was recorded  for the same solut ion in the  
l ight  wi th  a d isk  cur ren t  of  1000 ~A (1V vs.  SCE). A 
di f fus ion- l imi ted  plateau for the  col lect ion of  Br2 at the  
r ing is evident .  The pla teau ex t ended  f rom +0.35V vs. 
SCE to -0 .15V vs.  SCE,  at wh ich  poin t  r educ t ion  of  water  
begins.  Eff iciency of  b romine  p roduc t ion  at the  disk is 
g iven by Eq. [4] 

ID(2Br- ~ Br2) IR(Br2 --~ 2Br-) 
(~sr2 = = [4] 

IDtotal NolDtotal 

Curve  3 of  Fig. 1 is the  IR-VR curve  for an oxygen-  
sa tura ted  solut ion w h e n  ID = 0. Oxygen  de tec t ion  at the  
ring begins  at +0.2V vs. SCE. Thus  it is poss ible  to de tec t  
both  O2 and Br2 w h e n  they  are p roduced  s imul t aneous ly  
at the  disk electrode,  as shown  in curve  4 of  Fig. 1. 

B r o m i n e  p roduc t ion  eff ic iency was 100% for a 0.1M 
HBr/0.9M HC104 solut ion at all l ight  in tensi t ies  s tud ied  
(33-500 mW/cm 2) and for disk potent ials  of  0.3-1.4V vs. 
SCE. 

Bromine  p roduc t ion  eff iciency (~bBr2) as a func t ion  of  
disk pho tocu r ren t  for a 0.01M KBr/1M HC104 solut ion is 
shown in Fig. 2. It  is clearly seen that  p roduc t ion  
eff ic iency drops at h igh  disk currents .  The  flux of  Br -  to 
the disk e lec t rode  may  be calcula ted by the  wel l -known 
Lev ich  equa t ion  

F lux  = ID d' = 0.62 n A F D  2~3 v 116 Cbco "~ [5] 

where  ID d' is the diffusion l imi ted  current  (mA), n is the  
n u m b e r  of  e lectrons t ransferred in the  react ion,  F is the  
Faraday  constant ,  A is the  e lec t rode  area (cm2), D is the  
di f fus ion coeff icient  (cm2/s), v is the  k inemat ic  v iscos i ty  
(cm2/s), co is the  angular  veloci ty  (rad/s), and Cb is the  con- 
cent ra t ion  of  the  diffusing species (M) in the  bulk  solu- 
tion. At  the  Br-  concen t ra t ion  shown  in Fig. 2, the  
calcula ted flux is 1920 /~A. For  all d isk  currents  be low 
1920 ~A, one would  expec t  ~bBr.~ = 100% if  flux of  Br -  to 
the d isk  e lec t rode  is the  control l ing factor. Above  1920 ~A 
the  eff ic iency should  be g iven  by Eq. [6] 

Fig. 1. Ring current-rlng poten- 
tial for 0.2M HBr/0.8M HCIO4 
(curves 1-3); and for 2 x 10 -3 
HBr/1M HCIO4 (curve 4). Rotation 
frequency = 470 rpm. Curve 1: 
oxygen-free solution, ID = 0 /.~A. 
Curve 2: oxygen-free solution, ID = 
1000 ~A. Curve 3: oxygen- 
saturated solution, ID = 0 /~A. 
Curve 4: oxygen-free solution, 
[Br-] = 2 × 10-~M, ID = 1000 
~A. 
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Fig. 2. Bromine production effi- 
ciency as a function of disk current 
(Io) for O.01M KBr/1M HCI04. 
Curve 1 : experimental data; Q full 
light, ~ 18% of full light, and �9 
6.7% of full light. Curve 2: 
calculated for 100% oxidation of 
Br- flux. 

Flux(Br- )  
6B,2 - ID [6] 

The  ca lcula ted  p roduc t ion  eff ic iency is shown as curve  2 
in Fig. 2. 

The  inf luence  of  mass  t ransfer  is more  clearly seen  in 
Fig. 3. Here,  disk current -d isk  potent ia l / r ing cur ren t  (ID- 
Vc]IR) curves  are  shown  for a 10-3M KBr/1M HC104 solu- 
tion. At  low current  dens i ty  at the  disk, the  r ing col lec t ion  
cur ren t  fol lows the  disk cur ren t  closely wi th  ~bBr~ > 95%. 
At  h igher  disk currents ,  the  r ing current  t ends  to plateau.  
The  Br -  f lux for this solut ion calcula ted by Eq. [5] is 192 
/~A and the  m a x i m u m  ring current  wou ld  be  0.134 • 192 
= 26/zA. This  compares  wel l  wi th  the  expe r imen ta l  va lue  
of  22/~A shown  in Fig. 3. 

The  possible  inf luence of  l ight  in tens i ty  and e lec t rode  
po ten t ia l  on b romine  p roduc t ion  efficiency was  checked  
wi th  ID-V,/IR curves  taken  at three  different  l ight  intensi-  
t ies and shown in Fig. 4. I t  is apparen t  that  ne i the r  l ight  

VD, V VS.__~. SCE 
0.6 0.8 1.0 1.2 1.4 I .6  _,ol 

5oo ! Ioot 

c a 90 t 8O 400 
< 70 
::L 300 60 

 o-lg I -4  
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Fig. 3. Disk current-ring current/disk potential for i0-3M KBr/1M 
HCI04, 18% of full light, a: disk current, b: ring current, c: bromine pro- 
duction efficiency, q~Br~, d: calculated diffusion-limited plateau value for 
detection of Dr2 at the ring. 

in tens i ty  nor  e lec t rode  potent ia l  has any effect  on the  
e lec t rode  reaction.  Only the  availabil i ty of  holes  at the  
surface  (i.e., the  current  density) will  de t e rmine  the  com- 
pe t i t ion  ratio at a g iven  Br-  flux. The  solid l ine in Fig. 4 
was calcula ted us ing Eq. [6], and the  ag reemen t  wi th  ex- 
pe r imen t  is excel lent .  

Bromide oxidat ion at  higher pH.--IR-VR/ID curves  for 
0.02M K B r  at pH  2.0 (phosphor ic  acid buffer) are g iven  in 
Fig. 5. At low disk current ,  i.e., 200 /~A, >95% of produc-  
t ion eff ic iency for b romine  was observed  (curve 2). Pro-  
duc t ion  eff ic iency d ropped  to 90% w h e n  Io was 400 /~A 
(curve 3) and to 60% w h e n  ID was 900/~A (curve 4). Fo r  the  
last case, oxygen  was also de tec ted  at the  ring. 

B r o m i n e  p roduc t ion  eff ic iency as a func t ion  of  disk 
cur ren t  for var ious  weakly  acidic solut ions is shown  in 
Fig. 6. At  pH  2.0, essent ia l ly  t he  same resul ts  were  ob- 
ta ined  for the  three  different  l ight  intensi t ies  invest igated.  
However ,  the  Br-  flux to the  disk for these  condi t ions  
was 3840/~A, cons iderably  h igher  than  the m a x i m u m  disk 
cur ren t  at wh ich  ~Br2 was still near ly  100%. The same 
qual i ta t ive  p ic ture  was obta ined  at h igher  pH (curve b in 
Fig. 6) wi th  ~bBr2 decreas ing  wi th  increas ing  pH, as ob- 
se rved  prev ious ly  (3, 5). 

For  solut ions conta in ing  1M K B r  (bBr~ was  100% even  at 
pH ' s  as h igh  as 4.2. Only at pH 6.4 was a decrease  in (~Br2 to 
92% (curve  c in Fig. 6) observed.  A l though  this drop  was 
small,  it was outs ide  expe r imen ta l  uncer ta inty ,  and, in ad- 
dit ion, oxygen  was de tec ted  at the  ring. 

At  pH  12.2 no trace of  Br -  ox ida t ion  was obse rved  even  
for a 0.5M K B r  solution. The  IR-VR/Io curves  were  no t  af- 
fec ted  by the  addi t ion of  Br -  to the  solution. P la teau  cur- 
rents  for oxygen  reduc t ion  at the  r ing were  obse rved  
(Fig. 7) wi th  ~o2 > 95%. 

Chloride ox ida t ion . - -Photo-ox ida t ion  of ch lor ide  at 
a-Fe203 e lec t rodes  c o m p e t e s  e f fec t ive ly  wi th  wa te r  in 
s t rong ly  ac id ic  solut ions ,  as can  be  seen  in Fig. 8 (curves  
1 and  2). The  p r o d u c t i o n  ef f ic iency for C12 in 1M HC1 re- 
m a i n e d  > 95% at all d i sk  cu r ren t s  s tudied,  bu t  a smal l  
drop  was seen  at h igh  cu r r en t  levels  for 0.1M HC1/0.9M 
HClO4 so lu t ions  (curve  2). Th is  d rop  in e f f ic iency  was  
m o r e  p r o n o u n c e d  w h e n  the  concen t r a t i on  of  ch lo r ide  
was  d e c r e a s e d  to 0.01M (curve  4). Also,  r ing vo l t am-  
m o g r a m s  e x h i b i t e d  3-4 r e d u c t i o n  waves .  Fo r  so lu t ions  
con t a in ing  2 x 10-~M HC1/1M HC104, in w h i c h  ch lor ide  
flux to t he  surface  was  e q u i v a l e n t  to 330 /~A, the  de- 
p e n d e n c e  of  ~c,2 on ID was  s t rong  e v e n  at low d i sk  cur- 
ren t  l eve ls  (curve  5). 

As expec t ed ,  (br d r o p p e d  cons ide rab ly  as the  pH  was 
i n c r e a s e d  wi th  e f f ic iency  va lues  of  70-80% at  p H  2.0 
(curve  3 of  Fig. 8) and  < 30% and 200/~A at pH 4.0 (curve  
6). No d e p e n d e n c e  on l ight  in tens i ty  or e l e c t r o d e p o t e n -  
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tial was observed. The IR-VR curve for 1M NaC1 at pH 4.0 
(Fig. 9, curve 2) shows the presence of O5 as well as C12, 
similar to the results presented earlier for bromide  
solutions. 

I o d i d e  o x i d a t i o n . - - A d s o r p t i o n  of iodine on the elec- 
t rode surface (8) and possible diffusion of iodine into the 
bulk electrode along grain boundaries  (11), complicated 
the RRDE measurements .  By allowing t ime for the sys- 
tem to reach a steady state, it appeared, within experi- 
mental  uncertainty,  that 100% of the iodide flux could 
be oxidized to iodine at the disk in acidic solutions. No 
oxygen was detected at the ring as long as the iodide 
flux was higher  than the disk current. 

D a r k  c u r r e n t s . - - A t  potentials > 1.5V vs .  SCE, dark 
currents  were observed at the ~-Fe~O= electrodes. Above 
2.0V v s .  SCE, the dark currents rose sharply as the semi- 
conductor  Was driven to inversion. It was demonst ra ted  
previously (7) that  oxygen was generated with 100% 
efficiency in the dark for 1M HC104 solutions. Addit ion 
of  0.1M Br- or 0.1M C1- to the electrolyte was made, and 
electrolysis was carried out at 1.8-2.0V vs .  SCE. For 0.1M 
KBr/1M HC104, product ion efficiency for Br2 was 
< 50%, and the ring currents were t ime dependent .  Also, 
addit ional  reduct ion waves were observed. It appears 
that  both Br2 and O5 are produced in the dark along with 
at least one more product  (such as HBrO or BrO3-). Pro- 
duct ion efficiency for C12 in the dark for solutions con- 
taining 0.1M KCYlM C104 was < 50%, and the ring vol- 
t ammograms  were also complex.  

I I I I I 
0.2 0 .4  

Fig. 7. Ring current-ring poten- 
tial/disk current for 0.5M KBr, 
0.02M NaOH (pH 12.2). Curve 1: 
oxygen-free solution, ID = 0/~A. 
Curve 2: initially oxygen-free solu- 
tion, ID = 500 /~A. Curve 3: air- 
saturated solution, ID = 0 ~A. 
Curve 4: initially oxygen-free solu- 
tion, ID = 1000 ~A. 

Discussion 
The competit ion reactions reported here at ~-Fe203 elec- 

trodes follow the same general trend that has been ob- 
served at TiO2 electrodes. The halides (I-, Br-, and C1-) 
are oxidized in preference to water in acidic solution. 
However, because OH- oxidation is kinetically favored 
over halide oxidation, the production efficiency for halo- 
gen decreases as the pH increases. 

In Fig. 2-4, it was demonstrated that all Br- reaching the 
electrode surface will be' oxidized in preference to water 
in acidic solution. This is not true for C1- and for both C1- 
and Br- in more basic solution. 

A simple first-order kinetics scheme can be envisaged 
for the competit ion between halide and hydroxide ions. 
The halogen production efficiency is given by 

kx-[X-] 
(bx2 = kx-[X-] + koH-[OH-] [7] 

where kx- and koH- are first.order rate constants for the 
oxidation of X- and OH-, respectively. If we define a 
competit ion ratio: k'  = koH-/kx-, then Eq. [7] can be written 
a s  

IX-] 
[X-] + k'[OH-] 

or 

Ix-] - ~• 
k' = [8] 

~x=[OH-] 
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Fig. 8. Chlorine production effi- 
ciency as a function of disk current 
(ID) for various chloride containing 
solutions. Curve 1: 1M HCI. Curve 
2: 0.1M HCI/O.9M HCIO4. Curve 
3: 1M NaCI, pH 2.0 (phosphoric 
acid buffer). Curve 4" 0 .01M 
HCI/1M HCIO4. Curve 5: 0.002M 
N a C I / I M  HCIO4. Curve 6: 1M 
NaCI, pH 4.0 (phosphate buffer). 
I I ,  O, '1~, A,  �9 full light. (I,  'f'l, 
~:  18% of full light. �9 6.7% of 
full light. 
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Fig. 9. Ring current-ring potential/disk current for 1M NaCI, O H 4.0 
(phosphate buffer). Curve i : oxygen-free solution, I D = 0 ~A. Curve 2: 
initially oxygen-free solution, 18% of full light, I D = 2 0 0 / ~ A .  Curve 3: 
oxygen-saturated solution, ID = 0 ~A. 

A simple test for the validity of Eq. [8] is if the same 
value of k' is obtained for various concentrations of X- 
and OH-. Such information is available from Fig. 6 for 
bromine production and from Fig. 8 for chlorine produc- 
tion. For the bromine case (ID = 700 ~A) the following 
values for k' are calculated: 9 x 109 (curve a), 4 x l0 s 
(curve b), and 4 x 106 (curve c). For the chlorine case (ID = 
200 ~A), k' values are: 3 x 1011 (curve 3), 1 x 1011 (curve 4), 
and 3 x 101~ (curve 6). Thus, the true kinetics is somewhat 
more complicated than this simplistic picture, but to an 
order of magnitude it is clear that k'Br -- 108 and k'c~ ~ 10 H, 
which means that k~r./kc]- ~ 103. 

It was demonstrated that the crucial parameter that de- 
termines the production efficiency in acidic solution is 
the ratio: flux X-lID relating the rate at which halide ions 
reach the electrode surface compared to the availability of 
holes at the electrode surface. Concentration of X-, light 
intensity, and electrode potential only affect the produc- 
tion efficiency by their effect on this important ratio. In 
this respect, earlier publications (3-5) are somewhat mis- 
leading in that they disregarded this flux argument. 

The complicated nature of these semiconductor elec- 
trodes is further demonstrated by the investigation of 
dark currents. The selectivity seen when a-Fe203 is a 
photoanode is lost when operating in the dark. In fact, the 
behavior of a-Fe203 in the dark resembles that of a metal- 
lic electrode. That is, mixtures of oxidation products for 
Br- and C1- oxidation at high anodic potentials have been 
observed at metal electrodes (13). This similarity is not 

too surprising when one recalls that the ~-Fe203 was 
driven to inversion to observe dark currents. 

Conclusions 
The following conclusions can be drawn from the ob- 

servations reported here: 
1. The general trends regarding competit ive photo- 

oxidation at n-type semiconductor electrodes have been 
confirmed for ~-Fe203. 

2. Quantitative agreement between the flux of Br- 
reaching the electrode surface and the efficiency of Br2 
production has been demonstrated in acidic solution. 

3. The critical factor in determining the competit ion ra- 
tio at a given pH is the flux X-/disk current ratio. 

4. A simple kinetics scheme does not fully account for 
the experimental  data, but apparently Br- is about 103 
times more effective than C1- at capturing holes at the 
~-Fe203 electrode surface, while OH- is considerably more 
effective than either halide. 

5. The dark current selectivity is considerably different 
than the photocurrent selectivity, with the ~-Fe20~ elec- 
trode exhibiting more metallic-like behavior. 
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A B S T R A C T  

I ron  oxide/n-Si  he te ro junc t ion  e lect rodes  modi f ied  by an outer  Pd  layer  were  s tud ied  for its ut i l i ty as an eff icient  
pho toanode .  The  addi t ion  of  an evapora ted  Pd  layer  on the  e lec t rode  great ly  enhanced  the  pho tocu r r en t  and shif ted the  
onse t  potent ia l  f rom 0.5V (Hg-HgO) to the  more  ca thodic  side in a 0.2M K O H  solution. A 100A P d  layer  showed  the  mos t  
ca thod ic  onse t  potent ia l  of  -0 .36V (Hg-HgO). The  unmod i f i ed  i ron oxide/n-Si  e lec t rode  gave  a re la t ively broad  spectra l  
p h o t o r e s p o n s e  wi th  the  m a x i m u m  region lying b e t w e e n  550 and 700 nm. With the  addi t ion  of  the  Pd  layer  the  q u a n t u m  
eff ic iency of  spectral  pho to response  f rom 400 to 800 n m  b e c a m e  20% higher.  The  addi t ion  of  me thano l  enhanced  the  
pho tocu r r en t  up to 1.25 t imes  at 0.6M concen t ra t ion  on the  unmodi f i ed  electrode,  whereas  on the  Pd-modi f ied  elec- 
trode,  the  pho tocu r r en t  decreased  s l ight ly by the  addi t ion  of  methanol .  These  p h e n o m e n a  are  d i scussed  in t e rms  of  
var ious  m e c h a n i s m s  for m e t h a n o l  oxidat ion.  

A large n u m b e r  of  ox ide  semiconduc to r s  have  been  in- 
ves t iga ted  as pho toanode  mater ia ls  because  of  thei r  sta- 
bi l i ty in the  harsh  condi t ions  of  oxygen  evolut ion.  A lmos t  
all ox ide  semiconduc to r s  have  a large bandgap  and even  
those  with  smal ler  bandgaps  have  been  found to possess  
an unsa t i s fac tory  pho tocu r r en t  onset  potent ia l  (1). One of  
the  ox ide  semiconductors ,  ~-Fe203, has no t  been  repor t ed  
to show high  energy  convers ion  eff ic iency (2-9). An  
a -Fe20~/n-Si  e lec t rode  was r epor t ed  to have  stabi l ized 
n-Si semiconduc tor ,  and the  he te ro junc t ion  e lec t rode  
s h o w e d  broad spectra l  reg ion  of  pho to re sponse  (10-16). 
The  pho tocu r r en t  onset  potent ia l  of  a-Fe2OJn-Si,  how- 
ever,  is insuff icient ly cathodic.  This  paper  repor ts  the  
pho toe l ec t rochemica l  character is t ics  of  Pd-modi f i ed  i ron 
oxide/n-Si  e lec t rodes  for the  purpose  of  i m p r o v i n g  the  on- 
set  potent ial ,  as wel l  as the  effect  of me thano l  on the  elec- 
t rodes  wi th  and wi thou t  the  Pd  layer. 

Experimental 
Electrode preparation.--Single crystal  n-Si semicon-  

duc tors  m a d e  by Shin-Etsu  Chemica l  and possess ing  
0.85-1.15 ~ c m  resis t ivi ty were  used  as substrates.  A 400~ 
i ron film was first v a c u u m - e v a p o r a t e d  us ing  a Hi tach i  
e lec t ron  b e a m  evapora tor  onto a (100) p lane  n-Si sub- 
strate. The  i ron oxide  was fo rmed  by hea t ing  in a v a c u u m  
furnace  in an 02 a tmosphe re  of  0.1 torr  at 400~ for 1.0h. 
The  final th ickness  of  i ron ox ide  film was ca. 750~, 
wh ich  was measu red  by a stylus t e c h n i q u e  (Rank-Taylor-  
H o b s o n  Talys tep  I). The  compos i t ion  of  the  i ron ox ide  
was conf i rmed  to be Fe203 by R B S  (Ruther ford  back- 
sca t ter ing  spect roscopy)  and X P S  (x-ray pho toe lec t ron  
spec t roscopy)  methods ,  the  data  of  wh ich  are to be  pub- 
l i shed short ly  (17). Pd  layers were  fo rmed  by two differ- 
en t  me thods :  v a c u u m  evapora t ion  and the  conven t iona l  
Sn-Pd  two-s tep  act ivat ion wet  process  for e lect roless  
plating.  

Photoelectrochemical measurements.--Electrochemical 
m e a s u r e m e n t s  were  m a d e  po ten t iodynamica l ly  at 0.1 
V.s -1 in a 0.2M K O H  solut ion in a pur i f ied Ar  atmo- 
sphere  at 25~ Hg-HgO e lec t rode  in the  s ame '  solut ion 
was used  as a re ference  electrode.  The  pho tocu r r en t  was 
m e a s u r e d  us ing  a 500W x e n o n  lamp f rom Ushio  Elect r ic  
wi th  an infrared filter. The  spectra l  r e sponse  of  the  
pho tocu r r en t  was measu red  be tween  400 and 800 n m  
us ing  var ious  spectral  filters f rom Tosh iba  Glass. The  to- 
tal l ight  in tens i ty  of  the  lamp,  m e a s u r e d  by a Tek t ron ix  
radiant  flux meter ,  was 0.085 W.cm -2. The  in tens i ty  at 
each  wave l eng th  was normal ized  for the  spectra l  photo-  
response .  The  different ial  capac i tance  of  the  semicon-  
duc tor  e lec t rode  was measu red  po ten t iodynamica l ly  at 5 
mV-s -1 by us ing  a phase-sens i t ive  i m p e d a n c e  me te r  f rom 
Fuso-Se isakusho .  P roduc t s  of  m e t h a n o l  ox ida t ion  on the  

*Electrochemical Society Active Member. 

e lec t rodes  were  qual i ta t ively  checked  by a Hi tach i  gas 
ch romatograph .  F o r m a l d e h y d e  and oxygen  gas were  de- 
t ec ted  by us ing  co lumn  packings  of  P E G  1000 and WG 
100 (Gasukuro  Kogyo Incorporated) ,  respect ively .  The  re- 
p roduc ib i l i ty  was conf i rmed by  us ing  m o r e  than  three  
e lec t rodes  for one  matter.  The  stabili ty of  the  e lec t rodes  
was checked  for about  a one w e e k  t e rm exper iment .  

Results and Discussion 
Photoresponse of  Fe20~/n-Si heterojunction electrodes 

with Pd layer.--Figure 1 shows the  character is t ics  of  
pho tocur ren t s  for Fe2OJn-Si  e lec t rodes  wi th  and wi thou t  
a 100~ layer of  v a c u u m  evapora ted  Pd  in a 0.2M K O H  so- 
lution. Pho tocu r r en t  is great ly enhanced  by the  Pd  layer. 
The  pho tocu r ren t  sa turat ion poin t  was obse rved  at the  re- 
g ion more  anodic  than  2.2V bo th  wi th  and wi thou t  the  Pd  
layer, but,  the  pho tocur ren t  of  the  Pd-modi f ied  e lec t rode  
at the  sa tura ted  pho tocur ren t  region is ca. 2.4 t imes  larger  
than  that  of  the  unmodi f i ed  electrode.  A shift  of  the  on- 
set potent ia l  to the  ca thodic  side was also obse rved  as a 
resul t  of  P d  modificat ion.  F igure  2 shows the  onse t  po- 
tent ia l  for e lec t rodes  wi th  var ious  th icknesses  of  P d  pre- 
pared  by the  two processes  in a 0.2M K O H  solution.  With 
addi t ion  of  a Pd  layer, the  pho tocu r ren t  increased  great ly  
and the  onse t  potent ia l  also b e c a m e  more  cathodic.  In  the  
case of  the  adsorbed  layer of  Pd  prepared  by the  wet  pro- 
cess, wh ich  may  consis t  of  adsorbed  Pd  part icles  of  sev- 
eral  tens of  angs t roms  (18), the  onse t  potent ia l  was no t  
great ly  improved .  In  the  case of  a Pd  layer  fo rmed  by vac- 
u u m  evapora t ion ,  however ,  the  pho tocu r r en t  was signi- 
f icantly improved ,  especial ly  at the  low bias region,  and 
the  increase  in pho tocur ren t  depends  on the  th ickness  of  
the  Pd  layer. The  100]~ Pd  layer  gave  the  best  improve-  
m e n t  of  onse t  potent ia l  (-0.36V) as can be  seen in Fig. 2. 

The  re la t ion be tween  q u a n t u m  yield (7) and the  wave-  
l eng th  for the  two cases, wi th  and wi thou t  a Pd  layer, is 
p lo t ted  in Fig. 3. The  spectral  pho to re sponse  for the  
Fe2OJn-Si  e lec t rode  shown in Fig. 3 shows the  broad  
pho to r e sponse  be tween  400 and 800 nm, and the  maxi-  
m u m  pho to response  lies be tween  550 and 700 nm. The  in- 
crease  in the  spectral  pho to response  in the  m a x i m u m  re- 
sponse  reg ion  may  be caused  by effect ive  hole- in jec t ion 
f rom the  Si to the  e lec t rode  surface across the  Fe203 film. 
The  pho to re sponse  of  Fe2OJn-Si  he t e ro junc t ion  elec- 
t rodes  has  been  repor ted  by Yazawa et al. (10-12), and 
they  repor t  that  i t  has a broad  pho to response  b e t w e e n  480 
and 850 nm. There  appears  to be  a sl ight d i f ference  be- 
tween  the  spectral  pho to response  obta ined  by Yazawa et 
al. (10) and ours. S ince  the  character is t ics  of  the  
pho tocu r r en t  of  the  Fe2OJn-Si  d e p e n d  s t rongly on the  
i ron ox ide  states (16), the  di f ference in spectra l  
pho to re sponse  may  be  due  to the  di f ference of  the  oxi- 
dized states of  i ron oxides  wh ich  are fo rmed  by  the  differ- 
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Fig. 1. Current-potential curves for Pal-modified Fe203/n-Si electrodes 
in 0.2M KOH at 0.1 V �9 s -I. 1,2: illuminated, 1',2': dark. 
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Fig. 2. Photocurrent-potential curves for Pd-modified Fe2OJn-Si elec- 

trodes in 0.2M KOH at O. 1 V .  s-z. Pd preparation, 2: wet process, 3,4,5: 
vacuum evaporation. 
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Fig. 3. Spectral dependence of quantum efficiency of anodic 

photocurrents for Fe203/n-Si electrodes both with and without Pd layer in 
0.2M KOH in the saturated photocurrent region. 

ent methods. The Pd-modified heterojunction electrode 
has almost the same response shape as Fe2OJn-Si, but the 
quantum yield is about 20% higher, and at the max imum 
response region the quantum yield approaches 100%. 

Figure 4a Presents the capacitance behavior (C-E 
curves) at 1 kHz for Fe~Odn-Si electrodes with and with- 
out Pd layer. The Mott-Schottky plots (Fig. 4b) were con- 
structed from these curves in order to obtain flatband p.o- 
tentials and estimate band structure, though the 
Mott-Schottky plot which assumes a simple Schottky bar- 
rier does not necessarily give information about the exact 
flatband potential for such multilayered hetero- 
structures. The plots in Fig. 4b indicate that the flatband 
potentials are apparently very close for two cases with 
and without the Pd layer. We assume that the introduc- 
tion of the Pd layer results in  a Schottky barrier electrode 
structure increasing its current collection efficiency, and 
that the increase in current collection efficiency due to 
Pd layer alters the onset potential in spite of the appar- 
ently closed flatband potentials. A relatively large exten- 
sion of spectral range for photoresponse, improved by an 
outer metal layer, has been reported for p-GaP (19, 20) 
and SrTiO3 (21), Since the spectral photoresponse of the 
semiconductor  itself, such as p-GaP or SrTiO3, is in con- 
trast with this heterojunction electrode, l imited to shorter 
wavelengths, the introduction of surface metal layer is 
considered to effectively improve spectral photoresponse 
at longer wavelengths. 

Effect of methanol on photocuvrent in heterojunction 
electrodes with and without Pd layer.--Figure 5 shows 
the photocurrent  vs. potential curves on the unmodified 
Fe2OJn-Si electrode in a 0.2M KOH solution with various 
methanol concentrations. On this electrode the addition 
of methanol  obviously causes an increase in photo- 
current, but no shift in the onset potential. This effect 
with the unmodified electrode, well-known as "current  
doubling," was not observed on the Pd-modified elec- 
trode. The photocurrent ratio Ip/Ia vs. methanol  concen- 
tration plots at 1.2V are shown in Fig. 6 for both elec- 
trodes, where Ip and Ia represent the photocurrents in 
the presence and absence of methanol in the solution. On 
the unmodified electrode, the photocurrent  clearly in- 
creased with the addition of methanol and shows the 
max imum Ip/Ia ratio of 1.25 at 0.6M methanol, whereas 
on the Pd modified electrode, the photocurrent  de- 
creased slightly with an increase in methanol concentra- 
tion. The photoelectrochemical oxidation of alcohols on 
~-Fe20~ was discussed by Miyoshi et al. (22), who claimed 

a ~.,,~pd x)o.~ xlO 1'I b) 

~i.. 1.0 

r - .  1 . .~ ,~ .  ~ \ -~ o o:2 0:4 o'.o 

1 0 0 0  

I I I I I, 
- 0.2 0 0.2 0.4 0 6 

E/V ( H g / H g O ~  

Fig. 4. Capacitance behavior for Fe2OJn-Si electrodes both with and 
without Pd layer in 0.2M KOH at 1 kHz. (a) Capacitance-potentlal 
curves and (b) Mott-Schottky plots. 
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Fig. 5. Effect of methanol on photocurrent at FeeOJn-Si electrode in 
0.2M KOH at 0.1 V �9 s -1. Methanol concentration, ] :0M, 2: 0.08M, 3: 
0.18M, 4: 0.45/91. 

that the addition of methanol did not cause an increase in 
the photocurrent  despite their finding that the methanol  
was photoelectrochemically oxidized on the i l luminated 
Fe~O3. Accordingly, there is a large difference between 
Fe~O3 and Fe203/n-Si electrodes with regard to the effect 
of methanol  on photocurrent. Moreover on the Pd-modi- 
fled electrode, the current doubling effect of methanol  
was not observed. 

In order to determine whether  the methanol is photo- 
electrochemically oxidized on Fe203/n-Si electrodes with 
and without Pd layer, potentiostatic electrolysis at the 
saturated photocurrent region of 3.0V was performed for 
10h in a 0.2M KOH solution under illumination. Gas 
chromatographic analysis, showed that the main product 
of methanol  in the solution on illuminated electrodes 
with and without Pd layer is formaldehyde and that the 
gas product  is almost entirely 05. No production of CO2 
could be detected because CO., is absorbed by the KOH 
solution. Therefore, the methanol  is concluded to be oxi- 
dized photoelectrochemically on the electrodes both with 
and without the Pd layer. It is generally accepted that the 
photoelectrochemical  oxidation of methanol proceeds 
through a two-step mechanism for the case of accompa- 
nying the current doubling effect (22, 23) 

CH~OH + p+ ~ CH2OH. + H § [1] 

CH2OH. --> HCHO + H + + e [2] 

1.3' 

~:/~ _ 0 . . ~ - - 0 ~ 0 ~  1, wVtho~ Pd 
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Fig. 6. Plots of Ip / Io  vs. methanol concentration for Fe2OJn-Si elec- 
trodes both with and without Pd layer in 0.2M KOH at 1.2V (Hg/HgO). 
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Fig. 7. Schematic diagram of current doubling process of methanol for 
Fe2Os/n-Si electrode. 

The photoelectrochemical oxidation of organic com- 
pounds showing current doubling effect can be explained 
by electron-injection of the intermediate radical into the 
conduction band (Eq. [2]). Figure 7 shows a schematic di- 
agram of the current doubling process, based on a tenta- 
tive model  of a possible energy diagram for the Fe2OJn-Si 
electrode, proposed by Yazawa et al. (11, 12). The tenta- 
tive mode] is assumed on the basis of efficient hole-injec- 
tion that may be produced by the nice fit of the valence 
bandedge between outer and inner semiconductors. 
Miyoshi et al. (22) explained the oxidation of methanol  on 
a-Fe20~ electrode by the assumption that the intermediate 
radical of methanol, produced by oxidation due to photo- 
generated holes, is further oxidized by the photo- 
generated holes instead of injecting the electron of the in- 
termediate radical into the conduction band, since the en- 
ergy level of intermediate radical is situated at the level 
lower than that of conduction band of Fe203. On the 
unmodified Fe~OJn-Si electrode, however, current dou- 
bling occurs, and furthermore this effect disappears on 
the Pd modified electrode. The following consideration 
is suggested in order to explain these results. On the 
unmodified Fe203/n-Si electrode, methanol is first oxi- 
dized to an intermediate radical by the photogenerated 
holes in the valance band as shown in Eq. [1], and further 
oxidation o f  the intermediate proceeds by electron-injec- 
tion into the conduction band by the tunneling effect as 
shown in Fig. 7. The assumption of a tunneling effect, 
which is needed to explain the opposite results obtained 
from the Fe~O3 and Fe2OJn-Si electrodes, may be sup- 
ported by the finding that the increase of photocurrent  is 
merely 1.25 times. On the Pd-modified electrode, the in- 
termediate radical, after the initial oxidation of Eq. [1], is 
further oxidized by the hole in the valence band as shown 
in Eq. [3] 

CH2OH. + p+ ~ HCHO + H § [3] 

since the hole density in the valence band becomes 
higher due to the effective hole generation by Pd layer. 

Conclusion 
The addition of a Pd layer on top of an Fe2OJn-Si 

heterojunction electrode caused quantum yield ca. 20% 
higher for the photoresponse between 400 and 800 nm, 
and made the onset potential more cathodic in a 0.2M 
KOH solution. The effect of methanol on photocurrent  
was studied, and the results obtained with and without 
the Pd layer were opposite. The characteristics of photo- 
response and the mechanism of methanol oxidation for 
Fe2OJn-Si heterojunction electrodes both with and with- 
out Pd layer were discussed. 

Manuscript submitted June  7, 1983; revised manuscript  
received Feb. 7, 1984. 
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Dye Sensitization of Cuprous Thiocyanate Photocathode in 
Aqueous KCNS 
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ABSTRACT 

Cuprous thiocyanate (p-type semiconductor) is found to adsorb thiocyanated cationic dyes to yield high photo- 
responses in aqueous KCNS. The method of preparation and the performance of dye-sensitized CuCNS photocathodes 
are discussed. 

Electrolytic photocells with semiconductor electrodes 
are attracting attention as economical devices for the con- 
version of solar energy (1-8). The additional advantage of 
these systems is the possibility of extending the spectral 
response by sensitization with dyes (9-13). It is also 
known that the dye-sensitized (DS) photocurrent is rather 
insensitive to impurities and defects in the semicon- 
ductor (14, 15); polycrystalline and amorphous materials 
with large bandgaps when. sensitized yield high photo- 
currents. The sensitization is effective only if the dye is 
absorbed at the semiconductor surface (9-13). Thus, to 
produce practically useful DS cells, it is necessary to 
search for systems where the dye adsorption is optimized. 
We have found that cuprous thiocyanate (a p-type semi- 
conductor) (16-17) readily adsorbs cationic dyes when 
CNS- is the anionic ligand. In this paper, we describe our 
observations on DS CuCNS electrodes in aqueous KCNS. 

Experimental 
CuCNS photocathode is made by the following method. 

A copper plate 5 x 5 cm is anodically polished in 10% 
H2SO4. An acidic solution of KCNS (0.25 mol 1-' in KCNS, 
0.7 mol 1-' in acetic acid, solution pH -3.5) is electrolyzed 
with the copper plate as the anode. The current density is 
kept at ~2.5 mA cm -2, and the plating is continued for 
~30 rain. CuCNS deposits on the anode as a hard white 
layer firmly affixed to the copper substrate. (Unless a 
large excess of acetic acid is used, there is no risk of liber- 
ation of HCN in this process.) 

To obtain an unbroken uniform coating, it is essential 
that the surface is free from patches of grease. The addi- 
tion of 1-2 ml or propan-2-ol to 100 ml of the electrolyte 
enhances even deposition by removing grease. The dyes 
used in this investigation are mostly triarylmethane chlo- 
rides (BDH grade). CuCNS readily adsorbs these dyes 

when C1- is replaced by CNS-. The thiocyanated dyes 
(TD's) are prepared by the following method. A solution 
of the commercial  dye in alcoholic KCNS (concentration 
>2.5 tool 1-1) is boiled until most of  the alcohol is ex- 
pelled. The TD recrystalizes when the solution is cooled 
to room temperature (30~ The crystals are separated by 
filtration, washed with KCNS solution, and dried at 80~ 
CuCNS electrodes are made to adsorb the TD's by im- 
mersing them in the dye solution (0.1g per liter of water 
containing 10% ethanol, solution pH has no effect on the 
degree of adsorption) for 30 min. Rapid adsorption takes 
place, and the electrode acquires colors characteristic of 
the dyes (bluish-green, green, red for methyl violet, mala- 
chite green, and rosaniline). It is found that the best 
photoresponse is obtained when -10  ~6 molecules of the 
dye/cm 2 is adsorbed to form almost a monolayer (the 
amount  of adsorbed dye is determined by extraction of 
the absorbed dye with ethanol and colorimetric 
estimation). 

The absorption spectra of the dyes (in aqueous solution 
and adsorbed on solid CuCNS) are measured using Uni- 
camp SP 500 Series 11 spectrophotometer.  The light 
sources used in all experiments were tungsten filament 
lamps. Capacitance measurements indicate the flatband 
potential of CuCNS in aqueous KCNS is - + 0.2 vs. SCE. 

As they all perform better i n t h e  backwall mode, the 
anode used is a brass frame (same dimensions as the cath- 
ode) coated with copper sulfide. To obtain reproducible 
dark open-circuit voltages (~0), it is prepared by the fol- 
lowing procedure. The electrode is ,mmersed in dilute 
HNO3 (0.05 mot t-'), H2S is bubbled for about I0 min and 
kept in contact with the solution for 24h. 

The electrolyte is an aqueous solution of KCNS (0.1 mol 
1 -I) containing -10  -3 mol 1-1 of thiocyanogen. Thio- 
cyanogen is prepared by mixing a solution of Br~ in 
diethyl ether with excess AgCNS (18). When the etheral 
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solution of (CNS)~ is shaken, and aqueous KCNS and 
ether are allowed to evaporate, (CNS)2 passes into the 
aqueous medium. Thiocyanogen in aqueous solution un- 
dergoes partial decomposit ion and polymerization (19). 
However, in the presence of KCNS, a weak solution of 
(CNS)2 is almost completely stabilized (20) due to forma- 
tion of (CNS)2-. The presence of this ion can be easily 
demonstrated by its characteristic absorption peak at 475 
nm (21). In fact, the oxidation of CNS- by atmospheric 
oxygen always produces detectable quantities of (CNS)2- 
in aqueous solutions of KCNS. 

Unlike in other DS cells, the dye does not diffuse into 
the electrolyte, and the solubilities of TD's are suppressed 
by the CNS- ions. 

Results and Discussion 
The thiocyanates of Cu(I) and Ag show semiconduction 

at the optical absorption edge near 335 nm (see Fig. 1.) In 
the absence of sensitizers, a feeble photoresponse is seen 

C U P R O U S  T H I O C Y A N A T E  P H O T O C A T H O D E  1575 

in the UV region (the material is completely photostable 
in aqueous KCN in the presence or absence of dyes). 
When the dyes are adsorbed, the photocurrent  is en- 
hanced by a factor more than 100, and the peak of the 
spectral response shifts towards the long wavelength re- 
gion (Fig. 2, curve 3 gives the action spectrum of the cell 
in the optical region in the absence of UV component). 
The mechanism of dye sensitization is widely discussed 
in literature (4, 9-13). When these ideas are applied to the 
present system, the photoreaction occurring at the elec- 
trodes can be expressed as follows. 

Photocathode 

D + hv--* D* 

D* -* D- + hole [1] 

D + (CNS)c --> 2CNS- + D 

where D denotes a dye molecule, D* an excited dye mole- 
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Fig. 1. Curve 1: diffuse reflect- 
ance spectrum of solid CuCNS. 
Curve 2: action spectrum when the 
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cule, and D- a dye molecule that has lost one electron. 
The hole generated is transferred into the valance band. 

Anode. - -Near  the anode, CNS- ions discharge electrons 
yielding CNS free radicals, which combine with CNS- 
ions in the solution to regenerate (CNS)~- ions, i.e. 

CNS- - e--~ CNS [2] 

CNS- + CNS --> (CNS)2- 

Thus, in principle, the cell is regenerative, because of the 
presence of the redox couple CNS-/(CNSh- (22) ( -  + 0.29 
vs. SCE). 

It is interesting to note the close resemblance of the ac- 
tion spectrum of the photocurrent to the diffuse reflect- 
ance spectrum of the dye adsorbed on CuCNS (Fig. 2). 
However, this is different from the absorption spectrum 
of the dye in aqueous solution. In the former spectrum, 

the absorption peak is broader-a factor acting favorably 
on the performance of the cell. Compared to other DS 
systems, the efficiency of the cell (power produced/light 
energy incident per second) obtained from the plots of I 
vs. V and IV  vs. V (Fig. 3 and 4) is high. The highest value, 
2.8% (light source tungsten filament lamp at intensity of 
i l lumination 40 W m-Z), is obtained with methyl violet. 
The corresponding quantum yield, i.e., number  of elec- 
trons passed per second/number of incident photons per 
second in the wavelength region 450-600 nm (intensity 
distribution of the lamp is estimated using a bolometer 
coupled to a spectrometer), is -27%; other triarylmethane 
TD's give slightly lower efficiencies (Table I). The stabil- 
ity is also good and CuCNS remains completely photo- 
stable; however, the dyes photodegrade slowly, decreas- 
ing the photocurrent at a rate =0.1 /~A cm -2 h -1 (Fig. 5). 
After about 48h of operation (light intensity 40 W m-2), the 
dye degenerates, possibly because of the formation of re- 

Fig. 3. I vs. V curve for a methyl 
violet-sensitized cell. 
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Fig. 5. The time development of 
the photocurrent of a methyl violet- 
sensitized cell set near the maxi- 
mum power point (intensity of illu- 
mination ~ 40 W m-S). 

duced leuco-compounds. This is supported by the fact 
that when oxidizing agents are added, the photocathode 
regains the original color and photoresponse. The photo- 
reduction of the dyes could result from presence of the 
reaction. 

D- + H  §  + H  [3] 

reduced lecuobase 

in addition to reaction [1]. We have not  succeeded in 
finding better redox electrolytes that do not react with 
the TD's. Apart from the triarylmethanes, other classes of 
cationic dyes (e.g., rhodamines, acridines) also show good 
adsorption. Unfortunately, they also suffer from the same 
defect. 

Another interesting feature of the cell is the high open- 
circuit voltage (Voc). Most dyes give a Voc - 800 mV when 
the intensity of i l lumination is 40 W m -~ (Table I). 

Although the efficiency of the system is comparable or 
slightly better than most efficient DS cells reported in 
the literature (13), the system in the present form does not 
have any practical value. Nevertheless, our investigations 
show that if methods are found for affixing dyes into 
high bandgap materials to optimize the photoresponse, 
DS cells would turn out to be practically useful systems 
(absorption of the dye is not the only criterion determin- 
ing the performance of a DS cell, the stability of the dye 
towards repeated oxidation and reduction, the presence 
of an intense absorption band, and good electrical conduc- 
tivity are also deciding factors). The Voe of a photoelectro- 
chemical cell depends on the bandgap of the material. 
The short-circuit photocurrent (Isr is determined by the 
number  of photons converted into electron-hole pairs 
without recombinations (23). Thus, theoretically, DS cells 

Table I. Open-circuit voltage (full spectral range of a W filament lamp at 
40 W m -2) 

Dye Voc (mV) Efficiency (%) 

Methyl violet 850 2.8 
Crystal violet 830 2.6 
Malachite green 760 2.0 
Radamine B 550 --  

could have high efficiencies because Ise can be controlled 
by the use of dyes, relevant to the desired spectral region. 

Manuscript submitted Aug. 23, 1983; revised manu- 
script received Jan. 15, 1984. 
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A B S T R A C T  

C a r b o n  e l ec t rodes  are  f r e q u e n t l y  u s e d  for  e l ec t roana ly t i ca l  s t ud i e s  of ox id izab le  c o m p o u n d s .  However ,  for  m a n y  
c o m p o u n d s ,  h e t e r o g e n e o u s  c h a r g e - t r a n s f e r  ra tes  are  ve ry  s low at  c a r b o n  e lec t rodes ,  l e ad ing  to i l l -def ined v o l t a m m o -  
grams .  Asco rb i c  acid (v i t amin  C) is p e r h a p s  one  of  t he  be s t  e x a m p l e s  of  s u c h  p h e n o m e n a ,  w i t h  a p e a k  p o t e n t i a l  t h a t  is 
a p p r o x i m a t e l y  350 m V  m o r e  pos i t ive  at  m o s t  c a r b o n  sur faces  t h a n  at  m e r c u r y  e lec t rodes .  F e r r i c y a n i d e  also e x h i b i t s  
v o l t a m m e t r y  at  c a r b o n  e l ec t rodes  t h a t  is less  r e v e r s i b l e  t h a n  at  n o b l e  m e t a l  e lec t rodes .  Va r ious  e l ec t rode  sur face  t reat-  
m e n t s  h a v e  b e e n  e m p l o y e d  to acce le ra te  the  ra tes  of  a s c o r b a t e  a n d  f e r r i cyan ide  e lect rolys is .  P r e t r e a t m e n t  of  c a r b o n  
f iber  e l ec t rodes  w i th  a h i g h  c u r r e n t  dens i t y  r e su l t s  in  a s ign i f ican t  sh i f t  of  t he  v o l t a m m e t r i c  w a v e s  for b o t h  c o m p o u n d s  
to p o t e n t i a l s  w h e r e  t hey  are m o r e  easi ly  e lec t ro lyzed.  S imi la r  r e su l t s  are o b t a i n e d  w i t h  g lassy  c a r b o n  sur faces  t h a t  h a v e  
b e e n  h e a t e d  at  500~ u n d e r  r e d u c e d  p ressure .  A n  a l t e rna t e  m e t h o d  to i nc rease  r eve r s ib i l i ty  is t h e  j u d i c i o u s  use  of pol ish-  
ing  p rocedure s .  Thus ,  i t  a p p e a r s  t h a t  t he  sur face  p r o p e r t i e s  of  c a r b o n  e l ec t rodes  can  h a v e  p r o f o u n d  effects  on  the  ob- 
s e r v e d  v o l t a m m e t r y .  

C a r b o n  e l ec t rodes  are wide ly  u s e d  in  e l ec t roana ly t i ca l  
app l i c a t i ons  b e c a u s e  of  the  ve ry  low re s idua l  c u r r e n t  over  
t he  la rge  p o t e n t i a l  r a n g e  access ib le  in  a q u e o u s  so lu t ion .  
Severa l  d i f f e ren t  types  of  c a r b o n  h a v e  b e e n  emp loyed ,  in- 
c l u d i n g  wax  i m p r e g n a t e d  g r aph i t e  rods  (1), c a r b o n  pow-  
de r  b o u n d  w i t h  an  inert ,  v i s cous  l iqu id  [ ca r bon  paste ,  Refi 
(2)], g lassy  c a r b o n  (3), pyro ly t i c  g r aph i t e  (4), a n d  c a r b o n  
f ibers  (5). These  e l ec t rodes  h a v e  b e e n  u s e d  in appl ica-  
t i ons  as d ive r se  as m e a s u r i n g  d i f fus ion  coeff ic ients ,  un-  
d e r s t a n d i n g  ox ida t i on  m e c h a n i s m s  of  o rgan ic  com-  
p o u n d s ,  a n d  t race  ana lys i s  (6). 

A t  all  of  t h e s e  t ypes  of  c a r b o n  e lec t rodes ,  v e r y  few mol-  
ecu les  s h o w  d i f fus ion-con t ro l l ed  e l e c t r o c h e m i c a l  b e h a v -  
ior  in  a q u e o u s  solu t ions ,  e v e n  at  the  re la t ive ly  s low scan  
ra tes  usua l ly  e m p l o y e d  in  v o l t a m m e t r y  w i t h  c o n v e n t i o n a l  
X-Y r eco rde r s  (less t h a n  500 m V  s-l). Therefore ,  t he  
va r ious  fac tors  t h a t  con t ro l  c h a r g e - t r a n s f e r  p r o c e s s e s  at  
c a r b o n  e l ec t rodes  m u s t  b e  cons ide red .  I n  a d d i t i o n  to t he  
i n h e r e n t  e l ec t ron - t r ans fe r  r a t e s  of  t he  m o l e c u l e s  b e i n g  
cons ide red ,  it is also n e c e s s a r y  to r ecogn ize  t h a t  t he  sur-  
face of  c a r b o n  has  a r i ch  c h e m i s t r y  of  i ts  o w n  (7) t h a t  m a y  
wel l  a f fec t  t he  o b s e r v e d  e l e c t r o c h e m i s t r y  (8). Charge-  
t r a n s f e r  ra tes  at  t he  basa l  p l a n e  of  c leaved,  h i g h l y  ori- 
e n t e d  g r a p h i t e  are  i m p a i r e d  for  seve ra l  r e d o x  coup l e s  
(8-10). S ince  m i c r o s c o p i c  s i tes  of basa l  o r i e n t a t i o n  m a y  
o c c u r  on  i so t rop ic  ca rbons ,  t he  effect  of  t h e s e  s i tes  cou ld  
b e  c o n v o l u t e d  w i th  the  o b s e r v e d  e l ec t rochemis t ry .  At  car- 
b o n  pas te  e lec t rodes ,  a dec rea se  in t he  a p p a r e n t  e lectro-  
c h e m i c a l  r eve r s ib i l i ty  is o b s e r v e d  w i th  a n  i nc r ea se  in  con-  
c e n t r a t i o n  of  t h e  pa s t i ng  l iquid .  Th i s  d e c r e a s e  in  
r eve r s ib i l i t y  ha s  b e e n  a t t r i b u t e d  to a dec rease  in s i tes  for 
e l ec t ron  t r a n s f e r  at  t he  e l ec t rode  sur face  (11, 12). A n  
equa l ly  i m p o r t a n t  p a r a m e t e r  a p p e a r s  to be  the  deg ree  of  
o x i d a t i o n  of  the  c a r b o n  sur face  (13). 

In  th i s  paper ,  t he  re la t ive  ra tes  of  e l ec t ron  t r a n s f e r  at  
c a r b o n  a n d  meta l l i c  e l ec t rodes  are c o m p a r e d  for  two dif- 
f e r en t  r e d o x  sys tems .  T he  s y s t e m s  s t ud i ed  are  ferr icya-  
nide ,  a one-e lec t ron ,  o u t e r - s p h e r e  r educ t ion ,  t h a t  has  
b e e n  wel l  cha rac t e r i zed  prev ious ly ,  a n d  ascorba te ,  a two-  
e l ec t ron  ox ida t i on  t h a t  also i nvo lves  a p r o t o n  t ransfe r .  I t  
wil l  b e  s h o w n  qua l i t a t ive ly  t h a t  the  r a t e s  of  t h e s e  pro- 
cesses  are m u c h  s lower  at  m a n y  fo rms  of  c a r b o n  t h a n  at  
meta l l i c  e lec t rodes ,  b u t  t h a t  t h e s e  ra tes  c an  be  acceler-  
a t ed  b y  a va r i e ty  of  su r face  t r e a t m e n t s .  F a s t e r  ra tes  of  
e l ec t ron  t r a n s f e r  r e su l t  in  wel l -def ined  v o l t a m m e t r i c  be- 
havior .  Th i s  leads  to g rea t e r  r e so lu t i on  of  v o l t a m m e t r i c  
waves ,  a n  a d v a n t a g e o u s  f ea tu re  for  c h e m i c a l  ana lys is .  

Experimental 
Reagents.--All c h e m i c a l s  were  r e a g e n t  g r ade  a n d  u s e d  

as r ece ived  f rom c o m m e r c i a l  sources .  Asco rb i c  ac id  was  
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s t u d i e d  in  a bu f f e r  c o n t a i n i n g  c i t ra te  a n d  p h o s p h a t e  (9.2 
raM, 181.6 mM, p H  7.4). The  r e d u c t i o n  of  f e r r i cyan ide  was  
s t u d i e d  in  0.5M K2SO4 or KC1 so lu t ions  t h a t  were  a d j u s t e d  
to n e u t r a l  pH.  All so lu t ions  were  p r e p a r e d  w i t h  w a t e r  dis- 
t i l led in glass f rom a lka l ine  p e r m a n g a n a t e  a n d  were  
p u r g e d  t h o r o u g h l y  w i t h  n i t r o g e n  before  use.  

Electrodes and instrumentation.--Carbon pas te  was  
p r e p a r e d  by  t h o r o u g h l y  m i x i n g  c a r b o n  p o w d e r  (UCP-  
l-M, Ul t r a  Carbon ,  Bay  City, Mich igan)  w i t h  Nujo l  (20% 
b y  weight) .  The  e l ec t rode  was  f o r m e d  b y  p ress  f i t t ing a 
c o p p e r  rod  t h r o u g h  a Tef lon tube ,  a n d  p a c k i n g  t he  wel l  
a t  t h e  e n d  w i t h  t h e  c a r b o n  pas te .  Vapo r -depos i t ed ,  pyro-  
lyt ic g r a p h i t e - c o a t e d  d i sks  (1 m m  th ick)  also we re  ob- 
t a i n e d  f r o m  Ul t ra -Carbon .  The  d i sks  were  f a b r i c a t e d  in to  
e l ec t rodes  w i th  t he  use  of  h e a t - s h r i n k a b l e  Tef lon so t h a t  
on ly  t h e  face of  the  d i sk  was  e x p o s e d  to t he  so lu t ion .  The  
sur faces  were  no t  po l i shed .  E lec t r ica l  c o n n e c t i o n  was  
m a d e  w i t h  m e r c u r y  on  t he  i n t e r io r  of  t h e  e l ec t rode  as- 
sembly .  

E l ec t rodes  f ab r i ca t ed  f rom l o w - m o d u l u s  c a r b o n  f ibers  
(AS4-6K, Hercu les )  were  c o n s t r u c t e d  b y  i n s e r t i n g  a s ing le  
c a r b o n  t iber  in  a glass  capi l lary,  t a p e r i n g  t he  glass  
a r o u n d  t he  f iber  w i t h  a c o m m e r c i a l  p ipe t -pu l l e r  (David  
K o p f  I n s t r u m e n t s ) ,  a n d  sea l ing  t he  f iber  to t he  glass  b y  
carefu l ly  p lac ing  a d rop  of  e p o x y  at t he  e n d  of  t he  glass  so 
t h a t  i t  e n t e r e d  the  t u b e  b y  capi l la ry  act ion.  Th i s  was  d o n e  
so t h a t  the  c a r b o n  f iber  t h a t  e x t e n d s  b e y o n d  t he  glass 
was  no t  coated.  E lec t rodes  p r e p a r e d  in th i s  m a n n e r  h a v e  
t he  g e o m e t r y  of  a cy l inde r  of  m i c r o m e t e r  d i m e n s i o n s .  Be-  
cause  of  t h e i r  g e o m e t r y  a n d  ve ry  smal l  size, v o l t a m m o -  
g r a m s  e x h i b i t  a s ign i f ican t  c o n t r i b u t i o n  f rom cy l indr ica l  
d i f fus ion  effects.  

E x p e r i m e n t s  w h i c h  e m p l o y e d  carbon- f iber ,  c a rbon -  
pas te ,  a n d  pyro ly t ic  g r a p h i t e  e l ec t rodes  were  c o n d u c t e d  
in  a n  e l e c t r o c h e m i c a l  cel l  f a b r i c a t e d  f r o m  a 25 m l  beaker .  
All  e x p e r i m e n t s  e m p l o y e d  a c o m m e r c i a l  p o t e n t i o s t a t  
(Model  174A, P r i n c e t o n  A p p l i e d  R e s e a r c h  Corpora t ion) .  

P r e s s u r e  a n n e a l e d  pyro ly t ic  g r aph i t e  (PAPG) ,  a h i g h l y  
o r i en t ed  graphi te ,  was  a gift  f r om U n i o n  Carb ide .  Th i s  
ma te r i a l  is suf f ic ient ly  wel l  o r i e n t e d  t h a t  a n e w  basa l  
p l a n e  c a n  be  e x p o s e d  b y  r e m o v i n g  t he  ex i s t i ng  one  w i t h  
a d h e s i v e  tape.  Glassy  c a r b o n  (GC-20, Tokai ,  J a p a n )  was  
p o l i s h e d  success ive ly  w i th  5.0, 3.0, a n d  0.05 t~m a l u m i n a  
un t i l  a m i r r o r  f in ish  was  ob ta ined .  S h e e t s  of  t he  P A P G  
a n d  the  g lassy  c a r b o n  were  cu t  in to  2.5 • 0.8 c m  rec tan-  
gles. The  r ec t ang le s  were  u s e d  as t he  floor of  a cel l  fabri-  
ca ted  f r o m  p lex ig lass  and  t he  area  (0.0381 c m  2) of  t h e  elec- 
t rode  e x p o s e d  to the  so lu t ion  was  de f ined  by  a poly- 
e t h y l e n e  g a s k e t  b e t w e e n  the  p lex ig lass  a n d  ca rbon .  The  
u p p e r  pa r t  of  t he  cell  c o n t a i n e d  t he  aux i l i a ry  a n d  refer-  
ence  e lec t rodes .  

Results 
Reduction of Fe(CN)63- at different forms of car- 

bon.--The nega t ive ly  c h a r g e d  ion, Fe(CN)63-, is r e d u c e d  
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in an outer -sphere  mechan i sm.  Severa l  inves t iga tors  have  
s tud ied  its he t e rogeneous  e l ec t rochemis t ry  (14-21), and 
the  reac t ion  rate has been  found  to d e p e n d  on the  electro-  
lyte  composi t ion .  The  reac t ion  rate is greates t  in solut ions 
con ta in ing  po tass ium ions (17), and the  effect  of  anions  on 
the  rate is ra ther  small  (18). T h e  resul ts  p re sen ted  here  for 
the  r educ t ion  of  Fe(CN)63- have  been  obta ined  in 0.5M 
K2SO4 in order  to opt imize  the  solut ion condi t ions.  U n d e r  
these  condi t ions ,  the  peak  separa t ion  for the  ca thodic  and 
anodic  scans (hEp, a measu re  of  the  rate of  the  he teroge-  
neous  react ion)  at p l a t inum is approx ima te ly  70 m V  for 
the  cyclic v o l t a m m o g r a m s  of Fe(CN)63-. However ,  in- 
c reased  peak  separa t ions  are obse rved  at glassy carbon  
(170 mV), the  edge  plane  of  P A P G  (190 mV), and carbon  
paste  (380 mV) (Fig. 1). These  resul ts  were  ob ta ined  at 
neut ra l  pH, where  d i f ferences  be tween  p la t inum and car- 
bon  e lec t rodes  are more  p r o n o u n c e d  than  in acidic  solu- 
tions. The  greates t  peak  separat ion is ob ta ined  at the  ba- 
sal p lane  of  P A P G  (710 mV). Thus,  at all of  the  
unmod i f i ed  carbon  surfaces,  the  r educ t ion  of  Fe(CN)G 3- is 
s ignif icant ly  s lower  than  at p l a t inum wi th  the  s lowest  
rate ob ta ined  at the  basal  p lane  of  PAPG.  

Oxidation of ascorbate at carbon electrodes.--The oxi- 
da t ion  m e c h a n i s m s  of  ascorbic  acid and its opt ical  iso- 
mer,  d-araboascorbic  acid, have  been  s tud ied  ex tens ive ly  
at gold  and m e r c u r y  e lec t rodes  (22-25). At  p H  7.4 the  oxi- 
da t ion  involves  the  loss of  two  e lec t rons  and one proton.  
A l though  the  oxida t ion  is chemica l ly  i r revers ib le  (the oxi- 
dized form is rapidly  hydrated) ,  the  ox ida t ion  process  is 
no t  k ine t ica l ly  h inde red  at m e r c u r y  e lec t rodes  (Fig. 2). In  
contrast ,  the  ox ida t ion  of  ascorbate  at glassy carbon  is 
e l ec t rochemica l ly  less revers ible ,  as charac ter ized  by a 
ve ry  d rawn-ou t  ox ida t ion  wave  whose  peak  is found  ap- 
p rox ima te ly  350 m V  more  posi t ive  than  that  obse rved  on 
mercury .  At  carbon  paste, l ow-modu lus  carbon  fibers, 
and the  edge  or ienta t ion of  PAPG,  the  vo l t ammet r i c  peak  
for the  ox ida t ion  of  ascorbate  lies at s imilar  potent ia ls  as 
that  of  glassy carbon.  At  pyrolyt ic  graphi te  the  ox ida t ion  
of  ascorbate  is even  more  e lec t rochemica l ly  i rreversible .  

Effects of electrochemical treatments.--Electrochemical 
t r ea tmen t s  can be used  to improve  the  e l ec t rochemica l  re- 
vers ib i l i ty  at carbon  e lec t rodes  (9, 26, 27). For  example ,  
e lectrolysis  of  the basal  p lane  of  P A P G  causes an increase  

P latinum 
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I I I I J, f I I I , I 
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E(Vvs SCE) 
Fig. 1. Cyclic votammetry of ferricyanide at platinum, carbon paste 

(20% Nujol), glassy carbon (Tokai GC-20), and pressure-annealed pyro- 
lytic graphite (PAPG, Union Carbide). Conditions: scan rate 0.100 V s -1, 
1 mM Fe(CN)6 ~-, and 0.SM K2504 neutral solution. 

0.2 mM AA 

GC 

HcJ 

I I I I I 
O.6 0.4 0.2 O -O.2 

E(V vs Ag/AgCI) 
Fig. 2. Cyclic voltammetry of ascorbic acid (AA) at mercury and glassy 

carbon electrodes. Conditions: scan rate 0.100 V s -1, 0.2 mM AA inpH 
7.4 buffer (phosphate). 

in the degree  of  e lec t rochemica l  revers ibi l i ty  for the  re- 
duc t ion  of  Fe(CN)~ 3- (Fig. 3) and the  ox ida t ion  of  ascorbic  
acid (Fig. 4). The  electrolysis  t r ea tmen t  used  in this case 
is re la t ively mi ld  (Eapp = + 1.4V vs. SCE in ci trate buffer,  
p H  5.2, 8 mA cm -2 current  density,  20 min). B a c k g r o u n d  
scans of  the  t rea ted  e lect rodes  have  not  shown peaks  near  
0.2V, usual ly  a t t r ibuted  to qu inone  funct ional  g roups  on 
the  surface. This m e t h o d  has been  used  to fabr icate  an 
e lec t rode  surface that  is useful  as an ampe rome t r i c  l iqu id  
c h r o m a t o g r a p h y  de tec tor  (10). Ident ica l  e l ec t rochemica l  
revers ibi l i ty  is obta ined  wi th  pyrolyt ic  graphi te  disks  
after t hey  have  been  exposed  to a RF  p lasma (28), a treat- 
m e n t  that  has been  shown to shift  ascorbate  ox ida t ion  to 
that  obse rved  on the  edge orientat ion.  However ,  wi th  the  
basal  p lane  of  P A P G  or wi th  pyrolyt ic  graphite ,  these  

PAPG : Mild EC Treatment 

2 mM Fe(CN)~- ~ . ~  

I I I I I I 
0.6 0.4 0.2 0.0 -0.2 -0.4 

E(VvsSCE) 
Fig. 3. Cyclic voltammetry of ferricyanide at the basal plane of PAPG 

(curve a) fresh surface (curve b) after 1 S min electrolysis at + ! .5V. Con- 
ditions: scan rate 0.100 V s -1, 2 mM Fe(CN)6 ~-, 0.SM K~SO4, pH 3.0. 
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PAPG:  Mild EC T r e a t m e n t  

-I mM A A  

b A 

I I I I I I 
0 . 8  0 .6  0 .4  0 .2  0 . 0  - 0 .2  

E (V  vs S C E )  

Fig. 4. Cyclic voltammetry of ascorbic acid (AA) at pressure-annealed 
pyrolytic graphite (PAPG) (curve a) at the basal plane before electrolysis 
(curve b) at the basal plane after 20 min electrolysis at +1.4V, and 
(curve c) at edge-oriented PAPG. Conditions: scan rate 0.100 V s -1, ] .0 
mM AA, pH 7.4. 

mild  surface  t rea tments  are only able  to give e lec t rochem-  
ical revers ibi l i ty  that  is comparab le  to that  obse rved  at 
carbon  pas te  or the  edge  or ienta t ion of  PAPG.  Both  the  
p lasma and e lec t rochemica l  t r ea tments  on these  types  of  
carbon  give an increased  a m o u n t  of  surface roughness  
(10, 13, 29), and thus  an increased  a m o u n t  of  edge  orienta- 
t ion exposed  to the  solution. 

The  small  surface area of  carbon fibers pe rmi t s  m u c h  
greater  cur ren t  densi t ies  to be  appl ied  to these  electrodes.  
E x p o s u r e  to high cur ren t  densi t ies  (2 A/cm 2) leads to an 
increase  in surface funct ional i t ies  (30), and a decrease  in 
the  in ter ior  order  of  the  fibers (31). However ,  this  type  of 
t r ea tmen t  has been  shown to increase  the  e lec t rochemica l  
revers ib i l i ty  of  several  compounds ,  inc lud ing  the  cate- 
cho lamines  (32). The  vo l t ammet r i c  wave  for the  ox ida t ion  
of  ascorbate  is shif ted to the  potent ia l  where  it occurs  on 
m e r c u r y  e lec t rodes  (Fig. 5). This  t r ea tmen t  also causes  an 
increase  in the  e lec t rochemica l  revers ibi l i ty  for the  reduc-  
t ion of  Fe(CN)63- (Fig. 5). The change  in shape of  the 
v o l t a m m o g r a m  f rom s igmoida l  to peaked  is e i ther  a 
ref lect ion of  the  great ly a l tered microscopic  area of  the  
e lec t rode  or an increase  in the  a m o u n t  of  adsorpt ion.  

Effect of polishing procedures.--Carbon materials ,  such  
as low-modu lus  carbon fibers, the  basal  p lane  of  PAPG,  
and pyrolyt ic  graphite,  can be used  wi thou t  p repara t ion  
of  the  surface. Thus,  e l ec t rochemis t ry  at these  surfaces 
reflects the properties of the carbon that were deter- 
mined during its manufacture. In contrast, the response 
obtained at glassy carbon surfaces is highly dependent on 
the manner in which the surface is prepared (3). Most in- 
vestigators polish the surface to a mirror-like surface 
using a fine grade of alumina. A highly polished surface 
is found to have low residual current, resulting in a more 
usable electrode for analytical applications. However, sur- 
face analysis has shown that  the  pol ' ishing mater ia l  may  
be e m b e d d e d  in the  surface (33), and this may  affect  the  
e l ec t rochemica l  results.  

Previous ly ,  it has  been  shown  tha t  cer ta in  po l i sh ing  
p rocedures  can provide  more  revers ib le  e lec t rochemica l  

Fig. 5. Cyclic voltammetry of 
ascorbic acid (above) and ferricya- 
nide (below) at low-modulus car- 
bon fiber (curves a) untreated car- 
bon fiber (curves b) electrolyzed 
carbon fiber (0 - +3.0V, 70 Hz, 
20s, +1.5V 20s). Conditions: scan 
rate 0.100 V s -1, 0.2 mM AA, ! 
mM Fe(CN)63-, pH 7.4. 

CARBON FIBER 

0.2 mM AA 

J / l ~  

tO mM Fe(CN)~" 
b a 

2 I 
I I I I I I I I 

1.0 O.B 0.6 0.4 0.2 0.0 -0.2 -0.4 
E(VvsSCE)  
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behavior. For example, glassy carbon electrodes prepared 
by polishing the electrode with a-alumina (1 /~m particle 
size) exhibit  a shift in the oxidation wave for ascorbate in 
pH 7.0 buffer to the potential observed on mercury (34). 
X-ray photoelectron spectroscopic and electron micro- 
scopic examination of the surface show that this treat- 
ment  embeds the alumina on the surface. This alumina- 
coated surface is highly efficient at adsorbing organic 
species which leads to the observed increase reversibility 
of oxidation. The rate of reduction of Fe(CN)63- at glassy 
carbon electrodes can be increased by polishing with alu- 
mina using high rotation speeds [1500 rpm, Ref. (35)]. 

The effects of polishing procedures Can be minimized if 
the electrode surface is carefully cleaned before use. The 
use of ultrasonic cleaning (34) or soxhlet extraction of the 
electrode Surface have been found to be effective. For 
glassy carbon that has been hand polished with 0.05 ~m 
alumina, no change is observed in the reduction of 
Fe(CN)6 a- on freshly polished surfaces or surfaces that 
have been polished and extracted in toluene (hEp = 160 
mV at 100 mV/s scan rate, 0.5M K2SO4, pH 7.4). Electro- 
chemistry at surfaces prepared in this manner is very sim- 
ilar to that obtained at the edge orientation. Soxhlet  ex- 
traction of glassy carbon electrodes in a more active 
solvent does affect the reversibility: the use of methanol 
results in a large increase in the reversibility of Fe(CN)G 3-. 
Thus, for voltammetric studies with glassy carbon, the 
electrode has been refiuxed in toluene subsequent  to sur- 
face polishing with 0.05 ~m alumina, and this has been 
used as the control surface with which comparisons of re- 
versibility can be made with carbon surfaces treated by 
alternate means. 

Recent  investigations in our laboratory have shown that 
increased rates can be obtained at glassy carbon surfaces 
that have been polished with diamond paste and subse- 
quently soxhlet extracted with toluene. The reversibility 
of both Fe(CN)63- and ascorbate is improved over that ob- 
tained at the control electrode (Fig. 6). A large shift is seen 
for the oxidation of ascorbate, but the effect on Fe(CN)63- 
is less pronounced. Adsorption is not evidenced for the 
compounds tested. The surface gives reproducible behav- 
ior for repeated scans. 

Heat-treated carbon surfaces.--Heat-treatment of glassy 
carbon surfaces (36) or carbon fibers significantly im- 
proves the observed electrochemical reversibility. The 
carbon to be treated is heated to 500~ under 1 torr of vac- 
uum for two or more hours. As with the electrodes pol- 

ished with diamond paste, a drastic improvement  in re- 
versibility is observed. This is illustrated for the oxidation 
of ascorbate at a carbon fiber electrode in Fig. 7. 

The heat-treatment produces identical results at glassy 
carbon. The heat-treatment only involves a surface 
change since abrading the carbon surface eliminates the 
effects of heat-treatment. The effects of the heat- 
t reatment are long lasting both in solution and when ex- 
posed to the laboratory atmosphere. Surface analysis of 
heat-treated glassy carbon using x-ray photoelectron 
spectroscopy shows only a small change in the C1, region 
of the spectrum (Fig. 8). These changes presumably re- 
flect a change in oxygen binding to the surface; however, 
they are too small for quantitative information. Examina- 
tion of the surface with electron microscopy reveals no 
change in the surface morphology. 

Discussion 
The data in this paper clearly show that the degree of 

electrochemical reversibility for the compounds tested at 
carbon electrodes is highly dependent on the surface 
state of the carbon. Differences are very profound be- 
tween the edge and basal plane of PAPG. Mild electro- 
chemical treatment of the basal plane results in a surface 
that yields electrochemistry comparable to the edge ori- 
entation. Slow rates are also found at the pyrolytic disks; 
however, the rates can be accelerated by electrochemical 
or RF etching procedures. Since all of these treatments 
roughen the surface, with a corresponding increase in 
edge orientation, the data suggest that charge transfer is 
severely impaired at the basal plane, and that the pres- 
ence of sites of edge orientation is necessary for electron 
transfer to occur. The slow rate of electron transfer at the 
basal plane may have several different origins. One that 
has been proposed is that the basal surface is hydropho- 
bic, and thus wetting of the electrode by aqueous solu- 
tions is impaired (37). The edge orientaUon is formed by 
cleaving carbon-carbon bonds. If  this is done in air or 
aqueous solutions, oxygen containing functional groups 
can be formed on the surface, resulting in a more polar 
surface than the basal plane (8). 

Isotropic carbons  such as carbon paste, low-modulus 
carbon fibers, and glassy carbon all show electrochemis- 
try that is similar in degree of reversibility to that ob- 
tained at the edge orientation. With carbon paste, the in- 
terpretation of the results is complicated, since the degree 
of reversibility is affected by the pasting composit ion (12). 

J 
0 .2  mM AA / 

G L A S S Y  CARBON : Diomond Polish 

I mM Fe(CN)s 3-  

// % 

5 p A  

I I I 
0.4 0.2 0.0 

I I I ,I I 
-0.2 0.6 0.4 0.2 0.0 

E (VvsSCE) 

Fig. 6. Cyclic voltammetry of 
ascorbic acid (left) and ferricya- 
nide (right) at glassy carbon. 
Curves a: control. Curves b: after 
polishing with 1 /.tm diamond paste 
and extracting in toluene 2h. Con- 
ditions: scan rate 0,100 V s -1, 0.2 
mM AA, 1 mM Fe(CN)6 ~-, pH 7.4. 
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CARBON F I B E R  

0.2 mM A A  

I'On  

I I I I I 
0 . 6  0 . 4  0 . 2  0 . 0  - 0 . 2  

E ( V  vs S C E  ) 

Fig. 7. Oxidation of ascorbic acid at carbon fiber. Curve a: untreated 
carbon fiber. Curve b: after 4.5h heat-treatment at 540~ under reduced 
pressure, cooled in air. Conditions: scan rate 0 . i00 V s -~, 0.20 mM AA, 
pH 7.4. 

However, even with a dry paste, the rate for Fe(CN)6 ~- re- 
duction is  much slower than that observed at platinum 
electrodes (13, 35). Mild electrochemical treatments, 
which accelerate the observed rates on the basal plane of 
PAPG and on pyrolytic graphite, do not affect the rates at 
glassy carbon. Rather, it appears that the mild electro- 
chemical treatments simply alter the morphology of the 
basal plane so that electrochemical results are obtained 
which are similar to the isotropic carbons. Electrochem- 
ical rates are found to be slower on the cylindrical axis of 
high modulus carbon fibers when compared to low- 
modulus carbon fibers (data not shown). This may arise 
because high modulus fibers have a greater degree of ba- 
sal character on the cylindrical axis than the low modulus 
fibers. 

Thus, to increase electrochemical reversibility at car- 
bon, it appears that an important step is to increase the 

availability of edge orientation. However, this approach 
reaches a limit, defined by the nature of edge orientation. 
The rates observed at edge-oriented carbon are slower 
than at metal electrodes for both of the compounds 
tested, which have very different electrolysis mecha- 
nisms. As shown, other changes which favorably affect 
the electrochemistry can also be accomplished, at least 
for the compounds examined here. Heat-treatment, high 
current density, and certain polishing techniques all 
significantly increase the rates that are observed at car- 
bon electrodes. Rates at some treated surfaces approach 
those observed on metal electrodes. Polishing and the ap- 
plication of a high current density both evolve heat. Thus, 
these results may have a common origin. It is established 
that these surface treatments alter the chemical nature of 
the functional groups on the surface (31, 38). This may be 
the cause of the increased reversibility. For example, the 
removal' of carboxyl groups would be expected to en- 
hance the rate of the negatively charged compounds ex- 
amined in this study. Surface spectroscopy (Fig. 8) does 
not indicate a loss of oxygen functionalities. However, 
spectral resolution of surface oxides in this experiment is 
poor. Alteration of surface sites would certainly produce 
changes in the double layer structure. These variations 
which can affect surface hydrophobicity or the double 
layer potential could play a dominant role in the variation 
of observed rate constants at carbon surfaces. Future 
studies of the nature of the physical and chemical nature 
of the surface of these carbon materials will be required 
to understand the origin of these results. 
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Deposition and Stripping of Mercury at Gold Electrodes in Acidic 
Media 

!. Voltammetric Studies 

Lois A. Schadewald, Timothy R. Lindstrom, ~ Wedad Hussein, 2 Eric E. Evenson, 3 and Dennis C. Johnson* 

Department  of  Chemistry and Ames Laboratory - U.S. Department of  Energy, 4 Iowa State University,  Ames, Iowa 50011 

ABSTRACT 

The maximum quantity of bulk Hg(0) which can exist on the surface of a gold electrode in acidic media corresponds 
to a coverage of 0Hg~0~ = 1. Deposited Hg(0) in excess of this quantity diffuses into the Au substrate to form a bulk Au-Hg 
alloy; however, no alloy is formed until 0Hg(0~ = 1. The potential for the stripping peak of the Au-Hg alloy is positive of the 
peak potential for the stripping of bulk Hg(0) by ca. 0.4V. The diffusion rate for Hg in the Au-Hg alloy is sufficiently 
slow so that the alloyed Hg is never totally stripped under the usual condition of cyclic voltammetry.  Evidence is also 
given for the formation of Hg(I) adions during the underpotential  deposition process for which nap, = 1.6 eq mol -~. 

The underpotential  deposition and stripping (UPD and 
UPS) of the equivalent of up to a monolayer of Hg ad- 
atoms/ions at Au electrodes in acidic media has been 
studied by Sherwood and Bruckenstein (1) and 
Lindstrom (2). The apparent number  of electrons, napp, in- 
volved in the formation of the adlayer was determined 
from ring-disk experiments to be 1.8 eq mo1-1 (1). Several 
anodic peaks are observed for the UPS of the complete 
adlayer of Hg, which is consistent  with the conclusion 
that more than one surface state exists for the deposited 
Hg, even in the first single adlayer. For a very small 
quantity of UPD Hg, e. g., 0Mg < 0.1, a single, sharp, anodic 
stripping peak is obtained at a potential difference (hE) of 
approximately 0.5V with respect to the stripping peak for 
bulk Hg(0). The value ofnapp for 0Hg < 0.1 was determined 
in our laboratory by flow-injection coulometry to be 1.6 
eq mo1-1 (3), which is in reasonable agreement with the 
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value reported for the full ad layer by Sherwood and 
Bruckenstein (1). The energy of stabilization for the initial 
UPD of Hg on Au, i. e., AG~tab = -na , ,  F(AE), is estimated 
to be 18.4 kca] mo1-1 for napp = 1.6. The value ofnapp = 1.6 
corresponds approximately to a- closest-packed model  for 
the product of UPD in which Hg(I) is coadsorbed with 
Hg(0) in the ratio 1:2 (3). Accordingly, each Hg(I) is bound 
in a cluster with six Hg(0) adatoms and each Hg(0) is 
bound to three Hg(I) adions and three other Hg(0) 
adatoms. The UPD of Hg clusters having mixed oxida- 
tion states for 0Hg < 0.1 has not been proved; however, evi- 
dence for the existence of Hg(I) adions as proposed in this 
model is presented here. The UPD and UPS of Hg in the 
adlayer at low surface coverage has been the basis of 
quantitative determinations of Hg(II) at the ppb level and 
below (4-6). 

The area under the combined anodic peaks for the UPS 
of Hg at a freshly polished Au rotating-disk electrode (Au 
RDE), on which bulk Hg(0) is deposited under conditions 
of cyclic voltammetry, is observed to increase with scan 
number. Furthermore, the ratio of the integrated anodic 
and cathodic charges (QJQc) becomes constant only after 
many successive triangular potential scans; however, the 
ratio is always less than 1.0. We report here the results of a 
study of this phenomenon by cyclic vol tammetry at an 
Au RDE and an Au, coulometric, flow-through electrode. 
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Exper imenta l  
Ins t rumen ta t ion . - -The  Au ring-disk electrode (Model 

DT6: R~, R~, and R3 = 0.382, 0.399, and 0.422 cm respec- 
tively; fl~3 = 0.352; N = 0.177) and a Model MSR rotator 
were from Pine Instrument  Company, Grove City, 
Pennsylvania. The electrode was polished according to 
customary metallographic procedures using 1.0 ~m alu- 
mina on Buehler microcloth. The electrolysis cell was of a 
conventional design with a miniature calomel reference 
electrode (no. 476017), Corning Scientific Instruments,  
filled with a saturated solution of NaC1 (0.236V vs. NHE), 
and a Pt-wire counterelectrode. All potentials are given 
with respect to this reference electrode (V vs. SCE). Nitro- 
gen was dispersed through the solutions in the cell to re- 
move dissolved O2 prior to voltammetric studies, and an 
inert atmosphere was maintained over the solution dur- 
ing experimentation. The potentiostats (Models RDE-2 
and RDE-3) were from Pine Instrument  Company, and 
the X-Y recorder (Model 7035B) was from Hewlett  
Packard Instruments. The Au flow-through electrode for 
flow-injection coulometry has been described previously 
(3). All work with this electrode was performed under 
O2-free conditions within a dry box which was flushed 
with No for 24h prior to experimentation. 

Chemicals . - -Al l  chemicals were  Analytical Reagents 
from Mallinckrodt, Incorporated, or Fisher Scientific 
Company. The supporting electrolyte was 2.0M HNO3, 
1.0M H2SO4, or 0.1M HC104, Standard solutions of Hg(II) 
were prepared by slow dissolution of the triply distilled 
metal in warm nitric acid, followed by stepwise dilutions 
with supporting electrolyte. All water was triply distilled 
with demineralization after the first distillation; the sec- 
ond distillation was from an alkaline solution of KMnO4. 

Results and Discussion 
Cyclic vo l tammetry  at  the A u  RDE.--Results were virtu- 

ally identical for the three acidic solutions investigated, 
and only representative data are shown. Current-potential 
(I-E) curves obtained at the Au disk of the RRDE and 
shown in Fig. 1 are characteristic of the changes in 
voltammetric response observed for a freshly polished Au 
electrode with consecutive triangular scans of applied po- 
tential in 1.0 x 10-4M Hg(II). Bulk Hg(0) is stripped from 
the electrode on the positive sweep at 0.4V (peak A) by 
the reaction Hg(0) ~ Hg(I) + e, i.e., n = 1 (1, 2). The anodic 
current observed in the range 0.45-1.00V for the UPS cor- 
responds to stripping of Hg stabilized by interaction with 
the Au substrate to produce Hg(II), i.e., n = 2 (1, 2). The 
cumulative area of the stripping peaks in the range 
0.45-1.00V increases for successive triangular scans, 
finally becoming constant after 10-20 scans. Whereas sev- 
eral anodic peaks can be observed for UPS of the com- 
plete adlayer, i.e., 0.g ~ 1 (1-3), these peaks cannot be dis- 
cerned in comparison to the very large single peak (B) 
when bulk Hg(0) has been deposited. 

The majority of the current for peak B is tentatively 
concluded to correspond to the stripping of Hg from a 
bulk Au-Hg alloy, which is formed within the electrode 
following deposition of a large quantity of bulk Hg(0) at E 
< 0.4V. When the I-E curves obtained for the Au RDE had 
become reproducible (ca. 20 triangular scans) the elec- 
trode was electrochemically stripped of deposited mer- 
cury by application of the triangular waveform of applied 
potential for approximately 15 min in a solution of sup- 
porting electrolyte without added Hg(II). The electrode 
was then returned to the solution used for producing Fig. 
1 and successive I-E curves were recorded. The curve for 
the first scan contained peak B with an area nearly 
equivalent to the reproducible value obtained after 20 
scans in the previous experiment  which produced Fig. 1. 
If the electrode was polished after stripping in the sup- 
porting electrolyte, the area of peak B in the succeeding 
I-E curves obtained for the Hg(II) solution was again slow 
to be reestablished, as shown in Fig. 1. We conclude that a 
significant fraction of the Hg(0) deposited at E < 0.4V un- 
der these conditions diffuses into the Au electrode, per- 
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Fig. 1. I-E curves for Hg(ll) at a Au RDE in O. 1M HCI04. Conditions: 
CbHg(l~ = 1.0 X 10-4M Hg(l l ) ,  W = 3 6 0 0  rev rain -1, 4~ = 2 .0  V rain -1. 
Scan number given in figure. 

haps along grain boundaries, to form a bulk Au-Hg alloy. 
The Hg in the  alloy very near the surface of the electrode 
is quickly oxidized by the UPS process; however, the Hg 
which has diffused to a significant depth within the Au is 
not completely stripped during the time in which the po- 
tential is in the region of UPS during the positive poten- 
tial scan. Such behavior can be interpreted on the basis of 
differences in the solid-state diffusion rates of Hg for the 
deposition and stripping processes. Diffusion is the direct 
result of an activity gradient, and the gradient resulting 
from the deposition of bulk Hg(0) having an activity of  1.0 
will be significantly higher than that corresponding to 
the stripping process, where, even for a large concentra- 
tion of the Au-Hg alloy, the activity of Hg in the alloy is 
much less than 1.0. For E > 1.0V, the oxide formed on the 
Au surface might serve also as a barrier against diffusion 
of Hg from the bulk alloy to the electrode surface. When 
the oxide has been cathodically removed from the Au sur- 
face on the negative potential scan to ca. 0.7V, the elec- 
trode potential is more negative than required for com- 
plete anodic stripping of the Au-Hg alloy. Hence, a 
significant quantity of Hg can be trapped within the Au 
electrode under the voltammetric conditions typically 
used in these studies. X-ray analysis of Au electrodes pre- 
viously plated with bulk Hg(0) and then stripped at 1.6V 
confirmed the retention of Hg in Au electrodes. Those re- 
sults will be reported in the future. 

Based on the results of Fig. 1 and the general knowl- 
edge that Au is extensively amalgamated when placed in 
contact with liquid Hg(0), it was anticipated that the area 
of peak B could be varied substantially by altering the 
quantity of bulk Hg(0) deposited at E < 0.4V without 
significant change in area of peak A for stripping of bulk 
Hg(0). This was confirmed, and typical data are shown in 
Fig. 2. The triangular sweep of the electrode potential was 
interrupted on the negative scan at 0.00V for time periods 
increased by 5s intervals from 0-20s on successive trian- 
gular scans. The area of peak A, for anodic stripping of 
bulk Hg(0), did not change; only peak B increased, for 
stripping the Au-Hg alloy. For other experiments in solu- 
tions of higher concentration of Hg(II) than used for Fig. 
2, the area of peak B was several times larger than shown 
in Fig. 2 without an increase in peak A. The area of peak 
A in Fig. 2 was determined with a planimeter, based On 
the triangular approximation shown in Fig. 2, to corre- 
spond to 235 ~C for the stripping of bulk Hg(0), i.e., n = 1 
(1, 2). Using 20 ~F cruz 2 (7, 8) as the double layer capacity 
for polycrystalline Au, the roughness factor was esti- 
mated from the charging current at 0.0V vs. SCE to be ca. 
2.5 for the Au electrode polished with 1.0 fzm alumina. 
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Fur the rmore ,  based  on a pack ing  dens i ty  of  1.5 x 10 '~ at. 
cm  -~ for pure  Au, the  l imi t ing area of  peak  A is ca lcula ted  
to co r respond  to the  equ iva len t  of  0.85 a tomic  layer  of  
bu lk  Hg(0). S ince  the  t r iangular  app rox ima t ion  of  peak  A 
will  unde re s t ima te  the  t rue  area, we  conc lude  the  l imi t ing  
coverage  cor responds  to 0Hg(0) = 1. 

A sl ight  increase  in surface roughness  of  the  Au elec- 
t rode  is a resul t  of  the  depos i t ion  and s t r ipping process.  
The  area of  the  ca thodic  peak  for r educ t ion  of  the  surface 
ox ide  on the  nega t ive  scan (ca. 0.9V) is obse rved  to in- 
crease  slightly, and the  anodic  cur ren t  for fo rmat ion  of  
the  surface  oxide  is observed  also to increase  wi th  each  
success ive  scan, as shown in Fig. 2. The  increased  ca- 
thod ic  charge  for ox ide  reduc t ion  is not, however ,  as large 
as the  inc reased  anodic  charge  for E > 1.0V. We conc lude  
that  Hg which  has di f fussed into the  inter ior  of  the  Au 
dur ing  depos i t ion  of  bu lk  Hg(0) cont inues  to be  s t r ipped 
for E > 1.0V at a rate contro l led  by the  sol id-state diffu- 
s ion of  Hg. As peak  B is increased,  co r respond ing  to the  
fo rmat ion  of  larger  quant i t ies  of alloy, a greater  a m o u n t  of  
Hg remains  wi th in  the Au after the  alloy near  the  surface 
is s t r ipped and the  anodic  cur ren t  for E > 1.0V is in- 
creased.  The  gold oxide,  therefore,  is not  a total ly  effec- 
t ive barr ier  against  diffusion of  Hg from the  inter ior  of  the  
e lec t rode  to the  e lec t rode-solu t ion  interface.  

The  Au e lec t rode  was pol i shed  after obta in ing  the  data  
in Fig. 2 and re tu rned  to a solut ion of  2.0 • 10 -4 Hg(II). 
The  I-E curves  for 40 consecu t ive  t r iangular  scans of  elec- 
t rode  potent ia l  were  recorded  on a s t r ipchar t  recorder .  
The  areas cor responding  to depos i t ion  and  s t r ipping of  
bu lk  Hg(0) and the  Hg-Au alloy were  de t e rmined  by  a pla- 
n imeter ;  represen ta t ive  va lues  of  the  ratio Q,/Qr are 
p lo t ted  in Fig. 3 as a func t ion  of  scan number .  The  in- 
crease  in the  ratio after  scan 15 is bare ly  percep t ib le  in 
Fig. 3. The  average  for scans 15-40 is Qa/Qc = 0.81 wi th  a 
s tandard  devia t ion  of  0.03. The  t r iangular  potent ia l  scans 
were  cont inued ,  and the  I-E curves  r ecorded  for scans 71 
and 72, for wh ich  the  charge  ratio had the  values  0.83 and 
0.85, respect ively .  One factor  cont r ibu t ing  to the  observa-  
t ion of  va lues  of  the  charge  ratio less than  un i ty  is that  
bu lk  Hg(0) is depos i ted  wi th  n = 2, whereas  it is s t r ipped 
(peak A) with  n = 1 (1, 2). The  charge  ratio for scan 72 was 
ad jus ted  for this fact by in tegra t ing  twice  the  t r iangular  
app rox ima t ion  of  peak  A (as indica ted  in Fig. 2) in the  
compu ta t i on  of  Qa. The  ad jus ted  va lue  for QJQc is 0.91. 
Indeed ,  the  Hg depos i ted  even  for scan 72 apparen t ly  is 
not  total ly s t r ipped dur ing  the  subsequen t  posi t ive  poten-  
tial sweep,  and the  quan t i ty  of  the  Au-Hg alloy con t inues  
to increase  s lowly even after so large a n u m b e r  of  consec-  
u t ive  t r iangular  potent ia l  sweeps.  

The  format ion  of  the  Au-Hg alloy requi res  the  pr ior  
depos i t ion  of  bu lk  Hg(0) in the  equ iva len t  of  0ng(0) = 1, 
even  w h e n  the  Hg-Au alloy has been  fo rmed  on prev ious  
scans for E < 0.4V, bu t  only part ial ly s t r ipped dur ing  the  
posi t ive  scan for E > 0.4V 

Hg 2§ + Hg(0) 

Au + Hg(0) ~ Au-Hg 

This  was demons t r a t ed  w h e n  the  nega t ive  potent ia l  scan 
for the  Au  R D E  in 1.0 x 10-4M Hg(II) was in te r rup ted  for 
1.0 min  at 0.45V. The subsequen t  posi t ive  sweep  f rom 
0.45V resul ted  in an I-E eurve  with  the  vi r tual  absence  of  
peak  B, even  though  0.45V is substant ia l ly  nega t ive  of  the  
peak  potent ia l  (0.8V) for s t r ipping of  the  Au-Hg alloy. No 
bu lk  Hg(0) is depos i ted  at 0.45V, and, consequent ly ,  no al- 
loy was formed.  Clearly, the  format ion  of  the  Au-Hg alloy 
can only occur  i f  an act ivi ty  gradient  for Hg(0) exists  
wh ich  can br ing about  diffusional  mass  t ranspor t  into the  
Au substrate.  As descr ibed  above,  this diffusional  trans- 
por t  ceases w h e n  the  quan t i ty  of  bulk  Hg(0) has  de- 
c reased  to the  equ iva len t  of  0~g(o) = 1. 

Cyclic voltammetry at the Au  RDE. - - A  ca thodic  peak  
(peaks C in Fig. 1 and 2) is ob ta ined  on the  l imi t ing  cur- 
rent  p la teau  for depos i t ion  of  Hg(0) dur ing  the  nega t ive  
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Fig. 4. I-E curves for a Au coulometric electrode. Conditions: C b H g ( i D  : 
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p o t e n t i a l  s can  for  E ~ 0.3V. This  peak  c u r r e n t  is in  exces s  
of  t h e  m a s s - t r a n s p o r t - l i m i t e d  value- for  Hg(II)  a n d  is con-  
c l u d e d  t e n t a t i v e l y  to c o r r e s p o n d  to t he  r e d u c t i o n  of  Hg(I) 
a d i o n s  p r o d u c e d  on  the  A u  sur face  for E > 0.40V. 
S h i e l d i n g  a n d  col lec t ion  e x p e r i m e n t s  w i t h  t he  Au  r ing-  
d i sk  e l ec t rode  c o n f i r m e d  t he  a b s e n c e  of  any  so lub le  spe- 
cies p r o d u c e d  or c o n s u m e d  at  t he  d i sk  e l ec t rode  corre-  
s p o n d i n g  to p e a k  C (2). T he  a rea  of  p e a k  C for  s c a n  1 in  
Fig. 1 was  d e t e r m i n e d  to b e  40 ~C c m  -2, w h i c h  corre-  
s p o n d s  to an  e s t i m a t e d  sur face  coverage  of  0.17 for  Hg(I). 
Th i s  va lue  is c o m p a r e d  to t h a t  of  0.33 for t h e  c lus te r  
m o d e l  of  the  ad laye r  p r o d u c e d  b y  U P D  c o n t a i n i n g  Hg(I) 
a n d  Hg(0) in  t he  rat io  of  1:2 (3). 

Flow-injection coulometry and voltammetry.--Determi- 
n a t i o n  of  n~p, b y  f low-in jec t ion  cou lomet ry ,  as r e p o r t e d  
b y  L i n d s t r o m  and  J o h n s o n  (3), was  r e p e a t e d  w i t h  t he  ap- 
p a r a t u s  h o u s e d  c o m p l e t e l y  w i t h i n  a d r y  b o x  p u r g e d  for  
24h w i th  N~ to e l im ina t e  i n t e r f e r e n c e  b y  ca thod i c  detec-  
t ion  of  d i s so lved  O2. I n j e c t i o n s  c o n s i s t e d  of  193 ~l ali- 
q u o t s  of  2.066 • 10-5M Hg(II). T he  d e p o s i t e d  Hg was  
v o l t a m m e t r i c a l l y  s t r i p p e d  f rom t he  e l ec t rode  af te r  t he  
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Table I. Evaluation of n~pp for deposition of Hg(l l )  by flow-injection 
coulometry 

E (V) Injection no. 10~Q (C) na,, 

0.45 1 4.606 1.59 
2 4.652 1.61 
3 4.615 1.60 
4 4.791 1.66 
5 4.606 1.59 
6 4.615 1.60 

average 4.648 1.61 

0.00 1 5.631 1.95 
2 5.705 1.97 
3 5.668 1.96 
4 5,779 2.00 
5 5.834 2.02 
6 5.723 1.98 

average 5.723 1.98 

Conditions: CbHg<H) = 2.066 • 10-SM, V~ = 193 ~1. 
Carrier stream: 0.1M HCO4, v~ = 0.5 ml rain -1. 

p e a k  for  e ach  i n j ec t i on  h a d  b e e n  p r o d u c e d .  Hence ,  depo-  
s i t ion  of  b u l k  Hg(0) was  negl ig ib le ,  a n d  f o r m a t i o n  of  t he  
Au-Hg  alloy was  avoided .  Resu l t s  for  na,p are  r e p o r t e d  in 
Tab le  I for t he  ca thod i c  r eac t i ons  at  E = 0.45 a n d  0.00V. 
The  ave rages  of  s ix d e t e r m i n a t i o n s  are  n,pp = 1.61 -+ 0.01 
eq  tool  -1 at  0.45V a n d  1.98 -+ 0.02 eq mol  at  0.00V. T h e s e  
r e su l t s  a re  in  a g r e e m e n t  w i t h  the  c lu s t e r  m o d e l  for  U P D  
of  Hg  a t  E > 0.45V as p r o p o s e d  b y  L i n d s t r o m  a n d  
J o h n s o n  (2), as wel l  as the  e v i d e n c e  p r e s e n t e d  a b o v e  (Fig. 
1 a n d  2) t h a t  t he  Hg(I) a d i o n s  are  r e d u c e d  to Hg(0) at  E < 
0.3V. 

In a separate study, a 193 /~l aliquot of 1.28 • 10-4M 
Hg(II) was injected for an electrode potential of 0.50V. 
Following passage of the sample aliquot through the elec- 
trode, I-E curves were recorded for triangular potential 
scans between the limits of 0.45 and 0.O0V with the 
continuing flow of supporting electrolyte through the 
electrode. Reproducible cathodic and anodic peaks were 
obtained in the region 0.2-0.3V (Fig. 4), which did not di- 
minish in size during the repeated triangular potential 
scans. Hence, both oxidation states of Hg in the half- 
reaction involved are strongly adsorbed to the Au surface. 
The reaction is concluded to correspond to Hg(I)~ds + e = 
Hg(0)ads. On the last positive scan, the potential was al- 
lowed to increase to 1.2V; the I-E curves recorded are in- 
cluded in Fig. 4. The large anodic peaks obtained are 
from oxidative stripping of the Hg(0) adatoms and Hg(I) 
adions as Hg(II). 

It can be observed in Fig. 1 and 2 that no anodie peak is 
obtained at ca. 0.3V for the positive potential scan at the 
Au RDE. This is easily explained, since, for the condi- 
tions of Fig. 1 and 2, the Au electrode is covered with 
bulk Hg(0) when the positive potential scan reaches 0.3V 
and adsorbed Hg(I) cannot form because of the absence 
of any exposed Au metal, which is necessary for the stabi- 
lization of Hg(I) adions. 

Current-potential curves were recorded following injec- 
tions of 193/~1 a l iquo ts  of  1.28 • 10-4M Hg(II)  as a f u n c t i o n  
Of v a r i a t i o n  in  the  d e p o s i t i o n  po t en t i a l  in  t he  r a n g e  
0.9-0.3V; t he  c o r r e s p o n d i n g  c u r v e s  are s h o w n  in Fig. 5, to- 
g e t h e r  w i t h  a r e s idua l  I-E curve .  The  ca thod i c  p e a k  at  
0.2V a t t r i b u t e d  above  to the  r e d u c t i o n  of  Hg(I) a d i o n s  is 
o b s e r v e d  on ly  for Edep = 0.4 a n d  0.5V. We c o n c l u d e  t h a t  
t he  p r e s e n c e  of  Hg(I) a d i o n s  a n d  the  va l id i ty  of  t h e  c lu s t e r  
m o d e l  pe r t a i n  on ly  to reg ions  of  the  e l ec t rode  su r face  for  
w h i c h  t he  U P D  p roces s  r e su l t s  in  t he  nea r ly  c o m p l e t e  de- 
v e l o p m e n t  of  the  ad laye r  of  Hg. 

The  q u e s t i o n  r e m a i n s  u n a n s w e r e d  as to t he  n a t u r e  of  
t he  p r o d u c t  of t he  U P D  p roces s  for 0.9 > Ede, > 0,5V, for  
w h i c h  n~pp = 1.6, b u t  the  ad laye r  is no t  c o m p l e t e l y  filled. 
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A B S T R A C T  

Trans ien t  pho tocur ren t s  induced  by short  laser  pulses  at WSe2 and MoSes pho toanodes  were  s tudied  as a func t ion  of  
e lec t rode  morpho logy ,  solut ion r edox  species,  i nc iden t  laser  power  and power  density,  concen t ra t ion  of  r edox  species,  
and added  load resis tance.  Dua l  exponen t i a l  cur ren t  decay  t rans ients  were  observed  in mos t  cases, and a specula t ive  
qua l i ta t ive  m o d e l  is p roposed  to expla in  the  shape  of  the  transients .  The  pitfalls associa ted wi th  such m e a s u r e m e n t s  are 
discussed,  and sugges t ions  are m a d e  for i m p r o v e d  m e a s u r e m e n t  t echniques .  

Most  of  the  recent  research  in pho toe l ec t rochemis t ry  
has been  focused  on increas ing  the  eff ic iency and stabil- 
i ty of  cells for the  p roduc t ion  of  chemica ls  or  electr ici ty.  
Much  of  the  more  fundamen ta l  research  has been  di- 
rected at unders tand ing  the energet ics  of  the semiconduc-  
tor /e lec t ro ly te  in terface  (1-4). There  has been  re la t ively  lit- 
t le inves t iga t ion  of  the  dynamics  of  charge  t ranspor t  and 
equ i l ib ra t ion  across the semiconduc to r / e l ec t ro ly te  inter- 
face. One m e t h o d  of  s tudying  such  dynamics  wou ld  be  to 
e x a m i n e  the  currents ,  vol tages ,  and l u m i n e s c e n c e  pro- 
duced  by ul t rashor t  laser  pulses  imp ing ing  on the  inter~ 
face. Pe rone  and R icha rdson  et al. have  inves t iga ted  
pho topo ten t i a l  t ransients  at TiO~ (5) and CdS (6) elec- 
t rodes  in the  submic rosecond  t ime  d o m a i n  wi th  a 
"coulos ta t ic  flash" t echn ique .  A similar  t e c h n i q u e  was 
e m p l o y e d  by Kama t  and Fox  (7) to s tudy  na t ive  and 
chemica l ly  modif ied  TiO2 e lec t rodes  in acetoni t r i le  solu- 
tions. Fr ipp ia t  et al. (8) s tud ied  the  dye  sensi t iza t ion of  
SnOe wi th  r h o d a m i n e  B us ing  a s imilar  method .  

The  "coulos ta t ic  flash" t e c h n i q u e  involves  s tudy ing  
the  open-c i rcui t  potent ia l  change  of a s e m i c o n d u c t o r  elec- 
t rode  in response  to a short  ( -10  ns) laser  pulse  of  pho- 
tons  wi th  energies  above  the  bandgap.  Recent ly ,  Gotts-  
feld and  Fe ldbe rg  (9) have  done  a theore t ica l  analysis  of  
t he  pho topo ten t i a l  t rans ients  ob ta ined  in such  exper i -  
ments .  They  cons idered  both  surface and bu lk  re- 
combina t i on  and back  dif fus ion of carr iers  to der ive  
ma thema t i ca l  express ions  to descr ibe  the  decay  of  photo-  
potent ia l  as a func t ion  of  t ime  and per t inen t  semicon-  
duc to r  parameters .  The  decay  of  pho topo ten t i a l  may  pro- 
v ide  s o m e  informat ion  on carr ier  l i fet imes,  surface  and 
bu lk  r ecombina t i on  mechan i sms ,  the  role o f  traps, and 
sensi t izat ion by adsorbed  dyes. However ,  it p rov ides  no 
in fo rmat ion  about  ne t  e lec t ron  t ransfer  to the  solution.  
The  fact  that  the  e x p e r i m e n t  is pe r fo rmed  at open  c i rcui t  
necessi tates  that  any electron transfer  to the  solution mus t  
be  c o m p e n s a t e d  by an equa l  and oppos i te  charge  t ransfer  
to the  s emicondu c to r  in order  to main ta in  charge  neutral-  
i ty in the  e lectrode.  This  is in cont ras t  to conven t iona l  
coulosta t ics  where  the  charge  is in jec ted  into the  double  
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layers of the  work ing  and coun te re lec t rodes  before  the  
potent ia l  decay  of  the  work ing  e lec t rode  is fo l lowed at 
open circuit .  

There  have  also been  several  s tudies  of  pho tocu r r en t  
t rans ients  induced  by short  laser pulse  i l luminat ion  of a 
semiconduc tor /e lec t ro ly te  in terface  which  is at a potent ia l  
near  short  circuit. Harzion et al. (10) have  s tud ied  the  fast 
pho tocu r r en t  t ransients  in CdSe  cells wi th  a sulfide/poly- 
sulfide r edox  electrolyte.  They  have  also recen t ly  ex- 
t e n d e d  thei r  m e a s u r e m e n t s  to the  t ime  reso lved  lumines -  
cence  at the  in terface  i nduced  by  the  fast l ight  pulses  (11). 
Kawai  et al. (12) inves t iga ted  pho tocu r ren t  t rans ients  at 
the  MoSe2 e lec t rode  i m m e r s e d  in iodide  electrolytes.  
They  s tud ied  the  d e p e n d e n c e  of  the  pho tocu r ren t  tran- 
s ients  on l ight  intensi ty,  bias voltage,  and e lec t ro lyte  con- 
centrat ion,  and observed  t ransients  wi th  two cur ren t  
peaks,  wh ich  were  exp la ined  as charge carr ier  genera t ion  
in the  solid fo l lowed by e lec t ron t ransfer  across  the  inter- 
face. The  ex t r eme  stabil i ty of  the  Group  VI semicon-  
duc t ing  d ise len ide  e lec t rode  mater ia ls  in hal ide  electro- 
lytes and the high efficiencies ob ta ined  for the  
convers ion  of  sunl ight  to e lectr ic i ty  or s tored chemica l  
energy,  m a k e  them of in teres t  in var ious  energy  conver-  
s ion s chemes  (13-16). A more  detai led inves t iga t ion  of  
pho tocu r r en t  t ransients  p roduced  by short  laser  l ight  
pulses  imp ing ing  upon  these  materials  s e e m e d  worth-  
while,  and the  resul ts  of  our  s tudy are repor ted  herein.  

Experimental 
The MoSe2 and WSe2 crystals  were  g rown and m o u n t e d  

as desc r ibed  prev ious ly  (13). The dop ing  level  of  these  
crystals  is be tween  1016 and 1017 cm -3. In  the  cases w h e n  
the  van  der  Waals surfaces were  exposed  to the  solution,  
the  crystals  were  careful ly c leaved  wi th  t r ansparen t  tape 
before  m o u n t i n g  in Torr-Seal  epoxy.  F igure  1 shows  a di- 
agram of  the  expe r imen ta l  appara tus  wi th  an inser t  giv- 
ing the  detai l  of  the  e lec t rochemica l  cell. The  leads con- 
nec ted  to the  cell were  kep t  as short  as poss ible  to 
min imize  stray capac i tance  and inductance .  A p la t inum 
e lec t rode  with  an area very  large in compar i son  to the  
s e m i c o n d u c t o r  was used  to p reven t  any coun te re l ec t rode  
process  f rom control l ing the  cur ren t  flow in the  cell. The  
cell  was enc losed  wi th in  a meta l  Faraday  cage to r educe  
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Fig. 1. Configuration of experimental apparatus showing laser and 
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noise  and r e m o v e  RF in te r fe rence  genera ted  by the  flash 
lamp. 

The  s emiconduc to r  and coun te re lec t rode  leads were  
connec ted  direct ly  to the  50~Z signal  inpu t  and g round  re- 
turn  of  a Hewle t t  Packard  Model  1830A dual  channe l  ver- 
t ical  amplif ier  s i tuated wi th in  a H P  183D osci l loscope 
mainf rame.  For  the  load res is tance studies wi th  RE > 50~, 
a Tek t ron ix  Model  7704 osci l loscope was used  wi th  a 
7A18 dual  t race amplif ier  plug-in ( input  i m p e d a n c e  1 
MI2). The  l ight  source  was a f l a sh lamp-pumped  dye laser  
opera t ing  at 607 n m  ( rhodamine  6G). Shor t  l ight  pulses  
were  genera ted  wi th  a Pocke l s  cell  and had a full w id th  at 
hal f  m a x i m u m  of  5 ns (see Fig. 2C). A H P  4220 P I N  photo-  
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Fig. 2. (A) WSe2 photocurrent spectrum showing loser excitation 
wavelength. (B) MoSe2 photocurrent spectrum showing loser excitation 
wavelength. (C) Loser excitation pulse. 

diode  was used  to measure  the  pulse  energies,  wh ich  
were  var ied  by inser t ion  of  neutra l  dens i ty  filters into the  
l ight  path. The  power  dens i ty  imping ing  on the  sample  
was var ied  by us ing  a lens to focus or defocus  the  laser  
spot  onto the  s emiconduc to r  at a f ixed power.  The  size of 
the  laser  spot  on the sample  was measu red  by expos ing  
Polaro id  film at the  posi t ion where  the  crystal  was 
moun ted .  The  pho tocur ren t  t ransients  were  recorded  di- 
rect ly  f rom the  osci l loscope onto Polaro id  film. The  area 
of  the  spot  var ied  f rom 0.108 to 0.0038 cm 2, and in combi-  
na t ion  wi th  neutra l  dens i ty  filters resul ted in p o w e r  den-  
sities f rom 8 to 21,000 W/cm ~. The e lect rolytes  were  pre- 
pared  f rom reagen t  grade chemica ls  wh ich  were  used  
wi thou t  fur ther  purification. Measu remen t  of  dark cell  
res is tances  and capaci tances  were  m a d e  us ing  a Hewle t t  
Packa rd  vec tor  i m p e d a n c e  me te r  mode l  4815A or by 
Mot t -Scho t tky  t echn iques  us ing  a lock-in amplifier.  

Results 
The pho tocu r ren t  spectra  for WSez and MoSes are 

s h o w n  in Fig. 2A and 2B. S t ruc tura l  features  in t he  spec- 
tra, wh ich  are indica ted  with  arrows, reveal  the  posi t ion 
of  exc i tonic  t ransi t ions  in the  material ,  a p h e n o m e n o n  
which  was descr ibed  prev ious ly  (18). The wave l eng th  of  
the  exc i ta t ion  pulse, wi th  respec t  to the  pho to re sponse  of  
the  crystals,  is also indicated.  The  607 n m  wave l eng th  is 
wel l  above  the  bandgap  of  both  materials,  and so the  ab- 
sorp t ion  coefficient  is about  10 ~ c m - '  at this wavelength .  
The  h igh  absorp t ion  coeff icient  dictates that  the  l ight  is 
absorbed  wi th in  200 n m  of  the  semiconduc tor /e lec t ro ly te  
interface.  The  current-vol tage curves  in the  dark  and un- 
der  i l luminat ion  for var ious  crystals whose  t rans ien t  be- 
hav ior  was inves t iga ted  are shown in Fig. 3. The  s t rong 
corre la t ion be tween  the  surface  perfec t ion  of  the  crystal  
and the  dark currents ,  photocur ren ts ,  and pho tovo l t age  
ob ta ined  in a regenera t ive  photovol ta ic  cell is ev iden t  in 
the figure. This relat ion be tween  surface morpho logy  
and junc t ion  proper t ies  of the  cell  has been  d i scussed  ex- 
tens ive ly  in the  l i terature (19-21). The  edge -moun ted  crys- 
tal (Fig. 3C) and the crystal  wi th  m a n y  exposed  non-van  
der  Waals surfaces show m u c h  lower  fill factors  and 
pho tocur ren t s  than the careful ly c leaved  van der  Waals 
surfaces of  the  crystals in Fig. 3A and 3B. The  iodide/tri-  
iod ide  e lec t ro lyte  has been  demons t r a t ed  to give the  bes t  
pho to re sponse  with  this class of  s emiconduc to r s  due  to 
the  adsorp t ion  of  the  t r i iodide ion on the  surface of  the  
e lec t rode  (22) and the  favorable  r edox  potent ial .  The  
iron(II)/iron(III) r edox  sys tem was also s tud ied  a l though  
the  s teady-state  current -vol tage  behavior  is less ideal  wi th  
this r edox  system, resul t ing in a lower  l ight  to electr ical  
energy  convers ion  efficiency. 

F igure  4 shows the  t rans ient  pho tocur ren t  response  
p roduced  wi th  laser pulses  of  the  same energy  for a WSe~ 
e lec t rode  with  a smooth  van der  Waals surface in bo th  io- 
dide  and iron r edox  electrolytes.  The t ransients  are char- 
acter ized by a rapid rise fo l lowed by a decay  of  the  cur- 
ren t  which  lasts unt i l  about  1 /~s. The peak  pho tocu r r en t  
in the  iod ide  solut ion is cons iderab ly  h igher  than  in the  
iron electrolyte.  

F igure  5 shows the  pho tocu r r en t  t ransients  for samples  
wi th  a lower  degree of  surface perfec t ion  than  the  WSe~ 
sample  in Fig. 4. The sample  in Fig. 5A is the same MoSe2 
sample  as that  whose  current -vol tage  behav io r  was 
shown in Fig. 3D. Al though  the  pulse  energy  is more  than  
twice  that  of  the  WSe2 sample  in Fig. 4, the  peak  photo-  
cur ren t  is m u c h  less, and the peak  qu ick ly  decays  to a 
weake r  componen t ,  which  i tself  decays  wi th  a t imesca le  
on the  order  of  100 ns. A more  ex t r eme  e x a m p l e  of  the  
surface  s t ruc ture  control l ing the  t rans ient  is shown  in 
Fig. 5B. The  WSe2 sample  in this case was m o u n t e d  
edge-on such that  no van der  Waals surfaces were  in con- 
tact  With the  solution. The  t rans ient  pho tocu r ren t  is more  
than  ten  t imes  less than  the  co r respond ing  peak  cur ren t  
on the  wel l  c leaved surface,  even  though  the  laser  p o w e r  
was more  than  50 t imes  higher.  The  cur ren t  t rans ien t  in 
this case vi r tual ly  follows the  laser pulse  in that  the  
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F W H M  is less  t h a n  10 ns.  F i g u r e  5C s h o w s  a f r e q u e n t l y  
o b s e r v e d  b e h a v i o r  for  s h o r t - t i m e  scales  w i t h  s a m p l e s  t h a t  
h a v e  p r i m a r i l y  v a n  de r  Waals  sur faces  e x p o s e d  to t h e  so- 
lu t ion .  Th i s  b e h a v i o r  is c h a r a c t e r i z e d  by  a n  i nc r ea se  in 
t h e  p h o t o c u r r e n t  o c c u r r i n g  a b o u t  30 ns  af te r  t h e  in i t ia l  
r i s e t i m e  a n d  p r e c e d e d  b y  a sma l l  decay  or p l a t e a u  region.  
T r a n s i e n t s  o f  th i s  n a t u r e  w e r e  also o b s e r v e d  on  1YioSe~ b y  
K a w a i  et al. (12). 

F i g u r e  6 s h o w s  t he  r i s e t ime  to t he  p e a k  p h o t o r e s p o n s e  
for  WSe2 e l ec t rodes  in  b o t h  iod ide  a n d  i ron  e lec t ro ly tes .  
T h e  r i s e t i m e  is d e p e n d e n t  on  b o t h  t he  lase r  p o w e r  a n d  
t h e  l a se r  p o w e r  dens i t y  in  a c o m p l e x  fash ion .  At  low la se r  
p o w e r  dens i t i es ,  t he  r i s e t imes  are  s h o r t e r  t h a n  at  t he  
h i g h e r  p o w e r  dens i t ies .  T he  r i s e t imes  t e n d  to b e  c o n s t a n t  
a t  a b o u t  50 n s  for  t h e  i n t e r m e d i a t e  p o w e r  d e n s i t i e s  wh i l e  
for  t h e  h i g h e r  p o w e r  dens i t ies ,  a n  in i t ia l  i nc r ea se  fo l lowed  
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Fig. 4. Photocurrent transients for sample with high fill factor and high 

efficiency (WSe2 S0-4). Incident pulse energy 80.3 nJ (750 nJ cm-Z). (A) 
5.0M KI/IO-~M I~. (B) 0.5/91 Fe2+/O.OSM Fe 3+. 

b y  a d e c r e a s e  in  t he  r i s e t i m e  is o b s e r v e d  for  t h e  i od ide  
so lu t ions .  T h e  r i s e t imes  a lways  dec rea se  w i t h  i n c r e a s i n g  
lase r  p o w e r  for  t he  i ron  so lu t ions .  

F i g u r e  7 s h o w s  t h e  n a t u r a l  l o g a r i t h m  of  t h e  n o r m a l i z e d  
p e a k  p h o t o c u r r e n t  for a typ ica l  t r a n s i e n t  o b t a i n e d  w i t h  a 
WSe2 s a m p l e  in b o t h  iod ide  a n d  i ron(II) / i ron(III)  e lec t ro-  
lytes .  F o r  all t r ans i en t s ,  t h i s  ana lys i s  revea l s  two l i nea r  
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Fig. 5. (A) Photocurrent transient for sample with low efficiency 
(MoSe2 2). Incident pulse energy 179 nJ 5.OM KI/IO-2M 12. (B) 
Photocurrent transients for edge-mounted sample WSe2 50-1. (Illumina- 
tion 1 to C-axis). Incident pulse energy 4300 nJ 5.OM KI/IO-2M I~. (C) 
Photocurrent transient of sample with visible steps on surface (WSe2 
50-3). Incident pulse energy 4300 nJ 5.OM KI/IO-2M 12. 
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s e g m e n t s  w i th  a t r ans i t i on  occu r r i ng  at  a b o u t  400-600 ns. 
A t  low lase r  p o w e r  dens i t i e s  in  iodide  so lu t ions ,  t he  t ran-  
s i t ion  c o m e s  at s l ight ly  less  t h a n  400 ns.  Less  t h a n  idea l  
c rys ta l  su r faces  y ie lded  ve ry  fas t  decays  pos s ib ly  l imi t ed  
by  t he  RC t ime  c o n s t a n t  of  t he  cell. These  fas t  t r a n s i e n t s  
cou ld  no t  be  ana lyzed  u s i n g  a dua l  e x p o n e n t i a l  fit. 

The  decay  t i m e s  for  WSe2 s a m p l e  50~4, w h i c h  fo l lowed 
t he  dua l  e x p o n e n t i a l  d i s c u s s e d  above ,  we re  ana lyzed  b y  
f i t t ing t he  t r a n s i e n t s  to a f u n c t i o n  of  the  fo rm 

I = A[exp(-t/r])] + B[exp(-t/~2)] [1] 

r, is th i s  expres s ion ,  w h i c h  c o r r e s p o n d s  to the  first de- 
cay, was  f o u n d  to be  a p p r o x i m a t e l y  c o n s t a n t  a t  a b o u t  120 

-+ 25 ns  i n d e p e n d e n t  of  pu l se  energy,  e n e r g y  dens i ty ,  or 
r e d o x  couple.  However ,  a t  low p o w e r  a n d  p o w e r  dens i t i e s  
in  t he  iod ide  e lectrolyte ,  a s ign i f ican t  dec rea se  in Zl was  
n o t e d  as a va lue  b e t w e e n  40 a n d  80 ns. A s y s t e m a t i c  t r e n d  
in  t he  T2 va lues  was  obse rved ,  as is s h o w n  in  Fig. 8, Th i s  
s e c o n d  decay  t ime  i n c r e a s e d  w i t h  i n c r e a s i n g  laser  p o w e r  
a n d  laser  p o w e r  dens i ty ,  a n d  s ign i f ican t ly  l o n g e r  decay  
t i m e s  were  m e a s u r e d  in  t h e  i ron  e lec t ro ly tes .  

F i g u r e  9 s h o w s  t h e  d e p e n d e n c e  of  t he  p e a k  p h o t o -  
c u r r e n t  on  t h e  i n c i d e n t  pu l se  e n e r g y  a t  four  d i f f e ren t  
p o w e r  dens i t i e s  for  t h e  iod ide  a n d  i ron  e lec t ro ly tes ,  re- 
spec t ive ly .  In  b o t h  cases,  t he  p h o t o c u r r e n t  s a t u r a t e s  at  
pu lse  ene rg i e s  a b o v e  100 n J,  a l t h o u g h  t he  p e a k  c u r r e n t  is 
h i g h e r  in  t h e  iod ide  so lu t ion .  I t  is also a p p a r e n t  f rom the  
f igures  tha t ,  for a g iven  pu l se  energy,  t he  p e a k  is h i g h e r  
for  t he  t r a n s i e n t s  w i th  t he  l ower  e n e r g y  or p o w e r  dens i ty .  
I t  s h o u l d  be  r e e m p h a s i z e d  t h a t  the  p o w e r  dens i t i e s  are 
m a n y  t i m e s  t he  p o w e r  d e n s i t y  of solar  p h o t o n s  ( - 1 0 0  
mW/cm2), 

The  q u a n t u m  yie lds  for c h a r g e  t r ans f e r  c an  be  o b t a i n e d  
f r o m  the  i n t e g r a t i o n  of  t h e  p h o t o c u r r e n t  t i m e  t r ans i en t s ,  
to o b t a i n  t he  cha rge  w h i c h  has  p a s s e d  t h r o u g h  the  in ter -  
face, a n d  d iv id ing  it  b y  t he  n u m b e r  of  i n c i d e n t  p h o t o n s .  
F i g u r e  10 shows  t h a t  t he  q u a n t u m  yie lds  r ap id ly  d i m i n i s h  
w i t h  i n c r e a s i n g l y  pu l se  energy .  The  l a rges t  q u a n t u m  
yields,  w h i c h  are o b s e r v e d  at t he  l owes t  p o w e r  dens i t ies ,  
are  st i l l  wel l  be low the  q u a n t u m  yie lds  w h i c h  are  mea-  
s u r e d  at  e v e n  lower  in t ens i t i e s  w i t h  e i t h e r  c h o p p e d  or CW 
r a d i a t i o n  [see Fig. 2 a n d  Ref. (18)]. 

The  q u a n t u m  yie ld  for  e l ec t ron  t r a n s f e r  was  also mea-  
s u r e d  as a f u n c t i o n  of  t he  c o n c e n t r a t i o n  of t r i iod ide  in  t he  
e lec t ro ly te .  Tr i iod ide  c o n c e n t r a t i o n  was va r i ed  b e c a u s e  it  
can  be  e i t he r  ox id ized  to iodine,  or r e d u c e d  to iodide,  
e n a b l i n g  t he  c o u n t e r e l e c t r o d e  r eac t i on  to p roceed .  F i g u r e  
11 s h o w s  t he  r e su l t s  of  th i s  e x p e r i m e n t .  The  q u a n t u m  
yie ld  is i n c r e a s e d  by  a fac to r  of  a l m o s t  two b y  c h a n g i n g  
t he  I-  c o n c e n t r a t i o n  f rom 3 > 10 -5 to 10-~M. T h e  so lu t ion  
was  m a i n t a i n e d  a t  a c o n s t a n t  ionic  s t r e n g t h  of  3.16 b y  
a d d i n g  KC1 to t he  so lu t ion .  The  ionic  s t r e n g t h  was  ma in -  
t a i n e d  at  th i s  h i g h  level  to  a s su re  t h a t  t he  so lu t ion  resis t -  
a n c e  was  k e p t  re la t ive ly  low a n d  c o n s t a n t  a n d  t h a t  no  ion  
m i g r a t i o n  effects  were  con t ro l l i ng  t he  r e s p o n s e  of  t he  sys- 
t em.  I t  is u n k n o w n  exac t ly  w h a t  the  r e s idua l  q u a n t u m  
yie ld  is due  to at  low iod ide  concen t r a t i on ,  b u t  ch lo r ide  
o x i d a t i o n  ha s  b e e n  s h o w n  to occu r  on  t h e s e  e l ec t rodes  
(16). 

The  t i m e  reso lved  p h o t o c u r r e n t s  we re  also s t u d i e d  as a 
f u n c t i o n  of  a d d e d  load  res i s tance .  Th i s  t ype  of  s t u d y  was  
also d o n e  b y  Harz ion  et al. (10). The  load  r e s i s t a n c e  was  
c o n n e c t e d  d i rec t ly  b e t w e e n  t h e  s e m i c o n d u c t o r  a n d  coun-  
t e re lec t rode .  The  overa l l  l oad  r e s i s t ance  was  ca l cu l a t ed  
f r o m  the  para l le l  c o m b i n a t i o n  of  t he  a d d e d  load  resis t -  
a n c e  a n d  t he  50 ~ i n p u t  i m p e d a n c e  of  t h e  osc i l loscope.  
For  t h i s  s tudy,  t he  t r a n s i e n t  was  fit to  the  b e s t  s ingle  ex- 
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Fig. 10. (A) Quantum yield of charge transfer as a function of incident 
pulse energy for WSe~ 50-4 in 5.0M KI/10-~M Is. (B) Quantum yield of 
charge transfer as a function of incident pulse energy for WSe2 50-4 in 
0.5M Fe~§ Fe 3§ The symbols are the same as Fig. 8. 

ponent ia l  decay  (r). F igure  12B shows the  decay  t ime  con- 
s tant  (7) p lo t ted  against  the  overal l  load res is tance  for the  
cell  in the  low res is tance region.  A l inear  behav io r  is ob- 
se rved  m u c h  l ike that  r epor ted  by  the  Israeli  g roup  for 
C d S e  (10). 

F igure  12A shows the  inf luence  on the  decay  t ime  (7) of  
adding  substant ia l  res is tance to the cell  and us ing  a h igh  
i m p e d e n c e  scope input.  In  this  case, the  decay  t imes  can 
be  as long as a mi l l i second  for a load res is tance  of  1 M~.  
The h igh  res is tance m e a s u r e m e n t s  approach  the  open-  
c i rcui t  expe r imen t s  of  the  type  repor ted  by Pe rone  et al. 
(5, 6) and Kama t  and Fox  (7). F igure  13 shows the  effect  
that  increas ing  the  load res is tance has on the  q u a n t u m  
yield for e lec t ron  flow. At  low resis tances,  the  q u a n t u m  
yield remains  cons tan t  bu t  begins  to d imin i sh  at resist- 
ances  above  about  5 kt~. This  curve  is exact ly  ana logous  
to the  load curve  of  a photovol ta ic  cell  in that  it prog- 
resses f rom a h igh  q u a n t u m  yield at short  c i rcui t  (at zero 
load) to v i r tua l ly  no pho tocu r ren t  at very  h igh  loads (near 
the  open-c i rcui t  potential).  

Discussion 
It  will  be  helpful  to es tabl ish  some  bounda ry  condi t ions  

wh ich  m a y  be  control l ing the  t rans ient  cur rents  in these  
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Fig. 9. (A) Peak photocurrent response as o function of incident pulse 

energy for WSe2 50-4 in 5.0M KI/10-2M 12. (B) Peak photocurrent re- 
sponse as a function of incident pulse energy for WSe2 in 0.5M 
FeS§ Fe 3§ The symbols are the same as Fig. 8. 
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systems. The diffusion of electroactive species to the elec- 
trode surface can be shown to be unimportant  to the 
shape of the current transient in several ways. First, the 
t ime decay of the photocurrent  does not follow a t - '2 de- 
cay which would be expected for the case of semi-infi- 
nite linear diffusion of the electroactive species to the in- 
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Fig. 13. Quantum yield of charge transfer as a function of log load re- 
sistance RL, MoSe233-2 in 5.0M KI /10-2M 12, and incident pulse energy 
227 nJ. 

terface. The decay also does not follow a t -2/3 dependence 
as was observed over limited t ime scales for TiO2 and 
CdS under open-circuit conditions (5, 6). Other workers 
have reported complex shapes of photopotential decays 
under open-circuit conditions (11). 

Secondly,  al though the quan tum yield is influenced 
by the concentrat ion of redox species in the electrolyte, 
the biexponent ia l  nature of the transients is not. Fur- 
thermore,  the quantum yield is not a linear function of 
concentrat ion of redox species. Thirdly, a calculation of 
the diffusion length of iodide or iron(II) during the dura- 
tion of the laser pulse (5 ns) reveals that only in the case 
of the 0.SM iron(II) solution at the smallest  spot size 
(highest power density) does the number  of photons in 
the pulse approach the number  of redox atoms within 
the diffusion length of  the electrode on this timescale. 
Triiodide can also be adsorbed on the surface, and, thus, 
there will be no need for these molecules  to diffuse to 
the surface. The result  is that despite the high power 
laser pulses the shortness of the light pulse renders the 
total charge injected into the semiconductor  insuf- 
ficient to induce concentrat ion polarization. 

A second quest ion is whether  the RC tilne constant of 
the cell is l imiting the current  flow in the system as a re- 
sult of the inherent  resistance in the semiconductor  and 
electrolyte and the capacitance associated with the sem- 
iconductor  space charge layer, Helmho]tz layer, and as- 
sociated electronic components .  Our data support  the 
point of  view that  processes other than the cell resist- 
ance and capacitance also influence the temporal  cur- 
rent  flow in the system. The cell RC constant  can be 
measured independent ly  by measuring both the total re- 
sistance of the cell [5.5~ for WSe2 (sample 50-4) and 6.1~ 
for MoSe2 (sample 33-2)] and the total cell capacitance (7 
nF for WSe2 and 11 nF for MoSe2), and results in 
calculated cell t ime constants of from 35 to 75 ns. The 
t ime scale in which we are making measurements  are, 
with the except ion of the fastest risetimes, much  longer 
than this. Furthermore,  semiconductor  samples with 
many surface imperfect ions show decays which are 
much  shorter than samples with more perfect  surfaces, 
even though the resistivity of the samples are nearly 
identical  and the capacitance associated with the imper- 
fect surfaces is much larger. In summary,  we believe 
that, a l though the RC components  of  the cell and mea- 
surement  electronics have some influence on the decay 
transient, information about other effects, including 
charge transfer and recombination,  is also contained in 
the transient. 

Lateral  minori ty carrier t ransport  can be shown to be 
unimportant ,  even for small spot sizes, from the mea- 
sured diffusion length of minori ty  carriers in these crys- 
tals (23). The max imum minori ty carrier diffusion length 
(L,) measured in these materials is around 3 ~m, negligi- 
ble compared to the 350~ radius of the smallest  spot. An 
anisotr0py factor of 10 to 20, due to the fact that L, was 
measured perpendicular  to the layers, would only in- 
crease the effective radius of the charge transfer area 
8-17%. However,  the saturation of  recombinat ion  cen- 
ters, by the large hole flux, could increase the effective 
diffusion length. Since such effects are unknown in 
these samples, they were neglected. Majority carriers, 
which have much higher  mobili t ies (23), were assumed 
to be quickly separated by the space charge and re- 
moved into the bulk of the crystal. 

The risetime to the peak photocurrent  shown in Fig. 6 
for WSe2 in iodide and iron electrolytes can be as fast as 
5 ns. No explanat ion is offered for the dependence  of the 
r iset ime on laser pulse energy or energy density. Intui- 
tively, one might  expect  that a smaller i l luminated area 
would produce a transient current  with a faster rise due 
to the lower capacitance associated with the smaller 
port ion of  the photoanode through which current  flows. 
The data, on the other hand, show a t rend opposite  to 
this expectat ion.  Because of the unusual  behavior  of the 
r iset imes (MoSe2 in iodide/tri iodide electrolytes behaves 
similarly to WSe2 in this electrolyte), most  of the discus- 
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s ion in this  paper  wil l  be  c o n c e r n e d  wi th  the  decay  
t rans ien t s .  

The  d o u b l e  h u m p  in t he  p h o t o c u r r e n t  decay  s h o w n  in 
Fig. 5C was  also o b s e r v e d  by  p r ev ious  worke r s  (12). 
These  worke r s  a t t r ibu ted  the  two peaks  to e l ec t ron  hole  
sepa ra t ion  fo l lowed  by charge  t ransfer .  We t h i n k  this  is 
un l i ke ly  because  e l ec t ron  ho le  separa t ion  occurs  on a 
p i c o s e c o n d  t i m e  scale, m u c h  fas ter  t h a n  any of  t he  mea-  
s u r e m e n t s  r e p o r t e d  here.  A s imple  ca lcu la t ion  of  the  
t rans i t  t i m e  for e lec t rons  across  a d i s t ance  equa l  to the  
w i d t h  of  t he  d e p l e t i o n  layer,  w i t h o u t  field ass i s tance  
bu t  ba sed  on ly  on the  m e a s u r e d  mob i l i t y  of  e l ec t rons  in 
t he se  crystals ,  y ie lds  a va lue  of  abou t  30 ps. F e l d b e r g  
and  Got t e s fe ld  (9) also ar r ive  at the  conc lu s ion  tha t  elec-  
t ron  ho le  separa t ion  canno t  be  d i rec t ly  o b s e r v e d  on the  
t i m e  scale  of  our  expe r imen t s .  

A poss ib le  e x p l a n a t i o n  o f  the  e f fec t  is tha t  und is -  
soc ia ted  exc i tons  can be  d i s soc ia ted  by the  r e tu rn  of  the  
space  cha rge  field, w h i c h  was  t e m p o r a r i l y  e l im ina t ed  
by  the  la rge  c o n c e n t r a t i o n  of  e l ec t ron  ho le  pai rs  c r ea t ed  
by  t h e  i n t ense  laser  pulse .  R e c e n t  e x p e r i m e n t s  on  WS2 
crys ta ls  w h e r e  the  exc i t a t i on  e n e r g y  was  t u n e d  f rom be- 
low the  first exc i ton ic  t r ans i t ion  to above  the  e x c i t o n  
e n e r g y  s h o w e d  no d i f fe rence  in the  shape  of  t he  tran- 
s ients  w i th  e n e r g y  (24). The  resu l t  of  this  e x p e r i m e n t  
m a k e s  exc i ton i c  effects  un l ike ly  as an e x p l a n a t i o n  for 
the  d o u b l e  hump.  B a c k  d i f fus ion  of  ma jo r i ty  carr iers ,  
due  to the  f la t tening of  t he  bands  at the  surface,  m a y  
also be  an  exp l ana t i on  for the  doub le  h u m p .  These  ef- 
fects  h a v e  b e e n  c o n s i d e r e d  for p h o t o v o l t a g e  t r ans ien t s  
(9) bu t  shou ld  be  less s igni f icant  w h e n  a c o n d u c t i o n  
pa th  is ava i lab le  for the  separa t ion  of  the  charges .  

A r ecen t  theore t i ca l  m o d e l  based  on the  i n t e r ac t ion  of  
the  capac i t a t ive  and res is t ive  e l e m e n t s  in the  cel l  pre- 
dicts  that ,  u n d e r  s o m e  condi t ions ,  a reversa l  of  t he  cur- 
ren t  can  be  seen  after  the  l ight  pu l se  (25). P r e l i m i n a r y  
e x p e r i m e n t s  at an I n P  e l ec t rode  have  ac tua l ly  r evea l ed  
such  an e f fec t  (24). The  sugges t i on  is tha t  the  d ip  be- 
t w e e n  the  two  h u m p s  m a y  be  caused  by  a smal l  t e m p o -  
rary  r e in j ec t ion  of  holes  back  into the  s e m i c o n d u c t o r .  
The  back  in jec t ion  of  holes  cou ld  be  the  resu l t  of  a sur- 
face s ta te  w h i c h  fills w h e n  the  F e r m i  l eve l  is d r iven  
pas t  t he  s ta te  by  the  large  inf lux  of  p h o t o g e n e r a t e d  car- 
riers.  When  the  F e r m i  leve l  r e l axes  back  to the  or ig ina l  
e n e r g y  pos i t ion ,  s o m e  of  t he  p h o t o - o x i d i z e d  t r i i od ide  at 
the  sur face  wil l  be  r e d u c e d  by  the  e lec t rons  in  t he  sur-  
face states,  caus ing  a t e m p o r a r y  dip in t he  t r ans i en t  
r e sponse .  

A large  p h o t o n  f lux is l ike ly  to cause  the  m o v e m e n t  of  
t he  b a n d e d g e s  of  the  s e m i c o n d u c t o r .  E v e n  m u c h  
sma l l e r  l eve ls  o f  i l l umina t ion  have  been  s h o w n  to cause  
the  m o v e m e n t  of  t he  s e m i c o n d u c t o r  bands  wi th  r e spec t  
to the  so lu t ion  levels  (26). The  m o v e m e n t  of  t he  bands  
w o u l d  be  e x p e c t e d  to h a v e  a d ramat i c  ef fec t  on the  elec-  
t ron  or  ho le  t r ans fe r  rate  f r o m  the  s e m i c o n d u c t o r  to the  
solut ion.  We p ropose  tha t  the  dual  e x p o n e n t i a l  o b s e r v e d  
for  the  decay  of  the  p h o t o c u r r e n t  is the  resu l t  of  band  
m o v e m e n t .  The  ini t ial  fast  decay  can be  a t t r i bu t ed  to the  
r e l axa t i on  o f  t he  b a n d e d g e s  b a c k  to the i r  or ig ina l  e n e r g y  
pos i t ion  wh i l e  t he  s lower  decay  is due  to t he  k ine t i c  l im- 
i ta t ions  of  ho le  t r ans fe r  to t he  so lu t ion  f rom long- l ived  
t raps  nea r  t he  v a l e n c e  band.  Long- l ived  t raps  w e r e  pos-  
tu l a t ed  (by p r ev ious  workers )  to exp l a in  the  long  
p h o t o v o l t a g e  decay  t r ans ien t s  las t ing  20 ms  (5-7). An- 
o the r  e x p l a n a t i o n  g iven  in Ref.  (9 and 11) for long  
p h o t o v o l t a g e  t rans ien t s  is t he  back-d i f fus ion  fo l lowing  
cha rge  s epa ra t i on  of  ma jo r i t y  carr iers  to the  sur face  to 
r e c o m b i n e  wi th  t he  m i n o r i t y  carr iers  or  ox id i zed  solu-  
t ion  species .  

The  low q u a n t u m  yie lds  observed ,  re la t ive  to t he  
s teady-s ta te  q u a n t u m  yields,  ind ica te  tha t  t he  d o m i n a n t  
p rocess  in all cases  is r e combina t i on .  H igh  r e c o m b i n a -  
t ion  ra tes  are  no t  su rpr i s ing  due  to t he  large  concen t ra -  
t ions  o f  e l ec t rons  and  ho les  p r o d u c e d  by the  i n t ense  
laser  pulse.  R e c o m b i n a t i o n  rates  are  d o m i n a n t  for 
s amp le s  wi th  only  edge  si tes  e x p o s e d  to the  so lu t ion  

(Fig. 3C and  5B), and resu l t  in only  smal l  t r ans i en t  cur- 
ren ts  and  q u a n t u m  yields.  B a n d  m o v e m e n t  is no t  impor -  
t an t  in th is  case  d u e  to t he  large  c o n c e n t r a t i o n  o f  su r face  
s ta tes  w h i c h  e f fec t ive ly  p in  the  F e r m i  level .  S imi l a r  re- 
sul ts  are  also seen  for ano the r  sample  w h o s e  van  der  
Waals sur face  has  a large  c o n c e n t r a t i o n  of  edge  si tes  
(Fig. 3D and  5A). 

The  d i f f e rence  in the  b e h a v i o r  of  the  two r e d o x  elec-  
t ro ly tes  e m p l o y e d  in this  s tudy  can  be  u n d e r s t o o d  f rom 
the  d i f fe rences  in t h e  e l ec t ron  t rans fe r  rate  cons t an t s  be- 
t w e e n  the  two coup les  and  also to the  d i f fe ren t  band  
b e n d i n g  in the  s emiconduc to r .  The  fas ter  e l ec t ron  t rans-  
fer  rate  for the  iod ide  couple ,  a long  wi th  the  fact  tha t  
t he re  is adso rp t ion  at h igh  t r i iod ide  c o n c e n t r a t i o n s  (22), 
resul t s  in a h ighe r  peak  cu r r en t  for th is  s y s t e m  and  a 
f a s t e r  decay  for the  s econd  c o m p o n e n t .  The  longe r - l i ved  
�9 2 c o m p o n e n t  of  the  t r ans i en t s  in i ron so lu t ions  c o m p e n -  
sates for the  h ighe r  peak  cu r ren t s  in the  i od ide  case, 
w h i c h  resu l t s  in s imi lar  q u a n t u m  yie lds  for the  two  sys- 
t ems .  H o w e v e r ,  at  ve ry  h i g h  p o w e r  dens i t ies ,  t he  quan-  
t u m  y ie lds  in iod ide  are  s igni f icant ly  h igher ,  sugges t i ng  
tha t  the  a d s o r b e d  cha rge  m a y  he lp  sus ta in  m o r e  cha rge  
t rans fe r  u n d e r  these  condi t ions .  T2 is also a func t i on  of  
the  t r i iod ide  concen t r a t i on  in the  e lec t ro ly te ,  w h e r e a s  rl 
is v i r tua l ly  i n d e p e n d e n t  of  the  dono r  concen t r a t ion ,  r2 
inc reases  f rom abou t  700 ns at t r i iod ide  c o n c e n t r a t i o n s  
of  3 x 10-~M to ove r  1000 ns at concen t r a t i ons  of  0.1M. 
The  s igmoida l  shape  of  q u a n t u m  yie ld  as a f u n c t i o n  of  
c o n c e n t r a t i o n  para l le ls  t he  " i s o t h e r m "  for t he  adsorp-  
t ion  of  t r i iod ide  on  a WSe~ e lec t rode ,  r e cen t l y  m e a s u r e d  
by  c h r o n o c o u l o m e t r y  (22). The  adso rp t i on  m a x i m u m  
was  r e a c h e d  at a c o n c e n t r a t i o n  of  0.1M as d e t e r m i n e d  by  
this  e l e c t r o c h e m i c a l  t e c h n i q u e  w h i c h  d i rec t ly  m e a s u r e s  
the  sur face  excess  of  an e l ec t roac t ive  species .  The  quan-  
t u m  yie ld  also r eaches  a m a x i m u m  near  this  concen t ra -  
t ion.  

The  d i f fe rences  in the  band  b e n d i n g  in the  semicon-  
d u c t o r  in e i ther  of  the  r e d o x  e lec t ro ly tes  is e x p e c t e d  to 
be  w i th in  severa l  h u n d r e d  mil l ivol ts .  The  236 m V  differ-  
ence  in the  s t andard  r e d o x  po ten t ia l s  (E ~ for the  two 
sys t ems  (0.771 for Fe(II) /Fe(III)  and  0.535 for I-/I3-) is 
m o r e  t h a n  c o m p e n s a t e d  by  the  shif t  in f la tband  poten-  
t ia l  c aused  by  the  adso rp t ion  of  I3- (22). F l a t b a n d  shif ts  
o f  up  to 500 m V  were  o b s e r v e d  on 1V~oSe2 e l ec t rodes  re- 
suiting from the addition of I3- to I- solutions. Regenera- 
tive cells with MoSe2 photoanodes show open-circuit 
photovoltages which at high light intensities are several 
hundred millivolts higher for the iodide electrolytes 
than the iron electrolytes (27). At low intensities, the 
photovoltage for the iron system was greater by 150 mV 
(27). Power conversion efficiencies and fill factors, 
both of which are strongly influenced by the kinetics of 
interfacial charge transfer, are much smaller in the cells 
with the iron redox systems due mainly to the slower 
charge transfer rate constant for this system. The band 
bending in the semiconductor may influence the mea- 
sured peak photocurrents and quantum yields, but we 
believe the interfacial charge transfer is also very 
important. 

In summary, the entire decay transient is described as 
follows and depicted schematically in Fig. 14. The initial 
light pulse creates a large number of carriers which 
drives up the Fermi level and flattens the bands (Fig. 
14B). In this process, the Fermi level passes a surface 
state near the conduction band, resulting in a small 
flow of electrons into this state and producing a dip in 
the anodic photocurrent at between 20 and 40 ns. The 
charge accumulated on the surface state causes the 
bands to move (Fig. 14C). After about 60 ns (depending 
on the laser power and power density), recombination 
and charge transport have removed enough carriers to 
permit the bands to move back towards the equilibrium 
position, removing the electrons from the surface level 
and accounting for the temporary increase in anodic 
current. The discharging of the surface state continues 
for the duration of the first transient, allowing the 
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the small signal-to-noise ratio at the very low laser inten- 
sities necessitates the use of signal averaging techniques. 

h~ 

B 

C D 
Fig. 14. Band diagram showing the position of the semiconductor 

bands in response to the light pulse. A full description appears in the 
text. 

bands to return to their initial position (Fig. 14A). The 
holes in the long-lived (up to 1000 ns) traps then transfer 
to the electrolyte. The latter charge transfer is sensitive 
to such variables as electron transfer rate and solution 
donor concentration. The surface state is in communica-  
tion with the solution rather than the bulk of the semi- 
conductor,  which is why its posit ion remains fixed 
while the bandedges move. These surface states are also 
responsible for the dark current  at these junct ions (28). 

Conclusion 
It is obvious from this report that the temporal  behavior 

of the photocurrent  and photovoltage at a semiconduc- 
tor/electrolyte interface is very complex. The complexity 
arises from the interaction of semiconductor parameters 
(carrier lifetimes, dielectric constants, bulk and surface 
states, band structure, carrier mobilities, doping level, 
etc.), electrolyte parameters (concentration, standard po- 
tential and standard rate constant of any redox species, 
solution resistance, adsorption and diffusion of redox 
species and counterions, etc.), and external electronic pa- 
rameters (noise, stray capacitance and inductance, imped- 
ance matches, etc.). In order to gain a more complete un- 
derstanding of the light pulse-induced photocurrents, it 
will be necessary to further isolate these various parame- 
ters to examine their importance. We have begun experi- 
ments with more well characterized III-V materials in or- 
der to get a handle on the influence of the semiconductor 
properties. The electrolyte properties are rather easily 
controlled by proper selection and variation of the redox 
and electrolyte ions. The external electronic parameters 
are difficult but not impossible to sort out, as long as the 
t ime scale is not too short and the effect of the RC compo- 
nents can be deconvoluted. Time resolved luminescence 
may be able to provide complementary information about 
radiative recombination without interference from the 
equivalent electrical circuit elements of the cell itself (11). 

Another  refinement that can be made is to reduce the 
intensity of the incident laser pulses. One could hope to 
reduce the amount of band movement  and recombina- 
tion, prevalent at high laser powers, and probe the elec- 
tron transfer events more directly. The difficulty is that 
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Electrocatalytic Oxidation of As(Ill) 
I. Voltammetric Studies at Pt Electrodes in 0.5M HCI04 
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A B S T R A C T  

H y d r o d y n a m i c  v o l t a m m e t r y  a n d  h y d r o d y n a m i c a l l y  m o d u l a t e d  v o l t a m m e t r y  at  a d i sk  e lec t rode ,  a n d  s h i e l d i n g  ex- 
p e r i m e n t s  at  a r i ng -d i sk  e lec t rode ,  were  app l i ed  in a s t u d y  of  t he  e l e c t r o c h e m i c a l  r e s p o n s e  of As  (III). The  a d s o r p t i o n  of  
As(III)  occu r s  at  P t  e l e c t r o d e s  w i t h  par t i a l  c h a r g e  t ransfer .  The  a d s o r p t i o n  i s o t h e r m  was  d e t e r m i n e d  a n d  a m a x i m u m  
cove rage  is e s t a b l i s h e d  for  CbAS(m~ > 6 X 10 ~M. T h e  o x i d a t i o n  o f  As(III)  is e l ec t roca ta lyzed  d r a m a t i c a l l y  b y  f o r m a t i o n  of 
P t O H  on  t he  e lec t rode ,  b u t  is s low for  a su r face  c o v e r e d  by  a wel l  d e v e l o p e d  layer  of PtO.  The  r a t e - d e t e r m i n i n g  s t ep  
(rds) for  As(III)  o x i d a t i o n  at  t h e  P t O - c o v e r e d  e l ec t rode  does  n o t  i nvo lve  c h a r g e  t r a n s f e r  in  t he  r eg ion  E = 0.9 - 1.2V vs .  
SCE. The  log of  t he  ra te  c o n s t a n t  for  t he  rds  m e a s u r e d  at  1.1V d e c r e a s e s  l inear ly  w i t h  t h e  i n c r e a s i n g  c h a r g e  e q u i v a l e n t  
to  t h e  sur face  oxide.  The  o x i d a t i o n  of  As(III)  a t  a n  ox ide -cove red  e l ec t rode  is ca ta lyzed  b y  e v o l u t i o n  of  O2(g). The  
e l ec t roca ta lys i s  is c o n c l u d e d  to b e  t he  r e su l t  of  -OH g e n e r a t e d  at  t he  e l ec t rode  surface.  

T h e  ma jo r i t y  of  p u b l i c a t i o n s  o n  t he  e l e c t r o c h e m i c a l  re- 
ac t ions  of  As(III)  p e r t a i n  to c a t h o d i c  s tud ie s  at  Hg  elec- 
t rodes ;  key  r ev i ews  a n d  r e c e n t  s tud ie s  are c i t ed  (1-5). 
S ign i f i c an t  s tud ie s  of  t he  ca thod i c  r eac t i on  of  As(III)  a t  
sol id  e l e c t r o d e s  h a v e  b e e n  d e s c r i b e d  (6-10), a n d  appl ica-  
t ions  for  t r ace  ana lys i s  h a v e  u t i l ized  t he  a n o d i c  p e a k  for  
v o l t a m m e t r i c  s t r i p p i n g  of  t h e  e l e c t r o d e p o s i t e d  As(0). The  
ea r l i es t  a n o d i c  s tud ie s  of  As(III)  at  sol id  e l ec t rodes  we re  
m o t i v a t e d  b y  t he  app l i c a t i on  for  t he  i n d u s t r i a l  p r epa ra -  
t i on  of  a r s e n a t e s  (11-15), a n d  a lka l ine  m e d i a  we re  u s e d  al- 
m o s t  exc lus ive ly .  M a c N e v i n  a n d  M a r t i n  (16) f o u n d  t h a t  
t he  c u r r e n t  e f f ic iency cou ld  b e  as h i g h  as 100% a t P t  elec- 
t r o d e s  in  c o n c e n t r a t e d  ac id  so lu t ions ,  b u t  t he  e f f ic iency  
was  s ign i f i can t ly  lower  for  pH > 3. No e v i d e n c e  was  
f o u n d  for o x i d a t i o n  of  As(III)  b y  d i s so lved  O2(g) in  ac id ic  
so lu t ions ,  n o r  was  t h e r e  e v i d e n c e  for  a n o d i c  p r o d u c t i o n  
of  t h e  i n t e r m e d i a t e  o x i d a t i o n  s ta te  As(IV). A large  de- 
c rease  was  o b s e r v e d  in  t he  a n o d i c  c u r r e n t  at  E = 1.0V vs .  
SCE u n d e r  c o n s t a n t  c o n d i t i o n s  of  m a s s  t r a n s p o r t  w h e n  
t he  P t  e l ec t rode  h a d  b e e n  p repo la r i zed  at  E > >  1.0V to 
g e n e r a t e  t h e  sur face  oxide.  T he  a n o d i c  s igna l  was  re- 
s to red  fo l lowing  ca thod ic  po la r i za t ion  to r e d u c e  t he  sur-  
face oxide.  The  ox ide  was  f o u n d  to be  r e m o v e d  s lowly  bY 
e x p o s u r e  of  t he  e l ec t rode  to t h e  As(III)  so lu t ion  u n d e r  
o p e n - c i r c u i t  cond i t ions .  

C a t h e r i n o  (17) ana lyzed  Tafel  p lo ts  of i-E da ta  for  As(III)  
a t  a P t  e l ec t rode  in  t h e  p o t e n t i a l  r eg ion  w h e r e  c o n c e n t r a -  
t i on  po l a r i za t i on  can  be  ignored .  T he  r e su l t s  we re  cons i s t -  
e n t  w i t h  a m e c h a n i s m  i n v o l v i n g  two  c o n s e c u t i v e  one-  
e l e c t r o n  t r a n s f e r  s teps .  T he  r e su l t s  were  i n t e r p r e t e d  on  
t he  bas i s  of  As(IV) as t he  i n t e r m e d i a t e  p r o d u c t  in  agree-  
m e n t  w i t h  p r e v i o u s  c o n c l u s i o n s  f r o m  k ine t i c  s t ud i e s  of  
t h e  h o m o g e n e o u s  o x i d a t i o n  of  As(III)  (18-19). T he  possi-  
b le  i n v o l v e m e n t  of sur face  ox ide  was  no t  cons ide red .  

Z a k h a r o v  a n d  S o n g i n a  (20) r e p o r t e d  br ie f ly  on  t h e  oxi- 
d a t i o n  of  As(III)  a t  a P t  anode .  T h e y  o b s e r v e d  t h a t  As(III)  
is ox id i zed  s i m u l t a n e o u s l y  w i t h  t he  f o r m a t i o n  of  t he  ox- 
ide  l ayer  o n  t he  e l ec t rode  sur face  a n d  c o n c l u d e d  t h a t  t h e  
ox ide  pa r t i c i pa t e s  in  t he  m e c h a n i s m  as a d o n o r  o f o x y g e n  
a t o m s  as i n d i c a t e d  b y  t he  r e a c t i o n  

AsO32- + PtO[O] --~ AsO43- + P tO [1] 

Acco rd ing ly ,  t he  fa rada ic  c u r r e n t  r e su l t s  f rom t h e  regen-  
e r a t i on  of  t h e  sur face  o x y g e n  b y  t he  r eac t i on  

P r o  + H20 ~ PtO[O] ~ 2H + + 2e [2] 

A s imi la r  m e c h a n i s m  i n v o l v i n g  a d s o r b e d  .OH was  pro- 
p o s e d  m o r e  r e c e n t l y  b y  Z a k h a r o v  et  al .  (21) for  o x i d a t i o n  
of  As(III)  at  A u  e lec t rodes .  We h a v e  c h o s e n  t h e  a n o d i c  ox- 

~Present address: Dow Chemical Company, Midland, Michi- 
gan 48640 

2Operated for the U.S. Department  of Energy by Iowa State 
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Key words: platinum oxide, modulated voltammetry, anode, 
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i da t i on  of  As(III)  as one  of  severa l  m o d e l  s y s t e m s  for  t he  
s t u d y  of  e lec t roca ta lys i s  b y  sur face  ox ides  at  sol id  m e t a l  
e l ec t rodes  in  a n o d i c  r eac t i ons  w h e r e  o x y g e n  is t r ans -  
f e r red  f r o m  the  a q u e o u s  so lven t  to t he  r e a c t i o n  p roduc t .  
In  a r e c e n t  p a p e r  (22), t he  o x i d a t i o n  of  I to IO2 at  a P t  
a n o d e  was  c o n c l u d e d  to b e  ca ta lyzed  b y  f o r m a t i o n  of  t he  
su r face  o x i d e  a n d  b y  t he  e v o l u t i o n  of  O2(g). In  t h e  p r e s e n t  
series,  we d e s c r i b e  our  v o l t a m m e t r i c  s tud ie s  of  As(III) .  

B e c a u s e  of  t he  a p p a r e n t  ca ta ly t ic  i n v o l v e m e n t  of  t he  
su r face  ox ide  on  P t  e l ec t rodes  w i t h  m a n y  a n o d i c  oxida-  
t ion  reac t ions ,  i n c l u d i n g  t h a t  of  As(III) ,  a b r i e f  r e v i e w  
c o n c e r n i n g  p e r t i n e n t  a spec t s  of  t h e  p r e s e n t  s t a tus  of  
t h i n k i n g  r e g a r d i n g  f o r m a t i o n  of  t he  ox ide  in  ac id ic  m e d i a  
is app rop r i a t e .  A n  exce l l en t  s u m m a r y  of  t he  o lder  l i tera- 
tu re  is g i v e n  b y  G i l m a n  (23). More  recent ly ,  A n g e r s t e i n -  
Koz lowska ,  C o n w a y  a n d  co -worke r s  (24-26) d e m o n s t r a t e d  
t h a t  t h e  a n o d i c  w a v e  for  ox ide  f o r m a t i o n  can  b e  
d e c o n v o l u t e d  in to  t h r e e  p e a k s  c o r r e s p o n d i n g  to t h e  s tep-  
wise  f o r m a t i o n  of  t he  lower  sur face  ox ides  w i t h  e m p i r i c a l  
su r face  s t o i ch iome t r i c s  of  Pt4OH (ca. 0.89V vs .  NHE),  
Pt2OH (ca. 0.95V vs .  NHE),  a n d  P t O H  (ca. 1.05V vs .  NHE).  
In  p o t e n t i o d y n a m i c  e x p e r i m e n t s  at  a s can  ra te  of  100 
mV/s,  t h e  e q u i v a l e n t  of  a m o n o l a y e r  of  P t O H  (i.e., 0 = 1) is 
g e n e r a t e d  on  t h e  pos i t ive  s can  to E = 1.1V vs .  N H E  (0.85V 
vs .  SCE). Wi th  t he  c o n t i n u e d  pos i t ive  scan,  P t O H  is con-  
v e r t e d  ful ly  to P tO  (i.e., 0 = 2) at  E = 1.4V vs .  N H E  (1.15V 
vs .  SCE). Reve r sa l  of  t he  pos i t ive  scan  at  p o t e n t i a l  va lues  
for  w h i c h  0 < <  1 p r o d u c e s  a ca thod i c  p e a k  for  r e d u c t i o n  
of  P tOH,  w h i c h  is in  s u p p o r t  of  t he  c o n c l u s i o n  t h a t  t he  re- 
ac t ion  P t  + H20 = P t O H  + H + + e is r e v e r s i b l e  for  0 < <  1. 
W h e n  t he  P t O H  (0<<1)  is a l l owed  to age, or for  i n c r e a s e d  
v a l u e s  of  t h e  pos i t ive  s can  l imi t  for  w h i c h  0 ~ 1, t he  
ca thod i c  p e a k  for  r e d u c t i o n  of  the  sur face  ox ide  is sh i f t ed  
to m o r e  n e g a t i v e  values .  Th i s  is c o n c l u d e d  to r e s u l t  f r om 
i n d u c e d  sur face  r e a r r a n g e m e n t  of  P tOH,  t h e  so-cal led 
"p l ace  e x c h a n g e , "  to  yie ld  a t h e r m o d y n a m i c a l l y  m o r e  sta- 
b le  p r o d u c t  d e s i g n a t e d  " H O P t " .  S h i b a t a  f o u n d  t h a t  t he  
d i f f rac t ion  p a t t e r n  o b t a i n e d  b y  L E E D  for a n  e l ec t rode  po- 
la r ized  at  E > 1.15V vs .  NHE,  fo l lowed b y  r e d u c t i o n  of  t he  
oxide,  was  iden t i ca l  to  t he  p a t t e r n  for  P t  b lack.  I t  is a t  a 
p o t e n t i a l  of  1.15V w h e r e  p lace  e x c h a n g e  is c o n c l u d e d  to 
b e c o m e  s ignif icant .  

V e t t e r  (28) a n d  V e t t e r  a n d  S c h u l t z e  (29) i n v e s t i g a t e d  t he  
g r o w t h  m e c h a n i s m  of  t he  su r face  ox ide  on  P t  e lec t rodes .  
The  a c c u m u l a t e d  a n o d i c  c h a r g e  (Qo~) c o r r e s p o n d i n g  to 
f o r m a t i o n  of  t he  ox ide  at  1.0 < E < 2.0V i n c r e a s e s  l inea r ly  
w i t h  log t for  t = 2 m s  - 1000s. At  a f ixed va lue  of  t, Qox 
i n c r e a s e s  as a l inea r  f u n c t i o n  of  E. T h e y  c o n c l u d e d  t h a t  
on ly  a p h a s e  ox ide  ex i s t s  a t  t he  e l ec t rode  su r face  w h i c h  
i n c r e a s e s  in  t h i c k n e s s  w i t h  i n c r e a s i n g  t i m e  a n d  po ten t ia l .  
The  g r o w t h  m e c h a n i s m  was  c o n c l u d e d  to i n c l u d e  the  
f ie ld-ass is ted  p lace  e x c h a n g e  of  P t  2§ a n d  02- ions  to pro-  
d u c e  t he  p h a s e  ox ide  lat t ice.  S u c h  a m e c h a n i s m  h a d  b e e n  
p r o p o s e d  b y  V i s s c h e r  a n d  D e v a n a t h a n  (30) a n d  Ord  a n d  
Ho (31). F o r  low su r face  coverage ,  t he  r a t e - d e t e r m i n i n g  
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step (rds) is that  be tween  the  P t  2+ at the  e lec t rode  surface 
and O ~ in the  inner  He lmhol tz  plane. At  h igh  coverages ,  
the  p lace -exchange  m e c h a n i s m  is still operat ive,  bu t  the  
rds  cannot  u n a m b i g u o u s l y  be ass igned as occur r ing  at 
the  meta l -meta l  ox ide  in ter face  or the  meta l  ox ide- inner  
He lmho lz  interface.  

The  anodic  signal for As(III) at an ox ide -covered  P t  
e lec t rode  can decrease  s ignif icantly be low the  theore t ica l  
t ranspor t - l imi ted  value,  and yet  the current  is essent ia l ly  
i n d e p e n d e n t  of  potent ia l  over  a s ignif icant  range  (32). 
Hence ,  the  rds does  not  involve  charge transfer,  nor  is in- 
h ib i t ion  the  resul t  of  JR-loss across a poor ly  conduc t i ng  
ox ide  layer. Faradaic  react ions  at rota t ing disk e lec t rodes  
(RDE) unde r  m i x e d  control  by mass  t ranspor t  and kinet-  
ics p roduce  e lec t rode  currents  (33) wh ich  are smal ler  than  
the  t ranspor t - l imi ted  value,  as descr ibed  by 

n F A D C  ~ 
i - - -  [3] 

~ + K  

where  n, F, A, D, and C b have  their  usual  e l ec t rochemica l  
significance.  The th ickness  (8) of  the  diffusion layer  at 
the  e lec t rode-so lu t ion  interface  is 

6 = 1.62D 1~3 o) -1/%1/6 [4] 

where  Lo is the  angular  ve loc i ty  (rad/s) of  e lec t rode  rota- 
t ion and ~ is the  kinet ic  v iscos i ty  (cmVs) o f  t he  solution. 
The pa rame te r  K in Eq. [3] is of  a form d e p e n d e n t  on the  
na ture  of  the  kinet ic  m e c h a n i s m s  involved.  For  m i x e d  
cont ro l  invo lv ing  a s low chemica l  s tep at the  e lec t rode  
surface,  K = D / k  where  k is a po ten t i a l - independen t  rate 
constant .  For  s low elect ron- t ransfer  kinetics,  k is poten-  
tial dependen t .  The  numer ica l  va lue  of  K is easily calcu- 
lated f rom the  in te rcep t  of  a plot  o f  i -~ vs. oJ - ~ .  The s lope 
of  such  a plot  is ident ical  to that  for the  t ranspor t - l imi ted  
case (i.e., K = 0) for which  the  in te rcep t  is zero. 

E x p e r i m e n t a l  
I n s t r u m e n t a t i o n . - - D i s k  and r ing-disk e lec t rodes  were  

f rom P ine  In s t rumen t  Company,  Grove  City, Pennsyl -  
vania.  These  inc luded:  a Model  DD20 P t  R D E  (area = 
0.455 cm2), a Model  DT06 Pt -Pt  R R D E  (disk area = 0.459 
cm ~, f121s = 0.368, and N = 0.178), and a Model  AFMD18 
(area = 0.166 cm2). The e lec t rodes  were  po l i shed  accord-  
ing to the  usual  meta l lographic  p rocedures  wi th  1/~m alu- 
mina  on microc lo th  for the  final step. The  Model  ASR-2 
and Model  M S R  rotators  were  f rom P ine  I n s t r u m e n t  
Company .  The  M S R  rota tor  is des igned  for hydro-  
dynamica l ly  modu la t ed  v o l t a m m e t r y  and can accelera te  
f rom 1000 to 4000 rev/min  in 22 ms. The  potenios ta t  was a 
Model  RDE3,  P ine  I n s t r u m e n t  Company ,  or  a Model  173, 
E G & G  Pr ince ton  Appl ied  Research,  Pr ince ton ,  N e w  Jer-  
sey, e q u i p p e d  wi th  a Model  176 current - to-vol tage  con- 
verter .  Vol tage wavefo rms  genera ted  by a Model  175 Uni-  
versal  P r o g r a m m e r ,  E G & G  Pr ince ton  App l i ed  Research,  
were  used  occasionally.  The  Model  RDE3 b ipoten t ios ta t  
was used  for all r ing-disk studies.  The  re fe rence  e lec t rode  
was a min ia tu re  sa tura ted  ca lomel  e lec t rode  (SCE), 
Corning Scientif ic  Ins t ruments ,  Coming ,  N e w  York. 
Current*potent ia l  (i-E) curves  were  r ecorded  on an 
Omnigraph ic  Series  100 X-Y recorder,  Hous ton  Instru-  
ments ,  Aust in ,  Texas.  In s t rumen ta t ion  for square  wave  
hyd rodynamica l ly  m o d u l a t e d  v o l t a m m e t r y  has been  de- 
sc r ibed  e l sewhere  (22). 

Chemica l s . - -AU chemicals  were  reagent  grade  f rom 
Baker  Chemica l  Company.  Solut ions  of  As(III) were  pre- 
pared by dissolving As20~ in a min ima l  v o l u m e  of a con- 
cen t ra ted  solut ion of  NaOH wi th  subsequen t  d i lu t ion by 
H20. All H20 was  t r iply dist i l led; deminera l iza t ion  fol- 
lowed  the  first distil lation, the  second dist i l la t ion was 
f rom alkal ine pe rmangana te  solut ion (ca. 0.1M KMnO4, 
0.1M KOH), and the  final dist i l lat ion was f rom 1M H2SO4. 
Disso lved  O2 was r e m o v e d  by d ispersed  N2. 

P r o c e d u r e s . - - T h e  t e chn ique  of  sqaure  wave  modu la t ed  
h y d r o d y n a m i c  v o l t a m m e t r y  (22, 34) is based  on the  mea- 
s u r e m e n t  of  the  c o m p o n e n t  of  total  e lec t rode  cur ren t  

wh ich  is coupled  to the  f r equency  of  a square  w a v e  varia- 
t ion of  the  rotat ional  ve loc i ty  dur ing  appl ica t ion of  a slow, 
staircase potent ia l  waveform.  The modu la t ed  s ignal  is 
free of  cont r ibu t ions  f rom surface contro l led  processes ,  
e.g., doub le  layer  charging,  ox ide  format ion,  and so lvent  
b reakdown.  The  expe r imen ta l  condi t ions  were  s imilar  to 
those  used  prev ious ly  (22): td = 150 ms, N = 10, AE = 5mV, 

and cb = 0.15 V/min. 

Resul ts  and  Discuss ion  

V o I t a m m e t r i c  s t u d y  o f  A s ( I l l )  as  a f u n c t i o n  o f  concen-  
t r a t i o n . - - C u r r e n t - p o t e n t i a l  (id--Ed) curves  ob ta ined  at the  
P t  R D E  are shown in Fig. 1. A residual  curve  is inc luded  
for compar ison.  In the  absence  of  As(III), the  surface ox- 
ide is fo rmed  dur ing  posi t ive  scan of  potent ia l  for Ed > 
0.55V; this ox ide  is r educed  on the  subsequen t  nega t ive  
scan to p roduce  peak  D at Ep = 0.48V. Faradaic  fo rmat ion  
and subsequen t  d issolut ion of  adsorbed  a tomic  hyd rogen  
occurs  for 0.1 > Ed > -0.2V, and evolu t ion  of  H2(g) occurs  
for Ed < -0.2V. The adsorp t ion  of As (III) resul ts  in sup- 
press ion  by ca. 150 mV of the  anodic  format ion  of  surface  
oxide;  and the  large peak-shaped  wave  (C) wi th  Ep = 
0.85V cor responds  to the  s imul taneous  processes  of  (i) ox- 
ide format ion,  (ii) oxida t ion  of  adsorbed  As(III), and (iii) 
oxida t ion  o f  As(III) t ranspor ted  to the  e lec t rode  surface  
by the  convect ive-d i f fus ional  process.  The  total  anodic  
cur ren t  decreases  steadily dur ing  the  con t inu ing  posi t ive  
scan of  Ed > 0.85V, unti l  the  onset  of O2(g) evo lu t ion  at Ed 
> 1.25V. The p r edominan t  cause  of  the  decay  for this  h igh  
rate of  potent ia l  scan (~b = 6.0 V/min) is the  loss of  the  con- 
t r ibut ion  f rom oxida t ion  of  the  adsorbed  As(III). A cur- 
ren t  p la teau  (i.e., poten t i a l - independen t  current)  is ob- 
se rved  for As(III) ox ida t ion  dur ing  the  nega t ive  scan in 
the  reg ion  1.2 > Ed > 0.7V. Oxidat ion  of  As(III) ceases 
wi th  reduc t ion  of  the  surface ox ide  to p roduce  peak  D. 
Because  oxida t ion  of  As(III) can occur  dur ing  the  nega- 
t ive scan at the  ox ide-covered  surface at least  to Ed = 
0.6V, whereas  oxida t ion  of  As (III) at the oxide-free  sur- 
face does  no t  c o m m e n c e  on the  pos i t ive  scan  unt i l  E~ > 
0.7V, it is conc luded  that  ox ida t ion  of  As(III) is cata lyzed 
by the  surface  oxide,  in ag reemen t  wi th  the conc lus ion  of  
Zakha rov  and Songina  (20). Because  of  the  s imilar i ty  of  
the  he igh t  for peak  D in the p resence  and absence  of  
As(III), i t  is conc luded  to a first app rox ima t ion  that  the  
ex ten t  of  oxide  format ion  for Ed > ca. 1.0V is unaf fec ted  
by the  p re sence  of  As(III). The  na tu re  of  the  faradaic  pro- 
cess genera t ing  peak  E will  be  d iscussed  later. 
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Fig. 1. Current-potential curves for Pt RDE as a function of CbAs(,[D. 
Electrode: D D 2 0  Pt RDE. Conditions: m = 1 0 4 . 7  rad/s, 4~ = 6 .0  Wmin,  
0.50M HCI04. (---)residual, ( )4 .01 x lO-SM As(Ill), (..-..) 1.97 
x 10-4M As(Ill), ( - - - - - )  3.83 x 10-~M As(Ill). 
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Variation of scan limits.--Wave F on the negative scan 
for Ed < 0.0V in Fig. 1, and peaks A and B on the subse- 
quent  positive scan, correspond to cathodic deposition 
and oxidation of As(0), respectively. Peaks A and B are 
not obtained when the cathodic (i.e., negative) scan limit 
(Ec) is >- 0.0V. When the quantity of deposited As(0) is in- 
creased beyond that for Fig. 1, accomplished by use of 
higher concentrations of As(III) or by cessation of the po- 
tential scan at Ec < -0.2V, the area of peak A continues to 
grow in proportion to. the amount  of deposited As(0); 
however, the area of peak B reaches a limiting value. 
Peak A is concluded t o  correspond to the anodic 
stripping of bulk As(0), which is not stabilized by interac- 
tion with the Pt substrate, and peak B is concluded to 
correspond to oxidation of As(0) adatoms. The potential 
for onset of H2(g) evolution (ca. -0.25V) does not change 
with As(0) deposition. 

Current-potential curves were recorded as a function of 
the anodic (i.e., positive) scan limit (Ea) for Ee = 0.7-1.4V. 
F o r  Ea  = 0 . S V ,  only a slight quantity of oxide is formed, 
and the cathodic peak for oxide reduction is barely per- 
ceptible on the negative scan. Clearly, the quantity of ox- 
ide increases substantially for E a > 0.8V and E, for peak D 
is shifted to more negative values, as is observed for the 
absence of As(III) (23-26). Although accurate integration 
of peak D is not possible as a functon of the variation in 
E,, due to interference by peak E, the height of peak D is 
approximately the same in the presence and absence of 
As(III) for all values Ea /> 1.0V. This is consistent with the 
conclusion made above that the presence of As(III) has 
minimal effect on the quantity of oxide produced on the 
t ime scale of the cyclic voltammetry, provided the ad- 
sorbed As(III) has been totally oxidized to soluble As(V) 
during the positive scan. 

Variation of rotational velocity (oJ).--The effect of vari- 
ation of oJ on the id-Ed curve for As(III) is shown in Fig. 2. 
As co is increased, the anodic current for any value Ea > 
0.8V also is increased because of the increased flux of 
As(III) from the bulk solution to the electrode surface. 
The observation of a plateau current on the negative scan 
in the region 1.2 > Ed > 0.8V could be easily mistaken as 
diagnostic evidence that the corresponding electrode re- 
action is mass-transport limited. Accordingly, a plot of id 
vs. oJ ~2 would be expected to be linear (see Eq. [3] and [4] 
for K = 0) with a slope of 0.62nFAD2~3,-I~6Cb, as predicted 
by Levich (33, 35). For the oxidation of As(III) with ~ = 
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Fig. 2. Current-potential curves for As(Il l)  as a function of ~o. Elec- 
trode: DD20 Pt RDE. Conditions: q~ = 6.0 V min, 1.97 • 10-4M As(Il l)  in 
0.50M HCI04. co(rad/s): ( - - . - - )  0.00, ( ) 10.47, (-..-.) 104,7, 
( . . . . .  ) 418.9.  

6.0 V/min, such a plot deviates severely from linearity and 
the expected slope, and is indicative of mixed control. 

There is a dramatic difference between the features of 
the id -Ed curves for ~o = 0 rad/s and those for ~o > 0 rad/s. 
Peak E is made very prominent, and peaks A and B ap- 
pear distinctly for the absence of rotational velocity. For (o 
= 0 rad/s, the As(V) produced anodically for Ed > 0.8V re- 
mains in thedif fus ion layer during the time in Which Ed is 
scanned to Ec. It is concluded that As(V) is deposited as 
As(0) at underpotential  in the region of peak E and subse- 
quent  oxidation of the deposition product yields peaks A' 
and B. The lesser peak E observed for co > 0 rad/s is con- 
cluded to result from As(V) adsorbed on the oxide- 
covered surface. 

Voltammetric study of As(V).--While the electrochemis- 
try of As(V) is not of primary interest here, it is informa- 
tive to consider the voltammetric response of As(V) as it 
relates to our understanding of the As(III)-As(V) half- 
reaction. Arsenic(V) is generally considered to be electro- 
inactive without the benefit of extensive coordination by 
ligands other than water. Several id-Ed curves are shown 
in Fig. 3 for As(V) as a function of Ee; a residual curve is 
included for comparison. Peak E, concluded to result in 
part f r o m  the underpotential  deposition of As(V), is 
clearly visable, as are peak A', B, and C. Since the pos 
tial of peak A' (0.25V) for As(V) in Fig. 3 is slightly differ- 
ent than the  potential of peak A (0.20V) in Fig. 1 observed 
when an extensive quantity of bulk As(0) is deposited 
from a solution of As(III), the stability of the As(0) 
adatoms producing peak A' is concluded to be slightly 
greater than that of bulk As(0). We conclude that peaks A' 
and B represent 0xidat ion of As(0) adatoms to As(III) ad- 
ions on the polycrystalline surface. The As(III) adions 
produced by anodic processes yielding peaks A' and B 
are oxidized to soluble As(V) by the process producing 
peak C. The combined area of peaks A', B, and C, mea- 
sured by a planimeter with respect to the residual curve, 
was found to be within ca. 10% of the area for peak  E. 
This is in excellent agreement with the proposed mecha- 
nism for production of these peaks, in view of the proba- 
ble error in the assumption that the residual curve shown 
accurately represents the background signal in the pres- 
ence of As(V). Although a clear distinction is made here 
between peak A' for As(V) (see Fig. 3) and peak A for 
As(III) (see Fig. 1), oxidation of As(0) adatoms at 0.25V 
certainly contributes to the larger peak A obtained for 
stripping of bulk As(0). 

Ring-disk studies.--The rotating ring-disk electode 
(RRDE) is recognized as a valuable tool for the investiga- 
tion of electrode reactions (35, 36). Since As(V) does not 
exhibit  continuous electroactivity at a constant electrode 
potential, meaningful collection experiments cannot be 
performed for solutions of As(III) with detection of As(V) 
at the ring electrode. The use of a Pt ring electrode for 
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Fig. 3. Current-potential curves for As(V) as a function of Ee. Elec- 
trode: DD20 Pt RDE. Conditions: co = 100.0 rad/s, <# = 6.0 V/min, 1.41 
• 10-4M. As(V) in 0.50M HCI04. Er SCE): ('....) 0.10, ( . . . . .  ) - 0 . 1  O, 
( ) - 0 . 2 8 ,  ( - - .  - - )  - 0 . 2 5  (Pt residual). 
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shielding experiments was not satisfactory because of the 
continual decay of activity of the Pt electrode for anodic 
detectiol~ of  As(IIT) caused by buildup of  surface oxide 
at tl~e detection potential. The oxidation of As(III) at a Au 
electrode occurs at a transport-limited rate (18), and the 
Pt  ring of the RRDE was electroplated with Au. The 
id-Ed and ir-Ed curves for Er = 1.0V are shown in Fig. 4 for 
a solution of 0.098 mM As(III). The ring current at Ed = 
0.0V is slightly less than the predicted value of 22.2 ~A, 
for this value of C b A s ( [ I I ) ;  however, i r increases slightly be- 
yond the predicted value as Ed is scanned positive. This 
phenomenon is concluded to result  from the potential-de- 
pendent adsorption and desorption of As(III) at the disk 
electrode for Ed < 0.6V. If the scan of Ed was halted at any 
value in the region 0.0 < E~ < 0.6V, the value of I~ quickly 
drifted to the theoretical l imiting value. At E~ = 0.65V on 
the positive scan, the oxidation commences for As(III) 
from the bulk solution, and i r decreases accordingly (i.e., 
the ring electrode is shielded): The value of i~ measured at 
E~ = 0.85V on the positive scan is 11.1 ~A for ~ = 6.0 
V/min, in excellent agreement with the predicted value of 
11.4 ~A for a transport-limited reaction at the disk elec- 
trode. For E a > 1.3V, at the scan rate used here, the value 
of i~ measured in the region 0.8 < E~ < 1.2V during the 
negative scan is slightly greater than that predicted for 
the mass-transport-controlled oxidation of As(III) at the 
disk electrode. This observation is in agreement with the 
cpnclusion based on the plot of i~ vs.  co1~2 that oxidation of 
As(III) at an oxide-covered surface is under mixed con- 
trol, i.e., the value of i~ is less than the transport-limited 
value. Shielding of the As(III) flux to the ring electrode 
during the negative scan of E~ continues to ca. 0.TV, in 
agreement with the previous observation (see Fig. 1) that 
oxidation of As(III) at a Pt electrode is made more revers- 
ible by the presence of the surface oxide. 

Shielding of the ring electrode decreases as the oxide at 
the disk electrode is cathodically reduced (E~ = 0.4V), but 
then increases again for Eo in the region of peak E (see 
Fig. 1). We Conclude that As(III) is adsorbed at the disk 
electrode in the region of peak E with partial charge 
transfer. Loucka (38) concluded that As(III) is adsorbed 
from 0.5M H~SO4 with electrodeposition as As(0) for E < 
0.7V vs. NHE. We are hesitant to agree with Loucka's  con- 
clusion because of the absence of distinct anodic peaks in 
the region 0.1 < E~ < 0.6V during the subsequent positive 
scan for oxidation of the As(0) adatoms. The adsorption of 
As(III) at the disk electrode is complete for E~ = 0.05V, 
and i~ increases to the unshielded value. 
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Fig. 4. Current-potential curves for As(I l l )  at RRDE. Electrode: DT06 
PtoPt RRDE. Conditions: co = 100.0 rad/s, ~ = 6.0 V/min, 9.8 • 10-SM. 
As(I l l )  in 0.50/,4 HCI04, Er = 1.00V vs. SCE. E~ for disk electrode (vs. 
SCE): (----) 1.40V, ( ) 1.50V, ( - - - - - )  1.60V. 

The ring-disk experiment  was repeated with variation 
of Ea and E~, and the id-E~ and ir-Ed curves are shown in 
Fig. 5 for 0.524 mM As(III). Of greatest interest is the case 
of Ec = -0.2V, in which bulk As(0) is deposited at the disk 
electrode. Anodic peaks A and B for the id-Ed curve, previ- 
ously concluded to correspond to oxidation of bulk As(0) 
(peak A) and As(0) adatoms (peaks A' and B'), result in 
production of some soluble As(III), which is subsequently 
detected at the ring electrode. (Note: the oxidation of 
As(0) at the disk electrode involves 3 eq/mol, whereas the 
detection of As(III) at the ring electrode involves 2 
eq/mol.) The value of the peak current at Ed = 0.2V on the 
i~-Ed curve is 70 -+ 10% of the value expected if all As(III) 
produced for peak A in the id-Ed curve is soluble, whereas 
the peak current at Ed = 0.5V on the ir-Ed curve is 90 - 
10% of the theoretical for peak B in the i~-Ed curve. Hence, 
a significant fraction of the As(III) produced by the 
anodic stripping of bulk As(0) remains adsorbed at the 
electrode surface. The possibility that oxidation of As(0) 
to As(V) could occur at the disk electrode for Ed < 0.7V is 
not likely, given the value of 0.132V vs. SCE for the 
standard reduction potential of the As(V)-As(0) couple, 
which is 0,125V positive of the standard reduction poten- 
tial for the As(III)-As(0) couple. 

It is important to observe that the area of peak C in the 
id-Ed curve, resulting from oxidation of adsorbed As(III) 
adions to As(V), is not increased substantially if bulk 
As(0) is deposited for E~ < 0.0V (compare the id-Edeurves 
for Eo = 0.0 and -0.2V). Apparently, the surface coverage 
by As(III) is fixed by the adsorption isotherm and the 
bulk concentration for As(III) whether or not As(0) has 
been deposited previously on the electrode. The adsorp- 
tion isotherm for As(III) was determined from transient 
ring-disk experiments as a function of CbA~(m) in the man- 
ner reported previously for I- at Pt  (37). In essence, the 
quantity of As(TII) adsorbed was calculated from the inte- 
grated area of the shielding wave in the i~-time curves re- 
corded following a step of E~ from 1.2 to 0.2V and to 0.0V. 
The isotherms, shown in Fig. 6, are virtually the same for 
both experiments.  The limiting surface coverage by ad- 
sorbed As(III) is produced for CbA~(m) > 6 >< 10-~M and cor- 
responds to 2.3 • 10 -9 moYcm ~ or 1.38 >< 10 ~ at./cm -~ The 
approximate surface density of Pt atoms for a perfectly 
smooth polycrystalline electrode is 1.35 x 10 ,~ at./cmE 
There was no effort to determine the surface roughness of  
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Fig. 5. Current-potential curves for As(I l l )  at RRDE. Electrode: DT06 
Pt-Pt RRDE. Conditions: co = 100.0 rod/s, q~ = 6.0 V/min, 5.24 • 10-4M 
As(I l l )  in 0 .50M HCI04, Er = 1.00V vs. SCE. Scan limits for disk elec- 
trode (vs. SCE): ( - - . - - )  Ea = - I - ! .10V, Er = - 0 . 2 0 V ;  ('-"-) Ea = 
+1 .10V ,  Er = 0.00 V; ( ) Ea = +1 .40V ,  Ec = O.OOV. 



Vol. 131, No. 7 ELECTROCATALYTIC OXIDATION OF As(III) 1599 

1.2 

2.2 

O4 
'E 2.0 
o 

0 
E 1.8 

1.6 

0 
'-" 1.4 

f 

[ I l r I I i I I I I I I 
/ 

2.4 
o--- 

I I I I I I I I I I I 

I :3 5 7 9 II 
[As(lll)]xlO 5 (m01 I") 
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the electrode; however, if a roughness factor of 2 is rea- 
sonable, a 1:2 correspondence exists for As(III): Pt. 

Variation of potential-scan rate (~).--The effects of in- 
creasing <b on the id-Ed curve for As(III) were observed. As 
expected for the surface-controlled reactions contributing 
to peaks C and D, these peaks increase with increasing 
in the range ~ = 1-6 V/min. Of greater interest, however, 
are the large, cathodic, surface-controlled currents ob- 
served during the negative scan in the region 0.4 > Ed > 
0.0V and the anodic current during the positive scan for 
0.0 < E~ < 0.7V (see Fig. 2 for co > 0 tad/s). Peak E has 
been assigned on the basis of ring-disk studies (Fig. 4 
and 5) to the adsorption of As(III) with partial charge 
transfer. Given the absence of a sharp anodic peak on the 
subsequent  positive scan, we conclude tentatively that 
As(0) adatoms, as a discreet oxidation state, are not in- 
volved. The double layer capacitance for a Pt electrode in 

a pure acidic electrolyte is ca. 40/~fd]cm 2. Estimates of the 
apparent capacitance from the observed currents as a 
function of ~ yielded values of 1050 ~fd/cm ~ at 1.0 V/rain 
and 856 ~fd/cm 2 at 10.0 V/min. The anomalously large ca- 
pacitance calculated for an adsorption process accom- 
panied by partial charge transfer to produce adions hav- 
ing an intermediate oxidation state is described as 
"pseudocapacitance" (39-42). The arsenic adions, in what- 
ever oxidation state integral or fractional, are probably re- 
duced to As(0) for E~ < 0.0V (see Fig. 1), and the subse- 
quent  voltammetric oxidation of As(0) yields distinct 
anodic peaks (A and B in Fig. 1). The underpotential  dep- 
osition of As(V) as As(0) adatoms in the region of peak E 
eliminates the appearance of the pseudocapacitance for 
the region 0.0 < E~ < 0.15V (Fig. 2). 

We rationalize the adsorption of As(III) with partial 
charge transfer on the basis of ~r bonding. It is known for 
some compounds containing arsenic that if the atom to 
which arsenic has donated electrons also has an orbital of 
the same symmetry as the empty d orbitals of arsenic, 
back-donation can occur resulting in overall multiple- 
bond character (43). While it may be meaningless to dis- 
cuss Pt d orbitals on the surface of a polycrystalline metal 
which is not perfectly smooth, there is solid evidence of 
Pt contributing to d~-d~r bonding in CO adsorption (44). 
Such back-donation implies a specific preferred orienta- 
tion of the adsorbed species on the electrode surface. The 
conclusion of specific binding of arsenic adions to Pt  
atoms is not contradicted by any voltammetric observations. 

Square wave  hydrodynamically modulated voltam- 
merry (QHMV).-- The total anodic current observed for 
As(III) at Ed > 0.8V on the positive scan is the result of 
two surface-controlled processes plus the oxidation of 
As(III) from the bulk solution under mixed transport- 
kinetic control. The application of QHMV has been de- 
scribed for distinguishing the transport-controlled com- 
ponent  of electrode currents (22, 34) in the presence of 
surface-controlled reactions. The modulated technique ig- 
nores the surface-controlled currents from double layer 
charging, faradaic reaction of adsorbed species, formation 
and dissolution of surface oxides, and the evolution of 
O2(g) and H2(g) by breakdown of the solvent. 

In Fig. 7 are shown Aid-Ed curves obtained by QHMV for 
2.0 mM As(III). The residual response is not shown be- 
cause Aid remained at zero for virtually the entire range of 
Ed shown. The value of 5id measured on the positive scan 
is at a max imum for 0.8 < Ed < 0.9V, which is concluded 
to correspond to an appreciable surface coverage by 
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Fig. 7. Current-potential curves 
by square-wave hydrodynamically 
modulated voltammetry for As(Ill) 
at RDE. Electrode: A F M D I 8  Pt 
RDE. Conditions: 5co 1t2 = 20.47- 
10.23 (rad/s) u2 = 10.23 (rad/s)11~; 
r = O. 15 V/min; 2.0 mM As(Ill) in 
0 .50M HCI04.  Ea(vs. SCE): (a) 
0.90V, (b) 1.00V, (c) 1.10V, (d) 
1.20V, (e) 1.30V, (f) 1.40V, (g) 
1.50V, (h) 1.60V, (i) 1.70V. 
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P t O H  (O < <  0 < 1). T he  h i  s igna l  g radua l ly  d e c r e a s e s  as 
t h e  pos i t ive  s c a n  of  Ed con t inues .  W h e n  t he  s c a n  is re- 
v e r s e d  for  Ea > 1.2V, Aid d r o p s  s ign i f ican t ly  b e l o w  t h e  
m a x i m u m  va lue  to a va lue  w h i c h  is, to a good  a p p r o x i m a -  
t ion,  i n d e p e n d e n t  of  Ed for 0.9 < Ed < 1.2V. Hence ,  t he  
r a t e - d e t e r m i n i n g  s tep  does  no t  invo lve  c h a r g e  t r a n s f e r  
a n d  is c o n c l u d e d  to i nvo lve  a s low c h e m i c a l  t r a n s f e r  of  
o x y g e n  to As(III)  f r om t h e  ox ide -cove red  surface.  The  
va lue  of  hid m e a s u r e d  at  Ed = 1.00V on  t he  nega t i ve  s can  
dec rea se s  s igni f icant ly  as Ea, for  t h e  p r e c e d i n g  pos i t ive  
scan,  is i n c r e a s e d  b e y o n d  1.2V. I t  s h o u l d  b e  n o t e d  t h a t  
t he  s low scan  ra te  u s e d  a l lows  a g rea te r  a m o u n t  of  su r face  
ox ide  to b e  f o r m e d  for Ed > 1.2V as c o m p a r e d  w i t h  t he  
h i g h  s can  ra te  u sed  for Fig. 1. Th i s  u n d o u b t e d l y  corre-  
s p o n d s  to ox ide  cove rage  b e y o n d  t he  e q u i v a l e n t  of a 
m o n o l a y e r  of  P tO  (i.e., 0 > 2). E v e n  for  a n  ex tens ive ,  layer  
of  su r face  ox ide  (e.g., E~ = 1.6V), o x i d a t i o n  o f  As(II I )  in  
t he  r eg ion  Ed > >  1.2V occu r s  at  a ra te  nea r ly  equa l  to  t he  
m a x i m u m  va lue  o b s e r v e d  for  t h e  h igh ly  ac t ive  P t O H  sur-  
face. We no te  w i t h  e n t h u s i a s m  t h a t  e v o l u t i o n  of  O2(g) 
ceases  at  ca .  1.2V on t he  nega t i ve  s c a n  (see r e s idua l  cu rve  
of  Fig. 1) w h i c h  is t he  p o t e n t i a l  a t  w h i c h  h i  ha s  d e c r e a s e d  
to i ts m i n i m u m  va lue  d u r i n g  t h e  nega t i ve  scan.  I n  a sepa-  
ra te  e x p e r i m e n t ,  t he  nega t i ve  s can  f rom E a  = 1.50V, was  
r e v e r s e d  at Er = 1.0V; Aid i n c r e a s e d  aga in  to t he  va lue  
s h o w n  in  Fig. 7 for E = 1.50V. We c o n c l u d e  t h a t  t h e  oxida-  
t ion  of  As(III)  a t  t he  ox ide -cove red  sur face  is ca ta lyzed  b y  
t h e  e v o l u t i o n  of  O2(g). S ince  t he  h o m o g e n e o u s  o x i d a t i o n  
of  As(III)  b y  O2(g) occurs  at  a neg l ig ib le  ra te  in  ac id ic  me-  
dia  (16), we c o n c l u d e  the  cata lyt ic  m e c h a n i s m  o c c u r s  b y  
way  of  a d s o r b e d  -OH g e n e r a t e d  as t h e  first  s t ep  in  t h e  
m e c h a n i s m  for evo lu t i on  of O2(g) (45, 46). 

The  role  of  t he  f o r m a t i o n  of sur face  oxide,  s t a r t i ng  at  Ed 
= ca.  0.8V on  t he  pos i t ive  scan,  in  t he  e lec t roca ta lys i s  of  
t he  o x i d a t i o n  of  As(III)  is ampl i f i ed  f u r t h e r  b y  a wave  
ana lys i s  p e r f o r m e d  for  t he  r i s ing  pa r t  of  t h e  hid-E~ c u r v e  
in  t he  v ic in i ty  of  E,~2. T he  v a l u e  of  E2~ - E,3 is ca .  20 m V  
in c o m p a r i s o n  to t he  v a l u e  17.8 m V  e x p e c t e d  for  a revers -  
ib le  p r o c e s s  (n = 2) w i t h o u t  e l ec t roca ta ly t i c  i n v o l v e m e n t  
of  t h e  e l ec t rode  surface.  Th i s  a p p a r e n t  " reve r s ib i l i ty , "  in  
sp i te  of  t h e  fac t  t h a t  t he  v a l u e  of  E,~2 = 0.78V is ca .  0.46V 
pos i t ive  of  t h e  va lue  of  E ~ for t h e  As(V)-As(III)  half - reac-  
t ion  in  th i s  m e d i u m  (0.32V), is f u r t h e r  d i agnos t i c  e v i d e n c e  
of  e l ec t roca ta lys i s  in  w h i c h  t he  va lue  of E,~ is d e t e r m i n e d  
b y  t h e  p o t e n t i a l  d e p e n d e n c e  of the  ca ta ly t ic  su r face  s ta te  
r a t h e r  t h a n  t h e  s t a n d a r d  r e d u c t i o n  p o t e n t i a l  of t h e  
e l ec t roac t ive  spec ies  in  t he  solut ion.  T he  v a l u e  of  E,~2 for  
t h e  e l ec t roca t a lyzed -ox ida t ion  of  As(III)  o b s e r v e d  on  t he  
nega t i ve  s can  for  Ea = 0.90 is 0.65V, w h i c h  is ca .  0.13V 
nega t i ve  of  t he  va lue  o b s e r v e d  for t he  pos i t i ve  scan.  The  
loss  of  e l ec t roca ta ly t i c  ac t iv i ty  o n  the  nega t i ve  s can  is t he  
r e su l t  of  t h e  r e d u c t i o n  of  t h e  sur face  ox ide  to p r o d u c e  
p e a k  D (see Fig. 1). 

Ef f ec t  o f  v a r i a t i o n  o f  E a . - - T h e  ca ta ly t ic  bene f i t  of  t h e  
f o r m a t i o n  of  t he  sur face  ox ide  for o x i d a t i o n  of  As(III)  a t  
P t  e l ec t rodes  is c lear ly  ind ica t ed ,  a l t h o u g h  t he  m a x i m u m  
t r a n s p o r t - c o u p l e d  s igna l  is less  t h a n  t he  theore t ica l .  Yet,  
t he  f o r m a t i o n  of  o x i d e  b e y o n d  t he  e q u i v a l e n t  of  0 = 1 (E~ 
> 1.0V) r e su l t s  in  a dec rea se  of  t he  a n o d i c  c u r r e n t  for  
As(III)  wel l  be low t he  t r a n s p o r t - l i m i t e d  value ,  a n d  for  0 > 
2 (E~ > 1.3V) t he  c u r r e n t  is seve re ly  i n h i b i t e d  (see Fig. 7). 
The  i n v o l v e m e n t  of  t he  sur face  ox ide  in  t he  r eac t i on  
m e c h a n i s m  was  cha rac t e r i zed  f u r t h e r  b y  t he  d e t e r m i n a -  
t i on  of  t he  ra te  c o n s t a n t  (k) for  t he  m i x e d  con t ro l  f r om 
c u r r e n t  m e a s u r e m e n t s  m a d e  at E~ = 1.0V fo l lowing  
a n o d i c  po la r i za t ion  of  t he  e l ec t rode  to va lues  of  E~ > 1.1V. 
A c c o r d i n g l y  Ed was  cyc led  at  ~b = 6.0 V / m i n  b e t w e e n  Er = 
0.0V a n d  t he  d e s i g n a t e d  v a l u e  of  E~. Af te r  severa l  cycl ic  
s cans  to i n s u r e  t he  r e p r o d u c i b i l i t y  of  t he  i-E r e sponse ,  t he  
s can  of  E~ was  h a l t e d  at  1.0V on  t h e  nega t i ve  s c a n  a n d  i~ 
was  o b t a i n e d  as a f u n c t i o n  of  ~ w i t h i n  a t i m e  p e r i o d  o f  ca .  
50s. T h e  ra te  of  ox ide  g r o w t h  at  1.0V is m i n i m a l  u n d e r  
t h e s e  c o n d i t i o n s  w h e n  E~ > 1.1V, a n d  t h e  q u a n t i t y  of  ox- 
ide  was  p r e s u m e d  c o n s t a n t  d u r i n g  t he  t i m e  in  w h i c h  t he  
id-oJ da ta  was  recorded .  T h e  c o r r e s p o n d i n g  va lue  of  k for 
e a c h  v a l u e  of  E~ was  ca l cu la t ed  f rom t he  i n t e r c e p t  of  p lo ts  

of  i - '  v s .  o~ -in.  The  r e su l t i ng  p lo t  of  I n k  vs .  E~ is l inear ,  as 
s h o w n  in  Fig. 8 (curve  o n  right) .  

The  a rea  (Qox) u n d e r  t he  r e d u c t i o n  p e a k  for  t he  su r face  
ox ide  (peak  C in t he  r e s idua l  c u r v e  of  Fig. 1) was  mea-  
s u r e d  as a f u n c t i o n  of  Ea in t he  a b s e n c e  of  As(III).  The  
va lues  of Qox were  d e t e r m i n e d  to be  a l inea r  f u n c t i o n  of Ea 
as r e p r e s e n t e d  b y  

Qox = (546 ~C/V) (Ea - -  0.79) [5] 

The  q u a n t i t y  (E~ - 0.79) in  Eq.  [5] r e p r e s e n t s  t he  e f fec t ive  
o v e r p o t e n t i a l  o b s e r v e d  for  ox ide  f o r m a t i o n  (~ox). The  lin- 
ear  c o r r e s p o n d e n c e  of  Qox a n d  Ea ha s  a l ready  b e e n  n o t e d  
(23, 28, 29). C o n t i n u i n g  w i t h  our  c o n c l u s i o n  m a d e  ear l ie r  
t h a t  Qox for E ~> 1.0V is t he  s a m e  for t he  p r e s e n c e  or ab-  
s e n c e  of  As(III),  t h e  v a l u e s  of  I n k  were  r e p l o t t e d  as a 
f u n c t i o n  o f  Qox, a n d  t h e  r e s u l t  is s h o w n  in  Fig. 8 (curve  o n  
left). The  e q u a t i o n s  of  t h e  l i nea r  p lo t s  in  Fig. 8 are  as fol- 
lows:  for  log k vs .  Ea 

log k = 1.77 - 2.46 Ea 

a n d  for log k vs .  Qox 

log k = -0 .174  - (4.48 x 10-3)Qox 

In  t he  e q u a t i o n s  above ,  k ha s  d i m e n s i o n s  in  c e n t i m e t e r s  
pe r  s e c o n d  a n d  Qox is in  m i c r o c o u l o m b s .  A l t e r n a t e l y  

k = M .  exp  { - E J E o }  [6] 

a n d  

k = N .  exp  { -Qox/Qo} [7] 

w h e r e  M = 58.9, Eo = 0.177V vs .  SCE, N = 0.670, a n d  Qo = 
97.0/zC. 

Conclusions 
We c o n c l u d e  t h a t  o x y g e n  f rom a d s o r b e d  -OH (i.e., 

PtOH)  g e n e r a t e d  as t he  first  s tep  in  t he  f o r m a t i o n  of  sur-  
face o x i d e  a t  a P t  e lec t rode ,  a n d  in  t he  e v o l u t i o n  of  O2(g), 
is r ap id ly  t r a n s f e r r e d  to As(OH)3 in  t he  e l ec t roca t a lyzed  
p r o d u c t i o n  of OAs(OH)3. The  ra te  of  t he  sur face  r e a c t i o n  
b e t w e e n  a d s o r b e d  .OH a n d  As(OH)3 can  be  suf f ic ien t ly  
r ap id  (i.e., 0 ~ 1) so t h a t  t he  fa rada ic  c u r r e n t  for  As(III)  is 
nea r ly  e q u a l  to t he  t r a n s p o r t - l i m i t e d  va lue  for  low o~. 

Resu l t s  r e p o r t e d  he re  for  P t  e l ec t rodes  b e a r i n g  ex- 
t e n d e d  layers  of  P tO  (i.e., 0 > 2) d o , n o t  ru le  ou t  t h e  poss i -  
b i l i ty  of  o x y g e n  a b s t r a c t i o n  b y  As(OH)3 d i rec t ly  f r o m  t h e  
P tO as well;  however ,  t he  a b s t r a c t i o n  r e a c t i o n  is ve ry  
slow, is i n d e p e n d e n t  of po t en t i a l  for  a c o n s t a n t  ox ide  cov- 
erage,  a n d  dec rea se s  w i t h  i nc r ea se s  in  t h e  q u a n t i t y  of  ox- 
ide  (Qox). The  O~(g) evo lu t i on  r eac t i on  on  o x i d e - c o v e r e d  P t  
e l ec t rodes  ha s  b e e n  r e p o r t e d  also to o c c u r  at  a ra te  w h i c h  
d e c r e a s e s  w i t h  i nc r ea se s  in  t he  ox ide  cove rage  (45, 46). 

M e c h a n i s m s  are  p r o p o s e d  be low for t he  e lect ro-  
ca ta lyzed  o x i d a t i o n  of  As(III)  at  a n  oxide-f ree  P t  e l ec t rode  
in i t i a t ed  b y  d i s cha rge  of  a d s o r b e d  .OH ( S c h e m e  I) a n d  
t h e  poss ib i l i ty  of  the  m u c h  s lower  o x y g e n  a b s t r a c t i o n  
f rom a n  ox ide -cove red  sur face  ( S c h e m e  II). The  v a r i a n t  of  
S c h e m e  i i nvo lv ing  .OH a d s o r b e d  at a n  ox ide -cove red  
sur face  is se l f -evident .  

S c h e m e  I (oxide-free  surface)  
P t  + HzO = P t O H  + H + + e (fast) [8] 

P t O H  + As(OH)3 = PtOHAs(OH)3 (fast) [9] 

PtOHAs(OH)~ = PtOAS(OH)3 + H + 
+ e (fast) [10] 

PtOAs(OH).~ --> P t  + OAs(OH)3 (rds) [11] 

S c h e m e  II  (ox ide-covered  surface)  
P tO + As(OH)~ = PtOAs(OH)~ (fast) [12] 

P t O A s ( O H h  ~ P t  + OAs(OH)3 
(very s low rds)  [13] 

P t  + H20 = P t O H  + H + + e (fast) [14] 

P t O H  --~ P tO + H + + e (fast) [15] 
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The product of the reaction in Eq. [10] can be viewed 
simply as the activated state in a mechanism analogous to 
a bimolecular substitution reaction. Accordingly, the ap- 
proach of the lone electron pair of As(III) toward the anti- 
bonding orbital of the surface oxygen results in a shift of 
electron density, as illustrated below. Ultimately, the sur- 
face oxygen is released from the Pt, and formation of 
OAs(OH)3 is complete. 

Adsorbed As(III) at an oxide-free Pt surface reacts rap- 
idly with .OH discharged at adjacent surface sites; how- 
ever, there is no evidence yet that adsorption of As(III) at 
sites adjacent to the oxygen bearing site is a prerequisite 
to reactivity. If adsorption of As(III) at oxide-free Pt sites 
is indeed a prerequisite to oxidation, a seemingly conven- 
ient explanation of the loss activity for a surface covered 
by an extended layer of Pro  (i.e., 6 > 2) could be based on 
the consequential  decrease in the surface density of Pt  
adsorption sites. Such an electrode surface would not be 
uniformly accessible, and the observed limiting current 
would be much less than the theoretical transport-limited 
current (i.e., the "Levich current") for a uniformly accessi- 
ble electrode. The response of nonuniform electrodes has 
been considered by Nagy et al. (47), and by Landsberg 
and Thiel (48). This explanation of the mixed control ob- 
served for oxidation of As(III) will be tested in Part II of 
this work. Also in Part II, the results of kinetic studies of 
the electrocatalyzed oxidation of As(III) at Pt electrodes 
will be presented. 

Pt 

4---- OH 

C As 
\ 

OH 

H 

Platinum 
Surface 

Fig. 8. Plot of log k vs. Ea and Qox. 
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Reactivity of Anthracene in liquid 
SbCI3-AICI3-N-(1-Butyl)Pyridinium Chloride Mixtures 

S. P. Zingg, A. S. Dworkin, Marten S~rlie, 1 D. M. Chapn~an, 2 A. C. Buchanan, III, and G. Pedro Smith 

Oak Ridge National Laboratory, Chemistry Division, Oak Ridge, Tennessee 37830 

ABSTRACT 

Mixtures of SbC]~ and N-(1-butyl)pyridinium chloride (BPC1) containing 75-87 m]o (mole percent) SbC13 and SbCI~- 
A1CI~-BPC1 mixtures containing 60 m/o SbCl~ and 16-23 m/o A1CI~ were found to be liquid at 25~ Dilute solutions of an- 
thracene were stable in ternary mixtures containing 18 m/o A1C13, but  in mixtures containing 22-24 m/o A1CI~, anthracene 
reacted under  the influence of the solvent, which behaved as both oxidant and H-transfer catalyst. The oxidized prod- 
uct was protonated anthracene, which Was stable in this melt. The source of protons was provided by hydrogen 
liberating Scholl condensations combined with the reduction of Sb(III). A part of the hydrogen from Scholl reactions re- 
acted with anthracene to form 9,10-dihydroanthracene. By contrast, a liquid mixture without SbC13, A1C13-BPC1 (2:1 
mole ratio) proved to be a much less active H-transfer catalyst than the SbCl~-rich liquids even though it is a stronger 
Lewis acid, and it did not induce protonation beyond a trace attributable to protic impurities. The role of impurities in 
these mixtures was investigated with results that are relevant to earlier investigations of liquid A1C13-BPC1 mixtures. An 
improved procedure for purifying BPC1 is described. 

Studies of polycyclic aromatic hydrocarbons and hy- 
droaromatics in anhydrous SbC13-based melts have 
shown these melts to be extremely active solvent- 
catalysts for a variety of hydrogen redistribution reac- 
tions at surprisingly low temperatures, 80~176 (1-5). Un- 
der certain conditions, these melts can also act as 
oxidizing reagents toward arenes, and some of the re- 
sulting reactions are of unusual  types (4, 5). The melts in- 
vestigated previously have either been pure SbC13 or 
SbC13 with 1-10 m]o (mole percent) of added chloride ion 
donor, such as KC1, or chloride ion acceptor, such as 
A1C13. The added chloride ion donor reduces the 
oxidizing power of the melt while the added acceptor in- 
creases it. 

The development by Osteryoung et al. (6) of low- 
melting chloroaluminate systems by replacing the usual 
alkali-metal cations with N-(1-butyl)pyridinium cations 
(BP +) led us to investigate the possibility of preparing 

1Visiting scientist from the University of Tennessee, 
Knoxville, Tennessee 37919. 

2 Graduate student, University of Tennessee, Knoxville, 
Tennessee 37919. 

Key words: catalysis, organic, spectra. 

SbC13-rich mixtures that are molten at ambient  tempera- 
tures by adding moderate amounts of BPC1 or BPA1C14 to 
SbCI~. We felt these mixtures might retain the useful 
properties of the higher melting salts and, at the same 
time, have the convenience of being liquid under  ambient  
conditions. We found that SbC13-BPC1 mixtures con- 
taining 75-87 m]o SbC13 and SbC13-BPA1C14 mixtures con- 
taining 75 m/o SbCI~ are liquid at 25~ In the latter mix- 
tures, BPA1C14 is formed in situ by adding BPC1 and 
A1CI~ in equal amounts to SbC13. The SbC13-BPA1CL mix- 
ture was of particular interest to us because of the possi- 
bility of varying the melt acidity and oxidizing power 
over substantial ranges by adding relatively small 
amounts  of the base BPC1, or generating acidic SbC]2 + 
ions by adding A1C13, which reacts with SbC18 to form 
SbC12 + and A1CI~- (see below). Although we made no at- 
tempt to establish the solubility limits of those additions, 
we showed that systems formed by mixing 60 m/o SbCl~, 
17-24 rrgo BPC1, and the balance, A1C13, are liquid at 25~ 

Having established the occurrence of these low-melting 
SbCl~-rich melts, we wished to determine to what extent 
SbC13 diluted by 25 m/o BPA1CL at ambient  temperature 
retains the catalytic properties that SbC13 displays at ele- 
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vated temperatures. For this purpose, we chose anthra- 
cene as the hydrogen-transfer substrate because of the ex- 
tensive research (1, 3-5) on its reactivity in SbC13-rich 
high-melting mixtures. The results of this investigation 
are given here. 

It is important  to recognize that the solvent-catalyst 
properties of SbC13-BPA1C14 with added A1C13 are funda- 
mentally different from those of ambient temperature 
chloroaluminate melts. In the SbC13-rich melts, SbCI~ + is 
the Lewis acid and has an additional redox functionality, 
whereas, in the chloroaluminate melts, the Lewis acidity 
resides in A12C17-, which h a s n o  redox functionality. In 
this paper, we demonstrate the consequences of these 
differences. 

A final and by no means trivial i tem considered here is 
our discovery that BPC1 purified by the procedures con- 
ventional in studies of ambient  temperature chloroalu- 
minate melts is contaminated by water and ethyl acetate 
to a degree that has serious consequences for investiga- 
tions of the chemistry of dilute solutions of organics both 
in SbC13-rich and in chloroaluminate melts. 

Experimental Section 
Materials.--Antimony(III) chloride (Alfa, 99% mini- 

mum) was purified by the following procedure. It was 
first melted under  argon and mixed with Sb metal in or- 
der to reduce any Sb(V) and with Sb203 to remove volatile 
chloride impurities. This was followed by two sublima- 
tions under  dynamic vacuum and then zone refining a 
min imum of thirty passes. The resultant colorless crystals 
melted to give a clear colorless liquid. 

Aluminum chloride (Fluka, puriss.), to which 1 w/o 
(weight percent) purified NaC1 was added, was refluxed 
over high purity a luminum (Alfa, M6N) for 3 days in 
sealed quartz ampuls, and then distilled away from the 
NaA1C14 phase. This procedure was repeated twice and 
the resulting A1C13 crystals were then vacuum sublimed 
through a fine porosity Pyrex frit. The purified A1C13 
crystals were colorless and melted to form a colorless liq- 
uid. The NaC1 used in this procedure was prepared from 
reagent grade material, purified by vacuum drying in the 
solid state followed by melt ing and bubbling first HC1 
and then argon (both high purity grades) through the 
melt. 

BPCI was prepared from pyridine (Fisher, certified 
ACS) and l-butylchloride (Matheson, Coleman, and Bell, 
>98%). The starting materials were further purified by 
distillation from P205 under argon. The synthetic proce- 
dure given by Robinson and Osteryoung (8) was followed. 
As an added precaution, each step was carried out under 
argon because BPCI is exceedingly hygroscopic. The 
product was recrystallized five times under argon from 
acetonitrile (Fisher, certified ACS), which had been dis- 
tilled under argon from P205. In the original procedure 
(8), ethyl acetate was used in recrystallizing the final 
product but we omitted this material because we were 
unable to remove it completely from crystalline BPCI 
even after prolonged heating under vacuum at II0~ The 
BPCI was dried under vacuum in the presence of P205 in 
a drying pistol at 110~ and the drying pistol was trans- 
ferred to the glove box while still under vacuum. During 
preparation and all subsequent  handling, BPC1 was 
shielded from exposure to light. The water content  of the 
final product  was determined by Karl Fischer analysis 
(Galbraith Laboratories) to be <- 0.2%. The elemental  anal- 
ysis (Galbraith Laboratories) showed 62.75% C, 8.06% H, 
8.34% N, 20.59% C1, and 0.14% O (calculated values: 
C 62.97; H 8.22; N 8.16; C1 20.65). The BPC1 was further 
analyzed for organic impurities by dissolving a lg  sample 
in a small amount  of water and then extracting with three 
30 ml aliquots of methylene chloride. After drying with 
CaSO4 and reducing the volume to 5 ml, the methylene 
chloride was analyzed using a Hewlett  Packard Model 
5880 gas chromatograph equipped with a flame ioniza- 
tion detector and an OV-101, 12m capillary column. No 
measurable levels of organic impurities were found in 
BPC1 that had been purified without the use of ethyl ace- 

tate. The melting point of the final product was 
132.3~176 (corn). 

Anthracene (Eastman, scintillation grade) was 
recrystallized from acetic acid and then toluene before 
sublimation. Analysis by HPLC and GC showed less than 
0.1% impurities. 

9H-anthracenium heptachlorodialuminate (C,4H,AI~C17) 
1 was prepared in Schlenk-ware according to the proce- 
dure of Koptyug (9). Thereafter, it was stored and handled 
in a glove box. The 200 MHz 'H-NMR spectrum of a solu- 
tion of this compound in molten SbC13-10 m/o A1CI~ was 
that of the 9H-anthracenium 2 (the cation of compound 1, 
shown in Fig. 1) ion without extraneous peaks. 

2-Ethylanthracene (Aldrich, 98%) was recrystallized 
twice from ethanol. No impurities were detected by GC or 
HPLC analysis. 

Preparation of solvents and solutions.---All handling of 
salts (including weighing on an analytical balance) was 
carried out in an argon atmosphere glove box in which 
both water vapor and oxygen were monitored instrumen- 
tally and kept below 1 ppm by continuous circulation of 
the atmosphere through a purification train. In preparing 
SbCI3-A1C13-BPC1 melts, SbC13 and BPC1 were mixed to 
form a binary liquid to which A1C13 was slowly added. 
This procedure allowed dissipation of the heat generated 
by the A1C18-BPC1 reaction so that the rise in temperature 
was only slight. In the preparation of A1CI3-BPC1-melts, a 
substantial temperature rise could not be avoided. 

The formal compositions of melts are specified here in 
terms of mole percentages of the three constituents in the 
order SbC13-AIC13-BPC1. Melts for which the mole ratio 
A1C13:BPC1 exceeded unity are referred to as acidic, while 
those for which this ratio was less than unity are termed 
basic. 

For the preparation of solutions, anthracene and 
2-ethylanthracene were weighed on a microbalance out- 
side of the glove box while compound 1 was weighed on 
an analytical balance in the glove box. The quantity of 
solvent (SbCI~-A1C13-BPC1) was determined by analytical 
weighing in the glove box. Solvent volume was calculated 
from density values (7). Values for other compositions 
were determined by linear extrapolation. 
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Fig. 1. Spectra of anthracene and the 9H-anthracenium ion in 
SbCI3-AICI3-BPCI melts with compositions of 60:18:22 and 60:22:18, 
respectively. 
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Decomposition reactions.--The decompos i t i on  of  an- 
th racene  in acidic ternary mel ts  was ini t ia ted by mix ing  a 
solut ion of  an thracene  in a basic 60:19:21 mel t  wi th  an ap- 
propr ia te  amoun t  of  an acidic melt.  For  an thracene  solu- 
t ions at the  150 mM concen t ra t ion  level,  the  ex ten t  of  re- 
act ion was measu red  by q u e n c h  and separa t ion  at the  end 
of  a g iven  react ion period. The  same q u e n c h  and separa- 
t ion p rocedures  were  fo l lowed as those  used  p rev ious ly  to 
s tudy  the  decompos i t ion  of  an thracene  in SbC13-rich 
mel t s  at e levated t empera tues  (1). These  solut ions  con- 
ta ined  160-200 mg  of solute. P roduc t  analysis i nc luded  an- 
t imony  meta l  as wel l  as organics.  

S tudies  of  solut ions at the  30 mM level  inc luded  in situ 
optical  spec t roscopy  (see below) in addi t ion  to q u e n c h  
and separation.  P roduc t  analysis did not  inc lude  anti- 
m o n y  meta l  because  of  the  small  amount s  of  mater ia l  in- 
volved.  After  a solut ion had been  prepared,  it was d iv ided  
into two portions.  One por t ion  was we ighed  and left  m 
the  g love  box  for q u e n c h  and separat ion at the end  of  the  
react ion period.  This por t ion  conta ined  10 m g  or more  of  
solute. The  other  por t ion  (~1 ml) was loaded  into an op- 
tical cell  (see below) which  was then  sealed, r e m o v e d  
f rom the  g love  box, and p laced  in the  spec t ropho tomete r .  
In  several  runs,  a second  1 ml  spec t roscopy  sample  was 
w i thd rawn  f rom the  quench-and-separa t ion  por t ion  after 
23h. The  spec t rum of this second  sample  was the  same  as 
the  23h spec t rum of the  sample  that  had  been  r e m o v e d  at 
the  beg inn ing  of  the  run. 

Optical spectroscopy.--Optical absorp t ion  spectra  were  
measu red  e i ther  wi th  a Cary 14 or a Cary 219 spec t ropho-  
tometer .  The  optical  cell, shown in Fig. 2, cons is ted  of  a 1 
cm pa th leng th  quar tz  glass cuvet te  a t tached by means  of  
a graded  seal to a 100 cm long Py rex  glass neck  wi th  a 15 
Ace th readed  glass jo in t  at the  top. A quar tz  glass insert,  
to wh ich  an eyele t  was at tached,  could  be  lowered  into 
the  cell  by  means  of  a glass rod wi th  a hook  on the  end. A 
Teflon bush ing  and O-ring p rov ided  an air t ight  seal. The  
quar tz  inser t  could  be rota ted so that  two dif ferent  optical  
pa th leng ths  of  about  60 and 110 ~rn were  obtainable.  The  
sample  compa r tmen t s  of  both  spec t ropho tomete r s  were  
modif ied  to a c c o m m o d a t e  these  cells. Pa th leng ths  of  
cells wi th  inser ts  in place were  cal ibrated us ing the  373 
n m  band  of  K~CrO4 solut ions in aqueous  0.'05N K O H  [e = 
4842 M - '  cm -2 (10)]. Measu remen t s  were  m a d e  wi th  at 
least  four  i ndependen t ly  prepared  concent ra t ions  of  di- 
ch roma te  for each calibration,  and the  resul ts  were  repro- 
duc ib le  to wi th in  0.5%. 

ESR spectroscopy.--The spec t rometer ,  sample  tubes,  
and expe r imen ta l  p rocedures  have  been  desc r ibed  previ-  
ous ly  (11). All mater ia l  t ransfers  were  pe r fo rmed  in a dry 
box. The  loaded  sample  tubes  were  sealed unde r  ar- 
gon a v a c u u m  line. Concent ra t ion  of  an thracene  in the  
mel ts  was ~5 mM. E S R  spectra  were  ob ta ined  at ambien t  
t empera tu re s  (22~176 

Results and Discussion 
Reactions among solvent components.--The SbC13-A1C13- 
BPC1 mix tu res  cons idered  here  have formal  compos i t ions  
wi th  the  fol lowing mole  fract ions:  0.60 SbC13, (0.20 + a) 
A1C13, and (0.20 - a) BPC1, where  -0.04 -< a -< 0.03. S ince  
these  c o m p o n e n t s  vary  eno rmous ly  in chlor ide donor/ac-  
cep tor  s t rength,  ex tens ive  ch lor ide-exchange  chemis t ry  
occurs  on mixing.  A l u m i n u m  t r ichlor ide  is a s t rong chlo- 
r ide ion accep tor  whi le  SbC13 is a m u c h  weake r  chlor ide  
ion acceptor ,  and BPC1 is a chlor ide  ion donor.  Therefore ,  
the  d o m i n a n t  chlor ide  exchange  react ion is 

BPC1 + A1C13 ---> B P  + + A1CI4- [1] 

S ince  the  A1C13:BPC1 ratio is close to uni ty  for all melts ,  
the  l iquid  may  be  regarded  as consis t ing of  the  b inary  
mix tu r e  SbC13-25 m/o BP(A1C1D wi th  relat ively smal l  ad- 
di t ions of  A1C13 or BPC1. Pure  mol t en  SbC13 is ve ry  
s l ight ly ionized  as shown in Eq. [2] (12) 

SbCI~ ~ SbC12+(solvated) + Cl-(solvated) [2] 

It  is p lausible  to suppose  that  the same equ i l i b r ium oc- 
curs  in our  low-mel t ing  mix tu res  and is d i sp laced  
s t rongly to the  left. Likewise ,  it has been  shown  that  in 
l iquid  BPC1-A1CI~ mix tu res  at ambien t  t empera tu res ,  the  
A1C14- ion is in equ i l ib r ium wi th  AI~C1c and C1- ions (13). 
In  our  mixtures ,  a s imilar  equ i l ib r ium m u s t  occur  as 
shown in Eq. [3] 

2A1CI( ~ A12C1c + Cl-(solvated) [3] 

where  C1- is solvated by SbCI~ molecules .  S ince  A12C1C is 
a m u c h  s t ronger  chlor ide  ion acceptor  than  SbC13, the  
equ i l i b r ium in Eq.  [3] is s t rongly d isplaced to the  left. The  
A12C17- anion should  also be a s t ronger  chlor ide  ion ac- 
cep tor  than  SbC12+(solvated) so that  the  equ i l i b r ium in 
Eq. [4] 

AI~C17- + SbC13 ~ SbC12+(solvated) + 2A1CI( [4] 

should  be  d isplaced to the  right. This also appears  to be  
the  case in SbC13-A1C13 mix tu res  at e leva ted  t empera tu re s  
(12). Thus,  w h e n  A1C13 is added  to l iquid  SbCI~-BP(A1C14), 
the d o m i n a n t  acidic species  should  be SbC12+(solvated) 
ra ther  than  A12C1c. On the o ther  hand, BPC1 is e x p e c t e d  
to dissolve in SbCI~-BPC1 to form B P  + cat ions and 
C1 (solvated) anions wi th  the  concomi tan t  suppress ion  of  
the  format ion  of  SbC12+(solvated), accord ing  to Eq.  [2]. 

In  summary ,  for all of  the  SbC13-A1C13-BPC1 composi -  
t ions cons idered  here, the  p r imary  cons t i tuents  are SbC~ 
molecu les  and the specta tor  ions B P  + and A]CI( .  Second-  
ary cons t i tuents  are SbC12+(solvated) and Cl-(solvated).  
When the  formal  mole  ratio A1C13:BPC1 exceeds  uni ty  to a 
s ignif icant  degree,  the concen t ra t ion  of  SbCl~+(solvated) 
is co r respond ing ly  increased,  whi le  that  of  Cl-(solvated)  
is great ly suppressed.  This  s i tuat ion is r eversed  w h e n  the  
A1C13:BPC1 ratio is s ignif icant ly less than  unity.  The  
A12C17- an ion  is at mos t  no more  than  a minor  cons t i tuen t  
in the  mel t s  cons idered  here. 

Optical spectra.--During the  decompos i t i on  of  anthra-  
cene,  the  pr incipal  species observed  by opt ical  spectros-  
copy are unreac ted  an thracene  and the  an th r acen ium ion. 
Therefore ,  for purposes  of  both  ident i f icat ion and 
quant i f icat ion,  the  spectra  of  these  species were  mea- 
sured  in SbC13-A1CI~-BPC1 mel t s  unde r  nonreac t ive  
condi t ions.  

F igure  2 shows the  spec t rum of  a 31.1 mM solut ion of  
an th racene  in a basic 60:18:22 melt ,  and that  of  a 9.75 mM 
solut ion of  9H-an thracen ium hep tach lo rod ia lumina te  1 in 
an acidic 60:22:18 melt .  The  posi t ions and molar  absorp-  
t ivi t ies  of  the  three  m a x i m a  in the  an th racene  s p e c t r u m  
are as follows: 347 nm, 4130 M - '  cm-1; 366 nm, 4660 M -1 
cm-1; and 384 nm, 3830 M - '  cm -I. We a t t r ibute  these  
bands  to v ibronic  componen t s  of  the  1La +-- 'A  e lec t ronic  
t rans i t ion  (14). By  compar i son ,  we  found  that  the  corre- 
spond ing  bands  for an thracene  in me thano l  have  as coor- 
dinates  the  fol lowing: 339 nm, 5447 M 1 cm- ' ,  356 nm, 
8130 M -1 cm- ' ;  375 nm, 7967 M - '  cm- ' .  Other  bands  in this 
group that  we shall  m a k e  use  of  later  have  m a x i m a  at 309 
and 323 nm. The v ibra t ional  spacing for all five bands  is 
close to 0.14 ~m- ' .  The  bands  of  an th racene  in the  mol t en  
salt are  m u c h  broader  than  those  of  an th racene  in metha-  
nol  so that  the  band  areas and osci l lator  s t rengths  are 
more  near ly  comparab le  than  are the  molar  absorpt ivi t ies .  

The  spec t rum of  the  solut ion of  c o m p o u n d  1 in Fig. 2 
consis ts  of  an in tense  band  wi th  m a x i m u m  at 424 n m  and 
mola r  absorpt iv i ty  of 34,500 M - '  cm -1. This  is p laus ib ly  at- 
t r ibu ted  to the  9H-an thracen ium cat ion 2, the  s t ruc ture  of  
wh ich  is shown  in the figure. The  spec t rum of  this ion  in 
anhydrous  H F  at 25~ (15) has a s imilar  band  at 408 n m  
(37,400 M - '  cm-~), whi le  in concen t ra ted  H2SO4 at 25~ (16) 
the band  m a x i m u m  is at 424 n m  (ca. 30,000 M - '  cm- ' ) .  

Spec t ra l  data  and the  resul ts  of  analysis by hydrolys is  
and separa t ion  show that  bo th  the  solut ion of  an th racene  
in the  basic mel t  and that  of  c o m p o u n d  1 in the  acidic  
mel t  are stable. Their  spectra  r ema ined  u n c h a n g e d  after  
24h. Fo l lowing  hydrolys is  of  the  an thracene  solut ion,  the  
s tar t ing mater ia l  was r ecove red  and no decompos i t i on  
p roduc t s  were  found.  Hydrolys is  of  the  solut ion of  corn- 
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pound 1 resulted principally in the deprotonation of com- 
pound 1 and led to recovery of anthracene equivalent  to 
85% of the starting material. A similar recovery factor was 
found when  solutions of anthracene in SbC13-10 m]o 
A1C13 were hydrolyzed by the procedure  used here. 

Anthracene decomposition reaction.--We found that t h e  
reactions by which anthracene decomposes in acidic 
SbC13-A1C13-BPC1 mixtures at 28~176 are closely related 
to those that occur in SbC13-rich melts at 80~176 These 
elevated temperature reactions are of two types. First, in 
SbC13-10 n~o A1C13, anthracene reacts rapidly and com- 
pletely with the solvent in a redox process that is sche- 
matically illustrated in Eq. [5] (4) 

6 + 4 /3  S b C I  3 �9 4 

+ ~ + 4/3 Sb + 4 CI- [5] 

3 
The oxidized product is the 9H-anthracenium ion 2, pro- 
duced in 55-65% yields. The_source of protons for this 
product  is a combination of Scholl-type condensation- 
dehydrogenation reactions and the reduction of Sb(III). 
The dominant  condensed product is anthra[2, 1-a]acean- 
thrylene 3, produced in yields of -20  w/o of the starting 
anthracene. The remaining organic material (-15-25 w/o) 
consists of  a variety of condensed compounds.  The ac- 
companying reduction reaction converts Sb(III) into a 
lower oxidation state, which, when hydrolyzed, dispro- 
portionates into Sb metal and Sb(III) (17). Stoichiometry 
requires that the mole ratio compound 2 :Sb(metal) be 3:1. 

The second type of reaction occurs when anthracene is 
dissolved in SbC13 without A1C13. This reaction is a rela- 
t ively slow catalytic hydrogen-transfer with the melt 
serving as solvent/catalyst (1). Part of the anthracene is 
hydrogenated to form mostly 9,10-dihydroanthracene 4, 
and the source of hydrogen is Scholl-type condensation- 
dehydrogenation reactions 

H H 

4 
A wide variety of condensed products is formed, includ- 
ing compound 3, but no single product predominates.  

In the present study, we find that both of the above 
types of reactions occur simultaneously for anthracene in 
acidic SbCI~-A1C13-BPC1 mixtures at 28~176 Evidence 
regarding the formation of compound 2 comes from the 
optical spectroscopic measurements.  As noted earlier, 
this cation is destroyed by hydrolysis so that its presence 
in the melt  cannot be established by quench and separa- 
tion. The spectra in Fig. 3 are typical of those obtained 
when -30  mM anthracene reacts in the acidic melt  during 
a 23h run at 28~176 These spectra are referenced to air 
and can be converted to absorbance by subtracting the 
curve labeled solvent. The solvent melt  was quite trans- 
parent except  at the shortest wavelengths so that, over 
m o s t  of the wavelength range in Fig. 3, the apparent ab- 
sorption of the solvent consists of light losses due to 
reflections at cell windows. 

After 20 min reaction time, the concentration of anthra- 
cene fell to -95% of its starting value of 34.4 raM. A shoul- 
der at -420 nm is attributed to compound 2 at a concen- 

tration estimated to be 1-2 mM. Bands at 510 and 530 nm 
are due to unidentified reaction products. With increas- 
ing time, absorption due to anthracene slowly decreased, 
while that due to compound 2 slowly increased along 
with bands due to other reaction products at longer 
wavelengths. At the end of 1380 min (23h), some anthra- 
cene remained but the concentration could not be evalu- 
ated accurately because of interference from the band of 
compound 2. The concentration of compound 2 reached 
-7.5 raM, which is 22% of  the initial anthracene 
concentration. 

Identified substances obtained from quench and sepa- 
ration were the following: anthracene (partly unreacted 
starting material and partly from the hydrolysis of com- 
pound 2), compound 3, compound 4, four isomers of 
bianthracene grouped together here as compound 5 (2, 
9'-isomer produced in highest yield), a dihydroanthra- 
aceanthrylene 6, (not identified as to isomer), and anti- 
mony metal (recovered only for runs at the 150 mM con- 
centration level) 

5 

6 
In addition, small quantities of unidentified products 
(usually - 5 w/o of the initial anthracene) were obtained, 
and when the HPLC column was washed with CH.~C12, 
some highly condensed material came off. 

Quench and separation was performed for eight runs, 
each terminated after 23h. Five of these runs were made 
with 60:22:18 melts at 28~176 and used initial anthracene 
concentrations of 31, 34, 34, 141, and 157 mM. One run was 
made with a 60:22:18 melt at 40~ and an initial concentra- 
tion of 31 mM, while 2 runs were made with slightly more 
acidic 60:23:17 melts at 28~176 and initial concentrations 
of 28 and 139 raM. The only substantial differences in the 
relative amounts of substances recovered from these runs 
was between those with initial concentrations of 28-34 
mM and those with initial concentrations of  139-157 raM. 
Table I summarizes the five runs made with 60:22:18 
melts at 28~176 In this table, the amounts of substances 
are given as w/o of the initial weight of anthracene. Re- 
sults for the three runs with initial concentrations of 31, 
34, and 34 mM are averaged under  the column headed 
-30  raM, and those with initial concentrations of 141 and 
157 mM are averaged under -150 mM. Typical of devia- 
tions about the average values were those for anthracene, 
namely: 57-67% and 27-30%, respectively. The amounts  of 
anthracenium ion for runs with initial concentrations of 
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Fig. 2. Optical cell. (A) Pyrex 
glass rod with hook, (B) threaded 
Teflon bushing, (C) threaded Py- 
rex glass joint, (D) FETFE O-ring, 
(E) quartz glass insert, and (F) 
quartz glass optical cell. 

- 3 0  mM were  o b t a i n e d  f rom opt ica l  spec t ra ,  a n d  t h o s e  for 
t he  o t h e r  r u n s  we re  ca l cu la t ed  f rom t he  a m o u n t s  of  S b  
m e t a l  r e c o v e r e d  f rom q u e n c h  a n d  s e p a r a t i o n  (moles  of  
a n t h r a c e n i u m  = 3 x moles  of  Sb). 

T h e  a n t h r a c e n e  r e c o v e r e d  f rom q u e n c h  a n d  s e p a r a t i o n  
c o n s i s t e d  of  u n r e a c t e d  s t a r t ing  ma te r i a l  p lus  t h a t  r egener -  
a ted  f r o m  hydro lys i s  of  t he  a n t h r a c e n i u m  ion. We esti- 
m a t e  a r e c o v e r y  fac tor  of  85% for hydro lys i s ,  h e n c e  t he  
a m o u n t s  of  u n r e a c t e d  a n t h r a c e n e  we re  o n  t he  o r d e r  of  
43-47% a n d  15-18% for in i t ia l  c o n c e n t r a t i o n s  o f  - 3 0  mM 
a n d  - 1 5 0  raM, respec t ive ly .  Iden t i f i ed  p r o d u c t s  typ ica l ly  
a c c o u n t e d  for  - 8 0 %  of  t he  s t a r t ing  ma te r i a l  for  t h e  f o r m e r  
a n d  - 7 0 %  for t he  l a t t e r  c o n c e n t r a t i o n .  In  b o t h  cases,  an  
a d d i t i o n a l  a m o u n t  of  ma te r i a l  ( - 5 % )  c o n s i s t e d  of  sma l l  
a m o u n t s  of  va r ious  u n i d e n t i f i e d  p r o d u c t s  o b s e r v e d  dur-  
ing  c h r o m a t o g r a p h y .  T he  h i g h l y  c o n d e n s e d  ma te r i a l  ac- 
c o u n t e d  for  a n  a p p r e c i a b l e  p a r t  of  t he  r e m a i n d e r  in  r u n s  
w i t h  in i t ia l  c o n c e n t r a t i o n s  of  - 1 5 0  raM, b u t  ve ry  l i t t le  of  
th i s  ma te r i a l  was  f o u n d  for  r u n s  w i t h  in i t ia l  c o n c e n t r a -  
t ions  of  - 3 0  mM. 

T h e s e  r e su l t s  s h o w  t h a t  a pa r t  of  t he  h y d r o g e n  los t  in  
f o r m i n g  c o n d e n s e d  p r o d u c t s  was  c o n s u m e d  in  f o r m i n g  
h y d r o a r e n e s ,  wh i l e  t he  r e s t  was  c o n s u m e d  in p r o t o n a t i n g  
a n t h r a c e n e .  T h e  s a m e  r e a c t i o n s  o c c u r r e d  in m e l t s  w i t h  
in i t ia l  a n t h r a c e n e  c o n c e n t r a t i o n s  o f  31-1_57 mM. A t  t he  
h i g h e r  c o n c e n t r a t i o n s ,  t he  c o n v e r s i o n  of  a n t h r a c e n e  was  
greater ,  a n d  re la t ive ly  less  p r o t o n a t e d  p r o d u c t  2 f o r m e d  
t h a n  at  t h e  l ower  in i t ia l  c o n c e n t r a t i o n .  Thus ,  t h e  d e c o m -  
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Fig. 3. Spectra measured during the decomposition of anthracene in 
an SbCI3-AICI3-BPCI (60:22:18) melt at 30~ together with the spec- 
trum of the solvent. All spectra referenced against air. 

pos i t i on  of  a n t h r a c e n e  in ac id ic  SbC13-A1Cls-BPC1 me l t s  
p r o c e e d e d  b y  a c o m b i n a t i o n  of  t he  s a m e  types  of  reac- 
t ions  f o u n d  at  e l eva ted  t e m p e r a t u r e s  in  SbC13-10 rrgo 
AICI~ a n d  in  SbCl~ alone.  I t  is  as  t h o u g h  t he  l o w - m e l t i n g  
m i x t u r e s  were  i n t e r m e d i a t e  in  ox id iz ing  p o w e r  to SbCl~ 
w i t h  a n d  w i t h o u t  10 m/o A1CI~. F u r t h e r  e v i d e n c e  t h a t  th i s  
is, in  fact,  t h e  case  is p r o v i d e d  by  t he  E S R  s tud ie s  de- 
s c r i b e d  be low a n d  t he  E M F  s tud ie s  in  t he  fo l lowing  p a p e r  
(7). T h e  r eac t i ons  in  t he  l ow-me l t i ng  m i x t u r e s  at  28~176 
were  v e r y  m u c h  s lower  t h a n  t h o s e  at  h i g h e r  t e m p e r a t u r e s  
in  SbC13 a n d  SbC13-10% A1C13. 

ESR spectra.--The fact  t h a t  Sb(II I )  in  ac id ic  SbCI~- 
A1Clz-BPC1 me l t s  acts  as a mi ld  ox id iz ing  a g e n t  t o w a r d  
a n t h r a c e n e  was  e s t ab l i shed  by  t he  recovery  of  Sb  metal .  I t  
is i n t e r e s t i ng ,  there fore ,  t h a t  we  were  also ab le  to i den t i fy  
t he  p r e s e n c e  of  t he  a n t h r a c e n e  rad ica l  ca t ion  in  t h e s e  so- 
l u t i o n s  by  m e a n s  of  E S R  spec t roscopy .  Di lu te  so lu t i ons  
( - 5  raM) of  a n t h r a c e n e  in two acidic  mel t s ,  60:22:18 a n d  
60:21:19, we re  e x a m i n e d  by  E S R  at a m b i e n t  t e m p e r a t u r e s  
(22~176 In  b o t h  cases,  t he  E S R  s p e c t r u m  of  t he  a n t h r a -  
c ene  rad ica l  ca t ion  was  obse rved ,  a n d  t he  m e a s u r e d  pro- 

Table I. Substances recovered from anthracene decomposition in liquid 
SbCI3-AICI3-BPCI (60:22:18) after 23h at 28~176 

Amount (w/o) 

Substance -30 mM -150 mM 

Anthracene 63 29 
Dihydroanthracene 4 4 10 
Bianthracenes 5 11 11 
Anthra[2,1-a]aceanthrylene 3 3 4 
Dihydroanthraaceanthrylene 6 2 13 
Anthracenium ion 2 20 14 
Highly condensed material trace large 
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t on  h y p e r f i n e  c o u p l i n g  c o n s t a n t s  (a~ = 3.05, a2 = 1.37, 
a n d  a9 = 6.47G) we re  s imi la r  to t h o s e  m e a s u r e d  in  SBC13-8 
m/o  A1C13 at  e l eva t ed  t e m p e r a t u r e s  (11). Howeve r ,  t h e s e  
s p e c t r a  were  m u c h  less  i n t e n s e  t h a n  t he  c o r r e s p o n d i n g  
a n t h r a c e n e  rad ica l  ca t ion  s p e c t r u m  o b s e r v e d  in SbCl~-8 
m/o A1CI~, s u g g e s t i n g  t h a t  t h e  SbC13-A1C13-BPC] m e l t s  are 
w e a k e r  ox idan t s .  E M F  s tud ie s  p r e s e n t e d  in  t he  fo l lowing  
p a p e r  s u p p o r t  th i s  c o n c l u s i o n  (7). Thus ,  t h e  ac id ic  SbCI~- 
A1C13-BPC1 m e l t s  can  ac t  as o x i d a n t s  t o w a r d  a n t h r a c e n e ,  
p r o d u c i n g  rad ica l  ca t ions  t h a t  m a y  b e  key  r eac t ive  in ter -  
m e d i a t e s  in  t h e  p r o t o n a t i o n - c o n d e n s a t i o n  r e a c t i o n  as pre-  
v ious ly  p r o p o s e d  for  a r enes  in  SbC13-10 m/o A1C13 (4). 

Anthracene in AICI3-BPCI (2:1).--The i m p o r t a n t  role  
t h a t  SbCl~ p l ayed  in  t h e  a n t h r a c e n e  d e c o m p o s i t i o n  reac- 
t ions  in  ac id ic  SbC13-A1CI~-BPC1 m e l t s  is e m p h a s i z e d  b y  
c o m p a r i s o n  w i t h  the  b e h a v i o r  of  t h i s  so lu te  in  a s o l v e n t  
containing only AICI3 and BPCI. For this comparison, we 
chose the formal composition AIC13-BPC1 (2:1), which is, 
in fact, the liquid compound N-(l-butyl)pyridinium 
heptachlorodialuminate BPAI2CI7 (13). This is a very 
strong Lewis acid, and if Lewis acidity in combination 
with such protonic impurites as our melts may contain is 
sufficient to catalyze the decomposition of anthracene, 
then the 2:1 melt should be a very active catalyst. 

Studies using optical spectroscopy and quench and 
separation were carried out on a 35 mM solution of an- 
thracene in the 2:1 melt and followed the same general 
p r o c e d u r e s  used'  w i t h  acidic  SbC13-A1C13-BPC1 me l t s  in  so 
far  as poss ib le .  T he  ca l cu l a t i on  of  c o n c e n t r a t i o n s  was  
b a s e d  o n  t he  vSlue 1.33 g c m  -~ for  t he  dens i t y  of t he  m e l t  
(19). T h e  r e a c t i o n  t e m p e r a t u r e  was  30~ t h e  t i m e  to  
q u e n c h  was  24h, a n d  op t ica l  s pec t r a  were  m e a s u r e d  at  in- 
t e rva l s  f r o m  0.5 to 29h af te r  m i x i n g  a n d  i n c l u d e d  a spec-  
t r u m  t a k e n  at t h e  t i m e  of  q u e n c h .  

Af te r  q u e n c h  a n d  sepa ra t ion ,  t he  on ly  s u b s t a n c e s  f o u n d  
in  m o r e  t h a n  t r ace  a m o u n t s  we re  a n t h r a c e n e  (78 w/o), 
c o m p o u n d  4 (2 w/o), a n d  c o m p o u n d  5 (6 w/o). No m o r e  
t h a n  a t r ace  of  h igh ly  c o n d e n s e d  m a t e r i a l  was  f o u n d  
w h e n  t he  H P L C  c o l u m n  was  w a s h e d  w i t h  CH2C12. 

S p e c t r a  m e a s u r e d  af te r  0.5 a n d  24h are s h o w n  in  Fig. 4. 
T h e s e  are  r e f e r e n c e d  to air  a n d  can  b e  c o n v e r t e d  to so lu te  
a b s o r b a n c e  b y  s u b t r a c t i n g  t he  c u r v e  l abe l ed  so lvent .  In  
b e t w e e n  0.5 a n d  24h, t he  s pec t r a  c h a n g e d  s lowly  a n d  pro-  
gress ive ly ,  n e v e r  e x c e e d i n g  t h e  e x t r e m e s  s h o w n  in t he  
figure.  T h e  s p e c t r u m  m e a s u r e d  at 29h was  a l m o s t  ind i s -  
t i n g u i s h a b l e  f r o m  t h a t  m e a s u r e d  at 24h. 

The  A1CI~-BPC1 so lven t  m e l t  t r a n s m i t t e d  f u r t h e r  in to  
t he  u l t r av io l e t  t h a n  d id  SbC13-A1C13-BPC] m i x t u r e s  so 
tha t ,  for t he  a n t h r a c e n e  so lu t ion ,  five v i b r o n i c  b a n d s  of  
t he  1La <-- ~A e lec t ron ic  t r a n s i t i o n  we re  e x p o s e d  at 312 
(sh), 328, 344, 362, a n d  381 nm ,  w i t h  a 0.14 ~ m - '  v ib ra -  

t i ona l  spac ing .  T h e s e  are  s l igh t ly  r ed - sh i f t ed  w i t h  r e spec t  
to  t h e  c o r r e s p o n d i n g  b a n d s  of  a n t h r a c e n e  in  m e t h a n o l  
(see above) ,  a n d  t h e  344, 362, a n d  381 n m  b a n d s  a re  v e r y  
c lose  to t he  c o r r e s p o n d i n g  b a n d s  for a n t h r a c e n e  in  SbC13- 
A1C13-BPC1. A s s u m i n g  t h e  c o n c e n t r a t i o n  of  a n t h r a c e n e  
a f te r  0.5h to b e  35 mM or s l igh t ly  less,  t he  m o l a r  abso rp -  
t iv i ty  of  t h e  362 n m  b a n d  is ca l cu la t ed  to b e  a b o u t  6 • 103 
M -1 c m  -1. Th i s  va lue  is i n t e r m e d i a t e  to t h o s e  for  an th r a -  
c ene  in m e t h a n o l  a n d  in  SbC13-A1CI~-BPC1, respec t ive ly ,  
w h i c h  is in  k e e p i n g  w i t h  t he  fac t  t h a t  t h e  b a n d  w i d t h s  for 
a n t h r a c e n e  in  t he  2:1 m e l t  are l ikewise  i n t e r m e d i a t e .  

The  on ly  a b s o r p t i o n  in  t he  0.5h s p e c t r u m  no t  a t t r i bu t a -  
b le  to a n t h r a c e n e  was  a b a n d  at  - 4 2 0  n m  t h a t  we  a t t r i b u t e  
to c o m p o u n d  2. A s s u m i n g  t h a t  t h e  m o l a r  a b s o r p t i v i t y  of  
c o m p o u n d  2 ha s  a va lue  s imi la r  to t h a t  for  c o m p o u n d  2 in 
SbCI~-A1C13-BPC1, we  e s t i m a t e  t h a t  i ts  c o n c e n t r a t i o n  in  
A1C13-BPC1 was  - 1  raM. Th i s  s m a l l  a m o u n t  of  c o m p o u n d  
2 p r o b a b l y  c a m e  f rom i m p u r i t y  p r o t o n  sources .  Wi th  in- 
c r eas ing  t ime,  the  c o n c e n t r a t i o n  of  c o m p o u n d  2 d i m i n -  
i s h e d  a l t h o u g h  a sma l l  a m o u n t  p e r s i s t e d  a f te r  24h. 

The  on ly  p r o d u c t  a b s o r p t i o n  (o ther  t h a n  c o m p o u n d  2) 
f o u n d  af te r  24h was  a ve ry  b r o a d  b a n d  c e n t e r e d  n e a r  640 
nm.  Th i s  does  no t  c o r r e s p o n d  to e i t he r  of  t h e  m a j o r  p rod-  
uc t s  f o u n d  on  q u e n c h  a n d  sepa ra t ion ;  t he  b a n d s  of  com-  
p o u n d  4 s h o u l d  lie wel l  ou t  of  r a n g e  in  t he  UV, a n d  t h o s e  
of  c o m p o u n d  5 s h o u l d  lie in  t h e  s ame  gene ra l  r eg ion  as 
t he  a n t h r a c e n e  b a n d s .  The  m o s t  r e a s o n a b l e  s o u r c e  of  the  
640 n m  a b s o r p t i o n  is a t race  of  a h igh ly  c o n d e n s e d  a r e n e  
in  a p r o t o n a t e d  or ox id ized  form.  S u c h  ca t ions  usua l ly  
h a v e  i n t e n s e  a b s o r p t i o n s  in  t h e  v i s ib le  range ,  a n d  t he  par-  
e n t  a r e n e s  are  u sua l ly  m o r e  eas i ly  p r o t o n a t e d  a n d  oxi- 
d ized  t h a n  a n t h r a c e n e ,  c o m p o u n d  4, or  c o m p o u n d  5. 

The  long  w a v e l e n g t h  a b s o r p t i o n  b a n d s  of  b i a n t h r a -  
cenes  in  m e t h a n o l  we re  f o u n d  to be  ve ry  s imi la r  to t h o s e  
of  a n t h r a c e n e  in  t he  s ame  solvent .  A m o n g  o t h e r  sma l l  dif- 
fe rences ,  t hey  were  s o m e w h a t  red-sh i f ted .  A s s u m i n g  t h a t  
a s imi la r  s ta te  of  affairs  h o l d s  in  t he  2:1 melt ,  t h e  abso rp -  
t ion  in  t he  300-400 n m  reg ion  of  t he  s p e c t r u m  af te r  24h 
was  w h a t  one  w o u l d  e x p e c t  for  a m i x t u r e  of  a n t h r a c e n e  
a n d  c o m p o u n d  5 in  t he  ra t io  f o u n d  on  q u e n c h  a n d  separa-  
t ion  w i t h  an  a n t h r a c e n e c o n c e n t r a t i o n  r e d u c e d  to r o u g h l y  
80% of i ts  in i t ia l  value.  

Thus ,  we f ind t h a t  t he  2:1 mel t ,  u n l i k e  t he  ac id ic  SbC13- 
A1C13-BPC1 mel t ,  d i d  no t  p r o m o t e  t h e  o x i d a t i v e  pro to-  
n a t i o n  of  a n t h r a c e n e  to a n  a p p r e c i a b l e  ex ten t .  I t  d i d  cata-  
lyze t h e  Scho l l  c o n d e n s a t i o n - d e h y d r o g e n a t i o n  r eac t i on  
(to fo rm c o m p o u n d  5) a c c o m p a n i e d  b y  a par t ia l  hyd ro -  
g e n a t i o n  of  t he  s u b s t r a t e  (to fo rm c o m p o u n d  4), b u t  e v e n  
for  t h e s e  r eac t i ons  t he  2: t  m e l t  was  no t  nea r ly  as ac t ive  a 
ca ta lys t  as t he  less ac id ic  m e l t s  c o n t a i n i n g  SbCI3. 
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Effects of impurities.--Because of the low concentration 
of anthracene used in the spectrometric studies, we found 
it necessary to pay close attention to the effects of impuri- 
ties. Thus, it was not until water and ethylacetate were 
identified and eliminated as impurities in BPC1 that we 
obtained consistently reproducible results. Since BPC1 is 
a widely used constituent in low-melting salt mixtures 
and since studies of the spectroscopy and electrochemis- 
try of solutes in these melts is commonly done at low con- 
centrations, we describe what we learned about impurity 
effects. 

We found that when BPC1 was dried by a less rigorous 
procedure than that described above and then used to 
prepare acidic SbC13-A1C13-BPC1 melts, solute anthracene 
was protonated at a much faster rate, and the concentra- 
tion Of compound 2 reached a much higher level than it 
did in the reactions described above. When BPC1 was 
dried under vacuum over P205 at ll0~ for progressively 
longer times, the amounts of compound 2 diminished. 
The concentration level for promptly formed compound 2 
achieved after prolonged drying was about 1-2 mM, and 
this we attribute to impurities (not necessarily water). 

In the literature procedure (8) for the preparation of 
BPC1, ethyl acetate is used as a cosolvent along with 
acetonitrile in the recrystallization of the product. In our 
initial experiments,  which followed this procedure, an un- 
known product was observed in 16% yield from the reac- 
tion in an acidic room temperature melt containing 11 
mM anthracene. This product was identified by GC-MS 
as three isomeric ethylanthracenes. The ethyl group 
could not have come from the fragmentation of anthra- 
cene since no other fragments of the parent arene were 
found. It is well known (18) that esters will alkylate 
arenes in organic solvents with a Lewis acid present as 
catalyst. Analysis of the BPC1 showed that the small ethyl 
acetate content of the sample could account for all of the 
ethylanthracene found in the reaction of anthracene in 
the acidic SbC13-A1C13-BPC1 mixture. Vacuum drying of 
the BPC1 crystals resulted in a decrease in the ethyl ace- 
tate content and thus in the yield of ethylanthracene. 
However, traces of ethyl acetate remained even after a 
week of drying. To determine whether the presence of 
ethyl acetate and thus ethylanthracene would signifi- 
cantly effect our results, the reaction of 2-ethylanthracene 
was followed spectroscopically in the acidic room tem- 
perature melts under the same conditions utilized for the 
reaction of anthracene. Protonated ethylanthracene was 
formed and found to absorb at 424 nm (the same 
wavelength observed for the anthracenium ion). In addi- 
tion, ethylanthracene reacted more rapidly than anthra- 
cene, probably because ethylanthracene is more easily 
oxidized and protonated than anthracene. Since the pres- 
ence of ethylanthracene would obviously interfere with 
the investigation of the anthracene reaction, all subse- 
quent  purifications of BPC1 excluded the use of ethyl 
acetate. 

In a study published after the present paper was 
submitted, Sahami and Osteryoung (20) reported an elec- 
trochemical procedure for determining water in liquid 
A1C13-BPC1 mixtures containing excess BPC1. They found 
7.5-20 mM residual water initially present in their melts. 
In agreement  with our findings, they concluded that this 
water originated as an impurity in the highly hygroscopic 
BPC1 from which the melts were made. They also showed 
that water in liquid A1C13-BPC1 mixtures of all composi- 
tions reacts with chloroaluminate ions to form HC1, which 
has appreciable solubility in these melts. This result sup- 
ports our observation that water in A1C13-BPC1 containing 
excess A1C13 acts as a strong proton source capable of 
protonating anthracene. 

In a pioneering investigation of aromatic hydrocarbons 
in liquid A1C13-BPC1 mixtures, Robinson and Osteryoung 

(8) reported that when these hydrocarbons were added to 
acidic melts, colored solutions were formed that could be 
reversibly decolored by making the melt basic, and the 
UV-visible spectra of these colored solutions were similar 
to those of arene ~ complexes. In the case of anthracene, 
they reported a band maximum at 417 nm, very close to 
the position of the intense visible band of the 9H-anthra- 
cenium ion in liquid BPA12C17, as reported here. At the 
time that Robinson and Osteryoung reported their 
findings, A1C13-BPC1 melts were generally believed to be 
anhydrous; therefore, these authors proposed that the o- 
complexes they observed were of the A1C13-arene type 
formed in an equilibrium such as arene + A12C17- = A1C13- 
arene + A1C14-. In view of our results and those of Sahami 
and Osteryoung (20), it is most likely that the (r complexes 
were of the H+-arene type, i.e., arenium ions, since HC1 in 
the presence of acidic chloroaluminates has long been 
known to be an exceedingly strong protonating agent, 
and chloroaluminates cannot displace H + from the re- 
sulting complexes (note compound 1, above). 
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Electrochemical Properties of the Solvent SbCI3-AICI3-N- 
(1-Butyl)Pyridinium Chloride and Electrochemical and 

Spectroelectrochemical Studies of Arene Solutes 

D. M. Chapman, 1 G. P. Smith, M. S~rlie, 2 C. Petrovic, 3 and G. Mamantov *,3 

Oak Ridge National Laboratory, Chemistry Division, Oak Ridge, Tennessee 37830 

ABSTRACT 

Physical and electrochemical properties are reported for SbC13-A1C13-N-(1-butyl)pyridinium chloride (BPC1) mix- 
tures that are liquid at ambient temperatures, and studies of the electrogeneration and open-circuit decay of some arene 
radical cations, both in this medium and in SbC13-KC1 at elevated temperatures, are described. Specific conductivities, 
densities, and viscosities of the compositions [m/o (mole percent)] 60:19:21 (basic) and 60:21:19 (acidic) SbC13-A1CI~-BPC1 
were measured over the temperature range 24~176 For a potentiometric titration between the compositions 60:18:22 
and 60:22:18 with SbC13 fixed at 60 m/o, the potential of the Sb(III)/Sb(0) couple increased by 0.43V at 27~ Electro- 
chemical studies showed that perylene (Per), 9,10-dimethylanthracene (DMA), and 9,10-diphenylanthracene (DPA) can 
be reversibly oxidized to their radical cations in a 60:19:21 melt, whereas the oxidation of anthracene (Ant) is irreversi- 
ble. Spectroelectrochemical studies showed that Per radical cations were stable in this melt, those of DPA decayed very 
slowly, those of DMA decayed somewhat faster, and those of Ant were too transient to be observed optically. Similar de- 
grees of stability were found for these radical cations in SbC13 containing 1M KC1 at elevated temperatures, and transient 
spectra of Ant radical cations were observed in this solvent. 

Molten SbCl~ has proven to be a remarkable reaction 
medium for arenes (1-7). In some cases, these hydrocar- 
bons undergo solvent-catalyzed hydrogen transfer chem- 
istry, while in others the solvent acts as an oxidizing 
agent, and the primary reaction products include solvent- 
stabilizied carbocations, either arenium ions or arene rad- 
ical cations. To a great extent, reaction rates and even the 
type of reaction can be markedly altered by adding rela- 
tively small amounts of a chloride ion donor (e.g., KC1) 
which makes the melt less active, or a strong chloride ion 
acceptor (e.g., A1C13) which increases the oxidizing power 
of Sb(III) as well as the Lewis acidity of the melt. 

When used as a reaction medium, SbCI~ has the disad- 
vantage of an elevated melting point, 73~ Therefore, it 
was interesting to learn that when SbC13 is diluted with 25 
rn/o (mole percent) N-(1-butyl)pyridinium tetrachloro- 
aluminate (BP[A1C14]), the mixture is l iquid at 25~ and 
anthracene, dissolved in this liquid, displays some of the 
same chemistry as in SbC13 at elevated temperatures (8). 
As a next  step toward utilizing SbC13-BP(A1C14) mixtures 
to study the oxidative chemistry of arenes, we explored 
the possibilities and problems of applying electrochem- 
ical and spectroelectrochemical tools to this medium, 
with results that are reported here. 

The importance of electrochemical and spectroscopic 
methods for the study of arene chemistry in SbC13-rich 
liquids deserves special emphasis. Since very reactive 
carbocations occur as solvent-stabilized primary products 
in many of these reactions, conventional quench and sep- 
aration procedures often do not give adequate informa- 
tion and, in fact, can be misleading. Spectroscopic meth- 
ods (NMR, ESR, and optical) applied in situ are required 
to identify the carbocations and to calibrate quench and 
separation procedures for purposes of quantification. 
Furthermore,  since these carbocations, whether they be 
radical cations or arenium ions, are products of reactions 
in which the solvent acts as an oxidant, it is essential to 
establish the relative oxidizing power of the solvent as a 
function of added chloride ion donors and acceptors, and 
the relative oxidizability of the solutes. 

Finally, there is the question of whether radical cations 
that are relatively stable in inorganic SbC13-rich melts will 
have a similar degree of stability in SbC13-BP(A1C14), 
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where they have a greater opportunity of being scavenged 
by adventitious nucleophiles or, possibly, by BP § ion via 
hydrogen abstraction. To answer this question, we com- 
pared the persistence of a series of different arene radical 
cations in SbC13-BP(A1C14) with their persistence in mol- 
ten SbC13-KC1. 

As a practical matter, the solvent is prepared by mixing 
SbC13, A1CI~, and BPC1. For this reason, the solvent com- 
positions are, throughout this paper, expressed in mole 
percentages of these formal constituents in the above or- 
der. It should, however, be kept in mind that the chemi- 
cally active species are chloroantimony species and not 
chloroaluminate ions. (See Ref. (8) for a discussion of the 
reactions among melt components.) 

Materials.--Purification of the melt constituents has 
been described (8). 9,10-Dimethylanthracene (Aldrich, 
>99%) and anthracene (Reilly Tar and Chemical Corpora- 
tion, Scintillation Grade) were used  without  further 
purification. Perylene (Aldrich, 99%, Gold Label) and 
9,10-diphenylanthracene (Aldrich, 99%) were recrystal- 
lized from toluene. Ant imony metal (Bradley Mining 
Company, 99.99%) was vacuum cast into 3 mm diam 
single crystals that were drilled and threaded to serve as 
electrodes. 

Cells and electrodes.--The spectroelectrochemical (SE) 
cell, electrodes, and fittings have been described (9), ex- 
cept that tungsten (Alfa, 99.98%) was substituted for plati- 
num wire as a working electrode material, and the refer- 
ence electrode was fitted with a Pyrex screw joint, 
FETFE O-ring, and Teflon bushing (Ace Glass) for easy 
assembly. The electrolyte in the reference electrode was a 
binary SbC13-BPC1 melt saturated with solid SbCI~. This 
reference electrode is designated SbC13-BPCI(1), 
SbC13(solid)/Sb. The indicator electrode for the EMF mea- 
surements was an Sb metal rod which was machined to 
expose a fresh surface and cleaned with methanol. The 
acid-base titration was performed by pipetting a known 
volume of acidic melt into a known volume of basic melt. 
For measurements  using SbC13-KC1 melts, the spectro- 
electrochemical cell and reference electrode, as well as 
the purification procedure for KC1, were the same as de- 
scribed previously (9). The conductivity cells, instrumen- 
tation, and experimental  procedures were the same as de- 
scribed previously (10). 

Density and viscosity measurements.--Density mea- 
surements were made with a picnometer  which consisted 
of a Pyrex bulb ( -8  ml in volume) to which two Pyrex 
precision-bore graduated tubes (Aceglass, 2 mm id, grad- 
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u a t e d  in  m m )  w e r e  fu sed  ver t ical ly ,  para l le  ! to  e a c h  other .  
T h e  t u b e s  were  j o i n e d  via  a b r i d g i n g  t u b e  at  t he  t op  to al- 
low for p ressu re  equal iza t ion  in each  arm.  A n  e x t e n s i o n  of 
t u b i n g  a b o v e  t he  b r idge  a l lowed  for add i t i on  of  m e l t  a n d  
seal-off. Af te r  add i t i on  of  mel t ,  t h e  a p p a r a t u s  was  sea led  
off  u n d e r  -0 .8  a t m  of  argon.  T he  d e n s i t o m e t e r  was  sub-  
m e r g e d  ver t i ca l ly  in  a wa te r  b a t h  con t ro l l ed  to -+0.03~ b y  
a L a u d a  Mode l  K2-R c i rcula tor .  T he  g r a d u a t i o n s  on  t he  
a r m s  of  t h e  p i c n o m e t e r  were  ca l ib ra t ed  u s i n g  accu ra t e ly  
w e i g h e d  a m o u n t s  of  Hg. T e m p e r a t u r e  was  m e a s u r e d  w i t h  
a P t  r e s i s t a n c e  t h e r m o m e t e r  u s i n g  a Minco  R T B  8078 
br idge ,  w h o s e  ca l ib ra t ion  is t r a c e a b l e  to N B S  s t a n d a r d s .  
Fo r  th i s  e x p e r i m e n t a l  conf igura t ion ,  t he  e r ro r  in  d e n s i t y  
va lues  is e s t i m a t e d  to be  less t h a n  0.2% over  t he  t e m p e r a -  
t u r e  r a n g e  25~176 

Viscos i ty  m e a s u r e m e n t s  we re  m a d e  in  a g love  box  
u s i n g  a Sa rgen t -Welch  Mode l  S-83400D fa l l ing  bal l  
v i scos ime te r .  Ca l ib ra t ion  of  t he  v i s c o s i m e t e r  (cell con-  
s t a n t  = 4.07 -+ 0.01 • 10 -4 c m  ~ s -2) was  a c c o m p l i s h e d  as 
d e s c r i b e d  in  t he  l i t e ra tu re  (11). T he  t u b e  f i t ted s n u g l y  
in to  a b o r e d - o u t  1 in. d i a m  a l u m i n u m  rod  w o u n d  w i t h  co- 
axia l  h e a t i n g  e l ement .  T e m p e r a t u r e  was  con t ro l l ed  by  a 
Leeds  a n d  N o r t h r u p  con t ro l l e r  to +-0.5~ a n d  was  mea-  
s u r e d  w i th  a c o p p e r / c o n s t a n t a n  t h e r m o c o u p l e  c a l i b r a t e d  
aga in s t  a P t  r e s i s t a n c e  t h e r m o m e t e r .  T h r e e  or m o r e  deter -  
m i n a t i o n s  were  m a d e  at  e ach  t em pe r a t u r e � 9  

Instrumentation . - - T h e  e l e c t r o c h e m i c a l  i n s t r u m e n t a -  
t ion  c o n s i s t e d  of  a P r i n c e t o n  A p p l i e d  R e s e a r c h  Mode l  
174A P o l a r � 9  Ana lyzer ,  a M o d e l  173 Po t en t i o -  
s t a t / G a l v a n o s t a t  e q u i p p e d  w i t h  a Mode l  179 Digi ta l  
Cou lomete r ,  and  a Mode l  175 W a v e f o r m  Genera to r .  Da ta  
we re  r e c o r d e d  w i th  e i t he r  a H e w l e t t - P a c k a r d  Mode l  
7045A X-Y r eco rde r  or  a Nicole t  Mode l  2090-III d igi ta l  
s to rage  osci l loscope.  

A b s o r p t i o n  spec t r a  for t he  s p e c t r o e l e c t r o c h e m i c a l  (SE) 
e x p e r i m e n t s  were  m e a s u r e d  in t he  v i s ib le  r eg ion  w i t h  t h e  
fo l lowing  e q u i p m e n t .  R a d i a t i o n  f rom a 10W t u n g s t e n /  
q u a r t z / h a l o g e n  l a m p  was  f i l tered w i th  n e u t r a l  d e n s i t y  
fi l ters to con t ro l  i n t ens i t y  a n d  a l ong  pass  fi l ter to  el imi-  
na t e  s e c o n d - o r d e r  l ight.  A n  image  of  t he  f i l amen t  was  fo- 
c u s e d  on  a s q u a r e  a p e r t u r e  to c rop  t he  edges ,  a n d  a 4 • 4 
m m  i m a g e  of  t he  a p e r t u r e  was  focused  on  t h e  opt ica l  cell, 
w h i c h  h a d  a 1 m m  p a t h  l e n g t h  a n d  c o n t a i n e d  a n  op t ica l ly  
t r a n s p a r e n t  e l ec t rode  (OTE). L i g h t  t r a n s m i t t e d  t h r o u g h  
t he  cell  was  focused  on  the  e n t r a n c e  slit  (0.025 ram)  of  a 
flat field 0.32m s p e c t r o g r a p h  ( I n s t r u m e n t s  SA, Inco rpo -  
r a t ed  Mode l  HR-320) e q u i p p e d  w i th  a 152.5 g rooves  m m  -1 
gra t ing .  D i s p e r s e d  l igh t  was  focused  on  t he  face of  a sol id 
s ta te  m u l t i c h a n n e l  de tec tor ,  w h i c h  c o n s t i t u t e d  t h e  f ron t  
e n d  of  an  opt ica l  m u l t i c h a n n e l  ana lyzer  ( P r i n c e t o n  Ap- 
p l ied  R e s e a r c h  OMA-2 system).  Two types  of  de t ec to r s  
we re  used.  One  was  a V i d i con  ( P r i n c e t o n  A p p l i e d  Re- 
s e a r c h  M o d e l  1252G) o p e r a t e d  by  a P r i n c e t o n  A p p l i e d  Re- 
s e a r c h  Mode l  1216 de t ec to r  control ler .  Th i s  d e t e c t o r  pro-  
v i d e d  500 opt ica l  c h a n n e l s  ove r  a spec t ra l  w i n d o w  - 2 6 0  
n m  wide  to give a r e s o l u t i o n  of  -0 .5  nm.  T he  w i n d o w  
cou ld  be  p o s i t i o n e d  a n y w h e r e  in  t he  r a n g e  420-800 nm.  
T h e  o t h e r  t y p e  of  d e t e c t o r  was  a R e t i c o n  ( P r i n c e t o n  Ap-  
p l ied  R e s e a r c h  Mode l  1412) w i t h  a l inea r  s i l icon pho to -  
d iode  a r ray  t h e r m o e l e c t r i c a l l y  cooled  to -20~ a n d  oper-  
a t ed  by  P r i n c e t o n  A pp l i ed  R e s e a r c h  Mode l  1412 de t ec to r  
cont ro l le r .  This  de t ec to r  p r o v i d e d  1022 opt ica l  c h a n n e l s  
ove r  a spec t r a l  w i n d o w  - 5 0 5  n m  wide  to give a r e s o l u t i o n  
of  a b o u t  - 0 .5  nm.  Th i s  w i n d o w  cou ld  be  p o s i t i o n e d  in  t he  
r a n g e  420-1000 rim. T he  s y s t e m  p r o c e s s o r  was  P r i n c e t o n  
A p p l i e d  R e s e a r c h  Mode l  1215 w i t h  e x t e n d e d  m emory �9  
O p e r a t i o n  of  t he  de t ec to r s  was  m o n i t o r e d  w i t h  a 
T e k t r o n i x  604A osci l loscope,  a n d  h a r d  copy  was  o b t a i n e d  
w i t h  a H e w l e t t - P a c k a r d  9872B p lo t t e r  a n d  a Da ta  Access  
S y s t e m s  M o d e l  360 l ine  pr in ter .  W a v e l e n g t h  ca l i b r a t i on  
a n d  r e s o l u t i o n  ver i f ica t ion  were  p e r f o r m e d  w i t h  Hg, Ne, 
Ar,  a n d  X e  a t o m i c  l amps .  Fo r  t h e  spec t r a  r e p o r t e d  here ,  
t he  t i m e  u s e d  to m e a s u r e  a s p e c t r u m ,  i n c l u d i n g  s igna l  in- 
t e g r a t i o n  to i m p r o v e  S/N, was  neg l ig ib ly  smal l  c o m p a r e d  
w i th  t he  t i m e  in t e rva l  b e t w e e n  spectra .  T he  s pec t r a  were  
c o r r e c t e d  for  d a r k  c u r r e n t  a n d  l a m p  i n t e n s i t y  drift .  Two 

op t ica l  r e f e r ences  w e r e  u s e d  in  SE m e a s u r e m e n t s .  One  
r e f e r e n c e  was  t he  s p e c t r u m  of  t h e  so lu t ion  p r io r  to  elec- 
t ro lys is  whi l e  t he  o the r  c o n t a i n e d  on ly  co r r ec t i ons  for  
l igh t  losses  at  t he  OTE a n d  due  to ref lec t ions  at  t he  cell  
w i n d o w s .  Cary  Mode l s  14 a n d  219 s p e c t r o p h o t o m e t e r s  
we re  u s e d  for  n o n s p e c t r o e l e c t r o c h e m i c a l  op t ica l  mea-  
s u r e m e n t s .  

Experimental procedures.--All mate r i a l  t r ans f e r s  were  
p e r f o r m e d  in  an  argon-f i l led g love  b o x  w h e r e  O2 a n d  H20 
were  c o n t i n u o u s l y  m o n i t o r e d  a n d  k e p t  be low 1 p p m  b y  
c i r cu la t ion  of t h e  a t m o s p h e r e  t h r o u g h  a pur i f i ca t ion  
t ra in .  We igh ings  were  p e r f o r m e d  on a ana ly t i ca l  b a l a n c e  
in  the  glove box.  Pos i t i ve  f e e d b a c k  c i r cu i t ry  was  em-  
p l o y e d  d u r i n g  v o ] t a m m e t r i c  m e a s u r e m e n t s  to c o m p e n -  
sa te  for  so lu t i on  res i s tance .  In  o rde r  to r e m o v e  gas  b u b -  
b les  t r a p p e d  in t he  OTE, t he  SE cell  was  pa r t i a l ly  
e v a c u a t e d  for  a sho r t  pe r iod  pr io r  to t h e  e x p e r i m e n t  a n d  
refi l led w i t h  argon.  

All t e m p e r a t u r e s  (un less  o t h e r w i s e  no ted)  were  mea-  
s u r e d  w i t h  c o p p e r / c o n s t a n t a n  t h e r m o c o u p l e s ,  w h i c h  we re  
ca l i b r a t ed  aga ins t  t he  p l a t i n u m  r e s i s t a n c e  t h e r m o m e t e r  
d e s c r i b e d  above .  

Results and Discussion 
Physical properties.--The elec t r ica l  c o n d u c t i v i t i e s  of  

t he  SbCI3-A1C13-BPC1 60:19:21 (basic)  a n d  60:21:19 (acidic) 
me l t s  we re  m e a s u r e d  over  t h e  t e m p e r a t u r e  r a n g e  24 ~ 
100~ wi th  r e su l t s  t h a t  are  s h o w n  in Fig. 1. The  specif ic  
c o n d u c t i v i t i e s  of  t he  two  t e r n a r y  m i x t u r e s  a re  a l m o s t  
e q u a l  at  a m b i e n t  t e m p e r a t u r e s ,  b u t  a t  h i g h e r  t e m p e r a -  
t u r e s  t he  bas ic  m e l t  b e c o m e s  m o r e  conduc t i ng .  The  
c o n d u c t i v i t i e s  are c o m p a r a b l e  to t h o s e  r e p o r t e d  for  bi-  
n a r y  A1CI3-MC1 (2:1) a m b i e n t  t e m p e r a t u r e  l i qu ids  (12), b u t  
are  a b o u t  one  o rde r  of  m a g n i t u d e  less  t h a n  t h e  c o n d u c -  
t iv i t ies  r e p o r t e d  for  acidic  a lkal i  m e t a l  c h l o r o a l u m i n a t e  
m e l t s  a t  s l ight ly  h i g h e r  t e m p e r a t u r e s  (13). Fo r  c o m p a r i s o n  
w i t h  SbC13-A1C13 mel ts ,  we h a v e  i n c l u d e d  in  Fig. 1 t he  
c o n d u c t i v i t y  of  t he  b i n a r y  m e l t  w h o s e  c o m p o s i t i o n  m o s t  
c losely  r e s e m b l e s  t he  SbC13-A1C18 ra t io  in  t h e  t e r n a r y  
m e l t s  (10). 

The  dens i t i e s  of a 60:19:21 m e l t  a n d  a 60:21:19 m e l t  
we re  m e a s u r e d  over  the  t e m p e r a t u r e  r a n g e  25~176 The  
da ta  w e r e  f i t ted to t he  e q u a t i o n  p = mT + b, w h e r e  p is 
t h e  d e n s i t y  (g c m  -'~) a n d  T is t he  t e m p e r a t u r e  (~ F o r  t h e  
60:19:21 melt ,  m = -1.3595 • 10 -~, b = 2.0637, a n d  t h e  cor- 
r e l a t ion  coeff ic ient  is r = 0.99991. Fo r  t he  60:21:19 mel t ,  
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Fig. 1. Specific conductivities of (a) SbCI~-AICI3-BPCI (60:21:19); (b) 
SbCI3-AICI3-BPCI (60:! 9:21 ); and (c) SbCI3-AICI3 (3:1 ) [Ref. (10)]. 
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Fig. 2. Arrhenius plots of the viscosities (/~) of (a) 60:21 : 19 melt; and 
(b} 60:19:21 melt. 

m = -1 .4236 x 10 -3, b = 2.0813, a n d  r = 0.99983. T h e  den-  
s i ty  of  a 60:16:24 m e l t  was  d e t e r m i n e d  b y  p y c n o m e t r i c  
w e i g h i n g  in t h e  g love  b o x  at 28~ to be  1.998 -+ 0.002 g 
c m  3. 

T h e  v i scos i t i e s  of  t h e s e  two  m e l t s  were  also m e a s u r e d  
ove r  t h e  t e m p e r a t u r e  r a n g e  25~176 a n d  A r r h e n i u s  p lo ts  
are s h o w n  in Fig. 2. T h e s e  v i scos i t i e s  are  c o m p a r a b l e  to 
t h o s e  m e a s u r e d  for  c h l o r o a l u m i n a t e  m i x t u r e s  m o l t e n  at  
a m b i e n t  t e m p e r a t u r e s  (12). 

Sb(III)/Sb(O) couple.--For r e a s ons  g iven  in  t he  I n t r o d u c -  
t ion,  t h e  r e d u c t i o n  of  Sb(II I )  p lays  a key  ro le  in  t h e  c h e m -  
i s t ry  of  a r e n e s  in  SbC13-rich mel ts .  There fore ,  a knowl -  
edge  of  t h e  c o m p o s i t i o n  d e p e n d e n c e  of  t h e  Sb(II I ) /Sb(0)  
c o u p l e  is ve ry  use fu l  in  e l u c i d a t i n g  t h e  c o m p o s i t i o n  de- 
p e n d e n c e  of  a r e n e  reac t ions .  However ,  be fo re  t r y i n g  to 
m e a s u r e  t h e  p o t e n t i a l  of  th i s  couple ,  we  fel t  i t  p r u d e n t  to 
c h e c k  for  t he  e l e c t r o c h e m i c a l  r eve r s ib i l i t y  of  t he  
Sb(II I ) /Sb(0)  coup le  in  an  ac id ic  60:21:19 me l t  b y  m e a n s  of  
c u r r e n t - o v e r v o l t a g e  (i-n) curves .  T he  a n o d i c  b r a n c h  of  log 
i vs. ~ plo t s  d i s p l a y e d  Tafel  behav io r ,  a n d  t h e  a p p a r e n t  
e x c h a n g e  c u r r e n t  dens i t y  was  13 ~A c m  -2. T he  c a t h o d i c  
b r a n c h  d id  no t  d i sp lay  Tafel  behav io r ,  a n d  p r e v i o u s  mea-  
s u r e m e n t s  h a v e  s h o w n  t h a t  t he  r e d u c t i o n  of  Sb( I I I )  to 
Sb(0) is a c o m p l e x  p r oce s s  (14, 15). T he  m a g n i t u d e  of  t h e  
a p p a r e n t  e x c h a n g e  c u r r e n t  d e n s i t y  i n d i c a t e s  t h a t  t h e  
r e d o x  c o u p l e  b e h a v e s  r e v e r s i b l y  for  p o t e n t i o m e t r y  per-  
f o r m e d  w i t h  h i g h  i m p e d a n c e  c i rcu i t ry  (as is t h e  case  in  
t h e  p r e s e n t  inves t iga t ion) .  Thus ,  t he  fo l lowing  E M F  da ta  
are  t h e r m o d y n a m i c  va lues  a n d  t he  Sb(III) /Sb(0)  c o u p l e  is 
s u i t a b l e  for  u se  as a r e f e r ence  e lec t rode .  

The  c h a n g e  in the  po t en t i a l  of  an  a n t i m o n y  e l ec t rode  
r e s u l t i n g  f r o m  c h a n g e s  in m e l t  c o m p o s i t i o n  was  mea-  
s u r e d  u s i n g  t he  fo l lowing  c o n c e n t r a t i o n  cell  

Sb/SbC13(solid), S bC13-BPCl(liquid): frit: 

SbC13-A1C13-BPCI(60:x:y mdo)/Sb 

w h e r e  x:y va r i ed  f rom 22:18 to 18:22. T he  l a c k  of  i n fo rma-  
t i on  r e g a r d i n g  t he  t r a n s f e r e n c e  n u m b e r s  of  c h a r g e  carri-  
ers  p r e v e n t e d  a ca l cu la t ion  of  t he  j u n c t i o n  po ten t ia l .  
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Fig. 3. EMF of Sb(lll)/Sb(0) couple at 27~ for SbCI~-AICI3-BPCI = 
6 0 : 1 8 : 2 2  to 60 :22 :18  m/o. Sb metal working electrode. 

The  E M F  da ta  are s h o w n  in  Fig. 3 a n d  d e m o n s t r a t e  t h a t  
t he  po t en t i a l  of  t he  Sb(III) /Sb(0)  coup le  m a y  b e  t u n e d  
over  a r a n g e  of  0.43V for  t he  c o m p o s i t i o n s  ind ica t ed .  Fo r  
c o m p a r i s o n ,  a t  99~ the  v a r i a t i o n  in p o t e n t i a l  ac ross  t h e  
c o m p o s i t i o n  r a n g e  98:2 m/o SbC13-KC1 to 98:2 m/o SbC13- 
A1C13 is 0.48V (14). 

The  m a r k e d  c o n c e n t r a t i o n  d e p e n d e n c e  of  t he  E M F  is 
u n d e r s t o o d  qual i ta t ive ly .  I t  a r i ses  f rom a c o m b i n a t i o n  of  
t h e  d e p e n d e n c e  of  SbC13 r e d u c t i o n  on  C1- ac t iv i ty  a n d  t h e  
la rge  c h a n g e s  in th i s  q u a n t i t y  t h a t  occu r  w h e n  exces s  
BPC1 is t i t r a t ed  w i t h  A1C13. However ,  a t t e m p t s  to m o d e l  
t h i s  b e h a v i o r  in  t e r m s  of  s i m p l e  r eac t i ons  s u c h  as A1C13 + 
SbC13 ---> SbC12 + + A1C14 c o m b i n e d  w i t h  SbC13 ~ SbC12 + + 
C1- we re  n o t  frui t ful ,  a n d  th i s  is no t  su rp r i s ing .  SbC13 is 
an  a s soc i a t ed  m o l e c u l a r  l iqu id  w i t h  a m o d e r a t e  d ie lec t r ic  
c o n s t a n t  in  w h i c h  ion  pa i r ing  a n d  c o m p l e x  ion  so lva t ion  
p r o c e s s e s  are k n o w n  to o c c u r  (10, 16-19). Neve r the l e s s ,  
t h e s e  E M F  va lues  h a v e  t h e  s a m e  ut i l i ty  w h e n  app l i ed  to 
p r o b l e m s  in  a r e n e  c h e m i s t r y  as w o u l d  va lues  ca l cu l a t ed  
for  a s u i t a b l y  e l abo ra t e  m o d e l  of  C1- act ivi ty.  

Voltammetry and chronocoulometry.--In t h i s  s ec t ion  
we d e s c r i b e  the  app l i c a t i on  of severa l  e l e c t r o c h e m i c a l  
m e t h o d s  to s tud ie s  of  t he  o x i d a t i o n  of  9 ,10-dimethyl-  
a n t h r a c e n e  (DMA) in 60:19:21 mel ts .  Also, as a p re l imi -  
n a r y  to t he  s p e c t r o e l e c t r o c h e m i c a l  s tud ie s  in  t h e  n e x t  
sec t ion ,  we r e p o r t  E,~2 va lues  for  t h e  o x i d a t i o n  of  p e r y l e n e  
(Per)  a n d  9 , 1 0 - d i p h e n y l a n t h r a c e n e  (DPA), a n d  t h e  po ten-  
t ial  a t  w h i c h  t he  i r r eve r s ib l e  ox ida t i on  of  a n t h r a c e n e  
(Ant) begins .  

The  ava i l ab le  e l e c t r o c h e m i c a l  w i n d o w  in  t he  SbC13- 
A1C13-BPC1 m i x t u r e s  (Fig. 4) is s o m e w h a t  l a rger  t h a n  t h a t  
r e p o r t e d  for SbC13-CsC1 a n d  SbC13-A1C13 (>90 m/o SbCI~) 
m e l t s  a t  100~ (9). The  p o t e n t i a l  s p a n  for b o t h  t h e  60:21:19 
a n d  60:19:21 c o m p o s i t i o n s  is a b o u t  1.8V, c o m p a r e d  to 
1.4V for  t h e  b i n a r y  mel ts .  The  nega t i ve  p o t e n t i a l  l imi t  in  
t he  t e r n a r y  me l t s  is t he  r e d u c t i o n  of Sb(I I I )  to Sb  meta l .  
As can  be  seen  in  Fig. 4 in  c o m p a r i s o n  to Fig. 3, over-  
p o t e n t i a l s  for t he  r e d u c t i o n  p roces s  at  an  i ne r t  e l ec t rode  
ex i s t  for b o t h  t e r n a r y  mel t s .  T h e  anod ic  l imi t  for  t h e  liq- 
u ids  is t he  ox ida t i on  of  Sb(I I I )  to Sb(V). 

DMA, Per ,  a n d  D P A  are  spa r ing ly  so lub le  in  a 60:19:21 
m e l t  a n d  t he  d i s so lu t i on  ra t e  is slow. S o l u t i o n s  we re  pre-  
p a r e d  b y  a d d i n g  the  a r e n e  to t h e  m e l t  a n d  h e a t i n g  to 
80~176 w i t h  s t i r r ing  in  a c losed  c o n t a i n e r  for  a pe r iod  o f  
a b o u t  lh .  

V o l t a m m e t r y  of  D M A  so lu t ions  in  bas ic  m e l t s  y i e lded  
da t a  s u m m a r i z e d  in Tab le  I. S c a n  ra tes  u p  to 20 V s -~ re- 
v e a l e d  no  s ign i f ican t  sh i f t  in  t he  anod ic  p e a k  po ten t ia l ,  
a n d  t he  ha l f -wave  p o t e n t i a l s  d e t e r m i n e d  b y  d i f fe ren t i a l  
pu l se  p o l a r o g r a p h y  (21) (avg = 0.47V) c o r r e s p o n d e d  wel l  
to t h e  v a l u e s  o b t a i n e d  f rom t h e  v o l t a m m e t r i c  resul ts .  
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Fig. 4. Background cyclic voltammograms of (a) SbCI3-AICI3-BPCI 
(60:19:21 ); (b) SbCI3-AICI3-BPCI (60:21 : 19). Glassy carbon electrode, 
area = 0.071 cm 2. Sweep rate = 100 mY/s, temp = 20~ 

T h e  i n t e g r a t e d  Co t t r e l l  e q u a t i o n  (22) p r e d i c t s  t h a t  for  
d i f f u s i o n - c o n t r o l l e d  e l e c t r o d e  r eac t i ons ,  a l i n e a r  rela-  
t i o n s h i p  h o l d s  b e t w e e n  t h e  c h a r g e  (Q) a n d  t h e  s q u a r e  
root  of t ime  (t1~2). F igure  5 is a p lo t  o f  Q vs. t ~ for t imes  u p  
to 20s; i t  is  c lea r ly  l inear .  T h e  i n t e r c e p t  of  t h e  p lo t  y i e lds  
a v a l u e  of  t h e  a p p a r e n t  d o u b l e  l aye r  c a p a c i t a n c e  of  ap-  
p r o x i m a t e l y  5 ~ F  c m  -~, w h i l e  t h e  s lope  ( u n c o r r e c t e d  for  
i m p u r i t i e s )  g ives  a n  u p p e r  l im i t  on  t h e  d i f f u s i o n  
coe f f i c i en t  of  n e u t r a l  D M A  of  2.5 • 10 -7 c m  ~ s-L F ina l ly ,  
t h e  t e c h n i q u e  of  d o u b l e  p o t e n t i a l  s t ep  c h r o n o c o u l o m -  
e t ry  (22) d e m o n s t r a t e d  t h a t  t h e  c h a r g e  c o n s u m e d  a r o u n d  
a s q u a r e  p o t e n t i a l  cyc le  o b e y s  t h e o r e t i c a l  p r e d i c t i o n s  
(Q2JQ~ = 0.414) (23) for  10 a n d  20s p u l s e  w i d t h s .  Thus ,  
t h e r e  i s  n o  s ign i f i can t  r e a c t i o n  of  t he  D M A  r a d i c a l  cat-  
ion  o n  a v o l t a m m e t r i c  t i m e  scale.  

Cycl ic  v o l t a m m o g r a m s  of  P e r  a n d  D P A  in  60:19:21 
m e l t s  a t  20~ c o r r e s p o n d e d  to t h o s e  e x p e c t e d  for  s i m p l e  
r e v e r s i b l e  b e h a v i o r  for  s c a n  r a t e s  u p  to 0.5 V s -~, 
d e m o n s t r a t i n g  t h a t  t h e  r a d i c a l  c a t i o n s  of  b o t h  a re  
u n r e a c t i v e  on  a v o l t a m m e t r i c  t i m e  scale.  A n  E,~ o f  0.43V 
was  o b t a i n e d  for  P e r  w h i l e  t h e  E,2 of  D P A  w a s  0.54V. 
T h e  o x i d a t i o n  of  A n t  w as  q u i t e  i r r eve r s ib l e .  F o r  a 
v o l t a m m o g r a m  m e a s u r e d  at  a s w e e p  ra t e  of  0.2 V s -1 on  
a 8.7 m M  s o l u t i o n  of  A n t  at  19~ t h e  o n s e t  of  o x i d a t i o n  
o c c u r r e d  at  a b o u t  0.6V. 

T h e s e  r e s u l t s  for  t he  60:19:21 m e l t  are  s i m i l a r  to  t h o s e  
r e p o r t e d  b y  B a u e r  et al. (14, 24) a n d  b y  T e x i e r  (25) in  
v o l t a m m e t r i c  s t u d i e s  of  a r e n e  o x i d a t i o n  a t  99~ in  mol -  
t e n  SbC13 w i t h  0.1M KC1. Re l a t i ve  to a SbC13 s a t u r a t e d  
w i t h  KC1/Sb e l ec t rode ,  E,~ v a l u e s  of  0.24, 0.31, 0.39, a n d  
0.51V for  Per ,  DMA,  DPA,  a n d  Ant ,  r e spec t i ve ly ,  a re  re- 
p o r t e d  w i t h  m e n t i o n  t h a t  t h e  a n t h r a c e n e  r ad i ca l  c a t i o n  
is u n s t a b l e .  

Table I. Electrochemical parameters for a i .2 mM solution of DMA in a 
60:19:21 melt at 27~ Glassy carbon working electrode area = 0.071 

cm ~ 

.(mV/s) E%(V) ~ E,~ (V)~ hE.(mV) 2 E.j2. (V) E,,% (V) '~ n 4 

10 0.505 0.440 65 0.445 0.473 0.95 
20 0.500 0.440 60 0.443 0.471 9.95 
50 0.503 0.440 63 0.443 0.471 1.0 

100 0.503 0.443 60 0.445 0.473 0.98 
200 0.505 0.445 60 0.447 0.477 0.98 

Al l  p o t e n t i a l s  r e l a t i v e  to  l iq.  SbCI~-BPC1 (l), sa t .  SbClz ]Sb .  
2 T h e o r y  = 60 m V  (20). 
3 C a l c u l a t e d  f r o m  El/2 = E,~2 + 1.09 RT/nF (20). 
4 C a l c u l a t e d  f r o m  IEp - Ep/21 = 2.2 RT/nF (20). 
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Fig. 5. Charge-time 1/2 plot for a 1.4 mM solution of DMA in SbCI3- 
AICI~-BPCI (60:19:21).  Potential step: + 0 . 3 5  to +0 .65V .  Glassy car- 
bon electrode area = 0.071 cn~, temp = 2 T C .  

I t  is n o t e w o r t h y  t h a t  SbC13 c o n t a i n i n g  0.1M ( - 1  m/o)  
KC1 at  99~ is a s ign i f i can t ly  s t r o n g e r  o x i d i z i n g  m e d i u m  
w i t h  r e s p e c t  to Per ,  D P A ,  a n d  D M A  t h a n  is t h e  60:19:21 
m e l t  a t  a m b i e n t  t e m p e r a t u r e s .  In  pa r t i cu l a r ,  t h e  differ-  
e n c e  b e t w e e n  E,2 a n d  E(Sb( I I I ) /Sb)  for  Per ,  DMA,  a n d  
D P A  in  SbC13-KC1 a t  99 ~ (14, 24, 25) is 0.16 -+ 0.03V less  
t h a n  t h e  s a m e  d i f f e r e n c e  for  t h e s e  a r c h e s  in  t h e  60:19:21 
m e l t  a t  a m b i e n t  t e m p e r a t u r e s .  

Spectroelectrochemical studies.--Measurements of  ab- 
s o r p t i o n  s p e c t r a  at  a n  OTE d u r i n g  e l ec t ro ly s i s  a n d  sub -  
s e q u e n t  o p e n - c i r c u i t  d e c a y  p r o v i d e  f u r t h e r  i n f o r m a t i o n  
a b o u t  t h e  r e l a t i ve  s t ab i l i t i e s  of  Pe r ,  DMA, D P A ,  a n d  A n t  
r ad i ca l  c a t i ons  in  60:19:21 m e l t s  a n d  a l low us  to c o m p a r e  
t h e s e  s t ab i l i t i e s  w i t h  t h o s e  in  m o l t e n  SbCI~ c o n t a i n i n g  
1M KC1 a t  e l e v a t e d  t e m p e r a t u r e s .  In  a p r e v i o u s  SE  s t u d y  
(9), t h e  P e r  r ad i ca l  c a t i o n  was  s h o w n  to be  e x c e e d i n g l y  
s t a b l e  f o l l o w i n g  i ts  e l e c t r o c h e m i c a l  g e n e r a t i o n  at  100~ 
in  SbC13 c o n t a i n i n g  1M KC1. No op t i ca l  s p e c t r o s c o p i c  
m e a s u r e m e n t s  h a v e  b e e n  r e p o r t e d  for  t h e  An t ,  DPA,  
a n d  D M A  rad ica l  c a t i ons  in  SbC13 at  e l e v a t e d  t e m p e r a -  
tu res .  T h e  r e s u l t s  of  s u c h  m e a s u r e m e n t s  a re  d e s c r i b e d  
here .  

T h e  a b s o r p t i o n  s p e c t r u m  of  a d i lu t e  s o l u t i o n  of  P e r  in  
a 60:19:21 m e l t  was  m e a s u r e d  ove r  t h e  r a n g e  350-1000 
n m  at  20~ I t  c o n s i s t e d  of  a c o m p l e x  v i b r o n i c  b a n d  w i t h  
a prof i le  s imi l a r  to t h a t  for  P e r  in  95% e t h a n o l  (26). In  
t h e  60:19:21 mel t ,  t h i s  b a n d  is s o m e w h a t  r e d - s h i f t e d  
w i t h  r e s p e c t  to t h a t  in  95% e t h a n o l  ( l onges t  w a v e l e n g t h  
peak :  451 nm,  mel t :  - 4 3 4  rim, e thano l ) .  T h e r e  is a lso a 
v e r y  w e a k  b a n d  at  548 n m  in  t h e  m e l t  s p e c t r u m  d u e  to a 
t r a c e  of  t h e  P e r  r ad i ca l  c a t i o n  (vide infra), p r o b a b l y  
f o r m e d  b y  a n  ox id i z ing  i m p u r i t y .  

SE  m e a s u r e m e n t s  w e r e  m a d e  on  a 0.34 m M  s o l u t i o n  of  
P e r  in  t h e  60:19:21 m e l t  a t  26~ w i t h  a V i d i c o n  d e t e c t o r  
c o v e r i n g  t h e  r a n g e  430-690 nm.  S p e c t r a  w e r e  m e a s u r e d  
at  1 m i n  i n t e r v a l s  d u r i n g  e l ec t ro ly s i s  at  +0.65V a n d  dur -  
ing  a s u b s e q u e n t  p e r i o d  w i t h  t he  c i r cu i t  open .  As  elec-  
t ro lys i s  p r o c e e d e d ,  t h e  451 n m  b a n d  of  P e r  d i m i n i s h e d  
w h i l e  t h e  548 n m  b a n d  of  P e r  +- g r e w  in.  T h e  p r e s e n c e  of  
a we l l -de f ined  i s o s b e s t i c  p o i n t  w h e r e  t h e  P e r  a n d  P e r  +. 
s p e c t r a  c ross  a n d  t h e  a b s e n c e  of  b a n d s  d u e  to a n y t h i n g ,  
e x c e p t  t h e s e  two  spec ies ,  a re  s t r o n g  e v i d e n c e  t h a t  P e r  +. 
was  t h e  on ly  e l ec t ro lys i s  p r o d u c t  a n d  t h a t  i t  d i d  n o t  re- 
ac t  fu r the r .  Af t e r  35 m i n  of  e lec t ro lys i s ,  26% of  t h e  P e r  
h a d  b e e n  ox id ized .  At  t h i s  po in t ,  t h e  c i r cu i t  w a s  o p e n e d  
a n d  t h e  s p e c t r u m  of  t h e  P e r / P e r  + m i x t u r e  d id  n o t  
c h a n g e  d u r i n g  a n o t h e r  30 r a in  of  o b s e r v a t i o n .  M e a s u r e -  
m e n t s  of  t h e  s p e c t r u m  of  e l e c t r o g e n e r a t e d  P e r  +. in  a 
60:19:21 m e l t  ou t  to 1000 n m  w i t h  a Ca ry  14 s p e c t r o p h o -  
t o m e t e r  s h o w e d  it  to b e  c lose ly  s im i l a r  to  t h e  s p e c t r u m  
of  P e r  +. in  SbC13-KC1 a n d  SbC13-A1C13 m e l t s  (9). 

E l e c t r o g e n e r a t e d  D M A  +, in  c o n t r a s t  w i t h  P e r  +, re- 
a c t e d  at  a m o d e r a t e  ra te ,  b o t h  in  a 60:19:21 m e l t  a t  a m b i -  
e n t  t e m p e r a t u r e s  a n d  in  SbC13-KC1 at  e l e v a t e d  t e m p e r a -  
tu res .  SE  m e a s u r e m e n t s  w e r e  m a d e  w i t h  a R e t i c o n  de-  
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t e c t o r  o n  a - 1  m M  s o l u t i o n  of  D M A  in  a 60:19:21 mel t ,  
w i t h  r e s u l t s  s h o w  in  Fig. 6 a n d  7. To w i t h i n  e x p e r i m e n -  
ta l  u n c e r t a i n t y ,  t h e s e  s p e c t r a  h a v e  t he  s a m e  prof i l es  re- 
p o r t e d  for  t r a n s i e n t  D M A  § in  b e n z o n i t r i l e  at  a m u c h  
l o w e r  op t i c a l  r e s o l u t i o n  t h a n  t h a t  r e p o r t e d  h e r e  (27). 
B a n d s  a s s i g n e d  to D M A  +" are  at  550, 600, - 6 5 6  (sh), a n d  
678 (max)  n m .  W e a k  b r o a d  s h o u l d e r s  at  a b o u t  620, 760 
a n d  850 n m  are  a t t r i b u t e d  to s u b s e q u e n t  r e a c t i o n  p rod -  
u c t s  b e c a u s e  t h e y  d e v e l o p  at  a m u c h  s l o w e r  r a t e  d u r i n g  
e l e c t r o l y s i s  a n d  a re  m o r e  p e r s i s t e n t  u n d e r  o p e n - c i r c u i t  
c o n d i t i o n s  t h a n  t h o s e  a s s i g n e d  to DMA. 

S i m i l a r  SE  m e a s u r e m e n t s  w e r e  m a d e  on  1.0-2.7 m M  
s o l u t i o n s  of  D M A  in  SbC13 c o n t a i n i n g  1M KC1 a t  75 ~ a n d  
100~ a n d  gave  s im i l a r  resu l t s .  T h e  prof i le  of  t h e  D M A  § 
s p e c t r u m  (540-800 n m )  in  t h e s e  m e l t s  d i d  n o t  d i f fe r  in  
a n y  i m p o r t a n t  r e s p e c t  f r o m  t h a t  s h o w n  in  Fig. 6 a n d  7. 
A t  75~ t h e  D M A  + b a n d  p o s i t i o n s  we re  549, 596, - 6 6 0  
(sh), a n d  677 (max)  n m .  W e a k  b r o a d  s h o u l d e r s  a t  a b o u t  

624 a n d  760 n m  w e r e  o b s e r v e d  a n d  a t t r i b u t e d  to subse -  
q u e n t  r e a c t i o n  p r o d u c t s  for  t h e  r e a s o n s  c i t ed  above .  
Also,  a f t e r  p r o l o n g e d  e l ec t ro ly s i s  a b r o a d  b a n d  g r e w  in 
w i t h  a p e a k  at  - 6 0 0  n m ,  a n d  d u r i n g  o p e n - c i r c u i t  decay ,  
t h i s  b a n d  c o n t i n u e d  to g r o w  w h i l e  t h e  D M A  + b a n d s  di- 
m i n i s h e d .  D e c a y  ra t e s  a t  t h e  e l e v a t e d  t e m p e r a t u r e s  w e r e  
a b o u t  a n  o r d e r  of  m a g n i t u d e  f a s t e r  t h a n  a t  a m b i e n t  t e m -  
p e r a t u r e .  Th i s  d i f f e r e n c e  in  r a t e s  m a y  n o t  b e  e n t i r e l y  
d u e  to t h e  t e m p e r a t u r e  d i f f e r e n c e  s i n c e  t h e  D M A  + con-  
c e n t r a t i o n s  d u r i n g  o p e n - c i r c u i t  d e c a y  v<ere h i g h e r  in  t h e  
e l e v a t e d  t e m p e r a t u r e  r u n s  t h a n  in  t h e  a m b i e n t  t e m p e r a -  
t u r e  runs .  

F r o m  t h e  v a l u e  of  E,~ for  D M A  a n d  t h e  f o r m a l  p o t e n -  
t ia l  of  t h e  Sb( I I I ) /Sb(0)  c o u p l e  in  t h e  60:21:19 m e l t  a t  
25~ i t  is e s t i m a t e d  t h a t  D M A  s h o u l d  b e  pa r t i a l l y  oxi- 
d i zed  w i t h  t h e  s i m u l t a n e o u s  r e d u c t i o n  of  Sb( I I I )  in  t h i s  
m e d i u m .  The  op t i ca l  s p e c t r u m  of  D M A  in  t h e  ac id ic  
m e l t  r e v e a l e d  w e a k  a b s o r p t i o n  b a n d s  d u e  to D M A  +, b u t  

O. 20 

0.16 

w 0.12 
0 
Z 
< 

0 

m 
< 0 . 0 8  

O. 04 

I '  t t 

500 600 
I I I 

700 800 

WAVELENGTH (NM) 

9O0 

Fig. 7. Spectra measured every 
180s during 57 min open-circuit 
decay following electrolysis in Fig. 
6. Reference same as in Fig. 6. 
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the  lack  of  accura te  va lues  for the  mola r  absorp t iv i t i e s  
of  the  opt ica l  t rans i t ions  p r e v e n t e d  a quan t i t a t i ve  deter-  
m i n a t i o n  of  the  concen t ra t ion .  

The  abso rp t ion  s p e c t r u m  of  a 4.1 mM solu t ion  of  D P A  
in a 60:19:21 me l t  was  m e a s u r e d  at 31~ ove r  the  range  
340-1000 n m  wi th  a Cary 14 spec t ropho tome te r .  The  only 
abso rp t ion  was due  to the  nea r -UV e lec t ron ic  band  of  
the  neu t ra l  m o l e c u l e  for wh ich  the  longes t  w a v e l e n g t h  
v ib ron ic  m a x i m a  were  found  at 385 and  405 nm, s l ight ly  
red-sh i f ted  f rom the i r  pos i t ions  in ace toni t r i le  (28). 

SE m e a s u r e m e n t s  were  m a d e  on a 4.1 mM solu t ion  of  
D P A  e lec t ro lyzed  at +0.73V in a 60:19:21 melt .  Spect ra ,  
t aken  wi th  a Vid icon  de tec to r  cove r ing  the  range  530-790 
nm,  were  m e a s u r e d  at 1 min  in terva ls  dur ing  30 m i n  of  
e lec t ro lys is  and a s u b s e q u e n t  40 min  of  open-c i rcu i t  de- 
cay. The  spect ra l  profi le of  the  resu l t ing  D P A  + ca t ion  
was abou t  the  same as in ace toni t r i le  (28) w i th  bands  at 
559 (shoulder) ,  598, 658, and  734 nm. When  the  spec t ra  
ob ta ined  in the  m o l t e n  salt  were  no rma l i zed  and  com- 
pared,  no abso rp t ion  a t t r ibu tab le  to any th ing  o the r  t han  
D P A  + was  found.  Dur ing  open-c i rcu i t  decay  the  t ime  re- 
q u i r e d  for the  D P A  + c o n c e n t r a t i o n  to dec rease  by  10% 
was 22 min.  

S imi l a r  SE m e a s u r e m e n t s  were  m a d e  on a 0.49 mM so- 
lu t ion  of  D P A  in SbCI~ con ta in ing  1M KC1 at 100~ 
Spec t r a  t aken  wi th  a Vid icon  de tec to r  over  490-750 n m  
were  m e a s u r e d  at 0.5 rain in terva ls  du r ing  17.5 rain of  
e lec t ro lys i s  at 0.55V and du r ing  a s u b s e q u e n t  15 min  of  
open-c i r cu i t  decay.  The  D P A  § bands  at 562 (shoulder) ,  
599, 660, and  736 n m  were  no t  s igni f icant ly  d i sp l aced  
f rom the i r  pos i t ions  in the  60:19:21 melt .  The  dec rease  in 
a b s o r b a n c e  dur ing  open-c i rcu i t  decay  was  approx i -  
m a t e l y  l oga r i t hmic  wi th  a half-l ife of  20 min  so tha t  the  
t i m e  r e q u i r e d  for the  D P A  + c o n c e n t r a t i o n  to dec rease  
by  10% was abou t  3 rain. 

SE s tud ies  of  the  e lec t ro lys is  of  An t  in a 60:19:21 me l t  
at 26 ~ and in SbC13 con ta in ing  1M KC1 at 75~ s h o w e d  
that  An t  +. is ve ry  reac t ive  in  bo th  cases. Dur ing  the  ini- 
t ial  s tages  of  e lec t ro lys is  in SbC13-KC1, a v e r y  w e a k  spec-  
t rum,  c losely  s imilar  to tha t  of  An t  +. in o the r  med ia  (29), 
occu r red  bu t  was soon obscu red  by a s imi lar  bu t  red- 
sh i f ted  spec t rum.  The la t ter  is r easonab ly  a t t r ibu tab le  to 
the  radica l  ca t ion  of  a b i an th r acene  or  a subs t i t u t ed  an- 
th racene ,  bo th  of  wh ich  are poss ib le  p roduc t s  of  An t  +. 
decay  react ions .  Dur ing  e lec t ro lys is  in the  60:19:21 melt ,  
the  An t  +. s p e c t r u m  was no t  observed .  P r e s u m a b l y  An t  +. 
r e ac t ed  so rap id ly  that  i ts c o n c e n t r a t i o n  r e m a i n e d  ex-  
t r e m e l y  low. 

These  SE e x p e r i m e n t s  p rov ide  c o m p a r a t i v e  data  on 
the  s tabi l i t ies  of  a rene  radica l  ca t ions  in the  60:19:21 
me l t  and in mo l t en  SbCI~-KC1. The  e x a m p l e s  chosen  
cove r  a ve ry  wide  range  of  stabil i t ies.  Pe r  +. is s table  in 
bo th  types  of  mel t s  whi le  An t  +. is v e r y  reac t ive  in both.  
D P A  + and  DMA § show i n t e r m e d i a t e  s tabi l i t ies  wi th  
D P A  § be ing  the  m o r e  p res i s t en t  in bo th  k inds  of  mel ts ,  
e v e n  t h o u g h  the  E1~2 of  D P A  is m o r e  pos i t ive  than  the  
E,2 of  DMA. The o b s e r v e d  rates of  decay  of  the  la t te r  
two cat ions  were  s lower  in the  60:19:21 melt .  This  ef fec t  
need  no t  be  due  en t i re ly  to the  lower  t e m p e r a t u r e  s ince 
the  c o n c e n t r a t i o n s  of  the  ca t ions  and  the i r  neu t ra l  pre- 
cursors  are  also l ike ly  to be  i m p o r t a n t  rate  d e t e r m i n i n g  
factors.  
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The Effect of Cyanide on the Oxidation of Formaldehyde on Au, 
Cu, and Pd Electrodes 
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A B S T R A C T  

The  ef fec t  of  t h e  CN-  ion  on  t he  f o r m a l d e h y d e  e l ec t ro -ox ida t ion  r eac t i on  has  b e e n  e x a m i n e d  in bas ic  E D T A  solu- 
t ions  at  75~ on  Au, Pd ,  a n d  Cu e lec t rodes .  T h e  r e su l t s  are c o m p a r e d  w i t h  t he  cycl ic  v o l t a m m e t r y  of  t h e s e  t h r e e  m e t a l s  
in  HCHO-f ree  E D T A  so lu t ions .  T he  cyan i de  ion p o i s o n s  H C H O  e lec t ro -ox ida t ion  on  Au  a n d  Pd ;  on  Cu, however ,  sub-  
s t an t i a l ly  h i g h e r  H C H O - o x i d a t i o n  c u r r e n t s  c an  b e  s u s t a i n e d  in  t he  p r e s e n c e  of  cyanide .  The  p o i s o n i n g  on  A u  a n d  P d  is 
r e l a t ed  to t he  s u p p r e s s i o n  of  d i s s o l u t i on  of  t he  m e t a l  b y  t h e  f o r m a t i o n  of a spa r ing ly  so lub le  m e t a l  c y a n i d e  on  t he  sur-  
face. Meta l  d i s s o l u t i o n  is a p p a r e n t l y  also s u p p r e s s e d  on  Cu e lec t rodes ,  b u t  the  g rea t e s t  p r o m o t i n g  ef fec t  of  CN-  occurs  
in  a p o t e n t i a l  r a n g e  in  w h i c h  CN-  a d s o r b s  on  t he  u n o x i d i z e d  Cu surface.  

The  e l ec t ro -ox ida t ion  of  f o r m a l d e h y d e  is a r e a c t i o n  of  
c o n s i d e r a b l e  t e c h n o l o g i c a l  i m p o r t a n c e .  F o r m a l d e h y d e  
can  se rve  as a fuel  in  fuel  cells. I t  is also u s e d  as t he  re- 
d u c i n g  a g e n t  in  e lec t ro less  d e p o s i t i o n  of  meta l s ,  pa r t i cu-  
lar ly  Cu. T h e r e  is t h u s  a m p l e  i n c e n t i v e  to ga in  a b e t t e r  
u n d e r s t a n d i n g  of  i ts  e l ec t rochemis t ry .  N o n e t h e l e s s ,  
f o r m a l d e h y d e  ox ida t i on  h a s  b e e n  s t u d i e d  m u c h  less  
e x t e n s i v e l y  t h a n  t he  o x i d a t i o n  of  m e t h a n o l  or fo rmic  
acid,  a n d  l i t t le  w o r k  ha s  b e e n  d o n e  u n d e r  t he  h i g h  p H  
c o n d i t i o n s  of  e lec t ro less  depos i t ion .  

F o r m a l d e h y d e  is k n o w n  to i n t e r ac t  s t rong ly  w i t h  po la r  
s o l v e n t s  (1). I t  is p r e s e n t  in  d i lu te  a q u e o u s  so lu t i on  pri-  
m a r i l y  as m e t h y l e n e  glycol,  H~C(OH)2, w h i c h  wil l  be  ion- 
ized to t h e  m e t h y l e n e  g lycola te  ion  at  h i g h  pH.  In  d i lu te  
so lu t ions ,  p o l y m e r  f o r m a t i o n  is ins igni f ican t .  F o r  t he  
s ake  of  c o n v e n i e n c e ,  f o r m a l d e h y d e  will  b e  d e s i g n a t e d  as 
H C H O  t h r o u g h o u t  th i s  paper .  

T h e  cycl ic  v o l t a m m e t r y  for  t he  o x i d a t i o n  of  H C H O  has  
a s imi l a r  s h a p e  on  a va r i e ty  of  e l ec t rodes  a n d  in so lu t ions  
of  v a r i o u s  c o m p o s i t i o n s  (2-10). B u c k  a n d  Gr i f f i th  (2) s tud-  
ied  t h i s  r eac t i on  on  P t  e l ec t rodes  in  ac id ic  a n d  bas ic  
e lec t ro ly tes .  T h e y  f o u n d  a Tafel  b e h a v i o r  on ly  in  a n a r r o w  
p o t e n t i a l  r a n g e  w h e r e  o x i d a t i o n  c u r r e n t  j u s t  b e g i n s  to 
f low in  t h e  a n o d i c  sweep.  T h e  H C H O - o x i d a t i o n  c u r r e n t  
does  no t  a t t a in  i ts  d i f fus ion- l imi t ed  value,  b u t  r a t h e r  
r e a c h e s  a p e a k  at  a po t en t i a l  d e t e r m i n e d  by  ox ide  fo rma-  
t ion  on  t h e  P t  surface.  F o r m a l d e h y d e  ox ida t i on  c o n t i n u e s  
on  t h e  ox id ized  surface,  b u t  a t  a s lower  ra te  t h a n  o n  c l ean  
Pt.  W h e n  t h e  p l a t i n u m  ox ide  is r e d u c e d  in  t he  c a t h o d i c  
sweep,  t h e  H C H O - o x i d a t i o n  c u r r e n t  i nc r ea se s  sudden ly .  
T h e r e  is c o n s i d e r a b l e  s t r u c t u r e  in  t he  curves ,  a n d  t he  de-  
tai ls  in  t he  s h a p e  d e p e n d  on  pH.  A t w o- e l ec t r on  r e a c t i o n  
to f o r m a t e  was  f o u n d  to o c c u r  a b o v e  p H  11.5. In  t h e  p H  
r a n g e  7-10, a th ree - to - four -e l ec t ron  r eac t ion  occurs .  

The  i n v o l v e m e n t  of  t h e  sur face  ox ide  of  P t  in  t he  
H C H O - o x i d a t i o n  r eac t ion  is also d i s c u s s e d  b y  Ku l i ev  et 
al. (3). 

In  bas ic  so lu t ions ,  HCHO is ox id ized  to t he  f o r m a t e  ion. 
v a n  d e n  M e e r a k k e r  (4) e x a m i n e d  a n u m b e r  of  e l ec t rode  
ma te r i a l s  a n d  s h o w e d  t h a t  t h e  r eac t i on  cou ld  p r o c e e d  by  
e i t h e r  of  t he  fo l lowing  two s t o i c h i o m e t r i e s  

2HCHO + 4 O H - - - ) 2 H C O O  + 2 H 2 0 + H 2  + 2 e -  [1] 

or  

H C H O  + 3 OH-  --> H C O O -  + 2H20 + 2e [2] 

On  P t  a n d  Pd ,  t he  r eac t i on  p r o c e e d s  a c c o r d i n g  to [2]. I t  
l a rge ly  does  so on  A u  as well,  d e p e n d i n g  on  t he  e l ec t rode  
po ten t i a l .  On  Cu e lec t rodes ,  HCHO is ox id ized  a c c o r d i n g  
to [1]. 

C o n w a y  (5) ha s  d i s c u s s e d  t he  m e c h a n i s m  of  t h e  ox ida-  
t i on  of  o rgan ic  s u b s t a n c e s  o n  n o b l e  m e t a l  e lec t rodes ,  b u t  
does  n o t  speci f ica l ly  t r ea t  f o r m a l d e h y d e .  He p o i n t s  ou t  
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t h a t  t h e r e  is a c lear  r e l a t i o n s h i p  b e t w e e n  t h e  c u r r e n t s  for  
t he  o x i d a t i o n  of  t he  organic  spec ies  a n d  t h o s e  for  su r face  
o x i d a t i o n  a n d  r educ t ion ,  b u t  t h a t  th i s  is c o m p l i c a t e d  b y  
i n h i b i t i o n  a n d  cata lyt ic  effects.  Dissoc ia t ive  a d s o r p t i o n  is 
gene ra l ly  t he  first s tep  of t he  reac t ion .  The  a d s o r b e d  spe- 
cies c an  t h e n  reac t  w i t h  a d s o r b e d  o x y g e n  or h y d r o x i d e ,  
w h i c h  m a y  b e  in  a fo rm no t  ye t  i n c o r p o r a t e d  in to  t h e  sta- 
b le  su r face  ox ide  film. S t r o n g l y  b o u n d  i n t e r m e d i a t e s  c an  
form,  however ,  a n d  se rve  to p o i s o n  t he  reac t ion .  

Go ld  s h o w s  a b e h a v i o r  qua l i t a t ive ly  s imi la r  to  t h a t  of  P t  
(6, 7). The  ca ta lys is  of  H C H O  o x i d a t i o n  b y  t he  U P D  of  for- 
e ign  m e t a l  a d a t o m s  on  n o b l e  m e t a l  e l ec t rodes  h a s  b e e n  
e x a m i n e d  b y  Adzic  et al. (6, 7) a n d  b y  Motoo  a n d  S h i b a t a  
(10). 

I n  i n d u s t r i a l  e l e c t r o c h e m i c a l  p roces se s  u s i n g  fo rma lde -  
hyde ,  t h e  e lec t ro ly te  m a y  i nc lude  o the r  c o m p o n e n t s  t h a t  
c an  i n f l uence  t he  H C H O - o x i d a t i o n  reac t ion .  E lec t ro les s  
p l a t i ng  b a t h s  c o n t a i n  a pa r t i cu la r ly  la rge  n u m b e r  of  
c h e m i c a l  species .  One  of  the  m o r e  c o m m o n  of  t h e s e  is t h e  
c y a n i d e  ion,  w h i c h  is o f ten  u s e d  to s tabi l ize  t he  Cu(I) t h a t  
is p r o d u c e d  as an  i n t e r m e d i a t e  in  e lec t ro less  Cu depos i -  
t i on  (11), or w h i c h  can  b e  r e l eased  as a b y - p r o d u c t  d u r i n g  
t he  e lec t ro less  d e p o s i t i o n  of  me ta l s  f rom t h e i r  c y a n i d e  
c o m p l e x e s .  

M o l e n a a r  (12) has  c o n s i d e r e d  t he  ef fec t  of  t he  cyan ide  
ion  on  t he  e lec t ro less  p l a t i ng  of  Au-Cu  alloys. Go ld  can-  
no t  be  p l a t ed  f r o m  i ts  c y a n i d e  c o m p l e x  u s i n g  H C H O  as 
t he  r e d u c i n g  agent ,  b u t  Au-Cu  al loys can  be  p l a t ed  over  a 
w ide  c o m p o s i t i o n  range.  I t  h a s  b e e n  p r o p o s e d  (12) t h a t  
t he  CN-  po i sons  t he  H C H O - o x i d a t i o n  r eac t i on  on  Au  
e l ec t rodes  b u t  no t  on  Cu. 

The  p r e s e n t  w o r k  e x a m i n e s  t he  effect  of  c y a n i d e  ion  
c o n c e n t r a t i o n  on  t he  H C H O - o x i d a t i o n  r eac t i on  on  Au,  
Pd ,  a n d  Cu e lec t rodes .  The  m e a s u r e m e n t s  were  m a d e  in  
E D T A  so lu t ions  at  e l eva t ed  t e m p e r a t u r e s  u n d e r  condi -  
t ions  a p p r o a c h i n g  t h o s e  u s e d  in  real  e lec t ro less -depos i -  
t i on  processes .  The  re su l t s  are  r e l a t ed  to ox ide  f o r m a t i o n  
p r o c e s s e s  on  t h e s e  m e t a l s  in  HCHO-f ree  so lu t ions .  

Experimental 
The  e l ec t rodes  were  t h i n  m e t a l  foils. The  P d  a n d  Au  

were  c l e a n e d  in  c o n c e n t r a t e d  HNO3 befo re  use.  C o p p e r  
foils were  c l e aned  by  a b r i e f  e t ch  in 10% HNO3; t h e y  were  
d i s c a r d e d  af te r  one  use.  

The  so lu t ions  we re  p r e p a r e d  f rom r e a g e n t - g r a d e  chemi -  
cals  a n d  de ion i zed  H20 t h a t  h a d  t h e n  b e e n  d i s t i l l ed  u n d e r  
02 a n d  p a s s e d  over  a ho t  P t  f i lament .  The  p H  of  t he  solu- 
t ions  was  a d j u s t e d  w i t h  NaOH. No m e a s u r e s  we re  t a k e n  
to pur i fy  t h e  formaldehyde~ b u t  bo t t l e s  of  f o r m a l d e h y d e  
were  d i s c a r d e d  w h e n  t h e y  s h o w e d  s ign i f ican t  p o l y m e r  
f o r m a t i o n  at t he  bo t t om.  To m i n i m i z e  t he  e x t e n t  of  any  
pos s ib l e  h o m o g e n e o u s  r e a c t i o n s  of  HCHO, it  was  no t  
a d d e d  to t he  so lu t ion  un t i l  j u s t  p r io r  to t he  m e a s u r e m e n t .  
As rece ived ,  t he  HCHO c o n t a i n s  CH3OH as a s tabi l izer .  I t  
was  ver i f ied  t h a t  CH3OH o x i d a t i o n  does  no t  i n t e r f e re  
w i t h  t h e  r e su l t s  b y  r u n n i n g  e x p e r i m e n t s  in  HCHO-f ree  
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so lu t ions  c o n t a i n i n g  an  e q u i v a l e n t  a m o u n t  of  CH3OH; no  
s ign i f ican t  m e t h a n o l - o x i d a t i o n  c u r r e n t s  were  obse rved .  

S o l u t i o n s  were  t h o r o u g h l y  d e a e r a t e d  w i t h  N2 be fo re  t he  
m e a s u r e m e n t s  were  made .  D u r i n g  t he  m e a s u r e m e n t ,  t he  
so lu t ion  was  b l a n k e t e d  w i t h  N2. 

F o r m a l d e h y d e  reac ts  w i t h  t he  cyan i de  ion to fo rm for- 
m a l d e h y d e  c y a n o h y d r i n  a c c o r d i n g  to t h e  fo l lowing  reac-  
t ion  (1) 

CN-  + HCHO(aq)  + H~O --~ HOCH2CN + OH-  

The  f o r m a l d e h y d e  c y a n o h y d r i n  can  t h e n  r eac t  fu r ther ;  
h y d r o l y s i s  c an  occu r  w i t h  a m m o n i a  e v o l u t i o n  a n d  a vari-  
e ty  of  o t h e r  p r o d u c t s  can  form.  Thus ,  in  t he  p r e s e n c e  of  
HCHO, CN-  is c o n s u m e d .  Th i s  fact  m a k e s  i t  ve ry  
diff icul t  to con t ro l  t he  [CN-] d u r i n g  the  m e a s u r e m e n t .  
S t u d i e s  t h a t  a s s u m e  a [CN-]  f rom t he  a m o u n t  a d d e d  to 
the  so lu t i on  can  b e  g ross ly  in  error.  In  t he  p r e s e n t  work ,  
an  a l iquo t  of  t h e  so lu t ion  was  r e m o v e d  i m m e d i a t e l y  a f te r  
the  e l e c t r o c h e m i c a l  m e a s u r e m e n t  a n d  coo led  to r o o m  
t e m p e r a t u r e .  The  [CN-] was  t h e n  d e t e r m i n e d  u s i n g  a 
specif ic  ion  e lec t rode .  T he  r a n g e  of  c o n c e n t r a t i o n s  s tud-  
ied  was  l im i t ed  b y  t he  c o n s u m p t i o n  of  CN-.  At  n o m i n a l  
f ree  N a C N  c o n c e n t r a t i o n s  on  t he  o rde r  of  150 p p m ,  t h e  re- 
su l t ing  [NaCN] as d e t e r m i n e d  w i t h  t he  CN-  e l ec t rode  at  
t he  t i m e  of  t h e  m e a s u r e m e n t  was  <20 ppm.  

The  w o r k i n g  e l ec t rode  wag  m o u n t e d  ho r i zon ta l l y  (fac- 
ing  down)  in a Tef lon holder .  T he  c o u n t e r e l e c t r o d e  was  a 
P t  s c r een  para l le l  to  t he  w o r k i n g  e l ec t rode  at  t he  b o t t o m  
of  t he  cell. The  r e fe rence  e l ec t rode  was  a Hg/Hg2SO4, sat. 
K~SO4 e l ec t rode  in  a s epa ra t e  c o m p a r t m e n t  at  r o o m  tem-  
pe ra tu re .  P o t e n t i a l s  are q u o t e d  vs. t h e  m e r c u r y  su l fa te  
e l ec t rode  (MSE) at  r o o m  t e m p e r a t u r e ,  w h i c h  ha s  a po ten-  
t ial  of  0.68V vs. NHE. A L u g g i n  capi l la ry  p r o b e d  t he  po- 
t en t i a l  n e a r  t he  sur face  of  t he  w o r k i n g  e lec t rode .  The  
j a c k e t e d  cell  was  m a d e  of Py rex ;  c i r cu la t ing  w a t e r  ma in -  
t a i n e d  t he  so lu t ion  in  t he  cell  at  75~ 

Results 
All da ta  were  o b t a i n e d  at  b o t h  r o o m  t e m p e r a t u r e  a n d  

75~ To avoid  a n  excess ive  n u m b e r  of  f igures,  on ly  t he  
75~ da ta  will  be  g iven  here ;  t he  r o o m  t e m p e r a t u r e  da ta  
s h o w  the  s a m e  t r e n d s  a n d  lead to t he  s a m e  gene ra l  con-  
c lus ions .  The  t r e n d s  are e m p h a s i z e d  at  t he  h i g h e r  t e m p e r -  
a ture ,  howeve r ,  s ince  HCHO o x i d a t i o n  a n d  m e t a l  d isso lu-  
t ion  are faster .  In  add i t ion ,  t he  t e c h n o l o g i e s  e m p l o y i n g  
H C H O  o x i d a t i o n  o f t en  p r o c e e d  at  e l eva ted  t e m p e r a t u r e s ,  
a n d  it  is i n f o r m a t i v e  to s t u d y  t he  r eac t ion  nea r  t he  t em-  
p e r a t u r e  at  w h i c h  it  is used.  

S ince  t he  H C H O - o x i d a t i o n  r eac t ion  has  s u c h  a s t rong  
r e l a t i o n s h i p  to ox ide  f o r m a t i o n  on  t h e  e l ec t rode  surface,  
t he  cycl ic  v o l t a m m e t r y  cha rac t e r i s t i c  of  HCHO o x i d a t i o n  
will  be  c o m p a r e d  to t h a t  in  HCHO-free  so lu t ion  at  a simi- 
lar  v a l u e  of  t he  [CN-]. S u c h  a c o m p a r i s o n  a s s u m e s  t h a t  
t h e  su r f ace -ox ida t ion  p r o c e s s e s  are  t h e  s a m e  in t he  pres-  
e n c e  a n d  the  a b s e n c e  of  t he  a d s o r b e d  organ ic  species .  
K a l c h e v a  et al. (13) be l i eve  th i s  to be  t rue .  C o n w a y  (5) also 
d i s cus se s  th i s  sub jec t .  

In  t he  p r e s e n c e  of  CN-,  w h i c h  reac t s  w i t h  HCHO, t h e r e  
m a y  be  e l ec t roac t ive  spec ies  o the r  t h a n  t he  m e t h y l e n e  
g lycola te  ion. The  CN -  is p r e s e n t  in  t r ace  a m o u n t s ,  how-  
ever,  a n d  t he  c o n c e n t r a t i o n  of  m e t h y l e n e  g lycola te  ion  in  
so lu t i on  s h o u l d  be  m u c h  g rea te r  t h a n  t h a t  of  e i t h e r  form-  
a ldehyde ,  c y a n o h y d r i n  or a n y  of  the  p r o d u c t s  of  cyanohy-  
d r in  reac t ions .  

A u . - - F i g u r e  l b  s h o w s  t he  cyclic v o l t a m m e t r y  of  a Au  
foil e l ec t rode  in  a so lu t ion  of  0.12M EDTA,  p H  11.7, at  
75~ D u r i n g  t h e  in i t ia l  s tages  of t he  o x i d a t i o n  of  t he  Au  
surface ,  s ign i f ican t  d i s s o l u t i on  can  occur.  Thus ,  the  
c h a r g e  u n d e r  t he  ox ida t i on  p e a k  in t he  a n o d i c  s can  is 
s u b s t a n t i a l l y  g rea te r  t h a n  t h a t  n e c e s s a r y  to fo rm a n  ox ide  
film of  m o n o l a y e r  d i m e n s i o n s .  At  suff ic ient ly  pos i t ive  
po ten t i a l s ,  t h e  sur face  b e c o m e s  p a s s i v a t e d  b y  a p ro t ec t i ve  
ox ide  film. The  s i tua t ion  is ana logous  to t h a t  d e s c r i b e d  
b y  F r a n k e n t h a l  a n d  Siconolf i  (14) for  c o n c e n t r a t e d  C1- 
so lu t ions .  In  the  ca thod ic  sweep,  t he  e l ec t rode  r e m a i n s  
pas s ive  un t i l  t h e  ox ide  film b e g i n s  to be  r educed .  Reduc-  
t ion  of  t he  ox ide  d e p a s s i v a t e s  t he  Au, a n d  d i s s o l u t i o n  
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Fig. 1. Cyclic voltammetry of a Au foil electrode in O. 12M EDTA, p H 
1 ] .7, 75~ (a) with O.03M HCHO, and (b) with no HCHO. The sweep 
speed was 20 mV/s. 

aga in  occurs ;  th i s  s e q u e n c e  of  e v e n t s  r e su l t s  in  an  oxida-  
t ion  p e a k  in  t he  ca thod ic  sweep.  

The  r e su l t  of  a d d i n g  0.03M HCHO to t he  E D T A  so lu t i on  
is s h o w n  in  Fig. la.  F o r m a l d e h y d e  o x i d a t i o n  b e g i n s  a t  
- 0.7V in  t he  a n o d i c  sweep,  a n d  the  c u r r e n t  r ises  g radu-  
al ly as t he  po t en t i a l  is m a d e  m o r e  posi t ive.  A m a x i m u m  
c u r r e n t  is r e a c h e d  at  - 0 V  in  t he  a n o d i c  sweep,  t h e  s a m e  
gene ra l  p o t e n t i a l  r eg ion  in  w h i c h  t he  e l ec t rode  p a s s i v a t e s  
in  HCHO-f ree  solut ion.  In  t he  ca thod i c  sweep,  t he  c u r r e n t  
r e m a i n s  low un t i l  -0 .0V,  w h e r e  a large  sp ike  of  o x i d a t i o n  
c u r r e n t  occurs .  Thereaf te r ,  t h e  cu rve  m o r e  or less  r e t r aces  
t he  a n o d i c  sweep.  The  sp ike  in  t he  ca thod ic  sweep  occu r s  
a t  t h e  p o t e n t i a l  a t  w h i c h  t he  gold  ox ide  fi lm b e g i n s  to b e  
r e d u c e d  a n d  ba re  Au  si tes  are  once  aga in  e x p o s e d  on  t he  
surface.  

L o w  c o n c e n t r a t i o n s  of  CN-  in f luence  t he  b e h a v i o r  of  
A u  e l ec t rodes  in  HCHO c o n t a i n i n g  a n d  HCHO-f ree  solu- 
t ions .  R e p r e s e n t a t i v e  c u r v e s  for  t he  h i g h e s t  N a C N  con-  
c e n t r a t i o n  s t ud i ed  are  g iven  in  Fig. 2. (A N a C N  c o n c e n t r a -  
t i on  of  1 p p m  is 2 x 10-~M.) A d d i t i o n  of  CN-  to 
HCHO-f ree  so lu t ions  s u p p r e s s e s  t he  d i s so lu t i on  of  t he  Au  
e lec t rode ,  as e v i d e n c e d  by  a r e d u c t i o n  in t he  p e a k  h e i g h t s  
in  b o t h  t he  a n o d i c  a n d  ca thod i c  sweeps  (Fig. 2b). In  
H C H O  so lu t ions  (Fig. 2a), a d d i t i o n  of  CN-  sh i f t s  t h e  
H C H O - o x i d a t i o n  c u r r e n t s  in  t he  a n o d i c  s w e e p  to m o r e  
pos i t ive  po t en t i a l s  a n d  t he  sp ike  in  t he  ca thod i c  s w e e p  to 
m o r e  nega t i ve  poten t ia l s .  The  cu rves  s h o w  fea tu re s  no t  
o b s e r v e d  in the  a b s e n c e  of  CN-,  b u t  t h e s e  are  no t  c lear ly  
r e l a t ed  to f ea tu re s  in  t he  c u r v e s  in  HCHO-f ree  so lu t ions  
(in Fig. 2b). 

The  ef fec t  of  CN-  c o n c e n t r a t i o n  is s u m m a r i z e d  in  Fig. 
3. The  m a x i m u m  c u r r e n t s  in  b o t h  t he  anod ic  sweep  (solid 
circles)  a n d  t he  ca thod ic  sweep  (open  circles)  are p lo t t ed  
as a f u n c t i o n  of  [NaCN]. I n f o r m a t i o n  a b o u t  p o t e n t i a l  
sh i f t s  is, of  course ,  los t  in  s u c h  a r e p r e s e n t a t i o n .  

In  HCHO-f ree  so lu t ion  (Fig. 3b), t he  p e a k  h e i g h t  in  b o t h  
s w e e p  d i r ec t i ons  is s u b s t a n t i a l l y  r e d u c e d  b y  CN-  ion. Al- 
t h o u g h  t he  gold  cyan ide  c o m p l e x  is h i g h l y  so lub le ,  t he  
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c y a n i d e  ion  is p r e s e n t  a t  low c o n c e n t r a t i o n  a n d  is in  in- 
suf f ic ien t  s u p p l y  to fo rm s ign i f i can t  a m o u n t s  of  so lub le  
Au(CN)2- ions.  In s t ead ,  w h e n  t he  e l ec t rode  is oxid ized ,  
c o m p o u n d s  s u c h  as AuCN,  w h i c h  are  less  s o l ub l e  t h a n  
t he  g o l d - E D T A  complex ,  p r o b a b l y  f o r m  on  t h e  surface.  
T h e  s u p p r e s s i o n  of  t he  d i s s o l u t i o n  c u r r e n t  is p r o n o u n c e d  
a t  [NaCN] = 1.9 p p m  a n d  i n c r e a s e s  w i t h  [CN-] in  t h e  con-  
c e n t r a t i o n  r a n g e  s tud ied .  D i s s o l u t i on  of  go ld  as t he  
E D T A  c o m p l e x  sti l l  occurs ,  as e v i d e n c e d  by  t h e  m a g n i -  
t u d e  o f  t h e  c u r r e n t s  f lowing  a n d  b y  t he  c o n t i n u e d  pres-  
e n c e  of  a n  a n o d i c  p e a k  in  t he  ca thod i c  sweep.  

T h e  c u r r e n t s  due  to H C H O  o x i d a t i o n  (Fig.3a), are  in- 
c r e a s e d  s l igh t ly  at  t he  l o w e s t  CN-  levels,  b u t  t h e r e a f t e r  
d e c r e a s e  m o n o t o n i c a l l y  w i t h  CN-.  T h u s  i t  a p p e a r s  t h a t  
t h e  a d s o r p t i o n  of  CN-  to f o r m  spa r ing ly  so lub le  go ld  
c o m p o u n d s  d e c r e a s e s  t he  ca ta ly t ic  ac t iv i ty  of  Au  for  
H C H O  o x i d a t i o n  in  E D T A  so lu t ion ,  pos s ib ly  t h r o u g h  a 
r e d u c t i o n  in  t h e  n u m b e r  of  su r face  s i tes  on  w h i c h  adsorp -  
t i o n  of  f o r m a l d e h y d e  can  occur .  

P d . - - T h e  cycl ic  v o l t a m m e t r y  of  a P d  e l ec t rode  in  CN--  
f ree  E D T A  so lu t i on  at  75~ is s h o w n  in  Fig. 4b. T he  sorp-  
t ion  of  h y d r o g e n  j u s t  b e g i n s  at  the  n e g a t i v e  l imi t  of  t h e  
sweep ;  s ign i f i can t  h y d r o g e n  s o r p t i o n  does  no t  o c c u r  in  
t h e  s a m e  p o t e n t i a l  r a n g e  as H C H O  o x i d a t i o n  on  Pd .  B o t h  
o x i d e  f o r m a t i o n  a n d  P d  d i s s o l u t i o n  occur  in  th i s  p o t e n t i a l  
range ,  as e v i d e n c e d  by  t he  a n o d i c  p e a k  t h a t  a p p e a r s  once  
o x i d e  r e d u c t i o n  b e g i n s  in  t he  c a t h o d i c  sweep.  T he  magn i -  
t u d e  of  t he  c u r r e n t s  is genera l ly  sma l l e r  t h a n  for  Au  in  t h e  
s a m e  so lu t ion .  

U p o n  a d d i t i o n  of  H C H O  to t he  so lu t ion ,  t h e  b e h a v i o r  
s h o w n  in Fig. 4a is ob ta ined .  C u r r e n t  b e g i n s  to f low at  
- 0 . 8 V  in  t h e  a n o d i c  sweep,  i n c r e a s i n g  to a p e a k  v a l u e  at  
-0 .3V.  T h e  p o t e n t i a l  of  t h e  m a x i m u m  c u r r e n t  is s l ight ly  
pos i t i ve  to  t h e  first  p e a k  in  t h e  cycl ic  v o l t a m m e t r y  in  
HCHO-f r ee  so lu t ion .  T he  s i m u l t a n e o u s  o c c u r r e n c e  of  pal- 
l a d i u m  o x i d a t i o n  a n d  d i s s o l u t i o n  m a k e  it  i m p o s s i b l e  to  

re la te  t h e  H C H O - o x i d a t i o n  p e a k  to t h e  s ta te  of  o x i d a t i o n  
of  t h e  e lec t rode ,  b u t  i t  a p p e a r s  t h a t  t he  HCHO c u r r e n t  be- 
g ins  to d r o p  w h e n  t he  P d  e l ec t rode  b e c o m e s  c o v e r e d  w i t h  
a n  ox ide  or h y d r o x i d e  film, p e r h a p s  a m o n o l a y e r  in  
t h i c k n e s s .  F o r m a l d e h y d e  o x i d a t i o n  p r o c e e d s  at  a l ower  
b u t  s ign i f i can t  ra te  d u r i n g  t he  ca thod i c  sweep;  t h e  s t ruc-  
t u r a l  de ta i l s  in  th i s  r eg ion  are  n o t  c lear ly  r e l a t ed  to any  
s t r u c t u r e  in  t he  c u r v e  of  Fig. 4b. As  soon  as t h e  r e d u c t i o n  
of  t h e  P d  o x i d e  b e g i n s  in  t h e  ca thod i c  s w e e p  a n d  f ree  P d  
s i tes  are  once  aga in  ava i l ab le  on  t he  surface,  a s h a r p  
H C H O - o x i d a t i o n  sp ike  appears .  

In  t he  p r e s e n c e  of  - 6  p p m  NaCN,  t he  b e h a v i o r  of  Fig. 5 
is ob t a ined .  In  HCHO-f ree  so lu t ion ,  t h e  P d  d i s s o l u t i o n  re- 
a c t i o n  is s u p p r e s s e d ,  Fig. 5b. T h e  o n s e t  of  p a l l a d i u m  oxi- 
d a t i o n  in  t h e  anod ic  sweep  is sh i f t ed  to m o r e  pos i t i ve  po- 
ten t ia l s .  O x i d a t i o n  c u r r e n t s  (due  to P d  d i s so lu t ion)  are no  
l o n g e r  o b s e r v e d  in t he  c a t h o d i c  sweep.  In  H C H O  solu- 
t ion,  5.5 p p m  of  NaCN has  d e p r e s s e d  t he  p e a k  in  t h e  
a n o d i c  sweep  a n d  sh i f t ed  i t  to a s l ight ly  m o r e  pos i t ive  po- 
tent ia l .  The  p e a k  in  t he  ca thod i c  sweep,  w h i c h  ha s  a l m o s t  
d i s a p p e a r e d ,  ha s  sh i f t ed  to a m o r e  nega t i ve  po ten t ia l .  The  
c a t h o d i c  sweep  in t h e  p r e s e n c e  of  CN-  s h o w s  n o n e  of  t he  
s t r u c t u r e  t h a t  a p p e a r s  in  CN-- f ree  so lu t ion .  

The  C N - - d e p e n d e n c e  of  t he  p e a k  c u r r e n t s  is s h o w n  in  
Fig. 6. I n  HCHO-f ree  so lu t ion ,  Fig. 6b, t he  p e a k  c u r r e n t  in  
t he  a n o d i c  sweep  is no t  ve ry  d e p e n d e n t  on  [NaCN]. The  
to ta l  o x i d a t i o n  c h a r g e  is lower  in  t h e  p r e s e n c e  of  CN-,  
h o w e v e r ,  b e c a u s e  of  t he  sh i f t  in  t he  onse t  of  o x i d a t i o n  to 
m o r e  pos i t ive  poten t ia l s .  The  sh i f t  occu r s  e v e n  at  t he  
l o w e s t  CN-  c o n c e n t r a t i o n s  a n d  h a s  l i t t le  c o n c e n t r a t i o n  
d e p e n d e n c e .  A m o r e  d r a m a t i c  effect  of  CN-  is s e e n  in  t he  
ca thod i c  sweep.  At  [NaCN] = 1.3 p p m ,  a r e d u c t i o n  p e a k  is 
fo l lowed  by  a sma l l  ox ida t i on  peak.  At  h i g h e r  c o n c e n t r a -  
t ions ,  o x i d a t i o n  c u r r e n t s  are no  longe r  o b s e r v e d  in t h e  ca- 
t h o d i c  sweep.  

T h e  d e p e n d e n c e  of  H C H O  o x i d a t i o n  of  [CN-] is compl i -  
cated,  as s h o w n  in Fig. 6a. L o w  leve ls  of  CN-  s o m e w h a t  
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HCHO and 5.5 pprn NoCN. The sweep speed was 20 mV/s. 

r educe  the  peak  currents  in both  the  anodic  and ca thodic  
sweeps.  Fu r the r  addi t ion of  CN- causes a m a x i m u m  in 
the  peak  height.  Suff ic ient ly  high [NaCN] suppresses  
H C H O  oxida t ion  on Pd.  

C u . - - C o p p e r  is a less noble  meta l  than  e i ther  Pd  or  Au, 
and  E D T A  strongly c o m p l e x e s  Cu(II) ions. In  addi t ion,  
the  s to ich iomet ry  of  the  HCHO-oxida t ion  reac t ion  is dif- 
ferent  on Cu than  on Pd  and Au (4). Thus,  H C H O  oxida- 
t ion is s tud ied  in a di f ferent  potent ia l  region on Cu than  
on the  o ther  meta ls  of  this invest igat ion.  

F igure  7b shows the  cyclic v o l t a m m e t r y  of Cu in the  pH 
11.7 E D T A  solut ion at 75~ In  this potent ia l  range,  only  
one r edox  couple,  p r e sumab ly  Cu]Cu20, is observed.  
(Pourbaix  d iagrams (15), ca lcula ted at room t empera tu r e  
and in the  absence  of  c o m p l e x i n g  anions,  are not  ve ry  
helpful  in ass igning ox ida t ion  states in this system. The 
cyclic v o l t a m m e t r y  of  Cu in 0.4M Na2SO4 solut ion at p H  
11.7 and  75~ has also been  s tudied,  however .  In  that  solu- 
tion, the re  are  two pairs o f  peaks,  due  to CuiCu20 and 
Cu20/Cu(OH)2. In  Na~SO4 the  CtYCu20 peaks  appear  in 
the  same potent ia l  region as the  pair  of  peaks  in the  
E D T A  solution.  This  observa t ion  gives some  conf idence  
to the  a s s ignmen t  of  the peaks  in Fig. 7b to the  Cu]Cu20 
couple). 

The  charge  under  the  anodic  peak (Fig. 7b) is several  
t imes  that  unde r  the ca thodic  peak. This  d i sc repancy  m a y  
be the  resul t  of  some  copper  ions leaving the  surface  as 
d i sso lved  species.  Unl ike  Au and Pd,  however ,  Cu does  
not  show an oxida t ion  peak  in the  ca thodic  sweep.  

On  Au and Pd  electrodes,  the  cur ren ts  m e a s u r e d  in 
E C H O  solut ion are m u c h  larger  than  those  due  to the  re- 
act ions of  the meta l  in HCHO-free  solution.  F igure  7a 
shows that  this is not  the  case on Cu electrodes.  In  the  
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Fig. 6. The dependence of the peak current on CN- concentration for 
a Pd Foil electrode in 0.12h1 EDTA, pH 11.7, 75~ (a) with O.03M 
HCHO, and (b) with no HCHO. The closed circles are the enodic sweep, 
the open circles the cathodic sweep. 
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anodic sweep, there is a narrow potential range (between 
-1.0V and - -0.8V) in which a very slightly higher cur- 

rent flows in the presence of HCHO; otherwise, the ob- 
served currents are actually higher in HCHO-free solu- 
tion. Formaldehyde oxidation does occur on this 
electrode, however, as evidenced by the anodic peak that 
appears in the cathodic sweep as soon as the Cu~O reduc- 
tion begins. 

The lower current in the presence of HCHO can be ex- 
plained by a complex interaction of the processes of cop- 
per oxidation, copper dissolution, and HCHO oxidation. 
The adsorption of HCHO on the Cu electrode can sup- 
press the Cu dissolution reaction. In other words 

iCu diss. -[- HCHO ox. ~- ic, ox 

in the presence of adsorbed HCHO is lower than 

i ' C u  diss. ~- i'cu ox. 

in the HCHO-free solution because adsorbed HCHO sup- 
presses Cu dissolution, and 

icu diss. ~ i'cu diss. 

Nonetheless, the HCHO oxidation currents must  be of the 
order of or less than the currents due to the other pro- 
cesses occurring on the surface. 

Figure 8 shows the effect of CN on Cu oxidation and 
the electro-oxidation of HCHO. The cyclic vol tammetry 
of Cu in CN- containing EDTA solution (Fig. 8b) exhibits 
increased currents in the potential range negative to the 
Cu/Cu~O couple. Formaldehyde oxidation in the presence 
of CN- proceeds at a higher rate than in its absence. 
(Compare Fig. 7a and 8a). An especially large enhance- 
ment  in the current is observed in the same potential 
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range as the increased currents in Fig. 8b (i.e., negative to 
the Cu~O peak). 

The effect of CN- concentration is shown in Fig. 9. Cya- 
nide has a smaller effect on the cyclic vol tammetry of Cu 
in EDTA solution (Fig. 9b) than on that of Au or Pd. So- 
dium cyanide concentrations of up to 2.7 ppm result in 
virtually no change in the curve. At higher [NaCN], the 
Cu20 reduction peak is somewhat  reduced in magnitude 
and has a shoulder on the negative side. This shoulder at 
potentials negative to the Cu/Cu~O couple is probably due 
to adsorption of the cyanide ion. 

Formaldehyde electro-oxidation is highly dependent  on 
the CN- concentration (Fig. 9a). Addition of 1.2 ppm 
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NaCN increases the currents over the entire potential 
range. Further increase in the current occurs at [NaCN] = 
2.5 ppm, and a second major peak in the anodic sweep ap- 
pears at more negative potentials ( -  -0.9V). As [NaCN] 
increases further, the peak at -0.75V in the anodic sweep 
goes through a maximum, and the -0.9V peak in the 
anodic sweep continues to increase in height. The oxida- 
tion peak in the cathodic sweep increases with [CN-] and 
shifts to more positive potentials in the range of concen- 
trations studied. The substantial increase in the magni- 
tude of the HCHO-oxidation currents caused by the addi- 
tion of CN- contrasts to the behavior on Au and Pd, for 
which the HCHO oxidation reaction becomes poisoned at 
fairly low cyanide concentrations. 

Discussion 
The HCHO-oxidation reaction requires rather specific 

surface conditions for the electrode material on which it 
proceeds. Information about the state of the surface can 
be gained by comparing the cyclic voltammetry in 
HCHO-free solution with that in HCHO containing solu- 
tions. Such a comparison leads to the conclusion that 
HCHO oxidation requires the availability of bare metallic 
sites on the surface; complete oxide coverage effectively 
impedes the reaction. 
�9 The effect of CN- on HCHO oxidation on Au and Pd 

electrodes can be interpreted in light of this model. Cya- 
nide was found to suppress the dissolution of these two 
metals in EDTA solution. At low cyanide levels, slightly 
soluble metal cyanide may form on the electrode surface. 
The surface population of bare metal sites would then be 
reduced, suppressing the rate of HCHO oxidation. 

The situation is apparently somewhat more complex on 
Pd than on Au electrodes, as reflected in the fact that the 
HCHO-oxidation peaks go through a maximum as a func- 
tion of the cyanide concentration. The maximum may re- 
sult from the separate effects of the CN- ion on the ad- 
sorption of hydrogen and the adsorption of the 
formaldehyde fragment on the Pd electrode. In the ab- 
sence of further experimental evidence, however, such a 
model remains speculative. 

The electrochemistry of CU in EDTA solutions is quite 
different from that of Au or Pd. Whereas Au and Pd in 
CN--free solution sustain HCHO-oxidation currents that 
are significantly larger than the currents due to surface 
processes (oxidation and dissolution), Cu does not. The 
effect of CN- on HCHO oxidation on Cu depends on the 
electrode potential. In the potential region of Cu~O forma- 
tion, the effect is much the same as on Pd: the size of the 
peak goes through a maximum as a function of [CN-]. At 
more negative potentials, where CN- adsorption is indica- 
ted from the cyclic voltammetry in HCHO-free solution, 
the HCHO- oxidation current increases with [CN-] in the 
concentration range studied. Unlike Au and Pd, which 
show poisoning of HCHO electro-oxidation by CN-, Cu 
can sustain substantially higher HCHO-oxidation cur- 
rents in the presence of CN-. 

The uniqueness of the effect of CN- on HCHO oxida- 
tion on Cu is related to the fact that the reaction proceeds 
by a different stoichiometry and in a different potential 
range than on Au or Pd. On Cu, formaldehyde oxidation 
occurs in a potential range in which cyanide adsorption is 
the dominant  process, and thus cyanide can strongly in- 
fluence this reaction. 
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ABSTRACT 

External  and internal transport numbers  were determined for the aluminum chloride-l-methyl-3-ethyIimidazolium 
chloride room-temperature ionic liquid in the range of a luminum chloride mole fractions, 0.50 < XA,C,~ < 0.67. The 
1-methyl-3-ethylimidazoiium cation external transport number  was found to be 0.71, while the internal transport num- 
ber was found to be 1.00. The latter result may be of a general nature for all chtoroaluminate melts and provides jt~stifi- 
cation for using simplified formulas to represent the relationships between the EMF of concentration cells and the 
chemical potentials of chloroaIuminate melts. 

Molten mixtures of a luminum chloride and t-methyl-3- 
ethylimidazolium chloride (MEIC) have been found to be 
useful solvents for electrochemistry and spectroscopy (1). 
Attractive features of this molten salt system are its low 
melt ing temperature, which is 20~ or less over the range 
of A1C13 mole fractions extending from 0.35 to 0.66 (2), and 
its wide range of  Lewis acidity (1). A1CI3-MEIC mixtures  
are very similar in all respects to another much-studied 
low temperature chloroaluminate melt, the a luminum 
chloride-l-(n-butyl)pyridinium chloride (BPC) system. 
However,  MEIC is easier to synthesize and purify than 
BPC, and A1CI~-MEIC melts exhibit  significantly lower 
melting temperatures. 

Both the AtCI~-MEIC and A1C13-BPC systems have been 
studied using 27A1 NMR spectroscopy (3, 4). In addition, 
the latter has been investigated using Raman spectros- 
copy (5). From these studies it was established that A1CI( 
and AlzC17- are the principal anionic constituents of acidic 
(A1CI3-rich) melts in the range of A1CI3 mole fractions, 0.50 
< XA]C,3 < 0.67, while A1C1,- and C1- are the anionic con- 
stituents of  basic melts. Potentiometric studies indicate 
that the acid-base properties of these melts can be repre- 
sented by an equilibrium with A12Ct7-, A1C]~-, and C1- (I, 
6-8) 

2A1C14- .~ A12C17- + C1- [1] 

Molecular A1Ct3 or A12C16 appear to be absent from acidic 
A1C13-MEIC and A1C13-BPC in the range 0.50 < xAlc,3 < 
0.67, unlike acidic A1Ct~-alkali chloride melts, since alumi- 
num chloride vapor pressures above the organic salt- 
based systems are negligible at elevated temperatures. 

Concentration cells with a luminum electrodes have 
been used extensively to obtain potentiometric data in 
chloroaluminate melts (I, 6-11). However, the use of these 
cells to obtain thermodynamic data presupposes a knowl~ 
edge of  the transport numbers  of the ionic components  of 
the melt. It has been generally assumed in these studies 
that the external transport number  of the melt cation is 
unity. This assumption has been questioned, especially 
for chloroaluminate melts with organic cations where the 
ionic radius of the cation may be comparable to or even 
larger than that of the prevalent anions, e.g., A1CI4- and 
A12C1c (12). However, no comprehensive study of trans- 
port numbers  in chloroaluminate melts has appeared in 
the literature. 

Basic Principles 
In order to gain insight into ionic transport in chloro- 

aluminate melts with organic cations, the transference ex- 
per iment  depicted in Fig. 1 was conducted. In this experi- 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

ment current was passed between aluminum electrodes 
in a three-compartment ceil. Before the start of the exper- 
iment, the three compartments,  separated from one an- 
other  by porous disks, were filled with A1CI3-MEIC melt  
of the same composition. Then, a known charge, Q, was 
passed through the cell and the concentration and weight 
changes in the catholyte and anolyte were determined. 

The experimental  arrangement is similar to a Hittorf 
cell, but the experiments permit  the calculation of exter- 
nal transport numbers  (relative to the porous membranes) 
as well as internal transport numbers  (relative to a chosen 
reference, e.g., chIoride ion). The first type of  transport  
numbers  give information about cooperative movements  
relative to the membranes.  However,  only the internal 
transport numbers  are needed for the calculation of the 
EMF of concentration cells, although the more detailed 
external transport numbers  also can be used. The perti- 
nent equations for calculation of  transport numbers  and 
specific relationships between the various types of trans- 
port  numbers  are delineated below. 

Transport numbers relative to an external referenee.--I f  
it is assumed formalistically that the melt is composed of 
1-methyl-3-ethylirnidazolium cation, R +, a luminum ion, 
A13+, and chloride ion, CI-, then the number  of moles of  
these ions, nR, nA,, and nc,, respectively, in a sample of 
melt with weight, w, are given by 

XAlW 
hA, = [2] 

XA,MA,c,3 + (1 -- XA,)MRc, 

(1 -- XA])W 
nR = xn,MA,c18 + (I - XA,)M~c~ [3] 

(2XA1 + 1)W 
ncl = nR + 3nA, = [4] 

xA,MA,c,3 + (1 -- XA1)MRc, 

where M is the molecular weight of the designated com- 
ponent, and XA, the mole fraction of AICI~. The external 
transport number  for R +, tR, can be calculated directly 

4- 
Anoly te  Middle  C e t h o l y t e  . "  

< Comper t  ment  

J "~tR ' i ) t R  
| 
I ~ tAI I > tAI I ,I,! I 
, ! ! 

tc i  I t c I <  
I I 

Fig. 1. Schematic diagram of the transference experiment and defini- 
tion of the formal external transport numbers. 
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f rom t h e  e x p r e s s i o n  s h o w n  be low a n d  a n  a n a l o g o u s  equa-  
t i on  w r i t t e n  for  t he  a n o d e  c o m p a r t m e n t  

Q (1 - -  XCAI)W c 

tR " "F-= XCA1MAIcl3 + (1 - XCAI)MRc, 

[5] 

(1 -- XOAI)W ~ 

X~ + (1 - X~ 

The  c h a r g e  passed ,  Q, is g i v e n  in  cou lombs ,  a n d  F is Fara-  
day ' s  cons t an t .  Th e  s u p e r s c r i p t  o d e n o t e s  t he  c o n d i t i o n  
be fo re  t h e  e x p e r i m e n t ,  a n d  t h e  s u p e r s c r i p t  c i n d i c a t e s  t he  
c o n d i t i o n  in t he  c a t h o d e  c o m p a r t m e n t  a f te r  p a s s i n g  
cu r ren t .  

The  mo le s  of  AP + t r a n s p o r t e d  in to  t he  ca tho ly te ,  cor- 
r ec t ed  for  t h e  loss  or  gain  o f  A13+ due  to t h e  e l e c t r o d e  re- 
ac t ions ,  is g iven  by  Eq. [6] 

Q XcA~W ~ 
(tAl-- 1) �9 

3 F  XCAIMAIcI3 + (1 -- XCAI)MRcl 

[6] 

X~ w ~  

-- X~ + (1 - X~ 

A n  a n a l o g o u s  e x p r e s s i o n  can  be  w r i t t e n  for  t he  a n o d e  
c o m p a r t m e n t .  The  e x t e r n a l  t r a n s p o r t  n u m b e r  for ch lo r ide  
ion  can  t h e n  be  ca lcu la ted  f rom ta a n d  tA~ 

tel = 1 - ta - tAI [7] 

Transpor t  numbers  w i th  chloride ion as the r e f e r e n c e . -  
The  a m o u n t  of  C1- is p r e s u m e d  c o n s t a n t  in  a c o m p a r t -  
m e n t  w h e n  i n t e rna l  t r a n s p o r t  n u m b e r s  are ca l cu la t ed  
w i t h  C1- as t he  re ference .  By  u s i n g  Eq. [4] a n d  cons ide r -  
ing  t h e  c a t h o d e  c o m p a r t m e n t ,  t he  fo l lowing  c o n d i t i o n  
m u s t  be  fulf i l led in  w h i c h  t he  n u m b e r  of  mo le s  of  C1- ion  
in t he  c o m p a r t m e n t  be fo re  a n d  af te r  e lec t ro lys is  are  e q u a l  

(2X~ + 1)W ~ (2XCAI + 1)w ~ 

X~ + (1 - X~ XCAIMAIcl3 + (1 -- XCAI)MRcl 
[a] 

A s imi la r  e x p r e s s i o n  can  be  w r i t t e n  for  t he  a n o d e  com- 
p a r t m e n t .  

I n s e r t i o n  of  Eq. [8] in to  Eq.  [5] so as to e l im ina t e  Wo a n d  
r e p l a c i n g  tR w i th  t'R, t he  i n t e r n a l  t r a n s p o r t  n u m b e r  of  R § 
gives  

3Fwc(XOAI -- XCA1) 
t'R = [9a] 

Q [XCAIMAIcI3 + (1 - XCA,)MRcl] (2X~ + 1) 

A s imi la r  e x p r e s s i o n  can  b e  w r i t t e n  for  t he  a n o d e  com- 
p a r t m e n t  

3Fwa(xahl  -- XOA1) 

t'R = Q [X%MAlc~3 + (1 - x%)MRc~] (2X~ + 1) [9b] 

The  s u p e r s c r i p t  a refers  to t he  c o n d i t i o n  in  t he  a n o d e  
c o m p a r t m e n t  fo l lowing  e lec t ro lys is .  I t  s h o u l d  b e  n o t e d  
t h a t  i t  is n o t  n e c e s s a r y  for w c a n d  w a to c o r r e s p o n d  to t he  
to ta l  a m o u n t  of  s a m p l e  in  each  e l ec t rode  c o m p a r t m e n t  as 
u s e d  here .  As  in  a H i t t o r f  e x p e r i m e n t ,  t h e s e  w e i g h t s  m u s t  
s i m p l y  e n c o m p a s s  t he  q u a n t i t y  of  me l t  in  w h i c h  concen-  
t r a t i on  c h a n g e s  occur .  T he  def in i t ion  t h a t  t'c, = 0 g ives  
t he  fo l lowing  r e l a t i ons h i p  b e t w e e n  i n t e rna l  t r a n s p o r t  
n u m b e r s  

t'R + t %  = 1 [10] 

Relat ionships between external  transport  numbers . - - In  
an  ac idic  A1C13-RC1 ionic  l iquid ,  0.50 < xA,r < 0.67, t h e  
c o n s t i t u e n t  ions  h a v e  b e e n  s h o w n  to be  R +, A1C14-, a n d  
AI~C1c (5). As s h o w n  b y  Dye a n d  K ing  (12), t he  e x t e r n a l  
t r a n s p o r t  n u m b e r s  t,~ a n d  tc, m a y  b e  s u b s t i t u t e d  b y  t,~c,~ 
a n d  t,,~c,7, i.e., t h e  e x t e r n a l  t r a n s p o r t  n u m b e r s  for  t h e  ac- 
tua l  ion ic  c o n s t i t u e n t s  of  t he  m e l t  

tA, = --3tAlc,4 -- 6tA,2C, 7 [11] 

t c l =  4tAlCl4 + 7tAl2Cl7 [12] 

a n d  t h e r e f o r e  

tR + tAlCl4 + tA12Cl7 = 1 [13] 

C o m b i n a t i o n  of  Eq. [11] a n d  [12] a n d  r e a r r a n g e m e n t  g ives  
t h e  a n i o n  e x t e r n a l  t r a n s p o r t  n u m b e r s  in  t e r m s  of  tA, a n d  
tcl 

7tAl + 6tc, 
tAtC14 -- 3 [14] 

--4tA, -- 3tc, 
tA12C17 -- 3 [15] 

Relat ionships between external  and internal  transport  
n u m b e r s . - - T h e  e x t e r n a l  a n d  i n t e rna l  ( re la t ive to ch lo r ide  
ion)  t r a n s p o r t  n u m b e r s  a re  r e l a t ed  to one  a n o t h e r  b y  
s to i ch iome te ry ,  s ince  m o v e m e n t  of  C1- is e q u i v a l e n t  to  
m o v e m e n t  of  R § a n d  A P  + in  t h e  o the r  d i rec t ion ,  i.e., chlo- 
r ide  t r a n s p o r t  is d iv ided  b e t w e e n  t h e  a n i o n s  p r o p o r t i o n a l  
to t h e i r  e q u i v a l e n t  f rac t ions .  H e n c e  

3hA, 
t'A1 = tA1 + - -  tc, [16] 

3nA1 + nR 
o r  

3X~ 
t'Al = tAl + - - ( 1  -- tAl -- tR) [17] 

2X~ + 1 

s imi la r ly  

nR 
t'R = tR + - -  tcl [18] 

3nA1 + nR 

o r  

1 - X ~  

t'R = tR + - - ( 1  -- tA1 -- tR) [19] 
2X~ + 1 

The  mole  f r ac t ion  of  t he  o r ig ina l  m e l t  is u s e d  s ince  no  
c h a n g e  in  c o n c e n t r a t i o n  nea r  t he  m e m b r a n e  is a s s u m e d .  
The  c o n s i s t e n c i e s  of  t h e s e  e q u a t i o n s  can  be  d e m o n -  
s t r a t ed  b y  c o m b i n i n g  Eq. [19] w i t h  Eq.  [5] a n d  [6]. The  re- 
su l t  is Eq.  [9a]. 

Cooperative movement  of  a l u m i n u m  and chloride 
ions . - - In  t h e  p r e s e n t  e x p e r i m e n t s  tAm is f o u n d  to b e  nega-  
t ive,  i n d i c a t i n g  t h a t  a l u m i n u m  is t r a n s p o r t e d  t o w a r d  t h e  
a n o d e  a n d  away  f rom the  c a t h o d e  (vide infra). Coopera-  
t ive  m o v e m e n t  of  C1- a n d  A1 ~+ can  be  de f ined  as 

tcl 3(tA1 + tR -- 1) 
C - - -  - [20] 

- 1/3tA1 tA1 

w h e r e  C refers  to t he  rat io  of  t he  n u m b e r  of  m o l e s  of  C1- 
a n d  A13+ t r a n s p o r t e d  to t he  a n o d e  or away  f r o m  t h e  cath-  
ode. 

Experimental 
A p p a r a t u s . - - T h e  p r e p a r a t i o n  of m e l t  a n d  all subse-  

q u e n t  t r a n s f e r e n c e  e x p e r i m e n t s  we re  c o n d u c t e d  in  a dry, 
oxygen - f r ee  n i t r o g e n  a t m o s p h e r e  ins ide  a K e w a u n e e  
Scient i f ic  E n g i n e e r i n g  C o r p o r a t i o n  d ry  b o x  s y s t e m  
e q u i p p e d  w i t h  a Mode l  202500 30-cfm ine r t  gas  puri f ier .  
The  qua l i t y  of  t he  a t m o s p h e r e  ins ide  t he  d ry  b o x  was  
t e s t e d  b y  m e a s u r i n g  t he  l i f e t ime  of  a l i gh t ed  25W l igh t  
b u l b  w i t h  a ho le  p i e r ced  in  i ts  glass  enve lope .  The  d ry  
b o x  a t m o s p h e r e  was  f o u n d  a c c e p t a b l e  w h e n  t he  b u l b  re- 
m a i n e d  l i gh t ed  for 12h or more .  E lec t ro lys i s  e x p e r i m e n t s  
we re  c o n d u c t e d  u s i n g  a H e w l e t t  P a c k a r d  Mode l  6216A di- 
rec t  c u r r e n t  p o w e r  supply .  T h e  c h a r g e  p a s s e d  was  deter -  
m i n e d  v ia  a n  A M E L  Mode l  731 digi ta l  in tegra to r .  

Chemica ls . - -Anhydrous  A1CI~ (Fluka,  A.G.) was  sub-  
l i m e d  u n d e r  v a c u u m  d i rec t ly  ins ide  t he  d ry  b o x  a min i -  
m u m  of  t h r e e  t imes .  The  organic  salt, 1-methyl-3-e thyl-  
i m i d a z o l i u m  chlor ide ,  was  s y n t h e s i z e d  a n d  pur i f i ed  
a c c o r d i n g  to t h e  p r o c e d u r e  of  Wilkes  et at. (1). T h e  o x i d e  
c o n t e n t  of  t he  m e l t  was  d e t e r m i n e d  u s i n g  t he  p r o c e d u r e  
d e s c r i b e d  b y  S to jek  et al. (13). Mel ts  t h a t  were  5 p p m  or 
g rea t e r  in  ox ide  we re  d i sca rded .  
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Fig. 2. Transference cell 
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Cell.--Transport data were obtained using a Hittorf- 
type cell (Fig. 2). The compartments  in this cell were iso- 
lated by means of 10 mm diam fine porosity fritted disks. 
The porous areas of these disks were reduced by about 
75% by heating them moderately with a glassblowing 
torch. The hydrostatic resistances of these disks were 
checked with melt, and it was determined that correc- 
tions for hydraulic flow were unnecessary under the ex- 
perimental  conditions employed. It should be noted in 
this regard that acidic A1CI~-MEIC melts are fairly viscou~ 
at room temperature compared to water and to ionic liq- 
uids used at elevated temperatures (2) and that only slight 
differences in the liquid levels in compartments  A, B, and 
C (Fig. 2) arose during an experiment.  The porous disks, 
prepared as above, were highly resistant to diffusional 
mixing also. A cell with melts of different composition, 
but with equal liquid levels in A, B, and C, was stored for 
several days without detectable Changes in the composi- 
tion of the melt in each compartment.  The aluminum 
electrodes used in compartments  A and C were fashioned 
from 80 cm of 1.0 mm diam wire (Alfa Products, m5N pu- 
rity). Approximately 77 cm of the wire was immersed.  
The electrodes were pretreated by immersion in an aque- 
ous etching solution that was 5% HF and 15% HNO3 by 
volume and dried in an oven before use. 

Analysis of melt.--The A1CI~-MEIC melt was analyzed 
using an absorption spectroscopic procedure. Figure 3 
shows an absorption spectrum for the 1-methyl-3-ethyl- 
imidazolium cation dissolved in distilled water. The ab- 
sorption maximum, X~,ax, for the cation is observed at 
211.5 nm with a molar absorptivity of 4.21 • l0 s M -1 cm -1. 
This species obeyed the Lambert-Beer law in very dilute 
solutions. Melt samples were analyzed by measuring the 
cation absorbance at ~max for solutions of melt  appropri- 
ately diluted with distilled water. (Caution: the addition 
of water to acidic melts results in a violent exothermic re- 
action!) UV analyses of these samples were conducted in 
1.0 cm path length quartz cells using a Perkin-Elmer 
Hitachi 200 UV-vis spectrophotometer.  This ins t rument  is 
equipped with a digital display and could be read to 0.001 
absorbance units. However, the stated photometric accu- 
racy of the instrument was 0.002 absorbance units. The 
results obtained for triplicate analyses of known melt 
samples are listed in Table I. These results reflect both 
the accuracy and precision of this analytical procedure. 

Procedure.--Melt was added to compartments  A and C 
until equal levels were attained in both compartments.  
The cell was disassembled, and the weight of the melt in 
A and C was determined. The cell was reassembled, and 
compar tment  B was filled with melt until its l iquid level 

C 

matched that in A and C. A current of 3.0 mA (0.12 mA 
cm -2) was passed between the a luminum electrodes. After 
the desired period of electrolysis, the cell was againdisas-  
sembled, excess melt  was cleaned from the inside and 
outside of the male joints D and E, and compartments  A 
and C were reweighed. The weight of melt  in each com- 
partment was corrected for the change in weight of the 
a luminum electrodes in the compartment.  Triplicate 
samples of the original melt  and melt in compartments  A, 
B, and C after electrolysis were analyzed. No difference 
between the composition of  melt  in the original sample 
and that in compartment  B after electrolysis was ever de- 
tected. All experiments were conducted at 28 ~ -+ 2~ and 
compartments  A, B, and C were open to the dry box at- 
mosphere during electrolysis. 
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Fig. 3. Absorption spectrum for 2 .4  • ] 0 - 4 M  l -methy l -3 -  
ethylimidozolium chloride in distilled woter. 



1624 J .  E l e c t r o c h e m ,  Soc . :  E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  J u l y  1984 

Table I, Results for triplicate analysis of AICt~-MEtC 
melt samples 

XAIC13 

Calculated Measured Relative error (%) 

0.448 
0.554 
0.622 

0.446 -+ 0.002* -0.45 
0.555 -+ 0`001" +0.18 
0.621 • 0.001" -0.16 

* Average deviation from the mean, 

Results and Discussion 
Elec t ro lys i s  e x p e r i m e n t s  c o n d u c t e d  in  ac id ic  m e l t  indi -  

c a t ed  t h a t  a l u m i n u m  cou ld  be  ef f ic ient ly  s t r i p p e d  f rom 
the  a n o d e  a n d  d e p o s i t e d  as sh iny ,  m o d e r a t e l y  a d h e r e n t  
d e n d r i t e s  at  t he  ca thode .  No d i s co lo ra t i on  of  t he  ac id ic  
m e l t  was  no ted ,  a n d  n o  n e w  organ ic  spec ies  were  de-  
t e c t e d  in  t h e  m e l t  b y  N M R  s p e c t r o s c o p y  a f t e r  e lec t ro lys is .  
T h e  a l u m i n u m  a n o d e  w e i g h t  loss  was  a b o u t  3-5 w e i g h t  
p e r c e n t  (w/o) la rger  t h a n  p r e d i c t e d  theo re t i ca l ly  f r o m  the  
c h a r g e  passed .  S imi la r  e f fec ts  were  n o t e d  b y  R o b i n s o n  
a n d  O s t e r y o u n g  (14) in  ac id ic  A1Ct3-BPC a n d  were  a t t r ib-  
u t e d  to  co r ro s ion  of  t he  e l ec t rode  b y  i m p u r i t i e s  in  t h e  
mel t .  Fo r tuna t e ly ,  co r ros ion  of  t he  a n o d e  ha s  m i n i m a l  ef- 
fect  o n  t he  t r a n s p o r t  n u m b e r s  r e p o r t e d  here in ,  s ince  t he  
ana ly t i ca l  p r o c e d u r e  u s e d  for  d e t e r m i n i n g  m e l t  compos i -  
t i on  is no t  b a s e d  o n  ana lys i s  of  t he  a l u m i n u m  c o n t e n t  o f  
t he  mel t .  Therefore ,  t he  e f fec t s  o f  th i s  co r ros ion  we re  ne-  
g lec ted .  C a t h o d e  ef f ic iencies  cou ld  no t  b e  c a l c u l a t e d  ac- 
cu ra t e ly  b e c a u s e  i t  was  n o t  pos s ib l e  to r e m o v e  t h i s  elec- 
t r o d e  f r o m  t h e  cel l  a n d  c lean  it  w i t h o u t  d i s t u r b i n g  the  
a l u m i n u m  d e n d r i t e s .  T he  c a t h o d e  ef f ic iency  was  as- 
s u m e d  to b e  100%. T r a n s f e r e n c e  e x p e r i m e n t s  we re  also 
a t t e m p ~ l  in  bas ic  :melt. Howeve r ,  t h e  m e l t  in  t h e  c a t h o d e  
c o m p a r t m e n t  b e c a m e  d i sco lo red ,  s u g g e s t i n g  t h a t  t he  
~ e c t r ~ i e  ~ a c t i ~ a  o c c u r r i n g  a t  a l u m i n u m  d i d  n o t  eor re-  
s p ~ d  to  t h e  e x p e c ~ l  d e p o ~ t i o n  o f  aluminum meta l .  The  
t r a n s f e r e n c e  e x p e r i m e n t s  r e t r a c e d  h e i ~ i ~  w e r e  r e s t r i c t e d  
to  ac id ic  m e l t ~  

E x p e r i m e n t a l  t r a n s f e r e n c e  d a ~  a r e  l i s t ed  i n  Tab le  II. 
T h e  l o w e r  c a s e  l e t t e r  fo l lowing  e a c h  r u n  n u m b e r  indi-  
ca te s  w h e t h e r  t he  d a t a  we re  t a k e n  f rom t he  a n o d e  com-  
p a r t m e n t ,  a, or  c a t h ~ t e  c o m p a r t m e n t ,  c, of  t he  ceil. Iden-  
t ical  r u n  n u m b e r s  d e n o t e  e x p e r i m e n t s  in  w h i c h  t he  da t a  
we re  t a k e n  f r o m  b o t h  t h e  a n o d e  a n d  c a t h o d e  c o m p a r t -  
m e n t s  d u r i n g  a s ingle  run.  R u n s  2a t h r o u g h  6c we re  m a d e  
d u r i n g  t h e  in t ia l  p h a s e  o f  th i s  s t u d y  a n d  were  s ing le  com- 
p a r t m e n t  runs ,  T h e  p r ec i s i on  w i t h  w h i c h  t he  in i t ia l  a n d  
f inal  va lues  of  xAt cou ld  be  d e t e r m i n e d  are  b a s e d  o n  t h e  
re la t ive  ave r age  dev i a t i on  f r o m  t h e  m e a n  for  t r ip l i ca te  
s amples .  

TaMe It. Experimental transference data for acidic 
AICI3-MEIC melt 

Charge 
Run no. X~ (X~,)* w ~ (g) w (g) (C) 

2a 0.507 + 0.002 0.570 • 0.002 8.427 8.341 500 
3a 0.515 -+ 0.003 0.559 • 0.002 8.706 8.593 436 
4a 0.513 + 0`001 0.5'70 • 0.001 8.550 8.401 488 
5a 0.537 • 0.000 0.595 -+ 0.002 8,464 8.338 500 
6c 0`870 �9 0.001 0.620 • 0.002 8.539 8.420 373 
7a 0.577 • 0.001 0.618 -+ 0.001 8.128 8.112 310 
7c 0.577 • 0.001 0.543 _+ 0.001 8.860 8.882 310 
8a 0.555 -+ 0`001 0.587 • 0.001 9.123 9.039 283 
8c 0.555 • 0.001 0.521 • 0.003 9.211 9.260 283 
9a 0.615 -+ O.O01 0.652 • 0.000 9.431 9.426 337 
9C 0`615 • 0.001 0.577 • 0.001 9:013 8.988 337 

lOa 0.621 -+ 0.001 0.659 • 0.001 8.589 8.634 292 
l~c 0.621 • 0.001 0.583 _+ 0.002 8.118 8.114 292 
l l a  0,591 • 0.002 0.627 _+ 0`001 9.073 9.076 272 
t i c  0.591 • 0,002 0.560 • 0`001 8.616 8.604 272 
14a '0.605 -+ 0.001 0.637 _+ 0.002 9.157 9.170 291 
14c 0.605 + 0.001 0.567 • 0.003 8.571 8.573 291 

* Mole fraction of A1C13 in the anode or cathode compartment after 
electrolysis. 

Ca l cu l a t ed  t r a n s p o r t  n u m b e r s  as wel l  as ca l cu la t ed  
va lues  of  t he  coope ra t i ve  m o v e m e n t  ratio,  C, are  r e c o r d e d  
in T a b l e  III.  B o t h  tA, a n d  C v a r y  w i t h  m e l t  compos i t i on .  
Howeve r ,  s ign i f i can t  va r i a t i on  of  tR a n d  t'R is m o r e  equiv-  
ocal. L e a s t  s q u a r e s  ana lys i s  of  t he  da t a  for  tR a n d  t 'a  in  
Tab le  HI  vs. x%, y ie lded  s lopes  of  -0 .30  + 0.13 a n d  0.11 - 
0.22, respec t ive ly ,  a t  t he  95% c o n f i d e n c e  level.  Thus ,  t'R 
a p p e a r s  to b e  s ta t i s t ica l ly  i n d e p e n d e n t  o f  m e l t  compos i -  
t i on  w i t h  an  ave rage  va lue  of  1.01 -+ 0.04 a t  t h e  95% 
c o n f i d e n c e  level.  V a l u e s  of  ta m a y  d e c r e a s e  s l igh t ly  as 
x%t inc reases ,  bu t  th i s  r e su l t  is ques t i onab l e .  T h e  m e a n  
v a l u e  o f  t~ is 0.71 - 0.02 at  t h e  95% c o n f i d e n c e  level.  The  
s t a n d a r d  d e v i a t i o n s  for  ta a n d  t'R are  a b o u t  7%. Th i s  un-  
c e r t a i n t y  is to  b e  e x p e c t e d  s ince  t he  m a j o r  s o u r c e  of  e r ro r  
c o n t r i b u t i n g  to t he  p r ec i s i on  w i t h  w h i c h  t h e s e  t r a n s p o r t  
n u m b e r s  m a y  be  ca l cu la t ed  is t he  p r ec i s i on  w i t h  w h i c h  
t he  m e l t  c o u l d  be  analyzed.  A n  u n c e r t a i n t y  of  +-0.002 in  
X~ t r a n s l a t e s  to a n  u n c e r t a i n t y  of  -+0.04 in  t h e  ca l cu l a t ed  
v a l u e  o f  t h e  t r a n s p o r t  n u m b e r .  The  m e a n  v a l u e  of  t 'a  
c a l cu l a t ed  f rom a n o d e  da t a  was  1.01 -+ 0.06 at  t he  95% 
c o n f i d e n c e  level,  wh i l e  t he  m e a n  va lue  o f  t ' a  e s t i m a t e d  
f r o m  c a t h o d e  m e a s u r e m e n t s  was  f o u n d  to b e  1.01 -+ 0.07. 
Thus ,  t h e  e x p e r i m e n t a l  r e su l t s  a p p e a r  to  b e  i n d e p e n d e n t  
of  t h e  e l ec t rode  f rom w h i c h  t h e y  we re  der ived .  

T h e  n e g a t i v e  va lues  for  tA, (Tab le  III)  i n d i c a t e  t h a t  alu- 
m i n u m  is t r a n s p o r t e d  t o w a r d  t h e  a n o d e  a n d  a w a y  f rom 
t h e  c a t h o d e  d u r i n g  e lect rolys is .  Th i s  impl i e s  t h a t  a lumi-  
n u m  m i g r a t e s  in  a n i o n i c  c o m p l e x e s  a n d  t h a t  t r a n s p o r t  of  
a l u m i n u m  b y  a n a k e d  a l u m i n u m  ion, A13+, or ca t ion ic  
c o m p l e x  is un l ike ly .  T h e  r e su l t  t h a t  t '~ is a p p r o x i m a t e l y  
1.00 ( s t r ic t ly  1.01) c an  b e  u s e d  to p r o v i d e  s t r a i g h t f o r w a r d  
s t r u c t u r a l  in~terpretat ion in  t e r m s  of  ionic  m o v e m e n t s .  Fo r  
in  t h i s  case,  Eq .  [17] r e d u c e s  to 

--3X~ 
tA1 -- - -  tcl [21] 

2X%1 + I 

a n d  t h e  coope ra t i ve  m o v e m e n t  ra t io  is 

2X~ + 1 
C - - -  [22] 

X~ 

Thus, if X~ = 0.50, the melt stoichiometry corresponds to 
RAICI4 and C is 4. Likewise, if X~ = 0.67, the melt stoichi- 
ometry can be written as RAI2CI~ and C would have a 
value of 3.5. Thus, anionic transport corresponds to melt 
stoichiometry. 

N u m e r i c a {  models  f o r  t r a n s p o r t  n u m b e r s . r a T h e  r e su l t s  
o b t a i n e d  for  t h e  va r ious  t r a n s p o r t  n u m b e r s  c an  b e  t r ans -  
l a t ed  in to  t h e  n u m e r i c a l  m o d e l s  s h o w n  b e l o w  b y  u s i n g  
Eq.  [7], [17], a n d  [19] as wel l  as  Eq. [13] to  [15], i f  t~ a n d  t'R 
a re  p r e s u m e d  to b e  c o n s t a n t .  

Table III, Calculated transport numbers in acidic 
AICI3-MEIC melt 

tR tA, C t'R 
Run no. X~ (Eq. [5]) (Eq. [6]) (Eq. [20]) (Eq. [9]) 

2a 0.507 0.754 -I.i13 3.66 1.086 
3a 0.515 0.660 -0.615 4.66 0.888 
4a 0.515 0.729 -0.743 4.09 0.971 
5a 0.537 0.724 -0.841 3.98 0.973 
8a 0.555 0.772 -0.901 3.76 1.010 
8c 0.555 0.789 -1.227 3.52 1.093 
7a 0.577 0.733 -1.305 3.61 1.042 
7c 0.577 0.668 -1.049 3.95 0.939 

l l a  0.591 0.802 -1.670 3.36 1.152 
l l c  0.591 0.641 -1.209 3.89 0.935 
14a 0.605 0.666 -1.285 3.78 0.956 
14c 0.605 0.732 -1.384 3.58 1.127 
9a 0.616 0.682 -1.218 3.78 0.947 
9c 0.616 0.676 -1.390 3.65 0.971 

10a 0.621 0.717 -1.699 3.50 1.052 
10c 0.621 0.703 -1.350 3.66 0.982 
6c 0.670 0.688 -1.963 3.48 1.009 

Mean value 0.714 1.008 
Standard 0.047 0.074 

deviation 
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Internal  transport  numbers  for R +, AP +, and C1- 

t'~ = 1.00, t 'Al = 0, t ' r  = 0 [I]  

External transport numbers  for R +, A13+, and C1- 
--3X~ 1 + 2X~ 

= = - -  tct= 0.29 t~ 0.71, tA, 0.29 1 -- X~ ' 1 -- X~ 

[II] 
External transport numbers  with respect to the actual 

component  ions for 0.50 -< X~ --< 0.67 

2 -- 3X~ 2X~ -- 1 
tR = 0.71, tAlCl4 = 0.29 1 - x%------~' tA12Ct7 = 0.29 1 - X~ 

[IIIa] 

If  it is assumed that the reaction shown in Eq. [1] has a 
small equil ibrium constant and that significant forma- 
tion of A1,Cle does not occur in acidic melt in the range of 
x%~ examined, then the anion fractions of A1C1c and 
A12C1c are 

2 - 3X~ 
XA1CI4 -- - -  [23] 

1 - x%~ 
and 

Hence 

2X~ -- i 
= [24] XA|2CI7 1 - x%~ 

tR = 0.71, tAlcl4 = 0-29X^1c14, tAl2cl7 = 0.29XA~2C~ [IIIb] 

Applications to AICI3-RC1 concentration celIs.--Oye and 
King (12) derived the following equation for the EMF of 
A1C13-RC1 concentration cells with a luminum electrodes 
and chlorine electrodes, respectively 

(1  - tAl) (1 -- XAt) + 3tRxAI 
AI: - F d E  = d~AlC13 [25] 

3 (1 -- XAI) 

--tAl (1 -- XA1) + 3tRXA1 
C12: - F d E  = 3 (1 - xA1) d ~ m c l 3  [26] 

Since the EMF calculated from these equations must  be 
independent  of the reference frame used for the transport 
numbers ,  these equations must  be the same when using 
internal  transport  numbers.  This can be seen by inserting 
Eq. [17] and [19] into Eq. [25] and [26]. The expressions 
obtained are 

(1  - t'Al) (1 -- XAI) + 3t'axAl 
Ah - F d E  = 3 (1 - XAI) dtLA, cl3 [27] 

--t 'A1 (1 - -  XAI) + 3t'RXA1 
C12: - F d E  = d~Atc13 [28] 

3 (1  - xA , )  

These equations can be reduced further by using the rela- 
t ionship t'R = 1 - t 'Al 

t'R (1 + 2XAI) 
AI: - F d E  -- db~A1Cls [29] 

3 (1 - XAI) 

t 'R (2XA1 + 1) + XAt -- 1 
C12: - F d E  = dtLAlCl3 [30] 

3 (1 -- XAI) 

The result that t'R is approximately 1.00 and is indepen- 
dent of composition is of great significance from a ther- 
modynamic viewpoint. Inserting this result into Eq. [29] 
and [30] gives the EMF of a concentration cell with alumi- 
num electrodes, which is simply 

1 + 2XAI 
AI: - F d E  - -  d/~AlCl 3 [31] 

3 (1 - XA,) 

while that for a concentration cell with chlorine elec- 
trodes is 

XA______~, d~Alc,3 [32] C12: - F d E  - I - XAI 

AS shown previously (12), Eq. [31] may also be given the 
alternate formulation 

1 4 
AI: - F d E  = - ~  d/-tMA,CI4 -- ~ -  dtLMC, [33] 

while Eq. [32] can be written as 

C12: - F d E  = 1/2dtLc12 - dftMCt [34] 
Although the present study was limited to the acidic 

compositions of the a luminum chloride-l-methly.3- 
ethylimidazolium chloride melt, some of the results ob- 
talned appear to be applicable to chloroaluminate melts 
in general. This is because the internal movement  of AP + 
and CF, which are bound in the complexes A1C14- and 
A12A17-, is probably insensitive to the nature of the cation. 
While ta may be different for each system, the finding 
that t'R is 1.00 may be a general result for chloroaluminate 
melts with alkali metal cations as well as organic cations. 
Actually, one would expect t'R to be close to uni ty in the 
A1C13-NaC1 system, since tR for this melt is expected to 
be larger than found in the present system. 2~erefore, 
contributions due to anion transport would be smaller. 
The general use of Eq. [31}[34] is therefore justified in 
the range 0.50 < xAt < 0.67. The applicability of these 
equations for XA~ < 0.50 is presently under  investigation. 

External transport numbers  were obtained for the an- 
ions in the present work. The AIC14- and A12C17- 
mobilities (t]xi) were found to be equal, cf., [IIIb]. How- 
ever, this does not necessarily indicate that the AIeL-  
and A12C17- ions physically move in the melt with the 
same mobility. For example, a bridge exchange mecha- 
nism in which A1Cla is transferred between A]CL- and 
A12C17- units  may also account for the results that were 
observed. 
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ABSTRACT 

Unimolecular rate constants ket are presented for the one-electron electroreduction of various Co m (NH3)~X com- 
plexes bound to mercury, platinum, and gold surfaces via either small inorganic or extended organic ligands X. These 
"surface intramolecular" rate parameters are compared with estimates of ket for outer-sphere pathways obtained from 
homogeneous rate data in order to ascertain the consequences of reactant-surface binding upon the electron transfer en- 
ergetics. Only small or moderate decreases in the elementary reorganization barrier AG*et occu r  upon surface attach- 
ment, suggesting the occurrence of weak overlap pathways, Aside from the dependence of ket upon the bridging ligand 
X at a given electrode potential due to differences in thermodynamic driving force, the observed variations in k~t appear 
to be due in part to variations in the electronic transmission coefficient K~,. Measurements of electrochemical frequency 
factors for reactants containing a series of thiophenecarboxylate bridges indicate that the substantial decreases in k~t ob- 
served upon interruption of ligand conjugation arise predominantly from decreases in Ke~. 

Although electrode processes commonly occur via reac- 
tion pathways involving specifically adsorbed intermedi- 
ates, our understanding of the manner and extent  to 
which the reaction-electrode interactions influence the 
electron transfer energetics, i. e., determine the degree of 
electrocatalysis, is still at a rudimentary level. A diffi- 
culty that has hampered the elucidation of such "surface 
environmental"  effects is that the reactions often occur 
via complex and/or uncertain mechanisms. One approach 
is to select for detailed study electrode reactions where 
the reactant, or reaction intermediate, is sufficiently 
strongly adsorbed to enable unimolecular rate constants 
(s-') for the heterogeneous electron transfer step to be 
evaluated in addition to the usual rate constants (cm s -1) 
for the overall reaction (1-3). We have been interested in 
examining such systems that also are mechanistically 
simple, enabling detailed molecular-level interpretation 
of the rate data to be undertaken. 

An especially tractable class of "model  reactions" are 
one-electron transition metal redox couples 

Ox + e- (electrode) ~ Red [1] 

where the solution species Ox and Red are substitution- 
ally inert and bind strongly to the surface via a suitable 
coordinated ligand (1-3). Such electrode reaction path- 
ways can be labeled "inner sphere" by analogy with ho- 
mogeneous electron transfer processes between a pair of 
metal  ions bound via a common.l igand.  Providing that 
the electron transfer step is rate determining, the overall 
("apparent") rate constant, kiSa,p (cm s-l), for reaction [1] 
can be expressed simply as (2-6) 

kiSapp = Kpisketis [2] 

where kp Is is the stability constant for forming the ad- 
sorbed-("precursor") state from the bulk reactant, and ket is 
(s-9 is the rate constant for the elementary electron trans- 
fer step involving the surface-attached intermediate. This 
"pre-equil ibrium" treatment provides a convenient  sepa- 
ration between electrocatalytic influences upon k~app 
arising from variations in the cross-sectional reactant con- 
centration at the electrode surface contained i n  Kp ~s, and 
those due to variations in the electron transfer energetics 
themselves, embodied in k~t ~s. 

Fundamental  information on the surface environmental  
factors influencing k~p~ can therefore be obtained by sep- 
arately examining the sensitivity of k~ ~s as well as Kp ~ to 
variations in the electrode composition and the structure 
of the bridging ligand (3-5). We have demonstrated that a 
number  of cobalt(III) and chromium(III) complexes are 
sufficiently strongly adsorbed at several metal surfaces, 
especially mercury, silver, platinum, gold, and copper, to 
enable values of ket to be obtained for the one-electron re- 
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duction of the surface-bound redox center (2, 3). These 
complexes contain a simple inorganic (CI-, Br-, NCS-, 
N3-) or an organic ligand (e. g., pyrazine, 4, 4'-bipyridine, 
thiophenecarboxylates) featuring a halide, nitrogen, or 
sulfur lone pair as a surface "lead-in" group. These pro- 
cesses are closely analogous to the intramolecular reduc- 
tion of Co(III) by homogeneous reducing centers such as 
Ru(II) and Fe(II) that have been extensively investigated 
in the last few years (7). Therefore, they can be perceived 
as "surface intramolecular" reactions. 

In this paper, we shall examine some of our recent re- 
sults, chiefly for reductions of pentaamminecobalt(III),  
in order to illustrate the virtues of such strategies for un- 
raveling the structural factors influencing the kinetics of 
electrocatalytic reactions. More complete descriptions of 
these results along with the experimental  details are 
available elsewhere (2, 3). 

Rate Formulations 
Rate constants for surface-bound as well as other "in- 

tramolecular" reactions are related directly to the reor- 
ganization free energy for the elementary electron trans- 
fer step AG*et by (6, 8) 

ket = Ke~F.~'. exp( AG *eJRT) [3] 

The nuclear frequency factor vn (s -1) describes the effec- 
tive frequency with which the configuration of the 
various nuclear coordinates appropriate for electron 
transfer is approached from the precursor state. The elec- 
tronic transmission coefficient Ke, denotes the probability 
that electron transfer will occur once the transition state 
is reached. The nuclear tunneling factor Fn is a quantum 
mechanical  correction which accounts for the contribu- 
tion to the measured rate from molecules which react 
without entirely surmounting the classical free energy 
barrier (6, 8). Although v, is a composite term arising from 
a weighted mean of manifold frequencies associated with 
reactant vibration and solvent reorientation modes, it will 
be close to 1 x 10 '3 s- '  for reactions, such as those consid- 
ered here, where inner-shell reorganization provides an 
important component  of AG*et (6). The nuclear tunneling 
factor F, is usually close to unity (ca. 1-4) at room temper- 
ature. However, K~I may well be orders of magnitude be- 
low unity if the electronic coupling between the donor 
and acceptor orbitais is weak (vide infra). 

The reorganization energy AG*et at a given electrode po- 
tential E can be separated into "intrinsic" and "thermody- 
namic" contributions (4) 

AG*et = AG*in t + otet [RT(ln Kp - in Ks) + F(E - E~ (4) 

Here, act is the transfer coefficient for the elementary 
step (~ 0.5), Ks is the equilibrium constant for forming the 
successor state (i. e., the ground state immediately follow- 

1626 
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ing electron transfer) from the bulk product, and E ~ is the 
standard potential for the redox couple. The "intrinsic 
barrier" hG*~nt is the value of AG*et that remains when the 
free energies of the precursor and successor states are 
equal (4). It is of particular interest since it is the free en- 
ergy barrier usually calculated from contemporary elec- 
tron transfer theories. The first and second sets of terms 
in parentheses in Eq. [4] constitute "surface" and "bulk" 
components,  respectively, of the thermodynamic driving 
force for the elementary electron transfer step. 

Consequences of Surface Attachment Upon Electron 
Transfer Energetics 

A central question in the examination of electro- 
catalytic reactions is to what extent  the elementary bar- 
rier to electron transfer is modified by binding the 
reactant to the electrode surface. In view of Eq. [3], the 
rate constant k~t for passage over this barrier may well be 
increased by surface at tachment as a result of an increase 
in K~ as well as from a decrease in AG%. Such variations 
in K~ are characteristic of "weak overlap" reactions where 
the metal redox center is almost entirely insulated from 
the electron donor (or acceptor) site provided by the elec- 
trode surface. On the other hand, variations in AG*et, more 
specifically in hG*int, a r e  characteristic of "strong over- 
lap" reactions. Here, K~ ~ 1 and the interaction with the 
electron donor (or acceptor) site is sufficient to 
significantly distort the reactant and product potential 
energy surfaces in the intersection region so that the net 
free energy barrier is "rounded off" (9), thereby decreas- 
ing AG*tnt and increasing ket. 

At first sight, the question of the influence of  surface 
at tachment  upon ket may seem hypothetical since values 
o f  ket cannot usually be measured directly for unattached 
reactants. Nevertheless, the pre-equilibrium rate formal- 
ism embodied in Eq. [2] and [3] also applies to outer- 
sphere pathways (6); i.e., those where the reactant in the 
transition state is separated from the electrode surface by 
at least one layer of solvent molecules (10). For such pro- 
cesses, the precursor stability constant Kp ~ can be esti- 
mated from (6) 

K,  ~ = 8r exp ( -wJRT)  [5] 

where w,  is the average work involved in transporting the 
reactant from the bulk solution to the reaction site (pre- 
cursor state), and 6r is the effective thickness of the reac- 
tion zone. The latter equals the effective distances from 
the plane of closest approach over which electron tun- 
neling can occur with sufficient probability to contribute 
significantly to the observed rate. Although the typical 
values of 6r are uncertain, it is probably within a factor of 
two of  ca. 1 • 10 -s cm for structurally simple reactants (6). 
The average work term w,  can simply be estimated from 
w, = Z F ~ ,  where Z is the reactant charge number  and ~br 
is the average potential at the reaction site. An essentially 
equivalent  formalism to this "encounter  pre-equilibrium" 
model  has been employed recently for outer-sphere redox 
reactions in homogeneous solution (8). Besides their prac- 
tical value, such treatments are fundamentally more cor- 
rect than the gas phase collisional model which com- 
monly has been employed for describing outer-sphere 
reactions (6). 

Admittedly, electrode reactions usually follow rate 
dominating inner-, rather than outer-, sphere pathways 
for reactants featuring surface at tachment sites. Conse- 
quently, apparent rate constants and hence, values of ket 
for 'outer-sphere pathways, k~t ~ will be unobtainable, at 
least within the same surface environment  for which 
values of ket for inner-sphere pathways, k,t i~, are deter- 
mined. Nevertheless, the desired estimates of  ket ~ c a n  be 
obtained by several routes as follows: 

Method/ . - -Su i tab le  chemical modification of the elec- 
trode surface, such as the monolayer adsorption of iodide 
or an underpotential  deposited (upd) metal, can eliminate 
the competing inner-sphere route, enabling ket ~ to be ob- 
tained from the measured value of k%,~, provided that 

Kp ~ can be estimated from double layer structural data 
(3a, 11). 

Method II.---At least relative values of ket ~ at a given 
electrode potential E for a series of structurally related 
reactants may be obtained directly from the correspond- 
ing second-order rate constants, kh, for their homogene-  
ous reduction (or oxidation) with a suitable reagent (e. g., 
Ru(NH~)62+) that constrains the reaction to occur by an 
outer-sphere pathway (3a). Thus, providing Kp ~ is approx- 
imately the same for each reactant 

(k~ l/k~ 2)E = (kh, 1]kh, 2)R" [6] 

where the subscripts 1 and 2 refer to a pair of reactants, 
and R refers to a fixed homogeneous coreactant. This re- 
lationship follows from the "weak overlap" model  of 
Marcus and others (12), and has been shown to apply to a 
number  of reactions involving transition metal complexes 
(11, 13, 14). Additionally, if one or more of the electro- 
chemical rate constants is known to refer to an outer- 
sphere pathway, Eq. [6] can be utilized to obtain estimates 
of ket ~ for the remaining members  of the series. 

Method III .--For reactants where the surface attach- 
ment  site is relatively remote from the redox center, such 
as for extended organic bridges, ket ~ may be identified 
approximately with that obtained for a related reactant 
containing a similar ligand that lacks the surface binding 
group (3c). 

Methods II and III will be utilized here. Various illustra- 
tive kinetic data for the one-electron reduction of 15 
Co ~ (NH3)sX complexes (RoX) are gathered in Tables IA 
and IB. With the exception of OHm, NH3, F-, and acetate 
(OAc-), all the ligands X feature a lone pair on a nitrogen, 
sulfur, or halide atom, which induces sufficiently strong 
binding at suitable metal surfaces to enable the extent  of 
reactant adsorption, and, hence, k~t ~s to be measured. The 
values of ket is given in Table I were obtained either from 
tl~e corresponding apparent rate constants ki~pp combined 
with K,  ~s (Eq. [2]) or directly from the transient currents 
for reduction of the initially adsorbed species. Details are 
given elsewhere (2, 3). The precursor stability constant 
Kp i' was determined from Kp i~ = FJCb (cm), where Fp is the 
surface concentration (mol cm -~) in the precursor state at 
a given electrode potential, and Cb (mol cm -3) is the corre- 
sponding bulk reactant concentration. Mercury-, plati- 
num-, and gold-aqueous interfaces were selected for de- 
tailed study of these reactions. The polarizable potential 
range at platinum and gold extends to sufficiently posi- 
tive values to enable kinetic data to be obtained even for 
the most reactive complexes. '  The mercury-aqueous inter- 
face provides an especially suitable surface with which to 
obtain outer-, as well as inner-, sphere rate data in view of 
its reproducibility and well-defined structure. The values 
of F, were obtained primarily using rapid linear sweep 
vol tammetry and, at mercury, by additionally using 
chronocoulometry (2, 3). The rate constants in Table I all 
refer to a common electrode potential, 0 mV vs. SCE. This 
choice, although somewhat arbitrary, was made to mini- 
mize the extent  of data extrapolation that was involved. 
The relative values of k~t are approximately independent  
of the potential chosen. 

Outer-sphere values ~f k~t,k~t ~ are listed in parenthe- 
ses in Table I for the four Com(NH3)sX reductions, X = 
OH~ NH3, F-, and OAc-, expected to refer to outer-sphere 
electrochemical pathways at mercury electrodes. These 
were obtained from the apparent rate constants  at mer- 
cury in NaC104 and/or KPF~ electrolytes by using Eq. [3] 
with ~r = 1 • 10 -8 cm, wp being estimated from the diffuse 
layer potentials, ~b~, as described in Ref. (15) and (16). 

Values of k~t ~ are also given for most other reactions in 
Table I. These values, labeled k~t ~ R~, ketOS, cr, and k~t ~ F~, 
refer to the homogeneous reduction of a given Co~(NI-Iz)sX 
complex by Ru(NH3)62+, Cr(bpy)32§ (bpy = 2, 2'-bipyridine), 
and Fe(CN)64-, respectively. They were obtained from the 
corresponding second-order rate constants for reduction 
of each complex relative to that for Co(NHs)~OH= ~+ reduc- 
tion (Method II). The values of k~t ~ were derived by 
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Table IA. Unimolecular rate constants (s -~) for reduction of Co(NH3)~X complexes containing inorganic bridging ligands X 
at 0 mV vs.  SCE in 0.1M NaCIO~ 

Reactant ~ 

Electrochemical ) ( Homogeneous ) ( 
j~ app,~g b 

c m  s -1 ketng c ket~S,Au d ke  is,pt e ke  os,au ~ ketos,Cr u ketos,Fe ~ kett h i 

RoOH~ s+ 5 x 10 -~ (2 • 10 ~) 
RoNH~ s+ 1.5 • 10 -~ (10) 
RoF 2+ 2 • 10 -s (I • i02) 
RoAc ~+ 2 x 10 -s (80) 
RoNCS- ~+ 3 • i0  -s 25 
RoN~ ~+ 3 • 10 -~ 20 

(~20) 
RoCI_ 2+ >0.1 
RoBr_ ~+ >0.1 

30 1.5 

6 • 10 s 3 • i0 ~ 
8 x l0 s 1.5 x l0 s 

[2 x 10 ~] [2 • i03] [2•  10 s] [2 x i0 ~] 
6 ~iO 

200 ~i00 
1O 50 4 -50  

5 • 10 z 4 • 10 ~ 50 ~30 
1 • 10 ~ 1.5 • i0 ~ 25 ~30 

2 • i0 ~ 3 • I0 ~ 3 • i0 ~ ~5 x I0 ~ 
1 x 106 2 • I0 ~ ~ i x  i0 ~ 

Table lB. Unimolecular rate constants (s -~) for reduction of Co(NH~)~X 
complexes containing thiophenecarboxylate bridging ligands X at 0 mV 

vs.  SCE in O. 1M NaCIO~ 

Reactant ~ 

Electrochemical Homo- 
kap~ ~ geneous 
c m  s -  ~ ketHg c ketiS.Aa d ketOS,RU f 

RoOH~ s+ 5 x  10 -4 (2•  i0 ~) [ 2 x  10 s ] 
RoAc ~+ 2 • 10 -~ (80) I0 

~ - - C O O R o  2+ 2 • I0 -s 25 3 7 

~-~--CH~COORo ~+ 4 x I0 -s 2.5 5 20 

~-(CH~)2COORo ~+ 6 • 10 -~ 2.5 6 20 
~-(CHc)~COORo ~+ 3 • I0 -~ 2 3 6 

~sJ-~-CH==CHCOORo 2+ 3 x 10 -s 45 6 25 

~ C O O R o  ~+ 5 x I0 -~ 30 7 7 

[~  CH~COORo ~+ 5 x 10 -~ 1.5 10 10 

c o m b i n i n g  t h e s e  re la t ive  va lues  of  k~t ~ w i t h  t h e  e s t i m a t e  
of  k~ ~ H~ for  Co(NH3)5OH23+ reduc t ion ,  ca .  2 x 10 ~ s -1, ob- 
t a i n e d  a t  t he  m e r c u r y - a q u e o u s  in t e r f ace  at  0 m V  vs .  SCE. 
The  va l id i ty  of  th i s  p r o c e d u r e  is s u p p o r t e d  b y  t he  app rox -  
i m a t e  a g r e e m e n t  (wi th in  ca~ two fold) b e t w e e n  t h e  corre-  
s p o n d i n g  va lues  of  ket ~ Hg, ketos, Ru, a n d  k~, ~ a l t h o u g h  
s o m e w h a t  l a rger  d i f f e rences  in  t h e s e  q u a n t i t i e s  are  seen  
for  Co(NH~)5OAc 2+ r e d u c t i o n  (Tab le  I). 

Close  e x a m i n a t i o n  of  va lues  of  ket is, a n d  k~, ~ r evea l s  sev- 
era l  i n t e r e s t i n g  t r ends .  B r o a d l y  speak ing ,  t he  v a r i a t i o n s  
in  k~t for  t he  su r f ace - a t t a ched  r e a c t a n t s  o b t a i n e d  b y  al- 
t e r ing  t he  b r i d g i n g  g r o u p  X fol low t h o s e  for  t h e  corre-  
s p o n d i n g  va lues  of  ket for o u t e r - s p h e r e  h o m o g e n e o u s  en- 
v i r o n m e n t s .  Th i s  i n d i c a t e s  t h a t  t h e  r eo r gan i za t i on  ba r r i e r  
to e l e c t r o n  t r a n s f e r  is no t  grea t ly  a l t e red  b y  su r face  at- 
t a c h m e n t  via  t h e s e  b r i d g i n g  l igands .  In  o t h e r  words ,  t he  
s u b s t a n t i a l l y  l a rger  ra te  c o n s t a n t s  for  t he  overa l l  r e a c t i o n  
at  m e r c u r y ,  kH%p,, s een  for r eac t i ons  fo l lowing  l igand-  
b r i d g e d  p a t h w a y s  (Tab le  I) c an  be  a t t r i b u t e d  in  la rge  pa r t  
to t he  i n c r e a s e s  in  K, ,  i .e . ,  t h e  g rea te r  c ross - sec t iona l  
r e a c t a n t  c o n c e n t r a t i o n s  a t  t h e  e l ec t rode  surface ,  b r o u g h t  
a b o u t  by  r eac t an t - su r f ace  b o n d  fo rmat ion .  

Neve r the l e s s ,  s ign i f ican t  d i f f e rences  in  ket a r e  seen  for  
a n u m b e r  of  r e a c t a n t s  in  t he  va r ious  r eac t i on  env i ron -  
m e n t s ,  Thus ,  for  X ~ = NCS- ,  Br- ,  a n d  Cl-, k~, d i f fers  b y  
u p  to 100-fold b e t w e e n  t he  c o r r e s p o n d i n g  va lues  o b t a i n e d  
for  i n n e r - s p h e r e  e l ec t rochemica l ,  a n d  o u t e r - s p h e r e  h o m o -  
g e n e o u s  r eac t i on  e n v i r o n m e n t s .  T he  va lues  of  ket ~ a r e  no t  
e x p e c t e d  to d e p e n d  s ign i f ican t ly  u p o n  t he  r e a c t i o n  envi-  
ronmen t .  However ,  t he  h o m o g e n e o u s  r educ tan t s  Ru(NHD6 ~+ 
a n d  Cr(bpy)~ 2+ yie ld  l a rger  v a l u e s  of  ket% ye t  t h e  r e d u c t a n t  
Fe(CN)s 4- y ie lds  sma l l e r  va lues  t h a n  t h o s e  of  k~t ~ o b t a i n e d  
for  t h e  c o r r e s p o n d i n g  i n n e r - s p h e r e  e l e c t r o c h e m i c a l  pa th -  
way.  Moreover ,  t h e  ra t ios  of  k~? ~ for  Co(NI~)~C1 *+ re la t ive  

Ro = Co"~(NHs)~, OAc = acetate. 
b Apparent (measured) rate constant for overall reaction at 

mercury-aqueous interface measured using normal pulse or dc 
polarography. 

r Unimolecular rate constant at mercury-aqueous interface. 
Values without parentheses, ket i~, refer to inner-sphere (ligand- 
bridged) pathway, measured either directly or indirectly from k~p i~ 
using Eq. [2]. Values within parentheses, ket ~ refer to outer-sphere 
pathway at mercury, determined from k~,r ~ using k~t ~ = k~pp~176 
with K, ~ determined from Eq. [5] (see text). 

d Value of k~t ~ determined at gold-aqueous interface. 
Value of ke~ i* determined at platinum-aqueous interface. 

f Value of k~t for outer-sphere pathway, k~t ~ obtained from the 
v a l u e  o f  kos et (2  X 10  8 s -1) obtained for Co(NH~)~OH~ 3+ reduction at 
mercury electrodes combined with relative rate constants for homo- 
geneous reduction of Co(NH3)~X and Co(NH~)~OH23+ by Ru(NHs)~ 2+ 
(Eq. [6]). 

g As for footnote f, but using Cr(2,2'-bipyridine)32+ as outer-sphere 
reductant. 

h AS for footnote g, but using Fe(CN)64- as outer-sphere reductant. 
Value ofk~t determined from ket ~ for Co(NH3)5OH2 s+ (2 x 10 ~ s -~) 

by correcting for changes in thermodynamic driving force (E-E ~ 
using Eq. [7], with K,~ taken as 0.1 (see text). 

All electrochemical rate data from Ref. (3). Homogeneous rate 
data for Ru(NHs)6 *+ reductions: X = OH2, NH3, CI-, and Br- from Ref. 
(24); X = F- from Ref. (25); X = NCS-, NZ from Ref. (26); X = OAc- 
and thiophene carboxylates from Ref. (3). Rate data for Cr(2,2'- 
bipyridine)3 z+ reductions from Ref. (27). Rate data for Fe(CN)s 4- re- 
ductions from Ref. (28-30). Values of Kin for Com(NHs)sX formation 
are from Ref. (31) except for Co(NH3)5OAc 2+, which was estimated 
from its equation rate relative to other Co(NHs)sX complexes (3). 

to t h o s e  for  Co(NI-IDsNCS 2+ r e d u c t i o n  a t  go ld  a n d  plati-  
n u m  are  200 a n d  2 x 103, respec t ive ly .  A l t h o u g h  com-  
p a r a b l e  ra t ios  of  ket ~ a r e  seen  for  Ru(NH3)62+ a n d  
Cr(bpy)32+ (4 • 102 a n d  75, respect ive ly) ,  t he  c o r r e s p o n d i n g  
ket ~ ra t io  is on ly  ca .  6 for  r e d u c t i o n  b y  Fe(CN)64-. T h e s e  
r e su l t s  s u g g e s t  t h a t  t he  r e a c t a n t  o r i en t a t i on  can  h a v e  an  
i m p o r t a n t  i n f luence  u p o n  ke,. Thus ,  t h e  an ion ic  l i gand  
N C S -  or  C1- is a n t i c i p a t e d  to  be  o r i e n t e d  t o w a r d s  t h e  
ca t ion ic  r e d u c t a n t s  Ru(NH3)62+ a n d  Cr(bpy)32+, b u t  a w a y  
f r o m  the  an ion i c  r e d u c t a n t  Fe(CN)64-. However ,  " s t r o n g  
ove r l ap"  p a t h w a y s  are  v e r y  un l i ke ly  for  o u t e r - s p h e r e  re- 
ac t ions .  Therefore ,  t he  m u c h  la rger  va lues  of  ket is for 
Co(NH3)sC12+ re la t ive  to Co(NH~)sNCS 2+ r e d u c t i o n  at  gold  
a n d  p l a t i n u m  m a y  wel l  be  a s soc ia t ed  w i t h  t he  n e c e s s a r y  
o r i e n t a t i o n  of  an ion ic  l i gands  t o w a r d s  t h e  e lec t rode ,  
r a t h e r  t h a n  any  d i m i n u t i o n  of  t he  r e o r g a n i z a t i o n  ba r r i e r  
c a u s e d  b y  b i n d i n g  the  r e a c t a n t  to  t he  m e t a l  su r face  (3a). 
The  or ig in  of  s u c h  o r i e n t a t i o n  ef fec ts  m a y  lie in  t h e  in- 
c r e a s e d  o rb i t a l  over lap,  a n d  hence ,  l a rge r  va lues  of  Ke~, 
b r o u g h t  a b o u t  b y  i n t e r p o s i n g  ch lo r ide  (or b r o m i d e )  
l i gands  b e t w e e n  t he  d o n o r  a n d  accep to r  o rb i t a l s  l oca t ed  
at  t he  m e t a l  su r face  a n d  Co(III), r espec t ive ly .  

I n  o rde r  to m o r e  ful ly u n d e r s t a n d  t he  ef fec ts  of  Varying 
t h e  b r i d g i n g  l igand  X u p o n  t h e  i n t r a m o l e c u l a r  reac t iv i ty ,  
i t  is n e c e s s a r y  to e s t ima te  t h e  v a r i a t i o n s  in  t he  t h e r m o d y -  
n a m i c  d r i v ing  force t e r m  [RT(ln Kp - in  Ks) + F(E - E~ 
in Eq.  [4]. A l t h o u g h ,  to a first a p p r o x i m a t i o n ,  t he  
" s u r f a c e  n c o m p o n e n t  R T  (ln Kp - In Ks) c an  b e  n e g l e c t e d  
s ince  we  e x p e c t  t h a t  Kp ~ Ks, a t  a g iven  e l ec t rode  po ten-  
tial, t h e  " b u l k "  d r iv ing  force  F(E - E ~ m a y  v a r y  great ly ,  
due  to t h e  d e p e n d e n c e  of  t he  s t a n d a r d  p o t e n t i a l  E ~ o n  t he  
l i gand  s t ruc tu re .  A l t h o u g h  va lues  of  E ~ are  l a rge ly  un-  
k n o w n  for  t he  p r e s e n t  Co(III)/(II) couples ,  i n f o r m a t i o n  on  
t he  l ike ly  va r i a t i ons  in  E ~ w i th  X can  be  o b t a i n e d  as  
follows. 



V o l .  131,  N o .  7 E L E C T R O N  T R A N S F E R  K I N E T I C S  

The variation in ket relative to that for Co(NH3)~OH~ 3+ re- 
duction, ket ~ caused by variations in the driving force 
term F(E - E ~ can be expressed as 

ket th = ket~ ~/2 [7] 

where KI, , is the equilibrium constant for Co'I'(NHz)5OH~ + 
X ~-- Co"(NHs)hX, and K,, is the equilibrium constant for 
formation of the corresponding Co(II) complex. Although 
values of K,, are unknown, they are expected to be, in 
most cases, smaller and markedly less dependent on X- 
than are the values of Kin, in view of the difference in 
electronic configuration between Co(III) and Co(II) (t~ s 
and t2g ~ eg 2, respectively). Therefore, an approximate (and 
probably limiting) estimate of the expected driving force 
effects upon ket c a n  be obtained by inserting the appropri- 
ate literature values of K,n into Eq. [7], along with the ex- 
perimental  value 0f k~t ~ taking K,, as a constant. 

The resulting "thermodynamic" estimates of ket, ket m, 
are also listed in Table IA. (The sources of K,,, are given in 
the footnote to Table I. The value of K,, was taken as 0.1 
M-!; although somewhat arbitrary, this choice is intui- 
tively reasonable given that Co(II) is expected to have 
some affinity for anionic ligands relative to H~O, the 
value K,, ~ 0.02 M-'  corresponding to an absence of such 
affinity). Comparison of the values of k~, ~ and ket is with 
the corresponding estimates k~t th shows that the observed 
variations of ket is a s  well a s  ket ~ with the nature of X are in 
large part accounted for by this "thermodynamic" com- 
ponent,  although the values of k~t for C0(NI~)~CF + and 
Co(NHDhBr 2+ reduction in electrochemical ligand-bridged 
and cationic outer-sphere environments  are somewhat 
larger than expected on this basis. We therefore conclude 
that binding Co(III) to the electrode surface via simple 
halide or pseudohalide ligands produces only relatively 
minor changes in the elementary electron transfer barrier, 
although some "inner-sphere catalysis" does occur for 
chloride and bromide ligands at plat inum and gold. The 
latter, nonetheless, may be due to increases in ~, caused 
by more favorable electronic coupling rather than to 
diminutions in AG*z, caused by the occurrence of "strong 
overlap" reaction pathways. 

Turning now to the organic ligand-bridged reactions, 
comparison of ket values for the seven thiophene-attached 
reactants in Table IB provide further evidence of the oc- 
currence of electronic coupling effects. The ket ~ values at 
mercury for the reactants featuring uninterrupted conju- 
gation between Co(III) and the sulfur surface binding site 
are relatively constant (25-30 s -z) and close to ket ~ for 
Co(NHs)5OAc 2§ reduction. However, ket i~ for reactants con- 
taining one or more saturated carbons between the 
carboxylate group and the thiophene ring are 10- to 
20-fold smaller (Table I). In contrast, k~, ~ for Ru(NH3)~ ~+ 
reduction of these complexes show only a relatively small 
dependence on the thiophenecarboxylate structure, the 
nonconjugated ligands yielding somewhat larger ket ~ 
values than the conjugated systems. This indicates that 
the smaller k z~ values for the former systems at mercury 
are characteristic of the ligand-bridged mechanism itself, 
rather than to variations in the properties of the isolated 
Co(III) redox center, such as the E ~ values. The most 
likely explanation is that the electronic coupling between 
the Co(III) acceptor and surface donor orbitals is 
sufficiently weak for the conjugated ligands to yield 
smaller values of K~,, and, hence, smaller ket is values (Eq. 
[3]), than for the conjugated ligands. This is supported by 
the activation parameter data discussed below. The ab- 
sence of further decreases in k~t ~ as the number  of satura- 
ted carbons is increased from one to three may well be 
due to the involvement of an alternative reaction pathway 
where the electron tunnels  "directly" between the surface 
and the Co(III) rather than via the bridging ligand. Inter- 
estingly, these ligand conjugation effects are absent  for 
the reduction of the surface-bound thiophene complexes 
at gold, the relative values of k~t ~ following instead the 
k~t ~ ~" values (Table I). One explanation is that the mode 
of adsorption of the bridging ligand at gold differs from 
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that at mercury; the thiophene ring possibly lying flat or 
the carb0xyl oxygen binding to the metal in the former 
case. This may enable reasonable electronic coupling to 
be maintained even in the absence of bridging ligand 
conjugation. 

Activation Parameters for Surface-Bound Reactants 
In addition to the evaluation of ket  is at a single tempera- 

ture, valuable information on the factors influencing the 
electron transfer energetics for surface-bound reactants 
may be obtained from measurements of electrochemical 
activation parameters. We have recently discussed their 
significance for surface-bound reactants (17). Since nei- 
ther the standard potentials nor their temperature de- 
pendences are known with any accuracy for the present 
systems, so-called "ideal" activation enthalpies hH*i were 
determined from Arrhenius plots of In ket is against (l/T) at 
a' constant cell potential using a nonisotherma! cell ar- 
rangement. These measurements enable the frequency 
factor for the elementary electron transfer step, Act (= 
vnKezF,, Eq. [3]), to be determined from 

in Act = in ket i~ + AH*i/RT - hS*i/R [8] 

where hS*~ is the "ideal" activation entropy. Although 
hS*i is not neglibible, it can be estimated from hS*~ = 0.5 
&-~~ where hS~ is the entropic driving force ("reaction 
entropy") for the electron transfer step. For the present 
Co(III)/(II) couples, on the basis of the available reaction 
entropy data (18), AS%t is expected to lie in the range 20-30 
caYK �9 mol. 

Values of AH*i and Act for reduction of selected surface- 
bound reactants at mercury electrodes are summarized in 
Table II. Since the estimated values of AS%t have 
uncertainties in the range ca. 5-10 caYK �9 mol, the re- 
sulting frequency factors Ae~ may be up to 3- to 10-fold in 
error. Nevertheless, the relative values of Act, particularly 
for structurally similar reactants, are more reliable. The 
two Cr(III) reactants both yield values of A~t that are close 
to the value, 1 x 10 .3 s -~, expected for adiabatic pathways 
(K~, ~ 1) for which Act ~ Pn. The A~t values for the two 
Co(III) reactants, Co(en)2(NCSh + (I) and Co(NH3)5 
(2-thiophene acrylate) *§ (IV) (both 1 x 10 TM s-~), suggest 
that these reactions are also close to being adiabatic (K~ -> 
0.1). However, the remaining thiophene complexes (V, VI, 
VII), which have interrupted conjugation, exhibit mark- 
edly (102- to 103-fold) smaller values of Act as well as k~t. 
This supports the above suggestion that the smaller reac- 
tivity of these latter complexes arises from the weaker 
electronic coupling (i. e., smaller values of Ke,) brought 
about by the interposition of saturated carbon atoms be- 
tween the donor and acceptor sites (3, 17). 

Conclusions 
The foregoing analyses indicate that at tachment of 

Co(III) to mercury, platinum, and gold surfaces via either 
simple inorganic or organic bridging groups yields only 
small or moderate changes in the elementary reorganiza- 
t ionbar r ie r  AG*et. Thus, the corresponding values of ket Is 
and of k~t ~ obtained either in other reaction environments  
or estimated from the reactivities of structurally similar 
reactants are typically within ca. 5- to 30-fold of each 
other. In addition to the influence of the bridging ligand 
u p o n  ket arising from variations in the thermodynamic 
driving force, the dependence of ket l~ on the nature of the 
bridging ligand appears to arise in part from alterations in 
K~l as a result of changes in the degree of electronic cou- 
pling between the surface donor and Co(III) acceptor or- 
bitals. These reactions can therefore be considered to in- 
volve weak rather than strong overlap electron transfer. 
The possible exceptions are halide bridges at plat inum 
and gold, where the surface bonds are expected to be rel- 
atively covalent, thereby weakening the Co(III)-halide 
bonds 'and  decreasing the component  of AG*~ and, hence, 
AG*et, associated with the inner-shell (metal-ligand) reor- 
ganization energy. However, the relatively large values of 
ket is observed for these reactions can be attributed in part 
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Table II. Electrochemical activation parameters for reduction of representative surface-bound Ca(Ill) and Cr(lll) 
reactants at mercury electrodes in O.1M NaCIO~ 

E a l l * ,  b a S * ,  r 

Reactant mV vs. SCE k~S ~s - '  kcal �9 mol -~ cal �9 deg-'  mol - '  Ae~ ~ S -~ 

I. c-Co(en)2(NCS)2 + -100 0.15 20.5 ~10 ~1 x 10 TM 

II. c-Cr(OH2)4(NCS)2 + -600 70 20 -13 ~3 • 10 TM 

III. f-Cr(OH~)3(NCS)3 -600 70 16 ~0 -3  • 10 ~a 
IV. ~s~CH==CHCOORo 2+ -200 4 x 10 ~ 15.6 ~13 ~1 x i0 TM 

V. Cs~--CH~COORo ~+ -200 260 14.1 ~13 - 1 x l0 ~~ 
VI. ~-(CH~)zCOORo 2+ -200 290 14.8 ~13 ~3 x I0 '~ 

VII. U~-(CH2)~COORo ~+ -200 230 13.2 ~13 ~1 • 10 ~ 

Unimolecular rate constant for reduction of surface-bound Co(III) or Cr(III) complex at stated electrode potential E. 
b "Ideal" activation enthalpy at stated value of E, determined from hI-t*~ = -RIo in ket/O(1/T)]E using a nonisothermal cell arrangement (17). 

Estimated "ideal" activation entropy hS*~ (see text). 
Frequency factor for elementary electro~ transfer reaction, determined from listed values of ket is, ~a~*t, and hS*~. 

to increases  in ke~ arising f rom the  e n h a n c e d  e lec t ronic  
coupl ing  p rov ided  by the  in terpos i t ion  of  the  
m o n o a t o m i c  l igand be tween  the  donor  and accep tor  
orbitals. 

The  expe r imen ta l  f r equency  factors for the  surface  in- 
t r amolecu la r  react ions at mercury ,  Act ~. 101~ s -1, sug- 
gest  that  Ke~ lies in the  reg ion  ca. 10-3-1.0 (i.e., 
nonadiaba t ic  pa thways  occur), a l though K~, p robab ly  ap- 
proaches  uni ty  (i. e., adiabat ic i ty  is achieved)  only wi th  
small  inorganic  br idging  ligands.  These  conc lus ions  are 
s imilar  to those  f rom recent  expe r imen ta l  and theore t ica l  
work  for re la ted h o m o g e n e o u s  e lec t ron  t ransfer  pro- 
cesses. Thus,  va lues  of  K~, substant ia l ly  be low un i ty  are 
p red ic ted  for some  h o m o g e n e o u s  outer -sphere  react ions  
even  at small  in te rnuclear  separat ions  (5-6~) (19). 
Nonadiaba t ic  pa thways  for h o m o g e n e o u s  in t ramolecu la r  
Co(III) - Ru(II) react ions  b r idged  by b ipyr id ine  l igands  
featur ing in te r rup ted  conjuga t ion  are also ev idenced  by 
the  va lues  of  Art ob ta ined  for these  processes  (7), espe-  
cially after  correc t ion  for the  ent ropic  dr iv ing  force (20). 

I t  is in teres t ing  to compare  this s i tuat ion wi th  the  catal- 
yses induced by the ligand-bridged reduction of Co~(NH3)~X . 
c o m p l e x e s  by  h o m o g e n e o u s  reagents  such  as Cr 2+, Eu ~+, 
V 2+, and Fe  2+. The  analysis of  the  react ion energe t ics  is 
cons iderab ly  more  t enuous  than  for the  e l ec t rochemica l  
react ions  s ince l i t t le in format ion  is avai lable  on the  pre- 
cursor  c o m p l e x  stabil i t ies Kp i'. Moreover ,  the  compar i son  
of  rate constants  for co r respond ing  outer- and inner-  
sphere  pa thways  is less s t ra ight forward  for h o m o g e n e o u s  
react ions  since cognizance  mus t  be taken  of  the  contr ibu-  
t ion to the  reorganiza t ion  energy  f rom the  coreactant .  
This  c o m p o n e n t  will  p robab ly  be  different  for the  outer- 
and inner -sphere  routes  since the  coreactant ' s  
coord ina t ions  sphere  will  necessar i ly  be  a l tered in 
fo rming  the  precursor  complex .  

Never the less ,  some  useful  deduc t ions  can be m a d e  
f rom the  avai lable rate data. The  mos t  r emarkab le  l igand- 
b r idged  rate accelerat ions  occur  for reduc t ions  by CRY+; 
for example ,  Co(NI-IDsC12+ is r educed  by Cr 2+ near ly  101~ 
fold more  rapidly  than  is Co(NH3)63§ (21). The  cor respond-  
ing rate  ratios for r educ t ion  by V ~+ and Eu ~+ are  about  
104, s imilar  to tha t  for Ru(NHD62+ (Table I) (21). The  
Co(NH3)sClZ+-Cr 2§ reaction clearly follows an inner-sphere 
pathway, whereas  the  latter two processes may  follow 
outer -sphere  mechan isms .  A l though  the b ind ing  cons tan t  
of  Cr 2+ to Co(NHD~C12+ is unknown,  it wou ld  need  to be  
ca. 106-fold h igher  than  for t he  o ther  reagents  to accoun t  
for ~ addi t ional  rate  accelerat ion,  wh ich  is h igh ly  im- 
plausible.  Therefore,  this, and also o ther  l igand-br idged  
Co"~(NH3)sX - Cr ~* react ions  seem certain to occur  via 
" s t rong  over lap"  pathways;  i .e . ,  where  the  e l emen ta ry  
e lec t ron  t ransfer  barr ier  hG*~t is lowered  substant ia l ly  by 
e lec t ronic  in teract ions  be tween  the redox  centers  (4). 

There  have  been  several  r ecen t  discussions  of  the  fac- 
tors inf luencing  such  inner -sphere  catalyses (22, 23). It  
sufficies to note  here  that  such  rate e n h a n c e m e n t s  ap- 
pear  to be d e p e n d e n t  upon  the  s y m m e t r y  of  the d o n o r  
and acceptor  orbitals, the  mos t  dramat ic  r a t e  accelera-  

t ions occur r ing  for sys tems  where  both  orbitals  have  eg 
s y m m e t r y  (22). For  such systems,  it has recent ly  been  
sugges ted  that  the  p recursor  format ion  and e lec t ron  
t ransfer  s teps are m e r g e d  such  that  the  br idge  forms a 
" th ree -cen te r"  bond  wi th  the  two meta l  cations (23). The  
absence  of  such  dramat ic  catalyses for the  e lec t rochem-  
ical r educ t ion  react ions is p robab ly  related to the  rela- 
t ive ly  weak  e lect ronic  coupl ing  expec t ed  b e t w e e n  the  
surface  and Co(III) eg accep tor  orbitals,  a l though the  do- 
nor  orbitals  at gold, and especial ly  p la t inum,  surfaces  are 
expec t ed  to have  some  d orbi tal  character .  Never the less ,  
s t rong over lap  e lec t ron t ransfer  may  wel l  occur  for elec- 
t rochemica l  processes  invo lv ing  adsorbed  r edox  centers ,  
such  as oxygen,  wh ich  b ind  direct ly  to meta l  surfaces  
ra ther  than  via  a br idging  group.  

The eva lua t ion  of  e lec t rochemica l  rate cons tants  and 
act ivat ion parameters  for sur face-bound reactants ,  espe- 
cially for a series of  s t ruc tura l ly  re la ted sys tems,  c lear ly  
p rov ides  detai led in format ion  on the  e lec t ron  t ransfer  en- 
erget ics  that  are  unava i lab le  f rom m e a s u r e m e n t s  of  elec- 
t rochemica l  react ivi t ies  for bu lk  phase  reactants .  We an- 
t ic ipate  that  a weal th  of  hi ther to  unavai lable  in fo rmat ion  
on the  factors inf luencing the  degree  of  adiabat ic i ty  of  
he t e rogeneous  e lec t ron t ransfer  react ions  can be  ex- 
t rac ted  f rom sys temat ic  s tudies  of the d e p e n d e n c e  of  Act 
as wel l  as k~t on the  s t ruc ture  of  the  meta l  r e d o x  center ,  
the  meta l  surface,  and the  med ia t ing  group.  
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Technical Notes 

Preliminary Results of In Situ AI2S3 Preparation in MgCI2-NaCI-KCI 
Eutectic Melt 

Chen C. Hsu* 

Argonne National Laboratory, Chemical Technology Division, Argonne, Illinois 60439 

Because of the rising cost of electrical energy, a number  
of industrial  processes have been proposed (1) for saving 
energy in the production of aluminum. Three of these 
processes were evaluated for their energy saving poten- 
tial; all three involve reduction of a compound containing 
a luminum: A120~, A1CI~, or A12S3. Theoretically, the en- 
ergy required for direct A12S3 electrolysis is less than that 
required for the reduction of the other two compounds 
(2); for A1C13 by 24% and A1203 by 34%. The energy needed 
for conventional high temperature preparation of A12S3, 
however, is very high (3). Unless other methods requiring 
less energy can be used for A12S3 preparation, there is lit- 
tle advantage to the use of the A12S3 process in terms of 
the overall energy requirements. One obvious way to de- 
crease the energy requirement is to reduce the reaction 
temperature for the Al~Ss preparation by using molten- 
salt media. 

Molten salts have been used extensively as reaction me- 
dia for both inorganic and organic chemical preparation 
(4-6). There are several advantages for the use of molten- 
salt solutions: (i) the intimate contact in either a homoge- 
neous solution phase, or in heterogeneous systems where 
reactants are dispersed in the solution, enhances the reac- 
tion rate. (ii) Local overheating due to exothermic reac- 
tion or freezing due to endothermic reaction is mini- 
mized. The molten salt acts as a heat transfer medium, 
which results in a better process control. (iii) Ease of re- 
moval of the gas reaction products increases the reaction 
efficiency. (iv) Reaction thermodynamics are improved 
due to the inhererLt physicochemical properties of the 

* Electrochemical Society Active Member. 
Present address: Department of the Army, Research Division, 

Chemical Research and Development Center, Aberdeen Proving 
Ground, Maryland 21010. 

Key words: fused salts, voltammetry, synthesis. 

melt in regard to the acid-base, redox, and complexing 
ability. One of the disadvantages, however, is the 
difficulty of separating the products from the media. One 

Fig. 1. Schematic diagram of the molten-salt~reactor 
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Fig. 2. Schematic diagram of the 
apparatus for the molten-salt 
reaction. 

possible solution in the case of AlzS3 reduction in a melt  
would be to prepare A12S3 in the same melt used for elec- 
trolysis. Consequently, in aitu AI~S3 preparation in a chlo- 
ride melt was undertaken. 

Experimental 
Al~S3 preparation.--Chemicals used for this investiga- 

tion are high purity MgC12:NaCI:KC1 eutectic salt 
[50:30:20 rn]o (mole percent)] (Anderson Physics Labora- 
tories), Al~O3 (Aluminum Company of America), and COS 
(Matheson Gas Company). All materials were used as re- 
ceived except  for Al~O3, which was further dehydrated in 
an oven at approximately 150°C for at least a w~eek before 
use. All salts were s tored inside a glove box under  recir- 
culating helium gas purified with charcoal embedded in 
a Dewar flask containing liquid nitrogen. 

Alumina crucibles (Coors Company) with dimensions 
of 5.48 cm od, 5.16 cm id, and 9.05 cm high were baked 
overnight in a 250°C oven before being transferred to the 
glove box and filled with the reactants. After 55-65g of 
the chloride eutectic salt and 3-5g of A120~ were loaded 
into the crucible, the crucible was placed inside a larger 
covered graphite crucible filled with argon and trans- 
ferred to a quartz-lined stainless steel furnace tube (see 
Fig. 1 and 2). The top of the furnace tube was closed im- 
mediately and the system was evacuated to a vacuum of 
approximately 5 ~m, then backfilled with helium gas un- 
til a slightly positive pressure was produced in the fur- 
nace tube. As soon as the desired temperature was 
reached, the motor-driven stirrer was turned on and COS 
was passed through the melt. A platinum-10% rhodium + 
platinum thermocouple with a Trendicator (Omega Engi- 

Fig. 3. Schematic diagram of the electrochemical cell for the cyclic Fig. 4. Cyclic voltammograms of AI2S3 at concentration of 2.63 × 
voltammetric study. 10-2M at 750°C with Pt as quasi-reference. 
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neering, Incorporated) was used to monitor the tempera- 
ture, while a flow transducer with a digital display was 
used to show the mass flow rate of COS. The reaction 
conditions were as follows: a temperature of approxi- 
mately 850~ a COS flow rate of 68-135 cm3/min, and a 
reaction duration of 1.33-3.22h. At the end of each experi.  
ment, COS flow was stopped, and the furnace power and 
inlet and outlet tube valves were turned off. The graphite 
crucible was covered with a luminum foil and transferred 
back into the glove box for electrochemical analysis. 

Electrochemical analysis of AI2S~.--The apparatus for 
the electrochemical analysis, shown schematically in Fig. 
3, consists of  two 7 mm diam, high density, cylindrical 
graphite rods used as working and counterelectrodes, a 
Pt quasi-reference electrode, and a thermocouple for 
monitoring the temperature of the system. A Princeton 
Applied Research Model 175 Universal Programmer  and 
Model 173 Potentiostat/Galvanostat along with a HP 
7044A X-Y recorder were used to generate cyclic 
vol tammograms (CV) in which the peak current was cor- 
related with A12S3 concentration. The peak currents of 
various A12S3 concentrations were converted to peak cur- 
rent densities. The electrode areas in the melt varied from 
2.31 to 4.05 cmE 

For qualitative and quantitative analysis of the synthe- 
sized A12S~ with cyclic vol tammetry technique, a correla- 
tion of  peak current densities with various known A12S3 
concentrations in the chloride eutectic melt was carried 
out using the apparatus shown in Fig. 3. 
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Results and Discussion 
The aluminum cation reduction peak in the cyclic 

vol tammograms occurs at approximately -490 mV, while 
the sulfur anion oxidation occurs at around +540 mV 
with a total peak-peak potential of 1.03V vs. Pt quasi- 
reference at 750~ with the scan rate of 20 mV/s. Typical 

~" I I I1  I l I I 1 I I 
0 40 80 120 160 200 

AIrS s CONCENTRATION, M X I0 3 

Fig. 6. Estimate for AI2S~ concentration of sample 7 from cyclic 
voltammograms. 
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Fig. 5. Correlation of AP § reduction peak current density with AI2S3 
concentration at 750~ 

cyclic vol tammograms at 750~ using various scan rates 
are shown in Fig. 4. Only two peaks are obtained; one for 
a luminum cation reduction and the other for sulfur anion 
oxidation. The electrochemical reactions at the cathode 
and anode can be represented as follows (7) 

750~ 
AP + + 3e- > Al(1) Cathode El] 

S ~- 750~ 1/2 S2(g) + 2e- Anode [2] 

The overall reaction can be shown as 

2A1 z+ + 3S 2- 75ffC 2Al(1) + 3/2 S2(g) [3] 

The peak current of AP + was converted to peak current 
density for various AI~S~ concentrations at four different 
scan rates at 750~ the temperature used for A12S3 elec- 
trolysis. A plot of A13+ reduction peak current density vs. 
A12S~ concentration is shown in Fig. 5. This figure clearly 
shows the linear relationships between peak current den- 
sity and A12Sz concentration that exist at scan rates from 
20 to 200 mV/s at 750~ This correlation is the basis on 
which the analyses of the synthesized A12S3 were 
performed. 

A12Sz formed in the molten salt reactor was analyzed in 
the glove box using the cyclic vol tammetry method de- 
scribed above. Despite the concentration variations in 
synthesized A12S3, a reduction peak and an oxidation 
peak in a typical cyclic vol tammogram of the sample oc- 
cur at -490 and +540 mV, respectively. This information 
clearly indicates that conversion of A1~O3 to A12S3 in the 
melt does occur. The peak current density of AI~S~ from 
the CV was used to estimate the A12S~ concentration in 
the melt. A typical plot for this kind of estimate is shown 
in Fig. 6, where the heavy dots denote the synthesized 
AI~S8 at various scan rates. The A12S3 concentration is 
taken to be the average value as shown in Fig. 6. Analyt- 
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Table I. Conditions of in situ AI2S3 preparation at 850~ and reaction product concentrations determined by analysis 

Sample 
1 2 3 4 5 6 7 

Weight of melt, a g 58.3698 65.1523 55.7496 63.4005 60.6638 62.3703 60.8763 
Weight of A1203, g 2.9238 3.3127 3.5592 4.2507 3.4580 2.8850 2.7320 
COS flow rate, cm3/min 135 102 108 68 134 105 81 
Reaction time, h 1.333 2 1.50 2 2 3.22 1 
A12S3 concentration in 0.13 0.19 0.22 0.07 0.13 0.20 0.40 

melt, w/o 
Stirrer speed, rpm 150 300 220 300 200 300 300 

a Eutectic chloride salt mixture having the composition, MgCI~:NaCI:KC1 = 50:30:20 rrgo. 

ical resul ts  and react ion condi t ions  are shown in Table  I. 
A plot  of  A12S3 concen t ra t ion  vs. COS flow rate shows 
that  the  yield of  A12S3 is not  s t rongly d e p e n d e n t  upon  
flow rate, Fig. 7. The  best  resul t  so far ob ta ined  in t e rms  
of  A12S3 concent ra t ion  is about  0.4 w/o (weight  percent) ,  as 
shown in Table  I. S imi la r  amoun t s  of  A12S3 were  fo rmed  
for samples  2, 3, and 6, all of  wh ich  had essent ia l ly  the  
same COS flow rate bu t  d i f ferent  react ion t imes.  The  
smal les t  a m o u n t  of  A120~ convers ion  to A12S3 is 0.07 w/o of  
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Fig. 7. Relation of the converted AI2S~ concentration with COS flow 
rate. The number by the dot is the sample number. 

sample  4. The  fact that  the  convers ion  is not  d e p e n d e n t  
on reac t ion  t ime  suggests  that  equ i l ib r ium may  be  at- 
t a ined  under  the  condi t ions  used  for samples  2, 3, and 6. 
I f  this  is true,  h igh  t empera tu re s  will  be needed  for h igher  
degrees  of  convers ion.  The  A1203 concen t ra t ion  in the  
me l t  shou ld  not  affect  the resul ts  f rom e lec t rochemica l  
analyses  since A1203 solubi l i ty  in the  mel t  is e x t r e m e l y  
low (8) (e.g., 0.0059 w/o at 901~ It  is in teres t ing  to note  
that  the  react ion of  A1203 and COS in a gaseous  environ-  
men t  requi res  a t empera tu re  of  1300~ (3, 9). 

Fu r the r  work  is needed,  par t icular ly  at a t empe ra tu r e  
h igher  than  850~ for kinet ic  and mechan is t i c  s tudies  to 
improve  A12S3 yield in this synthes is  process.  Obviously,  
at the  p resen t  low A12S3 concentra t ion,  it is not  pract ical  
to use the  a fo remen t ioned  synthes is  m e t h o d  for alumi-  
n u m  e lec t rowinn ing  purpose.  Never theless ,  it has been  
demons t r a t ed  that  in situ synthes is  of  A12S8 can occur  in 
the  chlor ide  eutect ic  melts,  and that  cyclic v o l t a m m e t r y  is 
indeed  a val id  m e t h o d  for species  ident i f icat ion and con- 
cent ra t ion  de terminat ion .  
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In order to minimize the cathodic and anodic overvolt- 
ages taking place during water electrolysis in alkaline so- 
lution several authors have tried using as electrode cata- 
lysts oxides of the metals of the 3d series codeposited 
with molybdenum compounds (1-5). Among all the 
samples investigated, NiMoO4 gave the best performances 
in endurance tests. 

It has been employed for both oxygen and hydrogen ev- 
olution (4). By increasing the working temperature from 
80 ~ to 115~ one can observe a concomitant decrease of 
about 200 mV in the voltage between the anode and the 
cathode. 

Cobalt oxide doped with l i thium has also been reported 
recently (6) as offering relatively good performances for 
oxygen evolution at 70~ in KOH solutions. In the vicinity 
of ambient  temperatures, molybdenum naphthalocyanine 
NPcMo loadings on carbon black (7) allow oxygen evolu- 
tion at relatively small overvoltages (100 mV) but at cur- 
rent densities of only several hundred microamperes per 
square centimeter. 

The aim of the present note is to determine whether  in 
comparison with Mo oxides NPcMo can be employed 
with a certain degree of stability in electrolyzers at cur- 
rent densities of several hundred milliamperes per square 
cent imeter  and at working temperatures reaching 115~ 
or more and remain stable. 

Experimental 
The electrodes consisted of the carbon black powders 

ex CO or ex CIL (8) previously tested for their stability 
under  anodic polarizations during more than 3000h. The 
carbon black powder was put into a sealed tube with an 
initial mixture  of dicyanonaphthalene and ammonium 
paramolybdate. The thermal treatment conditions and 
the characterization of the final products by x-ray and 
XPS  spectroscopy have been reported elsewhere (9). This 
impregnation was supported on a nickel-sintered elec- 
trode provided by Compagnie G6nerale d'Etectricite. It 
presented a BET surface of 0.1 m2/g, 0.3 mm thickness, 
70% porosity with 10~ diameter pores. The level of im- 
pregnation of NPcMo/C was 2.5 and 20% by weight. It 
must  be noticed that in the present work the amount  of 
Teflon deposited from the Soreflon suspension was rela- 
tively high, 56 mg for 50 mg of carbon b lackpowder .  This 
amount  of Teflon turned out to be necessary to secure 
electrode cohesion. With large amounts the ohmic drop 
became too high. The charge of carbon black to the nickel 
support  was about 50 mg/cm 2, and this corresponds to the 
max imum of activity. 

From x-ray analysis (9) Mo oxides appear to be always 
associated with the naphthalocyanine. In order to distin- 
guish between the oxide and the naphthalocyanine, sev- 
eral samples have been prepared varying the ratio di- 
cyanonaphthalene/ammonium paramolybdate. Loadings 
of 2.5 and 20% have been chosen to reveal any possible ki- 
netic factors in the synthesis able to modify the ratio Mo 
oxide/NPcMo. In order to appreciate the variations of ac- 
tivity or stability due to the amount  of residual oxides, an 
extended washing with concentrated KOH has been 
carried out on several samples. In all cases the samples 
were prepared under deaerated conditions. They were 
washed with benzene, ethanol, 10% hydrochloric acid so- 
lutions, then distilled water and ethanol. In each case two 
samples were prepared to test the reproducibility of their 
performances. 

*Electrochemical Society Active Member. 

The nickel support covered with carbon black powder 
was mounted in an electrode carrier in Teflon inside a 
Teflon cell (Fig. 1). The anode compartment  is separated 
from the cathode compartment  by a porous Teflon mem- 
brane. The Hg/HgO reference electrode was placed inside 
the compartment  of the working electrode. 8M KOH solu- 
tions were used. For voltammetric studies standard 
equipment  was employed consisting of a signal generator 
Fabelle ST.1, a potentiostat Wenking 66TAI, and an X-Y 
recorder Ifelec M100. For transient studies the equipment  
was similar to that presented in Ref. (10). A galvanostatic 
pulse was sent to the cell, and the corresponding poten- 
tial was measured through an oscilloscope and stored by 
a transient recorder (Biomation). The potential is related 
to the applied constant current io by the equation 

iot 
U(t) = Rio + - -  [1] 

C 

The slope yields the value for C and the intercept the 
value of R (see Table II). Corresponding frequencies f 
vary from 5 �9 10 -7 > f > 5 �9 10 -6. 

Using current reversal it is possible to determine R and 
C separately, the circuit becoming equivalent to a resist- 
ance and a capacitance in series. 

The impedance measurements  have been performed 
after several cycles of polarizations but before the endur- 
ance tests for which a separator was used in the cell. 

Results and Discussion 
In Tables Ia and Ib, corresponding to temperatures of 

25 ~ and 80~ respectively, are given the data obtained on 
the most active samples for a 2 day polarization at 560 mV 
Hg/HgO. The current densities are given in milliamps per 
square centimeter (geometric). 

In all cases the addition of catalytic material to the grid 
is accompanied by a corresponding increase in the cur- 
rent densities visible, even with the uncatalyzed carbon 
black samples. A modification in the order of activity at 
25 ~ and 80~ can be observed between samples containing 
molybdenum oxides and sample A (2.5% loading on car- 
bon black carefully washed with concentrated KOH). At 

Fig. 1. Electrode holder and electrochemical cell. ER, reference elec- 
trode; EA, working electrode; EB, counterelectrode; A, electrode carrier; 
B, wire connected to the nickel support; C, cover for sample tightening 
on the Ni support; D, investigated samples; P, porous Teflon separator; 
TF, bolts for cell fixation. 
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Table la. Activities of the samples compared to the Ni support 
T = 25~ 

50 mg/cm 2 Ioadings i mA/cm 2 E = 560 mV/Hg/HgO 

Ju ly  1984 

hi final after 
hi = i initial 2 days polarization 

Samples i initial - { support i final i sample - i support 

Ni support 69.0 64.5 

C ex CO 82.5 13.5 69.0 4.5 
(27% Ni, BET 44 mVg) 
NPcMo 

A 72.5 3.5 72.5 8.0 
1 Mo for 4 DCN 
2.5% loadings 

B 112.5 43.5 106.5 42.0 
Ibid. A 20% loadings 

C 90.5 21.5 95.0 30.5 
Ibid. B KOH washing 

D 82.5 13.5 95.0 30.5 
I Mo for 1 DCN 
20% loadings 

E 97.5 28.5 89.5 25.0 
Ammonium molybdate 
BET 4.4 m2/g 

F inactive 
C + DCN 20% loadings 

25~ the  m o s t  act ive s ample  cons i s t ed  of  a 20% load ing  
w i thou t  any  wash ing  wi th  KOH. With sample  A only  a 
weak  inc rease  in the  act ivi ty was  observed .  The stabi l i ty  
of  NiMoO4 can also be  u n d e r s c o r e d ,  

In  con t r a s t  at  80~ s amp le  A p r e s e n t e d  the  bes t  act ivi ty 
a n d  stabili ty.  It can  be c o m p a r e d  wi th  the  NiMoO4 and  
a m m o n i u m  m o l y b d a t e  s amp le  E w h i c h  have  b e e n  invest i -  
ga ted  in Ref. (1-5). 

The resu l t s  of  i m p e d a n c e  m e a s u r e m e n t s  are g iven in 
Table  II. 

in mA~cm= 

~176176 Tso'c I:// 
=~ i t l  

/f/ 
,o ,o .oo /- , IJ  

/ i / , r  " l 

Fig. 2. i-E curves at 80~ KOH 8 mol initial. 1, Ni support; 2, carbon 
black; 3, NiMo04; 4, ammonium molybdate; 5, NPcMo sample A. Refer- 
ence Hg/HgO scanning velocity 0.2 mV/s. 

Table lb. Activities of the samples compared to the Ni support 
T = 80~ 

(Specifications the same as Table la) 

Samples i initial hi i final hi final 

Ni support 135,0 100.0 
ex CO 162.5 27,5 150.0 50.0 

A 190.0 55.0 190.0 90.0 
B 190.0 55.0 160.0 60.0 
C 180.0 45.0 145.0 45,0 
D 160.0 25.0 160.0 60.0 
E 195.0 60.0 14L5 42,5 

NiMoO4 155.0 20.0 155.0 55.0 
BET 3.6 m2/g 

Table II. Resistances and capacitances deduced from Eq. 
of the separator 

[ ! ]  in absence 

R/~ cm ~ (geom.) C/~F cm -~ (geom.) 
Samples 25~ 80~ 110~ 25~ 80~ 

Ni support 4.65 2.29 0.95 188.0 317.0 
C ex CO 5.48 3.2 233.0 378.0 
NiMoO4 4.75 2.6 1.2 653.0 1130.0 

A 4.60 2.29 0.9 229.0 322.0 
B 4.76 2.87 246.5 307,0 
C 4.87 2.57 365.0 442.0 
D 5,12 1,69 158.0 350,0 
E 5.20 2.55 771.0 930.0 
F 5.3 2.7 237.0 307.0 

This  table  d isplays  a re lat ively smal l  var ia t ion of  the  re- 
s is t ivi t ies  b e t w e e n  the  d i f fe ren t  s amp l e s  in the  r ange  of  
t he  t e m p e r a t u r e s  inves t iga ted  f rom 25 ~ up  to 115~ For  
the  s amp l e s  w h i c h  con ta in  Mo n a p h t h a l o c y a n i n e  (pres- 
ence  of  DCN in the  synthes is )  the re  was  only  a smal l  dif- 
f e r ence  b e t w e e n  the  capac i t ances  f rom 307 to 350 ~F  at  
80~ They  r e m a i n e d  lower  t h a n  tha t  o f  t he  Suppor t  cov- 
e red  wi th  ca rbon  black bu t  of  the  s ame  order,  Fo r  molyb-  
d e n u m  ox ide  and  NiMoO4 an inc rease  by  abou t  a factor  of  
t h ree  was  observed .  There fore  the  h igher  act ivi ty ob- 
s e rved  wi th  t he  n a p h t h a l o c y a n i n e  samples  canno t  be cor- 
re la ted  wi th  a d i f fe rence  in specif ic  areas  w h i c h  inc rease  
as the  capac i t ance  increases .  In  con t ras t  t he  inc rease  in 
capac i t ances  vs. t e m p e r a t u r e  o b s e r v e d  on  all the  s a m p l e s  
m a y  c o r r e s p o n d  to an inc rease  of  the  sur face  in con tac t  
wi th  t he  e lect rolyte  due  to i m p r o v e d  w e t t i n g  (capaci- 
t ances  b e c o m i n g  h ighe r  wi th  the  pene t r a t i on  of  the  elec- 
t ro ly te  into t he  pores).  

Cyclic voltammetry.--Typical resu l t s  at  80~ are g iven  
in  Fig. 2, w i th  cor rec t ion  be ing  m a d e  for the  o h m i c  d rop  
given in  Table  II. All s amples  con ta in ing  N P c M o  gave re- 
p r o d u c i b l e  resul ts ,  wi th  o x y g en  evolu t ion  occur r ing  be- 
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Fig. 3. i-E curves at 1 !0~ KOH 8 mol initial, a, NPcMo sample A; b, NiMo04; c, Ni support. Same conditions as for Fig. 2. 

t w e e n  440 a n d  450 m V  (Hg/HgO) at 300 m A / c m  ~, t he  
s c a n n i n g  ve loc i ty  b e i n g  f ixed at  0.2 mV/s.  At  a c u r r e n t  
d e n s i t y  of  300 m A i c m  2 t h e  p o t e n t i a l  ga in  for N P c M o  was  
a b o u t  80 a n d  40 m V  c o m p a r e d  w i t h  NiMoO4 a n d  MOO3, re- 
spec t ive ly .  H u m p s  be fo re  O3 e v o l u t i o n  can  be  a t t r i b u t e d  
to Ni2+/Ni 3§ coup le  w h i c h  is p r e s e n t  in  t h e  c a r b o n  b l a c k  
s t r u c t u r e  e x  CO (7) a n d  also f o u n d  w i t h  t h e  n i c k e l  sup-  
port .  On  t h e  s a m e  f igure  da ta  for  h y d r o g e n  e v o l u t i o n  are 
r e p r e s e n t e d .  T h e  c a r b o n  b l a c k  s u p p o r t  y i e lded  t h e  s a m e  
ac t iv i ty  as NPcMo.  I t  m u s t  b e  p o i n t e d  ou t  h o w e v e r  f rom 
Tab le  Ib  t h a t  t he  c a r b o n  b l a c k  s a m p l e s  w i t h o u t  a n y  load-  
ing  we re  n o t  as s t ab le  as NPcMo.  

Da ta  c o n c e r n i n g  t he  s u p p o r t  NiMoO4 a n d  N P c M o  at  
l l 0~  are  r e p r e s e n t e d  in  Fig. 3, w i t h  t he  s c a n n i n g  ve loc i ty  
b e i n g  f ixed at 0.2 mV/s.  Wi th  co r r ec t i on  b e i n g  m a d e  for  
t he  o h m i c  drop,  a t  a c o n s t a n t  c u r r e n t  dens i ty ,  t he  over-  
vo l t age  for  02 e v o l u t i o n  on  N P c M o  s a m p l e  A is a b o u t  100 
m V  lower  t h a n  on  NiMoO4, w h i c h  is r o u g h l y  e q u i v a l e n t  to  
t he  suppor t .  The  v a r i a t i o n  of  t he  02/4 OH-  r e v e r s i b l e  po- 
t en t i a l  vs. t e m p e r a t u r e  can  b e  o b t a i n e d  f r o m  Eq. [58] a n d  
Fig. 6 of  Ref. (11) (also see  A p p e n d i x ) .  I t  m a y  b e  s t r e s s e d  
t h a t  o n  t h e  N P c M o  sample ,  severa l  h u n d r e d  m i l l i a m p e r e s  
p e r  s q u a r e  c e n t i m e t e r  are o b t a i n e d  at  an  ove rvo ] t age  less  
t h a n  125 m V  f r o m  t h e  t heo re t i ca l  po t en t i a l  of  t h e  02/4 
OH-  couple .  Fo r  H~ e v o l u t i o n  t h e  s u p p o r t  a n d  N P c M o  were  
e q u i v a l e n t  a n d  m o r e  ac t ive  t h a n  NiMoO4. 

Resu l t s  for  a cell  w i t h  a c a t h o d e  a n d  a n o d e  of  t h e  s a m e  
m a t e r i a l  w i t h  a c o n s t a n t  p o t e n t i a l  of  1.SV b e t w e e n  t he  
e l e c t r o d e s  are  r e p r e s e n t e d  in Fig. 4 as a f u n c t i o n  of  t ime.  
T h e  Tef lon  cell  w i t h  a s e p a r a t o r  as g iven  in  Fig. 1 ha s  
b e e n  used .  The  a b s e n c e  of  s e p a r a t o r  i n t r o d u c e d  a l ack  of  
s t ab i l i ty  in  t h e  e l ec t rode  p e r f o r m a n c e s .  Curve  a re fers  to 
N P c M o  s a m p l e  A, cu rve  b to NiMoO4, a n d  cu rve  c to t he  
suppor t .  I t  m u s t  b e  n o t e d  t h a t  good  s tab i l i ty  was  o b t a i n e d  
on ly  w i t h  t he  N P c M o  s a m p l e  A a n d  NiMoO4. H o w e v e r  in  
t h e s e  c o n d i t i o n s  t h e  c u r r e n t  d e n s i t y  w i t h  N P c M o  s a m p l e  
A r e m a i n e d  tw ice  t h a t  o b s e r v e d  w i t h  NiMoO4. 

T h e r e f o r e  t he  c o m p a r i s o n  b e t w e e n  the  Mo n a p h t h a l -  
o c y a n i n e  s a m p l e s  s h o w s  t h a t  t h e r e  is g rea t e r  s t ab i l i ty  in  

t he  p e r f o r m a n c e  for b o t h  H2 a n d  O2 e v o l u t i o n  for  t h e  low- 
es t  ra t ios  NPcMo/C.  Thus ,  s a m p l e  A h a d  t he  be s t  
s tabi l i ty .  

A t  l l0~  t he  fac t  t h a t  t he  o h m i c  d rop  for  b o t h  H2 a n d  O2 
e v o l u t i o n  was  of  the  s a m e  o rde r  for  the  s u p p o r t  a n d  

l t t10"C 
] in mA/cm 2 
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i 
o t2 ~4 ~6 48 60 t i ~ ( ~  

Fig. 4. Tests of stability at 110~ E = 1.500V (time in hours). (a) 
NPcMo sample A electrode, (b) NiMo04, (c) Ni support. 
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NPcMo sample A suggests that the residual resistivity 
can be attributed to the ohmic drop occurring in the 
pores of the support. Taking into account the stability of 
these materials for practical utilization in electrolyzers, 
one can choose the highest possible temperature (112~ or 
more). The performances obtained with this preparation 
can be compared with those described (1-6). In addition 
an important advantage of the stability at 110~ is that the 
porous separator can be operated under  favorable condi- 
tions, since it has a high resistivity at temperatures below 
ll0~ 
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APPENDIX 
The AG ~ vs. temperature is given for water by the Lewis 

and Randall (12) expression 

hG~ = - 57,410 + 0.94T log T + 0.00165T 2 
- 3.7 10-TT 3 + 3.92T [A-l] 

which is related to the standard potential of the cell by 
the thermodynamic relation 

AGo 
E~ 2F [A-2] 

J. Elec trochem.  Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  J u l y  1984 

because 2 electrons are needed for the formation of one 
water molecule. 

At T = 383 K one obtains 

Eo T = 1.16V 

Taking into account the partial pressure of oxygen 

RT Po2PH22 
Eeq = Eo T + ~ In--PH202 [A-3] 

Substi tuting the pressures by their values one obtains 

Eeq = 1.26V 

Eo eq = 324 mV Hg/HgO in KOH 8M 
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A B S T R A C T  

A r e c e n t l y  p r o p o s e d  theo re t i ca l  a p p r o a c h  u s i n g  c lass ical  s tochas t i c  d i f fus ion  t h e o r y  (CSDT)  to p r e d i c t  d e s o r p t i o n  
ra t e s  f r o m  sol id  sur faces  is gene ra l i zed  to t r e a t  d e s o r p t i o n  of  a par t ic le  f rom a solid sur face  in to  a l iqu id  phase .  S u c h  sys- 
t e m s  are cha rac t e r i zed  b y  large  f r ic t ion  c o n s t a n t s  r e s u l t i n g  in  a s t rong  d e p e n d e n c e  of  t he  d e s o r p t i o n  ra te  on  t he  micro-  
scop ic  p a r a m e t e r s  of  t he  l iqu id  (e.g., so lven t  se l f -d i f fus ion  cons tan t ) .  The  d e p e n d e n c e  of  d e s o r p t i o n  on  t he  d i f f e ren t  mi-  
c roscop ic  p a r a m e t e r s  of  t h e  s y s t e m  is e x a m i n e d .  B a s e d  on  t h e s e  resul ts ,  we p r o p o s e  e l e c t r o c h e m i c a l  m e a s u r e m e n t s  
w h i c h  can  b e  c o m b i n e d  w i t h  t he  C S D T  m e t h o d  to o b t a i n  mic ro scop i c  i n f o r m a t i o n  on  t he  pa r t i c l e - su r face  i n t e r a c t i o n  
p o t e n t i a l s  a t  t he  so l id / l iqu id  in terface .  

The  u n d e r s t a n d i n g  of  t he  m i c r o s c o p i c  de ta i l s  of  pro- 
cesses  o c c u r r i n g  a t  m e t a l  a n d  s e m i c o n d u c t o r  e l ec t rodes  
h a v e  g rea t  i m p o r t a n c e  in t he  d e s i g n  a n d  i m p r o v e m e n t  of  
e l e c t r o c h e m i c a l  cells, fuel  cells, etc., as wel l  as in  t he  fun-  
d a m e n t a l  s t u d y  of  so l id / l iqu id  in ter faces .  T he  bas ic  a n d  
m o s t  i m p o r t a n t  s tep  in  a n y  s y s t e m  t h a t  c o n t a i n s  a 
so l id / l iqu id  in t e r f ace  is t he  c h a r g e  t r a n s f e r  process .  Al- 
t h o u g h  a la rge  a m o u n t  of  w o r k  h a s  b e e n  d e v o t e d  to t he  
s t u d y  of  c h a r g e  t r a n s f e r  at  e lec t rodes ,  re la t ive ly  l i t t le  is 
k n o w n  a b o u t  t he  de ta i l ed  m i c r o s c o p i c  d y n a m i c s  of  t h e s e  
p rocesses .  The  ra te  of  c h a r g e  t r a n s f e r  at  an  e l ec t rode  can  
b e  r ega rded ,  in  general ,  as a c o m b i n a t i o n  of  t he  ra tes  of  
t h r e e  bas ic  s teps ;  (i) a d s o r p t i o n  to t he  e l ec t rode  surface ,  
(ii) c h a r g e  or a t o m  t r a n s f e r  b e t w e e n  t he  a d s o r b a t e  a n d  t he  
e lec t rode ,  a n d  (iii) d e s o r p t i o n  of  t he  n e w l y  f o r m e d  
a d s o r b a t e  f rom the  sur face  to t h e  so lvent .  We c a n  wr i te  
t h e s e  t h r e e  s teps  in  t h e  fo l lowing  s c h e m a t i c  fo rm 

Xsol + e l ec t rode  ~ Xad + e l ec t rode  --~ Yad 
+ e lec t rode- -~  Yso, + e l ec t rode  [1] 

w h e r e  t he  s u b s c r i p t s  sol a n d  ad  s t a n d  for so lva t ed  a n d  ad- 
so rbed ,  respec t ive ly ,  a n d  it  was  a s s u m e d  t h a t  par t ic le  X 
was  t r a n s f o r m e d  in to  Y af te r  t he  c h a r g e  t r a n s f e r  t akes  
place.  In  genera l ,  it is i m p o s s i b l e  to m e a s u r e  e x p e r i m e n -  
ta l ly  t h e  i n d i v i d u a l  ra tes  of  t h e s e  t h r e e  processes .  Theo-  
re t ica l  d e t e r m i n a t i o n  of  t he  c h a r g e  t r a n s f e r  rate ,  Xad + 
e l ec t rode  --> Yad + e lec t rode ,  is pos s ib l e  p r o v i d e d  t h a t  t h e  
a d s o r b a t e - e l e c t r o d e  i n t e r a c t i o n  po t en t i a l s  a n d  t he  corre-  
s p o n d i n g  c o u p l i n g  t e r m s  are  k n o w n .  However ,  s ince  the  
a d s o r p t i o n  a n d  d e s o r p t i o n  s t eps  are  c o m p l i c a t e d  m a n y -  
b o d y  p r o c e s s e s  t h a t  t ake  p lace  on  a v e r y  l o n g  t i m e  scale  
c o m p a r e d  to a m o l e c u l a r  v i b r a t i o n a l  per iod ,  a t heo re t i c a l  
e s t i m a t e  of  t he  c o r r e s p o n d i n g  ra t e s  is ve ry  difficult .  

R e c e n t l y  we h a v e  d e s c r i b e d  a n e w  m e t h o d  to eva lua t e  
r a t e s  of  d e s o r p t i o n  for a t o m s  a n d  m o l e c u l e s  a d s o r b e d  on  
so l id  sur faces ,  w h i c h  is b a s e d  on  c lass ical  s t o c h a s t i c  dif- 
fu s ion  t h e o r y  (CSDT) (1). U s i n g  t he  C S D T  f o r m a l i s m  (in 
t h e  fo l lowing  we shal l  re fer  to  l~ef. ( lb )  as p a p e r  I), we 
h a v e  de r i ved  s imp le  ana ly t ic  e x p r e s s i o n s  for a t o m s  a n d  
m o l e c u l e s  d e s o r b i n g  f rom sol id sur faces  (to vacuum) ,  
w h e r e  t he  d e s o r p t i o n  ra tes  were  g iven  in t e r m s  of  t he  mi-  
c ro scop i c  p a r a m e t e r s  of  t he  s y s t e m  (e.g., De, t h e  b i n d i n g  
energy ,  ~0, t he  s t r e t c h i n g  f r e q u e n c y  of  t he  a d s o r b a t e -  
su r f ace  i n t e r ac t i on ,  k~, t he  force  c o n s t a n t  for  f r u s t r a t e d  ro- 
ta t ion ,  a n d  T, t he  t empe ra tu r e ) .  S imi l a r  e x p r e s s i o n s  for  
t h e  ra te  of  d e s o r p t i o n  of  b o t h  a t o m s  (2) a n d  m o l e c u l e s  (3) 
f r o m  sol id  sur faces  h a v e  also b e e n  o b t a i n e d  u s i n g  t rans i -  

t i on  s ta te  t h e o r y  (TST). T h e s e  ra te  e x p r e s s i o n s  h a v e  t he  
fo rm 

w h e r e  fiT) = 1 for a tomic  a d s o r b a t e  a n d  f(T) c~ k~/kT for  
molecu les .  A n  i n t e r e s t i n g  fea tu re  of Eq. [2] is t h a t  t he  de- 
s o r p t i o n  ra te  does  no t  d e p e n d  on  t he  cha rae t e r i s t i e s  of  
t he  sol id sur face  (e.g., D e b y e  f r equency )  e x c e p t  t h r o u g h  
t he  a d s o r b a t e - s u r f a c e  i n t e r a c t i o n  potent ia l .  Th i s  b e h a v i o r  
is a r e su l t  of  t h e  t e r m a l  averag ing ,  i n e o r p o r a t e d  in  b o t h  
t he  C S D T  a n d  T S T  m e t h o d s ,  w h i c h  s u p p r e s s e s  t h e  indi-  
v idua l  d y n a m i c a l  e v e n t s  o c c u r r i n g  d u r i n g  t he  d e s o r p t i o n  
process .  

I n  th i s  paper ,  we der ive  a n  e x p r e s s i o n  for  t h e  ra te  of  
d e s o r p t i o n  of  an  a t o m  (or ion)  f rom a n  e l ec t rode  su r face  
in to  a c o n d e n s e d  phase ,  namely ,  t he  solut ion.  I n  so doing,  
we shal l  fol low a d e r i v a t i o n  s imi la r  to t he  one  e m p l o y e d  
in  gas p h a s e  d e s o r p t i o n  (1). A n  e x p r e s s i o n  for t h e  deso rp -  
t ion  ra te  is de r ived  be low fo l lowed b y  t he  p r e s e n t a t i o n  
a n d  d i s c u s s i o n  of  the  r e su l t s  o b t a i n e d  for  s o m e  m o d e l  cal- 
cu la t ions .  Final ly ,  in  t he  las t  pa r t  of  t he  p a p e r  we ou t l i ne  
s o m e  c o n c l u s i o n s  r e l a t ed  to t he  ca lcu la ted  rates .  

CSDT for Desorption from Electrode Surfaces 
We shal l  s tar t  by  c o n s i d e r i n g  a s y s t e m  c o m p o s e d  of  a 

d e s o r b i n g  par t ic le  (a tom or ion), w i t h  mass  M, i n t e r a c t i n g  
w i t h  a sol id sur face  (e lec t rode)  a n d  a n u m b e r  of  s o l v e n t  
par t ic les ,  w i t h  m a s s  M1, as i l l u s t r a t ed  s c h e m a t i c a l l y  in  Fig. 
1. Fo r  t h e  de sc r i p t i on  of  t he  surface ,  we  shal l  fo l low t h e  
ideas  i n t r o d u c e d  by  A d e l m a n  a n d  Doll  (4, 5) a n d  d iv ide  
t he  e l ec t rode  a t o m s  in to  two  g roups :  (i) a sma l l  n u m b e r  of  
a t o m s  w h i c h  are  s t rong ly  i n t e r a c t i n g  w i t h  t he  a d s o r b e d  
par t ic le ,  t h i s  g roup  will  be  ca l led  t he  p r i m a r y  zone,  a n d  
(ii) t h e  r e s t  of  t he  sol id w h i c h  is a s s u m e d  to act  as a h e a t  
ba th .  W i t h o u t  loss  of  genera l i ty  we shal l  a s s u m e  t h a t  t he  
p r i m a r y  zone  c o n t a i n s  on ly  one  a t o m  w h o s e  m a s s  wil l  b e  
d e n o t e d  b y  Ms. A f u r t h e r  s impl i f i ca t ion  is i n t r o d u c e d  b y  
l im i t i ng  b o t h  t he  d e s o r b i n g  par t ic le  a n d  t he  p r i m a r y  zone  
a t o m  to a o n e - d i m e n s i o n a l  m o t i o n  n o r m a l  to t he  sol id sur-  
face. Thus ,  t he  m o t i o n  of  t he  adpa r t i c l e  will be  d e s c r i b e d  
b y  a N e w t o n i a n  e q u a t i o n  of  m o t i o n  

MR 0V(R,~,Z) [3] 
~R 

w h e r e  ~ r e p r e s e n t s  t he  d i s p l a c e m e n t  of  t h e  su r f ace  pri-  

1 6 3 9  
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mary zone atom from its lattice point. The vector Z in- 
cludes the displacement from equilibrium along the line 
connecting the centers of the adparticle and the solvent 
particles surrounding it. The total interaction potential, ( 
V(R,~,Z), felt by the adparticle is assu~:ned to be given by a 
sum of pairwise interactions 

N(R) ( 
V(R,~Z) = V(R - ~) + ~ V~(R - Zt) [4] ( 

i=1 / 

where N(R) is the number  of solvent particles surround- ~, 
the adsorbate at any given R. In the following, we ( ing 

shall use harmonic potentials to represent the interaction 
% 

I' 
between the desorbing particle and the solvent \ f 

Y i ( R  - Z i )  = 1/2 k, [r - Zi] ~ [5] ~, 

The interaction between the surface and the desorbing ~' 
particle will be represented by a properly dissociating po- 
tential (e.g., Morse or Lennard-Jones) which is fitted with 
parabolic splines (see paper I) 

,//electrode 
O0 0 desorbing particle 

~ ~ 0  ~s~ particles 

00~_primary zone 
Fig. 1. Schematic description of the adsorbate at a solid/liquid 

interface. 

V ( R - ~ )  = ~ Vt(x) [6] 
i 

w h e r e x = R -  gand 

! X ~ X i 
V~(x) = j + B~x + 1/2Ctx 2 xi <- x <- x~+x [7] 

Xi+l < X 

x~ and xi+, being the boundaries of the i th interval. The 
fit of Eq. [7] is performed in such a way that at any 
boundary point, x,, the functions V,_, and Vt and their 
first derivatives are continuous. 

The motion of the surface primary zone atom as well as 
the motion of the solvent molecules will be d e s c r i b e d  
using the equivalent harmonic cha in- representa t ion  
(EHCR) introduced by Adelman (6). We shall use this rep- 
resentation to construct model heat baths and employ the 
Makovian approximation in reducing the resulting gener- 
alized Langevin equations of motion to the corresponding 
Langevin equations (Appendix A). The introduction of 
the Markovian approximation is justified (see paper I) 
due to the large difference in the desorption time scale 
compared to a molecular vibrational period. Using the ef- 
fective equation of motion derived in Appendix A to de- 
scribe the motion of the primary zone surface atom, we 
have 

0V(R,~,Z) 
Ms'~ = - M ~ 2 ~  - M~fl~ O~ + f~(t) [8] 

and similarly, the motion of the ith solvent particle is 
described by 

Mt 2 ,  = - M~t2Z~ - M,fl,2t 0V(R,~,Z) + f~(t) [9] 
OZ~ 

The effective frequencies and friction constants of Eq. [8] 
and [9] are given in terms of the EHCR parameters as dis- 
cussed in Appendix A. 

Next we substitute the potentials of Eq. [2]-[7] into Eq. 
[8] and [9] and solve them formally (using Laplace trans- 
forms). These solutions are then substituted into Eq. [3] to 
give 

M / ~  = Z - kt/~ "~ /~1 Jo  Ol(t - t ' )R ( t ' )d t '  + k ~ ( t )  + 

-(B~ + C~R) + C o - ~  O~(t - t ')R(t ')dt '  + C~f~(t) X, 
~=1 o [1O] 

where C~ represents the force constant associated with 
the desorbing particle-surface interaction and Xi is the 
characteristic function of the ith interval (X, = 1 if R is in 
the i th interval and Xi = 0 otherwise). The memory ker- 
nels Ot and O~ in Eq. [10] are given by 

O , ( t ) = ~ l  { e x p  [ -  V~ (fl, - St)tJ - e x p  [ :  '/2(fll + S , ) t l }  

[11] 

where St = [f12 _ 4~ 211/~ andS2  = ~t2 + k,/M,. Similarly 

= 1 {exp [ - � 8 9  [-Y2(/~s+ Ss)t]} o~(t) -~ 
[12] 

where Ss = [fls 2 - 4~s2] 1/2 and ~2 = ~12 + Co~Ms. 
Assuming that the adsorbate-solvent interaction has the 

same form for all the N(R)  solvent particles, we can elimi- 
nate the first summation in Eq. [10] and instead multiply 
each term by IV(R). Furthermore, we may also eliminate 
the second summation and replace C~ and B~ by C(R) and 
B(R).  Integrating by parts the two convolution integrals 
in Eq. [10] and rearranging terms, we can rewrite the ef- 
fective equation of motion for the desorbing particle as 

Mi~ = - {[N(R)k~ - F~(0)] + [C(R) - F~(0)]}R - B(R) - 

ji ~[r,(t t') r~(t t')] [F,(t) r~(t)] R(0) F(t) !~(t')dt' + 4- + 

[13] 
where 

k2 
Fl(t) : N(R) ~ f ,  01(t')dt' [14] 

coc(R) f ~e~(t')dt' [15] rs(t) - M----~ 

The term in braces in Eq. [13] represents the total poten- 
tial felt by the desorbing particle. It includes the correc- 
tions due to the termal motion of both the surface atoms 
and the solvent particles surrounding the desorbing par- 
ticle; thus, this is the potential that one would obtain ex- 
perimentally. In the following, we shall denote this total 
potential by Vtot(R,~,Z). Due to the large difference in time 
scales one may introduce the Markovian limit to Eq. [13] 
and obtain the corresponding Langevin equation 

OVtot(R,~,Z) (Bt(R) + fl~(R))B + F(t) [16] 
oR 

where 

fl,(R) N(R)k'2fll [17] 
M,fil 4 

~(R)- CoC(R)~ [18] 
M ~  4 

Equation [16] represents an effective equation of 
motion for the desorbing particle whose motion is cou- 
pled to a heat bath constituted by the electrode surface 
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and the solvent particles. Since V~t(R,{,Z) is an anhar- 
monic function, we may fit it by  a parabolic spline fit of 
the form int roduced in Eq. [4]-[7] 

V,ot(R,~,Z) = ~V,(R) [19] 
i 

0 R < R~ 
Vi(R) = Al + BiR  + '/2 C~R ~ Ri <- R < R~+I [20] 

0 Ri+l < R 

To express  B, and ~s in terms of the microscopic parame- 
ters of the system, one should evaluate the effective fre- 
quencies and friction constants of Eq. [8] and [9]. One can 
use as an est imate of these quantit ies the expressions ob- 
tained in Appendix  A (Eq. [A.7] and [A.9]) and rewrite 8, 
and B~ in the form 

~ = N(R)kTkL2 [21] 

DlM,2(f~0(1) e + ~/k't2 

where D, is the self-diffusion coefficient of the liquid, 
and 

~ = 0.52547coDCoC(R) [22] 

Ms(0.33295~,2 +~-C~ )~ 

Thus, the final effective equation of motion for the 
desorbing particle is given by 

Mi~ = - B(R)  - C(R)R - fl,ot(R)i~ + F(t) [23] 

where B(R) and C(R) are the first and second derivatives 
of the total potential,  Vtot, evaluated at the point  R, and 
~,o,(R) = ~,(R) + ~(R) .  

As discussed above, Eq. [23] describes the motion of the 
desorbing particle in terms of a Brownian oscillator 
where the interaction with the heat  bath is given in terms 
of the microscopic quantit ies of the system. The ampli-  
tude of the random force, F(t), is defined by its relation to 
Btot through the second fluctuation-dissipation theorem. 
To derive an expression for the rate of  desorption,  one 
should first evaluate the probabi l i ty  dis tr ibut ion function 
for the desorbing particle and use this to obtain the flux 
at any given point in space. In  evaluating the expression 
for the flux, we shall closely follow the derivation in pa- 
per  I. The steady-state probabi l i ty  distr ibution is the solu- 
t ion to the  (time independent )  general ized Liouvi l le  
equat ion (1, 7) and is given by  

M U  2 Vtot(R) ] 
W(R,U) = AoF(R,U) exp 2 k T  k T  J 

= AoF(R,U)WMB(R,U) [24] 

where A0 is a normalization constant, U is the velocity of 
the desorbing particle, W~B is the Maxwell-Boltzman dis- 
t r ibut ion function, and 

where ~ = U - aR - b, q = kT~tot, ~tot = ~tot/M and 

a ~/~[#~, + ( ~t 4d,)�89 [26] 

2d0 
b = [27] 

a -- ~tot 
where  d~ = C(R) /M and do = B(R)/M.  The functional form 
of F(R,U) is such that  F(R,U) = 1 for R = 0 while F(R,U) ---> 
0 as R--* ~. 

In order to obtain an expression for the rate of desorp- 
tion, we will calculate the flux of desorbing particles at a 
given distance from the surface, R0. The calculated flux 
must  take into account only those particles at R0 which 
have sufficient kinetic energy (and the proper  velocity di- 
rection) to escape. Thus, the expression for the flux at a 
given value of R0 is 

L j(Ro, Uo) = W(Ro, U)UdU [28] 
o 

where U0 is the smallest  (positive) velocity for which a 
particle at Ro will desorb, i.e. 

De = Vtot(Ro) + ~/2MUo ~ [29] 

and where D~ is the well depth  of V~t. Subst i tut ion of  Eq. 
[24] and [25] into [28] gives 

Ao ( a - ~tot ~�89 [ Vtot(R~ j(Ro, Uo) \ ~ /  exp L k T  

f;0 [ ; I MU2 ] exp . d~' UdU [30] 
x exp - 2 k T  J 2q 

Integrat ing by  parts and rearranging we obtain 

kT { [Me0 2 + 2Vtot(R0)] } 
j(Ro, Uo) = Ao ~ exp _ -  2 k T  Y(T) [31] 

where 

{ ~rfltotkT I~ 
Y(T) = @(al) + exp (-~?) L ~ ]  [1 - @(as)] 

( M(,~- ~,oO )' 
with a '  = 2-kT-fl~ot [U0 - (aRo + b)] 

"( M~ -t~ [-O(~R0 + b) + V0] 
a2 = \ 2kTfltot / 

and 

0 = 1 - fltoJa 

[32] 

[33] 

[34] 

[35] 

[36] 

function (8). 

~} = O[3tot(aR o + b)2/2q 

The symbol  r represents  the error 
Subst i tut ing Eq. [29] into Eq. [31]-[32] leads to the final 
expressions for the flux 

k T  
j(Ro, Uo) = Ao --M- Y(T) e x p  [ -  - ~ l  [37] 

The rate for a desorption process is given (1, 7) by  the 
ratio of the flux (Eq. [31]-[32]) at R0 to the number  of 
particles, No, at the surface. The distr ibution function of 
the part icles in the neighborhood of the equi l ibr ium dis- 
tance, R = 0, is given by  WMB, Eq. [24], leading to 

? 
F 2~rkT t�89 Vto~(R) ] d R  fj exp[ kT [38] 

where the limits in the integral  over R have been taken 
from - ~  to ~ because the integrand becomes negligibly 
small for values of R far away from R = 0. 

For  exper imental ly  interesting temperature  ranges 
(where k T  << De), one can approximate  the interaction 
p o t e n t i a l ,  Vtot(R), by a harmonic  potential  to obtain 

( 2~rkT 
No = A0 \--M-~0 / [39] 

where ~0 is the stretch frequency associated with the bot- 
tom of the potential  well, Vtot. 

Combining Eq. [37] and [38] leads to a desorpt ion rate of 
the form 

R -= No = 

[ Vt~ [40] 

and using Eq. [39] for No leads to 

120 
R = -~-~-Y(T) exp [ -  k ~  t [41] 
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as the  final express ion  for the  desorp t ion  rate of  a toms 
f rom solid surfaces. 

In  conc lud ing  this section, it should be emphas i zed  that  
the  major  a s sumpt ions  in der iv ing  the  express ions  for the  
desorp t ion  rate are the  in t roduc t ion  of the  Markovian  
l imi t  in Eq. [30] and [A.4]. As d iscussed  above,  the  justifi- 
cat ion for the  use of  this app rox ima t ion  is based  on the  
large d i f ference  be tween  the  t ime scale for the  process  of  
in teres t  (desorption) compared  to the  molecu la r  t ime  
scale (the v ibra t ional  period). Namely,  we have  a s sumed  
that  the long t ime  behav ior  of  the different  mot ions  is 
wel l  descr ibed  by the  Langev in  equa t ion  of  mot ion .  It  
should  be noted  that  a s imilar  der ivat ion  can be m a d e  for 
this case in which  Eq. [30] and [A.4] are used  wi thou t  the  
in t roduc t ion  of  the  Markovian  approximat ion .  Such  deri- 
va t ion  is m u c h  more  compl ica ted ,  due  to the  a lgebraic  
complex i ty  of  the  equat ions .  At present,  we are in the  
process  of  pe r fo rming  these  calculat ions to check  the  va- 
l idi ty of  the use of  the  Markovian  limit.  

Results and Discussion 
In  this section, we shall  discuss  the  d e p e n d e n c e  of  the  

desorp t ion  rate on the  di f ferent  microscopic  paramete rs  
of  the  system. One of  the  ma jo r  difficulties in mos t  mi- 
c roscopic  theories  of  sol id/ l iquid interfaces  arises f rom 
the  lack of  rel iable  in terac t ion  potent ia ls  for such  sys- 
tems.  In the  p resen t  study, we have  chosen  a m o d e l  po- 
tent ia l  of  the  Morse  type. One of our  main  objec t ives  will 
be the  s tudy  of  the  re la t ionship  of  desorp t ion  rates to the  
potent ia l  parameters  (De and Do). Moreover ,  in the  calcula- 
t ions desc r ibed  below, we have  in t roduced  a fur ther  ap- 
p rox imat ion ,  namely,  we  a s sumed  that  120,1) '~ < <  kL/MI. 
Since  ~0(1) cor responds  to the low f r equency  l imi t  (it is 
zero for the  case of  free diffusion), this a s sump t ion  is 
val id for mos t  sys tems (especial ly in the case where  the  
adsorba te -so lvent  in teract ion is strong, e.g., for ions  in po- 
lar solvents).  Us ing  this approximat ion ,  we can rewri te  
the  fr ic t ion due to the solvent  (Eq. [21]) in the  form 

~ _  N(R)kT [42] 
D1 

A compar i son  be tween  the magn i tudes  o f / ~  in Eq.  [42] 
and B~ of Eq.  [22]_for typical  v a l u e s o f  the  different  param- 
eters  show that/~s is smal ler  than  B] by about  two to four  
orders  of  magn i tude  (for example ,  for M~ = 50, 120 = 600 
cm ~, D, = 1.0 x 10 -5 cm~s -~, T = 300 K, coo= 278 cm -~, and 
R = 6.0 bohr, we  obtain/~t - 38.6 a.u. a n d / ~  = 0.36 a.u.). As 
a result ,  one m a y  neglect/3~ and write  

/~tot(R) =/~,(R) [43] 

In  ob ta in ing  Eq. [43], we have  taken  into account  the  fact 
that  C(R) at R = R0 is smal ler  than  Co by about  two orders  
of  magni tude .  

In  Fig. 2, we present  the  calcula ted desorp t ion  rate as a 
func t ion  of  t empera tu re  for two different  va lues  of  120 (all 
o ther  pa ramete rs  are kep t  constant).  In both  cases, the 
solid l ine represen ts  the  actual  rate whi le  the dashed  l ine 
represen t s  the  rate that  one  wou ld  obtain  by set t ing Y(T) 
= 1. It  is clear f rom these  resul ts  that  Y(T) is ve ry  sensi t ive  
to changes  in the  s tretch f r equency  while  its d e p e n d e n c e  
on the  var ia t ion in T is weak. Moreover ,  i t  is c lear  f rom 
the  funct ional  form of Y (Eq. [32]) that  this  quan t i ty  will 
t end  to r educe  the desorp t ion  rate into a l iquid  wi th  re- 
spect  to that  into vacuum.  F igure  3 shows the  var ia t ion  of 
log(Y) as a func t ion  of  the  mass of  the adpar t ic le  for dif- 
ferent  f requenc ies  and bond s t rength of  the  total  poten-  
tial. This  figure shows that  Y(T) exhibi ts  a s t rong de- 
p e n d e n c e  on M, ~o, and De, whi le  it is weak ly  d e p e n d e n t  
on both  Dl (in the physical ly  mean ingfu l  range  of  the dif- 
fus ion constant ,  5 x 10 -6 - 5 x 10 -5) and T. 

U n d e r  typical  e lec t rochemica l  expe r imen ta l  condi t ions ,  
it is difficult  to change  the  t empera tu re  in the contro l led  
m a n n e r  ( tempera ture  p r o g r a m m e d  desorpt ion)  so useful  
at the  gas/solid interface,  bu t  sys temat ic  changes  in the 
appl ied  vol tage are very  easy to perform. To relate our  
theory  to these  condit ions,  we  have  calculated the  varia- 
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Fig. 2. Rates of desorption vs .  temperature for two different stretch 

frequencies (a, top) 9-o = 600 cm-t and (b, bottom) ~0 = 900 cm-L The 
solid line corresponds to the calculated rate while the dashed line repre- 
sents the rate that would be obtained by setting Y(T) = 1. 

t ion of  the  desorp t ion  rate as a funct ion  of the  appl ied  vol- 
tage. In  the  absence  of  an externa l  field, the potent ia l  felt  
by the  desorb ing  particle,  Vtot, was a s sumed  to have  a 
Morse  form. The potent ia l  profile due  to the  appl ied  
field th rough  the diffuse layer was chosen  to vary  accord-  
ing the  Gouy-Chapman  (9) mode l  

Velec(X ) = 2kT {log (1 + A(Vo) exp  [ -  aX]) 
- log (l - A{V0) exp [ -  aX])} [44] 

where  1/a = 30.4A, X is the  d is tance  f rom the  e lec t rode  
and 

A(Vo) = tanh (4-~T ) [45] 

Vo be ing  the  potent ia l  d i f ference be tween  the  e lec t rode  
and the  bulk  of  the  solution. We then  a s sumed  that  the 
ne t  potent ia l  felt by the adpar t ic le  (considered to be an 
ion in this case) is g iven by 

V,~t = V~o, + V ~  [46] 

F igure  4 shows the d e p e n d e n c e  of the  desorp t ion  rate 
on the  appl ied  voltage. It  is ev iden t  f rom these  resul ts  
that  there  is a large change  in the  rate (about  three  orders  
of  magni tude)  at low appl ied  fields, and one obta ins  a 
saturat ion at vol tages that  are larger  than 0.3V. This  satu- 
rat ion is a resul t  of  the  fast exponen t i a l  decay  of  V~,~r at 
h igh  voltages.  The  increase in the  rate is a c o n s e q u e n c e  of  
our  choice  of  the  sign of  the potent ia l  d i f ference  be tween  
the  two electrodes.  A decrease  in the  rate wou ld  be ob- 
ta ined  i f  we wou ld  choose  a reversed  sign for this poten-  
tial difference.  

Conclusions 
We have  descr ibed  in this paper  a mic roscop ic  mode l  

which  leads to analyt ic  express ions  for the  desorp t ion  
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rate of  an adsorbate  f rom an e lec t rode  into the  solvent.  
These  express ions  are easy to implement ,  p rov ided  that  
the  mic roscop ic  paramete rs  of  the  sys tem are known.  We 
have  also p roposed  a p rocedure  to calculate  the  depend-  
ence  of  the  desorp t ion  rate on an appl ied  e lectr ic  field. 
Unfor tuna te ly ,  the  mic roscop ic  detai ls  of  p rocesses  that  
occur  at e lec t rode/e lec t ro ly te  interfaces  are ve ry  difficult  
to obta in  exper imenta l ly ,  and hence,  it is necessa ry  to 
l ink these  microscop ic  quant i t ies  to expe r imen ta l ly  meas-  
urable  data. A poss ible  e x a m p l e  cor responds  to the  mea- 
s u r e m e n t  of  the  equ i l ib r ium rate cons tan t  (ratio b e t w e e n  
adsorp t ion  and desorp t ion  rates), wh ich  can then  be used  
to obta in  es t imates  of  the adpar t ic le-e lec t rode  b ind ing  en- 
ergy. For  example ,  one could  obtain  the  equ i l i b r ium rate 
cons tan t  f rom m e a s u r e m e n t s  of  the  var ia t ion  of  the  flat- 
band  potential ,  VH(Ctot), of  s emiconduc to r  e lec t rodes  as a 
func t ion  of  ion concentra t ion,  -Ctot (10). Cons ider  a paral lel  
plate  capaci tor  mode l  of  t he  interface.  The  surface  charge  
densi ty,  cr(Ctot), can be obta ined  by us ing the  Scho t tky  
m o d e l  of  a me ta l - s emiconduc to r  j unc t ion  (11), 

(r(Ctot) = [2eeNDY.(etot)] ~ [47] 

where  e is the  fundamen ta l  charge,  �9 is the die lectr ic  con- 
stant,  and ND is the  impur i t y  concen t ra t ion  in the  semi-  
conductor .  I f  one a s sumes  tha t  the  change  in f la tband 
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Fig. 4. Rate of desorption vs .  applied voltage 

potent ia l  as a func t ion  of  the  concen t ra t ion  of  ions in the  
so lu t ion  is main ly  due  to adsorp t ion  of  ions on the  elec- 
t rode  surface,  then  the  adsorbate  concen t ra t ion  in the 
He lmho l t z  layer, Cad (number  of  part icles  per  uni t  vol- 
ume), is g iven  by 

[o-2(0) + 2eeNDAVH] ~ -- o'(0) 
C a d  = [48] 

ed  
where  d is the wid th  of  t he  He lmho l t z  layer, and ~(0) cor- 
r e sponds  to the  surface charge  dens i ty  w h e n  Cto t = 0. In  
Eq.  [48], we a s sumed  that  the  adsorp t ion  of  ion  on the  
e lec t rode  surface does no t  change  the  ini t ial  surface  
charge  densi ty,  that  is 

~r(Cto,) ~ edCad + (r(0) [49] 

This assumption should be particularly applicable at low 
coverages of the electrode surface. Equation [48] relates 
the measured change in flatband potential, AVm to Cad. 
Assuming equilibrium conditions for a given Ctot, we have 

Cadkd = (Cto, - Cad)kad [50] 

where  kd and kad are the  rates for desorp t ion  and adsorp-  
tion, respect ively .  Equa t ions  [48] and [50] p rov ide  a means  
to de t e rmine  the  equ i l i b r ium cons tant  of the  system, 
kad/kd, f rom m e a s u r e m e n t s  of  Ctot and ~V,, as a func t ion  
of  appl ied  voltage.  

Once  the  equ i l ib r ium cons tan t  is known,  one could  use  
t he  resul ts  o f  C S D T  (Eq. [41]) to de t e rmine  the  adpar t ic le-  
e lec t rode  b inding  energy,  De, as follows. F r o m  a knowl-  
edge  of  the  v ibra t ional  f r equenc ies  for the  adsorbate-  
e lec t rode  sys tem (e.g., f rom IR ref lect ion expe r imen t s )  
and an i n d e p e n d e n t  de te rmina t ion  of the  adsorp t ion  rate, 
kad, (e.g., by  us ing L a n g m u i r  adsorp t ion-desorp t ion  kinet-  
ics), one  wou ld  de t e rmine  the  b ind ing  ene rgy  f rom Eq. 
[50] and [41]. 
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A P P E N D I X  A 

In  this  a p p e n d i x  we shall  ou t l ine  t he  p r o c e d u r e  by 
w h i c h  t h e  pa rame te r s  of  the  L a n g e v i n  e q u a t i o n s  of  
m o t i o n  (Eq. [8] and [9]) can be  eva lua ted .  We star t  by  de- 
sc r ib ing  the  m o t i o n  of  the  p r ima ry  zone sur face  a t o m  
and  the  m o t i o n  of  a so lven t  par t ic le  us ing  the  e q u i v a l e n t  
h a r m o n i c  cha in  r e p r e s e n t a t i o n  i n t r o d u c e d  by  A d e l m a n  
(6). Fo r  s impl ic i ty ,  we  shal l  use  a two a tom m o d e l  hea t  
ba th  cha in  

Q0(t) = - r + ~o~,2Q,(t) [A-l] 

Q.,(t) = - 12,2Q](t) + r - fl.20,(t) + f i ( t )  
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where Q0 is the actual position of the particle, and Q1 is 
the posit ion of a fictitious particle. The coefficients ~ 2  
and ~ 2  represent  the Einstein and coupling frequencies 
while 12, 5 and/L~ are the low frequency and friction con- 
stant, respectively. Reference (6) provides a description 
of the derivation and the relations between these param- 
eters. We now solve formally (using Laplace transforms) 
the equat ion of motion for Q, and substi tute the result in 
the equation for Q0 

Q0(t) = - ~02Q0(t) + c%~ 4 Jo O(t - t ')Qo(t')dt' + f(t) [A-2] 

where 

1 
O(t) = S---{exp ( -  V2(f12 - S)t) - exp [ -  V2(flz + S)t]} [A-3] 

and S = [flz ~ - 4[~,2]~. Integrat ion by parts of the mem- 
ory integral of Eq. [A-2] yields 

t 

Q0(t) = - o~o~Qo(t) + ~%~4fl(O)Qo(t) ~ 4j 
- o fl(t - t ')Qo(t')dt' 

- O~c,4Q0(0)/3(t) + ](t) [A-4] 

where fl(t) is related to O by 

fl(t) = f ~o(t')dt' [A-5] 

We introduce now the Markovian limit to reduce Eq. 
[A-4] into a Langevin equation of the form 

Q0(t) = - ~leff2Qo(t) - floQo(t) + r( t )  [A-6] 

where the frequency and friction constants are given by 

O)cl 4 
~'~eff 2 = 0)e0 2 - -  - -  [A-7] 

and 

(Dc 14~2 
Bo = - -  [A-8] 

Thus, Eq. [A-6] represents an effective equat ion of 
motion which governs the motion o f  both the primary 
zone surface atom and the solvent particle. The coeffi- 
cients in these equations of motion are given in term of 
the equivalent  harmonic chain representat ion parame- 
ters which for a Debye solid take the values (6): oJJ = 0.6 
o~D 2, r z = 0.262 o~D 2, ~l, = 0.507 ~OD, and flz = 0.161 7rOJD. 
Using these values for the EHCR parameters, we obtain 
that 

12elf'(solid) = 0.33295oJD 2 [A-9] 

and 

fl,,(solid) = 0.52547COD [A-10] 

It is much more difficult to estimate the EHCR pa- 
rameters for a liquid particle since a knowledge of the 
velocity autocorrelation function is required. However, 
we may use the relation (6) 

and 

0)cl  4 
f~l 2 - [A-11] 

~ 1 2  
f12 =/3, [A-12] 

0)e0 2 - -  ~ 0  2 

where we used the Einstein relation fll = kT/M~DI (k = 
Boltzmann factor, M~ = solvent particle mass, and D~ = 
self-diffusion constant  of the solvent). One can use these 
relations to rewrite ~eff 2 and fl0 in the form 

~'~eff 2 = ~'~0 2 [A-13] 

and 

k T  
/3o =/3, - [A-14] 

M~D~ 

The low frequency constant, f~0 ~, is usually equal to zero 
for a freely diffusing particle (6), however, in our case, 
this frequency is nonzero since the solvent particles of 
interest  are interacting strongly with both the electrode 
surface and the desorbing particle and hence, are not  
freely diffusing. 
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A B S T R A C T  

The  growth  of  ox ide  films on metals  and semiconduc to r s  at low t empera tu res  has been  in te rpre ted  us ing  the  Cab- 
rera-Mott  theory  which  assumes  a un i fo rm oxide  s t ructure.  Kinet ic  data  t aken  f rom the  l i tera ture  were  in t roduced  into 
the  Ghez  in tegra t ion  of  the  Cabrera-Mott  equat ion .  Resul t s  were  found to correlate  wi th  a d ivis ion of ox ides  into net- 
w o r k  formers ,  in termedia tes ,  and modifiers.  The  n e t w o r k  formers  and in te rmedia tes  were  best  fit by  inverse  logari th-  
mic  k ine t ics  (Cabrera-Mott), whi le  the  modif iers  appea red  to fol low direct  logar i thmic  kinet ics .  Values of  ac t ivat ion en- 
e rgy  for ion  m o v e m e n t ,  the  n u m b e r  of  potent ia l ly  mobi le  ions, and the  self- induced vol tage  across the  oxide  have  been  
der ived  for t h e  ne twork  fo rming  and in t e rmed ia t e  oxides.  These  va lues  are compared  wi th  those  obta ined  f rom other  
exper iments .  

The  field of  low t empera tu re  ox ida t ion  has been  exper-  
imenta l ly  hand i capped  by a lack  of  ex tens ive  data  on sim- 
ple systems.  Severa l  reasons account  for this pauc i ty  of  
data: the  difficulty of  measu remen t s ,  poor  reproducibi l -  
i ty of  meta l  samples ,  l i t t le control  of  impur i t i es  (espe- 
cially wate r  vapor), and incomple te  character iza t ion of  
the  p roduc t  oxide.  For tunate ly ,  this s i tuat ion is changing  
as s e m i c o n d u c t o r  t e chn iques  and surface analyt ical  meth-  
ods are appl ied  to the  problem.  As a result ,  data  over  an 
ex t ens ive  t empe ra tu r e  and pressure  range are b e c o m i n g  
available.  

Analys is  and in te rpre ta t ion  of  such kinet ic  data  is the  
n e x t  difficulty. Historically,  l inear i ty  of  a plot  on graph  
paper  has  been  taken  to be  indica t ive  of  a par t icular  me-  
chanism.  However ,  it has b e c o m e  apparen t  that  for low 
t e m p e r a t u r e  oxidat ion,  bo th  di rect  logar i thmic  (x  vs. log t, 
where  x is ox ide  th ickness  and t is t ime) and inverse  loga- 
r i thmic  kinet ics  (1/x vs. log t) can often fit the  same  set of  
data. 

One reso lu t ion  of  this d i l e m m a  is to e x a m i n e  the  princi-  
ples u p o n  which  each der ived  rate equa t ion  is based  and 
calcula te  va lues  for physical  quant i t ies  wh ich  are measur-  
able  in o ther  exper iments .  Many descr ip t ive  mode ls  of  
low t empera tu r e  ox ida t ion  have  been  put  forward,  bu t  
the  Cabrera-Mot t  theory  (1) s tands  out  as hav ing  p roven  
validity.  Fo r  this reason,  it is emphas ized  here  as the  basis 
for in te rpre t ing  kinet ic  data f rom low t empera tu r e  
oxidat ion.  

The  Cabrera-Mott  approach  (1) assumes  a quas iequi l ib-  
r i um of e lec t rons  tunne l ing  across the  th in  oxide.  S o m e  
e lec t rons  are t r apped  on oxygen  sites at the  oxide-gas  in- 
terface,  set t ing up a spon taneous  vol tage  which  is taken  
to be  constant .  The  resul t ing  field aids cat ion incorpora-  
t ion at the  meta l -ox ide  interface.  This  process  is a s sumed  
to be rate l imit ing.  Feh lne r  and Mott  (2) have  appl ied  
these  ideas  to anion incorpora t ion  at the  oxide-gas  inter- 
face and conc lude  that  the  same equa t ion  m a y  be  appl ied  
to bo th  anion and cat ion m o v e m e n t .  

In  exper iments ,  ox ide  th ickness  x is m e a s u r e d  as a 
func t ion  of t ime, t, whi le  pressure  P, t empe ra tu r e  T, num-  
ber  of  potent ia l ly  mobi le  ions N, act ivat ion energy  for ion  
m o v e m e n t  W, vol tage  across the  oxide  V, ion- jump dis- 
tance  2a, f r equency  of  v ibra t ion  v, and oxide  v o l u m e  per  
ion  12 are a s sumed  to r emain  fixed. An ox ide  film wi th  
un i fo rm proper t ies  is also a s sumed  to exist.  

Fo l lowing  the  approach  of  Ghez  (3), the  Cabrera-Mott  
equa t ion  is expressed  as 

d x / d t  = Nl2v exp  [ -  (W - q a V  ) / k T ]  [1] 
x 

where  the  field across the  ox ide  is E = V / x .  Equa t ion  [1] 
can (2) be  in tegra ted  for x < < x ,  to give 

x , / x  = - l n  [(t + r)/x 2] - in (x ,u)  [2] 
where  

*Electrochemical Society Active Member. 
Key words: oxidation at low temperatures, vitreous oxide, 

kinetics. 

u = Nl2v exp  ( - W / k T )  (}~ sec-0  [3] 

xl = I Z e a V / ( k T )  l (•) [4] 

and r is an adjus table  parameter ,  re la ted to init ial  ox ide  
th ickness  Xo. C o m p a r e d  to t, r is often taken  to be  negligi-  
ble. The  absolu te  va lue  is used  for x, in Eq.  [4] because  
dx/d t  should  be  posi t ive  (4). 

Experimental Procedure 
Mainly data  for dry ox ida t ion  have  been  inc luded  in 

this work  and then  only if  the  data were  avai lable  over  a 
suff icient ly large span of  t empera ture .  In  addit ion,  the  
ox ide  fo rmed  had to be  noncrys ta l l ine  to x-ray diffrac- 
tion, or microcrys ta l l ine  at the  worst .  

A discuss ion of  the  degrees  of  per fec t ion  in a v i t reous  
ox ide  has been  p resen ted  by Revesz  and Feh lne r  (5). Any  
long-range order  in a v i t reous  oxide  may  be cons ide red  to 
be a defect ,  jus t  as d i sorder  in a single crystal  is consid-  
e red  to be  a defect.  The impl ica t ions  of  the  noncrys ta l l ine  
state for low t empera tu re  ox ida t ion  are po in ted  out  by 
Feh lne r  and Mott  (2). The divis ion of oxides  into ne twork  
formers  and ne twork  modif iers  is a key  point.  

In  s o m e  cases, data  analysis based  on Eq. [1] was avail- 
able  in the  l i terature.  In  o ther  cases, data  points  were  
t aken  f rom the  original  curves  in the  l i tera ture  by us ing  a 
digi t iz ing technique .  Values of  x and t at a par t icular  tem- 
pera tu re  were  conver ted  into values  of  1/x and log ( t / x  2) 
(x in angs t roms  and t in seconds)  us ing  a c o m p u t e r  pro- 
gram. These  points  were  then  plot ted,  and va lues  of  the  
s lope m and in tercept  b de t e rmined  based on a least  
squares  analysis. Values of  corre la t ion coeff ic ient  R were  
also de te rmined .  A va lue  of  1 ind ica ted  perfec t  
correlat ion.  

Con t inu ing  wi th  the  c o m p u t e r  program,  va lues  of  u and 
x, were  calculated f rom m and b and p lo t ted  vs.  1/T ac- 
cord ing  to Eq. [3] and [4]. The  s lope based  on Eq. [3] was 
used  to de t e rmine  act ivat ion energy  W, whi le  the  inter- 
cept  gave  a va lue  of  N. The  v ibra t ional  f r equency  v was 
t aken  to be  101~ s -1, whi le  12 was der ived  f rom the  dens i ty  
of  the  re levant  oxide.  

The  va lue  of  I V I was de t e rmined  f rom Eq. [4] us ing  
the  s lope of  x,  vs.  lIT.  The va lue  of  2a was a s sumed  to be 
app rox ima te ly  equal  to the ionic spacing in the  crystal- 
l ine ox ide  as obta ined  f rom x-ray diffract ion data. This  as- 
sumpt ion  is cons idered  val id  since shor t - range order  is 
ma in ta ined  in bu lk  v i t reous  oxides.  It  is expec t ed  to hold  
t rue  for s imilar  ox ides  fo rmed  as films dur ing  low tem- 
pera ture  oxidat ion.  

Results 
L o w  t empera tu r e  ox ida t ion  of  s emiconduc to r s  and met-  

als analyzed in the  present  s tudy  are r epor t ed  below. L o w  
t empera tu r e  is def ined by the  re la t ive  m a g n i t u d e  of  ther- 
mal  to e lectrostat ic  energy  avai lable to dr ive the  reaction.  
Tempera tu re s  for t ransi t ion f rom low to high t empe ra tu r e  
ox ida t ion  have  been  es t imated  f rom the  Cabrera-Mott  
equa t ion  by Feh lne r  (6). For  instance,  for A1, it is -300~ 
and for St, -500~ at 1 atm. 
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Fig. 1. Log u vs. ] /T  for germanium 

Values  of W, N, a n d  I V{ are  r e p o r t e d  a n d  c o m p a r e d  
w i t h  va lues  f rom the  l i te ra ture .  T he  ac t iva t ion  e n e r g y  W is 
c o m p a r e d  w i t h  va lues  d e t e r m i n e d  at  h i g h  t e m p e r a t u r e s ,  
a l t h o u g h  it  is no t  a l t oge the r  c lear  t h a t  e i t h e r  t h e  pa rabo l i c  
or l inea r  ra te  c o n s t a n t s  are d i rec t ly  re levant .  The  Cabrera -  
Mot t  e q u a t i o n  a s s u m e s  in t e r f ace  con t ro l  t h r o u g h  incorpo-  
r a t i on  of  t h e  m o b i l e  ion, wh i l e  the  pa rabo l i c  e q u a t i o n  is 
b a s e d  on  con t ro l  by  d i f fus ion  in  t he  b u l k  oxide.  T h e  lin- 
ear  ra te  c o n s t a n t  d e p e n d s  on  in t e r f ace  control ,  b u t  a t  t he  
r eac t ion  in te r face  r a t h e r  t h a n  t he  i n c o r p o r a t i o n  one. The  
c o m p a r i s o n  is t he r e fo re  va l id  on ly  i f  b o t h  t he  low a n d  
h i g h  t e m p e r a t u r e  p roces se s  d e p e n d  on  t h e  s a m e  key  
e v e n t  s u c h  as b r e a k i n g  a me ta l -ox ide  or m e t a l - m e t a l  
bond .  

The  be s t  c o m p a r i s o n  of  W m a y  be  m a d e  w i t h  va lues  re- 
p o r t e d  for  anod iza t i on  (7). T he  s imi lar i ty  b e t w e e n  anod-  
iza t ion  a n d  low t e m p e r a t u r e  ox ida t i on  lies in  t h e  fact  t h a t  

Table I. Correlation coefficient R for germanium oxidation (8) 

T(~ x vs .  log t 1/x vs.  log (t /x ~) 

25 0.985 -0.967 
50 0.995 -0.988 

100 0.991 -0.992 
125 0.982 -0.990 
150 0.981 -0.988 
200 0.983 -0.993 
250 0.991 -0.998 
300 0.996 -0.997 
350 0.996 -0.992 
400 0.989 -0.997 

b o t h  are  f ie ld-dr iven processes .  As a resul t ,  d i r ec t  com- 
p a r i s o n  b e t w e e n  t he  two  is poss ib le .  However ,  s u c h  re- 
su l t s  are  scarce  due  to t e m p e r a t u r e  r e s t r i c t i ons  a n d  t he  
l im i t ed  abi l i ty  of  s o m e  m e t a l s  to anodize.  

G e r m a n i u m . - - D a t a  for  t he  low t e m p e r a t u r e  o x i d a t i o n  
of  g e r m a n i u m  were  t a k e n  f r o m  the  work  of  L igenza  (8). 
He m e a s u r e d  t he  ra te  of  d ry  ox ida t i on  for g e r m a n i u m  
p o w d e r  at  75 to r r  b e t w e e n  25 ~ a n d  400~ The  da ta  we re  
ana lyzed  u s i n g  t he  Ghez  f o r m u l a t i o n  of  the  Cab re r a -Mot t  
equa t i on ,  1 / x  v s .  log (t/x2), as wel l  as w i th  a p lo t  of  x v s .  

log t. Tab le  I gives t he  co r re l a t ion  coeff ic ients  for  t he  two 
a p p r o a c h e s ,  a n d  it  is e v i d e n t  t h a t  no  cho ice  can  be  m a d e  
o n  t h i s  bas i s  b e t w e e n  t he  two k ine t i c  expres s ions .  

For  t he  r e a s o n  s t a t ed  above ,  t he  da ta  we re  f u r t h e r  ana-  
lyzed  u s i n g  t h e  Cabre ra -Mot t  express ion .  Hence ,  v a l u e s  of 
log u we re  p lo t t ed  v s .  l / T ,  as s h o w n  in Fig. 1. The  correla-  
t ion  coeff ic ient  was  0.970. A va lue  of  W = 1.1 eV was  
ca l cu l a t ed  f r o m  the  s lope  a n d  a va lue  o f N  = 2 x 106 c m  -2 
f r o m  the  i n t e r c e p t  t a k i n g  t2 = 41A 3 ( h e x a g o n a l  GeO2). Th i s  
va lue  of  W is diff icul t  to  c o m p a r e  w i t h  ac t i va t i on  ener-  
gies o b t a i n e d  at  h i g h  t e m p e r a t u r e s  b e c a u s e  t he  vola t i l i ty  
of  t he  s u b o x i d e  leads  to l i nea r  k ine t i c s  (9). As  a resul t ,  t h e  
ac t i va t i on  e n e r g y  o b t a i n e d  at  h i g h  t e m p e r a t u r e s  is no t  
r e p r e s e n t a t i v e  of  ionic  m o v e m e n t  d u r i n g  d i f fus ion  as re- 
p r e s e n t e d  b y  pa rabo l i c  k inet ics .  

I t  is i n t e r e s t i n g  to no te  t h a t  t h e  p r e s e n t  ana lys i s  gives 
r ise  to a t e m p e r a t u r e  i n d e p e n d e n t  ac t i va t i on  e n e r g y  for 
ion  m o v e m e n t ,  as c o n t r a s t e d  w i t h  L igenza ' s  analys is ,  
w h e r e  W was  a f u n c t i o n  of  T. 

The  p lo t  of  x~ v s .  1/T,  s h o w n  in Fig. 2, p r o d u c e d  a corre-  
l a t ion  coeff ic ient  of  0.736. T a k i n g  Z = 2 for  a n i o n  c o n d u c -  
t ion  as d i s c u s s e d  be low a n d  2a  = 3A, I VI was  de ter -  
m i n e d  to b e  0.2V. This  m a g n i t u d e  is c lose to t h e  su r face  
p o t e n t i a l  va lue  of  - 0 . 3 V  o b t a i n e d  b y  field e m i s s i o n  for  
m o n o l a y e r  cove rage  of  o x y g e n  on  g e r m a n i u m  (10). 
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S i l i c o n . - - T h e  1972 p a p e r  of  F e h l n e r  (6) s u m m a r i z e d  lit- 
e r a t u r e  da t a  for  low t e m p e r a t u r e  o x i d a t i o n  of  s ingle-  
c rys ta l  s i l i con  at  25 ~ 400 ~ a n d  600~ b u t  t h e s e  da ta  were  
i n su f f i c i en t  to def ine  t he  k ine t ics .  K a m i g a k i  a n d  I t o h  
(11) f o u n d  t h a t  s i l icon o x i d a t i o n  b e t w e e n  950 ~ a n d  l l00~ 
fo l lowed  Cab re r a -M ot t  k ine t ics ,  p r o v i d e d  t h a t  t h e  o x y g e n  
par t i a l  p r e s s u r e  in  a n  OJN2 m i x t u r e  he ld  a t  1 a t m  was  less  
t h a n  10 1 a tm.  Th i s  a g r e e d  w i t h  c u r v e  f i t t ing p e r f o r m e d  
for  t h e  p r e s e n t  work .  As  a resul t ,  t h e  da t a  at  10 -2 a n d  10 -3 
a t m  w e r e  ana lyzed  a long  w i t h  t he  1 a rm da t a  at  400 ~ (6) 
a n d  600~ (12). 

The  r e su l t s  of  K a m i g a k i  a n d  I t oh  t h r o w  in to  q u e s t i o n  
t h e  -500~ u p p e r  t e m p e r a t u r e  l imi t  for  C ab r e r a - Mot t  ki- 
ne t ics .  However ,  t he  e x p l a n a t i o n  for the  d i s c r e p a n c y  m a y  
lie in  t h e  n a t u r e  of  t he  d i f fus ing  species .  F i e l d - d r i v e n  oxi- 
d a t i o n  at  l ower  t e m p e r a t u r e s  re l ies  on ion  m o v e m e n t  (13), 
wh i l e  o x y g e n  m o l e c u l e s  are  t h e  m o b i l e  spec ies  at  h i g h e r  
t e m p e r a t u r e s  (14-16). A t  1 a r m  p r e s s u r e  of  oxygen ,  the  
t e m p e r a t u r e  of  t r a n s i t i o n  f rom ionic  to m o l e c u l a r  move-  
m e n t  is e s t i m a t e d  to b e  500~ 

O x y g e n  so lub i l i ty  in  SiO= var ies  d i rec t ly  w i t h  p ressu re .  
Thus ,  a p r e s s u r e  r e d u c t i o n  to 10 -2 a t m  w o u l d  d e c r e a s e  t he  
02 c o n c e n t r a t i o n  in  SiO2 b y  a fac to r  of  100, a n d  it  m i g h t  
b e  e x p e c t e d  t h a t  t he  t e m p e r a t u r e  of  t r a n s i t i o n  f rom ionic  
to m o l e c u l a r  m o v e m e n t  w o u l d  rise. As  a resul t ,  t h e  
c h a n g e  in  k ine t i c s  w o u l d  o c c u r  at  a h i g h e r  t e m p e r a t u r e .  

The  co r r e l a t i on  coeff ic ients  for  t he  d i rec t  log a n d  in- 
ve r se  log p lo ts  are  c o m p a r e d  in Tab le  II. T he  Cabre ra -  
Mot t  fit is s l igh t ly  b e t t e r  in  t h i s  case. T he  Ghez  ana lys i s  
of  log u vs.  1/T in  Fig. 3 y ie lded  R = 0.959. T h e  v a l u e  of  W 
was  ca l cu l a t ed  to b e  1.5 eV, w h i c h  m a y  be  c o m p a r e d  w i t h  
t he  v a l u e s  of  1.8 a n d  1.4 eV f o u n d  b y  Lie  et al. (16) for  par- 
abo l ic  o x i d a t i o n  f r o m  800~176 a n d  900~176 respec-  
t ively.  T h e y  also f o u n d  a v a l u e  of  1.9 eV for  l i nea r  oxida-  
t i on  over  t he  s ame  t e m p e r a t u r e  range.  T he  ra t e - l imi t ing  
s tep  in  t h e  pa rabo l i c  o x i d a t i o n  is t a k e n  to b e  d i f fus ion  of  
a r e a c t a n t  t h r o u g h  t he  oxide,  wh i l e  t h a t  for t he  l inea r  ox- 
i da t i on  is t a k e n  to b e  r eac t i on  at  t he  s i l i con-ox ide  inter-  
face. The  v a l u e  for l o g a r i t h m i c  k ine t i c s  falls b e w e e n  t he  
two  a n d  m a y  be  c o m p a r e d  w i t h  t he  Si-Si  b o n d  e n e r g y  of  
1.8 eV (17) a n d  t he  O-O b o n d  e n e r g y  of  1.44 eV (18). 

The  v a l u e  of  N was  ca l cu l a t ed  a s s u m i n g  12 = 45~ 3 (vitre-  
ous  silica). I t  was  f o u n d  to b e  1 • 10 ~ c m  -2. Vo l t age  was  
d e t e r m i n e d  f r o m  t he  s lope  of  x,  vs .  l IT  in  Fig. 4, w h e r e  
t he  co r r e l a t i on  coeff ic ient  was  0.858. T he  v a l u e  of  I VI 
was  2.6V, t a k i n g  Z = 2 a n d  2a = 3A. 

L e a d . - - A  de ta i l ed  s t u d y  of  lead o x i d a t i o n  ha s  b e e n  
ca r r i ed  ou t  as pa r t  of t h e  t u n n e l i n g  dev ice  i n v e s t i g a t i o n  at  
I B M  (19-21). E ] l i p s o m e t r y  was  u s e d  to fol low t he  g r o w t h  
ra te  of  P b O  o n  a s ing le -c rys ta l  l ead  f i lm at  t e m p e r a t u r e s  
b e t w e e n  - 9 0  ~ a n d  150~ C o m p a r a t i v e  ox ide  t h i c k n e s s e s  
d e t e r m i n e d  b y  e l l ipsomet ry ,  x-ray abs o r p t i on ,  a n d  elec- 
t r o n  t u n n e l i n g  all ag reed  w i t h i n  a n  o rde r  of  m a g n i t u d e .  A 
sma l l  d e p e n d e n c e  of  P b O  g r o w t h  ra te  on  o x y g e n  p r e s s u r e  
at  25~ was  also d e t e r m i n e d  for t he  r a n g e  4 x 10 -2 to 7.6 x 
102 torr.  

E l d r i d g e  a n d  D o n g  (19, 20) h a d  ca l cu la t ed  va lues  of  u 
a n d  x,, b u t  t h e y  app l i ed  t h e m  to a n  o x i d a t i o n  m o d e l  
b a s e d  on  p iezoelec t r ic  effects.  In  t h e  p r e s e n t  a p p r o a c h ,  
t h e s e  va lues  of  u a n d  x, we re  ana lyzed  u s i n g  Eq.  [2]-[4]. 

T h e  p lo t  of  log u vs. 1/T (Fig. 5) gave  a v a l u e  of  W = 
0.44 eV. Th i s  m a y  b e  c o m p a r e d  w i t h  a v a l u e  of  0.56 eV re- 
p o r t e d  b y  A r c h b o l d  a n d  Grace  (22) for  pa rabo l i c  oxida-  

Table II. Correlation coefficient R for silicon oxidation 

T(~ Po, (atm) Ref. x vs. log t 1Ix vs. log (t/x 2) 

400 1 (6) 0.908 -0.945 
600 1 (12) 0.961 -0.965 
950 10 -2 (11) 0.971 -0.983 

1000 10 -~ (11) 0.976 -0.992 
1050 10 -~ (11) 0.978 -0.993 
1100 10 -z (11) 0.979 -0.994 
950 10 -3 (11) 0.984 -0.998 

1000 10 -3 (11) 0.981 - 0.995 
1050 10 -3 (11) 0.982 -0.996 
1100 10 -3 (11) 0.981 -0.999 
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Fig. 3. Log u vs. 1/T for silicon 

t i on  of  m o l t e n  lead (453~176 However ,  W e b e r  a n d  
B a l d w i n  (23) r e p o r t  h i g h e r  va lues ,  - 1 .3  eV for  m o l t e n  tead  
(460~176 a n d  -2 .0  eV for sol id lead (254~176 I t  
s h o u l d  b e  n o t e d  t h a t  the  s t r u c t u r a l  m o r p h o l o g y  of  t he  ox- 
ide  c h a n g e s  w i th  t e m p e r a t u r e  a n d  can  t h u s  af fec t  t he  ki- 
ne t i c s  of  ox ida t ion .  

The  v a l u e  of  N was  f o u n d  to b e  7 • 102 c m  -2 b a s e d  on  
12 = 38.9 ~3 ( t e t r agona l  PbO).  T h e  p lo t  for  xl  vs.  l i T  (Fig. 6) 
c o n t a i n e d  da t a  po in t s  w h i c h  we re  all b u n c h e d  toge the r .  
S i n c e  Eq.  [4] imp l i e s  an  i n t e r c e p t  of  (0, 0), a n  e s t i m a t e  of  
t he  vo l t age  was  o b t a i n e d  b y  d r a w i n g  a s t r a igh t  l ine  
t h r o u g h  t he  or ig in  a n d  t he  c e n t e r  of  t he  e x p e r i m e n t a l  
po in ts .  A v a l u e  of  ] V I = 1.5V was  e s t i m a t e d  for a n i o n  
c o n d u c t i v i t y  u s i n g  2a = 4A a n d  Z = 2. Th i s  m a y  b e  com-  
p a r e d  w i t h  t h e  sur face  p o t e n t i a l  va lue  of  +0.6V r e p o r t e d  
for  o x y g e n  a d s o r p t i o n  on  a lead  film at 23~ a n d  6 x 10 -3 
to r r  (24). 
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p h o u s "  ox ide  to v - a lumina  crystal l i tes .  The  s i gmoida l  
k ine t i c s  cha rac te r i s t i c  of  th i s  p roces s  h a v e  b e e n  dis- 
c u s s e d  in t e r m s  of  ox ide  c rys ta l  n u c l e a t i o n  a n d  g r o w t h  b y  
P r y o r  (27), Ba r t l e t t  (28), a n d  o thers .  T h e  in i t ia l  g r o w t h  ki- 
ne t i c s  p r io r  to c rys ta l  f o r m a t i o n  cou ld  be  f i t ted b y  Dig- 
n a m  et  al .  on ly  w i t h  an  e q u a t i o n  de r ived  f rom the  Cab-  
r e ra -Mot t  t h e o r y  u s i n g  c o m p u t e r - a i d e d  p rocedure s .  
Va lues  for  t h e  c o n s t a n t s  were  o b t a i n e d  as fol lows:  

2 ~ a n  = 2.5 • 106 s sec -1 

W = 1.60 eV 

2 q a V  = 8.2 e A V 

The  va lue  of  W m a y  b e  c o m p a r e d  w i t h  1.3 eV d e t e r m i n e d  
f rom anod i za t i on  (7a). In  t he  above ,  n is t h e  v o l u m e  con-  
c e n t r a t i o n  of  t he  m o b i l e  spec ies  a n d  ~ is t he  ox ide  vol- 
u m e  pe r  ion. For  l-I = 45.6 ~3, ~ = 1012 s-l, a n d  2a = 5.6~; n 
= 9.8 x 1015 c m  -3 (N = 2 a n  = 5.6 x 108 cm-3). A s s u m i n g  
q = 3 for  A13+ ion  m o v e m e n t ,  I V I equa l s  0.49V. I f  q = 2 
for  a n i o n  m o v e m e n t ,  t h e n  I VI = 0.73V. T h e s e  va lues  
agree  in  gene ra l  w i t h  t he  m a g n i t u d e  of  va lues  o b t a i n e d  
t h r o u g h  sur face  po t en t i a l  m e a s u r e m e n t s .  B o t h  pos i t ive  
a n d  n e g a t i v e  sur face  p o t e n t i a l  va lues  h a v e  b e e n  r epor t ed ,  
d e p e n d i n g  u p o n  w h e t h e r  po lyc rys t a l l ine  rods  (29) 
[+0.15V] or f i lms (30) [ -0 .3  to -0 .7V]  were  e x a m i n e d .  

The  p r e s s u r e  d e p e n d e n c e  of  a l u m i n u m  o x i d a t i o n  at  low 
t e m p e r a t u r e s  was  r e p o r t e d  to be  d e p e n d e n t  on  t h e  s q u a r e  
roo t  of  o x y g e n  p r e s s u r e  (31). 

G r i m b l o t  a n d  E ld r idge  (32) r e p o r t  on  a s t u d y  of  a lumi-  
n u m  film ox ida t i on  for c o n d i t i o n s  of  27~176 a n d  25-600 
to r r  oxygen .  They  i n t e r p r e t  t h e i r  r e su l t s  in  t e r m s  of  t he  
Cab re r a -Mot t  equa t ion .  However ,  d i f f e ren t  va lues  of  t he  
de r i ved  c o n s t a n t s  were  found :  W was  0.8-1.0 eV, I V I was  
- 3 V ,  a n d  N can  b e  ca lcu la ted  f r o m  the i r  r e su l t s  to b e  2 • 
103 c m  -2. The  lack  of  a g r e e m e n t  b e t w e e n  t h e i r  v a l u e s  a n d  
t h o s e  of  D i g n a m  et  al .  (25, 26) ref lect  t he  fact  t h a t  Gr im-  
b lo t  a n d  E l d r i d g e  ( the i r  Fig. 4) f o u n d  la rger  va lues  of  ox- 
ide  t h i c k n e s s  at  lower  t e m p e r a t u r e s .  The  la t t e r  a u t h o r s  
also r e p o r t  t h a t  t he  in i t ia l  ox ide  f o r m e d  is heav i l y  d o p e d  
w i t h  a l u m i n u m  a n d  is t h e r e f o r e  no t  cha rac t e r i s t i c  of  
Al~O3. 

C h r o m i u m . - - O x i d a t i o n  of  c h r o m i u m  in d ry  o x y g e n  at  
300~176 ha s  b e e n  r e p o r t e d  b y  Y o u n g  a n d  C o h e n  (33) for  
a p r e s s u r e  of  4.0 • 10 -3 torr.  A t r a n s i t i o n  f rom Cabre ra -  
Mot t  to pa rabo l i c  k ine t i c s  at  -450~ was  f o u n d  to be  a 
f u n c t i o n  of  b o t h  t i m e  a n d  t e m p e r a t u r e .  The  t r a n s i t i o n  
cou ld  be  co r re la t ed  w i th  a c h a n g e  in  o x i d e . s t r u c t u r e  f rom 
a flat, f ine-gra ined,  a l m o s t  v i t r eous  Cr203 to a s t r ong ly  
p r e f e r r e d  f iber  t e x t u r e  c o n t a i n i n g  r idges  a n d  nodu les .  
S i n c e  the  ac t iva t ion  e n e r g y  for  ox ide  g r o w t h  in b o t h  re- 
g ions  was  less  t h a n  t h a t  se l f -d i f fus ion of  Cr in  Cr~O3 (34), 
t he  r a t e - con t ro l l i ng  p roces s  a p p e a r e d  to be  t r a n s p o r t  v ia  
p r e f e r r e d  pa thways .  N u m e r i c a l  i n t e g r a t i o n  of  t he  
Cabre ra -Mot t  e x p r e s s i o n  (35) led  to two equa t ions ,  one  
b a s e d  on  in te r s t i t i a l  ca t ions  a n d  t he  o the r  on  ca t ion  va- 
cancies .  The  f o r m e r  d e p e n d e d  on  N, t he  n u m b e r  of  sur-  
face m e t a l  a t o m s  in s i tes  su i t ab l e  for  m o v e m e n t  in to  t he  
oxide,  wh i l e  the  la t te r  d e p e n d e d  on  t he  n u m b e r  of  ad-  
s o r b e d  a n i o n s  on  t he  oxide.  T h e  m a j o r  d i f f e rence  be- 
t w e e n  t h e  two k ine t i c  e x p r e s s i o n s  l ies in  a pre-  
e x p o n e n t i a l  fac tor  in  1/x. The  ca t ion  m e c h a n i s m  fol lows 
Eq. [1], wh i l e  the  v a c a n c y  m e c h a n i s m  adds  the  t e r m  1Ix to 
the  r i g h t  s ide  of  Eq. [1]. 

I f  ca t ion  in te r s t i t i a l s  we re  a s s u m e d ,  t h e n  N = 5 • 10 TM 

c m  -~ a n d  W = (Wi + u) = 1.8 eV, b a s e d  o n  ~ = 48.1~ ~. The  
ac t i va t i on  e n e r g y  for ion  m o v e m e n t  W w a s t h e  s u m  of  Wi, 
t he  h e a t  of  so lu t ion  of  a n  in te r s t i t i a l  ca t ion  a n d  u, t h e  en- 
e rgy  b a r r i e r  to m o v e m e n t  w i t h i n  t he  oxide.  

Va lues  of  J V[ = 2.8V for  ca t ion  in te r s t i t i a l s  a n d  I V] = 
2.4V for  v a c a n c i e s  were  de r ived  f rom t h e  data.  T h e s e  m a y  
be  c o m p a r e d  w i th  t he  va lues  of  -2 .1  to - 2 . 4 V  o b t a i n e d  
f rom sur face  po t en t i a l  m e a s u r e m e n t s  (36, 37) at  25~ 

The  v a c a n c y  m e c h a n i s m  gave  a n  ac t i va t i on  e n e r g y  of  Q 
1.9 eV for sma l l  x, w h e r e  Q is t he  a c t i v a t i o n  b a r r i e r  to 

ion  m o v e m e n t  a t  t he  ox ide-gas  in ter face .  T h e  a b o v e  val- 
ues  of  ac t i va t i on  e n e r g y  m a y  b e  c o m p a r e d  w i t h  t he  h i g h  
t e m p e r a t u r e  va lues  for Cr203 as o b t a i n e d  b y  G u l b r a n s e n  
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a n d  A n d r e w  (38) at  76 torr .  Fo r  t he  first  5000~ of  ox ide  
g rowth ,  W = 1.63 eV, b a s e d  o n  pa rabo l i c  k ine t ics .  

I r o n . - - G r a h a m  et  al .  (39) m e a s u r e d  t he  ra te  of  o x i d a t i o n  
of  i r on  f r o m  24 ~ to 200~ u s i n g  a m a n o m e t r i c  t e c h n i q u e .  
S t a r t i n g  p r e s s u r e  was  1.3 • 10 -2 torr .  Re la t ive  ra tes  of  oxi- 
d a t i o n  we re  po lyc rys t a l l ine  > (110) > (112) a t  24~ T h e  
d i f f e r ence  b e t w e e n  (110) a n d  (112) e s sen t i a l ly  d i s a p p e a r e d  
at  200~ Resu l t s  we re  i n t e r p r e t e d  in  t e r m s  of  m a g n e t i t e  
g r o w t h  b y  a d i r ec t  l o g a r i t h m i c  ra te  law, a l t h o u g h  a f te r  60 
rain,  a n  i n v e r s e  l o g a r i t h m i c  ra te  law fit equa l ly  well.  No 
p a r t i c u l a r  m e c h a n i s m  was  c h o s e n  as a resul t .  

Da t a  for  t h e  po lyc rys t a l l ine  i ron,  for  w h i c h  t h e r e  was  
t he  m o s t  data ,  we re  p l o t t ed  a c c o r d i n g  to i n v e r s e  a n d  di- 
r ec t  l o g a r i t h m i c  laws. I n  b o t h  cases,  co r re l a t ion  coeffici- 
e n t s  we re  g rea te r  t h a n  0.940, e x c e p t  for  t he  d i rec t  log p lo t  
a t  200~ Th i s  h a d  a v a l u e  of  0.887. Hence ,  t he  i n d i r e c t  log 
p lo t  a p p e a r e d  to b e  s l ight ly  be t ter .  

Va lues  of  t h e  c o n s t a n t s  w e r e  f o u n d  u s i n g  Z = 2, 2a  = 
8.3A, a n d  D = 25A 3 (cubic  Fe304) in  Eq. [2]-[4]. T h e  act iva-  
t i on  e n e r g y  was  ca lcu la ted  to b e  0.8 eV. Th i s  c o m p a r e s  
w i t h  a v a l u e  of  1.39 eV f o u n d  for  t he  pa rabo l i c  o x i d a t i o n  
at  200~176 (39). T he  po lyc rys t a l l ine  n a t u r e  of  t he  i ron  
film a n d  t he  po lyc rys t a l l ine  ox ide  g r ow i ng  ep i t ax ia l ly  on  
it  m a y  e x p l a i n  t he  d i f f e rence  in resul ts .  Howeve r ,  t he  
a m o u n t  of  da ta  is l imi ted ,  m a k i n g  t h e  r e su l t s  imprec i se .  

V a l u e s  of  N e q u a l  to 5 x 108 a n d  IVI  e q u a l  to  0.1V 
w e r e  also found ,  t he  la t te r  f r om t he  p lo t  of  x l  vs .  1/T. Un-  
fo r tuna te ly ,  t he  co r re l a t ion  coeff ic ient  for  t h i s  p lo t  was  
on ly  0.07, so t h a t  t h e  v a l u e  of  vo l t age  is un re l i ab le .  How- 
ever,  v a l u e s  of  N a n d  W were  de r i ved  f rom t h e  log u vs.  
1/T plot ,  w h i c h  h a d  a co r r e l a t i on  coeff ic ient  of  0.83. 

N i c k e l . - - G r a h a m  a n d  C o h e n  (40) d e t e r m i n e d  t h e  oxida-  
t i on  ra t e  of  po lyc rys t a l l ine  n i cke l  shee t  in  d ry  oxygen .  
P r e s s u r e s  we re  5 x 10-3-6 x 10 -1 torr.  T e m p e r a t u r e s  
v a r i e d  f r o m  23 ~ to 450~ T he  r e su l t s  we re  i n t e r p r e t e d  in  
t e r m s  of  a n  in i t ia l  fas t  o x i d a t i o n  fo l lowed  b y  a logari th~ 
mic  ra te  for  ox ide  t h i c k n e s s e s  b e t w e e n  8 a n d  30A. A para-  
bo l ic  r a t e  l aw fit t h e  da ta  for  t h i c k e r  oxides .  T h e  ox ides  
w e r e  po lycrys ta l l ine ,  a n d  d i f fus ion  o c c u r r e d  v ia  easy  dif- 
fu s ion  p a t h s  for  pa rabo l i c  g rowth .  

Two d i f f e ren t  sets  of po in t s  were  ana lyzed .  The  
23~176 da ta  fit b o t h  d i rec t  a n d  i nve r s e  l o g a r i t h m i c  ki- 
ne t i c s  w i t h  equa l ly  h i g h  (>0.970) co r re l a t ion  coeff ic ients .  
F u r t h e r  ana lys i s  of  t he  i n v e r s e  log da ta  u s i n g  Z = 2, 2a  = 
4.2A, a n d  12 = 16.6~ 3 (cubic  NiO) gave  t he  fo l lowing  re- 
s u l t s : W =  1.6eV,  N = 2  • 1018cm - ~ , a n d  [ V[ =2 .6V.  The  
co r r e l a t i on  coeff ic ient  of  xl was  0.957, a n d  t h a t  of  u was  
0.998. 

The  da ta  b e t w e e n  23 ~ a n d  400~ were  also ana lyzed .  The  
450~ c u r v e  was  omi t t ed ,  s ince  i t  o b v i o u s l y  d id  no t  fit t h e  
i n v e r s e  log kinet ics .  Cor re l a t ion  coef f ic ien ts  were  
s l igh t ly  h i g h e r  for  t h e  i nve r s e  log (>0.970) t h a n  for  t he  di- 
r ec t  log (>0.910) k ine t ics .  Ana lys i s  of  i nve r s e  log re su l t s  
g a v e W =  1.6eV,  N = 3  • 1013cm - ~ , a n d  IVI  =2 .3V.  Cor- 
r e l a t i on  coeff ic ients  we re  0.933 for xl a n d  0.998 for u. The  
v a l u e  of  W m a y  b e  c o m p a r e d  w i t h  t h a t  of  1.8 eV f o u n d  by  
G r a h a m  a n d  C o h e n  (40) w h e n  t h e y  ana lyzed  t h e  h i g h e r  
t e m p e r a t u r e  r e su l t s  a c c o r d i n g  to pa rabo l i c  k ine t ics .  Sur -  
face p o t e n t i a l  m e a s u r e m e n t s  (41) on  a n i cke l  f i lm s h o w e d  
a c h a n g e  of  - 0 . 9 5 V  w h e n  o x y g e n  was  a d s o r b e d  at  25~ 
a n d  10 -2 torr .  

T a n t a l u m . - - V e r m i l y e a ' s  (42) da ta  for  t he  a n o d i z a t i o n  of 
t a n t a l u m  b e t w e e n  150 ~ a n d  300~ were  u t i l ized  b y  Ghez  
(3) as h i s  p r i m e  e x a m p l e  i l l u s t r a t ing  t he  Cabre ra -Mot t  
law. Va lues  of  W = 1.6 eV a n d  N = 3 • 10 '2 c m  -~ we re  de- 
r ived  f r o m  t h e  da ta  t a k i n g  12 = 84 ~3 ( r h o m b o h e d r a l  
Ta205). T h e  va lue  of  W m a y  be  c o m p a r e d  w i t h  t h a t  ob- 
t a i n e d  at  h i g h e r  t e m p e r a t u r e s ,  1.1 eV, as f o u n d  for t h e  ox- 
i da t i on  r a n g e  250~176 at  0.1 a r m  w h e r e  pa rabo l i c  oxida-  
t ion  y ie lds  a n  a d h e r e n t  ox ide  (43). Va lues  of  W e q u a l  to  
0.71 eV (7b) a n d  2.185 eV (7c) we re  f o u n d  t h r o u g h  f i t t ing 
of  e m p i r i c a l  ra te  e q u a t i o n s  for  anod iza t ion .  

G h e z  ca l cu la t ed  a va lue  of  I V I = 1.79V u s i n g  z = 5 a n d  
a = 1.5A. However ,  a s s u m i n g  a n i o n  conduc t iv i t y ,  z m a y  
be  t a k e n  to b e  2. Wi th  2a = 4.38A, t he  va lue  of  I V I be-  
c o m e s  1.5V. 

C o p p e r . - - T h e  da ta  of  R h o d i n  (44) we re  ana lyzed  at  four  
t e m p e r a t u r e s  b e t w e e n  - 1 9 5  ~ a n d  50~ as r e p o r t e d  for  t he  
(100), (110), a n d  (111) faces of  a c o p p e r  crystal .  I s o t h e r m s  
h a d  b e e n  r e c o r d e d  b y  R h o d i n  over  t he  cou r se  of  1 m o n t h  
a n d  i n c l u d e d  da ta  for two typ ica l  r u n s  m a d e  u n d e r  e a c h  
set  of  e x p e r i m e n t a l  condit ions~ No p r e s s u r e  d e p e n d e n c e  
was  n o t e d  in  t he  r a n g e  10-2-102 to r r  02. T h e  re la t ive  oxida-  
t ion  ra t e s  we re  (100) > (110) > (111). 

P lo t s  of  ( l /x)  vs .  log ( t / x  2) h a d  c o r r e l a t i o n  coef f ic ien ts  
r a n g i n g  f rom 0.35 to 0.99. M u c h  of  t he  sca t t e r  wag due  to 
c o m b i n i n g  t he  dua l  runs .  U n f o r t u n a t e l y ,  no  s ens ib l e  
va lues  of  W, N, or I V] cou ld  be  d e t e r m i n e d  f r o m  th i s  
data .  

S imi l a r  da ta  of  Y o u n g  et  a l .  (45) were  also p lo t t ed .  Iso- 
t h e r m s  for  t he  ox ida t i on  of  (100), (111), (110), a n d  (311) 
faces of  a c o p p e r  s ingle  c rys ta l  h a d  b e e n  r e p o r t e d  for  five 
t e m p e r a t u r e s  b e t w e e n  70 ~ a n d  178~ The  re la t ive  ra tes  
we re  (100) > (111) > (110) > (311). Care h a d  b e e n  t a k e n  to 
p r e p a r e  a clean,  s t ra in- f ree  c o p p e r  surface ,  s ince  
c o n t a m i n a n t s  grea t ly  a f fec ted  t h e  (110) ra te  re la t ive  to t h e  
(111) rate.  

P lo t s  of b o t h  x vs .  log t a n d  (I/x) vs .  log (t /x 2) s h o w e d  ex- 
ce l l en t  co r re l a t ion  coeff ic ients .  On th i s  basis ,  t h e r e  
w o u l d  b e  l i t t le  r e a s o n  to c h o o s e  one  set  of  k ine t i c s  ove r  
t he  o ther .  

Va lues  of  W a n d  N ca l cu la t ed  f rom t h e  p lo ts  of  log u vs.  
1/T (cor re la t ion  coeff ic ients  for  t he  c rys ta l  faces  va r i ed  
b e t w e e n  0.77 a n d  0.96) are  l i s t ed  in Tab le  IIL All are rea- 
s o n a b l e  for  c o p p e r  o x i d a t i o n  e x c e p t  the  h i g h  v a l u e  N = 2 
• 10 '8 c m  -2 for (111) copper .  Th i s  is g rea te r  t h a n  a m o n o -  
layer.  I t  is n o t e w o r t h y  t h a t  Y o u n g  et  al .  f i t ted t he  da ta  
f rom 70 ~ to 178~ to an  i nve r se  l o g a r i t h m i c  p lo t  for  on ly  
t h e  (311) a n d  (110) faces. T h e i r  qua l i t a t ive  fit was  no t  
c o n f i r m e d  b y  m o r e  q u a n t i t a t i v e  s tudies .  T h e  l ack  of  
a g r e e m e n t  was  a sc r ibed  to i m p e r f e c t i o n s  in  t h e  oxide.  

Va lues  of  I V I in  Tab le  I I I  were  too la rge  a n d  t he  corre-  
l a t ion  coeff ic ients  for  x ,  vs .  1/T too  smal l  (0.29-0.46). 
Hence ,  I VI is no t  c o n s i d e r e d  to b e  co r r ec t  for  c o p p e r  
ox ida t ion .  

The  da t a  sets  of  R h o d i n  a n d  Y o u n g  et  al .  c o v e r e d  two 
d i f f e ren t  t e m p e r a t u r e  r a n g e s  so tha t ,  de sp i t e  t he  s ca t t e r  in  
R h o d i n ' s  data,  it s e e m e d  logical  to t ry  c o m b i n i n g  b o t h  
sets  of  data.  F igu re  7 con t a in s  t he  c o m b i n e d  r e su l t  for  log 
u vs .  l /T ,  whi l e  Fig. 8 con t a in s  x ,  vs .  l IT.  In  Fig. 7, t he  da ta  
for all c rys ta l  faces g roup  t o g e t h e r  as a f u n c t i o n  of  t em-  
p e r a t u r e  e x c e p t  t hose  o b t a i n e d  at  -195~ 

The  p lo t  in  Fig. 7 was  u s e d  to o b t a i n  va lues  of  W = 1.9 
eV a n d  N = 1 • 10 ~1 c m  -2, t a k i n g  ~l = 39.6 A 3 (cub ic  Cu20). 
The  va lue  of W can  b e  c o m p a r e d  w i t h  t h o s e  o b t a i n e d  for 
pa rabo l i c  ox ida t i on  in  air  (46): 0.87 eV for  300~176 a n d  
1.63 eV for 500~176 Mois tu re  t e n d s  to dec rea se  t he  ra te  
of  c o p p e r  ox ida t i on  (47), so t he  c o m p a r i s o n  is on ly  
a p p r o x i m a t e .  

I t  is a p p a r e n t  t h a t  t h e  va lue  of  N f o u n d  b y  c o m b i n i n g  
t he  da ta  se ts  is too large,  s ince  t h e  n u m b e r  of s i tes  is -106 
t i m e s  t h a t  of  a mono laye r .  

A v a l u e  for [ V I cou ld  no t  be  o b t a i n e d  f rom Fig. 8 be- 
cause  t he  sca t t e r  in  t he  p o i n t s  m a d e  it difficult ,  i f  no t  im-  
poss ib le ,  to  def ine  a s t r a igh t  l ine  t h a t  w o u l d  cu t  t he  
Y-axis  e v e n  w h e n  t h e  po in t s  at  -195~ were  omi t t ed .  The  
i m p l i c a t i o n  is t h a t  t he  c o m b i n e d  da ta  for  c o p p e r  do no t  
fit t h e  Cabre ra -Mot t  ra te  law. 

C o p p e r  was  i n v e s t i g a t e d  f u r t h e r  by  ana lyz ing  t he  da ta  
of  C a m p b e l l  a n d  T h o m a s  (47). T h e y  m e a s u r e d  t he  ra te  of  
b o t h  we t  a n d  d ry  ox ida t i on  b e t w e e n  100 ~ a n d  256~ Oxy- 
gen  p r e s s u r e  was  150 to r r  w i t h  15 to r r  a d d e d  m o i s t u r e  in  
t he  we t  runs .  They  f o u n d  t h a t  k ine t i c s  a p p e a r e d  to fol low 
a cub ic  ra te  law. 

Table III. Results for copper (45) 

Crystal 
face N (cm -2) W (eV) V (V) 

(311) 4 • 109 0.93 -11.28 
(110) 4 • 108 0.87 -19.55 
( I I I )  2 x i0 's 1.53 -11.98 
(I00) 4 • 10 '5 1.28 -49.54 
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Fig. 7. Log u vs. 1/T for copper 

The data for dry  ox ida t ion  were  p lo t ted  accord ing  to 
b o t h  the  d i rec t  and  inverse  logar i thmic  rate  laws. While 
corre la t ion  coeff ic ients  were  >0.920 in bo th  cases,  they  
were  h ighe r  for t he  d i rec t  log plots.  Even  so, values  of  N 
and  W were  calculated.  Values  of  vol tage ca lcula ted  f rom 
the  inve r se  log data  were  too high.  This was  also t rue  of  
we t  ox ida t ion  b e t w e e n  100 ~ and  169~ 

The overall  conc lus ion  f rom the  th ree  sets  of  data  on 
coppe r  ox ida t ion  is tha t  d i rec t  ra ther  t han  inverse  loga- 
r i thmic  k ine t ics  fit the  low t e m p e r a t u r e  data bet ter .  
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Sodium.--The dry ox ida t ion  rate of  s o d i u m was  mea-  
su red  b e t w e e n  -79  ~ and  48~ by  Cathcar t  et al. (48). A 
m a n o m e t r i c  m e t h o d  was  u s e d  at -200  torr  p ressure .  Care- 
fully pur i f ied s o d i u m films on glass f o rmed  the  sub- 
strate.  Oxide  film s t ruc tu re  was  no t  d e t e r m i n e d ,  bu t  log- 
a r i thmic - type  k ine t ics  were  fol lowed.  

Analys is  accord ing  to the  di rect  and  inverse  logar i thmic  
k ine t ics  gave good corre la t ion coeff ic ients  for the  di rect  
log plot  (>0.957, e x c e p t  for -20~ w h i c h  was  0.885) bu t  
poor  ones  for the  inverse  log plot  (>0.572, e x c e p t  for 35~ 
w h i c h  was  0.821). A t t e m p t s  to calculate  values  of  W, N, 
and  j V l gave imposs ib l e  resul ts ,  as s h o w n  in Table  IV. 
Values  of  Z = 1, 2a = 5~, and  ~ = 22.7 A 3 were  used.  

It was  c o n c l u d e d  tha t  d i rect  log k ine t ics  are a be t t e r  fit 
to the  s o d i u m data t han  inverse  log kinet ics .  

Beryllium.--Fowler (49) u n d e r  the  gu idance  of Blakely,  
has  m e a s u r e d  the  rate of  ox ida t ion  of  a Be  (0001) crystal  
face. An  u l t rah igh  v a c u u m  appara tus  was  used  in the  
t e m p e r a t u r e  range 27~176 at oxygen  p re s su re s  of  3 x 
10 -8 to 2 x 10 -6 torr. A d s o r p t i o n  of o x y g en  on the  c lean Be 
surface  was  fo l lowed by ox ide  is land nuc lea t ion  and  
growth .  The i s lands  coa lesced  into an ox ide  film w h i c h  
g rew acco rd ing  to d i rec t  logar i thmic  kinet ics .  At  h igh  
t empe ra tu r e s ,  BeO (0001) ep i t axy  on Be (0001) was  found .  
As t e m p e r a t u r e s  decreased ,  ep i t axy  b e c a m e  p rogress ive ly  
poorer ,  be ing  u n o b s e r v a b l e  at 27~ 

R e c o n s t r u c t i o n  of  the  BeO (0001) surface was  o b se rved  
at a cri t ical  t h i cknes s  of  6-7 mono laye r s  of  oxide.  This 
was  a t t r ibu ted  to in t r ins ic  polar izat ion of  the  wur tz i te  
s t ruc tu re  of  BeO. E lec t ron  e n h a n c e m e n t  of  ox ida t ion  by 
the  A u g e r  b e a m  was  found  and  minimized .  

Data for two  d i f ferent  m a x i m u m  e x p o s u r e s  (1.05 • 104L 
and  4.2 • 103L) were  analyzed accord ing  to b o t h  the  di rect  
and  inverse  logar i thmic  rate  laws. P r e s s u re  was 10 _6 torr. 
In  bo th  cases,  it was obvious  tha t  the  d i rec t  log k ine t ics  
fit the  data, whi le  inverse  did not. The fo rmer  gave 
s t ra igh t  l ines  wi th  good  corre la t ion coeff ic ients  (>0.99, 
e x c e p t  for one 27~ curve,  whrch  was  0.867) whi le  the  lat- 
ter  p r o d u c e d  L-shaped plots  wi th  poor  cor re la t ion  coeffi- 
cients .  No a t t e m p t  was  m a d e  to calculate  va lues  of  W, N, 
and  I V I in v iew of  th is  c learcut  p re fe rence  for d i rec t  log 
kinet ics .  

Discussion 
The resul ts  of  the  above  analyses  are col lec ted  t o ge the r  

in Table  IV. The meta ls  are a r ranged  accord ing  to the  cat- 
ion g roup  n u m b e r s  of  the  per iodic  table.  Values  of  N, W, 
and  I V I are inc luded.  

The first observa t ion  is that ,  in general ,  the  resu l t s  for 
t he  Group  I and  II me ta l s  appea r  imposs ib l e  and  shou ld  
no t  be i nc luded  in the  table.  For  ins tance ,  the  value of  N 
for Cu is too large in one  case, I V I for Cu is too large in 
another ,  and  N is too smal l  for Na, b e y o n d  the  l imits  of  er- 
ror  w h i c h  are e s t ima ted  to be an order  of  m a g n i t u d e  for 
N. Bery l l ium is s imilar  in tha t  no values  of  N, W, or I V I 
were  even  calculated.  However ,  values  of  N, W, and  I V I 
for the  o the r  meta l s  in Table IV are reasonable ,  and  the  
appl icabi l i ty  of  the  Cabrera-Mot t  mode l  appear s  to be 
es tab l i shed .  

Table IV. Values of N, W, and IVI obtained from kinetic data for low 
temperature oxidation 

Group no. Element Ref. N (cm 2) W (eV) IVI (V) 

IA Na (48) 1 x 10 ~ -0.2 0 
IB Cu (44, 45) 1 x 102~ 1.9 ? 
IB Cu (47) 2 x 107 9.5 86 

HA Be (49) ? ? ? 
IIIA A1 (25, 26) 6 x 10 ~ 1.6 -0.6 
IIIA A1 (32) 2 • 103 -0.9 -3  
IVA Si (6, 11, 12) 1 x 106 1.5 2.6 
IVA Ge (8) 2 • 106 1.1 0.2 
IVA Pb (19, 20) 7 • 102 0.4 1.5 
VB Ta (3, 42) 3 x 1012 1.6 1.5 

VIB Cr (33) 5 • 10 '3 1.8 2.8 
VIII Fe (39) 5 x 10 ~ 0.8 ? 
VIII Ni (40) 3 • 10 '3 1.6 2.3 



VoI .  1 3 1 , N o .  7 LOW TEMPERATURE OXIDATION 1651  

A c o m p a r i s o n  of t he  va r ious  va lues  of  N ( e x c l u d i n g  
G r o u p s  I a n d  II) s h o w s  an  i n t e r e s t i n g  cor re la t ion .  The  
va lues  dec rea se  f rom G r o u p  I I I  to  IV a n d  t h e n  i nc r ea se  
aga in  for  G r o u p s  V t h r o u g h  VIII .  Two e x c e p t i o n s  are 
found ,  t h e  s e c o n d  set  of  r e su l t s  for  a l u m i n u m  a n d  t h e  re- 
su l t s  for  iron.  Ox ides  of  t h e s e  m e t a l s  are  c o n s i d e r e d  to be  
i n t e r m e d i a t e  ox ides  in  t h e  s ense  t h a t  t h e y  can  b e  incorpo-  
r a t e d  in to ,  as wel l  as m o d i f y  a ne twork .  B o t h  a n i o n  a n d  
ca t ion  m o v e m e n t  are e x p e c t e d  in s u c h  oxides .  Th i s  flexi- 
b i l i ty  m a y  al low s u c h  ox ides  to  sh i f t  ro les  d e p e n d i n g  on  
t h e  c o n d i t i o n s  of  ox ida t ion .  S u c h  a sh i f t  cou ld  af fec t  t he  
v a l u e  of  N. 

The  overa l l  t r e n d  in  N a p p e a r s  to cor re la te  w i t h  ionic  
t r a n s p o r t  n u m b e r s  for  m e t a l  oxides ,  as l i s ted  in Tab le  V, 
t a k e n  m a i n l y  f rom w o r k  on  anod ic  ox ides  (58). Ca t ion  
t r a n s p o r t  p r e d o m i n a t e s  for  t he  G r o u p  I a n d  II oxides ,  b u t  
q u i c k l y  d i m i n i s h e s  as t he  g roup  n u m b e r  i nc r ea se s  to- 
w a r d s  G r o u p  IV. Here ,  a n i o n  m o v e m e n t  p r e d o m i n a t e s .  
As t he  g r o u p  n u m b e r  i nc r ea se s  sti l l  fu r ther ,  c a t ion  move-  
m e n t  aga in  b e c o m e s  s ignif icant .  

Ox ide  s t r u c t u r e  is t he  key  to u n d e r s t a n d i n g  ion  move-  
m e n t  (2, 5). I t  is n o t e w o r t h y  t h a t  t h e  ox ides  of  G r o u p  I 
a n d  II m e t a l s  are  classif ied as n e t w o r k  modif iers ,  i.e., 
t hey  b r e a k  u p  t he  t h r e e - d i m e n s i o n a l  n e t w o r k  of  a v i t re-  
ous  oxide.  At  r o o m  t e m p e r a t u r e  a n d  above ,  f i lms of  t h e s e  
ox ides  t e n d  to be  po lycrys ta l l ine .  T he  m o v e m e n t  of  sma l l  
ca t ions  is f avo red  by  t he  p r e s e n c e  of  de fec t s  in  t h e  close- 
p a c k e d  ionic  solid. 

The  ox ides  of  t he  e l e m e n t s  in  G r o u p  IV are  classif ied 
as n e t w o r k  formers .  They  are  c a p a b l e  of  b o n d i n g  in to  a 
t h r e e - d i m e n s i o n a l  n e t w o r k  w h i c h  can  c h a n g e t h e  m e c h a -  
n i s m  of  self -diffusion.  T he  s t r o n g  cova l en t  b o n d i n g  in  t he  
n e t w o r k  p r o m o t e s  f o r m a t i o n  of  ho les  a n d  c h a n n e l s  
t h r o u g h  w h i c h  la rge  a n i o n s  or e v e n  o x y g e n  m o l e c u l e s  
c an  pass .  Cat ions ,  b e c a u s e  of  t h e i r  h i g h  c h a r g e  dens i ty ,  
are  less m o b i l e  in  s u c h  a n e t w o r k  s t ruc tu re .  

N e t w o r k - f o r m i n g  ox ides  t e n d  to b e  v i t r e o u s  a t  r o o m  
t e m p e r a t u r e .  The  t e m p e r a t u r e s  at  w h i c h  the  ox ide  net -  
w o r k  r e m a i n s  s t ab le  to r ec rys ta l l i za t ion  are  d e t e r m i n e d  
b y  t he  n a t u r e  of t he  cat ion,  t h e  p r e s e n c e  of  impur i t i e s ,  
a n d  app l i ed  s t resses .  T he  b e s t  n e t w o r k  f o r m i n g  oxide ,  
SIO2, is s t ab l e  e v e n  at  1200~ wh i l e  g r ow i ng  on  si l icon.  

B a r r  (59) s t u d i e d  t he  p a s s i v a t i o n  in air  of  e l e m e n t a l  me t -  
als u s i n g  ESCA.  His  r e su l t s  cou ld  be  d i v i d e d  in to  two  
gene ra l  c lasses .  In  t he  first, p a s s i v a t i o n  t e r m i n a t e d  w i t h  
t he  o u t e r m o s t  layer  of  m e t a l  oxide,  i.e., t h a t  e x p o s e d  to 
air, in  i ts h i g h e s t  o x i d a t i o n  state,  b u t  w i t h  t he  b u l k  of  t he  
m e t a l  ox ide  in  a lower  o x i d a t i o n  state.  S u c h  o x i d e s  we re  
c lassed  as modif iers .  

T h e  s e c o n d  c lass  of  ox ides  t e r m i n a t e d  in t h e  s a m e  oxi- 
d a t i o n  s ta te  t h r o u g h o u t  t he  oxide.  T h e s e  ox ides  we re  
c l a s sed  as n e t w o r k  formers .  T he  r e su l t s  were  c o m p l i c a t e d  
b y  t he  p r e s e n c e  of  water ,  b u t  t he  co r r e l a t i on  w i t h  t he  
p r e s e n t  w o r k  is impress ive .  Fo r  example ,  h is  n e t w o r k  
f o r m e r s  we re  Si, A1, Zr, Sn,  Mo, W, Y, La, a n d  R h  wh i l e  
h i s  mod i f i e r s  were  Ce, Pt ,  Pd ,  Fe, Co, Ni, a n d  Cu. In te r -  
m e d i a t e  ox ides  were  no t  d i s t i n g u i s h e d .  

F e h l n e r  a n d  Mor t  (2) p r o p o s e d  t h a t  t h e  Cabre ra -Mot t  
t h e o r y  c a n  b e  app l i ed  to low t e m p e r a t u r e  o x i d a t i o n  
w h e r e  a n i o n s  and /o r  ca t ions  are  m o b i l e  in  a u n i f o r m  ox- 

Table V. Ionic transport numbers for oxides 

Metal group Oxide Cation Anion Ref. 

I Cu20r -1 -0  (50, 51) 
II BeO# 0.75 0.25 (52) 
III Al~O3* 0.6, 0.4 0.4, 0.6 (53, 54) 
IV ZrO~.t <0.05 >0.95 (53) 

HfO2t <0.05 >0.95 (53) 
SiO~ <0.05 >0.95 (55) 

V V20~ 0.28 0.72 (56) 
Nb20~ 0.24 0.76 (53) 
Ta205 0.24 0.76 (57) 

VI WO3 0.37 0.63 (53) 

* Transport number  varies with current density and electrolyte 
used in anodization. 

t Oxide was microcrystalline as formed. 

ide. I t  is n o t e w o r t h y  t h a t  in  t he  case  of  ca t ion  m o v e m e n t ,  
o x i d a t i o n  k ine t i c s  are a f fec ted  m u c h  m o r e  b y  c rys ta l l ine  
o r i e n t a t i o n  of  t he  m e t a l  s u b s t r a t e  t h a n  b y  o x y g e n  pres-  
sure.  T h e  c o n v e r s e  is t r ue  for a n i o n  m o v e m e n t .  

L e t  us  t u r n  once  aga in  to t h e  r e su l t s  in  Tab le s  IV  a n d  V. 
The  co r r e l a t i on  b a s e d  on  N is s ignif icant ,  b u t  t h e  p r e s e n t  
w o r k  is on ly  t h e  first  s tep  in  de r iv ing  va lues  of  N, W, a n d  
I V I f r o m  cu rve  f i t t ing of  data.  The  Ghez  f o r m u l a t i o n  of 

t he  Cabre ra -Mot t  e q u a t i o n  ha s  b e e n  u s e d  to ana lyze  all 
t h e  r e su l t s  e x c e p t  t he  A1 (25, 26) a n d  Cr (33) cases.  In  
t h e s e  t w o  e x a m p l e s ,  n u m e r i c a l  ana lys i s  was  u s e d  to di- 
r ec t ly  fit t h e  da ta  to t he  Cabre ra -Mot t  equa t ion .  Th i s  ap- 
p r o a c h  is e x p e c t e d  to b e  at  l eas t  as good  as t he  approx i -  
m a t i o n s  of  Eq.  [1]-[4]. However ,  t h e  s t a tus  of  u n k n o w n s  in  
t h e  ava i l ab le  e x p e r i m e n t a l  resul ts ,  e.g., t h e  c o n c e n t r a t i o n  
of  i m p u r i t i e s  s u c h  as w a t e r  a n d  t h e  s t r u c t u r e  of  t he  m e t a l  
su r face  a n d  oxide,  a r g u e d  aga in s t  s u c h  de t a i l ed  ana lys i s  
at  t h i s  t ime.  In s t ead ,  t h e  less r i go rous  G h e z  i n t e g r a t i o n  of  
t he  Cabre ra -Mot t  e q u a t i o n  was  f avo red  so t h a t  r e su l t s  
f rom a s p e c t r u m  of  m e t a l s  cou ld  be  c o m p a r e d .  

The  r e su l t s  for  G r o u p  IV e l e m e n t s  are pa r t i cu l a r ly  in- 
t e res t ing .  G i v e n  t h e  n e t w o r k  ox ide  s t r u c t u r e  a n d  a n i o n  
conduc t iv i t y ,  i t  m a y  no t  b e  s u r p r i s i n g  t h a t  N de r i ve d  f rom 
the  Cab re r a -Mot t  e x p r e s s i o n  is small .  I t  is  t e m p t i n g  to 
s p e c u l a t e  t h a t  th i s  is so b e c a u s e  N no  longer  re fe r s  to t he  
po ten t i a l ly  m o b i l e  ca t ion  p o p u l a t i o n  at  t he  m e t a l - o x l d e  
in te r face .  In s t ead ,  i t  refers  to t he  n u m b e r  of  po t en t i a l l y  
m o b i l e  a n i o n s  at  t he  ox ide-gas  in ter face ,  w h i c h  in  t u r n  
m a y  re la te  to  the  n u m b e r  of p a t h s  ava i l ab le  for  ion  move-  
m e n t  t h r o u g h  t h e  oxide.  I t  fo l lows t h a t  w h e r e  N is rela- 
t ive ly  sma l l  a n d  W is > 1 eV, t h e  r a t e  of  ox ide  g r o w t h  is 
also small .  Thus ,  t he  a d d i t i o n  of  a l loying  e l e m e n t s  to ba se  
m e t a l s  to p r o m o t e  n e t w o r k  ox ide  f o r m a t i o n  c a n  lead  to 
p r o t e c t i v e  ox ide  f i lms a n d  co r ros ion  res i s tance ,  e.g., Cr in  
s t a in less  s teel  (60). 

Conclusions 
The  p r e s e n t  r e su l t s  are  l im i t ed  in  scope,  e spec ia l ly  as 

r ega rds  m o d i f y i n g  oxides.  Neve r the l e s s ,  i t  a p p e a r s  t h a t  
o x i d a t i o n  a c c o r d i n g  to t h e  Cabre ra -Mot t  t h e o r y  occu r s  
w h e n  a un i fo rm,  s table ,  t h r e e - d i m e n s i o n a l  ox ide  f i lm is 
fo rmed .  Th i s  occurs  at  d i f f e ren t  t e m p e r a t u r e s  d e p e n d e n t  
on  t he  ab i l i ty  of  t he  m e t a l  to f o r m  v i t r eous  oxide .  

M e t a l s  w h i c h  fo rm m o d i f y i n g  ox ides  h a v e  a poly- 
c rys ta l l ine  s t r u c t u r e  a n d  do no t  a p p e a r  to fit t h e  Cabre ra -  
Mot t  i nve r s e  l o g a r i t h m i c  k ine t ics .  No a t t e m p t  ha s  b e e n  
m a d e  h e r e  to fit t he se  r e su l t s  to  a n o t h e r  theory .  

Va lues  of  W o b t a i n e d  f r o m  Cabre ra -Mot t  ana lys i s  of  
da ta  for n e t w o r k  fo rmer s  a n d  i n t e r m e d i a t e s  are  s imi la r  to 
va lues  o b t a i n e d  f r o m  h i g h  t e m p e r a t u r e  ox ida t ion .  Th i s  
imp l i e s  t h a t  a s imi la r  r a t e - l imi t ing  s tep,  p e r h a p s  b o n d  
b r e a k i n g ,  m a y  con t ro l  ox ida t i on  over  t he  w h o l e  s p a n  of  
t e m p e r a t u r e .  

V a l u e s  of  N a p p e a r  to cor re la te  w i t h  t he  s t r u c t u r e  a n d  
m o d e  of  ion  t r a n s p o r t  in  oxides .  They  are sma l l e s t  for  net-  
w o r k  fo rmers ,  w h e r e  a n i o n  m o v e m e n t  p r e d o m i n a t e s .  A 
l a rge r  v a l u e  is f o u n d  for  i n t e r m e d i a t e s ,  w h e r e  b o t h  a n i o n  
a n d  ca t ion  m o v e m e n t  m a y  occur.  

Va lues  of  t h e  abso lu t e  v a l u e  of  vo l t age  V are r e a s o n a b l e  
for  t h e  n e t w o r k  fo rmer s  a n d  i n t e r m e d i a t e s .  C o m p a r i s o n  
w i t h  va lues  d e t e r m i n e d  f r o m  sur face  p o t e n t i a l  measure~ 
m e n t s  s h o w s  fair ly good  a g r e e m e n t .  
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Chemical Properties and Film Casting of Radiation-Grafted Ion 
Containing Polymers 

Marilyn N. Szentirmay and Charles R. Martin* 
Department of Chemistry, Texas A&M University, College Station, Texas 77843 

ABSTRACT 

A series of radiation-grafted cation- and anion-exchange polymers have been studied with the intent  of developing 
procedures for dissolving and film casting these polymers. Solvent swelling studies have shown that these polymers 
display two maxima in plots of solvent uptake vs. solvent solubility parameter. While similar behavior is shown by the 
ion-exchange polymer Nation, the anion- and cation-exchange polymers studied here will not dissolve under  conditions 
(developed by us) which dissolve Nation. We believe that this insolubility results from covalent cross-links and/or en- 
hanced crystallinity in the chain-material regions of these polymers. These polymers do, however, swell extensively in 
certain solvents at high temperatures, and suspensions may be prepared from the swollen polymer. We have cast films 
from these suspensions onto electrode surfaces and report initial results of electrochemical characterization of these 
films. 

Ion containing polymer (ICP) (1, 2) membranes have 
been used as separators in chlor-alkali cells (3) and in 
cells for energy conversion (4, 5), and ICP film-based 
chemically modified electrodes show promise for use in 
electrochromics (6), electrocatalysis (7), photoelectro- 

* Electrochemical Society Active Member. 
Key words: ion containing polymers, film casting polymers, 

RAI pore membranes. 

chemistry (8) and electroanalysis (9, 10). Further develop- 
ments in these areas will require ICP's with better me- 
chanical and dynamic properties (11) which can be 
produced at a lower price (12). Accordingly, this research 
group has been investigating the fundamental  chemical 
and electrochemical properties of a variety of ICP's (13, 
14) and studying possible new applications for these poly- 
mers (10, 15). 
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We report  here results of studies of ICP's  prepared by 
der~vitizing, through radiation grafting, polyethylene (PE) 
and polytetrafluoroethylene (PFE) sheets (12, 16). Both 
cation-exchange polymers (sulfonated PE's  and PFE's) 
and anion-exchange polymers (quaternized PE's  and 
PFE's) were studied. These polymers are of interest be- 
cause they may prove to have the desirable chemical  and 
transport properties of Nation, a highly successful per- 
fluorosulfonate polymer (1, 13, 14), but can be produced 
at lower costs (12). The quaternized polymers are of par- 
ticular interest to us because they may prove to be 
cationic versions of Nation and thus be useful when an- 
ion exchange or transport is needed. 

The purposes of the work described here were to use 
solvent swelling studies (12, 17) to develop procedures for 
film casting these radiation grafted ICP's and to use elec- 
trochemical  methods for preliminary investigations of the 
physical and transport properties of the resulting films. 
Particular emph.asis is placed on the quaternized polyeth- 
ylene polymer. 

Experimental 
Materials.--The ICP's and polyethylene were obtained 

from RAI Research Corporation (Hauppauge, New York). 
The sulfonated polyethylene (PE-SS, 700 g/mol-SO3H) 
and the sulfonated polytetrafluoroethylene (PFE-SS, 850 
g/mol-SO3H) are prepared by grafting styrene onto sheets 
of the polymer,  followed by sulfonation of the styrene (12, 
16). The quaternized polyethylene (PE-QA, 1100 g/mol N) 
and the quaternized polytetrafluoroethylene (PFE-QA, 
1000 g/mol N) are prepared by grafting vinyl- 
benzylchloride onto the polymers and quaternized with 
triethylamine (16). Membranes were converted to various 
counterionic forms by soaking in appropriate salt or acid 
solution. 

Water was triply distilled or obtained from a Milli-Q 
water purification system (Millipore Corporation, Bed- 
ford, Massachusetts). 2-Ethylhexanol, 1-decanol, 2-ethyl- 
butanol, 1-pentanol, ethylene glycol, sodium anthraqui- 
none-2-sulfonate, .disodium anthraquinone-2,6-disulfo- 
hate, and sodium hexafluorophosphate were obtained 
from Aldrich Chemical Company (Milwaukee, Wiscon- 
sin). Xylene was obtained from Center Chemical Com- 
pany (Austin, Texas). Triethylamine was obtained from 
MCB (Cincinnati, Ohio). Hydroquinone was obtained 
from J. T. Baker Chemical Company (Phillipsburg, New 
Jersey). Trifluoroacetic acid (TFA) was obtained from 
Sigma Chemical Company (St. Louis, Missouri). Ru(NH_~)6C13 
was obtained from Johnson Matthey, Incorporated (Win- 
slow, New Jersey). 8-Hydroxy-l,3,6-pyrenetrisulfonic 
acid, t r isodium salt was obtained from Eastman Kodak 
Company (Rochester, New York) and recrystallized twice 
from aqueous acetone. Ru(bpy)3C12 (bpy = 2,2'-bipyridine) 
was obtained from G. F. Smith. All other chemicals were 
reagent grade. 

Solvent swelling measurements.--Studies similar to 
those described by Yeo et al. (12, 17) were done. The 
membranes  (0.06-0.10g) were immersed in the desired sol- 
vent in a capped vial at room temperature for at least 2 
days, then removed, blotted dry, and weighed immedi-  
ately in a closed weighing bottle. The membranes  were 
then replaced in the solvents and reweighed more than 1 
day later to insure that no further solvent uptake had 
occurred. Each value of percentage increase in weight is 
the average of two or more experiments.  In almost all 
cases, reproducibili ty was better than -+5%. 

Preparation of polymer suspensions.--Specific condi- 
tions used to soften the ion-exchange polymers are given 
in the Results and Discussion section. The pressure reac- 
tor (Parr Instrument  Company, Moline, Illinois) was 
purged with N~ before sealing. In some cases, N2 was 
added after sealing to increase the pressure in the reactor. 
The contents of the reactor were stirred while heating. 
Prior to heating in the reactor, PFE-SS was ultrasonically 
cleaned in 50:50 ethanol-water to remove a pink color. 
The softened polymers were ground in a glass tissue 

grinder driven by an overhead stirring motor. Titrations 
to check the manufacturer 's  listed value of the ion- 
exchange capacity of PE-QA (chloride form) were done 
by equilibrating a known weight of polymer with aque- 
ous KNO3 and titrating the C1- released with AgNO3. 
Chlorofluorescein was used as the indicator. 

Preparation of electrode films.--Glassy carbon (1/8 in. 
diam, Atomergic Chemetals Corporation, Plainview, New 
York) was polished as described previously (14). Films of 
PE-SS and PE-QA were cast onto glassy carbon elec- 
trodes from suspensions in propanol, PFE-QA from a sus- 
pension in 50:50 ethanol-water, and PFE-SS from a sus- 
pension in 50:50 ethylene glycol-ethanol. The electrodes 
were coated by syringing a measured amount  of polymer 
suspension onto the electrode surface (14). After the sol- 
vent evaporated (in air), the polymer-coated electrodes 
were soaked at least 6h in supporting electrolyte before 
use. This served to both hydrate the film and wash out 
any residual solvent. Wet film thicknesses were mea- 
sured with an Alpha-step surface profiler (Tencor Instru- 
ments, Mountain View, California). 

Electrochemical measurements.--A PAR Model 173 
potentiostat and Model 175 programmer (EG&G PAR, 
Princeton, New Jersey), an X-Y recorder (Houston Instru- 
ments, Austin, Texas), and a Nicolet 2090-3 digital oscillo- 
scope (Nicolet Instrument Corporation, Madison, Wis- 
consin) were used for electrochemical experiments.  A 
three-electrode cell with a saturated calomel reference 
electrode (SCE) and a Pt disk counterelectrode was em- 
ployed. All electrochemical measurements  were done in 
N2-degassed solutions. 

Results and Discussion 
Solvent swelling studies.--Yeo et aL (12, 17) have found 

that Nation and the sulfonated RAI membranes  exhibit  
two maxima in plots of solvent uptake vs. solvent' solubil- 
ity parameter. We have shown that Nation may be dis- 
solved at high temperatures in binary solvent systems 
composed of a solvent which has a solubility parameter 
near the first swelling max imum and a solvent which has 
a solubility parameter near the second swelling maxi- 
mum (13). It was of interest to us to see if a similar ap- 
proach could be used to dissolve the various RAI mem- 
branes. I f  so, chemically modified electrodes based on 
films of these polymers could be prepared. Such elec- 
trodes allow for convenient evaluation of the charge 
transport properties (14) and the ion exchange thermody- 
namics (10) of ICP's. 

Solvent swelling studies are also of interest because 
they can be used to deduce information about ICP mor- 
phology (vide infra). Solvent swelling data are already 
available for the sulfonated RAI polymers (12). We report 
results of swelling studies of PE-QA. Since the solvents 
used varied in hydrogen bonding ability, three compo- 
nent solubility parameters (8) (18, 19) were used for these 
studies. The solvents and their solubility parameters are 
listed in Table I. 

Results of the solvent swelling studies of PE-QA are 
shown in Fig. 1-3. In pure solvents, the C1- form of PE-QA 
exhibits two swelling maxima, one at approximately 10 
Hb, the other a broad maximum in the range 15-20 Hb 
(Fig. 1). As noted above, similar results were obtained 
with Nation (17), PFE-SS, and PE-SS (12). In propanol- 
water mixtures, PE-QA chloride exhibits solvent uptakes 
greater than those observed in either pure propanol or 
pure water (Fig. 2). Again, this type of behavior was also 
observed with Nation (17). Finally, when PE-QA is con- 
verted from the C1- form to the PF6- form its solvent 
swelling characteristics change dramatically (Fig. 3). 
While nearly all of the solvents swell the PF6- form much 
less extensively, it is of particular interest to note that the 
low ~ envelope is essentially completely wiped out. 

It is now fairly well established that many ICP's  are, on 
a microscopic level, biphasic (20). Yeo et al. (12, 17) have 
concluded that in Nation, PFE-SS, and PE-SS, the high 
solubility parameter envelope results from interactions in 
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Fig, 1. Solvent uptake vs. solu- 
bility parameters of solvents for 
PE-QA, chloride form. 
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the ionic cluster phase (20) and the low solubility parame- 
ter envelope results from interactions with the organic 
chain-material phase or with the sidechains. The fact that 
two 8 maxima are observed in PE-QA C1- suggests that 
this ICP is also biphasic. Because polyethylene (the chain 
material in PE-QA) has a 8 of about 8 (21) and the first 
swelling maxima occurs at 8 = 10, it is reasonable to con- 
clude that the low 8 maximum in PE-QA results primarily 
from interactions With the sidechains. A comparison of 
solvent uptake data for PE-QA with data for the polyeth- 
ylene used by RAI to make PE-QA (Table II) supports 
this conclusion. The solvents which produce the greatest 
swelling in PE-QA do not appreciably swell polyethylene. 

That the low 8 maximum is attributable to interactions 
with the sidechains is also supported by the PF6- swelling 
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data. It is generally accepted that counterions are local- 
ized in the ionic domains of ICP's and not in the sur- 
rounding chain material phase (20). Therefore, if the 
swelling maximum at 10 Hb were due primarily to inter- 
actions with the chain material, the t remendous sensitiv- 
ity of swelling to the nature of the counterion would not 
be expected. Furthermore, by the same argument, since 
the sidechain interactions are very sensitive to coun- 
terion, it seems likely that the sidechains intrude into the 
ionic domains. This intrusion of organic sidechain ex- 
plains why luminescence probe studies of these ICP's in- 
dicate that the cluster phase is rather hydrophobic (22, 
23). 

Polymer suspensions.--The swelling studies revealed 
several solvents and solvent systems which showed 
promise for dissolving PE-QA chloride (e.g., 50:50 ethanol 
water and dimethylsulfoxide). However, PE-QA would 
not dissolve in any solvent or solvent system, even at high 
temperatures and pressures. The failure of PE-QA to dis- 
solve is surprising, since a similar approach was success- 
fully used to dissolve Nation (13). Since cluster formation 
may be regarded as electrostatic cross-linking (24), it 

Table I. Solvents and solubility parameters 

Solubility parameter a 
Solvent (cal cm-S)i, Hb 

Triethylamine 7.4 ~ 
Heptane 7.5 c 
4-Methyl-2-pentanone 8.6 
Xylene 8.8 
2-Ethylhexanol 9.8 
1-Decanol 10.0 ~ 
2-Ethylbutanol 10.4 
1-Pentanol 10.6 
1-Butanol 11.3 
1-Propanol 12.0 
N,N-Dimethylformamide 12.1 
Dimethylsulfoxide 12.9 
Ethylene glycol 16.3 
Formamide 17.8 
Glycerol 21.1 
Water 23.5 

aAll values from Ref. (19), except as noted. 
bValue from ref. (21). 
eValue calculated from Ref. (18). 
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s e e m e d  pos s ib l e  t h a t  t he  c lu s t e r s  m i g h t  b e  r e s p o n s i b l e  
for  t h e  inso lubi l i ty .  To t e s t  t h i s  poss ib i l i ty ,  P E - Q A  chlo-  
r ide  m e m b r a n e s  we re  i m m e r s e d  for  severa l  h o u r s  in  boil-  
i ng  xylene .  Th i s  c a u s e d  t h e  c h a r g e d  s i tes  to c leave  f rom 
t h e  m e m b r a n e .  ~ The  u n c h a r g e d  m e m b r a n e s  we re  t h e n  
bo i l ed  in  f r e sh  x y l e n e  for  severa l  m o r e  hours .  Whi le  boil-  
ing  x y l e n e  will  d i s so lve  t h e  p o l y e t h y l e n e  u s e d  to p r e p a r e  
PE-QA,  it  d id  no t  d i sso lve  t h e  d e c h a r g e d  PE-QA.  Th i s  
s h o w s  t h a t  t he  p r e s e n c e  of  t he  c h a r g e d  g r o u p s  (and,  
the re fo re ,  c lu s t e r  fo rma t ion )  is no t  r e s p o n s i b l e  for  t h e  in- 
so lubi l i ty .  We be l i eve  t h a t  cova l en t  c ross - l inks  are  in t ro-  
d u c e d  d u r i n g  t he  r a d i a t i n g  g ra f t ing  p r o c e d u r e ;  e v e n  a 
m i n u t e  a m o u n t  of  c ros s - l i nk ing  w o u l d  r e n d e r  t h i s  poly- 
m e r  i n s o l u b l e  in  any  so lvent .  

We w e r e  also u n a b l e  to d i s so lve  PE-SS ,  PFE-QA,  a n d  
P F E - S S .  P E - S S  is p r o b a b l y  also cova l en t ly  c ross - l inked ,  
b u t  t e t r a f l u o r o e t h y l e n e  p o l y m e r s  s h o w  l i t t le  t e n d e n c y  to 
c ros s - l i nk  w h e n  b o m b a r d e d  w i t h  r ad i a t i on  (16). T h e  insol-  
ub i l i t y  of  t h e s e  p o l y m e r s  in  s o l ven t  s y s t e m s  w h i c h  will  
d i s so lve  Na t ion  m a y  r e s u l t  f r om h i g h e r  deg ree s  of  
c rys t a l l i n i ty  in  t he  s t a r t ing  P F E ' s  t h a n  in  Nat ion .  The  
Na t i ons  w h i c h  we success fu l ly  d i s so lved  (13) b y  h e a t i n g  
to 250~ h a v e  m e l t i n g  p o i n t s  a r o u n d  210~ (25). T h e  mel t -  
ing  p o i n t s  of  t he  p o l y t e t r a f l u o r o e t h y l e n e s  are  a r o u n d  
350~ (26). Whi le  in  p r i n c i p l e  th i s  i nd i ca t e s  t h a t  P F E - Q A  
a n d  P F E - S S  cou ld  b e  d i s so lved  at  h i g h e r  t e m p e r a t u r e s ,  
we  h a v e  f o u n d  t h a t  in  t h e  so lven t s  s t ud i ed  he re  t h e  
c h a r g e d  s i tes  b e g i n  to c leave  f rom P F E - Q A  at  t e m p e r a -  
t u r e s  a b o v e  a b o u t  150~ a n d  f rom P F E - S S  at  t e m p e r a -  
t u r e s  a b o v e  a b o u t  300~ 

' When as-received membranes are immersed in an aqueous 
solution of the fluorescent anion 8-hydroxy-l,3,6-pyrenetrisul- 
fonate, strong fluorescence from the cationic membrane  is ob- 
served. After t reatment  in boiling xylene, and reimmersion in 
the fluorophore solution, no fluorescence can be detected from 
the membrane.  

Table II. Solvent uptake measurements for polyethylene and PE-QA 

Percentage increase in weight 

Solvent Polyethylene PE-QA 

Xylene 13 17 
Decanol 2 60 
Butanol <1 42 
DMSO 0 52 
H20 0 42 

Fig. 3. Solvent uptake vs.  solu- 
bility parameters of solvents for 
PE-QA, PFc form. 

In  sp i t e  of  t h e i r  inso lub i l i ty ,  we were  ab le  to cas t  f i lms 
of  all of  t h e s e  ICP 's .  Th i s  was  a c c o m p l i s h e d  b y  u s i n g  t he  
so lven t  swel l ing  e x p e r i m e n t s  to  iden t i fy  s t rong ly  swe l l ing  
so lven t s ,  u s i n g  t h e s e  so lven t s  in  t he  h i g h  t e m p e r a t u r e  re- 
ac to r  to sof ten  t he  po lymers ,  a n d  t h e n  g r i n d i n g  t h e  wet ,  
s o f t e n e d  p o l y m e r  in  a g r o u n d  glass  t i s sue  g r inde r .  Sus-  
p e n s i o n s  of  t he  p o l y m e r s  r e su l t ed ;  t h e s e  s u s p e n s i o n s  
we re  f i l tered to r e m o v e  t he  l a rger  par t ic les  a n d  t h e n  u s e d  
to cas t  films. The  c o n d i t i o n s  r e q u i r e d  to so f t en  e a c h  
p o l y m e r  are  s h o w n  in Tab le  III.  As  n o t e d  above ,  t e m p e r a -  
t u r e s  h i g h  e n o u g h  to so f t en  P F E - Q A  also c l eaved  t he  
c h a r g e d  sites.  Fo r  th i s  reason ,  we  were  fo rced  to use  
l ower  t h a n  o p t i m a l  t e m p e r a t u r e s ,  a n d  p o o r  s o f t e n i n g  
resu l t ed .  

A c o m p a r i s o n  of  t he  i o n - e x c h a n g e  capac i t i e s  of  P E - Q A  
ch lo r ide  be fo re  t r e a t m e n t  a n d  af te r  s u s p e n s i o n  s h o w e d  
t h a t  c h a r g e d  s i tes  are no t  d e s t r o y e d  d u r i n g  t he  s o f t e n i n g  
a n d  g r i n d i n g  process .  The  ion  e x c h a n g e  capac i t i e s  we re  
0.95 m e q / g  for  t he  as - rece ived  m e m b r a n e s  a n d  0.94 m e q / g  
a f te r  s u s p e n s i o n .  

Polymer-coated electrodes.--Films cas t  f r om t h e  ICP  
s u s p e n s i o n s  were  e x a m i n e d  w i t h  a sur face  p rof i lomete r .  
T h e s e  s tud ie s  s h o w e d  t h a t  wh i l e  t he  en t i r e  e l ec t rode  sur-  
face was  covered ,  t he  coa t ings  were  u n e v e n ,  as m i g h t  be  
e x p e c t e d  for  f i lms c o m p o s e d  of  sma l l  a d h e r i n g  par t ic les .  
T h i c k n e s s  m e a s u r e m e n t s  on  we t  PE-QA fi lms gave  den-  
s i t ies  of  0.69 g/cm3; t h e  d e n s i t y  of  t he  dry, a s - rece ived  
m e m b r a n e  is 0.65 g /cm 3 (27). F i g u r e  4, c u r v e  A s h o w s  
b a c k g r o u n d  c u r r e n t s  o b s e r v e d  at  a ba r e  g lassy  c a r b o n  
e lec t rode .  F igu re s  4B t h r o u g h  4E s h o w  a n a l o g o u s  back-  
g r o u n d  c u r r e n t s  for e l ec t rodes  coa t ed  w i t h  t h e  va r i ous  
RAI  po lymer s .  As  wou ld  b e  e x p e c t e d  (13), b a c k g r o u n d  
c u r r e n t s  do no t  c h a n g e  a p p r e c i a b l y  af te r  coat ing.  

Table III. Summary of conditions used to suspend RAI polymers 

Polymer Counterion Solvent T (~ P (psi) t (h) 

PE-QA C1- 50:50 150 100 4 
Propanol-Water 

PE-SS Li + Methanol 150 250 4 
PFE-SS Li + Ethylene Glycol 250 730 3 
PFE-QA ~ OH- 50:50 150 100 4 

Propanol-Water 

avery little softening. 
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Fig. 4. Cyclic voltammetric background currents recorded at 0.1 V/s. 
A. Uncoated glassy carbon electrode in 0.2M NoTFA, pH 3.0. Curves B 
to E are glassy carbon electrodes coated with the following. B: PFE-SS, 

10 -7 mol SO3-/cm 2 (0.2M NaTFA, pH 3.0). C: PE-SS, 4.5 • 10 -7 mol 
SO3-/cm 2 (0.2M NaTFA, pH 3.0). D: PFE-QA, 6.3 x 10 -~ mol quater- 
nary ammonium sites/cm 2 (0.1M TFA/0.1M NaTFA). E: PE-QA, 2.4 x 
10 -~ mol quaternary ammonium sites/cm 2 (0.1M TFA/0.1M NaTFA). 
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As has been observed with other ICP-based chemically 
modified electrodes (13, 28, 29), the RAI films incorpo- 
rate and retain electroactive counterions and allow for 
charge transport to and from these ions. For example, 
Fig. 5A shows a series of cyclic vol tammograms recorded 
after a PE-QA-coated electrode was immersed in a solu- 
tion of anthraquinone sulfonate (AQS). Current increased 
with time, eventually reaching a steady-state level (13, 28, 
29). When the electrode was removed from solution, 
rinsed, and placed in supporting electrolyte, current due 
to the retained AQS was observed. The vol tammogram in 
Fig. 5B was recorded 35 min after the coated electrode 
was placed in supporting electrolyte. While, when im- 
mersed in supporting electrolyte, AQS is slowly leached 
from the polymer, the film itself remained attached to 
the electrode and could be reloaded with AQS to the 
same voltammetric current level shown in the last scan in 
Fig. 5A. Analogous results were obtained with the other 
RAI polymers. 

Preliminary investigations of the charge and mass- 
transport properties of PE-QA films at electrode surfaces 
were also carried out. Figure 6A shows that voltammetric 
peak currents, ip, for polymer-bound AQS are propor- 
tional to the square root of scan rate. This is the expected 
(28) dependency in the thick (ca. 4 ~m) films used here. 
Potential step chronocoulometry for AQS and anthraqui- 
none-2,6-disulfonate (AQDS) in PE-QA films produced 
linear charge vs. t 1t~ plots (Fig. 6B). Apparent diffusion co- 
efficients (14, 28) of about 1 • 10 -9 cm2/s were obtained, 
from such plots, for both the oxidized and reduced forms 
of AQS and AQDS. 

Figures 5 and 6 show that PE-QA extracts and trans- 
ports electroactive counterions. It was also of interest to 
evaluate the extent to which neutrals and coions perme- 
ate the film. We have found that small, neutral molecules 
(e.g., hydroquinone) readily penetrate films of PE-QA; in 
fact, peak currents for hydroquinone at coated electrodes 
are identical to those at uncoated electrodes. These mole- 
cules are not, however, retained by the film in that no 
trace of the hydroquinone voltammetric wave is observed 
when a PE-QA modified electrode is transferred from a 
hydroquinone solution to a solution containing only sup- 
porting electrolyte. 

Coions (e.g., Ru(bpy)32+, Ru(NH3)s 3+) also penetrate 
PE-QA films. Peak currents for these ions are, however~ 
reduced to less than about 25% of the peak currents ob- 
served for the same solution at an uncoated electrode. 
Colons are also not retained by these films. The ability of 
coions to penetrate the rather thick (4 ~m) films used 
here suggests that there are pinholes or channels through 
the films. Again, this is not surprising, given the fact that 
these films are composed of adhering particles. We are 
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Fig. 5. Cyclic voltammograms of AQS recorded at a scan rate of 0.! 
V/s. Supporting electrolyte = 0.2M NaTFA, pH 3.0. A: Loading of 
PE-QA film (4.5 x 10 -7 mol quaternary ammonium sites/cm 2, 7 /~m 
thick) from 2.3 x 10-~M AQS. First scan recorded immediately after im- 
mersion. Last scan recorded 95 rain later. B" Same PE-QA film after load- 
ing, rinsing, and soaking in supporting electrolyte for 35 min. C: Steady- 
state voltammogram of 2.3 • !O-4M AQS on bare glassy carbon 
electrode. 
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Fig. 6. A: Anodic peak current, ip, vs. square root of scan rote, v�89 for AQS in a PE-QA film (2.4 • 10 -7 mol quaternary ammonium sites/cm 2, 4/~m 
thick). Supporting electrolyte: 0.1M TFA/0.1M NoTFA. B: Chronocoulometric plot of charge (Q) vs. t�89 for reduction of AQS in PE-QA electrode de- 
scribed in Fig. 4, curve D. Supporting electrolyte: 0.2M NaTFA, pH 3.0. 

currently investigating the possibility of using annealing 
procedures to reduce the void volumes of these films. 

Conclusions 
Solvent swelling studies have provided a method for 

film casting the RAI ICP's. While these polymers show 
solvent swelling characteristics very similar to Nation, 
they will not dissolve in solvents which dissolve Nation 
[e.g., 50:50 ethanol-water (13), dimethylsulfoxide (29), or 
propylene carbonate (30)]. We suggest that cross-linking 
introduced during the grafting procedure or enhanced 
crystallinity cause this lack of solubility. The solvent 
swelling studies have also provided information about the 
polymer-solvent interactions which produce swelling and 
about the morphology of PE-QA. More importantly, these 
studies have shown that the chemical properties of the 
PE-QA ionomer are strongly dependent  on the nature of 
the counterion. 

Because of the ability to cast films, charge-transport 
properties and ion-exchange thermodynamics of these 
polymers may now be conveniently evaluated. In previ- 
ous studies, we have shown that Nation preferentially 
binds hydrophobic counterions (10, 15, 28) and that hy- 
drophobic interactions can influence rates of diffusion in 
Nation films at electrode surfaces (14). It will be of inter- 
est to see if hydrophobic interactions are of importance to 
ion exchange and charge transport in films of the RAI 
polymers. 
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Gas-Phase-Functionalized Plasma-Developed Resists:Initial 
Concepts and Results for Electron-Beam Exposure 

G. N. Taylor,* L. E. Stillwagon, and T. Venkatesan 
AT&T Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

A resist method involving gas phase functionalization of exposed or unexposed resist by volatile inorganic com- 
pounds followed by pattern development  using oxygen reactive ion etching is described for use in ion, photo, electron, 
and x-ray lithography. Negative or positive tones can be obtained in theory from a single exposure by employing select- 
ive reaction of either the exposed or unexposed regions with volatile reactive inorganic compounds that form in situ 
masks during plasma development  (usually as refractory metal oxides). Near surface functionalization (top several thou- 
sand angstroms) is seen as having resolution advantages for electron and photolithography. It is envisioned as being 
controlled by either limited permeation or by selective near-surface exposure (i. e., low voltage ion or electron expo- 
sures). In electron lithography, this could reduce the proximity effect in backscatter-limited thick resist films on high Z 
substrates. Consequently, we have studied materials and functionalizing reagents for electron lithography at 10 keV. 
The radiation-initiated reactions studied in the resist were the creation and destruction of unsaturation (olefins, etc.). 
The inorganic functionalizing reagent was diborane. Pattern development  was achieved using 02 reactive ion etching. 
Thin (-2000A) 1 ~m line and space patterns were obtained at 10-50 ~C/cm 2 doses for materials which afforded negative 
and positive tones. These include chlorinated polyacrylates, polyisoprene, and copolymers containing unsaturation and 
chlorine functionality. 

Recently, a report from our laboratory described 
plasma-developed ion-implanted resists having at least 
2500A resolution (1). These resists used implanted metal 
ions acting as in situ etch masks during 02 reactive ion 
etch removal of the unexposed regions. Organic polymers 
were typically employed as resists using oxygen as the 
etch gas, although thin SiO2 also was used with fluoro- 
carbon etch gases. In both cases, In + ions were first im- 
planted at low potentials. Features as small as 1500~ wide 
and 1 ~m high were fabricated by this technique using a 
20 keV focused beam of In + ions (2). Presently, resolution 
appears limited mainly by the beam size and shape. One 
of the problems of the scanning ion beam systems is the 
low penetration (-200A) of the heavy ions in most poly- 
mer resist (3). A resist that can be patterned with a near 
surface exposure would be attractive for such systems. 
Yet, the metal-implanted resists are impractical for 
present-day scanning ion exposure, since they require ex- 
cessive dose (1016 ions/cm 2) even though the implanted- 
metal layer mask is only 2-4 monolayers thick. Clearly, 
higher sensitivity is needed given present-day metal ion 
exposure systems. Thus, we sought new resist materials 
and processes. One method would involve making use of 
the many chemical events which occur when each ion is 
implanted in a resist film. This would amplify the im- 
plantation process and hopefully improve sensitivity. 

In this report, we describe some initial results for one of 
the approaches derived from the above considerations. 
We call resists utilizing this methodology gas-phase- 
functionalized plasma-developed resists. They are appli- 
cable to all four lithographic processes (ion, photo, elec- 
tron, and x-ray lithography), but would appear to have 
primary use for ion and photolithography. In the next  
section, we outline the particular resist methodology and 
the advantages (both realized and hypothesized) for each 
application. Finally, we describe some initial results for 
electron resists in which both positive and negative tone 
images are produced from the same exposure by various 
gaseous and subsequent plasma treatments. 

Methodology 
We envision gas-phase-functionalized plasma-devel- 

oped resists to behave according to the two routes 
outlined in Fig. 1. There we depict a resist with reactive 
groups A which upon irradiation form product groups P 
at the expense of A, which is depleted in the exposed re- 
gions. Next  the exposed film is treated with a reactive 
gas MR containing reactive groups R and inorganic atoms 
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M capable of forming nonvolatile compounds MY which 
are resistant to removal under reactive ion etching condi- 
tions using gas Y. Several situations are now possible. (i). 
I.f the metal containing gas does not diffuse into the film 
and/or does not react with either the exposed or unex- 
posed areas, no functionalization will occur and no 
amplification upon development  is expected. (ii) Con- 
versely, if the metal compound diffuses everywhere and 
reacts with both A and P, no etching is likely to occur 
upon RIE development. (iii) If, however, gas diffusion oc- 
curs and reaction with either A or P occurs, selective 
functionalization results. Subsequent  plasma develop- 
ment  then can produce either negative tone images when 
the inorganic compound bonds selectively to P or posi- 
tive tone images when it selectively bonds to A. Tone is 
thus dependent  upon both the actinically generated spe- 
cies (radiation chemistry) and selective functionalization 
(organometallic and inorganic chemistry). 

Some further considerations would also appear to be of 
importance. Since the functionalizing step is a gas-solid 
reaction, surface layers of the resist would be expected to 
react first if  the reaction rate were much greater than the 
diffusion rate or if the major portion of the incident radia- 
tion were absorbed in the topmost  (-1000-2000A) layer of 
resist. For the first case, a reactive gas diffusing into a 
polymer film, the concentration of gaseous species C at a 
depth x (in centimeters) into a film from the film surface 
can be estimated from Eq. [1] where Co is the continuous 
gas concentration at the surface, D is the diffusion 
coefficient in square centimeters per second, and t is the 
diffusion t ime in seconds 

C = Co erfc ( 2 - ~ )  [1] 

This is the simplified plane sheet solution to the one- 
dimensional diffusion problem. For the present purposes, 
it is analytically convenient to calculate C/Co as a function 
of the variables x, D, and t. Some results are given in 
Table I for two polymers chosen for their structural 
analogies to systems investigated in this report. In all 
cases, both inert (O~, Ar) and interactive (SFG) gases dif- 
fuse more readily into rubbery poly(isoprene) PI than into 
glassy poly(ethyl methacrylate) PEM. In fact, for PI  after 
t reatment for ls, the gas concentration is expected to be 
higher in a 1 ~m film than in the gas phase for each gas 
listed. Only for PEM and large molecules (Ar, SF6) are 
C/Co values <1.0 found. With SF6, a significant interac- 
tion with PEM ester carbonyl is expected. Consequently, 
D is very low and no gas penetrates even 1 ~m deep for 
treatment times as long as 10s. At shallower depths, a gra- 
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Fig. 1. Schematic representation of gas-phase-functionolized plasma 
developed resists showing (1) exposure of a material with reactive 
groups A (2) conversion of such groups to product groups P, and (3) se- 
lective functionalization of either A or P with metal containing reagent 
MR, where M is the metal and R are reactive or inert groups or atoms. (4) 
reactive ion etch development using gas Y forming nonvolatile com- 
pounds MY and volatile AY, PY, and host Y compounds. 

dient of SF6 is expected. Reaction in tne near-surface top 
2000/~ region is clearly favored by short treatment times, 
low diffusion coefficients associated with large gas mole- 
cules, and glassy polymers. Figure 2 presents a represen- 
tation of near-surface functionalization in this way. 

Table I. Dependence of C/Co on polymer and gas diffusion properties and 
on processing properties a at 25~ 

D 
Gas (cm2/s x 106) t (s) x (/~m) C/Co 

A. Poly(isoprene), T~ = -73~ 
O2 1.73 1.0 1.0 1.45 
Ar 1.36 1.0 1.0 1.42 
SF6 0.115 1.0 1.0 1.03 

B. Poly(ethyl methacrylate), Tg = 65~ 
O~ 0.103 1.0 1.0 1.00 
Ar 0.020 1.0 1.0 0.65 
SF6 0.00022 1.0 1.0 0.00 
SF6 0.00022 1.0 0.5 0.00 
SF~ 0.00022 1.0 0.1 0.67 
SF8 0.00022 10.0 1.0 0.00 
SF6 0.00022 10.0 0.5 0.44 
SF6 0.00022 10.0 0.25 0.77 
SF6 0.00022 1O.0 O.1 1.15 

"Source: "Polymer Handbook," 2nd ed., J. Brandrup and E. H. 
Immergut, Editors, John Wiley and Sons, New York (1975). 
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Fig. 2. Schematic representation as in Fig. 1 for the negative tone 
showing near-surface functionalization of product P by metallic reagent 
MR. In this case, the gradient shown in Fig. 3 for P is nat achieved be- 
cause of low absorption cross section. Near-surface functionalization is 
achieved by limited permeation of MR during the sample treatment time. 

An alternative to diffusion-controlled reactions in the 
near-surface region is exposure of the resist selectively in 
the near-surface region, followed by gas phase 
functionalization and RIE development  as above. This is 
represented schematically in Fig. 3 for the negative tone 
case. In the limit of complete diffusion of inorganic rea- 
gent MR throughout  the film, only negative tone can be 
achieved in theory. Functionalizing original species A in 
this instance would result in reaction of subsurface layers 
as well, thus preventing development.  The consequence 
would only be relief-image formation upon development  
rather than complete development.  In the limit of re- 
stricted gas permeat ion to the near-surface regions, posi- 
tive tone could be formed with advantages being derived 
from the near-surface exposure. 

For the four lithography types, surface exposure can be 
achieved most readily with ion beam lithography and 
photolithography. Use of low energy (-20-50 keV) high 
atomic number  (Z) ions permits exposure of only the top 
100-250A of any organic resist because of the very rapid 
stopping of the ionic species. For UV and visible photons, 
resists containing 10 weight percent (w/o) of compounds 
having e --- 50,000 l/mol-cm at the exposing wavelength 
absorb -> 90% of the incident light in the topmost  2500~ 
and -> 40% in the first 1000/L In the vacuum UV (;~ < 190 
nm), many polymers have evalues > 105 1/mol-cm, while 
highly conjugated aromatic materials have similar 
absorbances in 190-700 nm regions. Materials which meet  
the high absorbance criteria are, therefore, readily availa- 
ble for ion or photon exposures. In the photon case, im- 
proved resolution should result, whereas for ions sensitiv- 
ity should be enhanced. 

The situation is considerably different for electron and 
x-ray li thography in their present forms. For the former, 
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Fig. 3. Schematic representation as in Fig. 2, but only for negative 

tone showing a gradient of product P produced primarily in the near- 
sudace region due to extremely high absorption cross section expected 
for ion beam and photon exposures. 

high accelerating voltages (15-30 kV) are ~ employed, and 
even higher ones are contemplated for production use in 
order to minimize the proximity effect caused by elec- 
trons backscattered from the substrate (3). At 20 kV, for 
example, with a typical low Z resist like PMMA, only 
about 5% of the incident dose is absorbed in a 1 tLm film. 
The exposure contribution by electrons backscattered 
from the substrate is considerable and results in greater 
exposure near the substrate. Clearly, selective surface ex- 
posures are not achieved using present exposure vol- 
tages. However, if the permeation limited approach 
outlined in Fig. 2 were followed, one might expect  im- 
proved resolution because surface functionalization 
would reduce the proximity effect normally encountered. 
Another  alternative is to expose using very low energy 
electron beams (< 5 keV), the scheme shown in Fig. 3. 
These are being developed by Pease and his group at 
Stanford, but are only in the initial stages of investigation 
(4). Only permeation-limited functionalization would ap- 
pear to have merit  for electron lithography as we pres- 
ently know it. However, since few exposure events occur 
in the near-surface region, such resists would appear to 
have very limited sensitivity. 

X-ray lithography in its present forms likewise suffers 
from low absorption. For the PdL (4.37A) to CuL (13.3~) 
wavelength range generally in use today, a max imum of 
about 40% absorption per micrometer  can be achieved 
using high Z absorbers in 1 t~m thick polymeric films. 
Only about 5% absorption occurs in the top 1000~. At 
much longer wavelengths, for which there are no cur- 
rently available inexpensive high throughput exposure 
systems, high absorption in the top 1000~ can be achieved 
(h = 40 - 2000~). However, for the systems currently 
available, we again expect to be plagued by insensitivity. 

We can now estimate the chances for this new type of 
resist for each of the lithographic technologies. Ion beam 
lithography appears to offer the best opportunity because 

J u l y  1984 

of extremely high absorbed doses in well-confined near- 
surface layers. But, for high resolution, conducting or- 
ganic materials may be required (1). This would limit ma- 
terials choices. Photoli thography using very strong 
absorbers also is a very good candidate especially in the 
deep and vacuum UV regions. Use as an x-ray resist does 
not appear very promising, since sensitivity must be ex- 
tremely high (weak sources), while absorbance is only 
moderate at best. 

An analogous difficult application would be for 
E-beam resists. This results from an estimated 
operational dose range of 1-10 t~C/cm 2 at 20 keV and 5% 
absorption in a 1 ~m thick film. The near-surface (top 
2000~) absorbed dose would be less than 1% of the inci- 
dent dose or about 4 mJ /cm 2. For comparison, commer- 
cial photoresists require 40-100 mJ/cm 2 dose when used in 
microlithography. Sensitivity will once again be pushed 
to the limit in E-beam examples. Amplification upon de- 
ve lopment  could help in achieving such a sensitivity. 

In electron lithography important benefits may be real- 
ized. These could result if the proximity effect, which dis- 
torts pattern size as a function Of geometry in the 1-0.1 ~m 
range, could be reduced. The proposed resist scheme 
(Fig. 2) has such a potential if only the near-surface layers 
can be selectively functionalized by etch resistant inor- 
ganic groups. It is for this reason that we chose to work 
first on E-beam-exposed samples. 

Results and Discussion 
In analyzing chemical systems which would be reactive 

enough to provide adequate sensitivity as an E-beam re- 
sist, we decided to study olefin forming and olefin de- 
stroying reactions. The olefinic group could then react 
with an appropriate inorganic compound. In this regard, 
the reagent of choice would be nickel carbonyl (2) 

CO 

I 

CO~i. i ~ C O  [2] 
CO 

which reacts readily with substituted olefins to give 
olefin-Ni complexes. However, its extreme toxicity 
makes its use unacceptable. Another gaseous reagent, 
diborane B~H6, also reacts readily with olefins especially 
in the presence of ether compounds according to a well- 
researched mechanism pioneered by Brown (6). Complete 
reaction occurs according to Eq. [3]. However, in the solid 
state 

H 
I 7 + = L - -  CR2R3j3B [3] 

H 

(R~R2C - -  CR~R~),,BH3_,. Oz CO2 + H20 + B203 $ [4] 

n = 1-3 

one might  expect  incomplete reaction to give 
organoboron hydrides shown at the left side of Eq. [4]. 
Upon plasma oxidation, these boron compounds would 
be expected to form B203, which has a bp of about 1860~ 
and should act as a good in situ mask for protecting un- 
derlying resist. 

Initial experiments focused on functionalizing poly(iso- 
prene) [5] with B~H6 generated by reaction of BF3 with 
NaBH4 in diglyme solution. The product 

-- (CH2 CH~) - - ,  
\ / 

C = C [5] 
/ \ 

H CH3 

diborane was carried by argon into a reaction vessel con- 
taining a silicon wafer coated with poly(isoprene). After 
treatment,  samples were etched in a reactive ion etcher 
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Table II. Influence of process conditions on poly(isoprene) thickness after gas phase reaction and 03 reactive ion etching a 
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Prereaction Reaction Postreaction 
Run Reagent Carrier Temp flush time time flush time 
no. gas gas CC) (rain) b (min) b (min) ~ NTD ~ 

1 B2He Ar 25 5 0 0 0.0 
2 B2H6 Ar 25 5 5 0 0.06 
3 B2H6 Ar 50 5 5 0 0.18 
4 B2H6 Ar 80 5 5 0 0.31 
5 B~H6 Ar 110 5 5 0 0.40 
6 B~H~ Ar 80 5 5 5 0.05 
7 B2H6 Ar 80 5 20 5 0.77 
8 B2H6 Ar 80 5 40 5 0.83 

~Etch time just  sufficient to clear the control sample in run 1. Poly(isoprene) etch rate was 1400 h/rain. 
bFlow was 300 mYrain or about a reactor volume/min. 
tNormalized thickness after RIE development along with a control sample which totally cleared. 

for  va r i ous  t i m e s  at  30W power ,  - 2 5 0 V  bias ,  101z 02 pres-  
sure ,  a n d  a p p r o x i m a t e l y  30 s c c m  flow. T he  t r e a t m e n t  se- 
q u e n c e  was,  first, a f lush  of  t he  r eac t i on  vesse l  w i t h  i ne r t  
gas~ r e a c t i o n  for  a g i v e n  t ime,  t e m p e r a t u r e ,  gas, a n d  flow, 
and ,  finally, a p o s t r e a c t i o n  t r e a t m e n t .  T h e  la t t e r  u sua l ly  
c o n s i s t e d  of  an  i ne r t  gas f lush  for  a spec i f ied  t ime.  

Resu l t s  f rom t h e  first f unc t i ona l i za t i on  e x p e r i m e n t s  
u s i n g  4900h ini t ia l  po ly ( i soprene)  t h i c k n e s s  are  s u m m a -  
r ized  in  Tab le  II. Two se ts  of  e x p e r i m e n t s  are l is ted.  One  
u t i l i zed  no  f lush  af ter  r eac t i on  a n d  va r i ed  t he  t e m p e r a -  
ture .  T h e  s e c o n d  k e p t  t e m p e r a t u r e  cons t an t ,  u s e d  a f lush  
a f te r  r eac t ion ,  a n d  va r i ed  t r e a t m e n t  t ime.  T he  f o r m e r  
( runs  1-5) s h o w s  t h e  i m p o r t a n c e  of  t e m p e r a t u r e  on  b o r o n  
i nco rpo ra t i on .  The  e t c h i n g  ra te  was  s lowed  b y  n e a r l y  a 
f ac to r  of  2 a f te r  a 110~ t r e a t m e n t ,  wh i l e  low t e m p e r a t u r e  
t r e a t m e n t  p r o d u c e d  on ly  s l igh t  c h a n g e s  in  d e v e l o p e d  
t h i c k n e s s  f rom t h e  u n t r e a t e d  con t r o l  sample .  T h e  major -  
i ty of  t h e  b o r o n  i n c o r p o r a t e d  was  on ly  s o r b e d  a n d  no t  re- 
ac ted .  Th i s  is i n d i c a t e d  b y  c o m p a r i n g  r u n s  4 a n d  6 con-  
d u c t e d  at  80~ for  5 min .  R u n  6 u s e d  a f lush  af te r  
r e a c t i o n  a n d  e x h i b i t s  a s ix-fold  r e d u c t i o n  in NTD (see 
Tab le  II), c o m p a r e d  to r u n  4, w h i c h  d id  n o t  u s e  a f lush.  
Thus ,  w i t h o u t  a f lush  s o r b e d  B~H6 a p p e a r e d  to b e  l o c k e d  
in to  t he  f i lm b y  r eac t i on  w i t h  02 u p o n  e x p o s u r e  to air. 
Th i s  m a y  also o c c u r  w i t h  r u n  no. 6 b u t  to a m u c h  r e d u c e d  
ex ten t .  R u n s  7 a n d  8 for  l o n g e r  t i m e s  s u g g e s t  t h a t  reac- 
t i on  m a y  c o n t r i b u t e  to b o r o n  lock ing ,  as e v i d e n c e d  b y  t h e  
h i g h  n o r m a l i z e d  t h i c k n e s s  va lues ,  w h e r e  a m a x i m u m  
v a l u e  of  1.0 c an  b e  a t ta ined .  However ,  can  c o n d i t i o n s  
s u c h  as t h o s e  in  r u n s  4, 7, a n d  8 p r o v i d e  e n o u g h  select iv-  
i ty for  i m a g e  f o r m a t i o n  af ter  e x p o s u r e  a n d  p r o c e s s i n g ?  

--(CH~ - -  CH).--  
I [6] 

C1 

We first  t r i ed  a p o t e n t i a l  nega t i ve  t o n e  p r o d u c i n g  poly-  
mer ,  po ly (v iny l  ch lor ide)  P V C  (5). Th i s  ma te r i a l  is k n o w n  
to ef f ic ient ly  evo lve  HC1 u p o n  e x p o s u r e  to ion iz ing  radia-  
t i on  w i t h  t he  g e n e r a t i o n  of  p o l y e n e  s e q u e n c e s  (7). How-  
ever ,  b o t h  Ga  § e x p o s u r e s  at  6.5 a n d  10 keV  e l ec t ron  expo-  
sures  at  100 ~C/cm 2 fai led to give any  c h a n g e  in  t h e  s l igh t  
n e g a t i v e  t o n e  images  o b s e r v e d  for  PV C  w i t h o u t  B2H6 
t r e a t m e n t .  A t  t he  l a t t e r  dose,  0.5 ~ m  l ines  a n d  spaces  we re  
v i s ib le  in  on ly  ve ry  t h i n  (< 500A) resist .  

E l e c t r o n  e x p o s u r e s  at  10 keV  also we re  c o n d u c t e d  w i t h  
po ly ( i soprene)  u s i n g  doses  f r o m  1-100 ~C/cm ~. A t  100 
~C/cm 2 a n d  a f te r  B2H6 t r e a t m e n t ,  fa in t  500)~ t h i c k  pos i t ive  
t o n e  i m a g e s  were  ob ta ined .  Th i s  is t h e  t one  e x p e c t e d  for  
b o r o n  r e a c t i o n  a n d  m a s k i n g .  Con t ro l  e x p o s u r e s  at  100 
~C/cm 2 w i t h o u t  B2H6 t r e a t m e n t  gave  nega t i ve  t o n e  i m a g e s  
(1100A). T h u s  po ly ( i soprene)  a p p e a r e d  to af ford  s o m e  se- 
l ec t ive  f u n c t i o n a l i z a t i o n  a n d  t h u s  p r o v i d e d  t h e  first  ex-  
a m p l e  of  th i s  t ype  of  resist .  Howeve r ,  s u c h  i m a g e s  are  no t  
u se fu l  b e c a u s e  of  t he  ve ry  t h i n  final resist ,  r es i s t  f low 
d u r i n g  reac t ion ,  a n d  excess ive  dose.  

In  add i t ion ,  o t h e r  d i s a d v a n t a g e s  we re  e n c o u n t e r e d .  The  
t o n e  i n v e r s i o n  was  d e p e n d e n t  o n  r eac t i on  t e m p e r a t u r e ,  
w i t h  70~176 b e i n g  o p t i m u m .  At  h i g h e r  t e m p e r a t u r e s  (>  
100~ no  a p p r e c i a b l e  f i lm r e m o v a l  was  o b s e r v e d  d u r i n g  

d e v e l o p m e n t ,  wh i l e  at  < 60~ t he  f inal  d e v e l o p e d  i m a g e  
t h i c k n e s s  d i s a p p e a r e d  (no pa t te rns) .  Also, su r face  t e x t u r e  
was  v e r y  r o u g h  a n d  r e p r o d u c i b i l i t y  was  fair  a t  bes t .  

P o o r  r e p r o d u c i b i l i t y  cou ld  r e su l t  f r om a va r i e ty  of  fac- 
tors .  One  is t he  c h e m i c a l  g e n e r a t i o n  of  B2H6, w h i c h  oc- 
cu r s  in  s p u r t s  a n d  is e x t r e m e l y  diff icul t  to con t ro l  ade- 
qua te ly .  C o n s e q u e n t l y ,  we t r i ed  1% B2H6 in  n i t r o g e n  at  
76~ a n d  f o u n d  no  r eac t i on  w i t h  po ly ( i soprene)  u n d e r  a 
w ide  va r i e t y  of  c o n d i t i o n s  as j u d g e d  f rom t h e  O2 r eac t ive  
ion  e t ch  rates .  Th i s  was  f u r t h e r  c o n f i r m e d  b y  E S C A  anal-  
ys is  for  BI~ at  186 eV, d o n e  b y  S c h w a r t z  a n d  Gual t ier i .  Ad-  
d i t i on  of  d i m e t h y l e t h e r  to t he  B2H6 gas  s t r e a m  h a d  no  ef- 
feet,  a l t h o u g h  B r o w n  h a d  c l a imed  it  a cce l e r a t ed  gas  
p h a s e  r eac t i ons  of  B2H6 (6). T r e a t m e n t  at  107~ d id  s h o w  
s l igh t  e v i d e n c e  of  reac t ion .  However ,  se lec t iv i ty  a n d  flow 
as e x p e c t e d  we re  adve r se ly  a f fec ted  at  t h i s  t e m p e r a t u r e .  

I t  s e e m e d  l ike ly  t h a t  t he  B2H6 c o n c e n t r a t i o n  was  too 
low in  t h e  1% m i x t u r e  u s e d  above .  So, we  e x p e r i m e n t e d  
w i t h  14.6% B2H6 in  N2, t he  m a x i m u m  p e r c e n t a g e  ava i l ab le  
commerc i a l ly .  The  e t ch  ra te  of  a con t ro l  sample ,  
u n t r e a t e d  po ly( i soprene)  of  5600~ t h i c k n e s s ,  was  com-  
p a r e d  to a va r i e ty  of  s a m p l e s  t r e a t ed  at  75~ u s i n g  a 5 m i n  
N2 f lush  be fo re  a n d  af te r  t r e a t m e n t .  The  e t c h  ra t e s  in  an  
o x y g e n  p l a s m a  re la t ive  to t he  con t ro l  s a m p l e  are  g iven  in  
Tab le  III. F r o m  Tab le  I I I  we  see  t h a t  t r e a t m e n t  w i t h  B2H6 
r e d u c e s  t h e  e t ch  ra te  a n d  t h a t  t he  deg ree  of  r e d u c t i o n  is 
fair ly i n d e p e n d e n t  of  t r e a t m e n t  t ime.  The  a d d i t i o n  of  
d i m e t h y l e t h e r  to B2H6 inc rea se s  t h e  e t ch  rate.  Th i s  is t h e  
b e h a v i o r  e x p e c t e d  for  a n o n c a t a l y t i c  d i luen t ,  e v e n  t h o u g h  
it  was  t h o u g h t  to e n h a n c e  B2H6 reac t ions ,  a c c o r d i n g  to 
ear ly  s t ud i e s  b y  B r o w n  a n d  co -worke r s  (6). 

P o o r  e t c h i n g  se lec t iv i ty  c an  r e su l t  f r om t h r e e  sources :  
(i) ine f f i c ien t  d e s t r u c t i o n  or c r ea t i on  of  r eac t ive  d o u b l e  
b o n d s  d u r i n g  the  e x p o s u r e  step,  ( i i )  ine f f ic ien t  r eac t i on  
of  t he  func t iona l i z ing  i n o r g a n i c  r eagen t ,  or ( i i i )  inade-  
q u a t e  .e tch r e s i s t a n c e  of  t h e  i n c o r p o r a t e d  i n o r g a n i c  spe- 
cies. To p r o b e  t he  first  poss ib i l i ty ,  we  s t u d i e d  o t h e r  poly- 
m e r s  w h i c h  m a y  b e  e x p e c t e d  to b e  m o r e  r eac t ive  to t h e  
i n c i d e n t  rad ia t ion .  I t  is k n o w n ,  for  example ,  t h a t  a syner -  
g i sm  ex i s t s  b e t w e e n  h a l o g e n s  a n d  olefinic g r o u p s  lead-  
ing  to t he  m o r e  faci le  d e s t r u c t i o n  of  u n s a t u r a t i o n  u p o n  
e l ec t ron  i r r ad i a t i on  of  p o l y m e r s  c o n t a i n i n g  b o t h  g r o u p s  
(8). A l ike ly  c a n d i d a t e  for e x a m i n a t i o n  w o u l d  a p p e a r  to b e  
po ly (ch lo rop rene )  [7], b u t  i t  is qu i t e  u n r e a c t i v e  

Table III. Relative 02 RIE etch rates of poly(isoprene) reacted with 15% 
B2He in N~ at various conditions 

Gas and Reaction Second gas and Rel. 
Run composition time composition etch 
no. (v/o) (min) (v/o) rate 

1 0 0 - -  1.0" 
2 BsH~--N2, 100 5 - -  0.64 
3 B2H6--N2, 100 30 - -  0.75 
4 
5 B2H6--N2, 50 5 DME, 50 0.86 
6 B2H~--N2, 50 30 DME, 50 0.80 

*800 k/min. 
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toward  B2H6 because  of  the  e lec t ron wi thd rawing  proper-  
t ies of  chlorine.  As al ternatives,  we chose  copo lymers  of  
2, 3-dichloro- l -propyl  acrylate [8] and 2, 2, 2- t r ichloroethyl  
acrylate  [9] wi th  
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/ 

O 
\ 

CH2 - -  CH ~ CH2 
[10] 

allyl acrylate  [10] p repa red  by t ranses ter i fy ing the  homo-  
po lymers  of  [8] and [9] wi th  allyl alcohol.  The  copo lymers  
des igna ted  at [8]-[10] and [9]-[10], respect ively ,  con ta ined  
14.5 and 12.8 mole  pe rcen t  (m/e) ally] acrylate  de t e rmined  
f rom e lementa l  analysis. 0.5-1.1 t~m thick films of  the  two 
copo lymers  were  i r radiated on E B E S  at 10 keV and five 
doses:  1, 5, 10~ 50, and 100 ~C/cm 2. H o m o p o l y m e r  films of  
m o n o m e r s  [8] and [9] were  also i r radiated and used  as 
control  materials .  Af ter  exposure ,  the  mater ia ls  were  ei- 
ther  deve loped  by 02 RIE or t rea ted wi th  B2H6 unde r  a va- 
r ie ty  o f  condi t ions  and then  deve loped  as above.  The  
basel ine  expe r imen t s  for exposu re  only are summar i zed  
in Table  IV. Here  normal ized  th icknesses  after develop-  
m e n t  (NTD) are l is ted at the  five exposure  doses.  S ince  
NTD = NTDE -- NT,u, where  E and U des ignate  the  exposed  
and u n e x p o s e d  regions,  nega t ive  values  for NTD imp ly  
posi t ive  tone. Samples  were  hea ted  as indica ted  to mimic  
those  hea ted  later  in a B2H6 a tmosphere .  

In  each case, i r radiat ion and p lasma d e v e l o p m e n t  gave 
weak  posi t ive  tone  images  analogous  to those  found  for 
poly(2, 3-dichloropropyl  methacryla te)  and po ly(methyl  
me thac ry l a t e - co -ox iminobu taned ione  methacryla te)  by 
Taylor  and Wolf (9). In  those  instances,  lower  doses  were  
required ,  and the  p h e n o m e n o n  was though t  to resul t  
f rom crack ing  dur ing  exposure  and pos t  exposu re  heat- 
ing. In  t he  p resen t  instance,  s ince mos t  of  the  films were  
rubbery,  c racking  seemed  unlikely.  Rather,  we bel ieve  
the  i r radia ted regions  cont rac t  due  to E -beam- induced  
cross- l inking and gaseous  p roduc t  evolut ion.  (All four  
mater ia ls  behave  as sensi t ive  low contras t  nega t ive  resists  
us ing  solut ion deve lopment . )  E v e n  at the  h ighes t  dose,  
none  of  the  mater ia ls  u n d e r w e n t  enough  chemica l  change  

Table IV..NTv Values as a function of dose for four chlorinated polymer 
films developed by 02 RIE 

Polymer 

NTo at 
I0 keV electron dose (tLC/cm ~) 

1 5 10 50 100 

[8] DCPA ~ 0.0 trace -0.04 -0.09 -0.11 
[9] TCEA b 0.0 trace -0.03 -0.06 -0.09 
[8]-[1Q] Copolymer ~ 0.0 0.0 trace -0.05 -0.07 
[9]-[10] Copolymer d 0.0 0.0 -0.04 0.08 -0.10 

aHeated at 90~ for 30 min after exposure. 
bHeated at 70~ for 30 min after exposure. 
~Heated at 70~ for 30 min after exposure. 
dHeated at 40~ for 30 rain after exposure. 

to s ignif icant ly  inf luence the  d e v e l o p m e n t  (etch) rates. 
Thus,  all give shal low posi t ive  tone  images  at doses  > 10 
tLC/cm 2. 

In  contras t  to this, samples  reacted wi th  B~H6 exh ib i t  
s ignif icant  differences.  The  o p t i m u m  results  for each ma- 
terial  are col lec ted  in Table  V. In  three of  the  four  in- 
stances,  addi t ion  of  an equal  a m o u n t  of  d ime thy l  e ther  
gave bet ter  resul ts  than  t r ea tmen t  wi th  B2H6 alone. Treat-  
men t s  for t imes  of  less than  30 rain were  inferior,  whi le  
longer  t imes  showed  no addi t ional  improvemen t .  E tch ing  
t ime  to clear increased  for all t rea ted samples  and was 
longer  for longer  t r ea tmen t  t imes  (range of  4-11 min). For  
the  two h o m o p o l y m e r s  t r ea tmen t  wi th  B2H6 changed  the  
resist  tone  f rom posi t ive  to negat ive  (Fig. 4a, Table  V). 
Bes t  resul ts  were  ob ta ined  wi th  D C P A  i r radia ted  at 50 
t~C/cm ~ to give 0.21 normal ized  th ickness  at I t~m line and  
space resolut ion.  This is a change  of  0.3 in normal ized  
th ickness  f rom the  control  sample  exh ib i t ing  posi t ive  
tone. Note  that  a m a x i m u m  was obta ined  at 50 t~C/cm 2. 
Apparent ly ,  at h igher  doses  the  unsa tura t ion  genera ted  
by e lec t ron  exposure  is r educed  by cross- l inking pro- 
cesses. A s imilar  but  less dramat ic  t r end  was obse rved  for 
TCEA. Both  po lymers  exhib i t  the  tone  expec ted  for reac- 
t ion of  B2H6 wi th  unsa tura t ion  crea ted  in i r radiated re- 
gions. Apparen t ly  e i ther  genera t ion  of  olefinic unsa tu-  
rat ion or react ion wi th  B2H6 is less efficient  for the  glassy 
TCEA. 

Resul t s  for the  allyl acrylate copo lymers  show the  op- 
pos i te  t r end  as expec t ed  for preferent ia l  B2H6 reac t ion  in 
un i r rad ia ted  regions  (Fig. 4b, Table  V). However ,  the  
changes  are not  as dramatic .  The  normal ized  th icknesses  
of  the  posi t ive  tone  images  in the control  samples  in- 
c reased  by a m a x i m u m  of 0.13 for the  [8]-[10] c o p o l y m e r  
and only 0.08 for the  [9]-[10] copolymer .  High doses  
(50-100 tLC/cm ~) were  required ,  and final films were  thin. 
This process  is clearly less se lec t ive  and less sensi t ive  
than  the  nega t ive  tone  case us ing  DCPA.  All are inade-  
qua te  for E B E S  and have  not  ach ieved  the  ideal  condi t ion  
of  near-surface  funct ional izat ion p roposed  in Fig. 2, s ince 
full  resist  th ickness  did not  result .  However ,  the  effect  
has clearly been  demons t ra ted ,  especial ly  for DCPA,  
where  the  tone  is inver ted  by gas phase  react ion after 
exposure .  

What  factors are respons ib le  for the  low sensi t iv i ty  and 
select ivi ty?  Severa l  could poss ib ly  contr ibute .  The  first 
is ineff ic ient  react ion of  B2H6 wi th  olefinic groups  in the  
solid state. A second could  be  ineff icient  mask ing  by bo- 
ron  due  to facile sput te r ing  of  B20~ (which seems  un- 
likely) or r emova l  dur ing d e v e l o p m e n t  as volat i le  organo- 
bo ron -oxygen  compounds .  A third possibi l i ty  is too low 

Table V. NTD values as a function of B2H6 reaction and dose for four chlorinated polymer films 

Treatment NTD at 10 keV electron 
Temp time dose (tLC/cm 2) 

Polymer Reagents (~ (min) 1 5 10 50 100 

[8] DCPA B2H6 90 30 0 0~04 0.08 0.21 0.18 
[9] TCEA B2H~ 70 30 0 trace 0.03 0.06 0.10 

DME 
[8]-[10] Copolymer B~I-I~ 70 30 0 -0.05 -0.10 -0.18 -0.18 

DME 
[9]-[10] Copolymer B2Hs 40 30 -0.05 -0.07 -0.09 -0.16 -0.16 

DME 
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Fig. 4. Normalized thickness vs. log dose for: (a, top) DCPA (0) 
and TCEA (�9 homopolymers treated ( ) and untreated (----) with 
B2H~ and developed by 02 RIE, and (b, bottom) analogously treated 
DCPA-co-AA (O) and TCEA-co-AA (�9 samples which exhibit only 
positive tone. 

conversion of unsaturated groups u p o n  irradiation. A 
fourth is sorption outcompeting reaction and therefore 
minimizing etch rate differences. 

Other reasons may undoubtedly contribute as well. The 
halving of removal rates by treatment with B2H6 for long 
times clearly suggests that boron incorporation reduces 
etch rates. But, how much is incorporated? From the 
work of Venkatesan and co-workers (1), we know that 
about four equivalent monolayers of metal forming a 
nonvolatile oxide are sufficient to reduce the etching rate 
by about a factor of 10. Assuming a linear relationship 15e- 
tween metal content and relative etch rate, we would ex- 
pect somewhat  less than one monolayer of boron reacted 
preferentially in the film in the present case from the 
halved relative etch rate. But, it is dispersed throughout  
the film prior to 02 RIE development.  The latter would 
serve to concentrate the boron at the surface, much like 
SiO.~ is concentrated on the surface during 02 RIE develop- 
ment  of plasma-developed silicon containing x-ray resist 
(10). 

To ascertain boron content, Schwartz and Gualtieri ran 
ESCA spectra of some of our samples before exposure 
and after B~H6 treatment and 02 reactive ion etching. 
Rutherford backscattering analyses were not possible due 
to substrate interferences. In the case of the samples dis- 
cussed in Tables IV and V, the chlorine present partially 
interferes with the boron ls peak at 186 eV because of  the 
strong C12p absorption at 197.5 eV. Careful analysis, how- 
ever, revealed no "boron shoulder" with the CI~, peak for 
untreated and boron-treated [8]-[10] copolymer. Other ex- 
pected peaks (Ois, C~s, C12~, and CI~) also were observed. In 
the RIE-developed sample, a small shoulder on the low 
energy side of the C12p peak was found; it seems likely 
that it is the B~ peak. Comparison to other peaks and cor- 
rection for differences in cross section provides a rough 
estimate that about 0.03 equivalent monolayers of boron 
were present. Since the film studied had 14.8 m/o 
unsaturation prior to irradiation (an ample amount  for re- 
action), it seems likely that inefficient reaction with B2H6 
in the solid state is partially responsible for the low sensi- 
tivity. Low normalized thickness after development,  in 
spite of etch rates reduced by as much as a factor of 2, 
suggests that selectivity is poor and that sorbed material 
is not completely removed by flushing after reaction 
with B2H6. 

Fine patterns can nonetheless be obtained. Phot6micro- 
graphs of positive and negative tone patterns are shown 
in Fig. 5. Figure 5a shows negative tone patterns obtained 
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Fig. 5. Photomicrographs of 02 RIE-developed images in (a) DCPA ex- 
posed to 50/.~C/cm 2 at 10 keV and reacted with B2H6 (final thickness 
1800~) negative tone. (b) Copolymer of TCEA and AA exposed at 10 
~C/cm 2 and reacted with B2H6 (final thickness -800A) positive tone. 
Finest lines and spaces are 0.5, 1.0, 2.0, and 4.0/~m. 

in DCPA after a 50/~C/cm 2 exposure, B2I-IG treatment, and 
O2 RIE development.  In this instance, the development  
endpoint  was easy to detect since most of the resist was 
selectively removed. 0.5 /~m lines and spaces 0.18 /~m 
thick are evident along with the larger 1, 2, and 4/~m lines 
and spaces. In Fig. 5b, positive tone images 800A thick are 
shown for the copolymer of TCE2~ and AA after exposure 
at 10/~C/cm 2, B~H6 treatment, and O2 RIE development.  In 
this case, clearing of fine features was very difficult to 
gauge during development,  and all fine features were 
overetched. Nonetheless, remnants of the 0.5, 1.0, and 2.0 
/~m lines are evident in the micrograph along with a very 
rough granular texture which is not as noticeable in the 
negative tone example. In most cases, we see a granular 
texture which is very similar to that observed with 
plasma-developed negative x-ray resists (11). In the latter 
instance, the granularity arises from the Si containing 
component  and appears as small (< 500A) SiO2 granules 
(11). In the present instance, it appears uniformly in the 
exposed and unexposed regions and for both tones. We 
believe it results from sorbed B2H6, which continues to 
desorb slowly upon removal from the t reatment  cell. 
Upon diffusion to the surface, it probably reacts with 02 
to give B203 in trace amounts, which would act as a par- 
tial discontinuous mask in the development  process. 

Conclusions and Final Remarks 
In this paper, we have outlined the principles of 

functionalizing organic resists by gas phase reaction with 
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inorganic or organometaUic reagents, which selectively 
bind inorganic atoms to either exposed or unexposed re- 
sist regions. The reactive selection is amplified by 
plasma development, which converts the metal into a 
nonvolatile in situ mask. Two additional examples are al- 
ready present in the literature. The first is grafting of 
dichloromethylvinyl silane to plasma-polymerized methyl 
methacrylate selectively in electron exposed regions, fol- 
lowed by 02 plasma development to give negative tone 
patterns (12). Negative tone patterns were also obtained 
with electron-irradiated PMMA treated with dimethyl 
dichlorosilane and then water and developed by O2 RIE 
(13). In this latter instance, a permeation, water-induced 
polymerization model was proposed. It differs from that 
which we discuss here. The radiation grafting example is 
a good example of the model which we outline here. 

We have tested this new resist technique using 10 keV 
electron lithographic exposures from 1 to 100 tzC/cm 2 and 
treatment with diborane, which efficiently reacts with 
electron-rich C-C double bonds to form organoboranes in 
solution. Pattern development was achieved with 02 RIE 
at 10tz pressure. Formation of both positive and negative 
tone patterns was achieved using chloroacrylate homo- 
polymers or copolymers with allyl acrylate containing 
12-15% unsaturation. Comparison to control samples not 
treated with diborane demonstrates selective functional- 
ization in both instances. A maximum change of 0.30 in 
normalized thickness was realized for DCPA irradiated at 
50 ~C/cm 2. High resolution but  thin final developed pat- 
terns were obtained. Sensitivity and resolution do not ap- 
pear to be as high with the copolymer positive tone 
resists. 

While these materials and processes demonstrate the 
principles of the technique, they are far from practical 
use. First, both sensitivity (50 ~C/cm 2) and final thickness 
( -  1500A) are inadequate. This appears to result from two 
factors, poor reaction of diborane with unsaturat ion in the 
resist and competition from sorbed material, which 
desorbs at a slow rate and which can presumably form a 
skin on the resist surface u p o n  exposure to air. ESCA 

measurements appear to indicate that inefficient 
functionalization is the primary limitation. 
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The Scope and Mechanism of New Positive Tone Gas-Phase- 
Functionalized Plasma-Developed Resists 

T. M. Wolf, G. N. Taylor,* T. Venkatesan, and R. T. Kraetsch 
AT&T Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

A new type of plasma-developed positive acting photo and electron-beam resist is described. It is based upon the 
difference in functionalization occurring when exposed resists such as Waycoat IC-43 and Selectilux N-60 are treated 
with gaseous inorganic halides. Unexposed areas etch slowly during 02 reactive ion etching. In these areas, azide-inor- 
ganic halide complexes are readily converted to a masking metal oxide layer. In the exposed areas, inorganic amino hal- 
ides are converted to volatile organic and inorganic compounds. Thicknesses in excess of 5000A result for 8s contact 
photoexposures at 366 nm followed by treatment with SIC14 and O~ reactive ion etching. In addition, 0.6 ~m resolution is 
attained. Electron beam exposures indicate resolution capabilities of less t han  0.3 ~m, with sensitivity on the order of 
10-20 ~C/cm 2 at 20 keV. A mechanism consistent with UV, infrared, Rutherford backscattering, ESCA, and kinetic data 
is presented. 

In a previous paper (1), Taylor and co-workers de- 
scribed a new resist technology involving gas phase 
functionalization of an exposed resist with inorganic com- 
pounds. They envisioned selective reaction of the gaseous 
inorganic compounds in either the exposed or the unex- 
posed regions of the resist. This selective reaction would 
optimally occur at or near the surface of the resist and 
would be controlled by either the limited permeation of 
the inorganic compounds, the near-surface exposure, or 
both. The selectivity would be further enhanced during 
pattern development using reactive ion etching, during 

* Electrochemical Society Active Member. 

which the inorganic compound would be converted into a 
nonvolatile product. This nonvolatile product would act 
as an in situ mask, a concept previously used for plasma- 
developed x-ray resists (2) and ion-implantation resists 
(3). In the present instance, positive or negative tones 
could be obtained by controlling either the gas phase 
functionalization process or the type of etchants em- 
ployed during the development process. Whichever the 
case, it is conceivable that either tone could be generated 
from the same exposure using appropriate methods. 

Although this technique is applicable for use in ion, 
photo, electron, and x-ray lithography, Taylor and co- 
workers studied the method using 10 keV electron expo- 
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sure of chlorine containing acrylic polymers and copoly- 
mers containing allylic ester groups. B2H6 was used as the 
functionalizing agent. Exposed and functionalized resists 
were developed using O2 reactive ion etching. High reso- 
lution patterns were obtained (-1.0 ~m), but the final 
patterns were too thin (< 2000A) and were obtained only 
at high doses (-50-100/~C/cm2). 

Herein, we describe some initial results obtained in a 
study of the gas phase functionalization of two negative 
acting photoresists, Waycoat IC-43 (Phillip A. Hunt  Com- 
pany) and Selectilux N-60 (E. Merck Incorporated), with 
various inorganic halogen compounds.  Our goal was the 
development  of a low dose, high resolution gas phase- 
functionalized photo or electron resist. We wanted to util- 
ize the photochemistry of the sensitizers in the resist to 
effect a means to selectively sorb a volatil e inorganic hal- 
ide. We also wanted a very high absorbed concentration 
of  the inorganic halide. This would insure the formation 
of a thick metal oxide protecting layer during O3 reactive 
ion etching. High values of normalized developed thick- 
ness~ NTD, in excess of 5000A, should result. We also envi- 
sioned the difference in selectivity to be large enough to 
enable one to achieve resolution less than 1.0/~m. 

Methodology 
Waycoat IC-43 and Selectilux N-fi0 are two commer- 

cially available negative-acting photoresists whose radia- 
tion chemistry is well documented (4). The resists consist 
of a bis-azide sensitizer [1] in a partially cyclized poly(iso- 
prene) host [2] 

CH= 
[1] [2] 

Upon UV irradiation, the sensitizer loses two molecules 
of nitrogen to give the dinitrene intermediate [3] 

i~ : ~ ~ C Y :  

CH, 
[3] 

The dinitrene can add across a double bond to give an 
aziridine [4], or insert into a carbon-hydrogen bond to 
give a secondary amine [5]. The difunctionality of 

I 
NH 

c/H= \H  

[4] [5] 

the sensitizer affords cross-linking of the polymer host 
and the material functions as a negative solution-devel- 
oped resist in conventional photolithography. 

However, the transformation of the azide functionality 
to either an aziridine or amine can potentially be useful in 
the gas phase functionalization process. Inorganic hal- 
ides, such as silicon tetrachloride (SIC14) and tin tetrachlo- 
ride (SnC14), are known to react with secondary amines (5) 
to form tetrasubstituted silyl or stannyl amines [6]. On 
this basis we formulated 

R3Si-C1 R3Si-NR'2 
+ R'2NH ~ [6] 

(R3Sn-C1) (I~Sn-NR'2) 

the lithographic process outlined in Fig. 1. Photolysis of 
the resist converts the azide A contained in the partially 
cyclized polyisoprene host into aziridines and amines B. 
Next, the exposed resist is treated with a gaseous inor- 
ganic halide MX. This is envisioned to fUnctionalize the 
exposed areas via the reaction with the amines as de- 
picted by BMX. Oxygen reactive ion etching would strip 
the unexposed, unfunctionalized areas. Etching would 
oxidize the inorganic-amine product to an inorganic ox- 
ide. This oxide would then act as an in situ masking 
layer, which would effectively prevent  further etching in 
the exposed areas. 

These processes were outlined (schematically) first by 
Taylor et al. (1) for negative resists. Since then, FoUett 
and co-workers (6) and Hattori and co-workers (7) have 
described similar processes. Both used PMMA, which af- 
forded negative tone patterns. 

Both of these examples appear to be impractical. This 
paper describes materials and processes which bring gas 
phase-functionalized plasma-developed resists closer to 
reality. In addition, a novel means for achieving positive 
tone is detailed. 

Experimental 
Prebaked 1 /zm thick films of Waycoat 1C-43 and 

Selectilux N-60 on Si were contact exposed on two differ- 
ent exposure tools. An Optical Associates Incorporated 
deep UV exposure light source (Model 29D) and intensity 
control system (Model 780) were employed using 250-300 
nm optics. A Cobilt Model CA2020H Contact Printer at 
366 nm was used for resolution studies. 

The exposed coatings were functionalized using SIC14, 
SnC14, or Me2SiC12 (Alfa Products). Gas phase functionali- 
zation took place in a reaction cell, the details of which 
will be discussed in a later paper. Treatment times were 
typically 1-60s. 
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Fig. 1. Schematic showing the proposed mechanism for gas-phase 
functionalized resists. Azide A incorporated in a host polymer is 
radiologically converted to an amine B. Treatment with an inorganic hal- 
ide MX gives an amine-inorganic halide BMX capable of conversion to a 
refractory nonvolatile oxide MO2 during 02 RIE. 
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Etch ing  was done  in a Cooke  V a c u u m  Produc t s  react- 
ive ion  etcher,  us ing oxygen  as the  sole etchant .  The  typi-  
cal e tch ing  condi t ions  were  20W, 10-20 mtorr ,  and an oxy- 
gen flow of 8-12 sccm. 

Results and Discussion 
The azide conta in ing  gas-phase-funct ional ized resists  

e t ched  in a m a n n e r  comple te ly  oppos i te  the  m e c h a n i s m  
we env is ioned  (Fig. 1). The  u n e x p o s e d  regions  e tched  at a 
s ignif icant ly lower  rate than  thei r  exposed  counterpar ts!  
U n d e r  the  best  process ing  condit ions,  a normal ized  devel-  
oped thickness ,  NTD, be tween  0.5 and 0.7 was obtained.  
Pos i t ive  act ing resist  behav ior  resu l ted  w h e n e v e r  we 
"success fu l ly"  funct ional ized the  resist  (Fig. 2). The  t e rm 
"success fu l"  is used  to indica te  comple te  c lear ing of  the  
subs t ra te  in the  exposed  areas  u p o n  reac t ive  ion  etching.  
Ins tances  will  be descr ibed  later  where  only part ial  or 
even  no clear ing was obtained.  

Waycoat  IC-43 and Se lec t i lux  N-60 were  successful ly  
funct ional ized us ing SnC14, SIC14, and d imethy ld ich loros i -  
lane [(CH3)2SiC12]. F igure  3 shows  the resul ts  for the  nor- 
mal ized  deve loped  th ickness  of  SIC14 funct ional ized  Se- 
lec t i lux  N-60 as a funct ion  of  exposure  t ime  and funct ion-  
al ization t ime. N-60 was contac t  exposed  us ing  the Cobil t  
CA2020H and then  t reated wi th  SIC14 for var ious  t imes.  
Two t rends  are noted.  First,  w h e n  SiC14 t r ea tmen t  t ime  
was var ied  (8, 16, or 32s) at cons tan t  exposure ,  NTD passed 
th rough  a m a x i m u m .  At  3, 5, and 7s SiCL t rea tments ,  pat- 
terns could  be  developed.  However ,  at or above  10s treat-  
ment ,  ne i the r  the  exposed  nor  the  u n e x p o s e d  areas could  
be etched.  Secondly ,  vary ing  the  exposure  t ime  whi le  
keep ing  the  SIC14 t r ea tmen t  t ime  cons tant  (3, 5, 7, or  10s) 
af forded a m a x i m u m  NTD at a 16s exposure  t ime. Coinci- 
den t  wi th  decreas ing  NTD at h igh  doses or long t r ea tmen t  
t imes  was a decrease  in the  e tch  rate relat ive to the  same 
e tch ing  rate for funct ional ized low dose exposures .  A 10s 
SIC14 t r ea tmen t  always afforded resis t  films that  could  
not  be  e tched,  regardless  of  exposure  time. 

These  resul ts  indicate  the  possibi l i ty  of  two types  of  be- 
havior  d e p e n d i n g  on exposure  and SIC14 t r ea tmen t  t imes.  
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Fig. 2, Schematic depicting the observed pathway of gas phase- 
functianalized negative photoresists treated with SiCI4 or SnCl4. 
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for Selectilux N-60 treated with SiCI4 for various times. 
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At low doses  and low SIC14 t r ea tmen t  t imes,  one  can eas- 
ily deve lop  patterns.  Etch  t ime  to clear the  exposed  re- 
gions and e tch  rate are cons tan t  and equ iva len t  to tha t  of 
an unfunc t iona l ized  resis t  (1250 s  used  as a control .  
I t  appears  as i f  SiC14 were  p resen t  only in the  u n e x p o s e d  
areas, cont rary  to our  expecta t ions .  Dur ing  RIE,  the  sili- 
con p resen t  there  is conver ted  to SiO2, thus  r educ ing  the  
e tch  rate. 

However ,  a m u c h  dif ferent  p ic ture  is ev iden t  f rom an 
analogous  s tudy  us ing  SnC14 as the  volat i le  inorganic  hal- 
ide and  Waycoat  IC-43 resist. Waycoat  IC-43 has  near ly  
ident ica l  c o m p o n e n t s  and s t ructures  to those  in Select i-  
lux  N-60. 1 ~m th ick  films of  IC-43 on Si wafers  were  ex- 
posed  to 250-300 n m  UV radiat ion for 1, 3, 5, 10, 30, and 
60s us ing  the  OAI exposure  tool. Each  sample  was t rea ted  
wi th  SnC14 for 1 min.  An  ana logous ly  t reated bu t  unex-  
posed  sample  of  IC-43 was used  as a control.  In  this  case, 
the  use of  SnC14 permi ts  the  analysis of  the dep th  distri- 
bu t ion  of  the  reagents  (Sn and C1) us ing  Ru the r fo rd  
backsca t te r ing  spec t roscopy  (RBS) (8). F igure  4 shows 
the  spectra  obta ined  for 3 samples:  an u n e x p o s e d  control ,  
a 3s exposure ,  and a 30s exposure .  

The control  spec t rum reveals  that  SnC14 was un i fo rmly  
d i s t r ibu ted  (sorbed) wi th in  the  resist. This s imula tes  the  
u n e x p o s e d  areas on a pa t te rned  wafer  tha t  e tch  at a 
s lower  rate  than  the  exposed  areas. Incredibly ,  Sn  was 
p resen t  in the  pho toexposed  wafers  as well. Both  the  3 
and the  30s samples  show a Sn  background  comparab l e  
to the  control ;  that  is, they  both  show a un i fo rm distr ibu-  
t ion of  Sn  in the  resis t  (1.2 • 1017 Sn at./em2). In  addit ion,  
the  appearance  of  a new peak  in the  v ic in i ty  of  channe l  
no. 400 shows a bui ld-up of  Sn  (1.8 • 1017 Sn at . /cm 2) in 
the  near-surface region (upper  2500A) of  the  resist. Tables  
I and II summar ize  the amoun t s  of  Sn  and C1 sorbed  for 
each  exposu re  dose. F igure  5 shows a plot  of  the  addi- 
t ional  Sn concen t ra t ion  vs. exposure  t ime  us ing  the  data  
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Fig, 4. Rutherford backscattering spectra for exposed and unexposed 
Waycoat IC-43 treated with SnCI4 for 1 min showing the increase in Sn 
and CI as a function of exposure time. 
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Table I. RBS results for photoexposed Waycoat IC-43 resist treated for 1 
min with SnCI4 

Exposure time Sn CI C1]Sn a C1/Sn ~ 
(s) (cts) (c~s) (total) (excess) 

0 23,365 8,561 3.17 0 
1 27,739 9,591 2.99 0 
3 31,490 10,026 2.75 1.14 
5 31,445 10,207 2.80 1.48 

1O 34,693 11,057 2.76 1.42 
30 37,822 11,652 2.66 1.54 
60 40,329 12,229 2.62 1.36 

"Calculated using correction factors involving atomic numbers 
for Sn and C1. 

Table II. Increase in Sn as a function of photoexposure from the RBS data 

Exposure Total Total Near-surface Near-surface 
time Sn Sn Sn Sn 

(s) (cts) (at. x 10 '7 cm -~) (cts) (at. x 10 is cm 2) 

1 27,739 1.28 0 0 
3 31,490 1.45 3,751 1.73 
5 31,445 1.45 3,706 1.70 

10 34,693 1.60 6,954 3.20 
30 37,622 1.74 10,083 4.64 
60 40,329 1.86 12,590 5.79 

g iven  in  Tab le  II. T h e r e  a p p e a r s  to be  a f i r s t -order  de-  
p e n d e n c e  of  exces s  S n  w i t h  r e s p e c t  to e x p o s u r e  t ime.  
IC-43 c o a t e d  wafe r s  e x p o s e d  for  30s a n d  t r e a t e d  w i t h  
SnC14 c o n t a i n  50% m o r e  S n  t h a n  t h e  con t ro l  sample .  
Moreover ,  i t  is t h i s  h i g h  S n  c o n c e n t r a t i o n  a rea  t h a t  is 
e t c h e d  a w a y  in  p r e f e r e n c e  to t he  u n e x p o s e d ,  b u t  t r ea ted ,  
control !  

A n  e x a m i n a t i o n  of  t he  da ta  in  Tab le  I s h o w s  t h a t  t h e  ra- 
t io of  C1 to S n  in t he  b a c k g r o u n d  of  all t h e  s a m p l e s  is ap-  
p r o x i m a t e l y  3.2 a n d  is lower  t h a n  the  va lue  of  4.0 for  
SnCl~ itself .  But ,  in  t he  r eg ions  t h a t  c o r r e s p o n d  to t he  S n  
bu i ld -up ,  t h i s  ra t io  d e c r e a s e s  to 1.4. Clearly,  S n  a p p e a r s  to 
be  p r e s e n t  in  d i f f e ren t  f o r m s  in  t h e  e x p o s e d  a n d  t h e  un-  
e x p o s e d  reg ions .  One  of  t h e s e  m a y  b e  an  a m i n o - t i n  com-  
p o u n d ,  as o u t l i n e d  ear l ie r  in  th i s  paper .  T he  o t h e r  a p p e a r s  
to b e  SnO2 over ly ing  a SnC14-sensit izer c o m p l e x  of  u n d e -  
t e r m i n e d  form.  

E S C A  ana lys i s  s u p p o r t s  t he  a b o v e  hypo t he s i s .  S u b s t a n -  
t ial  d i f f e r ences  for  t h e  sur faces  of  t he  e x p o s e d  a n d  u n e x -  
p o s e d  s a m p l e s  of  IC-43 t r e a t e d  w i t h  SnC14 were  s e e n  in 
t he  ~dSn a n d  1~O p e a k s  of  t h e  E S C A  spec t r a  (Fig. 6). In  t he  
u n e x p o s e d  r e g i o n  t he  s igna ls  are  l ike  t h o s e  o b s e r v e d  for  
SnO2 ( th is  r eg ion  does  no t  e t ch  rapidly ,  as w o u l d  be  ex- 
p e c t e d  i f  SnO~ were  presen t ) .  T he  e x p o s e d  r eg ions  ex- 
h i b i t  a S n  c o m p o s i t i o n  t h a t  is m o r e  r e p r e s e n t a t i v e  of  ei- 
t h e r  a n  o r g a n o t i n  o x y c h l o r i d e  or a n  o r g a n o t i n  a m i n o  
ch lor ide .  

UV-v i s ib l e  s p e c t r o s c o p y  g ives  a d d i t i o n a l  c lues  to t he  
m e c h a n i s m  of  t h e  ga s - phas e - f unc t i ona l i z a t i on  process .  
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Fig. 5. Plot of the additional Sn absorbed (taken from the RBS data) 
during gas phase functionalization of 1 /~m of Waycoat IC-43 treated 
with SnCI4 as a function of deep UV exposure time. 
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Fig. 6. ESCA spectra of I/~m exposed and unexposed Waycoat IC-43 
treated with SnCI4. 

F i g u r e  7 s h o w s  the  spec t r a  of  an  u n e x p o s e d ,  1 /~m t h i c k  
fi lm of  IC-43 before  a n d  af ter  t r e a t m e n t  w i t h  SnC14. The  
or ig ina l  a b s o r p t i o n  b a n d  c e n t e r e d  at  370 n m  is s l igh t ly  
r ed  sh i f t ed  u p o n  t r e a t m e n t .  The  i n t e n s i t y  is also r educed .  
U n e x p o s e d  Se lec t i lux  N-60 res i s t  t r e a t ed  w i t h  SIC14 
s h o w s  a s imi la r  b e h a v i o r  (Fig. 8). The  c h a n g e s  in  b o t h  
t h e s e  spec t r a  sugges t  c o m p l e x a t i o n  of  t he  i n o r g a n i c  hal-  
ide  w i t h  t h e  azide  sensi t izer .  However ,  for  a n  e x p o s e d  
(60s) s a m p l e  of  N-60 t r e a t ed  w i t h  SIC14, we see a c o m p l e t e  
d i s a p p e a r a n c e  of  t he  370 n m  c h r o m o p h o r e .  Th i s  i n d i c a t e s  
t h e  a b s e n c e  of  th i s  t y p e  of  c o m p l e x a t i o n  a n d  t h e  occur-  
r e n c e  of  o t h e r  c h e m i c a l  r eac t ions  in  t he  e x p o s e d  regions .  

C o m p l e x a t i o n  of  t he  u n e x p o s e d  N-60 m a y  o c c u r  w i t h  
e i t h e r  of  t he  t h r e e  m a j o r  f u n c t i o n a l  g r o u p s  p resen t .  T h e s e  
i n c l u d e  t h e  h i g h l y  s u b s t i t u t e d  d o u b l e  b o n d s  of  t h e  h o s t  
p o l y m e r  (par t ia l ly  cycl ized po ly i sop rene )  a n d  t he  azide  
( -N3)  a n d  c a r b o n y l  (--C~------O) g r o u p s  of  t he  sensi t izer .  A 
ser ies  of  e x p e r i m e n t s  was  c o n d u c t e d  to d e t e r m i n e  t he  
c o m p l e x i n g  func t iona l i ty .  Va r ious  p o l y m e r s  we re  coa t ed  
on  Si wafe r s  a n d  t r e a t e d  w i t h  SIC14. Then ,  t h e y  we re  re- 
ac t ive  ion  e t c h e d  in  o x y g e n  a long  w i t h  a n  u n t r e a t e d  con-  
trol.  Poly(cis-l,4-butadiene), p o l y ( m e t h y l  me thac ry l a t e ) ,  
a n d  p o l y ( m e t h y l  v iny l  ke tone )  s h o w e d  no  d i f f e rence  in 
e t c h  ra te  f r o m  the  control .  SIC14 c o m p l e x a t i o n  w i t h  t he  
d o u b l e  b o n d s  in  po ly (bu tad i ene )  or t h e  c a r b o n y l  g r o u p s  
in  t he  l a t t e r  two  p o l y m e r s  s h o u l d  h a v e  d e c r e a s e d  t h e  e t ch  
ra te  v ia  t he  f o r m a t i o n  of  an  ox ide  layer.  The  c a r b o n y l  a n d  
olef inic  g r o u p s  do  n o t  a p p e a r  to be  i n v o l v e d  in  c o m p l e x -  
at ion.  

The  n e e d  for  t he  azide  g r o u p  in  t he  s y s t e m  is cri t ical .  I t  
is f u r t h e r  s u p p o r t e d  by  a n o t h e r  e x p e r i m e n t .  As  we  saw 
above ,  poly(cis-l,4-butadiene) was  no t  func t iona l i zed .  We 
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Fig. 7. UV-visible absorption spectra of 1 /~m unexposed Waycoat 
IC-43 before and after 60s treatment with SnCI4. 
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Fig. 8. UV-visible absorption spectra of exposed and unexposed 
Selectilux N-60 with a 30s SiCI4 treatment and without a SiCI4 
treatment. 

added  10 weigh t  pe rcen t  (w/o) 1-azido-4-bromo-naphtha- 
lene [7], wh ich  contains  no carbonyl  groups  

o5 
[7] 

to a solut ion of  poly(cis-l ,4-butadiene).  The mix tu r e  was 
spun  on a Si wafer,  contact  exposed  wi th  deep-UV radia- 
tion, and t reated wi th  SIC14. Pos i t ive  tone  pat terns  (NTD ~ 
0.2) were  ob ta ined  upon  oxygen  react ive  ion  etching,  thus  
conf i rming  azide complexa t ion .  

Mechanism.--The spec t roscopic  s tudies  (RBS, ESCA, 
and UV-visible)  and the  p rev ious ly  desc r ibed  observa-  
t ions sugges t  the  m e c h a n i s m  for gas-phase funct ional iza-  
t ion out l ined  in Fig. 9. Two types  of  inorganic  hal ide 
funct ional iza t ion  appear  to occur. In  the  u n e x p o s e d  re- 
gions, MCI~ is qu ick ly  sorbed  into the  film. We p r e s u m e  
the  fo rmat ion  of  an R - N 3 . . .  MX complex .  In  the  p re sence  
of  wa te r  this comp lex  hydrolyzes  to form inorganic  ox ide  
MO~. Dur ing  O~ RIE,  some loss of  MO2 may  occur  due  to 
spu t te r ing  of  this p ro tec t ive  mask ing  layer. This  meta l  
ox ide  layer may  be r enewed  dur ing  oxidat ive  e tch ing  by 
conver t ing  unhydro lyzed  inorganic  c o m p o u n d s  to MO~. 

In  the  exposed  regions,  MX4 also is sorbed quickly.  
F r o m  the  infrared spectra,  all azide groups  hav ing  a 
s t rong absorbance  at 2250 cm -~ d isappear  upon  a 16s ex- 
posure  at 366 n m  wi th  the  format ion  of  amine  products .  
The  inorganic  hal ide then  appears  to react  wi th  the  amine  
or azir idine groups  genera ted  dur ing  photo  exposure .  

! 

These  new products  (R'--I~--MCI~) apparen t ly  hydrolyze  
m o v e  s lowly than  the  c o m p l e x e d  meta l  halides.  U p o n  
O~ RIE,  the  c o m p o u n d s  are r e m o v e d  as COs, H20, NO2, 
and volat i le  inorganic  c o m p o u n d s  of  u n k n o w n  structure.  
At  shor t  MX t r ea tmen t  t imes,  l i t t le ox ide  is fo rmed  to 

MECHANISM 
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K4 
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+ 

R ~ -  SnC~ x - REACTED 

I 02 RIE 

C 0 2 , H 2 0 ,  NO 2 , 
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COMPOUND) 

Fig. 9. Proposed mechanistic and kinetic scheme for the gas phase 
functionolization of negative azide containing photoresists with gaseous 
inorganic halides. 

h inder  r emova l  of  the  exposed  areas. However ,  a second  
m o d e  of  MX4 sorpt ion appears  to occur  at longer  treat- 
m e n t  t imes.  MX4 also is physica l ly  sorbed into the  resist. 
The  concen t ra t ion  of  it qu ick ly  bui lds  after all the  photo-  
genera ted  p roduc t s  have  reacted.  This second  c o m p l e x  
appears  to be  h ighly  react ive  toward  water ,  thus  fo rming  
a meta l  ox ide  layer wh ich  severe ly  h inders  r emova l  of  
these  areas dur ing  02 RIE.  With very  long MX t r e a t m e n t  
t imes,  no e tch ing  is possible  in ei ther  region. 

This  m e c h a n i s m  also is cons is ten t  wi th  the  fai lure to 
obta in  pa t te rned  resists  for films which  were  pho toex-  
posed  and  t reated for short  t imes  (< 8s). U n d e r  these  con- 
dit ions,  insuff icient  azide is pho todecomposed ,  as evi- 
denced  by cons iderable  res idual  IR absorbance  at 2250 
cm-1. Subs tan t ia l  concent ra t ions  of  R-N3-MX4 are p resen t  
in both  the  exposed  and u n e x p o s e d  areas of  the  resist. 
This  h ighly  react ive c o m p l e x  is readi ly  conve r t ed  to a 
meta l  ox ide  in the  p resence  of  water  or dur ing  O3 RIE.  
The  ne t  resul t  is the  inabi l i ty  to at tain any signif icant  dif- 
ferent ia l  e tch  rate dur ing  O~ RIE. Comple t e  pho todecom-  
posi t ion of  the  bis-azide sensi t izer  appears  to be necessa ry  
in order  to opt imize  select ivi ty  as j u d g e d  f rom the  IR  
analyses.  

Pattern resolution.--The use of  gas phase-funct ional -  
ized IC-43 as an e lec t ron-beam resist  gave us an indica- 
t ion of  the  resolut ion capabil i t ies  for this l i thographic  
process  and material .  1 t~m of IC-43 was exposed  to a 20 
keV e lec t ron  b e a m  at doses  of  1, 3, 6, 9, 12, 18, and 24 
tzC/cm 2. The  resist  was then  t reated wi th  SnC14 for 1 min. 
F igure  10 shows a scanning  e lec t ron  mic rog raph  of un- 
de r exposed  1 ~m lines and spaces  at 18 ~C/cm ~ deve loped  
us ing  02 react ive  ion etching.  The  exposed  regions  (repre- 
sen ted  by the  t renches)  conta in  a sl ight residue.  A closer  
examina t i on  of  the l ines reveal  that  the field bu t t ing  was 
misa l igned  by -0 .15 tkm. This  m i sa l i gnmen t  was  r e so lved  
by  the  gas-phase-funct ional ized resist. The  smal les t  gap 
wid th  is about  0.3 t~m. Addi t iona l  samples  were  not  ex- 
posed  by e lec t ron i r radiat ion due  to the  low wafer  
th roughput .  Process  d e v e l o p m e n t  l ike that  out l ined  be- 
low for contac t  pho toexposu re s  wou ld  be e x p e c t e d  to af- 
ford i m p r o v e d  E-beam images.  

Cobi l t  contac t  exposures  of  N-60 reveal  the  reso lu t ion  
potent ia l  of  these  photo l i thographic  gas phase-funct ional -  
ized resists. A 16s p h o t o e x p o s e d  sample  of  N-60 was 
t rea ted  for 7s wi th  SIC14. F igure  l l a  shows the nomina l  1 
~m l ines and spaces ob ta ined  after exposure ,  t rea tment ,  
and O2 RIE.  The  l ines were  0.7 tLm high and 0.6 t~m wide;  
the  spaces were  1.4 t~m wide.  This  was i n d e p e n d e n t  of ex- 
posure  f rom 3-16s. Th inner  films were  ob ta ined  at the  
shor ter  exposu re  t imes.  A close examina t i on  of  the  m a s k  
used  for these  pho toexposu re s  revea led  that  the  c h r o m e  
l ines m e a s u r e d  about  0.6 ~m, wi th  1.4 tLm gaps. It  appears  
that  in this exposure  m o d e  the  m a s k  d imens ions  were  re- 



Vol. 131, No. 7 P L A S M A - D E V E L O P E D  R E S I S T S  1669 

Fig. 10. Scanning electron mi- 
crographs of O~ RIE-developed 
Waycoat IC-43 irradiated at 20 
keV and 18 /~C/cm 2 and treated 
with SnCI4. Fig. l Oa and 10b depict 
underexposed 1 ~m and 0.75 ~m 
lines and spaces, respectively, in 
0.80/~m thick resist. The 0.15 ~m 
misaligned address structure is 
clearly seen. 

Fig. 11. Scanning electron mi- 
crographs of 0,6 ~m lines and 1.4 
/~m spaces (Fig. 1 la) and 1.4 ~m 
lines and 2.6/~m spaces (Fig. 1 lb) 
obtained after 02 RI E development 
of 1 ~m Selectilux N-60 contact 
exposed for 16s with UV irradia- 
tion and treated with SiCI4 for 7s. 
Final resist thickness is 0.7/~m. 

produced quite faithfully. In Fig. 11b, the 2.0 ttm lines and 
spaces actually measured 1.4 tLm and 2.6 tLm~respectively. 
These also correspond to the same dimensions found for 
corresponding features on the mask. 

The presence of residue in the exposed regions of these 
samples and in the E-beam-exposed samples attests to 
the difficulties associated with excess SIC14 sorbed in the 
resist. This excess SIC14 may be hydrolyzed during han- 
dling to form traces of inorganic oxide. It also may be 
formed in the exposed area during O~ RIE. The residue 
cannot-be removed by sputtering during pattern develop- 
ment  at high bias. If  it is pure oxide, such as SiO2, it may 
be possible to remove it after development  by brief RIE 
using CHF~ gas or a freon-oxygen mixture similar to that 
used by Taylor and co-workers (9) for plasma-developed 
x-ray resists. These experiments are currently in prog- 
ress. 

Conclus ions 
A new type of plasma-developed, positive acting photo 

and electron-beam resist has been described. It is based 
upon the chemical differences induced by the gas-phase 
functionalization resultifig when exposed samples of 
Waycoat IC-43 or Selectilux N-60 resists are treated with 
volatile inorganic halides such as SIC14 or SnC14. In the 
unexposed regions, the inorganic halide is uniformly dis- 
tr ibuted throughout  the resist and complexes with the 
azide group of the sensitizer. This complex is readily con- 

verted to a masking refractory oxide by either hydrolysis 
in the presence of water or by an oxidative process during 
oxygen reactive ion etching. 

The functionalization that takes place in the exposed 
areas is quite different. The inoganic chloride-amino com- 
pounds that appear to be formed hydrolyze more slowly 
and are readily removed as volatile organic and inorganic 
compounds during 02 reactive ion etching. These areas 
are removed at a much higher rate than their unexposed 
counterparts. Normalized developed thicknesses in ex- 
cess of 5000~ can be obtained at 366 nm for Cobilt contact 
exposures between 8 and 24s upon O2 RIE development.  

Resolution in the vicinity of 0.6 t~m can be obtained 
with SiC14-functionalized contact photoexposure of Se- 
lectilux N-60. Smaller dimensions are possible with 
electron-beam exposures of Waycoat IC-43. With further 
development  and extension to other materials and expo- 
sure sources, practical single-level plasma-developed gas 
phase-functionalized resists previously envisioned may 
be extended to H § ion beam and low voltage electron (< 5 
keV) and scanning metal ion beam (< 4 keV). At a mini- 
mum, practical trilevel and perhaps even bilevel applica- 
tions may be feasible, provided processes for residue re- 
moval are forthcoming. 
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Hydrogen Plasma Etching of Organics 
F. Y. Robb* 

Motorola, Incorporated, Process Technology Laboratory, SRDL, Phoenix, Arizona 85008 

ABSTRACT 

The use of hydrogen plasmas for reactive ion etching of organic films has been characterized. It was found that an- 
isotropic etching could be easily achieved, but with relatively slow etch rates (< 300A/min). The effect of variables (such 
as pressure, temperature, and power) and chemistry changes (such as the addition of O2 and N2) were studied and dis- 
cussed. In addition, the applications of contact-hole etching and trilevel resist processing are considered. 

The increasing complexity of integrated circuits has de- 
manded technological changes in the areas of materials, 
lithography, and processing. The need for an anisotropic 
etch process for organic films is a result of both material 
and lithographic advancements.  One new dielectric/passi- 
vant material which has recently gained acceptance in the 
semiconductor world is polyimide (1). An anisotropic etch 
process for polyimide will clearly be needed as device ge- 
ometries shrink to the submicron regime. In the lithogra- 
phy area, the trilevel resist process outlined by Moran and 
Maydan (2), extends lithographic capabilities by first 
planarizing the wafer's surface with a thick organic layer. 
That thick layer is then patterned using a thin inorganic 
intermediate masking layer and very thin top layer of re- 
sist. This trilevel process requires an anisotropic organic 
etch to maintain good dimensional control. 

Oxygen plasma attack of organic films is well known, 
as "ashing" of photoresist is quite common in the micro- 
electronics industry (3). In addition, the use of oxygen for 
reactive ion etching of organics has been widely studied 
and applied (4-6). In order to achieve anisotropic etching 
of organic films with oxygen reactive ion etching, how- 
ever, relatively low pressures (< 0.02 torr) are required (5). 

Hydrogen plasmas are also capable of removing organic 
films under the proper conditions (7-8). In those studies, 
temperatures between 150 ~ and 200~ were needed to pro- 
mote etching, although only mild ion bombardment  was 
present. (One investigator utilized a high frequency barrel 
etcher, while the other immersed the sample in the posi- 
tive column of a dc discharge.) The subject of this paper 
is the characterization of organic etching in hydrogen 
plasmas under low temperature/higher ion bombardment  
conditions. The principle motivation behind this study 
was to develop an anisotropic organic etch process (for 
both trilevel masking and preohmic applications) at 
operating pressures above 0.10 torr, making sophisticated 
and costly vacuum equipment  unnecessary. 

Experimental 
Figure 1 shows a schematic diagram of the experimen- 

tal apparatus. The RF electrodes and reactor baseplate 
*Electrochemical Society Active Member. 
Key words: plasma etching, hydrogen discharges, semicon- 

ductor processing, organics. 

were constructed of aluminum, and a Pyrex bell jar com- 
prised the remainder of the vacuum chamber. The wafers 
were placed on the smaller powered electrode which had 
a surface area of approximately 500 cm 2. 

The system was operated at a RF frequency of 13.56 
MHz, with the power variable from less than 0.1 to 0.6 
W/cm 2. The operating pressure, which was measured with 
a capacitance manometer  (MKS Baratron), was varied by 
changing the input flow of process gas to the chamber. 
The gas was injected into the chamber via a single hole in 
the reactor baseplate. Gas flow was measured via Tylan 
mass fiowmeters, which allowed mixtures of gases to be 
made. Flow rate restrictions and the 0.01 torr system base 
pressure limited usable etching to the above 0.1 torr re- 
gime. Temperature was varied by resistance heaters and 
monitored via a thermocouple,  both positioned within the 
electrode support structure. 

Various cathode covers were investigated in order to 
eliminate metallic contamination of the etching wafers. 
Contamination-free etching resulted only when all reactor 
surfaces were covered with an organic film. Both con- 
ventional photoresist coatings and du Pont  Kapton sheet 
polyimide (affixed with a resist "glue") were successfully 
used, although the lifetime of the sheet polyimide was 
considerably longer. The test sample etch rates with or- 
ganic reactor coatings were approximately 40% lower 
than with the bare aluminum cathode, presumably be- 
cause of loading. Both the trilevel resist and contact re- 
sistance applications utilized a polyimide reactor coating. 

PYREX BELL J ~  

ELECTRODE / ~ . QUARTZ PLATE 
SUPPORT / ~ / STRUCTURE\ / 

X/~ ETCHING WAFERS /'~ 13.56 
/ ~  ~'/ ; / I MHz 

GASI ' , "  
INLET 1 1' t, l o o  ~ o o [  ~v 

Fig. I. Reactor utilized for organic etch studies 
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Oxidized silicon substrates, coated with from 1.0 to 2.0 
~m of an organic film, were used. du Pont  PI2545 
polyimide was mainly used, although the etch rates of 
Hunt  Chemical HR-100 negative and HPR-204 positive 
photoresists were also measured. The polyimide film was 
cured via multiple temperature bakes, ending with a 15 
min 420~ N2 bake. The HR-100 films were hardbaked for 
30 rain at 150~ in N~, while the HPR-204 films were 
given a 2h 200~ vacuum bake. For patterned samples, a 
thin intermediate masking layer of plasma nitride or ox- 
ide was next  applied and patterned, with a resist mask, by 
reactive ion etching in CF4 or CHF~. 

Figures 2 through 6 plot the etch rates of PI2545, while 
Fig. 4 also includes the HR-100 and HPR-204 rates for 
comparison. In general, the photoresists '  etch rates were 
virtually the same, with the polyimide etch rate being 
10%-20% higher. 

Etch data was measured for small loads with typically 
only one 3 in wafer per run. The etch uniformity (2 ~) 
across a 3 in wafer was less than 5%. Error bars represent 
the max imum spread in etch rate measured over a several 
month  period. 

Various analysis techniques were used to characterize 
the etch process. Film-thickness and etch-depth measure- 
ments on patterned samples were made on the Tencor 
10-00020 Alpha Step. For sheet organic films of HR-100 
and HPR-204, the IBM 7840 Film Thickness Analyzer was 
used to make thickness measurements.  The anisotropy of 
the etch and general etch quality were determined from 
scanning electron micrographs (SEM's) of samples given 
a 20% overetch. 

The contact resistance measurements  were made on 
p-type silicon to aluminum-Si contacts. The silicon sub- 
strates were BF2 implanted with a thermal oxide mask, at 
2 • 1015/cm2 and 40 keV. An 800~ 10 min N2 activation 
anneal followed the implant. A 6000~ thick dielectric film 
of either du Pont 's  PI  2566 polyimide, fully cured to 
450~ or low pressure CVD phosphosilicate glass (PSG) 
was next  applied/deposited, and preohmic holes pat- 
terned. All samples were given a 35s 75:1 HF (75 to 1 vol- 
ume mixture  of 49% HF and water) preclean before subse- 
quent  sputter deposition, at 150~ of 8000~ of 
aluminum-1.5% silicon. After a 30 min, 450~ N2 anneal, 
the contact resistance was measured using a four- 
terminal Kelvin resistor test structure, which is more 
fully described elsewhere (9). The voltage was measured 
at two currents to confirm ohmic behavior. Contacts 
which showed diode-type behavior or opens were re- 
jected. Specific contact resistance was calculated from 
SEM measurements  of the etched preohmic openings. 

Results and Discussions 
Oxygen comparison study.--Since oxygen has become 

the industry standard for organic etching, a brief compar- 
ison of its etch characteristics to those of hydrogen was 
initially performed. The etch rate and anisotropy of 
polyimide films etched in both oxygen and hydrogen 
plasmas were characterized as function of pressure in the 
0.1-0.5 torr range. Figure 2 shows that the etch rates in ox- 
ygen increased twofold, from about 500 A/min, as the 
pressure was lowered from 0.5 torr. The etch rate in hy- 
drogen, however, varied .little with pressure and was al- 
ways less than 300 s SEM's of patterned samples 
etched in oxygen with a 20% overetch showed definite 
undercutt ing at all pressures in this range. Samples pat- 
terned in hydrogen showed no undercutting, even when 
overetched more than 100%, when the etch pressure was 
below 0.4 torr. 

The data suggest that both oxygen and hydrogen have 
two modes of etching. One mode, dominated by neutral 
radical etching, exists at high pressure and results in 
some horizontal etching. The second mode, one of ion- 
assisted etching, occurs at lower pressures and results in 
highly directional etching. The transition from the neutral 
to the ion-assisted etch mode occurs at different pres- 
sures for hydrogen and oxygen plasmas. The literature 
(4-6) suggests a transition pressure of about 0.02 torr for 
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Fig. 2. Hydrogen and oxygen etch rotes for polyimide as o function of 
pressure. 

oxygen, while this study defines a much higher hydro- 
gen transition pressure of about 0.4 torr. Anisotropic or- 
ganic etching in hydrogen, therefore, eliminates the need 
for sophisticated and costly vacuum equipment.  

Because the etch rates in hydrogen are quite slow com- 
pared with oxygen, however, several methods for increas- 
ing the rate were investigated and are discussed below. 

Hydrogen process studies.--:As a first at tempt to in- 
crease organic etch rates in hydrogen, elevated tempera- 
ture was investigated. Studies of the oxygen ashing of or- 
ganics have shown as much as tenfold increase in 
oxidation rate as the temperature was increased from 60 ~ 
to 130~ (10, 11). Figure 3 shows that the etch rate in hy- 
drogen, however, varies little as the temperature is in- 
creased from 30 ~ to 125~ An earlier study (7) of hydrogen 
"ashing" indicated that the organic etch rate will increase 
dramatically with temperature, but only if the tempera- 
ture is raised above 150~ In this application, flowing of 
the top resist limited the temperature to belowA30~ An 
Arrhenius plot of the hydrogen data in Fig. 3 yields an 
activation energy of less than 0.9 kcaYmol. This is less 
than the literature value of 2.8 kcaYmol reported for oxy- 
gen organic etching in the same pressure/temperature re- 
gime (5) and suggests that ions, which have larger kinetic 
energy than radicals and are thus less affected by temper- 
ature, are the primary etching species in the hydrogen 
plasma. 

Figure 4 shows that organic etch rates in hydrogen do 
increase as the power density is increased. However, even 
at the maximum system power density, the rate was only 
300 A/min. The increasing rate with increasing power may 
be attributed to increased reactive species production 

800 
Z 

~ 7 0 0  

m 600 

m 500 
o 

400 

I ~, 200 I- 
0 100~ 

0.34 WATTS/CM 2 
ALUMINUM CATHODE 
0.15 TORR 

I 
20 

| 

I 1 I I I 
40 60 80 I00 120 

TEMPERATURE (~ 

Fig. 3. Temperature dependence of the polyimide etch rate in a hydro- 
gen plasma. 



1672 J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  July 1984 

Fig. 4. Power density depend- 
ence of various organic etch rates 
in a hydrogen plasma. 
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and/or enhanced ion bombardment  energies as power is 
increased. From the etch rate at maximum power, and as- 
suming a simple CH4 etch product, it can be estimated 
that a hydrogen atom flux to the surface of 1.0 • 
1016/cm2 s is needed to sustain etching. This should be 
compared to a calculated hydrogen ion flux of 6.3 • 
1015/cm 2 s, which assumes a fairly typical hydrogen ion 
density of 10"/cm 3 and a flux of 1/4 n ~. The good agree- 
ment  is consistent with an ion-assisted etch mechanism. 

Finally, the addition of oxygen and nitrogen to the hy- 
drogen plasma was investigated as a means of increasing 
the etch rate. Figure 5 shows a linear increase in etch rate 
is produced as increasing amounts of oxygen are added. 
Unfortunately, however, the amount  of undercutt ing also 
increased linearly as the oxygen percentage increased, 
with even samples etched in 8% oxygen displaying slight 
undercutting. It appears that the mixed HjO2 plasmas 
simply produce an additive result. The faster etching, free 
radical-dominated oxygen etch mode is superimposed on 
the slower etching, ion-assisted hydrogen etch mode, 
with the exact results controlled by the percentage of ox- 
ygen added. 

Figure 6 displays the polyimide etch rate as a function 
of the amount of nitrogen added to hydrogen. Interest- 

ingly, the etch rate in a NJH2 mixture is higher than in ei- 
ther constituent alone. Figure 7 compares the etch pro- 
files for a pure hydrogen and a 17% NJH~ mixed plasma. 
Although a straight-walled profile is observed for pure 
hydrogen, retrograde undercutt ing (where the width of 
the top hard mask opening is smaller than the base of the 
etched feature) results in the mixed NJH~ plasmas. In ad- 
dition, samples etched in pure nitrogen displayed 
straight-walled profiles, although severe etch residues 
made pure nitrogen etching unusable. 

The reason for the retrograde profile is not well under- 
stood. Since pure nitrogen profiles showed no retro- 
grade, the nitrogen species by themselves cannot be the 
cause. Scattering of the small hydrogen ion by the rela- 
tively large nitrogen species [via the model proposed by 
Zarowin and Gelatt (12)] also seems unlikely, since no 
profile changes were observed when comparable 
amounts  of argon were added to the hydrogen plasma. 
The presence of a new retrograde undercutt ing species in 
these NJH~ plasmas was investigated by comparing emis- 
sion spectra from the various plasmas, but no new species 
could be identified. 

Finally, surface recombination may be modified when 
nitrogen is added. A change in the surface recombination 
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Table I. p-Type silicon to aluminum-Si contact resistance as a function of 
the interlayer dielectric and its etch technique, The total number of 

DIELECTRIC 

PSG 
CONTROL 

PSG 
CONTROL 

PSG 
CONTROL 

POLYIMIDE 

POLYIMIDE 

contacts possible on each wafer is 82 

DIELECTRIC AFTER ETCH R s STANDARD # CONTACTS 
ETCH TREATMENT (~/~M 2) DEVIATION PER WAFER 
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1.91 
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44 

65 
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Fig. 7. Etch profiles of plasma oxide masked polyimide films patterned 
in a pure hydrogen (top) and 17% NJH2 plasma (bottom). Both samples 
were given 50% overetch. 

properties could result in higher surface concentrations 
and/or different surface diffusivities of etching species, 
producing retrograde undercutting. Similar "catalytic" ef- 
fects, brought about by the addition of small amounts  of 
impurities to hydrogen, have been previously reported 
(13). 

Successful anisotropic organic etching with a hydrogen 
plasma involves several factors. Cathode-coupled wafer 
placement is essential because etching could not be initi- 
ated when substrates were placed on an anode surface. 
An organic coating must  be placed over metallic reactor 
surfaces to eliminate contamination of the substrates. A 
pure hydrogen chemistry is required for nonretrograde 
anisotropic etch profiles. In  the present study, 0.13 torr 
H~ (which required 36 sccm) and 0.6 W/cm 2 (maximum 
power~ gave the opt imum results, yielding organic etch 
rates of approximately 300 s and selectivity over 
both thermal oxide and polysilicon of greater than 60/1. 
Under these conditions the etch rates of HR-100 negative 
and HPR-204 positive photoresist were virtually identical, 
with the PI2545 polyimide rate about 15% higher. 

Applications.--Two applications of the hydrogen 
plasma etch process were investigated. In the first, a thin 
plasma oxide/thick polyimide (or HPR-204) structure was 
patterned, using an E-beam-sensitive top resist, to pro- 
vide a thick organic mask for the subsequent  etching of 
submicron polycide gate features. SEM measurements 
found linewidth changes of less than 0.1 ~zm between the 
top E-beam resist and the final polycide gates. No prob- 
leras were encountered with the sequential etching pro- 
cesses themselves, although successful postetch mask re- 
moval required a brief wet etch for removal of sidewall 

buildups. The sidewall build-up phenomenon is not 
unique to hydrogen organic etching; others have identi- 
fied and similarly solved the problem for oxygen plas- 
mas (14). 

The second application involved the etching of pre- 
ohmic openings in a polyimide dielectric and subsequent  
measurement  of the silicon-to-aluminum contact resist- 
ance. Table I displays the specific contact resistance and 
number  of ohmic contacts per wafer (out of 82 possible) 
for both hydrogen-etched polyimide and buffered HF- 
(BHF) etched PSG controls. It should be noted that align- 
ment  problems on the first PSG control accounted for its 
lower contact yield. 

Although SEM inspection of the polyimide preohmic 
vias showed no obvious problems, Table I data show a 
definite degradation of these contacts. The contact resist- 
ance was an order of magnitude higher and the number  of 
contacts much lower than for PSG control contacts. In 
addition, in situ premetal backsputtering had little effect. 
The problem is a result of the polyimide dielectric rather 
than hydrogen plasma itself, as wet etched contacts ex- 
posed to the hydrogen plasma for 20 min (a typical over- 
etch time) showed little degradation. Others (15, 16) have 
observed a similar problem for oxygen plasma etching of 
polyimide vias. The applicability of the oxygen-plasma 
solutions to hydrogen-etched contacts is currently being 
investigated. 

Conclusions 
The use of a hydrogen plasma for etching organic films 

has been investigated. Anisotropic etching was easily 
achieved, at pressures more than an order of magnitude 
higher than those required for equivalent anisotropic oxy- 
gen etching. A major drawback, however, is the relatively 
slow etch rate of less than 300 •/min. The hydrogen-etch 
temperature dependence, etch rate, and etch anisotropy 
are consistent with an ion-assisted etch mechanism. No 
unusual  problems were encountered when using the hy- 
drogen etch for trilevel patterning of a thick organic 
masking material. The specific contact resistance of test 
structures fabricated with hydrogen-etched polyimide 
vias, however, was much higher than wet-etched PSG 
controls. 
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The Effect of Various Encapsulants on the Electrical Properties of 
Implanted Layers in GaAs 
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ABSTRACT 

Reactively sputtered silicon nitride, plasma-enhanced CVD silicon nitride, and silox have been investigated as di- 
electrics for the encapsulation of GaAs for the purpose of post-implantation anneal. The effect of several treatments on 
the GaAs surface prior to dielectric deposition was analyzed by Auger spectroscopy and ellipsometry to characterize the 
high temperature annealability of the encapsulated samples. An ammonium hydroxide-hydrogen peroxide etchant that 
leaves the surface clean and damage free was found to be the most suitable. After surface treatment and dielectric depo- 
sition, Van der Pauw devices were fabricated and carrier mobilities and sheet carrier concentrations for devices an- 
nealed at 800~ were compared. In specific cases, the electrical characteristics of devices annealed at higher tempera- 
tures (850 ~ and 900~ were also measured. Differences in the carrier mobilities and sheet carrier concentrations 
obtained, using the various dielectric films, have been explained in terms of the movement  of a surface depletion layer 
edge closer to or away from the GaAs-dielectric interface. 

Ion implantation is widely used for planar fabrication of 
a variety of gallium arsenide-integrated circuits (1, 2). The 
implantation process requires a high temperature anneal 
to restructure the lattice and electrically activate the im- 
planted ions. However, the incongruent evaporation of Ga 
and As from GaAs at temperatures in excess of 600~ (3) 
makes it difficult to anneal without surface degradation. 
In order to inhibit decomposition of GaAs at high temper- 
atures, it is necessary to encapsulate the GaAs samples in 
a suitable dielectric such as reactively sputtered silicon 
nitride (4), RF plasma CVD silicon nitride (5), or CVD sili- 
con dioxide (6). Some investigations have shown that 
samples can also be annealed in a carefully controlled ar- 
sine overpressure (7), or by using a proximity cap (8). 

Several investigations have compared the various di- 
electrics in terms of their effectiveness in the encapsula- 
tion of GaAs. It was found from backscattering measure- 
ments (9), low temperature photoluminescence and Auger 
electron spectroscopy (AES) measurements (10), and also 
from an XPS study on annealed SiOJGaAs interfaces (11) 
that SiO~ films permit outdiffusion of Ga from GaAs. 
Such outdiffusion of Ga could result in nonstoichiometry 
near the GaAs--SiO~ interface, and could significantly af- 
fect the activation of carriers during a post-implant an- 
neal. It was also shown (9) that Ga outdiffusion through 
RF plasma-deposited CVD Si3N4 films was considerably 
lower than through SiO2 films, provided that the Si3N4 
films are relatively oxygen free. Thus, they concluded 
that oxygen contamination of the silicon nitride film was 
responsible for the pronounced Ga outdiffusion. 

Most of these investigations reported on the effective- 
ness of the various dielectric films for encapsulation in 
order to maintain the chemical integrity of the GaAs sub- 
strates. However, relatively little has been reported on the 
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effect that these dielectrics have on the basic properties 
of carriers produced by the implanted ions, such as car- 
rier mobilities (~H) and sheet carrier concentrations (Ns). 
In the present study, carrier concentrations and mobil- 
ities were measured on Van der Pauw devices, which 
were fabricated using reactively sputtered silicon nitride 
(sputtered nitride), plasma-enhanced CVD silicon nitride 
(plasma nitride), or CVD SiO2 (silox). The properties of 
each dielectric film as an encapsulant and its influence 
on the activation and mobility of carriers are discussed. 

The major limitation in the use of dielectric films for 
encapsulating GaAs is the temperature at which the 
samples can be annealed before they fail by cracking 
when the films are in tension, or blistering when they are 
in compression (12). During our initial annealing studies, 
it was observed that surface preparation of the GaAs sub- 
strates prior to plasma nitride deposition was extremely 
critical in preventing film failure. This suggested that, 
besides film stress, the high temperature annealability of 
these samples depended in some manner on the proper- 
ties of the GaAs-dielectric interface. Therefore, a detailed 
characterization of several surface treatments was done 
using Auger spectroscopy and ellipsometry in conjunc- 
tion with the annealing studies. 

Experimental Procedures 
Predielectric surface treatments.--The substrates used 

for the study were <100> oriented undoped semi-insulat- 
ing LEC GaAs single-crystal wafers (2 in diam). All 
samples were initially degreased using trichloroethylene 
(boiling) and acetone, and followed by a light isopropyl al- 
cohol scrub to dislodge any adhered particles. Each wafer 
was screened under an optical microscope (using dark 
field) for scratches and particles. They were then 
etched using either (i) 10 DIH~O:IHC1 followed by 100 
DIH20:lHF; (ii) 10 DIH20:lNI~OH; or (iii) 485DIH20:10 
NI-LOH:3.5H202 as described in Table I. All etch cycles 
were followed by a 45s DIH20 rinse. 
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T a b l e  I D i f f e r e n t  s u r f a c e  t r e a t m e n t s  s t u d i e d  

Sample Surface treatment Depth etched 

A 1HCI:10 DIH20; 15s <10A (21) 
1HF:100 DIH20; 15s 
DIH20 rinse; 45s 

B 1NH4OH:10 DIH20; 30s <10A (21) 
DIH~O rinse; 45s 

C 1NH4OH:10 DIH20; 60s ~<10A (21) 
DIH20 rinse; 45s 

D 485DIH20:10 NH4OH: ~150A 
3.5H~O2; 5s 
DIH20 rinse; 45s 

E 485DIH20:10 NH4OH: ~5000s 
3.5H20~; 166s 
DIH20 rinse; 45s 

The  s a m p l e s  f rom one - th i rd  of  t he  wafers  t h a t  were  
t r e a t e d  as d e s c r i b e d  in  Tab le  I were  i m m e d i a t e l y  t a k e n  
for  A E S  m e a s u r e m e n t s .  In  all cases,  s u r v e y  scans  we re  
m a d e  to d e t e r m i n e  all c o n t a m i n a t i n g  e l emen t s .  D e p t h  
prof i les  we re  t h e n  t a k e n  b y  u s i n g  Ar  s p u t t e r  e t c h i n g  in  
c o m b i n a t i o n  w i t h  AES.  T he  e x c i t a t i o n  vo l t age  of  5 k V  
a n d  e m i s s i o n  c u r r e n t  of  400 n A  was  m a i n t a i n e d  c o n s t a n t  
for  all s amples .  T he  b a s e  p r e s s u r e  ins ide  t he  c h a m b e r  
p r io r  to A r  s p u t t e r i n g  was  5 x 10 -1~ torr ,  a n d  d u r i n g  Ar  
s p u t t e r i n g  a n d  da ta  co l l ec t ion  {he p r e s s u r e  was  5 x 1 0  - 8  

torr.  Fo r  t he  d e p t h  profiles,  da ta  we re  co l l ec ted  for  a b o u t  
1 ra in  p r io r  to s p u t t e r i n g  to a sce r t a in  t h a t  a s t ab l e  s i tua-  
t ion  ex i s ted .  

S a m p l e s  f rom t h e  n e x t  t h i r d  of  t he  wafe r s  we re  s t u d i e d  
b y  e l l i p s o m e t r y  u s i n g  a G a e r t n e r  Mode l  Ll19 .  S a m p l e s  
we re  e t c h e d  a n d  m e a s u r e d  i m m e d i a t e l y  so as to m i n i m i z e  
c o n t a m i n a t i o n  a n d  ox ide  g r o w t h  on  t h e  f r e sh ly  e t c h e d  
samples .  All  e l l ipsometr~c m e a s u r e m e n t s  w e r e  m a d e  in 
t h e  d a r k  at  a n  ang le  of  i n c i d e n c e  of  70 ~ a n d  u s i n g  a wave-  
l e n g t h  of  5461A. A p h o t o m u l t i p l i e r  w as  u s e d  as t h e  de-  
tec tor ,  a n d  e x t i n c t i o n  was  m e a s u r e d  at  two se t t i ngs  of  t h e  
ana lyze r  a n d  polarizer.  ~ a n d  6 are, r espec t ive ly ,  t h e  am-  
p l i t ude  ra t io  a n d  t he  p h a s e  d i f f e rence  b e t w e e n  t he  inci-  
d e n t  a n d  re f lec ted  e l l ip t ical ly  po la r ized  l ight ;  t h e s e  are  
ca l cu l a t ed  f rom the  ana lyze r  a n d  po la r izer  s e t t i ngs  u s i n g  
t h e  e q u a t i o n s  for n o n i d e a l  c o m p e n s a t o r s  (13). 

F r o m  t h e  va lues  of  ~ a n d  6, t h e  t h i c k n e s s  of  the  
c o n t a m i n a t i n g  layer  ove r  G a A s  can  be  ca l cu la t ed  (14) b y  
a s s u m i n g  t he  i m a g i n a r y  p a r t  of  t he  re f rac t ive  i n d e x  (k = 
0.304) for  GaAs  a n d  t h e  re f rac t ive  i n d e x  of  t he  f i lm (n = 
1.90); t h e  f i lm on  GaAs  e x p o s e d  to air  is b e l i e v e d  to b e  
ga l l i um ox ide  (15) w i t h  a re f rac t ive  i n d e x  of  1.90. Seve ra l  
i n v e s t i g a t i o n s  h a v e  u s e d  t h e  e x t i n c t i o n  coeff ic ient  (k) as 
a m e a s u r e  of  t he  e x t e n t  of  c rys ta l  d a m a g e  in  Si (16, 17) 
a n d  G a A s  (18) subs t r a t e s .  In  t h i s  s tudy ,  ~ a n d  6 va lues  
we re  also u s e d  to ca lcu la te  t he  e x t i n c t i o n  coeff ic ient  a n d  
hence ,  i m p l y  t he  e x t e n t  of  c rys ta l  d a m a g e  r e m a i n i n g  in 
G a A s  s u b s t r a t e s  a f te r  t he  va r ious  sur face  t r e a t m e n t s .  
T h e s e  ca l cu l a t i ons  a s s u m e  t h a t  t he  film t h i c k n e s s  (over  
GaAs)  is sma l l  a n d  hence ,  c an  b e  a s s u m e d  to b e  zero. 

The  r e m a i n d e r  of  t he  s a m p l e s  af te r  b e i n g  e t c h e d  were  
i m m e d i a t e l y  p l aced  in a p l a s m a  n i t r i de  r e ac t o r  for n i t r i de  
depos i t i on .  P l a s m a  Si3N4 f i lms~were  d e p o s i t e d  at  400~ 
b y  t h e  R F  p l a s m a - e n h a n c e d  r eac t i on  b e t w e e n  Sill4 a n d  
NH3 w i t h  A r  as t he  ca r r ie r  gas. T he  S iHJNH3 ra t io  in  t he  
m i x t u r e  was  m a i n t a i n e d  at  0.425. T he  to ta l  flow ra te  for 
all  gases  was  a b o u t  180 s c c m  w i t h  SiH~ b e i n g  a b o u t  5% of  
t h e  total .  D e p o s i t i o n  was  s t a r t ed  w h e n  a ba se  p r e s s u r e  of  
2 m t o r r  was  r eached ,  a n d  t he  p r e s s u r e  d u r i n g  d e p o s i t i o n  
was  a b o u t  350 mtor r ;  1000A of  p l a s m a  n i t r i de  was  depos -  
i t ed  on  all of  t h e s e  wafers  at  a d e p o s i t i o n  ra t e  of  90 ]~/min. 
T h e  wafe r s  were  t h e n  a n n e a l e d  in  a f o r m i n g  gas  a tmo-  
s p h e r e  (90% N2, 10% H~) at  va r i ous  t e m p e r a t u r e s  b e t w e e n  
800 ~ a n d  950~ for 20 min.  Af te r  annea l ing ,  t h e  wafe r s  
we re  i n s p e c t e d  for fi lm fa i lure  u s i n g  a n  opt ica l  mic ro -  
scope.  

Van  der P a u w  device preparat ion  and  m e a s u r e m e n t . -  
F r o m  t h e  r e su l t s  of  t h e  c l e a n i n g  e x p e r i m e n t s  (to b e  dis- 

c u s s e d  later), i t  b e c a m e  e v i d e n t  t h a t  p l a s m a  n i t r i de  f i lms 
cou ld  be  a n n e a l e d  f avorab ly  at  t h e  e l eva t ed  t e m p e r a t u r e s  
i f  a 485DIH20:10 NH4OH:3.5H202 e t ch  was  u s e d . A s  n o t e d  
f rom T a b l e  I, t h e  166s e t ch  r e m o v e s  a b o u t  5000s of  GaAs  
mater ia l .  Af te r  d e g r e a s i n g  (as d e s c r i b e d  in  t h e  p r e v i o u s  
sect ion) ,  GaAs  wafe r s  were  t r e a t e d  w i t h  th i s  e t c h a n t  p r io r  
to d ie lec t r ic  depos i t ion .  E i t h e r  p l a s m a  n i t r i de  (1000A), 
s p u t t e r e d  n i t r i de  (1000A), or  s i lox (1250A) was  depos i t ed .  
P l a s m a  n i t r i d e  was  d e p o s i t e d  as d e s c r i b e d  earl ier .  Depo-  
s i t ion  of  s p u t t e r e d  n i t r i de  was  a c c o m p l i s h e d  b y  r eac t ive  
s p u t t e r i n g  f r o m  a p u r e  s i l i con  t a rge t  in  the  p r e s e n c e  of  
p u r e  n i t r o g e n  gas. Wafers  were  p l a c e d  on  a wa te r - coo led  
s u b s t r a t e  tab le ;  t he  ac tua l  wafe r  t e m p e r a t u r e  d u r i n g  sput -  
t e r  d e p o s i t i o n  was  d e t e r m i n e d  to b e  no  h i g h e r  t h a n  300~ 
The  c h a m b e r  was  p u m p e d  d o w n  to a p r e s s u r e  of  2 x 10 -~ 
to r r  or b e t t e r  be fo re  c o m m e n c e m e n t  of  depos i t i on .  Af te r  
a d m i t t i n g  n i t r o g e n  gas  a n d  in i t i a t ing  t h e  p l a sma ,  a 20 ra in  
p r e s p u t t e r  was  d o n e  to a l low the  t a r g e t  c o m p o s i t i o n  to 
s tabi l ize ,  a n d  also to r eac t  a n d  p u m p  away  s o m e  of  t h e  re- 
s idua l  i m p u r i t i e s  f rom the  c h a m b e r .  The  d e p o s i t i o n  ra te  
was  a p p r o x i m a t e l y  45 A/min  at  a p o w e r  d e n s i t y  of  0.93 
W/cm 2. CVD si lox f i lms were  d e p o s i t e d  b y  a r e a c t i o n  be-  
t w e e n  Sill4 a n d  02 in t h e  p r e s e n c e  of  N2. The  d e p o s i t i o n  
ra te  is a r o u n d  400 A/min at  a d e p o s i t i o n  t e m p e r a t u r e  of  
420~ 

The  silox, p l a s m a  ni t r ide ,  a n d  s p u t t e r e d  n i t r i d e  f i lms 
we re  cha rac t e r i zed  b y  A u g e r  s p e c t r o s c o p y  a n d  ellip- 
some t ry .  I t  was  o b s e r v e d  t h a t  t he  CVD si lox f i lms are  
v e r y  n e a r l y  s t o i ch iome t r i c  (i.e., t h e y  are  SIO2). The  i n d e x  
of  r e f r ac t i on  for s i lox is f o u n d  to b e  1.46 -+ 0.02. Fo r  t he  
p l a s m a  a n d  s p u t t e r e d  n i t r i de  films, t he  ra t io  of  a t o m i c  
c o n c e n t r a t i o n  of  Si to  N is 0.90 - 0.05. The  a t o m i c  c o n c e n -  
t r a t i o n  of  o x y g e n  t h r o u g h o u t  t h e  fi lm t h i c k n e s s  is less 
t h a n  2-3 a t o m  p e r c e n t  (a/o) for  t he  n i t r i de  films. T h e  in- 
d e x  of  r e f r ac t ion  for  b o t h  t he  p l a s m a  a n d  s p u t t e r e d  ni- 
t r i de  f i lms is f o u n d  to b e  2.01 -+ 0.02. Th i s  r e s u l t  s h o w s  
t h a t  t h e s e  n i t r i de  f i lms are  to  b e  d i f f e r en t i a t ed  f r o m  sili- 
c o n  oxyn i t r ide ,  w h o s e  i n d e x  of  r e f r ac t i on  is typ ica l ly  be-  
t w e e n  1.45 a n d  2.00, d e p e n d i n g  o n  t he  o x y g e n  c o n t e n t  
(19). 

F o l l o w i n g  d ie lec t r ic  depos i t ion ,  ion  i m p l a n t a t i o n  of  
28Si+ in to  t he  GaAs  wafers  was  ca r r ied  ou t  at  r o o m  t em-  
p e r a t u r e  t h r o u g h  t he  d ie lec t r ic  fi lms, u s i n g  p a t t e r n e d  
p h o t o r e s i s t  as t h e  i m p l a n t  mask .  The  t h i c k n e s s e s  of  
p l a s m a  a n d  s p u t t e r e d  n i t r i des  (1000k), a n d  s i lox (1250A) 
were  c h o s e n  to e n s u r e  a b o u t  t h e  s a m e  s t o p p i n g  p o w e r  for 
Si ions  t h r o u g h  t h e s e  f i lms (20) a n d  also to a d e q u a t e l y  
e n c a p s u l a t e  t he  wafe r  d u r i n g  t h e  p o s t - i m p l a n t  annea l .  Im-  
p l a n t a t i o n  was  g r a d e d  in rows  on  any  g iven  wafe r  w i t h  
doses  t h a t  r a n g e d  f rom 8 • 10" to 1 x 1013 c m  -2. The  im- 
p l a n t  e n e r g y  was  140 keV  a n d  t he  b e a m  was  i n c i d e n t  at  
an  ang le  of  7 ~ f rom the  n o r m a l  to t he  wafe r  su r face  to 
m i n i m i z e  c h a n n e l i n g  effects.  Af te r  i m p l a n t a t i o n ,  t he  
s a m p l e s  were  a n n e a l e d  in a f o r m i n g  gas  a t m o s p h e r e .  In  
m o s t  cases,  a n n e a l i n g  was  ca r r i ed  ou t  at  800~ for  20 min ,  
b u t  in  two  cases,  a n n e a l i n g  was  p e r f o r m e d  at 850 ~ a n d  
900~ as well. Final ly ,  a l loyed Au-Ge-Ni  was  u s e d  for  t he  
o h m i c  con tac t s .  
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Shee t  carr ier  concent ra t ions  (Ns) and Hall  mobi l i t ies  
(~a) for the  var ious  implan t  doses  were  ob ta ined  f rom 
m e a s u r e m e n t s  m a d e  us ing a Hall  apparatus,  in which  
data  col lec t ion  and reduc t ion  was facil i tated by c o m p u t e r  
control.  The  sheet  carr ier  concen t ra t ion  (Ns), wh ich  is 
equa l  to the  impur i ty  concen t ra t ion  in tegra ted  over  the 
dep th  of  the  impur i ty  profile, was ca lcula ted  f rom the 
shee t  Hall  coefficient.  Hall  mobi l i t ies  were  calcula ted 
f rom the  shee t  Hall  coeff ic ient  and the  shee t  resis tance.  
I t  should  be po in ted  out  that  the  Hall  mobi l i ty  measure-  
m e n t  for an implan ted  layer resul ts  in an average  mobi l i ty  
for the  d is t r ibu ted  profile. The  s t rength  of  the  magne t ic  
field was 6000G. Each  Van der  P a u w  die is 5 m m  on a 
side, and on a 2 in. wafer  there  are be tween  five and n ine  
devices  per  row for each  implan t  dose. This  p rov ides  data  
for assess ing the  die-to-die un i fo rmi ty  of  e lectr ical  prop- 
ert ies across a wafer,  for any g iven  implan t  dose. 

Results and Discussion 
Cleaning procedures.--Table I shows the  d i f ferent  sur- 

face prepara t ion  sequences  pe r fo rmed  on GaAs samples  
and the  cor respond ing  dep th  of  mater ia l  etched.  The  Au- 
ger  spec t roscopy,  e l l ipsometry ,  and annea l ing  resul ts  for 
each  of  these  prepara t ions  are p resen ted  in Table  II. 
F r o m  the  Auger  dep th  profiles for samples  A th rough  E, 
the  a/o of  C and O near  the  surface was obtained.  It  is 
seen  f rom the  table that  the  C concen t ra t ion  decreases  
cons is ten t ly  d o w n  the  c o l u m n  to about  5 a/o for sample  E. 
For  sample  E, the  oxygen  concen t ra t ion  near  the  surface  
was about  18 a/o. I t  was observed  that  the  C on these  
samples  was not  p resen t  as a carbide,  but  was e i ther  ele- 
men ta l  in na ture  or  a hydrocarbon ,  as ascer ta ined  by the  
shape and posi t ion of  the  Auger  peaks.  In  addit ion,  this C 
may  have  been  adsorbed  on the  surface f rom the  atmo- 
sphere  or f rom the  c leaning  solutions.  

To conf i rm the  above  hypotheses ,  samples  were  ex~ 
posed  to an ul t raviole t  souce  (22) (in a tmosphere )  for 
about  3h, and qu ick ly  loaded  into the  Auge r  chamber .  
The  Auger  spectra  did not  show any traces of  C. How- 
ever,  the  oxygen  concen t ra t ion  on the surface of  these  
samples  inc reased  f rom be tween  17 and 20 a]o to about  37 
a/o for all samples .  This  c lean ing  action by exposure  to a 
UV source  is be l i eved  to occur  (22) by a c o m p l e x  react ion 
invo lv ing  the  in terac t ion  of  surface  species wi th  pho tons  
and ozone. Certain wave leng ths  in the  UV spec t rum are 
absorbed  by O (and causes the  genera t ion  of  ozone) and 
by hydroca rbons  on the  sample  surface. When the  C on 
the  surface  reacts  and leaves, the  surface becomes  h ighly  
react ive  and hence  becomes  oxidized.  This  expla ins  the 
d i sappearance  of  C f rom the Auge r  spectra  and the  in- 
crease  in the  concent ra t ion  of  O. Hence,  we conc lude  that  
C and O were  present  on!y on the  surface  of  the  wafers.  

F igure  1 shows the Auger  dep th  profile for the  sample  
that  had  the lowes t  C and O concent ra t ions  on the  surface  
(sample E). The  rate of spu t te r ing  (of GaAs) for a sput- 
ter ing vol tage  of  5 kV and an emiss ion  current  dens i ty  of  
327 ~AJcm 2, was de t e rmined  to be  app rox ima te ly  
800 A/min. This  rate is obv ious ly  too high to de t e rmine  
the  th ickness  of  the  con tamina t ing  layer accurately.  S ince  
data  col lect ion was m a d e  be tween  sput ter  in tervals  of  
0.05 rain, the  first data  poin t  for C and O was at the  sur- 
face and the  n e x t  about  40~ below. Hence  f rom Fig. 1, it is 
seen that  the  con tamina t ing  layer  th ickness  is less than  
40s Also, f rom this figure and f rom dep th  profi les for 

samples  A th rough  D (not inc luded  here), the  s to ich iome-  
try of  GaAs near  the  surface of  the  sample  is d i s tu rbed  as 
a resul t  of  the  surface t rea tments .  There  is excess  As near  
the  surface,  consis tent  wi th  p rev ious ly  repor ted  data  (23) 
on As "p i le -up"  at the  in terface  due  to HC1 and NH4OH 
cleaning  solut ions on GaAs. I t  should  be no t iced  how- 
ever,  that  be low a dep th  of  about  200A, s to ich iomet ry  is 
again near ly  restored.  

F r o m  the  e l l ipsomet ry  data, the  th ickness  of  the  con- 
t amina t ing  film was de t e rmined  as desc r ibed  earlier. 
F r o m  Table  II, it is seen that  the  film th ickness  decreases  
cons is tent ly  for samples  A to E down  to about  5A for 
sample  E. A l though  the  th icknesses  are app rox ima te  and 
could  be in error  (14) by _+5A, the  errors are systematic .  
This  means  that  the  di f ferences  in the  film th icknesses  
for the  var ious  samples  are fairly precise.  As no ted  earlier, 
the  ex t inc t ion  coeff icient  (k) has been  used  as a measu re  
of  the  surface damage  in Si s ingle-crystal  subst ra tes  (16, 
17), where  the  h igher  the  ex t inc t ion  coefficient,  the  
greater  the  degree  of damage.  It  is seen f rom Table  II  that  
there  is a sys temat ic  decrease  in the  va lue  of  the  ext inc-  
t ion coeff ic ient  for samples  A th rough  E. For  sample  E, 
the  ex t inc t ion  coeff icient  of  0.329 is approach ing  the  
va lue  of  0.304 for damage-f ree  GaAs (24), m e a s u r e d  at a 
wave l eng th  of  5461~. This is to be  expec ted  s ince the  sur- 
face t r e a t m e n t  used  for sample  E r emoves  about  0.5 ~m of 
material ,  and along with  it, r emoves  the  surface damage  
remain ing  after the  chem-mechan ica l  pol i sh ing  of  the 
wafers.  

F r o m  the  anneal ing  exper iments ,  it is seen that  only  
p lasma ni t r ide  films depos i t ed  on sample  E did not  show 
any signs of  failure by c racking  or  b l is ter ing in the  tem- 
pera ture  range of  800~176 All other  films showed  
signs of  fai lure (by blistering), a l though it was not  possi- 
ble to correlate  the  ex ten t  of  fai lure wi th  the  var ious  sur- 
face t rea tments .  These  resul ts  sugges t  that  the  c o m b i n e d  
effects  of  r educed  surface con tamina t ion  and an essen-  
tially damage-f ree  surface (sample E) pr ior  to p la sma  ni- 
t r ide depos i t ion  was respons ib le  for its h igh  t empe ra tu r e  
annealabi l i ty .  

Electrical measurements.--Annealing expe r imen t s  on 
Si ion- implan ted  u n d o p e d  semi- insula t ing GaAs wafers  
were  carr ied out  us ing  dif ferent  encapsu la t ing  dielectr ics.  
This  enab led  a compar i son  of  carr ier  mobi l i t ies  and shee t  
carr ier  concent ra t ions  which  resul ted  wi th  the  var ious  di- 
electrics.  For  two specific cases, m e a s u r e m e n t s  were  
m a d e  wi th  and wi thou t  the  dielectr ic  p resen t  to under -  
s tand wha t  effect  the  dielectr ic  had  on the  electr ical  prop- 
erties of  the  devices.  

Severa l  expe r imen t s  were  pe r fo rmed  wi th  si lox (1250A), 
and  p lasma and sput te red  ni t r ide  films (1000A each) to 
compa re  the  values  of  ~H and Ns. As m e n t i o n e d  earlier, 
the  film th ickness  was ad jus ted  to ach ieve  about  the  
same s topp ing  power  wi th  all films. Measu remen t s  were  
m a d e  wi th  the  dielectr ic  layer r emain ing  over  the  im- 
p lan ted  layer. F igure  2 shows a compar i son  of  the  activa- 
t ion as a func t ion  of  the implan t  dose  for the  var ious  di- 
electrics.  It  should  be po in ted  out  t ha t  the  actual  scat ter  
in the  data  was very  small;  the  ind iv idua l  points  shown in 
Fig. 2 average  over  five to n ine  devices  for each  implan t  
dose. Also, these  act ivat ions  have  ne i ther  been  cor rec ted  
for dose reduc t ion  due  to implan ta t ion  th rough  the  di- 
electr ic  layer, nor  for carr ier  loss due  to the  ex i s t ence  of  

Table II Auger spectroscopy, ellipsometry, and annealing results for various surface treatments 

Sample 

Auger data Ellipsometry data Annealing results 
a/o near surface Thickness Ext. coefficient 1000A plasma nitride cap 

C O d(film) ( 1 4 )  k(GaAs) (16) 800~176 

A 14 6 13A 0.440 Failed* 
B 12 21 10A 0.419 Failed* 
C 7 19 10A 0.408 Failed* 
D 8A 0.386 Failed* 
E -5 ~ 5A 0.329 Did not fail 

* Failed by blistering. 
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Fig. 2. A comparison of activations for Van der Pauw devices encapsu- 
lated and annealed at 800~ with plasma nitride, sputtered nitride, and 
silox, 

the  dep le t ion  layer. Never the less ,  re la t ive  compar i sons  
b e t w e e n  the  act ivat ions for the  three  dielectr ic  films are 
still possible ,  and we not ice  f rom Fig. 2 that  there  is a 
s ignif icant  d i f ference  in activations�9 The ac t iva t ion  (for a 
dose  of  1 x 10 ~3 cm -2) for si lox is about  40% whereas  it is 
22% for p lasma ni t r ide  and 28% for spu t te red  nitride.  Fig- 
ure  3 shows  a compar i son  of  mobi l i t ies  for the  same  de- 
vices�9 The  two curves  for each  dielectr ic  film b o u n d  the  
scat ter  in the  mobi l i ty  data. It  is seen that  the  h ighes t  
mobi l i t ies  are ob ta ined  wi th  the  p lasma ni t r ide film (4300 
cm2/Vs) and the  lowes t  wi th  spu t te red  ni t r ide  (3800 
cm2/Vs), wi th  si lox be ing  in t e rmed ia t e  (4100 cm2/Vs). This  
c lear ly  demons t ra t e s  that  the  electr ical  proper t ies  of  the  
imp lan t ed  layers are s t rongly  d e p e n d e n t  on the  type  of  di- 
e lectr ic  used.  

O n u m a  et aI. (25) found  that  for Si implan ta t ion  into Cr- 
doped  GaAs substrates,  the carr ier  concen t ra t ion  (cm -3) 
profi les were  ident ica l  for samples  encapsu la ted  wi th  
CVD SiO2 and CVD Si3N4, and annealed  at 800~ How- 
ever,  for h igher  anneal ing  t empera tu re s  (850~176 the  
di f fus ion coeff icient  of  Si in GaAs was one or two orders  
of  m a g n i t u d e  h igher  for SiO2 encapsu la ted  samples  w h e n  
c o m p a r e d  to Si3N4 encapsu la ted  samples .  In  the  preced-  
ing  compar i son  of  the  p resen t  study,  s ince all samples  
were  annea led  at 800~ we  could  a s sume  that  d i f ferences  
in Ns and  tLn for the  three  dielectr ics  may  not  be  due  to 
e n h a n c e d  Si diffusion. A l ikely exp lana t ion  for h ighe r  ac- 
t iva t ions  wi th  si lox films compared  to si l icon ni t r ide  
cou ld  be  the  creat ion of  excess  Ga vacanc ies  near  the  
GaAs-die lec t r ic  interface.  I t  was shown  (10) tha t  Ga 
outd i f fus ion  th rough  SiO~ films was more  p r o n o u n c e d  
than  th rough  oxygen-f ree  si l icon ni t r ide films. As men-  
t ioned  earlier, the  si l icon ni t r ide films s tud ied  in the  
p resen t  inves t iga t ion  are re la t ively oxygen-free.  S ince  im- 
p lan ted  Si becomes  a donor  by occupy ing  Ga sites, the  
h igher  ac t ivat ions  for si lox samples  c o m p a r e d  to s i l icon 
ni t r ide  is reasonable  to expect .  This  wou ld  sugges t  (from 
Fig. 2) that  outdi f fus ion of  Ga f rom plasma ni t r ide  ~vould 
be  more  than  f rom spu t te red  ni t r ide  samples ,  a l tho/ tgh 
this has  no t  been  verif ied exper imenta l ly .  Ano the r  possi- 
ble exp lana t ion  for the  d i f ferences  in Ns and /~H for the  
three  die lectr ic  films is the di f ference in the  stress in- 
duced  by these  films at the  interface.  
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Fig. 4. Mobility vs. sheet carrier concentration for Van tier Pauw de- 
vices with and without a plasma nitride passivation. 

A separa te  expe r imen t  was pe r fo rmed  to compa re  the  
proper t ies  of  Van der  P a u w  devices  wi th  and wi thou t  the  
dielectr ic  present .  F igure  4 shows a compar i son  of  the  
carr ier  mobi l i t ies  as a func t ion  of sheet  carr ier  concentra-  
t ion (and hence  implan t  dose) for Van der  P a u w  devices  
before  and after p lasma ni t r ide  deposit ion�9 Only for this 
case, we  star ted wi th  devices  that  were  fabr ica ted  by a 
s l ight ly di f ferent  procedure ,  such  tha t  there  was no di- 
electr ic  film presen t  over  the  comple t ed  devices .  Mea- 
su remen t s  were  first m a d e  on these  Van der  P a u w  de- 
vices.  Then  1000A of p lasma ni t r ide was depos i t ed  over  
the  wafer  and  e tched  to expose  only the  ohmic  contacts ,  
and  a second set  of  m e a s u r e m e n t s  were  made .  I t  is seen  
that  there  is an apprec iab le  d i f ference  in inabil i t ies ,  espe- 
cially for the  lower  implan t  doses.  The  peak  (average) mo- 
bi l i ty  increases  f rom about  3900 cm2/Vs before  ni t r ide  
depos i t ion  to about  4200 cm2/Vs after n i t r ide  deposi t ion.  
There  is also an apprec iab le  i m p r o v e m e n t  in the  apparen t  
ac t iva t ion  of  carriers as indica ted  by the  sys temat ic  shift  
of  the  "af ter  n i t r ide"  data  points  to the  right. Next ,  the  
p lasma ni t r ide (from the  same wafer) was careful ly  
s t r ipped in a parallel  plate p lasma e tch  sys tem (0.08 
W/cm ~, 200 mtorr ,  400 Mmin), r emov ing  about  800A, and 
then  comple te ly  r e m o v e d  in 1HF: lDIH20.  This  wou ld  en- 
sure  that  there  is essent ial ly no damage  in t roduced  due  to 
the  s t r ipping process.  It  was obse rved  that  the  mobi l i t ies  
and  act ivat ions  r e tu rned  to thei r  or iginal  values.  This  sug- 
gests  tha t  the  mere  p resence  o f  the  p lasma ni t r ide  over  
the  imp lan t ed  layer increases  bo th  Ns and/~H. We be l ieve  
that  this behavior  may  be sui tably exp la ined  by the  
m o v e m e n t  of  the  surface dep le t ion  layer edge  c loser  to or 
away f rom the  interface  wi th  the  addi t ion  or  r emova l  of  
the  nitride,  respect ively .  

A s o m e w h a t  s imilar  e x p e r i m e n t  was also pe r fo rmed  
wi th  the  spu t te red  ni t r ide  dielectr ic  film. Unl ike  our  
p lasma ni t r ide  depos i t ion  process  (which is fairly gentle), 
spu t te red  ni t r ide  depos i t ion  in t roduces  radia t ion damage.  
Hence ,  we started wi th  devices  a l ready fabr ica ted  wi th  
spu t te red  nitride,  wh ich  was annea led  fo l lowing deposi-  
t ion and ion implanta t ion.  When the  spu t te red  ni t r ide  
layer  was careful ly r emoved ,  (under  condi t ions  desc r ibed  
earlier, bu t  wi th  an  e tch  r&te of  250 Mmin), there  was a 
degrada t ion  in act ivat ions and inabi l i t ies  (as it was ob- 
se rved  for the  case of  p lasma nitride), for all implan t  
doses  considered.  However ,  w h e n  1000s of  spu t t e red  ni- 
t r ide was redeposi ted,  there  was a fur ther  decrease  in the  
act ivat ions  and mobil i t ies .  This  la t ter  behav ior  could  be  
due  to radiat ion damage  in t roduced  in the  imp lan t ed  
layer  due  to the  sput ter ing  process  and consequen t  move-  
m e n t  o f  the  surface dep le t ion  layer edge  away  f rom the  
dielectr ic  interface.  Because  of  the  p resence  of  the  al- 
loyed  ohmic  contacts ,  no a t t empt  was m a d e  to annea l  this 
radia t ion damage.  

Higher  t empe ra tu r e  (850 ~ and 900~ anneal ing  experi-  
men t s  were  also p e r f o r m e d  wi th  spu t te red  and p lasma  ni- 
tr ide.  F igu re  5 shows the ac t iva t ion  vs. imp lan t  close data  
for samples  annea led  at 800 ~ and 900~ us ing  a spu t te red  
ni t r ide  encapsulant .  It  is obse rved  that  the  ac t ivat ions  are 
h igher  at the  h igher  t empe ra tu r e  for all imp lan t  doses  
cons idered .  In  Fig. 6, the mobi l i ty  data  for the  samples  
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Fig. 7. A comparison of activations for Van der Pauw devices encapsu- 
lated with plasma nitride and annealed at 80f f  and 850~ 

are presented. Again, we see that the samples annealed at 
900~ showed higher mobilities. The peak mobility in- 
creased from 3800 cm2/Vs at 800~ to about 4200 cm~/Vs at 
900~ When similar experiments were performed with 
plasma nitride, however, there was an opposite trend. 
From Fig. 7 we see that the activations were considerably 
lower for the 850~ anneal (compared to 800~ and that 
for the lower implant doses (< 4 x 10 TM cm -~) there was no 
activation. There was very little difference in the mobili ty 
characteristics of the devices annealed at 800 ~ and 850~ 
When samples were annealed at 900~ there was no acti- 
vation even for the highest implant dose considered (1 x 
1013 cm-2). This difference in behavior of the sputtered and 
plasma nitride encapsulants, it not clearly understood at 
the present time. However, a reasonable explanation 
could be based on outdiffusion of Ga or As from the inter- 
face at the elevated temperatures. In this case, the im- 
planted Si ions could occupy either Ga or AS sites, and 
this results in an increase or decrease in activation, re- 
spectively. Also, there may be differences in the stress in- 
duced by the dielectric films, which could lead to a dif- 
ference in the enhanced diffusion of the implanted ions in 
the GaAs substrate. 

Conclusions 
It has been shown from AES and ellipsometry studies 

that surface preparation of  GaAs samples prior to plasma 
nitride deposition is critical to their high temperature 
annealability, and that a clean and damage-free surface 
prior to deposition is essential. Hall measurements  on de- 
vices which were encapsulated with plasma nitride, sput- 
tered nitride, and silox, and annealed under the same con- 

ditions resulted in different sheet carrier concentrations 
and mobilities for a given implant dose. This may be due 
to (i) interdiffusion of impurities, (ii) different stresses in- 
duced by the films, or (iii) different depletion layer thick- 
nesses. A separate experiment  and measurements  show 
that the presence of plasma and sputtered nitride over the 
implanted layer improves the electrical characteristics of 
the devices. This behavior was explained in terms of the 
movement  of a surface depletion layer edge closer to or 
away from the interface. Finally, we observed increased 
mobilities and activations with a sputtered nitride encap- 
sulation at 900~ when compared to 800~ On the other 
hand, we saw decreased activations at 850~ for plasma 
nitride encapsulated samples and no activation at 900~ 
This may be due to outdiffusion of Ga or As and excess 
compensation, or to differences in stresses. 
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Interface States and Fixed Charges in MNOS Structures with 
APCVD and Plasma Silicon Nitride 
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A B S T R A C T  

The  net  pos i t ive  charge  dens i ty  QN/q and the  in terface  state dens i ty  D~T of MNOS s t ruc tures  on p-Si (100) wi th  
A P C V D  and  p lasma si l icon n i t r ide  is s tud ied  as a func t ion  of  the ni t r ide  depos i t ion  t empe ra tu r e  and  the pos tdepos i t ion  
annea l ing  tempera ture .  Fo r  A P C V D  sil icon nitr ide,  a decrease  of  QN/q is a ccompan ied  by an increase  of  D~T wi th  increas-  
ing depos i t ion  an d anneal ing  tempera ture .  E lec t ron  i r radiat ion (30 keV and 5 • 10 -5 C/cm 2 dosage) did not  affect  QN/q, 
whereas  D~T was increased  for n i t r ide  films depos i t ed  be low 800~ For  p lasma si l icon nitr ide,  bo th  QN/q and D~T de- 
c reased  wi th  depos i t ion  and anneal ing  t empe ra tu r e  up  to 450~ Very low interface  state dens i t ies  (8 • 109 cm -2 eV -~) 
could  be  achieved.  These  low D~T va lues  are due  to the  inf luence of  hyd rogen  incorpora ted  in the  P E C V D  sil icon ni t r ide  
films. Very  h igh  posi t ive  charge  densi t ies  (>1013 cm -2) could  be obta ined  by  ces ium con tamina t ion  of  the  p lasma ni t r ide  
films. 

Pyro ly t ic  chemica l  vapor  depos i t ed  (CVD) si l icon ni- 
t r ide films are wide ly  used  as act ive layers in microe lec-  
t ronics,  e.g., as gate  dielectr ic  in nonvola t i le  m e m o r y  ele- 
ments .  The  pe r fo rmance  of  these  metal-ni t r ide-oxide-s i l -  
icon (MNOS) devices  is s t rongly d e p e n d e n t  on the  den- 
sity of  fast in terface  states and fixed insula tor  charges  
(1-3). 

P l a s m a  e n h a n c e d  CVD (PECVD) si l icon n i t r ide  films 
are a lmos t  exc lus ive ly  appl ied  for final pass iva t ion  of  
s e m i c o n d u c t o r  dev i ce s .  There  is, however ,  g rowing  inter- 
est  in us ing  p lasma Si n i t r ide  as an e lectr ical ly  act ive 
layer. I t  appears  to be  p romis ing  as dielectr ic  for h igh  
eff ic iency si l icon invers ion  layer solar cells (4, 5), as wel l  
as for a m o r p h o u s  si l icon thin  film transis tors  for applica- 
t ion as swi tch ing  e lements  in large area displays and im- 
ag ing  arrays (6, 7). In  both  cases, the  proper t ies  of  the  
p l a sma  Si ni t r ide/s i l icon interface,  such  as the  f ixed ni- 
t r ide  charges  and the  fast in terface  states, are of  great  im- 
por tance.  However ,  no data  about  these  quant i t ies  are 
avai lable  in the  l i terature up to now. For  the  case of  inver-  
s ion layer  solar cells, a h igh  dens i ty  of  f ixed pos i t ive  in- 
sula tor  charges  in con junc t ion  wi th  a low in ter face  state 
dens i ty  is r equ i red  in order  to obta in  a h igh ly  conduc t ive  
invers ion  layer  (8, 9). In  contras t  to MOS devices ,  whe re  a 
corre la t ion  be tween  the  fixed ox ide  charges  and the  in- 
ter face  states was found (10), for MNOS s t ruc tures  wi th  
a tmosphe r i c  pressure  CVD (APCVD) Si nitride,  some  
data  po in t ing  to an inverse  behav io r  were  a l ready re- 
po r t ed  by us (11, 12). 

In  the  p resen t  w o r k  the  grown-in  fixed charges  (den- 
sity QJq) and the  fast surface states (densi ty  D*~T at 
midgap)  have  been  inves t iga ted  as a func t ion  of  the  ni- 
t r ide depos i t ion  t empe ra tu r e  and after pos tdepos i t ion  
hea t - t r ea tmen t  in ni t rogen.  

The  s tudies  were  pe r fo rmed  on A1/Si n i t r ide/ th in  Si 
oxide/p-Si  (100) s t ructures  wi th  A P C V D  as wel l  as wi th  
P E C V D  Si nitr ide;  the  di f ferent  behav ior  of  these  dielec- 
tr ic films will  be  out l ined.  Par t icular ly  for the  case of  
p lasma S i  ni t r ide on silicon, where  ve ry  low interface  
state dens i t ies  could  be achieved,  the  crucial  role  of  hy- 
d rogen  is discussed.  The  effect  of ces ium con tamina t ion  
of  the  p la sma  Si n i t r ide  films on the  in terface  proper t ies ,  
as wel l  as the  inf luence  of  e lec t ron irradiat ion,  was also 
s tud ied  in this work.  

Experimental 
The  M N O S  s t ructures  were  fabr icated in the  fo l lowing 

way. Chemica l ly  mechan ica l ly  po l i shed  (CZ) p-Si  (100) 
2 ~ c m  subst ra tes  were  c leaned  in t r ich lore thylene ,  ace- 
tone,  1% HF, NH4OH-H~O~, and HC1-H202 solutions.  The  
th in  ox ide  prepara t ion  was pe r fo rmed  at 525~ for 15 min  
in a dry OJN2 a tmosphe re  resul t ing  in a th ickness  of  1-1.3 
nm, as m e a s u r e d  by e l l ipsomet ry  (;t = 632.8 nm). Oxides  

Key words: plasma silicon nitride, MNOS, interface states, in- 
sulator charges. 

p repared  in this way  are also used  by us for tunne l  MIS 
diodes  (5), and an ex tens ive  character iza t ion  of  these  
films is g iven  e l sewhere  (13). I m m e d i a t e l y  after the  ox ide  
format ion,  the  sil icon ni t r ide  films of  1000 n m  th ickness  
were  depos i t ed  e i ther  by A P C V D  or PECVD.  The gases 
used  in bo th  cases were  2% Sill4 (di luted in Ar) and 100% 
NH3. A P C V D  films were  depos i t ed  in a hot-wal l  reac tor  
wi th  a SiH4/NH3 ratio of  1:500 at t empera tu re s  r ang ing  
f rom 620 ~ to 900~ A capaci t ive ly  coupled  paral lel-plate  
reac tor  wi th  radial  gas flow was used  for the  fabr ica t ion 
of  the  p lasma ni t r ide films. The  R F  (30 kHz) p o w e r  was 
l lW,  and the  Sit-L/NI-~ ratio was 1:25 at a p ressure  of  1.2 
mbar.  The  depos i t ion  t empe ra tu r e  ranged  f rom 210 ~ to 
270~ Finally,  a l u m i n u m  contac ts  were  evapora ted  f rom 
a hea ted  tungs ten  boat. 

The  ref rac t ive  index,  m e a s u r e d  by e l l ipsometry ,  was  n 
= 1.90 - 0.03 for the A P C V D  Si ni t r ide films and n = 1.88 
--- 0.02 for the  P E C V D  Si n i t r ide  films. E lec t ron  irradia- 
t ions at 30 keV and a dose of  5 • 10:5 C/cm 2 of  the  capaci- 
tors wi th  A P C V D  Si ni t r ide were  pe r fo rmed  in a scanning  
e lec t ron  microscope .  The  ces ium con tamina t ion  was ac- 
c o m p l i s h e d  by sp inning  an alcohol ic  solut ion of  CsC1 
(10 -4 mol  CsCYl) onto the  wafer  prior  to the  ni t r ide  deposi-  
tion. G o o d  un i fo rmi ty  of  the  charge  dens i ty  across  the  
wafer  was obta ined  in this way. No special  ox ide  was 
g rown  before  the  CsC1 deposi t ion.  

High  f r equency  and quasis ta t ic  C-V m e a s u r e m e n t s  
were  pe r fo rmed  in order  to de t e rmine  the  dens i ty  of  
f ixed insula tor  charges  and in ter face  states. The  h igh  fre- 
q u e n c y  (1 MHz) capac i tance  (CHF) and the  low f r equency  
capac i tance  (CL~) were  r eco rded  s imul taneous ly  wi th  a 
m e a s u r e m e n t  sys tem desc r ibed  e l sewhere  (14). The  rate  
of  the  l inear ly  increas ing  vol tage  r amp  was b e t w e e n  5 and 
50 mV/s. In  order  to avoid  possible  effects  of  charge  injec- 
t ion f rom sil icon into the  Si n i t r ide  on the  in ter face  state 
dens i ty  D*,v at midgap,  the  curves  were  r ecorded  s tar t ing 
f rom invers ion  towards  accumula t ion ,  s ince charge  injec- 
t ion occurs  only at vol tages  smal ler  than  the  f la tband 
voltage.  

Results and Discussion 
APCVD silicon nitride.--In Fig. 1, the  fixed charge  

dens i ty  (graph a) and  the  m i d g a p  interface  state dens i ty  
(graph b) of  MNOS s t ructures  p repared  by depos i t ing  
A P C V D  Si ni t r ide on the  th in  oxide  on si l icon is shown  as 
a func t ion  of  the  ni t r ide  depos i t ion  tempera ture .  The  re- 
sults  ob ta ined  after a pos tdepos i t ion  hea t - t r ea tment  at 
900~ for 30 rain in n i t rogen  as well  as af ter  e lec t ron  irra- 
diat ion wi th  a b e a m  energy  of  30 keV and a dose  of  5 • 
10 -5 C/cm 2 are also inc luded  in Fig. 1. As can be  seen f rom 
Fig. la, the  fixed charge  dens i ty  QN/q decreases  wi th  in- 
c reas ing  ni t r ide  depos i t ion  t empe ra tu r e  f rom 4.3 • 101. 
cm -2 at 620~ down  to 5 • 10 H cm -2 at 900~ A l m o s t  the  
same low va lue  of  Qs/q is ob ta ined  after annea l ing  at 
900~ of a n i t r ide  film depos i t ed  at 650~ The  insensi t iv-  
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Fig. 1. Fixed charge density (a) and midgap interface state density (b) 
of MNOS structures [AI/100 nm APCVD Si nitride/native oxide/p-Si 
(100)]  as a function of the deposition temperature. The effects of an- 
nealing at 900~ and irradiation with 30 keY electrons (dose D = S • 
10 -5 C/cm 2) are also shown. 

ity of the fixed nitride charges against electron irradia- 
tion is clearly demonstrated for the whole deposition tem- 
perature range. This confirms earlier results obtained by 
us (12, 15). For the decrease of QN/q with deposition and 
annealing temperature, a correlation with the decomposi- 
tion of Si-H and N-H bonds was found (3, 11). 

The values of the interface state density (Fig. lb) range 
from 4 • 101' to 6 x 101~ cm -2 eV -1 in the deposition tem- 
perature range 620~176 whereas a remarkable increase 
of D*ir occurs at higher deposition temperatures. A dras- 
tic increase of D*IT is obtained after annealing a nitride 
film at 900~ which was deposited at 650~ A nearly con- 
stant high value of the interface state density (D*IT -- 2 • 
10 '3 cm -~ eV -x) resulted after electron-beam irradiation of 
the MNOS structures with nitride films grown at differ- 
ent temperatures. Thus, as a main result in Fig. lb, the 

same high value of the interface state density is obtained 
in MNOS structures with APCVD Si nitride either by de- 
positing the films at temperatures above 800~ or by an- 
nealing at high temperatures as well as by electron irradi- 
ation. 

It is known that Si-H bonding, particularly, in APCVD 
Si nitride decreases considerably with increasing deposi- 
t ion temperature (16). The observed variation of the 
interface state density with deposition temperature may 
therefore be attributed to a loss of chemically bound hy- 
drogen creating unsaturated silicon bonds. A similar de- 
composit ion of Si-H and N-H bonds (17) and the forma- 
tion of dangling silicon bonds is made responsible for the 
observed increase of D*~T after annealing. The increase of 
D*~T after electron irradiation is attributed to bond break- 
ing at the silicon/insulator interface. 

Pyrolytic CVD Si nitride, and particularly Si oxynitride, 
is known to be resistant against ionizing radiation (18, 19). 
According to our results, this fact must be restricted to ni- 
trides deposited or annealed at temperatures above 800~ 
It is not clearly understood why the interface states but 
not the fixed charges of the low temperature APCVD Si 
nitrides are affected by electron irradiation. It should be 
noted in this context that the fixed grown-in charges in 
MNOS structures are located some nanometers away 
from the silicon surface in a region of Si nitride or Si 
oxynitride (12). 

It was clearly established by depth profiling of a 
MNOS structure using a combination of Auger electron 
spectroscopy and low energy electron energy loss spec- 
troscopy in our laboratory that the Si oxide, originally 
present at the silicon surface, was transformed into Si 
oxynitride during the Si nitride deposition at 800~ (12, 
2O). 

From Fig. 1, the general conclusion can be drawn that 
no correlation exists between the fixed charges and the 
fast interface states in MNOS structures with APCVD Si 
nitride. 

PECVD silicon nitride.--In MNOS structures with 
plasma Si nitride in the as-deposited state, charge injec- 
tion occurs already at voltages slightly more negative 
than the flatband voltage. This is demonstrated in Fig. 2a 
by the high and low frequency C-V curves obtained for 
capacitors with plasma Si nitride films 100 nm thick de- 
posited at 270~ Even after recording the C-V curves up 
to -8.5V, which is only 3.5V below the flatband voltage, a 
hysteresis of 1V is observed. In contrast to MNOS struc- 
tures with APCVD Si nitride, the very poor charge reten- 
tion properties of as-deposited plasma Si nitride are 
reflected, particularly in the different shapes of both the 
CR~ and CL~ curves measured before (solid lines) and after 
(broken lines) accumulation was reached. The interface 
state density was in all cases determined from the initial 
C-V curves (solid lines in Fig. 2a). 
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Fig. 2. High and low frequency C-V curves of MNOS structures [AI /100 nm PECVD Si nitride/1.2 nm Si oxide/p-Si (100)]  of the as-deposited state 
(Fig. 2a, left) and offer annealing at 500~ in N2 (Fig. 2b, right). The plasma Si nitride was deposited at TN = 270~ 
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Drast ic  changes  of  the  in terface  proper t ies  were  ob- 
t a ined  after  anneal ing  the  p lasma ni t r ide  films at t emper -  
a tures  above  thei r  depos i t ion  t empera tu re .  The  hys teres is  
is s t rongly  r educed  after annea l ing  the  samples  above  
450~ This  is demons t r a t ed  in Fig. 2 b by the  C-V curves  
of  a M N O S  s t ruc ture  wi th  p lasma Si n i t r ide  depos i t ed  at 
270~ and annea led  at 500~ Lower ing  of  bo th  the  f ixed 
charge  dens i ty  and the  in terface  state dens i ty  occur r ing  
by  annea l ing  can also be  seen  f rom Fig. 2b. This  impor-  
tant  behav io r  was s tud ied  in more  detail,  and  the  resul ts  
are p r e sen t ed  in Fig. 3. The  charge  dens i ty  (Fig. 3a) and 
the  in ter face  state dens i ty  (Fig. 3b) are p lo t ted  as a func- 
t ion of  the  pos tdepos i t ion  anneal ing  t empera tu re .  The  
films were  depos i t ed  at 210 ~ 240 ~ and 270~ respec-  
tively. As can be  seen f rom Fig. 3a, the  f ixed charge  den- 
sity QN/q drops  f rom 6.6 x 10 TM to 2.8 • 10 TM cm -~ by  in- 
c reas ing  the  depos i t ion  t empera tu re  f rom 240 ~ to 270~ 
By pos tdepos i t ion  anneal ing,  the  Q~/q values  are reduced .  
For  annea l ing  t empera tu re s  above  430~ a near ly  con- 
stant  f ixed charge  dens i ty  of  about  1 x 10 TM cm -~ was ob- 
ta ined  for all depos i t ion  tempera tures .  

Fo r  the  midgap  interface  state dens i ty  D*~T of the  as- 
g rown  films, as shown in Fig. 3b, the  same va lue  of  2 x 
10 ~ cm -~ eV -~ was ob ta ined  at depos i t ion  t empera tu re s  of  
210 ~ and  240~ whereas  D * [  T = 1.7 x 10 ~ cm -~ eV -~ re- 
su l ted  for films g rown  at 270~ By anneal ing  these  films 
at t empera tu res  up to 500~ a decrease  of  the  in ter face  
state dens i ty  by about  two orders  of  m a g n i t u d e  occurred .  
At  annea l ing  t empera tu res  b e t w e e n  450 ~ and 500~ mini-  
m u m  va lues  of  D*~T were  ob ta ined  which  increase  wi th  
decreas ing  depos i t ion  tempera ture .  Very  low midgap  in- 
ter face  state densi t ies  of  8 x 10 ~ cm -~ eV -~ could  be 
ach ieved  for films depos i t ed  at 270~ and annea led  at 
500~ A s t rong increase of  D*~T up to 7 X 10 ~ cm -~ eV -~ 
occur red  by  anneal ing  the  p lasma ni t r ide  films at tem-  
pera tures  up to 700~ 

For  compar i son ,  the in ter face  state dens i ty  of  the  
MNOS s t ruc ture  wi th  a p lasma ni t r ide  film depos i t ed  at 
270~ and annea led  at 500~ was measu red  by  C C-DLTS  
(21). As shown  in Fig. 3b, D*~T = 9 x 10 ~ cm -~ eV -~ was ob- 
tained,  wh ich  is in good a g r e e m e n t  wi th  the  va lue  deter-  
m i n e d  by the  quasis ta t ic  t echn ique .  In  Fig. 4, the  
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Fig. 4. Interface state density of a MNOS structure with plasma Si ni- 
tride as a function of the bandgap energy determined by the quasistatic 
C-V technique and CC-DLTS. The corresponding C-V curves are shown 
in Fig. 2b. 

in terface  state dens i ty  of  this sample  is shown as a func-  
t ion of  the  energy  in the  s i l icon bandgap,  de t e rmined  by 
the  quas is ta t ic  C-V technique ,  as wel l  as by CC-DLTS.  As 
can be  seen, the  resul ts  ob ta ined  by the  two t echn iques  
are in good agreement .  

In  the  fol lowing,  the resul ts  p resen ted  in Fig. 3 will  be 
discussed.  The  h igh  interface-state  dens i ty  of  P E C V D  Si 
n i t r ide  films in the  as-grown state (Fig. 3b) is a t t r ibu ted  
to unsa tu ra ted  bonds  at the  s i l icon/ insulator  interface,  re- 
sul t ing f rom incomple te  bonding ,  wh ich  m a y  be  en- 
hanced  by  e lec t ron and ion b o m b a r d m e n t  dur ing  the  
p lasma-depos i t ion  process.  It  is k n o w n  that  a h igh  
a m o u n t  of  hyd rogen  is incorpora ted  into the  p lasma Si ni- 
t r ide  films (22). It is fur ther  k n o w n  that  annea l ing  of  the 
films in n i t rogen  at t empera tu re s  up to 500~ leads to a 
decompos i t i on  of  N-H bonds,  whereas  the  a m o u n t  of  Si-H 
bonds  increases  slightly. By hea t - t rea tments  at t empera -  
tures  above  500~ however ,  both  N-H and Si-H centers  
are lost  (23). It  is r epor ted  for the  Si/SiO2 sys tem that  the  
format ion  of  si lane groups  at the  in terface  at annea l ing  
t empera tu re s  ranging f rom 300 ~ to 500~ is respons ib le  for 
the  pass iva t ion  of  the  interface states (24). Hence  the  
s t rong decrease  of  the  in ter face  state dens i ty  at annea l ing  
t empera tu re s  up to 500~ is a t t r ibuted  to the sa tura t ion of  
unsa tu ra ted  bonds  at the  si l icon surface by hyd rogen  
or ig inat ing f rom N-H bonds  in p lasma Si nitride.  The  loss 
of  chemica l ly  bound  hydrogen  at anneal ing  t empera tu re s  
above  500~ is a s sumed  to be respons ib le  for the  ob- 
se rved  increase  of  the  in ter face  state density.  This  la t ter  
behav ior  is in analogy to tha t  of  A P C V D  Si n i t r ide  films, 
as d i scussed  above.  

A b o u t  the  na tu re  of  the  f ixed pos i t ive  charges  in 
p l a sma  Si ni tr ide,  no i n fo rma t ion  is avai lable  in t he  li ter- 
ature.  Whereas  for A P C V D  Si n i t r ide  a co r re la t ion  be- 
t w e e n  the  charges  and h y d r o g e n  b o n d i n g  in the  films 
was  sugges t ed  (3, 11), the  data  p r e s e n t e d  in Fig. 3a for 
p l a sma  n i t r ide  do no t  c lear ly  ind ica te  such  a corre la t ion .  
A l t h o u g h  the  dec rease  in N-H b o n d i n g  (23) para l le ls  a 
dec rease  in the  f ixed charge  dens i ty  af ter  annea l ing  at 
t e m p e r a t u r e s  up to 500~ a cor re la t ion  of  these  two  
quan t i t i e s  canno t  be  e s t ab l i shed  in the  p r e sen t  state.  

F r o m  the  c o m m o n  dec rease  of  the  f ixed cha rge  den-  
si ty and  the  m i d g a p  in te r face  state dens i ty  wi th  anneal -  
ing  t e m p e r a t u r e s  of  up to 450~ as d e m o n s t r a t e d  in Fig. 
3, at least  in this  t e m p e r a t u r e  reg ion  s o m e  re la t ionsh ip  
b e t w e e n  QN/q and D*~T m a y  exist .  

Cesium contamination of PECVD silicon nitride films. 
- - I t  was d e m o n s t r a t e d  r ecen t ly  for A P C V D  Si n i t r ide  
on s i l icon that  the  dens i ty  of  pos i t ive  n i t r ide  charges  
can be  dras t ica l ly  inc reased  by the  i nco rpo ra t i on  of  al- 
ka l ine  ions  (25). In  o rder  to ob ta in  ve ry  h igh  and  s table  
pos i t ive  cha rge  dens i t i es  in p l a sma  Si n i t r ide  on s i l icon 



1682 J .  E l e c t r o c h e m .  Soc . :  S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  J u l y  1984 

~ 5  

~_~2 
7 
m 9 Q 

LU 

rr 6 < 
"T 

U J3  
121 

F-- 

05 

% '-~ '-~o '-~ ' o 
VOLTAGE [V] 

1 

C/C[ 

I I I I I I I I I I I 
0 2 L, 6 8 10 12 14 16 18 20 

CESIUM CONTAMINATION [10 lz' cm -2] 
Fig. 5. Influence of cesium contamination of MNOS structures with 

plasma Si nitride upon the insulator charge density. The C-V curves be- 
fore (curve o) and after (curve b) cesium contamination are shown in the 
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in this work, the films were heavily contaminated with 
cesium by spinning an alcoholic solution of CsC1 onto 
the native oxide on silicon prior to the nitride deposi- 
tion. In Fig. 5, the nitride charge density is plot ted as a 
function of the cesium concentrat ion up to a level of  2 x 
10 TM cm -2. As can be seen, the insulator charge density 
increases with increasing cesium concentrat ion until, at 
a contaminat ion level of about  8 x 1014 cm -2, saturation 
is reached. In all cases, only a fraction of the amount  of 
cesium deposited is electrically active as posit ive insula- 
tor charge. The saturation charge density was found to 
be dependent  on the plasma-deposit ion parameters,  but  
no systematic investigations have been performed. It 
could be shown that peak values of the nitride charge 
density up to 2.2 x 1013 cm -2 can be achieved for a ce- 
sium contaminat ion level of 2 x 1015 cm -2. 

In the insert in Fig. 5, the high frequency C-V curves 
of both the uncontaminated MNOS capacitor with 
plasma Si nitride (curve a, VFB = -7.7V, QN/q = 3.8 • 1012 
cm -2, nitride thickness = 72 nm) and the corresponding 
one with a cesium contaminat ion of 2 • 10 I5 cm -2 (curve 
b, VFB = -30.5V, QN/q = 1.5 • 1013 cm -2) are shown. No 
ion hysteresis was observed at room temperature  for 
gate fields up to insulator breakdown, indicating that 
these charges are immobi le  in the nitride film. The 
interface state density of the Cs-doped samples could 
not be determined by the standard quasistatic C-V tech- 
nique due to high leakage currents occurring as a conse- 
quence  of the extremely high flatband voltages. How- 
ever, it can be qualitatively deduced from the shape of 
the C-V curves that the additional charges in t roduced in 
the Si nitride film by the cesium contaminat ion nei ther  
give rise to a significant amount  of additional surface 
states nor cause large surface-potential fluctuations due 
to inhomogeneous  charge distribution. This behavior  is 
in contrast  to that of alkaline ions in MOS structures. 
For comparison, corresponding samples with pyrolytic 
CVD Si oxide films deposited on silicon by the silane 
oxygen reaction at 650~ were coprocessed with the 
MNOS structures. Similar to the results obtained re- 
cently by us for sodium contaminat ion (25), the C-V 
curves of the cesium-contaminated MOS samples were 
displaced towards negative voltages, and they were ex- 
t remely distorted and showed a pronounced ion hystere- 
sis at room temperature.  

The thermal  stability of the cesium-induced charges in 
plasma Si nitride was invest igated by annealing the 
samples in a nitrogen ambient  at temperatures  up to 
500~ The results are shown in Fig. 6. At temperatures  
below the nitride deposit ion temperature  of 260~ no 
degradat ion of the charge density occurred. Above the 
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Fig. 6. Effect of N2 annealing on the insulator charge density of plasma 

Si nitride MNOS structures contaminated with cesium. 

deposit ion temperature,  the charge density decreases 
with annealing time. Still, a charge density of about  
8 • 10 TM cm -2 was present in the contaminated structures 
after lh  annealing at 500~ The shape of the C-V curves 
was not significantl:~ changed by this heat-treatment.  

It could be further verified that before and after an- 
nealing the charges were located near the silicon insula- 
tor interface and that  no ion migration occurred during 
the heat- t reatment  (9). The charge decay is assumed to 
be either due to the neutralization of positive charges or 
to a partial compensat ion of the positive charges by the 
creation of negative charges (11). 

C o n c l u s i o n s  
In this work, MNOS structures with APCVD and 

plasma Si nitride have been investigated with respect to 
the fixed positive insulator charge density QN/q and the 
midgap interface state density D*~T. For APCVD Si nitride 
no correlation could be established between QN/q and 
D*TT, since with increasing nitride deposition temperature 
a decrease of QN/q and an increase of D*~T occurred. With 
plasma Si nitride for postdeposition annealing tempera- 
tures up to 450~ a common decrease of QN/q and D'IT 
was found, whereas at higher temperatures D*~T increases 
again and QN/q remains constant. The origin of the fixed 
charges is unknown for both nitride films; only some 
correlations between Qs/q and hydrogen bonding in these 
films are possible. The dependence of the interface state 
density upon deposition and annealing temperature, re- 
spectively, can be interpreted by the influence of hydro- 
gen bonded to silicon and nitrogen. Due to hydrogen 
passivation of unsaturated silicon bonds, very low values 
of D*~T (8 • 109 cm -2 eV -1) could be achieved for plasma 
nitride films deposited at 270~ and annealed at 500~ 
This low interface state density, together with a moderate 
fixed charge density, makes the low temperature plasma 
Si nitride films suitable for an application as active layers 
in semiconductor  devices. For high efficiency inversion 
layer solar cells, extremely high charge densities can be 
obtained by cesium contamination of the plasma nitride 
layers. 
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Rice Hulls as a Raw Material for Producing Silicon 
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ABSTRACT 

Rice hulls are a relatively high-volume, low-cost by-product commodity which contains the two basic components  
needed to produce silicon: silica and carbon. Impuri ty  analyses have indicated that rice hulls from various sources are 
compositionally similar and that they have low concentrations (10-20 ppmw) of a luminum and iron, the major impurities 
in conventional raw materials used to prepare metallurgical silicon. The levels of the major impurities (Ca, K, Mg, and 
Mn) in rice hulls can be reduced by about a factor of 100 to around 20 ppmw by hot hydrochloric acid leaching. The 
doping impurities boron and phosphorus, important in silicon intended for solar cells, were less affected by acid 
leaching. Their concentrations were found to be 1 and 40 ppmw, respectively, in leached hulls. Coking of unpurified 
rice hulls produced a material with a C:SiO2 ratio of about 4:1. An increase in concentrations of some impurities was 
noted since coking results in about a 67% loss in sample weight. The coked hulls were extruded with sucrose as a binder 
to produce 5 mm diam pellets with an average bulk density of about 800 g/1. The pellets gave favorable changes in bulk 
density and compression strength with increasing percentage sucrose. The abrasiveness of silica caused die wear in the 
extruder, resulting in roughly a doubling of the original concentration of iron in the coked hulls. Coked rice hull pellets 
showed excellent reactivity for producing silicon. Laboratory tests employing the reaction of silicon monoxide with car- 
bon in the pellet showed very high reactivities for both purified and unpurified materials. A test in a small arc furnace 
of unpurified material showed energy consumption per unit weight of silicon to be about 15%-30% lower than normal. 
Unpurified rice hulls were used for these tests. Although the silicon produced in the arc furnace test was contaminated, 
estimates of silicon purity attainable from coked hulls, unpurified and purified, indicate their potential as raw materi- 
als for the production of MG-Si and solar-grade silicon. 

The impetus for this work arose from the need to pro- 
duce a grade of silicon pure enough for fabrication into 
solar cells and low enough in cost so that photovoltaic en- 
ergy can be competit ive with conventional energy 
sources. Metallurgical-grade silicon (MG-Si) of about 99% 
purity is produced by an arc-furnace process in the west- 
ern world at an annual rate of about 400,000 tons (1). Even 
though MG-Si can be upgraded considerably during a 
series of purification steps (2), the cbncentration of boron 
cannot be substantially reduced while maintaining silicon 
in its elemental  form. Since boron in excess of about 0.4 
part per million by weight (ppmw) results in an unaccept- 
able decrease in the conversion efficiency of silicon solar 
cells (3), various research programs have focused on 
reducing the level o f impur i t i e s  introduced into the arc 
furnaces through use of higher purity raw materials (2, 4, 
5, 6). 

This paper discusses the potential use of rice hulls, or 
rice husks, as they are also called, as a raw material 

* Electrochemical Society Active Member. 

source for preparing silicon. As will be seen later, raw rice 
hulls could be of interest for the production of MG-Si, 
while purified rice hulls might  be suitable for producing 
a higher quality of silicon such as a solar grade. 

Numerous reports on the composition, properties, and 
intended uses of rice hulls have appeared since 1871. 
References (7) and (8) summarize the status of this by- 
product commodity,  for which new markets are still be- 
ing sought to utilize the annual production capacity. Be- 
cause of this excess supply, rice hulls can be purchased at 
a large-volume cost of around $22/ton. It has been calcu- 
lated that the yearly U.S. harvest of rice, 2% of the world 
total, generates sufficient hulls for potential recovery of 
about 100,000 tons of silicon (9). 

Burning of rice hulls leaves an ash that consists mainly 
of silica with about 5% impurity oxides. Singh and 
Dhindaw reported that the silica structure is not quartz, 
but is rather an active form of silica that might be more 
easily reduced to silicon (10). They proposed use of the 
ash as the silicon feed stock for an arc-furnace process for 
producing solar~grade silicon. However, since the rice 



1684 J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  July 1984 

hull  con ta ins  only about  20% silica ash, the  ash  is no t  cost  
compe t i t i ve  wi th  quar tz i te  sources  u s e d  for MG-Si  pro- 
duct ion.  

The pur i f icat ion of  r ice hul ls  us ing  var ious  acid  leach- 
ing solu t ions  has b e e n  r epo r t ed  prev ious ly  (9, 11). Puri-  
fied hul ls  were  pyro lyzed  (coked) to p r o d u c e  a p r o d u c t  
con ta in ing  an a tomic- to-molecu la r  ratio of  C:SiO~ of  
abou t  4:1. It was  sugges t ed  tha t  th is  material ,  t o g e t h e r  
wi th  pu re  quartz,  be  u s e d  as f eeds tock  for the  carbo ther -  
mic  r educ t i on  p rocess  to p r o d u c e  silicon. S ince  the  rice 
hul l  con ta ins  15% fixed carbon,  it is cos t  compe t i t i ve  
wi th  commerc i a l  r e d u c t a n t s  u sed  to p r o d u c e  MG-Si. A 
m e t h o d  for ad jus t ing  the  C:SiO2 ratio to lower  va lues  by  
cont ro l led  c o m b u s t i o n  was  also detai led.  The p r o c e d u r e  
can prov ide  carbon-f ree  silica or a m i x t u r e  hav ing  a 2:1 
C:SiO2 ratio r equ i r ed  by  the  reac t ion  

SiO2 -P 2C --> Si + 2CO 

This  pape r  repor t s  on the  leaching  of  r ice hulls ,  the i r  
conve r s ion  into pellets,  and  the  react iv i ty  of  t hese  pellets.  
Sugges t i ons  are m a d e  for fu r ther  inves t iga t ions .  

Raw Rice Hulls 
S a m p l e s  of  raw rice hul ls  f rom d i f fe ren t  par t s  of  the  

wor ld  were  analyzed to d e t e r m i n e  w h e t h e r  or no t  signifi- 
cant  d i f fe rences  in impur i t y  concen t r a t i ons  exist .  Good  
a g r e e m e n t  was  found  b e t w e e n  the  resul ts  of  t he  two  ana- 
lytical t e c h n i q u e s  tha t  were  used:  op t ica l -emiss ion  and  
spa rk - source  mass  spec t romet ry .  Table  I s h o w s  tha t  r ice 
hul l  s a m p l e s  f rom the  U.S. (Arkansas  and  Louisiana) ,  Ja- 
pan,  and  Malaysia 1 are very  s imilar  in compos i t ion .  L o w  
var ia t ion of  impur i t y  c o m p o s i t i o n  wi th  source  has  also 
b e e n  obse rved  for t ree  w o o d  (12). The unusua l ly  h igh  con- 
cen t ra t ions  r e p o r t e d  in one  case each  of  A1, Fe, P, and  S 
may  be a t t r ibu tab le  to t he  analyt ical  t echn ique ,  s ince  
these  h igh  va lues  were  no t  obse rved  in s amp le s  of  the  
s ame  rice hul ls  tha t  had  b e e n  p r o c e s s e d  as i nd i ca t ed  be- 
low. Table  I also gives the  average  rice hul l  analysis  for 
later  compar i son .  

Rice Hull  Purif ication 
Compos i t i ona l  analysis  has  b e e n  r epo r t ed  for r ice hulls  

l eached  wi th  boi l ing solu t ions  of c o n c e n t r a t e d  hydroch lo -  
ric ac id  and  de ion ized  (DI) wa te r  in HC1/H20 rat ios of  1:1 
and  1:3 (9, 11). Ant ic ipa t ing  mate r ia l -o f -cons t ruc t ion  prob-  
l ems  in a pi lot  plant;  acid l each ing  tes ts  were  carr ied out  
at a lower  t e m p e r a t u r e  and  in more  di lute  acid solut ion.  
Raw rice hulls, g round  to - 2 0  +80 mesh ,  were  acid 
l eached  u n d e r  cond i t ions  i nd ica t ed  in Table II. The 
s amp le s  were  s u b s e q u e n t l y  w a s h e d  wi th  DI water ,  dr ied,  
and  analyzed.  

Leach ing  for 15 m i n  u n d e r  boi l ing cond i t ions  at a 1:10 
HCl:H20 ratio was  jus t  as effect ive for pur i f ica t ion as 
l each ing  wi th  m o r e  c o n c e n t r a t e d  acid solut ions .  How-  
ever,  l each ing  for 5h at 50~ wi th  a 1:10 so lu t ion  d id  no t  
r educe  impur i ty  concen t r a t ions  to levels as low as t h o s e  
a t t a ined  u n d e r  boi l ing condi t ions .  

' Samples courtesy of Rice Institute, Manila, Philippines. 

Table II. Effect of acid leaching conditions on rice hull impurity 
concentrations 

T (h) 0.25 0.25 5.0 
Ratio (HCl:H20) 1:3 1:10 1:10 

Temp. (~ Boil Boil 50 

Impurity* Concentration (ppmw) 

A1 40 40 20 
B 1 1 <1 
Ca 30 20 150 
Fe 4 4 15 
K 5 5 200 
Mg 15 5 9O 
Mn 5 3 50 
Na 10 5 15 
Ti 1 5 5 

*Other impurities <1 ppmw. 

Three  of  the  raw rice hul l  s amples  f rom d i f fe ren t  
sources  (see Table  I) were  acid l eached  for 15 m i n  in boil- 
ing 1:10 hydroch lo r i c  acid solution.  As m i g h t  be ex- 
pec ted ,  the  i mp u r i t y  levels  in the  acid l eached  hul ls  were  
s imilar  (see Table III). Ca, K, Mg, and  Mn were  r e d u c e d  
by  fac tors  of 40-100 t imes,  and  Na, P, and S by  fac tors  of  
3-8. Thei r  average  c o m p o s i t i o n  is g iven in Table  III. 

One c o m m e r c i a l  source  of  ac id- leached  rice hul ls  was  
inves t iga ted .  Quaker  Oats C o m p a n y  p r o d u c e s  furfural  by 
the  acid ex t rac t ion  of  r ice hul ls  us ing  H3PO4 and  was te  
H2SO4. The was te  by -p roduc t s  hulls,  cal led " res idue ,"  are 
b u r n e d  by  Quaker  Oats for the i r  ene rgy  value. A sample  
of  mo i s t  " r e s idue"  was  w a s h e d  wi th  DI water ,  dr ied,  and  
analyzed.  The resul ts  in Table  IV s h o w  tha t  th is  p r o d u c t  
is m o r e  i m p u r e  than  the  average  l eached  hull  s amp le  
l i s ted  in Table IIL However ,  t he  impur i t i es  p r e s e n t  at 
cons ide rab ly  h igher  concen t r a t i ons  are the  ones  tha t  va- 
porize and  are r e m o v e d  in e x h a u s t  gases  du r ing  the  arc- 
fu rnace  p roduc t i on  of  s i l icon and  its s u b s e q u e n t  recrys-  
tallization. Therefore ,  th is  c o m m e r c i a l  b y - p r o d u c t  is a 
po ten t ia l  source  of  pur i f ied rice hulls  for s i l icon p roduc-  
tion. 

Rice Hull  Coking 

G r o u n d  rice hulls,  u n l e a c h e d  and  leached,  were  coked  
in 1 l i ter  ( -400g) quant i t i es  in a quas i f lu id ized-bed  reac- 

Table III. Purity of rice hulls from various sources leached for 15 min in 
boiling 1:10 concentrated hydrochloric acid/water solution 

Source 
Impurity* 
(ppmw) Arkansas Japan Malaysia Avg. 

A1 2O 5 10 10 
B 1 1 1 1 
Ca 50 20 5 25 
Fe 50 5 10 20 
K 50 20 20 30 
Mg 10 10 6 10 
Mn 5 20 1 3 
Na 5 20 2 9 
P 50 50 10 10 
S 5 5 5 5 
Ti 20 1 5 9 

Table I. Impurity concentrations in rice hulls from various sources 

Impurity* Source of hulls 
(ppmw) Arkansas Japan Louisiana Malaysia Avg 

A1 20 10 200** 10 10 
B 2 1 2 1 2 
Ca 1000 1000 1000 1000 1000 
Fe 20 20 60** 20 20 
K 4000 8000 2000 1200 8800 
Mg 900 200 600 300 500 
Mn 500 200 500 200 350 
Na 20 50 10 20 25 
P >1000"* 200 - -  50 130 
S 50 >1000"* - -  20 40 
Ti 2 0.5 10 1 3 

*Other impurities <1 ppmw. 

Table IV. Comparison of purity of acid-leached rice hulls from a commer- 
cial process (Quaker Oats Company) to that prepared in this work 

Impurity* Quaker Oats Avg. this work 
(ppmw) by-product (from Table III) 

A1 20 10 
B 2 1 
Ca 200 25 
Fe 50 20 
K 200 30 
Mg 150 10 
Mn 10 3 
P 100 40 
S 100 5 

*Other impurities <1 ppmw. 
**Unusually high; not included in average. *Other impurities <1 ppmw. 
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tor  c o n s t r u c t e d  f rom a 45 x 10 cm d i a m  qua r t z  tube .  T h e  
r eac to r  was  c o n t i n u o u s l y  p u r g e d  w i t h  n i t r o g e n  at  - 1  
l /rain.  The  s y s t e m  was  h e a t e d  to 500~ un t i l  h e a v y  s m o k e  
evo lu t ion ,  f r om the  d e c o m p o s i t i o n  of  o rgan ic  com-  
p o u n d s ,  b e g a n  to dec rea se  ( - 3 0  rain). The  r eac t o r  was  
t h e n  h e a t e d  to 800~ a n d  c o k i n g  was  c o n s i d e r e d  to be  
c o m p l e t e  w h e n  s m o k e  e v o l u t i o n  was  no  l o n g e r  v i s ib le  
( - 1 5  min).  A w e i g h t  r e d u c t i o n  to one - th i rd  of  t h e  o r ig ina l  
va lue  was  obse rved :  a p p r o x i m a t e l y  65% of  r a w  r ice  hu l l s  
are  c o n v e r t e d  to volatKes d u r i n g  pyrolys is .  

S a m p l e s  of  ac id  l e a c h e d  r ice  hu l l s  f rom va r ious  s o u rce s  
(see Tab le  I) we re  c o k e d  a n d  analyzed.  T h e  r e su l t s  in  
Tab le  V s h o w  t h a t  i m p u r i t y  c o n c e n t r a t i o n s  in  l eached /  
c o k e d  hu l l s  are, on  t h e  average ,  s imi la r  to t h o s e  in t h e i r  
l e a c h e d - o n l y  p recurso r s .  F ive  of  t he  e l e v e n  m e a s u r a b l e  
i m p u r i t i e s  i n c r e a s e d  in c o n c e n t r a t i o n  (see Tab le  VI  for  
compar i son ) .  A th ree - fo ld  i nc r ea se  is e x p e c t e d  i f  all o f  an  
i m p u r i t y  r ema ins ,  wh i l e  t he  m a t r i x  w e i g h t  d e c r e a s e s  by  a 
fac to r  of  t h r e e  d u r i n g  coking.  Of  t h e  on ly  r e m a i n i n g  im- 
pur i t ies ,  t h e  c o n c e n t r a t i o n  of  two r e m a i n e d  t h e  s a m e  
(Ca a n d  P), wh i l e  t h a t  of  B, Fe, a n d  Ti ac tua l ly  decreased .  
W h e n  p o t a s s i u m  is e x c l u d e d  f r o m  cons ide ra t i on ,  t h e  
m a x i m u m  ave rage  of  any  i m p u r i t y  in  t he  c o k e d  hu l l s  
does  no t  e x c e e d  50 p p m w .  I f  one  f u r t h e r  e x c l u d e s  t h o s e  
i m p u r i t i e s  t h a t  are  los t  d u r i n g  s u b s e q u e n t  h igh-  
t e m p e r a t u r e  p rocess ing ,  t he  to ta l  i m p u r i t y  c o n c e n t r a t i o n  
is on ly  a b o u t  100 p p m w .  A f u r t h e r  l o w e r i n g  of  i m p u r i t y  
c o n c e n t r a t i o n s  ha s  b e e n  r e p o r t e d  w h e n  h y d r o g e n  chlo- 
r ide  gas is u s e d  d u r i n g  c o k i n g  (9, 11). 

W h e n  no  p r io r  l e ach ing  was  used ,  s o m e w h a t  d i f f e ren t  
r e su l t s  we re  o b t a i n e d  w h e n  c o m p a r i n g  i m p u r i t y  co n cen -  
t r a t i ons  of  c o k e d  hu l l s  to t h a t  of  t he i r  p recurso r .  Tab le  VI  
s h o w s  t h a t  A1, Mg, a n d  M n  c o n c e n t r a t i o n s  i nc r ea se  b y  
a b o u t  t h e  s a m e  a m o u n t  as t h e y  d id  for t he  l e a c h e d / c o k e d  
hul ls .  Howeve r ,  a n  ac tua l  r eve r sa l  was  n o t e d  for  B, Fe, 
a n d  Ti, wh i l e  a la rge  d e c r e a s e  was  o b s e r v e d  for p h o s p h o -  
rus.  More  i n - d e p t h  i n v e s t i g a t i o n s  are r e q u i r e d  to e x p l a i n  
t h e s e  d i f fe rences .  I t  s h o u l d  b e  n o t e d  t h a t  r aw r ice  hu l l s  
h a v e  a to t a l  i m p u r i t y  c o n c e n t r a t i o n  a b o u t  30 t i m e s  g rea t e r  
t h a n  t h a t  of  l e a c h e d  hulls .  

Tab le  VI  also p r o v i d e s  a c o n v e n i e n t  c o m p a r i s o n  of t h e  
c h a n g e  in  i m p u r i t y  c o n c e n t r a t i o n s  go ing  f rom r aw  --, 
l e a c h e d  --~ c o k e d  r ice  hu l l s  a n d  f rom raw ~ c o k e d  hul ls .  

Table V. Impurities in leached coked rice hulls from various sources 

Impurity* Arkansas Japan Louisiana Malaysia Avg. 

A1 75 50 10 60 50 
B 1 1 0.5 0.5 0.7 
Ca 20 20 50 13 20 
Fe 20 8 5 13 10 
K 100 100 50 75 90 
Mg 50 55 50 20 40 
Mn 35 13 20 13 20 
Na 20 50 5 10 20 
P 50 5O 20 20 40 
S 20 15 <1 20 20 
Ti 5 1 <1 1 2 

Pelletization of Coked Hulls 
R a w  ma te r i a l s  u s e d  for t h e  p r o d u c t i o n  of  s i l i con  in a n  

arc  f u r n a c e  m u s t  h a v e  suf f ic ien t  m a s s  so as n o t  to b e  en- 
t r a i n e d  in  t h e  la rge  b y - p r o d u c t  s t r e a m  of  gases  l e av ing  
t h e  su r face  of  a furnace .  D u e  to t h e  smal l  size a n d  low 
b u l k  d e n s i t y  of  c o k e d  r ice  hul ls ,  i t  is n e c e s s a r y  to agg lom-  
e ra te  t h e m  pr io r  to s m e l t i n g  in a n  arc furnace .  

E x t r u s i o n  pe l l e t i za t ion  t e s t s  were  ca r r i ed  ou t  by  Cali- 
fo rn ia  P e l l e t  Mill C o m p a n y  in a Mode l  CL L a b o r a t o r y  pel-  
let  mi l l  w i t h  t h e  goal  of  p r o d u c i n g  s t r o n g  pe l le t s  of  min i -  
m u m  d e n s i t y  (Fig. 1). S t r e n g t h  is r e q u i r e d  to p r e v e n t  
p r e m a t u r e  pe l le t  d i s i n t eg ra t i o n  in  a n  arc fu rnace ,  w h e r e a s  
low d e n s i t y  is d i rec t ly  r e l a t ed  to r aw ma te r i a l  r eac t iv i ty  
for  p r o d u c i n g  si l icon.  C o k e d  r ice  hu l l s  we re  m i x e d  w i th  
w a t e r  as a l u b r i c a n t  a n d  s u c r o s e  as a b inde r .  S u c r o s e  was  
c h o s e n  b e c a u s e  of  i ts  p u r i t y  a n d  i ts  abi l i ty  to e n h a n c e  t h e  
reac t iv i ty  of  ac t iva t ed  c a r b o n  a n d  c a r b o n  b l a c k  d u r i n g  
s m e l t i n g  t e s t s  in  a 100 kW arc  f u r n a c e  (4). S u c r o s e  con-  
t e n t  o f  d ry  pe l le t s  was  d e t e r m i n e d  b y  h e a t i n g  t h e m  to 
300~ u n d e r  n i t r o g e n  a n d  m e a s u r i n g  t h e  w e i g h t  loss  due  
to w a t e r  evo lu t ion  d u r i n g  t h e  d e c o m p o s i t i o n  of  sucrose .  
No c h a n g e  in pe l le t  size d u e  to s u c ro s e  d e c o m p o s i t i o n  
cou ld  b e  m e a s u r e d .  Tab le  VII  s h o w s  pe l le t  d e n s i t y  a n d  
re la t ive  s t r e n g t h  as a f u n c t i o n  of  s u c ro s e  c o n t e n t  for  8 • 5 
m m  d i a m  cy l indr ica l  pel lets .  F a v o r a b l e  c h a n g e s  in  b o t h  
phys i ca l  p r o p e r t i e s  occu r  w i t h  i n c r e a s i n g  s u c ro se  con-  
ten t .  Pe l l e t s  c o n t a i n i n g  17% s u c ro s e  gave  a d e q u a t e  
s t r e n g t h  at  m i n i m u m  s u c ro s e  cost.  B u l k  dens i t i e s  in  t he  
800 g/1 r a n g e  we re  m e a s u r e d .  

Pe l l e t  c o m p o s i t i o n  was  m e a s u r e d  to d e t e r m i n e  t he  ef- 
fec t  of  t h e  a b r a s i v e n e s s  of  t h e  sil ica in  c o k e d  r ice  hu l l s  
u p o n  t h e  pe l le t izer  die. Ana lys i s  s h o w e d  a n  i n c r e a s e  in 
i ron  c o n c e n t r a t i o n  f rom 200 to 500 p p m w  (see " C o k e d  
on ly"  ana lys i s  in  Tab le  VI). No o the r  c h a n g e  in  i m p u r i t y  
c o n c e n t r a t i o n  was  m e a s u r a b l e .  

B a s e d  u p o n  t h e  da ta  a b o v e  a n d  u p o n  l a b o r a t o r y  reac t iv-  
i ty  m e a s u r e m e n t s  (see n e x t  sect ion) ,  a p p r o x i m a t e l y  100 
kg  of  13 x 10 m m  d i a m  pe l le t s  c o n t a i n i n g  17% suc rose  
we re  p r o d u c e d  in a Mode l  CM pel le t  mi l l  a t  Ca l i fo rn ia  
Pe l l e t  Mill C o m p a n y .  C o k e d  hu l l s  were  p r e p a r e d  b y  
E x x o n  En te rp r i s e s ,  Mater ia l s  Div i s ion  (Greer ,  S o u t h  
Carol ina)  f rom - 2 0  +80 m e s h ,  u n l e a c h e d ,  L o u i s i a n a  r ice  
hul ls .  T h e  reac t iv i ty  of  t h e s e  pe l le t s  was  t e s t e d  in  an  arc 
fu rnace ,  as d e s c r i b e d  in t h e  n e x t  sect ion.  

Pellet Reactivity 
U n l e a c h e d / c o k e d  pellets ,  d e s i g n a t e d  as C R P  in  Tab le  

VII,  we re  t e s t e d  b y  S I N T E F  ( T r o n d h e i m ,  Norway)  for  
t h e i r  reac t iv i ty .  The  test ,  as or ig ina l ly  dev ised ,  cons i s t s  of  
pas s ing  a SiO/CO gas  m i x t u r e  of  k n o w n  c o m p o s i t i o n  
t h r o u g h  a b e d  of  c a r b o n  a n d  m e a s u r i n g  t h e  CO c o n t e n t  of  
t h e  ex i t  gas  (13). Reac t iv i ty  o f  t h e  c a r b o n  is m e a s u r e d  in 
mi l l i l i te rs  of  SiO: a low v o l u m e  of  SiO ex i t i ng  t h e  b e d  
imp l i e s  t h a t  a la rge  p e r c e n t a g e  of it r eac t ed  w i t h  t he  car- 
b o n  r e d u c t a n t  a c c o r d i n g  to t h e  r eac t i on  

*Other impurities <1 ppmw. 

Table VI. Comparison of impurities at various stages of rice hull 
processing 

Average from preceding tables 

Impurity* Leached] Coked 
(ppmw) Raw Leached coked only 

A1 10 10 50 5O 
B 2 i 0.7 10 
Ca 1000 25 20 > 1000 
Fe 20 20 10 200 
K 3800 30 90 >1000 
Mg 500 10 40 1700 
Mn 350 3 20 1000 
Na 25 9 20 10 
P 130 40 40 20 
S 40 5 20 <i 
Ti 3 9 2 10 

*Other impurities <1 ppmw. Fig. 1. Pellets prepared from coked rice hulls with sucrose binder. 
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Table VII. Density and strength of coked rice hull pellets with various 
sucrose contents 

J. E lec t rochem.  Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  

Relative 
Sample no. Sucrose (%) Density strength 

6 12 816" Low 
4 13 816" Low 

CRP-3 15 1.44"* Medium 
7 17 784* Medium 

CRP-2 21 1.35"* High 
CRP-1 32 1.17"* High 

* B u l k  (g / l ) .  
** Actual (g/cm3). 

Table VIII. Impurities in silicon projected from raw materials consisting 
of unleached and leached rice hulls (coked) based on commercially 

established recovery factors 

Conc. in silicon (ppmw) 

Impurity Coked-only hulls Leached/coked hulls 

A1 40 40 
B 7 0.5 
Ca >500 10 
Fe 160 8 
P 3 6 
Ti 8 2 

SiO(g) + 2 C(s) ~ SiC(s) + CO(g) 

S i n c e  t h e  r ice  hu l l  pe l le ts  c o n t a i n  b o t h  c a r b o n  a n d  silica, 
i t  was  n e c e s s a r y  to p r e r eac t  t h e  si l ica at  1500~ in  a g raph-  
i te cy l i nde r  p u r g e d  w i t h  argon.  T r e a t m e n t  was  d i s con t in -  
ued  w h e n  c a r b o n  m o n o x i d e  evo lu t i on  was  no  longe r  ap- 

~ 

prec i ab l e  due  to r eac t ion  SiO~ + 3C ~ SiC + 2CO. The  
reac t iv i ty  of  t he  r e m a i n i n g  c a r b o n  was t h e n  m e a s u r e d  in 
the  u sua l  m a n n e r ,  as d e s c r i b e d  above .  

The  reac t iv i ty  of  s a m p l e s  CRP-1, CRP-2, a n d  CRP-3 
were  272, 206, a n d  255 ml  SiO, respec t ive ly .  T h e s e  are the  
l owes t  va lues  eve r  m e a s u r e d  b y  S I N T E F .  S imi la r  r e su l t s  
were  o b t a i n e d  for  pur i f ied  c o k e d  hulls .  As a c o m p a r i s o n ,  
t he  reac t iv i ty  of  typ ica l  c o m m e r c i a l  r e d u c t a n t s  for  the  
p r o d u c t i o n  of  MG-Si  lie w i t h i n  t he  r a n g e  850-1600 m l  SiO, 
wh i l e  t h a t  of reac t ive  cha rcoa l s  va r ies  f rom 300-1000 m l  
SiO. 

The  100 kg  b a t c h  of  pel lets ,  d e s c r i b e d  in  t h e  p r e v i o u s  
sect ion,  was  s m e l t e d  in a 50 kW, one -e l ec t rode  arc f u rnace  

(14). S i n c e  t he  ana lyzed  pe l le t s  h a d  an  a tomic - to -molec -  
u la r  rat io  of  C:SiO~ = 3.7, the  b a l a n c e  of t he  SiO2 was  
s u p p l i e d  by  a d d i n g  c h u n k s  of p u r e  qua r t z  in  o rde r  to ad- 
j u s t  t he  to ta l  r aw ma te r i a l  ra t io  close to i ts  s t o i ch i ome t r i c  
va lue  of  2.0. F u r n a c e  o p e r a t i o n  was  exce l l en t  d u r i n g  t he  
sho r t  23h test ,  w h i c h  p r o d u c e d  35 kg  of  sil icon. E n e r g y  
c o n s u m p t i o n  of  20.9 kWh/kg  was  ve ry  low for  th i s  fur- 
nace.  E n e r g y  u t i l i za t ion  in  t he  50 kW f u r nace  is n o r m a l l y  
25-30 k W h / k g  for  c o m m e r c i a l  r aw ma te r i a l s  u s e d  to pre-  
pa r e  MG-Si.  

The  a rc - fu rnace  e x p e r i m e n t  was  p e r f o r m e d  p r i m a r i l y  to 
t e s t  t he  r eac t iv i ty  of  the  coked  pel lets .  P u r e  s m e l t i n g  
c o n d i t i o n s  cou ld  no t  be  used .  However ,  a n  e s t i m a t e  of  a n  
i m p u r i t y  c o n c e n t r a t i o n  in s i l icon can  be  m a d e  f r o m  its 
p u b l i s h e d  r e c o v e r y  factor,  w h i c h  is t he  f r ac t ion  of  t he  im- 
p u r i t y  in  t h e  r aw mate r i a l s  t h a t  e n d s  u p  in s i l icon (15). Re- 
cove ry  factors,  o b t a i n e d  f rom commerc i a l - s ca l e  opera-  
t ion,  we re  app l i ed  to the  " C o k e d  on ly"  a n d  " L e a c h e d /  
c o k e d "  ana lyses  in  Tab le  VI to p ro jec t  i m p u r i t y  level  as 
l i s t ed  in Tab le  VII I  for  two  g rades  of  sil icon. " C o k e d  
on ly"  hu l l s  h a v e  t h e  po t en t i a l  of  p r o d u c i n g  s i l icon w i th  
i m p u r i t i e s  1-2 o rders  of m a g n i t u d e  lower  t h a n  t h o s e  in 
c o m m e r c i a l  MG-Si.  " L e a c h e d / c o k e d "  hu l l s  are  def in i te ly  
of  i n t e r e s t  for  so la r -grade  si l icon.  S ince  the  P /B ra t io  ex- 
ceeds  10, howeve r ,  e v e n t u a l  f ab r i ca t i on  of  n/p solar  cells  
w o u l d - r e q u i r e  d e v e l o p m e n t  of  a p roces s  to s u b s t a n t i a l l y  
r e d u c e  t he  c o n c e n t r a t i o n  of  p h o s p h o r u s .  

Conclusions 
E x t r u d e d  pel le ts  of  coked  r ice  hul ls ,  w i t h  suc rose  as a 

b inde r ,  we re  s h o w n  by  two t e c h n i q u e s  to be  v e r y  r eac t ive  

Ju ly  1984 

r aw  ma te r i a l s  for  t he  p r o d u c t i o n  of  s i l icon u s i n g  sub-  
merged -e l ec t rode ,  a r c - fu rnace  t echno logy .  A s h o r t  dura-  
t ion  a rc - fu rnace  e x p e r i m e n t  u s i n g  t h e s e  pe l le t s  r e s u l t e d  
in the  l o w e s t  ene rgy  c o n s u m p t i o n  ever  m e a s u r e d  in th i s  
furnace .  S i l i con  f rom the  e x p e r i m e n t  was  c o n t a m i n a t e d ,  
b u t  p ro j ec t i ons  i nd ica t e  t h a t  t he  pu r i t y  s h o u l d  far  e x c e e d  
t h a t  of  c o m m e r c i a l l y  ava i lab le  MG-Si.  

The  c o k e d  hu l l s  were  pe l le t ized  in pi lo t -scale  equ ip-  
m e n t  for w h i c h  commerc ia l - s i ze  e q u i p m e n t  a l r eady  
exists .  

Ac id  l e a c h i n g  of  r ice hu l l s  was  d e m o n s t r a t e d  to pro- 
d u c e  a m u c h  p u r e r  c o k e d  ma te r i a l  t h a n  t h a t  u s e d  in the  
fu rnace  t e s t  j u s t  desc r ibed .  A l t h o u g h  suff ic ient  r aw  ma-  
ter ia l  was  no t  ava i lab le  to m a k e  a ' s m e l t i n g  test ,  i t  c an  be  
p r o j e c t e d  t h a t  an  ac id - l eached  a n d  c o k e d  p r o d u c t  is of  in- 
t e r e s t  as a r aw ma te r i a l  for  t he  p r o d u c t i o n  of  so la r -grade  
si l icon.  A sou rce  of  su i t ab ly  ac id - l eached  hu l l s  m a y  be  
ava i l ab le  as a b y - p r o d u c t  f rom a c o m m e r c i a l  p roces s  u sed  
b y  Q u a k e r  Oats  C o m p a n y .  The i r  b y - p r o d u c t  ana lyzed  to 
h a v e  a p u r i t y  a p p r o a c h i n g  t h a t  d e m o n s t r a t e d  in our  labo-  
r a to ry  l e a c h i n g  e x p e r i m e n t s .  
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Fabrication of Low Dark-Current Planar Photodiodes Using an 
Open-Tube Method for Zn Diffusion into InP and Ino. Gao.,,As 
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A B S T R A C T  

A nove l  process  for fabr icat ing p lanar  low dark-cur ren t  InP-  and In0.~3GA0.47As/InP-based pho tode tec to r s  is de- 
scribed.  The  process  utilizes a film of ZnF= as a source  of Zn dopan t  and an encapsu la t ing  layer of  e i ther  SiO2 borosil i-  
cate, or A1203. Local ized p-n junc t ions  were  fabr icated us ing s tandard  pho to l i thography  and dif fus ing in an open- tube  
air ambient .  Dark  currents  as low as 5 • 10 -'~ and 3 • 10-I~ at 10V reverse  bias vol tage  have  been  ach ieved  in 75 ~ m  
d iam unpass iva ted  p lanar  d iodes  of  InP  and In0.~3 Ga0.47As, respect ively .  

Thermal diffusion of an acceptor such as Zn plays an 
important role in the formation of p-n junctions in III-V 
semiconductor devices, e.g., photodiodes for use in long- 
wavelength lightwave communication systems. In the 
fabrication of such devices, the p-n junctions may be 
formed by diffusion from the gas phase in sealed ampuls 
(i-4), ion implantation (5), or open-tube diffusion from 
films deposited (6, 7) or spun-on (8) the semiconductor 
wafers. The diffusion from the gas phase requires accu- 
rate control of the partial pressures of the species in- 
volved to be reproducible, and necessitates the use of a 
sealed ampul. In order to confine the diffusion to a local- 
ized region of the wafer, a dopant-impermeable mask like 
Si3N4 is required. Ion implantation causes compensation 
and irradiation damage (5). This technique requires a sub- 
sequent high-temperature sealed-ampul or open-tube an- 
nealing step to activate the implanted dopant and to re- 
move the damage. CVD deposited films require elaborate 
deposition apparatus (6, 7), and spin-on films still require 
a sealed ampul for optimum diffusion (8). 

In this paper, we report on a novel process for fabricat- 
ing low dark-current planar-photodiodes of InP or 
In0.53Ga0ATAs. This process requires neither a sealed am- 
pul nor a diffusion mask. The diffusion source consists of 
an initial film of ZnF2 followed by a film of SiO2. These 
followed by a film of SiO2 films are easily and 
reproducibly deposited by electron-beam evaporation. 
Standard photolithography and chemical etching is used 
to define the ZnF~ film for planar photodiodes. After the 
ZnFJSiO~ is defined, a layer of SiO~, borosilicate, or A1203 
is deposited over the wafer surface to prevent loss of zinc 
and decomposition of the semiconductor surface during 
diffusion. The wafer is then annealed in an open tube to 
diffuse in the Zn. 

Experimental 
The <100>-or ien ted  n- InP crystals used  in this work  

were  LEC grown.  The crystals were  chemica l -mechan i -  
cally po l i shed  to a mirror- l ike finish us ing  a 1% Br2 in 
CH3OH solution.  The  carr ier  concen t ra t ion  (ND-NA) was 
in the range of 2-5 • 10 '0 cm -3. The Ino.53Ga0.47As samples 
with (Nd--NA) ~ 1 • 10 TM cm -3 were undoped n-type LPE 
layers ( -  4 ~m thick) grown lattice matched to InP sub- 
strates. 

Prior to the deposition of the films, the samples were 
degreased in chloroform, acetone, and methanol. They 
were then etched in a 1:1 solution of hydrofluoric acid 
(HF) in deionized water for 1 min, thoroughly rinsed in 
deionized water, and blown dry with nitrogen gas. The 
sample was then immediately transferred to an E-beam 
evaporator. To form full surface p-n junctions 150A of 
ZnF2 followed by 600ASf SiO2 or borosilicate film (BSG), 
or 3000A of A1203 film were deposited at - 2 • 10 -6 torr 
pressure. The ZnF2 film acts as a source of the Zn 
dopant. The encapsulant, SiO2, BSG, or AI~O3, prevents 
any thermal degradation of the sample surface during dif- 
fusion and also protects the ZnF2 film (which is slightly 

*Electrochemical Society Active Member. 
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hygroscopic)  f rom a tmospher ic  humidi ty ,  thus  a l lowing 
s torage of  wafers  for long per iods  of  t ime  (>24h.). 

To demons t r a t e  the abil i ty to form local ized p-n junc-  
t ions 75 ~m diam islands of  the  ZnF~ encapsu lan t  film 
were  def ined us ing  conven t iona l  pho to l i thograph ic  tech- 
niques.  The  u n w a n t e d  por t ions  of  ZnF2 and the  
encapsu lan t  were  then  r e m o v e d  us ing a CF4 p lasma and a 
buffered  HF  solut ion etch, respect ively .  A final protec-  
t ive layer  of  1.2 kA thick SiO2 or B S G  film was then  
E-beam evapora ted  over  the  full surface of  the  wafer.  

The  samples  were  then  annea led  in an air-ambient ,  
open- tube  three-zone furnace  at t empera tu res  and dura- 
t ions which  were  chosen to yield a junc t ion  dep th  Qf xj 
2 ~m. As de t e rmined  f rom C-V probing  of  the  epi taxia l  
layers, this junc t ion  dep th  is suff icient  to fully deple te  
the  r ema in ing  n- InGaAs layer in the  bias vol tage  of  -10V. 
The condi t ions  for obta in ing  such junc t ion  depths  were  
infer red  f rom the  diffusion profiles of  act ive  Zn in a 
n u m b e r  of  InP  and In0.53Ga0.47As samples  (of va ry ing  car- 
r ier  concen t ra t ions  ND - NA), diffused for var ious  t imes  at 
several  t empera tures .  The  diffusion t empera tu re s  used  
for I n P  and In0.53Ga0.47As were  500 ~ and 550~ respec-  
tively. For  all samples  the  junc t ion  dep th  xj was found to 
vary  wi th  v4, where  t is the  diffusion t ime.  J u n c t i o n  
dep th  was measu red  on (110) surfaces of  c leaved  samples  
after s ta ining with  an aqueous  solut ion of  K3Fe(CN)6 and 
K O H  unde r  i l luminat ion.  

U p o n  comple t ion  of  the diffusion process,  the  sample  
was q u e n c h e d  to room tempera tu re  in about  1 min  by 
s imply  r e m o v i n g  it f rom the  furnace.  The  samples  were  
then  e tched  in concen t ra ted  H F  to r e m o v e  the  films. The  
c leaned  samples  did not  show any surface deter iorat ion.  
Unpass iva ted  planar  devices  thus  fo rmed  were  ready  for 
metal l iza t ion and electr ical  measurement s .  Fo r  purposes  
of  compar ison ,  mesa- type  diodes  were  also fabr icated 
f rom each  wafer  us ing  conven t iona l  pho to l i thograph ic  
and e tch ing  techniques .  

Results and Discussion 
Measuremen t s  of  dark cur ren t  (Id) and capac i tance  (C) 

as a func t ion  of  vol tage were  pe r fo rmed  on 10-15 devices  
f rom four InP  and In0.53Ga0.47As wafers.  F igure  1 shows 
the  room tempera tu re  reverse  I-V character is t ics  of  some  
typical  p lanar  I n P  diodes.  The  diodes  typical ly  exh ib i t ed  
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Fig. 1. Dark current-voltage characteristics of planar InP photodiodes 

at room temperature. 
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Fig. 2. Dark current-voltage characteristics of planar In0.53Gao 47As 
photodiodes at room temperature. 

dark currents ranging from - 3  x 10-" to 10-SA at -10V 
with very sharp breakdown voltages, VD, varying between 
70 and 150V. The measurements  repeated after a 30s etch 
in 0.05% Br~ in methanol solution showed slightly im- 
proved values of Ia and VB, which now ranged from 5 • 
10 -'2 to 10-SA and 100 to 200V, respectively. The capaci- 
tance for InP diodes was found to be <0.1 pF at 0V. (This 
was the lowest capacitance measurable in our measuring 
setup). The mesa-type devices yielded comparable electri- 
cal characteristics. 

In Fig. 2, the dark current as a function of the reverse- 
bias voltage is shown for a number  of planar In0.53Ga0.47As 
diodes. The leakage currents in these devices ranged 
from - 3 • 10 -l~ to 3 x 10-SA at a 10V reverse bias with 
soft breakdowns ranging from 45 to 70V. The capacitance 
values were 0.7 and 0.2 pF at 0 and 10V, respectively. Sim- 
ilar I-V and C-V characteristics were obtained with mesa 
devices formed on the same wafer. It was confirmed by 
the C-V data that the background doping density of the 
In0.53Ga0.47As wafer was indeed in the 1016 cm -3 range. Im- 
proved capacitance and possibly higher breakdown vol- 
tages can be expected from wafers with ND-NA -< 5 x 10 '5 
c m  -3. 

The electrical performance of these p-n junctions 
formed by ZnF~ diffusion is comparable state-of-the-art 
devices fabricated by other techniques (4, 8-10). 

Summary and Conclusions 
We have developed a novel process for p-n junction for- 

mation in the InP/InGaAs material system which over- 
comes some of the difficulties encountered in the more 
commonly employed p-n junction formation techniques, 
such as sealed-tube gas-phase diffusion, ion implantation, 
and diffusions from CVD-deposited or spun-on doped 
films. We have demonstrated the high selectivity and the 
simplicity with which the p-n junctions could be repro- 
ducibly formed. The devices thus fabricated exhibited 
state-of-the-art electrical performance (4, 8-10). Finally, 
the process shows the potential to be applicable to other 
material systems in which localized and reproducible p-n 
junctions are to be formed. 
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Stabilization of Mo-Gate MOS Structures Using H2 Doping in Mo 
and High Temperature Forming Gas Annealing 
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ABSTRACT 

Mobile ionic charge-related instability in Mo-gate MOS devices has been successfully prevented by high temperature 
forming gas annealing (HJN2 = 1/10) above 900~ combined with H,.,-doped Mo or H2-doped Ta-Mo alloy gate electrodes. 
H2-doped films were deposited by RF sputtering in a mixed H2 and Ar ambient. It is concluded that sodium diffusion 
from Mo-gate metal into the gate SiO2 is prevented by forming gas annealing above 900~ and that its effect is enhanced 
by H~-doping in Mo films. It is also revealed that, when Ta-Mo (7 atom percent Ta) alloy gate structures are used, high 
temperature forming gas annealing does not degrade other MOS characteristics and maintains good stability under 
short-term bias-temperature stress aging. 

A refractory metal gate, in place of a conventional 
polysilicon gate, has been studied extensively in order to 
improve the gate-level conductivity for realizing high 
density and high performance MOS LSI's  (1). However, 

Key words: metals, integrated circuits, contamination, sput- 
tering. 

one of the problems in refractory metal-gate MOS struc- 
tures is poor reliability, compared with polysi]icon-gate 
MOS structures. The reasons are that pure refractory 
metal materials are difficult to prepare in the present 
technology, especially for sputtering target materials, and 
refractory metals do not have self-passivation effects like 
phosphorus-doped polysilicon on ionic contamination. 
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Several approaches have been investigated to avoid 
ionic contamination for metal-gate MOS structures. 
Phosphosilicate glass (PSG) coating on top of the ther- 
mally grown SiO2 layer (2) or gate oxide grown in a dilute 
mixture of HC1 and dry O5 at high temperature (>ll00~ 
(3) are widely used. However, when these methods are 
used, it is not easy to form a thin gate oxide less than 50 
nm thick, which is the typical gate-oxide thickness for 
high density MOS devices, with good controllability. An- 
other approach is CVD PSG deposition on patterned-Mo 
films followed by high temperature annealing (4), which 
tends to getter mobile ions along the perimeter of Mo-gate 
electrodes. However, this method is not effective for large 
area gate MOS structures. Recently, forming gas anneal- 
ing after Mo patterning has been reported to be effective 
in reducing ionic contamination (5, 6). However, this 
method is not so effective when contamination level is 
high. The mechanism is also not clear yet. 

In this work, the effects of high temperature forming 
gas annealing for intentionally H2-doped Mo and Ta-Mo 
alloy films have been examined to reduce ionic contami- 
nation in the gate SiO2. H2 doping in the films was real- 
ized by reactive sputtering in a mixed H2 and Ar ambient. 
The authors have found that high temperature forming 
gas annealing above 900~ for H2-doped Mo, especially 
H::-doped Ta-Mo gate structures, is very effective to re- 
duce ionic contamination in the gate SiO2. Also, the basic 
mechanism of this effect was analyzed, and the stability 
of these structures was examined through short-term 
bias-temperature stress aging. 

Experimental 
Mo-gate MOS capacitors were fabricated on p-type (100) 

silicon wafers with 4-6 ~cm resistivity. Thin gate SiO2 
was grown in a dry 02 ambient at 950~ to a 40 nm thick- 
ness. Mo film was deposited by an RF planar magnetron 
sputtering equipment  in Ar gas at 1 Pa pressure. 
H2-doped Mo films were prepared by sputtering in a 
mixed H2 and Ar ambient, with varying H2 partial pres- 
sure. Ta-Mo alloy films were deposited by cosputtering 
using two targets, Mo and Ta. Ta concentration in the 
films was 7 atom percent (a/o), to maintain high conduc- 
tivity (<3 x 10 -5 ~cm, after 1000~ annealing) and process 
compatibili ty of Mo gate process. H2-doped Ta-Mo films 
were prepared in a mixed H2 and Ar ambient, like 
H2-doped Mo films. Gate metal film thickness was 0.33 
~m for all samples. Purity for both Mo and Ta targets was 
99.95%. 

MOS gate electrodes of 500 x 500/xm were defined by 
conventional photolithography and chemical etching 
using H3PO,-HNO3 solution. After Mo patterning, anneal- 
ing was carried out in N2 ambient or forming gas ambient 
(H#N2 = 1/10) at various temperatures between 600 ~ and 
1000~ for 30 rain. Such high temperature annealing is 
necessary to activate implanted impurity ions. For some 
samples, forming gas annealing at 450~ for 30 min was 
performed to reduce the fixed oxide-charge density and 
interface trap density at the Si-SiO2 interface. 

Mobile ionic charge density in the MOS structures was 
measured by triangular voltage sweep method (TVS) (7) 
with a 50 mV/s ramp rate at 270~ Depth distribution 
profiles for sodium in the MOS structures were mea- 
sured directly by SIMS (CAMECA, IMS-3F). Bias- 
temperature (BT) stress aging was made in order to exam- 
ine slow trapping instability, as well as mobile ionic 
charge-related flatband voltage instability. 

Results and Discussion 
Effects of annealing ambient and temperature.--Figure 

1 shows mobile ionic charge density Nm vs. annealing tem- 
perature as a function of annealing ambient for various 
gate-metal structures. High temperature forming gas an- 
nealing above 900~ is found to be effective for reducing 
mobile ionic charge density, especially for H2-doped Mo 
and H2-doped Ta-Mo gate structures. However, mobile 
ionic charge density increases drastically after N2 anneal- 
ing for all samples, irrespective of gate metal structures. 
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Fig. 1. Mobile ionic charge density Nm vs .  annealing temperature in N2 

or forming gas (H2 + N2) for various gate metal structures. 

The effect of H2-doping in the Mo films on the reduc- 
tion of mobile ionic charge density Nm is shown in Fig. 2. 
In this figure, Nm vs. H~ partial pressure in a sputtering 
gas ambient  is shown as a function of annealing ambient 
at 1000~ The Nm for as-deposited samples increases with 
H2 partial pressure. The reason for this increase is not 
clearly understood. After forming gas annealing, mobile 
ionic charge density decreases below 10 TM cm -2, when H2 
partial pressure is higher than 8 • 10 -2 Pa. This indicates 
that H2 doping in the Mo films enhances the reduction ef- 
fect on mobile ionic charge density in forming gas anneal- 
ing, although, in N2 annealing, H2-doping is not effective. 
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Fig. 3. Depth relative distribu- 
tion profiles for sodium and silicon 
obtained by SIMS in as-deposited' 
gate metal (0.3/~m)/gate SiO: (40 
nm)/Si substrate structures, a: with 
Mo gate. b" with H2-doped Mo 
gate. c: with H2-doped Ta-Mo gate. 
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In the following sections, H2-doped Mo and H2-doped 
Ta-Mo films represent the films deposited in an H2 par- 
tial pressure of 3 • 10 -1 Pa. 

Sodium concentration profiles in MOS structures.--A 
possible reduction mechanism for mobile ion contamina- 
tion under  high temperature forming gas annealing is so- 
dium gettering in the SIO2, like PSG-coated gate SiO2 
or HC1 oxides. To clarify this effect, sodium distribution 
profiles in the MOS structures were measured by SIMS. 
Figures 3, 4, and 5 show depth relative distribution 
profiles of sodium and silicon for as-deposited, annealed 
in N2, and annealed in forming gas at 1000~ samples, re- 
spectively. Ion intensities were normalized by 94Mo+ ion 
intensities in gate electrodes. For as-deposited samples 
with Mo gate (Fig. 3a) and H2-doped Ta-Mo gate (Fig. 3c), 
sodium is detected only in the gate electrodes. The ~3Na+ 
ion intensity in the gate electrodes corresponds to the so- 
dium concentration less than 1 ppm, which is quantita- 
tively measured by a flameless atomic absorption analy- 
sis. At the metal-SiO2 interface region, 23Na+ ion intensity 
decreases rapidly. However, for as-deposited samples 
with H2-doped Mo gate (Fig. 3b), a slight increase in ~3Na § 
intensity in the SiO2 region is observed, which corre- 
sponds to the small amount  of mobile ionic charge den- 
sity measured by TVS, as shown in Fig. 1. In the case of 
N~ annealing (Fig. 4), a clearly identified 23Na+ intensity 

peak ir~ the SiO2 region is detected for all samples. This 
indicates that sodium ions in the gate electrodes can dif- 
fuse into the gate SiO2 layer during N~ annealing and are 
responsible for the large amount  of mobile ionic charge 
densities observed in the actual MOS structures. In the 
forming gas annealing (Fig. 5), the 2~Na+ intensity peak in 
the SiO2 region almost disappears, and its intensity de- 
creases abruptly, as it does for as-deposited samples. The 
decrease in 2~Na+ ion intensity in the SiO2 region is drastic 
for H2-doped Mo and H2-doped Ta-Mo gate structures. 

Figure 6 shows the correlation between ion intensity ra- 
tio I(23Na+)/I(3~ in the gate SiO2 region and the mobile 
ionic charge density Nm measured by TVS for Mo gate 
and H~-doped Mo gate capacitors. Here, 3~ ion intensity 
in the gate SiO2 region was chosen as the standard inten- 
sity. This result indicates that the SIMS-measured 23Na+ 
ion intensities in the gate SiO2 region correspond closely 
with the mobile ionic charge density measured by TVS. 

These analytical results indicate that sodium diffusion 
from Mo films into the gate SiO2 layer is enhanced by 
high temperature annealing in N2, whereas its diffusion is 
very slow or prevented in forming gas annealing above 
900~ The preventing effect under  forming gas annealing 
is more apparent in H2-doped Mo and H2-doped Ta-Mo 
gate structures. This suggests that the H2 doping into the 
Mo enhances the preventing effect on sodium diffusion 

Fig. 4. Depth relative distri- 
bution profiles for sodium and sili- 
con in 1000~ N2-annealed MOS 
structures, a: with Mo gate. b: with 
H2-doped Mo gate. c: with H2- 
doped Ta-Mo gate. 
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Fig. 5. Depth relative distribu- 
tion profiles for sodium and silicon 
in 1000~ forming gas annealed 
MOS structures, a: with Mo gate. b: 
with H2-doped Mo gate. c: with 
H2-doped Ta-Mo gate. 
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(a )  Mo (b)  H=-doped Mo (c) H=-doped  T a - M o  

into the gate SiO~ layer. Since Ta film has about 104 times 
higher hydrogen absorption property (8), compared to Mo 
film, H2-doped Ta-Mo film may contain a larger amount  
of hydrogen atoms in the film than H2-doped Mo film. 
This explains that H2-doped Ta-Mo gate structure has a 
superior ability to prevent sodium diffusion into the gate 
SiO~. 

It has been known that sodium diffusion in the SiO~ 
is very rapid. The diffusion constant is D = 5 
exp(-1.5(eV)/kT) cm2/s (9). In fact, rapid diffusion is ob- 
served during N2 annealing. However, sodium diffusion is 
prevented in forming gas annealing above 900~ as de- 
scribed above. This leads to a conclusion that the sodium- 
diffusion constant decreases drastically in forming gas 
ambient  above 900~ although the physical origin re- 
mains uncertain. 

Leakage current characteristics.--Although high tem- 
perature forming gas annealing is found to be very effec- 
tive for reducing mobile ion contamination in the gate 
SiO2, such high temperature annealing may degrade other 
MOS characteristics, such as leakage currents and stabil- 
ity at the Si-SiO2 interface. MOS leakage current charac- 
teristics were measured, and short-term stability under  
BT stress aging was examined. 

Figure 7 shows leakage current vs. applied field charac- 
teristics for MOS capacitors with various gate metal struc- 
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measured mobile ionic charge density Nm for Mo-gate and H2-doped Mo- 
gate capacitors. 

tures annealed in forming gas at 1000~ This shows that 
high temperature f o r m i n g  gas annealing results in 
significant leakage current increases and decrease in 
breakdown field for H2-doped Mo-gate MOS capacitors. 
A slight leakage current increase is also observed for Mo- 
gate MOS capacitors. Ta-Mo and H~-doped Ta-Mo gate 
MOS capacitors, however, can maintain low leakage cur- 
rent without breakdown-field degradation. 

The leakage current increase due to forming gas anneal- 
ing is probably attributed to local oxide defect creation 
caused by molybdenum silicide formation at the Mo-SiO2 
interface with the deoxidizing reaction of SiO~. However, 
a stable Ta-Mo-SiO2 interface, due to the presence of tan- 
talum oxides at the interface, probably prevents interface 
reaction during high temperature forming gas annealing, 
for Ta-Mo and H~-doped Ta-Mo gate structures. 
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Fig. 7. Variation in leakage current as o function of applied field for 

Mo-gete end Ta-Mo gate MOS capacitors. Samples were annealed in 
forming gas at 1000~ for 30 min. 
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Fig. 8. Typical changes in quasistatic C-V characteristics under posi- 

tive and negative BT stress aging, a (top): for Mo-gate MOS capacitors, b 
(bottom): for H2-doped Ta-Mo gate MOS capacitors. 

Short-term stability at Si-Si02 interface.--Short-term 
positive and negative bias-temperature (BT) stress aging 
was made for H2-doped Mo and H2-doped Ta-Mo gate 
structures annealed in forming gas at 1000~ BT stress 
conditions were -+5V and +-10V gate bias at 270~ for 30 
rain. Under negative BT, the flatband voltage (VFB) shift 
was small, less than 0.1V for all samples. This indicates 
that slow trapping instability is negligible. Under positive 
BT, a negative V~B shift was measured within 0.1V, which 
was almost the expected shift from TVS measurement.  
From this result, low mobi l e  ionic charge density is 
confirmed. 

In addition to the V~B shift, interface trap generation 
was estimated by quasistatic C~V measurement. Figure 8 
shows typical changes in quasistatic C-V characteristics 
under  positive and negative BT stress aging for (a) Mo 
gate and (b) H2-doped Ta-Mo gate MOS capacitors an- 
nealed in forming gas at 1000~ Here, for Ha-doped Mo 
gate structures, the quasistatic C-V curve could not be ob- 
tained because of large leakage current, as shown in Fig. 
7. Interface trap density D~t at midgap is less than 2 • 10 l~ 
cm -2 eV -1 for all samples in the initial state, i.e., the as- 
made state. Under negative BT, a negligible amount  of Dit 
generation is observed in both gate structures. However, 

a slightly large Di t  , about 5 • 101~ cm -2 eV -1 at midgap, is 
generated for Mo-gate structures associated with negative 
VFB shift under  positive BT. It is also noticeable that Dit 
increases mainly from midgap toward the conduction 
bandedge for Mo-gate structure, which is extracted from 
large distortion of the C-V curve from depletion to inver- 
sion region, as shown in Fig. 8a. For Ha-doped Ta-Mo gate 
structures (Fig. 8b), the C-V curve distortion is small. 
These results show that high temperature forming gas an- 
nealing does not degrade the Si-SiO2 interface stability for 
Ha-doped Ta-Mo gate MOS structures. 

Conclusion 
High temperature forming gas annealing above 900~ 

was found to be very effective for reducing mobile ionic 
charge density for Mo-gate MOS structures. This effect is 
enhanced by H2 doping in the films in the deposition pro- 
cess. Depth distribution profiles for sodium in the gate 
SiO2 layer, analyzed by SIMS, lead to a conclusion that 
high temperature forming gas annealing prevents sodium 
diffusion from Mo-gate metal layer into the gate SiO~, al- 
though the physical origin of this effect remains uncer- 
tain. A disadvantage of high temperature forming gas an- 
nealing is leakage-current increase in the MOS structures. 
However, an addition of several percent Ta in Mo films 
can prevent the leakage current increase and assure good 
stablity at the Si-SiO2 interface under  BT stress aging. 
The Ha-doped Ta-Mo gate MOS structure, combined with 
high temperature forming gas annealing above 900~ is 
very promising as regards highly reliable refractory 
metal-gate MOS devices. 
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Structural Perfection Testing of Films and Wafers by Means of 
Optical Scanner 
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Laboratories RCA Limited, CH-8048 Zurich, Switzerland 

A B S T R A C T  

An a l ternat ive  use  of  an optical  scanner  is p re sen ted  for rapid  s t ructural  per fec t ion  tes t ing  of  films and wafers.  
Specif ic  example s  are given:  (i) for s i l icon-on-sapphire  quality,  (ii) for s t ructural  per fec t ion  of  low pressure  chemica l  
vapor  depos i t ed  a m o r p h o u s  silicon, and (iii) for the  d is t r ibut ion  of  prec ip i ta ted  oxygen  in s i l icon wafers  t rea ted  for in- 
ternal  get ter ing.  Further ,  in phase  t rans formable  materials ,  the  m e t h o d  permi ts  the  de t e rmina t ion  of  the  depos i t ional  
phase  (amorphous  or crystall ine) after film growth  and after anneal ing.  

In  a p rev ious  paper,  we  repor ted  on a laser  scanner  sys- 
t e m  for dus t  and defect  de tec t ion  on si l icon wafers~ th in  
films, and o ther  surfaces (1). 1 The  p resen t  work  deals 
wi th  an a l te rna t ive  and nove l  use  of  the  above  instru- 
ment ,  for tes t ing  tl~e s t ructura l  perfec t ion  of  var ious  ma- 
terials and assessment  of  th in  film qual i ty  (2). 
Specifically,  we  wil l  desc r ibe  the  tes t ing  of  si l icon-on- 
sapphi re  (SOS) wafers,  the  qual i f icat ion of  low pressure  
chemica l  vapor  depos i t ed  (LPCVD) a m o r p h o u s  si l icon 
layers,  and  o ther  materials.  In  addi t ion to de t e rmin ing  the  
s t ructura l  qual i ty  of  crystal l ine or amorphous  material ,  a 
rapid  acceptabi l i ty  character iza t ion of  phase- t ransform-  
able  mater ia l  can  be  per formed,  i.e., of a mater ia l  w h i c h  in 
a cer ta in  process  can be depos i ted  in e i ther  the  
a m o r p h o u s  or the  crystal l ine phase,  d e p e n d i n g  on the  
depos i t ion  condi t ions.  This  is exempl i f i ed  for the  case of 
as-deposi ted  a m o r p h o u s  or crystal l ine L P C V D  silicon. 
Moreover ,  the  laser scanner  sys tem is capable  of  deter- 
m i n i n g  whe the r  the  film of subsequen t ly  annea led  and 
thus  crystal l ized mater ia l  has resu l ted  f rom an as- 
depos i t ed  a m o r p h o u s  layer, or f rom an as-deposi ted  crys- 
ta l l ine layer;  this feature  is impor t an t  because  sil icon 
recrysta l l ized f rom a m o r p h o u s  depos i ted  films is found  
to be of  super ior  qual i ty  in t e rms  of device  per formance .  
Final ly,  it is shown  that  the  m e t h o d  of  s t ructura l  perfec- 
t ion tes t ing  can be  used  to qual i fy  the  prec ip i ta ted  oxy- 
gen d is t r ibu t ion  in single-crystal  si l icon wafers  in connec-  
t ion wi th  t r ea tmen t  for in ternal  get ter ing.  In  summary ,  
the  a l te rna t ive  use of  the  laser  scanner  in the  quali ty-  
cont ro l  m o d e  is shown to be very  effect ive in di f ferent  
fields of  appl ica t ions  (IC technology,  solar cells, th in  
films, and others). 

Instrumental 
The laser  scanner  used  for this s tudy  has  been  de- 

sc r ibed  in detai l  e l sewhere  (1). As shown in Fig. 1, it con- 
sists of  HeCd  laser l ight  (325 or 442 nm) of  about  10 mW 
focused  onto  a sp inn ing  wafer  whi le  be ing  t ranslated.  The  
sca t te red  elast ic l ight  is col lec ted  in a coaxia l  ar- 
r angement ,  de tec ted  by a fast pho tod iode  or a pho tomul -  
tiplier. Af ter  sui table amplif icat ion,  the  electr ical  s ignal  
is t hen  m a p p e d  on a s torage osci l loscope,  mak ing  use  
of  the  polar- to-rectangular  coord ina te  t r ans fo rmat ion  
ske tched  in the  lower  part  of  Fig. 1. The  laser  wave l eng th  
of  325 or 442 n m  is se lec ted  accord ing  to the  des i red l ight  
pene t ra t ion  dep th  or film thickness .  One laser  scan takes  
about  6s for a 3 in. wafer.  

In. general ,  every  mater ia l  exhib i t s  an intr insic  elast ic 
l ight  scat ter ing due  to t empera tu re  or en t ropy  fluctua- 
t ions (3). In  addi t ion,  ext r ins ic  elast ic scat ter ing is pro- 
duced  by all effects  caus ing  local changes  of  the  dielectr ic  
cons tan t  or refract ive  index.  These  inc lude  all k inds  of  
s t ruc tura l  imper fec t ions  on a microscop ic  scale such  as 
strain, mosa ic  misor ien ta t ion  of  the  lattice, s tacking  

Key words: semiconductor, crystallization, CVD, integrated 
circuits. 

~This laser scanner system is commercially available from 
Fluorocarbon Process Systems, Anaheim, California 92803, and 
is used in many places throughout the semiconductor industry. 

faults, dislocations,  twinning ,  grain boundar ies ,  and, of  
course,  mic roscop ic  var ia t ion of  the  material ,  as, for ex- 
ample,  in an agglomerate .  Surface  i r regular i t ies  (surface 
roughness ,  scratches,  etc.) also cont r ibute  to this ex t r ins ic  
l ight  scat ter ing.  For  all cases of  pract ical  re levance,  how- 
ever,  and for the  l ight  wave leng ths  used  here, the  surfaces  
are sufficiently smoo th  tha t  the  v o l u m e  effects  domina t e  
over  the  surface effects. 

For  the  p resen t  paper,  we l imit  ourse lves  to the  "qual-  
i ty-control  m o d e "  use  of  the  i n s t rumen t  (1). In this mode ,  
all even ts  or iginat ing f rom indiv idual  defects  are disre- 
garded.  Instead,  one  deals  wi th  the  large regions  in be- 
tween  the  indiv idual  events .  These  regions  give rise to the  
b a c k g r o u n d  scat ter ing level  or iginat ing f rom the  bulk.  
This  is demons t r a t ed  in Fig. 2. For  a good qual i ty  wafer  
(Fig. 2a), the  backg round  level  of  a signal, as t aken  a long 
the  spiral  path, is ve ry  low, and a large dc shift  is needed  
for the  background  level  to reach  the  wri t ing th re sho ld  of  
the  s torage scope. For  a poor  qual i ty  wafer  (Fig. 2b), the  
b a c k g r o u n d  level  is high, and a small  dc shift  is needed  to 
reach the  wri t ing level.  Thus,  the  dc shift  can be used  as a 
di rect  measu re  of  s t ructura l  quali ty.  The  scanner  units,  
measu r ing  the  dc shift, can be  cons idered  as arbi t rary rel- 

Fig. 1. Laser scanner measuring arrangement 
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Fig. 2. I ntensity signal I vs. distance d along the spiral path on the wa- 

fer. The dash-dotted line represents the writing (full) threshold F of the 
storage scope. (a): Good quality wafer with small background level B. 
(b): Poor quality level with large background level B. Individual defects 
or dust, which are not considered here, are indicated by the spikes. 

ative units  of  quality, a h igh  va lue  indica t ing  h igh  qual i ty  
of  perfect ion.  

I t  should  be no ted  that  the  coaxial  a r r angemen t  (Fig. 1) 
is of  par t icular  impor t ance  in us ing the  qual i ty-contro l  
mode ,  s ince it is essent ial  for the  sensi t ivi ty un i fo rmi ty  
across a larger wafer  area (1). 

Results and Discussion 
General.--An example  for the  use of  the  qual i ty-cont ro l  

m o d e  to qual i fy  a wafer  is p resen ted  in Fig. 3. This shows 
scanner  mapp ings  taken  at var ious  th reshold  set t ings for 

Fig. 3. Scanner mappings of a wafer exhibiting a structural quality var- 
iation along a vertical line. A (top): taken at threshold setting of 750 
units. B (center): at 730 units. C (bottom): 680 units. 

a wafer  wi th  a s t ructural  qual i ty  var ia t ion along a ver t ica l  
line. S ince  the  best  mater ia l  is found to p roduce  full  writ- 
ing at the  h ighes t  scanner  uni t  set t ing (cor responding  to 
largest  dc shift), it is seen that  po in t  1 is of  the  re la t ive  
best, point 2 of medium, and point 3 of the poorest quality 
on this wafer. 

Silicon-on-sapphire structural perfection testing.--For 
s i l icon-on-sapphire  (SOS), it has been  shown (4) that  the  
crystal l ine perfec t ion  of  the  si l icon layer is di rect ly  re- 
lated to the  final device  performance .  Imper fec t ions  may  
resul t  (5) f rom the  pol i sh ing  qual i ty  of  the  sapphi re  sub- 
strate, f rom the  the rmal  m i s m a t c h  of  sapphi re  and si l icon 
lattice, and f rom details of the  epi taxial  depos i t ion  or 
g rowth  process.  It  was shown  (6) that  the  v o l u m e  percent-  
age (221) twins  in the  si l icon layer is a good ind ica tor  of  
s t ructura l  quality,  since the  micro twins  rep resen t  the 
dominan t  crysta l lographic  defect  in SOS films (7). Sev-  
eral m e t h o d s  have been  used  (4, 8) to character ize  the  
qual i ty  of  near-surface SOS. A m o n g  them,  UV reflec- 
tance  m e a s u r e m e n t  plays a par t icular  role  (9), s ince it  is a 
mos t  wide ly  used  s imple  m e t h o d ?  For  this reason,  the  re- 
sults of  the  scanner  m e t h o d  can best  be corre la ted  (2) 
wi th  the  UV reflectance method ,  in addi t ion  to the  (221) 
tw inned  density.  

F igure  4 shows the  resul t  of  the  scanner  m e t h o d  for 
SOS wafers  p lot ted  vs. UV reflectivity.  The  ver t ica l  
scales show the scanner  units,  d i rect ly  propor t iona l  to the  
dc offset, as men t ioned  above,  for inc ident  laser l ight  of  
325 nm. Note  that  a high n u m b e r  indicates  good quali ty,  
i.e., a low elastic scat ter ing background  and vice  versa. 
The  hor izonta l  scales give the  UV ref lec tometer  uni ts  R2s0 
and R400; these  units  for 280 and 400 nm, respect ively ,  rep- 
resent  the  ref lectance di f ference relat ive to the  single- 
crystal  s tandard.  (One R2s0 uni t  cor responds  to about  
0.05% loss of  absolute  reflectance,  and one  R400 uni t  to 
0.03% loss.) It  is ~een in Fig. 4 that  the  two measurement s ,  
elast ic l ight  scat ter ing as de t e rmined  by the  scanner  
m e t h o d  and U V  reflectivity, correlate  ex t r eme ly  well. A 
typical  h igh  qual i ty  SOS wafer  (category A) wou ld  be  se- 
lec ted  for a scanner  th reshold  level  of  about  710 units_or 
more.  

It  should  be  borne  in m i n d  that  the  l ight  pene t ra t ion  
dep th  varies  cons iderably  be tween  280 and 400 nm. 
Therefore ,  the UV ref lect ivi ty  data  p lot ted  on the  hori- 
zontal  axis of  Fig. 4, sample  qui te  different  near-surface  
regions  of  about  50A for the lef t -hand part  of  Fig. 4, and of  
about  1000A for the r ight-hand part. It  is no tab le  that  the  
laser  scanner  results,  sampl ing  a surface dep th  of  about  
85A, correlate  wi th  both of them.  

F igure  5 shows the corre la t ion of  the  laser  scanner  re- 
sults wi th  the  UV reflect ivi ty dif ference AR, def ined by 
R~so-R4oo, which  is f requent ly  used  (9) to qual i fy  the  SOS 
wafers.  

Also of  interest ,  and shown in Fig. 6, is the  corre la t ion 
of  the  laser scanner  units  wi th  the  (221) tw inn ing  concen-  
t ra t ion as de te rmined  by x-ray (6). It  is found that  SOS 
films o f  ca tegory A, with a (221) tw inn ing  dens i ty  of  up to 
4%, cor respond  to 710 laser scanner  units  and more,  whi le  
films of  ca tegory B, wi th  a (221) dens i ty  of  4 to 6.5%, are 
found be tween  680 and 710 laser  scanner  units.  

To summar ize  the  resul ts  on SOS: 
1. The  laser  scanner  used  in the qual i ty-cont ro l  m o d e  

can determine the structural perfection of SOS films, in 
good correlation with UV refleetivity and twinning 
density. 

2. The method permits one to continuously scan the 
whole SOS film and thus to provide a uniformity map of 
the structural perfection. 

3. Due to its high speed, the optical-scanner method 
offers itself as an alternative for rapidly determining the 
structural perfection or acceptability of SOS films for de- 
vice processing. 

Quality characterization of amorphous silicon.--The 
scanner  can also be used  for de te rmin ing  the  qual i ty  of  

2The UV reflectometry method is presently used by all major 
manufacturers and users of SOS. 
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a m o r p h o u s  sil icon. T he  t e r m  " a m o r p h o u s "  in  th i s  c o n t e x t  
of  l igh t  s c a t t e r i n g  d e n o t e s  m a t e r i a l  in  w h i c h  t h e  n a r r o w  
c rys ta l l ine  R a m a n  l ine  of  522 c m  1 is c o m p l e t e ] y  a b s e n t  in  
the  R a m a n  s p e c t r u m .  In s t ead ,  a b r o a d  l ine  is obse rved .  
Th i s  p e a k s  at  a b o u t  490 c m  -1. Th i s  is t he  r e su l t  of  b reak-  
d o w n  of  pe r f ec t  la t t ice  per iodic i ty ,  w h i c h  r e l axes  t he  se- 
l ec t ion  ru les  a n d  p e r m i t s  a m u l t i t u d e  or all la t t ice  m o d e s  
to be  exc i t ed  b y  the  l ight.  I t  is k n o w n  t h a t  in  a m o r p h o u s  
s i l i con  s o m e  sho r t - r ange  o rde r  still  prevai ls ;  on ly  t he  
long. . range o rde r  is miss ing .  In  th i s  sense,  t he  s t r u c t u r a l  
p e r f e c t i o n  in  a m o r p h o u s  s i l icon m i g h t  be  c o n n e c t e d  w i t h  
t he  d e g r e e  of  spa t ia l  s ho r t - r ange  o rde r  f luc tua t ions .  We 
h a v e  f o u n d  t h a t  a m o r p h o u s  s i l icon p r o d u c e d  b y  t he  dif- 
f e r e n t  m e t h o d s  to o b t a i n  solar  cell  mater ia l ,  e.g., evapora -  
t ion,  g low d i scharge ,  spu t t e r ing ,  L P C V D ,  etc., r e su l t s  in  
e las t ic  l igh t  s c a t t e r i n g  r e su l t s  of  t h e  c o r r e s p o n d i n g  f i lms 
t h a t  va ry  over  severa l  o rde r s  of  m a g n i t u d e .  I n  a d d i t i o n  to 

t he  d e p o s i t i o n  m e t h o d ,  t he  s u b s t r a t e  t e m p e r a t u r e ,  geome-  
try,  gas  spec ies  p re sen t ,  a n d  o t h e r  fac tors  p lay  an  impor -  
t a n t  role  on  t he  r e s u l t a n t  s t r u c t u r a l  per fec t ion .  

To d e m o n s t r a t e  t he  in f luence  of  t he  s u b s t r a t e  on t he  
s t r u c t u r a l  pe r f ec t i on  of  a m o r p h o u s  si l icon,  a n d  t he  appl i -  
ca t ion  of  t he  s c a n n e r  in  t he  qua l i ty  con t ro l  mode ,  we 
p r e s e n t  he r e  s o m e  resu l t s  on  mu l t i l eve l  po lys i l i con  depo-  
s i t ions  as r e l e v a n t  in  the  c h a r g e - c o u p l e d  d e v i c e  (CCD) 
p rocess ing .  As  Fig. 7 shows,  we have,  in  a con t ro l l ed  ex- 
p e r i m e n t ,  i n s p e c t e d  a m o r p h o u s  s i l icon (I) as d e p o s i t e d  on  
a t h e r m a l l y  ox id ized  s ing le -c rys ta l  s u b s t r a t e  a n d  com-  
p a r e d  i t  w i t h  a m o r p h o u s  s i l i con  (II) as d e p o s i t e d  on  t he  
" s a m e "  oxide,  which ,  howeve r ,  h a d  b e e n  f o r m e d  on  top  
of a p r e v i o u s l y  d e p o s i t e d  a m o r p h o u s  poly-A, w h i c h  sub-  
s e q u e n t l y  h a d  b e e n  POCI:~ doped ,  a n d  a n n e a l e d  a t  900~ 
F i g u r e  7 (midd l e  par t )  s h o w s  t h a t  t h e  s c a n n e r  r e su l t s  
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s h o w  e x c e l l e n t  s t r u c t u r a l  pe r f ec t i on  for  layer  I a n d  poo r  
s t r u c t u r a l  pe r f ec t i on  for  layer  II. In  fact,  t h e  l a t t e r  is in- 
deed  b e l o w  the  accep tab i l i t y  l imi t  w h i c h  we h a v e  es tab-  
l i s h e d  a f te r  e x t e n s i v e  w o r k  w i t h  a m o r p h o u s  s i l icon lay- 
ers. I t  s h o u l d  be  e m p h a s i z e d  t h a t  t he  w h o l e  poly-B layer,  
r e s u l t i n g  in  t he  two d i f fe ren t  r eg ions  I a n d  II, was  depos-  
i ted  in  one  a n d  t he  s ame  L P C V D  proces s  (Td = 566~ 
The  b o t t o m  pa r t  of  Fig. 7 s h o w s  t h a t  the  s c a n n e r  r e su l t s  
are c o n f i r m e d  b y  a n  i n d e p e n d e n t  m e a s u r e m e n t  of  t h e  
elast ic  l igh t  s ca t t e r ing  w i th  a s ta t ic  m e t h o d :  again,  layer  I 
is f o u n d  to b e  ve ry  good  a n d  layer  II  to b e  ve ry  p o o r  a n d  
u n a c c e p t a b l e .  
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Fig. 9. Raman peak intensity for as-grown LPCVD silicon layers vs .  

deposition temperature. �9 amorphous, x: crystalline. | mixed. 

In  o rde r  to u n d e r s t a n d  t h e  exac t  n a t u r e  of  t h e  differ- 
e n c e  b e t w e e n  t h e s e  two  layers,  we h a d  t h e m  ana lyzed  b y  
c ross - sec t iona l  t r a n s m i s s i o n  e l ec t ron  m i c r o s c o p y  (TEM). 
T h e  r e su l t s  are g iven  in  Fig. 8 (cour tesy  of  J. McGinn) .  I t  
is s e e n  t h a t  b o t h  layers  are i n d e e d  a m o r p h o u s  for  TEM, at  
leas t  for  t h e  scale of  t h e  l igh t  p e n e t r a t i o n  d e p t h  (for k = 
442 n m )  of  a b o u t  1000~. T h e r e  is one  s t r i k ing  d i f f e rence  
b e t w e e n  t h e m ,  however :  for layer  I, t h e  ox ide  top  su r face  
is ve ry  s m o o t h  (a r row a), wh i l e  for  layer  II, t h e  ox ide  top  
su r face  is r a t h e r  r o u g h  (a r row b). We s p e c u l a t e  t h a t  it is 
t h i s  r o u g h  sur face  II  w h i c h  h a s  i n f l u e n c e d  t h e  d e g r e e  of  
spa t ia l  s h o r t - r an g e  o rde r  f luc tua t ions ,  a n d  t h u s  t h e  local  
r e f rac t ive  index ,  a n d  t h e  l igh t  s ca t t e r ing  a few t h o u s a n d  
a n g s t r o m s  f u r t h e r  up  in  t h e  a m o r p h o u s  s i l icon layer  II. In  
a n y  case, t h e  r o u g h  oxide- to-s i l icon  in t e r f aces  of  r eg ion  II 
are  ve ry  u n d e s i r a b l e  for m a n y  devices ,  b e c a u s e  t h e y  
m i g h t  i n d u c e  e lect r ica l  b r e a k d o w n  at  m u c h  lower  electr i -  
cal fields t h a n  des i red .  S u c h  u n w a n t e d  c o n d i t i o n s  can  be  

Fig. 8. Transmission electron microscopy (TEM) cross sections of layers I and II from Fig. 7 (courtesy of J. T. McGinn). Thickness of poly-B is 6600A 
in both region I and II, and thickness of poly-A is S400A. 



Vol .  131, No .  7 S T R U C T U R A L  P E R F E C T I O N  T E S T I N G  1697 

Fig. 10. Correlation between Raman peak and elastic intensity (100 
mW/40/~m x 2 mm) for LPCVD silicon films of different deposition tem- 
peratures, as-grown. O: amorphous, x: crystalline. | mixed. 

revealed nondestructively by using the scanner in the 
quality-control mode. 

Determining the crystallographic phase of a deposited 
layer.--Films of LPCVD silicon can be deposited in either 
one of the two phases, depending on the deposition tem- 
perature (Td): for 560 --< Td --< 580~ the films are 
amorphous, for Tf~ -> 620~ they are crystalline. The 
simplest and most rapid method to determine the 
crystallinity is by Raman scattering, as shown in Fig. 9. 
For convenience, we have plotted here the peak intensity 
of the Raman spectrum in the 490-530 cm 1 region. Since 
the broad amorphous peak is much weaker (~ 25 
counts/s) than the crystalline peak (~  100-400 counts/s), 
the degree of crystallinity can simply be determined from 
the peak Raman intensity. Recent  work on undoped (10, 
11) and in situ phosphorus-doped (12) LPCVD polysilicon 
has demonstrated that only films deposited in the 
amorphous phase and subsequently crystallized by an- 
nealing have the high quality, in terms of structural per- 
fection and surface roughness, which is required for criti- 
cal device applications. The laser scanner has played an 
important  role in the structural perfection characteriza- 
tion of the corresponding films. In the following, it will 
be shown in detail how the scanner, once calibrated for 

Fig. 11. Correlation between Raman peak intensity and laser scanner 
units for as-grown LPCVD silicon films, deposited at different deposition 
temperatures as indicated. O: amorphous, x: crystalline. |  mixed. 

one system, e.g., LPCVD silicon, can be used very effec- 
tively for rapidly determining the crystallographic phase 
of a deposited film, a procedure for which x-ray measure- 
ments usually take at least 30 rain. Moreover, it will be 
shown that even an annealed film can be identified 
whether  it originates from a desirable, originally 
amorphous-deposited film or from a less desirable 
crystalline-deposited film. This permits rapid feedback 
in device processing. 

Two detection methods have actually been used for 
testing with elastic light scattering: (i) the blue version of 
the laser scanner (442 nm) in the quality-control mode, 
and (ii) the static method (515 rim) with photomultiplier  
detection. 

The former is more rapid and provides a map of the 
whole wafer area, while the latter is more sensitive. In 
principle, both methods give fully consistent results as 
will be seen. 

Figure 10 shows the correlation between Raman peak 
intensity and elastic intensity, determined with the static 
method (b) for different deposition temperatures. It can 
be seen that the amorphous layers resulting from the 
LPCVD process always are of lowest elastic light scatter- 
ing, the fully crystalline layers of highest, and the mixed 
amorphous-crystalline layers of intermediate. Figure 11 
shows the corresponding results with the scanner method 

Fig. 12. Correlation between 
elastic scattering by scanner 
method (a) and by static method (b) 
for L-PCVD silicon films, as-grown 
and annealed. 
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Fig. 13. Elastic peak intensityvs. 
deposition temperature. A (left): 
For as-grown LPCVD silicon layers 
(�9 = amorphous, x = crystalline,| 
= mixed). B (right): For annealed 
layers (U). 
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in the quality-control mode (a). The highest scanner units 
are observed for the amorphous layers, and the lowest for 
the less-desirable crystalline layers. In Fig. 12, the two 
methods are correlated with each other. It is seen that the 
correspondence is very good. Of considerable importance 
is the finding in Fig. 12 that the annealed films coincide 
well with the as-grown LPCVD films, particularly the 
ones which had been deposited in amorphous form. This 
is shown in more detail in Fig. 13 by using the static 
method. Thus, the elastic scattering of the films does not 
change with annealing, and it is possible to determine 
with the scanner (or the static method) whether an an- 
nealed film had been produced in the desirable 
amorphous form or in the less-desirable crystalline form. 
Since the amorphous deposition is preferred more and 
more for device processing, the acceptability assessment 
by  t h e  s c a n n e r  of  a s -g rown  or  a n n e a l e d  po lys i l i con  layers  
is qu i t e  useful .  

Internal gettering.---As dev ice  p r o c e s s i n g  m o v e s  to- 
w a r d s  l a rger  wafer  size, t he  w a r p a g e  of  s i l icon wafers  due  
to p las t ic  d e f o r m a t i o n  at  e l eva t ed  t e m p e r a t u r e s  repre-  
sen t s  a m o r e  a n d  m o r e  i m p o r t a n t  p r o b l e m  to t he  IC in- 
d u s t r y  (13). I t  is k n o w n  t h a t  o x y g e n  in smal l  c o m p l e x e s  
i m p r o v e s  t he  m e c h a n i c a l  s t r e n g t h  of  s i l icon d u e  to dislo- 
ca t ion  p inn ing .  However ,  for  m a n y  devices ,  l i f e t ime  is a 
l im i t i ng  factor ,  a n d  carefu l  i n t e rna l  ge t t e r i ng  is r e q u i r e d  
to r e m o v e  any  i m p u r i t i e s  f rom the  ac t ive  dev ice  zone.  For  
th i s  pu rpose ,  one  p r e s e n t l y  uses  wafe rs  w i t h  an  oxygen-  
d e n u d e d  zone  in a sha l low su r face  region,  a n d  w i t h  oxy- 
gen  p rec ip i t a t e s  in  t he  l ower  ly ing  b u l k  part .  M u c h  w o r k  
r e m a i n s  to be  d o n e  in th i s  field to r e a c h  a full  u n d e r -  
s t and ing .  We h a v e  s t ud i ed  t he  app l i cab i l i t y  of  l igh t  scat- 
t e r ing  t e c h n i q u e s  for quan t i t a t i ve ly  a s se s s ing  t he  s t ruc-  
tu ra l  p e r f e c t i o n  s t a tu s  of s u c h  wafers .  Fo r  this ,  we have  
looked  at  beve l -po l i shed  wafers  of  t he  a b o v e  k i n d  (cour- 
t esy  of  Wacke r  Chemi t ron i c s ,  B u r g h a u s e n ,  G e r m a n y )  b y  
m e a n s  of t he  s c a n n e r  in  t he  qua l i ty -con t ro l  m o d e  a n d  t h e  
s ta t ic  e last ic  s c a t t e r i n g  t e c h n i q u e .  T h e  re su l t s  a p p e a r  
ve ry  e n c o u r a g i n g :  b o t h  t e c h n i q u e s  can  easi ly  d i sc r imi-  
na t e  b e t w e e n  t he  two  reg ions  a n d  also s h o w  the  cross-  
over. F i g u r e  14 p r e s e n t s  the  r e su l t s  on  a b e v e l e d  wafer .  In  
t he  t op  par t ,  t h e  s c a n n e r  m a p  is r e p r o d u c e d  as o b t a i n e d  
in a few seconds .  In  t he  b o t t o m  par t ,  t h e  r e su l t s  of  t h e  
s ta t ic  e last ic  l igh t  s ca t t e r ing  are given.  The  a g r e e m e n t  is 
obvious .  S i n c e  t h e  s c a n n e r  m e t h o d  p r o d u e e s  a w h o l e  
m a p  of  t h e  wafer ,  one  can  easi ly  see i f  t h e r e  are  any  rad ia l  

uniformities in the oxygen distribution. Judging from the 
top part of Fig. 14, this appears to be the case. It has been 
verified independently with the static method by study- 
ing along different lines across the wafer. At the present 
time, it is still unclear how much of the effect originates 
from the wafer and how much from a possible imperfect 
even polish. However, effects of the former type, namely, 

Fig. 14. Observation of transition from oxygen-denuded zone to pre- 
cipitation zone on a beveled internal gettering silicon wafer. Top: 
Scanner method (442 nm), picture taken at 766 scanner units with 0 dB 
attenuation. Bottom: Static elastic scattering (51S nm). 
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a radial variation of the oxygen distribution, have been re- 
ported in the literature (14). 

From these results, it appears that the scanner used in 
the quality-control mode can provide an important tool in 
studying the subtle details of oxygen distribution con- 
nected with internal gettering and warpage. 
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Thermal Pulse Diffusion of Zn in GaAs from an Elemental Source 

D. Dobkin 1 and J. F. Gibbons 

Stanford Electronics Laboratories, Stanford University, Stanford, California 94305 

ABSTRACT 

We have studied Zn diffusion from an electroplated elemental source, using rapid thermal annealing techniques to 
investigate a range of diffusion times from 3 to 30s. Improved surface morphology is obtained by exploiting the high 
vapor pressure of Zn to remove excess source material, leaving only one to two monolayers of Zn tightly bound to the 
substrate. Resultant diffusions form shallow (0.1-0.2 t~m) heavily doped (1 • 102~ regions. Junct ion properties are 
almost independent  of diffusion t ime and linear in temperature over the range investigated. 

Zinc is a common  p-type dopant for GaAs. Diffused Zn 
layers are typically formed using sealed ampuls with a 
Zn-As compound as a dopant source (1, 2) or in open-tube 
diffusions with Zn-doped SiO, cap (3). We have investi- 
gated the diffusion of Zn into GaAs from an elemental  Zn 
layer for short times (3-30s) using the technology devel- 
oped for rapid annealing of implanted material (4). 

Experimental Results 
The rapid thermal annealer is designed so that only the 

sample in process is heated; thus, the incorporation of the 
Zn source directly on the wafer is advantageous. As a dif- 
fusion source, we have used a layer of elemental Zn, 
~100A thick, deposited by electroplating directly onto a 
GaAs surface after a pretreatment in a RuC13 solution. 
This process is described in more detail elsewhere (5). 

In our initial studies, plated samples were placed in the 
rapid thermal annealer and covered by a silicon wafer to 
form a proximity cap. The chamber was evacuated by a 
mechanical  pump/LN2 trap and backfilled with a 90% 
Ar:10% H2 mixture. Diffusions were performed for tem- 
peratures from 700 ~ to 850~ and at 800~ for times from 4 
to 30s (risetime was typically 5-7s). Samples were then 
characterized by Hall measurements  and chemical strip- 
ping. 

~Also with Watkins-Johnson Comoany, Palo Alto. California. 
Key words: semiconductor, diffusion, junctions, electrodepo- 

sition. 

The doping profiles were found to be flat with a very 
abrupt drop-off. The plateau doping was typically 
~102~ SIMS measurements verified this picture of 
the diffused profile (Fig. 1). The junction depth was 
found to be linear in temperature and almost independent  
of diffusion time (Fig. 2). 

A disadvantage of this process was a degradation of sur- 
face morphology in the plated regions, evidenced as a 
clearly visible discoloration which was verified to be due 
to surface roughening using SEM observations. We spec- 
ulate that this roughening is due to dissolution of GaAs 
into the Zn film once the temperature exceeds the Zn 
melting point (1). 

To avoid this problem, we have exploited the high 
vapor pressure of Zn at moderate temperatures to remove 
the majority of the film before diffusion. The samples are 
loaded into the annealer without a top Si wafer and the 
chamber evacuated. Initial work was performed at a pres- 
sure of 50-100 mtorr using a mechanical pump. An oil dif- 
fusion pump with LN2 trap was later added to the system, 
enabling operation at ~3 • 10 4 torr. (This pressure is far 
above the ultimate base pressure of the system, but is a 
compromise value chosen to minimize cycle time.) The 
sample is then raised to a temperature of 440~176 in 
vacuum for t imes  of from 15 to 45s (most frequently 30s). 
The chamber is vented with forming gas and the sample 
covered with a Si wafer. Diffusion then proceeds as be- 
fore. The plated regions are visually indistinguishable, at- 
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Fig. 1. SIMS profile of Zn diffusion: 10 sec at 800~ (Depth scale 
estimated from Dektak measurement of sputtered crater.) 

t e s t i ng  to u n d e g r a d e d  sur face  m or pho l ogy .  S a m p l e s  we re  
c h a r a c t e r i z e d  b y  V an  de r  P a u w / H a l l  a n d  fou r -po in t  p r o b e  
m e a s u r e m e n t s  c o m b i n e d  w i t h  c h e m i c a l  s t r ipp ing .  

E lec t r ica l  r e su l t s  are s u m m a r i z e d  in Fig. 3-6. Here  shee t  
c o n d u c t a n c e  is p lo t t ed  as t he  d e p e n d e n t  var iab le .  I t  is 
f o u n d  t h a t  t he  d o p i n g  prof i les  were  aga in  flat w i t h  a n  
a b r u p t  edge,  a n d  t h a t  the  p e a k  d o p i n g  ( ~1  • 102~ 3) d id  
no t  va ry  m u c h  w i th  the  va r ious  p a r a m e t e r s  exp lored .  
Thus ,  the  va r i a t ion  in shee t  c o n d u c t a n c e  p r i m a r i l y  repre-  
s en t s  va r i a t i ons  in  j u n c t i o n  dep th .  The  to ta l  dose  corre-  
s p o n d s  to r o u g h l y  one  to two m o n o l a y e r s  of  Z n  (5 x 
1014-1.5 x 1015/cm~). 

The  da ta  show t h a t  t he  j u n c t i o n  d e p t h  dec rea se s  
r o u g h l y  l inear ly  w i t h  i n c r e a s i n g  e v a p o r a t i o n  t e m p e r a t u r e ,  
a n d  i nc r ea se s  l inear ly  w i th  i n c r e a s i n g  d i f fus ion  t e m p e r a -  
ture .  On  t he  o t h e r  hand ,  t he  j u n c t i o n  p r o p e r t i e s  s e e m  sub-  
s t an t i a l ly  i n d e p e n d e n t  of  t he  t i m e s  u sed  in e i t he r  process ,  
w i t h i n  t he  r a n g e  explored .  

To ver i fy  t he  usab i l i ty  of  th i s  p roces s  for  dev ice  fabr ica-  
t ion,  j u n c t i o n  GaAs  F E T ' s  we re  p r o d u c e d .  T he  s t a r t i ng  
ma te r i a l  was  l i qu id - phas e  ep i t ax ia l  n - G a A s  ( dop i ng  ~1 x 
1017/cm 3) on  Cr -doped  s u b s t r a t e  w i t h o u t  a bu f f e r  layer.  
P l a t i ng  a n d  evapo ra t i on /d i f fu s ion  we re  p e r f o r m e d  as 
a b o v e  to c rea te  a u n i f o r m  p+ reg ion  a b o u t  0.2 ~ m  th ick .  
Dev ices  were  i so la ted  by  c h e m i c a l  e t c h i n g  of  mesas .  Alu- 
m i n u m  m e t a l  was  p a t t e r n e d  on  t he  wafe r  b y  l if t-off  to 
fo rm gate  l ines,  w h i c h  also ac ted  as a m a s k  for  c h e m i c a l  
r e m o v a l  of  t he  p+ layer  f rom t he  r e m a i n d e r  of  t he  wafer .  
A u G e N i  o h m i c  con t ac t s  were  t h e n  p a t t e r n e d  by  l if t-off  
a n d  a l loyed  to c o m p l e t e  t he  s t ruc ture .  C u r r e n t  vo l tage  
cha rac t e r i s t i c s  were  m e a s u r e d  on  a cu rve  t racer ,  w i th  a n d  
w i t h o u t  i l l u m i n a t i o n  f rom a m i c r o s c o p e  l amp;  t he  r e su l t s  
are s h o w n  in Fig. 7. T h e  dev ices  are s een  to be  well- 
b e h a v e d  w i t h  i l lumina t ion ,  b u t  d i sp lay  hys t e r e s i s  in  t he  
dark.  

This  hys t e r e t i c  b e h a v i o r  was  t en t a t i ve ly  a t t r i b u t e d  to 
t r aps  at  t he  ep i - subs t r a t e  in ter face ,  pos s ib ly  due  to outdif-  
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Fig. 2 (a, top) Junction depth vs .  diffusion temperature (lOs diffusion). 
The line is a least squares fit to the data; slope 1.0 • 10 -~/~m/~ ex- 
trapolated to xj = 0 at T = 540. (b, bottom) Junction depth vs .  diffusion 
time (800~ 

fus ion  of  i m p u r i t i e s  e i t he r  d u r i n g  ep i t ax ia l  g r o w t h  or in  
the  d i f fus ion  t h e r m a l  p rocess ing .  We f o u n d  t h a t  a sub-  
s t r a t e  b ias  of - 5 0  to - 6 0 V  w o u l d  c o m p l e t e l y  p i n c h  off t he  
dev ice  e v e n  at zero gate  vol tage;  s u c h  b e h a v i o r  is cons id -  
e r ed  to be  due  to deep  i m p u r i t i e s  at  t he  e p i - s u b s t r a t e  in- 
t e r face  (6). To ver i fy  t h a t  th i s  b e h a v i o r  was  mater ia l -  
r e l a t ed  r a t h e r  t h a n  in t r in s i c  to t h e  Z n  d i f fus ion  process ,  a 
s e c o n d  p iece  of t he  s ame  wafe r  was  p r o c e s s e d  in a n  iden-  
t ical  f a sh ion  b u t  w i t h o u t  any  zinc p la t ing ,  to f ab r i ca te  
M E S F E T ' s  of s imi la r  geomet ry .  T h e s e  dev ices  d i s p l a y e d  
a n  iden t i ca l  " b a c k g a t i n g "  behav io r .  

Deep- leve l  t r a n s i e n t  s p e c t r o s c o p y  m e a s u r e m e n t s  were  
also m a d e  u s i n g  a b o x c a r - i n t e g r a t i o n  scheme .  A typ ica l  
s c a n  is s h o w n  in Fig. 8. The  con t ro l  s a m p l e  was an  a lumi-  
n u m  S c h o t t k y  ba r r i e r  on  n t y p e  (10~7/cm 3) b u l k  GaAs  wi th  
a A u G e  a l loyed  b a c k  contac t :  a s e c o n d  p iece  of  t he  s ame  
wafe r  r ece ived  an  e v a p o r a t i o n / d i f f u s i o n  to fo rm a p+ 
layer,  fo l lowed by  A1 e v a p o r a t i o n  a n d  c h e m i c a l  e t c h i n g  to 
fo rm m e s a  diodes.  The  da ta  s h o w  two  e l ec t ron  t r ap  leve ls  
in  t he  con t ro l  sample .  The  level  of  150 K is c o m p l e t e l y  ab- 
s e n t  in  t he  d i f fused  sample ;  t h e  level  a t  370 K is j u s t  ob- 
servable .  (Hole t r aps  were  no t  inves t iga ted ,  as we do n o t  
at  p r e s e n t  h a v e  an  opt ica l  D L T S  capabi l i ty . )  The  two  
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peaks are tentatively identified as EL7 and ET2, respec- 
tively (14), although due to the heavy doping and conse- 
quent  high fields, precise characterization is difficult. 

D i s c u s s i o n  a n d  C o n c l u s i o n s  

The most interesting aspects of the dependence of p+ 
region formation on the various experimental  parameters 
are the weak (linear rather than exponential) dependence 
of junct ion depth on temperature of diffusion, the linear 
decrease of junction depth with increasing "evaporation" 
temperature, and the lack of any strong t ime dependence. 
These features contrast strongly with the typical behavior 
of diffusing species in semiconductors: diffusion constant 
D ~ exp [-Ea/kT] where Ea is several eV, and junction 
depth xj~ ~ .  The non-erfc/non-Gaussian diffusion 
profiles, on the other hand, are not surprising in view of 
the well-known concentration dependence of Zn diffu- 
sion (9). 

The diffusion t ime independence of the p+ region for- 
mation is reminiscent of the post-diffusion annealing re- 
sults of Tuck and Houghton (10). In this work, junctions 
formed by conventional sealed ampul diffusion of  Zn 
were annealed in a second Zn-free ampul at the same 
temperature as the diffusions. For temperatures less than 
900~ the anneal had essentially no effect on the diffused 
profiles. Zn diffusion is generally held to occur through 
either interstitial Zn (11) or interstitial Ga (12). The con- 
centration of VGa, which controls the inclusion of Zn 

Fig. 7. I -V characteristic of J FET. Scales: 5 mA/div vertical, 1 V/div hori- 
zontal, 0.5 v/step. Wg = 300/~m. 
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atoms in the lattice, is calculated by assuming equilib- 
r ium with As pressure at the surface, implying that the 
relevant defects are generated primarily at the surface. 
We must  thus speculate that when a Zn source is not 
present, the driving force for defect creation at the sur- 
face is removed and diffusion then proceeds by a very 
slow substitutional mechanism. We have previously 
found that after "evaporation" A1 Schottky barrier 
heights are modified, suggesting the presence of a very 
thin layer containing Zn at the surface (5). This layer may 
act as the finite source of Zn required by the model  
sketched above. 

The independence of evaporation t ime may be ex- 
plained by considering evaporation rates. The equilib- 
rium Zn vapor pressure at 500~ of about 1.5 torr (13) 
gives an evaporation rate of about 3 x 105 monolayers/s 
assuming detailed balance and a unity sticking coeffi- 
cient. Thus, all bulk Zn evaporates away in a very short 
t ime (<< ls), if retarding effects such as oxidation are 
negligible. After this time, only Zn atoms in an especially 
stable state, e.g., tightly bound to the substrate, remain, 
and these may be only weakly affected by further heat- 
treatment. 

At present, we have no explanation for the temperature 
dependence of the diffusion process. 

In conclusion, we have explored a new regime of Zn 
diffusion using rapid thermal processing and a plated ele- 
mental Zn source. We have characterized the dependence 
of junct ion formation on several process parameters. The 
use of an "evaporation" step to remove excess Zn results 
in preservation of surface morphology and a process suit- 
able for device fabrication. The high doping levels ob- 
tained may make the process of interest for contact layer 
formation. 
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Thermal Annealing of Proton-Bombarded GaAs and (AI, Ga)As 
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ABSTRACT 

A study of the annealing of proton-bombarded, p-type GaAs and (A1,Ga)As revealed different electrical conductivity 
recoveryeffects ,  depending on the host crystal and the original dopant species and concentration level. It was found 
that the dopant dependence of the annealing temperatures was in the order Tz, < TMg < Tae. In fact, whereas a Zn-doped 
binary system annealed completely at <570~ Ge-doped samples, both binary and ternary, did not recover to better 
than within a factor of five of their original conductivities, even at temperatures as high as 700~ The Mg-doped terna- 
ries recovered at ~<570~ while equivalently doped binaries acted similarly to the Ge cases in approaching only within a 
factor of five of their original values at 700~ The ability to place juxtaposed regions of conducting and nonconducting 
layers in the "bulk" of a multilayered crystal structure was demonstrated. The potential for three-dimensional integra- 
tion in compound semiconductors, utilizing these effects, is discussed. 

The bombardment  and penetration of a solid by an ac- 
celerated charged particle is an old field of study (1, 2) 
which became important in semiconductor technology 
with the fabrication of nuclear particle detectors by ion 
implantation (3). This technique has since become an in- 
tegral part of silicon-integrated circuit fabrication (4) and 
is beginning to be used for the construction of compound 
semiconductor  devices and circuits as well (5). 

The recognition by Foyt et al. (6) that proton bombard- 
ment- induced damage in GaAs could be used to produce 
electrical isolation between adjacent devices, and the sub- 
sequent  use of this technique by Dyment  et al. (7) for the 
fabrication of stripe geometry double heterostructure 
lasers that would operate cw at 25~ were two important  
steps in the development  of optoelectronics. This technol- 
ogy depends on the ability to control the generation of re- 
gions of high resistivity material by bombardment-  
induced carrier removal (8). However, the use of this type 
of damage has been limited to the preparation of "tubs" 
(i.e., regions from the near surface to the surface in re- 
stricted areas of the slice) of semi-insulating material. 
This is a direct consequence of the fact that the bom- 
barding ions impinge on the surface from essentially a 
normal direction, with a patterned attenuator to define 
which areas of the semiconductor are exposed and which 
are protected. The result is a pseudo-three-dimensional 
technology. 

We present observations that will enable the fabrication 
of more complex three-dimensional devices based on the 
interactive effects between the proton bombardment  gen- 
eration of high resistivity in GaAs and (A1, Ga)As, the 
dopants present in these materials, and a moderately high 
temperature anneal. We have found that proton-bom- 
barded germanium-doped GaAs and/or (A1, Ga)As can be 
heated to 600~ and will maintain semi-insulating proper- 
ties, while an identical t reatment of Mg- or Zn-doped ma- 
terial will cause a return to a high conductivity state. In 
this paper, we shall show our preliminary results and 
mention a few of the many possible uses of this phenome- 
non in fabricating novel and improved devices. 

Below is a description of the experimental  procedures 
used in this study, followed by the experimental  results 
and data analysis. Then we put this work in perspective 
and point out some possible technological applications, 
and we conclude with a summary. 

Experimental Procedures 
The experiment  consisted of: (i) exposing the full sur- 

face of epitaxial samples of p-type GaAs and/or (A1, Ga)As 
to 300 keV protons at a dose of 3 • 1015 cm -2 [these bom- 
bardment  conditions are known to render the surface re- 
gion of this material semi-insulating to a depth of - 3  ~m, 
with a resultant resistivity in the 105 12-cm range (9)]; (ii) 
heating the samples at temperatures ranging from 450 ~ to 
700~ in an open-tube leaky-box "diffusion-type" furnace 
in a forming gas ambient for 30 min (estimated time at 
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max imum temperature being 15 min); and (iii) evaluation 
of the results using either a depth-profile conductance 
measurement  (1O) or a cleave-and-stain technique (11). 

Two types of liquid phase epitaxial samples were pre- 
pared for this study. One set involved a single epitaxial 
layer containing the specific dopant of interest, and the 
other consisted of multiple epitaxial layers alternately 
doped with the impurity element  of interest. Most of the 
single-layered samples were 1-2 ~m thick. GaAs or 
AlxGa~_xAs (x = 0.3 or 0.4 films), containing either Mg or 
Ge, with a free carrier concentration from 2 x 1017 to 1 x 
10 is cm -3, and were grown on (100) oriented, 10 is cm -3, Si- 
doped n-type substrates. The multilayered samples were 
also grown on n-type Si-doped substrates, but they con- 
tained juxtaposed Mg- and Ge-doped layers, each about 
0.2-0.6 ~m thick and doped in the mid 1027 to low 1018 
range; the total thickness of the epitaxial layers was - 2  
p~m. 

The electrical measurements were done on the single- 
layer samples exclusively. After the bombardment  and 
annealing sequences were completed, ohmic contacts of 
Au-Zn were evaporated onto the bombarded surface of 
the sample in the circular geometry shown in Fig. 1, at a 
deposition temperature of 140~ As controls, unannealed 
samples, identically bombarded, were similarly metal- 
lized. 

Layer resistivity was evaluated by applying a fixed 
bias of 0.1V between the inner dot contact and the outer 
ring and measuring the voltage drop across a suitably ad- 
justed series sampling resistor (10). By etching the ex- 
posed semiconductor  material in the annular ring in care- 

Au-Zn 
CONTACTS 

0 . 4 0 c m  

_ Lo.,ocm  _ 
, , , - ~ 0 . 2 0  c m - - - - ~  

, -  0 . 2 5 c m  .-1 

Fig. 1. The ring-dot configuration used to make the electrical 
measurements. 
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fully controlled steps, one can profile the conductivity of 
the bombarded regions; the sample resistivity is inversely 
proportional to the slope of the conductance vs. etching 
time plot. The low bias voltage limits the current to the 
p-type material above the n-type substrate. The current  
leakage across the junction and also through the 10 ~ t2-cm 
deionized water used in the etching procedure places a 
10 ~ gLcm upper bound on the resistivity that can ordinarily 
be measured. 

Because of the large diffusion coefficient and high vol- 
atility of Zn, single epitaxial layers doped with Zn were 
not grown, and Zn-doped bulk GaAs was used ins tead .  
This altered the resistivity measurement  geometry (i.e., 
no p-n junct ion to isolate the measurements  to the top 1-2 
t~m of material) and made interpretation of the measure- 
ments more difficult. 

The cleave-and-stain measurements  were done exclu- 
sively on LPE-grown multilayered samples containing al- 
ternately Ge and Mg as the p-dopants, in both the binary 
GaAs and the ternary (A1, Ga)As, also alternately juxta- 
posed. The epitaxial layers ranged in thickness from 0.15 
to 0.6 t~m, while the total of all layers was approximately 2 
t~m thick. The samples were not full surface bombarded 
with protons, but tungsten wire stripe masks were used 
to produce bombarded and unbombarded regions of  the 
same slice. Subsequent  to bombardment  and anneal, the 
samples were cleaved on the (110) plane, stained in a solu- 
tion of 5:l::H~O:NH4OH, and then photographed in a 
scanning electron microscope. 

Experimental  Results 

Table I is a summary of  the results of the electrical mea- 
surements performed on the bombarded and annealed 
single layer samples. All of the control samples examined 
without bombardment  showed resistivities in the 10 -~ to 
10 -~ tl-cm range. Because the evaluation technique used 
has an upper measurement  limit of 10 ~ ft-cm, the largest 
normalized resistivity ratio (i.e., the ratio of the resistivity 
after bombardment  and anneal to that before bombard- 
ment) is listed as > 10~; the value ~5 indicates that com- 
plete return to original resistivity was not achieved. 

Samples 1-3 were Ge-doped epitaxial layers, samp]es 
4-8 were Mg-doped epitaxial layers, and sample 9 was a 
Zn-doped bulk slice. As seen from column IV, the sample 
compositions ranged from the binary (samples 2, 3, 7-9) to 
30 and 40% A1 (samples 1, 4-6) in the ternary. 

Three major trends can be discerned by examining the 
data in Table I. (i) In the ternary-based systems, proton- 
bombarded Mg-doped slices recovered their initial resis- 
tivity in the temperature range 575~176 while the Ge- 
doped material continued to show high resistivity up to 
temperatures of 700~ (ii) In the binary-based systems, 
except  for the Zn-doped material, none of the samples 
completely annealed back to their original resistivity, 
coming only within a factor of about five of their initial 
value, even after annealing to temperatures of about 
700~ (iii) One can distinguish the influence of original 
dopant concentration on the recovery level by comparing 
the annealing results of samples 2 and 3, wherein a higher 
initial doping level yielded better recovery of conductiv- 
ity. 

Figure 2 is an example of the results of the cleave-and- 
stain experiments  performed on the bombarded and an- 
nealed multilayered samples. The specimen displayed in 
Fig. 2 was a six-layered sample consisting of the follow- 
ing: starting with the n-type Si-doped substrate (layer 1), a 
3-4 ~m thick Te-doped buffer layer was grown first, then 
a thin (0.2 t~m) Mg-doped, A10.0sGa0.~As layer was grown 
(layer 3), then a 0.6 ~m Ge-doped A10.40Ga0.~0As layer (layer 
4), then a Mg-doped, 0.6 ~m thick Au layer (layer 
5), and finally a 0.15 t~m heavily Ge-doped GaAs layer 
was deposited. A proton bombardment  mask was used 
over the right-hand third of the sample shown, while the 
specimen was exposed to 300 keV protons at a dose of 3 • 
10 ~. The sample was annealed at 570~ for 15 min and 
then was metallized, cleaved, and stained in order to 
bring out the various layers. 

E 

E 

E 

i 

=" 

E 

E 
o 

m 

E 

o 

I -  

<,~, 

d9 ;g 

< ~  

d~ 
r 

< ~  

~9 

~9 

.~> .~ 

~< ~'~ 

o 
~9 

O~d  

T7 ~ ? i n  

. ~ i? i i  i J?- 

~7 ~ ~11 

I 1 ~  - ~  
A 

~ 1 7 6  

A A A A  AA 

< ~ ~ < ~ <  ~ 

X X X X X X X X X  

A 

J u l y  1984 



Vol .  131, No .  7 P R O T O N - B O M B A R D E D  G a A s  A N D  (A1,Ga)As 1705 

Fig. 2. An SEM photomicrograph 
of a stained cross section of a 
proton-bombarded and -annealed 
multilayer sample. 

A number  of interesting observations can be made from 
this photograph. First, all of the Mg-doped layers stained 
the same as the unbombarded region, including the pro- 
tected area of the Ge-doped layer. On the other hand, the 
exposed Ge-doped layer did not stain the same as the un- 
bombarded region of the Ge-doped layer. Although the 
protons penetrated the n-type Si-doped substrate and, in 
fact, the "end of range" for the protons was well into the 
substrate, there was no evidence of an etching delineation 
to indicate a change in conductivity in the substrate. 
Lastly, although the p-type binary cap layer was Ge- 
doped, it was very heavily doped, and some magnesium 
might even have been incorporated by melt carry-over 
from. the p-type (A1, Ga)As layer below it to provide for a 
substantial  recovery of conductivity. 

Discussion 
In  spite of the fact that a large literature exists on radia- 

tion damage in solids (12-15), and semiconductors in par- 
ticular (16-18), the mechanisms involved in the generation 
of high resistivity in GaAs by proton bombardment  are 
not well understood. Very little theoretical work has been 
done on this subject, and most of the experimental stud- 
ies have revolved around two basic points: carrier re- 
moval effects (8, 9, 19) and optical absorption as a func- 
tion of bombardment  conditions followed by heat- 
treatments of various kinds (9, 20, 21). In  a few cases, mea- 
surements have been made to show the influence of an- 
nealing on the recovery of electrical conductivity (8, 
22-25), including that of proton-bombarded (A1, Ga)As 
(26). 

Under  the conditions defined by Sakurai et al. (24), it 
was found that a proton bombardment  dose of 6 x 
1012/cm 2 into n-type (originally 10 TM cm -a, Te-doped) GaAs 
did not respond to annealing at a temperature of 435~ for 
35h. Favennac et al. (26) found that equivalently doped 
and bombarded (A1, Ga)As annealed extensively after 15 
min at 550~ Steeples et al. (25) have shown that the tem- 
perature required for the onset of annealing effects was 
both proton-dose and n-type dopant concentration de- 
pendent.  However, Donnelly et al. (27) claimed that a 
multiple energy proton bombardment  sequence into 4 x 
1018 Si-doped GaAs " . . .  combined with a post bombard- 
ment  a n n e a l . . .  (of up to 500~ is superior to a single 
energy bombardment  in creating high resistivity layers in 
n+-GaAs . . ." .  Dyment  et al. (9) showed that annealing re- 
sults of heavily (i.e., />10 TM cm -3) Zn-doped p-type GaAs 
after proton bombardment  was both dose and time- 
temperature dependent. 

In almost all of these studies, the question of the "on- 
set" of annealing appeared to be most important, and the 
conditions required to recover to the prebombardment  
value of conductivity were not stressed; in a few studies, 
however, continued annealing was performed. Whereas 
Foyt et al. (6) noted that " . . .  an overnight anneal of 700~ 
. . .  removed the high resistance layer and the entire 
sample returned to the substrate carrier concentration," 

they also observed that " . . .  contact alloying at 500~ 
without removing the high resistance layer" was 
achieved. Favennac et al. (26) presented the only direct 
data to show that the normalized resistivity ratio returned 
to uni ty for a 1016 cm -3 Te-doped (A1, Ga)As layer that was 
bombarded with a dose of 7 • 10 TM protons/cm 2 and then 
annealed at 550~ for 15 min. 

The data presented in this paper differ in two ways 
from most of the information obtained in previous stud- 
ies. From the beginning, we were interested in determin- 
ing the conditions required for reachieving, if at all possi- 
ble, the original conductivity of the prebombarded 
samples, and we were also concerned with obtaining in- 
formation on the influence of specific dopants and host 
crystals on these recovery conditions. From the data 
shown in Table I, and analyzed above, it is clear that there 
are strong influences pertaining to all of these parame- 
ters. The major observations were: (i) the recovery-anneal 
temperatures, as a function of dopant, were Zn < Mg < 
Ge; (ii) total recovery was achievable in the ternary more 
readily than in the binary host; and (iii) the higher the 
background doping, the lower the temperature at which 
recovery started. This last point is totally consistent with 
the previously reported concepts of requiring larger pro- 
ton doses and/or lower annealing temperatures for in- 
creased background doping in the host crystal. However, 
the first two points noted above are new and are poten- 
tially of scientific as well as technological interest. 

As was stated earlier in this paper, the fundamental  un- 
derstanding of the mechanisms involved in rap genera- 
tion after proton bombardment ,  subsequent  anneal, and 
dopant  activation is minimal at best. Because of this, it is 
not possible to provide a definitive explanation for the 
effects we have just  noted. However, a strong diffusion 
mechanism involvement, possibly defect-enhanced, is 
clearly suggested. It is known (28), for example, that 
p-type dopants diffuse more readily in the ternary than in 
the binary, and the known diffusion coefficients are in 
the order, Zn > Mg > Ge. This would be consistent with 
the annealing temperature dependence observed in this 
work. It is difficult to be more quantitative in this discus- 
sion because dopant diffusion in the A1-Ga-As system is 
not well understood, and many parameters influence the 
mechanism of diffusion (29, 30) (e.g., arsenic vapor pres- 
sure- and control thereof, dopant concentration effects 
(31), etc.). Couple this with the complications introduced 
by dealing with a severely defected material resulting 
from ion bombardment ,  and one can begin to appreciate 
the magnitude of the problem. 

To determine the amount  of damage introduced by 
bombarding GaAs with protons, we have calculated that 
approximately 50 atomic sites are affected by each of the 
incoming 300 keV protons (see Appendix). The ion dose 
used in these experiments was 3 x 10 TM cm -2, which re- 
sults in an "area" damaging effect of approximately 1.5 • 
10 ~7 cm -2. Knowing that at 300 keV the projected range for 
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protons in GaAs (33) is approximately 2.5 ~m, and assum- 
ing, for simplicity, that all of the displaced atomic sites 
are uniformly distributed, one finds a "damage" concen- 
tration level in the mid 102o cm -~ as a result of this 
specific set of bombardment  conditions. This damage 
level is not far from the conditions described by Wang et 
al. (34) for making GaAs amorphous; they determined a 
critical proton dose of approximately 1016 cm -2 at bom- 
bardment  energies comparable to those used in our 
study. This means that, under  all of the background 
doping conditions used in our experiments, there were at 
least two orders of magnitude higher defect densities gen- 
erated by ion bombardment  than the electrically active 
dopant present to compensate for these defects during 
annealing. Therefore, the strong influence of defect- 
enhanced diffusion is a very real possibility. 

From a technological point of view, some very interest- 
ing and potentially novel device possibilities arise from 
the observations made in this study. For example, when 
two layers of GaAs and/or (A1, Ga)As are placed side by 
side but  doped with different dopants, one can visualize, 
if the sample is properly proton-bombarded and annealed 
(schematically shown as T, in Fig. 3), that one of the lay- 
ers could be maintained in a high resistance condition, 
while the other layer could be made conducting again. An 
example of this effect in a more complicated structure is 
clearly shown in Fig. 2, where just  such a set of condi- 
tions was achieved with the p-type dopants Mg and Ge in 
the multilayer sample. From the limited data of Steeples 
et at. (25), one might infer that similar disparate annealing 
effects should occur with n-type dopants. This leads to 
the very interesting speculation that by a judicious choice 
of host crystal (epitaxial layer), dopants, and processing 
conditions (i.e., bombardment  and anneal), one should be 
able to control the juxtaposition of conducting and non- 
conducting layers and/or parts of layers, either of the 
same or different initial conductivity type and/or 
bandgap, buried within the solid. This kind of capability 
opens entirely new vistas in the potential for three- 
dimensional integrated circuits in compound semicon- 
ductors; for example, planar-buried interconnects, buried 
blocking layers, buried active devices, and buried optical 
wave guides. 

Anott~er very striking piece of information should be 
considered with regard to three-dimensional integration. 
Examining the dose dependencies of high resistivity gen- 
eration in p- and n-type GaAs by Dyment et al. (9) and 
Pruniaux et al. (8), respectively, one obtains the data in 
Fig. 4 which show that p- and n-type GaAs become highly 
resistive at different proton doses. Coupling this informa- 
tion with the ability to grow juxtaposed layers either n- or 
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Fig. 3. A schematic showing annealing curves for two differently 
doped GaAs samples; TA is a temperature where sample containing 
dopant A has recovered its conductivity and sample B is still highly 
resistive. 
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Fig. 4. Resistivity curves for proton-bombarded p- and n-type GaAs, as 
a function of proton dose, after Ref. (8, 9). 

p-type with carefully chosen dopants, we see that count- 
less possible permutations and combinations are availa- 
ble to the device designer for three-dimensional inte- 
grated optoelectronics. 

Conclusion 
It has been shown that the annealing characteristics of 

proton-bombarded p-type GaAs and (A1, Ga)As depend 
strongly on the dopant species and concentration, as well 
as on the host crystal used. Total recovery of electrical 
conductivity has been achieved more readily in the ter- 
nary than in the binary and with the higher diffusion 
coefficient dopants. Juxtaposing of buried conducting 
and nonconduct ing regions has been achieved by judi- 
ciously choosing the dopants, epitaxial layer composi- 
tions, and annealing conditions. On the basis of these ob- 
servations, speculations have been presented about the 
possibilities of three-dimensional integration. 
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APPENDIX 

From Gibbons (32) 

Nt = {P(Eo - Ec) + bEc}/Ed [A-l] 

where Nt is the total number  of displaced atoms per inci- 
dent ion, P is the probability factor ~ 10 =3, Eo is the initial 
energy of projectile = 300 keV, Ec is the energy at which 
nuclear stopping power equals electronic stopping power 

1 keV, Ed is the displacement energy for target atom 
15 eV, and b = 1/2 if Eb > Ec, and 1/4 if Eb < Ec. 

YEA 2 
Eb -- [A-2] 

4Ed 
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4MIM2 
- [A-3] 

(M1 + M2) 2 

EA = 2E~Z1Z2(Z1 ~13 + Z22t3)l~(M1 + M2)/M2 [A-4] 

where Z~ and M~ are the atomic number  and mass of the 
projectile, Z2 and M2 are the atomic number  and mass of 
the single element target atom, and ER is the energy of 
projectile at which it is equal to the Coulomb interaction 
potential of the two nucleii separated by the sum of the 
radii of their screening clouds ~ 13.5 eV. 

For protons as the projectile, assuming the average 
mass and atomic number  for GaAs (the target) to be that 
of Ge (i.e., 73 and 32, respectively) by putting in the ap- 
propriate values, one obtains: EA ~ 3 keV, ~ ~ 0.05, and Eb 

8 keV. Therefore, by substituting the proper values in 
E q . ' [ A - 1 ] ,  N t ~ 50 displaced atoms/incident proton. Con- 
sidering a proton dose of 3 x 10 TM cm -2, then Ntota  1 = 3 X 
1015 • 0.5 X 102, or total atomic displacement ~ 1.5 • 1017 
cm-2. 
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Topographic Imperfections in Zone Melting Recrystallized Si Films 
on SiO  

C. K. Chen, M. W. Geis, B-Y. Tsaur, R. L. Chapman, and John C. C. Fan* 
Lincoln Laboratory, Massachusetts Institute of Technology, Lexington, Massachusetts 02173-0073 

ABSTRACT 

The principal topographic imperfections in Si films recrystallized on SiO2 by the graphite-strip-heater technique 
have been examined. Wafer warpage has been reduced to less than 4 ~m for 2 in. diam samples. The protrusion density 
decreases with finer sub-boundary spacing; this correlation can be understood in terms of the thermal gradient present 
at the liquid-solid interface. 

In recent years, substantial efforts have been directed 
toward the development of a technology for producing 
high-quality single-crystal Si films on insulating sub- 
strates (1-4). These efforts have been motivated by the po- 
tential of thin film devices for achieving higher packing 
density, speed, and radiation resistance than bulk de- 
vices, and by the potential of Si-on-insulator (SOI) struc- 
tures for accomplishing the three-dimensional integration 
of electronic circuits. Of the several SOI approaches cur- 
rently under  investigation (5), one of the most promising 
is zone melting recrystallization (ZMR), in which the 
grain size of a polycrystalline Si film on an insulating 

*Electrochemical Society Active Member. 

substrate is greatly increased by the passage of a narrow 
molten zone. We have developed ZMR using graphite- 
strip heaters to the point where 2 and 3 in. diam wafers 
can be recrystallized over their entire surface (6-8), and we 
have used the recrystallized SOI material to fabricate ma- 
jority carrier devices and integrated circuit chips with 
properties comparable to those of analogous bulk devices 
(9, 10). However, before the full potential of SOI technol- 
ogy using graphite-strip heaters can be realized, tech- 
niques must  be developed to eliminate or minimize the 
remaining material problems: wafer warpage, protru- 
sions, and low angle grain boundaries. The first two of 
these are topographic imperfections. In  this paper, we 



1708 J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  July  1984 

Fig. 1. Schematic diagram of a graphite-strip heater used for zone 
melting recrystallization of encapsulated Si films. The inset shows a 
cross section through a typical sample. 

present the results of our investigation of these imperfec- 
tions and discuss their dependence on thermal profiles 
present during the recrystallization process (11). In addi- 
tion, we will briefly discuss our observation of voids, 
which are occasionally formed in the crystallized fiIms 
because of contamination during wafer preparation. 

Z M R  by the G r a p h i t e - S t r i p - H e a t e r  T e c h n i q u e  
The configuration of the graphite-strip-heater oven we 

use for ZMR of Si on SiO2 is shown schematically in Fig. 
1 (8). The sample, which is placed on the stationary lower 
heater, consists of a fine-grained Si film on an insulating 
substrate or layer, together with an encapsulation layer 
over the Si film. The inset of Fig. 1 shows a schematic 
cross section of a typical sample, prepared by coating a Si 
wafer 10-20 rail thick with a 1.0 ~m thick thermally grown 
St02 layer, a 0.5 t~m poly-Si layer formed by low pressure 
chemical vapor deposition (LPCVD), a 2 tLm layer of CVD 
SiO2, and a 30 nm layer of sputtered St-r ich Si~N~. The 
lower strip heater is used to heat the sample to a base 
temperature of 1100~176 generally in a flowing Ar 
gas ambient  at atmospheric pressure. Additional radiant 
energy, provided by the movable upper strip heater, is 
used to produce a narrow molten zone in the poly-Si layer 
(rap of  Si = 1410~ The molten zone is then translated 
across the sample by scanning the upper heater, typically 
at 1/2 mrrgs, leaving a recrystallized Si film (7). The thick- 
nesses of the SiO~ and Si layers, the composit ion of the 
encapsulation layer, the molten zone speed, and the shape 
of the upper heater and its position relative to the sample 
all have a strong effect on the morphology and crystallog- 
raphy of the recrystallized films. 

Topograph ic  Imper fect ions  
Warpage.--Zone melting recrystallized Si films exhibit  

several types of topographic imperfections. One type is 
wafer warpage, which must be minimized because of the 

stringent flatness requirements imposed by photolitho- 
graphic processes used in VLSI fabrication. Warpage was 
measured with a laser interferometer flatness monitor 
which gives a fringe pattern that provides a topographic 
map of the sample surface, with each fringe correspond- 
ing to a constant height contour. Before recrystallization, 
the overall warp, peak to valley, of a 2 in. diam sample 
placed on a vacuum chuck is typically 2-4 /xm, a value 
comparable to that for a bulk Si wafer after processing. 
To maintain this degree of flatness for recrystallized 
samples, well-controlled heating rates and temperature 
profiles are necessary. 

Uniform thermal contact between the sample and lower 
heater and a constant separation between the sample and 
moving upper  heater are essential for recrystallization to 
be accomplished over the entire surface of 2 and 3 in. 
diam samples. Because Si has a lower emissivity than 
graphite, a radial temperature gradient will result if an 
SOI sample is placed on a uniformly heated lower heater. 
One can compensate for this effect by making a circular 
depression in the surface of the lower heater in order to 
reduce the resistive heating directly beneath the sample 1. 
For example, we have found that a 0.010 in. deep 2 in. 
diam well in a 0.040 in. thick lower heater (8) minimizes 
the radial temperature variation and allows uniform re- 
crystallization of the entire surface of a 2 in. diam. sample 
in an Ar ambient. 

Figure 2a shows an interference pattern obtained for an 
as-recrystallized 0.013 in .  thick, 2 in. diam SOI sample 
that was placed on a vacuum chuck for measurement.  
The pattern shows that the sample was relatively flat 
over a large portion of the surface, but had several high 
points. We have determined that such high points, which 
are characteristic of as-recrystallized samples, result from 
imperfections that protrude from the back side of the 
samples (see Fig. 3) and prevent them from conforming to 
the flat surface of the vacuum chuck. Auger analysis 
shows that these imperfections are Si mounds that are 
coated with a thin surface layer (-100~) of carbon. They 
are most likely caused by local melting of the Si substrate 
at hot spots on the graphite heater. The molten Si breaks 
through the SiO~ coating on the back side of the substrate 
and beads up because of surface tension before it solidi- 
fies. These imperfections are readily removed by lapping 
the back side of the sample with 40 t~m abrasive for 30s. 
By using this procedure, the measured overall warp was 
dramatically reduced from -30 to - 4  t~m, as shown in 
Fig. 2b. To simulate the effects of high temperature de- 
vice processing, recrystallized samples with a total warp 
of - 4  ~m were heated at a maximum ramping rate of 
80~ and then annealed for lh  at 1000~ and then for 
lh  at 1100~ in a N2 ambient. The overall flatness was ac- 
tually slightly improved, probably as the result of elimi- 
nation of stress in the Si substrate by the  annealing. Simi- 

1For a similar technique, but relying upon reduced thermal 
contact between the sample and lower heater, see Ref. (12). 

Fig. 2. Interference patterns, 
with a sensitivity of 5 /~m per 
fringe, for a 2 in. diam SOl sample 
(a) as recrystallized and (b) follow- 
ing back-side lapping. 
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Fig. 3. Scanning electron micro- 
graph showing an imperfection on 
the back side of an SOl wafer. 

lar results have been obtained for 0.015 in. thick, 3 in. 
diam wafers, with total warp typically -10  ~m and in the 
best case 6 ~m. (Slip occurs in the Si substrate, but  not in 
the Si film during ZMR. However, the annealing experi- 
ments show that slip does not adversely affect the overall 
wafer flatness during subsequent  high temperature pro- 
cessing.) 

Fig. 4. (a): Micrograph of a recrystallized Si film taken with a scanning 
electron microscope operated in the backscottering mode. The 
Si3N4/SiO~ cap has been removed. (b): Magnified view of a small area of 
the film showing protruslons. 

Protrusions.--Figure 4 shows scanning electron micro- 
graphs of a recrystallized SOI film containing protru- 
sions. These imperfections are believed to result from the 
volume expansion occurring during the solidification of 
liquid Si pools which remain after the liquid-solid inter- 
face has passed. According to Auger microprobe analysis, 
the protrusions consist predominantly of Si, and they do 
not differ significantly from the surrounding Si film in 
their impurity content. As shown in Fig. 4, the protru- 
sions generally lie along low angle grain boundaries (sub- 
boundaries), suggesting some correlation between the 
two types of imperfections. By evaluating a large number  
of SOI samples, we have established a direct relation be- 
tween protrusion density and sub-boundary spacing. The 
relationship is illustrated in Fig. 5, which shows optical 
micrographs of two recl-ystallized SOI samples that were 
etched in Secco etch (13) and diluted with an equal vol- 
ume of water to delineate the defects. The sample on the 
right, which has a wider sub-boundary spacing, has many 
protrusions; the sample on the left, with more closely 
spaced sub-boundaries, has very few. In Fig. 6, the sub- 
boundary spacing is plotted vs. protrusion density; 85% of 
the data points fall in the shaded region, which 
shows a systematic decrease in protrusion density with 
decreasing sub-boundary spacing. This correlation can be 
understood in terms of the model developed earlier to ex- 
plain sub-boundary formation (14). According to this 
model, the sub-boundary spacing decreases as the 
thermal gradient in the scanning direction is increased. 
As this gradient increases, the protrusion density should 
also decrease, since the liquid-solid interface becomes 
more stable and hence less susceptible to small thermal 
fluctuations which would give rise to protrusions. 

A number  of experimental procedures can be followed 
to increase the temperature gradient at the liquid-solid in- 
terface 2. These include reducing the scan speed (7), de- 
creasing the thickness of the Si film to reduce the total 
heat of fusion to be dissipated (7), replacing the Ar gas 
with He (which has a higher thermal conductivity) to in- 
crease the rate of heat dissipation to the ambient, and 
reducing the thickness of the underlying SiO~ layer or the 
base temperature of the sample in order to increase the 
rate of heat dissipation to the substrate. In  all cases when 
such procedures have been followed, the result (if any 
was detected) was to reduce the sub-boundary spacing 
and protrusion density as expected for an increase in the 
temperature gradient. 

~For a theoretical analysis of the recrystallization process, see 
Ref. (15). 
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Fig. 5. Photomicrographs of 
recrystallized Si films illustrating 
the correlation between protrusion 
density and sub=boundary spacing. 

The t empera tu re  grad ien t  is also affected by the shape 
of  the uppe r  strip hea te r  and its separat ion f rom the  
sample.  We have  carr ied out  calculat ions  to inves t iga te  
the  effect  of  these  parameters  on the  geomet r ica l  distr ibu- 
t ion of  power  f rom the  upper  hea te r  that  is inc iden t  on 
the  sample.  The  calculat ions were  m a d e  for the  two 
heater  cross sect ions  shown schemat ica l ly  in Fig. 7, 
where  D is the  hea te r - sample  separa t ion  and x is the  posi- 
t ion on the  sample  surface along the  scan direct ion,  wi th  
x = 0 located benea th  the  center  of  the  heater.  The  hea te r  
was a s sumed  to be  an infini tely long blackbody.  To ob- 
tain the  re la t ive  power  dis tr ibut ion,  the  inc remen ta l  
power  or iginat ing f rom a small  s egmen t  of  the  hea te r  sur- 
face and inc iden t  at a posi t ion x was ca lcu la ted  f rom the  
angle  s u b t e n d e d  by the  s egmen t  and the  angle  of  inci- 
dence  at x, This  inc rementa l  power  was then  in tegra ted  
over  the  region of  the  heater  vis ible  f rom x, y ie ld ing the  
re la t ive  inc iden t  power  profile, P(x) 

r P l ( x )  0 <- x < W 
P(x) = ~ 2 

W 
[ Pl(x) + P~(x) x >- -~ 

where  P~(x) and P2(x) are respec t ive ly  the  cont r ibu t ions  
to P f rom the  bo t tom and side of  the  heater ,  as g iven  by 

W 
x + ~ -  

Pl(x) = N ~ 1/2 

1 

W is the  wid th  and H the  he ight  of  the  heater ,  and N is a 
factor normal iz ing  the  d is t r ibut ion  to un i ty  at x = 0. Nor- 
mal ized inc iden t  power  profiles for several  va lues  of  D 
and for the  two hea te r  shapes are shown in Fig. 7. The  in- 
c ident  power  profi les (and thus  the  t empe ra tu r e  gradi- 
ents) b e c o m e  sharper  wi th  decreas ing  hea te r - sample  sep- 
aration. Cons is ten t  wi th  this result ,  lower  pro t rus ion  
densi t ies  have  been  observed  for r educed  separat ions.  To 
achieve  sharp inc ident  power  profiles exper imenta l ly ,  
care mus t  be  t aken  to control  or  e l iminate  the  bowing  of  
the  SOI  sample,  and of  the  upper  and lower  strip heaters  
as a resul t  of  the rmal  expans ion  upon  heating.  Such  bow- 
ing  could  s ignif icant ly  alter the  uppe r  heater-sampl~ sep- 

aration. Note  also that  the t empera tu re  grad ien t  at the  
l iquid-sol id  in ter face  depends  on the  posi t ion of  the  inter- 
face wi th  respec t  to the  upper  hea te r  (i.e., on the wid th  of  
the  mol t en  zone), s ince the  gradient  as well  as the inci- 
dent  power  varies  wi th  x. 

Voids.--From t ime  to time, we have  found that  re- 
crystal l ized Si films f rom a par t icular  ba tch  of  SOI  wa- 
fers conta in  voids  wi th  densi t ies  as h igh  as 5/ram 2. F igure  
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Fig. 6. Plot of sub-boundary spacing vs.  protrusion density. Data paints 
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Fig. 8. Optical (Nomarski interference) and SEM micrographs of typi- 
cal voids. The cross-section diagram shows the reduction in the thickness 
of the recrystallized Si film in the vicinity of the void. 

8 shows optical and scanning electron microscope (SEM) 
micrographs of typical voids. The SEM cross-sectional 
view indicates that the voids result from the flow of mol- 
ten Si, which leads to local th inning of the Si film, and in 
extreme cases to the absence of Si between the two oxide 
layers. Because void-free recrystallized Si films have of- 
ten been produced immediately before and after the prep- 
aration of films with high void densities, these imperfec- 
tions are believed to result from contamination 
introduced in the fabrication of the SOI structure. Al- 
though the precise mechanism of void formation is not 
known, we have found that reducing the scan speed from 
1 mm/s to 0.5 mm/s significantly decreases the void den- 
sity in films from contaminated batches. This improve- 
ment  probably occurs because the lower rate produces a 
sharper temperature gradient, which stabilizes the liquid- 
solid interface. 

Conclusion 
We have discussed factors affecting the principal topo- 

graphic imperfections in ZMR Si films. With suitable 
control of the heating rate and temperature profile, to- 
gether with back-side lapping after recrystallization, total 
warp of less than 4 ~m has been achieved for 2 in. diam 
SOI wafers on a vacuum chuck. This flatness approaches 
that needed for VLSI applications. Lower protrusion den- 
sity has been correlated with finer sub-boundary spac- 
ing, and both can be attributed to a sharper thermal gradi- 
ent at t he  growth front. Lower protrusion density can be 
achieved by reducing the thickness of the lower SiO2 
layer and the poly-Si film, the scan speed, and the upper 
heater-sample separation, and by using an ambient  gas 
with higher thermal conductivity. 2 in. diam films nearly 
free of protrusions have been obtained. However, such 
films have a high density of sub-boundaries. 

We are presently exploring two approaches to solve the 
problem of protrusions and sub-boundaries in recrystal- 
lized SOI films. First, we are investigating control of the 
sub-boundaries by means of entra inment  (14). Second, we 
are attempting to suppress sub-boundary formation by 

using sharper temperature gradients, 3 repeated melting 
and regrowth, and periodic seeding (17). Because the pro- 
trusions lie along the sub-boundaries, success with either 
approach would yield SOI films with large areas free of 
both sub-boundaries and protrusions. We believe that the 
characteristics needed for employing large-area-wafers 
will be achieved in the near future, making the ZMR pro- 
cess a practical technique for producing SOI materials for 
VLSI applications. 
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Characterization of RF Sputter-Deposited Ti-W Schottky Barrier 
Diodes in Boron-Doped Silicon 

O. Paz,* F. D. Auret, 1 and J. F. White 

IBM East Fishkill Laboratories, Hopewell Junction, New York 12533 

ABSTRACT 

The properties of defects introduced during RF sputter deposition of Ti-W contacts on p-Si were investigated using 
I-V, deep level transient spectroscopy (DLTS), and electron-beam-induced current (EBIC) techniques combined with 
isochronal and isothermal annealing. It was found that the barrier height decreased from 0.56V before annealing to 0.5V 
after isochronal annealing. DLTS measurements  indicate the presence of several sputter-induced defect states. Anneal- 
ing removed some of the defects, but secofid generation defects were still present after annealing at 500~ now distrib- 
uted deeper into the substrate. EBIC results showed that the diffusion length decreased with increasing annealing tem- 
perature. DLTS and EBIC results suggest that a hole trap at Ev + 0.35 eV is a strong recombination center. This hole 
trap is very likely the same defect as the one identified as the K center [V + O + C]. 

Sputtering, which allows deposition of both metals and 
insulators, is especially useful because of its ability to de- 
posit compounds with good stoichiometric control. When 
sputtering metal contacts, they and the substrate under- 
neath are subject to bombardment  by energetic particles. 
These particles include low energy Ar ions from the 
plasma, sputtered metal atoms [with energies up to 20 eV 
(1)], high energy electrons, and neutral Ar atoms. It has 
been found that in silicon, the sputtering process creates 
an electrically active damaged layer in the substrate un- 
derneath the contact (2, 3). 

Mullins and Brunnschweiler (2) suggested that during 
sputter deposition (on n-type silicon), high density donor- 
like traps are created near, the surface. Berg et al. (3) pro- 
posed that the increasing surface-trap density causes elec- 
tron tunneling through the barrier at an energy lower 
than the energy at the top. This leads to lowering of the 
effective barrier height. Not much has been published on 
the structural modification that this damage may cause 
in the surface layer. Ogilvie and Thomson (4) have shown 
that positive argon ions (at an energy of 130 eV) can intro- 
duce disoriented crystallites and stacking faults near the 
surface of single-crystal silver. 

In this work, we investigate the damage induced in the 
substrate when Ti-W Schottky barrier diodes (SBD's) are 
RF sputter deposited. The effect of the damage on the 
properties of the rectifying junctions is obtained from I-V 
measurements,  while the DLTS and EBIC techniques are 
employed to characterize the nature of the defects, and 
the extent  to which they increase recombination. 

Experimental 
p-Type (NA = 1 X 101~ cm-~), Czochralski-grown, <10O> 

Si wafers (82 mm diam) were used. In order to form 
ohmic contacts, the wafers were chemically cleaned and 
A1 deposited on their unpolished back sides. The wafers 
were subsequently annealed for 30 rain at 450~ in 
forming gas. Prior to sputtering, the wafers were dipped 
in buffered HF for 10s to remove the residual surface ox- 
ide. After pumping the system to 10 -6 torr, a 2000A thick 
continuous layer of Ti-W (10% Ti, 90% W by weight) was 
sputter deposited at a power of 1 kW (800V) in an argon 
atmosphere of 8 x 10 -~ torr. In order to define a dot pat- 
tern of SBD's, 0.5 mm A1 dots were resistively deposited 
on the Ti-W film through a contact mask. The Ti-W film 
around the dots were then removed by chemical etching. 
This method of forming the SBD's prevented possible 
contamination of the wafer's surface due to contact with 
the contact mask. 

I-V and DLTS measurements  were taken on the devices 
without annealing them as well as after annealing for 10 
min at 25 ~ or 50~ intervals up to 500~ EBIC measure- 

* Electrochemical Society Active Member. 
~Permanent address: Department of Physics, University of 
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ments were taken before annealing and after annealing 
for 20 min at 275 ~ and 400~ The longer annealing times 
approximately compansate for the fewer annealing cycles 
that were received by the latter devices. DLTS (5) analy- 
sis was performed by using the dual-gated, lock-in ampli- 
fier technique (6). Measurements were taken in the tem- 
perature range 83-300 K. 

Diffusion lengths in the Si layer beneath the contact 
were determined using electron-beam excitation (EBIC 
mode). The diffusion lengths were measured at 18 kV and 
corrected for carriers generated by backscattered and sec- 
ondary emitted electrons. In carrying out the correction 
due to backscattered electrons, the number  of collected 
carriers at 8.6 kV (the energy spectrum of backscattered 
electrons with primary energy of 18 kV) was also mea- 
sured. The model  used to calculate the diffusion length is 
described in Ref. (7). Here we briefly outline some of the 
assumptions used in deriving it. Due to the normalization 
procedure (the collection current is divided by the speci- 
men current (7), the diffusion length does not depend on 
the beam current (except for injection effects that can be 
reduced or taken into account). The acceleration voltage 
determines the generation volume and, therefore, the 
depth (we are using a one-dimensional model) of genera- 
tion and collection. Because of the geometry, any varia- 
tions in surface recombination velocity are not a problem. 
It is assumed that carriers are collected at the edge of the 
depletion layer with infinite collection velocity. In the 
depletion layer itself, no recombination is assumed. This 
constraint is less significant when the depletion layer 
depth is small compared to the generation volume. 

When the beam electrons penetrate the metal layer, 
they lose part of their energy due to scattering, without 
generation of excess carriers. Therefore, the metal thick- 
ness, as well as the mass density and atomic weight, 
greatly influence charge collection. In order to correct 
the diffusion length readings for losses in the metal layer, 
charge collection vs. metal thickness was plotted for 
evaporated Mo contacts (on n-type wafers) in the thick- 
ness range 200-2700A. For SEM beam energy of 18 kV, a 
linear fit produced the following relationship 

[Loss of Excess Carriers] 

(in carriers per incident electron) = 

[0.919] x [layer thickness in angstroms of the Mo layer] 

[1] 

For a Ti-W layer, the readings were further corrected by 
assuming that the effective layer thickness Y is propor- 
tional to the maximum penetration range Rm~x [for R . . . .  
Kanaya and Okayama's (8) model was used] 

YMo RmaxMo [2] 
YTI-W RmaxTt-w 
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Results 
T h e  b a r r i e r  h e i g h t s  we re  e x t r a c t e d  f rom t he  log (I)-V 

c u r v e s  b y  u s i n g  B e g u w a l a  a n d  Crowel l ' s  t h r e e - p o i n t  
m e t h o d  (9). T h e  in f luence  of  a n n e a l  t e m p e r a t u r e  on  t h e s e  
b a r r i e r  h e i g h t s  is s h o w n  in Fig. 1. T he  dev ices  we re  an- 
n e a l e d  for  10 ra in  at  50~ in t e rva l s  up  to 500~ A g r a d u a l  
d e c r e a s e  in  t h e  ba r r i e r  h e i g h t  f r o m  0.56V a t  r o o m  t e m p e r -  
a t u r e  to  0.5V a t  500~ was  o b s e r v e d .  I s o t h e r m a l  a n n e a l i n g  
(400~ l h  in te rva l s )  s h o w e d  t h a t  t h e  b a r r i e r  h e i g h t  s tabi l -  
ized a t  0.52V af te r  3h, a n d  r e m a i n e d  at  t h a t  v a l u e  e v e n  
af te r  8h  a n n e a l  at  400~ 

The  a c t i v a t i o n  ene rg ies  a n d  a n n e a l i n g  cha r ac t e r i s t i c s  of  
t he  D L T S  de fec t  s t a tes  o b t a i n e d  f rom t he  D L T S  spec t r a  
are  s u m m a r i z e d  in  Tab le  I. F i g u r e  2 s h o w s  typ ica l  D L T S  
spec t ra ,  t a k e n  be fo re  a n n e a l i n g  a n d  af ter  275 ~ , 375 ~ , a n d  
450~ annea l s .  Befo re  a n y  annea l ing ,  t h r e e  de fec t  levels  
we re  o b s e r v e d :  H(0.26), H(0.35), a n d  H(0.45) ( the  H signi-  
fies t h a t  t he  de fec t  is a ho le  t r ap  a n d  t h a t  t h e  a c t i v a t i o n  

0.7  

0 .6  

m ~--c-c~--~--~--~176176 ~ 
�9 ~ 0.5  
-1- 

..- 
0 .4  

~Q 

0.3 

I I I I I 
0 1 O0 200  300  400  500  

A n n e a l  T e m p e r a t u r e  ( ~  

Fig. 1. The variation of barrier height, calculated from log (I)-V ,nee- 
surements, of RF-sputtered Ti-W SBD on p-St, with isochrenal (10 .nin) 
annealing temperature. 
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Fig. 2. DLTS spectra of RF sputter-induce(] damage below the Ti -W 
contact, taken before annealing and after 275 ~ 375 ~ and 450~ an- 
neals. A bias of 1.0V was used. A variation of the DLTS signal with depth 
(by varying V~) for some defects is shown. 
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Table I. Properties of defects induced in P-Si by RF sputtering 

Peak temp. 
at 11 ms, [sochronal annealing 

Defect %(cmD emission constant TI, (~ Tout (~ 

H(0.17) 4 x i0 16 106 325 >500 
H(0.24) 2 x 10 -16 125 300 400 
H(0.26) 6 x 10 -'6 132 RT* >350 
H(0.29) 4 • 10 -~6 139 400 >500 
H(0.35) 1 • 10 -I5 196 RT 225 
H(0.35) 1 • 10 -I~ 196 275 450 
H(0.38) 1 • 10 -'5 213 400 >500 
H(0.47) 2 • 10 -'~ 252 275 400 
H(0.48) 2 • 10 '~ 261 400 >500 

* The symbol RT means that the defect was observed after deposi- 
tion and without any annealing. 

e n e r g y  is m e a s u r e d  f rom t h e  v a l e n c e  band) .  A t  275~ al- 
m o s t  no  defec t s  c an  b e  o b s e r v e d ;  howeve r ,  a n n e a l i n g  at  
h i g h e r  t e m p e r a t u r e s  aga in  i n c r e a s e d  t he  de fec t  concen -  
t ra t ion ,  as wel l  as i n t r o d u c e d  n e w  defects .  A s imi la r  dis- 
a p p e a r a n c e  of  t he  defec t s  a f te r  250~ a n d  r e a p p e a r a n c e  
a f te r  a n n e a l i n g  at  h i g h e r  t e m p e r a t u r e s ,  was  o b s e r v e d  by  
us  in  ion  b e a m  s p u t t e r - d e p o s i t e d  Mo c o n t a c t s  on  n- a n d  
p - type  Si (10). F i g u r e  3 s u m m a r i z e s  t he  r e su l t s  of  d e p t h  
prof i l ing  t h a t  was  a c h i e v e d  b y  t he  f ixed-b ias  v a r i a b l e  
pu l se  m e t h o d  (5). As t he  f igure shows ,  t he  m o s t  p romi -  
n e n t  de fec t  level  o b s e r v e d  be fo re  a n n e a l i n g  H(0.35) was  
loca t ed  ve ry  close (-< 1600A) to t he  in terface .  Th i s  de fec t  
leve l  m e r i t s  a de ta i l ed  d i scuss ion .  F igu re  4 p lo t s  t he  
D L T S  s igna l  ( tha t  is p r o p o r t i o n a l  to  t he  c o n c e n t r a t i o n  of  
t he  de fec t  s ta tes)  vs. t h e  i s o c h r o n a l  a n n e a l i n g  t e m p e r -  
a tu re  (10 min ,  25~ interval) .  The  f igure s h o w s  t h a t  de fec t  
H(0.35) fo l lows t he  s a m e  t r e n d s  as defec t  H(0.35) t h a t  was  
ana lyzed  af te r  ion  b e a m  d e p o s i t i o n  of  Mo on  p - type  sili- 
c o n  (10). Af te r  a 200~ annea l ,  H(0.35) d i s a p p e a r e d  a l m o s t  
comple t e ly .  U p o n  i n c r e a s i n g  t h e  a n n e a l  t e m p e r a t u r e  to  
300~ i t  r e a p p e a r e d  on ly  to b e  d i s t r i b u t e d  m u c h  d e e p e r  
(< 4000)~, see  Fig. 3) in  t h e  subs t r a t e .  I t s  c o n c e n t r a t i o n  
r e a c h e d  a m a x i m u m  af te r  350~ a n n e a l i n g ,  a n d  i t  f inal ly  
a n n e a l e d  ou t  at  a p p r o x i m a t e l y  450~ A b o v e  300~ m o r e  
de fec t s  were  i n t roduced .  The  m o s t  s ign i f ican t  de fec t  in  
th i s  t e m p e r a t u r e  r a n g e  H(0.38) s t a r t ed  to a p p e a r  as H(0.35) 
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Fig. 3. Depth concentration profiles of H(0.35) and H(0.38)  token be- 
fare and after annealing. 
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Fig. 4. Isocbronal (10 min) onneollng behavior of RF sputter-induced 

damage. The defects represented by dark symbols were only present very 
close to the surface. 

began to anneal at 400~ It was still present after anneal- 
ing at 500~ now observed even deeper into the Si sub- 
strate (-< 6000A) than H(0.35). Figure 5 illustrates that iso- 
thermal annealing (400~ lh  intervals) showed a gradual 
increase in the defect concentrations, especially of H(0.38) 
and H(0.29). Annealing, therefore, did not remove the 
process-induced defects, but only caused them to move 
deeper into the Si substrate. 

Another  related conclusion was that the defect H(0.35) 
exhibited the same annealing behavior as H(0.35), ob- 
served after irradiating similar wafers with 2 MeV elec- 
trons (Fig. 6). For the latter case, SBD's were formed on 
the irradiated wafers by resistive evaporation of Ti. Fur- 
thermore, it was recently found that defects H(0.35) and 
H(0.38) are present after electron-beam deposition of Mo, 
Hf, and Ti on p-type silicon, and all exhibit  a similar an- 
nealing behavior (11). As discussed in more detail in Ref. 
(11), H(0.35) is very likely the same (12, 13) defect as the 
one identified as the K center [V + O + C]. The defect 
H(0.38) appears after H(0.35) anneals out. This strongly 
suggests that II(0.38) is formed from the dissociates of 
H(0.35). 

Figure 7 illustrates the diffusion length results. At 18 
kV, electron-hole pairs are produced within a 4.5 ~m gen- 
eration volume. Generation of excess carriers in the sub- 
strate can be approximated as an exponential  that decays 
with increasing depth. Therefore, more excess carriers 
are generated within the surface portion of the generation 
volume than in the bulk portion. This means that, at 18 
kV, the diffusion lengths measured are more representa- 
tive of the damaged layer beneath the contact than the 
bulk. As the figure shows, the diffusion length decreases 
gradually from about 4.5 to 1.2 /zm after annealing the 
samples at 275 ~ and 400~ respectively. 

V, = 1.0V(AII); III, O,v :V~=I.4V; O,E~,~: VF= 1,2V 

I I - I I -B  H(0.17) 
e-e--e H(0.26) 
-;" -;" r H(0.29) 

,~ 0 - 0 - 0  H(0.35) 
H(0.38) 

m 

| _ _  

_ ~  I I I 1 
0 2 4 6 8 10 

Anneal Time (Hours) 

Fig. 5. Isothermal annealing (400~ ]h intervals) behavior of RF 
sputter-induced defects. Defects represented by dark symbols were only 
present very close to the surface. 
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Fig. 6. Isochronal annealing behavior of H(0.35) and H(0.38) ob- 
served in 2 MeV electron-irradiated samples and in unirradiated, RF 
sputter-deposited samples. 

Discussion 
The decrease in barrier height that was observed in the 

present work after annealing is consistent with observa- 
tions on ion beam sputter-deposited Mo contacts (on 
p-type silicon) (10). After RF or ion beam sputter deposi- 
tion, the device barrier heights are modified: as reported 
for n-type silicon (10), the barrier heights are decreased, 
and they increase for p-type silicon. Mullins and Brunn- 
schweiler (2) calculated the potential energy profile in 
n-type silicon assuming that donor-like traps are intro- 
duced due to the sputtering damage. They showed that, 
for traps that are distributed into the substrate as a de- 
creasing exponential, the modified potential energy pro- 
file leads to narrowing of the barrier and increased tun- 
neling. This is reflected in a lower effective barrier 
height. For p-type silicon, we can qualitatively reason out 
an increase in the effective barrier height as follows: if  we 
assume donor-like traps, the positively charged traps will 
neutralize some of the negatively charged ionized ac- 
ceptor impurities. This has the same effect as moving the 
Fermi level away from the valence band, which leads to 
widening of the barrier and a decrease in tunneling. 
Fonash et al. (14) suggested a similar effect for ion-beam- 
generated damage. The decrease in barrier height that we 
observed after annealing (Fig, 1) suggests that a decrease 
in defect concentration near the interface has taken place. 
However, the DLTS data suggests that as the defects mi- 
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Fig. 7. Variation of minority carrier diffusion length, measured below 

the Ti-W SBD, with annealing temperature. 
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grated deeper into the substrate, their concentration in- 
creased (even as close to the interface as" can be deter- 
mined given the spatial resolution of the method). This is 
illustrated for trap H(0.35) in Fig. 3. The concentration of 
H(0.35) and its replacement H(0.38) is higher at 350 ~ and 
475~ than before annealing. 

A comparison of the DLTS spectrum and the diffusion 
length results suggest that H(0.35) is a strong recombina- 
tion center. The significant increase in the concentration 
of H(0.35) seen after 375 ~ or 400~ anneal is accompanied 
by a factor of three reduction in diffusion length. Based 
on the annealing behavior we postulated that H(0.35) is 
the same defect as the vacancy-carbon-oxygen complex 
[V + C + O] that was identified, using the EPR tech- 
nique, in irradiated p-type silicon (15). A possible mecha- 
nism for the formation of this defect is the following (12) 

[C~ + oi] + [V] -~ IV + o + c] [3] 

where [V] represents the vacancy and [Cs + Oi] represents 
a complex consisting of substitutional carbon and inter- 
stitial oxygen. The concentration of the [V + O + C] com- 
plex can be determined from the concentration of its con- 
stituents. Both substitutional carbon and interstitial 
oxygen are present in Czochralski-grown silicon. The va- 
cancies are introduced due to the bombardment  by Ar 
ions or neutral Ar atoms. After annealing, the vacancies 
will migrate deeper into the substrate producing even 
more [V + O + C] complexes, as we observed from both 
the DLTS and the diffusion length data. An argument  can 
be made that the [V + O + C] complex was observed by 
several investigators that reported slightly different en- 
ergy levels (12). This conclusion is based on an agreement 
on the location of the levels and their annealing behavior. 
More recently, Benton and Kimerling (16) reported a hole 
trap at Ev = 0.36 eV that has the same DLTS peak temper- 
ature as we report, after correcting for the different in- 
s trumentat ion t ime constants, although anneal data wer~e 
not given. In still another work, conducted at our labora- 
tory, H(0.35) and H(0.38) were observed after electron- 
beam deposition of Mo and Ti on p-type silicon (11). The 
preponderance of this defect after several processes and 
in a wide range of samples suggests a major defect in 
boron-doped silicon. The annealing behavior reported 
here for the IV + O + C] is somewhat different than the 
annealing behavior reported previously for the [V + O + 
C] complex (12). This difference may be due to the sub- 
strates used. The disappearance of the [V + O + C] after 
275~ does signify, in our opinion, not that the defects 
were removed, but rather that a change of state took 
place. This conclusion is based on the diffusion length's 
remaining low. The change of state can occur due to two 
reasons. First, it can be due to a Fermi level shift that may 
result from dopant compensation. However, the oxygen 
thermal donor is not sufficiently activated at 275~ to 
cause this compensation. Second, the [V ~+ O + C] com- 
plex can react with a vacancy to form a new complex [X] 
that can either be electrically inactive or have a state in 
the upper bandgap and, therefore, undetectable to us 

IV + O + C] + [V] ---> [X] [4] 

the subsequent  reappearance of the IV + O + C] complex 
at higher temperatures may be due to production of new 
IV + O + C] complexes upon further vacancy migration. 

A recent  paper reports that complexes involving oxy- 
gen are lifetime limiting (17). Dislocation-free Czochral- 
ski-grown Si crystals were used, doped with boron or 
phosphorus. The interstitial oxygen concentration in 
their samples (about 10 TM cm -3) is comparable to ours, and 
the carbon concentration is relatively high (1017 cm-3). 

The crystals were measured as grown without any heat- 
treatment. Since defect energy levels were not measured, 
we can only speculate that the reported defects may have 
been [V + O + C] complexes. 

Conclusions 
We have demonstrated that RF sputtering of Ti-W con- 

tacts introduces defects near the semiconductor interface. 
Log (I) vs. V results confirm an earlier observation that 
sputtering induced damage increases the barrier height  in 
p-type silicon. Log (I) vs. V and DLTS measurements,  
taken after isochronal annealing, suggest that the defects 
move deeper into the substrate at temperatures above 
275~ Also, new defects are introduced and defects are 
present even after 500~ anneal. Isothermal annealing in- 
dicated that the total defect concentration at 400~ in- 
creased with anneal time. EBIC results indicate that an- 
nealing lowers the lifetime in the surface layer of the 
substrate (up to a depth of 4 ~m). It also shows that some 
of the defects observed by DLTS, in particular H(0.35), 
are recombination centers. 

Two of the defects observed after Ti-W sputtering, 
H(0.35) and H(0.38), have the same anneal characteristics 
as H(0.35) and H(0.38) observed by us on unsputtered wa- 
fers that received 2 MeV electron irradiation. This sug- 
gests that H(0.35) is the same defect as the one identified 
as the K center, also present in p-type wafers that re- 
ceived 1.5 MeV electron irradiation. 
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ABSTRACT 

Raman scattering has been utilized to examine variations in the free-carrier concentration of S-, Sn-, and Ge-doped 
(100) InP and Si-doped (100) GaAs induced by vacuum annealing the wafers at 500~176 for periods ranging from 30 to 
60 min. Corrections for the concentration dependence of the conduction electron effective mass have been incorporated 
analytically, After annealing, reduction of the free-carrier concentration is observed in all cases; for InP, the magnitude 
of the reduction varied from ~20% for S-doped material annealed at 550~ for 30 min to 20%-50% for Sn- and Ge-doped 
samples annealed at 500~ for lh. A lh  anneal of Si-doped GaAs at 500~ reduced the net free-carrier density by roughly 
a factor of 4. Our measurements indicate that if  annealing induced dopant "pile up" occurs at the surface because of get- 
tering or the dynamics of  surface evaporation, then the dopants either (i) are not electrically active, (ii) have been com- 
pensated by defects generated during annealing, or (iii) are piled up within the space-charge depletion region. 

The net doping level in the near-surface region of most 
compound semiconductors is known to be sensitive to 
the thermal history experienced by the sample�9 Some of 
the factors k n o w n  to alter the surface free-carrier density 
include (i) dopant redistribution induced by gettering to 
surface defects, (ii) direct dopant volatilization, and (iii) 
generation and diffusion of defects related to surface sub- 
strate evaporation. The latter consideration is particu- 
larly important  for a material like InP because it 
incongruently evaporates in vacuo at temperatures above 
360~ Other parameters, such as the gas ambient, are also 
critical in influencing the type of defects generated dur- 
ing substrate volatilization. As a consequence, reports can 
be found in the literature concerning InP in which vary- 
ing the annealing ambient can either reduce (1) or en- 
hance (2) the near-surface doping level relative to bulk 
values: 

The present study concerns alterations of the near- 
surface free-carrier concentration induced by uncapped 
vacuum annealing of InP and GaAs wafers at 500~176 
for periods varying from 30 to 60 min. The substrates 
studied were all degenerately n-doped in the range 0.5-2 x 
10 ~8 cm ~3. In degenerately n-doped zinc blende materials, 
it is possible to obtain the net free-carrier density from a 
Raman measurement  of the coupled plasmon-phonon 
mode frequencies. The technique is both contactless and 
nondestructive, with a penetration depth which depends 
on the excitation wavelength and the absorption 
coefficient of the substrate. The current study has exam- 
ined free-carrier variations within the first 2000~ of the 
surface�9 

The remaining sections of the paper are organized as 
follows. "Experimental  and Results" contains details of 
the experiments  and the Raman spectra of S-, Sn-, and 
Ge-doped InP and Si-doped GaAs before and after vac- 
uum annealing. "Theory" in the "Discussion" section 
presents the details of calculations pertinent to con- 
verting plasmon-phonon mode frequencies into net free- 
carrier densities, and "Free-carrier concentration" con- 
tains a comparsion of our results with data previously 
reported in the literature. 

Experimental and Results 
Wafers of S-, Sn-, and Ge-doped (100) InP and Si-doped 

(100) GaAs were bromine-methanol polished, rinsed in 
methanol, and blown dry, and then inserted into quartz 
ampuls which were evacuated to ~5 x 10 -6 torr and 
sealed. The ampuls were placed in a preheated furnace at 
500~176 and removed after periods varying from 30 to 

* Electrochemical Society Active Member. 

60 min. Table I records the thermal history of each 
sample. 

Raman measurements were carried out using the 5145A 
line of an argon ion laser for excitation and a lm  double 
monochromator  with holographic gratings for analysis of 
the scattered light. The instrument resolution was set at 
6-8 cm -~, and the incident power was typically 100-300 
mW, which was dispersed in a line source of approximate 
length 5 mm. All measurements  were performed at room 
temperature with the samples mounted in an argon- 
purged cell. 

The resulting Raman spectra taken before and after an- 
nealing are presented in Fig. 1-4 for S-, Sn-, and Ge- 
doped (100) InP and Si-doped (100) GaAs, respectively. 
The lower spectrum in each figure represents the sample 
prior to annealing. The primary features  of interest are 
the coupled plasmon-phonon modes labeled as co+ and ~o_. 
Since co_ is only weakly concentration dependent  in the 
free-carrier density range of interest, our analysis will em- 
phasize only the shifts observed in (o+. These are summa- 
rized in Table I. In addition to these two modes, one also 
sees scattering from longitudinal optic (LO) phonons 
originating from the carrier-depleted space-charge layer 
in which there are no conduction electrons available for 
screening. In (100) n-InP with a nominal 10-20A native ox- 
ide, the upward band bending is roughly 0.5 eV (3), 
whereas on n-GaAs it is closer to 0.8 eV (4). In the carrier 
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Fig. 1. Raman spectra for S-doped InP before (lower trace) and after 
(upper trace) a vacuum anneal at 550~ for 30 rain. 
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Dopant 

FREE CARRIER REDUCTION 

Table I. Free-carrier concentration measurements 

~+ (era-') 

Anneal No anneal Annealed 

N ( c a r r i e r s / c m  ~) 

No Anneal Annealed 

(100) InP S 550~ 1/2h 431 407 
Sn 500~ lh  376 358 
Ge 500~ lh  555 481 

(100) GaAs Si 500~ lh  511 332 

c o n c e n t r a t i o n  r a n g e  b e t w e e n  5 x 10 '~ a n d  2 x 10 TM c m  -a, 
th i s  r e p r e s e n t s  a d e p l e t i o n  zone  of  ~370-185A for  I n P  a n d  
480-240A for  GaAs.  T h e  ef fec t ive  m e a s u r e m e n t  d e p t h  in  a 
su r face  re f lec t ion  g e o m e t r y  for  co l l ec t ion  of  95% of  t h e  
s igna l  is = 3 x ~/4~rk x 1/2 w h e r e  k is t he  e x c i t a t i o n  
w a v e l e n g t h  a n d  k is t h e  a b s o r p t i v e  p a r t  of  t h e  i n d e x  o f r e -  
f ract ion�9 T h e s e  e f fec t ive  m e a s u r e m e n t  d e p t h s  are  of  o rde r  
1400 a n d  1700A for  I n P  a n d  GaAs,  respec t ive ly �9  The  
u n s c r e e n e d  LO s igna l  is fair ly s t r o n g  in  ou r  s pec t r a  be-  
cause  t h e  s p a c e - c h a r g e  d e p l e t i o n  zone  r e p r e s e n t s  a siza- 
b le  f r ac t ion  o f  t h e  e f fec t ive  m e a s u r e m e n t  dep th .  

F o r  f r e q u e n c i e s  l ower  t h a n  e_, a d d i t i o n a l  s t r u c t u r e  is 
o b s e r v e d ,  w h i c h  cons i s t s  p r i m a r i l y  of  t r a n s v e r s e  acous t i c  
o v e r t o n e s  (5, 6). T h e  t h r e e  re la t ive ly  s t r o n g  p e a k s  s e e n  in  
t h e  I n P  s p e c t r a  b e t w e e n  600 a n d  700 c m  -~ are  o v e r t o n e s  
a n d  c o m b i n a t i o n  m o d e s  of  t h e  t r a n s v e r s e  a n d  long i tud i -  
na l  opt ic  p h o n o n s  (2TO, LO + TO, 2LO in  i n c r e a s i n g  
c m - ' )  (5, 6). A s t e r i s k s  d e n o t e  l ase r  p l a s m a  l ines  at  116 a n d  
520 c m  - ' .  T h e s e  m o d e s  are  p e r i p h e r a l  to  our  i n t e r e s t s  a n d  
wil l  n o t  b e  c o n s i d e r e d  fur ther .  
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Fig. 2. Raman spectra for Sn-doped lap before (lower trace) and after 
(upper trace) a vacuum anneal at SO0~ for lh. 
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Discussion 
T h e r m a l l y  i n d u c e d  v a r i a t i o n s  in  t h e  n e t  ca r r i e r  c o n c e n -  

t r a t i o n  h a v e  b e e n  e x t e n s i v e l y  s t u d i e d  b y  a va r i e ty  of  t ech-  
n i q u e s  i n c l u d i n g  in f r a red  ref lect ivi ty ,  capac i t ance -vo l t -  
age  profi l ing,  s h e e t  res is t iv i ty ,  etc. In  t h i s  sec t ion ,  we 
p r e s e n t  a n  ou t l i ne  of  t he  t h e o r y  n e c e s s a r y  for  c o n v e r t i n g  
t h e  m e a s u r e d  o~+ f r e q u e n c y  sh i f t s  in to  c h a n g e s  in  free- 
ca r r i e r  d e n s i t i e s  fo l lowed b y  a c o m p a r i s o n  a n d  d i s c u s s i o n  
of  ou r  r e su l t s  w i t h  o the r  r e p o r t s  in  t h e  l i te ra ture �9  

T h e o r y . - - T h e  c o u p l i n g  of  t h e  c o n d u c t i o n - e l e c t r o n  
p l a s m a  osc i l la t ions  to t h e  v i b r a t i o n s  o f  l ong  w a v e l e n g t h  
l o n g i t u d i n a l  opt ic  p h o n o n s  in par t ia l ly  ion ic  s e m i c o n -  
d u c t o r s  was  t r e a t ed  theo re t i ca l ly  in  t h e  ea r ly  1960's b y  
Y o k o t a  (7) a n d  la te r  b y  Varga  (8) a n d  S i n g w i  a n d  Tos i  (9). 
The  ze roes  of  t h e  d ie lec t r ic  r e s p o n s e  f u n c t i o n  for  long i tu -  
d ina l  w a v e s  y ie lds  t he  c o u p l e d  p l a s m o n - p h o n o n  m o d e s  
oJ• w h i c h  are  g iven  in  t h e  l ong  w a v e l e n g t h  l imi t  in  t h e  ab- 
s e n c e  of  p h o n o n  a n d  p l a s m o n  d a m p i n g  b y  

1 1 2 
~177 2 = -~- (C#LO + op~) --+ - ~  [(~ LO + ~,=)~ -- 4C%%=T0] u2 [1] 

In  th i s  e x p r e s s i o n  ~OLO a n d  t~To are  t he  l o n g i t u d i n a l  a n d  
t r a n s v e r s e  op t ic  p h o n o n  f r e q u e n c i e s  a n d  % is t h e  b u l k  
p l a s m a  f r e q u e n c y  

%~ = 41rN e2/e| * [2] 

N r e p r e s e n t s  t h e  ne t  d i f f e rence  in  d o n o r  a n d  a c c e p t o r  
c o n c e n t r a t i o n s  Nd - N~, e~ is t h e  h i g h  f r e q u e n c y  d ie lec t r ic  
cons t an t ,  a n d  m* is.  t h e  c o n d u c t i o n  e l e c t r o n  e f fec t ive  
mass�9 T h e  p l a s m a  f r e q u e n c y  in  Eq.  [2] m u s t  b e  c o r r e c t e d  
for  f ini te  va lues  of  t he  s c a t t e r i n g  w a v e  v e c t o r  q. T h e  N- 
a n d  q - d e p e n d e n t  p l a s m a  f r e q u e n c y  is g i v e n  b y  (10) 

3 
O~p~(N, q)  = o~,"(N) + --~ (qV~) [3] 

w h e r e  V~ is t he  c o n d u c t i o n  e l ec t ron  F e r m i  veloci ty .  T h e  
s c a t t e r i n g  q vec to r  is d e t e r m i n e d  f r o m  

q~ = kl ~ + ks ~ - 2k~ks cos  ~b [4] 

I a n d  S d e n o t e  i n c i d e n t  a n d  sca t t e red ;  k is t h e  p h o t o n  
wave  v e c t o r  2~rn/X, w h e r e  n is t h e  real  pa r t  of  t h e  sub-  
s t r a t e  r e f rac t ive  index�9  S i n c e  t h e  i n c i d e n t  a n d  s c a t t e r e d  
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Fig, 3, Roman spectra far Ge-doped InP before (lower trace) and after 
(upper trace) a vacuum anneal at 500~ for ] h. 
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Fig�9 4. Raman spectra for Si-doped GaAs before (lower trace) and 
after (upper trace) a thermal anneal at 500~ for lb. 
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f r e q u e n c i e s  are  ve ry  close (ki - ks), Eq. [4] r e d u c e s  to q 
4vn/)~ for  t h e  sur face  ref lec t ion  g e o m e t r y  ((b - 180 ~ em-  
p loyed.  Da t a  f rom Ref. (11) were  i n t e r p o l a t e d  to o b t a i n  
t he  rea l  pa r t  of  t he  re f rac t ive  i n d e x  n at  5145A. We o b t a i n  
q = 0.87 a n d  1.05 x 106 c m  -1 for  I n P  a n d  GaAs,  respec-  
t ively.  

At  h i g h  c a r r i e r - c o n c e n t r a t i o n  levels  one  also an t i c i pa t e s  
t h a t  m* will  b e  c o n c e n t r a t i o n  d e p e n d e n t  (12) b e c a u s e  
b o t h  I n P  a n d  GaAs  h a v e  n o n p a r a b o l i c  c o n d u c t i o n  b a n d s .  
The  ca r r ie r  c o n c e n t r a t i o n  d e p e n d e n c e  of  m* is n o t  typi-  
cal ly co r r ec t ed  for b e c a u s e  e x p e r i m e n t a l  da ta  for m* vs. N 
h a v e  no t  b e e n  fit to some  s i m p l e  ana ly t ic  equa t ion .  The  
co r r ec t i on  is far f rom neg l ig ib le  however ,  as d e m o n -  
s t r a t ed  by  C h a n d r a s e k h a r  a n d  R a m d a s  (13) in  ana lyz ing  
i n f r a r ed  re f lec t iv i ty  da ta  on  GaAs.  

In  o rde r  to o b t a i n  a n  ana ly t ic  f u n c t i o n  for  i n c o r p o r a t i n g  
m* cor rec t ions ,  t h e  fo l lowing  p r o c e d u r e s  we re  fo l lowed.  
Fo r  GaAs,  18 da ta  p o i n t s  we re  sca led  f rom t h e  s m o o t h e d  
c u r v e s  f o u n d  in Fig. 3 of Ref. (13) in  t he  car r ie r  concen t r a -  
t ion  r a n g e  10 '6 - 10 TM c m  -3. T h e s e  18 po in t s  we re  t h e n  fit to 
an  e q u a t i o n  of  t he  fo rm 

m*/mo = ~ Bj[ln N - in  No] j [5] 
J=0 

w h e r e  No = 1.0 x 10 TM. For  InP ,  m*/mo va lues  were  t a k e n  
f r o m  the  r aw da ta  of  K e s m a n l y  et al. (14), e x c e p t  t h a t  all 
da ta  we re  u n i f o r m l y  i n c r e a s e d  b y  0.009 m*/mo u n i t s  in  or- 
de r  to o b t a i n  a r o o m  t e m p e r a t u r e  va lue  of  m*/mo = 0.0781 
in u n d o p e d  ma te r i a l  c o n s i s t e n t  w i t h  t he  r e c e n t  m a g n e t o -  
p h o n o n  m e a s u r e m e n t s  of  Eaves  et al (15). T h e s e  da t a  
we re  p l o t t e d  a n d  a s m o o t h  c u r v e  d r a w n  t h r o u g h  t h e m  
f r o m  w h i c h  18 p o i n t s  we re  t a k e n  a n d  fit to Eq. [5]. The  
fits to t he  m*/m o plots  for I n P  a n d  GaAs  are s h o w n  as 
sol id l ines  in  Fig. 5. I t  s h o u l d  b e  e m p h a s i z e d  t h a t  t h e  
o p e n  s y m b o l s  do  no t  r e p r e s e n t  the  or ig ina l  p u b l i s h e d  
data ,  b u t  r a t h e r  va lues  e x t r a c t e d  f rom c u r v e s  v i sua l ly  fit 
to t he  o r ig ina l  data.  Th i s  was  n e c e s s a r y  b e c a u s e  t h e  den-  
si ty of  o r ig ina l  po in t s  was  too  low to fit sa t i s fac tor i ly  to 
Eq. [5]. The  va lues  of  t he  f i t t ing p a r a m e t e r s  Bj are  t abu-  
l a t ed  for  I n P  a n d  G a A s  in t he  u p p e r  s ec t ion  of  Tab le  II. 

The  c o u p l e d  p l a s m o n - p h o n o n  m o d e  f r e q u e n c i e s  de- 
n o t e d  b y  oJ_. in  Eq. !1] c an  n o w  be  so lved  ana ly t i ca l ly  
i n c o r p o r a t i n g  b o t h  finite q v e c t o r  a n d  c o n c e n t r a t i o n  de- 
p e n d e n t  m* cor rec t ions .  F i gu r e s  6 a n d  7 s h o w  t he  r e su l t s  
of  s u c h  ca l cu l a t i ons  for  I n P  a n d  G a A s  in  t he  ca r r i e r  con-  
c e n t r a t i o n  r a n g e  1016-10 '~ c m  -3. The  ma te r i a l s  p a r a m e t e r s  
~%o, O~To, q(5145A), a n d  e= u s e d  in  t he  ca l cu la t ions  are  l i s ted  
in the  s e c o n d  pa r t  of  Tab le  II. 

Free-carrier concentra t ion . - -The  r e su l t s  of  t he  calcula-  
t ions  p r e s e n t e d  in g raph ica l  f o r m  in Fig. 6 a n d  7 a l low us  

Table II. Fits and parameters for InP and GaAs 

Fits to m*/mo for InP and GaAs from Eq. [5] 

InP GaAs 

j Bj Bj 

0 +7,839 • 10 -2 +7.224 • 10 -2 
i -2.133 x 10 -3 -2.096 • 10 -3 
2 +2,034 • 10 -3 +2,135 • 10 -3 
3 -5.595 x 10 -4 -6.286 • 10 -4 
4 +5.875 x 10 -5 +6,306 x 10 -5 

Materials parameters for calculating ~_+ 
InP GaAs 

OJLO (cm-') 342.4 292.0 
~To (cm -I) 304.0 269.0 
q (cm -I) 8.73 x I0 ~ 1,045 • i0 r 

e= 9.55 10.91 

to ex t r ac t  b o t h  t he  s ign a n d  m a g n i t u d e  of  c h a n g e s  in t he  
f ree-car r ie r  dens i ty .  F r o m  Tab le  I, it is s een  t h a t  t h e  ~o+ 
m o d e  f r e q u e n c y  dec rea se s  af te r  annea l ing ,  i. e., t h e  free- 
ca r r i e r  d e n s i t y  is r e d u c e d  re la t ive  to the  u n a n n e a l e d  
s a m p l e  in  all cases.  Two c o m m e n t s  are in  order .  The  first 
is t h a t  t he  o b s e r v e d  s ign (i.e., f ree-carr ier  r e d u c t i o n  
r a t h e r  t h a n  e n h a n c e m e n t )  is i n d e p e n d e n t  of  w h e t h e r  one  
i n c l u d e s  or e x c l u d e s  q v e c t o r  a n d  m* cor rec t ions .  The  lat- 
t e r  p a r a m e t e r s  i n f luence  t he  m a g n i t u d e  of  t h e  sh i f t  AN, 
b u t  do no t  a l t e r  the  s ign  of  t he  shift .  The  s e c o n d  c o m m e n t  
is t h a t  t h e  m e a s u r e m e n t s  p r o b e  the  r e g i o n  b e h i n d  t h e  
s p a c e - c h a r g e  d e p l e t i o n  zone  o u t  to  d e p t h s  of  - 1400A for  
I n P  a n d  1700A for  GaAs.  The  reg ion  e x a m i n e d  in R a m a n  
s c a t t e r i n g  is s imi la r  to w h a t  is e x a m i n e d  in C-V measu re -  
m e n t s ,  b u t  it is no t  n e c e s s a r y  to p e r f o r m  a n  e x t e n d e d  
ana lys i s  to a c c o u n t  for  t h e  in f luence  of  d e e p  t r aps  (16). 
O t h e r  t e c h n i q u e s  s u c h  as shee t  res i s t iv i ty  do no t  p r o b e  so 
s h a r p l y  def ined  a spat ia l  zone,  no r  is t h a t  t e c h n i q u e  eas- 
i ly app l i ed  to heav i ly  d o p e d  ma te r i a l s  ( just  as R a m a n  
s c a t t e r i n g  is no t  genera l ly  app l i cab l e  at  low car r ie r  con-  
cen t r a t i ons )  (17). 

The  m a g n i t u d e  of  t he  ca r r ie r  dens i t y  r e d u c t i o n  (AN~N) 
is - 22% for S - I n P  a n n e a l e d  at  550~ 47% for S n - I n P  
a n n e a l e d  at  500~ a n d  21% for G e - I n P  a n n e a l e d  at  
500~ The  l a rges t  c h a n g e  o c c u r r e d  in  t he  s a m p l e  w i t h  
t he  l owes t  in i t ia l  dop ing ,  i .e . ,  S n - d o p e d  I n P  w i t h  N ini- 
t ia l ly a r o u n d  4.7 x 1017. The  u n c e r t a i n t y  in a s s i g n i n g  a 
v a l u e  to AN/N is la rger  in  t h a t  case  d u e  to t he  smal l  sh i f t  
o b s e r v e d  (18 c m  -1) a n d  t he  i n t r i n s i c  l imi t a t ions  a s soc i a t ed  
w i th  accu ra t e ly  loca t ing  t h e  oJ+ p e a k  posi t ion .  I t  is also 
l ike ly  t h a t  i f  ca r r i e r  c o m p e n s a t i o n  re l a t ed  to d r i f t ing  sur-  

0 . 1 0 8  

Fig. S. Concentration depend- 
ence of the conduction electron ef- 
fective mass in units of m*/mo for 
InP and GaAs. The solid lines rep- 
resent an analytical fit to the data, 
as explained in the text. 

Oq 
t,O 
< 

"~  0 . 0 9 6  

L.IJ 
> 

I - -  

0 . 0 8 4  
I ,  
i ,  
i , i  

0 . 0 7 2  - - f l  

0 . 0 6 0  

GaAs 

l 

1 016 

1718 

. . . .  110~ 1 0 ~ 

CARRIER CONCENTRATION (CM -3) 

0 '9 



Voi!. 131,No.  7 

1000 

InP 
800  

6OO 

T 

(..) 

400 CoLO 

CoTO 
200 

0 , 
0 '6 

FREE CARRIER REDUCTION 

0 

5145 A 

�9 �9 �9 ~ ~ ~ �9 ~ �9 ~ 1 4 9 1 7 6 1 7 6 1 7 6 1 7 6 1 7 6  - -  

I I I I I I 1 I I I I 

. . . . .  '11017 10 ' s  

CARRIER CONCENTRATION (CM- 0 

I 

0 '9 

1719 

Fig. 6. Calculated plasmon- 
phonon mode frequencies c~+ vs. 

free-carrier concentration for 
Raman scattering from InP at 
5145A. The solid horizontal lines 
correspond to the bulk substrate 
LO and TO modes. The calcula- 
tions have been corrected for finite 
q vector and concentration- 
dependent effective mass. 
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face generated defects is a dominant  mechanism for free- 
carrier removal, then equivalent annealing conditions 
should affect the sample with the lowest initial carrier  
concentration the most. For Si-doped GaAs, we observe a 
reduction of - 75% in N after annealing. This value is sim- 
ilar to what was reported some years ago by Kung and 
Spitzer (18, 19) in their infrared reflectivity studies of Si- 
doped GaAs. They observed a reduction in N from - 8.5 
to 4 x 10 T M  cm -3 after a lh  anneal at 600~ ( A N / N  ~ 53%). 
Our annealing cycles were not exactly comparable how- 
ever because those authors subjected their samples to a 
15 min preanneal at ll00~ in order to establish a com- 
mon thermal history�9 Our results are qualitatively similar 
in view of these differences�9 

Thermally induced alterations of the free-carrier con- 
centration in n-InP have been reported previously (1, 2, 
20). The studies in Ref  (1) and (2) involved low doped sub- 
strates (N - 3 x 10 TM cm -3) and annealing ambients of hy- 
drogen or phosphorus vapor. Since their annealing ambi- 
ents and doping levels differed from ours, a strict 
comparison of results is inappropriate. 

The most comparable study has been the published re- 
sults of Chin e t  a l .  (20), who examined vacuum-annealed 
(100) InP doped with S, Sn, Se, Zn, Mn, Fe, and undoped 

annealed at 550~ for 1/2h. They interpreted their mea- 
surements (defect etching, cathodoluminescence, photo- 
luminescence) in terms of rapid dopant out-diffusion for 
S, Sn, and Se, but they observed no measurable out- 
diffusion in Zn, Mn, Fe, and undoped materials�9 For 
S-doped InP, they estimated from the photoluminescence 
linewidth that the surface layer consisting of the top 5 ~m 
was - 50% higher in carrier concentration relative to the 
bulk, whereas in an extended region ( -  200 ~m) behind 
this surface layer, the carrier concentration was approxi- 
mately 10% lower than the bulk. Our own results show a 
reduction rather than an enhancement  of the near-surface 
free-carrier density, but it should be noted that our refer- 
ence point is the near-surface carrier density measured 
prior to annealing rather than the bulk density measured 
after annealing�9 Whether this difference in reference 
points is sufficient to account for the discrepancy in re- 
sults remains to be seen. 

Finally, it is probably worthwhile to comment  that our 
observations of near-surface free-carrier reduction do not 
rule out the possibility that dopant redistribution with 
surface "pileup" has occurred�9 This phenomenon has 
been observed in secondary ion mass spectroscopy 
(SIMS) measurements  of Fe- and Cr-doped InP (21) and 
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may well be a general artifact of thermal annealing due to 
surface gettering of impurities. The Raman measure- 
ments do not address the question of the actual dopant 
density; they only measure the net free-carrier concentra- 
tion. SIMS measurements provide actual dopant profiles, 
but they do not specify whether the dopants are electri- 
cally active, i.e., whether they contribute to the free- 
carrier density or not. It is not obvious a priori that 
dopants gettered at defects would be electrically active. 
In addition, if  the dopant pileup were to occur 
sufficiently close to the surface that it was contained 
within the space-charge depletion zone, then Raman scat- 
tering would not detect any enhancement  of the free- 
carrier density, since measurements of (o+ only probe the 
region beyond the edge of the space-charge layer. 

Summary 
Raman scattering measurements  of the coupled plas- 

mon-phonon mode frequencies of S-, Sn-, and Ge-doped 
(100) InP and Si-doped (100) GaAs have been performed 
before and after vacuum anneals at 500~176 A consist- 
ent reduction o~ the free-carrier density is observed in all 
cases within the near-surface region bounded by the edge 
of the depletion layer and a depth of 1400-1700~. Numer- 
ical calculations of the oJ. frequencies incorporating an 
analytic correction for the carrier density dependence of 
m* allow one to estimate the percentage reduction AN/N 
in the free-carrier density. For S- and Ge-doped (1-2 • 10 TM 

cm -~) InP, AN/N is - 20%. For Sn-doped ( -  5 • 1017 cm -3) 
InP, AN/N - 50%. For Si-doped ( -  2 • 10 TM cm -3) GaAs, 
AN/N ~ 75%. 
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Low Field Recombination of Self-Activated Centers in II-VI DCEL 
Cells 

M. S. Waite* 
School of Materials Science and Physics, Thames Polytechnic, London SE18 6PF, England 

ABSTRACT 

Excitation of formed dc electroluminescent powder cells containing ZnS:C1 or ZnSe:CI(Br) phosphors gives two 
peaks of recombination luminescence with respect to the applied voltage pulse. Peak A coincides with the leading edge 
of the voltage pulse, while the luminescence of peak B rises to a maximum at approximately 10 t~s from the end of the 
voltage pulse. In both cases, the luminescence arises from DAP transitions of self-activated centers, Vzn - Cls<se>, in the 
phosphors. However, the origins are different. Temperature and electrical measurements  suggest that peak A corre- 
sponds to recombination involving carriers released from traps of activation energy -0.3 eV, by the applied voltage 
pulse. The profile of peak B is strongly influenced by the t ime constant C • R, where C is the capacitance of the 
formed layer and/~  is the resistance of the unformed region. Electroluminescent efficiencies of 0.01% (4% duty cycle) 
were found for 465 nm emission from ZnS:C1 cells with thin insulating films on the anode, but much lower efficiencies, 
-10-~/v without the insulating film. 

Zinc sulfide activated with Mn is well established as 
the standard material for DCEL powder displays, provid- 
ing an emission centered at 580 nm with a bandwidth of 
60 nm (1-3). To increase the range of colors available with- 
out using filters, it is possible to modify the lattice, as in 
Zn(S,Te):Mn(4), or choose different activators for ZnS, 
such as the rare earths, Tb, Er, or Tm (5). These modifica- 
tions have been found to be less efficient (10-2%) than 
ZnS:Mn (10-1%), and more efficient displays based on al- 
kaline sulfide phosphors have been developed (6, 7). A 

* Electrochemical Society Active Member. 
Key words: dc electroluminescence, II-VI phosphors, self- 

activated centers. 

common feature in these systems is the use of localized 
activators, Ce, Mn, and Tb, which are excited by impact  
with hot electrons rather than the use of donor-acceptor 
recombination processes as in powder DCEL devices 
based on Cu-doped ZnS. 

During an investigation of the electroluminescence of 
undoped ZnS in conventional DCEL powder cells, it was 
noticed that under pulsed operation a narrow blue band 
at 467 nm replaced the very broad, relatively featureless 
emission seen with dc operation (8). The narrow band cor- 
responded to the self-activated (SA) luminescence arising 
from the recombination of electrons on donor sites and 
holes localized at the A centers, Vz, - Cls complex centers 
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(9). The donor levels were presumed to be from chlorine 
present in the precipitated ZnS. Further preparation of 
ZnS phosphors with chlorine deliberately added also 
gave this emission band in a pulsed DCEL cell, while. ZnS 
fired in H2S and lacking the self-activated photo- 
luminescence did not exhibit  SA electroluminescence. In 
the following, the spectral and temperature dependence 
of emission from DCEL cells, made with zinc sulfide and 
zinc selenide self-activated phosphors, is described. The 
application of these processes to large screen displays 
technology in forming an alternative to impact  excitation 
of characteristic activators is mentioned, with reference 
to parallel work being done on Ag-doped zinc cadmium 
sulfide phosphors (10). 

Exper imenta l  
Preparation of phosphors.--Zinc sulfide, zinc selenide, 

and mixtures of the two were slurried with potassium 
chloride or bromide and fired in a stagnant atmosphere 
at 800~176 depending on selenide content. The phos- 
phor particles were washed in acetic acid to remove ox- 
ides and with sodium sulfite to dissolve excess selenium 
on the surface. A few samples of chloride slurried zinc 
sulfide were also fired in N2 for comparison. These 
samples were also photoluminescent  but have low inten- 
sities of SA electroluminescence. X-ray powder diffrac- 
tion analysis of the phosphors indicated that both cubic 
and hexagonal  phases were present in ZnS:C1 and the 
cubic phase in ZnSe:Br. Analysis of ZnS:C1 and ZnSe:Ct 
phosphors indicated a C1 content of 10 ppm, with less 
than 1 ppm of Cu, when prepared with an initial halide 
concentration of 1% w/w. 

Construction of ceLls.--The phosphors were treated with 
10-2M CuC12 to provide the particles with a conducting 
Cu..rich surface and made into DCEL cells, as reported by 
Vecht et al. (1). After t reatment in the copper solution, the 
phosphors were screened onto conducting glass sub- 
strates (Fig. 1), with thicknesses in the range 30-60/~m de- 
pending upon the particle size, phosphors with smaller 
particle size, ca. 2 ftm diam, giving the thinner layers. The 
densities of the layers were in the range of 1.5-2.0 x 10 ~ kg 
m -~ compared to 4 x 10 ~ kg m -~ and 5.42 x l0 s kg m -~ for 
bulk ZnS and ZnSe, respectively. In addition to the 
electroluminescent  cells prepared on conducting glass 
substrates, several were constructed using insulating lay- 
ers 500-1000~ thick between the conducting substrate and 

( 30-60~m~ 
C D 

r 

A B 
Fig. 1. Structure of DCEL powder 

cells. A: Cu-depleted layer. B: Un- 
formed Cu-coated ZnS particles. C: 
Tin oxide or ITO layer. D: AI back 
electrode. 

the layer of phosphor particles. Dielectrics used included 
SiO and YF3. 

Forming and operation.--The cells were formed by the 
initial application of a dc field, and the spectra of the ava- 
lanche emission processes were obtained under  dc opera- 
tion at 100-150V. To observe the low field recombinat ion 
emission, the cells are operated with short pulses (Fig. 2) 
for 5-500 ~s, and at a frequency of 100 Hz-5 kHz. The 
recombination luminescence was also observed over a 
range of temperatures from room temperature to 100 K. 

Results 
Time dependence.--The emission from the formed pan- 

els appears at three characteristic points during the cycle 
of excitation and relaxation, as shown in Fig. 2 for the 
case of a self-activated phosphor, excited at the formed 
voltage with unipolar rectangular pulses at 100 Hz. Three 
separate features can be seen. 

Peak A.--This  appears on the leading edge of the Voltage 
pulse. This leading edge has a slight slope to it, of 1 fts per 
30V, as indicated in Fig. 2b and the maximum for peak A 
is seen before the pulse reaches the max imum or ava- 
lanching voltage at room temperature. This emission is 
only seen when pulsed excitation is used. 

Peak B.--This follows the voltage pulse, rising to a maxi- 
mum at a time interval from the end of the pulse of 10-50 
~s, 7B, depending upon the nature of the phosphor and the 
extent  of forming. Typical values of rB at room tempera- 
ture for formed panels are 5-20 ~s. 

Emission C.--This corresponds to the "on" phase of the 
rectangular pulse. The decay of this emission is rapid, ca. 
200 ns, which is the limit of resolution of the present 
equipment.  By analogy with similar emission in other 
semiconductors,  this is termed "avalanche emission" and 
appears to have similar origins in intraband momentum 
loss and interband transfer. It  has been investigated in 
electroluminescent diodes of II-VI materials under high 
fields (11) and in thin film and powder cells (12, 13). It is 
not directly useful in EL displays since the efficiency is 
low (<10 -~ photons/electron) even if the spectral charac- 
teristics of the emission were acceptable. 

The luminescence of principal significance to displays 
is that represented by peaks A and B rather than the 
emission C, and it is the properties of peaks A and B 
which are of interest. 

The values of rB have been found to be dependent  on 
the forming process and can be related to the capacitance 
of the copper-depleted layer. Typically, values of 5-10 ~s 
for ZnS:CI are found in panels formed to voltages in the 

I I 

I I B 

1 I I 
0 1 0 0  

r " - - 1  
~,' I vo t tage  

Ai ! emission 
,B 

0 2O 
microsecs  

Fig. 2. Emission under pulsed excitation. 1 : ] 0 0  Hz, 100 ~s pulse 
width. 2: ] kHz, 20 p~s pulse width. 
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range 80-100V, with a capacitance of ca. 25 ~F m -2. In a 
progressive forming experiment,  the variation of % was 
followed as a ZnS:C1 panel was formed from 60-110V. 
After an initial rapid decrease in rB, there is a steady de- 
cline with increasing values of 1/C (Fig. 3). As forming 
proceeds and the width of the Cu depleted zone (propor- 
tional t o  l/C) increases, the intensities of the 
recombination peaks A and B increase relative to the 
change in current (Fig. 3). The overall luminescence 
efficiency thus increases�9 The capacitance of unformed 
panels has values of 100-500/zF m -~, determined mainly 
by thin oxide layers underlying the deposited A1. Once 
forming has started and a resistive Cu depleted layer has 
begun to grow at the anode, the majority of the field is 
dropped across this region and the capacitance exhibits 
the sharp initial decrease seen in Fig. 3. The slower de- 
cline in 1/C can be seen as representing the gradual in- 
crease in the thickness of the Cu depleted layer which 
also occurs continually during use and which constitutes 
one of the principal failure mechanisms of DCEL powder 
cells�9 

These observations suggest that the post field peak B 
is determined, at least in part, by rate processes which in- 
volve the geometry of the Cu depleted layer rather than 
merely the kinetics of thermal release of carriers from 
traps and radiative decay. This conclusion is also reached 
by observations of the temperature dependence of rs. 

Spectra of peaks A and B.--The spectral characteristics 
of the recombination luminescence are shown in Fig. 4 
and 5 for ZnS:C1, 2~nSe:C1, and ZnSe:Br with the spectra 
of  avalanche emission obtained by continuous dc excita- 
tion for comparison�9 For ZnS:C1 the emission characteris- 
tics: a peak maximum of 2.67 eV (465 rim) and a band- 
width of 0.45 eV, correspond to the self-activated lumines- 
cence, the recombination between electrons at C1 donor 
sites and holes on Vz, - C1 neutral acceptors (14). 

For ZnSe:C1 and ZnSe:Br the emission max imum is lo- 
cated at 1.98 eV (623 nm), close to the emission maximum 
of 1.99 eV determined by a recent ODMR study of ZnSe:C1 
(15). The 1.98 eV peak was obtained at an excitation inten- 
sity equivalent to an input power of 2.5 • 103 Wm -2 while 
at higher intensities, 7.5 • 103 Wm -2, ZnSe:Br devices ex- 
hibited a shift in emission max imum to lower energies 
1.95 eV (Fig. 5). The shift is in the opposite direction from 
that expected from the characteristics of DAP lumines- 
cence, where the emission maximum moves to higher en- 
ergies with increased excitation intensity as distant pairs 
become saturated (16). Furthermore in the experiments  
by Shionoya and colleagues on DAP luminescence in 
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Fig�9 4. Electroluminescent spectra of ZnS:CI panels under dc and 

pulsed excitation. 
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Fig�9 5. Electroluminescent spectra of ZnSe: CI, ZnSe:Br, and ZnSe:Cu 
under dc and pulsed excitation. Curve A: ZnSe: (CI,Br): dc excitation. 
Curve B: ZnSe: CI: pulsed excitation power: 2.5 • ! 08 Wm -2. Curve C: 
ZnSe: CI: pulsed excitation power: 7.5 • 103 Wm -2. Curve D: ZnSe: Cu, 
pulsed excitation. 

ZnS phosphors, the range of excitation intensity neces- 
sary to cause a significant spectral shift is much higher 
than that found here. There may, therefore, be two very 
broad emission bands in the ZnSe:Br spectrum whose 
relative intensity depends upon the excitation level. The 
obvious suspect is Cu contamination which has a broad 
emission band at 1.94 eV (17). DCEL cells with ZnSe:Cu 
(0.02) phosphors were prepared and after forming showed 
a recombination electroluminescence at 1.94 eV (640 nm) 
under pulsed excitation (Fig. 5). This suggests that the 
ZnSe:C1,Br phosphors show both SA and Cu electrolumi- 
nescence, with the relative contribution of the Cu emis- 
sion increasing at higher excitation intensities. 

Temperature dependence of  recombination pulses.--The 
effect on peaks A and B of reducing the temperature has 
been examined for ZnS:C1 and ZnSe:C1 phosphors�9 The 
rise and decay times and the luminescent  efficiencies are 
both affected. In particular, TB was seen to be strongly de- 
pendent  on temperature, as seen in Fig. 6 for ZnS:C1 cell 
as the temperature is successively reduced from 300 to 
100 K. From 300 to 220 K, rB fell from ca. 10 ~s to ca. 4 ~s. 
In general, below 220 K the post-field emission is seen to 
consist of two components: (i) the broad peak for which 
the delay time rB gradually decreases and (ii) a fast rising 
spike (ca. 0.3 izs) with a decay t ime of approximately 2 ~s. 
In some samples, the fast spike dominated the post-field 
emission at low temperatures (Fig. 7). The decay of this 
fast pulse should be compared with the values of 0.5 and 
4/zs found by Shionoya and colleagues for the decay of 
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Fig. 8. Variation in electroluminescent efficiency of peak A and 
thermoluminescence for ZnS:CI, and ZnS:Ag, 100/~s pulse width, 100 
Hz excitation rate [after Ref. (10)]. Curves A and B: ZnS:CI, (P3/81). 
Curves C and D: ZnS, Ag, (ZA6t7). 

SA luminescence at 77 K (18). If  the emission correspond- 
ing to peak B arises from the recombination of electrons 
thermally released from traps with holes at neutral ac- 
captor centers, the emission might  be expected to extend 
for a longer time at lower temperatures so that TB should 
increase. It may be that there are several closely over- 
lapping components  in the post-field recombination cor- 
responding to different trap depths which are suc- 
cessively frozen in as the temperature is lowered. 
However, the change in rB seems to be too smooth for this 
explanation. The intensity of  peak B does not  appear to 
vary greatly with temperature. 

The behavior of peak A with temperature is different 
from that of peak B. The intensity of peak A, as measured 
by the area of the oscilloscope trace and normalized to 
unit current densities, increases as the temperature is re- 
duced and the delay time increases (Fig. 8). The variation 
in rA for ZnS:C1 is typically from 1.0 Us at room tempera- 
ture to ca. 4 Us at 150 K. Since the t ime in which the field 
builds up to its maximum value is at least 3 Us for applied 
voltages of 100V, the changes in zA indicate that a higher 
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Fig. 7. Comparison of rise and decay of post-field recombination lumi- 
nescence at and below room temperature for ZnS:CI: P9180. 

field is needed at lower temperatures to promote the 
recombination. This is analogous to the luminescence in- 
duced by field detrapping in photoconductors as ana- 
lyzed by Haering (19). If  the recombination for ZnS:C1 
represented by peak A depends upon the release of 
trapped carriers, the temperature dependence of the nor- 
malized area of this peak should parallel that of the 
thermoluminescence of the SA luminescence. In Fig. 8 
[from Ref. (10)], the glow curve for ZnS:C1 is illustrated 
together with the area of peak A, normalized to unit cur- 
rent  density. There is an approximate agreement  between 
the two maxima at 180-183 K, and both are shifted relative 
to the maxima for the Ag-blue emission from ZnS:Ag, 
which also appears in the figure from Ref. (10). 

Effect of pulse width on recombination effi- 
ciency.--The charging and discharging t imes of the dis- 
p lacement  current  in the devices at room tempera ture  
are of the order of 2 Us, as judged  from the current  sig- 
nal. However,  with pulse widths as small as this, the 
panels have a very low efficiency because the total of 
t rapped carriers per cycle is low. The effect upon bright- 
ness of the pulse width for a ZnS:C1 phosphor  is soon in 
Fig. 9, where the peak heights of A and B have been 
plot ted against the total charge passed per cycle. Al- 
though the curves are not  completely  coincidental,  they 
both show a cont inued increase in output  with charge 

. . . .  ~---- Peak A 

- - - ,~- - -  Peak B (X1/3 relative to peak A) 

' I ' I I I ' I 
0 , 2  0 .4  0 , 6  O.8 

microcoulombs/cycle 
Fig. 9. Variation in recombination efficiency with the total charge 

passed per cycle, ZnS:CI, (P8/80). 
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passed  per  cycle.  Thus  the  m o r e  carr iers  t ha t  pass  
t h r o u g h  t h e  cells, the  g rea te r  t he  c o n c e n t r a t i o n  of  
t r apped  cha rges  and  the  g rea te r  the  l u m i n e s c e n c e  out- 
put.  The  q u a n t u m  eff iciencies ,  c o m b i n i n g  the  o u t p u t  of  
bo th  peaks  A and  B, are  a p p r o x i m a t e l y  10 -a pho tons  per  
e lec t ron,  l ead ing  to p o w e r  eff ic iencies  in the  r ange  
10-2-i0-~% for ZnS:C1 and  ZnSe :Br .  The re  is l i t t le  evi- 
dence  for sa tura t ion  of  the  pos t  field peak  B at  h ighe r  
charges  in the  p h o s p h o r s  wi th  de l ibe ra te  add i t ion  of  do- 
nor  impur i ty ,  in con t ras t  to a p rev ious  o b s e r v a t i o n  wi th  
l ower  C1 concen t r a t i ons  (8). 7A and rB are  i n d e p e n d e n t  of  
pu l se  wid th ,  p r o v i d e d  the  e x t e n t  of  f o rming  does  no t  
change.  

Effect of other impurities.--The p r e s e n c e  of  o x y g e n  
has  b e e n  found  to be  pa r t i cu la r ly  i m p o r t a n t  for low 
field r ecombina t i on .  In  p h o s p h o r s  p r e p a r e d  by firing 
in N2 wi th  e x c l u s i o n  of  oxygen ,  peaks  A and  B are  no t  
seen  e v e n  w h e n  the  p h o s p h o r  has  s t rong  se l f -ac t iva ted  
p h o t o l u m i n e s c e n c e .  This  sugges t s  tha t  the  p r e s e n c e  of  
o x y g e n  p rov ides  cond i t i ons  for p r o d u c i n g  the  t raps  for 
the  space  charge,  a l t hough  the  iden t i t y  of  the  t raps  is 
no t  k n o w n  at p resent .  The  g low cu rves  in Fig. 8 ind ica te  
a t rap dep th  of  ca. 0.3 in ZnS:C1 c o m p a r e d  wi th  a va lue  
of  0.27 eV found  by H o o g e n s t r a a t e n  for o x y g e n  in Z n S  
(20). A m i n i m u m  es t ima te  of  4 x 1030 m -~ has  been  m a d e  
for the  t rap  dens i ty  in ZnS:C1 f rom the  in t ens i ty  of  the  
low field r e c o m b i n a t i o n  l uminescence ,  based  on the  as- 
s u m p t i o n  o f  un i t  q u a n t u m  eff ic iency for the  self- 
ac t iva t ed  l u m i n e s c e n c e .  

Li  and  Cd r e d u c e d  or  e l i m i n a t e d  l o w  field r ecom-  
b ina t ions  at SA  si tes  in ZnS:C1, and Cu c o n c e n t r a t i o n s  
as low as 5 p p m  were  found  to r e d u c e  the  SA e lec t ro lu-  
m i n e s c e n c e  w i t h o u t  i n t r o d u c i n g  coppe r - r e l a t ed  lumi-  
nescence ,  ac t ing  in ef fec t  as non rad i a t i ve  centers .  Shal-  
low hole  traps,  p r o d u c i n g  non rad i a t i ve  pa thways ,  have  
b e e n  found  by  Tabe i  and  S h i o n o y a  (21) in Z n S : C u  and  
A1 at 50-300 eV f rom the  v a l e n c y  bandedge ,  and  s imi lar  
sha l low t raps  m a y  be  p r e s e n t  in t he  ZnS:C1 p h o s p h o r s  
wi th  low Cu concen t ra t ions .  In  ZnSe :Br ,  the  ef fec t  of  Cu 
is to inc rease  overa l l  r ed  e l e c t r o l u m i n e s c e n c e  by  an in- 
c rease  in t he  1.94 eV emiss ion ,  w h i c h  c o r r e s p o n d s  to 
r e c o m b i n a t i o n  via  the  Cu centers .  R e c e n t  w o r k  by Rob-  
b ins  and  o thers  has  shown  tha t  t he  Cu has  a d i f fe ren t  
role  i n  t h e  ind iv idua l  I I -VI c o m p o u n d s  (22). The  
s igni f icance  of  th is  w o r k  on the  low field e l ec t ro lumi -  
n e s c e n c e  is d i scussed  below.  

Discussion 
The D A P  transi t ions  obse rved  do not  occur  unde r  h igh  

field condi t ions ,  where  only ava lanche  emiss ion  or  local- 
ized t ransi t ions  are seen (8). There  is some  s imilar i ty  
b e t w e e n  the  cells desc r ibed  here  and conven t iona l  ac 
p o w d e r  cells  in that  l u m i n e s c e n c e  is the  resul t  of  elec- 
t ron-hole  r ecombina t ion  processes  involv ing  donor  and 
accep tor  centers  ra ther  than  localized states of  character-  
istic ac t ivators  exc i ted  by e lec t ron impact .  However ,  
there  are  sufficient  d i f ferences  to m a k e  i t  advisable  not  
to cons ider  the  dc power  cells as mere ly  p lanar  vers ions  
of  the  ac p o w d e r  cells. F ie ld  emiss ion  of  e lec t rons  and 
holes  f rom the  ends  of  copper  sulfide inc lus ions  is con- 
s idered  to be  par t  of  the  m e c h a n i s m  of  the  p o w d e r  A C E L  
cells in the  general ly  accep ted  F i scher  m o d e l  (23). Ac- 
co rd ing  to this interpretat ion,  subs t i tu t ional  Cuzn centers  
b ind  holes  to form neutra l  acceptors  ad jacent  to the  inclu- 
sions, whi le  the  more  mobi le  e lectrons t ravel  to the  
boundar ies  of  the  ZnS  particle.  The  p r imary  l ight  peak  
ob ta ined  on field reversa l  occurs  as e lect rons  are field 
emi t t ed  into the  region conta in ing  neut ra l  acceptors ,  
whi le  a secondary  peak  is p roduced  as the  d i sp laced  elec- 
t rons return.  The  pract ical  br ightness  depends  on the  dis- 
p laced  charge,  and therefore  on the  capac i tance  of  the  
p o w d e r  layer  and  the  app l ied  voltage.  This  capaci ta t ive  
coupl ing  l imits  the  appl icat ions;  a l though the  dverall  
eff ic iency of  a green  emi t t ing  (ZnS:Cu,C1) panel  can be  
high, up to 19 lm/W, cons iderab ly  greater  than  that  ob- 
ta ined  in a ZnS :Mn D C E L  p o w d e r  panel  (ca. 1 lm/W), 

even  a l lowing for the  smal ler  l u m e n  equ iva l en t  of  the  Mn 
emission.  

In  D C E L  powder  panels,  the  field across the  Cu- 
dep le ted  layer is of  the  order  of  108 V m -L (3), where  im- 
pac t  ionizat ion of  ZnS  can occur.  The  p r imary  e lect rons  
in jec ted  into this h igh field region can genera te  fur ther  
e lec t ron-hole  pairs in an ava lanche  process.  There  is some  
ev idence  for this in the  form of nega t ive  res is tance  in 
cur ren t -vol tage  character is t ics  of  p o w d e r  panels  (3), and 
in A C E L  th in  film cells, the  mul t ip l ica t ion  gain  in 
Z n S : M n  films opera t ing  at s imilar  fields has been  deter-  
m i n e d  by  Venghaus  (24). Carrier  mul t ip l ica t ion  rates of  
106 m - '  were  ob ta ined  in fields of  0.8 to 1.2 x 108 V m -I, 
r is ing rapidly  in the  region 1.2-1.5 x 108 V m- ' ,  where  the  
th reshold  field for s t rong l ight  emiss ion  was found.  In  
principle,  the re  are  oppor tuni t ies  in dc  sys tems  for over- 
coming  the  l imi ted  br ightness  per  cycle of  ac powder  de- 
v ices  whi le  t ak ing  advantage  of  the  high radiant  
eff ic iency of  D A P  processes  in ZnS  and ZnSe.  The  
r ecombina t ion  processes  descr ibed  here,  however ,  were  
only obse rved  unde r  cer ta in  condi t ions.  These  were  (i) 
the p resence  of  o x y g e n  dur ing  the  prepara t ive  stage of  
the self-act ivated phosphors ,  and (ii) in ZnS,  the  absence  
of  copper  impur i t ies  which  d i s t inguished  these  cells f rom 
conven t iona l  ac p o w d e r  cells. 

Origin of post-field recombination peaks.--Oxygen is 
be l i eved  to p roduce  deep  traps,  of  at least  0.3 eV (20), in 
self-act ivated ZnS,  t rapping  a p ropor t ion  of  the  excess  
e lec t rons  p r o d u c e d  dur ing  a dc pulse.  An  exp lana t ion  of  
the  profi le and  t empera tu re  d e p e n d e n c e  o f  peaks  A and 
B in ZnS:C1 and ZnS:Ag,C1, by as suming  that  these  peaks  
represen t  the  r ecombina t ions  of C1 donor  bound  e lec t rons  
wi th  the  (Vz. - Cls) ~ and Ag neutra l  accep tor  centers  as 
e lec t rons  are re leased f rom traps, predic ts  the  wrong  tem- 
pera tu re  d e p e n d e n c e  for rB. The  va lue  for the  delay wou ld  
be  e x p e c t e d  to increase as the  t empera tu re  falls and the  
rate of  e lec t ron  release f rom traps slows. In  pract ice,  ~B is 
found  to decrease  f rom typical ly  10-15 ~s at 300 K to ca. 2 
~s at 100 K. This character is t ic  appears  to be  genera l  for 
p o w d e r  D C E L  panels  s ince it is seen in Ag-doped  phos-  
phors  as wel l  as self-act ivated phosphors .  Ano the r  charac-  
ter is t ic  wh ich  needs  to be exp la ined  is the  lack of  depend-  
ence  of  the  rise and  decay of  peak  B on the  exc i ta t ion  
in tens i ty  as the  cur ren t  or  the  pu l se  l eng th  is increased.  
This  sugges ts  that  b imolecu la r  k inet ics  are not  fo l lowed 
in the  early stages of  the recombina t ion ,  ~mplying that  in 
the  r ecombina t ion  zone the concen t ra t ion  of  neut ra l  ac- 
ceptors  or e lec t rons  (free or  in shal low donors)  fS effectiv- 
ely constant .  

E lec t rons  are the  more  mobi le  carriers in c o m p e n s a t e d  
Z n S  and, in an a l ternat ive  m o d e  for peak  B out l ined  in 
Ref. (10) fol lowing remova l  of  the  appl ied  field electrons,  
are cons ide red  as diffusing back  to posi t ive  donor  sites 
f rom shal low traps or surface sites concen t ra ted  at the  an- 
ode. However ,  in order  to reconci le  di f fus ion over  a dis- 
t ance  of  10-dm (the fo rmed  layer) wi th  a r e combina t i on  
m a x i m u m  of ca. 10-Ss, the  e lectron mobi l i ty  m u s t  be  
lower  than  the  l i tera ture  va lue  o f  ca. 10 -~ m S V s- '  (25) by  
several  orders  of  magni tude .  Such  a t rap : l imi ted  va lue  
wou ld  again resul t  in the  wrong  t empera tu re  d e p e n d e n c e  
of  TB. 

Recen t  m e a s u r e m e n t s  of  the  tail of  the  decay  curve  of 
peak  B in some ZnS:C1 cells do show a t -1~ d e p e n d e n c e  
over  part  of  the  decay  curve  (Fig. 10), bu t  it also appears  
that  o ther  processes  are rate de te rmin ing  at d i f ferent  re- 
gions of  the  decay. This  area is now rece iv ing  fur ther  
s tudy.  

The  r ecombina t ion  m a x i m u m  of  peak  B is more  closely 
co inc iden t  wi th  the  d i scharged  capac i tance  spike  as mea- 
sured by a test  res is tor  in series wi th  the  cell. The decay  
t ime  of  the  d ischarging spike is of  the order  o f  10-%, and 
Abdal la  has  po in ted  out  that  a D C E L  p o w d e r  cell  has  a 
d ischarge  t ime  given by C x R, whe re  C is the  capac i tance  
of  the  fo rmed  layer and R is the  res is tance of  the  un- 
fo rmed  Cu-coated ZnS,  wh ich  acts as a d i s t r ibu ted  series 
res is tance (26). Values ob ta ined  for C and R for tes t  areas 
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Fig. 10. Time dependence of the decay of electroluminescence in 
peak B, 100/~s pulse width, ZnS:CI, formed to 80V. Curve A: 6SV ap- 
plied voltage. Curve B: 80V applied voltage. Curve C: IOOV applied 
voltage. 

in  ZnC:C1 a n d  Z n S e : B r  pane l s  are typ ica l ly  0.5-1.5 n F  a n d  
10~-104~2, r espec t ive ly ,  g iv ing  c a p a c i t a n c e  sp ikes  w i t h  de- 
cay  t i m e s  of  t h e  o rde r  of  0.5-15 us,  so t h a t  t he  m o v e m e n t  
of  sha l l ow  t r a p p e d  e l ec t rons  b a c k  to ion ized  d o n o r  leve ls  
as t he  po la r i za t ion  decays  is d e p e n d e n t  u p o n  t h e  d is t r ib-  
u t e d  r e s i s t a n c e  of  t he  u n f o r m e d  r eg ion  of  t h e  cell. Th i s  
g ives  b e t t e r  a g r e e m e n t  w i t h  o b s e r v e d  va lues  of  rB t h a n  
t h e  m o d e l s  g iven  above .  I t  w o u l d  also e x p l a i n  t he  fall in  
zB as t h e  c a p a c i t a n c e  of  t h e  Cu- dep l e t ed  layer  falls d u r i n g  
t h e  f o r m i n g  process .  T h e  f o r m e d  zone  g radua l ly  i nc r ea se s  
in  wid th ,  r e d u c i n g  C, b u t  w i t h o u t  s ign i f ican t ly  a f fec t ing  
R, s ince  t he  f o r m e d  layer  is on ly  3% of  t he  to ta l  t h i c k n e s s  
of  t he  p o w d e r  layer.  I n  Fig. 11, o b s e r v e d  va lues  zB are  
p l o t t e d  aga in s t  va lues  of  t he  p r o d u c t  C x R t a k e n  f r o m  
severa l  ZnS:C1 a n d  Z n S e : B r  cells w i t h o u t  a n o d i c  
i n s u l a t i n g  films. Th i s  is a w e a k  b u t  a p p a r e n t  co r r e l a t i on  
w i t h  t he  TB = C • R l ine  ac t ing  as a b o u n d a r y  l imi t  to t he  
s p r e a d  of  resul ts .  T h e  t e m p e r a t u r e  d e p e n d e n c e  of  R~ is 
c o m p l e x , '  b u t  t h e  in i t ia l  dec rea se  in  R~ as t h e  t e m p e r a t u r e  
is r e d u c e d  b e l o w  300 K is c o n s i s t e n t  w i t h  t h e  in i t ia l  r ap id  
fall  s h o w n  in  Fig. 6. 

P e a k  A is no t  a f fec ted  b y  t he  c h a n g e  in Rs a n d  t h e  t em-  
p e r a t u r e  d e p e n d e n c e  obse rved ,  w h i c h  is a m o v e  to 
g rea t e r  rB va lues  as T decreases ,  agrees  w i t h  t h a t  e x p e c t e d  
i f  r e c o m b i n a t i o n  fol lows t h e  re lease  of  t r a p p e d  carr iers .  

Role of copper centers.--The role  of  c o p p e r  is also of  in- 
t e r e s t  for  a n y  e v e n t u a l  p rac t i ca l  u t i l i za t ion  of  t h e s e  ef- 
fects.  T h e  low field r e c o m b i n a t i o n  peaks ,  w h i c h  are  read-  
i ly n o t i c e d  in  se l f -ac t iva ted  Z n S  a n d  Z n S e ,  a re  m u c h  less  
p r o m i n e n t  in  C u - d o p e d  ZnS .  

A n o t h e r  d i f f e rence  is t h a t  p e a k  A is m o r e  p r o m i n e n t  
t h a n  p e a k  B a t  r o o m  t e m p e r a t u r e  in  C u - d o p e d  Z n S  t h a n  
in  ZnSe:C1. The  eff ic iency of  e m i s s i o n  t h r o u g h  t he  Cu 
c e n t e r  is m u c h  lower  t h a n  t h a t  of  t he  S A  l u m i n e s c e n c e  in  
ZnS ,  b e i n g  10-3% (power  eff ic iency)  c o m p a r e d  to 2 x 
10-~% for t he  m o s t  eff ic ient  pane l s  so far  o b t a i n e d  w i t h  
ZnS:C1, w h e r e a s  in  ZnSe ,  r e c o m b i n a t i o n  v ia  Cu- red  cen- 
te r s  a p p e a r s  f rom p r e l i m i n a r y  o b s e r v a t i o n s  to b e  m o r e  
ef f ic ient  t h a n  t h e  se l f -ac t iva ted  l u m i n e s c e n c e .  T h e  
res i s t iv i t i es  of  t h e  u n f o r m e d  pane l s  ( c o r r e s p o n d i n g  to Rs) 
are  gene ra l ly  l ower  for  Z n S : C u  p h o s p h o r  t h a n  for ZnS:C1 
p h o s p h o r  u n d e r  t h e  s a m e  p r o c e s s i n g  cond i t i ons :  t h i s  pre-  
s u m a b l y  a c c o u n t s  for  t he  d i f f e rence  in  rB. Howeve r ,  i t  
does  no t  e x p l a i n  d i rec t ly  the  lower  eff iciency.  

The  n a t u r e  of  t he  deep  Cu- re la ted  cen t e r s  in  I I -VI ' s  has  

1 The resistance of Cu-coated ZnS phosphor layers falls with 
decrease in temperature to reach a minimum at a temperature 
which varies between 150 K and room temperature, depending 
on the initial resistance and the degree of Cu uptake. 
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Fig. 11. ~B as a function of the capacitance of the formed layer, C, and 
the small signal resistance of the informed layer, R. Results from several 
panels of ZnS:CI and ZnSe:Br phosphors. 

r e c e n t l y  b e e n  t h e  s u b j e c t  of  seve ra l  i n v e s t i g a t i o n s  (17, 22, 
27), a n d  R o b b i n s  (22) h a s  p o i n t e d  ou t  d i f f e rences  in  t h e  
Cu c e n t e r  a m o n g  the  va r i ous  s e m i c o n d u c t o r s  of  th i s  
g roup .  Fo r  ZnS ,  t he  n e u t r a l  a c c e p t o r  i n v o l v e d  in t h e  G-Cu 
l u m i n e s c e n c e  is t h e  2T2 (d 9) s ta te  of  Cuz, ~+ w i t h  a sha l low 
ho le  s ta te  at  0.35-0.4 eV f rom the  v b  edge  due  to t h e  2E(d~) 
state.  In  ZnSe ,  t he  Cu level  in  t h e  gap  ha s  t he  conf igura-  
t ion  (dl~ e ho le  b o u n d  to a filled d 1~ core. T h e  l ower  
e f f ic iency  of  C u - d o p e d  Z n S  low field el c o m p a r e d  to t he  
S A  el or  t he  R-Cu l u m i n e s c e n c e  of  Z n S e  m a y  b e  r e l a t ed  
to t h e  g rea t e r  p r o b a b i l i t y  of  e l ec t ron  r e c o m b i n a t i o n  in  
Z n S  v ia  t h e  E(d 9) state.  In  Z n S e : C u , B r  t he  e f fec t  of  cop-  
pe r  is to i nc rease  overal l  r ed  e m i s s i o n  (620-650 n m )  b y  
r e c o m b i n a t i o n  at  t he  Cu center ,  a n d  in t h e s e  p h o s p h o r s ,  
t he  r e p o r t e d  a c c e p t o r  i on iza t ion  ene rg i e s  of  Cu  a n d  S A  
cen t e r s  a re  s imi lar ,  0.6 eV (14, 28). The  r e d u c t i o n  in  S A  
r e c o m b i n a t i o n  l u m i n e s c e n c e  by  Li, w h i c h  ac ts  as a shal-  
low a c c e p t o r  in  Z n S  w i t h  an  ion iza t ion  e n e r g y  of  ca. 30 
meV,  m a y  also invo lve  a s imi la r  m e c h a n i s m .  

Practical output.--The h i g h e s t  p o w e r  eff iciency:  
10-2%, was  f o u n d  w i t h  Cl -doped  ZnS ,  a n d  c o r r e s p o n d s  to 
t he  l ower  r a n g e  of  ef f ic iencies  f o u n d  in  Z n S : M n  D C E L  
p o w d e r  pane ls .  In  p rac t i ca l  t e rms ,  a b r i g h t n e s s  of  20 F t .L  
at  4% d u t y  cycle  for b lue  SA e l e c t r o l u m i n e s c e n c e  was  
f o u n d  for  a ZnS:C1 p a n e l  w i t h  a YF~ i n s u l a t i n g  fi lm on  
t he  anode .  Genera l ly ,  a n  i m p r o v e m e n t  in  e f f ic iency  was  
n o t e d  w i t h  t h e  p r e s e n c e  of  an  i n s u l a t i n g  fi lm on  t h e  an- 
ode,  b u t  no  sys t ema t i c  i n v e s t i g a t i o n  ha s  ge t  b e e n  ca r r i ed  
out.  I n  ac t h i n  fi lm panels ,  Marel lo  a n d  co l l eagues  f o u n d  
t h a t  t he  b lue  l u m i n e s c e n c e  of  a Z n S : A g  film was  m u c h  
w e a k e r  t h a n  t h a t  of  M n  e m i s s i o n  (29), b u t  i t  is no t  re- 
p o r t e d  t h a t  t he  A g - d o p e d  fi lms we re  op t imized .  I f  t he  
t e m p o r a r i l y  t r a p p e d  c h a r g e  can  be  he ld  in  t h e  f o r m e d  
layer  l ong  e n o u g h  for r e c o m b i n a t i o n  to t a k e  place,  t h e n  
th i s  t y p e  of  e x c i t a t i o n  of  p h o s p h o r s  s h o u l d  lead  to mul t i -  
co lor  el p a n e l s  of  s imi la r  d e s i g n  to the  Z n S : M n  p o w d e r  
D C E L  panels .  

M a n u s c r i p t  s u b m i t t e d  Nov. 28, 1983; r ev i s ed  m a n u -  
sc r ip t  r e ce ived  Feb .  6, 1984. 
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Reproducible "Leaky Tube" Diffusion of Zinc into GaAs with 
Submicron Junction Depths 

R. J. Roedel, J. L. Edwards, A. Righter, P. Holm, and H. Erkaya 
Center for Solid State Electronics, Arizona State University, Tempe, Arizona 85287 

The diffusion of zinc into GaAs and other III-V semi- 
conductors to produce p-type layers remains a common 
procedure in compound semiconductor processing. It has 
been used in the fabrication of light-emitting diodes (1), 
injection lasers (2), optical waveguides (3), and other 
structures. In general, these devices require junct ion 
depths of the order of 1-5 ~m, and the technique most of- 
ten used to obtain these "deep" diffusions is the "closed 
tube" process, in which an evacuated quartz ampul con- 
taining the GaAs wafer and the zinc source is placed 
in the diffusion furnace. However, there are several appli- 
cations in which very shallow (<1 ~m) p§ layers are quite 
desirable. These include tunnel diode-transition regions 
in cascade solar cells, the emitter regions of GaAs photo- 
voltaic devices, the gate regions of GaAs J F E T  structures, 
and ohmic contact areas. Ion implantation of Zn, Mg, or 
Be has been used to produce very shallow p-type layers in 
GaAs. Troeger et al. (4) have reported the fabrication of 
triply implanted E-JFET's  in which both n-type implants 
and the p-type (Mg) implant are less than 1 ~m deep. Ka- 
sahara et al. (5, 6) have used Zn ion implantation for the 
construction of shallow ( -  0.2 ~m) p-type gate regions of 
GaAs JFET's .  However, problems have remained with 
p-type ion implantation into GaAs. The p-type implanta- 
tion has been reported to produce p-i-n, rather than p-n, 
junctions by several authors (7, 8). Additional complica- 
tions include low activation of the implanted species (5), 
drastic redistribution of the implanted ions during ther- 
mal annealing (6), and an incomplete knowledge of the re- 
sidual lattice damage after annealing. However recent 
work by Taira et al. (9) ana Kasahara et al. (10) shows that 
dual implantation of Zn and As can be used to produce 
Zn profiles that closely match those predicted by the 
LSS theory. 

In this paper, we wish to report that thermal diffusion 
of Zn can be used to fabricate extremely shallow p+ lay- 
ers in a very reproducible manner, with carrier concentra- 
tions as high as 1.8 x 10 ~~ cm -~. 

In our laboratory, we employ the so-called "leaky tube" 
diffusion technique, which is a variation of the the "box"  
diffusion process described by Tuck (11) and Spring- 
thorpe and Svilans (12). A schematic of the leaky tube dif- 
fusion system is shown in Fig. (1). The leaky tube appara- 
tus consists of a normal open-tube furnace system that 
contains a quartz liner sealed at one end. Ultrapure he- 
lium can be passed through the outer open tube, or 
through the liner with the aid of a small purge tube. Dur- 
ing diffusion, the He flow through the liner can be halted 
so that a stagnant, inert ambient can be established in the 
diffusion zone. The quartz boat holds GaAs samples hori- 
zontally and can accommodate four 2 in. wafers; in addi- 
tion, it holds a quartz crucible containing 30g of elemen- 
tal zinc of 6N purity. In the diffusion zone, a small tem- 
perature gradient ( -  4~ is maintained along the boat to 
prevent  Zn condensation on the wafers. 

A series of n-type GaAs wafers [ND -- 1 x 10 TM cm -~, (001) 
orientation] were diffused for times varying between 5 
and 30 min at a temperature of 60ffC. Figure 2 shows the 
junction depth vs. square root time for these diffusions, 
and the linear form of this plot indicates that the diffusion 
is "well behaved," i.e., predictable. The line does not go 
through the origin. This reflects an "incubation" period 
of approximately 1 rain; before this time, diffusion 
does not take place. The junction depth was first deter- 
mined by staining cleaved samples in a dilute solution of 
KOH and K3Fe(CN)6 in water for 5s. None of the diffusion 
showed two diffusion "stain lines," but this was expected, 
as the intrinsic carrier concentration at the diffusion tern- 
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Fig. 1. Schematic of the leaky 
tube diffusion system. 

Fig. 2. Junction depth vs. square 
root of diffusion time for the leaky 
tube diffusion of zinc into (001) 
GaAs at 600~ 

perature (ni - 1.4 x 1016 c m  -3) is lower than the back- 
ground doping. These junction depths were confirmed 
independently using electrochemical profiling tech- 
niques. All of the diffused samples were coated with a 50~ 
sputtered-SiO2 film prior to diffusion. As described else- 
where (14), the thin SiO2 coating prevents the thermal de- 
composit ion of the substrates during diffusion, but  allows 
the zinc to diffuse without attenuation. 

Figure 3 .contains photomicrographs of three typical 
cleaved and stained samples diffused with Zn at 600~ for 
5, 10, and 15 min. The junction depth of each is 0.22, 0.44, 
and 0.56 ~m, respectively. The uniformity of the junctions 
is quite noteworthy; across a 1.5 cm wafer, the deviation 
from planarity is not measurable. In a series of ten diffu- 
sions for 5 min at 600~ the average junction depth was 
0.22 ~m with a standard deviation of less than 4%. We at- 
tribute this remarkable reproducibility to the inherent 
stability and repeatability of the leaky tube diffusion 
apparatus. It should be noted that we also performed 
short duration diffusions at 600~ on GaAs wafers with- 
out the 504 SiO~ layer. The junction depths of the bare 
wafers were identical to their coated counterparts, but  the 
bare wafers subjected to diffusions longer than 15 min be- 
gan to show signs of surface erosion. 

After optical examination of the diffused substrates, 
electrical characterization was carried out. Wtih a four- 
point probe, the sheet resistance of the 5, 10, and 15 min 
diffused layers was found to be 95.8, 63.6, and 55.4 G/J3, 
respectively. These values correspond to average resistiv- 
ities of 2.21 x 1O -a, 2.80 x 10 -3 , and 3.10 x 10 -3 ~-cm, 
respectively. A modified electrochemical profiler (manu- 
factured by Polaron Instruments) was then used to mea- 

sure the electrically active zinc diffusion profiles. Figure 
4 shows the profiles of three samples diffused fo r  5, 10, 
and 15 min which did not have a SiO2 coating. It is very 
interesting to note that the 10 and 15 min samples show a 
carrier concentration peak near the surface, followed by a 
plateau-like region, and finally a steep drop in concentra- 
tion as the junction is approached. The 5 min sample, 
however, shows only the peak and the steep drop-off, 
with the plateau region conspicuously absent. In fact, the 
slopes of the peak region and the drop-off region for all 
three samples are virtually identical. The appearance of 
the plateau region for diffusions 10 min or longer (and its 
absence beforehand) may indicate that a fundamental  
change in the zinc diffusion mechanism takes place in the 
first few minutes of diffusion. 

The formation of a peak in carrier concentration near 
the surface is almost certainly effected by the leaky tube 
diffusion tehnique. At the end of the diffusion cycle, the 
samples are not quenched and brought quickly to room 
temperature. Rather, the boat is pulled to the cold end of 
the diffusion furnace and is cooled slowly with an exter- 
nal fan. Thus, the wafers remain in contact with a warm 
boat for an extended period, and out-diffusion of the Zn 
from the surface occurs. The profiles in Fig. 5 corrobo- 
rate this explanation. Both samples in this figure were 
diffused for 5 min at 600~ but sample of curve a was 
covered with 504 of SiO2 and the sample of curve b was 
bare. B o t h  show the near-surface peak (in different loca- 
tions but  with the same height), and nearly identical drop- 
off regions. The presence of the SiO2 film on the sample 
of curve a effectively impedes the out-diffusion, and as a 
result the carrier peak is closer to the surface. 
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Fig. 3. Cleaved and stained GaAs samples after 600~ leaky tube Zn 
diffusion. A: 5 min, xj ~ 0.24/~m. B: 10 min, xj ~ 0.44/~m. C: 15 
min, xj = 0.56/~m. 

T he  p e a k  ca r r ie r  c o n c e n t r a t i o n  p r o d u c e d  b y  ou r  s h o r t  
d i f fus ion  cycles  was  as h i g h  as 1.8 • 102~ c m  -8. To t h e  
a u t h o r s '  k n o w l e d g e ,  th i s  c o n c e n t r a t i o n  is h i g h e r  t h a n  an y  
p r e v i o u s l y  r e p o r t e d  u s i n g  e i t he r  t h e r m a l  d i f fus ion  or ion  
i m p l a n t a t i o n .  A l t h o u g h  t h e s e  h i g h  c o n c e n t r a t i o n s  we re  
no t  c o r r o b o r a t e d  w i t h  a n o t h e r  d i f fe ren t ia l  t e c h n i q u e ,  
s u c h  as d i f fe ren t ia l  Hal l  m e a s u r e m e n t s ,  we h a v e  in te-  
g ra t ed  t h e  car r ie r  c o n c e n t r a t i o n s  f rom Fig. 4 in  t h e  
f o r m u l a  

~ =  

q fop(x)t%(x) dx 

to  ca l cu la t e  t h e  ave rage  res is t iv i ty .  We f ind for  t h e s e  
t h r e e  samples ,  p = 2.34 • 10 -3, 2.72 x 10 -3, a n d  3.06 x 10 -3 
g t - c m ,  for  t h e  5, 10, a n d  15 ra in  samples ,  r espec t ive ly .  
T h e s e  n u m b e r s  are w i t h i n  5% of  t h e  fou r -po in t  p r o b e  
m e a s u r e d  values .  We feel c o n f i d e n t  t h a t  t h e  ca r r i e r  con-  

Fig. 4. Carrier concentration 
profiles for GaAs samples after Zn 
diffusion at 600~ Curve a: 5 min. 
Curve b: 10 rain. Curve c: 15 min. 
All samples were without an SiO= 
coating. 
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Fig. 5. Carrier concentration 
profiles for GaAs samples after 15 
min Zn diffusion at  600~  Curve a: 
with 50A SiO.2 coating. Curve b: 
without SiO~. 

centrations, as measured by the Polaron apparatus, are 
accurate. 

In summary, we report that the leaky tube diffusion 
technique can be utilized to produce very shallow, heav- 
ily doped p-type GaAs layers on an extremely reproduc- 
ible basis. This repeatability is associated with the large 
quanti ty of source material and the stagnant ambient  in 
the diffusion zone: a stable and consistent zinc vapor en- 
vi ronment  is readily achieved from run to run. We feel 
that even shallower diffusions are possible, but  not by 
carrying out the diffusions at 600~ for durations less than 
5 rain. Rather, performing the diffusions at lower temper- 
atures (< 550~ for short durations should restrict the Zn 
penetration to depths < 0.1 ~m. Work is underway to ex- 
amine the depths, profiles, and characteristics of these 
lower temperature Zn diffusions. 
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Structure of Silver (100) and (111) Single-Crystal Surfaces 
Obtained by Chemical Polishing 
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In te res t  has been  increas ing  in the  inves t iga t ion  of  elec- 
t rochemica l  react ions  on s ingle-crystal  e lec t rode  surfaces 
[see, e.g., Ref. (1-7)]. E lec t rode  processes  hav ing  a pro- 
n o u n c e d  d e p e n d e n c e  on the  par t icular  s ingle-crystal  sur- 
face inc lude  hydrogen  adsorp t ion  (8-11), unde rpo ten t i a l  
depos i t ion  of  meta ls  (4), ox ida t ion  of  organic  molecu les  
(6), and oxygen  reduc t ion  (7). I nadequa te ly  charac ter ized  
s ingle-crystal  surfaces, however ,  m a y  lead to mis lead ing  
results.  Atomica l ly  flat, wel l -ordered  surfaces are needed  
in order  to obtain  mean ing fu l  data. Ul t rah igh  v a c u u m  
t echn iques  such as low energy  e lec t ron diffract ion 
(LEED), Auge r  e lec t ron spec t roscopy  (AES), and x-ray 
pho toe lec t ron  spec t roscopy  (XPS) can facil i tate the  char- 
acter izat ion of  such  surfaces and verif icat ion of  f r e edom 
f rom adsorbed  impuri t ies ,  bu t  these  t e chn iques  are ex 
situ. Elabora te  sys tems (8-11) have  been  deve loped  for 
p repar ing  and character iz ing s ingle-crystal  e lec t rode  sur- 
faces in u l t rahigh v a c u u m  and then  t ransfer r ing  t h e m  
into the  e lec t rochemica l  e n v i r o n m e n t  and vice  versa  un- 
der  condi t ions  des igned  to min imize  s t ructura l  changes  
and contamina t ion .  E x p e r i m e n t s  wi th  these  t ransfer  tech-  
niques,  however ,  are ve ry  t ime  c o n s u m i n g  and impose  
substant ia l  res t ra ints  on the types  of  e l ec t rochemica l  sys- 
t ems  that  can be s tudied  because  of  factors such  as the  
use of  comple te ly  volat i l izable electrolyt ic  solut ions  and 
thin- layer  cell  configurat ions.  

S o m e  e lec t rochemis ts ,  inc lud ing  one  of  the  au thors  
(R.A.), have  p repa red  s ingle-crystal  surfaces  o f  meta l s  by  
chemica l  me thods  and t h e n  p roceeded  to e x a m i n e  the  

* Electrochemical Society Student Member. 
** Electrochemical Society Honorary Member. 
1 Permanent address: Institute of Electrochemistry, ICTM and 
Center for Multidisciplinary Studies, University of Belgrade, 
Belgrade, Yugoslavia. 

Key words: LEED, silver single crystals, chemical polishing. 

e l ec t rochemica l  proper t ies  of  these  surfaces. This  work, 
however ,  has left  unanswered  the  ques t ion  of  the  qual i ty  
of  the  s ingle-crystal  surfaces. This  paper  presents  resul ts  
wh ich  demons t ra t e  that  chemica l  pol i sh ing  in the  in- 
s tance  of  si lver s ingle-crystal  e lec t rodes  can yield o rdered  
(100) and (111) surfaces, as j u d g e d  by LEED.  

S ingle  crystals of  Ag, 99.99% pure,  were  ob ta ined  f rom 
Metal  Crystals Limited,  Cambr idge ,  England.  They  were  
or ien ted  to bet ter  than  1 ~ mechan ica l ly  po l i shed  by 
s tandard  meta l lographic  t echn iques  wi th  d i amond  paste, 
gradual ly  decreas ing the  size of  the  grit  to 1 tLm. The  crys- 
tals were  fur ther  pol i shed  chemical ly ,  us ing p rocedures  
s imilar  to those  a l ready repor ted  (12). An  aqueous  solu- 
t ion of  30 v o l u m e  percen t  (v/o) of  H~O~ and a solut ion of  
21.5 g/1 of  NaCN were  m i x e d  in a 1:1 ratio for po l i sh ing  
the  A g ( l l l )  s ingle-crystal  surface. For  the  Ag(100) face, a 
lower  concen t ra t ion  of  20 v/o of H20~ was used.  The  crys- 
tals were  he ld  for 5s in these  solutions,  dur ing  which  t i m e  
v igorous  gas evo lu t ion  occurred.  They were  t aken  out, 
he ld  in air for 3s, and t ransferred into a solut ion of  37.5 g/1 
NaCN, where  gas evolu t ion  ceased.  After  washing,  the  
p rocedure  was repea ted  several  t imes,  in m o s t  ins tances  
in a fresh solut ion of H202 and NaCN unti l  a h igh ly  re- 
f lect ing surface  was obtained.  The  e lec t rode  surface  was 
then  tho rough ly  washed  in pure  water.  The  surface ob- 
ta ined  in this way  was p ro tec t ed  by  a d rop  of  pure  wate r  
and t ransfered  into the  U H V  prepara t ion  c h a m b e r  of  the  
L E E D - A E S - X P S  system, wh ich  has been  desc r ibed  in 
pr ior  publ ica t ions  (8, 9). The  water  drop  was then  
volat i l ized dur ing  the  p u m p  down.  

F igure  l a  shows the  L E E D  pat tern  f rom the  A g ( l l l )  
surface i m m e d i a t e l y  after in t roduc t ion  into the  U H V  
c h a m b e r  at 10 -1~ torr. This L E E D  pat tern  was ob ta ined  
wi thou t  c l ean ing  the  surface in the  v a c u u m  c h a m b e r  in 
any way. Nei ther  argon-ion sput te r ing  nor  t he rma l  an- 

Fig. 1. A (left): LEED pattern of chemically polished Ag (111) immediately after introduction to the vacuum chamber (no sputtering or thermal 
annealing). Primary beam energy: 47 eV. Exposure time: 3 min. F-stop: 1.4, Kodak Panatomic X film for all exposures. B (right): same as A after 
sputtering at 1.5 kV for 3 rain and thermally annealing at 600~ Primary beam energy: 45 eV. Exposure time: 30s. 
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Fig. 2. A (left): LEED pattern of chemically polished Ag (100) immediately after introduction to the vacuum chamber (no sputtering or thermal 
annealing). Curvature of the pattern is due to the sample's protruding inside the radius of the screen because of its unusually large size for the system. 
Primary beam energy: 48 eV. B (right): same as A after sputtering at 1.5 kV for 3 min and thermally annealing at 600~ Primary beam energy: 60 eV. 
Exposure time: 30s. 

nealing was used. Figure lb  shows the LEED pattern of 
chemically polished Ag( l l l )  after a single sputtering with 
an argon-ion gun (Varian Model 981-2043) for 3 min at 1.5 
kV and subsequent  radiative thermal annealing at ap- 
proximately 600~ The crystal reached this temperature 
in approximately 5 min and was allowed to cool to room 
temperature, which required about 20 min in vacuum. 
Analogously, Fig. 2a and 2b show LEED patterns of 
chemically polished Ag(100) before and after, respec- 
tively, UHV sputtering and annealing. 

For both the (111) and (100) crystal faces before UHV 
sputter cleaning, highly diffuse backgound and weak 
fractional-order spots are present in the LEED pattern, 
probably due to random and ordered impurity adsorption 
during transfer to the vacuum chamber. Auger electron 
spectra before sputtering indicate the main impurity to be 
carbonaceous. No nitrogen was detected in the AES, indi- 
cating no substantial amount  of CN- remained on the sur- 
face. The LEED spots are surprisingly well defined, indi- 
cating a high two-dimensional periodicity, although not 
as ordered as the UHV-cleaned and annealed surfaces. 
Voltammetry curves were also obtained in 0.1M HF in a 
thin-layer cell using a special ' transfer techniques (8, 9). 
Over the potential range -0.1-0.45V vs. RHE, voltam- 
metry curves were generally featureless. 

These data demonstrate that chemical polishing can 
yield silver single-crystal surfaces of high enough quality 
to produce LEED patterns. This is of great importance for 
.studies of these surfaces outside UHV systems. 
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ABSTRACT 

Complex redox pathways, like H-atom transfer, hydride transfer, or O-atom transfer, appear in the chemistry of 
polypyridyl complexes of ruthenium and osmium. These pathways provide a basis for the known activities of the com- 
plexes as electrocatalysts in the oxidation of organics, the interconversion of nitrite and ammonia, the oxidation of water 
to oxygen, the oxidation of C1- to C12, and the interconversion of nitrate and nitrite. 

One-electron transfer processes, whether to or from an 
electrode surface, or between two reactants in solution, 
are becoming well-defined processes chemically (1, 2). 
An extensive theoretical background is available based 
on the pioneering work of Marcus (3), Levich and 
Dogonadze (4), and Hush (5b), and more recently based 
on quantum mechanics and t ime-dependent  perturbation 
theory (6-10). The theoretical work has been extended to 
optical electron transfer (5). The successful interplay be- 
tween theory and exper iment  in this area promises to 
lead to a series of advances in other areas; for example, to 
an understanding of electron transfer in biological sys- 
tems, to an understanding of and ability to control photo- 
chemical and photophysical events, and to the possible 
design of devices based on the electron transfer proper- 
ties of chemical sites in films or in polymers. 

Notwithstanding our success at comprehending and 
manipulat ing one-electron transfer events, there are addi- 
tional classes of redox pathways-hydrogen atom transfer, 
hydride transfer, O-atom transfer, etc.-which are far more 
complex and which present formidable challenges both 
from the mechanistic and theoretical points of view. Al- 
though more difficult to study, the potential rewards in 
learning to control such pathways are considerable. They 
appear to lie at the heart of some significant redox trans- 
formations in both organic and inorganic chemistry, and 
knowledge of their details could lead to the systematic 
development  of new families of catalytic reagents. 

The themes here are to develop in preliminary detail 
some of the issues involved in complex redox pathways, 
to turn to identification of such pathways based on a 
closely related series of redox reagents, and, finally, to 
show how even at this early stage of development  it is 
possible to use such findings to develop potentially use- 
ful catalytic reagents for carrying out redox transforma- 
tions that are electochemically driven. 

Mechanistic Implications 
In order to understand why complex redox pathways 

such as hydride transfer might  appear and what factors 
could lead to the determination of which pathway pro- 
vides the lowest energy alternative for a given transfor- 
mation, it is useful to consider the energetics of two illus- 
trative reactions, one organic and one inorganic. As 
summarized in Scheme 1, the first case considered is the 
oxidation of ethanol to acetaldehyde. 

Mechanistic 
Pathway 

4 + 
_CH3CH2OH" + e electron transfer 

~ 3  +0.95 H-atom 
( le-)  

CH3CHOH + e + H + 

CH3CH20H ~ 

(2e~)~CH3C.H + 2e + H + Hydride transfer 

Ctt3~H + 2e + 2H + +0.17 Hydride/proton 
transfer  

Scheme 1 

(le-) +2H +) 
+e 

NO 3- 

+3H +) 
(2e-) +2e- 

NO 2 + H20 

HONO + H20 

Scheme 2 

Ea~V 
-0.79 

-1.07 

Four distinct pathways are considered in Scheme 1, and 
they are divided into one-electron (3 and 4) and two- 
electron (1 and 2) cases. Although other pathways could 
have been considered, the ones shown here have all been 
suggested to have an important  role in the oxidation 
chemistry of ethanol, except perhaps for 1. Energetically, 
the most desirable pathways are those involving two- 
electron transfer steps and the immediate formation of 
the two-electron product. There is an additional advan- 
tage in that the two-electron pathways avoid high energy, 
one-electron intermediates. This is important from the 
synthetic point of view because one-electron, radical in- 
termediates often have indiscriminate chemistries, which 
can lead to a lack of selectivity, and control of the reac- 
tion products can be lost if they appear. 

From the mechanistic point of view, one-electron steps 
are appealing since the demands that they place on a 
chemical oxidant are relatively simple. The simplest case 
of all is outer-sphere electron transfer (reaction 4 in 
Scheme 1), which, although energetically costly, is rela- 
tively simple from the viewpoint  of mechanistic demand. 
All that is required is electronic coupling between the 
chemical oxidant and the reducing agent and a reasona- 
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ble Boltzmann population of those vibrational levels 
which interconvert the reactant and product structures. 
Once formed, the ethanol radical cation would quickly 
undergo a series of proton-electron losses 

-H + -H +,-e- 
CHsCH2OH + ~ CHsCHOH CH3CHO 

to give the final product, acetaldehyde. 
Although relatively easy to achieve from the mechanis- 

tic point of view, a simple one-electron transfer step has a 
costly energy demand. In order to achieve a significant 
reaction rate, a reasonably strong oxidizing agent is re- 
quired because of the instability of the radical cationic 
intermediate. 
Reaction 3 in Scheme 1 is a slightly more complex, but 

less energetically demanding pathway. It also involves 
one-electron transfer, but now with the simultaneous loss 
of both a proton and an electron from ethanol to give the 
intermediate radical with a proton complement fitting to 
the pH conditions of the medium. The mechanistic de- 
mands imposed by a hydrogen atom transfer pathway are 
more severe. Electronic coupling must occur between the 
reducing and oxidizing agents, and, in addition, there 
must be an aceeptor site on the oxidant for the trans- 
ferred proton. The combination of electronic and vibra- 
tional coupling needed to meet the demands of the 
pathway leads to a significant increase in molecular 
complexity. 
The advantages of the two-electron steps are clear, but 

they are achieved at the cost of a further increase in mo- 
lecular complexity. For the hydride transfer pathway, re- 
action 2 in Scheme i, it is necessary to have not only an 
electron aeceptor and a proton acceptor site on the 
oxidant at the same time, but, in iddition, the acceptor 
must have a two-electron capability. The savings in en- 
ergy and the gain in specificity can be had only at the 
cost of a greater challenge at the mechanistic level. 
Perhaps the ideal pathway for carrying out the oxida- 

tion of ethanol is that shown in reaction 1 of Scheme I, 
which involves a hybrid of both hydride transfer and pro- 
ton transfer. The advantage of pathway 1 is that it creates 
the product in its equilibrium structure with regard to 
electron and proton content. However, the demands now 
placed on the oxidant are quite fancy indeed. In a con- 
certed step, it must accept a coupled proton-electron pair 
(a hydride ion) and an additional proton. Impossible? We 
will, in a moment, find reagents which appear to come 
close. 
The inorganic example shown in Scheme 2 is the reduc- 

tion of nitrate ion to nitrite. Once again, there is a clear 
energetic advantage in favor of the two-electron step. 
However, as is often the case for inorganics when com- 
pared to organics, the advantage is far less dramatic be- 
cause of a lesser relative instability for intermediate radi- 
cals. This is an important point mechanistically since 
facile one-electron pathways could appear for inorganic 
substrates: we will see just such a case later in the reduc- 
tion of nitrite ion to ammonia. 
Returning to Scheme 2, it is possible by inspection to 

begin to see mechanistic approaches for carrying out the 
reduction of nitrate. A traumatic change in structure must 
occur in that an oxide group must be lost on reduction. 
One approach to this problem mechanistically could in- 
volve an initial binding step 

L,MH20 ~+ + NOs- --> L,MONO~ <"-1>+ + H20 [1] 

If the metal site has an accessible higher oxidation state, 
two electrons removed and stabilized by bonding to an 
oxo group, a concerted two-electron step could occur 
involving synchronous breakage of the MO-NO2 bond and 
formation of the double bond component  of the metal 
oxo link (M = O). The net two-electron reaction would be 
of the oxygen atom transfer type, as shown in Eq. [2] 

L~MONO2 I~-I~+ ~ L~M = O "+ + NO~- [2] 

Higher Oxidation States of Polypyridyl Complexes of Ru 
and Os 

Having presented the case for the implied importance 
of multiple electron steps both mechanistically and in ca- 
talysis, the most difficult task remains: the identification 
of chemical systems having appropriate reactivity proper- 
ties. A likely place to look is in the polypyridyl chemistry 
of Ru and Os. An extensive background synthetic chem- 
istry exists for these complexes, based on the ligands, 
2,2'-bipyridine, 1, 10-phenanthroline, and their derivatives 

~ ' ~  ( b p y )  @ (phen) 

2,2 '-bipyrld:Lne 1,10-phenanthrollne 

Typical complexes of ruthenium and osmium containing 
these ligands have a high stability toward loss of ligands 
in both oxidation states II and IlI, and it is interesting to 
note that complexes like Ru(bpy)32§ have found extensive 
use as photosensitizers in energy conversion applications 
(11-14). 

A key feature in the redox chemistry of complexes of 
this type are cases where water is one of the bound 
ligands. For these complexes, the usual redox properties 
are complicated by the gain and loss of protons as shown 
by plots of E,~ vs. pH. As summarized in Scheme 3, the 
effect of oxidation of the aquo complex is enhanced acid- 
ity of the bound M-O-H protons, which accounts for the 
domains of pH-dependent  redox behavior. Of more inter- 
est is the appearance in electrochemical 

(trpy)(bpy)Ru=02+ 0.62 (trpy)(bpy)Ru_0H2+ 0.49 (trvy)(bpy)Ru_OH22+ 

(PKaffil.7) -II+][+H + -H+I[+H + (PKaffig.6) 

(trpy) (bpy) Ru0H22+ (trpy) (bpy) Ru0H + 
(trpy ~s 2,2',2"-terpyridine) 

Scheme 3 (E ~ values in V vs. SCE at pH 7) (15, 16) 

experiments of a higher oxidation state, Ru Iv. The poten- 
tial of the Ru *win couple also has a complex pH depend- 
ence, as suggested by Scheme 3. It is striking that the po- 
tentials for the Ru ~van and Ru nml couples are so close in 
value, since for related couples where there is no chance 
for proton gain or loss, e.g., Ru(bpy)~Cl~ 2+/+ 
Ru(bpy)=Cl2 +I~ the difference in potentials exceeds 1.6V. 
Based on thermodynamic arguments, the key to the stabi- 
lization of the higher oxidation state is proton loss and 
donation of the freed p-If oxygen electron density to the 
metal to form the M = O double bond. 
The accessibility of multiple higher oxidation states is a 

general feature of complexes of this type. It is important 
to realize that by making systematic variations in the 
ligands at the metal, a series of related redox reagents can 
be prepared and characterized where such features as re- 
duction potentials can be varied systematically. An ex- 
treme example of such behavior is shown in Scheme 4, 
which is a 

VI#0 2+ 0.65 V.O 2+ 0.49 I+0 2+ 
(bpY) 20S. 0 (bpY) 20s.OH (bpY) 2~s.0H 2 

0.40 ~II.0H 2+ 0.04 El 0H 2 2+ 
(bpy) 2us . OH 2 (bpy) 2us.~0H 2 

Scheme 4 (E ~ values in V vs. SCE at pH 4.0) (17) 

Latimer-type diagram interrelating oxidation states from 
Os(Vl) to Os(ll) in a coordinotion environment containing 
two bipyridine ligands. The redox potentials quoted in 
Scheme 4 are specified at pH 4 because there are com- 
plex variations in E,I~ with pH for all of the couples. The 
data in Scheme 4 clearly open up the possibility of having 
a series of redox couples with an implied capacity for 
multiple electron changes. The importance of the oxo 
groups in stabilizing higher oxidation states is rather dra- 
matic here, when it is realized that five different oxida- 
tion states of osmium, from II to Vl, can exist over a po- 
tential range of ~ 0.6V. 
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The availability of higher oxidation states is striking in 
itself, but it also has important implications for mecha- 
nism and catalysis. The various oxidation states are rea- 
sonably stable; in fact, the Os(VI) dioxo complex, 
(bpy)~Os(O)~ 2+, has been isolated and characterized. The 
higher oxidation states also have some of the features that 
appear to be demanded by the mechanistic pathways 
mentioned above. One of these features is the existence of 
two-electron couples like the Ru(IV)/(II) couple in 
Scheme 3, which occur at potentials very near those for 
the component  one-electron couples. The presence of the 
oxo group is important both in stabilizing higher oxida- 
tion states and mechanistically by providing an O atom 
transfer pathway, an initial lead-in site for attack on a 
substrate, or an acceptor site for a transferred proton in a 
hydride transfer. 

Coordinative stability is essential for catalysis and for 
the Ru and Os complexes the primary coordination geom- 
etries stay intact in the different oxidation states. Critical 
structural changes occur only at the oxo "active site." 
This is in contrast to more typical oxidants like CrO~ or 
MnO4-, where reduction leads at some stage to changes in 
coordination number  and composit ion (e. g., CrOJ 
Cr(H20)~"§ and it is usually quite difficult to make such 
systems catalytic. 

Electrocatalysis 
Before proceeding further into the chemical reactivity 

of the Ru and Os complexes, it is of value to consider how 
they might  be used as catalysts in electrocatalytic applica- 
tions. The principles involved are straightforward. They 
are illustrated in Scheme 5 for the hypothetical case 
where Ru(IV) is the active oxidant of a substrate S where 
the products of the reaction are Sox and Ru(II)-OH2. In 
the electrocatalytic schemes, the catalyst redox couple is 
oxidatively regenerated at the electrode in a net 
electrocatalytic "shuttle" mechanism. Two cases are 
shown in Scheme 5. One is an electrolysis cell, in which 

( f u e l  ce l l )  

H20 + 2H + 

2H + + ( t rpy)(bpy)Ru=O 2+ + S ~ ( t rpy)  (bpy)RuOH22+ + Sex 

2H+ (electrolysis) B2 

Scheme 5 

the oxidation of the catalyst to its oxidized form is 
accompanied by reduction of water to hydrogen. From an 
energy balance point of view, it is important to note that 
H2 is formed in the second cell compartment. Given the 
ready availability of oxygen in the air, electrocatalyses 
based on the Ru(IV)/Ru(II) couple in Scheme 5 occur with 
a near energy balance, assuming that the free energy 
stored in hydrogen as product could be recovered in an 
efficient hydrogen-oxygen fuel cell. 
In the second approach, the catalytic regeneration is 

shown as running spontaneously by utilizing oxidizing 
equivalents from an OJH~O electrode. Low overvoltage, 
high current density, practical OJH~O electrodes are not 
available. If the technology does evolve, such cells could 
combine two functions and operate as chemical synthesis 
fuel cells, where either organic or inorganic transforma- 
tions of interest could be carried out spontaneously with 
the production of an electrical current. 
We have successfully operated electrolysis cells based 

on the shuttle mechanism, but an additional design fea- 
ture must be taken into account. The shuttle mechanism 
has disadvantages arising from a requirement for rela- 
tively large amounts of catalytic material and from the 
difficulty of an added separation step at the end, one to 
recover the catalyst. A more sophisticated design feature 
involves the attachment of the redox sites directly to an 
electrode surface. In this configuration, catalyst demands 

are greatly decreased and the possibility exists for flow- 
through design. There is an extensive background chem- 
istry of this kind for the polypyridyl complexes, in which 
the electrode attachment is accomplished by adsorption 
of preformed polymers containing the redox sites, or by 
electropolymerization of appropriate complexes directly 
onto an electrode surface. This work has been reviewed 
elsewhere (18) and will not be of additional concern here. 

Oxidation of Organics 
The higher oxidation state oxo complexes of Ru men- 

tioned above undergo rapid reactions with a variety of or- 
ganic substrates. In some cases, the reactions have been 
investigated in detail either electrocatalytically or mecha- 
nistically, or both. A reaction which has been particularly 
well studied is the oxidation of isopropanol by Ru(IV) = 
O, as shown in Scheme 6. In the first step, a two-electron 
oxidation of isopropanol to acetone occurs along with the 
reduction of Ru(IV) to Ru(II) (19a). However, spectropho- 
tometric studies show that (trpy)(bpy)-RuOH 2+ is the ini- 
tial product. It appears because the comproportionation 
reaction in Eq. [4] is rapid compared to the intial oxida- 
tion of isopropanol. 

(~rpy)(bpy)RIV=02+ + (CH3)2CHOH .~ II 2+ (trpy)(bpy)Ru -OH 2 + (CH3)2C=0 ~3~ 

11 2+ (trpy) (hpy) RIVe02+ ----+ (trpy) (bpy) Ru -0H 2 + 

2(trpy) (bpy) RIulI-0H 2+ [4] 

2(l:rpy) (bpy)RIII-oH 2+ + (Clt3)2C~10H § 2(trpy)(bpy)RuII01t~ + + (CH3)2C0 [6] 

OH 
(trpy) (bpy)RIV-0 2+ + (6"H3)2CItf]H -~ [(trpy)(bpy)Ru-O...H.-.a~CH3 ]2+ 

CIt 3 
II + § fast 

(trpy) (bpy) Ru -0B , (CH3)2C=0,H 

(trpy) (bpy)Ru-0H~ + + (6213) 2C=0 

Scheme 6 

Following oxidation by Ru(IV), a slower reaction is ob- 
served in which isopropanol is oxidized by Ru(III) (Eq. 
[5]). The oxidation by Ru(III) is slower by - 400 at room 
temperature and occurs by an initial one-electron step to 
give the intermediate organic radical. 

A variety of experimental  facts are available for the oxi- 
dation of isopropanol by Ru(IV)=O: (i) The rate law is 
first order in both Ru(IV) and alcohol over a broad pH 
range with k(25 ~ = 0.07 M-is -1. (ii) An isotopic labeling 
experiment  shows that the oxo group is not transferred 
from Ru(IV) to the alcohol in the redox step. This is an 
important  point for catalytic design, since it suggests that 
the mechanistic details of the reaction involve a template 
step in which substitution at the metal is not required. 
The importance of this point is that for inert second- and 
third-row transition metal complexes, overall catalytic 
rates are often controlled by substitutional steps. A tem- 
plate mechanism avoids such pitfalls. (iii) Comparing rate 
constants between (CH3)~CHOH and its perdeutero 
analog, (CD3)2CDOD, shows that the H/D kinetic isotope 
effect is (kH/k,) ~ 18. The majority of the effect ( -  6) 
comes from the C-H bond adjacent to the hydroxyl group, 
which is not surprising, since it is the bond that is oxi- 
dized in the net reaction. 

The results of a variety of experiments are consistent 
with the mechanism shown in Eq. [6], in which a con- 
certed two-electron step occurs via a hydride transfer: It 
is interesting to note that even though Ru(IV)=O has ap- 
parently chosen to use a low energy, but complex, hy- 
dride transfer pathway, the initial products are formed 
with nonequil ibr ium proton contents, which is costly en- 
ergetically. Following the redox step, proton equil ibrium 
is achieved by rapid proton gain and loss steps to give the 
final products in their stable proton environments,  which 
are determined by the pH of the solution. It is interesting 
to speculate that if an additional site were added to the 
complex as a proton acceptor site, at a structurally appro- 
priate location, the proton composit ion di lemma might be 
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avoided, leading to the mechanism suggested by reaction 
[1] in Scheme t, in which both two electrons and two pro- 
tons are removed in a simultaneous step. 

Without discussing the details, the oxidation of 
isopropanol by Ru m also has some interesting features. 
From a combination of kinetic studies and kinetic isotope 
effects, it has been concluded that the oxidations occur 
by initial one-electron stePS, as shown in Eq. [7] and [8], 
but that there is a change in mechanism between outer- 
sphere electron transfer in water to H atom transfer in 
acetonitrile 

(trpy) (bpy)RuIII-0H 2+ + (C~3)2CHOH .---+ 
(water) 

( t rpy)  (bpy) R~II-O. + + (CH 3) 2C.0H +" [7] 

(t:rpy) (bpy)l~tlI-0. 2+ + (CH3)2~IOH 
(trpy)(bpy)Riui 0H22 + + (Clt3)2COH (acetonitrlle) [8] 

Detailed kinetic and mechanistic information is also 
available for the oxidation of C-H groups adjacent to aro- 
matic rings by Ru(IV) = O. Typical reactions are shown in 
Eq. [9]-[11], where the examples shown are solubilized ar- 
omatic hydrocarbons, which were convenient for kinetic 
studies in water (19b). It is interesting to note t h a t i n  con- 
trast to Ru(IV)=O, Ru(III) no longer undergoes reactions 
at a measurable rate. This is not too surprising, since Ru m 
is forced to behave as a one-electron oxidant, and the in- 
termediate aromatic hydrocarbon radicals are far tess sta- 
ble than, for example, radicals of secondary alcohols. 
However, it clearly points out the value of the accessibil- 
ity of two-electron pathways. Again, without elaborating 
on details, several interesting features have evolved from 
the aromatic oxidations: (i) the multiple electron reac- 
tions shown, for  example, in Eq. [10] and [11] occur via a 

2(trpy)(bpy)Ru~O 2+ + 02COC"(CH3)2 +H20 +H + 
OH 

2(:~y) (b~y) Ru-o. 2+ + -%c.~ii~)-~(%) 2 [9] 

4(trpy)(bpy)Ru=O 2+ + - O 2 C - ~ H 2 C f f  3 +B2 0 ~. 

0 
4(trpy) (bpy)Ru-OH 2+ + -02C"~r~'C-C"3 [1o] 

6(trpy) (bpy) Ru=O 2+ -02C~CH 3 +2H20 + 

6(t rpy)  (bpy)Ru-O" 2+ + -02C'<~)-CO 2- [ i  i ]  

series of consecutive two-electron steps. (ii) The example 
in Eq. [1O] is illustrative of a clear element of selectivity in 
the preference for oxidation of C-H groups adjacent 
rather than remote to the aromatic ring. (iii) In the initial 
hydrocarbon oxidation step in Eq. [9], an oxygen atom 
must be derived from an external source in order to 
satisfy the compositional demands of the products. The 
results of kinetic and mechanistic studies suggest that the 
hydrocarbon oxidation occurs by a two-electron hydride 
transfer, Eq. [12], with the added feature that water or 

c,H3 

~y~ ~'~R~''~ <~))-~(%)2 'E(~-~(~,)~'~176 +"2~ c"3 [12] 

another nucleophile (Br-, t-BuOH) enters the rate law in a 
first-order fashion in acetonitrile (19b). 

Once again, it is worth noting that the oxo complex has 
chosen a relatively sophisticated pathway to carry out an 
oxidation, but the demands of the reaction products are 
not fully met  in that the proton contents of the initial 
products are not those at equilibrium. Here again, an im- 
provement  in catalyst design might be achieved by in- 
cluding a proton acceptor group at an appropriate site 
structurally. 

One of the striking features to arise IYom the oxidation 
of  aromatic hydrocarbons is the suggestion of an implied 

functional group selectivity based on rate-constant data. 
As an example, under equivalent conditions, oxidation of 
the hydrocarbon in Eq. [9] is faster by 200 than oxidation 
of isopropanol. This is a surprising turnabout in reactivity 
and suggests the possibility of developing selective 
oxidants based on kinetic selectivity. 

The major theme of the paragraphs above has been a 
discussion of mechanistic detail, but the same redox sys- 
tems have proven to be of value in electrocatalysis. Exam- 
ples of electrocatalytic oxidations based on the complex 
(trpy)(bpy)RuO ~+ in water or in mixed organic solvent/ 
water mixtures are shown in Eq. [13]-[16]. Some of the 
important 

- 2 ~ -  ~ cH3co2" [13] CH3CH2Ofl ~ CH3CSO _2H+ +H2 0 
O 

[14] 
-4H + 

~ ) -  C"3 -6e-+2-~20 " ~ -  CO 2 - [ 1 5 ]  

.5H + 

" s CH3 -6e- ~c~c, +2H~o ' "'c=c'c% [16] 
CO 2 - II i �9 -5.  + CO 2_ It 

features to emerge from this work are the following: (i) 
The reactions are all carried out at or slightly above room 
temperature using the electrochemical shuttle procedure 
in Scheme 5. (ii) The reactions are notable for the fact 
that they appear to be quantitiative within experimental  
error without the appearance of side-products. (iii) In 
multiple electron reactions like Eq. [14]-[16], the net pro- 
cesses involve a series of two-electron steps and in favora- 
ble cases intermediates, e.g., acetaldehyde in Eq. [13], 
build up, and, in fact, procedures can be developed for 
carrying out the selective oxidation of ethanol to acet- 
ylaldehyde (20). 

The Ru(IV) complex is not a universal catalyst. Under  
the relatively mild conditions of the electrocatalytic pro- 
cedure no, or at least slow, reactions occur with a number  
of organics including acetate ion, tertiary alcohols, al- 
kanes, or aromatic hydrocarbons. Finding that there are 
unreactive substrates represents a challenge to catalyst 
design. By preparing catalysts which are stronger 
oxidants and/or using more forcing conditions, it should  
be possible to find the conditions needed to oxidize any 
organic. 

Inorganics 
The Ru and Os complexes dealt with here have an 

equally interesting and revealing chemistry, both mecha- 
nistically and catalytically, in a series of important  inor- 
ganic redox reactions. As a first example, consider the 
oxidation of hydrogen peroxide by (bpy)2(py) Ru = 02% 
The steps that occur in the net reaction are shown in Eq. 
[17]. One reason 

(bpy)2 (py)Ruxv=o 2+ + H202 --~ (bpy)2 (py)Ru m -OHm++ 
HO2 ---> (bpy)2(py)Ru"OH22+ + 05 [17] 

for studying the reaction was the possibility of finding a 
hydride transfer pathway for the oxidation of hydrogen 
peroxide to oxygen, Eq. [18], given the apparent propen- 
sity of Ru(IV)=O to undergo two-electron transfer steps. 
Although the reaction may not appear to be of conse- 
quence in its own right, it could have important  implica- 
tions for the 

(bpY)2(py)RuW=O ~+ + H202 --~ (bpy)2(py)Ru"-OH 2+ + 
02+ H + [18] 

design of catalysts for the electrocatalytic reduction of ox- 
ygen to hydrogen peroxide based on microscopic reversi- 
bility. Nonetheless, it is clear from stopped-flow studies 
that the reaction occurs as shown in Eq. [17J-that is, 
through a series of two sequential one-electron steps. 
There is something quite extraordinary about the initial, 
relatively slow, one-electron step. At room temperature,  
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the rate constant for the reaction is k = 2.1 M='s - '  (2Y, ~ = 
0.1M), and the HID isotope effect is (kM2c/kD2o) = 22.1 -+ 0.6. 
The large H/D kinetic isotope effect indicates the exist- 
ence of a complex pathway which can best be described 
as a hydrogen-atom transfer. The reason for the appear- 
ance of such an elaborate pathway in a reaction of this 
kind is obvious when one considers the possibilities 
shown below. One-electron 

~ ( b p y ) 2 ( p y ) R u l I I o +  + H202 + 
(bpy) 2 (py) RulY=02+ + H202/'~ (bpy) 2 (py) RulIIoH2+ + H02 

transfer by pathway 2, while mechanistically simple, nec- 
essarily gives the initial products with nonequilibrium 
proton compositions. The energetic demands associated 
with creating a Ru m complex which is short a proton and 
a protonated perhydroxal radical are sufficient that this 
pathway is apparently noncompetitive. The large kinetic 
isotope effect signals the fact that pathway 2 is operative. 
The dilemma posed by proton composition in pathway 2 
is avoided in pathway I by the simultaneous transferral of 
both an electron and a proton from hydrogen peroxide to 
the oxidizing agent in a net H-atom transfer. 

Clear evidence has been obtained that the Ru redox 
couples can undergo multiple electron steps with inor- 
ganics. A case in point is the reversible interconversion of 
nitrate to nitrite. An initial experimental observation was 
that if (bpy)2(py)RuOH22+ is dissolved in nitric acid solu- 
tion, it is unstable and with time is oxidized to 
(bpy)2(py)RuOH 2+. The observation is remarkable when it 
is realized that apH I, AG ~ - 0 and that nitrate ion is com- 
monly used as the anionic component of "inert electro- 
lytes." Both the mechanistic and kinetic details of the 
interconversion between nitrate and nitrite have been in- 
vestigated in detail and the facts as they are now known 
are presented in Scheme 7 (22). 

kcal/mole 

II 2+ + NO+ 0.019M-Is-I~ (bpy)2(py)R u ON02 + H20 +2.0 (bpy) 2(py) R u OH 2 II + 
3" 0.51s -1 

+1..0 (bpy)2(py)RIuloNo2 + H + l '63xlO2bf-ls-1 (bpy)2(py)RIuVo 2+ + HONO 
"8.8xl02M-is -I 

-2 .5  (bpy)2(py)RuILG 2+ + (bpy)2(py)R~IOH 2+ 2" lx l05K' l s - I "  
"2.gxI03M-Is -I 

2 (bpy) 2 (PY) RIuIIc'tI2+ 

Scheme 7. (~ = O.1M; pH 2.0) 

In the overall mechanism, the initial step involves a sub- 
stitution in which NOa- displaces a water molecule in the 
inner coordination sphere to give an intermediate nitrato 
complex. The second step is the key one from the redox 
point of view, since in it the ion is literally stripped apart 
to give as products HONO and the Ru(IV)-oxo complex. 
Once again, the advantage of a multiple electron capabil- 
ity clearly emerges. In this case the pathway is O atom 
transfer, and its existence depends upon the accessibility 
of a higher oxidation state at the metal as well as the met- 
al's ability to bind the oxide ion as it is removed from the 
bound nitrate. It is ironic that by far the slowest process 
in the overall scheme is the initial substitution step, a sit- 
uation which is quite common for second- and third-row 
transition metal ions. With regard to the redox step, the 
rate constant for reduction of  nitrate once bound is 160 
M-Xs -' ,  showing that if the proper reactivity features are 
built into the redox reagent, nitrate can be reduced in a 
facile manner. 

The overall reduction of  nitrate to ammonia  is an im- 
portant process in plants. The nitrate to nitrite step de- 
scribed above is a mimic for a class of enzymes called ni- 
trate reductases. The next  step in plant metabolism, 
reduction of nitrite to ammonia, is carried out by the ni- 
trite reductase enzymes. The reduction of nitrite to am- 
monia is a net six-electron step (Eq. [19]), and the reaction 

demands are sufficiently formidable that at first glance 
it would seem unreasonable to think that a simple chemi- 
cal reagent could carry out the net transformation. In fact, 
when bound in Os and Ru complexes, the interconversion 

+6e-, + 7H + 
NO2- ) NHa [19] 

-2H20 
between nitrite and ammonia can be made reversible, and 
the results of a series of electrochemical studies have 
shown that the mechanism involves the one-electron 
steps, shown in Scheme 8 (23). 

(trpy)(bpy)RuN02 + 
5 

+I'120'-2H+ 1[ -H20'+2H+ 

(trpy)(bpy)RuNH32+ -6e-,+tt20,-5H+ (trpy)(bpy)RuNO 3+ 
I ~ +6e-,-H20,+SH+ 2 

- -II +'-II-- 
(trpy)(bpy)RuNl{33+ (trpy)(bpy)Rul~O 2+ 

9 4 

(trpy)(bpy)RuffiN'H 2+ (trpy)(bpy)RuNO 
s 5 

-e-,-H + ][+e-,+H + +H+Jt-H+ 
+H+ ,+e - ,-H20 

(trpy)(bpy)RuN 2+ ' (trpy) (bpy)RuNHO 2+ 
7 -R+ , - e -  ,+l'I20 " 6 

Scheme 8 

The existence of the series of reactions depends on a 
closely matched balance of redox levels between the 
metal and coordinated Iigands. In the reductive sense, the 
initial step is the interconversion of a metal nitro complex 
to the corresponding nitrosyl, which is vcell known chem- 
ically (24). Once the nitrosyl complex is formed, an initial 
one-electron reduction occurs at levels largely ~*(NO) in 
character. The second step also involves a one-electron 
reduction at the ligand but is irreversible because of  the 
subsequent  addition of a proton to give a new intermedi- 
ate in which an NHO group is bound to the metal. In the 
scheme, the consequences of the addition of a third elec- 
tron are notable. According to the scheme, at this point 
there is a crossing of  the sense of  the redox orbitals in- 
volved, and the redox chemistry is carried out by orbitals 
largely metal-based in character, to give a nitrido com- 
plex M(V)=-N as intermediate. The rest of the scheme and 
the nitrido ammonia conversion are relatively straight- 
forward. The four-electron intermediate, Ru(IV)=NH, 
contains a metal immine group and is an analog of the 
corresponding Ru(IV)-oxo complex. The intermediate has 
n o t  been isolated because it is inherently unstable in 
water, and reacts to give the corresponding hydroxyl- 
amine complex, with t,/~ ~ I00s at 25~ (Eq. [20]). Fur ther  
reduction of  the Ru(IV)-NH intermediate leads 

(trpy)(bpy)Ru Jv =NH 2+ 

t , l z  - 100s 
+ H20 , (trpy)(bpy)RuJ'NHcOH 2+ [20] 

to isolable Ru(III) and finally to Ru(II) complexes,  both 
of which contain coordinated ammonia. As suggested by 
the scheme, the reactions shown are reversible, at least 
for the complex shown, and can be driven in either direc- 
tion, depending on whether  the complexes are exposed to 
oxidizing or reducing conditions. 

The chemistry suggested by the reactions in Scheme 8 
appears to have general features as shown by the reac- 
tions in Eq. [21] and [22] 

+12e- 
cis'Ru(bpY)2(NO)(NO~)2+ + 12H +~ cis-Ru(bpy)2(NHa)22+ 

[21] 

+6e- 
Os(trpy)(bpy)NO a+ , Os(trpy)(bpy)(NH3) 2+ [22] 

+5H + 
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Howeve r ,  t h e  cata lyt ic  i n t e r c o n v e r s i o n  of  a m m o n i a  a n d  
n i t r i t e  b a s e d  on  the  Ru  a n d  Os c o m p l e x e s  suf fe rs  f rom 
the d i s a d v a n t a g e  of  t he i r  b e i n g  s u b s t i t u t i o n a l l y  iner t .  
Once  the  r e d o x  c h e m i s t r y  occurs ,  t he  r e d o x  p r o d u c t  is 
f i rmly b o u n d .  

I t  is pos s ib l e  to m a k e  the  n i t r i t e - t o - a m m o n i a  i n t e r con -  
ve r s i on  catalyt ic .  T he  key  is to t u r n  to t he  f i rs t - row t ran-  
s i t ion  m e t a l  congene r ,  i ron.  E lec t ro lys i s  of  a n  a q u e o u s  so- 
l u t i o n  containing nitrite in the presence of the water 
soluble iron tetraphenylporphine derivative, 
Fe(TPPS)(H20)22-, which contains -SO3- groups on the 
phenyl groups of the ligand, results in the electrocatalytic 
production of ammonia (23a). Although detailed mecha- 
nistic information isnot available for the catalyzed reac- 
tion, it seems reasonable to expect that the mechanism is 
related to that in Scheme 8 and involves initial binding of 
NO2-, acid-base equilibrium to give the nitrosyl, and re- 
duction of the bound ligand. The advantage of the iron 
porphyrin complex in catalytic applications is that at the 
end of the reduction process, the complex is labile and 
exchange of ammonia for nitrite can occur. It is interest- 
ing to note that it is thought that the active redox sites in 
the enzymatic systems for nitrite reduction are also based 
on iron porphyrin groups. It is conceivable that much of 
the enzyme function is a redox apparatus designed to 
bring redox equivalents to the active iron porphyrin site. 

Oxidation of Water to Oxygen 
I t  s h o u l d  b e  e v i d e n t  b y  n o w  t h a t  the  po l ypy r i dy l  com-  

p l e x e s  of  Ru  a n d  Os, w i t h  w h i c h  we began ,  are  e x t r e m e l y  
ve rsa t i l e  in  t he i r  r e d o x  p roper t i e s .  One  of  t he  m o s t  ap-  
pea l i ng  f ea tu r e s  is t h e  ava i lab i l i ty  of  v a r y i n g  r e d o x  po ten-  
t ials  t h r o u g h  sys t ema t i c  va r i a t i ons  in  s t ruc tu re .  In  t he  ap- 
p r o p r i a t e  c o o r d i n a t i o n  e n v i r o n m e n t ,  ox id iz ing  c o m p l e x e s  
are  acces s ib l e  w h i c h  h a v e  the  t h e r m o d y n a m i c  ab i l i ty  to 
a t t a c k  t h e  p r o b l e m  of t he  e lec t roca ta ly t i c  o x i d a t i o n  of  
w a t e r  to o x y g e n  or of  ch lo r ide  to ch lor ine .  T he  p r o b l e m  
of  w a t e r  o x i d a t i o n  is i m p o r t a n t  to t he  poss ib i l i ty  of  devel -  
o p i n g  pho toca t a ly t i c  s y s t e m s  for w a t e r  sp l i t t i ng  (H20 ---> 
H2 + 1/2 O~) a n d  also as t he  m i c r o s c o p i c  r eve r s e  of  a n  ex- 
t r e m e l y  i m p o r t a n t  fuel  cell  c o m p o n e n t ,  t he  r e d u c t i o n  of  
Os to H20. 

As can  b e  s een  f rom r eac t i on  [23], t he  m e c h a n i s t i c  de- 
m a n d s  i n h e r e n t  in  w a t e r  o x i d a t i o n  are, once  again,  r a t h e r  
fo rmidab le .  In  o rde r  to 

2H20 ~ O~ + 4H + + 4e E ~ = -1 .23V [23] 

ca r ry  ou t  t he  t r a n s f o r m a t i o n  at  the  t h e r m o d y n a m i c  po ten-  
t ial  for  t he  H20/O2 couple,  a b o n d  b e t w e e n  two  o x y g e n s  
m u s t  b e  fo rmed ,  a n d  four  p r o t o n s  a n d  four  e l ec t rons  lost. 
T h e r e  are  severe  ene rge t i c  p e n a l t i e s  i f  o t h e r  p a t h w a y s  are  
c h o s e n  b e c a u s e  of  the  i n s t ab i l i t y  of  i n t e r m e d i a t e  oxida-  
t ion  s ta tes  of  oxygen .  Fo r  example ,  in  1M acid,  t h e  po ten-  
t ial  for  t he  H20/OH coup le  is (25) 

H20 --> OH + H + + e E ~ = 2.82V [24] 

T h e  a p p r o a c h  we  h a v e  t a k e n  to a w a t e r  o x i d a t i o n  cata- 
lys t  is to t u r n  to a d i m er i c  s t ruc tu re ,  n a m e l y ,  (bpy)2(H~O)- 
RuORu(H20)(bpy)24+. T he  s t r u c t u r e  of  t he  d i m e r  ha s  b e e n  
d e t e r m i n e d  b y  x- ray  c rys ta l lography .  F r o m  t he  s t ruc tu re ,  
t he  R u O R u  l i nk  is b e n t  (165.4 ~ a n d  t h e  w a t e r  m o l e c u l e s  
a re  s l ight ly  c a n t e d  so t h a t  t he  w a t e r - w a t e r  s e p a r a t i o n  dis- 
t a n c e  is - 4.7A (26). T he  c o m p o s i t i o n  of  t h e  d i m e r  is obvi-  
ous ly  p r o m i s i n g  for w a t e r  o x i d a t i o n  in  t h a t  i t  c o n t a i n s  
two  l i n k e d  m e t a l  s i tes  a n d  two  b o u n d  w a t e r  m o l e c u l e s  
he ld  in  close p rox imi ty .  I n  fact,  w h e n  m o r e  t h a n  four  
e q u i v a l e n t s  of  a s t rong  o x i d a n t  l ike  Ce(IV) are  a d d e d  to 
a q u e o u s  so lu t ions  c o n t a i n i n g  t he  d imer ,  t he  cata lyt ic  oxi- 
d a t i o n  of  w a t e r  to o x y g e n  occu r s  (Eq. [25] (27). The  sys- 
t e m  w o r k s  ef fec t ive ly  as  a 

2H20 + 4Ce Iv ~ 4H + + O~ + 4Ce m 
[(bpy)2(H20)Ru]204+ 

[25] 
ca ta lys t  t h r o u g h  m a n y  t u r n o v e r s ,  a l t h o u g h  over  a n  ex-  
t e n d e d  p e r i o d  of  t ime,  t he  ca ta ly t ic  p r o p e r t i e s  of  t h e  sys- 
t e m  c a n  b e  los t  u n d e r  ce r t a in  cond i t ions .  

The  r e d o x  p r o p e r t i e s  of  t he  d i m e r  h a v e  b e e n  inves t i -  
g a t e d  b y  e l ec t rochemica l  t e c h n i q u e s  a n d  are  s u m m a r i z e d  
in S c h e m e  9 (26). The  ac tua l  p r o t o n  c o m p o s i t i o n s  of  t h e  
va r ious  d i m e r s  w h i c h  a p p e a r  t h e r e  d e p e n d  on  pH,  a n d  
t h e  r e a c t i o n  s h o w n  are  t h o s e  w h i c h  o c c u r  a t  p H  1. 

(bpy) 2RulII'O" RulII(bpy)24+ -e-  , (bpylgRIIIO~'RIV(bpy) 4+ [26] 
, , _ H  + ~ t , 

O H  2 OH 2 OH 2 OH 

(bpy)~R~ll'0"R~V(bpy)4+ -2e- . IV "0, V, . 4+ 
(bpy)pRu Ru~bpy) 2 [27] 

-, , - _2H + -, ,, 
Off 2 OH Off 0 

(bpy) ~RIV,O,RV(bpy) 4+ -e~ V "0" V 4+ 3 (bpy) ~Ru Ru(bpy) ~ [28]  
OH 0 0 0 

S c h e m e  9 

In  t he  in i t ia l  s tep,  one  e l ec t ron  a n d  one  p r o t o n  are los t  to 
give a fo rmal ly  Ru(II I ) -Ru(IV)  d imer .  T h e  ac tua l  desc r ip -  
t i on  of  o x i d a t i o n  s ta te  in  t he  d i m e r s  is c o m p l i c a t e d  b y  the  
e x i s t e n c e  of  s t r o n g  e lec t ron ic  c o u p l i n g  t h r o u g h  t he  br idg-  
ing  oxo g r o u p  (29). The  n e x t  s tage  is a two-e lec t ron ,  two-  
p r o t o n  s tep  g iv ing  a Ru(IV)-Ru(V) d imer .  T h e  a p p e a r a n c e  
of  a two-e l ec t ron  s tep  shows  t h a t  t he  Ru(IV)-Ru(IV)  d i m e r  
is nea r  to b e i n g  or is ac tua l ly  u n s t a b l e  w i t h  r e spec t  to 
d i s p r o p o r t i o n a t i o n .  U n d e r  s o m e  p H  cond i t ions ,  a n  addi-  
t i ona l  one -e l ec t ron  ox ida t i on  w a v e  can  be  obse rved .  Oxi- 
d a t i o n  pa s t  t h a t  wave  de l ive rs  t he  s y s t e m  to a s ta te  w h e r e  
t he  d i m e r  p r e s u m a b l y  c o n t a i n s  two c h e m i c a l l y  l i n k e d  
Ru(V) = O groups .  A l t h o u g h  i n f o r m a t i o n  pa s t  th i s  p o i n t  is 
no t  ye t  avai lable ,  we s u s p e c t  t h a t  t he  Ru(V)-Ru(V) fo rm is 
t he  ac t ive  ca ta lys t  in  t he  o x i d a t i o n  of  water ,  p e r h a p s  b y  
t he  fou r -e l ec t ron  s tep  s h o w n  in  Eq. [29] 

V, O" V 4+ III, 0, Ill. . 4+ 
(bpy)2,Ru Ru(bpy) 2 + 21120 ~ (bpy)2Ru Ru ~bpy,~ 2 + 0 z [29] 

0 O OH 2 OH 2 

It is i l l u m i n a t i n g  to t race  h o w  the  d imer i c  s y s t e m  ap- 
pea r s  to car ry  ou t  t he  o x i d a t i o n  of  w a t e r  to oxygen .  The  
n e t  ef fec t  of  Eq. [26]-[28] is t he  loss of  the  r equ i s i t e  num~ 
be r s  of  e l ec t rons  a n d  p ro tons  to a r r ive  at  t he  s t ruc tu re ,  
O ~ R u ( V ) O R u ( V ) = O .  I n  t h e  s t ruc tu re ,  two  oxo  g r o u p s  
are  h e l d  in  close p r o x i m i t y  in  a d imer i c  u n i t  w h e r e  four  
r e d o x  e q u i v a l e n t s  are  s to red  b e t w e e n  t he  two m e t a l  sites. 
The  wa te r - t o -oxygen  i n t e r c o n v e r s i o n  a p p e a r s  to be  qu i t e  
r ap id  u n d e r  ce r t a in  cond i t ions .  O n c e  again ,  t he  te l l ing  
p o i n t  he r e  is t h a t  i f  t r a n s i t i o n  m e t a l  r e d o x  r e a g e n t s  c an  be  
d e s i g n e d  w i t h  t he  n e e d s  of  a t a rge t  r e ac t i on  in m i n d ,  e v e n  
r eac t i ons  as c o m p l e x  as w a t e r  ox ida t i on  a n d  n i t r i t e  r educ -  
t i on  c a n  b e  ca r r i ed  ou t  in  a faci le  a n d  po t en t i a l l y  use fu l  
way. 

Oxidation of Chloride to Chlorine 
T h e  e l e c t r o c h e m i c a l  o x i d a t i o n  of C1- to C12 is a com-  

merc i a l ly  i m p o r t a n t  p roces s  w h i c h  is ca r r i ed  ou t  at  
c a r b o n - b a s e d  e lec t rodes ,  w h i c h  suf fer  f rom d e c o m p o s i -  
t ion,  or, m o r e  recent ly ,  a t  TiO~ e l ec t rodes  i m p r e g n a t e d  
w i t h  Ru.  RuO2 c o n t a i n i n g  e l ec t rodes  are  also eff ic ient  
ca ta lys t s  for  t he  o x i d a t i o n  of  w a t e r  to oxygen ,  a n d  g iven  
t h e  s t r u c t u r e s  of  s o m e  of  t h e  m e t a l  comt)le:~es d i s c u s s e d  
here ,  e x t e n s i o n s  of  t h e  ca ta ly t ic  c h e m i s t r y  to the  
e lec t roca ta ly t i c  ox ida t i on  of  ch lo r ide  to c h l o r i n e  s e e m  
p r o m i s i n g .  In  fact, we  h a v e  f o u n d  t h a t  a n u m b e r  of  h i g h  
o x i d a t i o n  state,  Ru-oxo  c o m p l e x e s  do ca ta lyze  the  oxida-  
t ion  of  ch lo r ide  to chlor ine .  Two s u c h  s y s t e m s  h a v e  b e e n  
s t ud i ed  in  detai l :  t h e  d imer i c  s y s t e m  d e s c r i b e d  in  t he  pre-  
v ious  sect ion,  a n d  t he  R u  w/~v coup le  s h o w n  in  Eq.  [30] (28). 
T h e  m o n o m e r i c  coup le  is pa r t  of  a l a rger  r e d o x  set, m u c h  
l ike t he  one  s h o w n  for the  o s m i u m  ana log  in  S c h e m e  4. 

(b) R vI~~ 2+ o 2+ 
PY 2 ~0 + 2e + 211 + --'~ (bpy)2R~V~ [30]  

O H  2 

In  t he  p r e s e n c e  of  e i t h e r  the  Ru(IV) c o m p l e x  s h o w n  in  
Eq.  [30] or t h e  d imer i c  c o m p l e x  s h o w n  in  Eq. [27], elec- 
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trolysis at carbon electrodes containing C1- leads to large 
catalytic currents and the production of chlorine, eq. [31] 

-2e -  
2C1- (bpy)2Ru~O)OHz2+~, C12 [31] 

o r  

[(bpy)2(OH2)Ru]204+ 

The results of catalytic, electrochemical, and spectral 
experiments  have revealed a number  of details concern- 
ing the catalyzed oxidations and the way the catalysts op- 
erate: (i) for both catalysts, catalytic lifetimes are limited 
by slow replacement  of water by chloride ion in the inner 
coordination spheres, Eq. [32], [33]. (ii) The monomeric  

�9 0H22+ +El- ," 0H2+ 
(bpy) 2 Ru x OH 2 -if20 + (bpy) 2Ru ~, C1 [32] 

(bpy)~Ru,0,Ru(bpy) 4+ +CI~ (bpy)~Ru,O,Ru(bpy) 4+ +<31- 

OH 2 OH CI OH 2 

(bpy) 2,Ru'O',Ru(bpy) 24+ [33] 
El C1 

system has an additional instability arising from slow oxi- 
dation of water by 2+ (bpy)2Ru(O)2 , which occurs with the 
concomitant  formation of an as-yet unidentified complex 
of Ru(III). (iii) It is clear from electrochemical studies 
that the active form of the dimer toward oxidation of 
chloride to chlorine is the Ru(IV)-Ru(V) dimer (Eq. [27]). 
This leads to an element  of selectivity since electrolyses 
at potentials sufficient to oxidize the Ru(III)-Ru(IV) 
dimer to the Ru(IV)~-Ru(V) dimer lead to the selective oxi- 
dation of C1- to C12 without the appearance of oxygen. (iv) 
The catalyst couples are pH dependent  in most pH re- 
gions, but the CIJC1- couple is pH independent  up to 
pH 3. As a consequence, it is possible to vary the overall 
driving force for the C1- ~ CI2 oxidation by simply vary- 
ing pH. (v) From pH variations, overvoltages for the cata- 
lyzed reactions are low since even when AG for the net re- 
action is as low as -0.07V, significant catalytic currents 
are still observed. (vi) A second point of note to arise from 
the pH dependence study is that in solutions more basic 
t han  pH 4, where chlorine exists largely as HOC1, or as 
OCI-, the electrocatalytic reaction can be run in the re- 
verse sense. Under  these conditions, chlorine as HOC1 
rapidly oxidizes the Ru(III)-Ru(IV) dimer to Ru(IV)-Ru(V) 
or the Ru(IV) monomer  to Ru(VI). For the dimer, this pro- 
vides a route to use chlorine as the oxidant in the chemi- 
cally catalyzed oxidation of water to oxygen. 

Although the catalytic systems described here for the 
oxidation of chloride to chlorine have their faults, the net 
chemistry is successful. This appears to be a case where it 
sl~ould be possible to devise "ideal catalysts" which are 
reactive and long-lived and which can be attached to elec- 
trode surfaces. 

A Mechanistic Summing-Up 
Three interwoven themes have been developed here. 

The first was a consideration of complex redox events 
and the demands they place on a reagent if it is to be ca- 
pable of carrying out complex redox transformatons at 
reasonable rates. The second was the existence of com- 
plex redox pathways in real chemical systems, and the 
third was the incorporation of the chemical systems into 
operating electrocatalytic systems. 

The chemical systems presented here are not, one 
would hope, the ultimate in catalyst design, but their 
properties are clearly encouraging. In the long run, these 
systems and others like them may fulfill a more impor- 
tant role in fundamental  chemistry. They may allow a 
complete tally to be made of the reactivity patterns inher- 
ent in redox reactions. In the context of the speculations 
about chemical  reactivity, it is interesting to note that 
even at this early stage at least six distinct redox 
pathways have been identified for the Ru complexes of 
interest here. Although the details of the various 
pathways may be debatable, all six are discernibly and 

definably different based on H/D kinetic isotope effects, 
rate laws, activation parameters, etc. The six pathways 
and examples of them are illustrated in Scheme 10. 

i. Outer Sphere: 

(bpy)2(py)RullloH 2+ + (CH3)2CHOH --*(bpy)2(py)RluloH + + (CH3)2CHOH + 

2. H-atom Transfer: 

(bpy)2(py)RulY=o 2+ + 14202 -+(bpy)2(pY)Rulll-oH 2§ + HO 2 

3. Hydride Transfer: 

(hpy) 2(py) RIuV=o 2+ + (CH3) 2CHOH --* (bpy) 2(py) RIuI-oH 2+ + (CH3) 2C=OH + 

4. Hydride Transfer - Nucleophilie Addition: 

(bpy)2(py)RulV=02+ + HCMe2Ph + H20 --~(bpy)2(py)RIul-oH + + + H2OCMe2Ph 

5. O-atom Transfer: 

(bpy) 2(py) RIV=o 2+ + NO 2- --~ (bpy) 2(py) RulI-o-No2 + 

6. Oxidative Coupling: 

__~.. - 11110 ~ III , 4+ (bpy) 2RV1 0, RVu(bpy)24+ + 2H20 ~.vpy)?RO Ru (bpy) 9 + 02 

0 0 0H 2 OH 2 

Scheme i0 

It is without question that other redox pathways will 
appear for these reagents as additional substrates are in- 
vestigated mechanistically. One of the most fascinating is- 
sues will be the attempt to unravel not only the details of 
the pathways, but to discover those factors leading to the 
most facile pathways for a given reaction. A combination 
of mechanistic studies with continued synthetic advances 
should lead to an extended family of catalysts for carry- 
ing out redox transformations in both organic and inor- 
ganic chemistry. 
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Molecular Ingredients of Heterogeneous Catalysis 
G. A. Somorjai and R. C. Yeates 

Materials and Molecular Research Division, Lawrence Berkeley Laboratory and Department of Chemistry, University of 
California, Berkeley, California, 94720 

ABSTRACT 

The purpose of this paper is to present a review and status report of the rapidly developing surface science of heter- 
ogeneous catalysis. We describe the experimental  results that identified three molecular ingredients of catalysis: (i) 
structure (ii) carbonaceous deposit, and (iii) the oxidation state of surface atoms. The hydrogenation of ethylene at both 
the gas-solid and liquid-solid interfaces is described. 

The explosively rapid development in surface science 
over the past 15 yr was concentrated on studies of the 
solid-gas and solid-vacuum interfaces. Electron, atom, 
and ion scattering techniques revealed the atomic struc- 
ture and composition at the surface (1). Many of these 
techniques that are frequently used in surface studies are 
listed in Table I. The same techniques could not be used 
to probe the solid-liquid interface. The high elastic and 
inelastic scattering cross sections that make these probes 
surface sensitive render them ineffective in studies of in- 
terfaces between two phases of high atomic densities. As 
a result, studies of solid-liquid interfaces were pursued by 
the use of an ultrahigh vacuum-liquid cell that permitted 
in situ investigations of electrochemical reactions and 
then the direct transfer of the electrode surface into ultra- 
high vacuum for analysis of the surface structure and 
composition (2). These cells are similar in design to the 
low pressure-high pressure cells developed in our labora- 
tory (3) for combined low pressure surface science and 
high pressure catalysis studies, and have been most valu- 
able in studies of plat inum electrodes and electro- 
catalysis. More recently, high intensity electromag- 
netic radiation emanating from lasers (4) or from the 
synchrotron (5) has been employed increasingly for stud- 
ies of the solid-liquid interface. Laser Raman spectros- 
copy, infrared ellipsometry, grazing angle x-ray scatter- 
ing, and Fourier transform infrared techniques are among 
those that hold great promise for in situ, molecular-level 
analysis of the solid-liquid interface. 

In  this paper, we shall review what has been learned 
about the atomic structure and composition of clean sur- 
faces from surface science studies of the solid-vacuum in- 
terface. We shall show the surface structures of a few or- 
ganic molecules that have been determined by combined 
LEED and HREELS studies. We shall then describe the 
model of the working metal catalyst surface as revealed 
by single-crystal studies primarily using plat inum sur- 
faces. We shall correlate what is known about the hydro- 
genation of ethylene, C~H4, that was studied over the 
P t ( l l l )  crystal face, both at the solid-liquid and solid-gas 

interfaces. Finally, we shall review what needs to be done, 
in our estimation, to accelerate the development of solid- 
liquid interface studies which are clearly at the frontier of 
surface science. 

The Structure of Miller-Index Surfaces 

The atomic structure of clean low Miller-index sur- 
faces.--Low energy electron diffraction studies have re- 
vealed two important features of atomic surface struc- 
ture: (/)-relaxation and (ii) reconstruction. It has been 
found that for most solid surfaces, the spacing between 
the first and second layers is shortened as compared to 
the spacing between the second and third, which in turn 
is  shortened as compared to the third and fourth, and so 
on. This contraction is larger for more open surfaces, that 
is, for surfaces having lower atomic density. For example, 
the contraction for the (110) surface of face-centered cLlbic 
metals is greater than that of theh igher  density (111) Fur- 
face. In the surface plane (X-Y plane) the atoms maintain 
the structure of the projection of the bulk unit  cell onto 
the surface. The contraction occurs in the Z direction, per- 
pendicular to the surface. This phenomenon may be un- 
derstood by considering the surface as an intermediate 
between a diatomic molecule and bulk crystal. The inter- 
atomic distance in diatomic molecules is much shorter 
than the interatomic distance in the solid crystal. The sur- 
face atoms, having fewer nearest neighbors than atoms in 
the crystal, exhibit a lattice parameter somewhere be- 
tween these two extremes in order to compensate for the 
anisotropy of the forces (i.e., having atoms on one side 
and vacuum or atoms of another type on the other side). 

Reconstruction is also a consequence of surface atom re- 
laxation. When atoms are placed in an anisotropic environ- 
ment, such as the surface, there are many dangling bonds 
that would like to pair up in order to maximize the binding 
energy between surface atoms. As a result, the atoms at the 
surface seek a new equilibrium position, not only in the Z 
direction, but also in the surface (X-Y) plane. This m a s s i v e  
dislocation of surface atoms leads to reconstruction, the ap- 
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Table I, Some of the frequently utilized surface characterization techniques to determine the structure and composition of solid surfaces. Adsorbed 
species present at concentrations of 1% of a monolayer can be readily detected. 

Surface analysis method Acronym Physical basis Type of information obtained 

Low energy electron LEED 
diffraction 

Auger electron spectroscopy AES 

High resolution electron HREELS 
energy loss spectroscopy 

Infrared spectroscopy IRS 

X-ray and ultraviolet XPS 
photoelectron spectroscopy UPS 

Ion scattering spectroscopy ISS 

Secondary ion mass SIMS 
spectroscopy 

Extended x-ray absorption EXAFS 
fine structure analysis 

Thermal desorption TDS 
spectroscopy 

Elastic backscattering of low 
energy electrons 

Electron emission from 
surface atoms excited by 
electron x-ray or ion 
bombardment 

Vibration excitation of surface 
atoms by inelastic reflection 
of low energy electrons 

Vibrational excitation of 
surface atoms by absorption 
of infrared radiation 

ElectrOn emission from atoms 

Inelastic reflection of inert gas 
ions 

Ion beam induced ejection of 
surface atoms as positive and 
negative ions 

Interference effects during 
x-ray emission 

Thermally induced desorption 
or decomposition of 
adsorbed species 

pearance of a new surface unit cell. Most semiconductors 
and many metal surfaces undergo these reconstructions 
(Fig. 1). Many of these structures have been analyzed by 
surface crystallography and the precise location of surface 
atoms has been determined (6). 

The structure of high Miller-index surfaces.--Studies of 
high Miller-index surfaces by low energy electron diffrac- 
tion have revealed that they are composed of low Miller- 
index surfaces in stepped and kinked configurations. 
Typical high Miller-index surfaces with various combina- 
tions of terraces and kinks are displayed in Fig. 2 and 3. By 
cutting crystals along a high Miller-index direction and 
suitable cleaning afterwards, one can obtain diffraction pat- 
terns from which the structure of these high Miller-index 
surfaces can be determined. Because of the periodicity of 
the steps and/or kinks, structure determination of diffrac- 
tion is possible. Steps of monatomic height provide mini- 
mum surface free energies for these surfaces and therefore 
are prevalent on clean high Miller-index surfaces. 

The Composition of Clean Surfaces 
Because of differences in bonding at the surface and in 

the bulk, there is a considerable driving force for many 
impurities to segregate to the surface (7). Sulfur, carbon, 
boron, and silicon are often found to segregate to the sur- 
face upon heating. Although surface segregation of impu- 
rities is rather inconvenient  when one would like to study 
the properties of clean surfaces, subsequent removal  of 
the segregated impurity atoms provides a cleaning mech- 
anism for many solids. For mul t icomponent  systems, the 
surface free energy is minimized by placing that compo- 
nent which has the lowest free energy on the surface. As a 

b r l d a e s  t op /cen te r  

Fig. 1. Arrangement of atoms on the reconstructed (100) surface of 
platinum, gold, and iridium. 

Atomic surface structure of 
surfaces and of adsorbed 
gases 

Surface composition 

Structure and bonding of 
surface atoms and adsorbed 
species 

Structure and bonding of 
adsorbed gases 

Electronic structure and 
oxidation state of surface 
atoms and adsorbed species 

Atomic structure and 
composition of solid surfaces 

Surface composition 

Atomic structure of surfaces 
and adsorbed gases 

Adsorption energetics 
composition of adsorbed 
species 

result, surface compositions are almost always different 
from the bulk composition for mul t icomponent  systems 
(Fig. 4). This is particularly important for alloys because 
metals, having high surface energy in the range of thou- 
Sands of ergs per square centimenter, provide a large 
thermodynamic driving force to segregate the component  
with the lowest surface energy to the surface, thus 
minimizing the total surface energy. Several thermody- 
namic models predict surface segregation in alloy sur- 
faces (8). 

It should be noted that the adsorption of gas atoms or 
molecules that form bonds of different strengths with a 
different alloy constituent can change the surface compo- 
sition markedly. For example, copper is segregated to the 
surface of clean copper/nickel alloys (9). Upon adsorption 
of  carbon monoxide, which forms a much stronger bond 
with nickel than with copper, nickel diffuses to the sur- 
face, altering the surface composition (10). When carbon 
monoxide is desorbed, the copper moves back onto the 
surface and provides a copper-rich alloy phase. 

It should be noted that, in order to observe the surface 
segregation predicted by thermodynamic models, one 
needs to provide large enough diffusion rates to facilitate 
equilibration between the surface and bulk. At suffi- 

fcc (977) 

fcc (443l fcc (332) 

rcc ( ~ j  

fr162 (~31) 

Fig. 2. Structure of several high Miller-index stepped surfaces with 
different terrace widths and orientation. 
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Fig. 3. Structure of several high 
Miller-index surfaces with differ- 
ent kink concentrations. 

fee {14,11,[01 
rcc  {Io,e,7} 

fCC (13,11,9) 

ciently low temperatures, one may freeze in metastable 
surface compositions. The surface segregation is mini- 
mized when the bulk lattice forces are strong enough to 
overcome any change due to the introduction of  a surface. 
As a general rule, if the heat of mixing or the heat of com- 
pound formation is much greater than the surface energy 
differences of the components,  surface segregation may 
be unimportant. 

St ruc tu re  o f  A l k e n e s  and  B e n z e n e  on M e t a l  Sur faces  
Our low energy electron diffraction and high resolution 

energy loss spectroscopy studies have been directed to- 
ward the determination of the molecular structure and 
bonding of hydrocarbons on platinum and rhodium sur- 
faces. Figure 5 shows the stable structures of ethylene, 
propylene, and butene adsorbed on platinum and rho- 
dium surfaces in our  laboratory (11) and on palladium and 
nickel surfaces in other laboratories. The carbon-carbon 
bond closest to the metal surface is perpendicular to the 
surface plane, and is elongated to a single bond, 1.5)L The 
carbon closest to the metal sits in a three-fold hollow 
site with a carbon-metal distance of 2.0)~, considerably 
shorter than the 2.2)~ covalent bond length expected. This 
indicates a very strong multiple carbon-metal bond of 
carbene- or carbye-like character.  The methyl  group or 
ethyl groups are away from the surface and are rotating 
rather freely. Only at high coverages will these side 
groups order to form new surface structures. These struc- 
tures are called alkylidyne because of their similarity to 
several organometallic cluster compounds. Benzene lies 
flat on the (111) crystal face of these transition metals 
with the center of the benzene ring above the threefold 
hollow site (Fig. 6). The surface structure is highly sym- 
metrical, as determined by both LEED and HREELS 

1,0 --I ~ i , I "~-- I , I ] 

/ 
/ ' / / / f l  

0,8 //// , / /  
r176 / /  
o.6 / / / /  

0 I - i 
0 0.2 0.4 0,6 0.8 1.0 

Fig. 4. Surface concentration of Au-Ag alloy plotted vs. the bulk 
concentration. 

studies. As the temperature is increased, selective C-H 
and C-C bond breaking occurs and organic fragments, C2, 
C2H, and CH, form on t h e  surface. These fragments are 
very stable and seem to be present in the temperature 
range 140~176 (12), perhaps the most important temper- 
atures for catalytic reactions. The hydrogen-deuterium 
exchange in these organic fragments is very facile. The 

_•_/propyl 
idyne 

/- butylidyne 

1.50 A :::, 

Pt (111) -t- ethylidyne, propylidyne and butylidyne 

Fi 9. 5. Atomic surface structure of elkylidyne species adsorbed on 
Pf(111). 

/ 

( 

Fig. 6. Atomic surface structure of benzene adsorbed on Rh(111 ) 
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carbon atoms are strongly bound to the surface and stay 
on the surface for periods much longer than the turnover 
times of most catalytic reactions. The function of these 
fragments in a catalytic reaction appears to be one of hy- 
drogen storage. They readily supply their hydrogen to in- 
coming organic reactants and intermediates. Above 
400~ all the hydrogen desorbs and a graphitic overlayer 
forms. This layer poisons the transition metal  surface for 
heterogeneous catalysis. 

T h e  Model  of the W o r k i n g  Meta l  Cata lyst  during 
Hydrocarbon Conversion 

Over the last ten years, studies of hydrocarbon conver- 
sion reactions using single-crystal surfaces have revealed 
the dominant  molecular ingredients of hydrocarbon con- 
version catalysis. These are the atomic structure of the 
metal surface, its composition, and the oxidation state of 
the surface atoms. How does the reaction rate depend on 
the atomic structure of the catalyst surface? To answer 
this question, reaction rate studies using various flat, 
stepped and kinked single-crystal surfaces have been 
very useful indeed. For the important aromatization reac- 
tion of n-hexane to benzene and n-heptane to toluene, we 
discovered that the hexagonal platinum surface, where 
each surface atom is surrounded by six nearest neigh- 
bors, is three to seven times more active than the 
platinum surface with a square unit cell (13). Aromatiza- 
tion reaction rates increase further for stepped and 
kinked platinum surfaces (14). Reaction rate studies on 
more than ten different crystal surfaces with various ter- 
race orientations and step and kink concentrations indi- 
cate that max imum aromatization activity is achieved on 
stepped surfaces with terraces of hexagonal orientation, 
about five atoms wide (Fig. 7). 

The reactivity pattern of platinum crystal surfaces for 
alkane isomerization reactions is completely different 
than that  for aromatization (15). Our studies revealed that 
max imum rates and selectivity (the rate of the desired re- 
action divided by the total rate) for butane isomerization 
reactions are obtained on the flat crystal face with the 
square unit cell. Isomerization rates for this surface are 
four to seven times higher than those for the hexagonal 
surface and are only increased slightly by surface irregu- 
larities (steps and kinks) on the pl&tinum surface (Fig. 8). 
For the undesirable hydrogenolysis reactions that require 
C-C bond scission, we found that the two flat surfaces 
with the highest atomic density exhibit  very similar reac- 
tion rates (15). However, the distribution of hydrogenoly- 
sis products varies sharply over these two surfaces. The 
hexagonal  surface displays selectivity for scission of the 
terminal C-C bond, whereas the surface with the square 
unit cell always prefers cleavage of C-C bonds located in 
the center of the reactant molecule. The hydrogenolysis 
rate increases markedly (three- to fivefold) when kinks 

6 i I' I 
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0 
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are present in high concentrations on the platinum 
surfaces. 

Since different reactions are sensitive to different struc- 
tural features of the catalyst surface, one must  prepare 
the catalyst with an appropriate structure to obtain maxi- 
mum activity and selectivity. As indicated, H-H and C-H 
bond breaking processes are more facile on stepped sur- 
faces than on the flat crystal faces, while C-C bond scis- 
sion is aided by kink sites. 

What is the composition of the working metal catalyst 
surface? When the surface of platinum was examined 
after carrying out any one of the hydrocarbon conversion 
reactions, it was always covered by a near monolayer 
amount  of carbonaceous deposit. Studies. of carbon 
14-labeled organic molecules and thermal desorption 
spectroscopy revealed that the turnover t ime of the car- 
bon fragments was longer than the turnover t imes of the 
catalytic reactions (17). Deuterium exchange studies indi- 
cate rapid exchange of the hydrogen atoms between the 
adsorbing reactant molecules and the active, but  irrevers- 
ibly adsorbed carbon fragment deposits. The carbon 
atoms in this layer do not exchange. One important  prop- 
erty of the carbonaceous deposit is its ability to store and 
exchange hydrogen. 10% and 15% of the surface remains 
uncovered, while the rest of the metal surface is covered 
by the organic deposit. The fraction of uncovered metal 
sites decreases slowly with increasing temperature (17). 
The structure of these uncovered metal islands is not very 
different from the structure of the initially clean metal 
surface. 

The result of our catalytic hydrocarbon conversion re- 
action studies on platinum crystal surfaces was to de- 
velop a model  (18) for the working platinum and other 
transition metal catalysts and is shown in Fig. 9. Between 
80% and 95% of the catalyst surface is covered with an ir- 
reversibly adsorbed carbonaceous deposit that stays on 
the surface for times much longer than the reaction turn- 
over time. The structure of these carbonaceous deposits 
vary continuously from two-dimensional to three-dimen- 
sional with increasing reaction temperature, and there are 
platinum patches that are not covered by this deposit. 
These metal sites can accept the reacting molecules and 
are responsible for the observed structure sensitivity and 
turnover rates. While there is evidence that the carbona- 
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Fig. 9. Model for the working surface composition of o platinum re- 
forming catalyst. 

ceous deposit participates in some of the reactions by hy- 
drogen transfer and by providing sites for rearrangement 
and desorption while remaining inactive in other reac- 
tions, its chemical role requires further exploration. 

In other catalytic reactions, such as the hydrogenation 
of carbon monoxide, the oxidation state of the transition 
metal ions at the surface plays an important  role in reac- 
tion selectivity. It was found that, using rhodium metal, 
carbon monoxide and hydrogen proceed to form methane 
(19) and nothing else (Fig. 10). When rhodium was used in 
the 3+ formal oxidation state as lanthanum rhodate (20) 
or rhodium oxide (21), oxygenated molecules such as ace- 
tic acid, ethanol, acetaldehyde, and methanol were pro- 
duced. Changing the nature of adsorbed molecules by 
changing the oxidation state of the transition metal can 
drastically alter the reaction selectivity. In the case of the 
hydrogenation of carbon monoxide, the insertion of a car- 
bon monoxide  molecule into the growing organic chain 
can only occur in the presence of higher oxidation-state 
transition metal ions. In the presence of the metallic state, 
hydrogenation and CO dissociation predominate to pro- 
duce mostly methane. 

Ethylene Hydrogenation at the Solid-Liquid and Solid- 
Gas Interfaces of Pt(111) 

One of the few reactions that has been studied at both 
the solid-liquid and solid-gas interfaces using combined 
low pressure surface science techniques and high pres- 
sure catalytic techniques is the hydrogenation of eth- 

ylene. The research at the solid-liquid interface is being 
carried out by Hubbard (22) and his co-workers, and the 
hydrogenation of ethylene at the solid-gas interface was 
carried out in our laboratory (23). In both cases, the reac- 
tion exhibited an insensitivity to the surface structure 
and only depended on the number  of surface platinum 
atoms. 

When a clean platinum single-crystal surface was ex- 
posed to ethylene in the gas phase, a saturation coverage 
of ethylidyne formed with the structure shown in Fig. 5. 
The rate of hydrogenation of the ethylidyne molecules 
was much slower than the observed hydrogenation rate, 
indicating that the ethylidyne molecule is not a direct in- 
termediate. Since the ethylidyne molecules block the 
metal atoms and prevent  the direct adsorption of ethylene 
on the metal  surface, the ethylene molecules adsorb on 
top of the ethylidyne layer and are hydrogenated by hy- 
drogen transfer from the ethylidyne. This mechanism ex- 
plains the structure insensitivity of this reaction. The hy- 
drogenation reaction has an activation barrier of 10.8 
kcal]mol (Fig. 11) with a reaction order of 1.3 for hydrogen 
and -0.60 for ethylene (Fig. 12). 

When a clean platinum single-crystal surface was ex- 
posed to an aqueous ethylene solution, a strongly ad- 
sorbed ethylene layer formed. The structure of this ad- 
sorbed ethylene has not yet been determined. Two 
mechanisms appear to be important in the hydrogenation 
of ethylene at the solid-liquid interface. The adsorbed 
ethylene molecule can accept two electrons from the plat- 
inum electrode and subsequently react with two hydro- 
gen ions in solution. Also, hydrogen ions can be reduced 
at the platinum surface. These adsorbed hydrogen atoms 
can then react with reversibly adsorbed ethylene to form 
ethane. The dependence of the reaction on temperature 
has not yet been determined. 

Needs for Accelerated Development of Atomic-Scale 
Studies at the Solid-Liquid Interface 

There is no doubt that the chemistry that occurs at the 
solid-liquid interface is at the frontier of modern surface 
science. Our challenge is to determine the atomic struc- 
ture at the solid-liquid interface and the surface composi- 
tion under  adsorption and various reaction conditions. A 
molecular level understanding of many phenomena in 
electrochemistry and in biology depends on closer scru- 
tiny of the solid-liquid interface. There are many new 
techniques that promise to open up this interface to 
closer scrutiny. The new high intensity photon scattering 
techniques are certainly among those that are likely to be 
used in these studies. Techniques that use high intensity, 
tunable synchrotron radiation and laser techniques are at 

Fig. 10. The product distribu- 
tions of the hydrogenation of car- 
bon monoxide over rhodium and 
various rhodates. 
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the forefront of the promising technologies. It is our hope 
that the intensive use of these techniques and the devel- 
opment of new techniques will accelerate the understand- 
ing of solid-liquid interfaces at the atomic level. 

We should emphasize the need for studies of 
chemisorption of the same atoms and molecules on the 

same surface at both the solid-liquid and solid-gas inter- 
faces. By detailed studies of both interfaces, one should 
be able to correlate the different phenomenon and per- 
haps use the tremendous amount  of data available about 
solid-gas interfaces to aid in the unders tanding of the 
solid-liquid interface on the molecular scale. 

It is equally important to study catalytic reactions at the 
solid-liquid and solid-gas interfaces on the same crystal 
face. Candidates, in addition to ethylene hydrogenation, 
are the oxidation of hydrogen and partial oxidation reac: 
tions of small molecules. It should be noted that, while 
temperature-dependence studies reveal kinetic parame- 
ters readily, temperature-dependent measurements are 
rarely made in solid-liquid interface studies, 
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ABSTRACT 

New electrolyte salts based on the reaction between NbCI~ and either Li~S or Li20 in SOCI~ substantially reduce vol- 
tage delay in laboratory half-cells. The max imum effect was obtained with the NbC1JLi~S combination. The conductiv- 
ity of both electrolytes is 13.2 × 10 -3 mho cm - '  at 26°C. Observations with scanning electron microscopy (SEM) show 
that the anode film formed in the new electrolyte has a different morphology and appears less dense than the film 
formed in contrgl LiA1C14 electrolyte. The anodic rate capability of Li is slightly greater, over a range of over-potentials, 
in the NbClJLi2S electrolyte than in LiA1C14. Atomic absorption, infrared, and x-ray photoelectron spectroscopy and 
electrochemical analysis suggest that the salt formed by reacting NbC15 with Li2S in SOCI~ is either Li~Nb2CI,oS or 
Li~Nb2Cll~. The mechanism for reducing voltage delay and affecting anode film morphology is thought to be associated 
with the nature of the salt's anion, or possibly the SOs produced when Li~S is combined with the NbCI~ in SOCI~. 

The Li/SOC12 system (1, 2) is attractive as a battery 
power source because of its high voltage and energy den- 
sity, good shelf life, and broad operating temperature 
range. However, a major concern about its successful 
commercial  application is voltage delay. Voltage delay is 
the excessive polarization of the anode (when a cell is 
first placed on load), which causes the cell voltage to 
temporarily drop below a predefined cutoff voltage~ 

According to the multilayer model of anodic film 
growth (3, 4), a primary passivating film of LiC1 is rapidly 
formed upon contact of the Li with the SOCI~ solvent. 
This primary film is dense and thin. Voltage delay is 
caused by the subsequent  growth of a secondary, porous 
film on top of the primary film. The growth of the sec- 
ondary film in LiA1C1, electrolytes is believed to be asso- 
ciated with the nature of the A1C14- anion and its interac- 
tion with the primary film. LiA1CL is widely used in cells 
as the electrolyte salt (5) because of its high conductivity. 
Other variables which might  affect film growth include 
electrolyte purity, the chemical dissolution and ionic con- 
ductivity of the solid phase of the film, and temperature 
(3, 6). 

Several different approaches have been developed for 
reducing voltage delay (7-12). The approach of this work 
is that voltage delay can be controlled by using an electro- 
lyte salt which, as opposed to LiA1CL, would not appreci- 
ably interact with the primary LiC1 film. However, the 
choice of alternate salts is limited by the low dielectric 
constant of SOCI~ (9.25 at 20°C). Similar electrolyte ap- 
proaches have been used by others. Schlaikjer (7) and 
Dey (13) have used clovoborate salts to successfully re- 
duce voltage delay. These salts have very large anion 
structures which are considered to be inert towards the 
primary LiC1 film. Gabano (8) and Bresson et al. (14) have 
studied various Lewis acid/base combinations as 
electrolytes. 

In this paper, we report on the development  of conduc- 
tive, NbC15-based electrolytes (15). The effects of this 
electrolyte on voltage delay, anode film formation, and Li 
and SOCI~ discharge were studied. A chemical analysis of 
the salt was performed. 

*Electrochemical Society Active Member. 
'Present address: Tadirun, Lithium Primary Battery Plant, 

Rehovot 76100, Israel. 
Key words: anode, inorganic, polarization, infrared. 

Experimental 
Electrolytes were prepared in an Ar-filled glove box 

(1-2 ppm H~O, Vacuum Atmospheres Company). NbCI~ 
(Aldrich, 99.8% Pure) was dissolved in distilled thionyl 
chloride at 70°C while being stirred for 60-90 min. The so- 
lution was allowed to cool and then was stirred for 1-2h. A 
secondary salt of Li2S (98% Pure Anhydrous, Aldrich or 
99% Pure Alfa), LiC1 (Mallinckrodt AR Grade, dried under 
vacuum at 150°C), LifO (95% Pure, Alfa), or LiBr (Fisher 
certified, dried under vacuum at 178°C) was slowly added 
to the solution which was stirred for another 60 min. The 
electrolytes were decanted and filtered (Reeve Angel 934 
AH, glass fiber). A1C13-(99% Pure, Fluka) based electro- 
lytes were prepared with Li~S or LiC1 without heating. 

The electrolyte concentration of Nb and Li were deter- 
mined by atomic absorption analysis (Perkin-Elmer 
Model 603 Spectrophotometer).  The concentration values 
have an accuracy of _+0.05M for Nb and _+0.012M for Li. 

Conductance measurements  were performed in the 
glove box with a Yellow Springs Instrument  Model 31 
Bridge at 1 kHz. The manufacturer states that the instru- 
ment  has an accuracy of -+ 1%. The conductivity cell with 
Pt  electrodes was used in the inverted position, and the 
vent was sealed with Teflon tape. 

Voltage delay measurements  using galvanostatic steps 
were previously described in Ref. (25). The measurements  
and cell construction were performed inside the glove box. 
The cell apparatus consisted of a Teflon bottle with a 
Teflon screw cap. All electrodes were made from lithium 
(Foote Mineral Company). The working electrode was 
constructed by forcing a glass capillary tube ( 3 mm id) 
through 0.15 cm thick Li foil. The tube was then pulled 
from the lithium and excess material t r immed with a ra- 
zor blade to form an electrode with a well-defined sur- 
face area. A Ni wire contacted the rear of the Li slug in- 
side the tube for electrical contact. The other end of the 
Ni wire was force fitted through a small hole in the cell 
cap as a feed through. This construction prevented the Ni 
from contacting the electrolyte. 

The counterelectrode was a flat Li ribbon positioned 
parallel to the face of the working electrode. The Li refer- 
ence electrode was positioned close to the working elec- 
trode, but did not interfere with the current flow. Both 
the counter- and reference electrodes were connected to 
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Ni feed throughs well above the electrolyte level. The cy- 
clic voltammetry experiments used the same instru- 
ments, but the working and counterelectrodes were both 
made from nickel foil. Tafel anodic p01ariza~ion curves 
were run using the same instruments and used lithium as 
the working and counterelectrodes. 

Scanning electron microscopy (SEM) of li thium anodes 
and x-ray photoelectron spectroscopy (ESCA) of dried 
salts were performed as in Ref. (26). 

Infrared (IR) spectra of electrolyte samples were ob- 
served with a Perkin-Elmer 457A Grating IR Spectropho- 
tometer. The IR cell has a path length of 0.025 mm and 
BaF2 windows. Samples of evaporated electrolyte salt for 
IR analysis, were prepared by forming them into KBr 
pellets. 

Results 

Solubility and conductivity.--The concentration and 
conductivities of various solutions are shown in Table I. 
The maximum solubility of NbCI~ in SOCI~ is 0.93-0.96M 
at room temperature. Heating the solution at 70~ for sev- 
eral hours or stirring at room temperature for several days 
in the presence of excess salt did not change this value. 
The conductivity of NbC1JSOC12 solution is very low. 
This has been noted for other Lewis acids in SOC1.., (16). 
Li~S, LiC1, LiBr, and Li,~O, which act as Lewis bases in 
SOCI~, are basically insoluble in pure SOCI~ (the maxi- 
mum solubility of Li~S was found to be 0.003M), but do 
dissolve in the NbCI.~ solution to form neutralized solu- 
tions with conductivities close to that of LiA1C14 electro- 
lyte (Table I). 1.60M was used as the reference concentra- 
tion for LiA1C14 electrolyte because at this concentration 
its conductivity is-near its maximum (1). 

The neutralization of the acid by a base with a single 
li thium ion is straightforward (e.g., LiC1 and A1C13 to form 
LiA1C14). The reaction is more complicated for bases with 
two lithiums in the stoichiometry such as Li,,S or LifO (8). 
We found that, in the case of the NbC1JLi2S combination 
electrolyte, the concentration of the acid is equal to that 
of lithium, or, in other words, to twice that of the base. 
Reacting NbC15 in amounts  ranging from 1.0 to 1.5M with 
Li2S in the range 0.5-2.0M (these concentrations are 
assuming all of the amount added would have been solu- 
ble) yielded a constant concentration of 0.93-0.96M Nb 
and 0.94-1.00M Li (0.47-0.50M Li.2S). The reaction between 
NbC15 and Li2S is discussed below in more detail. 

The concentration and conductivity of the NbC15/Li~S 
electrolyte can be increased by redissolving material from 
the evaporated solution. In this way, the concentration of 
Nb was raised to 1.42M with a corresponding increase in 
Li. The solution conductivity increased to 16.5 • 10 -3 
mho c m - '  at 26~ 

Table I. Conductivities of electrolytes in SOCI~ at the indicated 
concentration at 26~ and measured at 1 kHz 

Conductivity 
Electrolyte Concentration (M) (mho cm-' x 10 ~) 

NbCl~ 0.93 0.01 
Li~S + NbCI~ 0.93 13.2 
Lifo + NbCI~ 0.93 13.2 
LiBr + NbCI~ 0.93 13.9 
LiC1 + NbCI~ 0.93 12.0 
LiC1 + A1C13 1.60 19.7 
Redissolved 

Li~S + NbCl~ 1.42 16.5 

Voltage delay.--Figure 1 shows quite clearly that the 
NbC1jLi2S combination electrolyte greatly reduced vol- 
tage delay in half-cells as compared to the control LiA1C14. 
Figure 2 shows that substituting LifO for Li..,S is also very 
effective in reducing voltage delay. 

Anodes that were stored for 5 days at room temperature 
in an electrolyte of A1C13/Li~S, as described in Ref. (8), had 
a maximum polarization in this type of exper iment  of al- 
most three times the polarizations in the Nb-based elec- 
trolyte. Maximum polarization in the AIC1JLi2S electro- 
lyte (1M concentration) was typically about 0.930V vs. 
only 0.335V for the NbClJLi~S electrolyte. 

NbC15 by itself does not reduce voltage delay. Anodes 
stored 5 days at room temperature in 0.93M NbC1JSOC1,2 
had an average max imum polarization of 5.748V vs. 
0.335V for the NbC1JLi2S electrolyte. While the low con- 
ductivity of the NbC]JSOCl~ electrolyte might affect its 
voltage delay polarization to some degree, it is clear from 
Fig. 6 that this electrolyte has a direct impact on the mor- 
phology of the anode passivating film. 

The voltage delay polarization of anodes stored in 0.93M 
NbC1JLiC1 and NbClJLiBr electrolytes was excessive 
(maximum polarization greater than 9.530V after 5 days of 
room temperature storage) and did not show any im- 
provements  compared to the LiA1C14 control. 

The magnitude of the polarization obtained in these 
tests for the LiA1CI4 electrolyte is greater than expected, 
based on previous reports (27). Dey and Schlaikjer (27) re- 
port that a polarization maximum of about 6V vs. Li refer- 
ence is obtained only after 11 days of storage at 55~ and 
at 15 mA/cm ~ anodic current. In this work, a polarization 
of almost 6V was obtained after 5 days of room tempera- 
ture storage in the LiA1C14 electrolyte at 6 mA/cm 2. This 
difference might be due to a contaminant in the LiA1C14 
electrolyte used here (even though it was carefully pre- 
pared and handled). The electrolyte typically contained 
less than 3 ppm Fe, and less than 130 ppm water, based 
on IR anlaysis of the OH absorption band. The data ob- 
tained with the Nb-based electrolytes is, of course, inde- 
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pendent  of the LiA1C14 measurements.  The benefits of 
the Nb-based electrolyte are further illustrated in Fig. 3. 
NbC1JLi~S used as a minor additive in the LiA1C14 electro- 
lyte significantly reduces voltage delay. This occurs in 
spite of the greater than expected polarization found with 
the initial LiA1CL electrolyte. 

Extended storage of the Nb-based (and LiA1C1D 
electrolyes at room temperature did not alter their voltage 
delay polarization characteristics, concentration, or con- 
ductivity, indicating good solution stability. 

F i l m  m o r p h o l o g y . - - A n o d e  film morphology was stud- 
ied with SEM following immersion in various electrolytes 
for various times and temperatures. A comparison of Fig. 
4 and 5 shows that the anode film formed in the 
NbCls/Li~S electrolyte is less dense and of a different mor- 
phology than the one grown in LiA1C14. Figure 6 shows 
that the film formed in a solution of just  NbCI:jSOCI~ un- 
der identical conditions is dense with bulky crystal 
growth. NbClJLi~S, as an additive to the LiA1C14 electro- 
lyte, also changed the morphology of the anode film. The 
films in Fig. 4-6 all analyzed (SEM/EDAX) to be LiC1; es- 
sentially, no Nb was detected on the surface of the anodes 
stored in the Nb-based electrolytes. 

These differences in LiC1 film morphologies correlate 
very well with the corresponding half-cell polarization 
data of Fig. 1-3. The trend is for anodes covered by a 
dense, bulky appearing film to have greater voltage delay 
than those covered with less dense appearing films. 

R a t e  c a p a b i l i t y . - - T h e  data in Table II show that the 
discharge rate of Li in the NbClJLi2S electrolyte is 
slightly greater over a range of overpotentials than in 
LiA1C14 solutions. The data were obtained by Tafel polar- 
ization curves at a 5 mV/s scan rate, and represent an av- 
erage of four measurements.  The half-cells were filled 
with electrolyte just prior to testing and were prepulsed 
at 6 mA/cm'-' for 5s to minimize film buildup. 

Table II. Anodic rate capability of Li in various electrolytes at room 
temperature 

Current density (mA/cm'-') 

400 m V  200 m V  50 mV 
Electrolyte vs. Li vs. Li vs. Li 

1.60M LiA1C14 13.48 6.41 1.03 
0.93M NbCI:JLi~S 14.90 7.05 1.83 
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Fig. 4. Li sample stored in 1.6M LiAICI4 electrolyte for 5 days at 71 ~ 
The white bar in the lower right corner represents a length of 10 ~m. 

Fig. 5. Li sample stored in 0.93M NbCIJLi2S electrolyte for 5 days at 
71~ The white bar in the lower right corner represents a length of 10 
/zm. 

Cyclic voltammetry.--Typical cyclic vol tammograms 
(Fig. 7) on Ni working electrodes in the NbC1JLi2S combi- 
nation electrolyte are very similar to those in LiA1C14 elec- 
trolyte (17, 18). Since the potential at which the reactions 
occur is the same in both electrolytes, the use of the 
NbC1JLLS should not affect the operating voltage in bat- 
tery cells. The use of a Ni working electrode shifted the 
cathodic peaks to potentials lower than would be found 
on carbon substrates (17, 18). 

At the start of the cathodic scan, a small peak (marked 
"A" in Fig. 7) appears at about 2.85V vs. the Li reference. 

Fig. 6. Li sample stored in 0.93M NbCI~ electrolyte for 5 daysat 71 ~ 
The white bar in the lower right corner represents a length of 10 ~m. 

This peak has been observed in previous studies (17-20) 
and has been attributed (20) to the first step of a two-step 
reduction of SOC12 or to the reduction of oxidation prod- 
ucts of SOC12 such as C12 (5, 17, 19). The peak marked "B," 
occurring at 2.14V, can be assigned to the main reduction 
reaction of SOC12 (17-20). The decrease in current at po- 
tentials immediately cathodic to peak B is due to the pas- 
sivation of the electrode surface by LiC1 produced in the 
reaction. A weak peak (marked "C") occurs at about 
0.79V. It has been attributed by others to the reduction of 
SOC12 reduction products as in LiA1C14 solutions (17-20). 

The current rise at the end of the cathodic scan is due 
to the plating of li thium onto the Ni working electrode. 
The composition of the deposit, as determined by atomic 
absorption for Li and Nb, was essentially Li. Since both 
counter- and working electrodes in this test were Ni, the 
only source of the Li is the NbC1JLi2S electrolyte. On the 
return anodic scan, the Li deposit is stripped off of the Ni 
and no other anodic peaks are observed at this current 
sensitivity. 

Infrared spectroscopy.--The IR spectrum for pure 
SOC12 is distinguished by its single S-O stretch frequency 
at about 1229 c m - '  (17,  21).  The spectrum of a 
NbC1JSOC12 solution (Fig. 8) has two additional S-O spe- 
cies, appearing as shoulders at 1150 and 1106 c m - '  on the 
SOC1.., peak. Based on literature (22) describing similar so- 
lutions of metal chlorides in SOC12, the 1106 c m - '  peak 
represents the product of the following reaction 

NbCI.~ + SOCI~ ~ SOC14 + NbC18- ~ SOCI~, NbCI.~ [1] 

The most likely form of the product is the 1:1 undisso- 
ciated complex. This conclusion is based on a detailed re- 
port of similar solutions of A1C13 in SOC12 by Long and 
Bailey (21). They were.able to isolate the 1:1 complex of 
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Fig. 7. Cyclic voltammogram of ~, 
0.93M NbCIJLi2S in SOCI~ on a Ni a: 
electrode. Scan rate is 10 mV/s. 
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SOC12, A1C13 in solid form and obtain its Raman spec- 
trum. That spectrum was basically identical to the spec- 
t rum of the solution species. IR analysis of the same A1C13 
solution in this lab yielded an absorption peak at a similar 
wave number  of l l l 0  cm- ' .  Thus, the analogy for solu- 
tions of NbC15 in SOCl~ points to the existence of the 1:1 
undissociated complex. However, Abraham and Mank 
(17) interpreted this and other data to mean that the pro- 
duct is in the ionic form. 

NbCI~ has a strong affinity for oxygen, and so a length- 
ening of the S-O bond in thionyl chloride due to the at- 
tache d NbC15 would lower the S-O stretch frequency from 
1229 to 1106 wave numbers.  The other shoulder, the 1160 
peak, is probably due to a 2:1 NbC15-SOCI.~ complex with 
the second NbC15 loosely attached to the first. Similar 2:1 
complexes were also found in A1CIJSOCI~ solutions (21). 
This second molecule of NbCI~ would not decrease the 
primary S-O stretch frequency as much as the first, and 
so an intermediate peak between 1106 and 1229 wave 
numbers,  the 1160 peak, is obtained. Since two peaks are 
observed, it may indicate that the 1:1 and 2:1 complexes 
are both present and in some sort of equilibrium. 

Adding Li2S to the NbC1JSOCI~ solution to form the 
NbC1JLi~S electrolyte eliminates the 1106 and 1160 cm- '  
peaks. A peak at 1332 cm- '  representing SO2 (23) appears, 
as shown in Fig. 9. Adding excess Li~S to the NbC1JSOC12 
did not increase the SO2 peak height. No SO~ peak was 
observed in the original SOC12 solvent, nor was one in the 
NbC1JSOC12 solution. Adding Li~S alone to SOCI~ does 
not produce an SO2 peak either. The SO2 peak also ap- 
pears in spectra of solutions made by redissolving in pure 
SOC12 the evaporated material of the NbCIJLi2S combina- 
tion electrolyte. IR spectra in this lab of a previously re- 
ported electrolyte formulation (8) of A1C13/Li.2S also con- 
tained the SO2 peak. 

SO2 dissolved in the electrolyte has been reported to re- 
duce voltage delay (9). However, the opt imum concentra- 
tion cited was 5 weight percent (w/o). The amount  of SO2 
produced here according to Eq. [2a] and [4] (see below) 
would be less than 1 w/o. 

The IR spectra of powder samples of the evaporated 
material of the NbC1JLi2S electrolyte showed peaks at 
1595 and 812 wave numbers.  The 1595 peak probably rep- 
resents a Nb-C1 bond (24). The Nb-C1 bond was also indi- 
cated in ESCA measurements  of the material. The ESCA 
results also suggest that the Nb is in the +5 oxidation 
state. The 812 c m - '  peak could not be identified. Nb-S, 
Li-S, Nb-O, Li-O, Li-C1, and S-C1 bonds all absorb at wave 
numbers  other than 1595 and 812 c m - '  (24). 

Discussion 
The analytical evidence for the composition of the 

NbC1JLi2S electrolyte salt consists of several items: (i) the 
measured concentration of Nb and Li show that the 
stoichiometric balance of the two elements are the same, 
(ii) the cyclic voltammetry plating experiment deter- 
mined that Li was the cation of the salt, (iii) IR spectros- 
copy and ESCA qualitatively identified C1 in the salt, 
that it was attached to the Nb, and that Nb was in the +5 
oxidation state, and (iv) SO2 is produced in the neutraliza- 
tion of NbC1JSOC12 solutions with Li2S. A number  of at- 
tempts to analyze for the sulfur content of the salt via a 
variety of analytical methods were all unsuccessful. The 
dried salt is very hygroscopic. 

Based on the cited analytical evidence, possible reac- 
tion schemes for the neutralized electrolyte can be nar- 
rowed down to at least three possibilities. In Eq. [2], the 
2:1 NbCI~-SOC12 complex reacts with Li~S. No SO~ is pro- 
duced, and S, a possible constituent, is contained in the 
neutralized electrolyte salt 

SOC12, 2NbC15 + Li2S ~ Li2Nb~CIIoS + SOC12 [2] 

Another possible reaction (which would produce SO2), in- 
volving the 2:1 NbCI~-SOC1, complex, has been suggested 
by one of the reviewers of this paper 

SOC12, 2NbCI~ + Li~S ~ Li~Nb~Cll~ + V2 SO~ + 3/2 S [2a] 
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Fig. 9. Infrared spectrum of NbCIJLi2S in SOCI~ 

In the next scheme, Eq. [3] and [4], the 1:1 complex re- 
acts to form the neutralized salt. The product does not 
contain any sulfur, but  SO2, as detected in the IR work, is 
produced 

2SOCl2, NbC15 + Li2S ,~- Li~Nb2C1,2 + SOC1._, + SO [3] 

2SO ,~- SO~ + S [4] 

(The product Li2NbzCII~ in Eq. [2a] and [3] could also con- 
ceivably be represented as 2LiNbC16.) 

A definite test for S in the neutralized salt would help 
identify the correct scheme. 

The anion of either of the products formed in Eq. [2] 
and [3] is quite different than tetrachloroaluminate, 
A]C]4-. Some of the properties of the neutralized electro- 
lyte can be explained in terms of the postulated anions. 
The large size of either anion, even with its divalent 
charge, would lead to a reduced anionic charge density. 
This would tend to favor dissociation of the salt, and 
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could lead to the higher electrolyte conductivity relative 
to that of plain NbC1JSOCI~ solutions. However, these 
same factors could decrease the mobility of the anion rel- 
ative to Li ~ or A1C14- and so explain the lower overall 
electrolyte conductivity relative to LiA1C14. Similar 
reasoning was applied to explain conductivity behavior of 
clovoborate electrolytes (7). 

The growth of the LiC1 anode film in LiA1C14 electro- 
lyte is promoted by the relative instability of LiA1C14 in 
SOCI~ and can be represented as 

SOC12 + A1C13 ~- SOC1 § + A1C14- ~ SOCI~, A1C13 [5] 

LiC1 + SOC12, A1C13 + (n-1)  SOClz ~- 

Li [(SOC12)n] + + A1CI~- [6] 

The dissociated LiA1C14 electrolyte in Eq. [6] can ex- 
change with the LiC1 anode film. But because of the na- 
ture of the anions postulated in Eq. [2] and [3], it is felt 
that no such exchange equilibrium exists between these 
anions and the LiC1 film formed in the NbC15-based elec- 
trolytes. Thus, growth of the voltage delay causing film is 
reduced. 

Conclusions 
1. Voltage delay in half-cells was reduced by using elec- 

trolyte formed by the neutralization in SOC12 of NbCl~ 
with Li2S, or NbC1.5 with Li20. The use of the NbC1JLi~S 
electrolyte as a minor additive to LiA1C14 was also effec- 
tive in reducing voltage delay. 

2. The conductivity of NbClJLi~X (X = S or O) electro- 
lytes in SOCI~ is slightly less than the corresponding 
LiA1C14 solutions. 

3. The anode film formed in the NbC1JLi2S electrolyte 
has a different morphology and appears less dense than 
the film formed in LiA1C14. The mechanism for the effect 
is thought to be due to the nature of the anion in 
NbC1JLi~S electrolyte and/or the SOs produced by the 
neutralization of NbC15 with Li~S. 

4. Anode rate capability is slightly higher in the 
NbC1JLi2S electrolyte than in LiA1C]4. The NbCIJLi2S 
electrolyte does not affect the cathodic discharge charac- 
teristics of SOC12. 

5. NbCI~ by itself in SOCI~ has low conductivity and 
promotes voltage delay. 

Manuscript submitted Dec. 14, 1983; revised manu- 
script received Feb. 13, 1984. This was Paper 32 oresented 
at the Washington, DC, Meeting of the Society, Oct. 9-14, 
1983. 
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Thermogravirnetry-Evolved Gas Analysis of Silver Oxide Cathode 
Material 

W. A. Parkhurst,* S. Dal lek,*  and B. F. Larrick 

Naval Surface Weapons Center, Electrochemistry Branch, Silver Spring, Maryland 20910 

ABSTRACT 

A new, rapid, and precise thermogravimetry-evo]ved gas analysis (TG-EGA) method has been developed for the de- 
termination of the AgO, AgsO, Ag, and Ag2CO~ content of silver oxide cathodes. Cathode samples were analyzed by the 
present method and by the commonly used wet chemical method. The analysis is being used to study the rates of 
change in chemical composition during storage of cathodes prepared by various manufacturers. The analysis resu]ts can 
be used to corre]ate the compositional changes with degradation in battery performance. 

Batteries employing silver oxide cathodes are used in 
numerous military and commercial applications. The 
electrochemically prepared cathodes, used in high rate 
battery applications, contain various amounts  of silver (II) 
oxide, silver (I) oxide, silver, and silver carbonate impu- 
rity. The change in chemical composition of these cath- 
odes during storage remains a problem of serious con- 
cern. For example, AgO is thermodynamically unstable 
and decomposes to form an Ag20 phase, having higher 
ohmic resistance (1), resulting in a voltage regulation 
problem. AgsO is also found to be formed (2) when solid 
AgO contacts solid Ag. In silver oxide/zinc cells, the zinc 
anode is a getter for the evolved Os from the AgO decom- 
position, resulting in a film of ZnO that can cause in- 
creased polarization after activation (3). Clearly, the ca- 
pacity and performance of silver oxide batteries can be 
adversely affected by the degradation of the cathode ma- 
terial (4).. Therefore, the need to determine the chemical 
composition of silver oxide cathodes after preparation 
and during storage under  various conditions is of consid- 
erable importance. Methods reported for the analysis of 
this material involve lengthy gravimetric and titrimetric 
(5) or gasometric (6) procedures. An obvious need exists 
for a better analytical procedure for silver oxide elec- 
trodes. 

Thermogravimetry (TG) techniques have been em- 
ployed for a wide range of analytical determinations (7). 
Complex mixtures of substances can be rapidly analyzed 
by TG, provided that the substances decompose inde- 
pendently of one another, thus permitting the establish- 
ment  of separate, measurable mass plateaus. Evolved gas 
analysis (EGA) is frequently used as a simultaneous 
complementary technique to TG. Attempts to analyze 
silver oxide cathodes by thermal analysis techniques 
have been reported (8, 9). 

We report here the development and employment  of a 
new, extremely rapid, precise thermogravimetry-evolved 
gas analysis (TG-EGA) analytical method for the determi- 
nation of the AgO, Ag20, Ag, and Ag2CO3 content of silver 
oxide cathode material. 

Experimental 
Apparatus.--The TG studies were performed With a 

d u P o n t  1090 Thermal Analysis System and a 951 
Thermogravimetric Analyzer (TGA). TG samples were 
run in plat inum boats over a temperature range of 298 to 
753 K (25~176 at a heating rate of 20 K/min in a flowing 
atmosphere (50 cm3/min) of dry argon. Because the de- 
composition temperatures of AgO and AgsCO3 overlap, 
neither can be determined in the presence of the other by 
TG alone (10, 11); therefore, an EGA method using a 
Hewlett-Packard 5710-A Gas Chromatograph (GC) was 
developed for determination of the evolved CO2 from the 
AgsCO3 decomposition. Samples for GC analysis were 

placed in a specially designed Pyrex vessel (Fig. 1) fitted 
with a Teflon valve. The vessel was first evacuated (p -< 
20~ Hg), placed in the TGA furnace, heated over the same 
temperature range as in the TG run, and then connected 
to the GC for determination of the amount  of evolved 
COs. The GC employed a thermal conductivity detector 
and a Carbosieve column. Pressures were measured with 
a Validyne Model DM56A digital manometer  system with 
an AP10 absolute pressure transducer. The GC furnace 
temperature was maintained at 468 K. Helium purge gas 
was employed for maximum sensitivity. The tightness of 
all valves and connections was checked by monitoring 
the constancy of the digital manometer readings while 
the system was under  vacuum and when pressurized. 

The AgO, AgsO, Ag, and AgsCO~ content of the cathode 
sample was determined from the TG mass loss plateaus 
and from the GC analysis of the evolved COs. 

Samples.--Commercially obtained AgO (99.5%, Rayovac 
Corporation) (12), AgsO (99.6%, Metz Metallurgical Corpo- 
ration), Ag (99.98%, Fischer Scientific Company), and 
AgsCO~ (99.7%, Alfa Products) were studied initially to de- 
termine their thermal transition temperatures. Samples of 
active cathode material were obtained from several bat- 
tery manufacturers either as powders or on silver current 
collectors from which the material was removed and pow- 
dered. Typically, a 100 mg sample was used for each TG 
and GC run. 

Results 
During the development of the present method, numer- 

ous TG experiments were run on chemically and electro- 
chemically prepared silver oxide cathode material and on 
the individual components to establish the validity of the 
technique. Typical TG curves and their derivatives for 
pure AgO, AgsO, AgsCO3, and silver oxide cathode mate- 
rial are shown in Fig. 2. In  Fig. 2a, the three main decom- 

Fig. 1. Gas collection vessel for 
C02 analysis. 

)\ 
VOLUME : 50 cc 
SAMPLE SIZE : "100 mg 
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Key words: battery, cathode, thermogravimetry, gas chroma- 
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Fig. 2. TG curves of AgO, AgeO , AgzC03, and silver oxide cathode 
material. Heating rate: 20 K/min. Atmosphere: Ar, 50 cm3/min. 

posi t ion  processes  of  AgO can be seen: (i) an init ial  rapid  
decompos i t i on  of  AgO to AgeO, (ii) a s low con t inu ing  de- 
compos i t ion  of AgO, and (iii) a rapid decompos i t i on  of  
Ag20 to Ag. The s t ruc ture  of  AgO was es tabl i shed by neu- 
t ron diffract ion to be Ag203 • AgzO (13). X-ray photoelec-  
t ron spec t roscopy  (XPS) s tudies  (14) conf i rmed this 
s t ruc ture  and showed  that  the  mass  loss in process  B (Fig. 
2a) is caused by the  decompos i t i on  of the  Ag~O~ compo-  
nen t  of  AgO. The decompos i t i on  curve  of AgeO is shown 
in Fig. 2b. As seen in Fig. 2, there  is the  possibi l i ty  that  
the decompos i t i on  of  Ag20 (Fig. 2b) may  be ini t ia ted jus t  
p r i o r  to the  comple t ion  of  the  AgO decompos i t i on  pro- 
cess near  the very  end of reg ion  (B) in Fig. 2a. However ,  
as seen in the  der ivat ive  curves  in Fig. 2a and 2b, the  rates 
of  decompos i t i on  in this reg ion  are very  small. We have  
de t e rmined  that  any over lap  in this region has a negligi-  
ble effect  on the  prec is ion  of  the  calculated composi t ion .  
The  shoulder  on the  der iva t ive  curve  in Fig. 2a and the  
smal l  der ivat ive  peak  in Fig. 2b at about  433 K (160°C) are 
caused by the  sl ight  con tamina t ion  of  these  samples  by 
Ag,eCO3. The decompos i t i on  curve  of AgeCO3 is shown in 
Fig. 2c. The  evo lu t ion  of  CO~ f rom the two " fo rms"  of  
AgeCOs beg inn ing  at abou t  433 K (160°C) and 593 K (320°C) 
in Fig. 2c agrees wi th  prev ious ly  repor ted  t empera tu res  
(15). Mass spec t romet r ic  analysis (14) of  the  evo lved  gas 
conf i rmed  it to be  COx dur ing  bo th  mass  losses. The  
final mass  loss on this curve  is caused by the  d e c o m p o s i -  

t ion of  the  Ag20, as seen above.  In  Fig. 2d, a TG curve  of a 
ca thode  sample  conta in ing  a considerable  a m o u n t  of  
AgeCO3 is shown.  

The  equat ions  used  to eva lua te  the  TG-EGA data for 
si lver oxide  ca thode  mater ia l  were  der ived,  as follows, on 
the  a s sumpt ion  that  the  sample  initially consists  of only 
AgeCO.~, AgO, Ag, and Ag20, hav ing  weigh t  fract ions A, B, 
C, and D, respect ively.  

The  d e c o m p o s l t m n  reacUons are 

Ag2CO3 ~ AgeO + COe [1] 

2AgO --* AgeO + 1/2 Oe [2] 

AgeO --* 2Ag + 1/2 Oz [3] 

Let  W, equal  the weigh t  f ract ion remain ing  after react ion 
[1], We equal  the weigh t  f ract ion remain ing  after  react ions  
[1] and [2], and W3 equal  the  weight  f ract ion remain ing  
after  react ions  [1], [2], and [3]. Us ing  the. appropr ia te  gravi- 
met r ic  factors, the  weigh t  ba lance  equa t ions  are 

1 = A + B + C + D  

W, =0.8404A + B  + C + D  

We = 0 . 8 4 0 4 A  + 0 . 9 3 5 4 B  + C + D 

W3 = 0.7824A + 0 . 8 7 0 8 B  + C + 0 . 9 3 1 0  D 

The we igh t  loss equa t ions  are 

1 - W1 = 0.1596A 

W, - We = 0.06458B 

Wz - W.~ = 0.07416 (W~ - C) 

Rear rang ing  

A = 6.2657 (1 - W~) = weigh t  f ract ion AgzCO3 

B = 15.4838 (W1 - W..,) = weight  f ract ion AgO 

C = W3 - 13.4838 (We - W~) = weigh t  f ract ion Ag 

D = 1 - A - B - C = weigh t  f ract ion AgeO 

We and W3 are de t e rmined  f rom the TG curves.  W, is ob- 
ta ined f rom the GC analysis  of  the evo lved  COe as fol lows 

F = g COJ44.011 g /mol  

g COd44.011 g/tool + g OJ32.00 g/tool 
= mole  fract ion COe in the  evo lved  gas 

g COe = (1 - W,) (S) and g Oe = [(1 - W3) - (1 - W,)] (S) 

where  S = total  sample  weight .  
F = (1 - W,)/2.7507 

(1 - W~)/2.7507 + [(1 - W3) - (1 - W,)]/2 

W, = 1 - (2.7507)(1 - W3)F/(O.7507F + 2) 

In  Fig. 3, the TG curve  of  the  ca thode  sample  shown in 
Fig. 2d has been  en la rged  and labeled with  points  W2 and 
W3. The va lue  of We, at wh ich  poin t  the decompos i t i ons  of  
AgeCO3 and AgO into AgeO are comple te  bu t  pr ior  to the  
onset  of  the decompos i t i on  of  AgzO, is de t e rmined  f rom 
the in tersec t ions  _of the  ex t rapo la ted  comple t ion  of  the  
AgO decompos i t i on  and the  onset  of  the  AgeO decompo-  
si t ion processes.  The der iva t ive  curve  is used  to locate  the  
poin t  more  precisely.  At  the  poin t  W3, the  sample  is com- 
ple te ly  d e c o m p o s e d  into Ag. The  weigh t  fraction,  W,, re- 
main ing  after the  two-s tep  loss of COe f rom the  decompo-  
sit ion of  AgzCO3 is de t e rmined  by GC, as desc r ibed  above.  
Repea ted  CO2 analyses,  used  in de te rmin ing  W,, resul ted  
in AgzCO~ qleterminations that  agreed to wi th in  0.01%. 

Severa l  ca thode  samples  were  analyzed by the  p resen t  
TG-GC me thod  and by the  c o m m o n l y  used  Wagner  
m e t h o d  (5) c o m b i n e d  with  a s tandard  gravimet r ic  deter- 
mina t ion  of the CO2 f rom the  Ag~CO3 componen t .  The  re- 
sults  are shown in Table  I. Reasonab le  a g r e e m e n t  was 
ach ieved  be tween  the  two methods .  

Dur ing  the  course  of  this  work,  samples  of ve ry  pure,  
stable, chemica l ly  p repared  AgO (99.5%, Rayovac  Corpo- 
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Fig. 3. TG curves of silver oxide 
cathode material showing points 
W~ and W3. (W, is obtained from the 
GC analysis.,) 

ra t ion)  we re  r u n  pe r iod ica l ly  to c h e c k  t h e  ca l i b r a t i on  of  
t he  T G A  b y  d e t e r m i n i n g  t h e  f inal  m a s s  p la teau ,  W3. The  
r e su l t s  are g iven  in Tab le  II. T he  t heo re t i ca l  v a l u e  of W~ 
for  t h e  p u r e  AgO is 0.8708, as c o m p a r e d  w i t h  t h e  ave rage  
m e a s u r e d  va lue  of  0.8701 for  t h e s e  runs .  T he  l ower  exper -  
i m e n t a l  va lues  are  a r e s u l t  of  t he  s l ight  c o n t a m i n a t i o n  of  
t h e  AgO w i t h  Ag2CO3. GC ana lyses  of  t he  evo lved  CO~ 
f r o m  th i s  AgO ma te r i a l  gave  a n  ave rage  Ag2CO3 c o n t e n t  
of  0.75%. U s i n g  t he  ave r age  m e a s u r e d  v a l u e  of  W3 = 0.8701 
a n d  s e t t i n g  B = (1 - A), C = 0, a n d  D = 0, t he  d e r i v a t i o n  

Table I. Comparison of TG-EGA and Wagner (5) analyses of silver oxide 
cathode samples 

Sample Method Ag2CO3 (w/o) AgO (w/o) Ag~O (w/o) Ag (w/o) 

A** TG-EGA 0.75 99.10 0.0O 0.00 
Wagner* 1.02 98.26 O.00 0.03 

B TG-EGA 4.89 63.17 22.83 9.11 
Wagner 4.84 63.53 21.92 8.22 

C TG-EGA 6.14 73.70 18.31 1.85 
Wagner 6.09 71.44 19.96 2.58 

D TG-EGA 7.21 36.08 27.39 29.32 
Wagner 7.33 35.22 29.96 22.88 

E TG-EGA 9.08 60.70 28.72 1.50 
Wagner 8.09 61.94 26.67 0.02 

F TG-EGA 11.28 47.84 39.19 1.69 
Wagner 5.59 47.43 43.91 0.05 

G TG-EGA 5.39 35.15 33.27 26.19 
Wagner 4.32 37.60 36.06 20.88 

* Wagner analyses performed at the Naval Weapons Support 
Center (Crane, IN). 

** 99.5% AgO (Rayovac Corporation). 

Table II. TG results for chemically prepared AgO* 

Run no. Heating rate (~ W3 

1 20.0 0.8703 
2 20.0 0.8702 
3 20.0 0.8698 
4 20.0 0.8702 
5 20.0 0.8700 
6 2.0 0.8699 
7 0.2 0.8703 

= 0.8701 
(~ = 0.0002 

* 99.5% AgO (Rayovac Corporation). 

e q u a t i o n  m a y  be  so lved  to g ive  A = 0.0079 (0.79% Ag~CO~), 
in  e x c e l l e n t  a g r e e m e n t  w i t h  t he  0.75% f r o m  the  GC analy-  
sis. Th i s  r e su l t  a n d  t he  r e su l t s  s h o w n  in  Tab le  II  d e m o n -  
s t rate ,  respec t ive ly ,  t h e  accu racy  a n d  p rec i s i on  o b t a i n e d  
u s i n g  t he  T G - E G A  t e c h n i q u e  on  th i s  AgO mater ia l .  The  
lack  of  su i t ab l e  s t a n d a r d  ma te r i a l s  a n d  ana ly t i ca l  m e t h -  
ods  p r e c l u d e d  t he  d e t e r m i n a t i o n  of  a ccu racy  for  typ ica l  
c a t h o d e  ma te r i a l  m i x t u r e s  c o n t a i n i n g  AgO, Ag20, Ag, a n d  
Ag..,CO3. 

Discuss ion  
A new,  e x t r e m e l y  rapid ,  p rec i se  ana ly t i ca l  m e t h o d  ha s  

b e e n  d e v e l o p e d  u s i n g  a c o m b i n e d  T G - E G A  t e c h n i q u e  to 
ana lyze  t he  c o m p o n e n t s  of  s i lver  ox ide  c a t h o d e  mater ia l .  
A t  a h e a t i n g  ra te  of 20 K/min ,  a T G  r u n  t akes  on ly  a b o u t  
20 min ;  a c o n c u r r e n t  GC ana lys i s  is p e r f o r m e d  d u r i n g  t he  
T G  r u n  on  a s epa ra t e  sample .  This  ana lys i s  m e t h o d  re- 
qu i r e s  m i n i m a l  s a m p l e  m a n i p u l a t i o n  a n d  e l i m i n a t e s  t he  
n e e d  to p r e p a r e  a n d  s t a n d a r d i z e  c h e m i c a l  r eagen t s .  I t  
re l ies  on ly  on  t he  m e a s u r e m e n t  of  m a s s  loss  b y  a n  ex-  
t r e m e l y  accu ra t e  e l e c t r o b a l a n c e  c o u p l e d  w i t h  a h i g h  
speed  m i c r o p r o c e s s o r  ana lyze r  and  o n t h e  ana lys i s  of  the  
evo lved  CO2 in  t he  CO2 + O~ m i x t u r e  b y  GC. In  add i t ion ,  
the  T G  curve  of  a s i lver  ox ide  s a m p l e  p r o v i d e s  a 
" f i n g e r p r i n t "  t h a t  c an  be  c o m p a r e d  to s u b s e q u e n t  c u r v e s  
to i m m e d i a t e l y  d i s ce rn  ag ing  t r ends .  

Th i s  n e w  ana lys i s  t e c h n i q u e  is b e i n g  u s e d  to s t u d y  
ra tes  of  c h a n g e  in  c h e m i c a l  c o m p o s i t i o n  d u r i n g  s to rage  of 
s i lver  ox ide  ca thodes ;  in  add i t ion ,  cor re la t ions  are possi-  
b le  b e t w e e n  t he  c o m p o s i t i o n a l  c h a n g e s  a n d  t he  deg rada -  
t ion  in  b a t t e r y  p e r f o r m a n c e .  The  p r e s e n t  t e c h n i q u e  is be-  
ing  d e v e l o p e d  f u r t h e r  so t h a t  a s i m u l t a n e o u s ,  r a t h e r  t h a n  
c o n c u r r e n t ,  T G - E G A  d e t e r m i n a t i o n  can  b e  p e r f o r m e d  on  
a s ing le  sample .  

M a n u s c r i p t  s u b m i t t e d  Oct. 27, 1983; r ev i s ed  m a n u s c r i p t  
r e ce ived  Feb.  27, 1984. 

The Naval Surface Weapons Center assisted in meeting 
the publications costs of this article. 
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The Corrosion of Carbon Black Anodes in Alkaline Electrolyte 
I. Acetylene Black and the Effect of Cobalt Catalyzation 

Philip N. Ross* and Harvey Sokol 
Lawrence Berkeley Laboratory, Materials and Molecular Research Division, Berkeley, California 94720 

ABSTRACT 

'4C labeling of acetylene black was used together with mass spectroscopic analysis of the gas evolved to determine 
the current efficiencies for oxygen evolution, carbon dissolution, and carbon gasification (to carbon monoxide). The 
current efficiencies were found to depend dramatically on potential, temperature, and the presence of an evolution cata- 
lyst like Co304. On uncatalyzed black, three regimes could be distinguished: (i) at potentials below 500 mV vs. Hg/HgO 
and temperatures below 50°C, carbon dissolution is the primary anodic process, (ii) at 500-600 mV and 50°C or lower, car- 
bon dissolution and oxygen evolution occur at equivalent rates, and (iii) above ca. 600 mV or above ca. 60°C, oxygen 
evolution and gasification of the carbon to carbon monoxide are the dominant  processes. Catalyzation with Co304 col- 
lapsed these regimes so that all three anodic processes are concurrent throughout the potential region of interest, and 
the overall rate of corrosion increased significantly. In addition, Co304 catalyzation caused the production of organic 
products (ca. 5% current efficiency) in a potential region where none is produced from acetylene black alone. The mech- 
anism of action of Co804 on the acetylene black corrosion is not yet understood, but there is evidence that direct phys- 
ical contact between the Co304 particles and carbon particles is not required to produce accelerated corrosion of the 
carbon. 

With the advent of dimensionally stable metal oxide an- 
odes for chlor-alkali cells, technological interest in the ox- 
idation of carbon anodes (usually graphite) in caustic so- 
lution has waned. In  the years when diaphragm cells with 
graphite anodes were the leading technology, there was a 
substantial body of literature produced concerning the 
corrosion of graphite accompanying chlorine evolution. 
This literature is reviewed in several places (1-4), the most 
recent being in the compilation of the electrochemistry of 
carbon by Randin (4). The literature on the corrosion of 
graphite anodes during oxygen evolution in chloride-free 
electrolyte is, in comparison, almost nonexistent. Most of 
the work on graphite anodes for oxygen evolution has 
been in acid solution, and it is known that the corrosion 
processes for graphite change as a function o f p H  (5). Cur- 
rent technological interest in the use of graphite and/or 
carbon blacks in alkaline battery positives has revived in- 
terest in the corrosion processes of these materials i n  
strongly alkaline chloride-free solutions. Graphite powder 
is used as a current collector and dispersion substrate for 
nickel electrodes (6), and various types of carbon blacks 
are of interest for use as catalyst substrates for 
bifunctional air electrodes (7). Acetylene black is widely 
used in primary batteries of both the alkaline and 
nonaqueous type, and is being examined as a catalyst 
substrate for air electrodes for a number  of fuel cell and 
metal-air battery technologies. In none of these battery 
applications is the acetylene black intended to act as an 
active material for oxygen evolution, and in the primary 
batteries oxygen evolution does not occur in normal use, 
so it is not surprising that very little research has been 
published on the corrosion of acetylene black in oxygen 
evolving electrodes. Yet the use of acetylene black in a 
bifunctional air electrode is technologically attractive be- 
cause of its very low cost relative to metal oxide materi- 
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als. The principal question concerning its use is the corro- 
sion resistance. 

It is a difficult matter to measure corrosion rates accu- 
rately in gas evolving electrodes. Standard electrochem- 
ical methods are not useful by themselves because the 
gas evolution is generally the predominant  anodic pro- 
cess; so, the observed current is not representative of the 
corrosion processes. Electrochemical methods must be 
combined with other analytical tools which discriminate 
between the different anodic processes, at the least be- 
tween oxygen evolution and all other processes, and, ulti- 
mately, each anodic process is measured independently. 
Historically, analysis of the anode gas composit ion for 
oxygen, carbon monoxide, and carbon dioxide has been 
used together with standard electrochemical methods to 
obtain relative current yields for 02, CO, and CO.,. Exam- 
ples of this approach are seen in the rePorts by Krishtalik 
et al. (8) on the corrosion of graphite anodes of the type 
used in chlor-alkali cells. The gas analysis method does 
not account for corrosion processes that produce solu- 
tion-phase species (soluble or insoluble), surface oxides, 
or intercalation compounds like "graphite oxide" (9). 
Other work (10) on graphite anodes reported that the for- 
mation of water soluble products can be 30%-40% of the 
current yield, and the total current yield of all reaction 
products (solution plus gas phase) was less than 100%, 
leading to the conclusion that some current (10%-20%) 
passed in the formation of "graphite oxide." It is clear 
that if one is to determine the rate of corrosion processes 
by the rate of appearance of products the inventory of 
products must be complete. The prior work on graphite 
anodes suggests quantitative solution analysis is impera- 
tive, including organic compounds that are not well es- 
tablished. The approach we have taken in this work was 
to use '4C acetylene black and quantitative radiochemical 
techniques for analyzing the products in solution and a 
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quadrupole mass spectrometer for analyzing products in 
the gas evolved. The '4C technique has several advantages 
over conventional methods for the quantitative analysis 
of carbon in water: (i) the lower limit of detection is ppb 
vs. ppm, (it) the quantitative determination is absolute 
and relatively free of matrix or solvent effects, (iii) differ- 
ent types of carbon in the electrode can be discriminated 
against. The ability to label certain physical parts of a car- 
bon electrode with '4C was particularly useful in examin- 
ing corrosion in the presence of  evolution catalysts. The 
disadvantage of the J4C labeling technique is that acety- 
lene black is probably the only industrial carbon black 
that is made from a relatively pure feedstock (acetylene) 
that can be labeled, so the technique cannot be extended 
to furnace blacks of technological interest. In order to 
make quantitative discr iminat ions of inorganic (carbon- 
ate) from organic carbon in solution, we did develop a 
chromatographic procedure based on complete oxidation 
of organic to CO2. Our experience with this procedure in- 
dicated that with further development  it is capable of 
making the quantitative determinations of the rate of pro- 
duction of carbonate ion and organics at the levels likely 
to be observed with industrial carbon blacks in future 
studies. 

Exper imenta l  

'4C radiotracer.--~4C labeled acetylene black was 
supplied by Nuclear Research Chemicals with a specific 
radioactivity of 1.625 mCi/mg. The ~4C acetylene black 
was produced using the same commercial  procedure for 
Shawinigan Acetylene Black (Shawinigan Products  De- 
partment, Gulf Oil Chemicals Company), but reduced to 
laboratory scale. Shawinigan Acetylene Black is made by 
continuous thermal decomposit ion of acetylene at 800~ 
in a retort. The retort is first heated to the decomposit ion 
temperature by burning the acetylene on introduction, 
.then burning is discontinued, and the acetylene continues 
to flow into the retort in the absence of air. Thermal de- 
composit ion occurs resulting in a flocculent black with a 
bulk density of ca. 0.019 g/cm 3. 14C labeled acetylene black 
was produced by Nuclear Research Chemicals using the 
same procedure with '4C labeled acetylene gas. Since the 
quantity of '4C labeled acetylene black was quite small 
(2.59 rag), owing to its high cost and the fact that only a 
small amount  is needed for radiotracer work, all the phys- 
ical properties of the '~C acetylene black could not be 
compared to those of commercial  Shawinigan black. Ex- 
amination of the particle size, aggregate morphology, and 
microstructure by transmission electron microscopy 
(TEM) was the principal tool used to determine that the 
'4C labeled acetylene black was similar to Shawinigan 
acetylene black in its physical and chemical properties. 
The '4C black was blended with Shawinigan black using a 
two-stage procedure. First, 0.59 mg '~C was liquid blended 
with 100 mg of Shawinigan using isopropanol and 
ultrasonic agitation. Second, 10 mg of that blend was liq- 
uid blended with 100 mg of Shawinigan. The specific ac- 
tivity of the resulting blend was determined using an oxi- 
dizer method (Packard Model 306 Oxidizer) to be 1.4 -+ 
0.05 dpm/mg. 

Catalyzation procedure.--Both the '4C blend and the 
unlabeled Shawinigan black were catalyzed with cobalt 
oxide using an impregnation procedure. The cobalt con- 
tent was prepared at a 20 weight  percent (w/o) level as- 
suming Co304 as the final form. Co(No3)2 - 6H20 was dis- 
solved in 1:1 methanol:water;  the carbon black was 
dispersed into the solution with ultrasonic agitation; am- 
monium hydroxide was added to pH 11 to precipitate co- 
balt hydroxide into the carbon black. The impregnated 
carbon black was filtered from solution and air dried at 
120~ for 24h. Conversion of the cobalt to Co304 was 
confirmed by x-ray diffraction analysis, which showed 
only lines for this phase. 

Cell and electrode design.--The electrochemical cell 
used in these studies is depicted in Fig. 1. It was essen- 
tially a standard glass H-cell modified for both gas 

Fig. 1. Three-chambered corrosion cell. 1: test. 2: Ni counter- 
electrode. 3: Hg/HgO reference electrode. 4: Nation membrane. 5~: sep- 
tum for liquid sampling. 6: gas sampling bulb. 

and solution sampling and solution sampling. The solu- 
tion in the working electrode compartment  was isolated 
from exchange with solution in the counterelectrode 
compartment  by cation-exchange membrane (duPon t  
Nation 117) and from the solution in the reference by a 
thick ultrafine porous ceramic. Solution samples were 
drawn from the working electrode compartment  through 
the rubber septum using a 100 ~1 syringe. The reference 
electrode was Hg/HgO and the solution was 30 w/o KOH 
+ 2 w/o LiOH. Some experiments were done without the 
li thium addition, and the presence of li thium did have an 
effect (increased precipitation of corrosion product within 
the pores of the electrode due to reduced solubility), so all 
the results reported here were obtained with the mixed 
electrolyte. The working electrode consisted of a carbon 
black-PTFE paste impregnated into a gold-plated tanta- 
lum mesh acting as the current collector. The paste con- 
tained 5 w/o PTFE solids (du Pont TFE-30B dispersion) 
mixed into the carbon black with l:l isopropanol:water, 
and was applied to the mesh by spatula followed by air 
curing at 320~ for i0 rain. The typical loading of a work- 
ing electrode was 40 mg (ca. i0 mg/cm 2) of carbon black 
or catalyzed black. The working electrodes were vacuum 
filled with electrolyte at room temperature prior to use in 
the cell. The internal electrolyte volume in the working 
electrode was determined gravimetrically after emersion 
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of the electrode and wiping the surface free of bulk elec- 
trolyte. The internal electrolyte volume was typically 2-3 
~l/mg initially, with an increase by as much as 100%-200% 
on use in the cell (after extensive oxidation). 

Solution analysis.--lO0 ~1 aliquots were withdrawn 
from the working electrode compartment  at periodic in- 
tervals (usually 30 min) and put immediately into 5 ml of 
scintillation solution (New England Nuclear Atomlight 
NEF-968) and counted in a commercial  scintillation coun- 
ter (Tracor). Stirring of the solution in the compartment  
was accomplished by bubbling with argon; results from 
stirred and unstirred solution did not agree when the cor- 
rosion rate was above a certain level, so all the results re- 
ported here are for stirred solutions. Because of the re- 
quirement  for gas flow, gas sampling and solution 
sampling were not simultaneous. Conventional (i.e., 
nonradiochemical) qualitative analysis of the solution was 
conducted to distinguish inorganic (carbonate) from or- 
ganic corrosion products. The complete analysis proce- 
dure, shown in Fig. 2, was initially carried out in an appa- 
ratus built in our laboratory. However, it was found that 
the solutions did not contain any purgeable organic car- 
bon, so the volatilization step was eliminated. Subse- 
quently, the organic/inorganic determinations were made 
in a single apparatus, a Dohrmann DC-80 Total Carbon 
Analyzer. Under certain conditions, the KOH solution be- 
came colored, and these solutions were analyzed colori- 
metrically with a UV/VIS spectrophotometer. Attempts 
were made to isolate and to analyze the colored product 
by GC-MS and proton NMR, but, as described later in the 
text, these were largely unsuccessful. 

Gas analysis.--Prepurified argon was used as the dilu- 
ent gas. The gas evolving from the electrode was ac- 
cumulated in the space over the KOH solution, then 
sampled into a 10 ml gas sampling bulb using vacuum 
withdrawal. The sampling bulb was then isolated and 
transferred to a quadrupole mass spectrometer (Balzers 
QMGll2)  for analysis. Quantitative determinations of the 
composit ion of the gas (absolute partial pressures) were 
made using the calibration procedures described in the 
Appendix. The only gases observed evolving from the 
solution were oxygen and carbon monoxide. All the car- 
bon dioxide created anodically was apparently trapped in 
the electrolyte. The time required to accumulate an analy- 
zable quantity of gas varied with potential, temperature, 
and whether the cobalt catalyst was present, e.g., from as 
much as 15h to as little as 30 min. During this time, the 
electrode potential was controlled, and the total charge 
passed was measured using a digital coulometer 
(PAR 179). The rate of gas evolution was calculated as an 
average quantity from the total moles of gas evolved and 
the collection time. 

Fig. 3. TEM of cobalt oxide catalyzed acetylene black 

Results 
Microstructure analysis by TEM.--Classical texts (11, 

12) on carbon chemistry refer to acetylene as having a 
"chainlike" structure and as more "crystalline" than most 
carbon blacks. At relatively low magnification, as shown 
in Fig. 3, acetylene black does appear to have a 
"chainlike" structure in that prime particles appear 
joined together in chainlike fashion so as to give a three- 
dimensional "fishnet" structure. However, at much 
higher magnification in a high resolution (<0.25 nm) 
TEM, the microstructure of acetylene black was seen to 
be very heterogeneous, and it is apparent that graphitic 
"chains" or "ribbons" characterize only a portion of the 
total structure present. Therefore, while the characteriza- 
tion of acetylene black as being more crystalline (gra- 
phitic) than most carbon blacks is essentially correct, it is 
also the case that acetylene black has a significant 

ANALYSIS OF SOLUBLE CORROSION PRODUCTS 

Fig. 2. Analytical procedure for 
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portion of the carbon present in a disordered (lacking 
microcrystallinity) microstructure. 

The "C labeled carbon black was indist inguishable 
from the Shawinigan acetylene black in terms of the mi- 
crostructure observed by TEM. 

TEM analysis also showed that the catalyzation of the 
acetylene black with Co304 resulted in macroscopically 
uniform dispers ion of the oxide in the black, but  there 
was evidence of microscopic "clustering" of the oxide. A 
typical illustration of this "clustering" is shown by Fig. 3, 
in which the oxide prime particles (200-300~) have aggre- 
gated into certain regions of the black, leaving other re- 
gions of black without Co~O4. The characteristic dimen- 
sions of the catalyzed and uncataiyzed regions of black 
are ca. 0.1 /~m, so that on the scale of 1 /~m or more, the 
catalyzed black can be considered to be a homogeneous 
composite material. 

Corrosion rates for acetylene black.--A characteristic 
curve for the amount  of carbon lost from the electrode 
into KOH solution as a function of time and potential is 
shown in Fig. 4. These data were always obtained in the 
direction of increasing potential following an initial (new 
electrode) "aging" period of 48h at 45~ 450 mV vs. 
Hg/HgO.' After obtaining data at one potential, the solu- 
tion was drained and replaced with fresh solution before 
stepping the potential, The rate of weight loss to solution 
was calculated from the slope of the linear least squares 
fit of the data. In  some cases, such as at higher tempera- 
tures, or with CocO4 present, there was clear evidence of 
an "induction period," as seen from the data in Fig. 5. 
These induction periods appear to represent a memory in 
the carbon, as after a step to either higher potential or 
higher temperature the dissolution 2 rate remains for a pe- 
riod at the lower rate, Tafel plots of the dissolution rates 
are shown in Fig. 6. For the purposes of these plots, the 
dissolution rate was obtained from the steeper slope ob- 
served after the induct ion period. These data illustrate a 
further memory effect of much longer duration. The one 
set of rates was taken in the order of increasing potential 
and increasing temperature, then the temperature was re- 
duced from 65 ~ to 25~ and the sequence was repeated. 
The second set of data showed a lasting displacement to 
higher dissolution rates for the same potential and tem- 
perature. These memory effects show clearly how sensi- 
tive the dissolution rate of acetylene black is to the 
pretreatment history, and makes it essentially impossible 
to determine an absolute (single-valued) dissolution rate 

All potentials in this paper are given vs. an Hg/HgO in the 
same electrolyte at room temperature. 

2 For compactness, the term "dissolution" refers to the oxida- 
tion of carbon to form dissolved species, or partially soluble or 
insoluble products which are solvent-extracted from within the 
electrode. 
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for a particular potential and temperature. Therefore, the 
Tafel slopes in the plots in Fig. 6 probably do not have 
any significance relative to the mechanism for acetylene 
black dissolution. Rather, the potential dependence 
shown is the effect of increasing the potential on the 
quasi-steady-state dissolution rate. 

The data shown in Fig. 6 are for the dissolution of the 
acetylene black into the bulk solution and do not contain 
the contributions from insoluble species or from pa_rtially 
soluble species that precipitate in the pores of the elec- 
trode, or from gaseous oxidation products. An extraction 
procedures was developed to analyze for precipitated 
product. After a run like that in Fig. 4 or 5, the cell was 
drained of KOH, replaced with an extraction solution, 
and left at open-circuit potential while sampling from the 
solution. Extraction of precipitated carbonate was ob- 
tained using 1M KOH solution, while extraction of or- 
ganic was obtained using ethanol-water. Very little Pre- 
cipitated organic was extracted at any of the conditions in 
Fig. 6. Using the known solubility of KHCO3-K2CO~ in 
KOH (t3) and the measured internal electrolyte volume in 
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the electrode, one can calculate the amount  of corrosion 
(as carbonate) required to cause precipi tat ion in the elec- 
t rode assuming no carbonate ion diffusion out of the in- 
ternal region. The amount  is surprisingly high: ca. I w/o 
loss is required to cause carbonate precipitat ion to occur, 
even in the absence of diffusion into bulk solution. Since 
the typical  data collection t ime for the rates given in Fig. 
6 was ca. 5h, only at the very highest  dissolution rates 
(>0.1% h -~) would one expect  to see any precipi tated 
product  in the electrode, and this was in fact the case. 
The extract ion analyses did indicate that  there was pre- 
cipitated carbonate internal  to the electrode in the 45 ~ and 
65~ runs. The corrections to the dissolution rates for this 
contr ibution is shown in Fig. 7. Internal  precipi tat ion ap- 
pears to account for the flattening of the potential  de- 
pendence of dissolution rate in the 550-600 mV potential  
region at 45~ It does not, however, entirely account for 
the negative potential  dependence  of the rates at 65~ 

Mass spec t rometer  analyses  of  the  gas above the  elec- 
t rode indica ted  that  only two gases were p roduced  in 
significant quanti ty:  oxygen and carbon monoxide .  The 
CO2 in equi l ibr ium with the  KOH solut ion in these  ex- 
pe r iments  was at too low a part ia l  pressure  to be de- 
tec ted  by our analyzer.  There was no de tec table  evolu- 
t ion of  CO at 25~ but  at 45~ CO evolut ion was 
evident,  and at 65~ it was substantial ,  as shown by the 
data repor ted  in Fig. 7. Above ca. 600 mV at 45~ CO be- 
comes the major i ty  corrosion product ,  which  accounts  
for the  apparen t  m a x i m u m  in the  dissolut ion rate ob- 
served by  analysis  of the  solution. At 65~ CO becomes  
the major i ty  corrosion produc t  at about  10O mV lower 
potent ia l  than at 45~ When the gas-phase and internal  
precipi ta te  contr ibut ions  are added  to the  solution- 
phase analysis,  the resul t ing Tafel plot  at 45~ from 550 
to 625 mV cont inues with approx imate ly  the same slope 
(ca. 130 mV per  decade) as the low potent ia l  por t ion 
where  carbonate  was the only product .  Above 625 mV, 
the  s lope changes sharply  due  to the  very different  po- 
tent ial  dependence  for oxidat ion  to CO than for dissolu- 
t ion to carbonate.  The Tafel plot  at 65~ after the  gas 
phase and internal  vo lume correct ion still shows behav- 
ior unl ike  that  seen in the  low tempera tu re  data. The rel- 
at ively flat potent ia l  dependence  of the  total  corrosion 
rate in the potent ia l  region of  400-500 mV may represent  
t ranspor t  l imitat ions,  e.g., l imi t ing diffusion of  dissolved 
corrosion products  out  of the e lectrode and internal  pH 
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change, rather  than near ly  potent ia l  i ndependen t  
kinetics.  

Quali tat ive analysis  of the  solut ion by the procedures  
in Fig. 2 indica ted  there  was no measurable  quant i ty  
(<10 ppm) of organic carbon in the solut ion at tempera-  
tures  below 65~ At 65~ traces of orgariic carbon ap- 
peared at 550 and 575 mV, but  the  current  efficiency for 
p roduc ing  organic species  was ex t remely  low (<<1%). 

In the potent ia l  region of this  study,  there  are three 
anodic  process ing occurring:  oxygen evolution,  carbon 
dissolut ion,  and carbon surface oxide  formation.  The 
la t ter  is a pseudocapaci tance ,  while the former  two are 
faradaic processes,  so that~ in principle,  one can separate  
out the  surface oxide format ion from the other  two by 
analysis  of t ime dependence  of the current  response.  
The '4C label ing and the mass  spec t rometer  analysis  en. 
able the carbon dissolut ion and oxygen evolut ion rates 
to be de te rmined  independent ly ,  and from the simulta-  
neous  measurement  of  the  total  anodic  current  the  cur- 
rent  efficiencies for each anodic process  can be cal- 
culated.  The resul ts  at 45~ are shown in Fig. 8 and in 
Table I. The anodic current  equivalent  to a given rate of 
appearance  of carbon produc t  was calculated from Fara- 
day 's  law, assuming  4e-  per  g-mol carbonate  ion, 2 e-/g- 
mol carbon monoxide ,  and 1.5 e- /g-mol  carbon in or- 
ganic form, The la t ter  assumes  that  mell i t ic  acid is the  
mode l  for organic carbon in solution. Under  the 
potent ios ta t ic  condi t ions  used,  when the potent ia l  was 
s t epped  to a h igher  potential ,  the  current  increased 
sharply,  then decreased  to a s teady-state  potent ia l  and 
temperature .  The t ime dependen t  current  p robab ly  rep- 
resents  the surface oxidat ion  process.  General ly,  the 
sum of  the part ia l  currents  due to CO evolution,  02 evo- 
lution, and carbon dissolut ion was very close to the 
s teady-state  current,  so that  the cont r ibut ion  of the  ox- 
ide format ion process  to the  s teady-state  current  was 
usual ly  very small  (< 10%). 

Corrosion rates fo r  catalyzed acetylene black.--The ef- 
fect of cobal t  catalyzat ion on all the anodic  par t ia l  cur- 
rents  was dramatic.  The Tafel plots for the  carbon disso- 
lut ion rates are shown in Fig. 9. In compar ison  to the 
uncata lyzed results  in Fig. 6, several  changes  due to 
catalyzat ion are apparent :  (i) the rate of dissolut ion was 
much greater  (factor of  2-3), (ii) the potent ia l  depend-  
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Table I. Current efficiencies* at 45~ 

C A R B O N  B L A C K  A N O D E S  

Acety lene  black 

Potent ia l  CO CO.~ (CO~ 2-) O,~ Organic 

480 ~8 80 13 ~0 
550 10 55 35 0 
600 10 10 80 0 

Co~O4-catalyzed acetylene black 
480 18 18 64 s 0  
550 6 15 74 5 

* Based on the sum of the partial currents and not the observed 
total current. 

ence at 25 ~ and 45~ was about  the same, and (iii) the  po- 
tent ia l  dependence  at  65~ was very  different.  The 
change in potent ia l  dependence  at 65~ reflects the 
preferent ia l  accelerat ion by  Co304 of  carbon dissolut ion 
processes  that  p roduced  highly  soluble organic species,  
as observed  by the organic/ inorganic qual i ta t ive  analysis  
of the  solution. The increase  in organic p roduc t  was 
even in tui t ively  apparen t  by  dramat ic  colorat ion of the 
solution, p roducing  deeply  colored reddish-brown solu- 
tions. At  65~ with fresh KOH solut ion in the  cell, dark  
brown streaks could  be seen s t reaming from the elec- 
t rode  upon  the impos i t ion  of  a potent ia l  of  550 mV! Gas 
evolut ion rates from the e lect rode were also increased,  
as seen by a compar ison  of the curves in Fig. 10. The ox- 
ygen evolut ion rates increased  by  more  than  an order  of 
magni tude;  the lower potent ia l  dependence  probab ly  re- 
flects oxygen t r anspor t  l imi ta t ions  at these  h igher  evo- 
lut ion rates. The rate of  CO evolut ion at lower potent ia ls  
(ca. 450 mV) was also increased  by  about  an order  of 
magni tude ,  but  the rate at high potent ia l  (650 mV) was 
about  the  same. The near ly  flat potent ia l  dependence  of 
the  CO evolut ion rate cannot  be due ent i re ly  to t ranspor t  
l imitat ions:  the t ranspor t  l imita t ions  on oxygen evolu- 
t ion (which is evolving at a h igher  rate than  CO) d id  not  
p roduce  such a flat potent ia l  dependence .  I t  is more 
l ikely that  there  was a change in the  d is t r ibu t ion  of 
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anodic processes  that  occurred  with increas ing poten-  
tial. In  part icular ,  the dissolut ion of carbon to soluble  or- 
ganic produc ts  was found to increase suddenly  when the 
potent ia l  was increased from 450 to 550 mV. This is 
reflected in the current  efficiencies repor ted  in Table I; 
at 450 mV there was essent ia l ly  zero organic product ,  
but  at 550 mV the rate of dissolut ion to organic was 
near ly  equal  to the  rate  of  oxidat ion  to carbon 
monoxide .  

The character izat ion s tudies  of the s t ructure  of the 
catalyzed acetylene b lack  had indicated that  there  was 
some clustering of the  CocO4 phase so that  there  are 
significant regions of the carbon that  are not  in contact  
with Co304. To learn more  about  the degree of direct  
contact  between Co30, and carbon b lack  requi red  for 
the  catalyzat ion of  the  carbon corrosion processes,  an 
e lec t rode  was fabr icated from a mechanica l  b lend of 
uncata lyzed ~4C acetylene  black and unlabeled  catalyzed 
acetylene black. Mechanical  b lending is unl ikely  to pro- 
duce the degree of phys ica l  contact  be tween the ~4C ag- 
gregates  and the Co304 clusters  achieved by solut ion 
phase impregnat ion.  Therefore,  if  d i rect  physical  con- 
tact  be tween  Co304 and the carbon b lack  par t ic les  were 
required for catalyzed corrosion,  the mechanical  blend 
should yield lower dissolut ion rates as measured  by  the 
1'C method.  As the  compar i son  of results  made  in Fig. 9 
indicates ,  this was not  observed,  s ince the  dissolut ion 
rates observed with the  mechanica l  b lend were the same 
(within the -50% deviat ion of values observed  for iden- 
t ical  electrodes)  as with the  solut ion impregna ted  elec. 
trode. I t  appears  then  that  direct  phys ica l  contact  be- 
tween the oxide phase  and the carbon b lack  aggregates  
is not  required for enhancement  of the corrosion process  
to  o c c u r .  

D i s c u s s i o n  
One of the objectives of this s tudy was to determine  the 

individual  rates of all the anodic processes occurring in 
an acetylene black electrode in the 450-650 mV potential  
region. The approach was to measure the rate of appear- 
ance of products  of the anodic processes using a variety 
of techniques, and there remains the quest ion as to 
whether  all the anodic processes occurring in the elec- 
t rode were accounted for. Techniques were developed to 
analyze for gaseous products,  soluble products  in the 
KOH solution, and part ial ly soluble or solvent  extractable  
products  within the electrode. There are well-known 
anodic processes which do not  produce products  that 
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would be seen by these techniques, in particular, the oxi- 
dation processes that form surface oxides or intercalation 
compounds like "graphite oxide" (14). An approximate 
measure of these processes can be obtained by compari- 
son of the sum of the measured partial rates (as partial 
currents) with the observed total anodic current. This 
procedure has an inherent  inaccuracy as the product evo- 
lution rates require a finite sampling time, whereas the 
anodic current is instantaneous and is changing during 
the sampling period. The resulting sums of the measured 
partial rates of oxygen evolution, carbon monoxide evolu- 
tion, and carbon dissolution were generally less (ca. 90% 
of the total current) than the average values of the anodic 
currents observed over the time period for the partial rate 
determinations. But there are sufficient inaccuracies in 
the partial rate determinations that the relatively small 
differentials are probably not reliable measures of anodic 
processes like surface oxidation or "graphite oxide" for- 
mation. One can, however, reasonably conclude that 
these latter processes make a relatively minor (ca. 10%) 
contribution of the time-averaged anodic current ob- 
served under  potentiostatic conditions. 

Due to the different potential dependence of each 
anodic process, the predominant  anodic process changes 
as a function of potential (at constant temperature) and, 
due to different activation energies, the predominant  pro- 
cess changes as a function of temperature at any given 
potential, For uncatalyzed acetylene black at low (<50~ 
temperature, three regimes can be distinguished: (i) in the 
low potential region (450-500 mV) the predominant  pro- 
cess is dissolution of the acetylene black to carbonate ion, 
(ii) in the 500-600 mV region oxygen evolution and carbon 
dissolution occur at equivalent rates, and (iii) above 600 
mV, oxygen evolution and carbon monoxide evolution 
are the dominant  processes. Elevation of the temperature 
to 65~ or catalyzation with Co30~ preferentially acceler- 
ates the gas evolution reactions (for 02 and CO) such that 
all three anodic processes occur at nearly equivalent rates 
even at low potential. Carbon monoxide production was 
always commensurate with oxygen evolution and was 
never observed in the absence of oxygen evolution, indi- 
cating that there is a good possibility that chemical oxida- 
tion of the carbon by evolving oxygen (or intermediates) 
may be occurring in addition to direct electrochemical 
oxidation. This was also indicated by the effect of CozO4 
on the CO evolution rate, particularly the results that 
showed that physical contact between Co304 and carbon 
was not necessary for enhanced oxidation. The results 
with the cobalt catalyzed acetylene black also suggest 
that CO evolution and organic formation are competing, 
and not parallel, reaction paths. This was evident from 
the observation that the appearance of significant quanti- 
ties of organic product was always at conditions (poten- 
tial and temperature) where the current efficiency for CO 
evolution was the lowest, e.g., Table I. It is not mechanis- 
tically obvious why oxidation to CO and dissolution to or- 
ganic would be competing reacting paths. 

While the anodic processes of oxygen and carbon mon- 
oxide evolution appear to be coupled, there is no appar- 
ent coupling between oxygen evolution and dissolution 
to organic products. This is clear by comparison of the 
data in Table I, where high current efficiency for oxygen 
was not accompanied by measurable organic dissolution 
product. Also, in the case of the 65~ experiments with 
uncatalyzed acetylene blacks, the absolute oxygen evolu- 
tion rates were about the same as with the catalyzed black 
at 45~ yet no measurable quantity of organic appeared 
in the absence of catalyst. It seems clear that oxygen evo- 
lution is not a sufficient condition for organic product 
formation, and that cobalt oxide has a selective catalytic 
effect for the dissolution process to organics. We did not 
perform experiments designed to determine whether 
physical contact of Co804 and carbon aggregates is re- 
quired for this catalysis as we did for the carbonate ion re- 
action. This determination could have been made by 
using '4C detectors on the chromatographs in the organic 
carbon analysis, but our apparatus was not equipped with 

these detectors. Unfortunately, there are no results in this 
work that would help to elucidate the mechanism of the 
selective catalyzation of the dissolution of carbon to or- 
ganic products. 

We attempted some experiments designed to explore 
the relationship between the acetylene black microstruc- 
ture and the corrosion rate, but these have not yet yielded 
definitive results. Because of the heterogeneous nature 
of the acetylene black microstructure, it might be ex- 
pected that the corrosion rate might change (go down) 
with time as the more easily oxidized sites are used up. 
Also, if the different types of carbon in the black are re- 
moved at different rates, one might expect to see the mi- 
crostructure change by TEM analysis of corroded sam- 
ples. However, it was clear from the TEM analysis that 
the scale of heterogeneity is fairly large, and that the 
amount  of carbon loss required to see a significant 
change in either the structure or the overall corrosion rate 
could be as much as 30%-40%. A '4C acetylene black elec- 
trode was potentiostated in KOH solution at 550 mV, 45~ 
for 500h, which resulted in a total weight loss (determined 
gravimetrically) of ca. 30%. This electrode was placed in 
the corrosion cell of Fig. 1, and the rates of the anodic 
processes were measured. The absolute rates of all anodic 
processes were increased by factors of 1.5-2 times those 
for "new" acetylene black, but  the current efficiencies 
were significantly changed, with the corrosion rates re- 
duced relative to oxygen evolution. The TEM analysis on 
the corroded black was inconclusive in that we could not 
distinguish regions of the carbon that had been attacked 
preferentially. Apparently, the increase in surface area 
with carbon loss more than offsets the decrease in the 
rate per unit  area, resulting in a net increase in corrosion 
rate. The same effect was seen in the temperature cycling 
experiments shown in Fig. 6. After the measurements at 
65~ which resulted in a weight loss of about 20%, the 
dissolution rates at the lower temperatures were about a 
factor of 2 higher than before the 65~ measurements.  It 
would seem that the difference in corrosion rate (per unit  
area) between the different forms of carbon in acetylene 
black cannot be very large, perhaps only factors of 2-3. 

We were not able to identify the organic products of 
acetylene black corrosion, and, in particular, the nature of 
the deep reddish-brown coloration of the KOH solution. 
There is a long and interesting history related to the ob- 
servation and analysis of colored caustic solutions from 
the oxidation of graphite anodes in chlor-alkaline cells. 
Thiele (15) reviewed observations made in the 1930's on 
the oxidation of graphite in caustic solutions, and re- 
ported that a browndiscolorat ion of the solution was ob- 
served with graphite oxidation, that "lampblack" carbon- 
colored solutions more intensely than graphite, and that 
the brown product was probably humic acid. In the early 
1940's, Heller (16) did a thorough analytical study to iden- 
tify the source of color in caustic from chlor-alkali dia- 
phragm cells. He found that when graphite anodes from 
these cells were soaked in water a yellowish coloration 
developed, which left a dark brown residue upon drying. 
From this brown residue, Heller extracted a bright yellow 
crystalline compound which he concluded, from various 
property measurements,  was pyromellitic acid chloro- 
quinone. Janes and co-workers (17-18) at Union Carbide 
reported that caustic solutions prepared from the yellow 
crystalline material isolated by Heller had the same UV- 
Vis spectrophotometer spectra as chlor-alkali cell ef- 
fluent, and concurred with Heller that this material was 
the source of color in caustic from diaphragm cells. They 
also reported that less graphitic raw materials for the an- 
ode like "lampblack" or "charcoal" gave increased colora- 
tion in cell effluent. However, further analytical study of 
Heller's yellow material by Wawzonek and Eftax (19) indi- 
cated this material was not a single compound but  a mix- 
ture of mellitic acid, pentacarboxylchlorobenzene, tetra- 
carboxylchlorobenzene, and a material of unknown 
structure that is actually the source of color! Since this 
active period sparked by Heller's work, there has been 
very little further work on this subject. Some Russian 
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work (10) reported isolating mellitic acid as one of the or- 
ganic products from graphite anode oxidation in 0.01N 
Na2SO4, but  mellitic acid constituted only a fraction of the 
total organic product which was not otherwise identified. 
There appears to be no precedent in the literature for the 
specific catalyzation of the dissolution process to organic 
products, as w~ have observed in this work. 

The practical consequences of the determinations of 
the partial rates of the anodic processes occurring in acet- 
ylene black electrodes made in this work could be 
significant with regard to the use of this material in alka- 
line batteries, but  care must  be taken in applying these 
partial rates directly to practical electrodes. The rates of 
oxygen evolution, the current efficiencies in Table I, and 
the total anodic currents measured at any potential are 
influenced by the rate of transport of products from 
within the porous mass of the electrode. The rates mea- 
sured here were for fully submerged electrodes con- 
taining only enough PTFE to bind the acetylene black to- 
gether. Experiments done with a floating electrode 
containing ca. 20% PTFE so as to approximate the practi- 
cal "gas diffusion" type structure (20) indicated the rate of 
oxygen evolution from catalyzed acetylene black in- 
creased severalfold over that observed with the same ma- 
terial in a submerged electrode. This means the concen- 
tration of dissolved oxygen inside the submerged 
electrode was probably severalfold higher than in the 
high transport  rate gas diffusion electrode, so that the 
corroding action of evolved oxygen may be accentuated 
due to the transport effect. Also, in PTFE-bonded gas dif- 
fusion electrodes, it is usually the case that all of the car- 
bon is not wetted by electrolyte, so that the direct electro- 
chemical corrosion rate will not be as high as for fully 
wetted carbon, but  the oxygen evolved can react homo- 
geneously with the dry catalyst to form gaseous carbon 
dioxide that may diffuse out of the electrode without be- 
ing trapped in the electrolyte. The gas diffusion electrode 
might, therefore, be expected to give higher gaseous 
product to dissolved product  ratios than reported here. 
However, due to the compIexity of the interactions and 
the potentially compensat ing nature of some of these in- 
teractions, it is difficult to predict what the differences in 
the partial rates might  be between a practical gas diffu- 
sion electrode and the ieally submerged electrode used 
here, 

Conclusions 
1. Carbon dissolution to carbonate ion, gasification of 

carbon to carbon monoxide, and oxygen evolution are the 
predominant  anodie processes in uneatalyzed acetylene 
black at 450-600 mV vs. Hg/HgO in concentrated KOH. No 
evidence for the formation of a "graphite o~ide" intercala- 
tion compound was found. The potential and temperature 
dependence of these anodic processes is different, so that 
there are various combinatior~ of the three processes that 
are dominant  at different conditions; (i) at potentials be- 
low 500 mV and temperatures below S0~ carbon dissolu- 
t ion is the primary anodie process, (ii) at 500-600 mV and 
50~ or lower,, carbon dissolution and oxygen e~otution 
occur at equivalent rates, and (~ii) above ca, 600 mV or 
above ca. 60~ at any potential above 450 mV, oxygen 
evolution, and carbon gasification are the dominant  
anodic processes, 

2. Below 500 mV and 50~ the current efficiency for 
oxygen evolution from acetylene black is sufficiently 
small that the total anodic current is essentially the corro- 
sion current. 

3, In  a cobalt oxide-catalyzed acetylene black electrode, 
the current efficiency for oxygen evolution is increased 
severalfold, but  the rates of the corrosion processes are 
also accelerated relative to those for the uncatalyzed 
black. In  addition, cobalt oxide causes organic products 
to form at significant rates at conditions where only trace 
amounts  are observed for uncatalyzed black. 
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APPENDIX 

Mass Spectrometer Calibration 
The calibration procedure was based on the electrolytic 

generation of oxygen from KOH solution into the gas 
space above the solution, whose volume is maintained at 
a constant  value. A nickel Exmet | working electrode was 
used to evolve oxygen at a constant rate by use of a con- 
stant current power supply, The quantity of oxygen in the 
argon is therefore known preeisely,~ and a caiibration 
curve of mass spectrometer peak ratio (oxygen to argon) 
vs. quanti ty of oxygen (in coulombs) can be prepared, as 
shown in Fig. I i .  Because o~ygen is always present  in  
low concentration relative to the argon, w e  chose the M/e 
• 36 peak of argon (the natural abundance of the 36 i~o- 
tope is 0.337%) as the normalization factor. Water vapor in 
equil ibrium with the KOH solution is present at partial 
pressures of 20-200 tort depending on temperature, so 
that the total pressure of the argon above the solutior~ is a 
function of the solution temperature, A different catflbra- 
tion curve was therefore required for each solution t e ~  
perature, The absolute calibxation for carbon monoxide 
was obtained using the: absolute oxygen ealibratioi~ and 
observing the M]e-28:l~e-32 peak ra~ios for calibrated 
mixtures of oxygen and carbon monoxide (l~Urehg~ed 
from Matheson), As a check on this calibration, we com- 
puted the expected M]e-28:tWe-32 peak ~atios from the 
quadrupote analyzer transmission function supplied by 
the manufacturer and tabulated ionization probabilities 
for O~ and CO and found them to be in reasonable agree- 
ment  (-+5%) with the observed izalues. 
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ABSTRACT 

The cycling efficiency of a l i thium-aluminum electrode has been s tudied in a variety of aprotic systems and com- 
pared with that of pure  lithium. It is shown that  the efficiency of the alloy electrode is vir tually independent  of the na- 
ture of the electrolyte solution but  that  it depends  somewhat  on the amount  of alloy deposi ted per  unit  area and current  
densi ty used in the charging and discharging processes.  The roles of the fl- and a-phases of the alloy system in the opera- 
t ion of the electrode and in cracking and disintegration of the electrode are considered in detail. I t  is shown that  the cy- 
cling efficiency could be improved significantly by mechanical ly stabilizing the alloy material  on the surface of  the 
electrode. 

In recent  years, substantial  research effort has been di- 
rected to the development  of rechargeable l i thium and 
l i thium alloy electrodes for batteries operating at room 
temperature  in nonaqueous  media  (1, 2). In this connec- 
tion, it has been shown that  the charging efficiency of 
pure l i thium electrodes can reach 96%-98% in a few care- 
fully selected electrolyte solutions (3, 4). However, in or- 
der  to achieve high efficiencies, complex and costly 
methods  of solvent and electrolyte purification are neces- 
sary. The major problem limiting cycle life in experimen- 
tal cells was found to be short circuits caused by the 
growth of l i thium dendri tes  through the separator  (2). 
One way of overcoming this problem is to alloy the lith- 
ium with aluminum, fl-LiAl deposi ted on a luminum does 
not grow dendri tes  (5, 6) and exhibits high rechargeabil i ty 
in many  aprotic solvents (5-7). The major disadvantages 
of the l i th ium-aluminum electrode are that  the atomic 
weight of LiA1 is 4.9 t imes greater than that  of Li, and that  
the equi l ibr ium potential  is 0.38V more positive. I f  one es- 
t imates  the change in energy densi ty in a cell using a TiS2 
intercalation cathode with nature of the anode, one finds 
that  the theoretical  energy density of the LiAYTiS2 sys- 
tem is only about 33% lower than that  of the Li/TiS2 sys- 
tem. Thus, if higher  cycle life is achieved, the li thium- 
a luminum anode is an attractive alternative for use in 
ambient  temperature  high energy densi ty batteries. In a 
previous paper  (8), a s tudy of charge and mass-transfer 
processes occurring at a l i thium-aluminum electrode in 
propylene carbonate (PC) was reported. The present  pa- 
per  is concerned with cycling studies in other media. In 
addition, the factors affecting the cycling efficiency have 
been examined in more detail, with a view to finding 
methods  of improving the electrode's  performance. 

Experimental 
The apparatus and electrochemical  methods  were the 

same as those used in the previous s tudy (8). The active 
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material  of the working electrode was electrodeposi ted at 
high puri ty a luminum or nickel  wires, 2 mm diam, which 
were mounted in Teflon tubes. Electrodes of higher  sur- 
face area used in some exper iments  were prepared from 
a luminum foil 0.4 m m  thick. The counter- and reference 
electrodes were made of pure lithium, as descr ibed earlier 
(8). The exper iments  were carried out in a control led at- 
mosphere  chamber  under  an a tmosphere  of purified 
argon. 

Tetrahydrofuran (THF), 2-methyl-tetrahydrofuran 
(MTHF), and bis-(2-ethoxyethyl) ether (EEE), used as sol- 
vents, were purified by drying with LiAII~ and distil led 
under  argon from a Vigreaux column l m  high, only the 
middle  fraction (60%) being collected. THF and MTHF 
were then distil led a second t ime under  reduced pressure 
and temperature.  N,N-dimethylformamide (DMF) and 
1-methyl-2-pyrrolidone (MP) were dried over Call2 and 
then disti l led under  reduced pressure. In the case of PC 
and dimethylsulfoxide (DMSO), drying was carried out 
over 4A molecular  sieves for 24h before disti l l ing at re- 
duced pressure. The water  content  of the purified sol- 
vents was ~ 0.01%. Three l i thium salts were used to pre- 
pare the electrolyte solutions. Commercial  LiAsF6 from 
U.S. Agri-chemicals was used without  drying or other 
purification. Reagent  grade LiC104 and LiI were dried 
under  vacuum at 120~ for 48h before use. The electrolyte 
solutions were prepared at low temperature  in the con- 
t rol led-atmosphere chamber.  

Results and Discussion 
A comparison of the cycling efficiencies of lithium- 

aluminum electrodes in various media.--In order  to im- 
prove unders tanding of the influence of the  medium on 
the rechargeabil i ty of l i th ium-aluminum anodes, experi-  
ments  were performed in which the cycling efficiency of 
the l i th ium-aluminum was measured and compared  with 
that  for pure lithium. The l i thium electrode (Li]Ni) was 
formed by electrodeposi t ing l i thium on a nickel  wire, 2 
m m  diam, at a constant  current  densi ty of 2.5 m A c m  -2 
for 1000s. Then, the deposi t  was completely oxidized at 
the same current  density. This cycle was repeated five 
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times, and the ratio of the charge involved in the oxida- 
tion process for the last three cycles, Qo, to that for the re- 
duction process, Q,, was used to estimate the average cy- 
cling efficiency. The l i th ium-aluminum electrode 
(LiAYA1) was formed under  the same conditions at an alu- 
m inum wire; the cycling conditions and method of 
estimating cycling efficiency were the same as for those 
for the Li]Ni system. Data for nine different electrolyte so- 
lutions are presented in Table I. The striking result is that 
the cycling efficiency of the Li]Ni system changes from 
5% to 94% when the electrolyte solution is changed, 
whereas that of the LiA1]A1 system is virtually constant 
and high (91%-95%) in all solutions. In  other experiments, 
the influence of corrosive additives, namely, Is, H~O, and 
SO2, on the cycling efficiency was examined (Table II). 
Again, it was found that the LiAllA1 electrode is much 
less sensitive to corrosion than the Li/Ni electrode. It is 
obvious that the major factors affecting the cycling 
efficiency of these systems are quite different. According 
to the generally accepted view, metallic l i thium can be 
plated from many aprotic solvents with close to 100% 
coulombic efficiency (2). However, subsequent  oxidation 
is much less efficient. Two models have been proposed 
to explain this result. According to Rauh and Brummer 
(2, 9), the surface grains on the li thium deposit react with 
the electrolyte solution, and are undercut  by corrosion. 
Some of the grains become partially or completely isola- 
ted from the substrate. Thus, subsequent  oxidation is not 
100% efficient. The morphology of the residual l i thium is 
seriously distorted in subsequent  platings, and, cycle by 
cycle, the deposit becomes increasingly dendritic. In ad- 
dition, as the deposit becomes more dendritic, it is more 
vulnerable to the corrosion and isolation process. An al- 
ternative model has been described by Peled (10), who in- 
terpreted the poor stripping efficiencies of alkali and al- 
kaline earth metals in terms of the formation of a solid 
electrolyte interpha~se in which Li ~ ion is conductive. Ex- 
cessive local heating and the high local electric field re- 
sult in the formation of a short circuit through the solid 
interphase during the charging cycle. As a result, a parcel 
of l i thium metal forms within the solid electrolyte out of 

Table I. A comparison of the cycling efficiencies of lithium at the 
lithium-aluminum (LiAI/AI) and lithium (Li/Ni) electrodes in various 

aprotic media* 

Efficiency (%) 
Electrolyte solution LiAYA1 Li/Ni 

THF, 1M LiAsF6 94 94 
THF, 1M LiI 94 34 
MTHF, 1M LiAsF6 95 88 
EEE, 1M LiC10~ 94 55 
EEE, 1M LiI 94 30 
PC, 1M LiAsF~ 96 55 
DiVIF, 1M LiAsFs 91 78 
DMSO, 1M LiAsF~ 93 85 
MP, 1M LiAsF~ 93 >5 

* The current density for deposition of Li § was 2.5 mA cm-2 and 
the deposition time 1000s, except for the DMF system, in which case 
the current density was 5 mA cm -2. 

Table II. The influence of corrosive additives on the cycling efficiencies 
of the lithium-aluminum and lithium electrodes 

Efficiency (%) 

Electrolyte solution Additive Li/kl/A1 Li]Ni 

THF, IM LiAsFs 

PC, 1M LiAsF8 

10-sM I2 92 75 
10-2M Is 86 67 
10-'M I2 0 0 
0.55M H20 82 24 
10-3M I2 93 70 
10-2M I2 88 55 
10-'M I2 67 62 
0.55M H.~O 89 74 
0.SM S02 95 --  

direct electrical contact with the substrate. The short cir- 
cuit disappears after plating ceases, and, on subsequent  
discharge, the encapsulated parcel of l i thium is unavaila- 
ble for electro-oxidation. 

In  the case of the l i thium-aluminum electrode, neither 
of the above mechanisms is applicable. For this system, 
four steps can be distinguished in the reduction process: 
(i) migration of Li ~ ions through the solid/electrolyte 
interphase, (ii) charge transfer, (iii) diffusion of l i thium in 
B-LiAI, and (iv) reaction of l i thium with aluminum. Be- 
cause the mobility of a luminum in B-LiA1 is negligible in 
comparison with that of l i thium (11), the li thium-alum- 
inum deposit is never dendritic, and, therefore, much less 
vulnerable to corrosion. The nondendrit ic character of 
the deposit was confirmed by scanning electron micros- 
copy. However, even if the solution reacts efficiently 
with the grain boundaries of the alloy phase, one of the 
products, aluminum, may provide good electrical contact 
between the grains. Peled's model (10) does not apply to 
the LiAYA1 electrode because formation of the alloy oc- 
curs at a more positive potential than the potential neces- 
sary for deposition of metallic lithium. These differences 
explain why t h e  cycling efficiency of the LiAYA1 elec- 
trode is relatively high and virtually independent  of elec- 
trolyte nature. In  addition, l i th ium-aluminum is 
thermodynamically less reactive than lithium. This factor 
seems to be less important  because of the high cycling 
efficiency of the LiAYA1 electrode, even in the presence 
of sulfur dioxide.' 

On the basis of the present results, it is concluded that 
the cycling efficiency of the LiAYA1 electrode is much 
more determined by the properties of the alloy itself 
rather than by those of the electrolyte. It follows that 
changing the composition of the electrolyte or the 
method of purification is unlikely to improve cycling 
efficiency. In any case, the majority of experiments were 
conducted in THF and MTHF solutions of LiAsF~, elec- 
trolyte solutions which are believed to be last reactive 
with l i thium (3, 12). 

Factors affecting the cycling efficiency of the lithium- 
aluminum electrode.--In order to determine the influ- 
ence of various factors on the cycling efficiency of the 
LiA1]A1 electrode, extensive galvanostatic cycling experi- 
ments  were carried out in THF and MTHF solutions con- 
taining 1.5M LiAsF6. In  the first stage of the cycle, Li § 
ions were reduced at the electrode for a precisely mea- 
sured period of time; then the direction of the current was 
changed and oxidation of Li from the previously formed 
alloy was carried out. During this procedure, the elec- 
trode potential was recorded. The final sharp rise of elec- 
trode potential to greater than + 2.0V was considered an 
indication that l i thium was exhausted from the electrode. 
Since the absolute value of the current during the experi- 
ment  was constant, the ratio of the oxidation time (~o) to 
the reduction time (~R) is equal to the cycling efficiency 
with respect to lithium, ~?Ll (8). In the first type of cycling 
experiment, the electrical charge involved in the reduc- 
tion process, QR, was kept constant at 0.25 C cm -2, and 
the current density was varied from 0.04 mA cm -2 to 25 
mA cm -2. Ten cycles were recorded at each current den- 
sity, and the average cycling efficiency was calculated. 
From the dependence of average efficiency on current 
density (Fig. 1), the max imum efficiency is obtained for 
current densities in the range 1-5 mA cm -2. 

In  other experiments, the current density was kept con- 
stant at 5 m A c m  -~ and the charge density involved in 
one cycle varied from 0.1-50 C Cm -~. The results showing 
the average efficiency of ten identical cycles are shown 
in Fig. 2. A sharp decrease in efficiency for charge densi- 
ties greater than 8 C cm -2 wasobserved in both THF and 
MTHF. It is important to notice that identical results were 
obtained earlier in PC (8). T h e  influence of temperature 
on cycling efficiency was also studied in a 1.5M LiAsF6 
solution in MTHF. In  agreement with results obtained in 

, The standard potential for the reaction 2SO.~ + 2Li § + 2e 
Li2S~O4 is 2.6V more positive than that for the reaction Li § + A1 
+ e ~ ~-LiA1. 
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Fig. 1. The dependence of average cycling efficiency on current den- 
sity at a lithium-aluminum electrode in THF (0 )  and MTHF (�9 con- 
taining 1 .SM LiAsF6 with a constant charge density due to deposited lith- 
ium (0.25 C cm-2). 
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Fig. 2. The dependence of overage cycling efficiency on Charge den- 
sity due to deposited lithium at a lithium-aluminum electrode in THF (O} 
and MTHF (�9 containing ] .SM LiAsF6 for a constant current density (5 
mA cm-2). 

PC (8), the efficiency decreases with decrease in tempera- 
ture, the effect of temperature being greater at larger 
charge densities and currents (Table III). These results 
are further indication that  the cycling efficiency of the 
l i thium-aluminum electrode is more affected by the prop- 
erties of the alloy phase than by the nature of the electro- 
lyte or solvent. The reasons why the efficiency for this 
system is less than I00% are now considered in detail. 

One reason for the observed efficiencies for the LiA1/A1 
could be the slow diffusion of lithium into the bulk of  the 
a luminum phase. On the basis of the phase diagram for 
Li-AI(13), lithium can dissolve in a luminum to form the 
a-phase which contains up to 7 atom percent (a/o) Li and 
has a density close to that of pure aluminum. The loss of 
active lithium due to this process can be described by an 
integrated form of the Cottrell equation 

Table III. Temperature dependence of the cycling efficiency of the 
lithium-aluminum electrode* 

Temp (~ Efficiency (%) 

i=  5mAcm -2 i =  15mAcro -~ 
Q= 1.5Ccm -2 Q = 4 . S C c m  -2 

-5 86 31 
8 90 80 

25 91 86 
40 91 - -  

* The electrolyte solution contained 1.5M LiAsF~ in MTHF. 

h Q  = 2F c~m D~ '/2 t '2hr 'j2 [1] 

where AQ is the loss in charge density due to active lith- 
ium, C~m the maximum concentration of li thium in the 
a-phase at the boundary with the fl-phase (c~m - 7 x 10 -3 
real cm-3), D~ the diffusion coefficient of  l i thium in the 
a-phase, t the t ime a~er  formation of the fl-phase by re- 
duction of  Li + at aluminum, and the other symbols have 
their usual meanings. In order to assess the role of this 
process, a known amount  of fl-LiAt was deposited on an 
aluminum electrode, and the electrode was dried and 
stored under an argon atmosphere for varying periods of 
time. Then, the active l i thium was electrochemically oxi- 
dized, and the loss in charge density due to storage deter- 
mined. A plot of AQ against t '~ for two series of experi- 
ments is shown in Fig. 3. The value of D~ determined from 
the slope is 1.4 x 10 -'2 cm2s - ' .  Melendres e t  a l .  (14) re- 
ported a value of 4 x 10 -'0 cm2s - '  for D~ at 450~ but no 
other values of this parameter were found in the litera- 
ture. It is noted that D~ is much smaller than D~, the diffu- 
sion coefficient of li thium in fl-LiA1 [D~ = 7.7 x 10 -s 
cm2s - '  at 25~ (8)]. The diffusion of li thium from fl-LiA1 
into pure aluminum may explain the decrease in cycling 
efficiency observed when small current and charge den- 
sities are involved (see Fig. 1), but this process has a negli- 
gible effect on observed efficiencies when the current 
density i > 1 mA cm-~ and Q > 1 C cm-~. 

The decrease in efficiency observed at high current 
densities (Fig. 1) is probably due to blocking of the ~-LiA1 
phase by rapidly formed a-phase. If this conclusion is cor- 
rect, one may expect  that when the deposit  is oxidized 
under controlled-potential conditions instead of galvano- 
static conditions, the blocking process will affect the cur- 
rent densi~ty, but  the charge efficiency of the oxidation 
process will remain high, provided that the oxidation is 
carried out for a sufficiently long period of time. Current- 
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Fig. 3. The dependence of the decrease in oxidizable lithium, ~Q on 
the square root of time t ~/2 for a lithium-aluminum electrode formed in 
THF. 
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Fig. 4. Current density against time curves for the potentiostated oxi- 
dation of lithium from a LiAI/AI electrode covered with 1.5 C cm -2 of 
electrodeposited lithium in THF solution containing IM LiAsF6. The po- 
tentials at which oxidation was carried out against a Li/Li § reference 
electrode were (a) 1.0V, (b) 1.2V, (c) 1.4V, (d) 1.7V, and (e) 2.0V. 

time curves for the potentiostatic oxidation of the alloy 
electrode are shown in Fig. 4. By integrating these curves, 
it was shown that the charge efficiency of the oxidation 
process is about 95%, independent  of the initial current 
density even when this exceeds 100 mA cm-2. The block- 
ing of B-LiA1 by rapidly formed a-phase is likely to be 
more efficient at low temperature due to the decrease in 
the rate of diffusion. This fact may account for the de- 
crease in cycling efficiency with decrease in temperature 
(Table IiI). 

Conversion of the ~-phase containing 47-56 a/o li thium 
to the a-phase containing up to 7 a]o l i thium during oxi- 
dation of the active material of the electrode has addi- 
tional significance with respect to cycling efficiency. Be- 
cause of the tow value of D~, the li thium in the a-phase is 
not oxidized during the time scale of our experiments. 
The efficiency of the first cycle with respect to lithium 
at a fresh a luminum electrode may be estimated on the 
basis of the following argument. Assuming that the com- 
position of the B-phase is 56 a]o Li, and that n~ tool of Li 
are deposited in m mol of A1 on the surface of the elec- 
trode, then n B = 0.56m/0.44. If the a-phase remaining on 
the surface after the oxidation step contains 7 a]o Li and 
n~ moles of Li are present in the same amount  of A1, n~ = 
0.07m/0.93. It follows that the efficiency at the fresh elec- 
trode is ~Li = 100-100nJn~ = 94%. In subsequent  cycles, 
the efficiency rises according to the relationship 

~qu = 1 0 0 [ 1 -  ( 7 x44  ~N] ~ / J  [2] 

where N is the number  of cycles. Thus, one may account 
for the increase in efficiency observed with increase in 
number  of cycles. However, ~?u should approach 100% ac- 
cording to Eq. [2]. This is not observed experimentally 
after long cycling. 

Structural changes in the lithium-aluminum electrode 
during cycling.--According to the literature (6) and previ- 
ous work in this laboratory (8), the main reason for the loss 
in efficiency of the l i th ium-aluminum system is cracking 
and disintegration of the electrode during cycling. Since 
the molar volume of the/~-phase is 1.3 times greater than 
that of the a-phase, the a luminum lattice is destroyed 
when ~-LiA1 is formed, and particles of the ~- and 
a-phases lose contact with one another. The development 
of cracks on the surface of the electrode with cycling was 
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Fig. 5. Dependence of the specific double layer capacity at the 

lithium-aluminum electrode/solution interface on (a) the number of cy- 
cles and (b) time after lithium had been deposited. The electrolyte solu- 
tion was 1M LiAsFe in THE, the current density for cycling, 5 mA cm-~, 
and the charge density due to deposited lithium, 3 C cm-2. The specific 
capacity was estimated on the basis of the apparent electrode area. 

clearly visible in electron micrographs. The disintegration 
process was studied at an a luminum electrode in a THF 
solution containing 1M LiAsF6 using the ac impedance 
technique. The electrode was charged and discharged 
with a l i thium charge density of 3 C cm -~ at a current 
density of 2.5 mA cm -'~. After each charging cycle, the in- 
phase and out-of-phase components  of the cell impedance 
were measured at various frequencies in the range 
5-20,000 Hz. The double layer capacity C~1 was calculated 
as described previously (8) using the measured compo- 
nents  of the impedance and solution resistance. This 
quanti ty calculated at 20 Hz is shown in Fig. 5 as a func- 
tion of the number  of cycles. A large increase in Cd~, al- 
most by a factor of 1000, is apparent when the electrode is 
cycled 25 times. This is clearly connected with an in- 
crease in the active surface area of the electrode caused 
by cracking of the deposit. The change in C~1 with time 
for a free standing alloy electrode not involved in either 
the charging or discharging process is also shown in Fig. 
5. The slight drop in Cd, over a period of several hours is 
probably due to an increase in the thickness of a passiva- 
tion layer on the electrode. 

The increase in the surface area of the electrode is also 
responsible for the appearance of new waves on the po- 
tential against time curves recorded during galvanostatic 
cycling. Curves for the first and fourteenth cycles at an 
alloy electrode are shown in Fig. 6. It is probable that the 
wave near +0.8V with respect to a Li/Li ~ reference elec- 
trode is due to the process 

Li ~ + A1 + e --* a-LiA1 [3] 

The transition time associated with this wave is given by 
the equation 

~r '12 FAD~ '1"2 c~  
T,,. ~ = [4] 

2I 

where A is the true surface area of the electrode, and I the 
current. The change in electrode surface area estimated 
from Eq. [4] indicates that the area increased by a factor 
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Fig. 6. Potential against time 
curves recorded galvanostoticolly 
during 5 rain of reduction of Li § at 
a lithium-aluminum electrode and 
subsequent oxidation in THF/solu- 
tions containing 1M LiAsF6. Curve 
a is for the first cycle, and curve b 
for the fourteenth. 
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of 10 after 12 cycles. This is much less than the area in- 
crease estimated on the basis of the double layer capacity 
(Fig. 6). However, one should keep in mind that the esti- 
mates of area changes based on Cd, or Eq. [4] are only 
qualitative, since the relationships used are not really ap- 
plicable to very rough surfaces composed of particles 
with small grain size. 

In another experiment, l i thium was repeatedly trans- 
ferred from one LiAI/A1 electrode to another in a THF so- 
lution containing 1M LiAsF6. The initial amount  of elec- 
trodeposited li thium corresponded to 5 C cm -~ and the 
apparent surface area was 20 cm ~. Because the cycle 
efficiency is less than 100%, the active charge on the sys- 
tem decreased with the number  of cycles, and, at the 
same time, a black powder fell off of the electrodes and 
accumulated on the bottom of the cell. When the charge 
dropped to 1% of its inital value, the experiment was 
stopped. The black deposit and the electrodes were sepa- 
rately disolved in HC1, and the resulting solution analyzed 

for Li + ion using atomic absorption spectroscopy. On the 
basis of three experiments, it was concluded that 20%- 
30% of the li thium lost during the cycling experiment  re- 
mained on the electrodes ~n an nonactive form, presuma- 
bly, as the a-phase, or as ~-LiA1 in particles which had 
lost electrical contact with the substrate. The remaining 
li thium was found in the black deposit. 

It should be emphasized that the proposed mechanism 
in which E-phase particles are isolated from the electrode 
is different from the mechanism of l i th ium encapsulation 
proposed by Rauh and Brummer (9). The low efficiency 
observed with the l i thium-aluminum electrode is a result 
of mechanical problems rather than chemical corrosion. 
It follows that the performance of the alloy electrode can 
be improved using mechanical methods. 

Methods of improving the cycling efficiency of the alloy 
electrode.--On the basis of the above results, it was de- 
cided to attempt to improve the cycling efficiency of the 

Fig. 7. The coverage of the alloy ~ 1 
electrode with active lithium ex- 
pressed as charge density O , ,1  
against the number of cycles for (a) ~ 0"5  
a LiAI/AI electrode pressed against 
a polypropylene separator soaked ~ 1  
with a PC solution containing 1M 
LiAsF~, and (b) a free standing 
LiAI/AI electrode in the same 
electrolyte. 
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alloy system by pressing a separator  against  the  electrode. 
By applying pressure,  electrical contact  between the 
grains should be improved and separation from the sub- 
strate prevented.  In  addition, since the LiA1 deposi t  is not  
dendrit ic,  shorting of the  bat tery electrodes through the 
separator  should not  occur. To test  the effect of pressure,  
two a luminum electrodes,  one of which was covered with 
a known amount  of  alloy, were separated by  two layers of  
polypropylene separator  material  (Kendall  E-1452) soaked 
with a PC solution containing 1M LiAsF~. The total sys- 
tem was compressed under  a weight to achieve a pressure 
of 2.5 kg cm -~. The active l i thium was repeatedly  cycled 
from one electrode to the  other under  galvanostatic con- 
ditions with a current  of 1 mA cm -~, and the charge asso- 
ciated with each cycle recorded.  In  a parallel  experiment ,  
the same initial amount  of active l i thium was  cycled be- 
tween two free s tanding electrodes in the same electro- 
lyte. On the basis of the  results  presented in Fig. 7, it is 
clear that  the performance of the system under  pressure 
is much bet ter  than that  for free standing electrodes; in 
the  former case, the cycling efficiency over 40 cycles av- 
eraged 97%; in the latter, it averaged 94%. This aspect  of 
the l i th ium-aluminum system certainly meri ts  further 
investigation. 

Conclusions 
The results  presented above demonstra te  that  the fac- 

tors affecting rechargeabi l i ty  of  the l i th ium-aluminum 
electrodes in nonaqueous media  are different than those 
affecting the rechargeabil i ty of pure lithium. The cycling 
efficiency of the alloy electrode is much more deter- 
mined by the propert ies  of the alloy itself rather than by 
the propert ies  of the electrolyte solution. 

At  the beginning of the cycling exper iment ,  the 
charging efficiency of the LiAYAI electrode is l imited 
most ly  by conversion of the B-phase into the less active 
a-phase ei ther e lectrochemical ly  in the  oxidat ion cycle or 
as a result  of reaction of the B-phase with the a luminum 
substrate.  In  addition, in the  oxidation port ion of the cy- 
cle, blocking,of  the B-phase by rapidly formed a-phase oc- 
curs, especially if large current  or charge densit ies are in- 
volved. With increase in the number  of cycles, these two 
effects become less important .  However, due to the large 
difference in molar  volumes between the/~- and a-phases, 

a process of disintegration of the electrode develops.  The 
surface area of the alloy electrode increases, the deposi t  
cracks and falls off the electrode, or remains on the elec- 
t rode without  electrical contact. Finally, the cycling 
efficiency can be significantly improved by  pressing a 
separator  against  the electrode in order to prevent  separa- 
t ion of the alloy phase and improve electrical contact  be- 
tween grains of the alloy phase. 
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Structural Changes of Positive Active Material in Lead-Acid 
Batteries in Deep-Discharge Cycling 

T. G. Chang* 
Cominco Limited, Product Research Centre, Sheridan Park, Mississauga, Ontario, Canada LSK IB4 

ABSTRACT 

The positive active material  of lead-acid cells under  deep-discharge cycling condit ions was studied. Morphological  
t ransformation and changes in surface area, density, pore-size distr ibution,  and composi t ion were recorded. The rela- 
t ionship of these parameters  to discharge capaci ty  and ul t imate failure are discussed. I t  was found that  pores can be 
classified in two categories, namely,  macropores  with diameters larger than 0.5 ~m and micropores  with smaller  diame- 
ters. Macropores are responsible  for mass t ransport  to and from the reaction surface provided by the micropores.  In or- 
der  to sustain high capaci ty  discharge performance,  an opt imum structure of active material  must  contain both kinds  of 
pores  appropr ia te ly  distr ibuted.  

The utilization of the active material  in the positive 
plates of lead-acid batteries is quite low, about  35% for 
tract ion and 50% for SLI  batteries at 100% depth  of dis- 
charge at the 5h rate. 

In  the course of our investigation (1) of posit ive active 
mater ial  made  from various oxides, we found positive 
plates prepared from a finely divided oxide, Fume  Lith- 

*Electrochemical Society Active Member. 
Key words: electrode, charge, discharge, SEM. 

arge (produced by NL Industries,  Incorporated),  gave a 
very high utilization of up to 65% at the 5h rate. However,  
this high utilization decl ined rapidly in the first ten deep- 
discharge cycles. After 24 cycles, the utilization was low- 
ered to the level of active materials  prepared from coarser  
oxides under  similar conditions.  A subsequent  investiga- 
t ion was under taken to identify and characterize the ac- 
tive material  s tructures which contr ibute to high dis- 
charge capacity and the structural  t ransformations which 
take place during deep-discharge cycling. 
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The morphology of the active material in positive plates 
has been widely and quite intensively investigated (2-33). 
However, the failure of active material in deep cycling is 
not yet well understood. Simon et al. (12) found an associ- 
ation between the presence of a coralloid structure and 
active material failure. Although the advent of the coral- 
laid structure was accompanied by a loss of capacity, they 
pointed out, on the basis of theoretical considerations, 
that the structure appeared ideal for a porous electrode. 
The structure has a dense PbO2 core, which should pro- 
vide strength and conductivity. The large voids in the 
convolutions should provide a free flow of electrolyte 
from the bulk to the reacting surface. Burrows and Giess 
(17) suggested that a decrease in surface area of the active 
material in cycling might be partly responsible for the 
loss of capacity. It was also suggested that failure of ac- 
tive material was associated with an increasing amount  of 
amorphous lead dioxide (26) and "inactive" lead dioxide 
(34, 35). In this paper, we also explore the cause of active 
material failure. 

Experimental 
Lead oxides were made into pastes with the addition of 

water and sulfuric acid, and pasted on a 47 x 75 x 1.9 mm 
book-mold grid (Pb-3%Sb alloy). The oxides were Fume 
Litharge (NL Industries, Incorporated), a finely divided 
orthorhombic lead monoxide, and Grenox (Canada Metal 
Company, Limited), a Barton pot leady oxide. The plates 
(3 mm thick) were cured at 40~ formed in 1.05 sp gr 
H.~SO~ for Fume Litharge plates (wet paste density 
4.0 g/cm 3) and 1.10 sp gr H.~SO4 for Grenox plates (wet 
paste density 4.4 g/cmS). They were cycled in 600 ml 
beaker cells containing excess 1.25 sp gr H2SO4 at 30~ 
Each cell contained a test (positive) plate with one coun- 
terelectrode on each side and a reference electrode capil- 
lary (connected to a room temperature reference elec- 
trode in a side compartment) within 1 m m  of the test 
plate. No separator or other supports were used. The 
plates were discharged in successive cycles at 600, 900, 
1200, 1200, 900, and 600 mA for the first through sixth cy- 
cles, respectively. This discharge pattern was repeated for 
subsequent  cycles. The discharge was terminated when 
the potential of the test plate fell to 995 mV vs. Hg/Hg2SO, 
(in 1.25 sp gr H.~SO4). The plate was then charged at a con- 
stant potential of 1295 mV with a maximum current of 2A 
until  the current fell to 150 mA, whereupon the plate was 
charged at this current until  115% of the ampere-hour ca- 
pacity of the previous discharge was returned. 

The surface area measurements were made by Micro- 
meritics Instrument  Corporation, Norcross, Georgia, 

using the BET gas adsorption method. Pore volumes and 
pore-size distributions were determined by Micromeritics 
and by Quantachrome, Syosset, New York, using mer- 
cury porosimetry. The pore volumes and densities of ac- 
tive material were also determined in our laboratory 
using the water uptake and displacement method de- 
scribed by Fleischmann (36). 

Specimens for optical or scanning electron microscopic 
examina t ion  were prepared by grinding and polishing 
samples impregnated with a polyester resin or by 
saturating the sample with water, which was then frozen, 
and microtomed. The second method has some advan- 
tage over the first: the sample preparation is much sim- 
pler and faster, and a much better view of the plate can be 
obtained where it is not obstructed by mount ing material. 
This simple and convenient  method to investigate active 
material in lead-acid batteries does not appear to have 
been used previously. 

Results 
The average discharge capacities for the positive plates 

prepared from the two oxides are presented in Fig. 1. In 
the first cycle, Fume Litharge plates gave a high utiliza- 
tion (over 60%) compared with Grenox plates (45%). How- 
ever, the capacity of the Fume Litharge plates declined at 
a high rate, especially in the first ten cycles. After 24 cy- 
cles, it was on a level which was no longer extraordinarily 
high, considering the low density paste used in these 
plates. In  contrast, plates prepared from Grenox did not 
have a high discharge capacity. The capacity only de- 
clined slightly in the first few cycles, and increased 
slowly to a maximum of 46% theoretical at the fiftieth cy- 
cle. The plates prepared from Fume Litharge failed at 
about the eighty-fifth cycle, whereas the plates from 
Grenox failed at about the one-hundred-fifth cycle. 

Data for surface area, porosity, and density of the active 
materials are given in Table I. Some of the pore size dis- 
tr ibution curves are presented in Fig. 2. 

Morphological Changes in Cycling 
Grenox was a rather coarse leady oxide which had a 

median particle size of about 4 ~m diam, whereas the me- 
dian size for Fume Litharge was about 1 ~m. After curing, 
all pastes were a mixture of residual oxide and tribasic 
lead sulfate (3PbO . PbSO4 - H20) crystals. However, the 
tribasic crystals in Grenox plates had dimensions of 
about 0.5 • 0.5 x 2.5 ~m, whereas those in Fume  Litharge 
plates were about 0.3 x 0.3 x 0.5 ~m. 

As-formed active material . - - In the surface layer of both 
types of formed plates (100-200 ~m thick) the particles 

Fig. 1, Discharge capacities of 
positive plates prepared from Fume 
Litharge and Grenox in deep- 
discharge cycling. 
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Table I. Surface area, porosity, and density of the active material 

1757 

Cycle no. As-formed 1 12 

Oxide used F G F G F 

102 126 
24 50 (Failed) (Failed) 

G F G F G F G 

Surface area (m'~/g) 3.4 2.6 3.6 3.7 3.7 3.6 2.9 2.9 3.1 3.0 3.6 3.2 
Pore volume (m~/g) 0.16 0.12 0.15 0.12 0.17 0.12 0.17 0.13 0.20 0.15 0.23 0.22 
Porosity (%) 61 53 58 52 62 52 58 53 60 53 61 55 
Apparent density (g/cm 3) 3.73 4.29 3.69 4.29 3.67 4.20 3,56 4.01 3.22 3.62 --  --  

(Water method) 
Calculated true density 

(g/era 3) 
Hg porosimeter 9.81 - -  8.88 --  8.98 9.0 8.34 --  7.43 6.5 6.75 5.4 
Water method 8.8 9.2 8.6 8.9 8.4 8.7 8.1 8.5 7.3 7.7 --  --  

Note: F = Fume Litharge, G = Grenox. 

were arranged in a whorl-like manner, as shown in Fig. 3. 
The same structure has been described by Simon and 
Caulder (11). This structure was also observed on the 
sides of cracks in the plates, but not elsewhere, sug- 
gesting that it was formed at locations which were heavily 
sulfated during soaking and forming. The active materials 
in the interior were very different, comparing plates pre- 
pared from the two oxides. The active material prepared 
from Grenox had mainly two types of particles: irregu- 
larly shaped ones formed from the residual oxide and 
cigar-shaped ones from tribasic sulfate crystals, as shown 
in Fig. 4. The interior active material prepared from Fume 
Litharge had a fine brain-coral structure, as shown in 
Fig. 5, in which lobes and branches had a diameter about 
2-5/~m. The intertobar channels were very evenly distrib- 
uted. The lobes were made up of submicron particles and 
were porous. 

Active material after one cycle.--The structure of most 
of  the active material was drastically changed by the first 
cycle. In the plates prepared from Grenox, the cigar- 
shaped particles were hollowed out; thus, a cellular net- 
work was formed, as shown in Fig. 6. The same process 
occurred in the plates prepared from Fume Litharge. The 
particles in the lobes were also hollowed out, and the ma- 
terial was redeposited over a larger volume. As shown in 
Fig. 7, the lobes and branches expanded and merged into 
one another. The interlobar channel nearly disappeared. 
The active material in the center of all plates, however, re- 
mained basically unchanged from their as-formed 
structure. 

Active material after 12 cycles.--The surface layer con- 
taining the whorl-like structure had been completely 
transformed to a coralloid structure (12, 13) after 12 cy- 
cles. Under  this surface layer, active material started to 
consolidate to form coralloid structure, which, in the ini- 
tial stage (Fig. 8), had porous lobes with small interlobar 
channels of about 5-10/~m diam. In the center of the plate, 
1/4 of the total thickness for Fume Litharge plates, and 
more than 1/3 of the total for Grenox plates, the fine- 
network structure predominated. 

Active material after 24 cycles.--The active material in 
the surface layer had begun to disintegrate by 24 cycles. 

Under it, the coralloid structure had spread inward. The 
active material at the center of the Fume Litharge plate 
entered the initial stage of coralloid structure develop- 
ment, characterized by porous lobes and small interlobar 
channels. The coralloid structure closest to the surface 
experienced a further consolidation: the lobes became 
much more densely packed, and the interlobar channels 
were enlarged to 10-20 /~m diam, as shown in Fig. 9. In 
contrast, the coralloid structure in the Grenox plates was 
less well developed, and the network structure still domi- 
nated the center of the plates (about 1/3 of the total thick- 
ness). 

Active material after 50 cycles.--The coralloid structure 
became completely established by 50 cycles, even in the 
center of Fume Litharge plates. Big pores with diameters 
larger than 25 /~m were formed in the outer part of the 
plate (Fig. 10a). They had smooth walls and apparently 
were the result of the coalescence of smaller pores. The 
lobes associated with big pores were densely packed. In 
the center of the plate the coralloid structure was not in 
an advanced stage, i.e., the lobes were still quite porous 
and interlobar channels were small. Big pores on the side 
of a grid wire facing the bulk electrolyte coalesced to 
form a gap of several hundred micrometers in length. The 
disintegration of the active material in this part was no- 
ticeable. Similar development:  but  to a lesser degree, also 
occurred in Grenox plates. In the  center part, about 
1/4-1/3 of the total thickness, the cellular-like network 
structure still dominated. 

Active material cycled to failure.--The average cycle 
life of Fume Litharge plates was about 85 cycles, and that 
of Grenox plates about 110 cycles. The cross section of a 
failed Fume Litharge plate is presented in Fig. 10b. Big 
pores of diameters of up to 100/~m permeated the whole 
plate. The cross section of a failed Grenox plate was very 
similar to that of a Fume Litharge plate, showing no more 
of  the network structure. Typical cross sections of coral- 
loid structure in charged and discharged plates are shown 
in Fig. 11 and 12, respectively. In a discharged plate the 
lobes were surrounded by PbSO4 crystals. Their cores ap- 
peared black under polarized light illumination, and the 
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Fig. 2. Pore size distribution for 
active material prepared from 
Fume litharge. 
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Fig. 7. One-cycle active material prepared from Fume Litharge 

Fig. 3. Active material on the surface of an as-formed plate prepared 
from Fume Litharge. 

Fig, 8. 12-cycle active material prepared from Fume Litharge. b: core 
of a lobe. 

Fig. 4. As-formed active material prepared from Grenox 

Fig. 5. As-formed active material prepared from Fume Litharge 

Fig. 6. One-cycle active material prepared from Grenox. b (right): Lo- 
cation as indicated by arrow in a (left). 

Fig. 9. 24-cycle active material prepared from Fume Litharge. b: core 
of a lobe, as indicated by the arrow in a. 

x-ray diffractometric analysis showed that they were 
mainly fl-PbO2 with some PbSO4, i.e., the lobe interiors 
were not discharged. Figure 13 shows that little difference 
could be found between the active material inside a lobe 
of a discharged plate and that of a charged one. They all 
consisted of crystalline particles with dimensions of 
0.2-0.5 ~m. 

As the coralloid structure became established at the 
core of the plate and large pores formed and grew, a den- 
dritic growth was observed adjacent to the corrosion 
layer around the grid wire, as shown in Fig. 14. In  a failed 
plate, the thickness of this dendritic layer could be as 
large as 100 /~m. X-ray diffractometric analysis deter- 
mined the dendrites to be fl-PbO2 in a charged plate and 
PbSO4 in a discharged plate. 

Discussion 
Active material transformation.--The pore-size distri- 

bution curve for the as-formed active material retained 
the as-cured shape, but  was displaced toward larger diam- 
eters, as shown in Fig. 2. This indicates that the structure 
in the cured plate was essentially unchanged by forma- 
tion, as confirmed by the morphological study. The ex- 
ternal forms of the basic lead sulfate crystals in the cured 
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Fig. 10. Microtomed cross section of plates prepared from Fume Lith- 
arge. a: 50 cycles, b: 104 cycles (failed). 

plate were preserved after their  conversion to PbO2 
(shown in Fig. 4 and 5), in agreement  with previous find- 
ings (2, 6, 12). Thus, uniformly sized fine part icles in the 
cured plate prepared from finely divided Fume Litharge 
result  in the fine brain-coral structure of the formed 
plate. In  subsequent  cycling, particles are hollowed out, 
leaving a cell-like form. Like the interlocking columnar  
basic sulfate crystals, these interconnected cells form a 
three-dimensional  network. Fur ther  cycling consolidates 
the  active material  into a coraUoid structure. Initially, the 
lobes and branches are porous, and the inter lobar  chan- 
nels small. With further cycling, the lobes and branches 

Fig. 13. Active material inside a lobe in a failed plate, a: charged, b: 
discharged. 

become more densely packed  and the pores grow to a di- 
ameter  of 5-20 ~m. More cycling brings about  the coales- 
cence of these pores to form pores with diameters  as large 
as 100 ~m. With the formation of large pores, the active 
material  begins to disintegrate.  When the large pores per- 
meate  the core, the plate fails. 

The morphological  changes do not occur uniformly 
throughout  the plate. There is always a gradient  in struc- 
ture. During the initial per iod of  cycling, the active mate- 
rial closer to the surface is discharged deeply,  while that  
further inside the plate is less utilized. However, on fur- 
ther  cycling, the active material  in the outer part  consoli- 
dates into the coralloid structure with large densely 
packed  lobes and big inter lobar  pores, and its utilization 
decreases. This process does, however, open up the struc- 
ture in the outer part, making the active material  deeper  
inside the plate more accessible to the electrolyte and 
thereby increasing its utilization. This process  continues 
until  the active material  in the  core is t ransformed to the 
coralloid structure. F rom then on, the capacity of the 
plate must  decrease with cycling, as there is no further re- 
serve of high capacity active material  to replace that  with 
decreasing utilization. 

Gas generation and the coraUoid structure.--In 1971, Si- 
mon and Caulder (11) advanced a hypothesis  that  the for- 
mat ion of the coralloid structure was caused by th e phys- 
ical effect of gas generat ion within the structure during 
cha rg ing  periods. Later, in 1975, they (12) modified this 
hypothesis,  suggesting that  the coraUoid structure was 
not  the result of gas action. 

Our observations suggest  that  gas action is a major  fac- 
tor governing the development  of the coralloid structure. 
With or without  gas action, active material  is bound to 

Fig. 11. Microtomed cross section of active material of a charged 
failed plate (121 cycles), 

Fig. 12. Microtomed cross section of a discharged failed plate (92 Fig. 14. The dendritic growth around a grid wire in a plate being cycled 
cycles), to failure. 
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consolidate under  deep-discharge cycling. In the initial 
consolidation stage, there is little contribution from gas 
action. Once the framework has formed, gas action be- 
comes more important. During the charging period, espe- 
cially towards its end, a large quantity of oxygen is gener- 
ated, both on and inside the plate. To escape to the plate 
surface, the oxygen bubbles would follow the larger pores 
with the least resistance, and the escaping bubbles,  which 
exert considerable pressure on the pore walls, would 
break off and carry out loosened particles. This may ex- 
plain why the walls of bigger pores are so smooth. Fur- 
thermore, at high potential and low pH, PbO2 may dis- 
solve in the solution to form tetravalent ions (37, 38). The 
dissolved Pb 4+ ions may be transported out of the plate 
and reprecipitate as a very fine PbO2. 

Some existing walls between channels are broken 
down as the result of the bubble action. This is clearly 
shown by the microscopy. As the coralloid structure de- 
velops, pores coalesce forming bigger pores with smooth 
walls. As bigger pores, with dimensions larger than 50 
~m, become more numerous  and larger, the structure is 
evidently weakened, and disintegration is the final result. 
The gaps between the grid members and the active mate- 
rial, observed after prolonged cycling, may also be due to 
gas action. 

It is generally known that by placing pressure on a 
plate, the cycle life of the plate is extended. Ando et at. 
(39) put a pressure of 40 kg/dm ~ on their plates with active 
material of low apparent density and achieved a lifetime 
of 1000 cycles (75% DOD at 5h rate). It is possible that 
pressure on the active material impedes the formation 
and growth of the large pores caused by gas action and 
thereby delays deterioration of the active material. 

In summary, although gas generation does not initially 
create the coralloid structure, it plays an important role in 
its evolution and, finally, its destruction. 

Density of active materials.--Dittman and Sams (40) 
found the apparent density of positive active material al- 
ways decreases during service, especially if it is subjected 
to deep-discharge cycling. Fleischmann (36), using the 
water uptake and  displacement method, found that the 
solid portion of a fully charged positive active material 
had a "true" density of 7.8 -+ 0.6 g/cm 3. By using gas 
pycnometry, he got a higher value, 8.5 -+ 0.4 g/cm 3. Micka 
et al. (41) measured the active material density in cycled 
positive plates pycnometrically in toluene, and obtained a 
mean value of 8.65 g/cm 3. Since these values are less than 
that for PbO2 of 9.37 g/cm ~ (42), they postulated the exist- 
ence of amorphous lead dioxide. More recently, Consta- 
ble et al, (26), employing x-ray diffractometry, claimed to 
have found an increase in amorphous material after cy- 
cling and they suggested that this amorphous lead diox- 
ide was electrochemically inactive. 

In this work, using the water method, we also found 
that the active material expanded with cycling. The ap- 
parent density decreased with cycling (Table I), as the 
pore volume increased. The calculated true density also 
declined with cycling. For Grenox plates this density was 
9.2 g/cm ~ in the as-formed plate and decreased to about 
7.7 g/cm 3 after 50 cycles. The corresponding values for 
Fume Litharge plates were 8.8 and 7.3 g/cm 3. The data ob- 
tained by mercury porosimetry (Table I) were in very 
good agreement with those from the water method. The 
density of the active material from the failed Grenox plate 
was 5.4 g/cm 3 (126 cycles) and that with Fume Litharge 6.8 
g/cm 3 (102 cycles). These data cannot be accounted for by 
the PbSO4 content. Even in failed plates, the PbO2 con- 
tent determined titrimetrically was 92%-95%. Microscopy, 
both optical and electron, had also failed to reveal any ap- 
preciable amount  of PbSO4 crystals, which are usually 
easy to detect. 

The existence of amorphous PbO2, the density of which 
is very low, and the hypothesis that the amount  of this 
amorphous phase increases with cycling are not sup- 
ported by microscopy or x-ray diffractometry. SEM mi- 
croscopy showed that at the beginning of the cycling test 

the crystal size was not uniform. The outlines of a large 
amount  of the primary particles could not be clearly de- 
fined (at up to 10,000x magnification). As the cycling 
progressed, the crystal sizes became larger and more uni- 
form. In  the failed plates, the crystals were clearly seen to 
be polyhedral and had a diameter ranging from 0.2 to 0.5 
~m (Fig. 13). X-ray diffractometry showed that the lines 
for a- and/3-PbO2 in the as-formed plates were broad, in- 
dicating small crystal size and/or crystals with defective 
structure, i.e., lattice distortions. As the cycling pro- 
ceeded, the a-PbOJB-PbO2 ratio became smaller, and the 
lines for both of them narrower, indicating higher crystal- 
linity and/or larger crystal size. This was consistent with 
the evidence provided by the microscopy. 

The evidence from x-ray diffractometry and other mea- 
surements suggests that the amount  of amorphous PbO2 
(or crystals with lattice distortions) also decreases with 
cycling and may practically disappear within 24 cycles. 
Meanwhile, the coralloid structure is forming and devel- 
oping with cycling. Within the lobes and branches of this 
structure, the pores become smaller, and the tortuosity 
factor larger. Consequently, it becomes difficult for mer- 
cury (at less than 60,000 psi, i.e., 4.14 x 105 kPa) and water 
(1 atm, i.e., 101 kPa) to fill up all the micropores. There- 
fore, the measured density of the active material gradu- 
ally decreases with cycling. The gas is able to penetrate 
all the pores, no matter how small they are. Therefore, the 
values obtained by gas pycnometry are higher than those 
obtained by mercury and water methods. In addition, 
there may be noncommunicat ing pores in the active ma- 
terial, which will lower the measured density. 

Cause of failure of positive active material.--The loss of 
active material through sludging has been suggested as 
the reason for loss of capacity. Ikari and Yoshizawa (43) 
have shown that the loss of capacity exactly parallels the 
loss of active material due to sludging. The microscopy 
done in this investigation revealed that, in the first cou- 
ple of cycles, the active material in the center of the plate, 
which constituted nearly 1/3 of the total, did not take part 
in the cycling. In  later cycles, active material in this part 
did participate, as the outlying active material consolida- 
ted and opened up the plate, This did not increase the 
plate capacity, because unfavorable structural changes 
took place in the outlying active material and lowered its 
dischargeability. This means that the loss of at least 1/4 of 
the amount  of active material (under the experimental 
conditions) should not have caused a loss in capacity, al- 
though the two may have occurred in parallel because of 
the structural degradation. 

It has also been assumed that the loss of capacity is re- 
lated to a decrease in total surface area due to consolida- 
tion of active material in cycling (17). This explanation of 
capacity loss is not borne out by our experimental  data. 
The as-formed Grenox plate had a surface area of 2.6 
mVg. After one cycle, the surface area increased mark~ 
edly, to 3.7 m2/g. Correspondingly, the capacity did not in- 
crease; actually, it decreased. In the 24-cycle plate, the 
surface area was found to be 2.9 mS/g, but  the capacity at 
that cycle was higher than in the previous cycles. The sur- 
face area remained at 3.0 mVg for the rest of the cycling. 
Even plate failure did not reduce the surface area. Simi- 
larly, with Fume Litharge plates, there appeared to be no 
simple correlation between surface area and discharge ca- 
pacity. The results from this work suggest that not only is 
a large surface area needed for the discharge process, but 
an appropriate surface area distribution is also necessary. 

After all the active material has been transformed into 
the coralloid structure, the capacity declines at a higher 
rate. The enlargement of the pores on further cycling pro- 
motes electrolyte communicat ion between the bulk and 
the lobe surfaces and the enlarged pores themselves are 
able to store more electrolyte. This, however, creates an 
opt imum condition for deposits of PbSO4 at the opening 
of the micropores. In  a discharge, the sulfate ions in a 
micropore are quickly consumed, and the acidity in the 
pore is lowered, which in turn increases the solubility of 
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PbSO4 and produces a higher Pb 2~ concentration in the 
micropore. However, outside of the micropore, the acid 
concentration is still high, owing to the large diameters of 
the interlobar channels. This results in a fast deposition 
of PbSO4 at the pore openings (44, 45) and consequent  
blocking of the pores. An alternative hypothesis is that 
advanced by Winsel et al. (46), who proposed that if the 
pores are very small, the reaction product PbSO~ will fill 
the pores completely, thus limiting the discharge capac- 
ity. This is in accordance with our microscopic observa- 
tion that in a discharged plate, on the walls of pores with 
a diameter larger than 50 ~m, fewer and smaller PbSO4 
crystals were present. Furthermore,  in a discharged plate, 
there were lobes and branches surrounded by light col- 
ored PbSO4 crystals, but the cores still remained uncon- 
verted PbO2. All the above appears to support  the hypoth- 
esis that the loss of capacity is caused by the formation 
and development  of the coralloid structure. The plates 
prepared from Fume Litharge had a higher initial capac- 
ity than those from Grenox. However, coralloid structure 
formed and developed in the former at a much higher 
rate, which caused a higher rate of capacity loss and a 
shorter cycle life. 

Recently, some researchers have found that when 
plates were cycled towards failure, there was a buildup of 
PbSO4 crystals around the grid member.  This was found 
in plates of Pb-Sb grids (33, 47) and in nonantimonial 
grids (48-50). As discussed previously, we have observed 
the same buildup. The evidence obtained from our inves- 
tigation suggests that the buildup of PbSO4 crystals may 
be the result of the development of the coralloid struc- 
ture. At the beginning of cycling, the active material is 
evenly distributed, and the pores are small. The active 
material at the center of the plate does not participate in 
the charge-discharge process. As the cycling proceeds, 
the coralloid structure forms and spreads inward. As the 
eoralloid structure ages, the active material in it becomes 
less available for discharge. At the same time, the struc- 
ture becomes more open due to enlarged interlobar chan- 
nels, making the electrolyte much more available to the 
active material in the inner part of the plate, which in- 
cludes the active material and the corrosion product 
around the grid members. Thus, towards the end of a 
plate's cycle life, the corrosion product around a grid 
member and the active material around it are subjected to 
a discharge of increasing depth. This is indicated by the 
growth of dendrites around the grid members. These 
rings of dendrites are fully converted to PbSO4 crystals in 
the discharge period. In the process, the resistance 
around the grid members increases and finally insulates 
them from the active material. This, of course, lowers the 
utilization of the more distant active material. The ap- 
pearance of the rings of dendrites foretold, and might also 
have contributed to, the final failure of the plate, but it 
should be emphasized that they were the result of the de- 
terioration of the active material and, therefore, not the 
primary cause of failure. 

Optimal active material structure for high discharge 
capacity.--It has been shown in the previous discussion 
that the unusually high discharge capacity of plates pre- 
pared from Fume Litharge disappeared with the disap- 
pearance of the fine brain-coral structures in cycling. The 
transformation of this structure began in the active mate- 
rial close to the plate surface and then advanced inward 
with cycling. After about ten cycles, this kind of  structure 
was eliminated from the plate and a 10% capacity loss was 
recorded. There was no decrease in apparent density or in 
surface area accompanying the decrease in capacity 
(Table I). Therefore, the reasons for the capacity drop 
must be found in the structural changes. 

The pores in the fine brain-coral structure in the as- 
formed plate can be divided into two classes: macropores 
and micropores. Macropores have a diameter larger than 
0.5 ~m and are essential for mass transport from the plate 
surface to the interior of the plate. Micropores are pores 
with diameters smaller than 0.5 ~m; most were actually 

much smaller. Although the volume of the micropores is 
only a fraction of the total void volume, the surface area 
contributed by them is larger than 90% of the total. 

When mass transport is not the limiting factor, dis- 
charge capacity is proportional to the second power of the 
internal surface of the active material (46). As the surface 
area in the micropores accounts for almost all the total 
surface area of the active material, the mass transfer to 
and from them is critical in maintaining the discharge 
process. 

If we assume that the depth of discharge is 60% of the 
theoretical value, the volume increase due to the conver- 
sion of PbO~ to PbSO4 is 0.120 cm 3 per gram of active ma- 
terial. If this were spread evenly over the surface, it would 
be 0.0165 ~m in thickness and the diameter of the pores 
would decrease by 0.033 ~m. This rough calculation 
shows that, in order to keep the mass-transport channels 
open, the macropores which are responsible for it should 
have a minimum diameter of about 0.05 izm. Smaller 
pores would be plugged or filled during discharge, and, 
consequently, the mass transport through them would 
cease. The discharge of a plate usually starts in the active 
material closer to the plate surface and proceeds inward. 
Generally, the active material in the outer part of theplate 
is discharged to a greater depth than that in the interior. 
Thus, to make the active material in the interior accessi- 
ble to the electrolyte, the pores responsible for mass 
transport must have a diameter much larger than 0.05 izm: 
perhaps, about 0.5/zm. 

In the as-formed active material, the volume of the ma- 
cropores, with diameters ranging from 0.5 to 2.0/zm, was 
0.I0 cm 3 per gram of active material. After one cycle, this 
dropped to 0.077 cn~3/g, a 23% decrease, equivalent to a 
23% decrease in the number of macropores. After 12 cy- 
cles, the fine brain-coral structure had disappeared, and 
the volume of the macropores with diameters ranging 
from 0.5 to 2.0 /zm had shrunk to 0.056 cma/g, a 44% de- 
crease. Although there was some (0.03 cm ~) increase in 
pores with diameters larger than 3 /zm, the length of the 
additional bigger macropores was less than 1% that of the 
smaller macropores they replaced. 

In the first few cycles, the major change is the transfor- 
mation of the fine brain-coral structure to a fine network 
structure with much fewer macropores. The loss of capac- 
ity may be mainly due to the increased hindrance in mass 
transport from the plate surface to the active material in- 
side. After about eight cycles, the coralloid structure 
started to form, and pores with diameters larger than 5 
~m became more numerous. As the big pores increased in 
number, the mass transport between the bulk electrolyte 
and the active material in the core was expedited such 
that it was no longer a capacity limiting factor. However, 
as the total length of the macropores was reduced, the 
distance between the active material in the micropores 
and a macropore became longer. As their diameters were 
so small, the micropores could be easily plugged and 
filled by the discharge product PbSO4. Therefore, later in 
cycling, the mass transport between macropores and the 
active surface in the micropores became a capacity limit- 
ing step. This is clearly illustrated by the micrographs of 
the as-formed active material (Fig. 5) and that of a 
24-cycle plate (Fig. 9). The longest distance between any 
PbO._, in the as-formed plate to the nearest macropore was 
about 2 ~m; the corresponding distance in the 24-cycle 
plate was about 10/~m. 

In summary, not only are pore volume and surface area 
important in obtaining a high discharge capacity, but 
pore-size distribution is of equal importance. If the 
former two are constant, the latter becomes the determin- 
ing factor. The unusually high initial capacity of the 
Fume Litharge plate came from the optimal pore-size dis- 
tribution. There were adequate amounts of macropores 
for mass transport, which would not be plugged or filled 
by the discharge product during discharge. Besides facili- 
tating the communicat ion between bulk electrolyte and 
the inner parts of the plate and enhancing the utilization 
of the active material which resided deeper in the plate, a 
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larger number  of macropores also shortens the length of 
individual micropores, promoting higher utilization for 
the active material around the micropores. 

There are two necessary conditions for obtaining a very 
high utilization. First, there should be a sufficient 
amount  of micropores to provide an adequate amount  of 
specific surface area, e.g., 3.5 m2/g, for electrochemical re- 
actions. Secondly, the length of each micropore should be 
sufficiently short. In other words, there should be an ade- 
quate number  of macropores per unit  volume of active 
material to furnish an unimpeded mass transport be- 
tween the bulk electrolyte and the reacting surface. 
Therefore, using a coarser oxide than Fume Litharge, 
higher utilization can also be obtained. To achieve that, a 
low density paste (lower than 4 g/cm ~) should be prepared 
to provide an adequate amount  of macropores. Due to the 
larger particle size of the oxide, the specific area might 
still be too low after formation, i.e., the amount  of micro- 
pores may still be too small. Therefore, the utilization in 
the first cycle could sti]l be low. However, the following 
recharge will open up the structure, generating a cellular- 
like network structure with a much larger micropore 
density, and, hence, a much larger surface area. There- 
fore, in the subsequent  cycles, the utilization should be 
high (about 60% theoretical at the 5h rate). This achieve- 
ment  would be lost, however, in the ensuing cycles as the 
coralloid structure forms and develops. This hypothesis 
has actually been demonstrated in this laboratory. 
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A B S T R A C T  

If  2H-TaS~ or 1T-TiS2 crystals  are p laced  into an aqueous  AgNO3 electrolyte,  a spon taneous  in tercala t ion/corros ion 
reac t ion  of the  hos t  d icha lcogen ide  is observed.  The  in tercala t ion/corros ion react ion can be great ly reduced,  or even  
e l iminated,  by us ing  a di lute  e lect rolyte  or, even  better ,  an organic  solvent.  The  EMF of the  Ag~TaSJAg~(glycerol) /Ag 
and Ag~TiSJAg~(glycerol) /Ag e lec t rochemica l  cells are repor ted  as a func t ion  of x, and the  features  observed  are shown 
to co r respond  to the  s t ructura l  changes  i nduced  in the  host  lat t ice by the  in tercala t ing s i lver  ions. 

In  a recent  series of papers  (1-7), we have  repor t ed  some  
of the  physical ,  s t ructural ,  e lectronic,  and opt ical  proper-  
t ies obse rved  in the  AgxTaS~ and AgxTiS~ intercala t ion 
compounds .  In  this publ icat ion,  we descr ibe  in detai l  
the i r  m e t h o d  of p repara t ion  and the EMF d e p e n d e n c e  of 
A g x T a S J A g  and Ag~TiSJAg  e lec t rochemica l  cells on the  
in te rca la ted  si lver concentra t ion.  

Sample Preparation 
Intercalation compounds can be prepared via thermal, 

electrochemical, or chemical methods. The AgxTaS2 and 
AgxTiS2 compounds have been prepared using all of 
these methods, ,depending on whichever method was 
more appropriate to the given experimental situation. 
X-ray diffraction studies (I) revealed no structural differ- 
ences in the samples using the above methods of prepara- 
tion. 

Thermally, the intercalated dichalcogenides were pre- 
pared in a standard way (8) by placing the appropriate 
amounts of prereacted 2H-TaS2 or IT-TiS~ and silver pow- 
ders, including about I mg/cm 3 of iodine to facilitate crys- 
tal growth, in one end of a well cleaned and evacuated 750 
cm 3 quartz transport tube. The tube was heated in a three 
zone furnace to about 1050 K, with a gradient of about 50 
K in the central zone, for approximately 100h. Before re- 
moving the transport tube from the oven, it was first 
cooled slowly (about one day) to near 400 K. It was found 
that the intercalation process was severely impeded if 
traces of water vapor were present, and particular care in 
this regard was exercised. Thermally prepared Ag~TaS2 
and AgxTiS2 samples have the advantage of being 
homogeneously intercalated with a minimum of multiple 
phases. 

The electrochemical intercalation cell is quite straight- 
forward and consists of a silver anode in conjunction with 
either a 2H-TaS~ or IT-TiS2 crystal (MCh~) as the cathode. 
By completing the external circuit the anodic and ca- 
thodic half-cells 

A g ~ A g  ~ + e -  [1] 

MCh~ + xAg  § + x e -  --* Ag~MChz [2] 

are able to p roceed  to give the  des i red ne t  reac t ion  

MCh~ + x A g  ---> Ag~MCh2 [3] 

S ince  the  EMF of the  Ag/TaS_, and Ag/TiS2 cells is about  
+0.2 and +0.1V, respect ive ly ,  if  measu red  wi th  respec t  to 
the  si lver anode (Ag/Ag ~ ~ -0.8V), it impl ies  that  the in- 
tercala t ion half-cell  (Eq. [2]) mus t  have  an EMF of about  
+1.0 and +0.9V, respect ively .  The increase  in the  nega t ive  
free energy,  wh ich  enab les  the  i n t e r ca l a t i on reac t i on  (Eq. 
[3]) to p roceed  spontaneous ly ,  is therefore  p rov ided  by 
the in terca la t ion  of the  silver, ions into the  host  
d icha lcogen ide  (Eq. [2]). This  is in marked  contras t  to 
o ther  in terca la t ion  systems,  such  as Li/TiS~, where  it is 
the  ionizat ion of  the l i th ium anode  that  p rov ides  the  driv- 
ing force for the  in terca la t ion  react ion to proceed.  

U n i f o r m  in terca la t ion  of  the  silver ions is an area of 
conce rn  w h e n  the  d icha logenides  are e lec t rochemica l ly  
in te rca la ted  and the  use  o f  small  crystal l i tes  is a neces-  

sity. It was found that crystallites up to a few millimeters 
in diameter and about I00 ~m in thickness appear to in- 
tercalate quite well. Whereas the choice of salt used for 
the electrolyte fell naturally on AgNO3, since it is one of 
the few soluble silver salts readily available, the solvent 
needs to be chosen with some care. The reason is that 
2H-TaS~ and IT-TiS~ will spontaneously intercalate silver 
by chemically reacting with the electrolyte if the solvent 
is aqueous. The vigor of the reaction is much more pro- 
nounced for 2H-TaS2 than for IT-TiS2 and appears to be 
primarily controlled by both the AgNO~ concentration 
and the crystal thickness. For example, after mixing 
about 30g of very fine 2H-TaS2 powder with an aqueous 
solution saturated with AgNO3, an extremely vigorous 
and exothermic reaction, during which the glass con- 
tainer became hot to touch, can be observed. The reaction 
is much less vigorous with IT-TiS.,. After this reaction is 
complete, the 2H-TaS~ and IT-TiS~ crystals have changed 
appearance from metallic looking platelets, having, re- 
spectively, a steel-blue and gold luster, to a material 
which, although still having the platelet shape, is now 
green-yellow in color and" that will completely disinte- 
grate when touched. Furthermore, the formation of some 
elemental sulfur and silver was observed, but sulfide 
odors were not noticed. Finally, in both cases it was ob- 
served that the electrolyte changed from b'eing only 
slightly acidic to extremely acidic. For 2H-TaSk, one 
could in addition to the above also observe the formation 
of a gelatinous substance which is slightly milky in color 
and is ve ry  l ikely tantalic acid, that  is Ta~O~ �9 xH~O. The 
creat ion of  this hydrous  pen tox ide  will  l ikely  cor respond  
to the  react ion shown  in Eq.  [4] be low 

2TaS~ + (5 + x)H~O + 10Ag + ~ TarO5 ' xH~O 

+ 4Ag._,S + 2Ag + 10 H + [4] 

The  observed  large decrease  in the  p H  is s t rong ev idence  
that  2H-TaS2 unde rgoes  a hydrolys is  react ion and sug- 
gests that  the similar,  a l though  less v igorous ,  react ion ob- 
se rved  for 1T-TiS2 is also a hydrolysis .  Af te r  wash ing  ei- 
ther  of  the g reemye l low subs tances  in dis t i l led water,  
they  changed  their  color  to black. X-ray dif f ract ion pow- 
der  pat terns  revea led  only a few weak  lines, mos t  of  
wh ich  were  qui te  fuzzy, that  did not  cor respond  to any of  
the k n o w n  structures ,  or  s imple  var ia t ions  thereof ,  of  the  
si lver in tercala t ion c o m p o u n d s  repor ted  in p rev ious  work  
(1). Microprobe  x-ray f luorescence  analysis of  the  b lack 
powder s  were  qui te  variable,  but  often indica ted  the  pres- 
ence  of  a large s i lver  to t an ta lum or t i t an ium ratios (in the  
order  of  4:1). Consequen t ly ,  the  bulk  of  th is  new amor-  
phous  mater ia l  l ikely cor responds  to the  comple t e  de- 
compos i t ion  of the  d icha lcogen ides  into a r a n d o m  mix- 
ture  of  a series of  hydra ted  oxides  of the  t rans i t ion  meta l  
a long wi th  AgeS plus  e l emen ta l  sulfur  and si lver (Eq. [4]). 

I f  the  aqueous  AgNOs e lec t ro ly te  is m a d e  more  dilute, 
no v igorous  react ion is obse rved  wi th  the  d icha lcogen ide  
powder s  but, instead,  we now find that  s i lver  interca-  
lates. The  degree  of  in terca la t ion  appears  to be  pr imar i ly  
contro l led  by the  AgNO:~ concent ra t ion .  Fo r  example ,  in a 
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0.1N aqueous AgNO3 electrolyte the intercalation of silver 
into 2H-TaS2 will proceed to a maximum mole fraction of 
x <~ 1/3 (i.e., Ag~3 TaSk) as determined from the lattice pa- 
rameters (1), and for lower AgNO~ concentrations, the de- 
gree of intercalation is correspondingly lower. If the 
AgNO3 concentration is reduced to 0.1N when inter- 
calating 1T-TiS2, which is generally much less reactive, 
no corrosion/intercalation reaction was observed. Judging 
from the x-ray powder  patterns, the silver intercalation 
compounds prepared in this manner, that is by simply 
placing the dichalcogenide crystals into an aqueous 
AgNO3 solutions, are indistinguishable from the ther- 
mally intercalated materials. Therefore, this chemical in- 
tercalation method provides a convenient means by 
which the host dichalcogenide can be intercalated to 
various degrees. This chemical intercalation of the host 
dichalcogenide must be accompanied by a simultaneous 
oxidation reaction so that a ready source of electrons is 
provided to balance the positive charge of the inter- 
6alating silver ions. One of the likely candidates for this 
oxidation reaction is the hydrolysis of the host dichalco- 
genide, as was readily observable when the dichalco- 
genides were placed into an aqueous solution saturated 
with AgNO3 (Eq. [4]). In short, the chemical intercalation 
of the host dichalcogenide appears to be made possible 
by the simultaneous decomposition of part of the host 
crystal. In an effort to see if the effects of the self-inter- 
calation of - 1/3 mole fraction of silver can be directly ob- 
served, an optically thin crystal of 2H-TaS~ was observed 
under the microscope before and after 0.1N Ag + aqueous 
electrolyte was added. Even though the bulk of the 
dichalcogenide was relatively small, and a relatively large 
amount  ( -  1/3 mole fraction) of it should have corroded 
away (Eq. [4]), no obvious signs of corrosion (e.g., de- 
crease in the crystal size, changes in color, dendrites, etc.) 
could be seen at the crystal edges where, one would 
think, the chemically active sites are likely to be. There- 
fore, since the corrosion of the host crystal is the only 
possible mechanism for supplying electrons to the inter- 
calation process, it would appear that the basal planes are 
corroding away. 

The problem of the parallel intercalation/corrosion reac- 
tions can be avoided altogether by using nonaqueous 
electrolytes. Although several choices for such a solvent 
exist, judging from experience, acetonitrile or glycerol ap- 
pear to be best. Glycerol became the solvent of choice be- 
cause it is much more convenient  to use in practice. How- 
ever, problems still exist when trying to restrict the 
intercalation/corrosion reactions to mole fractions below 
about 1/10 for Ag~.TaS2 unless special precautions, such as 
preparing the electrolyte and sample in a dry box, are 
taken. If any silver should precipitate and come into con- 
tact with the dichalcogenide, intercalation will of course 
occur. Therefore, in addition to the electrochemical cell 
having to be scrupulously clean and free of any reducing 
substances which might  cause silver to precipitate, the 
electrolyte should also not be exposed to any intense light 
because of the photochemical  nature of AgNO3. Using a 
solution of AgNO~3 in glycerol as electrolyte will allow the 
quantitative use of coulometry, as a parallel method to 
weighing, for measuring the intercalated mole fraction of 
silver ions. 

In all of our work on the Ag~TaS~ and Ag.,.TiS~ systems, 
we have always used as electrolyte a solution of AgNO~ in 
glycerol, which was often renewed, to avoid the corro- 
sion/intercalation reactions described above. Further- 
more, for reasons of standardization and convenience, the 
AgNOJglycerol  electrolyte was consistently made 0.1N 
for all measurements  and crystal preparations. Note that 
Butz et al.'s (14) criticism of "massive self-intercalation" 
invalidating our optical measurements of the intercala- 
tmn rate of silver into 2H-TaS~ (2) is not valid because 
self-intercalation in 0.1N aqueous electrolyte is limited to 
x < 1/3, and it was the stage 1 front, which occurs reversi- 
bly for x > 0.4, that was monitored. Furthermore,  as was 
pointed out in Ref. (2), these optical measurements  were 
mostly performed with glycerol as the solvent. 

EMF Measurements 
The EMF of the Ag~.TaSdAg cells were determined by 

using thermally prepared powder samples of known com- 
position, and by intercalating single 2H-TaS2 crystals 
electrochemically. Both methods have drawbacks, but 
tend to be somewhat complementary. For reasons of con- 
venience, the AgjTiS~ samples for the EMF measure- 
ments were only prepared electrochemically. All EMF 
measurements  were carried out with a PAR 173 potentio- 
stat. 

If  the electrodes are thermally prepared, the EMF mea- 
surements of the Ag~TaS..,/Ag cells are sometimes ham- 
pered because the surface of the crystallites is easily con- 
taminated with iodine, sulfur, silver, etc. Therefore, under 
the zero net current conditions at which EMF's are mea- 
sured, various other equil ibrium reactions can exist and 
will contribute to the net EMF. The degree to which the 
EMF's of the other equil ibrium reactions are important is 
determined by the magnitude of their respective ex- 
change current as compared to the exchange current for 
the equilibrium intercalation reaction. For the AgxTaS2 
samples, it was found by experience that whereas consist- 
ent EMF values could be obtained for thermally interca- 
lated samples with x ~< 1/3, for samples with x ~ 1/3 the 
EMF's were sometimes erratic and often close to the 
Ag/Ag ~ potential. Closer inspection of these samples usu- 
ally showed that not all of the silver had intercalated and 
that elemental silver was deposited on the crystal surface, 
thus making it possible for a large (EMF determining) 
Ag/Ag* exchange current to be established. The electrode 
construction for measuring the EMF of the thermally pre- 
pared powders is shown in Fig. 1. Quartz tubing was 
drawn to a very fine capillary at one end, the intercalated 
dichalcogenide powder along with a length of gold wir e 
was inserted, tapped tight until good electrical contact re- 
sulted, and the whole assembly was then epoxied at the 
top for mechanical rigidity. 

Electrochemically intercalated samples for EMF mea- 
surements were prepared by intercalating thin single 
crystals of the dichalcogenides in the standard 0.1N 
AgNO3/glycerol electrolyte, and x was determined via 
weighing and coulometry. The problem now often arising 
is that the intercalate is likely to be more concentrated at 
the crystal edges, as compared to the bulk, unless the 
sample is allowed to equilibriate properly, but this could 
at t imes take weeks at room temperature. Therefore, 
since the EMF of a crystal is determined by the silver ion 
concentration at the crystal edges, the correlation estab- 
lished between the total mole fraction of silver interca- 
lated and the corresponding EMF may at t imes be mis- 
leading. On the other hand, a long equilibration t ime can 
cause other problems such as the corrosion/intercalation 
reactions initiated by water contamination. Since equllib- 
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Fig. ]. Cathode construction for measuring the open-circuit potentiol 
of thermally prepared AgxTaS~ or AgrTiS,2 powders. 
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rium is achieved much more quickly in thin samples, we 
also measured the EMF of optically transparent (<2000. ~, 
thick) single-crystals which, because they could not be 
handled, had to be intercalated or deintercalated in situ. 
The drawback now was that the degree of intercalation 
was known only relatively poorly because the amount  of 
the host dichalcogenide present could not be directly de- 
termined. In this case, the intercalated mole fraction had 
to be estimated via coulometry by knowing the number  
of coulombs passed when intercalation appeared com- 
plete, that is, x could then be assumed to be 2/3 mole frac- 
tion [see also Ref. (6)]. For optically transparent elec- 
trodes, equilibriation t imes at room temperature,  after 
partial intercalation or deintercalation, was reduced from 
days or even weeks to a few hours. All samples were 
judged to be essentially in equilibrium if the EMF drift 
was less than about 1 mV �9 h-L 

Results 
Ag~TaSJAg EMF.--The experimental  results for the 

open-circuit voltage of the Ag~TaSJ0.1N Ag~(glycerol)/Ag 
cell as a function of x is given in Fig. 2. The voltages are 
measured directly against the silver anode and each data 
point corresponds to an individually prepared sample. 
Even though there is some scatter in the data, the line 
drawn through the data points is thought to be the best 
fit. Some samples had radically different EMF's, but 
when they were checked for uniformity of intercalation 
(e.g., using x-ray diffraction and X-ray fluorescence) they 
inevitably proved to be of  poor quality, or had elemental 
silver deposits on their surfaces. The large scatter in the 
data was of particular concern in region C (1/3 ~ x <~ 1/2) 
so that a series of five samples were very carefully pre- 
pared within this concentrat ion range, and their open- 
circuit potentials monitored over a period of a few 
months. The open-circuit potentials were all initially near 
40 mV, but then gradually rose to those indicated in Fig. 2 
(i.e., 80-120 mV) and remained constant there. 

To determine the reversibility of this electrochemical 
cell, an optically transparent single crystal, which allows 
relatively rapid measurements  to be made, was used as 
the electrode. The open-circuit voltage was measured, 
after resting the cell, following partial intercalation or de- 
intercalation, and it became quickly apparent that the cell 
would cycle reversibly since the open-circuit voltage 
could be returned to above about 190 mV following com- 
plete intercalation. Considering all the structural changes 
involved when a Ag~TaS2 electrode is cycled (1), it was 
very surprising to discover this reversible behavior. 
Therefore, to verify this reversibility more completely, 
x-ray powder patterns were taken of part of an Ag.~TaS~ 
electrode after it was completely discharged and then re- 
charged to x = 1/3, 1/6, and zero mole fractions. The re- 
sulting powder diffraction patterns confirmed the com- 
plete reversibility in the structural changes. 

Ag~TiS.JAg EMF.--In Fig. 3, the EMF dependence of 
the AgxTiS2/O.1N Ag~(glycerol)/Ag electrochemical cell is 
shown as a function of x, and the voltages are again mea- 
sured directly against the silver anode. The data points 
were all obtained using in situ intercalation of a series of 
1T-TiS~ single crystals which were typically about 500,~ 
thick. There is very little random scatter in the data 
points compared to the Ag.rTaS: results and is undoubt- 
edly a consequence of the corrosion/intercalation side re- 
actions being only minimally present, as previously men- 
tioned, For 0.08 < x < 0.18 mole fractions, the line drawn 
in Fig. 3 to indicate the EMF dependence on x does not 
follow the data points closely, but is nevertheless thought 
to be closer to the ideal relation. The reason for this belief 
is that the data indicated by the squares were taken after 
waiting in excess of 8h for the cell to come to equilibrium, 
and clearly indicates that the Ag.,.TiS~ electrodes are slow 
in equilibrating in this concentration range. One possible 
explanation will be presented later. 

Attempting to deintercalate the Ag~TiS~ electrodes im- 
mediately showed that they were only partially reversible 
at room temperature since it was impossible to recover an 
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Fig. 2. The EMF of a AgxTaS.,/0.1N AgNO3, glycerol/Ag electrochem- 

ical cell as a function ofx. Above the data points, the phases observed in 
x-ray and electron diffraction studies (1,3) are indicated. The error bars 
are typical of all data points and are specifically drawn on all thermally 
intercalated samples. 

open-circuit voltage above about 50 mV. Therefore, in 
contrast to the Ag~.TaS~ electrodes, the Ag~TiS., electrodes 
will only cycle reversibly for mole fractions above about x 
= 1/5, that is, stage 1. When the electrochemical cell was 
heated above about 450 K, the AgxTiS._, electrode did be- 
come somewhat more reversible~ and open-circuit vol- 
tages near 70 mV could be observed. However, cycling 
the cell at elevated temperatures enhanced the deteriora- 
tion of the electrolyte, in particular silver precipitated 
more readily, and the cell's behavior at elevated tempera- 
tures was therefore not further pursued other than by 
simply noting that the cell's reversibility will improve 
with increasing temperature. 

Discussion 
Plateaus in the open-circuit voltage separated by rela- 

tively sudden decreases in the EMF are observed in both 
the Ag.,.TaS2 and Ag,.TiS~ intercalation systems. These 
features can be attributed to the dichalcogenide cathode 
since the free energy of the silver anode does not change. 
Similar features, although less pronounced, have also 
been observed in other intercalation systems (9, 10). As al- 
ready pointed out by Berlinsky et al. (11), the plateaus 
should signal the coexistence of two or more phases, and 
the relatively sudden drops in the EMF, signaling corre- 
sponding increases in the free energy of the diehalcogen- 
ida electrodes, are the free energy costs to initiate a new 
phase. These considerations appear to apply to the 
Ag.,.TaS~ and Ag.~.TiS~ intercalation systems, and there is 
an excellent correlation between the features in the cell 
EMF's and the structural changes in the host as estab- 
lished in our previously published x-ray and electron dif- 
fraction work (1, 3, 4). Coulomb interactions of the silver 
ions, viewed as a lattice gas, as discussed in Ref. (11) are 
probably not of any significance here because, judging 
by the LixTiS~ system (10), their influence on the cell 
EM• is on a much smaller scale. 

Ag.,.TaS~.--In region A of Fig. 2 the initial voltage drop 
signals the formation of a stage 2 Ag~TaS2 phase [Fig. 9 
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Fig. 3. The EMF of a 
Ag~TiSJ0.1N AgNO3, glycerol/Ag 
electrochemical cell as a function 
of x. Above the data points are the 
phases determined from x-ray dif- 
fraction studies (1). The squares 
corresponds to data points ob- 
tained after equilibrating the elec- 
trode in excess of 8h. 
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in Ref. (4)] where  the  si lver ions reside in oc tahedra l  sites 
wi th  a local concen t ra t ion  of  x '  = 1/3 (x' =- nx;  n = stage 
number) .  I t  should  be po in ted  out that  so far the  s tacking 
sequence  of  the host  layers has not  changed.  This  stage 2 
phase  will  grow at the expense  of pure  2H-TaS2, wi th  in- 
creas ing x, unti l  it ideal ly comes  to comple t ion  for x = 
1/6. The  dilute stage 1 phase  (1), observed  in the rmal ly  in- 
tercala ted samp]es, is no t  observed  and may  only exis t  for 
ve ry  small  concentra t ions ,  i f  at all, for e lec t rochemica l ly  
prepared  samples  as a l ready previous ly  observed  (4). The 
small  vol tage step in the  beg inn ing  of  region B coinc ides  
wi th  the  appearance  of  2a,, in addi t ion to the ~/3a,, super-  
lat t ice satell i tes (4) and therefore  suggests  that  some of 
the hos t  layers are beg inn ing  to shift wi th  respec t  to one 
ano ther  to form the stage 2 Ag~/3TaS2 phase  [Fig. 4 in Ref. 
(1)]. This  s tacking rear rangement ,  which  al lows a larger 
local s i lver  ion concen t ra t ion  (x' = 2/3) comes  to comple-  
t ion near  x = 1/3. As x con t inues  to increase,  stage 1 de- 
ve lops  (1) and this is s ignaled by a large drop  in the  open- 
c i rcui t  vol tage above  x ~ 1/3. The  large decrease  in- 
dicates  that  a s ignif icant  increase in the e lec t rodes  free 
energy  is associated wi th  the  format ion of  s tage 1, as 
migh t  be expected .  In reg ion  C, as was init ial ly the  case 
for s tage 2, the si lver ions above  x = 1/3 are expec t ed  to 
reside in the  oc tahedra l  sites of  the e m p t y  stage 2 regions 
so that  for x = 1/2 mole  fraction, the  ideal ized stage 1 
s t ruc ture  shown in Fig. 4 may  be expec ted ,  a l though  it 
has not  yet  been  conf i rmed.  In  short, the  s t ructure  would  
be based on the Ag,~:;TaS~ s t ructure  with, however ,  the  oc- 
tahedral  sites in the  e m p t y  regions  now also in terca la ted  
to x '  = 1/3 as in Ag,~TaS2. There  is some ev idence  that  
this s t ruc ture  is correct  because  the e lec t ron diffract ion 
pat terns  in this concen t ra t ion  range show weak  x/3a,, 
super la t t ice  satell i tes (3) which  may  originate  in those  
crystal  layers s imilar ly  in terca la ted  to those  in Ag,/~TaS~. 
The  especial ly  large scat ter  in the  data  wi th in  region C, 
p r o m p t i n g  the ex t ra  careful  prepara t ion  of  the  five 
samples  a l ready ment ioned ,  may  in part  be due  to the  co- 
ex i s tence  of Ag,3TaS2 and Ag~/3TaS,~ in addi t ion  to 
Ag,~TaS2 regions.  I f  this  is correct,  it would  natural ly  ex- 
plain the  t endency  of  the EMF' s  in region C to be near  the 
Ag2~:;TaS~ vol tage pla teau because  this s t ruc ture  wou ld  be 
expec t ed  at the  crystal  edges  where  the  sample ' s  EMF is 
es tabl ished.  Finally,  in reg ion  D the  Ag~/:3TaS~ s t ructure  

[Fig. 3 in Ref. (1)] is es tabl i shed and the vol tage drop near  
x = 1/2 signals w h e n  the  final shif t ing of the  layers oc- 
curs  (those having not  yet  shif ted wi th  respect  to one an- 
other) in order  to p roduce  the  so-called 2H-MoS2 s t ructure  
that  Ag2/3TaS2 possesses  (1). 

A g j T i S 2 . ~ A s  can be seen in Fig. 3 for the  Ag~TiS2/Ag 
e lec t rochemica l  cell, the  var ia t ion in the  open-c i rcui t  po- 
tent ia l  as a func t ion  of  x is m u c h  s impler  than  that  ob- 
se rved  in the A g r T a S J A g  cell. This  is in a g r e e m e n t  wi th  
the s imple r  s t ructural  changes - tha t  are obse rved  for the 
AgxTiS2 intercala t ion sys tem (1). There  are two drops  in 
the  open-ci rcui t  vol tage  s ignal ing the format ion  of  two 
phases,  first stage 2 and then  stage 1, in ag reemen t  wi th  
x-ray diffract ion resul ts  (1). As was also the  case for the  

Fig. 4. Anticipated Ag,/2TaS2 
stage 1 structure havingx = 1 / 3  of 
the silver ions in the tetrahedral 
sites of alternative layers, and x = 
1/6 of the silver ions in the octahe- 
dral sites of the remaining layers. 

O - S  
0 - Ag (Oct.) 

z ,v - A g  (Tet.) 
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Ag.~.TaS, system, the dilute stage 1 phase, found when the 
Ag~.TiS.~ samples are thermally prepared (1), is not ob- 
served in the EMF measurements  of the electrochem- 
ically intercalated samples, and it appears that stage 2 co- 
exists immediately with pure 1T-TiS2. Then, With 
increasing x, the relative amount  of stage 2 increases un- 
til, judging from Fig. 3, stage 2 is complete for x = 0.18. A 
limit of x ~ 0.18 for stage 2 would agree with the x = 1/6 
(x' = 1/3) concentration suggested by the presence of the 
x/3a~, silver superlattice (12). However, it would be con- 
trary to the x-ray work (1) which did not indicate the pres- 
ence of any stage 1 material until x = 1/4 for the thermally 
prepared samples. This apparent discrepancy is likely as- 
sociated with the different temperatures at wh ich  the 
samples were prepared, and, as predicted by Safran (13), 
formation of stage 1 is observed to be delayed to higher x 
for samples prepared at higher te_mperatures. 

The irreversible intercalation of silver into 1T-TiS2 be- 
low x = 0.18 is surprising because no structural changes, 
which might have large activation energies, other than a 
simple expansion of the host are observed up to the maxi- 
mum mole fraction of x ~ 0.42 that we could intercalate 
(1). Therefore, although the cause is not clear, it would ap- 
pear that this irreversible behavior may be chemical in 
nature. 

This irreversible behavior may also explain why it is 
difficult to achieve equil ibrium open-circuit potentials 
when 0.08 < x < 0.18 (Fig. 3). Once the silver ions enter a 
crystal edge, thereby forming stage 2 regions (very sta- 
ble), their further diffusion into the unintercalated inte- 
rior crystal regions will be slow and, instead, intercalation 
will continue at the edges to higher concentrations in- 
cluding stage 1. The higher silver ion concentration at the 
edges, up to the creation of stage 1, will of course result in 
measuring a spuriously low open-circuit potential. 

When increasing x above about 0.20 mole fraction, the 
EMF plateau results from the growth of stage 1 at the ex- 
pense of stage 2 regions. Stage 1, as suggested by the 
~/3a,, silver superlattice (12), should ideally be complete 
for x = 1/3 (x = 2/3 appears unlikely). Therefore, since in- 
tercalation proceeds to 0.42 mole fraction, it will become 
necessary for the "excess"  ions to occupy energetically 
less favorable sites which should decrease the cell EMF 
above x = 1/3, as can in fact be observed in Fig. 3. 

Conclusions 
When preparing Agj.TaS~ or Ag.,.TiS~ samples electrolyt- 

ically using an aqueous A g N Q  electrolyte, a spontaneous 
corrosion/intercalation reaction appears to occur . -Even 
though this corrosion/intercalation process can be mini- 
mized by keeping the A g N Q  concentration low (for 
1T-TiS2 it appears to be essentially eliminated at - 0.1N), 
one should not use weighing or coulometry as methods 
for determining the intercalated silver concentration. If 
an organic solvent such as glycerol or acetonitrile is used 
for the electrolyte, no problems should be encountered 
when preparing Ag.,.TiS~ samples. However, when 
preparing Ag.~.TaS~ samples, great care should still be ex- 

ercised if x is to be determined via weighing or 
coulometry because, unless a dry box is used, the organic 
electrolyte will inevitably absorb some water. 

There is good agreement in the AgxTaS2 and Ag~TiS2 
intercalation systems between changes in their structure 
and features in their open-circuit voltage. In the Ag~.TaS2 
system, additional phase changes, caused by stacking re- 
arrangements, occur and are clearly evidenced by fea- 
tures in the cell EMF. 

It is not clear why in AgxTiS~ the silver ions will not 
deintercalate completely at room temperature, especially 
considering that this is the case in Ag~.TaS2 where a series 
of structural changes occur. One might argue that the 
greater structural damage that Ag~.TaS2 undoubtedly suf- 
fers may enhance its deintercalation process. However, 
this reasoning can be discounted because previous op- 
tical work (6) on thin (~< I000,~) single crystals of AgxTaS2 
and Ag~,TiS2, which do not suffer structural damage on in- 
tercalation, has also indicated that whereas the former in- 
tercalates reversibly the latter does not. 
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New Electrolyte Salts for L.i/SOCI  Cells 
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ABSTRACT 

The high energy density electrochemical system Li/SOCI~ has inherently good volumetric energy density and cur- 
rent capability. The currently used electrolytes of LiA1CL and Li~Bt0Cl,, possess objectionable features, and therefore 
new electrolyte salts were evaluated. Two promising electrolytes were discovered, LiGaCl4 and Li20 �9 2GaC13. In SOC12, 
both salts had solubilities and conduct/v/ties s imilar  to LiA1C14 at temperatures down to -30~ Both electrolytes were 
evaluated in spirally wound D cells. At currents of 1A (approximately C/12) or below, the voltages and capacities were 
closely comparable to those recorded for LiA1C14. At higher currents of 3 or 4A, the gallium-based electrolytes delivered 
capacities as much as 60% greater than LiA1C14. This dramatic increase in high current capacity probably is due to re- 
duced cathode pass/vat/on. Suggestions are made as to the cause of the increase in capacity. 

The lithium/thionyl chloride cell is a high voltage, high 
energy density power source which has been shown to 
deliver energy densities around 300 Wh/lb and 1.2 Wh/cm ~ 
(1-3). This cell consists of a li thium metal anode, a cata- 
lytic cathode (usually carbon), and an electrolyte com- 
posed of SOC12 with a salt to provide electrolytic conduc- 
tivity. The salt provides an important function in SOCI2 
cells since it appears to affect growth of the pass/vat/rig 
film on the anode which slows self-discharge and can in- 
troduce a start up problem "voltage delay" on extended 
storage (4-6). Electrolyte variables have also been found to 
effect cathode pass/vat/on and hence the cell capacity. 

A number  of salts have been used with SOCI~ to form 
battery electrolytes , such as LiAIC14 (3) and Li~B,0C1,0 (7), 
as well as other li thium salts, such as LiBC14. LiA1C14 is 
both inexpensive and highly conductive, but  is prone to 
developing a substantial voltage delay. The extremely ex- 
pensive salts Li~B,0C1,0 and Li2B~..,CI,~ are not so soluble 
and are partly oxidized in SOC12 solutions, although they 
give very good start-up performance (7). 

We decided to examine other lithium salts to see if any 
electrolyte with attractive properties of improved per- 
formance and/or reduced voltage delay could be found. 
Our hypothesis was that a good electrolyte could be ob- 
tained by reacting a chloride source with a chloride ac- 
ceptor. Thionyl chloride itself is weak chloride donor sol- 
vent (8). In such a solvent, an acid is a chloride acceptor, 
while a base is a chloride donor. With SOC12, we are then 
forming an electrolyte by reacting a strong acid with the 
conjugate base, C1- 

SOCI~ ~ SOC1 + + C1- [1] 

M__X~ + C1- ~ MX~C1- [2] 

Thionyl chloride can also form oxygen-bound complexes 
with acids such as A1C13 (Eq. [3]) to give a product which 
can be isolated by distillation (9) 

A1CI~ + SOC1.2 - ~ A1C13(SOC12) [3] 

For reaction of Lewis acids with SOCI~, we might then 
expect  a variety of products, ranging from a halometallate 
anion to a solvent complex. Reaction of halide with L/C1 
would then be competit ive with formation of the oxygen- 
bound solvent complex. This competit ion suggests that a 
stronger chloride acceptor would give the simpler solu- 
tion chemistry of reaction [2] rather than a mixture of re- 
actions [2] and [3]. For example, the weak CI- acceptor 
PCI5 would be expected to react as in reaction [4], while 
the strong C1- acceptor SbCI~ would be expected to react 
as in reaction [5] 

L/C1 + PCI:, SOCI~ PCI:,(OSCI~) + L/C1 [4] 

L/C1 + SbCI:. ~ LiSbCI~ [5] 

*Electrochemical Society Active Member. 

To test this hypothesis that good chloride acceptors 
should form useful electrolyte anions, we reacted a series 
of chloride acceptors with lithium bases in SOCI~. These 
salts were tested in SOC12 cells. 

The reactions above say comparatively little about the 
kinetic stability of the electrolyte to li thium metal, al- 
though one would expect  the anion in reaction [2] to be 
less easily reduced than an oxo complex (reaction [3]). 

Experimental 
Generally, hal/des were used as received. GaC13, FeCI~ 

InC13, PCI~, TIC14, SnC14, and L/C1 were purchased from 
Alfa Chemicals. LifO was purchased from Cerac. Lithium 
chloride was vacuum dried at 160~ before use. In some 
cases the extremely hygroscopic GaCI~ was sublimed un- 
der vacuum before use. Sublimation appeared to have lit- 
tle or no effect on electrolyte appearance. Thionyl chlo- 
ride (M & B) was refluxed over lithium strips under Ar 
and then slowly distilled through a three-foot column 
packed with saddles. The resulting SOCI~ was colorless or 
extremely light yellow in color. Electrolyte solutions were 
routinely refluxed over l i thium strips under Ar and fil- 
tered before use. The lithium strips were replaced if the 
li thium became discolored, and the reflux continued un- 
til the lithium strips stayed shiny. 

Electrolyte salts were generally prepared by adding 0.5 
mol of the halide to 0.5 liters of distilled thionyl chloride. 
To this was added (0.52 or 1.04 mol for dilithio salts) 
freshly dried L/C1. The solution was stirred overnight un- 
der Ar. If a substantial amount of undissolved material 
was present, the solution was refluxed overnight. Solu- 
tions with a substantial amount  of precipitate remaining 
were discarded. The salt LiGaCL was also prepared by a 
fusion technique, which gave an electrolyte with some- 
what less yellow color. 

LiGaCl4.--Gallium chloride (88g), finely divided, was 
weighed into a clean, dry 1 liter round-bottom flask in 
an argon-filled glove box. To this was added freshly 
dried L/C1 (22g) (4% excess). The flask was loosely stop- 
pered and shaken to give a reasonably intimate mixture. 
The flask was then carefully warmed with a heating man- 
tle. At about 70~ a liquid began to form. At 97~ the en- 
tire mixture melted to form a dark liquid. The liquid was 
shaken to give a homogeneous mixture and quickly 
cooled to give dirty gray solid. The gray color appears to 
be due to extremely small droplets of elemental Ga pres- 
ent in the GaCI:~. The resulting solid was then carefully 
dissolved in SOCl~ and refluxed under Ar over Li strips 
to remove residual water. 

LifO �9 2GaCl3.--Gallium chloride (88g) was dissolved in 
500 ml SOCI~. To this was added Li.20 (7.5g). The LifO re- 
mained solid. The mixture was refluxed under Ar for 
several days, with the Li20 slowly dissolving. When solu- 
tion was complete, l i thium strips were added and the so- 
lution refluxed under Ar. 

Conductivity measurements  were taken with Genrad 
1657 and 1658 Dig/bridge conductivity bridges with the 

1768 



Vol. I31, No. 8 1769 

5 t , ~ 4  
> ~-----~o.  = 

0 2 - -  > 

.J 
,.-I, , 

o 

r I I I / 
�9 O.03A, 13.6 A.hrs 
Z~ O. IOA,  13.1 A.hrs 
o I .OOA, 12.5 A-hrs 
O 5 .00A,  I1.0 A.hrs 

I [ I I I I 
0 2 4 6 8 I0 12 14 

C A P A C I T Y ,  A.hrs 

Fig. 1. Discharge curves of Li/SOCI~ cells with 1.0M LiGaCI4-SOCI2 
after 2 months storage at 25~ 

samples thermostated in Frigomix 1495 and 1496 constant 
temperature baths. 

Test electrolytes were evaluated in spirally wound cells 
with hermetic glass to metal seals of conventional design. 
The nickel cans and tops were TIG welded. The tops had 
low pressure vents (9). The D cells were cathode limited 
by the carbon present and were of a variety of designs. 
The flat cells were of familiar design (12). Test cells were 
discharged through Kepco power supplies with data col- 
lection by strip-chart recorders. 

R e s u l t s  
The donor and acceptor materials were mixed in SOCI~ 

and stirred for several days in a closed container. A small 
excess of the appropriate base was used (LiC1 or LifO). 
The Li~O/GaC13 solution had to be refluxed before the 
Li20 would dissolve. Results of these experiments  are 
shown in Table I. Mixtures which gave a solution in 
SOC12 were first stirred and then refluxed over Li strips 
to remove the unreacted Lewis acid and hydrolysis prod- 
ucts present. After these procedures were complete, the 
electrolytes which were obviously not compatible with 
li thium were eliminated. This left three electrolytes 

Li/SOCI~ CELLS 

Table I. Lewis acid-base combinations in SOCI~ 

Acid Base Salt Result After Li reflux 

GaC13 L i C 1  LiGaC14 Light yellow Light yellow 
solid solid 

GaC13 Li . ,O Li=,O �9 2GaC]3 Light yellow Light yellow 
solid solid 

FeC13 L i C 1  LiFeCL Orange-red Fe deposits on 
solid Li 

InCl~ L i C 1  LiInC14 Insoluble 
PCI~ LiC1 LiPCI(; Insoluble 
SbCI~ L i C 1  LiSbC1, Light yellow Light yellow 

solid solid 
TIC14 LiC1 Li.,TiCI,~ Insoluble 
SnC14 L i C 1  Li~SnCI~ Light yellow Corrodes Li 

solid 

which wpre considered for further evaluation: LiGaC14, 
LiSbC1G, and Li.~O �9 2GaCI~. 

SpiralIy wound, hermetically sealed D cells were filled 
with 1M LiSbC16, 1M LiGaC14, and Li20 �9 2GaCl'~ electro- 
lytes. The cells were discharged fresh and after 2 months 
of storage at room temperature. Discharge curves of typi- 
cal cells with 1M LiGaC14 in SOC12 two months after fill- 
ing are shown in Fig. 1, while discharge of typical fresh 
LifO . 2GaCI3 cells is shown in Fig. 2. The Li20 . 2GaCI:~ 
electrolyte proved extremely reactive and difficult to 
handle due to its extremely hygroscopic character, so 
testing was concentrated on cells containing LiGaC14. 
Capacities realized at lower rates were typical of those for 
identical LiA1C1JSOCI~ cells of similar design. At the 3A 
(7.5 mA/cm 2) rate, this was no longer true, since the 
LiGaCI~ cells were substantially higher in capacity. 
Capacities of 11 Ah or more were realized to a 2V cutoff, 
where the equivalent LiA]C14 cell gave only 8 Ah. A 
capacity-rate plot for the LiGaC14 and LiA1C14 cells with 
1M electrolytes is shown in Fig. 3. Figure 3 graphically 
shows the advantage of LiGaC14. Our finding of the high 
current capability of the LiGaC14 electrolyte was a bit sur- 
prising, so we built some more D cells, filled them with 
1.8M electrolytes, and tested them at 4A (10 mA/cm'-'). On 
this high current, the LiA1C14 cell gave only 6.7 Ah, while 
LiGaC14 gave 11.0 Ah and LizO.2GaC13 gave 10.6 Ah, a 60% 
improvement  with the Ga electrolytes. In contrast, D cells 
filled with 1M LiSbCI~ electrolyte gave very disap- 
pointing performance, with a capacity of only 1.4 Ah at 
0.1A. 

The LiGaC14 e lec t rolytewas  also tested in an extremely 
high rate flat cell described elsewhere (12). The cell was 
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Fig. 2. Performance of D cells 
with Li._~O �9 2GaCI.: electrolyte. 
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cells. 

tested on a pulse regime of 20 and 3.2A pulses (12), with 
the results shown in Fig. 4. Both the wall temperature and 
internal pressure were also monitored. As shown in the 
figure, the internal pressure rises smoothly during the 
discharge, in contrast to the work of Marincic et al. (14), 
where SOs was found to evolve on]y near the end of dis- 
charge in cells with SOC1JLiA1C14 electrolytes. 

Even at 30 mA/cm 2, the 1M LiGaC14 electrolyte will sup- 
port reasonable capacities. For a ceil approximately 2/3 
AA size with approximately 50 cm ~ electrode, discharge 
on a 2ft load (approximately 30 mA/cm ~) gives over 0.6h 
service with steady voltage, as shown in Fig. 5. 

Capacity increases due to substitution of LiGaC14 for 
LiA1C14 can be appreciable at lower current densities as 
well. Comparative performances of wound AA cells with 
1M LiA1C14 and 1M LiGaClt are shown in Fig. 6. Cells with 
LiA1C14 averaged 1.31 Ah on 12.5Ft load (approximately 3.5 
mA/cm~), while the cells with LiGaC14 delivered 1.62 Ah 
on identical load, a 23% improvement.  Even on 3.9D, the 
wound AA cells gave 1.5 Ah. As shown in Fig. 6, the cell 
voltages are essentially equal for both electrolytes, while 
the start-up voltages are slightly lower for LiGaCI~. 

Samples of Li were stored at 72~ with 1M LiGaC14 in 
SOCI~ and 1M LiSbCl~ in SOCI~. The samples stored with 
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Fig. 5. Discharge of 2 / 3 A A  cell with 1M LiGaCI4 in SOCI,~ at  30 

mA/cm 2. 

LiSbC16 had extremely large, regular crystals covering t h e  
l i thium which showed the presence of antimony on 
EDAX analysis. Possibly the poor performance of cells 
with SbC16-/SOC12 electrolyte is due to deposition of Sb 
on the Li, passivating it. Similar samples with the Ga 
electrolytes gave indistinct pictures with a "smudged"  ap- 
pearance, which allowed no careful examination of the 
character of the l i thium film. The gallium electrolytes 
were extremely hygroscopic, as expected from GaC13 and 
GaOC1 (15-17). Voltage delay measurements gave extraor- 
dinarily variable results, ranging from 2 rain to 3V at 1A 
after 5 months storage at room temperatures to 45 rain at 
50 mA to 2V after 2 months. It is therefore clear that vol- 
tage delay in LiGaCL electrolytes is irregular and may be 
sensitive to relatively minor details of the cell filling op- 
eration. We suspect that momentary air exposure of the 
cell before filling or during the filling operation may be 
the root of this substantial variation in anode passivation. 

Conduetivities of LiGaC14 and Li20 �9 2GaC13 in SOC12 
were measured at a variety of temperatures and concen- 
trations. Plots of conductivity vs. concentration at various 
temperatures are shown in Fig. 7 and 8. Concentration 
and conductance at 25~ are listed for LiGaC14, LixO 
2GaC13, Li~B,,~CI,o, and LiA1C14 in Table II for comparison. 
From the data in the table it is clear that both of the 
GaC13-based electrolytes are highly conducting in SOCI~ 

Fig. 4.  F lat  cel l  with 1 . 8 M  
LIGaCI4 on 2 0  and 3 . 2 A  pulses. 
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and show promise for evaluation in cells. Comparative 
conductivities at 25~ for these electrolytes are shown in 
Fig. 9. It should be noted that the conductivity of the Li20 
�9 2GaC13 electrolyte is very similar to LiAIC14 and LiGaC14, 
while Li2B~oC1,0 shows rather- lower limiting conductiv- 
ities. 

Discuss ion  
Our original hypothesis, that extremely good chloride 

acceptors would give good electrolytes in the weak chlo- 
ride donor SOCI~, is clearly untenable. Of our three strong 
C1- acceptors, GaC13, FeC13, and SbCI:,, only GaC13 gave a 
usable electrolyte with LiC1 or Li~O. While LiGaCI4 ap- 
pears to be an excellent electrolyte for SOC12, cells with 
substantial increases (up to 60%) in delivered energy from 
unoptimized cell designs, the reasons for this improve- 
ment  are not self-evident. 

The relatively minor differences in conductivity be- 
tween LiAIC14 and the LiGaC14 and Li2Ga2C160 electro- 
lytes are clearly inadequate to account for this increase in 
capacity. The D cells used in this study were "carbon lim- 
ited." That is, both l i thium anode and SOCI~ catholyte 
were present substantially in excess of the cell capacity 
and the cell capacity is established by passivation of the 
porous carbon catalytic cathode. The low current capaci- 
ties of cells with LiA1C14 and LiGaC14 are similar, so, at 
these relatively high rates (2.5-125h rates), self-discharge 
processes exert a minimal effect on cell capacity. The in- 
crease in capacity at high currents with the GaC13 electro- 
lytes is therefore due to decreased cathode passivation. 
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This cathode passivation has been attributed to blocking 
pores in the porous carbon electrode by S and LiC1. 

In earlier work using cyclic voltammetry, we found that 
an intermediate species with delayed formation of S and 
SO2 was formed when SOCI~ was reduced at platinum in a 
C104- electrolyte (19, 20). Other workers have also con- 
cluded that these sulfur oxygen intermediates are present 
(21, 22). Very limited data from the flat cell suggests that 
this intermediate(s) is not so stable in LiGaC14 electro- 
lytes. We suggest that the lowered stability of these inter- 
mediates may modify su]fur generation and thus change 
the morphology of both S and LiC1 deposition in the cath- 
ode to reduce pore b]ockage. This may perhaps be due to 
the lessened affinity of Ga(III) for O compared to AI(III) 
and the greater stability of GaC14- and GaC13 to oxygen 
species compared to A1CI~- and A1C13. 

An alternative hypothesis for the change in pattern of 
LiC1 deposition in the cathode is the formation of a higher 
octahedral chloride of Ga in the reduction process [6], 
while the A1C14- 

2e- + SOC12 + GaC14- > [SO] + GaCI~ 3- [6] 

cannot act as a halide acceptor  (reaction [7]) 

2e- + SOCl~ + A1C1c ----* [SO] + AIC14- + 2C1- [7] 

Even transitory existence of the species GaC163- would re- 
sult in some C1- transport from the site of reduction. 
There seems little reason to suspect the reduction of 
Ga(III)C14 to Ga=,C14(Ga(I), Ga(III)C14), since the greater ca- 
pacity occurs at over 3V v s .  Li, well above the Ga(III) re- 
duction potential of 2.27V. 

The very similar conductivity and cell performance of 
the electrolyte Li~O �9 2GaCI~ to LiGaCI4 is worth some 
comment. The analogous Al electrolytes LiAICI4 and Li~O 
�9 2AICl:~ show (13, 14) differences in cell performance. The 
specific conductivity of Li20 . 2AICl3 is reported (ii, 12) 
at 6 x 10 -3 t2-' cm-'. At IA, LiAiCl4 cells gave 8 Ah, while 
Li20 �9 2AICl3 cells of similar Li + content gave only 6 Ah. 

Table II. Conductivities of electrolyte salts in SOCI2 at 25~ 

Sal t  conduct iv i ty  x 10 3 ~ - '  cm -~ 
Conc. (M/l) LiGaC14- Li~O.2GaCI:~ LiA1CL Li~B,.C1,0 

0.1 0.72 0.79 0.80 0.7 
0.2 2.2 2.1 
0.25 3.0 1.8 
0.40 5.5 
0.50 6.8 7.3 3 
1.0 15.3 13.7 14.6 4.8 
1.8 21.0 20.O 
2.0 18.9 20.0 6.7 
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2.5 

The conductivity vs. concentration of Gabano's electro- 
lyte is very similar to the dilithium salts Li2B10Cll0 and 
Li2B12C112. This lends support to the hypothesis that the 
Li.~O �9 2A1C13 species should be formulated as in reaction 
[8] 

C1 C1 
Li § C1 A1 - O - A1 C1- Li + [8] 

C1 C1 

However, the electrolyte Li.20 �9 2GaCI~ shows conduc- 
tivity nearly superimposable on LiA1C14 and LiGaCI~ as 
well as performance in cells similar to LiGaCL. This sug- 
gests that the dimeric formulation of the salt LifO 
2GaCI~ is incorrect. 

Perhaps the LifO reacts with SOCI~ to form SO~ and 
LiC1 (23), as has been suggested, although other possible 
structures can be envisioned. 

Gallium oxyhalides have been reported previously, al- 
though description of their properties are contradictory 
(17, 18). Like GaC13 and LiGaC14, the mixture Li20 
2GaCl~ is extremely hygroscopic. Evaporation of SOCI~ 
solution of this electrolyte gave extremely hygroscopic 
white crystals, which reacted with atmospheric moisture 
too quickly for satisfactory elemental analysis. 

Conclusion 
Both LiGaC14 and the oxide salt Li20 �9 2GaCI~ have 

been shown to form high conducting electrolyte solutions 
in SOCI~. In practical cell performance tests, the Ga elec- 

trolytes displayed capacities similar to other electrolytes 
at low rates and substantially superior capacities on high 
rate discharges. 
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A B S T R A C T  

Se lec t ive  d i s s o l u t i o n  b e h a v i o r  a n d  c o n c o m i t a n t  c h a n g e s  in  su r face  c o m p o s i t i o n  h a v e  b e e n  e l u c i d a t e d  by  c o m b i n e d  
~ - s p e c t r o m e t r y  a n d  E S C A  s tud ie s  of  a pas s ive  s ta in less  s teel  i m m e r s e d  in an  art if icial  sa l iva  solut ion.  Q u a n t i t a t i v e  
~ - s p e c t r o m e t r y  da ta  s h o w  t h a t  t h e r e  is a se lec t ive  d i s so lu t i on  of  i ron  d u r i n g  all t i m e s  of  exposure .  Quan t i t a t i ve  E S C A  
da ta  s u g g e s t  t h a t  all e x p e c t e d  sur face  a c c u m u l a t i o n  of  c h r o m i u m  occu r s  in  t he  pass ive  f i lm fo rmed .  U n d e r  p r e s e n t  con-  
d i t ions ,  t he  c h r o m i u m  c o n t e n t  of  the  fi lm i n c r e a s e s  w i th  t i m e  of  i m m e r s i o n ,  h a v i n g  its h i g h e s t  va lues  at  t he  o u t e r m o s t  
su r face  r eg ion  a n d  e x h i b i t i n g  a dec rease  w h e n  a p p r o a c h i n g  t he  f i lm/al loy in terface .  

The  ex i s t i ng  k n o w l e d g e  of  pass ive  fi lm b e h a v i o r  on  
s t a in les s  s tee ls  is w i t h  a l m o s t  no  e x c l u s i o n  b a s e d  o n  the  
u s e  of  e x p e r i m e n t a l  t e c h n i q u e s  w h i c h  are c a p a b l e  of  di- 
r ec t ly  o b s e r v i n g  va r ious  p r o p e r t i e s  of  the  pas s ive  fi lm 
s u c h  as i ts  t h i c k n e s s ,  s t ruc tu re ,  c h e m i c a l  c o m p o s i t i o n ,  or 
s e m i c o n d u c t i n g  p roper t i e s .  See, for  i n s t ance ,  Ref .  (1), 
w h i c h  is a r e c e n t  r e v i e w  of  t h e  s t a in less  s teel  surface.  
F r o m  t h e s e  s tudies ,  it h a s  b e c o m e  e v i d e n t  t h a t  t he  or ig in  
of  t he  p r o t e c t i v e  abi l i ty  can  b e  a s soc ia t ed  w i t h  an  en r i ch -  
m e n t  of  c h r o m i u m  in t he  pas s ive  fi lm (2, 3), t h e  pass iva-  
t ion  p r e s u m a b l y  t a k i n g  p lace  by  t he  f o r m a t i o n  of  hydra -  
t ed  c h r o m i u m  o x y - h y d r o x i d e  (4). I t  h a s  b e e n  s u g g e s t e d  
t h a t  t he  b u i l d u p  of  t he  pas s ive  film o n  i r o n - b a s e d  al loys 
a n d  t he  poss ib l e  su r face  a c c u m u l a t i o n  of  va r i ous  a l loying  
e l emen t s ,  s u c h  as c h r o m i u m  a n d  m o l y b d e n u m ,  is p r imar -  
ily d u e  to a se lec t ive  d i s s o l u t i o n  of  i ron  d u r i n g  pass ive-  
s ta te  c o n d i t i o n s  (5, 6). However ,  in  v iew of  t he  i m p o r t a n c e  
of  t h e  c o n c e p t  of  se lec t ive  d i s s o l u t i o n  of  i ron,  t h e r e  ex i s t  
on ly  a sma l l  a m o u n t  of  q u a n t i t a t i v e  da ta  on  d i s so lu t i on  
ra tes  of  i ron  a n d  i ts  m a i n  a l loy ing  c o n s t i t u e n t s  as b a s e d  
on  m e a s u r e m e n t s  of  t he  c h e m i c a l  c o m p o s i t i o n  of  the  
so lu t ion .  

Th i s  w o r k  p r e s e n t s  q u a n t i t a t i v e  r e su l t s  of  b o t h  pass ive  
fi lm c o m p o s i t i o n  (as o b t a i n e d  b y  ESCA)  a n d  of  d issolu-  
t i on  ra tes  of  iron,  c h r o m i u m ,  a n d  m o l y b d e n u m  (as ob- 
t a i n e d  b y  ~ - spec t rome t ry )  of  a c o m m e r c i a l  ferr i t ic  s ta in-  
less  s teel  s t u d i e d  u n d e r  pass ive - s t a t e  c o n d i t i o n s  in  an  
art if icial  sa l iva  so lu t ion .  T he  e l e m e n t a l  re lease  f rom 
b iomate r i a l s ,  s u c h  as s t a in le s s  steels,  in  b io log ica l  envi-  
r o n m e n t s  is a n  i m p o r t a n t  p r o p e r t y  w h e n  e v a l u a t i n g  t he se  
ma te r i a l s  f rom a c l in ica l  p o i n t  of view. B y  c o m b i n i n g  re- 
su l t s  o b t a i n e d  b y  E S C A  as wel l  as b y  " / -spect rometry ,  it 
h a s  b e e n  poss ib l e  to ga in  i n s i g h t  in to  t he  ac tua l  a c c u m u -  
l a t ion  a n d  i n - d e p t h  d i s t r i b u t i o n  of, p r imar i ly ,  c h r o m i u m  
in t he  i n v e s t i g a t e d  sur face-a l loy  region.  

Experimental 
Material, sample configuration, and solution.--A fer- 

r i t ic  s t a in less  s teel  w i t h  c h e m i c a l  c o m p o s i t i o n  s h o w n  in 
Tab le  I was  m e c h a n i c a l l y  p o l i s h e d  to 1000 m e s h  on  p a p e r  
of  s i l i con  ca rb ide  a n d  w i t h  d is t i l led  w a t e r  as coolant .  The  
s a m p l e  con f igu ra t ions  u s e d  in  t he  r a d i o c h e m i c a l  ana lys i s  
are  p r e s e n t e d  in  Tab le  II, a n d  the  c o m p o s i t i o n  of  t he  
ar t i f icial  sa l iva  so lu t i on  u s e d  is f o u n d  in  Tab le  III.  

Radioactivation, exposure to solution, and "/-spectrom- 
etry measurements.~After m e c h a n i c a l  p o l i s h i n g  b u t  p r io r  

* Electrochemical Society Active Member. 
Key words: surfaces, passivity, ESCA, radioactivity. 

to  e x p o s u r e  to so lu t ion ,  t h e  s amp le s  were  i r r ad i a t ed  to- 
g e t h e r  w i t h  s t a n d a r d s  of  c h r o m i u m ,  iron,  a n d  m o l y b d e -  
n u m  c o n s i s t i n g  of  CrNO~ • 9H~O, FeC13 • 6H~O, a n d  
MoO2Br~ in  m i l l i g r a m  quan t i t i e s .  The  i r r ad i a t i on  was  ac- 
c o m p l i s h e d  at a t h e r m a l  n e u t r o n  f lux of  5 • 10'" n �9 c m  -~ 
�9 s - '  for  1 day. 

E a c h  set  of  two s a m p l e s  (Tab le  II) was  e x p o s e d  in  200 
m l  of  t he  so lu t ion  (Tab le  III)  for  s u b s e q u e n t  pe r iods  of 
24.5, 48, a n d  24h, respec t ive ly .  T h u s  t he  to ta l  p e r i o d  of  ex-  
p o s u r e  was  96.5h. In  t he  b e g i n n i n g  of  e ach  e x p o s u r e  pe-  
r iod,  f r e sh  so lu t ions  were  i n t r o d u c e d  in to  t h e  vials.  The  
so lu t ion  was  k e p t  at  37~ in l imi t ed  air  c o n t a c t  r e s u l t i n g  
in a p H  5-6. The  s a m p l e s  were  u n d e r  c o n d i t i o n s  of  free 
cor ros ion ,  i.e., w i t h o u t  any  e x t e r n a l  po t en t i o s t a t i c  control .  

The  r a d i o c h e m i c a l  ana lys i s  was  a c c o m p l i s h e d  b v  
m e a n s  of  the  fo l lowing  nuc l ides :  5'Cr (t,~._, = 28d), 59Fe (t,~ 
= 46d), a n d  "gMo (t,2 = 67h). T h e  ~-ray s p e c t r o m e t r i c  mea-  
s u r e m e n t s  were  c o n d u c t e d  b y  a m u l t i c h a n n e l  analyzer ,  
C a n b e r r a ,  c o n n e c t e d  to a Ge(Li) de tec tor .  T h e  200 ml  so- 
l u t i ons  we re  m e a s u r e d  for  pe r iods  u p  to - 15h. 

Surface analysis.--Electron s p e c t r o s c o p y  for  c h e m i c a l  
ana lys i s  (ESCA) in a s p e c t r o m e t e r ,  L H  2000, was  con-  

Table I. Analysis (w/o) of stainless steel used 

C Si Mn P S Cr Ni Mo Ti Cu Fe 

0.03 0.34 0.48 0.019 0.007 18.4 0.27 2.27 0.6 0.04 77.54 

Table II. Sample configurations 

Sharp edge 
No. samples Area/sample (cm'- ' )  length]sample (cm) 

2 18.6 24.0 
2 17.8 85.6 

Table III. Composition of solution used 

Compound Amount (g/l) 

NaC1 0.40 
KC1 0.40 
CaCI~. 2H~O 0.80 
NaH~PO4 �9 2H20 0.78 
Na~S - 9H~O 0.005 
Urea 1.0 
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d u c t e d  for sur face  analysis .  I m m e r s i o n  of  the  (nonact i -  
va ted)  E S C A  s a m p l e s  in  t he  art if icial  sa l iva so lu t ion  was  
m a d e  u n d e r  iden t i ca l  c o n d i t i o n s  as for t he  (act ivated)  
7 - s p e c t r o m e t r y  s a m p l e s  to eva lua te  t he  i n f l uence  of  the  
i m m e r s i o n  on  t he  c h e m i c a l  c o m p o s i t i o n  in  t he  s tee l  sur- 
face. S a m p l e s  w i th  d i m e n s i o n s  10 x 10 x 1 m m  for E S C A  
m e a s u r e m e n t s  were  e x p o s e d  t o g e t h e r  w i t h  a d d i t i o n a l  
s teel  s a m p l e s  in  o rde r  to r e a c h  a ra t io  of  solut ion- to-  
s a m p l e  a rea  ~ 5 ml  �9 c m  -2 as  b e i n g  t he  ra t io  in  t he  
~ - spec t rome t ry  m e a s u r e m e n t s .  Af te r  e x p o s u r e  to the  so- 
lu t ion ,  t he  s a m p l e s  were  r i n s e d  in  d is t i l led  w a t e r  for a few 
seconds ,  d r ied  in ho t  air, a n d  t r a n s f e r r e d  w i t h i n  2 ra in  
in to  t he  v a c u u m  c h a m b e r  for  E S C A  m e a s u r e m e n t s .  

A1K~, r ad i a t i on  was  u s e d  for  excf fa t ion  of t h e  pho to -  
e lec t rons .  Cr2p3/2, Fe2p3~2, a n d  Mo3d~/~ p h o t o e l e c t r o n  l ines  
were  s tudied .  P u r e  i r o n - s p u t t e r e d  foils of  t h e s e  e l emen t s ,  
t o g e t h e r  w i t h  na tu r a l l y  f o r m e d  pass ive  f i lms on  t he  s ame  
foils, as  well  as t h i c k e r  (~  20 rim) t h e r m a l l y  g r o w n  oxides ,  
we re  ana lyzed  as  s t a n d a r d s .  A q u a n t i t a t i v e  e v a l u a t i o n  of  
E S C A  spec t r a  was  p e r f o r m e d  by  m e a s u r i n g  t he  s ignal  
a m p l i t u d e s  of p h o t o e l e c t r o n  peaks  a n d  c o m p a r i n g  t h e m  
w i t h  c o r r e s p o n d i n g  ox ide  a n d  m e t a l  p e a k s  of the  s tand-  
a rd  samples .  W h e n  t a k i n g  all pos s ib l e  sou rces  of  e r rors  
in to  cons ide ra t ion ,  the  a c c u r a c y  of the  q u a n t i t a t i v e  E S C A  
e v a l u a t i o n  is e s t i m a t e d  to a p p r o x i m a t e l y  -+15% (6). A free 
m e a n  p a t h  of 1.4 n m  is a s s u m e d  for b o t h  the  c h r o m i u m  
and  i ron  p h o t o e l e c t r o n s  ana lyzed  (7). In  o rde r  to some-  
w h a t  a l te r  t he  sur face  sens i t i v i ty  of  t he  E S C A  m e t h o d ,  
t he  t ake -o f f  ang le  of the  de t ec t ed  p h o t o e l e c t r o n s  was  
va r i ed  b e t w e e n  90 ~ a n d  20 ~ in  a p l ane  w h e r e  t he  ang le  of  
a c c e p t a n c e  by  the  e l ec t ron  ana lyze r  was  ~ 10 ~ 

Results 
7-spectrometry.--When t h e  al loy is i m m e r s e d  in  the  

e lec t ro ly te  w i t h o u t  po t en t i o s t a t i c  control ,  t h e  to ta l  disso-  
l u t i on  ra te  dec rea se s  w i th  t ime  in a way  w h i c h  is repre-  
s e n t a t i v e  of  s ta in less  s tee l  in  a pass ive  s ta te  (2). Tab le  IV 
gives  t h e  a c c u m u l a t e d  a m o u n t  of  d i s so lved  c h r o m i u m ,  
iron,  a n d  m o l y b d e n u m  (in ~g /cm 2) af ter  va r i ous  t i m e s  of 
e x p o s u r e  in  t he  so lu t ion .  F r o m  Table  IV, it is c o n c l u d e d  
t h a t  t h e  m o s t  i n t e n s i v e  d i s s o l u t i on  for  all i n v e s t i g a t e d  ele- 
m e n t s  occu r s  d u r i n g  t he  first  24h a n d  d e c r e a s e s  d u r i n g  
f u r t h e r  exposu re ,  s u g g e s t i n g  t h a t  the  p ro t ec t i ve  abi l i ty  o f  
the  s teel  inc reases  as a r e su l t  of  c h a n g e s  in sur face  com- 
pos i t ion .  In  o rde r  to pos s ib ly  d i s t i n g u i s h  t he  d i s so lu t i on  
b e h a v i o r  of  flat su r faces  f rom t h a t  of s h a r p  s a m p l e  
edges ,  t he  w h o l e  samples ,  i n c l u d i n g  s h a r p  edges ,  we re  
i m m e r s e d  in t he  sa l iva  so lu t ion  d u r i n g  7 - spec t ro scopy  
m e a s u r e m e n t s .  By  v a r y i n g  the  s a m p l e  g e o m e t r y  a n d  
h e n c e  t he  rat io  of  the  to ta l  l e n g t h  of s h a r p  edges  to t he  to- 
tal  a rea  of flat surfaces ,  it was  poss ib le  to s epa ra t e  b o t h  
c o n t r i b u t i o n s  f rom each  other .  A l t h o u g h  no t  f u r t h e r  dis- 
c u s s e d  in th i s  work ,  Tab le  IV shows  t he  e s t i m a t e d  accu-  
m u l a t e d  a m o u n t  of  c h r o m i u m ,  iron, a n d  m o l y b d e n u m  (in 
~g /cm s a m p l e  edge)  w h i c h  ha s  d i s so lved  f rom s h a r p  
s a m p l e  edges .  The  r e su l t s  s u g g e s t  t h a t  se lec t ive  d isso lu-  
t ion  also occu r s  f rom t h e s e  pa r t s  of  t he  s a m p l e  b u t  are 
less  p r o n o u n c e d  t h a n  f rom flat s a m p l e  surfaces .  

The  se lec t ive  d i s s o l u t i o n  b e h a v i o r  is i l l u s t r a t ed  by  
i n t r o d u c i n g  se lec t iv i ty  coeff ic ients ,  Z,~ a n d  ZM., w h i c h  
s h o w  b y  h o w  m a n y  t i m e s  t he  ra t ios  of  c h r o m i u m  or mo-  
l y b d e n u m  c o n c e n t r a t i o n  to i ron  c o n c e n t r a t i o n  in dissolv-  
ing  spec ies  differ  f rom t he  s a m e  ra t ios  in  t he  b u l k  s teel  
(6). H e n c e  

Table IV. Total amounts of dissolved chromium [m(Cr)], iron [m(Fe)], 
and molybdenum [m(Mo)] after various times of immersion. Data are 
given for dissolution from sample surfaces (/~g/cm 2) as well as from sharp 

sample edges (~g/cm) 

Time (h) m(Cr) ra(Fe) m(Mo) Dissolution from 

24.5 0.0168 0.474 0.0021 surface 
72.5 0.0198 0.578 0.0023 surface 
96.5 0.0208 0.631 0.0027 surface 
96.5 0.0029 0.037 0.0002 sharp edges 

Table V. Variation in time of selectivity coefficients Zcr and Z M ,  , 

according to 7-spectrometry 

Time (h) Zcr ZM,, 

(0) (1.0) (1.0) 
24.5 0.149 0.151 
72.5 0.144 0.136 
96.5 0.139 0.146 

a n d  

[m(Cr) l /[~(Cr)] 
Zcr = km~Jsolut ion ILm----~-~Jano~,- 

[1] 

[m(M~ /[m<M~ [2] 
ZMo = Lm---~J ~o~.,~on/Lm(Fe) J a1~o~" 

wi th  m(Cr), m(Fe), and m(Mo) in the solut ion being 
amounts of dissolved chromium, iron. and molybdenum 
in micrograms per square centimeter of exposed area and 
w i t h  m e a s u r e d  va lues  a c c o r d i n g  to Tab le  IV. The  corre-  
s p o n d i n g  va lues  in  the  al loy r e p r e s e n t  t he  w e i g h t  c o n t e n t  
of  t he  e l e m e n t s  a c c o r d i n g  to Tab le  I. 

Tab le  V shows  t h e  v a r i a t i o n  in  t ime  of  t h e  se lec t iv i ty  
coeff ic ients  b o t h  of c h r o m i u m  a n d  of  m o l y b d e n u m  and  
c lear ly  ind ica t e s  va lues  s ign i f ican t ly  be low 1 at  all t imes  
of  i m m e r s i o n .  F r o m  the  o b s e r v e d  d e p l e t i o n  of c h r o m i u m  
a n d  m o l y b d e n u m  d e t e c t e d  in  t h e  so lu t ion  fo l lows a n  ex- 
p e c t e d  a c c u m u l a t i o n  of  t he  s ame  e l e m e n t s  in  t h e  al loy 
surface.  

ESCA.--Figure 1 s h o w s  t he  o b s e r v e d  sur face  c o n t e n t  of  
b o t h  c h r o m i u m  a n d  m o l y b d e n u m  af ter  va r ious  t i m e s  of  
i m m e r s i o n  of  the  s t a in less  s teel  in  the  so lu t ion .  In  accord-  
ance  w i t h  7 - s p e c t r o m e t r y  r e su l t s  (Table  V), t h e r e  is ob- 
s e rved  a sur face  e n r i c h m e n t  of  b o t h  c h r o m i u m  a n d  mo-  
l y b d e n u m  w h i c h  i nc r ea se s  w i th  t i m e  of  i m m e r s i o n .  The  
results in Fig. 1 for Cr/Cr + Fe and Mo/Mo + Fe atomic ra- 
tios are based on studies of the main peaks of chromium 
(2p~12), iron (2p31_~), and molybdenum (3d:,j2) as obtained in 
survey ESCA spectra in which no deconvolution of metal 
and oxide peaks of the investigated elements could be 
made. Hence, atomic ratios given in Fig. i represent 
values of total surface accumulation of chromium and 
molybdenum, with no distinction being made of the ele- 
ments in their metallic or oxidized state. 

Figure  2 con t a in s  spec t r a  of c h r o m i u m  (2p. m) a n d  i ron  
(2P~,2) p e a k s  before  i m m e r s i o n  and  af te r  96.5h of  i m m e r -  
sion. I t  is poss ib le  to d e c o n v o l u t e  t he se  p e a k s  in to  t he i r  
meta l l i c  a n d  ox id ized  s tates ,  as has  b e e n  s h o w n  else- 
w h e r e  (8). B e c a u s e  of  too- low amp l i t udes ,  th i s  was  no t  
poss ib l e  for  the  Mo (3d:,~.~) p h o t o e l e c t r o n  peak.  Quan t i t a -  
t ive  e v a l u a t i o n  of  t he  m e t a l  a n d  ox ide  peaks ,  r espec t ive ly ,  
y ie lds  t he  va r i a t ion  in e x p o s u r e  t i m e  of Cr/Cr + Fe  ra t ios  
for t he  meta l l i c  as wel l  as t he  ox id ized  s ta te  (Fig. 3). I t  can  
be  c o n c l u d e d  t ha t  a ma jo r i t y  of c h r o m i u m  sur face  accu-  
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elements in their oxidized and metallic states, 

mula t ion  occurs  wi th  c h r o m i u m  being  in the  oxid ized  
state, whereas  no s ignif icant  accumula t ion  occurs  wi th  
c h r o m i u m  being  in the  meta l  state. 

Comparison of y-spectrometry and ESCA.--In what  fol- 
lows, a compar i son  is m a d e  be tween  the  quan t i t a t ive  re- 
sults  as obta ined  by ~/-spectrometry and by ESCA.  This  is 
done  by es t imat ing  the  e x p e c t e d  n u m b e r  of  c h r o m i u m  
ions accumula t ed  in the  surface region accord ing  to both  
me thods  (6). 

F r o m  y-spec t romet ry  data  of  accumula t ed  amoun t s  of  
d isso lved  c h r o m i u m  and iron, m(Cr) and m(Fe), (see Table  
IV for numer ica l  values),  the  excess  amoun t s  of  chro- 
m i u m  [hm(Cr)] after var ious  t imes  of  exposu re  are pre- 
sen ted  in Table  VI after calculat ions  us ing the  fo rmula  

0.184 
hm(Cr) = ~ m(Fe) - m(Cr) [3] 

Here,  Am(Cr), m(Fe), and m(Cr) are expres sed  in micro-  
g rams  per  cent imeter ,  and 0.184 and 0.775 are the  weigh t  
pe rcen t s  (w/o) of  Cr and Fe  in the  stainless steel  studied.  
F r o m  E S C A  data, the  accumula t ed  a m o u n t  of  c h r o m i u m  

Table VI. Accumulated amounts of chromium and of molybdenum in the 
surface region according to y-spectrometry 

±m(Cr) AN(Cr)  hm(Mo) AN(Mo) 
Time (h) (/zg/cm 2) (10~5/cm ~) (/zg/cm z) (10':'/cm 2) 

24.5 0.096 1.11 0.012 0.07 
72.5 0.117 1.36 0.015 0.09 
96.5 0.129 1.49 0.016 0.10 

ions [hN(Cr)] in the alloy surface has b e e n  es t imated  
us ing  the  formula  

t 
hN(Cr) = (Xcr - 0 . 2 0 ) ' - -  [4] 

V 

Here  (X(:,. - 0.20) represen t s  the increase in c h r o m i u m  
surface  con ten t  (Cr/Cr + Fe  values  taken  in Fig. 3) at dif- 
ferent  t imes  of i m m e r s i o n  relat ive to a Cr/Cr + Fe ratio 
equa l  to 0.20, wh ich  represen t s  the  bulk  va lue  of  the steel. 
t is the  th ickness  of the  surface layer in which  accumula-  
t ion of  c h r o m i u m  occurs,  v is the  a s sumed  va lue  of  the  
c a t i o n  v o l u m e  in the pass ive  film which,  accord ing  to 
e lec t ron  diffract ion data  (9), has been  es t imated  to be 
equa l  to 28 ± 3 (nm ± 0.1)z; see Ref. (6) for fur ther  details. 
The  th ickness  t can be  es t imated  by a p rocedure  out l ined  
e l sewhere  (10), wh ich  uses  the  fact that  the  in tens i ty  of  
pho toe lec t rons  decays  exponen t i a l ly  wi th  dep th  f rom 
where  they  originate.  Hence ,  Table  VII  presents  esti- 
ma ted  va lues  of  th icknesses  and the  accumula t ed  a m o u n t  
of  c h r o m i u m  after var ious  t imes  of exposu re  us ing  the  
E S C A  data  of  Fig. 1 and  3. 

A compar i son  of  tl~e es t ima ted  accumula t ed  n u m b e r  of  
c h r o m i u m  ions accord ing  to data  obta ined by y-spectrom- 
etry (Table VI) and by E S C A  (Table VII) shows  that  the  
es t imates  are close, the  number s  as ob ta ined  by 
y-spec t romet ry  be ing  s l ight ly smaller. 

Discussion 
The co inc idence  be tween  es t imated  excess  surface 

c h r o m i u m  accord ing  to ~/-spectrometry and E S C A  is very 
close w h e n  cons ider ing  var ious  sources  of  errors wh ich  
all m a y  have  an inf luence  on the  rel iabil i ty of  the  results.  
Of such  sources  should  be  men t ioned  the  p rocedure  for 
quant i ta t ive  eva lua t ion  of  E S C A  data, the  separat ion of 
d issolu t ion  f rom sample  edges  and sample  surfaces,  re- 
spect ively ,  and the  p rocedure  for es t imat ing  the  th ickness  
of  the  region wi th  excess  ch romium.  

The co inc idence  in resul ts  based on y-spec t romet ry  and 
E S C A  m e a s u r e m e n t s  sugges ts  that  se lect ive  d issolut ion 
of  iron resul ts  in changes  in chemica l  compos i t ion  of  a 
surface layer wh ich  is th inne r  than  the  in format ion  dep th  
of ESCA. Table  VII  reveals  that  after 3-96h of  immers ion  
the  th ickness  of  the  surface layer  wi th  excess  c h r o m i u m  
is a round  1.0 n m  and wi th  an average c h r o m i u m  conten t  
(Cr/Cr + Fe) s lowly increas ing  wi th  t ime of exposu re  f rom 

Table VII. Thickness (t) of surface layer in which accumulation of 
chromium occurs, average chromium content (X(.r), and amount of 

accumulated chromium [N'(Cr), N(Cr)] in the surface layer according to 
ESCA. AN(Cr) = N'(Cr) - N'(Cr)l=0 is accumulation due to immersion 

AN'(Cr) AN(Cr) 
Time (h) t (nm) Xc~ (10"~/cm "-') (10'~/em ~) 

0 0.9 0.33 0.5 O.O 
3 0.9 0.71 1.6 1.2 

24.5 1.O 0.79 2.2 1.7 
72.5 1.0 0.80 2.2 1.8 
96.5 1.1 0.82 2.5 2.0 
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0.7 to 0.8. Since all excess chromium is in an oxidized 
state (Fig. 3), it can be assumed that a majority of excess 
chromium is in the passive film of the stainless steel 
rather than in the alloy region adjacent to the film. A pre- 
vious combined ~/-spectrometry and ESCA study of pa_ssi- 
vated Fel8Cr and FelSCr3Mo alloys under potentiostatic 
control revealed much larger estimates of accumulated 
amounts of chromium according to ~/-spectrometry mea- 
surements than according to ESCA measurements  (6). 
This was interpreted as being due to an enrichment  of 
chromium in a surface region thicker than the passive 
film itself. This suggests that selective dissolution of iron 
under potentiostatic polarization may result in a surface 
layer enriched in chromium which is significantly 
thicker than when selective dissolution of iron occurs un- 
der nonpotentiostatic conditions. 

Although the results presented until now only have 
given the average chromium content of the passive film, 
it is of interest also to discuss the possible in-depth distri- 
bution of chromium within the film. For this purpose, 
the take-off angle of photoelectrons detected was varied 
by changing the orientation of the sample with respect to 
the entrance slit of the ESCA analyzer. With this proce- 
dure, it is possible to alter the surface sensitivity allowing 
the chemical composit ion to be studied at various depths 
in a nondestructive way (11). 

Figure 4 illustrates the variation in overall chromium 
content, Cr/Cr + Fe, from lower surface sensitivity (high 
take-off angle) to higher surface sensitivity (low take-off 
angle). Because of too low ESCA amplitudes at take-off 
angles lower than 20~ the Cr/(Cr + Fe) ratio in the outer- 
most surface region cannot be measured; it can only be 
estimated from extrapolation of ratio values at higher 

take-off angles. The results after 72.5h of immersion in 
Fig. 4 indicate that the Cr/Cr + Fe ratio may approach 1.0 
in the outermost surface region and decreases with depth. 
Similarly, the results after 3h of immersion indicate the 
highest Cr/(Cr + Fe) ratio at the outermost surface region 
and a decrease in Cr/(Cr + Fe) ratio towards increasing in- 
formation depth (higher angles in Fig. 4). 

The beneficial effect of enrichment of chromium in the 
passive film can be illustrated by inspecting the actual 
dissolution rates at various times of immersion. During 
the first 24h of immersion-characterized by lower chro- 
mium film contents-the total release of dissolving spe- 
cies was - 0.49 ~g/cm 2 (Table VI), corresponding to an av- 
erage current density of - 0.03 ~A/cm ~, whereas during 
the final 24h of immersion-characterized by higher chro- 
mium film contents-the total release of dissolving spe- 
cies was approximately 10 times smaller (Table VI) corre- 
sponding to an average current density of - 0.003 ~A/cm 2. 

:~-spectrometry as well as ESCA data have furthermore 
shown that molybdenum is accumulated in the surface 
region of the stainless steel. However, because of too low 
intensities, it was not possible to deconvolute the Mo 
(3dsj~) photoelectron peaks into their metallic and oxi- 
dized parts. For this reason, estimates of surface accumu- 
lation of molybdenum could only be made by ~/-spec- 
trometry; they are shown in Table VI. 

Conclus ions 
Combined ~/-spectrometry and ESCA studies of a 

ferritic stainless steel immersed in an artificial saliva so- 
lution under nonpotentiostatic conditions show that the 
observed selective dissolution of iron results in a surface 
enrichment of both chromium and molybdenum. After 
immersion times up to 96h the quantitative treatment of 
~,-spectrometry and ESCA data show that all accumula- 
tion of chromium occurs in the naturally formed passive 
film. During the same t ime interval, the average chro- 
mium content Cr/(Cr + Fe) of the surface layer in which 
an accumulation of chromium is observed increases from 
around 0.3 to 0.8. The chromium content can be as high as 
1.0 at the outermost surface region and decreases rapidly 
towards the film/alloy interface after immersion of the 
steel surface for a few hours in the solution. 
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ABSTRACT 

A characterization of optical and electronic properties is presented for p-type (Mg-doped) and n-type (St-doped) iron 
oxides used in the photoelectrolysis of water. Photocurrent  vs. wavelength spectra for these electrodes indicate that 
a-Fe203 is the active optical component  for both p-type and n-type materials. Band-edge locations for p-type and n-type 
iron oxides in sodium hydroxide aqueous solution are determined from differential capacitance measurements.  The 
thermodynamic feasibility of the catalytic photodissociation of water without external potential is demonstrated for a 
short-circuited p/n diode assembly on an energy level diagram of the electrode/electrolyte interfaces. The open-circuit 
voltage (V.,.) and short-circuit current (Is,.) generated by the p/n assembly as a function of the intensity of laser irradiation 
indicate that these doped iron oxides are low mobility, high carrier density semiconductors. Photo-oxidation of water at 
the n-type anode is verified through oxygen detection. Gas evolution is monitored from an operating diode assembly 
using mass spectrometry and isotopically labeled water (H~180). Photocurrents  from these p/n assemblies show excellent  
long-term stability in aqueous solution and Auger analysis of the semiconductor surfaces indicates no evidence of elec- 
trode dissolution. 

The photoelectrolysis of water over semiconductors has 
received considerable attention as an alternative means of 
harnessing solar energy. Since the first report by Fuji- 
shima and Honda (1) of the photodissociation of water 
over TiO2 electrodes, much of the theoretical basis for 
semiconductor  photoelectrolysis has been developed by 
Gerischer (2). 

To date, the photoelectrochemical  generation of hydro- 
gen and oxygen from water has been achieved in two dif- 
ferent cell configurations. In the first, an illuminated 
(n-type) photoanode or (p-type) photocathode semicon- 
ductor is immersed in solution against a metal counter- 
electrode (3-8). In most cases, an external bias is applied 
between the electrodes. The second configuration, first 
investigated by Nozik (8), uses two illuminated semicon- 
ductors, a p-type photocathode and n-type photoanode. 
Such p/n assemblies have been used for water 
photoelectrolysis usually without  an applied potential. 

The majority of systems studied have required expen- 
sive single-crystal semiconducting electrodes to achieve 
high efficiency for solar conversion. However, several re- 
cent reports have found that transition metal oxide semi- 
conductors may be a less costly alternative (11-15). The 
Mg-doped (p-type) iron oxide/St-doped (n-type) iron oxide 
photochemical  diode as described by recent reports from 
our laboratory (16) is an interesting and economical 
possibility. 

Iron oxide satisfies most of the requirements for an ex- 
cellent solar energy conversion material. It has a bandgap 
of 2.3 eV (17) which allows utilization of 40% of the inci- 
dent solar radiation. It also exhibits excellent stability in 
both acidic and alkaline electrolyte solutions. Most attrac- 
tively, it has been shown that in a short-circuited con- 
figuration, a Mg-doped p-type iron oxide cathode against 
a St-doped n-type anode can photodissociate water with 
no applied external bias (16). 

In this work, an electronic and optical characterization 
of the Mg-doped and St-doped iron oxide electrodes is de- 
scribed. The photocurrent  response was obtained as a 
function of wavelength. Depletion layer capacitance mea- 
surements were carried out to determine band-edge loca- 
tions, carrier types and concentrations. The open-circuit 
voltage and short-circuit current were measured as a 
function of light intensity. The catalytic production of ox- 
ygen was detected using labeled water (H~J80). In addi- 
tion, we present advances in the operation and stability of 
the p/n diode assembly. 

*Electrochemical Society Student Member. 

Experimental 
Preparation of doped iron oxide electrodes.--The proce- 

dure for preparing p-type and n-type doped iron oxide 
electrodes has been presented in detail previously (16). 
Powders of MgO or SiO~ are mixed with a ~-Fe~O3 to pro- 
duce p-type or n-type doped iron oxide semiconductors, 
respectively. These mixed powders are pressed into pel- 
lets, sintered, and rapidly cooled in water. Finally, the 
doped iron oxide disks are mounted on a conductive 
backing of silver epoxy. 

Characterization of both Mg- and St-doped electrodes 
with scanning electron microscopy (SEM) and scanning 
auger microprobe (SAM) showed the surfaces to be heter- 
ogeneous with several phases (16). Silicon-doped samples 
showed some diffusion of the silicon into the Fe~O3 ma- 
trix, and also the presence of silicon-rich precipitates. 
Magnesium-doped samples showed Mg in an iron oxide 
matrix, as well as MgO. It is evident from these results, as 
well as measurements of carrier density presented later, 
that only a small proportion of either dopant atom actu- 
ally enters the iron oxide lattice substitutionally. 

Photocurrent spectra.--Quantum efficiencies of these 
doped polycrystalline iron oxides were measured individ- 
ually as a function of wavelength over the range 300 < ~. < 
700 nm. Photocurrent  spectra were determined at several 
different electrode biases using a 500W tungsten halogen 
source, Heath monochromator,  and a Pine RDE potentio- 
stat. Correcting for the spectral output of the lamp/ 
monochromator  assembly, absolute quantum efficiencies 
were obtained using a Gamma Scientific 2000 Telepho- 
tometer  and calibrated thermopile detector. Tests were 
performed in 0.01N NaOH on undoped samples as well as 
those doped with Mg or St. 

Depletion layer capacitance measurements.--To deter- 
mine band-edge locations, capacitances of the space 
charge layer (C~r of each semiconductor electrode were 
determined as a function of applied voltage for both the 
p-type and n-type electrodes. The electrode configura- 
tion consisted of a standard three-electrode electro- 
chemical cell containing a mercury oxide reference elec- 
trode, a platinum counterelectrode, and a doped iron ox- 
ide anode or cathode immersed in 0.01N NaOH solution. 
An ac voltage (amplitude 10 mV) with frequency 300 Hz < 
f < 3 kHz was superposed on the dc voltage applied to the 
working electrode from a Pine RDE potentiostat. Tests 
were performed both in the dark and under illumination 
of 35 mW/cm'-' intensity focused from a tungsten-halogen 
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lamp. Depletion layer capacitances were extracted from 
the phase shift of the ac current out relative to the ac vol- 
tage in by use of a PAR Model 124A lock-in amplifier. 
Corrections were included to eliminate phase shifts intro- 
duced by the potentiostat and line impedances. 

Open-circuit voltage (Vow) and short-circuit current 
(Is~).--Two important parameters of the operating 
p-type/n-type iron oxide assembly are the open-circuit 
voltage generated by the diode (V,,,.) and the short-circuit 
current (Is,). To investigate electron/hole production in 
these materials, V,,,. and Is,. were measured as a function of 
the illumination intensity from a CW Kr ~ laser (Spectra 
Physics). Iron oxide electrodes containing i0 atomic per- 
cent (a/o) Si and 5 a/o Mg were immersed in 0.01N NaOH 
and either separated by a high impedance voltmeter or 
connected through an ammeter. The laser supplied sev- 
eral discrete wavelengths centered at approximately 411 
nm (violet) and 544 nm (green). Using a lens assembly and 
beam splitter, the single 1.5 mm diam beam was de- 
focused to illuminate the entire surface of both electrodes 
with uniform intensity. The total intensity of illumination 
could be varied from 20 mW to 4W covering two elec- 
trodes of ~0.6 cm 2 area each. 

Oxygen detection from the unbiased p/n diode 
assembly.--To detect the production of oxygen from the 
unbiased p-type/n-type iron oxide assembly, a stainless 
steel cell (Fig. 1) was used with two quartz windows for 
the simultaneous illumination of both iron oxide elec- 
trodes. Tungsten-halogen illumination of approximately 5 
mW/cm 2 intensity was focused with quartz optics and 
passed through a 5 cm water filter to absorb IR radiation 
before entering the cell. A 0.01N NaOH/H~O solution con- 
taining 6% isotopically enriched H2'80 (Alpha Ventron 
Distributors) was used as the electrolyte solution. Gases 
produced from the water dissociation process were circu- 
lated with a small mechanical  pump in a closed stainless 
steel loop containing Ar carrier gas which passed over the 
electrolyte solution. Gas samples were extracted from the 
loop at 24h intervals and injected into a UHV chamber for 
mass spectral analysis. Photoproduced oxygen was de- 
tected as 340~. 

Results and Discussion 
Photocurrent spectra.--Ferric oxide (~-Fe~O~) is known 

to be an intrinsic n-type semiconductor (17) with an indi- 
rect bandgap of approximately 2.3 eV. Since the elec- 
trodes as fabricated were shown to be multiphase, it was 
important to establish that the active optical component  
is in fact a-Fe20> 

The quantum efficiency, V, defined as the number  of 
chemically active electron/hole pairs produced per inci- 
dent photon, was measured as a function of wavelength 
over the visible range. Figure 2 shows these results for 
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undoped Fe203 (Fig. 2a), silicon-doped (Fig. 2b), and 
magnesium-doped (Fig. 2c) electrodes. 

Quantum efficiencies for undoped ~-Fe203 were mea- 
sured as photoanodic currents at a bias of 1250 mV RHE, 
yielding a maximum of v = 0.03 at 3800~. A decrease in 
this efficiency at higher wavelengths occurs near the 
Fe203 bandgap of approximately 5500~. Since the absorp- 
tion coefficient for Fe203 increases with decreasing wave- 
length over the visible range, shorter wavelengths pro- 
duce electron/hole pairs near the surface of the 
semiconductor. We believe that surface defects in this 
near surface region increase electron/hole recombination 
and result in the low quantum efficiencies observed at 
the lowest wavelengths. 

The addition of Si is believed to enhance the n-type be- 
havior of Fe203 by improving the electron mobility in this 
semiconductor (18). As seen in Fig. 2b, the addition of 
10% Si in Fe203 resulted in a ten-fold increase in quantum 
efficiency over undoped samples for the same electrode 
bias (1250 mV, RHE). In separate measurements,  the 
operating potential of an unbiased p/n assembly was 
found to be 750 mV, RHE. To determine the characteris- 
tics of the individual electrodes in this configuration, 
photocurrent  spectra were measured at this bias. As seen 
from Fig. 2b, the n-type spectral features remain essen- 
tially the same at 750 mV, RHE as at 1250-mV, RHE, while 
quantum efficiencies at a given wavelength are reduced 
by greater than an order of magnitude. This behavior is 
expected since the 750 mV bias results in a lesser degree 
of band bending and increased electron/hole recombina- 
tion. 

Similar measurements on the Mg-doped samples (Fig. 
2c) showed photocathodic currents (indicative of p-type 
behavior). Despite the change in sign of the photocurrent, 
the spectral features of the Mg-doped Fe~O3 were similar 
to the Si-doped and undoped Fe203 electrodes. For a bias 
of 750 mV, RHE (the operating potential of the assembly) 
the p-type iron oxide yielded a maximum quantum effi- 
ciency of V = 5 • 10 -3 at 3800~. By changing the bias to 
250 mV, RHE, band bending near the electrode surface 
was increased by 500 mV, and quantum efficiencies were 
enhanced by a factor of five. 

From the near bandgap region of these plots, one can 
determine the nature of electron/hole production in these 
materials (19). For a direct gap semiconductor 

I,h ~ (A/h,) (h, - Eg) ''2 [1] 

while for an indirect gap semiconductor 

I, ,  ~ (A/hv) (hv - E~) 2 [2] 

where I,h is the photocurrent, hv is the energy of illumina- 
tion, Eg is the bandgap, and A is a constant dependent 
upon applied bias. 

Fig. 1. Schematic diagram of the 
apparatus for oxygen detection 
from the operating p/n diode 
assembly. 
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Following these arguments, the data of Fig. 2b and 2c at 
1250 mV bias are replotted in Fig. 3 as (Iphhv) ~2 vs. hr. The 
linear fit near the bandedge confirms that both Mg- and 
Si-doped Fe20~ are indirect bandgap semiconductors. In 
addition, the intercepts with the. photon energy axis yield 
bandgaps of approximately 2.3 eV for both p-type and 
n-type materials. These values agree well with published 
values for the bandgap of undoped Fe~O3 (17), indicating 
that a-Fe203 is most likely the photoelectrochemically ac- 
tive phase in these multiphase materials. 

D i f f e r e n t i a l  c a p a c i t a n c e  m e a s u r e m e n t s . - - P r e v i o u s l y ,  
we reported the photodissociation of water in an unbi- 
ased p-type/n-type iron oxide assembly (16). In this as- 
sembly, the Mg-doped (p-type) electrode acted as a photo- 
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Fig. 3. Plots of ( I p h h V )  1/: VS, hv over the near bandgap region for (a, 
top) 10% Si in Fe~03, and (b, bottom) 5% Mg in Fe.~03. The linear fit of 
this function suggests that both Si- and Mg-doped Fe203 are indirect 
bandgap semiconductors, with bandgaps of approximately 2.3 eV. 

cathode and the Si-doped electrode acted as a 
photoanode for ~he generation of H2 and O~ from water. 
The spontaneous occurrence of both processes under 
illumination is thermodynamically feasible only with the 
proper positioning of the conduction and valence band- 
edges with respect to the redox couples in the electrolyte 
solution. To establish band-edge locations for the doped 
iron oxides, space charge capacitances of these electrodes 
were determined. 

Differential capacitances of the semiconductor space 
charge layer (Cs,.) with applied potential (Va) were mea- 
sured independently for both the p-type and n-type elec- 
trodes. Following the Mott-Schottky relation (20, 21) 

ltC~c-" = 2(qeeoA"-N)-l(V~ - V ~ )  [3] 

flatband potentials (VrB) were extracted from the inter- 
cept on a plot of the reciprocal capacitance squared 
(1/Csc'-') against applied voltage (Va). Typical Mott-Schottky 
plots are shown in Fig. 4. These measurements  were per- 
formed at 1500 Hz on a 10 a/o Si-doped and 5 a/o Mg- 
doped iron oxide electrode. All potentials are given rela- 
tive to the reversible hydrogen electrode (RHE) which 
shifts 59 mV/pH unit, so that the hydrogen redox couple 
remains at 0.0V, RHE and the oxygen redox couple at 
1.23V, RHE, independent  of the pH of the electrolyte 
solution. 

From these plots, the flatband potentials for the n-type 
and p-type electrodes are 200 and 2300 mV, RHE, respec- 
tively. Similar capacitance measurements performed over 
the frequency range 300 Hz < f < 3000 Hz showed no shift 
in flatband potential. In addition, measurements  made in 
the darkness and under il lumination showed no apprecia- 
ble variation within the accuracy of the measurement  
(2200 mV). 

In addition to values of the flatband potential, donor or 
acceptor concentrations, N, can be obtained from the 
Mott-Schottky plots of Fig. 4. The slope of the linear re- 
gion in which relation [3] is obeyed is given by S = 
2(qeeoA2N) -1 where q is the charge on an electron, eo is the 
permittivity of, free space, �9 is the dielectric constant for 
the sample, A is the electrode surface area, and N is the 
donor or acceptor concentration. Surfaces of the doped 
iron oxide electrodes have a roughness factor of approxi- 
mately ten as measured in a krypton-helium BET appara- 
tus (22) (Quantasorb Surface Area Analyzer, Quanta- 
chrome Corporation). From the value of A = 6 cm ~ and 
the dielectric constant for pure a-Fe~O3 (e = 100) (23), the 
acceptor or donor concentrations are calculated to be NA 
= 5 • 10 TM cm -~ for the Mg-doped samples and ND = 2 X 
10 's cm -3 for the Si-doped electrodes. Due to uncertain- 
ties in the dielectric constants for the doped iron oxides 
and in surface area determinations, carrier densities are 
correct only to within an order of magnitude. 
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Fig. 4. Mott-Schottky plots of the inverse square of space charge ca- 
pacitance (1/Cse)"- vs. applied potential (V,) for (a, top) 10% Si in Fe~Os 
and (b, bottom) 5% Mg in Fe=O3 electrodes. Performed at 1500 Hz fre- 
quency in 0.01N NaOH against a Pt counterelectrode. 

Homogeneous acceptor and donor distributions in both 
the p-type and n-type semiconductors may produce 
samples with more consistent photocurrents in a p/n di- 
ode assembly. Observed curvatures in the Mott-Schottky 
plots may be due to inhomogeneous doping concentra- 
tion (24), particularly for the p-type electrodes. Another 
difficulty in sample preparation is diffusion of dopant 
atoms into the Fe~O~ matrix. A comparison of carrier den- 
sities from Mott-Schottky plots with the proportion of Mg 
or Si in our electrodes shows that only a small amount  of 
either dopant enters the lattice. For the p-type electrodes 
with 5 aJo Mg, only about 0.002% of the Mg atoms enter 
the iron oxide lattice substitutionally. The vast majority 
of the Mg probably remains in its original oxide form 
(MgO). Similar calculations for the n-type electrodes show 
that only 0.05% of the Si contributes to donor levels. As 
mentioned earlier, SAM has shown that much of the Si 
aggregates in silicon rich precipitates, particularly at the 
surface (2). Thus, it might be beneficial to explore 
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alternative methods of incorporating ions into the iron 
oxide lattice rather than sintering at high temperatures. 

Energy level diagram.--To understand the energetics of 
a short-circuited p/n assembly, information on the flat- 
band potentials and bandgaps may be incorporated into 
an energy level diagram. Such a diagram will demon- 
strate both the operating principles and thermodynamic 
feasibility of water photodissociation by the p/n assem- 
bly. 

From the Mott-Schottky plots of Fig. 4, the flatband 
potentials for n-type and p-type electrodes were 200 and 
2300 mV, RHE, respectively. For heavily doped semicon- 
ductors, the Fermi level is nearly coincident with the 
band containing the majority charge carriers. Thus, in the 
n-type iron oxide, the flatband potential designates the 
location of the conduction bandedge (E%b ~ Vn~B = 200 
mV, RHE). A measured bandgap of 2.3 eV places the val- 
ence bandedge of the n-type electrode at Envb = 2500 mY, 
RHE. Similar arguments may be made for the p-type elec- 
trode. Equating the valence bandedge to the flatband po- 
tential of the p-type (E'vb ~ VPFB = 2300 mV, RHE) and 
subsequently subtracting the bandgap energy (2.3 eV) 
places the conduction band at E%b = 0 mV, RHE. 

To derive a complete description of the unbiased p/n as- 
sembly energetics, the Fermi level of the short-circuited 
assembly is also needed. This was obtained by placing a 
connected p-type/n-type assembly in 0.0IN NaOH solu- 
tion and measuring the operating potential against a mer- 
cury oxide reference electrode with a high impedance 
voltmeter. The Fermi level of the connected assembly 
was thus found to be 750 mV, RHE. 

Figure 5 is a representation of the electrode/electrolyte 
interfaces for the connected p-type/n-type iron oxide as- 
sembly in solution. In addition to the Fermi level and 
bandedges, we include the energy of redox potentials for 
hydrogen and oxygen evolution. From this diagram, the 
means by which water photoelectrolysis occurs in the 
iron oxide p/n diode is apparent. Upon il lumination of 
both electrodes in solution, electron/hole pairs are pro- 
duced near the surface of the semiconductors. Depletion 
layer band bending drives minority carriers to the solu- 
tion interface while majority carriers diffuse away from 
the surface in both p-type and n-type electrodes. Elec- 
trons at the surface of the p-type photocathode mediate 
the conversion of hydronium ions to hydrogen gas, while 
electron vacancies oxidize hydroxyl species to oxygen at 
the n-type photoanode. 

The alignment of semiconductor bandedges relative to 
gas evolution redox potentials is critical. Electrons must 
arrive at the p-type/electrolyte interface at a potential 
equal to or cathodic of the H+/H~ redox couple. Figure 5 
shows that within the accuracy of our measurements, 
electrons reach the solution with exactly enough energy 
to drive this half-reaction. Conversely, holes at the n-type 

Fig. 5. Energy level diagram of 
the electrode/electrolyte inter- 
faces for a short-circuited p/n 
assembly. 
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in ter face  mus t  arr ive at a potent ia l  anodic  of  the O J O H -  
half-reaction.  As seen  f rom the  figure, this energy  
r e q u i r e m e n t  is satisfied wi th  more  than  1.2 eV to spare. 
By mee t i ng  these  bas ic  t h e r m o d y n a m i c  criteria, it is evi- 
den t  tha t  an i l lumina ted  and shor t -c i rcui ted  p/n i ron ox- 
ide a s sembly  can  pho tod i ssoc ia te  wa te r  w i thou t  an  exter-  
nal  bias. 

F igure  5 also shows that  band-edge  locat ions  of  the  
e lec t rodes  shift  accord ing  to the  dopant .  The  200 mV ca- 
thodic  shift  of  the  conduc t ion  and va lence  bandedges  of 
the  p- type iron ox ide  re la t ive  to the  n- type e lec t rode  may  
be  due  to the  effect  of  i n t r o d u c i n g M g  into the  i ron ox ide  
lattice. But le r  and Gin ley  (25) have  p roposed  a mode l  in 
wh ich  the  e lec t ron affinity of  a compos i te  sys tem can be 
ca lcula ted  us ing  the  geomet r i c  mean  of  the  e lec t ron  
affinities of  the  cons t i tuen t  atoms.  Thus,  subs t i tu t ion  of  
Mg dopan t  a toms (EA = 1.2 eV) with  an e lec t ron  affinity 
less than  that  of  the  i ron a toms (EA = 1.7 eV) in the  iron 
ox ide  lat t ice wou ld  lower  the  effect ive  e lec t ron  affinity of  
the  s emiconduc to r  and shift  the  bandedges  toward  more  
ca thodic  potentials .  D o p i n g  wi th  St, on  the  o ther  hand,  
shou ld  not  shift  the  bandedges  of  Fe~O3 since the  e lec t ron 
affinities of  si l icon (EA = 1.8 eV) and iron are ve ry  
similar.  

With charge carr ier  concent ra t ions  f rom the Mort 
Scho t tky  plots and band  bend ing  va lues  (Vbb) f rom Fig. 5, 
dep le t ion  layer wid ths  can als0 be calculated.  With WD = 
(2ee,,Vbb/qN) '/2, the  dep le t ion  layer  wid ths  in an opera t ing  
p/n a s sembly  for the  p- type and n-type e lec t rodes  are ap- 
p rox ima te ly  500 and 5000~, respect ively .  These  resul ts  are 
t abu la ted  in Table  I a long  wi th  a s u m m a r y  of  f la tband 
potent ia ls ,  charge  carr ier  concentra t ions ,  and band-edge  
locat ions  for our  Mg-doped  and St-doped iron ox ide  
electrodes.  

Open-circuit voltage (V.,.) and short-circuit current (Is,.) 
measurements.--In normal  operat ion,  the  p- type/n- type 
iron ox ide  pho tod iode  wou ld  be  opera ted  wi thou t  exter-  
nal  bias in a short-circui t  configurat ion.  As shown in the  
p rev ious  sect ion (Fig. 5), p inn ing  the Fe rmi  levels  at the  
same energy  for p- type and n-type mater ia ls  resul ts  in 
subs tant ia l  band bend ing  at both  electrodes.  Impor t an t  
in fo rmat ion  on e lec t ronic  t ranspor t  and p roduc t ion  may  
be obta ined,  however ,  by a l lowing these  Fe rmi  levels  to 
vary  independent ly .  The  di f ference in the  p- type and 
n- type e lec t rode  Fe rmi  levels  unde r  i l luminat ion  is mea- 
sured as the open-c i rcui t  vol tage 

Vor = E'r - Enf [4] 

In  general ,  a pos i t ive  V,, unde r  i l luminat ion  indicates  a 
spon taneous  p h o t o i n d u c e d  process  at one or  bo th  of  the  
e lec t rode/e lec t ro ly te  interfaces.  

I l lumina t ion  of  the  p- type/n- type as sembly  in 0.01N 
NaOH was suppl ied  by a CW Kr* laser as descr ibed  
earlier. Measu remen t s  of  V,,r genera ted  by the a s sembly  
were  pe r fo rmed  at two dif ferent  wave leng ths  as a func- 
t ion of i l luminat ion  in tens i ty  (I). Two impor t an t  features  
are apparen t  in Fig. 6, in wh ich  the open-ci rcui t  vol tage is 
p lo t ted  vs. log (I). 

First ,  at a g iven  intensi ty,  i l luminat ion  of  411 n m  resul ts  
in a larger  open-c i rcui t  vol tage  than  i l luminat ion  by 544 
nm. Fo r  example ,  at 100 mW intensi ty  V,,. = 290 mV at 411 
nm, whi le  V,,c = 120 mV at 544 nm. Quali tat ively,  this dif- 
f e rence  may  be  under s tood  in t e rms  of  the  h igher  quan-  

Table I. Values obtained from the Mott-Schottky plots and the energy 
level diagram 

p-Type iron oxide n-Type iron oxide 

Conduction band- -0  mV -200 mV 
edge 

Valence bandedge -2300 mV -2500 mV 
Band bending -1550 mV -550 mV 
Majority carrier -5  x 10 "~ cm-" -2  x 10 ~s cm -:~ 

concentration 
Depletion layer width -5000~ -500~ 

Violet / , o  

~ z ) c  

Green 
o (544 nm)~/~' 

>o / Slope = 118 mV/decode 
IOC ~ / / ~  Open Ci~:juit Voltage 

Beam Intensity 
o 

0 I I 
I0 I0 2 I0 3 I0 4 

Beam Power(mW) 

Fig. 6. Open-circuit voltage (V.,.) generated by the p/n assembly vs. 

illumination intensity. Performed under illumination from a CW Kr + laser 
in an electrolyte of O.01N NaOH. 

turn eff ic iency of  pho toconve r s ion  at 411 rim. Photo-  
induced  carriers shift  the  Fe rmi  levels  in the  p- type and 
n-type i ron oxide  apart  towards  thei r  respec t ive  f latband 
condi t ions.  The  larger  n u m b e r  of  carriers genera ted  at 411 
n m  shifts the  Fe rmi  levels  to a greater  degree  and resul ts  
in larger  observed  open-c i rcui t  voltages.  

A second  feature of  in teres t  in Fig. 6 is the  l inear i ty  of  
the  V.,. vs. log (I) plots. For  bo th  411 and 544 n m  i l lumina-  
tion, the open-ci rcui t  vol tage  increases  118 mV per  dec- 
ade increase  in l ight  intensi ty .  This  behav io r  m a y  be  ex- 
p la ined in t e rms  of  s imple  s emiconduc to r  theory.  For  an 
ideal  photovol ta ic  device  (26) 

V'" kT l ~  I ) q  = ~-, +1 [5] 

where  k, T, and q have  their  usual  meanings ,  and I. is 
character is t ic  of  the s emiconduc to r  material .  This  rela- 
t ion predic ts  that  the  open-c i rcui t  vol tage will  increase  59 
m V  for every  decade  increase  in I as the  s e m i c o n d u c t o r  is 
d r iven  toward  f la tband condit ions.  If  the  bandedges  at a 
semiconduc tor /e lec t ro ly te  interface remain  fixed, this re- 
sult  m a y  be genera l ized to a pho toe lec t rochemica l  cell  as 
well  (27). Since  a shift  of  2 • 59 = 118 mV/decade  is ob- 
se rved  for the  p/n assembly,  the  Fe rmi  levels  of  the  p- type 
and n- type iron ox ide  e lec t rodes  are shif t ing equa l ly  in 
oppos i te  directions.  This  resul t  confirms that  Scho t tky  
barr iers  are present  at both  e lec t rode/e lec t ro ly te  inter- 
faces, and the a s sembly  is opera t ing  as a t rue  p/n diode. 
The  cons tan t  l i b  m V / d e c a d e  increase in V.,. up to very  
h igh  intensi t ies  (>4 W/cm ~) suggests  that  carr ier  produc-  
t ion does  not  saturate for e i ther  the p-type or  n- type  iron 
oxides.  

Unfor tunate ly ,  the  eff ic iency of the p/n d iode is not  de- 
t e rmined  only by the open-c i rcui t  vol tage and the  produc-  
t ion of  carriers. Instead,  the actual  pho toconve r s ion  effi- 
c iency  depends  on the short-circui t  current  (Is,J, which  
reflects r ecombina t ion  losses of  carriers before  photo:  
e lectrolysis  can take place. F igure  7 shows the  current  
flow b e t w e e n  the  p- type and n-type e lec t rodes  as a func- 
t ion of  laser  i l luminat ion  intensi ty.  Due  to a h igher  quan-  
t u m  eff iciency for the  viole t  beam (Fig. 2), larger cur rents  
are Observed for 411 n m  i l luminat ion  than  for 544 nm. 
Fur ther ,  while  the  pho togene ra t ed  currents  are l inear  in 
p h o t o n  flux for the 544 n m  i l luminat ion,  some saturat ion 
occurs  at the  h igher  cur ren t  densi t ies  genera ted  by the  
411 n m  beam. 

The c o m b i n e d  resul ts  of  the open-ci rcui t  vol tage and 
short-circui t  current  m e a s u r e m e n t s  sugges t  that  these  
mater ia ls  have h igh  carr ier  densi t ies  and also high 
r ecombina t ion  rates. E x p e r i m e n t s  are cur rent ly  under-  
way  to de te rmine  whe the r  this r ecombina t ion  occurs  in 
the  bulk,  at grain boundar ies ,  or at the  surface of these  
electrodes.  

Detection of gases from the p/n assembly.--We have  pre- 
sen ted  data  on re levant  opt ical  and e lec t ronic  proper t ies  
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Fig. 7. Short-circuit current (Is(.) generated by the p/n assembly vs .  illu- 
mination intensity. Performed under illumination from a CW Kr + laser in 
O.01N NaOH. 

of the Mg- and Si-doped iron oxide electrodes. In addi- 
tion, we have shown that upon connecting these elec- 
trodes in an unbiased short-circuit configuration, the 
photodissociation of water is thermodynamically feasible. 
In this section, evidence is presented to show that ob- 
served photocurrents correspond to gas evolution from 
the cell. 

In previous work, hydrogen was detected by gas chro- 
matography from an il luminated unbiased iron oxide p/n 
diode assembly (16). Predicted hydrogen production from 
integrated photocurrents correlated with detected 
amounts of hydrogen gas. Unfortunately, detection of ox- 
ygen by the same method was not possible due to the 
presence of additional sources of oxygen, both dissolved 
in the electrolyte solution and entering the closed loop 
system through small leaks. However, as described 
earlier, the use of isotopically labeled water (H~'80) and 
mass spectrometry has permitted the detection of photo- 
produced oxygen as 340~. 

Initial analysis of the gases in the closed loop system 
(Fig. 1) showed no measurable traces of '~402. Constant il- 
lumination was provided to the cell to prevent variations 
in solution temperature and spurious gas production 
from outgassing. Instead, oxygen production was initi- 
ated by closing the circuit between the two electrodes 
and stopped by opening the circuit. Figure 8 shows the 
3408 partial pressure as a function of time for a p/n assem- 
bly giving an average photocurrent of 2 IzA. As seen in 
this figure, the 3402 partial pressure increased during 
those periods in which the circuit was closed and the cur- 
rent was flowing. During the open-circuit intervals, the 
concentration of 3402 decreased slightly and then re- 
mained constant. 

Due to leaks from the system, a direct comparison of 
oxygen production and integrated photocurrents was not 
possible. Instead, correspondence between oxygen yield 
and photocurrent  was determined by the ratio 34OJ3202. 
Calculation of the relative oxygen ('~40., and '~2Oz) yields in- 
volved two assumptions. First, no spontaneous water dis- 
sociation occurred, so that the oxygen initially dissolved 
in solution consisted only of '~O~ and no :~40~. Secondly, 
under equilibrium conditions, the ratio of '~40.J'~O2 in the 
gas phase above the electrolyte solution was equal to that 
in solution. This equil ibrium was assumed to be estab- 
lished rapidly as compared to sampling frequency (once 
every 24h). The relative amounts of :"O~ and 3'-'O2 produced 
depended on the relative probabilities of 'sOH- and 
'"OH- oxidation at the anode. From a solution containing 
6% isotopically labeled H~'sO, the detectable concentra- 
tions of oxygen isotopes present at any time (t) were 

[:}zO.~] = Co + 0.88rt [:}40~] = 0.12rt 

I [ I 

26 Oxygen D e t e c t i o n  

24 

z2 
o. 

0 ~ �9 0�9 
g 2o 

18q 

Circui t  
[6 ~)penL. closed .L open .I. closed A openJ 

"l . . . .  '- -r I 
I 1 I 

0 160 520 480  640 
Time (hours) 

Fig. 8. Oxygen production from an operating p/n assembly. Mass 
spectrometry was used to monitor ~402 production from woter enriched 
with i so top ica l ly  l abe l ed  H2'aO. 

Co, was calculatec~ from Henry's law to be 4 x 10 '8 mole- 
cules in 15 ml H20. 

With these calculations, the observed total oxygen pro- 
duction showed good correspondence (within 20%) with 
the predicted value. After 340h of intermittent gas pro- 
duction, the predicted value for the ratio of 3402P20~ was 
0.059. The measured value was 340~P202 = 0.047. 

Stability of the p/n assembly.--Other important factors 
governing the viability of the iron oxide p/n diode assem- 
bly for solar energy conversion are the long-term stability 
of the system and the catalytic nature of the photo- 
dissociation process. In the past, we found that the photo- 
currents from our iron oxide-based assemblies gradually 
declined over an 8h period until finally reaching zero. 
The iron oxide electrodes could be regenerated by purg- 
ing the electrolyte solution with pure oxygen gas. Auger 
analysis of the poisoned electrode surfaces revealed large 
amounts of carbon, possibly originating from organic 
contaminants in the electrochemical cell or other parts of 
the system. 

To determine if poisoning could be avoided, an active 
p/n diode assembly was illuminated in solution while the 
photocurrent  from the production of H2 and 02 gases was 
monitored as a function of time. While an all-glass cell 
was used as in previous experiments,  the use of stopcock 
grease was eliminated. As in all experiments reported 
here, conductive leads were isolated by silicon rubber 
sealant from the electrolyte solution prepared with dou- 
bly distilled water (p> 2 • 10 e ~cm- ' ) .  In this stability 
test, shown in Fig. 9, no electrode poisoning was ob- 
served. 

24 I I i I ~ I I i 

p/n Diode Photocurrent Stoblhty 
20  

/ -  
o 

4 

1 J l I I I I 
0 8 0  160 2 4 0  

Time (hours) 

w 

p- t ype  5 at % M g  

n - t ype  I0 at. % Si 

0 0 I  N NaOH 

I 
320 

where r is the rate of oxygen production for all isotopes. Fig. 9. Photocurrent  s tabi l i ty  for the  unb iased  p/n a s s e m b l y .  M e a s u r e d  
The concentration of 3~O~ initially saturating the solution, at 35 mW/cm ~ i l luminat ion  for two  e l e c t r o d e s  of 0 . 6  cm 2 a r e a  each .  
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At first exposure to the solution, a photocurrent of 3 
t~A was measured. During the succeeding 80h, the photo- 
current steadily increased until  it reached 15 ~A. Dark 
currents throughout the test were <0.01 ~A. The p/n as- 
sembly was continuously il luminated for another 240h 
during which time a steady photocurrent of 15 ~A per- 
sisted. Even after extended operation, no visible corro- 
sion of the electrodes occurred. If the doped iron oxide 
electrodes were being reduced, operation of the p/n diode 
assembly for 320h at the photocurrents found here would 
result in the dissolution of approximately one-tenth of the 
electrode. However, comparison of the surface composi- 
tions of the electrodes with Auger electron spectroscopy 
(AES) before and after extended operation showed no 
change. These results support our contention that photo- 
currents are not a result of electrode degradation. 

The 80h induction period described above is perhaps a 
result of a gradual modification of surface states on the 
electrodes. ESCA studies are underway to probe the pos- 
sibility of the formation of hydroxylated intermediates or 
the reduction of iron in near surface ]ayers as possible 
explanations. 

Summary/Conclusions 
The major results of this study may be summarized as 

follows: 
1. Iron oxide powder mixed with MgO or SiO2 and 

sintered at high temperatures produced semiconductors 
with p-type or n-type behavior, respectively. 

2. Magnesium-doped electrodes show photocathodic 
currents at 250 mV, RHE bias with a maximum quantum 
efficiency of ~ = 0.03 for i l lumination at 3800~. Silicon- 
doped Fe203 yields photoanodic currents with V = 0.2 at 
3800~, and 1250 mV, RHE bias. Both electrodes show be- 
havior characteristic of indirect bandgap materials with 
Eg ~ 2.3 eV. 

3. Mott-Schottky measurements  were used to determine 
conduction and valence bandedges separately for the 
p-type and n-type iron oxide electrodes in 0.01N NaOH. 
The thermodynamic feasiblity of water photodissociation 
is verified for the unbiased short-circuited p/n assembly. 

4. Open-circuit voltage and short-circuit current gener- 
ated by a p/n assembly is monitored as a function of laser 
i l lumination intensity. Results indicated that the assem- 
bly operates as a true p/n diode, and that, as fabricated, 
these doped iron oxides are high carrier density low mo- 
bility semiconductors. 

5. Oxygen evolution is detected from an unbiased p/n 
assembly using a mass spectrometer and isotopically la- 
beled water (H2'sO). 

6. The assembly demonstrates excellent long-term sta- 
bility and shows no decrease in photocurrents after 320h 
of continuous operation. Integration of the total current 
flux through the-assembly  in this test indicates that 
water photodissociation in this system is clearly catalytic. 

The sintered and doped iron oxide photoelectro- 
chemical diode assembly at present has a low conversion 
efficiency (V = 0.05%) for solar energy to H~ and 02 gas. 
Uniformity of doping, control of the surface composition 
and surface states, the use of catalysts to accelerate atom 
recombination, and more desirable electrode configura- 
tions can all improve the degree of power conversion. Cal- 
culations using idealized models (2) indicate that power 
conversion efficiencies up to 7% may be attained for 
assemblies of this type. If the physical-chemical parame- 

ters currently limiting this efficiency can be understood 
and controlled, the doped iron oxide assembly may sup- 
ply hydrogen economically in a simple passive electro- 
chemical cell. 

Acknowledgments 
We would like to thank Dr. Tim Ling and Dr. Andy 

Kung of the San Francisco Laser Center for their tech- 
nical assistance on the use of their CW Kr ~ laser. This 
work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Chemical Sci- 
ences Division of the U.S. Department of Energy, under  
Contract no. DE-AC03-76SF00098. One of the authors, Da- 
vid Neiman, would like to acknowledge the support of 
the IBM Corporation. 

Manuscript submitted Aug. 22, 1983; revised m a n u -  
script received Feb. 23, 1984. 

REFERENCES 
1. A. Fujishima and K. Honda, Bull. Chem. Soc. Jpn., 44, 

1148 (1971); Nature (London), 238, 37 (1972). 
2. H. Gerischer, in "Solar Energy Conversion, Topics in 

Applied Physics," Vol. 31, B. O. Seraphin, Editor, 
Springer-Verlag, Berlin (1979). 

3. J. G. Mavroides, J. A. Kafalas, and D. F. Kolesar, Appl. 
Phys. Lett., 28, 241 (1976). 

4. M. S. Wrighton, D. L. Morse, A. B. Ellis, D. S. Ginley, 
and H. B. Abrahamson, J. Am. Chem. Soc., 98, 44 
(1976). 

5. K. L. Hardee and A. J. Bard, This Journal, 122, 739 
(1975). 

6. J. Keeney, D. H. Weinstein, and G. M. Hass, Nature, 253, 
719 (1975). 

7. W. Gissler ,  P. L. Lensi ,  and S. Pizzini ,  J. Appl. 
Electrochem., 6, 9 (1976). 

8. A. J. Nozik, in "Proceedings of the 1st World Hydrogen 
Energy Conference," Vol. 2, Miami Beach, FL (1976). 

9. H. S. Jarrett, A. W. Sleight, H. H. Kung, and J. L. 
Gillson, J. Appl. Phys., 51, 3916 (1980). 

10. A. J. Nozik, A?~)l. Ph.~s. Lett., 29, 150 (1976). 
11. F. A. Benko, C. L. MacLaurin, and F. P. Koffyberg, Ma- 

ter. Res. Bull., 17. 133 (1982). 
12. H. L. Sanchez, H. Steinfink, and H. S. White, J. Solid 

State Chem., 41, 90 (1982). 
13. F. P. Koffyberg and F. A. Benko,J.Appl. Phys., 53, 1173 

(1982). 
14. P. Merchant, R. Collins, R. Kershaw, K. Dwight, and 

A. Wold, J. Solid State Chem., 27, 307 (1979). 
15. D. S. Ginley and M. A. Butler, J. Appl. Phys., 48, 2019 

(1977). 
16. C. Leygraf, M. Hendewerk, and G. A. Somorjai, J. 

Catal.. 78. 341 (1982). 
17. C. Kittel, in "Introduction to Solid State Physics," p. 

276, John Wiley and Sons, New York (1953). 
18. J. H. Kennedy, R. Shinar, and J. P. Zieg]er, This Jour- 

nal, 127, 2307 (1980). 
19. M. A. Butler, D. S. Ginley, and M. Eibschutz, J. Appl. 

Phys., 48, 3070 (1977). 
20. N. F. Mott, Proc. R. Soc. London, Ser. A, 171, 27 (1939). 
21. W. Schottky, Z. Phys., 113, 367 (1939); ibid., 118, 539 

(1942). 
22. S. Lowell, Anal. Chem., 45, 1576 (1973). 
23. S. M. Wilhelm, K. S. Yun, L. W. Ballenger, and N. 

Hackerman~ This Journal, 126. 419 (1979). 
24. R. DeGryse, W. P. Gomes, F. Cardon, and J. Vennik, 

ibid., 122, 711 (1975). 
25. M.A. Butler and D. S. Ginley, Chem. Phys. Lett., 47,319 

(1977). 
26. J. I. Pankove, "Optical Processes in Semiconductors," 

Prentice-Hall, Inc., Englewood Cliffs, NJ (1971). 
27. A. Fornarini, A. J. Nozik, and B. A. Parkinson, To be 

published. 



Film Thickness and Distribution of Electrolyte in Porous Fuel Cell 
Components 

Joshua Mitteldorf and Gerald Wilemski* 

P h y s i c a l  S c i e n c e s ,  Inc . ,  A n d o v e r ,  M a s s a c h u s e t t s  01810 

ABSTRACT 

The DLVO theory of liquid film stability is used to estimate the thickness of electrolyte films that may be present 
in molten carbonate fuel cell cathodes. Our result is ~ 30~, which is 2 orders of magnitude thinner than the values postu- 
lated in thin film models of cathode performance. We also examine carefully the thermodynamic basis of an equation 
governing the equilibrium of electrolyte among the different porous components  of the fuel cell. We show that the valid- 
ity of this equation is more general than previously recognized in that its derivation does not depend on the assumption 
of cylindrical or spherical pore geometry. 

A molten carbonate fuel cell can be pictured as a sand- 
wich of three distinct porous media, two electrodes and 
an electrolyte structure. Liquid electrolyte forms an ionic 
pathway between the two electrodes, but its volume is 
insufficient to fill the pores of all three components.  
How then does the electrolyte distribute itself among and 
within the components? Which pores are flooded; which 
are empty? Which pore walls are covered with liquid 
films, and what is the film thickness? 

These questions are of interest because the electrolyte 
distribution affects cell performance. There are two prin- 
cipal effects. First, electrochemical reactions take place 
only where gaseous reactants have access to solid elec- 
trode and liquid electrolyte. Second, ions produced in one 
electrode must flow via connected liquid paths through 
the electrolyte structure into the opposite electrode. This 
conduction process may be enhanced by increasing the 
fraction of pore volume filled by electrolyte in each com- 
ponent. But in view of the first requirement, it is essen- 
tial to have gas-filled volume thoroughly permeating 
each electrode. In practice, a compromise is reached by 
appropriately tailoring the pore-size distributions of the 
three components and by restricting the electrolyte vol- 
ume to lie below the total pore volume. Electrolyte then 
partially fills each electrode while leaving the electrolyte 
structure full (or nearly so). 

Based on prior work (1-3) and our own results, the fol- 
lowing picture of the wetting physics may be con- 
structed: 

1. If the contact angle in a given component  is less than 
90 ~ (as it must be for unpressurized fluid to enter the 
component  at all), then the fluid fills all pores in that 
component  whose diameter is smaller than a certain 
value D~. Pores with larger diameters are left empty. 

2. If the contact angle in any component  is 0 ~ then all of 
the internal area of the component  that is not flooded 
will be covered with thin liquid films. The film thick- 
ness 8 can be estimated by equating the capillary pressure 
of the largest flooded pore to the disjoining pressure v(8), 
which for given materials is a specific function of 8. The 
resulting equation is then solved for 8. 

3. At thermodynamic equilibrium, the diameters of the 
largesf flooded pores in the components are related (for 
constant ambient pressure) by 

Yl COS O,/D, = T2 cos 02/D2 = �9 . . Ti c o s  Oi/Di 

where 3'~ and 0i are, respectively, the gas-liquid surface 
tension and contact angle of the electrolyte in the ith 
component,  appropriate to the local gas environment. 

A reasonable estimate of the volume distribution of 
electrolyte among the cell components can be obtained 
(1) using measured pore volume distribution curves and 
the above relationship for the D~. This equation has been 
derived previously from both mechanical (2) and thermo- 
dynamic (3) considerations, but  in each case idealized 
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cylindrical (2, 3) or spherical (3) pore geometries were 
assumed to simplify the analysis. 

In this paper, we present a general thermodynamic der- 
ivation of this result, avoiding assumptions about pore 
shape, and we find a general definition for D that allows 
us to relate it to the pore diameter inferred from Hg- 
intrusion porosimetry. Our conclusion is that the diame- 
ter of the largest pores filled by electrolyte (i.e., D) can be 
equated to the pore diameter found by porosimetry pro- 
vided three conditions are met: (i) the contact angles of 
the wetting fluid (the electrolyte) and the nonwetting 
fluid (e.g., Hg) are supplements,  (ii) the pores of the com- 
ponent  are sufficiently interconnected to allow both 
fluids to have access to all Pores of each range during 
filling, and (i i i)  if (wetting) fluid films are present, they 
occupy negligible volume. 

Besides bearing on the distribution of electrolyte, the 
question of film thickness also has direct implications for 
the electrochemical performance of a porous electrode. 
Therefore, we briefly consider in the next section the 
equilibrium thickness of molten carbonate films on a 
NiO substrate (the material currently used for cathodes). 
A more detailed presentation will be given in another arti- 
cle (4). Our theoretical estimate of the film thickness is 
30X. This is too thin for films to occupy a significant vol- 
ume given typical internal electrode areas. 

Following our discussion of film thickness, we develop 
the thermodynamics of electrolyte distribution and estab- 
lish the above-noted connection with porosimetry mea- 
surements. Practical implications of our results for fuel 
cell design and operation will be only briefly mentioned, 
as many of these points have been nicely treated by 
Arendt (3). Also, in an earlier report (5) we used these re- 
sults to analyze a limited number  of fuel cell electrolyte 
inventory data obtained at Energy Research Corporation 
(6). 

Estimate of Film Thickness 
In this section, we estimate the maximum equilibrium 

thickness of molten carbonate films on NiO using the 
Derjaguin-Landau-Verwey-Overbeek (DLVO) theory of 
liquid film stability. The DLVO theory has been pre- 
sented and reviewed extensively [for example, in Ref. (4, 
7, 8, 9)], so we will only briefly sketch the considerations 
involved. 

A thin liquid film can be stable on a solid surface 
when, relative to the bulk liquid, its chemical potential re- 
ceives an additional negative contribution A~. The magni- 
tude of Atz is determined by the interactions between 
film molecules and substrate molecules and is a function 
of the film thickness 8. Discussions of film stability are 
often made in terms of another quantity, the disjoining 
pressure 7r. The disjoining pressure can be thought of as 
an excess normal pressure in the film stabilizing the film 
from thinning. For an incompressible liquid with number  
density p, ~r, and h~ are related by ~r = -ph~.  (The chemi- 
cal potential is the derivative of the free energy with re- 
spect to number  of particles N; pressure is the negative 
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d e r i v a t i v e  of  the  f ree  e n e r g y  w i th  r e s p e c t  to v o l u m e  V. 
S ince  N = pV, it fo l lows t h a t  pA/4 = -Tr.) In  t h e  DLVO 
theory ,  two c v n t r i b u t i o n s  to  7r are ident i f ied:  one  f rom at- 
t r ac t ive  v a n  de r  Waals  forces ,  t he  o the r  f rom elec t r ica l  
d o u b l e  l ayer  i n t e rac t ions .  T he  two  c o n t r i b u t i o n s  are  as- 
s u m e d  to be  addi t ive .  

N e g l e c t i n g  r e t a r d a t i o n  effects,  t he  v a n  de r  Waals- 
L o n d o n  p o t e n t i a l  for a pa i r  of a t o m s  is - M r  6, w h e r e  r is 
t h e  d i s t a n c e  b e t w e e n  t he  a toms .  I t  is f o u n d  t h a t  t he  con-  
s t a n t  h (~10  -59 e rg  c m  ~) r a n g e s  over  less t h a n  a n  o rde r  of  
m a g n i t u d e  for  a b r o a d  r a n g e  of  mater ia l s .  T h e  i n t e r a c t i o n  
e n e r g y  for  the  fi lm is o b t a i n e d  b y  s u m m i n g  t he  con t r i bu -  
t ions  f rom all pa i rs  of  a t o m s  in  t he  f i lm-sol id  s y s t e m  a n d  
s u b t r a c t i n g  the  c o r r e s p o n d i n g  resu l t  for  a t h i n  l iqu id  
layer  ly ing  a top  b u l k  l iquid .  Fo r  a flat fi lm of  t h i c k n e s s  8 
in  c o n t a c t  w i t h  a semi - in f in i t e  slab, we f ind 

~vd,v = A/(6~r83) [1] 

Wi th  t he  a tomic  n u m b e r  dens i t i e s  for NiO a n d  a 62/38 
mole  p e r c e n t  (m/o) Li /K c a r b o n a t e  m e l t  a n d  t he  a b o v e  
v a l u e  of h, t he  H a m a k e r  c o n s t a n t  A can  b e  e s t i m a t e d  (7, 8) 
to be  a b o u t  1.1 x 10 -12 ergs  or, in  m o r e  c o n v e n i e n t  uni ts ,  
a b o u t  7 x 10 ~ a t m  (A) 3. 

E lec t r ica l  d o u b l e  layer  i n t e r a c t i o n s  ar ise  w h e n  t he  film 
is t h i n  e n o u g h  to p e r m i t  ove r l ap  of  t he  ion  d i s t r i b u t i o n s  
a s soc i a t ed  w i t h  t he  d o u b l e  l ayer  at  e ach  film "sur face . "  
I n  a d e n s e  ionic  mel t ,  on ly  a sho r t - r anged ,  c o m p a c t  dou-  
ble  l ayer  is p resen t .  So, u n l e s s  t he  fi lm t h i c k n e s s  is on  
t h e  o rde r  of a few a n g s t r o m s  (wh ich  is no t  t he  case  here),  
d o u b l e  layer  i n t e r a c t i o n s  will  no t  b e  i m p o r t a n t  in  a n  ionic  
melt .  

A film in  e q u i l i b r i u m  w i t h  b u l k  l iqu id  ha s  a d j u s t e d  its 
t h i c k n e s s  un t i l  i ts  d i s jo in ing  p r e s s u r e  ~r j u s t  c o m p e n s a t e s  
for  t h e  m e c h a n i c a l  p r e s s u r e  d i f f e rence  b e t w e e n  t he  fi lm 
a n d  t he  b u l k  (7). F o r  a par t ia l ly- f looded p o r o u s  solid,  t h i s  
m e c h a n i c a l  p r e s s u r e  d i f f e rence  is due  to t he  Lap lace  
p r e s s u r e  d rop  across  t h e  c u r v e d  m e n i s c u s  of  t he  f looded 
pore.  T h u s  we h a v e  

T 
~ - -  [ 2 ]  

R 

w h e r e  ~, is the  l iqu id  sur face  t e n s i o n  a n d  R m a y  be  e q u a t e d  
to t he  r a d i u s  of the  l a rges t  f looded  pore  (see n e x t  sect ion).  
Typical ly ,  th i s  r a d i u s  is a p p r o x i m a t e l y  1 ~m.  The  sur face  
t e n s i o n  of  t he  c a r b o n a t e  m e l t  is a b o u t  200 dyn /cm,  h e n c e  
= 2 a tm.  F r o m  Eq. [1] we see  t h a t  7r = 2 a r m  c o r r e s p o n d s  to a 
fi lm t h i c k n e s s  of  a p p r o x i m a t e l y  30~. 

Th i s  t h i c k n e s s  is s u b s t a n t i a l l y  less  t h a n  t he  va lues  
(1000-5000~) u s e d  in  ear l ie r  " t h i n  f i lm" m o d e l s  (10-12) of  
m o l t e n  c a r b o n a t e  e l ec t rodes  a n d  a s s u m e d  w i t h o u t  phys -  
ical  jus t i f ica t ion .  Our  v a l u e  of  30~ is no t  ve ry  s ens i t i ve  to 
t he  p a r a m e t e r  va lues  u s e d  to e s t ima te  it. T he  v a n  de r  
Waals  c o n t r i b u t i o n  rel ies  on  a t o m  dens i t i e s  a n d  L o n d o n  
p o t e n t i a l  force c o n s t a n t s .  T he  f o r m e r  are ea sy  to eva lua t e  
a n d  u n c o n t r o v e r s i a l .  T he  la t t e r  are  also s t r a i g h t f o r w a r d  
to e s t i m a t e  and  do n o t  va ry  in  o rde r  of m a g n i t u d e  f rom 
ma te r i a l  to mater ia l .  By  c o m p a r i s o n  w i th  e x p e r i m e n t  a n d  
m o r e  accu ra t e  theory ,  t he  H a m a k e r  a p p r o a c h  for calcula t -  
ing  ~rv~w is k n o w n  to be  accu ra t e  to w i t h i n  a fac to r  of 5. 
Thus ,  we m i g h t  err,  at  mos t ,  by  a fac to r  of  5 "'~ in  
e s t i m a t i n g  8. Of g rea t e r  u n c e r t a i n t y  is w h a t  ef fec t  t he  
ionic  n a t u r e  of  the  m e l t  h a s  on  t he  v a n  de r  Waals  in te rac-  
t ions .  The  w o r k  d o n e  to da te  (9) on  th i s  p r o b l e m  re l ies  in  
pa r t  on  t he  l inea r ized  P o i s s o n - B o l t z m a n n  equa t i on ,  a n d  
t h e r e f o r e  wou ld  no t  b e  e x p e c t e d ,  a priori ,  to  b e  r e l e v a n t  
to a c o n c e n t r a t e d  ionic  melt .  We also do no t  i n c l u d e  the  
effects  of  so-cal led s t ruc tUra l  forces  (13) t h a t  m a y  ar ise  
f rom,  r o u g h l y  put ,  d i f f e rences  in  t he  p a c k i n g  of  ions  in  
the  fi lm c o m p a r e d  to t h e  b u l k  fluid. Howeve r ,  b e c a u s e  
of  t he i r  s h o r t  range ,  t he  s t r u c t u r a l  forces,  i f  p r e sen t ,  can- 
no t  a l te r  the  o rde r  of  m a g n i t u d e  of  our  es t imate .  

The  smal l  e s t i m a t e d  film t h i c k n e s s  h a s  two  conse-  
q u e n c e s  for  the  ana lys i s  p r e s e n t e d  in t he  r e s t  of  th i s  pa- 
per.  Firs t ,  b y  c o m p a r i n g  8 w i t h  t he  r ad ius  of  t he  l a rges t  
f looded  po re  (~1  ~m),  it is c lear  t h a t  f i lms a c c o u n t  for a 
neg l ig ib le  f rac t ion  of  t h e  po re  v o l u m e  o c c u p i e d  by  elec- 

t rolyte .  Second ,  t he  c o n t r i b u t i o n  of t he  d i s jo in ing  pres-  
sure  to  t he  film sur face  t e n s i o n  is s een  to be  small :  ~/~,  
3 x 10 -3. T h u s  t h e  fi lm su r face  t e n s i o n  m a y  safely b e  set  
equa l  to t he  s u m  of  t he  b u l k  gas- l iquid  a n d  so l id- l iquid  
su r face  t e n s i o n s  (14). 

Equilibrium Thermodynamics of Electrolyte Distribution 
The  t h r e e  p o r o u s  c o m p o n e n t s  of  a fuel  cell  are  m a d e  of  

d i f f e ren t  ma te r i a l s  t h a t  u sua l ly  va ry  in t h e i r  we t t ab i l i t y  
by  t he  electrolyte .  T h e y  are also cha rac t e r i zed  b y  differ- 
en t  po re  size d i s t r i bu t ions .  T h e s e  two factors ,  t he  po re  
s t r u c t u r e  a n d  the  wet tab i l i ty ,  wil l  d e t e r m i n e  t he  equi l ib-  
r i u m  e lec t ro ly te  d i s t r i b u t i o n  a m o n g  t he  t h r e e  cell  c o m p o -  
nen t s .  E lec t ro ly te  suff ic ient  to fill some  b u t  no t  all of t he  
to ta l  po re  v o l u m e  is i n f u s e d  in t he  cell as i t  is m a n u f a c -  
tured .  W h e n  the  cell  is b r o u g h t  to o p e r a t i n g  t e m p e r a t u r e ,  
t he  e lec t ro ly te  m e l t s  a n d  r e d i s t r i b u t e s  i t se l f  a m o n g  a n d  
w i t h i n  t h e  t h r e e  c o m p o n e n t s .  S o m e  po re s  m a y  r e m a i n  
empty ,  some  m a y  be  f looded,  a n d  o the r s  m a y  b e  e m p t y  
save  for  a t h i n  fi lm w h i c h  coats  t he  wails.  We a s s u m e  
t h a t  t he  final e lec t ro ly te  d i s t r i b u t i o n  will  be  at  equi l ib-  
r ium,  i.e., t ha t  i ts  free e n e r g y  is a m i n i m u m .  We t h e n  
de r ive  a n  e q u a t i o n  for  the  e q u i l i b r i u m  d i s t r i b u t i o n  by  re- 
q u i r i n g  t h a t  an  in f in i t e s ima l  v o l u m e  t r a n s f e r  of  e lectro-  
lyte  f rom any  reg ion  of  t he  cell  to any  o t h e r  r eg ion  w h e r e  
e lec t ro ly te  is p r e s e n t  i n c u r s  no  f i rs t -order  c h a n g e  in  free 
energy.  

Our  de r iva t i on  a n d  r e su l t s  app ly  to a s y s t e m  w i t h  any  
n u m b e r  of  p o r o u s  m e d i a  in  contac t .  A l t h o u g h  t he  fuel  cell  
has  t h r e e  p r inc ipa l  p o r o u s  c o m p o n e n t s ,  t h e r e  are c i r cum-  
s t ance s  for w h i c h  it  m a y  b e  n e c e s s a r y  to c o n s i d e r  m o r e  
t h a n  three .  For  example ,  co r ros ion  of o r ig ina l ly  non-  
p o r o u s  ha rdware ,  s u c h  as a c u r r e n t  collector,  can  r e su l t  in  
a n e w  p o r o u s  c o m p o n e n t  w h o s e  p r e s e n c e  m a y  affect  t he  
e lec t ro ly te  d i s t r ibu t ion .  T h e r e  are  also cond i t ions ,  as dis- 
c u s s e d  below,  u n d e r  w h i c h  t he  e lec t ro ly te  s t r u c t u r e  
s h o u l d  be  r e g a r d e d  as two  c o m p o n e n t s .  

We t r ea t  a c losed  i s o t h e r m a l  s y s t e m  c o n s i s t i n g  of  a p u r e  
l iqu id  p h a s e  at  p r e s s u r e  Pa 1 in each  p o r o u s  cell c o m p o -  
n e n t  i (i = 1, . . . , N) a n d  a gas p h a s e  at  p r e s s u r e  Pi ~ in 
con t ac t  w i th  the  l iqu id  in e a c h  c o m p o n e n t .  The  gases  in  
con t ac t  w i th  t he  two e l ec t rodes  h a v e  in t r ins i ca l ly  differ- 
en t  compos i t i ons ,  a n d  gas t r a n s p o r t  t h r o u g h  t h e  e lectro-  
lyte  s t r u c t u r e  is a s s u m e d  to b e  negl igible .  In  pr inc ip le ,  
t he  two  gas s t r e a m s  m a y  also be  at  d i f f e ren t  p ressu res ,  
b u t  th i s  c o n d i t i o n  occu r s  n o r m a l l y  on ly  w h e n  t e s t i n g  for 
gas crossover .  D u r i n g  r o u t i n e  opera t ion ,  p r e s s u r e  differ- 
ences  are  l imi ted  to sma l l  f luc tua t ions  in  t he  gas  s u p p l y  
sys tem,  b u t  a c c i d e n t a l  u p s e t s  can  lead to la rge  imba l -  
ances .  

I f  t he  e lec t ro ly te  s t r u c t u r e  is par t ia l ly  e m p t y ,  t he  a n o d e  
a n d  c a t h o d e  s ides  of  t he  s t r u c t u r e  will  see  d i f f e ren t  gas  
e n v i r o n m e n t s .  I f  t he  v a r i a t i o n  of  sur face  t e n s i o n  a n d  con-  
tac t  ang le  w i th  gas  c o m p o s i t i o n  is s ignif icant ,  t h e  electro-  
lyte  s t r u c t u r e  s h o u l d  t h e n  be  t r ea t ed  as two  c o m p o n e n t s  
d iv ided  b y  a b o u n d a r y  su r face  ly ing  who l ly  w i t h i n  t he  re- 
m a i n i n g  f looded p o r t i o n  of  the  s t ruc tu re .  We a s s u m e  
t h e r e  are  no  c o n n e c t e d  p a t h s  of  e m p t y  p o r e s  t r a v e r s i n g  
the  e lec t ro ly te  s t ruc tu re .  

A p r e s s u r e  d i f f e rence  ex i s t s  b e t w e e n  t he  gas a n d  l iqu id  
p h a s e s  b e c a u s e  of t he  c u r v a t u r e  of  t he  gas - l iqu id  in ter -  
face in  the  pores .  Th i s  c o n s i d e r a t i o n  p o i n t s  to  the  
H e l m h o l t z  free e n e r g y  ( d e n o t e d  he re  as F) as a n a t u r a l  
cho ice  for  d e s c r i b i n g  t h e  t h e r m o d y n a m i c s  (15). The  bas ic  
t h e r m o d y n a m i c s  of  in te r fac ia l  p h e n o m e n a  ha s  b e e n  de- 
v e l o p e d  m a n y  t i m e s  [e.g., by  A d a m s o n  (16), San fe ld  (17), 
a n d  M o r r o w  (18)], so we p r o c e e d  d i rec t ly  to  wr i t e  a n  ex- 
p r e s s i o n  for  t he  f ree  e n e r g y  c h a n g e  d F  o c c u r r i n g  w h e n  a n  
in f in i t e s ima l  v o l u m e  of  l iqu id  is r e d i s t r i b u t e d  a m o n g  t he  
p o r o u s  c o m p o n e n t s  

d F  = ~ dFi [3] 
i -  I 

where ,  in  t he  a b s e n c e  of  f i lms 

dFi = - P i g d V i  g - P)dVi' 
+ T,'gdAi lg + ' y iSgdAi  sg + " / i s l d A i  sl + / / , i l d n i  I [4] 



1786 

and,  in  the  p r e s e n c e  of f i lms 

d F i  = - P i g d V i  g - P i l d V i  I + ('yi lg -- T i s l ) d A i  T M  

+ y i S i d A i  sl + "y i lgdAi  lg + / ~ i t d n l  i [ 5 ]  

Here,  s u p e r s c r i p t s  s, g, a n d  1 refer  to the  solid, gas, a n d  
l iquid  phases ,  respec t ive ly ,  p r e s e n t  in  each  p o r o u s  com- 
ponen t .  C u r v a t u r e  t e r m s  are  a b s e n t  in  Eq. [4] a n d  [5] be- 
cause  t he  G i b b s  d iv id ing  su r face  b e t w e e n  e a c h  pa i r  of  
p h a s e s  is t a k e n  to lie at  t he  a p p r o p r i a t e  sur face  of  t e n s i o n  
(17). A l t h o u g h  the  en t i r e  s y s t e m  is closed,  the  n u m b e r  of  
mo le s  of l iqu id  n~ 1 in  a c o m p o n e n t  m a y  change .  Thus ,  we 
i nc lude  in  Eq. [4] a n d  [5] t he  t e r m  ~idnl w h e r e  ~i is the  
c h e m i c a l  po t en t i a l  of t he  l iquid .  At  n o t e d  above ,  e ach  
c o m p o n e n t  is a s s u m e d  to be  c losed  to gas t ransfer ,  so 
t e r m s  a c c o u n t i n g  for  th i s  are  a b s e n t  in  Eq. [4] a n d  [5]. The  
P d V  t e r m s  c o n s t i t u t e  t he  m e c h a n i c a l  w o r k  of  d i sp l ac ing  
gas  a n d  l iqu id  v o l u m e s  at t h e i r  r e spec t ive  p re s su res .  The  
TdA t e r m s  r e p r e s e n t  t he  work  a c c o m p a n y i n g  t h e  fo rma-  
t ion  of  n e w  in te r fac ia l  a rea  b e t w e e n  the  i n d i c a t e d  phases .  
The  7's are sur face  free  ene rg i e s  pe r  u n i t  a rea  of i n t e r f ace  
b e t w e e n  the  pai r  of  i n d i c a t e d  p h a s e s  eva lua t ed  at  t he  sur- 
face of t ens ion .  Fo r  f luid phases ,  t h e y  are c o m m o n l y  
r e f e r r ed  to as sur face  t ens ions .  They  s h o u l d  no t  be  con-  
fused  w i t h  specif ic  (17) or superf ic ia l  (18) sur face  free  en- 
ergies  pe r  un i t  area,  f r om w h i c h  t h e y  di f fer  in  (chemi-  
cally) m u l t i c o m p o n e n t  sys tems .  Thus ,  TlgdA lg is t he  free 
e n e r g y  c h a n g e  r e s u l t i n g  f r o m  va r i a t ions  in  t he  to ta l  me-  
n i scus  a rea  w i t h i n  a p o r o u s  c o m p o n e n t ;  7~dA ~ + 7~gdA ~g 
r e p r e s e n t s  the  f ree  e n e r g y  c h a n g e  a c c o m p a n y i n g  t he  re- 
p l a c e m e n t  of ba r e  sol id a rea  b y  we t  area  in  f looded 
pores :  a n d  (T, ~g + 7~l)dA~ fi~m + %~dA, ~ d e n o t e s  t he  free en- 
e rgy  of  f o r m i n g  n e w  gas- l iqu id  fi lm area  b y  w i t h d r a w i n g  
l iqu id  f rom a p rev ious ly  filled pore.  (Fi lms,  if  t h e y  are 
p r e s e n t  at  all, are p r e s u m e d  to cover  all su r faces  in  a 
g iven  c o m p o n e n t  t h a t  are no t  a ssoc ia ted  w i th  f looded 
pores . )  We h a v e  also a s s u m e d  t h a t  the  fi lm sur face  ten-  
s ion is equa l  to t he  s u m  7i ~g + 7i ~. As d i s c u s s e d  in t he  pre-  
v ious  sect ion~this  is a good  a p p r o x i m a t i o n .  

E q u a t i o n s  [4] a n d  [5] can  be  s impl i f ied  a n d  un i f i ed  by  
n o t i n g  the  fo l lowing poin ts .  First ,  to ta l  po re  v o l u m e  is 
conse rved ,  so t h a t  -dV~ g = dV~ l = dV~. Next ,  in  u n f i l m e d  
c o m p o n e n t s  n e w  sol id- l iquid  in te r face  is c r ea t ed  f rom an  
equa l  a m o u n t  of  sol id-gas  area, so t h a t  dA~ ~1 = - d A i  *g. 
Third ,  b e c a u s e  the  fi lm t h i c k n e s s  is m u c h  sma l l e r  t h a n  a 
typ ica l  r ad ius  of  c u r v a t u r e  for a pore  wall,  we m a y  p u t  
dAi T M  = - d A i  ~J. Final ly ,  we rep lace  7 ~ - 7 ~g b y  m e a n s  of  
Y o u n g ' s  e q u a t i o n  [14], w h i c h  re la tes  t he  e q u i l i b r i u m  con- 
t ac t  ang le  0 to t he  t h r e e  7's. 

T ~ - 7 ~L = 7 ~g cos O [6] 

If  7 '" = 7 ~g - 7  ~l, t h e n  the  c o n t a c t  ang le  b e c o m e s  0", and  the  
f o r m a t i o n  of  a film b e c o m e s  ene rge t i ca l ly  favorable .  
U p o n  m a k i n g  the  i n d i c a t e d  subs t i t u t i ons ,  we f ind for  Eq. 
[4] (i.e., in  the  a b s e n c e  of fi lms) the  r e su l t  

dFi = (P~" - PiI)dVi - Ti I~ (cos ~i d A i  sI - dAi I") + ~i ~ dn, 1 
[7] 

an d  for Eq. [5] (i.e., in  t h e  p r e s e n c e  of  films) the  fo rm 

d F i  = ( P i "  - P i l ) d Y i  - Ti lg ( d A i  ~l - d A i  1~) + ~ i  I d n i  I [ 8 ]  

I t  is a p p a r e n t  t h a t  Eq. [8] is a specia l  case  of Eq. [7] for 0 
= 0% which ,  we h a v e  r e m a r k e d ,  is a n e c e s s a r y  c r i t e r ion  
for f i lms to exist .  I t  fo l lows t h a t  Eq. [7] can  be  t a k e n  as a 
gene ra l  r e su l t  for  f i lmed  a n d  u n f i l m e d  c o m p o n e n t s .  

R e s t r i c t i n g  c o n s i d e r a t i o n  to va r i a t i ons  s u c h  t h a t  A, = 
A~(V~), we t ake  the  i n c r e m e n t a l  c h a n g e s  dV~ as t he  inde-  
p e n d e n t  va r i ab le s  a n d  rewr i t e  Eq. [3] as 

w h e r e  

J .  E I e c t r o c h e m .  Soc . :  E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  A u g u s t  1984  

d F  = ~ f~dV, [9] 
i 

f i  = P i  ~ - P i  I - T i l g ( d A i / d V i )  + ~ i ' / v  t [10] 

dAi /dVi  = cos  Oi( dAisl/dVi) - dA~WdVi [11] 

a n d  v ~ is t he  m o l a r  v o l u m e  of t he  l iquid.  The  c o n d i t i o n  for 
cap i l la ry  e q u i l i b r i u m  a m o n g  t he  p o r o u s  c o m p o n e n t s ,  
f i lmed or unf i lmed ,  can  n o w  be  o b t a i n e d  b y  se t t i ng  d F  
equa l  to zero, s u b j e c t  to  t h e  re la ted  c o n s t r a i n t s  of  con-  
s t a n t  e lec t ro ly te  v o l u m e  a n d  mole  n u m b e r  

0 = ~ d V i = v  l ~ d n i  1 
i i 

F r o m  Eq. [9] a n d  [10], we f ind 

0 = • ~ d n ,  l - E P~IdV~ + • [Pig - %~g(dAi/dV~)]dVi [12] 
i i i 

At  equ i l i b r ium,  t he  c h e m i c a l  po ten t i a l  a n d  the  l iqu id  
p h a s e  p r e s su re  will  be  t he  s a m e  in each  c o m p o n e n t ,  so, 
b e c a u s e  of  the  v o l u m e - m o l e  n u m b e r  cons t ra in t ,  t he  first 
two t e r m s  on  the  r i g h t - h a n d  s ide of  Eq. [12] will be  zero. 
(Hydros t a t i c  p r e s s u r e  d i f f e r ences  are  u n i m p o r t a n t  in  fuel  
cells  b e c a u s e  of the  smal l  d i m e n s i o n s  invo lved .  W h e n  hy- 
d ros t a t i c  effects  are big, t he  t e r m  p~ghi m u s t  be  a d d e d  to 
t he  t e r m  in  s q u a r e  b r a c k e t s  in  Eq. [12], a n d  the  r e su l t s  be- 
low m u s t  be  c o r r e s p o n d i n g l y  modi f ied ;  p~ is t he  l iqu id  
dens i ty ,  g the  g rav i t a t i ona l  acce lera t ion ,  a n d  h~ t he  vert i -  
cal d i s t ance  f rom the  level  a t  w h i c h  t he  p r e s s u r e s  Pi i are 
measu red . )  

Af te r  a p p l y i n g  t he  v o l u m e  c o n s t r a i n t  to  t he  r e m a i n d e r  
of  Eq.  [12], we f ind 

0 = E { [P ig  -- T i l g ( d A i / d V i ) ]  - -  [PJg - 7 J l g ( d A j / d V , ) ] } d V i  
i ~ l  

B e c a u s e  the  r e m a i n i n g  N-I v o l u m e  t r ans fe r s  are i n d e p e n -  
dent ,  t h i s  e q u a t i o n  can  be  sat isf ied on ly  w h e n  the  follow- 
ing  equa l i t y  h o l d s  

PIg - 7~lg(dA~/dV~) = P.~ - 72ig(dA.JdV..,) = �9 . . [13] 

F u r t h e r m o r e ,  e ach  dF~ m u s t  s epa ra t e ly  be  zero a t  equ i l ib -  
r i u m  s ince  a n  in f in i t e s ima l  v o l u m e  t r a n s f e r  who l ly  
w i t h i n  a c o m p o n e n t  c a n n o t  p r o d u c e  a c h a n g e  in the  free 
energy.  Thus ,  f r o m  Eq. [7] for a s ingle  c losed  c o m p o n e n t  
(dnl I = 0), we also h a v e  

Pi g - P i  I = Ti lg ( d A i / d V ~ )  [14] 

w h i c h  is a d i sgu i sed  v e r s i o n  of  the  Lap lace  e q u a t i o n  (16) 
for the  p r e s su re  d rop  across  a c u r v e d  in terface .  The  quan-  
t i ty  d A / d V  def ined  in  Eq. [11] was,  in  fact,  s h o w n  by  
G a u s s  (19, 20) in  1830 to be  equa l  to the  c u r v a t u r e  C ~g of  
t he  gas- l iquid  in terface .  

E q u a t i o n  [13] g o v e r n s  the  e lec t ro ly te  d i s t r i b u t i o n  
a m o n g  the  p o r o u s  c o m p o n e n t s .  I t s  s ign i f icance  can  be  
a p p r e c i a t e d  by  i m a g i n i n g  w h a t  h a p p e n s  as l iqu id  fills a 
p o r o u s  m e d i u m .  Di f fe ren t  m ic ro scop i c  r eg ions  of  t he  me-  
d i u m  are cha rac t e r i zed  by  d i f fe ren t  geomet r i e s ,  so t h a t  
a d d i n g  a n  in f in i t e s ima l  v o l u m e  of e lec t ro ly te  at  d i f fe ren t  
p o i n t s  will  r e su l t  in  d i f f e ren t  area  changes ,  dA ~ a n d  dA lg. 
However ,  t he  l iqu id  d i s t r i b u t e s  i t se l f  in  t he  par t ia l ly  
filled m e d i u m ,  so t h a t  at  e q u i l i b r i u m  the  b o u n d a r y  be- 
t w e e n  filled a n d  unf i l l ed  v o l u m e  is a sur face  for w h i c h  
t he  de r iva t ive  (Eq. [11]) is a cons t an t ;  t h a t  is, i t  is a su r face  
of  c o n s t a n t  cu rva tu re .  All  r eg ions  w h e r e  th i s  de r iva t ive  
ha s  a v a l u e  l a rger  t h a n  t h a t  specif ied b y  Eq. [13] are full, 
a n d  all r eg ions  w h e r e  it has  a sma l l e r  va lue  are  empty .  
Thus ,  d A / d V  is a wel l -def ined  q u a n t i t y  (ba r r ing  hys te re -  
sis effects)  t h a t  cha rac t e r i ze s  the  fi l l ing level  of  t he  po- 
rous  m e d i u m .  One  m a y  t h i n k  of  d A / d V  as i nve r se ly  pro- 
p o r t i o n a l  to a n  e f fec t ive  po re  d i ame te r ;  i n  w h i c h  ease  
sma l l  po re s  are f looded  a n d  la rge  po re s  are  empty .  Fo r  
example ,  for  a sol id w h o s e  po re s  cons i s t  of ( connec ted )  
cy l indr ica l  po re s  of  v a r y i n g  d i a m e t e r  D, we f ind d A / d V  = 
4 cos OlD exact ly .  Th i s  t ype  of  c o r r e s p o n d e n c e  c an  be  
f o u n d  for  o the r  idea l ized  po re  geomet r i es ,  a l t h o u g h  the  
p r o p o r t i o n a l i t y  c o n s t a n t  var ies  w i t h  t he  mode l .  

Relation to Porosimetry: a Complementarity Theorem 
Using ,  for example ,  m e r c u r y  po ros ime t ry ,  i t  is  pos s ib l e  

to m e a s u r e  the  q u a n t i t y  (dA/dV) as a f u n c t i o n  of  par t ia l  
fill ing vo lume .  In  fact,  u n d e r  t he  r i gh t  cond i t i ons ,  t he re  
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is an exac t  co r r e spondence  be tween  the  pore  d iamete r  D 
m e a s u r e d  by poros ime t ry  and the  quan t i ty  d A / d V  de- 
fined by Eq. [11] 

sec O~(dAt/dVO = d A ? ' / d V ~  - sec O~(dA~WdVi) =- 4/D~ [15] 

Furthermore, when this relationship holds, it is indepen- 
dent of assumptions about pore geometry. The conditions 
for which Eq. [15] holds are (i) that the contact angle of 
the wetting fluid be the supplement of the contact angle 
of the fluid used to measure the porosimetry curve (and 
hence D), (it) that the porous material be sufficiently in- 
terconnected to allow both fluids to have access to all the 
pores  of  each  size range  dur ing  the  filling, and (~ii) that  i f  
the  we t t ing  fluid forms thin  films, the  films mus t  oc- 
cupy  a negl igible  f ract ion of  the pore  vo lume.  After  us ing  
these  condi t ions  to es tabl ish  the  val idi ty  of  Eq. [15], we 
will  briefly discuss  the i r  appl icabi l i ty  to mol t en  carbon- 
ate fuel  cell  components .  

To prove  Eq. [15], cons ider  two ident ical  porous  bodies,  
one  par t ly  filled wi th  a we t t ing  fluid (w) that  has  contac t  
angle  04. and the o ther  wi th  a nonwet t ing  fluid (n) wi th  a 
contac t  angle  0n = 180" - 0w. The wet t ing  fluid will  be at a 
p ressure  less than  the  ambien t  gas pressure,  whi le  the  
pressure  in the  nonwet t ing  fluid will  be  greater  than  the 
gas pressure  in its environs.  Adjus t ing  the p ressure  differ- 
ence  adjusts  the filling level  of  each according  to Eq. [14]. 
Dur ing  filling, the  wet t ing  fluid will  s tar t  in the  small  
pores  and work  its way  into the large pores,  whi le  the 
nonwe t t i ng  fluid will  first enter  the  large pores  and 
even tua l ly  be forced into the  small  ones. For  each  part ly 
filled body, there  will  be some  pressure  dif ference for 
which  the  fillings will  be exact ly  complemen ta ry .  That  
is, the  wet ted  surface of the  first sample  will  co r respond  
to u n w e t t e d  surface in the  second,  and vice  versa  (see Fig. 
1). Fu r the rmore ,  the free menisc i  will also be ident ica l  in 
shape. This  is because  (i) both  free surfaces satisfy the  
"cons tan t  cu rva tu re"  equa t ion  

= + = const. 

where  R~ and Rs are the  pr inc ip le  radii  of  curva ture  at any 
poin t  on the surfaces and (i t)  both  obey the  same bound-  
ary condi t ions,  s ince by a s sumpt ion  they  mee t  the  solid 
surfaces  at the  same angle  (strictly, at supp l emen ta ry  
angles). 

For  the  case of 0" and 180" respec t ive  contac t  angles, the 
we t t ing  fluid also forms films along the walls of the 
pores  that  wou ld  be filled by the  nonwet t ing  f lu id-an 
excep t ion  to c o m p l e m e n t a r y  filling. However ,  excep t  for 
the  case of ve ry  di lute  ionic solutions,  it is expec t ed  that  
films are only a few tens of  angs t roms  th ick  (see the  sec- 
ond sect ion above), wh ich  makes  their  v o l u m e  negl igible  
for m a n y  applicat ions,  inc lud ing  the p resen t  one. 

F r o m  the  above  considerat ions ,  we then  have  

dA,~/SldV,,  = dA, l~ /dV~ 

and 

dA,~.WdV,,. = - d A , l g / d V n  

f rom which  it fol lows that  the  equa t ion  

dAw le dAw ~e dAn '~ dAn ~g 
- -  - sec 0w - -  sec 0~ - -  [16] 
dVw dVw dV. dV. 

is also true, g iven our  in te reonnee t iv i ty  assumpt ion .  
Po ros ime t ry  curves  are measu red  by forcing the  non- 

wet t ing  fluid into the  sample  at h igh  pressures .  The 
equa t ion  govern ing  this process  is Eq. [14] 

P g  - P n  I = Tn tg COS 0,~ [ d A . ~ l / d V .  - s e e  0 .  d A , ~ W d V ~ ]  

The b racke ted  quan t i ty  is measu red  by vary ing  the  pres- 
sure, bu t  data are conven t iona l ly  repor ted  in t e rms  of  a 
cyl indr ical  pore  d iamete r  D us ing  the def ining equat ion .  

P g  - P n  I = 4%~ Is COS On/D [17] 

The  po in t  is that  the  geomet r i c  quan t i ty  (dA/dV) be ing  

Fig. 1. Complementary filling of a pore by a wetting and a nonwetting 
fluid. A: Small pore filled with wetting fluid to a given level. B: Same 
small pore filled to'complementary level with nonwetting fluid. 

measu red  is actual ly  the  quan t i ty  that  we  need  to solve 
e lec t ro ly te  inven tory  problems.  The fact that  it has been  
repor ted  in te rms  of cyl indr ical  pore  d iamete rs  via  Eq.  
[15] and [17] has real ly in t roduced  no geomet r i c  assump-  
tion, s ince we  undo  the  a s sumpt ion  to use the  data. 

Thus,  p rov ided  the  measu red  pore  d iamete rs  D~ are 
properly interpreted, we may simplify the writing of Eq. 
[13] and still have an exact result 

P 1  g - -  4"yl lg COS OJD, = P~g - 4"y2 lg c o s  O.,/D.~ = . . . [18] 

This  equa t ion  has been  obta ined  prev ious ly  unde r  more  
res t r ic t ive  assumpt ions  by Maru and Mar ianowski  (2) and 
by Arend t  (3), who  also used  cons tant  p ressure  condi-  
t ions. 

A few c o m m e n t s  on h o w  wel l  fuel  cell c o m p o n e n t s  
satisfy the  three  condi t ions  govern ing  Eq. [15] are now 
provided .  Mercury,  the  mos t  c o m m o n l y  used  fluid in 
poros imetry ,  has a nomina l  contac t  angle  of 140 ~ on m a n y  
materials .  Thus,  condi t ion  (i) requi res  that  the  contac t  an- 
gle of  the  wet t ing  fluid be  40 ~ . This  is qui te  close to the  
33 ~ contac t  angle  of  Na]K/Li/CO~ eutect ic  me l t  on Ni  (21), 
a c o m m o n  anode material .  Other  fuel cell  mater ia ls  such 
as l i thiated NiO (cathode) or LiA10~ (electrolyte s tructure)  
appear  to Be wel l  we t t ed  by mol ten  alkali  carbonates  
(contact  angle  of  0~ and, for these,  condi t ion  (i) is vio- 
lated. However ,  this m i s m a t c h  in contac t  angles  is proba- 
bly not  impor tan t  because  in the  pore-size range  of  impor-  
t ance  for the  we t t ing  of  fuel  cell  c o m p o n e n t s  (D < 2 ~m), 
the  dA Sl t e rms  of  Eq. [15] should  predominate .  

Condi t ion  (i t)  is p robably  the  mos t  impor t an t  of  the  
three.  J u d g i n g  f rom SEM's  of  cell componen t s ,  large 
pores  (D > 2 Ixm) are wel l  connected ,  so m e r c u r y  should  
have  no t rouble  gaining access  to all the  pore  v o l u m e  in a 
mono ton ic  fashion. However ,  the  wet t ing  fluid fills the  
smal les t  pores  first. In  a c o m p o n e n t  wi th  a broad  pore-  
size spec t rum,  there  should  be sufficient  over lap  or con- 
tact  be tween  regions  conta in ing  small  pores  to pe rmi t  
filling to proceed  monotonica l ly .  In  a c o m p o n e n t  wi th  a 
na r row spect rum,  smal l  pores,  i .e. ,  regions  in wh ich  the  
l iquid  wou ld  have  a smal l  radius  of  curvature ,  are m u c h  
less l ikely to form a connec ted  network.  In  this type  of  
-component ,  a l iquid  tha t  cannot  form a film can fill all 
the  small  pores  only via  the  indi rec t  and slow rou te  of 
evapora t ion]condensa t ion  unless  larger, be t ter  connec ted  
pores  are also filled. So for low fill levels,  cond i t ion  (it) 
would  be viola ted  in this componen t .  In  general ,  the  ap- 
pl icabi l i ty  of condi t ion  (it) will have  to be  dec ided  sepa- 
rately for each componen t ,  t ak ing  into accoun t  specific 
features  of its pore s tructure.  It  is l ikely that  m u c h  more  
theore t ica l  work  and m o d e l  cons t ruc t ion  will  be  neces-  
sary in order  to ascer ta in  the  appl icabi l i ty  of  condi t ion  (it) 
in all eases of  interest .  

As noted  above,  based on the  resul ts  of the  second sec- 
t ion (above), condi t ion  ( i i i )  appears  to be satisfied for all 
h igh ly  concent ra ted  e lec t ro ly tes  used  in practice.  

Summary 
The equ i l ib r ium th ickness  of  mol ten  carbona te  films in 

a porous  NiO ca thode  has  been  es t imated,  and the  equi- 
l ib r ium t h e r m o d y n a m i c s  of  e lec t ro lyte  d is t r ibut ion  
a m o n g  several  porous  med ia  in contac t  has  been  
deve loped .  

In  t e rms  of the  DLVO theory  of  l iquid  film stability, 
van  der  Waals forces are respons ib le  for film format ion  
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and double layer interactions (which are important for 
less concentrated electrolyte solutions) play a negligible 
role. Films of molten carbonate in NiO cathodes are esti- 
mated to be only ~ 30}t thick. This figure is 2 orders of 
magnitude too thin to contribute substantially to ionic 
conduction, and casts doubt on the physical basis for pre- 
vious thin film models (10-12) of electrode performance 
that have postulated ~ 1/2 ~m films. 

The thermodynamic basis of the equil ibrium distribu- 
tion of bulk liquid electrolyte has been developed, and a 
connection has been made with pQrosimetry measure- 
ments. Within each porous component, small pores are 
flooded, and large pores are either empty or empty with 
filmed walls. The effective diameters of the largest filled 
pores in each component  of a cell.are mutually related as 
given by Eq. [18]. The analysis shows that the validity of 
this result is not dependent  on the assumption of cylin- 
drical (or other idealized) pore geometry. Equation [18] 
can be used with the porosimetry curves of the cell com- 
ponents to determine the equilibrium distribution of a 
given total electrolyte volume (I). 
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Petr Van~sek, 1 Jonathan D. Reid, Mark A. Craven, and Richard P. Buck* 
Department of Chemistry, The University of North Carolina, Chapel Hill, North Carolina, 27514 

ABSTRACT 

The influence of adsorbed proteins on electrochemical properties of the nitrobenzene-aqueous interface has been 
investigated using cyclic voltammetric and impedance techniques. Upon addition of 4 ~g/ml ovalbumin cyclic 
voltammetric hE, values for Cs ~ transfer shifted from nearly temperature independent  reversible values to more 
temperature-dependent irreversible values. These effects were especially pronounced at lower temperatures and sug- 
gested formation of a surface film. The cyclic voltammetry of a wide range of concentrations of bovine serum albumin 
(BSA) in base L/L electrolytes was also studied. Interfacial ac impedance measurements indicated an increase in diffuse 
layer capacitance accompanied initial BSA adsorption. At high protein concentrations, an adsorbed phase was formed 
which facilitates faradaic transfer of ions across an otherwise blocked interface. 

The interface of two immiscible electrolytes [for re- 
views see Ref. (1, 2)] can be treated and experimentally in- 
vestigated in ways similar to an electrode/electrolyte in- 
terface. Among many properties of the interface recently 
studied, the adsorption of species on the interface is of 
fundamental  interest. Recent findings (3), showing a gen- 
eral effect of adsorption on irreversibility of ion transfers, 
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call for a more thorough investigation of adsorption 
properties. 

Koryta et al. (4) studied transfer of a few ions across the 
interface in the presence of lecithin. Lecithin is known to 
form adsorbed interfacial layers. These authors carried 
out experiments at different temperatures and found that 
transfer of metallic ions across the interface was highly 
temperature dependent. At higher temperatures, up to 
65~ no influence of lecithin was observed. As the tem- 
perature decreased, the transfer of ions became more 
difficult; the interface became blocked. The change of in- 
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terfacial properties, which was quite sudden at 42~ can 
be related to the crystalline transition temperature of this 
particular lecithin. 

The blocking or decreasing permeabili ty of the inter- 
face for ion transfer results in irreversible cyclic voltam- 
mograms. These are normally characterized by an in- 
crease of the peak voltage difference (hEp) from the ideal 
reversible value of 58 inV. 

In addition, interfacial ac measurements are well-suited 
for revealing irreversibility and adsorption effects over a 
wide applied interfacial potential range (5).  Cyclic 
vol tammetry [based on Ref. (6)] and impedance measure- 
ments were used to study the influence of ovalbumin, 
colicine E~, and BSA on the nitrobenzene/aqueous 
interface. 

Ovalbumin is a water soluble protein with molecular 
weight of about 45,000. The molecule consists of a simple 
polypeptide chain of about 400 residues, of which about 
half are hydrophobic (7). BSA is a water soluble protein 
with molecular weight of about 69,000 (7). Colicines are 
water soluble antibiotic proteins or polypeptides pro- 
duced by a strain of Enterobacteriacae (8). Colicine E3, 
used in these experiments,  has a molecular weight of 
about 60,000. 

E x p e r i m e n t a l  
A custom-made four electrode potentiostat (6), based on 

principles described earlier (9, 10), was used for the cyclic 
vol tammetry  experiments.  The experimental  cell is 
shown in Fig. 1. Both counterelectrodes were platinum 
spiral wires. The aqueous phase reference electrode was 
Ag/AgC1 wire in the aqueous base electrolyte (LiC1) solu- 
tion. The reference electrode for the nitrobenzene phase 
was Ag/AgC1 wire dipped in aqueous solution of tetra- 
butylammonium chloride (TBAC1). This solution was in 
contact with a te t rabutylammonium tetraphenylborate 
(TBATPB) solution in nitrobenzene. This interface main- 
tains a constant potential difference. 

All routinely used chemicals were of analytical purity 
and were used as recieved. Base electrolytes for the 
nonaqueous phase were obtained by precipitation of suit- 

Fig. 1. Cell for L/L measurements. 1, glass frit; _2, balancing tube; 3, 
aqueous phase; 4, nitrobenzene phase; RE~ and REx, reference elec- 
trodes; CE~ and CE.,, counterelectrodes. 

able salts. TBATPB was obtained by mixing aqueous so- 
lutions of t e t rabu ty lammonium iodide and sodium 
tetraphenylborate according to Ref. (11). Tetrabutylam- 
monium dicarbollycobaltate was obtained from the Insti- 
tute of Nuclear Research, l~e~ near Prague, Czecho- 
slovakia. Colicines were a gift of Dr. J. Smarda, J .E .  
Purkyn6 University, Brno, Czechoslovakia. The base 
electrolytes of aqueous and nonaqueous phase were 
brought into contact prior to measurement  to bring the 
two phases into partition equilibrium. 

Real and imaginary impedances of the L/L system were 
measured as previously described (5) using a Solartron 
1250A frequency response analyzer interfaced with a 
Princeton Applied Research 173 potentiostat and a 
HP85A computer. Potentials were applied across the in- 
terface using the 1250A bias control. The cell, though of a 
somewhat different design, was principally the same as 
in Fig. 1. The aqueous/nitrobenzene interface of 0.1-8 cm ~ 
area lay in between 2 cm ~ Ag/AgC1 electrodes connected 
by Pt  wire to the impedance measurement  system. 

Resul ts  
Cyclic voltammetry.--The influence of ovalbumin on 

the transfer of probe Cs ~ ion was investigated using LiC1 
base electrolytes in water and TBATPB in nitrobenzene. 
CsC1 was dissolved in the aqueous phase. Cyclic 
vol tammograms were recorded at temperatures of 6 ~ (Fig. 
2), 10 ~ and 20~ In the absence of ovalbumin, the transfer 
of Cs ~ was reversible at all temperatures according to the 
cyclic voltammetry, with the positive to negative peak 
difference being 59-62 mV. 

A solution with a typical ovalbumin concentration of 4 
/~g/ml in base electrolyte was used as a blank exper iment  
to observe the influence of protein on the blocked inter- 
face. The transfer of ions of base electrolytes in the pres- 
ence of ovalbumin occurred at smaller applied potentials, 
and narrowed the potential window of interfacial block- 
age by approximately 20 inV. 

Upon addition of ovalbumin to the Cs~-containing solu- 
tion (Fig. 2), the positive and negative peaks were both 
shifted to more extreme potentials by about 35 and 30 
mV, respectively. At the same time, the peak current 
values decreased. The most pronounced effect on the 
peak-peak shift was observed at low temperatures (Fig. 3). 
In the course of the experiment it was possible to observe 
the formation of a white layer on the interface. The same 
effect (in absence of current) was experimentally pro- 
duced on interfaces between aqueous ovalbumin solu- 
tions and other solvents (benzene, ether, chloroform, 
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Fig. 2. Influence of ovolbumin on the transfer of Cs +. A, cyclic 
voltammogram of base electrolytes lO-~mol liter ~ LiCI in water, 0 .025 
tool liter -t TBATPB in nitrobenzene; B, transfer of Cs + [c(CsCI) = 9.2 x 
10 -4 mol liter-~]; and C, the same case as in B in the presence of 4/~g 
ml -~ ovalbumin in the aqueous phase. The rate of polarization was 26.3 
mV s -~, at temperature 6~ 
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Fig. 3. The potential difference of the positive and negative peak of 
Cs § in the presence of ovalbumin as a function of temperature. 

tetrachloromethane, and dichloroethane). This type of de- 
naturation is typical for proteins and is known as a con- 
tact denaturation. 

Similar experiments were done with colicine E3 in base 
electrolytes of 0.01 mol liter -~ LiC1 in water and 0.017 tool 
liter -~ te trabutylammonium dicarbollylcobaltate. Again, 
the protein in the base electrolyte alone narrowed the po- 
tential window. Addition of colicine E3 to the systems 
with Cs ~ also resulted in the separation of positive and 
negative peaks from a reversible value of 60 mV toward 
120 mV, and indicated irreversible Cs + transfer (Fig. 4). 
The degree of the shift depends on the temperature, be- 
ing highest at low temperatures. 

The greatest effect of both ovalbumin and colicine on 
the transfer of Cs + across the interface was observed at 
6~ the lowest usable temperature (the freezing point of 
the nitrobenzene solution is about 5.7~ The character of 
transfer at this temperature was irreversible. The hin- 
drance of Cs ~ transport can be explained by formation of 
a packed layer of insoluble peptide on the interface. Pro- 
teins are known to unclergo contact denaturation when 
brought into contact with nitrobenzene. The denaturated 
protein is less soluble in water and precipitates on the in- 
terface. It is also possible that at low temperatures the 
denaturated protein undergoes structural rearrange- 
ments. With increasing temperature, the solubility of the 
deposited protein increases and diminishes the structural 
arrangement of the layer. 
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Fig. 4. Influence of colicine E 3 on the transfer of Cs +. A, cyclic 
voltemmogram of the base electrolytes 0.01 real l i ter - I  LiCI in water and 
0 .017  real liter -1 tetrabutylammonium dicarbollycobaltate in nitroben- 
zene; B, curve of Cs + transfer [c(CsCI) = 1.1 • 10 -3 mol liter 1]; and C, 
the same case as in B, in the presence of 75/~g ml 1 col icine E:I in water. 
The temperature was 6~ at polarization rate 26 .3  mV s -1. 

As described above, the precipitated protein can, due to 
its thickness, hinder the transfer of ions across the inter- 
face. At the same time, one can expect that the layer can 
be so thick that it can act as another phase with proper- 
ties between those of water and nitrobenzene. An inter- 
mediate phase will thus change the ionic partition 
coefficients, generally narrowing the potential window of 
base electrolytes. At high concentrations of protein in the 
aqueous phase the base electrolytes lose their potential 
window controlling properties and the voltammetric 
curve becomes ohmic: a straight line indicating the cur- 
rent is governed by film resistance. 

A set of cyclic vol tammetry measurements of the base 
electrolytes in the presence of various BSA concentra- 
tions were obtained. The BSA concentration in aqueous 
phase ranged from 1 to 10,000 ppm. Figure 5 shows typi- 
cal cyclic vol tammograms obtained from the measure- 
ment. The width of the base electrolyte potential window 
decreased upon addition of the low (-1 ppm) amount of 
BSA. Upon further BSA concentration increase, the 
width of the base electrolyte potential window again in- 
creased. A decrease of the width was then observed upon 
further addition of BSA. The dependence of the potential 
window width on the BSA concentration is shown in Fig. 
6. The width was determined as the difference between 
the potentials at which the base electrolyte current ex- 
ceeded 90 ~A. 

The pattern of potential width behavior strongly resem- 
bles t h a t  of the impedance measurement  (5) described 
below. 

Impedance characteristics.--Impedance characteristics 
of blocked and unblocked nitrobenzene/aqueous inter- 
faces have been investigated as a function of BSA con- 
centration and applied dc potential. Figure 7 shows the 
dependence of 1.0 Hz total interfacial impedance and 
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Fig. 5. Typical voltammetric curves in the presence of BSA. A, base 
electrolytes 0.1 mol liter -1TBATPB in nitrobenzene, 0.1 mol liter -~ LiCI 
in water; B, addition of 3 ppm of BSA into the aqueous phase; and C, 
addition of 1% of BSA into the aqueous phase. The scan rate was 5 mV/s. 
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Fig. 6. The dependence of the potential window width on the BSA con- 
centration. Base electrolytes: 0.1 real liter - I  LiCI in water and 0.1 real 
liter -~ TBATPB in nitrobenzene. The scan rate of the voltammogram was 
5 mV/s. 
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Fig. 7. Dependence of 1.0 Hz total interfacial impedance (0)  and 
phase angle (�9 upon aqueous BSA concentration at applied potential of 
- 1 0  mV. Phase angles at ([]) - 1 0 0  mV and (O) - 1 2 5  mV. 

phase angle upon aqueous BSA concentration at an ap- 
plied interfacial potential of -10 inV. Phase angles at 
-100 and -125 mV are also indicated. 

The general behavior shown for -10 mV was observed 
between applied interfacial potentials of -70 and +85 
inV. Note that the phase angle remains constant and near 
90 ~ up to 250 ppm BSA. This reflects nearly ideal capaci- 
tive behavior within this potential region. A constant 
phase angle requires that changes in total impedance cor- 
respond to proportional changes in the imaginary imped- 
ance which is inversely proportional to capacitance 
(Z~ = 1/coC) for a blocked interface. The decrease in total 
impedance up to about 10 ppm BSA therefore corre- 
sponds to an increase of the total system capacitance. As 
the concentration of BSA is increased beyond 10 ppm, 
impedances begin to increase, indicating a decrease in to- 
tal capacitance. 

The initial increase of capacitance is attributed to the 
initial adsorption of BSA (5-10 ppm) and an associated in- 
crease in interfacial charge density or dielectric constant. 
This effect is modeled by a capacitor in parallel with the 
initial double layer capacitance. Further adsorption in- 
creases the physical thickness of the interface region. The 

adsorbed film may be considered as a capacitor in series 
with the capacitor representing increased interfacial 
charge density. The total interfacial capacitance of this ar- 
ray decreases until  film thickness reaches a saturation 
value. 

The decreasing total impedance at even higher BSA 
concentrations reflects facile film-solution ion transfer 
which was already described for the case of ovalbumin in 
the voltammetry section. Phase angles at -100 and -125 
mV approached 45 ~ as BSA concentrations were in- 
creased. At these potentials, where the interface is not 
ideally blocked, ion transfer is increasingly facilitated by 
further BSA additions. 
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Properties of the Interface of Two Immiscible Electrolytes 
Mediated by Molecules of Biological Importance 

A Literature Review 

Petr Van~sek ~ and Richard P. Buck* 
Department of Chemistry, The University of North Carolina, Chapel Hill, North Carolina, 27514 

ABSTRACT 

It has been shown in the past few years that the interface formed between two immiscible solutions of electrolytes 
can be treated, from an electrochemical point of view, in the same manner as the Solution/electrode interface, and essen- 
tially the same techniques of electrochemical investigation can be used. A review of the methods pertaining to biologi- 
cally important materials is given. Specifically, the following groups of experiments are treated: direct transport mea, 
surement of certain ionic species (choline, acetylcholine, and dodecylsulfate), transport of probe ions across the 
adsorbed material (lecithin and several proteins), impedance measurements  in the presence of adsorbed bovine serum 
albumin, and transport across the interface facilitated by antibiotics (valinomycin and monensin). 

Investigations of the electrochemical properties of in- 
terfaces between two immiscible so]utions containing dis- 
solved electrolytes have attracted an increasing number  
of scientists in the past years. Although the first paper 
dealing with this matter appeared in 1902 (1), the subject 
was dormant until about ten years ago when the proper- 
ties o f  this interface were recognized to parallel those of 
metal/solution interfaces (2). The electrochemical phe- 
nomena of the L/L interface were reviewed quite deeply 
by Koryta and Van:~sek (3) in 1981. An updated version (4) 
and a literature review (5) have been published recently. 
For thorough theoretical treatments and experimental  
setups, the reader is referred to these works. 

The purpose of this paper is to emphasize the possible 
advantages of the L/L electrical phenomena study for bio- 
logically important systems. The general aspect of the 
liquid/liquid interface is that it can serve, within certain 
limits, as a model for half of a biological membrane.  How- 
ever distant this model may be, it might prove useful. The 
present state-of-the-art of L/L electrochemistry of 
biologically important molecules is of more analytical 
interest. 

The Basic Principle of L/L Electrochemistry 
Assume the contact of two immiscible liquid phases 

and fl containing one common ion, i, in thermodynamic 
equilibrium. An interfacial potential will be established 
across this interface; its value is given by the Nernst- 
Donnan equation 

RT ai(~) 
Ar ~ = A4~ ..... ~ + I n -  [1] 

nF ai(fl) 

The fraction in the logarithmic function represents the 
partition equilibrium for ion i between the two phases. 
When the interfacial potential is changed from outside the 
system by applying a voltage from some source, the 
standard value h(b ..... B remains constant, and, therefore, 
the ratio a,(a)/a~(B) will have to change. A portion of the 
equilibrated ions will be transferred to the other side of 
the interface, and is manifested by the passage of electric 
current through the interface. 

The choice of nonaqueous solvents is determined by 
the requirement that the mutual solubility with water be 
limited, and the dielectric constant be quite high such 
that dissolved salt can be dissociated. The most com- 
monly used solvent is nitrobenzene and, in some cases, 
dichloroethane is useful. 

By using salts of very hydrophobic ions as a base elec- 
trolyte for nonaqueous phase and very hydrophilic ions 
as a base electrolyte for water, one can obtain a fairly 
broad potential window in which practically no faradaic 

* Electrochemical Society Active Member. 
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current passes through the interface. Under these condi- 
tions, the interface behaves as an ideally polarizable e lec-  
trode. The typical electrolyte for water is LiC1 and, for ni- 
trobenzene, te t rabutylammonium tetraphenylborate 
(TBATPB) or tetraphenylarsonium tetraphenylborate 
(TPATPB). The potential window limits are determined 
by the transfer of base electrolytes. Measurements within 
the limits enable observation of ion transfer whose hydro- 
phobic properties are between those of the base electro- 
lytes. The potential at which this transfer is observed can 
be correlated with the standard energy and standard po- 
tential of transfer for the given ion 

AG o = - R T  In K % ~  = -nFh(h%~o [2] 

Experimental Methods 
L/L interfaces may be treated and investigated in man- 

ners similar to the solid electrode. Two different 
voltammetric methods of electrode kinetics were used for 

Fig. 1. Electrolyte dropping electrode assembly. 1, aqueous 
electrolyte reservoir; 2, Teflon orifice attachment; 3, nitrobenzene 
electrolyte; 4, waste aqueous electrolyte; 5, glass frit; 6, overflow; 
RE1 and RE~, reference electrodes; and CEI and CE~, counterelectrodes. 

1792 
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this investigation: cyclic vol tammery and polarography 
with a dropping electrode. The practical problem of 
eliminating the resistances of both phases, causing IR 
drops, was solved by using a four electrode potentiostat 
(6), preferably with a positive feedback elimination of the 
residual ohmic drop between the two reference electrodes 
(7). The potential difference across the interface was 
sensed by the reference electrodes, one in each phase. 
The electrode in the aqueous phase is an ordinary elec- 
trode of the second kind, usually Ag/AgC1. The reference 
electrode in the organic phase is essentially an ion select- 
ive electrode responding to the ion of the base electrolyte 
nonaqueous solution. It consists of an electrode of the 
second kind immersed in aqueous solution containing the 
same ion as the base electrolyte of the organic phase. Un- 
der these conditions, a reproducible (though not neces- 
sarily known) Nernst potential is established at the 
junction. 

For polarographic studies an electrolyte dropping elec- 
trode was developed. The type with a Teflon capillary 
designed by Samec et al. (8) is shown in Fig. 1. The aque- 
ous solution drops upward into the heavy organic phase. 
An improvement  of the sensitivity for analytical purposes 
was achieved by using differential pulse stripping 
vol tammetry in which the analytical ion is accumulated 
in the electrolyte hanging drop electrode (Fig. 2) (9, 10). 

Chronopotentiometry, voltammetry, or impedance mea- 
surements used a cell of the type shown in Fig 3. 

Impedance properties of the L/L interface are measured 
using an impedance bridge (11). The bridge is essentially 
a cross correlator which determines in-phase and 90 ~ out- 
of-phase components  of the response with respect to the 
perturbing sine wave signal. 

Fig. 3. Typical cell for L/L measurements. 1, glass frit; 2, balancing 
tube; 3, aqueous phase; 4, nitrobenzene phase; RE~ and REx, reference 
electrodes; and CE1 and CE~, counterelectrodes. 

Results 
A direct study of selected ionic species of biological im- 

portance can be performed in liquid/liquid systems. Ex- 
amples include choline and acetylcholine (10, 12, 13) and 
dodecylsulfate (14). Van:~sek and Behrendt  (12) used 
mult isweep cyclic vol tammetry for the determination of 
standard potentials of transfer. A typical curve from this 
exper iment  is shown in Fig. 4. MareEek and Samec (10) 
used the hanging electrolyte dropping electrode and dif- 
ferential pulse stripping vol tammetry (Fig. 2). The 
method for acetylcholine determination proved to be very 
sensitive. Figure 5 shows a set of differential pulse 
stripping vol tammograms for different acetylcholine con- 
centrations. It has also been shown that a good linear re- 
sponse can be obtained down to 0.5 ppm (2.75 • 10 -~ 
mol/liter) acetylcholine. Samec et al. (13) used the method 
of convolution potential sweep vol tammetry for determi- 
nation of kinetic and thermodynamic parameters of cho- 
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Voltammogram of acetylcholine transfer. 1, base elec- 
trolytes 1 mol llter -1 LiCI in water and 0.025 mol liter -1 TBATPB in 
nitrobenzene; and 2, addition of acetylcholine (1.1 • 10 -2 mol 
liter-~). The scan rate was 12.5 mV s-L 

Fig. 2. Electrolyte hanging drop electrode 

line and acetylcholine. The standard values for the 
dodecylsulfate were determined by the means of electro- 
lyte dropping electrode (14). The standard values for the 
above ions are given in Table I. 

Another group of results deals with the electrical prop- 
erties of the interface in the presence of adsorbed mate- 
rial. The basic approach was to study the transfer of a 
well-characterized probe ion in the presence and absence 
of adsorbed species. Koryta et al. (15)  studied 
voltammetric transfer of semihydrophobic ions and 
ionophore-facilitated alkali metal ion transfer across the 
water/nitrobenzene interface covered with a lecithin mon- 
olayer. The transfer processes were slowed down particu- 
larly at low (6~ temperatures.  Figure 6 shows the effect 
of addition of lecithin on the transfer of the Cs § probe ion. 
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Fig. 5. Differential pulse stripping voltammetry of acetylcholine at 

hanging electrolyte drop electrode. The bold numbers show ppm concen- 
trations of acetylcholine chloride in water. 
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Fig. 6. Cyclic voltammogram of the transfer of 5 • 10 -4 mol liter-' 
Cs+ (as CsCI) from water to nitrobenzene and back at 6~ Base electra- 
lytes 0.01 mol liter -1 LiCI in water, 0 .017 mol l i ter - '  TBA 
dicarbollylcobaltate in nitrobenzene. 1, base electrolytes only; 2, after 
addition of CsCI to the aqueous phase; 3, base electrolyte with the leci- 
thin monolayer; and 4, 3 after addition of CsCI to the aqueous phase. 

The  a lka l i  m e t a l  ion  t r a n s f e r  in  t he  p r e s e n c e  of  an  
i o n o p h o r e ,  s u c h  as a c r o w n  po lye ther ,  is c o n s i d e r a b l y  
eas ie r  t h a n  in  i ts  absence .  F i g u r e  7 s h o w s  a d e p e n d e n c e  
of  t he  d i f f e rence  of  cycl ic  v o l t a m m e t r y  p e a k  po t en t i a l s  
(for pos i t ive  a n d  nega t i ve  cur rents ) ,  hE, ,  of  s o d i u m  ion  in  
t h e  p r e s e n c e  of  0.5 m o l  l i t e r - '  d ibenzo-18-crown-6  on  tem-  
p e r a t u r e  w i t h  a l ec i th in  mono laye r .  S imi l a r  e x p e r i m e n t s  
w e r e  ca r r ied  ou t  w i t h  o v a l b u m i n  a n d  o t h e r  p r o t e i n s  dis- 
so lved  in  t he  a q u e o u s  p h a s e  (16-18). T he  f o r m a t i o n  of  
f i lms o n  t he  in te r face  was  obse rved .  T he  t r a n s f e r  of  al- 
ka l i  m e t a l  ions  was  r e t a r d e d  by  t he  p r e s e n c e  of  p r o t e i n  on  
t h e  a q u e o u s  s ide of  t he  in terface .  

A n o t h e r  m e t h o d  for  i n v e s t i g a t i o n  of t he  p r o p e r t i e s  of  
a n  in t e r f ace  w i t h  a d s o r b e d  ma te r i a l  is a n  i m p e d a n c e  tech-  
n ique .  Re id  et al. (18, 19) m e a s u r e d  i m p e d a n c e  cha rac te r -  
i s t ics  of  w a t e r / n i t r o b e n z e n e  in t e r f ace  in  t h e  p r e s e n c e  of  

Table I. Standard values for selected ionic species of biological 
importance 

h~ ~ ,~  ~ (mV) hG ~ (kJ/mol) Ref. 

Acetylcholine 0.049 - 4.8 (12) 
Acetylcholine 0.05 - 4.8 (10) 
Choline 0.117 - 11.3 (12) 
Dodecylsulfate -0.043 - 4.1 (14) 
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Fig. 7. Dependence of AEp of No § in the presence of dibenzo-18- 
crown-6 and lecithin monolayer on temperature. 
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Fig. 8. 1.5 Hz real (solid symbols) and imaginary (unfilled symbols) 
impedances as a function of aqueous BSA concentration. Applied inter- 
facial potentials: +35 (Ig and El), - 15 (e  and �9 and - 6 5  mV (0  and 
0). 

b o v i n e  s e r u m  a l b u m i n  (BSA). F igu re  8 (19) s h o w s  one  of 
t h e  i m p e d a n c e  plots .  The  r e su l t s  i n d i c a t e d  t h r e e  p h e n o m -  
e n a  o c c u r r i n g  at  t he  in te r face :  a n  i n c r e a s e d  in te r fac ia l  
c h a r g e  d e n s i t y  u p o n  in i t ia l  B S A  adso rp t ion ,  f o r m a t i o n  of  
a n  a d s o r b e d  d ie lec t r ic  film, a n d  a n  e n h a n c e m e n t  of  
f a rada ic  b a s e  e lec t ro ly te  ion  l eakage  at  h i g h  B S A  concen-  
t ra t ions .  

As m e n t i o n e d  in t he  case  of  l ec i th in  m o n o l a y e r  s tud ie s  
(15), t he  t r ans f e r  of  ions  ac ross  the  in t e r f ace  c an  be  
i n f l u e n c e d  b y  the  p r e s e n c e  of  su i t ab le  i onopho re s .  Th i s  
p h e n o m e n a  can  b e  u s e d  for  i nves t i ga t i on  of ce r t a in  bio- 
logical ly  i m p o r t a n t  m o l e c u l e s  w h i c h  h a v e  t he  i o n o p h o r i c  
( t rans loca tor )  p roper t i e s .  Th i s  is t he  case  of  v a l i n o m y c i n  
(20-22), n o n a c t i n  (21, 23), a n d  m o n e n s i n  (24-26) (Fig. 9). 
Van:~sek et al. (22) s t u d i e d  t he  v a l i n o m y c i n  m e d i a t e d  
t r a n s f e r  of  K § ions  ac ross  w a t e r / n i t r o b e n z e n e  in t e r f ace  by  
po t en t i a l - sweep  v o l t a m m e t r y .  A cu rve  for  th i s  t r a n s f e r  is 
g iven  in  Fig. 10. 

M o n e n s i n ,  w h i c h  h a s  a p rac t i ca l  a p p l i c a t i o n  in  veter i -  
n a r y  p h a r m a c o l o g y ,  c an  b e  d e t e r m i n e d  b y  v o l t a m m e t r y  
at  L/L in te r face  in  the  c o n c e n t r a t i o n  r a n g e  b e t w e e n  0.05 
mmol / l i t e r  a n d  3 mmoYl i t e r  (25). The  p r inc ip l e  w h i c h  al- 
lows th i s  d e t e r m i n a t i o n  is t he  fac i l i t a ted  t r a n s f e r  of so- 
d i u m  a n d  h y d r o g e n  ions  ac ross  t he  n i t r o b e n z e n e / w a t e r  
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interface. A sodium monens in  molecular functional group 
(Fig. 9) can serve both as a sodium carrier (NaX) and a 
proton carrier (NaHX§ The particle being transferred is, 
in both cases, NaHX § This species is formed in nitroben- 
zene by either the reaction 

Na + + HX ~-- NaHX ~ 

with equilibrium constant log K~ = 5.63, or by the 
reaction 
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Fig. 10. Cyclic voltammogram of K § (c = 5 "• 10-5 tool liter-l) trans- 

fer facilitated by valinomycin (c = 5 • 10-4 tool liter-~). Base electro- 
lytes 10 -8 tool liter -~ LiCI in water, 10 -3 real liter -~ TPATPB in nitro- 
benzene. The scan rate was 16.3 mV s ~ .  
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Fig. 11. Cyclic voltammogram of monensin. A, base electrolytes 0.5 

tool liter -1 sodium acetate, 0.5 tool liter -~ acetic acid, and 10 _3 mol 
liter - I  NaCI. B, 1.12 • 10 -'~ mol liter -~ monensin dissolved in 
nitrobenzene. 

with equilibrium constant log K2 = 9.88. The principal 
electrochemical process is the exchange reaction 

Na*(w) + HX(o) ~-- NaX(o) + H§ 

(w--water, o in i t robenzene)  with the exchange equilib- 
r ium constant log Kexc~ng = -3.96. A cyclic voltammogram 
for this example is shown in Fig. 11. 

Summary 
Transport of ions across a single L/L interface can be 

observed without recourse to whole membrane transport 
studies. This new technology has begun to be applied to 
species of biological importance: species that adsorb and 
modify (usually inhibit) transport of small probe ions, and 
finally ionophore species that aid in transport of simple 
inorganic ions. Results include principally kinetic effects 
that are difficult to measure by other techniques. 
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Electrochemical Reduction of Benzoyl Chloride and Benzoyl 
Fluoride 

Graham T. Cheek* and Pamela A. Horine 

Department of Chemistry, U.S. Naval Academy, Annapolis, Maryland 21402 

ABSTRACT 

Voltammetric studies of the cathodic reduction of benzoyl chloride and benzoyl fluoride at vitreous carbon and 
plat inum in AN/TEAP have shown that reduction occurs at potentials (Ep) of -1.82 and -2.29V, respectively, vs. 
Ag/AgNO~ (0.1M). Reduction of benzoyl chloride involves one electron per molecule, forming a 2:1 mixture oftrans- and 
cis-stilbenediol dibenzoate. Electrochemical reductions of both product isomers produce good yields of 
diphenylacetylene. Evidence for the formation of the benzoyl radical, as opposed to the benzoyl anion, was obtained 
from experiments in which benzoyl chloride was reduced in the presence of another, less easily reducible acyl chloride 
(p-anisoyl chloride). The involvement of benzil as an intermediate in benzoyl chloride reduction is supported by 
voltammetric data for benzil reduction. An n value of 1.1-1.2 was observed for benzoyl fluoride reduction, which led to 
the formation of benzyl benzoate, diphenylacetylene, and stilbenol benzoate (total yield: approximately 35%) as 
identifiable products, the remainder of the product being material of higher molecular weight. The greater stability of 
the anion radical produced from reduction of benzoyl fluoride (compared to that of benzoyl chloride) is evidenced by 
observation of a reversible system at cyclic voltammetric sweep rates above 50 V/s, and is thought to reflect the fact that 
fluoride is generally not as good a leaving group as is chloride. 

As a general pathway in the electrochemical reduction 
of organic compounds, cathodic dehalogenation has been 
found to be particularly interesting because the radicals 
formed upon elimination of halide in this process are usu- 
ally fairly reactive and can couple to produce compounds 
with rather remarkable structures (1-5). Continued inter- 
est in this area has involved investigations of the effect of 
temperature upon the polarographic reduction of alkyl 
halides, as well as the general mechanism of organo- 
halogen compound reduction (7-10). 

In a literature survey of cathodic dehalogenation, it is 
apparent that the cathodic reduction pathways of acyl 
halides have not been thoroughly studied. An early study 
(11) revealed a diffusion-controlled polarographic re- 
sponse for the reduction of benzoyl chloride in acetone/ 
LiC104, the slope of the wave indicating a one-electron 
process, although no preparative studies were carried out. 
Similar results were obtained in later work at mercury in 
DMSO/TEAP (12). The reduction in buffered 50% 
dioxane/water mixtures at pH 9.3, in which the hydrolysis 
of benz0Yl chloride is rather slow, was found to involve 
four electrons, leading to the formation of benzaldehyde 
(13). Recently, a preparative electrolysis of benzoyl chlo- 
ride at mercury in acetone/LiC104 has been carried out, 
and, although little voltammetric information was given, 
the products were found to be cis- and trans-stilbenediol 
dibenzoate (14). 

The present work, carried out in acetonitrile/TEAP at 
both glassy carbon and plat inum electrodes, was 
undertaken to determine the reduction mechanism for 
benzoyl chloride as well as benzoyl fluoride in a corn- 

* Electrochemical Society Active Member. 

monly employed medium. The results have allowed an 
assessment of the generality of the reduction mechanism 
for benzoyl chloride in various systems, as well as an in- 
teresting insight into the effect of the halogen atom upon 
the reduction pathway. 

Experimental 
Chemicals, preparation, and purification.--Acetoni- 

trile (Fisher Scientific Company, ACS reagent grade) was 
stored for several days over CaH~ prior to fractional distilla- 
tion from P205 through a double-pass column, the middle 
70% being retained for use as solvent. This solvent, 
freshly distilled, was transferred under  nitrogen to a 
flask containing Call2 for introduction into the electro- 
chemical cell (see below). Tetraethylammonium perchlo- 
rate (Southwestern Analytical Chemical Company, elec- 
trometric grade) was dried in vacuo at 70~ for 
approximately 1 day before use. Nitrogen (Linde pre- 
purified grade) was passed through an oxygen removal 
tower (BTS Catalyst) and through a desiccant (Drierite) 
for removal of traces of oxygen and moisture present. 

Benzoyl chloride (99%) and benzoyl fluoride (95%, 
Aldrich Chemical Company) were purified by reduced- 
pressure distillation, producing clear liquids. Infrared 
spectra of these compounds confirmed their identity, 
and liquid chromatographic analyses showed the pres- 
ence of only one peak in each case. These compounds 
were stored under  nitrogen in tightly stoppered round- 
bottom flasks, kept inside a nitrogen-flushed desiccator 
over calcium sulfate. Cis- and trans-stilbenediol di- 
benzoate were synthesized and purified according to the 
procedure of Trisler and Frye (15), except that further 
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purification of the cis isomer by two-fold recrystallization 
from 75:25 hexane:benzene was required for complete re- 
moval of the trans isomer. Identity and purity of these 
compounds were established by melting p o i n t  (uncor- 
rected) [cis isomer, 158~176 literature 159~ (15); trans 
isomer, 188~176 literature 188.5~176 (15)], infrared 
spectra, and liquid chromatographic analysis. Stilbenol 
benzoate was prepared according to the method of 
Beringer et al. (16). Benzyl benzoate (99+%) was used as 
received from Aldrich Chemical Company. 

Electrochemical apparatus and techniques.--Voltam- 
metric experiments were carried out using vacuum 
line/inert gas line techniques.  A PAR Model K60/K66 elec- 
trochemical  cell, fitted with ~ 14/20 O-ring seal joints 
(Ace Glass Company), was used in these studies, with the 
electrode connections made by means of O-ring seals 
(Ace-Threds, Ace Glass Company) for the working elec- 
trodes and reference electrode, and sealed-through tung- 
sten wires for the auxiliary electrode. The cell, together 
with electrodes and supporting electrolyte, was placed 
under vacuum ( -5  ~m) for several hours in order to en- 
sure anhydrous conditions. Acetonitrile, previously 
purified as described above, was distilled by means of a 
current of dry nitrogen into a volumetric receiver, con- 
nected to the cell by means of an O-ring connection and 
vacuum stopcock, immediately before backfilling of the 
cell with nitrogen. After introduction of the solvent, this 
receiver was left in place throughout the experiments,  
thereby serving as a source of nitrogen for bubbling 
through or sweeping over the solution in the cell, these 
functions being selected by means of a stopcock in a pres- 
sure equalizing tube on the receiver. Working electrode 
materials used in this work were vitreous carbon (3 mm 
diam vitreous carbon rod, Atomergic, sealed in Pyrex 
tubing) and plat inum (5 mm diam disk). The auxiliary 
electrode was a platinum spiral, enclosed in a fritted glass 
tube (porosity E, 5-8 ~m, Ace Glass Company). Potentials 
were referenced to a Ag/0.1M AgNO~ [in acetonitrile; 
0.336V vs. aqueous SCE in 0.1M AN/TEAP (17)] reference 
electrode, separated from the solution by a double fritted 
junction, the outer part of which was filled with 
solvent/supporting electrolyte. Transfers of benzoyl chlo- 
ride from the storage vessel to the electrochemical cell 
were made under a stream of dry nitrogen by means of a 
10 ~1 syringe. 

Preparative electrolyses were carried out in a cell larger 
than that described above, the usual solution volume be- 
ing 150 ml. The cell was constructed from 75 mm diam 
O-ring Pyrex tubing, the top section being fitted with 
O-ring seal ports for electrodes, vacuum line connection, 
and solvent delivery tube of the distillation reservoir de- 
scribed above. Working electrodes for these preparative 
electrolyses were a platinum gauze electrode (50 mm 
diam • 55 mm height) and a vitreous carbon crucible (35 
mm diam • 35 mm height) placed in the electrolysis cell. 
The auxiliary electrode was concentrically located in the 
cell, and consisted of a carbon rod placed inside a porous 
clay cup, which in turn was placed in a fine porosity 
fritted glass tube. Solvent introduction procedure was the 
same as described for the smaller cell. Electrolyses typi- 
cally involved 200-300 ~1 of benzoyl chloride or benzoyl 
fluoride. 

Electrochemical experiments  were carried out using a 
PAR Model 170 Electrochemistry System, with some cy- 
clic voltammetric experiments  utilizing a function 
generator based on the design of Bruckenstein (18). A dig- 
ital coulometer (Model 640, The Electrosynthesis Com- 
pany) was employed for current integration. A Biomation 
Model 1010 transient recorder was used to obtain chrono- 
amperometric data on a short (10-200 ms) time scale. 

Product isolation and analytical techniques.--Elec- 
trolysis mixtures were flushed from the cell by nitrogen 
pressure into receiving flasks and the solvent removed 
either on the vacuum line or by a nitrogen stream. The 
residues were then extracted with hexane, benzene, or 
hexane/THF mixtures (anhydrous conditions) or parti- 

tioned between water and benzene, these conditions usu- 
ally giving equivalent results. Electrolysis products were 
identified by comparison of spectroscopic, voltammetric,  
and chromatographic characteristics for components  of 
electrolysis mixtures with those of authentic samples. 

Liquid chromatographic analyses were carried out with 
a Varian 8500 Liquid Chromatograph using a UV absorp- 
tion detector (254 nm), a CN bonded column, and 85% 
hexane: 15% methylene chloride mobile phase at a flow 
rate of 2.00 ml/min. 

A Hewlett-Packard Model 5992 gas chromatograph/ 
mass spectrometer, using a column of 2% OV 101/20% 
Carbowax 20M on Chromosorb WHP, was employed in 
this work. Typical conditions for analysis of products 
from benzoyl chloride electrolyses were a column temper- 
ature of 200~ and a flow rate of 30 mYmin, whereas 
those for analysis of benzoyl fluoride electrolysis prod- 
ucts involved a temperature program of 110~ (5.0 min), 
110~176 (in 6.5 min), and 170~ (13.5 min). An LKB 9000 
GC/MS instrument was also used to characterize the elec- 
trolysis product isolated from benzene extraction of the 
benzoyl fluoride electrolysis mixture (after evaporation 
of acetonitrile), this compound having the following mass 
spectrum: m/z 554 (2.6%), 478 (9.6%), 390 (22%), 298 (26%), 
283 (13%), 195 (25%), and 105 (100%). 

Results and Discussion 
Voltammetric studies of benzoyl chloride.--As shown in 

Fig. 1, the reduction of benzoyl chloride in acetoni- 
trile/TEAP at vitreous carbon occurs at -1.82V (Ep vs. 
Ag/0.10M AgNO3 reference electrode), with the peaks at 
more negative potentials corresponding to reduction of 
products formed in the initial benzoyl chloride reduction 
(see below). On the return sweep, a rather large peak at 
+0.8V indicates oxidation of chloride released upon ben- 
zoyl chloride reduction, as confirmed by addition of 
te t ramethylammonium chloride to an acetonitrile/TEAP 
solution (19). A study of peak current (ip) for the main re- 
duction process over the concentration range 2-10 mM re- 
vealed a linear relationship between ip and concentration, 
showing that benzoyl chloride reduction proceeds rather 
cleanly at vitreous carbon (that is, without serious 
filming effects). Variation of scan rate (v) from 5 to 200 
mV/s produced a linear ip vs. v ~'- plot, indicating 
diffusion-controlled behavior. 

Cyclic voltammetric characteristics for benzoyl chloride 
reduction at platinum appeared qualitatively similar to 
those at vitreous carbon. The main reduction process 
occurred at -2.00V with the same further reduction pro- 
cesses being observed, although the cathodic background 
process at platinum appeared at a somewhat more posi- 
tive potential (-2.8V) than at vitreous carbon. 

Preparative electrolyses and reaction mechanism. 
- - Integrat ion of current passed during preparative elec- 
trolyses and coulometric experiments produced an n 
value of 1.0 for benzoyl chloride reduction at platinum 
and vitreous carbon. The infrared spectra of isolated elec- 
trolysis products contained very strong bands at 1740 and 
1600 cm -j, characteristic of an ester carbonyl group and 
aromatic rings, respectively. Liquid chromatographic 
analysis of the electrolysis products showed that only two 
major products were formed in the electrolysis, with 
other products observed at shorter retention times. By 
comparison of chromatographic (LC and GC/MS) and 
voltammetric characteristics, the major products were 
identified as cis- and trans-stilbenediol dibenzoate 
(SDDB), the cis:trans ratio being 1.0:2.0 with a combined 
yield of 85%-90%. The voltammetric responses for these 
products, shown in Fig. 2b and 2c, clearly indicate their 
formation upon reduction of benzoyl chloride (Fig. 2a). 

It is interesting to note that the reduction of benzoyl 
chloride in acetone at mercury (14) produces similar re- 
sults, indicating that, in this case, the electrochemical re- 
action pathway is apparently largely independent  of sol- 
vent  and electrode material. In this regard, the initial 
reduction of benzoyl chloride is pictured as a one-electron 



1798 J. E l e c t r o c h e m .  Soc . :  E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  A u g u s t  1984 

Fig. 1. Cyclic voltammogrom of 
8.3 mM benzoyl chloride, v = 100 
mV/s, at vitreous carbon. 
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process which produces an acyl radical, two of which 
quickly couple to produce benzil. Cyclic voltammetry of 
benzil (Fig. 3) indicates that reduction of benzil to its an- 
ion radical can occur at the potential employed in the 
benzoyl chloride electrolysis (-1.80V). This reduction is 
envisioned as the first step in an ECEC mechanism 
involving benzil reduction, as given by the following 
sequence 
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Coupling of the intermediate anions with benzoyl chlo- 
ride p r o d u c e s  the observed product mixture, although 
only the t rans  isomer formation is shown for clarity. This 
scheme differs from that given for the reduction at mer- 
cury  in involving an initial one-electron rather than a two- 
electron reduction of benzil following its formation. Both 
mechanisms, however, account for the coulometric n 
value of 1.0 observed for benzoyl chloride reduction ac- 
cording to the overall mechanism 

4 benzoyl chloride + 4e- -~ cis, t r a n s - S D D B  + 4 C1- 

Another possible mechanism for benzoyl chloride re- 
duction involves the initial formation of the benzoyl an- 
ion by two-electron reduction of benzoyl chloride, fol- 
lowed by chloride displacement from benzoyl chloride by 
this anion to form benzil. In  order to determine the extent 
to which this benzoy] anion is i n v o l v e d  in benzoyl chlo- 
ride reduction, a cross-coupling experiment in which ben- 
zoyl chloride (Ep = - 1.82V) is electrolyzed in the presence 
of an equal concen t ra t ion  of p-anisoyl chloride (p-moth- 

oxybenzoyl chloride, E, = -1.92V) was carried out. Elec- 
trolysis at -1.82V (at which potential p-anisoyl chloride is 
not reducible) consumed 1.2 electrons per molecule of 
benzoyl chloride, at which point the concentration of 
p-anisoyl chloride was approximately 80% of its initial 
value. Liquid chromatographic analysis of the product 
mixture  revealed peaks due to cis- and t r a n s - S D D B  (k = 
{tR - tM}/t.~ = 2.84 and 3.06, respectively; combined yield 
45%) as well as others having k = 5.25, 5.62, and 9.40. 
These same products, with an additional peak at k = 6.52, 
were obtained in an electrolysis of an equimolar mixture 
of benzil, benzoyl chloride, and p-anisoyl chloride at the 
first reduction potential of benzil, the peaks at longer re- 
tention times being relatively more abundant  than those 
produced in the benzoyl chloride/p-anisoyt chloride elec- 
trolysis. The latter two peaks (k = 6.52 and 9.40) were also 
produced in a similar electrolysis of a 1:2 mixture of 
benzihp-anisoyl chloride. From these results, it appears 
that benzoyl chloride reduction in the presence of 
p-anisoyl chloride involves the initial formation of benzil, 
the reduction of which leads to coupling between the 
benzil anion radical and the acyl chlorides present in the 
solution. In addition to cis- and t r a n s - S D D B ,  four more 

(c) I 
#-. 

50 !JA 

(d) I 2001JA 

0.5 -1,0 -1,5 -2.0 -2.5 -3,0 

E, V vs Ac3/Aej+ 

Fig. 2. Cyclic veltammagrams of (curve a) benzoyl chloride, 8.2 raM, 
(curve b) trans-stilbenediol dibenzoate, 2,5 mM, (curve c) ci$- 
stilbenediol dibenzoafe, 2.2 mM, and (curve d) diphenylacetylene, 5.2 
mM. All scans recorded at 100 mV/s. 
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-0 .5  -1.0 -1.5 -2 .0 -2.5 -3.0 

Fig. 3. Cyclic voltammogram of 
benzil, 1.2 mM. v = 100 mV/s. 
Dashed line indicates scan reversal 
after first reduction process. 

E, V vs A g / A g  § 
stilbenediol diesters (cis and trans isomers of stilbenediol 
anisoate benzoate and stilbenediol dianisoate) are appar- 
ently formed in this process and give rise to the liquid 
chromatographic peaks having longer retention times 
than those for the SDDB isomers. The similarity of the 
products formed in the benzoyl chloride/p-anisoyl chlo- 
ride and the benziYbenzoyl chloride/p-anisoyl chloride 
electrolyses supports the initial formation of benzil in the 
benzoyl chlorid e electrolysis, indicating that benzoyl radi- 
cals are involved in the initial coupling reaction to form 
benzil. (It is expected that attack of the benzoyl anion 
upon p-anisoyl chloride in the cross-coupling experiment 
would lead to the initial formation of p-methoxy benzil 
and, hence, to different ultimate products than those ob- 
served above.) 

Recognizing the importance of benzil as an intermedi- 
ate in the above mechanism, a brief investigation of the 
electrochemical properties of this molecule in the pres- 
ence of benzoyl chloride was carried out. At a potential  
of -1.70V, reduct ion of benzil to its anion radical occurs, 
whereas benzoyl chloride is not reduced, thereby al- 
lowing the ECEC sequence ment ioned earlier to be stud- 
ied. As seen in Fig. 4, the cyclic voltammetric peak 
height parameter i , /v m for reduction of benzil at -1.70V 
under  thes8 condit ions increases considerably at lower 
scan rates, indicat ing the importance of the chemical re- 
actions in the sequence (20). In  this regard, the interme- 
diate produced in the first EC step is evidently more 
easily reducible than is benzil  itself, and its reduct ion 
contr ibutes  increasingly to the total reduct ion process 
as the scan rate decreases and its extent  of formation in- 
creases. The effect of benzoyl chloride concentrat ion on 

30r~ 

N- 

2 4  

21 

12 P~ I p 
5 1 0  2 0  5 0  

s c a n  

O 

i 

1 0 0  
r a t e ,  m V /  5 e c  

this process is clearly shown in Fig. 4, which shows 
voltammetric data for benzihbenzoyl  chloride ratios of 
1.0:0.5, 1.0:1.0, and 1.0:2.0. In this sequence, the rate of 
the chemical step increases with increasing benzoyl 
chloride concentration, producing a noticeable effect at 
200 mV/s at higher benzoyl chloride concentrat ions.  A 
pseudo-first-order rate constant  for this chemical step 
of 6.9 --- 0.5 s - '  was obtained by t reatment  of chrono- 
amperometric data for reduct ion of benzil (3 mM) in the 
presence of a large excess (60 mM) or benzoyl chloride 
according to the method of Alberts and Shain (21). A 
preparative electrolysis of a 1:2 benzihbenzoyl  chloride 
mixture  at -1.70V produced essentially the same results 
as those found for benzoyl chloride reduction (2:1 
trans:cis SDDB). At mercury (14), this electrolysis pro- 
duces a 1:2 trans:cis SDDB ratio, and apparently in- 
volves the adsorption of benzil  at the mercury electrode 
(14). 

As can be seen in Fig. 2, the reduction of the esters 
formed in the reduct ion of benzoyl chloride leads to fur- 
ther products. Preparative electrolyses of cis- and trans-  
SDDB at vitreous carbon and pla t inum were found to 
produce diphenylacetylene in 75%-80% yield, as mea- 
sured voltammetrically after positive identification by 
GC/MS and liquid chromatography. The n values ob- 
served (2.0-2.1) are consistent  with a two-electron reduc- 
tion, evidently involving the el iminat ion of benzoate 
anions with the consequent  formation of diphenylacety- 
lene. The cyclic vol tammogram of diphenylacetylene 
(Fig. 2d) illustrates its terminal  position in the sequence 
benzoyl chloride ~ c i s / t rans -SDDB --~ diphenyl- 
acetylene. 

d. 
o-~ 

C- 

b. ~ -  - - - - D - - - -  

cl. 

I 

2 0 0  

Fig. 4. Plot of peak current func- 
tion ip/v ~12 for first reduction pro- 
cess of 4 .8  mM benzil, showing ef- 
fect of benzoyl chloride additions�9 
Curve a: no benzoyl  chlor ide 
added.  Curve b: 1 � 9  ben- 
zil:benzoyl chloride molar ratio. 
Curve c: 1.0:1.0 henzii:benzoyl 
chlor ide molar  ratio. Curve d: 
1.0:2.0 benzihbenzoyl chloride 
molar ratio. 
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Fig. 5. Cyclic voltommograms of 
(curve a) benzoyl fluoride, 2.8 mM 
and (curve b) benzyl benzoate, 2.8 
mM. Both scans recorded at 100 
mV/s. 
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E, V vs A g / A g  § 

Voltammetric studies of benzoyl fiuoride.--The cyclic 
vol tammogram of benzoyl fluoride in acetonitrile at vit- 
reous carbon (Fig. 5a) shows that it is considerably more 
difficult to reduce than is benzoyl chloride, in accord 
with the usually observed order of ease of organo- 
halogen reduction (1, 2). A product  peak is evident  at 
-2.55V in addit ion to smaller processes in  the 
voltammogram. These results indicate that the electro- 
chemical reduct ion pathway of benzoyl fluoride is quite 
different from that of benzoyl chloride. 

The benzoyl fluoride reduction process, when ob- 
served by cyclic vol tammetry at a scan rate of 50 V/s, 
was found to be reversible, in contrast to behavior ob- 
served for benzoyl chloride reduction. AC voltammetric 
measurements  confirmed these observations, showing 
that el imination of fluoride upon reduction occurs 
much more slowly than the el imination of chloride in 
the corresponding benzoyl chloride reduction. The fact 
that chloride is generally a better leaving group than 
fluoride (22) seems to account  for the greater stability of 
the benzoyl fluoride anion radical. 

Coulometric investigations of benzoyl fluoride reduc- 
tion produced an n value of 1.1-1.2, indicating that the 
process is not so well defined as that of benzoyl chlo- 
ride reduction. Analysis of products from a preparative 
electrolysis carried out at -2.30V showed that the major 
products formed in the electrolysis are benzyl benzoate 
and diphenylacetylene (15% and 10%-15%, respectively, 
based upon voltammetric measurements  in the electro]- 
ysis mixture) with variable yields of st i lbenol benzoate 
(5%-15%) also being obtained. These products were 
found in a hexane extract (3-75 ml portions) of the evap- 
orated electrolysis mixture. A similar extraction with 
benzene produced an orange oil which, upon  dissolution 
in 50:50 methylene chloride:hexane and passage 
through an a lumina column, led to the isolation of a 
light-yellow compound (10% yield) having the mass 
spectral characteristics given in the Experimental  sec- 
tion. It is evident that this product involves rather ex- 
tensive coupling of intermediates formed upon  benzoyl 
fluoride reduction, since its molecular weight (554) is 
much higher than that of the other products isolated. 
The base peak (m/z 105) indicates the presence of the 
benzoyl group in  the product, and the peak at m/z 298 
suggests that the product  may be the result of further re- 
duct ion and coupling of stilbenol benzoate. Further  ex- 
traction with refluxing benzene gave more of the 
orange oil noted above (total yield, 60%) which produced 
no well-defined peaks in l iquid chromatographic analy- 
sis and is presumably polymeric material  formed in the 
electrolysis. The infrared spectrum of this oil contains 

bands at 1740 and 1600 cm -1, indicating that ester car- 
bonyl  bonds, as well a s p h e n y l  groups, are present, and 
that the material has some structural similarity to the 
lower molecular weight products formed in the benzoyl 
fluoride electrolysis. 

The product  analysis of the benzoyl fluoride electrol- 
ysis mixture indicates that the reaction pathway is very 
fragmented. One of the directions taken apparently in- 
volves initial st i lbenediol dibenzoate formation, as in 
benzoyl chloride reduction, followed by reduct ion to 
diphenylacetylene and stilbenol benzoate. Benzyl ben- 
zoate may arise from reductive cleavage of the stilbene- 
diol dibenzoate double bond, although the results on 
s t i lbenedio ld ibenzoate  reduction seem to indicate oth- 
erwise. A more likely route for benzyl benzoate forma- 
tion involves a displacement  of fluoride from benzoyl 
fluoride by the benzoyl fluoride anion radical following 
benzoyl fluoride reduction. A]though the concentrat ion 
of benzoyl fluoride at the electrode is very low under  
these conditions, the lifetime of the anion radical should 
be long enough to permit  diffusion into solution where 
unelectrolyzed benzoyl fluoride would be encountered.  
Following the displacement  reaction, the pathway is not 
as clear, but  evidently involves further reduction, corre- 
sponding to loss of fluoride, and hydrogen abstraction 
from solvent and/or support ing electrolyte. The remain- 
der of the product  mixture  consists of the compound of 
molecular weight 554 and polymeric materials, evidently 
involving extensive coupling of benzoyl radicals formed 
by decay of the benzoyl fluoride anion radical, the ex- 
tent of the coupling being sufficient to produce the 
large yield of polymeric (high molecular weight) product  
observed. 

In an attempt to measure the rate of decay of the ben- 
zoyl fluoride anion radical, double potential-step 
chronoamperometric  experiments  (23) involving the 
main benzoyl fluoride reduct ion process were carried 
out at vitreous carbon on a 3 mM benzoyl fluoride solu- 
tion. A rate constant  of 60 -+ 15 s -1 for the first-order de- 
cay process [as specified in this t reatment  (23)] was ob- 
tained. Although this value is in fairly good agreement 
with the cyclic voltammetric results observed at higher 
scan rates, it must  be regarded with some caution be- 
cause of the mul t i tude of products formed in subse- 
quent  radical reactions. The proposed pathway for ben- 
zyl benzoate formation (coupling of benzoyl fluoride 
anion radical with benzoyl fluoride), if followed, would 
affect the above rate constant  since it does not corre- 
spond to the assumed reaction (initial decay followed by 
subsequent  reactions); however, the amount  of benzyl 
benzoate formed is relatively small and therefore may 
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not greatly alter the above finding. Further  work on the 
mode of benzyl benzoate formation, as well as on the 
benzoyl fluoride reduct ion process in general, is in 
progress and is expected to clarify the role of the ben- 
zoyl fluoride anion radical in the reduct ion pathway. 

Conclusions 
It would appear, from the results of this study and that 

of Guirado et al. (14), that the mechanism of benzoyl chlo- 
ride reduction is essentially the same in these two media. 
This similarity evidently reflects the fact that the cou- 
pling of acyl radicals is much more favorable than reac- 
tions of these radicals with the various components in ei- 
ther of the systems employed. Chemical reductions of 
benzoyl chloride by hexaphenyldit in (24) and in the pres- 
ence of pentacarbonyliron (25) have also been found to 
produce a mixture of cis- and trans-stilbenediol 
dibenzoate, indicating that the reaction pathway is rather 
general. 

As studied in the present work, the effect of the halogen 
atom on the reduction pathway can be seen in the differ- 
ence of reduction potentials for benzoyl chloride and ben- 
zoyl fluoride, as well as in the nature of the products ob- 
tained. The difference in reduction mechanisms can be 
attributed to the greater stability of the benzoyl fluoride 
anion radical formed initially in the reduction process, as 
well as to the more negative potential required for its 
reduction. 
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A B S T R A C T  

T h e  e l e c t r o c h e m i c a l  b e h a v i o u r  of  a va r i e ty  of  para-substituted n - p h e n y l p y r r o l e  m o n o m e r s  a n d  t h e i r  c o r r e s p o n d i n g  
p o l y m e r s  was  analyzed.  T he  e l ec t ron-a t t r ac t ive  or e l ec t ron - r epu l s ive  n a t u r e  of e a c h  para g r o u p  s u b s t i t u e n t  was  per-  
ce ived  in  t h e  pyr ro le  u n i t  t h r o u g h  t he  p h e n y l  r i ng  a n d  m a n i f e s t e d  in  t h e i r  Ep~ values .  G o o d  l i nea r  co r re l a t ions  w i t h  
H a m m e t t  ~§ c o n s t a n t s  we re  o b t a i n e d  for b o t h  t he  m o n o m e r  E~a va lues  a n d  t h e  e l ec t roac t ive  p o l y m e r  Eo values .  

I n  ou r  c o n t i n u o u s  sea rch  for  n e w  po l ypy r r o l e  con-  
d u c t i n g  p o l y m e r s  (1), i t  was  f o u n d  t h a t  f u n c t i o n a l  g roup  
s u b s t i t u t i o n  on  t he  p h e n y l  r i ng  on  n - p h e n y l p y r r o l e  pro- 
v ides  a n  exce l l en t  w ay  to o b t a i n  a wide  se l ec t ion  of  chem-  
ical ly modi f i ed  p o l y m e r  fi lms. In  add i t ion ,  s o m e  of  t he se  
f u n c t i o n a l  g roups ,  s u c h  as -NO2, -OH, -COOH, a n d  
-COCH3, are ab le  to  be  mod i f i ed  c h e m i c a l l y  be fo re  or 
a f te r  t he  e l ec t ropo lymer i za t ion ,  a f fo rd ing  a n  a l t e rna t ive  
rou t e  to  mod i fy  t h e  po lymer .  

T h e  c h e m i c a l  s y n t h e s i s  a n d  anod ic  o x i d a t i o n  of  15 
para-substituted n - p h e n y l p y r r o l e  m o n o m e r s  a n d  t h e  
e l e c t r o s y n t h e s i s  of  t h e i r  p o l y m e r s  offers  t h e  o p p o r t u n i t y  
to s t u d y  t he  s u b s t i t u e n t  e l ec t romer i c  ef fec t  u p o n  the i r  
e l e c t r o c h e m i c a l  p roper t i e s .  

Ear l i e r  (2) r e su l t s  r evea l  t h a t  a w ide  va r i e ty  of  n- 
p h e n y l p y r r o l e  p o l y m e r s  are  po ten t i a l ly  u s a b l e  as elec- 
t r o d e s  w h i c h  c o n t a i n  a p a r t i c u l a r  c h e m i c a l  c o m p o s i t i o n ,  
or p h y s i c a l  or  e l e c t r o c h e m i c a l  p roper t i e s .  

Materials and Procedure 
The  para-substituted n - p h e n y l p y r r o l e  m o n o m e r s  were  

s y n t h e t i z e d  f rom 2 , 5 - d i m e t h o x y t e t r a h y d r o f u r a n  a n d  t he  
a p p r o p r i a t e  a m i n e  r e f l uxed  in  acet ic  acid.  T he  pyr ro le  
de r i va t i ve s  were  pur i f i ed  b y  c o l u m n  c h r o m a t o g r a p h y  sil- 
ica gel u s i n g  as e l u e n t  e t hy l ace t a t e / hexane .  Af te r  crystal l i -  
za t ion  or v a c u u m  dis t i l la t ion,  t he  p u r e  pyr ro le  m o n o m e r s  
w e r e  iden t i f i ed  b y  H-1NMR, I R , - a n d  MS a n d  c o m p a r e d  
w i t h  r e p o r t e d  da ta  (3). 

E l e c t r o c h e m i c a l  e x p e r i m e n t s  were  p e r f o r m e d  w i t h  a 
P A R  173 P o t e n t i o s t a t  w i t h  a P A R  175 U n i v e r s a l  P r o g r a m -  
mer .  The  w o r k i n g  e l ec t rode  was  a b u t t o n  of  P t  (0.5 c m  2) 
or a t h i n  layer  of  P t  (0.5 cmD d e p o s i t e d  o n  a glass  plate.  A 
gold  wi re  was  u s e d  as coun te r e l ec t rode .  All  po t en t i a l s  
w e r e  m e a s u r e d  w i t h  r e s p e c t  to  a ca lomel  r e f e r ence  elec- 
t r o d e  s a t u r a t e d  w i t h  KC1 in  H~O. Ace ton i t r i l e  (J. T. Baker )  
d i s t i l l ed  f rom p h o s p h o r o u s  p e n t o x i d e  was  u s e d  as sol- 
v e n t  in  all t he  e x p e r i m e n t s .  T he  r e d o x  p o t e n t i a l s  a n d  Eo 
va lues  for  m o n o m e r s  a n d  p o l y m e r s  were  o b t a i n e d  di- 
rec t ly  f r o m  the  cycl ic  v o l t a m m o g r a m s .  T h e  anodic ,  ca th-  
odic,  a n d  Eo po t en t i a l s  l i s t ed  we re  m e a s u r e d  at 100 mV/s.  

Results and Discussion 
A c o m p a r a t i v e  ove rv i ew  of  t he  n - s u b s t i t u t e d  pyr ro le  

m o n o m e r s  a n d  the i r  e l e c t r o s y n t h e t i z e d  p o l y m e r s  s h o w e d  
t h a t  t he  o x i d a t i o n  p o t e n t i a l s  i nc rease  g r adua l l y  to  a n o d i c  
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polymers. 

Table I. Cyclic voltammetric data of n-phenylpyrrole monomers and thin 
film polymers 

Monomer Polymer 
para-Substituents E,JV EpJV Ep,./V Eo/V 

--N--(CH3)2 1.26 - -  - -  - -  
--OH 1.28 - -  - -  - -  
--OCH3 1.31 0.66 0.50 0.58 
--OET 1.31 0.66 0.55 0.61 
--H 1.47 0.69 0.59 0.64 
--CH3 1.48 0.67 0.54 0.61 
--Br  1.51 0.82 0.62 0.72 
--F 1.52 0.76 0.62 0.69 
--CO--CH3 1.52 0.86 0.70 0.78 
--I  1.52 0.72 0.70 0.71 
--C1 1.53 0.85 0.69 0.77 
--OAc 1.56 - -  - -  - -  
--COOH 1,58 -- - -  - -  
--C(F)3 1.59 - -  - -  - -  
--NO2 1.60 0.90 0.78 0.84* 

* Value obtained from Ref. (3). 

va lues  in  the  o rde r  pyr ro le  < n -a lky lpy r ro l e  < 
n -pheny lpy r ro l e .  The  c h e m i c a l  mod i f i ca t i on  of  t h e  pyr-  
role  u n i t  b y  i n t r o d u c t i o n  of  a lkyl  s u b s t i t u e n t  in  t h e  ni t ro-  
g e n  p e r m i t s  one  to o b t a i n  a ser ies  of  n - a l k y l - s u b s t i t u t e d  
py r ro l e  p o l y m e r s  w i t h  d i f f e ren t  c h e m i c a l  a n d  phys i ca l  
p r o p e r t i e s  (4). Howeve r ,  t he  e l e c t r o p o l y m e r i z a t i o n  reac- 
t ion  of  n -a lky lpyr ro les  s u b s t i t u t e d  w i t h  b u l k y  g r o u p s  
( te r t -buty l ,  cyc lohexy l )  is i n h i b i t e d  b y  s te r ic  i n t e rac t ions .  
In  t h e  series,  t he  a n o d i c  o x i d a t i o n  po t en t i a l  of  m o n o m e r s  
a n d  p o l y m e r s  is sh i f t ed  as t h e  s u b s t i t u e n t  size, a n d  s ter ic  
h i n d r a n c e  inc reases .  There fore ,  t he  o x i d a t i o n  of  the  pyr-  
role  n u c l e u s  is a f fec ted  ve ry  l i t t le  b y  t h e  e l ec t ron  do- 
n a t i n g  effects  of  t he  N-alkyl  g roups .  

Table II. E,a and Eo values of monomers and polymers 

Pyrrole substituent Monomer E,a/V Polymer E,,/V ~ 

p-N(Me)~ 1.26 - -  - 1.70 
p-OH 1.28 - -  -0.92 
p-OMe 1.31 0.58 -0.78 
p-Me 1.48 0.61 -0.31 
H 1.47 0.64 0.0 
p-Br 1.51 0.72 0.15 
p-F 1.52 0.69 -0.07 
p-I 1.52 0.71 0.14 
p-C1 1.53 0.77 0.11 
p-COOH 1.56 - -  0.42 
p-CF3 1.59 - -  0.61 
p-NO~ 1.60 0.84 0.79 
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Fig. 1. Pyrrole electropolymeri- 
zation mechanism. 

(a) ,' 
Imm100 

�9 20 ~A 

ieo o 

U !0 ~A 

"~ oo o �9 

- /  
~ o l  l 

t 
! I E/V I 

0.0 0.5 1.0 

Fig. 2. Cyclic voltammograms of 20 mC/cm 2 thin films of poly-n- 
phenylpyrroles substituted with p-COCH 3 (curve a) and p-OCH 3 (curve 
b) at 100 mV/s in CH3CN containing 0.1M Et4NBF4. 

In the N-phenylpyrrole series, ortho-electroactive sub- 
stituents showed electronic and steric effects (5), whereas 
in para-substituted n-phenylpyrroles, which will be dis- 
cussed here, only electromeric effects were observed. 

Therefore, the electron-attractive or electron-repulsive 
nature of groups was transmitted through the n-phenyl 
ring into the pyrrole moiety (6). According to this, the 
group effects were reflected in the anodic oxidation Epa 

values of monomers as well as in the E,a, Epr and Eo 
values of polymers, as shown in Table I. 

The first electrochemical oxidation step of  n-phenyl- 
substituted pyrrole monomers  (Fig. 1) produces a very re- 
active radical-cation at the anode, which initiates the 
chain propagation, forming oligomers (7). The polymer- 
ization process continues by reaction of the oligomer 
radical-cation with others or with the radical-cation of the 
monomer  present in high concentration in the anode 
region. 

The poly n-phenylpyrrole formed on the electrode sur- 
face as a smooth film contains the phenyl substituent, 
which modifies the cyclic vol tammogram shape and the 
redox values. Also in the cyclic vol tammograms of 
p-NO2(3), p-COCH3, p-Br, and p-C1, an additional small 
peak appears before the pyrrole oxidation loop between 
0.5-0.6V (Fig. 2). These peaks of unknown origin were not 
assigned. 

In order to measure the substituent effect in a quantita- 
tive way and to explain some electrochemical properties 
of the studied pyrroles, the E,a and Eo values of mono- 
mers and polymers were related with the available 
Hammett-Brown (8) substituent constants (P listed in 
Table II. 

When least squares regression techniques were used 
and these values plotted against one another, a satisfac- 
tory linear relationship was obtained. 

The correlation coefficient for the pyrrole monomer  
series in Fig. 3, is: r = 0.960 and r = 0.927 for the polymer 
set Fig..4. These values are good enough to satisfy the 
Jaffe's standard (9) and exemplifies for the first t ime a 
parallel substituent effect on both the monomer  and their 
polymers on the positive charged reaction center. 

Also, monomers and polymers are in accordance with a 
linear relationship given by Eq. [1] and [2] 

Epa = 0.16o -+ +1.49 (monomer) 

Eo = 0.18(r ~ +0.695 (polymer) 

[i] 

[2] 

E PA /V 

1,61 

1,55 
P-COOH 

P-CF 3 

P-NO 2 

P-F 

�9 P-CH3 

�9 P-BR 

I "1 ! 
-1,7 -i,0 -0,5 

! 
0,5 1,0 0-+ Fig. 3. Relationship of oxidation 

(E~a) of p-N-phenylpyrrole mono- 
mers vs. o-+ values of substituents. 
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Fig. 4. Hammett-Brown plot of 
the Eo values of p-N-phenylpyrrole 
polymers. 
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According to the slope values, the lines are almost  paral- 
lel lines, and consequent ly  we can infer that  the substitu- 
ent supports  the same environment  in monomer  and 
polymer  and the influence is t ransmit ted through the 
phenyl  ring into the pyrrole reaction center, producing 
the same effect. Therefore, torsional angle or conforma- 
tion between the two aromatic rings of n-phenylpyrroles  
before and after polymerizat ion should be very similar. 

The prel iminary studies to evaluate some of the formed 
polymers  as electrodes, showed the subst i tuent  influence 
on the quality of the films (5) and on the changes in the 
film electron-transport  rate (10). 

Finally, polymerizat ion was totally inhibited when the 
phenyl  subst i tuents  were groups such as --N(CH=)~ a n d  
--OH, which are easier to oxidize than the pyrrole group. 
When NO.., was the substituent,  only thin films a n d  
oligomers were produced (11), whereas --C(F)~ yielded a 
powdery black deposi t  on the electrode. Thus, it appears 
that  N-p-phenylpyrroles with strongly attracting or elec- 
tron inductor  subst i tuents  which have large positive or 
negative ~+ values will present  difficulties for 
polymerization. 
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Impedance Measurements in Nonaqueous Media: Measurements of 
an Electron-Transfer Rate Constant in the Presence of Adsorption 

Xiang-Qin Lin,* Tadeusz Malinski, *,1 and Karl M. Kadish* 

Department of Chemistry, University of Houston, Houston, Texas 77004 

ABSTRACT 

Equations are derived for the calculation of heterogeneous electron-transfer rate constants in nonaqueous media 
using the ac impedance method. These equations are modifications of equations in the literature and are specifically 
applicable for direct semiautomatic ac impedance measurements using a four-electrode system and a small ac perturba- 
tion signal. An example of combined faradalc and adsorption processes is given by the reduction of bis(N-R-2,6-pyri- 
dinedicarboxaldimine)Co(II). This compound shows adsorption at a Pt electrode in acetone, 0.1M TBAP which is not de- 
tected by cyclic voltammetry.  Applications of modified ac impedance methods allowed the calculation of a k ~ = 8.0 x 
10-~ cm/s and an a = 0.4 in the presence of adsorption. 

A well-established application of impedance measure- 
ments is in the study of adsorption and electrode kinetics. 
When accurate impedance measurements  are required, ac 
bridges (1-3) have long been considered superior to direct 
measuring, phase-sensitive devices (4-10). However,  the 
manual  operation of an ac bridge is tedious and time 
consuming. It is therefore understandable that much ef- 
fort has recently been devoted to designing more or less 
automatically operating, direct measuring devices (11-13). 
A great improvement  in this direction was suggested by 
Smith et al. (14-17), who used a computer  to control mea- 
surements and to acquire data with aid of a Fast Fourier 
transform algorithm. The only alternative to this Fast 
Fourier  approach is still the direct measuring, phase- 
sensitive detector (11). However, nonbridge instruments 
are complicated and often expensive. 

Recently, the design of an instrument which could be 
used for direct measurements  of ac impedance and which 
could be constructed from relatively low cost commer- 
cially available components  was reported (18, 19). With 
this device, we were able to decrease the ac perturbation 
signal below 0.5 ~A. In addition, by using a four-electrode 
system (the standard three-electrode system plus an ac 
counterelectrode), the frequency could be changed auto- 
matically and a complex plane spectrum could be ob- 
tained in the t ime that is usually needed for the obtaining 
of a single ac sinusoidal polarogram. 

We now present an experimental  and theoretical treat- 
ment  of impedance data obtained from this device in or- 
der to calculate a heterogeneous electron-transfer rate 
constant for a redox process which occurs in nonaqueous 
media in the presence of adsorption. We have chosen for 
our investigation the six-coordinate bis(N-R-2, 6-pyri- 
dinedicarboxaldimine)Co(II) complex with substituent 
R = CH~Ph. This complex was shown to exhibit  an 2E(ls) 

4T(hs) spin-equilibrium process in both the solid and 
solution states (20). In nonaqueous media, the cobalt(II) 
complex can be reduced to a cobalt(I) species and has a 
rate constant of 3.7 x 10-~ cm]s when measured by cyclic 
voltammetry.  No trend between spin state and k ~ was ob- 
served in this study (21). However, a number  of other ef- 
fects besides spin transition can influence the measured 
rate constant. One such effect is adsorption. The weak ad- 
sorption of bis(N-R-2,6-pyridinedicarboxaldimine)Co(II) 
on a platinum electrode could not be detected by cyclic 
voltammetry,  but is quite evident from the impedance 
measurements.  Thus, with this latter electrochemical 
technique, the characteristic of the "surface" reaction can 
be investigated. 

Experimental 
Bis(N-R-2,6-pyridinedicarboxaldimine)Co(II) where R = 

CH~Ph was used for determining the heterogeneous rate 

* Electrochemical Society Active Member 
' Present address: Department of Chemistry, Oakland Univer- 

sity, Rochester, Michigan 48063. 
Key words: heterogeneous kinetics, bis(N-R-2,6-pyridinedicar- 

boxaldinine) Co(II), four-electrode system. 

constant for the Co(II)/Co(I) reaction. This compound,  
which we will abbreviate as LCo(II), was synthesized by 
the method of Simmons and Wilson (20) and was gener- 
ously provided by Dr. L. J. Wilson. Impedance  measure- 
ments were made with a home-built  instrument whose 
design has been described previously (18, 19). A four- 
electrode system was used. This consisted of a platinum 
button (area = 0.08 cm 2) working electrode and a Pt  wire 
dc counterelectrode. The utilized Pt button electrode was 
well constructed by a competent  glass-blower: a 1 mm 
diam commercial  Pt wire was sealed into "cobalt-glass," 
which was sealed into Pyrex tubing to form a vacuum- 
tight Pt electrode. The electrode surface was polished by 
fine sandpaper and then a polishing agent to form a flat 
shiny surface. This electrode was investigated by cyclic 
voltammetric measurements  and shows an excellent  be- 
havior without edge effects (The solution does not creep 
between the glass and the platinum). A 2 cm 2 platinum 
mesh served as an independent  ac counterelectrode, and 
a saturated calomel electrode was used as the reference 
electrode. The latter was separated from the organic sol- 
vent  by a glass frit. A constant 0.5 ~A testing alternating 
current flow through the cell (between the working elec- 
trode and ac counterelectrode) produced a signal mea- 
sured from the in-phase output and quadrature output 
lock-in analyzer. A signal from the in-phase output  corre- 
sponded t Q the sum of R'so, and ZRs and the signal from the 
quadra tu re  output corresponded to the Zcs (see Fig. 2a). 
The potential scan rate was 2 mV/s, and 200 and 50 kHz 
frequencies were applied for low and high frequency 
measurements,  respectively. 

Results and Discussion 
The measurable parameters obtained from our ac im- 

pedance device can be represented by the in-series equiv- 
alent circuit shown in Fig. la. In this circuit ZRs and Zcs are 
the resistive and capacitive components of impedance, 
and R~ol is the resistance of the solution. The term c~ indi- 
cates a concentration of i redox species. 

The interface between a working electrode and solution 
where no redox species are present in solution can be rep- 
resented by the parallel equivalent circuit shown in Fig. 
lb, where RL and CL are the leaking resistance and leaking 
capacitance, respectively. In aqueous media at c~ = 0, only 
the adsorption process influences CL. In this case, RL is 
assumed to be quite large and may be omitted, so the CL 
represents the double layer capacitance CdL. This is not 
the case in nonaqueous media, where CL and RL may be of 
comparable magnitude. For example, in freshly distilled 
acetone containing 0.1M TBAP, the values of RL and 1/oJCL 
were calculated as 8 and 3 kf~ at 200 Hz frequency (both 
RL and CL were frequency dependent), and R~o~ was mea- 
sured as 450~ (19). This corresponds with a phase angle of 
the interfacial impedance of about 70 ~ In polar organic 
solvents, the phase angle should not be expected to be 90 ~ 
due to the existence of adsorption and the relaxation t ime 
effect of the organic solvent molecules. 
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Fig. 1. A: in-series equivalent circuit of an electrochemical cell where 
ZRs is the resistive component of impedance, Zc~ the capacitive compo- 
nent of impedance, and Rso~ the solution resistance. B: parallel equiva- 
lent circuit of an electrochemical cell with solvent and supporting elec- 
trolyte (no faradaic process occurs). CL is the leaking capacitance and RE 
the leaking resistance. C, D, and E: interconversion of parallel equiva- 
lent circuit of the electrochemical cell in the case of pure faradaic pro- 
cess: Zc~ = capacitive component of impedance, ZRp = resistive compo- 
nent of impedance, ZF = faradaic impedance, Rat = charge transfer 
resistance, Zw = Warburg impedance. The sub "s" and "p" represent the 
in-series and parallel circuit, and Ci (concentration of a redox sample). 
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Fig. 2. (a): Capacitive (Zc). (b): Resistive (ZR) component of 
impedance-potential dependence for the reduction bis(N-R-2,6 
pyridinedicarboxaldinine)Co(ll) in 0.1M TBAP, acetone. Concentra- 
tions of bis(N-R-2,6 pyridinedicarboxaldimine)Co(il) were: (1) 0.0; (2) 
1.4 • 10-4M; (3) 6.5 • 10-4M; (4) 1.3 • 10-3M; and (S) 2.5 • 
10-3M. The dotted line indicates Rso I. 

Plots of the resistive and capacitive components  of im- 
pedance vs.  potential  for different concentrat ions of 
LCo(II) in acetone are shown in Fig, 2. The capacit ive 
component  of the impedance,  Zc, decreased with increas. 
ing concentration of LCo(II) (Fig. 2a). The resistive com- 
ponent,  ZR, also decreased with increasing concentrat ion 
of the sample, but  below a concentration of 6.5 • 10-4M, 
ZR was higher than that observed for the blank solution 
(Fig. 2b). In order to analyze these data, we will consider 
two l imit ing cases. These are pure faradaic processes and 
faradalc processes combined with adsorption. 

F a r a d a i c  p r o c e s s e s . - - T h e  half-cell equivalent circuit for 
a pure faradaic process is shown in Fig. ld.  In  the absence 
of coupled reactions, the faradaic component  of the first- 
order electrode process can be represented as a sum of 
the  charge transfer resistance, R,t, and the Warburg im- 
pedance, 2~ (22, 23) (see Fig. le) 

2~ = 1% + 2w B] 

The Warburg impedance  has been descr ibed as 

Zw = { Re, (1 - j) [2] 

where ~ is the dimensionless  rate paramenter ,  which is 
given by the following equation (22, 23) 

kR ko 
- - -  ~ -  [3] 

(2coDR) '/2 (2oJDo) '/2 

kR and ko are the heterogeneous electron transfer rate con- 
stants and DR and Do are the diffusion coefficients for the  
reduced and oxidized species, respectively. The charge 
transfer resistance Rct is dependent  on the rate constants 
and can be descr ibed by Eq. [4] 

1 [ Oka Oko 
R,t - n F A  ~CR ~ -- CO - ~ - )  [4] 

where CR and Co are the concentrat ions of the reduced and 
oxidized forms on the electrode surface, A. The other 
symbols  have their  usual  meanings. 

The resistance of the solution R~o~ can be measured for a 
b lank solution and subtracted from the value of the total 
impedance.  The in-series circuit  shown in Fig. l a  can be 
t ransformed to the parallel  circuit i l lustrated in Fig. lb  or 
lc. Equations [5] and [6] describe the impedance  for the 
in-series (Z s) and parallel  (Z,) circuit, respectively (24), and 
Eq. [7] and [8] describe the transformation of the in-series 
circuit  to the parallel  circuit  (24) 

1 
2s = R~ + - -  [5] 

o~Cj 

2, R, [6] 
1 + o, CpRpj 

ZRp=ZR~[1 (Zc~Y 2] + \ - -~ - ]  J [7] 

z~p = Zcs [1 + ( z~ Y ~ ] \ ~ - ~  / ] [8] 

Combining Eq. [1] and [2] gives 

ZF = Rot (1 + 0 - ~Rctj [9] 

and a further t ransformation from the in-series circuit 
represented by Eq. [9] to the parallel  circuit  represented 
by Eq. [7] and [8] yields the resistive impedance,  (ZR,)F, 
and the capacitive impedance,  (Zcp)F, for the faradaic 
contr ibut ion 

Re, 
(ZRp)~= 1 + ~ (1 + 2~+2{  2) [10] 

= R. ~t (1 + 2~ + 2~ 2) [11] (Zc~)~ 

Finally, the ratio (Zcp)F/(ZR,)~ is only a function of 
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(Zc,)r 1 
- 1 + -  [ 1 2 ]  

(Z~,)~ 

Thus, the impedance of a blank solution provides Zm(co) 
and Zc~(co), from which the CL and RE can be calculated 
(see Fig. lb). The impedance is then measured for a solu- 
tion containing an electroactive species, and values of 
Zm(c~) and Zc~(C,) obtained from which the Zc,(C~) and 
ZRp(c~) can be calculated (see Fig. lc). RE and CL can then 
be subtracted from the total impedance (see Fig. ld). This 
pure faradaic contribution can be treated using Eq. [12] to 
get the r value. 

The rate parameter ~ can be calculated as shown in Eq. 
[13] 

[ ]-' Z~gc,) - ZR~(Co) �9 n _ 1 
= Zcs(C,) Zc~(Co) n 

where n is a conversion factor 

[13] 

[zcs(c,)]  2 + [ z ~ ( m ) ]  2 
[14] 

n = [Zcs(Co)]~ + [zRs(Co)]~ 

If we assume that De = Do = D and kR + ko = k, then Eq. 
[3] can be written more compactly as 

k = ~(2oJD) '1~ [15] 

The standard heterogeneous rate constant k ~ can be ob- 
tained from the plot of log k vs. potential (25). 

Calculated k values for LCo(II) in the potential range of 
-0.3 to -0.45V are presented in Fig. 3. These values were 
calculated using a measured diffusion coefficient of 1.3 x 
10 -5 cm-~ As seen in this figure, the shape of the log k 
potential plot for the lowest concentration of sample (1.4 
x 10-~M) is distorted. The max imum of the plot increases 
with higher sample concentration, and the potential of 
the max imum is shifted in a negative direction. This indi- 
cates that the measured impedance is due to a faradaic 
process which is influenced by adsorption (25). 

Combined f a rada ic  and  adsorption processes.--AC ad- 
mittance measurements  for combined faradaic and ad- 
sorption processes have been described by several au- 
thors (23, 25-28). Theoretical representations of the cell 
admittance or impedance are quite complicated and can- 
not be simply solved without  some limiting assumptions. 
A general form of the half-cell equivalent circuit for the 
case of adsorption of the reactant and the product can be 

",,I 

(_9 

I 

1,01 - -  

0.5-  

I I I 
-05  -0.4 

DC POTENTIAL, V SCE 
Fig. 3. Heterogeneous electron-transfer rate constant k potential de- 

pendence for the reduction of bis(N-R-2,6-pyridinedicarboxaldi- 
mine)CoOl) complex in 0.1M TBAP, acetone solution. Concentrations: 
1.4 x 10-4M (0) ,  6.5 x 10-4M ([3), 1.3 x IO-~M (A) ,2 .5  x 10-3M 
(�9 Reference solution: 0.1M TBAP, acetone. 
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Fig. 4. (a): The equivalent circuit of an electrochemical cell for a com- 

bined adsorption and faradaic process. Rso, = solution resistance, CL = 
leaking capacitance, RL = leaking resistance, ZK = kinetic impedance, 
Z~ = faradaic impedance. (b): Heterogeneous electron-transfer rate 
constant k potential dependence for the reduction af 1.3 x lO-aM 
his(N-R-2,6 pyridinecorboxaldimine)Co(ll) in O. 1M TBAP, acetone. Ref- 
erence solution: 6.5 x 10-4M bis(N-R-2,6-pyridinedicar- 
boxoldimine)Co(ll) in 0.1M TBAP, acetone. 

represented as shown in Fig. 4a, where ZK and Z~ are the 
desorption-adsorption impedance (a kinetic impedance) 
and faradaic impedance, respectively. 

The representation of faradaic and adsorption pro- 
cesses as shown in Fig. 4a is possible only with the as- 
sumption that there is no coupling between the faradaic 
and the adsorption process. The coupling would be a con- 
sequence of comPetit ion by different mechanisms (redox 
and adsorption-desorption) for the same species, but is 
negligible under conditions where the ac impedance mea- 
surement  is performed at a surface completely covered by 
electroactive sl~ecies (i. e., at the plateau of the isotherm 
where the surface concentration F is close to unity). In 
this case, the contribution of the impedance due to ad- 
sorption will be constant and can be considered as the 
background. 

The charge transfer resistance and Warburg impedance 
are proportional to the bulk concentration of the electro- 
active species (Eq. [1], [2], and [4]). Therefore, further in- 
creasing of the concentration will only effect the faradaic 
component  of the impedance Z~. In this special case, we 
can use Eq. [13] - [15] for calculation of the heterogeneous 
electron-transfer rate constant on an electrode surface 
which is completely covered by adsorbed species. The 
presented treatment eliminates measurements  of double 
layer capacity. Using as a background the value of imped- 
ance measured for 6.5 x 10-4M LCo(II) enabled calcula- 
tion of the rate constant and the log k potential plot 
shown in Fig. 4b. A graphical extrapolation gave k ~ = 8 x 
10 -2 cm/s and a coefficients 0.4 and 0.6. No differences 
were observed for the log k potential plot if the imped- 
ance of the solution with the concentration of LCo(II) 
larger than 6.5. x 10-4M was assumed to be the back- 
ground. 
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A Cyclic Voltammetric Study of the Gold-Oxygen System 
James P. Hoare* 

General Motors Research Laboratories, Electrochemistry Department, Warren, Michigan 48090-9055 

ABSTRACT 

Cyclic vol tammograms were obtained on gold bead microelectrodes in N2-stirred 1M H2SO4 and 1M HF solutions as 
a function of the sweep rate and the potential range scanned. It is found that H2 and 02 are very slightly absorbed on Au 
and that neither is dissolved in the bulk metal. As a result, Au makes a more stable indicator electrode than Pt, which 
does dissolve oxygen. It is the formation of this Pt-O alloy that necessitates a prepolarization of Pt before a steady-state 
cyclic vol tammogram is obtained. It is noted that all contamination of Au with noble metals must be rigorously avoided. 

In the literature, there is a growing body of evidence to 
support the conclusion that oxygen may be dissolved in 
Pt during anodic polarization (1-14) and with passivation 
in concentrated HNO3 (15-17). To obtain a steady-state 
cyclic vol tammogram on Pt in acid solutions, up to 20 cy- 
cles of polarization (18-22) are required, and it has Been 
proposed that this preparation is required to free the Pt 
surface from absorbable, electroactive impurities even in 
highly purified solutions (20). From a cyclic voltam- 
metric study of Pt in H2SO4 and HF solutions, it was con- 
cluded (23) that in purified solutions the predominant  
cause for the necessary 20 cycle prepolarization is the 
charging of Pt with dissolved oxygen. As 0x:~gen is dis- 
solved in the Pt metal, the catalytic activity of the Pt sur- 
face is modified for various electrochemical processes, 
and, until the surface or dermasorption layers of the 
metal are saturated with dissolved oxygen, a constant cat- 
alytic surface cannot be realized. Thus, a steady-state cy- 
clic vol tammogram cannot be obtained. 

If such a study were carried out on gold, which does not 
dissolve gases (24, 25), the steady state would be expected 
to be established relatively quickly in purified systems. 
This report describes a cyclic voltammetric study of gold 
microelectrodes in purified H~SO4 and HF electrolytes. 

Experimental 
Test electrodes were in the form of small beads (about 

0.13 cm diam) melted at the end of pure (99.9+%) gold 
wires (0.038 cm diam) in an oxygen torch. These gold 
beads were cleaned in hot concentrated HNO3 and in a 
burning H2-jet, as described elsewhere (23), and were pot- 

* Electrochemical Society Active Member. 
Key words: oxygen absorption, sulfate adsorption, noble 

metal poisoning. 

ted in molten polyeth~ylene. As before (23), three test elec- 
trodes were mounted in the dual-compartmented Teflon 
cell, which had been leached in triply distilled water from 
an all-quartz still, for at least 2 weeks after having been 
soaked in concentrated HNO3 for 48h. All counter- and 
auxiliary electrodes were made from electroformed gold 
gauze. 

After the cell had been filled with 1M H~SO4 made from 
triply distilled water and analytical grade H~SO4, the sys- 
tem was pre-electrolyzed with all-gold test and auxiliary 
electrodes connected together against gold wire pre- 
electrolysis electrodes. A pre-electrolysis current of 3 mA 
was allowed to flow for 48h before breaking the circuit 
by removing the gold wires. 

At no point in the experimental  procedure was the sys- 
tem permitted to come in contact with Pt. It has been 
shown (26-28) that the presence of only a very few Pt sites 
on the Au surface drastically modifies the electrochemis- 
try of Au. 

Once the pre-electrolysis electrodes were removed, the 
solution was stirred with purified hydrogen gas until all 
gold electrodes registered 0V between one another. This 
procedure removed the oxides and peroxides generated 
during pre-electrolysis, but it required a longer time to re- 
duce the Au oxides on Au than the Pt oxides on Pt (23). 

In a separate clean, Teflon cell, the aPd-H reference 
electrode (29) was made. A small palladium bead was 
melted at the end of a Pd wire and potted in molten poly- 
ethylene. This bead was anodized in 1M H2SO4 against Pt  
for 48h, after which H2 was bubbled around the Pd until 
its potential came to 50 mV vs. Pt/H2 gauze electrodes in 
the same solution. After continuing the H2 bubbling for 
an additional 2h, the Pd bead was removed from the sec- 
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ond cell, rinsed in triply distilled water, and sealed in the 
reference compartment of the first cell in the H2-satu- 
rated acid solution. In  this way, contamination of the Au 
test electrodes with adsorbed or deposited Pd was mini- 
mized, if not prevented entirely. 

The procedure for obtaining the cyclic voltammetric 
data in purified N2-saturated electrolyte was virtually the 
same as presented earlier (23). 

For those experiments using 1M HF, the electrolyte was 
prepared in Teflon labware and the glass frit connecting 
the reference and test compartments was removed. 

Unless otherwise noted, all potentials are recorded vs. 
~Pd-H (50 mV vs. NHE at pH = O) at ambient  tempera- 
tures, 25 ~ _ I~ 

Results and Discussion 
On gold in N~-stirred 1M H~SO~, it required about ten 

cycles of polarization to reach a steady-state voltam- 
mogram, as shown in Fig. 1. On Pt in N~-stirred 1M H2SO~, 
as shown in Fig. 2, it required many more cycles of polari- 
zation than on Au to reach a steady state, and the changes 
from the initial trace to the steady state are much greater 
on Pt than on Au. The family of cyclic voltammograms 
presented in Fig. 3 was obtained on Au by varying the 
sweep rate from 100 to 17 mV/s. The major peaks are 

identified with Roman numerals. For the hydrogen re- 
gion, a subscript H, is used, and in the oxygen region, O is 
used. The peaks on the cathodic going sweep are distin- 
guished from those on the anodic going sweep by a 
prime. Since the peak heights are linearly dependent  on 
the sweep rate, it is concluded (30) that the electrode pro- 
cesses responsible for the peaks are surface processes and 
not diffusion of some electroactive species from the solu- 
tion. The shape of the traces in Fig. 3 is similar to that re- 
ported on Au in the literature (31-36). 

To relate peaks appearing on the anodic going trace 
with those on the cathodic going trace, one may vary the 
range of potentials over which the electrode is scanned. 
In  Fig. 4, a family of voltammograms is obtained by 
initiating the anodic sweep at successively more anodic 
potentials. As the beginning of the anodic sweep is 
shifted from -200 to 500 mV, a small reduction in the IIo, 
IIIo, and IVo peak heights is observed. If the anodic sweep 
is begun at 1000 mV, IIo is reduced, but IIIo and IVo are 
maintained; if at 1100 mV, IIo disappears; and if at 1200 
mV, IIIo and IVo disappear. 

When the cathodic sweep is begun at successively more 
cathodic potentials, the family of voltammograms in Fig. 
5 is obtained. As one progresses from 1700 to 1400 mV, I'o 
diminishes until  after about 1350 mV, and both I'o and II'o 

Fig. 1. Cyclic voltammograms 
obtained on Au in N2-stirred 1M 
H2S04 showing change in pattern 
from initial trace to the steady- 
state trace. Sweep rate: 100 mV. 
Sweep range: - 2 0 0  to 1700 mV. 
Initial trace indicated by arabic nu- 
meral one. 

Fig. 2. Cyclic voltammograms 
obtained on Pt in N~-stirred 1M 
H~S04 showing change in pattern 
from initial to the steady-state 
trace. Sweep rate: 100 mV/s. 
Sweep range: 0-1500 mV. Initial 
trace indicated by arabic numeral 
one. 
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disappear. On the 1400 mV trace, a shoulder on I'o ap- 
pears and is designated as II'o. Changes in II'H occur as 
the potential range is reduced, the largest changes 
occurring between 1300 and 600 mV. 

From these data, one associates IIo, IIIo, and IVo with I'o, 
but, apparently, IIo also contains the species reduced in 
II'o. In addition, Io is related to III'o and IH to I'H. 

In N2-stirred 1M HF, the steady-state voltammogram on 
Au is reached relatively quickly (in about five cycles of 
polarization), as demonstrated in Fig. 6. The linear 
dependence on sweep rate shown in Fig. 7 indicates that 
the electrode processes involved are surface reactions. 
The overall shape of the traces in Fig. 7 are very similar to 
those on Au in 2N H2SO4 (Fig. 3) except that Io and III'o 
are not present and IH and I'H have also vanished. At 
about 1100 mV, an additional peak, designated VI~, ap- 
pears. Traces similar to these have been reported by 
Hamelin et al. (36) for Au in NaF solutions. 

As one reduces the potential range by initiating the 
anodic sweep at increasingly positive potentials (Fig. 8), 
little or no changes occur until  the sweep is begun at 900 
mV, where IIo is reduced. At 1000 mV, the structure in the 
oxygen region is reduced to a single broad peak, which 
disappears at potentials above 1100 mV. Figure 9 contains 
the data for reduction of the potential range by initiating 
the cathodic sweep at irmreasingly, greater cathodic 
values. Between 1700 and 1300 mV, I'o is reduced; the 
shoulder II'o appears at potentials below 1300 mV. As be- 

fore, we associate IIo, IIIo, and IVo with I'o, noting that IIo 
is also associated with II'o. 

It is now possible to assign electrode processes to the 
peaks observed o n  the cyclic voltammograms. As dis- 
cussed in the literature (28, 35, 37), the oxide layers on Au 
are formed by the discharge of adsorbed water molecules 
to form precursor species, such as hydrated AutO or hy- 
drated adsorbed oxygen (Au-O). Such species are oxi- 
dized with continued polarization to hydrated AutO3 or 
AuOOH. This oxide may be formed through a place- 
change mechanism (38) as discussed by Schultze and 
Vetter (37). However, oxygen atoms remain only in the 
first surface layer of gold atoms and do not penetrate into 
the bulk metal. 

In Fig. 1 and 6, the first anodic sweep on gold exhibits 
peaks IIIo and IVo but not IIo. With each succeeding cycle 
of polarization, IIo becomes more prominent  at the ex- 
pense of IIIo and IVo unti l  the steady-state pattern is 
formed (Fig. 3 and 7). This behavior is viewed as the oxi- 
dation of the hydrated oxide precursors to a steady-state 
layer of hydrated Au20~. According to the literature, the 
oxide film on Au is a porous, poorly adherent layer of hy- 
drated Au203 (39) that grows continuously with polariza- 
tion (40-42) by the place-change mechanism at the metal- 
oxide interface (37). The increase in area of the reduction 
peak I'o in Fig. 3 and 6 reflects the growth of the AutO3 
layer during the anodic going sweep until  the oxide 
formed during anodization is just  reduced during cathod- 
ization at steady state. 
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From the data in Fig. 5 and 9, there appears to be two 
kinds of oxide, a strongly bound and weakly bound form. 
Most of the oxide is present as relatively thick patches of 

weakly bound hydrated Au20~. Under  these patches or 
clusters of  hydrated Au203 at the metal-oxide interface is 
a strongly bound (probably monolayer) film of Au20~ in- 
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Fig. 8. Family of cyclic voltam- 
mograms obtained on Au in 
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start of trace is indicated by poten- 
tial value. 
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timately tied to the surface layers of the gold metal (simi- 
lar to dermasorbed Au20~). The reduction of this tightly 
bound Au203 appears in II'o. In the steady-state scan (Fig. 
3 and 6), IIo, IIIo, and IVo may represent the formation of 
Au203 with different degrees of hydration. 

Since peaks Io and IIT'o appear on vol tammograms ob- 
tained on Au in H~SO4 solutions but not on those in HF 
solution, it is concluded that the absorption of HSO4- ions 
on Au produce Io, and their desorption III'o. It is noted 
that VIo appears on scans in HF but not on those in 
H.2SO4. If it is assumed that oxygen begins to absorb on 
Au at VIo, then the absence of VIo in H2SO4 may be traced 
to the interference of adsorbed HSO4- ions which delay 
the adsorption of oxygen to higher potentials. Such be- 
havior was noted (23) on cyclic voltammograms obtained 
on Pt  electrodes in 1M H2SO4 and in 1M HF solutions. 
This interference of adsorbed HSO4- ion on Au may also 
account for the larger number  of cycles of polarization re- 
quired to reach steady state in H2SO4 (Fig. 1) than in HF 
(Fig. 6). 

Evolution of oxygen leads to Vo, and evolution of hy- 
drogen to II'H. In HF solutions, hydrogen is virtually not 
adsorbed. However Fig. 8 and 9 indicate that there is 
some relationship between the surface reaction at low 
values of the polarization and that at high values of the 
polarization. This behavior may be accounted for by area 
changes during oxide formation and reduction. In H2SO~ 
solutions, this effect is exaggerated to the point that IH 

and I'n were assigned to this region. It may be possible 
that HSO4- ion adsorption may contribute to the enhance- 
ment  of the area effects in H~SO4 solution. 

Once a steady-state cyclic vol tammogram is obtained 
on gold in 1N HF (SS in Fig. 10), the electrode was cycled 
for about 20 cycles between -200 and 500 mV. When the 
potential range scanned was increased to 1700 mV, the 
steady-state curve was virtually recovered with the first 
cycle of polarization. For the sake of comparison, this 
same procedure was repeated on Pt  in 1M H~SO4 cycled 
between 0 and 1500 mV. The steady-state trace is indica- 
ted by SS in Fig. 11. When the potential range was nar- 
rowed to 0-500 mV and cycled for about 20 cycles, large 
changes took place in the hydrogen peaks Im I'm IVm and 
II'~, and IIIH disappeared. Upon returning the sweep 
range to 0-1500 mV, one observes that it required at least 
five (numbered in Fig. 11) cycles of  polarization to re- 
cover the steady state. 

Such behavior in the case of Pt  has been accounted for 
(23) by the dissolution of oxygen in bulk Pt at potentials 
above 1V to form a Pt-O alloy. The alloy is a better cata- 
lyst for the O~ and H2 reactions than is oxygen-free Pt. As 
shown in Fig. 2, it requires many cycles of polarization to 
charge up the Pt so that a steady-state Pt-O alloy surface 
with a stable catalytic activity can be obtained. When the 
system was cycled between 0 and 500 mV (Fig. 11), oxy- 
gen was removed from the Pt surface by reaction with ad- 
sorbed hydrogen, and although this hydrogen is replaced 
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by d isso lved  oxygen  in the  meta l  diffusing to the  surface, 
the  catalyt ic  act ivi ty  of  the P t  surface changes  wi th  each 
cycle  because  the  concen t ra t ion  of  d isso lved  o x y g e n  in P t  
is be ing  cont inual ly  reduced.  When the  anodic  end of  the 
sweep  is r e tu rned  to 1500 mV, the  s teady-state  Pt-O alloy 
surface  can be  regenera ted  wi th  the  r ep l acemen t  of the  
lost  d i sso lved  oxygen  wi th  five cycles  of  oolarizat ion.  

In  the  case of  Au, only a few cycles of  polar izat ion are 
r equ i red  to reach to s teady state (Fig. 1 and 6). When cy- 
cled to 500 m V  (Fig. 10), re la t ively li t t le change  is ob- 
served,  and the  s teady state is r eached  rapid ly  once  the  
sweep  is r e tu rned  to 1500 mV. Since  Au does  not  dissolve 
oxygen,  anodizat ion or ca thodiza t ion  does  not  modi fy  the  
catalyt ic  act ivi ty  of  the  Au  surface  for H.2 or  O~ react ions  
(Fig. 10) and a s teady-sta te  v o l t a m m o g r a m  is ob ta ined  
quickly.  1 

To demons t r a t e  the  effect  of  noble  meta l  po i son ing  of  
the  Au surface, the  a -Pd-H reference  e lec t rode  was pre- 

One of the reviewers suggested that these data could be in- 
terpreted in terms of gold's not adsorbing impurities as easily as 
Pt, which could account for the shorter times required to reach 
the steady state on Au than on Pt. Another possibility is the sug- 
gestion that the deposition of oxygen rearranges the surface Au 
atoms more rapidly than on Pt. Both of these mechanisms have 
been rejected in favor of the one proposed in the body of this re- 
port. 

~I o 

Fig. 11. Once the steady-state 
cyclic voltammogram was obtained 
on Pt in 1M H.2SO4 from 0 to 1500 
mV at 100 mWs, the electrode was 
cycled from 0 to 500 mV for about 
20 cycles. When the electrode was 
cycled again between - 2 0 0  and 
1700 mV, it required at least 5 cy- 
cles (numbered on figure) to re- 
trace the steady-state scan (ss). 

1.2 1.4 

(v) 

pared  (preanodized and cha rged  wi th  hydrogen)  in the  
same solut ion wi th  the  Au electrodes.  The family  of  cyclic 
v o l t a m m o g r a m s  obta ined  on the po isoned  Au in 1M H F  
solut ion scanned  b e t w e e n  -200  and 1700 mV as a func- 
t ion of sweep  speed  is p re sen ted  in Fig. 12. A p r o m i n e n t  
h y d r o g e n  desorp t ion  peak, IH, is ev iden t  and the potent ia l  
at wh ich  oxygen  is first absorbed  VIo is shif ted far to the  
left. Here,  VIo appears  at a potent ia l  co inc iden t  wi th  the  
va lue  for the  beg inn ing  of  oxygen  adsorp t ion  on P t  (Fig. 
13). Not  only is IIo m u c h  sharper  in Fig. 12 than  in Fig. 3 
and 7, bu t  it is also shif ted to the  left  by  at least  100 mV. 
Peaks  IIIo and IVo (evident  in Fig. 7) b e c o m e  ind is t inc t  in 
Fig. 12. The oxygen  r educ t ion  peak  I'o b e c o m e s  m u c h  
sharper  and nar rower  in Fig. 12 than  in Fig. 7. F r o m  the  
data  in Fig. 12, it is ev iden t  that  noble  meta l  contamina-  
t ion of  a Au surface can severe ly  modi fy  the  e lec t rochem-  
is try of  the  noble  "metal-free Au surface. S ince  P t  or Pd  
sites are m u c h  more  ac t ive  than  Au sites, only  a ve ry  few 
noble  meta l  sites p resen t  on an Au surface  can give it a 
s t rong noble  meta l  character .  

F r o m  these  studies,  it is conc luded  that  hyd rogen  is 
only  s l ight ly adsorbed  (if at all) on Au, and m u c h  less 
than  a mono laye r  of  o y x g e n  (0 < 0.01) is adsorbed  be low 
1350 mV. Above  1350 mV, hydra ted  Au203 is fo rmed  by 
the  p lace-change  m e c h a n i s m  be tween  Au surface  a toms 
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Fig. 12. Family of cyclic 
voltammograms obtained on Pd- 
contaminated Au in N2-stirred 1M 
HF from - 2 0 0  to 1700 mV/s as a 
function of the sweep rate (100, 
83, 67, 50, 33, 17 mV/s). 100 
mV/s sweep is outside trace. 
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voltammograms obtained an Pt in 
N:-stirred IM H.~SO4 from 0 to 
1500 mV as a function of the Z 
sweep rate (100, 83, 67, 50, 33, 
17 mV/s). 100 mV/s sweep is out- 
side trace. U 
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and adsorbed oxygen atoms generated by the discharge 
of water. There are two kinds of adsorbed AutO3 on the 
Au surface, a strongly bound, thin layer at the Au surface 
lying beneath a relatively thick, weakly bound layer. Oxy- 
gen does not dissolve in the bulk gold metal, nor do other 
gases. Consequently, Au presents a stable catalytic sur- 
face in many electrochemical systems and can make an 
excellent indicator electrode. Bisulfate ions can adsorb on 
Au and interfere somewhat with hydrogen and oxygen re- 
actions taking place at the Au surface. For investigations 
of the electrochemistry of Au, one must  rigorously ex- 
clude contact with noble metals. 

These data also support the conclusion (23) that pre- 
polarization of Pt  is required to produce a stable catalytic 
surface by forming a Pt-O alloy. In this way, a reproduci- 
ble and stable indicator electrode may be obtained. Al- 
though desorption of impurities (21, 22, 30) and possible 
dissolution of Pt (43, 44) may contribute to the need for 
prepolarizing Pt, the major contribution to this treatment 
is the formation of a Pt-O alloy with a stable catalytic sur- 
face. This work on Au supports this viewpoint because 
pure clean Au, which does not dissolve oxygen, does not 

m o 

I II 1 I I I 
0.6 0.8 1.0 

POTENTIAL vs aPd-H 

I 
1.2 

(v) 

I I 
1,4 

need this intense prepolarization to achieve a stable cata- 
lytic surface in the same purified electrolytes. 

Manuscript submitted Nov. 4, 1983; revised manuscript  
received Jan. 23, 1984. This was Paper 408 presented at 
the Cincinnati, OH, Meeting of the Society, May 6-11, 
1984. 
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Membrane-Covered Oxygen Sensors: An Exact Treatment of the 
Switch-on Transient 

Janice C. Myland and Keith B. Oldham* 

Department of Chemistry, Trent University, Peterborough, Ontario, Canada KgJ 7B8 

ABSTRACT 

Equations are derived that exactly describe the current-time behavior of a membrane-covered oxygen sensor, fol- 
lowing the imposition of a polarizing potential to the previously equilibrated cell. The role of the various geometric, 
transport, and solubility factors is evaluated without any restriction being placed upon the magnitudes of these factors. 
The equations are analyzed to predict the duration of cottrellian behavior, and the interval before the onset of the steady 
state, for sensors of practical importance. 

The membrane-covered electrochemical oxygen sensor 
was invented by Clark (1); its principles are comprehen- 
sively described in the monograph by Hitchman (2). The 
geometry of the device is as shown in Fig. 1. The medium 
being analyzed, which may be a gas, a water body, or an 
aqueous solution, contains oxygen at a uniform partial 
pressure Pw. An inlaid disk electrode is separated from 
this medium by a layer of aqueous electrolyte and a layer 
of a plastic membrane.  The diameter (4 A/~-) 1~2 of the elec- 
trode is very large compared with the thicknesses a and b 
of the two layers so that oxygen effectively reaches the 
electrode solely by diffusion along the dimension marked 
y in Fig. 1. 

In operation, the electrode is polarized sufficiently nega- 
tive that the reaction 

02 + 2H~O + 4e ~ 4 OH- [1] 

proceeds under  diffusion controlled conditions. When the 
polarizing potential is applied to a previously equilibrated 
cell, a transient current flows that declines towards an ul- 
timate steady-state value. Both the initial transient cur- 
rent and the final steady-state current are proportional to 
Pw, and both currents have been used analytically. The 
form of the current vs. time relationship depends in a 
complicated fashion on the geometric, transport, and sol- 
ubility properties of the two layers. Previous derivations 
(2-4) of this relationship have imposed restrictions on 

*Electrochemical Society Active Member. 

these properties. The object of the present discussion is 
to remove these restrictions. 

Solubility and Transport Properties 
The concentration of oxygen at any plane y in the elec- 

trolyte is related to the oxygen partial pressure there by 
Henry's law 

c = H e p  0 ~<y ~ a  [2] 

Here, He is the Henry's law constant for oxygen in the 
electrolyte solution. It is a few percent smaller than Hw, 
the Henry's law constant for pure water, because of the 
"salting out" of oxygen by the electrolyte. A similar rela- 
tionship 

medium 

electrolyte 
//////////// 
e l oot od  ////A 
//////////A 

o r ' ea  H 

Fig. I. The geometry of the membrane-covered oxygen sensor. The 
thicknesses a and b are small in comparison with the electrode radius (4 
A/~)'s 



1816 

c = H m P  a <<- y <~ a + b [3] 

h o l d s  in  the  m e m b r a n e ,  b u t  w i t h  a d i f fe ren t  H e n r y ' s  law 
c o n s t a n t  H~. 

E q u i l i b r i u m  m a y  b e  a s s u m e d  to ex i s t  a t  t h e  o u t e r  a n d  
i n n e r  faces of  t he  m e m b r a n e ,  so t h a t  

p ( y  = a +  b - )  = p ( y  = a + b +) = pw [4] 

a n d  

p ( y  = a + ) =  p ( y  = a - )  [5] 

Moreover ,  t he  f luxes  of o x y g e n  on  each  s ide  of  the  m e m -  
b rane / e l ec t ro ly t e  i n t e r f ace  m u s t  be  ident ica l ,  i . e .  

J ( y  = a +) = J ( y  = a - )  [6] 

B e c a u s e  we a s s u m e  o x y g e n  t r a n s p o r t  to be  w h o l l y  dif- 
fusive,  F i ck ' s  first l aw 

op 
~c - D ~ H ~ - -  0 <~ y <~ a [7] J =  -D~ 0--y= ~y 

appl ies ,  w h e r e  De is the  d i f fus ion  coeff ic ient  of  o x y g e n  
in  t he  e lec t ro ly te  so lu t ion .  A s imi la r  r e l a t i o n s h i p  

J - D ~ H ~  Op = - -  a < - y < ~ a + b  [8] 
~y 

ho lds  w i t h i n  the  m e m b r a n e .  As  w i t h  h is  first law, F ick ' s  
s e c o n d  law m a y  also b e  w r i t t e n  in  t e r m s  of  o x y g e n  par t ia l  
p r e s s u r e s  

~P - D e 0 e P  0 ~< y ~< a [9] 
at 0y 2 

a n d  

J .  E l e c t r o c h e m .  S o c . :  E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  A u g u s t  1 9 8 4  

ap _ Dm a2p 0t ~ - :  a ~<y < a +  b [10] 

The  d i f fus ion  coeff ic ient  of o x y g e n  in  a q u e o u s  elec- 
t ro ly te  so lu t ion  is a m i ld  f u n c t i o n  of t e m p e r a t u r e  a n d  of  
t he  n a t u r e  and  c o n c e n t r a t i o n  of the  electrolyte .  We shal l  
u se  the  v a l u e  (5) 

D~ = 2.1 • 10 -9 m2s - '  [11] 

throughout this article. There is a paucity of information 
on the diffusion coefficients of oxygen in membrane ma- 
terials but Hitchman (2) reports 

D~ = 1.14 x 10-" m2s - '  [12] 

for polytetrafluoroethene (Teflon), which is commonly 
used for sensor membranes. Experiments in these labora- 
tories (6) suggest that Dr, approximates 3 x 10-1~ m2s -, for 
polydimethylsiloxane (silastic rubber). 

Whereas there are few diffusion coefficient data, some 
compilations exist of the product DmHm, which is known 
as the "permeability" of the membrane material. How- 
ever, as Table I shows, there is poor agreement among the 
reported values. The related quantity 

Pm = DmHm/Hw [13] 

Table I. Permeabilit ies of two polymers to oxygen 

mo] m - t  
Polymer s - '  arm -~ Method Ref. 

Polytetra- 8.0 • 10-'~ Volumetric using gas/ (7) 
fluoroethene 1.4 • 10 -I3 membrane/gas system (8) 

3.1 x 10 -9 Volumetric using water/ (7) 
membrane/water system 

1.1 • 10 -'~ Electrochemical via Eq. (2) 
[13]-[15] 

Polydimethyl- 2.3 • 10 -8 Volumetric uaing gas/ (7) 
siloxane 1.7 • 10 -8 membrane/gas system (8) 

1.4 • 10 -7 Volumetric using water/ (7) 
membrane/water system 

is k n o w n  as t he  " p e r m e a b i l i t y  coeff ic ient"  of  the  m e m -  
brane .  H i t c h m a n  (2) r epo r t s  t he  e x p e r i m e n t a l  va lue  

P m =  8.2 • 10 -I' m2s - '  [14] 

for polytetrafluoroethene. 
The Henry's law constant for pure water may be calcu- 

lated from oxygen solubility data [Ref. (2), Appendix B] 
as about 

Hw = 1.33 mol m-3atm -I [15] 

at room temperature. For aqueous I:i electrolytes at 
tenth-molar concentration 

H e ~ 1.28 mol m-3atm -I [16] 

for solutions typically used to fill membrane-covered 
sensors. The Henry's law constant for polytetrafluoro- 
ethene can be obtained as 

H~ = 9.6 tool  m - 3 a t m  -1 [17] 

f rom Eq. [12]-[15]. Not ice  t h a t  o x y g e n  is s ign i f ican t ly  
m o r e  so lub le  in  th i s  p o l y m e r  t h a n  in  w a t e r  or a q u e o u s  
so lu t ions .  

A d i m e n s i o n l e s s  g r o u p i n g  of  t e r m s  t h a t  r e p e a t e d l y  oc- 
cu r s  in  t h e  fo l lowing  t h e o r y  is 

Del/2He -- Dm'/ZHm 
i = [18 ]  

D~'I2H~ + Dm'~ZHm 

This  de f in i t ion  of  A e n s u r e s  t h a t  i ts  va lue  l ies b e t w e e n  
- 1  a n d  +1. The  c o n s t a n t s  in  Eq. [11], [12], [16], a n d  [17] 
lead to t he  r e p r e s e n t a t i v e  v a l u e  

A = 0.29 [19] 

w h e n  t he  s enso r  m e m b r a n e  is po ly t e t r a f iuo roe thene .  
Th i s  va lue  will  be  u s e d  in n u m e r i c a l  e x a m p l e s  below.  

T h e r e  is a cha rac t e r i s t i c  t i m e  assoc ia ted  w i th  t r a n s p o r t  
t h r o u g h  each  of  t he  layers,  n a m e l y  

a n d  

Te = a2/De [20] 

T m =  b2/Dm [21] 

Probably the single most common membrane in present 
day use is a 0.001 in. thick film of polytetrafiuoroethene. 
For such a membrane, one calculates, using Eq. [12] 

Tm= 57s [22] 

The  cha rac te r i s t i c  e lec t ro ly te  t i m e  Te m a y  b e  e i t he r  
s h o r t e r  or longer  t h a n  this ,  a c c o r d i n g  to t he  s e n s o r  de- 
sign.  Thus ,  a c lass ical  Cla rk  cell ha s  a n  e lec t ro ly te  film of 
a b o u t  20 ~ m  t h i c k n e s s ,  w h i c h  gives 

Te = 0.19s < <  Tm Clark  c o n d i t i o n s  [23] 

w h e n  c o m b i n e d  w i t h  t he  va lue  in  Eq. [11]. On t he  o the r  
h a n d ,  F o w l e r  a n d  O l d h a m  (5) u s e d  an  e lec t ro ly te  so lu t ion  
layer  of  2 m m  t h i c k n e s s ,  w h i c h  t r ans l a t e s  to 

Te = 1900s > >  Tm F o w l e r  c o n d i t i o n s  [24] 

M a n c y  a n d  co-worker s  (4) c o n s i d e r e d  a cell  in w h i c h  t he  
two  cha rac t e r i s t i c  t i m e s  are  equal ,  i .e .  

T~ = 57s = Tm M a n c y  c o n d i t i o n s  [25] 

Fo r  brev i ty ,  we  wil l  f ind t he  de f in i t ions  of  a s u m  a n d  
d i f f e rence  

and 

T~ '12 = Te "~ + T m  '12 = ( a / D ~  I~) + ( b / D m  "2) [26] 

Ta lj2 = Te "2 - Tm lj2 = ( a / D e  "2) - ( b / D m  m )  [27] 

useful. The ratio Td'~2/Ts In is close to -+i respectively for 
the Fowler and Clark cells, while it is zero for the cell 
treated by Mancy. 
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General Expression for the Sensor Current Transform 
We cons ider  equ i l ib r ium to exis t  prior  to the  instant,  t = 

0, at wh ich  the  e lec t rode  is polarized;  there fore  

p = pw y > O t < 0 [28] 

Thereaf ter ,  polar izat ion is comple te  at the  e lec t rode  
surface  

p =  0 y = 0 t > 0  [29] 

and the  cur ren t  is g iven  by Faraday ' s  law appl ied  to reac- 
t ion [1] 

i = - 4 A F J  y = 0 t > 0 [30] 

whe re  J is the  t i m e - d e p e n d e n t  oxygen  flux a long the  
Y-axis (Fig. 1). C o m b i n i n g  this wi th  Eq.  [7], one obta ins  

i = 4AFH~De(Op /ay )  y = 0 t > O [31] 

We need  to solve Eq. [9], F ick ' s  second law for the  elec- 
t ro lyte  layer, subjec t  to ini t ial  condi t ion  [28] and bound-  
ary condi t ion  [29]. The  solut ion is a ided by the  Laplace  
t r ans fo rmat ion  of  Eq. [9] into 

O~ - s~  Pw - - 0 ~< y ~< a [ 3 2 ]  
Oy 2 D~ De 

which  incorpora tes  condi t ion  [28] and in wh ich  ~ is the  
t r ans fo rm of the local oxygen  part ial  pressure  and s is the 
d u m m y  var iable  of  Laplace  t rans format ion  wi th  respec t  
to t ime. S tandard  me thods  (9) pe rmi t  a general  solut ion to 
Eq. [32] to be  wr i t ten  as 

= Pw + Ge cosh + s inh - -  
s \ ~ }  ge \ De,/2 } 

0 ~< y < a [33] 

where  G~ and g~ are y - independen t  t e rms  that  d e p e n d  on 
the  bounda ry  condit ions.  Condi t ion  [29] shows ~-to be  
zero at y = 0, wh ich  requi res  Ge to equal  - p w / S  and leads 
to 

F = P___~_Ws 1 - cosh \ D-~7~/j + ge s inh \ De,2 / 

0 < y ~< a [34] 

On dif ferent ia t ion wi th  respec t  to distance,  one  obta ins  

_ ge s -- a~ - P w  . ( YS"2~ '/2 ( Y S m ~  
aY ~ slnh \-~-~m/ + - -  cosn De,12 \"D---~el/z / 

0<  y ~< a [35] 

The  m e m b r a n e  phase  m a y  be  t reated similarly,  bu t  it is 
more  conven ien t  to wri te  the  analog of  Eq.  [33] as 

(a  + b - y)s  ~12 
= Pw + G ~ c o s h  

S Dm ~/2 

+ g ~ s i n h  (a  + b - y)s  '~ a <- y <- a + b [36] 
Dm 1/2 

The  t rans form of b o u n d a r y  condi t ion  [4] shows ~- to 
equa l  Pw/S at y = a + b, wh ich  requi res  Gm to be Zero and 
leads to 

= Pw + g ~ s i n h  ( a +  b - y ) s  '/2 a <~y < ~ a +  b [37] 
S Dm 1/2 

direct ly  and 

a~ - g ~ s  "~ ( a  + b - y ) s  '~ 
- - -  cosh  a < y  ~ < a +  b [38] 

ay Dr. ~/~ Dm ~ 

on dif ferent ia t ion wi th  respec t  to distance.  
The  remain ing  u n k n o w n  func t ions  of s, g~, and g~ may  

be  de t e rmined  by us ing  Eq. [5]-[8] to solve the  y = a spe- 
cial izations of  Eq. [34], [35], [37], and [38] s imul taneously .  
Omi t t ing  the  detai led algebra,  one finds 

and 
pw[cosh (sTs) "2 - A cosh (STd) "'2] 

[40] 
ge = s[sinh (sTs) '12 - A sinh (sTd) '/2] 

where  abbrevia t ions  [18], [26], and [27] have  been  
utilized. 

To obta in  the final express ion  

_ 4 A F P w H ~ D ~  '12 [ cosh (sTs)  '12 - A cosh (sTa) '12 ] 
s "2 s inh (sTs) '~2 ~ ~ - j  [41] 

for the  t ransform of the  current ,  one special izes Eq. [35] 
to y = 0 and combines  it wi th  Eq. [40] and the  t ransform 
of Eq. [31]. The  Laplace  invers ion  of  Eq. [41] is by no 
means  trivial, and we shall  cons ider  l imi t ing and simpli-  
fying c i rcumstances  before  tackl ing the  genera l  case. It  
may  bear  emphas i s  that  no assumpt ions  about  the  sizes 
or mater ia ls  of  cons t ruc t ion  of  the m e m b r a n e  or electro-  
lyte are incorpora ted  into t rans form [41] nor, therefore,  
in to  the  equa t ions  of  the  "Genera l  Solut ion:  F i rs t  Inver-  
s ion" and  "Genera l  Solut ion:  Second  Inve r s ion"  sect ions  
be low that  resul t  f rom its genera l  Laplace  invers ion.  

Initial Response 
As t -~ 0 only large va lues  of s b e c o m e  impor t an t  and 

the  a rgumen t s  of the  hyperbo l ic  te rms  in Eq. [41] tend  
towards  infinity. Tile hyperbo l ic  sines and cosines  of  
infini tely large a rgumen t s  are ind is t inguishable  and, 
therefore,  Eq. [41] col lapses  to 

= 4 A F p w H e D e ' J 2 / s  '12 s --> ~ [42] 

which inverts to 

i = 4AFPwHeD~'12/1d12t'l~ t --* 0 [43] 

Equa t ion  [43], wh ich  is essent ia l ly  the  Cottrel l  equa t ion  
(10), shows that  the i t  '~2 produc t  is init ial ly a cons tan t  [that 
we shall  subsequen t ly  deno te  (it'~2)0], p ropor t iona l  to p~ 
but  i n d e p e n d e n t  of  any m e m b r a n e  parameters .  I t  is this 
i n d e p e n d e n c e  f rom the  m e m b r a n e  that  p rov ides  the  at- 
t rac t ion for the  pulse-af ter -equi l ibra t ion m o d e  of opera- 
t ion of the m e m b r a n e - c o v e r e d  oxygen  sensor  (5). 

Steady-State Current 
Only smal l  va lues  of  s are impor t an t  as t ~ ~. I n  this cir- 

cumstance ,  the  hyperbo l i c  cos ine  t e rms  in Eq.  [41] may  
be  rep laced  by unit ies,  and the  hyperbo l ic  s ine t e rms  by 
their  a rguments .  S impl i f ica t ion  to 

= 4AFPwHeDe'l'~(1 - A) s ~ 0 [44] 
s ( T  iI2 - ATd'I2) 

follows. Inversion is now straightforward and leads to 

i = 4 A F p w/ [ (a /DeHe)  + (b/DmHm)] =- i~ t ~ ~ [45] 

after  some  algebra. 
Equa t ion  [45] for the  s teady-state  current  i~ has  been  

known,  in a less symmet r i ca l  form, for some  t ime  [Ref. 
(2), A p p e n d i x  H]. Not  surpris ingly,  this equa t ion  has the  
form of a current  f lowing th rough  two resis tors  in series, 
one ar is ing f rom the m e m b r a n e  and the  o ther  f rom the  
electrolyte.  D e p e n d i n g  on the  details, e i ther  one of  these  
resis tors  may  be dominant .  

It  is useful  to relate i~ to the  Cottrell  cons tan t  ( i t ' %  
given  by Eq. [43]. The  ratio of  these  quant i t ies  turns  out  
to be  

( i t '~)o T~ "~ - ATd '12 Te "~ 1 + ATm '12 
. . . .  ~ [46] 

i~ rdJ2(1 - A) w "2 1 - -  A~ "lj2 

in terms of the parameters defined previously. 

Clark Simplification 
Inequa l i ty  [23], val id  for classical Clark cells, impl ies  

1/2 that  T~ closely app rox ima te s  Tm '12 and that  Td "2 = -Tin "~. 
In  these  c i rcumstances ,  Eq.  [41] reduces  to 

-pw[1 - A] 
g~ = [39] 

s[sinh (sTy) '12 - A sinh (sTd) '/2] 
= 4 A F p w H e D e  I~2 (1 - A) co th  (sTm) Te < <  Tm [47] 

s "2 (1 + A) 
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which  may  be inver ted  to e i ther  of the  equ iva len t  forms ~ 

i = 4AFpwHmDm~2 ~ exp ( j2b2~ 

a ~ b 2 
- -  < <  - -  [ 4 8 ]  
D~ Dm 

o r  

i - 
4AFPwHmDm ~ exp ( -j2~r2Dmt ~ 

b ~=_~ ~7 "/ 

a 2 b z 

- -  < <  - -  [ 4 9 ]  
De Dm 

via theta  funct ion  identi t ies  (11). 
S ince  all the parameters  relat ing to the  e lec t ro lyte  dis- 

appeared  dur ing our  Clark approximat ion ,  Eq. [48] does 
not  correct ly  reduce,  as t ---> 0, to the Cottrel l  Eq.  [43]. 
Likewise ,  the  a/D~H~ t e rm is miss ing  f rom the  t---~ ~ l imit  
of Eq.  [49]. Apar t  f rom these  aberations,  the second of 
wh ich  will  usual ly  be very  minor,  Eq. [48] and [49] cor- 
rect ly  descr ibe  the  behav ior  of the  Clark cell. 

P rov ided  that  t is not  too small  in compar i son  wi th  Tin, 
only  the  j = 0, • 1 t e rms  in expans ion  [49] are of  sig- 
nificance.  In  this event ,  the  expans ion  can be s implif ied 
to 

i - i~ ~ 2i~ exp  ( -~r2 t /Tm)  3~r2t > Tm in (l/e) [50] 

where  �9 is the  fract ional  error  permiss ib le  in the  approxi-  
mation.  (For example ,  w h e n  �9 = 0.02, [50] is obeyed  to bet- 
ter  than  98%.) This m a y  be useful ly  recast  as 

2i~ ~r2t 
in - -  i~ < i < (2e ~/~ + 1) i~ [51] 

i - i ~  Tm 

which  shows that  a plot  of  the  logar i thm of 2iJ(i  - i~) 
should  give a s traight  l ine th rough the origin w h e n  
plot ted  against  t ime;  its gradient  is ~r~Dm/b ~. Hale and 
H i t c h m a n  (3) essent ia l ly  used  this m e t h o d  to de te rmine  
Dm for polyte t raf luoroethene,  and Myland (6) used  it to 
measure  Dm for po lyd imethy ls i loxane .  

Fowler Simplification 
Inequa l i ty  [24], appropr ia te  to the  condi t ions  used  by 

Fowle r  and Oldham (5), impl ies  that  bo th  Ts and Ta 
closely app rox ima te  to Te. Equa t ion  [41] t hen  reduces  to 

2(ip/2)0 % 
in 

(it'2)o - it "~ t 

(it'2)o <~ it 1~2 <~ (2e ~a + 1) (its/2)0 [55] 

This  shows that  a plot  of  the  left  m e m b e r  of  [55] vs. 1/t 
will  give a s traight  l ine of  grad ien t  Te pass ing  th rough  the  
origin. 

Mancy Simplification 
I f  To and Tm are equa l  as Mancy and co-workers  (4) as- 

sumed,  Td is zero and Eq. [41] s implif ied to 

i -  
4AFPwHeD~ 1/2 

S]/2 
[eoth (sTy) ~/2 - A esch (sTy) 1/~] 

which  inver ts  to 

i -  2AFPwH~De~/2 

T e = Tm [56] 

a 2 b 2 
[57] 

D~ - D m  

where  T is the c o m m o n  va lue  of a2/De and b2/D~. An al- 
t e rna t ive  invers ion of  Eq. [56] leads to the  equa t ion  

i -  2AFPwH~D~'2T,/. 2 ~| [1 - (-)JA] exp  \( -J'27r~t4T / ~ 

a'-' b 2 
- - T [ 5 8 ]  

D~ Dm 

which  is more  useful  than  Eq. [57] at longer  t imes.  
The Mancy as sumpt ion  is va luable  in leading to a mas- 

sive s impli f icat ion of  the  cur ren t - t ime  relat ionship.  How- 
ever, it seems unl ikely  that  accidenta l  equal i ty  of  T~ and 
Tm would  often occur  in practice.  Never the less ,  w h e n  
rewri t ten  as 

it 'l~ = (it~l~)o 1 + 2 exp  
i=l 

- A e x p  ( - ( 2 j  - 1 ) 2 T  

and 

i=1 

- 4AFPwHeDe 112 
coth  (sTy) ~/2 T e > >  T m [52] sll2 

which  inverts,  by a s imilar  the ta  funct ion  t e c h n i q u e  as 
before,  to e i ther  

i 4AFPwHeDel l2  +~ ( _ j 2 a 2  I a 2 0 z 

j=_~ Dm 

o r  

a ~ exp  ._j2 b 2 
- > >  - -  [ 5 4 ]  

~- De Dm 

In  this case, all m e m b r a n e  parameters  have  disap- 
peared,  bu t  no serious error  is the reby  l ikely  to be intro- 
duced,  even  as t --* ~ for cells cons t ruc ted  to mee t  the  ob- 
jec t ives  of Fowle r  and Oldham.  

At  short  enough  t imes,  only  the  j = 0, - 1 t e rms  are im- 
por tan t  in expans ion  [53]. A d e v e l o p m e n t  paral le l ing that  
in the  final pa ragraph  of  the  prev ious  sect ion can  be 
carr ied out, l ead ing  to the  resul t  

'The summations of form ~ exp (j'-'x) in Eq. [48], [49], [53], 

and [54] may be replaced by terms 1 + 2 ~ exp (j~x). 

I + A  ( - ( 2 j - 1 ) 2 7 r 2 t ) ]  
+ 1 ~  exp  ~-~ [60] 

Eq. [57] and [58] provide  useful  b e n c h m a r k s  against  
which  to compare  the  more  e laborate  solut ions that  hold 
w h e n  Tm and Te are unequal .  

General Solution: First Inversion 
In  m a n y  designs of  m e m b r a n e - c o v e r e d  o x y g e n  sensors,  

the  character is t ic  t imes  Te and To are of  comparab le ,  bu t  
unequal ,  magn i tudes  so that  none  of the  equa t ions  of  the  
last th ree  sect ions apply.  Unless  one 's  in teres t  is solely in 
the  t ~ 0 or t ~ ~ l imit ,  the  task of  p red ic t ing  the  cur ren t  
vs. t ime  re la t ionship  is formidable .  Never the less ,  a solu- 
t ion is possible  in two a l ternat ive  forms,  as will  be  dem-  
ons t ra ted  in this sect ion and in the  "Genera l  Solut ion:  
S e c o n d  Inve r s ion"  section.  

I f  the  abbrevia t ions  

M = h exp  (-2Tm'/2s "2) = A exp (-2bs'2/Dm ~l~') [61] 

E = A exp (-2Te~/2s ~/2) = A exp (-2asII2/Dell2) [62] 

and 

S = (1 - A2) '/'-' exp  (-T~ms 1/~) = (1 - A~) '/2 

e x p [ _ s , 2 (  a b ) ]  (1-A~)~J2Mi/2E1/2 
b-7:~+ D - g T  = A [63] 
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are adopted,  Eq.  [41] m a y  be  expressed  as 

~ 8 A F p w H e D e  ~]2 

The te rms  E - (S~/1 - M) and  M are less than  un i ty  and 
therefore ,  first [1 + E - ($2/1 - M)]- '  and  then  1/(1 - N9 
m a y  be  e x p a n d e d  binomial ly .  This  leads to the  series 

i = 8 A F p w H ~ D e ' 2 s  - ' 2  [1/2 - E 
+ (S 2 + E ~) + ( M S  ~ - 2 E S  ~ - E ~) 

+ (S  ~ + M~S ~ - 2 M E S  ~ + 3E~S ~ + E ~) + . . . ]  [65] 

for wh ich  it is not  possible  to wri te  a s imple  genera l  term. 
Equa t ion  [65] invo lves  only t e rms  of  the form 

M ~E'S~ / s  "~ where /x ,  ~, and o- are posi t ive  in tegers  or zero. 
The  Laplace  inver t  of such  a t e rm is 

o - -  

where we use the  special  symbol  

i t  '12 = (iti/2)0 1 + 2 exp  t 

+ 

- A  s e x p ( - ( % ' ' ~ + t  T~"2)2) + ' ' ' } ]  [70] 

and that, w h e n  T~ =Tm = T, the  expl ic i t  t e rms  in Eq. [70] 
exact ly  ma tch  the  Mancy  Eq. [59] as far as the  j = 1 terms.  

D u r a t i o n  of  C o t t r e l l i a n  B e h a v i o r  

At short  enough  t imes,  Eq. [68] m a y  be wel l  approxi-  
m a t e d  by 

i t  '~2 = (it'~)o [1 - 2A exp ( -a2 /D~t ) ]  [71] 

wh ich  shows that  2A exp  ( - a 2 / D ~ t )  is the  f ract ional  depar-  
ture  f rom cot trel l ian behav io r  after polar izat ion for a 
l eng th  of  t ime t. I t  therefore  fol lows that, if  a f ract ional  er- 

(:) { '  } /~ = A ~+" (1 - A~) ~2 exp T [2/~Tm'2 + 2~T~'2 + ~T/~212 = A ~+" (1 - A2) ~2 
exp Dm '~2 + De Ij2 

In  t e rms  of  this symbol,  Eq.  [65] may  be inver ted  to 

8AFPwHeDe,~2 0 0 0 1 ,) 

- - + 1 . . . ]  [67] 

At  shor t  t imes,  the  t e rms  in expans ion  [67] conve rge  
ve ry  rapidly  and in pract ice  few will  be needed.  With the  
first four  t e rms  wr i t ten  out  explici t ly,  the  full  so lut ion is 

4AFpwHeDe'I2  [ - a 2  
i -  7r"~t ''~ 1 - 2 A  exp {- -~- t  } 

b 2 

{4a } ] 
+ 2A 2 exp  ~ t  + " "  [68] 

Compar i son  of  this resul t  wi th  Eq. [53] shows some 
str iking differences.  Pe rhaps  the  mos t  in te res t ing  is that  
the depar tu re  f rom cot t re l l ian behav ior  may  wel l  be  in the  
nega t ive  direct ion,  whereas  it  is invar iably pos i t ive  for a 
Fowle r  cell. 

As an  example  of the  conve rgence  of  Eq.  [68], let  us 
cons ider  the  case w h e n  T, = 4Tm. T h e n  we  find 

i -  t "2 1 -  2 A e x p  

+ A2)oxp( ) 

) +]  
Te = 4Tin [69] 

F igure  2 was derived,  in part, f rom this equat ion ,  the 
points  be ing  based  on only the  first four  terms.  Evi- 
dently,  even  wi th  so few terms,  accuracy  is ma in ta ined  to 
be t te r  than 98% for t imes  as long  as 10 Tin. 

Re tu rn ing  to the  genera l  solution,  note  that  Eq. [68] can 
be rewr i t t en  as 

[66] 

ror not  exceed ing  �9 is permissable ,  then  dur ing  the 
in terva l  

a 2 Te 
0 < t < - - -  [72] 

De In (2A/e) In (2A/e) 

the Cottrel l  equat ion  is ef fec t ively  obeyed.  Thus,  for ex- 
ample ,  if  �9 = 0.02 (98% obed ience  is acceptable)  t hen  
cot t re l l ian behavior  is obse rved  up  to 0.30 T~, for the  A 
va lue  g iven  in Eq. [19]. 

The  fact  that  the  th i rd  t e r m  in expans ion  [68] is of  oppo-  
site sign to, and will  no rmal ly  have  a p re -exponen t ia l  

0.0  0 .5  
I 1 . 5 -  

1 . 4 -  .zt~ 
( 1 t~)o 

1.3- 

1.2- 

1.1- 

1.0 1.5 2 .0  2 .5  
I I ] 

t /T, ,  
o. 9 I I I I I 

o 2 4 6 8 lo  
Fig. 2. Short-time response of-a sensor for which A = 0.29 and T e = 4 

Tin. The line is exact, being based on Eg. [69] for t < 2.5 Tm and on [86] 
for t > 2.5 Tm. The points are calculated from Eq. [69] retaining only 
terms up to 2A (1 + A - A 2) exp (-16Tin~t). 
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coeff ic ient  of  greater  m a g n i t u d e  than, the  second term, 
offers the  possibi l i ty  of  ut i l izing the  compet i t ion  be tween  
these  t e rms  to p ro long  ef fec t ive  cot t re l l ian behavior .  This 
is b rough t  out  in Fig. 3 wh ich  shows a graph  of  i t  ~ vs.  t 
for four  values  of  the  Tm/T~ ratio. Note  that  wi th  the  judi-  
cious choice  T J T ~  = 0.087 cot trel l ian behav io r  (to wi th in  
-+2%) is p ro longed  unt i l  about  t =  0.67T~. 

The  resul ts  of the  last pa ragraph  can be genera l ized  as 
follows. Cottrel l ian behav ior  to wi th in  a fract ional  error  of 
-+e is observed  over  the  t ime  interval  0 ~< t ~< T~, where  

2A (Ts - T~) [ ( 1 -  A2)T~ ] -A~ee = e [73] 

and Tr satisfies the equa t ion  

( 1 - A 2 )  e x p ( - ~  ~) - A e x p ( - ~ L ~ )  - ~2 [74] 

General Solution: Second Inversion 
Though  Eq. [67] is val id at all t imes, its ut i l i ty is greater  

for smal ler  va lues  of t, for t hen  few te rms  are needed.  In  
this section, we will  der ive  the  c o m p l e m e n t a r y  expres-  
sion: one that  is of  greater  ut i l i ty for longer  t imes.  

The  t ransform Eq. [41] can be wri t ten  i = U(s)/L(s) 
where  U(s) and L(s) are the  fol lowing funct ions  of  the  
d u m m y  var iable  

U(s) = 4AFpwH~D~ '~2 [cosh (sTy) ~ - A cosh (STd) I/2] [75] 

and 

L(s) = s ~ [sinh (sTy) 'l~ - A sinh (STd) l~z] [76] 

Both  these  funct ions  are analyt ic  funct ions of s [i.e., each 
can be wr i t ten  in the  form ko + k~s + Ices ~ + . . .  where  the  
k's are i n d e p e n d e n t  of s] and L(s) is of h ighe r  order  than  
U(s) [in the  sense that  the  ratio U(s)/L(s) ~ 0 as s --> ~]. 
Heavis ide ' s  expans ion  t heo rem (12) permi ts  the  invers ion  
of such  a ratio to 

U(s~) e x p  ( s ~ t ) / ~ s  (S ~) [77] i =  
J 

where  each s) is a root  of  the  equa t ion  L(s) = 0, that  is 

1.07 I -  ~ t ~ 
/ ( i t ~ ) o  

1.05 

s m [sinh (sT0 '/2 - A sinh (sTd) 'j2] = 0 

s = So, s,, s~ , . . .  [78] 

Different ia t ion of Eq. [76] shows that  

dL  L(s) %,/2 
- -  - - -  + - -  cosh (sTy) ~/2 
ds 2s 2 

ATd!/2 
- - -  cosh (sTd) 'l'z [79] 

2 

and therefore  

i = 8 A F P w H ~ D ~  "2 
p=0,l 

[cosh (sjTD '/2 - A cosh (SjTd) 1/2] exp  (s~t) 
[80] 

L(sO 
- -  + T~ m cosh (sj%) '12 - ATd 'r2 cosh (sjTd) '/2 

Sj 

I t  r emains  to de t e rmine  the  roots  s,. 
One root  of  Eq. [78], say so, is clearly zero. The  others  

tu rn  out  to be negat ive;  so let  us replace sj by  - r j  ~ where  rj 
is res t r ic ted to be posi t ive.  Us ing  the  ident i ty  s inh (-z'-') ~/2 
= (-)"2 sin z t hen  reduces  Eq.  [78] to 

sin (rT~ "2) = A sin (rTd ~r'-) r = r,, r.~, ra, . .  �9 [81] 

or  equiva len t ly  

tan  - ~ 7 ~- tan  r = r ,  r~, ra . . . .  [82] 

where  r is the  con t inuum along which  the  values  rj are lo- 
cated. F igure  4 clarifies the  first of these  relat ionships.  

I f  the  so root  is de tached  f rom the  summat ion  in Eq. 
[80], this equa t ion  may  be  rearranged,  wi th  the  help  of  Eq. 
[45], to 

i = i = [ 1 +  2(T~'2-ATdl'2) i 
1 A i=, 

[cos (_riTe'__J2_)- A__cos (r, Td"2)__] e x p  (-r~____2t) ] [83] 
T//2 cos (rjT//2) - ATd "~ cos (rjTd "2) J 

Use of Eq. [81] to replace  A f rom wi th in  the  s u m m a t i o n  
leads to the  s impler  

[ a D m  v2 I + A ]  ~ 
i = i~ + 2i= L ~  + 1--------~ = 

1. Ol 

o. g9 

O. 97 

" w  

exp  (-rj2t) 
[84] 

aD~ll2/(bDe '12) - sin (2rja/De j/2) csc (2rib~Din ~12) 

after cons iderable  algebra. 
In  general,  numer ica l  me thods  will  be needed  to solve 

Eq. [81] and so find values  for r~, rz, etc. However ,  ana- 
lytic solut ions may  be  possible  w h e n  the  Ts/Td ratio is an 
integer.  For  example ,  w h e n  this  ratio is 9, [i.e., w h e n  Te = 
4Tin or  a2Dm = 4b2De], Eq.  [82] can  be solved to 

r 

rj = [(j - 1 ) ~ -  

( -p  arc tan  ( 3 - A ~,/2] 
\ - ~ - - ~ ]  ] DmV2/b j = 1, 2, 3 . . . .  [85] 

O. 95 

o. gs I- t/7o 
I I \ I I I I 

0.0  0 .2  0 .4  0 .6  0 .8  1.0 1.2 
Fig. 3. Departures from cottrellian behavior for a sensor for which A = 

0.29 and the Tm/Te ratio has the values associated with each of the four 
curves. 

and Eq. [84] then  gives 

i = i ~  1 +  1_- -7~  ~= 1 

( 3 -  A)l/2 )2}] 
(-)~ aresin ~ Te = 4Tin [86] 

F igure  5 is a test  of Eq. [86], the  points  be ing  calcula ted 
us ing  t e rms  to j = 2. I t  shows that, apar t  f rom mino r  dis- 
c repancies  at short  t imes,  this n u m b e r  of t e rms  is per- 
feet ly adequate .  The full  l ine in Fig. 5 was eons t ruc ted  for 
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t < 2.5Tm f rom Eq. [69] and  for t 1> 2.5T~ f rom Eq. [86]. 
The  per fec t  concordance  of  the  two segmen t s  is ev idence  
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Fig. 5. The approach to a steady state for a membrane-covered oxygen 

sensor for which A = 0.29 and T~ = 4Tin. This line is exact, being based 
on Eq. [69] for t < 2.5Tin and on Eq. [86] for t > 2.5T~. The points are 
from Eq. [86] truncated after j = 2. 
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tha t  bo th  equa t ions  are correct  and speaks  to the  val id i ty  
o f  the  genera l  results,  Eq.  [70] and [84]. 

Ano the r  check  is p rov ided  by inser t ing  the  Mancy  con- 
di t ion T~ = Tm= T. This  renders  Eq. [84] inde te rmina te ,  
bu t  the  equ iva len t  re la t ionship  Eq. [83] can be  shown to 
reduce ,  unde r  these  condi t ions,  to Eq. [60]. 

I f  we  re turn  to the  genera l  case in wh ich  there  is no 
s imple  relat ion b e t w e e n  T~ and Tin, we are forced to deter- 
mine  r,, r . , , . . ,  by i terat ive methods .  F r o m  Fig. 4, wh ich  il- 
lustrates  Eq. [81], it is apparen t  that  j~r/Ts "~ prov ides  an 
app rox ima te  va lue  for rj. The  a lgor i thm shown  in Fig. 6 
can then  be used  to de t e rmine  the va lue  of  a root,  usual ly  
r~. 

Duration of the Transient Phase 
As t ~ % the  s u m m e d  te rms  in Eq.  [83] app roach  zero 

as i - )  i~. For  sufficiently large t, only the  first t e rm in 
the  s u m m a t i o n  is impor t an t  and Eq. [82] reduces  to 

i 
- 1 +  

(T~ "~ - AT~ '9  [cos (r, T2~9 - A cos (r, T2~)] 
2 exp (-r,2t) 

(1 - A)[T~ "~ cos (r ,T2 j~) - A T .  "2 cos (r~T~'~)] 

[87] 

Within a fract ional  error  of  �9 this equa t ion  shows  that  i 
has reached  i~ after an in terval  Tt g iven  by 

Tt 
1 

- -  lh 
rl 2 

211 - (ATd'I2/T~'~2)] [cos (r,T~ '~2) - A cos (r,Td'/2)] 

e[1 - A] [cos (r, Ts '/2) - (ATd'2/T~ "2) cos (r,Td'J2)] 
[88] 

T, = --7.rl ~ in bDe "2 + - - 1  

aDm 'j2 sin (2r la /De  "'2) 
- l n  ( b D e  112 sin (2rlb/Dm"~)]  + l n  ( ~ ) 1  [89] 

Deta i led  calculat ions show that, unde r  condi t ions  of  
pract ical  impor tance ,  Eq. [88] or [89] is more  than  ade- 
qua te  to predic t  the  dura t ion  of  the  t rans ient  phase.  

Application to Practical Sensors 
As we stated in the  "So lub i l i ty  and TransPor t  Proper-  

t ies"  section,  the  mos t  c o m m o n l y  adop ted  m e m b r a n e  for 
o x y g e n  sensors is poly te t raf luoroethene ,  and the  mos t  
c o m m o n  m e m b r a n e  th i ckness  is 0.001 in. or  2.54 x 10-Sm. 
Hence,  us ing  the  di f fus ion coeff ic ient  data  of  Hi tchman ,  
Eq.  [12], one calculates  that  the  character is t ic  t ime  for the  
m e m b r a n e  has a square  root  g iven  by 

b 
TmlJ2 = = 7.52s 'j~ [90] 

De 1/2 

As repor ted  previously,  the va lues  of A = 0.29 and D~ 1~ = 
45.8 ~ m  s - ' 2  are appropr ia te  for the  mos t  f r equen t ly  used  
filling solutions,  aqueous  solut ions of  close to dec imola r  
concentra t ion.  

F e w  analysts wou ld  c la im a prec is ion  for m e m b r a n e -  
covered  oxygen  sensors  in excess  of  2%. Hence,  we  can 
use  �9 = 0.02 as a conse rva t ive  es t imate  for the  fract ional  
error  that  can be  to lera ted  in a sensor  measuremen t .  

With these  va lues  of Tin, De, A, and �9 prescr ibed,  a is the  
only adjus table  parameter .  We are thus  in a pos i t ion  to de- 
te rmine ,  for any arbi t rary  va lue  of  the e lec t ro lyte  thick-  
ness  a, h o w  long  cot t re l l ian behav ior  will  last and h o w  
soon the  s teady state will  be  achieved.  The  resul ts  of  cal- 
culat ions,  us ing  Eq. [68] and [89], are p resen ted  in Fig. 7. 
This d iagram shows, for example ,  that  a cell  wi th  an elec- 
t rolyte  th ickness  of 0.5 m m  will  obey the  Cottrel l  equa-  
t ion 
it,I 2 4FHeDe" ~ 

- 12.8 A s "'~ m -2 a r m - '  
A pw ~ ~lju 

t ~< 70s, a = 0.5 m m  [91] 
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Fig. 6. Illustration of the itera- 
tive procedure used to solve Eq. 
[81]. 
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for 70s. There will then be a transitional interval, until 
about 3 min after switch-on, before the cell assumes its 
steady state. In this steady state, the current has the con- 
stant value 

i 4F 
= 0.92 A m -2 atm -~ 

Apw a b 

DeHe DmHm 
t /> 190S, a = 0.5 mm [92] 

Note that the cottrellian constant Eq. [91], is indepen- 
dent of the electrolyte thickness a, though the duration of 
obedience to the Cottrell equation is strongly dependent  
on a. On the other hand, the steady-state constant Eq. [92] 
does depend on a, unless a is less than 12 ~m, whereupon 
(to within our 2% precision specification) the steady-state 
constant becomes 

i 4FDmHm 
- -  - 1.66 A m -2 atm -1 

Apw b 

t 1> 27s, a ~< 12 ~m [93] 
and independent  of the electrolyte thickness. 

The discontinuity in the Tc curve of Fig. 7 reflects the 
feature noted in the "Cottrellian Behavior" section: the 
competit ion between the signs of the second and third 
terms in the expansion of it "2. It shows that a decided ad- 
vantage may be reaped, for a cottrellian-based sensor, in 
making the electrolyte thickness larger than about 400 
~ m .  
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ABSTRACT 

We discuss the importance of high resolution measurements of dx/dV, the inverse derivative of the voltage (V) vs. 
intercalant concentration (x) relation for intercalation-based electrochemical cells. The results of experiments on Li/2H- 
LixTaS~ cells demonstrate the use of high resolution measurements of dx/dV to determine a partial phase diagram for the- 
l i thium order-disorder transition near x = 2/3. We stress the reproducibili ty of our results, which were obtained using de- 
rivative constant current chronopotentiometry.  

The voltage of a l i thium intercalation battery varies 
with its state of discharge. Early experimental  studies of 
this variation (1) were often made to determine the 
suitability of a particular intercalation compound as a 
cathode in a reversible l i thium battery. These studies 
were intended to show the overall variation of the cell vol- 
tage (V) with intercalant composition (x). Subsequently, 
more careful experiments have shown fine structure in 
V(x) for many intercalation systems (2-8). This structure, 
seen clearly in plots of dx/dV vs. x or V, can be caused by 
a variety of physical mechanisms, such as the interactions 
between intercalated atoms within the host or intercala- 
t ion-induced structural phase transitions in the host. 
Therefore, careful measurements  of dx/dV can be used to 
study the physics and chemistry of the intercalation pro- 
cess. Attempts have been made to explain theoretically 
(9-13) the features in dx/dV, especially for LixTiS2. To be 
convincing, any such calculation must reproduce the fine 
structure in dx/dV. The overall variation of V(x) can often 
be approximated by very simple mean-field solutions to 
lattice gas models (9); however, these simple solutions of- 
ten give results for dx/dV much different from experi- 
ment. The theories should also be able to predict other 
thermodynamic quantities, for example (OV/OT)x, the 
change in cell voltage with temperature at constant 
intercalant concentration (14, 15). 

To test the theories at a quantitative level, high resolu- 
tion measurements  of V(x) and - d x / d V  of intercalation 
batteries are needed. In this paper, we present high reso- 
lution electrochemical measurements  on 2H-LixTaS~ [the 
2H and 1T polytypes of TaS~ are described in Ref. (1)], 
which allow a detailed comparison between experiment  
and theory. Our results illustrate the wealth of informa- 
tion contained in dx/dV, as well as the resolution required 
in the measurements.  Our data were obtained using deriv- 
ative constant current chronopotentiometry,  in which the 
cell voltage is measured as a function of time at constant 
charge or discharge current and then differentiated nu- 
merically. We present results obtained with different 
cells, to show the reproducibili ty of the method, and at 
different currents to illustrate the reversibility of the in- 
tercalation process and the effects of kinetics on our mea- 
surements. We also present a partial phase diagram of the 
order-disorder transition in 2H-Li~TaS2 (16), which is in 
good agreement with theoretical calculations. 

Basic Considerations 
Many of the transition metal dichalcogenides (MX~) can 

be intercalated electrochemically with alkali metals (A) to 

Key words: battery, electrode, phase transformation. 

form intercalation compounds AxMX2 (1). An electro- 
chemical cell based on intercalation is constructed in the 
following general way 

A/Organic electrolyte containing A + ions/AxMX~ 

The voltage, V, of such a cell varies with x in A~MX2 ex- 
cept when the intercalation electrode exists as a mixture 
of two phases (17). In a two-phase region V is constant 
and - d x / d V  is infinite. Two phase mixtures for large co- 
existence ranges are easily seen in V(x) (18, 19), but to ob- 
serve smaller coexistence ranges it may be necessary to 
look at (Ox/OV)T. Continuous or higher order phase transi- 
tions, where derivatives of the Gibb's free energy exhibit  
singularities (20), should also be observable in (Ox/OV)v. 
Theoretical predictions of -Ox/OV at an intercalant order- 
disorder transition which is continuous, show a sharp 
peak at the voltage and composition of the transition (9, 
12). Even when there are no phase transitions, measure- 
ments of -Ox/OV serve to characterize the intercalation 
system more precisely than V(x). This suggestion was ad- 
vanced by Balewski and Brenet  (22) for electrochemical 
cells in general. 

Measurements of (--Ox/OV)T have been used to study 
phase transitions in LixVS.2 (5), NaxTiS2 (7), 1T-LixTaS2 (4), 
and LixNbSe~ (6). These measurements  have been made 
using linear sweep vol tammetry (5, 7), electrochemical po- 
tential spectroscopy (4), and a constant current method (6) 
similar to the one we will describe below. Discussions of 
the interpretation of -Ox/OV from linear sweep voltam- 
metry data can be found in Ref. (5) and (8). Experimental  
details of electrochemical potential spectroscopy are 
given in Ref. (3) and (23). 

When a cell based on intercalation is charged or dis- 
charged at constant current, the rate of change of cell vol- 
tage with time is 

dV dV dQ I dV 

dt dQ dt Qo dx 
[1] 

In Eq. [1], V is the cell voltage, I the constant current, Qo 
the charge corresponding to a change, hx = 1, in the inter- 
calation electrode, and t the time. By monitoring the cell 
voltage as a function of time, one can obtain dx/dV since 

I dt 
dx/dV - [2] 

Qo dV 

To measure dx/dV with high resolution in V and x, we 
monitor the voltage of the cell as a function of time with a 
computer-controlled voltmeter. In the standard terminol- 
ogy, this method of measuring dx/dV is called derivative 
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constant current chronopotentiometry. Equations [1] and 
[2] assume that the integral of the current can be directly 
related to the stoichiometric changes occurring within the 
intercalation electrode. The validity of this assumption 
has been best demonstrated in the case of Li~TiS2 where 
in situ x-ray diffraction studies (24) (using electrochem- 
ical cells with x-ray windows) have monitored the 
changes in crystal lattice parameters as a function of 
transferred charge. The lattice parameter data obtained in 
this way agree to within experimental  error with the data 
obtained from chemically prepared samples (25). Equa- 
tions [1] and [2] are exact only in the absence of internal 
impedences and overvoltages of all kinds, and are only 
approximate at nonzero current. For reversible electrode 
materials, the effect of the deviation from equilibrium can 
be determined from the difference between dx/dV mea- 
sured on charge and discharge (8, 23). For example, an in- 
ternal resistance, R, will cause a deviation of +-IR in the 
measured voltages from the equilibrium voltages on 
charge and discharge. The solid-state diffusion of the 
intercalant within the cathode particles in a constant cur- 
rent experiment  also produces an overvoltage that is pro- 
portional to the magnitude of the applied current (17, 26). 
By examining dx/dV measured at different currents, one 
can usually determine the effects of the finite rate and 
obtain the equilibrium dx/dV. Similar studies as a func- 
tion of voltage sweep rate using linear sweep voltam- 
metry to obtain the equilibrium dx/dV for Li/Li~Ti,.05S.~ 
cells have been made (8). 

Experimental Methods 
2H-TaS~ was prepared by reacting stoichiometric mix- 

tures at Ta and S powders at 900~ for 48h, followed by 
cooling to room temperature at 100~ per day to ensure 
production of the 2H polytype. The resulting crystallites 
were hexagonal with a = 3.315~ and c = 12.077~, in good 
agreement with published values (27). X-ray diffraction 
profiles showed no evidence of other polytypes of TaS2, 
although our material showed a high density of stacking 
faults like that prepared elsewhere (28). 

Intercalation cathodes were prepared by spreading a 
slurry of 2H-TaS2 and propylene glycol in a thin layer (= 
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Fig. 1. (a) Cell voltage V(x) and (b) inverse derivative c~x/OV for the 
second charge and third discharge of Li/2H-LI~.TaS~ cell JD-19. The dis- 
charge curve in (b) has been offset by O.S V- '  for clarity. 

10 mg/cm 2) on a 2.5 • 2.5 cm nickel substrate, which was 
then baked under flowing argon until dry. Cathodes were 
then flattened between a set of rollers, which promotes 
good mechanical adhesion of the powder to the nickel 
substrate and results in cathode utilizations near 100%. 
The cathode mass was determined to -0.1 mg. Cells with 
two electrodes were constructed using these cathodes 
and lithium metal foil, as described elsewhere (6). 

The computer-controlled system used to perform con- 
stant current chronopotentiometry is based on a HP85 
microcomputer,  which controls a HP3478A voltmeter  
switched alternately between up to 20 cells by an 
HP3495A scanner. The computer  monitors the voltage of 
each cell once every 100s. During each monitoring period, 
the cell voltage and the time are measured N times (N = 5 
typically) and averaged to produce an average voltage, V, 
and average time ~. V is then compared to the last stored 
v_oltage, V., for the same cell. If  17 - Vn I > AV (AV = 2.5 
mV typically), V and ~ are stored as V,+, and T,+I; other- 
wise, V and T are ignored. AV sets the resolution of the 
measurement  and helps to limit the number  of data 
points collected. Increasing N can sometimes help to re- 
duce the noise in data taken with AV < 1 inV. Constant 
current battery cyclers with presettable high and low 
voltage trip points are used to provide the currents. The 
current is stable to one part in 104 for currents greater 
than 100 ~A and to -+30 nA for currents less than 100 ~A. 
Cells under test are placed in temperature-controUed en- 
vironments with a stability of -+0.01 K. Experiments  on 
intercalation electrodes usually involve cycle times rang- 
ing from 5 to 1000h; hence, examining each cell every 
100s is sufficient. The scheme allows for the testing of 
many cells at relatively low cost. 

Results and Discussion 
Figure 1 shows V(x) and -dx /dV  vs. x for Li/1M LiAsF6, 

PC/2H-LixTaS2 cell JD-19 above 1.60V. These data were 
measured for the second charge and third discharge of 
the cell at a 100h rate. (We specify the rate of charge or 
discharge by the t ime required to change the composit ion 
x by hx = 1, based on the current and the cathode mass. 
For this particular cell, the cathode mass was 42.9 rag. so 
a 100h rate corresponds to 47.2 tzA.) As there are about 300 
individual data points measured for charge and discharge 
(AV = 2.5 mV), we have not plotted the individual points 
but have joined them with a continuous curve. The value 
of x does not return to x = 0 at 2.80V, indicating that 
some lithium remains in the host at these rates of deinter- 
calation. This is a real effect, as has been confirmed by in 
situ x-ray diffraction results using the techniques de- 
scribed in Ref. (24), and is not an artifact caused by impu- 
rities in the cell reacting with li thium on the first dis- 
charge. The in situ x-ray experiments at an 800h rate of 
charge" show x = 0.04 at 2.80V. Except  in the region of 
slow kinetics near x = 0, the data on charging and 
discharging in Fig. 1 are nearly identical, indicating near- 
equilibrium conditions for x > 0.3. 

The first discharge of this cell (JD-19) was made at a lh  
rate to a voltage cutoff of 1.6V resulting in a transfer of hx 
= 0.71. Then the cell was allowed to stand at open circuit 
for about 0.5h while the voltage recovered to near 2.0V. 
The cell was given a further discharge at a 25h rate to a 
cutoff of 1.60V, with the total charge transfer for the two 
discharges corresponding to hx = 0.920. The cell was cy- 
cled once at a 25h rate (the first charge is shown in Fig. 2) 
and then the data of Fig. 1 were collected. The data in Fig. 
1 have not been adjusted in any way; in particular, the 
values of  x represent those inferred from the charge 
transfer and the cathode mass. The rapid initial discharge 
was made to avoid solvent cointercalation, which can oc- 
cur on the first discharge of Li/2H-LixTaS2 cells using 
propylene carbonate (PC), when the intercalation rate is 
slow. Similar effects have been observed in Li/LixTiS2 
cells (8, 24, 29) with PC. PC cointercalation, which in- 
creases the distance between adjacent host layers from 
=6 to =18~, is probably kinetically slower than lithium 
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i n t e rca l a t ion .  By  d i s c h a r g i n g  rapid ly ,  t h e  i n t e r l aye r  s i tes  
are  fi l led w i t h  l i t h i u m  first, a n d  e lec t ro ly te  co in te rca la -  
t i on  is i n h i b i t e d  b e c a u s e  l i t h i u m  inc rea se s  t he  b o n d i n g  
b e t w e e n  a d j a c e n t  layers .  Th i s  p r e v e n t s  t he  l a rge  la t t i ce  
e x p a n s i o n  n e e d e d  to a c c o m m o d a t e  t h e  P C  molecu le s .  In 
situ x-ray  e x a m i n a t i o n s  of  t h e  c a t h o d e s  of  cells  in i t ia l ly  
d i s c h a r g e d  at  l h  r a t e s  s h o w  no  e v i d e n c e  for  so lven t  
co in te rca la t ion .  I n  add i t ion ,  i f  all t h e  l i t h i u m  is no t  re- 
m o v e d  on  s u b s e q u e n t  cycl ing,  ve ry  l i t t le  c o i n t e r c a l a t i o n  
occurs .  A m o r e  de t a i l ed  d i s c u s s i o n  of  s o l v e n t  co in te rca la -  
t ion  wil l  a p p e a r  e l sewhere .  

B a s u  et al. (30) m e a s u r e d  t h e  vo l t age  of  Li/2H-LixTaS2 
cel ls  a t  t e n  va lves  of  x (x = 0.0, 0.1, 0 . 2 , . . . ,  0.9) a n d  h e n c e  
d id  n o t  o b s e r v e  t he  s t r u c t u r e  e v i d e n t  in  ou r  V(x) a n d  
- d x / d V  data.  T h o m p s o n  (4) s t u d i e d  l i t h i u m  i n t e r c a l a t i o n  
in  2H-TaS2 a n d  also f o u n d  t h a t  x ~ 0.92 in  Li/LixTaS~ 
cel ls  w i t h  a vo l t age  of  1.600V. Thomloson ' s  - d x / d V  da ta  
w e r e  m e a s u r e d  w i t h  a r e s o l u t i o n  of  20 m V  a n d  s h o w e d  a 
s ing le  l a rge  p e a k  for  0 < x < 1,,,3, w h i c h  is r e s o l v e d  in to  
seve ra l  p e a k s  in  our  h i g h e r  r e s o l u t i o n  data .  T h o m p s o n ' s  
da t a  also s h o w e d  s t r u c t u r e  for  x > 1,,,3 w h i c h  h e  s u g g e s t e d  
m i g h t  b e  due  to o r d e r i n g  ef fec ts  (4). Howeve r ,  no  ef for t  
was  m a d e  to ana lyze  t he  da t a  or to  d e m o n s t r a t e  t he  
r e p r o d u c i b i l i t y  of  t he  resul t s .  

In  t he  sma l l  x r e g i o n  in  Fig. l b  w h e r e  - d x / d V  is large,  
t he  c rys ta l  la t t ice  e x p a n d s  r ap id ly  w i t h  x (1), w h i c h  
is k n o w n  to lead to p e a k s  in  -dx /dV  (10, 11). T he  b e h a v i o r  
at  low x m a y  b e  a s soc ia t ed  w i t h  s t ag ing  as in  LixNbSe~ (6) 
a n d  NaxTiS2 (7). Also  e v i d e n t  in  Fig. l b  are m i n i m a  in  
- d x / d V  n e a r  x = 1/3 a n d  x = 2/3 w i t h  peaks  on  e i t h e r  side. 
S u c h  f ea tu re s  h a v e  b e e n  p r e d i c t e d  (9, 12, 16, 21) to  o c c u r  
n e a r  a n  o rde r -d i so rde r  t r a n s i t i o n  i n v o l v i n g  t he  in te rca-  
l a t ed  l i th ium.  The  p e a k s  c o r r e s p o n d  to t he  p h a s e  t rans i -  
t i ons  b e t w e e n  t h e  o r d e r e d  a n d  d i s o r d e r e d  s ta tes  as x 
var ies ,  a n d  the  m i n i m a  occu r  at  t he  c o m p o s i t i o n s  of  the  
o r d e r e d  s t ruc tu res .  The  v a l u e s  x = 1/3 a n d  x = 2/3 sugges t  
t h a t  t h e  o r d e r e d  s ta te  is a p r e f e r r e d  o c c u p a t i o n  b y  l i t h i u m  

Table I. Measured position of the minimum in - d x / d V  nearx = 2 / 3  far 
several Li/2H-Li~TaS2 cells made in the same way 

Cell Cycle Minimurh position 

JD-17 Charge 1 x = 0.654 
JD-17 Charge 2 x = 0.670 
JD-19 Charge 1 x = 0.637 
JD-21 Charge l  x = 0.652 
RM-22 Discharge 2 x = 0.676 

of  one  or two  of  t he  t h r e e  i n t e r p e n e t r a t i n g  x / 3 a  x ~J3 'a  
t r i a n g u l a r  supe r l a t t i c e s  o f  o c t a h e d r a l  s i tes  in  t h e  v a n  de r  
Waals  gap. In  w h a t  fol lows,  we  wil l  c o n c e n t r a t e  on  t h e  
f ea tu re  n e a r  x = 2/3. T h e  f ea tu re s  at  x = 1,,,3 e x h i b i t  s imi-  
lar  behav io r ,  b u t  are d i s t o r t e d  b y  t h e  la rge  p e a k s  n e a r  x = 
0.2. 

In  Fig. 2 we  show - d x / d V  vs. x for cells JD-19, JD-17, 
a n d  JD-21 to d e m o n s t r a t e  t he  r e p r o d u c i b i l i t y  of  t he  min -  
i m a  in  -dx /dV  nea r  x = 1/3 a n d  x = 2/3. T h e s e  da t a  were  
co l l ec ted  in  a m a n n e r  s imi la r  to t he  da ta  in  Fig. 1 e x c e p t  
at  a 25h rate.  The  da t a  s h o w n  were  o b t a i n e d  f r o m  the  
first  c h a r g e  of  all t h r e e  cells  a n d  t h e  s e c o n d  c h a r g e  of  
JD-17. E a c h  of  t h e s e  cells r e a c h e d  x = 0.93 -+- 0.01 a t  1.6V. 
In  Tab le  I, t h e  pos i t i on  of t he  m i n i m u m  n e a r  x = 2.'3 is 
t a b u l a t e d  for severa l  cel ls  m a d e  in  t h e  s a m e  way.  I n  Fig. 
3, we show -dx /dV  m e a s u r e d  f rom the  s e c o n d  a n d  t h i r d  
c h a r g e  of  cell  JD-17 a t  a 25h ra te  p lo t t ed  as a f u n c t i o n  of  
vo l t age  to  d e m o n s t r a t e  t h e  r e p r o d u c i b i l i t y  of  t he  r e su l t s  
o n  d i f f e ren t  c h a r g e - d i s c h a r g e  cycles  for  t h e  s a m e  cell. 

F i g u r e  4 shows  - d x / d V  vs. V m e a s u r e d  f rom a 100h ra te  
c h a r g e  a n d  d i s c h a r g e  of cell  RM-21 b e t w e e n  2.00 a n d  
2.30V l imits .  Sma l l  d i f f e r ences  in  t he  c h a r g e  a n d  dis- 
c h a r g e  da ta  are due  to t he  r e s i s t ive  a n d  d i f fus ive  overvol t -  
ages  c a u s e d  b y  t he  c o n s t a n t  c u r r e n t  ( the  shift ,  5 mV,  is 
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Fig. 3.  - O x / O V  vs. V for the second (solid curve) and third (dashed 

curves) charge of Li/2H-LixTaS~ cell JD-17. The third charge has been 
plotted twice, once shifted by 0.5 V -~ for clarity. 
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(dashed) for Li/2H-Li~TaS~ cell RM-21 between 2.00 and 2.30V. 
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consistent with a resistance of 1006). It takes severaI 
hours after the change in current direction to establish 
the steady-state diffusion overpotential (17, 26). This is 
why  -dx /dV appears smaller when measured on dis- 
charge near the 2.30V trip point than when measured on 
charge and conversely near 2.00V. These data demon- 
strate how cycles over a limited range of V and x can be 
used to study a particular feature in -dx/dV,  provided the 
voltage trip points are set far enough from the feature. 
The sharp peaks in Fig. 4 have a width of about 10 mV 
and therefore were not observed clearly in Thompson's  
measurements  (4) with 20 mV resolution. 

Figure 5 compares the individual data points of Fig. 4 
between 2.13 and 2.20V with -dx/dV measurements  on 
the same cell at 200 and 400h rates to show the effects of 
changes in intercalation rate on one of the peaks in 
-dx/dV due to the order-disorder transition. As the cur- 
rent is lowered the IR losses and diffusion overvoltages 
decrease, and the peak becomes sharper. A cycle at an 
870h rate was indistinguishable from the 400h rate data, 
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Fig. 5. -Ox/OV vs. V for cell RM-21 measured on charge and discharge 

at 100, 200, and 400h rates. 100h rate, G-charge, [:]-discharge; 200h 
rate +-charge, A-discharge; 400h rate, O-charge, x-discharge. The 
200 and 400h rate data have been offset by 0.35 V -]  and 0.70 V -1, 
respectively, far clarity. 
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Fig. 6. Inverse derivative -Ox/OV vs. V for a series of discharges nearx 
= 2/3. Temperatures in degrees centigrade are indicated. The currents 
used correspond to a change Ax = 1 in the following times: 10~ 40Oh; 
20~ 20Oh; 28~176 lOOh; 50~ 5Oh. 

which indicates near equil ibrium conditions at these slow 
rates. The 870h rate exper iment  took 90h for the cycle 
over the limited voltage range of Fig. 5. 

Theoretical calculations of -dx/dV near the order- 
disorder transition (9, 16, 21) predict that the phase transi- 
tion occurs at the peak in -dx/dV; hence,  by examining 
the peak positions as a function of x and V at different 
temperatures, it is possible to determine the phase dia- 
gram. Figure 6 shows -dx/dV vs. V near x = 2/3 for a 
series of discharges at temperatures between 10 ~ and 
50~ The features in -dx /dV are highly temperature  de- 
pendent, as expected (16) near an order-disorder transi- 
tion. As the temperature is lowered, the min imum in 
-dx/dV is enhanced and the peaks at either side move 
apart and grow. At higher T, the peaks disappear com- 
pletely, leaving only a shallow minimum in -dx/dV.  The 
feature near x = 1/3 shows a similar temperature depend- 
ence. The data of Fig. 6 are in good agreement  with Monte 
Carlo calculations of - d x / d V  based on a two-dimensional 
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20 o [] 

10 o 

0 ~ I ~ I ~ t ~ I ~ I 

0.60 0.62 0.64 0.66 0.68 0.70 0.72 

x in  LixTaS 2 
Fig. 7. Phase diagram (T vs. x) for the lithium order-disorder transition 

in 2H-LixTaS2. The solid curve through the data (0)  is a guide to the eye. 
The Monte Carlo results of Ref. (16) (0 )  are also shown. 
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in 2H-LixTaS2. The transition occurs at the voltages and temperatures 
indicated in Li/2H-LixTaS2 cells. The solid curve through the data (�9 is 
a guide to the eye. The Monte Carlo results of Ref. (16) ([]) are also 
shown. 

triangular lattice gas model of l i thium intercalation (16). 
Figures 7 and 8 demonstrate the agreement between the 
phase diagram determined from the peak positions of the 
data of Fig. 6 and the predictions of the Monte Carlo cal- 
culations. Possible reasons for the small discrepancies be- 
tween the data and the theory are discussed in Ref. (16). 
Finally, Fig. 9 shows V(x) for the data of Fig. 6. Figures 6 
and 9 demonstrate that quaptitative analysis of this phase 
transit ion is far easier when V(x) is differentiated and 
-dx/dV examined. 

As has been noted before (9), ordered li thium states pro- 
duce minima in -dx/dV as shown by our data near x = 1/3 
and x = 2/3 (Fig. 1, 2, 4, 6). This suggests that the structure 
in -dx/dV for Li]LixTiS2 cells (2, 3, 8) does not arise from 
li thium ordering, due to the absence of features of the 
type observed in Li/Li~TaS2 cells near the order-disorder 
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x in LixTaS2 
Fig. 9. Voltage as a function of x for the series of discharges shown in 

Fig. 6. The temperatures in degrees centigrade are indicated. Data for 
20~ and above are shifted successively by - 2 5  inV. 

transition. The -dx/dV data for Li/LixTiS2 cells have been 
qualitatively explained using a lattice gas model which 
includes the effects of elastic strains produced upon inter- 
calation (10). This model indicates that the peaks in 
-dx/dV for x < 0.3 in Li]LixTiS2 celIs arise from the for- 
mation of a disordered stage-two structure near x = 0.14. 
Other data (14, 29, 31) support  this interpretation. 

Conclusions 
We have demonstrated how measurements of dxldV 

using high resolution constant current techniques are 
highly reproducible and can allow quantitative analysis of 
phase transitions in intercalation electrodes. Our mea- 
surements on 2H-LixTaS2 determined the phase diagram 
of the li thium order-disorder transition near x = 2/3, 
which was shown to be in good agreement with theoreti- 
cal predictions (16) based on a two-dimensional triangu- 
lar-lattice-gas model of intercalation. The quality of the 
data obtained permit comparison with the theory at a 
high level of accuracy. We suggest that similar studies on 
other l i thium intercalation systems may reveal structure 
in -dx/dV which was not observed in earlier, lower reso- 
lution studies. 

Manuscript submitted Sept. 8, 1983; revised manuscript  
received March 12, 1984. 
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Hydrodynamics and Mass Transfer in a Porous-Wall Channel 
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Cal i fornia,  Berkeley, Cal i fornia 94720 

ABSTRACT 

T h e  hydrodynamics and mass-transfer equations for a porous-wall flow channel have been solved over a large range 
of Re and Sc. Jorne has analyzed the low Re, high Sc case. For the high Re, high Sc case we find that rxyh~/~XVw = 2.43 
Re ~ and Nu = 0.8277 Re~ 5Sc '~3 at the solid wall. The intermediate range is treated by numerical methods. 

A flow channel with flow entering through a porous 
wall may find use in practical electrochemical cells (1). 
When the end of the channel is closed off, the mass- 
transfer boundary layer that forms on the solid electrode 
opposite the porous wall is of constant thickness. Only a 
few other electrodes (e.g., the rotating disk and t h e  

impinging jet) show a uniformly accessible surface. 
Therefore, this arrangement is of theoretical as well as 
practical interest. 

Other authors have considered this specific problem 
and related problems. Berman (2) presented the first 
complete analysis of the porous wall channel. His channel 
had two porous walls. He derived the proper form of the 
equations of motion and stream function for a viscous, in- 
compressible fluid and constant wall velocity. He pre- 
sented a regular perturbation solution of these equations. 

Sellars (3)'and Yuan (2i) considered the high Reynolds 
number  solution for a channel with two porous walls. 
Both presented some form of a perturbation solution. 
White (5) obtained a series solution for this problem that 
was uniformly valid at all Reynolds numbers. He also ob- 
tained limiting solutions for high and low Reynolds num- 
bers for both suction and injection. Terrill (6) presented a 
singular perturbation solution for the high Reynolds 
number  case. He obtained the first three terms in the 
outer solution and an approximate form for some of the 
terms in the inner solution. 

White (7) obtained an exact series solution for devel- 
oped inlet flow for a channel with one solid and one po- 
rous wall. He ran into numerical  convergence problems 
using his series solution to solve for injection Reynolds 
numbers  greater than ten. Jorne (8) recently reworked 
this problem along the lines that Berman (2) had used: a 
l o w  Reynolds number  perturbation approach. In that 
work, Jorne pointed out that, if the end of the channel 
was closed off, a mass transfer boundary layer of constant 
thickness would form. Jorne solved for the low Reynolds 
number, high Schmidt  number  mass-transfer case in that 
work. 

In this work, we consider the high Reynolds number  
case of a channel with one porous and one solid wall with 
t h e  end closed off. Our method of attack is to develop a 
high Reynolds number  singular perturbation expansion. 
This method complements  White's series solution, mak- 
ing it easier to obtain solutions for high injection 
Reynolds numbers. We also obtain a namerical  solution 
to show the limits of validity of our solution and Jorne 's  
low Reynolds  number  perturbation expansion. By com- 
bining these results, we are able to picture the flow over 
t h e  entire range of Reynolds number. 

A similar analysis is done for mass transfer. However, 
we have confined our theoretical work to high Sc, which 

*Electrochemical Society Student Member. 
**Electrochemical Society Active Member. 
Key words: electrode, kinetics, battery, electrodeposition. 

is the region of most interest in liquid phase mass trans- 
fer. Our numerical results show w h e r e  t h e  high Sc asymp- 
tote is valid. 

Hydrodynamics 
We take the origin of the coordinates to be at the solid 

wall, at the end of a flow channel which is closed off (Fig. 
1). The flow is two dimensional and is described by the 
Navier-Stokes equations 

ovx avx - 1 0 P  ( o2vx o"-vx ) 
- -  - - -  + v + [1 ]  v~ ~ + vy Oy p ax ox 2 Oy ~- 

av~ Ov, - l  _ _  ( 02Vy ~2Vy ) 
vx-~-x + v~ 0~- - p Oy + ,  Ox 2 + OY ~ [2] 

and the equation of continuity 

c~V x c~V u 
- -  + = 0 [3] 

~x Oy 

The boundary conditions are 

a t y =  0, v ~ . = 0 a n d v ~ = 0  [4a] 

a t y =  h, v x =  0 a n d v  U= -vw [4b] 

a t x =  0, v x = 0  [4c] 

The boundary conditions and the equation of continuity 
suggest the following form for the velocity components  

v~ = Q(y) [5a] 

vx = : xQ ' ( y )  [5b] 

After substituting Eq. [5a] and [5b] into Eq. [1] and [2] 
and taking the curl to eliminate pressure, Berman (2) ob- 
tained the following equation for Q 

Q,Q, _ QQ,,, = _~QiV [6] 

with the boundary conditions 

a t y  =0,  Q' = 0 a n d Q =  0 [7a] 

a t y =  h ,Q '  = 0 a n d Q  = -Vw [7b] 

It is convenient to put Eq. [6] and [7] into dimensionless 
form by introducing the following dimensionless quanti- 
ties 

Q 
a - [8] 

V~ 

R e -  vwh [9] 
/) 

y 
- [ l O ]  

h 
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J, 

Fig. 1. Schematic of channel and coordinate axes 

T h e n  we  obta in  

- 1  
R 'R" - RR  . . . .  R iV [11] 

Re 

wi th  bounda ry  condi t ions  

a t T = 0 ,  R'  = 0 a n d R =  0 [12a] 

a t T =  1, R' = 0 a n d R = - I  [12b] 

At  low Re, B e r m a n  (2) showed  that  there  is a regular  
pe r tu rba t ion  problem.  The first few t e rms  in the  expan-  
s ion for the  single porous  wal l  channe l  have  been  ob- 
ta ined by Jo rne  (8). In  the  l imi t  as Re b e c o m e s  infinite, 
we lose the  four th  der ivat ive ,  and the  p rob l em becomes  
singular.  Pe r tu rba t ion  expans ions  need  to be  deve loped  
for bo th  inner  and outer  regions.  In  the  reg ion  of  in te rme-  
diate Re, ne i ther  the  low nor  h igh  Re expans ions  is ade- 
quate,  and we  need  to obta in  a numer ica l  solut ion of  the 
comple t e  equat ion.  

The  full  equa t ion  is a nonl inear ,  two-poin t  b o u n d a r y  
va lue  problem.  I t  has  b e e n  solved by reduc ing  it to two 
second-order  equa t ions  and l inear iz ing t h e m  about  a trial 
solution.  The  l inear ized equa t ions  were  solved by BAND,  
a subrou t ine  deve loped  by N e w m a n  (9, 10). F igure  2a 
shows the  ve loc i ty  profi le at a h igh  Re. 

Terr i l l  (6) has cons idered  the  related s ingular  per turba-  
t ion p rob l em in the  two porous  wall  channel .  The  outer  
solut ion for the  two porous  wall  channel  is the  same  as 
for our  problem.  In  this  reg ion  our  var iable  is deno ted  by  

= y [13] 

The  outer  solut ion can be  wr i t ten  as an expans ion  in 1/Re 

i ~  = 1~o + -~e  R~ + R~ + . . .  [14] 

The  different ial  equa t ion  for the  first t e r m  in the  outer  
region is 

fi'A",, = fi '"8 

with  the  bounda ry  condi t ions  

at ~ = 0, i~0 = 0 [16a] 

at 3' = 1, I~'o =~0 and 1~0 = - 1  [16b] 

The solut ion to this non l inear  problem,  first g iven  by  
White (5), tu rns  out  to be  

The in te res ted  reader  is re fer red  to Terri l l 's  w o r k  (6) for 
the  ra ther  more  compl i ca t ed  solut ions for the  nex t  two 
te rms  in the  outer  expans ion .  

At  h igh  Re, order  of  m a g n i t u d e  analysis shows that  the  
p roper  form of the s t re tched  dis tance  in the  inner  reg ion  
is 

yx /Re  
[18] 

h 

The inner  flow variable  is 
m 

Q~/Re 
[19] 

Vw 

Terri l l  (6) sugges ted  that  the  inner  expans ion  should  take 
the  form 

= Re~/2Ro + Re3~2R1 + Re 5~2 (log Re) ~ + Re~J2~ + . . .  
[20] 

This  leads to the  fo l lowing different ial  equa t ion  for the  
first t e rm in the inner  solut ion 

- R'0R"o + RoR'"o = -RiVo [21] 

wi th  the  boundary  condi t ions  

a t e =  0, R o = 0 a n d R ' 0 = 0  [22] 

By  requ i r ing  that  

l im R = l im 1~ [23] 

we can de t e rmine  the  ma tch ing  condi t ions  as g tends  to- 
ward  infini ty 

~ % R'o --> --~-,  R'o ---> 0 [243 

The m e t h o d  of  solut ion of  Eq.  [21] subjec t  to boundary  
condi t ions  [22] and m a t c h i n g  condi t ion  [24] is s imilar  to 
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Fig. 2. a(left): Shape of y velocity profile at Re = SO,O00. b(right): Detail of boundary layer region at Re = 50,000. 



1830 J .  E l e c t r o c h e m .  Soc.:  E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  A u g u s t  1984 

l,gE+gg 

1.~E-02 

F 

I 

I,~E gl  I,gE+g~ I.OE+~] l,gE+02 

REYNOLDS NUMBER 

Fig. 3. Function G(Re) defined by Eq. [25] 

/ 

that  of the  full  equat ion.  F igure  2b shows the  bounda ry  
layer  in more  detail. 

The  shear  stress at the  solid wall  can be  wr i t ten  as a 
func t ion  of  Re 

rx~h 2 
- G(Re) [25] 

p.XVw 
Our bounda ry  layer  solut ion yields 

G(Re) = 2.43Re ~ [26] 

Jo rne ' s  low Re per tu rba t ion  solut ion yields the  fo l lowing 

16Re 
G(Re) = 6 + - -  [27] 

35 

F igure  3 shows a plot  of  G(Re) vs. Re as de t e rmined  by 
the  full numer ica l  solution. The  low and h igh  Re asymp-  
totes  are also plotted.  For  Re < 1, the  low Re  a sympto te  is 
a good approx ima t ion  to the  shear  stress, whi le  for Re > 
500 the  high Re l ine fits the  data  well. Reynolds  n u m b e r s  
b e t w e e n  1 and 500 are i n t h e  in te rmedia te  region. 

Mass Transfer  
Since  v~ is a func t ion  of  y only, the  equa t ion  of  convec-  

t ive diffusion can be  wr i t t en  as 

0 .98  

i 0 .$6  
03 

z 

O,g4 

W 

o 

e .92  

dci dSci 
v~ -~y = Dl --dy 2 [28] 

Fo r  our  problem,  the bounda ry  condi t ions  take the  form 

at y = 0, ci = Co [29a] 

at y = h, ci = cb [29b] 

Equa t ions  [28] and [29] can be pu t  in d imens ion less  
form by in t roduc ing  a d imens ion less  concen t ra t ion  

T h e n  

O ci - Co [30] 
Cb - -  Co 

dSO PeR('f) dO 
d--- T- - ~ = 0 [31] 

wi th  bounda ry  condi t ions  

at ~/ = 0, O = 0 [32a] 

a t e =  1, O = 1 [32b] 

The  solut ion to this equa t ion  can be  represen ted  as an 
in tegra l  

f f f  ePe/o B R(a)d~ dfl 

O = [33] 
f0' o ePe/0 R(a)da dB 

The Nusse l t  n u m b e r  is s imply  

dO r~o = 1 [34] 

fo' Nu = ~ ePe/0" R(~)d~ d], 

The  n u m b e r  of  points  in the  in tegra t ion is d e p e n d e n t  
on the  n u m b e r  of  in tervals  used  in the  h y d r o d y n a m i c  so- 
lution. A finer m e s h  wou ld  be  appropr ia te  for the  mass- 
t ransfer  p rob lem at h igh  Pe,  bu t  this is l imi ted  by com- 
pu te r  m e m o r y  size. At  h igh  Pe,  the  exponen t i a l  in the  
in tegra l  of  Eq.  [34] will  change  rapidly.  We need  to 
in terpola te  be tween  grid points.  

To do this in terpola t ion  we first s t re tch the  d is tance  
wi th  Sc  

= ~/Sc "~ [35] 

T h e n  Eq. [33] takes  the  fo rm 
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Fig. 4. Correction to high Schmidt number asymptote for (a, left) moderate and large Reynolds number and (b, right) moderate and small Reynolds 
number. 
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S c  1/3 
Nu = [36] 

f0 Sc"3eReSc ~%~ R(Dd~ 
dT' 

At distances close to the solid wall we can write vx in the 
form of a truncated Taylor series 

vx = fl(x)y [37] 

~(x) = - T~ ~=0 [38] 

From Eq. [3] v~ becomes 

vy = -1/2 fl'(x)y 2 [39] 

This form for the y velocity suggests that we interpolate 
quadratically between grid points. 

At high Sc a mass-transfer boundary layer forms. Then 
the concentration can be represented as 

0 = / [ e  - ~  dx [4O] 
where 

[41] ~? = Y x 
(9Dif0 x/~dx) '/3 

Due to the functional form of ~(x), V is a function of y 
only. The high Schmidt number  asymptote can be con- 
structed with a knowledge of G(Re) from Fig. 3. Thus 

N u s ~  = 0.6160(G(Re))I~3Pe '/3 [42] 

Using this representation, Jorne (8) obtained for low Re, 
high Sc cases 

8 ) ,~3 
N u =  1.12 l + ~ R e  Pe '/3 

In  the limit as Re --> 0, this yields 

[43] 

Nu = 1.12Re1/~Sc 'j3 [44] 

Using our results for the hydrodynamics at high Re we 
obtain for the high Re, high Sc asymptote 

Nu = 0.8277 v~ReSc "3 [45] 

The high Sc asymptote over the whole range of Re can 
be constructed from Eq. [42] and Fig. 3. At finite Sc, the 
actual value of Nu will deviate from this asymptote. Fig- 
ure 4 shows the correction to be applied to the asymptote 
at finite Sc. 

Acknowledgment 
This work was supported by the Assistant Secretary for 

Conservation and Renewable Energy, Office of Energy 
Systems Research, Energy Storage Division of the U.S. 
Department of Energy under  Contract no. DE-AC03- 
76SF00098. 

Manuscript submitted Aug. 22, 1983; revised manu- 
script received March 16, 1984. 

The University of  California assisted in meeting the 
publication costs of  this article. 

LIST OF SYMBOLS 
c concentration (mol m-3) 
D diffusion coefficient, (m2s -~) 
G(Re)Eq. [25] and Fig. 3 
h spacing between porous and solid wall (m) 
N molar flux (mol m-~s - ' )  
Nu Nusselt number  (Nih/DiAc) 
P dynamic pressure (Pa) 
Pe Peclet number,  vwh/D 
Q defined by Eq. [5] (m s- ' )  
R dimensionless velocity 
Re Reynolds number  (Vwh/v) 
Sc Schmidt number  (v/D) 
v velocity (m s- ' )  
x coordinate along wail (m) 
y coordinate perpendicular to wall (m) 

Greek Letters 

fl(x) defined by Eq. [38] (s- ')  
T dimensionless distance 

defined by Eq. [41] 
O dimensionless concentration 

dynamic viscosity (kg m - ' s  -~) 
v kinematic viscosity (m2s - ' )  

stretched distance 
~r 3.14 
p density (kg m-3) 
r shear stress (N m-2) 

Diacritical Marks 
- inner  variable 

outer variable 

Superscripts 
' first derivative 
" second derivative 
'" third derivative 
iv fourth derivative 

Subscripts 
i species 
o first term 
w wall 
x x direction 
y y direction 

REFERENCES 
1. J. Jorne, This Journal, 129, 2251 (1982). 
2. A. Berman, J. Appl.  Phys., 24, 1232 (1953). 
3. J. Sellars, ibid., 26, 489 (1955). 
4. S. W. Yuan, ibid., 27, 267 (1956). 
5. F.M. White, Jr., B. F. Barfield, and M. J. Goglia, J. Appl.  

Mechan., 25, 613 (1958). 
6. R. M. Terrill .Aeronaut. Quart., p. 323, November 1965. 
7. F. M. White: Jr., Ph.D.-Thesis, Georgia Institute of 

Technology, ~ktlanta, GA (1959). 
8. J. Jorne, This Journal, 129, 1727 (1982). 
9. John Newman, "Electrochemical Systems," Appendix 

C, pp. 414-425, Prentice-Hall, Inc., Englewood Cliffs, 
NJ (1973). 

10. J. Newman, Ind. Eng. Chem. Fundam.,  7, 514 (1968). 



Rearrangement Energy for Electron Transfer at 
Semiconductor/Electrolyte Interface 

Kenkichiro Kobayashi, Masasuke Takota, and Shoichi Okamoto 
Faculty of Engineering, Technological University of Nagaoka, Nagaoka, Niigata, 949-54 Japan 

Mitsunori Sukigara 
Institute of Industrial Science, University of Tokyo, Roppongi, Minato-ku, Tokyo 106 Japan 

ABSTRACT 

General formulas of the rearrangement energy for the electron transfer at a semiconductor/electrolyte interface are 
derived by using the dielectric continuum theory. The rearrangement energy of orientational and intramolecular vibra- 
tions of solvent and lattice vibration of the semiconductor  depends not only on the distance between the electrode sur- 
face and redox ions, but  also on dielectric constant of  the semiconductor.  Theoretical values of  the rearrangement en- 
ergy are compared with experimental  values. 

Nonradiative electron transfer in a polar solvent occurs 
accompanying the thermal excitation and emission of 
many phonons and is called a mult iphonon process (1). 
The electron transfer rate in the mult iphonon process is 
governed by the electronic matrix element coupling the 
initial and the final states of the electron transfer, and by 
phonon-state density, which is the Franck-Condon factor 
statistically averaged over the initial state of phonons. 
The phonon-state density is responsible for the tempera- 
ture dependence of the electron transfer rate, and it in- 
creases with the decrease in the rearrangement energy of 
various vibrations participating in the electron transfer. 
The rearrangement energy of orientational vibration of a 
solvent, Es(o~), is one of the important factors determining 
the phonon-state density for the electron transfer in a po- 
lar solvent. The Es(o~) values have been estimated from 
the electron transfer rate constants by assuming the 
transmission coefficient to be unity (2). This assumption 
is plausible for an adiabatic electron transfer in which the 
electronic matrix e lement  is very large. On the contrary, 
nonadiabatic electron transfer was experimentally found 
in the electrochemical reductions of Fe ~+ at the organic 
crystal electrode (3) and in homogeneous electron transfer 
reactions including europium ions (4). In the case of the 
nonadiabatic electron transfer, information about the 
transmission coefficient or the electronic matrix element 
is necessary to determine the accurate Es(o~) value from 
the electron transfer rate. The formal application of the 
adiabatic electron transfer may lead to the overestimation 
of the Es(o~) value by a term of the transmission 
coefficient. On the other hand, it was reported (5-8) that 
the E~(os) values can be determined directly from current- 
voltage characteristics at a semiconductor/electrolyte in- 
terface. The advantage of the above method is that, since 
the phonon-state density can be obtained separately from 
the electronic matrix element, the estimated E~(o~) values 
do not involve the uncertainty of the t ransmission 
coefficient. Such exper imental ly  obtained E~_(o~) values 
have been compared with the theoretical  E~(o~) values 
for the electron transfer at a metal  electrode. The E~(o~) 
values in e lectrochemical  reactions, however,  depend on 
the mirror image force between an electrode and an 
electron transferred into the oxidant ion (9). This mirror 
image force is related to the difference in the dielectric 
constants of the electrode and the solvent. Since the di- 
electric constant of a metal  is~infinite) the electric field 
is everywhere  zero in a metal  electrode, while there is a 
nonze~'o electric field inside a semiconductor.  Thus, an 
Es(o~) value obtained at a semiconductor  electrode with a 
small dielectric constant  may deviate from tl~at at a 
metal electrode. The semiconductor  is polarized by the 
electron transferred into the oxidant ion, and thus the 

Key words: rearrangement energy, electron transfer, semicon- 
ductor electrode. 

rearrangement  energy of lattice vibrations of the semi- 
conductor  electrode should be taken into account. In the 
present  paper, we derived formulas for the rearrange- 
ment  energy of several vibrat ions governing the electron 
transfer rate at the semiconductor/electrolyte  interface. 

Theory 
Model of electron transfer at semiconductor/electrolyte 

interface.--We are concerned with one-electron transfer 
from the occupied conduction band of a semiconductor 
to an oxidant ion, or from a reductant ion to the empty 
conduction band: Ox + e ~- Re, where Ox denotes an oxi- 
dant ion with the charge m+, Re denotes a reductant ion 
with the charge (m - 1)+, and e is an electron in the con- 
duction band. The spatial arrangement at the interface of 
the semiconductor and electrolyte is schematically shown 
in Fig. 1. The shape of the oxidant ana reductant ions is 
approximated as a sphere, and the center of the reductant 
and oxidant ions is located apart from the semiconductor  
surface by R/2. No solvent penetrates inside of the ion 
sphere rb. The ion possesses intramolecular vibration of 
frequency oJ ~ 10 '3 s- ' .  A polar solvent such as water pos- 
sesses not only orientational vibration of a permanent  di- 
pole moment  but also stretching or deformation vibra- 
tions'(10). The energy of the orientational vibration of  the 
solvent is about 10 -4 eV (~o ~ 10" s- '),  while the energy of 
the deformation or stretching vibration of the solvent 
ranges from 0.01 to 0.1 eV (oJ ~ 10 '3 - 1014 s- ').  For sim- 
plicity, we assume that one mode among the intramolecu- 
lar vibrations of the solvent contributes to electron trans- 
fer. Self-trapping of an electron observed in ionic 
semiconductors is the result of the strong interaction of 
an electron with the lattice vibration. The electron in the 
reductant  ion located near the ionic semiconductor  sur- 
face can also interact with the lattice vibration. Since for 
covalent semiconductors the electron-phonon interaction 
is weak in comparison with that in ionic semiconductors 
(11), hereafter we consider only ionic semiconductors.  Ac- 
cordingly, the vibrations taking part in the electron trans- 
fer at the semiconductor/electrolyte interface consist of 
the orientational vibration of the solvent, the intramolecu- 
lar vibrations of the oxidant ion and of the solvent, and 
the optical phonons of the lattice vibration in the ionic 
semiconductor. In the cathodic process, at the final state 
an electron has been transferred into the oxidant ion and 
interacts strongly with the orientational vibration of the 
solvent, the intramolecular vibrations of the ion and of 
the solvent, and the optical phonons in the ionic semicon- 
ductor. At the initial state, an electron in the conduction 
band is delocalized over the semiconductor, so that its in- 
teraction with the said vibrations is negligible. The differ- 
ence in this e lectromphonon interaction results in the 
shift of the equil ibrium coordinate of the interaction 

1832 



Vol .  131,  N o .  8 S E M I C O N D U C T O R / E L E C T R O L Y T E  I N T E R F A C E  1833 

{ 

ELECTROLYTE ELECTRODE 

Z< t ~ I 
z=R z=R/2 z=O 

Fig. 1. Geometry in determinin 9 the dielectric displocement by an 
electron transferred into the oxidant ion and the mirror image charge in a 
semiconductor electrode. 

. ,  = rn+~ Pn m (COS ~o) e t ~  
n=O m=-n 

+ ~ ~ Cnm Pnm/(cos 0 , )  eU.~, [4] 
.=0 . . . .  ( r*)nq 

w h e r e  the  coord ina te  (r*, O*, ~*) is re la ted  to the  coordi-  
na te  (r, O, ~) as fo l lows  

r* = (x 2 + y'-' + (z - R)'-') '/~ 

= (r"- + R 2 - 2rR cos 0 )"2 

cos O* = ( R -  r c o s # ) / ( r  2 + R 2 - 2rR cos  O ) "2 

~* = ~ [5] 

At  the  interface of  semiconduc tor /e lec t ro ly te  (z = R/2), V~ 
and Va, and the  normal  c o m p o n e n t  of  the dielectr ic  dis- 
p lacement ,  -ezdV.Jdz  and -esdVa/dz,  shall be  equal  to 
each other.  Thus, for the c o m p o n e n t  of n = m = 0, one 
gets  

m o d e s  of  var ious  v ibra t ions ,  e. g., the  ion  radius  is var ied  
f rom v a (oxidant) to % (reductant)  after e lec t ron  t ransfer  
f rom the  s e m i c o n d u c t o r  to the  ox idant  ion. The  orienta- 
t ional  v ibra t ion  of  the  so lvent  wi th  the  s low re laxat ion  
t i m e  canno t  r e spond  to the  fast  change  of  the  ionic  radius  
after  the  e lec t ron t ransfer  and cannot  fol low the  the rmal  
f luctuat ion of  the ionic  radius.  However ,  the  in t ramolec-  
ular  v ibra t ion  of  the  so lvent  can fol low the  the rma l  fluc- 
tua t ion  of  the ionic radius.  This  indica tes  tha t  the  inter- 
act ion energy  of  the  e lec t ron  wi th  the  in t ramolecu la r  
v ibra t ion  of  the  so lvent  depends  on the  coord ina te  of  the  
in t r amolecu la r  v ibra t ion  of  the  ion (12). For  s implici ty,  in 
the  ca lcula t ion of  the  r e a r r angemen t  ene rgy  due  to the  in- 
t r amolecu la r  v ib ra t ion  of the  solvent ,  the  ionic  radius  is 
a s sumed  to be f rozen at rb of  the  reduc tan t  ion. 

Electr ic  po ten t ia l  ins ide  semiconductor ,  solvent ,  a n d  
r e d u c t a n t  i o n . - - A  solvent  and a s emiconduc to r  are 
t rea ted as dielectrics,  wh ich  are uniform,  isotropic,  and 
unsa tu ra t ed .  The  e lec t ros ta t i c  po ten t ia l  at any po in t  
(r, O, ~o) ins ide  the  sphere  rb is g iven  by (13) 

f ~  e ,  ~ ( r ' , # ' , ~ ' )  I~ d v  ' V,(r,  #, ~) = 
=o e l l  r - r ' l  

n 

+ ~ E BnmrnPnm(COS ~) eim~ [1] 
n=0 ra=-n 

w h e r e  e is the  cha rge  of  an  e lec t ron ,  T (r ' ,  0 ' ,  ~') is the  
e l ec t ron ic  w a v e f u n c t i o n  in the  r e d u c t a n t  ion  at po in t  
(r ' ,  0 ' ,  ~'), t he  p m (cos 0) a re  t he  assoc ia ted  L e g e n d r e  
func t ions ,  and e~ is the  d ie lec t r ic  cons t an t  ins ide  t he  
sphe re  %. The  s econd  t e r m  in Eq.  [1] is t he  resu l t  of  the  
cha rge  d i s t r ibu t ion  ou t s ide  t he  sphere  %. Fo r  s impl ic i ty ,  
we  a s s u m e  tha t  I xI'l 2 has  t he  spher ica l  s y m m e t r y  and 
no p robab i l i t y  ou t s ide  sphe re  %. U n d e r  th is  condi t ion ,  
Eq.  [1] r educes  to 

e f r'=r 
- -  [~ (r ' ,  O', ~o') I x 4rrr '2 d r '  V , ( r , O . ~ ) =  e, ~ J r  .... 

G,,, Coo + 
[x 2 + y~ + (R/2)'-']"-' 

and  

IX" + y2  + (R/2 - R)2] '/2 

Doo 
IX 2 + y2 + (R/2)..,],/~ 

[6] 

R/2 G.o 
- e.., [x'-' + y'-' + (R/2)2)] sr-' 

Then ,  i t  fo l lows tha t  

(R_7./2 - R) C, L 
+ Ix ~ + 7 + 7R~ 7 R-')F ~ } 

-ca R/2 D..  

[x ~ + y'-' + (R/2)'-']3/"-' 
[7] 

G00 _ _ _ e ' a  + aa D00, and  Coo - _ _ e z  - ea D00 [8] 
2e~ 2e2 

In  o rder  to get  the  b o u n d a r y  cond i t ion  on the  sur face  of  
sphere  rb, we  e x p a n d  Ve in p o w e r s  of  cos # in the  fol low- 
ing  fo rm 

~ P a  (cos O) e im~ + ~ 
n=o m=-n n=0 

n Cn m p m ( c o s  0 " )  im~ ~" 
m_~_n ~ - ~ ' ~ 2 ; ~ n + l ~ ' ~  e L1 + k~__l(--1)k 

2 2 . . . .  2 k! ~ r ~ + R 2 ]J  
[9] 

w h e r e  

cos O* = ( R - r  cos O) (r 2 + Re) - '~  {1 + ~ ( -1)  j 
1 3 

j 2 2 

( 2 j - 1 )  1 [ 2 R r c o s # ~ J ]  
2 J! t \ - - ~ ,  +-~., ) 

+ ~ ~ BnmrnPnm(COS~O) eim~ [2] 
n=O m = -- n 

F r o m  the  boundary  condi t ion  of  V, = V_, and - e , d V , I d r  = 
-e.adV.,./dr at r = rb, we have  

The  e lec t ros ta t ic  po ten t i a l  ins ide  the  s e m i c o n d u c t o r  ~ + Boo-  Coo + Goo 
h a v i n g  the  d ie lec t r ic  c o n s t a n t  as satisfies Lap lace ' s  e1% (%2+ R 2) ,~2 % 
e q u a t i o n  and  is t a k e n  to be  zero at  r -+ r162 Thus ,  we  have  

+ 

7 Pnm (COS O) e im~ [3] 
n=0 m=-n 

The  e lec t ros ta t i c  po ten t i a l  ins ide  the  so lven t  h a v i n g  the  
d ie lec t r ic  cons t an t  E, is wr i t t en  as 

(%2 +R  ~) a/2 F O(h) [10] 

and 

%~2 Coo e.~ Goo 3 E.2CloR% 
e2/% 2 - + + + Q (h) [11] 

(%2 + R2)S/2 %2 (%2 + R 2) 5/2 
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where  O(h) and Q(h) are the  h igh  order  t e rms  arising f rom 
Cm) (n ->_ 2). We neglec t  the  mul t ipo le  potent ia l  arising 
f rom the  t e rms  of n => 1 in V,, V2 and Va. U n d e r  this  ap- 
p rox imat ion ,  the  work  for charg ing  the  sphere  rb is g iven  
by 

e B  oo e 2 e C  oo e G oo 
- - -  - -  + + - -  [12]  

2 2elrb 2(%~ + R ~) ,/2 2% 

F r o m  Eq. [10] and [11], we  have  

{ E ~ + E ~  ~ . , - - ~  rb ~ }-~ 
Doo = e ~ + 2 (rb 2 + R2) 3~ [13] 

We take  into account  only the  t e rm of  n = m = 0, so that  
the  subscript ,  00, in G, C, D, are omi t t ed  hereaf te r  for sim- 
pl i fying the  descr ipt ion.  As seen in Eq. [2], the  mul t ipo le  
potent ia l  is oo t  the  resul t  o f  the  charge  d i s t r ibu t ion  ins ide  
the  sphere  rb, bu t  of the  mi r ro r  image  effect  (14): t he  elec- 
t ron in the  reduc tan t  ion induces  the  charge  at the  
semiconduc tor /e lec t ro ly te  in ter face  if  there  is the  differ- 
ence  in the  dielectr ic  cons tan ts  b e t w e e n  the  semicon-  
duc to r  and the solvent .  The  charge  induced  at the  semi- 
conduc tor /e lec t ro ly te  in ter face  polarizes the  sphere,  and, 
in consequence ,  the  i nduced  dipole  m o m e n t  appears  at 
the  surface  of  the  sphere  %. The mul t ipo le  potent ia l  is 
gene ra t ed  in the  same manner .  

In teract ion  o f  an electron w i t h  dielectr ics . - -The polari- 
zat ion of  the solvent  P~ consis ts  of the  e lect ronic  polariza- 
t ion P2~, the  ionic polar izat ion due  to the  in t ramolecu la r  
v ibra t ion  P2~, and the  or ienta t ional  polar izat ion of  the  per- 
m a n e n t  d ipole  m o m e n t  of  the  so lvent  P 2 , 1 .  When the  distri- 
bu t ion  of  the  e lec t ron is changed  slowly, the  polar izat ion 
induced  inside the solvent  is wri t ten  as 

ezs-  1 
P~ = P2e + P21 + P~d = X2s E2~ - 4 ~  E u  [14]  

where  X.,~ is the dielectr ic  suscept ibi l i ty  of  the  solvent  and 
E~ is the  static electric field ins ide  the  solvent.  Similar ly,  
for the  s low fluctuat ion of  the  e lectron distr ibution,  the  
polar izat ion induced  inside the  semiconduc to r  is wr i t ten  
a s  

P3 = P'3e + P3i = x3sE3s - eas - 1  4~r E~ [15] 

where  X3~ is the  dielectr ic  suscept ibi l i ty  of  the semicon-  
duc to r  and E3~ is the  electr ic  field inside the  semicon-  
ductor.  The  static electr ic  field ins ide  the  solvent  E~ is 
g iven  by 

r r *  
E2s = G s -  + C s -  [16] 

I r t  ~ I r * l  ~ 

Similarly,  the  static electr ic  field inside the semicon-  
duc to r  is 

r 
E~ = D~ [ r------~ [17] 

where  the  coefficients, G~, C~, and D~, are obta ined  by 
subs t i tu t ing  the  static dielectr ic  cons tant  of  the  so lvent  e2~ 
and that  of  the  s emiconduc to r  e~ into Eq.  [8] and  [13], in- 
s tead of  ~2 and e,, respect ively .  When the change  in the  
d is t r ibut ion  of  the  e lectron is so fast that  the  or ienta t ional  
v ibra t ion  of  the  solvent  canno t  fol low bu t  bo th  the  lat t ice 
v ibra t ion  of  the  s emiconduc to r  and the in t ramolecu la r  vi- 
brat ion of  the  solvent  can follow, the  polarization induced  
inside the  solvent  is 

Pz = P2i + P~e = X2rE2r -- _ _ e 2 ~  -- 1 E2~ [18] 
4*r 

and  that  inside the  s e m i c o n d u c t o r  is 

E3r-  1 
P3 = Pai + P~e = X3~ E3r - -  - -  E3r [19] 

4r 

where  e~r and e3r are the  die lectr ic  constants  of  the  solvent  
and the  s emiconduc to r  in the  infrared region, respec-  
tively. The  electric field E2r or E3r is g iven  by replac ing  
G~, Cs, and Ds by Gr, Cr, and Dr, in wh ich  the  die lectr ic  con- 
stants  in the  infrared reg ion  are used  ins tead of  the  static 
die lectr ic  constants .  For  the  very  fast change  in the  distri- 
bu t ion  of  the electron,  the  e lect ronic  polar izat ion of  the  
so lven t  

e~o - 1  
P2e = ~2oE2o - E2o [20] 

41r 

and the  e lect ronic  polar izat ion of  the  s emiconduc to r  

E3o -- 1 
P3e = X3oE3o - - -  E3o [21 ]  

4~r 

can fol low the  change.  In  Eq.  [20] and [21], e2o and e3o de- 
note  the  optical  dielectr ic  cons tants  of  the  so lvent  and the  
semiconduc to r ,  and in the  express ion  of  E2o and E3o the  
coefficient,  Go, Co, and Do, are wri t ten  with the  opt ical  di- 
electr ic  constants .  

The total  Hami l ton ian  for the  e lectron and the  polariza- 
t ion of dielectr ics  is wri t ten as (15) 

H = He + H,  [22] 

The  Hami l ton ian  for the  electron,  He, is the  s u m  of  the  in- 
t e rac t ion  of  the  e lec t ron  wi th  the  polarizat ion,  He,, and an- 
o ther  t e r m  i n d e p e n d e n t  of  the  polar izat ion He' 

H = He, + He' [23] 

The  Hami l ton ian  for the  polar izat ion ins ide  the  dielec- 
trics, Hp, is wri t ten  as (15) 

if, ,o "~ni p 2. i (r') dar ' + 2 n i  P 2 , i  (r') d3r ' 
Hp = n=~ ~ n=2 

+ ~ -  P 22 e (r') d3r ' + ~ oJ 2 P2d 2 (r') dSr ' [24] 

whe re  the  coeff ic ient  y has  been  de t e rmined  f rom La- 
grange ' s  equa t ion  of  the  polar izat ion (12). In  Eq.  [24], the  
first and second t e rms  deno ted  by the  subscript ,  n = 2 
and n =. 3, are the  kinet ic  and potent ia l  energy  of  the  ionic 
polar izat ion of  the solvent ,  and those  of  the  semicon-  
ductor ,  respect ively .  The  third and four th  t e rms  in Eq.  
[24] are the  kinet ic  and potent ia l  energy  of  the  orienta- 
t ional  v ibra t ion  of  the  solvent .  The  in terac t ion  of  an elec- 
t ron  wi th  the  polar izat ion is g iven  by 

H~p = * (r*) ~I, (r) ] r - r ' ~  ~ " P (r') d3r d~r ' [25] 

In  the  prev ious  section, we  as sumed  that  the  d is t r ibut ion  
of  an e lec t ron has the  spher ical  s y m m e t r y  wi th  respec t  to 
the  cen ter  Of the r educ tan t  ion, and that  the probabi l i ty  of  
the  e lec t ron outs ide  the sphere  rb is zero. U n d e r  these  
condi t ions,  Eq. [25] reduces  to 

Her = _ r '  . P ( r ' )  d 3 r  ' 

= - / E~ (r') - P (r') d3r ' [26] 

where  Ev is the  electr ic  field or iginat ing f rom the  elec- 
t ron in the  reduc tan t  ion in the  vacuum.  

The electric field at r induces  the  polar izat ion P(r) in- 
side the  dielectrics,  and thus  the  dielectr ic  is a t t rac ted  by 
the  force  

F = (P .  V) E~ [27] 

The w o r k  done  against  this electr ical  force in carrying the 
dielectr ics  f rom ] r] = cr to I r '  ] is - f~'=~ F(r) �9 dr.  Thus,  
the  to ta l  ene rgy  p r o v i d e d  f rom ex te rna l  sys tem is (13) 

f ; '  f f  W = - d3r ' =~ F (r) �9 d r  = - d3r ' P �9 dEv [28] 

This  e n e r g y  W is a lso  o b t a i n e d  by  ca lcu la t ing  the  differ-  
ence  b e t w e e n  the  field e n e r g y  ins ide  t he  d ie lec t r i cs  and 
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tha t  in t he  v a c u u m  (16) 

S E M I C O N D U C T O R / E L E C T R O L Y T E  I N T E R F A C E  

i f  f i f  W = ~ d3r ' E �9 dE~ - ~ E2~ d3r ' [29] 

The  field e n e r g y  is t he  w o r k  for charg ing  the  sphere  %. 
Consequen t ly ,  the  sub t r ac t ion  o f  eB/2 in t he  v a c u u m  
f rom eB/2 in the  d ie lec t r ics  

eC 
eG/2rb + e'-'/2rb [30] 

2(r'-'b +R") w., 

m u s t  accord  wi th  W in Eq.  [29]. Bu t  in t he  zero o rder  ap- 
p rox ima t ion ,  n = m = 0, t he re  is a smal l  dev ia t ion  be- 
t w e e n  the  w o r k  W in Eq.  [29] and W in Eq.  [30], because  
the  e lec t r ic  field in Eq.  [16] i nc ludes  the  h igh  o rder  
t e rms  of  cos ,9, wh i l e  those  t e rms  are  neg l ec t ed  in eB/2 in 
Eq.  [12]. The  w o r k  g iven  by Eq.  [28] or  [29] is c o n v e r t e d  
to bo th  the  in t e rac t ion  e n e r g y  of  the  e l ec t ron  wi th  the  
die lect r ics ,  H~p, and the  w o r k  to polar ize  the  die lect r ics ,  
Wp. F r o m  Eq. [26] and  [28], Wp is wr i t t en  as 

W , = - f d 3 r ' f P . d E v + f P . E ~ d 3 r ' = f d 3 r ' f E ~ . d P  
[31] 

Subs t i tu t ing  Ev and P into Eq.  [31], we  have  

1 
W p = -  W = - ~ - H ~ p  [32] 

The  re la t ion of  Wp = - W  leads  to 

Wp = eV2rb -- ~ E..,~ �9 Ev dv2 

1 
[ E3~ �9 Ev dv3 [33] 

8 =  J 

and the  re la t ion of  W, = - 1/2 Hep yields to 

if i f  Wp = - ~  P.~.  E~dvo + P3s " E~dv3 [34] 

whe re  the  v o l u m e  e l emen t s  dv2 and dv~ indica te  that  the  
v o l u m e  integral  m u s t  be  t aken  over  the  space  w h e r e  the  
so lvent  is present ,  and over  the  space where  the  semicon-  
duc to r  is present ,  respec t ive ly .  Subs t i tu t ing  the  relat ions 
of  Eq.  [16] and [17] into Eq.  [33] or [34], we  have  

1 f r r* er 
Wp = e2/2rb - ~ J (G~ ~ + c~ ~ ). I r 13 dv2 

f r er  1 D~ - 
- 8= I r 13 I r 13 dv3 [35] 

W,  ~ + �9 - V~-'~-~ C s ~  -~13dv2 
e3~ - 1 f r er + 8,,,7- _Ds  ] ~  �9 [ r ]  3 dv3 [36] 

The  v o l u m e  integrals  in Eq.  [35] and [36] are carr ied out  
by  the  var iable  change  as fol lows (see Fig. 2 and 3) 

rd8 

-I 

f r r = [ 4~n'2 d r  
I r l  3 ]rl 3dv~ J~>r~ r 4 

=m2 ~=o (z 2 + y2)~ 

f r* 
I r l 3 I r* I -----?dr2 = b 

f j (r~-Rr cos O) 2=r~ sin Od,gdr _ f ~=~ 
=o 2r 3 (r 2 + R 2 - 2 R r  cos ,9)3J2 = 

f ~ ( r 2 - R r  cos ,9) 27rr 2 sin ,gd,gdr 

o=0 2r 3 (r 2 + R 2 - 2 R r  cos ,9) 3/2 

1835 

f r r f , [  f~= l i l3 i r l  ~ dv3 = .,'~ o 

2 7r y dy  dz  
- 2 ~ / R  [39] (z 2 + y.-,)2 

Accordingly ,  the  w o r k  Wp is wr i t ten  as 

Wp = e~/2rb - eGs/2rb - e C J 2 R  [40] 

o r  

Wp = e e2~ GJ2rb - e G J 2 %  - e C J 2 R  [41] 

But  Wp in Eq. [41] devia tes  f rom Wp in Eq.  [40] by the  
smal l  t e rm of  2-1e2b 2 (b 2 +R9  -3~2 (e2~ - ~3s) (e2s + e3~) -1, 
wh ich  d isappears  w h e n  the  d is tance  R is larger  than  rb. 
This  devia t ion  is ascr ibed  to the  inaccuracy  of  the  zero or- 
der  app rox ima t ion  of  the  coeff ic ient  G, C, and D. The  re- 
a r r angemen t  energy  for one vibra t ional  m o d e  is def ined 
as the  energy  requ i red  to at tain the  new equ i l i b r ium of 
the  in te rac t ion  m o d e  after  e lec t ron  transfer.  E x c e p t  for 
the  e lec t ronic  polarizat ion,  the  ionic and or ienta t ional  po- 
lar izat ion can be  re la ted to the  character is t ic  vibrat ions.  
The  r ea r r angemen t  ene rgy  due  to one v ibra t iona l  m o d e  
can  be  def ined as the  w o r k  requ i red  to i nduce  the  polari- 
zat ion aris ing f rom such v ibra t ional  mode .  The  polariza- 
t ion of  the  solvent,  P~e, P.,, and  P2a is i n d e p e n d e n t l y  deter- 
m i n e d  by us ing  the  r e sponse  t ime  to the  f luctuat ion of  
the  e lec t ron  dis tr ibut ion.  The  energy  Wp in Eq.  [40] is the  
total  work  to induce  the  electronic ,  ionic, and 
or ienta t ional  polar izat ion ins ide  the  dielectr ics.  S ince  the 
s e m i c o n d u c t o r  has no low energy  v ib ra t ion  such  as the  
or ienta t ional  v ibra t ion  of  the  solvent,  the  r e a r r angemen t  
energy  due  to the  or ienta t ional  v ibra t ion  of  the  solvent  

[37] 

Fig. 2. Volume element considered for determining the volume inte- 
gral in Eq. [37]. 

R 

= 2~r/R 

[38] 

2wrsin8 

Fig. 3. Volume element considered for determining the volume inte- 
gral in Eq. [38]. 
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can be  obta ined  by subt rac t ing  the work  r equ i r ed  to in- 
duce  the  polar izat ion in the  infrared region, W,(IR) f rom 
the  total  work  W, 

e e 
E~(o~) = ~ r ~  (G~ - G~) + ~ -  (C~ - C~) [42] 

The r ea r r angemen t  ene rgy  for the  h igh  energy  v ibra t ion  
E~(IR) is 

e e 

E~(IR) = ~ (Go - G~) + ~ -  (Co - Gr) [43] 

The  response  t ime  of  the  lat t ice v ibra t ion  is s imilar  to that  
of  the in t ramolecu la r  v ibra t ion  of the solvent ,  so that  the 
r ea r r angemen t  energy  due  to the  latt ice v ibra t ion  cannot  
be separa ted  f rom that  for the  in t ramolecu la r  v ibra t ions  
of  the  solvent.  The res idual  t e rm due to the  e lec t ronic  po- 
larizat ion modi fy ing  the  e lect ronic  energy  has been  usu- 
ally inc luded  in H~' (15). 

For  compar i son ,  we  show the  formulas  of  E~(o~) and E~ 
(IR) for the  e lec t ron  t ransfer  at the  meta l /e lec t ro ly te  inter- 
face. Dielectr ic  cons tan t  of  a meta l  is infinite, because  
the electr ic  field inside a meta l  is sc reened  by free elec- 
trons. By in t roduc ing  the  re la t ion of  e~ = �9 ~ = �9 = o~ into 
Eq.  [42] and [43], we  have  

E~(o~) = e ~ (1/e~ - 1/e~,) (1/2 r~ - 1/2 R) 

(1-r~  ~ (r~ 2 + R-~)-~2) - '  [44] 

E~(IR) = e2(1/e.,o - 1 /~)  (1/2 rb-1/2 R) (1-rb~(rb -" + R2)-3J2) -~ 

[45] 

When the  d is tance  R is large enough  c o m p a r e d  wi th  rb, 
Eq. [44] and [45] co inc ide  wi th  Marcus  formulas  for Es(o~) 
and E~(IR) at a meta l  e lectrode.  That  is, Marcus  formulas  
for E~(o,) for he t e rogeneous  e lec t ron  t ransfer  react ions  are 
val id for the  l imi t ing  case of  R -> rb (17). In  the  pract ical  
case that  the  d i s tance  R is at least  larger  than  2rb, the  cor- 
rec t ion  due  to the  t e r m  1/[1- b 3 (b 2 + R 2) -3~2]-, is less than  
8%. 

The r ea r r angemen t  energy  due  to the  in te rac t ion  be- 
tween  an e lec t ron and the  in t ramo]ecular  v ibra t ion  in an 
ion, E~(intra), is wr i t t en  as (2, 9) 

E~(intra) = ~ - ~  • fi* 
J f J + fJ* (A qj)2 [46] 

where  f~ and fj* are  the  force cons tants  of  the  j t h  interac-  
t ion m o d e  in the  ox idan t  and reduc tan t  ions, respect ively ,  
and Aq~ is the  change  in the  equ i l ib r ium coord ina te  of  the  
in te rac t ion  m o d e  before  and after e lec t ron  transfer.  

Results and Discussion 
The  expe r imen ta l  E~(os) va lues  have  been  es t imated  

f rom the  e lec t ron  t ransfer  rate constants  by us ing  Marcus  
fo rmula  (9), or f rom the  I-V character is t ics  (5-8). In  order  
to compa re  theore t ica l  E~(os) and E~(IR) va lues  wi th  ex- 
pe r imen ta l  values,  we  cons ider  the  role of  the  rearrange-  
m e n t  ene rgy  on the  e lec t ron  t ransfer  rate. When the  non- 
adiabat ic  e lec t ron  t ransfer  occurs  f rom the  occup ied  
conduc t ion  band to the  ox idan t  ion, the  ca thodic  cur ren t  
dens i ty  is g iven  by (19) 

f  o(X) xf i -  h 

T~(x, E) > 12 PD (x, E) p~r dE [47] 

where  Co is the concen t ra t ion  of  the ox idan t  ion, ~ is the 
wave func t ion  of  the  e lec t ron  in the conduc t ion  band,  ~f is 
the  wave func t ion  of  the e lec t ron  in the  reduc tan t  ion, pD 
represen t s  the state dens i ty  of  phonons ,  Psc represen ts  the 
state dens i ty  of  the conduc t ion  band,  U is the  per turba-  
t ion caus ing  the e lec t ron  transfer,  x is the  d is tance  be- 
tween  the  s emiconduc to r  surface and the  center  of  the  re- 
duc tan t  ion, and E is t he  energy  of  the  t ransfer r ing  
electron.  The  phonon-s ta te  dens i ty  depends  on the  dis- 

tance  be tween  the e lec t rode  surface and the  cen ter  of  the 
ion, because  the  phonon-s ta te  densi ty  is d e p e n d e n t  on the  
r ea r r angemen t  energy,  wh ich  is a func t ion  of  the  d is tance  
x. S ince  the  square  of  the  mat r ix  e l emen t  in Eq.  [47] de- 
creases  qu ick ly  wi th  the  increase  in the  dis tance,  Eq.  [47] 
can be  app rox ima ted  as fol lows (20) 

4 7 r e  f i = ~ Cod t <~i (E) [ U (d, E) I 

~ f  (d, E) > ]2 p, (d, E) P~c (E) dE [48] 

where  d is near ly  the  sum of the ion  radius  rb and the  
th ickness  of  the He lmho l t z  layer dH. The cur ren t  density,  
wh ich  is observed  expe r imen ta l ly  at a meta l  or a semi-  
conductor /e lec t ro ly te  interface,  may  prov ide  in format ion  
about  Es(o~) and Es(IR) va lues  at R/2 = rb + dH. For  the  
compar i son  of theoret ica l  Es(os) and Es(IR) va lues  wi th  ex- 
pe r imen ta l  va lues  we ca lcula ted  the theoret ical  E~(os) and 
E~(IR) va lues  at R/2 = b + dH. The  calcula ted E~(os) and E~ 
(IR) va lues  for some redox  species  are l is ted in Table  I. 

As is seen  in Table  I, the  theore t ica l  E~(o~) values  at two 
s emiconduc to r  e lec t rodes  are larger than  that  at meta l  
e lectrodes.  The var ia t ion  of  the theoret ica l  E~(o~) values  
a m o n g  e lec t rodes  arises f rom the  di f ference in the  magni-  
tude  of  the  induced  mir ror  image  charge. Bes ides  theoret-  
ical E~(o~) values,  the  large theore t ica l  E,(IR) va lues  due  to 
the  in t ramolecu la r  v ib ra t ion  of  the  solvent  and the  latt ice 
v ibra t ions  in ionic s emiconduc to r s  were  eva lua ted  for 
Fe  2§247 Ce 3~4~, and Fe  (bpy) 32+/~ at the  SnO.2 and TiO~ elec- 
trodes.  Fur ther ,  the  apprec iab le  E~(intra) va lues  due  to 
the  symmet r i c  b rea th ing  m o d e  of  meta l - l igand s t re tching 
v ibra t ion  in the first coordina t ional  sphere  (M-L vibra- 
tion) have  been  obta ined  exper imen ta l ly  for Fe  2§247 and 
Ce ~/4~. This  resul t  impl ies  that  the  e lec t ron  t ransfer  at an  
ionic semiconduc tor /e lec t ro ly te  interface occurs  wi th  ac- 
c o m p a n y i n g  the  exc i ta t ion  and emiss ion  of  mu l t i phonons  
in these  h igh  energy  vibrat ions.  The role of  M-L vibra t ion  
on  the  e lec t ron t ransfer  in polar  solvents  was  first consid-  
e red  classically by  H u s h  and Marcus  (2, 21). Subse-  
quent ly ,  q u a n t u m  t r ea tmen t  of M-L vibra t ion  was carr ied 
out  by Kes tner  et aI. (18), who  gave the  phonon-s ta te  den- 
sity as 

oD(d, E) = 4 ~r K T  E~(oj  ~12 exp  [ -  ( E - E  ~ - E~(o~) 
m = _ ~ 

x exp  [-Z~ eosh ( h ~ J 2 K T )  + mhcoJ2KT] Im (Z~) [49] 

where  Zc = E~(intra)/hoJ~ x cosech ~wJ2KT),  and Im(Z~) = 

(Ze/2) m ~ (ZJ22kl[k!(m+k)!]. In  Eq. [49], E ~ is the  e lect ronic  
k = 0  

energy  eor respond ing  to the  s tandard r edox  potential ,  
ho~ is the  energy  of  the M-L vibrat ion.  High ene rgy  vibra- 
t ions in the initial state are not  sufficiently exc i ted  at 
r o o m  tempera ture .  Fo r  e n d o t h e r m i c  or  smal l  exo the rmic  
react ions,  the p h o n o n  state dens i ty  ar is ing f rom these  
h igh  energy  vibra t ions  accords  approx ima te ly  wi th  the  
F ranck -Condon  factor  b e t w e e n  the  g round  v ibra t ional  
state at the  initial state and that  at the  final state, and is 
i n d e p e n d e n t  of  the free energy  difference.  In  such  ease, 
only  E~(o~) values  can be de t e rmined  f rom the  free energy  
re la t ionship  of  the e lec t ron  t ransfer  rate (17). For  large ex- 
o thermic  reactions,  s ince e lec t ron  t ransfer  can occur  via 
exc i ted  v ibra t ional  s tates in the  final state and the  
phonon-s ta te  dens i ty  is in f luenced  by h igh  ene rgy  vibra-  
tions, the  e lec t ron t ransfer  rate is p rompted .  In  order  to 
eva lua te  quant i ta t ive ly  the  effect  of  the  h igh  energy  vibra-  
t ions on the  phonon-s ta te  densi ty,  we  quo te  expe r imen ta l  
va lues  of  the r e a r r angemen t  energy es t imated  f rom the  
e lec t rochemica l  rate cons tants  at the  zero overvol tage,  or 
va lues  f rom the  isotropic  exchange  rate. I f  the  exponen-  
tial t e rm of  the phonon-s ta te  dens i ty  at zero-free energy  
difference,  hE = E - E ~ = 0, is formal ly  wr i t t en  as exp  
( -E24kT) ,  the  total  r e a r r angemen t  ene rgy  E~ at r o o m  tem-  
pe ra tu re  is app rox ima te ly  g iven  by (18, 19, 22) 
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Table I. Theoretical and experimental rearrangement energy for several redox species 

Helmhol tz  
layer 

th ickness  E~(o~) E~(tR) E~(intra) Es 
Electrode Solvent  Redox  species  (~) (eV) (eV) (eV) (eV) 

SnO._, H~O 
e3o = 4 ~ E._,o = 1.78 Fe '-'+~3+ (A) 3.0 0.39 0.58 (0.46) 1.00 

1.0 0.37 0.55 (0.46) 0.97 
(B) - -  (0.5) d - -  0.46 ~ 1.20 f 

e3~ = 10 ~ e~ = 4.2 b Ce 3./4~ (A) 3.0 0.36 0.53 (0.i0) 0.62 
1.0 0.34 0.52 (0.10) 0.60 

( B )  - -  0 . 6 5  ~ - -  0 . 1 0  ~ 1 . 7 5  ~ 

e~ = 10 ~ ~ = 78 Fe(bpy)~ ~'~+ (A) 3.0 0.20 0.29 (0.0) 0.30 
1.0 0.19 0.29 (0.0) 0.29 

(B) - -  0.15 ~ - -  0.0 ~ - -  
TiO,~ H~O 

~o = 7.6 ~ ~._,o = 1.78 Fe ~+~+ (A) 3.0 0.33 0.57 (0.46) 0.93 
1.0 0.29 0.54 (0.46) 0.88 

(B) - -  (0.5) d - -  0.46 ~ - -  
~3r = 89 c ~2r = 4-2 ~ Ce a+~+ (A) 3.0 0.31 0.53 (0.10) 0.57 

1.0 0.27 0.51 (0.10) 0.53 
(B) - -  - -  - -  0.10 ~ - -  

~ = 89 ~ ~ = 78 Fe(bpy)~ '-'+~ (A) 3.0 0.16 0.29 (0.0) 0'.26 
1.0 0.14 0.28 (0.0) 0.23 

(B) - -  - -  - -  0 . 0  i - -  

Metal H~O 
e~o = 1.78 Fe ~+~ (A) 3.0 0.32 0.46 (0.46) 0.89 

1.0 0.27 0.38 (0.46) 0.81 
(B) - -  - -  - -  0.46 e I.T, 1.5 ~ 

~ = 4.2 ~ Ce ~/~+ (A) 3.0 0.3 0.42 (0.10) 0.53 
1.0 0.25 0.36 (0.10) 0.46 

(B) - -  - -  - -  0.10 ~ 1.3 ), 2.1 ~ 
~s = 78 Fe(bpy)~ ~+~§ (A) 3.0 0.15 0.21 (0.0) 0.22 

1.0 0.13 0.19 (0.0) 0.19 
(B) - -  - -  - -  0.0 ~ 0.35 ~ 

(A): Theoretical  values  of  r ea r rangement  energy.  
(B): Exper imenta l  va lues  of  r ea r rangement  energy.  

F rom Ref. (27). b F rom Ref. (28). ~ F rom Ref. (29)." F rom Ref. (3). ~ F rom Ref. (30). f F rom Ref. (5). g F rom Ref. (7). ~' From Refi (23). * F ro m  
Ref. (31). J F rom Ref. (32). k F rom Ref. (33)? F rom Ref. (34). ~ F rom Ref. (35). " F r o m  Ref. (36). 

4KTEs(IR) 
E~ = E~(os) + [ c o t h  (hwJ2kT)  - c o s e c h  

hmr 

ho~/2KT)  ] + 4KT E~(intra) [co th(hcoJ2kT)  
hwc 

- c o s e c h  (h~oJ2kT)] [50] 

w h e r e  hoJr i s  t h e  M - L  v i b r a t i o n a l  e n e r g y  a n d  hcor is  t h e  
e n e r g y  o f  t h e  l a t t i c e  v i b r a t i o n  o r  t h e  i n t r a m o l e c u l a r  v i b r a -  
t i o n  o f  t h e  s o l v e n t .  I n  t h e  c a l c u l a t i o n  o f  t h e  E~ v a l u e s  in  
T a b l e  I, t h e  v i b r a t i o n a l  e n e r g y  ho~r w a s  a s s u m e d  to  b e  
a b o u t  0.01 eV,  w h i c h  is  t h e  i n t r a m o l e c u l a r  v i b r a t i o n a l  e n -  
e r g y  o f  H~O (10). T h e  e x p e r i m e n t a l  E~ v a l u e s  a t  m e t a l  e lec-  
t r o d e s  i n  T a b l e  I w e r e  e s t i m a t e d  n o t  o n l y  f r o m  t h e  
e l e c t r o c h e m i c a l  r e a c t i o n  r a t e  c o n s t a n t s  a t  m e t a l  e lec-  
t r o d e s ,  b u t  a l so  f r o m  t h e  i s o t r o p i c  e x c h a n g e  r a t e  c o n -  
s t a n t s ,  b y  u s i n g  M a r c u s '  f o r m u l a s  (9). 

F o r  F e  (bpy)~ 2~3+, t h e  t h e o r e t i c a l  E~(o~) v a l u e  a t  t h e  SnO~ 
e l e c t r o d e  is  c o n s i s t e n t  w i t h  t h e  e x p e r i m e n t a l  v a l u e  o f  0.15 
e V  (23). F u r t h e r m o r e ,  t h e o r e t i c a l  E~ v a l u e  is  a l so  c l o s e  to  
t h e  e x p e r i m e n t a l  E~ v a l u e s .  T h e  g o o d  a g r e e m e n t  b e t w e e n  
t h e o r y  a n d  e x p e r i m e n t  fo r  t h e  E~ v a l u e s  i s  a t t r i b u t a b l e  to  
t h e  v a l i d i t y  o f  t h e  a p p l i c a t i o n  o f  t h e  a d i a b a t i c  e l e c t r o n  
t r a n s f e r  t o  Fe(bpy)32~3+. I n  t h e  r e d u c t a n t  ion ,  Fe (bpy)3  ~+, 
a p p r e c i a b l e  3d  e l e c t r o n  d e n s i t y  i s  f o u n d  i n  t h e  l i g a n d  ~r* 
o r b i t a l s  b y  v i r t u e  o f  t h e  b a c k - d o n a t i o n  i n t e r a c t i o n .  S i m i -  
l a r ly ,  i n  t h e  o x i d a n t  ion ,  Fe(bpy)33§ t h e  a c c e p t o r  d o r b i t a l  
e x t e n d s  to  t h e  l i g a n d s .  T h u s ,  fo r  t h e  i s o t r o p i c  r e a c t i o n  o f  
Fe(bpy)32~ - Fe(bpy)33+ a n d  t h e  e l e c t r o c h e m i c a l  r e a c t i o n  
o f  Fe(bpy)3243§ a t  a m e t a l  e l e c t r o d e ,  t h e  e l e c t r o n i c  m a t r i x  
e l e m e n t  c o u p l i n g  t h e  i n i t i a l  a n d  f ina l  s t a t e s  o f  t h e  e lec-  
t r o n  t r a n s f e r  i s  e x p e c t e d  to  b e  l a rge ,  l e a d i n g  to  t h e  ad i a -  
b a t i c  e l e c t r o n  t r a n s f e r  (24). 

T h e  r e a r r a n g e m e n t  e n e r g y  fo r  F e  ~+~3~ a n d  C e  3§247 re-  
p o r t e d  b y  M e m m i n g  a n d  MSl le r  (5) m a y  b e  c l o s e  to  E~ 

v a l u e s  r a t h e r  t h a n  E~(o~) v a l u e s ,  b e c a u s e  I -V  c u r v e s  a t  t h e  
SnO2 e l e c t r o d e  w e r e  m e a s u r e d  a t  t h e  h i g h  o v e r v o l t a g e  re-  
g i o n .  T h o u g h  t h e  e x p e r i m e n t a l  Es(os) v a l u e s  f o r  F e  2~/3+ 
w e r e  n o t  o b t a i n e d  fo r  t w o  s e m i c o n d u c t o r  e l e c t r o d e s  
l i s t e d  i n  T a b l e  I, t h e  Es(os) = 0.5 e V  w a s  e s t i m a t e d  a t  t h e  
o r g a n i c  c r y s t a l  e l e c t r o d e s  (3). T h e  v a r i a t i o n  o f  t h e  t h e o r e t -  
i ca l  E~(o~) v a l u e s  a t  t h e  t w o  s e m i c o n d u c t o r  e l e c t r o d e s  i n  
T a b l e  I is  n o t  so  l a r g e  t h a t  t h e  e x p e r i m e n t a l  E~(o~) v a l u e  
fo r  F e  -~§247 a t  a s e m i c o n d u c t o r  e l e c t r o d e  m a y  n o t  b e  d i f f e r -  
e n t  s i g n i f i c a n t l y  f r o m  0.5 eV.  T h e  t h e o r e t i c a l  Es(o~) v a l u e s  
fo r  F e  3+~3§ a n d  Ce  3§ a r e  s m a l l e r  t h a n  t h e  e x p e r i m e n t a l  
v a l u e s .  C o n c e r n i n g  t h e  Es v a l u e s  o f  F e  z~3§ a n d  Ce  3§ t h e  
a g r e e m e n t  b e t w e e n  t h e o r y  a n d  e x p e r i m e n t  is  v e r y  p o o r .  
T h i s  d i s c r e p a n c y  w a s  a s c r i b e d  to  t h e  n o n a d i a b a t i c i t y  o f  
t h e  e l e c t r o n  t r a n s f e r  (24). I n  fac t ,  t h e  t r a n s m i s s i o n  
c o e f f i c i e n t  s m a l l e r  t h a n  u n i t y  (K = 0.012) w a s  o b t a i n e d  for  
t h e  r e d u c t i o n  o f  F e  3§ b y  Wi l l ig  et al. (3). F o r  c e r i u m  i o n s ,  
t h e  a c c u r a t e  t r a n s m i s s i o n  c o e f f i c i e n t  h a s  n o t  b e e n  d e t e r -  
m i n e d .  B a l z a n i  et al. (4) r e p o r t e d  t h a t ,  f r o m  t h e  c o n s i d e r a -  
t i o n  o f  t h e  i n t e n s i t y  o f  s p e c t r o s c o p i c  t r a n s i t i o n ,  t h e  t r a n s -  
m i s s i o n  c o e f f i c i e n t  i s  a b o u t  10 -5 for  t h e  e l e c t r o n  t r a n s f e r  
r e a c t i o n s  b e t w e e n  E u  2§ o r  E u  3§ a n d  a n  a d i a b a t i c - t y p e  p a r t -  
n e r ,  a n d  t h a t  K = 10 - ' ~  fo r  E u ' ~ + - E u  3§ e x c h a n g e  r e a c t i o n .  
S u c h  a n o n a d i a b a t i c  b e h a v i o r  o b s e r v e d  fo r  l a n t h a n i d e  
i o n s  s u c h  a s  c e r i u m  o r  e u r o p i u m  w a s  i n t e r p r e t e d  i n  t e r m s  
o f  t h e  s t r o n g  s h i e l d  o f  t h e  4 f  o r b i t a l s  b y  t h e  5s  a n d  5p or- 
b i t a i s  (4, 25). C o n s e q u e n t l y ,  a s m a l l  t r a n s m i s s i o n  
c o e f f i c i e n t  m a y  b e  e x p e c t e d  fo r  t h e  e l e c t r o n  t r a n s f e r  in-  
c l u d i n g  Ce  3§ o r  Ce  4§ 

K e s t n e r  et al. (17) d e r i v e d  f i r s t  t h e  f o r m u l a  o f  Es(os) fo r  
h o m o g e n e o u s  e l e c t r o n  t r a n s f e r ,  i n  w h i c h  t h e  i o n i c  r a d i u s  
i s  c h a n g e d  a f t e r  e l e c t r o n  t r a n s f e r .  I n  t h e i r  p a p e r ,  t h e  e lec -  
t r i c  d i s p l a c e m e n t  w a s  e x p r e s s e d  b y  t h e  c h a r g e  o f  t h e  ox i -  
d a n t  o r  r e d u c t a n t  i o n s ,  a n d  t h e  o b t a i n e d  f o r m u l a  o f  E~(os) 
g a v e  t h e  s a m e  r e p r e s e n t a t i o n  o f  E~(os) a s  M a r c u s '  f o r m u l a  
i f  n o  v a r i a t i o n  o f  t h e  i o n i c  r a d i u s  o c c u r s  a f t e r  e l e c t r o n  
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transfer. If the ionic radius is changed, the formula of Es 
(o~) derived by Kestner  et al. increases with the increase 
in the charge of the oxidant  ion. In principle, the formula 
of Es(os), which reflects the interaction of the electron in 
the reductant  ion with the solvent, is i ndependen t  of the 
charge of the oxidant  ion (26). The conflicting result  can 
be explained as follows: the ionic radius of the reductant  
ion, r~, is larger than that  of the oxidant  ion ra. Thus, the 
vacant space with the shell structure is generated by the 
contract ion of the ionic radius after the electron transfer 
from the reductant  ion to the electrode. The generated va- 
cant space is filled with the solvent surrounding the ion. 
The solvent in the vacant  space is not polarized by the 
transferring electron, but  is polarized by the charge of the 
oxidant  ion. According to the descript ion of the electric 
d isplacement  by Kestner  et al., this polarization energy of 
the solvent by the charge of the oxidant  ion was necessa- 
rily included in the formula of  Es(o~). This polarization en- 
ergy should be taken into the total adiabatic potential  en- 
ergy (the total free energy) rather than the rearrangement  
energy of the orientational vibrat ion of the solvent, E~(o~). 
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A New Miniature Lithium-Iron Sulfide Battery 
W. E. Aker, *,~ N. Margalit, *,2 D. P. Johnson, *,3 R. J. Ekern,* N. A. Fleischer,* and R. J. Brodd,*, 4 

RAYOVAC Corporation, Madison, Wisconsin 53703 

The present market for button cells which power low 
drain microelectronic devices is served mainly by aque- 
ous silver-zinc and mercury-zinc cells. The mercury cell 
seems to be of declining interest because of the potent ia l  
e n v i r o n m e n t a l  hazards associated with mercury as evi- 
denced by their ban or control in Sweden and Japan. 
Silver-zinc cells, while totally acceptable for performance, 
are susceptible to the market  price for silver. Lithium 
cells, as an alternative to both systems, can deliver essen- 
tially the same hours of service as silver cells, have less 
costly components,  and are less prone to leakage. Present 
l i thium organic electrolyte cells, however, are for low 
drain applications only, such as analog watches or LCD 
watches without backlight or alarm. 

Lithium-metal  sulfide couples have been explored ex- 
tensively for high temperature molten salt battery sys- 
tems (1). Extensive work has been carried out on the Li- 
TiS2 system at room temperature (2). Kegelman (3), 
Kronenberg (4), and U e t a n i  et al. (5) have suggested the 
lithium-iron sulfide system for room temperature opera- 
tion, but present  l imi t ed  data'to substantiate cell perform- 
ance. 

A lithium-iron sulfide cell system is described below 
which gives performance essentially equivalent to com- 
mercial silver cells. Based on the cell reaction 

2Li + FeS = Li~S + Fe [1] 

the system has a theoretical voltage of about 1.78V and a 
theoretical energy density of about 2.14 .Wh]cm 3 based on 
the above reaction and the volume of reactants. The reac- 
tion product may involve the formation of a compound of 
the type LiFeS 

Li + FeS = (LiFeS) [2] 

If  this is the case, the theoretical cell voltage could fall in 
the range 1.55-1.65V. 

Experimental 
In order to make meaningful comparisons of perform- 

ance with the existing silver system, all experiments were 
carried out in a commercial  cell construction (IEC desig- 
nation SR-55). The cell casing material is 316 stainless 
steel and the sealing insulating grommet is polypropyl- 
ene. Figure 1 shows the construction of the test cells. All 
cells were constructed in a dry room with <2% relative 
humidity. Exposure  of l i thium and electrolyte to the at- 
mosphere was minimized to prevent contamination. Also, 
since one of the solvents in the electrolyte mixture, 
dimethoxyethane (DME), has a high vapor pressure, it 
evaporates rapidly, and the solvent ratio can change sig- 
nificantly if  left exposed for even a short period of time. 

The electrolyte solvent, a mixture of propylene carbon- 
ate (PC) and DME~ was examined at various ratios with 
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three solutes, l i thium perchlorate (LiC104), l i thium hexa- 
fluoroarsenate (LiAsF~), and  l i thium trifluoromethyl sul- 
fonate (LiCF3SO~). The PC, obtained from Burdick & 
Johnson, was dried over Linde 3A molecular sieves. The 
DME was obtained from Ansul Chemical and redistilled 

using a spinning band column. The LiC104, from Foote 
Mineral Company, was specially dried to 25-50 ppm of 
water. The LiCF3SO~ from Minnesota Mining and Manu- 
facturing Company, called Fluorad 124, was dried over- 
night at ll0~ under 10 -2 torr. The LiAsF6 from USS 
Agrichemicals was used as received. 

A Karl Fisher analysis of the electrolyte prior to cell as- 
sembly gave ,total water concentrations of less than 200 
ppm for electrolytes used in cell assembly. A gas 
chromatographic analysis on the electrolyte extracted 
from cells after assembly was used to establish the sol- 
vent ratio (PC/DME) in the cell. 

The anode was 0.014g of pure li thium (99.8% rain.) rib- 
bon o b t a i n e d  from Foote Mineral Company. At anode as- 
sembly, the l i thium is cut to fit inside the cell top and  the  
mating surface was prepared by scraping or buffing. The 
cell top interior was also scratched just before ap- 
plying the prepared l i thium surface to ensure a good cold 
weld connection. Lithium alloy anodes were constructed 
by placing a clean aluminum foil (0.008 cm) in contac t  
with the li thium surface adjacent to the electrolyte. This 
relates to an alloy composit ion of approximately 40% alu- 
minum overall. Alloying occurs spontaneously on contact  
with the electrolyte. This process is very similar to that 
described by Rao (6). Alloying occurred in this i n s t a n c e  
after cell closure, i.e., an in situ process. 

Various iron sulfide (FeS) cathode materials were eval- 
uated in experimental  cells. The analytical grade FeS ma- 
terials obtained from J .T .  Baker Chemical Company, 
Fisher Scientific Company, and Cerac, Incorporated 
were heated to 910~ The treated powder was pressed 
into cathode pellets, reheated to 250~ and stored at <2% 
RH for assembly into cells. A particularly active FeS ma- 
terial was prepared by mixing and heating iron powder 
(Cerac, 100 mesh, 99.6% pure) and sulfur powder 
(Mallinckrodt, precipitated, UPS) in 1:1.1 weight ratio. 
The powders were ground in a mortar until a light green 
homogeneous color developed. This mixture was heated 
in a mullite tube furnace for 5h at 910 ~ --- 5~ in an argon 
atmosphere in porcelain boats. This material is referred to 
as synthesis 4 iron sulfide. An examination of the iron- 
sulfur phase diagram shows that after heating to 910~ all 
materials should be in the iron-rich position of the phase 
diagram. An x-ray diffraction pattern of the material also 
indicated some spinel formation. Margalit et al. (7) sug- 
gested the use of iron-ridh sulfide in primary cells. 

In cathode assembly, the 0.125g FeS pellets are 
vacuum-filled with electrolyte and placed in the cathode 
cup on top of a nickel mesh spacer and current collector. 
A li thium strip under the nickel mesh served as the vol- 
tage reducer. This reduces about 1% of the FeS in the  
cathode. A Reeve Angel glass matte separator was then 
placed on the pellet and wetted with a drop (0.02 cm ~) of 
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Fig. 1. Cross section of the 
Li/FeS organic electrolyte cell, 
with OCV reducer and nickel mesh 
spacer. 

Plastic Lithium Anode 
Grommet ~ i  \ \\ \\ \\ \\ \\ \\ ~ 7 7 ~  parat~ ~ , S e  
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X-Met Space Pellet 
Lithium Metal Reducer 

electrolyte. The completed cathode assembly had a 316 
stainless steel load bearing ring placed between pellet 
and separator. 

Cell assembly was completed by crimp closing the an- 
ode and cathode assemblies in a cell closing die. This op- 
eration forms the plastic compression seal common to 
button cell construction. The cells were stored for a mini- 
mum of 72h prior to discharge and exhibited a stable 
open-circuit voltage (OCV) of about 1.7-1.8V at that time. 

The cells were discharged on various regimes of load, 
time, and temperature, as described below. Low tempera- 
ture discharges were conducted using a Neslab Endocal 
RTE-8 refrigerated circulating bath. Measurements of the 
ohmic drop for the complete cell were made at various 
stages of discharge. Specific test regimes used to deter- 
mine cell performance were: 

1. Continuous discharge at room temperature on 
various loads to 1.2V end point (EP) to ascertain cell ca- 
pacity, rate capability, and voltage level on discharge. 

2. Continuous discharge at low temperature (-10~ to 
1.1V EP. 

3. Pulse measurements  at -10~ on 1 M~ quiescent 
load (QL) and 2000ft pulse load (PL) for 8 ms/s at selected 
progressive depths of discharge (DOD). This accelerated 
test is designed to simulate performance requirements of 
the electronics for an analog watch. 

4. Pulse measurements at room temperature on 300 kt2 
QL, 20012 PL for 5s duration at 20s intervals, three pulses 
at selected progressive DOD. This accelerated test is de- 
signed to simulate the requirements of the electronics 
and backlight for a digital l iquid crystal watch. 

5. Accelerated storage at 60~ for 40 days followed by 
cell discharge on selected loads to determine capacity re- 
tention. A constant temperature laboratory oven was used 
for 60~ storage. The cells were weighed periodically to 
determine leakage. This storage condition is thought  to 
correspond to 2 years storage at ambient temperature. 

Results and Discussion 
Most li thium organic electrolyte cells have a spurious 

high OCV just  after cell assembly. The cells in this study 
were no exception. This voltage is thought to be associa- 
ted with absorbed water or active oxygen species on the 
surface of the cathode powders and, in this case, free sul- 
fur species as well. Several approaches were used to elim- 
inate or reduce this high OCV effect (6-9). These included: 
(i) pulse discharge after cell assembly, (ii) reducing with 
an active metal (e.g., Li, Zn) attached to the cathode, (iii) 
reducing the cathode pellet in butyl lithium, and (iv) im- 
proving cathode conductivity using conductive materials, 
such as li thium nitride and iron powders and by using an 
iron-rich FeS cathode material. 

A li thium nitride addition improved cathode conductiv- 
ity and low temperature discharge but it did not produce 
the desired OCV reduction. Cathode reduction using 
electrolyte-soluble butyl l i thium lowered the OCV, but 
uniformity and extent of reduction were difficult to 
control. 
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Fig. 2. Continuous discharge performance of Li/FeS on three loads at 

room temperature. The continuous discharge performance of Zn/Ag..,O 
on 12.5 kD~ is included for purposes of comparison. 

A small strip of li thium attached to the nickel grid cath- 
ode collector just before cell assembly proved to be the 
most practical and reproducible method overall. This 
technique uniformly reduced about 1% of the active mate- 
rial in the cathode along with extraneous impurities and 
produced stable OCV's at or near the reversible cell vol- 
tage. It also improved cathode performance and led to 
better high rate cell performance. The final cell design 
used the li thium strip reducer and an iron-rich iron- 
sulfid~ cathode material. 

Typical cell discharge behavior is shown in Fig. 2. The 
cells deliver over 40 mAh on 10 kt~ and lower drain rates. 
The best cells gave over 45 mAh at similar drains. In com- 
parison with a Zn-Ag~O cell, the silver cell has about 100 
mV higher discharge voltage and can deliver over 43 mAh 
capacity. The efficiency of utilization of the FeS cathode 
is about 60% at the lower current drains. Table I gives the 
results of accelerated storage. The capacity retention is 
excellent. The cells showed negligible loss of capacity at 
12.5 kt~ load after 40 days at 60~ None of the cells gained 
or lost weight during accelerated storage. The plastic 
compression seal proved to be reliable for this applica- 

Table I. Capacity retention for Li/FeS cells after storage at 60~ for 40 
days 

Capacity 

Discharge load After storage Capacity retention 
(k~2) Initial (mAh) (mAh) (%) 

6.5 43.3 41.9 96.8 
12.5 46.0 45.9 99.8 
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Horizontal Axis: 20 ms/Div 
Vertical Axis: 20 mV/Div 
Depth of Discharge: 11.1 mAh 
Cell Impedance: 44 
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Fig. 3. Li/FeS cell voltage during 
analog pulse test at - ]O~ 

I . . . .  I ~ 1  1 I I 
Horizontal Axis: 2 ms/Div 
V~rtical Axis: 50 mV/Div 
Depth of Discharge: 45.8 mAh 
Cell Impedance: 270 Q 

tion. This period of 60~ storage corresponds to approxi- 
mately 2 yr storage at room temperature. 

Cells which performed well on continuous discharge at 
-10~ generally gave good overall performance.,  The 
LiC104 electrolyte gave the best performance followed by 
LiCF3SO3 and then LiAsF6. Cyclohexane addition to the 
electrolyte to lower viscosity and improve conductivity 
had little effect on overall performance. Cells with lower 
solute content and lower DME content gave better per- 
formance. Best performance on continuous discharge was 
obtained from cells having about 1.2M LiC104 in a 62 
weight percent (w/o) PC/38 w/o DME solvent mixture 
with less than 60 ppm H~O content. At -10~ the best 
cells discharged on a 3.3 k~ load for 6 rain to 1.2V and 
over 280 rain to the 1.1V cutoff. These results satisfied a 
min imum performance requirement for low temperature 
operation of electronic devices. 

Of the cathode materials, only the synthesis 4 FeS could 
sustain the analog pulse beyond 40 mAh and also meet 
the room temperature backlight pulse regime at about 40 
mAh (87% DOD). In both the analog and digital pulse 
tests, the best cell construction was an Li]A1 alloy anode, 
synthesis 4 cathode, and 45 w/o PC/55 w/o DME/1.4M 
LiC104 electrolyte. Typical cell polarization and recovery 
curves for this system during analog pulse tests are 
shown in Fig. 3. The IR component  of the cell polariza- 
tion decreases slightly as the discharge proceeds through 
about 50% DOD. At this point, the total polarization and 
its ohmic component  are at their lowest levels and so the 
pulse voltage is at its highest level. The lower polarization 
could result from an increase in surface area available for 
reaction as a result of the breaking up of FeS particles to 
produce smaller particles with higher total reaction area. 
The decrease in pulse polarization at mid-DOD is also as- 
sociated with a slight increase in the quiescent load 
operating voltage (Fig. 2). This slight increase may be due 
to the formation of iron, a low resistance reaction prod- 
uct, in the cathode. The IR component then increases 
gradually until  about 95% DOD where it begins to in- 
crease rapidly and becomes the dominate factor in cell 
failure on this test. Activation and concentration polariza- 
tion are relatively small fractions of the total cell polariza- 
tion towards the end of discharge. 

At the end of discharge, the microporosity developed in 
the cathode during discharge is thought to cause the cath- 
ode to absorb electrolyte from the relative open-structure 
separator. This drying out of the separator likely accounts 
for the increased internal resistance and resultant cell fall- 

ure before complete utilization of the active materials. 
The precipitation of the nonconductive Li.~S reaction 
product at the cathode would also block off the electrode 
and increase internal resistance. 

An examination of the cells after discharge showed in- 
cidence of swelling. The amount  of swelling generally in- 
creased with cell discharge. A full discharge resulted in 
about a 15% increase in cell height. Cell swelling has been 
isolated to at least a cathode phenomenon and is a com- 
plex event, affected by original pellet porosity and the 
discharge products, Fe and Li2S. Lithium sulfide aggra- 
vates the problem because it is insoluble in the electrolyte 
and has a high molar volume (27.7 cm3/mol). 

Conclusions 
A lithium-iron sulfide, propylene carbonate-di- 

methoxyethane, l i thium perchlorate cell system has been 
identified which shows promise of equaling the perform- 
ance of silver cells in selected applications. The use of al- 
loy anodes improves pulse capability of l i thium anodes in 
organic electrolytes. The cathode composition controls 
the overall efficiency of utilization and the energy den- 
sity. Iron-rich FeS cathode compositions were shown to 
have excellent performance for various cell applications. 
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Calculation of the Free Energy of Formation of Ferrous Chloride 
Tetrahydrate 

E. McCafferty*  

N a v a l  R e s e a r c h  L a b o r a t o r y ,  W a s h i n g t o n ,  D C  20375 

U n d e r  ce r t a in  cond i t ions ,  f e r rous  ch lo r ide  t e t r ahyd ra t e ,  
FeCI~ �9 4H~O is a c o r r o s i o n  p r o d u c t  on  i r on  or  s teel  in  
ch lo r ide  e n v i r o n m e n t s .  FeCI~ �9 4H~O has  b e e n  iden t i f i ed  
as a co r ros ion  p r o d u c t  on  p la in  c a r b o n  steel  in  h y d r o c h l o -  
ric ac id  so lu t ions  (1) a n d  in  h y d r o c h l o r i c  acid v a p o r s  
(2, 3). A l t h o u g h  no t  a m a j o r  co r ros ion  p r o d u c t  in  t he  at- 
m o s p h e r i c  corrosion or marine corrosion of iron, ferrous 
chloride salts can be found in localized regions within 
natural rust layers (4-7). 
In the localized corrosion of iron or steel, Pourbaix has 

developed a generalized model of the thermodynamic 
conditions within pits, crevices, or stress corrosion cracks 
(8). According to Pourbaix's model, the internal electro- 
lyte within such "occluded corrosion cells" (9) is a satura- 
ted ferrous chloride solution, in equilibrium with the 
solid corrosion products Fe304 and FeCl2 �9 4H~O. A num- 
ber of experimental studies, mostly with stainless steels, 
have confirmed that occluded cell electrolytes become 
concentrated in metallic cations and in chloride ions 
(10-15). Recent thermodynamic calculations taking activ- 
ity coefficients into account (16) have verified that at 
equilibrium, the internal electrolyte in the case of pure 
iron is saturated solution of ferrous chloride. The stable 
solid phase in equilibrium with saturated ferrous chloride 
solutions is the tetrahydrate FeCl2 - 4H~O (17, 18); and its 
presence in scaled-up models of localized corrosion cells 
on iron has been confirmed experimentally (19, 20). 

Desp i t e  t he  i m p o r t a n c e  of FeCI2 �9 4H20 in b o t h  the  
loca l ized  and  gene ra l  co r ro s ion  of  i ron  a n d  steel,  ther -  
m o d y n a m i c  da ta  for  t he  t e t r a h y d r a t e  are  s o m e w h a t  
l ack ing .  S t a n d a r d  c o m p i l a t i o n s  (21) l is t  t h e  e n t h a l p y  of 
f o r m a t i o n  AHf ~ b u t  no t  t h e  f ree  e n e r g y  of  f o r m a t i o n  hGf ~ 
of  FeC12 �9 4H~O. The  on ly  p u b l i s h e d  va lue  for  t he  free en- 
ergy of  f o r m a t i o n  of  FeC12 �9 4H20 a p p e a r s  to  be  t he  va lue  
ca l cu l a t ed  by  S u s a r e v  et  al .  (22). 

T h e  f ree  e n e r g y  of  f o r m a t i o n  of  FeCI~ - 4H~O has  b e e n  
ca l cu la t ed  he re  in  t h r e e  ways:  (i) f r om t h e  e q u i l i b r i u m  be- 
t w e e n  t he  h y d r a t e  a n d  its s a t u r a t e d  so lu t ion ,  (ii) b y  esti- 
m a t i o n  of  the  e n t r o p y  of  f o r m a t i o n  hSr ~ a n d  (i i i)  b y  com- 
pa r i son  of  free ene rg i e s  of  f o r m a t i o n  of a ser ies  of  
h y d r a t e s  w i t h  va lues  for  t h e i r  a n h y d r o u s  salts. T he  aver-  
age r e su l t  of t he se  ca l cu la t ions  is hGf ~ [FeCI.~ �9 4H~O(~)] = 
-306 .0  kcaYmol.  T h e  va lue  g i v e n  p rev ious ly  b y  S u s a r e v  et  
al .  is -304 .3  kcaYmol  (22). 

Equilibrium Between FeCI~ �9 4H~O and Its Saturated 
Solutions 

This  m e t h o d  ha s  b e e n  u s e d  by  S u s a r e v  et  al .  (22), b u t  
we r e p e a t  t h e i r  ca l cu la t ions  u s i n g  s l ight ly  d i f f e ren t  va lues  
for  t h e  p r o p e r t i e s  of  t he  s a t u r a t e d  so lu t ion .  F i g u r e  1 illus- 
t r a t e s  a t h e r m o d y n a m i c  cycle  for  t h e  f o r m a t i o n  of  crystal-  
l ine  FeCI~ . 4H~O t h r o u g h  a s a tu r a t ed  so lu t ion  of fe r rous  
ch lor ide .  In  t he  r eac t i on  

�9 Electrochemical Society Active Member. 

Table I. Properties of saturated ferrous chloride solutions 

Quantity Value Source 

Molality, m 5.09 Ref. (18) 
3'+ 2.5 Extrapolated from 
a~ 0.59 Ref. (22), (23) 
AG~ ~ (Fe~(~q~) -18,850 caYmol NBS (21) 
hGf ~ (Cl-(~q)) -31,372 cal/mol NBS (21) 
hGf ~ (H~O(,) -56,687 caYmol NBS (21) 

Table II. Calculated free energy of formation of FeCI2 �9 4H20 

Method  hGf ~ (kcaYmol) 

Equilibrium between the crystalline hydrate -305.7 
and its saturated solution 

Estimation of the entropy term TASf ~ -305.9 
Comparisons between anhydrous salts and -306.3 

their hydrates 
Avg: -306.0 

Fe§ + 2Cl-(aq~ + 4H20.)  --) FeC12 (~at soln) 

+ 4H~O (~at sol) [1] 

if  t he  r e a c t a n t s  are each  in  t h e i r  s t a n d a r d  s ta tes  (un i t  ac- 
t ivi ty)  at  298.15 K, t h e n  

AGI ~ = 2.303 R T  log aFect.2a,~ 4 [2] 

w h e r e  aFec,~ a n d  aw are t h e  ac t iv i t ies  of  FeCI~ a n d  water ,  
r espec t ive ly ,  in  t he  s a t u r a t e d  solut ion.  Fo r  t he  2-1 e lectro-  
lyte  FeCl.z, a~ec,~ = 4(m~-+) 3. Use  of t he  va lues  of m, %,---, a n d  
aw l i s t ed  in  Tab le  I for  s a t u r a t e d  FeCl~ so lu t ions  gives: 
5G, ~ = 4088 caYmol. 

F o r  t he  r eac t i on  

Fe§ + 2C1-(,~) + 4H2Om ~ FeCI~ �9 4H20(~ [3] 

AG~ ~ = 5Gf ~ [FeC1.., �9 4H.,O(,)] - AGf ~ [Fe++,~,)] 

- 2hGf ~ [Cl-(aq)] - 4AGf ~ [H~Om] [4] 

T a k i n g  t he  s t a n d a r d  free  ene rg i e s  of  f o r m a t i o n  for  Fe§ 
Cl-(aq) , a n d  H20( ,  f r o m  the  N B S  t a b u l a t i o n s  (21) a n d  u s i n g  
t he  r e l a t i on  AG3 ~ = AG, ~ + hG~ ~ gives  t he  resul t :  AGf ~ 
[FeCI~ �9 4H.~O(,)] = -305.7  kcal]mol.  

Estimation of the Entropy of Formation 
The  e n t h a l p y  of  f o r m a t i o n  hHf ~ of FeCI2 .4H~O h a s  b e e n  

r e p o r t e d  to be  -370.3  kca l /mo l  (21). A s e c o n d  way  of  cal- 
cu l a t i ng  AG~ ~ is by  e s t i m a t i n g  the  t e r m  TASf  ~ a n d  t h e n  
u s i n g  t h e  r e l a t i on  AG~ = AH~ - TAS~ ~ 

B o t h  t he  f ree  e n e r g y  a n d  e n t h a l p y  of  f o r m a t i o n  h a v e  
b e e n  t a b u l a t e d  for t he  h y d r a t e s  of m a n y  d i v a l e n t  m e t a l  
ch lo r ides  (21). Fo r  a g iven  ser ies  of  h y d r a t e s  MCI= �9 nH20,  
t he  t e r m  ThSf~ dec rea se s  (in nega t ive  va lue)  w i t h  in- 
c r eas ing  deg ree  of  hyd ra t i on .  T h a t  is, succes s ive  wa te r  

Fig. 1. Thermodynamic cycle for ++ 
the formation of ferrous chloride Fe 
tetrahydrate. 

+ 2 Cl- (aq) (aq) 

FeC12 (sat  so in )  + 4 H20 (sat  

/ 
+ 4,2o( ) /AG --0 

FeCl2"4  H20 ( s )  

so ln )  
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cation for various series of hydrated divalent metal chlorides. 

molecules produce progressively smaller contributions to 
the entropy change of hydrate formation. As noted by 
Ladd and Lee (24), the hydrate is stabilized by the interac- 
tions between the water dipole and metal cation. These 
interactions depend on the ion-dipole distance, which in 
turn is related to the radius of the metal cation. Figure 2 
shows values for ThSf~ as a function of the radius of the 
metal cation. The ionic radii are taken from Pauling (25) 
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Fig. 3. Relationship between free energies of formation of hydrated 
and anhydrous divalent metal chlorides. 

or from the compilation of Parsons (26). Interpolating in 
Fig. 2 gives ThSf~ for FeC12 �9 4H20 as -16.1 kcal/mol/mol 
H20, so that hGf ~ = -305.9 kcaYmol. This value is in good 
agreement  with the result calculated in the previous sec- 
tion (see Table II). 

Comparisons Between Hydrated and Anhydrous 
Chlorides 

A third method of estimating AGf ~ for FeCI~ �9 4H20 is by 
comparison of the free energies of formation of various 
anhydrous chlorides with the free energy values for their 
hydrates. Figure 3 shows the correlation for the divalent 
metal halides and their various hydrates. A similar corre- 
lation has been noted between the enthalpies of forma- 
tion of various metal chlorides and their dihydrates (27). 
For the hydration reaction 

MCI~ (8) + nH~O(1) ~ MCI., �9 n(H~O)(~) [5] 

the standard free energy change is given by 

h G % y d r a t i o  n = A G f  ~ [hydrate] 

- hGf ~ [anhydrous] - n (-56.687) [6] 

Using hGf ~ values from the NBS compilations (21), it can 
be shown that hG%yarat~o, is approximately -1  to - 4  
kcal/mol H,.,O for all the metal dichloride hydrates shown 
in Fig. 3, except for the hydrates of MgC12, which have 
higher hG%ydr~t~o, values of - 4  to - 8  kcaYmol H20. By set- 
t ing AG~ ~ n . A, Eq. [6] takes the form 

hGf ~ [hydrate] = AGf ~ [anhydrous] - n (56.687 - A) 
[7] 

For all the metal cations shown in Fig. 3 (except for Mg +§ 
which does not quite obey Eq. [7]), the three curves can 
be combined into a single curve having the form of Eq. [7] 
and given by the least squares fit 

hGf ~ [hydrate] = 1.009 AG~ [anhydrous] 

- n (56.687 + 1.656) [8] 

Using the tabulated value (21) of AGf ~ (FeC12) = -72.26 
kcal/mol in Eq. [8] gives the result: AG, ~ [FeC12 �9 4H20(j = 
-306.3 kcaYmol. 

Summary 
The values of AGf ~ [FeC12 �9 4H~O(j calculated by the 

three different approaches are listed in Table II. The aver- 
age value is -306.0 kcaYmol. 

Manuscript submitted Feb. 24, 1984; revised manuscript  
received March 23, 1984. 
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Inhibition of Localized Corrosion as Determined by a 
Galvanodynamic Method 

A l f r e d  V i e h b e c k *  and  D a v i d  W .  D e B e r r y *  

SumX Corporation, Austin, Texas 78758 

Most of the fundamental  studies of organic adsorption 
inhibitors have been concerned with the effects of these 
compounds on the uniform corrosion of metals in the ac- 
tive state (1). There is only limited information on the ef- 
fects of such compounds on the localized corrosion of 
passive metals. This communicat ion describes the inhibi- 
tion of pitting on Type 304L stainless steel by a surface 
active chelating agent (N-lauroylsarcosine or NLS) in 
aqueous solutions containing chloride ions (2). A galvano- 
dynamic method was developed for study of this system 
and appears to have attractive features for the study of 
pitting corrosion in general. 

Type 304L stainless-steel electrodes were formed from 
0.15 cm thick sheet into a "flag" shape. The electrode 
"pole," which extended above theso lu t ion  level, was in- 
sulated with Glyptal varnish to eliminate the metal/ 
solution/gas interface. The 6.0 cm 2 exposed flag was pol- 
ished to a mirror finish using 0.3 ~m alumina and 
degreased with methanol. The primary test solution con- 
tained 0.1M NaC1 and 0.2M sodium acetate adjusted to pH 
5.1. Test solutions using water purified by a Milli-Q rea- 
gent water system or distilled from permanganate gave 
similar experimental  results. Inhibited solutions were 
prepared from this stock solution by addition of 3.0 mM 
NLS. 

Electrochemical experiments  were performed at 23 ~ + 
1~ in a three-compartment Pyrex cell fitted with a Pt 
counterelectrode and SCE reference electrode. All poten- 
tials are reported with respect to the SCE. Prior to each 
electrochemical run, the electrode was degreased, rinsed 
thoroughly with water, and placed in the deoxygenated 
test solution for lh. Solutions were magnetically stirred 
and blanketed with purified nitrogen throughout  the ex- 
periment. After the open-circuit stand, the electrode was 
polarized for 3 rain to either -0.60V or - 8  ~A before 
initiating the potential or current scan, respectively. 

A typical linear potential scan (LPS or "potentiody- 
namic" scan) for a Type 304L stainless-steel electrode in 
the uninhibited solution at a scan rate of 0.20 mV/s is 
shown by the dashed curve in Fig. 1. The breakdown po- 
tential (Eb) associated with the onset of pitting is signaled 
by the rapid increase in current occurring at +0.20V on 
the forward scan to more positive potentials. On the re- 
turn scan (after reversal at 0.1 mA]cm2), the current hys- 
teresis trace intersects the passive current trace at the so- 
called protection potential (Eprot) at -0.08V. Below this 

* Electrochemical Society Active Member. 
Key words: corrosion inhibition, linear current scan, 
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potential any active pits are repassivated (3). This is 
shown by the observation that a second positive going 
scan following the return to potentials negative of Eprot re- 
sults in a current response which closely follows the origi- 
nal scan. The LPS measurement  method has received 
much study but is complicated by induction t ime and 
other effects which can cause the results to vary with 
scan rate and incidental experimental  parameters. 

The effect of NLS in solution on the LPS is shown by 
the solid curve in Fig. 1. The initial response on the for- 
ward scan is quite similar to that for the uninhibited case, 
suggesting that the surface passivation process is not af- 
fected by NLS. However, there is a substantial effect of 
NLS on the current response at higher potentials. The 
breakdown processes are suppressed, and small current 
spikes and plateaus appear which are probably due to the 
nucleation and subsequent  repassivation of pits. Above 
+l.20V, the transpassive region begins, and finally a 
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Fig. 1. LPS curves for Type 304L SS electrode in 0 .1M NaCI with 0.2M 
Na acetate solution (p H 5.1 ) and scan rate of 0.2 mV/s. Dashed curve is 
for uninhibited solution, and solid curve is for solution with 3.0 mM NLS. 
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Fig. 2 . / C S  curve for Type 304L 
SS electrode in test solution not 
containing NLS. Current scan rate: 
0.5 ~A/s. Dashed line shows re- 
sponse on scan reversal. 

sharp current rise is seen at Eb = +1.39V. The return scan 
gives a n  Eprot = -0.12V, which is slightly more active than 
the value observed in the absence of NLS. In general, 
these results indicate that NLS inhibits the breakdown of 
passivity and perhaps aids repassivation of incipient pits. 
However, once breakdown has occurred to a certain 
stage, pits can continue to propagate in the presence of 
NLS. Visual examination of the metal surfaces showed 
that electrodes polarized in inhibited solution had a few 
large pits (0.1-1 ram2), while those tested in the absence of 
NLS hhd many (>100) small pits (<0.001 mm'-') uniformly 
distributed over the surface. 

Although the linear current scan (LCS) method has not 
previously been used to study localized corrosion and its 
inhibition, we have found that it provides a rapid and ac- 
curate means of measuring important corrosion parame- 
ters. In the LCS method, a triangular current ramp is 
imposed on the electrode and the resulting potential is re- 
corded. This approach provides direct control of the total 
charge passed and extent  of pit propagation occurring in 
a given experiment.  As pointed out by Hirozawa for other 
current-controlled methods, the LCS is "active" in nature 
and is not influenced by the induction-time effects intro- 
duced in potential-controlled mesurements (4). 

An LCS curve obtained for a Type 304L SS electrode 
subjected to a current scan rate of 0.5 ~A/s in the 
uninhibited solution is shown in Fig. 2. On the forward 
(increasing positive current) scan, there is an initial rapid 
rise in the potential. The charge in this region is 
consumed by any active metal dissolution, adsorption, or 
passive film formation processes as well as the mainte- 
nance of the quasistationary film condition. The poten- 
tial peak which follows is believed to be due to pit nuclea- 
tion involving the most favorable surface sites. The peak 
potential and current density are a function of the kinet- 
ics of the passivity breakdown process. Further work on 
extracting kinetic information from LCS results is in 
progress. 

The nearly constant potential obtained after the initial 
peak now represents E~ defined as the minimum poten- 
tial for which pits will continue to nucleate and propagate 
with increasing current. The value of +0.21V measured 
for Eb in this manner is in good agreement with that mea- 
sured using the LPS method. When the current sweep di- 

rection is reversed, a potential hysteresis curve is ob- 
tained. During this return scan (decreasing current), the 
current is used for continued pit propagation. If the cur- 
rent scan direction is again switched to increasing values, 
the potential response moves positive to reach the for- 
ward scan potential as illustrated by the dashed line in 
Fig. 2. This behavior is not an induction effect but is at- 
tributed to the additional driving force needed to nucleate 
new or repassivated pits as compared to that for propaga- 
tion alone. This also indicates that the hysteresis ob- 
served on the decreasing current scan is due to the lower 
driving force requirements  for pit propagation alone. 

The effects of varying current scan rate (fl) on the LCS 
response are shown in Fig. 3. As B is increased, several 
characteristics change, including the slope of the poten- 
tial response in the passive region, the peak potential, and 
the current at which the peak potential occurs. However, 
the charge density at the peak maximum is not affected 
by fl, even though the initial response appears to show 
fl-dependent charging effects. Therefore, under any fl, the 
charge density for passivity breakdown (Qb) can be read- 
ily obtained; for the present system, Qb = 1.4 mC/cm ~. 
Note that Eb and the following portions of the potential 
curve are also independent  of scan rate. 

Extrapolating the potential response on the return scan 
to zero current yields a value for the LCS analog of the 
protection potential (Eprot = -0.03V) that is also indepen- 
dent of ~. In addition, the effect of increasing the current 
limit is an increase in the slope of the return response. 
However, the value of Eprot is still unchanged for different 
scan limits, i.e., different total charge passed. The LCS 
value for Epro, is somewhat m o r e  noble than the value 
found using the LPS method. The LCS method thus al- 
lows the rapid measurement  of Eb, E,rot, and Qb with mini- 
mal interference by induction time effects. 

The response obtained for a LCS ~ = 1.0/zA/s) on Type 
304L SS in the presence of 3.0 mM NLS is shown in Fig. 
4. Although the overall features of the trace are similar to 
those obtained in the absence of NLS, there are certain 
distinct differences. For instance, the initial peak maxi- 
mum occurs at higher current density and more positive 
potential. These results indicate that the organic com- 
pound influences the interfacial processes in such a way 
that the electrode can sustain a higher charge density (Qb) 



1846 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  Augus t  1984 

Fig. 3. LCS curves for Type 3041. 
SS electrode in test solution with- 
out NLS. fl = 0.5 (a), 1.0 (b), and 
5.0 (c)/~A/s, respectively. 
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before localized breakdo~vn of passivity takes place. The 
Qb in this case is 2.6 mC/cm 2. 

A pronounced effect of NLS on the sustained pit nucle- 
ation and propagation potential is again observed. Al- 
though still substantially positive of the uninhibi ted 
value, the LCS measured Eb ( -  +0.50V) is not as positive 
as that measured by the slow LPS. This may be due to 
the pronounced effect of the inhibitor on the pit induc- 
tion time. The LCS value is practically independent  of 
scan rate. The return potential response has a lower slope 
with more "noise" but gives essentially the same value of 
Eprot as in the NLS-free solution. The presence of NLS ap- 
pears to significantly increase the noise associated with 
the Eb plateau, perhaps indicating that it continues to in- 
terfere with pit nucleation and propagation even after the 
initial breakdown. 
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A mechanism for inhibit ion of uniform corrosion by 
N-lauroylsarcosine involves the formation of multiple 
"chelating" bonds to the bare metal surface (5). The pres- 
ent results suggest that the molecule may also be at- 
tached to the surface cations of the passive film through 
the amide nitrogen and carboxyl oxygen, forming an in- 
soluble, passive film stabilizing surface compound. Pre- 
l iminary capacitance (Cd) measurements (using the fast 
galvanostatic pulse method) show that the average Ca 
from -0.60 to 0.60V decreases from 18 ~F/cm 2 in the 
uninhibi ted solution to 1.5 ~F/cm ~ with 3.0 mM NLS in so- 
lution. The higher Qb and more positive potentials re- 
quired for maintaining localized attack may result from a 
strong tendency for surface complex formation at those 
sites on the surface which are most susceptible to pit for- 
mation. Work is continuing on the possibilities associated 
with using compounds such as NLS as probes of local- 
ized corrosion mechanisms. 
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Potentiodynamic Investigation of Copper in the Presence of 
Bromide Ions 
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The  anodic  d issolut ion of  copper  in the  p resence  of bro- 
mide  ions has  r ece ived  little a t tent ion  (1-3). It  has  b e e n  es- 
tab l i shed  that  the  va lence  of  dissolut ion of  copper  is one 
(1), whi le  the d issolut ion rate of bare  meta l  is cont ro l led  
by dif fus ion of ions in the  solut ion as CuBr2-  and CuBr3- 
(2). 

At  potent ia l  va lues  larger  than  the revers ib le  potent ia l  
for the react ion 

Cu + B r -  = CuBr  + ~ [1] 

the  fo rmat ion  of  C u B r  is obse rved  on copper  surface  (2, 
3). Two peaks  of  ox ida t ion  are present  on the  E-i curves,  
and the  current  of  d issolu t ion  main ly  resul ts  in the  accu- 
mula t ion  of  copper  bromide .  

The  a im of  the  p resen t  w o r k  is to es tabl ish  the  rate- 
de t e rmin ing  step of  the  d issolut ion react ion in the  region 
of  the  peaks  in solut ions  hav ing  0.05~1.2M NaBr. The  in- 
f luence of t empe ra tu r e  (22~176 is also invest igated.  

E x p e r i m e n t a l  

The  e l ec t rochemica l  cel l ,  its accessories,  and the  test  
p rocedures  have  been  desc r ibed  in previous  papers  (4, 5). 
In  the  p resen t  invest igat ion,  a copper  wire  e lec t rode  wi th  
a d i ame te r  of 0.06 cm and a total  surface area of  0.4 cm 2 
was used.  The  solut ion con ta ined  0.05-1.2M NaBr,  and the 
t empe ra tu r e  was raised f rom 22 ~ to 64~ A po tass ium 
phtha la te -based  buffer  was used  to stabil ize the  p H  at 4. 
The  solut ion was careful ly  deaera ted  by n i t rogen  bub-  
bling, which  was d i scon t inued  jus t  pr ior  to the  experi-  
ments .  

The  work ing  e lec t rodes  were  polar ized f rom -450  to 
+400 mVscz by the  l inear  potent ia l  sweep  method .  The  
scan rate, dE/dt was var ied  f rom 5 to 70 mV �9 s - '  in order  
to de t e rmine  the  inf luence  of  the  scan rate  on the  peak  
currents .  

All e lect rodes  potent ia l  va lues  are g iven  in re la t ion to 
the  sa tura ted  ca lomel  e lec t rode  excep t  w h e n  o therwise  
specified. 

Results 
Figure  1 shows the  po t en t iodynamie  t races  of copper  at 

0.2 and 0.9M NaBr. The  scan rate is 12 m V  �9 s - ' ,  and  the  
solut ion is quiescent .  Two waves  of ox ida t ion  are ob- 
served.  The  di f ference b e t w e e n  the .appl ied  potent ia l  and 
the  revers ib le  potent ial ,  EculCuBr , of reac t ion  [1] is g iven  on 
the  potent ia l  scale. The  revers ib le  potent ia l  of  reac t ion  [1] 
is g iven  by (6, 7) 

EculCuBr = -0.239 - 0.059 log~0(Br-) [2] 

where  Ecu~cuB~ is expres sed  in vol ts  wi th  respec t  to the  sat- 
u ra ted  ca lomel  electrode.  

The  di f ference be tween  the  peak  potent ials ,  E,~ and Ep~, 
a n d  EculCuBr is 

E,~ - Ec~lcuB~ = 160 -+ 5 mV [3] 

E,2 - Ecu/cusr = 385 -+ 5 m V  [4] 

Expres s ions  [3] and [4] are pract ical ly  unaf fec ted  by a 
change  of  B r -  ion  concen t ra t ion  f rom 0.05 to 1.2M. 

The ma in  character is t ics  of  the  behav ior  of  the  copper  
anode  in the  region of  the peaks  are as follows. (i) The  
peak  cur ren t  of  the  first, i,~, and the second wave,  ip~, de- 
pends  on the  in tens i ty  of  the  solut ion agi ta t ion (Fig. 2). (it) 

�9 Electrochemical Society Active Member. 
Key words: bromide ions influence, copper dissolution kinet- 

ics, anodic dissolution. 

The  plot  of  ipl and ip2 agains t  the  square  root  of  the  scan 
rate, on a s tat ionary e lec t rode  in a qu ie scen t  solution,  is a 
s t ra ight  l ine (Fig. 3 and 4), wi th  an ord ina te  at its or igin 
equa l  to zero. The  expe r imen t a l  re la t ionships  for solut ion 
of  0.2M NaBr  are 

�9 ( d E ~  ''2 
~,1 = 0.23 \ - - ~ - /  [5] 

�9 ( dE 
tp~ = 0.28 \ - - ~ - ]  [6] 

where  i,, and i,~ are expres sed  in amperes  per  square  
cen t ime te r  and dE~dr in vol ts  per  second.  (iii) The  order  
of  the react ion in re la t ion to B r -  ion concent ra t ion ,  ~, is 
close to one  in the  first peak  region b e t w e e n  0.05 and 
0.2M NaBr  (Fig. 5). # is 0.5 in the  first peak  region,  and 
found  to be -0 .6  in the  second peak  reg ion  above  0.2M. 
(iv) The anodic  charge  (Qox~) ob ta ined  by the  in tegra t ion  
of  the E-i curve  in the  peak  region,  e.g., f rom E = Ec,~cusr 
to E = Ecu~c,Br + 500 mV, is pract ical ly  unaf fec ted  by a 
change  of B r -  ion  concent ra t ion .  For  example ,  Qoxy is 490 
mC cm -2 in 0.2M NaBr  in compar i son  wi th  450 mC cm-'-' 
in 0.9M NaBr  (Fig. 1); the  sweep  rate is 12 mV s - ' .  (v) The  
genera l  shape of  the E-i curve  and its peak  potent ia ls  re- 
m a i n e d  unaf fec ted  by a change  of  the solut ion tempera-  
ture  (Fig. 6). However ,  the  peak  currents  are h igher  as the  
so lu t ion  t empera tu re  is increased.  For  example ,  i,1 is 16 
m A  cm -2 at 22~ and 32 m A  cm -2 at 60~ 

Discussion 

Below the  equ i l ib r ium potent ia l  Ecu~cuBr , a two-s tep  reac- 
t ion was cons idered  (2) f rom which  the  d issolu t ion  pro- 
cess of  the  copper  anode  may  be ent i re ly  expla ined.  

The  react ion is 

Cu + 2 B r -  = (CuBr~-)~ + 

and 

(CuBr~-)~ --~ (CuBr2-)~ 

[7] 

[8] 

6O 

50 

'E 
40 

E 

~ 5O 

2O 

I 
Ecu/CuBr 

Ep| I l I ' l 

f~ Ep2 

200 400 600 

E-Ecu/C.Br (mY) 

Fig. 1. Potentiodynamic traces on a copper wire electrode in a quies- 
cent solution of 0.2 and 0.9M NaBr. The electrode potential is given in 
relation to the reversible potential of Cu + Br- = CuBr + e (Eq. [2]). 
d E / d t  = 12 mV �9 s- ' ,  T = 22~ pH = 4. 
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Fig. 2. Influence of the solution agitation on the potentiodynamic 
traces. The electrode potential is given in relation to the saturated calo- 
mel electrode in a quiescent solution (curve a) and with argon bubbling, 
240 ml rain -1, in the solution (curve b). NaBr = 0.2M, dE~dr = 12 mV �9 
s -1. T = 22~ pH = 4. 
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Fig. 4. The anodic peak current of the second wave vs. the square root 
of the scan rate. The solution is quiescent. 

w h e r e  t he  s u b s c r i p t s  i a n d  s re fer  to c o n c e n t r a t i o n s  at  the  
coppe r - so lu t i on  in t e r f ace  a n d  the  b u l k  so lu t ion ,  respec-  
t ively.  

The  r a t e - d e t e r m i n i n g  s tep  [8] is the  d i f fus ion  t r a n s p o r t  
of CuBr2-  f rom the  in te r face  to t he  b u l k  solut ion.  S tep  [7], 
t he  ox ida t i on  of  c o p p e r  to CuBr2- ,  is a s s u m e d  to be  in 
equ i l i b r i um.  

The  order  of the  r eac t i on  in  r e l a t ion  to B r -  ion concen -  
t r a t i on  is two,  a n d  the  c u r r e n t  of  d i s so lu t ion  i nc r ea se s  as 
t he  app l i ed  po ten t i a l  b e c o m e s  larger.  

Th i s  m o d e l  is va l id  as l ong  as the  B r -  ion  c o n c e n t r a t i o n  
at  t he  coppe r - e l ec t rode  in ter face ,  ( B r - ) ,  a n d  in  t he  b u l k  
so lu t ion ,  (Br-)~, is c lose  t o g e t h e r  whi le  t he  sur face  is free 
of  co r ro s ion  p roduc t s .  

In  t he  r eg ion  of the  peaks ,  t he  c u r r e n t  r e su l t s  a l m o s t  en- 
t i re ly  in  t he  a c c u m u l a t i o n  of c o p p e r  b r o m i d e  on  c o p p e r  

100 , I i I i I ' I 

90 0.gM//Jo 
80 o - -  

,~  // 
0 e s 

. 5  40 

30 

2c / / 

t0 

n i i I I 
v o 2 4 6 8 

( dE~ u2 (rnVt/2. s-V2 } 
dt / 

Fig. 3. The anodic peak current of the first wave vs. the square root of 
the scan rate at three different NaBr concentrations. The solution is 
quiescent. 

0 . 6  i i i t t  I i I I I I I I I I 

";'~ 0.4 �9 Lp1 / " I ' '~ 
> o Lp2  " o y .  

---,,, 02 / 
, ~ , 0.6 " - . . o  

E T.--~ ,~ ~ o,t / "-o. 
L I co I 0 0 8  / , _ _ S l o p e : t 0  

006 t i i i l l  i I i i J r i i I  
Ol 1.0 

Br" ions concentration (M) 

Fig. 5. Influence of Br-  ion concentration on the slope value of ipl- 
(dE/dt) v~ and ip.~- (dE/dt) 1/2 relationships. The solution is quiescent. 

su r face  at  sweep  ra te  va lues  close to or l a rger  t h a n  5 m V  �9 
s -~ (3). I t  is in  a g r e e m e n t  w i t h  t he  fact  t h a t  t he  r a t e  of  dis- 
so lu t i on  of  C u B r  is - 0.073 • 10-8 mo l  c m  -2 s-1 in  a quies-  
c e n t  so lu t ion  of 0.2M N a B r  at  22~ e.g., 0.071 m A c m  -2 in  
c o m p a r i s o n  w i t h  a n  o x i d a t i o n  c u r r e n t  h a v i n g  a n  ave rage  
va lue  of 7mA cm-2  (Fig. 6). 

C o n s i d e r i n g  t he  f o r m a t i o n  of  C u B r  f rom r eac t i on  [1] 
a n d  t he  large  va lue  of the  p e a k  c u r r e n t s  (Fig. 3 a n d  4), t he  
d e p l e t i o n  of  B r -  ions  a t  t he  e l ec t rode  surface,  (Br), < <  
(Br)s m a y  be  e v e n t u a l l y  cons ide red .  The  d i f fus ion-  
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F i g .  6 .  Influence of solution temperature on the potentiodynamic trace 
at 0.2M NaBr. The solution is quiescent, and dE/dt = 5 mY �9 S -1. 
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Fig. 7. Dependence of the peak currents on the temperature in 0.2M 
NaBr solution, dE~dr = 5 mV �9 s -L  0 :  Experimental values of ip.  �9 
Experimental values of ip~. El: Relative values calculated from Eq. [10]. 

controlled transport of Br -  ions from the bulk solution to 
the copper electrode is the rate-determining step in the 
oxidation reaction. Consequently, the current should 
reach a maximum in the E-i curves (8), ip, and the plot of 
ip against (dE/dt) 'r2 should be a straight line with an ordi- 
nate at its origin equal to zero. In addition, an order of re- 
action of one concerning i, in relation to B r -  ion concen- 
tration may be predicted. 

The characteristics marked (i), (it), and (iii) deduced 
from Fig. 2, 3, and 5 suggest that the dissolution process 
in the region of the first peak is under the diffusion con- 
trol of B r -  ions between 0.05 and 0.2M NaBr. 

For a diffusion-controlled process, the peak current is 
related to the scan rate by the equation (8) 

i,i = 2.69 • 10 ~ n 3rz D 'j~ ( dE ~ ,~2 \ dt } C~ [9] 

where ipi is the peak current (in A cm-0 ,  D the diffusion 
coefficient (cm ~ s- ') ,  (dE/dt)  the scan rate (V �9 s- ') ,  C~ the 
concentration of the electro-active species (mol cm-3), 
and n the number  of exchanged electrons. Considering 
B r -  ions as the diffusing species, its diffusion coefficient 
may be determined from the experimental  relationship 
ipi- (dE/dt) "2 and the values of n and CB~-. For 0.2M NaBr, 
n is 1 in the first peak region (1), CB~- = 0.2 • 10 -3 mol 
cm -3, and the slope of the ip~- (dE~dO'"- curve is 0.23A 
cm -2 V - '2  s 'r-' (Fig. 3). The substitution of these values in 
relation [9] gives 1.8 x 10 -5 cm'-' s -1 for DBr- , which is in 
agreement  with those given in the literature for Dcl- and 
D,- (9). 

The relative values of the peak current, corresponding 
to the curve for which AH~ is equal to 2.2 kcal too l - '  in 
Fig. 7, were calculated considering that the change of the 
diffusion coefficient of Br -  ions in the solution with the 
temperature. From Eq. [9], the relative values of ip~ is 
given by 

i,~ ~ D'/-~s~ - [10] 

The values of DB~- at different solution temperature 
were calculated from the equation (10) 

D/z 
- constant [11] 

T 

where/~ is the viscosity of the solution given in Ref. (11). 
The relative values of ipi are plotted against T -1 in Fig. 7. 
The slope of this curve gives a AH~ value equal to 2.2 cal �9 
mo1-1. The experimental  value of AH ~ is 3.6 kcal �9 mo1-1 
for the first peak and 2.1 kcal mol -~ for the second peak. 
Therefore, the change of the peak current with tempera- 
ture is attributed to the variation of Dsr-. 

Above 0.2M NaBr, the fractional value of ~ in the first 
peak region, characteristic (iii), suggests that the limita- 
tion of the current is not only due to the diffusion of ions 
in the solution. From the work of Kozin and co-workers 
(12, 13), it may tentatively be attributed to the presence of 
a corrosion product on the electrode surface, since the 
surface is partly covered by copper bromide at E,1 (2). 

Concerning the second peak, it is strongly dependent  
on the first one, since the sum of Qo• for the two waves is 
practically unaffected by a change of Br -  ion concentra- 
tion (Fig. 1). This behavior is consistent with the fact that 

is 0.5 in the first peak region and found to be -0.6 in the 
second peak region above 0.2M NaBr. In addition, n for 
the second peak may be higher than 1 (12). Therefore, the 
theoretical determination of ip~ from relation [9] is ques- 
tionable. However, the experimental  relationship i,..,- 
(dE/dt)  ~2, characteristic (it), with an ordinate at its origin 
equal to zero, the dependence of i,2 on the intensity of the 
solution agitation (Fig. 2) and the value of AH~ for the 
second peak (Fig. 7) promote the idea that the rate- 
determining step of the dissolution in the second peak re- 
gion is the diffusion of ions in the solution. 

In summary, the two waves of oxidation observed on 
the potentiodynamic traces have their peak potential in- 
dependent  of Br -  ion concentration. The second peak is 
dependent  on the first one since the sum of Qoxy for the 
two waves is practically unaffected by a change of Br -  
ion concentration. The limitation of the dissolution cur- 
rent in the peak region is ascribed to the diffusion of ions 
in the solution. It is suggested that the species are Br -  
ions in the first peak region between 0.5 and 0.2M NaBr. 

Manuscript submitted Oct. 21, 1983; revised manuscript  
received Jan. 3, 1984. 
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NiO Solubility in Molten Li/K Carbonate under Molten Carbonate 
Fuel Cell Cathode Environments 

Charles E. Baumgar tner*  

General Electric Company, Corporate Research and Development, Schenectady, New York 12301 

The corrosion of molten carbonate fuel cell (MCFC) 
NiO cathodes during cell operation has ,been brought to 
attention recently (1-5) and is considered one of the major 
technical difficulties facing MCFC development at the 
present time. NiO, solubilized in the molten Li]K carbon- 
ate (62/38 mole ratio) at the cathode/carbonate interface, 
is diffusionally transported through the carbonate reser- 
voir towards the.anode. At some location intermediate be- 
tween the two electrodes, the local cell environment 's  
oxygen partial pressure decreases below the level where 
NiO is stable and metallic nickel precipitates. Recent evi- 
dence obtained from cell tests has shown the extent of 
cathode degradation to be accelerated by increasing ei- 
ther the Pco~ or the total P(CO~ + O~) supplied to the cath- 
ode. This is important since commercial fuel cells are ex- 
pected to operate with oxidant gases such as humidified 
30% CO~/bal air at elevated pressures of between 6 and 10 
arm. Estimations of the extent of cathode degradation 
occurring under  these elevated pressures requires an un- 
derstanding of how the NiO/carbonate equilibrium 
changes as a function of changing cathode gas environ- 
ment. This note documents the measured equilibrium NiO 
solubility in Li/K carbonate melts under  various humidi- 
fied COJO..,/N2 gases containing a constant Pco./Po.2 ratio 
of 2/1. 

Experimental  
Pellets of NiO, approximately 1.2 cm in diam, were 

pressed at 20,000 psi and air sintered for 24h at 1123 K. 
Equil ibrium solubility measurements were made by plac- 
ing one pellet in the bottom of a clean 7.5 cm tall • 1.6 cm 
diam gold crucible along with 20 -+ lg of premelted and 
ground high purity binary Li/K carbonate of eutectic 
composition 62 mole percent (m/o) Li2CO3/38 m/o K2CO3 
(Apache Chemical Company, Seward, Illinois). The cruci- 
bles were placed in an a-A1203-1ined box furnace whose 
cover was adapted for two thermocouples, a gas inlet, and 
a sampling tube. The cover gases utilized for this study, 
possessing Pco./Po., ratios of 2/1 with a N~ balance, were 
water saturated at 298 -+ 1 K to give-the following gas 
compositions 

5.8% CO~2.9% O2/3.1% H20/N2 [1] 

29.1% CO.,/14.2% O2/3.1% H20/N2 [2] 

48.5% COJ24.2% OJ3.1% H._,O/N2 [3] 

64.6% COJ32.3% O~/3.1% H20 [4] 

The samples were allowed to equilibrate at temperature 
for at least 150h. Beginning at that time, approximately lg 
aliquots of molten carbonate were removed at 24h inter- 
vals by inserting an a-Al~O3 pipette just  below the melt's 
upper surface. These aliquots were transferred to clean 
gold crucibles where they cooled for subsequent  nickel 
analysis by atomic absorption spectroscopy. The quoted 
solubilities represent a nickel analysis which did not vary 
more than -+10% relative to a mean over a 3 day period. 
The limit of --10% represents the reproducibility obtained 
on identical samples and constitutes the cumulative devi- 
ation in the solubility and analytical techniques. In addi- 
tion, a carbonate blank consisting of an identically pre- 
pared crucible containing carbonate only was occasion- 
ally carried through the procedure adjacent to the sample 
crucible to confirm that samples were not contaminated 
from the furnace environment.  

*Electrochemical Society Active Member. 
Key words: electrolyte, fuel cell, solubility. 

Results and Discussion 
The measured NiO solubility under  the four gas envi- 

ronments is shown in Fig. 1. In  each case, the solubility 
increased as a function of temperature once the equilib- 
rium solubility level exceeded the background nickel 
concentration present in the nascent carbonates. Under 
experimental conditions where the equilibrium solubility 
remained below this level, the anolyte concentration did 
not decrease with time. It is suggested that this was due 
either to NiO supersaturation in the melt or to the homo- 
geneous precipitation of a fine NiO suspension which 
was subsequently sampled along with the solubilized 
form. Samples were not left on test for times exceeding 
500h to determine if the lower equil ibrium values are 
slowly approached. In any event, the linear In solubility 
vs. inverse temperature relationship is clearly visible from 
the remaining data. As anticipated from the previously 
mentioned cell test experience, the highest solubility was 
recorded under the gas possessing the highest total P(CO~ 
+ O2). Measurements at temperatures exceeding 1143 K 
under  the 5.8% COJ2.9% O.~ containing gas were fur ther  
complicated by carbonate dissociation shown previously 
to occur under  similar conditions by Spedding and Mills 
(6). A significant increase in NiO dissolution occurred un- 
der these conditions; these data are not shown in Fig. 1. 

Figure 2 shows a rearrangement of the data to illustrate 
the analyzed NiO concentration's dependency on the total 
gas (COx + O..,) partial pressure at four different tempera- 
tures. (Some of the 923 K data were obtained by extrapo- 
lation due to the background nickel interference.) Each 
temperature's solubility is linear as a function of total 
P(CO~ + O~) with the 923 K data, the operating tempera- 
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Fig. 1. Nickel oxide equilibrium solubility in Li/K carbonate as a func- 
tion of temperature under vorious gases. 
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Fig. 2. Nickel oxide equilibrium solubility in Li/K carbonate at various 
temperatures as a function of CO2 + 02 pressure for gases with a 
PcojPo.2 ratio of 2/1. 

ture of a MCFC, possessing a slope of 20.3 x 10 -6 mole 
fraction NiO/atm (COx + 02) and a Y-intercept of 5.5 x 
10 -6 mole fraction NiO. From this linear relationship, the 
impact of MCFC system changes on NiO cathode solubil- 
ity, and hence on the cathode corrosion rate, can be esti- 

mated. For example, the calculated NiO equil ibrium solu- 
bility under  a rich oxidant (64.6% CO~/32.3% O~3.1% HzO) 
at 1 atm pressure with 25% oxidant electrochemical utili- 
zation is 20.3 x 10 -6 mole fraction, and is equivalent to 
that calculated under  a leaner gas (20% COJ10% O2/3.1% 
HxO/bal N2) operated at 10 atm pressure and 75% oxidant 
utilization. Therefore, ignoring any electropotentiai influ- 
ence on the cathode's solubility and assuming that the 
relevant transport properties are independent  of gas pres- 
sure, cathodes operated under  these two fuel cell condi- 
tions should exhibit similar corrosion rates. 

The data presented in Fig. 2 also suggests that the 
NiO/carbonate equil ibrium is not established simply by 
the COx partial pressure as suggested previously (5, 7) 
since increasing the Pco2 by a factor of 10 at constant tem- 
perature never resulted in more than a factor of 3.5 in- 
crease in  solubilized nickel. This indicates that the solu- 
bilization mechanism is indeed complex and in need of 
further exploration. 
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Large Nickel Particle Powder Formed by Electrodeposition on a 
Metal Surface Partially Covered with a Polytetrafluoroethylene 

Layer 

O. Teschke*  
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F. Galembeck 

Instituto de Quimica, UNICAMP, 13.100 Campinas SP, Brazil 

Powdery metal deposits were obtained using electroly- 
sis by Priestley (1) as early as 1803. Extensive studies on a 
large number  of metals (Cu, Ni, Fe, Pb, Sn, Mn, Zn, Cd, 
Pd, W, Co) have been carried out since then. A detailed 
survey of this work was made by Ibl (2). 

Kudra (3) first observed that the product of current 
density and the square root of the radius of electrodepos- 
ited particles is a constant. Theoretical work performed 
by this author leads to results compatible with this exper- 
imentai observation. However, the poor adherence be- 

*Electrochemical Society Active Member. 
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tween electrodeposited particles and the substrate was 
not explained. Atanasui and Calusaru (4) have also treated 
this problem on theoretical grounds. They proposed that 
the energy barrier for quantum mechanical tunnel ing is 
widened with decreasing concentration of the dis- 
charging species. However, the reason for the appearance 
of loosely connected outgrowths on a substrate has not 
been elucidated. Their loose connections are sufficiently 
strong to allow free flow of electrons and weak enough 
for the particles to fall off at the slightest disturbance. 
Powder particles are formed by nucleation and not by the 
extended growth of already existing irregularities. A 
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Fig. 1. Optical micrograph showing nickel particles formed by 
electrodeposition over a PTFE-covered nickel surface. 

mode] of the mechanism of powder formation is not yet 
available, as far as we know. 

This work describes a technique which was developed 
to form large particle powder. The technique consists of 
electrodeposition of nickel onto a metallic substrate cov- 
ered by a thin polytetrafluoroethylene (PTFE) layer. Op- 
tical microscopy and scanning electron microscopy 
(SEM) observations were then performed to study the 
shape of the particles, which are loosely connected to the 
substrate. 

Experimental  
Stainless steel plates (5 cm • 2 cm x 1 mm) were ini- 

tially nickel plated in a Watts solution at 30~ The sample 
was rotated about its longer axis at a constant speed (20 
rpm) in order to smooth out local electric field differ- 
ences. All samples were prepared from the same stain_less 
steel plate. The plate was initially washed in a detergent 
solution, mechanically scrubbed, and then cleaned in the 
usual sequence. A detailed description of the experimen- 
tal condition is presented in Ref. (5). 

The nickel plating solution consisted of the following 
compounds dissolved in distilled water: NiSO4 - 6H20, 300 
g/l, NiCI~ �9 6H~O, 45 g/l, and H3BO~, 30 g/1. The resulting 
solution was stirred at 30~ in a Pyrex beaker. The coun- 
terelectrode was a nickel sheet. 

A first nickel plating was given to the sheet for a total 
t ime of 12 min. The apparent current density was approx- 
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imately 10 mA/cm 2. After plating, the plates were washed 
with distilled water and dried. 

PTFE T30 Teflon 1 dispersion was dialyzed against 
water to remove the stabilizing surfactant, and diluted to 
ca. 1% in distilled water. The dispersion was then allowed 
to settle within a long (ca. 60 cm) glass cylinder for 15 
min, after which time the lower 10% of the cylinder con- 
tents was discarded. The dispersion was allowed to settle 
again, and after lh  the upper half of the cylinder contents 
was also discarded. To prevent excessive coagulation, 1% 
sodium laurylsulfate was added to the remaining disper- 
sion, for storage. Prior to use, it was drained from a s~ock, 
the dispersed solid allowed to settle, and the liquid re- 
placed by distilled water. 

The previously plated metal sample was dipped into 
the Teflon dispersion, allowed to dry under air, and 
heated to 370~ The electrode surface was then washed 
in an acidic solution (5% H~SO4 for 1 min) to remove the 
oxides formed, and another layer of nickel was electrolyt- 
ically deposited on the electrode. The apparent current 
density was approximately 10 mA/cm 2, resulting in a 
much larger actual current density since only a few pro- 
trusions and pinholes are effective sites for the charge 
transfer reaction. During this second deposition, powder 
particles are formed over the PTFE layer. A photograph 
of the resulting surface is shown in Fig. 1. A cathode po- 
tential of 2V against a satured calomel reference electrode 
was observed during the nickel deposition. 

After the nickel electrodeposition, a thin nickel layer of 
about 150A was evaporated over the samples for observa- 
tion under a scanning electron microscope. SEM photo- 
graphs giving more microscopic details are shown in Fig. 
2. Pinholes at the surface of the PTFE film are shown in 
Fig. 2b. Typical pinhole diameters at the PTFE film are 
about 5 ~m. Pinholes in the PTFE layer as well as cracks 
and protrusions in it are paths for electrons during the 
deposition, and metal is deposited around them. A SEM 
micrograph of a PTFE covered nickel surface before the 
particle formation shows a structure similar to that shown 
in the top portion of Fig. 2b. The PTFE shows a very ir- 
regular and spongy structure. The conductive metallic 
overlayer will not be deposited in most of the cavities. It 
is difficult then to determine which sites will effectively 
transfer electrons and result in particle growth. 

Figures 1 and 2 show that the nickel deposit is made of 
round particles. Cross sections of the plates were ob- 
tained by cutting and polishing. Some of these are pre- 

1Teflon is a trademark of E. I. du Pont de Nemours and Com- 
pany, Wilmington. Delaware. 

Fig. 2. Scanning electron micrographs of nickel particles formed by electrodeposition over a PTFE-covered nickel surface. 
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Fig. 3. Polished cross-sectional view of the nickel particles, PTFE layer, and nickel substrate. 

sented in Fig. 3 and show common features: (i) nickel 
particles are obtained which have very little direct con- 
tact with the substrate metal, (it) these particles take the 
approximate shape of half-spheres, (iii) their bases juxta- 
pose to the PTFE layer, and (iv) metal tips connecting the 
substrate to the particles are not discernible, due either to 
small size or to damage during polishing. 

Discussion and Conclusions 
The shape of the particles reflects the influence of the 

PTFE layer. Protrusions and pinholes in the PTFE layer 
as well as cracks in it are paths for electrons during the 
deposition, and metal is deposited around them. After an 
initial growth, the layer is well away from the interface, 
and the deposition gives spherical particles. Since the 
PTFE layer imposes a fixed boundary to the particle 
growth, the deposits are half-spheres, as shown in Fig. 3. 
The particles have a diameter of 10-100 tLm, but have a 
weak binding to the substrate since only tips of diameters 
around a few microns connect them to the substrate. 

Figure 1 also shows that in some regions there is appre- 
ciable coalescence of the grown particles. The coales- 

cence process following contact is characterized by the 
growth of the neck formed between the contacting pow- 
der particles (6). 

In conclusion a technique was developed to form large 
particle powder. Nickel was deposited onto a metallic 
substrate covered by a thin PTFE layer. The deposit 
tends to form half-spherical particles with a weak binding 
to the substrate. The shape of the particles reflects the 
influence of the PTFE layer. 
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Comparison of the Activity of PdSn Colloidal Catalysts with the 
Activity of Pure Metals for HCHO Oxidation: Enhancement of the 

Activity by Ionic Tin 
Jean Horkans 

IBM, Thomas J. Watson Research Center, Yorktown Heights, New York 10598 

The formation of a metallic conductor on an insulating 
substrate can often be accomplished most conveniently 
through the use of electroless deposition processes, 
which are initiated by a catalyst deposited on the insula- 
tor surface. The catalyst frequently is a PdSn  mixed col- 
loid, consisting of a metallic core of an alloy of Pd and Sn 
surrounded by a stabilizing layer of Sn(II) with the neces 7 
sary counterions (mostly C1-) (1). It is assumed that the 
metallic Pd acts as the catalyst, whereas the ionic tin 
serves only to stabilize the colloid in solution. Indeed, ex- 
cess ionic tin on the surface can be detrimental and is 
usually removed by following the activation step (the 
deposition of the colloid) by an acceleration step (2-5) (im- 
mersion in a solution that selectively dissolves ionic tin). 

Earlier methods (6, 7) used to evaluate the activity of 
PdSn catalysts are not directly related to the role of the 

Key words: electroless plating, organic voltammetry. 

colloid in initiating electroless deposition. The work re- 
ported here examines PdSn colloids as catalysts for for- 
maldehyde electro-oxidation. Of the two major partial 
electrode reactions occurring in electroless Cu plating, 
formaldehyde oxidation is the reaction that is kinetically 
limited and strongly influenced by the catalyst. The ionic 
tin in the colloid was found to be important to its function 
as a catalyst for the formaldehyde reaction. 

The results suggest analogies to the changes in the cata- 
lytic activity of metal electrodes for the oxidation of or- 
ganic molecules caused by the underpotential deposition 
(UPD) of less-noble adatoms (8-12). The first step in the 
oxidation of molecules like HCHO is thought (12) to be 
dissociative adsorption. During the oxidation of the car- 
bon containing fragment, strongly bound intermediates 
(perhaps requiring several surface metal atoms) can form 
and can poison the reaction. 
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Motoo and Shibata (9) interpret their results in terms of 
this model. The enhancing UPD adatoms fall into two 0 
groups. In one group, the enhancement  depends on the 0 - 
number  of surface sites occupied by the adatom on the Pt  
electrode. The formation of the poison is blocked, since 
the required number  of adjacent Pt sites is unavailable in 
the presence of the adatom. The second group of adatoms 
has a much larger effect on activity than the first. The ac- ~" 
tivity is increased through a mechanism in which these E t~ 

adatoms adsorb oxygen containing species that partici- ~" 
pate in the oxidation reaction. '~ E 

Other methods of depositing ionic species on metal 
electrodes also can result in increased activity of fuel cell 
catalysts (13, 14). The tin-covered surfaces of the present f.0 
study were prepared by yet another method: deposition 
of a colloid. These catalysts show interesting parallels to 
the other adatom-covered metallic electrocatalysts. 

Experimental 
Formaldehyde oxidation was studied under conditions 

like those used during electroless Cu plating. The electro- 
lyte was 0.4M Na2SO4, 0.03M HCHO, the pH adjusted to 
11.7 with NaOH. A more detailed description of the exper- 
imental conditions is given elsewhere (15). Tl~e formalde- 
hyde was used without further purification. No interfer- 0 0 
enee from the CH3OH stabilizer was found (15). The 
temperature of the solution was maintained at 75~ The 
reference was a mercury sulfate electrode (MSE), 
Hg/Hg~SO4, sat. K~SO4, in a separate compartment  at 
room temperature. ~" 

The electrodes were evaporated metal films on glass E 
o 

substrates. An adhesion layer of 200~ of Nb was first de- 
posited, followed by 2000~ of the desired metal. Some of "~ E 
the electrodes examined were prepared by depositing a ~ 
colloid on the surface of the evaporated metal. The PdSn 
colloid was made by diluting with NaCl solution, a con- 1.0 
centrate similar to that described in the patents of 
Zeblisky (16). Gold was chosen as the support material. It 
is known from electron microprobe analyses (7) that a 5 
rain immersion of a Au surface in the PdSn colloid typi- 
cally results in coverages of - 1 ~g/cm ~ of Pd and - 2-5 
tLg/cm 2 of tin. The SnCl2 colloid was prepared according 
to the method suggested by Cohen and West (17) and con- 
sisted of 30 g/l SnCI~ �9 2H~O with I0 mill of conc. HCI. It 
was aged for 2 days before use. Immersion of a metal sur- 
face in the SnCl2 colloid deposits - 0.6 ~g/cm 2 of tin (18). 

Electrodes were maintained at the open-circuit poten- 
tial while the solution was being deaerated with N2. Tin 
salts have significant solubilities at pH 11.7 (19), and re- 
peated cycling of the electrode potential results in 
changes in the curves as the colloid, or a component of 
the colloid, is removed from the surface. The first sweep 
is fairly reproducible, however, and only the first anodic 
sweep is reported here. 

Results and Discussion 
Representative curves for formaldehyde oxidation on 

Au, Pd, and PdSn-covered Au are shown in Fig. 1. The re- 
action occurs at a much less positive potential on the 
PdSn-covered surface than on either Au or Pd. The in- 
creased catalytic activity is due to one of the following: (i) On_.. 
an interaction between the Au electrode and the tin in the 
colloid, (it) an interaction between the Au electrode and 
the Pd in the colloid, or (ii i)  an interaction between the 
Pd in the colloid and the surrounding tin. These possibili- 
ties can be narrowed by further experiments. 

The interaction between Au and ionic tin is explored in ~" 
Fig. 2. The interaction between Pd and ionic tin has also E u 
been investigated. Formaldehyde oxidation on Au and Pd ,r 
surfaces covered by a SnC12 colloid (Fig. 2) occurs at less E 
positive potentials than HCHO oxidation on Au and Pd 
(Fig. i). In both cases, however, a more positive potential 
is required than on PdSn-covered Au. Thus, the interae- I.O 
tion of Au with the tin salts cannot entirely account for 
the observations of Fig. 1. 

In order to investigate the Au-Pd interaction, a 20A 
thick film of Pd metal was evaporated on a Au electrode. 

E ( V  vs MSE)  

- 0 . 4  - 0 . 8  

/ / / 

.2 /, '  /Z" J  / 

- I .2  
I 

/ 
Fig. 1. Formaldehyde oxidation on clean Au ( ), clean Pd (---  --), 

and Au covered with PdSn colloid ( - -  - - )  in apH 11.7 solution of 0.4M 
Na2SO4 and 0.03M HCHO. The temperature was 75~ The sweep 
speed was 20 mV/s. 

E (V vs MSE)  

- 0 . 4  -0 .8  
' I ' I f , ;  , '~ 

/ /  

Fig. 2. Some as Fig. 1 for Au covered with a SnCI: colloid ( 
covered with a SnCI2 colloid ( - -  - - ) .  

- I .2  "[ 

) and Pd 

So thin a Pd film may not be continuous, but an island 
film would be an even better model than a continuous 
film for comparison with the PdSn-covered Au electrode. 
The results are given in Fig. 3, which shows that a thin Pd 
film does not shift HCHO oxidation on Au to less posi- 
tive potentials. The interaction of the Pd in the colloid 
with the Au electrode therefore cannot explain the results 
of Fig. i. It is thus evident that the ionic tin in the colloid 
plays a role in the high activity of the PdSn-covered Au 
electrode. 

The effect of an accelerating step is shown in Fig. 4. 
The dashed curve was obtained on the PdSn-covered Au. 
The solid line was obtained on a Au surface that, after 
deposition of the PdSn colloid and rinsing, was immersed 

E (V vs MSE) 

- 0 . 4  - 0 . 8  
' I I ''1 

' ,J 

- I .2  
I 

Fig. 3. Same as Fig. 1 for a Au electrode ( 
with 20~ of evaporated Pd ( - -  - - ) .  

) and for a Au electrode 
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E 
u 

E 

1.0 

E (V vs M S E )  

- 0 . 4  - 0 . 8  - I .2  
' I i I / ~  / " I / / '  

/ 

Fig. 4. Same as Fig. 1 for a PdSn-covered Au electrode before ( - -  - - )  
and after ( ) immersion in 1M NH4HF2. 

for 1 min in 1M NH4HF2, a common accelerator, and then 
rinsed. This acceleration process is known (20) to remove 
from the surface approximately half of the tin but  very lit- 
tle of the Pd. Removing tin shifts the curve to considera- 
bly more positive potentials. 

Conclusions 
The immersion of a metal in a SnCI~ colloidal suspen- 

sion will deposit the same order of magnitude of tin spe- 
cies as UPD, but the environment  of the tin is very differ- 
ent. There is no orderly association of the tin atoms with 
the substrate atoms; the dePosited material will exist in 
three-dimensional clumps; a variety of anions (mainly 
C1-) will be associated with the tin. The extent of charge 
transfer to the t in probably also differs between the col- 
loid and UPD adatoms. Nonetheless, colloidal tin was 
found to be able greatly to enhance the catalytic activity 
of Pd and Au electrodes for HCHOJoxidation. 

The enhancement  of the activity of Au and Pd by col- 
loidal tin is probably by a mechanism similar to that dis- 
cussed by Motoo and Shibata (9). The t in on the surface 
provides a site on which oxygen containing species can 
adsorb. These species can then participate in the oxida- 
tion of the adsorbed formaldehyde fragment. 

Formaldehyde oxidation occurs at a much less positive 
potential on the PdSn-covered Au surface than on any of 
the other surfaces examined, including pure Pd and tin- 
covered Pd. The interaction causing the enhancement  in 
activity seems to be between the Pd in the colloid and the 
tin in the colloid. One could ask, however, why the en- 
hancement  caused by the Pd-tin interaction in the colloid 
should be any greater than that caused by tin on a bulk 
Pd electrode. The answer probably lies in the small size 
of the Pd nuclei in the colloid, which is in the range of 
10-50A (21). The difference i n  surface energy between 
small particles and bulk metals may change the interac- 
tion with the tin. In  addition, the Pd in the colloid is al- 
loyed with a small amount  of metallic Sn (1), and the envi- 
ronment  of Pd at the center of the colloid is different 

from that of Pd metal covered by a SnC12 colloid. Acceler- 
ation, by removing ionic tin from the PdSn  colloid, shifts 
the formaldehyde-oxidation reaction to more positive po- 
tentials. 
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Distribution of Anions and Protons in Oxide Films Formed 
Anodically on Aluminum in a Phosphate Solution 
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ABSTRACT 

Pure A1 foil specimens were galvanostatically anodized in a neutral phosphate solution (pH = 7.0, 20~ and the 
thickness and composit ion profile of the formed oxide films were examined as functions of the anode potential and 
current density (c.d.). Analysis of the films was made by chemical sectioning with a H2SO4 solution, combined with (i) 
electron microscopy, (ii) x-ray photoelectron spectroscopy, (iii) capacitance measurements,  (iv) dc polarization measure- 
ments, and (v) solution analysis. The films were found to consist of two parts, an outer part containing PO43- and OH-  
ions, and an inner part consisting of pure alumina. The outer part dissolved in the H~SO4 solution at a rate faster than 
that of the inner part, and thus the two parts were clearly distinguished by following the time variations in the reciprocal 
of capacitance during the chemical sectioning. For films formed with a constant c.d., the thickness ratio of the two 
parts, 6out/6~n, and the phosphate concentration in the outer part do not change with the anode potential or the total film 
thickness. With increasing c.d., the two values tend to increase. The mechanism controlling the anion and proton distri- 
bution in the oxide film is discussed. 

Anodic oxide films formed on aluminum contain an 
appreciable amount of anions brought from the anodizing 
solution. When anodizing in phosphate solutions, the in- 
corporated anions locate in the outer part of the film, 
while an inner part next to the metal consists of stoichio- 
metric oxide. This was first reported ]~y Randall and 
Bernard (1), who used a radiotracer method combined 
with a film sectioning technique. Using SIMS, Wood and 
co-workers (2) obtained phosphorus profiles qualitatively 
similar to those reported by Randall. More recently, we 
applied XPS combined with chemical sectioning of the 
film and ascertained that phosphorus in the outer part 
exists in the form of PO43- and that some protons are also 
incorporated in the outermost part of the oxide (3). 
Lanford et al. (4) measured hydrogen profiles for a vari- 
ety of anodic oxide films using a nuclear reaction tech- 
nique, and reported that protons exist only in the outer- 
most part, at concentrations equivalent to about 1 mole 
percent (m/o) water in alumina. 

The purpose of the present investigation was to obtain 
quantitative measurements  of the phosphate and proton 
profiles of oxide films formed galvanostatically in a 
phosphate solution and also to examine the effects of the 
anode potential and current density (c.d.) for films 
formed in phosphate solution at conditions similar to 
those used here. 

Experimental 
Anodizing procedure.--Pure, 99.99% A1 foil coupons (2 

x 3 cm, tag shaped) were electropolished in a 4:1 mixture 
of glacial acetic acid and 60% perchloric acid at 10~176 
by applying an anodic current of 100 mA/cm 2. The pol- 
ished coupons were then immersed in a 20 g/1 CRO3-35 mYl 
H3PO4 solution (90~ for 20 min to remove oxide film 
formed during the electropolishing, washed with metha- 
nol, and dried. Anodizing was carried out in a 0.033M 
NH4H2PO4-0.067M (NH4)2HPO4 solution (pH = 7.0, 20~ 
stirred), by applying a constant current, ia, of 1 m2~/cm 2 
until the potential, Ea, reached desired values, mainly 50V 

* Electrochemical Society Active Member. 
Key words: aluminum, anodic oxide film, anion distribution, 

surface analysis 

(vs. SCE). To examine the effect of c.d., ia was changed in 
the range 0.05-10 mA/cm ~. 

After anodizing, the amount  of A13§ in the formed oxide, 
Wo, was determined by subtracting the dissolved amount  
of A13~, W~, from the total amount  of oxidized aluminum, 
WT, estimated with Faraday's law. Here, the charge 
consumed by oxygen evolution was so small that it could 
be neglected (5). 

Chemical sectioning of the films.--The anodized speci- 
mens were immersed for different times in a 2M H2SO4 so- 
lution stirred at 60~ to dissolve and section the films 
from the outside. During the sectioning, the following 
measurements  were carried out. 

Amount of dissolved Al 3~ ions, W.--Solution samples 
taken at intervals were analyzed by the oxinate extraction 
method in which A13~ oxinate were extracted into chloro- 
form at a pH around 9.3 to avoid the interference from the 
phosphate (6). 

Amount of dissolved P043- ions, Wp.--Solution samples 
were analyzed by the molybdenum blue method (7). 

Capacitance of the remaining oxide, C,.--Specimens 
were transferred to a 0.5M H3BO3-0.05M Na.2B407 solution 
(pH = 7.4, 20~ and the measurements were conducted 
at 120 Hz using a Yokokawa-Hewlett  Packard Model 
4284A Capacitance Meter. 

Voltage sustained by the remaining oxide, AE.--Measure- 
ments were made in the same borate solution as for Cp 
measurements,  by applying a small anodic current, ia, of 
10 ~A/cm 2. 

Remaining film thickness, 6.--This was measured from 
electron micrographs of the sections of films. Sliced 
samples were prepared by an ultrathin sectioning tech- 
nique using a Porter-I ultramicrotome with a diamond 
knife (8). The samples were examined by a transmission 
electron microscope (Hitachi Model HU-12A); the acceler- 
ation voltage was 125 kV, and the magnification was 
checked with standard polyethylene latex particles. 
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XPS spectra for the exposed film surfaces.--The instru- 
m e n t  used  was a V a c u u m  Genera tors  E S C A  3 e lec t ron  
spec t rometer .  Spec imens  were  i r radiated by MgKc~ x-ray 
(hv = 1253.6 eV) in a v a c u u m  of 10 -7 Pa  (10 -~~ torr  
range). The  analyzer  was set to give a reso lu t ion  of 1.18 eV 
for FWHM of t h e  Au 4f 7/2 peak. The  spec t rome te r  was 
cal ibra ted with  pure  copper  re la t ive  to the pho toe lec t ron  
peaks  of  Au 4f 7/2 (84.0 eV) and Cu 2p 3/2 (932.70 eV). The  
in tens i t ies  of  A1 2s, O ls ,  and P 2p were  ob ta ined  f rom the  
co r re spond ing  peak  areas. For  a g iven  spec imen,  the  mea- 
s u r e m e n t s  were  m a d e  after r e m o v i n g  a surface layer  of  
about  0.5 n m  by ion  spu t t e r  etching.  S 2p and C ls  spectra  
showed  that  all con tamina t ing  species b rough t  f rom the  
chemica l  sec t ioning  solut ion were  comple te ly  r e m o v e d  
by this  procedure .  Pre fe ren t ia l  sput te r ing  was insig- 
nif icant  for all the  e l emen t s  in the  oxide,  and der ivat ion 
of  the  film compos i t ion  was m a d e  as in Ref. (9). 

Results 
Determination of the composition of 50V films formed 

at 1.0 mA/cm~.--Figure 1 shows  the  t ime  var ia t ions  in the 
anode  potential ,  E,, and the  a m o u n t  of A1 ions in the  ox- 
ide, Wo, dur ing  anodiz ing  at i~ = 1.0 m A / c m  ~. The  current  
eff ic iency for the  oxide  format ion  was 98%, and the  50V 
film had a Wo va lue  of  9.9/~g/cm ~. 

Dissolution behavior of oxide.--Figure 2 shows  the  t ime  
var ia t ions  in the  a m o u n t  of  d issolved A1 ~§ and PO4 ~- ions, 
W and W, (as phosphorus) ,  fo l lowed dur ing  the  chemica l  
sect ioning.  As can be  seen  f rom the  W-td curve,  the  disso- 
lu t ion  rate of the film up to 40 rain is faster than  that  
after 40 min,  and the film is fully d issolved at 60 min;  the  
exposed  substrate  meta l  dissolves  faster than the  oxide.  
The  a m o u n t  of  dissolved A1 ~+ ions at 60 min  agrees  well  
wi th  the  va lue  of  Wo. The W,-td curve  shows that  the  disso- 
lu t ion  of  phospha te  is comple t e  at 40 rain, where  the  
a m o u n t  of d issolved phospha t e  reaches  a s teady value,  
0.32/~g/cm ~, as phosphorus .  Thus,  Fig. 2 impl ies  that  the  
film consis ts  of  two parts:  an outer  part conta in ing  phos-  
pha te  and dissolving faster and an inner  part  w i thou t  any 
phospha te  and dissolving slower.  The  phospha te  profile 
ob ta ined  f rom Fig. 2 will be  d iscussed  be low wi th  refer- 
ence  to Fig. 7. The average  concent ra t ion  of phospha te  in 
the whole  oxide  was ca lcula ted  to be 5.1 weigh~ pe rcen t  
(w/o), a s suming  the chemica l  compos i t ion  as Alj.O~(PO0z. 

In  Fig. 3, the  reciprocal  of the film capaci tance,  1/C,, is 
p lot ted  against  the d issolut ion t ime, td; 1/C,.o is the  va lue  
at td = 0. Assuming  the  die lectr ic  constant  of the oxide  to 
be  constant ,  �9 = 9.8, ~ the  r ema in ing  film th ickness ,  a, cor- 
r e spond ing  to 1/C,, was ca lcula ted  and is ind ica ted  on the  

' The dielectric constant, e = 9.8, is higher than the generally 
accepted value (~8.4). Our value was obtained by substituting 66 
nm and 0.131 /~F/cm'-' for a. and C,,,, into e = (a. .  C,.o)/(8.86 • 
10-s). The C,.. value is influenced by the roughness of the sur- 
face. Assuming the roughness factor to be 1.2, the value for �9 be+ 
comes 8.2. 
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Fig. 1. Changes in the anode potential, Ea, and the amount of A P  ions 
in the oxide, Wo, with anodizing time, ta. Anodizing was carried out by 
applying a constant c.d. of ] .0 mA/cm -+ in 0.067M NH4H~POJ0.033M 
(NH4)~HPO4 solution (pH = 7.0,-20~ 
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Fig. 2. Time variations in the amounts of dissolved AI 3§ ions, W, and 
PO43- ions, W,  (as phosphorus), during film sectioning in 2M H2SO+ solu- 
tion at 60~ The oxide film was formed by anodizing with ia = 1.0 
mA/cm 2 up to 50V (vs, SCE) in 0.067M NH4H.,POJ0.033M (NH~)2HPO4 
solution (pH = 7.0, 20~ 

r ight  ordinate.  The th inn ing  rate slows d o w n  at 40 min  
and the film dissolut ion is comple te  at 60 min, in agree- 
m e n t  wi th  the  resul t  in Fig. 2. Here,  the  th ickness  of  the 
outer  part  is propor t ional  to 1/Cp.o minus  1/Cp*, and that  of 
the inner  part  is p ropor t iona l  to 1/Cp*, the  va lue  at td = 40 
min.  

E lec t ron  micrographs  of sect ions of films t aken  at dif- 
ferent  td'S (Fig. 4) clearly show the  progress  of  the chemi-  
cal sect ioning.  F igure  4 shows the  meta l  substra te  (M), 
and the oxide  layer (O), and a th in  layer of  resin used  to 
e m b e d  the  sample.  The  mic rographs  show that  the  origi- 
nal  film thickness ,  ao, is abou t  66 nm, and the  film thins 
a lmos t  un i fo rmly  unt i l  it is all d issolved at td = 60 min.  
This  again coincides  wi th  the  W-t~ and 1/Cp-td behavior .  

F igure  5 shows how the  dc polarizat ion sus ta ined  by 
the  remain ing  oxide,  hE, decreases  wi th  td; hE was mea- 
sured  by apply ing  a smal l  ia, 10 ~AJcm ~, in the  bora te  so- 
]ution. For  every  td, s teady hE was a t ta ined wi th in  10s, 
c o n s u m i n g  only about  1 • 10-4C. This  ve ry  smal l  charge  
again suggests  the  un i fo rm dissolut ion of the  oxide  dur- 
ing the  chemica l  sect ioning.  It  should  be no ted  here  that  
for td = 0, the s teady va lue  of  hE is 44V, smal ler  than  the  
anodiz ing  vol tage of 50V because  of  the  smal ler  va lue  of ia 
(=10 ~tA/cm 2) compared  to 1 m A / c m  2. 

The  t ime  var ia t ions  in the  film thickness ,  a, were  esti- 
ma ted  f rom the  measu red  values  of W, C,, and AE us ing  
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Fig. 3. Time variations in the reciprocal capacitance, |/Cp, of film, and 
the remaining film thickness, ~, during film sectioning in 2M H~SO~ solu- 
tion at 60~ Anodizing conditions ore the same as in Fig. 2. 
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Fig. 4. Electron micrographs 
showing the progress of f i lm 
thinning in 2M H~SO4 at 60~ 
Anodizing conditions as in Fig. 2. 

the  fo l lowing equat ion ,  and the  resul ts  were  compared  
wi th  those  f rom e lec t ron  mic roscopy  (Fig. 6) 

8 = 8.86 • 10-sdCp, 8 = (Wo - W)/pk, and 8 = KE [1] 

In  Fig. 6 the open circles are the  data  ob ta ined  f rom the  
Cp m e a s u r e m e n t s  wi th  the  dielectr ic  cons tan t  of  the ox- 
ide, �9 = 9.8. The small  solid circles are f rom the  amoun t s  
of  d isso lved  AP ~ ions, W, a s suming  that  the  oxide  densi ty,  
p, is 2.95 and the we igh t  f ract ion of A13~ in the  oxide,  k, is 
0.51. Er ror  bars indica te  the  range of the data  f rom elec- 
t ron microscopy.  The  open t r iangles  indicate  the  data  ob- 
ta ined  f rom the  hE m e a s u r e m e n t s  by a s suming  the 
th ickness /vol tage  ratio, K, to be 1.5 nm/V. The �9 p, k, and 
K values  used  here  are based on repor ted  values,  and the  
film th ickness  data es t imated  by the di f ferent  me thods  
are in good agreement .  Thus,  the  total  th ickness  of  the  
50V film is ao = 66 nm, and the  boundary  b e t w e e n  the  
outer  and inner  parts is a round  a* = 51 nm inward  f rom 
the  surface  of  the  oxide.  

Phosphate profile from measurements of W and W,.-- 
F r o m  Fig. 6, i t  is possible  to de te rmine  the dep th  posi t ion 
of the film, x = (ao - a), wh ich  will  be  exposed  at a g iven  
dissolut ion t ime, td. By  c o m p a r i n g  the  s lopes of the W,-td 
and W-t~ curves  in Fig. 2 at var ious  depths  (or dissolut ion 
times), we obta ined  the  P/A1 mole  ratio profile. The  re- 
sult  is shown as the  b roken  curve  in Fig. 7. The  P/A1 mole  
ratio is a lmos t  0.1 at the  top of  the film, it decreases  
s teeply to about  0.03, and then  stays cons tan t  d o w n  to a 
dep th  of near ly  50 rim. B e y o n d  this dep th  phosphorus  is 
not  detected.  
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Fig. 5. Time variation in the steady value of dc polarization, ~E, during 
film sectioning in 2/91 H2SO 4 solution at 60~ Anodizing condition as in 
Fig. 2. 

Film composition estimated from XPS.--Typical X P S  
spectra  t aken  for the  outer  and inner  parts of  the  film are 
shown  in Fig. 8. P h o s p h o r u s  is de tec ted  in the  outer  part  
but  not  in the inner  part. The  peak  posi t ions of  the  spec- 
tra compared  with  those  of s tandard  samples  sugges t  that  
A1 and P exis t  in the fo rm of A1 ~ and PO43- (or poss ib ly  
HPO42-). The compos i t ion  profile of  the  film is shown 
by the  solid curve  in Fig. 7. The  O/A1 mole  ratio is about  2 
at the  outer  surface of  the  oxide,  but  it decreases  wi th  

E 
6 I i i i ] I i 
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'or I 
,ol / %\ 

o ,  ,~ , , , - -  , = 0 10 20 30 40 50 60 
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Fig. 6. Time variation in the film thickness, 8, estimated by the mea- 
surements of Cp, W, AE and electron microscopy during film sectioning. 
Anodizing condition as in Fig. 2. 
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Fig. 7. Depth profiles of O/AI and P/AI mole ratio across oxide films 
formed by anodizing with ] m A / c m  2 up to 50V (vs. SCE). Solid curves 
were obtained from XPS, and the dotted curve was obtained from the 
measurements of W and Wp. 
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30 Fig. ] 0. Time variation in the reciprocal capacitance, |/Cp, during the 
sectioning of oxide films formed by anodizing with 1.0 mA/cm 2 to differ- 
ent anode potentials. 

phosphate, dissolves at one rate, and also that they have 
' ~ ' ~I ~ ~ ~ ~ the same phosphate concentration in this part. 

116 120 124 130 134 138527 531 535 The 1/C,-td curves obtained for films with different 
Binding energy E b /eV anodizing potentials are shown in Fig. 10. Break points 

Fig. 8. XPS spectra of AI 2s, P 2p, and O I s orbitals for oxide films distinguishing the outer and inner parts are seen in all the 
immersed in 2M H~S04 solution at 60~ for different durations, curves except  in the 14.9V curve, in agreement with Fig. 
Anodizing condition as in Fig. 2. 9. Here again, 1/Cp.o is proportional to the total film thick- 

ness and 1/Cp* is proportional to the thickness of the in- 
ner part. The amounts of AP ~ remaining in the oxide, 

depth to reach about 1.7 within the first 10 nm, stays con- Wo-W, are calculated by using the values of e, p, and k de- 
stant at this value down to about x = 50 nm, and there de- scribed above and indicated on the right ordinate in Fig. 
creases to 1.5, corresponding to the composit ion of a stoi- 10. 
chiometric oxide. The 1.5 value appears to be maintained In Fig. 11, the values of 1/C,.o and 1/C,* are plotted as 
throughout  the inner layer. The P/A1 profile agrees quite functions of Ea. The film thickness ~ calculated as before 
well with that obtained by the W and Wp measurements,  is indicated on the right ordinate. The films formed be- 
though the value of 0.028 for the outer part is slightly low 20V consist of only a single phase similar to the outer 
lower than the value estimated from the W and Wp mea- part, and the films formed above 20V show almost con- 
surements, stant ~out/~in ratio (the ratio is 3.5 at 20V and 3.3 at 100V). 

Effect of Ea and c.d. on the film composition.--The Using the Wp-td curves (Fig. 9) and the corresponding W-td 
chemical sectioning behavior was observed for films and a-td relationships (Fig. 10), the P/A1 profiles can be 
formed by anodizing to various potentials, E~, with i~ = calculated as in Fig. 12. It is seen that, except  for the 
1.0 mA/cm 2 (see Fig. 1). Figure 9 shows Wp-td curves ob- 14.9V film, the outer part containing phosphate is clearly 
tained for films with different anodizing potentials. All distinguishable from the inner part without phosphate in- 
the W,-td curves for films of different anodizing paten- corporation. Here, the total film thickness is indicated by 
tials coincide until Wp reaches steady values. The steady vertical bars on the abscissa, and the boundary between 
value of W, indicates the total amount of phosphate incor- the two parts by broken, vertical lines. There is a high 
porated in the films, and it increases with increasing concentration of P at the top, and the P/A1 ratio of about 
anodizing potential. The t ime needed for complete disso- 0.03 is constant, irrespective of the thickness of the outer 
lution of phosphate (broken vertical bars) also increases part for an i, = 1 mA/cm ". 
with E~. The time required for the total dissolution of the The effect of c.d. on the phosphate profile was exam- 
film, obtained from the 1/C,-td curves (Fig. 10), is shown ined for 50V films formed at i, of 0.1, 1, and 10 mA/cm 2, 
by solid vertical bars. Except  for the 14.9V film, the time and is shown in Fig. 13. The phosphate concentration in 
required for complete dissolution of phosphate is consid- the outer part increases with i~. An increase in i~ causes a 
erably shorter than that required for whole film. For decrease in the thickness of the inner part. The thickness 
14.9V film, the two bars nearly coincide, implying that of the outer part is little affected by i~. This is seen more 
there is no inner part free from phosphate. The coinci- clearly in Fig. 14, which shows the effect of i~ on 1/Cp.o 
dance of the inclined line segments, irrespective of E~, and 1/Cp*. It is also recognized from Fig. 14 that the thin- 
suggests that for all the films the outer part, containing ning rate of the outer part increases with increasing i,, 

but that of the inner part is independent  of i~. 
i i r i i 
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Fig. 9. Time variation in the amount of dissolved phosphate, W, (as Fig. 1 1. Effect of anode potential, Ea, on l/C,.o (total film thickness, 
phosphorus) during the sectioning of oxide films formed by anodizing 8out + 6t.) and 1/C~* (inner part thickness, ~i.) of oxide films formed by 
with 1.0 mA/cm: up to different anode potentials, anodizing with 1.0 mA/cm ~. 
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Fig. 13. Effect of c.d. on the depth profile of P/AI mole ratio across 
oxide films formed by anodizing to 50V (vs. SCE). 
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Fig. 14. Time variation in the reciprocal capacitance, 1/C,, during the 
sectioning of oxide films formed by anodizing with different c.d. to 50V 
(vs. SCE). 

D i s c u s s i o n  
Mechanism controlling the composition profile.--It was 

shown above that phosphate is included only in the outer 
part of the oxide and its concentration increases as the 
anodizing c.d. is increased. This may be explained by the 
model for film growth shown in Fig. 15. When anodizing, 
oxide forms both at the metal/oxide and oxide/solution 
interfaces corresponding to the field-assisted transport of 
O 2- and AP § ions through the oxide. Here, AP + ions reach- 
ing the oxide/solution interface react with PO43- as well 
as 02- ions to form the outer phosphate incorporating 
part of the oxide, whereas O ~- ions arriving at the oxide/ 
metal interface react with AP + ions to form the inner part 
consisting of pure alumina. The reason why phosphate is 
not included in the inner part is explained on the assump- 
tion that phosphate is almost immobile in the oxide be- 
cause of its larger size. This assumption agrees with the 
fact that the phosphate concentration is almost constant 
throughout  the outer part of the oxide except  for the out- 
ermost  part, where the concentration is considerably 
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Fig. 15. Schematic model showing the transport of ions across the ox- 
ide film during anodizing in a neutral phosphate solution. 

higher. Thus phosphate can be used as a marker to esti- 
mate the transport number  of AP ~, TA13+. Provided there is 
no dissolution of oxide during anodizing, TA~3 + would be 
equal to the thickness of the outer part divided by the to- 
tal thickness of the oxide. As some dissolution is unavoid- 
able, the exact determination of TAI~ + will be described 
later. 

Using the XPS data shown in Fig. 7, the chemical com- 
position of the outer part of the 50V film can be deter- 
mined. Assuming A12Ox(OH)y(PO4)~, the composition is 
Al~O2.,2(OH),.48(PO4)0.,.~6. Alternatively, assuming A120~(PO~)~ - 
ZH~O, the composition becomes A1202.,~(PO4)0.0~, �9 0.26H:,O. 
The XPS spectra for O ls cannot predict which formula 
applies, because of the similarity in the binding energy of 
O ls for OH- and H20 species (Fig. 8). It is, however, notable 
that both formulas allow a 0.4%-0.5% proton content in 
the outer part. This implies that OH-  ions rather than 02- 
ions move in the outer part, but protons may move back 
from the boundary between the inner and outer parts, as 
suggested by Hoar and Matt (10). 

Lanford et al. (4) have measured the proton profiles in 
barrier type oxide films with a nuclear reaction tech- 
nique and reported only 0.17 w/o as H.20 (0.02 w/o as pro- 
ton) in the outer surface. The cause of the discrepancy be- 
tween this proton content and the one obtained in the 
present study is not clear, but the difference seems to de- 
pend upon the difference in anodizing conditions. Karma 
et al. (3) reported that the proton concentration in the 
outer part is almost zero after keeping the specimen at a 
constant anode potential after anodizing galvanostati- 
cally. 

The high concentration of phosphate at the outermost 
part is considered to be either due to adsorption of phos- 
phate during anodizing (1) or due to a thin film formed 
by the immersion of the specimen in the H3POJCrO3 solu- 
tion prior to the anodizing. In an XPS study to be pub- 
lished, we found a 5 nm hydrous oxide layer, which con- 
tains a high concentrat ion 'of  phosphate, is formed by the 
immersion of electropolished specimens in the H3POJ 
CrO3 solution (11). The hydrous oxide layer appears to play 
an important role in the formation of the oxide layer dur- 
ing the subsequent anodizing; the aoJ6~n value is different 
between anodic oxide films on electropolished speci- 
mens and films on specimens electropolished and then 
immersed in the H3POJCrO~ solution (11). The lack of in- 
ner layer for oxide films formed at less than 20V may be 
related with the action of the pre-existing layer. 

The effect of c.d. on the phosphate concentration in the 
outer part may be explained in the following manner. It is 
certain that any increase in the anodic c.d. is associated 
with the increase in the electric field at the oxide/solu- 
tion and oxide/metal interfaces as well as that across the 
bulk oxide. The increase in the electric field in turn en- 
hances the deprotonation of H~PO4- and HPO42- ions to 
form the more negatively charged species PO43-, which 
has a higher coordinating ability toward A13. ions. Depro- 
tonation of H20 to form O H -  and O "- is also facilitated, 
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and these ions will provide some competition with PO48- 
ions in coordinating with A1 ~ ions, but  this does not alter 
the above interpretation. The increase in the phosphate 
concentration with increasing c.d. may be qualitatively 
explained in this manner.  

Determination of the transport number of  A13§ ions.--As 
described above, TA~ + is equal to the ratio of 8ou~/(~out + 8in), 
if there is no dissolution during anodizing. However, 
some dissolution is unavoidable, and we used the follow- 
ing equation to estimate exact values of TA~3 + 

~out + (~out + ~in) (1In -- 1) 
TA13+ = = 1 - To 2- 

(~out ~" 8in)] T/ 

where V is the current efficiency for the formation of ox- 
ide and To 2- is the transport number  of O 5- ions. Figure 
16 shows the changes in TA13+ (calculated) and ~ (experi- 
mental) with ia. As is seen, TA~3+ gradually increases with 
increasing ia from 0.73 at 0.05 mA/cm 2 to 0.81 at 10 
mA/cm -~. As described above, an increase in ia is always 
associated with an increase in electric field across the ox- 
ide, and hence it is reasonable that the transport of AP § 
ions, having smaller size and higher valency, is facilitated 
in preference to 02- ions. 

The method applied here is the same in principle as 
that reported by Randall and Bernard (1). They examined 
the effect of temperature and electrolyte concentration on 
TA~3 + and obtained the figures ranging from 0.72 to 0.84. 
The transport number  of A13~ obtained above is based on 
the immobility of the phosphate ions in the oxide. The 
possibility that the phosphate ions may be mobile has 
been pointed out by Davies et al. (12) and Pringle (13). 
They showed that smaller values for TA13+ are obtained by 
using a xenon marker method, and the values do not 
change with the kind of inert gas markers. Thus, it is pos- 
sible to explain the large value of TA~ 3+ obtained in the 
present study by the movement  of phosphate inwards ac- 
cording to the electric field. However, it is notable that 
the transport number  obtained by the marker method is 
dependent  on the pre-existing films (14) and the accelera- 
tion voltage at the ion implantation of the marker (15). 

Dissolution characteristics of the oxide.--As can be seen 
from Fig. 6 and 14, oxide films dissolve uniformly in the 
sulfuric acid solution, and the thinning rate of the outer 
part increases with i~, while the thinning rate of the inner 
part does not change. It is likely that the dissolution rate 
is controlled by the amount  of incorporated phosphate; 
the higher the concentration of phosphate, the faster the 
dissolution rate. Because the inner part does not contain 
any phosphate, this part dissolves at a slower rate, and it 
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Fig. 16. Changes in the current efficiency for oxide formation, 0, and 
transport number of AI 3~, TAI ~, with c.d. 

is not affected by the anodizing condition. A detailed de- 
scription of the effect of phosphate incorporation on the 
dissolution behavior of oxide in acid solutions will be 
published separately. It could be that protons included in 
the outer part of the oxide play an important role in the 
dissolution, but  this is not the case because plenty of pro- 
tons are present in the film sectioning solution. 

Conclusion 
In  the present study, the composition of barrier oxide 

films on a luminum anodically formed in a neutral phos- 
phate solution was examined as a function of the anodiz- 
ing condition. Techniques used were film sectioning in a 
H~SO4 solution combined with XPS, solution analysis, po- 
larization measurements,  and electron microscopy. The 
results are as follows. 

1. During the sectioning in the H2SO4 solution, oxide 
films dissolve uniformly from the outside. The dissolu- 
tion rate of the outer part is faster than that of the inner  
part. 

2. The outer part of the oxide contains several percent 
of phosphate. Its concentration does not change through- 
out the outer part, except for the outermost part, where 
the concentration is quite high. A small amount  of pro- 
tons is included in the outer part. The inner  part consists 
of pure alumina without any phosphate and protons. 

3. For films formed by applying a constant current (in) 
up to different potentials (Ea), both the thickness of the 
outer part, 6out, and that of the inner part, 6in, increase in 
proportion to Ea, but  there is no inner  part at E < 15V. 
The phosphate concentration in the outer part is indepen- 
dent of E~. 

4. For 50V films formed with different in, 8i, decreases 
with i~, but  8out scarcely changes, and the phosphate con- 
centration in the outer part increases with in. These 
findings are explained in terms of the enhancements  of 
(i) A13~ transport through the oxide and (it) dissociation of 
protonated phosphate ions at the oxide/solution interface, 
due to the increase in the electric field. 
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ABSTRACT 

Two ZnO-B..,O~-SiO., glasses, glass A (ZnO: 65.4, B203: 24.5, SiO2:10.1 weight percent [w/o]) and glass B (ZnO: 63, 
B~O3: 29, SiO~: 8 w/o), were prepared for the purpose of passivating high voltage silicon devices. Their physical and elec- 
trical properties were compared using DTA characteristics, SEM observations, x-ray diffraction patterns, thermal ex- 
pansion coefficients, and surface charge densities, as a function of firing temperature. Reverse characteristics of semi- 
conductor devices passivated with these glasses were also investigated. Differences in the variation of properties with 
firing temperature between the two glasses were found to originate mainly from differences in the variation of crystal 
morphology in the glasses as a function of firing temperature. 

Surface passivation using glass powders with ZnO- 
B~O3-SiO~ as the principal component results in good reli- 
ability for. high voltage silicon power devices like 
thyristors, transistors, and diodes. Recently, higher break- 
down voltage has been required for silicon power devices. 
One of the methods for obtaining higher breakdown vol- 
tages for glass passivated devices, without changing other 
electrical properties, is to control the surface charge den- 
sity of the glass on the silicon so as to lower the surface 
electric fields of the devices. For instance, the negative 
surface charges deplete n-type silicon surface and lower 
the surface fields of the p*-n junction. However, the posi- 
tive surface charges accumulate n-type silicon surface 
and are higher than the surface fields of the p+-n junc- 
tion. We have already reported that surface charge den- 
sity of ZnO-B~O3-SiO~ glass/Si system could be controlled 
by changing glass composit ion (1). However, it is desira- 
ble that glasses for surface passivation have the following 
properties, except for surface charge density: (i) a thermal 
expansion coefficient nearly equal to that of silicon, (ii) 
low glass firing temperature,  and (iii) no harmful effects 
on the p-n junction. The thermal expansion coefficient of 
ZnO-B~O3-SiO., glasses changes with glass composition 
(2). Furthermore,  the surface charge density of the ZnO- 
B._,O3-SiO2 glass also changes with glass firing tempera- 
ture (2, 3). Therefore, glasses for surface passivation of 
high voltage devices must  be considered after consider- 
ing both thermal and mechanical  properties, except  sur- 
face charge density. 

In this paper, we describe various properties of two 
typical ZnO-B~O3-SiO~ glasses with different negative sur- 
face charges which were selected as passivants for high 
voltage silicon devices from our previous work (1): glass 
A (ZnO: 65.4, B20~: 24.5, SiO2:10.1 weight percent [w/o]) 
and glass B (ZnO: 63, BzO3: 29, SiO2:8 w/o), both as a 
function of firing temperature. 

Experimental 
Glass preparation.--The zinc oxide, boron oxide, and 

silicon oxide components  were weighed and mixed in a 
revolving mixer. The purities of these materials were over 
99.99%. The powder was fused at 1300~ in air and then 
poured into cold water. The glass frits that were produced 
were ground in a ball mill to give mean particle sizes of 
about 4 ~m. 

Measurements.--Thermal properties of the glasses were 
measured by differential thermal analysis (DTA) using lg 
samples and a heating rate of 5~ Characterization 
points such as softening point (T~), crystallization starting 
point (T~), first crystallization point (T~) and second 
crystallization point (T~2) were determined from the DTA 
curve, as mentioned later. 

Cylindrical glass blocks (10 mm diam • 50 ram) were. 
used for thermal expansion coefficient measurements 
which were made by a Type-8003SH dilatometer from 
RIGAKU DENKI. The samples were prepared by cutting 
and polishing the blocks after firing in platinum boats. 

Key words: interfaces semiconductor, crytallization, charge. 

Thermal expansion coefficients were computed from the 
expansion of samples between 50 ~ and 350~ for a heating 
rate of 10~ 

The crystallized phase was observed by scanning elec- 
tron microscopy (SEM) and x-ray diffraction techniques. 
Glasses, fired on silicon substrates, were used for these 
samples. 

Surface charge density (NrB) in the glass/silicon system 
was measured with metal-glass-silicon (MGS) capacitors. 
The MGS capacitors were prepared as follows. An elec- 
trophoretic method was used to deposit the glass powder 
on a phosphorus-doped (111) plane-oriented silicon sub- 
strate with a resistivity of 10 12cm. In this method, the col- 
loidal suspension used consisted of isopropyl alcohol as a 
suspension medium, with a small amount of additive 
electrolyte, and glass powder whose size was controlled 
by decantation. Before glass deposition, about 2 ~m of the 
silicon wafer surface was etched off. The deposited glass 
powder was then fired in oxygen. The glass film thick- 
ness was controlled to about 20 ~m. Metal electrodes (2 
mm diam) were formed on the glass film by evaporating 
aluminum. Deviation of the glass film thickness under 
the electrode for each sample was less than 3 ~m. The ca- 
pacitance of the MGS capacitors was measured with an 
MIS capacitance meter  at a frequency of 1 MHz. Voltage 
was applied to the sample 0 - -+500V using a dc voltage 
source connected to the capacitance meter. Voltage shift, 
with hysteresis, of the C-V curve was several volts. This 
voltage corresponded to a surface charge density of 10 '~ 
cm -2, which was very small and hence neglected. 

The reverse characteristics of the p-n junction, passi- 
vated with glass, were investigated using samples like 
that shown in Fig. 1. Using a diffusion process, the 
samples were prepared on the ( l l l )-plane-oriented n-type 
silicon substrates with a resistivity of 70-90 ~cm. A deep 
moat was formed by chemical etching. The glass powder 
was deposited into the moat by the electrophoretic 
method and fired in oxygen. The electrodes were pre- 
pared by a vacuum evaporation of aluminum. 

Results and Discussion 
Thermal properties.--Figure 2 shows the DTA curves 

for glasses A and B. Table I lists thermal properties for 
glasses A and B. Their characteristic points as deter- 

Table I. Thermal properties for glasses A and B 

Glass A B 

T~ (~ 636 638 
DTA T~ (~ 690 692 

Tr (~ 724 807 
T~. (~ 755 870 

Size of crystal Small Large 

Firing temp (~ ~ZnO �9 B~O3 3ZnO . B203 
Crystalline 680(A), 720(B) 3ZnO �9 B.203 

state Firing temp CC) aZnO �9 B~O3 3ZnO �9 B~O3 
740(A, B) 3ZnO �9 B203 B5ZnO . B203 

~5ZnO - B203 

1862 
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Fig. 1. Schematic of the glass-passivated devices 

mined from DTA curve, as shown in Fig. 2. These glasses 
had two crystallization points. The first and second crys- 
tallization points for glass B were considerably higher 
than those for glass A, although their softening points and 
crystallization starting points were nearly equal. Further- 
more, the peak height of the first crystallization point for 
glass A was smaller than that of the second, and vice 
versa for glass B. 

Next, the phases of crystallization, which were ex- 
pected to differ, were observed by SEM. Figure 3 shows 
several photomicrographs for glasses fired on silicon at 
different temperatures. Lumps of fine needle-like crys- 
tals, appearing like chestnut burrs, were observed in glass 
A. However, large needle-like crystals were observed in 
glass B. The crystals occurred on the surface only when 
the glass B firing temperature was 680~ Crystallization 
was inside when the temperature was 700~ and more 
crystals were observed for the sample fired at 720~ That 
is, crystallization started from the surfaces such as con- 
densation phase. In glass A, crystallization was observed 

Grass A 

E 

.IZ 

. + J  

Ld 

Ts 

0 
T.J 

Tc2 
,l, Grass B 

j ... . . .  
L, l 600 700 800 900 
t, Tem3era tu re  (~  

Fig. 2. Comparison of DTA curves for glasses A and B 

all over, even when the firing temperature was 700~ as 
determined from SEM observations. 

X-ray diffraction studies were used to identify the dif- 
ference in crystallization between glasses A and B. The 
typical crystalline states are shown in Table I for glasses 

Fig. 3. Scanning electron micrographs of glasses fired on silicon at different temperatures 
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fired at different temperatures. Patterns were observed 
for samples fired above 680~ for glass A and above 
720~ for glass B. The extent  of crystallization for glass B 
was less than for glass A under the same firing condi- 
tions. For the latter, crystals were mainly aZnO �9 B~O3 and 
3ZnO �9 B~O3 when the firing temperature was 680~ 
Above 700~ the amount  of 3ZnO �9 B~O3 crystals in- 
creased and a5ZnO �9 B~O~ crystals appeared. However, for 
glass B when the firing temperature was low (720~ 
only 3ZnO �9 B~O3 crystals were observed. At 740~ 
fl5ZnO �9 B~O3 crystals appeared. These results differ from 
other published work, in which 2ZnO �9 SiO~ crystals ap- 
peared at low temperatures and aZnO �9 B~O3 crystals at 
high temperatures (2). 

Thermal expansion.--Figure 4 shows the relationship 
between the thermal expansion coefficient and glass 
firing temperature. The thermal expansion coefficient of 
glass A decreased rapidly between 680 ~ and 700~ How- 
ever, that of glass B decreased gradually between 680 ~ 
and 740~ The thermal expansion coefficient of glasses 
in which crystallization was extensive, i.e., firing temper- 
ature was more than 740~ was nearly the same for 
glasses A and B. Changes in thermal expansion coef- 
ficient with firing temperature originated from the de- 
gree of crystallization. Consequently, these changes could 
be interpreted using the DTA results. The difference be- 
tween crystallization starting point and first crystalliza- 
tion point was small in glass A, but large for glass B. 
Therefore, crystallization proceeded rapidly in the former 
and gradually in the latter. Furthermore, the extent of 
crystallization in the glasses could be attributed to the dif- 
ference in crystallization rate, as mentioned above. How- 
ever, the origin in the difference of crystal morphology 
between glasses A and B was not clear. 

Surface charge density.--The relationships between 
glass composition, firing conditions, and surface charge 
density of glass/Si systems have been investigated previ- 
ously (2, 3) and are considered only briefly here. Figure 5 
shows the surface charge densities for glasses A and B 
fired on n-type silicon at various temperatures. Surface 
charges in both glasses were negative, indicating the di- 
rection of inversion on the n-type silicon, and became 
even more negative with increasing firing temperature. 
This tendency was the same as that for ZnO-B203-SiO~ 
glasses with added PbO,-SnO, and Sb203 (3). The surface 
charge density of glass B was larger in the negative direc- 
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Fig. 4. Thermal expansion coefficient of glasses A and B fired at 
various temperatures. 
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Fig. 5. Surface charge density of the samples made with glasses fired 
on n-type silicon at various temperatures. 

tion than that of glass A, for which the B~O3 content was 
smaller. This result is in agreement with previous work 
(1). 

Reverse characteristics of glass-passivated devices. 
- -Figure  6 shows the relationship between breakdown 
voltage of glass-passivated devices and glass firing tem- 
perature. The glass film thickness was 20-40 t~m. Break- 
down voltage was defined as the voltage having a leak- 
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Fig. 6. Breakdown voltage of glass-passivated devices for glasses fired 

at various temperatures. 
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Fig. 7. Typical V-I characteristics of glass-passivated devices made 

with the glass B fired at various temperatures. Curves are shown for fir- 
ing temperature equal to 700~ (curve 1), 720~ (curve 2), 740~ 
(curve 3), and 760~ (curve 4). 

age current of 100 ~A. Breakdown voltage for glass B de- 
creased remarkably with increasing firing temperature 
above 700~ That is, high breakdown voltage could not 
be obtained at firing temperatures for which that thermal 
expansion coefficient was low. The breakdown voltage 
for glass A, however, scarcely varied between 680 ~ and 
720~ The maximum breakdown voltage for glass A was 
equal to that for glass B. Thus, glass A was determined to 
be a suitable passivant of high voltage devices. 

Figure 7 shows typical voltage-leakage current (V-I) 
characteristics for glass passivated devices made with 
glass B fired at various temperatures. V-I characteristics 
of devices with low breakdown voltages showed V-I char- 
acteristics of resistor above a critical voltage. However, 
the resistivity of the glass film measured using MGS ca- 
pacitors made with glass fired on n-type silicon under  
the same conditions was by far lower than that of the 
glass-passivated devices. Consequently, it was believed 
that this low resistivity originated in the interface be- 
tween the glass and silicon. Furthermore, the breakdown 

voltage for glass B decreased when crystallization 
occurred at the glass-silicon interface. For glass A, the 
breakdown voltage did not decrease in spite of crystalliza- 
tion at the interface. The large crystallization seen in glass 
B caused poorer reverse characteristics of the semicon- 
ductor devices. 

Conclusions 
Two ZnO-B203-SiO2 glasses, glass A (ZnO: 65.4, B20~: 

24.5, SiO2:10.1 w/o) and glass B (ZnO: 63, B.,O3: 29, SiO2:8 
w/o), were studied as a function of firing temperature. 
For glass A, crystallization proceeded rapidly with in- 
creasing firing temperature, and the crystals formed 
were fine needles. For glass B, the crystallization pro- 
ceeded gradually, and the crystals formed were large. The 
leakage current ofsemiconductor  devices passivated with 
the glasses having large crystals was large. Glass A was 
suitable as a passivant for high voltage devices. Crystal 
morphology in glass seemed to play the most important 
part in properties of ZnO-B203-SiO~ glasses. 
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ABSTRACT 

Phosphosilicate glass film deposited by a plasma-activated reaction system (P-PSG) was studied. Fundamenta l  
characteristics of the P-PSG were investigated by systematically varying deposition parameters. In this plasma deposi- 
tion method, the P-PSG having a high deposition rate (130 nm/min) and a high doped phosphorus concentration [about 
10 weight percent (w/o) P] was deposited using the reaction gases Sill4, PH3, and N~O. The P-PSG deposited by this 
method showed properties such as a strong film crack resistance during heat-treatments, a conformal step coverage, 
and a controllable compressive stress, compared with those of conventional PSG film deposited under  atmospheric 
pressure (AP-PSG). 

A plasma-activated silicon oxide film (P-SiO) (1-4) has 
been widely studied as an insulator for multilayer inter- 
connects in semiconductor devices. The P-SiO gives good 
step coverage and a low dielectric constant. The P-SiO, 
however, has no gettering effect against contamination by 
alkali ions. In  other words, it shows MOS instability after 
contamination�9 It is known that a phosphosilicate glass 
layer acts as a getter for Na ~ ions and as ~ barrier to their 
entrance from the environment.  Phosphosi]icate glass 
layers deposited by chemical vapor deposition of silane 
plus phosphine under  atmospheric pressure have been 
conventionally used as passivation films. However, the 
conventional PSG film deposited under  atmospheric 

Key words: insulation film, multilayer interconnects, step 
coverage. 

pressure (AP-PSG) has undesirable step coverage and 
insufficient mechanical strength. The P-PSG was tried in 
order to improve step coverage, mechanical strength, and 
electrical properties. The deposition of the phosphosili- 
cate glass film deposited by a plasma-activated reaction 
system (P-PSG) has been studied, without a detailed in- 
vestigation of the film properties 3. 

In this report, the P-PSG was deposited using the reac- 
tion gases Sill4, PH3, and N20 (5, 6). The reactor has paral- 
lel electrodes. The deposition parameters (substrate tem- 
perature, RF power, and reaction gas composition) were 
varied systematically. In  this paper, fundamental  charac- 
teristics of the P-PSG were investigated in detail. These 
properties were evaluated and compared to those of the 
AP-PSG. The purpose of our work was to determine the 
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o p t i m u m  d e p o s i t i o n  c o n d i t i o n s  a n d  to p r e s e n t  t he  m i n u t e  
p r o p e r t i e s  of  the  P - P S G .  20 

UJ 

Experimental I -  
A bas ic  r eac to r  s y s t e m  for  P - P S G  d e p o s i t i o n  is s h o w n  n- .~ 

in  Fig. 1. The  r e a c t i o n  c h a m b e r  cons i s t ed  of  a qua r t z  reac- -r  ~ I.O 
t ion  t u b e  350 m m  h i g h  a n d  of  220 m m  diam.  A s i l i con  wa- 
fer  was  p laced  on  a suscep to r ,  w h i c h  was  m a d e  of  a lumi-  uJ 
h u m  a n d  h e a t e d  b y  a r e s i s t a n c e  h e a t e r  l oca t ed  u n d e r  t h e  

0 suscep to r .  4% Sill4 a n d  1% PH3, b o t h  in  Ar  gas, we re  in- Z 
m ~  

t r o d u c e d  t h r o u g h  t he  u p p e r  s how er - t ype  e lec t rode ,  w h i c h  a. 5 
was  d e s i g n e d  to i m p r o v e  t he  u n i f o r m i t y  of  gas  flow at  u~ 
t he  sur face  of t he  wafer .  N i t r ous  ox ide  (N~O) was  in t ro-  ~ 4 

tr  
d u c e d  t h r o u g h  t he  top  of t he  r eac t ion  c h a m b e r  a n d  t h e n  O ~ 3 
ac t i va t ed  b y  the  p l a s m a  d i s c h a r g e  f rom a n  i n d u c t i o n  coil. T 

n 2 The  s y s t e m  was  e v a c u a t e d  b y  a ro ta ry  p u m p .  A n  RF u) 
p o w e r  s u p p l y  (13.56 MHz) was  d iv ided  in to  two  pa ths .  O I 
One  p a t h  w e n t  t h r o u g h  t h e  u p p e r  s how er - t ype  e lec t rode ,  T J n h  O 
a n d  t he  o the r  p a t h  w e n t  to  t he  i n d u c t i o n  coil  w o u n d  
a r o u n d  the  r eac t ion  c h a m b e r .  T he  d i s t ance  b e t w e e n  t he  200 
shower - t ype  e lec t rode  a n d  t he  g r o u n d e d  s u s c e p t o r  was  25 

L I J ~  
m m .  ~_ ,- 

D e p o s i t i o n  p a r a m e t e r s  of  t he  P - P S G  were  var ied ,  as fol- ~ "- 
lows: depos i t i on  t e m p e r a t u r e  was  200~176 ra t io  of  N20 100 
to SiH~ + PH8 f rom 5 to 80; mole  p e r c e n t  (m/o) PH~ in  n" E i , l e .  
Sill4 + PH3 was  f r o m  0 to 25 m/o;  p r e s s u r e  0.8-2.0 torr ;  R F  r~ 
p o w e r  50-250W; to ta l  gas  f low 50-900 mYmin.  E a c h  pa-  
r a m e t e r  was  i n d i v i d u a l l y  c h a n g e d  whi l e  all o t h e r  varia-  
b les  we re  k e p t  cons t an t .  The  usua l  d e p o s i t i o n  c o n d i t i o n  
was:  d e p o s i t i o n  t e m p e r a t u r e  = 380~ R F  p o w e r  = 250W, 
p r e s s u r e  = 1 to r r  (133 Pa), PH3 in  Sill4 + PH3 = 8 m/o, ra- 
t io of  N20 to Sill4 + PH3 = 23, to ta l  gas  flow = 190 
mYmin.  

F i l m  t h i c k n e s s  was  m e a s u r e d  m e c h a n i c a l l y  w i t h  a 
T a y l o r - H o b s o n  Talys tep .  C h e m i c a l  e t ch  r a t e s  were  mea-  
s u r e d  u s i n g  the  e t c h a n t  B H F  (buf fe red  hydro f luo r i c  
acid), at  25~ The  re f rac t ive  i n d e x  was  m e a s u r e d  u s i n g  
an  e l l ipsomete r ,  a t  a w a v e l e n g t h  of  632.8 nm.  T he  phos-  
p h o r u s  c o n c e n t r a t i o n  was  d e t e r m i n e d  b y  f luo rescen t  
x-ray ana lys i s  (FXA). I n f r a r e d  a b s o r p t i o n  spec t r a  we re  
t a k e n  w i t h  a H i t a c h  EPI -G2  type  s p e c t r o p h o t o m e t e r  on  
wafe r s  w i t h  0.5/~m fi lm t h i c k n e s s .  T he  s tep  cove rage  was  
e v a l u a t e d  by  u s i n g  a s c a n n i n g  e l ec t ron  m i c r o s c o p e  
(SEM). The  m e c h a n i c a l  s t r e n g t h  of  t he  P - P S G  was  mea-  
s u r e d  w i t h  a V icke r s  h a r d n e s s  tes ter .  T he  de fec t  dens i t y  
of  the  P - P S G  was  c h e c k e d  b y  a c h e m i c a l  e t c h i n g  m e t h o d  
af te r  hea t - t r e a tmen t .  The  b r e a k d o w n  vo l t age  was  mea-  uJ 
s u r e d  b y  a p p l y i n g  t he  P - P S G  as a MOS s t ruc tu re .  To de- r ~ 20  
t e r m i n e  Na § c o n t a m i n a t i o n ,  ~NrB was  ca l cu la t ed  f rom the  n- E 
d i f f e rence  b e t w e e n  f l a t b a n d  vol tage,  VrB, be fo re  a n d  3: E 
af te r  b ias  a n d  t e m p e r a t u r e  (BT) t r e a t m e n t s .  Die lec t r ic  o =L. J.O 
c o n s t a n t  was  m e a s u r e d  b y  u s i n g  a c a p a c i t a n c e  m e t e r  at  1 I-- 
MHz f r equency ,  w 

Results and Discussion 
F u n d a m e n t a l  p r o p e r t i e s  of  t he  P - P S G  were  t r a c k e d  as 

t h e  fo l lowing  four  d e p o s i t i o n  p a r a m e t e r s  w h i c h  were  
sys t ema t i ca l ly  var ied :  (i) RF  power ,  (ii) d e p o s i t i o n  tern- 

RF POWER [ 
SUPPLY 

G~::~C:I :N CHAMBE~ 
J ~ - -  SHOWER TYPE 

/ ~  ELECTRODE 
/ i ~ RF COIL 

_•_ L -'J ~ WAFER m- - - -A - -m  

- i I ~ ~ ~ S U S C E P T O R  

H EATER 

TO 
VACUUM PUMP 

Fig. 1. Schematic diagram of P-PSG deposition apparatus 

~  o 

I I I [ 

50 IOO 150 200 250 

RF POWER ( W )  

Fig. 2. Properties of P-PSG as o function of RF power 

pera tu re ,  (iii) ra t io  of N~O to Sill4 + PH3, a n d  (iv) mole  
p e r c e n t  of  PH3 in  Sill4 + PH3. The  effects  on  d e p o s i t i o n  
rate,  p h o s p h o r u s  c o n c e n t r a t i o n ,  a n d  e t ch  ra t e  are  s h o w n  
in  Fig. 2-5. 

RF power.--As s h o w n  in Fig. 2, RF  p o w e r  in t h e  r a n g e  
50-250W was  se lected.  The  d e p o s i t i o n  ra te  of t he  P - P S G  
g radua l l y  d e c r e a s e d  w i th  i n c r e a s i n g  R F  power .  The  depo-  
s i t ion  ra te  was  130 n m / m i n  u n d e r  the  u sua l  c o n d i t i o n  (RF 
p o w e r  = 250W). The  p h o s p h o r u s  c o n c e n t r a t i o n  was  inde-  
p e n d e n t  of  RF  power .  The  e t c h  ra te  d e c r e a s e d  l inea l ly  as 
R F  p o w e r  was  inc reased .  

o 
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E to(:} 

0 
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r I I I [ 
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DEPOSIT ION T E M P E R A T U R E  (~  
Fig. 3. Properties of P-PSG as a function of deposition temperature 
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RATIO OF N 2 0  TO S i H 4 - I - P H 3  

Fig. 4. Properties of P-PSG as a function of ratio of N~O to Sill4 + PHi. 

Deposition temperature . - -The range of deposition tem- 
peratures studied was 200~176 (Fig. 3). With increasing 
deposition temperature, the deposition rate of the P-PSG 
increased slightly, while the phosphorus concentration 
decreased slightly. The etch rate decreased rapidly as the 
deposition temperature was increased. 

Ratio of  N,~O to Sill4 + PH3.--The ratio of N~O to Sill4 + 
PH3 was varied in the range of 5-80, as shown in Fig. 4. The 
deposition rate and the phosphorus concentration de- 
creased as the ratio of N20 to Sill4 + PH3 was increased. 
The etch rate decreased only slightly as the ratio of N20 
to Sill4 + PH3 was increased. The decrease of etch rate 
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Fig. 5. Phosphorus concentration and deposition rate as a function of 
m/o PH3 in Sill4 + PH3. 

corresponds to the decrease in phosphorus concentration 
(7). 

Mole percent of  PH3 in Sill4 + PH~.--The mole percent 
of PH3 in Sill4 + PH3 was varied in the range of 0-25 m/o, 
as shown in Fig. 5. The deposition rate of P-PSG ap- 
peared to decrease gradually as the mole percent of PH3 
in Sill4 + PH3 was increased. The phosphorus concentra- 
tion of the P-PSG showed lower phosphorus concentra- 
tion than that of the AP-PSG deposited using the same 
gas composition [PH3 and SiI-I4 + PH3 (8, 9)]. However, the 
P-PSG having a high d o p e d  phosphorus concentration 
(more than 10 w/o) was also obtained when the ratio of the 
mole percent of PH3 in Sill4 + PH~ was over 20 m/o. 

Figure 6 shows how the chemical etch rates of P-PSG 
changed as a function of phosphorus concentration at 
various deposition temperatures. In general, the etch rate 
of the P-PSG increased with increasing phosphorus con- 
centration, and, as the deposition temperature of the 
P-PSG was increased, the etch rate decreased. The etch 
rate of the P-PSG, which was deposited at 380~ came 
close to that of the AP-PSG. It  is considered that etch 
rates of the P-PSG are affected by some characteristics of 
the film such as bond strain in Si-O or P = O. 

Pressure.--The total pressure during deposition was 
varied from 0.8 to 2 torr. The deposition rate of the P-PSG 
was independent  of the pressure. The phosphorus con- 
centration and the etch rate did not change appreciably 
with changes in pressure. 

The refractive index of the P-SiO was 1.47. This value 
increased to 1.49 when the phosphorus concentration was 
over 10 w/o. 

Infrared analysis.--The infrared absorption spectra of 
the P-PSG having various phosphorus concentrations are 
shown in Fig. 7. In the P-PSG, bands with wave numbers 
of 1330, 1090, 810, and 450 cm-' were observed. These in- 
frared spectra of the P-PSG are similar to those of the AP- 
PSG (i0). As shown in detail in Fig. 8, absorption due to 
the P ~ O stretching at 1330 era-' increased as the phos- 
phorus concentration in the P-PSG increased. The ab- 
sorption due to Si-O stretching in the P-PSG was at a 
slightly higher wave number (1090 cm-') than that in the 
P-SiO (1070 cm-'). These shifts were consistent with 
those of the AP-PSG (i0, Ii). 

Other absorption bands of the P-PSG due to SiOH 
stretching (3650 cm-~), H~O (3350 cm-'), and SiOH 
bending (950 cm-') (4, 11-13) were detected. These peaks 
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were  r e d u c e d  w i t h  i n c r e a s i n g  d e p o s i t i o n  t e m p e r a t u r e  a n d  
RF power .  

F i g u r e  8 shows  a b s o r b a n c e  for  the  P = O b o n d  as a 
f u n c t i o n  of  p h o s p h o r u s  concen t r a t i on .  The  P - P S G  w h i c h  
was  d e p o s i t e d  u n d e r  low p o w e r  or low d e p o s i t i o n  tem-  
p e r a t u r e  s h o w e d  low va lues  in  the  P = O a b s o r b a n c e  
c o m p a r e d  w i th  t h o s e  of  the  A P - P S G .  The  a b s o r b a n c e  of 
t he  P - P S G  d e p o s i t e d  at  380~ and  250W RF p o w e r  
s h o w e d  t he  s ame  va lue  as t h a t  of  the  A P - P S G  at  m o s t  
p h o s p h o r u s  c o n c e n t r a t i o n s .  This  r e su l t  s h o w s  t h a t  t h e  
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Fig. 8. Absorbance of P=O bond (1330 cm-1) as a function of phos- 
phorus concentration at various deposition temperatures. Fig. 9. Comparison of step coverage in P-PSG and AP-PSG 
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P-PSG deposited under low RF power or low deposition 
temperature includes phosphorus of lower states in the 
film which cannot be detected by infrared absorption. 

Step coverage.--Cross-section views of the step cover- 
age in the P-PSG and the AP-PSG are shown in Fig. 9. 
The step coverage over the steps of patterned aluminum 
was observed by SEM. The P-PSG produced a more 
conformal profile than that of the AP-PSG. This is one 
advantage of this plasma CVD process, 

Mechanical strength.--The relationship of phosphorus 
concentration and Vickers hardness is shown in Fig. I0. 
Vickers hardness decreased rapidly with increasing phos- 
phorus concentration. For example, in undoped film, the 
Vickers hardness is about 2000 kg/mm 2. However, in the 
P - P S G  at  4 w/o P, i t  is a b o u t  1000 k g / m m  2. T he  d e n s i t y  of  
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t he  P - P S G  is also s h o w n  in  t he  Fig. 10. The  d e n s i t y  of  the  
P - P S G  i n c r e a s e d  s lowly  as p h o s p h o r u s  c o n c e n t r a t i o n  in- 
c reased .  The  dens i t y  of  t he  P - P S G  was  2.23 g/cm ~ at  4 w/o 
P. 

The  r e l a t i o n s h i p  b e t w e e n  p h o s p h o r u s  c o n c e n t r a t i o n  
a n d  film s t ress  is s h o w n  in  Fig. 11. The  s t ress  in  t he  
P - P S G  was  compres s ive ,  b u t  t h a t  of  the  A P - P S G  was  ten-  
sile (14). The  c o m p r e s s i v e  s t ress  in  t h e  P - P S G  d e c r e a s e d  
as p h o s p h o r u s  c o n c e n t r a t i o n  inc reased ,  T h e  t ens i l e  s t ress  
in  t h e  A P - P S G  d e c r e a s e d  in a s imi la r  way.  

The  film c rack  r e s i s t a n c e  for h e a t - t r e a t m e n t  of  t he  
P - P S G  is s h o w n  in Fig. 12. The  P - P S G  d e p o s i t e d  on  alu- 
m i n u m  was  a n n e a l e d  in  N~ a m b i e n t ,  at  t e m p e r a t u r e s  f rom 
400 ~ to 470~ The  t h i c k n e s s  of fi lm was  0.8 /~m. Defec t  
dens i t i e s  of  the  P - P S G  were  a p p r o x i m a t e l y  t e n  t i m e s  less 
t h a n  t h o s e  of the  A P - P S G .  

ELectrica~ properties.--The e lec t r ica l  s t ab i l i ty  of  t he  
P - P S G  is s h o w n  in  Fig. 13. The  va lue  of  &N~B r e p r e s e n t s  
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Fig. 11. Absolute value of the film stress in P-PSG as a function of 
phosphorus concentration. 
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Fig. 13. hN~s as a function of phosphorus concentration at positive 
and negative bias stressing, 
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Table I. Characteristics of the P-PSG standard and the AP-PSG standard 

P - PSG 

( 4w'r.% P ) 

AP - PSG 

( 4WT.% P ) 

Reactor Systetn Plasma CVD ~.tmos. CVD 

Reaction G a s e s  SiH4-PH3-NEO S i H 4 - P H s - 0 2  

Tempera ture ( ~ ) :580 400 

Pressure ( Torr ) 1.0 760 

Uniformity ( % ) i 5 ~ 7 

Dep. Rate ( n m / m i n )  130 100 

900 600 
Etch Rate (nm rain} (BHF)  (BHF)  

Refractive Index IA.8 1.46 

Density ( g /cm 3 ) 2.23 2.2 I 

Compress~e Tensile 
Stress ( dynes/cm 2) - I . 0  x I0 1.0 x I09 

Step Coverage G o o d  Overhang 

Crack Resistance Strong 

Vickers Hardness ( kg/mm '2 900 

Wea k 

I000 

Inf rared Absorption(cm-I) P=O:  1330 P=O:  13]0 

Z~NFB (cff~ 2) 5 x 10 I0 5 X 10 I0 

Dielectr ic Constant 4 . 0 - 4 . 3  4 . 0  

BreakdOwn Voltage( V/cm~ 3 - 8 x  106 6 x lO 6 

the number  of mobile ions such as Na § contained within 
the film. In the P-PSG standard which did not undergo 
Na + contamination treatment, 5NFB was approximately 5 x 
10~~ 2, and was constant with increasing phosphorus 
concentrations. However, after Na § contamination treat- 
ment, ANrB of the undoped film (P-SiO) was 5 • 10'2/cm2, 
which was two orders of magnitude greater than that of 
the P-PSG. This result implies that the P-PSG has a get- 
tering effect for alkali ions, as does the AP-PSG, while 
undoped film does not have a barrier effect against them. 
The breakdown voltage of the P-PSG was about 300-800V 
at 1.0 ~m film thickness. The dielectric constant of the 
P-PSG at 1 MHz was 4.0-4.3. 

Conclusion 
In this process, the P-PSG was deposited by using a 

plasma-activated reaction. Fundamental  properties of the 
P-PSG were investigated by systematically varying depo- 
sition parameters and then comparing them to those of 
AP-PSG. In this deposition method, the P-PSG having 

good uniformity, a high doped phosphorus concentration 
and a high deposition rate were achieved. 

Some characteristics of the P-PSG are as follows. 
1. The P-PSG had good step coverage. 
2. The P-PSG showed the remarkable gettering effect 

for Na § contaminations, while the P-SiO did not have this 
gettering effect. 

3. The film crack resistance of the P-PSG during heat- 
treatments was improved, as compared to AP-PSG. 

Other characteristics of the P-PSG are tabulated in 
Table I. 

The optimum deposition condition for the P-PSG in- 
cluded high RF power and high deposition temperature. 
In  order to obtain better insulation characteristics, fea- 
tures of the reaction system, such as the choice of reac- 
tion gases (SiH4-PHs-CO~), and RF frequency (10-500 kHz), 
are being investigated. 

As density of devices increases, an increasingly fine 
technology is necessary. At this point, it is expected that 
the P-PSG deposited by this plasma process will meet the 
challenge of the future VLSI technology. 

Manuscript submitted July 18, 1983; revised manuscript  
received Oct. 18, 1983. 
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Radial Etch Rate Nonuniformity in Reactive Ion Etching 
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ABSTRACT 

A study was performed to determine some of the causes of the edge-to-center "bullseye" clearing pattern, in which 
the etch rate decreases monotonically from the wafer periphery to its center, observed when certain films are etched in 
a parallel-plate reactive ion etching system. It was found that gradients in local reactant concentrations, with a higher 
number  density present near the edge of the substrate than over the center, are largely responsible for the observed 
nonuniformity. The concentration gradients appear to come about as a consequence of two reactant generation phenom- 
ena and one loss mechanism. The reactant generation phenomena are: (i) the "hot spot," which the edge of the wafer 
may represent to the plasma, causing enhanced reactant generation there, and (ii) differences in capacitive coupling 
from the RF generator to the plasma between the wafer's location on the cathode and the rest of the cathode. Stronger 
coupling surrounding the wafer leads to increased production of reactant around the wafer compared to the area di- 
rectly above it. The reactant loss mechanism is controlled by the relative etch rates of the wafer vs. the cathode material, 
the using cathodes which etch at an appreciable rate in the plasma was found to promote improved uniformity. Ion 
bombardment  was found to be uniform across the surface of the wafer, and, consequently, etch processes which are 
strongly bombardment  dependent  were found to be uniform. 

Nonuniform clearing of films etched in plasma and re- 
active ion etching systems is a major problem in current 
integrated circuit patterning technology. In particular, 
when polysilicon, aluminum, or silicon nitride, as well as 
many other films, are etched in a parallel-plate system, 
they often display an edge-to-center "bullseye" clearing 
pattern in which the etch rate decreases monotonically 
from the periphery of  the wafer to its center. This clearing 
pattern causes problems in selectivity and dimensional 
control. The present work was done to determine the rela- 
tive importance of several possible causes of the bullseye 
effect. 

Five possible causes were investigated: (i) local reactant 
concentration gradients near the wafer, (ii) tem- 
perature effects (possible thermal gradients across the 
wafer and their effect on etch rate), (iii) a possible gradi- 
ent in the degree of ion bombardment  across the wafer, 
(iv) the effects of the abrupt step represented by the edge 
of the wafer on the local discharge intensity and chemis- 
try, and (v) the effect of the series capacitance repre- 
sented by the wafer on the coupling of the RF to the 
plasma. 

Apparatus 
A plasma reactor, modified to give field-assisted etch- 

ing in a pseudo-parallel-plate configuration (Fig. 1), was 
used in all of the experiments.  The modifications are as 
follows: an a luminum plate ("dark shield" in Fig. 1), 
whose length (28.1 cm) is equal to the length of the cylin- 
drical reactor, was welded to the inner wall of the cham- 
ber, effectively bisecting it. The discharge is confined to 
the upper half of the reactor. The chamber diameter (and 
dark shield width) is 34.2 cm. The reactor wall is 
grounded and serves as the anode. The 13.56 MHz signal 
is fed to another slightly smaller a luminum plate (l = 24.2 
cm, w = 26.1 cm, T = 3.18 mm) which is separated from 
the dark shield by a 3.18 mm thick glass plate. This sec- 
ond aluminum plate serves as the cathode, giving an 
anode:cathode area ratio of 3.1:1. 

Etch Conditions 
The baseline process used in these experiments for 

etching undoped (615~ 100 Pa Sill4 ambient) polysilicon 
and silicon dioxide (grown in ll00~ steam ambient, at- 
mospheric pressure) is as follows: the source gas is CF~, 
flow = 7 sccm, pressure = 13.3 Pa (0.10 torr), and RF 
power = 400W (0.62 W/cm-~ This results in a nominal etch 
rate of 300 A/min for both Si and SiO2. The 7.6 cm wafer 
was placed in the center position on the cathode in all 
etch runs. Where appropriate, these conditions were 
varied to determine their relative importance on the de- 
gree of nonuniformity. 

Key words: plasma, etching, discharge, semiconductor. 

Analytical Techniques 
The etch rates of the samples were measured at nine 

equally spaced points across a diameter of the wafer 
using an IBM 7840 Film Thickness Analyzer. The etch 
rate at each point was obtained by dividing the etch 
depth by the etch time. The degree of etch nonuniformity 
was expressed as the ratio of average etch rate of the two 
outermost points to the etch rate of the slowest etching 
point on the wafer, usually the center. The average etch 
rate of the two next-to-outermost points was also divided 
by the slowest etching point to give an indication of the 
radial extent of the nonuniformity. For example, a typical 
value of nonuniformity is (1.16, 1.04), indicating a 16% and 
4% faster etch rate compared to the central etch rate at 
the outermost and next-to-outermost radii, respectively. 

Emission spectra were recorded to identify and monitor 
reactant species in the plasma. A Heath EV-700 mono- 
chromator was used to select the wavelength of interest, 
which was then detected by an RCA-IP28 photomulti- 
plier. 

Results and Discussion 
Using the standard operating conditions, nonuni- 

formity of undoped polysilicon films was found to be 
(1.16, 1.04) in the reactor described above when a quartz 
cover was placed over the aluminum cathode. The five 
possible causes of nonuniformity mentioned above were 
then investigated. 

~ EXHAUST 

GAS INPUT 
Fig. 1. Modification of the reactor for field assist etching showing the 

wafer platen, dark shield, and the gas flow pattern employed. 
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Fig. 2. Strip rate at the wafer edge and center as a function of wafer 

separation under conditions of constant molecular oxygen flow rate, 
pressure, and power. The edge strip rate is independent of separation; 
the center strip rate is linear in separation (1). 

Local reactant concentration gradients.--Battey (1) 
found that reactant diffusion effects due to system geom- 
etry are the dominant cause of nonuniformity in photo- 
resist stripping in a barrel-type system. The etch rate at 
the center of the wafers was found to be proportional to 
the spacing between the wafers on the boat, while that at 
the edges is independent  of wafer spacing (Fig. 2). The 
ability of reactant species to diffuse to the center of the 
wafers is impaired when the separation between them is 
small, resulting in a larger concentration of reactant at the 
periphery of  the wafers than at their centers, which 
brings about unequal etch rates. 

A single wafer resting on the center of the cathode in 
the present system is analogous to etching in a barrel re- 
actor at infinitely large wafer spacing, implying that local 
reactant diffusion effects in the vicinity of the wafer are 
minimal. This simple analogy predicts uniform etching in 
a parallel-plate system, for the lines in Fig. 2 meet when 
extrapolate d to large wafer separations. 

Experimentally, this is not the case. Table I shows re- 
sults obtained when comparing etching of polysilicon 
with the wafer resting directly on the aluminum cathode 
(the unloaded case, as a luminum does not form a volatile 
fluoride) to that with various reactive covers placed over 
the cathode (loaded case). The results in Table I are 
plotted in Fig. 3. 

The fact that polysilicon etches more nonuniformly in a 
parallel-plate system with a nonreactive cathode than 
with a reactive one implies that reactant concentration 

Table I. Loaded case vs. unloaded case 

Etch rate at 
Configuration center (s Nonuniformity 

Aluminum cathode 315 1.34, 1.13 
Quartz cathode cover 325 1.16, 1.04 

(3.18 mm thick) 
Graphite cathode cover 168 1.17, 1.06 

(3.18 mm thick) 
Silicon cathode cover 135 1.16, 1.04 

(0.33 mm thick) 
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P O S I T I O N  
Fig. 3. Etch rate vs. position for polysilican etched on different cath- 

ode materials. 

gradients are present in this configuration as well. This is 
not surprising; when a reactive cathode is used, atomic 
fluorine [the etchant species in CF4-plasma silicon etch- 
ing (2-7)] is consumed at comparable rates over the entire 
cathode. When a nonreactive cathode is used, the only 
sink for fluorine atoms is the wafer itself; therefore, the 
concentration of reactant will be higher at the perimeter 
than at the center of the wafer. Gas phase diffusion is ap- 
parently not rapid enough to overcome reactant concen- 
tration gradients across the substrate surface, and the 
larger these gradients are, the more nonuniform the etch 
process becomes. 

An attempt was made to measure the spatial variation 
of atomic fluorine concentration using optical spectros- 
copy while etching a rectangular silicon slab in the reac- 
tor. The experiment  was done as follows: a strip of silicon 
0.51 mm thick, 5.08 cm wide x 24.2 cm long (the length of 
the cathode) was placed lengthwise on top of an alumi- 
num plate the same size as the cathode. The assembly 
was placed on top of the cathode and pushed forward 
against the plexiglass reactor door to minimize any effect 
the front edge of the a luminum plate may have on the dis- 
charge. The detector for the spectrophotometer was posi- 
tioned so that the fluorine concentration was monitored 
in five regions: over the plate about 7.5 cm on either side 
of the strip, over each of the two edges of the strip, and 
over the center of the strip. The regions were labeled 1 
through 5 from the point to the left of the strip to the 
point to the right. The detector was about 1 cm above the 
surface of the plate in all cases. An edge-on view of the 
experimental  configuration is shown in Fig. 4. 

A small quantity of argon was added to the CF~, and the 
7504~ argon line and the 7037~ fluorine line were moni- 
tored in accordance with the method described by 
Coburn and Chen (8). 

Table II shows the relative fluorine concentrations ob- 
served, normalized to the point of lowest concentration. 
The fluorine concentration shows a clear dip over the sil- 
icon strip, consistent with the observed clearing pattern. 

Thermal effects.--If the etch rate of polysilicon in CF4 is 
temperature dependent,  the existence of a positive 
thermal gradient from the center of the wafer outward 
could cause increasing etch rates toward the periphery. 
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Fig. 4. Experimental configuration to spectroscopically determine the 

spatial variation of fluorine concentration. 
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To inves t iga te  the  poss ibi l i ty  of  such a t empe ra tu r e  de- 
pendence ,  a 7.6 cm polys i l icon wafer  was first e t ched  un- 
der  s tandard  condi t ions  wi th  the  reactor  cold, and then  
the  e tch  rate was c o m p a r e d  to that  seen  after r unn ing  the  
reac tor  for a per iod of t ime  sufficient to br ing the  cath- 
ode t empera tu re  up  to app rox ima te ly  100~ No sig- 
nif icant  increase  was seen, imp ly ing  that,  e v e n  if a severe  
t he rma l  grad ien t  exis ts  across  a wafer,  this a lone is not  
e n o u g h  to cause s ignif icant ly n o n u n i f o r m  etching.  This 
conc lus ion  is cons is ten t  wi th  that  d rawn in a prev ious  
s tudy  (9). 

Ion bombardment effects.--It is be l i eved  that  whi le  
a tomic  fluorine is the  pr incipal  e tchant  species  in CF4- 
p lasma si l icon etching,  b o m b a r d m e n t  of the subs t ra te  by 
heavy  ions  (mainly CF3 ~) m a y  resul t  in the  e n h a n c e m e n t  
of the  reac t ion  rate of  f luorine a toms wi th  the  si l icon (2). 
Consequent ly ,  it was hypo thes i zed  that  n o n u n i f o r m  ion  
b o m b a r d m e n t  across the  surface of the  wafer  may  resul t  
in n o n u n i f o r m  clear ing pat terns .  

To exp lore  this  possibil i ty,  the  fol lowing e x p e r i m e n t  
was per formed:  a 10.2 cm wafer  wi th  10,0004 of a l u m i n u m  
depos i ted  upon  90004 of  s i l icon d ioxide  was pa t t e rned  so 
that  two concent r ic  a l u m i n u m  rings, each 1.27 cm wide,  
wi th  1.27 cm separa t ing  the  two rings, r e m a i n e d  on the  
wafer.  The  surface area of  the  outer  r ing was 35.2 cm 2, and 
the  inne r  r ing area was 11.8 cm 2. A fine wire  was b o n d e d  
to each  of the r ings wi th  s i lver  paint, and this wire  was 
run  out  of  the reactor  t h rough  a feed th rough  and con- 
nec ted  th rough  an RF choke  to an ex te rna l  c i rcui t  ( shown 
in Fig. 5) which  a l lowed a dc bias to be appl ied  to the  
ring. 

I t  is k n o w n  (10) that  i f  an increas ingly  nega t ive  bias is 
appl ied  to a p robe  in a g low discharge,  a condi t ion  will  be 
r eached  where  only a s teady  flow of pos i t ive  ions  reaches  
the  probe.  This  ion  cur ren t  is re lat ively i n d e p e n d e n t  of  
bias vol tage.  The  rings were  biased to this  potent ial ,  and 
the  ion  cur ren t  was measured .  A dif ference in m e a s u r e d  
cur ren t  dens i ty  in the  two  r ings wou ld  imp ly  unequa l  
posi t ive  ion  flux across the  wafer.  

An average  posi t ive  ion  cur ren t  dens i ty  of 7.48 • 10 -2 
m A / c m  2 was measu red  at the  inner  r ing u n d e r  s tandard  
CF4 p lasma  condi t ions  vs. 7.53 • 10 -2 m A / c m  2 for the  
outer  ring, a d i f ference  of  less than  1%. 

As ano ther  test  of ion  b o m b a r d m e n t  uni formi ty ,  SiO~ 
was e t ched  in the  p resen t  sys tem under  s tandard  condi-  
t ions. SiO2 e tch ing  in f luorine chemis t ry  is k n o w n  to be 
an ion b o m b a r d m e n t  d o m i n a t e d  process,  that  is, f luorine 
a toms will  not  e tch SiO2 at a s ignif icant  rate  un less  the  
surface  is s imul taneous ly  b o m b a r d e d  wi th  ions or elec- 
t rons (6). The  e tch  rate  of SiO2 at the  g iven  condi t ions  in a 
d o w n s t r e a m  tunne l - type  reac tor  (in wh ich  no ion  bom-  
b a r d m e n t  is possible) desc r ibed  in a p rev ious  paper  (11) 
wou ld  be app rox ima te ly  14 ~/min,  ca lcula ted us ing  the  
corre la t ion p resen ted  in tha t  paper.  

Table II. Observed fluorine concentrations 

Experimental relative 
Region fluorine concentration 

1 1.19 
2 1.13 
3 1.00 
4 1.06 
5 1.19 

�9 

+ - 

Fig. 5. DC bias circuit for measurement of ion bombardment to the wafer 

Figure  6 shows that  SiO2 e tch ing  in the  p resen t  sys tem 
is indeed  qui te  uniform.  S ince  ion  b o m b a r d m e n t  domi-  
nates  SiO~ e tch ing  in CF4, the  un i fo rm clear ing pa t te rn  
seen  here  suppor ts  the  resul ts  ob ta ined  on ion bombard -  
m e n t  un i fo rmi ty  desc r ibed  above.  U n i f o r m  e tch ing  was 
also seen  for u n d o p e d  polys i l icon in chlor ine-r ich chemis-  
try [also k n o w n  to be  a b o m b a r d m e n t - d o m i n a t e d  process  
(12)] unde r  s tandard  condi t ions  in the  p resen t  system. 

Based  on these  expe r imen ta l  results,  it is conc luded  
that  ion b o m b a r d m e n t  is un i fo rm in both  CF4 and CFJC12 
p lasmas  and thus  cannot  cont r ibute  to n o n u n i f o r m  
etching.  

Wafer edge effects.--The presence  of any sharp edge  or 
surface in a p lasma e n v i r o n m e n t  will  p roduce  an 
intensif ied d ischarge  at the  reg ion  of discont inui ty .  The  

SiO 2 ~'rC:~i[~G 

500' 

40C 

u,I 
I -  
, ~  3 0 0 ,  

0 I-  
uJ 

20{ 

10( 

�9 Q U A R T Z  C A T H O D E ,  C H F  3 
Si C A T H O D E ,  C H F  3 

Q QUA,GTZ C A T H O D E ,  CF 4 
AI C A T H O D E ,  CF 4 

w w 

T I l I T I I I I 
1 2 3 4 5 6 7 8 9 

P O S I T I O N  
Fig. 6. Etch rate vs. position for Si02 etched in CF4 and CHFa on differ- 

ent cathode materials. 
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edge of the wafer may represent such a region, though 
proving this experimentally is difficult. 

Elevating the wafer on a conductive disk will make the 
edge of the wafer appear as a larger step, without affect- 
ing the wafer's capacitive coupling to the generator. Etch- 
ing a 7.6 cm polysilicon wafer placed on top of'a 3.18 mm 
thick, 7.6 cm diam copper disk (quartz platen) resulted in 
a nonuniformity of (1.29, 1.08) compared to the (1.16, 1.04) 
nonuniformity obtained with the wafer resting directly on 
the quartz platen. This implies that edge effects appar- 
ently play a role in etch nonuniformity. 

Effects of the series capacitance represented by the wa- 
fer on the local discharge intensity.--When a wafer rests 
on the cathode, it represents an additional series capaci- 
tance term in the circuit connecting the RF generator to 
the glow space (Fig. 7). Thus, the impedance of this "leg" 
of the circuit is greater than that of paths not including 
the wafer (the surrounding cathode). Consequently, the 
intensity of the discharge may be expected to be greater 
where the wafer does not rest (9), which would result in a 
concentration gradient leading to etch nonuniformity. 

Two approaches were tried to test this effect. In one 
case, the wafer was decoupled from the generator, and in 
the other case (the inverse situation) the environment  sur- 
rounding the wafer was decoupled. For the first case, the 
capacitive coupling of the generator through the wafer 
was made weaker by placing the etching wafer on top of a 
series of 7.6 cm diam, 3.18 mm thick glass disks. The 
wafer/disk assembly was surrounded by one or more 3.18 
mm thick cathode-sized aluminum plates with 7.6 cm 
holes cut in their centers, the number  of plates being 
equal to the number  of disks. The purpose of the plates 
was to keep the surface level to hold edge effects to a 
minimum. For the inverse situation, copper disks were 
used in place of the glass disks, and the plates were made 
of glass instead of aluminum. The surface of the top glass 
plate was covered with a luminum foil to provide identical 
reactant loss mechanisms for the two configurations. 

Decoupl ing the wafer was expected to increase the 
reactant  concentrat ion gradient between the wafer area 
and the surrounding cathode, leading to more nonuni- 
form etching. Conversely, decoupling the surrounding 
cathode was expected to reduce the gradient, result ing 
in improved  uniformity. 

SHEATH . . . . . . . . . . . . . . . . . . . . . . .  z - ~  WAFER CATNOOE + - ~ I ' / / ' / ' / ' / / ' / ' / ' / ' / ' / ' / ' / ' / / / ) ' 7 ' ) ]  
COVER 

CAPACITANCE _ _ ~  
DUE TO SHEATH---~ 

CAPACITANCE 
DUE TO SHEATH 

CAPACITANCE 
- - - - D U E T O  WAFER 

--•CAPACITANCE DUE TO ~ CATHODE COVER 

Fig. 7. Schematic representation of the capacitance coupling of the RF 
generator to theglow space. 

While the increased concentrat ion gradient produced 
by decoupling the wafer was expected to increase 
nonuniformity,  this decoupl ing should not greatly alter 
the quanti ty of reactant available for the etch reaction. 
Therefore, the etch rate was not expected to change 
significantly during the wafer decoupling experiments.  
The effective "focusing" of the discharge obtained when 
surrounding the wafer with dielectric might  be expected 
to slightly increase the etch rate, however.  The results of 
the two exper iments  are given in Table III. 

The results are in basic agreement  with the expecta- 
tions. It is difficult to determine if the observed 
changes in etch rate are significant, or if they are largely 
the result  of exper imental  error. The trends are in the 
expected direction, however.  

The capacitive impedance  at 13.56 MHz of a wafer 
with 5000}~ of undoped polysil icon deposited over 1000}~ 
of silicon dioxide is approximately  3.2 l l /cm 2, while that 
of 3.18 mm thick glass is about 8400 l l /cm 2. The imped- 
ance rises by factors of about 2 with each successive ele- 
vation. Thus, it is not surprising that the nonuniformity 
changed dramatically after the first elevation in both 
experiments ,  and then remained relatively constant. 

These results are not consistent  with those of Mundt 
et al. (9), who were studying the bullseye effect while 
etching a luminum with CC14. They used a configuration 
similar to the second one described above, except  that 
Teflon spacers were used instead of glass, and the wafer 
was allowed to rest directly on the lower electrode. The 
degree of nonuniformity  decreased proport ionately with 
the thickness of the Teflon spacer, and the clearing pat- 
tern even switched to one where etching proceeded 
from the center of the wafer outward to an increasing 
degree as the spacer thickness was increased above 0.86 
m m .  

The above results may, however,  be partly explained 
by the fact that Teflon is known to release fluorine, a 
passivant to a luminum etching, under  plasma condi- 
tions. As the Teflon thickness was increased, the quan- 
tity of fluorine released near the edge of the wafer rose 
because of the increase in available surface area. This 
should automatically slow down the rate of a luminum 
etching near the wafer periphery. Also, no at tempt  was 
made to keep the etching surface level, which may con- 
tribute to the differences between their results and those 
presented here. 

Summary 
The following conclusions may be drawn from the pres- 

ent study. 
1. Ion bombardment  across a wafer is uniform in the 

situation studied here. This suggests that ion-assisted 
processes, such as the etching of polysilicon in chlorine- 
containing plasmas, are preferred over more chemistry- 
dominated processes from the standpoint of uniformity. 

2. The concentration of reactant is lower over the etch- 
ing wafer than over the rest of the cathode. This concen- 
tration gradient comes about as a result of nonuniform lo- 
cal reactant production due to (i) the possibility that the 
edge of the wafer may represent a "hot spot" to the 
plasma, which would result in an intensified production 
of reactant species there, and (it) differences between 

Table III. Effects of series capacitance on local discharge intensity 

Etch rate at 
Condition Elevation (mm) center (•/min) Nonuniformity 

Polysilicon on 0.00 315 1.34, 1.13 
bare 2,_1 cathode 

Wafer elevated 3.18 326 1.51, 1.20 
on glass disks 6.35 330 1.54, 1.19 

9.53 331 1.52, 1.19 
12.70 297 1.59, 1.21 
3.18 346 1.12, 1.05 
8.73 414 1.14, 1.02 

14.29 364 1.13, 1.05 

Wafer elevated 
on copper disks 
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where the wafer lies on the cathode and the rest of the 
cathode, in capacitive coupling from the RF generator to 
the plasma. Uniformity may be improved or made worse 
by varying this capacitive coupling through the use of di- 
electric spacers either under  or surrounding the wafer. It 
is apparently not possible to eliminate nonuniformity 
merely by decreasing the degree of capacitive coupling 
around the wafer without altering the discharge chemis- 
try, flow patterns, system geometry, etc. 

3. Reactant loss processes due to loading contribute to 
nonuniform etching. The local concentration gradient of 
reactant may be controlled by the choice of cathode mate- 
rial. Cathodes which do not form volatile species with the 
reactant promote increased etch rate nonuniformity.  
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Antimony Diffusion in Silicon: Effects of Ambient Gas and Time 
F. Pintchovski,* P. J. Tobin,* M. Kottke, and J. B. Price*'t 

Motorola, Incorporated, Advanced Product Research and Development Laboratory, MOS Group, Mesa, Arizona 85202 

ABSTRACT 

A study of the effect of the furnace ambient  composition (O2-Ar vs. O2-N2) on the diffusion of antimony into silicon 
from a doped-glass source deposited by low pressure CVD was conducted. Two minima in sheet resistance were ob- 
served as a function of 02 content for O2-Ar diffusions. Only one min imum was observed for O2-N2 diffusions. Auger 
electron spectroscopy, Rutherford backscattering spectrocopy, secondary ion mass spectroscopy, and spreading resist- 
ance probe techniques were used to investigate the changes that occur at the doped-glass/silicon interface and in the 
doping profiles as a function of the diffusion ambient. The formation of a SbxSi~O~ thin film phase was observed and 
characterized. A model is proposed to account for the presence of two minima in sheet resistance (maxima in surface 
concentration) as a function of 02 content in the diffusion ambient. 

Doped silicate glasses are widely used in the semicon- 
ductor industry as diffusion sources. A large body of liter- 
ature has been published on the mechanisms of dopant 
diffusion from the glass into silicon substrates. Barry and 
Olofsen (1-3) published a series of papers on the diffusion 
of phosphorus and boron from doped glasses. Wong and 
Ghezzo (4) and Ghezzo and Brown (5) reported on the dif- 
fusion of arsenic from doped glasses. A significant result 
of the recent work is that two spatially separated pro- 
cesses control the doping of silicon by the glass. The first 
of these is the flux of dopant through the glass/silicon in- 
terface. The second is the atomic motion of dopant  
through the silicon and the effect of crystal point defects 
upon this motion. These two processes will be discussed 
briefly in turn. 

The role of the doped-glass/silicon interface in the diffu- 
sion has been studied in detail for the cases of boron, 
phosphorus, and arsenic. In all these cases, the authors 
found that for some diffusion ambients, a chemical reac- 
tion occurs at the doped-glass/silicon interface, resulting 
in the formation of a thin film phase which dramatically 
affects the motion of dopant into the substrate. Metallic 
arsenic was found at the interface for inert atmosphere 
diffusion from arsenic-doped glasses (6). A phase tenta- 
tively indentified as SiB~ was detected for the case of 
boron-doped glasses (7, 8), and a P2Os-rich silicate phase 
was observed for phosphorus-doped glasses (9). 

As an off-shoot of work on oxidation-induced stacking 
faults (OSIF), the phenomena of oxidation-enhanced dif- 
fusion (OED) and oxidation-retarded diffusion (ORD) 
have been reported in the literature. OED is well docu- 
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mented for phosphorus and boron (10-12). It has been pro- 
posed (11) that since boron and phosphorus diffuse via a 
partial interstitialcy mechanism, the enhanced diffusion 
in an oxidizing ambient  is due to an increase in the con- 
centration of Si self-interstitials. ORD has been observed 
for ant imony diffusion by Mizuo and Higuchi (13). These 
authors propose that the concentration of vacancies de- 
creases and the concentration of interstitials increases 
during oxidation. Ant imony is proposed to diffuse via va- 
cancies, and therefore its diffusion is retarded in an 
oxidizing atmosphere. 

Both interface and substrate effects are directly related 
to the composition of the diffusion ambient. Diffusions 
are generally done in either nonoxidizing (N2 or Ar) or 
oxidizing (N2-O2 or Ar-O2 mixtures) ambients. All of the 
previously reported work concerning diffusion of n-type 
dopants [P (14), As (15), Sb (16a)] from doped-glass 
sources is consistent in the following sense: a similar de- 
pendence of sheet resistance Ps upon 02 concentration in 
the diffusion ambient  is observed. High Ps is measured at 
both low and high 02 contents in the diffusion ambient, 
with a Ps min imum at intermediate 02 contents. As noted 
in Fig. 1, this behavior is independent  of dopant, tempera- 
ture, or diffusion time. An explanation for this common 
behavior based on interface effects has been advanced by 
Beyer (17) for the case of As-doped glasses. According to 
Beyer, under  inert atmosphere conditions, a diffusion 
barrier is formed at the interface (in this case, metallic As) 
resulting in high sheet resistance. With the introduction 
of oxygen into the ambient,  the barrier phase is oxidized, 
allowing the dopant to diffuse into the substrate and 
therefore lowering the sheet resistance. At high oxygen 
concentration, a competit ion results between oxidation 
and diffusion, creating an oxide at the interface which, in 
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Fig. 1. Sheet resistance vs. oxy- 
gen concentration for Sb, P, and As 
diffusion. (a): Ref. (14). (b): Ref. 
(16a). (c): Ref. (15). 
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turn, delays the arrival of the dopant to the substrate, i. e., 
the sheet resistance increases. 

Most of the work reported on diffusion from doped 
glasses concentrates on B, P, and As, while only recently 
some attention has been devoted to Sb-doped glasses 
(16a, 16b, 18). In this work, the effect of ambient composi- 
tion and diffusion time on the doping of silicon with a 
stibino silicate glass is described. Experiments  have been 
performed in both nonoxidizing (N2, Ar, or He) and 
oxidizing (Ar-O~) ambients. The results demonstrate a de- 
pendence of sheet resistance on ambient composition 
which is different from those reported previously (Fig. 1). 
It will be shown that this behavior is a result of using 
Ar-O2 mixtures for oxidizing ambients as opposed to the 
N2-O~ mixtures used in most previous investigations. In or- 
der to understand the dependence of the Sb diffusion on 
the ambient, electrical measurements and standard ana- 
lytical techniques including Rutherford backscattering 
spectroscopy (RBS), Auger electron spectroscopy (AES) 
and secondary  ion mass spectroscopy (SIMS) were used 
to characterize both the Sb-doped glass and the Si sub- 
strate. A model is proposed to explain the experimental  
results. 

Experimental Procedures 
The diffusions were performed using antimony-doped 

glasses as sources. The glasses were deposited by low 
pressure chemical vapor deposition (LPCVD) at 360~ 
and 0.6 torr (19). Silane, oxygen, and tr imethylantimony (a 
high vapor pressure liquid) were used as gas sources. The 
structure consisted of a p-type (100), 6-8.5 ~-cm, 75 mm 
diam substrate, upon which a 700~, thick stibinosilicate 
glass was deposited with an antimony concentration of 20 
weight percent (w/o) Sb (6.1 mole percent [m/o] Sb). A 
700A undoped SiO2 layer was deposited on top of the 
doped glass to minimize dopant evaporation during diffu- 
sion. Anneals were carried out at 1250~ in Ar-O2 mix- 
tures. For each gas mixture, diffusion times of 0.5, 1, 2, 4, 
and 8h were used (Table I). Some diffusions were carried 
out in He or N2 atmospheres. 

The experimental  apparatus consisted of a 30 in. hot- 
zone furnace equipped with a quartz diffusion tube. A 
mineral oil bubbler was adapted to the end cap to avoid 
atmospheric backstreaming during high temperature pro- 
cessing. Wafers were loaded in a quartz diffusion boat 
with 3/16 in. spacing and a 75-wafer capacity. Each run 

Table I. Experimental conditions 

Diffusion temperature 
Diffusion times 
Ar-O2 gas composition 

He-O.2 gas composition 
N.z-O.2 gas composition 

1250~ 
0.5, 1, 2, 4, 8h 
0%, 0.10%, 0.25%, 0.5%, 1%, 5%, 
10%, 25%, 100% O~ 
0%, 1% O3 
0%, 1%, 5%, 10%, 25%, 100% 02 

consisted of three doped-glass-coated wafers placed at the 
center of the boat with the remainder of the boat filled 
with dummies. Bare silicon wafers were placed at both 
ends and at the center of the boat, such that the tempera- 
ture uniformity and gas composition could be monitored 
through measurements of thickness of the oxide grown 
on these wafers during diffusion. For high oxygen con- 
centrations, facility supplied oxygen and argon were 
used. For oxygen contents equal to or lower than 1% by 
volume, a 1% 02 in Ar certified standard bottle'  was used 
as a source and diluted as necessary. 

Rotameters 2 were used for gas flow metering. After dif- 
fusion, the wafers were stripped in 48% HF, and the sheet 
resistance was measured in five places on the wafer with 
a four-point probe. Junct ions were obtained by the bevel 
and stain technique. Sb concentration profiles within the 
Si substrate were derived from spreading resistance 
probe (SRP) measurements} using Irvin's curves (20). 

AES was performed in a P E P  thin film analyzer system 
which employs a stationary large-diameter primary elec- 
tron beam. The concentration of the Sb in the doped glass 
is sufficiently high that AES depth profiles could be 
measured. However, in making those measurements,  we 
have found that the shape of the Sb profiles could be af- 
fected by what is believed to be electric field-induced mi- 
gration of the Sb, which occurs during the analysis. We 
have been able to minimize but not yet solve this problem 
and therefore have omitted AES Sb profiles in this pa- 
per. Some of the RBS and SIMS analyses were performed 
at commercial  analytical facilities. ~ SIMS profiles of the 
Sb in the glass were also found to be affected by the ana- 
lytical measurement  procedure and so they also are 
omitted. 

Results and Discussion 
Characterization of as-deposited SbSG.--Figure 2 is a 

random mode RBS spectrum of the as-deposited samples 
used in this study. From this spectrum, atomic densities 
can be calculated: ant imony = 2.2 • 102' cm -~, oxygen = 
3.7 x 1022 cm -3, silicon in the cap = 1.8 • 10 '-'2 cm -3, and 
silicon in the SbSG = 1.6 • 1022 cm -3. This results in a 
stoichiometry of SiO2., for the cap layer and SiO~.3Sb0.,4 
for the SbSG. From these results, it is calculated that the 
Sb makes up 20.8% by weight of the SbSG layer, in excel- 
lent agreement with the previously quoted value of 20% 
which was calculated from x-ray fluorescence data2 

' Matheson Corporation, East Rutherford, New Jersey. 
Emerson Electric Company, Brooks Instruments Division, 

Hatfield, Pennsylvania. 
Solid State Measurements, Monroeville, Pennsylvania. 
Physical Electronics Industries, Eden Prairie, Minnesota. 
C. Evans and Associates, San Mateo, California. 
The x-ray spectrometer was calibrated using wet chemical 

methods. 
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Fig. 2. Random mode RBS spec- 
trum of as-deposited structure. 

Fig. 3. Channeled mode RBS 
spectrum of as-deposited structure. 

The spectrum shown in Fig. 2 suggests slightly lower Si 
concentration in the SbSG layer (compared to the cap 
layer), but the two layers are not well resolved in this 
spectrum�9 Figure 3 is recorded with the incident beam 
channeled down the (i00) axis of the substrate. The 
par t i c le  de t ec to r  is l oca t ed  at  a n  ang le  of  80 ~ w i t h  r e spec t  
to t he  sur face  n o r m a l  in  o rde r  to e n h a n c e  d e p t h  resolu-  
t ion  (21). No te  t h a t  t h e  S b S G  a n d  SiO2 cap  layers  are wel l  
r e so lved  in  th i s  s p e c t r u m ,  a n d  t he  Sb  c o n c e n t r a t i o n  ap- 
pea r s  u n i f o r m  w i t h  dep th .  Wi th  the  b e t t e r  d e p t h  resolu-  
t ion  of th i s  s p e c t r u m ,  t he  d i f f e rence  in  Si c o n c e n t r a t i o n  
b e t w e e n  t he  S b S G  a n d  cap layers  is m o r e  a p p a r e n t .  

Sheet resistance measurements.--In Fig. 4, Ps is p lo t t ed  
aga ins t  p e r c e n t  O~ b y  v o l u m e  a n d  as a f u n c t i o n  of  diffu- 
s ion  t ime.  While  p r e v i o u s l y  r e p o r t e d  w o r k  (14-16) s h o w e d  
on ly  one  m i n i m u m  in  p, as a f u n c t i o n  of  02 c o n t e n t  in  t he  
a m b i e n t ,  two  m i n i m a  are  r e p o r t e d  in  th i s  work .  One  mini -  
m u m ,  w h i c h  o c c u r s a t  0% O~ (100% Ar) is a lways  t h e  l ower  

minimum and is independent of time. The second mini- 
mum is time dependent and shifts to lower 02 concentra- 
tions for longer diffusion times. A replot of this data using 
an expanded scale shows the low 02 portion in greater de- 
tail (Fig. 5). 

To ascertain whether the appearance of two minima is 
an idiosyncracy of Ar diffusions, a number of diffusions 
were performed in He-O~ and N2-O2 mixtures. The mini- 
mum observed for inert Ar atmospheres was reproduced 
in 100% He atmospheres, while no minimum was ob- 
served for 100% N2 diffusions. Figure 6 displays a compar- 
ison of the sheet resistance for wafers diffused in N2, Ar, 
and He atmospheres. It is apparent that the diffusions in 
N2 give unique results. We discuss this further below. 

Diffusion in N2 ambient.--Data shown in Fig. 6 demon- 
strate that diffusions performed in N2 give very different 
results from diffusions performed in Ar or He. While both 
Ar and He are inert gases, work by Raider et al. (22) on 
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Fig. 4. Sheet resistance as a function of oxygen content in the diffu- 
sion atmosphere and time. 

the Nx reaction at the Si-SiO2 interface suggests that N2 
gas diffuses to the interface where it reacts to form an 
oxynitride. This suggests that in the case of diffusions 
performed in Ar or He, the phase formed at the interface 
is solely due to interaction between the doped glass and 
the substrate, while, in N2 diffusion, interface interactions 
are modified by the presence of N2 as a reactant. 

AES was used to further investigate this possibility. 
Figure 7b is an AES survey spectrum representing the 
surface of a wafer which was diffused for lh  at 1250~ in 
100% N2. The spectrum shows that the N2 has reacted 
with the outer surface of the SiO2 cap to form an 
oxynitride. Figure 8 is an AES depth profile of the same 
sample. It shows that the oxynitride formed at the surface 
of the SiO2 cap is very thin. Further, N was also found dis- 
tributed within the SbSG layer, reaching a max imum in 
concentration at the SbSG/substrate interface. This N 
peak near the interface is consistent with Raider's (22) ob- 
servation from ESCA and etch-rate data of an oxynitride 
or mixed oxide and nitride at the oxide/substrate inter- 
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10 
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02 (vol.%) 
Fig. 5. Replot of the data in Fig. 4 emphasizing low oxygen 

concentrations. 

face. Although the concentration of N at the SbSG/sub- 
strate interface is small (note the expanded scale for the 
N2 profile), it apparently affects the interface reactions. No 
HF insoluble interfacial films were observed for diffu- 
sions performed in N2. It is evident that N2 should not be 
considered an inert ambient in the presence of SiO2 at 
high temperatures. 

Substrate dopant profiles.--Figure 9 displays concen- 
tration profiles obtained from SRP measurements  for 
diffusions performed for 4h in 0%, 1%, 10%, and 100% oxy- 
gen ambients. These traces show the changes in dopant 
surface concentration (C~) as a function of ambient com- 
position. In Fig. 10a and 10b, C~ as obtained from SRP 
measurements is plotted against diffusion times for 
various ambient compositions. Figure 10a concentrates 
on oxygen-rich atmospheres with 0% O2 plotted as a refer- 
ence. No change in Cs with time is observed for 0% 02, in- 
dicating infinite-source-type behavior. This t ime inde- 
pendence is also found at 5% 02. Between 10% and 100% 
05, a decrease in Cs is noted for increasing diffusion times. 
This is similar to Beyer's (17) observation for the case of 
arsenic-doped glasses diffused in a high 02 ambient. Un- 
der these conditions, thermal oxide which grows at the 
doped-glass substrate interface slows down the arrival of 
dopant to the substrate and therefore decreases Cs. The 
shift of the second minimum in p~ to shorter t imes with 
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1020 

i n c r e a s i n g  O5 c o n c e n t r a t i o n  (Fig. 4) is also i n d i c a t i v e  of a 
t h e r m a l  ox ide  ba r r i e r  g r o w i n g  at the  doped-g lass / s i l i con  
in te r face .  Th i s  can  b e  i n f e r r e d  as follows: t he  t h e r m a l  ox- 
ide  t h i c k n e s s  can  be  a p p r o x i m a t e d  b y  

dox = [X~B(t + T)]I/2 
w h e r e  Xo is t he  m o l a r  f r ac t i on  of  O~ in  t h e  a m b i e n t ,  B is 
t h e  p a r a b o l i c  ra te  c o n s t a n t  ( d e p e n d e n t  o n  t h e  02 concen -  
t ra t ion) ,  t is  t h e  t ime,  a n d  r is t he  t i m e  c o n s t a n t  w h i c h  cor- 
r ec t s  for  t he  p r e s e n c e  of an  in i t ia l  ox ide  (23). As  Xo in- 
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Fig. 9. Antimony concentration profiles from SRP measurements for 4h 

diffusions in (a) 100% Ar, (b) 10% O2, (c) 100% 02, and (d) 1% 02. 

creases ,  t he  t i m e  r e q u i r e d  to f o r m  a n  ox ide  t h i c k  e n o u g h  
to s ign i f i can t ly  r e t a r d  t h e  d i f fus ion  m u s t  dec rease .  
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Figure  10b displays a plot  of C~ vs. diffusion t ime  for 
oxygen-poor  ambients .  Again,  0% O2 is p lo t ted  as a refer- 
ence.  In Fig. 10b, the  behav io r  is oppos i te  to that  in Fig. 
10a in that  C, now increases  as a func t ion  of  diffusion 
t ime. This  behav ior  is cons is ten t  wi th  the  format ion  and 
subsequen t  oxida t ion  of  a diffusion barrier  at low 02 con- 
tents.  For  longer  diffusion t ime,  i. e., increased  arrival  of  
O~ at the  doped-glass /Si  interface,  the barr ier  is oxidized 
a l lowing for diffusion of  dopan t  to the  Si subs t ra te  and 
therefore  increas ing  C~. The  above s ta tements  are sup- 
por ted  by the behav ior  of xj as a funct ion  of ambien t  and 
diffusion t ime, as p lo t ted  in Fig. 11. The  shal lower  junc-  
t ions obta ined at low oxygen  concent ra t ion  are ascr ibed 
here  to a barrier  at the  interface.  In t e rmed ia t e  junc t ion  
va lues  at high O J A r  ratios are consis tent  wi th  a r educ t ion  
of the dopant  flux at the  substra te  surface due  to the rmal  
oxide  format ion.  

A l though  the shal lower  junc t ions  at h igh  O~ con ten t  (as 
c o m p a r e d  to xj in an  iner t  a tmosphere)  could  be  attrib- 
u ted  to ORD effects as repor ted  by Tan and Gose le  (24), 
the  decrease  in C, w i th  increas ing  ox ida t ion  t ime  can by 
i tself  account  for the  decrease  in junc t ion  depth.  Take 8h 
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Fig. 12. Dopant concentration profiles for: (a) 1100~ oxide side, (b) 
1100~ Si3N~ masked, (c) 1250~ oxide side, and (d) 1250~ Si3N~ 
masked. 

diffusions for 100% O2 and inert  a tmosphere  (100% Ar) as 
an e x a m p l e  

100% O2 100% Ar 

xj (~m) 7.0 7.5 (from Fig. 11) 
Cs (cm -3) 6 • 10 TM 3 • 10 ' '  (from Fig. 10a) 

For  simplici ty,  a ratio b e t w e e n  junc t ion  depths  as a 
func t ion  of Cs is ob ta ined  as suming  infinite source  be- 
hav ior  (erfc) and us ing  Barry  and Olofsen 's  fo rmula  (2). A 
simil iar  ratio can be obta ined  for a finite source  behav ior  
(Gaussian) assumpt ion .  

x~ = 2 x/Dt erfe -~ ~ 

and the  ratio be tween  xj can  be calcula ted f rom the  ratio 
b e t w e e n  erfc 's  

xj(O~) ] xj(O2) 1 
xj(Ar) ~a,e = 0.90 and ~ j  exp = 0.93 

Thus,  the  measu red  xj d i f ference be tween  h igh  oxygen  
and iner t  a tmosphere  diffusions could  be a t t r ibu ted  to the 
decrease  in C,. 

Oxidation retarded diffusion.--Diffusions were con- 
duc ted  at 1100 ~ and 1250~ to ascertain the  p resence  of 
ORD in Sb diffusions in to  Si. The expe r imen ta l  proce-  
dure  was similar  to that  r epor ted  by Mizuo and Higuchi  
(13), where  Si substra tes  were  p redepos i ted  wi th  Sb, f rom 
a doped-glass  source,  and coated  wi th  Si3N4, wh ich  was 
subsequen t ly  e t ched  off  f rom half  of the  wafer.  The  wa- 
fers were  diffused in an 02 a tmosphere ,  and the junc t ion  
depths  in the  SigN4 covered  and exposed  areas were  com- 
pared.  Resul ts  p lo t ted  as concent ra t ion  profiles are 
shown in Fig. 12. They  indicate  that, whi le  ORD can be 
seen  clearly for diffusions at 1100~ it is not  a significant  
effect  for 1250~ diffusions.  

HF insoluble f i lm.--For 02 concent ra t ions  less than  1% 
in Ar. a hydrophobic ,  H F  insoluble  film was p resen t  after 
diffusion. The  film was more  ev iden t  wi th  decreas ing  ox- 
ygen  content ,  and it b e c a m e  less apparen t  wi th  increas ing  
diffusion times. No film was observed  after 8h diffusions. 

Severa l  analytical  t echn iques  were  used  to character ize  
this H F  insoluble  film. F igure  13 shows SIMS dep th  
profi les of  two samples .  Both  samples  were  dif fused for 
l h  at 1250~ One sample  was diffused in a 100% Ar ambi-  
ent, and the other  in an Ar-1% 02 ambient .  Fo l lowing  the 
diffusions,  both  samples  were  e tched  in an H F  solution. 
After  etching,  the  sample  diffused in 100% Ar exh ib i t ed  a 
res idual  une tchab le  film, whereas  the  sample  dif fused in 
Ar-1% O~ had the appearance  of a clean Si surface. 

10 e 
~'_~" Sb in HF Primary Ion Cs 
L ~  Insoluble Layer Secondary Ion 121Sb 

I |  

1% Oxygen 

"~ 1 0  3 

C 
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102 

Depth (microns)  

Fig. ] 3. SIMS depth profile of substrates diffused in ] 0 0 %  Ar end 1% 
02 atmospheres (gloss stripped in 48% HF). 
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Fig. 14.AES depth profiles of the HF insoluble films: (a) as deposited 
SbSG, (b) 100% He, 1 h, 1250~ H F stripped, (c) 1/4% 02, 1 h, 1250~ 
HF stripped, and (d) 1/2% 05, lh,1250~ HF stripped. 

The  S IMS Sb profi le of  the  sample  d i f fused in 100% Ar 
shows a surface layer  character ized by h igh  Sb counts.  
A s s u m i n g  a cons tan t  sput ter  rate, over  the  dep th  of the 
sput te r  crater,  this layer  has roughly  the  same th ickness  
as the  original  S b S G  layer. The  profile of the  sample  dif- 
fused  in Ar-1% O.., does  not  show ev idence  of this  layer. 
Final ly,  we  note  that  these  SIMS Sb profi les show that  
the re  is abou t  a t en  t imes  greater  surface concen t ra t ion  of  
Sb in the  substra te  of the  sample  diffused in 100% Ar, in 
a g r e e m e n t  wi th  S R P  m e a s u r e m e n t s  desc r ibed  pre- 
viously.  

F igures  14b-14d show A E S  dep th  profiles of  the  H F  in- 
soluble  films on samples  dif fused in 100% He, Ar-1/4% O5, 
and Ar-1/2% 05, respect ively .  For  reference,  Fig. 14a 
shows  an A E S  dep th  profi le of a 700~ S b S G  layer wh ich  
was not  diffused.  The  Si L M M  peak (92 eV) character is t ic  

Table II. Composition of HF insoluble film as determined from RBS 
measurements 

As Deposited HF insoluble 
Cap SbSG film 

Si (cm -3) 1.8 • 10 ~2 1.6 • 102-' 3.4 • 1022 
O (cm -3) 3.7 • 10 ~2 3.7 • 1022 8.2 • 102' 
Sb (cm -3) - -  2.2 x 102' 3.0 • 102o 
Stoichiometry SiO~., SiO~ 3Sb,, ,4 SiO0 =,4Sb0 oo89 

of e l ementa l  Si is be ing  mon i to red  in these  profiles, thus  
accoun t ing  for the  low Si signal  in Fig. 14a. 

The  A E S  dep th  profiles show that  the  H F  insoluble  
film can be  charac ter ized  basical ly as a s i l icon-oxygen 
c o m p o u n d  which  is ve ry  oxygen  def ic ient  c o m p a r e d  to 
the  original  SbSG.  Sb was not  de tec table  in those  resid- 
ual  films wi th  AES,  a l though  it was de tec tab le  wi th  
SIMS. We shall  show be low that  it is de tec table  wi th  R B S  
also. The  th ickness  of  the  H F  insoluble  film can be  seen  
in Fig. 14b-14d to be  inverse ly  related to the  concentra-  
t ion of  02 in the  diffusion ambient .  Only ve ry  small  part ial  
p ressures  of  O5 are needed  to p reven t  the  appearance  of 
the  H F  insoluble  film. The  A E S  profiles also show that  
the  outer  surface of the film is near ly  pure  Si, which  may  
account  for the  fai lure of the film to e tch  in HF. The 
f i lm/substrate  in ter face  is ve ry  broad  c o m p a r e d  to t he  
SbSG/subs t ra t e  in ter face  (Fig. 14a). This  suggests  that  the  
H F  insoluble  film is nonun i fo rm  in th ickness  and/or  
compos i t ion  over  the  wafer  surface. 

F igure  15 shows an R B S  spec t rum of the  H F  insoluble  
film on the  sample  d i f fused in 100% He. This  spec t rum 
was r ecorded  unde r  condi t ions  ident ica l  to those  used  to 
record  the  spec t rum of  the  as-deposi ted  sample  (Fig. 2). 
F r o m  this spec t rum,  we can calculate  the  compos i t ion  of 
the  H F  insoluble  film. The  resul ts  are summar i zed  in 
Table  II a long wi th  the  p rev ious ly  calculated compos i t ion  
of  the  as-deposi ted  sample.  Once  again, it can be seen that  
the  H F  insoluble  film is bo th  Sb and O deficient  wi th  re- 
spec t  to the  as-deposi ted  SbSG,  whi le  the  Si concentra-  
t ion has  more  than  doubled .  

To summar ize ,  the SIMS,  AES,  and R B S  data have  
shown that  the  H F  insoluble  film can be  charac ter ized  as 
be ing  o x y g e n  and a n t i m o n y  deficient  wi th  respec t  to the  
as-deposi ted  SbSG.  The  A E S  data sugges t  that  the  sur- 
face of  the  film is r ich in Si. The  film is roughly  the  same 
th ickness  as the original  S b S G  layer  for a l h  1250~ diffu- 
s ion in pure  iner t  a tmosphere ,  bu t  i t  rapidly  b e c o m e s  
th inne r  for small  par t ia l  pressures  of  O~ in the  diffusion 
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Fig. 15. RBS spectrum of HF in- 
soluble film for wafer diffused in 
100% He atmosphere. 
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Fig. 16. Sheet resistance and surface concentration (Cs) as a func- 
tion of 02 concentration in the diffusion atmosphere. 

ambient. For a lh 1250~ diffusion in Ar-l% O~, no resid- 
ual film could be detected. 

Model  
Both Ps and C~ are plotted against O2 concentration in 

Fig. 16, where their inverse relationship becomes 
apparent. 

In Fig. 17, a model is proposed to account for the pres- 
ence of two maxima in Cs as a function of diffusion ambi- 
ent composition (see Fig. 16). The Cs vs. percentage of Q2 
curve can be separated into four parts: (i) inert atmo- 
sphere, (ii) low O~, (iii) medium O~, and (iv) high 02 re- 
gions. The as-deposited structure consists of an undoped 
SiO2 cap, a Sb-doped glass (2 x 1021 cm-3), and a Si sub- 
strate with a background boron concentration of 2 • 10 '5 
cm -3. In the first segment (i), in inert atmosphere, a hy- 
drophobic HF-insoluble film forms at the doped-glass/Si 
interface. Through various microchemical and electrical 
measurements  we have shown that this film composition 
has the form Sb~Si~Oz and acts as a high concentration 
source of Sb atoms. The idea of an infinite source is rein- 
forced by the observation that Cs is independent  of time 
for diffusions in inert atmospheres (see Fig. 10). 

In the second segment of the curve (ii), at low O~ con- 
centrations the source film is thinner, making it a limited 
source, accounting for lower Cs values. The AES depth 
profiles (Fig. 14) demonstrate the progressively thinner 
layer for increasing concentrations of 02 between 0% and 
about 1%. The interface film is postulated to act both as a 
source and a barrier to Sb diffusion from the stibinosil- 
icate glass. For inert or low 02 concentrations, the film 
forms rapidly at the interface and isolates the doped glass 
from the substrate (barrier action) so that the Sb diffusion 
into the substrate comes exclusively from the film 
(source action). For thick films (inert atmosphere diffu- 
sion), the source is infinite (Fig. 10a), while for th in  
films, the supply of Sb is limited and is not readily re- 
plenished by the glass. 

In the third part of the curve (iii) an increase in C~ is ob- 
served for 1% < %O.., -< 25%. Tn this range, SbxSi~O~ is ini- 
tially formed and supplies Sb to the substrate such that 
an initial rise in Cs occurs, analogous to a predeposition 
step. As opposed to the O2-poor part (ii), in the medium 
O~ range this phase is rapidly oxidized. The initial dopant 
concentration at the substrate is now enhanced by both 
the Sb flux from the doped glass and also, as oxidation 
develops, by the pile-up effect. This effect which is 
caused by dopant redistribution between the growing ox- 
ide and silicon was first reported by Grove et al. (25) on 
his work on the oxidation of doped substrates. 

As long as the diffusivity of Sb in SiO2(D) is greater 
than the parabolic oxidation rate constant(B), an increase 
in Cs with the oxygen concentration in the ambient will 
be observed. From Ghezzo and Brown (26) and at 1250~ 
D (Sb in SiO,,) = 0.09 /~/h "2. F rom an extrapolation of 
Irene's data (26) to 1250~ B = 0.196 ~/h '~2 for atmospheric 
pressure. Since Deal and Grove (23), report that B is pro- 
portional to the 0.2 partial pressure in the ambient, the 
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Fig. 17. Schematic of proposed model 

value of B can be calculated for any 02 concentration. At 
25% 02, D = B such that up to 25% O2, the D > B condition 
holds. 

With increasing 02 concentration in the diffusion ambi- 
ent, as in part (iv), a competit ion between diffusion and 
oxidation becomes evident. As the O~ concentration in- 
creases over 25%, D (Sb in SiO2) < B, so that the thermal 
oxide growing at the doped oxide/substrate interfaces is 
now thick enough to slow down the arrival of Sb to that 
interface. This causes a decrease in C~ relative to C, at in- 
termediate 02 concentrations. A similar argument  for low 
C~ at high O2 concentration has been proposed by Beyer 
(17) for the diffusion of As from doped-glass sources. 
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Summary 
The effects of ambient and time on the diffusion of Sb 

into Si from a doped-glass source were studied. Two min- 
ima in Cs were found as a function of 02 concentration in 
the diffusion ambient, when Ar-O2 mixtures were used. 
From similar experiments using N2-O~ mixtures it was de- 
termined that at high temperatures N2 interacts with the 
doped-glass/silicon interface. This interaction affects the 
diffusion of Sb into silicon. 

The formation of an interface film, SbxSi~O~, at low ox- 
ygen concentrations, for Ar-O2 diffusion was identified. 
This film was characterized through AES, SIMS, and 
RBS analyses. A diffusion mechanism is proposed to ac- 
count for the presence of two surface-concentration max- 
ima as a function of O~ content in the diffusion ambient. 
This mechanism is based on the formation of Sb~Si~O~ at 
the doped-glass/silicon interface at low 02 concentration 
and on pile-up effects at higher 02 concentrations. 

At present, we are performing additional RBS analyses 
on samples covering the entire range of oxygen concen- 
trations in the ambient. These results and their implica- 
tions with regard to the above model will be discussed in 
a subsequent paper. 
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APPENDIX 

Diffusion Coefficient 
Assuming an erfc dopant-distribution profile (for oxy- 

gen concentrations of 0% and 5%), and from Cs and junc- 
tion depth values obtained from SRP data, a diffusion 
coefficient for ant imony in silicon at 1250~ was calcu- 
lated. As can be seen in Thble A-I the diffusion coeffi- 
cient obtained in this work agrees fairly well with the re- 
ported literature values. 

Table A-I 

D (~2/h) (1250~ Ref. 

0.243 -+ 0.026 This work 
0.277 (18) 
0.242 -+ 0.011 (16) 
0.306 (28) 
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Process-Induced Defects in Borosilicate Glass-Diffused Silicon 
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ABSTRACT 

The defects caused by high temperature diffusion from a borosilicate glass source have been detected using deep 
level transient spectroscopy (DLTS). Energy levels at Eo -0.12 eV, Ec -0.26 eV, E~ -0.36 eV, Er -0.55 eV, and E~ +0.23 eV 
have been measured. It is shown that these levels are annealed out by subsequent  processing steps such as phosphorus 
predeposition, thermal oxidations, and drive-in diffusion. An increase in carrier lifetime from I0 to 36 ~s wzs found to be 
associated with the decrease in the defect concentration. 

The conventional diffusion processing steps have been 
known (1, 2) to cause process-induced defects in silicon. 
The energy levels within the silicon bandgap associated 
with these defects have been measured by Yau (1) and 
Sah (2). For the high temperature diffusion of boron and 
phosphorus at high surface concentrations obtained from 
BN and P20~ sources, respectively, the energy levels were 
found to be Er -0.08, Ec -0.22, Ec -0.264, Ec -0.298, and Ec 
-0.542 eV. They showed that, unlike impurities, these de- 
fects could not be gettered either by surface oxide glasses 
or by a high concentration degenerate diffused layer but 
only by slow (0.42~ cooling followed by a quench 
from the diffusion temperature to room temperature. In 
addition to the process-induced defects, the defects asso- 
ciated with radiation-induced damage (3-5) have been 
identified and some have been found to have the same 
energy levels as those indicated above. 

Borosilicate glasses have been shown (6) to be prefera- 
ble to boron nitride as a p-type planar diffusion source be- 
cause the usual periodic reactivation cycles are not re- 
quired (as it is for BN) due to the presence of boron in its 
activated state. No defect studies, however, have been 
done for a diffusion process for which borosilicate glasses 
have been used as a diffusion source. Neither have the ef- 
fects of the subsequent processing steps that eventually 
lead to device fabrication been studied. 

We report here, the results of a study of process- 
induced defects caused by diffusion from a borosilicate 
glass source and from subsequent  processing steps using 
deep level transient spectroscopy (DLTS). Specifically, 
after boron predeposition diffusion from a borosilicate 
glass source, energy levels at Ec -0.12, Ec - 0.26, E~ -0.36, 
E~ -0.55, and Ev +0.23 eV were found within the Si 
bandgap. After the drive-in diffusion, however, deep lev- 
els are still present but their concentrations have been 
considerably reduced. Similar reductions in concentra- 
tion were also found for subsequent processing steps 
such as POC13 predeposition diffusion and the final 
thermal oxidation. An increase in the carrier lifetime (as 
determined by the open-circuit voltage decay technique) 
from 10 ~s following the boron predeposition step to 36 
~s after the thermal oxidation step was also found, which 
correlates quite well with the decrease in defect concen- 
tration indicated above. The following describes our ex- 
perimental techniques, results, and the conclusions that 
can be drawn from them. 

Experimental Techniques 
The starting material used was n-type silicon with a re- 

sistivity of 40 ~-cm. Before any processing, it was chemi- 
cally etched to 12 rail. Seven sets of samples (group 1- 
group 7) were obtained after each of the seven processing 
steps used for device fabrication. Group 1 samples were 
obtained after the boron predeposition step which con- 
sisted of diffusion from a borosilicate glass source at 

1Present address: Bendix Advanced Technology Center, Co- 
lumbia, MD 21045. 

1040~ for 60 rain in a flowing nitrogen ambient. Since 
the diffusion was double-sided, the resulting structure 
was P§ § Group 2 samples went through a boron 
drive-in diffusion step at 1250~ for 25h in an oxygen and 
nitrogen ambient. The resulting structure was still P+NP § 
and the junction depth was 1.56 rail (measured by angle 
lapping), while the surface boron concentration was 3.4 • 
10 '8 cm -~. Next, phosphorus predeposition was done on 
one side (by masking the other side) from a POC13 source 
at 1100~ for 60 min. The result was a P§ § structure 
from which group 3 samples were obtained. This was fol- 
lowed by a drive-in diffusion at 1250~ for 7h in nitrogen 
ambient. The resulting structure was again P§247 ~, and 
the junction depth of the P§ ~ side was 0.9 rail. Group 4 
samples were obtained from this lot. Group 5 samples 
were obtained after a gettering step at 1200~ for 60 rain 
with borofilm on the P§ side (commercially available 
from Emulsitone). Group 6 samples, however, were ob- 
tained after a POC13 gettering heat-treatment at 1100~ for 
60 min (on the N + side). These samples did not go through 
a borofilm gettering step so that group 5 and group 6 
samples could be compared with respect to the effective- 
ness of the two gettering processes. The final step re- 
sulting in group 7 samples was a wet thermal oxidation of 
both groups 5 and 6 samples at 1100~ for 9h. The struc- 
ture for groups 4-7 samples was P§ § After pro- 
cessing, the samples from each group were back-side (N ~ 
side) lapped to 9 rail. This removed the P§ region (in the 
case of groups 1 and 2 samples) or the P§ + region (in the 
case of groups 3, 4, 5, 6, and 7 samples). A 10,000A layer of 
A1 was next deposited on the P+ side, while 10,000]~ of 
Au-As alloy was deposited on the N-side. The samples 
were then sintered at 475~ for 10 rain in nitrogen ambi- 
ent to form ohmic contacts. 

After packaging into a gold-plated T05 header, DLTS 
measurements were made using a system consisting of a 
50 MHz capacitance bridge, PAR boxcar averager, and as- 
sociated amplifiers (3, 7). The details of the DLTS mea- 
surement can be found elsewhere (7, 8). Briefly, the 
method consists of reverse biasing a p-n junction in such 
a way that the reverse bias can be momentari ly reduced 
by a pulse. This results in a reduction in the width of the 
depletion layer during the pulse. Traps within the region 
where there is now no longer a depletion region capture 
charge carriers. After the pulse and as the depletion layer 
returns to equilibrium, the traps emit the captured 
charges by thermal stimulation giving rise to a decaying 
capacitance transient. The decay rate of the transient is 
related to the emission rate of the traps, which for elec- 
trons is given by 

en = o ~. < Vn > NJgl exp ( - E J K T )  [1] 

where O-n is the capture cross section, <V.> the thermal 
velocity, ND the carrier concentration, gl the degeneracy 
of the trap, and Et the trap energy level with respect to the 
conduction band. By varying the temperature of the 
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Fig. 1. DLTS spectrum.after bo- 
ron predeposition, group 1, show- 
ing deep levels at Ec -0 .12 ,  Ec 
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sample from 77 to 300 K, for example, the trap emission 
rates are also varied. The trap emission rates can be mea- 
sured by the DLTS apparatus in such a way that the out- 
put is max imum when a rate window set on the apparatus 
is equal to the capture rate of the trap. This gives rise to a 
DLTS spectrum, the peaks of which correspond to trap 
energy levels. The energy level of the trap, Et, can be ob- 
tained from the experimental  data using Eq. [1]. The trap 
concentration can be obtained from the magnitude of the 
DLTS peak and calibration of the measurement  system, 
while the capture cross section can be obtained by a 
method already described by Lang (7). 

Results 
Figure 1 shows a complete DLTS run for a group 1 

sample (after boron predeposit ion from a borosilicate 
glass source). Four majority carrier deep levels are pres- 
ent as the peaks show. By injecting holes into the 
N-region using a forward biasing pulse, a minority carrier 
trap was also detected. The energy levels, capture cross 

Fig. 2. DLTS spectrum for a 
group 2 sample (after boron 
drive-in) showing reduced concen- 
trations of deep levels. 

I I 
286 311 

sections, and trap concentrations were accurately ob- 
tained for peaks II, III, IV. The data for all the traps are 
shown in Tabte I. After the boron drive-in diffusion, the 
deep levels are still present, but have been severely re- 
duced in concentration as Fig. 2 shows for group 2 
samples. Similarly, after the POC13 predeposition (group 
3), all the levels remain (Fig. 2) except  for the level at Ec 
-0.55 eV. The level at Ec - 0.12 eV appeared to have in- 

Table I. Deep levels in a group 1 sample (boron predeposition) 

DEEP LEVEL I ]~ lV  ~ ] I  

Act ivat ion 
Energies E c - 0 12 E c - O 26  E c - 0 3 6  E c - O 55  E V + 0 . 2 3  
E T (eV) -+ 0 0 3  

Defect Densi ty 1 8 8  X 10 ~2 6 . 0 6  X 1012 9 . 0 5  X 10 ~2 
NTr ( cm-3 )  

Cap[ure 
Cross- ect lon 2 2 X 1 .85  X (cm~,) 1 67 X 10 - 1 6  10 - 1 6  10 - 1 6  
o n 
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Fig. 3. DLTS spectrum for a 
group 3 sample (after POCI3 
predeposition) showing reduced 
concentration of deep levels. 
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creased at this point and is now the most dominant  level. 
The same seems to be true after the final thermal oxida- 
tion step (group 7), as the DLTS spectrum in Fig. 4 shows. 

Minority carrier lifetime values were obtained for 
samples from all groups using the open-circuit voltage de- 
cay technique (9). The effect of basewidth limitation of 
the lifetime was taken into consideration using the ex- 
pression (9, 10) 

1 1 1/(W 2) 
- + - -  [ 2 ]  

%. �9 2D 

where %ff is the measured lifetime, r is the actual carrier 
lifetime, and (W2/2D) is the charge carrier transit time 
within the N region of the diode. W is the width of the N 
region, and D is the carrier diffusion coefficient. The re- 
sulting lifetime values are shown in Table II. An increase 
in lifetime with successive processing steps can be seen. 
This is in agreement with the reduction in deep level de- 
fect concentrations described above. 

Discussion 
The deep levels found after predeposition from the bo- 

rosilicate glass source is due to the damage done by 
stresses caused by the high concentration of boron atoms 
at the surface (2.5 • 102o cm-3). These stresses result in 
the formation of defects other than those normally 
formed at these temperatures (such as simple vacancies). 
Other defects that may form at high boron concentrations 
are, for example, boron-vacancy pairs and divacancies. In 
fact, the results of ion bombardment  and electron irradia- 
tion (3-5, 11, 12) show that some of the deep levels de- 
tected are identical to the energy levels for process- 
induced defects. For example, the level at Ec -0.26 eV 
(this work) has been associated with the doubly nega- 
tively charged state of a divacancy (5). Another level usu- 
ally found in electron-irradiated silicon is the level at Ec 
-0.17 eV (close to our observed level at Er -0.12 eV), 
which has been associated with oxygen-vacancy pairs 
(O-V). Other levels have been associated with hydrogenic 
dopant-vacancy pairs, such as Sb vacancy pair (Ec -0.39 

Fig. 4. DLTS spectrum for a 
group 7 sample (after thermal oxi- 
dation) showing reduced concen- 
tration of deep levels. 
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Table II. Carrier lifetime as a function of processing step 

GROUP 1 2 3 4 5 6 7 

Boron Predep 
Boron Drive 

Prior 
Processing 
Steps 

Lifetime 
(us) 

Boron 
Predep 

5.96-14.8 12.82-18.46 

Boron Predep 
Boron Drive 
POCL 3 Predep 

36 

Boron Predep 
Boron Drive 
POCL 3 Predep 
Phos. Drive 

36 

Boron Predep 
Boron Drive 
POCL 3 Predep 
Phos. Drive 
Borofilm Getter 

36 

Boron Predep 
Boron Drive 
POCL 3 Predep 
Phos. Drive 
POCL 3 Getter 

36 

Boron Predep 
Boron Drive 
POCL 3 Predep 
Phos, Drive 
POCL 3 Getter 
Therm. Oxidation 

36 

eV), arsenic-vacancy pair (Ee -0.42 eV). Our measured 
level at Ee -0.36 may be due to a defect of this type, possi- 
bly a boron-vacancy complex. A level at Ev +0.23 eV has 
also been found in electron-irradiated silicon and has 
been suggested to be created by annealing above 225~ 
(12). Finally, the level at E~ -0.55 eV is also found in 
electron-irradiated silicon and has been associated with a 
divacancy (12). Sah et al. has also shown that this level 
can be found in silicon whose surface has been mechani- 
caUy lapped. 

The fact that these defect levels are severely reduced by 
the subsequent  processing steps is in conformity with the 
annealing properties of the defects discussed above. All 
of these defects (5) have been found to anneal out at tem- 
peratures of 700~ or higher. All the processing steps sub- 
sequent to the predeposition are at these high tempera- 
tures (-1000~ which annealed out the defects created by 
the predeposition. The increase in the carrier lifetime 
with the processing steps is also in agreement with an an- 
nealing out of these defects. 

Sah (2) indicated that a very slow cooling rate of about 
0.42~ from the diffusion temperature, is required 
for annealing out the defects. The cooling rate in our fur- 
nace was l~ The defects created by the pre- 
deposition were not annealed out by the predeposition 
cooling however, possibly due to a higher concentration 
of boron in our experiments. This, nonetheless, indicates 
that a much lower cooling rate is necessary to anneal out 
defects created by diffusion processes. Even if the defects 
are not annealed out during the cooldown from the boron 
predeposition, our results show that the subsequent  pro- 
cessing steps will anneal them out. 

Summary 
It has been shown that high temperature diffusion from 

a borosilicate glass source results in high concentrations 
of deep levels. These levels, at Ec -0.12, Er -0.26, Ec -0.55, 
and Ev + 0.23, were found to be annealed out by the subse- 

quent  processing steps that lead to device fabrication. A 
corresponding increase in carrier lifetime with successive 
processing steps was observed. These defect levels were 
shown to be similar to those measured in ion- or electron- 
bombarded silicon, indicating that they may be due to 
stresses caused by the high boron concentration, re- 
sulting in the formation of complex defects. 
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Boron and Phosphorus Determination in Low Resistivity 
Solar-Grade Silicon 

L. P. Hunt,* R. W. Francis,* and J. P. Dismukes* 
Exxon Research and Engineering Company, Clinton, New Jersey 08801 

ABSTRACT 

A technique is developed to analyze boron and phosphorus concentrations in silicon by determining net carrier con- 
centrations from Hail-effect measurements.  The goal of the technique is to measure these impurities in purified metal- 
lurgical silicon (PMS) which is to be ultimately used for fabricating solar cells. Net carrier concentrations are measured 
on two wafers cut from a second-generation Czochralski ingot pulled from PMS. Boron and phosphorus concentrations 
in the PMS and the ingots are calculated from the net carrier concentrations by applying the segregation equations of 
the impurities. The accuracy of the boron measurements  between 1 and 30 ppma is equivalent to that obtained on simi- 
lar samples analyzed by multiple-pass float zoning. Phosphorus levels can be measured down to about 20% of that of 
the boron concentrations. Excellent precision of the Hall-effect technique is demonstrated. Sensitivity calculations show 
that net carrier concentration is the most critical parameter affecting the accuracy of the method. Overall, the technique 
is considered to be sufficient for making quality-control decisions with respect to boron and phosphorus levels in PMS 
and ingots grown from it. 

The analytical technique described herein was devel- 
oped to measure the concentrations of boron and phos- 
phorus in a special grade of silicon for use in photovoltaic 
applications. This particular grade of silicon is, or has 
been, the focus of research and development  programs (1, 
9) with the common goal of increasing the purity of sili- 
con that is metallurgically produced by the carbothermic 
reduction of silica in an arc furnace. The specific re- 
search and development  programs involve some combi- 
nation of the following procedures: (i) silicon of greater 
than 99% purity, produced from high purity raw materials 
and high purity arc-furnace operations, is upgraded by (ii) 
recrystallization from solution, (iii) slagging, (iv) acid 
leaching, and/or (v) gas blowing (10). This grade of silicon 
undergoes further purification via impurity segregation 
during certain forms of crystal growth which ultimately 
yield a material suitable for fabrication into solar cells. 

A survey of Ref. (1-9) shows that PMS, before crystal 
growth, has the following general composition expressed 
in parts per million atomic (ppma): 1 < A1 < 100, 1 < B < 
10, 1 < Fe < 100, 0.3 < P < 5, and M < 5, where 1K stands 
for other transitional-series metals. Alkali and alkaline 
earth impurities are not considered to be significant 
since they vaporize from the silicon melt during crystal 
growth. The concentrations of A1, Fe, and transition met- 
als can be measured by several analytical techniques such 
as atomic absorption or emission, x-ray fluorescence, and 
spark-source mass spectroscopy. However, none of the 
above techniques were found to provide reliable analyses 
for boron of about 1 -+ 0.2 ppma or for phosphorus at 
somewhat lower concentrations. 

The technique described below for determining boron 
and phosphorus is somewhat analogous to that used in 
the semiconductor industry for analyzing polysilicon pro- 
duced by the Siemens process. The concentrations of bo- 
ron and phosphorus in semiconductor polysilicon are 
calculated from resistivity measurements made on the 
one-pass and seven-pass sections of a multiple float-zone 
silicon rod (ii). In the simplest float-zone case, one-pass 
resistivity is related to net carrier concentration [B]-[P], 
whereas the seven-pass resistivity is a measure of the bo- 
ron concentration, [B], only. The concentration of the two 
impurities in polysilicon can be calculated by appropri- 
ately using (12) their segregation coefficients in the solu- 
tion of two simultaneous equations involving net carrier 
concentration. 

Purified metallurgical silicon is also subjected to crys- 
tal growth. Therefore, subsequent electrical measure- 
ments will allow calculation of the boron and phosphorus 
concentrations. A Czochralski (CZ) ingot that is grown 
from PMS is polycrystalline and can contain aluminum in 

*Electrochemical Society Active Member. 
Key words: impurity, photovoltaic, solidification. 

addition to boron and phosphorus. Therefore, a second- 
generation CZ ingot is grown from the first ingot. Since 
the second-generation ingot contains no measurable con- 
centration of aluminum, Hall-effect measurement  of the 
net carrier concentration is made on wafers cut from both 
the seed and tang ends of this second-generation ingot. 
Actual boron and phosphorus concentrations in both in- 
gots and in the PMS can then be calculated from the net 
carrier concentrations. The calculations involve the posi- 
tions along the ingot at which the net carrier concentra- 
tions were measured and the segregation coefficients of 
the two impurities. 

The next section demonstrates the computational 
method for relating net carrier concentrations to those of 
boron and phosphorus. The theory and reason for Hall- 
effect measurements are also discussed. 

Experi mental 
Hall-effect measurements.--Hall-effect measurements  

provide two valuable pieces of information for character- 
izing semiconductors that are not available from electrical 
resistivity measurements alone: majority carrier mobility 
and concentration. The latter equals the difference in the 
acceptor and donor concentrations and is relevant to this 
work provided the donors and acceptors are electrically 
active, i.e., exist neither as neutral ion pairs nor as precip- 
itated phases. 

The principle of the technique (13) is to apply a mag- 
netic field at right angles to a current flowing through a 
triple H-shaped sample of p- or n-type silicon. The gener- 
ated electric field, EH, is orthogonal and proportional to 
both the current density and the magnetic field. The Hall 
voltage associated with EH is 

RIB 
V~ - [1] 

W 

where R is the Hall coefficient, I the current, B the mag- 
netic field, and W the sample thickness. Calculation of 
the Hall coefficient from VH and W permits the net major- 
ity carrier concentration to be calculated from 

r, rn [2] 
[p] = ~qq or [n] - Rq 

for p- or n-type samples, respectively. In the above equa- 
tions, q is the electronic charge, and r is the Hall factor 
which depends on the band structure and the mechanism 
of carrier transport and scattering in a particular semicon- 
ductor. For silicon at room temperature, the p-type Hail 
factor is 0.71, while the n-type factor is 1.18, i.e., 37r/8 (14). 

Under the assumption that all impurities are electrically 
active, the net carrier concentration determined from Eq. 

1888 
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[1] and [2] equals  the  ne t  ion ized  impur i ty  concen t ra t ion  
IB-P I. Sens i t iv i ty  analysis  indica tes  an expe r imen t a l  preci-  
s ion of wi th in  5% in obta in ing  R in Eq.  [1] and an accu- 
racy  in the  de t e rmina t ion  of  IB-PI f rom Eq. [2] of  -+ 10%. 
The la t ter  s tems pr imar i ly  f rom a var ia t ion  in the  Hall  fac- 
tor  wi th  dopan t  dens i ty  (15). 

Computa t iona l  procedure . - -The  t rans la t ion  of  Hall- 
effect  m e a s u r e m e n t s  into bo ron  and phospho rus  concen-  
t rat ions is m o r e  easi ly unde r s tood  by first cons ide r ing  
the  mass  flow of impur i t i es  f rom the  PMS,  t h rough  crys- 
tal growth,  to the  m e a s u r e d  wafers.  The  mass  flow of an 
impur i t y  dur ing  crystal  g rowth  is de t e rmined  by the  seg- 
rega t ion  equa t ion  (16) 

C = Coke, (1 - g)%ff 1) [3] 

where  g is the  f rac t ion of the  mel t  solidified, C and Co are 
the impur i t y  concen t ra t ions  at points  g and g = 0, respec-  
tively, and ktff is the  effect ive  d is t r ibu t ion  coeff ic ient  of  
the  impur i t y  (17). I t  is conven ien t  to rear range  Eq. [3] into 
a more  genera l  form invo lv ing  re la t ive  concen t ra t ions  

C/Co = k~, (1 - g)(eeff -') [4] 

The  var ia t ion  of  C/Co for boron  as- a func t ion  of g is 
shown in Fig. 1 for k~ff = 0.80 (18). 

The  computa t iona l  p r o c e d u r e  be ing  deve loped  here  
also involves  use  of the  average  relat ive impur i t y  concen-  
t ra t ion b e t w e e n  two points,  g~ and g2, in an ingot.  This  is 
ob ta ined  by in tegra t ing  Eq. [4] 

C/Co 1 fg2 - - -  kaf (1 - g)%fc 1) dg [5] 
g2 - g~ g, 

1 
C/Co - - -  [(1 - g,)k~, _ (1 - g~)k~,~] [6] 

g~ - g, 

The  var ia t ion  of  C/Co with  g is also shown  in Fig. 1 for 
boron.  

The  mass  flow of impur i t i e s  can  be  visual ized wi th  the  
aid of  the  mass  flow d iagram in Fig. 2. Pur i f ied  metal lur-  
gical  s i l icon is loaded  into a Czochralski  pul ler  and poly- 
crysta l l ine  ingot  CZ1 is grown.  ~ The seed and tang  ends  
of  the  ingot  are c ropped  at pos i t ions  g~ and g2, respec-  
tively. The  c ropped  ingot  becomes  the  mel t  for a second 
CZ growth  in wh ich  ingot  CZ2 is p roduced .  Ingo t  CZ2 is 
c ropped  at posi t ions  g3 and g4 and then  wafers  are  cut  
f rom the  seed and tang  ends.  Wafers cu t  at pos i t ions  g,,., 
and g~2 are used  in the  Hall-effect  measu remen t s .  The  
g rowth  and process ing  of  the  nomina l ly  11 cm d iam in- 
gots  used  in this work  were  pe r fo rmed  at Solar  P o w e r  
Corporat ion.  

The  fo l lowing equa t ions  are deve loped  cons ide r ing  the 
flow of boron  f rom the  init ial  PMS to the  final wafers  

*Impurity segregation is no longer described by these equa- 
tions when crystallite sizes are less than about 1 mm. 
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Fig. 2. Mass flow diagram for impurities from PMS through wafers for 
Hall-effect analysis. 

used  for analysis. S imi la r  equa t ions  apply  to phosphorus ,  
or to any other  impur i ty .  

The  average  boron  concen t ra t ion  in PMS is the  initial 
boron  concen t ra t ion  in the  me l t  for CZ1 

BpMS = B ~  [7] 

The  average  boron  concen t ra t ion  in CZ1, b e t w e e n  points  
gl and g2, can be  calcula ted f rom the initial mel t  concen-  
t ra t ion by us ing Eq. [6] 

Bczl = B~ " (B/Bo)czl [8] 

S ince  c ropped  ingot  CZ1 is used  to charge  the  crucible  
for the  second crystal  g rowth  step, then  

B~ = Bcz~ [9] 

The  average  boron  concen t ra t ion  in ingot  CZ2, be tween  
points  g3 and g4, is ca lcula ted  in the same way  as was 
done  for ingot  CZ 1 

S--cz~ = B%z~. (B/Bo)cz2 [I0] 

Equations [7], [8], and [10] provide the average boron 
concentrations in PMS, CZI, and CZ2. These are now re- 
lated to the Hail-effect measurements on wafers wl and 
w2 th rough  the  init ial  CZ2 mel t  concent ra t ion ,  B~ The 
boron  concen t ra t ion  of  a wafer,  w, at po in t  gw is 

Bw = B~ �9 (B/Bo)w [11] 

I t  is n o w  possible  to set up two s imul taneous  equa t ions  
in order  to de t e rmine  the  concent ra t ions  of  bo th  boron  
and phosphorus .  S ince  the  Hall-effect  t e c h n i q u e  mea- 
sures ne t  carrier  concent ra t ion ,  n, then  

Bw~ - Pw~ = nwl [12] 

Bw~ - Pw'-' = nw2 [13] 

By  subs t i tu t ing  Eq. [11] and its phospho rus  equ iva len t  
into Eq. [12] and [13], one can calculate  the  concen t ra t ion  
of  bo th  impur i t i e s  in the  init ial  CZ2 mel t  

B~ �9 (B/Bo)wl - P~ �9 (P/Po)w~ = nwl [14] 

B~ " (B/Bo)w2 - P~ ' (P/Po)w2 = nw~ [15] 

In  summary ,  the  Hall-effect  t e chn ique  for de te rmin ing  
the  concent ra t ions  of  boron  and phosphorus  consis ts  of  
(i) measu r ing  ne t  carr ier  concen t ra t ion  of wafers  f rom the 
seed and tang ends  of a second-genera t ion  CZ ingot,  (ii) 
solving Eq. [14] and [15] for the  initial impur i ty  concentra-  
t ions in this ingot,  and (iii) calcula t ing the  average  impu-  
r i ty  concent ra t ions  in the  polysi l icon,  first-, and  second-  
genera t ion  ingots  f rom Eq. [7], [8], and [10]. 

The  comple te  analysis  for boron  and phospho rus  re- 
qu i res  e ight  p ieces  of  data: g,, g~, ga, g4, gw~, gw2, nw, and 
nw~. 

All the  fo l lowing calculat ions  use kaf = 0.80 for boron  
and ka~ = 0.35 for phospho rus  (18). 

Results 
Accuracy.---Various grades  of  PMS were  used  for analy- 

sis. Thei r  pur i ty  va r ied  over  a cons iderable  range  de- 
pend ing  u p o n  the  qua l i ty  of  the  raw mater ia ls  used  in 
their  preparat ion,  the condi t ions  unde r  wh ich  the  arc fur- 
nace  was operated,  and the  addi t ional  ref ining steps that  
were  employed .  S o m e  of  the  mater ia ls  were  ob ta ined  
f rom commerc i a l  vendors .  One of  the  samples  differed 
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subs tan t ia l ly  f rom the  others:  p- type  s e m i c o n d u c t o r  sili- 
con  was  bo ron  d o p e d  by add ing  a w e i g h e d  a m o u n t  of bo- 
ron  to the  si l icon in an a t t e m p t  to p rov ide  a " s t anda rd . "  

Hall-effect  m e a s u r e m e n t s  were  c o m p a r e d  to float-zone 
analyses  p e r f o r m e d  at H e m l o c k  S e m i c o n d u c t o r  Corpora-  
tion. A th i rd  sequen t i a l  CZ-g rowth  s tep p rov ided  a 25 m m  
diam rod for float zoning.  Resis t iv i ty  data  supp l i ed  by 
H e m l o c k  S e m i c o n d u c t o r  were  used  to calcula te  average 
concen t r a t i ons  in  a m a n n e r  s imilar  to tha t  a l ready 
out l ined  above. The res is t ivi ty  va lues  were  conve r t ed  to 
concen t r a t i ons  us ing  the  recen t ly  r epo r t ed  corre la t ions  
by T h u r b e r  et al. (19). Their  data  s h o w  a m a x i m u m  devia- 
t ion of  68% at 0.07 ~ - c m  f rom Irv in ' s  curves  (20). Devia- 
t ions  exceed  10% for res is t iv i t ies  b e t w e e n  0.004 and  0.7 
l~-cm. 

Eight  m e a s u r e m e n t s  m u s t  be m a d e  per  Hall-effect  anal- 
ysis, as desc r ibed  earlier.  The range  of each  m e a s u r e m e n t  
is p r e s e n t e d  in Table I. 

A c o m p a r i s o n  of Hall-effect  ana lyses  w i th  t h o s e  f rom 
mul t ip le -pass  float zon ing  appea r  in Table II. The data 
are a r ranged  accord ing  to inc reas ing  bo ron  concen t ra t ion .  
In  the  case of boron ,  Ha l l -de te rmined  concen t r a t i ons  gen- 
erally agree well  wi th  t hose  f rom float zon ing  w h e n  the  
errors  of the  analyses  are cons idered .  This  a g r e e m e n t  cov- 
ers a range  f rom abou t  1 to 30 ppma.  It is i m p o r t a n t  tha t  
the  Hall t e c h n i q u e  p rov ides  accura te  bo ron  concent ra -  
t ions  at the  1 p p m a  level  s ince  solar cell eff ic iency de- 
c reases  s ignif icant ly  at concen t r a t i ons  e x c e e d i n g  th is  
value. The actual  w e i g h e d  a m o u n t  of b o r o n  a d d e d  to t he  
s e m i c o n d u c t o r  s i l icon in s ample  32 a m o u n t e d  to an aver- 
age concen t r a t i on  in the  ingot  of  1.3 ppma .  This  value 
falls b e t w e e n  the  two analyt ical ly  m e a s u r e d  concent ra -  
t ions  of 1.0 and  1.5 ppma .  

Reasonab le  c o r r e s p o n d e n c e  is found  b e t w e e n  the  phos-  
p h o r u s  concen t r a t i ons  us ing  bo th  analyt ical  t echn iques .  
L o w e r  concen t ra t ions ,  however ,  have  a larger  unce r t a in ty  
assoc ia ted  wi th  them.  This  is due  to solving the  s imulta-  
n e o u s  equa t ions  first for  b o r o n  and  t h e n  for p h o s p h o r u s .  
In  th is  p rocedure ,  errors  propagate .  "Less  t han"  concen-  
t ra t ions  for the  two  m e t h o d s  resul t  w h e n  calcula t ions  
give a p h o s p h o r u s  tha t  is s l ight ly nega t ive  bu t  close to 
zero w h e n  the  error  is cons idered .  The data  in Table II 
s h o w  tha t  p h o s p h o r u s  can be  d e t e r m i n e d  d o w n  to abou t  
10% to 30% of  the  b o r o n  concen t ra t ion .  Therefore ,  the  

p h o s p h o r u s  concen t r a t ion  was  set  equal  to 20% of  the  bo- 
ron  concen t ra t ion  w h e n  nega t ive  values  were  incurred .  

Precision.--An ind ica t ion  of the  p rec i s ion  of t he  Hall- 
effect  t e c h n i q u e  was  d e t e r m i n e d  by  g rowing  th ree  CZ1 
ingots  f rom the  same  ba tch  of  PMS.  One addi t iona l  CZ2 
ingot  was  g rown  f rom each  CZ 1 ingot.  Table III gives  the  
resul ts  of  the  th ree  Hall-effect  analyses  in t e r m s  of  the  av- 
erage b o r o n  and  p h o s p h o r u s  concen t ra t ions  in PMS,  CZ1, 
a n d  CZ2. P rec i s ion  is c o n s i d e r e d  to be  excel lent .  

Sensi t iv i ty . - -Sensi t iv i ty  calculat ions  were  carr ied out  
to d e t e r m i n e  the  inf luence  of the  e ight  m e a s u r e d  param-  
eters  on the  der ived  b o r o n  and  p h o s p h o r u s  concen t ra -  
t ions.  The effect  on the  ca lcula ted  concen t r a t ions  of  mak-  
ing pe rcen t age  ch an g es  in the  pa rame te r s  is i nd ica ted  in 
Table  IV. A 2% change  in g values,  wh ich  is c o n s i d e r e d  to 
be the  e x p e r i m e n t a l  error,  resu l t s  in <- 1% ch an g e  in bo- 
ron  and  -< 3% change  in p h o s p h o r u s .  Therefore ,  er rors  in 
g va lues  were  no t  c o n s i d e r e d  w h e n  ca lcula t ing  the  errors  
given in Tables  II and  III. 

The errors  in Table III were  d e t e r m i n e d  by  incorpora t -  
ing the  e s t ima ted  errors  of the  net  carr ier  concen t r a t i ons  
in to  the  equa t ions  d e v e l o p e d  in the  E x p e r i m e n t a l  sect ion.  
By ad jus t ing  the  error  in the  net  carr ier  concen t ra t ions ,  a 
va lue  of _+4% was  ob ta ined  tha t  caused  the  bo ron  concen-  
t ra t ion  errors  in Table III to agree wi th  the  sp read  in the  
abso lu te  bo ron  concen t ra t ions .  Rep o r t ed  errors,  then ,  are 
ind ica t ive  of p rec i s ion  ra the r  t h a n  accuracy.  

Dif ferent  va lues  for the  effect ive segrega t ion  coeffi- 
c ients  of boron  and  p h o s p h o r u s  have  b e e n  r ep o r t ed  (18, 
21-23). The sens i t iv i ty  ca lcula t ions  in Table  IV demon-  
s t ra te  tha t  only a m i n o r  change  in bo ron  and  p h o s p h o r u s  
concen t r a t ions  occur  over  the  range  of values  of  the  seg- 
rega t ion  coeff ic ient  ind ica ted .  

Sens i t iv i ty  ca lcula t ions  were  p e r f o r m e d  for a g iven  set  
of i mp u r i t y  condi t ions .  Dif ferent  errors  are e x p e c t e d  to 
occur  in o ther  c i r cums tances .  

Conclus ions 
Hall-effect  analyses ,  p e r f o r m e d  on wafers  cut  f rom a 

s econd-gene ra t i on  CZ ingot  pul led  f rom PMS,  p rov ide  an 
accura te  m e a s u r e m e n t  of  b o r o n  and  p h o s p h o r u s  concen-  
t rat ions,  c o m p a r e d  wi th  t hose  ob ta ined  f rom the  mul- 
t ip le-pass  float-zone m e t h o d  of  analysis.  B o r o n  levels be- 

Table I. Range of measurements far Hall-effect analyses of boron and 
phosphorus 

Table III. Analyses (ppma) of second-generation CZ ingots grown from 
the same batch of PMS 

Measurement Range Silicon Boron Phosphorus 

g~, g3 O* 
g~ 0.70-0.88 
g4 0.62-0.80 

g~.~ 0.02-0.06 
gw~ 0.37-0.74 

n~,, nw2 1.3-24 ppma 
p~.~, p~ ~ ~0.3-0.04 l-~-cm 

* Assumes seed end not cropped. 

PMS-20 1.9 -+ 0.1 2.2 _+ 0.6 
CZ1-74 1.7 -+ 0.1 1.1 -- 0.3 
CZ2-76 1.5 -+ 0.1 0.6 -+ 0.1 

PMS-20 1.6 -+ 0.1 2.0 +_ 0.6 
CZ1-75 1.5 -+ 0.1 1.2 _+ 0.2 
CZ2-77 1.4 +_ 0.1 0.6 -+ 0.1 

PMS-20 1.9 _+ 0.1 2.2 _+ 0.6 
CZ1-82 1.7 _+ 0.1 1.2 -+ 0.3 
CZ2-83 1.5 -+ 0.1 0.6 -+ 0.2 

Table II. Comparison of boron and phosphorus concentrations (ppma) 
from Hall-effect and float-zone techniques 

Boron 
Ingot 

number Hall-effect Float-zone 

Phosphorus 

Hall-effect Float-zone 

32* 1.5 -+ 0.2 1.0 -+ 0.2 0.1 -+ 0.2 0.3 -+ 0.1 
59 2.1 -+ 0.8 3.0 -+ 0.6 <0.4 <0.6 
65 2.9 -+ 0.6 3.4 -+ 0.7 <0.6 <0.7 
44 7.2 + 0.6 7.6 -+ 1.1 1.8 -+ 0.7 1.9 -+ 0.5 
46 9.8 +- 1.8 9.7 +- 1.3 2.7 -+ 2.2 3.0 - 0.8 
19 13 -+3 11 -+2 4 -+4 <2 
26 18 -+ 1 23 -+2 20 +- 1 39 -+5 
41 23 -+2 26 -+3 5 -+3 5 -+ 1 
40 32 -+5 30 -+3 6 -+ 7 <6 

Table IV. Effect of parameter variations on the concentrations of boron 
and phosphorus (ppma) in second-generation CZ ingots 

Parameter % Change (B) (P) 

Base case - -  1.48 0.58 
gl org~ +2 1.49 0.59 
g3 or g4 +2 1.48 0.58 
gwl +2 1.48 0.58 
gw~ +2 1.47 0.56 
nwl +4 1.58 0.65 
nw2 +4 1.45 0.54 
kerr(B)* +2.5 1.42 0.52 
kerr(P)** + 14 1.56 0.66 

* 0.80 --+ 0.82. 
*Bcz~ = 1.3 ppma from actual weighed amounts of B and Si. ** 0.35 --+ 0.40. 
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tween about 1 and 30 ppma were determined with an 
average error of approximately -+20%. The lower limit of 
phosphorus measurement  is about 20% of that for boron. 

The precision of the Hall-effect technique, as deter- 
mined by analyzing multiple samples prepared from the 
same batch of silicon, was excellent at the low-ppma level 
for both impurities. 

Sensitivity calculations demonstrate that measurement  
of net carrier concentration is the most critical parameter 
affecting the analyses. 

The Hall-effect method of analyzing boron and phos- 
phorus in PMS via CZ ingots produced from it, is 
sufficient at a pilot-plant scale of production for 
characterizing the quality of these materials with respect 
to their suitability for fabricating solar cells. This l~re- 
sumes knowledge of concentrations of other impurities 
from different analytical techniques. 
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Compositional Analysis of Silicon for Solar Cells 
Lee P. Hunt* 

Exxon Research and Engineering Company, Clinton, New Jersey 08801 

ABSTRACT 

A potential  route to silicon for solar cells involves using an improved version of the carbothermic process to give an 
intermediate product capable of being upgraded by chemical and physical means to an acceptable end product. The 
compositional analysis of these intermediate and end products is discussed from the viewpoint of someone who must  
make research and development or business decisions based on information supplied by analysts. Methods are dis- 
cussed for analyzing dopants (B and P), metals (A1, Fe, and others), and nonmetals (C, O, and SIC). Adequate methods 
are available, except when trying to measure the sub-ppm concentrations of metals present in the final silicon product. 
A plan is suggested for developing a quality assurance method for the time when the industry grows to the extent of re- 
quiring its own source of silicon rather than by-products from the semiconductor industry. 

This paper deals with the compositional analysis of sili- 
con from a user's point of view. The user is one who must  
make decisions based on analytical data concerning the 
purity of silicon. Such decisions must  be made at various 
stages in a product 's life. At the research and develop- 
ment  stage, rapid analytical results from established tech- 
niques are needed so that decisions can be made to guide 
the research and development program. These tech- 
niques are hopefully aqailable from outside analytical 
houses which have low cost and fast turnaround services. 
However, these two attributes usually do not go hand-in- 

*Electrochemical Society Active Member. 

hand with the accurate and low level analyses needed for 
high purity silicon. 

Since this review is concerned with silicon for solar 
cells, a product very young in its evolutionary cycle, most 
of the analytical techniques described are those readily 
available. Limitations of present capabilities are noted 
and suggestions are made for further development of 
techniques. 

Silicon solar cells are typically fabricated from wafers 
cut from single or polycrystalline ingots. These ingots 
may be grown from semiconductor-grade silicon (SeG-Si) 
manufactured using the Siemens C process, which in- 
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volves the high temperature hydrogen reduction of very 
pure trichlorosilane. This silicon compound, in turn, is 
prepared by the hydrochlorination of 98% pure metallur- 
gical-grade silicon (MG-Si). Since the cost of solar cells 
must be considerably reduced in order to penetrate large- 
scale markets, much attention has been focused on 
upgradng MG-Si using lower cost metallurgical proce- 
dures (1-4) compared to higher cost chemical methods, 
such as the chlorosilane routes. This paper more particu- 
larly discusses the use of various analytical techniques for 
analyzing the composition of metallurgically processed 
silicon. 

The compositional analysis of two grades of silicon are 
considered. Purified metallurgical silicon (PMS) is de- 
fined as the product of the carbothermic reduction of sil- 
ica in an arc furnace under purer-than-normal conditions. 
This silicon can be upgraded by various chemical and 
physical techniques, e.g., acid leaching, slagging, direc- 
tional solidification, etc., to produce a material of suffi- 
cient quality to be directionally solidified under condi- 
tions which provide for the effective segregation of 
impurities. The final ingot, called solar-grade silicon 
(SoG-Si), can be cut into wafers for solar cell fabrication. 
Table I shows typical impurity concentrations in PMS 
and SoG-Si based upon data reported in the literature. 

The most important impurities in PMS and SoG-Si 
have been categorized for ease of discussion. Boron and 
phosphorus are the most common dopants, as well as the 
most difficult impurities to remove from silicon. This is 
because their segregation coefficients between liquid 
and solid silicon are very close to unity. 

Of the metal impurities, a luminum and iron are treated 
separately because of their typically higher concentra- 
tions in PMS. This results from their common occurrence 
in raw materials as well as the construction materials 
used in metallurgical processing. Although aluminum is a 
dopant, its concentration in SoG-Si is lower than that of 
boron and phosphorus because it is easily removed both 
chemically and physically. In addition, only about 10% of 
the aluminum in silicon is electrically active. Even 
though the chemical methods of removing iron from sili- 
con are not as numerous as those for aluminum, the con- 
centration of iron can be reduced significantly during 
directional solidification because of iron's favorable seg- 
regation coefficient. 

Other metal impurity concentrations in PMS can also 
be reduced to a great extent during directional solidifica- 
tion since their segregation coefficients are in the general 
range of 10-5 to 10-s. The most important of these impt, ri- 
ties are the lifetime killers such as Mo, Ti, V, and Zr. For- 
tunately, the most severe lifetime killers are the ones with 
the smallest segregation coefficients. 

The remaining category of impurities is that of the non- 
metals. Included in this group is interstitial oxygen, and 
its various forms of precipitates, substitutional carbon, 
and silicon carbide as a second-phase material. Oxygen 
and carbon are important with respect to their influence 
on structural defects in crystalline SoG-Si. Silicon car- 
bide particles can cause formation of twin planes during 
crystal growth and also can act as nucleation sites for im- 
purities that lead to shunting of solar cells. 

Boron and Phosphorus 
Hall effect and float zone.--There are only two meth- 

ods that appear to be reliable enough to provide accurate, 
precise analyses for boron and phosphorus at concentra- 
tions covering the range from sub-ppma to about 100 
ppma. These are the float-zone, resistivity method that is 
traditionally used for evaluating semiconductor-grade 
polycrystalline silicon, and the Hall-effect technique (5). 

The correlation between boron concentrations mea- 
sured by these two methods is shown in Fig. 1. A least 
squares fit to the logarithm of the concentrations shows a 
slope of 0.94 and a Y-intercept of 0.04 for boron data cov- 
ering a range of about 1 to 30 ppma. The square of the 
correlation coefficient indicates that 96% of the variation 
in the Hall boron concentration is explained by the re- 

Table I. Concentrations of impurities reported in purified metallurgical 
silicon and SoG-Si 

Impurity concentration (ppmw) 

Impurity PMS SoG-Si 

A1 50-500 0.005-0.05 
B 0.1-10 0.1-10 
C 50-100 0.5-1 
Fe 50-100 <<1 
Other metals 1-10 <<1 
O 5-20 10-20 
P 0.1-10 0.02-2 
SiC 100-300 <1 

gression equation. Although the Hall-effect method has 
not been tested in the sub-ppma range, it is projected to 
be an even more accurate method than the established 
float-zone technique (5). 

Phosphorus is determined simultaneously with boron 
since the Hall effect measures the difference in net impu- 
rity concentration. Phosphorus was determined in the 
same silicon samples, as indicated above for boron, to as- 
certain the correlation between the Hall-effect and float- 
zone methods. Data are presented in Fig. 2 for fewer 
samples than for boron since phosphorus cannot be mea- 
sured by either method to concentrations less than 20% of 
the boron concentration. The slope of the log-log plot is 
1.08 with a Y-intercept of -0.21. The square of the correla- 
tion coefficient is 0.94 for only five data points covering 
a phosphorus concentration range of about 0.1 to 20 
ppma. As with boron, further work is required to estab- 
lish that the method can be applied to even lower concen- 
trations; prospects seem favorable. 

Spark-source mass spectroscopy (SSMS).--SSMS pro- 
vides a mult ielement analysis. However, its success 
strongly depends on the capability and skill of the ana- 
lyst. Expertise developed within semiconductor  compa- 
nies for sparking directly to a solid silicon sample pro- 
vides the greatest sensitivity (-0.01 ppma), provided that 
the equipment  is dedicated to high-purity silicon. Even 
then, the difficulty in establishing accurate sensitivity 
factors to relate line intensities to concentrations results 
in analyses of boron and phosphorus that are lower than 
concentrations obtained by electrical resistivity measure- 
ments. A special method using silicon powder mixed 
with gallium has been reported (6). Another variation of 
this method, as performed by most commercial  analytical 
laboratories, involves sparking dry graphite that contains 
the silicon sample previously dissolved in acid. This 
method has a sensitivity of about 0.01-0.5 ppma, de- 
pending upon the analyst, and also requires ultrapure 
acids and graphite. 
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Fig. 1. Correlation of boron analyses by Hall-effect and float-zone 
methods. 
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A comparison of the analysis of equivalent Czochralski 
wafers by the Hall-effect method and SSMS is shown in 
Fig. 3 for boron concentrations between 0.01 and 17 
ppma. The SSMS concentrations are on the average 
about six times lower than equivalent Hall-effect concen- 
trations. A comparison between two labs of equivalent  sil- 
icon samples analyzed by SSMS for boron is provided in 
Fig. 4. The ratio of the concentrations reported by the two 
labs ranges from 0.07 to 3 for boron concentrations in the 
range of 0.4 to 8 ppma, as determined from resistivity 
measurements  on single-crystal samples. 

Similar comparisons are made for phosphorus analyses. 
The ratio of concentrations determined by the Hall-effect 
and SSMS methods are given in Fig. 5 for a relatively 
small range of phosphorus concentrations (1-6 ppma). 
The SSMS values are on the average three times lower 
than the Hall-effect concentrations, which agree with re- 
sistivity measurements.  A comparison of determinations 
made by different labs on seven equivalent, phosphorus- 
doped samples gave a ratio of their concentrations that 
ranged from 0.5 to 20. These samples covered phosphorus 
levels from 1 to 30 ppma (Fig. 6). 

SSMS has adequate sensitivity for measuring boron 
and phosphorus concentrations in silicon for solar cell ap- 
plications. However, the method appears to have neither 
sufficient accuracy nor precision. 

Emission spectroscopy (ES).--In the early stages of 
many research and development  programs, emission 
spectroscopy has been used to analyze silicon because it 
is a widely available service that provides a fast 
mult ielement  scan at reasonable cost. The method is ca- 
pable of providing reliable data concerning order-of- 
magnitude changes in concentrations; it can be mislead- 
ing for determination of smaller changes in impurity 
levels. ES data have been reported on the repeated analy- 
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Fig. 6. Ratio of phosphorus concentrations measured at two laborato- 
ries using SSMS. 

sis of a powdered MG-Si sample that was used as a 
standard by which to compare other ES analyses of 
purified MG-Si (7). The data, summarized in Fig. 7 for 37 
analyses, show the concentration of boron to range from 
23 to 240 ppma. The mean concentration of 96 ppma has a 
standard deviation of -+61 ppma. This one-sigma value 
statistically implies that any given analysis has a 68% 
chance of falling within the range of 96 -+ 61 ppma. For 
more exact work, the two-sigma standard deviation (95% 
probability) puts the mean boron concentration at 96 -+ 
121 ppma, indicating that any measured boron concentra- 
tion has a greater than 100% error associated with it. For 
an impurity as important as boron, this error size is unac- 
ceptable. In addition, the lower limit of detection of about 
3-30 ppma boron in silicon is not low enough for the 0.1-1 
ppma upper concentration levels allowable for SoG-Si. 
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Fig. 7. Multiple ES analyses of boron in a standard MG-Si sample 

P h o s p h o r u s  c a n n o t  be  d e t e r m i n e d  b y  ES at concen t r a -  
t ions  less  t h a n  a b o u t  1000 p p m a .  T he  va lues  r e p o r t e d  by  
m o s t  ana ly t i ca l  l abs  i nvo l ve  u s e  of  a s epa ra t e  s p e c t r o p h o -  
t o m e t r i c  m e a s u r e m e n t  of t he  b lue  p h o s p h o m o l y b d a t e  
complex .  Mul t ip le  ana lyses  of  the  p o w d e r e d  MG-Si  
s t a n d a r d  (7) u s i n g  th i s  m e t h o d  are s u m m a r i z e d  in Fig. 8. 
The  m e a n  is 42 _+ 28 p p m a  for  va lues  t h a t  r a n g e d  f r o m  2 
to 140 ppma .  Th i s  s p e c t r o p h o t o m e t r i c  m e t h o d  is n e i t h e r  
s ens i t i ve  no r  accu ra t e  e n o u g h  to be  u s e d  for  p h o s p h o r u s  
d e t e r m i n a t i o n  in  s i l icon i n t e n d e d  for p h o t o v o l t a i c  appl i -  
ca t ions .  

Other methods.--Boron d e t e r m i n a t i o n  in  s i l icon d o w n  
to 0.1 p p m a  has  b e e n  r e p o r t e d  u s i n g  i n d u c t i v e l y  coup l ed  
p l a s m a  e m i s s i o n  s p e c t r o s c o p y  (ICP-ES) (8). In  o rde r  to 
r e a c h  th i s  low level ,  s i l icon m u s t  be  vola t i l ized  f rom the  
d i s so lved  sample .  Th i s  r e q u i r e s  spec ia l  c h e m i c a l  t reat-  
m e n t  to p r e v e n t  b o r o n  loss f rom the  s a m p l e  a long  w i th  
t he  sil icon. X-ray  f luo rescence  s p e c t r o m e t r y  (XRFS)  can- 
no t  b e  u s e d  to d e t e r m i n e  b o r o n  b e c a u s e  of i ts  low a tomic  
n u m b e r .  

P r e l i m i n a r y  ana lyses  of  s i l icon for p h o s p h o r u s  u s i n g  
I C P - E S  s h o w e d  a d e t e c t i o n  l imi t  of a b o u t  0.1 p p m a .  How-  
ever,  suf f ic ien t  da ta  were  no t  ava i l ab le  to  d r a w  f i rm con= 
c lus ions .  F u r t h e r  w o r k  on  th i s  t e c h n i q u e  is w a r r a n t e d .  
X R F S ,  w h i c h  can  m e a s u r e  p h o s p h o r u s  c o n c e n t r a t i o n s  
d o w n  to a b o u t  10 p p m a ,  is in su f f i c i en t  for  so lar  s i l icon 
needs .  

Aluminum, Iron, and Other Metals 
As m e n t i o n e d  earl ier ,  A1 a n d  Fe  di f fer  f rom t he  o the r  

m e t a l  i m p u r i t i e s  b e c a u s e  of  t h e i r  m u c h  h i g h e r  c o n c e n t r a -  
t ions  in  PMS.  T i t a n i u m  is u s e d  be low as a r e p r e s e n t a t i v e  
of  the  o t h e r  l ower  c o n c e n t r a t i o n  m e t a l  impur i t i e s .  

The  overa l l  ana ly t i ca l  p i c t u r e  for  m e t a l  i m p u r i t i e s  is 
s imi l a r  to  t h a t  for  B a n d  P. E m i s s i o n  s p e c t r o s c o p y  h a s  a 
d e t e c t i o n  l imi t  of a b o u t  10 p p m w  a n d  also ha s  a la rge  er- 
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Fig. 8. Multiple ES analyses of phosphorus in a standard MG-Si 
sample. 
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Fig. 9. Multiple ES analyses of aluminum in a standard MG-Si sample 

ror  a s soc ia t ed  w i t h  each  analysis .  Ana lyse s  of  the  MG-Si  
s t anda rd ,  d e s c r i b e d  in t he  p r e v i o u s  sect ion,  are s h o w n  in  
Fig. 9 for  a l u m i n u m  (7). M e a s u r e d  c o n c e n t r a t i o n s  r a n g e d  
f rom 1700 to 9100 p p m w  w i t h  a m e a n  a n d  one  s t a n d a r d  
d e v i a t i o n  of  4300 - 1900 p p m w .  E q u i v a l e n t  da ta  for  i ron  
we re  8100 --- 2500 over  a r a n g e  of  5,000 to 15,000 p p m w  
(0.5%-1.5%); a n d  for  t i t a n i u m ,  440 -+ 210 p p m w  over  a 
r a n g e  of  40 to 1300 p p m w .  

X R F S  has  no t  b e e n  i n v e s t i g a t e d  in as  m u c h  detai l ,  b u t  
t he  m e t h o d  is e x p e c t e d  to give d e t e c t i o n  l imi t s  s imi la r  to 
t h a t  of ES. 

Meta l  c o n c e n t r a t i o n s  in  va r ious  g rades  of  s i l icon were  
ana lyzed  u s i n g  S S M S  b y  two  serv ice  l abora to r ies .  The  re- 
su l t s  are s u m m a r i z e d  in Tab le  II. The  ra t io  of  a concen t r a -  
t ion  r e p o r t e d  b y  L a b  1 to t h a t  r e p o r t e d  b y  L a b  2 va r i ed  b y  
as m u c h  as a fac to r  of ten.  In  t he  case of t i t a n i u m ,  L a b  1 
p r o v i d e d  a d e t e c t i o n  l imi t  in  t he  s u b - p p m w  range.  How-  
ever ,  i t  is p o i n t e d  ou t  t h a t  th i s  sens i t iv i ty  leve l  was  
a c h i e v e d  u n d e r  r e s e a r c h  a n d  d e v e l o p m e n t - t y p e  condi-  
t ions ,  as o p p o s e d  to c o m m e r c i a l - l a b o r a t o r y  cond i t ions ,  as 
i n d i c a t e d  b y  e q u i v a l e n t  L a b  2 data.  In  a n y  case,  t i t a n i u m  
a n d  o t h e r  m e t a l  i m p u r i t i e s  we re  b e l o w  the  d e t e c t i o n  l imi t  
of S S M S  p e r f o r m e d  at b o t h  labora tor ies .  In  s u m m a r y ,  
S S M S  is a d e q u a t e  for  i n d i c a t i n g  the  gene ra l  leve l  of me ta l  
c o n c e n t r a t i o n s  in  PMS.  I t  c an  also be  u s e d  to c h e c k  for  
pos s ib l e  m e t a l  c o n t a m i n a t i o n  in  SoG-Si ,  b u t  c a n n o t  abso-  
lu te ly  m e a s u r e  t he  ve ry  low level  of  m e t a l  c o n c e n t r a t i o n s  
t h a t  c a n  af fec t  so lar  cel l  ef f ic iency (9). 

The  ana lyses  in  Tab le  II  s h o w  A1 a n d  Fe  c o n c e n t r a t i o n s  
of  1-10 p p m w  in wafers  cu t  f rom ingo t s  g r o w n  f rom 
MG-Si  u n d e r  d i f f e ren t  c rys t a l -g rowth  cond i t ions .  These  
c o n c e n t r a t i o n s  are, at  f irst  g lance,  m u c h  h i g h e r  t h a n  
w o u l d  be  e x p e c t e d  s ince  s eg rega t ion  of  A1 a n d  Fe  is ve ry  
ef fec t ive  d u r i n g  c rys ta l  g rowth .  T h e s e  c o n c e n t r a t i o n s  
h a v e  b e e n  c o n f i r m e d  u s i n g  ICP-ES.  Ward  ha s  r e p o r t e d  
u p  to a l m o s t  1 p p m w  Fe as FeSi2 p r ec ip i t a t e s  in  
Czochra l sk i  wafers  u s e d  in  dev ice  p r o d u c t i o n  (10). The  
sou rce  of  s u c h  i ron  is u n c e r t a i n ,  as is also t he  case  for  alu- 
m i n u m .  S ince  i ron  at  t h e  1 p p m w  level  w o u l d  seve re ly  de- 
g r ade  solar  cell eff iciency,  t h e  a b s e n c e  of  d e g r a d a t i o n  
sugges t s  t h a t  i ron  m u s t  be  ef fec t ive ly  r e m o v e d  in get- 

Table II. Comparison of SSMS analyses from two laboratories 

SSMS impurity concentration (ppmw) 

A1 Fe Ti 
Silicon grade Lab 1 Lab 2 Lab 1 Lab 2 Lab 1 Lab 2 

MG-Si 7000 >1000 1000 1000 700 200 
3000 >1000 500 1000 700 1000 

200 >1000 1500 1000 30 20 
150 >1000 1000 > 1000 30 100 

4000 >1000 300 > 1000 7 5 
15 10 7 1 < 2 < 1 

1 5 10 2 < 0.07 < 1 
2 5 3 1 < 0.07 < 1 
1 5 3 2 < 0.07 < 1 
0.3 - -  3 - -  < 0.07 - -  

MG-Si, 
1 Cz 

MG-Si, 
2 Cz, 
1 Fz 

SeG-Si 
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tering steps during solar cell processing. Further  work is 
required to elucidate this problem. 

ICP-ES has been used to determine metal concentra- 
tions at levels around the 0.1 ppmw level. The real capa- 
bilities of the technique remain to be established. 

N o n m e t a l s  
Carbon and oxygen.--The same infrared technique 

used to measure C and O concentrations in SeG-Si can 
also be used for analyzing various grades of recrystallized 
PMS. A limitation exists for solar grades of silicon since 
silicon becomes opaque to infrared radiation when the 
boron concentration in it exceeds about 3-4 ppma. 

Fourier transform infrared (FTIR) spectroscopy was 
used at room temperature to compare the C and O levels 
in PMS and SeG-Si recrystallized using Czochralski, 
Bridgman, and float zoning methods (11). Most of the 
data compared in Table III are averages from between 10 
to 30 analyses of wafers cut from ingots; only limited data 
were available from Bridgman samples. When SeG-Si was 
the starting material, carbon levels were < 1 ppma. Oxy- 
gen concentrations were about 10 ppma in samples grown 
from crucibles, and < 1 ppma for float-zoned material. 
When PMS was the starting material, oxygen concentra- 
tions were again about 10 ppma because of the crucible, 
which contained the silicon during crystal growth. The 
complex topic of precipitated oxygen is purposely not 
dealt with in this paper. Carbon levels were about 15 
ppma in once-crystallized ingots, and about 2 ppma in 
twice-crystallized Czochralski material, as would be pre- 
dicted from carbon's segregation coefficient of 0.07. Car- 
bon concentrations are higher in ingots from PMS than 
SeG-Si since PMS comes directly from a carbothermic re- 
duction process. 

Carbon cannot be determined in pure silicon using 
combustion techniques in the manner that they are usu- 
ally practiced for other materials. These methods involve 
burning of a sample to form COx, which is measured in 
various ways in different equipment.  Although the tech- 
niques are used to determine carbon in silicon alloys of 
lower silicon content, some unidentified problem, e.g., 
incomplete combustion, results in erratic results for high 
silicon alloys. Table IV summarizes data for carbon deter- 
minations carried out by five different laboratories using 
the Leco and Richard Steeps combustion methods (12). 
Analyses were performed on polycrystalline SeG-Si that 
had a supplier specification of < 0.3 ppma via FTIR. The 
combustion analyses indicated concentrations in excess 
of 100 ppma. 

As a rule of thumb, the saturation solubility of carbon 
in silicon is about 10 ppma, and approximately an addi- 
tional 10 ppma can be present under conditions of super- 

Table III. Carbon Qnd oxygen analysis via FTIR as a function of silicon 
source and growth method 

Starting Growth 
material method [C] (ppma) [O] (ppma) 

SeG-Si None < 0.3* < 0.05* 
1Fz <1 <1 
1 Cz < 1 13 • 1 
1Br <1 7-+5 

PMS 1Cz 14• 9-+2 
2Cz 2-+1 13•  
1Br 15-+5 - 5  

* Supplier specification. 

Table IV. Analysis (ppma) of polycrystalline SeG-Si with a carbon 
specification of < 0.3 ppma by two combustion methods 

LECO R. Steeps 

Lab A Lab B Lab C Lab D Lab E 

230 1950 220 • 100 120 • 10 160 • 20 

Si  F O R  S O L A R  C E L L S  1895 

saturation. Carbon concentrations in excess of about 20 
ppma will precipitate as silicon carbide. 

Silicon carbide.--Microscopic observation appears to 
be the only means to measure the content of SiC in sili- 
con. Three methods have been used: counting of particles 
(i) on a filter paper through which a dissolved silicon 
sample has been passed, (ii) on a polished silicon surface, 
and (iii) within the volume of a silicon slab. Particle size 
and number  are used to calculate SiC concentration. 

lg  samples of MG-Si and PMS were dissolved in boiling 
3N NaOH and filtered through 0.6 t~m paper (13). Silicon 
that had been fast cooled, after being tapped from an arc 
furnace, contained about 350 particles which showed a 
sharp size distribution centered around an average "diam- 
eter" of 4 t~m. Nearly all particles were < 10 tLm in size. 

Polished samples of PMS and MG-Si, and of their direc- 
tionally solidified ingots, were analyzed for SiC by micro- 
scopically counting the particles intersecting the surface 
(14). The method has a resolution of 0.5 t~m and a sensitiv- 
ity of 400 particles per 100 cm 2. Analyses of PMS and 
various sources of MG-Si showed SiC concentrations be- 
tween 110 and 270 ppmw. 

Infrared microscopy has a lower resolution (10 t~m) than 
the optical method because of the limited depth of focus 
at higher magnification. However, the IR method allows 
the volume of samples to be surveyed, thereby eliminat- 
ing the uncertainty that particles might  not intersect a 
surface. This volume probe increases the sensitivity to 
five particles in a 500 t~m thick, 100 cm 2 wafer. Twice- 
crystallized ingots grown by the Czochralski method con- 
tain no detectable SiC particles. Since SiC particles grow 
in size when silicon is molten, the 10 t~m resolution of the 
IR microscope does not appear to be a limitation. As the 
size of any particles decrease, their number  has to in- 
crease enormously to represent a significant weight frac- 
tion. Therefore, the concentration of SiC in once- or 
twice-crystallized Si is estimated to be << 1 ppmw. How- 
ever, their effect on solar cell performance still needs to 
be explored. 

Conclusions 
The doping impurities boron and phosphorus can be 

simultaneously measured either by the float-zone/resis- 
tivity or the Czochralski/Hall-effect methods. Both meth- 
ods give concentrations with adequate accuracy and pre- 
cision. Other analytical methods have proved inadequate 
for determining either of these impurities. An exception 
is ICP-ES, which is sensitive enough for boron but which 
must be further investigated for phosphorus. 

Metal impurities can be measured in PMS using either 
ES, XRFS, SSMS, or ICP-ES. All of the methods are 
semiquantitative in that they yield concentrations reliable 
within about a factor of two. This degree of reliability is 
good enough, however, to make adequate decisions con- 
cerning PMS quality for either research and development  
or production purposes. 

Only SSMS, and perhaps ICP-ES, has adequate sensi- 
tivity to determine whether  SoG-Si is pure enough with 
respect to metal impurities for use in manufacture of so- 
lar cells having acceptable efficiencies. If  the SoG-Si is 
pure enough, neither method is sensitive enough to moni- 
tor such concentrations. However, the techniques can 
provide a means to test SoG-Si for inadvertent contami- 
nation. 

The nonmetals, O, C, and SiC, can be measured by con- 
ventional methods. FTIR is adequate for determining 
both O and C. Laborious methods involving microscopic 
counting are sufficient for measuring the concentration 
of SiC, if necessary. 

As the solar silicon industry grows, quality assurance of 
silicon could probably be met  to a large extent  by devel- 
oping a strong capability of ICP-ES. With reasonable suc- 
cess, this method might be adequate for determining B 
and P concentrations in addition to metal concentrations, 
thereby simplifying the variety of techniques and asso- 
ciated equipment  required. The Czochralski/Hall-effect 
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method appears to be the simplest and most reliable way 
to measure B and P concentrations in the mean time. 
Both C and O can be easily measured using FTIR. 
Various microscopic techniques would allow the determi- 
nation of SiC, as well as the general defect structures that 
are always a problem in silicon. 
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ABSTRACT 

The far-infrared (FIR) transmission properties and index of refraction of thick ( -  2000 ~) vitreous germanium oxide 
films on single-crystal germanium have been measured before and after high temperature reaction with flowing ammo- 
nia gas. Significant shifts in the transmission spectra were observed as a function of both time at temperature and NH3 
flow rate. Correlation was observed with transmission minima reported in the literature for fine powders of germanium 
nitride and for thin (<1000A) layers of ion-implanted and annealed germanium/oxygen and germanium/nitrogen com- 
plexes. In addition, when the nitrided films were reoxidized at high pressure, structure was observed which corre- 
sponded to FIR transmission of hexagonal-phase GeO2 powder specimens. 

Insulat ing layers on semiconductor surfaces are an es- 
sential part of the current technology in planar devices 
and particularly in the metal-insulator-semiconductor 
structure often used to construct the basic unit  (FET) of 
VLSI circuits. Oxides and nitrides of silicon can be 
formed directly on silicon single-crystal surfaces by 
thermal reaction with gases. However, other semicon- 
ductors of interest do not react as readily to form uniform 
layers of "native" insulators. Other means of formation, 
such as sputtering, evaporation, wet chemistry, etc., have 
been used, but these techniques generally lead to undesir- 
able electrical properties at the interface between the in- 

Key words: germanium, germanium insulator, germanium ox- 
ides, germanium nitrides, far-infrared transmission. 

sulator and the substrate, even on silicon. Compared to 
silicon, electron and hole mobilities are more nearly the 
same, and higher in absolute value in germanium. Be- 
cause of this, germanium has been suggested as an at- 
tractive candidate for low temperature CMOS elements 
(I). Recently, Hua et al. (2) have explored the possibility 
of forming nitrides on germanium by thermal reaction 
with ammonia/nitrogen mixtures. They observed that 
very thin films of oxynitride were formed with a 2.5:1 
nitrogen-to-oxygen ratio. Further studies by Rosenberg 
(3) have indicated that an initial partial pressure of,oxy- 
gen in the reaction chamber was a necessary condition for 
the reaction to occur between germanium and ammonia 
in a uniform manner over the surface. In those two stud- 
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ies, it was concluded that this procedure limited film 
thickness to the order of 100~ because of the barrier to 
oxygen and nitrogen diffusion presented by the uniform 
nitride (or oxynitride) layer that subsequently formed. In 
the studies reported here, a relatively thick ( -  2000~) ox- 
ide layer on germanium was used as the starting point for 
high temperature reaction with ammonia gas. Displace- 
ment  of the oxygen by nitrogen during the thermal reac- 
tion was monitored by means of infrared transmission in 
the 8-40 /~m range. The extinguishing and developing of 
well-defined absorption maxima were compared to pub- 
lished data and to FIR transmission of pressed powder 
specimens of Ge~N4 and GeO/GeO~. 

Exper imenta l  
Specimens were prepared from a single wafer of (111) 

p-type germanium of 0.1 ~-cm resistivity. The wafer was 
first given an organic contamination cleaning in hot tri- 
chloroethylene, hot acetone, hot methanol, hot deionized 
H20, 48% HF acid dip (30s), and final deionized H20 rinse 
with zero-grade nitrogen blow dry. This was followed by 
a 30s etch in CP-4, another DI H20 rinse, and nitrogen 
blow dry. Approximately 30% of the wafer was removed 
during the CP-4 etch leaving a surface that had a slight 
"orange peel" look and a final wafer thickness of 8.8 mil. 
Infrared transmission was then measured on the wafer in 
the 8-40 /~m wavelength range via a Perkin Elmer Model 
580 infrared spectrometer. At 8 /~m, transmission was 
found to be on the order of 47%, which is approximately 
the value for germanium infrared optical components  
prepared commercially. The wafer was then scribed into 
several pieces and placed in a high pressure chamber 
used for oxide formation (4). An oxidation t reatment  of 
the specimens was performed in which the chamber was 
brought to 650~ at a pressure of 340 arm for 10 min with 
hydrocarbon-free, zero-grade oxygen. Upon removal from 
the pressure vessel, ell ipsometry measurements  (Rudolph 
Research Auto EL-II ellipsometer) disclosed, in general, 
that the layer formed had an index of refraction of 
1.55-1.85 and a thickness on the order of 2200~,, with varia- 
tions depending on the position of the particular piece in 
the pressure chamber. Previous studies of high pressure 
oxidation of germanium typically resulted in index of re- 
fraction values that were greater than the 1.6 usually re- 
ported in the literature (4). Individual pieces of the origi- 
nal specimen were then subjected to various schedules of 
temperature and t ime in flowing electronic grade 
H2(5%)/N2 and NH3 gases in a silica-lined, 1 cm diam tube 
furnace. For those processings, the specimen was loaded 
into the center of the tube furnace on an alumina pallet. 
The system was then flushed for 0.5h at room tempera- 
ture with zero-grade H2/N2 mixture supplied through 
clean fluorocarbon tubing. The outlet end of the furnace 
tube was sealed against ambient  atmosphere backstream- 
ing by connection, via fluorocarbon tubing, to a bubbler 
containing Dow 704 diffusion pump oil. For runs in which 
ammonia  was used, an additional flush of NH3 for 0.5h at 
about 250 sccm was used before commencing furnace 
heating. The volume of the furnace tube was approxi- 
mately 50 cm 3. The furnace was heated to the operating 
temperature at a rate of about 50C~ and cooled some- 
what faster - about 100CYmin, by opening the halves of 
the split-tube furnace. Long-term cooling with the fur- 
nace closed ( -  3h) gave films that appeared identical to 
those that were rapidly cooled. In all cases, gas flow was 
maintained until the furnace tube temperature was 
<200~ 
After each run, the tran.smission and the index of re- 

fraction of the specimen were remeasured. Optical in- 
spection of the surface was also performed with a Lietz 
Orthoplane metallurgical microscope equipped with a 
Nomarski interference contrast attachment. 
Analyzed powders of GeO, GeO2, and Ge3N4 were ob- 

tained from CERAC/PURE, Incorporated, and pressed 
with KBr into standard transmission disks in a metallur- 
gical mounting press (at 20,000 psi) in a ratio of about 5 
mg of specimen powder per gram of KBr. X-ray diffrac- 

tion pattern measurements  confirmed that the GeO2 
powder was predominately hexagonal crystalline in na- 
ture, and the Ge3N4 specimen was approximately a 20/80 
ratio of the a/fl-nitride. Infrared transmissions of the 
pressed powder specimens were normalized with a KBr 
blank disk in the reference beam. FIR transmission traces 
were made on the pressed powder specimens for compar- 
ison with the single-crystal germanium oxide and oxyni- 
tride films of this report. 

Results 
The transmissions of the cleaned and etched germa- 

nium wafer, and a piece of that same wafer after high 
pressure oxidation, are presented as traces 1 and 2 in Fig. 
1. The structure between 25 and 40 /~m is due to the 
Ge-Ge stretching vibrations. The spike at 15 /~m is 
artificial and is caused by a filter change in the spec- 
trometer. The relatively thin ( -  225/~m) specimen results 
in some surface to surface interference fringe resonances 
which are enhanced by the presence of the native oxide 
on the two specimen surfaces as shown in trace 2 of the 
figure. That trace is typical of the transmission measured 
on thick oxides formed by high pressure on (111) germa- 
nium. The index of refraction of this particular specimen 
was 1.70-1.81, as measured at various points on the sur- 
face. A broad shoulder from 9 to 11 /~m (1100-950 cm- ' )  
and two minima at 11.5 /~m (860 cm- ' )  and 18 /~m (570 
cm- ' )  are coincident with the structure reported in the lit- 
erature for germania. The general shape of trace 2 corre- 
sponds well to that observed by Boal et aL. (5) for ther- 
mally grown thick ( -  3800~) silica films on single-crystal 
(111) silicon wafers, and the location of the two minima 
are coincident with those reported by Stein (6) for ion- 
implanted oxygen in single-crystal germanium (orienta- 
tion unspecified) and by Murphy and Kirby for vitreous 
germania powder (7). This suggests that the GeOx grown 
by high pressure oxidation are more nearly amorphous 
than crystalline at least on (111) surfaces. 

When, as in Fig. 1, trace 3, the germanium oxide is ex- 
posed to flowing (180 sccm) NH3 at 650~ a finite broad- 
ening is observed to occur in the 860 c m - '  minimum. The 
change in shape was observed after 0.5h and remained 
unchanged thereafter. Trace 3 of Fig. 1 shows the typical 
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Fig. 1. Nitddation of germanium oxide film. Traces (3), (4), (5), and 

(6): under condition of "high" ammonia flow. Reference traces: (1) bare 
germanium crystal after etching and, (2) same specimen as (1) after high 
pressure oxidation at 340 arm at 550~ for 10 min. Specimen no. 
GEN-30707c. 
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transmission waveform after 9.5h at 650~ Essentially the 
same shape was obtained after lh  at 600~ with no further 
change for longer times at temperature. Upon increasing 
the temperature to 700~ further change in the shape of 
the original oxide min imum centered at 860 cm -1 was ob- 
served, as shown in successive traces 4, 5, and 6 of Fig. 1. 
There, remnants of the broad, short wavelength shoulder 
and minimum of the characteristic oxide absorption band 
are still evident, but a definite shift is observed toward 
longer wavelength, with a new minimum evident in the 
vicinity of 720 cm-L It should be noted that the curves 
here have been offset along the ordinate axis for clarity. 
The actual transmissions at 8 /~m (left-hand margin) of 
traces 1 through 4 were - 46%, for trace 5, 39.5%, and for 
trace 6, 5.5%. 

Noticeably different results were obtained when the ex- 
periment was repeated at a much lower ammonia flow 
rate of 3.5 sccm (about one chamber volume change every 
14 rain vs. about 4 changes per min in the first series). As 
shown in Fig. 2, a min imum of 730 cm -~ developed within 
the first hour and continued to increase with time at tem- 
perature. By 12h total time, a second well-defined mini- 
mum could be observed at 775 cm -~, and, finally, by 20h, 
yet another min imum was observed at 910 cm-L Rem- 
nants of the 860 cm -J oxide peak could still be detected 
after 29.5h at 700~ In addition, no significant change 
was observed in the rather broad minimum at 570 cm -~, 
which has been reported by others as being related to the 
germanium oxide absorption (7, 8). In comparison, treat- 
ment  by H2(5%)/N2 had no effect on the germania layers 
other than to enhance the rate of reduction/decomposi- 
tion at temperatures above about 550~ For example, at 
600~ repeated thermal treatments in HJN2 at flows on 
the order of 100 sccm resulted only in a reduced depth of 
the transmission minimum at 860 cm-L Six hours in the 
HJN2 mixture at 600~ was sufficient to completely re- 
move the transmission minima at 860 and 570 cm-L 

Trace 1 of Fig. 3 shows the specimen of Fig. 2 after a 
final (29.5h total) NH3/700~ treatment in the low 
flow condition. Note that all of the minima mentioned 
above are still apparent in that trace as well. In trace 2 of 
Fig. 3, the results of a 15 min rinse in 25~ deionized H20 
is shown. The major change from the trace above is the 
further reduction of the oxide associated minimum at 860 
cm -1. When the same specimen was subsequently re- 
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Fig. 2. Nitridation of germanium oxide film under condition of "low" 

ammonia flow. Specimen no. GEN-30707e. 
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Fig. 3. Effect of high pressure reoxidation of ammonia-treated film. 
(1): After 1770 min in NH3 at 700~ and 180 sccm flow. (2): Specimen 
as in trace (1), plus 15 min in 25~ deionized H~O. (3): Specimen as in 
trace (2) plus 10 rain ot 650~ in oxygen, 340 atm. Specimen no. 
GEN-30707e. 

exposed to oxygen at high pressure, the transmission 
measurements  (trace 3, Fig. 3) disclosed that the oxide 
layer had regrown at the expense, at least in part, of the 
nitride or oxynitride. In addition, the dominant 860 cm -1 
absorption is narrower, the subsidiary oxide associated 
minimum near 570 cm -1 had developed noticeable struc- 
ture, and a new shorter wavelength min imum near 960 
cm -1 can also be seen. Some of this structure has been 
subsequently observed in (100) specimens reacted with 
oxygen at high pressure for a longer t ime and is quite 
similar to hexagonal crystalline GeO2 powders reported in 
the literature (7, 8). 

Discussion 
The nitrides of germanium appear to be polymorphic 

compositions of Ge3N4. Ruddlesdon and Popper  (9), in de- 
tailed powder x-ray diffraction studies, have essentially 
established that germanium nitrides are isomorphic with 
silicon nitrides. As with fl-Si3N4, fl-Ge3N4 is more readily 
formed from the reaction of the oxide with ammonia 
rather than by direct chemical combination of nitrogen 
with elemental germanium (9-12). Also, the s-phase of 
Ge3N4 appears, as with ~-Si~N4 (13), to form by condensa- 
tion from the gaseous state whereas the fl-phase develops 
within the condensed germanium oxide surface. This 
conclusion is supported in these studies as well. Micro- 
scopic examination of the surfaces after various tempera- 
ture/time/flow treatments show the development  of two 
distinctly different solids: one of hair-like fibers ex- 
tending out of the plane of the surface, and the other a 
petal-like structure which develops and spreads in the 
plane of the oxide. In general, the fibrous material ema- 
nates from thermal etch pits; these are usually character- 
istic of preferential volatilization (14). Also, the number  
and length of the fibers are noticeably greater in the low 
NH3 flow experiments,  which is consistent with the con- 
cept that they grow by vapor deposition and are swept 
away at high flow conditions. Rosenberg (3) has also ob- 
served that a uniform film grows rapidly on the surface 
of germanium in an ammonia atmosphere followed by 
anisotropic vapor etching initiated at points on the sur- 
face where there were film discontinuities. 
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The initial reaction at 600~176 between NHa and the 
oxide is attributed to free or incompletely bonded ger- 
manium within the oxide layer. This conclusion would 
also explain the large variations in index observed on the 
oxidized layer before nitridation. Similar broadening was 
not observed when a NdH.~ mixture was used instead of 
NHa, indicating the necessity of having some atomic ni- 
trogen present to promote the reaction. The inactivity of 
molecular nitrogen with germanium has been docu- 
mented by others for conditions where relatively low tem- 
peratures are maintained - usually <700~ (12, 15). The 
775 c m - '  min imum that develops in the sequence of Fig. 
1 we attribute to the predominance of fl-GeaN4. Further 
evidence of this relationship was obtained by comparison 
with a transmission trace of commercially prepared 
fl-GeaN4 powder (trace 3 of Fig. 4) that was verified by 
x-ray diffraction to contain - 20% a-nitride. The mini- 
mum of the pressed powder specimen was also observed 
to be at 775 cm- ' .  The reduction and shift of  transmission 
observed in trace 6 of Fig. 1 corresponded to an extremely 
disturbed surface on the side of the specimen that was in 
contact with the alumina pallet on which the wafer was 
resting. We believe that buildup of a-phase nitride 
occurred in the stagnant space between the specimen and 
the pallet, resulting in the domination of 730 c m - '  
a-nitride absorption, and that vaporization and 
redeposition of that phase contributed to increased sur- 
face scattering, thereby reducing the total transmission 
substantially over the span of the trace. The index of re- 
fraction for this specimen increased from 1.7-1.8 to 2.0-2.3 
after the first 700~ treatment, and thereafter remained, 
on average, at 2.1. Index values could not be obtained on 
the "bot tom" side due to decreased reflection. The final 
thickness of the layers were estimated by ellipsometry to 
be 1800A, which is somewhat  thinner than the original 
2200/~ oxide layer. This also supports the conclusion that 

8 9 I0 12 14 16 18 20 25 

1200  I 0 0 0  8 0 0  6 0 0  4 0 0  

Fig. 4. Transmission of powder specimen disks pressed with KBr and 
normalized with KBr disk in reference beam. (1): Hexagonal GeO2. (2): 
Amorphous GeO. (3): Ge~N4 approximately 20%/80% c~, fl phases. 
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at high flow the a-phase is swept away by the gas. The 
specimen used to generate Fig. 2 was from the same wa- 
fer as that for Fig. 1 and had essentially the same trans- 
mission curve for the bare surface, high pressure-oxidized 
surface and the 650~ nitrided surface as given in Fig. 1. 
The Fig. 2 specimen was propped away from the pallet 
with a silica spacer so that NHa flow could proceed 
equally on both sides. After 4h (trace 2), distinct minima 
could be observed at 730 and 775 cm- ' ,  and they re- 
mained established throughout  the subsequent  treat- 
ment. In addition to these two and the remnant  of the ox- 
ide (860 cm- ' )  minimum, another is also observed at 910 
cm-L The 910 c m - '  min imum was also observed in the 
transmission measurement  of the fl-GeaN4 pressed pow- 
der (trace 3 of Fig. 4). Microscopic examination of both 
surfaces disclosed significantly more of the fibrous ma- 
terial on the surface of this specimen than on the speci- 
men of Fig. 1. Reaction of germanium dioxide powder 
with flowing ammonia at 800~ shows only one mini- 
mum near 800 cm- ' ,  as reported by Elliott and Thompson 
(16). We conclude then that the 730 c m - '  min imum is as- 
sociated with the a-phase nitride, and the 775 c m - '  mini- 
mum is associated with the fl-phase. Similar two-phase 
growth (17) and transmission structure (16) has been ob- 
served for silicon nitride. Fine structure of this order of 
resolution has been observed for silicon nitride thin films 
(18), which had the same general form that we report 
here. More recently, high resolution transmission spec- 
troscopy has demonstrated that still further substructure 
can be resolved (19). The index of refraction of the speci- 
men of Fig. 2 was 1.65 after oxidation and 2.35 after 20h of 
NHa treatment. During the interim steps of nitridation, 
the ellipsometry values would not converge consistently 
to an index value, indicating possibly multiple layer or 
oxide/nitride phase mixing during the transition. The 
final thickness after 20h of nitridation was on the order 
of 2600/~. 

When the specimens of Fig. 1 and 2 were reoxidized at 
the same conditions as in the original process (650~ 
atm), decidedly different characteristics were observed in 
the subsequent  transmission curves: compare Fig. 3, trace 
3, with Fig. 1, trace 2. While the oxide had redeveloped at 
the expense of the nitride, the min imum at 860 c m - '  is 
noticeably narrower. In addition, structure is observed in 
the 570 c m - '  oxide minimum, and a new peak is observed 
at about 960 cm -1. These general features are also ob- 
served in the pressed powder transmission of GeO2 
shown as trace 1 of Fig. 4 and in Refi (7) for hexagonal 
GeO2. Oxidation of the nitrided layer appears to have a 
crystalline character rather than an amorphous one, as 
was observed for the bare surface germanium oxidation. 

Conclusions 
Thick films, with FIR structures characteristic of ger- 

manium nitride, have been produced on germanium crys- 
tal surfaces by reacting ammonia with thick germanium 
oxide layers. The development  of specific and nonshift- 
ing FIR transmission structure suggests that definite 
changes in amounts of the phases occur rather than a con- 
tinuous variation of solid solution Ge-O-N components.  
The relative amounts of a-like and B-like material re- 
maining on the surface can be controlled to some extent  
by varying the flow of the ambient gas. Infrared trans- 
mission measurements  can identify the presence of either 
(or both) phase on the crystal surface where the min imum 
at 775 c m - '  correlates with the E-phase and the 730 cm -1 
min imum correlates with the a-phase. 

When the nitrided layers are reoxidized at high pres- 
sure, the oxide formed at the expense of the nitrogen 
bearing layer has narrower transmission and fine struc- 
ture, indicating that a crystalline oxide develops follow- 
ing the pattern established by the nitrided structure. 
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The Incorporation of Boron in Silicon Epitaxial Layer Growth in the 
Presence of Small Amounts of Water 
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ABSTRACT 

The amount  of electrically active boron which is incorporated during the CVD of silicon using Sill4 in H2 at atmos- 
pheric pressure and B~H6 as dopant appears to be very sensitive to the input  pressure of HC1 and the presence of small 
amounts of water. Equil ibrium gas-phase compositions have been calculated for § system using an iterative proce- 
dure. Assuming thermodynamic equilibrium between gas phase and solid phase, the experimentally observed depend- 
ences can be satisfactorily described. Based on these calculations also, an explanation can be given for the unexpected 
experimental results on boron autodoping. 

Some years ago, a number  of investigations were done 
on the kinetics (1-4) and thermodynamics (4-11) of the in- 
corporation of dopant elements during growth of silicon 
from the vapor phase. Later on, Kfihne (12) gave a theo- 
retical consideration about the incorporation process. Re- 
cent papers of Reif (13) treat the respective role of kinet- 
ics and thermodynamics in doping processes with 
emphasis on transient effects. 

Consideration of the equilibrium composition of the gas 
phase above the growing silicon layer turned out (10) to 
be useful in the interpretation of the observed depend- 
ence of the concentration of built-in phosphorus on the 
input  partial pressure of the dopant compound. The im- 
plicit assumption made is that the growth rate is so low 
that the dopant compounds in the gas phase just  above 
the growing layer are in thermodynamic equilibrium with 
the solid, such that the incorporation process is domi- 
nated by thermodynamics. 

In this paper, an effort will be made to describe semi- 
quantitatively the incorporation of boron during the 
chemical vapor deposition (CVD) of silicon in the pres- 
ence of hydrogen chloride and small amounts of water by 
considering the composition of the gas phase. Experi- 
mentally, a rather strong dependence has been observed 
by Bloem (14) in a region where, the amount  of boron 
which is incorporated does not depend on the silicon 
growth rate. 

*Electrochemical Society Active Member. 
1Present address: Philips Research Laboratories, Eindhoven, 

The Netherlands. 
Key words: silicon, boron dope, CVD, gas-phase equilibrium, 

autodoping. 

Calculation of the Equilibrium Composition 
Use has been made of the computer program ECCVD- 

MAL (15), which calculates the equilibrium partial pres- 
sures of the various components by means of an iterative 
procedure. The B-H-Si, B-H-Si-C1, B-H-Si-O, and 
B-H-Si-C1-O systems contain 15, 30, 36, and 57 compo- 
nents, respectively. The thermodynamic data have been 
collected from Ref. (16). In each calculation, solid Si(s) 
has been assumed to be in equilibrium with the gas mix- 
ture, whereas always the presence of solid B(s) as a con- 
densed phase has been taken as a possibility. Although 
boron silicides are known to exist (8, 17), unfortunately no 
reliable thermodynamic data concerning these com- 
pounds could be found. When oxygen is present SiO~(s) 
has also been taken as a possible condensed phase, al- 
though it is known (18) that SiO2(s) formation at 1400 K 
will only occur above 40 ppm of water, while at 1500 K 
more than 200 ppm is needed to precipitate solid SiO~. 
Also, some of the BxHyO~ compounds can be responsible 
for the formation of a condensed phase. The saturation 

Table I. Saturation pressures at r = 1500 K for various B and O 
containing compounds 

Compound MP (K) BP (K) log P~a, Ref. 

B203(1) 723 2316 -4.633 (16) 
BHO~(s) 509 --  0.802 (16) 
BH303(s) 444 573 5.906 (16) 
B2H404(s) Unknown --  6.117 (16) 
B3H303(s) Unknown --  3.958 (16) 
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pressures for these compounds,  as far as they are known, 
are collected in Table I. From this table it can be seen that 
only B~O3 (1) can be envisaged as a likely additional con- Pi (atm) 
densed compound. Because of program limitations, only 
the condensed phases Si(s), B(s), and SiO~(s) were taken 10 D 
into account in the computer  program. However, after- 
wards, a check was always done to see if one of the criti- 10-2 
cal saturation values for the BxHyO~ compounds had been 
surpassed. 

10-4 - 
Results and Discussion 

For the sake of completeness and simplicity, first the 10_ 6 
equil ibrium composit ion of the B-H-Si system and the 
B-H-Si-C1 system will be treated. Then the influence of 
H~O will be investigated in the B-H-Si-O system and 10 "8 
B-H-Si-C1-O system, respectively. 

B-H-S i  s y s t e m . - - F i g u r e  1 gives the calculated partial 10 -1{} 
pressures of the various components  in the equil ibrium 
mixture  consisting of the elements silicon, hydrogen, and 10-12 
boron (e.g., for an input gas which is a mixture of Sill4, 
H~, and B.~H6) as a function of the input pressure of di- 
borane (P%.,%) at a temperature of 1500 K and for a total 10 -1~' 
pressure of 1 atm. It can be seen from Fig. 1 that the slope 
of log PS,~ vs.  log P% ~ equals p. It can also be seen f am 10.16 
Fig. 1 that~above P%.H. = 10 -~ atm the partial pressure of 
B(g) attains the saturation pressure of B(s), whereupon 
solid B is formed. Thi~ fixes the partial pressures of all B 10-tB 
containing compounds.  

Further,  it is clear that BH~ and BH~ are the most  abun- 1040 
dant B containing compounds,  also at high diborane in- 
put partial pressures. This is in contrast to the case of 
phosphorus dope, where at increasing phosphine input ]0-22 
partial pressures the most abundant P containing com- 
pounds change from PH~ and PH~ to P:, (10). 

The simplest model  of boron incorporation in the 
growing layer considers the incorporation of monatomic 
boron from the gas phase. According to this model, the B 
containing compounds with the highest partial pressures 
are thought  to dissociate at high temperature into mona- 
tomic boron, which will adsorb at the Si surface and 
finally will be incorporated at a substitutional silicon site 
in the crystal. Thereupon Bs~ dissociates into B-s, and p 
(hole). 

The foregoing can be summarized in the following 
equations 

K~ BH~(g) ~ B(g) + H~ 
3 

K., BH,(g) ~- B(g) + -~- H~ 

K~a B(g) ~ Baa 

Ksegr. Bad ~--- Bsi 
K~o~ Bsi m B-si + P 
K~ n + p  ~ - 0  

This, together with the condition 

2P%2H~ = E X PsxHy 
~r,y 

or, approximately (see Fig. 1) 

2P~ = PB..2 + PBMa 

(and the assumption that the doped-silicon layer at the 
growth temperature behaves as an intrinsic semicon- 
ductor, i.e., n = p = K~ ~r2) leads to 

[B-s i ]  = KadKsegr.K,on 2P___%2H6 [1] 
K~ '~2 P~.~ PH~ ~2 

' + 

K, Kz 

[B-s~] can be determined by means of resistivity mea- 
surements at room temperature,  which essentially gives a 
hole concentration equal to [B-si]~h t,m,. According to this 
equation, a plot of log [B-s~] vs. log P%..H 6 for P~ lower 
than 10 -'5 atm would yield a straight line with slope 1. 
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Fig. 1. Calculated equilibrium composition of the B-H-Si system as a 

function of the input partial pressure of diborane p,,~M6 ~lP"sm4 = 1 0  - 3  

atm, P~ot = 1 atm, T = 1500 K). 

Above P%2H6 ~ 10 -'~ arm, the amount  of B-containing 
compounds in the gas phase remains constant, and a con- 
stant amount of incorporated boron can be expected 
above this value. 

B-H-S i -Cl  s y s t e m . - - T h e  calculated gas-phase composi- 
tion of the B-H-Si-C1 system (e.g., for an input gas which 
is a mixture of SiCh, H~, and B..,H6) is given in Fig. 2 as a 
function of the input pressure of diborane (P%~H6) at a 
temperature of 1500 K and a total pressure of 1 atm. Here 
too, for low input partial pressures of diborane, a plot of 
log PB,H,,cJ~ VS. log P%.,H~ yields a straight line with slope p. 
The higher value of P~ (~ 10 -4 atm), which is needed 
to condense B(s) as compared with the B-H-Si system, 
can be ascribed to the fact that boron now also forms gas- 
eous compounds with chlorine. 

In a similar way as for the B-H-Si system, the incorpora- 
tion of boron in the silicon matrix can be described by de- 
composition reactions for the most abundant  B con- 
taining species which are present in the gas phase. (With 
respect to the B-H-Si system, only the new reactions are 
given) 

K3 BCI(g) + 1/2 H2 ~ B(g) + HC1 

K4 BC12(g) + H2 ~-B(g) + 2HC1 
3 

K5 BC13(g) +-~-H~ ~-B(g) + 3HC1 

K6 BHCI~(g) + 1/2 H2 ~ B(g) + 2HC1 

Together with the condition 

2P%.,H6 = PBH 2 + PBH 3 + PBCl + PBCI., + PBcl a + PBHCl 2 

and the assumption that at the growth temperature n = p 
= Ki "~, it follows 
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[B-si] - 

K~aK~g~.K~on 2P~ 
• 

K, 112 / PHz PH., 31~ Pm,1 P~cl ~ P~(I 3 P,c~ 2 
�9 + - + _ _ + _ _  + + - - - ~ -  / k K, K,z KsPn,,_ '/~ K 4 �9 Pn~ K~. p~._y2 K6. H, 2 ] [2] 

According to Eq. [2], a plot of log [B-si] vs. log P~ s 
yields a straight line with slope 1 for low input  pressures 
of diborane, as has been experimentally found by Rai- 
Choudhury [(8) and Fig. 3 thereafter]. It is obvious that at 
the input  pressure of diborane where according to the cal- 
culations in Fig. 2 B(s) is present as a condensed phase, 
and in the experimental curve of Fig. 3, a deviation from 
linearity appears. On account of electron diffraction mea- 
surements, Rai-Choudhury argues (8) that this is due to 
the formation of SiBds). Although, however, this cannot 
be predicted from the calculations because of a lack of 
thermodynamic data for SiB4(s), this compound could be 
formed from a reaction between Si(s) and B(s), which 
gives a simple explanation for the fixed partial pressures 
of the boron compounds. The observed decrease of boron 
content in the silicon layer for diborane input  pressures 
exceeding 10 -4 atm (see Fig. 3) can be explained by as- 
suming gas phase nucleation of B(s), which decreases the 
amount  of B(g) for doping. 

B-H-Si-O sys tem.- -From the calculation of the equilib- 
rium composition of the B-H-Si-O system (e.g., the input  
gas is a mixture of Sill4, H~, B2Hs, and H~O), it follows that 
BH~, BHs, BO, BHO, and BHO2 are the most abundant  B 
containing species. Again, a plot of log PB,Hqo~ vs. log 
P%~H~ yields a straight line with slope p (Fig. 4). 

The decomposition reactions, taking place at the 
growing silicon layer, are then (omitting the already cited 
reactions) 

K7 BO(g) +H~ ~ B ( g ) + H 2 0  
1 

Ks BHO(g) + -~- H.~-- B(g) + H~O 

3 
K9 BHO._,(g) + -~- H .~  B(g) + 2H.20 

Together with the condition 

2P~ = PBH. 2 + PBH 3 + Pno + PBHO + PSH0~ 

and the assumption that at the growth temperature n = p 
= Kf% it follows 

KadKsegr.Kio~, 
[B-~] • 

K~ "'~ P~ Pa ~/2 / 1 2 +  e + k - - +  

K, K.., Kr �9 P.~ 

From Eq. [3], it follows that a plot of log [B-s~] vs. log 
P~ gives a linear relationship with slope 1, as has been 
found experimentally for different values of P%,~o [(14) 
and Fig. 5 thereafter]. When the input  pressure of~I~O is 
increased also, the partial pressures of the boron and oxy- 
gen containing compounds become larger, if solid SiO~ is 
not present as a condensed phase (see Fig. 6). The effect 
of increasing water concev.tration is that the decomposi- 
tion reactions (K~, Ks, K~) are hampered, so that the 
amount  of incorporated boron decreases. 

The experimentally determined dependency of [B-si] 
on P%~o (14) (see Fig. 7) also in this case nicely follows the 
calculated partial pressure of monatomic boron and cer- 
tainly not those of the B-O or B-O-H compounds, demon- 
strating that it is B - and not the B-O or B-O-H com- 
pounds - which is directly responsible for the amount  of 
[B-] incorporated in the silicon matrix. Besides the direct 
visual relation between [B-] and Ps, a more indirect proof 
can be given by using Eq. [3], assuming that P~,o = P%.,o, 
whichis  allowed because in all cases P%~o is far'in excess 
with respect t o  P~ (The use o f  P~ remains correct 
even if the reaction of water with silicon to SiO is taken 
into account, because the reactions are coupled via 

H~O + Si ~ SiO + H.~ 

SiO + B~BO+Si 

H~O +B~BO +H~ 

After insertion of PH2 = 1 atm and the appropriate thermo- 
dynamic data for T = 1400 K (16), Eq. [3] reads 

KadKsegr.Kion 
[B-~] - • 

Ki I/2 

2P%2H r 

(6.11 • 107 + 1.77 • 10 's '  P%2o + 6.32 • 10 '8 �9 (P%.,o)9 

[4] 

For a fixed input  pressure of diborane, a plot of log 
[B-si] vs. log [6.11 • 107 + 1.77 • 1016 - P%.,o + 6.32 • 10 ~s - 
(P%zo) 2] should give a linear relationship. The data 
from Fig. 7 can be taken to check this relationship, taking 
P~ = 10 -9 atm. This has been done in Fig. 8, and, in- 
deed, a good correspondence is obtained. The slope, 1,2, 
deviates somewhat from the expected value, 1.0. How- 
ever, it is clear that the slope could be closer to unity than 
calculated with the least squares method if we look at the 
error in the experimental data (Fig. 7) and consider the 
uncertainty in the thermodynamic data for gaseous BHO 
(16) which K, value according to the most recent data (16) 
is a factor 104 higher with respect to the earliest data (16). 
This could also be the reason for the discrepancy of the 
calculated (P%.,o ~ 3 '• 10 -4 arm, see Eq. [4]) and experi- 
mental (P%.,o ~ 4 • 10 -s atm, see Fig. 7) input  pressure of 
H20 for which BO and BHO, on the one hand, and BHO2, 
on the other, are equally important for the incorporation 
of elementary boron�9 As seen from Eq. [4], an increasing 
water-input pressure influences the position of the 
equilibria in such a way that the decomposition of B and 
O containing compounds at the surface is more difficult 
and [B-s~] decreases�9 For low water-input pressures 
(where BO and BHO are the compounds which yield at 
decomposition the greatest part of monatomic gaseous 
boron), [B-s~] is proportional to the reciprocal of P%~o (see 
Fig. 7). For high water-input pressures (where BHO~ is the 
compound which yields the.greatest part of monatomic 

2P~ 

1 
,/2") PH~O + 

Ks " PH~ K, �9 P s y  2 
�9 PH o 2 2 

[3] 

gaseous boron), [B-si] is proportional to the reciprocal of 
the square of P%~o. 

Finally, the incorporation of B and O containing species 
in solid silicon during growth cannot be excluded. How- 
ever, as yet no experimental evidence is present to sub- 
stantiate this point. 

B-H-Si-CI-O system.--Figure 9 shows the result of the 
calculation of the equil ibrium composition of the gas 
phase, containing the elements silicon, hydrogen, boron, 
chlorine, and oxygen (e.g., the input  gas is a mixture of 
Sill4, H.2, B~H6, HC1, and H~O). Also in this case, a plot of 
log PBpHqClrO s VS. log P~ 6, log P~ and log P%2o yields a 
straight line with slopes p, r, and s, respectively. The most 
abundant  B containing species are: BH~, BH~, BC1, BCI~, 
BC13, BHCI~, BO, BHO, BHO2, and BC10. With respect to 
the B-H-Si-C1 and B-H-Si-O systems, only one additional 
decomposition reaction has to be given 

3 H .  K,0 BC10(g) + 2 " m B ( g ) + H C l + H 2 0  

Together with the condition 

2P~ = Ps,~ + PB~ + PBcl + PBcIz + PBcl.~ 

+ P~HCl2 + PBo + PsHo + PB,% + PBc,o 

and the assumption that n = p = Ki '~2 this leads to 
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of P%~:H 6 (8) for the B-H-Si-CI system ( P ~  4 = 7.9 • 10 -3 otm, Ptot = 1 
arm, T = 1S00 K). Experimental data from Ref. (8). 

so it c an  be  e x p e c t e d  t h a t  a l iqu id  layer  of  B~O3 (or drop-  
le ts  of l iqu id  B20~) is p r e s e n t  on  t he  g r o w i n g  s i l i con  layer.  
I f  one  a s s u m e s  t h a t  in  t he  ca r r ie r  gas a lways  e n o u g h  re- 
s idua l  O~ (and/or  H20) is p r e s e n t  for  t he  f o r m a t i o n  of  B~O,~, 
t h e n  t h i s  l iqu id  layer  cou ld  b e  r e s p o n s i b l e  for  t he  en- 
h a n c e d  g r o w t h  ra te  w i t h  b o r o n  d o p i n g  (19, 20) v ia  a V L S  
m e c h a n i s m ,  as wel l  as for  t he  r e p o r t e d  e n h a n c e d  g ra in  
size (21). The  role of b o r o n  dope  can  also b e  t he  g e t t e r i n g  
of  oxygen ,  t h u s  p r e v e n t i n g  t he  f o r m a t i o n  of sol id  SiO2. 

2D,, B2H . 

PH., PH2 3/2 P.r PHC;'- PHCl 3 PHCl 2 PH~o PH o PH~o z Pn 0 " PHCl . + + + _ _ +  + + _ _ +  '-' + + 2 

K1 K2 K a  " PH,a 1/2 K4 " PH~ K.~ �9 PH2 3/2 K6 " PH.~ 1/2 K7 " PH.~ K s  �9 PH21/z Ka �9 PH2 3/2 K u ) "  PH~ 3/2 
[5] 

I n s e r t i o n  of PH2 = 1 a t m  a n d  t he  n e e d e d  t h e r m o d y -  Autodoping.--The ca lcu la t ions  g iven  a b o v e  c o n s t i t u t e  
n a m i c  da ta  for T = 1400 K (16) in  Eq. [5] g ives  a n o t h e r  e x a m p l e  to show t h a t  d o p i n g  w i th  n - type  as wel l  

KadK~,~r Ki..  
[B-~,] - x 

Kl 1/2 

2P"B=,H{~ 

(6.11 • 107 + 1.77 • 10 '5 �9 PHi. + 6.32 • 10 TM �9 PH=. 2 + 5.40 • 10 TM �9 PH(.~ + 7.02 • 10 ~2 . PH<.I ~ + 6.00 • 10 t:~- PH(j :~ +.2.62 • 10 ~ - P , ~  �9 PHr 

[6] 
I n s p e c t i o n  of  Fig. 10, w h i c h  shows  t he  ca l cu la t ed  [B-si] 

c u r v e s  as a f u n c t i o n  of  t he  HC1 i n p u t  p re s su re  for  t h r e e  
d i f f e ren t  H~O i n p u t  p r e s s u r e s  a n d  a f ixed B2H, i n p u t  
p re s su re ,  shows  t h a t  t he  in f luence  of  P%cl on  [B-s~] de- 
c reases  i f  P%2o inc reases ,  as h a s  b e e n  e x p e r i m e n t a l l y  ob- 
s e r v e d  by  B l o e m  (14) (see Figl 11). B e c a u s e  of the  
m u l t i p a r a m e t e r  p r o b l e m  in  th i s  case, a n d  t he  la rge  unce r -  
t a i n t y  of the  ac tua l  c o n c e n t r a t i o n s ,  no  real  q u a n t i t a t i v e  
c o m p a r i s o n  is p e r m i t t e d .  However ,  w h e n  b o t h  c u r v e s  [ the 
ca l cu l a t ed  (Fig. 10) a n d  t he  e x p e r i m e n t a l  one  (Fig. 11)] are  
c o m p a r e d ,  one  aga in  h a s  to c o m e  to t h e  c o n c l u s i o n  t h a t  
t h e r m o d y n a m i c s  c an  d e s c r i b e  t he  i n c o r p o r a t i o n  p roces s  
r a t h e r  well. 

Enhanced growth rate of (heavily) doped polysilicon 
layers.--The a b o v e - g i v e n  t h e r m o d y n a m i c  ca l cu l a t i on  can  
be  e x t e n d e d  to l ower  t e m p e r a t u r e s ,  w h i c h  r e g i m e  is nor-  
ma l ly  u s e d  to g row po lyc rys t a l l i ne  s i l icon layers.  I t  is 
k n o w n  t h a t  w h e n  h i g h  par t i a l  p r e s s u r e s  of  d i b o r a n e  are 
u s e d  t he  g r o w t h  ra te  is e n h a n c e d  (19, 20) a n d  t h e  g ra in  
size i n c r e a s e s  (21). F r o m  t h e  a b o v e - g i v e n  t h e r m o d y n a m i c  
analys is ,  i t  will  fo l low t h a t  for  t h e s e  t e m p e r a t u r e s  a n d  
c o n c e n t r a t i o n s  of d ibo rane ,  t he  s a t u r a t i o n  p r e s s u r e  of  liq- 
u id  B203 (P~,t[B203(1)] = 10 -1''" a t m  at  800~ is exceeded ,  

as p - type  i m p u r i t i e s  c an  b e  e x p l a i n e d  v ia  t he  v a l u e  of  the  
f ree  m o n a t o m i c  d o p a n t . v a p o r  p r e s s u r e  in  t he  gas  p h a s e  
(PP, PAs, PSb, PB) (22), a n d  t h a t  e q u i l i b r i u m  ca lcu la t ions  
give good  p red i c t i ons  on  t he  d o p i n g  behavior .  

A p a r t  f r om t h e  e q u i l i b r i u m  cons ide r a t i ons ,  t h e r e  are 
also k ine t i c  a r g u m e n t s  to  be  fulfil led. One  of  t h e s e  s h o w s  
u p  as a f u n c t i o n  of g r o w t h  ra te  as o b s e r v e d  for  p h o s p h o -  
rus  d o p i n g  (3, 7). A n o t h e r  e x a m p l e  is g iven  b y  t he  effect  
of a u t o d o p i n g  (23-25). A u t o d o p i n g  can  be  de f ined  as t h e  
u n d e s i r e d  d o p a n t  c o n t r i b u t i o n  f rom s u b s t r a t e  wafe rs  to 
t h e  g r o w i n g  ep i t ax ia l  l ayer  (26). A p a r t  f r om t h e  d i rec t  
so l id-s ta te  d i f fus ion  of impur i t i e s ,  t h e r e  is a c o n s i d e r a b l e  
c o n t r i b u t i o n  to the  a u t o d o p i n g  v ia  t he  gas  phase .  

I t  h a s  b e e n  f o u n d  t h a t  a u t o d o p i n g  can  be  r e d u c e d  con-  
s i de r ab ly  by  a p r e b a k e  a n d  g r o w t h  at  r e d u c e d  to ta l  pres-  
su res  (26). The  e x p l a n a t i o n  g i v e n  p o i n t s  to  an  eas ie r  de- 
s o r p t i o n  of i m p u r i t i e s  a c c o m p a n i e d  b y  a n  e n h a n c e d  
d i f fus ion  away  f rom the  sur face  at  r e d u c e d  p res su res ,  
l e ad ing  to a sma l l e r  d o p a n t  par t ia l  p r e s s u r e  nea r  t he  
g rowing  sur face  a n d  t h u s  to a lower  e f fec t ive  s eg rega t ion  
coeff ic ient  (23-25). 

A t  h i g h e r  t e m p e r a t u r e s ,  t he  d i rec t  so l id-s ta te  d i f fus ion  
of  i m p u r i t i e s  f rom s u b s t r a t e  to g rowing  layer  is inc reased .  
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The transport via the gas phase is reduced as the segrega- 
tion coefficient decreases with increasing temperature 
for the n-type impurities. Desorption is also made easier 
at higher temperatures. 
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Fig. 5. Experimentally determined boron concentration as a function 
of P%zn~ (14) for the B-H-Si-O system with P"H2 o as a parameter (P"stH 4 
= 10 -3 atm, P~,t = 1 atm, T = 11S0~ Experimental data from Ref. 
(14). 
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Fig. 6. Calculated equilibrium composition of the B-H-Si-O system as 
a function of P~ (P~ = 10-3 atm, P%2H6 = 10--9 atm, Ptot = 1 atm, 
T = 1400 K). 

The beneficial effects on autodoping at reduced pres- 
sures only applies to n-type impurities (P, As, Sb). For bo- 
ron doping, unexpectedly,  an increase in autodoping is 
observed at reduced total pressures, whereas a change in 
temperature is hardly of influence (27). 

The physical effects described above of desorption and 
ease of diffusion away from the substrate surface will 
equally apply to n-type and p-type dopants. For boron 
doping, however, the high reactivity of boron towards ox- 
ygen, i.e., the chemical influence of trace amounts of im- 
purities such as water vapor, have to be considered addi- 
tionally. In Fig. 6, it can be seen that small amounts of 
water which are normally present in reactors at atmos- 
pheric pressure (> 1 ppm) are already sufficient to take 
away a part or even most of the input concentration of 
B2H~. This amount is converted into the inactive chemical 
species BHO, and thus the partial pressure of monatomic 
boron is effectively reduced. By reducing the total pres- 
sure in a clean system, the water vapor pressure will be 
reduced also. A reduction in water content shifts the gas- 
phase equilibria such that more free boron is available, 
leading to an increase in doping capabilities and in- 
creased autodoping as well. 

As a function of temperature in the boron case there are 
two competing mechanisms (1) higher temperatures lead 
to easier desorption hence to a lower segregation coeffi- 
cient (2). The influence of water vapor on the equilibria is 
reduced at higher temperatures, which increases the ef- 
fective segregation coefficient. The balance thus depends 
on the impurity content of the system. 

In this way, the differences in autodoping between 
n-type and p-type impurities can be explained qualita- 
tively. A quantitative explanation needs a better knowl- 
edge of the impurity levels in the reactor. 
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(29). Experimental data from Ref. (14). 
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Fig. 8. Experimentally determined boron concentration for P~ 6 = 
10 -9 atm (see Fig. 7) as a function of the theoretical parameter [6.11 
• + 1.77 • 1015 �9 P% o + 6.32 • 1018 �9 (P~ (see Eq. [4]. �9 2 �9 
The data po,nts are calculated from Ref. (14). 

Water vapor thus appears to be undesirable when good 
quality epi is desired; however, it reduces the autodoping 
in the boron system. The same is true for the presence of 
HC1; autodoping therefore could be less a problem in 
growth via chlorosilanes compared to growth via silane 
(SiHD. Undoubtedly,  the surface coverage with foreign 
atoms will also influence the growth rate as a function of 
orientation of the substrate. In this respect, the pattern 
shift and pattern recognition will depend on small differ- 
ences in surface contamination. Indications in this direc- 
tion are available (28), but much study in this direction is 
still needed. 

C o n c l u s i o n  
With the assumption that at the growing silicon surface 

equil ibrium exists between the dopant compounds in the 
gas phase near the surface, calculation of the gas-phase 
composit ion yields valuable results that can be used for 
studying the equil ibrium between the gas phase and the 
solid. This has been done for the interpretation of the 
quantity of boron which can be incorporated in silicon in 
the presence of small amounts of water during the growth 
of silicon by CVD from Sill4 in H2 at atmospheric pres- 
sure. The one-to-one correspondence which is obtained 
between equilibrium calculations and experimental  re- 
sults once more gives a firm indication that equil ibrium 
calculations are quite valuable to obtain insight in the 
chemistry and physics of CVD processes. In addition, 
now an explanation can be given for the unusual behavior 
of boron autodoping at lower pressures. 

Manuscript submitted Nov. 28, 1983; revised manu- 
script received March 23, 1984. 
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ABSTRACT 

The physical properties and oxidation behavior of silicon carbide thin films are reported. These films were RF 
sputtered from a composite target of stoichiometric proportion onto thermally oxidized silicon substrates. The refractive 
index of the carbide films, after annealing at ll00~ in hydrogen, was very close to the bulk value of 2.65. Structural and 
compositional properties were studied by Rutherford backscattering spectrometry, secondary ion mass spectrometry, 
and x-ray diffraction techniques.  Thermal oxidation was carried out in wet and dry oxygen at 900~176 for a period of 
up to 16h. Depending on the temperature and t ime period, the oxidation rate of silicon carbide was about 2-11 times 
slower than that of single-crystal (100) Si. The oxide layer grown out of the carbide films was determined to be silicon 
oxide. The average activation energy for wet and dry oxidation was calculated to be 50 and 43.5 kcaYmol, respectively. 
ThE patterning of the SiC films was investigated using CFJO~' and NF3 plasmas. "Bird's beak" profiles, obtained upon 
field oxidation of SiC/SiOJSi structures, were studied. 

Silicon carbide has been used for various industrial ap- 
plications. Among these are (i) for making electron de- 
vices (1, 2) because of its semiconducting properties and 
chemical inertness and stability at very high tempera- 
tures, and (ii) for surface coatings (3) due to its high wear 
resistance. 

In this paper, however, thin films of silicon carbide are 
being investigated as an alternative or addition to silicon 
nitride in local oxidation technology (LOCOS) for Si 
VLSI fabrication. Like silicon nitride, silicon carbide is 
refractory and fairly resistant to oxidation in bulk form. 
In Table I, some of the appropriate physical properties of 
SiC, Si3Nd, SiO2, and Si are shown from Ref. (4-9). 

As can be seen from Table I, a range of values has been 
published for the Young modulus of SiC, Si3Nd, and Si. At 
best, the Young modulus for SiC is a factor of 5 
higher than that of Si~Nd. In that case, a more rigid SiC 
layer would result in reduced "bird's beak" formation. 

A variety of methods for depositing SiC films have 
been reported, including RF sputtering (3, 10-12), chemi- 
cal vapor deposition (1, 13-15), and reactive evaporation 
(16). In this work, RF sputtering from a composite SiC 
target was used for film deposition. 

Ellipsometry, secondary ion mass spectrometry (SIMS), 
x-ray diffraction, and Rutherford backscattering spec- 
trometry (RBS) were used to investigate the structural 
and physical properties of these thin films. 

In order to apply SiC in the LOCOS technology, the ox- 
idation behavior of carbide films needs to be studied in 
detail. Thermal oxidation properties of SiC films were in- 
vestigated in both wet and dry oxygen. "Bird's beak" pro- 
files were obtained from plasma-etched and oxidized 
SiC/SiOJSi structures and examined with cross-sectional 
scanning electron microscopy. 

Experimental Procedure 
A Veeco sputtering system was used for the carbide 

film deposition. A hot-pressed stoichiometric SiC com- 
posite target (99.7%) was used as cathode. The SiC films 
were RF sputtered onto thermally oxidized or unoxidized 
(100) silicon substrates in an argon pressure of 6 • 10 -3 
torr. The RF power ranged from 75 to 200W, and the sub- 
strate temperature was maintained at either 25 ~ or 300~ 
The background pressure before sputtering was usually 
less than 2.0 • 10 -6 torr. Unless otherwise specified, after 
deposition, the SiC films were annealed at ll00~ in H., 
ambient for 30 rain. 

The SiC film deposition rate as a function of RF power 
is shown in Fig. 1. Film thickness was calculated from 

*Electrochemical Society Active Member. 
Key words: oxidation k~netics, activation energy, plasma etch- 

ing, bird's beak. 

SIMS and RBS profiles. Typical depositions were per- 
formed with an RF power of 200W ( -  5 W/cm2), resulting 
in a deposition rate of - 125A/min. The substrate tempera- 
ture appears to have little effect on the deposition rate. 

Thin Film Deposition 
In order to study the refractive indexes of deposited 

SiC thin films for various annealing temperatures, the 
SiC films were first deposited on silicon substrates, and 
then annealed in a H~ ambient  for 30 rain over the temper- 
ature range of 800~176 An automated ell ipsometer 
(Rudolph Research) was used to determine the refractive 
index at a wavelength of 6328~. The silicon substrate is 
assumed to have a refractive index of 3.86 and an absorp- 
tion index of 0.018. Figure 2 illustrates the dependence of 
the refractive index of SiC films on the annealing tem- 
perature. The refractive index of as-sputtered SiC films 
is between 3.1 and  3.35. The refractive index of annealed 
films decreases as the annealing temperature increases. 
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Table I. Physical properties of SiC, Si3N4, SiO.,, and Si 

Melting point (~ Refractive index 

Coefficient of 
Heat of formation thermal expansion Young's modulus 

(kcal/g-mol) Dielectric constant (x 10-" ~ (• 10 ~ psi) 

SiC 2700 (6) 2.65 (6) -27 (6) 10.0 (4) 4.2 (4) 70 (6) 
5O (9) 

Si3N4 1900 (6) 2.05 (5) -179 (6) 7.5 (5) 2.8 (7) 55 (6) 
13 (9) 

SiO2 1600 (5) 1.46 (5) -205 (6) 3.9 (5) 0.55 (6) 10.4 (6) 
Si 1410 (6) 3.86 (8) 0 (6) 11.9 (5) 2.6 (5) 26 (6) 

16 (9) 

Fo r  a n  a n n e a l i n g  t e m p e r a t u r e  of  1100~ t he  i n d e x  
r e a c h e s  a n  ave rage  va lue  c lose  to the  SiC b u l k  va lue  of 
2.65. T h e  dec rea se  in  r e f rac t ive  i n d e x  w i t h  i n c r e a s i n g  an- 
nea l  t e m p e r a t u r e  is be l i eved  to b e  r e l a t ed  to t he  concomi -  
t a n t  i nc r ea se  in  t he  c rys t a l l i n i ty  of  the  SiC f i lms (17). 

R B S  was  p e r f o r m e d  to d e t e r m i n e  t he  Si/C ra t io  and  
c o n t a m i n a n t s  p r e s e n t  in  t h e  films�9 A 2 MeV 4He§ b e a m  
f r o m  a l i n e a r  acce l e r a to r  was  used.  T h e  Si/C ra t io  com- 
p u t e d  f rom the  da ta  s h o w n  in  Fig. 3 is v e r y  close to uni ty .  
Argon ,  w h i c h  was  u s e d  for fi lm depos i t ion ,  h a s  b e e n  in- 
c o r p o r a t e d  in to  t he  SiC layer  a n d  is e s t i m a t e d  to b e  at  

2.2 a t o m  percen t .  
S IMS ana lys i s  was  p e r f o r m e d  w i t h  a Cam.eca IMS3-f  

ion  m i c r o s c o p e  in  o rde r  to s t u d y  t he  m a j o r  c o n t a m i n a n t s  

f I I I I I 
ANNEALING TIME 30 rain 

3.5 

> 3.1 - 

~ 2.9 - 
"" 2.7 BULK VALUE '~,~'- 

2.5 zz I I i I I 
25 800 900  I000 1050 I100 

ANNEALING TEMPERATURE (~ 
Fig. 2. Refractive index as o function of annealing temperature 

Table II. Deposition conditions and related thin film properties 

Background 
pressure O/C ratio X-ray Oxidation 

Sample (torr) (from SIMS) peaks resistance 

MA-I-1 8.3 x 10 -~ 0.6 S iO2  Lowest 
MS-16 < 2 • 10 -~ 0.054 SiC Highest 
MA-4-1 3 • 10 -~ 0.1 SiO~, SiC High 

in  a n n e a l e d  SiC films. U n d e r  t he  b o m b a r d m e n t  of  a ce- 
s i u m  p r i m a r y  b e a m  w i t h  a n  i m p a c t  e n e r g y  of  17 eV, t he  
re la t ive  in t ens i t i e s  of va r ious  nega t ive  ion spec i e s - s i l i con  
(3~ c a r b o n  (~C-) ,  a r g o n  (4~ a n d  o x y g e n  ( ~ O - ) -  
we re  s a m p l e d  as a f u n c t i o n  of  depth �9  F igu res  4a-4c s h o w  
the  S I M S  da ta  for t h r e e  s a m p l e s  d e p o s i t e d  u n d e r  differ- 
en t  c o n d i t i o n s  (see Tab le  II), b u t  a n n e a l e d  u n d e r  essen-  
t ial ly t h e  s ame  condi t ion .  

The  S I M S  da t a  i nd i ca t e  a c o n s t a n t  Si/C rat io w i t h  d e p t h  
for  all t h r e e  samples �9  O x y g e n  was  p r e s e n t  in  c o n s i d e r a b l e  
a m o u n t s  in  t he  film of  Fig. 4a, a n d  to a l esse r  deg ree  in  
t he  f i lms of Fig. 4b a n d  4c. We f o u n d  t h a t  m i n i m i z i n g  t he  
o x y g e n  c o n t e n t  in  t h e  ca rb ide  f i lms resu l t s  in  i n c r e a s i n g  
r e s i s t a n c e  to t h e r m a l  ox ida t ion .  U n d e r  t he  s ame  oxida-  
t i on  c o n d i t i o n s  (1000~ we t  02, 60 min) ,  s a m p l e  MA-I-1 
(Fig. 4a) e x h i b i t e d  a 3400~ t h i c k  oxide,  wh i l e  s a m p l e s  
MS-16 (Fig. 4b)  a n d  MA-4-1 (Fig. 4c) h a d  ox ides  of  375 a n d  
700~, respec t ive ly .  

X- ray  d i f f rac t ion  was  p e r f o r m e d  to i n v e s t i g a t e  t h e  
c rys ta l l in i ty  of  t he  c a r b i d e  f i lms u s i n g  a D-500 S i e m e n s  
a u t o m a t e d  d i f f r ac tomete r .  T h e  x- ray  spec t r a  of  Fig. 5a, 
5b, a n d  5c are for  t h e  s a m e  s a m p l e s  as t he  S I M S  prof i les  
of  Fig. 4a, 4b, a n d  4c. The  p e a k s  at  20 ang les  of  35 ~ a n d  70 ~ 
c o r r e s p o n d  to SiC a n d  Si, respec t ive ly .  S i n c e  on ly  one  sil- 

_ 

Fig. 3. RBS spectrum of annealed 
silicon carbide film. 
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icon carbide peak was detected (corresponding to 2.51~), 
we could not determine the phase of our SiC films. The 
peak at 1.36h corresponds to the (400) peak of the Si sub- 
strate (18). The peaks at 20 angles ranging from 15 ~ to 25 ~ 
are attributed to SiO~ (19). For sample M.A-l-1, shown in 
Fig. 4a as having the highest oxygen concentration, no 
SiC peak is observed in Fig. 5a. For sample MS-16, which 
exhibited the min imum O2 contamination (as shown in 
Fig. 4b), the SiC peak is very strong and not accompanied 
by the SiO2 lines (Fig. 5b). These data clearly show the 
strong effect of oxygen on the crystallinity of the s i l i c o n  
carbide films. 

The relationship between deposition conditions (i.e., 
background pressure) and thin film properties is summa- 
rized in Table II. 

Oxidation Properties 
It is known that the presence of water vapor in O5 

greatly accelerates the oxidation rate of Si and also en- 
hances the oxidation rate of hot-pressed SiC (20). There 
have been many reports on the oxidation of SiC powder 
or crystal (20-23). However, to the best of our knowledge, 
no SiC thin film oxidation has been previously reported. 

To study the oxidation resistance of SiC thin films, wet 
and dry thermal oxidation was conducted from 900 ~ to 

1100~ for periods of time of 15 min to 16h, Wet oxygen 
was prepared by bubbl ing the oxygen through deionized 
water at 95~ The flow rate of oxygen wag 1.9 1/min. The 
SiC thin films used for oxidation weTe prepared by RF 
sputtering for 45 rain ( -  ~500h thick) onto oxidized Si 
(100) wafers, followed by an anneal in H~ at 1100~ for 30 
min. 

The oxide layer grown out of unannealed silicon ear- 
bide consisted only of silicon and oxygen, as' shown by 
the SIMS depth profile in Fig. 6. Similar results were ob- 
tained in the ease of films annealed prior to oxidation. 
The absence of carbon in oxide films grown out of bulk, 
single-crystal SiC was also reported by Suzuki et al. (21). 

It has been found that the oxidation rate of as-sputtered 
SiC films is generally higher than that of annealed films 
(24). Figure 7 shows the effect of preoxidation annealing 
on wet oxidation of SiC films. The annealing tempera- 
ture ranged from 800 ~ to 1100~ and took place in H2 for 
30 min. As can be seen from the data in Fig. 7, the oxida- 
tion rate at lower temperatures (To~ = 950~176 is 
strongly influenced by preoxidation annealing. When the 
annealing temperature is increased by 100~ from 900 ~ to 
1000~ a decrease in oxidation rate of a factor of 15 is 
achieved at Tox = 950~ However, at higher oxidation 
temperatures (1050~176 the annealing process appar- 
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ently takes place concurrently with the oxidation, re- 
sulting in a drastically reduced difference in oxidat ion 
rate. Figure 8 shows that  a similar effect of preoxidat ion 
annealing on dry oxidation takes place. 

The wet oxide thickness grown from annealed (1100~ 
films as a function of t ime and temperature is shown in 
Fig. 9. The average oxidat ion rate of SiC crystal reported 
by Suzuki et al. (21) for Tox = 1000~ is also shown for 
comparison. In general, the oxidation of our films agrees 

well with the reported single-crystal oxidat ion data, ex- 
cept  at long periods of t ime where our films do not fol- 
low the parabolic oxidat ion law. 

Figure 10 shows the oxide thickness on silicon carbide 
as a function of dry oxidation t ime and temperature.  The 
preoxidat ion annealing conditions were the same as in 
the case of wet oxidation. The dry oxidation also does not 
appear  to obey the parabolic law for periods as long as 
16h. 

Fig. 6. SIMS depth profiles of 
oxidized silicon carbide films. 
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The  Si (100)/SIC w e t  a n d  d r y  ox ida t ion  ra te  ra t io  is 
s h o w n  in  Fig. 11 a n d  12 as  a f u n c t i o n  of o x i d a t i o n  t i m e  
a n d  t e m p e r a t u r e .  Fo r  t he  s a m e  cond i t ions ,  t h e  ra t io  is 
h i g h e r  for  we t  o x i d a t i o n  t h a n  for  d ry  oxida t ion .  I t  c an  
also be  s e e n  t h a t  t he  ra t io  is h i g h e s t  a t  l ower  o x i d a t i o n  
t e m p e r a t u r e s  a n d  d e c r e a s e s  as t i m e  or t e m p e r a t u r e  in- 
creases .  I t  is e x p e c t e d  t h a t  b y  c o n t i n u i n g  to d e c r e a s e  t he  
t e m p e r a t u r e  (Tax < 900~ one  can  o b t a i n  f u r t h e r  in- 
c reases  in  o x i d a t i o n  ra te  rat io.  

The  we t  a n d  dry  ox ide  t h i c k n e s s  o b t a i n e d  at  d i f f e ren t  
t e m p e r a t u r e s  are  s h o w n  in  A r r h e n i u s  p lo t s  in  Fig. 13 a n d  
14, respec t ive ly .  U s i n g  t h e  e q u a t i o n  

X n = C t e - L ' a l k r  

for  t h e r m a l  o x i d a t i o n  k ine t ics ,  w h e r e  X is t he  ox ide  th ick -  
ness ,  C is a cons t an t ,  a n d  t a n d  T are  t he  o x i d a t i o n  t i m e  
a n d  t e m p e r a t u r e ,  r e spec t ive ly ,  one  can  ca lcu la te  t he  v a l u e  

2 4 8 16 
TIME (HRS/ 

Fig. ] O. Silicon carbide dry oxidation thickness as a function of time 
and temperature. 

of t he  ac t i va t i on  energy,  Ea. Fo r  we t  o x i d a t i o n  we ob- 
t a i n e d  va lues  of  n of  1.15-1.34 a n d  a c t i v a t i o n  ene rg i e s  
r a n g i n g  f rom 49-52 kcaYmot.  F o r  t h e  case  of  d ry  oxida-  
t ion,  t h e  r e spec t ive  va lues  we re  n = 1.13-1.31 a n d  Ea = 
37-48 kcaYmol.  I t  is i n t e r e s t i n g  to no t e  t h a t  for  b o t h  we t  
a n d  d ry  o x i d a t i o n  s imi la r  va lues  of  n we re  ob t a ined .  The  
a c t i v a t i o n  energ ies  are  also c o m p a r a b l e  in t h e s e  cases.  As 
s h o w n  in  Tab le  III, i t  is d i f f icul t  to  c o m p a r e  our  r e su l t s  
w i th  t h o s e  p u b l i s h e d  in  t h e  l i t e r a tu re  on  t h e  o x i d a t i o n  of  
SiC crystals .  The  crystalLine f o r m  a n d  p h a s e  of  t h e  SiC 
h a v e  a s t r o n g  ef fec t  on  its o x i d a t i o n  proper t i es .  Compar -  
ing  t he  da ta  of Suzuk i  e t  a l .  (21), a n d  Harr i s  a n d  Call (25), 
one  can  no t e  t h a t  in  t he  pa rabo l i c  r eg ion  (n = 2) t h e y  ob- 
t a in  t h e  s ame  ac t iva t ion  e n e r g y  (47-48 kcal /mol)  for  t he  
C-face u n d e r  we t  a n d  dry  ox ida t ion .  Th i s  ac t i va t i on  en- 
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ergy also roughly agrees with our results under both wet 
and dry conditions. However, for our thin film oxidation, 
we are essentially in the linear region with values of n 
closer to 1. This suggests that in our case the oxiclation is 
limited more by the reaction rate than by the diffusion of 
various species. 

A p p l i c a t i o n  to  IC  Process ing  
The use of SiC as an oxidation mask in the LOCOS pro- 

cess is being studied. The patterning of the SiC films was 
investigated using CFJO2 and NF3 plasmas. The etch rate 

of unannealed films was generally higher than that of an- 
nealed films. For the latter, in a planar reactive ion etch- 
ing system (Plasma Therm PK 1241) using NF~, the etch 
rate was 320 •/min at a pressure of 100 mtorr and a power 
of 200W. In a planar plasma system (Technics P.E. II), 
using CFJ4% 02, the etch rate was - 500 ~/min at a pres- 
sure of 300 mtorr and power of 300W. "Bird's beak" 
profiles were obtained upon field oxidation of the 
SiC/SiOJSi structures. A positive photoresist (Shipley 
AZ-1350J) was used for masking the SiC film during pat- 
terning. For example, Fig. 15 shows bird's beak profiles 

Fig. 12. Silicon-silicon carbide 
dry oxidation rate ratio. 
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Table III. Comparison of oxidation kinetics for SiC bulk crystals and thins films 

SiC form Ambient n* E~ (kcal/mol) Temp. range Ref. 

6H crystal Wet O., 1 26 850~176 (21) 
C-face 2 48 

6H s-SiC 
C-face Dry 02 2 47 970~176 (25) 
Si-face Dry O~ 1 85 

RF-sputtered Dry 02 1.13-1.31 37-48 950~176 This work 
thin films Wet O._, 1.15-1.34 49-52 

* X n = C t exp (- Ea/kT). 

resulting from a wet oxidation at 1O00~ for 150 min for a 
structure consisting of a SiC layer of -4000A and a pad 
oxide of 280~. The resulting field oxide was -5000A 

TEMPERATURE (=C) 
I I00 1050 I000 950 

104 - I I i I 

16HR 

~ Io 

I I I I I 1 
l0 7.2 7.4 7.6 7.8 e.O 8 .z 

10411 (o K-I) 
Fig. 14. Activation energy for silicon carbide dry oxidation 

Fig. 15. "Bird's beak" profile obtained with the following parameters: 
t s i c =  4000A, tsio2(pad ) = 280A, and tSiOu(field ) = 5 0 0 0 ~  (150  min, 
1000~ 

while the SiC oxidized layer had a thickness of 800-900~. 
The bird's beak figure of merit  was measured to be M = 
tBB (10%-90%)/trox ~ 0.5. The bird's beak effect was ob- 
served to increase with pad oxide and field oxide 
thickness. 

Summary 
The thermal oxidation of silicon carbide thin films has 

been shown to result in the growth of silicon oxide over- 
layer. The growth rate is sufficiently slow, such that 
LOCOS-type structures using SiC are feasible. 
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A Defect Etchant for <100>  InGaAsP 

J. A. Lourenco 

AT&T Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

A defect revealing etching technique for n-InGaAsP grown on <100> InP by LPE is reported. A chemical solution 
used with il lumination produces protrusions in thin quaternary layers, which correlate well with dislocation pits in un- 
derlying and overlying InP layers. Using the new etchant, an increase in defect density in the active layer over the defect 
density in the buffer layer has been detected in lattice matched (~<0.04%) InGaAsP/InP LED structures. 

The importance of the InGaAsP/InP material system, 
for its applications in fiber optics, is well established. In 
particular, heterostructures grown on InP by liquid phase 
epitaxy (LPE) are becoming increasingly important for 
fabrication of lasers, light emitting diodes, and photo- 
diodes. 

During LPE, defects from the substrate propagate 
through the various epitaxial layers when growth takes 
place. High quality single-crystal InP  substrates are there- 
fore used in order to minimize defects in the heterostruc- 
ture. Nevertheless, the dislocation density in the epitaxial 
layers can be greater than in the substrate (1). Misfit dis- 
locations can also arise at the interface between two lay- 
ers, if interfacial stress is present (2). 

It is well known that degradation of GaA1As/GaAs de- 
vices is in large part due to defects in the heterostructure, 
particularly in the active layer (3, 4). In addition, it has 
been shown that dislocations cause deleterious effects in 
InGaAsP and InP photodiodes (5, 6). Study of lattice de- 
fects is therefore important in order to improve material 
and device quality. 

Chemical etching is the simplest method for revealing 
dislocations and other defects in crystals. A number  of 
papers have been published recently dealing with chemi- 
cal, electrochemical, and photochemical etching of InP 
(7-11), InGaAs (12, 13), and InGaAsP grown on <111> B 
InP (14, 15). However, the <100> orientation is widely 
utilized for LED's, lasers, and other devices, but  no chem- 
ical etchant that selectively reveals dislocations in <100> 
InGaAsP layers has yet been reported. The difficulty in 
finding a suitable chemical etchant for quaternary layers 
lies in their thickness, which rarely exceeds 2.0 ~m. A de- 
fect etchant for such layers will have to be extremely 
preferential and have a slow etching rate in order to re- 
veal the defects with minimal  material removal. 

In this paper, a technique is presented which can reveal 
dislocations in  <100> n-InGaAsP layers. A chemical 
etchant with a very low etch rate is used, which becomes 
very preferential when coupled with illumination. This al- 
lows for the formation of small protrusions in quaternary 
layers that exactly match dislocation pits in neighboring 
InP  layers. Etching studies of n-type quaternary layers 
grown on Sn-doped InP are reported. Dislocation propa- 
gation through the epitaxial layers in InGaAsP/InP dou- 
ble heterostructures is also described. 

Experimental 
The material for etch investigations was InP and 

InGaAsP grown by liquid phase epitaxy from two-phase 
melts, using a conventional multiwell graphite boat (16). 
The substrate was <100> oriented S-doped (to - 5 • 10 ~s 
cm -~) InP, polished with a 1.0% bromine-methanol solu- 
tion. On the substrate, a - 4.0 Izm thick Sn-doped InP  

Key words: photoetching, dislocations, defect propagation. 

layer was grown, followed by an undoped or lightly Sn- 
doped InGaAsP layer (X = 1.3 ~m), approximately 1.2 ~m 
thick. To prevent any thermal dissolution of the quater- 
nary layer, due to disproportionate loss of phosphorus 
from the InGaAsP surface during the cooling period after 
epitaxy, an additional undoped InP layer was grown on 
the n-InGaAsP. This is an important step, because any 
thermal damage to the quaternary surface will be selec- 
tively attacked by the etchant and interfere with the 
results. 

The different etching solutions used in this study are 
listed in Table I. After epitaxy, the protective InP  layer 
was removed using a 1:1 HCl:H3PO4 solution (17) (solution 
A), exposing a quaternary surface which is free of any 
thermal or chemical damage. A sample was then cut from 
the LPE wafer and etched for 10 rain using a solution of 
100 ml of H20, 8g KOH, and 0.5g K3Fe(CN)6 (18) (solution 
B). The etching took place under  i l lumination from a mi- 
croscope lamp with a 15W tungsten filament bulb, placed 
directly over the sample. Under these conditions, the etch 
rate was approximately 1.5 ~m/h. I l lumination was re- 
quired to reveal etch features since solution B was not 
preferential without the light, even though there was no 
significant difference in the etch rate. After photoetch- 
ing, the specimen was examined by optical interference 
microscopy and etch features could be observed. SEM 
analysis showed them as protrusions on the sample sur- 
face. Figure la is an optical micrograph of the etched sur- 
face, showing these protrusions. Using a solution of 100 
ml of H20, 8g KOH, and 12g K3Fe(CN)6 (solution C), the 
rest of the quaternary layer was then removed, exposing 
the Sn-doped InP  epitaxial layer surface. 

For etching of InP, the Huber etch (19) (solution D) is 
usually taken as the most reliable in revealing material 
defects (20). However, preliminary experiments had 
shown that a 1:3 HNO3:HBr solution (9) (solution E) was 
superior to it with respect to reproducibility and surface 
quality after etching. This was particularly true when 
etching p-InP. Therefore, solution E was the InP  defect 
etchant of choice in this experiment. Thus, the Sn-doped 
InP surface was etched using this solution for approxi- 
mately 10s, revealing etch pits. Figure lb  shows an optical 
micrograph of the etched sample, with every etch pit 
matching a protrusion on Fig. la, confirming that most of 

Table I. Etching solutions used in this study 

Solution Composition 

A 
B 
C 
D 
E 

1 part HC1, 1 part H3PO4 
100 ml H~O, 8g KOH, 0.5g K3Fe(CN),~ 
100 ml H=,O, 8g KOH, 12g K3Fe(CN),~ 

2 parts H3PO4, i part HBr 
1 part HNO~, 3 parts HBr 
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Fig. 1. Interference contrast micrograph showing etch features: (a) 
n-type quaternary layer etched with solution B under illumination; and 
(b) underlying Sn-doped InP layer etched with solution E. 

the features on the quaternary layer are dislocations 
propagating through the epitaxial layers. 

Although in many samples the etch features on the qua- 
ternary layer matched closely the ones on the InP layer, 
quite often there was an increase in the defect density of 
the InGaAsP over the dislocation density of the InP. To 
determine if these extra features on the etched surface of 
the quaternary layer were real defects and not etching ar- 
tifacts, several four-layer InGaAsP/InP LED structures 
(21), grown by LPE, were examined. They consisted of a 
Sn-doped InP buffer layer ( -  4 /~m thick) on a S-doped 
<100> oriented InP substrate, followed by a 1.2/~m thick 
quaternary layer (h = 1.3/~m and lattice matched to InP to 
better than +0.06%), a 1.5 ~m thick Zn-doped InP 
confining layer, and a Zn-doped quaternary cap layer. 
First, the quaternary cap was removed with solution C. 
This exposed the p-InP confining layer, which was 
etched for 10s using solution E. Figure 2a is an optical in- 
terference micrograph of the etched surface, showing the 
defects in the confining layer. This layer was then com- 
pletely removed with solution A, exposing the smooth 
and damage-free top surface of the quaternary active 
layer. 

When trying to defect etch this surface using the new 
photoetchant,  as described above, a major problem arose: 
the i l luminated solution reacted with the surface, chang- 
ing its morphology and in ef fec tdes t roying it. The same 
phenomenon was observed when trying to defect etch 
p-InGaAsP single layers. In the LED heterostructures 
studied, only the top ( -  0.2 ~m) of the active layer was 
p-type, as a result of acceptor diffusion from the confin- 
ing layer. Most of the - 1.2 ~m thick active layer re- 
mained n-type quaternary material. Using solution C for 
approximately 20s, the top of the active layer was re- 
moved, and the remaining quaternary was all n-type. 

Fig. 2. Interference contrast mlcrograph of defect etched layers of a 
InGaAsP/InP double heterostructure: (a) Zn-doped InP confining layer 
etched with solution E; (b) quaternary active layer etched with solution B 
under illumination; and (c) Sn-doped InP buffer layer etched with solu- 
tion E. 

When examined under an optical microscope, the new 
surface showed no signs of damage or preferential etch- 
ing. Using solution B under illumination for 10 min, no 
deleterious surface reaction was observed. Figure 2b is an 
interference contrast micrograph of the etched n-portion 
of the active layer, showing etch features that exactly 
match the defects revealed on the confining layer. 

When the active layer is totally removed and the under- 
lying n-InP buffer layer is etched using solution E, dislo- 
cation pits are observed, most of which correspond ex- 
actly to the defects revealed in the upper layers. However, 
once again many of the defects present in the quaternary 
and confining layers are absent from the buffer. Figure 
2c shows the surface of the n-InP layer after defect etch- 
ing: all the etch pits in this micrograph have matching 
features in Fig. 2a and 2b, but many of the defects in Fig. 
2a and 2b are missing in Fig. 2c. 

The difference in defect density between the buffer and 
the quaternary layers becomes striking when dislocation- 
free material is used as the substrate. A few heterostruc- 
tures grown on substrates with defect density of <100 
cm -~ were investigated. No significant difference in de- 
fect density between the buffer layer and the substrate 
was detected, but a large increase in the number  of de- 
fects in the quaternary layer was observed. These defects 
then propagated into the confining layer without signifi- 
cant change in number. The increase in defect density in 
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the heterostructures was observed throughout the whole 
wafer in every wafer studied, although it was different in 
different parts of the wafers and also from wafer to wafer. 
The additional defects ranged in value from 3 x 103 to 8 • 
10 ~ cm -2, and it was usually lower in the center portion of 
the wafers. 

Results and Discussion 
A 100 ml solution of 8.0g potassium hydroxide and 0.5g 

potassium ferricyanide, coupled with illumination, etches 
<100> n-InGaAsP slowly and preferentially, allowing for 
the formation of protrusions on the quaternary surface. 
Because of deleterious reaction between the photoetchant 
and the Zn-doped surface, no results were obtained for 
p-type quaternary layers. The pattern of defects on the 
n-InGaAsP surface exactly matches the pattern of etch 
pits in InP  layers grown on the quaternary layer. It also 
correlates well with the defect pattern of the InP layer on 
which the InGaAsP layer was grown. 

A one-to-one correlation between the dislocations in 
epitaxial InP layers and in the substrate has been shown 
by other workers (1), and the present results agree with it. 
In this study, a one-to-one correlation between the defects 
in the quaternary active layer and in the InP confining 
layer has also been observed, but  a substantial increase in 
defect density in the active layer over the defect density 
in the buffer layer has been detected in most samples. 
This increase in defect number,  ranging from 3 • 103 to 8 
• 104 cm -'-~ in the samples studied, is not very important  
in heterostructures grown on substrates with high dislo- 
cation densities (greater than 104 cm-2). However, when 
the dislocation density of the substrates is low (less than 
103 cm-2), lattice defects generated during crystal growth 
become very significant. With dislocation density in 
many substrates presently approaching zero, these addi- 
tional defects will preclude achieving zero dislocation 
epitaxial material. 

Generation of these lattice defects in the InGaAsP layer 
may be due to several factors, such as interfacial stress, 
less than perfect wipe-off of the epitaxial surface, or poor 
wetting by the quaternary melt. It may also be due to 
thermal dissociation of the InP  surface during the time it 
takes to move the substrate from well to well in the 
graphite boat. However, the exact source of these addi- 
tional defects has not yet been ~letermined, and more 
work is needed to track it down and, if possible, eliminate 
it. 
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Characterization of Near-Surface Line Defects Formed during 
High-Temperature Annealing of Gold-Metallized III-V Compound 

Semiconductors (InP and GaAs) 
S. N a k a h a r a , *  E. C. Felder,  and H.  T e m k i n *  

AT&T Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

We report a transmission electron microscope study on the new type of line defects which appeared near the {001} 
surface of Au-metallized InP and GaAs compound semiconductors as a result of high temperature annealing. The line 
direction of these defects was a long the  [110], and the nature of the strain field was similar to that of an edge dislocation 
having the Burgers vector of a/2 [110] type. Because the magnitude of the strain contrast was found to vary sensitively 
with the length of the defects, the possibility of these line defects being a dislocation has been ruled out. In addition, 
they lie at the bottom of rectangular pits created by a direct interfacial reaction with a Au overlayer, and the strain field 
was determined to originate from the elastic coherency present between the semiconductor and Au containing surface 
film. 

There is an increasing interest in III-V compound semi- 
conductor materials for a number  of electronic applica- 
tions. Various metallization schemes have been proposed 
for these semiconductors and used to obtain suitable elec- 
tronic characteristics of a Schottky barrier or an ohmic 
contact. Gold, in combination with various dopants, is 
one of the elements which has been used extensively as 
a contact metal for this application. Heat-treatment of 
such a contact, necessary for obtaining low resistivity and 
strong mechanical bond, results in not only a lattice diffu- 
sion of Au into the semiconductor,  but also a direct inter- 
action with Au at the interface (1). Since such a metalliza- 
tion is often composed of more than one kind of metal, 
understanding of its interaction mechanism with the 
semiconductor may be difficult. Even a room- 
temperature interdiffusion within metallization layers 
alone was found to present quite a complex problem and 
involved an interfacial cracking accompanied by void for- 
mation, as recently observed in Au/Sn layers on GaA1As 
LED's  (2). 

During the course of studying interactions between a 
Au metallization and III-V compound semiconductors 
(InP and GaAs), we have discovered a number  of line de- 
fects lying along the [110] direction (but not along the 
[110]) at the interface between a Au-metallization and the 
{001} surface of III-V compound semiconductors.  We will 
show that the appearance of these line defects is con- 
nected with the early stages of reaction pit formation as a 
result of the preferential interaction of Au with the In or 
Ga component  of InP or GaAs substrate. It will also be 
shown that these defects are not dislocations, but are 
rather lines of a strain center which is believed to have 
originated from an interaction of Au with the semicon- 
ductor. The contrast therefore arises from a coherency 
strain generated locally between the semiconductor sub- 
strate and a Au containing thin surface film. 

Experimental  
Metallizations (1000~ thick Au) were deposited on the 

chemically polished {001} face of InP or GaAs substrate 
by electron-beam deposition technique in a vacuum of 
better than 1 • 10-6 torr. The substrate was not intention- 
ally cooled or heated during film deposition, but is be- 
lieved to be close to room temperature. The metallized 
semiconductors were subsequently heat-treated at 420~ 
for 6 min in an atmosphere of forming gas (14% of H2 in 
N2). For a transmission electron microscope (TEM) obser- 
vation, the heat-treated samples were cut into 3 mm 
square pieces, which were then mounted on a polished 
steel block while masking the metallized side with black 
wax. Some specimens were rinsed quickly in a KI solu- 
tion (400g KI, 100g I2, and 400 ml H~O) to remove an 

*Electrochemical Society Active Member. 

unreacted Au film prior to masking the metallized face 
with black wax. The 3 mm square pieces were polished 
mechanically down to about 200 t~m with 600-grit slurry 
paste (A1203). After the mechanical thinning, the polished 
pieces were given an additional black wax around the cir- 
cumferences, allowing only the center region to be ex- 
posed for the final chemical polishing in 5% Br-methanol 
solution. After the center region is perfoliated, the speci- 
men was mounted on a holder for the subsequent TEM 
observation. 

TEM micrographs were obtained with a JEM 200 elec- 
tron microscope operated at 200 kV. 

Results and Discussion 
The interfacial region of Au-metallized (1000~ thick) 

and subsequently heat-treated [001] InP or GaAs sub- 
strates~contained two characteristic features: rectangular 
surface pits elongated along the <110> direction and line 
defects lying parallel to the longer side of the pits. Since 
these features appear on both the Au-metallized InP and 
GaAs, we will illustrate only the InP case in the following 
discussion. 

Fig. 1. Images of line defects taken with various two-beam conditions. 
a(top left): Reflection g = (22~0), zone axis Z = [001]. b(top right): g = 
(2-2-0), Z = [001]. c(bottom left): g = (0~,0), Z = [001]. d(bottom right): 
g = (1:31 ), Z = [1 f4]. Symbols LD and ED in b denote the line defect and 
its associated edge defect, respectively. 

1917 
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Fig. 2. A stereo-pair showing the 
images of line defects lying near 
the Au-metallized surface of InP 
g = (2~o). 

The line defects were imaged using various two-beam 
conditions. Available reflections around the {001} zone 
within the specimen tilt angle of -+30 ~ were {220}, {400}, 
and {311} type. Results of this contrast experiment  are 
shown in Fig. 1. It is seen that the line defect (LD) images 
disappear for g = (220), but their associated two edge (ED) 
images (see Fig. lb) remain in-contrast for all reflections. 
To further understand these two image features, i.e., 
those of line and edge parts, we took the stereomicro- 
graph in the dynamical two-beam condition (see Fig. 2). 
The LD parts of the defects are seen to lie parallel to the 
Au-metallized surface but slightly below it. The associa- 
ted edge defects ED are steeply extended from the two 
ends of LD toward the surface. To understand the nature 
of the ED parts, we imaged these defects in both the dy- 
namical and kinematical conditions, while keeping the 
reflection that makes the LD part out of contrast. Figures 
3a and 3b are taken in the dynamical  [g = (220)] and kine- 
matical conditions, respectively. One black arrow indi- 
cates the exact location of a line defect, and two white ar- 
rows the sites of the associated edge defects. As seen in 
Fig. 3b, the defect is actually located inside a reaction pit 
commonly observed at the interface of heat-treated 
Au/III-V semiconductors. The two edges are quite steep 
as compared with the long face of the elongated pit. Be- 
cause of this steep angle of the edges, the thickness 
fringes associated with dynamical reflections always ap- 
pear at these edge-face regions (see two white arrows in 
Fig. lb), regardless of the type of reflections used. 

From this contrast experiment,  it can be inferred that 
these line defects, LD, have a strain field similar to a 
pure edge dislocation having the [ll0]-type Burgers 
vector and lie at the bottom of reaction pits. As noted in 
Fig. 1, however, the size varies from one defect to another, 
and, therefore, these defects cannot be assigned to be dis- 
locations, because dislocations should have a constant 
image width as long as they lie on the same depth of the 
crystal. It is also noted that in addition to the variable line 
widths these defects have variable lengths. 

An interesting observation in TEM was that heating has 
caused the gradual disappearance of the LD images. Fig- 
ure 4 illustrates these image features before and after 
beam heating inside a microscope. The beam heating was 
achieved by simply removing the second condenser aper- 
ture, thus exposing the specimen to an intense electron- 
beam at the crossover for about 5 min. This exposure 
caused the black-white (BW) LD images to disappear 
slowly, leaving only the images of the two edges, and, in 
addition, to form the mott led background behind. A care- 
ful examination of this mottled background at high reso- 
lution revealed it to correspond to a continuous distribu- 
tion of small islands which were formed on the surface by 
the local agglomeration of an unidentified surface film. 
When a specimen is not irradiated, the BW line defects 
have never disappeared. This observation indicates that 
the BW line defects are connected with surface straining 
at the bottom of the elongated pits, probably by an un- 

known surface film. An intense electron irradiation 
breaks up this film into small islands, resulting in a re- 
laxation of such a strained state. This leads to the forma- 
tion of the mottled background, accompanied by the dis- 
appearance of the strong BW images. It can be therefore 
concluded that the relatively unstable strain region is 
present between a surface film and the substrate. 

The nature of strain fields associated with these line 
defects can be determined using -+g reflections in combi- 

Fig. 3. The images of line defects taken in the (a, top) dynamical [g = 
(220)] and (b, bottom) kinematical conditions. A black arrow marks the 
position of a line defect which is out of contrast and white arrows indi- 
cate the associated edge defects. 
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Fig. 4. The images of line defects (black arrows) taken (a, top) before 
and (b, bottom) after electron beam irradiation inside a microscope, g = 
(2:Z0). 

nation with bright- and dark-field images. This technique 
was previously demonstrated (3) to be useful in estab- 
lishing the nature of strain fields for three-dimensional 
epitaxial islands of Ni grown on {001} Cu. The bright- 
field images of the line defects taken with -+g reflections 
are shown in Fig. 5. Here, we found that the line defects 
exert a compressive stress on the surface of the semicon- 
ductor. This is schematically shown in Fig. 6. This strain 
state can be achieved equivalently by a local removal of 
rows of atoms from the surface of the semiconductor. It is 
conceivable that the preferential interaction of Au atoms 
with the In or Ga component  can cause a similar stress 
state. This assumption is consistent with our observation 
(4) that interactions of Au with GaAs or InP result in the 
evolution of As or P gas. Gold presumably reacts prefer- 
entially with In or Ga (1), and rejects P or As, leading to 
the lattice collapse state (compressive state), as indicated 
by the strain fields associated with LD's. 

The fact that the observed line defects are arranged 
along the <110> direction can be rationalized by the pres- 
ence of atomic anisotropy in the {100} plane. A close ex- 
amination of stacking sequence along the {100} plane indi- 
cates that the planes of P and In alternate along the 
<100> direction. In other words, similar to the {111} 
planes, the {100} planes are polar surfaces. This anisot- 
ropy results in the formation of elongated reaction pits 
previously observed (5) on Au-metallized GaA1As surface. 
Chang et al. (5) discussed the formation of the reaction 
pits in terms of this anisotropy in the atomic arrangement 
in the {100} faces. It appears, therefore, that the observed 
line defects are responsible for the early stages of pit for- 
mation and its subsequent growth. Although reactions of 
InP and GaAs with Au-metallization lead to the formation 
of pits, Pd metallization did not produce such pits. This 

Fig. 5. The images of line defects taken with -+g reflections, a(top): g 
= (220). b(bottom): g = (2:2-.0). 

trend is found to be similar for the line defects; the line 
defects were not observed on Pd-metallized InP or GaAs. 
This structural difference can be rationalized (3) in terms 
of Pd 's  being capable of interacting equally with both the 
metal and metalloid components  of the compound semi- 
conductors, whereas Au can react strongly only with the 
metal component.  For Au, this results in an ejection of P 
during heat-treatment, which leads to the lattice collapse 
state. Therefore, the presence of crystalline anisotropy 
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Fig. 6. A schematic illustration showing the stress state of a (001) InP 
substrate as a result of an interaction with Au. The vertical lines indicate 
the bending of the (1 f0) lattice planes of InP. 
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Fig. 7. TEM micrograph showing the line defects (LD's) lying along the 
channels of thinned Au-metallization on InP. 

the surface diffusion of Au on the compound semicon- 
ductors can be quite high. In fact, it was recently shown 
(7) that the use of a passivation layer could minimize such 
a spreading. To determine the property of the unknown 
surface film, we have tested the effect of In film on the 
defect structure of InP, and found that under the same 
experimental  condition In alone does not produce such a 
line defect. It is therefore most likely that the surface 
film associated with the line defects must have contained 
Au. In addition, the reaction pits should be present to sta- 
bilize such defects. It is concluded that Au primarily in- 
teracts with the In or Ga component  via a surface (or in- 
terracial) diffusion mechanism and forms the line defects. 
A continuous line defect formation leads to the creation 
of macroscopic reaction pits, where their intermetallic bi- 
nary alloys (Au-In or Au-Ga) are accommodated. 

We are currently conducting an experiment  to provide 
an answer as to which plane the Au-metallized side is. An 
identification of In or P plane in the case of InP sub- 
strates should determine unambiguously the direction of 
line defects on the {001} plane, i.e., [110] or [110]. This re- 
sult will be reported shortly. 
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will manifest itself in the unique morphology of pit struc- 
tures, which is also followed by the LD structure. 

It has been shown that the exact location of the LD's is 
at the bottom of pits. Although there is undoubtedly 
some surface film associated with such defects, the exact 
chemical composition could not be easily determined. 
But, we believe that the surface film is an alloy con- 
taining Au and In. In fact, we found regions where the 
part of unreacted Au still remains on the surface (see Fig. 
7). A careful examination of such regions indicated that 
the unreacted part of Au film is actually split by channels 
in which the film is effectively thinner or almost absent. 
Furthermore,  we found that the line defects lie inside 
these channels. A direct reaction of the semiconductor 
surface with Au is presumably responsible for the forma- 
tion of the LD's. 

In a device structure, the observed defects may play an 
important  role in the spreading (6) of a Au-contact layer 
outside of a defined mask after heat-treatment, because 

Determination of Oxygen in Silicon by Photon Activation Analysis 
for Calibration of the Infrared Absorption 
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ABSTRACT 

The oxygen content of silicon wafers has been determined by infrared absorption and photon activation analysis 
(PAA). We find a linear relationship between the absorption coefficient ~ox and the oxygen content (PAA). The conver- 
sion factor ~ox is 3.0 • 10 '7 cm -2, in remarkable agreement with various recent investigations employing independent an- 
alytical methods. 

The interstitial oxygen content of silicon crystals plays 
an important  role in modern device technology due to its 
electrical behavior and its dominant  influence on pre- 
cipitation for internal gettering kinetics (1). Its amount is 
commonly determined spectroscopically by measuring 
Key words: interstitial "oxygen in silicon, infrared absorption, 
photon activation analysis. 

the well-known 9 ~m band of the St-O-St vibration (2) 
(Fig. 1). The absorption coefficient ~ox derived from this 
IR transmittance curve is multiplied by a calibration fac- 
tor ~ox in order to get a concentration value. 

Today, several calibration factors are used in the silicon 
industry. The first calibration factor employed, %x = 2.83 
• 10 '~ cm -2, was found by Kaiser and Keck (3, 4). Other 
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Fig. 1. IR spectra of a 2 mm thick silicon slice polished on both sides 
taken in the range between 1400 and 900 cm-'. a(left): CZ-Si con- 
taining interstitial oxygen and FZ-Si without detectable oxygen showing 
the pure lattice absorption of silicon, b(right): Interstitial oxygen band of 
the CZ-Si slice after subtracting the background absorption of the Si- 
lattice; the transmission minimum and maximum of the Oi bcmd are 
marked. 

calibration factors were determined by Baker (5, 6;) and 
Graft (7) to be 7ox = 4.81 • 10 '7 cm -~ and 2.45 x 10 '7 cm -~, 
respectively. 

The latter was used by measurement  standard 50438 is- 
sued by DIN (Deutsches Institut fiir Normung) (8), and 
was taken over by ASTM (9) in 1981. Recently, a Japanese 
group (10) re-evaluated the calibration curve again and 
determined it to be 

Yox = 3.05 • 10 '7 cm -2 

This value was already found in 1973 by Yatsurugi et al. 
(11). However, Yatsurgi's value got only little attention. A 
further confirmation for this new value has been pub- 
lished by a Chinese research group (12). 

Although three consistent values are published for the 
calibration factor, some open questions still exist regard- 
ing the validity of its determination, such as for the pre- 
cipitated oxygen which does not contribute to the 9 /~m 
band. 

Experimental  
The samples were taken from silicon crystals produced 

with today's state-of-the-art oxygen-controlled CZ-growth 
technique. The crystals were boron doped with a specific 
resistivity greater than 15 ~ cm, (100) oriented with a di- 
ameter of 100 ram. Samples were taken from eight crys- 
tals with different oxygen content ranging from 4 to 11 • 
10 '7 cm -~ (DIN calibration). From each ingot, three adja- 
cent pieces were cut with 10 and 2 mm thickness. The 2 
m m  slices were used for IR measurement, the 10 mm slug 
for photon activation analysis. The IR samples were pol- 
ished on both sides with diamond slurry. Cylindrically 
shaped samples were drilled from the center and regions 
far enough from the edge for the PAA; the PAA samples 
were bright-etched and chemically cleaned. 

Redissolution experiments  carried out between 1250 ~ 
and 1300~ (13) showed that the material investigated did 
not contain any measurable precipitated oxygen already 
introduced during the pulling process. However, for high 
oxygen samples (O~ greater than 10 • 10 '7 atom/cm ~, DIN 
calibration), we know from diffusion length measure- 
ments (14) that small amounts of oxygen can be precipi- 

Fig. 2. Typical radial oxygen distribution of the silicon slices used in 
the experiment. 

tated if the diffusion length is smaller than 400 ~m. The 
material we used had always diffusion lengths greater 
than 400 ~m, indicating that only negligible amounts of 
oxygen may not be built-in on interstitial sites (14, 15). 
The homogeneity of the radial oxygen distribution Was 
checked by scanning an IR spot over the diameter. Figure 
2 shows a typical result. 

IR analysis.--The IR analyses were carried out using 
two different pieces of equipment:  a Fourier transform 
spectrometer (FTS 14 Digilab), and a dispersive 
spectrometer (PE 580 B). 

For determining the interstitial oxygen content, the IR 
transmittance between 1400 and 900 c m - '  was recorded 
(Fig. 1). Due to the superposed multiple phonon excita- 
tions of the silicon host lattice, all sample spectra have 
been subtracted from an oyxgen-free reference spectrum. 
For calculating the oxygen absorption coefficient ~ox, Eq. 
[1] has been applied, taking into account multiple reflec- 
tion contributions (6, 16) 

1 [ - B + ~ / B 2 + 4 A T  ] [1] 
~ox = - in 2A 

The abbreviations A, B, T, and d are explained in the Ap- 
pendix. The diameter of the IR spot employed was 8 m m .  

Thus, the IR signal averages the oxygen data in a sample 
volume which is comparable to that used in PAA. 

Photon activation analysis combined with inert gas 
fusion.--The absolute oxygen content in silicon is ana- 
lyzed by activation with high energy photons (17, 18) gen- 
erated by bombardment  of a tungsten target with 30 MeV 
electrons. This means that the maximum of intensity of 
the Bremsstrahlung is in the range of about 20 MeV. This 
energy range delivers a giant resonance for the nuclear 
reaction 

'60 (7, n) '50, half-life 2.03 min 

which the anlaysis is based on. During the irradiation, the 
sample rotates to get a homogeneously activated sample. 
The entire homogenously activated sample volume is 
then used in the analysis. After irradiation, the samples 
are etched with nitric acid/hydrofluoric acid (1:1) in order 
to remove activated surface oxide and to eliminate blank 
value problems. The inert gas fusion is performed in a 
graphite crucible with iron as metallic bath. The sample 
is completely dissolved at 2000~ under hel ium gas flux. 
The sample collection efficiency is about 100%. The mol- 
ten silicon reacts preferentially with graphite, whereas 
oxygen reacts with carbon to yield carbon monoxide. The 
oxidation of the generated CO to COs is caused by 
Schiitze reagent I~Os. Carbon dioxide is absorbed on 
ascarite. 

The determination of the activated oxygen is based on 
the annihilation radiation, generated by fl+-radiation of 
'50, which reacts with an electron under emission of two 
gamma rays of 511 keV 
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Table I. List of values of oxygen contents (PAA) and IR absorption 
coefficients 

Series 

Oxygen content IR absorption coefficient 
(10 '7 at. cm -3) (cm-') 

(PAA) PE 580 B FTS 14 

The 511 keV 7-line is m e a s u r e d  wi th  two NaI (T1) detec-  
tors  in co inc idence  in order  to de t e rmine  o x y g en  decay  
curve  and  content .  The ca l ibra t ion  of  the  analysis  m e t h o d  
desc r ibed  above is done  by  a s tandard;  in case  of oxygen  
A1203 is taken.  A1~O3 is m e a s u r e d  wi thou t  chemica l  sepa- 
ra t ion on a second  de tec to r  design.  

A: A] 1.90 
Ar 2.11 
Am 6.37 -+ 0.76 

B: Bt 2.49 
Br 2.49 
Bm 7.61 -+ 0.56 

C: C, 2.86 
Cr 2.90 
Cm 8.16 -+ 0.32 

D: D, 3.06 
Dr 3.00 
Dm 9.68 +- 1.25 

E: E~ 3.41 
Er 3.48 
Em 11.15 -+ 1.29 

F: F, 4.21 
F r 4.16 
Fm 13.19 -+ 1.31 

G: G, 4.48 
Gr 4.51 
Gm 14.22 -+ 1.74 

H: H, 4.67 
Hr 4.57 
Hm 12.53 _+ 2.52 

1.99 

1.93 
2.04 

2.44 
2.40 

2.45 

2.82 
2.84 

2.86 

3.01 
2.98 

3.02 

3.46 
3.49 

3.47 

4.17 
4.17 

4.18 

4.50 
4.49 

4.50 

4.63 

4.68 
4.59 

fl+ + e -  = 27 

E7 = 511 keV 

For  m e a s u r i n g  the  511 keV line, it is neces sa ry  to take  the  
gas fus ion  process ,  in order  to avoid an in t e r f e rence  of the  
511 keV line by  the  C o m p t o n  effect  of ~-SA1, w h i c h  c o m e s  
f rom the  fo l lowing nuc lea r  reac t ion  

~sSi (n, p) 28A1, half-life 2.25 m i n  

18 I l I I t 

16- / - 
m 1L- 

,,--, - 

c 10- 0D 
r -  88-c / ' 
09 6 -  

0 & _  , _ 

4 [Oi] = 3,0x Cx [1017crd 3] 
~ / I  I I I I 

1 2 3 & 5 6 
cx Absorption Coefficient [cm-'] 

Fig. 3. Plot of the oxygen concentrations determined by the photon 
activation analysis (PAA) vs .  the absorption coefficient of the IR active 
oxygen band at 1106 cm-'.  A least mean squares fit yields a conversion 
factor 7ox = 3.0 x ] 0  '7 cm -2. 

Results 
Table I compares  the  o x y g en  concen t r a t ions  ob ta ined  

by  p h o t o n  act ivat ion analys is  (PAA) wi th  the  abso rp t ion  
coeff ic ients  d e t e r m i n e d  by  IR spec t roscopy .  For  each  
class of oxygen  concen t ra t ion ,  e ight  individual  p h o t o n  ac- 
t ivat ion analyses  were  carr ied out. 

The accuracy  of the  o x y g e n  d e t e rmi n a t i o n  by  P A A  is 
typical ly  be t t e r  t h a n  -+ 15%. The de tec t ion  l imit  of  this  
m e t h o d  is 5 x 10 '5 cm-3.  However ,  the  accuracy  of  the  IR 
data  is be t t e r  t h a n  _ 2%. 

In  Fig. 3, the  data  l i s ted  in Table I are p lo t ted .  A least  
m e a n  squares  fit y ie lds  a s t ra ight  l ine w i th  a s lope  of  3.0 
x 10 '7 cm -2. The standard deviation amounts to _+ 0.2 x 
10 '~ cm -2. This gives the following calibration factor for 
the IR absorption method 

%x = [ 3.0 -+ 0.2 ] x 10 '7 cm-'-' 

Discussion 
The calibration factor of 3.0 x 10 '7 cm -~ is close to the 

values recently published by Li et al. (12), lizuka et al. 
(i0), and Yatsurugi et al. (11). Also, our calibration factor 
is close to the value of 2.83 x 10 '7 cm -2, which was the 
first to be published by Kaiser et al. (3). All these factors 

16 
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-E 

0 
c) 
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x L  
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m 

I I E I 
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/ / 
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/ 
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0 ~r I 

0 1 2 
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I I I I 

3 4 5 6 
Coefficient c~ [cr~ 1] 

Baker .......... Wacker 

Graft Kaiser 
lizuka ~ 
Y~surug~ - -  Li Yue-zhen.-- 

Fig. 4. Calibration curves for the oxygen concentration published by 
different authors. 
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quoted were obtained by different analytical methods. Li 
et al. used charged particle activation and helium carrier 
gas fusion-gas chromatography (12). Yatsurgi et al. used 
charged particle activation (11). Kaiser et al. used vacuum 
fusion gas analysis (3). T. Iizuka et aI. used Charged 
particle activation (10). In  this work, we used photon acti- 
vation combined with inert gas fusion. 

When compared with the calibration factors employed 
in ASTM and DIN standards (Fig. 4), a calibration factor 
of 3 x 10 ~7 cm -2 appears to be reasonable. It gains addi- 
tional importance and credibility in that a variety of re- 
cent investigations yields practically the same value. 
Therefore, a new discussion about the calibration factors 
used in the actual standards is deemed necessary. 
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APPENDIX 

The abbreviations used in Eq. [1] stand for the following 
expressions 

d sample thickness (cm); aL (1106 cm -1) = 1 cm -I (19) 

R 0.3 reflection index 

T (Tmin/Tmax) where Tmi n and Tma x a r e  transmission 
min imum and maximum, respectively, of the 
absorption band at 1106 cm -~ (see Fig. 1) (16) 

A = TR 2e-2%d;B = - R  ~e-2%d 
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The Growth and Characterization of HgTe Epitaxial Layers Made 
by Organometallic Epitaxy 

I. Bhat* and S. K. Ghandhi** 

Department of Electrical, Computer, and Systems Engineering, Rensselaer Polytechnic Institute, Troy, New York 12181 

ABSTRACT 

Mercury telluride layers have been grown on cadmium telluride substrates, by the reaction of diethyltelluride and 
mercury. Typical growth rates, at 415°C, are 3.3 ~m/h. Resulting films had an apparent Hall mobility of 1 x 105 cm2/V-s 
at liquid nitrogen temperature, and an effective electron concentration of 2 x 10'G/cm 3. The growth and electrical charac- 
teristics of these films are described in this paper. 

Mercury telluride is a semimetallic compound which 
has been investigated because of its unique material 
properties and also because it is the major component  of 
the mixed II-VI compounds, Hgi_xCdxTe. Conventionally, 
these compounds are grown in closed systems. Vapor 
transport systems, with elemental sources, have also been 
used (1), but require multiple zone furnaces and are rela- 
tively complex in their operation. The growth of HgTe by 
organometallic chemical vapor deposition (OMCVD), 

*Electrochemical Society Student Member. 
**Electrochemical Society Active Member. 
Key words: MOCVD, OMVPE, HgTe, epitaxy, organometallic. 

using elemental mercury and diethyltelluride, offers the 
alternative of a relatively simple open-flow system. Here, 
high growth rates at low temperatures can be achieved 
with comparable crystal morphology. 

Kuech et al. (2) used a hotwall system to grow HgTe on 
CdTe substrates, by using elemental mercury and di- 
methyltelluride. However, the growth rate reported was 
very low (0.3-0.6 ~rrgh) and no electrical characteristics of 
the layer were given. Irvine et ah (3) used diethyltelluride 
and elemental mercury to grow HgTe at 410°C. Again, no 
details of the technique were provided, and no detailed 
study of the growth characteristics was attempted. 
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In this work, we report on the growth of HgTe on (100)- 
oriented CdTe substrates, and over a wide range of depo- 
sition temperatures and reactant partial pressures. It is 
shown that the 77 K mobility of these layers is higher 
than that presented in earlier work. 

Experimental  
Epitaxial growth of HgTe was carried out at atmos- 

pheric pressure in a quartz horizontal reactor tube, using 
palladium-purified hydrogen over heated mercury. 1 Di- 
ethyltelluride (DETe) ~ vapor was introduced by bubbling 
hydrogen through DETe bubbler, which was held at 15~ 

The main reactor tube was 51 mm diam, and used a RF- 
heated graphite susceptor, located 6 cm from the inlet. 
The mercury vapor source was provided by passing hy- 
drogen over a heated chamber  containing mercury. In ad- 
dition, the tube wall in front of the susceptor was heated 
to prevent mercury condensation. 

Substrates used for epitaxial deposition were (100)-ori- 
ented undoped CdTe wafers2 Several wafers of (100) 3 ~ 
(110) orientation have also been used for our work. Sub- 
strates were purchased in polished form. These were first 
cleaned in organic solvents, after which 20 ~m of the sur- 
face was etched off in a 2% Br-methanol solution to result 
in a highly polished, shiny surface. 

After loading the substrates, the system was thoroughly 
purged with nitrogen followed by hydrogen. The hydro- 
gen flow through the Hg line was set at 8-10 cm3/min, and 
the flow through all other flowmeters adjusted to their 
appropriate values. The RF was turned on followed by 
the tube heater. The Hg heater was turned on when the 
susceptor temperature reached about 250~ This se- 
quence of steps was necessary to prevent any condensa- 
tion of Hg on the substrates prior to growth. At all times 
during the growth run, the susceptor temperature was 
kept higher than Hg temperature. This prevents mercury 
droplets, which are not saturated with tellurium, from 
etching the substrate and causing etch pits in the grown 
layer. Once the substrate temperature reached the growth 
temperature, hydrogen through the Hg line was increased 
to the desired value, the DETe bubbler was turned on. 
The total gas flow used was 0.67 Ymin in all these experi- 
ments. 

The RF heater was shut down at the end of the deposi- 
tion run, which lasted 1-2h. Next, the hydrogen flow- 
through DETe bubbler was turned off, followed by the 
tube heater and the Hg heater. The total flow through the 
system was increased to 4 1/min to allow a faster cool- 
down of the system. Once the susceptor reached 150~ 
the hydrogen flow through the mercury was turned off, 
and the system was purged with nitrogen prior to remov- 
ing the substrates from the reactor. 

The thickness of the deposited layer was measured 
gravimetrically. In some cases, this was verified by scrib- 
ing the substrates, and then observing with the aid of a 
scanning electron microscope. No separate etching was 
found necessary to delineate the interface. Good correla- 
tion was obtained between these techniques. 

Electrical measurements  were made by the van der 
Pauw technique, after deposits from the edge and the 
back side were etched off. Ohmic contacts were made to 
the substrate using silver epoxy. No thermal alloying cy- 
cle was found necessary to ensure a good ohmic contact 
to these samples. 

Results and Discussion 
Initial HgTe growth attempts were made over a wide 

range of reactor conditions in order to establish the condi- 
tions for growing good epitaxial layers. Next, a few 
growth runs were carried out under the following condi- 
tions. (i) for a fixed partial pressure of Hg, DETe, and  to- 
tal flow, the susceptor temperature was varied from 395 ~ 
to 440~ (ii) The hydrogen flow through the DETe bub- 
bler was varied from 64 to 190 ml/min, (corresponding to 

'Bethlehem Apparatus Company, Incorporated, Hellertown, 
Pennsylvania 16056 

2Alfa-Ventron, Danvers~ Massachusetts 01923 
3Two-Six Incorporated, Saxonburg, Pennsylvania 16056 

the DETe partial pressure of 0.7 • 10 -3 to 2 • 10 -3 atm). 
Other parameters, such as a mercury partial pressure, to- 
tal flow through the system, and substrate temperature, 
were fixed during these experiments.  (iii) The susceptor 
temperature, total flow through the system, and DETe 
partial pressure were kept fixed, while the Hg partial 
pressure was varied from 0.03 to 0.1 atm. 

In all the above experiments,  the Hg reservoir tempera- 
ture was held at 300~ and the tube in front of the suscep- 
tor was heated to 250~ 

Layer morphology.--The surface of all the grown HgTe 
layers shows a series of steps, all running parallel to one 
of the (011) directions. The direction of this pattern was 
independent  of the position or the orientation of the 
sample in the reactor. The step features were more promi- 
nent on the layers grown on (100) 3 ~ ~ (ll0)-oriented sub- 
strates, than on (100) substrates. Other workers (3) have 
also reported similar types of surface features for HgTe 
layers grown on (100) 2 ~ ~ (110) CdTe substrates. Figure 1 
shows the surface morphology for a typical layer grown 
during the course of this work. 

In all our work, we observed that the layer morphology 
was strongly dependent  on the substrate quality, with 
samples cut from some substrates providing consistently 
better morphology than those cut from other substrates. 
This is indicative of the immature state-of-the-art of bulk 
CdTe substrate technology. 

Effect of temperature.--The substrate temperature is 
the main parameter affecting the growth rate, and control 
of this temperature to within _+ 1~ is very important for 
obtaining reproducible results. The growth rate of the 
HgTe layer was measured as a function of the substrate 
temperature over the range 395~176 while maintaining 
all the other parameters constant. The gas flows chosen 
for these experiments were a total hydrogen flow of 0.67 
l/rain, a DETe flow of 1.3 ml/min, and a Hg flow of 38 
ml/min, corresponding to partial pressures of 2 • 10-3 and 
5.7 • 10 -2 arm, respectively (flow rate of the pure reac- 
tants are given here). Figure 2 shows the variation of the 
growth rate with temperature, and exhibits an activation 
energy for the deposition process of 30 kcal/mol over the 
entire range. Little or no growth was observed below 
about 400~ In a pyrolysis study (3) of DETe, it was noted 
that the partial dissociation enthalpy of the C-M bond is 
about 25 kcal/mol, which agrees reasonably well with the 
activation energy obtained by direct measurement  of the 
deposition process. Hence, the growth of HgTe is proba- 
bly limited by the stability of the DETe molecule. 

Effect of mercury partial pressure.--The growth rate at 
any specific temperature was found to be independent  of 

Fig. 1. Surface morphology for a HgTe layer. T:415~ Growth rate: 
3.3/~m/h. p~: 0.055 arm. PDET,,: 2 • 10 -3 arm. 
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approximately one tenth of what would be expected if the 
process were mass-transport limited; finally, the growth 
rate depends on the substrate orientation. 

We propose that the growth of HgTe occurs by the si- 
multaneous noncompeti t ive adsorption of (C.~H.~)2Te or 
(C2H,0Te and Hg atoms, followed by a surface catalyzed 
reaction. The growth rate R for this model is given by 

R = K, 0DETe 0Hg 

where K. is a rate constant, and 0DET~ and 0.g are the sur- 
face coverages of DETe and Hg, respectively. The surface 
coverage can be related to the respective gas phase partial 
pressure by 

#DETe PDETe 
0 DETe ( i  ~- J~DETe PDETe) 

Here, P~ET~ is the DETe gas phase partial pressure and 
flDE~e is the ratio of the rate constant for adsorption of 
DETe to the rate constant for desorption. In addition 

~Hg Prig 
0Hg -- 

(1 + #. ,  p.~) 

where all the terms have their usual meanings. Hence 

the mercury partial pressure, within experimental  error. 
This is expected because Prig is 20 to 40 times higher than 
PDET~, SO that the DETe flow will be the rate limiter in the 
transport process. The minimum Hg pressure is deter- 
mined by the equilibrium partial pressure of Hg at the 
growth temperature and is approximately 0.01 atm at 
415~ (4, 5). A somewhat higher mercury pressure (by a 
factor of 2-4) was used to prevent decomposit ion of the 
growing layers. 

Effect of DETe f iow.--Exper iments  were conducted to 
determine the effect of DETe flow rate on the growth 
rate of HgTe. These were carried out with a hydrogen 
flow rate of 64-190 mYmin through DETe bubbler, with 
78 mYmin of hydrogen over the mercury reservoir. This 
corresponds to 0.4-1.3 ml/min of pure DETe and 38 
ml/min of pure mercury flow. The total hydrogen flow 
was 0.67 Ymin. For these experiments, the susceptor 
temperature was kept at 415~ the reactor tube at 250~ 
and the mercury reservoir at 300~ 

Figure 3 shows a sublinear behavior in the growth rate 
with DETe flow. A Langmuir-Hinshelwood model  (6) can 
be invoked to explain this behavior. We note that the dep- 
osition process is kinetically controlled for the following 
reasons: first, the growth rate of HgTe varies with the 
growth temperature (with an activation energy of 30 
kcaYmol); second, the growth rate observed at 415~ is 

KIflDETe PDET~ flHg Prig 
R= 

(1 + fl,)EVe PDET~) (1 + fl.~ p.g) 

Since elemental mercury is used, at vapor pressures in 
excess of the equilibrium value, it is reasonable to assume 
that flH~ Prig >> 1. Then 

g l  •DETe PDETe 
R =  

(1 + flDETe PDETe) 

so that the predicted growth rate is sublinear in PDETe and 
independent  of Prig. 

The actual reaction mechanisms are, in all probability, 
more complex than those proposed here. However, in the 
absence of detailed experimental  data, it serves no useful 
purpose to present them now. 

Electrical characteristics.---Hall and resistivity mea- 
surements were made at  77 and 300 K by means of the 
van der Pauw method, with a magnetic field strength of 
2.3 kG. All the layers were n-type at liquid nitrogen tem- 
perature with an apparent carrier concentration in the 
range of 1-4 x 10 '6 cm -3. No significant changes in the 
carrier concentration or resistivity at room temperature 
were observed on different HgTe layers grown under 
various growth conditions. This is expected of a semi- 
metal like HgTe, in which the intrinsic carrier concentra- 
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tion at room temperature is approximately 4 • 10 '7 cm -3 
(7). Hence, the external impurities or the defects do not 
play a dominant role in controlling its electrical pi'oper- 
ties at room temperature. 

Even though single-carrier analysis of Hall mobility 
data cannot be applied to find the net carrier concentra- 
tion in HgTe, this measurement  gives a qualitative mea- 
sure of the relative values of holes and electrons. Figure 4 
shows the apparent mobility and carrier concentration (8) 
at 77 K as a function of the growth temperature. We note 
that the carrier concentration decreases as the growth 
temperature is increased. This can be explained as fol- 
lows: for a constant Hg pressure, we can expect  a higher 
Hg vacancy concentration in the layers as the growth 
temperature is increased. Since Hg vacancies are believed 
to behave like acceptors (9), the material bcomes more 
p-type, thus indicating a lower net electron concentration. 
Measurements made on samples grown at 415~ over a 
range of Hg pressures (3 x 10 -2 to 8 • 10 -2 atm) show an 
increase in electron concentration from 2.2 • 101~ to 3 x 
10 TM cm -3 and lend support to this argument. 

The outdiffusion of impurities from the substrate also 
plays a role in determining the electrical characteristics of 
the layers. In fact, it is possible that their diffusion rate in 
HgTe at the growth temperature can even be higher than 
the growth rate (10). Residual impurities on the substrate 
surface after chemical etching can also alter the electrical 
characteristics of the layer. 

Conclusion 
HgTe layers have been grown onto CdTe substrates by 

OMCVD using elemental mercury and diethyltelluride. 
The growth characteristics have been studied at different 
growth temperatures and at various reactant partial pres- 
sures. The activation energy for the deposition process 
has been found to be 30 kcal/mol, which is in fair agree- 
ment  with the partial dissociation enthalpy of the M-C 

bond of diethyltelluride. The electrical characteristics of 
the layers are comparable to those of the best bulk HgTe. 
In conclusion, this work establishes the feasibility of ob- 
taining device-quality HgTe layers by OMCVD tech- 
niques. It is planned to extend this work to the growth of 
the ternary alloy Hg, xCdxTe. 
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Controlled Film Formation during CCI4Plasma Etching 
S. E. Bernacki*'l and B. B. Kosicki 2 

Sperry Research Center, Sudbury, Massachusetts 01776 

ABSTRACT 

Carbon tetrachloride plasma etching can be performed in a regime in which a film-like product is simultaneously 
formed on vertical surfaces but inhibited from forming on horizontal surfaces. If  the photoresist profile is properly 
tailored, this process is capable of etching polysilicon or layered refractory metal (tantalum, molybdenum) silicide- 
doped polysilicon films with virtually no change in ]inewidth from the developed photoresist image. We discuss the 
influence of the masking profile on the etched film profile and present conditions necessary for controlled film 
formation. 

Dry etching is replacing wet chemical etching in se- 
lected semiconductor device fabrication steps because of 
its ability to accurately etch images into underlying films 
with either vertical or controllably sloped sidewalls. Ver- 
tical sidewalls are essential to achieve the degree of 
linewidth control necessary for the successful operation 
of MOS transistors on the micron scale. Regardless of 
which technology is used (plasma etching, reactive ion 
etching) the origin of the anisotropic etching behavior ul- 
t imately lies in directional ion bombardment  normal to 
the substrate surface arising from applied electric fields. 
Even though this is the root cause of anisotropy, however, 
other chemical effects can heavily influence the degree 
of anisotropy actually realized. 

In this paper we will investigate one of these chemical 
effects: that of polymerization or spontaneous deposition 
of material onto surfaces exposed to the plasma. Gener- 

* Electrochemical Society Active Member. 
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tory, Sudbury, Massachusetts 01776 
Present address: Massachusetts Institute of Technology, Lin- 

coln Laboratory, Lexington, Massachusetts 02173 

ally, polymerization is regarded as something to be 
avoided in as much as it may coat chamber and work sur- 
faces and lead to cross contamination or erratic etching 
behavior. In some instances, however, this phenomenon 
has been exploited by intentionally coating chamber 
walls with material that forms volatile products upon ion 
bombardment,  thereby eliminating the redeposition of 
nonvolatile sputtered material from the chamber walls. 
Another use of polymerization can be seen in the reactive 
ion etching of silicon dioxide down to a silicon surface, 
reducing its etch rate and thereby enhancing the silicon 
dioxide to silicon etch rate ratio. 

We will describe a third use of intentional polymeriza- 
tion, where the operating point is chosen such that the 
determining factor in the competitive balance between 
etching and deposition is the local angle between the sub- 
strate surface and the ion bombardment  direction. 

Experimental Procedure 
The samples used in this study consisted of LPCVD 

polysilicon layers 0.3 to 0.5 ~m thick, deposited at 615~ 
onto oxidized, 3 in. diam <100> 20-50 12-cm, p-type silicon 
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Fig. 1. Cross-sectional diagram of plasma etching chamber 

wafers. The polysilicon was doped either by arsenic ion 
implantation or POCL~ sourced phosphorus diffusion to 
resistivities of 10 -2 to 10 -2 ~-cm. Within this range, etch 
rate decreased very slightly with increasing resistivity. 
The underlying oxide thickness varied between 25 and 
500 nm and had no effect on the results. Shipley 3000 pos- 
itive photoresist of initial thickness 1.2 ~m was used 
throughout,  with exposures performed with a Canon PLA 
521. Intentional sloping of the photoresist sidewall was 
obtained by simply postbaking vertical sidewalled resist 
patterns at temperatures between 110 ~ and 140~ for 
various lengths of time. 

The etching apparatus consisted of the rectangular par- 
allel plate etching chamber diagrammed in Fig. 1. The 
etching samples rest on the lower grounded electrode 
with the top electrode excited by a 13.56 MHz RF genera- 
tor through an appropriate matching network. Both elec- 
trodes are rectangular with dimensions of 35 • 53 cm 
with a 1 cm spacing, giving an enclosed volume of 1.85 li- 
ters. The gas feed is via a series of holes spaced 1 in apart 
along the entire centerline of the long axis of the lower 
electrode, and the pumping ports are beldw the outer 
edge of the lower electrode, as shown. The top electrode 
is covered by a 1 cm thick quartz plate, and the bottom 
electrode is anodized aluminum. All other chamber sur- 
faces are aluminum. The entire chamber volume of 12.4 li- 
ters is pumped by a 100 cfm Roots blower. The rotary pis- 
ton roughing pump is charged with Halovac | fluid which 
is continuously filtered during use. The etching gas was 
carbon tetrachloride, controlled by a mass flowmeter 
from a liquid source heated to 36~176 All experiments 
were carried out at 23~ with no temperature rise noted 
throughout  the short etching times used (typically a few 
minutes). Temperatures were measured by means of a 
thermocouple imbedded in the lower electrode. 

Results and Discussion 
Table I lists vertical etching rates of common semicon- 

ductor materials under chamber conditions of 13 Pa pres- 
sure, 35 sccm CCh throughput,  and 1000W RF power ap- 
plied to the top electrode. Estimation of exact power 
density or volume is difficult because of unknown dissi- 
pation in the tuning network and other leakage paths, but 
the dark space between the plasma and the grounded 
substrate electrode was approximately 1 mm. With this 
etch rate ratio of 20 to 1 for doped polysilicon to silicon 
dioxide, we have been able to routinely define 0.5 ~m 
thick polysilicon gates over 25 nm thermal silicon dioxide 
without difficulty on 3 in. wafers. 

When doped-polysilicon samples masked by photo- 
resist with vertical sidewalls are etched under  these con- 

Table I. Vertical etch rates of semiconductor materials in a CCI4 plasma 
in ~/min 

Fig. 2. SEM of polymer film partially dislodged from the sidewall of a 
doped polysilicon pattern. The horizontal film was completely lifted from 
the sample and redeposited at right angles to the polysilicon edge. 

ditions, vertical walled polysilicon profiles are easily pro- 
duced (1). The reason for this behavior can be seen in Fig. 
2, which shows that a sidewall film has been formed 
along the polysilicon edge during etch. The film in this 
photograph has been partially dislodged by a 1 rain dip in 
a 130~ sulfuric acid solution. The observation of this 
sidewall film is direct evidence of the surface inhibitor 
mechanism, which has been cited as the predominant  
cause of vertical walled behavior at comparatively high 
chamber  pressures and low ion bombardment  energies 
(2). This phenomenon is also more likely to occur in chlo- 
rinated gas systems rather than fluorinated because of 
the increased susceptability of chlorine containing plas- 
mas to form polymerized films (3). 

The etching system lends itself to several interesting 
and difficult etching applications. One of these is the pat- 
terning of layered films of metal silicides on doped 
polysilicon to produce low resistivity MOS gate elec- 

"trodes. Most attempts to etch these films have resulted in 
either poor etching results or complicated multistep etch- 
ing procedures because of the generally different vertical 
and horizontal etching rates of the composite layers. Even 

Phosphorous-doped polysilieon 2000 
Thermal silicon dioxide 100 
Silicor/nitride 1000 
Hunt, Shipley positive resist 1000 
Molybdenum disilicide 1000 
Tantalum disilicide 3000 

Fig, 3. SEM of the edge of an etched film consisting of i 500~ molyb- 
denum silicide on top of 2000/~ phosphorus-doped polysilicon. Both the 
masking photoresist and the sidewall film have been removed in this 
photograph. 
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though the vertical etching rates are different here also 
(see Table I), the presence of this sidewall film results in 
zero horizontal etching of all layers, allowing smooth, 
continuous vertical walled profiles to be produced, as 
can be seen in Fig. 3, which shows an etched film of mo- 
lybdenum silicide on doped polysilicon. 

Another property of this etching system is the ability to 
severely overetch samples with no observable undercut  
or sidewall attack, due to the masking nature of this film 
after it has been formed. A small overetch is generally 
needed to allow for nonuniformity in most dry etching 
schemes, but in some cases substantial overetch becomes 
necessary, for example, to clear filamentary residues 
where the polysilicon film conformally crosses over steps 
in the substrate. Such a situation is depicted in Fig. 4, 
showing etched polysilicon lines crossing over 0.5 ~m ox- 
ide steps in the substrate with the resist still in place. In 
Fig. 4a, the sample has been etched just  to completion, 
that is, just  to clearing on horizontal surfaces. Note the sil- 
icon residues along both sides of the oxide step, which is 
merely a consequence of the strictly anisotropic etching 
behavior of this system and the large vertical thickness of 
poly at this step. The top surface exhibits the characteris- 
tic roughness of partially etched polysilicon. Figure 4b 
has been subjected to a 100% overetch, which was just  
sufficient to clear the poly filaments. The etched 
polysilicon sidewall, being coated by polymer, faithfully 
replicates the photoresist image with no discernible un- 
dercut in spite of the necessary overetch. Further study of 
this etching system has produced evidence revealing the 
presence of a similar sidewall fil m upon the photoresist 
mask itself, in addition to the etched layer. Such a film is 
shown in Fig. 5, where it has been partially mechanically 
peeled away from the resist mask. Other photographs 
show that this film is, in fact, ~ continuous across the 
resist-polysilicon boundary, and indicates that this is just  
an extension of the sidewall film previously detected on 
the polysilicon alone (Fig. 2). 

In order to systematically study the properties of these 
films, a better method of sample preparation was needed 
rather than the chemical soaking or mechanical displace- 
ment  shown in the previous samPles , which are time 
consuming and disturb the film. An encapsulation tech- 
nique devised for this purpose is illustrated in Fig. 6. 

Fig. 5. SEM of a polymer film mechanically peeled away from a 
photoresist sidewall masking a doped polysilicon layer after etching. 

After an original resist pattern is used to mask a 
polysilicon plasma etching operation, the entire sample is 
coated with an additional layer of thick resist, referred to 
as encapsulating resist in the figure. The sample is then 
cleaved, exposing a cross~sectional face of the entire 
structure. We then make use of the differential etch rate 
in an oxygen plasma to recess the resist face with respect 
to all other materials, including the sidewall film, which 
is held in place by both resists. A key feature is that the 
film is rigidly constrained in its original configuration, 
in contrast to earlier preparation methods which relied on 
mechanical or chemical methods to dislodge the film for 

Fig. 4. Etched polysilicon patterns crossing over 0.5/~m substrate steps. A(left): etched just to completion. B(rlght): etched to completion plus 100% 
overetch. 
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Fig. 6. Diagram of encapsulation technique developed to study 
sidewall film formation. 

observation, losing the information conveyed by its origi- 
nal position. From the above description, it is clear that 
this technique will reveal the sidewall film only on the 
photoresist and not on the underlying polysilicon line, as 
the poly will not be recessed by the oxygen plasma. How- 
ever, as already noted, the film is continuous across the 
resist-polysilicon boundary, and in every sample which 
exhibited a polymer film on the resist we have been able 
to o,bserve the film on the polysilicon. That is, our obser- 
vations are that the existence of the film on the resist 
implies existence on the poly. 

Figure 7 shows an SEM of a sample prepared as above 
clearly showing the film along the resist sidewalls. The 
film does not form on the top surface; presumably, it is 
prevented from doing so by normal ion bombardment.  
Also, the film does not cover the entire sidewall, but dis- 
appears near the top of the resist as soon as the vertical 
wall starts rounding off to the top surface. The film is 
uniform and appears to be 300• thick on vertical walled 
samples such as these. Auger analysis of the film reveals 
mostly carbon and chlorine, suggesting that it is adecom-  
position product of the CCI~ feed gas similar to "glow 
polymer" depositions reported elsewhere in similar RF 
discharge environments (4). 

Fig. 7. SEM of a 0.8 /~m wide line etched into a 0 3  ~m doped- 
polysilicon layer prepared by the encapsulation technique in Fig. 6. 

There are instances, however, where under these same 
plasma etching conditions samples exhibit  sloped 
polysilicon walls and a reduct ion in l inewidth dependent  
on overetch time, implying that the sidewalls were in fact 
being etched and that the protective film was not 
forming. Sloping photoresist sidewalls such as those ob- 
tained by negative E-beam exposure or resulting from 
poor mask sample contact during optical contact printing 
are always associated with such behavior, although the 
reverse is not always true. That is, vertical polysilicon 
sidewalls may be associated with either sloping or verti- 
cal photoresist sidewalls. This observation, coupled with 
the disappearance of the film as soon as the sidewall 
starts to round off at the top surface of the encapsulated 
samples, as noted above, suggests that this parameter, 
i. e., "degree to which sidewall is perpendicular to wafer," 
plays an important role in polymer formation. 

Fig. 8. SEM cross sections of 
resist-polysilicon profiles where no 
sidewall film and lateral etching 
are observed. 
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Fig. 9. Anisotropic etching model used to describe profiles such as 
seen in Fig. 8. 
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Fig. 10. Measured sidewall angle tangent ratios plotted against initial 
photoresist angle. Also indicated are the resist-poly etch rate ratio and 
the region of sidewall film formation. 

To study the relationship between photoresist sidewall 
slope, polymer film formation, and polysilicon sidewall 
slope, a series of measurements  were made of etching 
profiles resulting from controlled slope resist patterns 
created by overbaking vertical-walled patterns. Profile 
angles were - taken  from SEM cross sections such as 
shown in Fig. 8, and sidewall  film presence was detected 
by the encapsulation technique described earlier. 

When the masking photoresist has sidewalls possessing 
large angles, as defined in Fig. 6, the resulting etch 
profiles closely fit those predicted by a simple, purely 
anisotropic etchihg model, which assumes that all points 
of an exposed surface are etched at constant etch rate R 
in the vertical direction. Figure 9 applies the model  to the 
current situation of a photoresist mask with sidewall an- 
gle 0r,~t. AS a consequence of the resists being etched 
vertically with rate RR, the point P in the figure moves to 
the left at rate RR tan OR. The movement  of point P, the ef: 
fective mask edge, combines with the etch rate of the 
polysilicon Rp to produce a sidewall angle 0,o~ satisfying 
the relation R, tan 0, = Re tan 0p. Therefore, tan 0,o~/tan 
O~,~,t = RJRp, independent  of 0. Incidentally, this is mathe- 
matically equivalent to previous anisotropic models (5), 
where the normal etch rate of a surface depends on the 
cosine of the angle between the surface and the vertical. 
This formulation, however, emphasizes the simplifying 
assumption of constant vertical etch rate of all surfaces. 

When we apply our encapsulation technique to samples 
in which the photoresist exhibits a large slope, we find 

no evidence of sidewall film formation on the masking 
resist. Conversely, when samples with small or zero 0 an- 
gles are etched, we observe vertical polysilicon sidewalls, 
no change in poly linewidth even upon overetching as 
much as 300%, and the clear presence of sidewall film as 
revealed by the encapsulation method. 

Figure 10 presents the data from a set of samples as a 
plot of the sidewall angle tangent ratio vs. OR, the original 
resist angle. Also indicated in the figure is the unpat- 
terned etch rate ratio of the two films, 0.47, obtained 
from independent  runs. For initial 0R > 30 ~ the tangent ra- 
tio is constant and agrees quite well with the etch rate ra- 
tio, as predicted above. As the resist angle decreases be- 
low 30 ~ however, the polysilicon angle no longer 
decreases in accordance with the model, but rather drops 
abruptly to zero at about 10 ~ resist angle. 

Also shown in the figure are the results of SEM obser- 
vations of the encapsulated wafer indicating either the 
presence of the film for 0resist < 15 ~ or the absence of the 
film for 0r~si~t > 25 ~ The indeterminate region between 15 ~ 
and 25 ~ signifies that the film was present in some in- 
stances and absent in others, reflecting the sensitivity of 
this operating region to minor fluctuations in etching 
parameters. 

The results shown in Fig. 10 suggest a relationship be- 
tween the formation of a polymer film and a deviation 
from the simple anisotropic etching model, namely, that 
the film, once formed, can act as an etching mask to pre- 
vent any lateral etching. Note that the terms "anisotropic" 
and "vertical walled" are not the same and cannot be 
used interchangeably. This can be seen in the discussion 
involving Fig. 9, where, even though strict anisotropy is 
assumed, sloping polysilicon sidewalls will occur and are 
expected if the photoresist is sloped. In the absence of 
polymer film formation, vertical polysilicon sidewalls 
will result only with vertical resist sidewalls, whereas in 
the presence of film formation, vertical polysilicon walls 
can result even with a finite resist sidewall slope. That is, 
we can say this film enhances the ability to produce ver- 
tical-walled structures by interfering with the sideways 
etching mechanisms under certain conditions without af- 
fecting the intrinsic anisotropy of the etching system. 

The question of whether the polymerization phenome- 
non is related to the intrinsic anisotropy of the system, al- 
though an interesting one, will not be addressed in this 
paper. 

The reason for the angular dependence of film forma- 
tion lies in the flux of positive ion bombardment  normal 
to the substrate surface. For small sidewall angles, the 
flux onto the sidewall is either zero for 0 = 0 or very 
small, proportional to sin 0 allowing the polymer film to 
form under proper conditions. As 0 increases, the surface 
is increasingly exposed to the clearing effect of the ion 
bombardment,  until 0,.tit, when a rough balance exists be- 
tween protective film removal and formation. This is not 
a simple, sharp boundary, however; rather, there exists a 
blurred transition where both competing effects can oc- 
cur simultaneously, as is evident from the data. For 0 > 
0or,, the polymer film is completely prevented from 
forming and etching of the substrate material proceeds. 
In summary, Fig. 11 illustrates the three distinct etching 
profiles determined solely by photoresist sidewall angle 
which may result under identical plasma etching condf- 
tions. Clearly, for max imum polysilicon linewidth control 
the sidewall angle 0 should be less than 0trot and prefera- 

Fig. 11. Illustration of the three 
different results which can occur 
under identical plasma etching 
conditions as a result of photoresist 
sidewall angle. 
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bly zero to assure polymer formation and vertical-walled 
polysilicon patterns. This is hard, if not impossible, to 
achieve with projection aligners, which makes this of 
great potential importance. 

The quantity 0crit, therefore, is an observable or a meas- 
urable quantity which can provide information about the 
internal state of the plasma environment  and the degree 
of balance between deposition and etching. Since the de- 
gree of deposition is dependent  upon (among other pa- 
rameters) concentration of polymerizing species and the 
tendency of film removal (and hence etching) is depend- 
ent upon ion bombardment  flux and energy, one can ac- 
tually manipulate the t~crit of a system by varying these.pa- 
rameters. For example, the 0crit of  our system can be 
driven towards 90 ~ by increasing the gas flow to 84 sccm, 
the pressure to 17 Pa, and reducing the power to 800W. 
Figure 12 shows a sample etched under these r 
resulting in vertical polysilicon sidewalls even for 
extremely sloping resist  sidewalls. However, the figure 
also shoves a disadvantage of pushing the critical angle 
too high: a high probability of residue in the etched areas. 
This is to be expected, of course, since by  the above pa- 
rameter variations we have altered the balance point of 
the system towards spontaneous deposition everywhere. 

Conclusions 
This paper demonstrates that during plasma etching 

the original photoresist profile can exert a dominating 
influence on the lateral etching mechanism through the 
intermediary phenomenon of selective polymerization on 
photoresist  and etched polysilicon sidewalls. When such 
is the case, the condition of near vertical photoresist 
sidewall results in reliable film formation, no observable 
pattern erosion, and greatest linewidth control. The con- 
cept of 0crit is introduced as a measure of the balance point 
of the competing reactions of etching and film deposition 
which exists in the plasma environment,  and indicates 
the latitude of photoresist sidewall slope which can be 
tolerated before any lateral etching takes place. 

Fig. 12. Etching residue resulting from forcing 0crit close to 90 ~ 

Manuscript submitted Aug. 4, 1983; revised manuscript  
received April 10, 1984. This was Paper 167 presented at 
the San Francisco, California, Meeting of the Society, May 
8-13, 1983. 

Sperry Corporation assisted in meeting the publication 
costs of this article. 

REFERENCES 

1. S. E. Bernacki, Paper 214 presented at the Electrochem- 
ical Society Meeting, Montreal, Que., Canada, May 
9-14, 1982. 

2. D. L. Flamm, V. M. Donnelly, and D. E. Ibbotson, J. Vac. 
Sci. Technol. B, 1, 23 (1983). 

3. A. G. Nagy and D. W. Hess, This Journal, 129, 2530 (1982). 
4. H. J. Tiller, D. Berg, and R. Mohr, Plasma Chem. Plasma 

Proc., 1, 247 (1981). 
5. W. G. Oldham,  A . R .  Neu reu the r ,  C. Sung,  J. L. 

Reynolds, and S. N. Nandgaonkar, IEEE Trans. EleC- 
tron. Devices, ed-27, 1455 (1980). 
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ABSTRACT 

We report, for the hydrogen evolution reaction, the electrochemical properties of porous nickel films prepared by 
vacuum deposition in argon atmosphere. The argon pressure in the deposition chamber determines the film structure. 
A correlation between electrolytic activity and film structure was observed. 

Porous electrodes have been extensively used in elec- 
trochemical reactions (1, 2). The advantage of a porous 
surface structure is a many-fold increase per unit of cross- 
sectional area of the active surface area. Even though the 
apparent current density increases considerably, the ac- 
tual current density is lower than that encountered in 
conventional plane electrodes, thus leading to a lesser 
overvoltage. The high specific electrode surface area 
makes the module more compact both in volume and 
weight. The Catalytic properties of these electrodes can be 
understood in terms of their macroporosity and micro- 
porosity. The macroporosity is the space between crystal- 
lite agglomerates and it is a function of their arrangement. 
It can be observed under an optical microscope and it can 
be considered as having a definite cross-sectional and ge- 
ometric perimeter. Microporosity is the very fine poros- 
ity existing within or on the surface of the crystallites. It 

*Electrochemical Society Active Member. 
Key words: thin films, vacuum deposition, nickel electrode. 

is characterized by different crystallite diameters which 
determines the number  of adsorbed atoms located in dif- 
ferent positions. Recently, nickel deposits with different 
structural characteristics were obtained by vacuum depo- 
sition under different condensation and annealing condi- 
tions (3). Electrocatalytic characteristics of nickel elec- 
trodes are altered by changes in their crystalline structure 
(4, 5). 

One method of preparation of high porosity nickel 
films is by evaporation in an atmosphere of inactive 
gases at low pressures. This technique has been used for 
the preparation of black metal stirfaces for infrared ab- 
sorption (6) and for the preparation of fine metal particles 
(7, 8). 

This paper describes a method developed for making 
porous nickel electrodes with controlled porosity by vac- 
uum evaporation. The macroporosity and microporosity 
were modified by changing the argon pressure during 
deposition. A correlation between electrocatalytic activity 
and the electrode surface structure is observed. 
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Table I. Argon pressures during each deposition 

First deposition Second deposition 
Electrode pressure (torr) pressure (torr) 

1 0.1 - -  
2 0.1 0.37 
3 0.1 0.75 
4 0.1 1.1 

E x p e r i m e n t a l  
The  e lec t rodes  we re  p r e p a r e d  in a n  o r d i n a r y  h i g h  vac- 

u u m  e v a p o r a t i o n  u n i t  b y  d e p o s i t i o n  of  n i cke l  f i lms on to  
m e t a l  sc reens  in a r g o n  gas  at  low pressu res .  Nicke l  was  
e v a p o r a t e d  ins ide  the  v a c u u m  c h a m b e r  b y  m e a n s  of  a 
t u n g s t e n  wire  b a s k e t  hea te r .  W h e n  e v a p o r a t i o n  was  car- 
r i ed  ou t  in  an  a r g o n  p r e s s u r e  n o t  lower  t h a n  ~ 0.05 torr,  a 
fi lm of  p o r o u s  s t r u c t u r e  (b lack  n ickel )  was  f o r m e d  on to  
the  m e t a l  screen.  A r g o n  gas  (pur i ty  b e t t e r  t h a n  99.99%) 
was  a d m i t t e d  to t he  c h a m b e r  b y  m e a n s  of a va r i ab l e  leak 
valve.  E v a p o r a t i o n s  we re  m a d e  w i th  h i g h  pu r i t y  n icke l  
(99.96%), whi le  t he  wi re  b a s k e t  h e a t i n g  c u r r e n t  was  pro- 
v i d e d  by  an  ac p o w e r  supply .  In  o rde r  to a t ta in ,  for  a 
g iven  a r g o n  p r e s s u r e  in  the  c h a m b e r ,  good  r ep roduc ib i l -  
i ty  on  t he  t h i c k n e s s  a n d  po ros i ty  of the  n i c k e l  films, the  

Fig. 1. Micrograph of a nickel electroplated electrode surface 

Fig. 2. Morphologies of black nickel catalyst films deposited at various argon pressures P. a(top left): single-layer film, P = 0.1 torr. b(top right): 
two-layer film, P = 0.1 torr (first layer) and P = 0.37 torr (second layer), c(bottom left): two-layer film, P = 0.1 tarr (first layer) and P = 0.75 torr 
(second layer), d(bottom right): two-layer film, P = 0.1 tort (first layer) and P = 1.1 torr (second layer). 
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s a m e  w e i g h t  of n i cke l  (0.1g) was  e v a p o r a t e d  in  e a c h  depo-  
s i t ion.  The  low r e s idua l  ' b a c k g r o u n d  p r e s s u r e  in  t he  
c h a m b e r  ( -  2 • 10 -8 torr)  be fo re  e v a p o r a t i o n  a s s u r e d  a 
ve ry  smal l  degree  of c o n t a m i n a t i o n  of  t he  films. 

The  me ta ]  s c reens  t h a t  s u p p o r t e d  t he  n icke l  e lectro-  
ca t a lys t s  we re  25 c m  ~ s q u a r e s  cu t  f r o m  t he  s a m e  s ta in less  
s teel  40 m e s h  sc reens .  T he  sc reens  were  c leaned ,  de- 
g reased ,  a n d  n i cke l  e l e c t r o p l a t e d  pr io r  to t he  e lectro-  
ca ta lys t  v a c u u m  depos i t i on .  One  of s c r eens  was  d e p o s i t e d  g- 
w i t h  a s ingle  b l a c k  n i cke l  layer,  wh i l e  all t h e  o t h e r s  were  
d e p o s i t e d  w i th  two  succes s ive  layers  at  two  d i f f e ren t  ar- 
gon  p ressu res ,  as s h o w n  in  Tab le  I. 

One  of  t h e  i n h e r e n t  d i f f icul t ies  w i t h  b l a c k  n icke l  f i lms 
is t h e i r  p o o r  a d h e s i o n  to t he  s u b s t r a t e  (3). Howeve r ,  we 
f o u n d  t h a t  t r e a t m e n t  of  t he  s a m p l e s  b y  a ho t  K O H  solu- 
t ion  i m p r o v e s  a d h e s i o n  to a la rge  ex ten t .  Af te r  v a c u u m  
depos i t i on ,  t he  s c r eens  were  i m m e r s e d  in a 10% KOH so- 
l u t i on  at  r o o m  t e m p e r a t u r e .  The  t e m p e r a t u r e  of  t he  solu- 
t ion  was  t h e n  s lowly raised.  T he  sc reens  r e m a i n e d  in  the  
so lu t i on  for  a b o u t  20 rain,  w h e n  t he  t e m p e r a t u r e  r e a c h e d  
70~ B l a c k  n icke l  f i lms t r e a t e d  in th i s  way  s h o w e d  no t  
on ly  i m p r o v e d  m e c h a n i c a l  adhes ion ,  b u t  also w i t h s t o o d  
co r ro s ion  by  t he  a lka l ine  e lec t ro ly te  in  a v e r y  sa t i s fac to ry  
way. All  t he  s c reens  l i s ted  in Tab le  I u n d e r w e n t  t he  KOH 
f ix ing t r e a t m e n t  d e s c r i b e d  above .  W h e n  two  layers  were  
d e p o s i t e d  on  t he  s a m e  screen ,  the  f ixing t r e a t m e n t  was  
r e p e a t e d  af te r  e a c h  depos i t ion .  

Results and Discussions 
The  m o r p h o l o g i e s  o f  t he  fi lm sur faces  we re  s t ud i ed  

b y  m e a n s  of  s c a n n i n g  e l e c t r o n  m i c r o s c o p y  (SEM). S E M  
m i c r o g r a p h s  of r eg ions  of severa l  e l ec t rode  sur faces  are 
s h o w n  in  Fig. 1 a n d  Fig. 2a to  2d. F i g u r e  1 s h o w s  the  sur- 
face of  an  e l ec t rode  before  r ece iv ing  t he  v a c u u m - d e p o s -  
i ted  n i c k e l  over layer .  I t s  c rys ta l l i t e  s t r u c t u r e  is cha rac te r -  
is t ic  of  e lec t ro ly t ic  n i cke l  depos i t i ons  m a d e  w i t h  a Wat ts  
so lu t i on  at  80~ a n d  a c u r r e n t  dens i ty  of  10 m A / c m  2. We 
m a y  also obse rve  t h a t  t h e r e  is no  s ign i f ican t  mic ropor -  
os i ty  in  th i s  sample .  T he  sur face  of  an  e l ec t rode  w i t h  a 
v a c u u m - d e p o s i t e d  b l a c k  n i c k e l  fi lm at a n  a r g o n  p r e s s u r e  
of  0.1 to r r  (e lec t rode  no. 1) is s h o w n  in  Fig. 2a. T h e  pho to -  
g r a p h  s h o w s  t h a t  t h e  m a c r o s t r u c t u r e  of t h e  e l ec t rode  
fi lm was  e n h a n c e d  b y  t he  f o r m a t i o n  of l a rge r  c rys ta l l i te  
c o n g l o m e r a t e s ,  r e s u l t i n g  in  a la rger  m ac r opo r os i t y .  We 
m a y  also o b s e r v e  t h a t  t he  c rys ta l l i tes '  m i c r o s t r u c t u r e  is 
n o w  subs t an t i a l .  T he  su r face  s t r u c t u r e  of  t he  e l ec t rode  
no. 2 is s h o w n  in  Fig. 2b. T he  first d e p o s i t i o n  essen t i a l ly  
i n c r e a s e d  the  m a c r o s t r u c t u r e  area,  wh i l e  t he  s e c o n d  one  
gave  a f iner  s t r u c t u r e  to t h e  crystal l i tes ,  i n c r e a s i n g  sub-  
s t an t i a l ly  t he i r  mic roa reas .  T he  m i c r o g r a p h  of  Fig. 2c ex- 
h i b i t s  t he  sur face  of e l ec t rode  no. 3. Void  e l ec t rode  spaces  
are  e s t i m a t e d  by  c o m p a r i n g  t he  l igh t  color  r eg ion  in t he  
p h o t o g r a p h  w i th  t he  gray  a n d  t he  b l a c k  ones,  w h i c h  cor- 
r e s p o n d ,  respec t ive ly ,  to t he  uppe r ,  i n t e r m e d i a t e ,  a n d  bot-  
t o m  levels  of  t he  d e p o s i t e d  s t ruc tu re .  T he  sur face  s t ruc-  
t u r e  of  e l ec t rode  no. 4 is s h o w n  in  Fig. 2d. T h e  s e c o n d  

o 
d e p o s i t i o n  p r o d u c e s  a fus ion  of  a few crys ta l l i t e  cong lom-  > 
e ra te s  r e s u l t i n g  in a d e c r e a s e  in  t he  m a c r o p o r o s i t y .  "~ 

In  o rde r  to re la te  t h e  fi lm s t r u c t u r e  to i ts  ca ta ly t ic  ac- 
t ivity,  t he  fi lms we re  t e s t e d  for  t he  h y d r o g e n  e v o l u t i o n  
r eac t i on  (HER). E l e c t r o c h e m i c a l  s tud ie s  of  t he  ca ta lys t s  
were  p e r f o r m e d  in a n  e lec t ro lys i s  t e s t  cell by  m e a s u r i n g  
t h e  vo l t age  d rop  b e t w e e n  t h e  w o r k i n g  e l ec t rode  a n d  t h e  
r e f e r ence  e lec t rode .  T he  w o r k i n g  e l ec t rodes  c o n s i s t e d  of  
10 c m  2 d i sks  cu t  f r o m  each  one  of  t he  p r e p a r e d  s q u a r e  
sc reens .  The  r e f e r ence  e l ec t rode  was  Hg/HgO, a n d  Lug-  
gin  cap i l la ry  t u b i n g  was  u s e d  to m a k e  t h e  e lec t r ica l  con-  
n e c t i o n s  b e t w e e n  t he  r e f e r ence  e l ec t rode  a n d  t he  electrol-  
ysis  cell  c o m p o n e n t s .  T h e  c o u n t e r e l e c t r o d e  was  a 10 c m  2 
p l a t i n u m  disk.  I n  all e l e c t r o c h e m i c a l  m e a s u r e m e n t s ,  
KOH 30% at  80~ was  u s e d  as a n  e lectrolyte .  T he  t e m p e r -  
a tu re  was  t h e r m o s t a t i c a l l y  con t ro l led .  The  e l e c t r o c h e m -  
ical  ac t iv i ty  of the  e l ec t rodes  was m e a s u r e d  b y  a c u r r e n t  
i n t e r r u p t e r  t e c h n i q u e ,  w h i c h  is d e s c r i b e d  e l s e w h e r e  (9). 

A sa t i s fac tory  r e p r o d u c i b i l i t y  of  t he  e l e c t r o c h e m i c a l  
m e a s u r e m e n t s  was  o b t a i n e d  af te r  p r e t r e a t m e n t  of  the  
e l e c t r o d e s  at  1 A / c m  ~- d u r i n g  30 rain.  T he  se t  of Tafel  p lo t s  
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Fig. 3. Tafel diagrams for the hydrogen evolution reaction for various 
nickel-deposited electrodes. A,  ~ ,  0 ,  and �9 correspond to electrode 
films whose surface morphologies are shown in the micrographs of Fig. 
2a, 2b, 2c, and 2d, respectively. 

for  the  h y d r o g e n  evo lu t i on  r eac t ion  is p lo t t ed  in  Fig. 3. 
E a c h  p lo t  c o r r e s p o n d s  to one  of  the  e l ec t rodes  w h o s e  sur-  
faces are s h o w n  in  Fig. 2a t h r o u g h  2d. 

A cor re la t ion  b e t w e e n  e lec t ro ly t ic  ac t iv i ty  a n d  film 
s t r u c t u r e  is o b s e r v e d  b y  m e a n s  of t he  p lo t s  of  t h e  elec- 
t r ode  vo l tage  aga in s t  t he  r e f e r ence  e l ec t rode  as  a f u n c t i o n  
of  t he  a r g o n  p r e s s u r e  at  w h i c h  the  u p p e r m o s t  n i c k e l  film 
layer  is depos i t ed .  T h e s e  p lo t s  are  g iven  in  Fig. 4. T h e y  
were  o b t a i n e d  f r o m  t h e  p lo t s  of  Fig. 3 b y  t a k i n g  t he  elec- 
t r ode  c u r r e n t  d e n s i t y  as a p a r a m e t e r .  The  p lo t s  s h o w  t h a t  
t h e r e  is a m i n i m u m  of t he  e l ec t rovo l t age  for an  a rgon  
d e p o s i t i o n  p r e s s u r e  of t he  u p p e r m o s t  l ayer  of  approx i -  
m a t e l y  0.7 torr.  The  d i f f e ren t  ove rvo l t age  p r e s e n t e d  by  
e a c h  e l ec t rode  is r e l a t ed  to t h e i r  d i f fe ren t  s t r u c t u r a l  char-  
acter is t ics .  

The  h y d r o g e n  in  t h e  i n t e r io r  su r face  is p r o d u c e d ,  a n d  a 
s t eady  c u r r e n t  will be  s u p p o r t e d  on ly  i f  an  eff ic ient  gas 
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Fig. 4. Electrode polarization voltage E as function of the argon depo- 
sition pressure for the uppermost nickel film layer for various current 
densities. 
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and ion transport from the surface to the bulk electrolyte 
through the pore structure takes place. The minimum 
overvoltage for the various electrodes was obtained by 
the maximum macroporosity film showing that mass 
transport plays an important role in electrode overvolt- 
age. From Fig. 3, we observe that for the maximum mea- 
sured current density the transport-limited current den- 
sity plateau was not yet reached. 

Conclusions 
We have shown that vacuum-deposited black nickel 

films can be successfully used as electrocatalysts for the 
hydrogen evolution reactions with high current densities. 
The deposition of the catalytic film on the nickel- 
electroplated electrodes was found to cause a reduction 
on their overvoltage, and to depend on the argon pressure 
at which the uppermost  film layer was deposited. An op- 
t imum nickel film structure for which the overvoltage re- 
duction is a maximum was found to exist. 
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Characterization of Implanted Nitride for VLSI Applications 
M. J. Kim* and M. Ghezzo* 

General Electric Company, Corporate Research and Development, Schenectady, New York 12301 

ABSTRACT 

A silicon nitride layer formed by nitrogen implantation was characterized for VLSI application. Molecular nitrogen 
was implanted in an energy range of 5 to 60 keV for forming various nitride layers during subsequent annealing at 
1000~ in nitrogen. The nitride layers formed were characterized before and after furnace annealing with differential IR, 
SIMS, and ellipsometry to find a useful implantation condition for a local oxidation mask. The initial IR peak of the im- 
planted nitrogen was 815 cm -~ for the entire implantation energy range. While the position shifted to a higher wave 
number  for the high energy implants after annealing, the low energy implants peak remained very close to 830 cm - ' ,  
which is comparable to the LPCVD nitride peak. This finding suggests that the composition of the low energy nitrides 
is nearly stoichiometric. Annealing shifted the concentration profile toward the surface and increased the peak nitrogen 
concentration. The nitride profile peaked at the surface or disappeared below 10 keV. The masking properties of these 
nitrides were tested by growing 5300A oxide in steam at 1000~ The nitrides with dosages of 5 • 10 ~6 N2~/cm 2 ions 
formed an effective oxidation mask for implantation energy below 40 keV. Under the experimented conditions, the ni- 
tride formed with 10 keV appeared to be an effective oxidation masking with adequate etching selectivity to SIO2, 
reducing the "bird's beak" size to one fourth of the conventional LOCOS. 

LPCVD nitride has been used extensively for local oxi- 
dation (LOCOS) (1) for VLSI processes. The nitride is 
generally used in combination with a thin buffer oxide 
between the silicon and the nitride to prevent the silicon 
from cracking due to thermal stresses. The buffer oxide 
acts as a conduct for the oxidants, extending the field ox- 
idation beyond the edges of the active areas. In order to 
improve the LOCOS and isolation processes, many stud- 
ies (2-6) have been made. The adjustment of the relative 
thicknesses of nitride and buffer oxide was attempted, to 
reduce the lateral oxide extension (3). Stress analysis (7, 8) 
was done, to suppress the edge lifting of the nitride that 
enhances the lateral penetration of the oxidant. More re- 
cently, the sidewall mask isolation (SWAMI) (9-11) pro- 
cess was developed in which a nitride layer made of ni- 
tride, oxide, and silicon is conformally deposited on 
active areas with nearly vertical sidewalls. Unmasked 
RIE etching of the nitride layer leaves nitride sidewall 
protection along the mesa perimeter, which blocks the 
penetration of the oxidant into the buffer oxide (12). A rel- 
atively sharp oxide edge was obtained by means of a pro- 
gressive nitride edge lifting on the sidewall and planar 
surfaces during oxidation. This process was done by con- 
trolling the silicon etch depth, with added cost and pro- 
cess complexity. 

*Electrochemical Society Active Member. 
Key words: semiconductor, dielectric isolation, ion implanta- 

tion, LOCOS, annealing. 

Another method used to prevent channeling of the oxi- 
dant through the buffer oxide is sealed interface localized 
oxidation (SILO) (13, 14) where a thin silicon nitride layer 
is formed directly on silicon to seal the interface. One 
type of SILO nitride is formed by a direct thermal reac- 
tion of silicon under ammonia plasma (15). The most im- 
portant factor is preservation of the original silicon from 
contamination and defect generation. In this regard, ni- 
trogen implantation appears to be the better method be- 
cause it is cleaner and generates a more gradual transition 
between silicon and silicon nitride. Etch pitting along the 
nitride mask was not observed for the implanted nitride 
(12). Oxidation inhibition in nitrogen-implanted silicon 
has been studied for the N2 ~ energies between 40 and 200 
keV and doses between 10 I~ and 4 • 101~ N~*/cm ~ (16). The 
characterization of the implanted film has also been per- 
formed for a high energy range, from 48 to 150 keV 
(17-20). 

The purpose of this study was to characterize an im- 
planted-nitrogen layer formed at low energy and to opti- 
mize the implant conditions for application to LOCOS. 
For film characterization differential Fourier transform 
infrared (FTIR) and secondary ion mass spectroscopy 
(SIMS) analyses were extensively used before and after 
the nitridization annealing. The FTIR spectrum produces 
useful information about the structural changes in the ni- 
tride layers. The concentration profiles made by SIMS 
help us to understand the real nitrogen distribution after 
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each process step. We observed that nitrides formed by 
implantation at an energy below 40 keV effectively mask 
5300A steam oxidation. The low energy nitride is also se- 
lectively etchable for exposing the active area for subse- 
quent  device processing. Among the low energy nitrides, 
both opt imum and practical process conditions could be 
found through extensive analysis and property character- 
ization. 

Experimental Procedure 
The substrates used for the experiment  were <100> 

n-type silicon wafers with an average resistivity of 5 
~-cm. The interstitial oxygen content of the Czochralski- 
grown wafer was analyzed by infrared (IR) spectroscopy, 
according to the ASTM F121-80 method. The oxygen con- 
tent was determined to be about 1.7 • 10 '8 atom/cm 3. 

To form a nitrogen-implantation mask, the wafers were 
oxidized in steam at 1000~ to grow 0.3 /~m of SiO> The 
oxide was patterned to form three different regions: test 
structures, uniform ox ide  cover, and bare silicon. Instead 
of 0.3 /~m SIO2, a resist pattern was also used as an im- 
plantation mask for some of the wafers. The test structure 
contained a variety of 1-9 /~m 2 windows, which made it 
possible to test whether  such small patterns can be re- 
solved during oxidation. By virtue of the masking proper- 
ties of oxide and resist, only the openings in the test pat- 
terns and the exposed silicon were nitrogen doped; the 
nitrogen implant was blocked elsewhere. Molecular nitro- 
gen ions (N2 +) at an energy range of between 5 and 60 keV 
were implanted with doses between 1 • 10 '6 and 5 • 10 '6 
N= + ion/cm 2. The temperature of the wafers was kept near 
room temperature (20 ~ -+ 2~ during implantation. The ni- 
trogen concentration profile was measured with a Cam- 
eca IMS 3-ion microscope using Se + primary ions. In or- 
der to maximize the detection sensitivity, the 42SIN§ 
species was profiled. Differential FTIR was used for IR 
spectroscopy in the energy range of 400-4000 cm- ' .  After 
the initial nitrogen profile was made and IR spectro- 
scopic analysis completed, the wafers were annealed in 
dry nitrogen at 1000~ for lh. Postannealing analyses 
using SIMS and IR were also performed to compare the 
property changes. 

Field oxidation was then carried out under  conditions 
similar to those for conventional LOCOS. Thus, nitrogen- 
implanted LOCOS was performed in steam at 1000~ for 
selective growth of 5380A oxide. Wafers with different 
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doses and ion energies were examined with a scanning 
electron microscope (SEM). The thicknesses of nitrides 
and field oxides were also measured with an ellipsometer 
at a wavelength of 0.6328 /~m. The step height between 
the nitride and local oxide was measured with a mechani- 
cal surface profilometer (Dektak). The masking nitride 
was etched away in hot phosphoric acid at 180~ to check 
the etch selectivity of the Si3N4 vs. the SIO2. 

Results and Discussion 
F T I R  analys i s . - -Figure  1 shows the IR spectra of areas 

implanted with a dose of 5 • 1016 N2+/cm 2. The implanta- 
tion energies were 5, 10, 20, 30, 40, 50, and 60 keV, as 
specified. 

In order to obtain an accurate measurement  of the Si-N 
bonds, a differential intensity spectrum was plotted for 
each sample. That is, the IR absorptions from the nitro- 
gen-implanted and unimplanted areas were first ob- 
tained; then the latter was subtracted from the former to 
find the contribution of nitrogen. The large peaks, near 
815 cm -1, are associated with Si-N bond vibration caused 
by nitrogen interstitials. The small peaks at 1115 and 620 
cm -1 for the oxidized specimens were contributed by the 
uncompensated oxygen and silicon of the reference area. 
Assuming that 0.18 /~m of silicon was consumed for the 
oxidation ancl that the original wafer thickness was 343 
/~m, a fraction of each element, equivalent to 0.18/343, is 
responsible for the uncompensated peaks. The resist- 
masked wafers (NC2-1, 2, and 3) do not have these minor 
peaks, but only a broad low-energy peak near 490 cm- ' ,  
which can be linked with the inherent nitride bonds in a 
pure nitride spectrum. 

The measured absorbances are effective absorbances; 
we assume that the reflective loss variations to implant 
energy are small. The peak absorption intensities in Fig. 1 
are different from each other. The peak absorbance in- 
creases with ion implantation energy, although the dose 
is fixed. The intensity decrease at low e n e r g y  may be 
caused by a larger loss of nitrogen near the surface for 
low energy implants and by a larger fraction of inactive 
nitrogen atoms in the high concentration region. The na- 
tive oxide of the implanted wafer was measured to be 
about 20•. Since the projected range is lower for lower 
energy, the number  of nitrogen ions captured by the na- 
tive oxide is correspondingly higher. In our case, the 
doped native oxide had been etched away together with 
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Fig. 1. IR absorbance spectrums 
of implanted nitrogen at specified 
energies�9 The major peak is cen- 
tered at  8 2 0  c m - ' .  The resist- 
masked NC2-1,  2, and 3 have bet- 
ter nitride spectra, with absence of 
the false peak near 420  cm- ' .  
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Fig. 2. Effect of N2 § fluence on 
the IR intensity for 50 keV implan- o ~ 
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the masking oxide on the reference area, carrying away 
its share of N2 atoms. However, the major cause of the 
peak intensity reduction may be linked to inactive excess 
nitrogen atoms, such as nitrogen bubbles, in the high con- 
centration layer implanted at low energy, which cannot 
contribute to the IR absorption. According to a TEM anal- 
ysis of a nitrogen-implanted silicon layer (21), nitrogen 
bubbles actually were observed. The measured absorb- 
ances for 5, 10, 15, 30, 40, 50, and 60 keV wafers are 0.026, 
0.030, 0.044, 0.048, 0.051, 0.055, and 0.056, respectively. All 
the peaks are consistently positioned at 815 cm-L 

Figure 2 shows the change of the nitrogen peak inten- 
sity with the ion dose. With the energy fixed at 50 keV, 
NC2-8 with a dose of 1 • 10 ~ N2§ 2 is compared to 
NC2-6 with a dose of 5 • 10 ~6 N~+/cm 2. The NC2-8 peak in- 
tensity is 0.012, approximately one-fifth of the NC2-6 
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peak intensity, which indicates that the inactive nitrogen 
loss is very small at 50 keV. This finding agrees with the 
results shown in Fig. 1: while the intensity losses de- 
crease from 15% to 30 keV to 7% at 40 keV, there is little 
change from 50 to 60 keV. Because the implantation en- 
ergy must be minimized without a significant loss of ni- 
trogen ions, it was concluded that there is no need to in- 
crease the implantation energy above 50 keV. 

Figure 3 shows an IR spectrum of the nitride layers 
after annealing in nitrogen at 1000~ for lh. There is little 
loss of nitrogen intensity, except  for the 5 keV specimen 
having an extremely shallow layer. However, there are 
two significant changes in peak position and peak width. 
While the high energy peaks are broadening, the low en- 
ergy peaks are being sharpened. The most significant 
phenomenon is that the peak position is dependent  on 
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Fig. 3. IR spectrum after nitrida- 
tion annealing for lh at 1000~ 
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the implantation energy. The peak positions of 5, 10, 20, 
30, and 60 keV specimens are 840, 845, 855, 865, and 875, 
respectively. While the peak for the 5 keV wafer was 
shifted by 25 c m - '  from the original 815 cm- ' ,  the peak 
for the 60 keV wafer was shifted by 50 cm- ' .  

In order to compare the properties of the implanted ni- 
tride with those of a pure nitride, an IR spectrum of a de- 
posited nitride was made. An LPCVD furnace was used 
for the nitride deposition at 825~ from SiH2C12 and NH3. 
The measured thickness was 877~. The peak position of 
the Si-N absorbance of the LPCVD nitride was 833 cm- ' .  
The low-energy peak, near 490, was attributed to single- 
phonon absorption (19) in regions of damaged or strained 
silicon adjacent to and in the nitride layer. Since the peak 
position was closely related to the stoichiometric ratio of 
the compound (6), the nitride layers made with an implan- 
tation energy lower than 10 keV approached a N/Si ratio 
of 4/3. 

Nitrogen redistribution.--The absolute nitrogen density 
was measured by SIMS profile, as implanted and after 
annealing at 1000~ The initial distribution of the im- 
planted nitrogen was close to the standard Gaussian dis- 
tribution, except for the appearance of a shoulder at a 
concentration level of about 10'S/cm 3. This shoulder is as- 
sociated with the deeper penetration of monatomic nitro- 
gen generated from the dissociation of molecular nitrogen 
ions. The profile was calibrated by using the as- 
implanted sample (6). By comparing the intensity counts 
of the sample with the intensity counts of the known 
peak concentration, the actual nitrogen concentration 
profile could be obtained. 

Figure 4 shows the nitrogen concentration profile for 
six different implantation energies of molecUlar nitrogen 
ions. The total dose of these profiles is fixed at 5 • 10 '6 
N2+/cm 2. A progressive reduction of penetration depth 
with lower implantation energy was observed, as ex- 
pected. However, this result does not necessarily mean 
that all of the atoms are incorporated in the silicon layer. 
The appearance of the shoulder at the 10'8/cm 3 level is 
particularly significant for the higher energy profile. Un- 
der these conditions, the collision impact is expected to 

be higher, with a larger proportion of monatomic nitrogen 
atoms being generated. The larger the number  of dissoci- 
ated N2 § molecules, the more pronounced is the shoulder. 

The projected range, Rp, for 50 keV implantation is 
about 696~. Thus, the nitrogen fluence required to make 
stoichiometric SigN4 is approximately 2.1 • 10 '7 N~*/cm 2 
from a relation of F = C �9 Rp - d, where F is the dose 
(N2~/cm 2) of molecular nitrogen, C is number  of nitrogen 
ions per molecule, and d is molecular density. Compared 
to the atomic oxygen fluence required for buried oxide 
isolation (6), the theoretical fluence for implanted nitride 
is lower by a factor of 6. Moreover, the experimental  dose 
is even smaller, as will be seen in the annealed profiles. 

After annealing, the concentration profile moves to the 
left of the initial curve. (Indeed, each of the annealed 
curves shown in Fig. 8 and 9 moved toward the surface.) 
This is opposite to a normal thermal redistribution, where 
the profile widens and moves to the right. We explain 
this singularity as follows. The peak of energy deposition 
in the crystal, because of the atomic collisions associated 
with ion implantation, takes place to the left of the con- 
centration peak (6). Hence, the profile of vacancies and 
defects created by implantation damage also lies to the 
left of the nitrogen concentration peak (6). These defects 
attract nitrogen to the left, to form silicon nitride during 
the high temperature annealing process. 

The nitrogen migration not only shifts the peak posi- 
tion, but also increases the nitrogen concentration at the 
peak. This is a natural consequence of the accumulation 
of nitrogen in a narrower layer while preserving the area 
density. The nitrogen migration toward the vacancy peak 
creates an effective oxidation mask, even with a nitrogen 
fluence of 5 • 10 '6 N~/cm 2 and with low implantat ion en- 
ergy. Several unique features can be noted in the curves 
of Fig. 5 and 6. In addition to the concentration profile 
shift to the left after annealing, the shape of the profile 
changes. The increase in peak nitrogen concentration 
after annealing was linked with the implantation-induced 
defects, as explained above. The shoulder associated with 
the monatomic nitrogen tends to disappear during an- 
nealing. This is particularly significant for the 60 keV 
case. Since the diffusivity of the nitrogen atoms is much 
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higher than that of molecular nitrogen ions, the nitrogen 
atoms can migrate to the peak at a much faster rate. This 
assumption is supported b:~ the fact that all of the lower 
parts of the annealed curves are shifted much more than 
the upper parts. All the annealed curves with energy 
above 20 keV show that the concentration peak is located 
well below the surface, which means that a complete ex- 
tension of nitride to the surface is lacking. The remaining 
silicon layer on the surface will interfere with the selec- 
tive etching of nitride on the active area. The annealed 
samples implanted at 5 and 10 keV, which do not have the 
concentration peak below the surface, are more useful for 
the practical applications of nitrogen-implanted LOCOS. 
All of the annealed curves are plotted together in Fig. 7. 
As the implantation energy decreases, the peak concen- 
tration increases in a way similar to the as-implanted. The 
peak plateau of the 10 keV curve exactly matches the sur- 
face of the wafer. The 5 keV profile shows neither peak 
nor plateau, which indicates that a large amount of nitro- 

gen is lost by outdiffusion during annealing. This loss is 
apparent for curve 1 in Fig. 7, where the 5 keV profile 
after annealing did not reach the concentration peak of 
the as-implanted. This loss is also confirmed by the IR 
intensity reduction shown in Fig. 3. However, for 10 keV, 
the plateau of curve 2 is perpendicular to the surface and 
the IR intensity loss is negligible. Therefore, the 10 keV 
implantation appears to be superior for forming the 
densest nitride at the surface, for only the annealing con- 
ditions described. 

Practice of nitrogen-implanted LOCOS.--The nitrogen- 
implanted nitrides were tested for the effectiveness of ox- 
idation masking during a field oxidation in steam. All the 
wafers were selectively implanted with molecular nitro- 
gen ions in the 5-60 keV energy range. They were then an- 
nealed in N2 for lh  at 1000~ to form nitride patterns. An- 
nealing in another inert ambient such as argon or helium 
would be as effective. These nitride patterns were used as 
an oxidation mask during a steam oxidation at 1000~ for 
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CHARACTERIZATION OF IMPLANTED NITRIDE 1939 
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2h, which produced an oxide 5380s thick over bare sili- 
con. 

The most effective method of evaluating the masking 
capability of the nitrides was found to be the step height 
measurement.  Figure 8 shows the step heights measured 
between the nitrides and field oxides. A large step of 
about 3030~, was generated up to 40 keV, but the step 
height rapidly declined above 40 keV. The observed step 

height for the 50 keV wafer was 2800/~, and that for the 60 
keV wafer was only 1600~. In order to show the effect of 
nitrogen fluence, the step height produced by 1 • 10 TM 

N2+/cm 2 at 50 keV is also presented in Fig. 8. In this case, 
the step was only 620A, indicating no masking capability. 
The measured layer thicknesses in the regions implanted 
at 50 keV nitride with 5 x 10 TM N2+/cm 2 dosage, 60 keV ni- 
tride with 5 • 10'" N~§ 2 dosage, and 50 keV nitride with 
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1 x 10 '6 N~+/cm 2 dosage were, respectively, 1290, 2100, and 
4950A after the local oxidation. The thick nitrides after an- 
nealing are not true nitrides, but are matrices of silicon 
and nitride. During LOCOS, the silicon crystals are appar- 
ently oxidized, and the oxidizing agents are channeled 
through the partial oxides. Thus, the low concentrated, 
thick nitrides do not have masking capability against the 
oxidation. The lower the energy is, the higher the nitro- 
gen concentration and the more effective the mask, as 
shown in Fig. 8. However, a 5 • 10 TM N~Ycm 2 dose implan- 
tation at 5 keV required 9h, with a medium-current  
implanter (Extrion Model 200 CF4), and a low energy one 
is not economical. The slight deviation from the horizon- 
tal level of the step height for 5 and 10 keV in Fig. 8 
comes from the thinner nitrides produced at these ener- 
gies. 

Figure 9 shows SIMS profiles of nitride (SiN ~) and sili- 
con (Si ++) of the regions with 5 x 10 '~ N2+/cm '-' dosage at 40 
keV and 1 x 10 '~ N2+/cm 2 dosage at 60 keV after the field 
oxidation. The dense nitride is retained after the field ox- 
idation with a formation of oxide on its top. Since the 
step height shown in Fig. 8 does not change much up to 
40 keV, it seems that the surface oxidation apparently 
pushes the nitride inward, leaving some trace of nitride at 
the surface. The 60 keV profile also supports the result 
shown in Fig. 8. The oxynitride profile step approxi- 
mately coincides with the measured dielectric thickness. 

A selective nitride etching experiment  was performed 
after utilizing the masking properties. All of the locally 
oxidized wafers were submerged in hot phosphoric acid 
at 180~ after the hydrofluoric acid (HF) dip, to remove 
the surface oxide. While the thin nitrides could be select- 
ively etched away, the thicker nitrides were not com- 
pletely etched away and left hazy surfaces. The thicker ni- 
trides could easily be etched away with 10% buffered HF. 
This fact indicates that they are oxide and nitride mix- 
tures with compositions closer to oxide when the implan- 
tation energy is high. This experiment  also suggests that 
the thinner nitride is superior for etching selectivity and 
desirable for the nitrogen-implanted LOCOS (NILO) pro- 
cess. 

Figure 10 shows a comparison of a conventional 
LOCOS cross section with one made by this method. In 
the case of Fig. 10a, there is a 300A buffer SiO2 layer be- 
tween the 800A LPCVD nitride and the silicon substrate. 
The buffer oxide is thermally grown to protect the silicon 
surface from cracking due to thermal stresses caused by 
the nitride. The buffer oxide layer becomes a route for the 

oxidant to diffuse underneath the nitride, thus extending 
the oxidation within the perimeter of the active area. The 
extended oxidation can exert  enough force to lift the ni- 
tride edges, resulting in an accelerated oxidant chan- 
neling. The parasitic lateral oxidation channel, known as 
a "bird's beak," in this case is 0.75 ~m long. Since it is 
nearly constant, as shown in Fig. 10b, it limits scaling to 1 
or <1 izm VLSI circuits. Conversely, in the case of nitro- 
gen implantation, no native oxide exists. Since the~nitride 
is formed by a direct reaction with silicon, the interface is 
completely sealed. Initially, the oxidation takes place 
only vertically. As the oxidation proceeds isotropically at 
the nitride edges, the silicon is oxidized laterally, but at a 
much slower rate. In Fig. 10c, the lateral extension of ox- 
ide is about 0.2 /zm, which is about a four-fold reduction 
from the conventional LOCOS result, previously re- 
ported. 

Conclus ions 
The relevant features of the NILO process are summa- 

rized as follows. For a fixed fluence, the intensity of Si-N 
bond absorption significantly increases with the nitro- 
gen-implanted energy up to 50 keV. The Si-N absorption 
peak is centered at 815 c m - '  for all the implanted layers 
in the energy range between 5 and 60 keV. At higher im- 
plantation energy (~ 50 keV), the absorption intensity is 
proportional to the fluence of nitrogen implantation. The 
peak position of the IR spectrum after annealing shifts to 
a higher wave number  as the nitrogen implantation en- 
ergy increases. The IR peaks for the low energy im- 
planted wafers are close to those for LPCVD-deposited 
nitrides. The annealing always shifts the nitrogen profile 
toward the surface, and the annealed peak concentration 
is higher than the as-implanted, except at 5 keV implanta- 
tion. The nitride profile peaks are located below the sur- 
face for all the implantation energies above 20 keV. The 
peak plateau for 10 keV coincides with the surface, 
whereas the 5 keV peak disappears after the 1000~ an- 
nealing. The nitrides made with an implantation dose of 5 
• 101~ N2+/cm 2 and energy less than 40 keV effectively 
mask 5380A steam oxidation at 1000~ The nitrides with 
energy higher than 40 keV and lower dosage are con- 
verted to oxynitrides during the NILO process. The low 
energy nitrides can be selectively etched in hot phos- 
phoric acid, whereas the high energy oxynitride is more 
readily etched in hydrofluoric acid. Experimentally, the 
nitride formed with 10 keV implantation appears to be 
the most practical and effective NILO mask. The lateral 

Fig. 9. SIMS profiles of the ni- 
tride and silicon in the implanted 
regions after the field oxidation. 
The dense nitride with 5 • 10 ~" 
N=,+/cm ~ dosage at 40 keV survives, 
whereas the nitride with 1 • 10 TM 

N~--/cm"- dosage at 40 keV is com- 
pletely converted to oxynitride. 
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Fig. 10. Cross-section SEM photomicrographs of the conventional 
LOCOS process (a, top left and b, top right) and the NILO process (c, 
left). The lateral oxidation of NII-O is reduced four-fold from that of the 
LOCOS process. 

oxidation of NILO is reduced four-fold from that of the 
conventional LOCOS. 
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The Phase-Transition Phenomenon in a Sodium Sulfate Crystal 
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ABSTRACT 

The V ~ I  phase-transition reactions of a Na2SO4 crystal in the pure Li+-, K § or Cs+-blended Na.~SO4 samples were in- 
vestigated in various atmospheres (N2, dry air, or wet air). In all samples, both the V-~I and the I---~III phase-transition re- 
actions proceeded rapidly, but  the I I I ~ V  phase-transition reaction hardly proceeded at all after several hours in N2 or 
dry air. In wte air, however, the reaction proceeded rapidly. This fact suggested that the migration of the constituent ion 
was accelerated as soon as the ions on the crystal surface were hydrated. All phase-transition reactions were suppressed 
by the existence of the foreign materials which were isostructural with the host crystal before the reaction. 

Many studies have been carried out for the phase transi- 
tion of a Na~SO4 crystal which is known to exist in three 
metastable modifications (phases IV, III, II) between 
phase V (l(~w temperature orthorhombic structure) and 
phase I (high temperature hexagonal structure) (1-7). Most 
of the studies were limited to the V--->I phase transition 
and/or the I--~III phase transition. However, although no 
detailed study for the III---~V phase transition has been 
carried out, Eysel (2) pointed out the sluggishness of the 
reaction. 

Sakaguchi et al. have found recently that the kinetics of 
phase-transition reactions of a ZnS crystal (8, 9~ and a 
metal phthalocyanine crystal (10) were characteristically 
affected by the heating atmosphere or impurities con- 
tained in the crystal. 

We were interested, ther, efore, in investigating how the 
III--->V phase-transition reaction is affected by the adsorp- 
tion of water vapor on the hygroscopic surface of a 
Na2SO4 crystal. 

The present work was carried out to study the role of 
water vapor contained in a reacting atmosphere on the 
phase-transition reaction in pure and foreign-cation con- 
taining Na2SO4 crystals. 

Experimental 
Materials.--The starting material used was prepared by 

evaporation to dryness of an aqueous solution of Na.,SO4 
(Junsei Chemical Company, Limited; guaranteed reagent 
grade) or of Na2SO4 to which Li2SO4 (Koso Chemical 
Company, Limited; guaranteed reagent grade), K2SO4 
(Junsei Chemical Company, Limited; guaranteed reagent 
grade), or Cs2SO4 (Mitsuwa Chemical Company, Limited; 
purity: 99.9%) was added to the amount  of 10 mole per- 
cent (m/o). This was followed by vacuum drying for 2h at 
130~ and then grinding (325 - 400 mesh). The composi- 
tion of the starting materials is determined by a x-ray 
powder diffraction method: the Lf-blended Na2SO4 
sample contains 80 m/o phase V (orthorhombic Na2SO4 
crystal) and 20 m/o trigonal LiNaSO~ compound. The 
K§ Na2SO4 sample contains 90 rrdo phase V and 
10 m/o hexagonal (K,NahSO4 solid solution. The Cs § 
blended Na2SO4 sample contains 90 m/o phase V and I0 
m/o orthorhombic Cs~SO~ crystal. 

The pure and blended Na2SO4 samples used for the 
I I I o V  phase-transition reaction at 25~ were prepared by 
removing the bound water (11) contained in the starting 
material. That is, the bound water was removed by heat- 
ing the starting material at 750~ in N~, then the sample 
was ground (325 ~ 400 mesh) in dry air of about 10% rela- 
tive humidity (RH) at 25~ in order to prevent the read- 
sorption of water vapor. 

The gases used were prepared as follows: N~ was pre- 
pared by evaporation of pure liquid N.2. The dry air (10% 
RH) or the wet air (100% RH) was prepared by leaving it 
in contact with CaCI~ or distilled water for more than 12h 
at 25~ in desiccator. 

*Electrochemical Society Active Member. 
Key words: phase transition, sodium sulfate, adsorption, at- 

mosphere. 

Procedure.--The phase-transition phenomena in the 
pure and blended Na2SO4 samples during heating or cool- 
ing in N2 flow (100 ml/min) were investigated by using an 
apparatus which enabled a simultaneous measurement  of 
high temperature x-ray diffraction and differential 
thermal analysis (DTA) (Rigaku Denki Company, Lim- 
ited). 

The I I I ~ V  phase-transition phenomena in the pure and 
blended Na2SO4 samples at 25~ in the dry air or wet air 
were investigated by measuring the peak height of the 
x-ray powder diffraction trace. The fraction of the reac- 
tion (F) was calculated by following equation 

(V~.o + V~.~.o) 
F = x i00 (%) 

1.2(III22.6 + III,.,3.~) + (V,~s.0 + V=,.0) 

where III~2.,, III~3.6, V=s.,~, and V29.0 represent the peak 
heights at 20 = 22.6 ~ 23.6 ~ 28.0 ~ and 29.0 ~ on the x-ray 
powder diffraction trace, respectively. 

Results and Discussion 
The phase-transition reaction of the pure Na2SO4 

sample in N2 flow was continuously examined by using 
simultaneous high temperature x-ray diffraction and 
DTA, as shown in Fig. 1. During the heating process, the 
diffraction peak of the phase V disappeared, while that of 
the phase I appeared at 251~ with a simultaneous endo- 
thermic effect on the DTA curve. In the cooling process, 
the diffraction peak of the phase I disappeared at 233~ 
while that of the phase III appeared with an exothermic 
effect on the DTA curve. However, the diffraction peak of 
the phase V did not emerge even if the sample was cooled 
to 25~ These results were similar to that obtained by 
Eysel (2). 

Analogous experiments were carried out on the Li+-, K +- 
and Cs+-blended Na~SO4 samples in N2 flow. The results 
obtained are shown in Table I. On heating, the V--+I 
phase-transition reaction proceeded at 252~ in both the 
Li § and K+-blended Na2SO4 samples similar to that in the 
pure Na~SO4 sample, but  occurred about 10~ higher 
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Fig. 1. High temperature x-ray diffraction trace and DTA trace on an 
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(262~ in the Cs§ Na~SO4 sample. On cooling, the 
I ~ I I I  phase-transition reaction proceeded at 229~ in the 
Cs§ Na~SO4 sample similar to that in the pure 
Na~SO4 sample, but occurred about 10 ~ and 35~ lower 
(221~ 186~ in the Li § and K+-blended Na~SO4 samples, 
respectively. The composit ion of the (K,Na)~SO4 solid so- 
lution in the K§ Na~SO4 sample became rich in 
Na near 650~ during heating, while a phase III Na2SO4 
crystal was separated from the Na-rich solid solution at 
186~ with an exothermic effect on the DTA curve on 
cooling. As with the pure sample, the diffraction peak of 
the phase V in any blended Na~SO4 sample did not 
emerge even when these were cooled to 25~ 

Figure 2 is a log-log plot for the results on the I I I ~ V  
phase-transition reaction in the pure and Li § K § or Cs § 
blended Na2SO4 samples at 25~ in both the dry and the 
wet airs. The reaction in any Na2SO4 sample did not pro- 
ceed in the dry air within 400 rain, but rather accelerated 
considerably in the wet air. The rate of the reaction in the 
wet air decreased in the order Cs§ > pure 
K§ > Li§ While the reaction in the dry 
air proceeded gradually for 3 months. 

On the basis of these results, the effect of a foreign cat- 
ion on the phase-transition reaction of a Na2SO4 crystal 
can be considered to be as follows: it is known that the 
phases V, III, and I of a Na2SO4 crystal are orthorhombic, 
orthorhombic (quasi hexagonal), and hexagonal, respec- 
tively. Then, the V ~ I  phase-transition reaction in the Cs § 
blended Na2SO4 sample might  be considerably sup- 
pressed as a result of the stabilizing ("epitaxialcy") (12) of 
the phase V due to the existence of a Cs2SO4 crystal, 
which is isostructural with a phase V Na2SO4 crystal. 
However, the promotive effect for the V o I  phase-transi- 
tion reaction in the Li t- or K§ Na~SO4 sample 
could not be detected, in spite of the existence of a 
LiNaSO4 compound or a (K,Na)~SO4 solid solution which 
is isostructural with a phase I Na.,SO4 crystal. That is, it is 
likely that the phase transition of a Na~SO4 crystal is con- 
siderably suppressed by the existence of foreign material, 
which is isostructural with the host crystal before the re- 

Table I. Phase transition of undoped and Li § K § or Cs+-doped Na~SO4 
samples in N~ flow 

Phase-transition point (~ 

Heating process Cooling process 
Sample V ~ I I --* III* 

Undoped 251 233 
LP-doped 252 221 
K§ 251 186 
Cs+-doped 262 229 

* The form II appeared transiently during the I --* III phase- 
transition reaction. 

action. Consequently, both the I ~ I I I  and III->V phase- 
transition reactions in the K ~- or Li§ Na2SO4 
sample were also considerably suppressed as a result of 
the epitaxialcy of phases I and III with the hexagonal 
(K,Na)2SO4 and the trigonal LiNaSO4 phases, respectively. 

The promotive effect of the water sorbed on the crystal 
surface in the I I I ~ V  phase-transition reaction must  be 
caused by accelerating the migration of the constituent 
ion because the crystal lattice was relaxed by the hydrate 
formed on the crystal surface layer (13). 

Furthermore, the accelerative effect on the III--*V 
phase-transition reaction i n  the Cs§ sample 
(which is a mixture of Na~SO4 and Cs2SO4) resulted from 
promoting the sorption of water vapor on a Na~SO4 crys- 
tal in the neighborhood of a Cs2SO4 crystal because a 
Cs2SO4 crystal is more hygroscopic than other crystals. 
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Isotope Labeling Studies of the Oxidation of Silicon at 1000 ~ and 
1300~ 
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ABSTRACT 

Oxygen-18 profiles in thermal oxides grown on silicon at 1000 ~ and 1300~ in sequential oxidation steps in the para- 
bolic oxidation regime indicate a change in the dominant  oxygen transport process. At 1000~ oxygen-18 pile-up at the 
surface and at the oxide/silicon interface is consistent with a large flux of oxygen via molecular oxygen permeation and 
very slow diffusion of lattice oxygen ions (Do = - 4  • 10 - 's cm~/s). At 1300~ the oxygen-18 concentration is uniformly 
high across the oxide, which suggests a much larger lattice oxygen diffusivity and a total flux due to lattice oxygen dif- 
fusion which contributes significantly to the supply of oxygen to the growth interface. 

Owing to its importance in the semiconductor industry, 
the oxidation of silicon has been extensively studied. It is 
generally accepted that the oxidation process in the para- 
bolic growth regime is controlled by the permeation of 
oxygen molecules through the oxide film (1-3). Indirect 
evidence supporting this conclusion includes platinum 
marker experiments (4), the linear oxygen partial pres- 
sure dependence of the parabolic oxidation rate (1), and 
the correspondence with oxygen permeation studies of 
fused silica (5). The most direct evidence comes from iso- 
tope labeling studies. The technique involves the sequen- 
tial oxidation of the silicon in oxygen-16- and oxygen-18- 
rich environments. Following the oxidation treatments, 
an appropriate measurement  technique which can dis- 
criminate between the two oxygen isotopes is used to 
profile each across the oxide film. The most common in- 
clude nuclear reaction resonance and secondary ion mass 
spectrometry (SIMS). The location of each isotope in the 
oxide profiles provides information about the migrating 
species which control the oxidation reaction. 

The nuclear reaction resonance technique was used by 
Rosencher et al. (6) to investigate silicon oxidation in dry 
oxygen at 930~ The oxygen isotope profiles resulting 
from the double oxidation sequence revealed that the ma- 
jority of oxygen-18 isotope accumulates near the oxide- 
silicon interface. This result and the correspondingly low 
oxygen-18 concentration in the bulk oxide indicated that 
the permeation of the oxidant to the interface is responsi- 
ble for the parabolic oxidation of silicon, as proposed by 
Deal and Grove (1). A thin oxygen-18-rich layer (7-12~) 
was observed near the oxide surface, which was ex- 
plained as isotope exchange between the oxidant and the 
lattice bound oxygen at the oxide surface. It has been re- 
ported that the exchange mechanism is enhanced by 
trace amounts of water in the oxidation environment  (7). 
Rosencher et al. assumed that the water content in their 
system was in the ppm range in light of the shallowness 
of the exchanged layer. 

A superior detection sensitivity is obtained using the 
SIMS technique. The analysis provides a direct measure 
of the isotope concentration profile and eliminates the la- 
borious deconvolution procedures required by the nu- 
clear reaction resonance technique. However, profile 
broadening due to ion beam mixing must be accounted 
for when considering the measured profile. Cristi and 
Condon (8) reported ion microprobe mass analyzer results 
for silicon doubly oxidized at 700~ Similar to Rosencher 
et al., an interstitial diffusion (permeation) of oxygen mol- 
ecules was suggested as the mechanism controlling oxi- 
dation. Isotope exchange with the lattice oxygen was ob- 
served at the oxide surface, and a diffusion coefficient 
corresponding to oxygen diffusion via the oxygen sublat- 
tice was calculated to be - 10 -19 cm2/s at 700~ It was 

*Electrochemical Society Active Member. 
1Present address: U.S. Army Electronics Technology and De- 

vices Laboratory, Fort Monmouth, New Jersey 07703. 

calculated that a diffusion coefficient of this low magni- 
tude was insufficient to support  the observed oxidation 
rate. Recent work by Rouse et al. (9) demonstrates the 
sensitivity of the SIMS technique when applied to the 
double oxidation experiment.  Using a purified oxygen 
gas having a reduced oxygen-18 background, a slightly 
decreasing isotope profile was measured through the 
bulk oxide in addition to the isotope build up in the new 
oxide and at the oxide surface as previously described. 
The profile indicated that permeation mechanisms con- 
trol the oxidation and that exchange of the diffusing 
oxidant occurs throughout the oxide. The exchange rate 
is much higher at the oxide surface. Special treatment of 
the gases minimized the water content in the system, sug- 
gesting that these artifacts were not water related. 

In the present study, double oxidation of silicon was in- 
vestigated at 1000 ~ and 1300~ Differences in the isotope 
profiles obtained by SIMS are discussed in terms of the 
competing transport processes. 

Experimental Procedure 
Boron-doped silicon (100) having a 3-5 gl-cm resistivity 

was used in this investigation. Samples were prepared 
from a full wafer by dicing into 1/4 x 1/4 in. squares, the 
sample size required by the SIMS holder. The first oxida- 
tion was performed in dry oxygen at 1000~ for 2h. The 
oxide thickness as measured by ellipsometry was 103 nm. 
The background oxygen-18 concentration in the gas was 
0.2%. The second oxidation was performed in an isotope 
exchange furnace where following the evacuation of the 
oxidation chamber, an oxygen-18 enriched gas is intro- 
duced (10). 1 The percentage of oxygen-18 in the gas was 
adjusted to approximately 40% each time. In the enriched 
gas, samples were oxidized at 1000 ~ and 1300~ for 10 and 
35 min, respectively. 

Isotope profiling of the samples was accomplished 
using the SIMS mode of the Gatan scanning ion micro- 
probe. 2 The ion beam consisted of positive argon ions ac- 
celerated to 7 keV and focused to a diameter of approxi- 
mately 100 ~m. Adjustable beam rastering and signal 
gating were set for opt imum depth resolution. A focused 
electron gun provided charge neutralization of the sput- 
tering surface during profiling. Three mass settings were 
continuously monitored during profiling, including 
oxygen-16, oxygen-18, and silicon-30. 

Results and Discussion 
The SIMS profile shown in Fig. 1 corresponds to the 

silicon sample oxidized in the oxygen-18 enriched gas at 
1000~ for 10 rain. The silicon-30 mass is monitored to in- 
dicate that proper charge neutralization is provided with 
the electron gun. This process is characterized by a uni- 
form silicon signal across the oxide, as shown in Fig. 1. 

tj. Cauley, Case Western Reserve University, 1982. 
2Gatan, Incorporated, Pittsburgh, Pennsylvania. 

1944 



VoI. 131, No. 8 

r~ Q 1 0  5 

0 '"I ffl 
\ 1 0  4 - 

F- " 
Z 

0 
C.) 1 0  3 ~' 

J 

Z 

H 1 0  2 

if} 

if} 

1 
if} 10 

1 0  0 I I i i 
0 200 4 0 0  

SPUTTERING TIME 

OXIDATION OF SILICON 

3OSI + 

I 
G00 

( SECONI].S ) 

1945 

Fig. 1. SIMS data for silicon 
sample oxidized at 1000~ for 2h 
in dry oxygen-16 followed by 10 
rain in oxygen-18-enriched gas. 

801 

Signal instability at the oxide surface was typically less 
than 30s in duration. The changing oxygen signals, how- 
ever, correspond to actual concentration variations of 
each isotope across the oxide film. Upon reaching the ox- 
ide silicon interface, a sharp drop in signal of up to 3 or- 
ders of magnitude occurs in each case. In the silicon, the 
oxygen counts approach system background levels. The 
relatively high background signal for oxygen-16 in the sil- 
icon is caused by electron stimulated desorption (ESD) 
from the electron beam interacting with the sample sur- 
face. This signal does not significantly contribute to the 
overall oxygen-16 signal when profiling through the 
oxide. 

The isotope profiles can be better analyzed by con- 
verting the data into the oxygen-18 fraction as a function 
of depth. The oxygen-18 fraction is obtained by dividing 
the oxygen-18 signal by the sum of the two oxygen sig- 
nals. An experimental ly measured sputtering rate of 17 
nm/min in the oxide was used to convert  to units of 
depth. Figures 2 and 3 are profiles for samples oxidized 
10 and 35 min, respectively, at 1000~ in the oxygen-18- 
rich environment. As found by other investigations, the 
isotope is concentrated at the oxide-silicon interface as 
well as at the surface. The maximum isotope concentra- 
tion corresponds to the amount  of oxygen-18 enrichment 
of the oxidizing gas (~ 40%). The minimum concentration 
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Fig. :3. Oxygen-18 profile for 35 
rain reoxidation sample at 1000~ 
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which is found in the bulk oxide (Fig. 2) is equal to the 
background concentration of oxygen-18 in the original 
oxidizing gas (0.2%). 

The observed profiles are explained in terms of the 
transport mechanisms present, as well as by the exchange 
of the oxidant with the lattice oxygen. The accumulation 
of oxygen-18 isotope near the oxide-silicon interface re- 
sults from the permeation of oxygen molecules through 
the oxide and formation of new oxide at the oxide/silicon 
interface. The decreasing profile near the oxide surface 
into the bulk oxide is explained by the diffusion of the 
oxygen isotope through the oxygen sublattice following 
exchange at the oxide surface. A diffusion coefficient for 
the isotope of 4 x 10 -15 cm2/s was calculated from the ini- 
tial profile using the complementary error function. This 

value is in good agreement with literature values for oxy- 
gen diffusion in fused silica (11, 12). As indicated in previ- 
ous investigations, a diffusion coefficient of this magni- 
tude could not by itself provide sufficient flux of oxygen 
to cause the observed oxidation rate. In addition to the 
isotope diffusion into the bulk from the oxide surface, the 
isotope can diffuse into the bulk from the newly formed 
oxide. This is apparent from the sloped isotope profiles 
near the original oxide-silicon interface. 

The isotope profiles for samples oxidized at 1300~ 
were quite different. As shown in Fig. 4 for the 10 rain ox- 
idation, the oxygen-18 isotope profiles were uniform 
across the oxide. This result implies that lattice diffusion 
of oxygen is significant at this temperature and contrib- 
utes to the supply of oxidant to the growth interface; a 

Fig. 4. Oxygen-18 profile for 10 
min reoxidation sample at 1300~ 
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calculated profile using oxygen diffusivity values in 
fused silica from the literature approximates the observed 
flat profile. The single activation energy reported for the 
parabolic oxidation of silicon (27 kcal/mol) holds up to 
near the melting point, however, and is much lower than 
the value reported for lattice diffusion (70 kcal/mol) by 
Sucov (11). This would imply that the oxidant supply at 
1300~ is dominated by the permeation mechanism. The 
activation energy value reported by Sucov has been ques- 
tioned by other investigators (12, 13), who suggest that the 
lattice diffusion of oxygen is characterized by a much 
lower activation energy. The temperature dependence of 
the lattice diffusion mechanism is currently being investi- 
gated by the authors using the present technique. It is in- 
teresting to note that other silicon-base materials such as 
SiC, TiSi~, and MoSi~ exhibit an increase in the activation 
energy for the parabolic oxidation at temperatures above 
1400~ (14, 15). This change in activation energy may cor- 
respond to control of oxidation by the lattice diffusion 
mechanism. 

This discussion has not addressed the possibility that 
the oxygen-18 profiles are the result of an exchange reac- 
tion between the permeating isotope species and point 
defects (presumably oxygen vacancies) in the oxide. The 
isotope profile would then be flatter at 1300 ~ than at 
1000~ if the vacancies were created at the gas/SiO2 inter- 
face and diffused much more rapidly at 1300 ~ than at 
1000~ Future experiments will discriminate between 
these two possibilities. 

Summary 
Silicon oxidation in the parabolic growth regime at 

1000 ~ and 1300~ was investigated using isotope labeling 
experiments with SIMS for profiling. At the lower tem- 
perature, the measured profiles indicate that the oxida- 
tion process is controlled by the permeation of oxygen 
molecules through the oxide film to the oxide-silicon 
growth interface. Isotope exchange and subsequent  diffu- 
sion via the oxygen sublattice apparently occurs near the 
oxide surface. A calculated value for the lattice diffusivity 
of oxygen is significantly below the value necessary to 
sustain the observed oxidation rate; this corroborates the 
domination of the oxidation process by permeation. At 
the higher temperature, the lattice diffusion of oxygen is 
significantly increased, which may lead to domination of 

the oxidation rate by lattice diffusion at higher tempera- 
tures. An alternative interpretation of the observed 
oxygen-18 profiles may be that the exchange reaction be- 
tween permeating O~ and vacant lattice sites causes the 
observed profiles if the vacancies are created at the 
gas/SiO~ interface and diffuse much faster at 1300 ~ than at 
IO00~ 
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ABSTRACT 

Denuded zones in the near-surface regions of Czochralski silicon wafers were investigated by means of bo th  optical 
microscopy (OPM) and transmission electron microscopy (TEM). The results of this investigation show that the (nearly 
defect-free) denuded zones formed near the wafer surface depend strongly on the initial oxygen concentration and the 
thermal history of the wafers, e. g., wafer annealing-temperature sequence, gas ambient, and annealing duration. Clear 
denuded zones were observed in wafers annealed under conditions in which the oxygen out-diffusion process is en- 
hanced, e. g., in a high-low, two-step anneal (1050~ for 16h and 800~ for 16h), in a nonoxidizing ambient. A high initial 
oxygen concentration (1.5 x 10 's < [O]i < 2.0 x 10 '8 cm-3), using the old ASTM calibration factor (ASTM F121-79), is re- 
quired for the detection of a denuded zone, since defect generation in the bulk resulting from oxygen precipitation pro- 
vides the demarcation layer. 

It has been found that microdefects existing in the ac- 
tive region of Czochralski (CZ) silicon wafers have many 
detrimental effects on the performance of semiconductor 
devices, such as minority carrier lifetime degradation, 
junction leakage enhancement,  etc. (1-4). Therefore, it is 
desirable to eliminate these detrimental effects by provid- 
ing a nearly microdefect-free zone, which is commonly 
referred to as a "denuded zone," in the active region of sil- 
icon wafers. 

It has been previously reported (5-19) that denuded 
zones can form in the near-surface region if wafers are 
subjected to a proper preannealing treatment before nor- 
mal device fabrication processes. The depth of the de- 
nuded zones depends strongly on the wafer preannealing 
conditions, e. g., annealing temperature sequence, gas am- 
bient, and time. However, the reported effects of these 
conditions are not conclusive. 

Two major mechanisms of denuded zone formation 
have been suggested. One is the oxygen out-diffusion 
mechanism (9, 10, 15, 17). It is proposed that interstitial 
oxygen atoms which enter silicon wafers during crystal 
growth can diffuse out of the wafer surface when sub- 
jected to high temperature annealing. This causes a zone 
of oxygen interstitial undersaturation near the wafer sur- 
face, resulting in a nearly microdefect-free (denuded) 
zone, since oxygen precipitation does not occur there. 
The other mechanism is one involving the retardation of 
oxygen precipitation at the wafer surface by excess sili- 
con interstitials. Craven and Korb (19) believe that excess 
silicon interstitials generated in the near-surface region of 
wafers during oxidation will annihilate some vacancies, 
which are supposed to act as the nucleation sites of oxy- 
gen precipitates, resulting in a retardation of oxygen pre- 
cipitation in the near-surface region. From this, a clear de- 
nuded zone will then be formed. On the other hand, they 
believe that excess vacancies generated in the near- 
surface region during preannealing in HCl containing am- 
bient will enhance the oxygen precipitation, and under 
this condition, no clear denuded zone can be formed near 
the surface. They offer experimental  results confirming 
their proposed mechanism. 

In this paper, the effects of initial concentrations of ox- 
ygen and carbon in the wafers, and the effects of wafer 
annealing variables, such as temperature sequence, gas 
ambient, and time, on the formation and width of the de- 
nuded zone are reported, having been investigated by op- 
tical microscopy (OPM) and transmission electron mi- 
croscopy (TEM). The active mechanism of denuded zone 
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formation, as supported by the experimental  results ob- 
tained, is discussed. 

Experimental Procedures 
The wafers were n- and p-type, with a diameter of 3 in., 

a thickness of 500 ~m, a (100) orientation, and an intersti- 
tial oxygen concentration [Ot in the range of 1.30 x 10 's _< 
[O]~ -< 1.89 • 10 '8 cm -3, as measured by infrared absorp- 
tion (ASTM F 121-79). These oxygen concentration values 
are approximately a factor of 2 larger than the values 
calculated using the new ASTM document, F 121-80. The 
wafers were subjected to specific annealing temperatures 
with different annealing sequence, gas ambient, and time. 

Several seed-end wafers were subjected to a high-low, 
two-step annealing. They were first annealed at 1050~ 
for 16h in Ar, followed by an anneal at 800~ in dry O~ for 
0, 4, or 16h. The OPM results showed a denuded zone 
depth of about 20 ~m on all of these wafers, with a similar 
high density of microdefect etch pits (about 2.9-3.0 • 109 
cm -2) confined to the bulk. 

The annealing ambient also plays a very important role 
in denuded zones in silicon wafers. In this investigation, 
only the effect of the annealing ambient at the high tem- 
perature step was studied, since oxygen out-diffusion at 
low temperatures (e. g., 800~ is very slow and can be ne- 
glected. Three seed-end wafers were subjected to high- 
low, two-step annealing in three different ambients 
(1050~ for 16h in Ar, dry O2, or N2 + 3% HC1, respec- 
tively), followed by 800~ for 16h in dry 02. 

Annealing duration at the first step, 1050~ of high- 
low, two-step annealing is very important, since it affects 
the amount of oxygen diffusing out of the wafer surface. 
We annealed several seed-end wafers at 1050~ in Ar for 1, 
4, or 16h, respectively, followed by annealing at 800~ for 
16h in dry 02. 

Subsequently, the wafers were sawn and broken into 
small, 2 x 3 mm rectangular pieces with edges in <110> 
directions. For OPM samples, six small pieces were arbi- 
trarily chosen from the central region of a wafer. These 
were stacked face-to-face (mirror surfaces) and bonded 
with epoxy glue and were mounted with a black Bakelite 
mounting powder with the {110} surfaces facing the bot- 
tom of the mount. In this way, the wafer surfaces were 
protected by the epoxy glue from etching, only cross- 
sectional surfaces were subjected to the etchant, and ac- 
curate measurements of denuded zones were achieved. 
The cross section was prepared on the {110} surfaces 
which were polished and Wright etched (20) to delineate 
the defects. 

The distributions of defect etch pits on the {110} wafer 
cross sections were examined by optical microscopy. The 
depth of the denuded zones was measured from the wafer 
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Fig. 1. An OPM photomicrograph of the cross-sectional, {I 10} surface, 
of a seed-end wafer annealed at 1050~ for 16h in Ar and at 800~ for 
4h in dry 02, after 8 min in Wright etch, showing clear denuded zones of 
-20 /~m at the subsurface regions with a high density of etch pits in the 
bulk. 

surface to the "boundary," where the defect etch pits ap- 
peared in significant numbers:  The defect depth distribu- 
tion below the wafer surface was further obtained by 
TEM. Rectangular wafer pieces with a {110} surface, 
measuring 2 • 3 mm, were step-thinned to increasing 
depths from the front surface (see Fig. 1) and subse- 
quently jet-thinned from the back side. TEM specimens 
of {110} cross section were also prepared, by grinding and 
polishing a composite of six small pieces to a thickness of 
8 mil and then thinning to transparency by chemical etch- 
ing in a HF:HNO3, 1:4 solution (18). 

Results and Discussion 
Temperature effects.--The results of this study show 

that the thermal history of a wafer can affect the denuded 
zone formation. The effects of annealing conditions are 
now considered. Figure 1 shows the microdefect distribu- 
tion for {110} cross section of a seed-end wafer after a 
high-low, two-step anneal. The density of etch pits is high 
in the bulk region and decreases gradually toward the wa- 
fer surface. This corresponds to the decrease of intersti- 
tial oxygen concentration toward the surface due to oxy- 
gen out-diffusion during annealing (9). The depth of 
denuded zones formed on all these wafers was about 
20 ~m, regardless of the annealing time for the low tem- 
perature (800~ anneal. This suggests that the denuded 
zones were mainly formed during the first-step, high 

Fig. 2. TEM micrographs of a seed-end wafer, annealed at 1050~ for 
16h in Ar and at 800~ for 4h in dry 02 (multiple-beam condition), a(top 
left): Two flat oxygen precipitates at different levels in the bulk of the 
wafer, with punched-out dislocation loops in various oblique ~ 100> di- 
rections, in a region -75/~m below the {100} front surface, b(top right): 
An oxygen precipitate with punched-out dislocation loops in three 
< 110> directions. This foil surface is a {110}, cross-sectional surface, 
thinned by the immersed chemical thinning method, c(left): A cluster of 
oxygen precipitates and dislocations with a dislocation helix in the bulk 
of the wafer, - 1 5 0  p~m below the {100} front surface. 
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temperature (I050~ anneal. This result is reasonably 
consistent with Andrews (21) regarding the denuded zone 
depth for a dry oxidation anneal at 1100~ for 4h, when al- 
lowance is made for the temperature and time via the Dt 
product. Oxygen out-diffusion at 800~ is much slower 
than at I050~ since the diffusivity of oxygen in silicon, 
calculated according to Takano and Maki (22), is about 6.5 
• 10-" cm~/s at 1050~ while only 4.8 • 10 -~a cm2/s at 
800~ These values are in good agreement with Stavola et 
al. (23). Therefore, oxygen out-diffusion at the low tem- 
perature step is negligible. At 1050~ in Ar, the dissolved 
interstitial oxygen atoms will out-diffuse from the wafer 
surface to the ambient. The intersititial oxygen concen- 
tration below the surface is lowered wherever oxygen 
concentration is not supersaturated, and oxygen precipi- 
tation is negligible in this region. However, the interstitial 
oxygen concentration in the bulk of the wafer remains 
high and is supersaturated. Oxygen atoms will tend to 
precipitate in the form of amorphous SiO2 in the bulk 
during the anneal, forming the denuded zone at the 
subsurface region of the wafer during the first-step, high 
temperature anneal. The denuded zone remains relatively 
stable during the subsequent low temperature anneal if 
the interstitial oxygen concentration remains low inside 
the zone. 

The TEM results show that the microdefects appear 
only in the region about 50 tLm below the front surface. In 
the region less than 50 t~m, the microdefect density was 
too low to be detected by TEM. The microdefects in 
nondenuded regions of the wafers after high-low, two- 
step annealing observed by TEM were mostly oxygen 
precipitates with punched-out dislocation loops (see Fig. 
2a and 2b). A few stacking faults (not shown) and disloca- 
tion helices (see Fig. 2c) were observed. It is also noticea- 
ble that the shapes of the punched-out dislocation loops, 
when viewed from <100> and <110> directions, are dif- 
ferent (compare Fig. 2a and 2b). The basic geomtry of the 
loops is that they are rhombus-shaped with sides aligned 
in <112> directions on {111} planes. They are punched 
out in <110> directions (24). The loops appear rhombus- 
shaped for the oblique <110> directions from a {100} sur- 
face plane (24) (see Fig. 2a). However, when viewed along 
the <110> directions, the appearance of the punched-out 
dislocation loops may vary from near-square to near- 
rectangular shapes (see Fig. 2b), depending on the 
specific <110> direction in which dislocations were 
punched out and the specific {110} plane. 

Many authors have reported that the denuded zones 
could form at the wafer surfaces after a low-high, two- 
step annealing (8, 12, 13). In our experiments we annealed 
several seed-end wafers in a low-high, two-step condition 

Fig. 3. An OPM photomicrograph of the cross-sectional, {110} surface 
of a seed-end wafer, annealed at 800~ for 16h in dry 02, and at 1050~ 
for 16h in Ar, after 60s in Wright etch, showing high density microdefeCt 
etch pits uniformly with no clear denuded zone formed. 

(800~ for 16h, in dry 02, followed by 1050~ for 1, 4, or 
16h in Ar, respectively). However, the results showed that 
no denuded zones formed at the surfaces of any of these 
wafers. The microdefect etch-pit density of about 3.2 
• 10 ~~ cm -3 was uniformly distributed over the entire 
cross-sectional surfaces of the wafers (see Fig. 3). Since 
oxygen out-diffusion at 800~ is small, and the driving 
force for oxygen precipitation in silicon wafers is large at 
this temperature, the interstitial oxygen atoms precipitate 
rapidly both in the bulk and at the surface of the wafer. 
During the subsequent high temperature annealing, some 
of the precipitates formed at t h e  low temperature step, 
whose size is greater than the critical radius, r*, for oxy- 
gen precipitation at 1050~ will continue to grow, and 
some of the precipitates, whose size is smaller than r*, 
will shrink both at the wafer surface and in the bulk (7, 
15). The critical radius increases with increasing anneal- 
ing temperature and, in this investigation, it is about 10• 
at 1050~ (7). After 16h annealing at 800~ the size of the 
oxygen precipitates may grow to about 350 h-square (25), 
which is much greater than the critical radius, r*, for oxy- 
gen precipitates at subsequent 1050~ annealing. Thus, 
shrinkage of the precipitates will not occur at subsequent 
1050~ annealing. Therefore, denuded zone formation is 
unlikely after a low-high, two-step annealing. 

It may be noted that the density of etch pits on the 
cross section of the wafer annealed at 800~ for 16h in dry 
O2 without subsequent high temperature anneal is much 
lower than for wafer s annealed by a low-high or a high- 
low, two-step treatment (compare Fig. 4a and 3). Since the 
maximum nucleation rate reported was generally near 
750~ for oxygen precipitation in silicon (7, 15), it was ex- 
pected that a high density of microdefects would form in 
the wafer after an anneal at 800~ for 16h. TEM observa- 
tions show a high density of microdefects have indeed 
formed in the wafer (see Fig. 4b). The microdefects were 
too small to be completely delineated by the Wright-etch 
technique. The etch pits in Fig. 4a may only be the result 
of large microdefects with dislocation loops around them. 
When this low temperature anneal was followed by a high 
temperature anneal (1050~ for 1, 4, or 16h in Ar), only 
stacking faults were observed with TEM. 

Annealing ambient effects.--Figure 1 shows that de- 
nuded zones of about 20 t~m in depth formed in a seed- 
end wafer after being annealed in an Ar ambient. The 
microdefect etch-pit distribution on the {110} cross- 
section surface of a seed-end wafer after being annealed 
in an oxidizing ambient (dry 02) is shown in Fig. 5. Only 
very narrow denuded zones (= 5 gin) are present near the 
wafer surfaces, since the oxygen out-diffusion process is 
slower in the oxidation ambient than in an inert ambient. 
Another seed-end wafer was annealed in N2 + 3% HC1 am- 
bient. Wide and clear denuded zones (about 25-30 gm) 
were formed in the subsurface region of the wafer (see 
Fig. 6) after being annealed. However, Hu (26) stated that 
the addition of 1% HC1 to the oxygen ambient was not 
distinguishable from a pure-oxygen ambient for oxygen 
precipitation in silicon wafers. The experimental  results 
of Craven and Korb (19) also showed that no apparent de- 
nuded zones were formed in HC1 containing ambients, 
whereas clear denuded zones were formed in the oxygen 
ambients. They explained that the excess vacancies gen- 
erated in HC1 ambient enhanced the oxygen precipita- 
tion, since, they believed, these vacancies could act as the 
nucleation centers of oxygen precipitates, while excess 
silicon interstitials generated during oxidation annihi- 
lated some vacancies, resulting in a retardation of oxygen 
precipitation in the near-surface region. However, de 
Kock and van de Wijgert (27) indicated that silicon self- 
interstitials could act as nucleation centers of oxygen pre- 
cipitates, and, thus, enhance the oxygen precipitation 
process in silicon. 

The results of our investigation disagree with the re- 
sults of Hu and of Craven and Korb mentioned above. 
Wide and clear denuded zones were formed in HC1 con- 
taining ambients. During annealing in an HC1 containing 
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Fig. 4. An OPM photomicrograph (a), and a "FEM micrograph (b) of a seed-end wafer, annealed at 800~ for 16h in dry oxygen, a(left): The low 
density etch pits are randomly distributed throughout the cross sections of the wafer after 8 min in Wright etch. No obvious denuded zones formed at the 
subsurface region, b(right): Very high density of tiny microdefects in the wafer, ~ 135/~m below the {100} front surface. (Multiple-beam condition.) 

ambient, excess vacancies were generated in the 
subsurface region of the wafer (19, 28, 29). We believe that 
these vacancies enhanced the oxygen out-diffusion pro- 
cess, and resulted in a wider denuded zone at the wafer 
surface than those formed in a non-HCl containing ambi- 
ent. Therefore, oxygen out-diffusion appears to be the 
dominant mechanism for denuded zone formation, ac- 
cording to this investigation. 

Annealing-time effects.--OPM results show that for an- 
nealing duration at the first step, of 0 to 4h at 1050~ the 
wafers did not have a clear denuded zone at the surfaces. 
When this duration was increased to 16h, denuded zones 
of about 20 ~m wide were formed (see Fig. 1). This result 
agrees favorably with the opt imum anneal t ime of 16h 
calculated by Andrews (21) for oxygen-out diffusion dur- 
ing a dry oxidation anneal at 1050~ 

Initial oxygen concentration.--In addition to seed-end 
wafers, several tang-end wafers with [O]i - 1.30 • 10 ~8 
cm -3 (ASTM F121-79) were examined after a high-low, 
two-step anneal. OPM observation showed that there 
were only a few etch pits existing over the entire cross- 
sectional surface of these tang-end wafers. No meaningful 
measurements  of denuded zones are possible for these 
tang-end wafers, as Series et al. (10) also pointed out. 
However, for these tang-end wafers, oxygen precipitation 

is minimal in the bulk because of their low inital oxygen 
concentration levels. 

Initial carbon concentration.--To examine the effect of 
carbon concentration, several seed-end wafers sliced from 
two CZ crystals with different initial carbon concentra- 
tions were annealed, employing the same high-low, two- 
step conditions (1050~ for 16h in Ar, followed by 800~ 
for 16h in dry O._,). One of these two CZ crystals had a car- 
bon concentration (7.0 • 10 '~ cm-3), or 1.4 ppma, seven 
times as high as the other one (0.28 ppma). The OPM ob- 
servations show that denuded zones were formed at the 
subsurface region in all of these wafers, regardless of the 
carbon concentrations. It has been shown that carbon- 
oxygen complexes can act as nucleation centers for the 
precipitation of oxygen (30). However, during the first 
step, 1050~ annealing, the interstitial oxygen atoms dif- 
fuse out of the wafer surface and lower the oxygen con- 
centration in the subsurface region to an undersaturated 
level, and oxygen precipitation at the subsurface region 
will not occur, despite the high concentration of carbon 
atoms existing in this region. Further, since both the 
diffusivity and the concentration of carbon atoms in sili- 
con are quite small compared to oxygen, it is also un- 
likely for carbon atoms to precipitate out as carbide 
particles (31). Hence, the effect of the initial carbon con- 
centration on the formation of precipitate nuclei may be 

Fig. S. An OPM photomicrograph of the cross-sectional {110} surface 
of a~ seed-end wafer, annealed for 16h in dry O: atboth 1050~ and 
800~ Very narrow denuded zones (<5  /~m) were formed in the 
subsurface region. 

Fig. 6. An OPM photomicrograph of the cross-sectional, {110} sur- 
faces of a seed-end wafer, annealed at 1050~ for 16h in N2 + 3% HCI 
and at 800~ for 16h in dry 02. Wide and clear denuded zones of 25-30 
I~m were formed in the subsurface regions. 
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insignificant in the region where oxygen undersaturat ion 
exists, i. e., in the near-surface region. 

Summary and Conclusions 
In this study, almost-defect-free denuded zones, formed 

in CZ silicon wafers heat-treated under  different thermal 
histories, have been investigated. The principal  results 
are as follows. 

1. A high-low, two-step annealing (first, at 1050~ then 
at 800~ results in a clear denuded zone at the wafer sur- 
face, while the reverse sequence, i. e., a low-high, two-step 
annealing (first, at 800~ then at 1050~ does not. 

2. Annealing in an inert  or an HC1 containing inert  am- 
bient results in a much wider denuded zone (20-30 ~m) 
than in an oxidation ambient  (~ 5 ~m). 

3. An annealing t ime of 16h at 1050~ is sufficient to 
form a denuded zone -~ 20 ~m wide. 

4. A high initial oxygen concentration (1.5 • 10 's < [O]i 
< 2.0 x 10 '8 cm-3), [old ASTM method (ASTM F121-79)] 
sufficient to induce bulk precipitates in the wafer, is re- 
quired to delineate the oxygen out-diffused layer. 

5. The highest  carbon concentration present  inethe sili- 
con wafers (7.0 x 10 '~ cm -3) exerted no significant effect 
on the denuded zone formation. 

6. The above results support  the view that  oxygen out- 
diffusion is the dominant  mechanism for the formation of 
denuded zones in Czochralski silicon crystal wafers. 
These results do not agree with the excess-silicon-intersti- 
tial mechanism proposed  by Craven and Korb (19). 
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ABSTRACT 

Cathodoluminescent  properties of Eu 2~- or Ce3§ MgS and Ca, ~Mg~S phosphors are investigated at 300 K. It 
is found that MgS:Eu(0.01 mole percent [m/o]) exhibits a high energy efficiency (~16 %) and an improved water- 
resistance if residual oxide content is less than 1 m/o. Under  these highly sulfurizing conditions, MgS is confirmed to be 
completely miscible with CaS in any compositional ratio. The composit ion Ca0.,Mg0.~S:Eu(0.05 m/o), Ba(0.1 m/o), whose 
color coordinates are comparable to the red phosphor (Y0.964Eu0.036)~O2S, exceeds the latter in brightness by 15% at 18 kV 
excitation. Additionally, Eu2*-activated alkaline-earth binary sulfides are examined. A complete miscibility is ascer- 
tained in the pseudobinary system where the difference in cation radius is less than 0.035 nm. StYess-induced peak shifts 
are observed in MgS:Eu and A~_~B,S (A or B ~- Mg, Ca, Sr or Ba, A ~ B). Some mechanisms for these shifts are 
proposed. 

It has been pointed out (1) that alkaline earth sulfides 
can be excellent cathodoluminophors when doped with 
proper activators. Among rare earth-activated phosphors, 
very high energy efficiencies were reported in green 
CaS:Ce (-22%) and red CaS:Eu, Ce (-16%) (2) both of 
which utilize f-d transitions of the rare earth ions. How- 
ever, energy efficiency has seldom been reported on for 
alkaline earth sulfides other than CaS. This is because 
poor chemical stability (3) prevents them from being used 
for practical applications. Therefore, it is preferable from 
the standpoints of both chemical stability and chromati- 
city control to form solid solutions with CaS. Some prop- 
erties of these pseudobinary sulfide phosphors have 
been reported in the CaS-SrS system (completely misci- 
ble (4), CaS-MgS system (partially miscible) (5), and CaS- 
BaS system (partially miscible) (6). However, cathodolu- 
minescence in rare earth-doped phosphors has been 
investigated only in the CaS-SrS system (7). 

This paper deals with the preparation and cathodolum- 
inescent proprties of MgS-based phosphors (MgS and 
Ca, ~MgxS) activated with Eu and/or Ce. It is emphasized 
that the CaS-MgS system is completely miscible when 
fired in a highly sulfurizing atmosphere, and that 
Ca, xMg~S:Eu exhibits promising luminescent properties. 
Peak shifts of an Eu ~§ emission band observed in alkaline 
earth sulfides are also discussed. 

Experimental 
Magnesium sulfide-based phosphors are prepared by 

the method illustrated in Fig. 1: on firing MgS, MgSO4 
(optical grade, Hakushin Kagaku Laboratory Company, 
Limited) mixed with Eu and/or Ce compounds (4N, Rare 
Metallic Company, Limited) were used as a starting mate- 
rial. Carbonate was used for CaS. The mixtures charged 
in a quartz boat were first heated at ll00~ in a H2S 
stream (4N, Seitetsu Kagaku Company, Limited) for 3 or 
4h. Then, the product was lightly ground and retired at 
1200~ for 3h in a sulfurizing atmosphere. This process 
was repreated once again. During the last firing, PC13 was 
introduced into a reaction tube for 30 rain. The com- 
pound PC13 (5N, E. Merk Company), was reserved in a 
quartz bubbler at 25~ and carried with argon at partial 
pressures of 4 - 8 • 103 Pa. Calcium sulfide was obtained 
in a similar manner. Compound Ca,_~.Mg~S:A was pre- 
pared by firing a mixture of (1 - x) mole fraction of 
CaS:A and x mole fraction of MgS:A at 1200~ in H~S for 
1 or 2h. In some cases, Ca,_.~Mg~S:Eu was directly synthe- 
sized from CaCO3, MgSO4, Eu~O3, and H~S. A similar 
firing process was also used with PCI~ doping. 

The sulfide percentage of the fired products was esti- 
mated by weighing before and after firing. This is be- 
cause an x-ray diffraction analysis showed that the prod- 
ucts were simply composed of the sulfide and the oxide, 
and because the transport loss during the run could be ig- 
nored. Grain size, lattice constant, impurity concentra- 
tion, and chlorine content were measured by SEM, x-ray 
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diffraction, spectrophotometric,  and chemical analyses, 
respectively. Cathodoluminescence was measured at 
300K with a demountable cathodray apparatus. An 
electron-beam current was typically 100 hA, and the 
accelerating voltage was 18 or 27 kV. Raster size was 2 • 1 
cm 2. Emission was observed through a glass window with 
a grating monochromator  (Nikon P-25) and a photomulti- 
plier (RCA 7265). All spectra were corrected for mono- 
chromator transmission and photomultiplier  response, 
and given in terms of emission intensity per unit wave- 
length interval as a function of wavelength. The spectral 
resolution limit was 0.02 eV. Brightness and energy 
efficiency were measured with a photometer  radiometer 
(United Detector Technology II A) and given as relative 
values to the standard sample, i. e., (Y,,.964Eu0.o3~)~O~S for a 
red phosphor and ZnS:Cu, A1 (P-22) for a green phosphor. 
The sample screen was formed by sedimentation of the 
stirred phosphor powder in ethyl alcohol onto a steel sub- 
strate. Screen weight was kept to be 9-11 mg/cm ~. 

Waterproof testing of MgS:Eu was carried out at 300 K. 
First, 50 mg of MgS:Eu powder was stirred in 1000 ml of 
deionized water for a desired time. Then, the phosphor 
was rinsed in ethyl alcohol and formed into the screen, as 
mentioned above. 

Results 
Influence of sulfurized ~atio on characteristics of 

MgS:Eu.--There has been little reported on the emission 
efficiency of MgS:Eu, although the emission spectrum 
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peaked at 591 nm (300 K) was shown to be narrower than 
those of CaS:Eu and SrS:Eu (8). In this study, it was 
found that the energy efficiency as well as chemical sta- 
bility of MgS:Eu are strongly dependent on the sulfurized 
ratio of the host material, as was typically shown in Fig. 2, 
where the Eu concentration involved was kept to 0.04 
mole percent (m/o). The fact that phosphor properties are 
noticeably improved with increasing sulfurized ratio is in- 
dicated in Fig. 2. This is especially so in a highly sulfu- 
rized region, where the grain size rapidly increases and 
the lattice constant approximates to 5.2015A for a sulfu- 
rized ratio above 85%. The slightly large value of the ulti- 
mate lattice constant compared with that of undoped 
MgS (a = 5.200A) is thought  to be caused by Eu doping. 
Energy efficiency exceeds 120% relative to (Y0.~Eu0.~)~O~S, 
the red phosphor used for color TV, when the sulfurized 
ratio exceeds 99%. This means that the absolute 
efficiency exceeds 15.5% in this sulfurized range, where 
the full width at half max imum (FWHM) of the Eu ~ band 
approaches 1130 cm-L For simplicity, the term "half- 
width" is used in the figures of this paper instead of the 
term "FWHM." These high efficiencies have not yet been 
reported in any other phosphor activated only with Eu. It 
is noteworthy that such an efficient phosphor was ob- 
tained with Eu concentrations less than 1/100 of that in 
Y~O~S, 1/5 of that in SrS, and 1/2 of that in CaS. Efficien- 
cies of the alkaline earth sulfides were found to be in the 
order 

MgS:Eu > CaS:Eu > SrS:Eu > BaS:Eh 

The MgO is very hard to completely sulfurize in H~S, in 
contrast to CaO, SrO, or BaO. The fact that the firing 
products were sulfurized above 98% in the present work 
is mainly due to the effect of PCI~ flux. Similarly, both 
grain growth and Eu diffusion are markedly promoted by 
PCI~ doping. 

To examine chemical stability, a waterproof test of 
MgS:Eu was carried out. The data are shown in Fig. 3. 

_~1.5' ~ MgS:EuO.04% ] 
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Rg. 2. Characteristics of MgS:Eu(O.04 m/o) dependent on sulfurized 
ratio of host material. 
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Fig. 3. Degradation of MgS:Eu(O.04 m/o) due to chemical reaction 

with water. Sulfurized ratio is used as a parameter. 

The CL efficiencies of four samples whose sulfurized ra- 
tio differ are normalized by those obtained prior to rins- 
ing. It is found that increased sulfurized ratios make the 
phosphor more resistive to water; in a 99% sulfurized 
case, the efficiency remains 96% of the initial value even 
after the phosphor was rinsed for lh. Degradation may be 
caused by surface layer reoxidation, because MgO was 
clearly detected in the degraded sample by x-ray diffrac- 
tion analysis. Extrapolatedly speaking, the degradation 
may be ignored if the sulfurized rate reaches 100%. 

Influence of activator concentration on energy effi- 
ciency Of MgS:A.--Solubility of Eu or Ce in MgS is sup- 
posed to be less than that in CaS since the ionic radius of 
Mg ~§ (0.65A) is rather small compared with that of Ca 2~ 
(0.99A). Concentration dependence of efficiency V is il- 
lustrated in Fig. 4. Maximum value of V in MgS:Eu would 
be obtained at about 0.01 m/o of Eu. This value is 1/5 that 
of the CaS:Eu case (2). However, opt imum Ce concentra- 
tion in MgS:Ce is about 0.04 m/o, which is comparable to 
the CaS:Ce case (2). However, ~? in MgS:Ce is lower by 
about 30% than in CaS:Ce (~ = 110% relative to P-22). 
When using MgCO3 as a starting material, v remains at 
still lower levels because the sulfurized ratio is somewhat 
lower (about 97%). Moreover, the coactivator Ce in 
MgS:Eu, which was expected to improve ~? drastically (2), 
brought no fruitful result. Although one example MgS:Eu 
(x m/o), Ce (0.28x m/o) is shown in Fig. 4, a similar con- 
clusion was obtained in any mole ratio of Ce to Eu. The 
relatively low ~ levels observed in MgS:Eu, Ce may be 
due to some kinds of lattice defects introduced by Ce 
codoping. This is because the shape of the V curve resem- 
bles that of MgS:Ce and also because the opt imum Eu 
concentration shifts toward the higher side compared 
with the MgS:Eu case. 

Composition dependence of CL in Ca~_flVlg~S:A.--To ob- 
serve the properties of the pseudobinary phosphor, 
Ca~_~MgxS:A (A = Eu or Ce) was synthesized from 
CaS:A,(A~ = 0.1 m/o Eu or 0.04 m/o Ce) and MgS:A2(A~ = 
0.04 m/o Eu or 0.04 m/o Ce) by heating the sulfide mix- 
ture with a desired ratio at 1200~ in H~S. As was de- 
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Fig. 5. Characteristics of Ca~_~Mg~S:Eu dependent upon 
compositional ratiox. Half-width hW means full width at half maximum. 

scribed above highly sulfurized (99%) MgS grows to 10 
#~m in size with an excellent crystalline quality. Using this 
type of MgS, we succeeded in obtaining Ca, ~Mg~S:A 
with an optical composition ratio, i e., the CaS-MgS sys- 
tem was found to be completely miscible by x-ray diffrac- 
tion analysis, although partial miscibility (14% MgS in 
CaS and 12% CaS in MgS) (5) was reported previously. 
The miscibility gap was probably due to the low- 
sulfurized ratio of MgS. Mutual solubility of CaO and 
MgO are limited to within 5% from the end components  
(9). Variation in lattice constant is shown as a function of 
compositional ratio x in Fig. 5. Vegard's law was found to 
hold in the CaS-MgS system. 

Cathodoluminescent  properties of Ca,_~Mg~S:Eu are 
also included in Fig. 5. Both peak wavelength ~,, and full 
width at half maximum, i.e.,  half-width AW of the Eu "-'§ 
band vary with x. Peak wavelength reaches the longest 
one, 658 nm, at x = 0.35. In a composition range of x < 0.6, 
AW increases with increasing x, but becomes constant in 
x -> 0.6 except  around 0.95 (anomaly point) where AW rap- 
idly increases. The other anomaly point exists at about 
0.05, where a slight broadening of AW was observed. The 
CL band becomes more asymmetrical  at these anomaly 
points. The lattice constant also deviates slightly from 
Vegard's law near these points, as is shown in Fig. 5. 
Judging from these results, crystalline quality is dis- 
turbed at compositions near these points where alloying 
is somewhat difficult. This is confirmed by x-ray diffrac- 
tion analysis. The composit ion dependence of a splitting 
index b/a in a high-angle (~85 ~ diffracted x-ray line is 
shown in Fig. 6, i. e., a ratio of the dip height "b" between 
the CuK~ line and the CuK~.~ line to the peak height "a"  
of the CuK~, line in comparison with the variation in ~7. A 
larger b/a value corresponds to a lower crystalline quality. 
The figure indicates that b/a rapidly increases at compo- 
sitions near 5% from the end members  of the alloy, where 
~7 locally drops. A decrease in ~7 is additionally observed 
in the broad ranges of compositions, 0.3 ~< x ~< 0.5 and 0.7 
~< x ~< 0.8. The decrease in the former range implies an in- 
ferior crystalline quality as suggested from b/a, while that 
in the latter range does not. It is believed that the ~7 drop 
in the former range is due to an insufficient firing, but 
the latter case may be essential, since further firing at 
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Fig. 6. Comparison of CL efficiency with crystalline quality in 
Ca~-xMg~S:Eu as a function of compositional ratio x. 

1200~ in H2S easily improved both ~7 and b/a in the 
former but not in the latter. 

Similar anomalies were observed in the Ce-activated 
case. The ;~o and AW in the Ce 3+ band of Ca~_~Mg~S:Ce(0.04 
m/o) are illustrated in Fig. 7. As is well known in MgS (1), 
CaS (2), and SrS (10), the Ce ~§ band has a second peak on 
the lower energy side of the main peak, corresponding to 
the spin-orbit splitting of the Ce 3§ ground state. Here, AW 
includes the contribution of the both emission bands. It is 
found that AW expands linearly with the increase of x, 
though anomalously at x ~ 0.05 and 0.95. Around 0.65 of 
x, ko and ~ take the longest and minimum values, respec- 
tively. This is different from the case of Eu 2+ activation. 
However, it is noteworthy that ~7 in Ca~-xMgxS phosphors 
becomes lowest at x ~ 0.7 both in Eu 2§ and Ce 3+ activated 
cases. In Ca,_~Mg~S:Ce, the ~7 observed is far lower in 
comparison with the value expected from that of 
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Fig. 7. CL properties of Co~ .~Mg~S:Ce(0.04 m/o) as o function of x. 
Full width at half maximum AW is represented as half-width in the 
figure. 

Cat_.~Mg~S:Eu. Therefore, ~ in Ca, .~Mg~.S:Eu, Ce is at a 
level similar to that in Ca,_~Mg~S:Eu. 

Highly bright red phosphor Cao.,Mgo.~:Eu.--Chromatic 
shift in Ca,_~Mg~S:Eu (0.05 m/o) dependent  upon x is 
shown on the CIE x-y color coordinates in Fig. 8. By vary- 
ing x, chromaticity changes from deep red (x = 0.695, y = 
0.303) to orange (x = 0.575, y = 0.425), along with the high 
(x,y) locus of the pure spectral radiation. Red phosphors 
suitable to a color TV system are obtained in composition 
range x = 0.85 ~ 0.92, where the y value can be adjusted 
to (Yo.,04Eu0.o~o)~O,~S (x = 0.648, y = 0.344) by means of the 
Eu concentration. The x values of these alloy phosphors 
are somewhat larger than (Yo.,,;~Euo.03o)._,O_,S. This is prefer- 
able from the viewpoint of color coordination, since the 
freedom of color display design becomes broader. Fur- 

thermore, Ca~ xMg~S:Eu has a red body color and, thus, 
does not need to be pigmented. 

The data in Fig. 5, 6, and 8 are for samples prepared 
simply by heating the mixture of Eu-activated CaS and 
MgS at 1200~ in a H2S atmosphere. This is conventional, 
but is not the b.est method to improve ~. The phosphors 
with high brightness were prepared first by firing the 
undoped 1:9 mixture of CaS and MgS at 1200~ for 3h and 
then retiring the mixture of Eu~O3 and Ca0.,Mg0.,S at 
1200~ for 2.5h both in the H~S atmosphere. Brightness B 
and V of Ca0.~Mgo..~S:Eu are shown in Fig. 9a as a function 
of Eu concentration. Maximum brightness was given at 
0.05 m/o of Eu. The y value of the color coordinate was 
0.345 at Eu concentrations of 0.045 m/o or less, and de- 
creased above 0.05 m/o. To improve ~, y m/o of BaS was 
further added to Ca0.~Mg0..~S:Eu (0.04 m/o) during the 
firing process. This is because BaS has been found in our 
exper iment  to be effective for Eu diffussion in CaS (11). 
By Varying y, B, and Xo of Ca0.~Mg0.,S:Eu, Ba moved as 
shown in Fig. 9b. An enhanced brightness was observed 
in the y range below 1 m/o, whereas ~o monotonically in- 
creased with increasing y. The V and B reach maximum 
at y = 0.1 m/o. The decrease in V with the increase of y 
was partially caused by mechanical damage introduced 
while crushing the products. This is because the products 
cohered severely with increasing y. Cathodoluminescence 
of highly sulfurized C~;.~Mgo.~S:Eu (0.05 m/o), Ba (0.1 m/o) 
exceeds (Yo.~4Euo.o~o)~O~S in brightness by about 15% 
when excited at 18 kV, as indicated in Fig. 9. This implies 
that the absolute efficiency exceeds 14%. There have 
been few reports of red cathodoluminophors with such 
high brightness in such a low Eu doping range. Exciting 
current dependence of efficiency in Cao.~Mg0..~S:Eu, Ba 
(0.1 m/o) is shown in Fig. 10. For 0.04 m/o Eu, ~ is nearly 
independent  of the current in this experimental  range, al- 
though a slight increase was observed in a low current re- 
gion. On the contrary, a clear current dependence was 
found in the case of 0.01 m/o Eu. Excitation-voltage de- 
pendence of ~? was inverse in these two Eu concentra- 
tions. The excitation current density corresponding to a 
typical color TV set is about 100 nA (Fig. 10). 

Discussion 
Energy efficiency in MgS:Ce.--Maximum energy 

efficiences observed in the experiment  for Ce- or Eu- 
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activated alkaline earth sulfides are shown in Fig. 11 as a 
function of an ionic radius of cation. As was indicated 
above, ~}m~• in MgS:Ce stayed at an unreasonable level. 
This is lower, by about 50%, than the value expected from 
the extrapolated curve in Fig. I1. This gap may be caused 
by (i) the difference in the ionic radius between Ce 3§ and 
Mg -~4, (it) the difference in valency between Ce 3~ and Mg '-'+, 
or (iii) the influence of residual oxygen in MgS. As is 
well known, the ionic radius of Ce~(1.01A) is abotit 50% 
larger than that of Mg~+(0.65A). In such simple rock salt 
structures as alkaline earth sulfides, it is certain that im- 
purities larger than a host ion in size are difficult to in- 
corporate compared with the case of a host with lower 
crystal symmetry, because lattice flexibility is lower in 
the former. The differences in opt imum Eu concentration 
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Fig. 11. Maximum CL efficiencies observed in this experiment for Eu- 
and Ce-activated alkaline earth sulfides. 

among alkaline earth sulfides mentioned above is 
thought  to be related to solubility in the sulfides. How- 
ever, this anomaly is not simply due to stress caused by 
the difference in size between Ce 3+ and Mg 2+, because V is 
sufficiently high in MgS:Eu, where the ionic radius dif- 
ference between Eu~§ (12) and Mg ~§ is larger than 
the former. This brings to mind the Mg-S phase diagram 
where no compound other than MgS has yet been found, 
although AS,+x(A = Ca, Sr, and Ba) was reported (12). 
This implies that cation vacancies are easily generated in 
CaS, SrS, and BaS when excess sulfurization takes place, 
whereas the situation is different in MgS. That is, in the 
former sulfides an excess charge of a Ce 3+ ion can be 
compensated in such a way as to generate a CezS3 struc- 
ture locally in the matrices. As is well known (13), CezS3 is 
easily formed from CeO~ by heating at 900 ~ - 1400~ in a 
H~S atmosphere. This CezS~ is considered to be 7-type in 
the former sulfides, because Ce~S~ powder  shows a red 
body color (13) in the CaS matrix when it is not suffi- 
ciently diffused. The 7-Ce~S~ crystallizes with a defect cu- 
bic structure (14), the electronic requirements for tetrahe- 
dral bonding being fulfilled by the incorporation of a 
lattice vacancy on one-third of the cation sites. In other 
words, 7-Ce2S3 is stable in the excess-sulfurized CaS ma- 
trix. Actually CL efficiency in CaS:Ce containing no 
coactivators exceeds 80% that of CaS:Ce doped with PC13, 
if fired under  excess-sulfurized conditions. 

However, MgO could not be sulfurized perfectly in this 
experiment.  As a result, it is likely that (i) Ce 3+ ion charge 
compensation due to introduction of the cation vacancies 
is not completely performed, or (it) residual oxygen 
atoms in MgS prevent the f-d transition of a Ce 3+ ion. 
Therefore, the smallest alkaline metal Li was diffused 
into MgS:Ce as a charge compensator in an additional ex- 
periment. In this experiment,  the mixture of MgS:Ce(0.05 
m/o) and Li(1 m/o to MgS:Ce) was fired at 1200~ for lh  
in a vacuum-sealed quartz ampule or in a H~S stream. 
Phosphors thus obtained were tested, and the results are 
summarized in Table I. The detected Li concentration in 
fired phosphors is two orders of magnitude lower than 
the charged one. This is probably due to active reaction of 
Li with the quartz boat. It is plausible, based on the data 
in Table I, that Li metal is rather harmful in MgS:Ce for 
the f-d transition of a Ce 3+ ion. We confirmed experimen- 
tally that radiation from a Ce "* ion in MgS was not en- 
hanced by codoping of other alkaline metals Na, K, Rb, 
and Cs. This result agrees with that described above: radi- 
ation enhancement  by PC13 doping was not observed for 
MgS:Ce. At this stage, it seems that the low CL efficiency 
in MgS:Ce results from the existence of oxygen atoms in 
quantities a few tens times as much as cerium in mole 
fraction. A killer mechanism by the residual oxygen is 
still unclear. One possibility is a Ce~O~S formation. The 
CezOzS is nonluminescent.  

Peak shifts of  Eu-band in alkaline earth sulfides.--As 
was typically shown in Fig. 5, peak wavelength of  the 
Eu '-'§ band varies according to the composition of the alka- 
line earth sulfide host. Generally, these peak shifts are 
explained in connection with the crystal field strength, 
such as 10 Dq, which is governed by both a lattice con- 
stant and an ionicity of the cation (8). However, the 
profile shown in Fig. 5 cannot be reasonably explained 
by this model. It is indicated that the stress fields 
imposed on an Eu '-'+ ion also cause peak shift in addition 
to the native crystal field. Both green and red shifts were 
observed as follows. 

Green shifts.--Peak wavelength of MgS:Eu is shorter than 
that in CaS:Eu, v~hich is the shift inverse to that expected 
from the periodic table. To clarify this phenomenon, peak 
positions of Eu '-'+ and Ce 3§ bands in various alkaline earth 
sulfides were measured at 300 K (summarized in Table 
II) with 10 Dq and the ionic radius ratio of an activator to 
a host cation. For reference, the peak wavelength of the 
Mn "-'+ band is also included. As is well known, radiative 
emissions from Eu 2+ or Ce ~+ ions are due to f-d transitions. 
Energy splitting of the d state by the native crystal field 
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Table I. Effect of Li codoping in MgS:Ce. Prefired sample was MgS:Ce (0.05 m/o) mixed with I m/o of Li. Firing conditions were at 1200~ for 1 h in a 
vacuum-sealed (closed) tube or in H~S 

CL at 27 kV Analyzed value in phosphor 

Li in pre- ~% (relative to 
fired sample Firing method ZnS:Cu, A1) Peak (nm) Ce (ppm) Li (ppm) 

None in closed tube 80 522.2 100 ~ 500 - -  
Yes in H2S 68 520.7 100 ~ 500 50 ~ 100 
Yes in closed tube <1 - -  50 ~ 100 50 - 100 

Table II. Peak positions of Eu 2+, Ce 3+, and Mn 2+ bands in alkaline earth sulfides, comparing with 10 Dq and ionic radius ratios of activator to host cation 

Peak wavelength (nm) Ionic radius ratio** 

Host 10 Dq (cm-')* Eu (0.1%) Ce (0.04%) Mn (0.2%) rE,/rA~: r(.~,/rA~: rM,JrAE 

MgS 19,500 591 521 ~700 1.77 1.55 1.23 
CaS 18,750 651 520 585 1.16 1.02 0.81 
SrS 17,400 616 503 ~550 1.02 0.89 0.71 
BaS 16,100 572 ~480 541 0.85 0.75 0.59 

* Calculated based on Ref. (8) and (18). 
** Pauling ion radii. 

10 Dq increases  monotonica l ly  f rom BaS to MgS. Since  
radiat ion occurs  cor responding  to an e lectron t ransi t ion 
f rom the  lower  d level  to the g round  state, a larger va lue  
of 10 Dq general ly  gives a longer  peak  wavelength .  For  
Mn 2~ act ivators  where  radia t ion is due  to d-d transit ions,  
the peak  posi t ion mus t  be inf luenced more  by the  crystal  
field s trength,  as was repor ted  in (Zn, Cd)S:Mn (15). The  
data in Table  II are roughly  subject  to this rule excep t  for 
MgS:Ce and MgS:Eu.  I n  the  latter, the  largest  green  shift  
is observed,  even  though  it was conf i rmed by E S R  data 
that  an Eu='* ion subst i tu ted  a Mg site, fo rming  no "off- 
center"  (8). A compar i son  of  the  spec t rum data wi th  the  
ionic radius ratio leads to the  conc lus ion  that  local stress 
imposed  on act ivator  ions f rom the  ne ighbor ing  latt ice 
(denoted as type  I stress) is an impor tan t  factor in green  
shift. Accord ing  to the  configurat ional  coordinate  model ,  
d is tance Ro be tween  the lowest  energy points  of  two adia- 
batic potent ia l  curves, which  represen t  the exc i ted  state 
and the g round  state, is governed  by e lec t ron-phonon 
coupling.  It  is supposed  that  in the  cases of  MgS:Ce and 
MgS:Eu,  Ro shr inks because  the  latt ice cons tant  of  MgS 
different ial ly expands  a round  Ce or Eu a toms incorpora-  
ted in the  latt ice sites. If  this is so, a red shift of  the  excita- 
t ion spec t rum mus t  be  s imul taneous ly  observed  in addi- 
t ion to the  green shift  of  the  emiss ion  spectrum. Nakao (8) 
repor ted  80 K exci ta t ion spectra  where  the  t ransi t ion 
f rom the  ground state to the SF4(t2~) band in M g S : E u  was 
sl ightly on the  lower  energy  side of  that  in CaS:Eu;  
namely,  the  red shift  was  shown in the exci ta t ion  
spectrum.  

Red shift.--A dis t inc t ive  peak  shift  was observed  in the  
pseudob ina ry  host  crystals, as was typical ly shown in Fig. 
5 (Ca,_xMgxS:Eu) and 7 (Ca,_xMg~S:Ce). Emiss ion  spectra  
shift  toward  the  lower  energy  side in the al loyed composi-  
t ion range. These  " red"  shifts were  c o m m o n  at least  in 
Eu-ac t iva ted  b inary  sulfides A,_~B~S excep t  for Ca,_~ 
SryS. Peak  wave leng th  }.o in A,_~B~S:Eu is shown in Fig. 
12 as a func t ion  of  compos i t ion  parameter  y, which  is not  
necessar i ly  equal  to the  alloy composi t ion.  Here,  y is 
t aken  as the compos i t ion  of  a sulfide hav ing  a larger 
chemica l  potential ,  i. e., A, ~BvS where  ~As < ~Bs. In  the  
CaS-MgS system, y = 1 - x because  ~Mgs < ~c~s. Al- 
t hough  10 Dq s imply  var ies  wi th  y, the  change  in )~o wi th  y 
s ignif icantly deviates  f rom the  propor t iona l  rule. Longes t  
peak  wave l eng th  ~m in each  pseudob ina ry  was plot ted  as 
a func t ion  of  the  d i f ference  in ionic radius  IrA - -  rBI in Fig. 
13, whe re  the  k ink  w a v e l e n g t h  at y ~ 0.4 was t aken  only 
in the  Ca~_~Sr~S:Eu case. A cer ta in  regular i ty  is p resen t  
for the  red  shift  as ind ica ted  in Fig. 12 and 13: (i) the  com- 
posi t ion cor respond ing  to )~m is nearly cons tan t  in each 
pseudob ina ry  (y = 0.35 or 0.65) and (ii))'m is sens i t ive  to 

IrA - rBI; ~,~ increases  wi th  IrA - rB! in a comple te ly  misci-  
ble reg ion  bu t  is v ice  versa  in a part ial ly misc ib le  region. 
I t  is sugges ted  f rom (ii) that  the  red  shif t  is caused  by lat- 
t ice stress due  to the  di f ference in the  ionic radius  of  the  
d iva lent  host  cations.  This  stress is deno ted  here  as type  
II stress. With the  increase  of IrA - rBI, elast ic strain in- 
creases.  Therefore,  red  shift  is emphas ized  unt i l  plast ic 
de format ions  h a p p e n  due  to the  c lus ter  or  grain- 
b o u n d a r y  format ions .  Here,  the  red  shift  decreases  as a 
resul t  of  the  part ial  re lease in stress. Red  shif t  is be l i eved  
due  to a s t ructural  . change  in energy  bands  as was re- 
por ted  by Cardona (16) for si lver and cuprous  hal ide  pseu- 
dobinar ies .  

As to the m e c h a n i s m  of resu l t ing  type  II stress, a peri- 
odic compos i t ion  m o d e l  is p roposed  on the  basis of  the  
fol lowing,  1-3, predic t ions  coupled  wi th  the meta l lurg ica l  
rule  desc r ibed  in 4. 
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A,_~B~S:Eu, where/~lAS < /~lBs, as a function of composition parameter 
y. 



Vol.  131, No. 8 Ca,_~Mg~S:A 1959 

~ 670 

z ~  

~ 6 4 r  

~ 6 3 0  

~ 6 2 0  

610 

600 

AI -yBy S : Eu 
A ,  B = Mg ,Ca,Sr or Ba 

~comple te~/ rn isc lb le~p-  partly miscible 
at 1200~ - -  at 1200~C 

*hav in~ l -~ -  having a wavelength peak 
no peaK i 

e e  

"l  
Ba-Sr 

C a - M g  

Sr-Ca 
e 

T 
S r - M g  

( e )  

0 0.1 0.2 0.3 0 4  0.5 0.6 0.7 
DIFFERENCE IN CATION RADIUS, I ~ - rBI  (A )  

Fig. ] 3. Longest peak wavelengths in alkaline earth binary sulfide as o 
function of difference in cation radius. 

1. Judging from Fig 7 and 12, internal stress reaches a 
max imum at y = 0.35 in pseudobinary sulfides. 

2. For Eu- or Ce-activated CayMg,_~S, ~ hits a minimum 
around y = 0.35. 

3. Nevertheless, crystalline quality of Cao.asMgo.65S is 
rather good according to x-ray diffraction data shown in 
Fig. 6, which means y ~ 0.35 is a stable alloy composition. 

4. In a pseudobinary alloy system where a crystal struc- 
ture is cubic with rA ~ rB, a generated elastic strain energy 
hits a min imum along a <100> direction and a maximum 
along a <111> direction (17). In this case, the different 
kinds of cations are generally inclined to take a split ar- 
rangement  with each other along the <100> direction. 
The horizontal stripes along a <100> axis in a TiO~-SnO~ 
system are a typical example of this splitting. These 
stripes are caused by a periodic change in composition 
due to the spinodal dissolution (18). Also, in an alkaline 
earth sulfide pseudobinary, an alloying BS into AS may 
be accompanied with such a periodic microstructure as 
BS preferably occupying one of {100} planes of a unit cell. 

According to this model, structural alteration along the 
<100> axis results in uniaxial stress. This stress must 
reach max imum when one {100} plane of an AS unit cell is 
completely replaced by BS: namely, y = 0.35 (5/14 of A 
atoms is replaced in the NaCl-type crystal structure). 
Since ~As < ~Bs is provided in this section, composit ion 
y ~ 0.35 is thought to be most stable in the AS-BS pseu- 
dobinary system, and that of y = 0.65, i. e., an alloy com- 
position where one {100} plane of a BS unit cell is com- 
pletely replaced by AS, is the next most stable�9 This is 
indicated based on a free energy vs. alloy composition 
curve generally given for the binary system. Even in the 
partially miscible system shown in Fig. 12 and 13, this 
structural alteration is thought to occur in each alloyed 
region. In these partially miscible pseudobinaries, emis- 
sion from the BS-rich alloy was found to be very weak 
compared to the AS-rich alloy. Consequently, an emission 
spectrum of the binary was still apparently single-peaked, 
although in tens i ty  was decreased corresponding to in- 
creasing BS. 

Finally, the compositional difference for ~'m shown in 
Fig. 12, i. e., y ~ 0.35 and y = 0.65, is discussed. As is con- 
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Fig. 14. Stress effects on peak shift of Mgt_~CayS:Eu as a function of 
y. If type I stress were ignored, ,ko profile must have a peak at y = 0.35, 
similar to Eu-activated binary sulfides without MgS. 

sidered above, peak shift is principally subject to the 
modified crystal field potential, that is, the sum of 10 
Dq, the homopolar local stress causing the green shift 
(type I stress) and the uniaxial stress causing the red shift 
(type II stress). For pseudobinaries containing MgS:Eu, 
type I stress plays an important  role, as was shown in 
Table II. Then, ~m shifts from y = 0.35 (determined from 
10 Dq plus type II stress) to y ~ 0.65, as schematically il- 
lustrated in Fig. 14. If  the influence of type I stress were 
ignored, the ho profile must  be very similar to that of 
Mg~_yCa~S:Ce. 

Conclus ion  
It is confirmed that a highly sulfurized (up to 99%) con- 

dition is essential for MgS phosphors, although MgO is 
difficult to completely convert  to MgS. As the sulfurized 
ratio increases, the important  characteristic of the phos- 
phor, such as crystalline quality, radiative efficiency, and 
resistivity to water, were remarkably improved. Under  
these highly sulfurized conditions, MgS was found to 
form a solid solution with CaS in any compositional ratio. 
The compound Cal_/MgxS:Eu having a reddish body 
color is promising for the red cathodoluminophor since ~? 
is sufficiently high (-15%) under europium concentra- 
tions as low as 0.01 - 0.05 m/o. 

The f-d transitions of rare earth ions such as Eu '-'~ and 
Ce 3~ are strongly influenced in the alkaline earth-sulfide 
hosts by some kinds of lattice stresses, in addition to the 
crystal field potential ordinarily subject to both the lat- 
tice constant and ionicity (19). Emission wavelength ex- 
hibits green shift due to homopolar stress localized 
around activator ions when the ionic radius is greater 
than site radius. However, red shift is observed in binary 
sulfides where the difference in cation radius exceeds 
0.02 nm. As to the origin of this red shift, uniaxial stress 
due to periodic microalteration in composition along the 
<100> axis is proposed because the certain regularities 
are present between the composition and the max imum 
peak wavelength in the binary. This model  must  be here- 
after verified experimentally. 
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Resolution of Fast and Slow Charging Processes in Ruthenium 
Oxide Films: An AC Impedance and Optical Investigation 

J. Rishpon and S. Gottesfeld* 
Department of  Chemistry, Tel Av iv  University, Ramat  Av iv  69978, Israel 

ABSTRACT 

Ellipsometry and ac impedance measurements were employed for in situ investigation of anodic oxide films on Ru 
and of oxide films formed by thermal decomposition of Ru chloride. An instrumental  setup for experiment control, 
data acquisition, and data analysis in automated measurements of the ellipsometric parameters and of the ac impedance 
is described. The effects of the applied bias and of proton concentration in solution on the rate of the double injection 
process of protons and electrons were studied. The charging process in the oxide film could be resolved into a faster 
mode, attributed to the charging of grain surfaces, and a slower bias dependent  mode, which apparently involves incor- 
poration of aqueous protons into oxide grains. The slower mode of charging is associated in hydrous oxide films with 
an effective diffusion coefficient of 10-~-10-1~ cm2s -1. The overall impedance due to the faster mode of charging in hy- 
drous films in 0.1-1M acid solutions is smaller than 0.1 ~ cm 2, and this fast mode becomes diffusion controlled in so- 
lutions 10-3M in acid. However, in relatively dry films, e.g., "as-immersed" thermal oxide films, slower bias dependent  
rates are found for the fast mode of proton injection, probably due to a bias-dependent diffusion of protons along oxide 
grain surfaces. 

The kinetics of "double injection" in oxide films, 
which involves the reversible uptake of ions arid elec- 
trons, resulting in the net incorporation of a hydrogen or 
metal atom into an oxide structure, is of interest in sev- 
eral fields of electrochemistry: (i) it is the basis of the 
electrochromic characteristics of oxides such as WO3 and 
MoO:~ (1), as well as anodic (2, 3) and sputtered (4, 5) iri- 
dium oxide and anodic rhodium oxide films (6), (ii) it 
seems to be the key for the electrocatalyti'c properties of 
such oxides, some of which exhibit activity in cathodic 
processes, e.g., H2 evolution at WO3, and some in anodic 
processes, e.g., oxygen evolution at iridium oxide or ru- 
thenium oxide films, and (iii) it has been shown (7, 8) 
that even in simple Faradaic processes the electrochem- 
ical reactivity of hydrous oxides varies strongly de- 
pending on the extent of coupling between the internal 
redox system of the oxide and the redox system in solu- 
tion. The activity of this internal redox system seems to 
depend, in turn, on the rate of the double injection pro- 
cess (8). 

The process of double injection can be written in the 
following way for the case of electron-proton injection 
into a hydrous oxide, e.g., of Ru 

* Electrochemical Society Active Member. 
Key words: ellipsometry, proton diffusion, double injection. 

RuOx--nH20 + ye -  + yH § ,~ RuOx-y (OH)~--nH~O [1] 

i.e., a H atom is incorporated into a hydrous oxide by in- 
jection of an electron from the ohmic contact and a pro- 
ton from solution, thus lowering the formal oxidation 
state of Ru by one unit. The reverse electro-oxidative pro- 
cess involves the double ejection of an electron and a pro- 
ton. It can be seen that in the investigation of the kinetics 
of this reaction the elementary processes of interfacial 
transfer and of bulk transport of both an electron and a 
proton have to be considered. In previous investigations 
of hydrous oxides belonging to this family (9), it has been 
demonstrated that the effective conductivity of the oxide 
film with respect to the double injection process may 
change by several orders of magnitude as a function of 
applied bias. This happens particularly for these oxides 
which change from a "bleached" to a "colored" form as a 
function of applied bias, with the bleached form exhib- 
iting the lowered effective conductivity. In such cases, 
the bleached form of the oxide may exhibit also blocking 
or nonblocking behavior in faradaic reactions as a func- 
tion of the potential of the redox couple in solution (7, 8). 

Optical measurements were applied in the past to the 
study of hydrous oxide films and provided information 
on hydrous oxide growth on metal substrates regarding 
the film thickness and its porous and hydrous nature (8), 
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as well as the detailed variations in the films optical 
properties with applied potential (10, 11). The ac tech- 
nique has been applied previously to the study of 
charging processes in hydrous films in aqueous as well 
as nonaqueous media (9, 12). In the last contribution (12), 
a theoretical detailed analysis of the form of the imped- 
ance plot (Z plot) for the double injection process has 
been described, where control by charge transfer and by 
one-dimensional diffusion normal to the film surface 
have both been considered. The result is a Z plot which 
may include a semicircular branch at higher frequencies 
due to the interfacial resistor (in parallel combination 
with the double layer capacitor), followed at lower fre- 
quencies by a branch due to diffusion through the film. 
This last branch, which is due to one-dimensional diffu- 
sion through a layer of finite thickness, is equivalent 
from an electrical point of view to the impedance of a 
finite transmission line (with capacitive termination), and 
is given by the following expression (13) 

Z~ = ZD.ctnh(i~oL-'/D)/(ioJL"-/D) ~ ; Z~,, = L"-/DC~. [2] 

where L is the film thickness, D the effective diffusion 
coefficient, L"-/D the characteristic diffusion time in the 
film, and CT represents the total charge capacity of the 
film associated with the diffusion-controlled process, 
measured at a low frequency such that co <<  D/L"-. A simi- 
lar description, in terms of a finite transmission line, for 
the charging of ir idium oxide films by hydrogen has 
been given in Ref. (9). 

In the work presented here, we investigated the optical 
characteristics and the ac impedance of ruthenium oxide 
films. The investigation included ellipsometric and ac 
impedance measurements  performed on anodic Ru oxide 
films, formed by constant potential anodization or by po- 
tential multicycling of Ru metal in acid solutions. Mea- 
surements of the ac impedance were performed also on 
thermal Ru oxide films, produced by thermal decompo- 
sition of RuC1;, �9 3H~O on gold substrates. The interest in 
Ru oxide was due to the following two reasons: (i) investi- 
gation of the features controlling the exceptional electro- 
catalytic properties of anodes based on Ru oxide point to 
the nature and the activity of the internal redox process 
in the film as a key factor (14) and (ii) contrary to Ir or 
Rh, which have one extra electron per ion in the +3 state 
as compared with Ru, the d-~r* band in Ru oxide is not ex- 
pected to be filled by bringing the oxidation state down 
to Ru ~3 (15). As a result, Ru oxide films do not tend to 
"bleach," and it is not expected that the transport rate of 
electrons in Ru oxide would be strongly affected by ap- 
plied bias, other than, perhaps, following extreme 
cathodization (16). Thus, effects of bias on the rate of dou- 
ble injection in Ru oxide films may depend more 
strongly on the variations of the proton transport rate 
with applied potential. Compared with previous ac im- 
pedance investigations of oxide films in aqueous solu- 
tions (9, 17, 18), we extended the measurements in this 
work to lower frequencies, down to the millihertz range. 
This extension allowed the resolution of slower bias- 
dependent  charging processes in Ru oxide films. 

Experimental 
Electrode p repara t ion . - -Ru  rod (Johnson & Matthey 

99.9%) was inserted in a Teflon or epoxy housing so as to 
expose a single surface of a disk to the solution and me- 
chanically polished to a mirror finish. 

Ruthenized gold electrodes were prepared by electro- 
plating Ru on a gold foil from a RuC13, 0.1N HC1 solution, 
as described by Vukovic et al. (19). The solution was pre- 
pared from ruthenium III chloride trihydrate (Aldrich). 

Thermal ruthenium oxide electrodes were prepared by 
repetitive immersion of a gold plate in a 5 mg/ml RuC13 
solution, drying over a hot plate, and then heating in air at 
350~ (20). Pt wire or gauze were used as a coun terelec- 
trode, and a SCE as a reference electrode. All potentials are 
reported vs. SCE, unless otherwise specified. 

The exper imenta l  set up.--Figure  1 shows a schematic 
diagram of the system for automated ellipsometry and ac 
impedance measurements  employed in this work. An 
S-100 microcomputer  is used for exper iment  control and 
data acquisition and analysis in both the ellipsometric 
and the impedance measurements.  In the ellipsometric 
measurement,  the microcomputer  controls the rate of rev- 
olution of a rotating analyzer with an accuracy of 1:5000 
(co = 250 _ 0.05 Hz). This level of stability is achieved by 
on-off control of a simple dc motor, applied according to 
the cycle time continuously clocked by the computer. 
This stability of revolution allows one to obtain a preci- 
sion of 10-'-' deg in phase angle reading, after averaging 
for less than a second. The sinusoidal output of the photo- 
multiplier is digitized by an AID converter and analyzed 
by the microcomputer,  using a fast algorithm which 
yields the three Fourier coefficients for the signal after 
each single cycle. The values of A and $ for the reflecting 
surface are then calculated by the computer  from these 
coefficients, and further numerical analysis gives film 
thickness and refractive index. 

In the impedance measurement  mode, the microcom- 
puter scans the frequency of an oscillator between 5 • 
10-3-4 • 10:3 Hz by a voltage ramp applied from a D/A 
unit. (The high frequency limit is set by the response of 
the existing AID.) Exactly the same algorithm employed 
for the analysis of the optical sinusoidal waveform is em- 
ployed also to evaluate the amplitude and phase of the pe- 
riodic current signal resulting from the ac potential per- 
turbation. Presentation of the experimental  ac impedance 
results as either a complex z plot or a complex C plot (C = 
1/joJZ) could be chosen. The last form of presentation 
turned out to be advantageous when the overall charge 
capacity and the resolution of several charging processes 
are of interest, as is the case for the system investigated 
here. [In all the figures containing complex capacitance 
plots, the capacitance units are in millifarads (mF), and 
the frequencies in hertz are designated on the curves.] 

Results 
Ellipsometric-reflectrometric measurements . - -Figure  2 

depicts results reported previously (8) for the growth of 
an oxide film on ruthenium metal by constant potential 
anodization or by cyclic potential multipulsing. Figure 3 
shows results obtained for the cyclic multipulsing mode 
of growth on our home-built  automatic ellipsometer, and 
the similarity of the results obtained for the optical prop- 
erties of the Ru oxide film can be verified. While some 
variation in nfHm is found in a set of growth experiments, 
the following features were reproducible: (i) the uniform 
isotropic film growth model appeared to be a reasonable, 
if not a perfect model for both modes of film growth. (ii) 
The optical properties of the films grown at constant 
anodic potential are close to those repoI~ted for the film 
formed by oxygen adsorption from the gas phase on Ru 
metal (21), I and the absorption coefficient in the visible is 
exceptionally high compared to any other reported value 
for anodic oxides in a wet environment.  Goel et al. have 
evaluated the complex refractive index spectrum for 
single-crystal RuO~ in the visible and the UV (22). They 
obtained for, ~, = 546 nm, n~uo~ = 1.9-0.9i, which may be 
considered in good agreement with the result of our 
ellipsometric analysis for the anodic Ru oxide film, bear- 
ing in mind the microcrystalline structure of the latter. 
(iii) The film grown by cyclic potential multipulsing is 
seen to be of a more open structure and a larger water 
content, as judged from the smaller values of both nf~  
and kfi,m. Furthermore, as pointed out before (8), the 
"mult ipulsed film" can be grown up to a thickness ex- 
ceeding 1000~, while the film grown on Ru by constant 
potential anodization reaches a limited thickness of ca. 
300~. 

One of the solutions for the ellipsometric results obtained for 
oxygen adsorption on ruthenium, which, for some reason, was 
regarded unreasonable, yielded for the surface layer formed a 
value of nfi~m = 3 - i (18). 
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Fig. 1. Schematic diagram of the 
experimental setup for automated 
ellipsometry and ac impedance 
measurements. 
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Figure 4 shows the measured variations in h, 0, and the 
reflectance as a function of applied bias for a Ru elec- 
trode covered by an oxide film grown under constant ap- 
plied anodic potential in 0.5M H~SO4. It can be seen that 
cathodization brings about a lowering of several degrees 
in h, combined with an increase of several degrees in $. It 
can be seen t h a t  the cathodic process is relatively slow, 
and develops further with holding uncler a constant ca- 
thodic applied potential. It can also be seen that the op- 
tical effect can be reversed by the reapplication of anodic 
potentials. Such variations in h, ~, and the reflectance 
could be quantitatively accounted for in the framework of 
a single-film model by a combination of an increase in 
film thickness and a lowering in nfi]m (both the real and 
imaginary components) under cathodic applied poten- 
tials. For example, a Ru oxide film 280~ thick with nfi~m = 
3.5-0.8i, as found following growth under constant anodic 
potential, would bring about a change of: 8h = -3~ 8~ = 
+2 ~ and 8R/R = - 1 0 %  if its thickness would grow to 310/~ 
and its complex refractive index be at the same t ime low- 
ered to 3.45-0.7i. This optical evidence for a slow process 
of film swelling under cathodic applied potentials was 
helpful in the clarification of the ac impedance results 
obtained at low modulat ion frequencies, as discussed 
below. 

A C  i m p e d a n c e  m e a s u r e m e n t s - - T e f l o n - m o u n t e d  R u  rod 
e lec t rode . - -F igure  5 shows the complex capacitance plot 
(C = 1/~oZ) obtained for oxide films grown on the Ru 
rod electrode, which served also in the optical investiga- 
tion. (The ohmic drop in solution is not subtracted.) It can , 
be seen that the plots contain a semicircular feature, 
which reflects the fast charging process in the hydrous 
film, followed by an additional feature at lower frequen- 
cies. The plot of the diameter of the semicircular branch 
vs. the optically evaluated film thickness is shown in Fig. 
6. The plot is reasonably close to a straight line with zero 
intercept. This dependence of film capacitance on thick- 
ness means that the charging sites in the anodic film 
seem to be evenly distributed along its width. This result 
implies film uniformity, and supports, therefore, the as- 
sumption made in the evaluation of the optical properties. 
In the measurements  in 0.5M H2SO4, the apparent electri- 
cal behavior in the frequency domain corresponding to 
the semicircle is very simple, since the impedance associ- 
ated with any transfer or transport process in the film is 
small compared with the ohmic resistance in solution. 
The semicircle is thus simply due to the charging of the 
anodic film through the solution resistor alone (1.2-1.6~). 
On the basis of these results, it can only be concluded 
that the total resistance due to both proton and electron 

Fig. 2. Experimental points end - 2 0  
computer-fitted curves for o uni- 
form film growth model, for the 
growth of anodic Ru oxide films on ~ - 4 0  
Ru in 0.SM H2S04 as reported pre- ~. 
viously (8). I(left): by cyclic 
multipulsing at 0.5 Hz between ~o - 6 0  
1.225 and - 0.3V. II(right)" at con- 
stant potential of 1.225V. Thick- 
ness in angstroms designated. The 

- 8 0  ellipsometric measurements were 
taken at 546 nm. 
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Fig. 5. Complex capacitance plots, measured at 0.5 (upper curve) and 
at O.OV (lower curve) in O.5M H~S04, following oxide film growth on Ru 
at 1.225V for 10 min. Solution resistance not corrected. Disk area: 0.52 
cm -~. 

transfer and transport is less than 0.1 f~ cm 2 in this fast 
mode of charging of anodic Ru oxide films. Work with 
Ru electrodes of a much smaller area may yield more 
quantitative information on the kinetics of this fast 
charging mode in hydrous Ru oxide in acid solutions. 

Figure 7 shows the effect of the lowering of the acidity 
in solution on the complex capacitance plot. Bringing the 
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0.SM H~S04 as found from the diameter of the semicircle in the complex 
C plot, plotted vs. the optically evaluated thickness for film growth by 
multipulsing for 2, 4, 8, 12, and 16 min. Disk area: 0.22 cm ~. 

acidity down to 5 mM H~SO4, but maintaining the total 
electrolyte concentration at a high level (0.5M Na~SO4) re- 
suits in the replacement of the semicircular main branch 
by a circular arc, very close in shape to a quarter-circle. 
This is the shape expected for a capacitor charged via a 
Warburg impedance, due to semi-infinite diffusion of the 
charging species (9). This result, therefore, confirms the 
selective consumption of protons in the charging process 
in hydrous Ru oxide, according to Eq. [1]. The diffusion 
coefficient can be calculated from Fig. 6 according to the 
frequency corresponding to the max imum of Imag C in 
the complex C plot: o~max = lkr~C% where o-~0 - '~ (1 - j) is 
the Warburg impedance, and o- = R T / ( F 2 [ C ] D ' J 2 ) ,  ([C] being 
the concentration of the diffusing species). The result for 
D of the diffusing species in this case is 1 • 10 -5 cm2/s, in 
accordance with HSO4- ions being involved in the pro- 
cess of diffusion from solution towards the electrode 
surface. 

The other plot in Fig. 7 was obtained in a Na2SO4 solu- 
tion containing no added acid. Following subtraction, of 
the solution resistance, a fast feature is revealed, followed 
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Fig. 7. Complex capacitance plots for the Ru/RuOx electrode. Oxide 
was grown in 0.SM H2S04 for 10 min at 1.225V, and the electrode then 
transferred to a 5 mM H2S04 + 0.SM Na~S04 solution (upper plot), or to 
a 0.SM Na2S04 solution (lower plot). Measurements taken at 0 .72V RHE 
in each solution. (Equivalent to a potential of 0 .5V SCE in 0.5M H~S04.) 
Disk area: 0.52 cm 2, Solution resistance corrected. 

by much slower charging processes. The fast charging 
process involves ca. 25% of the total number  of fast 
charging sites in the same oxide film in strong acid solu- 
tion. It seems that ca. 25% of the fast charging sites are 
available for simple "dOuble layer charging" in which Na § 
(and, perhaps, SO4 =) ions may participate in the reversible 
oxide charging process. This is, probably, the percentage 
of sites located at the outer surface of the film or in con- 
tact with larger solution-filled pores. 

As mentioned above, the complex capacitance plot in 
Fig. 5 contains, in addition to the semicircular branch 
which reflects a fast process of double injection, an addi- 
tional feature at very low frequencies. However, it turned 
out to be quite difficult to obtain reliable information on 
the low frequency branch from measurements  with 
Teflon- or epoxy-mounted Ru rod electrodes. Minute 
penetration of the electrolyte solution between the rod 
and the insulating Teflon housing caused considerable 
irreproducibility of the very small currents measured at 
such low frequencies. Furthermore,  such currents tended 
to increase with t ime of immersion and of anodic polari- 
zation for a particular electrode used. This problem 
brought us initially to a conclusion that these low fre- 
quency currents were primarily due to this leakage arti- 
fact (18). However, by using a different electrode 
configuration, of Ru deposited on a gold foil, the leakage 
problem was removed, and it could be demonstrated that 
the very low frequency feature is indeed associated with a 
charging process in Ru oxide, as discussed below. 

R u t h e n i z e d  gold  f o i l  e l ec t rode . - -  This electrode gave very 
reproducible results of ac currents in the very low fre- 
quency (VLF) domain and, furthermore, showed a very 
clear and reproducible dependence of the VLF branch on 
the applied bias. Figure 8 shows the two well-resolved 
charging branches for the ruthenized gold electrode in 
0.5M H2SO4 at 0.hV, following potential multicycling to in- 
duce oxide growth. The same figure contains also simu- 
lation of this electrical behavior by an equivalent  circuit, 
which appears in the insert. The following features are 
noticeable: (i) the higher frequency branch is again due to 
a simple RC series combination - Rsol. in series with the 
capacitance of fast charging sites in the oxide. (it) The 
low frequency branch could not be simulated by a single 
RC series combination. It could be well fitted, however, 
by a finite transmission line model, the total capacitance 
of which at co < <  D/L  2 is about twice that of the fast 
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Fig. 8. Complex capacitance plot for a Au/Ru/RuOx electrode in 0.5M 
H2S04 at O.5V. Oxide was formed by 50 triangular potential multicycles 
between 1.22 and - 0 . 3 V .  Points: experimental. Smooth curve: simula- 
tion by the equivalent circuit depicted, with the following parameters: 
C~ast = 7.0 mF; Rsol. = 1.6~; Cslow = 13 mF; U/D = 1.0s; (T' = 600~q 
s '/2. (Cslow is equivalent to CT in Eq. [2].) 

charging sites, with a typical time constant r = L~/D of 
1.0s. (With further oxide film growth, both capacitors, 
Cfast and C,low, grew together.) 

Figure 9a shows that the slower charging process is as- 
sociated with an even larger capacitance at 0.0V. Further- 
more, at this potential, the slow charging process could 
be best simulated by a series combination of an interfa- 
cial resistor and a finite transmission line. The need here 
of the additional resistor in the slow charging branch is 
particularly clear from observation of the Z plot given in 
Fig. 9b: the semicircular feature which appears in the Z 
plot at the higher frequencies is due to an R-C parallel 
combination, and is typical for the case where a charge 
transfer resistance, which precedes the diffusional trans- 
port, becomes significant (12). (This is a good example 
where a specific feature is immediately apparent from 
examination of the Z plot. In contrast to this case, the ba- 
sic resolution of the slow and fast charging processes is 
not easily apparent from a Z plot, but shows very clearly 
in the C plot, as in Fig. 8.) The insert in Fig. 9 shows the 
equivalent circuit which simulates the complex plane 
plot obtained for the Ru/RuOx system at 0.0V. 

Figure 10 exhibits the behavior recorded under a higher 
positive applied potential of 1.0V, together with the plot 
obtained at 0.5V, which is repeated in this figure for di- 
rect comparison. At 1.0V, the slow charging process prac- 
tically disappears. Only the fast charging sites in the ox- 
ide are seen to be active at the higher applied bias. 

It can be seen from Fig. 8-10 that yet another additional 
parallel branch, probably of a transmission line character, 
has to be used in the equivalent circuit to account for de- 
viations from pure capacitative behavior at "ultra low" 
frequencies (ULF), i.e., at ~o << D/L '2, where D is the typi- 
cal diffusion time in the slow charging process discussed 
above. This ULF region, for which only the high fre- 
quency end is covered in these measurements,  was simu- 
lated by assuming an additional parallel transmission line 
for which the Warburg factor ~' was estimated. This last 
branch is designated by ZD' in the equivalent circuits and 
the (very rough) estimate of o-' is given in the captions. 
Such an ultra-slow charging process may perhaps reflect 
film growth (24), and may thus be associated with the 
much slower transfer and transport of Ru ions in the 
film. 
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Fig. 9. a(above): Same as Fig. 8, but for a bias of O.OV vs. SCE. The 
parameters in the simulation are: Rso~, = 1.6~; Cfast = 3 mF; Cslow = 32 

,mF; L2/D = 3s; Ret = 20D;  o-' = 4 0 0 ~  s Ira. (C~low is equivalent to CT in 
Eq. [2].) b(right): The same results for O.OV SCE, presented in the form of 
a complex impedance plot (Z plot). The smooth curve is based on the 
same circuit with the same parameters as described for Fig. 9a. 

Thermal Ru oxide f i lms.--Figure 11 shows the complex 
capacitance plots obtained for thermal ruthenium oxide 
under three applied potentials in the "as-immersed" state, 
and Fig. 12 shows the same plots after 30 cycles of poten- 
tial multipulsing have been applied to the thermal oxide. 
The following features are apparent: (i) following multi- 
cycling (Fig. 12), the fast charging sites in the thermal ox- 
ide behave in much the same way as in the anodic oxide, 
yielding at 1.0 and at 0.5V similar semicircular branches, 
corresponding to charging via the solution resistance 
alone. However, prior to multicycling (Fig. 11), the branch 
corresponding to fast charging is in the form of a de- 
pressed circular arc, with a significantly lower capaci- 
tance at 0.5 than at 1.0V. (ii) The VLF charging process 
seems to be much slower in the case of the thermal oxide 
as compared with the anodic oxide. This is reflected by 
the absence of a second well-resolved arc in the complex 
caPacitance plot at 0.5V (Fig. 12), which can be clearly 
seen in the VLF region in the case of the anodic Ru oxide 
film (Fig. 8). (iii) Although the VLF charging process is 
slower, its amplitude at 0V seems to be larger in the ther- 
mal oxide than in the anodic Ru oxide. (Compare Fig. 12 
and 9a.) 

Discussion 
The nature of  the faster  and slower charging modes in 

the oxide . - -The following picture is suggested for the 
charging process in the Ru oxide films investigated in 
this work: the process can be seen to be well resolved into 
faster and slower charging modes. The faster mode is as- 
sociated with proton uptake, but about 25% of the fast 
charging sites in the film can be apparently charged by 
ions other than H § if the concentration of proton donors is 
lowered well below lO-:3M. At a concentration level of 
lO-3M of proton donors in solution (HSO4- ions in our 
case) the charging is found to be controlled by the diffu- 
sion of proton donors from solution towards the oxide 
surface (Fig. 7). The rate of the fast charging process in 
acid solutions is high, and, at this point, it can be claimed 
only that the impedance associated with it is signifi- 
cantly smaller than the resistance of the solution, i.e., <<1 
gl cm'-'. 

A slower charging mode, which is well resolved in the 
plots for the oxide film on ruthenized gold, results in an 
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electrical behavior of  a finite transmission line, shown 
before to be typical for a process of diffusion through ox- 
ide films of finite thicknesses undergoing the double-in- 
jection process (12). The typical diffusion time associated 
with this slower mode is of the order of 0.1-1s. For a 
diffusion length of 100-1000•, which corresponds to the 
film thicknesses measured optically in this work, such 
diffusion times mean an effective diffusion coefficient in 
the film of D = 10-"-10 -1'-' cmVs. This is three to four or- 
ders of magnitude smaller than the effective diffusion 
coefficient found for the fast charging mode in hydrous 
electrochromic films of e.g., anodic iridium oxide or 
anodic rhodium oxide (2, 7). As pointed out above, this 
slower process is clearly apparent in the thermal oxide at 
0.0V, at which potential it is associated with a relatively 
large capacitance. 

A model which seems to account for all these results in- 
volves the charging of grain surfaces in a hydrous micro- 
crystalline structure as the fast charging mode, while 
charging of the bulk of the grain accounts for the slower 
charging mode. The slower mode is apparently associated 
with incorporation of aqueous protons during the cath- 
odic half-cycle, and thus with a partial hydration and 
swelling of the oxide grains. The nature of the well- 
resolved slower mode of charging is substantiated by 
three aspects of the experimental  results: (i) the depend- 
ence of its amplitude and rate in the anodic oxide on ap- 
plied bias, demonstrated in Fig. 8-10, (ii) the results pre- 
sented in Fig. 4 of slow variations in the optical properties 
of the oxide film under  cathodic applied potentials, and 
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(iii) the large amplitude and slow kinetics of the VLF 
charging mode found at 0V for the thermal Ru oxide on a 
gold substrate (Fig. 11 and 12). The dependence of the 
VLF branch on bias as found for the anodic oxide films 
means that the slow charging mode is enhanced under  ca- 
thodic applied potentials, and is thus associated with a 
slower and more radical form of oxide reduction. The op- 
tical results (Fig. 4) supplement  the results of the imped- 
ance measurements by showing that a slow process in the 
oxide, which occurs under  cathodic applied potentials, is 
associated with the generation of a more hydrous and 
slightly thicker ruthenium oxide film, most probably due 
to the incorporation of aqueous protons into oxide grains. 
The optical measurements also demonstrate that anodiza- 
tion is capable of reversing this process, apparently by 
the ejection of the excess aqueous protons. The charging 
of the bulk of oxide grains, especially if accompanied by 
significant hydration, as suggested, may be associated 
with the relatively smaller diffusion coefficient of 
10-11-10 -rz cm2/s as evaluated from the simulations shown 
in Fig. 8 and 9. The charging of grain surfaces, which re- 
quires only the transport of protons along aqueous pores 
or along inner surface trapping sites (see below), may be 
associated, however, with a much higher effective diffu- 
sion coefficient. Finally, the results for the slower charg- 

ing mode obtained for the thermal oxide support the 
model suggested in two ways: they show, by the presence 
of the slow charging branch at 0.0V, that it is associated 
with a process within the Ru oxide phase, rather than 
with any process at the Ru/RuOx interface, since such 
interface does not exist at all in the Au/RuOx (thermal) 
electrode. Furthermore, the absence of the slower 
charging mode at 0.5V in the thermal oxide and its slug- 
gish appearance at 0.0V are explained by the larger bar- 
rier required for H._,O incorporation into the less hydrated 
structure of the thermal oxide. It thus seems that under  a 
relatively thin outer hydrous layer (ca. 100-1000~) the un- 
derlying thermal oxide is water free, and further water in- 
corporation is slow and requires a significant cathodic 
overvoltage. 

Slow effects in hydrous oxide films, which occur on a 
time scale much longer than that of the fast reversible 
charging mode, were described before. Thus, the electro- 
chromic response in Ir, and particularly in Rh oxide, was 
shown to become sluggish following prolonged excessive 
cathodization (6-8). This phenomenon was explained by a 
slow excessive incorporation of water which lowers the 
electronic conductivity in the oxide film. Glarum and 
Marshall recently reported complex capacitance plots for 
nickel oxide films containing a VLF branch (17), which is 
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probably due to a similar slow process in nickel oxide. It 
should be stressed again that only by the use of the 
ruthenized gold foil electrode, which has no structural 
features Chat can bring about solution penetration prob- 
lems, could the very low frequency branch be recorded 
reproducibly, and the process ascribed to bulk grain 
charging quantitatively analyzed. 

The rate of grain boundary charging in "semi-dry" ox- 
ide films.--The results in Fig. 11 and 12 contain some in- 
teresting information on the mode of charging in the "as- 
immersed" thermal oxide. After multicycling, the 
charging process is represented by the regular semicircu- 
lar branch due to fast charging of (surface) sites in a hy- 
drous layer, which is rate limited only by ohmic solution 
resistance (Fig. 12). In  the "as-immersed" thermal oxide, 
however, the depressed circular arcs (Fig. 11) mean that 
the charging process is relatively slower, and behaves 
electrically as a combination of a large number  of parallel 
RC branches with a continuous spectrum of charging 
times. Interestingly, under  such circumstances, i.e., when 
the structure has not been properly hydrated, the re- 
sponse is faster and the completeness of charging is bet- 
ter at more positive potentials: while there is no differ- 
ence between the extents and the rates of charging at 0.5 
and at 1.0V in the hydrated oxide layer (Fig. 12), the rate 
and extent of charging seem to be significantly higher at 
1.0 than at 0.5V prior to hydration (Fig. 11). Dry Ru oxide 
is expected to exhibit very satisfactory electronic conduc- 
tivity at both 0.5 and 1.0V. The reason for the difference 
in the rates of charging at 0.5 and 1.0V must  be, therefore, 
traced to differences in the rate of protonic diffusion in 
the relatively dry oxide, induced by the applied bias. A 
bias-dependent diffusion coefficient for the diffusion of" 
hydrogen in a hydrous oxide was described in Ref. (9): ex- 
pressing the diffusion coefficient as a product of a fre- 
quency Ka and a jump distance d, i.e., D = Kad2/2, it was 
argued that Ks could be the electrochemical rate constant 
of a surface deprotonation reaction. Written here for Ru 
oxide, this surface deprotonation process may be de- 
scribed as follows 

O O 

~Ru--OH.ds ~--~-_a \Ru--O.~s+ H+ + e _ / [3] 

0 0 

where each event of deprotonation may be followed by a 
proton jump (coupled, possibly, with an e jump) to a 
neighbor surface site. The frequency of surface deproton- 
ation events may thus dictate the frequency of the indi- 
vidual diffusional jumps, while the distance of an individ- 
ual jump may be indentical to the distance between 

adjacent proton trapping sites, located at the surface of 
the oxide grain (9). It can be realized from Eq. [3] that the 
residence time of protons at an oxide surface site may be 
shorter the higher the positive applied potential. This is 
true as long as the potential difference falls essentially 
across the oxide-electrolyte interface, as is expected for 
the electronically conducting Ru oxide. 

A bias-dependent surface protonic diffusion process 
seems to explain the results of Fig. 11: in a relatively dry 
Ru oxide structure, the electronic component  of transport 
should not pose a significant barrier for charging, but  the 
small water content forces the proton to diffuse along ox- 
ide grain surfaces. Under  such conditions of surface diffu- 
sion control, the double injection process is seen to be 
significantly faster at more positive applied potentials. It 
thus seems that these oxides exhibit enhanced activities 
under  more positive potentials not only thanks to ejection 
of excess water (6-8). The enhanced activity may be also 
due to an increase in the rate of protonic transport, the 
proton diffusion along grain surfaces being assisted by 
the positive applied potentials (Eq. 3). In any case, inter- 
pretation of a measured apparent conductivity for the 
double proton-electron injection process in this type of 
oxides in terms of electronic conductivity alone (5) is 
questionable, as these results for thermal Ru oxide seem 
to suggest. 

A c k n o w l e d g m e n t  
This research was supported in part by a grant from the 

United States-Israel Binational Science Foundat ion 
(BSF), Jerusalem, Israel, and in part by the Fund for Ap- 
plied Industrial Research in Israeli Universities, Jeru- 
salem. The authors wish to acknowledge the important 
contributions of Mr. I. Reshef to the development of the 
experimental setup. 

Manuscript submitted Aug. 9, 1983; revised manuscript  
received ca. Jan. 23, 1984. 

REFERENCES 
1. B.W. Faughnan, R.S. Crandall, and M.A. Lampert, 

Appl. Phys. Lett., 27, 275 (1975). 
2. S. Gottesfeld, J. D. E. McIntyre, G. Beni, and J. L. Shay, 

ibid., 33, 208 (1978). 
3. S. Gottesfeld and J. D. E. McIntyre, This Journal, 126, 

742 (1979). 
4. J. L. Shay, G. Beni, and L. Schiavone, Appl. Phys. Lett., 

33, 942 (1978). 
5. K. S. Kang and J. L. Shay, This Journal, 130, 766 (1983). 
6. S. Gottesfeld, ibid., 127, 272 (1980). 
7. S. Gottesfeld. ibid.. 127. 1922 (1980). 
8. S. Got tesfeld ,  J. R i shpon ,  and  S. S r in ivasan ,  in 

"Electrocatalysis," W.E. O'Grady, P.N.  Ross, and 
F. G. Will, Editors, p. 155, The Electrochemical Soci- 
ety Softbound Proceedings Series, Pennington,  NJ 
(1982). 

9. S. H. Glarum and J. H. Marshall, This Journal, 127, 1467 
(1980). 

10. S. Gottesfeld and S. Srinivasan, J. Electroanal. Chem., 
86, 89 (1978). 

11. J. L. Ord, This Journal, 129, 335 (1982). 
12. C. Ho, I. D. Raistrick, and R. A. Huggins, ibid., 127,343 

(1980). 
13. D.R. Franceschetti and J .R.  Macdonald, ibid., 129, 

1754 (1982). 
14. S. Trasatti and W. O'Grady, in "Advances in Electro- 

chemistry and Electrochemical Engineering," Vol. 
12, H. Gerischer and C. W. Tobias, Editors, p. 177, 
John Wiley and Sons, New York (1981). 

15. D.B. Rogers, R.D. Shanon, A.W. Slight, and J .L.  
Gillson, Inorg. Chem., 8, 841 (1968). 

16. S. Hadzi-Jordanov, H. Angerstein-Kozlowska, M. 
Vukovic, and B. E. Conway, This Journal, 125, 1471 
(1978). 

17. S. H. Glarum and J. H. Marshall, ibid., 129, 535 (1982). 
18. J. Rishpon, I. Reshef, and S. Gottesfeld, in "Passivity of 

Metals and Semiconductors," M. Froment,  Editor, 
D.205. Elsevier, New York (1983). 

19- M. Vukovic ,  H. Anger s t e in -Koz lowska ,  and  B. E. 
Conway, J. Appl. Electrochem., 12, 193 (1982). 

20. R. S. Yeo, J. Orehotsky, W. Visscher, and S. Srinivasan, 



1968 J. E l e c t r o c h e m .  Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  A u g u s t  1984 

This Journal, 128, 1900 (1981). 
21. J. J. Caroll, T. E. Madey, A. J. Melmed, and D. R. Sand- 

storm, Surf. Sci., 96, 508 (1980). 
22. A. K. Goel, G. Skorinko, and F. H. Pollak, Phys. Rev. B, 

24, 7342 (1981). 

23. W. D. Ryden, A. W. Lawson, and C. C. Saratin, Phys. 
Lett., 26A, 209 (1968). 

24. M. Kedam, J. F. Lizee, C. Pallotta, and H. Takenouti, in 
" P a s s i v i t y  of  Metals  and S e m i c o n d u c t o r s , "  M. 
Fromont, Editor, p. 51, Elsevier, New York (1983). 

The Mechanism of Plasma Oxidation on Floating Silicon Substrates 

K. K. Ng and J. R. Ligenza 
AT & T Bell Laboratories, Murray Hill, New Jersey 07974 

Oxidation in plasma environment  offers the opportu- 
nities of fast oxidation rates and low temperature pro- 
cessing. An oxygen plasma can be formed in a micro- 
wave, RF, or dc discharge. Oxidation on externally biased 
substrates is referred to as plasma anodization while on 
unbiased substrates it is referred to as plasma oxidation 
(1-3). The origin of plasma anodization is believed to be 
due to negative oxygen ions, but the exact mechanism 
has been a subject of discussion, and no model  has been 
generally accepted. The growth rate for constant voltage 
anodization was observed to be parabolic. The mecha- 
nism of plasma oxidation is seldom explained in litera- 
ture and its data are more limited. The growth rate in this 
case was also found to be parabolic (4). Nonparabolic be- 
havior was observed (5) but it was interpreted as being 
due to the coexistence of sputtering. In this experiment,  
plasma oxidations were performed at a variety of sub- 
strate positions and the thickness distributions of oxide 
across the wafers were recorded and analyzed in order to 
understand the oxidation process. 

The plasma apparatus used is shown in Fig. 1 and its 
features are similar to that described in Refi (6). Tantalum 
hot hollow electrodes with rolled foil structure (7) were 
used, and the pumping arms were designed to minimize 
oxygen partial pressure around the electrodes to avoid 
their oxidation. Different pedestals were also made in or- 
der to support the silicon wafers in different schemes in 

the positive column of the plasma. A de plasma is advan- 
tageous in this experiment  since the plasma potential 
monotonically decreases along its column. All the experi- 
ments were performed with an argon pressure of 0.30 torr, 
oxygen pressure of 0.10 torr, plasma current of 3.0A, for a 
period of 1.0h. The substrate temperature was measured 
by the thermocouple to be =250~ Silicon wafers of 75 
mm diam were used unless otherwise specified, and the 
oxide thickness was measured by ellipsometry. The oxide 
distributions for a bisected wafer placed parallel to 
the axis of the plasma column is shown in Fig. 2. The ox- 
ide thickness is widely nonuniform along one direction 
but reasonably uniform along the other. This is clearly an 
electric field effect exerted by the plasma. The fact that 
the two halves display similar peaks indicates that the ox- 
ide was not deposited from sputtering the quartz wall. 
Since for a de plasma, the plasma potential changes mon- 
otonically along its column, there must exist a current in 
the silicon substrate. In fact, if the wafer sits on a quartz 
pedestal, the current must enter the wafer from the end 
close to the anode and leave from the other. From this ar- 
gument, and further experimental  evidence that follows, 
plasma oxidation is in fact local plasma anodization, 
biased not externally but by the plasma potential itself. 

To relate this plasma oxidation to anodization, typical 
Langmuir  probe characteristics are shown in Fig. 3. The 
horizontal axis represents voltage on the substrate (V~ub) 

Fig. 1. Schematic diagram for 
the dc plasma oxidation system. 
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Fig. 2. Thickness distribution of oxide while the bisected wafer was 
placed parallel to the plasma column. 

and the verticat axis represents current density flowing 
away normally from the surface to the plasma. The wail 
potential Vw is defined as the substrate voltage for zero 
current. Above this Vw, current flows away from the sili- 
con surface to the plasma, and the reverse happens for 
substrate voltage below Vw. As mentioned before, since 
the plasma potential changes monotonically along its col- 
umn, the wall potential also varies accordingly. The two 
curves shown in Fig. 3 represent the characteristics at two 
different locations, with the left curve (lower Vw) corre- 
sponding to the surface near the cathode. These charac- 
teristics show the extremes at the wafer ends and they 
vary continuously with position. The voltage difference 
between Vwl and Vw~ was measured to be =25V. For the 
sake of argument, the substrate potential is taken to be 
the same at different locations by assuming that the inter- 
nal current, and thus the resistive voltage drop, is small. 

d (A/cm 2) 

I 

Vsu b (V) 

Vwl Vw2 

COMMON Vsu b 

Fig. 3. Langmuir probe characteristics for different parts of the silicon 
surface. The parallel shift is caused by the difference in wall potentials. 
The curve with a lower Vw corresponds to the surface close to the 
cathode�9 

By drawing a vertical line between the extremes of the 
two wall potentials for some arbitrary common substrate 
voltage, one can see that current enters the wafer from 
the anode side (negative J) and leaves the wafer from the 
cathode side (positive J). By comparing the oxide thick- 
ness distribution in Fig. 2, it can be seen that oxide grows 
faster with a positive current than with a negative cur- 
rent. 

The data for silicon substrates placed perpendicular to 
the plasma column are shown in Fig. 4. In Fig. 4(a) and 
4(b), the current enters the side facing the anode and 
leaves from the other. Again the data show that oxidation 
is more efficient with a positive current (surface facing 
cathode), a condition in which all the plasma anodizations 
are carried out. In Fig. 4(c), the silicon was backed by a 

QUARTZ 
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QUARTZ )Sc : 
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(o) ( b )  ( c )  ( d )  

Fig. 4. Thickness distribution of oxide while the silicon wafer was placed perpendicular to the plasma with (a) surface facing anode, (b) surface facing 
cathode, (c) surface facing anode and backed by quartz plate, (d) surface facing cathode and backed by quartz plate. 
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quartz plate and current enters the center of the wafer 
and leaves around the edge, where the oxide film is ob- 
served to be thicker. In Fig. 4(d), current enters around 
the edge and leaves at the center. All the above observa- 
tions are consistent with the model  proposed. It has to be 
mentioned that when samples were placed perpendicular 
to the plasma column, a slightly stronger glow was ob- 
served around the edge, and the higher ion density may 
account for some of the oxide formation around the edge 
of the wafer. Ligenza (1), and Ray and Reisman (8) re- 
ported nonuniform oxides on floating substrates, but lit- 
tle explanations were given. The model also explains the 
parabolic growth in plasma oxidation seen by Ligenza (4), 
since this process is equivalent to anodization with a con- 
stant low anodization voltage, biased by the plasma 
internally. 

Additional experiments were performed with other pa- 
rameters varied one at a time. When 38 mm wafers were 
used instead of 75 ram, they showed very similar oxide 
distributions. When the substrate doping was increased, 
the overall oxide thickness was increased due to a larger 
internal current, but the oxide distributions were again 
similar. Oxide was also grown on wafers having a plati- 
num coating at the back surface, and results indicated re- 
duced oxide thickness with only a slight improvement  on 
the distribution. 

These experiments can only point out the first order ef- 
fects. They cannot, however, resolve the details in oxida- 
tion kinetics. One of the questions remaining to be an- 
swered is whether oxidation takes place on the silicon 
surface when its substrate potential is exactly equal to the 
local wall potential. Due to the fact that the plasma has a 
flickery appearance, this cannot be resolved experimen- 
tally. Compounding this, there also exists a radial field 
from the center of the plasma to the chamber  wall. An- 

other factor is that the disk geometry of the wafers played 
some role in balancing the internal current density. All 
these factors make it difficult to account for all the de- 
tails of oxide distributions observed, such as the dips at 
the centers of the two halves shown in Fig. 2. Neverthe- 
less, the conclusion that oxidation is related to the pass- 
age of current through the silicon surface is apparent. 

In summary, it is found that the mechanism of dc 
plasma oxidation on floating silicon substrates is actually 
due to local anodization caused by currents which are in- 
duced by the spatial variations of plasma potentials in an 
inhomogeneous plasma. Because of this nature, to obtain 
uniform oxide on an unbiased substrate is difficult, with 
the portion of the wafer close to the cathode being oxi- 
dized at a higher rate. 
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Electrochemical Properties of B2S3-Li2S-Lil Vitreous Electrolytes 
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ABSTRACT 

The electrochemical properties of new Li + ion conducting glasses belonging to the B2S~-Li2S-LiI system have been 
investigated. The electronic conductivity is at least 106 times lower than the ionic one (~  < 10-"f i - 'cm - '  and ~r~ -~ 
10-3~- 'cm - '  at 25~ for the best ionic conductors); the electrochemical stability range determined by cyclic voltam- 
metry is about 4.5V from lithium metal. 

The energy crisis has focused large interest on energy 
saving problems, which involves energy storage for later 
use. Direct electrochemical storage of electricity is actu- 
ally an attractive way because of the large use of electric- 
ity which is the most convenient energy vector, and of its 
adaptability to vehicle traction as well as to stationary ap- 
plications. In that way, an efficient electricity storage is 
essential for the development  of new alternative energies 
like photovoltaic conversion or transformation of the 
wind energy. 

One of the most advanced electricity storage systems 
could be a l i thium // intercalation compound secondary 
battery, although, so far, the reactivity problems of liquid 
organic electrolytes do not allow a good cycling behavior. 

Recently, new vitreous materials with a rather attract- 
ive li thium ionic conductivity have been developed (1-5). 

Synthesis and ionic conductivity of glasses belonging 
to the B2S3-Li2S and B2S3-Li2S-LiI systems performed in 
our laboratory have been described previously (4, 5). 

This paper shows that their electrochemical character- 
istics (electronic conductivity and electrochemical stabil- 
ity range) should allow their use as electrolytes in li thium 
"all-solid-state" batteries working at room temperature. 

All experiments have been carried out with a 0.28B2S3, 
0.33Li~S, 0.39LiI glass, which is among the best glasses 
obtained in the ternary system [o- = 10-3~- 'cm - '  at 25~ 
for a bulky material and 4 �9 10-4~- 'cm - '  for pressed pow- 
der pellets (5)]. 

Electronic Conductivity 
The first feature of an electrolyte must  be a very low 

electronic conductivity. It was determined from the dc 
polarization technique proposed by Yokota (6). 

Experimental . - -Bulky glass samples or pressed powder 
pellets (10 t/cm 2, 1 cm diam, 1 mm thick) were used with 
blocking electrodes consisting of sputtered gold or plati- 
num on both sides. A fixed potential was applied be- 
tween those electrodes, and the current measured with a 
Keithley 616 electrometer was recorded vs. time. 

The cell was placed in an airtight glass container (under 
argon atmosphere) which was in a grounded Faraday box. 

Results and discussion.--The application of a voltage is 
followed by a first current response, which decreases 
quickly with time; it corresponds to the motion of Li + 
ions within the material. Once a steady-state situation is 
attained, these ions, blocked along the gold or platinum 
electrodes, do not move any longer. The measured cur- 
rent is, therefore, of electronic origin. 

The variation of current vs. t ime is shown in Fig. 1 for a 
given value of the applied voltage. A steady state is usu- 

ally obtained within 24h (or even less when the sample is 
not depolarized by a short circuit between two experi- 
ments). 

Figure 2 shows the variation of the steady-state current 
I vs. applied voltage V. These values correspond to Ohm's 
law when the voltage V is lower than 60 mV, so that I is 
small. As V increases, overvoltages at the gold (or 
platinum)/glass interfaces become significant and the 
real voltage applied to the sample is v < V (Fig. 3). There- 
fore, Ohm's law cannot be used to calculate the resistance 
from the values of V and I when V exceeds 60 mV. 

Decomposit ion of the sample was observed for an ap- 
plied voltage of 7.5V. 

The values of o-, (determined from the slope of the lin- 
ear part of the former diagram) (Fig. 2) for pressed pellets 

]o 9 I (h) 
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Fig. 1. Variation of log I vs. time for a gold/glass pellet/gold cell. 
Applied voltage: 50 inV. 
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Fig. 2. Voriotion of the steady-stote current I vs .  applied voltage V 
for a gold/glass/gold cell. 
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V v e - g l a s s  pellet 

-.;-.~.-.-.'.'..-..:.'..-.~.-... ~ -  gold e lect rode 

Fig. 3. Applied (V) end real voltage (v) in a gold~glass~gold cell 

or bulk glass are smaller than 10-9~-~cm ' at 25~ which 
is really negligible compared to 10-:~gt-'cm - '  for total (i.e., 
ionic) conductivity determined by ac measurements.  

Estimation of self-discharge in a battery.--The self- 
discharge current of a Li // intercalation compound (such 
as TiS~) battery with a sulfur glass as electrolyte can be 
estimated from the value of ~e. For example, it would cor- 
respond to the use of less than 20 t~g of TiS~ per year in a 
1 cm ~ area battery; in other words, its influence would be 
practically negligible. This result is confirmed by the 
constant open-circuit voltage given by a Li/glass/TiS~ bat- 
tery for over 8 months. 

Elect rochemica l  Stabi l i ty  Range 
The electrochemical stability range has been deter- 

mined using the cyclic vol tammetry method which was 
first applied to solid materials by Rigaud (7, 8). 

Experimental . - -The electric circuit and electrode 
configuration on the sample are shown in Fig. 4. The 
sample is a pressed powder pellet of glass. The three elec- 
trodes are constituted as follows: (i) the working (WE) and 
counterelectrodes (CE) were sputtered gold or platinum, 
and (it) the reference electrode (RE) was an Ag/Ag ~ couple 
realized with a mixture of Ag3SI (in which Ag § ions are 
mobile and which is also a good electronic conductor), 
with powdered metallic silver. The potential of the redox 
couple is situated in a zone where no electrochemical re- 
action occurs in the vitreous sample. As sample and refer- 
ence materials are not conductors of the same type of ion, 
there is a junct ion potential at the glass/RE interface. 
Ag/Ag ~ is therefore not really a reference electrode, but is, 
rather, a comparison electrode. Its potential vs. l i thium 
metal, measured with a sulfur glass as electrolyte, is 
2.14V. 

Cycling started with anodic polarization and the speed 
of voltage sweeping was 1 V/mn. 

RE  gJ g referenc    
Glass pellet - - ~  
Gold electrode ~ [ y ~  Potenttostat 

Recorder @__] 

Fig. 4. Electric circuit and cell configuration for voltammetry 
studies. 

l J ~A/cm 2 
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5Q 
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stab i l i ty  rang~ 
V: 

Fig. 5. Cyclic voltammogram of a ternary B.,S3-Li2S-Lil glass. Refer- 
ence electrode: Ag/Ag 4 couple. 

As before for the electronic conductivity studies, the 
sample was placed in a special airtight container under 
argon atmosphere, and cycles were realized at 25~ 

Results and discussion.--Figure 5 shows the voltam- 
mogram obtained for a 0.28B2S~, 0.33Li2S, 0.39LiI glass. 

The cathodic reaction which limits the existence region 
is the reduction of Li § ions occurring at a 2.IV potential, 
which is close to the thermodynamic potential because of 
the quick migration speed of the Li § ions to the electrode. 
During the return process, an oxidation peak is observed, 
which corresponds to the reoxidation of one part of the 
lithium formed. As no reaction was detected between 
glass and lithium (even for long-time contact at 50~ the 
other part of the li thium formed is supposed to constitute 
an alloy with the gold electrode. A similar phenomenon 
was reported by Rigaud (7). 

The anodic part of the diagram has been assigned to the 
oxidation of sulfide ions for the following reasons: (i) the 
anodic process of a binary glass (B2S.~-Li2S) is similar to 
that of ternary glasses (B2S3-Li~S-LiI), and (it) the addition 
of lithium iodide to a powdered binary or ternary glass 
causes the appearance of the oxidation peak of I -  ions at 
a very low potential (Fig. 6a), which also occurs with pure 
LiI at 100~ (Fig. 6b). 

The aspect of the oxidation curve and the decrease of 
the current with the number  of anodic sweep (Fig. 7) 
show that the oxidation process is limited by the diffu- 
sion of the S ~- ions to the electrode, which indicates that 
these ions are poorly mobile in the glass compared to the 
Li + ions. Furthermore, the fact that I -  ions in ternary 
glasses are not oxidized shows that they really belong to 
the matrix and are too large to move. 

As the anodic process is l imited by diffusion, it is not 
possible to extrapolate the oxidation peak to determine 
the anodic limit of the stability range. That limit was 
therefore arbitrarily fixed as a 5 ~A/cm ~ current density, 
considering that a lower current does not show any elec- 
trochemical reaction, but is due to an ionic motion as 
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Fig. 7. Evolution of anodic voltammograms for a ternary B2S3-Li~S- 

Lil glass with the number of anodic sweeps. Only three sweeps are 
shown. 
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mentioned in the second part of the present paper. The 
reason is that the sweeping speed does not allow reaching 
steady-state conditions. 

The electrochemical stability range of the ternary glass 
is thus about 4.5V from lithium metal. 

Conclusions 
The electrochemical characteristics of new vitreous 

sulfide electrolytes have been determined. 
Their electronic conductivity is negligible and does not 

create a significant self-discharge }n batteries. 
The voltammetry study suggests that the stability range 

of the ternary glass allows using li thium metal as a nega- 
tive electrode (and of course of a LiA1 alloy, whose poten- 
tial is + 0.3V vs. lithium metal), and intercalation com- 
pounds with high potential vs. lithium as positive 
electrodes, without decomposition of the electrolyte. 

These properties and the good ionic conductivity 
[exceeding 10-3~-~cm -' at 25~ (5)] allow their use as an 
electrolyte in experimental "all-solid-state" batteries 
working at room temperature according to the scheme: Li 
(or LiAl alloy)/glass/lithium intercalation compound. 

The study of such cells is in progress and will be de- 
scribed elsewhere. 
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Lifetime Studies in HJBr2 Fuel Cells 

G. G. Barno,* S. N. Frank,* T. H. Teherani,* and L. D. Weedon 

Texas Instruments, Incorporated, Dallas, Texas 75265 

ABSTRACT 

A fully computerized system has been set up for the life testing of H~ electrodes in 48% HBr, and of HjBr2 fuel cells. 
Given a fuel cell design with dry H2 and no anolyte loop, the prime parameters influencing the operating lifetime are the 
hydrophobicity of the anode and the electrolyte transport property of the membrane. A systematic optimization of all 
the parameters has generated fuel cells that have operated for 10,000h at 2 A/in. 2, with no significant degradation. 

During the development of Texas Instruments  Solar 
Energy System (TISES), a major emphasis in the fuel cell 
portion of the program was the optimization of the initial 
performance of the gas diffusion, Pt-black-catalyzed, H2 
electrode. Having developed the fabrication process to 
the level where these electrodes reproducibly performed 
at the kinetically controlled limit (1), attention was fo- 
cused on the lifetime performance of these electrodes and 
fuel cells. Life testing was initiated with a datalogger and 
a manual  plotting of the data. During the next 4 yr, this 
system was continuously upgraded to the level where all 
aspects of the life testing, i.e., current cycling, continuous 
monitoring of the voltages, data acquisition and reduc- 
tion, were all under  full computer control. 

There were many reasons for establishing such a life 
testing system. First, lifetime data had to be generated on 
both anodes and fuel cells. Second, these life tests pro- 
vided a vehicle for the development and refinement of 
analytical techniques for the diagnosis of failure modes. 
Third, it also allowed for the evolution of peripheral hard- 
ware necessary to run these long-term experiments. This 
paper will describe the life test data generated on the H~ 
electrode in HBr, and on the HJBr2 fuel cells, the degra- 
dation modes, and some of the other principal parameters 
affecting the lifetime of these fuel cells. 

Experimental 
The Teflon-bonded Pt-black-catalyzed gas diffusion 

electrodes were prepared as previously described. Life 
testing was performed in two parallel systems: in a half- 
cell mode with the described electrode, or in a fuel cell 
mode, with a SiC-covered electrode. Since the setup and 
analysis was quite distinct in these two modes, they will 
be described separately. 

* Electrochemical Society Active Member. 

Half-cell studies.--The electrode was placed in a Teflon 
cell, with the necessary gas and electrolyte ports for 
diffusing H2, purified through Pd, behind the electrode and 
the electrolyte (8.9M HBr) in front of the electrode (Fig. 1). 
A Pt-foil served as a counterelectrode; a 6.9M HBr/1M Br~ 
reference electrode, connected through a narrow capillary 
tube in the cell body, sensed the electrode potential at 
1 mm away from the edge of the H~ electrode. After the 
initial evaluation of some necessary electrochemical pa- 
rameters, the test cell was connected to the computer. It 
was then load cycled at 4, 3, and 2 A/in.'-' (620, 465, and 310 
mA/cm 2, respectively) for 4h at each current density, with 

2 rain on open circuit between the successive current 
steps. Voltages were recorded both at the beginning and 
end of each current step, and in the open-circuit condi- 
tion. The computer continuously monitored the potential 
of the anode; if it went more positive than a certain pre- 
scribed limit, the current was automatically decreased to 
the next lower level, or ultimately to zero. At the conclu- 
sion of the testing, the cell was disconnected from the 
coml)uter, and the pertinent electrochemical parameters 
were again measured. 

Fuel cell studies.--The electrode, coated with a thin 
layer of SiC powder, was assembled into a fuel cell with 
an appropriate membrane and a porous carbon (or graph- 
ite) Br~ electrode (Fig. 2). The SiC layer served as an elec- 
trolyte matrix, as these fuel cells were run with dry H2 
and no free flowing anolyte. Electrolyte management  on 
the anode side was maintained solely by the judicious 
choice of the membrane.  The design criteria were that the 
membrane possess a high enough electrolyte diffusion so 
that the SiC matrix, on the anode, would remain ade- 
quately wetted. The fuel cell was then connected to an 
electrolyzer which maintained the fuel concentration at 
the desired level, usually 1M BrJ6.9M HBr, throughout 
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Fig. 1. Schematic of the anode life test cell 

the duration of the test. Purified hydrogen was allowed 
to diffuse behind the anode. The fuel cell was connected 
to the computer, which adjusted the load to a steady 2 
A/in. 2 (310 mA/cm2), or sometimes higher. Cell potential was 
monitored constantly and recorded once every 4h along 
with an OCV value. Again, if the cell voltage dropped be- 
low a prescribed limit, the computer placed the cell on 
open circuit. 

Computer system.--Data acquisition, storage, and analy- 
sis were all performed on a dedicated Fluke 1720 Instru- 
ment  Controller connected to the life test cells through a 
Fluke 2400A Measurement and Control Link. A block dia- 

gram of the system is shown in Fig. 3. Both units were re- 
mote from the laboratory in clean, air-conditioned space. 
The 2400A was programmed by uploading programs from 
the 1720A and was then independent  of the 1720A. Data 
were down-loaded from the 2400A into the 1720A for per- 
manent  storage on 5.25 in floppy disks. The controlling 
and monitoring software was developed in-house, and is 
all in BASIC. 

In addition to the current/voltage/time data files for 
each life tested anode/fuel cell, a completely separate set 
of data files were also generated. These files contained 
two significant portions. First, using a standard format as 
in Table 1, all the material parameters and the definable 
processing steps were recorded. For each of the 63 param- 
eters, there could be typically 3-10 specific attributes, 
evolved throughout the process development  phase. The 
second portion of this data file contained both quantita- 
tive and qualitative operating parameters that were ob- 
tained throughout  the life test cycle (e.g., peak power and 
limiting currents at various time intervals, operating vol- 
tages, etc.). Using this data base from all the life tested 
anodes/fuel cells, correlations could be made between the 
materials/processing parameters and the resulting operat- 
ing characteristics. The results of some of these correla- 
tions will be described. 

Results 
The total extent  of the life testing effort is described in 

Table II. A total of 235,896h of life testing has been per- 
formed, with the pertinent data on the longest sustained 
anode (12,072h) and 1 and 10 in. ~ fuel cells (10,056 and 
2,832h, respectively) lifetests shown in Fig. 4-8. 

Half-cell studies.--The two major parameters used in 
the diagnosis of anode performance and degradation 
mode were the low polarization slope (LPS) and the limit- 
ing current. The LPS is a measure of the dV/dl, with a H2 
partial pressure of 1, in the range of ~ = 0-3 mV. This is an 
iR-free value, generated by subtracting the internal resist- 
ance obtained by standard current interrupt techniques, 
using an in-house-built current interrupter. It can be 
shown (2) that (LPS)- '  is a function of io, a purely kinetic 
value free of any diffusional effects. Hence, a change in 
(LPS)- '  with time is solely a function of a change in the ac- 
tive catalyst area or of the kinetic rate. In contrast, a 
change in the limiting current, obtained with 5% HJN~, 
which is kinetically limited at t = 0 only, can be due to ei- 
ther kinetic or diffusional losses. Therefore, by following 
the change in (LPS)- '  and I,m (5% H2/N2) with time, the 
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Fig. 2. Schematic of the fuel 
cell life test cell. 
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degradation mode  of an electrode can be determined 
from the relative changes, as shown in Table III. 

These parameters were generated at the beginning and 
the end of  each life test, and at various random intervals 
in between. The data were reduced by the appropriate 
software to graphical representation, as in Fig. 9. Other 
quantitative descriptions of  the life testing were the time 

Table I. Database for life tested fuel cell components 

�9 ~* GArAu'rSl F'AWAMEFEF:S *~ **~ MEMBRANE F'ARAMETERS *** 

~i~ ANODE NO. : 05 MEMBRANE: 
1 CATALYS'f : 3& MEMBRANE IHZC~ NEEs 
2 ,CIF'ECIF: IS AREZA : ]7 TSEA FEDI 
3 Pt LOADING: mg/~m2 
4 ANODE BATCH; **~ MEMBRANE ACTIVITY ~*~ 

5 TFE IhJ CAFAL.YGT: 
6 WEIGHT OF EFE [N CATALYST: 38 MEMBRANE RESISTANCE: mohm-in2 
7 CATALYST APPLIED BY: 39 Br2 DIFFUGIDN: too/in2 
8 SUSPEND i NO AGEN'[ : 
9 SiC ON ANODE: ~ CATHODE PARAMETERS ~*~ 

i~ SiC SU~R. WITH: 
lJ Sic TFE: 4~ MATERIAL : 
12 CATALYST SINTERED FOR: 41 THIE:~ blESG~ 
J3 CATALYST SINTERED AT~ 42 SPUTTERED IF: 
14 CATALYST PRESSED: 43 Ir ON: 
15 CATALYS~ PRESSED Al: 44 CAFHODE CAVITY. ~ 
115 F'RESS /EMP. : 
17 PRESSING lIME: *~ FUEL CELL PARAMETE-RS ~" 

J8 BA~ INS 71ME: 
19 BA~ INS SEMI=.: 46 CELL ]YPE; 

4 7-, NO. CELLS: 

-*~ SLJGGTRATE FARAMEFERS ~*~ 48 ANOLY'FE WIE:~ I~13: 
49 BODY: 

2o SUBS'ERASE : 51~ ANODE MATRIX: 
21 WETFRO[]F[NS; b] MAIRIX rMI(] r4ESS: 

2~ AFFLICA'I ION: 52 CONDUC r i VE MATRIX: 
BA~ ED AT: 53 MEMBRANE S'[REFCHINS: 

24 BA~ ED FOR: 50 PL ATE SPACER: 
25 GINTLBED AT: 55 ANODE PREbJETTEL': 
26 GIN FESED FOE:: AC f IVATI [ ]N:  
27 SUBSTRA[E PRESSED: 57 PRETEST S(]L. CHANGE: 
28 SUB',~'IRATE F'F~EGSEI} AT: 58 EVALUATED WITH 3M ST2: 
29 PRESSED FDR: 59 LII'ETES]ED ASk 
3~ PFESSED AT: o~9 L IFE~ESTING [Br2]~ M: 
-i.. DA~CEI PENETRATION~ ~n. H20 61 ANODE PLAFE IS: 

32 BATCH REGIS11VI1 Y: mohm-~m u2 BATH. PLA'[E I I) :  
63 A,'C PLAIE S#: 

ANODE BAIE:H ACTIVI1Y (@ Lmg/,:,n2) * ~ *  

3 I(]im) WI~H 5% H2,'N2: A/cm2 
4 I (lira) WITG Ir!}01% S2: A/cm2 

Table II. Life test summary 

System Area (in.'-') No. of tests Total run time (h) 

Anodes 1 32 55,416 
Fuel cells 1 87 124,368 

10 25 14,664 
Electrolyzers 1 14 31,464 

10 12 9,984 
Total 235,896 

1975 

Fig. 3. Block diagram of life 
test computer system. 

increments to a 25% and 50% decay in Iiim, and the % 
(LPS) -1 at these times, determined from the plot in Fig. 9. 
Another useful  quantitative description of  the anode per- 
formance is the scaling factor, defined as 

Iijm(100% H2) 
Scaling Factor = 

I,im(5% H2/N2)x20 

Since any gas diffusional limitations are el iminated when  
going from 5% to 100% H2 (3), this parameter is a measure 
of  ionic diffusion losses in the anode. This factor was 
therefore determined at the beginning and at the end of 
the life testing. Finally, the t ime for which  the anode sus- 
tained 4 A/in} (620 mA]cm 2) was also recorded, as this 
value has been empirically found to be a good descriptor 
of  the quality of the anode. These quantitative operating 
parameters, along with a description of the degradation 
anode, were then employed in the processing vs .  perform- 
ance corre]ations. 

Fuel  cell s t u d i e s . - - A  large number of  life tests were ini- 
tiated. Some  were left undisturbed such that a degrada- 
tion rate could be established. Other tests, such as those 
involving the effect of  membrane properties, were termi- 
nated when  the useful  information has been collected. In 
addition to the periodically recorded polarization values, 
the life testing was interrupted at random intervals and 
computer-controlled current/voltage data were generated 
and recorded. These data were reduced to plots of  peak 
power vs .  t ime and peak current vs .  t ime (Fig. 6 and 8). At 
the end of each test, all these data were further reduced to 
quantitative parameters to be used in the fabrication vs .  
performance correlations. This data generated included: 
(i) the operating voltage at the applied current density 
and the t imes when  this voltage has decreased by 5%, 
10%, and 15%, (ii) similar data in terms of overvoltage, ( i i i )  
peak power at t = 0, and the t imes  w h e n  the peak power 
has reached 90%, 80%, 65%, and 50% of the original value, 
( iv)  the Ima, value at the specific decay t imes found in 
(iii) ,  and (v) total running t ime and reason for termination 
of the life test. The failure mode  determination was made 
from all the available data after the autopsy of  the 
dismantled cell. A summary of  the reasons for the termi- 
nation of  all the 1 in}  fuel cell life tests are shown in 
Table IV. 

As mentioned previously, the structure of  the data files 
allowed for data analysis in terms of performance vs .  fab- 
rication parameters. In effect, this permitted sorting of  
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data according to variations in any of the processing pa- 
rameters. The results of this kind of analysis for fuel cells 
are shown in Fig. 10 and 11. It has to be emphasized that 
these data are an average of all the available data on fuel 
cells that met  a certain set of specifications, e.g., 25% 
TFE in the anode catalyst layer, sintered at 327~ with all 
the other parameters not necessarily the same. 

Discussion 
Analysis of the half-cell data such as that in Fig. 9, sug- 

gests that the anodes typically decay by a flooding mech- 
anism, sometimes aided by the effects of poisoning. This 
is supported by the correlations that were run on the data. 
The trends indicate that a higher sintering temperature, 
which would be expected to cause the TFE in the catalyst 
layer to flow more and hence make the catalyst more hy- 
drophobic, does decrease the rate of decay and extends 
the operating life time of these electrodes. Similarly, in- 
creasing the TFE content of the catalyst increases the 
running and decreases the degradation rates. These are 
the  anticipated results if the decay mode is due to a 
flooding mechanism. 

As seen from Table IV, the biggest challenge in life 
testing is keeping the peripherals and the external 
sources of poisons from degrading the test. Of the 87 fuel 

cells life tested, only 21 reached the state where they were 
terminated for actual degradation or failure. 

Analysis of the fuel cell lifetime data shows that anode 
hydrophobicity and membrane properties are the two key 
parameters. While not providing the highest activity (i.e., 
limiting current), the more hydrophobic anodes give fuel 
cells with longer operating life. The relative decay rates of 
fuel cells with anodes of different TFE content and 
sintering temperatures are shoWn in Fig. 10. This correla- 
tion is quite predictable. 

As stated before, the choice of membranes was dictated 
primarily by the requirement that it possess high enough 
electrolyte transport properties to keep the anode fully 
wetted, since the system constraints resulted in a fuel cell 
design with an absence of an anolyte loop, and the use of 
dry H2. As a result of this design, a "worst  case" situation 
is shown in Fig. 12. This fuel cell was assembled with a 
du Pont  membrane with essentially zero electrolyte trans- 
port properties. While it still provides a stable operation 
at current densities of up to 450 mA/cm'-', at higher current 
densities the anode gradually dries up, which shows up as 
a voltage loss. However, if the current density is de- 
creased at this time, the anode rewets and the polarization 
returns to the original value. Hence, for a fuel cell of this 
design, the opt imum membrane  is one with larger electro- 
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lyte t ranspor t  values,  such  as the  RAI  P1010 m e m b r a n e  (a 
s tyrene-based  sulfonic  acid polymer)  wi th  an e lec t ro lyte  
" l eakage"  of  ~ 0.3 cm~/in.2/h, f rom a 1M BrJ6.8M H B r  
catholyte .  

One p r o b l e m  that  b e c a m e  apparen t  as a resul t  of  our  
database m a n a g e m e n t  sys tem was that  these  m e m b r a n e s  
were  not  ident ica l  f rom lot to lot. Us ing  two lots of  these  
RAI  membranes ,  P1010 and R1010, the  average  l i fe t imes 
of  fuel cells, wi th  the  major  anode  paramete rs  be ing  the  
same, were  s ignif icant ly di f ferent  (Fig. 11). S ince  the  Br2 
diffusion and res is tance  va lues  for these  m e m b r a n e s  are 
ve ry  similar,  the  di f ference is a t t r ibu ted  to some  
undef ined  c o n t a m i n a n t  in the  R1010 membranes .  

In  t e rms  of  scale-up, go ing  f rom a 1 to a 10 in. 2 fuel  cell, 
there  is a typical  degrada t ion  of  30% or less in bo th  the  
normal ized  peak  powers  and cur ren t  densi t ies ,  s l ightly 
less t han  that  shown in Fig. 6 and 8. The  decrease  in per- 
fo rmance  is p robably  less than  these  values,  s ince the  
p u m p i n g  constra ints  a l lowed for a 7 cm3/in.2/min 
ca tholyte  f low in the  1 in. 2 cell, bu t  only 3 cm3/in.~/min in 
the  10 in.'-' cell. However ,  the  opera t ing  pa ramete r s  of  this 
10 in. ~ fuel  cell, 244 W/ft ~ and 4 Alin. ~ at t = 0 and the  rea- 
sonable  degradat ion  shown  in Fig. 8 are still s ignif icant ly 
super ior  to mos t  o ther  devices  current ly  be ing  deve loped .  

Long- t e rm life tes t ing  has  shown some  effect  on the  ac- 
t ive  P t  catalyst.  The  major  effect,  a ne t  loss of  Pt, is typi- 
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cally a s soc ia t ed  w i t h  a n  i n a d v e r t e n t  b r i e f  p u l s i n g  of  t he  
a n o d e  to a h i g h  pos i t ive  po ten t ia l ,  w h e r e  Br2 is g e n e r a t e d  
w i t h i n  t h e  ca ta lys t  layer.  In  t h e  n o r m a l  o p e r a t i n g  mode ,  
s ince  t he  a n o d e  is p o s e d  at t he  r eve r s ib l e  h y d r o g e n  po ten-  
tial, a n y  Br= d i f fus ing  to t he  a n o d e  wil l  be  i m m e d i a t e l y  re- 
duced .  As  l o n g  as the  H2 s u p p l y  is no t  i n t e r r up t ed ,  t h e r e  
s h o u l d  be  no  loss  of  Pt.  We h a v e  also s e e n  P t  recrys ta l l iza-  
t ion  in  one  p a r t i c u l a r  case  of  an  8700h a n o d e  life test ,  
w h i c h  also s h o w e d  a 37% loss  in  to ta l  P t  loading.  B t  ag- 
g l o m e r a t i o n  is n o t  e x p e c t e d  to o c c u r  at  t he  low o p e r a t i n g  
t e m p e r a t u r e  ( -  30~ I t  is a s s u m e d  t h a t  th i s  e l ec t rode  

Table III. Determination of the degradation modes of anodes 
in a 8.9M HBr 

LPS -* Ilim (5% H/N~) Degradation 

Constant 
Decreasing by X% 
Decreasing by X% 

Decreasing Flooding 
Decreasing by X% Poisoning 
Decreasing by Y% Poisoning and flooding 

(Y>X) 

m a y  h a v e  su f fe red  a b r i e f  pos i t ive  pulse ,  d u r i n g  t he  nu-  
m e r o u s  n e c e s s a r y  i n t e r r u p t i o n s  to  t he  l ife tes t ing .  Th i s  
w o u l d  cause  P t  to  d i s so lve  a n d  s u b s e q u e n t l y  to 
recrys ta l l ize  u p o n  r educ t ion .  We do not ,  as yet, h a v e  
suff ic ient  da t a  to  sugges t  t h a t  t h e r e  is s o m e  f u n d a m e n t a l  
m e c h a n i s m  r e s p o n s i b l e  for t h e  g r a d u a l  d e g r a d a t i o n  of  t he  
catalyst .  

Table IV. Reason for the termination of the 1 in} fuel cell life tests 

No. of Percentage 
Reasons Definition cells of total 

Needed space, no more useful Nothing 22 25.3 
data 

Leaks, hardware problems, hu- Peripherals 33 37.9 
man error 

Copper on membranes, anodes Poisoning 11 12.6 
(brass current collector) 

> 20% increase in ~, > 30% de- Degradation 15 17.2 
crease in peak power 

Cannot support 3 A/in. ~ Failure 6 6.9 
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Fig. 10. Maximum sustained 
current (MSI) vs. running time for 
all 1 in. 2 fuel cells, with Pt-black- 
catalyzed anodes processed with: 
(curve !) 25% TE-3170, sintered 
at 32TC/10  min, (curve 2) 25% 
TE-3170, sintered at 350~C/10 
min, (curve 3) 30% TE-3170, 
sintered at 32TC/10  min, and 
(curve 4) 30% TE-3170, slntered 
at 350~ min. 
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Conclus ion  

After a total of 235,896h of anode/fuel cell life testing, 
the main parameters determining fuel cell operating life- 
t ime have been found to be the hydrophobic nature of the 
anodes and the properties of the membrane.  It has been 
shown that anode development  cannot be solely guided 
by the obtaining of the largest current possible at t = 0. 
Such an anode is too hydrophilic to last extensively. 
There is a trade-off in making anodes more hydrophobic, 
where the inital performance is lower, but the operating 
endurance is better. The control of anode flooding is of 
primary concern, as these anodes (operating at 25~176 
have shown no catalyst sintering after 12,000h. Mem- 

Fig. 11. Maximum sustained 
current (MSI) vs. running time for 
all 1 in# fuel cells with Pt-black- 
catalyzed anodes processed with 
30% TE-3170 and sintered at 
3 2 T C / 1 0  min, and using 
membrane-type: (curve 1) RAI 
P-1010 (lot no. 2), and (curve 2) 
RAI R-1010 (lot no. 1). 

branes can be selected on the basis of their electrolyte 
transport properties, but certain intangibles, such as im- 
purities, can have a marked effect. But, optimizing all 
these parameters independently and then in conjunction 
with all other factors such as electrolyte purity, cell de- 
sign, etc., H#Br~ fuel cells have been run for > 10,000h 
without significant degradation. The actual lifetime of 
these fuel cells is thus well in excess of 10,000h, limited in 
practice by the failure of the peripherals. 
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On the Relation Between the Overpotentials and Structures of 
Graphite Fluoride Electrode in Nonaqueous Lithium Cell 

N. W a t a n a b e , *  R. Hag iwara ,  and T. Naka j ima  

Department of Industrial Chemistry, Faculty of Engineering, Kyoto University, Kyoto-shi, Sakyo-ku, 606, Japan 

ABSTRACT 

A study was made of the relation between the cathode overpotentials and structures of two kinds of graphite 
fluorides, (CF), and (CzF)~ in nonaqueous lithium battery. The overpotential of (CF), electrode decreased with increas- 
ing interlayer spacing and decreasing thickness of the crystallite along the C axis. However, it was found that the 
overpotential of (C2F), electrode primarily depended on the amount  of the defects which would be present in the form of 
polynuclear aromatic carbon rings in (C2F),. The defects in (C~F), would give the short circuiting paths for the transfer of 
a l i thium ion in diffusion layer. The higher discharge potential of (C2F), than that of (CF), was mainly attributed to the 
effect of the defects contained in (C2F),. 

Poly(carbon monofluoride), (CF),, has many excellent 
characteristics as a cathode material for lithium battery in 
nonaqueous electrolyte systems (1-4). Besides this well- 
known graphite fluoride, poly(dicarbon monofluoride), 
(C2F),, which was recently found in our laboratory, has 
also high possibilities as a new active mass owing to the 
higher discharge potential than that of (CF),, in 1M lithium 
perchlorate-propylene carbonate solution (5-7). Graphite 
fluorides are obtained in the form of a paracrystallite by 
the direct fluorination of carbon materials at high tem- 
peratures. For example, when natural  graphite is used as 
a starting material, (CF), is formed around 600~ while 
(C~F),, is prepared at a lower temperature of 350~176 
With increasing fluorination temperature, the composi- 
tion changes from (C2F), to (CF), via their mixture, in 
which (CF), content increases with increasing tempera- 
ture. It is noted that (C2F),, is prepared only from a highly 
crystallized graphite, such as natural graphite or graphi- 
tized petroleum coke, at a relatively low temperature (8). 
The carbon layers of graphite fluoride consist of an 
infinite array of trans-linked cyc'lohexane chairs without 

* Electrochemical Society Active Member. 

aromatic nature. Both in (CF),~ and (C2F),, carbon atom 
with sp~-hybridized orbital is covalently bonded to 
fluorine. (CF), is regarded as a first stage compound, 
whereas (C2F), is of the second stage, the structure of 
which has been recently investigated in detail (9). 

The electromotive force of (CF)~-Li cell was calculated 
to be 4.57V by Margrave et al. (10) on the assumption that 
the discharge reaction produces carbon and li thium 
fluoride. However, the open-circuit voltage (OCV) of a 
real cell composed of l i thium and graphite fluoride pre- 
pared from natural graphite is around 3.2-3.3V at 25% dis- 
charge in 1M LiCIO4-propylene carbonate solution. It is 
lower by more than 1V than the calculated value. For this 
fact, Whittingham (11) and Watanabe et al. (5, 6) have pro- 
posed that the cell reaction is the formation of a graphite 
intercalation compound of lithium fluoride. The analysis 
of discharge products (12) and OCV's in different solvents 
(13) have indicated that the cell reaction includes the for- 
mation of a graphite intercalation compound of l i thium 
fluoride solvated by solvent molecules. The flat dis- 
charge potential of graphite fluoride-Li cell suggests that 
the discharge reaction proceeds heterogeneously, namely 
by the formation of a ternary intercalation compound of 
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graphite ,  fo l lowed by the  decompos i t i on  to carbon,  lith- 
i um fluoride, and solvent  molecule .  This  wou ld  main ta in  
the  cons tan t  th ickness  of  a so-called diffusion layer 
t h rough  which  a solvated l i th ium ion is t ransfer red  to the  
e lec t rode  surface. It  has been  p roposed  that  a fairly large 
overpoten t ia l  of  graphi te  f luoride ca thode  is due  to the  
delay of  l i th ium ion t ransfer  in the  diffusion layer con- 
s is t ing of  the te rnary  in terca la t ion  c o m p o u n d  of graphi te  
(6), wh ich  is cons is ten t  wi th  the  fact that  the  ca thode  
overpoten t ia l  increases  wi th  increas ing  size of  so lva ted  
l i th ium ions (13). 

This  paper  is conce rned  wi th  the  re la t ion be tween  the  
ca thode  overpoten t ia l s  and s t ructures  of  (CF), and (C2F),. 
The  overpoten t ia l s  are d i scussed  on the  basis of  the  re- 
sults ob ta ined  by x-ray diffraction,  'gF-NMR, and E S R  
measu remen t s .  

Experimental  
(CF), and (C,,F),-type graphi te  f luorides were  p repa red  

by f luor inat ion of  Madagascar  natural  graphi te ,  petro- 
l e u m  coke  (original and heat- t reated at 2800~ vapor-  
g rown  carbon  fiber (heat- t reated at 3000~ and exfoli- 
a ted graphi te  in f luorine gas of  1 a tm at t empera tu re s  
b e t w e e n  290~176 S o m e  of (C2FL-type graphi te  
f luorides were  p repa red  via graphi te  in terca la t ion  com- 
p o u n d  of  MgF=, and F=,(GIC) (14). Synthe t ic  condi t ions  are 
l is ted in Table  I. 

S a m p l e  L was heat - t rea ted  in f luorine gas of 1 a tm at, 
400 ~ 500 ~ 550 ~ and 600~ for 24h to inves t iga te  the  heat- 
t r e a t m e n t  effect  on (C2F),. In  add i t ion  to the  heat- 
t r ea tmen t  in f luorine a tmosphere ,  t r ea tmen t  in vacuo at 
400~ was also pe r fo rmed  for compar ison .  

The  p repa red  samples  were  analyzed by means  of  ele- 
men ta l  analysis,  x-ray di f f ractometry ,  'gF-NMR and E S R  
spect roscopies .  NMR m e a s u r e m e n t s  were  m a d e  us ing  a 
Crossed Coil N M R  S p e c t r o m e t e r  (Varian WL 109) wi th  
scann ing  of  the  magne t i c  field at a f ixed radio f r equency  
of  15 MHz. E S R  m e a s u r e m e n t s  were  carr ied out  by the 
aid of  Nihon  Denshi ,  J E S - 3 B X  wi th  scann ing  of  the  mag- 
net ic  field at a f ixed radio f r equency  of  9.4 GHz 
(X-band). 

Discharge  of graphi te  f luorides was pe r fo rmed  at a 
f ixed cur ren t  dens i ty  of  0.5 m A / c m  2 in 1M LiC104- 
p ropy lene  carbona te  solut ion at 25~ The polar izat ion 
curves  were  also ob ta ined  in the  range of  10-7-10 -3 A/cm 2. 
P repa ra t ion  of  e lec t rodes  and cell  a s sembly  were  the  
same as those  repor ted  p rev ious ly  (13). 

Results a~'~d Discussion 
The relation between crystallinity and cathode 

overpotential of graphite fluorides.--Figure 1 shows the  
plots  of  the  ca thode  overpotent ia l s  of  (CF),, at 25% dis- 
charge  against  the  in ter layer  spacing,  d(09,~ and half-width,  
fl(00H of (001) di f f ract ion line. The  overpoten t ia l  decreased  
wi th  inc reas ing  d(00, and fl(00,). S ince  the  th ickness  of  
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Fig. 1. The cathode overpotentials of (CF),~-type graphite fluorides 
in lithium cells (0.5 mA/cm ~, at 25% discharge) as a function of d~ooD 
and flloo,i. 

monolaye r  of  graphi te  f luoride is the  same a m o n g  all the  
samples,  the  space  be tween  mono laye r s  increases  wi th  in- 
creas ing d(u0,. The  half-width,  fl(00D is inverse ly  propor-  
t ional  to the  th ickness  of  the  graphi te  f luoride crystal l i te  
a long C axis. As the  crystal l i te  size and d(00, spacing of  
graphi te  f luoride s t rongly depend  on the  crystal l ini ty of  a 
s tar t ing carbon  material ,  these  factors can be  contro l led  
by choos ing  the s tar t ing ca rbon  mater ia l  as wel l  as reac- 
t ion tempera ture .  It has been  already po in ted  out  that  the  
overpoten t ia l  of  g raphi te  f luoride e lec t rode  depends  on 
the  rate  of  t ransfer  of  so lva ted  l i th ium ion in the  diffusion 
layer  (13). The increase  in the  space be tween  monolayers  
of  graphi te  f luoride wi th  increas ing  d(o0~), and the  de- 
crease  in th ickness  of  the  crystal l i te  a long C axis wou ld  
facilitate the transfer of l i thium ion in the diffusion layer on 
the d ischarge  process  (Fig. 2). It  was conf i rmed pr ior  to 
this e x p e r i m e n t  that  the  overpoten t ia l  was i n d e p e n d e n t  
of  the  part ic le  size of  graphi te  fluoride. It  means  that  the  
rate of  d i scharge  react ion is not  de t e rmined  by the  trans- 
fer of  l i th ium ion  among  the  par t ic les  but  by that  ins ide  
the par t ic les  of  graphi te  fluoride. 

Table I. Synthetic conditions of graphite fluorides 

Reaction Reaction 
Sample Starting carbon temp (~ time (h) F/C Notes 

A Madagascar natural graphite 590 28 1.01 (CF),,-type 
B Petroleum coke heat-treated at 2800~ 600 11 1.10 (CFL-type 
C Petroleum coke heat-treated at 2800~ 510 11 0.99 (CF)~-type 
D Exfoliated graphite 590 11 1.00 (CF),,-type 
E Non-heat-treated petroleum coke 420 7 1.11 (CF),,-type 
F Non-heat-treated petroleum coke 360 7 1.13 (CF),-type 
G Non-heat-treated petroleum coke 340 9 1.10 (CF)~-type 
H Non-heat-treated petroleum coke 290 21 1.14 (CF),,-type 
I - -  - -  1.05 (CF),-type 

J - -  - -  1.06 (CF),,-type 

K Madagascar natural graphite 390 168 0 . 6 1  (C2FL-type 
L Madagascar natural graphite 350 504 0 . 6 6  (C2F),,-type 
M Madagascar natural graphite 340 97 0 . 5 8  (C._,F)~-type 
N Madagascar natural graphite 390 23 0 . 6 3  (C~F)n-type 
O Petroleum coke heat-treated at 2800~ 340 50 0 . 5 9  (C~F),-type 
P Vapor-grown carbon fiber heat-treated at 370 50 0 . 5 9  (C2F),,-type 

3000~ 

commercially 
available 

commercially 
available 

via GIC 
via GIC 
via GIC 
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Fig. 2. Schematic illustrations 
of graphite fluorides. 

Crystallite 

However, it is difficult to prepare (C2F),,-type graphite 
fluorides with large differences in crystallinity, d(00,) and 
/~(0m), because starting carbon materials and reaction tem- 
perature are limited in this case. (C2F), can be prepared 
only from a highly graphitized carbon material such as 
natural graphite at 350~176 (8). Ungraphitized petro- 
leum coke with low crystallinity gives only (CF), at any 
temperature. For every (C2F),, prepared, the overpotential 
at a current density of 0.5 mA/cm 2 was about 0.9V, which 
corresponded to the min imum value for that of (CF),,. 

Figure 3 shows the typical discharge curves of (CF),, 
and (C2F),~. The flatness of discharge potential for (CF), 
was improved with increasing crystallinity of the sample 
while the discharge potential decreased. In other words, 
the height and flatness of discharge potential are com- 
pensative with each other. Even for (CF),, the over- 
potential was decreased approaching to that of (C~F), by 
choosing a carbon with low crystallinity as a starting ma- 
terial and by fluorinating at a low temperature; however, 
the flatness of discharge potential was inferior. 

The effects of the heat-treatment of (C2F),, on the dis- 
charge characteristics and structure.--Figure 4 and Table 
II show the discharge characteristics of heat-treated 
(C2F),, in l i thium battery. With increase of the heat- 
treatment temperature, the discharge potential decreased 
and the flatness of discharge potential was improved at 
the beginning of discharge. The effects of the heat- 
treatment at 400~ on discharge characteristics were 
scarcely observed. As can be seen in Table II, the de- 
crease of discharge potential is caused by the increase of 

Monolayer of graphite fluoride 

�9 : C atom, O: F atom 

overpotentia] rather than the decrease of open-circuit vol- 
tage. In the present work, as described below, the im- 
provement of crystallinity of (C~F), by the heat-treatment 
was not found as far as the analysis by x-ray diffractom- 
etry was concerned. Nevertheless, the overpotential was 
fairly changed by the heat-treatment. 

With increasing temperature of the heat-treatment in 
fluorine gas, the color of (C2F), gradually changed from 
black to white, while the weight of the sample scarcely 
changed, except for that heat-treated at 600~ whose 
weight decreased by 1%-2%. The d(00~) and fl(o0,) were also 
unchanged by the heat-treatment for every sample, which 
indicates that the improvement  of crystallinity was not 
achieved by this treatment. The F/C ratio, d<00,) and fi~00~) 
were 0.66 - 0.02, 0.81 -+ 0.01 nm and 3.2 ~ -+ 0.2 ~ respec- 
tively. 

Figure 5 shows 'gF-NMR spectra of (C~F),, where two 
kinds of resonance absorptions were observed. One was 
very broad with peak-to-peak width, AH' of 9.0 --- 0.1G, 
and the other was sharp one with AH' of 1.5 -+ 0.1G. No 
change of linewidth was observed by the heat- treatment  
Differential gradient method showed that the narrow ab- 
sorption line was Lorentzian, which is related to homoge- 
neous system where the energy absorbed from oscillating 
magnetic field is distributed so that the spin system may 
maintain the thermal equilibrium through the resonance 
process. The narrow linewidth would correspond to 
motional narrowing, which means that fluorine atoms 
make weak chemical bonds with carbon atoms, therefore 
having higher activity than those covalently bonded. This 
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Table II. Discharge characteristics of heat-treated CF0.~6 
prepared from natural graphite (sample L) 

GRAPHITE FLUORIDE ELECTRODE 

OCV at 25% Discharge Discharge 
discharge potential Overpotential capacity 

Temp (~ (V) (V) (V) (mAh/g) 

350 3.30 2.41 0.89 690 
400 3.28 2.38 0.90 730 
500 3.26 2.28 0.98 720 
600 3.24 2.14 1.10 710 

absorption line decreased as the heat-treatment tempera- 
ture increased and almost disappeared at 600~ A slight 
decrease of the open-circuit voltage, shown in Table II, 
might be caused by the decrease of these fluorines 
weakly bonded with carbon atoms. The decrease of ab- 
sorption intensity by the heat-treatment was slightly 
larger in  v a c u o  at 400~ than in fluorine gas at the same 
temperature. The broad absorption line was approxi- 
mately gaussian, where each spin is situated in different 
local fields, which causes the line broadening. By taking 
the l inewidth and peak intensity into consideration, this 
spin component  is attributable to the major part of 
fluorine atoms in graphite fluoride, namely, fluorine 
atoms covalently bonded to carbon atoms. Consequently, 
there are two kinds of fluorine species in (C2F)~. For (CF),, 

b 

d 

1 I I I 1 

-20 -10 0 10 20 

A H / g a u s s  
Fig. 5. 'gF-NMR spectra of heat-treated CFo.~ (sample L). Curve a: 

original (prepared at 350~ Curve b: 400~ in F~. Curve c: 400~ in 
vacua. Curve d: 500~ in F2. Curve e: 550~ in Fz. Curve f: 600~ in 
F2. v = 15 MHz. Ho = 3750G. MA = 0.5G. 
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prepared from highly graphitized carbon at around 600~ 
only one broad absorption line was observed with the 
same AH' as that of (C2F),,, which means that (CF), has 
only a covalent bond between fluorine and carbon atoms. 

Figure 6 shows the results of ESR measurements.  ESR 
spectra of (C2F), gave a single peak with a constant g 
value of 2.004 having no dependence on the heat- 
treatment temperature. From the g value, the radicals ob- 
served are reasonably ascribed to carbon. As the g value 
was also 2.004 in case of (CF)~, the radicals are the same 
kind, even though the intensity of the signal was much 
smaller than that of (C~F),,. As shown in Fig. 6, the peak- 
to-peak width, AH', increased rapidly with increasing 
heat4reatment temperature, however, gradually increas- 
ing above 500~ Futhermore, the differential gradient 
method showed that the type of the absorption line was 
changed from lorentzian to gaussian with increasing heat- 
treatment temperature. The P value (the product of the 
peak-to-peak height with the square of the l inewidth of a 
differential absorption line) approximately corresponding 
to radical concentration decreased monotonously with in- 
creasing heat-treatment temperature. 

From the above results, the following discussion is de- 
rived. The ESR measurement  indicates that (C~F),, con- 
tains a small amount  of unreacted carbon which is so ran- 
domly distributed as being unable to be detected by x-ray 
diffractometry and elemental analysis. The presence of 
unreacted carbon was recently confirmed by a high reso- 
lution electron microscope (15). It is regarded as a kind of 
defect which would be present in the form of polynuclear 
aromatic carbon rings in (C2F),,. This carbon produces car- 
bon radicals by making covalent bonds partially with 
fluorine atoms or the cleavage of double bond. The black 
color of (C~F), is therefore caused by these defects. 
Namely, the defects in the (C2F),, heat-treated at low tem- 
peratures have fairly long conjugated = systems, so the 
~r-=* transition energy is in the range of visible lights. The 
n-~r* transition by the delocalized radicals is also in this 
range. The fluorine species giving a narrow absorption 
line detected in ~gF-NMR measurements have weak chem- 
ical bonds with the unreacted carbon. With increasing 
heat-treatment temperature, the double bonds are cleaved 
to make covalent bonds with mobile fluorine species, 
which causes the decrease and localization of radicals. 
Consequently, the broadening of the line width and the 
transformation from lorentzian to gaussian are observed 
in ESR spectra. At the same time, the intensity of the 
narrow-width line is lowered in NMR spectra. In this way, 
the defect concentration decreases with increasing heat- 
treatment temperature. By the destruction of the conju- 
gated rr systems, the light absorption shifts out of the visi-. 

20 

m~ 

1.0 

0.0 I 

300 

I I I 

400 500 600 

18 

16 

144 

12 

10 

Heat treatment temperature/~ 

Fig. 6. ESR measurement of CFo.~ (sample i) .  AH': peak-to-peak 
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ble light range and the color of (C~F), is changed to white. 
The difference between the heat-treatments in fluorine 
gas and in vacuo was not so remarkable at 400~ The in- 
teraction between fluorine gas and the carbon radicals 
inside the graphite fluoride (16) would not be so strong at 
such a temperature. It is interesting to estimate the abso- 
lute radical concentration in graphite fluoride. The com- 
parison was made using carbonized dextrose as a 
standard sample whose spin density has been already 
known (17). According to this method, the order of radical 
concentration in (C2F)~ was 10'~~ spins/g, which means 
that it has one radical per several tens to several hundreds 
of carbon atoms. The radical concentration in (CF), was 
less than tenth part of that in (C~F)n heat-treated at 600~ 

The effects of the defects in (C2F),, on the discharge 
characteristics can be described as follows. The defects 
are in the form of polynuclear aromatic carbon rings in 
(C2F)~. Around these defects, the chemical bond between 
carbon and fluorine atoms would be so weak that the ter- 
nary compounds, C2 �9 F 8- �9 Li ~+ - zS, produced by the dis- 
charge reaction (13) might be more easily decomposed to 
carbon, l i thium fluoride, and solvent molecules, which 
would make the transfer of l i thium ion easier. Such de- 
fects in (C~F), are considered to be a kind of short cir- 
cuiting path that decreases the overpotential. This factor 
would be dominant  in case of (C2F)~. For (CF),,, this kind 
of effect is much smaller than in (C~F)~ because the defect 
concentration is much lower. The heat-treatment of (C2F), 
is just  the elimination of the defect which lowers the 
overpotential. The improvement of the flatness of dis- 
charge potential would arise from the decrease of the de- 
fect concentration inside the graphite fluoride crystallite 
by heat-treatment. 

The difference in the discharge performance between 
(CF), and (C2F)~,.--Figure 7 shows typical cathodic polari- 
zation curves of (CF),, (sample A), (C2F),,, and that heat- 
treated at 600~ (sample K) at 25% discharge. All the 
samples were prepared from Madagascar natural graph- 
ite. Their open-circuit voltages were almost the same, 3.27 
- 0.02V at 25% discharge. In every case, the plots of cath- 
ode potentials against the logarithms of current densities 
gave a straight line in the range of less than 10 -4 A/cm ~ 
with a bending point at the current density of 10-6-10 -5 
A/cm 2. However, the current-interrupter method revealed 
that no activation overpotential was present in this re- 
gion. It can be said that the rate-determining step of the 
discharge reaction is the transfer of lithium ion into 
graphite fluoride layers in the whole region in Fig. 7. 

Two factors must  be taken into consideration to evalu- 
ate the difference in discharge potentials between (CF), 
(sample A) and (C2F),, (sample K). One is the thickness of 
graphite fluoride crystallite along the C axis, discussed 
above, and the other is the short circuiting paths which 

I 

3.0 " ~ (]D: (C2F} n heat-treated 
! '~" ~_~'-~%~ at 600~C 

~ ~ "~ ~ _  

2 . 0  

L I L _  I I E 

i0-? i0-6 I0 -5 10 -~ 10 -3 

Apparent current denslty/Acm -2 

Fig. 7. Galvanostatir polarization curves of graphite fluorides (at 
25% discharge). (CF)~: sample A. (C2F)~: sample K. 

arise from the defects in graphite fluoride, also discussed 
above. The space between monolayers of graphite 
fluoride was found to be almost the same for both (CF)n 
and (C2F), when they were prepared from a highly graphi- 
tized carbon material (9). The discharge potential of (C~F),, 
(sample K) was higher by 0.3-0.4V than that of (CF), 
(sample A).in the range of 5 x 10-6-5 x 10 -4 A/cm 2, being, 
however, decreased by 0.2V with heat-treatment at 600~ 
in fluorine gas. This difference in the discharge poten- 
tials between the original and heat-treated (C2F),,'s is at- 
tributed to the decrease in the defect concentration. (C2F), 
with more short circuiting paths gives the higher dis- 
charge potential than the heat-treated one. Consequently, 
the difference in the discharge potentials between (CF),, 
(sample A) and heat-treated (C2F), (~< 0.1V) would be 
mainly due to the difference in the thickness of the crys- 
tallite of graphite fluoride along C axis, which was 3 nm 
for heat-treated (C2F), and 6 nm for (CF),, (sample A) by 
the approximate calculation from the half-width of (001) 
diffraction line, fl(o0,, The transfer of l i thium ion between 
graphite fluoride layers would be faster in heat-treated 
(C~F), with the thinner  crystallite than in (CF), on the dis- 
charge process, 
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ABSTRACT 

Lithium sulfuryl chloride cells containing various concentrations of LiA1C14 were constructed and discharged at 
2.5 mA/cm 2 constant current at 25 ~ and -32~ The solid discharge product in the cathode was analyzed and found to 
contain only LiC1. No sulfur or other li thium salt was found. An explanation of the reduced capacity and decreased 
operational voltage of these cells discharged at -32~ is offered. At electrolyte concentrations ->0.75M cathode capacity 
is primarily limited by conductivity, while for electrolyte concentrations -<0.75M, diffusion appears to be the limiting 
factor. The decreased operational voltage for cells discharged at -32~ is due to a decrease in the amount  of catalytically 
produced CI~. 

The Li/SO2C1.., primary cell has received widespread re- 
search and development  interest ever since initial reports 
on its discovery appeared (1-3). The cell consists of a lith- 
ium anode, inert porous carbon cathode on expanded 
nickel screen (which serves as both a structural support  
and current collector), and a SO._,C12 solution serving a 
dual role as both ionizing solvent for dissolving the con- 
ducting LiA1C14 electrolyte salt and as an active cathode 
depolarizer. 

In these cells (known as soluble or liquid cathode cells), 
the liquid SO2C12 cathode remains in physical contact 
with the l i thium anode and has the obvious advantage of 
minimizing mass-transfer effects associated with sup~ 
plying oxidant to electrode-electrolyte layers. Spontane- 
ous chemical reaction of anode and cathode is prevented 
by formation of a passivating insoluble film of LiC1 on 
the anode surface as soon as l i thium and the oxyhalide 
solvent come in contact. The LiC1 film has relatively low 
electronic conduction and forms an electronically 
insulating interphase between metal and solution (4). This 
protective film slows internal self-discharge and is re- 
sponsible for providing potentially long shelf life. 

The Li/SO2Cl~ cell has higher open-circuit voltages than 
analogous Li/SOCI~ cells, which eventually should trans- 
late into higher load voltages and higher energy densities 
for fully engineered cells. Although both types of cells 
have high boiling and low freezing points, and thus broad 
temperature windows for battery applications, Li/SO2Cl~ 
should be safer because at room temperature and me- 
dium current drains (-<2.5 mA]cm ~) only LiC1 and SO2 are 
formed and no sulfur (1). 

4Li + 2SO~C12 -~ 4LiC1 + 2SO.~ 

Elemental sulfur (or other insoluble sulfur species) are 
undesirable products in li thium cells since differential 
thermal analysis studies have identified exothermic reac- 
tions occurring between lithium and elemental sulfur at 
150~ (5). This temperature may easily be reached under 
cell abuse conditions such as cell shorting or forced 
overdischarge. Lack of sulfur in discharged Li/SO~CI~ 
cells implies that SO.,C12 would be more abuse resistant 
for lithium-based cells than SOCI~. 

In addition, SO2 formed is soluble up to -1.0M in 
SO2C12 (1, 6), precluding internal pressure buildup during 
or after discharge. The Li/SO2Cl~ cell has an observed 
open-circuit voltage of 3.91V at room temperature. At 
low-to-medium discharge rates, the load voltage remains 
constant until c lose to  end of discharge, when a rapid vol- 
tage drop occurs (1). Although system performance char- 
acteristics and electrochemical reactions taking place in 
ambient temperature cells have been fairly well described 
(1-3), low temperature performance characterizations 
have been generally neglected. Better understanding of 
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overall reaction mechanisms and reaction products 
formed during discharge is necessary in order to improve 
low tempera ture  cell performance in Li/SO..,CI~ cells, as 
for Li/SOCI=, cells (7, 8), decreased cell performance at low 
temperatures or at increased discharge rates is primarily 
attributable to cathode polarization. Electrochemical re- 
duction of SO2C12 at porous carbon cathodes is l imited by 
the capacity of the cathode for retaining the LiC1 dis- 
charge product as it precipitates within pore structures. 
Therefore, cell performance is limited by accumulation of 
LiC1 in the pores of the cathode. 

Because basic information is needed to further improve 
the cathode, this paper explores limitations introduced at 
low temperatures and medium current drains and at- 
tempts to explain these results and offer possible solu- 
tions to relieve poor low temperature performance. We 
also present results of analytical studies aimed at 
characterizing chemical and electrochemical reactions 
occurring during cell discharge. 

Experimental 
Detailed description of laboratory electrochemical cells, 

experimental  procedures, cell component  fabrication, as 
well as discharge experiments,  have been described 
earlier (1). Briefly, our experimental  arrangement con: 
sisted of a porous carbon cathode sandwiched between 
two lithium anodes in an all-Teflon cell housing. Both 
the cathode and two anodes had nickel-screen current 
collectors. The porous cathode was constructed using 
United XC-6310 a high area carbon that had previously 
been shown to yield highest overall performance among 
the carbons tested for Li/SO.,C12 cells (1). The cathodes 
had an area of 5 cm z on one side. We should point out 
that, in this paper, we are following the generally ac- 
cepted convention and measure total cathode area by tak- 
ing twice the geometric area (l x w) of our cathodes. This 
is because our cells are constructed with both sides of the 
cathode facing lithium anodes. 

In order to identify and characterize insoluble products 
formed in the cathode during discharge, spent cathodes 
from cells discharged to 1.5V at constant current were re- 
moved, rinsed with distilled SO~CI~ to dissolve any 
adhering LiA1C14 electrolyte, heated under vacuum to 
drive off the sulfuryl chloride rinse solution, and the dis- 
charge products within the dried cathode extracted with 
distilled water. These water solutions were then analyzed 
for Li +, CI-, SO~, and A1 +~+ ions. Lithium ion concentra- 
tions were determined by atomic absorption, while the 
C1- concentration was determined using potentiometric ti- 
tration with 0.1M AgNO3. Despite rigorous washings with 
sulfuryl chloride, we could not exclude the possibility of 
having occluded or adhered LiA1CI4 electrolyte remaining 
in the cathode. Thus, true C1- concentration, due to only 
LiC1 discharge product, was calculated by measuring the 
A1 §247 concentration colorimetrically and subtracting the 
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Fig. 1. Cathode load potential vs.  a lithium reference and total 
cathode life as a function of temperature for Li/1.SM LiAICI4- 
S02CIJC cells discharged at constant current of 2.5 mA/cm 2. 

stoichiometric C1- concentration (i.e., four C1- for every 
A1 ++~) attributable to occluded LiA1C14 from total chloride 
concentrations measured potentiometrically. In all cases, 
this chloride correction was less than 5% of the total mea- 
sured C1- concentration. As a check, we also analyzed the 
aqueous wash solutions using a Dionex 2120i Ion Chro- 
matograph, and the results agreed well with results of the 
wet chemical analysis. 

Results and Discussion 
Figure 1 plots both cathode voltage and cathode capac- 

ity as a function of operating temperatures during con- 
stant current discharge. Loss of cell performance at re- 
duced temperatures is quite pronounced. Both cathode 
voltage and capacity remain fairly constant down to tem- 
peratures - 0  ~ and -10~ respectively, where both decline 
sharply. The discharge curves for these cells are fairly 
flat, even at low temperatures, and show fairly well- 
defined transition times in the discharge curves (where 
cell voltage declines sharply). We will discuss and attempt 
to explain capacity losses and load voltage reduction at 
reduced temperatures in that order. 

Cell capacity reduction at lower temperatures.--The 
following factors which may contribute to diminished cell 
capacity at reduced temperatures are considered individ- 
ually along with their relevant analytical data: (i) precipi- 
tation of electrolyte salt, (ii) alternate cell products 
formed, and (iii) ohmic and concentration polarization. 

Precipitation of electrolyte salt.--If precipitation of the 
LiA1C14 electrolyte salt in the cathode pores occurs at re- 
duced temperatures, we would expect  considerable re- 
duction in cathode life due to the blocking of the cathode 
pores by LiA1C14 and the resulting ion transport limita- 
tions. However, the linearity of the conductivity curves 
shown in Fig. 2 as well as simultaneous visual observa- 
tions in conductivity cells of LiA1C14-SO2Cl~ electrolyte 
solutions as their temperatures were slowly reduced to 
-60~ clearly ruled out precipitation of any solid mate- 
rial. It is unlikely that supersaturated solutions of LiA1C14- 

September  1984 

2", 1,5 M 
2"2" 

/ 
2" / '  

2" 
2" I.OM 2" 

2" ,,o ~ 
2" .~ 

/ /  / #  
2 /  /#" 

2" ,/ ,  0 . 7 5 M  
~ /  / ~  I s" JY. 

2"/ / / /  .s~" 

/ C Q , / "  . ,  . . t "  

2 " 2 "  ,.,,~ 
2" f t " 

2" " ,~" 0 . 5 M  

. o ~  ~ 

. . . . . . . . . . . . . . . . .  �9 - ~  . .~  .~ "-x 0 . 2 5 M  

O.OlO 

0 . 0 0 9  

0 . 0 0 8  
i 
E 

-T 0.007 

0 . 0 0 6  
>: 
I.- 
.~ 0 . 0 0 5  
I-- 
0 

0.004 
Z 
0 

o 0.003 
0 

---- 0.002 
(3  
UJ 
cl 

r O.OOI 

o . o o 0  6 ,% 3'o 
TEMPERATURE, ~ 

Fig. 2. Specific conductivity as a function of temperature for various 
LiAICI4-S02CI ~ concentrations. 

SO~C12 electrolyte could be formed at low temperatures in 
our conductivity cells since the platinized electrodes 
would have surely provided adequate nucleation sites for 
precipitation to occur. The fact that no precipitate is 
formed implies that we can safely rule out electrolyte pre- 
cipitation as the cause of decreased cathode life during 
low temperature operation. 

Alternate cell products.--It is possible that different cell- 
discharge mechanisms are operational at reduced temper- 
atures and cause additional insoluble discharge products, 
such as Li2SO4 or Li~S204, to form. These materials may 
more effectively clog active cathode pores than LiC1, thus 
causing premature cathode failure. In order to test this 
possibility, spent cathodes from Li/SO~CI~ cells dis- 
charged at 2.5 mA/cm 2 at -32~ were removed from their 
cells and the insoluble product quantitatively analyzed 
for Li § CI-, and SO4 = ions. Table I summarizes results 
found for four cathodes discharged at -32~ 

The Li+/C1 - ratio was 1.07 -+ 0.12. The fact that this ratio 
was unity within experimental  error already implies that 
only LiC1 is formed. No other insoluble (in SO~CI~) lith- 
ium salt is deposited in the cathode. However, the low 
and variable collection efficiency for solid product in the 
cathode based on the coulombs transferred still leaves 
open the possibility that another soluble li thium salt was 
formed. Such a salt, if formed, would not appear at the 
cathode, but could, nevertheless, allow a ratio of unity for 
the LiVC1- found in the cathode. Such salts cannot be 
Li2SO4 or Li~S~O4, as has been proposed for thionyl chlo- 
ride cell products (9), since their solubilities in sulfuryl 
chloride were measured to be less than 5 • 10-4M at room 
temperature. 

Table I. Chemical analysis of discharged cathodes taken from Li/1.SM 
LiAICI4-SO.~CI~ cells discharged at - 32~  and 2 3  mA/cm ~ constant 

current to 1.5V 

Cathode Electrolyte Cathode collection 
LiVCt - SO4~/C1- efficiency 

Run 1 0.97 0.066 67% 
Run 2 0.89 0.0032 63% 
Run 3 1.26 0.13 110% 
Run 4 1.06 0.09 79% 

1.04 -+ 0.11 80 • 15% 
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It is unlikely that solubility Li~SO4 or Li~S204 increases 
as temperature is lowered; therefore, we can safely rule 
out these two salts as products since, had they been pres- 
ent, our measured Li+/C1 - ratio for the solid cathode dis- 
charge product would have been much larger than unity. 

Presence of SO4 = was also of interest in our product 
analysis study. One proposed chemical precursor of SO4 = 
in these cells is SO3C1- which could form according to 
mechanisms outlined by Blomgren (9). 

If LiSO3C1 was indeed formed, then after dissolving our 
cathode precipitate in water, the Li~/C1 - as well as the 
SO~/C1- ratio should be close to unity. The fact that our 
measured SO(/C1- ratio was about one order of magni- 
tude less than unity convinces us that we can safely rule 
out SO3C1- as a predominant  product of sulfuryl chloride 
cathode reduction at low temperatures. Thus, the only 
discharge product is LiC1. No major parallel discharge 
mechanism exists. The traces of SO~ observed were 
probably due to contamination by water, which yields the 
well-known hydrolysis product chlorosulfonic acid, 
which forms SO~ in water solutions. 

For cathodes discharged at room temperature, the col- 
lected Li § and C1- agreed well with the number  of cou- 
lombs transferred (collection yield averaged greater than 
92%). The collection yield, however, for cathodes dis- 
charged at -32~ represented only approximately 85% of 
the theoretical yield. This discrepancy may be due to: (i) 
LiC1 precipitated in locations other than the cathode, (ii) 
formation of uncollected soluble l i thium salts, (iii) poor 
product collection efficiency due to crumbling of low 
temperature discharge cathodes, (iv) or not all of the car- 
bon cathode material's being collected. 

Since elemental sulfur is a known product of cell dis- 
charge reactions in the Li]SOCI~ system (9), we wanted to 
determine whether it was produced in Li/SO~CI~ cells dur- 
ing discharge at -32~ 

Separators, cathode, and remaining electrolyte taken 
from Li]SO2C12 cells discharged at 2.5 mA/cm 2 at -32~ 
were rinsed with SO2C12 and dried. Extraction with CS2 
yielded ~75 mg of a yellow waxy material whose ultravio- 
let spectrum in tetrahydrofuran was unlike that of stock 
sulfur solutions (10). If we assume that absorption at 
2850/~ for our known solution corresponds entirely to sul- 
fur, the calculated maximum concentration of sulfur pres- 
ent in the extract was only ~1 mg. Since control experi- 
ments on undischarged cathodes also yielded this same 
waxy material, probably a reaction product of Triton 
X-100 (a surfactant present in TFE-30 emulsions) with 
SO~C12, sulfur is ruled out as a major discharge product. 

To summarize, analytical results show that LiC1 is the 
only major insoluble cathode discharge product of 
Li/SO2C12 cells at -32~ No sulfur is produced. 

Ohmic and concentration polarizat ion.--The specific 
conductivity of various concentrations of LiA1C14-SO~CI~ 
solutions as a function of temperature is shown in Fig. 2. 
In going from 25 ~ to -32~ specific conductivities of 
1.5M solutions decrease linearly by approximately a fac- 
tor of three, while specific conductivities of 0.25M solu- 
tions Change only slightly. Other researchers have also 
noticed that changes in specific conductance of LiA1C14- 
SO2C12 solutions with temperature (slope of the lines in 
Fig. 2) in the range of 22 ~ to 60~ are larger for higher elec- 
trolyte concentrations (11). We did not correct our electro- 
lyte concentrations for density; our estimate of tempera- 
ture dependence of electrolyte density indicates changes 
less than 10% over the range of 25 ~ to -30~ The question 
arises as to whether increased electrolyte resistance en- 
countered at low temperature could in itself be a 
significant contribution to decreased cell operating vol- 
tage or whether it is simply causing other effects indi- 
rectly. During cell discharge, even in regions of steepest 
voltage dropoff at 25 ~ and -32~ galvanostatic pulse ex- 
periments indicate that the pure resistive component  of 
the cathode does not exceed 40% of the total cathode vol- 
tage polarization. We cannot attribute the sudden voltage 
drop at end of life to loss of active cathode surface area 
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since effective surface area would have to be diminished 
by several orders of magnitude in order to show polariza- 
tion of several tenths of a volt. This would require all but  
small fractions of the carbon cathode be electrically iso- 
lated from conduction paths by insulating coatings of 
LiC1. If cathode surface area were mostly insulated, it 
would be unlikely that the resistive portion of total vol- 
tage polarization would remain low. 

We can therefore conclude that although increased 
ohmic polarization in the cathode pores contributes 
somewhat to decreased cathode capacity, it apparently 
does not make the most significant contribution. 

We next examine the dependence of cathode capacity 
on electrolyte concentration. Cell capacities (which are 
primarily determined by cathode performance) as a func- 
tion of electrolyte concentration at both 25 ~ and -32~ 
and 2.5 mAJcm 2 constant current discharge are shown in 
Fig. 3. For electrolyte concentrations -<0.75M, both 25 ~ 
and -35~ cell capacity data nearly coincide and increase 
approximately linearly with concentration. 

For electrolyte concentrations >I.0M, the cell capacity 
curve at -32~ levels off with increasing electrolyte con- 
centrations and lies well below the extrapolated linear re- 
lationship found for lower electrolyte concentrations. Al- 
though cells discharged at 25~ also show a leveling off in 
capacity vs. electrolyte concentration curve (not shown 
here), this leveling-off point occurs at concentrations => 
2.5M and results in only slightly higher cell capacities. 
The fact that the -32~ capacity vs. temperature curve re- 
mains relatively unchanged for electrolyte concentrations 
->-I.0M implies that from a practical view, in Li/SO~CI~ 
cells, one may reduce electrolyte concentrations from 1.5 
to 1.0M while maintaining identical overall cell capacities 
for -32~ cell discharge. 

In order to understand the capacity vs. electrolyte con- 
centration curves of Fig. 3, it is helpful to first study mor- 
phological differences between LiC1 deposited during 
-32 ~ and 25~ discharge for various electrolyte concentra- 
tions. Postdischarge SEM of cathode surfaces taken from 
cells following constant current discharge at -32~ for 
various electrolyte concentrations are shown in Fig. 4. 
The LiC1 deposits on the discharge cathode surfaces 
taken from the 1.5M electrolyte cell was distinctly glassy. 
As electrolyte concentrations were decreased, the re- 
sulting postdischarge LiC1 deposits on their respective 
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Fig. 4. Postdischarge SEM of surfaces of cathodes taken from cells 
of Fig. 3. These cathodes had all been discharged at 2.5 mA/cm 2 to a 
1.5V cutoff a t - 3 2 ~  but differed in the cell electrolyte concentra- 
tion, A(top): Li/1.SM L.iAICI4-SO2CIJU.C. B(secend from top): 
Li/1.0M LiAICIJSO2CIJU.C. C(third from top): Li/0.7SM LiAIC4- 
SO,~CI,JU.C. D(bottom): Li/0.SM LiAICI4-SO~CIJU.C. 

cathode surfaces appeared less glassy and seemed more 
crystalline in nature. These results should be contrasted 
to SEM data on 25~ discharged cathodes (not shown 
here), where even for the 1.5M electrolyte concentration, 
the discharge product definitely appeared crystalline. 

We will first present what we feel is a reasonable expla- 
nation of these morphological observations and then 
present a rationalization for the shapes of the capacity vs. 
concentration curves in Fig. 3. 

Crystallinity or glassiness of precipitating deposits may 
be related to electrolyte concentration and temperature 
through the well-known Von Wiemann ratio, W, which re- 

lated precipitate size to solubility, S, and supersaturation, 
Q 

w_Q-Z 
S 

Small values of W correspond to large-sized crystals, 
while large values of W correspond to granular or glassy 
deposits. Since supersaturation Q is independent  of tem- 
perature and concentration for a particular current drain, 
the ratio W should vary with solubility. The solubility is 
temperature sensitive through its dependence on the 
mean activity coefficient, which is a function of the di- 
electric constant, temperature, and ionic strength. Quali- 
tatively, as the temperature is lowered, the dielectric con- 
stant, mean activity coefficient, and thus LiC1 solubility 
all decrease. The net result is smaller sized crystals or 
even a glassy deposit of LiC1. Reducing electrolyte con- 
centration at a given temperature increases the ionic 
strength and the mean activity coefficient, decreasing W 
and increasing the crystal size of the precipitate. This is 
what has been observed. 

For electrolyte concentrations <-0.75M, final accumula- 
tions of LiC1 deposits in the cathode pores are small and 
fairly crystalline at all discharge temperatures; electrolyte 
conductivities are not seriously changed at either 25 ~ or 
-32~ 

For electrolyte concentrations -<0.75M, temperature 
alone does not appear to play a very important role in 
influencing cell capacity since both capacity vs. concen- 
tration curves almost coincide. This is understandable 
since, for electrolyte concentrations -<0.75M, electrolyte 
specific conductivity is not very strongly temperature de- 
pendent, as shown in Fig. 2. 

The concentration regions where discharged cathodes 
have similar morphological appearances seem to indicate 
that a common factor is dominant. 

The approximate linear relationship shown between 
cathode capacity and electrolyte concentrations -0.75M 
for both 25 ~ and -32~ discharge is suggestive of a 
diffusion-related dependence. Our basic hypothesis is 
that cathode capacity is a strong function of two separate 
current density terms. The first term, iapp, is the constant 
current load applied to the cathode. The second term is 
an intrinsic limiting current, iL, Which depends on the 
physical state and extent of discharge of the porous 
cathode. 

This limiting current, defined in the same manner as 
the limiting current in the Nernst diffusion equation 

nFDC 
~ L  - -  - -  

represents the maximum transport rate of Li ~ through 
cathode pores to reach available cathode reaction sites 
and is proportional to the Li + ion diffusion coefficient 
and concentration. 

As long a s  lap ~ < <  iL, which would be the case for either 
fresh cathodes that contain little LiC] deposits or for low 
values of iapp, the cathode can easily maintain the con- 
stant current load by allowing adequate Li ~ ion flow to 
cathode reaction sites without any severe concentration 
polarization. 

However, as the cell discharge reaction proceeds and 
the cathode pores become filled with solid insulating 
LiCI discharge product, Li 4 ion diffusion through the de- 
posit becomes increasingly difficult and iL therefore 
decreases. 

At this point, iapp - iL, and severe cathode concentration 
polarization occurs. This concept of concentration polari- 
zation in the porous cathode appears to explain the rather 
long times (several minutes) required to reach open- 
circuit potentials when almost fully discharged cells are 
removed from load. Since at this point the carbon cath- 
ode is blocked with LiC1 product, it takes a long time for 
ionic equil ibrium to be reestablished within the cathode 
matrix. 

We will show that iL, which ultimately determines use- 
ful cathode life, is proportional to both Li § concentration 
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and extent of cathode discharge. This should explain the 
linear relationship between cathode capacity and electro- 
lyte concentration. 

Let us assume that 8, which normally represents the 
diffusion-layer thickness, represents an increasing vol- 
ume of LiC1 products formed in the cathode pores. This is 
not unreasonable since the solid LiC1 acts as a concentra- 
tion gradient and hinders flow of Li § and SO2C1~ to the 
cathode interior. If we further assume that 6 can be repre- 
sented as a linear function of discharge time, t, in the 
form ~ = A + Bt, where A and B are constants, then it is 
clear that iL is a function of t. Specifically, the limiting 
current increases linearly with concentration and is in- 
versely proportional to discharge time. 

The concept of equating the diffusion layer thickness, ~, 
with a solid buildup of LiC1 in the porous cathode is not 
unreasonable. Figure 5 shows voltage sweeps of porous 
cathodes obtained during 25~ constant current dis- 
charge. The decrease of the apparent limiting currents as 
a function of discharge time are indicative of the cathode 
being blocked by LiC1 deposits. 

To summarize: decreased cathode capacity at electro- 
lyte concentrations _<0.75M during 25 ~ and -32~ dis- 
charge reflects the reaching of diffusion limits for mass 
transport of SO2C12 and/or Li § ions in the cathode pores 
due to choking of pores by precipitation of solid LiC1 re- 
action product. Concentration limits from deplet ion of Li + 
transport species are strongly suggested by sensitivity of 
cell capacity to LiA1CL electrolyte concentration. 

For electrolyte concentrations _>0.75M, the capacity vs. 
concentration plot of Fig. 3 at -32~ parallels electrolyte 
conductivity vs. concentration plot shown in Fig. 6, which 
also shows leveling off at higher electrolyte concentra- 
tions. This implies that, although transport limitations are 
no doubt important, conductivity is the limiting factor. 

The leveling off in the -32~ capacity vs. concentration 
curve of Fig. 3 may be simply due to the inelastic nature 
of the Teflon binder at low temperatures. Cathode capac- 
ity depends on cathode elasticity since the porous cath- 
ode must  expand sufficiently to accommodate the LiC1 
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deposits. If the Teflon binder does not stretch ade- 
quately, the cathode will tend to crack rather than swell. 
Decreased elasticity of the Teflon binder at reduced tem- 
perature is evident from the fact that discharged cathodes 
were stiff and rigid even after warming to room tempera- 
ture; carbon particles did not adhere well to the screen 
and tended to flake off rather easily. This breaking of 
carbon-to-carbon and carbon-to-screen contact was not 
observed with cathodes discharged at room temperature. 
This disruption of original cathode structure results in ca- 
pacity losses. 

The above is in agreement with observations that cath- 
odes discharged to a 1.0V cutoff at -32~ then warmed to 
25~ and further discharged at 25~ exhibited the same 
total ampere-hours expected for normal uncycled 25~ 
discharged cathodes. This was not due to a time depend- 
ent self-healing of the cathode since cells discharged at 
low temperatures, allowed to warm to room tempera- 
tures, then brought down to -32~ for additional constant 
current discharge showed no considerable capacity 
increase. 

Voltage reduct ion at reduced t empera tures . - -The  plot 
of cell operating voltage vs. temperature shown in Fig. 1 
appears discontinuous at temperatures -0~ From a 
simplified Tafel equation for irreversible reduction reac- 
tions, closed-circuit cathode voltages would be expected 
to be linear with temperature. The discontinuity in 
operating voltages vs. temperature plot of Fig. 1 suggests 
that changes in cell reaction mechanism are occurring at 
temperatures -<0~ This can be explained as follows: nor- 
mally, high operating potentials for Li/SO~C12 cells dis- 
charged at temperatures ->0~ correspond to reduction of 
molecular C12 produced by thermal decomposition of 
SO..,C12. The decomposition is catalyzed by highly active 
carbon cathodes or added catalysts (12, 13) as suggested 
previously (1) for room temperature discharge 

SO=,CI~ ~ SO., + CI~ 

At reduced temperatures, where thermally activated 
catalytic dissociation of SO~CI~ at carbon cathodes is inca- 
pable of maintaining adequate CI~ production for current 
drains applied, lower cell potentials are a result of direct 
reduction of SO~Cl~. Since the Li/SO~CI~ couple has a 
lower potential than does the Li/CI~ couple, the cathode 
operates at lower potentials. This is also true during later 
stages of discharge, when catalytic activity of the carbon 
cathode has been reduced and CI~ production is limited. 

Addition of Cl~ to cells where catalysis is slow (as would 
be the case when low surface area Shawinigan acetylene 
carbon black is used to make cathodes), has already been 
shown by Liang et al. (6) to substantially improve cell 
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operating voltages over wide temperature ranges in 
Li/SO~CI~ cells. This is a result of accelerated Cls utiliza- 
tion. Our argument that formation and subsequent  utiliza- 
tion of CI~ increases operating cell voltages is further 
substantiated by experiments performed at various tem- 
peratures with 1.5M LiA1C14-SO~CI~ electrolyte saturated 
with Cls both in the electrolyte and void space above the 
cell prior to cell discharge. 

Maximum solubility of C12 in SO2C1~ at room tempera- 
ture is less than ~I.0M (1, 6). Typical constant current cell 
discharge curves and Cl~-saturated cells shown in Fig. 7 il- 
lustrate two important differences when compared with 
unsaturated base lines. First, operating voltages for CI~- 
saturated electrolytes were indeed higher than for unsatu- 
rated base lines, and voltage enhancement  became more 
pronounced as cell discharge temperatures decreased. At 
25~ addition of CI~ does not increase operating voltages 
significantly, since for high area carbon used in this 
study, the cathode itself is fully capable of producing ade- 
quate amounts of CI., from heterogeneous dissociation of 
SO.~Cls. At reduced temperatures, however, thermally ac- 
tivated dissociation is essentially frozen out, and the cath- 
ode is incapable of supplying adequate C1.., for the particu- 
lar current drain. Addition of C12 from an external source 
results in increased cell plateau voltages of up to -0.5V. 

Cell operating voltages at early points in cell discharge 
for Cls-saturated electrolyte cells are inserted as open cir- 
cles in Fig. 8. It is clear that the voltage vs. temperature 
line at temperatures below 0~ extends toward the C12 
data points down to - 3 0 ~  and implies that if the cathode 
were capable of maintaining adequate amounts  of Cls on 
its own, operating voltages would be higher. 

Measured specific conductivities of C12-saturated 1.5M 
LiA1C14-SOsC]2 electrolytes do not differ significantly 
from that of unsaturated electrolytes over the tempera- 
ture range of -30 ~ to 25~ Thus, higher operating vol- 
tages observed with Cls-saturated solutions are not simply 
due to decreased IR losses but  rather are due to the mech- 
anisms outlined above. 

Both experimental and theoretical work in our labora- 
tory is currently underway to elucidate the detailed na- 
ture of SO2Cl~ dissociation processes at porous carbon 
cathodes and the physical and chemical factors in porous 
carbon cathodes operating voltages and capacities. Pre- 
liminary results have already been reported (14). 

A second difference between Cl~-saturated cells and 
base-line cells is that cells with Cl~-saturated electrolytes 
showed substantially decreased capacities when com- 
pared to base-line cells. A few possible explainations are 
offered. 
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Initially, C12 dissolved in electrolyte within the cathode 
volume is rapidly utilized and LiC1 reaction product is 
homogeneously deposited within the pores. However, as 
cell discharge proceeds, the cell first utilizes all dissolved 
Cls contained within the cathode pore interior. Diffusion 
of C12 from electrolyte bulk occurs preferentially at the in- 
terface of the cathode surface with the bulk electrolyte so- 
lution. These deposits formed at cathode surfaces have 
greater tendencies to clog surface entrances to pores and 
limit transport, thus resulting in premature cell failure. 

When electrolyte solutions are saturated with Cls, equi- 
l ibrium SOsC12 dissociation into SO~ and CI~ shifts to the 
left, and less dissolved SO2 exists in solution. Since SOs 
strongly coordinates C1- ions due to pi bonding between 
low lying 3d orbitals of sulfur and 3p orbitals of C1- (15), 
reduced SO,2 concentrations imply diminished complex- 
ation and more free C1- remaining in solution. Higher CI- 
concentration provides greater likelihood of LiC1 forma- 
tion and premature cell failure. 

When CI~ is present, l i thium can react directly with CI~ 
dissolved in the solution to form LiC1 

2Li + CI~ ~ 2LiC1 

Since no volatile products are formed in this reaction, 
the LiC1 film may be more compact and block the cath- 
ode more efficiently than LiC1 formed simultaneously 
with SO2. 

Decreased capacity with C]_,-saturated electrolytes disa- 
grees with results of Liang et al. (6), who found increased 
cell capacity in similar cases. The difference may result 
from physical properties of the carbon blacks used. Liang 
et al. used Shawinigan acetylene black (surface area: 65 
mS/g), while we used United XC-6310 (surface area: 1000 
mS/g). Differences in surface areas may effect Cls utiliza- 
tion rate. Another reason may be the lower electrolyte 
concentrations used by Liang et aI. 
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Solvent Mixing Effects on the Electrode Characteristics of 
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Japan 

ABSTRACT 

Charge-discharge characterist ics of Li negative and TiS= positive electrodes have been s tudied in LiBF4 solutions of 
te t rahydrofuran (THF), 1,3-dioxolane (DOL), and their  mixture.  Solvent mixing effects on the  charge-discharge charac- 
teristics were investigated. Charge-discharge potentials at the Li electrode in THF-DOL/LiBF4 were more stable than 
those in THF/LiBF4 and DOL/LiBF,, and they showed the least variation with the cycles. Ionic behavior  in the solutions 
is discussed through the data of current-potential  curves of the electrodes and electrolytic conductivi ty of the solutions. 
With respect  to the TiS= electrode, charging efficiency in THF was seemingly the best, but  the efficiency variation with 
the cycle in DOL-THF was very small. It  was concluded that advantages of solvent mixing should be evaluated totally in 
Li/TiS2 cells. 

A variety of ambient  temperature  Li secondary cells 
with posit ive electrodes of layered compounds  has been 
proposed during past  several years (1, 2). In  the course of 
the development  of the cells, it has been noted that  the 
choice of an electrolyte system is of special importance in 
the rechargeabil i ty of the Li electrode (3, 4). Koch and his 
co-workers found that  2-methyltetrahydrofurargli thium 
hexafluoroarsenate (2Me-THF/LiAsF~) is an excellent  
electrolyte system for secondary Li electrodes (5-7). The 
Li cycling efficiency was further improved by the addi- 
t ion of alcohols to 2Me-THF/LiAsF~ (8). Foes  and 
McVeigh proposed  polymethoxymethanes  as a stable and 
efficient solvent for Li electrodes (9). However, it has 
been also pointed out that  the charge-discharge character- 
istics of posit ive electrodes such as TiS2 are i n fuenced  
by electrolytic solutions (10-12). I t  is important  to know 
which of the electrodes governs the cell performance in a 
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practical secondary Li cell. Therefore, the effects of elec- 
trolytic solution on both negative electrode and posit ive 
electrode should be examined concurrently.  

Up to the present,  solutions consist ing of ether solvents 
are most promis ing as an organic electrolyte solution of 
the secondary Li cell. In this work, te trahydrofuran 
(THF), 1,3-dioxolane (DOL), and their  blends were mainly 
used as a solvent, and the solvent mixing effects on both 
TiS~ positive electrode and Li negative electrode were dem- 
onstrated. THF tends to decompose  on the Lfe lec t rode  as 
well as to cause Li dendri te  deposit ion (4, 13). DOL/ 
LiC104 solution is susceptible to detonat ion (14), and DOL 
tends to polymerize in its LiAsF~ solution (8). However,  it 
may be possible  to reduce these faults by blending the 
solvents and by  using other electrolytic salts. For  in- 
stance, Johnson et al. obtained good cell performance by  
using DOL-1,2-dimethoxyethane/Li closoborane (15). The 
Li cycling characterist ics in THF-diethylether/LiAsF6 
blend electrolytes were also invest igated (7, 16). In  the 
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present paper, the charge-discharge characteristics of the 
Li electrode and the TiS2 electrode were studied in lith- 
ium tetrafluoroborate (LiBF4) solutions of THF-DOL 
blends. The results were compared with those in the solu- 
tions consisting of the pure solvents. 

E x p e r i m e n t a l  
Materials.--The solvents were purified and dehydrated 

by distillation. THF (Toyo Soda Manufacturing) was first 
distilled in presence of CuC1 at 66~ Then it was fraction- 
ally distilled after the addition of Call2 (17). DOL (Tokyo 
Kasei Kogyo) was refluxed over Call2 for 48h followed by 
distillation at 75~ Then metallic Na chips were added 
and the solution was stirred for 48h or longer. Finally, it 
was distilled at 75~ again. The electrolytic salt was anhy- 
drous LiBF~ (Morita Chemical Industries, > 98%). It was 
further dried under reduced pressure at 80~ for 24h or 
longer. The desiccated LiBF4 was dissolved in the sol- 
vents (1.0M [mol dm-3]) under a dry Ar atmosphere. 

Lithium foil was obtained from Kyokuto Metal Indus- 
tries, sealed under Ar. TiS2 powder (Mitsuwa Chemical, 
> 99.8%) was used as received. 

Test cells.---A cylindrical Teflon cell (volume: 1.33 cm -~ 
• 1.5 cm) was used for cycling tests of the electrodes. In 
the Li electrode experiments,  both test electrode and 
counterelectrode were Li foil disks (1.33 cm 2 x 0.02 cm, 
0.014g). Polypropylene nonwoven cloth impregnated with 
the electrolytic solution was sandwiched between two 
electrodes. A Ni mesh was used as a current collector. A 
Li fragment on the tip of Ni wire was placed close to the 
test electrode as a reference electrode. For cycling tests of 
the TiS2 electrode, one of the Li electrodes was replaced 
with the TiS2 electrode in the cylindrical cell. The TiS2 
positive electrode was prepared by mixing the TiS2 pow- 
der (0.029g) with scaly graphite (Nakarai Chemicals, 
C-325, 0.088g) and Teflon powder (Mitsui Fluorochem- 
ical, Teflon-6J, 0.012g). Thus, the cell performances 
would be cathode limited. The graphite used here was 
well crystalized. It was preliminarily established that this 
kind of graphite was virtually inactive itself and did not 
accelerate the decomposit ion of the electrolytes. The mix- 
ture was molded into tablet with a pressure of 4.4 • 103 kg 
cm -~. However, the preparative conditions have not been 
optimized yet, and the electrochemical characteristics of 
the TiS2 positive electrode as presented here would not 
be the best possible. It was merely as a standard proce- 
dure in order to investigate the solvent mixing effects. 

A beaker-type glass cell was also used for measuring 
current-potential relationships at Li and TiS2 electrodes. 
The volume of the cell was 100 cm 3. A Li chip and a Li 
sheet with large surface ~irea were used as the reference 
electrode and the counterelectrode, respectively. 

Measurements.--The charge-discharge tests of the Li 
electrode were mainly carried out by a cycling procedure 
in which Li was discharged at 1 mA (= 0.75 mA/cm 2) for 
10 rain followed by charging at the same current density 
for 10 min. The variation of the electrode potential was 
measured during the first 30 cycles. Li cycle efficiency 
was determined by Koch's method (18), in which a Ni 
sheet was used as the substrate. The plating and stripping 
current densities (i,, i~) were 2 mA/cm 2, and the plated 
charge (Qp) was 0.2 C/cm 2. The cycling test of the TiS2 
electrode was conducted by galvanostatic discharge and 
charge (0.5 mA = 0.38 mA/cm2). The voltage limits were 
1.75V for discharge and 3.5V (or 3.0V) for charge. Current- 
potential curves of the electrodes were potentiostatically 
measured, where the electrode potential was stepwise 
changed at first from the rest potential to discharging 
ones and then changed to charging potentials. All experi- 
ments were carried out in a dry Ar atmosphere at room 
temperature (18~176 except  for conductivity measure- 
ments, which were carried out by a usual bridge method 
at 30~ 

Results and Discussion 
Li electrode.--Figure 1 shows the charge-discharge 

curves of Li electrodes in THF/LiBF4 and DOL/LiBF4. 
The potential variation with cycling in THF/LiBF4 was 
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Fig. 1. Charge-discharge curves of the Li electrodes in 1M LiBF4 solu- 
tions of THF and DOL. Current density: 0.75 mA/cm ~. 

relatively small, but the potentials varied by a few tens of 
millivolts during 10 rain in each cycle. However, in the 
DOL solution, the potential difference between charge 
and discharge gradually increased with cycling, even 
though the potential variation in each cycle was small. 
The charge-discharge curves in the mixed electrolyte, 
DOL-THF/LiBF4, are shown in Fig. 2, where the mixing 
ratio is 1:1 volume (54 mole percent [m/o] DOL). There are 
two attractive characteristics in the mixed solution, com- 
pared with those in the solutions consisting of the pure 
solvents. The one is that charging and discharging poten- 
tials remain almost constant during 10 rain in each cycle. 
The other  is that the potential variation with cycling is ex- 
tremely small. In addition, dendritic deposition of Li 
which was liable to occur in THF/LiBF4 took place 
scarcely in the DOL-THF/LiBF4 solution. It seemed that 
the mixed DOL-THF holds concurrently the good points 
which DOL and THF have individually. 

Anodic and cathodic current-potential relations at Li 
electrodes were measured in a beaker-type cell. The 
current-potential curves in THF, DOL, and DOL-THF (1:1 
volume) are shown in Fig. 3. The curves were first mea- 
sured in the anodic direction and then measured in the 
cathodic one. The solid curves in Fig. 3 indicate that the 
measurements were carried out without stirring the solu- 
tions and the.broken curves correspond to the measure- 
ments with solution stirring. Current densities without 
stirring in DOL-THF/LiBF4 were higher than those in 
THF/LiBF4 or DOL/LiBF4 at given potentials. That is, 
polarization of the Li electrode for both anodic (dis- 
charge) and cathodic (charge) reactions in the mixed solu- 
tion was smaller than that in THF or DOL. This is com- 
patible with the results shown in Fig. 1 and 2, where 
lower overvoltages were observed during charge and dis- 
charge in the mixed solution than in THF or DOL. In 
these electrolytic solutions the Li electrode reactions 

Li ~ Li + + e [I] 

are mostly controlled by mass-transfer process, if the po- 
tential is somewhat far from the reversible potential. In 
the present case, two mass-transfer processes would be 
possible: one is Li ~ ion diffusion in the electrolytic solu- 
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c - 0 . I  
0 

r, 

-0.2 
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Fig. 2. Charge-discharge curves of the Li electrode in 1M LiBF4 solu- 
tion of DOL-THF (1:1 volume). Current density: 0.75 mA/cm 2. 
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Fig. 3. Current-potential curves of the Li electrodes in 1M LiBF4 solu- 
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tion and the other is Li ~ ion diffusion across the Li 
passivating film (4). As shown in Fig. 3, the current 
densities, especially in THF and DOL-THF, were depend- 
ent on solution stirring. Therefore, the processes were 
mainly controlled by Li § ion diffusion in the solution, and 
not by Li § ion diffusion across the Li passivating film. 
The current increase with solution stirring at more nega- 
tive potentials ( -  -1.0V) in THF was probably due to in- 
crease in true surface area of the electrode by dendritic 
deposition of Li. In DOL, however, the current increase 
with solution stirring was rather small. The results shown 
in Fig. 3 suggest that the diffusion rate in the mixed solu- 
tion is higher than those in the solutions consisting of 
neat solvents. 

Solvent mixing effects were also observed in electro- 
lytic conductivity of the solution. Figure 4 shows the con- 
ductivity of LiBF4 in THF, DOL, and DOL-THF (1:1 vol- 
ume) as a function of LiBF4 concentration. The 
conductivity of the mixed solution was higher than that 
of THF/LiBF4 or DOL/LiBF4. This means that the ionic 
mobility, or the diffusion rate, of Li § ion in the mixed so- 
lution is higher than that in THF or DOL, and then it is 
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Fig. 4. Conductivity of LiBF4 in THF (O), DOL (V) ,  and DOL-TH F (1:1 
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consistent with the results shown in Fig. 3. Ionic mobility 
is virtually determined by size of solvated ion and viscos- 
ity of solution (19, 20), as shown in Stokes'  equation 

Izle 
u - - -  [2] 

6~r~or~ 

where u is ionic mobility, To is solvent viscosity, rs is 
Stokes' radius of the ion, and other symbols have their 
usual meanings. It was presumed that a suitable solvation 
state of Li + ion in DOL-THF and/or lowering of viscosity 
by blending THF and DOL mainly contribute to higher 
diffusion rate of Li § ion (21). The suitable ion solvation 
might also be responsible for the stable potential change 
during the cycle in mixed DOL-THF. Consequently, sol- 
vent mixing effects on the conductivity would highly re- 
late to those on the Li electrode characteristics. However, 
further details of Li § ion behavior will be discussed else- 
where (21). 

Li cycle efficiency determined by Koch's method (18) 
is shown in Fig. 5. In spite of low plating and stripping 
current densities (2 mA/cm ~) and low plated charge (0.2 
C/cm~), the efficiency in DOL/LiBF4 was much less than 
those in-others.  The efficiency variation in THF/LiBF4 
was quite similar to those obtained by Koch and Young 
(22). There was no great effect on the efficiency in initial 
cycles by mixing THF with DOL, but it seemed that the 
efficiency variation with cycle number  in DOL-THF was 
less than that in THF. However, quantitative values of the 
efficiency were not presented here because of their lesser 
reproducibility. Further investigations of the solvent 
mixing effects on the cycle efficiency are now in prog- 
ress under various experimental  conditions. 

TiS,, electrode.---Figure 6 shows the current-potential 
curves of the TiS~ electrode in THF/LiBF1, DOL/LiBF4, 
and DOL-THF (I:I)/LiBF4. The measurements were 
carried out in the direction of arrows on the curves. A 
hysteresis observed on each cathodic curve seems to orig- 
inate from partial reduction during the measurement.  
Some difference in zero-current potential was detected 
between three electrolytic solutions. This is probably due 
to variations in the state of charge and in the degree of re- 
laxation of the electrode during the measurement  and not 
to the change in the electrolyte itself. The order of current 
density at given potential was DOL-THF > THF > DOL, 
which was similar to the case of the Li electrode. How- 
ever, the TiS~ electrode reaction 

TiS~ + xLi + + xe ,~ LixTiS~ [3] 

is not limited only by mass-transfer process, in contrast to 
the Li electrode reaction. The detail of reaction [3] is com- 
plicated. The reaction involves not only charge-transfer 
process and Li § ion diffusion in the solution but also ion 
transfer in pores of the electrode mixture and the transfer 
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Fig. 5. Cycle efficiency of the Li electrodes in THF (V), DOL (O), and 
DOL-THF (1:1 volume) (�9 Substrate: Ni sheet. Qp = 0.2 C/cm 2. ip = i s 
= 2 mA/cm 2. 
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Fig. 6. Current-potential curves of the TiS2 electrodes in 1M LiBF4 so- 
lutions of THF (A), DOL (B), and DOL-THF (1:1 volume) (C). 

in the layered structure of TiS2 crystal (11). Although it is 
not clear which step is rate determining in the TiS2 elec- 
trode reaction, one might expect from the current- 
potential curves that blending THF and DOL has a good 
effect on the charge-discharge reaction of the TiS2 
electrode. 

The charge-discharge curves of the TiS2 electrode in 
THF/LiBF4, DOL/LiBF4, and DOL-THF(I:I)/LiBF4 are 
shown in Fig. 7, 8, and 9, respectively. As open-circuit vol- 
tages became almost constant within lh, �82 measure- 
ments were carried out after standing the cells for lh. 
Further standing before the cycle did not show any 
change in the first cycle capacity. Discharge (or charge) 
time of 10h corresponds to x = 0.72 in Eq. [3] from the cal- 
culation based on the TiS2 weight. Equivalence of Li used 
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Fig. 7. Charge-discharge curves of the Li/TiS~ cell. Electrolyte: 

THF/LiBF4 (1M). Current density: 0.38 mA/cm 2. 
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Fig. 9. Charge-discharge curves of the Li/TiS~ cell. Electrolyte: DOL- 
THF (1:1 volume)/LiBF4 (1M). Current density: 0.38 mA/cm 2. 

in this study as the counterelectrode was about 7.8 times 
of that of TiS2 (see Experimental). Accordingly, variation 
of cell voltage is mainly attributable to the potential 
change at the TiS2 electrode. Charge-discharge 
efficiencies in THF were seemingly better than those in 
DOL and DOL-THF, during the first five cycles. In 
DOL-THF/LiBF4, discharge capacity at the first cycle 
was comparable to that in THF, but  efficiency of the 
first charge was ca. 50% of the first discharge. However, 
the subsequent charging efficiencies no longer decreased 
and were more than 80% of corresponding discharge. 
Thus, if any side reactions are not involved, it is consid- 
ered that charge and discharge of TiS2 in DOL-THF/ 
LiBF4 reversibly cycle in the range of about 0.4 -< x -< 0.7. 
Similar cycling behavior was observed in the DOL solu- 
tion, except for relatively low capacities of the first dis- 
charge and the subsequent  charge. 

Extended cycling efficiencies of the Li/TiS2 cells were 
also examined with the same test cell. Charge-discharge 
curves in THF and DOL-THF(I:I) are shown in Fig. 10 
and 11, respectively. Viscosity of the DOL/LiBF4 solution 
tended to increase with cycles extended over a long time. 
This would be due to polymerization of DOL initiated by 
small amount  of acids (23), which were either contained 
as impurity in the original LiBF4 or evolved electrochemi- 
cally during charge-discharge cycles. Thus, cycling 
efficiencies in DOL steeply decreased after five cycles. 
Charge-discharge efficiency in THF/LiBF4 decreased 
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Fig. 10. Charge-discharge curves of the Li/TiS~ cell. Electrolyte: 

THF/LiBF4 (1M). Current density: 0.38 mA/cm ~. 
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Fig. 11. Charge-dischorge curves of the Li~TiS~ cell. Electrolyte: DOL- 
THF (1:1 volume)/LiBF4 (1M). Current density: 0.38 mA/cm ~. 
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gradually after the sixth charge, and the cycle became im- 
possible after the th i r teenth  charge. At the end of this cy- 
cling, Li dendrite deposition was observed even in the po- 
rous polypropylene separator. It was thought that short 
circuits were formed between the positive and negative 
electrodes through the dendrite. Charge-discharge 
capacities (Ah) in DOL-THF kept almost constant, except 
for the first discharge. After 40 cycles, however, charge- 
discharge efficiencies decreased slowly, and the 
capacities were exhausted practically after 45 cycles. A 
rise in the viscosity was not observed in DOL-THF/LiBF4, 
in contrast to the DOL solution. Since the cells were ini- 
tially cathode (TiS2) limited, total accumulated cell capac- 
ity might be evaluated for theoretical capacity of TiS2 
used (so-called FOMTis2). Resulted FOMTis2'S were about 7 
in THF, 1.5 in DOL, and 9 in DOL-THF. However, in- 
creasing in the cycle number  in DOL-THF would be ow- 
ing primarily to the improved cycling characteristics at 
the Li electrode in that solution. 

X-ray diffraction of the TiS2 electrodes was examined 
after the cycles. Diffraction intensities of TiS2 were de- 
creased with cycling in every solution. This suggested 
that the layered structure of TiS~ crystal diminished with 
cycling. From the fact that the efficiency of the first 
charge in DOL-THF was much different from that in 
THF, it was supposed that the solvent took part in the 
charging reaction of TiS2. However, no marked difference 
was detected in x-ray diffraction data between two solu- 
tions. Further detailed investigations should be required 
to clarify the relation between the electrolyte composition 
and cycling characteristics of the TiS2 electrode. Cycling 
efficiency of the Li/TiS2 cell with the DOL-THF(I:I) sol- 
vent  was not very high, so far as the present work, but  it 
will be improved by changing experimental conditions 
such as preparation of the TiS2 electrode and the test cell 
construction. 

Conclusions 
Solvent mixing effects on the electrode characteristics 

of Li]TiS2 cells have been investigated in the DOL-THF 
system, and the results are summarized as follows. 

1. Charge-discharge potentials at the Li negative elec- 
trode in a DOL-THF blend were more stable than those in 
neat THF or DOL. The Li electrode in DOL-THF/LiBF4 
showed the least polarization. These seemed to relate that 
the electrolytic conductivity of LiBF4 was improved by 
mixing the solvents. 

2. Current-potential relations at the TiS2 positive elec- 
trode suggested higher cyclability of TiS2 in DOL-THF 
than in THF or DOL. Initial charging efficiency in DOL- 
THF was rather low, but  its variation with the cycle was 
very small. 

3. The total cycle performance of the cell was initially 
the best in THF/LiBF4 because the cells used in this work 

were cathode (TiS2) limited. With increasing the cycle 
number ,  however, the cell performance became anode 
(Li) limited, and then the cycle life of the cell with DOL- 
THF/LiBF4 was the best. 
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ABSTRACT 

A general method for computing parasitic intercell currents in series connected electrochemical cells with common 
electrolytic path is described. This method covers systems operating with constant as well as variable parameters such 
as usually are encountered in practice. The Li/SOCI~ battery is selected to illustrate the evolution of parasitic intercell 
currents in the course of battery discharge. 

Often, it is necessary to construct a battery having a 
high energy density that must be able to operate at high 
power outputs. One way that this goal can be accom- 
plished is by selecting a lithium battery and using bipolar 
electrodes, which provide a compact series connection of 
the individual cells. Such a design is very attractive. How- 
ever, because of the reactivity of metallic Li when in con- 
tact with an electrolyte, only a reserve configuration is 
practical, which means that a continuous electrolytic path 
through all of the cells must be provided for either filling 
the battery or flowing the electrolyte. 

Our purpose in this communicat ion is to discuss the ef- 
fects of current flowing in the common electrolytic path 
on the operational characteristics of batteries and other 
electrochemical devices. Although most of the treatment 
is general, the results are illustrated using a LJ/SOCI~ bat- 
tery employing thin disk-shaped cells of bipolar construc- 
tion. 

T h e o r e t i c a l  
Qualitatively, intercell current is an ionic current that 

originates in one cell and terminates in another cell. This 
current does not perform any useful work; on the con- 
trary, it is considered a parasitic current resulting not 
only in the loss of power but also in the loss of capacity, 
and it may contribute to the premature failure of individ- 
ual cells by the formation of passive films or by the cor- 
rosion of structural parts. 

The operation of a battery is a dynamic event consisting 
of a series of consecutive elementary processes wherein 
the slowest determines the overall rate. To illustrate, let 
us consider the Li/SOC12 system (Fig. 1). Two processes 
occur at the negative; they are the charge transfer reac- 
tion (oxidation) and the transport of Li § ions through the 
protective LiC1 film whose thickness depends on the 
electrolyte composition and the rate of battery discharge 
(1). The situation at the positive is far more complex be- 
cause, first, the reaction takes place within the confines 
of a porous structure, and, second, the physicochemical 
properties of the electrolyte change in the course of bat- 
tery discharge. In spite of this complexity, each elemen- 
tary process obeys, at least approximately, a generalized 
Ohm's law, i.e., it can be described by an equation of the 
type, j = kX, relating the flux j to the driving force X 
through a phenomenological  rate constant k. Such a de- 
scription suggests that an electric circuit analog can be 
used to represent the overall process occurring in the in- 
terior of the ce l l  

Equivalent circuit analog.--An electric circuit analog of 
a reserve battery during discharge is shown in Fig. 2. This 
representation greatly simplifies the real situation and 
yet permits the treatment of the intercell currents in a 
more general way than similar models that have appeared 
in the literature (2-7). Here, the phenomenological  coeffi- 
cients associated with ionic current in the segments of the 

*'Electrochemical Society Active Member. 

electrolyte in the fill path and the feed line into the en- 
trance port of the cell are replaced by equivalent resist- 
ances, Rt,~ and Rf.~, respectively. This replacement requires 
that the current distribution on the cross section of the 
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Fig. 1. Li/SOCI2 cell. A: Li foil. B: protective film. C: porous carbon 
electrode. D: bipolar Ni plate. E: insulators. ~*: distance (equivalent) be- 
tween charge transfer planes. Intercell current indicated by heavy arrow. 
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Fig. 2. Battery representation by equivalent electric circuit. V,_I: cell 
voltage. ~ - i :  potential at manifold inlet to (i - 1 )th cell. J~: circulating 
current. JV loop current in an external resistor RI. Rf: manifold feed-line 
resistor. Rt: equivalent fill-tube resistor. Control volume element indica- 
ted by heavy dashed line. 
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electrolyt ic  pa th  be  uniform,  which,  in pract ice,  is only  
app rox ima te ly  correct .  Fur ther ,  i f  we  a s sume  that  the  po- 
tentials  in the  e lec t ro ly te  at the  en t rance  port  to the  cells, 
~ ,  are un i fo rm and equa l  to a longi tudina l  average  be- 
tween  the  cell  e lec t rodes  and that  the  e lec t rodes  are equi-  
potent ia l  wi th  the  potent ia l  d i f ference  of  V~ = V~.~ - V~,~ 
be tween  them,  t h e n  the  loop equa t ions  for, the  current ,  J~, 
in the  ex te rna l  load, R,, and for the  c i rcula t ing currents  in 
the  fill path,  J,, are given,  respect ive ly ,  by 

J~RI = ~ Vi [1] 
i=1 

and 
-J~-~ Rf.i + J~ (Rf.i + Rf,,+~ + Rt.~) - J~+~ Rf, i+~ 

= ~+~ - r (i = 1, 2 . . . . .  N - 1) [2] 
where  we  neglec t  the  potent ia l  drop  across the  separator.  

S ince  the  c i rcula t ing  current ,  J~, flows in the  reverse  di- 
rec t ion  in the  i th  s egmen t  of  the fill path,  then  

Jo = JN = 0 [3] 
Fur the rmore ,  the  intercel l  cur ren t  into a cell, It, is g iven  
by 

I, = J~ - Ji-~, (i = 1, 2, . . . ,  N) [4] 
whi le  the  total  e lec t rode  cur ren t  into a cell, i.e., the  anodic  
c u r r e n t ,  Ia,~ , is 

I~.~ = J] + Ji-~, (i = 1, 2, . . . ,  N) [5] 

Finally,  we  have  the  r e q u i r e m e n t  that  the  bipolar  plate  be  
equipotent ia l ,  i.e. 

V~.~+~ = Vc.,, (i = 1, 2, . . . ,  N - 1) [6] 

where  again the  potent ia l  drop  across the  separa tor  is ig- 
nored.  

R e f o r m u l a t i o n  o f  a p p l i c a b l e  e q u a t i o n s . - - T h e  N Eq. [1] 
and [2] can be solved for J~ and J~ if  ~ and V~ can be  ex- 
pressed  in t e rms  of  the  Ia.~ and L. To obta in  the needed  in- 
format ion,  it is necessary  to cons ide r  in some detai l  the  
current  and potent ia l  d is t r ibut ions  wi th in  a cell  that  is 
opera t ing  in the_presence of intercel l  current .  Resul t s  for 
a cell  hav ing  cyl indr ical  s y m m e t r y  have  been  g iven  else- 
where  (2); however ,  a t r ea tmen t  is g iven  in A p p e n d i x  A in 
order  to p rov ide  the  resul ts  re levant  to the  fur ther  discus- 
sion. Thus,  suppress ing  the  cell  i ndex  w h e n  all quant i t ies  
in an equa t ion  refer  to the same cell, the  potent ia ls  at the  
en t rance  ports  of  the  cells and the  potent ia l  d i f ferences  
across the  cells  are, respec t ive ly  

r = r + I R~ [7] 
and 

V = U~ - U~ - (I,  + IGIo-D R~ [8] 

Here,  the  potent ia l  to the  en t rance  por t  in the  absence  of  
the  intercel l  cur ren t  is 

~o = (Va - Ua) o'[O'c -F (Yc - Uc) O-[O'a [9] 

and the  i m p e d a n c e  to the  in tercel l  cur ren t  at the  en t rance  
port  and the  in ternal  cell  i m p e d a n c e  are, respec t ive ly  

a p  m 

and 

re [ l~(b/r~)Ko(a/rD + K,(b/re)Io(a/r e) 
7ra~*(K~ + K~) L ~ -K~(b / re ) I~ (a / r~ )  10] 

1 
R, [11] 

~-(b 2 - a2)G 

The func t ions  I .  and K~, (v = 0, 1), are the  modi f ied  
Bessel  func t ions  of  the  order  u, wh ich  arise because  of  the  
s y m m e t r y  of  the  cell. Other  quant i t i es  are def ined as fol- 
lows: the  charac ter i s t ic  dep th  of  penet ra t ion ,  the  ef fec t ive  
e lec t rode  resist ivi t ies,  and the ef fec t ive  cell  resis t ivi ty are 
g iven  respect ive ly ,  by 

: 8 .  [ 1 2 ]  

1 
1/r = l/k~ + - ~  8*/K~, (v = a, C) [13a] 

1/o- = 1/o'~ + 1/Oc [ 1 3 b ]  

Having  the  in format ion  deve loped  in A p p e n d i x  A and 
summar i zed  in Eq.  [7]-[13], we are in a posi t ion to com- 
plete  the  descr ip t ion  of  the bat tery  model ,  i.e., to express  
Eq. [1] and [2] in t e rms  of the  c i rcula t ing  currents .  This  is 
a relat ively s imple  mat te r  for Eq.  [1]. S tar t ing wi th  Eq.  [8] 
and c o m b i n i n g  it wi th  Eq. [4] and [5], we  get  the potent ia l  
depress ion  across  a cell  

Ui - Vi = (Jll~i + Ji-llo'a,, + Jil~ca) Rz,~cri [14] 

S u m m a t i o n  of  bo th  sides of  Eq.  [14], t ak ing  into accoun t  
Eq. [3], and subs t i tu t ion  of  the  resul t  into Eq. [1] yields 

] i  J, R, + g,.i = Ui - Ji g*,,~ [15] 
i = l  i = l  i = l  

where  
R*z,i = Rz.~+lo-,+l/o-a,~+l + R~.~cr]~c.~ [16] 

A more  c o m p l e x  p rocedure  is r equ i red  to express  Eq.  
[2] in t e rms  of  Jl and Ju Fo l lowing  the  d e v e l o p m e n t  pre- 
sen ted  in A p p e n d i x  B, we  use Eq.  [6], [7], [9], and [14] to 
rewri te  the  r ight  side of  Eq.  [2] and obta in  

-J i - ,R*f . i  + Ji (R*f,i + R*f.i+, + R*za + R~,i) - J~+,R*f.i+l 

= Us* - J,R*~.,, (i = 1, 2 . . . .  , N - 1) [17] 

where  the  equ iva len t  feed l ine res is tance  is 

Rf* = Rf + R, - R, G~/((rao-c) [18] 

and the  equ iva len t  open-circui t  potent ia l  of  a cell  is 

Ui* = Uc . i -  Ua,~+, [19] 

Equa t ions  [15] and [17] wi th  Eq.  [3] const i tu te  the  set of  N 
equa t ions  that  mus t  be solved to obta in  the  c i rcula t ing 
currents ,  Jl and J~ (i = 1, 2 , . . . ,  N - 1). 

In t e rce l l  c u r r e n t  a n d  p o t e n t i a l  d i s t r i b u t i o n s . - - U s i n g  the  
relat ions deve loped  in A p p e n d i x  A, we have  for the  local  
anodic  and ca thodic  current  densi t ies  

G6*(Ka + r~) 
i a = G(U-V) ( r  r [20] 

2 re2 (re 
and 

ic = G(U-V) + ( # -  ~-o) [21] 
2 r e  2 O" a 

respect ively ,  whe re  the  radial  potent ia l  d is t r ibut ion  is 

I r e  
6 - 4~o - 

"rraS*(K a + Kc) 

[ 1,(b/r~)go(r/r~) + K~(b/r~)Io(r/re).] [22] 
I](b/re)K~(a/r~) K~(b/r~)l~(a/re)J 

and U = U~ - Ua is the  open-c i rcui t  potent ial .  
Equa t ions  [20] and [21] show clearly the  effect  of  the  

intercel l  current ,  I, and the  potent ia l  depression,  U-V, on 
the  local charge  t ransfer  cur ren t  density.  Thei r  radial  de- 
p e n d e n c e  is con ta ined  in the  t e rm de t e rmined  by Eq. [22], 
where,  f rom the  proper t ies  of  the  modi f ied  Besse l  func- 
tions, we  find that  for posi t ive  I, ~ - $o is a posit ive,  mon-  
otonical ly  decreas ing  func t ion  of  the  radius,  r. In spec t ion  
of  Eq. [20] and [21] reveals  that  i f  the  in tercel l  current ,  I, is 
of  the  same sign as the  potent ia l  depress ion,  U-V, then  
current  reversa l  is possible  only  on the  anode,  whi le  i f  
these  quant i t ies  are of  the  oppos i te  sign, then  cur ren t  re- 
versal  can take place  only on the  cathode.  S ince  U-V is 
pos i t ive  for a d ischarg ing  cell, for  posi t ive  I, i.e., for 
intercel l  cur ren t  into the  cell, r eversed  current  can occur  
on the  inner  por t ion  of  the  anode,  p roceed ing  f rom r = a 
ou tward  to r = ro, i.e., that  is to where  i a = 0 ,  whi le  for 
nega t ive  in tercel l  current ,  r eve r sed  cur ren t  is possible  on 
the  inner  por t ion  of  the cathode.  Such  a current  reversa l  
wou ld  force the  cell  to act as an e lec t ro lyzer  over  the  af- 
fected e lec t rode  area. 

The  total  a m o u n t  of  reversed  cur ren t  is ca lcula ted by 
in tegra t ing  the  local  current  densi ty,  e i ther  Eq.  [20] or  
[21], over  the  affected e lec t rode  area, ~-(ro 2 - a2). The  re- 
sult  is e i ther  
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Ia(ro) = rr(ro 2 - a 2) o- (U-V) - IT~/Crc [23] 
o r  

Ic(To) = ~-(ro  2 - a 2) ~ (U-V) + I ] , o - / ( r  a [24] 

where  
r_..~o [.Ii(b/re) g,(ro/re) - K,(b/re) Ii(ro/re) ] 

1 [25] 
a [ I,(b/re) K~(a/re) K~(b/r~) I,(a/re) J 

and where  ro is e i ther  the  radius  for zero c.d. on the  an- 
ode or the  cathode,  respect ively .  

C o m p u t a t i o n a l  r e su l t s . - -Equa t ions  [15] and [17] de- 
scribe a bat tery  mode l  in wh ich  the  cell  parameters  can 
vary  f rom cell  to cell. Indeed,  this will  be  the  case, s ince 
in a d i scharg ing  bat tery the  in tercel l  currents  vary  f rom 
cell  to cell. Thus,  in general ,  the  N in Eq.  [15] and  [17] can 
be  solved only numerica l ly .  

A s imple r  case is that  wi th  cons tan t  coefficients  that  
are un i fo rm f rom cell  to cell, where  the  solut ion can be  
obta ined  in c losed form. Equa t ions  [15] and [17], wi th  con- 
stant and un i fo rm parameters ,  r educe  to 

N--I 

J~(R~ + NR~) = N U  - R~ ~ J~ [26] 

and 

- J H R f *  + Ji (2Rf* + R~ + Rt) - Ji+,Rf* = U - J1R~, 

i = (1, 2 . . . . .  N - 1) [27] 

respect ively ,  wi th  the  only reference  to a par t icular  cell  
occur r ing  on the  c i rcula t ing currents .  

This set of  N equa t ions  can be  solved us ing  the  m e t h o d  
of  u n d e t e r m i n e d  coeff icients  (see A p p e n d i x  C). The  re- 
sults are as fol lows 

N(1 - if) U 
J~ = [28] 

R, + N(1 - ~) R~ 

J ~ = J ,  1 ~ +  i " ' ( i =  0,1 . . . .  , g )  [29] 

and f rom Eq. [4] 

I , = J p - - - k - - ~ +  1 ~ - 1  ( ~ N - ~ - - ~ - ~ ) , ( i =  1 , 2 , . . , N )  [30] 

where  

1 

(2 + + [32] 
k = 1 + 2Rt - - - - - - -~-  + ~ 2Rf* 2Rr* ] 

and 

Rz [ 1 _  (kN-- 1)(k + 1) ] 
-- Rt + R~ N - - ~ - - ~ 0 ~ - - - 1 )  [33] 

Application to Li/SOCI2 Battery 
The pr incipal  d i sadvantage  of  a c o m m o n  electrolyt ic  pa th  
is the  con t inuous  d ischarge  of  the  cells which  resul ts  in 
an underu t i l i za t ion  of  the  reactants  as wel l  as in a loss of  
power.  In  marg ina l  designs,  c i rcula t ing  currents  may  con- 
t r ibute  to t he rma l  m a n a g e m e n t  problems.  Addi t ional ly ,  
the  post- tes t  examina t ion  of  a n u m b e r  of  d i scharged  
Li/SOC12 bat ter ies  of  the reserve type  has  revea led  the  
dendr i t ic  g rowth  of  metal l ic  Li  in cells  at the  nega t ive  end 
and ev idence  of  an oxida t ion  react ion in cells at the  posi- 
t ive end. 

In wha t  follows, we  will  begin  by e x a m i n i n g  the charac-  
terist ics of  the  intercel l  and c i rcula t ing currents  in 
bat ter ies  w i th  un i fo rm and cons tan t  parameters ;  next ,  we  
will  i l lustrate  the  effect  of  chang ing  parameters  upon  the  
d is t r ibut ion  of  these  currents ;  and, finally, we  will  
briefly cons ider  impl ica t ions  invo lv ing  cur ren t  reversal.  

Cons tan t  p a r a m e t e r s . - - T h e  uni fo rmi ty  of bat tery  pa- 
rameters  can be  approx ima te ly  real ized only in ba t te ry  
des igns  e m p l o y i n g  f lowing e lec t ro ly te  and opera t ing  at 
cons tan t  p o w e r  output .  In  o ther  designs,  such  assump-  

Table I. Data for modeling of intercell currents 

Electrode inner radius a 1.8 cm 
Electrode outer radius b 5.7 cm 
Electrode separation 6* 0.01 cm 
Fill tube radius rt 0.2 cm 
Fill tube segment length It 0.0~i cm 
Thickness of feed path d 0.03 cm 
Electrolyte conductivity K 0.01 S cm- '  
Separator porosity in cell ez 0.5 
Separator porosity feed path e~ 0.8 
Electrode polarization: anode ka 5.0 S cm-'-' 
Electrode polarization: cathode ko 1.0 S cm-'-' 
Open circuit potential U 3.6V 
Discharge time T 600s 
Discharge CD JaJc ~ 80 mA cm-'-' 

t ions have  only l imi ted  validity;  never theless ,  they  serve  
the  useful  pu rpose  of  i l lustrat ing h o w  the  e lec t rochemica l  
and des ign paramete rs  interact ,  and thus  can p rov ide  
guidance  on an approach  to min imize  the  intercel l  cur- 
rents.  

F igures  3a-3c show the  change  in the  c o m p u t e d  distri- 
bu t ions  of  the in tercel l  and c i rcula t ing currents  as a func- 
t ion of  the n u m b e r  of  cells. The  paramete rs  used  in these  
and the  fo l lowing calcula t ions  are a s sembled  in Table  I. 
In  each  case, the load res is tance  was chosen  to be 0.512 
per  cell  so as to m a k e  the  load current  approx ima te ly  the  
same  for all of  the  bat ter ies  and the  fil l-tube and feed-l ine 
res is tances  were  app rox ima ted  by the  express ions ,  
respec t ive ly  

It 
R t  - - -  [ 3 4 ]  

77" rt2Kt 

and 

R f -  2~rdKf 

w h e r e  It and rt are, respect ively ,  the  l eng th  and radius  of  
the  s egmen t  of  the  fill tube  that  connec t s  two cells, d is 
the  th ickness  of  the  annular  feed  l ine into each  cell, and  Kt 
and Kf are the  effect ive  conduct iv i t i es  of  the e lec t ro lyte  in 
the  fill tube  and feed line, respect ively .  In  addit ion,  we 
as sumed  Ka = Kc = Kez, Kf = Kef, and Kt = K, where  ez and ef 
indicate  the  respec t ive  porosit ies.  

Quali tat ively,  all of  the bat ter ies  exh ib i t  a m a x i m u m  in 
the  c i rcula t ing currents  at the  centra l  cells; whereas ,  the  
intercel l  cur rents  are largest  at the  end  cells and change  
their  s ign f rom posi t ive  to negat ive,  i.e., f rom enter ing  a 
cell  to ex i t ing  a cell  at the  nega t ive  and posi t ive  ends  of  
the bat tery,  respect ively .  Interes t ingly,  for bat ter ies  hav- 
ing  a small  n u m b e r  of  cells (Fig. 3a), all cells genera te  
intercel l  currents .  However ,  wi th  an increase in the  num-  
ber  of  cells, e.g., for N = 40 (Fig. 3b), the  central ly  loca ted  
cells cont r ibu te  s ignif icantly less, and for N = 80 (Fig. 3c), 
the major i ty  of  the cells do not  con t r ibu te  to the  in tercel l  
current  at all, i.e., a large sect ion of  the bat tery does  not  
suffer underu t i l iza t ion  of  its reactants .  

The  rapid  decrease  in the  intercel l  cur ren t  for the  cen-  
trally loca ted  cells, par t icular ly  w h e n  N is large (Fig. 3c), 
impl ies  that  a bat tery  can be v i ewed  as consis t ing  of  seg- 
ments  near  each end, OB and CE, where  a substant ia l  un- 
derut i l izat ion of  reactants  occurs,  and a central  segment ,  
BC, where  cells operate  wi th  equa l  anodic  and ca thodic  
currents .  Fu r the rmore ,  i f  the  in tercel l  current  exceeds  a 
crit ical  value,  wh ich  depends  on the  potent ia l  depress ion  
and thus  on the  cell  load, addi t ional  segment s  may  be 
identified,  OA and DE: namely,  those  where  the  elec- 
t rode  cur ren t  is reversed  over  par t  of  an electrode.  The  ef- 
fect  of  reversed  current  is i l lus t ra ted in Fig. 4a-4c, 
where in  pho tographs  of  the  feed-l ine reg ion  of  a series 
s tack show clear  ev idence  of  e l ec t rochemica l  act ivi ty  at 
the  posi t ive  (Fig. 4a), and nega t ive  (Fig. 4b) ends,  and no 
measurab le  amoun t s  at the  center  (Fig. 4c). 

The ~ p a r a m e t e r . - - F o r  a g iven  n u m b e r  of  cells, the  rela- 
t ive d is t r ibut ions  of  both  the  c i rcula t ing  and intercel l  cur- 
rents  d e p e n d  on the  va lue  of  the  pa rame te r  ),. This  param-  
e ter  is g iven  by Eq. [32] and is a func t ion  of  the  ratio: (R, + 
Rz)/(Rf + R ,  - Rzo~/~a(rc), i.e., it depends  on  the  ba t te ry  de- 
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Fig. 3. Distributions of circulat- 
ing (thin line) and intercell currents 
(heavy lines) as functions of the 
number of cells, a: small number of 
cells (N = 10). b: moderate number 
of cells (N = 40). c: large number 
of cells (N = 80). 
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Cell located in the central region of an 80-cell assembly, c(bottom): Cell 
located at the positive end. I > I 'c; corrosion products indicated by 
orrow. 

sign (dimensions) as well as on the properties of the elec- 
trolyte and the kinetics of charge transfer reaction. For 
large values of Rt, ~ will be large, while for large values of 
Rr, X will be near unity. 

For large numbers of cells, X gives the ratio of intercell 
currents for adjacent cells in the segments near the ends 
of the battery, i.e., Eq. [30] yields either 

I~+1/L = l/k, i = 1 [36] 

o r  

Ii+1/I~ = X, i = N [37] 

since, according to Eq. [32], X > 1. 
In general, the effect of X on J~ and I, is more compli- 

cated. In particular, Fig. 5 shows plots of J]Jp and L/J ,  vs. 
in a 40-cell battery. It is seen that for i = 1, curves J J J ,  

and I J J ,  coincide, in agreement with Eq. [4]; moreover, 
they increase monotonically with an increase in X. For i > 
1, the IJJp ratios decrease with increasing i and, further- 
more, each exhibits a maximum, which shifts towards X = 
1 as i approaches NI2. The JJJp ratios increase with i as i 
approaches N/2 for all values of X. It  is noteworthy that for 
all values of i, Ji/Jp approaches unity for large X. 

Due to the symmetry, for i > N/2 the I~/Jp change sign 
and increase in magnitude as i approaches N. Similarly, 
the J~/Jp decrease with an increase in i, when i > N/2. 

Figure 6 illustrates the effect of the number  of cells in a 
battery on the circulating and the intercell currents, again 

expressed as JJJp and I~/Jp ratios. Evidently, the depend- 
ence on N is substantial only for X < 2 and N < 40. 

The current distributions can be summarized as fol- 
lows: for X near unity, the tails of the current distributions 
extend into the battery, and for N < 40 the shape of the 
tails depends on N; while for large X, the terminal cells 
carry most of the intercell currents independent  of the 
value of N. However, large values of X generally result 
from large values of Rt rather than from small values of Rf 
so that, according to Eq. [31], Jp becomes small so that 
generally the intercell currents even in the end cells are 
small for large X. 

In practice, volumetric energy density constraints and 
conditions imposed either on the t ime required for 
activating a battery employing static electrolyte or on the 
pressure drop for flowing electrolyte designs result in 
values of X near unity and produce intercell current distri- 
butions that tail slowly off into the battery. However, 
after the cells are nearly discharged, intercell current dis- 
tributions corresponding to large values of X can occur. 
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Reversa l  o f  electrode c u r r e n t s . - - T h e  effect of the 
intercell current, I, on the radial distribution of the anodic 
and cathodic currents is shown in Fig. 7a and 7b for a 
10-cell and an 80-cell battery, respectively. 

0.18, , , , , , 

Results that are presented in Fig. 3a and 3c and those in 
Fig. 7a and 7b indicate that the intercell current into the 
first two cells of the 10-cell battery stack and into the 
first eight cells of the 80-cell assembly exceed their criti- 
cal values, I~*, and experience current reversal at their 
negative. Only one of the cells located at the positive end 
of the 10-cell battery and five of the cells of the 80-cell 
assembly suffer current reversal at their positive. This is 
illustrated in Fig. 8 for the 80-cell battery, where the 
dimensionless depth of penetration of the reversed cur- 
rent, (ro - a)/%, is plotted as a function of the cell number.  
Evidently, the' depth of reversed current penetration is a 
linear function of the cell number  and has the same slope, 
except for sign, at either end of the battery. This linearity 
follows from Eq. [20] and [21] and by the asymptotic be- 
havior of the modified Bessel functions for large argu- 
ments, since in all practical cases, a/re is a large number.  

Specifically, under  the conditions that a >> %, r = a, 
and J, >> Jp, Eq. [20] and [21] can be approximated by 

o" 
ia - -  [Ia* - Ie-(r-~lre] [38] 

2ir rea(r c 

and 

o" 
ic - -  [Ic* + Ie-(r-a)lre] [39] 

2zr reao- a 

where the critical intercell currents are 

I~* = 2~rardr~ J1R~ [40] 

and 

Ic* = 2~'areO'a J,R~ [41] 

If the intercell current exceeds I%, then current reversal 
takes place on the anode; whereas, if the intercell current 
is more negative than - I ' c ,  then current reversal takes 
place on the cathode. 

Furthermore, if the number  of cells is large, then the 
intercell current for cells near the negative end of the bat- 
tery can be approximated by 

I ~ = J , - ( X -  1)/X ~, i=  1 [42] 

and near the positive end by 
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I~ = - J ,  (~ - 1)/k ~+~-*, i = N [43] 

U p o n  subs t i tu t ion  of  Eq. [42] and [43] into Eq. [38] and 
[39] wi th  i~ and ic set to zero, respect ively ,  and r t aken  to 
be ro, we  obta in  

r o . ~ a  _ i i n X + l n  ~ , i =  1 [44] 
re 

and 

T o ,  i - -  a 
- -  - ( N + l - i )  l n k  

re 

+ In ~ , i = N [45] 

wh ich  are s t raight  l ines wi th  s lopes - ]n X and In X, re- 
spect ively ,  and whose  in te rcep ts  for i = 1 and i = N differ 
by  In (~jo-,) (Fig. 8). 

The  total  r eve r sed  cur ren t  on an electrode,  g iven  by ei- 
ther  Eq.  [23] or  [24], becomes ,  in this approximat ion ,  
e i ther  

I~(ro) = Ia* 1 - + in I > Ia* [46] 
O" c - ~ ' - -  

o r  

cr-~ ~ + l n  , I - < - I ~ *  [47] 

where  for large N, Eq.  [42] and [43] can be used  to obta in  
I. 

Variable parameters . - -The  a s sumpt ion  that  the  d imen-  
sional and phys i cochemica l  pa ramete r s  remain  un i fo rm 
f rom cell  to cel l  in the  course  of the  Li]SOC12 bat tery  dis- 
charge  is not  realistic.  Fo r  example ,  the  un i fo rmi ty  of  the  
e lec t rode  spacing,  6", cannot  be  main ta ined  because  (i) 
f o r  a f ixed posi t ion of  the  bipolar  plates  the  surface of  the  
d issolving Li  r ecedes  and (ii) the  reac t ion  front  pene t ra tes  
into the  e x p a n d i n g  s t ruc ture  of  the  posi t ive  e lec t rode  (8). 
These  processes  p roceed  at rates that  d e p e n d  on the  elec- 
t rode  currents  in the  cell; consequen t ly ,  8" will  va ry  f rom 
cell  to cel l  as the  ba t te ry  discharges.  

Of  the  var ious  parameters ,  only  Rt can be  t aken  as re- 
main ing  reasonab ly  cons tan t  in the  course  of  bat tery  dis- 
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charge.  Other  pa ramete r s ,  such  as Rz and  Rf*, ce r ta in ly  
will change with  t ime during the discharge depending  on 
the a m o u n t  of  charge  t ransferred;  therefore,  to solve Eq. 
[15] and [17] dur ing  discharge,  we  mus t  assign to t h e m  a 
funct ional  d e p e n d e n c e  on t ime. This  a s s ignmen t  requi res  
cons idera t ion  of  the  e lementa ry  processes  summar i zed  in 
Fig. 1. Here,  we  shall  cons ider  changes  in the  conduct iv -  
ity of  the  e lec t ro ly te  in the  cell  in the  region near  the  cath- 
ode, Kc, and in the  conduc t iv i ty  of  the  e lect rolyte  in the  
feed line, Kf, and neglec t  changes  in o ther  pa ramete r s  
such as 8" and U*. The  change  in K~ represen ts  the  precip-  
i tat ion of  LiC1 wi th in  the  porous  s t ruc ture  of  the  ca thode,  
which  occurs  dur ing  the  d ischarge  of  the  cell  and in- 
creases  R~, whi le  the  change  in Kf arises f rom the  p re sence  
of  undes i red  deposi ts  in the  feed line, e.g., due to elec- 
t rode  processes  tak ing  place at or near  the  en t rance  por t  
due  to reversed  current ,  and can e i ther  increase or  de- 
crease Rf. In  t he  Li]SOCI~ battery,  these  deposi ts  appear  
in the  form of dendri t ic  g rowth  of  meta l l ic  Li  in the  direc- 
t ion toward  the  fill tube  at the  nega t ive  end  (Fig. 4a) and 
in the  form of insoluble  cor ros ion  p roduc t s  at the  pos i t ive  
end  (Fig. 4c). In  our  calculat ions,  we  l imi t  changes  to 
those  due  to cur ren t  reversal  at the  anode.  

L inear  funct ions  of  t ransferred charge  will  be a s sumed  
(see A p p e n d i x  D). Specifically,  for a small  change  in 
t ime,  dt 

dE~ KezIc dt [48] 
TJl(o) 

where  Jl(O) is the  initial load current ,  T is the  expec t ed  
l i fe t ime of  the  cell, and Ic is the  ca thode  current  at the  
t ime  t, wh ich  is obta ined  f rom Eq. [5] by observ ing  that  
Ia,~+l = Ic., Init ially,  Kc = w Kez, where  w is a computa t iona l  
factor in t roduced  to account  for cell  def ic iency aris ing 
f rom c o m p o n e n t  variat ions.  Af te r  an a m o u n t  of  charge  
w T  Jl(O) has been  transferred,  Kc = 0 and a cell  is consid-  
ered to be fully discharged.  Simi lar ly  

d K f  = - -  (K d - -  K) Y d / a ( r ~  d t  [ 4 9 ]  
FVf 

where  Kd is the  conduc t iv i ty  of  the  undes i red  deposi t ,  V~ 
is the  v o l u m e  occupied  by an equ iva len t  we igh t  of  the  de- 
posit,  Vr = 1r(a 2 - rt2)d is the  v o l u m e  of the  feed line, F is 
the  Faraday  constant ,  and Ia(ro) < 0, is the  total  r eve r sed  
cur ren t  on  the  anode,  Eq.  [23]. Init ial ly,  Kf = Kef; however ,  
after an a m o u n t  of  charge efVfF/Vd has been  t ransferred,  
the  feed l ine is filled by the  depos i t  and Kf = Kdef. Subse-  
quen t  t ransfer red  charge  was ignored.  

F igures  9 and ]0 show the  c o m p u t e d  t ime  evolu t ion  of  
the  c i rcula t ing  and intercel l  cur rents  for a 40-cell ba t te ry  
Specifically, Fig. 9 i l lustrates the  t ime  d e p e n d e n c e  w h e n  
Kd is large, i.e., w h e n  g rowing  Li  dendr i t es  fill the  feed 
path, whi le  Fig. 10 examines  the i r  behav io r  for small  K~, 
wh ich  is usual ly  associa ted wi th  the  prec ip i ta t ion  of  cor- 
ros ion products .  

The  t ime  evolu t ion  of  c i rcula t ing  and intercel l  currents  
f o r  large K~ is shown  in Fig. 9a-9d. Because  the  cells a r e  

un i fo rm initially, at the  m o m e n t  of  ac t iva t ion  of  the  bat- 
tery, i.e., at r = 0, where  �9 ~ t /T,  the  cur ren t  d is t r ibut ions  
a r e  symmet r i c  (Fig. 9a). However ,  wi th  the  passage  of  
t ime, the s y m m e t r y  is des t royed,  g iv ing  rise to a rapid  in- 
crease in the  in tercel l  cur ren t  genera ted  at the  nega t ive  
end of  a ba t te ry  at the  expense  of  ad jacent  cells (Fig. 9b). 
At  the  same  t ime,  the  c i rcula t ing  currents  increase  
sl ightly at the  nega t ive  end.  I t  is no t ewor thy  that  the  dis- 
t r ibut ion  at the  posi t ive  end  remains  essent ial ly unaf-  
fected. Toward  the end of  discharge,  at r = 1.0, some  of 
the  cells in the  central  region b e c o m e  fully d ischarged.  
U n d e r  those  condi t ions ,  the  c i rcula t ing  currents  b e c o m e  
small  and a reversa l  of  the intercel l  cur ren t  at the  nega- 
t ive end of  a ba t te ry  occurs  (Fig. 9c). Such  a behav ior  is a 
resul t  of  the  load current  that  is be ing  suppl ied  by the  
cells that  are not  fully d ischarged ,  bypass ing  the  dis- 
charged cells of  the  central  reg ion  t h rough  the  fill tube.  
With fur ther  passage  of  t ime,  at r = 1.2 (Fig. 9d), this  situa- 
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Fig. 9. Time evolution of the cir- 
culating (left scales, light lines) 
and intercell (right scale, heavy 
lines) currents for a 40-cell battery 
that is uniform initially. Kd = 100 
S/cm. a: r = 0, Ji = 6.73A.  b: r = 
0.15,J1 = 6 .70A.  c: r = 1.05,J1 = 
2 .06A.  d: r = 1.2, J1 = 0 .042A.  
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tion developes fully and shows reversal of the intercell 
current in cells other than the end cells. 

For small Ka, as illustrated in Fig. 10a-10c, the effect is 
quite different. The symmetry in the distributions of the 
circulating and intercell currents is maintained through- 
out the period of the discharge, but with their values di- 
minishing with time. Toward the end of discharge (Fig. 
10b), the distributions of these currents change radically 
yet maintain their symmetry. The intercell current 
changes its direction at two additional points, A and B in 
Fig. 10b. With further increase in time, i.e., at r = 1.2, the 
resulting intercell currents increase and substantially ex- 
ceed their initial values (Fig. 10c). 

Figures l la-1 lc illustrate the computed t ime-dependent  
distribution of intercell and circulating currents when a 
few cells, namely, cells 29, 30, and 31, are assumed to 
be deficient with w = 0.2. It is seen that in the early pe- 
riod, i.e., for r = 0.15, the distribution of the circulating 
current exhibits a depression (point A in Fig. l lb),  as well 
as the asymmetry in the distribution of intercell and cir- 
culating currents caused by increasing Ks.  With further 
progress in time, we note a rapid change in the distribu- 
tions of both currents. In particular, for r = 0.35 (Fig. l lc) ,  
the intercell current changes sign in the third cell, then 
becomes more negative with increasing cell number  until, 

at the 29th cell, it undergoes an abrupt change in sign and 
increases in magnitude in the 32nd cell, where it is equal 
to the magnitude of circulating current in the previous 
two segments of the fill tube. Calculations for other 
deficiency factors indicate similar evolution except for 
the t ime scale. Thus, for w = 0.9 the same development  is 
not achieved until r = 1.05. 

This large intercell current occurs in cells that are not 
yet fully discharged, so that according to Eq. [40], Ia* can 
still be small. This situation can result in large reversed 
currents at the anodes of these cells. The hazard is com- 
pounded by large, heat producing circulating currents in 
the fill tube connecting nearby cells. 

Implications of reversed electrode currents.--As indica- 
ted in Fig. 4a, in the case of current reversal the growth of 
dendritic li thium is observed at the negative end of the 
stack. Since the intercell currents are usually rather 
small, no serious problems are expected. However, on oc- 
casions when quality control is not maintained during 
production, there is a finite probability for the occur- 
rence of large reversed currents and the subsequent de- 
velopment  of internal shorts during the activation or the 
operation of a battery. Specific designs for reduction or 
elimination of such currents are generally considered pro- 
prietary information. One method of reducing intercell 
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Fig. 10. Time evolution of the < 
circulating (left scale, light lines) -~ 
and intercell (right scale, heavy 
lines) currents for a 40-cell battery ~: 0 
that is uniform initially K d = 10 -6  
S/cm. a: ~" = 0, J1 = 6 .73A.  b: r = o 
1.05, Jl = 2.1SA. c: ~- = 1.2, Jl = 
0.0S6A. 
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Fig. 11. Time evolution of the 
circulating (left scale, light lines) < 
and intercell (right scale, heavy "~ -o2  
lines) currents for on 80-cell bat- 
tery that initially has cells 29-31 
deficient with w = 0.2.  Other cells ~ -o.4 
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currents is through the introduction of auxiliary elec- 
trodes (9). This method, however, might not be a general 
solution to the problems caused by internal currents in 
batteries employing static electrolyte since their magni- 
tude and distribution vary with the operation of a battery 
especially toward the end of discharge and during over- 
discharge. 

The methods for achieving control of intercell currents 
must  rely on increasing the values of Rt and Rf for the sys- 
tem. In general, in order to eliminate the undesirable ef- 
fects of intercell currents, Rt and Rf should be maximized. 

Concluding Remarks 
Intercell currents will always be generated in series 

connected electrochemical devices with a common elec- 
trolytic path. Generally, the major areas of concern are 
the effects of these currents on the power output and ca- 
pacity of these devices. However, in Li power sources, the 
electrochemical processes that generate the intercell cur- 
rents must  be considered as well, because these processes 
result in the formation of undesirable byproducts if the 
intercell currents exceed their critical values. In particu- 
lar, the undesirable reaction product is the dendritic 
growth of lithium. Beyond this, the electrochemical de- 
vice can be inactivated by the production of passive 
films or excessive corrosion of component  parts. 

The calculations of the time evolution of the intercell 
and circulating current distributions, while based on a 
model of wide applicability, were limited in scope to two 
effects only. Here, we examined the effect of the increase 
in cell resistance due to the decrease in electrolyte con- 
ductivity near the cathode, and the effect of the change in 
feed-line resistance due to deposits near the cell inlet 
port. This method can be extended to cover in a realistic 
manner  more complex situations by including additional 
discharge effects. One obvious limitation of this approach 
is that the cell parameters cannot be given a radial de- 
pendence. 
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The N a v a l  O c e a n  S y s t e m s  Cen t e r  ass i s t ed  in  m e e t i n g  the 
p u b l i c a t i o n  costs o f  this  ar t ic le .  

A P P E N D I X  A 

Cell Discharge Characteristics with Intercell Current 
Within a cell outside of the electric double layer, we as- 

sume that the potential, ~b, and the c.d., j, obey Laplace's 
equation and Ohm's law. Selecting cylindrical coordi- 
nates, with the Z axis on the axis of circular symmetry, 
we can write these as, respectively 

r Or ~ J  + ~  K(z) = 0 [A-l] 

and 

0 4 ( r , z )  
Jz = - K ( z ) -  [A-2] 

Oz 

o~(r,z) 
Jr = -- K ( Z ) -  [A-3] 

Or 

where, for simplicity, the conductivity, K, is taken to 
have no radial dependence. 

The problem can be made one dimensional by intro- 
ducing the longitudinal averages 

1 rs .  
K~b(r) = - ~ -  Jo K(z)ga(r,z) d z  [A-4] 

and 
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j~ = - ~ -  j~(r,z) d z  [A-5] 

i.e., K~ and ]~ are functions of r only. Here, 8" is an effec- 
tive cell thickness, i.e., the distance between the electrode 
surfaces, not including the thicknesses of the electric 
double layers, which we shall assume to be negligibly 
thin. Upon integration with respect to z using Eq. [A-2] to 
replace the partial derivatives of ~ with respect to z by the 
z component  of the c.d. at the electrode-electrolyte inter- 
face, and introduction of Eq. [A-4], Eq. [A-l] becomes 

r - [~(r) - ia(r)] = 0 [A-6] 
r Or Or / 

where ic (r) = j~ (r, ~*) and ia (r) = j~ (r,o), are the cathodic 
and anodic c.d.'s, respectively, just  outside of the double 
layer (dl). 

To construct a solution to Eq. ~.A-6], it is necessary to 
express ir and i~(r) in terms of Kcb (r). This can be done 
only approximately with the aid of an idealized plot of 
the longitudinal distribution of (a(r,z), as illustrated in Fig. 
A-1. The potential difference between electrodes, V = Vr 
- V~, can be expressed as 

v = u - v ~ ( r )  - w ( r )  - f~*j~(r,z) dz  [A-7] 
J o  ~ (z )  

in which U = Ur - U~, where U a and U~ are, respectively, 
the anode and cathode potentials in the absence of cur- 
rent flow, and ~a(r) and re(r) are their respective 
overpotentials. 

Using Fig. A-1 and the trapezoidal rule to evaluate ap- 
proximately the integrals in Eq. [A-4] and [A-7], we have 

1 
K~b(r) = -~-{K~[V~ - U~ + ~(r)] + K~[V~ - U~ - v~(r)]} [A-8] 

and 

1 
V = U - va(r) - ~c(r) - ~ ~* [ir + ia(r)/Ka] [A-9] 

where Ka and Kc are conductances at z = 0 and z = ~*, i.e., 
at the anode and cathode surfaces just  outside of the elec- 
tric double layer, respectively. 

Assuming linear current-potential relationships, i~ = 
ka'qa and i~ = kc~, and using them to eliminate the over- 
potentials from Eq. [A-8] and [A-9], we get 

Kcic /kc  - Kaia/ka = 2(K(b -- C) [A-1O] 

and 

ic/Cr c + ia/O'a = U - V [A-11] 

where the c% (v = a, c) are given by Eq. [13a], and 

o 

Vc,~*l 

. . . . . . . . . . . . . . . . . . .  ~ S  ..... 

DISTANCE 

Fig. A-] Idealized plot of the distribution of the potential c~(r, z) for o 
particular value of r. Sign convention: 

Ua = Va -- 41, Uc = Vc - -  (~4; 

fo . h dz 6~ %. 
K 
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1 
C = -~-[~(Vo - Uc) + ~(,V, - U~)] [A-12] 

Equa t ions  [A-10] and [A-11] can be  solved simulta-  
neous ly  for i~ and ir and thei r  d i f ference then  used  to 
re formula te  Eq. [A-1]. Thus  

ia = X [*r - V) /k~  - 2(~(b - C)/(~r [A-13a] 
and 

i~ = X [~(V - Y ) / k ~  + 2(~-~ - C)/q~] [A-13b] 

where  

1Ix = KJ(k~(rr + ~r [A-14] 

manipula t ions ,  we  obta in  After  some algebraic  

[A-15] (ir - i~)/6" = (~#) - ~d)o)/r~'- 

where  r e is g iven  by Eq. [12] and 

1 
~-~o = -~- (K~ + K~) go [A-16] 

in which  go is g iven  by Eq. [9]. Subs t i tu t ion  of Eq. [A-15] 
into [A-6] yields 

r - 0 [A-17] 
r ~?" c3r / r e  2 

Bounda ry  condi t ions  are ob ta ined  f rom the  require-  
men t s  that  the  radial  cur ren t  at the  en t rance  port, where  r 
= a, will  be the  intercel l  current ,  I, and  at the  outer  ra- 
dius, where  r = b, it will  be  zero. Us ing  Eq. [A-3] and 
[A-5], we  find 

3~-~ I [h-18a] 
or r=, 2va6* 

and 

OK~Or r=b = 0 [A-18b] 

Here,  we have  neg lec ted  the  intercel l  current  en ter ing  
the  cell  wi th in  the  electr ic  double  layer. 

The  solut ion to Eq. [A-17] is of  the  form 

K~ - Kd)o = A Ko(r/r~) + B Io(r/r~) [A-19] 

where  A and B are coeff icients  to be  de t e rmine d  f rom 
the  boundary  condi t ions ,  Eq.  [A-18]. Af te r  some  manipu-  
lations,  we obtain  Eq.  [22], where  the  defini t ions 

1 
= ~ -  (Ka 4- /<c)go [A-20] 

and Eq. [A-16] have  been  applied.  
By us ing  Eq. [A-15], Eq. [A-13] can be  rewri t ten  as Eq.  

[20] and [21], respect ively .  By  in tegra t ing  Eq. [20] over  the  
area of  t he  anode,  the  total  anodic  current  can be found.  
The  result ,  f rom which  Eq. [8] is de r ived  by rearrange-  
ment ,  is ob ta ined  by set t ing ro = b in Eq. [23]. 

A P P E N D I X  B 

Evaluation of the Term ~-i+1 - g~ in Eq. [2] 
Let  U = U~ - C a be the cell  potent ia l  in the  absence  of  

current  flow, then  f rom the definit ion:  V = V~ - Va 

U -  V =  U r  U ~ + V ~  [B-1] 

Us ing  Eq. [B-1], e i ther  of  the  t e rms  Vr - Ur or V~ - Ua can 
be  e l imina ted  f rom Eq. [9]. Thus,  e i ther  

go = V~ - U~ - (U - V ) ~ / ~  [B-2] 

o r  

go = V~ - Uc + (C - V)(r/~c [B-3] 

Express ing  go.~+, and go.~ by means  of  Eq. [B-2] and [B-3], 
respect ively ,  and us ing  Eq. [6], we  get  

(~o.i+1 - -  ~-O,/ : U c , i  - V a A + l  - ( U i + l  - V / + I )  O'i+l/O-a,i+l 

- (Us - Vi)  r162 [ B - 4 ]  

The term: g~+~ - g~ in Eq. [2] can be eva lua ted  wi th  the  aid 
of  Eq. [7]; thus  

g~+l - (~i = ~bo.i+, - go,i + Ii+lRp.i+j - IiR,.i  [B-5] 

Us ing  relat ionships,  Eq.  [4], [B-4], and [14], Eq. [B-5] can 
be expres sed  in t e rms  of  c i rcula t ing currents ,  J, and J~. 
The  resul t  is 

gi+~ - g~ = U*~ - J,R*z.~ + Ji ,R*,.~ 

- Ji(R%.~ + R*p,t+l + R*z,~) + J~+,R*,,i+, [B-6] 

where  

R*, = Rp - Rzo-'Z/(O'aO'c) [B-7] 

and Rz* and Us* are def ined in Eq. [16] and [19], respec- 
tively. Subs t i tu t ion  of  Eq.  [B-6] into Eq. [2] yields Eq.  [17]. 

A P P E N D I X  C 

Solution of Eq. [26] and [27] 
by the Method of Undetermined Coefficients 

Equa t ion  [27] has a solution,  in t e rms  of  J,, that  can be 
wr i t ten  as a sum of  a par t icular  solut ion of  t h e  non- 
h o m o g e n e o u s  equat ion ,  Jp.~, and a genera l  solut ion of the  
h o m o g e n e o u s  equat ion ,  J,.~ 

J~ = Jp,i Jr Jh,~ [C-1] 

A sui table  par t icular  solut ion to Eq. [27] is the cons tant  

J ,  = (U - RzJ~)/(Rz + Rt) [C-2] 

For  the h o m o g e n e o u s  equat ion,  we  seek  a solut ion in the  
form 

J~.~ = A)J + B), -~ [C-3] 

where  A and B are coeff icients  sat isfying Eq. [3] and ), is 
e i ther  root  of  the character is t ic  equa t ion  

;~-~ - [2 + (Rt + Rz)/R*f] )~ + 1 = 0 [C-4] 

one of wh ich  is g iven  by Eq. [32]. 
App ly ing  Eq. [3], we  have  

J , + A + B  = 0 [C-Sa] 

J ,  + A)~ y 4- Bh -~ = 0 [C-Sb] 

So lv ing  Eq.  [C-5] for A and B and subs t i tu t ing  into Eq.  
[C-3], we get  Eq.  [29], where  J ,  is g iven  by Eq. [C-2]. 

To obta in  J,, we  re turn  to Eq. [26] and evaluate  the s u m  
appear ing  there  by the  use of Eq.  [29] and the resul ts  for 
the  sum of a geomet r ic  series. Thus,  wi th  

N 

J, = J ,N~(R~ + Rt)/R~ [C-6] 
i=0 

where  ~ is g iven  by Eq. [33], we  find Eq. [28], which,  in 
turn, p roduces  Eq. [31] upon  subs t i tu t ion  into Eq.  [C-2]. 

A P P E N D I X  D 

Derivation of Eq. [48] and [49] 
A n u m b e r  of  the  parameters  we use  depend  on the  

dep th  of  discharge.  For  s implici ty,  we have  chosen  to tet 
only two of t h e m  vary  wi th  t ime. These  two were  chosen  
because  thei r  var ia t ion in t roduces  m a n y  of the  effects  ob- 
se rved  in Li/SOC12 bat ter ies  u p o n  discharge.  

We assume  that  the  e lec t ro lyte  conduc t iv i ty  near  the  
ca thode  decreases  l inearly wi th  charge  t ransferred to the  
ca thode  and that  after charge  Qr has been  t ransferred Kr 
will  be  essent ia l ly  zero and the  useful  life. of  the cell  ex- 
pended.  Initially,  the conduc t iv i ty  near  the  ca thode  is 
g iven  by 

Kc(O) = w ~ : e z  [D-1] 

where  w is a factor that  is i n t roduced  to accoun t  for the  
possibi l i ty  that  a par t icular  celt migh t  no t  have  the  de- 
s igned lifetime. The  expec t ed  lifetime, T, is def ined by 
the  re la t ionship  

Q~ = wTJ~(o)  [D-2] 

where  J~(o) is the  initial load current .  Therefore  

dK~ K~(o) K e z  [D-3] 
dQ~ Q~ TJ~(o) 
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Setting dQc = Ic dt, where Ic is the total cathode current, 
we have Eq. [48]. 

Similarly, we assume that the electrolyte conductivity 
in the feed line, Kf, changes linearly between the initial 
value 

K~o) = ~�9 [D-4] 
and the final value 

Kf = Kd�9 [D-5] 

with the charge, Qf, transferred to the anode under  re- 
versed current conditions. The total charge that can be 
transferred before the feed-line volume, Vf, is fully 
occupied by deposit is 

Qf = �9 [D-6] 

where Vd is the volume occupied by an equivalent weight 
of the deposit and F is the Faraday constant. Therefore 

dKf (Kd -- K)�9 (Kd -- K)Vd 
- -  [ D - 7 ]  

dQf Qf VfF 

Setting dQf = I a ( r o )  dt, where I~(ro) is the total reversed 
anode current, we have Eq. [49]. 

LIST OF SYMBOLS 
a inner electrode radius (cm) 
A a constant 
b outer electrode radius (cm) 
C a constant defined by Eq. [A-12] 
d thickness of annular  fill path (cm) 
F Faraday constant 
i local c.d. (A cm -2) 
I intercell current (A) 
I Bessel function 
j current density (A cm -2) 
j flux, phenomenological 
J current (A) 
k rate constant, phenomenological 
k electrode rate constant (linearized) (S cm -2) 
K Bessel function 
l length (cm) 
N number  of cells 
r radius (cm) 
re radius, defined by Eq. [12] 
R resistance (~) 
t time (s) 
T cell lifetime (s) 
U cell voltage at zero current (V) 
U (with subscripts) electrode potential at zero current 

(V) 
V volume (cm3). 
V cell voltage (V) 
V (with subscripts) electrode potential (V) 
w deficiency factor 
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X driving force, phenomenological 
z coordinate 

Greek Letters 
defined by Eq. [25] 

8" effective cell thickness, cm 
�9 porosity 
~? overpotential (V) 
K electrolyte conductivity (S cm -1) 

deposit conductivity, (S cm -1) 
defined by Eq. [32] 
defined by Eq. [33] 

~r cell conductivity (S cm -~) 
r (=-t/T), dimensionless 

potential (V) 
potential at r = a, averaged over z V 

X defined by Eq. [A-14] 

Subscripts 
a anode 
c cathode 
d deposit in feed line 
f feed line 
h defined by Eq. [C-l] 
i running index 
1 load 
o initial conditions 
o ro radius of current reversal, (cm); Eq. [23] and [24] 
o $o defined by Eq. [9] 
o Jo defined by Eq. [3] 
p cell entrance port 
t fill tube 
z cell, internal 
u running  index (order of Bessel function) 

Superscript 
* equivalent 
* critical, defined in text 
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ABSTRACT 

The charge and discharge behaviors of organic electrolyte li thium cells with chromium oxides, Cr20~, Cr308, and 
amorphous chromium oxide (a-Cr3Os) as the cathodes have been examined, where a-Cr308 was obtained by heat-treating 
the mixture of Cr3Os and water. The l i thium cells with these chromium oxides gave satisfactory discharge performances 
in term of energy density. The cycling characteristics of the cells have been examined for various ranges of charge trans- 
ferred in the chromium oxide electrode, such as 0.1-0.3, 0.4-0.6, and 0.7-0.9 e-/Cr. The Li/Cr20~ cells showed a poor cy- 
cling performance for the whole range of charge transferred. The rechargeability of the Li]Cr308 cells was good, in the 
range 0.4-0.6 and 0.7-0.9 e-/Cr, but poor in the range 0.1-0.3 e-/Cr. The Li]a-Cr3Os cells worked well as a rechargeable cell 
for  the whole range of charge transferred. 

A wide variety of metal oxides and chalcogenides with 
two-dimensional layer structures or three-dimensional 
framework tunnel structures has been studied as the 
cathode material for secondary organic electrolyte lith- 
ium batteries (1-2). Most previous works have focused on 
two-dimensional metal chalcogenides such as TiS2, al- 
though metal oxides with framework structure such as 
V6Ot3 (3), Cr308 (4), and a number  of MO2 oxides with the 
rutile structure (3) have demonstrated reversible l i thium 
incorporation. Of these cathode materials, Cr308 has been 
reported to have the highest energy density and the 
highest cell voltage. The calculated theoretical energy 
density of the couple Li/Cr3Os is 1210 Wh/kg based on ex- 
perimental utilizations of Cr~Os, a value which is about 
two times higher than that of the Li/TiS2 couple (5). The 
open-circuit voltage and the averaged discharge voltage 
at a current drain of 0.5 mA/cm 2 for the Li]Cr3Os couple 
were 3.8V and approximately 3.0V, respectively. The cell 
voltage is comparable to that of commercially available 
primary l i thium batteries with manganese dioxide or car- 
bon fluoride cathodes. However, it has been reported 
that the energy density of Cr3Os drops to around 500 
Wh/kg at 1 mA/cm 2 after 20 cycles (1). In this study, the 
cyclic behaviors of li thium cells with Cr2Oa and Cr3Os 
chromium oxides were examined in detail. In addition, an 
amorphous phase of chromium oxide, obtained by the 
heat-treatment of Cr3Os and water, was examined as a 
cathode material for secondary lithium batteries. 

Experimental 
The chromium oxides were prepared from CrO3 accord- 

ing to the phase diagrams of Kubota (7) and Wilhelmi (8). 
Cr~O~ and Cr~O8 were obtained by heating CrO3 for 24h at 
340 ~ and 270~ respectively, in an autoclave. The x-ray 
diffraction patterns of the reaction products were in good 
agreement with those reported previously (8, 9). Amor- 
phous chromium oxides were prepared by heating a mix- 
ture of Cr3Os and water. The mixture of 0.7g Cr3Os and 30 
ml water was well mixed and heated for 24h at a tempera- 
ture of 110~176 The chromium-oxygen stoichiometry 
was determined by reducing the sample to Cr..,O3 using 
TGA (Rigaku Denki TG4) in open air. 

The cells used for electrochemical tests were con- 
structed in a cylindrical configuration. The anode was a 
disk of l i thium foil of 15 mm diam. The separator was a 
microporous polypropylene sheet. The cathode consisted 
of a mixture of 0.1g chromium oxide, 0.15g graphite, and 
0.04g Teflon powder, which was pressed into a tablet of 
13 mm diam under a pressure of about 9 MPa. The cath- 
ode thickness was around 0.6 mm. In order to see the 
characteristics of the rechargeable miniature cells, coin- 
type cells were also made, which had an external diame- 
ter of 12.5 mm and an external thickness of 2.5 mm. The 
cathode was a mixture of 0.085g chromium oxides, 0.01g 
acetylene black, and 0.01g Teflon powder, which was 
pressed into a tablet of 7.5 mm diam. The current density 
was based on the cross section of the cathode tablet. The 

* Electrochemical Society Active Member. 

electrolyte was 1M LiC104 in 1:1 propylene carbonate-l,2 
dimethoxy ethane by weight. The organic solvents were 
dried (10, 11). Lithium perchlorate (Nakarai Chemicals 
extra-pure reagent) was dried for 2h at 120~ and then for 
5h at 200~ in vacuo. 

All the electrochemical measurements  were carried out 
after at least one overnight stand under zero current 
flow. The x-ray patterns were obtained using a Rigaku 
Denki diffractometer with CuKa radiation. X-ray 
photoelectron spectroscopy (XPS) spectra were measured 
(Cr 2P~]2) with a Shimazu ESCA 750 spectrometer. Spectra 
of Au were used as a standard for the chemical shift. 

Results and Discussion 
Table I shows the chromium-oxygen stoichiometry and 

the results of x-ray diffraction analysis for samples of 
CrO~, which were obtained by heat-treating mixtures of 
Cr~O8 and water at various temperatures. The oxygen con- 
tent in the samples decreases with increasing the heat- 
t reatment temperature. The samples heated at 200~ were 
very hydroscopic and had about 3% free water, the exact 
amount of which depended on the period of exposure to 
atmosphere. Samples heated over 250~ had no free water 
and were not hydroscopic. The x-ray diffraction data indi- 
cate that Cr3Os-water mixtures transfer to an amorphous 
phase (a-Cr3Os) by heating. It could be that Cr3Os particles 
absorbed water and are crashed to very small particles 
when water is driven out by heating. The mixture of 
Cr20~ and water showed no remarkable change in the 
chromium-oxygen stoichiometry or x-ray diffraction pat- 
terns by heat-treating below 270~ 

The XPS spectra of a-Cr308 obtained by heating at 
250~ are shown along with those of various chromium 
oxides in Fig: 1. Cr~O,2 and CrO2 were prepared by the 
method reported previously (6). By a computer  fitting 
method, the spectra of the higher oxidation state chro- 
mium oxides, a-Cr3Os, Cr3Os, Cr~Os, and Cr50,2 can be re- 
solved into two peaks, near 576.4 and 579.0 eV, which cor- 
respond to the values of chemical shifts of Cr3+2P~2 in 
Cr203 (576.5 eV) and Cr6*2P3j2 in CaCrO4 (578.8 eV), respec- 
tively. The intensity ratio of the Cr 3~ to Cr 6+ spectra was 
fitted to the calculated value from the ratio of Cr/O ob- 
tained by TGA. The Cr3~/Cr 6+ ratio in Cr308, 1:2.7, is also in 
agreement with that obtained from magnetic measure- 
ments, 1:3 (12). That is, Cr308, a-Cr3Os, Cr~O~, and Cr50,.2 

Table I. Characteristics of Cr308 with water 
heat-treated at various temperatures 

Heating temp 
(~ 

Energy density* 
x in CrO~ Observed phase (Wh]kg) 

Crude Cr3Os 
200 
250 
270 
300 

2.64 Cr308 1020 
2 .63  amorphous 760 
2 .55  amorphous 1130 
2 .55  amorphous 1170 
2 .41  amorphous 500 

* Based on a 2.0V cutoff at 500 ~A]cm ~. 

2006 
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Fig. 3. Constant current (500/.cA/cm 2) discharge curves for the cells 
with Cr308 (D), a-Cr3Os heated at 200~ (�9 250~ (O), 270~ (/~), 
and 300~ (&). 

both the cells decrease gradually with increasing x at 
least up to x = 1.4. In the case of the Li]Cr20~ couple, the 
OCV curve shows a voltage plateau at 3.1V from x = 

i ~' 2u3 I I 

L__ I J I__I J~ _ _L__~ 

580 570 

Binding eneroy I eV 
Fig. 1. XPS spectra of Cr 2P3~2 region for various chromium oxides 

are presented as the mixture of Cr 8+ and CI a* oxidation 
state. White and Roy also reported that chromium in 
Cr3Os, Cr~Os, and Cr50,~ exhibits two valences of III and 
VI (13). 

Figure 2 shows the open-circuit voltage (OCV) as a 
function of charge transferred in Cr3Os, a-Cr80~, and Cr205 
at room temperature, where a-Cr3Os was prepared by 
heating at 250~ A constant current of 0.5 mA/cm 2 was 
passed through the cell for some period, and the cell volt- 
ages on open circuit were considered as the quasi-OCV 
when the deviations at the measured cell voltage was 
within 10 mV for lh. The OCV curve for the cell Li/a- 
Cr~Os is similar to that for the cell Li/Cr3Os. The OCV's of 
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>-. 3.( 

o 

> 2.0 _< 

1.0 

l a , i i i i I i I , , i , I 

0.5 1.0 ] .5 
Charge Transferred (e-/Cr) 

Fig. 2. OCV vs .  charge transferred (e-/Cr) curves for the cells with 
0308 (�9 a-Cr308 (0), and Cr205 (/~). 
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Fig. 4. Cycling behavior of the cells with Cr3Os, a-Cr3Os, and Cr~O~ 
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0.2-0.9. The x-ray diffraction patterns of the electrochem- 
ical reaction products Li3~Cr3Os, Li2~Cr2Os, and a-Li3xCr308 
have been examined. Li3xCr308 (0 -< x - 1.0) and Li2~Cr~O~ 
(0 -< x -< 1.0) showed only broad diffraction lines, and no 
change of the d values was observed. No diffraction lines 
due to lower oxidation chromium oxides and no ternary 
compound such as LiCr308 (14) was observed. In  the case 
of a-Li3xCr3Os, no diffraction line was observed in the 
range of 2~ of 10~176 These results suggest that the 
crystals of chromium oxides become too small of parti- 
cles during Li ~ insertion and reaction products appear 
amorphous. The cracking of the crystal lattice during 
electrochemical Li § insertion has been observed in the 
Li/single-crystal MoO3 cell (15). The different shape of the 
OCV vs .  e - / C r  curves indicates there is a difference in the 
electrode reactions between the Li/Cr308 or Li/a-Cr3Os 
couple and the Li/Cr205 couple. 

Constant current (0.5 mA/cm 2) discharge curves ob- 
tained at room temperature for cells with a-Cr3Os pre- 
pared at various temperatures are shown in Fig. 3. The 
discharge performance of a-Cr3Os is affected by the prepa- 
ration temperature. The energy density, calculated from 
the discharge curves, based on the weight of the chro- 
mium oxides and to a 2.0V cutoff are shown also in Table 
I. The highest energy density, 1170 Wh/kg, was obtained 
for the cell with a-Cr3Os treated at 270~ This value is 

slightly higher than that for the cell with the nontreated 
Cr308. The dynamic discharge curve for the cell with 
a-Cr308 treated at 250~ is similar to the OCV curve shown 
in Fig. 1. The significantly lower energy density for the 
cell with a-Cr308 treated at 300~ may be due to the low 
oxidation state of Cr, 4.8, in the a-Cr3Os. In our previous 
paper, we reported that the energy density of cells with 
lower oxidation state chromium oxides such as Cr50,2, 
CrO.,, and Cr203, the average oxidation number  of Which 
is less than five, are considerably lower than those of 
cells with Cr3Os, and Cr205. 

In Fig. 4, the charge-discharge curves for the cells with 
Cr3Os, Cr205, and a-Cr308 heat-treated at 250~ are shown. 
The discharge and charge current densities are 0.5 and 
0.25 mA/cm 2, respectively. For the cells with Cr3Os and 
a-Cr3Os, the first cycle discharge and charge curves 
closely resemble the fifth cycle in overall shape. The 
charge curve for the cell with Cr308 shows a flat region in 
the final stage of the charging, where the decomposition 
of electrolyte may be occurring. 

In the case of Cr~Os, the second cycle discharge capac- 
ity reduces to about 65% of the initial cycle. During the 
second charge cycle, the cell voltage increases extremely 
rapidly with charging time. 

In order to help understand the detail of the charge- 
discharge process for the chromium oxide cathode cells, 
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cycling curves were examined for various charge trans- 
ferred ranges in the chromium oxide electrode, such as 
0.1-0.3, 0.4-0.6 and 0.7-0.9 e-/Cr ratio. Charge and dis- 
charge current densities were 0.5 mA/cm ~. Figure 5 shows 
the cycle data for cells with Cr20~. In the charge trans- 
ferred range of 0.1-0.3 e-/Cr, the charging efficiency falls 
to 80% after five cycles, where charging efficiency was 
calculated to 4.5V cutoff. However, the discharging 
efficiency decreases in the ranges of 0.4-0.6 and 0.7-0.9 
e-/Cr ratio after several more than ten cycles. 

The cells with Cr308 show good rechargeability in the 
deep charge transferred region as shown in Fig. 6. In the 
e-/Cr range of 0.7-0.9, the 200th charge and discharge 
profiles show no significant degradation compared to 
the first ones, whereas, in the range of 0.1-0.3 e-/Cr, the 
charging efficiency rapidly falls with cycling. In Fig. 7, 
the charge-discharge behavior of cells with a-Cr3Os are 
shown. These cells have good cycling performance. Even 
in the e-/Cr range of 0.1-0.3, no remarkable change is 
found after 50 cycles. Charging voltages are less than 
4.0V, except for the first few cycles. The good recharge- 
ability of cells with a-Cr308 may be due to the large effec- 
tive surface area of a-Cr308 because the charge and dis- 
charge profiles depended on the current density. The 
cells with Cr3Os predischarged to 1.0 e-/Cr ratio showed 
good rechargeability in the range of 0.1-0.3 e-/Cr. Their 
good performance may be due to the transformation of 
Cr308 to the amorphous phase by predischarge, which was 
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confirmed by x-ray analysis. Although Cr20~ also be- 
comes amorphous on discharge, cells with Cr20~ 
predischarged to a 1.0 e-/Cr showed poor rechargeability. 
The difference in rechargeability between Cr20~ and 
Cr~O8 may be explained by the structural difference in the 
two amorphous phases "LixCrO~" formed by the 
discharging process of the two oxides. 

Figure 8 shows the discharge curves of the coin-type 
cells with a-Cr308 heat-treated at 250~ The charge and 
discharge currents were 220 ~A, and the depth of dis- 
charge was 0.8%. As can be seen, no significani change in 
the charge-discharge curves is observed during 950 cy- 
cles. This type of rechargeable miniature cell could be 
used in electronic devices, such as an electronic wrist 
watch, in combination with a solar cell. Since the current 
consumption of the latest standard watch is 2-3 ~A, the 
200 ~Ah discharge will be equivalent to 3-4 days of 
discharge. 

From the above experimental results, the high oxida- 
tion chromium oxides, especially amorphous chromium 
oxide formed from Cr3Os, is considered to be a promising 
cathode materials for organic electrolyte li thium cells 
with high energy density and good rechargeability. 

Manuscript submitted Nov. 30, 1983; revised manu- 
script received April 4, 1984. 

Mie University assisted in meeting the publication costs 
of this article. 



2010 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  September  1984 

REFERENCES 

1. M. S. Wittingham, Prog.Solid State Chem.,12, 41(1978). 
2. B. Scrosati, Electrochim. Acta, 26, 1559 (1981). 
3. D. W. Murphy, P. A. Christian, F. J. Disalvo, and J. N. 

Carides, This Journal, 126, 497 (1979). 
4. J.O. Besenhard and R. SchSllhorn, ibid., 124, 968 (1977). 
5. D. W. Murphy, F. A. Disalvo, J. N. Carides, and J. V. 

Waszczak, Mater. Res. Bull., 13, 1935 (1978). 
6. Y. Takeda, R. Kanno, Y. Tsuji, and O. Yamamoto, J. 

Power Sources, 9, 325 (1983). 
7. B. Kubota, J. Am. Ceram. Soc., 44, 239 (1961). 
8. K. A. Wilhelmi, Acta Chem. Scand., 22, 2565 (1968). 

9. R. S. Schwartz, I. Fankuchen,  and R. Ward, J. Am. 
Chem. Soc., 72, 1676 (1952). 

10. T. Saito, H. Ikeda, Y. Matsuda, and H. Tamura, J. Appl. 
Electrochem., 6, 85 (1976). 

11. Y. Matsuda, Y. Ouchi, and H. Tamura, ibid., 4, 53 (1974). 
12. G. Lorthioir and A. Michel, Bull. Soc. Chim. Fr., 1165 

(1965). 
13. R. B. White and R. Roy, Geochim. Cosmochim. Acta, 39, 

803 (1975). 
14. K. A. Wilhelmi, J. Chem. Soc. Chem. Commun., 13, 437 

(1966). 
15. J. O. Besenhard, J. Heydecke, and H. P. Fritz, Solid 

State Ionics, 6, 215 (1982). 

Corrosion Monitoring of Iron, Protected by an Organic Coating, 
with the Aid of Impedance Measurements 
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ABSTRACT 

The ac impedance measurement  has proved to be a useful electrochemical technique for mainly qualitative studies 
of electrochemical and corrosion systems. Even for complicated systems such as coated metals in corrosive environ- 
ments this technique has been used with success. The system chosen for the present study is an ARMCO iron plate, 
coated with a SrCrO4-pigmented styrene acrylic polymer, and immersed for several weeks in an aqueous NaC1 solution. 
Impedance measurements analyze a system under  test into its constituting phenomena. The dependence of system pa- 
rameters on coating layer thickness, NaC1 concentration, and pigmentation of the coating during the immersion time 
provides insight into the corrosion and protection mechanisms at the coating/metal interface, besides the behavior of the 
coating itself. 

In the last years, the study of corrosion prevention by 
organic coatings has shown a remarkable development. 
For the manufacturer as well as for the user, it is indeed 
of great interest to know the protection mechanism and 
the anticorrosive properties of the coating. 

Therefore, it is not sufficient to gather information 
about the physical properties of the coating, e.g., its thick- 
ness, its porosity, its dielectric constant, etc.; one must  
also consider the electrochemical interaction between the 
corrosive medium and the metal, whether affected by the 
coating or not. 

The impedance measurement  is a well-known electro- 
chemical technique used to monitor the corrosion of met- 
als and to investigate its mechanisms (1-7). 

Coated metals have also been investigated with the im- 
pedance technique (2, 8-31). The purpose of this work is 
to show that the behavior of the sample is reflected quite 
well by the ac impedance characteristic, when some sys- 
tem parameters are varied. 

Experimental 
The metal used in this investigation is Armco iron; be- 

fore coating application, the iron plate is polished with 
600 grit paper, cleaned ultrasonically, and degreased with 
ethanol. 

A water-base emulsion coating is chosen, which con- 
sists of Ercusol AS250 (a styrene acrylic polymer) and red 
iron oxide and strontium chromate pigments. The coated 
samples are mounted in a three-electrode cell, depicted 
elsewhere (15, 18). 

The coated metal is covered with Scotchrap corrosion 
protection tape to delimit a circular surface with an ap- 
parent area of 28.3 cm 2. A glass cylinder is then cemented 
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to the protection tape with silicone sealant to form a cell 
and is filled with an aqueous sodium chloride solution. 

The cell is open to the air. The counterelectrode is a 
plat inum grid, and the reference electrode is an SCE. 

Coating layer thickness, NaC1 concentration, presence 
of chromate pigment in the coating, and immersion time 
are the investigated parameters of which samples 1 to 4 
are representative (see Table I). 

The impedance is always measured at the corrosion po- 
tential, using a Schlumberger Solartron 1170 frequency 
response analyzer, connected to a Tacussel Pit 20-2X 
potentiostat. The analyzer is controlled by a Tektronix 
4051 desktop computer to perform automatic measure- 
ments and data transmission. The frequency ranges be- 
tween 10 kHz and 10 mHz. 

The amplitude of the superimposed sinusoidal voltage 
is 20 mV. The results are plotted in the complex plane. 
The corrosion potential of the samples is also measured 
as a function of time. 

Results 
Figure 1 gives the variation of the impedance curve of 

sample 1 as a function of immersion time; Fig. 2 is a 
detail. 

A few hours after immersion, only two arcs are ob- 
served in the complex plane presentation of the imped- 

Table I. Investigated parameters for samples !-4 

NaC1 
Coating layer concentration Addition of 

Sample no. thickness (t~m) (M) chromate pigment 

1 80 0.5 yes 
2 190 0.5 yes 
3 80 0.05 yes 
4 80 0.5 no 
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Fig. 1. Complex impedance dia- 
gram of sample 1 after 10 (+) ,  16 
(x) ,  and 28 days (0); complete 
plot. Parameter: frequency. 

Fig. 2. Expanded plot of Fig. 1 

ance data; for longer immersion times (days), the curve is 
completed with a third one. For instance, the impedance 
characteristics of sample 1 after 10, 16, and 28 days, re- 
spectively, are shown in Fig. 1 (complete plot) and 2 (ex- 
panded plot). After 10 days, a first arc is found at fre- 
quencies higher than 1 kHz (high frequencies or HF), a 
second one between 1 kHz and 50 mHz (intermediate fre- 
quencies or IF), and a thrid one under 50 mHz (low fre- 
quencies or LF). Table II sites the different arcs in the 
chosen frequency range for all the curves and samples, 
and mentions the corresponding field of the real imped- 
ance part (R). The area of the HF arc of sample 1 de- 
creases gradually as a function of time. The area of the IF 
arc however  increases during the first three days, then 
decreases continuously and finally disappears com- 
pletely; it is this arc which in the beginning takes the big- 
gest portion of the total impedance curve. Afterward, the 
LF arc becomes relatively more important. 

The results for sample 2 lead to similar observations. 
However, the impedance values, especially those of the 
HF arc, are much higher than in the former case, and the 
general decrease occurs slower than for sample 1 (see Fig. 
3 and 4). The successive increase and decrease of the IF 
arc is also much more pronounced (see also Table II). 

In the case of sample 3 (Fig. 5 and 6), a linear shape of 
the IF part is noticed. It is quite clear that here the HF im- 
pedances are much higher than for sample 1. The LF arc 
also gains relative to the IF arc during immersion. 

Sample 4 exhibits completely modified impedance 
curves (Fig. 7). After 28 days' immersion, the real imped- 
ance value at 10 mHz still reaches more than 6 �9 107 t2 cm 2, 
indicating a far greater impedance scale than for the other 
samples. The figure shows also the usual decrease of the 
impedance values during immersion. 

Figure 8 illustrates the corrosion potential dependence 
on immersion t ime for three samples. The open-circuit 
potential of sample 1 falls relatively fast at the beginning 
of the immersion, then moves to a first and a second 
plateau. 

Sample 2 shows a much slower potential decay. The po- 
tential of sample 3 remains constant, at about-120 
mV/SCE. The potential]time dependence of sample 4 is 
not represented in Fig. 8, because it is rather unstable. 

For samples 1 and 2, after some 10 days' immersion, 
blistering of the coating surface is observed, with no visi- 
ble perforation onto the metal surface. The growth of the 
blisters must  have progressed gradually, only gradual no 
sudden changes in the other observations, such as the im- 
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Table II. f and R ranges of the different arcs in the impedance curves of Fig. 1-6. 
f = frequency and R = real impedance value ( ~ .  cm ~) 

S a m p l e  1 (F ig .  1 a n d  2) 

10 days (+) 16 days (x) 28 days (O) 

arc 1 f > 1 kHz f > 1.5 kHz f > 600 Hz 
HF R < 3.1 x 104 R < 2.3 x 104 R < 1.6 x 104 
arc 2 1 kHz > f .> 50 mHz 1.5 kHz > f > 500 mHz 600 Hz > f > 10 Hz 
IF 3.1 x 104<R<5.2  x l0 s 2.3 x 104<R< 1 x 105 1.6x 104<R<2.2  xl04 
arc 3 f < 50 mHz f < 500 mHz f < 10 Hz 
LF R>5 .2  x 10 ~ R >  1 x l0 s R>2.2  x 104 

S a m p l e  2 (F ig .  3 a n d  4) 
23 hours (+) 5 days (x) 49 days ((i)) 

arc "1 f > 20 Hz f > 60 Hz f > 300 Hz 
HF R<5.9  x l0 s R<2 .6  x l0 s R<6 .6  x 104 
arc 2 20 Hz > f > 200 mHz 60 Hz > f > 25 mHz 300 Hz > f > 200 mHz 
IF 5.9 x 105<R<8.7  x l0 s 2.6 x 105<R< 1.4 x 10" 6.6 x 104<R<1.9  x 105 
arc 3 f < 200 mHz f < 25 mHz f < 200 mHz 
LF R>8 .7  x 10 ~ R >  1.4 x 10 ~ R >  1.9x i0 s 

3 days (+) 
arc 1 f > 50 Hz 
HF R <3.8 x l0 t 
arc 2 f < 50 Hz 
IF R > 3.8 x 105 
arc 3 
LF 

pedance ,  were  not iced;  the  so lu t ion  of  t he  cell gets  ye l low 
colored  by  d i f fus ion  of  c h r o m a t e s  f rom the  coat ing.  

Sample  3 s h o w s  ne i the r  of  t he  two p h e n o m e n a ,  and  
sample  4 s h o w s  bl is ter ing,  bu t  t he re  is no yel low color ing  
of  the  so lu t ion  because  the re  are no ch roma te s  in the  
coating.  

Discussion 
C o m p a r e d  to w h a t  can  be f o u n d  in the  case of u n c o a t e d  

iron, the  coa ted  samples  p r e s e n t e d  here  exh ib i t  ex- 
t r emely  h igh  i m p e d a n c e s ,  e.g., s amp le  4 s h o w s  a real  im- 
p e d a n c e  par t  of  a lmos t  2.5 x 108 i2 cm 2 at 10 mHz  af ter  1 
day immers ion ,  m o s t  l ikely b e c a u s e  only a very  smal l  
f ract ion of  the  a p p a r e n t  surface  area is active. As t ime  
goes  on, t he  i m p e d a n c e s  are r educed ,  main ly  because  the  
dens i ty  of  po re s  per fora t ing  the  coa t ing  is g rowing  and  
c o n s e q u e n t l y  ra is ing  the  act ive f rac t ion  of  the  total  elec- 
t rode  area. The r educ t i on  of  t h e  i m p e d a n c e s  in the  case  of  
sample  2 is s lower  t h a n  for s amp le  1 because  the  perfora-  
t ion of  a t h i cke r  coa t ing  takes  m o r e  t ime.  

Our m e a s u r e m e n t s  conf i rm the  genera l ly  a ccep t ed  
ma t t e r  (9, 13, 14) tha t  the  H F  arc in the  i m p e d a n c e  curve  
c o r r e s p o n d s  wi th  t h e  i m p e d a n c e  of  t he  coat ing  layer  it- 
self, and  tha t  at lower  f r equenc ie s  t he  la t ter  i m p e d a n c e  is 
a u g m e n t e d  wi th  the  i m p e d a n c e  resu l t ing  f rom the  
faradaic p rocesses ,  c o n n e c t e d  wi th  the  metal l ic  corrosion.  

Sample 3 (Fig. 5 and 6) 
70 days (x) 

f >  150 Hz 
R < 8  x 104 
150 Hz > f >  30 mHz 
8 x 104<R<5.3  x l0 s 
f < 30 mHz 
R > 5.3 x 105 

Thus,  i nc reas ing  the  t h i cknes s  of  the  coat ing  shou ld  
cause  a w i d e r  HF  arc, as the  ionic r e s i s t ance  of  t he  coat-  
ing is increased .  This is i n d eed  w h a t  could  be f o u n d  by 
c o m p a r i n g  the  resu l t s  of  s ample  1 and  sample  2. 

For  s amp l e s  1, 2, and  3, t he  i m p e d a n c e  part,  ref lec t ing 
the  faradaic p rocesses ,  appea r s  to inc rease  in t he  begin-  
n ing  of  t he  immers ion ,  and  to dec rease  s u b s eq uen t l y ,  
sugges t ing  tha t  af ter  i m m e r s i o n  s o m e  act ive si tes  are 
pass iva ted  by  a par t icu lar  p rocess ,  and  tha t  t hey  are  
depas s iva t ed  again by  a n o t h e r  p roces s  af ter  longer  
immers ion .  

The g rowing  i m p o r t a n c e  of the  LF  arc relat ive to the  
HF  arc can be  exp la ined  by  an e x p a n s i o n  of  the  act ive 
si tes u n d e r  t he  coating,  as i n d e e d  th is  accelera tes  the  
overall  co r ros ion  and  m a k e s  the  m a s s  t r anspor t  o f  act ive 
c o m p o n e n t s  t h r o u g h  the  coa t ing  increas ing ly  rate  
control l ing.  

As to the  i m p e d a n c e  of  the  coat ing,  obvious ly  the  NaC1 
concen t r a t i on  in the  bulk  so lu t ion  has  a ma rk ed  effect  on 
the  coa t ing  behavior :  a lower  NaC1 concen t r a t i on  in the  
cell o f  s ample  3 causes  a h i g h e r  ionic r es i s t ance  of  t he  
coating,  and  a larger  HF  arc. The lack of  yel low color ing  
of  the  so lu t ion  of  s amp l e  3 shou ld  also be  r e m e m b e r e d ,  
po in t ing  out  tha t  the re  m u s t  be  a smal le r  e x c h a n g e  of  
s u b s t a n c e s  b e t w e e n  the  so lu t ion  and  the  coating,  and  a 
lesser  degree  of  coa t ing  pene t r a t i on  by  the  solution.  

1 , g g  

Fig. 3. Complex impedance dia- 
gram of sample 2 after 23h (+),  5 
days (x) ,  and 49 days (�9 com- 
plete plot. Parameter: frequency. 
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Fig. 4. Expanded plot of Fig. 3 

Fig. 5. Complex impedance dia- 
gram of sample 3 after 3 ( + )  and 
70 days ( x ) ;  complete plot. Param- 
eter: frequency. 

Fig. 6. Expanded plot of Fig. 5. 
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Fig. 7. Complex impedance dia- 
gram of sample 4 after 25h (+),  4 
days (x )  and 28 days (�9 com- 
plete plot. Parameter: frequency. 
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Moreover, the NaC1 concentration seems to affect not 
only the coating, but also the faradaic process, as the IF 
arc of sample 3 shows a different shape from the imped- 
ance characteristic of samples 1 and 2. 

Of the four samples, number  4 shows the biggest im- 
pedance range, which must  be due to the important ionic 
resistance of the coating. So the absence of chromates in 
the coating produces a prominent  enlargement of its ionic 
resistance, or otherwise stated, the chromate pigment  in- 
creases in a radical way the conductivity of the coating. 
The chromate pigment  is a water-soluble substance-spar- 
ingly however, to ensure a sufficiently long inhibitive 
action-which is not completely bound by the present la- 
tex coating (32). 

The first plateau in the open-circuit potential of sample 
1 is presumably determined by the CP+/CP § equilibrium; 
the chromate pigment supplied by the coating can indeed 
be reduced by the iron. After a longer immersion time 
(more than 100 days), the potential moves towards the 
corrosion potential of uncoated iron in the same environ- 
ment. An additional observation in the corrosion process 
is the blistering of the coating surface. 

The slower decay of the potential and the slower varia- 
tion of the impedance curve for sample 2 point out that a 
thicker coating can only retard this corrosion process. 

The constant potential behavior and the apparently in- 
tact surface condition of sample 3 suggest that the iron is 
passivated by the chromates present in the coating, 
whereas this could not happen to the former samples due 
to the higher C1- concentration in the bulk solution. 

Thus far, replying on the foregoing results and observa- 
tions, it is possible to give the following description of the 
investigated system. On immersing the coated iron 
sample, water is taken up by the coating and penetrates 
through existing pores and via the boundaries of latex 
particles onto the metal, in this way dissolving chromates 
from the pigment  reservoir in the coating. During the im- 
mersion, other substances such as 02 and CI-, diffuse 
from the bulk solution into the coating. Only when a pore 
reaches the iron surface does an electrochemical interac- 
tion occur. It is a fact that chromate pigment in a coating 
not only plays a definite part in the conductivity of the 
coating, i.e., that the presence of chromate pigment re- 
duces the ionic resistance of the coating, but  is also able 
to affect an anticorrosive action on iron (20, 33-36). It is a 
foregone conclusion, however, that a high ohmic resist- 
ance or a slow diffusion of passivating substances can 
maintain or accelerate the active state, even if there is a 
sufficient amount  of pigment in the coating. This makes 
it difficult to find out whether there is passivation or not 

Fig. 8. Variation of corrosion po- 
tential E with immersion time t. +: 
sample 1. x:  sample 2. O: sample 
3. 
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(20, 33). Besides, chloride anions are known to breakdown 
the passivat ion layer; they raise the min imum required 
pigment  concentrat ion to obtain a passive layer (20, 36, 
37). 

So, it is thought  that  when the chloride concentrat ion at 
the metal/solution interface is below a certain limit, i.e., in 
the beginning of the immersion or when the bulk concen- 
tration is low, the chromates are able to protect  the iron, 
producing the Cr 3+ component ,  which is reflected by the 
behavior  of the open-circuit  potential.  However,  the 
passivation reduces the electroactive area, thus increases 
the IF  part  in the impedance  curve. Nothing happens  to 
the protect ion as long as the C1- limit is not  exceeded,  
which is only the case for sample 3. 

For samples  1 and 2, the C1- l imit  is exceeded after a 
certain immersion t ime and passivi ty breaks down, 
causing the known consequences on the potential,  the 
impendance,  and the surface aspect. 

So, the C1- concentrat ion in the bulk solution is obvi- 
ously another  important  factor controlling the system. It 
affects also the coating: there seems to exist  another criti- 
cal C1- concentrat ion above which a marked diffusion of 
chromate from the coating can occur, together  with an 
impor tant  reduct ion of the ionic resistance of  the coating. 

An increasing thickness logically enlarges the ionic re- 
sistance of the coating and delays the ment ioned 
deterioration. 

In any case, the pore densi ty increases with time, as 
well as the contact  area at the pore basis, and this is 
reflected by the decrease in the HF impedances,  and the 
relatively growing importance of the mass transfer (LF) 
part. 

Conclusions 
An immersed  coated metal  was subjected to impedance  

measurements .  Varying some system parameters  such as 
coating layer thickness,  concentrat ion of NaC1 in the solu- 
tion, and pigmentat ion of the coating has a marked 
influence on the characterist ic impedance  curve. The de- 
pendence on immersion t ime also supplies much infor- 
mation about  the physical  and electrochemical  system 
behavior. 

Mansucript  submit ted  July  26, 1982; revised manuscr ip t  
received Apri l  23, 1984. 
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Electrochemical Behavior of Passive Iron in Acid Medium 
I. Impedance Approach 
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ABSTRACT 

Wide frequency range impedance measurements are applied to a kinetic investigation of passive iron in various 
acidic media. Special care was taken in the electrode preparation to reach stable current densities (7 ~A �9 cm-2 in Fe/1M 
H2SO4, 25~ Impedance data were obtained as a function of potential and temperature in the steady state. An original 
approach to the nonsteady-state behavior is introduced by combining transient response to the time dependence of the 
impedance. Contributions from transport in the film and interfacial impedance are separated. The classical view of high 
field conduction mechanism is refined with respect to the generality of the description and also to the film properties 
in various environments leading to the concept of chemically dependent  high field ion migration. Low frequency be- 
havior in the millihertz range supported this conclusion by ruling out the idea of diffusion-controlled passive current. 
The capacitance observed is attributed to the film-growth kinetics. 

In the last ten years, passivity was mainly investigated 
by means of in situ optical techniques and non-in situ 
surface spectroscopies (1-8). These studies resulted in a 
certain amount  of information on the chemistry of 
passive layers, but  their use is often confined to weakly 
or mildly aggressive media (e.g., boric-borate-buffered so- 
lutions). In  these media, however, kinetics studies are 
difficult because the passive current is very low, often at 
the level of the background current of oxygen reduction 
or of the feedback current of most regulating devices. 
However, during the same period, the electrochemical be- 
havior of passive metals in acid media was disregarded. 
Therefore, in spite of marked progress in nonsteady-state 
electrochemical methods such as impedance measure- 
ments at very low frequencies by FFT or by correlation 
techniques, the most elaborate concepts on passivity for- 
mulated from classic experiments were not thoroughly 
worked out (9-18). 

Vetter assumed that the major part of applied 
overvoltage is located in the passive film following a high 
field conduction process (17). The film growth is also 
supposed to be governed by this field, whereas the 
passive current is determined by a chemical process tak- 
ing place at the film]solution interface and closely related 
to the stoichiometry of the film material (18). Difficulties 
in analyzing the kinetics of passive electrodes are in ma- 
jor part due to the overlapping of several elementary pro- 
cesses such as charge transfer at interfaces, transport 
properties across the film, and film growth. The prob- 
lem can also be formulated in terms of the potential 
profile between the metal and electrolyte or of the rate- 
determining step involved in the passive current. The 
separation of these contributions may be improved by 
measuring the electrode impedance over a wide fre- 
quency range or by recording current or potential tran- 
sients performed over a wide range of time. In the case of 
small perturbations, these two techniques are related 
through the Fourier transform. It is then possible to dis- 
t inguish between the steady state and transient phenome- 
non and to obtain relevant information on the potential 
distribution and concentration distribution across the 
interface. 

The existence of a passive film may lead one to de- 
scribe the system by an equivalent circuit. Although it 
seems fruitful as a guiding representation, this approach 
is only a way to translate experimental data or theoretical 
predictions and does not in any way provide new infor- 
mation on the physico-chemical system itself. In many 
cases, several designs of equivalent circuits may be 
found, which show the difficulty of attributing un- 
ambiguously a given element to a definite elementary 
process. Along the same lines, the arrangement of the 
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electrical elements should not be construed to be iden- 
tical with the postulated steps in the real system. In  
highly intricate systems, it often turns out that circuit ele- 
ments are frequency dependent  and the representation 
tends to lose its advantage. 

Early impedance measurements used for studying pas- 
sivity of metals were usually aimed at capacitance deter- 
mination in order to estimate film thickness or dielectric 
properties of the film material. Furthermore, the poten- 
tial dependence of the high frequency capacitance was 
tentatively related to the semiconducting Character of the 
film through the Mott-Schottky relation (19-21). 

One of the most controversial points is the electrical re- 
sistance of the passive film. There is an apparent contra- 
diction between good electronic conductivity and a high 
electrical field assisting ionic currents across the film. If 
a major part of the applied overvoltage is located across 
the film, a nearly linear dependence of the resistance 
with respect to potential is expected, regardless of 
whether the conduction process is ohmic or high field. 
Surprisingly enough, no investigations were made to 
check this basic point. Current transients generated by 
potential perturbations were interpreted by Vetter in 
terms of an electrochemical potential driven from its 
equilibrium, at the solution]film interface, as responsible 
for film growth (9). More recently, ion diffusion across 
the film was considered as a l imiting step by Sukhotin et 
al. (22, 23), but  this model was not clearly supported by 
experimental data. Macdonald et al. (24, 25) developed a 
"point defect" description of film growth. According to 
these authors, the steady-state passive current is deter- 
mined by the diffusion of ions or ions vacancies in the 
film. 

Many impedance measurements on the passivity of iron 
were performed at frequencies greater than 1 Hz. This fre- 
quency domain is too high to give access to the relaxation 
of film thickness and even to the transport properties of 
the film. Haruyama et al. (26) performed impedance mea- 
surements in the millihertz range on passive iron, mostly 
in a boric-borate buffer solution. Impedance of metals in 
the active, active-to-passive, and passive ranges were ex- 
tensively studied by Epelboin et al. (27-29) and Armstrong 
et al. (30, 31). However, treatment of their results on the 
passive film was restricted to bidimensional layer models 
and, therefore, ignored film growth and potential distri- 
but ion in the layer depth. 

This brief literature review leads to the conclusion that 
Vetter's views on passive iron are the most complete 
ones. They have largely stimulated the present work, 
which is devoted to a detailed analysis of electrode 
impedance. 

Impedance of Passive Electrodes: A General Framework 
Complex impedance techniques are widely used to ex- 

amine electrochemical processes. On a very general basis, 
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the electrode impedance can be formally represented as a 
potential-dependent resistance R(E). The change of this 
resistance with potential is noninstantaneous since it in- 
volves finite rate processes such as transport phenomena 
and/or physico-chemical transformation at the interface, 
which gives rise to the overall nonlinear behavior of the 
system. 

The simplest way to describe this feature in the fre- 
quency domain is through a single (nondistributed) relax- 
ation. Then the impedance Z can be expressed as 

1 1 (1 A(E) 
Z(co) - R(E) 1 ~ j--~-T / [1] 

where co is the angular frequency (~ = 2~rf, f in Hz), r a re- 
laxation time constant, j = ~ ,  and A(E) a nondimen- 
sional parameter. 

According to this equation, the impedance Z(co) is iden- 
tical to R(E) at very high frequencies compared to 1/~, 
since under  those conditions R(E) can be regarded as fro- 
zen. At zero frequency, the impedance tends to the polari- 
zation resistance Rp given by 

1 1 1 

R, Z(o) R(E) 
- -  [1 - A(E)]  [2] 

Schematic Nyquist representations of Eq. [1] are given 
in Fig. 1 according to the value of A(E). In most systems, 
this low frequency limit can be approached only by ex- 
tending the measurement  towards the millihertz range. In 
the case of passive systems, the polarization curve is ex- 
tremely flat, and the polarization resistance is practically 
infinite within the experimental accuracy. 

Early studies on the impedance of passive electrodes 
were carried out only in the range of medium frequencies, 
e.g., 50 Hz, and concluded at the capacitive behavior of 
the passive film. In this context, no attempt was made to 
establish a connection with the dc properties of the 
passive electrode. Further analysis of impedance data in 
the intervening low frequency domain is needed, since it 
may reflect three-dimensional processes in the film such 
as ion transport and growth mechanism. 

The so-called resistance of the film is sometimes diS- 
cussed with reference to the ratio of the dc potential to 
the dc current. The electrochemical systems being essen- 
tially nonlinear, this consideration is completely irrele- 

vant  except under  very particular conditions described 
below. A restricted class of nonlinear systems can be de- 
scribed by a generalized Ohm's law relating the dc cur- 
rent flowing through the system to the dc voltage accord- 
ing to 

E 
R(E) - [3] 

I 

where R(E) is identical to the high frequency limit of the 
resistance governed by the general Eq. [1] according to 

Z 
1 [ E dR(E)] [4] 

R(E) 1 - R(E) (1 + joJ~) dE 

This property provides an easy criterion for discrimi- 
nat ing this class of systems and is perfectly verified by 
nonisothermal metallic or semiconducting resistors ex- 
hibiting respectively impedances of the types a and b in 
Fig. 1. In these systems the potential dependence of R(E) 
arises from its temperature dependence through Joule's 
law. In the case of electrochemical systems, no absolute 
potential scale can be defined�9 Consequently, Eq. [3] can- 
not be checked against impedance data. The derivative of 
Eq. [3] could be applied to constant current systems 
(passive electrodes) 

dR(E) 1 

dE I 
[5] 

Equation [5] clearly means that any change of voltage 
induces a proportional change in the resistance value ac- 
cording to the generalized Ohm's law. It should be em- 
phasized that activated charge transfer or conduction pro- 
cesses do not obey this law, as will be shown in the next 
section. 

E x p e r i m e n t a l  P r o c e d u r e  
An accurate measurement  of electrode impedance at 

l o w  frequencies for passive iron in a strongly acid me- 
dium is extremely difficult. This is due to an underlying 
attack taking place between metal and embedding mate- 
rial (9, 12). In this work, this problem is overcome as ex- 
plained below, and steady-state passive currents as low as 
7 /~A �9 cm -2 were observed during a week for Fe/1M 
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H2SO4 at 25~ This enables one to obtain reproducible 
data at very low frequencies. 

EIectrodes.--The working electrode was prepared from 
iron rod of 5 mm diam (Johnson-Matthey) as received 
without any heat-treatment. The cross section of rod was 
allowed to contact with electrolyte, thereby forming a 
disk electrode, the surface of which was 0.2 cm 2. The re- 
maining surface of rod was first covered with an epoxy- 
phenolic varnish cured at 200~ then embedded in a ther- 
mosetting phenol resin at 200~ under pressure (3.5 bar). 
The electrode thus prepared was polished by emery pa- 
per of up to 1200-grade under  running water, rinsed with 
ion-exchanged water, and immediately set in a cylindrical 
electrolytic cell. A Pt-gauze of large surface area (200 cm ~) 
surrounding the cell wall is used as a counterelectrode. 
Potential was measured and referred against a mercurous 
sulfate electrode in saturated K~SO4 (SSE) located in the 
solution bulk. 

Solutions.--Various acid solutions were prepared of p.a. 
reagents (Merck "proanalysis" quality) and ion-ex- 
changed water. These solutions are H3PO4, H2SO4, HNO3, 
and HC104, 1M concentration. 

Phosphate and sulfate media of different pH's were pre- 
pared by the mixture of molar acid and 1M KH2PO4 or 1M 
Na2SO4 in varied proportions. The electrolytic cell of ca 
0.3 liter of solution was deaerated by Ar bubbling and 
maintained at constant temperature. 

Devices.--The polarization of electrode interface and 
impedance measurements  were carried out with a Solar- 
t ron-Schlumberger equipment,  electrochemical interface 
1186, and Frequency Response Analyzer 1250. Very low 
frequency data (f < 0.01 Hz) were obtained also by FFT 
processing (Fourier Analyzer: Hewlett-Packard 5451C) of 
the current response to a stepwise potential perturbation. 

Procedures.--Prior to impedance measurements,  the 
electrode was prepolarized at a passive potential, 0.85V in 
most cases, for 24h. It was found in preliminary experi- 
ments that the electrode impedance continued to change 
for a long period after the passive current reached its 
steady-state value. 

To investigate the potential dependence of the imped- 
ance, the potential was then switched to the selected 
value. Approximately an additional lh  was needed after 
that to reach the steady-state current and to perform the 
measurements.  No significant dependence of the results 
on the inital polarization potential was observed. 

Table I. Influence of the electrolyte composition and temperature on the 
steady-state passive current and the diameter RHF of HF loop 

I~ RHF Rn~ �9 Ip 
Solution pH T (~ (~A. cm -~) (kE0 (mV) 

H3PO4 1M 1.0 25 58.0 10.7 124 
37 130.0 4.9 127 

2.2 25 27.6 23.1 128 
2.8 25 12,2 53.6 131 
3.4 25 3.4 205.4 140 
0.03 25 8.2 74.0 122 

50 55.0 10.5 116 
1.0 25 3.0 193.4 116 
1.8 25 0.3 
0.4 25 4.8 121.0 117 
0.0 25 3.9 117.0 91 

37 8.65 55.0 95 
0.0 25 0.22 2260.0 97 

45 2.0 251.0 100 

H3PO4 + KH~PO4 1M 
H3PO4 + KH.~PO, 1M 
H3PO4 + KH~PO~ 1M 
H2SO4 1M 

H~SO4 + Na2SO4 1M 
H..,SO4 + Na2SO4 1M 
H._,SO4 0.5M 
HNO, 1M 

HC104 1M 

All values were obtained at E = 0.65V. 

whereas in 1M HC104, the value was found to be ca. 15 
kcal .  mo1-1. 

Electrode impedance.--Figure 3 shows an example of 
the impedance diagrams obtained for two different solu- 
tion compositions, in the full passive range. In this 
figure, three frequency domains can be separated: (i) a 
capacitive loop at relatively high frequencies (HF capaci- 
tance loop), (ii) an inductive loop at medium frequencies 
(MF domain), and (iii) another capacitive domain for low 
frequencies (LF capacitive loop). 

These diagram features were obtained regardless of po- 
tential, solution anion, pH value (0-3.4), and temperature,  
provided that the electrode was polarized in the full 
passive range. The only difference observed between 
these impedance diagrams was the diameter of each loop 
and its frequency domain. 

HF capacitive loop.--This loop is close to a semicircle 
centered below the real axis (depressed semicircle) as also 
generally observed on solid electrodes including noble 
metals (33). The capacitance values determined at the 
maximum of the imaginary part lie between 10 and 50 #F 
�9 cm-2 depending on the experimental  conditions. If ana- 
lyzed in terms of a parallel R-C circuit at each frequency, 

I ' l I 

Results and Discussion 
Steady-state measurements.--The pass i ve  r a n g e  ex -  

t e n d s  between the Flade potential and oxygen evolution 
in general (transpassive dissolution in perchlorate media). 
From the Flade potential ca. -0.2V, the current decreases 
with potential. Beyond 0.2V, the current is independent  
of potential, except  in phosphate medium, in which a 
slight current change can be observed. This so-called full 
passive range is mainly dealt with in this paper and al- 
lows one to define a constant passive current density Ip. 
The Ip values obtained for various experimental  condi- 
tions are summarized in Table I. As can be seen, at a 
given temperature and pH, the passive current increases 
proportionally as the charge-to-size ratio of anions: PO43- 
> SO4 ~- > NO3- > CIO4-. 

In solutions of a given anion, the concentration of 
which is kept constant, the passive current decreases at 
increasing solution pH. Regardless of anions, the follow- 
ing relation was observed at 25~ 

d log I~ _ 0.78 [6] 
dpH 

It was also found that the passive current depends on 
temperature. Arrhenius plots obtained in 1M H3PO4 are 
shown in Fig. 2. An apparent activation energy of ca. 12 
kcal - mol -~ was calculated. In sulfate solutions at pH = 1, 
the same value for the activation energy was recorded, 
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Fig. 2. Arrhenius plot for Fe/IM H3PO4, E = 0.60V 
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Fig. 3. Complex impedance diagrams: {e) Fe/|M H3PO4, 37~ E = 
0.6SV; (b) Fe/nM HzSO4, 25~ E = 0.35V. 

it is noteworthy that the frequency dependence is 
reflected particularly on the resistive component  (34, 35). 
Aspects related to this frequency dependence were not 
investigated in greater detail in this paper. The interest is 
focused on the real axis intercept RH~, which must  be re- 
garded as a property of the electrode at a sufficiently 
high frequency to freeze the modulation of the film 
thickness. Charge transport  and/or interfacial charge 
transfer at the metal/film and film/electrolyte interfaces 
may be involved at the same time, which is hardly distin- 
guishable. 

Separation of the interfacial and film contributions to 
RHF can be performed on the basis of its potential depen- 
dence. As illustrated in Fig. 4, R.~ increases linearly with 
potential in the full passive range. It can hence be written 
a s  

RHF = RHF n~d~ + K ( E  - E Flade) [7] 

where E rl~d~ is the Flade potential, RHF F]ade indicates RHF 
value extrapolated back to EFl~d% and K is a constant. The 
values of RHF r]~d~ and K are dependent  on solution compo- 
sition and are shown in Table II. 

Equation [7] actually suggests that RHF can be split into 
a contribution located in the film bulk (Rm~), which is 
proportional to film thickness, and another contribution 
linked with charge transfer processes at the film bounda- 
ries (Rt). 

Consideration of the product RHFI provides deeper in- 
sight into the nature of the resistive component  of the im- 
pedance. A constant value of this quanti ty is related to an 
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Fig. 4. Potential dependence of RHF. Fe/1M H2S04, 25~ 

Table II. RHF Fmde and K values related to Eq. [7] 
for different solutions at 25~ 

K ~[~HF Flade 
Solution (kfl - V -I �9 cm ~) (kfl �9 cm 2) 

H~SO4 1M 7.0 9.5 
H3PO4 1M, pH = 1.0 0.93 1.1 
H3PO4 + KH~PO4 1M, pH = 2.8 5.6 5.3 
H3PO4 + KH~PO4 1M, pH = 2.2 2.5 2.3 

irreversible charge transfer obeying a Tafel law, whereas, 
according to the foregoing introduction, RHFI can be also 
used as a characterization of the conduction mechanism 
in the film. 

The product R ,  FI, where I is the measured current den- 
sity at a given applied potential, is compared for various 
solutions in Fig. 5. 

First, variations at potentials less anodic than the full 
passive range were investigated. In Fig. 6, the polarization 
curve near the active-passive transition potential obtained 
in 1M H~SO4 is shown. In the same figure, three 
impedance diagrams (A to C) obtained at the correspond- 
ing points on the steady-state polarization curve are also 
shown. In  these diagrams, the features of impedance dia- 
gram change drastically as the polarization point ap- 
proaches active-passive transition. The zero frequency 
limit of the impedance for point A is negative, in agree- 
ment  with the negative slope of the polarization curve. 
The product R.~I is independent  of potential in the low 
anodic potential range. The value of this product is close 
to 70 mV at potentials close to the active-passive transi- 
tion potential, then increases and reaches a value equal to 
100 mV at 0.3V for solutions of pH > 1 (Fig. 5). Beyond 
this potential, the electrode is polarized in the full passive 
range where I becomes the passive current density inde- 
pendent  of potential. (Ip) �9 RMF �9 Ip increases linearly with 
potential showing a similar variation for all solutions in- 
vestigated as shown in Fig. 5. However, the position of 
the straight lines is dependent  on solution pH following 
60 mV/pH law for a given anion. The linear relationship 
between R,~ �9 Ip and the potential is qualitatively in agree- 
ment with Eq, [5]. However, the experimental slope of 
0.06 is in disagreement with the uni t  slope expected from 
Eq. [5]. If  an ohmic drop was actually involved in a 
passive film of potential dependent  thickness, it would 
concern only a small fraction of the overpotential located 
within the film. In other words, a rough mode] as that de- 
scribed by Eq. [5] is able to account only qualitatively for 
the resistive component  of the impedance of passive iron 
[Fig. 1, A(E)  = 1]. 

It is noteworthy that in spite of large differences be- 
tween passive currents observed in various solutions (cf. 
Table I), the slope of RHF �9 I J E  is essentially the same for 
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Fig. 6. Steady-state polarization 
curve in the passive region. Com- 
plex impedance diagrams mea- 
sured at different points labeled A 
to C. Fe/1M H2S04 at 2S~ Fre- 
quencies in hertz. 
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all solutions. This establishes some kind of similarity in 
the electrochemical properties of the passive film in all 
solutions investigated. This result will be of importance 
for the modeling of the passive electrode. Surprisingly, 
this behavior seems to occur even more generally, taking 
into account similar experiments performed by Creve- 
coeur et al (34) on a luminum in ammonium pentaborate! 
ethylene glycol solutions. From Fig. 1 of Ref. (34), one can 
calculate a slope equivalent to d(RH~ �9 I,)!dE of about 0.07. 
If, as suggested by Vetter (17) for iron and commonly as- 
sumed for valve metals, the movement  of ions through 
the film obeys a high field migration, the RHF ' IJE  de- 
pendence is easily understood�9 The current I flowing 
through this film is expressed by 

zaF 
where B - R T '  a = half-jump distance, z = electric 

charge of the mobile species, T = temperature, and l = 
film thickness�9 According to Eq. [8] 

d(RI) l 

dE BE 
[9] 

the slope corresponds to the argument of the exponential  
Eq. [8]. From the experimental  data, d(RHr �9 I)/dE = 0.06 
and assuming a = 5A, a reasonable value for an oxide lat- 
tice parameter, the calculated electric field is ca. 3 �9 106 V 
�9 cm-1 at 25~ or a change in thickness of the order of 35A 
�9 V -1, in agreement with the literature of valve metals. 

The conclusions regarding the properties of the passive 
film partially support Vetter's view of the dominating 
role of the electric field. More precisely, regardless of the 
experimental  conditions, the steady-state seems only 

compatible with a particular value of this field. It is es- 
tablished that the film thickness remains practically the 
same at a given potential. Changes in the ionic dissolution 
current across the film must be entirely accounted for by 
the pre-exponential factor of the high field equation�9 
However, it is to be remarked that these conclusions are 
based on a whole set of impedance data for the same 
value of the mean steady-state electric field in the film. 
No direct evidence is provided in favor of Eq. [8] in terms 
of current-electric field plot. Deviation from the station- 
ary field can only be obtained under nonsteady-state con- 
ditions that give rise to either growth or dissolution of the 
film. 

In an at tempt to estimate the value of RHr during the 
transient response to a stepwise change of potential, the 
impedance-time profile was sampled using the data stor- 
age facilities of the 1250 analyzer�9 Because of the devia- 
tion of the HF arc from a perfect semicircle, two frequen- 
cies were selected: one close to the top of the loop and the 
other one two or three times smaller. It was checked that 
errors arising from the contribution of the transient cur- 
rent response to the correlation remain negligible�9 

In Fig. 7 and 8 the transient current response (curve a) 
and R.~ profile (curve b) in 1M H3PO4 solution after po- 
tential steps of 0.4V in anodic and cathodic directions are 
shown. The amplitude of this potential step was such that 
the system was perturbed far beyond the linearity 
domain�9 

Figure 9 shows the change of RHFI as a function of time. 
A steadily decreasing transient is found. This result is ob- 
viously incompatible with an irreversible charge transfer 
at interfaces and a high field conduction mechanism in 
the film bulk. Under  these assumptions, Eq. [8] predicts 
that R ~ I  would simply reproduce the smooth increase of 
"/" from its initial to its final value following the poten- 
tial step. The origin of this behavior can be clarified in 
some extent�9 If a Tafel law is postulated for the interfacial 
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charge transfer, the constant value of RtI can be deducea 
from Fig. 5 by extrapolating back to the zero-thickness re- 
gion and thereby, the change of Rfilm during the transient 
estimated. Applying this procedure, it is found that the 
variations of RfHm between initial and final states of the 
passive film cannot be restituted correctly with a con- 
stant value of RtI. Instead, a value of RtI decreasing with 
the current during the transient must  be used. This 
strongly suggests an explanation based on a partially re- 
versible interfacial charge transfer rather than a deviation 
of the conduction mechanism from the exponential  law at 
high field strength. This explanation is even more con- 
vincingly supported by the time response of RH~I during a 
backward cathodic potential step. RH~.I steadily increases 
from an initial value as low as 0.04V (Fig. 9). In this case, 

the evaluation of the film resistance by assuming the 
constant value 0.1V of RtI would lead to a negative value 
of Rfilm. However, a partially reversible interfacial transfer 
(i.e., smaller values of Rt/ associated with small anodic 
currents) during the cathodic transient consistent with 
this experiment occurs. On the whole range of currents 
covered by anodic and cathodic transients, i.e., between 
1.38 and 52 /~A, the charge transfer parameter RtI has to 
vary from 0.055 to 0.129V. The steady-state value 0.1V lies 
in the midrange. The dependence of RH~ - Ip with passive 
current through anions at constant pH (Table I) also sup- 
ports this view. However, additional contributions to the 
impedance measured during the transient arising from 
side reactions related to the growth or dissolution of the 
film may also be considered. 
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Medium frequency domain.--The iron/acid interface po- 
larized in the fully passive range exhibits an inductive 
loop in the medium frequency range. This behavior is ob- 
served only if the electrode is carefully protected against 
undermining attack between metal and insulating mate- 
rial (37). 

The associated characteristic time constant r can be 
defined by the frequency at the bottom of the inductive 
loop. The product  I,r  is potential dependent  and goes 
through a min imum by E = 0.6V for 1M H~PO4. This mini- 
mum value is of the order of 70 ~C �9 cm -2 and was found 
to remain between 70 and 180 ~C �9 cm -2 for each compo- 
sition and temperature investigated. This explains why 
the inductive behavior was not observed in HC104 solu- 
tions. In these solutions, the passive current is as low as 
0.1 ~A �9 cm -2 and the characteristic frequency might fall 
at a fraction of millihertz. This inductive behavior was 
also observed on aluminum in an ammonium pentabor- 
ate-ethylen glycol solution (36) and is obviously equiva- 
lent to the overshoot mentioned in early studies of the 
transient response of A1 and other valve metals. Its origin 
was thoroughly discussed in terms of bulk or surface re- 
laxation. On the basis of impedance data, it was recently 
attributed to the buildup of a surface charge (36). It can be 
noticed that the inductive effect is not observed with Ni 
and thus might be related to an intermediate oxidation 
step in the film (37). 

Low frequencies domain.--As shown in Fig. 3, the elec- 
trode impedance exhibits a capacitive branch in the low 
frequency domain. Similar to the behavior observed in 
the high and medium frequency ranges, this branch ap- 
pears at higher frequencies for a higher passive current. 
Consequently, accurate measurements  in this region are 
easier in phosphate media and at temperature greater 
than 25~ The capacitance F calculated in H~SO4 and 
H3PO4 exhibits a slight frequency dependence. If  1/F 2 is 
plotted as a function of frequency, a roughly linear rela- 
tionships is found as shown in Fig. 10. The limiting capac= 
itance at zero frequency does not depend much on experi- 
mental conditions. For instance, F changes only from 40 
to 55 mF �9 cm -'~ when a temperature rise increases the 
current from 63 to 370 ~A �9 cm -2 in 1M H3PO4(Fig. 10). 

FFT signal processing as applied to the transient re- 
sponse allowed one to investigate with better accuracy 
the frequency range below 1 mHz. Current responses to 
anodic and cathodic steps, shown in Fig. 11, are clearly 
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tions. Fe/1M H3PO4, E = 0.65V. 17, 25~ Ip = 63 /~A.  cm -2. 0 :  37~ Ip 
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0.4V, 50~ Ip = 55 /~A.  cm -2. Limiting zero frequency F values in mF. 
cm-2: 40.5, 44.3, 55.1, and 61, respectively. 
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asymmetrical, even for amplitude as low as 0.03V. Even if 
linearity requirements are not completely fulfilled, it was 
verified that the mean value of the anodic and cathodic 
Nyquist loci reproduces accurately the complex imped- 
ance measured by ac signal at the same potential as 
proved by a comparison of Fig. 12 and 3a. The capaci- 
tance deduced from the cathodic Nyquist locus is practi- 
cally independent  of the frequency and close to 25 mF �9 
cm -2 in 1M H3PO4 at 25~ In  contrast, the anodic re- 
sponse yields a capacitance exhibiting a frequency 
dependence. 

The physical origin of this low frequency branch is eas- 
ily understood by emphasizing its strict connection with 
the existence of an infinite polarization resistance or, in 
other words, with the process ensuring a constant passive 
current in the steady state. Owing to the particular accu- 
racy of FFT techniques in this frequency range (32), it can 
be concluded from the shape of the diagram in the low 
frequency range that diffusion is not the controlling pro- 
cess. According to the data obtained at high frequencies, 
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the electrode process can be described as a chemically de- 
pendent  high field conduction mechanism. Conse- 
quently, the low frequency capacitance arises from the 
potential dependence of the film thickness, and it is 
worth discussing the value of s with respect to the 
amount  of electricity stored in the film. Assuming a film 
composed of a trivalent iron oxide (specific gravity 5g �9 
cm -3) and with' a thickness of 35A V-Z; this leads to a ca- 
pacitance of ca. 3 mF �9 cm -2, whereas s is approximately 
ten times greater. In other words, only one tenth of the 
alternating current is stored in the film, while the re- 
maining component corresponds to a modulation of the 
dissolution current across the film. However, it is doubt- 
ful whether this ratio between dissolution and growth 
components remains independent  of the frequency. Dif- 
ferent responses in frequency of these two components 
may give rme to a frequency dependence of F and possi- 
bly to the inductive behavior. This variation in frequency 
response is suggested by the fact that the diameter of the 
inductive loop is also approximately one-tenth of RHr over 
the whole experimental conditions investigated. 

Conc lus ion  
Impedance analysis of passive iron permitted the sepa- 

ration of the transport properties in the film from the 
charge transfer at interfaces, on one hand, and the film 
growth, on the other hand. 

A resistance obeying a linear dependence on the poten- 
tial is found as expected from the existent theories. The 
charge transfer contribution is partially reversible as es- 
tablished from nonsteady-state experiments. A high 
field-assisted ion migration with an electric field of the 
order of 3 �9 106 V �9 c m - '  or a thickness of ca. 35• - V -1 is 
corroborated. 

The capacitive behavior observed in the low frequency 
range is related to film growth and allowed to estimate 
the ratio of the film forming current to the dissolution 
current under  nonsteady states. 

The passivation current depends on electrolyte compo- 
sition through the charge carrier concentration in the 
film (pre-exponential term in the high field equation), 
whereas the film thickness seems to remain independent  
of the electrolyte investigated. On the whole, the elec- 
trode process can be described as a chemically dependent  
high field assisted ion migration. It is significant that the 
value of the passive current determines unambiguously 
the most important  parameters involved in the characteri- 
zation of the system. 

Manuscript submitted Nov. 30, 1983; revised manu- 
script received April 24, 1984. 
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Cyclic Voltammetric Studies and Caustic Cracking of Steel at 
Various Temperatures 
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ABSTRACT 

Cyclic voltammetric studies were carried out for an iron electrode and for pressure vessel quality steel A516 in 1 and 
7.73M sodium hydroxide solutions as a function of temperature. Cyclic voltammograms for strained electrodes of steel 
were also made. The stress corrosion cracking susceptibility was measured by the slow strain rate method. The exam- 
ined temperature range was between 25 ~ and 105~ A correlation was found between the electrochemical behavior of 
unstrained electrodes (cyclovoltammograms) a n d  the susceptibility to caustic cracking. A critical zone of temperatures, 
above which cyclic voltammograms are sensibly different and stress corrosion cracking occurs, was obtained. 

The resistance of steel to corrosion and stress corrosion 
cracking (SCC) in caustic soda solutions is an important 
issue in various industrial applications, including the 
electrolysis and dissolution of minerals performed in steel 
containers. The need for corrosion prevention, as well as 
the commercial interest in iron alkaline batteries, stimu- 
lated numerous investigations of the electrochemical be- 
havior of iron in alkaline media. Surveys of the pert inent 
papers are available (1, 2). Most of the studies, especially 
those under  single-scan or cyclic voltammetry conditions, 
have been carried out at normal temperatures, but  some 
high temperature investigations reported up-to-date indi- 
cate that the i-E profiles obtained at low and high tem- 
peratures are different (3-5). No systematic study of the ef- 
fect of temperature on the cyclic voltammetry of iron 
electrode has been made. 

It is worthwhile to add that the practical examples of 
failures in sodium hydroxide solution have occurred 
largely above room temperature. A statistical analysis of 
industrial failures done by Schmidt et al. (6) showed that 
5% NaOH solution caused stress corrosion cracking above 
95~ and a 50% NaOH solution above 40~ A collective 
survey on the caustic cracking of mild steel, which deals 
with more recent data (7), indicates that no cracks below 
ca. 50~ were reported by industrial sources. The exami- 
nation of other results (8, 9) for the caustic cracking of 
steel as a function of temperature and concentration of 
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* On leave from Department of Chemistry, University of 

Warsaw, Warsaw, Poland. Present address: Department of 
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93106. 

the sodium hydroxide solution shows that the limits of 
the caustic danger zone may be varied by a number  of 
other factors, especially environmental  and metallurgical 
ones. 

In this study, the effect of temperature on the cyclic 
voltammograms of an iron and a steel in the range of 
25~176 were studied, the upper limit depending on the 
concentration of the NaOH solution. Also, stress corro~ 
sion cracking susceptibility of the steel was studied em- 
ploying the slow strain rate method at different tempera- 
tures. Since temperature is dominant  factor in SCC 
susceptibility, it is important  to examine its effect on the 
electrochemical behavior and the relation of this to 
cracking. 

Experimental 
The experiments were carried out in a ~two-compart- 

ment, all-Teflon cell, equipped with circulating system 
(all-Teflon, Cole-Palmer pump, C-7149-20). The reference 
electrode compartment (saturated calomel electrode) and 
the main cell were connected by a thin bridge filled with 
the supporting electrolyte and terminated with a Teflon 
Luggin capillary. The tip of the capillary was situated less 
than 1 mm from the center of the working electrode. The 
counterelectrode was a rolled plat inum wire, 0.5m long, 
installed in the main cell. The working electrode (0.28 
cm 2) was made of Teflon-embedded pure iron (ferrovac) 
of the following composition (in percentage); C(0.007), 
Mn(0.001), St(0.006), S(0.007), P(0.002), Ni(0.04), N(0.003), 
Cr(0.01), Mo(0.01), and Cu(0.014). 

The electrode was polished with emery paper of various 
grades (from 100 to 600), followed by rinsing in distilled 
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water. After mount ing in the electrochemical cell filled 
with the deaerated test electrolyte at a constant tempera- 
ture, the electrode was cathodically activated at -1.1V for 
5 rain. The electrolyte was deaerated in the thermostated 
container (2 liter capacity) of the circulating system by 
prepurified argon. The temperature of the solution in the 
cell was maintained with an accuracy of +-0.2~ All po- 
tentials are given with respect to the normal hydrogen 
electrode. 

The slow strain-rate tests were conducted with an MTS 
machine. The test cell was similar to that used for cyclic 
vol tammetry experiments,  with the exception that it was 
possible to incorporate the working steel electrode ten- 
sion specimens, machined according to ASTM standards. 
The steel A516 (pressure vesel quality) of the following 
composition (in percentage) was used in these expert- 
ments 

C Mn P S Si 

0.24 1 .15  0.008 0.007 0.25 

Cu Ni Cr Mo Sn 

0.044 0.025 0.033 0.004 0.002 

The caustic solutions employed were 1 and 7.73M. Pre- 
liminary results showed that the more susceptible strain 
rate for SCC was 2.6 • 10 -6 s -1. 10 -~ s -1 gave less SCC, 
but these two strain rates were employed to examine the 
effect of temperature. The elongation of the specimens 
was measured by the use of Gage marks on the reduced 
section of the specimen. Also, the reduction in area was 
determined for every sample by measuring the diameter 
of the reduced section before and after testing. The sur- 
face of the specimen was well cleaned with acetone and 
rinsed with distilled water. After inserting in the test cell, 
the electrode was cathodically polarized at -1.1V for 5 
min. The temperature of the electrolyte in the cell was 
controlled by a Chromel-Alumel thermocouple to an ac- 
curacy of -+2~ Working electrodes (0.28 cm 2) from A516 
steel were also machined for cyclovoltammetric studies. 
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Fig. 1. The cyclic voltammetry of iron electrode at 25~ in 1M NaOH: 
the first scan (broken line) and subsequent profiles are shown. The shift 
of particular peaks (denoted by Roman figures) is indicated by arrows. 
The attention on anodic shoulders of peak III and peak V is drawn by 
letters B and B', respectively. Scan rate: 50 mV s -1. Electrode area: 0.28 
cm -~. 

Results and Discussion 
Cyclic voltammetry studies.--The cyclic vol tammetry 

studies were made for different scan rates from 5 to 500 
mV s- ' .  Six scan rates were examined in this region, 
since the vol tammograms have almost showed the same 
shape, only a noble shift of the peak potential and an in- 
crease in the peak current as a function of the increase in 
the scan rate was observed, the results presented here are 
limited to the rate of 50 mV s-l,  which is considered as an 
average speed. Figure 1 shows the evolution of the 
vol tammograms recorded at 25~ approximately 30 cy- 
cles were needed to obtain a stable profile. The evolution 
of the curves (indicated by the directions of arrows) as 
well as the initial (broken line) and the final shape of the 
potentiodynaraic plots are in agreement with the results 
of other authors (1, 3, 10). Similar evolution of the i-E 
profiles was observed at 35~ but the current density of 
peak III (Fig. 1) was ca. 30% lower. It was also noted that 
in the case of peaks III and V, a certain resemblance is 
present especially in the formation of a shoulder as a 
sequence of successive cyclation (shoulders B and B 1, 
Fig. 1). 

Figure 2 shows the voltammetric behavior of iron at 
higher temperatures. At 45~ the evolution of the 
vol tammograms was still observed, but  the upward shift 
of peak III and V and the downward shift of peak VI were 
very slow. It should be noted that peak III which pre- 
vailed at the lower temperatures is reduced substantially. 
At 55~ peaks III and V practically disappear. Moreover, 
only a few cycles were needed to obtain stable conditions 
(at t > 55~ no significant difference was found between 
the first and the stable profiles). Peak II systematically 
increases with temperature (5) and at t > 55~ predomi- 
nates over the other anodic peaks. At 95~ the 
potentiodynamic plots are similar to that obtained by 
Macdonald and Owen in 1.0M LiOH at 200~ (3). 
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Fig. 2. The cyclic voltammograms of iron electrode in 1M NaOH at 
various temperatures: (a) 45 ~ (b) 55 ~ (c) 65 ~ (d) 75 ~ (e) 8S ~ and (f) 
95~ First scans are indicated by broken lines, stable profiles by solid 
lines. Scan rate: 50 mV s -1. Electrode area: 0.28 cm 2. 
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Comparison of the voltammograms obtained at low 
(t <45~ and high temperatures shows that the 
dissolution-precipitation mechanism (11-12) which most 
probably accounts for the formation and evolution of 
peaks III and V, is no longer operating above 55~ It is 
also clearly seen that peak II should be attributed to the 
active-passive behavior of iron, the inference being in 
agreement with that of Armstrong and Baurhoo (5). As 
shown by Parkins (13), the potential region of caustic 
cracking of mild steel coincides with that of the active- 
passive transition of the steel, so that cracking suscepti- 
bility should be by consideration of peak II, obtained at 
low and high scan rates, rather than that of peak III, as it 
has incorrectly been suggested earlier (14). 

Similar voltammetric experiments carried out with 
A516 steel, showed the same tendency as in Fig. 2, but  
peaks III and V practically disappeared at 65~ rather 
than at 55~ with iron. 

'The observation concerning the temperature-depen- 
dent iron oxide (hydroxide) redox couple represented by 
peaks III and V, with the equil ibrium potential situated 
exactly in the region of the maximum susceptibility of 
SCC (13) (Fig. 1), is concluded to be relevant to the discus- 
sion of a critical temperature for SCC phenomena (13). 
The critical temperature of 50~ below which no stress 
corrosion cracking occurs under  industrial conditions, co- 
incides with a dramatic decrease in the tendency for the 
formation of peaks III and V on iron and with a substam 
tial decrease on A516 steel. Therefore, it seems that the 
formation of a passive layer by the dissolution- 
precipitation mechanism below a critical temperature is 
responsible for a reparation mechanism in the initial 
stages of crack formation. 

One of the proposed mechanisms of SCC can be: crack 
growth arises from an enhanced anodic dissolution reac- 
tion on oxide-free surfaces which have been created by 
the rupture of the passivating oxide films as a result of 
the localized plastic strain at the tip of a SCC. The crack 
advances by a rapid anodic dissolution and subsequent  
passivating film formation. This film is then ruptured by 
further plastic strain and the process repeats. This sug- 
gested that the mechanism should show transgranular 
propagation of the fracture. Fractographic studies con- 
firmed this aspect; however, initiation and early stages of 
propagation showed clearly intergranular features which 
can be interpreted in terms of the pre-existing path 
theory for initiation and early stages of propagation. 

Effect of temperature and concentration.--It is interest- 
ing to compare here the voltammograms of unstrained 
and strained electrodes as a function of temperature and 
concentration. 

In 1M NaOH, for temperatures below 65~ strained 
specimens in the elastic range of A516 steel gave almost 
the same pattern of voltammograms as that obtained with 
stable electrodes: the dominating peak was peak III. In 
presence of plastic deformation, peak II was well iden- 
tified and the peak current is enormously increased, 
while peak III was increased by a factor of 3 and re- 
mained the most important. For temperatures above 65~ 
no major difference was observed between the evolution 
of cyclic voltammograms for unstrained and elastic de- 
formed electrodes; as in the case of stable electrodes, we 
noted the disappearance of peak III in spite of the in- 
crease of peak II, and this latter was not sensibly changed 
because of an elastic deformation. In the plastic deforma- 
tion region, the peak current II was even doubled. This 
means that plastic deformation, like temperature, has an 
important influence on the active-passive behavior of 
steel, which is believed to be closely related to SCC 
phenomena.  

For more concentrated solutions of NaOH (7.73M, for 
example), the observations made above for stable and de- 
formed (elastic or plastic) electrodes were verified. Below 
65~ in this concentrated solution peak III current was 
decreased by a factor of 2; meanwhile, peak II current 
was double or even tripled with respect to that obtained 
in 1M; however, the peak III remained higher than peak 

II. It can be stated that the difference in height between 
the peaks current II and III was reduced as a function of 
the increase in concentration of NaOH. This was true for 
stable or strained (elastic and plastic) specimens. At tem- 
peratures above 6~~ the tendency in 7.73M NaOH was 
the same as that in 1M NaOH:peak II increased while 
peak III disappeared. The evolution of peak II was very 
important with a plastic deformation (doubled) like that 
found in dilute solution of NaOH (1M). 

The combined effect of concentration and temperature 
have, as it is expected, an influence on the peaks current, 
i.e., on the mechanisms of caustic embrittlement. An in- 
crease in concentration from 1 to 7.73M and an increase in 
temperature from 80 ~ to 105~ led to an increase of peak II 
by a factor of 1.5. This was appreciable, since peak II was 
already important at 80~ This was observed for stable or 
strained electrodes. 

Slow strain-rate SCC studies.--Correlation between the 
voltammetric behavior of iron at different temperatures 
(Fig. 2) and temperature dependent  caustic cracking sus- 
ceptibility of A516 steel (Fig. 3 and 4), which validates the 
above hypothesis, will be shown below by using slow 
strain-rate technique. 

The potential of maximum susceptibility of A516 steel 
to stress corrosion cracking (13) in 7.73M NaOH was 
found to be -733 mV. This potential was imposed during 
slow strain-rate (2.6 x 10 -6 s - '  and 10 -~ s- ' )  experiments 
at different temperatures. The results obtained in 7.73M 
NaOH are shown in Fig. 3. For both strain rates, the re- 
duction of the surface area (ROA) of the specimen de- 
creased (the susceptibility of A516 steel to SCC increased) 
with temperature. The first monotonic drop in ROA is 
followed by a distinctive downward curvature which 
leads to a new ROA vs. T line. In effect, the overall plot 
may be approximated by two straight lines with different 
slopes, the second (high temperature one) being more 
negative than the first. Similar results were obtained in 
1.0M NaOH, but the SCC effects were less pronounced 
and the curvature of the ROA vs. temperature plot was 
less marked. 

It should be noted that the intersection of the ROA vs. T 
straight lines (the change of the slope) occurs in the tem- 
perature region where the peaks III and V practically dis- 
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Fig. 3. Effect of temperature on the reduction of area of steel A516 
(PVQ) in 7.73M NaOH. Potential imposed E = - 7 3 3  inV. v means the 
rate of deformation. 
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Fig. 4. Portion of Gage length of steel A516 (PVQ) at fracture location 
in 7.73M NaOH. Potential-imposed E: - 7 3 3  mV. Rate of deformation: 
2.6 • 10 -6 s -1. (a): T = 35~ (b): T ~ 55~ (r T = 85~ (d): T = 
105~ 

appeared from the voltammograms of the nonstrained 
electrodes (Fig. 2 and test). Therefore, the inference made 
above that the mechanism of the electrochemical contri- 
bution to SCC is different below and above a critical tem- 
perature (50~176 is substantiated not only by the corre- 
lation of the industrial vs. voltammetric data [Ref. (6) and 
(7) and Fig. 2], but  also by the interdependence of the 
SCC laboratory test results and the voltammetric behav- 
ior of iron (Fig. 3 vs. Fig. 2). 

The reduction of the surface area of specimens investi- 
gated in NaOH solutions below 65~ and especially at 
25~ was close to that observed in air, which indicates 
the virtual absence of SCC. 

Figure 4 shows different types of fractures of A516 steel 
in 7.73M NaOH solution. For temperatures below 65~ 
the ductile tensile fracture was the classic "cup and cone" 
failure, with considerable necking characteristic of plastic 
deformation prior to the failure. Similar fractures were 
observed during tests carried out in air. As the tempera- 
ture increased (t > 65~ numerous secondary cracks in 
the reduced section were seen (Fig. 4). At 105~ those 
cracks, which are indicative of severe SCC failure, be- 
came deeper and wider. Decrease of the strain rate from 
10 -s to 2.6 10 -6 s - '  caused a measurable increase in the 
number  of the secondary cracks as well as contributed to 
the larger reduction of the surface area and of the elonga- 
tion of the specimens. 

Conclusions 
1. No major differences were observed in the voltam- 

mograms of unstrained and elastic-strained electrodes. 
With plastic deformation the shape of the voltam- 
mograms remained the same, but  peak II is wider for 
strained electrodes, especially at high temperatures and 
concentrated solutions. 

2. The temperature has an influence on the evolution 
of the cyclovoltammograms of iron in caustic solutions. 
With an increase in temperature, the peak II increased 
while peak III decreased, but this latter stayed the most 
important peak for temperatures below a critical one 
(55~ for iron and 65~ for A516 steel). Above this critical 
zone of temperatures, peak III disappeared and that is 
accompanied by a marked evolution of peak II. 

3. The increase in concentration of caustic solutions 
gave the same influence on the peaks II and III as the el- 
evation of temperature. The combined influence of tem- 
perature and concentration showed that peak II was quite 
important  at concentrated solutions of NaOH at 105~ 

4. There is a certain correlation between the cyclic 
voltammogram of steel (strained or not) and its resistance 
to caustic cracking. A critical region of temperatures is 
observed for the examined steel where the cyclic voltam- 
mograms showed disappearance of the peaks III and V 
and broadening of the anodic peak II in the same time of 
the appearance of fragile cracking accompanied by sur- 
face reduction, elongation decrease, and secondary 
cracks. The absence of peak III and V and the increase of 
peak II above a critical region of temperatures marked 
the susceptibility of the metal to SCC. 
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ABSTRACT 

The electrodeposition of polycarbazole by passing a constant current through a solution of carbazole in N,N- 
dimethylformamide containing 0.1M tetra-n-butyl ammonia perchlorate has been followed using multiple beam laser 
interferometry. The deposited film was used as an electrode in the electrochemical oxidations of Fe 2~, Fe(CN)G 4-, and 
hydroquinone (HsQ). While the oxidation of H.~Q proceeds in a diffusion-controlled manner, the others show interesting 
differences. 

In previous papers, we reported (1, 2) following the dep- 
osition of a relatively thick polypyrrole layer on gold by 
laser interferometry. The fringe patterns yielded refract- 
ive index gradients which were easily converted to 
concentration-time/distance profiles. The Nernstian 
boundary layer thickness becomes obvious and.measura- 
ble, as does, from its growth, the progress and path of 
electrolysis. 

In continuation of this type of approach to polymer- 
coated electrodes, we have investigated the electro- 
deposition of polycarbazole (another of the depositable 
conducting polymers) using multiple beam laser 
interferometry to study the behavior of the electrodepos- 
ited film as an electrode material. For this purpose, the 
electrochemical oxidations of Fe 2§ Fe(CN)s 4-, and hydro- 
quinone (H2Q) were carried out at a bare platinum surface 
and also on a polycarbazole film deposited on the plati- 
num. The choice of electroactive materials was based on 
consideration of the charge on the ions or molecule. At 
the film-covered electrode, the oxidation of charged ions 
produces concentration-distance or concentration-time 
profiles showing significant deviation from those of the 
bare electrode. The above profiles for H2Q show very lit- 
tle deviation at the two electrodes. These deviations have 
been analyzed in terms of permeabili ty of the electroni- 
cally conducting film. 

Experimental 
The experiments were carried out in a Fabry-Perot In- 

terferometer giving Fizeau-type multiple-beam-wedge 
fringes, which is similar in design to cells previously re- 
ported (3, 4). The cell was 1.39 mm thick, and the elec- 
trodes, which were made of platinum, were separated by 
6 mm. The electrodes were made by sputtering platinum 
on semicircular glass disks (3 cm long and 1.3 cm radius). 
The disks were soaked in chromic acid for about 4h to re- 
move grease, etc. They were then washed with water and 
alcohol. The curved regions and the flat portions of the 
plates were covered with cellophane tapes, leaving only 
the long side of the disk to receive the sputtered plati- 
num. To make electrical contact to the platinum, a small 
quantity of silver epoxy was painted at one of the edges 
of the sputtered disks. The thickness of the platinum 
layer on the glass disk was 100A. 

The experimental  arrangement consisted of a Spectra- 
Physics Model 122 He-Ne single-mode laser as light 
source, a Sony Model AVC-3210 video camera, a Sony 
AV-3650 half-inch video recorder, and a 26 in. monitor. 
The interferometer was mounted on a brass support  be- 
tween the pole pieces of the electromagnet. 

Electrodeposition of polymers was carried out galvano- 
statically at several c.d.'s: 0.10 m A c m  -2, 0.55 mA cm -2, 
1.10 m A c m  -2, 1.52 m A c m  -2, 3.20 mA cm -2, and 7.6 mA 
cm -2. The fringe system was recorded and analyzed at 30, 

60, 120, 180, 240, 360, and 900s of electrolysis, and the 
complete exper iment  was video taped for replay and 
examination. 

N,N-dimethylformamide (DMF) was obtained from 
MCB (ACS reagent-grade) and was used as received. 
Tetra-n-butyl ammonium perchlorate (South Western An- 
alytical Chemicals) was dried under vacuum for 24h be- 
fore use. The hydroquinone (J. T. Baker) sample was 
recrystallized from hot water before use. FeSO4 and 
K4Fe(CN)s were of analar-grade chemicals. Double dis- 
tilled water was used in all the experiments.  

The refractive index of the solutions was measured 
using a Bausch and Lomb precision Abbe refractometer 
thermostated at 25~ 

The electrodeposition (5) of polycarbazole was carried 
out by passing a constant current through 60 mM carba- 
zole solution in DMF containing 0.1M tetra-n-butyl ammo- 
nium perchlorate with the anode and cathode positioned 
in a vertical (V-position) configuration. The deposit was 
washed with acetone and air dried before use. For 
interferometric studies, the cell is filled with about 2 ml 
of the solution after mounting the electrodes in the de- 
sired configuration. 

All the experiments  reported here were carried out in a 
deep-vertical (V) or cathode over anode (C/A) configur- 
ation. 

Results and Discussion 
Electrodeposition of polycarbazole.--The electrochem- 

ical oxidation of carbazole at a platinum anode produces 
a golden yellow polymeric film of polycarbazole on the 
electrode at c.d.'s of about 0.50 mA cm -2. Figure 1 shows 
the impressed voltage vs. current density plot, and it re- 
veals a plateau from 0.50 to 2.50 mA cm -2. The deposition 
of the polymer was also carried out by raising the c.d. be- 
yond 2.50 mA cm -2, but it produces deleterious effects on 
the film-it easily peels off the electrode. The deposit ob- 
tained at these higher c.d.'s has purple streaks on the up- 
per middle portions of the electrode. This can be pre- 
vented by applying a magnetic field during the deposi- 
tion process. The film thickness has been varied by 
controlling the duration for which the electrolysis was 
carried out. All the electrochemical experiments reported 
here were carried out by controlling the surface excess at 
7.24 ~mol cm -2 giving a nominal thickness of 0.25 ram. 

The deposition of the polymer was followed by multi- 
ple beam laser interferometry. Figure 2 shows the 
interferogram obtained during an electrolysis at 0.58 mA 
cm -~. A smooth downturn of the fringes Was observed at 
the anode~ indicating a decrease in refractive index of the 
medium in that region. At this electrode the oxidation of 
carbazole occurs to produce a cation (n = 1), which upon 
polymerization produces the film (6) and a decrease in 
concentration and refractive index. The complementary 
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Fig. 1. Potential-current plot for the electrodeposition of 
polycarbazole at a platinum electrode. The voltage was measured at 
360s of electrolysis upon passing a constant current. 
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reaction at the cathode (during the above electrolysis) was 
the reduction of carbazole to its anion radical (n = 1) (7). 
Since the anion radical is known to react rapidly with the 
medium to regenerate carbazole, the refractive index of 
the medium in this region was not significantly altered 
during the electrolysis except  at the highest c.d.'s. 

Since the deposition of the polymer occurred at the an- 
ode, the fringes at this electrode have been analyzed in 
detail. The fringe shift (F) during this deposition varied 
linearly at the electrochemically active surface with the 
square root of electrolysis t ime suggesting a diffusion- 
controlled oxidation as expected from "Sand's  behavior" 
(8) (see subsequent discussion). This linearity in F vs. x/7 
breaks down at c.d.'s > 2.5 mA cm -2 because of the onset 
of convection in the electrochemical cell. A plot of fringe 

shift as a function of c.d. at two selected periods of elec- 
trolysis shows the pattern in Fig. 3. In the higher c.d. re- 
gion, the fringes are not well defined beyond 30s of elec- 
trolysis. At these c.d.'s, the deposits on the electrode were 
brittle. The convective flow which occurs during the 
deposition was also followed using holographic inter- 
ferometry (9). This flow resulted in violet streaks ap- 
pearing on the yellow deposits. The origin of the color is 
not clear, but it may be due to the free radical's getting 
trapped on/in the yellow polymer. 

The deposition of the polymer was also conducted in 
magnetic fields of 1.0, 3.0, and 6.0 kG with a view to ob- 
taining smooth deposits (10). The interferometric fringes 
were smoother in the presence of a magnetic field, and 
the deposition of the polymer was free from violet 
streaks. Scanning electron micrographs (SEM's) were 
taken of the samples obtained in the magnetic field. Fig- 
ure 4 shows the SEM picture obtained in a 6.0 kG mag- 
netic field. 

The interferometric fringes in the magnetic field were 
compared with the zero field patterns. The concentra- 
tion-distance profiles during electrolysis are shown in 
Fig. 5. The negative AC values at zero field indicates the 
existence of strong convection in the cell. 

Behavior of  polycarbazole electrode towards electrolytic 
oxidat ions.- -The Pt/polycarbazole electrode response to- 
wards the oxidation of H2Q was examined in aqueous sul- 
furic acid (1M) and in phosphate buffers of pH 6.0. 
Galvanostatic electrolysis produces interferometric pat- 
terns of the conventional  types (11, 12), with the fringes at 
the anode showing a downturn due to decrease in refrac- 
tive index in that region. The growth of the Nernst diffu- 
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Fig. 3. The maximum fringe shift vs. current density plot during the 
electrodeposition of polycarbazole. The durations of the electrolysis are 
30 and 60s. 

Fig. 2. The interference patterns observed at the anode during the 
electrolysis of 60 mM carbazole in N,N-dimethylformamide containing 
0.1M tetra-n-butyl ammonium perchlorate. The fringe pattern was re- 
corded at 420s. Left side is the cathode and right side is the anode. 

Fig. 4. A scanning electron micrograph recording of an electrodepos- 
ited polycarbazole, i o = 0.5S mA cm-2. Duration of electrolysis: 1260s. 
Magnetic field strength = 6.0 kG. Magnification: 2000•  
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Fig. 5. The relative concentration changes during electrolysis of 60 
corbazole in DMF containing 0.1M tetra-n-butyl ammonium per- 

chlorate at the anode. The top curve is obtained in a magnetic field of 3 
kG. The lower curve was obtained at zero field, io = 1. ] 7 mA cm-5. The 
profile refers to on elapsed time of electrolysis of 420s. 

sion layer during this electrolysis proceeds steadily until 
the electrolysis of the supporting electrolyte begins. The 
fringe shift (F) in a galvanostatic electrolysis is given by 

2I ~/ t 
F(o.t) = -nF- '  k - ~  (0.546) [1] 

where n is the number  of electrons consumed at the elec- 
trode, F is the Faraday, and D is the diffusion coefficient 
of the molecule, k is defined as 

2ta 
k - [2] 

k 

where t is the thickness of the cell, a is the correlation 
constant between refractive index and concentration of 
H~Q, and X is the wavelength of laser light (6328s A plot 
of F vs. ~/t for the electrolysis of H~Q is shown in Fig. 6. 
With a veiw to comparing its behavior at an uncoated 
electrode, the electrolysis of H2Q solutions were also 
carried out at a platinum electrode. The data obtained in 
these experiments  are also shown in Fig. 6. The results 
obtained at the two electrodes are comparable to one an- 
other but have different slopes consistent with the c.d.'s 
used. 

The growth of the Nernst diffusion layer proceeds 
smoothly during electrolysis of I-I2Q, and the relative 
changes in concentrations from the electrode surface to 
the bulk were followed by recording the fringes at differ- 
ent times. Figure 7 shows the plot of relative concentra- 
tions as a function of the distance from the electrode sur- 
face at Pt/polycarbazole and Pt. The concentration 
changes are very similar at the two surfaces, suggesting 
that H2Q is oxidized at our near the polymer surface. 

$ pt/Pc 0.29mA r ' 
O.8F �9 Pt O.S8 / -  

F - 

0 .4  

12.0 ~ (s) 24 .0  

Fig. 6. The plot of maximum fringe shift vs. x/tduring electrochemical 
oxidation of 60 mM hydroquinone in 1.0M H2S04. 
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Fig. 7. The relative changes in concentration of H2Q as a function of 
distance from the electrode at 360s of electrolysis of 60 mM H~Q in 1M 
H2SO 4 at Pt and platinum covered with polycarbazole film (Pt/PC). 

The impressed voltage changes with time during an 
electrolysis of H2Q at a Pt/polycarbazole electrode are 
shown in Fig. 8 for two selected c.d.'s of 0.294 or 0.588 mA 
cm-2. These plots for the electrolysis of H2Q at a Pt  anode 
are very close to identical. The similarities observed at 
the two electrodes suggest the mechanisms of oxidation 
of H~Q are following identical pathways at the two types 
of electrodes. 

The electrochemical oxidations of inorganic ions such 
as aquo Fe 2§ and Fe(CN)~ 4- at Pt/polycarbazole follow dif- 
ferent pathways from bare Pt. The oxidation of Fe 2§ in 1M 
H2SO4 in the interferometric cell produces an upturn of 
the fringes at the anode, indicating an increase in the re- 
fractive index of the medium. The counterelectrode pro- 
cess during the electrolysis was the reduction of hydro- 
gen ion. At low c.d.'s (<0.55 mA cm-2), the production of 
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Fig. 8. The impressed voltage vs .  time plot during on electrolysis of 60 
mM H2Q in 1M H~SO4 ut platinum and Pt/PC electrodes. The impressed 
current density was kept constant at 2.94 or 5.88 mA cm -2. 
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Fig. 9. A plot of maximum fringe shift vs. square root of time of elec- 
trolysis of 0.50M FeSO4 in 1M H2SO4 at a Pt or Pt/PC anode. The current 
density was kept constant at 0.58 mA cm -2. 
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hydrogen was slow, and hence no significant convection 
(13) was noticed in the central part of the cell. The fringe 
shift at the Pt anode varies linearly with the square root 
of the time of electrolysis, as shown in Fig. 9, suggesting a 
diffusion-controlled behavior. The electrolysis carried out 
with higher c.d.'s showed deviations from linearity due to 
the onset of hydrodynamic flows produced in the cell. 
The results obtained at the Pt/polycarbazole anode 
showed two significant deviations: (i) the fringe shift at 
this electrode was not linear with t '~2 during the progress 
of electrolysis and (it) the fringe shift at longer times 
(>240s) was almost constant during extended periods of 
electrolysis. 

Figure 10 shows the concentration-distance plots dur- 
ing the electrolysis of FeSO4 at Pt  and Pt/polycarbazole 
anodes. The extent to which the region around the elec- 
trode is depleted differs in the two situations. While at a 
Pt  surface the depletion region increases with continua- 
tion of the electrolysis, this growth was not significant 
with Pt/i~olycarbazole. This difference is attributed to the 
flux differences at the two electrodes: the flux of Fe z+ at 
the polymer surface and the flux within the polymer. 

The electrolysis of K4Fe(CN)6 in aqueous KCI medium 
between two Pt electrodes is well documented (14). The 
oxidation of Fe(CN)04- occurs at Epa = 0.36V vs. SCE and 
consumes le in this electrolysis. The galvanostatic elec- 
trolysis of K4Fe(CN)~ in the Fabry-Perot interferometer 
produces fringe patterns like those shown in Fig. 10. The 

_ Fe ~ 

(rel) t 240s, 360s 

[ 
0.2 X 0"4(ram) 

Fig. 10. The relative concentration changes during electrolysis of 
0.50M FeSO4 in 1M H~SO4 at Pt anode or Pt/PC anode plotted as a func- 
tion of distance from the electrode. 

as~ Kje (c~, 
o. //x 
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L . , f ~  i i I I 
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Fig. 11. A plot of maximum fringe shift vs .  square root of time of elec- 
trolysis of 0.05/4 K4Fe(CN)6 in 1M KCI at on impressed constant current 
of 0.58 mA cm -2. 

analysis of the fringes at the anode shows the fringe shifts 
are proportional to the square root of time (see Fig. 11). 
However, with Pt/polycarbazole as the anode in the ex- 
periments, the above plots show deviations from those for 
Pt. At higher c.d.'s (>1.10 mA cm-2), the fringe shift was 
constant beyond 120s of electrolysis in a way similar to 
that observed with Fe 2+. This constancy was not observed 
at Pt in either case. 

The diffusion gradients for H2Q are established from 
the beginning of the electrolysis and progress throughout 
the electrolysis, indicating oxidation at or near the poly- 
mer surface, the porous conducting polymer appearing to 
have an areal resistance of about 40 ~ cm-2. A contrasting 
situation develops when the ions [Fe z+ or Fe(CN)64-] pass 
into the polymer film. Part of the diffusion layer appears 
to be inside the polymer layer in contrast to the neutral 
H2Q results. The film thus behaves like a polyelectrolyte 
where the presence of negative and positive charges in 
the film brings out the above type of behavior. It should 
also be remembered that these films were produced un- 
der low c.d. or high magnetic field, i.e., low concentration 
polarization, and should have reasonable electronic con- 
ductivity. Hence, simple ions could be discharged at 
various depths in the polymer, including at the electrode 
itself. The concept of just  part of the concentration gradi- 
ent 's being inside the polymer layer does not totally ex- 
plain the Fe2§ results, although in Fig. 10, 
adding the thickness of the polymer layer (0.25 mm) to 
the observed diffusion layer (0.15 mm) gives 0.4 mm, a 
value very comparable to the bare electrode diffusion 
layer thickness. It seems more likely that the polymer is 
also behaving to some extent as a polyelectrolyte. 
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ABSTRACT 

Cadmium telluride thin films were fabricated on Ti and Nesatron | substrates by electrodeposition and character- 
ized by x-ray diffraction, scanning electron microscopy, energy dispersive x-ray analyses (EDAX), optical transmission 
measurements,  and photoelectrochemical (PEC) studies. The deposition-bath preparation procedure was slightly 
modified from the literature method to permit initial speciation of TeO2 and thereby increase the loading level of Te in 
the film. New data are presented on the electrochemistry of the deposition process and on the cyclic voltammetric be- 
havior of TeO~ containing electrolytes in the pH range from -0.7 to 11.0. The films after suitable annealing in an Ar at- 
mosphere show x~ray diffraction behavior consistent with a hexagonal structure. Data from EDAX show that the Cd]Te 
ratio in the film is sensitive to the annealing process. Concomitantly, the conductivity also changes from p-type to 
n-type, as shown by PEC measurements  on the films containing a protective a-PbO.~ coating in contact with alkaline 
polysulfide electrolytes. Finally, some preliminary data are presented on PEC cells based on these CdTe thin films in a 
nonaqueous electrolyte system comprising the ferrocene/ferricenium ion redox couple. 

Of the emerging materials for solar cell applications, 
CdTe is one candidate which has received much attention 
in recent years (1). Two features in the optical characteris- 
tics of this material are particularly attractive for photo- 
voltaic conversion of sunlight: (i) its energy bandgap of 
1.5 eV, which provides an optimal match with the solar 
spectrum and thus facilitates its efficient utilization and 
(ii) the direct mode of the main optical transition which 
results in a large absorption coefficient and in turn per- 
mits the use of thin layers (1-2 ~m) of active material. 

Electrodeposition methods have been successfully em- 
ployed for the fabrication of cadmium chalcogenide thin 
films in general (2) and CdTe in particular (3). In princi- 
ple, both anodic and cathodic deposition are possible, al- 
though more precise control of film stoichiometry is ob- 
tained with the latter approach. The conditions to be met 
to achieve cathodic deposition of compounds have been 
analyzed by a previous author (4). The key factor here is 
the extent  to which the deposition potential of the less 
noble component  (i.e., Cd in this case) is shifted relative 
to that of the noble species (i.e., Te in this case) by the 
free energy gained from compound formation. For CdTe, 
the difference in standard potentials (0.954V) is greater 
than (Gcd~e)298/2F (Gcd+e = free energy of formation of 
CdTe) such that Cd remains the potential-determining 
species throughout  the stability range of the compound 
(3a, 4). Parametric variables for controlling film stoichi- 
ometry have been established by previous authors, and 
both n~ and p-type layers have been electrodeposited (3a, 
3b). 

Information on the characteristics (structural, morpho- 
logical, compositional, and electronic) of electrodeposited 
CdTe thin films, effect of thermal treatment, and electro- 
chemistry involved in the deposition process, however, is 
limited in the literature (3a, 3b); therefore, we have 
undertaken a systematic study of these aspects in our lab- 
oratory. Our findings to date are presented in this paper 
along with some preliminary results bearing on photo- 
electrochemical (PEC) applications. 

Experimental 
Substrates.--Substrates for CdTe electrodeposition 

were either Ti or Nesatron | glass from commercial  
sources. These substrates were carefully degreased and 
rinsed with acetone followed by air-drying. In the case of 
Ti, the substrates were then polished by garnet finishing 
paper and etched with 10% HF. They were then preheated 
in an Ar stream (containing -0.5% 05) at -650~ till a 
change in color to sky-blue was noted. This procedure 
was found to be essential for good adherence of the 
films. 

ChemicaIs.--All chemicals were of Analar | or Pura- 
tronic | grade purity and were used as received. Deion- 
ized water was used in all cases. 

* Electrochemical Society Active Member 

Electrodeposition bath and procedure.--The deposition 
bath was slightly modified from the one originally used 
by Panicker et al. (3a), which consisted of CdSO4 (1M) and 
TeO2 (10-5-10-3M), the pH being adjusted to 2.5-3.0 with 
H~SO4. We speciated the TeO~ initially with NaOH ( - p H  
9-10) and then bought the solution into the acidic pH 
range (1-3) by slow addition of H2SO4. The initial solution 
in NaOH permits introduction of a higher TeO~ conc. in 
the bath for the growth of p-type films. 

Nominal deposition potentials ranging from -0.65 to 
-0.85V (vs. SCE) 1 and current densities in the range 
-0.3-0.5 mA/cm 2 were employed. A conventional three- 
electrode cell was employed, the counterelectrode being 
either a Pt  spiral or a glassy C electrode. In some cases, a 
twin-anode deposition system [comprising an active Te 
anode, cf. Ref. (3a)] was also used. All depositions were 
carried out at temperatures above ambient (40~176 
since microscopic examination of room-temperature 
films showed them to have poor physical characteristics 
(grain size and morphology) (see below). This observation 
is consistent with previous findings (3b). No significant 
differences were observed for various films grown within 
the above temperature window such that further differen- 
tiation is not made for the results described below. 

Photoelectrochemical (PEC) characterization.--In view 
of the fact that CdTe is not photoelectrochemically stable 
in aqueous solutions, two methods were adopted for their 
PEC characterization. In the first one, a coating of 
~-PbO2 (~1000A thick) was deposited on the CdTe film 
surface by electroless deposition from a bath containing 1 
x 10-2M PbOAc, 1.2M NH4OAc, and 6 • 10-2M K~S~Os ac- 
cording to procedures described elsewhere (5). These 
coated films were tested in alkaline polysulfide electro- 
lyte. In the second approach, a nonaqueous electrolyte 
comprising methanol, tetrabutyl ammonium perchlorate 
as the supporting electrolyte and ferrocene/ferrocenium 
ion as the redox species was employed. In either case, an 
ELH tungsten-halogen lamp was used for il luminating 
the CdTe film. Three-electrode geometry comprising a Pt 
pseudoreference electrode was used for these measure- 
ments. 

Instrumentation.--A Princeton Applied Research 
(PAR) electrochemistry system consisting of a Model 173 
potentiostat/galvanostat, a Model 175 Universal Program- 
mer, and a Model 179 digital coulometer was employed 
for electrochemical deposition and PEC analyses. X-ray 
diffraction data were obtained on a Rigaku Rotaflex 
Model RU 200 powder diffractometer using CuK~ radia- 
tion. Energy dispersive analysis of x-ray fluorescence 
(EDAX) and scanning electron microscopy (SEM) were 
carried out on a Philips Model P505 unit. 

Optical measurements on CdTe thin films were per- 
formed on a Cary Model 219 spectrophotometer.  These 

, All potentials herein are quoted w.r.t. SCE unless otherwise 
specified. 
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Fig. 1. Variation of rest potential with pH for a Pt wire in contact with 
the CdTe plating bath at 25~ 
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Fig. 3. Cyclic voltammogram (scan rate: 100 mV/s) for a Pt 
microelectrode in a 2.0 x 10-2M solution of Te02 atpH = 0.7. The 
dashed line corresponds to data similar to those in Fig. 2a (see text). 

measurements  were performed in the conventional trans- 
mission mode utilizing Nesatron substrates. Film thick- 
nesses were measured on a Sloan Dektrak instrument 
(Sloan Technology Corporation, Santa Barbara, Cali- 
fornia). 

Results and Discussion 
Deposition bath electrochemistry.--Figure 1 illustrates 

the variation in rest potential with pH for a Pt wire in con- 
tact with 1M CdOAc and 1.0 • 10-'-'M TeO2 at 25~ Proto- 
nation of the TeO~ species is believed to be the major 
potential-determining equilibrium and the measured 
slope of 55 -+ 5 mV would be consistent with the follow- 
ing equilibrium (6) 

HTeO3- + H20 ~ HTeO4- + 2 H + + 2 e-  [1] 

Existence of species of the type HTeO3- and TeO~ 2- (see 
below) is predicated by the amenabili ty of TeO~ to speci- 
ation with NaOH. 

Figure 2a contains cyclic vol tammograms for a 5.0 • 
10-4M solution of TeO2 at pH 2.4 at varying scan rates in 
the range 100-500 mV/s. A set of quasireversible anodic 
and cathodic waves is observed. The peak separation is a 
sensitive function of scan rate (see inset). The species re- 
sponsible tbr this behavior do not seem to undergo 

complicating chemical reactions either preceding or fol- 
lowing charge transfer since the peak current ratio re- 
mains sensibly close to unity at all scan rates investigated 
(cfi inset). Additionally, adherence to the classical linear ip 
vs. ~,12 behavior (ip = peak current, ~ = potential scan rate) 
is observed for this electrochemical reaction (cf. Fig. 2b) 
confirming the diffusion-limited characteristic of the 
charge-transfer process. Based on these data, it seems rea- 
sonable to attribute the observed voltammetric behavior 
to sluggish redox reactions (at least on the Pt  surface) 
involving dissolved HTeO3-/HTeO4- species in the bulk 
electrolyte. If instead of terminating the scan at 0V, the 
potential is swept to - - 0 . 4 V ,  a reduction peak becomes 
clearly evident with concomitant development  of a black 
deposit on the electrode surface (cf. Fig. 3). This deposit is 
stripped from the electrode on the positive-going scan. 
This behavior is clearly due to the deposition of Te as de- 
scribed by either of the following reactions. 

HTeO2 # + 3 H  § + 4 e - ~ T e +  2H20 [2] 

HTeO~- + 5 H  + + 4 e - ~ T e + 3 H 2 0  [3] 

Note that the pH dependencies of the reduction potential 
for these two reactions are different (-0.04 and -0.07V 
per unit change in pH, respectively). The two species 
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10-4M soln of Te02 atp H 2.4. The inset shows the variation of peak separa- 
of peak current, ip for the anodic and cathodic waves in Fig. 2a vs. ~,112. 
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HTeO2 + and HTeO3- presumably coexist in equilibrium via 
a reaction of the type (6) 

HTeO~ § + H20 ~ HTeO3- + 2 H + [4] 

Complications in the redox behavior of HTeO3- species 
(Eq. [1]) from this equilibrium could explain the features 
in the cyclic vol tammograms shown in Fig. 2a. 

In basic electrolytes, an overall shift in redox behavior 
to negative potentials is observed (cf. Fig. 4). The predom- 
inant Te species in the basic pH range are probably 
TeO3 ~- and TeO4 ~- (cf. Eq. [1]). Reduction of either of these 
species, possibly via reactions of the type represented by 
Eq. [5] and [6] 

TeO~ 2- + 3 H~O + 4 e-  ~ Te + 6 O H -  [5] 

TeO42- + 4 H~O + 4 e -  ~ Te + 8 O H -  [6] 

is sluggish on Pt as evidenced by the fact that voltammo- 
grams analogous to that in Fig. 3 could not be observed 
down to very low scan rates. 

Film characterization.--Optical properties.--Figure 5 
presents the optical absorption characteristics of repre- 
sentative CdTe thin films on Nesatron substrate for vary- 
ing film thicknesses in the range 1000-3500~. Data are 
shown in terms of both absorbance vs. wavelength (Fig. 
5a) and transmittance vs. wavelength plots (Fig. 5b). 
These measurements  enable computat ion of the absorp- 
tion coefficient, ~, via the relationship a = (d2 - d , ) - '  In 
T,/T2 where d and T are the film thickness and percent- 
age of transmittance, respectively (7). Plots of a~ vs. hv 
will then yield the energy bandgap, Eg. Two such plots are 
shown in Fig. 6 using a values computed from 1000 and 
3300~ (Fig. 6a) and from 1000 and 3600/~ (Fig. 6b), respec- 
tively. The value extrapolated from the plots for Eg is 1.41 
--+- 0.01 eV; this value is somewhat lower than that quoted 
for single-crystal CdTe [1.5 eV, cf. Ref. (1)]. Two reasons 
can be put forth for the occurrence of nontrivial absorp- 
tion at energies below Eg; namely, the presence of (i) free 
Te in the deposit and/or (ii) states in the bandgap arising 
from significant disorder in the thin film relative to the 
single-crystal case. The observation of pronounced "tail- 
ing" in optical absorption curves for CdTe thin-films pre- 
pared in our laboratory by the electroless method seems 
significant in this regard (8). The presence of free Te in 
these films was established by x-ray diffraction (8), al- 
though free Te does not manifest to the same extent  in 
similar data on our electrodeposited CdTe films (see be- 
low). It is, therefore, possible that both factors are impor- 
tant here. 

X-ray diffraction--As-deposited films both on Ti and 
Nesatron substrates were amorphous as shown by x-ray 
diffraction. Annealing of these films at temperatures in 
the range 600~176 in an Ar atmosphere enabled devel- 
opment  of a hexagonal crystal structure (a = 4.58A and c 
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Fig. 5. a(top): Plots of absorbance vs.  wavelength for electrodeposited 
CdTe thin films on Nesatron substrate. Parameter is film thickness. 
b(bottom): Plots of percentage of transmittance vs.  wavelength for elec- 
trodeposited CdTe films on Nesatron substrate. Parameter is film 
thickness. 

= 7.50~). Typical x-ray diffractograms are shown in Fig. 
7a and 7b for CdTe thin-films electrodeposited on Nesa- 
tron and Ti, respectively. Relevant analyses based on 
these data are exemplified in Table I for the Ti substrate. 
Low temperature (< 350~ annealing of these films pro- 
duced the cubic modification in essential agreement with 
the findings of previous authors (3a, 3b). 

EDAX/SEM.--Figures 8a and 8b show typical EDAX data 
on a CdTe thin film on Nesatron and Ti substrates, re- 
spectively. Both the observed peak patterns and the com- 
puter fit to these data based on the peak assignments to 
individual elements are shown in the figure. The "back- 
ground" signals from the Nesatron substrate interfere 
with semiquantitative estimates of the relative Cd:Te ra- 
tio in the film (cf. Fig. 8a). Such estimates for the Ti case, 
however, yield an average ratio of -45:55. 

Figure 9 shows the SEM photographs of a representa- 
tive CdTe thin film on Nesatron at two different magni- 
fications. The film morphology is fairly typical of these 
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Fig. 7. Partial x-ray diffracto- 
grams for electrodeposited CdTe 
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and (curve b) Ti. The films were 
thermally annealed prior to mea- 
surement. 
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materials (3a, 3b), although its sensitivity to substrate ma- 
terial is quite striking (cf. Fig. 9 and 10). 

Photoelectrochemistry.--Liquid contacts offer a conven- 
ient means of assessing changes in film stoichiometry 
and corresponding variations in electronic conductivity 
brought about by prior treatment. The utility of PEC 
methods for monitoring such changes is illustrated by 
typical data in Fig. 11. The data in Fig. l l a  are for an as- 
deposited CdTe thin film (i.e., no thermal treatment) on 
Ti substrate, whereas the curves in Fig. l l b  pertain to an- 
other film subjected to prior thermal treatment (-600~ 
in Ar atmosphere for -50  min). In  both cases, the CdTe 
film surface had a protective coating of a-PbO2 to pre- 
vent it from undergoing PEC corrosion (see above). Alka- 
line polysulfide was used as the redox electrolyte. The 
dark current flow shown in Fig. l l a  and l l b  arises from 
the conduct ing a-PbO~ overlayer. Electronic carriers in 
the underlying CdTe substrate serve only to "bias" the 
conductivity of this overlayer (9). Consider Fig. l la .  
Bandgap i l lumination of the CdTe layer creates electron- 
hole pairs. A large fraction of these pairs recombine. 
Some of the photogenerated carriers, however, traverse 
the field at the CdTe/PbO~ junct ion and augment  the 
charge transfer processes occurring at the PbOJelectro- 
lyte interface. The enhancement  of cathodic current flow 
at this interface on i l lumination of CdTe, minimal  
changes in the anodic regime, and theposit ive shift in the 

rest potential of the CdTe/PbO2 electrode on i l lumination 
(cf. Fig. l la)  are all consistent with the presence of a 
p-type CdTe film underneath the PbO2 overlayer. On 
thermal treatment, the Cd/Te ratio is increased (a result 
borne out by EDAX measurements) and the nonstoichio- 
metry in the resultant film renders it n-type (cf. Fig. l lb) .  
Note the negative shift in the rest potential for this film 
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Fig. 8. EDAX data on electrodeposited CdTe thin films on (a, left) 
Nesatron and (b, right) Ti. The electron beam energy in the two cases 
were 15 and 20 keV, respectively. The actual spectra are superimposed 
on the computer fit to these spectra based on the peak assignments as 
shown. 

Fig. 9. SEM photographs of an electrodeposited CdTe thin film on 
Nesatron at two magnifications. 
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Table I. X-ray diffractogram analysis of an annealed CdTe 
thin film on Ti substrate 

Observed Reported* 
28 d I/I , 28 d(A) I/I, hkl 

23.90 3.72 100 23.70 3.75 100 002 
39.40 2.29 84 39.30 2.30 100 110 
40.27 2.24 16 42.71 2.12 80 103 
46,52 1.95 46 45.42 . 2.00 75 112 
53.08 1,72 10 52.06 1.76 16 202 
62.50 1.48 11 62.02 1.50 25 210 
71.30 1.32 9 71.20 1.32 30 300 
76.30 1.25 8 76.14 1.25 20 302 

* ASTM Powder Diffraction File 19-193 for hexagonal CdTe. 

on  i l l u m i n a t i o n - a  b e h a v i o r  c o n s i s t e n t  w i t h  n - type  con-  
duc t i v i t y  in  t he  u n d e r l y i n g  s e m i c o n d u c t o r  layer  (9). T h e  
lack of  a s y m m e t r y  in  t h e  c u r r e n t  vo l t age  c h a r a c t e r i s t i c s  
on  i l l u m i n a t i o n  ( c o m p a r e  Fig. l l a  a n d  l l b )  is b e s t  ex-  
p l a ined  b y  t he  p r e s e n c e  of  a " l eaky"  n-CdTe/PbO.~ 
in ter face .  

The  P E C  m e t h o d  of  a s c e r t a i n i n g  ca r r i e r  t ype  in  semi-  
c o n d u c t o r  t h i n  f i lms as  d e s c r i b e d  a b o v e  w o u l d  b e  par t ic-  

Fig. 10. SEM photograph of an electrodeposited CdTe thin film on Ti. 
Magnification same as in Fig. 9b. 

ular ly  use fu l  in  cases  w h e r e i n  m o r e  c o n v e n t i o n a l  Hal l  or  
h o t - p r o b e  m e a s u r e m e n t s  wou ld  be  p r e c l u d e d  by  t he  h i g h  
c o n d u c t i v i t y  of  t h e  s u b s t r a t e  [cf. Ref. (3b)]. 

Fig. 11. Steady-state current- 
voltage scans for electrodeposited 
CdTe thin films on Ti in polysulfide 
redox electrolyte (Na2S/NaOHIS, 
3M each before (a, left) and after 
(b, right) thermal treatment of the 
films. Data are compared in each 
case in the dark and under illumi- 
nation with white l ight from a 
tungsten-halogen lamp (uncor- 
rected l ight intensity ~ 60 
mW/cm~). The electrolyte was qui- 
escent and the potential scan rate 
was 100 mV/s. The films had a pro- 
tective coating of ~-Pb02 (see 
text). 

(a) 

o 

, /  
/ / ~ 0 0  mlV 
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' - r - -  
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OOmV ~- 

�9 | 
(w.r.t. REDOX) 

Fig. 12. Photoelectrochemical 
behavior in chopped white light (80 
mW/cm 2) of an electrodeposited 
CdTe thin film (Ti substrate) in 
methanol/TBAP (O.SM) electrolyte 
containing ferrocene/ferricenium 
ion redox couple (0.2M/0.5 mM). 
The film area (uncorrected for sur- 
face roughness) was 1 cm ~. The 
film was subjected to prior thermal 
treatment. The inset shows for 
comparison the corresponding be- 
havior of an n-CdTe single crystal 
(0.2 cm 2) at 60 mW/cm 2. In both 
cases, a Pt pseudoreference elec- 
trode was employed, and the po- 
tential scan rate was 100 mV/s. 
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Photoelectrochemical cells.--CdTe is characterized by 
its extreme susceptibility to PEC corrosion in aqueous 
electrolytes (see above), and the problem is even worse in 
thin films relative to the single-crystal case (10). In  our 
search for alternative redox electrolytes, we have found 
the methano]/tetrabutyl ammonium perchlorate/ferro- 
cene/ferricenium ion system (11) to be effective in sup- 
pressing PEC corrosion. Typical measurements on three- 
electrode PEC cells based on this electrolyte are shown in 
Fig. 12; both for an electrodeposited CdTe thin film and 
an n-CdTe single crystal for comparison (cf. inset). Note 
that the PEC behavior is consistent with n-type behavior 
of the film after thermal treatmen t (cf. Fig. l lb) .  The so- 
lar cell parameters for this nonoptimized cell geometry 
are short-circuit current density (1.5 mA/cm 2) and open- 
circuit potential (-300 mV). The fill factor is much infe- 
rior to the single-crystal case, indicating substantial deg~ 
radation in cell efficiency through carrier recombination. 
Thus the performance characteristics of these films in 
terms of solar cell applications are admittedly modest at 
present, although the facile reduction observed for the 
photogenerated ferricenium ion in the negative going 
scan for single-crystal CdTe (cf. inset, Fig. 12) underl ines 
the problem with nonopt imum location of the ferrocene/ 
ferricenium ion couple with respect to the CdTe band- 
edges and offers the encouraging prospect of better per- 
formance with a redox couple having a more positive 
standard potential. The results of further optimization of 
PEC cells based on electrodeposited CdTe thin-films will 
be reported at a later date. 
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A Photoelectrochernical Storage Cell with n-CdSe and p-CdTe 
Electrodes 

H. J. Gerritsen, 1 W. Ruppel, and P. W~rfel 

Institut fi~r angewandte Physik der Universitdt, Universit(~t Karlsruhe, D-7500 Karlsruhe, Germany 

ABSTRACT 

Charge and energy storage is presented for a photoelectrochemical cell, in which in a CdSO4 electrolyte one elec- 
trode, n-CdSe, is photodecomposed under  illumination, and the other electrode, p-CdTe, is photoelectroplated by Cd. 
These processes lead to a galvanic cell with Se on CdSe as one electrode, and Cd on CdTe as the other electrode. The 
discharge products, when the cell is discharged in the dark, are the original photosensitive semiconductors. Each of 
these photosensitive electrodes, as well as their combined performance, is discussed, together with the source of 
irreversibilities for this method of photoelectrochemical energy conversion. 

Known photoelectrochemical cells or photoelectro- 
chemical storage cells convert light energy into chemical 
energy in a redox system like S/S 2- in the liquid, or use 
bulk storage in a third electrode (1-3). More recently, 
n-MoSe~ has been used in various bromine redox electro- 
lytes (4). In these studies corrosion of the semiconductor 
has been avoided at all costs. In contrast, the work re- 
ported here is based on such corrosion, because the 
chemical energy storage comes from light-induced de- 
composition of the surface of the semiconductors. Be- 

Permanent address: Department of Physics, Brown Univer- 
sity, Providence, Rhode Island 02912. 

sides photoelectrochemical cells, storage of energy in the 
electrolyte has been investigated (5-8). These devices are, 
however, based on quite different physical principles 
than are involved in the present paper. Closer to our 
work, is the work by Skotheim (9), who used a combina- 
tion of p-CdTe and n-CdS, but  with a polysulfide redox 
couple as photovoltaic cell. 

Photocorrosion, namely, decomposition of ionic elec- 
trodes by light, with subsequent  ion migration in the cell 
is a thermodynamically irreversible process. Neverthe- 
less, it may at least be partly reversed, as any irreversible 
process, when an increase in entropy in the surroundings 
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is taken into account. Solar radiation constitutes an en- 
ergy current at high temperature, being accompanied by 
a low entropy current. Solar radiation may, therefore, be 
used to restore a discharged battery at the expense of in- 
creasing the entropy outside the battery. Charging a dis- 
charged lead accumulator by an illuminated p-n junction 
solar cell would be an example of this concept. 

In this paper, we will describe an accumulator into 
which a type of solar cell is incorporated. It consists of 
two photosensitive semiconductor electrodes of the com- 
position A+B - in an electrolyte. Irradiation of the elec- 
trodes raises the free energy of the system A+B- by con- 
verting it into A + B 

light 
A ~ B  - ~ " A +  B 

dark 

In the dark, the process is reversed, and, conducted prop- 
erly, may deliver electrical energy to an external load. 

As photosensitive electrodes, we will use n-CdSe and 
p-CdTe. Their principles of performance as photosensi- 
tive electrodes in an electrolyte will be described below. 
A photoelectrochemical storage cell using both of these 
electrodes will also be presented below. The chosen elec- 
trodes have no particular merits for application but serve 
to demonstrate this concept and the problems of 
photoelectrochemical charge and energy storage. The 
photocorrosion is not completely reversed upon illu- 
mination. 

Electrodes 
CdSe.--Polycrystalline disks of n-CdSe were used with 

a thickness of I mm and an area of 0.5 cm 2. They were cut 
from low resistivity (0.5 ~ cm n-type) rods grown accord- 
ing to the Piper-Polich method. They were subsequently 
polished, washed in acetone, and etched for 30s in aqua 
regia, HCl:HNO3 (4:1 by volume), washed in distilled 
water, rinsed in a 10% (by weight) KCN solution in water 
for 2 rain, and washed in distilled water. The dry crystal 
was then attached to a plexiglass holder with some mol- 
ten phenolphthalate on a hot plate and further secured 
with epoxy, which at the same time prevented any elec- 
trolyte to shorten out the crystal by getting at the back of 
it. Electric contact was established by bringing a drop of 
an alloy of gallium-indium, which is liquid at room tem- 
perature, at the back side of the crystal and inserting a 
copper rod in it. This liquid metal wets the semicon- 
ductor well and makes a good ohmic contact. 

The CdSe disks were then placed in a 0.1M CdSO4 solu- 
tion with, as counterelectrode, a strip of Cd metal. A vari- 
able voltage could be applied between the CdSe disk and 
the Cd, and the resulting current measured with a 
Keithley electrometer. Figure 1, taken from earlier work 
(10), shows the result. The sign convention chosen for the 
bias voltage is that it represents the voltage of the semi- 
conductor, taking the Cd as at zero voltage. The current is 
chosen as positive when in the electrolyte the current, 
and thus the  Cd ~, flows from the Cd metal to the semi- 
conductor. The measurements  were done in a N., atmo- 
sphere, though not much difference results when they are 
done in air. 

It is by now a well-established fact [see, for example, 
Ref. (11-13)] that photocorrosion of cadmium chalco- 
genides proceeds in two different ways, depending on 
whether  the semiconductor  is n- or p-type. In n-type 
CdSe, immersed in an aqueous electrolyte, a potential 
barrier is formed, similar to the Schottky barrier at a 
semiconductor-metal  interface (12). This surface barrier, 
when illuminated, will drive the light-generated.majority 
carriers into the bulk of the semiconductor, while the mi- 
nority carriers, in this case the holes, will assemble at the 
interface with the electrolyte. There they may either oxi- 
dize some ion in the solution, for example oxidize the re- 
duced state of a redox couple, or they may proceed to oxi- 
dize the surface of the semiconductor (2). In our case this 
would occur via 

Cd'-'+Se 2- + 2h + ~ S e  ~ + Cd 2~ 
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Fig. 1. Current voltage curve of n-CdSe in the dark and with 5 mW 

6328~ illumination. The electrode is immersed in a 1M CdS04 solution 
with Cd metal as a counterelectrode. The positive direction of current 
flow is that of positive charge flowing toward the CdSe electrode. Taken 
from Ref. (10). 

where the Se ~ would stay back on the surface as a brown 
film and Cd 2§ would diffuse out into the electrolyte. 

Figure 1 shows the rectifier characteristics of the 
n-CdSe semiconductor in the dark, Bandbending in a 
semiconductor in contact with an electrolyte, leading to 
efficient separation of the light generated electron-hole 
pair, has been observed in many systems, as summarized 
in Ref. (12). Thus in the forward direction, the n-CdSe is 
negatively biased with respect to the Cd counterelec- 
trode. Absorption of a photon in the depletion layer re- 
sults in a subsequent separation of the photogenerated 
hole and electron such that the minority carrier moves to 
the semiconductor-electrolyte interface where it oxidizes 
CdSe to Se ~ and Cd 2+. As can be seen in Fig. 1, this pro- 
cess requires a bias voltage above about +0.5V for the 
Cd 2+ to leave the CdSe. 

Next, the semiconductor was given a bias voltage in the 
back direction, at which little dark current flows. Subse- 
quently, the light was turned on for several minutes and 
the total charge flow measured, indicative of the amount 
of photocorrosion. The CdSe was then externally short- 
circuited with the Cd electrode. A dark current was 
observed in the opposite direction of the previous photo- 
current, indicating partial restoration of the photocor- 
rosion of the CdSe. On a fresh crystal and for a 
photogenerated charge of 35 mC/cm 2, the return charge 
after 1/2h was 25 mC/cm 2 or 70%, while for the larger 
photogenerated charge of 200 mC/cm ~ only 25% had re- 
turned in 1/2h. After repeated recycling, at which in the 
dark the bias with respect to the Cd electrode was re- 
duced to zero but in the light was raised to +0.5V, some 
reduction in photosensitivity was observed, while the re- 
turn charge in the first half-hour was typically between 
20% and 50%. 

CdTe.--The CdTe disks were cut from rods grown from 
the melt by a modified Bridgman method. They were 
p-type and of rather large resistivity, about 8000 l~ cm. 
Cleaning was done by washing in acetone followed by 
brief etching in a 2% brominated methanol solution, fol- 
lowed by 20 rain etching in 0.5% brominated methanol  
and washing in methanol. Ohmic contact was made to the 
disk by putting a drop of an aqueous solution of HAuC14 
on the surface of the p-CdTe, which results in formation 
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of a gold electrode. The holder was similar to the one de- 
scribed for CdSe, except  that a small brass spring was 
used instead of the Gain alloy, to serve as contact be- 
tween the gold electrode and the copper finger. 

The current-voltage characteristic of p-CdTe in a 0.1M 
CdSO4 solution with Cd metal as counterelectrode, as de- 
scribed for CdSe, is shown in Fig. 2, taken from Ref. (10). 
The sign convention is the same as in the former case. 
Positive current flow in p-CdTe under illumination con- 
sists of photogenerated electrons forced to the surface by 
the field inside the semiconductor. The reaction at the 
surface can now be represented by 

Cd2+Te 2- + 2e- ~ Cd ~ + Te 2- 

What happens subsequently depends on the composition 
of the electrolyte. In our case, where Cd ~+ ions were pres- 
ent in large quantity in the electrolyte, free Te 2- ions can- 
not exist in the solution and CdTe will be reformed im- 
mediately. This amounts to a plating of the il luminated 
CdTe with cadmium metal. 

In order to examine the reversibility of the photocor- 
rosion of the CdTe electrode, we exposed it to light at 
zero voltage bias. With light, even at zero voltage bias, the 
electrode covered itself with a Cd layer, easily visible to 
the eye. These Cd films were removed when the Cd- 
covered CdTe was connected externally to a bar of Te in 
the solution. Quantitatively, a 2 min exposure of CdTe to 
a low power HeNe laser transported 11 mC of Cd onto the 
CdTe surface. After 6 min in the dark, the restoring cur- 
rent had dropped to 1/10 of its initial value and the Te had 
accepted back 5 mC of the Cd. When the CdTe was ex- 
posed to the laser for 5 min, 33 mC of Cd was deposited 
on it. By connecting it subsequently in the dark to the Te 
electrode, a reverse charge flow of 12 mC was measured 
in 20 min, again in the time for the current to drop to 1/10 
of its initial value. Thus, in relatively short times, the Te 
electrode had received back 46% and 37%, respectively, of 
the Cd photodeposited on the CdTe. If one repeats the 
exper iment  many times, a further gradual reduction in 
photoefficiency is observed. Probably, some Cd is buried 
and trapped in the CdTe, and also conversion from large 
crystallite size (about 1 • 1 ram) to a smaller size may take 
place. 

Storage Cell with n-CdSe and p-CdTe Electrodes 
A storage cell, which includes the storage capacities of 

both photosensitive semiconductors discussed so far, is 
obtained when the n-CdSe and p-CdTe serve as elec- 
trodes and the Cd counterelectrode is omitted. It is shown 
in Fig. 3. A silicon p-n photocell, though not absolutely 
necessary, helps considerably to increase the current dur- 
ing the il lumination part of the cycle. 

Under  illumination, both photodecomposit ion and 
photoplating, as discussed above, occur (Fig. 4). Se forms 
as photocorrosion product on n-CdSe, and Cd on p-CdTe. 
When the two semiconductors are connected, light forces 
Cd 2~ ions out of the CdSe onto the CdTe, where it will form 
Cd. The electrons needed for this flow through the exter- 
nal connection from the CdSe to the CdTe. 

In the dark, one can expect  the chemical cell, consisting 
of a layer of Cd on the CdTe and of Se on the CdSe, to dis- 
charge, whereby Cd will go into solution as Cd ~ from the 
CdTe electrode and onto the Se-covered CdSe, where it 
will reform CdSe. The electrons for the discharge of the 
Cd 2+ will have flown through the external conductor 
from the CdTe to the CdSe. This flow is opposite to the 
electron flow in the light. This concept is that of a revers- 
ible battery, activated with light, in which the different 
kinds of photocorrosion reactions at both semiconductor 
electrodes are taken advantage of. 

The CdSe and CdTe crystals in the 0.1M CdSO~ electro- 
lyte connected with each other were irradiated with a 75W 
incandescent lamp. A small (0.1V) potential developed, 
and a current of 1 t~A flowed from the CdSe to the CdTe. 
Larger currents were obtained when the cell was biased, 
as noted before. A photocurrent  of 60 ~A was measured 
for a bias of 0.5V, conveniently obtained from an illumi- 
nated silicon p-n junction. It increased to 300 ~A when 
two such junctions were connected in series to give the 
n-CdSe a potential of +0.9V with respect to the p-CdTe. 
The data given below apply to the case of two junctions 
in series. 

The storage effect was mainly due to the semiconductor 
electrode reactions and not to electrolysis driven by the 
bias voltage, as follows from the observation that light 
only on the Si n-p junctions caused a photocurrent  of 24 
tLA, on both the Si n-p junctions and on the CdSe of 190 
tLA, and on Si, CdSe, and CdTe of 260 t~A. 
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Fig. 2. Current-voltage curve of 
p-CdTe in the dark and with 5 mW 
6328~ illumination for conditions as 
in Fig. 1. The positive direction of 
current flow is, as in Fig. 1, that of 
positive charge flowing toward the 
CdTe electrode. Taken from Ref. 
(10). 
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Fig. 3. Photoelectrochemical cell with n-CdSe and p-CdTe as elec- 
trodes in an aqueous IM CdS04 electrolyte. An auxiliary bias voltage is 
provided under illumination by a Si p-n photocell. 

Considerable amounts of charge could be stored. By 
illuminating for 50 rain, during which the photocurrent 
dropped from 260 to 190 t~A, a charge of 1.3C on 1 cm 2 was 
stored, of which 0.36C returned in the dark during 10h. 
The reverse reaction in the dark drops off relatively fast, 
towards the end always accompanied by somewhat unsta- 
ble behavior (Fig. 5). The smaller the photogenerated 
charge, the shorter the time during which large reverse 
dark currents flow. Figure 5 shows further the slight de- 
crease in photoresponse during three cycles, at a some- 
what constant initial reversed current, corresponding to a 
dark voltage of about -0.12V. While the photogenerated 
charges in the three subsequent  cycles were 0.20, 0.18, 
and 0.175 C/cm 2, the return charges were about 15% of the 
former after lh in the dark. 

Equally important  as the recuperation of the charge is 
the property of the battery to make good use of the ab- 

l hv 

t01nt 

1 
  Ecq 

2 + t  ~ ~'" 

Ev 
n- CdSe p-  Cdle 

Fig. 4. Charge flow in the n-CdSe and p-CdTe electrodes and in the 
electrolyte under illumination, as it leads to the photodecomposition and 
photoplating reactions discussed in the "Electrodes" section. For the illu- 
minated semiconductor electrodes, the spatial distribution of the 
bandedges Ec and Ev and of the quasi-Fermi-levels E~n and Efp, whose gra- 
dients act as the driving forces for the charge flow, are roughly sketched. 

sorbed photons in transferring Cd 2~ ions from CdSe to 
CdTe under illumination. In tl~is respect, the cadmium 
chalcogenides are well qualified. For instance, p-type 
CdTe in an alkaline electrolyte has been reported to have 
very high quantum efficiencies of up to 0.97 elementary 
charges transferred per absorbed photon (14). Measure- 
ments on the CdTe used in our experiments gave a quan- 
tum efficiency of 0.16 (0.18 when corrected for 
reflection) at a wavelength of 6328A of the HeNe laser. 

While we have monitored the discharging of the battery 
in the dark under short-circuit conditions, discharging 
close to open-circuit conditions would be required in or- 
der to "get out most of the energy stored in the battery 
during illumination. The open-circuit voltage between the 
Se on CdSe and the Cd on CdTe electrodes which trans- 
forms the transferred charge to stored energy was 0.65V 
and did only little depend on the amount of transferred 
charge. 

Conclusions 
Light-induced charge storage in an electrochemical cell 

was demonstrated for single photosensitive n- and p-type 
semiconductor electrodes. The combined action of both 

A 

Fig. 5. Three subsequent charg- <~ "1 
ing and discharging cycles of the 
photoelectrochemical cell in Fig. 3. -~- 
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photosensitive electrodes was presented. While the re- 
ported observations demonstrate the feasibility of this 
principle of photoelectrochemical energy conversion, the 
actual charge recuperation is far from being complete. 
The charge recuperating in the dark is only approxi- 
mately one-quarter of the photogenerated charge. This in- 
complete charge return is caused by various 
irreversibilities. 

A parameter that determines to a large extent the main 
source of irreversibilities is the length of the time inter- 
vals of the charging period of the battery in the light and 
of the subsequent  discharging in the dark. An extended 
i l lumination period causes the n-CdSe to photode- 
compose into a large depth. The CdSe is then shielded 
from the illumination. Furthermore, the Se-layer is not 
entirely restored to CdSe in the dark, or may even fall off 
from the electrode when becoming too heavy. Similarly, 
the p~CdTe, when electroplated by too thick a Cd-layer, is 
buried and isolated from both the radiation field and the 
electrolyte. 

A further parameter that has not been optimized in the 
observations presented above is the fraction of light inci- 
dent on either photosensitive electrode, and on the auxil- 
iary Si n-p junction.  Optimally, the two electrodes must  
be i l luminated such that the photoinduced minority car- 
rier currents be equal, providing for an equal photo- 
decomposition rate of the n-CdSe and photoplating rate 
of the p-CdTe. Insufficient i l lumination of one electrode 
leads to different rates of formation of Se on CdSe and of 
Cd on CdTe. This difference inevitably involves electroly- 
sis of the aqueous electrolyte, and the corresponding 
charge cannot be regained in the dark. Unbalanced illu- 
mination would in addition convert the less i l luminated 
electrode to a back-biased rectifier series resistance as is 
obvious by inspection of Fig. 4. This strongly limits the 
current flow and thereby the photochemical reaction 
rates in the cell. 

The mentioned irreversibilities occur in conjunction 
with others, such as the degradation of the crystal struc- 
ture of the electrode approaching an amorphous state 
upon repeated cycling. Furthermore, the excess Se on the 
n-CdSe electrode may convert this electrode in the direc- 
tion to p~type, as has been observed with Te on n-CdTe 
(15). Only the detailed investigation of all irreversibilities 
can show whether they may be suppressed to an extent 
that the photoelectrochemical energy conversion based 
on the principles presented in this paper may eventually 
find practical application. 

Further study of the degree of reversibility of the n- and 
p-type photocorrosion under  a variety of conditions, com- 
bined with a study of the surface morphology, is being 
considered. 
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ABSTRACT 

Capacitance in the dark and photoresponse were determined from single-crystal CdS <001> and polycrystalline 
CdS (deposited cathodically from dimethylsulfoxide). Three different solvents employed (water, triethyleneglycol di- 
methyl ether and acetonitrile) gave results that lead to essentially the same conclusion. Thus, single-crystal CdS having 
a "clean" surface gives identical onset and shut-off potentials that are the same as the flatband potential determined 
from Mott-Schottky (MS) plots of capacitance data. These MS data are independent  of the scan direction for the poten- 
tial. Surface sulfur that results from photoxidation causes the onset to shift negative of the shutoff. Also, the MS inter- 
cept becomes dependent  upon the scan direction of the potential. These results can be explained by the effect of the oxi- 
dation level of the surface sulfur on the flatband potential. In contrast, for fresh polycrystalline CdS that has not been 
subjected to photo-oxidation, the onset potential is negative of the shut-off potential. These and other results can be 
used as evidence that the growing process incorporates one or more sulfur containing impurities that are uniformly dis- 
tributed throughout  the film. 

Recently, there has been some interest in the use of 
cathodically deposited, polycrystalline CdS films (1) as a 
component  in photovoltaic cells (PVC) (2). In addition, 
this film has been used in photoelectrochemical cells 
(PEC) as an uncoated (3a) and a coated photoanode (4). 
While some structural and compositional characterization 
has been reported (3), more information concerning the 
properties of the film could be helpful in understanding 
its response in a PVC and the effects of protective coat- 
ings in a PEC. Consequently, additional studies of the be- 
havior of this film and single-crystal CdS in PEC's are re- 
ported in this paper. In particular, the value of the 
flatband potential (V~B) determined from Mott-Schottky 
plots is compared with onset potentials determined from 
chopped light studies in water and in triethyleneglycol di- 
methyl ether, which appears to be a convenient  solvent 
for electrochemical studies. For both single-crystal and 
the polycrystalline film, these parameters depend upon 
the history of the surface. In addition, the response of the 
polycrystalline film is consistent with the presence of 
one or more electrochemically reducible impurities. 

Experimental 
Materials.--Doubly distilled deionized water was used 

in all experiments involving aqueous systems. 
Triethyleneglycol dimethylether (TGDE), obtained 

from Aldrich Chemical Company, was refluxed over lith- 
ium aluminum hydride (LAH) at 70~176 (at 1-2 mm Hg) 
for 3-5h. The activity of the LAH in the ether was verified 
by pipeting a small amount of the solution into methanol, 
after which the ether was distilled directly into the elec- 
trochemical cell (distillation temperature 70~176 The 
cell was brought to atmospheric pressure using dry nitro- 
gen (Canox) and connected to a nitrogen-filled glass rack 
where TGDE saturated nitrogen was passed continuously 
into it. Although the age of the solvent appeared to have 
no direct effect on the experimental  results, the ether was 
replaced every 3-5 days. 

Acetonitrile (spectroscopic-grade, Burdick Jackson 
Laboratories, Incorporated) was passed over an activated 
alumina column directly into the electrochemical cell, 
which was purged continously with acetonitrile-saturated 
dry nitrogen. 

Sodium sulfate, potassium ferrocyanide, and potassium 
ferricyanide were reagent grade and used as received. 
Tetraethylammonium perchlorate (TEAP), obtained from 
Kodak, was recrystallized from deionized water and dried 
at 100~ under vacuum in a drying pistol for at least 4h. 
Sodium trifluoromethanesulfonate was synthesized from 
freshly distilled trifluoromethanesulfonic acid by the ad- 
dition of sodium hydroxide to a ca. 10% solution of the 
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acid in water to attain pH 7. The soluble salt was recov- 
ered by removing the water, first at reduced pressure on 
a rotary evaporator and then in a drying pistol at 100~ 
Both TEAP and sodium trifluoromethanesulfonate were 
stored under vacuum in a desiccator. 

Semiconductor electrodes.--Two ca. 10g single crystals 
of CdS (6 f~-cm resistivity) were donated by Eagle Picher 
Corporation. Electrodes were cut from the crystals by 
means of a wire saw using diamond grit paste. An ohmic 
contact was made by electrodepositing nickel metal onto 
the surface of the semiconductor at a constant current 
density of 1 mAJcm 2 from an aqueous solution of 0.SM 
NiC12, 30 g/1 boric acid, and 0.39 g/1 sodium laurylsulfate at 
44~176 The nickel coated surface was attached to cop- 
per with indium, and the liquid junction occurred at the 
<001> face. The crystal orientation was determined using 
a Hilger & Watts Y290 four-circle x-ray diffractometer. 
The surface of the electrode was then covered with an 
insulating compound so that only 0.02-0.04 cm 2 of the 
semiconductor was exposed. In order to insure that the 
photoeffects observed were due to properties of the semi- 
conductor rather than to its interaction with impurities 
present in the insulator, five different materials [parafin, 
5 min epoxy (Devcon), Epoxy-patch (Dexter Corporation), 
and Bostik polymer, and RTV silicon rubber adhesive 
sealant (GE)] were tried. The most durable insulation 
proved to be 5 min epoxy coated with the silicon adhe- 
sive. Before each experiment,  the semiconductor was 
etched for 10-20s with concentrated hydrochloric acid, 
rinsed thoroughly with deionized water, and dried with 
warm air from a heat gun. When extensive oxidation of 
the crystal had occurred, the surface was lightly sanded 
with 3/0 Carborundum polishing paper before the HC1 
etch. Finally, the semiconductor  electrode was immersed 
in the photoelectrochemical  cell and cycled over the po- 
tential range +1 to - I V  in the dark for 15-30 rain prior to 
data collection. 

Polycrystalline CdS was cathodically deposited at 110 ~ 
from reagent-grade dimethyl sulfoxide (DMSO) con- 
taining 0.055M CdC12 and 0.19M sulfur (1). A current den- 
sity of 2.5 mA/cm ~ resulted in films ranging in thickness 
from 1600 to 9600~ (3a) for 50-300s. The substrate for the 
deposition in most photoresponse experiments  was Mo 
foil, which was cut by means of a punch to provide flags 
with 1 cm 2 area. The flags were etched for 5 rain in 5 ml 
of concentrated HC1 containing five to ten drops of hy- 
drogen peroxide, then rinsed thoroughly with deionized 
water, and dried with acetone. They were then mounted 
in a Teflon holder, which permitted electrical contact to 
a copper wire lead by means of a nylon set screw. For ca- 
pacitance measurements in the dark, platinum wire (0.1 
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cm diam, 1 cm long) sealed in glass and rounded at the 
end served as the CdS substrate. In some cases, the CdS 
electrodes were etched for 10s in 0.1M hydrochloric acid. 
Some electrodes were annealed under vacuum in a drying 
pistol at 100 ~ or 250~ in an argon atmosphere. Electrodes 
that were not used the same day in which they were 
grown were stored in a vacuum desiccator. 

Cell des ign . - -Two cell designs were used. For experi- 
ments involving capacitance measurements,  a three-neck 
round-bottom flask was fitted with a large surface area 
Pt-foil auxiliary electrode, a semiconductor  working elec- 
trode, and a reference electrode separated from the test 
solution by either a medium porosity glass frit inside a 
Luggin capillary or a solvent-soaked filter paper inserted 
into a capillary tip. Flatband potentials were within 40 
mV for the two reference designs. The reference elec- 
trodes used were aqueous Ag/AgCYsat KC1 for water, 
Ag/Ag ~ (0.1M) for acetonitrile, and a Cd/Cd 2~ (0.1M) for 
TGDE. The nonaqueous reference electrodes were cali- 
brated by means of cyclic vol tammetry (CV) of 0.002M 
benzoquinone (Fisher, sublimed) in the appropriate sol- 
vent  (5). All potentials are reported relative to SCE. The 
cell was purged continuously with nitrogen introduced 
with stainless steel syringe needle. 

Photoresponse was measured either in this cell or a cy- 
lindrical glass cell with a Pyrex window. In the latter the 
semiconductor  electrode is located 0.5-1 cm from the op- 
tical flat, and a coiled Pt-wire auxiliary electrode and the 
reference electrode bridge are positioned immediately be- 
hind the working electrode. Dry N~ was introduced either 
directly into the solution or passed over it through a glass 
tube. Stirring was accomplished by means of a small 
magnetic stirring bar. 

Electrochemical  experiments were carried out using ei- 
ther a PAR Model 173 potentiostat/galvanostat equipped 
with a Model 176 current follower or a Bioanalytical Sys- 
tems (BAS) Model CV-1B cyclic vol tammetry unit. The 
potential sweep generator of a BAS Model CV-1A was 
used as the programmer for the PAR 173. Results were re- 
corded on a Heath Model SR-207 X-Y recorder. 

For capacitance measurements,  a Hewlett-Packard 
Model 4204A oscillator was used to superimpose 2.5 mV 
ac signal of the appropriate frequency (100 Hz-10 kHz) on 
the dc voltage ramp (2-3 mV/s) applied to the electro- 
chemical cell. Using a PAR Model 5204 lock-in amplifier, 
the 0 ~ and 90 ~ components  of the resulting current were 
resolved and recorded on a Nicolet Model IIIA Digital Ex- 
plorer Oscilloscope equipped with a Model 201 plug-in 
unit. 

Data were analyzed by assuming an equivalent circuit 
containing a resistance in series with the space charge ca- 
pacity (C~e). Thus, Csc was calculated by means of the 
equation 1/Csc = ~Ao,J(A~i. + A'~ouO, in which Ai. and Aou t 
are the 0 ~ and 90 ~ components  of admittance calculated 
from the equivalent current, respectively. For single- 
crystal electrodes in water and acetonitrile solutions, this 
equation reduced to 1/C~c = a~/Aout because Ai, < <  Aout , i.e., 
oJ2r2Csc <<  1. For the less conductive TGDE solution, the 
Ai. is a significant fraction of Ao,t (between 0.1 and 0.4) 
and could not be ignored in the calculations. 

In-phase and out-of-phase currents as a function of po- 
tential were analyzed using a Rockwell  Aim 65 computer  
programmed to calculate the slope, the x-intercept (VFB), 
their respective uncertainties, and the correlation coeffi- 
cient. In all experiments,  dc dark currents were less than 
1 ~A over the entire potential range investigated (typi- 
cally +1 to -0.7V for single-crystal CdS and +1 to -0.4V 
for the polycrystailine materials, indicating no faradaic 
component  to the impedance). The absence of significant 
frequency dispersion for single-crystal samples over the 
frequency range 1-10 kHz suggests that the surface-state 
capacity (Cs,) does not make a significant contribution to 
the equivalent  circuit at these frequencies. 

Irradiation of the semiconductor was accomplished 
using either a 100W mercury lamp, a 150W mercury- 
xenon lamp (Oriel Corporation), or a 300W ELH quartz- 

iodine projector lamp (GE). In each case, the beam was 
passed through a 5 cm water filter and a series of lenses 
so that a uniform beam of 40-100 mW/cm 2 was focused on 
the semiconductor.  The power output of the lamp was de- 
termined with an Eppley thermopile. A rotary sector was 
used to provide periodic i l lumination of the electrode in 
chopped light experiments for which potential sweep 
rates of 10-20 mV/s were generally used. Power curve de- 
terminations were carried out under  N2 in a cylindrical 
Pyrex cell using a 12 cm 2 indium-doped tin oxide coun- 
terelectrode connected to the SCE across a variable 
load (EICO resistance decade box). The electrodes were 
immersed in a solution containing 0.4M KC1, 0.2M 
K4Fe(CN)G 3H20, and 0.01M K3Fe(CN)~. No attempt to op- 
timize cell conditions for max imum power was made, and 
results were not corrected for the absorption of light by 
the solution. 

Results and Discussion 
Power  measurements . - -Ef f ic iencies  for conversion of 

light to electrical power were determined to insure that 
the single-crystal CdS was properly mounted and that the 
surface t reatment  did not have a deleterious effect. Power 
measurements  for the polycrystalline film have been re- 
ported (4). 

The photocurrent/photovoltage characteristics of three 
single-crystal CdS electrodes in H20 using a Fe(CN)~ 4-~3- 
couple gave efficiencies between 5.7% and 7.4% based on 
40 mW cm -2 incident light from the full spectrum of a 
150W Xe arc lamp. The short-circuit current, open-circuit 
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Fig. 1. Chopped light linear potential sweep experiments (cyclic 

voltammograrns) in aqueous O.05M Na2S04 solutions: (a) anodic and (b) 
cathodic voltammograrns of freshly etched (cone. HCI, lOs) single- 
crystal CdS; (c) anodic and (d) cathodic voltammograms of CdS single 
crystal after surface oxidation caused by sweeping the potential to OV 
under illumination. Scan rate 10 mV/s; potential reported vs .  SCE; ex- 
posed surface area 0.08-0.10 cm ~. The solid triangle marker indicates 
the onset or shut-off potential. The cross designates zero for the 
Y-direction (current) for each trace. 
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voltage, and fill factor were, on the average, 4.5 mA/cm 2, 
1.1V, and 0.65, respectively. No correction was made for 
light intensity decrease due to solution absorption, and 
photoetching (6) was no~ employed to improve perform- 
ance. For comparison, the max imum efficiency, open- 
circuit voltage and short-circuit current under very simi- 
lar conditions are reported to be 9.5%, 1V, and 6 mA]cm ~, 
respectively (7a). Thus, it appears that single-crystal CdS 
electrodes, which are used in the studies described below, 
are of reasonably good'qual i ty.  The polycrystalline film 
provides a substantially lower efficiency of 0.1%-0.2% 
based on 100 mW cm -~ incident light from a 150W Xe 
lamp (4). 

Chopped light and capacitance in water.--When the 
surface of single-crystal CdS is carefully prepared, both 
the capacitance data and the chopped light experiments 
give the same flatband potential in water and triglyme. 
Thus, for the chopped light exper iment  when the surface 
is fresh, a positive potential sweep (-1.0 to -0.5V SCE) 
gives an onset potential of -0.76Vvs. SCE (Fig. la), which 
is identical to the potential at which the photoanodic cur- 
rent stops (shut-off potential) for the negative potential 
sweep (-0.5 to -1.0 or -1.2V vs. SCE) (Fig. lb). Mott- 
Schottky (MS) plots of the capacitance data (Fig. 2) (1-10 
kHz) give a flatband potential of -0.73V, which is iden- 
tical to the value reported previously (8, 9) and agrees well 
with the value obtained from the chopped illumination 
studies above. These results are obtained when the elec- 
trode is freshly prepared, i.e., HC1 etched prior to use. Un- 
der these conditions the capacitance data (and V~B) are in- 
dependent  of the direction of potential scan. Fur- 
thermore, the lack of any substantial frequency dis- 
persion in the MS plots verifies that surface-state capaci- 
tance does not make appreciable contribution in the fre- 
quency range employed. From the slope of the MS plots 
the donor density, nD is calculated (10) to be 8.7 • 10Wcm ~ 
and the bulk conductivity of 0.3 ~-~ cm -~ is calculated 
using ne~ in which the carrier density n = nD, e is the elec- 
tronic charge, and ~ (~200 cm2/V s) is the carrier mobility. 

When the surface is purposely oxidized by extending 
the positive sweep to 0.0V (SCE) to increase the duration 
and extent of the photoanodic current, the flatband po- 
tential (from MS and from chopped light) depends on the 
ramp direction. In fact, the MS results are identical with 
the chopped light results, i.e., starting at a negative poten- 
tial causes a negative shift in the flatband relative to the 

clean surface, whereas there is no shift when the ramp is 
started at a positive potential. Thus, for chopped light, the 
shut-off potential remains unchanged at about -0.70V; 
however, the onset shifts progressively in the negative di- 
rection so that at the third cycle the onset occurs at -1.0V 
(Fig. lc). After extensive oxidation the photoresponse for 
the cathodic scan resulted in a resurgence photo-oxida- 
tion negative of the -0.6 to 0.7V region (Fig. 3b). 

AC impedance measurements  after the electrode has 
been oxidized slightly (chopped illumination while the 
potential is cycled once between -1.2 and -0.5V) give ca- 
pacitance data that are now dependent  upon the potential 
scan direction (Fig. 2). Under these conditions, the MS 
plots are still linear with the same slope; however, the in- 
tercepts are -0.76V (1.0 to -0.5V scan) and -0.90 (-0.7 to 
+I.0V scan). For the latter, the potential was held at 
- 1 . 0 V  prior to the scan. In this regard, the capacitance 
data seem more sensitive than the onset potential mea- 
surement, i.e., the amount of sulfur resulting from one cy- 
cle between -1.2 and -0.5V during chopped illumination 
is not sufficient to cause a measurable shift in the onset 
potential. After extensive chopped light oxidation of 
single-crystal CdS in H.20, the MS plots are no longer lin- 
ear, and the capacitance values are larger than those for a 
fresh electrode. 

We have purposely chosen conditions (Na~SO4 in H20) 
that other workers (7, 8) have employed to produce sur- 
face sulfur by photo-oxidation. Consequently, we propose 
the following description to account for the chopped light 
and MS results. With a fresh sample having no apprecia- 
ble sulfur on the surface, the onset and shut-off potentials 
are identical, indicating that V~B may be determined by 
potential sweep in either direction during chopped illumi- 
nation. However, once sulfur is adsorbed on the surface 
in appreciable amounts, it can shift V~B when it is reduced 
to form S~ 2- in which n > 1. In other words, surface sulfur 
in a reduced form can act in the same manner as S 2- in 
solution, which is known to chemisorb to single-crystal 
CdS (8b) and cause a shift in VFB to values as negative as 
-1.45V (SCE) depending on concentration (9). This re- 
duced form would be generated for the negative to posi- 
tive potential scan used for the ac impedance and 
chopped light exper iments .  However, surface sulfur is 
not reduced during the cathodic scan until the potential is 
negative of VFB. Sulfur in the unreduced form does not 
shift VFB and, therefore, the shut-off potential is not 
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Fig. 2. ( ): Mott-Schottky 0 
plots of freshly etched single- 
crystal CdS in aqueous 0.50M 
Na2S04 at 1 kHz (0 )  and 10 kHz ~ 
(x) .  ( . . . .  ): Mott-Schottky plots at r~ 
10 kHz for single-crystal CdS after , 
the potential was sweptto - 0 . 6 0 V  ~ 
under chopped illumination. The (.2 \ 
arrow indicates the data obtained 
for the anodic sweep direction. 
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Fig. 3. Chopped light (a) anodic 
and (b) cathodic linear potential 
sweep voltammograms for single- 
crystal CdS in water after illumina- 
tion at OV for 1 min. Scan rate 10 
mV/s, potential vs.  SCE; exposed 
surface area 0.05 cm ~. 

shifted in the negative direction. Consequently, the ca- 
thodic scan for ac impedance and chopped light gives a 
realistic measure of VrB for moderately oxidized surface. 
In Fig. 3b, the photoresponse of CdS that has been oxi- 
dized more extensively exhibits a resumption of photo- 
anodic current negative of the shut-off potential. This be- 
havior is consistent with our description since the dark 
cathodic current at potentials negative of the shutoff can 
be attributed to the reduction of sulfur which is oxidized 
during the light-on phase. 

i I t I i 
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Fig. 4. Chopped light (a) anodic and (b) cathodic linear potential 
sweep voltammograms of freshly etched (0.1M HCI, lOs) and dried 
(100~ vacuum) polycrystalline CdS in aqueous 0.50M Na2S04. Sweep 
rate, 10 mV/s; potential vs .  SCE; exposed surface area, 0.5 cm 2. 

For polycrystalline CdS films in aqueous Na2SO4, a var- 
iable onset potential also occurs. In this case, however, 
even the fresh film has an onset potential that differs 
from the shut-off potential (Fig. 4). Thus, for fresh films 
starting with an initial potential of -1.1V and sweeping in 
the positive direction to various potentials (-0.5 to 
0.0V), the onset occurs immediately at about -1.1V vs. 
SCE. However, the return sweep in the negative direction 
gives a shut-off potential ranging from -0.60 to -0.65V. 
These results are essentially the same for a var iety-of  
treatments of the film, i.e., unetched films that were 
freshly grown and dried prior to use or samples that were 
prepared 1-3 days before use. The age of the growing so- 
lution also did not appear to affect the onset and shut-off 
potentials. Various methods of drying (vacuum desicca- 
tor, vacuum pistol at 100~ and Ar atmosphere at 250~ 
gave the same difference between onset and shut-off po- 
tentials. The high temperature treatment provided films 
with the lowest dark currents at potentials positive of 
-0.8V, but these increased substantially after the first 
chopped light cycle, indicating surface oxidation. Etched 
films (0.1M HC1) gave the same results as unetched 
films. In all these cases, the films exhibit a substantial 
dark cathodic current at -1.0V. 

These results may be explained in general by invoking 
grain boundaries and surface defects. However, a more 
specific description which is based on the close analogy 
between the effects observed for surface-oxidized single- 
crystal CdS and those for unoxidized polycrystalline CdS 
would be that the polycrystalline film contains unre- 
duced or partly reduced sulfur. 

Chopped light and capacitance in TGDE.--The study 
was extended to TGDE because the explanation pre- 
sented above requires that the effects should be indepen- 
dent of solvent. Although TGDE apparently has not been 
employed for electrochemical studies, it seems attractive 
for this purpose since it is easily purified and has a rather 
large potential range (--1.5 to + 1.0V vs. SCE). In this solu- 
tion, the chopped light results are similar to those in 
water for single-crystal CdS (Fig. 5). Thus, for a fresh elec- 
trode, the onset and shut-off potentials are -0.85 and 
-0.80V, respectively, vs. SCE. After purposely oxidizing 
the surface by scanning to +0.1V under illumination, 
however, the onset shifts to ca. -1.0V; and at potentials 
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Fig. 5. Chopped light linear po- 
tential sweep experiments in 
TGDE solutions containing 0.20#4 
NaCf3SO3. (a) Anodic and (b) 
cathodic voltammograms of freshly 
etched single-crystal CdS, (c) 
anodic and (d) cathodic voltammo- 
grams of single-crystal CdS after 
the potential was swept to + 0.1 V 
under chopped illumination. Scan 
rate 10 mV/s, potential reported 
vs. SCE, surface area 0.02 cm 2. 
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negative of the shut-off potential (-0.6V), dark cathodic 
current develops (shoulder at c a .  -0.8 and peak at 
-1.08V). The dark currents are similar to those observed 
for single-crystal CdS in acetonitrile (5). 

The MS plots for single-crystal CdS in TGDE are simi- 
lar to those in H20 with the capacitance values and carrier 
density about the same and a VFB of -0.85V (Fig. 6). Very 
little frequency dispersion (1-10 kHz) is observed, and the 
capacitance values are not dependent  upon the direction 
of the potential scan when the electrode is fresh. After the 
surface of the electrode has been oxidized by illumination 
for one cycle between -1.22 and +0.48V, the capacitance 
data are no longer independent  of the direction of poten- 

tial scan, although the MS plots remain linear and the 
slopes are the same for both scan directions (Fig. 6). Thus, 
the intercepts for the cathodic scan (+0.48 to -0.62V) and 
the anodic scan (-0.92 to +0.48V) are -0.76 and -1.18V, 
respectively. For the latter, the electrode was biased at 
-1.5V for a few minutes prior to scan. The similarity be- 
tween these results and those obtained in H20 indicates 
that the same description concerning surface sulfur prob- 
ably applies. Consequently, for single-crystal CdS, the on- 
set potential reflects the extent to which surface sulfur is 
present. 

The chopped light results for polycrystalline CdS in 
TGDE are similar to those in H~O in that the onset poten- 

Fig. 6. ( ): Mott-Schottky 
plots of freshly etched single- 
crystal CdS in TGDE containing 
0.20M NuCF3SO3 at ((2)) 1, (+)  S, 
and 10 kHz {x). { . . . .  ): Mott- 
Schottky plots of single-crystal CdS 
after its potential was cycled to 
+0 .5V under chopped illumina- 
tion. The arrow indicates the data 
obtained for the anodic sweep di- 
rection commencing at ca. - 1 V .  
Potential vs. SCE; scan rate, 2-3 
mV/s. 
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Fig. 7. Mott-Schottky plots of 
freshly etched (conc HCI,  10s) 
single-crystal CdS in acetonitrile 
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tial (-1.1V) differs from the shut-off potential (-0.72V). 
These results are consistent with the description that the 
film contains a reducible sulfur impurity and rules out 
the possibility that a specific interaction between water 
and the film surface is responsible. 

Earlier work (5) indicated that capacitance data for 
single-crystal CdS in acetonitrile are frequency depend- 
ent and that the MS plot gave frequency-dependent inter- 
cepts. We find that freshly etched single-crystal CdS elec- 
trodes in acetonitrile give little frequency dispersion in 
the region 1.3-0.2V (Fig. 7) and that this method gives VrB 
= -0.93V, in reasonable agreement with -0.85V obtained 
from chopped-light experiments (5). 

In summary, Mott-Schottky and chopped-light results 
indicate that surface sulfur causes VrB to depend on the 
scan direction of the potential. This dependence occurs 
because sulfur on the surface of CdS can be reduced at 
sufficiently negative potentials. Since freshly etched 
single-crystal CdS does not exhibit  this behavior, it is 
possible that the previously observed inconsistencies as- 
sociated with the slopes and intercepts of MS plots for 
CdS (11) may be caused by the presence of surface sulfur. 
Although the behavior of polycrystalline CdS film is sim- 
ilar to that of the single crystal, there is one notable differ- 
ence. The dependence of VrB on scan direction occurs 
even before any photoanodic process has occurred. Con- 
sequently, one possible explanation is that one or more 
impurities similar to sulfur are incorporated in the film 
during the electrochemical deposition process. 
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ABSTRACT 

The basic photoelectrochemical behavior of tetragonal p-type a-ZnP2 has been investigated for the first time. The 
photoinduced current as a function of applied voltage and the spectral distribution of the photoresponse were measured 
in alkaline solutions (pH 13). Photosensitivity up to 580 nm in the visible range of the spectrum has been observed. From 
a linear Mott-Schottky relation, an approximate value of the flatband potential (VrB = -0.7 - 0.05 Vsc~) at pH 13 for mon- 
oclinic fl-ZnP2 has been determined. As a function of pH, V~B shows Nernstian behavior. For tetragonal a-ZnP~, VFB 
could not be determined. The onset of the cathodic photocurrent  (~ -0.4 VscE at pH 13) indicates, however, a somewhat 
more positive V~B for a-ZnP~. Upon illumination with visible light, hydrogen evolution from alkaline EDTA solutions 
containing ZnP2 powders loaded with a catalyst is very efficient. For a-ZnP~ loaded with 0.5 weight percent of RuO2, a 
formal quantum efficiency of 12% is found at 470 nm. 

Much effort has been devoted in the last few years to 
the search for new materials or material combinations 
for the photoelectrolysis of water with visible light. One 
class of compounds to which little attention has been 
paid so far, a t  least with respect to the conversion of solar 
energy, is the series of monoclinic transition metal phos- 
phides and arsenides MX2 with, e.g., M = Cu, Ni, Zn and 
X = P, As. In a previous publication (1), we have reported 
a first photoelectrochemical investigation of one of these, 
i.e., p-type monoclinic fl-ZnP~, which should be ideally 
suited for solar cell applications both because of the 
abundance of its constituents and due to its direct band- 
gap of ~ 1.5 eV. While the flatband potential V~B could 
only be estimated before (1), we report in this paper new 
capacity measurements  from which V~B can be deter- 
mined unambiguously. 

Much before the discovery of fl-ZnP2 (2), another modi- 
fication of this compound had been reported in the litera- 
ture (3). In contrast to fl-ZnP2, this tetragonal a-ZnP2 
modification was found to have an indirect bandgap 
around 2.1 eV (2, 4). 

In the following, we shall describe first photoelectro- 
chemical measurements on single-crystal ~-ZnP2 elec- 
trodes. For both modifications, a first account of the hy- 
drogen evolution on catalyst covered semiconductor 
particles shall be given. 

Experimental 
Crystal growth and electrode fabrication.--~- and 

fi-ZnP~ are synthesized in a two-step process. First, Zn 
metal and red electronic-grade phosphorus are sublimed 
in a quartz ampul, yielding Zn3P2. After purification of 
Zn3P2 by a further sublimation, this compound is 
phosphidized to ZnP2 in an atmosphere of excess phos- 
phorus. The pressure in the ampuls depends on the 
temperature and the amount of excess phosphorus. At 
temperatures of 800~176 and at pressures around 10 
bar, the black fl modification results, from which single 
crystals are obtained in a phosphorus atmosphere by sub- 
limation. The red a modification is obtained by sublima- 
tion under  stoichiometric conditions or low phosphorus 
pressures in the same temperature regime. Large single 
crystals require a very good stabilization of temperature 
and pressure. 

The as-grown crystals of the fl modification had re- 
sistivities around 1000 D cm. These could be lowered 
down to ~10 12 cm by annealing the crystals in a phos- 
phorus pressure of 10 bar and at temperatures up to 
500~ 

For a-ZnP2, however, resistivities in the range of ~ 105 
cm could not be significantly reduced, even by annealing 

the crystals at temperatures up to 700~ at 10 bars. Thus, 
a different doping procedure will have to be found. 

For all experiments on fl-ZnP~ single crystals described 
below, the as-grown (100) face (without polishing) was ex- 
posed to the electrolyte. Electrical contacts were made by 
first sputtering gold on both sides of the crystals. After a 
brief heat-treatment (30s at 400~ in air) the current- 
potential curves generally showed excellent linearity up 
to the highest voltages which could be applied without 
overheating the samples. Thus the contacts were found to 
be perfectly ohmic. 

Platelets of ~-ZnP2 were obtained by cleaving large 
single crystals perpendicular to the tetragonal C-axis. 
They were contacted in the same way as described above. 
In this case, however, the contacts were not strictly 
ohmic. 

The electrodes were prepared in the usual way (1) after 
the Au contact on the face to be exposed to the electrolyte 
had been removed. All electrodes were etched in 
H20:HCl:HNO3 = 1:2:2. 

Experiments with single-crystal electrodes.--The solu- 
tions used for these measurements  were made from de- 
ionized water and reagent-grade chemicals. The Mott- 
Schottky plots were obtained from admittance measure- 
ments a~ a function of electrode potential in the fre- 
quency range from 150 Hz up to 20 kHz. The real and 
imaginary part of the admittance were measured simultane- 
ously by modulating the electrode potential with a 10 
mV,p sine wave and by recording the potential drop in- 
duced by the cell current across a small resistor with an 
Ithaco Dynatrac 393 lock-in amplifier. All signals were 
calibrated with a Hewlett-Packard 4440 B decade capaci- 
tor. 

For a resisto~ and a capacitor Cp in parallel, the imagi- 
nary part of the admittance is proportional to the capaci- 
tance while for a series circuit the series capacitance Cs 
has to be calculated using both the real and the imaginary 
part of the admittance. In all of the data reported below, 
the real part of the admittance was small enough such 
that within the experimental  errors Cp = C~. 

The photocurrent  spectra and the photocurrent-poten- 
tial curves were recorded using standard lock-in tech- 
niques. Il lumination was provided by a 450W xenon lamp 
filtered through a ZEISS PMQII double-prism mono- 
chromator. Intensities were measured with a Molectron 
PR 200 pyroelectric radiometer. 

Preparation and modification of powdered ZnP2.-- 
Both a- and fl-ZnP2 powders were made by crushing 
small crystals in an agate mortar. 

2048 
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a-ZnP#0.5 weight percent (w/o) Rh and fl-ZnP#0.5 w/o 
Rh. - -500  m g  of  the  a p p r o p r i a t e  ZnP~ were  a d d e d  to a r ed  
s o l u t i o n  of 4.54 m g  Rh4(CO)I~ ( S t r e m  Chemica l s )  in  4 ml  of  
CHiCle. The  m i x t u r e  was  s t i r red  a n d  t h e n  son i f i ca ted  for 
0.5h. T h e  so lven t  was  evapora t ed .  T he  p o w d e r  was  dr ied  
a n d  h e a t e d  at  160~ for  a b o u t  2h. In  t he  IR  s pec t r a  of  
t h e s e  c o m p o u n d s ,  n o  CO a b s o r p t i o n s  we re  o b s e r v e d .  

a-ZnP#0.5 w/o Ru02 and fl-ZnP#0.5 w/o Ru02 (RuCl~ 
method).--A s u s p e n s i o n  of  l g  of  t he  a p p r o p r i a t e  ZnP2 a n d  
0.76 ml  of  a 0.05M RuC13 �9 3H20 (Dri j fhout)  so lu t i on  in  1N 
I-IC1 was  s t i r red  a n d  t h e n  son i f i ca ted  for  0.5h. T h e  sol- 
v e n t  was  evapora t ed .  T he  p o w d e r  was  d r i ed  a n d  subse-  
q u e n t l y  h e a t e d  in  a n  o v e n  at  400~ for  6h u n d e r  a s t r e a m  
of  air. 

fl-ZnP..,/0.5 w/o RuO~ (RuO~ method).--2.4 m l  of  a so lu t ion ,  
c o n t a i n i n g  130 m g  of  RuO~ (Alfa Chemica l s )  in  50 m l  of  
d is t i l led  w a t e r  (ca. 6.24 m g  of  RuO~) w e r e  a d d e d  d r o p w i s e  
to a son i f i ca ted  s u s p e n s i o n  of l g  of  fl-ZnP~. No v i s ib le  re- 
ac t ion  t ook  place.  T h e  m i x t u r e  was  s t i r red  for 26h. T h e  
b l a c k  p o w d e r  was  fi l tered,  s t i r red  w i t h  100 m l  of  d i s t i l l ed  
water ,  a n d  cen t r i fuga t ed .  Af te r  r e m o v a l  of  the  water ,  t he  
p o w d e r  was  d r i ed  a b o v e  KOH. 

Illumination experiments with ZnP~ powders.--Illumi- 
n a t i o n s  we re  ca r r i ed  ou t  w i t h  a n  Oriel  X B O  450W x e n o n  
lamp,  u s i n g  a S c h o t t  KV-418 cu to f f  filter. T he  flat reac-  
t i on  vessel ,  t h e r m o s t a t e d  at  40~ c o n t a i n i n g  75 m g  of  t he  
ZnP~ p o w d e r  in  75 m l  of  so lu t ion ,  a d j u s t e d  to p H  13, was  
e q u i p p e d  w i t h  a gas  bu re t t e ,  c o n n e c t e d  w i t h  a paraf f in  
filled e x p a n s i o n  flask. T he  p r o d u c e d  h y d r o g e n  was  mea-  
su red  v o l u m e t r i c a l l y  at  a t m o s p h e r i c  p ressu re .  

M o n o c h r o m a t i c  m e a s u r e m e n t s  w e r e  p e r f o r m e d  u s i n g  a 
B a u s c h  a n d  L o m b  h i g h  i n t e n s i t y  m o n o c h r o m a t o r .  A cut-  
off  fi l ter (KV-370) was  u s e d  to p r e v e n t  s e c o n d - o r d e r  radi-  
a t ion  effects.  L i g h t  i n t e n s i t y  at  470 n m  was  d e t e r m i n e d  b y  
fe r r ioxa la te  a c t i n o m e t r y  (5). T he  r eac t i on  ves se l  was  
f i t ted w i t h  a s e p t u m  a n d  a valve.  50 ~1 gas  s a m p l e s  were  
t a k e n  a t  i n t e rva l s  w i t h  a sy r inge  t h r o u g h  t h e  s e p t u m .  The  
f o r m e d  h y d r o g e n  was  m o n i t o r e d  on  a V a r i a n  3700 gas  
c h r o m a t o g r a p h  w i t h  TC d e t e c t i o n  u s i n g  a 1.3m x 44 m m  
(id) g lass  co lumn ,  p a c k e d  w i t h  mol  s ieve 5~ at 40~ Ar- 
gon  was  u s e d  as the  ca r r i e r  gas; t he  f low was  20 mYmin.  

Results and Discussion 
Single-crystal electrodes.--[~-ZnP2 F i g u r e  1 s h o w s  t he  

M o t t - S c h o t t k y  p lo t s  o b t a i n e d  f r o m  t he  i m a g i n a r y  p a r t  of  

t he  m e a s u r e d  a d m i t t a n c e  for severa l  f r e q u e n c i e s  b e t w e e n  
150 Hz a n d  20 kHz. The  e lec t ro ly te  u s e d  was  1M Na2SO4, 
a d j u s t e d  to p H  13 by  the  a d d i t i o n  of  NaOH. Fo r  all fre- 
quenc ie s ,  t he  p lo t s  are  r e a s o n a b l y  l inear ,  b u t  b e l o w  ~1.5 
kHz a s ign i f i can t  sh i f t  of  t h e  i n t e r c e p t s  w i t h  the  po t en t i a l  
axis  in  t h e  n e g a t i v e  d i r ec t i on  is s e e n  to occur.  The  con-  
c o m i t a n t  i nc r ea se  of t he  capac i ty  m i g h t  be  due  to t he  in- 
c r eas ing  c o n t r i b u t i o n  of  su r face  s ta tes  t o w a r d s  low fre- 
q u e n c i e s  (6). S i n c e  t he  cu rves  dev ia t e  on ly  s l ight ly  f r o m  
one  a n o t h e r  at  f r e q u e n c i e s  a b o v e  1.5 kHz we  can  d e d u c e  
the  f l a t b a n d  p o t e n t i a l  w i t h  r e a s o n a b l e  accuracy .  F r o m  
Fig. 1, we get  VFB = --0.7 _+ 0.05 VscE. I n  t he  a b s e n c e  of  a 
k n o w l e d g e  of  t he  su r face  r o u g h n e s s ,  we  can  at b e s t  g ive  a 
r o u g h  e s t i m a t e  of  t h e  d o p i n g  c o n c e n t r a t i o n  NA. A s s u m i n g  
a r o u g h n e s s  fac tor  of  2 a n d  a d ie lec t r ic  c o n s t a n t  e = 10 (7), 
we  o b t a i n  NA of  ~ 7 x 101~ c m  -3 f r o m  the  s lope  of  the  
M o t t - S c h o t t k y  plots .  

D u e  to t h e  h i g h l y  n e g a t i v e  pos i t i on  of  t he  f l a tband  po- 
t en t i a l  VrB = -0 .7  VscE = -0 .46  VNH~, t h e  h y d r o g e n  evolu-  
t ion  r eac t i on  on  t he  i l l u m i n a t e d  ~-ZnP~ e l ec t rode  is 
s t rong ly  e x o t h e r m i c .  Th i s  e x p l a i n s  t he  s teep  r ise of  t h e  
p h o t o c u r r e n t - p o t e n t i a l  c u r v e s  on  t he  ba re  s e m i c o n d u c t o r  
surface,  w h i c h  ha s  b e e n  f o u n d  be fo re  (1). The  smal l  pho-  
tovo l t age  a c h i e v e d  at  p H  14 w i t h  r e d o x  coup le s  s u c h  as 
Fe3§ 2~ t r i e t h a n o l a m i n e  (TEA) w i t h  a r eve r s ib l e  p o t e n t i a l  
of  - 1  VscE (1) is also c o n s i s t e n t  w i t h  t he  nega t ive  V~B. Fur -  
t h e r m o r e ,  as e x p e c t e d  in  ou r  p r e v i o u s  p a p e r  (1), t he  
f l a t b a n d  p o t e n t i a l  does  i n d e e d  sh i f t  by  a p p r o x i m a t e l y  60 
m V  p e r  pH uni t .  Th i s  c a n  b e  s een  in  Fig. 2, w h i c h  shows  
t he  M o t t - S c h o t t k y  p lo t s  a t  a f r e q u e n c y  of  4.7 kHz  for  sev- 
era l  p H  values .  The  e lec t ro ly te  u s e d  in  th i s  case  was  0.5M 
K~SO4. The  e l ec t rode  h a d  a s o m e w h a t  sma l l e r  d o p i n g  
level  t h a n  t h e  one  d e s c r i b e d  above .  

I n  t he  n e x t  sec t ion  we  e x a m i n e  p h o t o e l e c t r o c h e m i c a l  
h y d r o g e n  e v o l u t i o n  f rom sulf ide  so lu t ions  over  fl-ZnP2 
powders .  As a n i o n s  s u c h  as S 2- m a y  cause  a ca thod i c  
sh i f t  of  VrB, we  h a v e  also e x a m i n e d  t he  in f luence  of  sul- 
fide on  "VFB a t  t he  ~ - Z n P J e l e c t r o l y t e  in ter face .  In  c o n t r a s t  
to  t he  la rge  sh i f t  as a f u n c t i o n  of  pH, t he  add i t i on  of  
sulf ide at  p H  13 resu l t s  on ly  in  a sma l l  nega t ive  sh i f t  of  
V~B. Th i s  is d i s p l a y e d  in  Fig. 3, in  w h i c h  t he  Mott -  
S c h o t t k y  p lo t s  for  a f r e q u e n c y  of  10 kHz  are  s h o w n  be- 
fore (*) a n d  af te r  (+) t h e  a d d i t i o n  of  ~ 7 �9 10 -2 MS ~-. 

a-ZnP.2.--Since we h a v e  no t  ye t  p e r f o r m e d  any  d o p i n g  ex- 
p e r i m e n t s  on  t h e  t e t r a g o n a l  ~-ZnP2 crys ta l s  (o ther  t h a n  
a n n e a l i n g  t h e m  in  a p h o s p h o r u s  a t m o s p h e r e ) ,  t he  pho to -  
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Fig. 2. pH dependence of the 
space charge capacity of ~-ZnP2 in 
0.SM K2S04. v = 4.7 kHz. 
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electrochemical results on the highly resistive electrodes 
are of a somewhat  preliminary nature. In particular, we 
have not yet been able to measure the flatband potential 
because of an excessive frequency dependence of the 
Mott-Schottky plots. For the powder  experiments,  how- 
ever, we do not expect  any major changes for a more 
highly doped material. 

Despite the low doping level, we have only measured a 
cathodic photocurrent  characteristic of a p-type semicon- 

ductor. The photocurrent-potential  curves show a steep 
rise near the onset potential Vo, ~ -0.4 VscE at pH 13, and 
saturation is attained very rapidly for low light intensities. 
This is shown in Fig. 4, in which the photocurrent-poten- 
tial curves are displayed for four different light intensities 
covering a range of 3 decades. All the curves are normal- 
ized to unit intensity. The latter was varied by introduc- 
ing neutral density filters , the transmission of which dif- 
fered by a factor of 10 each, in front of the monochro- 

Fig. 3. Space charge capacity of 
fl-ZnP2 in 1M Na2S04, pH 13 be- 
fare (*)  and after (+)  the ad(lition 
of 7 • IO-:M S 2-. (v = 10 kHz). 
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Fig. 4. Normalized photocurrent-potential curves for an c~-ZnP 2 
photocathode in 1M Na2SO4 a tpH 13 for different illumination intensi- 
ties, h = 470 nm. The respective intensities are, in arbitrary units: ( . . . .  ) 
1, ( ) 0.1, ( . . . . .  ) 0.01, and ( - - - - )  0.001. 

mator (X = 470 nm). There is a much slower rise to the sat- 
uration value at the higher light intensities, signifying in- 
creased recombination near the electrode surface. For 
(more intense) white light illumination, this effect is even 
more drastic. In this case, saturation is no more achieved 
at high intensities even up to potentials of - 5  VscE. Pro- 
vided that the electrodes can be suitably doped, it should 
be possible to eliminate this drawback in the future. 

The measured cathodic-dark current was negligible in 
the potential range displayed in Fig. 4 (below 0.1/~A). The 
addition of sulfide to the electrolyte did not affect the 
photocurrent-potential  curves appreciably. Hence a sig- 
nificant shift of the flatband potential due to the adsorp- 
tion of S 2- can probably be ruled out for e-ZnP2 as well. 

In Fig. 5, is depicted the quantum yield (uncorrected for 
reflection) as a function of wavelength for an electrode 
potential of - 3  VscE and at an intensity for which satura- 
tion is reached (see also Fig. 4). We have encountered an 
appreciable variation of the quantum yield of different 
electrodes. Figure 5 can be regarded to represent the be- 
havior of a typical electrode. The values are comparable 
to those found in fl-ZnP2 (8), but of course the rise as a 
function of decreasing~wavelength (or rather increasing 

photon energy) is much slower due to the indirect nature 
of the energy gap. 

Powders: characterization of the materials.--a-ZnP2.-- 
The x-ray powder diffractogram of the untreated red 
e-ZnP2 reveals the presence of a few percent of fl-ZnP=. 
Upon application of a catalyst, viz, Rh or RuO2, and the 
accessory heat-treatment, no reflections disappear, nor 
can new lines be observed. Likewise, the diffractogram 
remains unchanged after prolonged illumination. Appar- 
ently, a-ZnP2 is not susceptible to temperatures up to 
400~ or visible irradiation. 

fl-ZnP2.--The untreated black fl-ZnP2 contains a small 
amount  of another compound, the diffraction lines of 
which can be most probably assigned to Zn3P2. After illu- 
mination, the diffractogram also reveals the presence of 
traces of ~-Zn3(PO4)2. Deposition of Rh onto the particles 
and further heating to 160~ gives no noteworthy changes 
in the x-ray pattern. However, application of RuO2, either 
from RuC13 and subsequent calcination at 400~ or from 
RuO4, leads to significant changes. Apart from the Zn3P2 
lines, also reflections, attributable to e-Zn3(PO4)2 occur in 
the diffractogram in both cases. The diffractograms of 
fl-ZnP2 loaded with Rh or with RuO=, measured after illu- 
mination, also show new reflections of low intensity, 
which we have not been able to assign. 

Powders: photochemical production of hydrogen.-  
Upon bandgap excitation of particles of the p-type semi- 
conductors, a-ZnP2(Eg ~ 2.1 eV) and fi-ZnP~(Eg ~ 1.5 eV) 
electron-hole pairs are generated 

hv h § ZnP2 --> e -  + [1] 

From the position of the flatband potential (vide su- 
pra), electrons in the conduction band will have suffi- 
cient energy to reduce water to give hydrogen 

2e- + 2H20 --* H2 + 2 OH-  E = -0.78 VNHE at pH 13 [2] 

The holes can be used for oxidation. In this work, we 
have sacrificed EDTA, cysteine, and sulfide as donors in 
the anodic processes. Following loss of an electron, 
EDTA and cysteine are known to undergo kinetically ir- 
reversible reactions, which prevent  the thermodynamic- 
ally favorable backreaction (9). Depending on thermody- 
namic and kinetic considerations, both oxidation of the 
substrate and of the semiconductor material may occur. 
In competi t ion with the oxidation of the organic sub- 
strate, anodic dissolution of ZnP2 can take place, which 
can be described according to the equation 

ZnP2 + 8 OH-  + 8h § --* Zn(OH)~ + 2H3PO3 [3] 
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Fig. 5. Quantum yield spectrum 
of on c~-ZnP2 electrode in 1M 
Na2SO4 at pH 2. Electrode poten- 
tial - 3  VscE, 
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Free energy values of Zn(OH)2 and H3PO3 are to be found 
in Ref. (10). Jordan has calculated a standard enthalpy of 
formation for a-ZnP2 hHf 29s = -24.3 kcal mol -~ as well as 
the standard entropy of a-ZnP2 So = 14.4 e ~mol -~ (11). 
This AHf 2~ value is in fairly good agreement  with the ex- 
perimental  value of -20.4 kcal mol -~, determined by 
Alikhanyan et al. (12). Using these thermodynamic data, 
calculated by Jordan, we have computed the potential 
corresponding to Eq. [3] to  be E = -0.95 VNHE at pH 13. 
This value is fairly well comparable with that calculated 
for GaP [-1.07 VNHE at pH 13 (13)]. So on thermodynamic 
grounds photocorrosion of-ZnP2 is a more favorable 
anodic reaction than water oxidation (EoH-~o2 = + 0.45 
V~E at pH 13) and is even easier than the oxidation of the 
used donors, but  kinetic factors favor the latter processes. 
Nevertheless, photocorrosion of ZnP2 has to be taken into 
account, as previously both a- and fl-ZnP2 have been 
found to be unstable under  certain conditions (1). 

Apart from anodic dissolution, cathodic decomposit ion 
of  ZnP2 according to 

ZnP2 + 6H § + 6e- --* Zn + 2PH3 [4] 

has to be considered as well. From the values given in 
Ref. (10, 11), we have calculated E = -0.89 VNH~ at pH 13. 

Relative energy levels at the ZnP2-electrolyte interface 
are given below. 

EDTA substrates.--Figure 6 shows the hydrogen pro- 
duction as a function of the il lumination t ime from a 0.1M 
EDTA solution at pH 13 and 40~ for various a- and 
fl-ZnP2 powders. Apart from the first hour, the untreated 
powders hardly show hydrogen formation. Deposition of 
Rh onto a-ZnP2 gives no perceptible improvement.  How- 
ever, application of RuO~ evidently enhances the activity, 
and sustained hydrogen evolution i's observed. 

For fl-ZnP~, the best results are obtained with Rh. In 
this case, RuO2, formed from either RuCI~ or RuO4, also 
improves the rate of hydrogen formation. Yet, in compari- 
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Scheme I. Energy levels at the fl-ZnPJelectrolyte interface atpH 13. 

For (~-ZnP2, VFB is somewhat more positive according to the photocurrent 
onset ( ~ - 0 . 4  VscE). The position of the bandedges is also different due 
to the different bandgaps. 
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Fig. 6. Hydrogen production as a function of the illumination time 
[EDTA] = 0.1M, pH = 13, T = 40~ and h > 418 nm. []: a-ZnP~, o: 
fl-ZnP2. A: a-ZnP2/O.5 w/o Rh. �9 fl-ZnPJO.5 w/o Rh. I :  a-ZnPJO.5 wto 
Ru02. � 9  fl-ZnPJO.S w/o RuO~. ~: fl-ZnPJO.S w/o Ru02 (Ru04 method). 

son with a-ZnPJ0.5 w/o RuO2, the less pronounced effect 
may be due to the fact that #-ZnP2 is not stable under oxi- 
dative and/or heating conditions, as could be deduced 
from the x-ray diffractograms. As the a-ZnPJ0.5 w/o RuO2 
powder clearly displays the highest activity, we have car- 
ried out further experiments using this system. 

Figure 7 shows the rate of hydrogen evolution from a 
0.1M EDTA solution over a-ZnPJ0.5 w/o RuO2 particles 
vs. the wavelength of the light employed (O). The 
spectral dependence has three important features. A 
steep increase around 530 nm is observed, which corre- 
sponds to the bandedge of approximately 2.1 eV. A de- 
crease in efficiency occurs towards lower wavelengths, 
where the light penetrates less deeply into the material 
and surface recombination becomes more important. 
Moreover, an appreciable subbandgap response is found. 
So far, we have no satisfactory interpretation of this phe- 
nomenon. It cannot be caused by reactions in the dark, 
because, as shown in Fig. 7, the rate of hydrogen produc- 
tion in the absence of light is relatively unimportant  and 
amounts  to only a few percent of the values measured un- 
der illumination. Photodissolution of a-ZnP2 can only 
account for a minor part of the hydrogen production at 
these longer wavelengths, as appears from an indepen- 
dent exper iment  in the absence of EDTA (.). The hydro- 
gen production at X = 650 nm and X = 520 nm amounts to 
ca. 3% and 15% of the values obtained in the presence of 
EDTA, respectively. In the absence of EDTA the anodic 
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Fig. 7. Rate of hydrogen production over a-ZnPJO.S w/o Ru02 
particles in aqueous suspension upon illumination atpH 13 and 40~ as 
a function of wavelength (corrected to constant energy). � 9  [EDTA] = 0. 
�9 [EDTA] = 0.1M. Under dark conditions, the rate of hydrogen produc- 
tion is as indicated by the full line (dark level). 
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counter-reaction must  be dissolution of ~-ZnP2 into Zn 2+ 
and PO~ 3+ ions, according to Eq. [3]. Consequently, in the 
presence of EDTA, the figures can be regarded as upper 
limits for photocorrosion, since EDTA is expected to sta- 
bilize the ZnP2 material. Presumably, the subbandgap ef- 
fect can be understood by the presence of intermediate 
levels, likely arising from the occurrence of other photo- 
active defects or surface states. These levels may act as ef- 
ficient recombination centers. On the contrary, if the 
recombination process is relatively slow, accumulatior~ of 
charge onto the surface will be possible, where this 
charge will then react with adsorbed species. A similar 
subbandgap effect has been previously repOrted to occur 
in SiC (14). 

For one wavelength, v iz ,  X = 470 nm, where the rate of 
hydrogen production reaches about two thirds of its max- 
imum value (at X ~ 530 nm), and at room temperature, we 
have determined the formal quantum efficiency, defined 
~s 

number  of atoms of H 
= • 100% 

number  of incident photons 

For a suspension containing 1 mg/ml ~-ZnPJ0.5 w/o 
RuO2 and 0.1M EDTA at pH 13, we find a value for ep of 
12%. This will correspond to the lower limit for the true 
quantum yield. For the photochemical to chemical energy 
conversion (combustion energy of H2), we calculate a 
value of ca. 6%. 

In the case of fl-ZnP2 powders, we have encountered 
difficulties in measuring the rate. of hydrogen evolution 
as a function of the wavelength. The dark reaction for the 
system fl-ZnPJ0.5 w/o RuO2/EDTA gives approximately 
the same values as the ~-ZnPJ0.5 w/o RuOJEDTA sys- 
tem. Under  light conditions, the rate of hydrogen forma- 
tion increases by a factor 2-4, depending on the 
wavelength. Cathodic decomposition according to Eq. [4] 
cannot a pr ior i  be ruled out in view of the comparable 
values of EH20/H2 = -0.78 VNH E and E c a t . d e c .  = --0.89 VNH E at 
pH 13. The hydrogen product ion  with concomitant 
photocorrosion of/~-ZnPJ0.5 w/o RuO2, measured in the 
absence of a donor, is about the same as the hydrogen for- 
mation in the dark with EDTA. The x-ray diffraction pat- 
tern of fl-ZnP=, recorded after the i l lumination experi- 
ment, shows the presence of oxidation products. From its 
anodic instability and its inactivity under  these condi- 
tions, we conclude that /3-ZnP2 is unattractive with re- 
spect to PEC application~ in aqueous powder suspension 
systems. 

Other  s u b s t r a t e s . - - A p a r t  from EDTA, which is a valua- 
ble compound,  we have also sacrificed sulfide as an elec- 
tron donor. H2S is an abundant  waste product, and there- 
fore the cleavage of HHS into H= and S or polysulfide is a 
process of potential industrial significance. 

Figure 8 shows the hydrogen formation from a 0.1M sul- 
fide solution at pH 13 over fl-ZnP2 particles as a function 
of the i l lumination time. 

A substantial decline in the hydrogen production is 
shown, after which a plateau is reached and no further 
hydrogen is released. Although on thermodynamic 
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Fig. 8. Hydrogen production from a 0.1M S 2- solution as a function of 
the illumination time atpH 13 and 40~ Q: fl-ZnPJO.5 w/o Rh, [S032-] 
= O. �9 w/o Rh, [S032-] = 0.1M. A: fl-ZnP2/0.5 w/o Ru02, 
I-S032-] = O./~: fl-ZnP2/0.5 w/o RuOz, [S032-] = 0.1M. 

4 

& �9 

21 "J. . _ -  

1 2 3 4 5 6 7 
, t h , m i n n ~  t ime  (hrs) 

Fig. 9. Hydrogen production from a O.1M cysteine solution as a func- 
tion of the illumination time at pH 13 and 40~ A: o~-ZnPJ0.5 w/o 
Ru02. 0:fl-ZnP2/0.5 w/o Rh. �9 B-ZnP~/0.5 w/o Ru02. 

grounds (E = -0.45V vs.  NHE at pH 13) sulfide is ex- 
pected to be a good substrate for hydrogen production, 
parameters such as adsorption may provide an explana- 
tion for the ceasing of the process. 

Adsorption of sufide may cause poisoning of the cata- 
lytically active sites at the surface, or may even lead to 
chemical reactions with the material. In a previous paper 
on hydrogen formation from alkaline sulfide substrates 
over CdS powders, we have reported that addition of 
sulfite makes the process more efficient because in the 
anodic reaction thiosulfate is formed (15). In the present 
case, addition of sulfite has clearly a negative influence 
on the hydrogen evolution. 

We have also used cysteine as a donor, as its behavior 
will be interjacent to that of an organic donor such as 
EDTA and sulfide, because of the presence of a sulfidic 
group. The results, given in Fig. 9, are in agreement with 
these expectations. It is true that the hydrogen produc- 
tions do not reach a plateau, but  they remain behind the 
values observed with EDTA. Again, the ~-ZnPJ0.5 w/o 
RuO2 displays the highest activity. 

Conclusion 
So, in conclusion, we can state that ~-ZnP2 is an attract- 

ive material in view of its good optical properties. A large 
fraction of the solar spectrum is absorbed. Loaded with 
0.5 w/o RuO2, the formal quan tum yield for hydrogen for- 
mation from EDTA (0.06 mol H2 einstein -1 at X = 470 nm) 
compares favorably with the value of 0.04 at X = 436 nm 
reported recently for a system consisting of platinized 
CdS, a semiconductor with similar optical properties, and 
of 0.1M EDTA (16). 

However, before this material can be applied on a large 
scale, the contribution of photocorrosion under  various 
conditions should be studied in detail. Possible problems 
with respect to dissolution of ~-ZnP2 have then to be 
solved. 

On the other hand, B-ZnP~ seems much less useful - at 
least in aqueous powder suspension systems - due to its 
instability and its disappointingly low activity for the pro- 
duction of hydrogen. 
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Effective Medium Theory for Perfluorinated Ionomers and Blends 
William Y. Hsu 

E. I. du Pont de Nemours and Company, Central Research and Development Department, Experimental Station, 
Wilmington, Delaware 19898 

ABSTRACT 

The effective medium theory is applied to delineate transport and elastic properties of perfluorinated ionomers and 
their blends. The predicted critical dependence of current efficiency on blend morphology is verified experimentally in 
sulfonate/carboxylate and sulfonamide/carboxylate blends. 

Perfluorinated ionomers are composed of carbon- 
fluorine backbone chains with perfluoro side chains 
containing sulfonate, carboxylate, or sulfonamide groups. 
The general chemical formula is 

[(CF2),~CF] m 

~)R~--SO3X(or CO2X, etc.) 

These ionomers possess exceptional transport, thermal, 
chemical, and mechanical properties and have been em- 
ployed as membrane  separators, acid catalysts, and poly- 
mer electrodes. 

In this paper, we shall discuss the composite (1) and 
percolation (2, 3) nature of wet perfiuorinated ionomers, 
outline an effective medium theory (4) to model their elas- 
tic moduli  (5), and generalize the theory to track the mor- 
phological dependence (6) of ion transport and selectivity 
in perfluorinated ionomer blends. 

Composite and Percolation Nature of Wet Ionomers 
The unique transport properties of perfluorinated 

ionomers can be traced to a spontaneous phase separa- 
tion occurring in wet polymers: the conductive aqueous- 
phase forms domains that are randomly distributed in the 
insulative fluorocarbon phase (1). This clustering phe- 
nomenon is very general and has been observed in other 
ionomers (7). Ion transport in wet ionomers is, therefore, 
dominated by the connectivity of ion clusters and perco- 
lation among them (2). 

The essence of percolation can be qualitatively under- 
stood as follows (3). At low aqueous content, conductive 
clusters are scarce and isolated so that macroscopic ion 
transfer would be difficult. As the water content is in- 
creased, the clusters begin to associate until  a threshold 
concentration, fo, is reached. At this stage, a macroscopic 
association of clusters pervading the whole polymer is 
formed and the system becomes conductive. Abovefo, the 
macroscopic association of clusters becomes denser and 
the conductivity, u, increases according to the power law 

= ~off - fo)' [1] 

where f is the volume fraction of the aqueous phase, t is a 
universal constant that normally depends on the spatial 
dimensionality only and is typically 1 �9 7 in 3D, and Cro 
is a prefactor that depends on the type of ionomers and 
caustic concentration. For perfluorinated ionomers, fo is 
typically 8 - 10 volume percent (v/o). Figure 1 summa- 
rizes our transport data, which were obtained using pub- 
lished methods (2, 8). The universal character of (o-/Uo) is 
clearly exhibited. Experimentally, t is 1.53 - 0.10, which 
agrees quite well with theoretical expectation. 

The range of validity of Eq. [1] may appear unexpect- 
edly wide at first sight from Fig. 1. However, Stinch- 
combe (9) had found theoretically on Bethe lattices that 
the critical regime for percolation theory is 0 -< (P-Pc) ~ 
z -1, where p is the fraction of occupied bonds in a Bethe 
lattice of coordination number  z and p, is the critical 
value of p. For z = 4 and pc = 0.5, the critical regime 
would extend to (p-pc)/pc = 0.5, which is much larger than 
the corresponding values from other phase transition 
problems (10). Our data are certainly consistent with 
Stinchcombe's theory. In addition, a wide critical range 
for Eq. [1] has also been observed in thick film resistors 
based on conductive pyrochlores (11) and carbon/poly- 
vinylchloride composites (12), and for the dielectric ana- 
logue of Eq. [1] in Ag/KC1 composites (13). 

Effective Medium Theory 
Physical properties of composite systems can also be 

modeled by the effective medium theory (4) under  
proper conditions (6, 14). In this approach, we imagine 
replacing the composite system by a homogeneous me- 
dium that has the same macroscopic properties and phys- 
ical constants as the composite system. Changes in rele- 
vant fields are then evaluated when a small portion of the 
effective medium is replaced by one of the component  
materials that made up the composite. To ensure self- 
consistency, we require the average change in these 
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Fig. 1. Log-log plot of normalized conductivity (o-/0-o) vs .  the excess 
volume fraction of aqueous phase (f - fo). The straight line is a fit of 
theory (Eq. [1]) to data. The slope t is 1.53 • 0.10. 

f ields to  b e  zero w h e n  t h e  c o m p o n e n t s  are  d i s p e r s e d  
r a n d o m l y .  W h e n  a pp l i ed  to t he  b u l k  a n d  s h e a r  modu l i ,  K 
a n d  G, of  we t  p e r f l u o r o s u l f o n a t e  i o n o m e r s ,  a pa i r  of  
e q u a t i o n s  (5, 15) t h a t  r e l a t e  K a n d  G to t he  e las t ic  m o d u l i  
[Kw, G~(= 0), Kp, a n d  Gp] of  w a t e r  a n d  d ry  f l u o r o p o l y m e r  
emerge .  E l i m i n a t i n g  K, we  o b t a i n  a c u b i c  e q u a t i o n  for  G, 
t he  e f fec t ive  shea r  m o d u l u s  of  t h e  c o m p o s i t e  (5) 

32G 3 +  ~G 2 + / ~ G +  ~ =  0 [2] 

w h e r e  

= 24(Kw + Kp) + 12 [fKw + (1 - f)Kp] + 16Gp (5f - 2) 

[3a] 

fl = 27KwK, + 12(Kw + Kp)Gp(5f-  2) 

- 12Gp[fK~ + (1 - i l K , ]  [3b] 

= 9KwKpGp(5f-  3) [3c] 

U s i n g  t h i s  m e t h o d ,  we h a v e  c o m p u t e d  t he  t ens i l e  m o d u -  
lus  E of  a 1200 EW p e r f l u o r o s u l f o n a t e  i o n o m e r  at  r o o m  
t e m p e r a t u r e  a n d  for  f <- 0.4. T he  t heo re t i ca l  r e su l t  is com- 
p a r e d  to da ta  (16) in  Fig. 2 a n d  ha s  also b e e n  f i t ted to t he  
fo l lowing  emp i r i ca l  f o r m  (16) 

E = Eo e x p [ -  Aft2(1 - Jg] [4] 

w h e r e  Eo = 4.01 • 104 psi,  a n d  w h e r e  A is 3.31 w h i c h  is 
w i t h i n  15% of  t he  e x p e r i m e n t a l  v a l u e  2.94. In  t h e  a b o v e  
c o m p a r i s o n ,  t he  on ly  i n p u t s  to  t h e  t h e o r y  we re  t he  w a t e r  
c o n t e n t  a n d  t h e  k n o w n  m o d u l i  of  w a t e r  a n d  d ry  ion- 
omer :  Kw = 2.55 • 101~ d y n - c m  2 at  20~ a n d  a t m o s p h e r i c  
p ressu re ,  Kp = 3.47 • 101~ d y n - c m  -2, a n d  Gp = 9.22 x l0 s 
d y n - c m  2. 

The  a d v a n t a g e s  of  ef fec t ive  m e d i u m  t h e o r y  are  i ts  con-  
cep tua l  a n d  m a t h e m a t i c a l  s impl i c i ty  a n d  i ts  versa t i l i ty .  I t  
wil l  n o w  b e  gene ra l i zed  to i n c l u d e  m o r p h o l o g i c a l  e f fec ts  
(6). 
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Fig. 2. Comparison of theoretical and experimental values of the ten- 
sile modulus for a 1200 EW perfluorosulfonate ionomer. Data are from 
Ref. (16). 

Morphological Effects 
C o n s i d e r  a co l l ec t ion  of  o r i e n t e d  sphe ro ids .  T h e y  can  

be  e i t h e r  p ro la t e  a -> b = c or  ob la te  a = b -> c, w h e r e  
a,  b, c are  t he  s emi -p r inc ipa l  axes  of  an  el l ipsoid.  T h e  ge- 
o m e t r y  a n d  o r i e n t a t i o n  are  d e p i c t e d  in Fig. 3. Fo r  b o t h  
cases,  t he  eccen t r i c i t y  e of  t he  s p h e r o i d s  is [1 - (cla)2] ~ 
w h e r e  0-< (cla) <- 1 is t h e  a spec t  ratio.  T h e  r e m a i n i n g  
space  is n o w  c o m p l e t e l y  filled w i t h  s p h e r o i d s  of  a differ- 
en t  ma te r i a l  b u t  of  t he  s a m e  eccen t r i c i t y  a n d  o r ien ta t ion .  
Le t  0-~ a n d  0-2 r e p r e s e n t  t he  d i agona l  c o m p o n e n t  of  t he  
c o n d u c t i v i t y  t e n s o r  a l o n g  t he  field d i r ec t i on  for  t he  two 
med ia ,  respec t ive ly .  F o l l o w i n g  t he  sp i r i t  of  t he  p r e v i o u s  
sec t ion ,  we o b t a i n  a q u a d r a t i c  e q u a t i o n  for  t he  e f fec t ive  
conduc t iv i t y ,  o-, of  t he  c o m p o s i t e  m e d i u m  

[1 - F(e)] o -2 + {o-~[F(e) - f l]  + o-2 [F(e) - f2]} o- - 0-10-2F(e) = 0 

[5] 

w h e r e  fi  a n d  f2 are  t he  v o l u m e  c o n c e n t r a t i o n s  of  t he  two  
media ,  a n d  w h e r e  t he  f u n c t i o n  F d e p e n d s  on  the  s h a p e  of  
t he  s p h e r o i d  (cf. Fig. 4) 

for t he  p ro l a t e  case,  a n d  

F(e)= - ~ 2 { 1 -  ( ~ - ~ ) a r c t a n ( ~ e ~ / }  [6b] 
\ ~/1 - e 2 / 

for  t h e  ob la te  case.  E q u a t i o n  [5] is genera l ly  a p p l i c a b l e  
w h e n  

10 -2 ~< (o-Jo-2) ~< 102 [7] 

A u n i q u e  fea tu re  of  th i s  m o d e l  is t h a t  t h e  s h a p e  of  t he  in- 
c lu s ions  can  b e  c o n t i n u o u s l y  a l t e red  b e t w e e n  l ame l l a r  
(e = 1) a n d  sphe r i ca l  (e = 0) for  t h e  ob la te  g e o m e t r y ,  a n d  
b e t w e e n  f ibri l lar  (e = 1) a n d  sphe r i ca l  (e = 0) for  t he  pro-  
la te  case.  Fo r  t he  sphe r i ca l  l imi t  (e = 0, F = 1/3), Eq.  [5] re- 
d u c e s  to  t h e  s t a n d a r d  f o r m  g i v e n  in  t h e  l i t e r a tu re  (4). 
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Fig. 3. Geometry and orientation of spheroids. The ellipse is a projec- 
tion of the spheroid under consideration onto the a-c plane and E is the 
applied field. 

Ion Selectivity in Ionomer Blends 
The morphological information contained in Eq. [5] is 

most conveniently illustrated with blends of perfluorin- 
ated ionomers since the various ionomers have very dif- 
ferent properties, and since the domain morphology in 
blends can be altered and controlled by rheology. We 
define the current efficiency as the fractional contribu- 
tion to the total current by the Na § ions. For the ionomers 
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Fig. 5. Cross-sectional micrograph of a pressed f i lm of 25% 
carboxylate and 75% sulfonate blend of perfluorinated ionomers. The 
elongated regions (arrows) are the carboxylate phase. 
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blends. Open circles and vertical bars are average data and experimental 
uncertainty, respectively. The three continuous curves are predicted be- 
havior of oriented oblate spheroids with lamellar (top curve) to almost 
spherical (bottom curve) morphologies; the aspect ratios c/a are, from 
top to bottom, 0.01, 0.25, end 0.995, respectively. 
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Table I. Ionic conductivities and current efficiency 
of 1100 EW perfluorinated ionomers 

O"Na O'OH 

Ionomer (10-3~-'cm -1) (10-3~-~cm -1) c.e. (%) 

Sulfonate 18.0 13.6 57 
Carboxylate 6.99 0.61 92 
Sulfonamide 1.44 0.25 85 

under consideration, the c.e.'s and ionic conductivities 
are listed in Table I. Appropriate ratios of the conductivi- 
ties obviously satisfy the validity conditions Eq. [7]. As- 
suming independent  Na § and OH-  channels, the compos- 
ite conductivity and c.e. can be evaluated. 

Typical pressed films of the blends have a pronounced 
lamellar morphology, as shown in Fig. 5. For perfluoro- 
sulfonate/carboxylate blends, the computed c.e. for ori- 
ented oblate spheroids at three eccentricities are plotted 
as function of blend composit ion and compared to experi- 
mental data in Fig. 6. Obviously, the computed c.e. for the 
lamellar morphology agrees very well with the data. No- 
tice the dramatic difference between spherical and lamel- 
lar morphologies. For the spherical case, the c.e. increases 
slowly and turns over gradually as the carboxylate con- 
tent is increased. In contrast, the c.e. rises steeply and 
turns over rapidly with the lamellar morphology. To ver- 
ify this pronounced morphological dependence,  the 
rheology of a 25% carboxylate/75% sulfonate blend is al- 
tered to produce the abnormal spherical morphology (Fig. 
7). In contrast to its lamellar counterpart and in agree- 
ment  with the theoretical prediction, this film has an 
unusually low c.e., as shown in Table II. 

The lamellar morphology, however, may not always be 
desirable. It is beneficial in the above example because it 
has prevented OH-  ions from flowing through the con- 
ductive but poorly selective sulfonate phase. By the same 
token, the lamellar morphology would also hinder OH-  
ions from reaching the selective and relatively conductive 
carboxylate phase in perfluorosulfonamide/carboxylate 
blends. The resultant c.e. is distinctly concave (Fig. 8), in 
marked contrast to the convex curvature of sulfonate/car- 
boxylate blends. Consequently, despite sulfonamide 
ionomers are more selective than sulfonate, the c.e. of 
sulfonate/carboxylate blends could surpass comparable 
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Fig. 8. Computed ion selectivity (c.e.) of lamellar perfluorinated 
ionomer blends. 

sulfonamide/carboxylate blends with a lamellar morphol- 
ogy. This predicted anomaly was confirmed in perfluor- 
inated ionomer blends containing 50% carboxylate (Table 
III). In this case, due to the low conductance of sulfona- 
mide, spherical or tubular morphology can better pro- 
mote ion flow through the selective carboxylate phase. 

Conclusion 
In summary, we have applied the effective medium 

theory to delineate the elastic properties of perfluorin- 
ated ionomers and their blends. The theory has also been 

Fig. 7. Cross-sectional micro- 
graph of a pressed film of similar 
composition as Fig. 5. The rheol- 
ogy, however, has been adjusted to 
produce spherical carboxylate do- 
mains (arrow). The dark line from 
upper left-hand corner to central 
bottom is due to fold over the mi- 
crotomed sample film. 



2058 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  September  1984 

Table II. Morphological dependence of c.e. for 25% carboxylate 
and 75% sulfonate blends of perfluorinated ionomers 

Morphology Predicted c.e. (%) Observed c.e. (%) 

Spherical (Fig. 7) 62 56 
Lamellar (Fig. 5) 86 89 

Table III. c.e. of perfluorinated ionomer blends containing 50% 
carboxylate. The EW is approximately 1100, and the blend morphology 

is predominantly lamellar 

Blend Predicted c.e. (%) Observed c.e. (%) 

Sulfonate/carboxylate 90 91 
Sulfonamide/carboxylate 87 86 

extended to include morphological dependence. The 
principal predictions were verified with perfluorosulfon- 
ate/carboxylate blends and perfluorosulfonamide/car- 
boxy la te  b lends .  We d e m o n s t r a t e d  that  a un ive r sa l l y  
preferred morphology beneficial to all ionomer blends 
does not exist. The ideal morphology must  be individu- 
ally determined based on component  properties. 
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Cyclic Voltammetry in Solutions of Aluminum Bromide and KBr in 
Aromatic Hydrocarbons 

III. The Behavior of Ag and Cu 

M. Elam, E. Peled,* and E. Gileadi* 
Department of Chemistry, Tel Aviv University, Ramat Aviv 69978, Israel 

ABSTRACT 

The electrochemical behavior of AgBr and CuBr has been studied in a solution consisting of 0.80M KBr and 1.0M 
AI~Br~ in ethylbenzene. A significant crystallization overpotential is observed for Cu on Pt, while silver exhibits only a 
marginally small crystallization overpotentia]. Measurements of the diffusion coefficients by different methods and 
comparison with earlier results yield values in the range of (1.1-2.9) • 10 -6 cm2/s (corresponding to Stokes radii of 9-4A), 
except for Cu, which yields a value of (10-21) • 10 -6 cm~/s. These high apparent values are probably due to catalytic de- 
composition of the solvent caused by the presence of cuprous ions. The relatively high value for the diffusion coeffi- 
cient of mercuric ions in toluene reported in an earlier publication is probably due to the same effect. 

In  a previous publication (1) the electrochemical behav- 
ior of dilute solutions of SnBr~ and PbBr~ in solutions of 
1.0M AI~Br6 and 0.80M KBr in ethylbenzene was studied. 
Only the divalent state of Pb and Sn were observed in the 
available potential region, between a luminum deposition 
on the cathodic side and bromine evolution (or bromina- 
tion of the solvent) on the anodic side. A nucleation over- 
potential of ca. 30-40 mV was observed for the deposition 
of both metals on Pt. The electrodeposition of a luminum 
was inhibited by low concentrations of PbBr2, while 
SnBr2 exhibited no such effect. The diffusion coeffi- 
cients were estimated as 1.1 • 10 -6 cm~/s for lead and 2.7 
• 10 -6 cmVs for tin. Formation of a thermodynamically 
unstable A1/Pb alloy at sufficiently cathodic potentials 
was indicated. 

*Electrochemical Society Active Member. 

The relevant literature was surveyed briefly in our pre- 
vious paper (1) and in greater detail in an earlier publica- 
tion (2). 

In the present paper, the electrochemical properties of 
dilute solutions of AgBr and CuBr in the same solvent 
system were studied. The diffusion coefficients were de- 
termined by three independent  methods, and cyclic 
voltammograms were measured with the aid of a micro- 
computer used both to control the experiments and to an- 
alyze and plot the results. 

Experimental  
All measurements were performed in rigorously dried 

solutions of 1.0M A12Br6 and 0.80M KBr in ethylbenzene, 
inside a glove box containing purified argon. The meth- 
ods of purification of the electrolyte and the solvent were 
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described previously (3-5). Silver bromide (ROC/RIC, an- 
hydrous 99.9%) and cuprous bromide (ROC/RIC, anhy- 
drous 99%) were used without further purification. 

The cell and the electrodes employed for the measure- 
ments of cyclic vol tammograms were described in the 
first paper in this series (3). A microcomputer  (Delta Pro- 
ducts) based on an IEE 696, bus S-100, and Zilog Z80 mi- 
croprocessor with 64K RAM was used to control the 
experiments.  The triangular waveform was generated 
through a 12 bit D/A converter (Tecmar). The software de- 
veloped allows determination of the voltage limits, the 
sweep rate, and the number  of repetitions. Before each 
run, the solution was stirred for 20s and left quiescent for 
30s. Each vol tammogram shown represents the average of 
at least three runs. The vol tammograms were displayed 
on a 24 in. graphic video monitor (Leedex Model 100) and 
recorded on 8 in. floppy disks for further analysis, in- 
cluding replotting and analyzing the results, such as the 
peak potential and peak current vs. the concentration and 
the sweep rate in the usual manner. In some cases, the 
value of the potential Ep;~ at half the peak current was 
used instead of Ep, since it could be determined with a 
higher degree of accuracy. 

The potentiostatic transients were performed as de- 
scribed elsewhere (1). All potentials reported were mea- 
sured against a reversible a luminum electrode in the 
same solution (RA1E). 

Determination of the diffusion coefficients with a rotat- 
ing disk system (Pine Instruments,  Model ASR-2) were 
also performed inside the glove box. The solutions of 
PbBr2 and SnBr2 used in these measurements  were pre- 
pared as described earlier (1). 

Results and Discussions 

Cyclic voltammograms for AgBr. - -Two voltammo- 
grams taken in solution containing AgBr are shown in 
Fig. 1. The cathodic peak current, i,(c), is proportional to 
the concentration of AgBr at all sweep rates tested (d log 
ip (c)/d log C = 1.00 + 0.01). The dependence of peak cur- 
rent on sweep rate is given by d log i ,  (c)/d log v = 0.48 _~ 
0.01, close to the value of 0.50 expected for a simple 
charge transfer process (6). 

The potential at half-peak current (Eps..,) varies signifi- 
cantly with sweep rate and with peak current, as ex- 
pected for an irreversible charge transfer process (6-8). 
The semilogarithmic plots shown in Fig. 2 are not linear 
but tend, at higher sweep rates, to the limiting values of 
dEpJd log v = 29 -- 3 mY/decade and dEp~2/d log i, = 60 -+ 
5 mM/decade. However, E,~2 depends on the concentration 
of AgBr (dEp/Jd log C = 63 -* 4 mV/decade), as would be 
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expected for a one-electron reversible metal deposition 
process. Measurements of the reversible potential as a 
function of concentration yielded a Nernst slope of 57 
mV/decade (9). 

A further anomaly is found when the difference be- 
tween the cathodic peak potential [Ep(c)] and the cathodic 
half-peak potential [Epj~(c)] i s  considered. The difference 
AE = Ep-E,/2 should be -0.77RT/nF = 0.020/n V at 25~ 
for the reversible deposition of an insoluble substance 
(10), and should increase with increasing sweep rate in 
the irreversible region. The values of s  found experi- 
mentally range from 10-20 mV only and they decrease 
with increasing concentration of AgBr. 

Although the nucleation overpotentia] for silver deposi- 
tion on clean platinum is relatively small (11), as indicated 
by the narrow overpotential range where a current maxi- 
mum occurs in the pulse potentiostatic curves, it could be 
the cause of the discrepancies noted above. It should also 
be noted that different electroactive species may occur in 
this system (9, 12) giving rise to various reaction mecha- 
nisms occurring simultaneously, leading to unusual 
values of the observed diagnostic parameters. 

Cyclic voltammetry for CuBr.--Typical cyclic voltamm- 
ograms for solutions containing CuBr are shown in Fig. 3 
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Fig. 3. Cyclic voltammograms for CuBr. Sweep rates (mV/s) (curve 1 ) 
12 and (curve 2) 21. 



2060 J .  Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  

i , i , , ' 1  , , , , , i , 

2oo b 
8 

E 3 ~ 
j 160 
< ~  \ 2 \ o \  

F- o 

z . \ \  \O\o. . ,,, \ ,  
I,.- 
o 120 

- )\ W 

80 ' 1.0 ' ' ' '  I0 

PEAK CURRENT DENSITY (mA. cm -z) 

,8o . 

 ,oo 

I I0 O0 
SWEEP RATE (mV/sec) 

Fig. 4. Cathodic peak potentials for CuBr as a function of: (a) log v and 
(b) log 4. Concentrations of CuBr: (curve 1 ) 2.6, (curve 2) 3.9, (curve 3) 
6.5, (curve 4) 10.2, (curve 5), 16, and (curve 6) 23 mM. 

for two sweep rates. The anodic peak has the characteris- 
tic shape (1, 13) corresponding to the oxidation of metallic 
Cu to Cu § A second anodic peak, which would corre- 
spond to the oxidation of monovalent  to divalent copper, 
could not be detected in the whole potential region up to 
bromine evolution. This confirms our earlier findings (9) 
that the reversible potential for the Cu+/Cu +4 couple is 
more positive than the bromine-evolution potential and 
that monovalent  copper is much more stable than diva- 
lent copper in this solvent system. Note the relatively 
large difference between the anodic and the cathodic 
peak potentials in Fig. 3, which is caused by nucleation 
overpotential, as will be discussed below. 
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The cathodic peak potential changes with sweep rate 
and with peak current, as expected for an irreversible 
process. The slopes observed in Fig. 4 are dEJd log V = 
33 -+ 1 mV/decade and dEJd log ip = 104 _+ 7 mV/decade. 
Accordingly, the variation of peak current with sweep 
rate should be d log i,/d log v = 0.32, while a somewhat 
higher value of 0.39 is found experimentally. The devia- 
tion of this last parameter from the expected value of 0.50 
is most likely due to the high crystallization overpotential 
observed for copper on platinum (cf. Fig. 3). This also ac- 
counts for the fact that the peak potential is a function of 
the concentration of CuBr, as would be expected for a re- 
versible process. The average slope dEJd log C shown in 
Fig. 5 is 58 -+ 2 mV/decade, to be compared with a value of 
49 -+ 1 mV/decade reported in our earlier publication (9). 
The potential difference AE = Ep - Ep/.o, which should be 
equal to 20 mV for a reversible, one-electron process, ex- 
hibits a behavior similar to that shown above for AgBr, 
increasing slightly with sweep rate from 10 to 20 mV and 
decreasing with concentration of CuBr. 

Nucleation.--Formation of metal deposits controlled by 
the rate of nucleation has been studied for some t ime 
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Table I. Diffusion coefficients measured by different methods (cm~/s) • 106 

Method PbBr2 SnBr2 AgBr CuBr HgBr2 TiBr4 

Cyclic voltammetry 1.1 -+ 0.2(1) 2.9 _+ 0.6(1) 2.5 -+ 0.4(2) - -  - -  1.8 -+ 0.1(3) 
Potential pulse - -  2.7 _+ 0.2(1) 2.5 -+ 0.3(2) 21 -+ 1(2) - -  1.8 -+ 0.1(3) 
Rotating disk 1.3 -+ 0.3(2) 2.1 -+ 0.2(2) 2.1 -+ 0.4(2) 10 -+ 1(2) - -  - -  
Polarography - -  - -  0.8(M)(4) - -  4.0(T)(5) - -  

0.8(M)(5) 

All measurements in ethylbenzene, except where marked M (for mesitylene) or T (for toluene). 
(1): Ref. (1). (2): present work. (3): Ref. (21). (4): Ref. (2). (5): Ref. (22). 

(14-18), a n d  was  d e s c r i b e d  for d i f f e ren t  m e t a l s  d e p o s i t e d  
f rom a q u e o u s  so lu t ions  (14) as wel l  as f r o m  m o l t e n  sal t  
s y s t e m s  (19, 20). 

F i g u r e  6 s h o w s  t he  o c c u r r e n c e  of n u c l e a t i o n  o v e r p o t e n -  
tial. C u r v e  1 is t a k e n  in  b o t h  cases  on  a p l a t i n u m  elec- 
t r ode  f resh ly  c o a t e d  w i t h  t h e  r e s p e c t i v e  meta l ,  w h i l e  
cu rve  2 is t a k e n  o n  a ba r e  P t  e lec t rode .  D e p o s i t i o n  of  cop-  
pe r  on  p l a t i n u m  does  no t  s ta r t  u n t i l  a n  o v e r p o t e n t i a l  of 
m o r e  t h a n  120 m V  is r eached ,  a t  w h i c h  p o i n t  n u c l e a t i o n  
occu r s  a n d  t he  d e p o s i t i o n  can  p roceed .  B e c a u s e  of  th i s  
ove rpo ten t i a l ,  t h e  sur face  c o n c e n t r a t i o n ,  as d e t e r m i n e d  
by  t h e  N e r n s t  re la t ion ,  is c o n s i d e r a b l y  h i g h e r  t h a n  t h a t  in  
t h e  v ic in i ty  of  t he  r e v e r s i b l e  potent ia l .  Th i s  l eads  to  a 
h i g h e r  c o n c e n t r a t i o n  g r a d i e n t  of  c o p p e r  ions  w h e n  t h e  
sur face  c o n c e n t r a t i o n  is s u d d e n l y  d e p l e t e d  a n d  h e n c e  to a 
s h a r p  a n d  h i g h  p e a k  cu r ren t .  I n  t h e  e x p e r i m e n t  s h o w n  in  
Fig. 6, i t  is m o r e  t h a n  tw ice  t h a t  o b t a i n e d  on  a c o p p e r  
e l e c t r o d e  w h e r e  a n u c l e a t i o n  o v e r p o t e n t i a l  does  n o t  exist .  
Very  s imi la r  r e su l t s  were  o b t a i n e d  in  a m o l t e n  alkal i  ni- 
t ra te  s y s t e m  (14). N u c l e a t i o n  o v e r p o t e n t i a l  of  s i lver  on  a 
c lean  p l a t i n u m  e lec t rode  is re la t ive ly  small ,  as p o i n t e d  
ou t  e l s e w h e r e  (11), b u t  still  a s h a r p  r ise  of  c u r r e n t  is ob- 
served.  

A d i f f e ren t  e x p e r i m e n t  d e s c r i b i n g  t h e  s a m e  t y p e  of  
p h e n o m e n o n  is s h o w n  in  Fig. 7, w h e r e  c u r r e n t / t i m e  t ran-  
s i en t s  fo l lowing  a p o t e n t i a l  s tep  f rom t h e  open -c i r cu i t  
p o t e n t i a l  to  t h e  v a l u e  m a r k e d ,  are  p lo t ted :  At  t he  m o s t  
c a thod i c  o v e r p o t e n t i a l  ( - 2 1 2  mV),  t h e  c u r r e n t  decays  in  a 
r egu la r  m a n n e r  w i t h  t i m e  -,2.  A t  less c a thod i c  o v e r p o t e n -  
tials, t h e  c u r r e n t  on  t he  ba re  p l a t i n u m  e lec t rode  first  de- 
creases ,  b u t  as s o o n  as a layer  of  Cu is fo rmed l  n u c l e a t i o n  
o v e r p o t e n t i a l  d i m i n i s h e s  a n d  t h e  c u r r e n t  r i ses  to t h e  
va lue  it  w o u l d  h a v e  on  a f r e sh ly  p r e p a r e d  Cu e lec t rode .  

The  c o o r d i n a t e s  of  the  m a x i m a  in  Fig. 7 can  se rve  as a 
d i agnos t i c  c r i t e r ion  for  t h e  t y p e  of  n u c l e a t i o n  p roce s s  tak-  
ing  place.  Thus ,  it was  s h o w n  (11) t h a t  t he  r e l a t i onsh ip  

i 2 m a x  �9 t m a  x = k (nFC)~D [1] 

holds .  The  n u m e r i c a l  c o n s t a n t  k s h o u l d  be  equa l  to 0.260 
for p rog re s s ive  n u c l e a t i o n  a n d  to 0.163 for  i n s t a n t a n e o u s  
nuc lea t ion .  I n  o rde r  to  eva lua t e  e x p e r i m e n t a l l y  t h e  con-  
s t an t  k, one  ha s  to  d e t e r m i n e  t he  d i f fus ion  coeff ic ient  b y  
a n  i n d e p e n d e n t  e x p e r i m e n t .  Th i s  was  ca lcu la ted  f rom t h e  
s lope of  a p lo t  of  i vs. t -'2 t a k e n  at  a n  o v e r p o t e n t i a l  of  
- 2 1 2  m V  ( u p p e r m o s t  c u r v e  in  Fig. 7). U s i n g  the  v a l u e  of  
(2.1 _+ 0.1) • 10 -5 cm2/s o b t a i n e d  in th i s  m a n n e r  t he  con-  
s t an t  k was  f o u n d  to be  0.25 _+ 0.01 at  low o v e r p o t e n t i a l s  
a n d  0.18 _+ 0.01 at  h i g h  ove rpo ten t i a l s .  A p lo t  of  /max VS.  

t-l~2m~x is s h o w n  in  Fig. 8. The  t r a n s i t i o n  of  the  s lope  be-  
t w e e n  smal l  a n d  la rge  va lues  of  trnax is c lear ly  seen.  T h u s  
i n s t a n t a n e o u s  n u c l e a t i o n  a p p e a r s  to  b e  p r e d o m i n a n t  at  
h i g h  o v e r p o t e n t i a l s  a n d  s low p r o g r e s s i v e  n u c l e a t i o n  oc- 
curs  at  low overpo ten t i a l s ,  in  a g r e e m e n t  w i t h  r e su l t s  re- 
p o r t e d  for  a q u e o u s  so lu t ions  (11). 

The diffusion coefficients.--The d i f fus ion  coeff ic ients  
of  c o p p e r  a n d  s i lver  we re  m e a s u r e d  b y  t h r e e  i n d e p e n d e n t  
m e t h o d s :  f rom the  p e a k  c u r r e n t  in  cyclic v o l t a m m e t r y ,  
f rom c u r r e n t  decay  fo l lowing  a p o t e n t i a l  s tep  at  h i g h  
o v e r p o t e n t i a l s  (where  n u c l e a t i o n  is e s sen t i a l ly  i n s t a n t a n e -  
ous  on  t h e  t i m e  scale  used ,  say, in  Fig. 7), a n d  b y  deter -  
m i n i n g  t he  l i m i t i n g  c u r r e n t  o n  a r o t a t i n g  d i sk  e lec t rode .  
The  las t  m e t h o d  was  also u s e d  to d e t e r m i n e  t he  d i f fus ion  
coeff ic ients  of lead and  t in  in  o rde r  to  c o m p a r e  to r e su l t s  
r e p o r t e d  ear l ie r  (1) for  t he se  two  e l emen t s .  

A s u m m a r y  of  t he se  r e su l t s  is s h o w n  in  Tab le  I. The  
da ta  o b t a i n e d  f rom cyclic v o l t a m m e t r y  s h o u l d  be  cons id-  
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ered the least reliable, since some degree of nucleation 
overpotential, causing a rise of i, above that calculated for 
simple diffusion and deposition, occurs in all cases. 
Values of the diffusion coefficient of tetravalent t i tanium 
obtained in this laboratory (21) are also included in Table 
I. 

Outstanding among the results shown in Table I is the 
exceptionally high value observed for copper. A value of 
(10 _+ 1) • 10-6 cm2/s obtained from rotating disk measure- 
ments would lead to a Stokes radius of ca. 1~, about equal 
to the crystallographic radius of copper. It was assumed 
that cuprous ions act as catalysts for the electrochemical 
reduction of the solvent. This was confirmed by the low 
faradaic efficiency observed for electrodeposition of cop- 
per (ca. 65%), compared to 100% efficiency for lead and 
tin. 

Manuscript submitted Dec. 28, 1983; revised manu- 
script received March 28, 1984. 
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Polarization of the Molten Carbonate Fuel Cell Anode and 
Cathode 

C. Y. Yuh* and J. R. Selman** 

Department of Chemical Engineering, Illinois Institute of Technology, Chicago, Illinois 60616 

ABSTRACT 

A dual-porosity, agglomerate-type model for the porous anode and cathode of the molten carbonate fuel cell is de- 
veloped and used to predict electrode performance in a small, differential-conversion, cell. The model is based on a 
phenomenological treatment of mass transport, electrode kinetics, and ionic conduction, combined with structural as- 
sumptions. The model predicts the steady-state performance, given a min imum number  of structural parameters. Com- 
parison with experimental data for a 3 cm 2 anode and cathode shows good agreement for plausible values of these 
parameters. 

Both the anode and the cathode of the molten carbon- 
ate fuel cell are porous gas-diffusion electrodes. Porous 
electrodes have numerous industrial applications, primar- 
ily because Lhey promote intimate contact of the elec- 
trode material with the electrolyte solution or melt, and 
with both solution and gaseous phase when a porous gas- 
diffusion electrode is used. Simulation of porous elec- 
trode performance is important for design purposes. It is 
necessary to establish a model which accounts for the es- 
sential features of an actual electrode without going into 
exact geometric detail. Ideally, the model should make 
use of parameters which can be established by measure- 
ments at solid electrodes and in bulk electrolyte. The the- 
oretical analysis of porous electrodes is complicated be- 
cause the contact of electrode and electrolyte in porous 
electrodes makes the ohmic conduction and mass-trans- 
fer processes occur both in series and in parallel with the 
electrode reaction, with no easy way to separate them. 
This work aims to make a contribution to improved simu- 
lation of porous gas-diffusion electrodes by an extension 
of the agglomerate model. 

*Electrochemical Society Student Member. 
**Electrochemical Society Active Member. 

Review of Previous Work 
In the past 20 years, several models have been devel- 

oped to simulate the behavior of a porous gas-diffusion 
electrode. The simplest model is the "simple" (or 
flooded) pore model (1). This model, however, is too 
primitive, and in most cases predicts too low a value for 
the mass-transport-limited current. The thin film (2, 3) 
and finite-contact-angle meniscus models (4) are exten- 
sions of the simple pore model and account for variations 
in the wetting tendency of the electrolyte. In a pore with 
finite-angle meniscus (Fig. lb), as in a flooded (Fig. la), 
most of the current is concentrated in a small part of the 
pore wall. In  a film-covered pore (Fig. lc), the electrode 
reaction, although less restricted,still  tends to be concen- 
trated in that part of the film which is close to the bulk 
electrolyte. Migration of reactants on the surface of the 
electrode has also been included (5). In real porous elec- 
trodes, there is a spectrum of pore sizes; to account for 
this, several types of dual-porosity models (6-8) have been 
developed. A relatively simple model is that developed by 
Giner and Hunter  (9) for the Teflon-bounded oxygen 
electrode of tow temperature alkaline fuel cells. They as- 
sumed that this electrode can be represented by parallel 
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cylindrical columns of microporous, flooded catalyst (ag- 
glomerates) held together by capillary forces and sur- 
rounded by gas phase. In their model, there is no film on 
the external surface of the agglomerate. 

Most of the models cited above were restricted in their 
application to a particular system. The applicability of a 
certain model depends on the electrode structure and 
wetting characteristics of the electrolyte; these are obvi- 
ously not the same in different kinds of fuel cells. Some 
simple models (thin film and flooded pore model) have 
been applied to the molten carbonate fuel cell (10-12) and 
fitted to a limited range of performance data. From 
postoperation micrographs of porous nickel anodes and 
nickel oxide cathodes, there is some reason to believe 
that the agglomerate model may represent electrode 
structure more adequately than the thin film model. 
However, the anode and cathode have different wetting 
characteristics, and it is necessary to account for this. 
Thus, the nickel anode is not well wetted under  reducing 
conditions, which would correspond reasonably well with 
the absence of an extended film (dry agglomerate 
model). However, the cathode is very well wetted (contact 
angle 09, and the agglomerates are probably covered by a 
film. Thus one needs, as also suggested by Giner and 
Hunter (9), to develop an extension of their agglomerate 
model. This is termed here the "filrned agglomerate 
model." An extension of the original agglomerate model 
is necessary also in a second respect. Giner and Hunter 's  
model contains only one reactant species (dissolved oxy- 
gen) and neglects product activity variation (strong KOH 
electrolyte). The kinetics of both the molten carbonate an- 
ode and cathode involve several species dissolved in the 
melt. It is necessary to develop separate mass balances 
for these species, and couple them with the electrode- 
kinetic rate expression. This entails greater mathematical 
complexity. 

A n a l y s i s  
As shown in Fig. 2, the electrode structure can be pic- 

tured as one in which catalyst particles form agglomer- 
ates which, under  working conditions, are flooded with 
electrolyte. When current is drawn from the electrode, 
reactant gas diffuses through the macropores, and dis- 
solves in the electrolyte contained in the agglomerate. 
After diffusing a certain distance, it reacts at available 
sites on the catalyst particles. 
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Fig. 2. Schematic of porous structure 

We make the following assumptions in order to simplify 
the mathematical analysis without detailing the actual ge- 
ometry within the agglomerates. 

1. The electrode is made up of a number  of cylinders of 
catalyst with radius R and length L as shown in Fig. 3a 
and 3b. The agglomerate is flooded with electrolyte. If 
there is a film on the external surface, the film thickness 
8 is uniform. 

2. The electrolyte and catalyst in the agglomerate cylin- 
ders are homogeneously mixed and form a quasiconti- 
nuum. 

3. The Butler-Volmer equation is a suitable representa- 
tion of the electrode kinetics. The transfer coefficients, a a 
and a~, are constant. 

4. The transport  of current through the electrolyte fol- 
lows Ohm's law. The IR drop in the metal phase is negli- 
gible. 

5. The gas-phase mass-transfer resistance is negligible. 
6: The current flows in the cylinder only in the axial di- 

rection, i.e., potential gradients in the radial direction are 
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Fig. 3. Schematic of porous electrode structure in two agglomerate 
models. (a): Dry agglomerate model. (b): Film agglomerate model. (c): 
Detail of film agglomerate model. 
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negligible,  and concen t ra t ion  gradients  in the  axial  direc- 
t ion are negligible.  

7. The  concen t ra t ion  of  d isso lved  gases at the  gas- 
e lect rolyte  in terface  follows Henry ' s  law. In  the  case of  
oxygen,  this appears  to be jus t i f ied by the  proport ional-  
i ty of  obse rved  l imi t ing  current  at the  ca thode  wi th  oxy- 
gen partial  pressure.  However ,  there  is uncer ta in ty  as to 
the  form in wh ich  d issolved o x y g e n  is p resent  (superox- 
ide, peroxide) ;  this should  affect  the  solubi l i ty  behav ior  
(13, 14). 

8. The system is isothermal, isobaric, and at steady 
state. 

9. The activity of CO~ = ions is everywhere equal to 
unity. 

I0. All physical parameters are constant. 
The following generalized reaction takes place at the 

electrode surface 

1 

for species i, where  

siMi ~i --> n e -  [1] 
i 

where  
The species  ba lance  which  incorpora tes  diffusion and re- 
act ion is 

~ i V 2 C i _  s i A i n  [2] 
nF 

Here  i ,  is the  t ransfer  cur ren t  dens i ty  at the  e lectrode-  
e lect rolyte  in ter face  and can be expressed  by the  Butler-  
Vo lmer  equa t ion  

in = io b YI ( C i / C i b )  ~/i {exp (a~Fw/RT) 
i 

- exp  ( -  a~Fw/RT)} [3] 

The fo l lowing d imens ion less  quant i t ies  are def ined 

Ci = Ci/Ci ~, ~ = r/R, ~ = z /L  where  

Neglec t ing  the  diffusion t e rm in the  axial  direct ion,  we  
have  

O~ O~ / siN~in [4] and 

R2A 
N i = _ 

DiCibnF 

We need  one  more  equat ion,  i.e., the  cur ren t  balance.  
In  the mol t en  carbona te  fuel  cell, the  anode  and ca thode  
have  dif ferent  cur ren t  ba lance  equa t ions  because  only the  
ca thode  is covered  by a film, whereas  the  anode  may  be 
t reated as a "d ry  agglomera te . "  

Dry agglomerate model (anode) .--Here the  cur ren t  bal- 
ance is, for example ,  for hydrogen  

d2(15L 2nD,F ( dC, 
dz 2 - s,~R \--~r / ,=R [5] 

Equa t ion  [5] states that  the  diffusion flux of  species 1 
into the  different ial  v o l u m e  is related to the  cur ren t  gen- 
erat ion ins ide  the  dif ferent ia l  volume.  Fo r  each  species,  
the  re la t ionship  depends  on the  s to ichiometr ic  ratio n/s~ 
in Eq. [1]. Here,  the  subscr ip ts  denote:  1 hydrogen ,  2 CO.2, 
and 3 H~O. In d imens ion less  form 

d~ 2 \ d~ I I~=1 

where  P, = - 2nD,FC,b~L'21~R2S, q~L = ~b r and ~b = FIRT 
The  bounda ry  condi t ions  are 

dCL 
= 0 , - - ~ - =  0 [7a] 

dc~ 
= 0 , - - = : - =  0 [7c] 

c t r  

= 1, Ca= 1 [7d] 

Filmed agglomerate model (cathode).--In the  case of  the  
cathode,  the  film exer ts  addi t ional  diffusion resistance.  
This will  change  bounda ry  condi t ion  [Td] and also cur ren t  
ba lance  Eq. [6]. 

For  species  i, the  diffusion flux in the  film toward  the  
e lec t rode  surface  mus t  be equa l  to the  dep le t ion  rate 
caused by reac t ion  at the  externa l  surface, plus the diffu- 
s ion flux toward  the in ter ior  of  the  agglomerate .  In  math-  
emat ica l  t e rms  

( d e i  ~ r=R Cib( l  -- ~is)  
D~ \ - -~- - /  = D~ RA 

- si(1 - e)in[nF [8] 

In  d imens ion less  form 

dCi 
- - - F ' ( 1 -  C~)+ P~"in= O a t ~ =  1 [9] 
d~ 

si(1 - e)R 
F '  = l/cA, Pi" - 

nFCbD~ ' 

and A = in [(R + 6)/R]. 
Equa t ion  [9] is subs t i tu ted  for the  bounda ry  condi t ion  

[Td] in the  case of  a f i lmed agglomerate .  
The  cur ren t  ba lance  Eq. [6] has  to be changed  because  

both  the  film and the  agglomera te  conduc t  current .  By a 
similar  der iva t ion  at the cathode,  e x c e p t  that  the  diffu- 
s ion flux of  species into the  differential  v o l u m e  is repre- 
sen ted  by the flux in the  film, (Fig. 3c) 

d~0L 
- P P , ( 1  - C , ~ )  [ 1 0 ]  

d~ ~ 

- 2nFD,C,bd~L2 
PP ,  = 

~R,(R + 6)'-'AS, 

(R + 6) 2 - R ~ } 
R +  

6 
R, = 

(R + 6) 2 

Here,  the  subscr ip t  1 s tands  for O~, and 2 for CO~. Finally,  
we  have  four  part ial  differential  equa t ions  for the  anode  
and three  for the  cathode.  The re la t ionship  be tween  r 
and Vs can easi ly be  expressed  by the  Nerns t  equat ion .  
The  final u n k n o w n s  a r e  Ci and #JL- 

Input Parameters 
The inpu t  pa ramete rs  needed  to apply  the  agglomera te  

mode l  are the  kinet ic ,  t ransport ,  and t h e r m o d y n a m i c  
proper t ies  of  the  e lec t rode/e lec t ro ly te  combinat ion ,  as 
wel l  as s t ructura l  pa ramete rs  of  the  porous  electrode.  In 
the  case of  the anode,  we adopt  the  react ion m e c h a n i s m  
p roposed  by Ang  and Sammel l s  (1"5). This  m e c h a n i s m  
predic ts  d e p e n d e n c e  of  io b and C~ as fol lows 

io ~ = ioO(H~)0.~5(CO2)0.2S(H~O) 0.~ [11] 

It  also predic ts  ~a : 0.5 and ac = 1.5. For  fuel  ox ida t ion  at 
n icke l  in Li]K mel t  at 923 K, they  obta ined  the  s tandard  
exchange  cur ren t  density,  io ~ = 105 m A / c m  2. For  fuel  oxi- 
dat ion at Cu in Li]K melt ,  Lu  (16) ob ta ined  a sl ightly 
lower  io ~ 72.4 m A / c m  '2. 

A d e q u a t e  inves t igat ions  of  the  o x y g e n  react ion kinet ics  
are avai lable  only on gold electrodes.  App leby  and 
Nicholson  (17, 18) p roposed  two m e c h a n i s m s  for this re- 
action: (i) the  "pe rox ide  mechan i sm, "  leading to the  ki- 
net ic  express ion  

~io h = io~176 -'.2s [12] 

ot a = 1.5, a c = 0.5 

and (ii) the  " supe rox ide  mechan i sm, "  lead ing  to 
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io b = io~176 -~ [13] 

~ = 2.5, ~ = 0.5 

At 650~ and at a gold surface,  in Li-K mel t  (62-38 mole  
pe rcen t  [m/o]), io ~ is 0.012 m A / c m  2 for the  pe rox ide  mecha-  
n i sm and 0.003 mA]cm 2 for the  supe rox ide  m e c h a n i s m  
(17, 18, 19b). 

There  are no io b va lues  avai lable for the  less expens ive  
meta ls  used  in practice.  In  part icular ,  thus  far, no  io b va lue  
has been  de t e rmined  at a s m o o t h  n icke l  ox ide  e lec t rode  
because  of  the  uns tab le  charac ter  and u n k n o w n  surface  
area of  the  n ickel  ox ide  matr ix.  However ,  us ing  the  above  
two m e c h a n i s m s  and apply ing  t h e m  to porous  e lect rodes ,  
one can  e x p e c t  to obtain  s o m e  ins ight  concern ing  the  
va lue  of  io b and  the concen t ra t ion  d e p e n d e n c e  of  ioh 

The ionic conduc t iv i ty  and v iscos i ty  of  the  electrolyte,  
as well  as the  diffusivi ty  and solubi l i ty  of  the  var ious  dis,  
so lved gaseous  species,  are essent ia l  parameters  in mod ,  
el ing the  fuel  cell  e lectrodes.  Values  can be  es t imated  or  
t aken  f rom surveys  of  these  propert ies ,  as available in the  
l i terature (19a, 19b). Wilemski  et al. (11), us ing  the  va lues  
l is ted in the  I G T  repor t  (19b), have  corre la ted the  diffu- 
sivities, solubil i t ies,  and conduct iv i t ies .  These  correla* 
t ions are used  in the  p resen t  work.  

S t ruc tura l  pa ramete rs  are based  on measu red  porosi t ies  
and B E T  surface  areas. The  m e t h o d  of  ca lcula t ing the  ag- 
g lomera te  radius,  R, and the  ex te rna l  surface area are de- 
scr ibed in Ref. (20). 

Method of Solution 
The solut ion of  the  mode l  equa t ions  was carr ied out  on 

a Harris-120 digital  c o m p u t e r  us ing  a finite d i f ference  nu- 
mer ica l  p rocedure  (21). S ince  the  species  balance Eq. [4] 
and cur ren t  ba lance  Eq. [6] and [10] are coupled  only 
th rough  the  non l inear  reac t ion  kinet ics ,  we can solve 
them separate ly  by  the  fo l lowing a lgor i thm:  (i) l inearize 
Eq.  [4], (ii) solve the  l inearized Eq. [4] us ing N e w m a n ' s  
subrou t ines  (18) for solving a set of ord inary  different ial  
equa t ions  at some  selected inpu t  va lue  of $L, (iii) the  flux 
at the  surface is exp res sed  as a po lynomia l  in @L by s imple  
interpolat ion.  A fif th-order po lynomia l  gives suff icient  
accuracy,  and (iv) subst i tu te  the  po lynomia l  express ion  
into Eq. [6] and [10] and solve again by l inearization, us ing  
N e w m a n ' s  t echn ique .  So lu t ions  of  the  nonl inear  equa-  
t ions were  ob ta ined  by i terat ion on the  app rox ima te  ]in- 
ear solut ions;  conve rgence  was usua l ly  ach ieved  wi th  t en  
i terations.  

Results and Discussion 
Tables I and II gave  the  t ranspor t  and kinet ic  proper~ 

t ies used  as inpu t  to the  agg lomera te  models .  Geome t r i c  
data for the  n ickel  and nickel  ox ide  ca thode  are t aken  
f rom the  I G T  cell  EPRI-56, and those  for the  copper  an- 
ode f rom I G T  cell  RD-1 (22). In  the  dry agg lomera te  
model ,  no t  all surface  area measu red  by the  B E T  m e t h o d  
is we t t ed  by  the  electrolyte.  The  surface  on the  "ou t s ide"  
of  the agg lomera te  cy l inder  is dry  and not  avai lable for 

Table I. Input parameters for nickel and copper anode 

Copper Nickel 

Agglomerate length 0.0737 cm 0.0762 cm 
Agglomerate radius 9.98 ~m 3.87 ~m 
Porosity 0.625 0.65 
Microporosity 0.143 0.157 
Agglomerate specific 1500 cm2/cm 3 6080 cm2/cm 3 

surface area 
Exchange current 72 mA/cm 2 110 mA/cm 2 

density io ~ 
Temperature 923 K (650~ 
Ionic conductivity 1.386 ~-1 cm-i 
Diffusivity H2 1.57 • 10 -~ cm2/s 

CO~ 1.00 x i0-5 
H20 1.33 x 10 -~ 

Solubility H2 5.8 x 10-6 moYcm3_atm 
CO2 1.2 • 10 -5 
H20 5.8 • 10 -~ 

Reaction mechanism After Ang and Sammells (15) 

M O L T E N  C A R B O N A T E  F U E L  C E L L  

Table II. Input parameters for nickel oxide cathode 

Agglomerate length 0.0406 cm 
Agglomerate radius 3.36 ~m 
Porosity 0.76 
Microporosity 0.24 
Agglomerate specific surface area 9230 cm2/cm 3 
Temperature 923 K (650~ 
Ionic conductivity 1.42 ~2-' cm- '  
Diffusivity 02 1.20 • 10 -~ cm2/s 
Diffusivity CO~ 1.00 x 10 -5 cm2/s 
Solubility 02 2.73 x 10 -7 moYcm3-atm * 
Solubility COs 1.20 x 10 -~ mol/cm2-atm * 
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the  e l ec t rochemica l  reaction.  The  pores  inside the  ag- 
g lomera te  are f looded due  to the  ve ry  s t rong capi l lary 
forces. The  ex te rna l  area was ca lcula ted  a s suming  that  
90% of  the  measu red  porosi ty  is macroporos i ty ,  i.e., space  
be tween  the  agglomerates .  This  gave  good resul ts  for 
bo th  n ickel  and copper  anodes.  F igures  4 and 5 show h o w  
the  concen t ra t ion  and overpoten t ia l  d is t r ibut ions  vary  
wi th  respec t  to the  polar izat ion ( terminal  potential)  of  the  
electrode.  Higher  polar izat ion causes  a more  nonun i fo rm  
react ion dis t r ibut ion,  which  " squeezes"  the  react ion zone 
toward  the  bo t tom of the  agglomerates .  High e x c h a n g e  
current  densi t ies  and low e lec t ro ly te  conduct iv i t ies  also 
have  this effect.  As expected ,  best  overal l  e lec t rode  per- 
fo rmance  resul ts  f rom high  e x c h a n g e  cur ren t  dens i ty  and 
ionic conduct iv i ty .  Us ing  kinet ic  pa ramete rs  measu red  by  
Ang  and Sammel l s  (15) for a n ickel  anode  and by Lu  (16) 
for a copper  anode,  we  can pred ic t  the  per formance .  Fig- 
ures  6 and 7 s h o w  that  the  predic t ions  are in ve ry  good 
ag reemen t  wi th  the  expe r imen ta l  results.  The  fuel  gas 
used  in bo th  cases is h igh  Btu  fuel  humidi f ied  at 58~ 
hav ing  equ i l i b r ium compos i t ion  H2 54%, CO2 10.2%, CO 
10.8%, and H2 25% at 650~ (cell temperature) .  I t  should  be  
no ted  that  this predic t ion  still involves  an  ad jus tab le  pa- 
rameter :  namely,  the  ratio of  macroporos i ty  to micro-  
porosi ty.  This  ratio is the  same for bo th  n icke l  and copper  
anodes.  

The appl ica t ion  of  this m o d e l  to the  ca thode  is more  
compl ica ted .  In the  f i lmed agg lomera te  model ,  we  need  
to es t imate  the  film th ickness  (3), wh ich  is not  d i rec t ly  
measurable .  Tang  et al. (23) have  pe r fo rmed  a sys temat ic  
s tudy of  the  effect  of  oxygen  concen t ra t ion  on ca thodic  
per formance .  For  ve ry  low o x y g e n  concen t ra t ion  (less 
than  3% oxygen)  and h igh  COx concent ra t ions ,  polariza- 
t ion curves  show a clear l imi t ing  current ;  this al lows us to 
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Fig. 4. Effect of overpotential on concentration profiles 
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* Value at 1 arm. Proportionality with partial pressure assumed 
between 0.01 and 1 atm. 
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Fig. 5. Effect of polarization on overpotential profiles 

estimate 8, assuming limiting oxygen diffusion through a 
film. However, by adjusting the exchange current den- 
sity, we can fit the rising portion of the polarization curve 
for these very low oxygen concentrations. 

Using the exchange current density and the film thick- 
ness thus obtained, we can predict the polarization curves 
at other compositions characterized by high oxygen con- 
centrations. As mentioned earlier, it is difficult to pre- 
pare an electrode of nickel oxide having a well-defined 
smooth surface and adequate stability in the carbonate 
melt. Therefore, fitting porous electrode data to the 
filmed agglomerate model is an attractive engineering 
approach to determining the kinetic parameters of oxy- 
gen reduction at a nickel oxide cathode. 

In this work, it is assumed that the film thickness de- 
termined by fitting low oxygen polarization curves is in- 
dependent  of gas compositions and overpotential. This 
may not be true in practice, but it is a convenient assump- 
tion, since operating molten carbonate fuel cells are prac- 
tically inaccessible to optical measurement  in situ. 
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Figure 8 shows the effect of the local overpotential on 
the concentration profiles. Because the film is highly 
conductive, it can be expected that the axial overpotential 
distribution is very uniform. The analysis confirms this. 
Higher polarization tends to make the overpotential less 
uniform, but  the effect is negligibly small. Parametric 
studies show that a very thin film and a high exchange 
current density yield the best electrode performance, in 
agreement with qualitative predictions (20). 

To demonstrate the utility of the filmed agglomerate 
model for analyzing the cathodic rate process, selected 
experimental results are compared with predictions ac- 
cording to the peroxide or superoxide model. (Fig. 9 and 
10). The peroxide mechanism appears to give a better fit 
than the superoxide mechanism. Note, however, that the 
peroxide mechanism would predict that the limiting cur- 
rent depends on the square root of oxygen partial pres- 
sure, whereas the experimental data strongly suggest a 
linear dependence (as reflected in our use of a Henry's 
coefficient for oxygen). The superoxide mechanism 
would predict an 0.75 power dependence on oxygen par- 
tial pressure, which is closer to the experimental  evi- 
dence, although still too small. However, the superoxide 
mechanism predicts in any case much too high current 
density overall. Neither mechanism appears to predict 
correctly over the whole range; other mechanisms, or 
combinations of mechanisms, should be considered. Ob- 
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Fig. 8. Effect of local overpotential on concentration profiles 



Vol. 131, No. 9 M O L T E N  C A R B O N A T E  F U E L  C E L L  2067 

1 2 

 4o0 I 3 41 

1000 t i 

100 200 300 
IR-Free Polorlzatlon (mY) 

Fig. 9. Fitting of cathodic data by peroxide mechanism, Gas composi- 
0.375 --1.25 tions 1-6 (Table III). Best fit: io b (mA/cm 2) = 1.91 (Xo2) (Xco2) �9 
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to performance. Gas composition: 15% 02, 30% CO2, 55% N~. Area fac- 
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mA/cm2; peroxide mechanism assumed. 
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Table Ill. Oxidant compositions used in Fig. 8 and 9 
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vious ly ,  more .  e x t e n s i v e  da ta  are also r e q u i r e d  for  a 
de f in i t e  iden t i f i ca t ion  of  t he  o x y g e n  r e d u c t i o n  m e c h a -  
n i sm.  

Effects of  Electrode G e o m e t r y  
We can  also a d j u s t  t he  g e o m e t r i c  p a r a m e t e r s ,  s u c h  as 

t h e  e l ec t rode  t h i c k n e s s ,  to see  h o w  t h e y  affect  t he  elec- 
t r ode  p e r f o r m a n c e .  This  is v e r y  i m p o r t a n t  for d e s i g n  pur-  
poses  w h e r e  t he  ob jec t ive  is t he  o p t i m i z i n g  t he  s t r u c t u r e  
of  a n  e lec t rode .  Too t h in  a n  e l ec t rode  m a y  no t  p r o v i d e  
e n o u g h  ca ta ly t ic  surface.  Too t h i c k  a n  e l ec t rode  m a y  
h a v e  too  la rge  a n  o h m i c  res i s t ance .  F i gu r e s  11 a n d  12 
s h o w  typ ica l  e x a m p l e s  of  p e r f o r m a n c e  va r i a t i on  w i t h  
v a r y i n g  e l ec t rode  t h i c k n e s s .  T h e y  c lear ly  s h o w  a p la teau-  

IR - Free Polarization (mY) 

Fig. 10. Fitting of cathodic data by superoxide mechanism. Gas com- 
positions 1-6 (Table Ill). Best fit: io b (mA/cm 2) = 19.3 (Xo2)~ 
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In the case of the anode, this may form the basis for 
fabricating a thicker electrode serving as an electrolyte 
reservoir, without sacrificing too much of the electrolyte 
performance. The existence of an opt imum may be ex- 
plained in terms of a compromise between the kinetic 
and ohmic resistances. The performance eventually drops 
if the electrode becomes too thick because of too much 
ohmic resistance, in spite of the larger surface area. 

In the case of the cathode, a highly conductive film ex- 
ists and the performance drops more slowly than in the 
case of the anode. Too thin an electrode causes a perform- 
ance drop because the available surface area decreases in 
spite of the smaller ohmic resistance. In the case of the 
cathode, the external surface area covered by film pro- 
duces most of the current, and decreasing it would cause 
a much faster performance drop than in the case of the 
anode. Since changing the electrode thickness is equiva- 
lent to "filling up" the macropore as shown in Fig. 13, the 
performance variation can also be interpreted in terms of 
anodic wetting. The reason is that the portion of the elec- 
trode below the electrolyte level in a macropore is essen- 
tially unutilized because of very high mass-transfer resist- 
ance. This result is consistent with experimental data, 
which show that in the case of the anode the degree of 
electrolyte filling has little effect on electrode perform- 
ance under  the usual operating conditions, i.e., 160 
mA]cm 2 (24). 

Conclusions 
Two types of agglomerate models, discussed and 

quantitatively analyzed in this work, enable us to predict 
the distribution of potential and reaction rate in the mol- 
ten carbonate fuel cell anode and cathode, and allow us to 
estimate the electrode utilization in each case. 

The models described in this work are based on as- 
sumptions which naturally affect their applicability. In 
order to make the models more generally applicable, a 
number  of assumptions may be removed or substantially 
altered. Ohm's law may be replaced by a more compli- 
cated expression to include ionic migration in the melt 
(25). Agglomerate flooding, film thickness variation, and 
coverage all can be varied with respect to temperature, 
gas composition, polarization, and melt composition if ad- 
equate empirical information is available. A noniso- 
thermal model may be derived. The model can also be ex- 
panded to account for nonuniform porosity distribution. 
Finally, more efficient computation methods, e.g., or- 
thogonal collocation, may be substituted for the conven- 
tional finite-difference method. 

Gas 

Electrolyte 

0 

o~ Gas 

Electrolyte 

Dry Agglomerate Model 

0 

Electrolyte 

 0os 
ElectrolYte 

Fllmed Agglomerate Model 

Fig. 13. Equivalence of mocropore flooding to variation in electrode 
thickness. 
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LIST OF SYMBOLS 
A specific surface area (cm2/cm 3) 
C species concentration (moYcm 3) 
C dimensionless concentration (C/C b) 
D diffusivity (cm2/s) 
D effective diffusivity (cm2/s) 
F Faraday constant (C/g-eq) 

1 
F' 

eh 
in transfer current density (A/cm 2) 
io b exchange current density (A/cm 2) 
L electrode thickness (cm) 

R2A 
Ni 

DiCibnF 
n number  of electrons transferred 

-2nFD1Clb~L 2 
P1 

~R2S, 
-2nFD,C,beL 2 

PP, 
~RI(R + 6)2AS1 

s i ( l  - ~)R 
Pi" 

nFCibDi 

r radial distance from the axis of the agglomerate 
(cm) 

R agglomerate radius (cm) 

{ R2+ (R+8)2-R2}e- 
R, (R + ~)~ 
si stoichiometric coefficient 
T temperature (K) 
z longitudinal distance from the current collector 

Greek Characters 
6 F/RT 
~a, ac transfer coefficient 

overall electrode polarization (V) 
Vs surface overpotential (V) 

z/L 
r/R 

e agglomerate porosity 

~L 6q~L 
~o electrolyte potential at tile-electrode contact 
~L electrolyte potential (V) 
z electrolyte effective conductivity (1/12-cm) 

Subscript 
i species 

Superscript 
b bulk electrolyte 
s external surface of electrolyte 
- dimensionless (concentration) or effective (diffu- 

sivity) 
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Activities and Other Partial Molar Properties of the Quarternary 
Molten Salt System MnCI -NaCI-KCI-CsCI 

C. A. Pickles 
Department of Metallurgical Engineering, Queen's University, Kingston, Ontario, Canada 

S. N. Flengas 
Department of Metallurgy and Materials Science, University of Toronto, Toronto, Ontario, Canada, M5S 1A4 

ABSTRACT 

The thermodynamic properties of the quarternary molten salt system MnCI2-NaCI-KCI-CsCI have been investigated 
by EMF measurements using a formation cell of the type 

Mn MnC12 (X1) Asbestos MnC12 (X1) C (graphite) 
NaC1 (X2) fiber NaC1 (X2) CI~ (1 at.) 

( - )  KC1 (X3) diaphragm KC1 (X3) (+) 
CsC1 (X4) CsC1 (X4) 

It  was found that the part ial  molar  free energies of mixing of MnC12 in the quarternary solutions are well represented by 
a previously developed expression given as 

A--"GMncI2 = (1 - S)[(1 - t) AGMncl 2 + t ~'-GMncI2] + S ~'-GMncl2 
(in quaternary) in in in 

(MnCI2-CsCI) (MI~CI2-KC1) (MnCI2-NaC1) 

which is valid at constant  XM~C,2. In this expression,  AGMncl2(in MnCI2-CsCD etc. refer to the corresponding partial  molar  free en- 
ergy of MnC12 in the designated binary system having the same MnC12 content  as the quar ternary The composi t ion pa- 
rameters  S and t are defined as 

- XKc, XNacl 
t S= 

XKC 1 -4- Xcsc l  ' XNacl + XKC l -4- Xcsc l  

In previous publicat ions from this laboratory (1, 2), the- 
oretical equations have been developed from which the 
molar  and partial  molar  propert ies  of ternary and 
quarternary molten salt solutions may be calculated from 
available data on the component  binary systems. 

The thermodynamic  propert ies  of binary, fused-salt so- 
lutions have been the object of several systematic investi- 
gations, and extensive compilat ions of thermodynamic  
data are available. However, similar information on ter- 
nary fused-salt  solutions is l imited to only a few selected 
systems, and for quarternary solutions there is hardly any 
information at all. Yet, systems of metallurgical  impor- 
tance are usual ly mult icomponent ,  and the applicat ion of 

~the thermodynamic  approach to high temperature  
equil ibria is restr icted by the lack of exper imental  data. 
Thus, it is evident  that  expressions from which the ther- 

modynamic  propert ies  of ternary and quarternary sys- 
tems may be predicted from available information on the 
related binary systems should be of considerable theoreti- 
cal and practical  importance.  

In the present  investigation, the thermodynamic  prop- 
erties of MnCI~ in the quarternary molten salt system 
MnC12-NaC1-KC1-CsC1 have been obtained from EMF 
measurements  using a formation cell of the type 

Mn MnCI~ (X,) I MnCl.z (X,) C (graphite) 
NaC1 (X~)] Asbestos  NaC1 (X2) CI.~(1 at.) 

( - )  KC1 (X3)  fiber 
CsC1 (X4) diaphragm KC1csC1 (X4)(X3) (+) 

For  this system, the thermodynamic  and structural  
propert ies of the binary solution MnC12-NaC1, MnC12-KC1, 
MnCI~-CsC1, as well as of the ternary MnC12-NaC1-CsC1, 
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have been investigated in this laboratory and elsewhere 
(3-6). 

It is of interest that the MnCI~-NaC1 system is character- 
ized by relatively low exothermic enthalpies of mixing 
which reach the max imum value of -1900 cal/mo] at a 
composition of about 35 mole percent (m/o) MnC12. Also, 
the change of volume on mixing indicates only slight pos- 
itive deviations from additivity (6, 7). On the contrary, in 
the MnC12-KC1 and the MnC12-CsC1 systems, the 
enthalpies of mixing are strongly exothermic and the 
changes of volume on mixing show pronounced positive 
deviations from additivity, which is indicative of com- 
pound formation. For example, at 33 m/o CsC1 the inte- 
gral enthalpy of mixing in the MnC12-CsC] system has a 
value of -5400 cal/mol at 700~ Because of such pro- 
nounced differences in the properties of the binary sys- 
tems, the quarternary system MnC12-NaC1-KC1-CsC1 
should be considered as a test system for establishing the 
validity of the proposed theoretical expressions (1, 2). 

Exper imenta l  
The alkali chlorides employed in the present work were 

reagent-grade materials, and the anhydrous MnC12 was 
99.5 weight percent (w/o) pure. These salts were further 
dehydrated by heating under vacuum for several days at 
200~ The materials were handled and weighed in a dry 
box filled with anhydrous argon gas. 

The cell design was similar to that used in the previous 
work (7). It consisted of a Mn indicator electrode im- 
mersed in the MnCI=-NaC1-KC1-CsC1 molten solution of 
known composition, and a graphite-chlorine electrode 
which also dipped into a molten salt solution of the same 
composition. The two cell compartments  were separated 
by an asbestos fiber diaphragm fused into silica glass (8). 

The chlorine electrode was continuously flushed with 
anhydrous research-grade chlorine gas. The Mn electrode 
was made by placing a tungsten rod, 1/8 in. diam, and 
crushed electrolytic managanese metal in a stabilized zir- 
conia ceramic tube closed at one end, which was heated 
to about 1400~ under an argon atmosphere. The molten 
Mn was allowed to solidify very slowly to avoid cracking 
as it passed through its crystallographic transformation 
(9). This electrode was about 10 mm diam by 4 cm long 
and was acid polished prior to use. During a run, the Mn 
electrode was operated under an atmosphere of deoxy- 
genated argon gas. 

The asbestos diaphragm had a resistance in the range 
1000-20001). Its construction has been described else- 
where (8). 

During a run, EMF readings were taken at intervals of 
about 25~ up to approximately 850~ Potentials were 
fully reproducible to within 2 mV during a temperature 
cycle, and cell reversibility was also established through 
polarization tests at currents of about 1 mA. 

Volatility of MnCI~ for the salt compositions used in this 
work was insignificant and did not affect the reproduci- 
bility of the EMF measurements  during a temperature 
cycle. 

Data  T r e a t m e n t  and Results 
Compositions in a quarternary system are represented 

(10) by points within the volume of an equilateral tetrahe- 
dron, as shown in Fig. 1, in which the four apexes corre- 
spond to the pure components  MnC12, NaC1, KC1, and 
CsC1, and the edges represent the six binary systems 
MnC12-NaC1, MnC12-KC1, MnC12-CsC1, KC1-NaC1, KC1- 
CsC1, and NaC1-CsC1. 

The triangular faces represent the four ternary systems 
MnCI=-NaC1-KC1, MnC1.2-NaC1-CsC1, MnC12-KC1-CsC1, and 
NaC1-KC1-CsC1. 

It is a property of all equilateral tetrahedra that lines 
originating from any internal point P, drawn parallel to 
the four different faces, have a total length equal to one 
edge, and each of these segments may be taken to define 
the mole fraction of a particular component  occupying an 
apex. 

(y=O) C (MnCI 2) 

(c ,l (y;,I (.go,, 
Fig. 1. Representation of compositions in a quarternary system in 

terms of the parameters y, t, and S, where 

y = 1 --XMnc~2 

XKCI 
t- 

XKC l Jr- XCsCI 

XNaCI 
S =  

XN~C] + Xxc] + Xcscl 
Any composition P lies on a S plane which represents the intersection of y 
and t planes. 

In view of the complexity of such three-dimensional 
plots, useful composition paths have been defined math- 
ematically (2), and the composit ion parameters, y, t, and S 
have been defined by the following expressions 

w h e r e l . 0 - > y - > 0  

y = 1 --  XMncl 2 [1] 

XKCI , 
t - [2] 

XKCl + Xcscl 

where 1.0 -> t -> 0, t = 1 along the MnC12-KC1 binary, and t 
= 0 along the MnC12-CsC1 binary 

XNacl  
S = [3] 

XNacl + XKcl + Xcsci 

where X is mole fraction. 
Considering Fig. 1, in which MnC12 is placed at the apex 

of the tetrahedron, constant "t" represents the pseudo- 
quarternary composit ion surface BeC. All compositions 
along that surface have in common the constant ratio of 
XKcI/XKc I "~ Xcsc l .  

Also, constant "y" represents compositions along a 
pseudoternary surface parallel to the base of the equilat- 
eral tetrahedron having a constant Xu,c~2 content. 

The intersection of the planes, t and y, defines the line 
"S" which has the following limiting values: within the 
binary MnCI2-NaC1 at point "b", S = 1, and at point e' 
within the ternary MnC12-KC1-CsC1, S = 0. 

The relationship between primary mole fractions and 
the composition parameters y, t, and S, is readily found as 

Xcsc, = y(1 - t) (1 - S) [4] 

XNaCI = y S  [5 ]  

XKc~ = ty(1 - S) [6] 

XM,CI2 = 1 -- y [7] 

Considering the S path be', within the quarternary tet- 
rahedron shown in Fig. 1, which is defined by the inter- 
section of the y- and t-planes, all compositions along be'  
have the same XM,c12 content and the same ratio of KC1 to 
CsC1. However, as S changes from 0 (point e') to 1 (point 
b), the amount  of NaC1 in the quarternary changes in pro- 
portion to S (Eq. [5]), and the value of any thermodynamic 
property measured along such an S composit ion path 
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s h o u l d  r e f l e c t  t h e  r e a c t i v i t y  o f  NaC1 t o w a r d s  MnCI~. I n  
t h i s  m e l t ,  t h e  r a t i o  o f  KC1/CsC1 r e m a i n s  c o n s t a n t ,  b u t  t h e  
a b s o l u t e  a m o u n t s  o f  t h e s e  t w o  c o m p o n e n t s  d e c r e a s e  a s  
t h e y  a r e  r e p l a c e d  b y  NaC1. 

I t  f o l l o w s  t h a t  t h e  y, S, a n d  t p a r a m e t e r s ,  p r o p o s e d  in  
t h i s  p a p e r ,  d e f i n e  q u a r t e r n a r y  c o m p o s i t i o n  p a t h s  a l o n g  
w h i c h  i t  i s  p o s s i b l e  to  f o l l o w  t h e  r e l a t i v e  c o n t r i b u t i o n s  o f  
t h e  v a r i o u s  s a l t  c o m p o n e n t s  to  t h e  m a g n i t u d e  o f  t h e  t h e r -  
m o d y n a m i c  p r o p e r t i e s  o f  t h e  s o l u t i o n s .  

C o m p o s i t i o n s  i n v e s t i g a t e d  i n  t h i s  s t u d y  a r e  g i v e n  in  
T a b l e  Z a n d  c o v e r  t h e  a l ka l i  c h l o r i d e - r i c h  s e c t i o n  o f  t h e  
q u a r t e r n a r y  u p  to  XM,C,~ = 0.4. 

T h i s  c o m p o s i t i o n  r a n g e  r e p r e s e n t s  a r e g i o n  o f  i n c r e a s e d  
t h e r m o d y n a m i c  s t a b i l i t y  f o r  MnCI~ b e c a u s e  o f  t h e  p r e -  
d o m i n a n c e  o f  t h e  c o m p l e x  MnC142- s p e c i e s ,  t h e  f o r m a t i o n  
o f  w h i c h  r e q u i r e s  a n  e x c e s s  o f  c h l o r i d e  a n i o n s .  

T h e  r e s u l t s  o f  t h e  E M F  m e a s u r e m e n t s  fo r  v a r i o u s  
XMnCI2, S, and t va lues  are summar ized  in  Table I i n . the  
form of l inear  equat ions  of the form 

E - E ~ = A T  + B [8] 

w h e r e  E is  t h e  m e a s u r e d  ce l l  p o t e n t i a l  i n  m i l l i v o l t s ,  E ~ is  
t h e  " s t a n d a r d "  p o t e n t i a l  o f  MnC12, i . e . ,  t h e  f o r m a t i o n  po-  
t e n t i a l  o f  p u r e  m o l t e n  MnCI~ a t  t h e  t e m p e r a t u r e  o f  t h e  

M n C L - N a C 1 - K C 1 - C s C 1  2 0 7 1  

m e a s u r e m e n t ,  a n d  T is  t h e  a b s o l u t e  t e m p e r a t u r e  in  d e -  
g r e e s  K e l v i n .  V a l u e s  for  t h e  s t a n d a r d  p o t e n t i a l s  o f  m o l t e n  
MnCl~ a t  v a r i o u s  t e m p e r a t u r e s  h a v e  b e e n  o b t a i n e d  in  a 
p r e v i o u s  i n v e s t i g a t i o n  (3). 

T h u s ,  fo r  t h e  r e a c t i o n  

~-Mn~s) + C12(~,1 at,) --> Mxqal2(liquid) 

F o r  9 9 0 K >  T > 9 2 3 K  

E ~ ( in  m V )  = 2387.7 + 0.4043 T l o g  T - 0.3729 x 10 -4 T 2 

1.1138 • 10 s 
1 .7170T [9] 

T 

F o r  t h e  r e a c t i o n  

/~-Mn(~) + C12(~., at.} = MnCl'-'uiquidl 

F o r  1 2 0 0 K >  T > 9 0 0 K  

E ~ ( in  m V )  = 2372.6 + 0.2721 T l o g  T - 0.78 x 10 -5 T 2 

7.32 x 102 
+ 1.3381 T 

T 

T h e  p a r t i a l  m o l a r  f r e e  e n e r g i e s ,  e n t h a l p i e s ,  
e n t r o p i e s  o f  m i x i n g  m a y  b e  r e a d i l y  c a l c u l a t e d  as  

[i0] 

and 

Table I. Summary of EMF measurements 

E - E ~ = A T  + B 
(mV) Standard* Tempera tu re  

deviat ion range  AHM,c,~** 
XMl~Cl~ S t A B (_+mV) (K) cal .  too l - '  

ASMnCI~ aMnCl~ 
e.u. (973 K) 

0.05 0.1 0.2 0.0822 350.38 5.78 940-1130 -16,160 
0.4 0.0975 322.78 7.39 940-1140 -14,890 
0.6 0.1073 299.36 8.33 935-1140 -13,810 
0.8 0.1069 287.69 7.28 970-1145 -13,270 

0.2 0.2 0.1271 289.60 8.23 930-1090 -13,360 
0.4 0.1263 279.52 9.24 939-1120 -12,890 
0.6 0.1142 278.88 7.76 950-1130 -12,580 
0.8 0.1128 268.88 7.73 950-1135 -12,400 

0.3 0.2 0.1078 290.98 7.09 940-1110 -13,420 
0.4 0.1134 275.75 8.15 940-1135 -12,720 
0.6 0.1251 252.69 8.25 940-1120 -11,650 
0.8 0.1232 244.45 8.36 950-1130 -11,270 

0.05 0.4 0.2 0.1194 261.35 8.51 935-1125 -12,050 
0.4 0.1190 252.48 8.27 940-1130 -11,640 
0.6 0.1272 235.93 7.78 960-1125 -10,880 
0.8 0.1346 221.29 8.09 970-1130 -10,200 

0.5 0.2 0.1249 238.90 8.48 945-1120 -11,020 
0.4 0.1294 226.52 7.72 950-1110 -10,450 
0.6 0.1315 217.89 7.98 945-1110 -10,050 
0.8 0.1302 211.02 9.14 950-1130 -9,730 

0.15 0.2 0.1 0.0745 251.09 5.42 930-1130 -11,580 
0.4 0.0812 227.82 6.00 935-1130 -10,510 

0.4 0.1 0.0805 213.94 6.16 940-1130 -9,870 
0.4 0.0849 195.83 5.68 950-1120 -9,030 

0.15 0.6 0.1 0.0853 178.53 5.89 935-1120 -8,240 
0.4 0.0861 168.30 6.44 940-1140 -7,760 

0.8 0.1 0.0846 147.99 5.96 935-1125 -6,830 
0.4 0.0885 139.21 6.53 935-1125 -6,420 

0.25 0.2 0.2 0.0579 189.82 6.47 940-1130 -8,750 
0.8 0.0813 135.16 5.87 930-1110 -6,230 

0.4 0.2 0.0478 174.62 7.12 935-1130 -8,050 
0.8 0.0603 137.94 6.54 935-1120 -6,360 

0.6 0.2 0.0477 150.28 3.27 940-1135 -6,930 
0.8 0.0585 123.58 3.56 955-1135 -5,700 

0.8 0.2 0.0458 128.31 2.79 930-1110 -5,920 
0.8 0.0521 114.85 2.99 945-1115 -5,300 

0.40 0.2 0.3 0.0495 108.25 3.33 940-1120 -4,990 
0.6 0.0532 91.94 3.56 940-1125 -4,240 
0.9 0.0474 84.57 3.16 940-1130 -3,900 

0.4 0.3 0.0486 92.71 3.60 930-1130 -4,280 
0.6 0.0445 91.63 2.94 930-1130 -4,230 
0.9 0.0405 90.51 3.08 930-1130 -4,080 

0.6 0.3 0.0410 83.00 2.74 950-1130 -3,830 
0.6 0.0402 77.68 2.79 950-1130 -3,580 
0.9 0.0369 72.93 2.36 940-1130 -3,360 

0.8 0.3 0.0377 68.81 2.36 930-1115 -3,170 
0.6 0.0362 66.95 2.56 940-1140 -3,090 
0.9 0.0336 67.40 2.36 940-1140 -3,110 

3.79 3.50 x 10 -5 
4.50 4.70 x 10 -~ 
4.95 6.60 x 10 -5 
4.93 8.80 • 10-5 
5.61 5.90 • 10 -2 
5.82 6.80 x 10 -5 
5.27 1.10 x 10 -4 
5.20 1.20 x 10 -4 
4.97 7.90 • 10 -5 
5.23 1.00 x 10 -4 
5.77 1.1O • 10 -4 
5.68 1.70 • 10 -4 
5.51 1.20 x 10 -4 
5.49 1.50 x 10 -4 
5.87 1.90 x 10 -4 
6.21 2.20 x 10 -4 
5.76 1.90 x 10 -4 
5.97 2.20 x 10 -4 
6.07 2.70 x 10 -4 
6.00 3.20 • 10 -4 
3.44 4.40 x 10-4 
3.75 6.60 x 10 -4 
3.71 9.70 • 10 -4 
3.97 1.30 x 10 -3 
3.93 2.00 x 10-3 
3.97 2.50 x 10 -3 
3.90 4.10 x 10 -5 
4.08 4.60 x 10 -3 
2.67 2.90 x 10-3 
3.75 6.00 x 10 -3 
2.20 5.10 x 10 -3 
2.78 9.20 x 10 -5 
2.20 9.20 • 10 -3 
2.70 1.35 x 10 -2 
2.11 1.62 x 10 -'~ 
2.40 1.93 • 10 -2 
2.28 2.41 • 10 .5 
2.45 3.24 x 10 -2 
2.19 4.43 x 10 -2 
2.24 3.50 x 10-5 
2.05 4.00 x I0 -2 
1.87 4.74 x 10-2 
1.89 5.33 x 10 .2 
1.85 6.16 x 10 -2 
1.70 7.46 x 10 -2 
1.74 8.07 x 10 .2 
1.66 8.74 x 10 -2 
1.55 9.18 • 10 -2 

* S tandard  deviat ions based  on a m a x i m u m  of t en  exper imenta l  points  for each composi t ion.  
** Calories m a y  be  conver ted  to the  S.I. uni ts ,  Joules ,  by mul t ip ly ing  by 4.184. 
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~----~MnCI 2 = - Z F ( E  - E ~ [11] 

AHM.cI2 = " - Z F B  [12] 

~--'-~MnCI 2 = Z F A  [13] 

where A and B and the constants given in Table I, E - E ~ 
is given in millivolts, Z is the valence of the metal cation, 
and F is the Faraday constant expressed as 23.060 cal/mV 
eq. 

The activities of MnC12 are calculated from the mea- 
sured cell EMF's using the well-known Nernst equation 
written as 

R T  
Ece u = E~ -- ~ i n  aM.C1,, [14] 

where Eceil and E~ are expressed in millivolts, and the 
ideal gas constant R = 1.987 caYmol K. 

Activities of the MnCI~ calculated for Eq. [4] refer to 
pure molten MnC1,., as the standard state of reference. 

Partial molar heats of mixing, entropies of mixing, and 
activities of MnC12 calculated from the data, are also in- 
cluded in Table I. Plots of E - E ~ vs.  temperature, for 
various XMnC*2, S, and t values are given in Fig. 2 and 3. 

Discussion 
The previously derived expression (2) for the calcula- 

tion of the partial molar free energies of mixing in the 
quarternary system is 

b - -  i 
AGMnc,2 = (1 - S)[(1 - t) AGMncle + t AGMnc~2] 

(in quaternary) in in 
(IvlnCI2-KC1) (MnC12-KCI) 

+ S AGMnci2  [15] 
in 

(MnC12-NaC1) 

The quantities AGMnci2tin MnC12-CsCI), ~-GMnCl2tin MnC12-KCIb and 
AGMnci=(i, MnCl=-NaCi) are the partial molar free energies of 
mixing of MnC12 in the designated binary systems having 
the same MnCI~ content and temperature as the quar- 
ternary. 

From Eq. [11] and [15], E - E ~ values were calculated 
and are given as dotted lines in Fi~. 2. 

The quantities A--GM.c~2, for the three binary systems, 
plotted as E - E ~ vs.  Xunc12, were available from previous 
measurements (3) and are given in Fig. 4. 

From Fig. 2 and 3, it is evident that the agreement be- 
tween the experimental and calculated partial molar free 
energies of mixing expressed by the E - E ~ quantities is 
better than 3% over the investigated composition range of 
the quarternary system. 

From Eq. [15], the expression for the activity of MnC12 
in the quarternary system ls readily derived as 

aMnCl 2 = aMncl2 (1 -S) ( l - t )  . aMncl2(1-5)t  . aSMnCl2 
(in quaternary) in in in 

(MnCI2-CsCD (MnCi2-KCI) (MnCI2-NaCI) 
[16] 
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Fig. 3. Same as in Fig. 2, but with 
XM.ci,_, = 0.4 and 0.25. 

In terms of activity coefficients, Eq. [16] may be writ- 
ten as 

"~MnC]2 = ( ,~MnCI2)(1--S)(I--  t) . (,YMnCl2)(1--S)t . (7MnCI2)S  
(in quaternary) in in in 

(MnCI2-CsCI) (MnC12-KCD (MnC12-NaCl) 
[17] 

where the quantities in parentheses represent activity 
coefficients in binary systems at compositions having the 
same XMnCl._, values as in the quarternary. 

5oo E % 

I t t 

~_d ~ 700oc " ~  ,,  oo_ 

I O 0  - 700~ 

I I I I 
0 0.1 0.2 0,5 0.4 

XMnCt2 

Fig. 4. Plots of E - E ~ for the three binary systems (3) MnCI.>-NaCI, 
MnCI~-KCI, and MnCI~-CsCI and 700 ~ and 800~ 

Plots of the partial molar free energies of mixing of 
MnC12 as functions of the parameters S at constant y and t 
values are given in Fig. 5 to 8. 

Activities of MnC12 in the quarternary system, cal- 
culated from Eq. [16], are plotted as a function of XMnc~ at 
constant temperature and constant S and t values. The 
various curves correspond to different t values, and the 
composition path followed in th is  case starts from solu- 
tions very dilute in MnCI~ and moves upwards through 
the quarternary to XMnct2 = 0.4. 

These plots are given in Fig. 9 and include the few ex- 
perimental points available for such a composition path. 
Again, agreement is indicated between Eq. [16] and the 
experimental values. 

The partial molar enthalpies of mixing, hHM,ct2 shown 
in Table I, become more exothermic as t decreases, i.e., 

22000- XMnCl2=O.05 
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S 

Fig. 5. Plot of the partial molar free energy of mixing of MnCI2 as func- 
tion of S, with y and t constant. Group of curves covers the entire compo- 
sition surface of a Y-plane. Points: experimental. Straight lines: 
calculated from theory. 
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Fig. 7. Same as Fig. 5, but with XMnC] 2 = 0.4 

when the CsC1 content of the melt increases. AHMnc~2 be- 
comes less exothermic as S increases, i.e., when the NaC1 
content of these melts increases. As expected, the activi- 
ties of MnC1.2 indicate pronounced negative deviations 
from ideality, particularly for the CsCl-rich melts. 

Equations [15], [16], and [17] should be strictly valid for 
charge asymmetric molten salt solutions (2) like the sys- 
tem MnCI~-NaC1-KC1-CsC1, in which the charge asymmet- 
ric component  MnCI~ is known to react with the alkali 
metal chlorides. Although as exact knowledge of the 
structure of such complexes is not necessary for a ther- 
modynamic treatment, there are certain indirect indica- 
tions regarding their probable configuration. For 
example, recent structural evidence (11) as well as mea- 
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Fig. 9. Activity isotherms of MnCI2 at 700~ calculated at constant 
S = 0.4. Solid circles: experimental. Open circles and lines: calculated 
from theory. 

surements of electrical conductivites and molar volumes 
(6, 12) suggest that solutions of MnCI~ in alkali chloride 
melts appear to contain tetrahedrally coordinated com- 
plexes of the type MnCI4 ~-- 

For a tetrahedral configuration, the following reaction 
is expected to occur upon mixing 

MnC12 + 2C1- -~ MnC142- 
(from AC1) 

and the enthalpies of mixing in binary melts containing 
alkali metal chlorides, should reach maximum values at a 
MnC12 content of 33 m/o. Deviations from ideality may be 
attributed to the relative stability, or strength, of such 
complexes. Experimental  evidence (3) indicates that the 
observed negative deviation in the activities of MnC12 in- 
creases with increasing size of the alkali metal cations in 
the order Li + ~ Na + ~ K ~ ~ Rb § ~ Cs § 

Such trends reflect the effects of competing interac- 
tions between the Mn 2§ and A ~ cations for the same C1- 
anions in which the alkali chloride acts as a ligand donor 
and the reactive metal chloride MnC12 is the ligand ac- 
ceptor. Alkali metal cations like Na +, because of their 
small size, are strongly attracted to their chloride anions 
and effectively the NaC1 salt is less "dissociated" than the 
other alkali metal chlorides containing larger cations like 
K § or Cs § The difference in the strength of the complexes 
which are formed when the reactive metal chloride, 
MnC12, is mixed with either of the alkali chlorides of the 
type AC1 or BC1 is simply reflected by the difference in 
the bond distances in configurations of the type Mn-C1-A 
or Mn-C1-B. 

The spatial arrangement of such complexes within the 
ionic melt structure should be compatible with the re- 
quirement  of local electrical neutrality and with the con- 
cept of interlocking anionic and cationic "quasi-lattices" 
as proposed by Temkin (13). 

Conclusions 
It has been shown that the thermodynamic properties 

of nonideal and nonregular charge asymmetric fused-salt 
systems may be calculated from data on component  bi- 
nary systems along composition paths representing con- 
stant content of the charge asymmetric component  
MnC12. Although the derivation of Eq. [15] was based on 
the formation of complex species in the binary solutions, 
its application depends only on the availability of experi- 
mental data on binary systems. 
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Regarding quarternary systems, the introduction of the 
composition parameters y, t, and S serves in the planning 
of experiments and in reducing the large number  of com- 
positions to be studied in order to characterize a 
quarternary system adequately. 

Also, the use of these composition parameters makes it 
possible to plot thermodynamic data along well-defined 
composition paths and to identify the effects of com- 
peting interactions on a charge asymmetric cation. For 
example, the complexing effects of CsC1 or KC1 on MnCI~ 
become evident as the quarternary solutions become 
richer in CsC1, or in KC1, respectively. 

The successful application of Eq. [15], [16], and [17] to 
such nonideal charge asymmetric fused-salt solutions in- 
dicates that in quarternary, and possibly even in higher 
order systems, reactions within the binary solutions ac- 
count for most of the internal reactivity which is responsi- 
ble for deviations from ideality. Thus, the formation of a 
higher order system represents mixing of such prereacted 
binary systems and the properties of the mult icomponent  
system should be predictable. 

However, it should be noted that Eq. [15], [16], and [17] 
are only applicable to the "acid," or higher valence, com- 
ponent  of a charge asymmetric fused-salt mixture. 
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Reactions Involving Silver Ions and Silver Metal in Molten Nitrates 

M. H. Miles,* G. E. McManis,* and A. N. Fletcher* 
Chemistry Division, Naval Weapons Center, China Lake, California 93555 

ABSTRACT 

The electrochemical reduction of molten LiNO3 on plat inum or nickel electrodes produces insoluble LifO that 
passivates the cathode at high current densities. The presence of small amounts  of silver ions prevents this passivation 
by undergoing reduction to silver metal in the form of dendritic deposits that increase the effective area of the electrode. 
The deposited silver is unstable in molten LiNO3 and reacts with the melt to regenerate silver ions. Corrosion studies of 
silver coupons gave a weight loss rate of 280 ~g h - l c m  -2 in molten LiNO3 at 350~ but  of only 5 ~g h - l cm -2 in KNO~ at 
375~ The presence of water in the LiNO3 melt increases the corrosion rate of silver. Additions of Li20, LiNO2, LiC1, or 
AgNO3 to molten LiNO3 significantly decreases the corrosion rate. The addition of oxide ions to a AgNO~ containing melt 
produces a dark precipitate of Ag20 in NaNO~ or KNO3, but  not in LiNO3. The decomposition reaction of Ag20 into its el- 
ements is kinetically slow in molten nitrates with a rate similar to that observed in air. 

The relatively low melting points of oxidizing molten 
salts such as nitrates and perchlorates makes them at- 
tractive for use in thermal battery cells where they can 
function as both the electrolyte and oxidizer (1, 2). Previ- 
ous work has shown that the li thium salts of these com- 
pounds are electrochemically reduced much more readily 
than the sodium or potassium salts (3-5). At high current 
densities, however, the reduction of fused LiNO3 or 
LiC104 

LiNO~ + 2Li § + 2e- ---> Li20$ + LiNO2 [1] 

LiC104 + 2Li § + 2e- ---> Li20$ + LiC103 [2] 

produces insoluble Li20 as a product (4-7). When Li20 is 
formed at the electrode surface faster than it can be re- 
moved, thus blocking the reacting substance from 
reaching the electrode substrate, severe polarization oc- 
curs (2, 4, 7). 

The performance of the cathode in oxidizing molten 
salts is greatly improved by the addition of small amounts  
of AgNO3 to the electrolyte (2, 8). This work is focused 
mainly on the study of the reactions involving silver ions 

* Electrochemical Society Active Member. 

in molten nitrate melts. Although previous reports sug- 
gest that the cathodically deposited silver is relatively sta- 
ble in molten nitrates (9-13), our studies show that this 
stability is dependent  on the electrolyte composition, the 
temperature of the melt, and the nature of any extraneous 
substances that may be present. 

Experimental 
The design of the electrochemical cell was similar to 

that of a previous study (14). The plat inum and nickel 
working electrodes were in the form of wires sealed in 
glass and cut to a length to give a geometrical area of 0.10 
cm 2 (0.45 cm length, 0.07 cm diam). The counterelectrode 
consisted of either a plat inum wire coil at the bottom of 
the cell or a plat inum wire spiral separated from the main 
cell compartment  by a section of fritted glass tubing. All 
potentials were measured against a AgNO3 (0.1m)/Ag ref- 
erence electrode that is described elsewhere (14). Electro- 
chemical studies were made with the cell placed in a 
fluidized sand bath (Tecam) where the temperature was 
monitored with a Chromel-Alumel thermocouple digital 
thermometer (Fluke, 2165 A). Temperature fluctuations 
observed with the cell placed in the center of the sand 
bath and the thermocouple positioned adjacent to the cell 



2076 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  September 1984 

were generally less than -+5~ A modified cell was used ,c 
in some experiments  that allowed the temperature to be 
measured directly in the cell by means of a thermocouple 0 
inlet consisting of a section of glass tubing with an open- 
ing through the cell wall and extending into the melt. -~c 
Temperatures measured in the cell were relatively con- 
stant during the experiments and, on the average, were 
within 2~ of the temperature measured outside the cell. < -2c 
In experiments requiring mass transport by diffusion, 
both the sand bath and the helium flow were turned off Z -30 u.i 
to give a quiescent solution free of vibrations. The hot 
sand surrounding the cell acted as a thermal insulator, ~ -40 
thus the temperature measured in the cell remained con- 
stant within -+I~ for t ime periods up to 10 min. 

The reagent-grade salts used in the cell were dried in a -50 
vacuum oven at 130~ for several days. The cell was al- 
ways rinsed well with acetone (spectrophotometry suita- -00 
ble) and baked with a heat gun and then baked again in 
the sand bath prior to adding the salt. The bubbling of 

- 7 0  
dried helium gas through the molten salt in the cell at 
350~ for at least lh  was used to remove any residual 
water. Cyclic voltammetric studies of these melts using -80 h 

- 1 . 6  
platinum electrodes gave no evidence of any water wave 
(4, 15). Generally, either 30.0g of predried LiNO~ or 33.0g 
of NaNO3 or KNO3 were used in the cell to give a melt vol- 
ume of 17.4, 17.8, or 17.7 cm 3, respectively, at 350~ based 
upon reported densities (16). For the study of mixed salts, 
the amount  Of each salt was calculated to give about this 
same volume of liquid. 

The electrochemical measurements  used a potentiostat/ 
galvanostat (PAR 173) equipped with either a current fol- 
lower plug-in (PAR 176) or a digital coulometer plug-in 
(PAR 179). Results were monitored with an X-Y recorder 
(Hewlett-Packard 7047 A) or a digital oscilloscope (Nicolet 
Model 206). In experiments involving potential scans, a 
PAR 175 programmer was used. The reproducibility of 
the potential scan experiments was improved by a 
standard conditioning of the working electrode between 
successive potential sweeps that involved an anodic treat- 
ment evolving NO2 and O~, followed by a waiting t ime of 
30s at the initial potential before beginning another 
sweep. For experiments involving exhaustive galvanosta- 
tic or potentiostatic electrolysis, a large platinum or 
nickel electrode (A = 10 cm 2) was used in the molten ni- 
trate solution that was rapidly stirred by the flow of he- 
lium gas to maximize mass transport. 

Corrosion studies were conducted by placing a polished 
silver coupon (2 • 2 cm) into 20-23g of the molten nitrate 
solution and determining the weight loss of the silver 
after 2h. These experiments were conducted in a quartz 
tube with a cap that provided for helium stirring through- 
out the experiment  to minimize any effects due to water. 
All experiments used helium gas (99.995%, oil and water- 
vapor free) that was passed through indicating Drierite 
and two tubes of phosphorus pentoxide (Aquasorb, 0.2 
Mallinckrodt) and a tube filled with fiberglass before be- 
ing admitted into the nitrate melt. The helium was then 0.0 
exhausted through another P205-filled tube to prevent 
any backflow of atmospheric water vapor. The glassware -0.2 
was always rinsed well with spectro-grade acetone and -0.4 
prebaked both with a heat gun and in the sand bath be- > 
fore the nitrate salt was added. ~_ -66 

Results and Discussion o ~ -08 
Voltammetric studies in molten LiNO3 on both plati- -1.0 

num and nickel electrodes reveal a large reduction peak 
similar to that shown in Fig. 1 (4, 17). The electrode reac- -1.2 
lion is the reduction of molten LiNO3 to Li20 and LiNO~ 
(Eq. [1]); the peak is due to the blocking of the electrode -14 i 
surface by insoluble Li20 rather than the usual depletion -~6 J 
of the reactant in the diffusion layer. Due to resistive ef- 0 
fects of the precipitated LifO on the electrode surface, the 
peak potential depends on the magnitude of the current 
and varies with both the potential sweep rate and the area 
of the electrode. Voltammograms for the reduction of 
molten nitrates vary when different electrode metals are 
used (18). 

I I I I I [ I I I 

I 
-1.4 

LiNG 3 + 0,10 MOLE % AgNO 3 

LINO 3 

I I I  I I ] I I 
-1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 

POTENTIAL/V 

Fig. 1. Effect of AgNO3 on the cathodic reaction in molten LiNO3 at 
350~ Measurements were made in a helium atmosphere using a plati- 
num wire electrode (A = 0.10 cm 2) and a potential scan rate of 100 
mV/s. Solid line: pure LiNO3. Dashed line: LiNO3 + 0.10 m/o AgNO3. 

As illustrated in Fig. 1, the addition of 0.10 mole percent 
(m/o) AgNO3 permits the current to continue to increase, 
and thus no peak is observed. The reversible electrode re- 
duction of silver nitrate 

AgNO3 + e-  ~- Ag + NO3- [3] 

accounts for the relatively small peak observed at -0.18V. 
The increased background current following this small 
peak, as well as the larger currents observed for the 
LiNO3 reduction wave, indicates an increase in the effec- 
tive surface area of the platinum electrode due to the de- 
posited silver. 

High current densities are required for many thermal 
battery applications. Therefore, constant current studies 
at 100 m/Ucm ~ were made for the cathodic reactions. The 
results in Fig. 2 show that the reduction of LiNO3 at 350~ 
in gently stirred solutions sustains 100 mA/cm 2 for only 
105s before it severely polarizes. The addition of 0.10 m/o 
AgNO3 completely prevents the onset of this passivation; 
in fact, the potential slowly increases during the cathodic 
reaction. Similar results were obtained with nickel elec- 
trodes. It is likely that Ag § and NO3- ions are being simul- 
taneously reduced, thus the depositing silver gives a grad- 
ually increasing surface area, resulting in a decreasing 

i I I I I I i J I I I 
LiNO 3 + 1.0 MOLE % AgNO 3 

LINO 3 + 0.1 MOLE % AgNO 3 

T=350~ 

F100 mA/cm 2 

LiNO 3 

i i J i~ i i i J i i 
20 40 60 80 100 120 140 160 180 200 220 240 

TIME/SEC 

Fig. 2. Constant current cathodic studies at 100 mA/cm ~ in gently 
stirred solutions consisting of pure LiNO3 (dashed line), LiNO~ + 0.10 
m/o AgNO3 (solid line), and LiNO3 + 1.0 m/o AgNO3 (dash-dot line). 
Studies were made at 350~ using a platinum wire electrode (A = 0.10 
cm2). 
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overvoltage for IJiNO3 reduction. In molten LiNO3 con- 
taining 1.0 m/o AgNO3, the reduction of Ag + is apparently 
capable of sustaining 100 mA/cm ~ (Fig. 2). The potential 
remains very stable and close to that of the Ag+/Ag refer- 
ence electrode used. Other investigators have noted that 
AgNO3 additions affect the cathodic reactions in molten ni. 
trates (18, 19). 

Exhaust ive electrolysis experiments  supplying large 
platinum or nickel electrodes (A = 10 cm 2) with a constant 
current (10 mA) in vigorously stirred solutions gave 
inflections in potential that indicated depletion of the 
added silver ions. As illustrated in Fig. 3, the experimen- 
tal inflections are close to 1.0 e- /Ag § for studies in molten 
NaNO3 and KNO3, but no inflection could be detected in 
molten LiNO3. In fact, continuation of the experiments 
for t ime periods corresponding to more than 3 e- /Ag + 
failed to reveal any significant change in the potential in 
molten LiNO3. Experiments  in equimolar LiNO3-LiC104 at 
350~ also failed to show any inflection in the potential. 
These results suggest that the deposited silver is not sta- 
ble in molten LiNO3 or LiNO3-LiC104 at 350~ and under- 
goes corrosion reactions that, in effect, recycle the silver 
ions. The results shown in Fig. 3, however, were obtained 
at 1 mA/cm 2. At high current densities, the rate of reaction 
[3] will exceed the rate of corrosion, and thus there will be 
a buildup of deposited silver on the electrode surface. 

Constant potential coulometry offers the advantage of 
higher currents and shorter electrolysis times, and hence 
the effect of corrosion reactions on the measurement  of 
e- /Ag ~ can be minimized. Results for the reduction of 
AgNO3 at -0.400V in molten LiNO3 and KNO3 at 375~ in 
vigorously stirred solutions are shown in Fig. 4. These 
curves differ from the normal exponential  decrease in 
current with t ime in that a peak in the current is ob- 
served. This peak is likely related to the increase in the ef- 
fective electrode surface area due to the depositing silver 
metal. Any reaction of the deposited silver with the melt 
would retard the increase in surface area and yield a 
smaller peak current as found in molten LiNO3. 

Photomicrographs of platinum and nickel electrode 
surfaces following constant potential coulometry experi- 
ments in molten LiNO3 at 375~ are shown in Fig. 5a and 
5b. A thick bed of dendritic needles covers the platinum 
surface (Fig. 5a). The deposits on nickel electrodes tend to 
fall off easily during washing to remove the salt, hence 
the nickel surface can be seen at the edge of Fig. 5b. 
Nickel surfaces darken in molten nitrates, perhaps due to 
nickel oxide formation. Greater magnification reveals 
that the deposits on nickel are similar to those on plati- 
num except  for their much finer structure. Finer deposits 
were also observed on platinum in other experiments.  A 
SEM micrograph of dendritic deposits on platinum is 
shown in Fig. 6a. Elemental  analysis using energy dis- 
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Fig. 4. Constant potential coulometry studies of the reduction of 
AgNO3 on platinum (A = 10 cm 2) in molten LiNO3 and KNO3 at 375~ 
The working electrode was potentiostated at -0 .400V  vs. the Ag§ 
reference electrode. The melt was rapidly stirred by the flow of helium 
gas. Concentrations of AgNO3 were 9.08 x 10 -3 and 8.24 x 10-~m 
(0.0626 and 0.0832 m/o) in LiNO3 and KNO3, respectively. 
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Fig. 3. Exhaustive electrolysis studies of silver ion reduction on plati- 
num (A = 10 cm 2) at 37S~ using a constant current of 10 mA. The mol- 
ten salt was rapidly stirred by the flow of helium gas. Concentrations of 
AgNO3 w e r e  5.89 x 10 -3, 5.78 x 10 -3, and 5.69 x 10-am (0.O405, 
0.0491, and 0.0574, m/o) in LiNOa, NaNO3, and KNO3, respectively. 

Fig. S. Optical micragraphs of electrode surfaces fallowing constant 
potential coulometry studies similar to those shown in Fig. 4. a(top): 
Platinum electrode, b(bottom): Nickel electrode. Part of the deposit was 
lost from the nickel surface during the washing procedure exposing the 
darkened nickel surface (edge of Fig. 5b). 
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Table I. Weight loss studies of polished silver 
coupons in molten nitrates 

Tempera- Cell Weight 
ture atmo- loss 

Molten salt (~  sphere (t~g h- '  cm -2) 

LiNO3 ~ 350 air 1980 
LiNO3 b 330 N.z 896 
LiNO3 r 350 He 280 
LiNO3 + LiNO2 (0.5 m) r 350 He 100 
LiNO3 + AgNO3 (0.2 m) c 350 He 50 
LiNO3 + AgNO3 (0.2 m) 350 He 20 ~ 

+ LiC1 (1.0 m) ~ 
LiNO3 + Li20 (0.5 m) ~, e 350 He 20 
LiNO3 + LiNO2 (0.5 m) 350 He 0 f 

+ AgNO~ (0.3 m) r 
NaNO~ ~ 350 He 16 
KNO3 ~ 375 He 5 
NaNO3-KNO3 b 324 N.~ 0.04 

6000 - 

5 0 0 0  - 

4000 - 

Z 
Z) 

3 0 0 0  - 

2000 - loo:!> 

M E T A L  A N A L Y S I S  

k -  I ~ -  - - =  - -  I I 
5 10 15 20 

ENERGY (keV) 
Fig. 6. a(top): Scanning electron micrograph of the silver deposits on a 

platinum electrode following constant potential coulometry studies simi- 
lar to those shown in Fig. 4. b(bottom): EDX spectra for the same elec- 
trode showing that the deposits consist mainly of silver (Ag, L~I = 2.98 
keV, LB, = 3.15 keV). The silver deposits mask the detection of the plat- 
inum substrate (Pt, L~, = 9.44 keV). 

persive x-rays (EDX) shows that the surface deposits are 
essentially pure silver (Fig. 6b). The deposits of silver 
even mask the detection of the platinum substrate using 
EDX (Pt, Lal = 9.44 keV). Results of Auger analysis were 
similar; the surface deposit was mostly silver metal with 
traces of oxygen, sulfur, and chlorine. 

The increased surface area in coulometry experiments 
is also manifested by background currents that were con- 
siderably larger at the end of the electrolysis than those 
observed prior to adding AgNO3. Background currents 
were always higher in molten LiNO~ than in KNO3 due to 
the much higher energy barrier for the reduction of the 
latter salt (3, 4). After compensating for the background 
currents at -0.400V, the coulombs passed for 300s in Fig. 
4 correspond to 1.0 e-/Ag + in molten KNO3 and 1.1 e- /Ag ~ 
in molten LiNO3. Corrosion reactions as well as the in- 
crease in background current likely contribute to the 
higher coulombic value observed in molten LiNO3. Al- 
though there is some evidence in the literature for the ex- 
istence of divalent silver ions (20), results of Fig. 3 and 4 
indicate that the monovalent  silver ion is primarily pres- 
ent in molten LiNO3, NaNO3, and KNO3. 

Corrosion studies were made in molten nitrates using 
polished silver coupons and determining their weight loss 
over a 2h period. Results of these studies, summarized in 
Table I, confirm the electrochemical investigations by 
showing the instability of silver metal in molten LiNO3. 
The corrosion rate of silver, however, varies markedly 

a Undried salt (Baker, analyzed reagent). 
b Results reported by Conte and Ingram (21). 
c Salt vacuum dried, cell prebaked, helium passed through P20~. 
d Yellow precipitate forms (AgC1). 
e Solubility limit exceeded, saturated solution. 
f Silver metal forms in melt. 

with the nitrate salt used as shown by the weight loss of 
280 ~g h - ' c m  -~ in carefully dried molten LiNO3 at 350~ 
but only 5 ~g h - ' c m  -2 in KNO3 at 375~ The presence of 
other substances greatly affects the corrosion rate in mol- 
ten LiNO3. The use of undried LiNO3 (Baker, reagent 
grade) without any helium flow and with the cell opened 
directly to the air increased the corrosion rate to 1980 tLg 
h - l c m  -2. Additions of LiNO~, Li20, AgNO3, or LiC1 to 
molten LiNO3 significantly decreased the corrosion rate. 
The presence of both LiNO~ and AgNO3 gave no measura- 
ble corrosion; in fact, a reaction occurs that forms silver 
metal in the melt. The corrosion rate diminished noticea- 
bly after several hours, as would be expected from the 
buildup of reaction products such as AgNO3, LiNO2, and 
Li20. Our values in Table I are in reasonable agreement 
with corrosion studies by Conte and Ingram (21). A much 
smaller corrosion rate for silver in molten LiNO3 sug- 
gested by EMF measurements of activity coefficients by 
Boxall and Johnson (22) may be explained by their addi- 
tion of AgNO3 to the melts. The rate of silver weight loss 
measured in carefully dried molten LiNO3, at 350~ is 
equivalent to a corrosion current density of 0.070 mA/cm 2, 
that for a surface roughness factor of 15 attributable to 
silver deposits, could sustain the cathodic reaction 
indefinitely at 1 mA/cm 2, as seen in Fig. 3. 

These corrosion studies show that the potential of 
Ag+/Ag reference electrodes in molten nitrates may 
change with time, especially if the silver metal in the ref- 
erence electrode is in contact with molten LiNO3. Prob- 
lems encountered in cell EMF measurements  have sug- 
gested the corrosion of silver electrodes in fused nitrates 
(23, 24). Diffusion studies in molten Ca(NO3)2-KNO3 also 
show evidence for the corrosion of silver electrodes and 
silver deposits (25, 26). Thermodynamic calculations of 
potential vs. pO 2- diagrams for silver in fused nitrates 
predict that silver is less stable in molten LiNO3 than in 
the NaNO3-KNO3 eutectic melt  (21). The small size of the 
Li § ion makes it a good oxide ion accepter (Lux-Flood 
acid) that should enhance the corrosion of silver in LiNO3 
melts. 

The corrosion of silver in molten salts can be conven- 
iently studied by galvanostatically depositing silver onto 
a platinum electrode for a fixed time period and then re- 
versing the current in anodic stripping experiments.  Any 
corrosion of the deposited silver shortens the anodic t ime 
period. Table II presents results of such studies in several 
equimolar salt mixtures at 250 ~ and 400~ Corrosion is al- 
most undetectable for experiments  in NaNO3-KNO3 at 
400~ yet it can be quite significant in melts containing 
Li § ions. At 400~ very little of the deposited silver can be 
detected electrochemically in molten LiNO3-LiC104 due 
to the high corrosion rate. The calculation of corrosion 
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Table II. Percent of cathodically deposited silver that is 
recovered during anodic stripping experiments 

Molten salt" 250~ 400~ 

NaNOz-KNO= 95% 95% 
LiNO3-KNO~ 95% 90% 
LiNO~-NaNO~ 85% 60% 
LiNO~-LiC10~ 85% 5% 

T h e  silver was deposited onto a platinum electrode (A = 10 cm ~) 
for 120s at 10 mA and then stripped off at the same current. 

Equimolar mixture. 

rates based on these galvanostatic studies is complicated 
by the unknown surface area of the deposited silver. 

Potential scan studies of AgNO3 reduction in molten 
LiNO3 at 350~ are shown in Fig. 7. Distortions of the 
waveform occur at slow sweep rates that produce a 
flattened peak. At scan rates of 10 mV/s or less, a broad 
wave with no precise peak is observed. These distortions 
of the waveform are likely caused by the corrosion reac- 
tion of the deposited silver with molten LiNO3 that alters 
the concentration gradient of silver ions at the electrode 
surface. A further complication is the increase in the ef- 
fective electrode area during the potential scan due to the 
deposits of silver. At fast potential scan rates, both distor- 
tions are minimized, and the experimental  peak currents 
obey the theoretical equation 

ip = 2.54 x 105n 3/2 A C ~ D '/2 v '/2 [4] 

for the reversible deposition of an insoluble substance at 
350~ (27, 28). The condition of linear diffusion is applica- 
ble to the Pt wire electrode for scan rates greater than 0.1 
V/s (27). A diffusion coefficient of 2 x 10 -5 cm2/s for the 
Ag § ion in molten LiNO3 at 350~ is obtained from this 
equation using scan rates varying 1000-fold (0.1-100 V/s) 
and correcting for the background currents to obtain 
d~Jdv m = 2.92 x 10-'-' A cm -~ (V/s) -'/~ (correlation 
coefficient = 0.9996, n = 10) for a melt  containing C%g~oa 
= 2.61 x 10 -~ mol cm -~. The background currents were 
determined by similar measurements  in the absence of 
AgNO~. Extrapolations based on other studies yield a 
value of 2.7 x 10 -~ cm2/s for the diffusion coefficient of 
the Ag + ion in LiNO~ at 350~ (16, 29). 

Cyclic vol tammograms are shown in Fig. 8 for the re- 
versible electrode reaction of AgNO~ (Eq. [3]) in molten 
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Fig. 7. Potential scan studies of silver ion reduction on a platinum wire 
electrode (A = 0.10 cm ~) in molten LiNO3 at 350~ containing 0.10 m/o 
AgNO3 (1.46 x 10-2m or 2.52 x 10 -5 mol/cm3). Potential scan rates 
shown are 20, 50, 100, and 200 mV/s. 
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Fig. 8. Cyclic voltammograms for the electrode reactions of AgNO~ 
(0.10 m/o) in molten LiNO3 at 350~ using a platinum wire electrode (A 
= 0.10 cm~). Potential scan rates shown are 0.1, 0.2, and 0.5 V/s. 

LiNO~ at 350~ The sharp drop in current following the 
anodic peak is characteristic for the depletion of a depos- 
ited metal (12, 13, 30, 31). At scan rates where the corro- 
sion is negligible, the area under the anodic peak is equal 
to that under the cathodic peak. The cathodic peak cur- 
rent is considerably smaller than the anodic peak current, 
but the cathodic peak is broader and reduction continues 
after the cathodic sweep reversal up to about -0.15V. 

A significant loss of reducible silver ions occurs with 
repeated cathodic and anodic studies in fused NaNO3 or 
KNO3 when a one-compartment  cell is used. For  example,  
constant potential coulometry studies of AgNO3 in molten 
KNO3 at 375~ yield the same amount  of charge for bo th  
the cathodic and the following anodic reaction (1.0 
e-/Ag+). The solution, however, darkens in color during 
the anodic reaction suggesting that oxide ions formed at 
the counterelectrode 

KNO3 + 2e- --~ KNO2 + O = [5] 

combine with silver ions generated at the working elec- 
trode to yield the net cell reaction 

2Ag + KNO3 --* Ag20$ + KNO2 [6] 

that produces insoluble Ag20 in the bulk solution. Stud- 
ies in molten NaNO3 gave similar results, showing loss of 
silver ions with repeated cathodic and anodic studies 
when a one-compartment  cell is used. Equilibria reac- 
tions involving peroxide and superoxide ions may also 
occur in both melts (4, 7). The loss of reducible silver ions 
in such experiments  could be significantly decreased by 
using a two-compartment  cell that confines the oxide 
ions formed to the counterelectrode compartment,  
thereby hindering their reaction with the silver ions in so- 
lution. Results in molten LiNO3 using a one-compartment 
cell were again quite different; there was no evidence for 
the formation of insoluble Ag~O during the anodic reac- 
tion, and very little loss of silver ion activity occurs. The 
oxide ions produced at the counterelectrode during silver 
oxidation in molten LiNO3 precipitate as insoluble Li20 
(4). These results suggest a solubility order of Li20 < 
Ag~O < K~O; hence, insoluble LifO rather than Ag~O 
forms in molten LiNO3. 

Thermodynamic calculations for the decomposit ion of 
Ag20 

Ag20~s~ --* 2Ag(s~ + 1/2 O21 [7] 

suggest that Ag20 decomposit ion becomes possible at 
140~ at a partial oxygen pressure of 0.21 arm. Although 
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perceptible decomposition of Ag~O into its elements oc- 
curs above 160~ (20), the kinetics of this reaction are 
rather slow, as found in classical studies many years ago 
by Lewis and others (32-34). 

The addition of Na~O to a NaNO3-KNO3 melt contain- 
ing AgNO3 produces an instantaneous dark precipitate 
and the loss of the electrochemical activity of the silver 
ions. This precipitate remains unchanged at temperatures 
up to 350~ suggesting that the rate of decomposition of 
Ag~O is quite slow in molten nitrates. At 400~ the dark 
color of the precipitate gradually lightens over a time pe- 
riod of several hours and slight gas evolution can be de- 
tected. A comparison study of pure Ag~O in a glass tube 
at the same temperatures revealed no significant differ- 
ence in the rate of decomposition of Ag~O in air over the 
rate in molten nitrates. It should be noted that many of 
our experiments with Ag § ions in molten nitrates pro- 
duced specks of silvery film on the surface of the molten 
nitrates. These films could result from the free silver 
formed in Eq. [7] or from the reaction of Ag~O with nitrite 
ions (21) 

Ag20 + NO2- --> 2Ag + NO3- [8] 

Possible corrosion reactions of silver and their esti- 
mated E ~ values at 350~ in molten LiNO3 include 

Ag(~ + NO..,~g) + 1/2 O2(g) ~ AgNO3(,) (E ~ = 0.13V) [9] 

2Ag(s) + LiNO3(,) ~ Ag~O(s) + LiNO~(,) (E ~ = -0.28V) [10] 

2Ag(~) + 3LiNO3(l) '+ H20(I, ~ 2AgNO~I) + LiNO~(I) 
+ 2LiOH(~) (E ~ = -0.63V) [11] 

2Ag(sl + 2LiNO3,j) + 1/20=,(g) ~ 2AgNO3(1) + Li~O(~) 
(E ~  -0.78V) [12] 

The latter three reactions are possible only when the reac- 
tion products are present at low activities. Under a he- 
l ium atmosphere in a dry melt, reaction [10] would be the 
most likely corrosion reaction. The Ag20 formed would 
be converted by the displacement reaction 

Ag20(~) + 2LiNO3,1~ ~ 2AgNO~(~) + Li~O(~ [13] 

into AgNO~ and Li20. In agreement with the experimental 
studies (Table I), the presence of sufficient amounts  of 
the end products (LiNO2, AgNO~, and LifO) in the melt 
can slow the corrosion rate or even reverse the reaction 
direction. Since the displacement reaction with Ag..,O 
does not occur in molten NaNO3 and KNO3, the lower cor- 
rosion rates in these melts may be due to the formation of 
a passivating film of Ag~O on the silver surface. Corro- 
sion rates may also be related to the observation that the 
reduction of molten NaNO3 and KNOa is kinetically 
slower than the reduction of molten LiNO~ (4). 

The addition of chloride ions to nitrate melts containing 
AgNO~ produces a cloudy solution due to the formation of 
insoluble AgC1 (35). Studies of the silver ion cathode in 
several molten nitrate mixtures before and after chloride 
addition show that AgC1 is readily reduced; albeit, the ex- 
perimental potentials are generally 0.3-0.4V more negative 
than those observed for the reduction of silver ions. In 
molten LiNO3-LiC10~ mixtures, the addition of AgNO3 
produces a cloudy solution that suggests the presence of 
C1- ions either as an impurity or as a product of the self- 
decomposition reaction of LiC10~ (5). No significant elec- 
trochemical activity was observed for AgzO in molten ni- 
trates. This could be due to its observed tendency to 
coalesce and precipitate from the nitrate melt, whereas, 
AgC1 is present as a fine suspension. Discussions of 
thermal battery cells utilizing AgNOa are presented else- 
where (36, 37). 

Summary 
The addition of AgNO~ to molten nitrates permits the 

cathode to sustain current densities of 100 mA/cm 2 or 
larger. The electrochemical reduction of silver ions pro- 
duces dendritic deposits of silver metal and yields values 
close to 1.0 e-/Ag +. The corrosion rate for silver metal is 

higher in molten LiNO3 than in either molten NaNO3 or 
KNO3. In fused NaNO3 and KNO3 containing silver ions, 
insoluble Ag~O forms when oxide ions are present. In 
molten LiNO3, insoluble Li20 forms rather than Ag20. 
The decomposition of Ag20 in molten nitrates is slow at 
temperatures up to 400~ Insoluble AgC1 is electrochem- 
ically reducible in molten nitrates. 
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Photoelectrochernical Properties of Single-Crystalline n-SiC in 
Aqueous Electrolytes 
H. Morisaki, H. Ono, and K. Yazawa 

The University of Electro-Communications, Chofu-shi, Tokyo 182, Japan 

ABSTRACT 

The photoelectrochemical  properties of n-SiC were studied in aqueous electrolytes. The onset potential of the 
anodic photocurrent  in steady state was found to be about 1V more anodic than that of the photocurrent  measured by 
the lock-in method ( -2V vs. SCE). This discrepancy was ascribed to the presence of transient photocurrent observed in 
the potential range between -1.9 and +0.6V vs. SCE. Possible mechanisms of the transient photoresponse were exam- 
ined. The flatband potential deduced from the Mott-Schottky plot of the C-V characteristics was found to shift into the 
cathodic direction of potential in the course of the photoelectrochemical measurements.  The shift was explained by a 
hypothesis that thin oxide layer grows on the SiC surface during anodic polarization under  strong illumination. 

Silicon carbide (SIC) is a stable high temperature semi- 
conductor material with 2.2 - 3.0 eV bandgap energy de- 
pending on the crystallographic structures: - 3  eV for 
various polytypes of a-SiC (2H, 4H, 6H, ....) and 2.2 eV for 
fl-SiC (3C). Electronic properties of this material have 
been widely investigated, and several electronic devices 
such as blue light emitt ing diodes have already been fab- 
ricated (1). 

In contrast to this, very few studies have been reported 
on electrochemical properties of SiC: the first systematic 
study on the photoelectrochemical  behavior of this mate- 
rial has been reported by Gleria and Memming (2). They 
investigated charge transfer processes between SiC and 
various redox systems and observed that the flatband po- 
tential of this material in aqueous electrolytes is excep- 
tionally cathodic ( -  -1.6V vs. SCE at pH 1). We are at- 
tracted to this material from this point of view because, if 
this is true, the material would be a very good coating ma- 
terial for unstable small-bandgap semiconductors to 
make heterostructure photoanodes for photoetectrochem- 
ical energy conversion (3). At present, studies on the 
photoelectrolysis of water have been hampered by the 
lack of electrode materials with better performances 
(4-ii). 

In the present study, we have reexamined the photo- 
electrochemical properties of n-SiC in aqueous electro- 
lytes and found that the onset potential of the photo- 
current changed remarkably depending on the experi- 
mental conditions. We have also studied the stability of 
SiC electrodes in aqueous electrolytes under illumination. 

Experimental 
SiC electrodes used in the present experiments were 

made of single-crystalline n-type material (mostly 6H 
modification) grown at National Institute for Research in 
Inorganic Materials, Ibaraki, Japan. The ohmic contacts 
on the crystal were made by co-evaporation of Au and Ta. 
Copper wires were connected on the evaporated surfaces 
with Ag paste. The whole surface except  the front plane 
of each sample was molded with epoxy resin. The front 
surfaces of the electrodes were etched in hydrofluoric 
acid (HF:46%) for 1 rain before each measurement.  

The photoelectrochemical  measurements  were made by 
using a Pt electrode as a counterelectrode, ,a saturated 
calomel electrode (SCE) as a reference electrode, a 
potentiostat, and a 500W Xe lamp combined with ND 

filters and monochromator  as a light source. When the 
photocurrents were measured by a lock-in amplifier, the 
light was chopped at a frequency in the range between 10 
and 200 Hz. 

The space charge capacitance of the electrodes was de- 
termined from measurements  of impedance of the cell: a 
1 ~A 1 kHz ac current was superimposed in the circuit, 
and both the ac potential difference between the semicon- 
ductor electrode and the counterelectrode as well as the 
phase difference between the ac current and the potential 
were measured by using a dual-phase lock-in amplifier. 

Results 

Steady-state photoelectrochemical properties of n -S iC . -  
Typical current-potential characteristics of  n-SiC ob- 
served in 0.1N NaOH under illumination of 500W Xe lamp 
are shown in Fig. 1. Here, the potential was first swept 
from cathodic to anodic direction and the sweep direction 
was inverted at 2V vs. SCE. The sweep rate was 4 mV/s. 
The dark current (broken lines) is very low in the anodic 
polarization above -0.5V vs. SCE. Note that the onset po- 
tential of the photocurrent  ( -  - 1.0 vs. SCE) is not so ca- 
thodic as the previously reported value (2). This subject 
will be discussed later. We take hereafter the onset poten- 
tial of the photocurrent  as the potential where the current 
under illumination starts to deviate from the dark cur- 
rent. It is noted in the curve that a hysteresis loop is 
traced when the sweep direction is inverted. Apparently 
this is related to some corrosion of the electrode surface, 
because the photocurrent  shows gradual decrease if the 
potential sweep is stopped at a certain potential more an- 
odic than 0 V vs. SEC. The decrease in the photocurrent  
during the photoelectrochem~cal measurements  recovers 
to the original value after dipping the electrode in HF for 
about 1 rain, indicating that the corrosion is related to the 
formation of SiOx layer. 

Current-potential characteristics of the n-SiC electrode 
measured in electrolytes with different pH values are 
shown in Fig. 2. It is noticed that the shift of the curve to 
the anodic direction occurs at a pH value between 11 and 
12. The shift in the onset potential of the photocurrent  is 
about 0.7V. As a possible explanation of this potential 
shift, we can venture that the dominant  oxidizing species 
for the photo-oxidation change from OH-  ions to water 
molecules at some pH value between 11 and 12. The simi- 
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Fig. 1. Current-potential characteristics of an n-SiC electrode in 0.1N 
NaOH. The potential was first swept from cathodic to anodic direction 
and was inverted at 2V vs. SCE. The sweep rate was 4 mV/s. The light 
source was 500W Xe lamp (440 mW cm~). 

lar effect has been observed in a TiO2 photoanode (12). 
Alternatively, the results may be explained by some 
change in corrosion kinetics at the particular pH value. 

Spectral distribution of photocurrent  in n-SiC at 0 V vs. 
SCE is shown in Fig. 3. The main photoresponse starts to 
increase at about 410 nm, which corresponds to the band- 
gap energy of SiC (3.0 eV), although a weak tail is noted in 
the longer wavelength range. Similar long wavelength re- 
sponse has been observed by Gleria et at. (2). It is also 
noted in the curve that there is a small shoulder at about 
320 nm, indicating that an optical transition to a higher 
subband becomes dominant for photons with larger en- 
ergy. The max imum quantum yield in n-SiC is found to 
be about 4.5% at 1V vs. SCE, which is considerably lower 
than the values in oxide semiconductors such as n-TiO~, 
etc. (8). 

Figure 4 is the t ime dependences of the photocurrent at 
a constant anodic potential (2V vs.SCE) observed in elec- 
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Fig. 2. Current-potential characteristics of the n-SiC electrodes at 
several pH values. The electrolytes used are (1) 0.01N NaOH (pH 12); 
(2) 0.1M Na~SO4 + NaOH (pH 11); (3) 0.1N H~SO4 (pH 1). The light 
source was 500W Xe lamp. 
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Fig. 3. Spectral distribution of photocurrent in n-SiC at 0 V v s .  SCE. 
The electrolyte used was 0.1N NaOH (pH 13). 

trolytes with various pH values. At pH 14 (not shown), the 
reduction of photocurrent  was very small. The reduction 
rates of the photocurrent  for pH 11 and 12 at the initial 
stage (-< 3 min) are about the same, whereas the rate for 
pH 13 is considerably slower than the former two cases. 
We notice that the initial photocurrent  at pH 13 is some- 
what lower than it is at pH 11 or 12. This type of uncer- 
tainty in the initial photocurrent was always observed in 
SiC electrodes after etching. Presumably, the rate of sur- 
face recombination will be changed by the surface treat- 
ment  to some extent. It will be shown later that the 
photocurrent  of SiC electrodes is strongly influenced by 
the surface recombination. 

Transient photoresponse of n-SiC.--Figure 5 shows 
photocurrent-potential characteristics of n-SiC measured 
with a lock-in amplifier i l luminating the electrode by 
chopped light of a Xe lamp. Here, the electrolyte used in 
the experiment  was 0.1N NaOH. It should be emphasized 
that the potential for photoresponse (-1.9V vs. SCE) is 
well negative in this case (cf. Fig. 1). Similar results were 
obtained in 0.1N H2SO4, the onset potential being about 
-1.2V vs. SCE. These values are in good agreement with 
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Fig. 4. Time dependence of the photocurrent at 2V vs. SCE. The elec- 
trolytes used are: (1) 0.1N NaOH (p H 13); (2) 0.01N NaOH (p H 12); (3) 
0.1M Na2SO4 + NaOH (pH 11). The light source was 500W Xe lamp. 
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Fig. 5. Photocurrent-potentiol characteristics of the n-SiC electrode in 
0.1N Noah measured with a lock-in amplifier. The chopper frequency 
was 150 Hz. The light source was 500W Xe lamp combined with a 30% 
(transmission) ND filter. This means that the light intensity is about 130 
mW/cm 2. 

the onset potential reported previously (2). Note that the 
photocurrent-potential characteristics appeared in the lit- 
erature (2) have been measured by the lock-in technique. 

Another point which we should like to emphasize is 
that the apparent photocurrent measured by this method 
is a function of the chopper frequency, especially in the 
potential range more cathodic than 0 V vs. SCE, the 
signal increasing with lowering frequency. Since the in- 
trinsic (steady-state) photocurrent should be independent  
of the chopper frequency, the photoresponse measured 
by the lock-in method is supposed to include some tran- 
sient component.  Incidentally, it is usual with a transient 
response that the signal increases with increasing fre- 
quency due to the transient 's  being a greater fraction of 
the length of the pulse. The reason for the signal increase 
with lowering frequency in the present case is that the in-  
itial rise-rate of the transient photocurrent has not been as 
fast as the chopper frequency used in our present experi- 
ment. 

In order to investigate further the relation between the 
steady-state and transient photoresponses, we measured 
the currrent-potential characteristics of n-SiC electrodes 
by i l luminating the electrode surface intermittently while 
sweeping the electrode potential from cathodic to anodic 
direction. The results are illustrated in Fig. 6. We note 
that there are current spikes corresponding to some tran- 
sient phenomena: the positive transient current (anodic 
transient) flows in the wide range of potentials from -1.9 
to +0.6V vs. SCE, whereas the negative transient current 
(cathodic transient) flows at potentials more cathodic 
than -0.5V vs. SCE. The transient response was most en- 
hanced at potentials around -1V in both directions. 

The transient photoresponse was investigated also in 
the time dependence of the photocurrent at several differ- 
ent potentials, as shown in Fig. 7. It is noted in the figure 
that the time constant of the transient photoresponse 
lengthens with increasing anodic potential, being about 
0.6s at -0.8V vs. SCE and about 1.8s at -0.2V vs. SCE. 

In contrast to the transient responses, the steady-state 
photocurrent in the anodic direction starts to flow at 
about -1V vs.SCE and increases with increasing the an- 
odic potential as already seen in Fig. 1. It is clear from the 
above experimental  results that the current-potential 
characteristics measured by the lock-in technique include 
both the transient and steady-state photoresponses. 

Capaci tance-potent ia l  relat ionship of  n -S iC . - - In  order 
to estimate the flatband potential as well as the donor 
density of n-SiC, we measured the differential capaci- 
tance as a function of potential. Figure 8 is the Mott- 
Schottky plot (C-2 vs. V) of the capacitance-potential rela- 
tionship measured in 0.1N NaOH. The curves show 

f 
' ' - "  0 % 

"-" -100- "-- '1 

~ L h  , 

V ( V vs. SCE) 

Fig. 6. Current-potential characteristics of the n-SiC electrode in 
0.1N NaOH measured by illuminating intermittently. The potential 
sweep is from cathodic to anodic direction. The sweep rate is 4 mV/s. 

straight lines in parallel at potentials more anodic than 
-0.7V vs. SCE. At more cathodic potentials below -0.7V 
vs. SCE, however, the curves deviate from the straight 
lines, the extrapolation of the curves intersecting with the 
potential axis at -1.15V vs. SCE. It was also noticed that 
the deviation from the straight portion is accompanied by 
the increase in the cathodic dark current, which is partic- 
ularly notable at potentials more cathodic than about 
- I V .  

Applying the well-known Mott-Schottky relation 

2 [  k T ]  
C . . . .  V - V~B - [1] 

q �9 �9 q 

to the straight portion of the curves in Fig. 8, we can esti- 
mate both the donor density ND and the flatband poten- 
tial VrB (the other symbols have their usual meanings) 
from the curves in Fig. 8. Here, it should be emphasized 
that the flatband potential thus deduced is only an appar- 
ent value for electrodes with heterogeneous structure as 
in the present case (see the Discussion section). 

The apparent fiatband potential of n-SiC obtained from 
the Mott-Schottky plot strongly depends on the sequence 

ON 

2j, za,/cm2$ 

OFF 

V=-O.2V vs. SCE 

l~A/cm2~ 

V=-O.6V 

05pAZcm21 L 
V=-O.SV 

6 lb 2o t (sec) 
Fig. 7. Transient photoresponse of n-SiC in O.1N NaOH. The light 

source was 500W Xe lamp. 
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Fig. 8. The Mott-Schottky plot of capacitance-potential relationship 

of n-SiC measured in 0.1N NaOH. The frequency of the measurement 
was 1 kHz. Curve 1 is the results immediately after etching the surface in 
HF (46%) for 1 min. Curve 2 is the results measured after the surface has 
been illuminated by a 500W Xe lamp for 10 min under anodic bias condi- 
tion at 2V vs.  SCE. 

of photoelectrochemical  measurements.  Curve 1 in the 
figure is the results obtained immediately after etching 
the electrode surface in hydrofluoric acid for 1 min. The 
apparent flatband potential VFB determined from the 
straight portion of the curve is within the range between 
-1.45 and -1.65V vs.  SCE. Curve 2, however, is the re- 
sults obtained after the surface has been illuminated for 
10 rain by a 500W Xe lamp under anodic bias condition at 
2V vs.  SCE. Obviously, the apparent flatband potential 
shifts to the cathodic direction by about 1V, being in the 
range between -2.4 and -2.8V vs.  SCE. 

The donor density of n-SiC used in the present experi- 
ment deduced from the slope of the curves is 

ND = 3.2 -- 3.5 • 10 '7 cm -3 [2] 

being consistent with the values estimated from the con- 
ductivity measurement  ( -  10 '7 cm-3). Here, we have as- 
sumed that the relative dielectric constant �9 of SiC is 10 
(13). 

Discussion 
According to the surface characterization with ESCA, 

the surface of SiC is always covered with thin layer of 
SiOx. Our experimental  results indicate that the oxide 
layer on the SiC surface grows further during photo- 
electrochemical measurements,  the growth rate being en- 
hanced by illumination under anodic polarization, as 
noted in Fig. 1. 

The low quantum yield of the photoresponse observed 
in Fig. 3 is apparently the consequence of the oxide for- 
mation on the electrode surface, the photocurrent being 
restricted by strong recombination of photogenerated 
carriers at the SiC/surface layer interface. The hole flux 
aP' h charge transferred to the electrolyte for the anodic 
photocurrent  is given by 

Fv 
~'h - - -  a;h ~ Ipho~ [3] 

FT + FR 

where r is the flux of photogenerated holes supplied to 
the SiC-SiOx interface, and FT and FR are the transfer rate 
through the surface layer and the recombination rate at 
the interface, respectively. The low quantum yield ob- 
served in SiC means that FT << FR at the SiC-SiOx inter- 
face. 

The experimental  results in Fig. 4 indicate that the 
growth rate of the surface layer is enhanced in less alka- 
line electrolytes, the rate of current reduction being more 
significant in electrolytes with lower pH values. Since 
the actual growth rate of the surface layer is expected to 
be determined by balance of the formation rate and disso- 
lution rate of the film, the slower decay in the photo- 
current at pH 13 would be explained by considering that 
the SiO~ layer is more soluble at .the more alkaline elec- 
trolytes. We are now investigating the photoelectro- 

chemical properties of SiC in a HF containing electrolyte 
(e.g., 0.1N NaOH:0.46%HF = 3:2) to appreciate the effect 
of SiOx layer: preliminary results show that the photo- 
current is about ten times larger than the results in Fig. 1 
without showing any current reduction with time. 

Next, consider the flatband potential of SiC and the re- 
lated onset potentials for the photocurrent. Several char- 
acteristic potentials observed in the present experiments 
are tabulated in Table I. It is noted that the values are dis- 
tributed in relatively wide range of potentials from -1.0 
to -2.8V vs.  SCE. 

The onset potential of the photoresponse measured by 
the lock-in method (-1.9V vs.  SCE) should be essentially 
equal to the value for the transient photocurrent, as stated 
before. This transient photoresponse will be discussed 
later. 

The apparent flatband potential of n-SiC electrodes at 
pH 13 determined from the straight portion of the Mott- 
Schottky plot of our experimental  results is about -1.bV 
vs.  SCE before the photocurrent  measurement  and about 
-2.5V after the measurement.  Memming et al. (2) have re- 
ported that the flatband potential of n-SiC in alkaline me- 
dium is about -2.1V vs.  SCE, this being an intermediate 
of the two values of the present study. 

It should be noted that the interpretation of the Mott- 
Schottky plot is rather complicated when a surface layer 
is present on a semiconductor as in the present case. The 
flatband potential of a semiconductor  electrode with het- 
erogeneous structure can be determined from the inter- 
section point of the C -2 vs .  V line to the potential axis 
only if the heterogeneous structure of the semiconductor 
surface is such that the surface layer is the same as the 
bulk material with different donor density. In fact, the 
present situation is much more complicated because the 
surface layer is most probably SiOx. This fact means that 
the flatband potential cannot be estimated from the 
Mott-Schottky plot in this case. 

In spite of this, we believe that the actual flatband po- 
tential of SiC electrodes is not far from the intersection 
potential V, (-1.15V vs.  SCE) of the C -2 vs.  V curves be- 
cause of the following reasons: (i) the apparent flatband 
potentials deduced from the straight portion of the C-2 vs.  
V curves ( -  - 2.5V after illumination) are not realistic be- 
cause the values are far more cathodic from the onset of 
the cathodic current, (ii) the onset potential of cathodic 
dark current (-0.TV) is reasonably close to V,, (iii) as 
stated before, the steep increase in differential capaci- 
tance corresponding to the kink in the C-'-' vs.  V curves is 
closely related to the increased dark current: in particu- 
lar, the capacitance measured by the lock-in method was 
found to be difficult at potentials more cathodic than V, 
because of the increased real component  of the ac current 
(the dark current), (iv) the onset potential of the steady- 
state photocurrent (-1.0V) is very close to V,, and (v) the 
transient photoresponse is most enhanced in this poten- 
tial range. 

The discrepancy between the actual flatband potential 
and the apparent flatband potentials deduced from the 
s~raight portion of the C-"- vs.  V lines is explained by the 
effect of the insulating layer (SiOx) grown on the SiC sur- 
face. The effect of an insulating layer on the capacitance 
of semiconductor  electrodes has been examined by De 

Table I. Several characteristic potentials related to the flatband 
potential of n-SiC. The electrolyte used was 0.1N NaOH. 

Potential 
Description (V vs. SCE) 

1. Onset potential of steady-state photoresponse -1.0 
2. Onset potential of transient photoresponse -1.9 
3. Onset potential of cathodic dark current -0.8 
4. Onset potential of photoresponse by lock-in -1.9 

method 
5. Extrapolation of straight portion ofC-'-'vs. V line 

(after HF etching) - 1.45 - 1.65 
(after illumination) -2.4 -2.8 

6. Intersection potential (V,) ofC -~ vs. V curve -1.15 
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Gryse et al. (14). Assuming that there is no extra charge 
on the semiconductor  surface, they have shown that the 
intersection potential of the Mott-Schottky plot should 
shi f t  by 

2 e e o q  
AV - -  No [4] 

6i 2 

from the real flatband potential, where C~ is the extra ca- 
pacitance stacked on the electrode surface. Applying the 
above relation to the present case, we can estimate the ca- 
pacitance C~ from the potential shift. Assuming that the 
actual flatband potential is about -1.15V vs. SCE, the 
thickness of the surface layer deduced from this capaci- 
tance was 7.3 nm after HF etching and 19 nm after illumi- 
nation. Here, the surface layer was assumed to be SiO2 (e 
= 4.0) and other parameters used were �9 (SIC) = 10 and ND 
= 3.3 • 1017 cm -3. 

It should be pointed out that the above estimation of 
the surface-layer thickness is only of first approximation, 
because details on the surface layer are unknown: various 
kinds of electronic charge introduced into the SiC-SiO~. 
interface (and/or within SiO~) will also shift the flatband 
potential to some extent. In the metal-oxide-semi- 
conductor (MOS) structure of Si devices, for example, 
similar potential shift is known to be induced by ion mi- 
gration such as Na + ions into the surface layer (15). 

Finally, consider the transient photoresponse observed 
at potentials anodic than -1.9V vs. SCE. At present, we 
are not certain whether  the transient current is the fara- 
daic one or it is due to the charging effect. The model, in 
either case, should explain consistently the fact that the 
transient anodic photocurrent  is observed in a fairly wide 
range of the potential from cathodic to anodic polariza- 
tion. For example, a simple model  based on the charging 
effect of the surface layer capacitance due to photo- 
generated carriers should be excluded because, if this 
were the case, the anodic charging current would be ob- 
served only in the anodic polarization. 

As a probable mechanism of the transient response 
based on the faradaic current, we have considered the 
possibility of photo-oxidation reaction which occurs tran- 
siently. Here, we tentatively assume that only the domi- 
nant reaction at the SiC-electrolyte interface is the photo- 
oxidation of water. Jus t  after turning on the illumination, 
part of photogenerated holes in the vicinity of the SiC- 
SiOx interface will charge transfer, probably by tunne]ing 
across the surface layer resulting in anodic current. The 
decrease in the photocurrent  in the next step is then the 
back reaction which will become dominant  only after the 
accumulat ion of oxidized species (02 molecules in the 
present model) at the surface. However, with this model  it 
is hard to explain the transient response under cathodic 
polarization because the O2 reduction is expected to pro- 
ceed quite effectively under  cathodic polarization. 

It is also plausible that the transient photocurrent  is re- 
lated to the photocorrosion of SiC: the photodissolution of 
SiO~ may  be e n h a n c e d  only  ju s t  af ter  t u r n i n g  on the  
illumination. Similarly, the cathodic transient current is 
explained by some back reaction of the corrosion or ad- 
sorption of the chemical  products, although we have not 
considered this possibility further. 

As the other explanation to the transient photo- 
response, we have considered the effect of localized states 
at the SiC-SiO~ interface. A schematic representation of 
the interface states is illustrated in Fig. 9. Here, the local- 
ized states are assumed to act as efficient hole traps, that 
is, the capture cross section for holes ~h is much larger 
than that for electrons ~r~. Jus t  turning on the illumina- 
tion, some of the photogenerated holes will be captured 
in the hole traps charging the surface layer capacitance. 
This can occur even under  weakly cathodic polarization 
because most of the potential is applied to the insulating 
surface layer, the band bending within SiC being small 
enough over a relatively wide range of the polarization. 

Figure 10a is a possible equivalent  circuit of the photo- 
electrochemical cell composed of the SiC electrode and 
the counterelectrode. Here, the current source means the 

E F 

SiC 

dh >~ ~e  

SiOx 

J 
! 
! 

Rp 

Fig. 9. A schematic representation of interface states which act as ef- 
ficient hole traps, o- h and o" e are the capture cross sections for holes and 
electrons, respectively. 

effect of photogenerated carriers, Cs is the depletion-layer 
capacitance, C, and Rp the capacitance and the parallel re- 
sistance of the surface layer on the SiC, respectively, C.  
the Helmholtz layer capacitance, R~ means the effect of 
faradaic current, and RL is the series resistance of the 
photoelectrochemical  cell. 

Assuming that C,  >>  Ca, C~ and Rp>> RL, we have 
modified the equivalent circuit to the more simplified 
one as shown in Fig. 10b. Here, we have neglected the ef- 
fect of faradaic current (R~ = co), assuming that the current 
is purely capacitive. The t ime constant of the transient re- 
sponse is then given by 

r. ~ Rp (CI + Cs) [5] 

Substi tut ing T = ls and C~ = Cs = 0.1/~F as typical values, 
we get Rp = 5 Mft as the resistance of the surface layer. 

So far, we have not discussed the photoelectrolysis 
product. Since 02 evolution has not been observed di- 
rectly, it is not possible to exclude the possibility that the 
entire photocurrent  is associated with corrosion with for- 
mation of SiOx (and perhaps CO32-). A steady corrosion 

R, 

Cs 
Rp | 

(a) 

i0h+  Rp ci 
Fig. 10. A possible equivalent circuit of the photoelectrochemical cell 

composed of the SiC electrode and the counterelectrode (a) and the 
simplified model (b). 
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current of 200/xA/cm 2 (Fig. 4) means the formation rate of 
SiO2 and thus the dissolution rate of about 100 nm]min. 
Taking into account that the substantial increase in the 
oxide layer thickness estimated from the capacitance 
measurements is about 120 nm by 10 rain illumination, it 
would be more natural to suppose that practically both 
the corrosion and photo-oxidation of water occurs simul- 
taneously at the SiC-electrolyte interface. 

Conclusion 
We reexamined the photoelectrochemical properties of 

n-SiC in aqueous electrolytes and found that an insulat- 
ing layer on the SiC surface (probably SiO2 grows further 
during the photoelectrochemical measurement. The sur- 
face layer thickness was estimated from the capacitance 
measurements. It was found that the surface layer thus 
formed controls the rate of charge transfer as well as the 
flatband potential of the n-SiC electrodes. The onset po- 
tential of the anodic photocurrent in steady state was 
found to be about 1V more anodic than that of the photo- 
current measured by the lock-in method ( -2V vs. SCE). 
This discrepancy was due to the presence of transient 
photocurrent observed in the potential range between 
-1.9 and +0.6V vs. SCE. We have concluded from a series 
of experimental studies that the flatband potential of 
n-SiC at pH 13 is about -1V vs. SCE, which is about 1V 
more anodic than the previously reported value. We have 
also investigated the transient photoresponse observed in 
the potential range near the flatband condition and pro- 
posed possible mechanisms for this phenomenon on the 
basis of the presence of the surface layer. 
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ABSTRACT 

Electron transfer reactions in the open-spaced crystal of Prussian blue (PB) by photo-oxidation at a n-type semicon- 
ductor (n-TiO2) are discussed. The reduction of PB at n-TiO,~ electrodes occurs, but the corresponding oxidation is not 
possible in the dark. The photo-oxidation of Prussian white (the reduced form of PB) does occur at n-TiO,., electrodes in 
aqueous solutions at potentials about 600 mV less positive than that observed at metallic electrodes. The photo- 
oxidation of PB itself also occurs at n-TiO2 electrodes at about 1100 mV less positive potentials. The fully oxidized form 
(Prussian brown) of PB, which can be prepared by photo-oxidation, is stepwise reduced to PB at -0.16V and to Prussian 
white at -0.35V vs. SCE. The energy level is represented. 

We have very recently disclosed a versatile new method 
of preparation for Prussian blue film and its analogues 
on inert electrodes such as plat inum (Pt), glassy carbon 
(GC), and SnO2 (2-7). The spectroelectrochemistry (5) and 
its application for a stable electrochromic device (2) have 
been discussed. Recently reports by Neff et al. have 
shown a chemical method of preparation for a thin film 

*Electrochemical Society Active Member. 

of PB on Pt and gold (Au) electrodes and demonstrated 
the redox behavior of PB (8-10). Although mechanistic 
studies of chemical synthesis of the PB films demon- 
strated by Neff have not yet been reported, we have 
found that well-cleaned SnO~ electrodes could not ac- 
quire the PB deposit by a simple dipping method (5). 
However, the electrochemical method employed by us 
can give quantitative formation concerning the PB de- 
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posit on various electrode surfaces (2, 3, 5). The spectro- 
electrochemistry of PB-modified SnO~ electrodes has 
clearly revealed that the fully oxidized form of PB is a 
definite compound and shows only an absorption band 
at 420 nm in the visible region (5). The formula of PB is 
water-insoluble one, i.e., Fe43*[Fe~'(CN)613, which was pre- 
viously determined by a coulometric study with a PB- 
modified SnO2 electrode in 1M KCI (5). However,  in 1M 
KC1, a fairly large background prevented a precise deter- 
mination of the charge consumed at the oxidation wave 
of  PB. In this paper, a refined result for a coulometric 
study is reported. 

Electron transfer reactions in the open-spaced crystal of 
PB by photo-oxidation at a n-type semiconductor allow 
us to obtain the further understanding of PB. Recently, 
DeBerry and Viehbeck reported an electron transfer reac- 
tion at TiO~ electrodes (1). However, they have described 
only the photo-oxidation of Prussian white (reduced form 
of PB) on both single-crystal and polycrystalline TiO., 
electrodes. In this paper, it will be shown that photo- 
oxidation of Prussian white (PW) and of PB do occur at 
n-TiO~ electrodes in aqueous solutions at potentials less 
positive than that observed at metallic electrodes such as 
Pt, GC, and SnO2. These results also lead to consideration 
of the application of electron transfer reactions in the 
film on n-TiO~ electrodes for an erasable optical signal re- 
cording system. 

Exper imenta l  
A single-crystal TiO~ sample was heated to 650~ in vac- 

uum at 10 -4 torr for 2-3h; this will be referred to as "the 
moderately doped sample" having a donor density of 
about 2 x 10Wcm 3, as determined from a Mott-Schottky 
plot. The crystal sample (1 mm thick) was provided with 
an ohmic contact (11, 12) and mounted in a glass tube. 
The back and sides of the crystal were insulated from the 
solution with an ethylene-propylene copolymer, dissolved 
in toluene. This material was relatively impervious to at- 
tack from the solution of ferric-ferricyanide, which is a 
strong oxidant (5). The electrode was polished with alu- 
mina slurry and etched in HNO3/HF/CH3COOH (5:3:3) for 
15s prior to use (11, 12). 

The SnO~ electrodes used were thin films deposited on 
glass substrates (Corning, 10 ~/[2-films) and were used 
with an ohmic contact wrapped with a platinum wire (5). 
The PB films on TiO~ electrodes were prepared in an 
aqueous ferric-ferricyanide solution of an equal-volume 
mixture  of 20 mM K3Fe(CN)~ in 0.01M HC] and 20 mM 

FeC13 (pH = 2.0), as previously described (2-6). The elec- 
trodes were cathodically polarized in the above ferric- 
ferricyanide solution in the dark under a galvanostatic 
condition with a current density of 10 ~A/cm 2. An elec- 
trode potential of about 0.15V vs. a saturated calomel elec- 
trode (SCE) was observed at the TiO~ electrode during the 
formation of PB. 

The light source used was a 150W xenon lamp. Electro- 
chemical measurements were carried out with a PAR 
Model 173 instrument equipped with a Model 179 digital 
coulometer. 0.5M K=,SO~ was used throughout  as sup- 
porting electrolyte. The pH was adjusted to 4.0 by using 
dilute sulfuric acid. The cell used consisted of a SCE ref- 
erence electrode and a Pt wire as the c~ounterelectrode. 
Nitrogen gas was passed through the solution before the 
experiments  and above the solution during the experi- 
ments, since the reduced form of PB, Prussian white, is 
oxidized to PB by oxygen (29). 

Results and Discussion 
Electrochemistry o f  PB on a SnO~ electrode.--Figure 1 

shows a cyclic voltamrnogram and a coulometric curve of 
a PB-modified SnO2 electrode in 0.5M K~SO4 (pH = 4.0). 
The reductive and oxidative waves observed at 0.2V vs. 
SCE have been formulated as follows as the result of an 
in situ M6ssbauer effect measurement,  as previously dis- 
cussed (6) 

reduction 
Fe4:'~[FeI'(CN),~]3 + 4e- + 4K + 

oxidation 

K4~Fe2+[Fe"(CN)~]3 [1] 

where Fe 3~, Fe H, and K + are the high spin iron ions, the 
low spin iron ions, and the potassium ions, respectively. 
Only the high spin iron ions, Fe 3§ and Fe 2§ are involved in 
the electron transfer reaction in the film (5, 6). The above 
mechanism was written under  the assumption that the 
formula of PB is the "water  insoluble one," Fe43~[Fe L~ 
(CN)6]~. Ellis et al. assumed that the deposit obtained by a 
chemical method was "water soluble PB," KFe"+Fe ~' 
-(aN)6 (9). 

The electrochemical oxidation of PB occurred at the 
electrode potentials more positive than 0.8V. Interest- 
ingly, the second oxidation wave is clearly seen at about 
1.2V vs. SCE, and the corresponding reduction peak does 
appear on the cathodic scan. The coulometric curVes in 
Fig. 1 were simultaneously recorded on the cyclic 

~A/cm 2 

1 2 0  - 

6 0 -  

0 - -  
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Q 

m C / c m  2 

V 
I I J J I I l I J 

1 . 0  0 

V vs S C E  

Fig. 1. Cyclic voltammograms 
of a PB-modified Sn02 electrode 
with 6.2 mC/cm 2 as a total charge 
consumed at the reduction of PB. 
The film of PB was prepared at a 
current density of 10/~Mcm 2. The 
scan rate was 5 mV/s. The solu- 
tion was O.SM K~SO~ (pH = 4.0). 
The dashed lines show the inte- 
grated current-potential curves 
for the reduction and oxidation 
waves of PB. 
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vo l t ammogram.  On the  scan f rom 0.6 to -0.2V, the  inte- 
gra ted  current  of  6.2 m C / c m  2 was obtained.  The  
cou lomet r ic  curve  c a m e  back  to a lmost  zero, ind ica t ing  
that  no side react ion was invo lved  in the  waves  at 0.2V. In 
the  coulomet r ic  curve  ob ta ined  on the  scan f rom 0.6 to 
1.5V and on the reverse  scan, a small  a symmet r i c  behav-  
ior is observed,  as shown  in Fig. 1. On the  scan f rom 0.6 to 
1.4V in 1.0M KC1, a fairly large backgrot ind  p reven ted  a 
precise  de te rmina t ion  of  the charge  c o n s u m e d  at the  oxi- 
dat ion wave  of P B  [see Fig. 4 in Ref. (5)]. Such  a large 
background  seems to be  due  to the ox ida t ion  of  chlor ide 
ions. However ,  the  b a c k g r o u n d  level  was very  decreased  
in 0.5M K2SO4. The a symmet r i c  na ture  in the  cou lomet r ic  

curve,  though,  shown in Fig. 1, is obvious ly  due  to the 
small  cont r ibut ion  of  the backg round  anodic  current  ob- 
se rved  at potent ials  more  posi t ive  than  1.3V even  in 0.5M 
K~SO4. Taking  into accoun t  this backg round  current ,  it 
can be fairly accura te ly  es t imated  that  the total  charge  re- 
qu i red  for the  full ox ida t ion  of  PB  is 4.4 mC/cm ~. The  ra- 
tio of  the charges  obta ined  above is 0.71. This  va lue  
shows direct ly  that  the  averaged  formula  of  P B  in the  
film is "wate r  insoluble  PB,"  Fe43~[FeI~(CN)~]3. Exac t ly  the  
same conclus ion  has been  d rawn  in our  prev ious  paper  (5) 
f rom a similar  cou lomet r i c  m e a s u r e m e n t  in 1.0M KC], al- 
t hough  the  anodic  b a c k g r o u n d  current  was m u c h  larger  
than  that  in 0.5M K..,SO4. 

m A / c m  2 

0.5 

0 

-0.5 

Fig. 2. a(top): A cyclic voltam- 
mogram of a PB-modified Ti02 
electrode with S mC/cm 2 as a to- 
tal charge consumed at the reduc- 
tion of PB in the dark. The scan 
rate was 20 mV/s. The first scan 
was started from 0.6V vs. SCE to 
- 0 . 6 V ,  and the potential was re- 
versed, b(bottom): Cyclic voltam- 
mograms of a PB-modified Ti02 
electrode. The electrode potential 
was scanned from - 0 . 6  to 0.8V 
under pulsed illumination and 
then scanned from 0.8 to - 0 . 6 V  
in the dark. The scan rate was 20 
mV/$. 
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Photoelectrochemical s tudies on n-TiO.~.--Well cleaned 
TiO2 electrodes did not acquire PB deposit by the chemi- 
cal method (9) proposed by Neff et al. However it was 
found that the electrochemical method would acquire 
quantitatively desired amounts of PB on n-TiO2 elec- 
trodes, just as on SnO2 electrodes. Figure 2a shows a 
vol tammogram for PB on a n-TiO~ electrode obtained in 
the dark on a scan from 0.6 to -0.6V. The blue color of  the 
surfaces of the n-TiO~ electrode was completely bleached 
by this reduction current. Therefore, the current observed 
at -0.25V is obviously due to the electrochemical reduc- 
tion of PB leading to PW on the TiO2 electrode. On the re- 
verse scan, no current was observed in the dark at the po- 
tential examined here. On the second scan, again, no 
cathodic current was observed. These results indicate 
that only the reduction of PB occurred but that the corre- 
sponding oxidation was not possible on n-TiO2 electrodes 
in the dark. When the electrode potential was kept at 0.6V 
for 30 rain in the dark, the color of the surface of the 
n-TiO2 electrode remained essentially unchanged, i.e., 
transparent. This shows directly that the corresponding 
oxidation is not possible at n-TiO~ electrodes in the dark. 
Note that no dark anodic current was observed, even 
when the electrode potential was scanned to 1.5V. This 
indicates that the oxidation of PB is also impossible on 
n-TiO2 electrodes in the dark. These irreversible electron 
transfer reactions at semiconductor solution interfaces 
have been well characterized by many investigators 
(12-14). 

Figure 2b shows a vol tammogram obtained under  illu- 
mination with chopped white light and in the dark, re- 
spectively, when the electrode potential was scanned 
from -0.6 to 0.8V and from 0.8 to -0.6V. The 
photocurrent  due to the oxidation of PW commenced at 
about -0.4V vs. SCE, which was very close to the 
flatband potential (VrB). The photocurrent  increased with 
increasing electrode potential and reached a plateau at a 
potential less negative than 0.6V. Under  the experimental  
conditions above, the color of the surface turned out to be 
blue. Such a color change could be seen with good con- 
trast because the moderately doped n-TiO.2 was almost 
transparent. On the scan from 0.8 to -0.6V in the dark, 
the cathodic current peak appears at -0.28V. This dark 
current is obviously due to the reduction of PB which 
was formed under illumination, as described above. 

Figure 3 shows the dependence of the dark cathodic 
current appeared at about -0.3V on the degree of photo- 
oxidation. The photo-oxidation of PW was carried out at 
0.6V vs. SCE for different periods of time, and then the 
electrode potential was scanned to -0.6V in the dark. As 
shown in Fig. 3, the peak currents increased with increase 
in the duration of the photo-oxidation. Integrations of the 
photocurrent  and the dark current were simultaneously 
measured in this experiment.  The direct relationship of 
the integrated currents for the photoanodic oxidation and 
for the reduction in the dark emerges, as shown in Fig. 4. 
A perfectly straight line with a slope of about 0.8 was 
found. This slope suggests that the efficiency of the 
photo-oxidation of PW to PB is 80% on n-TiO~ electrode. 
The remaining 20% of the photocurrent seems to be 
consumed in the oxidation of water. The identical 
efficiency is obtained at any potentials more positive 
than 0.0 V vs. SCE. This result indicates straightforwardly 
that the photo-oxidation of PW to PB is basically 
potential-independent as long as the electrode potential is 
fairly more positive than the flatband potential. 

Figure 5 shows voltammetric  curves' for further oxi- 
dized forms of PB. The electrode was illuminated at 0.6V 
by white light just as in Fig. 3. The blue color of the film 
was changed to green. At the end of the photo-oxidation 
(the curve labeled c in Fig. 5), the color was brown, not 
green, indicating that the oxidation of PB was completed. 
It has been found in our previous paper (5) that the fully 
oxidized form of PB can be prepared electrochemically as 
a definite compound and is visually brown. As shown in 
Fig. 5, the vol tammogram obtained in the dark showed 
two reduction peaks at -0.16 and -0.35V vs. SCE. 
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V v s  SCE 
Fig. 3. Voltommograms of a PE-modified TiO~ electrode. The elec- 

trode was illuminated at 0.6V, and, after the photo-oxidations, the 
dark cathodic scan was recorded. The charges consumed for the 
photo-oxidation of PW at 0.6V (Qa) are 2, 3.7, and S.2 mC/cm 2 for 
the curves labeled a, b, and c, respectively. The electrode potential 
was scanned at 20 mV/s. 

4 

(D 
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r 

2 
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I 
1 2 3 4 5 6 

Q a  m c  

Fig. 4. Relationship of the integrated currents for the photo-oxida- 
tion (Qa) and for the reduction in the dark (Qc) shown in Fig. 3. 

The first reduction peak seems to be due to the reduction 
of the low spin iron ions, Fe "'~', in the crystal. The blue 
color appeared at this reduction peak. The second peak is 
for the reduction of PB to PW, as discussed above. The ef- 
ficiency of the photo-oxidation of PB to Prussian brown 
is somewhat less than the value of 80% which was ob- 
tained for the photo-oxidation of PW to PB, as discussed 
above. From the relationship of the integrated currents 
for the photoanodic oxidation of PB and for the reduction 
(the first wave in Fig. 5), a value of about 50% was ob- 
tained. In this case, the oxidation of water seems to com- 
pete with the oxidation of  PB because the potential for 
water oxidation (13) is now near the energy level of  the 
low spin iron ions in the film. After all PB is photo- 
oxidized to Prussian brown, the oxidation of water can be 
a major reaction at n-TiO~ electrodes. 

The reductions of Prussian brown and of PB start at a 
potential near the flatband potential (VrB = -0.4V vs. 
SCE). However, the reduction of Prussian brown starts at 
a potential more positive than VFB by about 0.4V. This re- 
sult seems to diminish an electron transfer mechanism 
via tunneling from the conduction band to Prussian 
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to interaction of the redox centers in the crystal with the 
n-TiO~ surface. 

Figure 6 shows voltammetric and coulometric curves 
for the fully photo-oxidized form of PB. The coulometric 
curve shown in Fig. 6 indicates that the charges con- 
sumed are 3.5 and 5 mC/cm 2 for the reduction of Prussian 
brown and PB, respectively. The ratio of the charges ob- 
tained above is 0.7. The expected ratio is 0.75 if the for- 
mula of PB is the "water insoluble one," i.e., Fe43+[Fe '' 
(CN)~]3. The correspondence obtained above is a new di- 
rect proof that PB films prepared by the electrochemical 
method have the formula of Fe4~[Fe"(CN)~]3. 

The mechanisms of the photo-oxidations and reduc- 
tions in the dark can be formulated as follows 

Photo-oxidation 

K4§ + 4p + -~ Fe43~[FeH(CN)~].~ + 4K § [2] 
(Prussian white) (Prussian blue) 

I I , I , , I 
0 . 6  0 - 0 . 6  

V v~ S C E  

Fig. 5. Voltommograms of a PB-modified Ti02 electrode. The charges 
consumed for the photo-oxidation of PW at 0 .6V  (Qa) are 6.5, 10, 
and 15 mC/cm 2 for the curves labeled a, b, and c, respectively. Other 
conditions are as in Fig. 3. 

Fe4:~+[FeH(CN),J3 + 3p + + 3A- ~ Fe43+[FeH~(CN),~A-]3 [3] 
(Prussian blue) (Prussian brown) 

Dark reduction 

Fe43~[FeI"(CN)~A-].~ + 3e- --> Fe4'~§ + 3A- [4] 
(brown) (blue) 

Fe43§ + 4e- + 4K ~ ~ K4§247 [5] 
(blue) (transparent) 

brown. The reduction of electroactive species with redox 
potentials well positive of V~ at TiO~ electrodes has been 
examined in aqueous solutions (12, 13). The reduction 
peaks of the redox couples of IrCl~ 2-~3- and Fe(CN)~ 3-~4- 
have been observed at -0.24V vs. SCE and 0.02V at an 
n-TiO~ electrode in 0.5M H~SO4 (12). However, in 
acetonitrile, couples with redox potentials more than 1.5V 
positive of V~B were all reduced at potentials about 1V be- 
low the conduction bandedge (14). This has been ex- 
plained by the location of intermediate levels in the band- 

gap  of the n-TiO=, electrode (12). In the case of the PB- 
modified TiO~ electrodes, the behavior is similar to the 
situation o f  n-TiO.., electrodes in aqueous solutions as re- 
ported by Noufi et al. (12). The dark reductions observed 
here can be explained by the large reorganization energy 
of the low spin iron ions, Fe ''~H, in the crystal or by the lo- 
cation of surface states closer to the conduction band due 

where p+ and A -  are a hole in the valence band and an 
anion of the supporting electrolyte, respectively. Note 
that the reactions of the low spin iron ions are tentatively 
formulated here as Eq. [3] and [4] based on the formula of 
Fe43+[FeH(CN)~]3. No direct proof that the anions are in- 
volved in these reactions has been obtained. The details 
have been under investigation. 

The energy level is represented in Fig. 7. As shown in 
Fig. 7, the edge of the valence band is located at the po- 
tential (~ 2.8V vs. SCE), fairly below the redox potentials 
of the iron ions in the film. Since the photogenerated 
hole can have an oxidizing power equal to Ev, the direct 
photo-oxidation of both the low and high spin iron ions 
would be possible 

K4§ + 7p § 

+ 3A- --* Fe43§ + 4K § [6] 

O C  
mClcm 2 

Fig. 6. Cyclic and coulometric 
curves of a "fully oxidized form of 
PB" modified TiO~ electrode. The 
photo-oxidation of PW was car- 
ried out at 0.6V till the charge of 
about 12 mC/cm 2 was consumed. 
The scan rate was 20 mV/s. 
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Fig. 7. Relative energy positions of n-TiO~ and the redox couples in 

the PB film. Fe 3+ ~ Fe z+ and Fe m ~ Fe n represent the reactions of 
high spin iron ions and low spin iron ions in the film, respectively. Ee 
and Ev ore bottom of the conduction band and top of the valence 
band, respectively. 

However, the rapid oxidation of PW by Prussian brown 
could be expected by the theory of Marcus (28) because 
the difference of the redox potentials of two kinds of iron 
ions in the film is quite large (~ 0.6V). This seems to be 
the reason that only PB was produced by the photo-oxi- 
dation of PW unti l  all PW is converted to PB (see Fig. 2 
and 3). 

The stability of the films on the n-TiO2 electrode was 
excellent. Only 5% decrease was observed after 1 • 105 re- 
peated cycles of an experiment similar to that shown in 
Fig. 3. Such high stability is extremely important  for pos- 
sible application as an erasable optical signal recording 
system. Photoactivated displays based on metal deposi- 
tion (15, 16) and precipitation of viologens (17, 18) on semi- 
conductor electrode have been reported. A recent report 
by Reichman et al. has shown the principles of a display 
based on precipitation of heptylviologen at a point on a 
p-GaAs electrode (18). However, because the contrast ra- 
tio for viologens on GaAs is not good (18), the use of a 
wide bandgap semiconductor is desirable to obtain a high 
contrast ratio. In addition, most of the viologen radical 
salts have shown an "aging effect" with consequently 
poor erasure behavior in electrochromic displays (19, 20). 
Therefore, the system represented here can be useful for 
these applications (1). 

There have been several investigations on the electrical 
properties of a series of compounds of the type 
Fe4[M(CN)J3(M = Fe H, Ru 1I, and Os ~I) (21, 22). If PB acts as 
a semiconductor, energy situation and reaction kinetics 
would be controlled by charge carrier densities in the 
conduction and/or valence bands, and by the position of 
the Fermi level. However, no photocurrent was observed 
under  i l lumination of He-Ne laser at PB-modified Pt  and 
GC electrodes in solutions containing various redox cou- 
ples (23). This indicates that the electron transfer reaction 
is essentially governed by a hopping mechanism between 
the redox centers in the PB film. It should be noteworthy 
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that an observed photoaction spectrum directly demon- 
strated that the bandgap transition of TiO~, not of PB, was 
uniquely responsible for the production of a photocur- 
rent. No semiconductor behavior of PB has been ob- 
tained. 

Finally, it is noteworthy that Wrighton et al. have 
shown that the surfaces of n-type semiconductors such as 
Ge, Si, and GaAs can be modified with polyferrocenes, 
demonstrating that modified photoelectrodes are more 
durable than bare electrodes with respect to deleterious 
photoanodic passivation (24-27). The uses of the PB films 
for this purpose would be of special interest. 

Manuscript submitted Feb. 1, 1983; revised manuscript  
received ca. May 24, 1983. 

Tohoku University assisted in meeting the publication 
costs of this article. 
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The development of electroactive materials made from 
conducting organic polymers has stimulated interest in 
their application in lightweight storage batteries (1-8). Pri- 
mary research employing polyacetylene, (CH)x, has 
shown promise for this new technology. However, while 
(CH)x behaves excellently as an n-doped (anode-active) 
electrode, instability of the p-doped (cathode-active) ma- 
terial at higher voltages (above 3.5V vs.  Li) has been 
somewhat discouraging. In this communication, we re- 
port the use of electrochemically synthesized polythio- 
phene (PT) as an electrode in an electrochemical cell. 
Without resorting to extraordinary techniques to insure 
purity, coulombic efficiencies of better than 95% have 
been obtained at voltages above 3.8V corresponding to 
doping levels of -4%-5% per carbon. Such excellent sta- 
bility at high voltage, coupled with high peak power and 
energy densities, suggest the use of polythiophene as the 
cathode material in an electrochemical storage battery, 
possibly employing polyacetylene as a counterelectrode. 

Sample Preparation and Cell Construction 
Polythiophene (Fig. 1) was polymerized electrochem- 

ically under dry box conditions. Films were grown either 
on platinum foil substrates or on conducting glass, using 
an aluminum counterelectrode with 0.1M monomer  (ei- 
ther thiophene or dithiophene) dissolved in the starting 
electrolyte (0.5M LiC104 in acetonitrile). A constant cur- 
rent (0.05 mA/cm 2) was applied across the cell. The re- 
sulting voltage (during electrochemical polymerization) 
was thereby kept relatively small compared with that 
used previously (9-12): 3.6V vs. Li using the dithiophene 
monomer  or 4.6V using the thiophene monomer.  The re- 
action at the electrode involves simultaneous polymeriza- 
tion and doping; for example 

i/2x S + xy(CI04)- -~ (Cl04)y x 

The substrate surface quickly becomes covered by the 
conducting polythiophene film; polymerization times 
used were about 2 rain to grow a semitransparent film 
and about lh  to grow a film suitable for electrochemical 
measurements ( -3  cm 2 with a mass of 1.8 mg). As grown, 
the polymer is oxidized with C104- as counterion at a con- 
centration determined by the voltage applied during po- 
lymerization. Thin films prepared on conducting glass 
reveal the as-grown polymer to be translucent blue. Upon 
reduction to neutral, the sample changes to ruby red in 
color. Thicker films appear black in the oxidized state 
and became red when undoped (reduced) back to neutral 
polythiophene. A detailed description of the chemistry 
and the optical properties (carried out in  s i tu  during 
doping and undoping) will be reported elsewhere (13). 

Battery cells were constructed with Pt films grown 
from dithiophene (polymerized at 3.6V) on platinum foil. 
After washing, the polymer electrode and a Li counter- 
electrode (pressed in Ni mesh and spotwelded to Ni wire) 
were inserted into rectangular glass tubing. The elec- 
trodes were separated by glass filter paper (previously 
heated under vacuum to remove water). The electrolyte 

used in these initial studies was 1M LiC104 in propylene 
carbonate. Prior to use, the propylene carbonate was vac- 
uum distilled, and the LiC104 was melted under vacuum 
in order to remove impurities and residual water. The 
evacuated rectangular glass was then sealed twice across 
the electrode leads. Subsequently,  the cell was moved 
into a controlled-atmosphere dry box, where all measure- 
ments were made. 

Experimental Techniques and Results 
Measurements were made using computer-controlled 

electrochemical voltage spectroscopy (EVS) (14-16). The 
experiment  starts after the electrochemical cell equili- 
brates at some initial voltage, Vo. The cell is then dis- 
placed from equilibrium by a small potential step dV. 
Current through the cell is monitored via a shunt resistor. 
When the current falls below a designated minimum 
value, the current is integrated over time yielding the 
charge dQ that flowed in the step dV. The process is re- 
peated until the cell potential reaches some preset 
extremum, at which point the sign of dV is reversed and 
the voltage stepped back to Vo. This process can be re- 
peated for any number  of cycles. At each step the charge 
dQ that flowed in the step Vo + dV is stored on magnetic 
disk. The derivative dV/dQ is later integrated, yielding the 
voltage vs. charge relation for the cell. 

The information obtained from EVS is similar to that 
obtained from cyclic voltammetry. Both the derivative 
d Q / d V  vs. V (from EVS) and i vs. V (from cyclic 
voltammetry) measure the number  of charges transferred 
as a function of energy. There are, however, some impor- 
tant differences. The minimum current in the EVS 
method can be made arbitrarily small, so that the system 
is in diffusion equilibrium. In cyclic voltammetry, elec- 
trode reactions are considered to be in equlibrium if the 
kinetics of charge transfer are rapid compared to mass- 
transport rates. The method, therefore, probes the surface 
of the polymer. However, the amount of charge stored on 
the surface of a polymer is typically orders of magnitude 
less than that accommodated in the bulk. By sacrificing 
speed, features corresponding to parts per million of 
doping can routinely be resolved with EVS. 

Figure 2 shows the V vs. Q data for Pt  vs. Li. The results 
are presented as V vs.  y,  where y is the dopant concentra- 
tion in mole percent (m/o). For a given concentration of 
dopant, the charge per unit volume of dopant is Q(y) = 
eAyp/M, where e is the electronic charge, A is Avogadro's 
number, p is the polymer density, and M is the molecular 
weight of thiophene. The data were taken at Imin ~ 2 
uA]mg with voltage steps dV ~ 0.02V over the range 2.5V 
< Vext < 3.8V. The corresponding dopant level varied 
from zero at the neutral point (-~ 2.5V vs. Li) to a maxi- 
mum of about 10% per thiophene ring or about 2.5% per 
carbon. Throughout this range, we obtained coulombic 
efficiencies greater than 95%. Cycles to cell potentials 

X S/  % / # ' X S J ~  I XS / 
Fig. 1. Chemical structure diagram of poly(thiophene) 
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Fig. 2. V vs. y curve (vs. Li) from EVS; the concentration is given in m/o 
(per thiophene). 

above 4.0V yielded better than 85% efficiency at doping 
levels > 5.0% per carbon. The neutral point was deter- 
mined by comparing the in situ optical absorption spec- 
t rum (13) with that of pure chemically synthesized pris- 
tine polythiophene (17). At 2.5V (vs. Li), the two were 
virtually identical, with the onset of interband absorption 
at hco = Eg ~ 2 eV, where Eg is the energy gap. 

Charge injection (oxidation) occurs above -3.5V vs. Li. 
Preliminary attempts at n-doping (reduction) the polymer 
exhibited a threshold of approximately 1.6V. The poten- 
tial difference between n- and p-type charge injection (ox- 
idation and reduction thresholds) of -1.9V is consistent 
with the bandgap of polythiophene as measured by op- 
tical absorption (13). A similar agreement between optical 
and electrochemical measurements of the energy gap has 
been obtained with polyacetylene (15, 18). 

Hysteresis is observed in the V vs. Q cycle, reminiscent 
of similar effects reported earlier for polyacetylene (15, 
16). An analysis of the (CH)~ data has demonstrated that 
charge is injected near the bandedge, but  stored in gap 
center states associated with soliton pairs generated by 
structural relaxation around the injected charges (15, 16, 
18). In polythiophene, because the ground state is nonde- 
generate, the coupling of 7r electrons to chain distortions 
leads to the formation of bipolarons (stabilized dications) 
(13). The charge-discharge relation is explained (13) in 
terms of charge injection near the bandedge, and charge 
removal from bipolaron gap states. In situ opto-EVS mea- 
surements reveal two absorption peaks in the bandgap of 
polythiophene, consistent with the creation of bipolaron 
states (13). 

The internal resistance of the electrochemical cell was 
-10012. After charging to an open-circuit voltage of 3.8V, 
corresponding to -4.5% doping (per carbon), short~circuit 
currents of about 20 mAJmg were obtained. At the same 
concentration, the max imum power density was 2.5 • 104 
W/kg, based on the weight of doped polymer and the 
mass of l i thium consumed. EVS cycles up to 4.2V (-6% 
per carbon) demonstrated an energy density of 140 Wh/kg 
normalized in the same way. Corresponding values for 
polyacety]ene (vs. Li) cells at 6% (per carbon) doping are 
-25  mA/mg (short-circuit current), - 3  • 104 W/kg (maxi- 
mum power density), and -176 Wh/kg (energy density) 

(1). The latter numbers  are based on the weight of the 
doped polymer and the mass of l i thium consumed. These 
numbers  are for comparison only; corresponding values 
for packaged cells would be lower. 

C o n c l u s i o n  
The high voltages and excellent stability obtained with 

polythiophene employed as a cathode (vs. Li) suggest the 
construction of an all polymer battery consisting of a PT 
cathode and (CH)x anode. Such a cell should have an 
open-circuit voltage of -2.8V. The all-polymer construc- 
tion may lead to power and energy densities (packaged) 
competitive with (or even superior to) conventional lead- 
acid batteries. 
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ABSTRACT 

Linear potential scan and cyclic voltammetric behavior of the single-crystal RuO2 (110), (001), (111), (101), and (100) 
surfaces in 0.5 moYdm -3 H2SO4 solution have been studied. Significant differences in electrochemical characteristics 
observed in the hydrogen adsorption/desorption region have been correlated with the differences in composition and 
structure of the ideal, model  surfaces of the RuO2 single crystals. A cathodic/anodic pair of peaks H2c, H~A observed at 
about -0.3V (SCE) for the RuO2 faces (110), (001), (111), and (101) has been ascribed to the reversible hydrogen adsorp- 
tion/desorption on ruthenium sites. Another pair of peaks H1c and H1A at about E = 0 V (SCE), which appeared only on 
surfaces where oxygen is present, i.e., faces (110) and (001) has been attributed to the hydrogen chemisorption on oxygen 
sites. The adsorption Temkin coefficients g have been estimated. The correlation between the chemisorption peak cur- 
rents and the surface density of  the ruthenium sites is presented and discussed in detail. An interesting kinetic effect 
has been observed for the (100) RuO2 surface. The peak structure for RuO2 (100) cannot be correlated with the properties 
of the ideal surface, probably because of the surface restructuring effects. The best electrocatalytical properties have 
been found for the (101) RuO2 surface, good ones have been found for the (111) face, and poor for (110) and (001) faces. 

Ruthenium dioxide is of considerable interest as a cor- 
rosion-resistant material for electrocatalytica] evolution of 
chlorine and became Widely used in chlorine industry in 
the form of mixed RuO2 + TiO2 coatings on t i tanium an- 
odes (1-7). A significant decrease in the anodic oxygen 
overpotential has also been found for RuO~ electrodes in 
comparison with other electrodes applied in today's elec- 
trometal]urgy (8-10). Catalytic photodecomposit ion of 
water on n-TiO2 has recently been shown to proceed at a 
higher rate when small amounts of RuO2 are deposited on 
a photoanode surface (11). The RuO~ crystals possess a 
metallic conductivity due to ruthenium d electrons, and 
any problems with the ohmic potential drop within the 
electrode material do not complicate their electrochem- 
ical behavior. A few comprehensive review articles con- 
cerning electrocatalytic and structural properties of RuO2- 
based electrodes have recently been published (1, 2, 12). 

Previous investigations have primarily been performed 
on thermal RuO2 films (3-15) or small crystal cluster (16) 
electrodes because of unavailability of single crystals of 
sufficient size. Preliminary results of work on oxygen ev- 
olution on RuO2 single crystals with several orientations 
have recently been announced (17). In this paper, we pre- 
sent voltammetric characteristics for single crystal RuO~ 
"as-grown" surfaces (110), (001), (111), (101), and (100) in 0.5 
moYdm 3 H2SO4 solutions. The use of single crystals with 
various orientations offers a new degree of freedom in 
studying the relations between the electrocatalytic prop- 
erties and surface characteristics of the electrode. We de- 
scribe the general correlations between the peak struc- 
ture in cyclic vol tammetry (CV) characteristics in the 
hydrogen adsorption region and the composition and 
structure of these different crystallographic orientations 
of the material. 

*Electrochemical Society Active Member. 

Experimental 
The RuO~ samples were synthesized from ruthenium 

powder (Strem Chemicals, Incorporated), and oxygen by 
the method (18) of chemical vapor transport in a flowing 
gas system, a technique similar to that used by Reames 
(19) and Shafer et al. (20). Under high temperature condi- 
tions and in the presence of oxygen, volatile RuO3 is 
formed from Ru or RuO2 polycrystallites. The RuO3 is 
transported by a gas stream to the cooler zone of a hori- 
zontal pipe furnace, where it decomposes and crystallizes 
in a ceramic boat in form of RuO2 single crystals. Opti- 
mum conditions for this process were determined in pre- 
vious work (18) to be: reaction temperature 1350~ de- 
composit ion and crystallization temperature 1150~ and 
the oxygen flow rate 60 cm/min at atmospheric partial 
pressure. The crystals obtained were of a few millimeters 
in size. The "as-grown" faces of single crystals were then 
oriented by the Laue backscattering x-ray diffraction 
method. 

Crystals were mounted on a small copper plate by 
means of a conducting silver epoxy resin and insulated 
using epidian-5. The whole assembly was sealed to a glass 
tube holder. Electrodes with the following exposed faces 
were used for measurements:  (001), (100), (101), (110), and 
(111). Geometrical surface areas of these electrodes were 
in the range from 0.005 to 0.04 cm 2. 

No additional polishing of naturally grown surfaces was 
employed. Before each experiment,  electrodes were 
rinsed with deionized water and kept in the solution, to 
be examined for 30 min. Electrodes were stored in dry 
state. This procedure seems to give the most ideal sur- 
faces, at least in the case of RuO~, for which good etchants 
are not known because of its extreme resistivity to corro- 
sion. However, final preparation procedure as recom- 
mended for Pt  single-crystal electrodes (21) has to leave 
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significant roughness on the surface and to expose other 
crystallographic faces. 

Standard electrochemical two-compartment Teflon 
cells were used for measurement�9 All potentials were 
measured with respect to the saturated (KC1) calomel 
electrode, SCE. Pt  foil was used as the counterelectrode. 

An EG&G Model 173 Potentiostat and Model 175 Uni- 
versal Programmer were employed for linear scan vol- 
tammetry (LSV) and CV experiments. In  order to ensure 
a proper potential program, in some measurements two 
programmers were used allowing for automatic triggering 
of the desired voltage sequences. 

Measurements were performed in 0.5 mol/dm ~ H2SO4 
solution prepared from the analytical-grade reagent and 
deionized water. 

Results 
Cyclic voltammograms for five "as-grown" crystals 

having (110), (001), (101), (111), and (100) surfaces indicate 
some systematic development of the peak structure, and 
because of this they are presented below in a preselected 
order�9 At first are shown CV and other characteristics for 
(110) and (001) faces which show more developed voltam- 
mograms. The current-voltage characteristics for the (100) 
surface are discussed at the end because this surface 
shows more complicated behavior than the remaining 
faces. 

Ru02 (110) surface.--Shown in Fig. 1 are the cyclic vol- 
tammograms for the (110) "as-grown" surface of single- 
crystal RuO2 in 0.5 mo]]dm 3 H2SO4 solution. Two distinct 
peaks are observed in cathodic scan of CV curves. We at- 
tribute these peaks to the hydrogen adsorption reactions 
and label them Hlc and H2c, respectively, in Fig. 1. Both 
reactions are quite reversible, and two anodic peaks cor- 
responding to hydrogen desorption, labeled H2A and H,A, 
appear at nearly the same peak potentials as H2c and H,c, 
respectively. We note that the currents i,.a and ip.~ for the 
peaks H~ are about a factor of 2-3 smaller than those for 
the second pair of the reduction]oxidation peaks H2. The 
dependence of the peak current upon the potential scan 
rate, v, for all four peaks observed in the hydrogen ad- 
sorption]desorption reaction region is linear indicating 
surface-controlled reactions. In Fig. 1 are shown CV 
curves for only three values of v for purposes of clarity. 
Similarly, as discussed earlier (22), for the case of voltam- 
mograms not involving hydrogen adsorption region, es- 
tablished CV characteristics do not differ significantly 
from LSV ~urves and well-reproducible voltammograms 
can be obtained after a few cycles. 

The next two pairs of anodic/cathodic peaks appearing 
in the oxide rearrangement region (200--750 mV vs. SCE) 
on CV curves are labeled R,A, R2A, R,c, and R2c in Fig. 1. 
Their interpretation has been briefly discussed in previ- 
ous paper (22). 

The third region of electrode potentials is mainly deter- 
mined by the oxygen adsorption reactions. First, reversi- 
ble process occurs at the potential 950 mV (SCE) and the 
respective anodic and cathodic peaks are designated O,A 
and O,c in Fig. 1. The second surface process can be de- 
duced from the voltammograms presented in Fig. 1 as 
proceeding at the potential approximately 1150 mV. The 
symbols OZA and O2c are used for the anodic and cathodic 
reactions, respectively. 

In  order to prove that five pairs of peaks H1, H2, R,, R2, 
O,, and also 02 correspond to the same but  reverse elec- 
trode reactions, the potentiodynamic characteristics with 
sequentially increasing or decreasing Ei were analyzed (a 
typical example of this analysis is illustrated in Fig. 5 for 
the oxide rearrangement region). Detailed examination of 
these kinds of characteristics for the entire potential 
range provides a proof for above designation of.peaks. 

Ru02 (001) surface.--A typical cyclic voltammogram for 
the (001) face is presented in Fig. 2. As in the case of the 
surface (110), two pairs of the anodic/cathodic peaks are 
observed on CV curves in the potential region of the hy- 
drogen adsorption reactions. They are situated at the 
same peak potentials, about 0 and -300 mV (SCE), re- 
spectively. Because of this and also following results of 
structural considerations presented in interpretation sec- 
tion, we used the same designation of these four peaks as 
for the (110) face. Unlike in case of the latter surface, peak 
currents ip.c and ip.a for the reaction Hi at (001) surface are 
comparable with those for the reaction H~. It is seen from 
Fig. 2 that peaks H2 are much broader than peaks H~, sug- 
gesting existence of some repulsive surface interactions. 
A pronounced hydrogen evolution commences at about 
-620 mV (SCE). The oxide rearrangement reactions RA 
and Rc proceed at the RuO~ (001) face with the formation 
of only one pair of the reduction]oxidation peaks at -500 
mV (SCE). The oxygen adsorption region is again similar 
to that observed at (110) surface. However, peak potential 
for the reaction O1 is now more positive by 50 mV�9 The 
same shift in potential should probably be ascribed to the 
reaction O2. 

Ru02 (111) surface.--The surface (111) of the RuO2 
single crystals shows only one-peak behavior in the hy- 
drogen adsorption region. This situation is illustrated in 
Fig. 3, where CV characteristics obtained in 0.5 moYdm 3 
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Fig. 1. CV characteristics for the surface (110) of the RuO.~ single- 
crystal electrode in 0.5 mol/dm -3 H2S04 solution. Scan rates: (1) 250, 
(2) 500, (3) 1000 mY s- ' .  
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Fig. 2. Cyclic voltammogram for the Ru02 (001) surface in 0.5 

mol/dm -3 H2SO4j for v = 500 mV s- ' .  
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Fig. 3. Dependence of CV curves for the Ru02 (111 ) surface in 0.5 mol 
dm-3 H2S04 upon the potential scan rate v [mV s-l]: (1) 100, (2) 200, 
(3) 500. 

I0 

0 

I0 

~.0 

/ 
Ru02 SINGLE CRYSTAL ] 

/ 

(IOI) FACE / 
0.5 M H2SO 4 R~ O~ / 

r 

H2c 

I r I i I i I i I 

-400 0 400 800 1200 
E, mV (vs. SCE) 

Fig. 4. CV characteristic for the face (101) of the Ru02 single-crystal 
electrode in 0.5 mol/dm -3 H2S04 at v = 500 mV s -1. 

H~SO4 solutions are presented for three potential sweep 
speeds marked in the figure. Although the peak poten- 
tials E,.c and E,.a appear at -250 mV (SCE), not very dif- 
ferent from those for the reaction H~ at (110) and (001) sur- 
faces, we mark differently the adsorption/desorption 
reactions at the face (111) for reasons discussed later in 
this paper. We note also that hydrogen evolution starts at 
lower overpotential (E = -520 mV) at the surface (111) 
than at surfaces described previously. 

The (111) surface exhibits two-peak behavior in the ox- 
ide rearrangement reaction area, as seen in Fig. 3. Both re- 
actions R',A (R'lc) and R'~A (R'~c) are highly reversible. De- 
spite the overlap of peaks R',A (R',c) and R'2A (R'2c) and 
the fact that their full appearance is not completely re- 
versible, it can be seen from the CV curves that the peaks 
R',A and R' lo  corresponding to the first surface reaction, 
are sharper and higher than those corresponding to the 
second reaction, R'2A and R'~c. 

In the oxygen evolution region, no peaks are observed. 
However, from the shape of CV characteristics as well as 
from the i-V dependence, we can deduce that current is 
controlled by the surface reaction. We assume that this is 
the oxygen adsorption/desorption process which is to be 
denoted O',A and 0 7 o  for the anodic and cathodic reac- 
tions, respectively. 

Ru02 (101) surface.--A cyclic vol tammogram for RuO2 
(101) electrode is presented in Fig. 4 for v = 500 mV/s. It 
shows the lowest degree of development  of the peak 
structure. In each of the three potential regions (hydrogen 
adsorption, oxide rearrangement, and oxygen adsorp- 
tion), there is seen only one pair of the reduction/oxi- 
dation peaks. They are labeled H%c and H'2A, R'A and R 'o  
O'o respectively, in Fig. 4. The H2 reaction is superim- 
posed on the following step of hydrogen evolution reac- 
tion and forms a prewave before sharp current increase 
due to hydrogen bubbling. It is to be noted that the latter 
process commences at a significant rate at a potential 
about -500 inV. The.reversibility of reactions proceeding 
on (101) surfaces is illustrated in Fig. 5. For all inversion 
potentials, current steps are observed. 

Ru02 (100) surface.--The behavior of the RuO2 (100) 
electrodes is different from that of all other RuO2 surfaces 
in that it does not show the same high degree of symme- 
try as they do. The fast scan CV characteristics are pre- 
sented in Fig. 6. All curves are sloped and the anodic-ca- 
thodic charges do not compensate in any of the three 
potential regions discussed for other surfaces. The situa- 
tion in the hydrogen adsorption region is more clearly 
shown in Fig.  7, where the potential scans are limited to 

the range -550 to 800 mV (SCE). Two cathodic/anodic 
peaks at about 0 and -50  mV are initially observed at v = 
100 mV/s. However, the cathodic peak splits into two 
peaks as the potential sweep speed is increased up to 1000 
mV/s. These two peaks are labeled H",c and H",_,c in Fig. 7. 
At the same time, the anodic peak designated H"IA re- 
mains without significant changes and the peak current 
follows linear dependence upon v, as also the cathodic 
peak currents do. The peak potentials for H",A and H",c 
do not change as v increases, while that for H"2c shifts in 
cathodic direction increasing separation of the cathodic 
peaks. It is characteristic that asymmetry of CV curves 
for (100) face remains even at very slow scan rates. The 
vol tammogram obtained at v = 1 mV/s is presented in 
Fig. 8. The cathodic and anodic peak potentials are -97 
and -12  mV (SCE), respectively. Exact cathodic wave is 
seen at potentials lower than about 0 mV. The evolution 
of hydrogen bubbles at significant rate commences  at E 
= -700 mV (SCE), as can be seen from Fig. 6. 

The oxide rearrangement proceeds with the formation 
of one couple of anodic/cathodic peaks. In the oxygen ad- 
sorption region, a pair of peaks O"IA and O"1c can be re- 
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Fig. 5. Dependence of LSV characteristics for the Ru02 (101 ) surface 

in 0.5 mol/dm -3 H2S04 upon the anodic inversion potential. The elec- 
trode was kept at Er for 15 min before each run. 
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Fig. 6. CV characteristics for 
(100) face of RuO~ single-crystal 
electrode in 0.5 mol/dm -3 H2SO 4 
solution for v = SO0 mV s - t  

solved at 1000 mV (Fig. 6) and eventually the sloped part 
of CV curves can be ascribed to the reactions O%A and 
0"2C. 

I n t e r p r e t a t i o n  of  E x p e r i m e n t a l  Resul ts  

The aim of the present study of the electrochemical be- 
havior of the RuO~ single crystals is to find a correlation 
between the obtained volammograms and the structure 
and composition of RuO2 surfaces. The use of single crys- 
tals for this purpose gives the additional degree of free- 
dom in looking for such correla,tions. These investiga- 
tions were impossible earlier because of the unavailability 
of the RuO2 single crystals. 

The compositional and structural data for the ruthe- 
n ium dioxide, crystallizing in the rutile-type structure, are 
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Fig. 7. CV for RuO~ (100) surface in 0.5 mol/dm-~ H.2S04 in the hydro- 
gen adsorption region v [mV s- ' ] :  (1) 100, (2) 250, (3) 500, (4) 1000. 

given in Table I. The sketch of ideal model surfaces (110), 
(001), (111), (101), and (100) of the RuO2 single crystals is 
presented in Fig. 9. There are substantial differences in 
structure and composition of different crystallographic 
faces of the RuO2 single crystals. While crystals with ori- 
entations (101), (111), and (100) have only ru thenium 
atoms present on the surface, both ruthenium and oxygen 
are present on the (110) and (001) faces. The plane lying 
below the top plane has only oxygen in the case of (110), 
(101), (100), and (111) orientations, while both ru thenium 
and oxygen are found in the (001) case. Also, the ruthe- 
n ium and oxygen ions on each surface are not identical. 
The numbers  of oxygen ions nox required by a particular 
kind of surface ru thenium ion to restore their octahedral 
coordination are given in Table I. 

In further discussion, we use the term "oxygen-free sur- 
faces" for the model, ideal surfaces (101), (111), and (100) 
and the term "(Ru,O)-composite surfaces" for the ideal 
crystallographic faces (110) and (001). 

On the basis of a general consideration of the properties 
of the model RuO~ crystal, we expect a great influence of 
the oxygen presence at the crystal surface on its electro- 
chemical behavior. In the limiting case, adsorption of hy- 
drogen can proceed on two different kinds of active sur- 
face sites, Ru and O, and separate voltammetric peaks can 
appear. Then the following electrosorption reactions 
ought to be ascribed to the chemisorption of H' on the Ru 
sites 

H30 ~+ R u + e = R u . H ' + H ~ O  [1] 

and on the O sites 

I-4 II 

I ~ CRYSTAL 

20 / ~ /I (I00) FACE 

-50 V ~ HIc(H~c) I ' 
I 

-40D -200 () 9_00 400 
E,mV (vs. SCE) 

Fig. 8. Slow-scan rate (v = 1 mV s- ' )  LSVcharacteristic for the (100) 
face of the Ru02 single-crystal electrode in O.S mol/dm -3 H=S04 solu- 
tion. First sweep: cathodic, from E, = + $ 5 0  mV (SCE). 
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Table I. Relevant structural and electrochemical parameters of the various surfaces of single-crystal Ru02 

Area projection.. Ru-Ru Ru-O Number of 
v~, of unit cell distances distances broken Ru-O PZC* QR~-H2 

Surface Composition (at./cm ~) (cm 2 ) (&) (}0 bonds (mV vs. SCE) (/~C/cm ~-) 

(110) 

(001) 

(111) 

(101) 

(1O0) 

2 Ru 1.0 x 10 TM 1.97 x 10 -'5 3.11 1.94 2(Ru') -90 160 
2 O 3.53 1.98 I(Ru") 
1 Ru 5.0 • 10 TM 2.02 • 10 -'5 4�9 1.94 2 -20 80 
2 O 1.98 
V2 Ru 3.5 • 10 TM 1.41 x 10 -'5 5�9 - -  3 -110 56�9 

6.35 
2 Ru 8.2 • 10 '4 2.45 • 10 -~5 3.53 - -  3 -160 131.2 

4.49 
5.46 

1 Ru 7.1 x 10 '4 1.4 x 10 -'5 3.11 - -  3 -50 113.6 
4.49 

* After Ref. (23). 

H 3 0  §  O +  e =  O . H ' + H 2 0  [2] 

F r o m  the  c o m p a r i s o n  of  the  e x p e r i m e n t a l  CV charac ter i s -  
t ics in the  h y d r o g e n  adso rp t i on  region,  we  can see tha t  
only  one  pair  of  r educ t ion ]ox ida t ion  peaks  appea r s  in 
case of the  oxygen- f ree  sur faces  [i.e., (101) and  (111); 
abou t  the  (100) face, see  below].  These  peaks  are s i tua ted  
at app rox ima te ly  - 0 . 3 V  (vs. SCE). For  the  (Ru,O)- 
c o m p o s i t e  faces,  we  obse rve  two pairs  of  adsorpt ion]de-  
so rp t ion  peaks,  the  first  at abou t  0 V (SCE) and  the  sec- 
ond  at -0 .3V.  Hence ,  the  peak  at -0 .3V,  p r e s e n t  on  CV 
charac ter i s t ics  for all four  faces (101), (111), (110), and  
(001), can be a sc r ibed  to the  c h e m i s o r p t i o n  of  H" on the  
Ru si tes  accord ing  to the  reac t ion  Eq. [1]. The peaks  at 
0 V appea r  only  for the  comp_osite faces,  so we  ascr ibe  
t h e m  to H' adso rp t ion  on the  O sites ( react ion [2]). 
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Fig. 9. Scheme of the atomic compositions of the ideal RuO~ (110), 
(OOl), (111), (101), and (100) single-crystal surfaces. Broken lines de- 
notes unit cells. 

I f  the  above  h y p o t h e s i s  is correct ,  the  adso rp t i on  en- 
ergy for h y d r o g e n  c h e m i s o r b e d  on the  O si tes  (Ep m 0) 
w o u l d  be m u c h  m o r e  nega t ive  than  tha t  for the  electro-  
so rp t ion  of  H" on  Ru si tes  (Ep ~ -0.3V).  The b o n d  
s t r e n g t h  W for Ru �9 H' and  O �9 H" can be e s t i m a t e d  f rom 
the  Pau l ing  equat ion ,  w h i c h  for t hese  two  cases  can  be 
w r i t t en  in the  fo rm 

W(Ru �9 H') = V2 W(Ru - Ru) + W(H - H) + 23.06 (XRu - XH) 2 

and  [3] 

W(O. H') = '/2 W(O - Ru) + W(H - H) + 23.06 (Xo - X~)'-'[4] 

w h e r e  X is the  e lec t ronega t iv i t i es  for i sola ted  a toms.  The 
t e r m  W(Ru - Ru) is u s e d  in fo rmer  equa t ion  b ecause  the  
a d s o r b e d  h y d r o g e n  is s u p p o s e d  to rep lace  the  Ru a tom 
tha t  wou ld  be the  nea re s t  n e i g h b o r  of  Ru if  the  crystal  
w o u l d  no t  be te rmina ted �9  The same appl ies  to Eq. [4]. The 
use  of  the  t e rm W(O - Ru) s e e m s  to be m o r e  ad eq ua t e  to 
the  real s y s t em t h a n  use  of  t he  t e rm W(O - O) b e c a u s e  the  
a d s o r b e d  h y d r o g e n  will  act  ra ther  as an i n d i v i d u u m  
rep lac ing  Ru ca t ions  in  the  coord ina t ion  shel l  of  the  O 
site. Bo th  Eq. [3] and  [4] shou ld  n o w  be  d e v e l o p e d  to ac- 
coun t  for the  mul t ip le  b r o k e n  bonds .  In  an  e l emen ta ry  
t r ea tmen t ,  th is  leads  to the  e x p r e s s i o n s  

1 
W(Ru �9 H ) - 

n + l  

1 
w ( o .  H )  - - -  

m + l  

- - - n x W ( R u - R u ) +  W ( H - H )  

+ 23.06 (XR, - Xn) 2 [5] 

m x W(O - Ru) + W(H - H) 

+ 23.06 (Xo - XH) ~ [6] 

w h e r e  n and  m s t and  for the  n u m b e r  of  b r o k e n  b o n d s  
Ru-Ru  and  O-Ru, respect ive ly .  Desp i te  the  s impl i f ied  
t r e a t m e n t  (not clear is especia l ly  the  role of  o the r  b r o k e n  
bonds) ,  Eq. [5] and  [6] take  into accoun t  d i f fe ren t  situa- 
t ions  on  d i f ferent  c rys ta l lographic  p lanes  of  a single- 
crysta l  e lect rode.  A l t h o u g h  a deta i led  analysis  o f  the  b o n d  
ene rg ies  is b e y o n d  the  s cope  of th is  paper ,  we  can  s ta te  
qual i ta t ively  tha t  the  b o n d  s t r en g t h  W(O - Ru) is cer- 
ta inly grea te r  t h a n  W(Ru - Ru). Similarly,  the  electro-  
nega t iv i ty  d i f fe rences  b e t w e e n  o x y g en  and  h y d r o g e n  are 
grea te r  t h a n  b e t w e e n  r u t h e n i u m  and  hydrogen .  There-  
fore, the  b i n d i n g  en e rg y  for h y d r o g e n  a d s o r b e d  on  the  O 
site shou ld  be m u c h  grea te r  t h a n  tha t  for t he  sur face  di- 
pole  Ru �9 H'. On the  basis  of  Eq. [5], we  can also e x p e c t  
tha t  the  d i f fe rences  in the  b o n d  s t r en g t h  W(R-u �9 H') for 
d i f fe ren t  c rys ta l lographic  p lanes  shou ld  in f luence  the  
v o l t a m m e t r i c  behav io r  of the  RuO~ s ingle  crysta ls  to 
m u c h  smal le r  e x t e n t  t h a n  the  d i f fe rence  bet~veen W(Ru - 
H') a n d  W(O �9 H') does.  All the  above cons ide ra t i ons  jus-  
tify our  p re fe rence  in a s s ign ing  wel l - separa ted  peaks  H, 
and  H2 to the  adso rp t i on  of  h y d r o g e n  at " chemica l l y "  dif- 
fe ren t  k inds  of act ive sur face  sites. 

In  s u p p o r t  of  our  a s s u m p t i o n  tha t  the  ene rgy  interac-  
t ion b e t w e e n  H' and  Ru cen te r s  is no t  ve ry  d i f fe ren t  
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among the four surfaces (110), (001), (101), and (111) 
causing only secondary effects in the peak structure of 
RuO2 electrode in hydrogen adsorption region, come re- 
cent measurements  of the PZC (23) for the oriented RuO2 
single crystals. It appears that within the experimental  er- 
ror the PZC, O, equals -0.09 -+ 0.1V (SCE) for all surfaces 
(23). Following arguments of Kolb et al. (24) and Trasatti 
(25), who derived an expression for the underpotential  
deposition of metals, we can write for the hydrogen ad- 
sorption on Ru sites 

A E i  UPD - h E y  Pn = e ( O i  -- tYp)) [7] 

where hE UPD is the potential shift for UPD and the indexes 
i j  stand for two different crystallographic faces. As the 
right-hand side of Eq. [7] approximates to zero, there 
should not be significant differences in peak potentials 
for H2c reaction at various surfaces. The same should ap- 
ply to the peak H,o and this is what we see experimen- 
tally. 

Further  proof for ascribing reaction [2] to peaks H~c and 
H~A comes from the consideration of the relative densities 
of different sites on the RuO2 faces (110) and (001). On the 
former face, one oxygen atom falls per one ruthenium 
atom, while on the latter face, two oxygens are present on 
the surface per one ruthenium atom. Comparison of the 
CV curves for the faces (110) and (001) (Fig. 1 and 2) shows 
clearly relative increase of the peaks H~c and H~A with re- 
Spect to H2c and H2A when going from (110) to (001). How- 
ever, there is one apparent inconsistency. The surface 
densities of oxygen sites are the same on both surfaces 
(110) and (001) while that of Ru sites are 10 x 10 TM and 5 x 
10 '4 cm -2 for (110) and (001) surfaces, respectively. One 
could expect  then that the peaks H2A and H~c ought to be 
higher for the (110) face than for the (001) face (if lateral 
interactions are the same, see below). But it is not the 
case. The peak current densities do not depend linearly 
upon the surface concentration of the Ru sites. And it 
applies not only to the above two surfaces. In Fig. 10, we 
present a correlation between the peak current densities 
and the surface density of ruthenium sites for all four 
faces (110), (001), (101), and (111). 

The peak currents are not corrected for currents due to 
other than hydrogen adsorption reactions. It is seen from 
Fig. 10 that the whole effect of nRu on the peak currents 
for the reactions H2 is removed far to lower values of nRu, 
below 3 x 10 '4 cm -2. Above this value, rather surprisingly, 
nRu has almost no influence on ip,2. (Slightly higher values 

AEI/2 - 

w h e r e  

of ip for the reaction H2A at surfaces (001) and (110) may be 
due to the shoulders of the peaks H,,). However, the 
peaks H1 appear only when the oxygen sites are available 
on the electrode surface, and there is no correlation be- 
tween ip.1 and nRu. The shape of the curves for ip,, has then 
no physical meaning. These curves were drawn to empha- 
size clearly our model  of hydrogen adsorption based on 
reaction Eq. [1] and [2]. 

At the present stage of our knowledge, we cannot ana- 
lyze fully all of the surface interactions associated with 
the hydrogen adsorption reactions. However, some tem- 
porary conclusions can be drawn. Despite the peaks Hlc 
and H2c observed at (110) and (001) surfaces overlap (as 
also their anodic counterparts do), we can figure out that 
they differ significantly in the half-peak width AE,2. In 
case of the Langmuirian adsorption isotherm 

0 
- C exp {-(E - Ef~ [8] 

1 - 0  

(where 0 is the surface coverage, C is the concentration 
of H30 + in solution, E~ ~ is the formal standard electrode 
potential for the reaction of hydrogen discharge, and 
other symbols have their usual meanings), the half-peak 
width is hE,j2 = 90.6 mV. This corresponds (26) to the ab- 
sence of the lateral interactions (or the lack of induced 
heterogeneity). Both the peaks H, and H2 have greater 
values of AEI~2. On the basis of the Frumkin electrosorp- 
tion isotherm 

0 
- C exp {-gO} exp {-(E - Ef~ [9] 

1 - 0  

greater values of AE~ than 90.6 mV can be attributed to 
the repulsion surface interactions associated with the cov- 
erage dependent heat of chemisorption gORT. In order to 
estimate the interaction coefficient g, the following rela- 
tion can be used 

2RT [ ( 0 . 5 + a ) ]  
~-- ga + i n -  [10] 

(0.5 a) 

/ g + 4 
a = 0 . 5  ~] g + 8  [11] 

It should be noted that AE,~2 is independent  of the mono- 
layer charge Qo, and the scan rate v. For the reactions pro- 
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Fig. 10. The correlation between 
the peak currents densities ip for 
the processes H~c, H~A, H,o and 
H,A and the atomic surface density 
of the ruthenium sites at different 
crystallographic faces of the RuO~ 
single-crystal electrode. The peaks 
H,c and H,A appear only when oxy- 
gen sites are present on a model, 
ideal surface. The shape of the 
curves H,c and H,A is thus arbi- 
trary. 
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ceedings in the region of peaks H2c and H2A, we have esti- 
mated g = 8.5 • 0.5 for both (110) and (001) surfaces. It 
corresponds to the maximum (at 0 = 1), coverage- 
dependent  heat of chemisorption AHo ma• about 5 kcal/mol. 
The surface interaction coefficient is smaller for the reac- 
tions H,c and H,A (at the same surfaces) and is estimated 
to be g = 5 • 1, which gives hHo max = 3 kcal/mol. In con- 
clusion, we can then state that the lateral repulsions be- 
tween hydrogens adsorbed on oxygen sites are smaller 
than those between hydrogen atoms adsorbed on ruthe- 
n ium sites. For the RuO.~ (111) surface which does not 
contain O sites, the___value of g. is approximately 8, i.e., very 
close to g for the Ru �9 H surface dipoles at (110) and (001) 
faces. Probably a little smaller value of g can be ascribed 
for hydrogens adsorbed on the (101) surface, but here the 
H' chemisorption peaks are not well separated from the 
gaseous hydrogen evolution wave and the correct value of 
g cannot be determined. 

The voltammetric behavior of the RuO2 (100) surface 
cannot be simply correlated with the properties of the 
ideal model (100) surface of the rutile structure. From the 
presence of only ru thenium atoms on the model surface 
(see Fig. 8), one might expect the occurrence of one pair 
of hydrogen adsorption/desorption peaks at a potential 
near -0.3V (SCE). However, the peak structure in the 
voltammograms (Fig. 6-8) for real (100) surfaces show 
rather complicated electrochemical behavior. It is evident 
from Fig. 7 that a pronounced kinetic effect is involved. 
The separation of cathodic peaks H",c and H"~c with in- 
creasing potential scan rates is only possible when there 
is significant difference between the rate constants of 
these two processes. The reaction H"lc is thus reversible 
(approximately no change of the peak potential with v), 
and the reaction H"~c is irreversible, showing significant 
shift of Ep with v. The position of the first cathodic peak 
(H"~c) might be ascribed to the hydrogen chemisorption 
on the oxygen sites rather than on the ru thenium sites if 
the adsorption energies would not change very much in 
comparison to those for the faces (110), (001), (111), and 
(101). However, the origin of the second peak H"2c is not 
clear since the peak potential at slow potential scans is 
close to that for H"lc. Besides, there is no desorption peak 
H"2A corresponding to H%c (if it is assumed to be the ad- 
sorption process). In this situation, an attempt has been 
made to consider the possible effect of reconstruction of 
the model surface (100). In LEED experiments, it has 
been found that the RuO2 (100) surface undergo restruc- 
turing. Similar observations have been made for the rutile 
TiO~ (100) surface (27). It has also been found that the 
RuO2 (110) surface is unreconstructed (28), similar to the 
TiO2 (110) surface (29, 30). The complex electrochemical 
behavior of the RuO2 (100) surface may then be a natural 
consequence of the reconstruction effects. On the basis of 
data (29) obtained for TiO~ we may also expect that the 
(001) surface of RuO~ is unstable and faces to planes with 
higher coordination of Ru by oxygen. In case of (001) 
TiO2, the facets {011} and {114} have been observed (29). 
However, further discussion of the correlations between 
the reconstruction and faceting effects and the voltam- 
metric behavior should await some more experimental 
data for RuO~, especially by LEED and XPS. 

Conclusion 
We have observed significant differences of the electro- 

chemical behavior in the hydrogen adsorption region for 
single-crystal surfaces (110), (001), (111), (101), and (100) in 
0.5M H2SO4 solution. For the former four faces, there is a 
strong correlation between the cyclic voltammograms 
and the composition and structure of the ideal, model sur- 
faces of the RuO2 rutile material. The cathodic/anodic pair 
of peaks appearing at approximately the same potential 
-0.3V (vs. SCE) for these planes can be ascribed to the ad- 
sorption of hydrogen on ruthenium sites, while the addi- 
tional pair of peaks at 0 V (vs. SCE) observed for the RuO2 
(110) and (001) surfaces can be attributed to the chemi- 

sorption of hydrogen on the oxygen sites which are pres- 
ent only on these two model surfaces. 

The cyclic voltammograms obtained for the RuO~ (100) 
face are not readily correlated to the properties of the 
ideal (100) surface. We suggest that this may be due to the 
surface reconstruction effects observed by LEED for this 
face. The effect of slow electrochemical kinetics leading 
to the splitting of the cathodic peak at higher potential 
scan rates has been found. Further investigations are nec- 
essary to correlate the electrochemical and physical prop- 
erties of the reconstructed (100) surface. 
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Thermoelectricity 
VII. The Seebeck Quality Factor, Qs, a Semiconductor Characterization Tool 

Donald Tuomi .1 

Borg-Warner Corporation, Roy C. Ingersoll Research Center, Des Plaines,  Illinois 60018 

ABSTRACT 

Through the electron mobility-effective mass product, ~o (m*/mo) 3~'2, used as a parameter in single-band theory de- 
scription of electron transport in a degenerated semiconductor, a new variable Qs, the Seebeck quality factor is pro- 
posed for characterizing the quality of electronic transport within doped semiconductor alloys. This empirically defined 
variable, based upon acoustic vibrational mode and alloy scattering of electrons, provides a useful route for correlating 
the electron transport variables of Seebeck coefficient and electrical conductivity to structural-chemical and process 
variables in bulk materials. The fundamental  parameter of ~o(m*/mo) 3~'" is reserved to characterize only the highest qual- 
ity materials. 

Publication of A. F. Ioffe's "Energet ic  Principles of 
Semiconductor  Thermoelectric Batteries," in 1949 (1), fol- 
lowed by "Semiconductor  Thermoelements,"  in 1957 (2), 
touched off worldwide research programs on semicon- 
ductor alloys. The revolutionary goal was replacing con- 
ventional steam power generators and Freon refrigerators 
with solid-state thermoelectric systems (3, 4). 

The key to progress was finding n- and p-type semi- 
conductors with high figures of merit, Z, a measure of 
system efficiency. This is Z = S2~r/K, where S is the See- 
beck coefficient (~V/K), ~r the electrical conductivity 
(mho/cm), and K the thermal conductivity (mW/cm K). At- 
tainment of Z between 8 and 10 • 10-3/K promised revo- 
lutionary changes, while 4-5 • 10-3/K would create sig- 
nificant new business opportunities. 

As work progressed, thousands of alloys were prepared 
and tested, but none were capable of contributing to the 
revolutionary changes. In fact, many became disillu- 
sioned, and hope for progress vanished. Few strove to 
build specialty businesses from the better material with 
figures of merit  ranging from 1 x 10 -3 to 2.5 • 10 -~, with 
3 x 10-3/K being exceptional (5, 6). 

The semiconductor materials screening work focused 
upon discovering high figure of merit alloys (7). Rigorous 
guiding frameworks for organizing information did not 
emerge (8). Elementary theories ca]led for optimizing the 
Seebeck coefficient near 200 ~V/K while optimizing the 
~r/K ratio. The Price loop correlation of Seebeck 
coefficient and electrical conductivity (9) led to assuming 
that the key to progress resided in the K term of Z. The 
thermal conductivity consisted of (i) an electronic compo- 
nent, Ke, related to the electrical conductivity through the 
Wiedeman-Franz law, and (it) a lattice component  of 
thermal conductivity, KL, related to structural-chemical 
details of the alloy. The challenge was thought to be the 
optimization of Z by reducing the lattice thermal conduc- 
tivity component  (10). 

As silicon supplanted germanium as the key to elec- 
tronics technology advances, and the III-V compounds 
proved recalcitrant to the development  of production 
technology giving high quality materials, the interest in 
thermoelectric materials vanished in the western nations, 
with only a few exceptions. 

The voluminous data on thermoelectric properties re- 
mained as bits in the literature relating to low figure of 
merit  samples. The data has continued to be augmented 
by Russian investigators following the earlier practices of 
using Seebeck coefficient and electrical conductivity 
data as alloy-characterization tools. The exceptionally 
large value for $2~, the power coefficient, remains elu- 
sive, as does the exceptionally small lattice thermal con- 
ductivity necessary for large Z. 

*Electrochemical Society Active Member. 
1Permanent address: Donald Tuomi, Ph.D. and Associates, 

Limited, 221 South Illinois Drive, Arlington Heights, Illinois 
60005. 

Theoretical Descriptions of Alloys 
Early in the research and development  effort, attention 

was given to technologies for measuring the parameters 
used to calculate figures of merit  (1). Until Ioffe's studies, 
no one had simultaneously determined all three parame- 
ters S, ~, and K on a single semiconductor sample. 

The evolution of the Harman Z meter (11, 12) provided 
a source for S, cr, and K data, as well as the engineering 
parameter Z. Frequently,  the power coefficient, S2~r, was 
optimized while reserving actual thermal conductivity 
measurements  for the select samples having large values. 
The slowness of electrical and thermal data generation 
led to stringent a priori judgments  on samples for com- 
plete characterization of Z. 

From the beginning, solid-state band theory was 
viewed as a tool to provide guidance to the experimental  
work (1, 2). The earliest studies brought attention to the 
importance of the electron mobility-effective mass prod- 
uct, ~o(m*/mo) 3~2, to the thermoelectric properties. Diffi- 
culties in measuring the electron effective mass led to fo- 
cusing upon the electron mobility as a critical variable. 

The availability of Harman Z meter data, as well as the 
derived individual parameters, quickly identified how 
complex the experimentalist 's  routes were to optimize Z 
in any specific alloy. This created a need for estimating 
the probable performance of optimally doped alloy from 
limited data. 

In 1959, Chasmar and Stratton (14) utilized a spherical 
energy band model  for an extrinsic semiconductor  to ex- 
tend Ioffe's earlier descriptors (1, 2). The figure of merit  
• temperature product, ZT, a measure of thermoelectric 
efficiency, was derived using the basic Fermi integral de- 
scription for electronic transport in a semiconductor.  The 
analysis identified a "materials factor," B, as a critical pa- 
rameter 

B = 0.8952 • 10 -5 ~o(m*/mo)3~(T/300 )~2(1/KL) 

where ~o is the classical limiting electronic mobility, 
m*/mo the electronic effective mass ratio, T the absolute 
temperature,  and KL the lattice thermal conductivity. 

The maximum for the Z T  product could be calculated 
using selected values of B in combination with values for 
,, the electronic energy relaxation time exponential  pa- 
rameter. The Fermi level, ~, was systematically varied to 
estimate simultaneously the opt imum doping level and 
the max imum value of Z T  with the relaxation t ime pa- 
rameter varying from -3/2 to +3/2. 

Practical applications required identifying for a particu- 
lar alloy sample the applicable scattering parameter, v: 
the temperature, the ~o(m*/mo) 3p2 product, and the lattice 
thermal conductivity. Unfortunately, the fundamental  pa- 
rameters are not readily accessible, so a clear basis did 
not exist for extrapolating opt imum properties. 

The parameter, ~o(m*/mo) 3~2, directly related the Seebeck 
coefficient to the electrical conductivity along a charac- 
teristic theoretical curve for a given alloy. Thus an al]oy 
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having, for example, a 200 (ttV/K) Seebeck coefficient 
and a 1000 (mho/cm) electrical conductivity would be 
characterized by a mobility-effective mass product vary- 
ing from 25 to 1050 cm~/V-s, as shown in Fig. 1 for the as- 
sumed variations in scattering modes (13) 

Scattering mode Scattering parameter 
(curve a) ionized impurity 3/2 
(curve b) high temperature polar optical 1/2 
(curve c) alloy and/or acoustic vibration -1/2 
(curve d) lead salt according to Ioffe (1) -3/2 

The illustration based upon an S,o- point set for a good al- 
loy emphasizes the difficulties encountered in the inter- 
polation or extrapolation of values far from opt imum 
utilizing theoretical approaches in combination with 
points far from optimum. 

Chasmar and Stratton stimulated a long series of stud- 
ies (12-23) directed towards (i) identifying the variables in- 
teracting to limit the max imum attainable Z T ,  (ii) identi- 
fying opt imum doping levels at the maximized figures of 
merit for experimental  materials using the S, (r, and K 
data on one, two, or, at most, three specimens, and (ii i)  
estimating reasonable limits to the attainable figures of 
merit  using varied ranges of assumptions. 

The analytical approaches did not give guidance on dis- 
covering or optimizing experimental  alloys in a direct 
way. A feeling emerged that the dependence of the effec- 
tive mass for electrons upon the reciprocal of the electron 
mobility removed the figure of merit dependence upon 
~o(m*/mo) ~'~ so the only route to high Z lay in further de- 
creasing the thermal conductivity of the lattice by al- 
loying (10). 

The Seebeck Quality Factor 
Early in our materials work, we recognized the general 

inadequacy of figures of merit or power coefficients to 
characterize experimental  samples. They were device- 
engineering variables rather than ones directly related to 
material characteristics. The question kept arising as to 
how to judge two different alloy samples as to excellence. 
An excellence ratio needed to be defined. 

A likely candidate appeared to be the t~o(m*/mo) 3r~ pa- 
rameter, but what relaxation time parameter for electron 
energies should be used? A series of figures were drawn 
of S vs .  o-, using the t~o(m*/mo) ~2 product as the variable pa- 
rameter for -3/2, -1/2, 1/2, and 3/2 values of the scattering 
parameter, ~. Experimental  S, (r data from varied sources 
for different alloys were plotted on different copies of the 
master figures with the goal being to identify the best op- 
tion for use in defining alloy excellence. 

The fit of data for n-type doped Bi~Te~.,Se,.~ composi- 
tions is shown in Fig. 2 for quenched and Bridgman 
grown rods with I.~, Cu~Br~, and BiI~ dopants. The mobil- 
ity effective mass product classifies the samples as 65, to 
180, to 260 cm2/V-s class materials. 

The ~o(m*/mo) 3~'~ description of S, (r crystal anisotropy 
for the Bi2Te~-class alloys is illustrated in Fig. 3 for direc- 

3oo % Q -.~/& 

.~I/Z 

Fig. 1. The characteristic mobility-effective mass parameter curves 
passing through the point 200 pN/K and 1000 mho/cm for scattering pa- 
rameter, z,. Variations: (curve a) -3/2 lead salt scattering, (curve b) 
- i/2, alloy and/or acoustic vibrational, (curve c) + 1/2, h!gh tempera- 
ture polar optical, and (curve d) +3/2, ionized impurity mode. 
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Fig. 2. The experimental data fit of n-type Bi~Te2.1Seom quenched and 
Bridgman-grown rod alloys acoustic mode-alloy scattering,/~o (m */too) 3j2 
parameter curves relating Seebeck coefficient to electrical conductivity 
by single-band theory. 

tions perpendicular and parallel to cleavage plane of the 
layer lattice structure. The temperature-dependent  data 
of Dennis (36) for p-type is characterized as 75 perpendic- 
ular to cleavage plane and 350 cm~/V-s parallel, while the 
n-type is 50 and 350 cm2/V-s, respectively. The variability 
shown by the other specimens ,suggests variations in 
sample quality. 

Similar categories of fits were encountered for extrin- 
sic samples of Bi~Te3-Sb~Te3 and Bi2Te~-Bi2-Se3 alloys 
incorporating varying levels of doping, as well as in the 
temperature-dependent  parameter studies when the S, 
experimental  points were directly plotted as in Fig. 3. 

The surprising feature emerging from the exercise was 
the variabilities encountered in t~o(m*/mo) 3~2 for different 
sample series (24). This fundamental  parameter was prov- 
ing to be a variable parameter of both chemical composi- 
tion and processing condition. The acoustic mode-alloy 
scattering relaxation time, v = -1/2, curves for a S-o- corre- 
lation were providing simple tLo(m*/mo) 312 numbers which 
measured the alloy quality. This was an experimental  var- 
iable of the alloys! 

The Seebeck Quality Factor Curves 
The work of Donohue et  a l .  (25) suggested a general 

definition for the quality factor, as well as a presentation 
framework. 

For Bi~Te3 alloys, they found that the electronic trans- 
port could be described using the single-band extrinsic 
semiconductor model with spherical constant energy sur- 
faces and an acoustic vibrational mode relaxation time for 
the energy dependence of electron scattering. The elec- 
tron transport equations became 

S = (+-) k / e  ( 2 F , ~ / F o ~  - ~?) 
o- = n e u  
t~ = [Tr'J~/2] [Fo(,,/F,j~(~)] ~o 
n = (4/7r '/'-') (2~n*kT/h~)31'2F,.2~ 

where the symbols are as follows 

S = Seebeck coefficient 
c~ = electrical conductivity 
t~ = carrier mobility 
~o = nondegenerate carrier mobility 
m* = density of states effective mass of charge carrier 
k = Boltzmann's constant 
n = number  of charge carriers 
e = electronic charge 
F 'n  = Fermi integral of index N 

= Fermi level 
T = absolute temperature 
h = Planck's constant 

utilizing these equations, the Seebeck quality factor 
curves of constant tto(m*/mo) 3~2 in cm2/V-s were con- 
structed using a logarithmic electrical conductivity scale, 
as in Fig. 4, and a linear scale, as in Fig. 5. 

The discovery of reasonably good fits for extrinsic 
samples of the Bi2Te3- and PbTe-class alloys for either 
variable doping or for varying temperature dependence 
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Fig. 3. The experimental data 
fits for the perpendicular and par- 
allel to cleavage plane measure- 
ments of the Seebeck coefficients 
and electrical conductivity on 
single-crystal alloys of Bi~Te3 com- 
pared to the/~o(m*/mo) 3~2 paramet- 
ric curves using acoustic mode- 
alloy scattering relaxation times in 
single-band theory. 

led to ignoring the existence of a temperature-dependent 
effect on the mobility and effective mass of the carriers. 
Through the strategy of defining the curves as having 
characteristic values of 

Q~ = Seebeck quality factor 

an empirically useful tool for the materials scientist was 
created. The Q~ could be used to identify and to describe 
composition and process variable effects on a material pa- 
rameter, which could be related to the device parameter 
in the later stage of material optimization through con- 
trolled doping at constant Qs. 

In Fig. 4, a set of reference curves for the S-~r relation- 
ship are shown with v varying from -3/2 to +3/2. These 
were anticipated as a useful adjunct for identifying the 
critical scattering variables in different alloys as system- 
atic changes in doping were undertaken. This has proven 
to be of limited value as increasingly sophisticated exper- 
iments identified the conditions giving the largest outlier 
Qs for a particular composition using particular combina- 
tions of processing variables. 

Applications of Os 
Over the intervening years since the initial 1963 concep- 

tualization, diverse applications of Q~ to data analysis, ma- 
terials characterization, and materials optimization have 
all emphasized the utility of such zero or first-order qual- 
ity characterizations of electronic transport processes in 
experimental  materials. 

A first illustration in Fig. 6 shows the surprisingly large 
Seebeck quality variation for p- and n-type bismuth tellu- 
ride alloys, which were considered in the early 1960's to 
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Fig. 4. The semilogarithmic Seebeck quality factor curves relating 
Seebeck coefficients to electrical conductivities in extrinsic semicon- 
ductor alloys. Reference curves for ~,, the scattering parameter of -3 /2 ,  
-1 /2 ,  1/2, and 3/2. 

be superior or commercial-class materials. The large Q~ 
variations of nominally similar class figure of merit al- 
loys suggests that either serious measurements  errors 
confounded the results or the alloys had not been fully 
optimized. The implication continues to be true - best 
outlier figure of merit alloys of p- and n-type have not 
been made reproducibly for device use. 

Subtle doping-variable-related effects have been noted 
in Fig. 2. Further evidence is provided in Beckman and 
Bergvall's studies on the n-type doping of Bi~Te2.TSe0.3 
composition Bridgman-grown rods (26). The highest qual- 
ity was found for copper doping (a 360 Qs), lowest for BiI3 
(a 320 Qs), and with Cu2Br~ or CuBr2, an intermediate qual- 
ity (340 Q~). 

Another illustration is the dramatic degradation of 
p-type Bi~Te~ by addition of no more than 0.5% Sn. The 
initially 350 Q~ p-type alloy precipitously decreased in 
Seebeck coefficient with only a slight increase in elec- 
trical conductivity, as shown in Fig. 7. The phenomena 
are related to polyphase, circulating current effects. 

The bismuth telluride alloy data of Fig. 2 show the 
n-type-doped, quenched samples are in the 65 Qs class, 
while the Bridgman-grown rods are 180-300 Q~. All 
quenched alloys of the (Bi, Sb)=, (Te, Se)3 system show be- 
low 100 Q, alloy quality. Broad surveys of published S, cr 
data on varied alloys show this to be the rule for heavily 
doped semiconductors. Associated defects form during 
this processing which prove to be difficult to remove by 
annealing bulk alloy samples. 

Telkes' early exploratory studies on power generator al- 
loys (28) provides a further illustration of Qs classifica- 
tion. The characteristics were as follows 

Alloy Qs Ailoy Qs 
n-PbS 80-190 p-Te 190 
p-PbS 0.8-1.8 p-ZnSb 90-210 
n-SnO~ 2.1 p-Bi~Te3 60-225 
p-Cu~S 17-27 n-Bi~Te3 225 

The existence of n and p lead sulfide near 200 Q, (29) and 
Bi~Te3 alloys at 400 and higher Q~ (30) emphasizes the 
challenge present in alloy performance optimization (6). 

Finally, a survey of the Si]Ge alloys utilized in power 
generators brings attention to a temperature-dependent 
behavior in Q~. In Fig. 8, limited data for extrinsic 
behaving 80/20 Si]Ge alloys (30-32) show that Q, in- 
creases with increasing temperature. At the high tempera- 
tures of the power generator environment  (1200 K), the 
Seebeck qualities are in the 300 Q~ range, with n-type be- 
ing superior to p-type. This behavior is crucial to the im- 
provement in the figure of merit with increased tempera- 
ture. By contrast, the Qs of Gd~Se3, PbTe, and (Bi, Sb)2- 
(Te, Se)3 extrinsic alloys are independent  of temperature 
and, respectively, in the 100, 300, and above-400 Qs 
classes. 
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Fig. 7. The Q~ degradation of p-type Bi~Te~ through tin doping at 0% 

to 0.5% levels (27). 

alloy scattering of electrons, the Qs characteristics have 
proven experimentally to have rather universal utility to 
alloy-optimization research. With passage of time, the dis- 
tinction between Qs and t~o(m*lmo) 3~2 has become concep- 
tually sharpened. 

The defect structures modifying electron scattering in 
three-dimensional complex crystal lattices will also per- 
turb the thermal conductivity. The electronic structures 
of the molecular orbital or band structure system create 
the three-dimensional structures of the x-ray crystallogra- 
pher's electronic density maps. Within this electronic 
framework, the massive atomic nuclei oscillate in a quan- 
tum mechanically defined electric field space. This real- 
ity poses a "Catch-22" for modeling the ways to alter lat- 
tice and electronic components  of thermal conductivity to 
optimize alloy performance. 

Thus, a further conceptual evolution is needed, the de- 
fining of a thermal conductivity quality factor, Qk, which 
facilitates alloy optimization as the QJQk = M, materials 
parameter (40). The final stage of evolution is selecting 
the optimally doped alloy combinations of n- and p-type 
which provides the optimized performance in engineered 
devices. 

The recommendation that Johann Seebeck be honored 
by adoption of Q, the Seebeck quality factor, as an exper- 
imentalist 's approach to optimizing the electronic per- 
formance of semiconducting alloys is presented. Johann 
Seebeck was our first semiconducting alloy materials sci- 
entist working pragmatically on a significant exploratory 
research program. 
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This paper reflects over two decades of work in the 

heavily doped semiconductor area. Special acknowledg- 
ments need to be made to Stanley Cook and John Hor- 
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Fig. S. The Seebeck quality factor relationships of Seebeck coeffi- 
cients and electrical conductivities for ranges relevant to thermoelectric 
alloy optimization�9 

Summary 
Heavily doped semiconductors (33, 34) are the basis 

from which thermoelectric power generation and refriger- 
ation will evolve into an increasingly sophisticated device 
technology. Theory and experiment will need to proceed 
hand in hand as the imperfection structures of nearly per- 
fect crystals are brought under  full structural-chemical 
control in an economically viable technology. 

The phenomena degrading alloy performance need to 
be progressively minimized on the macro-, micro-, submi- 
cro-, and atomic-dimensional scales. A true materials sci- 
ence integration of chemists, physicists, and metallur- 
gists' perspectives is necessary for systematic progress to 
take place. 

A key factor in reaching the goals lies in being able and 
willing to make value judgments  on the quality of alloys. 
The electronic transport phenomena related to the power 
coefficient numerator of the figure of merit are conven- 
iently described by the Seebeck quality factor, Q~, as an 
empirical materials-classification variable. 

Though originally related to a simple single-band 
model of a semiconductor dominated by acoustic mode- 
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Magnetron-Sputtered Si02Films in Hydrogen-Argon Mixtures 
T. Serikawa and T. Yachi 

Nippon Telegraph and Telephone Public Corporation, Musashino Electrical Communication Laboratory, Midoricho, 
Musashino-shi, Tokyo 180, Japan 

ABSTRACT 

SiO2 films are deposited from SiO2 targets by RF planar magnetron sputtering in hydrogen-argon mixtures. Proper- 
ties of the SiO~ films are measured and compared with SiO2 films deposited in only an argon mixture and thermally 
grown SiO2 films. The following points are clarified by our experiments. The addition of hydrogen to the sputtering 
gas prevents the formation of film structures having microvoids, which appear when only argon is used. This results in 
film densification and a smooth surface texture. The addition of hydrogen greatly improves film property uniformities 
over the substrate. Infrared absorption spectra and Auger electron spectra show that the SiO2 films sputtered in hydro- 
gen-argon mixtures are indistinguishable in composition from the films by other methods. 

SiO~ films have played a major role in the development 
of silicon semiconductor devices (1, 2). The chemical 
vapor deposition method and the thermal oxidization of 
silicon in an oxygen ambient  have been most widely used 
to deposit SiO~ films in semiconductor device fabrication 
(1, 3). These methods, however, have a problem, in that 
they result in a high substrate temperature. Certain de- 

vices or processing schemes require that the SiO2 films 
be deposited at low temperatures. 

Recently, a magnetron sputtering technique has been 
developed, which is a potentially attractive method for 
overcoming the above problem (4). Lower temperatures 
are obtained using this technique, even when the deposi- 
tion rates are significantly high. Therefore, magnetron- 
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Fig. 1. The RF planar magnetron-sputtering apparatus 

sputtered SiO2 films are potentially useful, especially as 
an isulating material for a luminum multilevel intercon- 
nections in semiconductor devices (5-7). 

The sputtered SiO2 films are deposited as a result of 
the glow discharge of argon gas. However, films depos- 
ited in only argon suffer from the problem of a porous 
film structure (8). To overcome this problem, several 
sputterings, such as oxygen mixing and substrate biasing, 
have been studied (9, 10). 

We have previously reported that the addition of hydro- 
gen to the sputtering gas has the effect of improving SiO2 
film properties (11). The present study has been under- 
taken to further clarify the properties of SiO2 films de- 
posited by magnetron sputtering in hydrogen-argon 
mixtures. 

Experimental 
In our experiment, the SiO2 films were deposited on a 

silicon substrate by the RF planar magnetron sputtering 

Fig. 2. Transmission electron micrographs of carbon replicas of 
slightly etched Si02 films. Micrographs a (top left), b (top right), c (mid- 
dle left), and d (middle right) correspond to hydrogen partial pressure of 
O, 0.016, 0.1, and 0.6 Pa, respectively, where sputter depositions were 
carried out at 2.0 Pa pressure and at a 200~ substrate temperature. Mi- 
crograph e (left) corresponds to 1 /~m thick thermally grown Si02 film. 
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Fig. 3. Effect of hydrogen partial 
pressure on etching rates for SiO~ 
films deposited at 2.0 and 0.47 Pa. 
Substrate temperature was 200~ 

apparatus with two SiO~ targets which is shown in Fig. 1 
(11). The SiO2 targets (99.99% pure) having an area of 5 • 
15 in. and a thickness of 0.25 in. were mechanically 
clamped to water-cooled RF electrodes. The targets were 
covered with an adjustable shutter mounted approxi- 
mately 25 mm in front of the targets. The substrates were 
put on a barrel-type rotatable substrate holder having a 
diameter of 500 mm and a height of 530 mm, which was 
electrically floated. Both the holder and shutter were 
made of titanium. 

Before admitting the sputtering gas, the system was 
pumped to less than 4 • 10 -4 Pa with a diffusion pump. 
The argon or hydrogen-argon mixtures were admitted to 
the sputtering system at a flow rate of 100 sccm. The 
sputtering power and rotation of the substrate holder 
were fixed at 2 kW per target and 10 rpm, respectively. 
Films having thickness of 0.1-2.5 tLm were deposited on 
(100)-oriented, p-type, 10 t2 cm resistivity silicon substrate 
of 3 in. diam at various sputtering gas pressures and hy- 
drogen partial pressures. 

Properties of the SiO~ films were evaluated by examin- 
ing the etching rate, surface texture, film density, infra- 
red absorption spectra, and Auger electron spectra. 

Etching rates were calculated from the etched depth in 
a 30~ buffered hydrofluoric acid BHF [100 ml (50% HF) 
+ 860 ml (40% NH~F)] and from the etching time. The 
etched depths were measured by a roughness tester 
(Taly-StepTM). 

The surface textures of as-deposited films and slightly 
etched films in a 30~ BHF for 5s were observed using a 
transmission electron microscope of carbon replica. 

Film densities were measured by a gravimetric tech- 
nique. 

Thermally grown SiO2 films, on which most studies 
have been conducted, were also measured and used as a 
standard for comparison. These thermally grown SiO2 
films 1 tzm thick were formed on (100)-oriented, p-type, 
silicon substrates in a 1000~ oxidization atmosphere. 

Results and Discussion 
Figures 2a to 2e show surface textures of SiO2 films 

prepared at various hydrogen partial pressures, as well as 
the surface texture for thermally grown SiO2 films. The 
SiO~ films were etched for 5s in BHF at 30~ before look- 
ing at them. In the SiO2 film deposited in only argon, 
shown in Fig. 2a, many microvoids of a few tens of 
nanometers  in diameter are observed. As shown in Fig. 2b 
and 2c, at low hydrogen pressures, although microvoids 
formation is significantly decreased, microvoid marks 
still remain. However, as can be seen from Fig. 2d, high 

hydrogen partial pressure completely removes micro- 
voids. The SiO.2 film prepared at 0.6 Pa hydrogen partial 
pressure shown in Fig. 2d has a smooth surface texture, 
which is superior to that of the thermally grown film 
shown in Fig. 2e. 

As a result of this decrease in microvoid formation 
achieved by introducing hydrogen into the sputtering gas 
mixture, the SiO~ film is densified. This fact was experi- 
mentally demonstrated by the fact that the densities of 
the films sputtered at 2.0 Pa in only argon alone and in 
0.6 Pa hydrogen partial pressure mixed gas, are 2.10 
(g/cm ~) and 2.33 (g/cm3), respectively. Moreover, the den- 
sity of hydrogen partial pressure-sputtered SiO2 film is 
slightly greater than the 2.30 (g/cm 3) density of thermally 
grown SiO2 films. This is inferred from the surface tex- 
tures shown in Fig. 2d and 2e. 
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respectively. 

Changes in the etching rate as a function of hydrogen 
partial pressure at different sputtering gas pressures are 
shown in Fig. 3. Etching rates decrease proportionally 
with an increase in partial pressure. The films deposited 
at higher sputtering gas pressures have a higher rate, be- 
cause of the formation of more microvoids (12, 13). 
Comparing Fig. 2a, 2b, 2c, and 2d, one sees that the etch- 
ing rate decreases as the surface texture becomes 
smoother. That is, the removal of microvoids by intro- 
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Fig. 7. Auger electron spectra of SiO~ films deposited by sputtering in 
only argon (curve a), 0.14 Pa hydrogen partial pressure mixture (curve 
b), and thermal oxidization (curve c). Sputter conditions were the same 
us in Fig. 6. 
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ducing hydrogen lowers the etching rate. Moreover, un- 
der opt imum hydrogen partial pressure, etching rates 
lower than the 70 nrrgmin are obtained. These etching 
rates are lower than thermally grown SiO2 films. 

In the case where only argon is used, the etching rate 
drops sharply with a rise in the substrate temperature, as 
shown in Fig. 4. By introducing a hydrogen partial pres- 
sure of higher than 2.4 x 10 -2 Pa, this phenomenon disap- 
pears. Moreover, even at a low substrate temperature, low 
etching rate films can be deposited. Therefore, hydrogen 
mixing in sputtering gases is more effective in preventing 
microvoid formation than raising the substrate tempera- 
ture. 

In Fig. 5, distributions of residual thickness of SiO2 
films as a parameter of etching time are shown. The re- 
sidual thickness was defined as SiO~ film thickness after 
etching in a 30~ BHF. The insets in Fig. 5a and 5b indi- 
cate the relative configuration between the target and 
substrate, as well as the measurement  positions on the 
substrate. The substrates move against the targets in the 
direction indicated by the arrows. In the case where only 
argon is used (Fig. 2a), the residual thickness distribution 
is nonuniform, especially over the upper part of the sub- 
strate. However, simply by introducing hydrogen, distri- 
bution uniformity is improved, as shown in Fig. 5b. 

The properties of sputtered films are influenced by 
many factors, such as the energies and incident angle dis- 
tr ibutions of sputtered particles, substrate potential in re- 
lation to plasma, as well as the geometrical configuration 
of the system (4, 12, 13). These many factors are difficult 
to uniformly apply over the substrate. Therefore, film 
properties, such as the etching rate, become nonuniform 
despite a uniform deposition rate as shown in Fig. 5a. Hy- 
drogen mixing in sputtering gas has the effect of decreas- 
ing microvoid formation, as shown in Fig. 2a to 2d. SiO2 
films are densified over the whole of the substrate, re- 
sulting in the uniform etching rate shown in Fig. 5b. 

Figures 6 and 7 show the infrared absorption spectra 
and Auger electron spectra of sputtered SiO~ films, com- 
pared with thermally grown SiO2 films. Absorptions at 
1100, 800, and 450 cm- ' ,  which are peculiar to silicon di- 
oxide, are present in all the films shown in Fig. 6. No ad- 
ditional peaks were observed. In the Auger electron spec- 
tra, the peaks for silicon and oxygen appear at 78 and 500 
eV, respectively. Therefore, it is concluded from Fig. 6 
and 7 that the SiO2 films in hydrogen-argon mixtures are 
similar in composition to the films sputtered in only ar- 
gon or thermally grown SiO2 films. 

By increasing hydrogen partial pressure, the deposition 
rate decreases, as shown in Fig. 8. This figure also shows 
the deposition rate for sputtering in a 5% oxygen-95% ar- 
gon mixture, which has been commonly used to improve 
SiO~ film property. The decrease in the deposition rate due 
to the addition of hydrogen is the result of the large sput- 
tering yield difference between argon and hydrogen (14, 
15). The decrease for the hydrogen mixture is much 
smaller than that for the oxygen mixture. 

As has been shown in Fig. 2 and 5, when only argon is 
used, the SiO2 films exhibit film structures with many 
microvoids and the nonuniformity of film properties. 
The microvoids as well as this nonuniformity affect pro- 
duction yield and the long-term reliability of devices. 
However, the addition of hydrogen to the sputtering gas 
has the effect of preventing the formation of SiO2 film 
with microvoids. Consequently, high density SiO2 films 
can be uniformly deposited over the substrate even at low 
substrate temperatures. Moreover, this sputtering method 
is very simple and effective. Therefore, magnetron- 
sputtered SiO2 films prepared in hydrogen-argon mix- 
tures are very important  in the fabrication of advanced 
devices. 

Conclusion 
It was experimentally demonstrated that magnetron 

sputtering in a hydrogen-argon mixture remarkably ira- 
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Fig. 8. Changes in deposition rates as a function of partial pressure of 
hydrogen and oxygen. Sputter depositions were done at 0.47 Pa and 
200~ 

proves SiO2 film properties. Under proper hydrogen par- 
tial pressures, the SiO2 films were found to be superior in 
film density and film surface texture to thermally grown 
SiO2 films. Moreover, sputtering in a hydrogen-argon mix- 
ture eliminates property nonuniformity,  which appears 
when only argon is used. 

This sputtering in a hydrogen-argon mixture results in 
high density SiO2 films even at low substrate tempera- 
tures. Moreover, this sputtering technique is simple. 
Therefore, it is very useful in the preparation of SiO2 
films for advanced devices. 
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ABSTRACT 

This paper reports on silicon nitride formation by low energy implantation of nitrogen or ammonia into silicon. Ex- 
tensive material investigation on nitrogen-implanted films using various analytical methods, including ellipsometry, 
chemical etching, transmission electron microscopy (TEM), x-ray photoelectron microscopy (XPS), infrared transmis- 
sion spectroscopy (IR), and Rutherford backscattering spectroscopy (RBS) is discussed. A new technique to derive the 
film thickness, density, refractive index, and dielectric constant is developed. This method employs a combination of 
ellipsometry, capacitance measurement,  and nitrogen areal density obtained by RBS. A major finding indicates that the 
implanted nitride films have a low density compared to CVD nitride. Other material properties are also summarized. 

Thermal nitridation and nitridation of oxide have been 
shown to have certain advantages over thermal oxidation 
(1-3). The thin dielectric obtained is very uniform and ex- 
hibits high breakdown strength. In addition, the nitrided 
layer has a higher dielectric constant than oxide and is 
impervious to impurity diffusion. The film is also less 
susceptible to process-induced gate failures (3). With the 
scaling of the gate dielectric in VLSI, thin nitride is a po- 
tential candidate to be investigated. 

We have shown that thin nitride can be formed by using 
low energy implantation of N2 in an ion milling machine 
(4). Since the ion milling machine can deliver a high cur- 
rent density over a large area, the through-put of this pro- 
cess is comparable with single-wafer processing. The im- 
plantation of N2 is accompanied by surface sputtering. 
The sputter-implantation process produces a very uni- 
form layer. Rutherford backseattering spectroscopy 
(RBS) indicates that the total nitrogen incorporated into 
the Si surface is about 3.2 - 3.5 • 1018 cm -2 at 1.7 keV. 
The as-implanted layer has a N/Si ratio of 1. A damaged 
layer about 3 - 4 nm thick at the interface extending into 
the Si substrate is also present. After thermal treatment, 
the ratio approaches the stoichiometric nitride value of 
1.3. The damage to the Si substrate is reduced but not to- 
tally removed after annealing at 900~ for 1/2h. A dam- 
aged layer about 0.8 nm thick remains. Transmission in- 
frared spectroscopy shows the existence of N-Si bonding 
in both the as-implanted and the annealed samples. How- 
ever, the transmission min imum shifts from about 850 to 
800 cm -I after heat-treatment. 

Experiments 
The substrates used in the studies were (100)-oriented 

silicon wafers. The native oxide is removed before load- 
ing into an ion milling machine (Veeco Microetch Sys- 
tem). The system is first pumped down to below 2 • 10 -6 
torr and then the implantation is carried out with nitro- 
gen or ammonia at a pressure of 8 • 10 -5 torr. The total 
dose of the implant is always greater than 0.3 C/cm ~. The 
samples are then annealed in dry nitrogen or oxidized in 
wet oxygen. 

Results 
Ellipsometry measurements.--Ellipsometry is often 

used to obtain the thickness and the refractive index of a 
dielectric layer independently.  The calculation is based 
on the following assumptions: (i) the dielectric film is 

* Electrochemical Society Student Member. 
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lossless, (ii) the dielectric film is homogeneous,  (iii) the 
dielectric-substrate interface is abrupt, and (iv) the sub- 
strate refractive index is known. For the study of very 
thin films, the ellipsometric parameter h is of special in- 
terest. In Fig. 1, we plot Asi-h vs. the product nd, where n 
is the refractive index and d is the dielectric thickness, for 
n between 1.4 and 1.7. A very good linear relationship is 
observed. This means that h can be used to determine the 
product of n and d. 

All the above assumptions are questionable when the 
nitride in the as-implanted form is considered. However, 
the parameter still is a qualitative measurement  of the 
film thickness, assuming the same refractive index. In- 
formation about the dependence of layer thickness on im- 
plant energy and the effects of annealing can be deduced 
using this method. 

The data were taken using a He-Ne laser source (632.8 
rim). The angle of incidence was 70 ~ Figure 2 shows the 
ellipsometric parameter A VS. the implantation energy. 
The results indicate that film thickness increases with 
higher implant voltages. Figure 3 shQws h as a function of 
annealing time at a temperature of 950~ The data indi- 
cate that the film reaches a steady-state condition in 5 
min of heat-treatment. A difference in annealing transient 
between the N2 implanted and the NH3 implanted is ob- 
served. No nitridation due to the nitrogen annealing am- 
bient is detected. 

If the annealed film satisfies the condition for 
ellipsometric analysis, it is theoretically possible to derive 
the film thickness and the refractive index independ- 
ently. In practice, the uncertainty in the data yields a 
thickness of 10 -+ 3 nm and a refractive index between 1.4 
and 1.6. However, the product of refractive index and di- 
electric thickness, nd, can be determined by h. For a 1.7 
keV implant, n times d equals 14 nm. 

Chemical etching.--Figure 4 shows the etching charac- 
teristics of the unannealed films. The etch rate is much 
higher for the ammonia-implanted layer than the nitro- 
gen-implanted film. Figures 5 and 6 show the etching 
data for the annealed and oxidized films, respectively. 
The etching behavior becomes almost similar after heat- 
treatment, and the etch rate is retarded. For N~-annealed 
films, the nitride near the substrate-dielectric interface is 
more resistant to the HF etching than that in the middle 
of the film. In addition, the film appears to have a three- 
layer structure. The XPS result, which will be discussed 
later, shows that the top surface of the nitrogen annealed 
films is partially oxidized. 

The etching study indicates that, prior to the heat- 
treatment, the films produced by the N2 implant and NH3 
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times d. The cross indicated in the 
plot is the experimentally deter- 
mined A for a 1.7 keV 
N~-implanted film after nitrogen 
annealing. 

implant have very different chemical properties. How- 
ever, the chemical properties become similar after anneal- 
ing and are stabilized. Since one sample is prepared for 
each data point, the results indicate that the etching char- 
acteristics are very controllable. 

X-ray photoelectron spectroscopy (XPS).--The XPS 
technique has been used for compositional analysis as 
well as chemical-state identification. Since chemical 
etching is well controlled, one can utilize this method to 
probe the film at the region of interest. To establish refer- 
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Fig. 2. The ellipsometer parameter, A, vs. the implantation energy. 
The data are token on the as-implanted samples. 

ences, measurement  on three CVD nitride samples after a 
brief 20:1 HF etch were made. The average nitrogen to sil- 
icon atomic ratio (N/Si) is 1.39. 

XPS analysis was also done on the N2-implanted 
samples. The nitrogen annealed film is found to be par- 
tially oxidized on the surface. During the compositional 
analysis, care is taken to etch through this oxynitride 
layer. Overetching to the point that the Si substrate con- 
tribution could significantly distort the N/Si ratio is also 
avoided. Therefore the measurement  is confined be- 
tween 171 > ~ > 159. 

Four measurements on nitrogen-implanted layers were 
carried out on both unannealed and annealed film types. 
The data show that the N/Si ratio is 1.18 for the as- 
implanted layer and 1.26 for the annealed film. It should 
be noted that both ratios are lower than the CVD nitride 
standard. This result is consistent qualitatively with our 
RBS measurements (4). The as-implanted film is highly 
Si rich. After nitrogen annealing, the layer changes to a 
more stoichiometric ratio. 

X-ray-induced Auger analysis.--The Si KLL Auger 
emission spectrum can offer further clues to the film 
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Fig. 3. The ellipsometric parameter, A, vs. the annealing time. Note 
that A reaches a steady state within 5 min. 
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Fig. 7. The deconvolution of Si KLL Auger signal. We have indicated 
the deconvolved signal for nitrogen-bonded Si and elemental Si. The 
original signal is larger than the sum of the two deconvolved signals. This 
suggests that some of the Si atoms are in an incompletely bonded form. 

bonded Si may be extracted. The ratios of nitrogen- 
bonded Si peak area to the elemental Si peak area, 
Isi3N4/Is~, are obtained. After the XPS analysis, the A of 
the samples are again measured. 

Figure 8 is a theoretical calculation of Is~3.~JIs~ vs. the 
normalized film thickness, dA, where X is the electron 
mean free path. The parameter R is the percentage ratio 
of precipitated Si to that of Si bonded to nitrogen. In the 
absence of experimental  data, the mean free path in the 
implanted nitride and bulk Si is calculated based on 
Penn's  model (5). They are 2.55 and 2.86 nm, respectively. 
In the calculation, we have also incorporated the appro- 
priate implanted nitride density. The experimental  data 
in Fig. 8 indicate that excess Si in the form of precipita- 
tion is less than 5%. However, excess Si may still exist in 
an incompletely bonded form. 

Chemical state identi f icat ion.--Table I lists the bind- 
ing energy of Nls, Si2p peaks and the kinetic energy of N 
KLL and Si KLL peaks. Because of charging of the thick 
CVD nitride standard, modified Auger parameters, a*N 
and a*s~, are calculated for comparison (6). The modified 
Auger parameter is a sensitive measurement  of the 
atomic chemical environment  and is independent  of 
charging. It is clear from Table I that the chemical state of 
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Fig. 6. The ellipsometer parameter, A, of the oxidized sample vs. the 
etching time. The two films showed very similar etching behavior. 

composition. The Si KLL peak is excited by the Brems- 
strahlung portion of the incident x-ray. 

It is possible that, during the annealing, excess Si pre- 
cipitates. The elemental peak of the Si KLL Auger line is 
the sum of emission from the substrate and the precipi- 
tate. In Fig. 7, the Si KLL signal can be deconvolved and 
the contributions from the elemental Si and nitrogen 
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Fig. 8. The ratio of Si bonded to nitrogen to elemental Si, ISi3N4/ISi, VS. 

d / k ,  the film thickness normalized by the electron mean free path. The 
parameter R is percent Si in the precipitated form. The filled squares are 
the measured data. The electron mean free path is calculated using 
Penn's model. 
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Table I. Binding energy, Auger electron energy, 
and Auger parameter (eV) 

Nls N KLL a*~ Si2p Si KLL a*sl 

Standard 399.1 378.2 777.3 103.3 1610.9 1714.2 
As-implanted 397.5 380.0 777.5 101.7 1612.6 1714.3 
Annealed 397.5 379.6 777.1 101.7 1612.3 1714.0 

the as-implanted and the annealed films are very close to 
that of standard CVD nitride. However, a difference of 
0.3-0.4 eV in the Auger parameter between the as- 
implanted and the annealed samples is observed. The an- 
nealed film has a lower modified Auger parameter than 
the unannea]ed layer. The modified Auger parameter, a*, 
is a measure of the extra-atomic relaxation energy, or, in 
other words, the polarization energy of the solid (7). A 
smaller a* means that the compound is less polarizable. 

To examine the sputter-implant process (4), a bare Si 
wafer was implanted in the XPS analysis chamber. In this 
experiment,  we used a combined x-ray source of Au and 
Mg. Before the implant, the chamber was pumped down 
to below 10 -9 torr. The high vacuum kept the contamina- 
tion level to a minimum. Figure 9 shows the evolution of 
the Si KLL peak in various stages of the implant. Before 
the implant, the two peaks associated with the Si sub- 
strate; the native oxide are clearly resolvable and are indi- 
cated by arrows. Figure 10 shows the respective N~s pho- 
toelectron lines. 

Figure 9 indicates that as N~ is implanted into the Si a 
new peak appears next to the elemental Si position and 
gradually shifts to the position expected of the nitride. 
The oxide peak decreases steadily and eventually disap- 
pears. However, the N~s line remains fairly steady. The ev- 
olution of the Si KLL peaks suggests that the Si atoms 
are gradually being surrounded by nitrogen atoms. The 
nitrogen atoms react fully once they enter the substrate. 
This observation indicates that the film is likely to be Si 
rich. The disappearance of oxide is just due to the surface 
sputtering. These data are in agreement with our implant- 
sputter model (4) as well as the IR measurement.  

Thickness, refractive index, dielectric constant, and 
density.--It  is possible to determine the thickness, d, the 
dielectric constant, E, the refractive index, n, and the den- 
sity, p, based on the following assumptions: (i) the film is 
stoichiometric and homogeneous in composition, (ii) the 
chemical nature and the polarizability of the Si-N bond 
are the same as for CVD nitride, and (iii) the dielectric- 
bulk interface is abrupt. 
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Fig. 10. Evolution of Nls photoelectron line. No apparent shift in en- 

ergy peak is observed. 

As shown in Fig. 1, A is related to nd 

n d =  a (hs i -  h). [1] 

The accumulation capacitance relates the thickness and 
the dielectric constant, which is a function of refractive 
index 

E 
C - [2a] 

d 

[2b] 
nCVD 

The total nitrogen content can be equated to the product 
of density and film thickness. The density is related to 
refractive index through the Lorenz-Lorenz relation 

d 
D n = 4 A p -  [3a] 

M 

(n ~ + 1) 
kp [3b] 

(n 2 - 1) 

The parameters, Dn, A, p, and M are the nitrogen areal 
density, Avogadro's number,  the film density, and the 
molecular weight, respectively. The nitrogen areal den- 
sity is obtained by RBS measurements.  The k in the Lor- 
entz-Lorenz relationship can be determined by the known 
data for CVD nitride. In the calculations above, the CVD 
nitride is assumed to have the following parameters, n = 
2.05; p = 3.1, eCV D = 7.5 (8). 

The parameters, A, C, and Dn are directly measurable by 
ellipsometry, capacitance, and RBS, respectively. A re- 
fractive index-thickness curve can be obtained from each 
of the equation sets above and are plotted in Fig. 11. The 
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Fig. 1 1. Determination of the refractive index and film thickness. The 
three curves are deduced from the measured quantities of total nitrogen 
areal densi ty ,  the  e l l ipsometry ,  and c a p a c i t a n c e .  T h e  refract ive  index 
and the film thickness are obtained by the intersection of the three 
curves. 

intersection of any two of the three curves determines the 
film thickness and refractive index. From these intersec- 
tions, the physical parameters of the annealed film are 
fixed within the following ranges: d:8.5-9 nm, p:2.1- 2.2 
g/cm 3, n:I.6-1.65, and e:4.6-4.9. The most surprising 
finding of the analysis is the film's exceptionally low 
density. This causes the other parameters to deviate from 
the accepted CVD nitride values. One can imagine that 
the violent implantation process produces a low density 
nitride film. 

Transmission electron microscopy.--A d i rec t  m e a s u r e -  
m e n t  of  the  fi lm t h i c k n e s s  was  d o n e  u s i n g  TEM. F igu re  
12 is a c ross - sec t iona l  p i c tu r e  of  a 1.9 keV  N~- implan ted  
film. A 9 • 1 n m  t h i c k  a m o r p h o u s  layer  is fo rmed .  The  
f i lm is a p p a r e n t l y  d iv ided  in to  two pa r t s  b y  a l ayer  of fea- 
t u r e s  a b o u t  2 - 3 n m  in  size. The  n a t u r e  of t h e s e  f ea tu res  
is u n k n o w n  at  t he  p re sen t .  I t  m a y  b e  due  to a r t i fac t s  in  
s a m p l e  p repa ra t i on .  H o w e v e r ,  one  can  f i rmly c o n c l u d e  
t h a t  a 9 • 1 n m  layer  ha s  b e e n  fo rmed ,  a n d  it a p p e a r s  to 
b e  a m o r p h o u s .  The  da ta  ag ree  w i t h  t he  t h i c k n e s s  d e r i v ed  
in  t he  las t  sect ion.  

Summary and Discussion 

Hezel  et al. (9) a n d  T h o m a s  et al. (10) h a v e  also invest i -  
ga t ed  low e n e r g y  N2 i m p l a n t a t i o n  in to  Si. T h e y  h a v e  em- 
p loyed  s p u t t e r  A E S  prof i l ing  as t he  c o m p o s i t i o n  ana lys i s  
t e c h n i q u e .  I n s t e a d  of  d e t e c t i n g  excess  Si, t h e y  c o n c l u d e  

t h a t  t h e  a s - i m p l a n t e d  n i t r i de  has  s t o i ch i o me t r i c  or  near-  
s t o i ch i o me t r i c  co mp o s i t i o n .  However ,  ou r  m e a s u r e m e n t s  
i n d i c a t e  t h a t  t h e  f i lm in  the  a s - i m p l a n t e d  f o r m  is Si r ich.  
We feel  t ha t  th i s  is n o t  a s ign i f ican t  d i s c r e p a n c y  due  to 
t h e  low r e so lu t i on  of  A E S  c o m p o s i t i o n  analys is .  The  ni- 
t r o g e n  a t o m i c  ra t io  in  a s t o i ch i o me t r i c  n i t r i d e  is 57%. I t  is 
too c lose  to the  a t o m i c  ra t io  of  50% in  a f i lm w i t h  N/Si  = 
1. As t h e  r e s o l u t i o n  l imi t  of A E S  i m p r o v e s ,  t h i s  d i sc rep-  
a n c y  m a y  b e  reso lved .  

T h e  u n i f o r m i t y  of  t h e  fi lm c o m p o s i t i o n  in t he  as- 
i m p l a n t e d  s tage is i n d i c a t e d  by  all of  o u r  work .  A layer  of  
d a m a g e d  Si, e x t e n d i n g  a b o u t  4 n m  in to  t h e  Si, is loca ted  
at  t h e  f i lm-subs t r a t e  i n t e r f ace  (4). T h e  a m o u n t  of  d a m a g e  
o b s e r v e d  he re  is less  t h a n  r e p o r t e d  by  T h o m a s  et al. After  
N~ annea l ing ,  t h e  c o m p o s i t i o n  a p p r o a c h e s  s t o i c h i o m e t r i c  
Si3N4. T h e  d a m a g e  is also r e d u c e d  to a layer  a b o u t  0.8 n m  
th ick .  

T h e  c h e m i c a l  n a t u r e  of  t h e  fi lm h as  also b e e n  exam-  
ined .  I t  is i n v e s t i g a t e d  w i t h  we t  e tch ing ,  t r a n s m i s s i o n  in- 
f r a red  spec t roscopy ,  a n d  X P S .  These  s tud ie s  i nd i ca t e  t h a t  
a s t ab i l i za t ion  of  c h e m i c a l  b o n d i n g  occurs  as r e su l t  of  N2 
h e a t - t r e a t m e n t .  T h e  s t ab i l i za t ion  e x h i b i t s  i t se l f  in  t he  
c o m p o s i t i o n a l  change ,  t h e  r e d u c t i o n  of  e t ch  rate,  t he  
sh i f t i ng  of  t r a n s m i s s i o n  m i n i m u m  in IR, a n d  t h e  dec rea se  
in  t h e  Si-N po la r izab i l i ty  d e t e c t e d  by  X P S .  I t  s h o u l d  be  
s t r e s sed  t h a t  b o t h  IR  a n d  X P S  i n v es t i g a t i o n s  i nd ica t e  
t h a t  t h e  c h e m i c a l  n a t u r e  a n d  the  po la r izab i l i ty  of  t h e  an- 
n e a l e d  fi lm are ve ry  s imi la r  to  CVD n i t r i de  films. 

A n o t h e r  i n d i c a t i o n  of  t h e  c o m p o s i t i o n a l  c h a n g e  is t he  
res i s t iv i ty  of  the  i m p l a n t e d  layer.  T h e  a s - i m p l a n t e d  layer  
is h i g h l y  conduc t ive .  Af te r  h e a t - t r e a t m e n t ,  t h e  fi lm is 
insu la t ing .  T h e  l o w e r i n g  of  c o n d u c t i v i t y  is p r o b a b l y  due  
to a r e d u c t i o n  of  exces s  Si. T h e  res i s t iv i ty  i nc r ea se  also 
c a u s e s  a dec rea se  in  t h e  po la r izab i l i ty  of  t h e  layer  as mea-  
s u r e d  b y  X P S .  T h e  X P S  s t u d i e s  also revea l  tha t ,  u n d e r  
N~ b o m b a r d m e n t ,  t h e  Si s u b s t r a t e  is g radua l ly  e n r i c h e d  
w i t h  n i t r o g e n  un t i l  a s t e a d y  s ta te  is r eached .  T h e  n i t r o g e n  
reac t s  ful ly once  it e n t e r s  t h e  subs t ra t e .  Si-N b o n d s  ex is t  
in  t h e  a s - i m p l a n t e d  state.  

To d e t e r m i n e  d, n, e a n d  p, we  m a d e  t h r e e  a s s u m p t i o n s .  
First ,  t h e  fi lm is s t o i c h i o m e t r i c  a n d  h o m o g e n e o u s  in 
co mp o s i t i o n .  RBS ,  w h i c h  is b e t t e r  for  c o m p o s i t i o n  mea-  
s u r e m e n t ,  a n d  A E S  profi l ing,  w h i c h  is t h e  p r e f e r r e d  
prof i l ing  t e c h n i q u e ,  i n d i c a t e  so. Second ,  t h e  c h e m i c a l  na-  
t u r e  a n d  the  po la r i zab i l i ty  of  the  Si-N b o n d s  are the  s a m e  
as CVD ni t r ide .  Th i s  is i n d e e d  c o n f i r m e d  by  o u r  IR  a n d  
X P S  m e a s u r e m e n t s .  T h i r d  t h e  d ie l ec t r i c -bu lk  in t e r f ace  is 
ab rup t .  T E M  e x a m i n a t i o n  s h o w s  t ha t  th i s  is a good  as- 
s u m p t i o n .  T h e  d e t e r m i n a t i o n  of  d, n, e, a n d  p s h o w s  t h a t  
t h e  i m p l a n t e d  fi lm h as  ve ry  d i f fe ren t  p h y s i c a l  p a r ame-  
te rs  c o m p a r e d  to CVD ni t r ide .  The  low d e n s i t y  is t he  
cause  of the  low re f rac t ive  i n d e x  an d  d ie lec t r ic  cons t an t .  
The  low d en s i t y  is p r o b a b l y  d u e  to t h e  s p u t t e r - i m p l a n t  
process .  The  d ie lec t r ic  t h i c k n e s s  of  8.5 - 9 n m  is 
c o n f i r m e d  b y  d i rec t  T E M  m e a s u r e m e n t .  T h e  da ta  are  
also c o n s i s t e n t  w i t h  o u r  e l l i p some t r i c  m e a s u r e m e n t s .  I t  
i n d i c a t e s  t h a t  t h e  a n n e a l e d  f i lm h a s  d = 10 • 3 n m  a n d  
1.4 -< n -< 1.6. 

Elec t r ica l  s tud ie s  h a v e  s h o w n  tha t ,  a f te r  annea l ing ,  t he  
i m p l a n t e d  n i t r ide  f i lms c o n t a i n  a h i g h  d e n s i t y  of  pos i t ive  
f ixed c h a r g e  a n d  t r a p p i n g  states.  A full  a c c o u n t  of  t he  
e lec t r ica l  p rope r t i e s  of  t h e  i m p l a n t e d  n i t r i d e  fi lm will  be  

Table II. Material characteristics measured 

As-implanted Annealed SizN4 (CVD) 

Fig. 12. The cross sectional TEM picture of the nitrogen implanted 
layer. The amorphous layer is found to be 9 • 1 nm thick. (Courtesy of 
Dr. Ken Ritz, Signetic Company, and Dr. William Stacy of Philips Re- 
search Laboratories.) 

Stoichiometry 
Damage 
Bonding 
Etch rate 

Thickness (nm) 
Density (g/cm 3) 

n 

I-V 
C-V 

SiN Si3N~ Si3N4 
very high reduced -- 

Si-N Si-N Si-N 
high reduced -- 

9 8.5~ 9 
- -  2.1 - 2.2 3.1 
- -  1.6 - 1.65 2.05 
- -  4.6 - 4.9 7.5 

ohmic insulator insulator 
- -  positive fixed charge - -  

< 1 • 10'3/cm ~ 
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Fig. 13. The present understanding of the implanted nitride. The as- 
implanted nitride has a N/Si ratio of 1 and a layer of substrate damage is 
observed. After heat-treatment, the damage is partially removed, and 
the N/Si ratio approaches 1.3. Positive charge is detected. 

presented elsewhere. The various material characteristics 
which have been measured are summarized in Table II. 

The present understanding of the material properties of 
the implanted film is presented in pictorial form in Fig. 
13. In the as-implanted state, the film is in a highly non- 
equilibrium, conducting, binding solid solution of nitro- 
gen and silicon. After the annealing, the film relaxes to a 
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more stable, stoichiometric and insulating form. A high 
density of fixed charge and trapping states are also 
observed. 
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Thermal Cleaning of InSb Surfaces in an Ultrahigh Vacuum 

F. D. Aure t  

Department of Physics, University of Port Elizabeth, Port Elizabeth, Republic of South Africa 

ABSTRACT 

In and Sb surfaces of (111) InSb crystals were analyzed by Auger electron spectroscopy (AES) before, during, and 
after heating them in an ultrahigh vacuum system. Heating the samples to 450~ resulted in stoichiometric and oxygen- 
free surfaces. Sulfur due to chemical precleaning is removed at 470~ Further, if the initial carbon concentration is low 
enough (< 10% surface coverage), then it can be almost totally removed by thermal cleaning at 450~ 

The degree of cleanliness of semiconductor surfaces is 
of the utmost  importance during semiconductor  device 
fabrication and has a pronounced influence on the char- 
acteristics and performance of these devices (1, 2). For 
GaAs, it was reported that the composition of the surface 
and the contaminants thereon could be related to the 
properties of Schottky barrier and ohmic contact devices 
formed on it (3, 4). Also, poor device characteristics in the 
case of InSb have been ascribed to nonstoichiometric sur- 
faces caused by certain cleaning procedures prior to the 
metallization step (5). Auger electron spectroscopy (AES) 
studies of GaAs (3, 4, 6) and InSb (7) led to the optimiza- 
tion of cleaning procedures which yielded surfaces with a 
high degree of stoichiometry and with only small 
amounts  of oxygen and carbon on them. 

In order to further reduce the surface contaminants, 
several types of methods may be used. First, low energy 
sputter etching (8), plasma etching (9), or reactive ion 
etching (10) may be used to strip the surface of unwanted 
oxides and impurities. These techniques, however, cause 
a damage layer at the surface, consisting of, among oth- 
ers, positively charged donor states in the bandgap of the 
semiconductor  (11-13). These defects change the effective 
barrier height of a Schottky barrier device, and can lead 
to very leaky devices on n-type substrates (8, 11, 12, 14). 
Second, in situ substrate heating may be used to clean 
the surface. The surfaces of GaAs substrates that were 

heated to 550~ were completely stoichiometric and oxy- 
gen free, and contained only a small amount  of carbon (6). 
The high degree of cleanliness, stoichiometry, and crys- 
tallographic order of these surfaces allowed gold films 
deposited on them to grow epitaxially (6). 

It is the purpose of this paper to report on the results 
obtained when thermally cleaning InSb crystal surfaces 
by heating them in an ultrahigh vacuum (UHV). These re- 
sults were obtained by using AES to monitor the surface 
stoichiometry and cleanliness as a function of substrate 
temperature. 

Experimental  Procedure 
Three sets of samples, prepared from (111)-orientated 

n-type Te-doped (4 • 1015/cm3) InSb crystals were studied. 
Each set consisted of two samples, of which the In and Sb 
surfaces were, respectively, investigated. Before inserting 
them into the Auger system, each set's samples were 
cleaned by different chemical  procedure, as outlined in 
Table I. These three methods were selected because they 
yielded, respectively, high carbon, high oxygen, and high 
sulfur concentrations on the surface (7). 

In the Auger system, samples were mounted on a 
heater block with their surface normals at an angle of 30 ~ 
with respect to the incident electron beam and the analy- 
zer axis. Auger measurements  were obtained with a 
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Table I. Chemical cleaning methods for InSb 
before heat-treatment* 

UJ 
r 

Cleaning step Method I Method II Method III rr 
UJ 

Degrease and H.,O rinse Yes Yes Yes 
Etch in 1:10 HNO:~: No Yes Yes O 

lactic acid (2 rain) r 
H._,O rinse Yes Yes Yes I.U 
CP4A etch (5s) No Yes Yes 
Na..,S (10-~M) rinse No No Yes 
H._,O rinse Yes Yes Yes I.I. 
N._, blow dry Yes Yes Yes ~__~ 

O9 
* For a detailed description of the cleaning procedures, see Ref. 

(7). 

Varian cyl indrical  mir ror  analyzer  us ing a 3 keV elect ron 
beam. Analysis  c o m m e n c e d  after reach ing  a pressure  of 
lower  than  1 x 10-s torr. This  relat ively high pressure  was 
used  because  it is be l i eved  that  the  resul ts  thus  obta ined  
wou ld  still be val id in commerc i a l  meta l  depos i t ion  sys- 
tems,  where  the rmal  substra te  c lean ing  could  be 
imp lemen ted .  

Af te r  Auger  analyzing the sample ' s  surface at room 
tempera tu re ,  its t empe ra tu r e  was increased  to 480~ at a 
rate of 0.1~ At this rate, the  sample,  the rmocoup le ,  and 
hea te r  b lock  were  always in the rmal  equi l ibr ium.  Dur ing  
heating,  the  Auge r  signals of  the substra te  as wel l  as the  
con taminan t s  were  con t inuous ly  mon i to red  and re- 
corded.  U p o n  reaching  the  final t empera tu re  (480~ in 
mos t  cases), the  sample  was kep t  at this t empe ra tu r e  for 
about  5 rain in order  to ensure  that  its surface  remains  
s toichiometr ic .  Thereafter ,  the  sample  was cooled  down 
to r o o m  tempera ture ,  at wh ich  stage a final Auge r  analy- 
ses was made.  

The  percen tage  surface coverage  of  each e l emen t  is 
ca lcula ted  f rom the  s implif ied semiquan t i t a t ive  formal-  
ism, wh ich  requi res  only the  A u g e r  peak- to-peak heights  
and inverse  sensi t ivi ty factors ai of  the surface e lements  
(15). The  at's for In  and Sb were  expe r imen ta l ly  deter- 
m ined  for InSb  (16), whi le  those  for carbon,  oxygen,  and 
sulfur  were  a s sumed  equa l  to those  for the  GaAs mat r ix  
(17). This a s sumpt ion  is not  comple te ly  val id  for oxygen  
because  mos t  of  it is p resent  in the  form of a surface ox- 
ide. However ,  it enables  one to qual i ta t ively  compare  the  
amoun t s  of impur i t ies  obta ined  wi th  di f ferent  c leaning  
techniques .  

+ R  
t -  

I , , .  

Results and Discussion s _  

Both  the In and Sb surfaces  exh ib i t ed  the  same  thermal  .~-- 
behavior ;  hence,  only  resul ts  of  In sides are presented .  
F igure  1 is a typical  t empe ra tu r e  profile of  a sample  t~ 
c leaned  by m e t h o d  II  (Table I). This profile may  be  di- UJ 
v ided  into two regions.  In reg ion  I, which  ex tends  f rom 
room t empera tu re  to 290~ the  concent ra t ions  of  the  sub- Z 
strate componen t s  and con taminan t s  r emain  cons tan t  -~  
upon  heating.  The  In /Sb  ratio here  is about  1.2. Reg ion  II, . .I  
wh ich  ex tends  f rom 290~ upwards ,  is charac ter ized  by a ~ :  
change  in the  IrdSb ratio and a decrease  in the  carbon  and Z 
oxygen  concent ra t ions  at the  surface. The  In /Sb  ratio (.~ 
first increases  to a m a x i m u m  of 1.5 and then  decreases  to f~  
uni ty  at 430~ At  about  400~ the  o x y g e n  concen t ra t ion  t r  
starts to decrease  sharply,  and at 450~ it  is comple te ly  UJ 
absent  f rom the  surface. F r o m  250~ upward ,  the  carbon (~  
concen t ra t ion  also decreased  f rom 8% surface coverage  to 
2% at 450~ U p o n  fur ther  hea t ing  the sample  to 480~ ~ :  
the  In /Sb  ratio remains  cons tan t  wi th  2% carbon  as the 
only surface contaminant .  In  Fig. 2, the  A u g e r  surface 
scans of  a sample  c leaned  by m e t h o d  II is shown.  These  
scans were  recorded  before  (Fig. 2a) and after hea t ing  
(Fig. 2b). 

The  t empe ra tu r e  profi les of  samples  c leaned  by 
m e t h o d  I were  s imilar  to that  descr ibed  above  for m e t h o d  
II  e x c e p t  for one difference.  The initially high carbon  
concen t ra t ion  of  45% could  not  be  r educed  to be low 35% 
even  u p o n  heat ing  the  subs t ra te  to 530~ 
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Fig. 1. Temperature profile of a CP4A-etched InSb sample 

Figure  3 displays the  t empera tu re  profile of  a sample  
c leaned  by m e t h o d  III. The  main  difference be tween  this 
me thod  and m e t h o d  II is that, in this case, mos t  of  the 
usual  surface oxide  was rep laced  wi th  sulfur  dur ing  the 
Na.,S rinse. As before,  the  profile may  be d iv ided  into 
two regions.  In the  first r eg ion  (< 250~ the  concentra-  
t ions of oxygen  and sulfur  are approx imate ly  constant ,  
and the  carbon concen t ra t ion  increases  slightly; the  In]Sb 
ratio is less than  one and increases  gradual ly  to reach 
un i ty  at 250~ In reg ion  II above  250~ this ratio in- 
creases  fur ther  to a m a x i m u m  at 360~ and then  gradual ly  
decreases  to uni ty  at 430~ where  it remains  cons tan t  
u p o n  fur ther  heating.  At  350~ the  sulfur concen t ra t ion  
starts increasing,  reaches  a m a x i m u m  at 410~ and then  
decreases  to zero at 470~ The oxygen  d i sappeared  f rom 
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Fig. 2. Auger surface scans obtained (a) before and (b) after heating a 

CP4A-etched InSb sample to 480~ 
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the surface at 450~ as before. For this cleaning method, 
the carbon was reduced to below 1% surface coverage at 
450~ 

The results of surface analyses obtained before and 
after heat-treatment of the crystals are depicted in Table 
II for methods I-III. They show that for all three cleaning 
methods, an oxygen- and sulfur-free surface with a unity 
In/Sb ratio can be obtained by heating the samples to 
above 400~ A further point of interest is that if the initial 
carbon concentration is low enough (< 10%) (methods II 
and III), then it can be reduced to acceptably low levels 
(< 2%) by heat-treatment. However, if the initial carbon 
concentration is too high (method I), then heat-treatment 
is not efficient in removing it. 

Recently, Chang (18) has shown that residual carbon 
left on GaAs substrates after chemical cleaning could be 
removed by heating the substrates to temperatures of be- 
tween 350 ~ and 400~ It was further observed that if these 
substrates are exposed to an Auger electron beam during 
heating, then subsequent  removal of carbon above 350~ 
becomes very difficult because of a strengthening of the 
bonds between the surface carbon and the substrate. In 
contrast, we observed that, although surfaces with an ini- 
tially low carbon concentration (methods II and III) were 
continuously exposed to the Auger electron beam during 
heating, all carbon except  1%-2% could be removed by 
heating to above 400~ This small amount of residual car- 
bon may be ascribed to electron beam stimulated carbon 
buildup (19) caused by the Auger electron beam. It thus 
seems that almost all the carbon observed on the InSb 
surface after cleaning by methods II and III is present as 
weakly bonded or "physisorp-like" bonded (18) carbon, 
and that its bonding to the surface does not become 
stronger when exposing the surface to the Auger electron 
beam during heating. However, we found that where car- 
bon was initially present in large concentrations (method 
I), the thermal removal of only a fraction thereof was pos- 
sible. We speculate that, after cleaning the substrates by 
method I, most  of the carbon present was strongly 
bonded to the InSb surface and could thus not be re- 
moved therma]ly. This is likely because method I only re- 
moves carbon by "degreasing," whereas in methods II 

Table II. Surface contamination and stoichiometry of InSb 
before and after heating to 480~ * 

Percentage surface coverage 
Chemical cleaning method number 

Contaminant]stoichiometry I II III 

Carbon (45) 35 (7) 2 (8) 1 
Oxygen (25) 0 (40) 0 (3) 0 
Sulfur (0) 0 (0) 0 (23) 0 
In/Sb (1.5) 1 (1.2) 1 (0.7) 1 

* The figures in parentheses were obtained after chemical clean- 
ing but before heat-treatment; the unbracketed figures are for heat- 
treated samples. 

and III carbon together with In and Sb is removed from 
the surface by etching. 

Conclusions 
We have demonstrated that it is possible to obtain 

oxygen- and sulfur-free surfaces with an In/Sb ratio of 
unity on InSb crystals by heating them to 470~ in a vac- 
uum of less than 1 x 10 -~ torr. The only contaminant 
present on the surface after heat-treatment is carbon, and 
its percentage surface coverage can be limited to below 
2% by applying an appropriate chemical precleaning be- 
fore heat-treatment. This method should prove very valu- 
able during device fabrication where an atomically clean 
and stoichiometric surface is of great importance. 
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Heating Effects in Reactive Etching of Nb and Nb20  
Mao-Min Chen*,' and Young H. Lee* 

IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598 

ABSTRACT 

The reactive etching mechanism of Nb and Nb20~ in CFJO2 RF plasma has been studied in a flexible diode reactor, 
with special emphasis on a thin film heating effect. Etch rates of both materials during reactive ion etching are deter- 
mined by a combination of the ion bombardment  enhanced etching mechanism and the chemical etching mechanism. 
In niobium, the chemical etching always dominates over the ion enhanced etching. Etch rates in the plasma etching 
mode are primarily due to the chemical etching mechanism. The activation energy in the chemical etching is estimated 
to be 0.22 and 0.11 eV for Nb and Nb2Os, respectively. The Nb chemical reactivity (etch rate divided by a number  density 
of the fluorine atoms) shows a substantial increase proportional to RF power and, surprisingly, to Nb film thickness. 
The thicker the film, the higher the etching rate observed during plasma etching. We argue that this is due to a tempera- 
ture rise in a Nb film caused by the eddy current generated by the RF magnetic field (i.e., the RF inductive heating). 

The substrate temperature plays a very important  role 
during plasma etching, because etching rates due to the 
chemical etching mechanism normally exhibit  the Ar- 
rhenius-type dependence on wafer temperature (1-6). Re- 
producibility of the etching process not only depends on 
how tightly one can control plasma parameters such as 
gas pressure, flow rate, and RF power, but also how pre- 
cisely one can control the wafer temperature during etch- 
ing. Also, etching uniformity across a wafer or from wafer 
to wafer within a batch may be influenced by a nonuni- 
form distribution of wafer temperature, if contribution 
from the chemical etching mechanism is large. In a RF 
parallel-plate reactive etching system, it is difficult to 
measure the wafer temperature accurately and routinely 
because of the RF interference as well as a poor thermal 
contact between a temperature probe and wafer surface. 
Several proposals have been suggested to solve this prob- 
lem (7-9). In addition to this, it is also troublesome to im- 
plement  a reliable heat-transferring technique, which can 
effectively and reproducibly remove the heat from the 
wafer surface to a temperature-controlled substrate table 
without causing any detrimental contamination problem 
to the wafer surface and to the plasma. Thus, it is impor- 
tant to know a temperature dependence of etching rate 
for a particular reactive etching process. Temperature de- 
pendence of the Si and SiO~ etching rates has been stud- 
ied in great detail for a fluorocarbon gas plasma (6). Tem- 
perature dependence of etching rate in various materials 
has been reviewed and summarized by Vossen and Kern 
(10). As usual, the activation energy of reactive plasma 
etching was measured from a slope of the Arrhenius plot 
of etching rate vs. temperature. We note that, even in sili- 
con which has been studied extensively, the activation 
energy reported in the literature shows a wide variation 
depending on the etching conditions (1-6). In this paper, 
we will clarify the temperature effect of etching rates in 
Nb and Nb205 films by measuring the fluorine atom den- 
sity and etching rates at various plasma etching condi- 
tions. Also, our result sheds a light on the reason why the 
activation energy for silicon etching, having been re- 
ported in the literature, appeared to vary with experimen- 
tal conditions. 

Niobium, a superconductor,  is a very important mate- 
rial widely used for fabricating Josephson tunnel  junc- 
tions for application to high speed digital circuits. Nio- 
bium can be used as an electrode of the tunnel junction 
and a wiring material of Josephson IC circuits. Therefore, 
reactive plasma etching of niobium and Nb205 becomes a 
crucial technique in fabrication of a potential VLSI-type 
Josephson device. Although the plasma etching process 
has been successfully utilized for Josephson device fabri- 
cation (11-15), much more effort is needed to fully under- 
stand the reactive etching mechanisms of Nb in various 
gas plasma and also to evaluate the impact of the etching 
process on the device characteristics. 

*Electrochemical Society Active Member. 
1Present Address: IBM Research Laboratory, San Jose, Cali- 

fornia 95193. 

In this paper, we present a temperature dependence of 
the etching rate for Nb and Nb~O5 and demonstrate the 
importance of an effective heat transferring technique be- 
tween the wafer back-surface and the substrate table. We 
also show that the total etching rate of Nb and Nb205 in 
CFJO.2 plasma consists of contributions from the chemi- 
cal etching mechanism and from the ion-bombardment- 
enhanced etching mechanism, as in the case of silicon 
etching. Such physical quantities as wafer temperature, 
activation energy, ion-bombardment  energy, and fluorine 
density play a key role in determining etch rates and are 
invoked in explaining the RF power dependence and the 
loading effect (alteration of a cathode surface material 
from A1 to St) of etching rate observed for both Nb and 
Nb2Os. Results will be directly compared with undoped 
polysilicon results obtained under the identical plasma 
condition. Also, we will show the experimental  evidence 
that good conductors, like niobium, receive additional 
heat from the RF inductive heating due to the eddy cur- 
rent generated within the film, which is absent in poor 
conducting films like Nb205 and undoped polysilicon. 

Experimental 
The plasma reactor used was a flexible diode system 

similar to the one described elsewhere (16), in which both 
the perforated a luminum top electrode (30.5 cm diam) 
and the water-cooled aluminum bottom electrode (30.5 
cm diam) were separately powered by two Plasma-Therm 
RF generators (13.56 MHz) through automatic matching 
networks. The bottom electrode served as the substrate 
electrode. A temperature of the bottom electrode is main- 
tained by a temperature controlled water circulation bath 
(Neslab RTB-8). It can regulate the electrode temperature 
between 8 ~ and 90~ The reactor chamber (50 cm diam) 
was pumped by a Balzer turbomolecular pump (500 li- 
ter/s) and backed by a Roots blower system. A multigas 
pressure/flow controller (MKS-245) was used to control a 
gas pressure (-+ 0.01 Pa) at a downstream position with an 
automatic throttle valve (15 cm diam) and also to regulate 
a gas flow rate (-+ 0.5 sccm) at an upstream position. 
Good etching uniformity is obtained by feeding the gas 
from the top of the chamber  with a symmetric inlet con- 
figuration. 

Reactive etching experiments were'carried out with one 
of the electrodes powered by a RF generator, while the 
opposite electrode was always dc grounded. The plasma 
etching mode (PE) is defined as the situation where wa- 
fers lie on the bottom, grounded electrode and the RF 
power is fed to the top electrode. The reactive ion etching 
mode (RIE) is the case where wafers sit on the RF- 
powered bottom electrode while the top electrode is dc 
grounded. Niobium films are E-beam deposited onto 
thermally oxidized silicon wafers to a thickness of 230 to 
1000 nm with a minimum residual resistance ratio of 5, 
which represents a high purity of Nb films. Niobium 
penta-oxide is a 220 nm thick film grown by partially 
anodizing 230 nm thick Nb film in a chemical solution of 
ammonium penta-borate and ethylene glycol. Etching 
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rates are determined by using either a Talystep, when 
samples are patterned by photoresist, or a He-Ne laser in- 
terference detector, when samples are blanket Nb205 and 
Nb films. Nominal sample size was about 3 cm ~. Samples 
are usually loaded on the aluminum bottom electrode 
without any further means of thermal bonding. To inves- 
tigate the RF heating effect, a series of experiments  were 
carried out with the sample thermally bonded to the bot- 
tom electrode by vacuum grease (Apiezon H). No obvious 
chemical effects due to the presence of the vacuum 
grease in the system was observed. This was checked out 
by loading two samples on the substrate electrode, in 
which one sample was bonded by vacuum grease and an- 
other free of it. The etching rate of Nb on the substrate 
without thermal bonding was the same as that obtained at 
the identical etching condition immediately before this 
control experiment.  The companion sample which was 
thermally bonded to the water-cooled bottom electrode 
gave a Nb etching rate much lower than that without 
thermal bonding, presumably because of an effective 
cooling by vacuum grease. For cathode loading experi- 
ments, we loaded blanket silicon wafers (57 mm diam) so 
that 42% of the a luminum cathode surface area was cov- 
ered by silicon wafers. 

A PAR-1450 optical mult ichannel  analyzer was installed 
so that the spectrometer entrance slit lies at a level of 1 
cm above the substrate electrode. This monitors the emis- 
sion spectra from a glow discharge through a quartz 
window mounted on the side wall. The spectra with 
wavelength range from 365 to 850 nm were acquired dur- 
ing etching. Argon actinometry (17) was employed to esti- 
mate the ground-state fluorine atom concentration. 

Results and Discussion 
T e m p e r a t u r e  e f f e c t . - - T h e  temperature sensitivity of Nb 

and Nb~O5 etching rates during plasma etching was mea- 
sured by varying the temperature of the substrate elec- 
trode while holding other plasma etching conditions con- 
stant. The reason for using the plasma etching mode was 
to evaluate the temperature sensitivity of the chemical 
etching rate and to minimize any contribution arising 
from ion bombardment  in a parallel-plate reactor. RF 
power was chosen to be 70W (0.1 W/cm 2) in an effort to re- 
duce any possible RF heating at a high power density. As 
we will show below, RF heating of Nb films was ob- 
served even at this power density. Figure 1 shows the 
temperature dependence of etching rate (ER) during 
plasma etching for both Nb and Nb~O~. Samples were 
loaded on the electrode without any means of thermal 
bonding between a sample and the temperature-con- 
trolled electrode. The activation energy estimated from 
the slope of log (ER) vs.  l IT  plot are 0.22 eV for Nb and 
0.11 eV for Nb20~. The fluorine atom density, estimated 
by argon actinometry, remained the same as substrate 
temperature was increased. 

Hence, the etching rate of Nb film is more sensitive to 
temperature variations than that of Nb2Os. For compari- 
son, the activation energy of undoped poly-Si is also esti- 
mated to be 0.07 eV under  identical experimental  condi- 
tions in the same reactor, in reasonable agreement with 
some of the results reported in the literature (1, 4, 6). Note 
that a wide variation of the activation energy has been re- 
ported for Si etching in the fluorocarbon gas plasma. We 
will discuss the reason for this wide variation in activa- 
tion energy below. The result in Fig. 1 also suggests that 
an etching rate (ERpE) during plasma etching can be ex- 
pressed by the equation 

ERpE = K c  �9 N~ �9 exp ( - A E / k T )  [1] 

where K c  is a rate constant which depends on the gas 
temperature,  N~ the fluorine concentration, k the Boltz- 
mann constant, T a wafer temperature,  and hE the activa- 
tion energy. From the process development  point of view, 
it will be very helpful if one knows the activation energy 
of materials to be etched under the same plasma etching 
condition, because AE and K c  determine the etching rate 
selectivity of the materials involved. 
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Fig. 1. Temperature dependence of etch rates of Nb (Q) and Nb205 
(A) measured during plasma etching. The activation energy which was 
calculated from the slope is 0.22 and 0.11 eV for Nb and Nb205, respec- 
tively. Temperature was measured at the water circulation bath, so that 
it may not be a "true" temperature at the sample surface. 

There has been some experimental  evidence (7) that 
wafer temperature increases rapidly with RF power dur- 
ing etching, if the wafer is not thermally bonded to the 
temperature controlled electrode. Figure 2 shows the ef- 
fect of thermal bonding on the etching rate of Nb at 
various temperatures. Thermal bonding was achieved by 
applying vacuum grease (Apiezon H) to the back side of a 
sample. The solid line represents temperature depen- 
dence measured without thermal backing, and the dotted 
line is with thermal backing. Since solid and dotted lines 
in Fig. 2 are roughly parallel to each other, our estimate of 
the Nb activation energy in Fig. 1 should be correct, as 
long as the relative temperature was measured accurately. 
Also, we can estimate from Fig. 2 that the actual tempera- 
ture of wafer without thermal bonding should be about 
20 ~ to 30~ higher than that with thermal bonding. Similar 
experiments  were carried out also for Nb.,O5 films and 
the results are shown in Fig. 3. The difference in the etch- 
ing rates between bonded and nonbonded samples can 
hardly be observed. The temperature difference could be, 
at the worst, about 10~ or less. Since the heat removal 
rate should be about the same because a similar vertical 
structure was used for both samples, the amount of heat 
generated at the Nb surface may be larger than the heat 
generated on the Nb~O~ surface during RF plasma etch- 
ing. 

P o w e r  d e p e n d e n c e . - - T h e  RF power dependence of 
etching rates was measured for Nb and Nb~O~ during 
both plasma etching and reactive ion etching, and the re- 
sults are shown in Fig. 4. The fluorine population (a rela- 
tive intensity of the FI emission line against  the ArI line, 
I~/IA,) was measured at the same t ime as a function of 
power and is illustrated in Fig. 4, also. At a fixed RF 
power, the fluorine density in the CFJO._, plasma is more 
or less the same between plasma etching and reactive ion 
etching within our experimental  error as long as the A1 
electrodes are not loaded with a fluorine consuming ma- 
terial (18). The power dependence of Nb205 etching rate is 
very similar to that of undoped polysilicon we reported 
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previously (18), but Nb etching rate appears to behave 
quite differently from undoped polysilicon. 
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In Fig. 5, we plot the chemical reactivity (etching rate 
divided by a F concentration or I~/IAr) of Nb and Nb205 as 
a function of RF power during plasma etching. The chem- 
ical reactivity of Nb~Os increases slightly as the power is 
increased, as in the case of polysilicon. However, niobium 
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exhibits a drastic increase in the chemical reactivity, pro- 
portional to RF power. The apparent chemical reactivity 
of Nb at a given power is relatively constant, regardless of 
a large change in the fluorine population, which may be 
achieved by varying a cathode loading condition or O~% 
in CFJO~ without changing the gas pressure, flow rate, 
and RF power. Therefore, we argue that a strong power 
dependence of the Nb chemical reactivity could be 
caused by any variation in wafer temperature due to RF 
power (see Eq. [1]). Also, the Nb activation energy, which 
is larger than that of both Nb~O5 and Si, should be to 
some extent responsible for a high sensitivity of the Nb 
etching rate contributed by the chemical etching mecha- 
nism. However, as we will describe later, there is some in- 
dication that the Nb wafer temperature increases with in- 
creasing the power density at a rate much faster than that 
of Nb.205 and Si. A difference in wafer temperature be- 
tween Nb and Nb~O5 becomes larger as the power density 
is increased. Because of higher temperature and activa- 
tion energy, the Nb chemical reactivity (ER/NF) increases 
with RF power much faster than those of Nb~O5 and Si, as 
shown in Fig. 5. Since the etching rate of Nb is more sen- 
sitive to the wafer temperature than that of Nb~O5 and Si, 
controlling the temperature during etching is critical, es- 
pecially at high power density for Nb films. This may ex- 
plain why Nb etching rates sometimes exhibit  wide varia- 
tions, particularly at high power, if heat transfer is poor. 

We have shown previously (18) that the total etching 
rate in undoped Si during reactive ion etching contains 
contributions from the chemical etching mechanism as 
well as from the ion-bombardment-enhanced etching 
mechanism. Hence, etching rate due to the ion-enhanced 
etching mechanism alone can be estimated by sub- 
stracting the chemical etching component  from the total 
etch rate. Under our unloaded condition where the 
fluorine population is the same between plasma etching 
and reactive ion etching (see Fig. 4), the chemical etching 
contribution should be almost equal in the two etching 
modes (RIE and PE). Thus, we subtract the etch rate in 
plasma etching from the total etch rate during reactive 
ion etching to obtain the ion-enhanced etching contribu- 
tion. We find that, in the case of Nb, the etching rate con- 
tribution from the ion-enhanced etching mechanism is 
much smaller than that from chemical etching mecha- 
nism, especially at high power density, as shown in Fig. 4. 
Etch rates due to the ion enhanced etching mechanism 
follow the similar power law of the dc self-bias voltages 
(V) as we found in undoped polysilicon; that is 

ER, = K,V" [2] 

We estimated n = 3.1 (-+ 0.3) for Nb and n = 2.2 (+- 0.3) for 
Nb~O~ from the slope of a log (ER,) vs. log (V) plot. K, is a 
constant. Thus, during the reactive ion etching mode, the 
total etching rate for both Nb and Nb=,O~ can be expressed 
by 

ERT = KcNr exp ( -5E /kT)  + K,V" [3] 

We note that the chemical  etching component  (the first 
term in Eq. [3]) results in the isotropic etching profile, 
and the ion-enhanced etching component  (the second 
term in Eq. [3]) yields the directional etching profile par- 
allel to the direction of impinging ions. If one uses the 
same plasma parameters as those specified in Fig. 4 and 
a nonerodible mask such as aluminum film, one would 
expect  less undercutt ing in Si than in Nb. In other words, 
it is easier to produce vertical edge profiles for undoped 
poly-Si than for Nb in CFJO2 plasma because the chemi- 
cal etching component  of Nb is substantially larger than 
the ion-enhanced etching contribution, but the relative 
magnitude of those two components  is reversed in Si. 
Therefore, in order to achieve a vertical sidewall, the im- 
portant consideration is to suppress the chemical etching 
by reducing a wafer temperature as well as fluorine pop- 
ulation in plasma and to maximize the ion enhanced etch- 
ing by increasing the self-bias voltage. This general rule 
has been verified in both Nb and undoped polysilicon 

(20) and would apply to any material which can be etched 
by fluorine, unless polymerization comes into play. 

Loading effect .--The cathode loading effect has been 
reported in reactive plasma etching for many materials, 
including Nb (15) and Si (3). Figure 6 presents the Nb 
etching rates during both reactive ion etching and plasma 
etching with 42% of the cathode area loaded with Si wa- 
fers. Using optical emission and argon actinometry, we 
have shown that the fluorine atom density decreases 
upon loading Si wafers due to a consumption of fluorines 
at the wafers (18). This reduction in a number  density of 
the neutral fluorine atoms is primarily responsible for 
the decrease in etching rates due to silicon loading. The 
extent  to which the Nb etching rate decreases upon Si 
loading is much larger during reactive ion etching than 
that during plasma etching. We observed that etch rates 
during reactive ion etching are always lower than those 
during plasma etching, independent  of RF powers we 
studied. It is to be noted that, in the unloaded case, the re- 
active ion etching mode gives a higher etch rate than the 
plasma etching mode, as shown in Fig. 4. The reason for 
reversing the relative magnitude between the two etching 
modes (RIE vs. PE) upon silicon loading is simply due to 
the fact that the chemical etching predominates over the 
ion-enhanced etching in Nb. Since the fluorine atom den- 
sity is about the same between the RIE and PE modes un- 
der the unloaded condition, the chemical etching compo- 
nent without Si loading should be almost equal between 
the RIE and PE modes, independent  of RF power. Also, 
we know that the plasma potential was estimated to be 
relatively low and Nb is mostly etched through chemical 
reaction between Nb and F (19). 

When silicon wafers are loaded onto the A1 cathode, a 
fluorine density decreases in both RIE and PE modes 
but the amount of decrease is much higher during reac- 
tive ion etching (a factor of 2 to 5) than during plasma 
etching (30%). Because of a large difference in F depletion 
between the two etching modes, the chemical etching 
component  decreases during RIE more than during PE. 
Hence, the total Nb etch rate during reactive ion etching 
becomes lower than that during plasma etching, even 
though a contribution from the ion-bombardment-en- 
hanced etching mechanism certainly exists during reac- 
tive ion etching. Niobium is a typical example of the fact 
that ion-bombardment-enhanced etching does not neces- 
sarily dominate over chemical etching. 

We note that the loading effect could introduce an error 
into the activation energy for the plasma etching process. 
The activation energy was normally estimated from the 
Arrhenius plot of etching rates against wafer tempera- 
tures. Although silicon etching by fluorine radicals has 
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been studied very extensively, the reported activation en- 
ergy varies from 0.02 to 0.14 eV, depending on experimen- 
tal conditions. A lower activation energy was obtained 
upon loading silicon wafers in the etching system. One 
would expect the activation energy to be a constant for a 
given set of radicals and materials, unless the loading ef- 
fect alters chemistry of the etching process. When the 
cathode is loaded with a F consuming material, the fluo- 
rine density inside the reactor chamber could vary with 
the substrate temperature. This is expected because 
higher substrate temperature means higher etching rate, 
resulting in a smaller number  of fluorines available in the 
plasma. Since the activation energy originates from the 
chemical etching mechanism which prevails during 
plasma etching, the activation energy must  be derived 
from the plot of log (ER/N~) vs. l/T, instead of log (ER) vs. 
1/T. Figure 7 illustrates the difference between these two 
methods of estimating the activation energy. When the A1 
electrode is not loaded, the fluorine population is con- 
stant, independent  of the substrate temperature, and, con- 
sequently, there is no difference whether ER or ER/N~ is 
used. When the cathode is loaded with Si wafers, ER/N~ 
must be used to estimate the activation energy. In Fig. 7, 
the activation energy of Nb derived from ER/NF is con- 
stant (0.22 eV), independent  of whether the system is ei- 
ther unloaded or loaded with Si. However, if ER is used, 
it becomes 0.10 eV, a factor of 2 smaller than the true 
value. Therefore, the activation energy should be esti- 
mated under no cathode loading and requires not only 
etching rates and wafer temperatures, but also accurate 
measurement  of the fluorine population. 

Film thickness dependence.--We have mentioned above 
that Nb is heated more than Nb..,O5 by the CF#O2 RF 
plasma. Furthermore, the chemical reactivity of Nb ap- 
pears to have a strong dependence on RF power (see Fig. 
5), which differs from the results we observed in undoped 
silicon (18). Since the chemical reactivities of Nb, Nb~Os, 
and Si were measured under the same plasma condition 
in the same reactor, the power dependence should be 
caused by the inherent characteristics of Nb rather than 
the chemical and physical properties of the CFJO~ 
plasma. Also, Nb etching rates in the plasma etching 
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mode are predominantly due to the chemical etching 
mechanism, which does not require energetic ion bom- 
bardments (20). 

The surface of a wafer could be heated by many differ- 
ent forms of energy present in RF plasma. The ambient 
temperature of RF glow discharge is proportional to 
power, and heat always flows from a volume of the in- 
tense glow to the surrounding walls, including the sample 
surface, by means of radiative conduction and, more ef- 
fectively, through convection current of gas particles. In a 
parallel-plate reactor, an energetic particle such as ions 
and electrons impinges on a substrate surface and dissi- 
pates the kinetic energy to a substrate, consequently heat- 
ing a wafer. Also, chemical reaction at a sample surface 
may accompany a heat release, if the reaction is exother- 
mic or if excited species of radicals are involved. All the 
heat sources described above should affect both Nb and 
Nb~O5 equally�9 Another source of heat is the RF inductive 
heating (21) due to the eddy current which is normally 
generated in a highly conductive material by the ac mag- 
netic field. Although the eddy current in a material such 
as insulator and semiconductor  is negligible, the RF di- 
electric heating (21) due to the displacement current 
might become significant in plasma etching Si and 
Nb~Os, if RF voltages were very large. Therefore, the RF 
inductive heating would play very important roles in the 
reactive etching process in RF plasma reactors, particu- 
larly in etching metal films and degenerate semiconduct- 
ors (22) at a high RF power�9 

We measured Nb etch rates in the plasma etching mode 
for three different film thicknesses. The results are 
shown in Fig. 8 as a function of RF power. At a fixed 
power, the etch rate of a thicker Nb film is always higher 
than that of a thinner film. Moreover, etch rates of a 
thicker film increases with increasing RF power much 
faster than those of a thinner film. Thus, the difference in 
etch rate among different thickness films becomes more 
substantial at a higher RF power. NF is fixed at a given 
power. The activation energy and the rate constant in Eq. 
[1] must be independent  of the film thickness. Also, our 
Nb samples were prepared at a high 10 -s torr by E-beam 
evaporation, and exhibit  the tensile stress of 0.8% - 0.9% 
and a fiber texture highly aligned along <110> direction, 
independent  of a thickness within the range used in the 
present etching study (23). The resid~ual resistance (a ratio 
of the sheet resistance at 300 K against that at 9.2 K, the 
superconductor critical temperature of Nb) is always 
higher than 5, which warranties the pur i ty"of  our Nb 
films. Hence, neither film structure nor purity plays any 
role in the thickness dependence of Nb etch rates we 
have observed. We argue that the thickness dependence 
of Nb etch rates must  arise from a difference in the tem- 
perature; that is, the thicker the film, the higher the sub- 
strate temperature is gained during RF plasma etching�9 
Note that heating by radiation, gas convection, or 
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chemisorption should be independent  of a film thick- 
ness; inductive heating is not. The eddy current flows be- 
low the surface to the effective skin depth, which de- 
pends on the electrical conductivity and electrical 
properties of the material to be etched. The depth of cur- 
rent penetration should be less than the depth of the heat- 
ing zone, because thermal conduction pulls the .heat in 
from the surface. The effective skin depth of Nb is 
roughly 50 ~m at 13.56 MHz, much larger than Nb film 
thickness (-<1 ~m) we studied. Thus, only a small portion 
of the input  power can be dissipated at the Nb film, and 
the rest would be either reflected back or penetrate 
through. In  any event, a RF power dissipation per unit  
area is approximately constant  throughout the film, be- 
cause Nb film thickness is less than 2% of the skin depth. 
We argue that the total heat quantity generated by RF dis- 
sipation per unit  area would be directly proportional to a 
film thickness, resulting in a higher film temperature in 
a thicker film. At a fixed film thickness, substrate tem- 
perature increases with power. Therefore, we regard this 
thickness dependence of Nb etch rates as a strong experi- 
mental  evidence that the RF inductive heating exists in 
metal films during RF plasma etching and this local heat- 
ing effect enhances the contribution due to the chemical 
etching mechanism. We have observed a similar behavior 
in the heavily doped n-type silicon, suggesting that the 
doping effect in reactive etching would be caused by the 
RF inductive heating (22). 

Summary 
An efficient thermal contact between a substrate and 

the substrate electrode is essential to achieve good etch- 
ing uniformity and reproducibility, especially in etching 
metal films like niobium. Reactive plasma etching of 
both Nb and Nb~O5 is contributed by chemical etching as 
well as ion-bombardment-enhanced etching, as in the 
case of silicon etching. The chemical etching mechanism 
predominates in plasma etching, but  both chemical etch- 
ing and ion-enhanced etching mechanisms are present in 
reactive ion etching. Competition between these two 
etching mechanisms determines the sidewall etch pro- 
file. The chemical reactivity of Nb exhibits a substantial 
increase proportional to RF power. This is attributed to 
the RF inductive heating due to the eddy current, which 
should be only effective in a highly conducting material 
such as metals, silicides, and heavily doped degenerate 
semiconductors. The RF inductive heating in Nb is so 
significant that Nb etching rates during plasma etching 
varies with a film thickness. The thicker the Nb film, the 
higher film temperature results from the inductive heat- 
ing, leading to a higher etch rate. 
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ABSTRACT 

The differential capacity characteristics of the MOS electrode with very thin (< 0.4 ~m) semiconductor substrate are 
studied under high measurement  frequencies. Model equations for the electric field, the differential space-charge ca- 
pacitance, and the gate voltage are derived and numerically solved. The capacitance-voltage characteristics show that 
the formation of the depletion layer is limited by the thickness of the substrate. The absence of the contribution of mi- 
nority carriers reveals the potential region corresponding to the formation of the depletion layer. The inversion and the 
depletion layers are found to coexist for a range of gate voltage values. Conclusions are drawn relative to the doping 
level, the oxide, and the substrate thickness for practical applications of the MOS electrode in electrochemical systems. 

The study of the thin film metal-insulator-semicon- 
ductor (MIS) arrangements is currently dealing with the 
fabrication of the corresponding systems and the record- 
ing of their I-V characteristics (1-6). Special attention is 
paid to the nature of the dielectric layer which is depos- 
ited with various techniques on the semiconductor base 
(5-6). 

The research work on the MIS structures has mainly 
advanced to the direction of the use of thin film metal- 
oxide-semiconductor (MOS) capacitors as variable reac- 
tors, but it has not dealt with the possibility of using such 
systems with a very thin semiconductor base (< 0.4 ~m) 
in the form of electrodes in electrochemical cells. In our 
opinion, the use of such electrodes has a considerable in- 
terest in electrochemical applications, and this is sup- 
ported by the findings of recent works on similar sys- 
tems as oxide-electrolyte and metal-oxide-electrolyte 
systems (7-8). 

A part of the research performed in our laboratory is di- 
rected towards the theoretical study of the thin-based (< 
0.4 ~m) MOS-electrolyte system undeT various conditions 
regarding the polarization, the semiconductor characteris- 
tics, and the chemical composit ion of the solution, etc. 

In a preceding publication (9), we studied the C-V char- 
acteristics of a MOS system with a p-type thin (< 0.4m) 
base, under low measurement  frequencies. However, due 
to the fact that a situation quite frequently encountered in 
practice in electrochemical applications of semiconduct- 
ors is that of medium and high frequencies, we have at- 
tempted in this work to obtain model equations for the 
space-charge density, the differential capacitance, and the 
gate voltage of a thin-based MOS structure under these 
conditions. The equations derived are numerically solved 
for a series of base thicknesses ranging from 0.1 to 0.3 ~m 
and for a set of physical simulation parameters. On the 
basis of the results obtained, we come to a series of practi- 
cal conclusions which are outlined at the end of this 
work. 

Derivation of a Model Equation for the Electric Field of 
the Very Thin-Based MOS Electrode under High 

Measurement Frequencies 
The boundary conditions for a MOS structure (Fig. 1) 

with a very thin base (x = d) regardless of whether  equi- 
l ibrium conditions are established or not are the follow- 
ing (i) the potential is a function of distance x :~  = f (x), 
(ii) at x = 0, �9 = ~x (surface potential), (iii) at x = d, �9 = 
~o ~ 0 (back-side potential). 

For reasons of convenience, a series of physical bound- 
ary conditions are also assumed. Thus, we do not account 
for the eventual existence of work function differences 
and surface states at either the front or the back surface. 

Under  high frequencies of measurement  signals, we can 
assume that the minority carriers cannot follow the varia- 

tions of the electric field, and thus they can be consid- 
ered as being practically immobile-. 

We, therefore, expect  that at potentials corresponding 
to depletion and accumulation, the majority carriers, 
which have very short equilibration times and are pre- 
dominately defining the capacitance characteristics of 
the MOS structure, will lead to capacitance values not 
differing from the low frequency case. 

At potentials corresponding to inversion, the contribu- 
tion of minority carriers practically vanishes under high 
frequencies. We assume that the dc gate bias at which 
measurements  are carried out is varied slowly enough so 
that even at high measurement  frequencies the charge 
distribution in the semiconductor can be adequately de- 
scribed by the equil ibrium analysis. Therefore, at high 
frequencies and at thermodynamic equil ibrium the ex- 
pression for the charge density of a p-type nondegenerate 
substrate takes the following form 

P = - qPb (1 -- e -~*') [1] 

where ~ '  = �9 - ~b and ~b,Pb are the bulk values of T and 
p. So, Poisson's equation take the following form 

d ~  ' p q 
. . . . .  [Pb (1 - e-~*')] [2] 
d x  2 Ese o EsEo 

where e~ and eo are the permittivities of the semiconductor 
and the free space, respectively. 

On the basis of these assumptions, the integration of 
this equation from ~o to Us and from x = 0 to x = d leads 
to the following expression for the electric field within 
the semiconductor crystal 

1 
E = ~ {[(~ + 1) (f l~ + e-~Vs) - ~] 

- [(~ + 1) (fl~o + e -z%) ]}'~ [3] 
where 

M 
(M-' + 4 ni 2) i/2 

and M = NA - ND, the difference between the acceptor 
and donor concentrations, n~ is the concentration of the 
intrinsic carriers. In Eq. [3] we also have set 
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e~eok T 
L =  a n d f l = q / k T  

q2 (M'-' + 4ni 2) ,/~ 

The  ideal  phys ica l  condi t ions  a s sumed  at e i ther  the  front  
or the  back  surface (the back  surface is a s sumed  to be  in 
con tac t  wi th  a h o m o g e n e o u s  and isotropic  m e d i u m ,  i.e., 
an e lec t ro ly te  solution) m a k e  Eq. [3] separab le  in two 
terms.  

The  first t e rm resul ts  f rom the  cont r ibu t ion  of  the sur- 
face potent ial ,  tI,~, whi le  the  second one comes  out  f rom 
the  cont r ibu t ion  of the  potent ia l  at the back  side, ~o. 

The  above  cont r ibu t ions  are p rov ided  in r educed  form 
in Eq.  [4] and [5], r espec t ive ly  

F2HF (XI~s) = [ (T + 1) (/3Vg, + e - ~ ' s )  -- 7] [4] 

Fo'-' = F"~F (~o) = [( 7 + 1) (B~o + e -~~  - 7  ] [5] 

whe re  

F ( ~ )  = f iLE  [5a] 

is the  r educed  electr ic  field. 
Thus,  f rom Eq. [3] wi th  s imple  algebra, we  can obta in  

an analyt ical  express ion  for the  space-charge  different ial  
capac i tance  of the  MOS structure.  

However ,  this equa t ion  cannot  be  used  for calcula t ion 
o f  the  capac i tance-vol tage  character is t ics  before  an equa-  
t ion descr ib ing  the  d e p e n d e n c e  of the back-s ide  potent ia l  
"~o and the gate  vol tage  is obtained.  

This  can be ach ieved  by appropr ia te ly  mod i fy ing  Pois- 
son 's  equat ion.  Thus,  s ince E = d ~ / d x  by combina t i on  of  
Eq.  [3] and [5], we  obta in  

d X  d x  
= [6] 

[ F o ' - ' + ( 7 +  1 ) ( X +  e - X ) - 7 ] ' 2  L 

where  X = fl~t'~ is the  r educed  surface potential .  
I f  Eq.  [6] is set in integral  form, it can be solved numer-  

ically since analyt ical  solut ion is imposs ib le .  
The  l imits  of  the  in tegra t ion  are 0 and d for the  sub- 

strate th ickness  x and accumula t ion  to invers ion  vol tage  
va lues  for the  r educed  potent ia l  X. 

High Frequency Space-Charge Differential Capacitance 
Using  the  re la t ion Qsc = es~oE~, we can obta in  an expres-  

s ion for the  charge  of the th in-based  dev ice  at h igh 
f requenc ies  

ES{~ 0 
Q ~ c = ~ [ F o ' - ' + ( 7 +  1 ) ( X + e  x)_711,2 [7] 

Therefore ,  s ince Csc = dQ~JdX ,  we c o m e  to a m o d e l  equa- 
t ion for the  space-charge  different ial  capac i tance  of  the  
th in  based  MOS e lec t rode  unde r  the  above  condi t ions  

Csc ~ o  F o ( d F J d X )  + ( 7 + 1) (1 - e -x) 
= f iL  [F'~ + (7 + 1) �9 (X + e -x) -7 ]  "2 [8] 

Finally,  for the  der iva t ion  of  a mode l  equa t ion  for the  
gate  vol tage  we  w o r k  as follows: the gate  vol tage  ~c  di- 
v ides  b e t w e e n  the  ox ide  layer and the  s e m i c o n d u c t o r  
base, i.e. 

~G = ~o~ + ~b~ [9] 

The  potent ia l  drop 't~b~s~ across  the  s e m i c o n d u c t o r  con- 
sists of  two terms,  one  co r respond ing  to the  surface  po- 
tent ia l  ~t,,, and the  o ther  to the  back-s ide  potent ia l  ~o, aris- 
ing  f rom the  charge  d is t r ibut ion  at the  oxide-  
s e m i c o n d u c t o r  and the s emiconduc to r  con tac t ing  homo-  
geneous  and isotropic  m e d i u m  interfaces,  respect ively .  
Thus  

"t"c = ~o~ + ~ + ~o [10] 

whe re  ~t'~ = X / B  is the  i nc remen ta l  surface potent ia l  rela- 
t ive  to the  back  side and 

=__~_x r 
Vgo = xEo f lL  o 

For  't%, it can be, s imilar i ly  to a prev ious  publ ica t ion  (9), 
shown that  since Co, = EoxEJXo,, t hen  Vgo. -~ QsJCo, = 
Qscxo• and therefore  

EsXox 
~ o x -  [F2o+ ( 7 +  1 ) ( X +  e - x ) - 7 ]  "2 

flLeo~ 

where  Cox and Xo, are the  permi t t iv i ty  and the  th ickness  of  
the  ox ide  layer, respect ively .  

Thus,  the  express ion  for the  gate  vol tage  takes  the  fol- 
lowing  fo rm 

1 { X F E~Xox 
t t ' c = - - f f  X +  L ~ + flLeox 

[Fo'-' + (7 +1) (X + e -x) - 7 ]  1~2} [ii] 

Results and Discussion 
The s imul taneous  c o m p u t e r  solut ion of  Eq. [6], [8], and 

[11] for a p- type substra te  wi th  doping  levels  equa l  to 1.50 
x 1014, 1.50 x 101% and 1.50 x 10 TM cm -3, respect ively ,  re- 
sults  in the  curves  of  space  charge  capac i tance  vs .  the  
gate  vol tage  g iven  in Fig. 2, 3, and 4. Calcula t ions  for Fig. 
2, 3, and 4 use Xox = 0.2 gin, T = 300 K, nl = 1.45 x 10 '0 
cm -3, Cox = 1.73 x 10 -2 ~F /cm 2, the  Debye  leng th  L = 3.34 
x 10 -~ cm. The numer ica l  solut ion of  Eq.  [6], af ter  it was 
set in integral  form, was pe r fo rmed  by R o m b e r g ' s  integra- 
t ion m e t h o d  (IBM p r o g r a m m i n g  Handbook ,  1974) and 
Gauss ian  quadra tu re  in tegra t ion  m e t h o d  (ICL Technica l  
Publ ica t ions ,  1974). 

Bo th  me thods  gave exac t ly  the  same set of  x vs.  Fo data 
for each va lue  of  the  base  thickness .  Those  data  sets were,  
in turn,  fed into the  c o m p u t e r  p rograms  used  for the  solu- 
t ion of  Eq.  [8] and [11], thus  yie lding Csc against  ~c  data, 
p rov ided  in Fig. 2, 3, and 4. 

I t  is seen that  for subs t ra te  th icknesses  greater  than  0.30 
~m, the  MOS s t ructure  fails into a th ick-base  device  (infi- 
ni te  substra te  thickness) ,  and therefore  for the  typical  
th icknesses  sugges ted  in the  l i terature (10), no thin-base  
behav io r  can be de tec ted  as it was also found  unde r  low 
m e a s u r e m e n t  f r equenc ies  (9).  O0: 
t5ol 

1.00 

0.50 I 

6 
% / vo,ts o 

Fig. 2. Capacitance-voltage characteristics of a MOS structure with 
p-type substrate under high measurement frequencies. Doping level M = 
1.5 x 1014 cm-3. Base thickness (~m): (a) infinite, (b) 0.30, (c) 0.25, (d) 
0.20, (e) O. 15, (f) O. 125, and (g) O. 10. 
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120 X ~ o 

1.00 

- 5.00 0.00 L~G/VOlt s 5.00 ~ 10.00 

Fig. 3. Capacitance-voltage characteristics of a MOS structure with 
p-type substrate under high measurement frequencies. Doping leveIM = 
1.5 • 101~ cm-S. Base thickness (/~m): Ca) infinite, (b) 0.30, (c) 0.25, (d) 
0.20, (e) 0.15, (f) 0.125, and (g) 0.10. 

The Csc vs. ~c curves corresponding to infinite base 
thickness in Fig. 2-4 show that the behavior of the device 
when the contribution of the minority carriers is elimin- 
ated is not typically a high frequency one. 

For the high frequency mode, it is known (11-12) that at 
voltages corresponding to inversion, the depletion region 
reaches to a limit, and therefore the capacitance becomes 
practically constant. 

Instead of that, it is seen from Fig. 2-4 that with increas- 
ing bias beyond depletion, the capacitance of the infinite 
substrate (curves labeled a) keeps decreasing. This behav- 
ior of our model device denotes that, under  increasing 
bias, the width of the depletion layer is continuously in- 
creasing. Phenomenologically, this is the case of rapidly 
changing bias voltage, i.e., of transient conditions (13-14), 
which is not our case. This behavior of our model device 
is a result of completely ignoring the contribution of mi- 
nority carriers. However, for substrate thicknesses equal 
to or less than 0.3 ~m, the device seems like switching 
from transient to high frequency response. 

In this case, the acceptor ions in the crystal are totally 
exposed, i.e., the substrate is completely depleted and 
thus the depletion layer does not increase any longer be- 
cause it is limited by the width of the substrate itself. 

A comparison between the corresponding low (9) and 
high frequency capacitance-voltage curves (Fig. 2-4) re- 
veals some differences which go further than the ex- 
pected ones. These differences include deviations be- 
tween the low and high frequency curves at the potential 
range from accumulation to depletion. At this potential 
range, the Csc high frequency values are somewhat lower 
than the low frequency ones, which were expected to 
practically coincide. Deviations are also observed at the 
potentials where the low frequency curves reach to a min- 
imum. At this point, the high frequency curves keep de- 
creasing down to a min imum value attained at large posi- 

1.50 

1"550 20 h0 60 80 
1.~lG/VOlt s E:~ 

Fig. 4. Capacitance-voltage characteristics of a MOS structure with 
p-type substrate under high measurement frequencies. Doping level M = 
1.5 x 10 ~8 cm-S. Base thickness (/~m): Ca) infinite, (b) 0.30, (c) 0.25, (d) 
0.20, (e) 0.15. 

tive potentials. The above deviations are made more clear 
through the plot of Fig. 5. In this figure, we provide the 
relative variation of the reduced quantities Fo and X. The 
corresponding curves of Fig. 5 follow the same variation 
pattern. However, differences appear in what concerns 
the limiting values attained at inversion potentials and 
also the setting on potential of these limiting values. 

Although, generally it is not quite reasonable to attach a 
physical interpretation to the behavior of a system when 
it is studied by means of model equations, the deviations 
observed call for such an interpretation. 

Our opinion is that the deviations from the expected be- 
havior pattern can be generally ascribed to the conditions 
assumed which imply the immobility of the minority car- 
riers (17-18). However, under  low measurement  frequen- 
cies, the mobile minority carriers produce a series of 
screening effects. 

For a p-type material at the potential region where the 
depletion layer is formed (small positive potentials), small 
amounts  of electrons may be attracted to the surface. The 
electrons start to build up the inversion layer although 
the depletion layer is still developing. At these potentials 
when the contribution of electrons is ignored, deviations 
are produced between the low and high frequency curves. 

For the interpretation of the continuous decrease of the 
nonequil ibr ium C~c values beyond the min imum of the 
equil ibrium curves--which formally is considered as the 
marking point (15-16) of the integration of the depletion 
layer--we Have to recourse again to the role played by the 
minority carriers. 

The continuous decrease of the Csc values reveals that 
the depletion layer continues its development even at po- 
tentials corresponding to inversion. 

This development for the very thin-based MOS elec- 
trode is limited by the physical dimensions of the 
substrate. 

The above situation is also displayed in Fig. 5, where it 
is seen that (Fo)Lj~ <(Fo)Hr and that the potentials at which 
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Fig. 5. Variation of the reduced back-side field against the reduced 
surface potential for a thin-based MOS structure. Doping levels: ( - - . - - )  
1.5 • 1014, ( ) 1.5 • 10 '~, (---) 1.5 • 10 TM cm -3. Capital letters 
represent low measurement frequencies. Base thicknesses (/~m) for I: 
(a ,  A,) 0.15, (bl, B,) 0.20, (q, C,) 0.25, and (di, D1) 0.30. Base thick- 
nesses (~m) for I1: (o2, A2) 0.10, (b~, B2) 0.125, (c~, C~) 0.15, (d2, D2) 
0.20, (E~) 0.25, and (F~) 0.3. Base thicknesses (~m) for II1: (A3) 0.15, 
(B3) 0.20. 
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the limiting value is reached, are always higher for high 
frequency than for low frequency curves. 

The differences of the back-side field can be also seen 
from the point of view of the charge distribution under  
the inversion conditions given in Fig. 6. 

Thus, the relation (Fo)L~ <(Fo)sr can be attributed to the 
assumption that the inversion layer is not formed under 
high frequencies. Under these .conditions in the expres- 
sion for the total charge within the MOS structure 

Q~ = Qn -qNAd + Qp 

Q6 Qp 

.4---d ~ 

QG l ~ n  QP 

i 
Fig. 6. Schematic representation of the charge distribution within the 

MOS structure under low (o) and high measurement (b) frequencies. 
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CG/vo,t  
Fig. 7. The width of the depletion layer against the gate voltage. 

Doping levels: ([B) 1.5 • 1014, (Q) 1.5 • 10 '~, (A) 1.5 • 10 's cm -3. 
Points (D) and (Q) correspond to the upper division and points (A) to the 
lower division of ~c  axis. 

the term Qn, which represents the charge of the inversion 
layer, vanishes. 

Therefore, since Qp (the positive charge accumulated at 
the back side under  positive gate voltage) has a sign dif- 
ferent than Qn, Qs increases under  high measurement  fre- 
quencies, thus leading to greater values of reduced back- 
side field. 

The turning points of the curves of Fig. 5 denote the 
completion of the formation of the depletion layer. There- 
fore, the potentials corresponding to these points are the 
potentials at which the substrate is totally depleted. In 
Fig_ 7, we provide the variation of these potentials against 
the corresponding base thickness. It is seen that the pat- 
tern of this variation is linear, which is typical (11) for the 
variation of the depletion layer width against the electri- 
cal variables of the system. It can be, therefore, concluded 
that the formation of the depletion and inversion layers 
seem to be to some extent a simultaneous process. 

The immobility of the minority carriers reveals the lim- 
its of the development of the depletion layer. However~ 
those limits must  be applicable only in the transient case. 
Under equilibrium or quasi-equilibrium conditions, the 
formation of a strong inversion layer acts as a shield, pre- 
vent ing the further development of the depletion layer. 

Summary 
The work made up to this point has revealed the follow- 

ing practical conclusions relative to the use of the MOS 
electrode in electrochemical works (20-21). 

1. The doping levels must  be kept low or intermediate 
levels because otherwise the potential variation will over- 
ride the limits of interfacial impedance studies. 

2. The oxide thickness must  be of the order of 0.2 ~m, 
because such a thickness insures good insulating proper- 
ties and also prevents the contribution of Cox to the total 
capacity to become excessive. 

3. The substrate thickness used must  lie between 0.2 
and 0.3 ~m because thinner  substrates will produce back- 
side potentials inappropriate for interfacial impedance 
studies, while for base thicknesses greater than 0.3 ~m, a 
typical thick-base behavior is obtained. 

Manuscript submitted Dec. 14, 1983; revised manu- 
script received May 5,1984. 

The University of  Thessaloniki assisted in meeting the 
publication costs of  this article. 
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On the Effect of Impurities on the Photovoltaic Behavior of Solar- 
Grade Silicon 

I. The Role of Boron and Phosphorous Primary Impurities in p-type Single-Crystal Silicon 

S. Pizzini* 
Department of Physical Chemistry and Electrochemistry, University of Milan, Milano, Italy 

C. Calligarich 
HELIOSIL S.p A., Milano, ltaly 

ABSTRACT 

The electrical and photovoltaic properties of partially compensated p-type silicon samples have been investigated in 
order to understand the influence of the contemporaneous presence of donors and acceptors on the behavior of major- 
ity and minority carriers. It has been shown that the majority carrier properties are only slightly influenced by the pres- 
ence of donors in p-type samples and that the minority carrier properties depend on the excess acceptor concentration 
up to an excess donor concentration close to 5 x i0 ~ at./cm 3. A theoretical explanation of these features has been pro- 
posed, on the base of the Shockley-Read-Hall model of recombination at shallow traps and donor-acceptor pairs forma- 
tion. 

The need for a material considerably cheaper than the 
conventional electronic-grade silicon for terrestrial photo- 
voltaic cells fabrication is still a mandatory issue, in spite 
of the substantial improvements recently achieved with 
the advanced Siemens processes (1). As it is consistently 
demonstrated that the balance of systems costs is heavily 
leveraged by cell efficiency, it appears, however, that a 
compromise between material cost and conversion 
efficiency must be pursued. This is particularly impor- 
tant  in  the case of MG silicon feedstocks, where the cas- 
cade process for impurity removal introduce additional 
costs in the material preparation route, which increase in 
a nonlinear fashion with the degree of upgrading 
required. 

A considerable amount  of knowledge on the effect of 
deep level impurities on the structural, electrical, and 
photovoltaic behavior of single-crystal silicon has been al- 
ready obtained in the course of extensive investigation 
carried out at Dow Corning, Westinghouse, and Monsanto 
(2-3). 

Less attention has been paid, however, to the behavior 
of electrically active impurities, such as boron and phos- 
phorus, although the knowledge of their threshold con- 
centration as single impurities or on the amount  of tolera- 
ble compensation is of primary importance for the 
development of solar silicon as they represent, together 
with carbon, the least easily removable impurities from a 
MG silicon feedstock (1, 4, 5). 

* Electrochemical Society Active Member. 

To the scope of providing the necessary information on 
this regard, systematic work has been carried out on 
p-type, n-type and p-type compensated samples, which 
concerned the preparation and the complete electrical 
characterization of the samples. 

The results of this investigation are reported and dis- 
cussed in this paper. 

Experimental 
Crystal growth, structural, and chemical characteriza- 

tion.--B-doped, p-doped, and partially compensated 
p-type <111> silicon ingots were grown using a Czochral- 
ski furnace. The charge consisted of 700g of EG 
polycrystalline silicon having a boron content less than 
0.14 ppba and a donors content less than 0.35 ppba. 

Boron doping was carried out using standard boron sili- 
con alloys for samples which should contain less than 101~ 
at./cm 3 or metallic boron for heavier doped samples. 
Phosphorous doping was carried out using standard 
phosphorous silicon alloys. 

All the materials employed were furnished by Dynamit 
Nobel Silicon. 

After completion of the growth (70% of the charge 
weight), the ingots were slowly cooled directly in the fur- 
nace chamber, and no luther heat-treatment was there- 
after applied. 

The silicon ingots, after being sliced, were submitted to 
a complete chemical, structural, and electrical characteri- 
zation. 
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Table I. Oxygen and carbon content as determined by 
IR spectroscopy in different reference samples 

Sample no. 

Oxygen (at./cm ~) Carbon (at./cm ~) 
Seed end Seed end Seed end Seed end 

slices slices slices slices 

8 1.6 • 1018 1.0 • 10 's 0.7 • 10 '~ 1.9 • 101~ 
9 - -  0.6 • 10 's - -  1.4 • I0 '~ 

i0 1.6 • 10 '8 0.9 • i0 's 0.8 • I0 '~ 2.6 • 1017 
i i  1.4 • I0 's 1.0 • I0 '8 -0.7 x I0 '~ - -  
12 1.7 • I0 TM 0.7 • 10 's 1.3 • 10 '~ 3.8 • 10 '7 
13 1.7 • 10 '8 0.8 • I0 's 0.8 • I0 ' '  1.9 x 10 '7 
15 1.2 • i0 TM 0.9 • I0 's 0.5 • 10 '~ 1.3 • I0 '; 

F T I R  s p e c t r o s c o p y  was  u s e d  for d e t e r m i n i n g  t he  in ter -  
s t i t ia l  o x y g e n  a n d  s u b s t i t u t i o n a l  c a r b o n  con t en t .  

S p a r k  sou rce  m a s s  s p e c t r o m e t r y  ha s  b e e n  u s e d  for t he  
d e t e r m i n a t i o n  of  P con ten t ,  a n d  n e u t r o n  a c t i v a t i o n  analy-  
sis was  u s e d  for  m e a s u r i n g  t he  c o n t e n t  of i m p u r i t i e s  no t  
i n t e n t i o n a l l y  a d d e d  b u t  r e s u l t i n g  f r o m  p r oces s  c o n t a m i n -  
a t ion .  

Resu l t s  of  c h e m i c a l  cha r ac t e r i z a t i on  are  r e p o r t e d  in  
Tab le s  I a n d  II, w h i c h  s h o w  t h a t  the  a s -g rown  crys ta l s  
p r e s e n t  o x y g e n  a n d  c a r b o n  levels  l a rge ly  c o m p a r a b l e  
w i t h  t h o s e  of c o m m e r c i a l l y  ava i l ab le  CZ si l icon,  wh i l e  
t h o s e  of  s o m e  deep  level  impur i t i e s ,  n o t a b l y  i ron  and  
n ickel ,  are  l a rger  b y  a b o u t  one  o rde r  of  m a g n i t u d e  t h a n  
t he  c o r r e s p o n d i n g  q u a n t i t i e s  of  c o m m e r c i a l l y  ava i l ab le  
E G  C Z - g r o w n  sil icon.  

D i s loca t ion  d e n s i t y  was  sys t ema t i ca l ly  c h e c k e d  u s i n g  
s t a n d a r d  e t c h i n g  p r o c e d u r e s ,  wh i l e  o the r  s t r u c t u r a l  im- 
pe r f ec t i ons  were  spo t -wise  d e t e r m i n e d  by  T E M  a n d  x-ray 
t o p o g r a p h y .  

S a m p l e s  were  genera l ly  d i s loca t ion  free; on ly  on  t he  
m o s t  heav i ly  c o m p e n s a t e d  s a m p l e s  d i s loca t ion  loops  a n d  
local ly  s t r e s sed  la t t ice  r eg ions  were  occas iona l ly  o b s e r v e d  
on  t h e  t ag -end  slices. 

T h e  rad ia l  d i s t r i b u t i o n  of  t he  d o p a n t s  was  i n v e s t i g a t e d  
u s i n g  a co l l inea r  fou r -po in t  p robe .  

The  d o p a n t s  we re  f o u n d  to be  h o m o g e n o u s l y  d is t r ib-  
u t e d  w i t h i n  e a c h  s ing le  slice, b e i n g  t h e  res i s t iv i ty  f luctu-  
a t i on  of  t he  o rde r  of  -+ 20%, at  t he  mos t ,  for  t he  m o r e  
heav i ly  c o m p e n s a t e d  samples .  

E l e c t r i c a l  c h a r a c t e r i z a t i o n . - - H a l l  effect  m e a s u r e m e n t s  
at  9 k G  m a g n e t i c  field s t r e n g t h  we re  ca r r ied  ou t  o n  all 
t h e  s a m p l e s  in  o rde r  to  d e t e r m i n e  t h e  Hal l  m o b i l i t y  ~H 
a n d  t he  ac tua l  donors ,  accep to r s ,  or exces s  a c c e p t o r s  con-  
c e n t r a t i o n  ND, NA, or (NA -- N,). 

F o r  p - type  c o m p e n s a t e d  samples ,  we  a p p l i e d  t h e  ex- 
p r e s s i o n  of the  Hal l  coef f ic ient  for  s e m i c o n d u c t o r s  hav-  
ing  m u l t i p l e  e n e r g y  m i n i m a  in  the  c o n d u c t i o n  b a n d  (6) 
w h i c h  cou ld  be  w r i t t e n  

Table II. Residual impurity in reference ingots 

Element Atomic fraction at./cm 3 

Ag 2.6 • 10 -I '  1.3 • i0 '2 
Au 1 • 10 -12 5 • i0 '~ 
Co 6.7 • 10 -'2 3.3 • 10" 
Cr 2.3 • I 0 - "  1.1 • I0'=' 
Fe 2 • i0 -9 1 • I0 '4 
Hf I • 1O -I~ 5 • i0 '~ 
La" 2 • I0 -'2 1 • 10 I' 
Mo 6 • 10 -'2 3 x i0"  
Ni 2 x i0 -9 1 x I0 '4 
Pt 2 • i 0 - "  1 • i0 '~ 
Sb 4 • 10 -9 2 • I0 '4 
V 3 • i0 -'2 1.5 x I0 '1 
Zn 9 • 10-" 4.5 • I0"-' 
Zr 1 • I0 0 5 • 10 '3 

w h e r e  
~LH,e ~s 

r e =  , T h  = 

/Ld,e ~s 

/zH, ~ a n d  /~d,~ are  t he  Hal l  a n d  dr i f t  mob i l i t y  for  e lec t rons ,  
~ , p  a n d  ~d,p the  Hal l  and  dr i f t  mob i l i t i e s  for  holes ,  a n d  

b = ~d,~ t he  dr i f t  m o b i l i t y  ra t io  a n d  w h i c h  r e d u c e s  to  
]Ld,p 

1 1 
RH - [2] 

e p - n  

at h i g h  magne t i c  field s t reng th ,  t hus  p e r m i t t i n g  t he  deter-  
m i n a t i o n  of  the  excess  accep to r  c o n c e n t r a t i o n  (NA -- ND) 
and,  t hen ,  t he  Hal l  m o b i l i t y  t~H = R~cr, w h e r e  (r is t he  mea-  
s u r e d  e lec t r ica l  conduc t iv i ty .  

T a b l e s  I I I  a n d  IV  r e p o r t  t h e  m o s t  r e l e v a n t  e l ec t r i ca l  
p a r a m e t e r s  of  t he  r e f e r e n c e  b o r o n  d o p e d  a n d  p h o s p h o -  
r o u s  d o p e d  s a m p l e s ,  w h i l e  T a b l e  V repor t s ,  t h e  cor re-  
s p o n d i n g  da t a  for  p - t y p e  c o m p e n s a t e d  s a m p l e s .  

I n s t e a d  of  t h e  Ha l l  coe f f i c i en t  R~, t h e  Ha l l  r e s i s t i v i t y  

RH 
PH-- 

UH 

is r e p o r t e d  t h r o u g h o u t .  

F r o m  T a b l e s  I l l  a n d  IV, one  c a n  r e m a r k  t h a t  t h e  ac- 

c e p t o r  a n d  d o n o r  c o n c e n t r a t i o n s ,  as  d e t e r m i n e d  b y  Hall-  

e f fec t  m e a s u r e m e n t s ,  c lose ly  c o r r e s p o n d  to  t h o s e  

c a l c u l a t e d  f r o m  t h e  k n o w n  ]3 a n d  P add i t i ons  to  t h e  m e l t  

a n d  e f fec t ive  s e g r e g a t i o n  coeff ic ients  t a k e n  e q u a l  to 0.9 
a n d  0.46, r e spec t i ve ly .  

F r o m  Fig. I,  one  cou ld  r e m a r k  t h a t  t he  Hal l  mob i l i t i e s  

for  e l e c t r o n s  a n d  ho l e s  in  n - t y p e  a n d  p - t y p e  s a m p l e s  

s ign i f i can t ly  c o m p a r e  w i t h  t he  v a l u e s  of  the  c o r r e s p o n d -  

ing  dr i f t  mob i l i t i e s  c a l c u l a t e d  a c c o r d i n g  t h e  C a u g h l y  a n d  

T h o m a s  re la t ion  (7) 

RH -- 1 reb2n - rhp [1] t~ -- t~m~ -- ~m~, + tZm~n [3] 
e ( b n  + p)2 1 + (N/No) ~ 

Table III. Summary of Hall measurements on p-type samples 

Boron conc. (added) Boron conc. (target) N~ (Hall) pHall t~.a,, 
Sample no. at./cm 8 at./cm 3 at./cm 3 ~ cm cm 2 V - '  s -1 

41 2.4 • i0 TM 2.16 • 10 TM 2.4 x 10 TM 0.74 344 
46 3.2 • I0'" 4.30 x i0'" 4.8 • 10 TM 0.42 312 
47 7 • I0 '~ 6.30 • 10 TM 1.3 • 10 '7 0.19 261 
48 1.7 • 10 '~ 1.50 • 10 TM 2.1 • 10 '7 0.12 238 
49 3.8 • 10 '7 3.40 • i0 TM 3.1 • 10 '~ 0.09 217 

Table IV. Summary of Hall measurements on n-type samples 

Phosphorous conc. (added) Phosphorous conc. (target) NA (Hall) phi,, t~H~,~ 
Sample no. at./cm 3 at./cm 3 at./cm 3 1~ cm cm V- '  s - '  

34 7.3 • 10 '5 3.40 x 10 '8 3.4 • 10 '5 1.04 1745 
22 9.2 • 10 '~ 4.20 • 1015 4 x 10 '5 0.80 1670 
32 6.9 x i0 TM 3.10 x 10 TM 3.3 • I0 '~ 0.16 1210 
31 1 • I0 Is 4.60 • 10 '7 2.3 • 10 '7 0.04 655 
24 2 • i0 's 1.38 x 10 TM 8 • 10 '7 0.02 370 
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Table V. Summary of Hall and diffusion length measurements on compensated, p-type samples 

Phosphorous conc. Phosphorous cone. 
Sample Boron cone. (added) (added) (SSMS) NA -- ND (Hall) PHa,I PbHall LD r* 

no. at/em ~ at/em 3 at]em 3 at/em 3 D em em 2 V - '  s - '  ~m ~s 

41 2.1 x 10 TM - -  - -  2.40 x 10 TM 0.74 344 78 2.4 
43 4.5 x i0 TM 1.9 x 10 I~ 3.5 x i0 TM 3.10 x I0'" 0.69 288 71 2.1 
38 7 x i0 '6 6.9 x i0 '" 2.6 x 10 TM 1.03 x 10'" 2.4 251 77 2.08 
44 1.7 x IO '7 3 x I0 '7 3.5 x 10 '4 6.7 x 10'" 0.49 190 35 0.6 
45 3.8 x I0 '7 10.5 x i0 '7 8 x i0 TM 4.8 • I0'" 1.25 105 31 0.45 
50 8 x 10 '4 8 x 1014 4.5 x 10 TM 3.5 x 10 TM 1.02 240 55 1.2 

* From calculated values of D and experimental values of  Lb. 

u s i n g  the  fo l lowing  f igures  for  t he  c o n s t a n t s  

No 
/~m~x(cm-"V-'s-') /~min a at . /cm 3 

ho les  495 47.7 0.76 6.3 • 10 ~6 
e l ec t ron  1330 65 0.72 8.5 • 10 ~6 

be ing ,  howeve r ,  t he  Hal l  mob i l i t i e s  for  e l ec t rons  syste-  
ma t i ca l ly  s l ight ly  in  e x c e s s  ove r  t he i r  dr i f t  mobi l i t ies .  
This  d i s c r e p a n c y  cou ld  b e  exp la ined ,  as r e m a r k e d  ear l ier  
by  M o u s t y  et al. (8), b y  c o n s i d e r i n g  t h a t  t he  I r v i n  cu rves  
(9) d i sp l ay ing  t he  res i s t iv i ty  vs. d o p a n t  c o n c e n t r a t i o n  
r e l a t i o n s h i p s  for n - type  s i l icon ( f rom w h i c h  also t he  
Caugh ly  a n d  T h o m a s  r e l a t i on  is ob ta ined)  are  in t e rpo la -  
t i on  of  da ta  r e f e r r i ng  to d i f f e ren t  donors ,  a n d  tha t ,  a t  a 
g iven  i m p u r i t y  c o n c e n t r a t i o n ,  t he  mob i l i t y  is s o m e w h a t  
h i g h e r  in  t he  case  of  p h o s p h o r o u s  dop ing .  

As  for  the  Hal l  mob i l i t i e s  of  c o m p e n s a t e d  samples ,  t hey  
fit i n s t e a d  qu i t e  wel l  t he  Caugh ly  a n d  T h o m a s  ones ,  
w h e n  p lo t t ed  as a f u n c t i o n  of  the  sole accep to r s  c o n t e n t  
u p  to a b o u t  2 �9 10 '7 a t . /cm 3 t h u s  i n d i c a t i n g  t h a t  t he  major -  
i ty car r ie rs '  mob i l i t y  does  no t  d e p e n d  ve ry  m u c h  on  t he  
c o m p e n s a t i o n .  

Di f fus ion  l e n g t h  (LD) m e a s u r e m e n t s  of  t he  m i n o r i t y  car- 
r iers  were  also sy s t em a t i ca l l y  ca r r i ed  ou t  on  p - type  com- 
p e n s a t e d  s amp le s  (see Tab le  V), u s i n g  t h e  sur face  pho to -  
vo l tage  m e t h o d ,  in  o rde r  to  s t u d y  t he  r e l a t i o n s h i p s  
b e t w e e n  the  d i f fus ion  l e n g t h  of  e l ec t rons  a n d  t he  deg ree  
of  c o m p e n s a t i o n .  

I t  is o b s e r v e d  in Fig. 2 t h a t  the  e x p e r i m e n t a l  LD va lues  
r e a s o n a b l y  fit t h e  ca l cu la t ed  values ,  i f  one  ca lcu la tes  t he  
LD v a l u e  as ~nX/~--n-n-n-n-n-n-n~, b y  a s s u m i n g  t h a t  LD is f u n c t i o n  of t he  
e x c e s s  accep to r s  c o n c e n t r a t i o n  (NA - ND, t h a t  t he  minor -  
i ty ca r r i e r  d i f fus ion  c o n s t a n t  

k 
D, = - - / z  n [4] 

e 

cou ld  b e  ca lcu la ted  v ia  the  C a u g h l y - T h o m a s  e q u a t i o n  (1) 
for  t he  mob i l i t y  of e l ec t rons  w h i c h  was  a l r eady  s h o w n  to 

Fig. 1. Hall mobility of the majority 
carriers in n- and p-type samples. 
O: n-type samples. �9 p-type 
samples. []: compensated, p-type 
samples. Solid lines display the 
calculated dependence of the drift 
mobility. 

q -  
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1016 

give  a good  fit of  t he  e x p e r i m e n t a l  da ta  for  b o t h  p- a n d  
n - type  samples ,  b y  u s i n g  t he  excess  accep to r  concen t r a -  
t ion  as a m e a s u r e  of  t he  n u m b e r  of  s c a t t e r i n g  cen te r s  a n d  
d e t e r m i n i n g  t he  l i f e t ime  r .  of  the  e l ec t rons  via  t he  
F o s s u m  (10) e q u a t i o n  

T n o  

T n = 

(NA -- ND 
1 +  

6N~ 

[5] 

w h e n  u s i n g  for  t h e  va lues  of  t he  c o n s t a n t s  t he  s a m e  va lue  
of  N~ = 7.7 • 10 ~5 a t . /cm 3 u s e d  in  Ref. (8) a n d  a v a l u e  Of Tno 
= 0.85 • 10-SS, w h i c h  is a fac to r  of  two lower  t h a n  t h a t  
u s e d  by  Fos sum.  

A s l ight ly  worse ,  a l t h o u g h  sti l l  sa t i s fac tory ,  f i t t ing w i t h  
t he  F o s s u m  e q u a t i o n  is o b s e r v e d  w h e n  i n s t e a d  of  t he  LD 
va lues  one  d i sp lays  in  Fig. 3, d i rec t ly  t he  m i n o r i t y  car r ie rs  
l i fe t ime  r, d e t e r m i n e d  f rom the  e x p e r i m e n t a l  va lues  of  L,} 
a n d  the  ca lcu la ted  va lues  of  D. a c c o r d i n g  to Eq. [4]. 

S o l a r  cell f a b r i c a t i o n  a n d  charac t e r i za t i on . - -1  x 1 cm'-' 
d i f fuse  j u n c t i o n  solar  cells were  f ab r i ca t ed  by  conven-  
t iona l  o p e n - t u b e  p h o s p h o r o u s  d i f fus ion  at  900~ for  7 ra in  
u s i n g  POC13 as t he  p h o s p h o r o u s  source .  The  o h m i c  f ron t  
gr id  co l lec tor  was  f o r m e d  u s i n g  p h o t o l i t h o g r a p h i c a l l y  
e t c h e d  v a c u u m - d e p o s i t e d  Ti/Ag contac t ,  wh i l e  A1 was  
u s e d  for  the  b a c k  o h m i c  contac t .  

A n  8000 n m  th ick ,  s ing le  SiO layer  was  u s e d  as t h e  AR 
coat ing.  

R e f e r e n c e  cells  for  base - l ine  d e t e r m i n a t i o n  were  pre-  
p a r e d  u s i n g  sl ices cu t  f rom a 2.4 x 10 ~{~ a t . /cm 3 B - d o p e d  in- 
got, h a v i n g  a n  LD va lue  m a j o r  t h a n  150 ~m,  w h i c h  re- 
su l t ed  to be  15% eff ic ient  u s i n g  a w a t e r  f i l tered 100 
m W / c m  2 t u n g s t e n - h a l o g e n  lamp.  

The  p h o t o v o l t a i c  cha rac t e r i s t i c s  of  the  p - type  c o m p e n -  
sa ted  samples ,  m e a s u r e d  u n d e r  t he  s a m e  i l l u m i n a t i o n  
cond i t ions ,  as wel l  as t he  b a s e - m i n o r i t y  ca r r i e r  d i f fus ion  
l e n g t h s  a n d  l i fe t ime  m e a s u r e d  on  t he  c o m p l e t e d  cells, are 
r e p o r t e d  in  Tab le  VI. 

. . . . . . . .  l o l ,  . . . . . . . .  lo18 
No,N A (at/cc) 
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Fig. 2. Experimental and calcu- 
lated (solid line) dependence of the 
diffusion length on the excess ac- 
captor concentration in p-type 
compensated samples. 

One  cou ld  r e m a r k  tha t ,  appa ren t ly ,  on ly  ~the s a m p l e s  44 
a n d  45 c o n t a i n i n g  b o r o n  a n d  p h o s p h o r o u s  in  e x c e s s  of  
10 I7 a t . /cm 3 s h o w  a s ign i f ican t  dec rea se  of t he  n o r m a l i z e d  
ef f ic iency  ~?/%, w h i c h  is a c c o m p a i n e d  b y  a small ,  b u t  
s ign i f i can t  dec rea se  of  the  d i f fus ion  l e n g t h  a n d  l i fe t ime  
v a l u e s  of  t he  m i n o r i t y  carr iers ,  w i t h  r e s pec t  to t h o s e  of  
t h e  u n p r o c e s s e d  s l ices  (see Tab le  V). 

F i g u r e  4, w h i c h  d i sp lays  t he  exces s  a c c e p t o r s  concen -  
t r a t i o n  d e p e n d e n c e  of  t he  n o r m a l i z e d  eff iciency,  s h o w s  
t h a t  a t h r e s h o l d  ex i s t s  a r o u n d  (NA -- ND) va lues  close to 
5.5 x 1015 at . /cm 3. 

Discussion 
I t  is wel l  k n o w n  f rom t he  l i t e ra tu re  (11) t h a t  t he  minor -  

i ty ca r r i e r  l i f e t imes  in  p - type  a n d  in n - type  s a m p l e s  is 
s u p p o s e d  to b e  l imi t ed  b y  a Shock ley -Read -Ha l l - t ype  
m e c h a n i s m  (12) at  d o p a n t  c o n c e n t r a t i o n  l ower  t h a n  2 x 
10 is a t . /cm 3, wh i l e  A u g e r  r e c o m b i n a t i o n  d o m i n a t e s  t h e i r  
b e h a v i o r  at  h i g h e r  c o n c e n t r a t i o n s .  F r o m  t h e  ca l cu la t ed  
c a p t u r e  sec t ions  of  t r a p s  c o n s t i t u t e d  b y  sha l low d o n o r s  or 
a c c e p t o r s  is also k n o w n  t h a t  t h e  d o m i n a n t  m e c h a n i s m  of  
ca r r i e r  t r a p p i n g  in to  s ha l l ow  i m p u r i t y  s ta tes  is by  p h o n o n  
e m i s s i o n  (12-14). I t  is, even tua l ly ,  also k n o w n  t h a t  on  
p - type  ba se  cells t h e  e f f ic iency  is p rac t ica l ly  i n d e p e n d e n t  
of  the  accep to r  c o n c e n t r a t i o n  u p  to = 5 x 10 TM at . /cm 3 
( l p p m a )  (15) in  good  a g r e e m e n t  w i t h  ear l ie r  f ind ings  
(16). 

F r o m  the  r e su l t s  of  th i s  p r e s e n t  inves t iga t ion ,  i t  a p p e a r s  
t h a t  t h e  r e c o m b i n a t i o n  m e c h a n i s m  a n d  the  p h o t o v o l t a l c  
p r o p e r t i e s  t h e r e a f t e r  are  no t  s ign i f ican t ly  a f fec ted  by  t he  
c o n t e m p o r a n e o u s  p r e s e n c e  of accep to r s  a n d  donors ,  pro- 
v i d e d  t he  exces s  a c c e p t o r  c o n c e n t r a t i o n  is l ower  t h a n  = 5 
• 1015 a t . /cm 3 w h i c h  is a f igure  ve ry  close to t h e  t h r e s h o l d  
b o r o n  c o n c e n t r a t i o n  t o l e r a t e d  in  p - type  samples .  

F u r t h e r m o r e ,  i t  h a s  b e e n  d e m o n s t r a t e d  t h a t  t he  minor -  
i ty  ca r r i e r  p r o p e r t i e s  do d e p e n d  on ly  o n  t he  e x c e s s  ac- 

Table VI. Summary of photovoltaic parameters of solar cells prepared 
with compensated, p-type samples 

LD Jse Voc 
Sample (~m) T* (~s) (mA/cm 2) (mV) FF V (%) ~/% 

41 83 2.7 33.9 590 0.75 15 1 
43 94 3.6 34.6 595 0.75 15.5 1.03 
38 77 2.1 33.9 585 0.75 14.9 99.3 
44 22 0.25 26.6 585 0.71 11.1 74 
45 13 0.21 22.9 511 0.74 9.7 64 
56 60 1.3 32.1 585 0.75 14.6 97 

* From experimental values of LD and calculated D. 

c e p t o r  c o n c e n t r a t i o n s  N = NA - ND (see Fig. 2 a n d  3) a n d  
t h a t  t h e i r  l i fe t ime  d e p e n d e n c e  on  t he  t r aps  c o n c e n t r a t i o n  
is wel l  d e s c r i b e d  by  t h e  F o s s u m  equa t ion ,  u s i n g  as t he  
t r aps  c o n c e n t r a t i o n  t h a t  of  t he  exces s  accep tors .  

T h e s e  e x p e r i m e n t a l  r e su l t s  cou ld  b e  wel l  u n d e r s t o o d  
w h e n  c o n s i d e r i n g  t he  fol lowing.  

. . . . .  , , i  , , , , , , , , i  , ~ i , , , , ,  

1 0  

1 

i i i i I I , I  , J , , ,  , , ,  I ~ I I I l l  

1 0 1 5  1 0 1 6  1 0 1 7  1 0 1 8  

N A - N  D ( a t / c c ~  

Fig. 3. Experimental and calculated (solid line) dependence of the life- 
time on the excess acceptor concentration in p-type compensated 
samples. 
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Fig. 4. Experimental dependence of the normalized efficiency on the ex- 
cess acceptor concentration in p-type compensated samples. 
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First, that in a compensated semiconductor for which 
NA > ND, kT > %, cA, and kT << Eq (where eD and eA are 
the energy levels of the donor and acceptor states), a con- 
centration ND of acceptors is associated in (A-D +) pairs 
(17) as ND acceptor levels are occupied by electrons from 
the ND donor levels, so that the number  of available holes 
in the valence band is 

N = N A - N D 

which is sufficiently large to recombine with electron 
trapped at the D + species in the (A-D ~) pairs before being 
reemited, which then behave like traps for minority carri- 
ers, The lifetime should then be given by Eq. 4, written as 

J. E l ec t rochem.  Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  S e p t e m b e r  1984 
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1 + ND 
N~ 

T n o  

T n  - -  _ _  

if we neglect the influence of the traps consisting of 
empty acceptor sites and recognize that a rno value dif- 
ferent from that of pure p-type semiconductors should be 
used to account for the different trap nature. 

Second, that in a sample close to being fully compen- 
sated (NA >-- ND), the concentration of holes in the valence 
band is not sufficiently large to recombine with electrons 
into the empty traps, within the donor-accepter pairs. 
Only free acceptors whose concentration is (NA - ND) 
should act as traps and 

T n o  
T n  - -  

NA - ND 
I + - -  

N~ 

We can therefore conclude that in p-type compensated 
samples and in the 10'6-10 '7 at./cm 3 range of both accept- 
ors and donors it is the excess acceptor concentration 
which dominates the recombination mechanism while 
ionized donors in the pair behave like electrically inactive 
species. 

A threshold for photovoltaic efficiency close to 5 x 10 '6 
at./cm 3 of excess acceptors like in pure p-type samp]es 
could be therefore justified in compensated p-type 
samples, as recombination at ionized donors in donor- 
acceptor pairs seem to play a negligible role. 
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ABSTRACT 

Optical properties of thin Cr/Cr~O~ films sputtered on glass for photomask making are investigated using Auger 
spectroscopy, ellipsometry, and reflectometry techniques. The films selected for the study vary from very rich to very 
poor in oxygen. The complex indexes of refraction are derived from the ellipsometry data using metal film calculation. 
The reflectance is then calculated to compare with that directly measured. These comparisons are important in under- 
standing the film properties and their application in microlithography. The optical properties are found to be closely re- 
lated to the oxygen concentration and its profile in the film. Optical intensity profiles in the photoresist are calculated 
for various photoresist/Cr/Cr~O~ systems, yielding optimal conditions for minimizing resist line-width variations. An ex- 
per iment  is also carried out to illustrate the main points predicted by the theory. 

With integrated circuit complexity and the number  of 
circuits per chip increasing continuously, it has become 
necessary to fabricate devices with very small geometries. 
These advances in device design have imposed stringent 
requirements on photomasks used for device fabrication. 
The chromium photomasks have been used in semicon- 
ductor industry for many years, and great progress has 
been made in photomask processing (1). However, the im- 
proved reliability, defect reduction, and image-size con- 
trol depend heavily on a better understanding of the 
properties of Cr/Cr~O, thin films on glass. In the chro- 
mium thin-film preparation, oxygen is often introduced 
to alter the film complex index of refraction (thus 
reducing the reflectivity), which i s o n e  of the key param- 
eters in image-size control. The sputtered-Cr films grown 
under  different conditions present a rather complex sys- 
tem for characterization and analysis; the atomic ratio of 
Cr to O can vary drastically in the films. However, the 
surface layer has the most important implication in pho- 
tolithography. 

Auger Analysis 
In this study, three types of Cr/Cr~Oy thin films with 

oxygen content poor, medium, and rich are chosen 
(which will be referred to as type A, B, and C, respec- 
tively). These films were prepared by sputtering chro- 
mium onto borosilicate glass. Auger electron spectros- 
copy analysis was performed, and the results are 
reported in Fig. 1-3. In each figure, the peak-to-peak in- 
tensity, which is proportional to the atomic concentration 
of the elements under investigations is shown. In all Au- 
ger profiles, this is l imited to carbon, chromium, and ox- 
ygen, listed along the ordinate. Type A was prepared by 
sputtering pure chromium onto the glass substrate in a 
helium gas environment.  The film has a thickness 700s 
which roughly corresponds to 30 rain of sputtering time 
in Fig. 1. Beyond 30 rain, a film]glass interface region is 
reached, and the tail of the profile is due to the glass ma- 
terial (SiO~). It can be observed that this is quite a homo- 
geneous film with an atomic ratio of Cr to O 4:1 across 
the film. The carbon component  may be due to contami- 
nation. 

In the preparation of type B film, oxygen was pur- 
posely introduced into the sputtering chamber  such that, 
while the film was grown, oxidation took place and a 
Cr~O~ film was formed. The film thickness is about 
1250~, which roughly corresponds to 37 min of sputtering 
time in Fig. 2. Apart from the surface layer (about 30A), 
the film is relatively homogeneous with an atomic ratio 
of Cr to O 3:2. Some carbon contamination was also 
detected. 

In order to further increase the oxygen concentration 
while maintaining high optical density, type C film was 
prepared by first sputtering chromium in an environ- 
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ment similar to that of type A. Then, the oxygen content 
was increased in the chamber. As a result, a film with 
complicated profile was grown, as shown in Fig. 3. The 
film has a thickness of 1900~, which roughly corresponds 
to 50 min of sputtering time in Fig. 3. The atomic ratio 
varies tremendously across the film. The oxygen-rich 
surface layer, which itself has a complex profile, has a 
thickness of about 500A. 

Optical Properties 
The optical properties of a homogeneous, isotropic me- 

dium are completely describable in terms of index of re- 
fraction of N = n - ik ,  where the imaginary part, k, is the 
extinction coefficient. The k is due to the intensity atten- 
uation of an electromagnetic wave traversing the me- 
dium, and thus closely related to the optical density. The 
n and k are wavelength dependent.  The reflectance is de- 
termined by the complex index of refraction. The 
reflectance R is given by 

R =  [ ( l - n )  ~= k2]/[1 + n )  ~+ k 2] [1] 

At present, most 10:1 optical projection mask-making 
systems employ the near-UV region; while for wafer fab- 
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rication, medium UV or deep UV light is utilized. Thus, 
properties of photomask materials have to be investigated 
from the near-UV to the deep-UV region. 

Figure 4 shows the reflectance for the three types of 
Cr/Cr.,Oy films as a function of the wavelength. A reflec- 
tometer  with variable wavelength feature was used for 
the measurement.  It can be observed that although the 
reflectance varies from 60% for the oxygen poor to 10% 
for the oxygen rich, it remains relatively flat within the 
region of interest for all three types of films. 

The complex indexes of refraction were calculated 
from ellipsometry measurements.  The ~b and h were de- 
rived from intensity signals at prescribed conditions 
using a rotating element ellipsometer at X = 4880h (2). The 
index of refraction was calculated using a computer  pro- 
gram developed for metal  films. Table I contains the 
measured oJ and A for each film. The reflectance can be 
calculated from Eq. [1]. A comparison between the di- 
rectly measured and calculated values of these parame- 
ters offers a better understanding of the dependence of 
film properties on the oxygen concentration. Table II is a 
comparison of the calculated reflectance with that of the 
direct measurement.  In general, good agreement between 
the calculated and the measured is observed. However, as 
the oxygen concentration increases, the difference be- 
tween the two becomes larger. This may be caused by the 
fact that as the film resistivity increases, the condition 
deviates further away from the assumption of a con- 
ducting metal film. In particular, for type C, which is ex- 
tremely inhomogeneous, the surface oxygen-rich layer 
plays a dominant role in determining the surface optical 
properties such as reflectance and polarization. 

Calculat ion of Intensity Profile in Photoresists 
For an optical projection mask making system, two of 

the major lithography-relate d parameters are the achieva- 
ble image-size control and the practical resolution limit. 
Linewidth variations are principally caused by the stand- 
ing wave effects (3) in mask fabrication, since the slope or 
bulk effect (4), which is important in wafer fabrication, is 
virtually nonexistent in mask making. The standing wave 
effects are determined by the optical properties of the 

Table I. Indexes of refractioncalculated from ellipsometry data ~ and h. 
Thickness measured independently (~ = 4800~). 

Type $ • n k Thickness (A) 

A 29.12 135.18 3.47 3.83 700 
B 19.42 109.96 2.67 1.86 1250 
C 24.23 52.03 1.39 0.88 1900 

Table II. Comparison of reflectance between the direct measurement 
and calculation (%) 

Type Measured Calculated 

A 58.1 57.1 
B 34.6 40.0 
C 8.6 13.4 

Cr/Cr~Oy thin film and photoresist absorption and thick- 
ness. Like other metal thin films encountered in wafer 
fabrication, lithography-related properties of Cr films are 
characterized by the complex indexes of refraction. This 
means a significant phase change of light occurring upon 
reflection and partial reflection has to be the standing 
wave effects, along with some simplifying assumptions, is 
used to illustrate the major points. The approximation of 
a weakly absorbing resist film on a partially reflecting 
substrate with monochromatic  illumination is made. Al- 
though this is a special case, it does approximate optical 
mask making situations. In this work the wavelength of 
illumination is g = 4350~. 

The standing wave intensity in the resist film can be 
calculated using the concept of the complex amplitude 
and multiple reflection (5). The situation is illustrated in 
Fig. 5. The incident light is imaged normally into a 
weakly absorbing film of thickness d, coating a Cr/CrxOy 
film with the index of refraction N., = n.~ - ik.~. The inten- 
sity of each reflection, either from the Cr/resist or 
resist/air interface, can be expressed as 

E i = AiEo ei(~t+-ri~) [2] 

where 

k = 27r N/h 

The total standing wave amplitude is given by 
summing up all the E~'s. 

Es = ~ E~ 
i=1  

= Eotole i~t (1 + f12e2ikl (x-d)) 

where 

e- i~ lX  

~ e2idlc 1 
I - -  3 1 2 3 1 0  

fi2 = (N1 - N,~)/(N1 + N~) 

[3] 

[4] 
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Table III. Resist thickness corresponding to maximm or minimum 
standing wave envelope (in units of wavelength) 

A B C 
Max Min Max Min Max Min 

0.4315 0.5830 0.4232 0.5748 0.5300 0.6815 
0.7345 0.8860 0.7269 0.8778 0.8331 0.9846 
1.0375 1.1891 1.0293 1.1808 1.1361 1.2876 
1.3406 1.4921 1.3324 1.4839 1.4391 1.5906 
1.6436 1.7951 1.6354 1.7869 1.7421 1.8937 
1.9466 2.0981 1.9384 2.0899 2.0452 2.1967 

f,~, = (N, - 1)/(N, + 1) [5] 

to, = 2/(1 + N,) [6] 

N ,  = n ,  - i k l ,  resist  index  [7] 

N2 = n.~ - ik.~ Cr/Cr~.O, i ndex  [8] 

Only the  relat ive in tens i ty  is meaningful ,  wh ich  is g iven  
by 

Es 2 
R I  - [9] 

E0 

I t  is obvious  f rom Eq. [3] that  the ampl i t ude  of  the  
s tand ing  wave  E ( x ,  d)  is d e p e n d e n t  on th ickness  d. I t  can 
be readi ly  shown that  the  m a x i m u m  and m i n i m u m  inten- 
sity enve lopes  are given,  respect ively ,  by 

dmax = (~ + 2m~r) M 4 n l ~  [10] 

dmi, = (~ + (2m + 1) it) M4nlTr [11] 

where  ~ is the phase  change  dur ing  the  ref lect ion and m 
= 0, 1, 2 , . . . .  The  cond i t ion  k, < <  n, has been  used.  

Table  I I I  conta ins  the  first few m a x i m a  and m i n i m a  
ca lcula ted  for types  A, B, and C films canno t  de t e rmine  
these  ext rema,  in  fact, a commerc ia l ly  avai lable  mask  
b lank  has  a lmost  the  same ref lec tance  as type  B (about  
34%), bu t  has ve ry  d i f ferent  i ndex  of  refract ion (1.78 - 
i2.36). For  wave l eng th  = 4350~, the  co r re sponden t  mini-  
m u m  intens i ty  enve lope  occurs  at a th ickness  5080~ in- 
s tead of  at 5598~ as for type  B. This  shows that  the  
ref lec tance  alone cannot  de t e rmine  the  op t imal  th ickness  
for min imiz ing  the  s tand ing  wave  effects, wh ich  are cru- 
cial for the  image-s ize  control .  

The  s tanding  w a v e  intensi t ies  at th icknesses  d = 1.037~, 
and d = 1.189k are p lo t ted  for type  A in Fig. 6. These  two 
th icknesses  co r respond  to Eq. [10] and [11] for a maxi-  
m u m  and m i n i m u m ,  respect ively .  It is seen  that  for a 
h ighly  ref lect ing surface  such  as type  A, coa ted  wi th  a 
weak ly  absorb ing  film of resist,  the  film th ickness  d is a 
power fu l  var iable  in de t e rmin ing  the  in tens i ty  of  the  
s tand ing  w a v e  in the  resist  film. By choos ing  a resist  
film th ickness  co r re spond ing  to" a min imum,  bet ter  
l i newid th  control  can  be  achieved.  Thus,  for meta l  sur- 
faces, such  as A1, Pt, and Cr, resist  film th icknesses  mus t  
be careful ly  chosen.  However ,  as shown in Fig. 7, the  case 
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Fig. 7. Effect of thickness to produce maximum (d = 1.36~) and mini- 
mum (d = 1.188,~) standing wave intensity envelopes for type C. ( - - ) :  
Max. (---): Min. 

for type  C, wh ich  has m u c h  smal ler  ref lectance,  this ef- 
fect  is m u c h  less conspicuous .  It  is, therefore,  m u c h  more  
impor t an t  to reduce  film th ickness  var ia t ion  for h ighly  
ref lect ing surfaces. 

The  s t and ing  w a v e  in tens i t i e s  at d = 5800~ for types  A, 
B, and C are  p lo t t ed  in Fig. 8. This  gives- a rat io d / k  = 
1.33. This  t h i cknes s  does  no t  co r r e spond  to any  e x t r e m a  
d e t e r m i n e d  by Eq. [10] and [11]. Howeve r ,  th is  t h i cknes s  
is c h o s e n  for the  e x p e r i m e n t  later. It  is s een  tha t  the re  
a lways  ex i s t  u n d e r e x p o s e d  layers  w h i c h  c o r r e s p o n d  to 
the  nodes  in Fig. 8, and  the  h igher  the  ref lec tance ,  the  
m o r e  u n e x p o s e d  the  noda l  layers .  H o w e v e r ,  by  us ing  an 
ac t ive  deve loper ,  t he re  is l i t t le  di f f icul ty  in b r eak ing  
t h r o u g h  the  u n d e r e x p o s e d  layers  and  c lea r ing  res is t  
f rom the  res i s t - subs t ra te  in te r face  for g e o m e t r i e s  layer  
t han  1 ~m; it wil l  be  s h o w n  la ter  tha t  for s u b m i c r o n  ge- 
ome t r i e s  this  is m o r e  diff icul t  to achieve .  In  Fig. 9, the  
s t a n d i n g  w a v e  in tens i t i e s  at the  photores is t /Cr-CrxOy in- 
te r face  as a func t ion  of  f i lm th i ckness  are  p lo t ted .  S ince  
n o n e  of  the  subs t ra tes  are  pe r fec t ly  ref lect ing,  the  
phase  change  u p o n  ref lec t ion  is m u c h  less t han  7r. 
These  cause  the  first i n t ens i ty  m i n i m u m  to be  shi f ted  
f rom the  in te r face  as i l lus t ra ted  in Fig. 8, and  a f ini te  
l igh t  i n t ens i ty  appears .  It  is also clear  tha t  the  subs t ra te  
w i t h  the  h ighes t  i n d e x  of  re f rac t ion  ( type A) r ece ives  the  
smal les t  dose  at the  in ter face .  

Final ly ,  Fig. 10 shows  the  s t and ing  w a v e  in tens i t i e s  at 
the  t h i cknes s  c o r r e s p o n d i n g  to the  m i n i m u m  (d = 1.189 
for A, d = 1.181 for B, d = 1.287 for C). 

The  resul t s  of  this sec t ion  shou ld  se rve  as a gu ide  for 
s ea rch ing  op t ima l  cond i t i ons  for m i n i m i z i n g  s t and ing  
w a v e  in tens i t ies  for me ta l  surfaces .  

Experimental Results and Discussion 
The purpose  of  this e x p e r i m e n t  is to demons t r a t e  a few 

impor t an t  points  shown  in the  last section. While the  min-  
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Table IV. Resist image size (thickness = 5800)~) 
in units of micrometers 

S P U T T E R E D  C H R O M I U M  T H I N  F I L M S  

A B C 
Nominal mean std Ratio mean std mean std Ratio 

1.5 1.40 0.08 0.73 1.02 0.05 0.72 0.07 0.71 
1.75 1.61 0.07 0.76 1.22 0.05 0.92 0.04 0.75 
2.00 1.91 0.07 0.77 1.47 0.05 1.15 0.03 0.78 

imum standing wave intensity lengthens the exposure 
time, it is preferred for better image-size control. In par- 
ticular, the exposure variations caused by small photo- 
resist thickness variations can be minimized. 

The 10:1 projection system used in this exper iment  has 
an exposure wavelength = 4350~. Other wavelengths are 
all filtered out and can be totally ignored. The photo- 
resist used is AZ1350J, which, when unexposed, has an 
index of refraction N = 1.65-i0.02. 

After the exposure, the inhibitor concentration is 
greatly reduced, and, therefore, for most of the exposure, 
the resist is quite transparent. The three types of sub- 
strates A, B, and C are first spin coated with resist having 
a thickness of 5800~. The resist thickness is measured 
using an IBM thin film measurement  system. After expo- 
sure, the patterns are then developed using an AZ devel- 
oper. In order to have a truthful comparison, the process 
variation must be minimized. For this purpose, the three 
types of substrates are exposed one after the other, giving 
the same exposure time. A test pattern with various line- 
widths is used for patterning. The patterned masks are 
then developed together. The resist images are then mea- 
sured. Table IV contains the results of the measurements.  
The 1.5 ~m nominal lines or above are all well developed. 
It is seen that as the reflectance increases, so do the stand- 
ing wave intensities in the films, the image size varia- 
tions increase also. The large variation for 1.5 t~m nominal 
lines for type C is mainly due to the limitations of the 
measurement  tools. What is interesting in this experiment  
is that the image sizes for different substrates are found to 
be roughly proportional to their maximum standing wave 
intensities in the films. The maximum intensity ratios 
calculated from standing wave theory are: EB2/EA ~ = 0.71 
and Ec"-/EB '2 = 0.70 for the three types of substrates under  
investigation. Good agreement  is found when comparing 
these ratios with those in rows 4 and 9 calculated from the 
image sizes. These results are repeatable. 

The lines with nominal under less than 1 tLm were not 
developed out for type A. As shown in the micrographs in 
Fig. 11, resist is not completely cleared from the film sub- 
strate interface, while under the same conditions it is 
cleared for both types B and C, which have much lower 
reflection. 
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This observation is consistent with Fig. 9, where the in- 
tensities at the resist/substrate have been plotted. This in- 
dicates that for submicron geometries either longer expo- 
sure t ime or longer development  time is required for type 
A, which is often not desirable. The standing wave effects 
can be clearly observed in Fig. 11. Figure l la ,  which cor- 
responds to type A, shows much more conspicuous 
standing wave effects than do Fig. l l b  or 11c, as pre- 
dicted by the theory. 

Conclus ion 

For future photomask manufacturing using photoli- 
thography, it is necessary to control image sizes much 
closer than is done now. Optical properties of the chro- 
mium substrates must  be made to suit the need for 
deep-UV lithography used in wafer fabrication. This work 
offers some understanding from both theoretical and ex- 
perimental  point of view, and the lithography-related pa- 
rameters such as reflectance have been investigated. The 
index of refraction has been shown to be an extremely 
important  parameter in metal  film lithography because it 
determines the standing wave effects, which place a limi- 
tation on the resolution capability of conventional resists. 
The relationship between the resist absorption, film 
thickness, and index of refraction of Cr/Cr~O~ system has 
been derived and discussed. An experiment  has also been 
carried out to illustrate some features of standing wave ef- 
fects and minimization. 
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Corner Undercutting in Anisotropically Etched Isolation Contours 
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ABSTRACT 

Corner undercutt ing of mesa structures anisotropically etched in (100) silicon using ethylene diamine-water solution 
at 85~ is shown to be gradual with the prominent  beveling facets on the {212} planes and ending with small ledges on 
{323} planes. Considering the undercutt ing to be a beveling on the {212} planes, relations are derived to calculate corner 
compensation masks of different shapes. It is further shown that when the mask edge is tilted with respect to the wafer 
flat, the etched mesa sidewall is formed by a striated sidewall plane running parallel to the mask edge and intersecting 
the corner beveling planes unsymmetrically. The conditions to obtain straight sidewall traces on the (100) surface at a 
certain etching height are given. 

Convex corner cutting under the oxide mask of mesa 
structures anisotropically etched in (100) single-crystal sil- 
icon arises in the fabrication process of three-dimensional 
microstructures (1, 2). It is significant in dielectric isola- 
tion techniques of integrated circuits (3, 4), where it pre- 
sents limitation to the useful surface area when deep 
etching is used. In this case, two methods are usually 
used to correct for corner undercutt ing (3): (i) the addition 
of compensation patterns to the mask corners and (ii) the 
tilting of the mask side with respect to the wafer flat by a 
small angle. However, controlled corner undercutt ing can 
be used as a micromachining process in rounding sharp 
corners in high voltage termination contours and channel 
structures (5). 

In this paper, a detailed investigation is presented of 
the convex corner facets of anisotropically etched mesa 
structures using ethylene diamine-water etch solution at 
85~ complementing previously reported studies using 
KOH (3, 4) and hydrazine (8, 9) etch solutions. The corner 
profile was constructed from the measured etching pa- 
rameters and then modeled by a single beveling plane. 
The simplified beveling model  is used in calculating the 
dimensions of different compensation patterns. It is also 
used in investigating the shapes and textures of the 
etched mesa sidewalls and their traces on the (100) sur- 
face with different mask tilt angles and etching heights. 

Experimental 
The etch solution is a mixture of 55 volume percent 

(v/o) ethylene diamine in deionized water at 85~ (6, 7). 
Mesa structures were etched in (100) silicon using 100 • 
100 ~m 2 SiO~ masks making successive angles with the 
(011) wafer flat ranging from 0 ~ to 45 ~ in steps of 5 ~ For 
each structure, corner and sidewall facets were examined 
at various etched heights using SEM and high resolution 
optical microscopes. The measured etch rates of the (100) 
and (111) planes are 0.5 and 0.018 t~m/min, respectively. 

When the mask edge is aligned with the wafer, flat cor- 
ner undercutt ing starts from the (111) plane and increases 
gradually on various orientation planes as shown in Fig. 1 
and Fig. 5. It is best represented by a {212} beveling plane 
intersecting the (100) surface at 48.2 ~ and its trace making 
an angle a = 18.4 ~ with the (111) trace. The {212} beveling 
planes differ from the reported {331} planes using KOH- 
water-propanol etch solution (3, 4) and the {112} planes 
using hydrazine-water-isopropyl alcohol (8, 9). The top 
part of the undercut  corner is in the form of a ledge that 
increases in width gradually from the (111) plane. The 
most prominent  plane forming the lower side of the ledge 
was identified as (523), intersecting the (100) surface at 
50.24 ~ . 

Figure 2 illustrates the case when the mask is rotated so 
that its edge is tilted with respect to the wafer flat by a 
small angle 0 and the mesa is etched to a height H much 
smaller than the mask length L. The mesa corners con- 
tinue to be bounded by the {212} beveling planes. A side- 
wall plane is formed whose trace on the (100) surface is 
parallel with the mask edge at a distance ds and intersects 

*Electrochemical Society Active Member. 

the traces of the beveling planes unsymmetrically. This 
plane coincides with the corresponding crystallographic 
plane. Its surface is striated and terminates on the (100) 
surface plane by a small ledge not shown in Fig. 2. The 
measured sidewall edge undercutt ing given by the nor- 
malized value Us = dJH, and the sidewall plane slope 6 
varies with 0, as shown in Fig. 3 for H / L  = 0.24. The effect 
of varying H / L  and 0 on the shapes of the etched mesa 
structures is given later. 

Mesa Corners 
A two-dimensional profile of the convex mesa corner 

undercuttings on the (100) surface was constructed using 
a modified Wulff-type construction (10). For this proce- 
dure the lateral etch rate vectors on the (100) surface are 
represented by the experimentally determined values of 
Us, and their polar diagram as a function of the crystallo- 
graphic direction around the mask corner as origin is 
shown in Fig. 4. The corner undercutt ing profile is given 
by the envelope of the normals to the rate vectors. The di- 
agram of one side of the constructed profile shown is 
bounded by many planes starting with the slowest etch 
rate (111) plane and ending with the medium-fast etch 
rate (313) plane, which touches the tip of the mesa corner 
and makes 26.57 ~ with the mask edge. A large facet of the 
undercut  corner within a radius making 30 ~ from the 
mask diagonal is contributed by the (212) plane. 

The constructed corner profile with the (323) top ledge 
is illustrated in Fig. 5. In section a-a, the relative thickness 
of the ledge at the mesa corner is h / H  = 0.052. For the 
sake of clarity, the top ledge will not be considered in the 
following analysis, and the (212) beveling planes will be 
extrapolated to intersect the (100) surface. The extrapo- 
lated profile is shown with long dashed lines. The corner 
undercutt ing is measured by the conventional normalized 
factor Uc = de~H, where de is the perpendicular from the 
mask tip on to the trace of the (212) beveling plane on the 

Fig. 1. Photomicrograph of undercut mesa corner with a top ledge 

2138 



Vat. 131, No. 9 2139 ISOLATION CONTOURS 

1 
�9 /Sidewall 

IN ~ Plane 

Section a- a 

111 ld 

:::2 / 
20 J 

~ ( 2 1 2 )  
Z(221) l a 

Striated Sidewall Plane 
Fig. 2. Facets of a mesa sidewall etched using a mask edge tilted by 

= 50 and H/L = 0.24. dh and dl are the perpendiculars from the beveled 
corner tips on to the mask edge. 

(100) surface (8). With our etch solution U~ = 0.5 and is in- 
dependent  of the etch height, since de is proportional to 
H, in agreement with the reported results using KOH etch 
solution (1). 

Mask Corner Compensation 
Square patterns are usually added to the mask corners 

in order to correct for corner undercutt ing (1, 3). How- 
ever, other g~ometrical patterns can be used when spac- 
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Fig. 3. Variotion of the normalized edge undercutting U s = ds/H and 

the sidewall plane slope dp with the mask tilt angle ~ for H/L = 0.24. 
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Fig. 4. Profile of a constructed undercut corner from the Us vs. 0 polar 
diagram. 

ings between masks are limited. These are formed by su- 
perimposed rectangular stripes and square geometries. 
The criterion in calculating their dimensions is that the 
receding peaks of the convex corners under  the compen- 
sating pattern have to reach the main mesa tip simultane- 
ously when the specified etched height is reached. How- 
ever, if etching continues, corner undercutt ing starts 
again. 

Neglecting the sidewall undercutt ing of the {111} planes 
and assuming the receding convex corners to be bounded 
by the {212} planes only, a part of a compensat ing mask in 
the form of a long stripe having a small width W gives the 
successive etched shapes shown in Fig. 6a. After the two 
adjacent beveled planes meet  at the mask edge, the tip re- 
cedes along the plane of  symmetry as etching continues. 
At P, the two outer beveled planes meet, and at R, all the 
mesa surface disappears. The mesa height when its tip re- 
cedes from the mask edge by a distance d is given by 

H = (0.5 W sin a + d cos ~)/U~ for d ~< 0.5W 

and 

H = (0.5 W cos a + d sin a)/Ur for d /> 0.5W 

Etching follows the same pattern when a long rectangle 
having width of 0.5W is bounded by two orthogonal {111} 
planes, as shown in Fig. 6b. 

These relations were used to calculate four patterns 
shown in Fig. 7 that give the same compensating results 
for a mesa height of 25.25 ~m. Even though the intersec- 
tions of the mesa sidewalls on the (100) surface formed 
perfect squares when the specified etched height was 
reached, the sidewall intersections around the corners 
were surrounded by cones whose facets depend upon the 
geometrical shape of the compensating mask. Figure 8 
shows a mesa corner etched out to the specified height 
using the mask with square compensating patterns. Even 
though there is no corner undercutting, the cones 
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surrounding the corner intersections give the mesa the 
shape of a tablecloth. This is due to the difference in the 
inclinations of the {111} and {212} planes, as illustrated in 
the plan view shown in Fig. 9. The facet planes forming 
the corner cone meet at the mesa tip O, and the projec- 
tions of their lines of intersections equal the mesa height. 
The corner cones disappear and the {111} sidewall planes 
meet when the etching height is increased by 0.185 times 
the calculated value. Corner undercutt ing resumed when 
the etching height was further increased. 
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Fig. 7. Mask compensating patterns for a mesa height of 25.25 #~m 

M e s a  Sidewal ls  wi th T i l ted  Masks  
The etching shapes of the mesa sidewalls when the 

masks are tilted through successive angles depend on 
both the tilt angle 0 and the ratio H/L. The H/L vs. 0 plane 
shown in Fig. 10 is divided into five regions by curves A 
and B and line C, giving the boundary 0 = ~. In region 1, 
the sidewall plane intersects the two adjacent beveling 
planes unsymmetrically, as illustrated in Fig. 2. From the 
photomicrograph of this sidewall shown in Fig. 11, it is 
clear that the surface of the sidewall plane is striated, 
indicating that it is formed by more than o~e plane, in 
accordance with the ledge etching model proposed by 
Kendall  (10). We also noticed that it is usually terminated 
at the (100) surface by a small top ledge, similar to that as- 
sociated with an undercut  corner. However, the following 
analysis does not take the top ledges into consideration. 
Detailed investigation using the ledge etching model to 
explain the variation of r and Us with 0 as shown in Fig. 3, 
together with the sidewall surface textures and etching 
mechanism, will be reported later. Region 1 is bounded 

a b Fig. 8. Photomicrograph of a mesa sidewall etched with a mask having 
Fig. 6. Successive etching shapes with a long rectangular mask. square compensating patterns. 
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Fig. 9. Plan view of a mesa corner etched with a mask having square 
compensating patterns. 

b y  c u r v e s  A a n d  B. Curve  A gives  t he  b o u n d a r i e s  w h e r e  
one  of  t he  b e v e l i n g  p l a n e s  pas ses  t h r o u g h  t he  two  adja- 
c e n t  m e s a  co rne r s  a n d  is g i v e n  b y  

H/L = [(1 + cot  a) s in  (a - 0)]/2 Uc 

Curve  B gives  t he  va lues  of  H/L vs. 0, w h e r e  t he  u n d e r -  
c u t t i n g  p r o d u c e d  by  t h e  b e v e l i n g  p l anes  of  two  a d j a c e n t  
co r ne r s  j u s t  e x c e e d s  t he  s idewal l  p l a n e  u n d e r c u t t i n g  ds. 
R e f e r r i n g  to Fig. 2 a n d  5, th i s  s i t ua t ion  ex i s t s  w h e n  

L = ~ r c c o s 0 + ( d h -  d ~ ) c o t ( a -  0) 

+ (d, - d~) cot  (a + 0) 

g iv ing  

L/H = [2 s in  a / (sin'-' a - s in  2 0)] 

( U c c o s 0 -  U s c o s a )  f o r 0 < 0 < 0 t  

w h e r e  0t is t he  t r a n s i t i o n  ang le  w h e n  c u r v e s  A a n d  B in- 
te rsec t ,  i t  sat isf ies  t he  r e l a t i on  

Fig, 11. Photomicrograph of a mesa sidewall etched with a mask tilted 
S ~ and H/L = 0.2. 

Us/Uc = s in  (45 - 0t) / s in  (45 + a) 

Wi th  0 > 0t, one  b e v e l i n g  p l a n e  e x t e n d s  a l o n g  t h e  w h o l e  
s idewal l  a n d  i n t e r s e c t s  t h o s e  of the  a d j a c e n t  s idewal l s  at  
r i g h t  angles .  In  th i s  case  

L = ~ / 2 r r  d ~ ) c o t ( a -  0) 
+ (d, - d~) t an  (a - 0) 

g iv ing  

2 E cosO+sin(2c~-O) U _U~] 
L / H -  s i n 2 ( a -  0) s i n a +  c o s a  

for  0t < 0 < a 

T h e  m e s a  s idewal l  in  r eg ion  2 is f o r m e d  b y  two b e v e l i n g  
p l anes  m a k i n g  180 ~ - 2a w i t h  e a c h  other ,  a n d  t h e  s idewal l  
p l a n e  d i sappea r s ,  as i l l u s t r a t ed  in  Fig. 12a. In  r eg ion  3, i t  
is f o r m e d  b y  one  b e v e l i n g  p l a n e  m a k i n g  a - 0 w i t h  the  
m a s k  edge  a n d  90 ~ w i t h  t h e  b e v e l i n g  p lanes  f o r m i n g  the  
a d j a c e n t  s idewal ls ,  as i l l u s t r a t ed  in  Fig. 12b, a n d  r ecedes  
para l le l  to i t se l f  w h e n  e t c h i n g  con t inues .  In  r eg ion  4, i t  
cons i s t s  of a s idewal l  p l a n e  a n d  o n e  b e v e l i n g  p lane ,  as 
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Fig. 10. H/L vs. mask tilt  angle 0 
at the threshold of one beveling 
plane joining the two adjacent  
mesa tips (A) and sidewall planes 
disappear (B). Ot = 10.4 ~ 
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Fig. ] 2. Etched shapes of mesa sidewalls thot correspond to the regions 
shown in Fig. 10. o: ~ = 5 ~ H/L = 0.7,  region 2. b: ~ = 5 ~ H/L = 1.0, 
region 3. c: 0 = ] 5 ~ H/L = 0 .35 ,  region 4. d: 0 = 2 0  ~ H/L = 0.2 ,  region 
5. 

shown in Fig. 12c. In region 5, the sidewall plane is paral- 
lel with the mask edge and extends between the mesa 
tips without corner undercutting, as illustrated in Fig. 
12d. However, corner undercutt ing starts when 0 exceeds 
35 ~ . 

The trace of the sidewall plane on the (100) surface be- 
comes straight, without corner undercutting, in regions 3 
and 5. However, in both regions, sidewall undercutt ings 
occur. For equal mesa heights, the trace of the sidewall 
plane at the boundary of region 3 given by curve A, with a 
small tilt angle 0, is slightly longer than that at the bound- 
ary of region 5 with tilt angle a. The increase related to 

the mask length L is given by 

h d / L  = ,,/-2 sin (45 + a - ~) -1  

Conclusions 
When ethylene diamine-water etch solution at 85~ is 

used to etch mesa structures, convex corner undercut- 
tings start from the {111} planes and increase gradually on 
various orientation planes with the top parts covered with 
small ledges. The prominent  facets contributing to the 
undercutt ings coincide with the {212} planes. Various pat- 
tern geometries can be designed for mask corner compen- 
sation at a specified etched height. At that height, the 
corner intersections are surrounded by cones that disap- 
pear when the etched height is further increased by a 
small specified amount. Undercutt ing starts again when 
etching is further resumed. 

When the mask edge is tilted with respect to the wafer 
flat, the sidewall consists of different facets depending 
on the tilt angle 0 and the etched height H. There are two 
regions in the H/L  vs. ~ plane where the sidewall trace on 
the (100) surface is straight. In both regions the sidewall 
makes smaller angles than the (111) plane with the (100) 
surface and the compensation is independent  of the 
etched height. However, the sidewall surfaces are usually 
striated with large edge undercuttings. 

A c k n o w l e d g m e n t  

The author would like to thank A. A. B. Thepass for his 
active assistance in installing and testing the etch appara- 
tus. He is grateful to L. C. A. Sintnicolaas, J. H. Bijster- 
bosch, and L. H. Verstappen for helping in the 
measurements.  

Manuscript submitted Sept. 19, 1983; revised manu- 
script received April 9, 1984. This was Paper 133 pre- 
sented at the Montreal, Quebec, Canada, Meeting of the 
Society, May 9-14, 1982. 

Einhoven University of  Technology assisted in meeting 
the publication costs of  this article. 

REFERENCES 
1. K. E. Bean, IEEE Trans. Electron. Devices, ed-25, 1185 

(1978). 
2. K. E. Peterson, Proc. IEEE, 70, 420 (1982). 
3. K. E. Bean and W. R. Runyan, This Journal, 124, 5C 

(1977). 
4. K. E. Bean, R. L. Yearley, and T. K. Powell, Abstract 23, 

p. 58, The Electrochemical Society Extended Ab- 
stracts, Vol. 74-1, San Francisco, CA, May 12-18, 1974. 

5. M. M. Abu-Zeid. to be oublished. 
6. M. M. Abu-Zeid and H. Groendijk, in "4th Symposium 

on Solid State Device Technology," Abstract A5-4, p. 
89, Munich, Germany, Sept. 10-14, 1979. 

7. M.M. Abu-Zeid, in"Proceedings of the Second Czecho- 
slovak Conference on Microelectronics," Section B, 
p. 56, Bratislava, Sept. 9-11, 1980. 

8. M.J. Declercq, L. Gerzberg, and J. D. Meindl, This Jour- 
nal, 122, 545 (1975). 

9. D. B. Lee, J. AppI. Phys., 40, 4569 (1969). 
10, D. W. Shaw, J. Cryst. Growth, 47, 509 (1979). 
11. D. L. Kendall, Appl.  Phys. Lett. 26, 195 (1975). 



Grain Growth Studies in Polysilicon by AR4~ Implantation and 
Thermal Annealing 

Anjan Bhattacharyya* and Kenneth N. Ritz* 
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ABSTRACT 

We have used the technique of multiple ion implantations of Ar 4~ in polycrystalline silicon films for amorphization 
and subsequent  thermal annealing for recrystallization. We observe dendritic grain growth with grain sizes (= 0.75 ~m) 
about ten times larger than in original polycrystalline silicon films. This ion implantation technique can be used to form 
a device quality polysilicon film with large grains on an amorphous substrate. 

In recent years, there has been much interest to form a 
device-quality silicon film on an amorphous substrate 
(e.g., SIO2). The most commonly used techniques are 
recrystallization by laser or strip-heater (1, 2). However, 
the main drawbacks of these techniques are the high tem- 
perature needed for melting the polysilicon layer and lack 
of good reproducibility. Also, the melting cannot be al- 
ways limited to the polysilicon layer and disturbs the ma- 
terial underlying the oxide. 

It would be better to induce grain growth in polysilicon 
at comparatively lower temperatures (<90O~ by a repro- 
ducible alternative process. Such a technique then could 
be used for the fabrication of stacked CMOS or multi- 
layered SOI devices and circuits (3). 

In this investigation, we have determined a well- 
controlled processing condition, i.e., ion implantation, 
with a species (Ar 4~ of dose compatible with current 
implanter capabilities which does amorphize the poly- 
silicon and leads to grain growth after thermal annealing. 
The technique of ion implantat ion is a reproducible and 
controlled way to amorphize polysilicon or single-crystal 
silicon. The strain energy stored in the polysilicon due to 
the implanted ions cou ld  lead to a strain-induced re- 
crystallization mechanism. 

Also, the electrical properties of polysilicon such as the 
electrical conductivity (4) and excess carrier lifetime (5) 
depend on the grain size. The present technique of grain 
size growth can also have potential for solar cell applica- 
tions. 

Ion Implantation Conditions 
We have to choose the implant conditions (energy, 

dose) for a particular ion (e.g., Ar 4~ in polysilicon film 
which would produce amorphization. Such a process 
would totally destroy the grain boundary structure and 
could promote recrystallization of the amorphous state to 
a new structure, different from the original one. If the im- 
plant conditions do not produce amorphization, then 
there will be no major change in grain size and the grain 
structure will be morphologically similar to the original 
film. 

To produce "uniform amorphi~ation" of the polysilicon 
film, we have used three successive implants each with a 
dose of 2 • 10'5/cm 2 with projected ranges such that the 
superposition of three Gaussian implant  profiles would 
give us a square profile. We have used the following im- 
plantation energies in sequence, with the projected 
ranges as shown 

Energy (keV) Projected Range (A) 

5O 5O0 
110 1092 
180 1816 

The energies are chosen in such a fashion that we would 
"uniformly amorphize" the polysilicon film of thickness 
2500A. 

* Electrochemical Society Active Member. 

Sample Preparation 
We have prepared samples with implantation doses less 

than and greater than the critical dose of 2 x 10'5/cm ~-. All 
the samples were implanted sequentially at three differ- 
ent implantation energies, as described before. 

The polysilicon films of thickness 2500~ were prepared 
by LPCVD (~ 620~ onto a 650~ thick layer of SiO~ 
grown at 950~ by oxidation of p-type <100> Si wafers of 
resistivity 5-20 ~-cm. 

We used four different implantation doses (Ar ~~ (1 • 
10'Vcm ~, 1 • 1O'5/cm ~, 2 x 10'5/cm 2, and 4 x 10~5/cm~) to 
study the dependence of grain growth on implantation 
dose. In each case, the samples were implanted three 
times with a particular dose at energies as shown above. 
After implantation the samples were annealed for 30 rain 
in dry N2, For comparison purposes, as-deposited poly- 
silicon samples were also annealed in dry N2. 

Samples with all the various doses were annealed at 
900~ We have studied in detail the samples implanted 
with a dose of 2 x 1015/cm 2 by annealing at 700 ~ 800 ~ 900 ~ 
i000 ~ and II00~ 

The samples were then prepared for planar TEM sec- 
tion studies to study the polysilicon grain size. Electron 

Fig. 1. As-recelved polycrystalline silicon sample, selected are dif- 
fraction pattern. 
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diffraction patterns were also obtained to study the 
"amorphous" to "crystalline" phase change. 

Large area electron transparent TEM samples were pre- 
pared using a thinning technique similar to that used by 
Kolbesen et al. (6), wherein the samples are etched from 
the back surface with a 5:1:1 mixture of nitric, hydro- 
fluoric, and acetic acids. 

Results and Discussion 
Figure 1 shows a TEM micrograph and a selected area 

electron diffraction pattern for the as-deposited poly- 
silicon film. We note that the grain size is in the range 
0.04-0.1 ~m. The grain size of the polysilicon after anneal- 
ing at 900~ for 30 rain in N~ increases to 0.05-0.15 t~m. 

Now, let us consider a sample which was implanted 
with a dose of 2 • 10'4/cm 2, which is less than the critical 
dose for amorphization. We found from TEM micro- 
graphs that there are some grains with size 0.25 t~m, but 
no evidence of any dendritic grain growth or grains with 
large diameters. The recrystallization produced a struc- 
ture which was morphologically similar to the original 
polycrystalline film. 

We now consider samples implanted with a dose of i x 
101a/cm2, which is comparable to the dose of (2 x 10Wcm 2) 
required for amorphization. From the TEM micrograph as 
shown in Fig. 2, we see that the original polysilicon grain 
structure has been completely destroyed and the poly- 
silicon film has been transformed to an amorphous struc- 
ture. The detailed features in the TEM micrograph is pos- 
sibly due to contamination by organic solvents during 
TEM sample preparation. Figure 2 also shows the typical 
diffuse diffraction ring images which are characteristic of 
amorphous silicon. 

We have examined closely the grain in samples im- 
planted with the dose of 2 x 10Wcm 2 by annealing them 
in dry N2 for 30 rain at different temperatures to deter- 
mine the minimum processing temperature at which the 
grain growth is almost complete. 

Figure 3 shows a TEM micrograph and an electron dif- 
fraction pattern of samples implanted with a dose of 2 • 
10~5/cm2 and annealed at 900~ 

Fig. 2. Polysilicon sample implanted with a dose of 1 • lOWcm 2, se- 
lected area diffraction showing diffuse rings only. 

Fig. 3. Polysilicon sample implanted with a dose of 2 • lO'Ucm 2 and 
annealed at 900~ for 30 rain in dry N~, selected area diffraction pattern 
showing growth of large dendritic grains. 

If  we examine the TEM micrograph the sample an- 
nealed at 900~ we note that the recrystallized polysilicon 
has a structure totally different from the original poly- 
crystalline form. We observe appearance of a dendritic 
structure. The average size of the dendritic grain is = 0.75 
~m, which is remarkably larger than the grain size 
(0.04-0.1 tLm) of as-deposited polysilicon. The electron dif- 
fraction pattern is clearly more discrete than obtained 
from the original polycls~stalline film. 

The TEM micrographs of the samples anhealed at 700 ~ 
800 ~ and II00~ also show similar dendritic grains. Any 
increase in annealing temperature beyond 900~ does not 
substantially increase the grain size. 

For the samples implanted with a higher dose of 4 • 
10'S/cm 2 and annealed at 900~ for 30 min, we did not ob- 
serve any further increase in grain size. 

Figure 4 shows a plot of the average dendritic grain size 
in micrometers vs. annealing temperature. The samples 
implanted with 2 • 10Wcm ~ showed dendritic grains after 
annealing at 700~ We note that with increase in the an- 
nealing temperature, the average dendritic grain size in- 
creases to 0.75 tLm at 900~ Beyond 900~ we did not ob- 
serve any further increase in grain size. Also shown in the 
graph are average grain sizes for samples implanted with 
a dose of i x I0 TM, 1 • 10 '5, and 4 • 10Were 2 and annealed 
at 900~ in dry N~ for 30 rain. 

Polysilicon films deposited in a Tempress (Unicorp) 
LPCVD reactor over the temperature range 580~176 
have been studied by Kamins et at. (7). In particular, the 
films deposited at 580~ were amorphous and showed 
marked change in structure after thermal annealing at 
800~176 However, the particular condition of deposi- 
tion of amorphous films, e.g., by evaporation (8) or by at- 
mospheric pressure CVD in a nitrogen ambient (9) deter- 
mines the structure of the films after thermal annealing. 
The amorphous films deposited (7) at 580~ and annealed 
at 800~ showed a definite structure, but films with bet- 
ter defined larger grains did not appear until the anneal 
temperature was increased to 1200~ 
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Fig. 4. Average dendritic grain 
size in micrometers vs. annealing 
temperature. *: Dose of 2 • 
10Wcm :, various anneal tempera- 
tures. �9 1 • lOWcm 2, 900~ an- 
neal. +: 1 • lOWcm 2, 900~ 
anneal. 

The present  technique of amorphizat ion of polysil icon 
films by ion implantat ion is a reproducible  and 
controlled mechanism and is not strongly dependent  on 
processing conditions as in the different alternatives in 
deposi t ing amorphous films (7-9). The grain growth for 
the samples implanted  with a dose of 2 • 10Wcm 2 was 
complete  after annealing at 900~ with no significant in- 
crease in grain size when the annealing temperature  was 
increased to ll00~ Such a process has the potential  of 
appl icat ion in processing sequences where the max imum 
temperature  is l imited to 1000~ or less. 

Conclusions 
The present  unique technique produces a significant 

grain growth in polysil icon film. The implantat ion dose 
of 2 • 10Wcm 2 and annealing temperature  of 900~ pro- 
duces the opt imum condit ions for dendrit ic grain growth. 
The implantat ion condit ions have to be such that  the 
polycrystal l ine film is amorphized,  and such that  it loses 
its past  history of grain size and grain boundaries.  This 
technique could have significant applicat ion to produce 
large grain polysil icon film on amorphous  substrates as 
required in sil icon-on-insulator technology. 
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ABSTRACT 

This paper reviews the technique of photochemical-assisted vapor deposition (photo-CVD), and its applications in 
silicon IC processing. The photo-CVD process deposits SiO2 films (PHOTOX TM) at temperatures as low as 50~ The 
deposition process, the resulting film properties, and the use of PHOTOX SiO~ for lateral isolation among transistors 
and vertical isolation between two-level interconnects are discussed. A novel process employing PHOTOX deposition in 
conjunction with a photoresist liftoff can be used to achieve totally isoplanar isolation. Photo-CVD can also be extended 
to produce other dielectrics such as silicon nitride and a luminum oxide. 

In fabricating VLSI circuits, low temperature process- 
ing may be one of the most important techniques for 
achieving the precise control required for device struc- 
tures, isolation, and interconnection (1). Specific effects 
that may be minimized include wafer warpage, defect 
generation, A1 hillock formation, A1/Si interface degrada- 
tion, and dopant diffusion. However, the needs of the IC 
industry for high quality, uniform, pinhole-free dielectrics 
have always resulted in some high temperature steps in 
the process: thermal oxides obtained at > 900~ in the 
most demanding situations, or CVD films at > 300~ 
Consequently, the need exists for a low temperature in- 
sulator deposition process that results in high quality ox- 
ide or nitride films. 

Consider the electrical isolation between active devices 
on an IC chip. The degree of isolation required is extreme 
in order to obtain several thousand integrated devices 
without cross-talk between them (2). For MOS IC's, this 
isolation is generally achieved with a thick oxide (field 
oxide) between transistor areas. One well-known tech- 
nique for defining the field oxide patterns is known as 
LOCOS (3), in which a nitride film is masked and etched 
to form the desired pattern followed by a high tempera- 
ture oxidation. The nitride pattern prevents oxide growth 
within the area that becomes the transistor region. The 
long high-temperature process in the LOCOS process can 
generate defects in the silicon substrate. Moreover, 
the lSeriphery of the transistor area is overtaken by oxide 
encroachment beneath the nitride edges, resulting in a 
bird's beak structure which can reduce the yield of gate- 
lines crossing it. Encroachment  also results in a narrower 
MOSFET channel, thereby reducing the current driving 
capacity, and hence the ultimate speed of the IC's. Sev- 
eral approaches have been developed to reduce the bird's 
beak phenomena (4, 5), at the expense of complicating the 
processing, and without solving the problem of thermally 
induced defects. Moreover, non-LOCOS techniques have 
similar problems. For example, etching the desired field 
pattern in a uniform oxide (6-9) leaves sharp steps at the 
window edges. 

Vertical isolation between two levels of metalization is 
another area of IC processing that could effectively em- 
ploy insulators formed in low temperatures. The insulator 
separating the A1 or A1 alloy interconnection structures 
must  have low pinhole density, low stress, a smooth sur- 
face morphology, high breakdown voltage, low dielectric 
constant, and high resistivity. With the conventional 
method of depositing SiO2 by low pressure CVD 
(LPCVD), A1 and Si interdiffuse at the deposition temper- 
ature (<~ 400~ which can cause leakage (10, 11). More- 
over, at 400~ hillocks form on the A1 surfaces which re- 
sult in reduced breakdown voltages or electrical shorts 
(12) in the insulators that cover them. It is therefore desir- 
able to deposit an insulator at temperatures much lower 
than 400~ 

*Electrochemical Society Active Member. 
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A unique new approach to obtaining insulator films at 
low temperature is to use UV irradiation to form vapor- 
phase reactants that enhance the desired reaction (12-15). 
Silicon oxides and nitrides, as well as alumina, have been 
deposited by these techniques. This photochemical- 
assisted CVD process (photo-CVD) has already been em- 
ployed successfully to deposit the insulator between two 
levels of A1 metalization (12, 13). It has also been used for 
isolation (16) by masking the transistor areas with photo- 
resist, etching the field region, and then refilling the 
etching region with a photo-CVD oxide. Excess oxide is 
later lifted off to form an isoplanar structure. With this 
lift-off technique, one avoids the defects and the bird's 
beak formation. The low temperature photo-CVD process 
(-100~ permits lift-off with a photoresist medium which 
would degrade at higher temperatures. The resulting iso- 
lation structure is fully recessed, isoplanar, and much 
simpler to implement  than earlier attempts using A1 (17) 
or Mo (18) to lift off SiO2 deposited at -300~ by 
plasma-CVD. 

The remainder of this paper describes methods of 
photo-CVD, characterization of the resulting SiO2 films, 
applications to Si device technology, and extensions to 
other semiconductor technologies. 

Methods of Photo-CVD 
There are two basic photo-CVD mechanisms: Hg-sensi- 

tized photolysis and direct photolysis (14, 15). A new tech- 
nique of laser photolysis is a promising extension of di- 
rect photolysis. 

The reactor system for the Hg-sensitized photo-CVD is 
similar to other low pressure CVD systems. The differ- 
ence is the source of excitation. The reaction chamber 
employs a UV-grade quartz window above a heated sub- 
strate platform, and low pressure Hg lamps provide UV 
il lumination on the substrate. Figure 1 is a schematic of 
such a reactor system. Note that the Hg reservoir in the 
gas inlet manifold provides minute  quantities of Hg vapor 
to the reactant stream. During photo-CVD, Hg vapor reso- 
nantly absorbs UV radiation at a wavelength of 2537• and 
catalytically transfers energy to the reactant gases via the 
reaction 

Hg + hv (2537s --~ Hg* [1] 

In Hg-sensitized photo-CVD, N~O is typically the oxygen 
source because it readily reacts with excited Hg atoms 
and yields neutral atomic oxygen in the ground state 

Hg* + N~O ~ Hg + N2 + O (3p) [2] 

The ground-state oxygen atom can convert many reactant 
gases to their respective oxides. For example, Sill4 reacts 
spontaneously with atomic oxygen to form the monoxide 
or dioxide 

SiO 

Sill4 + O(~P) + gaseous byproducts [3] 

SiO2 

2146 
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Fig. 1. Schematic of PHOTOX reactor system 

SiR4 can also react with excited Hg atoms to form an 
amorphous silicon (19) 

SiR4 + Hg* --, Hg + a-Si:H + gaseous byproducts [4] 

It is possible to deposit films of the desired O to Si stoi- 
chiometry (SiO~, O -< x -< 2) by varying the SiH4-to-N20 
flow ratio. At one extreme (low SiH4/N=O), SiO2 forms; at 
the other extreme (pure SIR4), a-Si:H forms; and at inter- 
mediate ratios, SiO= forms. SiO and SiO2 have indexes 
near 2.0 and 1.45, respectively, and different mixtures 
have different indexes between these limits. Figure 2 
shows a linear relation of film refractive index to the 
SiHJN20 flow ratio. 

The deposition rate depends primarily on UV intensity 
and weakly on substrate temperature (temperature affects 
film density and etch rate). The deposition rate, along 
with stoichiometry and uniformity, also depends on the 
reaction chamber geometry, chamber pressure, and 
pumping  speed. A rate of ~I50 s spread uniformly 
over an area of ~ 150 cm 2, is routinely achieved in a square 
reaction chamber with a window area of ~650 cm =. 

Photo-CVD is not limited to silicon oxides and amor- 
phous silicon. Photo-CVD of P-doped SiO2 and SiOxN~ 
films can be accomplished with the addition of the reac- 
tant gases PH3 and NH3, respectively (14, 20). Photo- CVD 
of alumina can also be accomplished by replacing SiR4 
with AI(CH3)3 (21). 

An alternative to the Hg-sensitized method is direct 
photolysis employing UV excitation of reactant gases. 
The reactor system is the same as shown in Fig. 1, but  
without the Hg reservoir. UV radiation at a high enough 
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Fig. 2. PHOTOX-SiOx (100~ refractive index vs .  reactant gas ratio 

energy splits N20 directly and produces oxygen in an ex- 
cited state 

N20 + h~ (1750 to 1950•) --* N2 + O(tD) [5] 

Upon collisional relaxation of the O(1D) to the ground 
state, deposition proceeds according to Eq. [3]. A good 
choice of wavelength is 1849~ because it is readily obtain- 
able from low pressure Hg lamps, and because SiR4 is 
nearly transparent in this region of the spectrum. 

The deposition rate of direct photolysis, however, is 
lower than with the Hg-sensitized process by about an or- 
der of magnitude. This is thought to be primarily a result 
of lower intensity at the required wavelength and ineffi- 
ciency in the collisiona] relaxation necessary for oxida- 
t ion in Eq. [3]. Where no Hg contamination can be toler- 
ated, there may be an advantage to using the direct photo- 
lyric method over the Hg-sensitized method. However, no 
detrimental effects with MOS devices have yet been as- 
cribed to Hg contamination. Trace analyses for Hg con- 
tent will be discussed in the next section. 

A new direct photolytic method using an ArF laser with 
a wavelength of 1930~, was recently described (22, 23). In 
this method, the laser beam (a much more powerful UV 
source) passes about - 1  mm parallel to the substrate sur- 
face, and deposition proceeds at rates up to ~3000A/min. 
Uniform deposition has occurred over a rectangular area 
~1 cm wide, the width of the beam. This laser-CVD is 
very promising for many applications which require a 
very high deposition rate. 

Properties of PHOTOX Si02 
Table I lists a number  of optical, electrical, physical, 

and chemical properties of PHOTOX-SiO~ 1 films and 
those of thermal-SiO2 films (24). PHOTOX SiO2 depos- 
ited at 200~ is quite similar to thermal SiO2 grown at 
>900~ Upon annealing for short periods, the etch rates 
of PHOTOX SiO~ approach those of thermal SIO2. 

Excellent adhesion has been observed for PHOTOX 
SiO2 on Si substrate. As shown in Table I, adhesive 
strength as high as 69 • 106 Pa was obtained from 
PHOTOX SiO~ film. Film adhesion was measured by 
pulling tensile specimens, which were formed by cement- 
ing metal studs to a film on Si substrate. The adhesive 
strength for PHOTOX SiO~N~ on Si substrate, however, is 
less than the PHOTOX SiO2 adhesion by about an order 
of magnitude (25). 

Figure 3 compares the infrared spectrum of a 4600~ 
thick film of PHOTOX SiO2 produced at 200~ with the 
spectrum of a 4000~ thick film of thermal SiO2 produced 
at 925~ These spectra were obtained using Fourier 
transform techniques and subtracting the absorption of 
bare substrates (wafers of intrinsic Si, resistivity > 104 

JPHOTOX is a trademark process of Hughes Aircraft Com- 
pany. 

Table I. PHOTOX-Si02 and thermal SiO: material properties 

PROPERTY 

REFRACTIVE INDEX 

D IE LECT'R IC CONSTANT 

RESISTIVITY 
(x 101S~crn AT 300 K) 
DIELECTRIC STRENGTH 
(MV/crn) 

DENSITY (gm/cm 3) 
TENSILE STRENGTH 
(~ADHESIVE STRENGTH TO 
Si, MPa) 

ETCH RATE 
(BUFFERED 
HF AT 
25~ ~/min) 

UNDENSIFIED 

ANNEALED, 
15 rnin N 2 
AT 450~ 

ANNEALED, 
1E rnin 
O2+H2AT 
92B~ 

PHOTOX SiO 2 THERMAL SiO2* 
(200~ (DRY) 

1.45 1 47 1.46 - 1.47 

3.9 - 4.0 3.9 

--1 3 - 20 

3 - 6  8 

2.0 - 2.2 2.24 - 2.27 

56 - 69 

-140 -~7 

-90  -17 

-17 -17 
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Fig. 3. IR spectra of 4600/~ thick PHOTOX-SiO~ (200~ and 4000/~ 
thick thermal Si02. 

f~-cm). The absorbance levels for both spectra were iden- 
tical. The PHOTOX spectra was offset for clarity. The 
spectra are quite similar in all the absorption peaks (peak 
3-6), except for small OH stretch mode (shown as peak 1 
and 2) in PHOTOX SiOB. Using calibrated formulas, anal- 
ysis of this spectral structure gives a water content of 
~2% by weight in the PHOTOX SLOB. 

Hydroxyl ions and water molecules are common in SiO2 
films deposited at low temperatures, and the water con- 
tent may be as much as 5% by weight if they are not an- 
nealed above 800~ (26). 

Auger electron spectroscopy (AES), electron spectros- 
copy for chemical analysis (ESCA), and Rutherford back- 
scattering spectroscopy (RBS) have all been used to char- 
acterize PHOTOX SiO~ deposited on Si. Figure 4 shows 
the peak-to-peak AES signals for O, Si, P, and C vs. etch 
time for a 1000A PHOTOX film. On the same sample, 
ESCA data were obtained after removing 200A. The ele- 
mental percentages determined are shown in Table II. 
For comparison, Table II also lists the elemental percent- 
ages of control samples of thermal SiOB, P-doped 
PHOTOX SiO.2, and a PHOTOX SiO~N~ sample. Within 
background experimental errors (~5%), PHOTOX SiOs 
has the 2:1 O:Si ratio expected for SLOB. RBS experiments 
were unable to detect Hg in Hg-sensitized photolysis 
(limit ~ 100 ppm). 

Figure 5 displays capacitance-voltage (C-V) behavior at 
1 MHz of a MOS device before and after bias-temperature 
stressing (10V on gate for 5 min at 200~ The metal is A1, 
the dielectric is 1000s of PHOTOX SiO~ produced at 
200~ and the semiconductor is ~5 s n-type. These 
C-V curves show well-behaved MOS characteristics with 
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Fig. 4. Sputter AES profile of 1000/~ thick PHOTOX-SiOB on Si 

Table II. Elemental analyses in percentage of field insulator film 

P-DOPED 
P H O T O X - S i O  2 P H O T O X - S i O  2 P H O T O X  S i O x N y  

34 31 33 

61 67 24 

- - 43  

- 2 - 

5 1 

T H E R M A L  
O X I D E  

35  

58 

7 

N O T E S :  T H E  C A R B O N  C O N T E N T  M A Y  J U S T  BE A N  A R T I  F A C T  
OF T H E  M E A S U R E M E N T ;  A C O N T R O L  B A C K G R O U N D  
S U B T R A C T I O N  W O U L D  E L I M I N A T E  C A R B O N  W I T H I N  
E X P E R I M E N T A L  E R R O R ,  W H I C H  IS A B O U T  +-5%. T H E  
M E A S U R E M E N T S  G I V E N  A R E  A T A  D E P T H  OF O V E R  
200,~ I N T O  T H E  B U L K  

a flatband voltage shift (hV~B) of -0.3V, yielding a 
mobile-ion surface density of 8 x 10 TM crn --~. This quantity 
is not excessive, but  it is higher than the - 1  x 1020 cm -2 
produced by well-established thermal oxidation 
processes. 

To summarize, PHOTOX SlOB has properties and char- 
acteristics that are comparable with thermal SiOB pro- 
duced at much higher temperatures. This suggests the 
compatibility of PHOTOX SiO~ for insertion into Si de- 
vice technology. 

Applications to Si Technology 
Low temperature photo-CVD may be useful in many 

processing steps of MOS IC fabrication where high tem- 
perature thermal oxidation and conventional CVD may 
induce problems. Table III lists the sequence of a basic 
MOS fabrication process and the steps where photo-CVD 
technology may be considered to replace the conven- 
tional technique. Figure 6 shows a cross section of the 
corresponding MOSFET device. Of the five different 
insulating films that might be provided by photo-CVD, 
different requirements lead to separate evaluations of 
each case. This section primarily discusses application to 
lateral isolation and interlevel isolation, and briefly sum- 
marizes other applications. 

Lateral isolation.-- In standard IC's, a relatively thick 
(-> 0.4 ~m) field insulator provides a high field inversion 
voltage for electrical isolation between transistors. The 
pinhole density of the material used for the field insula- 
tor must  be low, and the residual charge density must  be 
minimal in order to avoid leakage and field inversion. It 
must  also be compatible with standard MOS IC process- 
ing steps such as etching and various anneals. 

NMOS transistors have been made with a 0.4 ~m thick 
PHOTOX SiO~ as the field insulator in a process using 
conventional window isolation. The standard process 
takes several hours at 925~ to grow a 0.4 ~m thick ther- 
mal oxide, but with photo-CVD at 100L200~ it takes less 
than 30 rain. It is difficult to transfer a precise IC pat- 
tern into the as-deposited PHOTOX SiO~ because of its 
high etch rate. However, PHOTOX SiO~ densified at 
925~ for 15 rain etches at nearly the same rate as that of a 
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Fig. 5. BTS-CV measurement of AI/PHOTOX-SiOJSi MOS device 
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Table Ill. Fabrication sequence for a basic MOS process 

PROCESSSEQUENCE 

FIELD INSULATOR 

ACTIVE AREA 
DEFINITION, 
ION IMPLANTATION 

GATE OXIDE 

GATE DEFINITION, 
SOURCE/DRAIN 
IMPLANT 

INSULATOR 
ON POLY-Si 

REFLOW AT ~900~ 
CONTACT 
DEFINITION, 
FIRST LEVEL AI 

INTERLEVEL 
DIELECTRIC 

SECOND LEVEL AI 

FINAL PASSIVATION 

PAD DEFINITION 

CONVENTIONAL 
TECHNIQUES 

THERMALSiO 2 

THERMAL SIC 2 

PHOSPHO- 
SILICATE-GLASS (PSG) 

CVD SIO 2 

CVD SiO 2 OR 
PLASMA CVD 
- NITRIDE 

PHOTO-CVD 
TECHNIQUES 

PHOTOX SIO 2 

PHOTOX SiC 2 

P-DOPED PHOTOX SiO, 

PHOTOX SiC 2 

PHOTOX NITRIDE 

thermal-SiO~ film (Table I). Figure 7 compares an IC test 
pattern etched into various 0.4/~m thick SiC2 films using 
a buffered HF etchant. Notice that the pattern is well de- 
fined in densified PHOTOX SiCk. In addition, PHO- 
TOX-SiO~ films do not exhibit stress or adhesion prob- 
lems after the thermal cycling. Films subjected to the 
entire IC process show no degradation in integrity. 

The most important requirement  of PHOTOX SiC2 in 
this isolation application is low leakage current (< 1 pA) 
between transistors with a common gate. Figure 8 shows 
the leakage current for a PHOTOX SiO~ isolation oxide 
with a spacing of 1.6 /~m between two transistors. Leak- 
age is < 1 pA for a gate voltage of -14V, and the corre- 
sponding field inversion voltage (typically defined as the 
gate voltage at a leakage of 1 /~A) is -20V. These charac- 
teristics provide a sufficient margintof  isolation among 
MOS transistors operated with a standard 5V power 
supply. 

Because of the unique capability of depositing high 
quality SiO~ at a low temperature, PHOTOX can be used 
to achieve a novel isoplanar isolation (16). In this tech- 
nique, a photoresist pattern is used to mask the transistor 
areas on a bare Si wafer while the field region is etched 
to a depth of 0.4/~m. PHOTOX SiC2 is then deposited uni- 
formly to a thickness of 0.4/~m. Finally, the photoresist is 
lifted off with an ultrasonic solvent bath to remove the 
excess PHOTOX SiC2 and expose the active areas for 
subsequent  processing. Although more work is needed to 
establish a reproducible lift-off technique that is suitable 

Fig. 7. IC patterns etched through 0.4 ~m thick SiO~ on Si 
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Fig. 8. Subthreshold leakage current under the field insulator formed 
by PHOTOX-SiO~. 

for high yield IC processing, this simple technique pro- 
vides a fully recessed, isoplanar structure, as shown in 
Fig. 9. 

With this isoplanar isolation structure, field oxide 
encroachment (the "bird's beak") is completely elimi- 
nated, and thermally induced defects are avoided. MOS- 
FET's  with excellent device characteristics have been 
fabricated, and narrow channel  effects have been vir- 
tually eliminated, as shown in Fig. 10. Here, identical 
MOSFET threshold voltages were found with varying 
channel widths down to 1.6 /~m, the narrowest width at- 
tempted. Figure 11 shows the gain of these MOSFET's 
improves dramatically over MOSFET's fabricated with 
the nonplanar  window isolation method. The result of 
modeling studies of these two structures, have shown that 
with the isoplanar structure, field pinching in the chan- 
nel is minimal, resulting in the absence of narrow channel 
effects (16). 

Interlevel isolation.--The use of PHOTOX SiC2 be- 
tween two levels of A1 metalization has been studied as a 
replacement for conventional CVD processes (12). A test 
chip was fabricated containing a large area capacitor, sev- 
eral via chains with 100 vias/chain, and a serpentine 
capacitor with a total of 1200 perpendicular crossovers. 
Figure 12 shows the serpentine capacitor with two 
perpendicularly crossing levels of A1 metalization isolated 
by PHOTOX-SiO2. Several wafer lots were prepared 
using 1/~m thick PHOTOX-SiO2 films deposited at 200~ 
Excellent mechanical properties, such as conformal coat- 
ing, smooth surface morphology, low defect density, and 

Fig. 9. SEM micrograph of an isoplanar structure produced by 
Fig. 6. Schematic cross section of an N-channel MOSFET device photoresist lift-off of PHOTOX-Si02. 



2150 J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  

40 I I / W  =120/zm I 

/ L = 4.0#m 
tox = 390 ,~, 

VDS = 0 ' I V  /c~>, 0.6] j [ 

30 - / ~ o . 4 ~  ' ' ' -  

< 0.2 
O0 l '  :z~ �9 / , ,  , , 

-~ / > o 2  5 lO 15 20 
z ~ ~ CHANNEL WIDTH (W),~m 

2 0 -  / /w~11.3 ,u  m 

o 
z 
=< 

10 / /  , / T M  

0 1.0 2.0 3.0 4.0 5.0 

0.52 GATE VOLTAGE (VG), V 

Fig. 10. I-V measurements for N-MOSFET threshold voltage (plotted 
insert) as a function of channel width. 

good adhesion, were obtained with the PHOTOX-SiO2 
films. The 1 ~m thick films deposited on A1 substrates 
showed pinhole densities of < 3-7 cm -2 and dielectric 
strengths of > 3 • 106 V/cm. Electrically active defect den- 
sities were estimated by the Poisson relation (Y = e-DA), 
where Y is the capacitor yield, D is the defect density, and 
A is the capacitor area. Table IV shows the experimental 
yield obtained from three different wafer lots. The ab- 
sence of A1 hillock formation in PHOTOX-SiO2 is be- 
lieved to be a major reason for the high yields shown. 

Other applications.--As a gate insulator, PHOTOX-SiO~ 
must  demonstrate low leakage, high dielectric strength, 

September 1984 

Fig. 12. SEM micrographs of double-level AI isolated by PHOTOX- 
SiO2. 

low mobile-ion density, and a low interface density of 
states. For insertion into Si technology, it should be bet- 
ter than standard thermal oxides, which are usually pro- 
duced in a short period (<30 min) at temperatures of 
800~-1000~ Although the mobile ion density in PHO- 
TOX-SiO2 is not excessive (see the "Properties" section, 
above) it cannot compete with the excellent interface 
properties of thermal SiO~. PHOTOX-SiO~ may be em- 
ployed, however, with semiconductors that do not have a 
good native oxide or that are temperature sensitive. For 
example, SiO~ deposited by photo-CVD at 100~ has dem- 
onstrated good passivation characteristics of HgCdTe (27) 
operated at 77 K. PHOTOX-SiO2 has also been used to 
passivate InP  devices operated at room temperature (14). 
Another promising gate insulator material is PHOTOX- 
A1203 (21). 

Another application of PHOTOX-SiO2 is P-doped SiO~, 
which refiows at a temperature low enough (-950~ to 
avoid significant amount  of dopant diffusion in the sili- 
con substrate. Such a reflow provides sloped and smooth 
oxide contours over relatively sharp poly-Si corners. 
P-doped SiO2 may also be useful as a barrier against mo- 
bile ions. P-doped PHOTOX.-SiO2 has been demon- 
strated, but significant characterization data are not yet 
available. 

PHOTOX-SiO~N~ has been employed as a final 
passivation to coat fully wire bonded lead-frame 
assemblies (20). It was found that this material was com- 
patible with the assemblies and could protect devices 
from metallic particles. It was also found that the 
PHOTOX-SiO~N, was comparable to the nitride pro- 
duced by plasma-CVD (28). (Nitride films are preferred 
for their barrier resistance to moisture and mobile ions.) 
Another promising material with high barrier resistance 
is PHOTOX-Al~O3, which has also been deposited with 
photo-CVD. 

Summary 
Isolation is critical for achieving high density circuits in 

VLSI. Furthermore, avoiding high temperatures during 
fabrication of small device structures is desirable because 
it reduces dopant redistribution, defect generation, and 
AYSi degradation. Low temperature processes could be 
employed in VLSI fabrication for lateral isolation among 

Fig. 11. I-V curves ot narrow-channel MOSFET's fabricated by (a) 
isoplanar PHOTOX and (b) nonplanar technique. Channel widths are 1.5 
/~m for both cases. 

Table IV. Evaluation of PHOTOX-SiO2 (200~ for interlevel insulator 

LOT 
YIELD, 

% 
DEFECT DENSITY, 

cm-2 

98 5 

97 7 

99 3 
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active devices, and vertical  isolation among multi level 
metalizations. 

The low temperature  (50~-200~ process of photochem- 
ical-assisted chemical  vapor  deposi t ion (photo-CVD) 
meets these demands.  Photo-CVD involves the discrete 
absorpt ion of energy from UV radiation to initiate deposi- 
tion. This process depends  primari ly on UV intensi ty and 
only weakly on substrate  temperature,  and it thus avoids 
the high temperatures  and energies of thermal-CVD and 
plasma-CVD. 

Photo-CVD SiO2 (PHOTOX) has demonstra ted excel- 
lent mechanical  and electrical propert ies  for isolation be- 
tween two levels of A1 metalization. This interlevel insula- 
tor provides low pinhole densi ty (<- 3-7 cm-2), high break- 
down strength (>~ 3 MV/cm), and good uniformity (> 3% 
across a 4 in. wafer). Furthemore,  the low temperature  
processing minimizes Al/Si interdiffusion and A1 hillock 
formation, which occur at higher temperatures.  

Photo-CVD at temperatures  (-100~ permits  a simple 
lift-off technique for achieving a fully recessed,  isoplanar 
field isolation. Narrow channel MOSFET's  fabricated 
with this technique escape the "bird 's  beak" formation 
that  accompanies  high tempera ture  oxidation, achieve 
much larger gain, and do not  have narrow channel  effects. 

One major concern in applying Hg-sensitized PHOTOX 
films in Si processing is Hg contamination. Although 
RBS measurements  did not detect  Hg in these films, the 
detect ion sensit ivity (-100 ppm) is not high enough. Hg 
contaminat ion as high as 10 TM cm -~ could be present  in 
these films. The Hg impuri t ies  which may not  have dele- 
terious effect in MOS devices can be detr imental  to 
minority-carrier  devices such as bipolar  transistors.  More 
analyses are needed to determine the actual concentra- 
t ion of Hg atoms in the Hg-sensitized PHOTOX films. Al- 
though one can apply  PHOTOX films by direct photoly- 
sis, the deposit ion process is very slow (15-30~/min). Even 
with  Hg-sensitized process,  we can only obtain a rate of 
150 ~/min, whereas laser-CVD can provide deposi t ion rate 
up to -3000 ~/min. The low PHOTOX deposi t ion rate has 
been a l imitation in the applicat ion of PHOTOX to Si pro- 
duct ion process. Fur thermore,  the uniformity of film 
thickness  can also l imit  wafer production.  Al though the 
uniformity over a 4 in. wafer is better  than 3%, the uni- 
formity across the entire substrate  heater (which holds 
five 4 in. wafers) is --+10% (25). At present,  wafer 
throughput  is l imited due to the low deposi t ion rate and 
nonuniformity among wafers. 

Appl icat ions of photo-CVD extend beyond isolation in 
Si technology. The benign nature of photo-CVD permits  
processing on sensitive substrates such as InP and other 
temperature-sensi t ive compound semiconductors.  
Finally, photo-CVD is not  l imited to SiO2: PHOTOX- 
SiOxN~ and PHOTOX-A120~ have been demonst ra ted  for 
high quali ty dielectrics. 
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Ion Beam Exposure of Polymer Resist PMMA 
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ABSTRACT 

Ion beam exposure characteristics of a positive polymer resist, polymethylmetacrylate (PMMA) have been investi- 
gated. The samples were irradiated with B § ions in the energy range of 20-160 keV, the ion dose varying between 8 x 10" 
and 5 • 10 '3 cm -2. In the energy range considered, beam sensitivity and resist contrast were found to be between 
4-5 • 10 '2 cm --~ and 2.3-2.5, respectively. An empirical formula is proposed to approximate the characteristic dissolutiOn 
curves (thickness removed vs. dissolution time). The empirical values agree with the experimental  results within an ac- 
curacy better than 12%. A procedure is described whereby the total number  of scission chain fragments as a function of 
resist depth may be extracted from the experimental  curves. 

Ion beam lithography is a novel technique which 
bypasses some of the drawbacl}s of electron beam lithog- 
raphy. In general, resists are more sensitive to ions than 
to electrons. This is due to a greater energy deposition per 
unit volume. Another advantage in ion beam lithography 
is its feeble lateral spread (100k) for heavy ions. Ion 
beams, as compared to electron beams, produce low en- 
ergy electrons and negligible amount of high energy 
backscattered electrons. In the case of direct writing 
using an ion beam, pattern dimensions are limited only 
by the beam size. Indeed, pattern dimensions inferior to 
1000~ (1, 2) have been obtained with a liquid-metal gallium 
ion source. 

Ion lithography can be carried out in two different 
ways: through direct writing and through the ion projec- 
tion exposure technique as developed by Sacher Technik 
Wien (3). A liquid metal ion source (4-8) can be used for 
direct writing, as in electron beam lithograpy, but with re- 
duced computing t ime owing to the absence of proximity 
effects and enhanced ion sensitivity. Another method of 
transferring patterns to resists is through direct contact 
masking of the resist; channeling (9) may also be used; 
typical mask to resist distances are 20 ~m. 

Komuro et al. (10) have investigated the ion beam sensi- 
tivity of positive PMMA and negative PDMS (polydi- 
methylsiloxane) using He + ions (60-and 200 keV) and Ar ~ 
ions (150 and 250 keV). According to their measurements,  
the calculated Gel and Gn values are 1.7 and 0.9, respec- 
tively, for PMMA whose average molecular weight is 1.85 
x 105. Gel and Gn are the radiation yields per 100 eV ab- 
sorbed for main chain scission brought about by elec- 
tronic and nuclear collisions, respectively. Hall et al. (11) 
have studied the behavior of positive and negative resists 
using high energy ions: hydrogen, helium, and oxygen at 
1.5 MeV. They proposed a model  to account for the varia- 
tion of the energy distribution around the particle track in 
terms of the number  of sites required for exposure. 
Ryssel et al. (12) presented the dissolution characteristics 
of both positive and negative resists exposed to argon, 
gallium, hydrogen, and helium ions. 

Karapiperis et al. (13) have used Monte Carlo computer  
simulations to calculate the electronic and nuclear energy 
losses of 60 keV H + ions in PMMA. For these ions, elec- 
tronic energy losses per unit length predominate. The 
electronic energy loss vs. resist depth is initially a slowly 
decreasing curve, which then falls rapidly. 

At the resist surface the energy loss value is 1.14 x 109 
eV/cm]particle. Gel permeation chromatography (GPC) 
measurements  reveal that Gel = 0.7 for 100 keV H § ions 
(14). Dissolution characteristics were carried out for 50 
keV H + ions for an ion dose varying between 9 x 10 '2 and 
2 x 10 '3 cm -2. Maximum removed thickness measure- 
ments were also carried out by Adesida (14) for H ~ ions 
(40-300 keV) and for B § ions (50-300 keV). To our knowl- 
edge, no dissolution characteristics (developed depth vs. 
t ime curves) for these H § ions, with the exception of those 
for 50 keV, nor for B + ions have been published by Ade- 
sida; only maximum removed thickness measurements 
have been presented. 

In this work, the dissolution characteristics of PMMA. 
(Elvacite 2041) are presented. The resist was irradiated 
with B + ions whose energy varies between 20 and 120 
keV. An empirical formula is proposed to approximate 
the dissolution curves. Using these data, and applying 
Greeneich's model (15) modified by Komuro to 160 keV 
ions, the total number  of scission fragments vs. resist 
depth is extracted for 20, 40, and 80 keV B § ions. 

Experimental Procedure 
The PMMA used for our experiments has an average 

number  molecular weight of 1.93 x 105 (value given by du 
Pont). The resist was dissolved in trichloroethylene, 
the concentration of the solution depending upon the de- 
sired thickness. Different resist thicknesses ranging from 
0.2 to 0.9 ~m were spin-coated onto clean silicon wafers; 
the thickness chosen depended upon the energy of the 
impinging ions. 

The coated wafers were prebaked for 30 rain at 160~ 
After exposure to the ion beam, the wafer was cleaved 
into samples, and its thickness measured by a commer- 
cially available Rudolf  el]ipsometer (}, = 632.8 rim). For 
each cleaved piece, the thickness was measured at five 
different points in a cross-like manner  near the center. 
The mean value of the measurements was considered as 
the inital resist thickness. In all our measurements,  the re- 
fractive index of the resist was fixed to 1.488. 

Each sample was then developed in a solution of 
methyl  isobutyl ketone (MIBK) and iso-propy] alcohol 
(IPA) in the proportion of 1:2. The development  varied 
from 6s to 20 min; the temperature of the developer was 
between 18 ~ and 21~ The sample was rinsed in an IPA 
bath stirred by a magnetic agitator and blown dry with 
nitrogen. 

The resist was then postbaked for 30 min at 160~ Final 
thickness measurements were then carried out as de- 
scribed above, by ellipsometry. Repetit ive ellipsometric 
thickness measurements made at the same point (without 
moving the sample), differed only by a few angstroms 
from run to run. The difference between the initial and 
final values gave the remo{Ted resist thickness. The re- 
moved thickness measurements  as performed by ellip- 
sometry were compared to those done using a Talystep 
(before and after development). For B § 40 kev ions (doses 
= 3 x 10 '2 and 7 x i0 '~ cm-2), the removed thickness (as 
measured by the two different methods) differ from one 
another by about 80~. 

Results and Discussion 
Dissolution character is t ics . - -The dissolution character- 

istics of PMMA exposed with B + ions of 20, 40, and 80 keV 
are shown in Fig. 1, 2, and 3, respectively, the irradiation 
dose ranging between 8 • 10" and 5 x 10 '3 cm -3. Based 
on these curves, the following remarks can be made: 
first, for a given ion energy, the saturation value of the re- 
moved thickness rises slowly with increasing ion dose. 
For 40 keV ions, the saturation thickness increases from 
2340 to 2700A when the dose is increased from 7 • i0 '~ to 
5 x 10 '3 cm -2. This slow saturation thickness increase 

2152 



Vol .  131, No .  9 P O L Y M E T H Y L M E T A C R Y L A T E  2153 

1 5 0 0  

1 0 0 0  

5 0 (  

, ~ - -  5.1013 
# v $ $ v �9 v<---_.._ 4 10 TM B �9 �9 , 

~.v �9 , ".r~.-...~.... 2.1013 
�9 �9 8 . 1 0  TM 

. f  ,o 

] f ~ �9 " ~ - 5 . 1 0  TM 

/ / . f  :1o 

[ j '~ ..~.f j.________~ i �9 . approx imat ion  

~"r " " - -  I I I I 
0 5 10 15 2 0  Dissolut ion 

t ime ( ra in )  

Fig. 1. Characteristic dissolution 
curves of 20 keV B § ions. 

may be due to the fact that towards the end of the ion 
range, an increase in the ion dose does not bring about 
any substantial increase in the number of chain scission 
fragments per unit  volume. This can be interpreted in 
terms of absorbed energy density threshold. Saturated re- 
moved resist thickness have also been observed by 
Ryssel (I2) for other ions. Second, for the removal of a 
given nonsaturated resist thickness, the necessary disso- 
lution t ime decreases for increasing ion doses. An ion 
dose increase means an augmentation of the energy de- 
posited per unit volume. This in turn leads to an increase 
in the number  of chain scissions per unit volume and, 
thus, an increase of the dissolution speed. Finally, the sat- 
urated removed thickness increases with ion energy. This 
is attributed to a greater ion range within the resist for in- 
creasing energy. As has been explained elsewhere (14), 
the saturated developed depth can be taken as the mean 
path length in PMMA for light ions. 

For the highest dose used (i.e., 5 • 10 ~ cm-2), the maxi- 
mum removed thicknesses are, respectively: 1550, 2700, 

and 4500~ for 20, 40, and 80 keV ions. The experimental  
values of the dissolution curves are shown Fig. 1-3. 

Proposed empirical formula.--The experimental  data 
can be approximated by means of an empirical formula of 
the form 

z(t) = a (1 - exp -b't) + c .  t d 

where: z is the removed thickness, t the dissolution time, 
and a, b, c, and d adjustable parameters. The overall 
calculated values (solid lines, Fig. 1-3) agree with the ex- 
perimental results within 12%. For a development  time 
greater than 3 min, the agreement falls within 6%. The pa- 
rameters are adjusted in order to minimize the difference 
between observed and calculated curves over the dissolu- 
tion time range. Table I shows the values of the constants 
a, b, c, and d used for 40 keV B ~ ions and the max imum 
percentage difference between the calculated and the ex- 
perimental data over the considered dissolution time. The 
empirical formula allows calculation of the dissolution 
speed (dz/dO of the resist for a given depth. 
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Fig. 2. Characteristic dissolution 
curves of 40 keV B § ions. 
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Fig. 3. Characteristic dissolution 
curves of 80 keV B § ions. 

Fig. 4. Characteristic dissolution 
curves of 160 keV B § ions and com- 
parison with Komuro's model. 
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The  va lue  of  a ( excep t  for  1 x 10 '3 cm-2),  b ( excep t  for  
3 x 10 TM cm-2),  a n d  c i n c r e a s e  w i t h  t he  ion  dose  s ince  a n  
i nc r ea se  in  t he  dose  b r i n g s  a b o u t  a n  i nc r ea se  in  t h e  re- 
m o v e d  t h i c k n e s s  for  a g i v e n  t i m e  t. Fo r  t he  40 k e V  ions,  
t he  m a x i m u m  p e r c e n t a g e  d i f f e rence  b e t w e e n  ca l cu la t ed  
a n d  e x p e r i m e n t a l  r e su l t s  is 11.7%. 

Table I. Values of adjusted parameters a, b, c, and d used for B § 40 keV 
ions and maximum percentage difference between empirical and 

experimental results 

Values of the adjusted 
constants for B + Maximum percentage 

40 keV ions difference between 
Ion dose empirical and 
(cm-2) a b c d calculated values 

2 • 10 '̀ 2 200 0.3 60 0.9 7.5 
3 • 10 '~ 900 0.2 100 0.6 9.3 
4 x i0 '~ 1400 0.6 100 0.6 11.7 
5 • 10 '2 1500 0.6 200 0.4 10.7 
7 • 10 '2 2100 1.6 200 0.1 8.9 
1 x 10 '3 1300 3.1 900 0.1 11.7 

? I I 
10 15 20  

Dissolution 
time(min) 

The  d i s so lu t i on  cha rac t e r i s t i c s  for  B § 160 keV  ions  are 
s h o w n  in  Fig. 4. No d i s s o l u t i o n  t i m e  lag ha s  b e e n  ob- 
s e r v e d  in t he se  c u r v e s  (Fig. 1-4). The  s a m e  o b s e r v a t i o n  
ha s  b e e n  m a d e  b y  H o f f m a n n  et al. (16). I t  mus t ,  howeve r ,  
be  n o t e d  t h a t  t ime- lag  p h e n o m e n a  h a v e  b e e n  o b s e r v e d  b y  
K o m u r o .  Owing  to lack  of  e x p e r i m e n t a l  data ,  t h i s  p o i n t  is 
still  no t  clear.  

Total number of chain scission vs. resist depth.--The 
ca lcu la t ions  p e r f o r m e d  to ex t r ac t  t he  to ta l  n u m b e r  of  
c h a i n  sc i s s ions  vs. res i s t  d e p t h  are as follows. 

Table II. Comparison of ion sensitivity and contrast 
of B § ions (20-160 keV) to 20 keV electrons 

Ion energy (keV) 
Type 20 40 80 160 

Electron 
energy (keV) 

2O 

Sensi- 
tivity 
(cm -2) 5 x  1012 4.1 x 10 r-' 4 .4x 10 r-' 5 x  10 I~ 2.5-5x 1014 

Contrast 2.3 2.4 2.5 2.5 2-3 
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For a given depth z, the development speed is given by 
the Greeneich (15) formula 

dz /3 
- R o  + - -  [ 1 ]  dt Mf ~ 

where Ro, B, and a are fitted constants, and Mf is the frag- 
mented average molecular weight after energy exposure. 
Mf is related to M, (initial number  average molecular 
weight) by 

1 _ 1 + Dose ~ GelSel(z) + Gn Sn(z).~ [2] 
MF Mn [ p N~ 100 J 

where p is the resist density, Na Avogadro's number,  Gel, 
Gn the radiation yields for main chain scission caused by 
electronic and nuclear collisions respectively (events/100 
ev) and Sel(z) and Sn(z) the energy deposition rates of the 
ion beam resulting from electronic and nuclear collisions 
(eV/cm). p is taken to be 1.2. The parameter [Gel Sel (z) + 
Gn Sn (z)]/100 denoted by G S(z)/100 represents the total 
number  of chain scissions (nuclear + electronic)/unit 
length/particle brought about by ion exposure. Combin- 
ing Eq. [1] and [2], the development  speed (from Green- 
eich's model modified by Komuro) is given by 

dz I M--~ D~ {Gel Sel(z) + Gn Sn(z)} ] [3] 
dt - R ~  + f l  + Nap lO0 " 

The left-hand side of Eq. [3] is calculated from the em- 
pirical formula approximation described above. The 
values of Mn, dose, p, and N~ are known. 

For 160 key B + ions, the values of Ro, fl, and a are cho- 
sen such that for the various ion doses 1 x 10 '2 - 5 • I0 '~ 
cm -2, the G.S(z)/100 values vs. resist depth form a quasi- 
unique curve, similar in shape to Fig. 5a, 5b, and 5c. For a 
given ion energy, the G.S(z)/100 curve is independent  of 
the ion dose since we are comparing chain scission num- 
bers for one particle. 

The values of  the constants are: Ro = 0 h/rain, fi = 4 • 16 
10 TM A/min, and a = 4. In order to test the validity of the 
values of Ro, fl, and a, the removed thickness d is calcu- 
lated by 

/~  dz [4] 

R o +  B + - - -  - -  p N~ lOO 

where T is the dissolution time. 
The calculated curves (solid lines in Fig. 4) agree with 

the experimental  measurements.  Using the procedure de- 
scribed above, the total number  of chain scissions for 20, 
40, and 80 keV ions are shown in Fig. 5a, 5b, and 5c, re- 
spectively, the ion doses varying between 3 x 10 ~2 and 1 x 
10 '3 cm -2. The values of Ro, fl, and a are those reported 
above. These curves give rise to the following remarks. 

1. The shape of the extracted curves (chain scission 
numbers vs. resist depth) is similar to that calculated di- 
rectly by both Karapiperis (H § 60 keV) and Komuro (elec- 
tronic energy loss vs. resist depth calculations). That is, 
the typical curve is initially a slowly decreasing curve 
which decreases rapidly. Our extracted curves can be 
compared to those calculated by these authors as only a 
proportionality factor separates them. 

2. For a given ion energy, the G.S(z)/IO0 curve is inde- 
pendent  of the ion dose. This is as expected since we are 
comparing chain scission numbers for one particle; other- 
wise, the parameters Ro, fl, and a would be incorrect. 

3. At the origin (z = 0), G.S(z)/100 ~ 10Ycm/particle. This 
result is compatible with that calculated by Karapiperis 
(13), who obtained ~ 8 • 106/cm/particle for H § 60 keV (Sel 

1.4 x 109 eV/cm; Gel = 0.7) (13). 
4. The number  of chain scissions G.S(z)/100 increases 

with ion energy; this is due to an increase in the depos- 
ited energy. 

Resist sensitivity and contrast.~Irradiated resists are 
commonly  characterized by their sensitivity and contrast. 
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Fig. 6. Comparison of our maximum removed thickness measurements 
with Adesida's. 

Sensitivity is defined as the fluence required to remove 
50% of the resist thickness. Table II compares our results 
for B ~ ions (20-166 keV) to those published by Ryssel (12) 
for 20 keV electrons. In our case, the development  time 
was fixed to 3 rain. The resist is 60-100 times more sensi- 
tive to B § ions than to 20 keV electrons. From the point of 
view of contrast, ions are comparable to electrons. A re- 
sist sensitivity of 5 • 10 '2 cm -2 is amply sufficient for 
technological applications. To our knowledge, no PMMA 
Elvacite 2041 resist sensitivity and contrast results have 
been published in the literature for B + ions. 

Figure 6 compares our maximum removed thickness 
for B § ions (20-160 keV) to those measured by Adesida for 
the same ions at an energy of 50-300 keV. Our experimen- 
tal results are in good agreement. 

Conclusion 
An empirical formula has been proposed to approxi- 

mate the characteristic dissolution curves of B § ions in 
the energy range of 20-160 keV. The calculated values 
agree with the experimental  results within an accuracy of, 
or better than, 12%. This formula may be extended to the 
dissolution curves of other charged particles. Our maxi- 
mum removed thickness measurements are in good 
agreement with the results of Adesida for the same ions. 
A resist sensitivity of 4-5 3< 10 '2 cm -2 is obtained for B § 
ions (20-160 keV); this is sufficient from the point of view 
of technological applications. Comparison of B § ion sensi- 
tivity to that of 20 keV electrons shows an enhancement  
factor of 60 to 100 for the ion beam with respect to the 
electron beam (in terms of particle fluence). 

A procedure is described wherein the total number  of 
chain scission fragments as a function of resist depth may 
be extracted from experimental  dissolution curves. These 
extracted curves are comparable to those calculated di- 
rectly by means of computer  simulations by others. This 
procedure has the advantage of saving time, since it is rel- 
atively easy to put into practice. 
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Thermodynamics and Phase Diagram of Pseudobinary ZnTe-CdTe 
System 
L. A. Zabdyr 

Institute for Metal Research, Polish Academy of Sciences, 30-059 Krak6w, Poland 

ABSTRACT 

The thermodynamic properties of solid ZnTe and CdTe as well as of pseudobinary ZnTe-CdTe solid solutions have 
been determined by means of EMF technique. Results for ZnTe-CdTe solid solutions have been interpreted by regular 
solution model with the parameter a~ = -80  cal. Based on the solidus and liquidus data of Steininger, Strauss, and 
Brebrick and assuming liquid solution to be regular, the solution parameter s = +50 cal has been calculated. Finally, 
phase diagram calculations have been performed using the parameters mentioned above. The results seem to fit experi- 
mental solidus and liquidus data excellently. 

The development of crystal-growth technique from the 
melt has created a need for accurate thermodynamic data 
and a knowledge of the phase equilibria in semiconductor 
alloy systems. A strong interest exists, especially in sys- 
tems forming pseudobinary solid solutions. The ability 
for variation of electron properties with composition 
makes them very useful in semiconductor industry. 

The pseudobinary ZnTe-CdTe system forms a complete 
series of solid solutions with lattice parameter following 
Vegard's rule. This has been first confirmed by Goryu- 
nova and Fedorova (1). Gromakov et al. (2) have per- 
formed thermal analysis study to determine ZnTe-CdTe 
phase diagram, but  their results were more than 40 K 
lower than the most recent data, even for pure com- 
pounds. Steininger et al. (3) have carried out extensive 
studies on ternary Zn-Cd-Te and pseudobinary ZnTe- 
CdTe systems by means of thermal analysis. Their 
l iquidus data combined with ideal solution model for 
both solid and liquid phases resulted in pseudobinary 
phase diagram. Laugier (4) obtained solid solution param- 
eter ~ = 1340 cal assuming ideal liquid and regular solid 
solution by fitting experimental  data of Steininger et al. 
(3). His phase diagram differed slightly from that of 
Steininger et al., but in both cases agreement with experi- 
mental  data was satisfactory. A regular solution model for 
both solid and liquid phases and the experimental  data of 
Steininger have been combined by Ilegems and Pearson 
(5) to adjust solid and liquid solution parameters, a '  = 100 
cal and a I = -1300 cal, respectively. The phase diagram 
calculated under  those conditions was close to those 
given by Steininger and Laugier. Different best fit values 
of a parameters obtained from the same set of experimen- 
tal data demonstrate that results for s depend on choice 
of a s and vice versa. 

In  this situation, it seemed desirable to find the experi- 
mental  value of at least one of solution parameters, and 
this was the main aim of this study. Having a well- 
developed EMF technique, it was decided to apply it for 
determination of thermodynamic properties of solid 
ZnTe-CdTe solutions. 

Experimental 
Two kinds of galvanic cells were used: cells of forma- 

tion and concentration cells, both with liquid salt electro- 
lyre. Formation cells of the type 

Zn(s) or Cd(1)lZn +~ or Cd~21ZnTe~) + Te(~) or CdTe(~) + Te(,) 
[I] 

were applied for redetermination of the formation proper- 
ties for solid compounds ZnTe and CdTe. Formation cells 
of the type 

ZnxCdl-~(l)[Zn § Cd+~lZn.~Cd, xTe(s) + Te(s) [II] 

were used to get free energy of formation of solid 
Zn~Cdl ~Te compounds for a few x values. Finally, con- 
centration cells 

ZnTe(s~ + Te(l)[Zn § IZn~Cd~_~T%) + Te(l) [III] 

were employed for determination of activity of ZnTe in 
ZnTe-CdTe solid solution. 

Electrode materials.--Zinc and cadmium of 5N purity 
were supplied by Zakiad Do~wiadczalny at Skawina, 
Poland, and tellurium 99.99% was obtained from 
ASARCO, USA. 

Alloy electrodes were prepared as follows: appropriate 
amounts  of constituents were melted together in evacu- 
ated silica capsules, equilibrated at least 24h at about 50 K 
above liquidus and then rapidly cooled to the room tem- 
perature. Next, they were annealed for a long period at 
about 50 K below solidus. Samples prepared in this way 
were checked metallographically and x-ray analysis gave 
lattice parameters in accord with literature data. 

Electrolyte constituents were obtained from several 
sources: KC1 from POCH, Poland; LiC1 from CHEMAPOL, 
Czechoslovakia; anhydrous ZnC12 and CdCI~ from 
FLUKA AG, Germany and UCB, Belgium, respectively. 
Electrolyte composit ions were as follows: 70 weight per- 
cent (w/o) ZnCI~, 18 w/o KC1, 12 w/o NaC1 for the ZnTe 
version of cell [I]; 65 w/o ZnC12, 8 w/o CdC12, 18 w/o 
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KC1, 9 w/o NaC1 for bo th  the  C d T e  ve r s ion  o f  cel l  [I] and 
cel l  [II], and  43 w/o LiC1, 52 w/o KC1, and 5 w/o ZnCI~ for 
cel l  [III]. M o l y b d e n u m  wires  shea thed  by h igh  m e l t i n g  
glass tubes  se rved  as cu r r en t  leads.  Cell a s s e m b l y  and 
e x p e r i m e n t a l  p r o c e d u r e  were  s imilar  to t hose  app l ied  in 
one  of  p rev ious  works  (6). T e m p e r a t u r e  was  con t ro l l ed  
by P t - P t R h l 0  t h e r m o c o u p l e  and E M F  read ings  were  
t aken  by a V 534 ELWRO,  Po land ,  h igh  res i s t ance  digi ta l  
v o l t m e t e r  f rom bo th  hea t i ng  and coo l ing  cycles.  S ince  
sol id-s ta te  reac t ions  were  invo lved ,  i t  t ook  a long  t i m e  to 
reach  e q u i l i b r i u m  at a ce r ta in  t empera tu re .  In  case  of  
cel l  [III], it was at leas t  12h for  a s ingle m e a s u r e m e n t .  

Results 
Zinc-tellurium.--Alloys of e ight  compos i t ions  ranging  

f rom 90 to 98 a tom pe rcen t  (a]o) of  Te were  inves t iga ted  at 
t empera tu res  be tween  503 and 692 K, and l inear  depend-  
ence  of  EMF on t empera tu re  was found f rom 150 experi-  
menta l  points  as fol lows 

E(-+l.5) = 609.5(-+1.3) - 0.057(-+0.002)T (mV) 

Us ing  the  wel l -known relat ion:  hG = -nFE,  the  free en- 
ergy of  fo rmat ion  was calcula ted due  to react ion 

Zncs) + Te(~) = ZnTe(~) [1] 

and 

AG1(-+69) = -28117(-+137) + 2.63(+0.21)T caYmol [2] 

Heat  capaci ty  data  t aken  for Z n T e  f rom Mills (7) en- 
abled the  calcula t ion of  the s tandard  hea t  of  format ion,  
AH%98 and s tandard  en t ropy  S~ for the  solid zinc tellu- 
ride, Numer ica l  data  are p resen ted  below. 

Cadmium-tellurium . - -Al loys  of  five compos i t ions  
ranging  f rom 80 to 97 a]o Te were  inves t iga ted  at tempera-  
tures be tween  619 and 719 K. L inear  d e p e n d e n c e  of  E M F  
on t empera tu re  was found  as wel l  f rom 84 expe r imen ta l  
points  

E(-+l.02) = 559.1(-+2.6) - 0.089(-+0.0039)T (mV) 

and free energy  of  fo rmat ion  of  c a d m i u m  te l lur ide  was 
calcula ted as above  due  to react ion 

Cd(l) + Te(s> = CdTe(s) [3] 

and 

hG3(---47) = -25,792(-+120) + 4.11(--0.18)T caYmol [4] 

S tandard  t h e r m o d y n a m i c  funct ions  were  calcula ted and 
p resen ted  as those  for Z n T e  compound .  

Zinc-cadmium-tellurium.--Formation cells [II] were  not  
as conven ien t  in opera t ion  as cells [I] and gave  considera-  
ble expe r imen ta l  errors. Resul t s  of  only two out  of  eight  
composi t ions ,  i.e., x = 0.6 and 0.3, p roved  to be of  the  sat- 
isfactory accuracy.  Reasons  for that  will  be d iscussed  
later. An E M F  vs. t empe ra tu r e  plot  for x = 0.6 is shown in 
Fig. 1 as an example .  The  overal l  cell  [II] reac t ion  

Zn~Cdz_~(~) + Te(s~ = Zn~Cd~_~Te(~) 

c o m b i n e d  wi th  fus ion  data  for te l lur ium (8) and wi th  
m i x i n g  data  for Zn-Cd l iqu id  alloys (9) gave the  free en- 
e rgy  of  fo rmat ion  of  sol id Zn~Cd~_~Te c o m p o u n d  f rom 
l iqu id  cons t i tuents  due  to the  react ion 

x Zn(l) + (1 - x)Cd(, + Te(l) = Zn~Cdl_~Te(~) [5] 

and 

AGs(x = 0.6) = - 33,600 + 9.7T caYmol [6] 

hGJx = 0.3) = - 35,800 + 14.3T caYmol [7] 

C o m b i n i n g  react ions [5], [1], and [3] wi th  fus ion data  f rom 
zinc and te l lur ium (8), one  may  obta in  the  fo l lowing 
reac t ion  

x ZnTe(~) + (1 - x)CdTe(s) = ZnxCdz-xTe(s) [8] 
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Table I. Experimental data obtained from cells [Ill] 

60 

E (mV) dE/dT • 103 - AGznT~(caYmol) - AGEznTe(CaYmoI) 
XZ,Te 750K 900K (mV/K) 750K 900K 750K 900K 

0.8 7.30 8.72 9.49 337 402 4.2 (• 2.3) 3.2 
0.7 11.70 14.01 15.38 540 646 8.2 (• 2.3) 8.5 
0.6 16.75 20.10 22.30 773 927 11.5 (• 3.2) 13.7 
0.5 22.76 27.22 29.72 1050 1256 17.0 (• 3.2) 16.2 
0.4 30.17 36.11 39.58 1392 1666 26.3 (• 3.7) 27.2 
0.3 39.63 47.43 51.96 1828 2188 34.0 (• 4.6) 35.0 
0.2 53.11 63.48 69.14 2450 2927 51.6 (• 4.6) 48.9 
0.1 75.67 90.69 100.16 3491 4184 59.4 (• 4.2) 66.0 

a n d  i ts  f ree  e n e r g y  c h a n g e  AGs is e q u a l  to f ree  e n e r g y  of  
~ i x i n g  AG M of a p s e u d o b i n a r y  sol id so lu t i on  of  a n  appro-  
p r i a t e  compos i t i on .  U n f o r t u n a t e l y ,  t he  e r ro r  in  AG~ was  
too  la rge  for  f u r t h e r  ca l cu l a t i on  of  AG E a n d  a '. N e v e r t h e -  
less,  qua l i t a t ive  ana lys i s  s h o w e d  t h a t  sol id  s o l u t i o n  u n d e r  
i n v e s t i g a t i o n  s h o u l d  e x h i b i t  s l ight ly  n e g a t i v e  d e v i a t i o n  
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Fig. 3. Plots of AGEznTe and AG E v s .  composition, calculated from [9] 
and [11], solid line. Dots represent AGEznTe taken as an average of last 
two columns in Table I, and circles show AG E values calculated through 
Gibbs-Duhem integration. 
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Fig. 4. Free energy of formation of solid ZnxCdl_xTe compound from 
pure liquid elements, calculated from AG M, AG1, and AGz at 750 K (solid 
line), as a function of composition Xz.we. Points represent experimental 
values obtained from cells [11]. 

Table II. Results of phase diagram calculations based on regular solution 
model and experimentally determined ~ value. Melting data of 

compounds used: HFZ~Te = i 5.6 kcal/mol, Trznwe = 1563 K, H~CdTe = 
12.0 kcal/mol, TFCdTe = 1365 K 

T XznTe(s ) XZnTe(l ) 

1540 0.940 0.897 
1520 0.885 0.809 
1500 0.825 0.718 
1480 0.765 0.634 
1460 0.690 0.538 
1440 0.610 0.446 
1420 0.510 0.346 
1400 0.375 0.231 
1380 0.190 0.104 

f rom ideal i ty.  To h a v e  m o r e  accu ra t e  va lues  of  AG M, con-  
c e n t r a t i o n  cells [III] h a v e  b e e n  e m p l o y e d  to real ize  reac- 
t i on  [8]. 

P r e l i m i n a r y  e x p e r i m e n t s  s h o w e d  t h a t  h i g h  a c c u r a c y  of  
E M F  m e a s u r e m e n t s  is r equ i r ed ,  espec ia l ly  for  h i g h  x 
va lues ,  to  o b t a i n  re l iab le  AG E data .  

Care fu l  e l ec t rode  a n d  e lec t ro ly te  p r e p a r a t i o n  a n d  m a n y  
t i m e s  r e p e a t e d  m e a s u r e m e n t s  r e s u l t e d  in E M F  a c c u r a c y  
of  o rde r  of  0.05 - 0.10 mV.  

T w e n t y - f o u r  a l loy c o m p o s i t i o n s  h a v e  b e e n  i n v e s t i g a t e d  
w i t h  Xznve r a n g i n g  f rom 0.1 to 0.8 a n d  w i t h  e x c e s s  of  tel lu- 
r i u m  of  60, 70, a n d  80 a/o, r espec t ive ly ,  for  e a c h  XznTe 
value .  E M F  r e a d i n g s  we re  t a k e n  at  t e m p e r a t u r e s  b e t w e e n  
732 a n d  901 K, a n d  a l i nea r  d e p e n d e n c e  o n  t e m p e r a t u r e  
was  o b s e r v e d  in  all cases  (Fig. 2). Pa r t i a l  f ree  e n e r g y  of  
m i x i n g  of  Z n T e  was  c a l c u l a t e d  f rom e x p e r i m e n t a l  da ta  
u s i n g  w e l l - k n o w n  r e l a t i o n s h i p  

Ae~'znWe : -nFEHI 

w i t h  n = 2 a n d  F = 23.066 ca l /mV �9 tool. 

1500 

V 
F 1~50 

I - -  

1~00 

1350 

CdT, O:2 d,,, d8 
^ZnTe 

Fig. 5. Pseudobinary ZnTe-CdTe phase diagram calculated for c~ s = 
- 80 cal and a 1 = + 50 cal (solid line). Dashed lines represent phase dia- 
gram after Steininger et at. (3), with their DTA data shown as points. 
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Table III, Comparison of thermodynamic properties of ZnTe and CdTe obtained in this work with respective data selected by Mills (7) 

Thermodynamic Zinc telluride Cadmium telluride 
function This work MAlls This work Mills 

- M-/~ (callmol) 27.87 -+ 0.14 28.5 -+ 0.1 24.09 _+ 0.12 24.1 • 0.2 
S~ (ca]/mol �9 K) 19.68 • 0.31 18.6 -+ 0.5 23.04 -+ 0.28 22.8 • 0.5 

Experimental data and calculated AGznTe and AGEznTe are 
listed in Table I. Analysis of last two columns of Table I 
leads to the conclusion that, within estimated error limits 
ranging from ---2.3 to _+4.6 cal, hGrznre may be assumed to 
be independent  of temperature and may be described by 
the regular solution model 

hGrznTe = aS(1 -- XZ~T~) 2 [9] 

with solution parameter a s = -80 cal. Thus, other thermo- 
dynamic functions for pseudobinary solid solutions 
ZnTe-CdTe are as follows 

AGEcdTe = aSX2znWe [10] 

and 

AG E = AH M = as(1 - XZnTe)ZznTe [11] 

Plots of AGEznTe and hG E vs. composition, calculated 
from [9] and [11], are presented in Fig. 3. As can be seen, 
relations [9] and [11] describe satisfactorily experimental 
data. 

The free energy change for reaction [5], 5G5, may be 
calculated again from 5G r using Eq. [11] and a combina- 
tion of AG1 and AG~ with the fusion data for zinc and tellu- 
rium. Results of such a calculation at 750 K are shown in 
Fig. 4. Finally, calculations were carried out to match reg- 
ular solution model for the liquid phase with solidus- 
l iquidus data of Steininger et al. (3) and experimentally 
determined parameter a ~ = -80 cal for the regular solid 
solution. The best fit value for the liquid solution param- 
eter is s = +50 cal. 

Using fusion data for both compounds taken from 
Kulwicki (10) and the parameters derived above, phase di- 
agram calculation has been performed, and the results are 
shown in Fig. 5 and listed in Table II. 

Discussion 
The values of standard thermodynamic functions for 

ZnTe and CdTe obtained in this work are compared with 
respective data selected by Mills (7) in Table III. 

As can be seen, agreement is excellent, especially for 
cadmium compound. 

In  tho case of cells [II], low melting electrolyte has been 
used containing ZnCI~ and CdC12. Since both zinc and 
cadmium ions present in the melt were in contact with 
liquid Zn-Cd electrode, a side reaction might occur 

Zn + CdC12 ~ Cd + ZnC12 [12] 

If reaction [12] goes to the right, it should decrease zinc 
content in liquid ZnCd electrode and move the points 
shown in Fig. 4 to the left. 

On the other hand, a high concentration of ZnC12 in 
electrolyte might shift equil ibrium of reaction [12] to the 
left. 

To solve this problem exactly, thermodynamic data are 
needed for four-component system ZnC12-CdCI~-KC1-LiC1 
and the knowledge of kinetics of possible reactions with 
metallic phase involved. Thus, free energy values 
calculated from [6] and [7] are of the qualitative character. 

High accuracy EMF measurements from cells [III] en- 
abled confirmation of slightly negative deviation of 
pseudobinary solid solution from ideality and description 
of its thermodynamic properties by regular solution 
model. 

Moreover, one can calculate free energy of formation of 
ternary ZnxCdl-x Te compounds from their constituents 
along pseudobinary line. 

Finally, calculated phase diagram seems to fit excel- 
lently both solidus and liquidus experimental data. 

All mentioned error limits were calculated for 90% 
confidence level. 

Manuscript submitted Oct. 31, 1983; revised manuscript  
received March 23, 1984. 
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Heat Effects in Zircaloy Oxidation by Steam 
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ABSTRACT 

Partitioning of the heat of combustion during Zircaloy oxidation between the gas-oxide and oxide-metal interfaces 
was determined. The spatial distribution of the heat release is very sensitive to the poorly known partial molar enthalpy 
of oxygen dissolution in ZrO2. This uncertainty is of minor consequence in the thermal analysis, however, because tem- 
perature gradients in the specimen due to the heat released by oxidation are very small. The temperature is mainly a 
function only of time. A simple lumped-capacity thermal analysis suffices to describe the temperature transient initi- 
ated by the corrosion process. A method of coupling the temperature rise due to the heat release to the corrosion kinet- 
ics was developed. 

Although oxidation of a metal is accompanied by con- 
siderable release of heat, most analyses of this process as- 
sume that the temperature of the reacting solid is speci- 
fied by the external environment.  However, when 
external heat removal rates are low, the heat of combus- 
tion can be a significant heat source, as was dramatically 
illustrated by the accident at the Three Mile Island nu- 
clear reactor. In this case, the energy released by oxida- 
tion of the Zircaloy cladding exceeded that provided by 
decay of the fission products in the fuel contained by the 
cladding tubes. In laboratory experiments in which a 
specimen is held in a furnace or heated by induction or 
by resistance, rapid oxidation can provide a heat source 
comparable in magnitude to that supplied by the applied 
heating method. The localized nature of the heat release 
by oxidation can cause temperature nonuniformities in 
the reacting metal which must be understood quantita- 
tively if the corrosion process is to be properly modeled. 

In this work, oxidation of zirconium 1 is analyzed with 
reaction heating considered. Zirconium oxidizes by for- 
mation of a coherent oxide scale through which oxygen is 
transported by ionic diffusion from the gas to the metal. 
At the oxide-metal boundary, the incoming oxygen either 
converts some of the metal  to oxide or dissolves into the 
metal and continues to penetrate by interstitial diffusion. 
At high temperature, the metal phase consists of a ~-zir- 
conium and/~-zirconium components,  but, for the present 
study, the distinction between the two is not important. 

In the following section, the heat of combustion of zir- 
conium is broken down into three parts. First, addition of 
oxygen to the initially pure metal produces a-Zr saturated 
with oxygen. Second, sufficient additional oxygen is sup- 
plied to convert  the saturated metal to zirconia at the 
lower phase boundary. Finally, the hypostoichiometric 
oxide is saturated with oxygen to achieve ZrO2. 

In a slab of metal exposed to steam, these steps occur 
simultaneously but at different locations in the specimen, 
rather than sequentially in t ime but uniformly throughout  
the solid. In addition, water vapor must  be decomposed 
to produce the oxygen which enters the solid and the re- 
action product hydrogen which returns to the gas phase. 
Application of the three-step oxidation process to this 
case permits determination of the heat releases at various 
positions in the corroding specimen, particularly at the 
gas-oxide and the oxide-metal interfaces. This analysis is 
presented in the "Heat Release" section. 

In the succeeding sections, the effect of the heat re- 
leased during the corrosion process on the temperature 
distribution within the specimen and on the kinetics of 
scaling are considered. To this end, a simplified problem 
is analyzed. The system considered closely resembles the 
method by which corrosion kinetics are studied in labora- 
tory tests, but the general features of the analysis are also 
applicable to nuclear fuel elements, wherein oxidation of 

1Nuclear reactor fuel cladding is fabricated from the zirconi- 
um-based alloy Zircaloy, which contains 1.5% tin and smaller 
amounts of iron and chromium. This alloy is superior to pure 
zirconium for normal reactor use, but the high-temperature oxi- 
dation characteristics of the two are very similar. 

the cladding proceeds from the surface exposed to the 
coolant toward the inner surface adjacent to the fuel. The 
system consists of a slab specimen initially placed in an 
inert environment  at temperature To. In the absence of 
chemical reaction, the specimen acquires the temperature 
of its surroundings, which is maintained constant at To at 
all times. Steam at temperature To is admitted at t ime zero 
and proceeds to oxidize the slab from both sides. Thus, 
the midplane of the specimen is adiabatic for heat- 
transfer purposes. The half-thickness of the specimen is 
assumed to be sufficiently large so that the oxygen diffu- 
sion process occurs as in an infinite medium. Heat- 
transfer between the enclosure and the specimen, 
whether  by radiation to the walls or by convection to the 
steam, is characterized by a heat-transfer coefficient h. 

In the "Temperature  Distribution" section, the problem 
described above is analyzed without considering coupling 
of the heat release and oxidation kinetics. In the follow- 
ing section, a commonly used approximate coupling 
scheme is analyzed. Finally, rigorous linkage of the heat- 
and mass-transfer processes is developed. 

Components of the Heat of Combustion of Zirconium 
The heat of formation of ZrO2, /~v-/~ is the enthalpy 

change of the reaction 

Zr + O2(g) = ZrO2 [1] 

where the zirconium reactant is initially free of oxygen 
and the oxide product is stoichiometric (i.e., with O/Zr ra- 
tio of 2). The heat of formation of zirconium dioxide at 
298 K is given in Ref. (1). Extrapolating to temperatures of 
interest here (1200~176 and taking into account the 
difference in heat capacities of products and reactants 
[also given in Ref. (1)] gives AH~ = - 1088 kJ/mol. 

With reference to the isotherm on the phase diagram of 
Fig. 1, the heat of formation of ZrO2 corresponds to the 
difference in enthalpy between points a and d. This dif- 
ference can be divided into three parts. 

a-b . - -Addi t ion of Y2 y mol of gaseous oxygen to 1 g 
atom of pure zirconium to produce the saturated metal 
(O/Zr = y) can be writ ten as 

1 O Zr + -~ y 2(g) = Zr (sat. with oxygen) 

and the heat release is 

[2] 

f0 y~ Qa-5 = -~/2  AHMdy' ~ -V2 AHMy [3] 

w h e r e  A H  M is the partial molar enthalpy of oxygen in the 
metal. Komarek and Silver (2) measured the oxygen 
pressures in equil ibrium with solutions of oxygen in ~-Zr. 
Their data yield a heat of solution AHM = - 1138 k J/tool at 
10-15 atom percent (a]o) oxygen and a variation of -54  
kJ/mol  between infinite dilution and saturation. The lat- 
ter variation is neglected, and the heat of solution is as- 
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Fig. 1. Zr-O equilibrium phase diagram from Ref. (18) with isotherm at 

1300~ 

sumed to be independent  of composition. In addition, as 
explained earlier, it is assumed to be the same for the 
and fl modifications of zirconium. 

b-c.--Addition o.f oxygen to the oxygen-saturated metal 
to produce 1 tool of the oxide at the lower phase bound- 
ary (O/Zr = 2 - x). This reaction can be written as 

Zr(sat. with oxygen) + 1/2 (2 - y - x)O2(g) = ZrO~_~. [4] 

The heat released by this equil ibrium reaction is 

Qb-~ = -AHR [5] 

where AHR is the standard enthalpy change of reaction [4]. 

c-d.--Dissolution of oxygen in the hypostoichiometric 
oxide to produce perfect stoichiometry corresponds to 
the reaction 

1 
ZrO2_x = ~-xO2(g) = ZrO2 [6] 

and the heat release for this step is given by 

f; Q~-d = - � 8 9  AHo~dx' [7] 

where hHo~ is the partial molar enthalpy of oxygen in 
ZrO2_=, which is a function of the O/Zr ratio. 2 The only 
work that provides some information on the partial molar 
enthalpy of solution of oxygen in ZrO2 is that of Aronson 
[3]. Unfortunately, the oxygen potential he obtained 
changes temperature dependence across the ZrO2_= phase 
field in a manner which implies changes in the_ssigns of 
AHo~ and the partial molar entropy of solution, hSo~. This 
unusual behavior may be due to the fact that the temper- 
ature range of his experiments  (900~176 spanned the 
monoclinic-tetragonal transition temperature of zirconia 
(1000~ Rather than accept the odd variation of AHo~ 

2The oxygen solution reaction given by Eq. [6] need not imply 
that this element enters the oxide lattice as interstitial neutral 
atoms, as it does in the metal. Rather, the final state of oxygen 
entering the oxide is the substitutional ion 02- , achieved by ad- 
dition of oxygen atoms to vacant anion lattice sites and acquisi- 
tion of two electrons from the solid. The experimental enthalpy 
of solution, hHox, reflects this charge-exchange step. 

with O/Zr implied by these data, we use only the mea- 
sured oxygen potentials at ll00~ which apply to tetrago- 
nal zirconia. These data, ih conjunction with a theoretical 
estimate of hSo~, determine hHo~ by 

AHox = AGox + ThSo. [8] 

The partial molar entropy of solution is given by 

h--So• = 230 - S~ [9] 

where S~ is the entropy of molecular oxygen and So is 
the partial molar entropy of oxygen ions in ZrOz_x. The 
former consists primarily of a translational entropy con- 
tribution with a smaller contribution from rotation. At 
temperatures above 1200~ the methods described in 
Ref. (4) give the value S~ = 210 JlmoI-K. 

The tetragonal structure of zirconia is simply a dis- 
torted fluorite lattice (5), and the dominant point defects 
in the nonstoichiometric compound are oxygen vacan- 
cies. Consequently, hSo.~ of ZrO2-x should behave in a 
manner similar to other oxygen-deficient oxides with the 
fluorite structure, such as (U,M)O~_x where M is another 
cation. Wadier (6) has shown that So for the hypostoichio- 
metric mixed uranium-neodymium oxide can be satisfac- 
torily represented by a simple model which assumes a 
perfect cation sublattice and isolated vacancies on the an- 
ion sublattice. His result, which is applicable to zirconia 
as well, is 

. l n  

Using this estimate of zXSox and Aronson's  values of 
Z~Gox at ll00~ in Eq. [8] yields the partial molar enthalpy 
of solution shown in Fig. 2. Although there is no way of 
accurately estimating ZXHox at exact stoiehiometry (be- 
cause of the mathematical  form of Eq. [10]), the shape 
and magnitude of the curve in Fig. 2 are consistent with 
those observed for (U,Pu)O2_x (7). 

The sum of the heat releases in the three steps is equal 
to the negative of the heat of combustion of pure zircon- 
ium 

A..~Ofz,o~ = h - ~ y  + ~HR + - y  aHo~dX' [1i] 
) 

Estimates of the oxide-metal interface compositions x 
and y can be obtained from the Zr-O phase diagram. The 
solubility limit of oxygen in a-Zr is nearly temperature in- 
dependent,  but the lower phase boundary of ZrO: ~ is 
slightly temperature sensitive (8). 

Heat Release during Zircaloy Oxidation 
Corrosion kinetics are customarily expressed as the rate 

of weight gain and the rate of growth of the oxide scale. 
In the case of zirconium oxidation, a layer of oxygen- 

-300 

-20C 
o 

- l e c  

0 I I I 1.85 1.90 1,9S 2,00 
O/Zr 

Fig. 2. Composition dependence of the partial molar enthalpy of solu- 
tion of oxygen in zirconia. 
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stabilized a-Zr forms between the oxide scale and the 
substrate. In the present analysis, the a-Zr layer is not dis- 
t inguished from the remaining fl-Zr because the two pha- 
ses are assumed to have similar thermal properties. Fig- 
ure 3 shows typical scale formation on zirconium. The 
points labeled a, b, c, and d correspond to those in Fig. 1. 
Because the change in O/Zr ratio across the oxide phase 
is small, the segment d-c of the oxygen distribution is as- 
sumed to be a straight line. If the initial thickness of the 
oxygen-free zirconium slab is LMo, and LM and Lo~ denote 
the thickness of metal (a + t)  and oxide at time t, conser- 
vation of zirconium leads to 

p M ( L M o  - -  L M )  = po~Lox [12] 

where PM and Po~ are numbers  of gram atoms of zirconium 
per uni t  volume of metal and oxide, respectively. 

In  a time interval At the result of oxidation is ANT = to- 
tal uptake of oxygen (g atoms/cm 2) and ALox = increase in 
oxide layer thickness. 

The number  of gram atoms of zirconium contained in a 
uni t  area of oxide scale is po• and the average O/Zr ra- 
tio of the scale is at.all times equal to 2 - '/gx. Therefore, 
the change in the amount  of oxygen bound in the oxide 
scale as a result of the increase of hLo~ in thickness is (2 - 
'/2X)PoxALox. However, the oxide scale grows by converting 
PoxhLox g atoms per cm 2 of  adjacent zirconium metal 
which is saturated with oxygen. Thus, of the change in 
the amount  of oxygen in the scale, an amount  YPoxhLox is 
supplied by the converted metal, with the remainder be: 
ing supplied from the total uptake from the oxidizing gas. 
The difference 

ANM = A N T  -- (2 - "/z x - y)po.ALox [13] 

is the quantity of oxygen which enters the metal phase. 
As a first approximation determining the heat release, 

the partial molar heats of solution of oxygen in the metal 
and in the oxide are considered to be independent  of 
composition. The consequence of this assumed behavior 
is the absence of heat release in the bulk oxide and metal 
phases due to oxygen diffusion down concentration gra- 
dients. The heat effects of corrosion are localized at the 
interfaces between the gas and the oxide and between the 
oxide and the metal. 

For oxidation in steam, the heat released at the gas- 
oxide interface consists of two components. The oxygen 
entering the specimen must  first be produced by decom- 
posing water 

1 
H,:O(g) = H2(g) + ~-O2(g) [14] 

for which the heat release is the standard heat of forma- 
tion of water, AH~ The oxygen gas is dissolved in the 
surface of the oxide according to Eq. [6]. The heat release 
per gram atom of oxygen absorbed at the gas-oxide sur- 
face is 

l - -  
Qg_o• = - ~ -  hHox + AH~ [15] 
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Fig. 3. Oxide scale ~lrowth and oxygen concentration distribution dur- 
ing steam oxidation of Zircaloy. 
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The ANT g atoms of oxygen entering the surface ulti- 
mately appear in one of three locations. An amount  ANM 
enters the metal at the oxide-metal interface where the 
heat released is (�89 - �89 A portion (2 - x - 
Y)Pox hLox reacts with the metal at the oxide-metal inter- 
face to produce ZrO2_,. The heat released at this interface 
by this process is (2 - x - Y)Pox hLo~('/2hHo~) - AHRPo~hLox. 
The remaining '/2XpoxhLox g atoms of oxygen stay in the 
oxide but  contribute nothing to the heat release because 
in the present approximation, AHox is composition inde- 
pendent.  Adding these contributions, eliminating AN M by 
using Eq. [13], and AHR by Eq. [11] (with hHo~ a 
constant for this approximation), yields the heat release at 
the oxide-metal interface per gram atom of oxygen ab- 
sorbed by the specimen 

Qox-M = 12 ~ o ~  _ -2-1 AHM. -- [hH~ 

d 

( z / J ANT 
- ---~xA-Hox - (2 _ __12x ) 1 A--HM/]po~ ALox [16] 

Current analyses which attempt to account for the heat 
effect of the metal-water reaction assume that the thermal 
source term is equal to the negative of the integral heat of 
the reaction 

'/2Zr + H20 = V~ZrO2 + H.2 [17] 

which is 

AH~ = V2AH~ - AH%~o [18] 

However, during the corrosion process, the appropriate 
source term is the differential heat of reaction 

Q = Qg-ox + Qox-M [19] 

This quantity is obtained from Eq. [15] and [16] as 

Q = A H ~  - -  1/zAH M - [ A H ~  - -  I / 4 x A H o  x 

- '/2(2 - "/~x)AHM]PoxALox/ANT [20] 

The following argument  demonstrates that Eq. [18] and 
[20] are self-consistent. Complete oxidation by steam con- 
tacting one face of a slab which contains '/z g-atom Zr is 
accomplished in two steps. In the first step, sufficient 
oxygen is added to convert all of the metal to an oxide 
which has an O/Zr ratio of 2 on the steam side and 2 - x 
on the opposite side, with a linear variation between the 
two faces. The average O / Z r  ratio of the nearly fully oxi- 
dized slab is thus 2 - �89 Using Eq. [12] with LM = 0, 
pMLMo = '/Z, the term PoxhLox in Eq. [20] is seen to be V2. The 
quanti ty of oxygen added to the slab in step KANT in Eq. 
[20]) is '/2(2 - 1lax) g atoms and the heat release for this 
step is 

Q, = '/2(2 - "/2x)Q [21] 

where Q is given by Eq. [20] with the values of PoxhLox and 
ANT determined above. The second step is the addition of 
'/2x g atoms of oxygen to bring the slab to exact stoichi- 
ometry, for which the enthalpy change is 

Q2 = "/2xQ . . . .  [22] 

where Qg-ox is given by Eq. [15]. Adding the contributions 
of the two steps shows that 

Q, + Q2 = -'/~AH~ + hH~ [23] 

which is exactly the negative of the integral enthalpy of 
reaction given by Eq. [18]. 

Thus, although the heat released by complete oxidation 
of zirconium is given by the overall thermochemistry of 
reaction [17], the heat effect during oxidation (i.e., while 
some metal is still present) is determined by the differen- 
tial heat of reaction of Eq. [20]. This heat effect is not a 
purely thermodynamic quantity, because it depends upon 
the ratio of increments of oxide layer growth ALo• to total 
oxygen absorbed, ANT, which depends on the details of 
the corrosion process. In order to evaluate Q, 
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specif icat ion of  the  kinet ics  of  corrosion is required .  For  
i so the rmal  ox ida t ion  in an  inf in i te -medium specimen,  
parabol ic  kinet ics  prevai ls  and Q can be  computed .  We 
will  pe r fo rm this computa t ion ,  bu t  its res t r ic t ions  to the  
isothermal ,  infinite m e d i u m  case should be kep t  in mind.  
When we deal  wi th  the  t rans ien t  s i tuat ion in the  fo l lowing 
sect ions or  wi th  an  i so the rmal  react ion in a finite slab, 
the  appropr ia te  express ion  for ALox/ANT m u s t  be  used  in 
Eq.  [20]. 

For  parabol ic  scaling, we may  wri te  

dLox kox 
- -  - - -  [ 2 4 ]  

dt x / t  

dNT kw 
J - - -  - [25] 

dt  x / t  
Where  J is the  oxygen  up take  rate and kox and kT are the  
scal ing constants  for ox ide  layer g rowth  and total  o x y g e n  
uptake,  respect ively .  Us ing  Eq. [24] and [25] in Eq. [20] 
yields the appropr ia te  the rmal  source  t e rm dur ing  para- 
bolic scal ing of  z i r con ium in s team 

Q(parabolic) = A H ~  - -  '/25H~ 

poxkox 
- -  [ A H ~  - �88 - Vz(2 - i~x)AHo• k-"'-~ [26] 

The  p reced ing  analysis was also based u p o n  the  as- 
s u m p t i o n  that  the  en tha lpy  of  solut ion of  o x y g e n  in zirco- 
nia  was i n d e p e n d e n t  of  composi t ion .  A m o r e  accurate  
analysis al lows for the  compos i t ion-var ia t ion  of  aHox 
g iven  in Fig. 2. This  cu rve  can  be fi t ted to the  quadra t ic  
fo rmula  

hHox = (hHox)o + a x  + b x  2 [27] 

Repea t ing  the  analysis deve loped  above for AHox = con- 
stant, the  heat  sources  in the  solid for the  var iable  AHox 
case are found to be  

Q . . . .  = -Ve(hHox)o + h H ~  [28] 
r 

Qo~-M = u - ~/2AHM - [AH~ - �88 

_ 1__ 1 ] [ 2 9 ]  4 ax2 - --6 bx3 - �89 - ~/~X)~Mj po~ALox 
ANT 

In  addit ion,  there  is a bu lk  hea t  release in the  oxide  scale 
due  to the  change  in AHox as oxygen  diffuses f rom the  
gas-oxide  interface to the  meta l -oxide  interface.  This 
con t r ibu t ion  can be  shown  to be  g iven  by 

( 1  1 ) PoxhLox [30] 
Qox = -1/ex2 - ~  a + --f b x  AN T 

The total  hea t  re lease per  g ram a tom of o x y g e n  absorbed  
by the  s p e c i m e n  for this case is g iven  by 

Q = Qg-ox + Qo~ + Qox-M [31] 

Table  I shows the  cont r ibu t ions  of  the  var ious  heat  
sources  calcula ted in this section. The data  used  in the  
compu ta t ions  are col lec ted  in the  first part  of  Table  I. 
Parabol ic  ox ida t ion  k ine t ics  are assumed,  so that  the 
t e rm ALoJANT is the  ratio of  the parabol ic  scal ing con- 
stants  ko• The total  hea t  releases accord ing  to Eq.  [26] 
and [31] are g iven  as funct ions  of  t empera tu re  b e t w e e n  
1500 and 1900 K. The  hea t  releases per  g ram a tom of oxy- 
gen  absorbed  by the  s p e c i m e n  are qui te  insens i t ive  to 
t empe ra tu r e  in this range  and to the  a s sumpt ion  concern-  
ing  the  compos i t ion  d e p e n d e n c e  of  AHoy. However ,  the  
average  va lue  of  Q ~ 307 kJ /g -a tom O is ~3% larger  than  
the  integral  hea t  of  react ion,  g iven  by Eq. [18] and the 
data  in Table  I as AH ~ = 297 k J /g-a tom O. This  sl ight  in- 
crease  in the  hea t  re lease m a y  be  signif icant  in analysis 
of  the chemica l  hea t  effect  in severe  fuel  damage  codes 
for nuc lea r  reactors.  

The  last part  of  Table  I shows the  way  that  the  react ion 
hea t  is par t i t ioned in the  solid. Here  the  concen t ra t ion  ef- 
fect  on the  heat  of  solut ion of  oxygen  in zirconia has a 

Table I. Contributions to the zirconium oxidation heat sources during 
isothermal oxidation of a semi-infinite medium (parabolic kinetics) 

Data (kJ/mol) 

~-/~ = -1088 t h/-/~ ~ = -247 ~ Ref. (1) 

~ M  = -1138 } Ref. (2) 

~_~x (avg) = -1050 ") 
(AHox)o = -678 

a = -8370 Fig. 2 
b = 35,150 

x = 10 -4 T(K) Ref. (8) 

ko~ = 0.075 exp (-9000/T) cm/s "2 1 
kT = 0.018 exp (-10,000/T) g atoms O/cm 2 -s'2 / Ref. (9) 
Pox = 0.0472 g atoms Zr/cm 3 

Total heat release as a function of temperature 

T(K) 

Total heat release, kJ/g atom oxygen 
absorbed by specimen 

Constant h H o x  Variable M-/ox 

1500 304 305 
1600 305 306 
1700 306 307 
1800 306 307 
1900 307 308 

Components oftheheat release atl600K 

Location 

Heat release, kJ/g atom oxygen 
absorbed by specimen 

Constant h/-/o~ Variable h/-/ox 

Gas-oxide interface 278 92 
Oxide layer 0 7 
Oxide-metal inter- 27 207 

face 

p ro found  effect. I f  AHox is t aken  to be a cons tan t  equa l  to 
the  average  va lue  g iven  in the  top  of  Table  I, 90% of the 
react ion h e a t  appears  at the  gas-oxide interface.  However ,  
i f  the  compos i t i on -dependence  shown in Fig. 2 is 
adopted,  only  30% of the  react ion hea t  appears  at the  sur- 
face. However ,  in bo th  cases, despi te  the  endo the rmic i ty  
of  reac t ion  [14], the large ene rgy  release u p o n  incorpora-  
t ion of  gaseous  o x y g e n  in the  oxide  makes  the  overal l  sur- 
face react ion exothermic .  This resul t  is jus t  the  oppos i te  
of  the  conc lus ion  recent ly  reached  by Cubicciot t i  (10). 
The  bulk  hea t ing  of  the  ox ide  layer is re lat ively minor .  

Effect of the Heat of Reaction on the Temperature 
Distribution 

All expe r imen ta l  s tudies  of  Zircaloy corros ion by s team 
a s s u m e  a un i fo rm t empera tu r e  d is t r ibut ion  wi th in  the  re- 
ac t ing  sample.  However ,  t empera tu re  nonuni fo rmi t i e s  
m a y  resul t  f rom the  par t i t ion ing  of  the  hea t  re lease be- 
tween  the  gas-oxide  and ox ide-meta l  interfaces.  The  loca- 
t ion as well  as the  m a g n i t u d e  of  the heat  re lease due  to 
ox ida t ion  m a y  have  a s ignif icant  effect  on calcula t ion of  
c ladd ing  t empera tu res  in a reactor  acc iden t  s i tuat ion 
which  involves  ox ida t ion  of  Zircaloy. 

To assess the  impor tance  of  the  hea t -source  locat ion on 
the  t empera tu re  dis t r ibut ion,  the  ideal ized s i tuat ion de- 
sc r ibed  above  is analyzed.  Fo r  the  present ,  we  as sume  
that  the  oxida t ion  kinet ics  are those  for parabol ic  scal ing 
at the  cons tan t  base t empera tu re  To; acce lera t ion  of  the 
~orrosion rate by the  hea t  re lease is neglected.  Our object  
he re  is to obta in  es t imates  of  the t empe ra tu r e  nonuni-  
fortuit ies caused by discre te  hea t  sources  in the  slab. 

With this restr ict ion,  the  g rowth  rate of  the  ox ide  scale 
and the flux of  o x y g e n  into the spec imen  are g iven  by 
Eq. [24] and [25], respect ively ,  wi th  the  scal ing constants  
ko~ and kT those  at the  base  t empera tu re  To. The  p lanar  
hea t  sources  at the  gas-oxide  and meta l -ox ide  interfaces  
are equa l  to Q~-oxJ and Qo~-MJ, respect ively ,  whe re  Qg-ox 
and Qox-M are g iven  by Eq. [15] and [16], respect ively .  

The  hea t  balance at the  spec imen  surface  inc ludes  the  
rad ia t ive-convec t ive  loss to the  env i ronmen t ,  the  hea t  
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conducted to the specimen from the interior (given by the 
product of the oxide thermal conductivity and the tem- 
perature gradient in the oxide), and the heat source 
Qg-oxJ. The balance consists of equating the difference in 
the first two terms to the last. 

The thermal response time of the oxide layer is L2MJC~ox, 
where ~ox is the thermal diffusivity of ZrO~. The charac- 
teristic scale growth time is equal to L2Mo/k2Qx. Because the 
latter is very much larger than the former (by a factor of 
-105 at 1300~ quasisteady-state heat conduction applies 
to the oxide layer, or the temperature distribution in this 
phase is linear at all times. 

In  addition, because the thermal conductivity of the 
metal is very large compared to that of the  oxide, the 
thermal response of the metal phase can be treated as a 
lumped capacity and temperature gradients neglected 
here. Consequently, the transient heat-conduction equa- 
tion in the metal portion of the specimen can be replaced 
by an energy balance which equates the time rate of 
change of the heat content of the metal phase to the dif- 
ference between the reaction heat source at the oxide- 
metal interface, Qox-MJ, and the heat transferred away 
from this interface by conduction into the oxide. 

Elaboration of this model in Ref. (11) leads to equations 
giving the time variations of the metal phase and oxide 
surface temperatures following introduction of steam into 
the system. Calculations were performed for a variety of 
external heat transfer coefficients (h) ranging from that 
for pure radiation from the surface to a medium at con- 
stant temperature to smaller values intended to represent 
convection to slowly flowing steam that might be en- 
countered in a core-uncovery situation in a nuclear reac- 
tor accident. In all cases, the calculations showed that de- 
spite the low thermal conductivity of ZrO2, temperature 
gradients over the oxide scale were negligible at all but 
the very earliest times during the transient. The reason 
for this result is Blot number,  hLMc/Kox, where Kox is the 
thermal conductivity of ZrO2, is very much less than 
unity. This condition is encountered in other solid-fluid 
heat-transfer situations (12), and simply reflects the fact 
that in such cases external heat-transfer provides the ma- 
jor thermal resistance in the system. The same conclusion 
has been reached by use of the detailed thermal analysis 
modules in the nuclear reactor severe fuel damage codes 
SCDAP (13) and PWR HEATUP (14). 

The consequences of this behavior are twofold. First, 
the thermal response of the oxidizing metal is indepen- 
dent of the manner  in which the heat of the chemical re- 
action is partitioned between the gas-oxide and metal- 
oxide interfaces and depends only upon the total heat 
release given by Eq. [20]. Second, the entire specimen can 
be characterized by a spatially uniform temperature 
whose time dependence is given by a lumped-capacity 
energy balance. This balance takes on the following sim- 
ple but  accurate form if the change in the solid heat ca- 
pacity due to oxidation is neglected 

pMCpMLMo d (T  - To) = Q J  - h ( T  - To) [32] 

where PM and CpM are the density and heat capacity of the 
metal, respectively. The temperature of the environment  
(To), re~oresenting the enclosure surfaces for radiation and 
steam temperature for convection, can be time depen- 
dent. The heat release due to reaction (Q) is given by Eq_ 
[20], and the oxygen uptake rate (J) is described by the 
appropiate corrosion kinetics (which need not be those of 
parabolic scaling). Although the form of Eq. [32] was ob- 
tained without considering the temperature dependence 
of J, the simple lumped-capacity heat balance can be em- 
ployed with models that account for coupling of J to the 
temperature transient. 

Approximate Coupling of Corrosion Kinetics and 
Thermal Response 

The approximate coupling method adopted by Mark- 
worth (15) and used in severe fuel damage codes (13, 14) 

O X I D A T I O N  B Y  S T E A M  2165 

consists of assuming that the basic parabolic scaling laws 
apply in a temperature transient but  the scaling coeffi- 
cients are thermally activated. According to this prescrip- 
tion, the oxygen uptake rate given by Eq. [25] is replaced 
by 

d~-- ~/t - ~ -  ~ - ,  [33] 

where kTo is the parabolic rate constant at temperature To 
and ET is the activation energy for the total oxygen up- 
take determined by isothermal corrosion experiments at 
various temperatures. 

Similarly, Eq. [24] is generalized to 

'O,Oexo[  ox(1 
d~-- x/t ---R-- T -  [34] 

where koxo is the parabolic rate constant for oxide scale 
growth at To and Eox is its activation energy. 

The heat of reaction Q is obtained by substi tuting Eq. 
[33] and [34] into Eq. [20] in order to eliminate ALox/AN~. 
The result is multiplied by Eq. [33] to obtain the heat 
source QJ. Using this result in Eq. [32] gives 

dO A, exp (E,O) A2 exp (E20) 
C,  - C20 [35] 

dt ~ 

where 

C1 = pMCpMLMoTo 

C2 = hTo 

A 1 = (AH~ -- V2AHM)kTo 

A2 = [hH~ - 1/4XAHox - V2(2 - 1/2x)hHM]Poxkolxo 

E1 = ET/RTo 

E2 = Eox/RTo 

and 

0 = ( T -  To)/To [36] 

is the dimensionless temperature of the specimen. 
Equation [35] can be solved numerically using the ini- 

tial condition 0 (0) = 0 to yield the temperature variation 
during the transient initiated by introduction of steam at 
time zero. Using this result in Eq. [33] and [34] permits the 
corrosion rate to be determined. 

The above formulation assumes a constant heat of solu- 
tion AHox. If the more accurate representation of this 
quantity according to Eq. [27] is employed, Eq. [31] is 
used for Q and different coefficients A, and A2, obtained 
from Eq. [28]-[30], result. Both cases apply only to oxida- 
tion of a semi-infinite solid, however. 

Accurate Coupling of Heat and Mass Transport during 
Corrosion 

The major shortcoming of the coupling method de- 
scribed in the previous section is the description of the 
corrosiop process by parabolic kinetics in a temperature 
transient. This is, in principle, wrong, because parabolic 
kinetics requires t ime-independent  parameters such as 
oxygen diffusion coefficients and interface concentra- 
tions. Thus, application of Eq. [33] and [34] to situations 
with t ime-dependent temperatures is open to question. 
This deficiency can be eliminated by analyzing the corro- 
sion process from the same basic principles that have 
been applied to isothermal corrosion kinetics. The mate- 
rial properties are permitted to be time dependent,  but  
the temperature is assumed to be spatially independent  
because the demonstration of this property in the "Tem- 
perature Distribution" section remains valid. 

The kinetics of oxidation are determined by solving the 
oxygen diffusion equations in the oxide and metal zones 
of the specimen and matching fluxes and concentrations 
at the metal-oxide interface. This technique has been 
used by Pawei 06) to ana]-yze isothermal oxidation of Zir- 
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Equality of oxygen fluxes in the oxide and metal pha- 
ses at the interface is expressed by 

-Do~ \~-~z/Lox - vC~ = - D m  \--~z, / ~  - - ~  Cb 

where Do~ is the oxygen diffusivity in ZrO2. 

I s o t h e r m a l  s o l u t i o n . - - I f  the diffusion coefficient and 
the boundary concentrations are all constant, the velocity 
in Eq. [42] is v = ko]x / t ,  where ko~ is the parabolic scaling 
constant, and the soIution to Eq. [42] is 

{ Z' ]Cox ] 
erfc v + 

Cm \ 2 x / D u t  B ~ M  ] 
-- ( ] [46] 
Cb erfe \ B~/D--M~ / 

Substi tut ing Eq. [38] and [46] into Eq. [45] and noting 
that Lo~ = 2ko~ ~ yields 

Do~(Ca - Ca) 
kox(C~ - Cb]B) 

caloy. We apply the same type of analysis to the present 
transient problem with the aid of the following simplifi- 
cations: (i) the oxygen concentration profile in the oxide 
layer is assumed to be a linear function of distance, (ii) 
the distinction between ~-Zr and fl-Zr is neglected, and 
(iii) the system is semi-infinite insofar as oxygen penetra- 
tion is concerned. 

The system is depicted in Fig. 3. Because of the volume 
change upon oxidation, the metal lattice moves away 
from the gas-oxide interface with a velocity denoted by 
Vz~. From Fig. 3 

d 
Vz, = ~ (Lo~ + LM) 

This motion can be related to the velocity of the oxide- 
metal interface by using the zirconium balance given by 
Eq. [12] 

dLM Pox dLo~ 1 dLox 
dt PM dt B dt 

where B is the ratio of the zirconium atom densities in 
the metal and oxide phases (the Pilling-Bedworth ratio). 
Combining these two equations and noting that d L o J d t  = 
v yields 

Because the oxygen distribution in the oxide layer has 
been assumed to be linear, we may write 

Cd - Cox z 
- -  - - -  [ 3 8 ]  

Cd - C~ Lox 

where Cox is the oxygen concentration at location z in the 
oxide layer and Cd and Cc are the boundary concentra- 
tions of oxygen at points d and c in Fig. 3, respectively. 
These correspond to stoichiometric zirconia and to sub- 
stoichiometric zirconia at the lower phase boundary. 

In  the metal phase the oxygen conservation equation is 

OCM _ OJ' [39] 
Ot Oz' 

where Cm is the oxygen concentration in the metal and J 
is the oxygen flux in the metal phase with respect to the 
coordinate origin of z', which is chosen as the moving 
oxide-metal interface. This flux consists of two terms, a 
Fick's law component  representing oxygen diffusion rela- 
tive to the zirconium lattice and a convection term re- 
flecting movement  of the zirconium lattice with respect 
to the oxide-metal interface. The convective velocity is 
the difference between the lattice velocity with respect to 
the fixed gas-oxide interface and the velocity of the 
oxide-metal interface with respect to the same plane 

vm = Vz~ - v = - v / B  [40] 

The oxygen flux in the metal is 

0c~_ 
J '  = - DM ~ + vMCM [41] 

where DM is the diffusion coefficient of oxygen in the 
metal. Combining Eq. [39]-[41] gives the oxygen diffusion 
equation in the metal phase 

0 C  M v 0 C  M 02CM 
. . . .  DM - -  [42] 

Ot B Oz' Oz '2 

The initial and boundary  conditions are 

CM(z',O) = 0 [43] 

CM(O,t) = Cb 
[44] 

C~(oo,t) = 0 

where Cb is the saturation concentration of oxygen in 
a-Zr. The last condition embodies the semi-infinite me- 
cl~um condition and neglects the transformation from 
a-Zr to fl-Zr. 

2kox 

[_( kox ]g 
exPL \ Bx/DM/ J 

= C b ( - - ~ - )  �89 e r f c \ B V ~ M / (  kox ] 
[47] 

The kinetic equation for the rate of oxygen uptake is ob- 
tained from 

dN~  _ Dox{OCox~ _ kw 

d t  ~ "-' Oz / o  

o r  

Dox(Cd - Co) 
k~ - [48] 

2kox 

The isothermal rate constants kox and kT can be deter- 
mined by using the oxygen diffusion coefficients and in- 
terface concentrations in Eq. [47] and [48]. Using the fol- 
lowing data given in Ref. (16) for 1300~ 

Cd = 2pox = 0.094 g atom oxygen/cm ~ 

Cc/Cd = 1.84/2 = 0.092 

Cb/C~ = 0.31 

Dox = 2.0 x 10 -6 cm2/s 

DM = 3.2 x 10 -7 cm2/s (for a-Zr) 

B = PM/Po• = 1.5 

Equation [47] gives kox = 2.5 x 10 -4 cm/s 1~2 and Eq. [48] 
yields kT = 3.5 x 10 -5 g atom oxygerdcm 2 - s 1~. These re- 
sults are in excellent agreement with the measured scal- 
ing constants (see Table I), which is not surprising since 
these data were used by Pawel (16) to determine Dox and 
DM. All that we have done is to reverse this process. How- 
ever, the comparison does demonstrate that assumptions 
(i) and (ii) given at the beginning of this section are ade- 
quate for the corrosion analysis, and will be retained in 
analyzing the transient case. 

N o n i s o t h e r m a l  s o l u t i o n . ~ A n a l y s i s  of diffusive transport 
during a transient is simplified by the spatial uniformity 
of the temperature. Because of this feature, the diffusion 
coefficients, which are functions of temperature, depend 
on time but  not on position. As a consequence, the oxy- 
gen concentration distribution in the oxide and metal 
phases is still determined by Eq. [38] and [42], respec- 
tively, and the oxygen flux match at the oxide-metal in- 
terface is correctly expressed by Eq. [45]. What is inappli- 
cable in the case of t ime-dependent diffusion coefficients 
is the assumption of parabolic scaling expressed by the 
relationship v = k o J ~ .  
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The diffusivity of oxygen in zirconium metal can be 
considered as a function of time via the temperature 

DM = DMjf [49] 

wl~ere DMo is the diffusion coefficient at temperature To 
and the factor f is given by 

where EDM = 213 kJ/mol is the activation energy of oxygen 
diffusion in ~-Zr [Ref. (16)] and 0 is dimensionless temper- 
ature defined by Eq. [36]. 

The only other quanti ty with a significant temperature 
dependence is the product of the oxygen diffusivity in the 
oxide and the oxygen concentration driving force across 
the oxide layer. The former exhibits Arrhenius behavior, 
but  the difference in O/Zr ratio between stoichiometric 
zirconia and the reduced oxide at the lower phase bound- 
ary is approximately proportional to the absolute temper- 
ature (x in Table I). However, the temperature depen- 
dence of this product can be expressed in Arrhenius form 
with an activation energy slightly larger than that which 
characterize the diffusion coefficient in the oxide. Thus 

Dox(Cd - Cc) = [Dox(Cd - C~)]o g [51] 

where the bracketed coefficient with the zero subscript is 
the diffusivity-driving force product at temperature To 
and the factor g is 

g =  ~ exPL R T To 

where EDox = 144 kJ/mol is the activation energy of oxy- 
gen diffusion in the oxide phase (16). 

Equation [49] is substituted into Eq. [42], and a new 
time variable is defined by 

The result is 

t 

u = f d t '  [53] 

aCM V DCM a2CM 
- -  - D M o -  [ 5 4 ]  

au B f  az' az '~ 

In analogous fashion, the derivative on the left-hand side 
of Eq. [45] is evaluated from Eq. [38] along with Eq. [51]. 
Using Eq. [49] for Dn transforms the oxygen flux match 
to 

-})o: 
The temperature dependence of the difference (Cc - 
CJB) is small, and so this quantity is evaluated at To. 

There is no exact analytical solution to Eq. [54] and [55] 
when f and g are arbitrary functions of the time variable 
u. However, an approximately analytical solution can be 
obtained by assuming that the ratio v/f is inversely pro- 
portional to ~/u 

v k 
- [ 5 6 ]  

f ~/~ 
where k is a constant which replaces the scaling con- 
stant kox of the isothermal case. 

The oxide scale thickness in the first term of Eq. [55] is 
determined by 

/0' fo f(t')dt' _ 2k~/u [57] Lox = vdt' = k ~/u(t') 

where Eq. [53] has been used. 
Substi tut ing Eq. [56] into Eq. [54] produces an equation 

whose form is identical to that for the isothermal situa- 
tion. The solution for the transient temperature process is 
thus given by Eq. [46] with kox replaced by k, t by u, and 
DM by DMo. This solution is used to ~valuate the derivative 
on the right-hand side of Eq. [55]. With v and Lox on the 
left-hand side given by Eq. [56] and [57], Eq. [55] becomes 

( cb) [Dox(Cd- Cc)]o g - k C r  
2k f ---B- o 

r , k ~ 2] 

Except for the ratio g/ f  in the first term on the left-hand 
side, this equation is identical to its isothermal counter- 
part, Eq. [47]. Although the activation energies of the fac- 
tors g and f are large, the ratio glf is only slightly tempera- 
ture dependent  because the activation energies of DM and 
Dox are comparable and the temperature dependencies of 
g and f approximately cancel. Consequently, the approxi- 
mation g/ f  = 1 in Eq. [58] is acceptable, from which there 
follows 

k=koxo 

where koxo is the parabolic scaling constant at To. 
The temperature function O(t) is determined by solution 

of Eq. [32], wherein the heat source Q is the sum of the 
gas-oxide and oxide-metal components given by Eq. [15] 
and [16], respectively. These in turn depend upon the cor- 
rosion kinetics through the quantities dNT/dt and dLoJdt. 
The rate of weight gain is equal to the flux of oxygen 
across the oxide layer 

dNT Dox(ed - Co) [Dox(ed - Cc)]o 

dt Lo~ 2koxo 

Similarly, Eq. [56] yields 
dLox koxJ 

V - -  - -  - -  

dt V ~  

g - -  = kTo g -  [59] 
v ~  v ~  

[60] 

The heat source in Eq. [32] is obtained as follows. The 
term Q is the sum of the components given by Eq. [15] 
and [16]. The ratio ALox/AN~ in the latter is obtained from 
Eq. [59] and [60] as koxof/kTog. When this value of Q is 
multiplied by the oxygen flux J given by Eq. [59], the re- 
sult is 

QJ = 10.1 g - 0.5 f ,W/cm 2 [61] 

The solution is accomplished by iteration. An initial 
guess of O(t) is obtained, either from the no ~oupling solu- 
tion described in the "Temperature Distribution" section 
or from the approximate coupling method of the "Cou- 
pling" section. This guess determines the first estimate 
of the t ime-dependent functions f and g from Eq. [50] and 
[52]. The new time variable u is computed from Eq. [53] 
and Eq. [61], then provides the oxidation heat source for 
the next  iteration. The new temperature function is ob- 
tained by solving Eq. [32], with QJ given by Eq. [61], and 
the iteration process continues until  the solution has con- 
verged. The growth of the oxide scale as a function of 
time is calculated from Eq. [57]. 

Results and Discussion 
Figures 4 and 5 show the results of the thermal and cor- 

rosion kinetic analyses for a 1 mm thick slab of Zircaloy 
oxidized on both sides by steam at 1300~ 

Figure 4 shows the temperature transient calculated by 
the three methods described in previous sections: no cou- 
pling of heat and chemical reaction, approximate cou- 
pling by application of Arrhenius-type temperature de- 
pendences to the parabolic scaling constants, and the 
accurate coupling method, wherein temperature influ- 
ences the basic thermodynamic and transport properties 
of the reacting solid. The results in Fig. 4 and 5 show that 
the approximate method of coupling produces poorer 
predictions than ignoring coupling entirely. The curves 
labeled "accurate coupling" were obtained by iteration 
starting either from the no coupling or approximate cou- 
pling initial guesses. 

A substantial temperature perturbation occurs at the 
start of the oxidation process when the rates of oxygen 
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Fig. 4. Temperature  perturbat ion due to inabi l i ty  to rapidly remove re- 
action heat during oxidation of Zircaloy at 1300~ Heat removal pa- 
rameterC2 = hTo = 100 W/cm 2. Specimen heat capacity parameterC~ = 
PMCpMLMoTo = 194 J/cm 2. Three methods of calculating the temperature 
transient are represented. 

uptake by the solid is highest, but the temperature even- 
tually approaches the ambient  value because the thick 
oxide scale considerably reduces the rate of corrosion and 
hence the strength of the heat source inside or on the sur- 
face of the specimen. Figure 5 shows that correct simulta- 
neous solution of the heat- and mass-transport equations 
in the solid predicts a scale thickness which is ~7 /~m 
larger than that given by the theory of isothermal scaling. 
The approximate coupling analysis overestimates the ex- 
tent of oxygen absorption. 

The results are sensitive to the heat removal rates from 
the specimen. This factor is contained in the external 
heat-transfer parameter hTo which was chosen as 100 
W/cm 2 for preparing the curves of Fig. 4 and 5. When 
more effective heat-transfer to the surroundings is simu- 
lated by increasing hTo to 150 W/cm 2, the peak tempera- 
tures shown in Fig. 4 are reduced by 50~ and the oxide 
layer thicknesses are several percent less than those 
shown by the solid curve in Fig. 5. 

Although radiation cooling provides a lower limit to the 
heat-transfer coefficient in the case of a single tubular  
specimen in a laboratory test, comparable min imum heat 
removal capability is not assured in a bundle of tubes as 
in a nuclear reactor fuel assembly. Because each cladding 
tube is surrounded by other tubes which are undergoing 
comparable oxidation, radiant interchange between one 
tube and its environment  is drastically reduced. Only con- 
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Fig. 5. Oxide scale growth during reaction in the temperature tran- 
sient displayed in Fig. 4. The results of three methods of coupling the 
heat- and moss-transport processes are shown. 

vective heat-transfer to the flowing steam remains as a 
mechanism of removing the heat oxidation. In this case, 
the heat removal parameter hTo could be considerably 
smaller than the value of 100 W/cm 2 used in the sample 
calculations presented here and the temperature spike 
larger than that shown in Fig. 4. 

The temperature excursion shown in Fig. 4 is qualita- 
tively very similar to that observed by Hagen (17) in a fuel 
rod simulation test. In this configuration, heat was sup- 
plied from a central tungsten rod inside an annular  fuel 
stack clad in Zircaloy. A Zircaloy shroud was placed 
around the specimen to simulate the presence of sur- 
rounding fuel pins. Initially, argon flowed in the annular  
gap between rod and shroud. Upon adding steam to the 
argon flow, the Zircaloy temperatures rose from the 
steady pretest value of 1700 ~ to 2200~ and returned to 
less than 1700~ in less than 1 rain. The time scale of the 
transient was thus very close to that shown in Fig. 4, in 
which the comparable duration is -1/2 rain. However, the 
amplitude of the experimental transient (500~ was much 
larger than the one represented in Fig. 4 (125~ More- 
over, in Hagen's experiment, the surface temperature fol- 
lowing the transient was lower than it was prior to addi- 
tion of steam. 

The reason for the latter observation is the dominance 
of convection rather than radiation cooling in Hagen's 
test; radiative heat transfer was effectively reduced by the 
surrounding shroud, which reacted in much the same 
way as the cladding and thus did not provide a radiation 
heat sink. Addition of steam to the argon flow suffi- 
ciently increased the convective heat-transfer coefficient 
to give temperatures lower than prereaction values when 
the Zircaloy had become oxidized to an extent that heat 
release by residual corrosion was small. 

The larger amplitude of the temperature transient re- 
ported by Hagen compared to the one analyzed in this 
work is probably due to the higher initial temperature in 
the former. Since the scaling constants are thermally acti- 
vated, the magnitude of the transient should be greater at 
higher temperatures. Moreover, the calculations were 
based on rate constants appropriate to a tetragonal zirco- 
nia scale, while the experimental temperatures probably 
resulte~t in a cubic zirconia layer and, at least during part 
of the excursion, in liquid zirconium. 

Conclusions 

1. The energy released during oxidation of Zircaloy by 
steam appears as planar sources of heat at the gas-oxide 
and oxide-metal interfaces. The sum of the heat releases 
at these two locations is approximately 3% larger than the 
integral heat of reaction of water vapor with Zircaloy to 
produce hydrogen gas and zirconium dioxide. The por- 
tion released at the gas-oxide interface is equal to the part 
molar enthalpy of oxygen solution in ZrO2 less the heat of 
formation of water, and is always exothermic. The princi- 
pal difficulty in accurately assessing the partit ioning of 
the heat release between the two interfaces is lack of reli- 
able information on the partial molar enthalpy of solution 
of oxygen in ZrO> 

2. The thermal response of the oxidizing metal to the 
heat released by the reaction is practically independent  of 
the details of the location of the heat sources inside the 
specimen. Despite the low thermal conductivity of the 
ZrO2 scale, spatial variations of temperature in the oxide 
and the metal phases are negligible. The temperature of 
the specimen as a function of time is determined by a 
lumped-capacity heat balance, which divides the reaction 
enthalpy into heat removal by external cooling or in- 
crease in specimen temperature. 

3. The method of coupling the heat-transfer problem 
with scale formation kinetics is critical to accurate model- 
ing. The conventional technique of assuming Arrhenius 
temperature dependences of the parabolic scaling con- 
stants (which were determined by isothermal experi- 
ments at different temperatures) is in principle incorrect 
and in practice inaccurate. Linkage of heat and mass 
transfer must  be performed by according the appropriate 
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temperature dependences to the basic properties which 
enter the conservation laws: namely, the equil ibrium in- 
terface concentrations and the oxygen diffusion coeffi- 
cients. An analytical solution based on the near equality 
of the activation energies of oxygen diffusion in the oxide 
and in the metal is proposed. 
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Electrotransport and Diffusivity of Molybdenum, Rhenium, 
Tungsten, and Zirconium in fl-Thorium 

F. A. Schmidt, M. S. Beck, D. K. Rehbein, R. J. Conzemius, and O. N. Carlson 
Ames Laboratory, USDOE, Iowa State University, Ames, Iowa 50011 

ABSTRACT 

The electric mobilities, diffusivities, and effective valences were determined for molybdenum, rhenium, tungsten, 
and zirconium in B-thorium. All four solutes migrated in the same direction as the electron flow. Rhenium and molyb- 
denum were found to be very mobile, with tungsten somewhat slower. Zirconium was found to move at a rate near that 
of the self-diffusion of fl-thorium, viz., about 10-" m2/s at 1500~ The electromigration velocities showed a similar trend. 
A comparison was made between experimental data obtained by scanning laser mass spectrometry and theoretical 
transport equations for two purification experiments. Good agreement was obtained with both the concentration pro- 
file predicted by DeGroot and the purification ratio predicted by Verhoeven. 

One of the most effective methods of purifying refrac- 
tory metals of undesirable solutes is by electrotransport 
at high temperatures. In this process, a constant voltage is 
applied across the metal sample which yields an internal 
electric field and a constant  current, which heats the 
sample. The solutes are stimulated by the charge carriers 
to move toward one of the ends of the sample, thereby 
leaving a major portion of the sample virtually free of im- 
purities. 

The migration of solutes in solid metals under  the in- 
fluence of a direct current has been known since 1928, 
when Coehn and Specht (1) observed hydrogen transport 
in palladium. Many of the earlier investigators of electro- 
transport  of interstitial solutes interpreted the direction 
and velocity of migration on the basis of a charge on the 
solute particle. In 1953, Seith and Wever (2) showed this 
interpretation to be incomplete to the extent that one can- 
not separate the contributions to the force moving the so- 
lute which arise from the charge on the solute in an elec- 
tric field and the momen tum transfer from the scattering 
of electrons or holes. Reviews by Heuman (3), Verhoeven 
(4), Hunt ington (5), and Pratt and Sellors (6) consider both 
the electrostatic force and the force resulting from mov- 
ing electrons being scattered by the solute. The potential 
for applying electrotransport to the ultrapurification of 

metals has been described by Verhoeven (7) and Peterson 
(8). 

The purpose of this investigation is to continue our 
study of the electrotransport behavior of metallic solutes 
in refractory metals. In our previous work concerning the 
electrotransport purification of thorium (9), we found 
that not only the interstitial solutes carbon, nitrogen, and 
oxygen migrated in thorium when under  the influence of 
the electric field but  that several nonvolatile metallic so- 
lutes also moved. In our present work, we determined the 
electrotransport parameters of molybdenum, rhenium, 
tungsten, and zirconium since these metals are common 
impurities in thorium and are very difficult to remove by 
volatilization due to their low vapor pressures. The devel- 
opment  of the scanning laser mass spectrometric (SLMS) 
technique (10) as a quantitative method of determining 
the concentration profile of a sample containing these so- 
lutes enables us to compare our experimental data with 
the concentration profile predicted from equations devel- 
oped by DeGroot (11) and by Verhoeven (7). 

Conceptual Approach 
Determination of electrotransport parameters.--A cur- 

rent theoretical model of the electrotransport process as 
developed by Verhoeven (7) considers a force to be ex- 
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erted on the diffusing species by the applied electric 
field. This force contributes to the diffusing flux J such 
that 

de 
J = - D  ~ x  +- UEc [1] 

where D is the diffusion coefficient, dc/dx is the gradient 
of the concentration c with respect to distance, x, U is the 
electromigration mobility, and E is the applied electric 
field. The product UE is a velocity imparted to the diffus- 
ing species by the field E. The divergence of the total 
atom flux gives rise to the time rate of change of the con- 
centration in the form of Fick's second law of diffusion, 
viz .  

Oc OJ ~2c Oc 
- D +- U E -  [2] 

at 8x Ox 2 Ox 

This relation assumes D is independent  of concentration 
and position, i.e., allowing no thermal gradients as D is a 
strong function of temperature. Equation [2] also assumes 
U and E are independent  of position. 

For short-time experiments using a sample with a step 
in the central portion of the concentration profile, the dif- 
fusion is confined to the central portion of the sample. A 
simple solution of Eq. [2] for these experiments can be ex- 
pressed in terms of the error function 

- / x +- UEt 
c(x,t) Ca 

2 

where x is measured from the initial position of the step, 
cl and c~ are the initial solute atom concentrations below 
and above the step, respectively, and 

erf (z) = X/~: e -'2 ds 

By rewriting Eq. [3] in the, form 

[4] 

[2( C(X,t)_ - - C , . ) _ l ] =  erf ( ~/4-~ c2 - c, , x +- UEt ) 

the inverse error function can be expressed as 

[5] 

[6] 

In  the diffus__jon zone, Eq. [6] is a function linear in x with 
slepe 1/x/4Dt from which the diffusion coefficient can be 
obtained. If the origin is located at the initial position of 
the step, the point x at which c(x) = (c2 + c,)/2 may be 
used to determine the electromigration mobility accord- 
ing to Ax = UEt. This displacement is illustrated schemat- 
ically in Fig. 1. Thus, by interpreting the solute atom con- 
centration profile in terms of Eq. [3], values of the 
parameters D and U can readily be obtained. 

An effective valence for the migrating solute may be ob- 
tained from4he relation 

UkT h x k T  
Z* . . . .  [7] 

De EtDe 

where k is Boltzmann's constant, e the unit  electric 
charge, and T the absolute temperature. Z* is a measure 
of the interaction strength between the electromigrating 
species and the applied electric field. 

The diffusion coefficient, D, is usually considered to 
have a temperature dependence of the form 

D = Do exp ( -  ~ T  ) [8] 

where Do is a constant and Q is the activation energy for 
the diffusion process. By performing the electrotransport 
experiments at several different temperatures, the param- 
eters in Eq. [8] can be determined. 

S e p t e m b e r  1984  
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Fig. 1. Schematic illustration of the solute concentration profile be- 
fore (dashed line) and after (solid line) electrotransport showing re- 
sulting displacement, Ax. 

Puri f icat ion  o f  metals  by electrotransport  process- 
i n g . - - T h e  purification of metals by electrotransport as 
described by Verhoeven (4), for the case of a metal having 
an initial impurity concentration of Co, requires contin- 
uing the electrotransport operation until  near steady state 
is achieved. In terms of the above model, this requires 
solving Eq. [2] as a boundary-value problem; the bound- 
ary conditions being that no flux enters the sample 
through the ends or from the environment.  Verhoeven 
obtained this solution, and expressed it in terms of the 
mean concentration in the purified half of the rod, Cm(t). 
Normalized to the original concentration of the rod Co, 
this solution is of the form 

Cm(t) - 2 [ 1 -  e-S~ ~ Cne-Sl4sin ( n-~-~ ) e -~nt] [9] 
Co 1 - e -s n=~ 

where 

Cn = 
32n~rS[1 - ( -  1)"e s/2] 

(S 2 + 4n2TF) 2 

U 
s = - T E l  

and I is the length of the sample. This equation should 
hold, assuming that U, D, and the electric field, E, are in- 
dependent  of position along the sample and that there is 
no external source of contamination. 

An earlier solution of Eq. [2] as derived by DeGroot (11) 
for the same boundary conditions and assumptions has 
the form 

C(x,t) Se -sx 

Co - 1 -  e -s + 2"n=1 
C,e-  SXl2 

where 

2n~r ) 
sin n~rX - T cos n~rX e -x,t [10] 

Ca = 
161rnS2[1 - (-1)neS/2] 

(S 2 + 4n~Tr2) ~ 

U 
S : --~-El 

X = x / l  

D k n = (n2~ -2 + $ 2 / 4 ) -  
l 2 

DeGroot's solution expresses the ratio of the solute con- 
centration C(x,t) to the initial concentration Co, at any 
point x, where x = 0 at the end of the sample to be purl- 
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fled, and at any t ime t. Solution of DeGroot 's  equation 
will, therefore, allow the calculation of the entire solute 
concentration profile at any t ime up to and including 
steady state. 

Exper imenta l  
The experimental  method used in this investigation to 

measure the transport properties of molybdenum, rhe- 
nium, tungsten, and z i rconium in B-thorium was similar 
to that described by Peterson et al. (9). In this work, rods 
having a sharp concentration gradient of the solute were 
joule heated with a dc current under vacuum for various 
times at various temperatures. The displacement of the 
center of this diffusion couple from the original weld in- 
terface was used to measure the electrotransport mobility 
of a solute in a metal. The net effect of the electric field is 
a displacement hx of the concentration profile by an 
amount, hx = UEt, where U is the mobility, E the electric 
field, and t the time. Times were chosen at each tempera- 
ture to give a reasonable smoothing by diffusion of the 
step-like concentration profile and a measurable dis- 
placement  of the mean concentration from the weld inter- 
face. Pressures < 2.6 • 10 -5 Pa were generally achieved 
during each experiment.  

The diffusion coefficient, D, was calculated from the 
concentration profiles by the Grube method (12), taking 
the midpoint  at a distance hx from the weld interface. 
The values were obtained using the inverse error func- 
tion, and a least squares analysis was used to estimate the 
slope from which a value of D was obtained. The effective 
valence, Z*, was calculated from the mobility and diffu- 
sion coefficient using Eq. [7]. 

Materials.--The high purity thorium used in this work 
was prepared by the magnesium intermediate alloy pro- 
cess developed by Peterson et al. (13). This material had 
been triple electron-beam melted and contained less than 
230 weight parts per million (wt ppm) total impurity. The 
major impurities were carbon 50 wt ppm, nitrogen 45 wt 
ppm, oxygen 25 wt ppm, and less than 100 wt ppm of to- 
tal metallic impurities. 

The molybdenum, rhenium, tungsten, and zirconium 
used as alloy additions were cut from electron-beam- 
melted ingots of the respective metals and were obtained 
from commercial  sources. These metals were of 99.95 
weight  percent (w/o) or greater purity. The tantalum 
metal used as adapters for the thorium samples was of 
99.95 w/o purity. It was also electron-beam melted for fur- 
ther purification before it was fabricated into the desired 
parts. 

Sample preparation.--The binary alloys were made by 
~separately arc melt ing nominal amounts of the high pu- 
rity solute material with 50g of the high purity thorium 
metal. The nominal alloy concentrations were typically 
80-90 wt ppm, low enough to be in solid solution, yet high 
enough to be detected by mass spectrometric analysis. 
The arc-cast alloys were fabricated by rolling and subse- 
quent  swaging into rods of 0.00254m diam. 

The specimens used in the electrotransport mobility 
measurements  were rods 0.066m long and of 0.0025m 
diam. One third of  the rod consisted of pure thorium, and 
the remainder  consisted of the thorium containing solute 
additions of molybdenum, rhenium, tungsten, or zirco- 
nium. Prior to butt welding these segments together in an 
inert atmosphere, they were surface cleaned by electro- 
polishing in a chilled methanol-perchloric acid bath (14). 
The composite sample thus contained a sharp step in the 
solute  concentration profile at the weld interface similar 
to that shown in Fig. 1. 

Apparatus . - -The apparatus used to contain the electro- 
transport specimens during processing consists of a stain- 
less steel sample chamber  equipped with two electrodes, 
a sight glass for viewing the sample and to optically moni- 
tor its temperature, and a vacuum system capable of ob- 
taining a pressure of! <10 -~ Pa. The composite thorium 
specimen was threaded onto high purity tantalum 
U-shaped adapters and inserted between the two elec- 

trodes; the pure thorium end of the specimen being con- 
nected to the cathode of the power supply. A regulated di- 
rect current power supply with voltage and current mode 
control was used to joule heat the sample to the desired 
temperature.  The temperature of the sample was mea- 
sured with an Optical pyrometer  and the observed tem- 
perature was corrected according to the equation 

True temp = 1.167 (observed temp) - 97.23 [11] 

This equation was obtained from data of a separate exper- 
iment in which several observed surface temperatures 
were compared to temperatures of adjacent black-body 
holes in the electropolished thorium specimen. An addi- 
tional 15~25~ was added to compensate for loss due to 
absorption by the viewing window. The viewing window 
correction was determined after each exper iment  using a 
tungsten lamp. The temperature at any point along the 
specimen was constant to within 10~ during an experi- 
ment. The center of the sample was about 25~ hotter 
than the ends because the tantalum adapters were some- 
what cooler than the specimen. 

Analysis.--After the specimens were heated for a 
specific time and temperature,  their concentration pro- 
files were obtained using a scanning laser mass spectro- 
metric technique (15). The rod specimens were ground 
flat on two sides and electropolished to provide a fiat 
l~ngitudinal surface along which to measure the concen- 
tration profile. The mass spectrographic technique util- 
izes a vacuum system in which a pulsed laser beam is ras- 
tered across the sample while making a continuous scan 
longitudinally along the sample. The scanning laser beam 
vaporizes and ionizes a small amount of the specimen, 
and these ions are collected and sorted by the mass spec- 
trometer, permitt ing the intensity of a single ion to be 
monitored. These solute atom ion signals are normalized 
to the total ion beam signal by taking the ratio of this so- 
lute atom ion current to the ion beam current from the 
thorium ions (2~2Th1+). Since the number of thorium ions 
remains essentially constant along the sample, the ratio 
gives a relative intensity of the solute atoms present. By 
selecting an ion of a solute atom and plotting its relative 
intensity while the laser longitudinally scans the sample, 
an intensity profile proportional to the solute atom con- 
centration is obtained as a function of distance along the 
sample. The isotopes monitored during the individual 
mass spectroscopic concentration profile measurements  
were 9SMo, 187Re, 184W, and e~ During the scan, the laser 
is extinguished periodically, leaving blank spaces on the 
shmple and on the intensity graph. These spaces are used 
for a precise spatial correlation between the graph and 
the sample. This correlation is necessary to locate the po- 
sition of the initial weld interface on the intensity profile 
from which the distance of electromigration, AX, is mea- 
sured. The measurement  of the distance of these spaces 

,,-4, 
cc 

;S J 
~ W e l d  interface 

~anks 
for spatial 
correlation 

RELATIVE DISTANCE ALONG SAMPLE 

Fig. 2. A 9SMo intensity graph showing the solute atom concentration 
profile in thorium following electrotransport for 3h at 1530~ 
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Table I. Electrotransport mobilities, diffusion coefficients, and effective valences for molybdenum, rhenium, tungsten, and zirconium in fl-thorium 

hx• 10 ~ E• 102 U• 109 D • 101~ 
Solute Temp (~ (m) t (h) (V/m) (m-VV s) (m2/s) Z* 

Molybdenum 1600 0.63 2 0.181 47.7 13.8 -5.6 
1530 0.70 3 0.163 39.8 9.83 -6.3 
1465 0.54 4 0.148 25.4 4.81 -7.9 
1425 1.25 15.5 0.138 16.2 3.53 -6.7 

Rhenium 1670 0.78 2 0.196 55.4 20.2 - 4.6 
1520 0.76 3 0.152 46.1 18.5 -3.8 
1465 0.59 3 0.150 36.6 11.3 -4.8 
1390 0.45 3 0.134 30.9 8.64 -5.1 

Tungsten 1545 0.45 5.5 0.166 13.8 2.97 -7.3 
1500 0.62 11 0.153 10.2 1.73 -9.0 
1460 0.50 11 0.149 8.82 1.78 -7.4 
1410 0.41 12 0.133 7.16 1.17 -8.9 

Zirconium 1600 0.30 104 0.184 0.428 0.356 -1.9 
1500 0.13 125 0.160 0.174 0.089 -3.0 

from the weld interface was accomplished using a preci- 
sion microscope equipped with a vernier eyepiece. Figure 
2 shows a composition profile in which the relative so- 
lute intensity is plotted as a function of the relative dis- 
tance for the 98Mo~§ ion in a composite thorium/thorium- 
molybdenum sample which was run for 3h at 1530~ The 
position of the weld interface is shown and the shift of the 
solute concentration from its initial step-shape can be 
seen. 

Analysis of the solute atom concentration profile 
graphs was performed statistically, data points having 
been taken off the intensity graphs as functions of 
arbitrarily scaled abscissas. From the corresponding 
blanks on each sample and graph, a scale factor was de- 
termined to correlate the graph abscissa with the sample. 
From each graph, upper and lower concentration levels 
were determined for c2 and c~, respectively, and the data 
were normalized and transformed as in Eq. [6]. A linear 
least squares analysis was used to calculate values of the 
slope and of the intercept of the straight line with the ab- 
scissa. Values of D and U were then calculated. 

In order to test the purification equations, Eq. [9] and 
[10], composite samples were prepared consisting of a 
0.025m length of the pure thorium and a 0.137m length of 
thorium containing 100 wt ppm molybdenum. These 
samples were then heated with a direct current for 30h at 
a pressure of about 1 • 10 -~ Pa. The center of each of the 
samples was maintained at a temperature of about 1500~ 
After several hours of heating considerable sagging in the 
center section was observed. A 0.015m long section on ei- 
ther end of the sample was too cool to creep and deform 
under the pull of gravity, and remained straight. The use 
of the pure thorium section at the cathode end eliminated 
any effect of a temperature gradient. After each experi- 
ment, the entire rod was cut into sections and analyzed 
with the mass spectrometer to obtain the complete pro- 
file of the sample. 

Results and Discussion 
The electrotransport parameters for thorium composite 

samples consisting of a dilute binary alloy of molybde- 
num, rhenium, tungsten, or zirconium and a segment of 
pure thorium were determined between 1390 ~ and 1670~ 
as shown in Table I. All four solutes move toward the an- 
ode, i.e., in the direction of the electron flow during elec- 
trotransport. The electrotransport parameters follow a 
regular variation with temperature except  for the effec- 
tive valence, Z*, which shows considerable scatter. Ver- 
hoeven (7) has stated that Eq. [7] for the calculation of Z* 
should include the correlation factor, f, for movement  by 
a substitutional solute-vacancy mechanism. Since the 
mechanism of diffusion for molybdenum and rhenium 
and possibly tungsten is uncertain, however, the correla- 
tion factor was not included in any of the calculations. 

From the data in Table I, it is seen that molybdenum 
and rhenium exhibit  considerably higher electric mobili- 
ties and diffusivities than either tungsten or zirconium at 
all temperatures studied. These values for molybdenum 
and rhenium are about two orders of magnitude greater 

than those for zirconium at comparable temperatures 
with tungsten lying somewhere between. This can be 
seen from Fig. 3, which is an Arrhenius-type plot of In V/j 
vs. 1/T for the four solutes, where V is the migration ve- 
locity in cm/s and j is the current density. Huntington and 
Grone (16) used a similar plot to obtain a "psuedo-activa- 
tion" energy of electrotransport, QE. They found that this 
value for gold was about 20% lower than the activation 
energy for self-diffusion for the same metal. Values of Q~ 
were obtained for each of the solutes from least squares 
best-fit straight lines. These values are listed in Table II. 

Figure 4 shows similar Arrhenius-type plots of the dif- 
fusion coefficients vs. reciprocal temperature for the four 
solutes. The slope of the least squares best-fit straight 
line in Fig. 4 is the activation energy, QD, in Eq. [8], and 
the intercept gives the pre-exponential, Do. These values 
are also given for each of the solute atoms in Table II. The 
activation energies for electrotransport and diffusion, QE 
and QD, respectively, shown in Table II exhibit  differ- 
ences of from 18% for rhenium to 33% for zirconium, with 
QE in every instance being smaller than QD. Similar differ- 
ences have been reported in QE and QD for self-transport 
of a luminum and silver (17) and for vanadium, niobium, 
and tantalum solutes in B-thorium (18). 

Generally, these solute atoms could be considered to be 
substitutional impurities in thorium. Their diffusive 
movement  would thus be determined by a vacancy mech- 
anism similar to self-diffusion. The variability in both the 
electric mobility and diffusion rates, however, indicates 
the possibility of some other transport mechanism as the 
faster moving solutes have electric mobilities and diffu- 
sivities in the range of those observed for interstitial so- 
lutes in thorium. The atom sizes, for instance, appear to 
have some significance. Upon considering the atomic ra- 
dii of these solute atoms, rhenium is the smallest of the 
four, followed by molybdenum, tungsten, and zirconium. 
The electric mobilities and diffusivities of these atoms in 
B-thorium show decreasing magnitudes in the same or- 
der. Thus, one might  conclude that there is a simple size 
dependence for solute atom migration in B-thorium. Con- 
sideration of the behavior of other solute atoms, however, 
shows that this is not a completely reliable indicator of 
the magnitude of the mobility or diffusivity. 

The results obtained in this investigation compare fa- 
vorably with the diffusivities obtained for vanadium, nio- 
bium, and tantalum (20) and iron, cobalt, and nickel (18) 
in B-thorium, as can be seen from Fig. 5. Earlier studies 
(18) have shown that iron, cobalt, and nickel are fast dif- 

Table II. Electrotransport and diffusion parameters for molybdenum, 
rhenium, tungsten, and zirconium in thorium 

QE 
Solute (k J/tool) QD (k J/tool) Do (m2/s) 

Molybdenum 173 216 1.51 • 10 -3 
Rhenium 66 84 4.04 • 10 -7 
Tungsten 131 160 1.03 • 10 -s 
Zirconium 257 384 1.73 
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fusing solutes in ~- and fl-thorium. The diffusivity of co- 
balt is similar in magnitude to that of rhenium (D > 10 -9 
m~/s, T > 1400~ with iron and nickel being slightly 
higher. Molybdenum exhibits diffusivities equal to or 
greater than rhenium at temperatures above about 
1600~ as is seen from Fig. 5. Its atomic radius is about 
the same as that of rhenium. Both rhenium and molybde- 
num, however, have atomic radii considerably larger than 
iron, cobalt, or nickel, the latter three atoms being very 
similar in size. 

Vanadium is anomalous since it has an atomic radius 
smaller than molybdenum and rhenium but diffuses 
slower than either. Tungsten, niobium, tantalum, and zir- 
conium all diffuse at rates slower than vanadium; their 
magnitudes decreasing in the order listed and their 
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atomic radii increasing in the same order. The diffusivity 
of zirconium is of the same order as that for self-diffusion 
in fl-thorium, i.e., about 10 - ' I  m2/s at 1500~ (21). Thus, 
those solutes in Fig. 5 that diffuse slower than tungsten 
appear to follow a size-dependent behavior. The fast 
diffusing solutes in B-thorium, namely, iron, cobalt, 
nickel, and rhenium, exhibit  a more complicated diffu- 
sion behavior. 

Two purification runs were made using molybdenum 
as the solute. Molybdenum was chosen since it has a rela- 
tively high solubility and mobility in thorium at the tem- 
peratures of interest. It was also important that the exper- 
iments be performed in a molybdenum-free system to 
eliminate any possibility of external contamination. In or- 
der to obtain a valid test of the theoretical transport equa- 
tions, it was necessary to perform the purification runs at 
a temperature and for a length of time such that the so- 
lute concentration would be above the detection limit (1 
wt ppm) of the SLMS apparatus in at least 75% of the rod. 
A temperature of 1500~ was chosen. According to previ- 
ous results at this temperature,  the diffusivity, D, equals 
6.8 • 10 - '~ m2/s, and the electromigration velocity, V, 
equals 0.002 rrgh. By the solution of Eq. [9] using these 
values and a sample length, l, equal to 0.137m, a purifica- 
tion ratio, Cm/Co, equal to 0.15 was calculated for a t ime of 
30h at 1500~ Since Co = 100 wt ppm, this ratio predicts 
an average concentration of 15 wt ppm in the purer half of 
the rod. 

The experimental  molybdenum concentration as a 
function of distance after purification at 1500~ is shown 
in Fig. 6. Also shown for comparison are two theoretical 
concentration profiles calculated from Eq. [10] for 30h at 
1465 ~ and 1500~ As can be seen from Fig. 6, the best 
agreement  was obtained between the experimental  curve 
and the theoretical curve calculated at 1465~ This differ- 
ence may in part be due to uncertainties in the experi- 
mental temperature. From this plot, a Cm value of 28 wt 
ppm was obtained for the experiment,  which is in reason- 
ably good agreement with the predicted value of 15 wt 
ppm. There is a significant deviation between theory and 
experiment,  however, in the high concentration end of 
the rod. A second purification exper iment  was made as a 
cl{eck on the data from the first run. The data from the 
two experiments agreed within a few percent throughout 
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the length of the two samples, with both experiments 
showing the same deviation from the theoretical predic- 
tion. 

Summary 
The electric mobilities, diffusivities, and effective val- 

ences of the metallic solutes, molybdenum, rhenium, 
tungsten, and zirconium in fl-thorium were determined. 
All four solutes migrate in the same direction as the 
electron flow. Rhenium and molybdenum exhibit high 
electric mobilities in thorium, whereas zirconium was 
found to be extremely slow, with tungsten lying some- 
where between. The "pseudo-activation" energy for elec- 
trotransport, QE, of rhenium in fl-thorium is quite low at 
66 kJ/mol, with molybdenum and tungsten having ener- 
gies of 173 and 131 kJ/mol, respectively, and zirconium 
having a high activation energy of electrotransport of 257 
kJ/mol. 

The diffusion parameters, QD and Do, for the four so- 
lutes in fl-thorium were also determined. The diffusivities 
range from those of fast diffusing solutes to those ob- 
served for vacancy-controlled diffusion, i.e., from rhe- 
n ium with D(1500~ - 2 • 10-" m2/s to zirconium with 
D(1500~ - 9 x 10 -'2 m2/s. The values obtained for QE are 
considerably lower than those observed for Q,, with the 
differences ranging from only 18% for rhenium to 33% for 
zirconium. The magnitude of the diffusion constants, Do, 
for rhenium, molybdenum, and tungsten are reasonable 
for metallic solutes, but  that for zirconium is excessively 
large. However, it is based on only two points and could 
have a large error. The observed electrotransport behav- 
ior of the slower diffusing solutes in fl-thorium, tungsten, 
and zirconium, is consistent with our previous conclusion 
that a correlation exists between the electric mobility or 
diffusivity and the relative atomic sizes of the solute and 
host metals. For the faster diffusing solutes, this correla- 
tion is not apparent, and a more complicated relationship 
must  exist. 

Two purification-type experiments were performed to 
provide data for comparison with theoretica] predictions. 
Good agreement between theory and experiment was 

found for the purified portion of the rods, but  a signifi- 
cant deviation from theory was noted in the high concen- 
tration end. 
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Characterization of LPCVD Aluminum for VLSI Processing 
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ABSTRACT 

Aluminum and a luminum alloys are widely used for metallizing devices in VLSI processing. Such films can be de- 
posited by a variety of techniques, which all presently suffer from inadequate step coverage. In this paper, we discuss 
the properties of a luminum films deposited by a low pressure chemical vapor deposition process using tri-isobutyl alu- 
minum as a source. Results of this work demonstrate that this process provides conformal step coverage, introduces no 
surface states, and promises to yield high wafer throughput. Films deposited on oxidized silicon monitors exhibit excel- 
lent properties in terms of chemical purity, adhesion, and electrical resistivity. Films deposited on device wafers prove 
to be compatible with current VLSI processing in terms of patterning, dry etching, and bondabili ty and appear to have 
no effect on overall device performance. However, drawbacks of LPCVD aluminum appear to be in its structure-related 
properties: namely, electromigration resistance and Al-Si interdiffusion. These problems and potential solutions are 
addressed. 

Aluminum and aluminum-silicon-copper alloy films 
are widely used for metallizing devices in VLSI pro- 
cessing. Such films have normally been deposited by 
electron-beam (E-Gun | or RF induction-source (In- 
Source | ) evaporation, although more recently sputtering 
has become prominent.  All these line-of-sight deposition 
techniques suffer, however, from inadequate step cover- 
age, which often results in the formation of microcracks 
and discontinuities at corners of deep steps. With the ex- 
pected increase in the use of multilevel metallization for 
vertical integration, coupled with the expected increase 
in packing density of devices with horizontally reduced 
dimensions, the development of a deposition technique 
which provides conformal step coverage becomes essen- 
tial. In this paper, we will discuss the properties of alumi- 
num films deposited on both oxidized silicon monitors 
and device wafers by a low pressure chemical vapor dep- 
osition (LPCVD) process using tri-isobutyl a luminum 
(TIBAL) as a source. Little has been published regarding 
LPCVD a luminum or its alloys because of the lack of 
suitable sources dissociating below the melting point of 
the metal (660~ and the well-known chemical activity of 
a luminum with residual oxygen and water. Results of this 
work will establish a basic unclerstanding of the proper- 
ties of. these LPCVD a luminum films, and their suitabil- 
ity for current VLSI processing. 

Properties and Plating Chemistry of TIBAL 
TIBAL (1) used in the present investigation, is a clear 

l iquid with a density of 0.8 g/cm 3. It has a melting point of 
-6~ and a boiling point of 40~ at 0.1 torr of Hg. It is py- 
rophoric, mildly toxic, and explosive in contact with 
water. Hence, extreme care should be exercised in the 
handling and disposing of the source liquid and the unre- 
acted product of the dissociation. 

The following chemical reactions occur during thermal 
decoml~esition (2) 

[(CH3)2CH--CH2]3AI ~- [(CH~)2CH--CH2]2AIH 

+ (CH3)2C~-----CH2 [1] 

(CH3)2CH--CH2]2A1H ~ A1 + 3/2H2 + 2(CHz)2C==CH2 [2] 

Reaction [1] occurs from 50 ~ to 150~ During this step, 
TIBAL decomposes to di-isobutyl a luminum hydride by 
releasing isobutylene gas. At about 220~ reaction [2] oc- 
curs, during which the di-isobutyl a luminum hydride 
thermally dissociates to pure A1 by releasing both H2 and 
isobutylene gas. Reaction [1] is reversible, and the forma- 
t ion of di-isobutyl a luminum hydride can be suppressed 
by adding excess isobutylene gas. Reaction [2] is not re- 
versible and is known to proceed only over a narrow tem- 
perature range (220~176 which, unfortunately, pre- 
cludes in this process the simultaneous dissociation of 
Sill4 (-450~ and codeposition of Si in these films. 

*Electrochemical Society Active Member. 

Deposition Procedure 
LPCVD A1 films are becoming commercially available. 

The films, under  present investigation, were deposited 
by ASM America, Incorporated, in an experimental 
LPCVD reactor shown in Fig. 1. Details on the design of 
the reactor as well as the process used by the vendor have 
been previously reported (3). The TIBAL liquid was evap- 
orated at 45~ with the vapor flowing down a 1200 mm 
long, 150 mm diam stainless steel reactor tube. The reac- 
tor tube was loaded with as many as fifty 75 mm wafers 
within a three-zone furnace and pumped down with the 
aid of a liquid nitrogen cold trap and a Roots rotary pump 
combination. At the start of the operation, the LPCVD re- 
actor was evacuated and purged with hydrogen at 450~ 
to reduce adsorbed air and moisture and the temperature 
in the center zone ramped down to -260~ The wafers 
were then exposed to TIC14 vapor, at a pressure of 0.5 torr, 
to "activate" the substrate surface prior to deposition. 
Without TIC14 acting as a nucleation catalyst, the alumi- 
num is known to nucleate randomly on the surface, caus- 
ing the growth of large individual crystallites. Following 
pumpdown of the TIC14 vapor, the dissociation reaction of 
TIBAL proceeded, at the previously fixed conditions of 
temperature and pressure, yielding a deposition rate of 
-300 ~/min. At the end of the operation, the reactor went 
through a final pumpdown and was backfilled with ni- 
trogen to atmospheric pressure. Table I details the pro- 
cess sequence used and the operating time for each step. 

Physical Properties of LPCVD Aluminum 
The chemical composition and adhesion, as well as the 

electrical, structural, and optical properties of LPCVD 
a luminum have been characterized by investigating films 
deposited on thermally oxidized monitors. Each of these 
properties will now be described. 

Chemical composition .--One of our primary concerns in 
the use of TIBAL was the possible inclusion of carbon in 
the films. To check that possibility, Auger spectra were 
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Fig. 1. Experiment-I LPCVD aluminum reactor 
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Table I. LPCVD aluminum process sequence 

Event Time (min) 

Load/unload 10 
Pumpdown 5 
Heat to 450~ 5 

backfill H.~ 
Pumpdown 5 
TIC14 treatment 1 
Pumpdown 5 
Deposition 25-50 
Pumpdown 1 
N= backfill 1 

gathered both on the surface and at a depth of 1000A. Fig- 
ure 2 shows an elemental survey of the surface which in- 
dicates the presence of aluminum, oxygen, carbon, and 
sulfur. The tendency of a luminum to react readily with 
the ambient to form a thin corrosion-resistant film of 
Al=O3 accounts for the presence of the oxygen. The car- 
bon and sulfur are considered, here, to be normal surface 
contaminants. A second elemental survey, shown in Fig. 
3, taken after ion milling with neon to a depth of 1000~, 
exhibits the a luminum peaks but fails to reveal, at this 
magnification, observable contaminants beyond the ex- 
pected neon signal. An expansion of the spectrum in the 
vicinity of the carbon signal, shown in Fig. 4, reveals an 
estimated carbon content in the film of ~<0.3%. Mass 
spectrometric gas evolution analysis performed on part of 
a monitor wafer over a temperature range extending from 
27 ~ to 700~ failed to reveal significant evolution of 
carbonous material beyond that in the background of the 
system. This data coupled with the Auger analysis sets 
the purity of these films to better than 99.7%. 

Adhesion.--A segment of Scotch tape applied and 
peeled off the surface of the aluminum film failed, under 
repeated testing, to show signs of flaking. This test, how- 
ever rudimentary, illustrates the degree of adherence of 
the LPCVD aluminum film to the underlying thermal 
oxide. 

Electrical properties.--In order to evaluate the electrical 
properties of these films, the resistivity and electromigra- 
tion resistance were determined. The resistivity was de- 
termined using two different methods. In one case, both 
the sheet resistance and thickness were measured over 
several areas of the film using a four point probe and 
Dektak | stylus. By combination of the average of these 
two parameters, a value for the resistivity of the LPCVD 
aluminum film was calculated to be 3.36 (-+ 0.24) • 10 -6 
t2-cm. In the other case, an electromigration meander  tes- 
ter was used, where the track was 1 cm long and had a de- 
posited film thickness of 7774 -+ 303~ and a patterned 
linewidth of 2.30 -+ 0.07/~m. The resistance of the line was 
measured with a digital multimeter. From known values 
of resistance, length, and cross-sectional area, the resistiv- 
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Fig. 3. Auger elemental survey of LPVCD aluminum at 1000~. depth 

ity was calculated to be 3.42 (-+ 0.17) x 10 -6 ~-cm. Both 
these measuring techniques yielded values of resistivity 
~10% higher than those reported for typical a luminum 
films (4). 

The electromigration measurements were carried out 
on a group of typically 12 packaged testers with 2.25/~m 
wide aluminum meander lines under accelerated condi- 
tions of temperature (T) set at 192 ~ 214 ~ and 270~ and 
current density (3) set at 1.85 x 106 A/cm 2. All films which 
underwent  this test were reactive ion etched and sintered 
at 300~ rain/H=. From a plot of the measured values of 
the median time-to-failure, MTF, vs. l/T, shown in Fig. 5, 
an activation energy, Q, of 0.51 eV was calculated. This is 
in excellent agreement with values reported for fine- 
grained In-Source a luminum films (5). Using the present 
value of Q, the median time-to-failure (MTF) extrapolated 
to 80~ and 1 x 105 AJcm 2, was calculated with the use of 
the relationship MTF = AJ -2 exp [Q/kT], to be equal to 
9.1 x 104h. This value comoares well with the reported 
value of 7.6 x 104h for the 2.9 /~m wide meander  lines 
of In-Source A1-0.5%Cu similarly deposited at a rate of 
300 ~/min and sintered at 300~ mirgH= (6). However, it 
is significantly lower than the value of 5.3 x 106h ob- 
served by the authors for In-Source A1-0.5%Cu deposited 
at 300~ at a rate of 140 A/s and sintered at 300~ 
mirdH2. This difference is believed to be primarily due to 
the copper contribution as well as structural differences. 
As will be described further in this report, LPCVD alumi- 
num films exhibit  grains that are small in size; a fact that 
has been shown to adversely affect both Q and MTF (7). 
Furthermore, the nonuniform thickness observed across 
the film is expected to modulate the magnitude of the 
current density, thereby enhancing the e]ectromigration 
failure in the thinner cross-sectional areas. Electromigra- 
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tion data were also gathered on 1.34 tzm wide meander 
lines, subjected to an accelerated temperature of 186~ 
and a current density of 1.85 x 106 A/cm 2. The extrapo- 
lated value (80~ 1 x 105 A/cm 2) for MTF, using Q = 0.51 
eV was calculated to be 1.1 x 105h, showing little varia- 
tion, in this case, with narrower linewidths. 

In order to examine the effect of capping the LPCVD 
aluminum with plasma SiN, groups of typically 18 mean- 
ders with 1.83 ~m linewidth were tested, under acceler- 
ated conditions, at temperatures of 162 ~ 187 ~ and 212~ 
and at a constant current density of 1.85 x 106 A/cm 2. The 
1.4/~m plasma SiN cap layer was deposited at -300~ for 
110 min on the entire wafer and subsequently patterned 
and plasma etched to expose the aluminum pads for wire 
bonding. A plot of MTF vs. lIT yielded a value of 0.67 eV, 
possibly reflecting the increase in a luminum grain 
growth with additional heat-treatment. The extrapolated 
value of MTF (80~ 1 x 105 A/cm 2) was calculated to be 
4.5 x 105h with the increase, as shown in Fig. 5, resulting 
from the higher activation energy. 

Structural properties.--One of the most prominent  fea- 
tures of LPCVD aluminum is its surface topography. Un- 
der visual examination, the films have a distinctive non- 
specular, cloudy appearance. At l l00x  magnification, a 
rough grainy structure becomes evident. At still higher 
magnification, with the aid of a scanning electron micro- 
scope (SEM), the steep peaks and valleys, which account 
for the poor reflectance of the surface, could be readily 
seen (Fig. 6). This surface roughness is believed to be di- 
rectly related to the deposition process which governs the 
nucleation and growth mechanism of aluminum. In the 
present LPCVD process, we postulate that the aluminum 
atoms, after decomposit ion of the adsorbed alkyl mole- 
cules, stick to the substrate without significant surface 
diffusion. In an improperly activated substrate surface, 
nucleating sites are few and randomly distributed across 

Fig. 6. SEM micrograph illustrating surface topography of LPCVD 
aluminum. 

the surface. The growth of nuclei is believed to be three 
dimensional, but anisotropic with preferred growth 
occurring normal to the surface. During the growth pro- 
cess, these nuclei coalesce and form crystallographically 
shaped islands. As deposition continues, secondary nu- 
cleation occurs in open areas, and these nuclei in turn 
grow and coalesce to form new islands which eventually 
merge with the otder ones to form a coherent film. De- 
pending, therefore, on the time lag between primary and 
secondary nucleation and the growth kinetics of these nu- 
clei, a wide range of topography may be expected. Figure 
7 shows a transmission electron micrograph of a thin ver- 
tical cross section of an LPCVD aluminum film. The av- 
erage film thickness, in" this case, is -6000~ with a maxi- 
mum peak tQ valley height of -2500A. These variations 
from the average film thickness are expected to further 
increase with thicker films. Figure 8 shows a transmis- 
sion electron micrograph of a thin horizontal cross sec- 
tion of an LPCVD aluminum film subjected to a 300~ 
mirgH2 sinter. The grain-size distribution is observed to 
be wide, ranging from 1 to 4 ~m. Using the conventional 
line intersection technique, a value for the average grain 
size was measured to be 1.4 -+ 0.3 ~m. Both the grain size 
and grain size distribution appear to be significantly dif- 
ferent from those of In-Source A1-0.5%Cu deposited at 
300~ at a rate of 140 ~/s and sintered at 300~ min/H2. 
Such a film, shown in Fig. 9, has a distribution of grain 
sizes ranging from 1 to 6 ~m with an average grain size of 
1.8 _+ 0.4 ~m. 

X-ray diffraction data taken with CuK~ radiation at 45 
kV and 30 mA, on both as-deposited LPCVD aluminum 
and In-Source A1-0.5%Cu deposited at -220~ and at a 
rate of -60  ~/s, reveal significant differences. Besides re- 
flections parallel to the <100> Si substrate, which were 
common in both samples, the comparative spectra, 
shown in Fig. 10, exhibit, in the case of the LPCVD alu- 

Fig. 7. TEM vertical crass-section micrograph of LPCVD aluminum 
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Fig. 8. TEM horizontal cross-section micrograph of LPCVD aluminum 
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Fig. 9. TEM horizontal cross-section of In-Source AI -0 .5%Cu 

minum, a highly textured <111> structure. This is evi- 
dent from the intensity ratio (Im/I2oo), which has been 
calculated to be (100/2) compared to the (100/47) expected 
of polycrystalline a luminum with random orientation. Al- 
though reflections from the <311> and <222> planes 
were evident, the <220> diffraction peak was absent from 
this x-ray pattern. The In-Source Al-0.5%Cu spectrum, on 
the other hand, reveals a lower degree of <111> texture 
as indicated by the calculated (I~,/I2oo) intensity ratio of 
(100/6), the weaker reflections of the <222> planes and 
the emergence of the <220> diffraction peak. 

Optical properties.--In order to investigate the optical 
properties of LPCVD aluminum, reflectance measure- 
ments were gathered over the optical wavelength scan of 
0.20 to 0.90 ~m using a Perkin-Elmer (Coleman 575) spec- 
trophotometer.  Figure 11 shows the percentage of reflec- 
tance of a 0.5 ~m thick A1 film relative to that of a 1 ~m 
thick In-Source Al-0.5% Cu film in the wavelength range 
where photolithographic processing is prevalent. The 
data indicate a broad minimum with a 5% reflectance ra- 
tio centered around the 0.35 ~m wavelength. Below this 
minimum, a 14% reflectance ratio is reached at the lowest 
investigated wavelength of 0.20 ~m, and a 40% 

reflectance ratio at the highest investigated wavelength 
of 0.90 ~m. The poor reflectance of LPCVD aluminum, 
which may prove to be beneficial in photolithographic 
processing, is directly related to the surface roughness of 
the film. A reflected beam is known to form only if the 
average depth of the surface irregularities of the reflector 
is substantially less than the wavelength of the incident 
light. In the present case, where our surface irregularities 
are of the order of -2500~, enhancement  of the 
reflectance occurs, as, indeed, observed in Fig. 11, at 
longer wavelengths. 

S u i t a b i l i t y  of  L P C V D  A l u m i n u m  to V L S I  Process ing  
The suitability of LPCVD aluminum to current VLSI 

processing was investigated with the use of 75 mm device 
wafers fabricated in accordance with the 2.5 ~m Twin- 
Tub CMOS process (with TaSi2) (8). The processed wafers 
included IGFET, contact resistance, van der Pauw, and 
MOS testers which were automatically probed, after alu- 
minum patterning, at four sites across each wafer. All wa- 
fers received a preclean (H~SOJH202) and an HF etch 
prior to insertion into the LPCVD reactor. For correlation 
purposes, device wafers metallized with sputtered Al as 
well as In-Source A1-0.5% Cu were processed with the ex- 
perimental batch. The etching profile, step coverage, 
spiking, bondability, and effect on device performance of 
LPCVD aluminum will now be considered. 

Etching profile.--Following photolithography, the alu- 
minum was reactive sputter etched in a HEX reactor 
using a chlorine-based gasmix ture .  Figure 12 illustrates 
the quality of the etch in various parts of a wafer. Exami- 
nation of the photographs reveals no residue between the 



Vol.  131, No.  9 L P C V D  A1 F O R  V L S I  P R O C E S S I N G  2179 

Fig. 14. Step coverage of LPCVD aluminum over P-glass. 
agnification bar is 4 ~m. 

Fig. 12. Etching profile across device wafer for LPCVD aluminum 

delineated patterns, no signs of undercutting, and no A1 
wall erosion or severe l inewidth loss. 

Step coverage.--The possibility of achieving conformal 
step coverage has been the primary objective in the devel- 
opment  of LPCVD aluminum. Evaporation and sput- 
tering techniques have been known to produce films that 
th inned down considerably along window walls and 
bulged upward at the bottom of the window. Although 
considerable effort was directed toward improvement  of 
step coverage by adopting higher deposition tempera- 
tures to enhance surface mobility or optimizing the plan- 
etary motion to improve uniformity, fundamental  limits 
restricted further improvements.  Figure 13 shows a series 
of SEM cross-sectional photographs illustrating the qual- 
ity of step coverage for LPCVD a luminum deposited over 
contact windows to silicon and polycide. Measurements 
of the film thickness along the window sidewalls and 
along the top or bottom regions of the window yield iden- 
tical values everywhere, confirming the conformal step 
coverage of this process. An increase in the a luminum 
film thickness to -1.3 ~m is expected, in the present 2.5 
~m design pattern, to totally plug the windows and estab- 
lish a markedly reduced topography. This can be seen in 
Fig. 14, where A1 appears to have filled the cavities in the 
P-glass between polycide runners. The plasma SiN used 
for capping devices appears, as shown in Fig. 15A, to rep- 
licate the conformal CVD coverage of the underlying alu- 
minum and P-glass structures while exhibiting, as seen in 
Fig. 15B, its characteristic surface morphology. 

Fig. 13. Step coverage of LPCVD aluminum over contact windows to 
(A) silicon and (B) polycide. 

Fig. 1S. (A) Overall step coverage of plasma SiN cap, LPCVD alumi- 
num and P-glass. (B) Surface topography of plasma SiN cap. 
Magnification bar is 4 ~m. 

Junction spiking.--Prior ~o LPCVD a luminum deposi- 
tion, all wafers in the present investigation were pre- 
heated at -450~ in H~ to reduce air and moisture in the 
reactor. The temperature was then ramped down to 
-260~ to activate the substrate surface with TIC14 and 
dissociate the TIBAL. Following a luminum patterning, a 
group of device wafers was sintered at 300~ rain/H2. 
Part of that group received a 1 ~m thick plasma SiN cap 
film deposited at 300~ for 95 rain, with one wafer getting 
an additional 450~ mirgH2 sinter. Figure 16 shows 
SEM cross-sectional micrographs of contact windows to 
silicon and polycide taken after stripping the a luminum 
and prior to the 300~ mirgH2 sintering step. These mi- 
crographs indicate that, although the contact window to 
polycide remained intact after the -260~ a luminum dep- 
osition (Fig. 16B), the contact window to silicon has been 
significantly eroded. Measurements of the depth of this 
pit at several points below the Si surface yielded values as 
high as -2000~. We believe that this interdiffusion 
occurred, at these relatively low deposition temperatures 
(-260~ in a continuous fashion across the interface due 
to the etching of the native oxide during the pretreatment 
process. In the presence of an imperfect native oxide, the 
interdiffusion as observed for evaporated or sputtered 
a luminum has been reported (9) to proceed through pin- 
holes in the oxide, causing preferential spiking along 
<111> crystallographic planes. Further evidence for this 
native oxide etch, to be discussed further below, is pro- 
vided by the remarkably low values for a luminum contact 
resistance to N + silicon. Figure 17 is a SEM micrograph 
taken after stripping the a luminum from contact win- 
dows to silicon and polycide. The surface morphology of 
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Fig. 16. SEM cross-sections of contact windows to (A) silicon and (B) 
polycide, after aluminum removal. 

the silicon window appears quite rough. For shallow 
junct ion devices (<0.25 tLm) this interdiffusion is a sig- 
nificant problem, which can be resolved by further re- 
duction of the a luminum deposition temperature and that 
of subsequent  processing, or by the use of a diffusion bar- 
rier. Ongoing efforts are addressing these possibilities. 
Figure 18 shows SEM cross-sectional micrographs of 
stripped contact windows to silicon and polycide follow- 
ing the 300~ min/H2 sinter. The interdiffusion of sili- 
con and a luminum is seen to have extended over a maxi- 
mum depth of 4000/~ below the Si surface. This 
temperature-dependent erosion of the interface provides 
support ing evidence that our observations are consistent 
with a thermally activated interdiffusion phenomenon.  
Additional thermal processing caused by plasma SiN cap- 
ping of the devices at 300~ for 95 rain, and a supplemen- 
tal 450~ min/H2 sinter was observed to further en- 
hance interdiffusion of silicon and a luminum down to a 
depth of -6000]~. 

It  is interesting to note that a series of highly oriented 
crystallographic precipitates of silicon, as determined by 
x-ray energy dispersive analysis, was observed on a few 
of the contact windows to polycide for samples which 
had received the 3007C/30 mirgH2 sinter. The presence of 
these fa.ceted crystals, shown in Fig. 19, is quite surpris- 
ing in view of the fact that the TaSi2 substrate is 

Fig. 18. SEM cross sections of contact windows to (A) silicon and (B) 
polycide following the 300~ min/H~ sinter and after aluminum 
removot. 

Fig. 19. SEM micrograph of contact windows after aluminum removal 
illustrating presence of faceted crystals on polycide contact windows. 

Fig. 17. Top view of an SEM micrograph of contact windows after alu- 
minum removal. 

Fig. 20. SEM micrographs illustrating quality of ball-wedge and 
wedge-wedge wire bonds to (A) chip pad and (B) package pad. 
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Table II. Comparison of CMOS parametric data for as-deposited aluminum 

LPCVD A1 In-Source A1 Sputtered A1 

IGFET tester 

van der Pauw tester 
Log leakage current: 

Contact resistance tester 
Log leakage current: 

2.5/~ra Contact resistance: 

Nominal P-Chan: V~ (V) 1.04 -+ 0.01 1.02 -+ 0.01 1.01 +- 0.01 
fl (~D,/V) 696.35 -+ 86.53 650.13 -+ 41.97 720.33 -+ 107.22 

N-Chan: VT (V) 0.66 -+ 0.01 0.66 -+ 0.01 0.67 _+ 0:01 
/3 (/zi)/V) 2218.32 -+ 328.92 2081.98 -+ 175.88 2305.36 • 419.61 

Square P-Chart: V~ (V) 1.02 -+ 0.01 1.01 -+ 0.01 1.00 _+ 0.01 
/~ (~12/V) 19.81 -+ 0.27 19.44 _+ 0.14 19.53 _+ 0.17 

N-Chan: VT (V) 0.66 • 0.01 0.65 -+ 0.01 0.66 • 0.01 
fl (/~/V) 62.37 • 0.46 62.04 -+ 0.45 61.76 -+ 0.59 

N+/PTUB (A) -9.11 -+ 0.47 -9.66 -+ 0.54 -8.71 -+ 0.73 
P+/NSUB (A) -9.40 + 0.44 -9.54 -+- 0.28 -9.65 -+ 0.27 

PTUB/NSUB (A) -9.42 -+ 0.84 -9.12 +- 0.15 -9.23 • 0.08 

N+/PTUB (A) -9.91 -+ 0.31 -9.70 -+ 0.02 -9.70 -+ 0.01 
P+/NSUB (A) -10.11 • 0.28 -10.12 -+ 1.73 -10.76 • 0.22 

N* (~2) 2.46 • 0.43 84.36 • 24.99 -+ 8.03 
P§ (l)) 2.58 -+ 0.53 7.79 -+ 3.58 3.46 -+ 0.42 

Polycide (12) 112.97 -+ 156.94 74.94 • 82.59 58.95 -+ 29.50 

polycrys ta l l ine ,  and  t e n d s  to indica te  tha t  s i l icon diffu- 
s ion f rom or t h r o u g h  the  TaSi2 is poss ible .  In  such  cases,  
the  use  of a barr ier  b e c o m e s  neces sa ry  no t  only  to pre- 
v e n t  r eac t ion  wi th  a l u m i n u m  at s i l icon j u n c t i o n s  bu t  also 
d i f fus ion  at po lyc ide  gates.  

Bondability.--The abil i ty to wire  b o n d  to L P C V D  alu- 
m i n u m  films was  inves t iga ted  w i t h  the  use  of  several  
e l ec t romigra t ion  t e s t e r  ch ips  w h i c h  had  b e e n  eutect ica l ly  
b o n d e d  to 40 p in  dual- in- l ine packages .  Bo th  Au and  
AI-I%Mg wires  25 /zm th ick  were  wire  b o n d e d  to alumi- 
n u m  p a d s  on the  ch ip  s ide and  gold  p a d s  on  the  package  
side. The gold  wi res  w e r e  d r a w n  au tomat ica l ly  out  of  a 
spool ,  w i t h  the  package  hea t ed  at 150~ to u l t rasonica l ly  
fo rm a ball b o n d  on  the  a l u m i n u m  p a d  and a w e d g e  b o n d  
on  the  gold  pad.  The a l u m i n u m  wires  were  w e d g e - w e d g e  
b o n d e d  ul t rasonical ly ,  at r o o m  t empera tu r e ,  to b o t h  the  
a l u m i n u m  and  gold pads .  F igure  20 s h o w s  S E M  micro-  
g r a p h s  i l lus t ra t ing the  qual i ty  of  t hese  ba l l -wedge  and  
w e d g e - w e d g e  wire  bonds .  A l u m i n u m  wire  b o n d s  w h i c h  
s u b s e q u e n t l y  u n d e r w e n t  h igh  t e m p e r a t u r e  t r e a t m e n t s  
(180~ for  - 1 7 h  du r ing  e l ec t romigra t ion  t e s t ing  r e m a i n e d  
in tac t  in all cases.  

Effect on device performance.--The effect  of  L P C V D  
a l u m i n u m  on  dev ice  p e r f o r m a n c e  was  eva lua ted  by  auto- 
mat ica l ly  p r o b i n g  the  IGFET,  van  der  Pauw,  con tac t  re- 
s i s tance ,  and  MOS tes te r s  p r e s e n t  at four  si tes across  each  
of  th ree  device  wafe r s  fabr ica ted  in a c c o r d a n c e  w i t h  t he  
2.5 /zm Twin-Tub  CMOS p roces s  (8). Table  II offers  a 
c o m p a r i s o n  of  the  CMOS pa rame t r i c  data  for t he  nons in-  
t e r ed  LP C VD,  In-Source ,  and  spu t t e r ed  a l u m i n u m  films. 
A n  e x a m i n a t i o n  of  t hose  da ta  reveals  ins igni f icant  differ- 

ences  in  the  charac te r i s t i cs  of  the  square  t r ans i s to r  for all 
t h r ee  types  o f  a l u m i n u m  as d e t e r m i n e d  by  va lues  of  
t h r e s h o l d  vol tage and  be t a  pe r  square.  However ,  s l ight  
var ia t ions  in the  va lues  of  be ta  for the  n o mi n a l  t r ans i s to r s  
are o b s e rv ed  in a c o m p a r i s o n  a m o n g  these  th ree  deposi -  
t ion  processes .  These  var ia t ions  appea r  to be  re la ted  to 
c o r r e s p o n d i n g  ch an g es  in  ch an n e l  l en g t h  be l i eved  to be  
caused  by  gate defini t ion.  The  van  der  P a u w  data,  simi- 
larly, reveal  l i t t le var ia t ion  in  the  va lues  of  leakage cur- 
r en t  a m o n g  the  th ree  types  o f  a luminum.  The  m o s t  strik- 
ing  d i f fe rence  charac te r iz ing  the  L P C V D  a l u m i n u m  
films is found  in the  va lues  of  the  con tac t  r e s i s t ance  to 
N § and  P+ source /dra in  regions .  For  the  2.5 • 2.5/~m con- 
tac t  w i n d o w s ,  t he  value  of  con tac t  r e s i s t ance  to N + is a 
fac tor  o f  - 3 0  less  t h a n  tha t  o f  In -Source  a l u m i n u m  and  a 
factor  o f  - 1 0  less t h a n  tha t  of  s p u t t e r e d  a l u m i n u m .  The 
value  of  con tac t  r e s i s t ance  to P§ however ,  is iden t ica l  to 
t ha t  of N + , bu t  is still s ignif icant ly  lower  t h a n  the  corre-  
s p o n d i n g  values  for In -Source  and  s p u t t e r e d  a luminum.  
We pos tu la t e  tha t  th is  unusua l ly  low value  of  con tac t  re- 
s i s t ance  to N § is re la ted  to the  effect  of  the  TIC14 
p r e t r ea t men t ,  w h i c h  resu l t s  in the  e t ch ing  o f  t he  nat ive  
ox ide  as well  as par t  o f  t he  u n d e r l y i n g  Si surface.  The  fact  
tha t  In -Source  a l u m i n u m  depos i t ed  at -220~ exh ib i t s  a 
s ignif icant ly  h ighe r  con tac t  r e s i s t ance  to N + t h a n  tha t  of  
s p u t t e r e d  a l u m i n u m  d e p o s i t e d  at ~300~ is c o n s i s t e n t  
w i t h  t he  p r e s e n c e  of  an in terfacia l  ox ide  bar r ie r  w h i c h  is 
easier  to r ed u ce  at h i g h e r  depos i t i on  t emp e ra t u r e s .  The 
con tac t  r e s i s t ance  of  a l u m i n u m  to TaSi2 appea r s  to be  
unusua l ly  h igh  in all th ree  cases.  This  is be l i eved  to be  a 
resu l t  of  p rope r t i e s  re la ted  to the  TaSi2 ra the r  t h a n  t h o s e  
of  L P C V D  a luminum.  

Table III. Comparison of CMOS parametric data for LPCVD aluminum at various processing steps 

As-deposited 

After sintering After SiN After additional 
(300~ capping sintering (450~ 

30 rain/H.~) (300~ rain) 30 min/H2) 

IGFET tester 

Van der Pauw tester 
Log leakage current: 

Contact resistance tester 
Log leakage current: 

2.5/~m Contact resistance: 

Nominal P-Chan: VT (V) 1.04 • 0.01 1.03 -+ 0.02 1.30 -+ 0.56 1.02 • 0.02 
fl (/zl2/V) 696.35 -+ 86.53 683.50 +- 91.63 603.76 -+ 196.10 700.96 • 118.89 

N-Chan: Vv (V) 0.66 • 0.01 0.66 -+ 0.01 0.85 -+ 0.36 0.66 -+ 0.00 
fl (/~fYV) 2218.32 ~ 328.92 2186.69 -+ 332.45 1973.04 -+ 387.58 2210.26 -+ 383.55 

Square P-Chan: VT (V) 1.02 • 0.01 1.01 • 0.02 1.06 -+ 0.10 1.00 • 0.02 
fl (/~I2/V) 19.81 -+ 0.27 19.66 -+ 0.29 18.49 +_ 1.47 19.31 -+ 0.21 

N-Chan: V~ (V) 0.66 +- 0.01 0.65 • 0.01 0.77 -* 0.18 0.66 +- 0.01 
/3 (~d2/V) 62.37 -+ 0.46 61.97 +- 0.53 59.26 -+ 4.99 63.19 • 0.16 

N*/PTUB (A) 9.11 -+ 0.47 9.13 -+ 0.45 8.89 z 0.21 9.01 -+ 0.32 
P+/NSUB (A) 9.40 -+ 0.44 9.35 -+ 0.40 9.26 -~ 0.40 8.92 -+ 0.33 

PTUB/NSUB (A) 9.42 -+ 0.84 9.28 -+ 0.60 9.36 -+ 0.62 9.13 -+ 0.21 

N*fPTUB (A) 9.91 -+ 0.31 9.89 -+ 0.20 9.99 • 0.21 5.48 -+ 3.39 
P+/NSUB (A) 10.11 -+ 0.28 9.93 -+ 0.05 9.96 -+ 0.10 10.15 -+ 0.09 

N* (~) 2.46 -+ 0.43 2.84 -+ 0.70 2.72 -+ 0.55 14.79 -+ 2.16 
1 a+ (fl) 2.58 -+ 0.53 2.98 -+ 0.76 2.90 -+ 0.46 2.56 • 0.12 

Polycide (l)) 112.97 -~ 156.94 159.76 • 252.13 109.68 +- 157.71 4.82 • 6.18 
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Table III draws a comparison of the CMOS parametric 
data at various steps in the process following LPCVD alu- 
minum deposition. The data reveal little change in any of 
the device characteristics following the 300~ mirgH2 
sinter. However, after SiN capping two of the device wa- 
fers at 300~ for 95 min, a significant change in the values 
of the threshold voltage for both N- and P-channel tran- 
sistors was observed. An additional 450~ mirgH~ treat- 
ment  is shown in Table III to restore the threshold vol- 
tages back to their values prior to SiN capping. However, 
that additional heating step is also seen to generate large 
leakage currents in the N+/P Tub contact resistance tester 
caused by the severe junct ion spiking occurring at these 
relatively high temperatures. 

Conclusion 
Our results have established that LPCVD a luminum is 

close to being a viable VLSI technology. It provides 100% 
conformal step coverage, introduces no surface states, 
and promises to yield high wafer throughput. The 
LPCVD aluminum films have been shown to exhibit  ex- 
cellent properties in terms of chemical purity, adhesion, 
electrical resistivity, and contact resistance. The films 
have also been proven to be suitable for VLSI processing 
in terms of patterning, dry etching, and bondabili ty and 
appear to have no effect on overall device performance. 
One of the drawbacks of LPCVD aluminum has been 
shown to be its structure-dependent properties: namely, 
electromigration resistance and A1-Si interdiffusion. We 
believe that both these problems can be resolved with a 
proper diffusion barrier, which would not only eliminate 
junct ion spiking but  also allow for higher sintering tem- 
peratures that in turn should enhance crystal growth and 
electromigration resistance. The remaining concern at the 
present is the hazard associated with the handling of 
TIBAL, which can possibly be overcome by the adoption 
of strict safety procedures during operation or the devel- 

opment  of an alternatively safer LPCVD aluminum trans- 
port process. Both these options are under  present inves- 
tigation. 
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Large Grain Copper Indium Diselenide Films 
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Southern Methodist University, Dallas, Texas 75275 

S. C. Lin and J. gue 
Poly Solar Incorporated, Garland, Texas 75041 

ABSTRACT 

Large grain thin films of copper indium diselenide with a preferred {112} orientation have been prepared by (i) the 
deposition of nearly stoichiometric films of copper and indium on suitable substrates using vacuum evaporation or 
electrodeposition, and (ii) the heat-treatment of Cu-In films in a hydrogen-selenium atmosphere at temperatures above 
630~ The compositional, structural, and electrical properties of the films have been evaluated. In an alternate ap- 
proach, a copper film on a substrate was first converted into cuprous selenide, followed by the deposition of indium 
and selenization. The resulting CuInSe2 films have the same properties as those from the selenization of Cu-In films. 

Copper indium diselenide, CuInSe~, a direct gap semi- 
conductor with a room temperature energy gap of about 1 
eV, has very large optical absorption coefficients at the 
bandedge and beyond (1), and the minority carrier diffu- 
sion length becomes relatively unimportant  in the opera- 
tion of photovoltaic devices. Thus, CuInSe2 is particularly 
suited for thin film devices. Since the first report of a 
single-crystalline n-CdS/p-CuInSe~ heterojunction de- 
vice with a conversion efficiency of 12% (2), considerable 
efforts have been directed to the fabrication and 
characterization of thin film devices of the same con- 
figuration (3). The deposition of CuInSe2 films on for- 
eign substrates was carried out, in most cases, by vacuum 
techniques such as evaporation and sputtering, and the 

* Electrochemical Society Active Member. 

accurate control of the copper and indium fluxes at the 
substrate surface is essential for obtaining stoichiometric 
CuInSe~ films. In spite of the small grain size (about 1 ~m) 
in films deposited by vacuum techniques, short-circuit 
current densities similar to those reported for single crys- 
talline devices (40 mA/cm 2) have been obtained, and 
heterojunction solar cells with AM1 efficiencies of near 
11% have been reported (4). 

In  this work, CuInSe2 films have been prepared by two 
chemical approaches: (i) the deposition of Cu and In 
films on a suitable substrate by vacuum evaporation or 
electrodeposition followed by the treatment of Cu-In film 
with selenium vapor at high temperatures, and (ii) the for- 
mation of Cu2Se film on a suitable substrate by the 
selenization of Cu film, followed by the deposition of In 
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film and selenium treatment. The use of electroplating 
and selenization processes has distinct cost advantages as 
compared with the current technology. The composi- 
tional, structural, and electrical properties of deposited 
films have been investigated. The experimental  proce- 
dures and results are summarized in this paper. 

Experimental  
The important process parameters in the preparation of 

CuInSe2 films by the selenization of Cu-In films are: (i) the 
stoichiometry of the Cu-In film, (ii) the temperature of 
selenium treatment, and (iii) the partial pressure of sele- 
nium and the duration of selenium treatment. The Cu-In 
phase diagram indicates that the 1:1 Cu-In alloy melts at 
about 630~ (5). Thus, the selenium treatment of Cu-In 
films at 630~ or above involves gas-liquid reactions, 
while that at lower temperatures involves gas-solid reac- 
tions. For low temperature selenium treatment,  nearly 
any inert substrates, such as graphite, may be used. When 
selenium treatment is carried out at high temperatures, 
the uniform wetting of the substrate surface by the liquid 
Cu-In film is essential for obtaining uniform CuInSe2 
films. Tungsten-coated graphite, prepared by the thermal 
reduction of tungsten hexafluoride with hydrogen on the 
surface of graphite at 500~176 was found to be suitable. 

The Cu-In films were deposited on the substrate sur- 
face by vacuum evaporation or by electroplating. Evapo- 
ration was carried out in the conventional manner under 
a pressure of 10-6 torr or less using elements of 99.999 * % 
purity, and the substrate-source was arranged to yield 
large area films with thickness variations less than 3%. In 
the evaporation process, the order of depositing Cu and 
In films is not important, while Cu must  be electroplated 
before In because of the reaction of In with the Cu plating 
solution. The electroplating of Cu was carried out from a 
sulfuric acid solution of copper sulfate at a current den- 
sity of 50-75 mA/cm2; the deposition rate was determined 
to be 1.1 ~rn/min at 50 mA/cm 2. The electroplating of In 
was carried out from a sulfuric acid solution of indium 
sulfamate and sodium sulfamate (pH = 1.5-2) at a current 
density of 10-20 mA/cm 2 (6); the deposition rate was deter- 
mined to be 0.19 ~rn/min at 20 mA/cm 2. The samples were 
thoroughly cleaned before and after the plating process. 
On the basis of the densities of Cu, In, and CuInSe~, the 
use of 2.21 ~m of In film and 1.0 ~m of Cu film should 
yield 5 ~m of CuInSe~ film after selenium treatment. 

The selenium treatment of Cu on Cu-In films was 
carried out in a hydrogen atmosphere using the apparatus 
shown schematically in Fig. 1. Hydrogen was purified by 
diffusion through palladium-silver alloy. A selenium con- 
tainer and the samples to be selenized were placed in a 
fused silica reaction tube of 59 mm od, and the tube was 
heated in a two-temperature zone furnace with each zone 
separately heated and controlled. The selenium was of 
99.999 +% purity, and the selenium container was main- 
tained at 440~ (vapor pressure of Se2 = 10 torr). The par- 
tial pressure of selenium in the reaction tube was con- 
trolled by adjusting the flow rates of hydrogen through 
the selenium container and through the reaction tube. 
The temperature of Cu and Cu-In films was varied over a 
wide range, 300~176 The duration of selenization was 
determined from the selenium content of the reaction 
mixture  and the substrate temperature, usually 2-6h. 

In the second approach, a Cu film on graphite was 
first selenized at 600~ to yield Cu2Se films, and indium 
was deposited followed by selenium treatment at 550 ~ 
600~ 

H 2 ~ [ "  [ 
- - ]  Cu-ln/W/Oraphite ~ EXHAUST 

H2 ~ ~ Se I - -  ~ ~ ~ [ - -  GAS 

Fig. 1. Schematic diagram of the apparatus for the treatment of Cu or 
Cu-ln films with selenium. 

Fig. 2. Scanning electron micrographs of the surface of and vertical 
cross section of a CulnSe2 film prepared by the selenium treatment of a 
Cu-ln film on a W/graphite substrate at 650~ 

Results and Discussion 
All Cu-In films used for selenium treatment consist of 

2.21 ~m of In and 1.0 ~m of Cu. The selenization of Cu- 
In/W/graphite structures was carried out over the temper- 
ature range 300~176 The use of high temperatures, 
such as 650~ or above, yields films with large grains, 
several millimeters in size. Figure 2 shows scanning elec- 
tron micrographs of the surface of a typical film at two 
magnifications and the vertical cross section of the 
sample. The cross-sectional photograph indicates that the 
film is about 5 ~m thick, as expected. The low magnifi- 
cation photograph of the surface shows only several grain 
boundaries, and the higher magnification photograph 
shows a large number  of isosceles triangles of the same 
orientation, indicating that this crystallite has a two-fold 
symmetry. The formation of the large grain films is due 
apparently to the gas-liquid reaction, where the surface of 
liquid Cu-In film first reacted with selenium to form 
CuInSe2, and the subsequent  diffusion of selenium 
through the surface film completes the transformation of 
Cu-In into CulnSe2. The composition of the large grain 
films was analyzed by the electron microprobe technique 
using a 10 keV, 25 nA beam on 60 spots of a specimen; the 
results including the standard deviations shown in Table 
I (sample no. 1) indicate that the large grain films are es- 
sentially stoichiometric CuInSe~. 

The crystallographic properties of large grain CuInSe~ 
films were determined by the x-ray diffraction tech- 
nique. CuInSe2 crystallizes in the chalcopyrite structure, 
and polycrystalline CuInSe2 powder of random orienta- 
tion is known to show three strong diffraction peaks asso- 
ciated with {112}, {204} and {220}, and {116} and {312} 
reflections with 20 values of 26.66 ~ 44.36 ~ and 52.45 ~ and 
relative intensities of 70, 100, and 85, respectively. The dif- 
fraction spectra of large grain CuInSe2 films were ob- 
tained by scanning 20 in the range of 20~ ~ . An example 
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Table I. Composition of three copper indium selenide films by electron 
microprobe analysis 

Sam- 
ple 
no. a/o Cu (l(r) a/o In (lc0 a]o Se (l(r) 

1 24.67 -+ 0.3 (0.35) 25.96 -+ 0.31 (0.40) 49.40 -+ 0.59 (0.67) 
2 25.43 + 0.65 (1.13) 25.11 -+ 0.64 (0.76) 49.43 -+ 1.26 (1.52) 
3 25.58 -+ 1.02 (0.74) 25.6 -+ 1.02 (0.67) 48.79 -+ 1.59 (0.59) 

is shown in Fig. 3, where only the diffraction peak with 20 
value of about 26.70 is present, indicating that the large 
grain films are of {112} orientation. 

The electrical resistivity of large grain CuInSe2 films 
was measured by evaporating gold ohmic contacts on the 
surface and measuring the resistance through the thick- 
ness of the specimen. The Au-CuInSe~ contact resistance 
was determined by the potential probe measurements,  
and the CuInSe~-substrate contact resistance was found 
to be negligible (less than 0.1 l]-cm~). The conductivity 
type and electrical resistivity of CuInSe2 films were 
found to depend on the partial pressure of selenium, the 
flow rate of the reaction mixture, and the duration of se- 
lenium treatment. Qualitatively, when a less than stoichi- 
ometric amount of selenium was used, the resulting film 
was always n-type. On further treatment with selenium, 
the film became p-type, and its resistivity decreased with 
increasing duration of selenium treatment. No systematic 
work on the dependence of the resistivity of CuInSe2 
films on the selenization parameters was carried out. 
However, by controlling the process parameters to intro- 
duce an excess (0.1-0.6%) of selenium into the reaction 
tube, electrical resistivities in the range of 1 to 20 ~-cm 
have been obtained. 

When the selenization of Cu-In films was carried out at 
temperatures below the melt ing point of Cu-In alloy, such 
as 500~ the resulting films consisted of small grains, 2-3 
~m in size. Figure 4 shows scanning electron micrographs 
of the surface and vertical cross section of a CuInSe2 film 
prepared by the selenium treatment of a Cu-In film at 
500~ The film appears to be loosely packed. The thick- 
ness of the film measured from the vertical cross section 
is considerably larger than 5 ~m, indicating high porosity 
in the film. The porosity is apparently the result of the 
gas-solid reaction and is not readily controlled. However, 
the electron microprobe analysis (Table I, sample no. 2) 

Fig. 4. Scanning electron micrographs of the surface and vertical cross 
section of a CulnSe2 film prepared by the selenium treatment of a Cu-ln 
film on a W/graphite substrate at SO0~ 

indicates that the films are essentially stoichiometric in 
composition. X-ray diffraction spectrUm showed the pres- 
ence of all three diffraction peaks with 20 values of 26.7 ~ 
44.4 ~ and 52.5 ~ As the temperature of selenization was 
further reduced (to 350~ for example), multiple-phase 
material was obtained: selenides of copper and indium 

Fig. 3. X-ray diffraction spectrum of a large grain CulnSe~ film on a Fig. 5. X-ray diffraction spectrum of a typical cuprous selenide film on 
W/graphite substrate, a graphite substrate. 
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were present in addition to CuInSe2. While Cu forms only 
Cu2Se, In forms four selenides: In2Se, InSe, InsSe6, and 
In2Se3. 

The conversion of Cu-films on graphite substrates to 
cuprous selenide takes place readily at 600~ The seleni- 
zation product was found to be Cu2Se or a mixture of 
Cu2Se and Cu2_xSe, depending on the extent of seleniza- 
ion. The strong diffractions in polycrystalline Cu2Se are 
associated with {111}, {220}, and {311} reflections with 20 
values of 26.34, 43.69, and 51.91 and relative intensities of 
80, 100, and 80, respectively. The strong diffractions in 
polycrystalline Cu2-xSe (x - 0.15) are associated with 
{111}, {220}, and {311} reflections with 20 values of 26.75, 
44.83, and 52.91 and relative intensities of 90, 100, and 80, 
respectively. Figure 5 shows a typical diffraction spec- 
t rum of a cuprous selenide film. The deposition of In fol- 
lowed by selenium treatment at 600~176 produced large 
grain CuInSe2 films as identified by electron microprobe 
(Table I, sample no. 3) and x-ray diffraction. These films 
have essentially the same properties as those obtained by 
the high temperature selenium treatment of a Cu-In/W/ 
graphite structure. 

Summary 
The heat-treatment of Cu-In films in a hydrogen- 

selenium atmosphere has been used for the preparation 
of CuInSe2 films. The most important process parameter 
affecting the microstructure of CuInSe~ is the tempera- 
ture of the Cu-In film. Using liquid Cu-In films on a suit- 
able substrate, the gas-liquid reaction yields single-phase, 
large grain, essentially stoichiometric CuInSe2 films with 
a preferred {112} orientation, as shown by compositional 
analysis and x-ray diffraction. The electrical resistivity of 

CuInSeo. films can be controlled by the duration of seleniza- 
tion; the use of a large excess of selenium yields low resis- 
tivity p-type films. At Cu-In film temperatures below 
600~ the selenization process involves gas-solid reac- 
tions, and the resulting films consisted of loosely packed 
small grains and are porous in structure. Large grain 
CuInSe2 films can also be prepared by the deposition and 
selenization of copper, followed by the deposition of in- 
dium and the selenization of cuprous selenide-indium 
structures. 
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ABSTRACT 

A device is described for producing video images from localized photocurrent measurements on electrode surfaces. 
Images generated from photoinduced electron-hole pair currents in passivating oxide layers on polycrystalline t i tanium 
and high resistance polycrystalline GaP photoelectrodes are shown as examples. The applicability of this device for pro- 
ducing images from other optically induced effects is also discussed. It is proposed that the localized heating from a fo- 
cused laser beam can be used to image the current distribution on metal electrodes. 

In a recent paper (1), localized photoelectrochemical 
measurements were used to study the properties of a 100A 
thick oxide layer on polycrystalline t i tanium metal. Using 
a computer-controlled X-Y stage, crude line images, or 
maps of the photocurrent response of this sample were 
produced. Since that time, we have improved the equip- 
ment  to the point where real video images can be made 
from the localized photocurrent measurements.  The pur- 
pose of this paper is to describe the new apparatus, dem- 
onstrate the kind of images it can produce, and discuss 
possible applications to other situations. 

l=~hotocurrent generated by a focused light beam or 
electron beam has been used to produce images for some 
time in solid-state devices (2-4). The response time of 
such devices is rapid enough to allow generation of a 
whole image in a fraction of a second. Thus, the image 
can be displayed on a conventional cathode ray tube and 
periodically refreshed just  as with conventional television 
images. For a semiconductor-electrolyte junction,  how- 
ever, the large interfacial capacitance limits the response 
time and requires that the image be built  up slowly (5). 
This suggests outputt ing each piece of the picture as it is 
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formed, as with the line scans (5), or storing the informa- 
tion in a memory until  the complete image is produced. 
The latter approach is the one we have taken with the 
present device. 

Experimental 
A schematic of the laser scanning system as it is pres- 

ently configured is shown in Fig. 1. The laser is a Coher- 
ent Model CR-750k krypton laser with lines available 
from 800 to 351 nm. The beam is chopped at an appropri- 
ate frequency, usually 15.6 Hz, and focused onto the elec- 
trochemical cell. The cell is mounted on a computer con- 
trolled X-Y table, Klinger Model MT-160. The cell uses a 
quartz window with a thin (3 mm) electrolyte layer to 
minimize distortions of the laser beam. A conventional 
saturated calomel reference electrode is used. The cell is 
operated under  potentiostatic control with lock-in detec- 
tion of the photocurrents. 

All measurements are made under  active control of the 
computer which, through the Klinger controller, tells the 
table when to move, the direction, and step size. The indi- 
vidual localized photocurrent measurements are stored in 
the Colorado Video video expander, Model CV-275. This 
device contains a 256 x 256 digital memory array and 
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LASER SCANNER 

SAMPLE CELL X--Y TABLE 

j '-~ I I I"O~OSTATI I I ' ~ 1  RI 
PAR 124A t- '-""-t P"--J I CONTROLLER ] I I PARle3 , j  I cc-1 

L 
I VIDEO 

EXPANDER 
CV--275 

I I 

I HP--IB ....... 

H 

HP--6942 
PROGRAMMER I HP--9836 

COMPUTER 

Fig. 1. Laser scanning system. Details of the operation are given in the 
text. 

video signal generating circuitry which scans this mem- 
ory 30 times a second to produce the video signal. The 
programmer, Model HP-6942, generates t iming pulses at 
the command of the computer to digitize the incoming 
analog signal from the lock-in amplifier and to determine 
the memory location in which the digitized signal is 
stored. Thus the measurement  sequence involves several 
steps. The computer tells the X-Y table to move to some 
position and wait for a given period of time. The com- 
p u t e r t h e n  tells the video expander to digitize the analog 
signal from the lock-in amplifier and store it in a location 
corresponding to the position of the table. This process is 
then repeated until  the complete image is produced. Dur- 
ing this time, the contents of the memory are visible on 
the TV monitor so that the slow buildup of the image can 
be observed. 

The computer also has direct access to the memory ar- 
ray in the video expander. This allows complete images 
to be entere~l into the computer for image processing or 
storage on disk files. In addition, the computer can write 
directly into the image memory array. This is useful for 
putt ing scale factors or additional information directly on 
the monitor screen and to display previously stored 
images. 

This system with direct computer control of the mea- 
surement process provides considerable flexibility be- 
cause many factors are controlled by the software. For ex- 
ample, the dwell time of each point is set by typing it into 
the computer. Since the image always consists of an array 
of 256 • 256 data points, the resolution of any image is 
one step. Since the step size is entered into the computer, 
the resolution and the magnification of the image may be 
easily changed at the computer keyboard. The smallest 
step size with these tables is 1 ~m. Thus the maximum 
magnification will be an image 256 • 256 ~m. 

A number  of other factors are important in determining 
the resolution besides the min imum step size of 1 ~m. 
The focused laser spot is ultimately limited by diffraction 
effects to 

F 
h -~ 2 ~ -  [1] 

d 

where h is the wavelength of light, and F the focal length 
of the lense and d the laser beam diameter. One also has 
to worry about vibration, and a good optical table is im- 
portant if one is trying to approach the diffraction limit. 
Another problem is damage to the sample. 1 mW of power 
focused onto 10 ~m ~ gives a power density of 10 kW/cm 2. 
This can have drastic consequences for the surface, par- 
ticularly at the solid-liquid interface. Finally, we must  be 
concerned with the effects of scattered light as the whole 
electrode surface is photosensitive rather than just  the 
spot on which the laser is focused. For short focal length 
lenses necessary to achieve small spot sizes, scattering 

within the lens system and from the sample surface and 
back off the lens can il luminate a considerable area of the 
surface. Since the scattered light illuminates a much 
larger area, relatively weak scattered light can cause a sig- 
nal comparable to that arising from the focused laser 
beam. All of these factors conspire to limit the resolution 
of the laser scanning system. The best we have observed, 
without a floated optical table, is 3 ~m. 

Results 
The kind of photoelectrochemical image that this sys- 

tem can produce is illustrated in Fig. 2. This is an image 
of high resistance polycrystalline GaP. The step size is 6 
~m in the Y direction and 8 ~m in the X direction. Differ- 
ent step sizes in different directions are necessary so as to 
not distort the image. The memory is a 256 • 256 square 
array while all video displays have a 4 • 3 relationship be- 
tween X and Y axes. This modification was made by sim- 
ply changing the program. Typical photocurrents are 
0.1-1 ~A. At the exciting wavelength, 476nm, the optical 
absorptions depth is 5-10 ~m. 

A number  of interesting features are immediately obvi- 
ous. It seems that the grain boundaries are brighter (more 
photocurrent) than the exposed faces of the grains. This 
is in contrast with images of polycrystalline silicon solar 
cells, where grain boundaries show up dark because of 
enhanced recombination at the grain boundaries (6). 
Comparison of the photocurrent image with a photograph 
of the surface, shown in Fig. 3, indeed shows that the 
bright lines correspond to grain boundaries. However, not 
all grain boundaries result in significantly increased 
photocurrents. Apparently, some other factor is necessary 
for the boundaries to show up bright in the photocurrent 
image. One explanation might be that for these highly re- 
sistive samples the electrically active grain boundaries act 
as conductive regions and collect minority carriers from 
surrounding grains while most of the carriers recombine 
at defects and impurities. Thus, only the electrically ac- 
tive boundaries would show up bright in the photoelec- 
trochemical image. These are the boundaries with large 
lattice mismatch and thus high densities of states. 

Another interesting feature is the dark streaks, which 
are not localized to individual grains. These also appear 
on the photograph (Fig. 3), and they are probably 
scratches left over from the polishing of the sample. Ap- 
parently, mechanical polishing of GaP introduces recom- 
bination centers in the material to a considerable depth 
(7). There are also other dark patches, which are surface 
effects. Etching and Ru ion treatment of the surface pro- 
duces marked changes in these features of the image. 

Another interesting photocurrent image is shown in 
Fig. 4. The photoresponse from the -100~ thick TiO~ 
layer on polycrystalline t i tanium clearly shows evidence 
of the underlying metal grain structure. This may be com- 
pared with a photograph of the same region of the sample 
shown in Fig. 5. Apparently, the properties of the oxide 
depend on the underlying crystallographic face on which 
it grows. 

The photoresponse of the passivating layer also de- 
pends on the growth conditions for the oxide and its his- 
tory with respect to exposure to bandgap light. We find 
that the grain structure is only weakly visible for oxide 
grown in 0.2N Na2SO4 under  potentiostatic control by 
slowly increasing the applied potential to +2.0V(SCE) 
while keeping the current density below 3 ~A/cm ~. How- 
ever, flooding the surface with 30 mW/cm 2 of 351 nm 
light for 2 rain makes the grain structure clearly visible. 
This is illustrated in Fig. 6 for identical measurement  con- 
ditions. One possible explanation is the filling of elec- 
tronic traps in the oxide by the bandgap light, which then 
distorts the electric field in the oxide layers and, thus, 
changes the photoresponse (1). The variations from grain 
to grain would then come from differing trap densities. 
Such an interpretation suggests that the contrast could be 
removed by emptying the traps. We tried to do this by 
flooding the surface with red (647 nm) light at 1 W/cm 2 
for 20 min and by leaving the cell under  open-circuit con- 
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Fig. 2, Photoelectrochemical im- 
age of polycrystalline GaP photo- 
electrode in O. 1M HCI04 at - 1 .0V  
{SCE). Dwell time at each point is 
0.15s. Light source is 476 nm line 
of an argon ion laser with 1 mW in- 
cident power. 

ditions overnight. Neither experiment  had a significant 
effect on the visibility of the grain structure. 

Growth or the oxide layer on the polycrystalline tita- 
nium under potentiostatic control by stepping the poten- 
tial to +2V(SCE) results in a uniform photoresponse with 
no grain structure visible. Furthermore, flooding with 
bandgap light reduces the overall photoresponse but does 
not make the grain structure visible. Thus, the probable 
different morphology of the film with different growth 
rates modifies the photoresponse of the passive film on 

a polycrystalline surface. We speculate that the optical ac- 
tivation necessary to see the grain structure comes from 
charging of trap states associated with defects. These de- 
fects then move under  the influence of  the large electric 
field in the film (lO s V/cm) and are trapped at one of the 
two interfaces. This is why the effect is not easily reversi- 
ble. The density of available defects depends on the un- 
derlying metal crystallographic face, and this explains the 
variations in photocurrent  from grain to grain. In the 
more rapidly grown film, the growth rate is such as to 

Fig. 3. Photograph of the 
polycrystalline GaP photoelec- 
trode used to produce the photo- 
current image. 
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Fig. 4. Photoelectrochemical im- 
age of 100~ thick oxide layer on 
polycrystalline titanium. The elec- 
trolyte is 0.2N Na2S04, and the po- 
tential is + 2 . 0 V  (SCE). Light 
source is the 351 nm line of a kryp- 
ton laser with incident power of 
300/~W.  The. dwell time at each 
point is O. 1 s. Typical photocurrents 
are a few tenths of a microampere. 

produce a uniform density of defects, which results in a 
uniform photoresponse. 

Clearly, the above interpretation is very speculative, 
and further experiments are needed to find out what is 
really happening. However, these results clearly show 
that photoelectrochemical images of passive films on ti- 
tanium can give valuable information about the detailed 
structure of the oxide. 

Discussion 
While this paper is principally concerned with photo- 

electrochemical imaging of solid-liquid interfaces, it is 
worthwhile to spend some time to point out the versatil- 
ity of this imaging system. Images can be produced using 
any optically stimulated effect that can be quantitatively 
measured. Previously, we have produced line images 
from measured variations in optical absorption in a thin 
sample of polycrystalline GaP (8) and from the photolu- 
minescence of GaAs, ZnSe, and GaAsP (9). Images could 
also be made with reflectivity, electroreflectance, Ra- 
man, and ellipsometric measurements.  

There is one other aspect of optically stimulated effects 
that is worth exploring in some detail. In addition to 
inducing effects directly related to light absorption such 
as photocurrent, the absorbed light can be degraded to 
produce local heating of the interface. Thus, we should 
expect  that thermally induced effects can be used to pro- 
duce images. In particular, we should be able to modulate 
locally the current density at any electrode on which an 
electrochemical reaction is occurring. As we will show, 
this allows the mapping of the current density of a reac- 
tion on an electrode. You should be able to study, for ex- 
ample, the relative current densities on crystalline faces 
and grain boundaries in polycrystalline metal electrodes. 

In order to explore this idea, let us consider a simple 
model. This model is undoubtedly lacking in many re- 
spects, but perhaps contains enough factors to realistic- 
ally display the effect of interest. We will only consider 
the measurements  in the Tafel region, where the current 
density is assumed to have the following simple form 

j = j o e x p  ~ -  [2] 

where ~ is a parameter between 0 and 1, V is the 
overpotential, k Boltzmann's  constant, T is the absolute 
temperature, and jo the exchange current density. Nor- 
mally we think of the exchange current density as having 
a temperature dependence of the form (10) 

Jo = A exp (+4~/kT) [3] 

where any weak temperature dependence to A will be ig- 
nored. We also assume that current density may be posi- 
tion dependent. Thus the total current is given by 

J = ~ j~ [4] 
k 

The area of each element k is small compared to the total 
area of the electrode and for simplicity is taken as equal 
to the illuminated area. Similarly we assume a uniform 
temperature T for the electrode surface except  for the il- 
luminated element which has a temperature T + AT. This 
approximation implies similar optical absorption and loss 
mechanisms across the whole surface. Otherwise AT may 
be position dependent.  It also implies poor thermal con- 
duction in the plane of the interface. Finally, we assume a 
single overpotential between electrode and electrolyte. 
This is appropriate in the limit of infinitely conductive 
electrodes and electrolytes; otherwise, nonuniform over- 
potentials would result in sustained charge flows parallel 
to the interface. 

Within the limits of this simple model, we can now ex- 
plore the effects of il luminating a small area of an elec- 
trode at which a simple electrochemical reaction is taking 
place. Since measurements  may be made galvanostatic- 
ally or potentiostatically, we will consider these two pos- 
sibilities in this order. For the galvanostatic case with no 
light, the current is given by 

J = ~ Jk = ~ A~. exp \ ~ /  [5] 
k k 
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Fig. 5. Photograph of polycrys- 
talline titanium electrode surface 
showing the same region as in Fig. 
4. 

When the area of element  m of the electrode surface is il- 
luminated, the total current is given by 

J= ~, Ak exp ( ~[ ~ + A m] + ~ ) 
k kT 

k[T + AT] kT 

[6] 

In the limit of very small thermal modulation, we can ex- 
pand the exponentials and only keep terms to first order 
in Am and AT. Then, solving for Am, we find 

k 

A much simpler argument  can be made for the poten- 
tiostatic ease. Since ~ is held fixed and the temperature 

Fig. 6. Photocurrent image of passive film on polycrystalline titanium 
surface under the same conditions as in Fig. 4. The left side is freshly 
grown oxide, while the right side is after flooding the surface with 351 
nm light, as discussed in the text. 

only changes for the il luminated element  m, the only 
change in current will be for element m. Taking the cur- 
rent expression for this e lement  only 

jk = Ak exp \ ~ /  [8] 

and differentiating with respect to T, we find 

\ ~ /  [9] 

Thus it appears that, within the limits of the simple 
model, an effect should be observed both under galvano- 
static and potentiostatic control. It is of interest to ex- 
plore the size of the effects expected from thermal modu- 
lation of the electrochemical reaction. Two papers (11, 12) 
have recently appeared which utilize thermal modulation 
with no spatial resolution to study the electrochemical ki- 
netics. The importance of these papers is that they dem- 
onstrate the effect. The only extension required here is lo- 
calization of the heat input to produce images. Miller (11) 
observes a ratio hj/j - 1 with a power density of -10  
W/cm ~ incident upon a strongly absorbing surface. By fo- 
cusing the light, the size of the effect decreases by the ra- 
tio of the areas. However, the incident power and thus the 
term AT/T should increase correspondingly. This all sug- 
gests that the effect will be large enough to observe if the 
electrochemical reaction is carefully chosen. 

Preliminary experiments have been performed using 
the old version of the laser scanner which only produced 
line maps (1). Effects were observed using Cu electrodes 
in CuSOJH~SO4 electrolytes. The electrode was biased so 
as to decrease the likelihood of the existence of copper 
oxide. However, lack of reproducibility and concerns 
about a photoelectrochemical  response from possible 
copper oxide do not allow the results to be convincing ev- 
idence of the effect. It is hoped that others will pursue 
this avenue of research and produce convincing evidence 
for thermal imaging of electrochemical reactions. 

Conclusions 
The device described in this paper is a useful tool for 

studying the solid-liquid interface. Images convey infor- 
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mation in a manner  that humans can easly assimilate. 
Furthermore, the spatial resolution gives insight into the 
role of grain boundaries and defects. This device can also 
be used to examine other surfaces and to form images 
from photoinduced effects other than the photocurrent. It 
appears that using the focused laser to locally heat an 
electrode surface will allow imaging of electrochemical 
reactions by thermal modulation of the reaction kinetics. 
This kind of effect would be very useful for studying the 
role of grain boundaries on polycrystalline metal elec- 
trodes. 
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Viscosity Points and OH Absorption Removal for 
ZnO-B203-PbO-SiO2 Passivation Glasses 

Keij i  Kobayashi 

Toshiba Corporation, Toshiba Research and Development Center, Kawasaki, Japan 

Low flow point  (1), low polarization (2), and OH-free 
highly purified glasses have recently been needed for 
semiconductor device passivations. Additionally, high 
water durability, high electrical resistivity, and noncrys- 
tallizable glass properties are also indispensable to assure 
the reliability of the devices. Passivation glasses filled 
under  several conditions described herein can be ob- 
tained from the compositional improvement of glasses 
(3, 4). Glass compositions including fluoride containing 
ZnO-B203-PbO-SiO2 systems have been formulated and 
investigated. It is generally known that the flow point or 
softening point of such glasses can be lowered by increas- 
ing B 3§ and Pb 2+ contents, and that the durability of 
glasses to water can be enhanced by raising SP ~ and Zn 2§ 
contents. Also, the polarizability of the glasses can be re- 
duced by increasing the B 3+ content in glass compositions 
(5). Batch compositions were melted at 1350~ for 3h in a 
Pt  crucible using an electric furnace. After melting, mol- 
ten glass was poured on a stainless steel plate and an- 
nealed. Glass was shaped into a 10 x 20 x 2 mm plate by 
grinding for infrared transmission measurement.  Infrared 
absorption spectra were measured by the use of a Hitachi 
spectrophotometer. The OH radicals removal is repre- 
sented in the following reaction 

I J 

o 1 o o sk- o A o -  - - O H  - - - 

I I 

o + n~ 2 o + ~HF [1] 
I I 

i - O-~i- OH 0 - 0 -Si- 0 - 0 I 

I n I n 

In  addition, dry air bubbl ing  technique is effective for 
the complete removal of OH to prevent near-infrared OH 
absorption. This technique involves blowing dry air 

through the molten glass liquid during melting. This pa- 
per discusses variations in viscosity points, including the 
flow point, with chemical compositions and the removal 
of the near infrared OH absorption band for a typical 
passivation glass. Chemical compositions of ZnO-B203- 
PbO-SiO2 glass systems are represented in Table I. Differ- 
ential thermal analysis (DTA) curves for them, measured 

Table I. Chemical composition of passivation glasses (w/a) 

" - - - •  o s i t i o n  

glass N o ~  

( I )  

(2) 

(5) 

(4) 

(5) 

ZnF2 A~20~ P~05 I ZnO B20~ PbO Si02 

18 I 5 8 25 45 

55 5 5 50 5 

54 I 5 5 51 4 

58 5 24 5 I0 

15 I 5 55 I0 16 

Table II. Glass viscosity points measured using DTA curves 

ity. 
Tg (~ 

( I )  572 617 

(2) 560  580  

(5) 560  585 

(4) 565  585 

(5) 555  565 

Mg(~ Ts (~ Tsinf(~ Tf (~ 

7 0 0  750  7 7 0  

650 660  - 

6 5 0  660  755 

655  665  720  

- 610 675  



Vol. 131, No. 9 ZnO-B203-PbO-SiO2 PASSIVATION GLASSES 2191 

DTA (2) 

DTA (5) 

Tg 

Tg 

t$int 

Tsint 

Tf 

DTA [4) 

Mg~,,f 7 Tf 

Ta "'g ~Tsint 

i/  Mg I I I 
:580 500  650  755 8 0 0  

Fig. 1. DTA curves for ZnO-B203-PbO-Si02 passivation glasses 

using the Rigaku DTA system, are given in Fig. 1, where 
% is glass transition point (log V = 13.3), M e is deforma- 
tion point (log V = 11.0), T~ is softening point (log V = 7.6), 
Tsi,t is sintering point (log V = 6.0), and Tr is flow point 
(log V = 5.0). The heating rate for measuring DTA curves 
was 10~ As listed in Table II, Tg, Tf, and the other 
points are raised with an increase in SiO2 and a decrease 
in B203, regardless of the amount  of ZnO and PbO. As the 
Al~O3, P20~, and ZnF2 contents are small, it seems likely 
that they do not affect the variations in glass viscosity 
points. Typical infrared absorption spectra are repre- 
sented in Fig. 2, which exhibit sharp absorption bands 
nearly at 2.7 nm, caused by OH stretching vibration. Com- 
pared with the spectrum for an untreated glass without 
fluoride, the OH absorption band removal was carried 
out completely by dry air bubbl ing treatment for a 
fluoride containing molten glass. Low flow point and 
OH-free glasses are suitable for semiconductor device 
passivations, because they are not harmful to the reliabil- 
ity and I-V curves of passivated devices. 

I00 

75 
i , i  
(.3 
z 

E~ 5O Or) 
Z 
r'r" 

25 

J 

V 

2 5 4 5 

M I C R O N S  
Fig. 2. Infrared transmittance for a typical ZnO-B203-PbO-SiO2 glass 

(no. 5.). Curve 1 : Fluoride containing glass treated for 30 min by dry air 
bubbling. Curve 2: Fluoride containing glass. Curve 3: Fluoride-free 
untreated glass. 
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Corrosion of FeCrAI, FeCrAIY, and FeCrAIHf Alloys in High 
Temperature H2-H20-H S Environments 

T. T. Huong,* Y. C. Lin, D. A. Shores,* and E. Pfender 

Corrosion Research Center, University of Minnesota, Minneapolis, Minnesota 55455 

High temperature corrosion plays an important role in 
the development of many combustion and coal gasifica- 
tion processes. In gasification processes, various grades 
of fuel gas are produced by the reaction of coal with 
steam and oxygen at high temperatures. The resulting gas 
contains hydrogen, steam, carbon dioxide, carbon mon- 
oxide, and some methane. It also contains low levels of 
hydrogen sulfide and other impurities derived from the 
coal. Reaction of such impurities with alloys is a common 
cause of corrosion. For example, sulfidation has been 
shown to have a devastating effect on many metallic 
structural components in coal gasification environments 
(1-3). 

*Electrochemical Society Active Member. 

In a typical coal gasification process, the atmosphere 
has a low oxygen activity, but  relatively high activities of 
sulfur, carbon, hydrogen, and nitrogen (1). It is becoming 
increasingly apparent that available stainless steels and 
superalloys do not have adequate corrosion resistance in 
such environments (3, 4). To survive, an alloy must  form a 
compact, protective scale, which acts as a barrier to the 
penetration of sulfur or carbon to the metal. All stainless 
steels and superalloys form oxide scales in these environ- 
ments, but the scales offer widely differing degrees of 
protection. Many factors may contribute to the less-than- 
opt imum performance of the oxide scales. Much previous 
work has been carried out to evaluate the performance of 
alloys in environments that simulate to varying degrees 
the expected exposure conditions in coal gasifiers. 
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Recently, several studies have addressed mechanistic 
questions concerning the protection offered by oxide 
scales to environments containing H2S (5-9). Most studies 
found that the resulting kinetics of attack and the mor- 
phology of the scale depend upon the initial exposure 
conditions. If the alloys were exposed to oxidatiorgsulfi- 
dation conditions from the start, the scale typically would 
be composed of both oxides and sulfides, and the rate of 
attack would be fairly fast (5-9). If  the alloys were preoxi- 
dized, then the environment  switched to oxidation]sulfi- 
dation conditions without cooling the specimen, these ox- 
ide scales were found to be protective in some cases; 
however, the details differ among investigators. Rao et al. 
(5) found preoxidation of 310 stainless steel at 877~ in 
low oxygen potentials to be beneficial. Loudjani et al. (7) 
also found preoxidation of Fe-Cr-A1, Fe-Ni-A1, and Fe-Ni- 
Cr-A1 at quite a high temperature (1200~ to be benefi- 
cial, and concluded that A1=O3 scales were more effective 
barriers than Cr..,O3 scales. However, Marl et al. (8) found 
the preoxide scale formed on Fe-Cr-A1 at 1000~ to be an 
effective barrier to sulfur vapor, but to eventually break- 
down in H2-H~S environments.  The time to breakdown in- 
creased as the preoxidation time, and hence the scale' 
thickness, increased. The question of whether  the sulfur 
penetrates the scale by solid-state diffusion or by permea- 
tion down cracks and pores is not universally resolved. 
Indeed, a variety of behavior may be observed, depending 
on the morphology of the oxide scale, which in turn de- 
pends on the alloy system, the temperature, and the envi- 
ronment  in which it was grown. 

In this work, the protection provided by an A1203 scale 
in a simple simulation of a coal gasification environment  
has been studied. Particular attention has been paid to 
the effect of the addition of a reactive element, Y or Hf, on 
sulfidation resistance. These elements are known to en- 
hance oxidation resistance by promoting scale adherence 
(10, 11). 

Experimental  Procedure 
The alloys which have been studied are Fe-18%Cr-6%A1, 

Fe-18%Cr-6%A1-0.3%Y, and Fe-18%Cr-6%Al-1%Hf (weight 
percent). Samples of these alloys were obtained from in- 
gots that had been tungsten arc melted several times in 
an argon atmosphere, then drop-cast into a water-cooled 
copper mold. The ingots were subsequently homogenized 
at 1050~ for 10h in sealed quartz capsules. Small coupons 
from the ingots were polished through 600 grit SiC paper, 
followed by thorough cleaning and degreasing. 

Gaseous environments containing He and H20 or 
H2-H20-H2S were prepared by passing carefully metered 
flow rates of H= through a water saturation column held 
at a controlled temperature. In cases "C" to "E," a HJH2S 
mixture was blended with the HJH20 flow. Five different 
gas mixtures were prepared; their compositions and the 
equil ibrium activities of oxygen and sulfur at 900~ are 
listed in Table I. 

Coupons were exposed under two different conditions: 
some were exposed directly to gases "C," "D," or "E"; 
others were first preoxidized in "A" (various times at 
900~ or in "B" (10h at 1100~ then the gas was changed 
to one of the sulfur bearing gases. Only FeCrA1 specimens 
were preoxidized at ll00~ they were slowly cooled to 
900~ then exposed to gas "E." The compositions of 
gases "C," "D," and "E"  are indicated on the Ellingham 
plot of log (Ps2) vs.  log (Po2) shown in Fig. 1. After e x p o -  

Table I. Compositions of gaseous environments (arm) 

p(H2) p(H20) p(H..,S) p(Ar) log (Po,) log (Psi) 

"A" 0.414 0.586 -- -- -15.9 -- 

"B"* 0.968 0.0313 -- -- -16.0 -- 

"C" 0.384 0.544 0.00011 0.072 -15.9 -9.96 
"D" 0.321 0.455 0.00092 0.223 -15.9 -7.96 
"E" 0.135 0.191 0.0030 0.671 -]5.9 -6.10 

* Gas "B" was used for preoxidation at 1100~ 
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Fig. 1. Ellingham diagram for the systems AI-S-O, Cr-S-O, and Fe-S-O 
at 900~ The triangles labeled "C," "D," and "E" are experimental gas 
compositions (see Table I). 

sure, the coupons were examined metallographically and 
by scanning electron microscopy. Auger electron spectra 
(AES) were obtained from some of the specimens. 

An acoustic emission technique was developed to de- 
termine whether oxide scales cracked during preoxida- 
tion. A schematic diagram of the experimental  setup is 
shown in Fig. 2. The specimen was suspended directly on 
an A1203 rod in the center of a high temperature resist- 
ance furnace. The temperature of the specimen was mea- 
sured with a thermocouple.  The AI~O~ rod, which served 
as the waveguide, was clamped cantilever-fashion to a 
piezioelectric transducer outside the furnace. The speci- 
men and transducer were inside a quartz tube, through 
which the gas mixtures were passed. When cracks oc- 
curred, the elastic energy released traveled to the trans- 
ducer, which produced an electrical signal. The trans- 
ducer was sensitive to a wide range of frequencies, but 
the output was filtered to a range of 150-250 kHz. The sig- 
nal from the transducer was amplified, filtered, then 
amplified again, and passed to a digital counter. The total 
amplification was 97 dB. The counter summed the num- 
ber of signals above a preset threshold. A practical thresh- 
old setting was determined with the sample in p]ace and 
gas flowing but with the furnace cold; the gain was 
slowly increased until the background noise began to be 
counted, then the setting was backed off slightly. An 
analog voltage proportional to the count summation was 
plotted vs.  time (using a ramp generator) on an X-Y plot- 
ter. It is well known from acoustic emission studies of 
cracking in metals that a single cracking event can pro- 
duce a burst of several elastic waves, and hence the h u m -  

Ground 
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GasIn / ~ t : :  

Thermocouple 

/ ~  Gloss Joint 
Mullite Tube 
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. . . . .  ~ - - ~  I 

Sample / Alu~mina Rod I 

Trarmd 
T u b e  F u r n o c e  T r a r ' ~ d ~ " ~ " ~  m 0 vo I 
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To Vacuum 
Pump 

Fig. 2. Schematic diagram of the'experimental setup for acoustic emis- 
sion measurements during high temperature oxidation. 
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ber of  counts will usually far exceed the number  of indi- 
vidual cracks. In the present work, bursts of acoustic 
signals were widely separated in time, usually minutes 
apart to even hours apart. For the present purposes, it 
was not necessary to determine if a burst corresponded to 
several closely spaced, sequential cracks or to a single 
crack giving multiple counts; the different alloys behaved 
very differently, and the conclusions are clear without a 
detailed analysis of the individual signals. Clearly, a de- 
tailed signal analysis would be desirable, and work along 
that avenue has begun. 

Results 
Oxidation/sulfidation experiments.--Coupons of 

FeCrA1, FeCrA1Y, and FeCrA1Hf alloys were exposed to 
gas mixtures "C," "D," and "E" at 900~ The activities of 
sulfur and oxygen in the gas were within the phase stabil- 
ity regions of Al203, Cr.~O3, and FeS, as shown in Fig. 1 on 
the Ell ingham diagram for the superimposed systems 
Fe-S-O, Cr-S-O, and A1-S-O (13). The results on the 
FeCrA1 alloy are illustrated in Fig. 3-6. AES from the sur- 
face of the specimens after reaction are shown in Fig. 
3a-3c. These data show that only A1203 formed on the sur- 
face of this alloy after exposure to gas "C." At a higher 
sulfur activity, gas "D," (but at the same oxygen activity 
of 10 -1G atm) a small amount  of Cr203 appeared on the sur- 
face along with the predominant  A1203 (Fig. 3b). At a still 
higher sulfur activity, gas "E," the scale was largely sul- 
fide (predominantly FeS). 

A scanning electron micrograph (SEM) of the surface of 
the sulfide scale is shown in Fig. 4 for FeCrAt. An en- 
larged view is shown in Fig. 5a, where the brighter area 
represents the sidewall of a sulfide block and the darker 
area is the top. Figure 5 also includes the corresponding 
AES mapping for S, Fe, O, and Cr for the same area. It is 
apparent that the sidewall is rich in A1 and O (A1203) and 
the top is rich in Fe and S (FeS). Using Ar ion sputtering 
to remove successive layers from the surface at points " r '  
and "2" (as indicated on Fig. 5a), the chemical composi- 
tion at different depths in the scale can be revealed. The 
results, shown in Fig. 6a and 6b, indicate that  each block 
is essentially FeS containing some Cr and a small amount 
of A1, with a thin layer of AI.~O~ at the surface of each 
block. These results suggest that A1 can diffuse through 
FeS to the surface of the blocks, where it is oxidized. A 
cross section (fracture surface) of the sulfide scale is 
shown in Fig. 7. The outer layer is FeS; the inner scale is 
largely A12S3 with an iron-chromium sulfide spinel inter- 
mediate layer (as determined by x-ray diffraction analy- 
sis). 

Exposure of FeCrA1Y and FeCrA1Hf coupons to gases 
"C," "D," and "E" produced results very similar to those 
described above for FeCrA]. Since these tests were iso- 
thermal, the beneficial effect of the reactive elements on 
scale adherence was of little advantage. In particular, 
these alloys also formed sulfide scales in gas "E." It has 
been suggested that Hf and Y promote nucleation and 
formation of oxide scales and, therefore, enhance sulfida- 
tion resistance (14). However,  our experience with the ex- 
perimental  procedure outlined above does not support a 
view that Hf or Y are inherently beneficial. As will be 
shown later, the physical integrity of the scale is critical. 
Under  exposure conditions such as thermal cycling, 
where scale adherence is poor without Hf  or Y, these ele- 
ments could well be beneficial to sulfidation resis{ance. 

Preoxidation followed by sulfidation.--In the previ- 
ously described experiments,  sulfur was available in the 
gas to react directly with the alloy during the transient 
oxidation stage. Because of their fast growth rates, sul- 
fides formed during transient scaling might  be able to 
persist even though in the normal evolution of  scale 
structures a protective A]203 would be expected to de- 
velop eventually. Therefore, to avoid the effects of tran- 
sient scaling structures, the alloys described above were 
first preoxidized for various times, then, without chang- 
ing temperature, the specimens were exposed to oxidiz- 
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Fig. 3. Auger electron spectra from the surface of FeCrAI alloys ex- 

posed to oxidation/sulfidation at  9 0 0 ~  for 24h.  a: gas "C."  b: gas "D."  c: 
gas "E." 

ing/sulfidizing environments.  Preoxidation was carried 
out for 1, 24, 65, and 105h in gas "A" at 900~ Sulfur can 
attack the underlying alloy by either chemical diffusion 
through the preformed A1203 scale or by permeation 
through microcracks and pores. 

No sulfide was found on the scale surface or at the 
scale/metal interface of the specimens that had been pre- 
oxidized for 1 or 24h. However, when the preoxidation 
t ime was 65h, the A1203 scale on the FeCrA1 alloy became 
less protective against sulfur attack, as illustrated in Fig. 
8. Small sulfide particles (chromium sulfides) were 
found on the bare metal surface beneath the oxide scale 
in areas where the scale had become detached. When the 
preoxidation t ime was increased to 105h, sulfur was able 
to pass through the scale on both FeCrA1 and FeCrA1Y, as 
illustrated in Fig. 8b and 8c. The sulfides formed on the 
FeCrA1Y were found to be concentrated in regions over- 
lying the boundaries of dendrites in the alloy, as shown in 
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Fig. 4. SEM micrograph of the surface of FeCrAI exposed to gas "E" for 
24h at 900~ The platelets are largely iron sulfide. 

Fig. 9. These boundaries contain precipitates which are 
rich in Y as a result of segregation during solidification. 
Figures 9a and 9b show sulfide particles emerging 
through cracks in the A1203 scale. The metal surface, 
where scale spalled during cooling, is shown in Fig. 9c 
and 9d. The particle in Fig. 9d is a Y-rich oxide in a den- 
drite boundary; the sulfides at the gas/scale surface (Fig. 
9a and 9b) were iron- and chromium-rich. Examination of 
the Al.~O3 scale on FeCrA1Y formed during preoxidation 
of 105h showed that the scale had cracked primarily in 
the area of the Y-rich precipitates, as shown in Fig. 8c. In 
contrast to this behavior, the FeCrA1Hf maintained the in- 
tegrity of the scale throughout the preoxidation and the 
sulfidation exposures, and as a result suffered no sulfi- 
dation in these tests. 

The results of the preoxidation/sulfidation tests run 
counter to what might be expected from the simple idea 
that thicker A1203 scales, formed by longer preoxidation, 
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Fig. 6. Composition as a function of depth into the platelet determined 
by Auger analysis after argon ion sputtering�9 a (top): location "1" on Fig. 
3a. b (bottom): location "2" on Fig. 3a. 

ought to be more effective barriers to sulfur penetration. 
Indeed, the thicker scales were less effective on FeCrA1 
and FeCrA1Y. This implies that lattice diffusion of sulfur 
through the oxide was not an important step in these ex- 
periments. The results also suggest that A1203 scales on 
these alloys crack as they grow isothermally, although 
less so on FeCrA1Y than on FeCrA1. It is proposed that 
sulfur, as H2S gas, permeates down the cracks to react 
with the underlying ahoy, forming sulfides. From this 
perspective, Hf has an advantage over Y as an additive in 
that the Al.~O3 scales on FeCrA1Hf cracked far less exten- 

Fig. 5. Scanning Auger elemental maps of part of a single platelet an 
the specimen shown in Fig. 4. On the image in a (top left), the top of the 
platelet is labeled "2," and the side or wall is "1 ." The elemental maps 
for S, Fe, O, Cr, and AI indicate that the top of the platlet is rich in Fe and 
S (FeS) and the sidewall is rich in AI and O (AI203). 

Fig. 7. SEM micrograph of a cross section (fracture surface) of the sul- 
fide scales formed on FeCrAI after exposure to gas "E" for 24h at 900~ 
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Fig. 10. A plot of the accumulated acoustic emission events as a func- 
tion of time during oxidation of FeCrAI, FeCrAIY, and FeCrAIHf at 900 ~ 
and FeCrAI at 1100~ Specimen temperatures are superimposed on the 
plot. 

Fig. 8. SEM micrographs of CrxS particles (located by arrows) at the 
metal/scale interface on alloys preoxidized in gas "A," then sulfidized 
for 24h in gas "E." a (top left): FeCrAI preoxidized 64h. b (top right): 
FeCrAI preoxidized 105h. c (bottom): FeCrAIY preoxidized 105h. 

sively. It is noted that Hf  is more soluble in the alloy, and 
therefore more dispersed, than Y, which is present largely 
as precipitates. 

Acoust ic  emission tes ts . - - In  order to help verify the pro- 
posed mechanism that sulfur attacks the metal through 
microcracks in the scale, an acoustic emission technique 
was used to monitor oxide cracking during oxidation. 
When the oxide cracks, a transient elastic wave is gener- 
ated, which propagates through the specimen. The acous- 
tic emission technique has been used extensively to study 
cracking during metal fracture, but its application to oxi- 
dation studies is relatively new (15, 16). 

A summary of some preliminary results is shown in 
Fig. 10 as a plot of accumulated counts vs. t ime for three 
alloys during oxidation at 900~ The FeCrAI alloy gener- 
ated "counts" more or less continuously during isother- 
mal oxidation, whereas FeCrA1Y generated a few widely 
spaced "bursts of counts" during the same time. Even 
fewer counts were recorded for FeCrA1Hf. All the tests 
were conducted at the same sensitivity threshold. We in- 
terpret these data as indicating that the A1203 scale on 
FeCrAl cracks continuously during isothermal exposure, 

Fig. 9. SEM micrographs of preoxidized (105h) and sulfidized 
FeCrAIY. a (top left): surface of the oxide scale showing CrxS emerging 
through the AI203 in a pattern corresponding to metal grain boundaries. 
b (top right): enlarged view of CrxS from a. c (bottom left): metal surface 
beneath spalled scale showing grain boundaries delineated by Y-rich 
compound, d (bottom right): enlargement of a Y-rich segregate from c. 

but much less so on FeCrA1Y and even less so on 
FeCrA1Hf. Although the details of the cracking mecha- 
nism are not known, it is clear even with this qualitative 
interpretation that the acoustic emission technique is ca- 
pable of monitoring scale cracking. Upon cooling to room 
temperature after about 100h exposure, as indicated by 
the superimposed temperature plot in Fig. 10, FeCrA1 and 
FeCrA1Y (but not FeCrA1Hf) suffered further cracking 
owing to the thermally generated stresses. A few samples 
of FeCrA1 were preoxidized in "B"  at 1100~ for a shorter 
t ime calculated to produce the same thickness of oxide as 
100h at 900~ These samples did not generate acoustic 
counts at 1100~ as shown in Fig. 10, possibly because 
the greater plasticity of the oxide scale or of the underly- 
ing alloy kept the growth stresses below the fracture 
limit. When cooled to room temperature, these samples 
did emit  counts, and cracks were evident in the scale. 
However, samples could be cooled slowly to 900~ with- 
out cracking, as monitored by acoustic emission. When 
the slowly cooled samples were exposed to H2-H20-H2S at 
900~ they did not suffer sulfidation. 

These acoustic emission data are qualitative at this t ime 
and must be interpreted cautiously since the technique is 
not well established for this application. Nevertheless, 
these results are strikingly in accord with the proposal 
that the superior resistance of A1203 scales on FeCrAlHf is 
due to their physical integrity, and that the relatively 
poorer performance of FeCrA1 (at 900~ and FeCrA1Y re- 
sults from scale cracking. This is further supported by the 
observation that A1203 scales on FeCrA1, grown free of 
cracks at ll00~ were impervious to su]fidation under 
conditions that caused severe sulfidation to samples pre- 
oxidized at 900~ 

Summary and Conclusions 
FeCrAl, FeCrA1Y, and FeCrA1Hf alloys, which form 

AI~O~ scales, have been exposed to oxidizingJsulfidizing 
environments at 900~ Two different exposure sequences 
were used: in the first, samples were exposed directly to 
H2-H20-H2S mix tu re s - in  which the activity of sulfur 
varied from 10 -6 to 10-'~ atm; in the second, samples were 
preoxidized for various times in H2-H20, then exposed to 
H~-H20-H2S mixtures as above. In the latter sequence, the 
samples were not cooled between the preoxidation and 
the oxidation/sulfidation exposures. Auger electron spec- 
troscopy was used extensively to analyze the corrosion 
products. 

Upon direct exposure to an oxidizingJsulfidizing gas, 
the alloys formed predominately an Al203 scale at low sul- 
fur activities, but at high activities, the scale was pre- 
dominately FeS. Preoxidation to form a barrier layer of 
A1203 to prevent the formation of FeS was successful if 
the preoxidation times were short. However,  thicker ox- 
ide scales, formed by longer preoxidation times, were less 
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effective. This suggests that sulfur penetration by lattice 
or grain boundary diffusion was unlikely to be important. 
FeCrA1Hf was the most resistant to sulfide formation 
after preoxidation, FeCrA1Y less so, and FeCrAl the least 
resistant. Some preliminary experiments with an acoustic 
emission technique indicated that the A1203 scales crack 
even during isothermal oxidation at 900~ The order of 
resistance to cracking (FeCrAIHf >> FeCrA1Y > FeCrA1) 
paralleled the order of resistance to sulfidation attack 
after preoxidation. Crack-free A1203 could be grown on 
FeCrA1 at ll00~ and these scales were impervious to 
subsequent  sulfur penetration at 900~ under  the test con- 
ditions used here. The evidence supports the proposal 
that sulfidation under  these conditions was initiated by 
permeation of gaseous H2S through cracks in the oxide 
scale. Once formed at crack sites, sulfide phases provide 
paths of fast mass transport and lead to rapid attack. The 
ability of the scale of resist cracking is crucial to corro- 
sion resistance, since healing of the cracks apparently is 
prevented in sulfidizing environments.  
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Long Cycle-Life Secondary Lithium Cells Utilizing Tetrahydrofuran 

K. M. Abraham,* J. S. Foos,* and J. L. Goldman* 
EIC Laboratories, Incorporated, Norwood, Massachusetts 02062 

The tetrahydrofuran(THF)/LiAsF 6 electro- 
lyte solution, except for its high reactivity 
with Li (i), is highly desirable for use in 
ambient temperature rechargeable Li cells (2). 
In a recent patent application (3), we have 
disclosed that the use of unsaturated organic 
additives such as 2,methyl-furan (2Me-F) en- 
ables high efficiency Li cycling in THF/LiAsF 6. 
A most important consequence of this discovery 
has turned out to be the utility of the high 
rate, low temperature mixed solution, 50:50 
THF:2Me-THF/LiAsF6(I.5M) (2,4,5), in 5 A-hr 
Li/TiS 2 cells to achieve, for the first time, 
more than 200 cycles of 60% depth-of-discharge 
(d.o.d). The Li anode cycling efficiency in 
these 5 A-hr cells exceeded 97%. We now believe 
that this mixed electrolyte is significantly 
better than 2Me-THF/LiAsF 6 for use in ambient 
temperature secondary Li cells. The relevant 
data are reported in this communication. 

In prior publications (6-8), we have re- 
ported on the superior ability of the 2Me- 
THF/LiAsF 6 solution to cycle Li with high effi- 
ciencies which span the range of 96-97.5% (Fig- 
ure of Merit, F.O.M.Li = 25-40) for Li charge 
densities of 7-10 mA-hr/cm 2. A persistent 
impurity in distilled 2Me-THF is 0.2-0.4 vol- 
ume-percent (v/o) of 2Me-F (4,7,9), the unsat- 
urated analog of 2Me-THF (see TableII. for 
structural formulas). In fact, most of the 
published results discussing the use of 2Me- 
THF/LiAsF 6 in rechargeable Li cells have dealt 
with an electrolyte solution containing ~0.2- 
0.4 v/o 2Me-F. This has come about because of 
the difficulty of removing the 2Me-F by frac- 
tional distillation of the solvent. 

Recently we have found that this 2Me-F can 
be completely converted into 2Me-THF by hydro- 
genating the "impure solvent" over a Pt catalyst 
at ambient temperature and pressure (3). 
Li/TiS 2 laboratory cells using the 2Me-F-free- 
2Me-THF/LiAsF 6 solution, to our surprise, have 

*Electrochemical Society Active Member 
Key Words: Li Battery, Electrolytes 

exibited inferior cycle lifes; typically, about 
half of that of cells utilizing the "regular 
electrolyte" with 0.2-0.4% 2Me-F. The cycle 
tests at 1 mA/cm 2 and 7 mA-hr/cm 2 were performed 
in 0.68 A-hr Li/TiS 2 laboratory test cells, iden- 
tical to those we have previously described in 
ref. 7. Indeed, the cycle numbers for the 
various cells reported in Table I are directly 
comparable to those presented in Figures 4 and 5 
of ref. 7. It should be noted that all cell 
capacities mentioned in this paper are based on 
le-/TiS 2. As discussed in ref. 7, the theoretical 
Li capacity in a cell is much larger than the 
TiS 2 capacity. Following the surprise with the 
2Me-F-free-electrolyte, we deliberately pre- 
pared 2Me-F-containing solutions by adding 0.3, 
0.6 or 1.2 v/o of 2Me-F into the solution in neat 
2Me-THF, obtained via the hydrogenation pro- 
cedure. Performance of laboratory Li/TiS 2 cells 
employing these solutions is summarized in Table 
I. It is clear that 0.3 to 0.6 v/o of 2Me-F 
doubles the cycle life of 2Me-THF/LiAsF6-based 
cells. 

Table I. Effect of 2-Methyl-furan (2Me-F) on 
the Cycle Life of Li/TiS 2 Laboratory 
Cells (a) 

Amount of 2Me-F Number of 
Ceil No. Electrolyte v/o Cycles (b) 

98-18 2Me-THF(C)/LiAsF6(I.4M) 0.0 96 
98-07 | 0.3 150 
90-26 ~ 0.6 177 
98-29 1.2 198 

140-19 THF/LiAsF6[I.SM) 0.0 7 
35-10 0.5 Iii 
35-32 (d) | 0.5 92 
98-06 ~ 1.0 96 
98-11 1.5 II0 
98-15 2.0 I05 

181 2Me-TNF (50 v/o): 
THF (50 V/O)/LiAsF6(I.SM) 0.5 {e} 145 

102 2Me-THF (50 v / o ) :  
THF (50 v/o}/LiAsF6{I.5M) 1.0 140 

(a )Each type o f  c e l l  has been c y c l e d  at l e a s t  in d u p l i c a t e .  Tempera ture ,  
25qc. 

(b)obtained at 1 mA/cm 2 for 7 mA-hr/cm2; compare Fig. 5 in Eel. 7. 

(c)obtained by hydrogenatin 9 distilled 2Me-THF containing 0.2-0.4 v/o 
2Me-F over Pt catalyst and subsequently preparing the LiAsF 8 solution. 

(d)Stored 14 days at 50~ prior to cycling. 

(e)store~ for i month at 50~ prior to cycling. Unstored cells gave 
-I0 cycles less. 
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An obvious question is whether 2Me-THF/- 

LiAsF 6 is less reactive in secondary Li cells 
than THF/LiAsF 6, as previously claimed (8). The 
answer is yes, although about half of the cycles 
of the cell presented in Figure 5 of ref. 7 
appears to be due to the effect of 2Me-F. 

We have also found 2Me-F to improve sub- 
stantially the cycle life of cells utilizing 
THF/LiAsF 6. Some relevant data are given in 
Table I. Cells utilizing THF/LiAsF 6 plus 0.5 v/o 
2Me-F exhibit about i00 cycles as opposed to 7 

in 2Me-F-free cells. Interestingly enough, a 
significant increase in cycles is not seen at 
the higher 2Me-F concentrations of i, 1.5 and 2 
v/o. It appears from the data obtained from 
both THF and 2Me-THF cells, that there is a 
stoichiometric relationship between the amount 
of effective 2Me-F and the Li being elec- 
trochemically cycled. Our present data indi- 
cate that about 0.4 mmoles of 2Me-F is required 
per 1 A-hr of Li for the manifestation of an 
optimum additive effect inTHF/LiAsF 6. This Li- 
to-additive mole ratio has been satisfactorily 
tested in 5 A-hr prismatic Li/TiS 2 cells (vide- 
infra). The practical significance of this 
discovery is very clear. For the first time, 
high rate, low temperature discharge and long 
cycle life have all been achieved in the same 
electrolytes, namely THF/LiAsF 6 and its blends. 

these cells is due to the larger Li to elec- 
trolyte ratio. Under similar cycling regimes, 
2Me-THF/LiAsF 6 cells gave 125 cycles and the 
THF/LiAsF 6 cells 120 cycles. In all cases, cell 
failure occurred due to increased impedance and 
dendrite shorting. The blended solution, in 
addition, has exhibited relatively good thermal 
stability (see Table I) and its low temperature 
performance is superior to that of the parent 
solutions. A 5 A-hr Li/TiS 2 cell employing the 
blended solution has yielded ~2.5 Ahr at -20~ at 
2mA/cm 2 (2,4,5). For the same temperature and 

current density, capacities were non-existent in 
the cells utilizing the parent solutions. The 

superior -20~ performance of the mixed solution 
over THF/LiAsF 6, despite the higher conductivity 
of the letter ('2), may be related to the more 
desirable Li+-solvates in the blend, permitting 
better Li + diffusivities and a consequently high 

rate capability. The 2Me-THF system is imprac- 
tical below O~ because of the formation of 
sparingly soluble Li+-solvates (2,7). 

In exploring the field, we have discovered 
other additives as well suitable for improving 
the cycle life of THF/LiAsF6-based secondary Li 
cells. Some examples are given in Table II. To 
date 2Me-F appears to be the most effective. 
Detailed studies of the various additives are in 
progress. 

We believe that 2Me-F is effective as a 
cycle life enhancing additive because it forms a 
protective film on the Li surface. The film may 
be of the solid electrolyte (10) or of the 
polymer electrolyte (ii) type, enabling Li 
discharge and charge, while preventing or sig- 
nificantly slowing down direct chemical reac- 
tions at the Li surface. Further studies to 
fully elucidate the chemistry of the additive 
effect are in progress. 

In laboratory test cells, the 50:50 THF:2- 
Me-THF/LiAsF6(I.5M) electrolyte solution with 

0.5 v/o 2Me-F has given cycle lifes mid-way 
between those given by cells containing the 
parent solutions plus the additive (see Table 
I). However, in 5 A-hr prismatic Li/TiS 2 cells 
this order of additive effects changes. In 
these larger cells, employing a practical Li- 
to-electrolyte ratio, the mixed THF:2Me-THF 
solution plus 2Me-F has produced the longest 
cycle life. Thus a 5 A-hr Li/TiS 2 cell (12) 
utilizing a solution of the composition, THF 
(48.3 v/o) :2Me-THF(48.3 v/o):2Me-F(3.4 v/o)/- 

LiAsF 6 (I.5M), has given more than 225 cycles 
when cycled at a d.o.d, of 60% (Figure i). As 
indicated earlier, the amount of the additive 
required is determined by the total Li in the 
cell, and the larger additive concentration in 
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In Situ Measurement of Resist Dissolution with a Psi-Meter 

Warren W. Flack,* James S. Papanu, Dennis W. Hess,* David S. Soong, and Alexis T. Bell 
Department of Chemical Engineering, University of California, Berkeley, California 94720 

INTRODUCTION 

The dissolution of exposed resists in 
developer solutions is a critical step in 
the fabrication of microelectronic devices. 
A number of process parameters, e.g. devel- 
oper strength, temperature, and molecular 
weights in the exposed and unexposed regions, 
significantly affect the outcome of the pro- 
cess. Fundamental studies of the complex 
dependence of resist development on these 
process variables will greatly facilitate 
process design and optimization. 

Critical information needed for fun- 
damental understanding and mathematical 
modeling of the resist development process 
entails determination of resist film thick- 
ness as a function of time in the developer 
solution. Traditional procedures rely on 
repeated development of a resist for various 
predetermined times, followed by quenching 
in a nonsolvent and baking to drive off the 
developer before measuring the remaining 
film thickness (1,2). This technique is 
prone to errors due to the presence of 
induction periods and failure to stop 
dissolution immediately when desired. 

Recently, several in-situ thickness- 
monitoring techniques for photoresist 
development have been reported. Konnerth 
and Dill (3) used a computer controlled 
spectrophotometer to measure the relative 
reflectivity of the resist sample as a func- 
tion of wavelength. Film optical properties 
and a complex method for converting relative 
to absolute reflectivity were necessary to 
determine film thickness. A laser endpoint 
detection system based on interferometry 
principles was developed by Willson (4). 
This device provides data to within an 
integer multiple of one-half a wavelength. 
Thus, the resolution is not sufficient for 
detailed kinetic studies. Oldham (5) has 
developed a technique for measuring the 
capacitance between conductive developer 
solutions and substrates. Here. use is made 
*Electrochemlcal Society Active Member. 

of the fact that the total thickness of 
dielectric is related to the capacitance. 

In this communication, we report the 
development and successful application of 
a simplified ellipsometer (psi-meter) (6) 
for the in-situ measurement of resist film 
thickness in developer solutions. Prelimi- 
nary data suggesting the formation of a gel 
layer over the remaining glassy film will be 
discussed. 

EXPERIMENTAL 

Figure i shows a block diagram of our 
experimental arrangement. The psi-meter con- 
sists of a 2 mW helium-neon polarized laser 
source, a quarter-wave retardation plate to 
generate circularly polarized light, and a 
synchronously rotating polarizer to convert 
the beam to linearly polarized light with 
time-dependent orientation. Light reflected 
from the wafer placed in the optical cell 
enters a photodetector. The signal from the 
detector is split into AC and DC components 
by a ratiometer. Final data acquisition 
and storage are achieved with a dedicated 
Commodore PET 2001 computer. The amplitude 
ratio of the AC to DC components is equal to 
-cos (2 ~), where ~ is related to the optical 
constants of the substrate, film, and 
ambient, the wavelength of the light, the 
angle of incidence and the film thickness 
through the Drude equation (7). Since 
only ~ is determined by this apparatus (A, 
characterizing the change in phase upon 
reflectio~ is not measured), the refractive 
index of the film must be known a priori to 
calculate the film thickness. 

Our experimental conditions were as 
follo~s. Silicon wafers were coated with 
approximately 700 nm of PMMA resist and 
prebaked at 160~ for one hour. Film dis- 
solution took place in the optical cell, 
where a developer solution at room tempera- 
ture was circulated at i00 ml per minute. 
The optical cell has a volume of 250 ml. 

2200 
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The motor-driven polarizer was adjusted to 
a rotation frequency of I00 Hz. An incident 
angle of 75 ~ was chosen to give a high sensi- 
tivity. The wavelength was 632.8 nm. Data 
were collected at a rate of one point per 
second, allowing detailed delineation of the 
dissolution phenomenon. 

RESULTS AND DISCUSSION 

Figure 2 shows plots of AC/DC amplitude 
ratios as a function of dissolution time for 
wafers immersed in developer solutions of 
methyl ethyl ketone (MEK) and isopropanol 
(IPA) with compositions of 3:2 and I:I volume 
ratios of the two components. Appreciably 
different time scales are used to display the 
amplitude ratio variatio~ suggesting differ- 
ent rates of developer penetration and film 
dissolution. The AC/DC curves can be related 
to the variation of film thickness through 
a program developed by McCrakin (8) based 
on the Drude equation. The curve for the 
stronger solution (3:2) indicates a linear 
decrease in film thickness with time, with 
no apparent induction period and no distinct 
multiple layer formation. An extra maximum 
emerges at short times when the strength of 
the solution is reduced to I:i. 

We speculate that this extra maximum is 
associated with the formation of a gel layer 
at the solution-resist interface (9). Poly- 
mer dissolution involves both solvent pene- 
tration into the glassy matrix, converting it 
into a rubbery gel phase, and detachment of 
chain molecules from the entangled gel net- 
work into the solution. Different physical 
phenomena govern the rates of the two pro- 
cesses. The former is influenced by the 
mobility of small solvent molecules penetra- 
ting the glassy phase, whereas the latter is 
affected by chain diffusiom Thermodynamic 
compatibility of the developer and the resist 
also plays an important role in the develop- 
ment process. A thorough analysis of the 
resist dissolution kinetics will further 
elucidate the underlying physics. Detailed 
modeling is undezway, and a systematic 
experimental program is currently being 
pursued. 
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Process Characterization of PSG and BPSG Plasma Deposition 

S. Shanfield* and S. Bay 

LFE Corporation, Clinton, Massachusetts 01510 

A concern in the fabrication of nigh density integrated cir- 
cuitry is the topography of interlayer dielectric steps over which 
metal conductor lines will pass. These steps, occurring as a result 
of underlying topography or via etching, should be gradually ta- 
pered to ensure continuity in subsequently deposited metal inter- 
connect lines. Tapered steps can be achieved by reflow of phos- 
phosilicate (PSG) or borophosphosilicate glass (BPSG) interlayer 
dielectric at device-compatible temperatures. PSG and BPSG dep- 
osition has been demonstrated using atmospheric-CVD(1), low- 
pressure-CVD(2), and recently, using plasma enhanced CVD in 
tube-type systems (3-5). In this communication, we report on 
process characterization of plasma-enhanced deposition of PSG 
and BPSG. A parailel-plate cold wail plasma deposition system 
was used. 
Description 

Dilute silane (2%-5% in As), nitrous oxide, dilute phosphine 
(5% in At), and dilute diborane (5% in Ar) are mixed in a mani- 
fold and admitted into the deposition chamber through five in-line 
showerhead electrodes (6). Gases exiting the reactor pass through a 
pressure-controlling throttle vaive into a two stage mechanical 
pump. The plasma discharge is maintained by RF power (13.56 
MHz) applied to the showerheads. Spacing between the 14 cm 
diameter showerheads and track was set at 1.4 cm. Wafers are 
automatically placed on the heated track beneath the showerheads. 
In normal operation, wafers receive one-fifth of the required dep- 
osition thickness under each showerhead. 
Procedure 

Thin films of PSG and BPSG were deposited on bare silicon 
wafers and as interlayer dielectric in MOS device structures. PSG 
and BPSG films on bare silicon were characterized for thickness 
and thickness uniformity using a Nanometrics NanospeC M AFT, 
and index of refraction was measured with an ellipsometer. Do- 
pant content (in weight percent phosphorous or boron) was mea- 
sured by electron microprobe, and depth profiles of phosphorous 
content were obtained by Auger analysis. Etch rate and etch rate 
uniformity of films in buffered oxide etch were also measured. 
The degree of film particulate contamination was determined using 
a Tencor Surfscan TM 200 set to detect one micron or larger parti- 
cles. SEM sections were used to characterize the profile of 
reflowed BPSG film over MOS device topography. 

All depositions were performed with a substrate temperature 
of 340~ Nitrous oxide flow was fixed at 1700 cc/min, while si- 
lane flow was varied between 20 and 60 cc/min. Chamber pres- 
sure during deposition was set at 2.35 tore The phosphine-to- 
silane flow ratio ranged between 0 and 0.3 while the diborane-to- 
silane flow ratio ranged between 0 and 0.7. 

Results 
Films characterized were nominally 10,000 A thick with 

typical across-wafer uniformity of +_2~ The index of refraction 
(), = 6328 A) for films with 0-11 weight percent phosphorous and 
0-6 weight percent boron fell in the range of 1.46-1.47. Dopant 
level uniformity was typically _+ 0.1 weight percent across-wafer. 
Depth profile measurements in PSG films indicated +_0.5 weight 
percent variation in phosphorous content through 90~ of the film 
thickness. Particulate levels in deposited films were in the range of 
0.06-0.12 particles per cm 2. No evidence of homogeneous nuclea- 
tion was observed, and the particulate levels were primarily a 

function of wails, load lock, and track cleanliness. 
Fig. 1 shows the theoretical relationship between silane flow 

and the maximum obtainable deposition rate of undoped silicon 
dioxide (solid line). The maximum obtainable deposition rate, 
(dh/dt)max, is derived under the assumption that all of the silicon 
in the silane flow is converted to silicon dioxide in the film. This 
condition corresponds to silicon material utilization, Um, equal to 
one in the equation below: 

dh W s i o 2  OSiH4 FsiH4 
- -  �9 - -  �9 - -  

d t  = WsiH4 Osi02 A d  " U m  (1) 
where 
W x = atomic weight, gm/mole 
0x = density, gm/cm 3 

Fsis 4 = volumetric flow rate of silane, cmVmin. 
Ad = deposition area, cm ~ 
Um = silicon material utilization 

(0-<Um-< 1 ) 

By adjusting the silicon material utilization (Urn) or the silane flow 
(Fs~,4), a range of deposition rates could be obtained. Experimen- 
tai silane flow rates and the corresponding deposition rates used in 
this study are also shown in Fig. 1. For silane flows used in the 
study, silicon utilization, Um, was fixed at about 75% by adjusting 
the RF power. At a silane flow of 20 cc/min., 75% silicon utiliza- 
tion was obtained with forward RF power set at 20 watts per elec- 
trode (0.13 w/cm2). The undoped oxide deposition rate under 
these conditions was about 1500A/min. Using a silane flow of 60 
cc/min, forward RF power was set at 45 watts per electrode (0.30 
w/cm 2) to maintain 75 % utilization. In this case, the undoped ox- 
ide deposition rate was about 3800 A/min.  With silane flow and 
RF power established, the relation between flows of dopant gases 
and the level of doping in the films was investigated. 

Fig. 2 compares the theoretical and experimental relation- 
ships between weight percent phosphorous in BPSG films and 
the phosphine-to-silane flow ratio used in depositing the film. 
The theoretical relationship is derived by assuming that all 
phosphorous in the flow is incorl:,orated as phosphorous in the 
films (i.e. 100% phosphorous utilization). The experimental 
points correspond to films with varying phosphorous content 
and a range of boron content between 0 and 7 weight percent. 
Fig. 2 indicates that the experimental relationship between 
phosphorous content and the phosphine-to-silane flow is ap- 
proximately linear and, that the plasma deposition process 
utilized a large percentage of the phosphorous available. In addi- 
tion, the data in Fig. 2 suggests that the level of diborane in the 
flow does not affect the phosphorous utilization. 

Fig. 3 shows a comparison of the theoretical and experi- 
mental relationship between boron content in BPSG films and 
the diborane-to-silane flow ratio used during deposition. In this 
figure, the theoretical relationship is derived by assuming that 
all of the available boron in the flow ends up as boron in the 
films (similar to the assumption in Fig. 2). The experimental 
points correspond to films with varying boron content and a 
range of phosphorous content between 0 and 11 weight percent. 
Within experimentai error, the relationship between boron con- 
tent and the diborane-to-silane flow ratio is linear and the 
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boron content is independent of the level of phosphine flow. 
The plasma deposit io_n process appears to use approximately 
one-half of the available boron in the diborane flow. 

Fig. 4 plots the ratio of weight percent phosphorous to 
weight percent boron in deposited films as a function of the 
ratio of volumetric flow of phosphine to the volumetric flow of 
diborane used to deposit these films. A theoretical prediction of 
the relationship between these ratios advanced by Ramiller and 
Yau (3) is shown as a broken line in Fig. 4. An alternate predic- 
tion, derived by using the ratio of the theoretical relationships 
in Figs. 2 and 3, is shown as a solid line. This theoretical rela- 
tionship, which appears to agree with experimental points plot- 
ted in Fig. 4, is given by 

wt. o70 P/wt.  % B = 2.8 PH3/SiH 4 (2) 
Eqn. 2 is based on the assumption of an independent level of 
utilization associated with each dopant. In contrast, the rela- 
tionship derived by Ramiller and Yau assumes competition in 
the incorporation of phosphorous and boron in the film, as oc- 
curs in a thermally activated process. The assumption of in- 
dependent dopant utilization (Eqn. 2) may be applicable under 
the conditions where the deposition is primarily plasma- 
activated (i.e. not thermally activated). 

Fig. 5 shows an example of plasma deposited BPSG (5 
weight percent P and 3 weight percent B) reflowed over a MOS 
device structure. The film was first densified at 800 ~ in dry 
nitrogen for 30 minutes. The temperature was then raised to 
920 ~ for 30 minutes to accomplish the reflow shown. Reflow 
of 4 weight percent P and 4 weight percent B BPSG in dry ni- 
trogen has been observed to occur between 825 ~ and 850~ 
No evidence of cracking or bubbling was observed in any of the 
reflowed PECVD BPSG samples. 
Conclusion 

We have reported on process characterization of PSG and 
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BPSG film deposition using a parallel plate PECVD system. 
The films obtained were uniform in both thickness and dopant 
content. Deposition conditions were established by maintaining 
a fixed level of silicon material utilization. The amount, in 
weight percent, of phosphorous incorporated in BPSG films 
was found to be proportional to the phosphine-to-silane gas 
flow ratio. Similarly, the level of boron incorporation was 
found to be proportional to the diborane-to-silane gas flow 
ratio. The experimental relationship between the phosphine-to- 
diborane gas flow ratio and the weight percent phosphorous-to- 
weight percent boron ratio in deposited films suggests that the 
deposition process was primarily plasma-activated. Independent 
variation of phosphine and diborane gas flow rates in a plasma- 
assisted reaction allows correspondingly independent phospho- 
rous and boron incorporation rates. For this reason, plasma- 
assisted deposition of doped silicon dioxides is expected to be 
easier to characterize and provide a more repeatable process in 
a device fabrication environment. 
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Electroluminescence of Polycrystalline CdSe Thin Film 
Photoelectrodes: A Sensitive Probe for Surface Recombination 

N. Mi~ller, M. Abramovich,* F. Decker,* F. likawa, and P. Motisuke 
Instituto de F~sica, UNICAMP, 13.1 O0 Campinas, SP, Brasil 

Photoluminescence (PL) and Electroluminescence 
(EL) measurements have been used to eharac~ 
~erize the excited state properties of Cd- 
chalcogenide single crystal electrodes in 
photoelectrochemical solar cells (PEC's) (i). 
Polycrystalline thin film electrodes of 
these materials, which are promising candida- 
tes for the efficient photoelectrochemical 
solar energy conversion, have been studied 
only very recently using PL (3). As EL 
originates more close to the surface of the 
electrodes, it is considered a probe of 
recombination more sensitive than PL to the 
surface conditions of the sample (I). We 
report the first EL measurements with electro- 
deposited thin film CdSe electrodes and the 
enhancement of EL efficiency upon photoetching 
(4). 
CdSe thin film electrodes were prepared onto 
Ti substrates by electroplating according to 
literature procedures (2a). The electrodes 
were annealed at 600oc in N^ and photoetched 
in a (0.3:9.7:90) HNO$:HCI:~20 solution under 
white light illuminatlon shortening the photo- 
electrode to a carbon counterelectrode. Room 
temperature luminescence spectra were taken 
with a 0.5m SPE~ monochromator and a cooled 
S-I EMI photomultiplier. The 5145 ~ line of a 
Coherent Radiation model 52 Ar + ion laser was 
used to excite PL. The laser beam was expanded, 
having an intensity of about lO0mW/cm 2 at the 
sample. During PL the sample was kept in air. 
EL measurements were performed in a N 2 purged 
0 1 M Na S 0 + 2 5 M KOH electrolyte. The 
" 228 .'. 

electrode potentlai was pulsed between O V 
(SCE) (i0 s) and -1.5 V (SCE) (i s) while 
scanning the monoehromator at 5~/s. A spe- 
cially constructed electrode holder enabled us 
to mount the electrodes in a reproducible way 
for taking the spectra. 

Fig. i shows the PL and EL spectra of an 
electrodeposited CdSe thin film electrode at 
295OK. In contrast to spectra measured earlier 
with CdSe single crystal electrodes (i), a 
broad subbandgap band dominates the PL spectra 
of our samples. Red luminescence corresponding 
to the bandgap peak can be observed with the 
dark adapted eye. The relative heights of the 

*Electrochemical Society Active Member. 

bandgap and subbandgap peaks vary drastically 
with the electrode annealing conditions (5). 
The bandgap peak at 720 nm and the subbandgap 
peak at 1060 nm appear at the same position in 
PL and EL. A second subbandgap structure 
appears at 945 nm in EL, which has no counter- 
part in the PL spectrum. A similar phenomenon 
was reported in the literature (6). Direct 
hole injection from the SO7 radical ion 
into intermediate surface 4 states might be 
responsible for this additional peak. 

Usually the subbandgap intensity in the PL 
spectra is an order of magnitude larger than 
the bandgap one. The origin of the subbandgap 
band is either a high density of structural 
defects or impurities in the electrodeposited 
samples. The PL of pasted CdSe thin film 
electrodes (7) shows a pronnunced subbandgap 
band as well, though high purity starting 
material was used to prepare the samples (5). 
Irrespective of the kind of lattice defects 
responsible for this subbandgap luminescence, 
these defects probably decrease the solar-to- 
electric conversion efficiency in a PEC cell 
with such electrodes. Optimal results for CdSe 
thin film electrodes are obtained with a photo_ 
electrochemical etching procedure, which 
increases the real surface area of the elec- 
trode (4). There are indications that as a 
simultaneous effect the photoetch also removes 
surface recombination centers (4b, 4c). EL 
being a sensitive probe of surface recombina- 
tion should indicate whether a removal of 
surface recombination centers indeed contribu- 
tes to the effect of photoetch. 

Fig. 2 shows the EL spectra of an electro - 

deposited CdSe electrode before and after 
photoetching. While the height of the subband- 
gap peak remains almost unchanged, the bandgap 
peak has increased nearly 100% after the phot~ 
etch. Probably nonradiative surface recombi- 
nation is reduced by the photoetch thereby 
increasing the radiative bandgap recombination 
as well as the photocurrent of the electrode 
in a PEC. Though the amount of the increase in 
EL intensity induced by photoetching varies 
from electrode to electrode, a large increase 
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in the bandgap luminescence has been found 
with every electroplated electrode that has 
been tested. Since the electrode current 
during EL is not affected by the photoetch,the 
observed enhancement of EL cannot be related 
simply to the increase of the electrode 
surface areas. Therefore, we consider EL of 
polycrystalline thin film semiconductor 
electrodes as an useful probe for analyzing 
the effect of surface treatment which do 
change the density of surface recombination 
centers. 

The effect of photoetching on the PL spectra 
of our samples is found to be very small, 
sometimes even a slight decrease in intensity 
of the bandgap peak is found. As EL originates 
more close to the surface of the electrode, it 
is able to monitor surface recombination 
properties more sensitively than PL. A more 
detailed study of EL and PL properties of 
electrodeposited and painted CdSe electrodes 
is under work, testing the effect of electrode 
annealing conditions on EL, PL and x-rays 
diffraction patterns as well as the electrode 
power output in the PEC cells (5). 
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spectrum of an electrodeposited CdSe electrode 
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295~ The electrolyte was 0.1M $2082- + 2.5M 
OH . The electrode was continuously pulsed 
between 0.0 V(10 s) and -1.5 V(I s) while the 

spectrometer was scanned at 5 ~/s. 
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Recently, Niedrach (1,2) and Macdonald 
and Tsuruta (3) described the use of yttria- 
stabilized zirconia (YSZ) membranes for the 
measurement of pH of aqueous solutions at 
temperatures as high as 300~ In these 
studies, membrane electrodes with both 
aqueous and Cu/Cu20 internal elements were 
used. This membrane electrode has been 
found to exhibit a near]y-Nernstian pH- 
response at elevated temperatures, and 
appears to be ideally suited for the 
measurement of pH of a wide variety of 
aqueous systems. 

Although the preliminary studies 
demonstrated the potential use of YSZ 
membranes as pH sensors, its apparent 
lack of high precision as demanded by 
many research and control applications of 
high temperature technology, has led us to 
investigate the possible use of Hg/HgO as 
an internal reference (4). We have also 
attempted to eliminate the use of calculated 
pH values in evaluating the performance of 
these membrane electrodes. In order to 
achieve this second objective, the potential 
of the sensor and the potential of a 
hydrogen reference electrode were measured 
against a pressure balanced Ag/AgCI, O.IM 
KCI reference electrode in systems 
containing known amounts of dissolved 
hydrogen. The excellent one-to-one 
correlation obtained between these 
measurements, as reported in this paper, 

proves beyond any doubt that the Nernstian 
behavior expected of the hydrogen electrode 
with respect to the hydrogen ion is exactly 
followed by the zirconia (9%Y203) pH- 
sensors constructed by us (4). 

All potentials were measured using a 
Keithley 614 electrometer having an input 
impedance of 5x10-~. Measured potentials 
were corrected for liquid junction potentials. 
Experiments were performed in the temperature 
range 175~176 at 25~ intervals. Since 
the system was found to be sensitive to 
static charge, all measuring cables and 
electrode assemblies were placed in a 
Faraday cage. 

Figure 1 shows the response of the pH- 
sensor and an interns1 reference hydrogen 
electrode (H~, Pt/H ), both measured 
against a Ag~AgCI, O~M KCI reference 
electrode at various temperatures. The 
perfect one-to-one correlation obtained 
in these plots resulting in a regression 
coefficient of almost unity (Table I), proves 
that the pH-sensor behaves in a Nernstian 
manner, thus enabling us to estimate the pH 
of high temperature aqueous solutions to a 
high degree of precision. Furthermore, these 
findings also show that the lack of such 
high precision in previous studies is 
certainly not due to a fault of the pH-sensor, 
but can be traced to uncertainty in the 
calculated pH values of the buffer solutions 
used for the calibration. 
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The ability to measure pH to such a 
high degree of accuracy in aqueous systems 
at elevated temperatures opens up a whole 
new area of solution chemistry, since we 
are now in a position to study hydrolysis 
reactions and to determine activity co- 
efficients for ions more accurately. This 
is an area which has only been briefly 
investigated by solution chemists. 

The pH-sensor electrode is capable of 
withstanding high temperatures and 
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pressures and showed good long term 
stability, and is not affected by H_, O^ or 
chloride ions in solution. These f~ndi~gs and 
the calibration procedure for precision high 
temperature pH measurements will be 
communicated shortlyo(4). 
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SLOPES OF THE PLOTS OF E VS Ag/AgCI, 
sensor 
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q 
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2 ** 
Temperature/=C slope y 

175 1.018 0.9993 

200 1.012 0.9990 

225 1.002 0.9999 

250 1.002 0.9985 

Figure 1 Response of the pH-sensor and an 
internal reference hydrogen 
electrode both measured against 
a Ag/AgCI, O.IM KCI reference 
elecLrode at various temperatures. 

275 0.997 0.9997 

** y2 is the regression coefficient. 
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Elec t r i ca l l y  conducting polymers have recently 
been the subject of intense in terest .  
Polyacetylene has been widely studied as an 
electronic conductor, lonic conductors 
include poly(ethylene oxide) ( I ) ,  
poly(propylene oxide) (2), po lyacry lon i t r i le  
(3), poly(vinyl idene f luor ide)  (3), 
poly(tetramethylene oxide) (4) and 
poly(ethylene succinate) (5). In the present 
note, the observation of e l ec t r i ca l l y  
conducting poly(vinyl acetate) (PVAc) is 
reported, lonic conduction is inferred from 
the data. 
PVAc (MW 1.5xlO 6) was obtained from 
Polysciences, Inc. PVAc and LiCIO 4 in the 
ra t io  8:1 were dissolved in methanol then 
dried in a i r  on a tef lon plate at about 
55oc. The resu l t  was a b r i t t l e ,  clear sol id 
at room temperature. Pure PVAc was prepared 
by the same method for  comparison. Aluminum 
electrodes were then evaporated onto the faces 
of several samples and audio frequency complex 
impedance measurements were performed in a 
vacuum at temperatures from 5.5 K to 380 K 
using techniques described elsewhere (6). The 
resul ts for one frequency (I00 Hz) are shown 
in f igure I .  Four other frequencies from 
100-104 Hz gave simi lar  resul ts and are 
omitted for  c l a r i t y .  I t  is seen that the d.c. 
conductivi ty of the LiCIO 4 complexed material 
at lO0~ is about three orders of magnitude 
larger than that of the pure material and 
increases exponential ly with an act ivat ion 
energy of about 2.1 eV. However, at about 
50oc the a.c. conduct iv i ty of the pure 
material (a.c. loss due to the relaxation peak 
associated with the glass t rans i t ion )  is 
s l i gh t l y  greater than that for  the complexed 
material at the same temperature. The glass 
t rans i t ion  in the complexed material is 
shi f ted to higher temperatures where i t  is 
probably masked by the d.c. conductivi ty. 
This temperature sh i f t  is confirmed by 
d i f fe ren t ia l  scanning calorimetry (DSC) 
studies. The DSC resul ts together with 
fur ther e lec t r ica l  relaxation studies w i l l  be 
presented elsewhere. 
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In order to gain fur ther  information con- 
cerning th is  material, 7Li NMR linewidth and 
sp in - la t t i ce  relaxation T 1 measurements were 
conducted at 155 MHz with a JEOL GX400 NMR 
spectrometer, a f ter  sealing the sample in an 
evacuated quartz tube. Over the temperature 
range studied, the 7Li spectra exhib i t  a 
single absorption with no apparent quadrupolar 
broadening (as deduced by the appropr ia te~/2 
pulsewidth condit ion). The temperature 
dependence of the full-width-at-half-maximum 
(FWHM) l inewidth is shown in f igure 2 
( t r iang les) .  The Tl-recovery process was 
found to be s l i gh t l y  non-exponential, which 
may indicate the presence of more than one 
relaxation time. However, no s ign i f icant  
temperature dependence of the recovery p ro f i le  
was observed, which allowed the use Of an 
"ef fect ive T I , "  defined as the time required 
for the magnetization to recover 63% of i t s  
maximum value. A p lot  of T 1 (ef fect ive)  vs. 
IO00/T also appears in Figure 2 (squares). 
The value of the " r i g id  l inewidth" ( 4.4 kHz), 
which occurs below about 220K and the observed 
motional narrowing behavior bear a close 
s im i la r i t y  to resul ts reported for  PEO-Li +- 
based materials, 7, 8 which suggests a 
comparable degree of Li + and/or polymer chain 
motion in PVAc8-LiCIO 4, There are, 
unfortunately, no T 1 measurements above 383K 
at present, but i t  is l i k e l y  that a T 1 minimum 
would occur at or near the melting point of 
the complex. T 1 does, however, exhib i t  
Arrhenius behavior throughout the motional 
narrowing region (above room temperature) with 
an act ivat ion energy of 0.14• eV. This 
small value presumably re f lec ts  local ized 
motion with a correspondingly small potential 
energy barr ier .  The re lat ion between the 
apparent local ized process and motion 
resul t ing in long-range transport  is not clear 
at the present time. 

Final ly,  the fol lowing cel l  was constructed: 
Li/PVAc8-LiCIO4/MnO2-C-PVF 2. The composition 
of the cathode was about 82% MnO 2, 9.6% C and 
8.4% PVF 2 by weight. The materials were hot- 
pressed at about 205oc to form a conducting 
disk about 2.54 cm in diameter and I mm thick. 
The polymer f i lm was about 0.4 mm thick and 2 
cm in diameter, while the l i th ium electrode 
was about 1 mm thick with a diameter of about 
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1.2 cm. The three disks were spring loaded 
into a cel l  under an argon atmosphere. The 
cel l  was not hermetical ly sealed. Although 
the present data were obtained with the cel l  
in a i r ,  s imi lar  resul ts were obtained when the 
experiment was carr ied out under vacuum. The 
discharge character is t ics  are shown in f igure 
3. Further tests showed that with a lOOk~ 
load, the voltage decreased gradually from 
1.8V to O.9V over a period of 16 hours. The 
cel l  fa i led  at that time. While the discharge 
character is t ics of the present cel l  are not 
pa r t i cu la r l y  impressive, i t  should be 
emphasized that no attempt was made to 
optimize the performance of the ce l l .  The 
construction of the cel l  was rather pr imit ive 
and, for  example, a higher operating 
temperature or thinner polymer would decrease 
the internal  resistance of the ce l l .  The 
"open c i r c u i t "  voltage (the resistance of the 
Keithley 195 DMM is about 106 ohms) is about 
3.04 volts, which is not unreasonable for  a 
cel l  of th is  type. Further, the i n i t i a l  
internal resistance of the ce l l ,  was about 93 
k~ and was about 85 times larger than the 
resistance predicted from the a,c. 
conduct iv i ty measurements described above, 
While there is considerable uncertainty in the 
la t te r  value due to the ambiguities in the 
geometry of the ce l l ,  i t  is clear that the 
internal resistance of the cel l  is larger than 
the a.c. resistance of the bulk polymer 
material. This is not surpr is ing since, for  
example, anions as well as cations may be 
contr ibut ing to the a.c. conduct iv i ty,  %hus 
giving r ise to a lower a.c. resistance. 
Final ly,  a s imi lar  cel l  was constructed using 
a pure PVAc f i lm in place of the PVAc8-LiCIO 4. 
No voltage was detected for  th is  ce l l .  

F ig. 2. Temp. dependencies of I Fig.3. Voltage (V) vs. J(uA/cm 2) 
Li FW~M linewidth (A) and I for the cell Li/PVA~8-LiCI04/ 
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ABSTRACT 

Electrochemistry of carbonaceous material and coal is reviewed comprehensively. The subject is divided into five 
categories: electrochemistry of various forms of carbon, chemical oxidation and reduction of coal, electrochemical oxi- 
dation and reduction of coal, photoelectrochemistry of coal, and direct power generation from coal burning fuel cells. 
Oxidation of coal by air or oxygen and reduction through hydrogenation reactions are not included in this review. Only 
reports relevant to solution chemistry are included. Characterization and derivatization of  coal and carbonaceous mate- 
rial employing the above electrochemical reactions are discussed in each section. 

Since comprehensive reviews of electrochemistry of in- 
organic (1) or organic (2) derivatives of carbon com- 
pounds have been compiled in the literature, We will limit 
this review to the electrochemistry of carbonaceous mate- 
rials relevant to coal. In reviewing the subject, we classify 
it into several categories: (i) electrochemistry of various 
forms of carbon, (it) chemical oxidation and reduction of 
coal, (iii) electrochemical oxidation and reduction of coal, 
(iv) photoelectrochemistry of coal and carbons, and (v) di- 
rect power generation from coal burning fuel cells. 

Electrochemistry of Various Forms of Carbon 
The oxidation of carbonaceous materials has been stud- 

ied mainly for two purposes: to characterize surfaces of 
various carbons and to characterize carbon as an elec- 
trode material. We will review these two subjects in this 
section. 

Surfaces of carbon black particles were characterized 
electrochemically by subjecting them to a polarographic 
exper iment  as a suspension in N,N'-dimethylformamide 
(DMF) as a solvent with, e.g., 0.1M tetra-n-butylam- 
monium perchlorate (TBAP) as a supporting electrolyte 
(3). A limiting current was observed with the half-wave 
potential (E,.~) in the range -0.58 - -0.78V (vs. Hg pool) 
depending on the supporting electrolyte used. When car- 
bon black was treated by strong reducing agents such as 
l i thium aluminum hydride, the polarographic wave was 
no longer observed. This treated sample, however, gave 
an anodic wave at about + 1.0V (vs. Hg pool), indicating 
that oxidizable surface species have been produced upon 
treatment. This anodic wave disappeared when the 
sample was treated with oxidants such as hydrogen 
peroxide (H~O~). From these electrochemical results 
along with infrared (IR) spectroscopic results, Hallum 
and Drushel suggested that benzoquinone-like surface 
groups are responsible for the reduction current. Later, 
these authors (4) estimated the amount of quinone oxy- 
gen and hydroquinone hydroxyl groups on the surface of 
carbon blacks by controlled potential coulometric reduc- 
tion or oxidation. The benzoquinone content ranged from 
0.002% to -0.26%; the hydroquinone content was 
0.016% - -0.47%, depending on the sample. These obser- 
vations were later substantiated by Jones and Kay (5), 
who used polarographic methods with a stirred aqueous 
suspension of activated charcoal. 

Mamantov et al. (6) have shown that electrochemical 
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anodization or chemical oxidation with strong oxidants 
such as Ce(IV) results in the formation of a film on the 
surface of pyrolytic graphite. The anodized sample gave a 
broad cathodic voltammetric peak at about + 0.5V vs. SCE 
(Epx, = +0.48V vs. SCE), whereas a sharp reduction peak 
was observed at approximately +0.5V vs. SCE, which was 
followed by a broad peak at - 0  V. The authors suggested 
electrolytic lamellar compounds of graphite as a possibil- 
ity. In this study and the ones described below, the carbo- 
naceous material was used as an electrode as opposed to 
the previously described studies, in which a mercury 
electrode was used in a suspended solution of the carbon. 

Kinoshita and Bett (7) employed the cyclic voltam- 
metric method to detect surface oxides on carbon black 
(Vulcan XC-72) which had been subjected to heat- 
treatment, electrochemical and chemical oxidation, and 
also gas-phase oxidation. These investigators used a car- 
bon black with a surface area of 220 m2/g, which was fab- 
ricated into an electrode using small quantities of Teflon 
(du Pont), -10% by weight. The cyclic voltammetric  test 
was made after the carbon black was oxidized or heat- 
treated under various conditions. The quinone-hydro- 
quinone redox reaction was observed in the potential 
range of 0.05 - 1.28V vs. NHE. Surface concentrations of 
I0 -'~ - I0-" mol/cm=' of quinone oxides were estimated. 
The results indicate that various oxidation procedures in- 
crease the amount of surface oxides, whereas heat- 
treatment at 2000 ~ and 2700~ decreases the amount of 
surface oxides. This is because the oxides desorb as CO 
from the surface upon heat-treatment. Blurton (8) re- 
ported similar but much better defined voltammetric 
peaks using graphite electrodes in 1N H~SO4 solution. A 
maximum of three anodic and three cathodic peak cur- 
rents were observed depending on the experimental con- 
ditions. Two peaks at lower potentials showed reversibil- 
ity at slow scan rates up to about 10 mV/s, while the peak 
separation became larger at higher scan rates, indicating a 
sluggish electron transfer. This author attributed anodic 
currents to the oxidation of hydroquinone-like surface 
species and cathodic currents to the reduction of 
quinone-like groups in different environments. 

The above observations may be summarized as follows: 
(i) carbon surfaces are covered with quinone-like and 
hydroquinone-like functional groups, which are electro- 
active and thus give polarographic or voltmmetric cur- 
rents, (it) concentrations of these groups are estimated to 
be i0 -'~ ~ I0-" mol/cm ~ or up to 0.26% benzoquinone and 
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0.47% hydroquinone by electrochemical methods, (iii) the 
surface concentrations of these groups are increased 
upon mild anodic, chemical, or air oxidations, and (iv) 
these groups desorb as carbon oxides upon heat- 
treatment. This information, as will be discussed below, 
gives an insight into the oxidation mechanism of carbons 
and graphites. 

Probably the most comprehensive study on the anodic 
oxidation of various carbons, including graphitized active 
carbon, charcoal, soot, and graphite, was carried out by 
Binder et al. (9). They employed the current-potential 
curves, chronopotentiometric measurements,  volumetric 
determination of the product CO2, chemical analysis, 
x-ray analysis, and electrical resistance measurements  as 
their techniques while the electrode was polarized. From 
these studies, they concluded that when the electrode po- 
tential was lower than the oxygen equil ibrium potential, 
about 80% of the charge was used for oxidation of the car- 
bon electrode to CO~ and about 20% for the surface oxide 
formation. They ran these experiments in H.,SO4 or H3PO4 
medium, and the results appeared to be relatively inde- 
pendent of the medium and temperature. 

Several other groups of investigators reported the 
chronopotentiometric (galvanostatic) behavior of various 
carbon electrodes (10-12). These investigators report that 
the electrode potentials level off at several values before 
they reach the sharply increasing potentials upon applica- 
tion of constant anodic currents. These results indicate 
that the carbon surface becomes oxidized at several dif- 
ferent potentials to diffe}ent surface species; the findings 
are consistent with previously reviewed reports (above) in 
which mainly the surface characterization has been made. 

Kokhanov and Milova (13) reported the product distri- 
bution of oxidations of graphite electrodes in phosphate 
buffer solutions as a function of pH. These investigators 
employed a current density of 3.7 mA/cm 2 and monitored 
the electrode potential as well as the product gas compo- 
sition. At pH lower than 6.7, a current efficiency (CE) for 
COx production was -91% with about 6% for CO and 3% 
for Oz. When the pH was increased from 6.7 to 13.0 the 
COx, content gradually decreased down to 5%; oxygen pro- 
duction increased to 95%. The CO product went  down al- 
most to nil. At pH higher than 13, the gas composition re- 
mained almost the same. 

This observation was substantiated by another group of 
investigators employing polyethylene-impregnated 
graphite electrodes (14). These investigators performed 
quite comprehensive studies employing different current 
densities. Using log of current densities of -1.5, -2.0, 
-3.0, -4.0, and -5.0 (unit = mA/cm'2), they classified 
three potential-pH domains and four regions for different 
types of oxide surface production. 

The electrochemical oxidation of a high surface area 
carbon black (1000 m2/g) in 96% H3PO~ at 135~ was inves- 
tigated by Kinoshita and Bett (15). The total anodic cur- 
rent, amount  of CO~ evolved, and oxygen content at the 
carbon surface were measured as a function of time and 
potential. Their results indicate that two anodic processes 
occur: the formation of a surface oxide, and the evolution 
of COx,. The rates of both processes decrease with time 
but at different rates, so that the CO~ evolution becomes 
the major reaction in later stages of electrolysis. The cur- 
rent efficiency (CE) for the CO._, evolution can be ex- 
pressed by an equation 

1 
CE - [1] 

1 + Qox/Qco~ 

where Qox is the charge used for the surface oxide forma- 
tion and Qco.2 is for the CO., evolution. The charge for the 
CO2 evolution was measured by determining the amount  
of CO.2 assuming that COx production requires a four elec- 
tron process. 

At all potentials the formation of surface oxides is the 
predominant  process at the beginning of the electrolysis, 
whereas CO2 formation predominates in later stages of 
electrolysis. Thus, the current efficiency for CO., produc- 

tion approaches unity as the ratio Qox/Qco.2 approaches 
zero. The current efficiency for CO2 production ap- 
proaches unity more rapidly at higher applied potentials 
at the anode. These investigators summarized their obser- 
vations as follows. 

1. Two processes occur initially: surface oxide forma- 
tion and CO2 evolution. As the rate of surface oxide for- 
mation decreases, CO~ evolution becomes the major 
anodic process. 

2. The two processes are independent. The surface ox- 
ide does not inhibit CO2 formation. 

3. The surface oxide coverage approaches, but is less 
than, a monolayer, and continues to grow even after CO~ 
is the major product. 

4. The dissolution rates of carbon black electrodes are 
independent  of water concentration or CO~ pressure. 

The electrode kinetic parameters were studied by sev- 
eral groups of investigators by following Tafel relation- 
ship between current density and potential (14, 16-18). In 
general, Tafel slopes are dependent on the pH of the me- 
dium, indicating different mechanisms for the oxidation 
reactions. Most of these investigators used galvanostatic 
measurements  for investigations of the oxidation reac- 
tions of the various carbon electrodes. 

Not much attention has been paid to the mechanism 
of CO product ion from carbon oxidation, mainly be- 
cause of its lower fraction in the product  composit ion.  It 
appears that the desorption of oxides occurs in the form 
of CO in gaseous state under  vacuum (7). In aqueous so- 
lution, CO.., appears to be a major product with a few per- 
cent of CO detected (10). When the amount  of CO., pro- 
duced becomes sizable, the Boudouard reaction in pores 
behind the electrode surface 

CO~ + C ~ 2CO [2] 

may occur producing a small amount of CO as a product 
(19). Thus, CO may be produced only if a large electroly- 
sis current is passed. 

Studies reviewed thus far were concerned with the elec- 
trochemical behavior of carbonaceous material either in 
suspension at Hg electrodes or as an electrode in a 
buffered solution that is not electroactive itself. Many in- 
vestigators, however, studied electrochemical corrosion 
of graphite anodes in aqueous chloride electrolytes (20-22) 
or while electrowinning aluminum (19). The basic pro- 
cesses occurring under these environments are similar, 
but reaction mechanisms are more complicated due to 
the generation of oxidants such as OCI-, C103-, etc. The 
readers may consult the references cited for these studies. 

Summariz ing this section, we may conclude that oxi- 
dation of various carbons occurs through two pathways: 
formation of surface oxides and CO., evolution. These 
two reaction pathways were claimed to be independent  
of each other by Kinoshita and Bett (15). It appears, 
however,  that this may not be the case. Although not 
proved, it is reasonable to suggest that the formation of 
surface oxide precedes the CO~ evolution reaction. When 
all the surface is covered with oxide film, the oxide 
desorbs as CO under  vacuum and as CO2 as electrolysis 
goes on. This is evident  even in Kinoshita and Bett 's  
data; the current  efficiency for COx evolution increases 
with electrolysis time. 

Although the mechanism for carbon oxidation is not 
well understood, one can readily conclude that the elec- 
tron transfer reaction does not include the water mole- 
cule, proton, or hydroxide ion. If the stoichiometry 

C + 2H20 ~ CO~ + 4H + + 4e- [3] 

correctly represents the carbon oxidation, the electrode 
potential would be pH dependent  and thus, the product 
distribution should remain independent  of pH. Actually, 
the oxygen evolution 

2H~O ~ 4H * + O._, + 4e- [4] 

becomes predominant at higher pH, indicating that the 
type of electrochemical reaction is different at low and 
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high pH. Potentials monitored during the galvanostatic 
electrolysis of polyethylene-impregnated graphite de- 
creased from about +1.6V at pH = 1.0 to about 0.70V at 
pH = 14.5 (13). Thus, the electrode potential is controlled 
by carbon oxidation at low pH where oxygen over- 
voltages are high; the oxygen evolution reaction deter- 
mines the electrode potential  in higher pH regions. 

Chemical Oxidation and Reduction of Coal 
In reviewing this subject, the scope will be limited to 

the ones pertinent to the electrochemical reactions. 
Hence, only wet chemical oxidations or reductions in 
both aqueous and nonaqueous media will be considered. 
Oxidations with gaseous oxygen, metal oxides, etc. in the 
mixed solid form will be excluded, since these reactions 
do not have direct relevance to the understanding of the 
electrochemical behavior of coals. The subject will be di- 
vided into two categories: oxidations and reductions. 

Oxidation reactions.--Chemical oxidation of coals has 
been carried out mostly as a tool to probe the structure of 
coal, mainly from product analysis. Oxidations were 
carried out using oxidants such as HNO3, permanganate, 
and hypohalite in aqueous alkali media. Generally, oxida- 
tions in alkaline media were preferred because the oxida- 
tion products are easily solubi]ized due to carboxylic or 
phenolic groups found in the products. The product acids 
are usually not soluble in acidic solutions. The ultimate 
oxidation products of coal are carbonic acid, carboxylic 
acids, and phenols. Early studies on this area were re- 
viewed by Howard in 1945 (24); most recent work on oxi- 
dation of coal was reviewed comprehensively by Hayatsu 
et al. (25). 

Francis (26) was the first to propose that oxidation of 
coal occurs in three stages. According to him, coal under- 
goes stepwise oxidation reactions: the formation of sur- 
face oxides, followed by the formation of humic acid, and 
eventually of small aromatic as well as aliphatic acids. 

Surface oxides formed may be desorbed as CO._, or CO 
upon raising the temperature or as oxidation is pro- 
longed. Coal thus oxidized shows little change in its gross 
property, but has more acidic properties at its surface. If 
oxidation is continued, products called "regenerated hu- 
rnic acids" form. These acids are soluble in alkaline me- 
dium, but form precipitates similar to Fe(OH):3 in acidic 
medium. The rate of humic acid formation in 1N HNO,~ is 
coal-rank dependent  (27). Low rank coals rapidly oxidized 
to humic acids, while high-rank Pocahontas coal display 
an induction period. Low rank (Illinois no. 6) coal pass 
through a period with a maximum yield of humic acid 
formation, which then decreases due to further oxidation 
to lower molecular weight acids. Humic acids produced 
from Pittsburgh seam coal (28) had average molecular 
weights of 193-242 and average equivalent weights (car- 
boxylic acids) of 192-244. However, these properties vary 
widely. Oden (29), for example, reports the estimated mo- 
lecular weight of 1000 - 1350 with an equivalent weight of 
about 340 for humic acids produced from peat. In general, 
the molecular weight of humic acids is approximately 
1000 with three or four acidic (either carboxylic or hy- 
droxyl) groups. 

If the oxidation process is continued, humic acids are 
eventually broken down into smaller organic acids. 
Oxidizing agents such as HNO3, MnO4-, H~SO4, or perox- 
ides were used in aqueous acidic media at elevated tem- 
peratures. In general, oxidation in the acidic medium pro- 
duces poor yields of simple, soluble organic acids and 
carbonic acid. Product  acids detected in earlier studies in- 
cluded pyromellitic acid and other benzene carboxylic 
acids (30), oxalic acid (31), trinltro-resorcinol (31), mellitic 
acid (32), and acetic, succinic, and picric acids (33), de- 
pending on the type of coal, reaction conditions, and 
reactants. 

Carbonic, acetic, oxalic, and several different benzene- 
carboxylic acids were produced when various types of 
coals were oxidized by alkaline permanganate solution 
(34). Oxidation of a Pit tsburgh seam bituminous coal with 

alkaline permanganate gave a carbon distribution of 
45.0% carbonate, 2.2% acetate, 15.0% oxalate, and 30.8% 
aromatic acids, totaling 93.0% of carbonate recovered as 
alkali salts (35). Usually, 50 - 60% of the nonvolatile acids 
produced by alkaline permanganate oxidation were aro- 
matic. Typically, aromatic acids were in the form of mel- 
litic, benzenepentacarboxylic,  and terephthalic acids. 
Howard (24) speculates that mellitic acid can be formed 
only by oxidation of condensed carboxylic hydrocarbons, 
of which the simplest form could be 

trlphenylene 

or of a benzene ring completely alkylated, such as 

CH 3 
C H 3 ~ I  CH 3 

CH 3 ~ CH 3 
CH a 

hexamethylbenzene 

or mixtures of these two types. Actually, the yield of mel- 
litic acid from triphenylene was 44.8% of the theoretically 
expected amount, while hexamethylbenzene produced 
CO~ almost exclusively when the same oxidation proce- 
~ure was used (24). Oxidation of an Australian coal by the 
same procedure produced about 1.1% oxalic, 0.3% 
succinic, 5.0% benzenedicarboxylic (o-, m-, and p-phthalic 
acids), 17.4% benzenetricarboxylic (both 1,2,3- and 1,2,4-), 
21.7% benzenetetracarboxylic (1,2,3,4-, 1,2,3,5-, and 
1,2,4,5-), 41.1% benzenepentacarboxylic,  and 13.4% 
benzenehexacarboxylic (mellitic) acids of the soluble acid 
products (36). Aliphatic acids such as acetic, propionic, 
butyric, pentanoic, and heptanoic acids were also found 
in small amounts from the basic permanganate oxidation 
of coal (37). Acids above pentanoic were isolated only 
from the lower rank coals; none above propionic was iso- 
lated from the low-volatile coal. 

Perhaps the most extensive studies on the oxidation of 
coal are those reported by Yokakawa et al. (38, 39). These 
investigators employed either boiling 1N HNO.~ or alka- 
line permanganate as an oxidant for the oxidation of hu- 
mic acids and 30 model  compounds. Results indicate that 
the most vulnerable structure destroyed in the first stage 
of humic acid oxidation was alicyclic or hydroaromatic, 
and that in the second stage various structures were de- 
stroyed unselectively with some differences in reaction 
rates. From this study, they reached the conclusion that a 
molecule of coal consists of two parts: alicyclic or 
hydroaromatic structures, which are vulnerable to oxida- 
tions, and condensed aromatic structures, which are more 
resistant to oxidations. They pointed out from their data 
that (i) the high reactivity and the lack of selectivity in ox- 
idation reactions of low rank coal are due to the hydroxyl 
groups in the aromatic structure part, the basic structural 
unit of bituminous coal, and (it) the degree of condensa- 
tion of the aromatic structure is rather small. Phenolic hy- 
droxyl groups were found to degrade to CO~ and oxalic 
acid rather quickly upon oxidation. Later, these investiga- 
tors (39) extended their work to "artificial" coals, which 
were prepared from cellulose and lignln, and they ob- 
tained similar results. 

Concentrated nitric acid is not only a powerful oxidant, 
but also is a nitrating agent. This is somewhat disadvanta- 
geous for derivatization of coal, since the nitration reac- 
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tion introduces additional nitrogen. Recently, Hayatsu et 
al. (25) reported that aliphatic-rich macromolecules in 
coal are oxidized by concentrated HNO3 without exten- 
sive degradation of aromatic rings. From the oxidation of 
methylated cannel-like high volatile A bituminous coal 
(Ohio PSOC 297) with 70% HNO3 at ll0~ for 48h, organic 
acids (31 weight percent [w/o] of the substrate), and regen- 
erated humic acids (58.25%) were recovered; approxi- 
mately 47% of the organic acids were found to consist of 
aliphatic unbranched dicarboxylic acids ranging from C4 
to C14. Deno et al. (40) reported similar results from oxida- 
tion of various coals with 40% HNO3 at 60~ 

The kinetics of alkaline permanganate oxidation of coal 
was studied by Smith and Mapstone (41) by monitoring 
the amount of permanganate consumed as a function of 
time. The rate of oxidation of several different coals was 
expressed by the equation 

Q = (a - Xo) + Xo(1 - e -k~t) + k.,t [5] 

where Q represents the quantity of permanganate decom- 
posed at t ime t (as milliliters of 1.0N), a is the amount  of 
MnO4- that would have decomposed at t = 0 for the third 
stage of the reaction, Xo is the amount of MnO4- de- 
composed for the second stage (first-order) reaction at 
t = 0, k, is the rate constant of the second stage (first- 
order) decomposition reaction, and k~ is the slope of the 
linear plot for the last stage of the decomposition 
reaction. Thus, (a - Xo) represents a rapid initial reaction, 
Xo(1 - e ~,t) a further first-order reaction in which kl is 
possibly constant for all coals, and k.2t a 0th-order decom- 
position of permanganate continuing to extended reac- 
tion times. Correlation between particular terms in the 
above equation and various coal ranks was not satisfac- 
tory; only general trends were observed between the two. 
The general sequence of the coal oxidation kinetics is 
consistent with Francis'  three-stage mechanism (26). 

The action of oxygen at elevated temperatures and 
pressures on aqueous alkaline suspensions of coals has 
been studied (42-44). Typical reaction conditions were at 
100 ~ - 300~ and under up to 75 kg/cm'-' of pressures. One 
advantage of this method is that the oxidation reaction 
may be driven to CO2 completely and water or to any de- 
sired stage. When "appropriately" oxidized, products in- 
cluded CO2, oxalic acid, and benzene carboxylic acids. 
Various U.S. (42), Japanese (43), and Chinese (44) coals 
were studied by this method. 

In more recent studies, instrumental methods such as a 
nuclear magnetic resonance (NMR) (45), or infrared (IR) 
spectroscopies (46) were used for identification of oxida- 
tion products. Results reported from these studies are 
consistent with the previous findings. 

A controversy started when Chakrabartty et al. pub- 
lished a series of papers (47) in which they claimed from 
their oxidation studies using basic hypochlorite as an 
oxidant that about 55%-60% of the total carbon in coal ex- 
ists in the sp 3 valence state. They further stated that coal 
structures are made of modified bridged tricycloalkane 
systems or polyamantanes. This is a rather surprising 
statement, since the current understanding of the coal 
structural model is that coal has predominantly aromatic, 
with some hydroaromatic, structures. According to these 
investigators, hypochlorite (OC1-) is a relatively mild and 
highly specific oxidant for coal. The specificity of this 
reagent can be shown by reactions such as 

Ar - -CO--CH30X[_~  ArCOOH + CHX~ [6] 

and 

R--C~H4(CH2)~,R' O X -  RC2H4COOH + R'(CH2)n_2COOH 
[7] 

where X is a halogen, R a properly oriented activating 
group (e.g., acetonyl or fl-keto function), and R' a hydro- 
gen, alkyl, or aryl group with or without activating 
influence. They showed from their experiments using 

appropriate model compounds that hypohalite oxidation 
will occur only when a carbanion can form at the methyl- 
ene or methyl  site and then stabilize itself on the sub- 
strate molecule. Thus, the oxidation can only cleave the 
sp 3 carbon but not the aromatic rings. Oxidation of an acti- 
vated alicyclic compound containing a tertiary sp 3 carbon 
system may result in loss of one, two, or three carbon 
atoms as CO2 or CHC13 via 1,3- and 1,4-halogenation steps. 
To obtain the reaction specificity, one has to control the 
pH of the medium at higher than 12. 

Based on the above control experiments and other oxi- 
dation experiments on coal samples using basic hypo- 
chlorite as an oxidant, these investigators reached the 
conclusions listed below. 

1. A minimum of 3%-5% of the total carbon in any coal 
exists as n-propyl groups, while n-butyl groups account 
for less than 1% of the total carbon in low-rank coals and 
about 2% in high-rank ones (47a). 

2. In low-rank coals, at least 17% of the total carbon is 
present in the form of activated --CH~ and/or --CH3. De- 
tection of formic acid in the oxidation products indicates 
the presence of similarly activated --C2H~ groups. 

3. Even in 500~ chars, at least 14% of the total carbon 
is nonaromatic (--CH._,--), and 3%-4% are contributed by 
n-propyl and/or n-butyl groups, not the corresponding 
alkanes. 

4. It is estimated that between 55% and 60% of the total 
carbon in coal exists in the sp 3 valence state, which is 
much higher than the accepted hydroaromacity of coals. 
These structures are modified bridged tricycloalkane 
systems or polyamantanes. 

The above conclusions on coal structures were strongly 
disputed in the coal research community by other investi- 
gators (48-53). To argue against the oxidation mechanism 
of Chakrabartty et al., these investigators used model 
compounds such as phenol (48, 51), naphthol-formalde- 
hyde polymer (49), fluorescein (44), 2-naphthol (48, 51), 
2-naphthoic acid (48, 53), 1-naphthol (51), 2,3-naphtha- 
lenedicarboxylic acid (51), 1-hydroxyanthracene (51), 
naphthalene (52), and 2-methylnaphthalene (52) for the 
hypochlorite oxidation under  similar or the same experi- 
mental conditions. Results indicate that these aromatic 
compounds undergo oxidation reactions to end products 
including phthalic acid and CO~, invalidating some con- 
clusions made by Chakrabartty. Aczel et al. (50) employed 
liquefaction experiments and showed that adamantane 
was extremely stable under the conditions in which more 
than 60% of Illinois no. 6 coal was converted to cyclo- 
hexane soluble liquids. Chakrabartty and Berkowitz (54) 
later pointed out that adamantane would be different 
from polyamantanes. 

Mayo and Kirshen (53) ran extensive experiments using 
various coals and showed that the product composition 
depends mostly on pH during oxidation and on the state 
of subdivision of the coal. There appear to be two mecha- 
nisms of oxidations by aqueous NaOC1, a mechanism at 
pH > 11 and a second mechanism operative at pH < 10. 
The former mechanism is specific to enolizable com- 
pounds and some other compounds having acidic hydro- 
gen atoms, as was shown by Chakrabartty and Kretsch- 
met, whereas the latter may involve many more, perhaps 
most, organic compounds whether or not they react by 
the first mechanism. Thus, aqueous NaOC1 would oxi- 
dize most organic, both aromatic and aliphatic, com- 
pounds indiscriminately by the second mechanism. The 
reaction path and the intermediate for the second mecha- 
nism are not known. For the oxidation of coal, high frac- 
tions of carbon appear in the soluble form of acids with 
only about 13% as CO,z in the oxidation product at pH = 
13, while the yields of soluble acids are lower and CO~ 
higher at pH 9-11. These results as well as those of 
Landolt  et al. (51) point to the fact that phenols are the 
most reactive groups in coal at high pH. Although the 
high pH mechanism of Mayo and Kirschen (53) agrees 
with that of Chakrabartty et al. (47), Mayo and Kirschen 
concluded from the (H + C)/C ratios and carbon and oxy- 
gen distributions in the oxidation products of coat that 
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CO2 during high pH oxidation must arise from the aroma- 
tic compounds,  probably hydroxylated rings. These re- 
sults are consistent with the structure of bi tuminous coal 
in which aggregates of condensed aromatic, hydroaro- 
matic, and bridged alicyclic rings held together by ether 
(or sulfide), methylene or polyethylene links, or combina- 
tions of these, are crosslinked in a three-dimensional fash- 
ion. Conventional oxidations break mostly aliphatic and 
ethereal bonds producing aromatic acids, but NaOC1 ap- 
parently produces a different group of acids by cleaving 
some of the aromatic rings. Obviously, more characteriza- 
tions must be done with respect to the hypochlorite 
oxidations. 

More recently, sodium dichromate (55, 56), alkaline cu- 
pric oxide (57-59), hydrogen peroxide in acetic acid 
(peracetic acid; 60, 61), and pertrifluoroacetic acid (62, 63) 
were used to oxidize coal. Dichromate showed different 
degrees of oxidative power depending on pH of the me- 
dium. At lower pH, ring degradation occurred readily, but 
dichromate behaved as a mild oxidant. Peracetic acid 
(CH:3COOOH) led to the oxidative degradation of aromatic 
rings and the formation of dibasic acids. Pertrifluoro- 
acetic acid (CF3COOOH) behaved similarly, with the pro- 
duction of aliphatic acids as degradation products of alkyl 
aromatics. This acid might  be a good reagent for studying 
the aliphatic structure in coals. Trifluoroacetic acid oxi- 
dation appeared to preserve aromatic rings containing ni- 
trogen or sulfur heterocyclics (64, 65). 

In summary, the oxidation of coal by chemical oxidants 
is accomplished in three stages: surface oxide formation, 
oxidation to humic acids, and final oxidation to end 
products including smaller aliphatic and aromatic acids 
and CO.,. Low-rank coals appear to produce higher yields 
of aliphatic acids compared to high-rank coal, whereas 
the inverse can be stated for the mellitic acid in oxidation 
products. This indicates that low-rank coals consist of 
more branched hydrocarbons, while high-rank coals ap- 
proach a highly aromatic structure as in graphite. Finally, 
the hypochlorite oxidation apparently cleaves aromatic 
rings, producing different oxidation products compared 
to the conventional oxidants. Investigations of oxidation 
reactions provide the method of probing coal structures 
as well as of producing coal-derived chemicals, such as 
many organic acids. 

R e d u c t i o n  r e a c t i o n s . - - A s  already mentioned, chemical 
reductions of coal pert inent to electrochemical reactions 
will be reviewed in this section. Coal reduction by hydro- 
genation is reviewed elsewhere (65). Reductions of 
various coals can be accomplished by an electron transfer 
reaction from alkali metals such as Li (66-71, 73), Na 
(72, 73), K (73-77), LiA1H4 (71), or Na-K alloy (77) in various 
organic solvents, including ethylene diamine (66-71), ben- 
zene (71), liquid NH~ (72), tetrahydrofuran (THF) (73, 74), 
and a mixture of several ethers (76, 77). A variety of differ- 
ent ranks of coals (66-68, 70, 72-77) as well as some cokes 
and chars (69) and asphaltenes (71) have been studied by 
this method. In most cases, solvents behave as proton do- 
nors for the reduced coal, but some investigators used 
isopropyl alcohol as a proton donor. Many of these stud- 
ies have been performed in either or both of two perspec- 
tives: to characterize coal structures and/or to prepare 
coal derived chemicals. 

Reggel et al. (68) added to a vitrain of 90% carbon as 
many as 55 atoms of hydrogen per 100 carbon atoms 
using lithium as a reductant in ethylene diamine. Later 
Niemann and Homback (77) reported that they added up 
to 87 hydrogen atoms per 100 carbon atoms to a medium 
volatile bi tuminous coal by repeated reductions with po- 
tassium or sodium-potassium (1:1) alloy as reductants and 
isopropylalcohol as a proton donor. Brooks and Silver- 
man (69) employed the reduction reaction to study some 
cokes and chars and suggested that the low reducibility 
and the low hydrogen content of the 900~ coke are due 
to the presence of carbon atoms predominantly in a diva- 
lent state. Sawatzky and Montgomery (71) studied 
asphaltenes using l i thium in ethylenediamine and report 

that considerable amounts of hydrogen have been added 
to asphaltenes and most of the sulfur has been removed. 
They noticed the reduction in molecular weight  due to 
the cleavage of ethereal bonds and thioethers. Sternberg 
et al. (70) studied temperature effects on l i thium reduc- 
tion of coal and pointed out that reduction at higher tem- 
perature (90 ~ - 100~ is much more efficient than at 
lower temperature (17~ 

The nature of reduction was considered by several 
groups of investigators (71, 72, 77). As already mentioned, 
Sawatzky and Montgomery reported a decrease in molec- 
ular weight when asphaltenes are reduced and found that 
ethereal bonds of oxygen and sulfur are cleaved. Lazarov 
and Angelova (72) used sodium metal in liquid ammonia 
(at -33~ since it is known to cleave oxygen and sulfur 
bonds according to the reaction 

ROR' + 2Na + NH~ -~ RONa + R'H + NaNH=, [8] 

The reaction proceeds easily with diaryl ethers, aryl 
ethers of the benzyl type and aryl-alkyl ethers, but not 
with the aliphatic ethers. The results indicate, however, 
that the hydrogen uptake by the 87.6% carbon coal was 
more than expected by the cleavage of ethereal bonds 
calculated from the amount of such bonds. Thus, the ex- 
cess of hydrogen consumed in the reaction was assumed 
to be used to reduce the aromatic part of coal. This as- 
sumption was later justified by other investigators (77) 
by monitoring the absorbance of bands of the IR spectra 
due to aromatic rings (810 cm -1 and 745 cm -1) of coals 
successively reduced  by potassium. 

The most interesting chemistry of coal reduction has 
been reported by Sternberg and co-workers (73, 74). 
These investigators improved methods of reducing coal 
by introducing naphthalene as an electron-transfer medi- 
ator in THF solution. The reaction is catalytic and may be 
represented by a scheme 

Naphthalene 

coal~< \ c o a l  >K § 

~ -  C10H8 

[9] 

The coal anion, containing 12 charges per 100 carbons, 
can then be alkylated using alkyl halides through the 
reaction 

coal" + nRX -~ R,-coal + n X -  [10] 

Using Pocahontas low volatile bituminous coal, they were 
able to add 8.1 methyl and 8.8 ethyl groups per 100 carbon 
atoms, respectively. When alkali metals were compared, 
l i thium was least effective with the addition of 7.2 ethyl 
groups and potassium was most effective with the addi- 
tion of 8.8 ethyl groups. Sodium had properties similar to 
those of lithium. The solubility increased from 0% and 3% 
in benzene and pyridine for untreated coal to 95% in both 
solvents for the ethylated coal. The same study was later 
extended to other coals including Colorado subbi- 
tuminous (72% carbon), Bruceton (83% C), and Poca- 
hontas (90% C), and anthracite (96% C) coals by Sternberg 
and Delle Donne (74). The results indicate that the Colo- 
rado subbituminous coal is most effective in adding alkyl 
group (14 alkyl groups added per 100 carbon atoms) while 
the anthracite is least effective with addition of only 0.6 
alkyl groups per 100 carbon atoms. They attributed this to 
the steric hindrance, since the anthracite was shown to 
carry as many as 11 electrons per 100 carbon atoms. Simi- 
lar approaches were used by other investigators in later 
studies (75-77). The limitation of this method of studying 
coals, however, was pointed out (78). 

In the course of studies described above, the IR spec- 
troscopic method proved to be a powerful technique for 
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following reactions (72, 77). The increase or decrease in 
various absorption bands was monitored for successively 
treated coals. 

In summary, coal can be reduced by alkali metals in a 
variety of solvents; as many as 88 hydrogen atoms per 100 
carbon atoms were shown to be added to coal. The re- 
duced coal anions can easily be alkylated using alkyl hal- 
ides. Alkylated coals have much higher solubilities in or- 
ganic solvents including benzene and pyridine making 
many studies on coal in such media possible. Also, many 
coal derived chemicals may be prepared in organic 
solvents. 

Electrochemical Oxidation and Reduction of Coal 
The processes of electrochemical oxidation and reduc- 

tion of various coals resemble those for chemical oxida- 
tion and reduction, reviewed in the previous section. The 
oxidation has been studied both in basic and acidic me- 
dia, but not much in nonaqueous media. The reduction of 
coal has been studied extensively in nonaqueous solvents 
including tetrahydrofuran (THF), dimethylsulfoxide 
(DMSO), and dimethyl formamide (DMF). Most of these 
studies were carried out to elucidate coal structures; 
some were concerned with the derivatization of coal. Al- 
though the first work on electrolytic oxidation appeared 
in the literature in 1932 (79), the whole area is still fairly 
new to electrochemists. 

Electrochemical oxidation of coal.--Early investigators 
(79-81) used alkaline media for electrolysis of coal slurries, 
probably because chemical oxidations were carried out 
mostly in basic media. The products of oxidation, humic 
acids, are soluble in a high pH medium. Lynch and 
Collett (79) performed an extensive study on the electro- 
lyric oxidation of Pittsburg coal in a 3N NaOH solution at 
copper, nickel, lead, or platinum electrodes. Of these elec- 
trodes, the copper electrode was found to perform best. 
The current density was maintained at 3 mA/cm 2, and the 
experiments were carried out at room temperatures. Car- 
bon dioxide, oxygen, humic acids, and traces of carbon 
monoxide and hydrocarbons were detected as anodic 
products. Oxygen accounted for about 94% of the gaseous 
product excluding CO.,. The rate of humic acid formation 
reached a maximum value at about 70h of electrolysis, 
whereas the maximum rate of CO., formation occurred at 
about 130h of electrolysis, indicating that the electrolysis 
of coal produced humic acids first, followed by CO2 evo- 
lution in later stages. The electrolysis reaction appeared 
to stop at the humic acid stage at copper electrodes but it 
proceeded to further products at platinum electrodes. 
When humic acids were subjected to  anodic oxidations, 
they were efficiently oxidized at platinum electrodes but 
not at copper electrodes. Lynch and Collett (79) therefore 
suggested that coal may be electrolyzed stepwise to any 
desired products or intermediate species depending on 
electrolysis conditions. 

Various improvements were made by Eddinger and 
Demorest  (80) on electrolysis conditions for electrolysis of 
coal in basic media. They used a graphite electrode as 
well as catalysts such as vanadium pentoxide or cobalt 
chloride. Belcher (81) published .a series of papers de- 
tailing anodic oxidations of bituminous coals and some 
anthracites. Khundkar  and Kamal (82) carried out anodic 
oxidation of peat in an alkaline solution using a current 
density of 10 - 20 mA/cm 2. They found that a nickel an- 
ode at a current density of 20 mA/cm 2 gave the best yield 
of humic acids, about 48% yield (dry ash-free basis) for 
12h electrolysis. These investigators also used the above- 
mentioned catalysts without much effect on the reaction 
rate. Studies on temperature dependencies (20 ~ - 80~ 
showed that electrolysis at -60~ gave the highest yield 
for humic acids. Recently, Senftle et al. (83) studied the 
anodic oxidation of anthracite by employing it as an elec- 
trode in an alkaline medium. Results showed that humic 
acids were generated as products. They proposed after 
some control experiments that major oxidants for the an- 
thracite oxidation were molecular and radical species 
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formed by the electrolytic decomposition of water. 
Only recently have studies on anodic electrolysis of coal 

in acidic media appeared in the literature (84-94). 
Coughlin and Farooque published a series of papers on 
the anodic oxidation of coal in sulfuric acid solution 
(84-88). According to them, coal slurries are oxidized at 
the platinum anode in a sulfuric acid solution, producing 
carbon dioxide and carbon monoxide as anodic products 
and hydrogen as a cathodic product. The stoichiometric 
reactions proposed for the electrolytic process was 

C + 2H20 ~ CO~ + 4H § + 4e- [3] 

o r  

C + H~O ~ CO + 2H + + 2e- [11] 

at the anode and 

4H* + 4e- ~ 2H~ [12] 

at the cathode. This stoichiometry offers a possibility of 
gasifying coal at lower temperatures by electrolysis rather 
than by other means (high temperature and pressure 
gasification, since from the above stoichiometry the 
standard electrode potential for the anodic reaction is 
calculated to be only 0.228V vs. NHE. They also pointed 
out that coal slurries could be used as anodic depolarizers 
for metal electrowinning (85). Various parameters affect- 
ing coal electrolysis including coal-particle size, concen- 
tration of coal, temperature, and the supporting electro- 
lyte were reported (86). The ratio of H~ to CO., + CO was 
monitored for as long as about 450h of electrolysis; it was 
much higher (9 - 4) than would be expected from the 
above stoichiometry, i.e., 2. This indicates that the anodic 
charge is used not only for the evolution of CO2 or CO but 
for other processes, assuming that the current efficiency 
for the hydrogen evolution is 100%. The electrolysis can 
be carried out with less than 1V of biased potentials. Of 
various coals tested, the North Dakota lignite showed the 
highest current density of about 1.4 mA/cm 2 at room tem- 
perature when 0.475 g/cm 3 of coal was present in the solu- 
tion as a slurry (87). 

Baldwin et al. (90) carried out detailed voltammetrlc 
studies on coal oxidation in acidic media and also in 
nonaqueous solution, and suggested from their results 
that the major electrolysis current in a coal slurry electrol- 
ysis resulted mostly from the oxidation of iron(II), which 
had been extracted from coal into the strong acidic elec- 
trolyte. They made this suggestion by comparing the 
voltammetric behavior of the extracted solution with that 
of the iron(II)/iron(III) redox pair. Iron was also shown by 
the atomic absorption analysis to be a major component  
in the filtrate. Okada et al. (91) reached a similar conclu- 
sion, i.e., that Fe(II)/Fe(III), dissolved in the electrolytic 
solution, is responsible for currents observed at lower 
anodic overpotential in the electrolysis of coal slurries. 
There is an apparent disparity, however, between the ar- 
gument  that the anodic current was caused by the oxida- 
tion of iron(II) and the observation of Coughlin and 
Farooque, in which electrolysis currents were maintained 
for as long as 450h. Either the iron(II) would be leached 
out continuously or coal itself would undergo the oxida- 
tion reaction. 

This disparity was resolved by Dhooge et al. (92, 93), 
who performed detailed studies on the mechanism of coal 
slurry oxidations using various electrochemical tech- 
niques. In their studies also, practically no anodic cur- 
rents were observed with thoroughly washed coal intro- 
duced into 1M sulfuric acid solution. Coal particles were 
washed by stirring in 1:1 H._,SO4 for more than 50h. When, 
however, iron(III) was added to the washed coal and the 
anodic potential was maintained such that iron(II) would 
be oxidized, the anodic currents were observed, indicat- 
ing that iron(II) was generated by oxidizing coal. They 
concluded from their experiments that coal was oxidized 
by Fe(III) in the solution according to the reaction 
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4Fe 3+ + coal  + 2H=,O kc) 4Fe., + 

+ COx, + 4H ~ + o t h e r  p r o d u c t s  [13] 

fo l lowed  by  a n  e l ec t rode  r eac t i on  

Fe  '-'- --* Fe  3§ + e [14] 

at  t he  a n o d e  a n d  

4H + + 4e -  --* 2H2 [12] 

at  t h e  ca thode .  Th e  ca ta ly t ic  n a t u r e  of  t he  r eac t i on  was  
also d e m o n s t r a t e d  b y  severa l  o the r  e x p e r i m e n t s ,  w h i c h  
i n c l u d e d  con t ro l l ed  p o t e n t i a l  ox ida t i on  of  t he  Fe(II)  w i t h  
t he  p e r t u r b a t i o n  of  w a s h e d  coal  (92) a n d  t he  d i rec t  addi-  
t i on  of  o x i d a n t s  to  t he  coal  s lu r ry  and  m o n i t o r i n g  t he  con-  
c e n t r a t i o n  of  the  r e d u c t a n t  p r o d u c e d  by  e l e c t r o c h e m i c a l  
m e t h o d s  (93). Also, if  t he  s t o i c h i o m e t r y  o u t l i n e d  b y  reac-  
t ion  [3] or [11] we re  correc t ,  t he  e q u i l i b r i u m  po t en t i a l  
s h o u l d  be  d e p e n d e n t  on  t he  p H  of  t he  m e d i u m  ( - 5 9  
m V / p H  unit) .  E x p e r i m e n t a l  r e su l t s  s h o w e d  t h a t  i t  was  in- 
d e p e n d e n t  of  pH, i n d i c a t i n g  t h a t  the  a n o d i c  r e a c t i o n  does  
no t  i nvo lve  w a t e r  or ions  de r ived  f rom it, i.e., H ~ or  O H - .  

T h e  ra te  of  r eac t i on  [4] for va r ious  ca ta lys t s  c an  be  de- 
t e r m i n e d  b y  con t ro l l ed  p o t e n t i a l  e x p e r i m e n t  m e t h o d s  
(92), f r o m  the  s t eady - s t a t e  e lec t ro lys is  c u r r e n t  (92), or b y  
m o n i t o r i n g  t he  c o n c e n t r a t i o n  of the  r e d u c t a n t  p r o d u c e d  
a f te r  a d d i t i o n  of  a n  o x i d a n t  (93). Cata ly t ic  ra te  c o n s t a n t s  
d e t e r m i n e d  w i t h  t h e s e  m e t h o d s  agree  wel l  w i t h  each  
o ther .  S o m e  of  t h e  ra te  c o n s t a n t  va lues  are l i s ted  in Tab le  
I; t h e s e  were  d e t e r m i n e d  by  m o n i t o r i n g  t he  r e d u c t a n t  
c o n c e n t r a t i o n  (93). 

A r ap id  inc rease  in t h e  r e a c t i o n  ra te  is n o t e d  in  t he  t ab le  
at  r e d o x  p o t e n t i a l s  of  ca ta lys t s  of  a p p r o x i m a t e l y  +0.6 a n d  
+0.9V, respec t ive ly .  T h e s e  va lues  s e e m  to i n d i c a t e  t h a t  
s o m e  specif ic  f u n c t i o n a l  g r o u p s  on  t he  coal  are re- 
s p o n d i n g  to the  ca ta lys t  ox idan t s .  These  func t iona l i t i e s  
m a y  c o r r e s p o n d  to h y d r o q u i n o n e -  or q u i n o n e - l i k e  g r o u p s  
(6-9, 15). No te  also t h a t  Ce(IV) a n d  b r o m i n e  are  t h e  m o s t  
e f fec t ive  e lec t roca ta lys t s .  T h e  ac t i va t i on  ene rg i e s  for  t he  
p roce s s  are in  t he  r a n g e  of 12 - 16 kcaYmol  (86, 91, 92). I t  
is on ly  7.0 kca l /mol  for  Ce(IV) for t he  o x i d a t i o n  of coal 
(92). 

C u r r e n t  eff ic iencies  (CE) for  t he  e v o l u t i o n  of  COx were  
r e p o r t e d  to be  15% - 30% in  ear ly  s tud ie s  (91, 92), b u t  
D h o o g e  a n d  P a r k  r e p o r t e d  a 100% CE at  l o n g e r  e lectroly-  
sis t i m e  (93). In  genera l ,  i t  a p p e a r s  t h a t  t he  CE is ve ry  
h i g h  at  t he  ve ry  b e g i n n i n g  of  the  reac t ion ,  p r o b a b l y  be- 
cause  of  t he  evo lu t i on  of  COx f rom c a r b o n a t e s  a n d  bicar-  
b o n a t e s  p r e s e n t  in  coal. In  a ve ry  s h o r t  p e r i o d  ( - 1 5  rain),  
t he  CE dec rea se s  to 15% - 30% a n d  inc reases  s lowly  u p  to 
100% af te r  50 ~ 100h of  e lect rolys is .  Th i s  is p r o b a b l y  be- 
cause  t he  c h a r g e  is u s e d  u p  for  the  f o r m a t i o n  of  sur face  
ox ides  a n d  h u m i c  ac ids  in  t he  first  s tage  of  the  reac t ion ,  
a n d  la te r  p r e d o m i n a n t l y ,  for  COx evo lu t ion .  T he  forma-  
t i on  of su r face  ox ides  a n d  h u m i c  acids  was  s h o w n  b y  the  
d i f f e rence  F o u r i e r  t r a n s f o r m  in f r a r ed  (FTIR)  s pec t r a  ob- 
t a i n e d  f rom coals  be fo re  a n d  af ter  e lec t ro lys i s  (94). 

D h o o g e  a n d  P a r k  (94) a lso s h o w e d  t h a t  t h e  o x y g e n  
a t o m  in  t he  p roduc t ,  CO2, c a m e  f rom w a t e r  b y  u s i n g  10% 
H~'80 as a solvent. The ratio of C~80~'~O/C'~Ox in the prod- 
uct monitored by the FTIR was 0.23 - 0.25, in agreement 
with the expected value of 0.249. This experiment also 
shewed that COx was produced from coal and water by 

Table I. Standard electrode potentials and catalytic reaction rate 
constants of several solution catalysts 

System E ~ or E ~ k,. at 20~ s -1 

Fe(CN),~ :~ in sat. K~SO~ 0.36 3.6 x 10 '~ 
Fe(III) in 1M H:~PO4 0.44 7.3 x 10 -7 
Fe(III) in 1M H._,SO~ 0.68 9.6 x 10 ~' 
Fe(CN),; -a in 1M H._,SO4 0.72 2.1 x 10 -5 
Fe(III) in 1M HC104 0.75 1.9 f 10 ~ 
Fe(III) in 1M HC1 0.77 1.6 x 10 -~ 
Br~ in 1M H~SO4 1.06 1.1 x 10 -.~ 
Ce ~+ in 1M H~SO4 1.45 4.1 x 10 -4 

electrolysis rather than from the decomposition of car- 
bonates or bicarbonates by the action of the solvent acid. 

Summarizing this section, the oxidation of coal by elec- 
trolytic methods is not fundamentally in its mechanism 
different from the chemical oxidation. That is, surface ox- 
ides and humic acids appear to form first, and eventually 
smaller molecules and COx are formed as oxidation pro- 
ceeds. The formation of humic acids is more efficient in 
an alkaline medium. 

One may speculate that iron ions catalyze hydroxyla- 
tion reactions of methoxy aromatic rings under acidic 
electrolytic conditions as in oxidation reactions by 
Fenton's reagent [HxO2 and Fe(II)] or H2Ox catalyzed by 
Fe(III) and catechol (95, 96). Consider, for example, the 
mechanism of Senfile et al. (83), in which oxidation prod- 
ucts of water such as .OH were postulated to be responsi- 
ble for anthracite oxidation to lead to final products, i.e., 
regenerated humic acids. The postulated species here are 
similar to those in HxOx, peraeetic, or trifluoroacetic acid 
oxidations. Hydroxylated coal may then undergo further 
oxidation to quinoids, which could open the ring to 
finally form dicarboxylic acids. These acids may then 
lose COx, upon further oxidation through the Kolbe elec- 
trolysis (97, 98) to produce smaller hydrocarbons. The 
Kolbe reaction normally requires high overvoltages; how- 
ever, standard electrode potentials for most acids are 
quite low as one can verify from simple calculations (99) 
employing thermodynamic data in the literature (i00). 
When catalyzed by a homogeneous solution species such 
as iron(III), the Kolbe reaction could proceed at a much 
lower applied potential. As pointed out already, elucida- 
tion of the mechanism of electrochemical oxidation of 
coal is still in its infancy; more work should be carried 
out in this area. 

E l e c t r o c h e m i c a l  r e d u c t i o n  o f  c o a l . - - E ] e c t r o l y t i c  r educ-  
t ions  were  first  u s e d  for t he  c h a r a c t e r i z a t i o n  of  coal. The  
r e d u c t i o n  p roces s  ha s  b e e n  s t ud i ed  s o m e w h a t  m o r e  thor-  
o u g h l y  t h a n  t he  ox ida t ion ,  p r o b a b l y  b e c a u s e  of  the  fact  
t h a t  on ly  r e d u c t i o n s  cou ld  be  car r ied  ou t  w i t h  polaro-  
g r aph i c  m e t h o d s  at  m e r c u r y  e l ec t rodes  b y  ear ly  inves t iga-  
tors .  Again ,  the  c h e m i s t r y  i n v o l v e d  in  e lec t ro ly t ic  r educ-  
t ion  p roces se s  is no t  d ras t i ca l ly  d i f f e ren t  f rom t h a t  in  
c h e m i c a l  r educ t ion .  The  e n d  p r o d u c t  fo l lowing  t he  in i t ia l  
e l e c t r o n  t r ans f e r  to coal  f rom e l ec t rodes  is h y d r o g e n a t e d  
coal. 

B r o w n  a n d  Wyss  (101) p o i n t e d  ou t  in  t h e i r  c o m m u n i c a -  
t ion  t h a t  coal  ex t r ac t s  in  N , N ' - d i m e t h y l f o r m a m i d e  (DMF) 
were  r e d u c e d  p o l a r o g r a p h i c a l l y  b e t w e e n  -0 .15  a n d  - 0 . 9 V  
vs .  t h e  Hg pool,  w i t h  a fair ly wel l -def ined  wave  at ap- 
p r o x i m a t e l y  -0 .5  to  -0 .6V.  T h e y  a t t r i b u t e d  th i s  wave  to 
t he  r e d u c t i o n  of  q u i n o n e s .  G i v e n  a n d  S c h o e n  (102) per-  
f o r m e d  a n  e x t e n s i v e  s t u d y  on  t he  p o l a r o g r a p h i c  r educ-  
t i o n  of  coal  ex t r ac t s  in  D M F  solu t ion .  P o l a r o g r a m s  of  all 
t he  so lven t  ex t r ac t s  of  coals  s h o w e d  d i s t i nc t  w a v e s  in  the  
r a n g e  of  -0 .5  to  - 0 . 7 V  vs .  t h e  Hg pool.  C o m p a r i s o n  of  
ha l f -wave  po t en t i a l s  w i t h  va lues  for  k n o w n  a r o m a t i c  car- 
b o n y l  c o m p o u n d s  s t u d i e d  u n d e i  ~ the  s a m e  c o n d i t i o n s  
(103) s h o w e d  t h a t  c a r b o n y l  g r o u p s  in  t he  so lven t  ex t r ac t s  
of  coals  m u s t  be  r e s p o n s i b l e  for t h e  r e d u c t i o n  waves  
obse rved .  

Also,  ana lys i s  of t he  log (i/il - i) vs .  E cu rve  gave  an  n 
va lue  of  a p p r o x i m a t e l y  1, i n d i c a t i n g  t h a t  coal  accep t s  one  
e l e c t r o n  f rom t h e  e lec t rode .  He re  i, i~, a n d  n are  t he  
p o l a r o g r a p h i c  cu r ren t ,  l i m i t i n g  cu r ren t s ,  a n d  the  n u m b e r  
of e l ec t rons  t r ans fe r r ed ,  respect ive ly .  The  a u t h o r s  
p o i n t e d  ou t  t h a t  t he  c a r b o n y l  g roups  m u s t  b e  s t rong ly  
c o n j u g a t e d  to a roma t i c  sys tems ,  a n d  w i t h  some  o t h e r  evi- 
d e n c e  r e a c h e d  a c o n c l u s i o n  t h a t  q u i n o n e  g r o u p s  s h o u l d  
b e  p r e s e n t  in  coals. T h e y  f u r t h e r  e s t i m a t e d  f rom polaro-  
g r aph i c  d i f fus ion  c u r r e n t s  t h a t  t he  py r id ine  ex t r ac t s  of  
coal  c o n t a i n e d  a p p r o x i m a t e l y  2 g -a toms  of  o x y g e n  as qui-  
n o n e  pe r  3000-5000g coal. T h e s e  inves t iga to r s  also r an  a n  
e x h a u s t i v e  e lec t ro lys is  at  - 1 . 5 V  vs .  SCE;  t he  p r o d u c t  
s h o w e d  a dec rease  in  t he  IR  p e a k s  c o r r e s p o n d i n g  to car- 
b o n y l  g r o u p s  ( -1600  cm-1).  In  a s t u d y  p u b l i s h e d  later,  
G i v e n  a n d  P e o v e r  (104) s h o w e d  t h a t  severa l  waves  were  
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observed in a polarogram of coal if the potential is 
scanned down to about -2.2V vs. Hg pool. Diffusion cur- 
rents at both -1.0 and -2.07V were increased upon addi- 
tion of a proton donor, e.g., phenol. This indicates that the 
intermediate species generated from electrolysis reacts 
rapidly with protons. Actually, the exhaustive electrolysis 
of the coal extracts at a controlled potential of -2.1 to 
- 2 . 2 V  brought about an increase in hydrogen content cor- 
responding to 15 - 38 hydrogen atoms being added per 
100 carbon atoms (104-105). Prior reductive acetylation in- 
creased the uptake of hydrogen. The electron uptake de- 
termined coulometrically was in all cases greater than 
could be accounted for by the hydrogen introduced, oxy- 
gen removed, and carbonyl group reduced. As already 
pointed out in the previous section, this is probably due 
to the reduction of aromatic hydrocarbons. Employing re- 
ductive acetylation in DMF solution by electrolysis at 
controlled potentials and '4C-labeled acetic anhydride 
(106), the carbonyl oxygen was estimated to be 1% - 2.5% 
of total oxygen in coal extracts. About 80%-90% of the ox- 
ygen in the extracts could be accounted for as carbonyl 
plus hydroxyl oxygens. Simple aromatic ketones such as 
benzophenone accounted for only a small fraction of car- 
bonyl groups in the coal extracts, and there was no evi- 
dence that any aliphatic ketones were present (106). 

A more extensive study on the electrochemical reduc- 
tion of coal was reported by Markby et al., using carbon 
electrodes in ethylene diamine with li thium chloride as 
supporting electrolyte (107). The current efficiency for 
this reaction was 46% at the beginning, dropping to about 
10% after 15h of electrolysis. These investigators report 
that as many as 44 hydrogen atoms could be added per 
100 carbon atoms for the Pocahontas vitrain. An interest- 
ing result was that the solubility of the electrolytically re- 
duced coal in pyridine at room temperature (74%) was 
higher than that of the chemically reduced coal (63%). 
Various parameters affecting electrochemical reduction 
of coal were studied in detail by these investigators 
(108-110). In these experiments,  coal slurries in ethylen'e- 
diamine, not the coal extracts, were used. When an alumi- 
num cathode was used in a solution saturated with lith- 
ium chloride, as many as 53 hydrogen atoms could be 
added to coal per 100 carbon atoms. Since these investiga- 
tors used more rigorous reduction conditions, i.e., 0.5A 
with 110V, many of the polycyclic aromatic hydrocarbons 
along with quinones must  have undergone reduction re- 
actions. Ultimate analysis, catalytic dehydrogenation with 
palladium, and UV, IR, and NMR spectroscopic methods 
were used to identify reduced products. The mechanism 
of reduction is no different from that of chemical reduc- 
tion using Li as a reductant reported by the same investi- 
gators (70). The reaction mechanism may be summarized 
as follows 

At the cathode 

In the solution 

Li + e-  -> Li ~ [15] 

Li ~ + R ~ Li ~ + R ~ 

R ~ + H * -~ RH 

RH + Li ~  + L i  + 

R H -  + H § ~ RH._, 

[16] 

[17] 

[18] 

[19] 

where R represents an aromatic hydrocarbon-like func- 
tional group on coal. This series of reactions is possible 
because of the high solubilty of lithium metal in certain 
solvents such as ethylenediamine or ammonia. Any com- 
pounds, whose reduction potentials are less negative than 
that of lithium, would be expected to reduce according to 
this reaction. The proton donor was the solvent in the 
above case, but phenol was deliberately added by Peover 
and Given (104) to facilitate protonation steps. 

Finally, an interesting remark was made by Sternberg 
et aI. (108-111) that sulfur removal from coal might  be ac- 
complished by electrolytic reductions. The removal of 
sulfur from the vitrain took place after the more reactive 

aromatic rings were reduced. Specifically, sulfur was re- 
moved only after about 25 hydrogen atoms per 100 carbon 
atoms had been added to the coal. A similarity between 
the removal of sulfur from coal and from dibenzothio- 
phene by electrolytic reductions has been pointed out 
(111). 

A method of classifying genetic groups of coals using 
electrochemical oxidation and reduction has been re- 
ported by Russian investigators (112, 113). The method is 
based on the fact that coal is catalytically oxidized or re- 
duced by Ce 4+ or Cr 2., respectively. The anodic current 
observed from the oxidation of Ce 3§ and the cathodic cur- 
rent  for the reduction of Cr ~+ in aqueous solution con- 
taining some p-dioxane when the coal powder is present 
are indicative of the amount  of reduced and oxidized 
functional groups on coal surfaces. The measurements  
were made at a stationary polarized smooth platinum 
electrode with KC1 as a supporting electrolyte. The inte- 
grated areas of the anodic and cathodic currents, Sa and 
Sc, are used for the definition of the coefficient of the de- 
gree of reduction, Kr, according to the equation 

Sc - S, 
Kr [20] 

Sa 

By this definition, Kr would be 0 when the amounts  of 
the oxidized and reduced groups are the same, while Kr > 0 
for oxidized coals. The method was tested on some 
treated anthracites and shown to be sensitive to various 
states of coal surfaces. 

In summary, the electrolytic reduction process has 
been studied either on organic extracts of coal or on a 
coal slurry employing catalytic processes in nonaqueous 
medium. It appears that a quinone type of functional 
group is reduced at less negative potentials, whereas 
polycyclic aromatic hydrocarbons are reduced at more 
negative potentials. Since the solubility of coal in most or- 
ganic solvents is very low, a reagent whose reduced state 
can be dissolved must be used. For this purpose, l i thium 
metal was used in the electrolytic reduction. As men- 
tioned already, naphthalene was used as an electron- 
transfer mediator in chemical reductions employing al- 
kali metals (73-74). Since anion radicals of most organic 
compounds accept protons rather easily, one should be 
careful about using organic compounds as catalysts. On 
the other hand, alkali metals have low solubility in many 
organic solvents. 

As was the case in the chemical oxidation and reduc- 
tion, coals can be degraded to smaller molecules-humic 
acids. It would be very interesting, therefore, to combine 
these two processes. That is, after humic acids are pro- 
duced through an oxidative process, they may be sub- 
jected to the electrolytic reduction. The products are ex- 
pected to be solids of low melting points or liquids. The 
electrolytic process has advantages over chemical meth- 
ods for treating coals, since electrons are used as a rea- 
gent. Discovering proper catalysts for both oxidation and 
reduction would be extremely important in liquefying or 
derivatizing chemicals from coal. 

Also, electrolytic oxidation and reduction may be very 
profitably used for characterizing coal. By measuring 
electron exchange rates of various electrocatalysts with 
coal and with model compounds, one may be able to 
identify the functional groups on coal surfaces. Oxida- 
tions in nonaqueous media and reductions in aqueous 
media of coal are virtually nonexistent; new structural in- 
formation may result from these studies. 

Photoelectrochemistry of Coal and Carbonaceous 
Materials 

The field of photoelectrochemistry has received much 
attention since Fujishima and Honda (114) first reported 
that water could be electrolyzed to oxygen and hydrogen 
with the aid of light. The energy of the light source must 
be the same as or greater than the bandgap of the semi- 
conductor electrode. The electron-hole pairs generated in 
the space-charge region of a semiconductor  electrode 
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upon illumination should be separated effectively; elec- 
trons or holes should be captured at the semiconductor 
electrode surface by an oxidant or a reductant present, 
depending on the type of the semiconductor  used. 
Various parameters must  be considered for efficient con- 
version of the light energy into the electrical or chemical 
energy and its storage. Many reviews of this field have 
appeared (115-117). 

Since, as reviewed in previous sections, gasification or 
derivatization of coal may be achieved by electrochemical 
techniques, the concept of photoelectrochemistry may 
also be applied to these reactions. In this section, we will 
review attempts that have been made employing solar ra- 
diation energies to apply these principles to coal conver- 
sion. Because coal does not dissolve easily in almost any 
solvent, no photoelectrochemical cells for coal oxidation 
have been built yet. 

Kawai and Sakata (118, 119) reported in 1979 that car- 
bon monoxide and hydrogen were produced from the re- 
action of carbon with water in the presence of catalysts 
(TiOz-RuO~ mixture) when the reaction system was illu- 
minated. Typically 30 mg of TiO~, 10 mg of RuO=,, and 3 
mg of active carbon were mixed, placed in a Pyrex glass 
bulb, and illuminated with a 500W high pressure Hg lamp 
for 5h. Appreciable quantities of H~ and CO were formed 
only when TiO2, RuO~, C, and H20 were all present; under 
such conditions the relative quantum efficiency of the 
evolution was at least 100 times greater than in a system 
that contained only TiO.2 and H~O. When D20 was used in- 
stead of H20, D2 was detected. 

More detailed and quantitative studies were carried out 
by Sato and White (120-122). These investigators used 
water vapor for the reaction along with carbonaceous ma- 
terials, e.g., Texas lignites (120), activated charcoal (121, 
122), or ethylene (121). Platinized titania was used as a cat- 
alyst. Platinized titania upon illumination also catalyzes 
the oxidation of acetic acid in liquid phase (123). When 
Texas lignite and water vapor were il luminated with ul- 
traviolet light in the presence of platinized titania (TiO2), 
hydrogen and CO~ were produced as major products with 
the molar ratio (HJCO=,) of 2.5 - 2.75. Minor amounts of O._, 
and CH4 were also found. The H.,JCO2 ratio might be 
greater than 2.0 (stoichiometric ratio) probably because 
hydrogen atoms in the lignite were partly converted to H~. 
The authors estimate a quantum yield of about 0.01 with 
an energy efficiency of 0.0003. Similar results were ob- 
tained between carbon (activated charcoal) (121, 122), or 
ethylene (121) and water vapor in the presence of plati- 
nized TiO~ when illuminated. A study on the wavelength 
dependency of the reaction (122) showed that the onset of 
the reaction was observed when the light energy was 
about the same as or greater than the bandgap of TiO~. 
This indicates that the reaction occurs only if the hole- 
electron pairs are generated by light i l lumination as in the 
photoelectrochemical  cell. These investigators thus pro- 
posed a mechanism in which the following reactions 
O c c u r  

h.  Pt /TiO2 h§ + e-(Pt) [21] 

TiO., 
H20 + h ~ -~ .OH + H § [22] 

2 - OH ~ H.,O + O (atomic) [23] 

WiO~__~ O~ [24] 2 0  (atom) " . 

2H + + 2e- Pt> H., [25] 

C + O (atom) or - O H  ~ COs [26] 

Here, holes generated upon illumination are captured by 
water, whereas electrons migrate to platinum and reduce 
protons. The mechanism thus involves exactly the same 
concept as in the photoelectrochemical  process. 

Since in almost all reactions considered in previous and 
current sections CO2 was a major anodic product, it 

would be beneficial if COs can be reduced to a useful 
product. The electrolytic reduction of COs at various 
metal electrodes in both aqueous or nonaqueous media 
have been reported by many investigators (124-129). Di- 
rect electroreductions require applied potentials more 
negative than about 2V vs. SCE with the production of 
formic acid as a product in aqueous media. A possibility 
of reducing COs to CO with the tetraazamacrocyclic com- 
plexes of cobalt or nickel present as catalysts has been re- 
ported by Fischer and Eisenberg (130). COs, was reduced 
catalytically to CO at potentials less negative than -1.6V 
vs. SCE in dimethylsulfoxide. The current efficiency, de- 
pending on the catalyst used, was in the range of 44 
98%. 

Photoelectrochemical  (131, 132) or photochemical  re- 
ductions (133) of COs have also been investigated. 
Hemminger  et al. (131) reported that the reaction of water 
and carbon dioxide in the gas phase led to the product, 
methane, when the reactants were adsorbed and illumi- 
nated on clean single-crystal strontium titanate surfaces 
of (111) orientation that were in contact with platinum 
foil. The reaction took place without any externally 
biased potential when the clean, reduced SrTiO3 (111) 
crystal was illuminated with light having energy greater 
than the bandgap of SrTiO~. The reaction may be summa- 
rized as 

COs(g) + 2H20(g) ~ CH4(g) + 20~(g) [27] 

The total amount of methane produced was 5 - 10 times 
the number  of surface sites on the SrTiO3 crystal, indicat- 
ing a catalytic mechanism. Carbon dioxide in the pres- 
ence of semiconductor powders suspended in water (132) 
was reduced photoelectrocatalytically to organic com- 
pounds such as formic acid, formaldehyde, methyl  alco- 
hol, and methane. Inoue et al. (132) used powders of semi- 
conductors such as TiO2, ZnO, CdS, GaP, SiC, and WO3.. 
When the experiments were carried out in the dark or un- 
der illumination with light of lower energy than the 
bandgap of the semiconductor used, no products were de- 
tected. Further, the yields of methyl alcohol increased as 
the conduction band of semiconductors became more 
negative than the redox potential of H,.,COgCH3OH. This 
indicates that the photocatalytic reduction of COs takes 
place by the action Of the photogenerated electrons and 
holes. 

Lehn and Ziessel (133) report that i l lumination of COs 
with Ru(bipyridine)32§ and cobalt(II) chloride as sensi- 
tizers in an acetonitrile-water-triethylamine mixture lead 
to the production of CO and H~ as products. 

Photoassisted water-gas shift reactions over platinized 
TiO~ were studied in detail (134). The activation energy 
was determined to be 7.5 kcal/mol, and the quantum 
efficiency was estimated to be approximately 0.5% at 
25~ Similar mechanisms to those described by these au- 
thors in the carbon oxidation were proposed (122). The 
products were COs and H~ from the reactants, CO and 
H~O vapors. Many aspects of the water gas shift reaction 
have recently been reviewed (135). 

As can be seen from the discussion and references cited 
in this section, work in this area began to appear only 
after 1979. Both oxidations and reductions were shown to 
occur through the electron-hole pair generation upon illu- 
mination of semiconductor powders present in the sys- 
tem. It has yet to be demonstrated that the same pro- 
cesses occur at i l luminated semiconductor electrodes. In 
addition, the achievement  of higher efficiencies for such 
processes should receive more attention in this area. The 
advantages of using heterogeneous catalyst systems have 
been pointed out (120). 

Direct Power Generation from Coal Burning Fuel Cells 
As a source of energy, coal can be burned directly to re- 

lease the energy in the form of heat or electrochemically 
for the direct generation of electricity. Coal may also be 
utilized after its conversion to other forms, e.g., gas or liq- 
uid. Coal gas, for example, can be used as a fuel for fuel 
cells (136). Molten carbonate and phosphoric acid fuel 
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cells are being developed for the utilization of coal gas 
(136). Direct coal burning fuel cells may be more efficient 
than the ones using coal gas. However, only a few investi- 
gations have been carried out on the direct electrochem- 
ical oxidation of coal in fuel cells. 

McKee and Adams (137) were the first to discuss the di- 
rect production of electricity from coal by electrochem- 
ical means. They used a cell in which a mixture of WO3 
and CeO2 was used as an electrolyte with a graphite anode 
and an iron oxide or platinum cathode, operated at 
1150~176 A current density of 19 mA/cm 2 at 0.45V or 
10 mA at 0.60V was obtained, and the maximum 
efficiency of energy conversion calculated to be about 2% 
based on the energy released from the reaction 

C + 0=, -~ CO~ [28] 

A much more detailed study on the electrochemical 
power generation was reported recently by Anbar et al. 
(138). These authors demonstrated the fundamental  fea- 
sibility of a combined chemical-electrochemical process 
for generating electrical power from solid carbonaceous 
fuels. The system converts the free energy of oxidation of 
coal or coal char directly to electricity by combining elec- 
trochemical oxidation of molten lead with carbothermic 
reduction of the lead oxide. The study was performed in a 
molten carbonate medium in the temperature range 
500~176 The system consisted of electrochemical oxi- 
dation of molten lead to produce lead oxide and electric- 
ity, and the simultaneous regeneration of the lead metal 
by reduction of the lead oxide with coal or coal char. The 
system can be described by the following reactions 

1 
- -  O~ + CO~ + 2e --+ CO3='- [29] 
2 

Pb + CO32- -~ PbO + CO., + 2e- [30] 

1 
Pb + ~- O~ --+ PbO [31] overall 

The lead oxide is then reduced by coal 

2PbO + C --+ Pb + CO~ [32] 

Various parameters including the electrochemical kinet- 
ics of the lead-air cell, open-circuit potentials, polarization 
of the lead electrode, the kinetics of lead oxide reduction 
by carbon, and the electrochemical kinetics of lead oxida- 
tion in the presence of carbon have been studied jn  detail. 
The system has been shown not to be limited by kinetic 
factors, either electrochemical or chemical. An operating 
voltage of up to 0.760V at a current density of 108 mA/cm 2 
was obtained at 700~ it corresponds to approximately 
75% voltage efficiency. The authors list a number  of ad- 
vantages of this integrated chemical-electrochemical en- 
ergy conversion system for the carbonaceous material. 

Although few studies have been carried out in this area, 
the concept is very interesting and also promising. The 
direct generation of power eliminates many conversion 
processes, thus allowing high energy conversion 
efficiencies. Effects of various components other than 
carbon such as sulfur, nitrogen, and minerals have not 
been studied; this process offers many advantages over 
other types of energy extraction methods, in view of the 
fact that a large fraction of the cost of the latter methods 
goes into the clean-up process in all coal conversion pro- 
cesses. Fundamental  studies on various aspects in this 
area are essential for technological development.  
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I. Chlorine-Caustic Soda 
P r o d u c t i o n  a n d  c a p a c i t y . - - W o r l d . - - C h l o r i n e  produc-  

t ion capaci ty  for major  wor ld  areas is g iven  in Table  I (1). 

U n i t e d  Sta tes . - -U .S .  ch lor ine  p roduc t ion  was about  10.2 
mi l l ion  tons  in 1983, up about  10% from 1982, accord ing  to 
the  Chlor ine  Ins t i tu te  (2). 

U.S. chlor ine  and caust ic  soda p roduc t ion  capaci t ies  are 
g iven  in Table  II (3, 4). 

Br ine  electrolysis  accounts  for 95% of chlor ine  produc-  
t ion and essent ial ly 100% of the caustic soda p roduc t ion  
capaci ty  (5). 

A few plant  expans ions  were  announced .  
Vulcan  e x p a n d e d  its 500 ton/day (chlorine) p lant  in 

Wichita,  Kansas,  by  210 ton/day (3, 4). The  expans ion  util- 
izes ion exchange  m e m b r a n e  cell  t echno logy  and is the  
largest  such instal la t ion in the  Uni ted  States.  E l tech  Sys- 
t ems  suppl ied  e lect rolyzer  technology,  and du P o n t  pro- 
v ided  Nation m e m b r a n e s  (10-14). 

Vulcan  also star ted up a 200 met r ic  ton/day ion ex- 
change  m e m b r a n e  plant  in B i rmingham,  Alabama  (6). 

Vulcan  added  75 ton/day of  chlor ine capaci ty  to its 590 
ton/day uni t  in Geismar ,  Louis iana  (3, 4). 

L C P  Chemicals  has a n n o u n c e d  that  its Linden;  New 
Jersey,  chlor ine-caust ic  soda facility, wh ich  has been  
t empora r i ly  c losed (3, 4, 6, 7), will  re -open in 1984 as a 
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Table I. World chlorine production capacity, 1983 
(Thousands of metric tons/yr) 

March 1 9 8 3  Projected 

Western Europe 11,112 
Common Market 9,097 
Other Europe 2,015 

North America 15,321 
U.S. 13,700 
Canada 1,205 
Mexico 416 

Latin America 1,379 
Argentina 266 
Brazil 900 

Africa 367 
Mid-East 196 

Saudi Arabia 7 
Iraq 40 
Israel 101 

Asia and Oceania 5,553 
Australia 150 
India 852 
Japan 3,700 
Taiwan 450 

Communist World 6,315 
China N.A. 
Eastern Europe 3,115 
USSR 3,200 

Total world 40,243 

chlor ine-caust ic  po tash  opera t ion  (15). Phase  I chlor ine  
capaci ty  is 36,000 ton/yr. This comes  on the  heels  of  the 
closure of  the jo in t  Occ identa l  Chemica l  and Interna-  
t ional  Minerals  and Chemica l s  chlor ine-caust ic  potash  
plant  in Niagara Falls, N e w  York. L C P  was awarded  all 
po ta s s ium produc t  contracts  former ly  held  by the  jo in t  
ven tu re  (16, 17). 

P lan t  closings a n n o u n c e d  dur ing  1983 are g iven  below. 
B A S F  closed its 920 ton/day (chlorine) plant  in Geismar,  

Louis iana  (3, 4, 6, 7). 
P P G  shut  down  its 350 ton/day (chlorine) Barber ton,  

Ohio, plant  (3, 4, 6, 7). 
Shel l  Oil C o m p a n y  shut  d o w n  its 300 ton/day chlor- 

alkali  uni t  at its Deer  Park,  Texas,  manufac tu r ing  com- 
p l ex  (8, 9). 

P. J. Kienholz,  Chlor-Alkal i  Bus iness  Manager  for PPG,  
bel ieves  that  an addi t ional  2890 ton/day of  chlor ine  capac- 
ity could  be shu t te red  dur ing  the  nex t  few years  (6). 

F o u r  plants  have  been  c losed temporar i ly  or are on 
s tand-by status. 

Dow ' s  1000 ton/day (chlorine) uni t  in Midland,  Michi- 
gan, was c losed t empora r i ly  in June ,  1982, and remains  
d o w n  (3, 4, 6, ~ 7). D o w  wro te  off  this uni t  in its fourth- 
quar te r  economic  s t a t ement  in 1983 (103, 105). 

L C P  tempora r i ly  c losed its 450 ton/day plant  at Linden,  
N e w  Je r sey  (3, 4, 6, 7). 

Olin 's  350 ton/day (chlorine) McIntosh,  Alabama,  plant  
is on s tandby (3, 4, 6, 7). 

Hooker ' s  230 ton/day (chlorine) Montague,  Michigan,  
plant  is on s tandby  (3, 4, 6, 7). 

P P G  Indust r ies  c o m p l e t e d  a modern iza t ion  of  its dia- 
p h r a g m  cell plant  in Lake  Charles,  Louisiana.  The  $100 
mi l l ion  plus project  invo lved  convers ion  of  o u t m o d e d  
cells to more  efficient  b ipolar  e lect rolyzer  t echno logy  de- 
ve loped  by PPG.  The  new cells r educe  the  energy  re- 
q u i r e m e n t  by 25%. P P G  has unde r t aken  a s imilar  mod-  
ernizat ion at its Nat r ium,  West Virginia,  complex ,  
schedu led  for comple t i on  in early 1985 (19-22). 

Georgia-Pacif ic  p lans  to bui ld  a $80-$100 mil l ion 
cogenera t ion  facil i ty at its P l aquemine ,  Louis iana,  plant. 

Table II. U.S. chlorine and caustic soda capacity (ton/day) 

326 Chlorine Caustic soda 
171 
155 Alcoa 352 398 
82 BASF 920 1,036 

- -  Convent 1,150 1,265 
82 Diamond Shamrock 3,380 3,850 

- -  Dow 11,800 12,250 
186 du Pont 1,600 I,i00 
- -  Ethyl 300 
183 FMC 800 832 
186 Formosa Plastics 544 600 
358 Georgia-Pacific 1,487 1,643 
330 Hooker 3,200 3,400 
- -  Kaiser 590 667 

28 LCP 1,800 1,850 
349 Mobay 300 
- -  Olin 2,600 2,860 
156 Pennwalt 950 1,050 
- -  PPG 4,300 4,730 
170 Shell 288 315 
770 Stauffer 1,065 1,172 
100 Vulcan 1,335 1,468 
360 Weyerhaeuser 385 425 
250 Others 875 600 

2,138 Total 40,021 41,511 
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The unit will produce 140 MW of electricity plus process 
steam (23). 

Plant operating rates increased slightly during the year, 
according to Chlorine Institute figures. The overall 1982 
operating rate was 62% (24), but the rate in December,  
1982, was only 57.9% (25). The January, 1983, rate was 
63.6% of capacity (25). It cl imbed above 70% for the first 
t ime in May (70.7%), fell back in June,  recovered in July, 
and remained above 70% until  November  (26-29, 34, 53). 
The December  operating rate was 67.1% (2, 104). The 
max imum operating rate, 74.7%, was achieved in Septem- 
ber (30). Firmer markets accounted for most  of the im- 
provement.  However, onstream capacity fell about 2.2% 
between 1982 and 1983 (31). 

Actual operating rates were probably 80%-85% of availa- 
ble capacity (26, 32) since some idle capacity may be 
unusable (33). One observer thought  plants might be run- 
ning at 87% of available capacity (29). 

The Chlorine Institute estimates that chlorine capacity 
will fall to 13.6 million tons per year by 1985, a reduction 
of 4.2% from 1983 levels. The industry operating rate is 
expected to average 79% in 1985 (24). 

Consulting Resources Corporation states that the aver- 
age chlor-alkali plant was unprofitable entering 1984. 
Plants with relatively inexpensive hydropower or cogen- 
erated power might  be able to turn a slight profit. New 
plant economics were decidedly negative at this time. 
They predict that producers who have neither developed 
a low-cost position nor a safe market niche will drop out 
of the business during the next economic downturn (54). 

About  20% of industry capacity has been shut down in 
recent years. Dow Chemical, the world's largest chlorine 
producer, has kept 25% of its capacity idle and has not an- 
nounced a restart date for any plants. Some producers 
wonder  whether  the industry could produce enough to 
meet  a truly thriving demand (54). 

Japan.--Caust ic  soda output  was 2.77 million metric tons 
in 1982, a 3.3% decrease from 1981 levels (35). 

Japanese producers have 1.23 million metric tons of 
mercury cell capacity (32.4%), 2.23 million metric tons of 
diaphragm cell capacity (58.5%), and 347,000 metric tons 
of membrane cell capacity (9.1%) (36). Power accounts for 
55% and raw salt 10% of production costs in Japanese 
plants. Most salt is imported from Mexico, Australia, and 
China (35). 

The Japanese government  has given 19 companies a re- 
prieve from the December,  1984, deadline it had imposed 
for halting mercury cell production. The new deadline is 
June,  1986. Companies must  begin the changeover before 
the end of 1984. All 19 companies, with a capacity of 1.3 
million metric tons of caustic soda, intend to switch to 
ion-exchange membrane  cells. Sixteen companies have 
already complied with the government 's  directive, first 
issued in 1973 (36, 37). 

Kureha Chemical will convert  its mercury cell plant at 
Nishiki, Fukushima Prefecture, to Asahi Chemical mem- 
brane technology. Annual  capacity is 96,000 metric tons 
per year of caustic soda at the site. Start-up is scheduled 
in January, 1985 (38). 

Tokuyama Soda, Mitsui Toatsu, and nine other produc- 
ers are switching from diaphragm to ion-exchange mem- 
brane plants. Over 33% of existing diaphragm capacity is 
to be converted. The driving force for the changeover is a 
reduction in energy costs available with the membrane 
technology (39). 

Nikkei Kako's 36,000 ton/year plant in Kanbara, Japan, 
built in 1975, will be converted from Diamond-Sham- 
rock's MDC diaphragm cells to Asahi Chemical 's bipolar 
membrane cells. Start-up of the converted plant is sched- 
uled for January, 1984 (40, 41). 

Europe.---Akzo Zout Chemie has started up the world's 
largest membrane process chlor-alkali plant near Rotter- 
dam, The Netherlands. The plant has a capacity of 280,000 
metric tons of caustic soda per year and uses Asahi 
Chemical membrane technology (42, 43). 

Mercury cells still account for more than 70% of Euro- 

pean capacity, even though diaphragm and membrane 
cells are more energy efficient (54). 

Markets and prices.--Chlorine.--U.S, chlorine con- 
sumption by end use and average annual growth for the 
next  ten years are in Table III (6, 44, 45, 54). 

Chlorine does not really move in international trade, ex- 
cept for overland shipments. Organic derivates such as vi- 
nyl chloride monomer  and polyvinylchloride are ex- 
ported from the U.S. in large quantities (54). 

Chlorine prices rose throughout  the year as chlorinated 
derivative markets recovered from the recession (46, 47). 
In September,  1983, producers were able to implement  
their fifth consecutive quarterly price increase for chlo- 
rine. These increases totaled almost $100/ton (46). Produc- 
ers tried for another increase of $15/ton beginning Janu- 
ary 1, 1984, bringing list prices to $170.00 FOB plant site 
(19, 29, 31, 48, 49). 

Some producers are forecasting a growth of 7%-9% in 
chlorine demand through 1984 (46). Chlorine shortages 
showed up in the fourth quarter. Producers anticipate a 
double-digit surge in PVC sales in the spring of 1984, 
which should only aggravate the tight chlorine situation 
(19, 47). 

Producers can expect  marginal demand increases in the 
next  decade, according to PPG's  P.J. Kienholz. The slow 
growth is due to a series of adverse environmental,  toxi- 
cological, and process change impacts as well as a gener- 
ally slowing world economy (50). Tables III and IV con- 
tain Mr. Kienholz's predictions. 

Another  market analysis foresees a similar pattern. Mar- 
ket growth is expected to track the GNP. Vinyl chloride 
is expected to be a leading growth market  for chlorine 
averaging a 5%-6% growth rate (3). 

Predicasts reports that chlor-alkali markets will grow at 
only 3.6% per year through 1995 vs. 4.4% per year histori- 
cally (51). 

Substitution of other oxidizing agents in pulp and pa- 
per bleaching will hurt chlorine demand in this market  
(51, 52). 

Caustic soda.--U.S, caustic soda consumption by end use 
and average ~annual growth rate for the next ten years are 
in Table IV (6, 44, 45, 54). 

Table III. U.S. chlorine consumption and 
average annual growth rate forecast 

Percent of Annual 
total market growth rate 

Vinyl chloride monomer 22 4%-5% 
Pulp and paper 16 1% 
Chlorinated methanes 8 4% 
Chlorinated ethanes 9 --  
Polyurethane 8 4% 
Titanium dioxide 3 2% 
Water and waste treatment 6 1% 
Other inorganic 9 3% 
Other organic 19 2%-3% 

Weighted average 2.7% 

Table IV. U.S. caustic soda consumption and 
average annual growth rate forecast 

Percent of Annual 
total market growth rate 

Pulp and paper 20 2% 
Aluminum 

Domestic 4 1% 
Export 4 4% 

Anhydrous caustic 3 2% 
Other inorganic 31 3.2% 
Propylene oxide 6 3% 
Petroleum production and refining 4 6% 
Textiles 3 2% 
Other organic 21 4% 
Other exports 4 0% 

Weighted average 3.0% 
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Caustic prices fell nearly all year. List prices for 50% so- 
lution began the year at $230/ton on the Gulf Coast, a re- 
duction of $40/ton "from late 1982 levels (55). By October, 
the list prices were down to $150/ton in Gulf Coast mar- 
kets (56, 57). Discounts were available in a buyer 's mar- 
ket. Actual prices were firming at about $75/ton (46). 
However, one export deal was struck for as low as $51/ton 
during the year (4). 

Producers were waiting for an upturn in alumina pro- 
duction to spark demand for caustic (58). Though alumina 
production accounts for less than 10% of demand, it is 
more cyclical and thus has a substantial effect on demand 
swings (59). Aluminum makers had large alumina stock- 
piles early in the year (46). With alumina production mov- 
ing overseas, caustic soda exports should rise substan- 
tiaily (46). 

Pulp and paper markets were not expected to grow 
much during the year since the paper industry was al- 
ready operating at high levels (19). U.S. pulp mill con- 
sumption should only rise by 6%, to 1.8 million tons (60). 

Alkaline oil field flooding is one of the few growth 
markets for caustic soda (54). 

Caustic's long-term outlook is slightly better than chlo- 
rine's. The growth rate is expected to range one or two 
percentage points over chlorine through the eighties. 
Caustic soda has a broad end-use base and is less sensi- 
tive to economic cycles than are many commodity chemi- 
cals. The pulp and paper industry will be (lsing more 
caustic than chlorine. Demand for environmentally re- 
lated uses, such as waste-water treatment, will grow at a 
healthy rate. Petroleum and gas exploration production 
and processing markets should provide moderate growth. 
Caustic is forecast to be in tight supply more often than 
not long through this decade (4). 

Technological developments.--Ion-exchange mem- 
brane plants came of age during 1983 with the start-up of 
the two major Vulcan installations in the United States 
(10-14, 61) and the world-scale Akzo Zout plant in The 
Netherlands (42, 43). Eltech has licensed 11 membrane 
cell plants worldwide (62). Asahi Chemical's membrane 
cell technology sales amount  to 520,000 metric ton/year of 
caustic soda capacity. Asahi Glass's sales amount  to 
42,000 metric ton/year, while Tokuyama Soda's are 13,600 
metric ton/year (63). Membrane cell plants announced in 
1983 are listed in Table V. 

Olin has licensed technology to retrofit diaphragm 
cells with ion-exchange membranes from Kanegafuchi 
Chemical of Osaka, Japan. The agreement allows Olin to 
sub-license the technology in the United States, Canada, 
and Mexico. The investment  cost for retrofitting is said 
to be lower than that for newly built  membrane cells (80, 
81). Kanegafuchi says the technology involves narrowing 

the anode-cathode gap and expects to receive U.S. Patent 
protection (82). 

Kanegafuchi also has developed technology to retrofit 
mercury cells with ion-exchange membranes.  The cells 
are specially processed after the mercury is removed. 
Then the membrane is lined into the cell sections where 
the mercury used to run. The process cuts switchover 
costs by 80% (83, 84). 

Olin licensed its Remote Computerized Anode Adjuster 
system to Vulcan. The system monitors, adjusts, and pro- 
tects anodes in mercury cells in order to maintain opti- 
mum electrode spacing. Vulcan is using the system on 
de Nora cells at its Port Edwards, Wisconsin, plant. Olin 
also provides adjusters for its own and Uhde cells (85). 

Japan's  Mitsui Toatsu Chemicals and Chlorine Engi- 
neers process membranes  into bag-like shapes and slip 
them over diaphragm cell electrodes in order to retrofit 
existing plants. Plant  conversion costs cart be cut by 
50%-66% (86, 87). 

Dow Chemical has purchased 12 U.S. patents and 
patent applications and associated technology concerning 
membranes and membrane cells from Allied. Allied sold 
its chlor-alkali business in 1979 (88-90). 

Asahi Chemical has received U.S. Patent  4,357,218 for 
making perfluoro ion-exchange membranes with both 
carboxylic and sulfonic acid groups and the use of the 
membanes in chlor-alkali cells (91-93). 

du Pont  and Diamond Shamrock agreed to settle litiga- 
tion covering membrane technology for chlor-alkali pro- 
duction, du Pont  may license customers to use its Nation 
membranes for chlor-alkali production under  certain Dia- 
mond Shamrock patents (94). 

Although membrane cell technology has advanced rap- 
idly, PPG's  P. J. Kienholz believes that membrane cells 
are not economical enough to replace large, energy- 
efficient diaphragm cell plants (95). 

Legal, environmental, and toxicological develop- 
ments.--The Chlorine Institute filed a complaint with the 
Interstate Commerce Commission (ICC), charging many 
of the nation's railroads with anticompetitive actions. The 
complaint says that the railroads have canceled through 
routes, joint rates, and reciprocal switching arrange- 
ments. The Institute has asked the ICC to order the rail- 
roads to stop the anticompetitive practices (96). 

Hach Company has developed an on-line ins t rument  for 
monitoring residual chlorine in treated waste-water 
streams. The on-line monitor eliminates the need for 
hourly labor-intensive analyses, while assuring adequate 
disinfection without over-chlorinating the effluent (97). 

The EPA is proposing that makers and processors of 
mono-, di- and trichlorinated benzenes conduct toxicity 
and environmental effects tests. The  proposal is being 

Table V. 1983 construction announcements for commercial membrane cell plants 

Capacity 
Company/location (metric ton/yr) Completion date Technology developer Ref. 

General Co. for the 3,150 Late 1984 Eltech (62, 67, 70) 
Paper Industry, 
Egypt 

Subentra, Aceh, 1986 ICI 
Indonesia 

The Chemical Company Late 1984 ICI 
of Malaysia, ICI 
Subsidiary, Padang 
Jawa, Malaysia 

Egyptian Petrochemical 
Cairo, Egypt 

Bela Chemical, 
Bela, Pakistan 

Nikkei Kako 
Kanbara, Honshu, 
Japan 

Qiqihar Electrochemical 
Heilong Jing Province 
Peoples Republic 
of China 

Kureha Chemical 
Nishiki, Fukushima, 
Japan 

160,000 

10,000 

60,000 

14,000 

33,000 

i0,000 

87,000 

(64) 

(65, 73, 79) 

January 1985 Asahi Chemical (77) 

Early 1986 Asal-d Glass (66, 78) 

1985 Uhde (69, 71, 72) 

January 1984 Asahi Chemical (68) 

April 1986 Asahi Chemical (74, 75) 



Vol. 131, No. 9 R E P O R T  O F  T H E  E L E C T R O L Y T I C  I N D U S T R I E S  377C 

made under  the Toxic Substances Control Act. EPA has 
concluded that the tests are necessary because there is 
insufficient data available on the consequences of expo- 
sure to these chemicals (98). 

OSHA has ordered asbestos exposure limits lowered 
from 2 fiber/m 3 to 0.5 fiber/m 3 (99, 100). European coun- 
tries have also adopted a similar standard (101). EPA, 
OSHA, and the Consumer Product Safety Commission 
have set up a task force on asbestos. The group is to de- 
velop a coordinated federal approach to protecting the 
public from the health hazards of asbestos in the 
workplace (102). 

Other  A lka l ine  and Chlorine Compouds 
Caustic potash.--U.S, nameplate capacity for caustic 

potash is about 260,000 tons annually. Production 
through June was runn ing  at 227,000 ton/yr (106). 

Early in the year, the price of liquid caustic potash (45% 
solution) was increased by $1.00 to $13.00 per hundred- 
weight. The price of the dry flake was increased by $2.50 
to $42.35 per hundredweight  (107-111). 

Occidental Chemical and International Mineral and 
Chemicals (IMC) have terminated their 11-year joint  ven- 
ture to make caustic potash, chlorine, and hydrogen in 
Oxy's facilities at Niagara Falls, New York. Oxy decided 
to put the plant on standby so that its hydropower load 
could be shunted to its chlorine-caustic soda plant. The 
joint  venture 's  sales contracts are being transferred to 
Linden Chemicals and Plastics (112-114). 

In  a related move, Linden Chemicals and Plastics will 
shift its Linden, New Jersey, facility, currently on 
standby, from a chlorine-caustic soda plant to a chlorine- 
caustic potash unit. The plant is slated for restart during 
the second quarter of 1984. Capacity is 62,000 tons of 
caustic potash (115, 116). 

The demise of the Oxy-IMC joint venture leaves Dia- 
mond Shamrock, Linden Chemicals and Plastics, Mon- 
santo, and Pennwalt  as the only domestic caustic potash 
producers. Holtrachem says it is the only importer (114). 

Soda ash.--U.S, soda ash production reached 8.4 mil- 
lion tons in 1983 vs. 7.8 million tons in 1982 and 8.3 mil- 
lion tons in 1981 (117, 145). 

U.S. soda ash production capacity is given in Table VI 
(118). 

Early in the year, plants were only operating at 70-73% 
of rated capacity (14). Operating rates jumped over 80% 
during the summer, but  overall yearly rates averaged 73% 
to 74% (131). 

The only remaining synthetic soda ash production 
plant in the United States is Allied's Syracuse, New York, 
facility. It has a capacity of 635,000 ton/yr (118). Though 
there is considerable overcapacity in the industry, Allied 
has strengthened its commitment  to the Syracuse plant 
by expanding its sodium bicarbonate capacity and 
signing a 10 yr multimill ion dollar transport contract with 
Conrail (119, 120). 

Natrona Resources is seeking a partner to develop a 
5,000 acre natural sodium bicarbonate deposit in the 
Piceance Basin of Colorado and Wyoming. The company 
will develop a solution mining  project in Yankee Gulch 
(121). 

Texasgulf Chemicals has acquired all of PQ Corpora- 
tion's sodium leases in Sweetwater County, Wyoming. 
The leases cover 9,273 acres adjacent to Texasgulffs ex- 
isting trona mine and soda ash production facility (122, 
123). 

Table Vl. U.S. soda ash capacity 
(millions of tons per year) 

Allied Chemical 2.8 
FMC 2.5 
Stauffer Chemical 1.7 
Kerr-McGee 1.3 
Texasgulf 1.0 
Tenneco 0.9 

Total 10.2 

Cleveland-Cliffs Iron and Industrial Resources of 
Chicago are proceeding with their July, 1982, agreement 
to develop an 8,359 acre deposit of natural sodium bicar- 
bonate. The expected production rate of the facility is one 
million ton/yr of soda ash (124). 

U.S. soda ash production should increase 3.2% per year 
according to Consulting Resources Corporation (125). A 
world-wide production forecast for the 1980's is given in 
Table VII (125). 

Several companies are proceeding with development of 
new routes to soda ash. Akzo Zout Chemie is pursuing a 
nonelectrolytic route to vinyl chloride monomer  and soda 
ash using a homogeneous catalyst of trimethylamine, cop- 
per II chloride, and iodine in adiponitrile solvent (126, 
127, 128). Asahi Glass claims to lower the energy to pro- 
duce synthetic soda ash by 55% reacting ammonia, so- 
dium chloride, and carbon dioxide into ammonium chlo- 
ride and sodium bicarbonate, which is calcined to obtain 
soda ash (126, 127). FMC Corporation, among others, is 
pursuing a solution mining route to soda ash said to cut 
mining costs by 25%. FMC has invested more than $30 
million in developing the technique and has applied to 
the Wyoming Department of Environmental  Quality for 
clearance to construct a one million ton/yr facility by the 
mid-1980's (126). The department  issued a permit to FMC 
to begin mining in December, 1984. However, Tenneco 
Minerals, operator of a trona mine about 5 miles from the 
FMC project, objected, stating the FMC's brine might 
flood its mine .  The Department of Environmental  Qual- 
ity is expected to respond to Tenneco's complaint in 
April, 1984 (146). 

The soda ash list price remained at $84/ton f.o.b. Green 
River, Wyoming. However, discounts were available. In 
late October and November, 1983, most producers intro- 
duced a temporary voluntary allowance of $15/ton off the 
list price (131-135). 

The listed prices were $140/ton in the Northeast and 
$198.65/ton in southern California (132). 

Major end uses for soda ash are listed in Table VIII 
(129, 147). 

U.S. exports of soda ash were a record 1.64 million tons, 
up 49% from 1982 levels, according to the Bureau of 
Mines. Most of the exports went to the Far East, Latin 
America, and Africa (148). 

Container glass markets are hard pressed by plastic res- 
ins. Glass recycling is growing, reducing demand for new 
glass (147). Flat glass and fiber glass, which have re- 
bounded due to increased housing construction and auto 
production, should offset some lost tonnage. Producers 
hope exports will eventually rescue them (130). However, 
foreign markets may be hard to penetrate due to the 
strength of the U.S. dollar, and due to the fact that West 
European capacity utilization is currently only 65% of its 
nominal  eight million ton per year capacity (136). The Eu- 

Table VII. World soda ash production capacity 
(millions of metric tons per year) 

1980 1990 Change 

Western Europe 7.0 7.6 8.5% 
North America 8.2 10.8 32.0% 
Eastern Bloc 9.3 10.8 16.0% 
Asia, Oceania 3.8 4.7 24.0% 
Latin America 0.6 1.1 83.0% 
Africa and Mid-East 0.3 1.1 266.0% 

Total 29.0 36.0 24.0% 

Table VIII. Major U.S. soda ash markets 
(percent of total market) 

Glass 54 
Chemicals 20 
Soap and detergents 7 
Pulp and paper 4 
Water treatment 4 
Other 11 
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ropean Common Market instituted a $20/ton anti- 
dumping duty against U.S. exporters (137, 138). The Cana- 
dian Department of National Revenue, Customs, and 
Excise also ruled that major U.S. producers dumped soda 
ash on the Canadian market (139, 140). Japan may prove 
to be a growing market for U.S. exports. The Japanese 
Fair Trade Commission has told four Japanese producers 
to eliminate an agreement to control imports (141). 

Soda ash producers hope to develop new markets to re- 
lieve the apparent long term supply-demand imbalance. 
Allied Chemical is trying to reverse acid rain damage to a 
pond with soda ash. Dry injection of trona or nahcolite 
into smoke stacks considerably reduces sulfur emissions. 
The system can only be used on low sulfur (under 1%) 
coals. A 500 MW utility plant might require 50,000 ton/yr 
of trona (142-144). 

Sodium chlorate .--Annual  U.S. capacity for sodium 
chlorate is given in Table IX (149). 

Early in 1983, plants were only operating at 60% of rated 
capacity (177). 

Changes affecting U.S. production capacity announced 
during 1983 follow. 

Kema Nord Bleaching Chemicals purchased one of Oc- 
cidental Chemical's sodium chlorate plants in Columbus, 
Mississippi. Kema Nord also obtained Occidental's know- 
how, patents, and technology for making chlorine dioxide 
(150, 151). 

Pennwal t  will close its Calvert City, Kentucky, plant 
during the first quarter of 1984. The plant has a rated ca- 
pacity of 50,000 ton/yr, but  it reportedly has been 
operating at a lower rate for over a year. The company 
cited an increase in Canadian imports over the past few 
years as the reason for the closing (152). 

Huron Chemicals has started an expansion of its plant 
at Riegelwood, North Carolina. Plant capacity is now 
14,800 ton/yr. The expansion project was based on an im- 
proved model of the company's  240,000A cells (153). 

HO Process Company, a partnership between Olin and 
Huron Chemicals, is building a 14,000 ton/yr, plant at 
Clairborne, Alabama. The plant is scheduled for startup 
in March, 1984. The plant is specially designed to utilize 
off peak power. Cell technology was developed by Huron 
(154, 155). 

Kerr-McGee expanded its Hamilton, Mississippi, plant 
capacity from 40,000 to 62,000 ton/yr by installing a sec- 
ond line with dimensionally stable anodes (156). 

Nameplate Canadian capacity is reportedly 425,000 
ton/yr (157). 

PPG Industries Canada completed a 6,400 ton/yr expan- 
sion at Beauharnois, Quebec. The Stanchem complex 
now has a capacity of 80,000 ton/yr (158-162). 

Erco Industries '  36,000 ton/yr expansion at Bucking- 
ham, Quebec, originally scheduled for completion in the 
second half of 1983, will now start up in the fourth quarter 
of 1984. The expansion was delayed by the recession. The 
cells will use Erco's metal electrode technology. By- 
product hydrogen will be burned to generate steam 
(163-166). 

BCM Technologies delayed the start-up of its $15 mil- 
lion, 25,000 ton/yr plant in Amerstburg, Ontario, due to 

Table IX. U.S. sodium chlorate capacity 
(thousands of short ton/yr) 

Brunswick Chemical, Brunswick, GA 25 
Erco Industries, Monroe, LA 25 
Georgia-Pacific, Plaquemine, LA 27 
Huron Chemicals, Riegelwood, NC 12 
Kema Nord Bleach Chemicals, Columbus, MS 64 
Kerr-McGee, Hamilton, MS 62 
Kerr-McGee, Henderson, NV 32 
Occidental Chemical, Taft, LA 65 
Olin, McIntosh, AL 22 
Pacific Engineering, Henderson, NV 6 
Pennwalt, Calvert City, KY 50 
Pennwalt, Portland, OR 24 
Pennwalt, Tacoma, WA 20 

Total 434 

defective anodes. The anodes were replaced and the plant 
opened in August, 1983. The plant uses Pechiney-Ugine- 
Kuhlmann 's  technology. BCM may double the size of the 
plant if it can obtain Canadian government financial as- 
sistance (167-170). 

Kema Nord is p lanning to double capacity to 65,000 
ton/yr at Magog, Quebec. The expected cost is $21 million 
(Canadian) (171). 

Canadian exports to the United States have been in- 
creasing between 8% and 15% per year, and should con- 
t inue to increase by more than 10% per year in the near 
future. Through November, the export rate was about 
92,000 ton/yr; 7,000 tons above 1982 levels. The reason for 
the growth in exports is hydropower, which allows Cana- 
dian producers to make sodium chlorate less expensively 
than U.S. producers can. Power prices in Canada have re- 
mained relatively stable, while U.S. power costs have 
been erratic and generally increasing. Canadian sodium 
chlorate competes with material produced in the northern 
United States. High shipping costs preclude Canadian 
product from penetrating markets in the Southeast (152). 

List prices for sodium chlorate remained $420/ton for 
crystalline material, though discounts were available (172, 
173, 177). 

Apparent consumption of sodium chlorate in the 
United States should be about 354,000 tons in 1983, a 4% 
increase (174). Pulp and paper markets account for 84% of 
consumption. Other markets include other chlorates 7%, 
uranium processing 5%, and agriculture 4% (175). 

Long-term growth in sodium chlorate demand should 
be about 3%-4% after 1983, paralleling that of pulp output. 
Hydrogen peroxide and oxygen are being used increas- 
ingly in mechanical and chemical pulping processes 
hurt ing sodium chlorate's market share. Some plants 
should be shut down or modernized after 1985 (176). 

Metals 
"There is no single cause for America's recent decline 

as a minerals producer, and there is no single answer to 
our predicament. The reasons for our growing inability to 
compete in the world market are many-some specific to 
an individual deposit, others generic and affecting the en- 
tire industry. Usually a combination of forces is at work, 
but  the combination is not the same for any two miner- 
als." 

"So let us stop looking for villains on one side, and 
panaceas on the other. Those of us with a real concern for 
America's mineral security must  understand that, just  as 
the industry's troubles are caused by a combination of 
forces, so must  a combinat ion of policies be assembled to 
combat those forces" (178). 2 

Difficult times for nonferrous metals continued in 
1983. As a result of high metal stocks in London Metal 
Exchange warehouses, there was continued downward 
pressure on prices (179). The anticipated economic recov- 
ery was slower and less vigorous than many had hoped, 
and, to some extent, seemed to pass the nonferrous met- 
als by (180). At the beginning of 1983, there were an esti- 
mated 150,000 fewer people working in the U.S. in mining 
and mining-related jobs than a year earlier, and roughly 
one-half of the capacity of the U.S. metals mining indus- 
try was idle (181). 

In Canada, too, the problem was acute. The Canadian 
mining industry was seen as fighting for survival. The 
key to survival, according to Charles Baird, chairman and 
CEO of Inco, Limited, is more efficient production (182). 
Government  assistance, especially in the area of tax pol- 
icy, was also recommended. 

Despite the gloom in the nonferrous industry, however, 
1983 produced the beginning of a recovery in the alumi- 
num and zinc markets. The recovery of those two metals 
was related to improvements in the housing and automo- 
tive industries (179). 

U.S. Department of Commerce economists predicted 
that nearly all segments of the nonferrous metal industry 

Robert Horton, Bureau of Mines Director, in a speech to the 
American Mining Congress. 
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would improve in 1984 (183). However, only a modest in- 
crease in demand was predicted for titanium. Military de- 
mand for Ti mill products will be flat, and needs for com- 
mercial aircraft will be relatively low, according to the 
Commerce Department economic forecast. 

The long-term future of the metals industries can only 
be viewed with some concern. Major efforts are needed to 
cope with the accelerating pace of technology (184). At 
the same time, engineering and plastics are coming of 
age. In applications, including business machine hous- 
ings, automobile body components,  as well as many oth- 
ers, the use of engineering thermoplastics may jump by 
50% by 1987, to 1 billion lb/yr (185). 

Aluminum. - -Produc t ion  and capacity.--World.-- 
Table X contains the current world's primary a luminum 
capacity and the anticipated capacity in 1986 listed by re- 
gion (186, 187). 

United States.--Table XI contains information on the pri- 
mary a luminum capacity in the United States listed by 
company (188, 189). 

The U.S. a luminum industry was only operating at 58% 
of capacity in January (188). Capacity utilization rose dur- 
ing the year to 72% as the economic recovery took hold 
(190). By year-end capacity utilization was about 80% 
(265). 

Primary domestic production of a luminum was 
3,696,000 short tons in 1983 compared to 3,609,000 short 
tons in 1982 (289). 

Major manufacturers made the following changes in 
their oDeratin~ capacity in 1983. 

Alcoa raised its primary a luminum production to 97% 
of capacity by year end. The firm restarted plants in the 
following locations: Rockdale, Texas; Badin, North Caro- 
lina; Alcoa, Tennessee: and Warrick, Indiana. The facto- 
ries accounted for 241,240 metric tons per year additional 
production (191-195). Alcoa may start up two idle potlines 
with a 44,000 metric ton/yr capacity in Vancouver, Wash- 
ington, depending on power rates issued by the Bonne- 
ville Power Administration. If the lines were reopened, 
Alcoa's U.S. system would be operating at 100% of rated 
capacity (194). 

Arco Aluminum restarted a 36,000 ton/yr potline in Co- 
lumbia Falls, Minnesota (196), and 60,000 torgyr potline in 
Sebree, Kentucky (197). 

Table X. World primary aluminum capacity--1983, 1986 
(thousands of metric tons per year) 

1983 1986 

Africa 623 623 
North America 6,108 6,221 
Latin America 1,063 1,308 
East Asia 800 750 
South Asia 920 1,030 
Europe 3,646 3,653 
Oceania 713 1,106 

Total 13,873 14,691 

Table XI. U.S. primary aluminum capacity - -  1983 
(thousands of short tons per year) 

Alumax 197 
Aluminum Co. of America 1,576 
Arco Aluminum 360 
Consolidated Aluminum 182 
Eastalco (Alumax-Howmet) 176 
Intalco (Alumax-Howmet) 280 
Kaiser Aluminum & Chemical 724 
Martin Marietta Aluminum 275 
National-Southwire Aluminum 180 
Noranda Aluminum 230 
Ormet (Revere-Consolidated) 270 
Revere Copper & Brass 117 
Reynolds Metals 975 

Total 5,542 

Kaiser shut down two potlines in Chalmette, Louisiana, 
totaling 55,000 tons/yr capacity but  restarted potlines in 
Spokane, Washington, and a 40,750 torgyr potline in 
Ravenswood, West Virginia, shut down since January, 
1982 (199, 200, 237). 

Reynolds Metals raised its operating rate to 78% of ca- 
pacity by restarting potlines in the following locations: 
Jones Mill, Arkansas; Troutdale, Oregon; Longview, 
Washington; Malvern, Arkansas; and Listerhill, Alabama-" 
totaling 217,000 tons/yr additional operating capacity (201, 
202). Some of the restarts were due to lower power 
rates offered by the Bonneville Power Administration 
(BPA) in the Northwest (201, 202) and the Tennessee Val- 
ley Authority in the Southeast (211), in addition to im- 
proving markets. BPA offered the power discount 
through October, 1983, to firms which restarted idle ca- 
pacity when it discovered 1,000 MW of surplus power 
(212). As a result, Alcoa, Kaiser, and Reynolds all 
restarted idled capacity in the Northwest (213). 

Reynolds purchased Consolidated Aluminum's  Lake 
Charles, Louisiana, a luminum production complex, in- 
cluding a 36,000 ton/yr primary a luminum smelter, a 
240,000 ton/yr calcine coke plant, and a 135,000 ton/yr car- 
bon anode plant. The anode plant will supply Reynolds'  
expansion of its Bale Comeau, Quebec, primary smelter 
scheduled to come on stream in early 1985 (214-216). 

Alumax has deferred its plans to build a $600 million, 
220,000 metric torgyr a luminum plant at Umatilla, 
Oregon. The main reason is the rapid rise of electricity 
costs in the Pacific Northwest (217). 

Alumax purchased Howmet Aluminum, a subsidiary of 
Pechiney Ugine Kuhlman. The acquisition increased the 
size of Alumax by 50%. Alumax is owned 50% by Amax, 
Incorporated, 45% by Mitsui and Company, and 5% by 
Nippon Steel (218). 

Arco Aluminum has sold its a luminum smelter at 
Sebree, Kentucky, plus other processing plants in the 
U.S. and an alumina interest in Ireland to Alcan (249, 250). 
Arco also wishes to sell 40% of its a luminum plant in Co- 
lumbia Falls, Montana. Total capacity at the site is 180,000 
ton/yr (251). 

Alcoa will invest $120 million over the next two years to 
modernize its Warrick, Indiana, operations. It is also 
evaluating an additional $150 million investment  in  the 
a luminum smelting and rolling plant (237). 

Reynolds plans to sell its Hurricane Creek alumina 
plant and related bauxite mining operations in Arkansas. 
Production ceased on August 1, 1983. The chemical prod- 
ucts facility continues to operate using purchased alu- 
mina (219, 220). 

Toth Aluminum started the first metallic chlorides 
plant in the U.S. based on kaolin clay raw material rather 
than bauxite. The plant will produce 100 million lb/yr of 
silica chloride, t i tanium chloride, and a luminum chloride 
by the end of 1984. Plant  cost was $8.5 million (221, 222). 

Earth Sciences has applied to the Bureau of Land Man- 
agement for a lease on a 1,600 acre alunite deposit in 
southwest Colorado. It estimates the project could sup- 
port production of 500,000 torgyr of a luminum (264). 

The industry has achieved a 21.9% reduction in the 
amount  of energy used to make a luminum vs. the base 
year of 1972. The industry had set a 20% reduction for 
1985. Energy savings resulted from savings in the reduc- 
tion process, in holding, casting, melting, and fabrication 
(223, 224). 

Canada.--Canadian primary a luminum capacity is listed 
in Table XII (188). Canadian producers started the year 
operating at 85.7% of capacity (188). Capacity ut i l izat ion 
was over 98% January, 1984 (233). 

Alcan restarted potlines at Arvida-Jonquiere, Quebec, 
and Kitimat, British Columbia amount ing to 41,500 ton/yr 
of additional production. The company finally started 
the last two of three potlines delayed since 1981 due to 
the recession at its Grand Bale, Quebec, site (225-234). 
The additional production was prompted by ingot orders 
exceeding Canadian production, especially from Western 
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Europe and the Far East (231). 
Alcan will proceed with plans to build a $1 billion 

smelter in Laterriere, Quebec, which will ultimately re- 
place part of the production from the Arvida, Quebec, 
plant. The company had previously deferred its plans due 
to the business downstream (235-237). 

Alcan may build two a luminum smelters with a com- 
bined capacity of 375,000 metric ton/yr and 700,000 kW 
hydroelectric plant in British Columbia pending govern- 
ment  approval. The entire unit  could cost as much as $3 
billion (Canadian) (237). 

Pechiney Ugine Kuhlman will build a 230,000 metric 
ton/yr a luminum smelter in Becanour, Quebec. The pro- 
vincial government will provide a portion of the funding 
for the project. Hydro-Quebec will provide 400 MW of 
electricity at reduced prices for 25 yr. Total cost of the 
project is $1.2 billion. Capacity could be increased to 
345,000 metric tons by adding a third potline. The plant 
will use Pechiney's 180,000A pots, which c_onsume 13,500 
kWh/ton a luminum (238-245). Alumax has an option to 
participate in the project (243, 246). 

Canadian Reynolds will add 125,000 metric ton/yr to its 
Bale Comeau, Quebec, a luminum plant. The expansion 
will cost $500 million. Hydro-Quebec is offering a 50% re- 
bate on electricity until  1990 (246-248). 

Alcan completed an $82 million 1.2 million ton/yr alu- 
mina plant in Arvida-Jonquiere, Quebec (252, 253). 

Japan.--Aluminum production in 1983 was expected to 
be about 250,000 metric tons vs. 351,000 metric tons in 
1982, reflecting higher power costs. The five Japanese 
a luminum smelters are running  at a combined 2 billion 
yen/month loss operating at 35% of capacity (254-256). 
Japanese manufacturers reduced a luminum smelting ca- 
pacity by 54% between 1979 and 1982 (257). 

Japanese import demand will rise to 1.8 million metric 
tons by 1985 and to over 2 million metric tons by 1990. 
The Japanese a luminum industry has invested overseas 
and will be entitled to 700,000 metric tons from these 
sources in 1985. Another 400,000 metric tons will be 
supplied to Japan by long-term contract in 1985 (258). The 
current level of a luminum imports is 1.35 million metric 
tons (259). 
Western Europe.--The leading West European a luminum 
producers, and their capacities are given in Table XIII 
(260). 

Primary a luminum production in Western Europe for 
1982 is listed by country in Table XIV (261). 

Australia.--Alcan, which was operating its 90,000 metric 
ton/yr smelter at Kurri Kurri at 64% of capacity in 1982, 
reached full capacity at the site by year end (262). It 

Table XII. Canadian primary aluminum capac i ty -  1983 
(thousands of short tons per year) 

Alcan Aluminum 1185.0 
Arvida, Que. 476.2 
Isle Maligne, Que. 80.5 
Shawinigan Falls, Que. 92.6 
Grande Bale, Que. 188.5 
Beauharnois, Que. 51.8 
Kitimat, B.C. 295.4 

Canadian Reynolds Metals, 
Bale Comeau, Que. 175.0 

Total 1360.0 

Table XIII.  West European aluminum capacity - -  1982 
(thousands of metric tons) 

Pechiney Ugine Kuhlman 765 
Alusuisse 478 
Ardal 370 
VAW 345 
Endasa 320 
EFIM 280 
Alcan 220 
Norsk Hydro 160 

Table XIV. West European aluminum production - -  1982 
(thousands of metric tons) 

Austria 93.9 
France 390.8 
West Germany 722.8 
Greece 134.9 
Iceland 77.0 
Italy 232.9 
Netherlands 248.2 
Norway 645.1 
Spain 366.5 
Sweden 78.9 
Switzerland 75.3 
United Kingdom 240.8 

Total 3307.0 

plans to resume construction of a third potline at the 
plant, raising capacity to 145,000 metric tons. Startup is 
anticipated by the end of 1984 (263). 

Markets and priees.--Shipments by domestic a luminum 
producers in 1983 jumped by 16% to 13.9 billion pounds 
from the depressed level of about 12 billion pounds in 
1982 (265). Aluminum supplies tightened as producers 
rushed to restart idled capacity (266). Consequently, 
prices rose. Spot prices went from 44 cents/lb in October, 
1982 to 76 cents in November, 1983 (266). List prices were 
raised 6.5% to 81.5 cents/lb in August, 1983, the first list 
price increase since 1980 (267, 268). Prices may jump an- 
other 20% by mid-1984 (269). Some forecasters see a glo- 
bal a luminum shortage developing in 1984 (269), though 
top industry executives do not forsee a shortage occur- 
ring until  1985 (265, 266). 1984 shipments are expected to 
grow another 7%-9.5% over 1983 (265, 266) with the largest 
growth areas in tansportation (22%), electrical (13.9%), and 
machinery and equipment  (18.9%) (265, 270). In the auto 
industry, a luminum is being used for intake manifolds 
and cylinder heads. Pore-free a luminum is being used in- 
creasingly for structural components such as wheel and 
chassis parts and in brake cylinders, brake rotors, and cal- 
ipers (271). 

C. W. Parry, new chairman and chief executive officer 
of Alcoa, believes that the fundamentals of the a luminum 
business will never be the same again because 40% of the 
free-world's capacity is in the hands of government- 
controlled companies whose policies tend to depress glo- 
bal a luminum prices. He believes that the long-term sur- 
vival of the U.S. industry will depend on new technology, 
company-union cooperation, and growth strategies (272, 
273). 
New products  and technology. - -TAFA Incorporated has 
developed an a luminum alloy which "has the characteris- 
tics of conventional metals-strength, durability, machin- 
ability, and electrical conductivi ty-but  can be rapidly dis- 
solved by water. Tl~e company foresees a number  of uses 
for the product, such as encapsulation of organic com- 
pounds for marine applications, sensors for water alarms 
for flood control, and for various delayed-release marine 
or military needs (274-276). 

Alcoa has developed three low density aluminum- 
l i thium aircraft alloys formulated to maximize damage 
tolerance or strength. Weight reductions of 8% are possi- 
ble with a cocurrent fuel saving (277). 

A Japanese firm, Progressive Business Group, has de- 
veloped a battery using an a luminum anode, a carbon 
cathode, and an aqueous nitric acid electrolyte. Many ef- 
forts have been made to incorporate a luminum into 
batteries because of its potential ability to supply more 
electrons per unit  weight than most other materials. Be- 
cause the battery is not rechargeable and spent acid may 
be hard to dispose of, uses may be limited. The group will 
commercialize the battery through licensing or partner- 
ship agreements with other firms (278, 279). 

Arco Metals will develop technology for producing alu- 
minum chloride from kaolin clay under  an agreement 
with Alcoa. Alcoa has already developed a process for 
producing a luminum via electrolytic reduction of alumi- 
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num chloride. Kaolin clay is widely available in the U.S. 
and North America, whereas bauxite, the raw material for 
the existing Hall process, is not. Commercialization is not 
expected until the 1990's (280-283). 

Alcoa has modernized technology used to make carbon 
anodes for a luminum cells and is offering it for sale. The 
new technology uses better insulating materials, elimi- 
nates refractory joints, and improves air seals. The anode 
is more uniformly baked and increases power efficiency 
of the smelter by approximately 1% (284-286). 

The Department  of Energy has patented a new alumi- 
num process. Crushed aluminum ore and coke are 
blended, pressed into pellets, and placed in a reactor. 
Gaseous sulfur is forced over them converting alumina to 
a luminum sulfide. Aluminum sulfide is heated in an 
electric arc furnace, where it decomposes into aluminum 
monosulfide, which cools and produces molten alumi- 
num metal. The new process consumes 33% less energy 
than the Bayer-Hall process (287). 

Chemfix Technologies has patented a process for 
disposing of a luminum plant wastes. The wastes, known 
as red mud tailings, are processed into a substance that 
can be used for landfill cover (288). 

Beryl l ium.- -Domest ic  beryllium mineral production 
declined in 1983 (290). Imports for consumption also 
dropped, from 115 short tons in 1982 to an estimated 100 
short tons in 1983. 

Apparent  beryllium consumption, which plummeted 
from 303 to 150 short tons between 1981 and 1982, 
climbed to about 200 short tons in 1983 (290). Consump- 
tion was broken down as follows: 40% as metal in nuclear 
reactors and aerospace applications; 36% as an alloy and 
oxide in electrical equipment;  17% as an alloy and oxide 
in electronic components;  and 4% in other applications. 
Beryll ium recycling is insignificant. 

The price of domestic beryll ium metal remained at the 
$194 per pound level of  1982 (290). A summary of  U.S. 
production and consumption figures is given in Table 
XV (290). 

Imported beryllium is obtained from China (40%), Bra- 
zil (38%), Republic of South Africa (5%), Rwanda (4%), and 
other sources (13%) (290). World mine production figures 
are given in Table XVI (290). 

In August, the General Services Administration an- 
nounced that it would buy beryllium from Brush Well- 
man Company, the free world's only integrated producer 
(291). The quantity was not disclosed, but was termed 
"substantial." 

Table XV. U.S. beryllium production and consumption 

1981 1982 1983/est. 

Mine production W* W W 
Imports for consumption (ton) 87 115 100 
Apparent consumption (ton) 303 150 200 
Price, dollars 

Domestic metal, per lb. 173 194 194 
Imported ore, per s.t.u. 

(20 lb) BEO 94 121 138 

* Withheld to avoid disclosing proprietary data. 

Table XVI. World mine production of beryllium 

Country 

Mine production (ton) 

1982 1983/est. 

United States W W 
Argentina 1 1 
Brazil 35 40 
Republic of South Africa 3 3 
Rwanda 4 5 
Other market economy countries 3 3 
China N.A. N.A. 
Other centrally planned economics 80 80 

World total 126 132 
(Excluding U.S. and China) 

Brush Wellman began a $3.4 million government  study 
on expanding or modernizing the company's  metallic be- 
ryllium facilities in 1982 (291). Results of the study have 
not yet been announced. Brush Wellman will also install 
additional production capacity for beryllium copper 
round products. Work is expected to be completed by 
1985. 

A new copper-based alloy was introduced by Penn Pre- 
cision Products to replace beryllium copper in electronics 
parts applications (291). The alloy costs about $8/lb com- 
pared with about $10.50 for beryllium copper. Also, beryl- 
l ium copper has been listed as a latent carcinogen, while 
the new alloy is not (292). 

In the first change in beryllium copper prices since 
September,  1982, Brush Wellman announced in Decem- 
ber a 5%-8% increase on certain beryllium copper prod- 
ucts, although increased discounts on large quantities 
were also offered (293). Following Brush Wellman's lead, 
Cabot Corporation posted 5%-6% increases on certain 
products (294). A quantity discount schedule for annual 
contract purchases of beryllium strip was also expanded. 

Trends (290).--Estimated 1984 beryllium concentrate pro- 
duction will not change markedly from the 1983 level. 
U.S. consumption of oxide, alloy, and metal will be about 
200 tons. 

OSHA regulations, issued in 1975 and still under con- 
sideration in 1983, may result in higher production costs 
or loss of some production capacity if accepted. 

Identified domestic beryllium resources are estimated 
at 80,000 tons. This quantity is sufficient to supply U.S. 
needs for the foreseeable future. 

Chromium.- -South  African chromium ore production 
was estimated at 2.4 million metric tons in 1983 (a slight 
increase), reflecting a modest  demand increase for chro- 
mite. 1983 production in other countries was not yet avail- 
able (295). 

The 1983 production of chromium ferroalloys and metal 
was running 64% behind the 1982 level (296). Producers 
had a 22 month supply of chromite stockpiled during the 
year (297). 

The price of vacuum-grade electrolytic chromium metal 
used primarily by the superalloy industry increased 40r to 
$4.40 per pound on Ju ly  1, 1982 (298). 

American dependence on foreign supplies of strategic 
chromium and cobalt would be sharply reduced with the 
opening of the California Nickel Corporation mine and 
processing facility in Crescent City. The proposed $300 
million operation would supply 50% of the nation's de- 
fense needs for chromium and 80% of the military needs 
for cobalt (299). 

The world's first plasma recycling plant is being built 
for Scan Dust AB in Landskrona, Sweden. The plant will 
recover 35,000 tordyr of zinc, lead, nickel, chromium, mo- 
lybdenum, and other metals from 70,000 tordyr of iron 
and steel works baghouse dust. Dust availability could be 
a limiting factor. The plant is scheduled to start opera- 
tions in early 1985. The technology was developed by 
SKF Steel (300). 

The General Services Administration sent out a request 
for bids for upgrading chromium ore as part of the gov- 
ernment 's  ferroalloy stockpiling program. Only 125,000 
tons of chrome ore will be available for upgrading during 
the first year of the 10 year program. The total govern- 
ment  stockpile of chrome ore is 171,034 tons (301). The 
stockpile program will focus on higher grade ores first 
since the higher energy costs to process the lower grade 
material would have quadrupled the program budget  
(302). 

The British government  appointed Brandeis, the 
Pechiney Ugine Kuhlman trading company based in 
London, to coordinate its stockpiling program. Various 
strategic ores are to be purchased, including 40,000 tons 
of chrome ore, 20,000 tons of high carbon ferrochrome, 
and 20,000 tons of charge ferrochrome (303,304). 

A new chromate conversion coating based on triva]ent 
instead of hexavalent  chromium has been introduced by 



382C 

Pavco, Incorporated. The new coating will allow users to 
more easily comply with the stricter January, 1984, regu- 
lations (305). 

du Pont  is forecasting that chromium dioxide will grow 
at an annual  rate of 20% until  1990 and is doubling its cur- 
rent capacity at Newport, Delaware (306). 

Concerns over the future supply of chromium have 
caused vigorous scientific research programs to look for 
replacements. The most promising materials are fine- 
grained rapidly solidified alloys, amorphous alloys, eu- 
tectic composites, long-range ordered alloys, intermetallic 
compounds, and structural ceramics (307). 

Copper.--The copper industry in 1983 was plagued by 
low prices, as sagging demand extended the problems of 
1982 (308). The general improvement  in the economy, par- 
ticularly in the U.S., had a positive impact on zinc, but  
produced little optimism among copper producers, con- 
cerned with oversupply and long-term problems such as 
the threatened loss of electrical markets to other tech- 
nologies. According to Asarco, Incorporated, consumer 
markets had "responded to the general economic recov- 
ery, but  the capital goods sector, which accounts for more 
than 50% of copper consumption, has not (309). 

The domestic copper industry was also depressed by 
high foreign production levels, sparking criticism of inter- 
national economic policy. 

Domestic production.--The domestic copper industry 
struggled in 1983, as production continued the slide be- 
yond already-low 1982 levels. Production and consump- 
tion statistics (310) are given in Table XVII. Imports of 
refined copper jumped dramatically, as consumption in- 
creased while domestic production flagged (310). 

Phelps Dodge assumed smelting operations at its 
Douglas, Arizona, operations after a 5-month shutdown 
(311), and expected to reach production of 300 short 
ton/day of anodes. The future of the Douglas smelter, 
however, is uncertain, because it does not meet the air 
pollution limits of the U.S. Clean Air Act. To satisfy the 
federal requirement would require almost total re- 
building, at a cost of more than $580 million. The plant 
now operates under  an extension permit, which expires 
in 1987. 

Construction of Phelps Dodge's $35 million solvent ex- 
traction electrowinning plant in Tyrone, New Mexico, 
was proceeding on schedule. The plan leaches low-grade 
material with water, to produce a copper solution, which 
is pumped directly to an electrowinning cell. The re- 
sulting cathodes are pure enough to sell without further 
refining (311). 

Phelps Dodge planned to spend $75 million to bring its 
Morenci smelter within pollution limits. However, the PD 
smelter at Ajo, which exceeds pollution limits and has no 
extension permit, will remained closed for the foreseeable 
future (311). PD's new continuous cast copper rod mill at 
E1 Paso, Texas, commenced operating in 1983, and was 
running  at 85% of its rated 500 million lb/yr capacity in 
April, 1983. 

Table XVII. U.S. copper production and consumption (338,363) 
(thousand metric tons copper content) 

J. Electrochem. Soc.: R E V I E W S  A N D  N E W S  

1982 1983 (prelim.) 

Production 
Mine 1,140 1,045 
Refinery, Primary 1,227 1,182 
Refinery, Secondary 468 431 
From scrap, all sources 518 465 

Imports for consumption: 
Total 513 655 
Ores and Concentrates 118 91 
Refined 258 460 

Exports 
Total 345 218 
Ores and Concentrates 195 50 
Refined 31 81 

Refined consumption, reported 1,658 1,783 
Total consumption, apparent 1,760 2,030 
Refined stocks, year end 676 693 

September  1984 

At mid-year, Phelps Dodge was struck by union work- 
ers when the company requested an 8% reduction in total 
labor costs (312). However, the strike did not produce a 
copper market rally, as labor settlements were concluded 
by Asarco, Amax, and Magma. 

Kennecott  closed its McGill, Nevada, custom copper 
smelter indefinitely, citing a lack of available concen- 
trates (313, 314). The smelter had an annual  production 
capacity of 50,000 short tons of blister copper. Kennecott  
planned to restart the facility when copper business im- 
proved (315). The squeeze in concentrate supply was 
linked to low domestic mine production, coupled with ex- 
panding world smelting capacity, especially in the Phil- 
ippines and Brazil. Tight concentrate supplies coincided 
with an oversupply of blister copper, as Zaire reportedly 
put 50,000 tons of blister on the market (313). 

Kennecott  was able to cut copper production costs at 
its Chino, New Mexico, mine and smelter to below 
$0.75/lb (316). Further cost reductions are anticipated 
when the new flash smelter is completed in 1985. Chino's 
smelting capacity will be increased from 300,000 to 
500,000 short ton/yr when the smelter project is finished. 
The Chino modernization, costing about $120 million, will 
be two-thirds paid by Kennecott  and one-third by its part- 
ner, Mitsubishi Corporation. 

Noranda Mines announced the closing of its copper 
mining  and vat leaching operations at Casa Grande, 
Arizona, in August (317, 318). Ground conditions at the 
mine, situated on a fault, resulted in high costs and ore 
losses. However, leaching operations at an adjacent 
sulfide ore body were continued. 

Asarco scheduled the reopening of the Silver Bell cop- 
per mine in Arizona for October 1, 1984, to coincide with 
start-up of Asarco's new oxygen flash furnace at the 
nearby Hayden, Arizona, smelter (317). Silver Bell pro- 
duction is normally 21,000 short ton/yr of copper as con- 
centrate. At the same time, Asarco also announced layoffs 
at its Mission mine near Tucson (319), due to depressed 
market conditions. 

Because of low-cost, rich ore bodies in Latin America, it 
is unlikely that any new U.S. mines will be opened in the 
near future (320). U.S. porphyry ores average 0.6%-0.7% 
copper, while Chilean ore has a copper content  of about 
1.5%, and Peruvian ore is about 1% copper. In addition, 
U.S. costs per employee are about three times higher than 
in Chile, while productivity is comparable, according to 
Leon Kovisars of Met Research, Incorporated (320). 
Kovisars also claimed that production costs per pound 
were 25-40r in Chile, and 45-50r in Peru. In contrast, 
North American costs are 60r to $1.30/lb, mostly toward 
the high end of the range. 

In 1983, there was growing criticism from the domestic 
copper industry that international monetary and banking 
policy was financing its demise (321). An unidentified 
raining company official claimed that mines in Peru, 
Zambia, and Zaire were selling copper at 10r per pound 
below their costs, as roughly 100,000 lb/month of foreign 
copper are dumped on the world market (319). The World 
Bank and the International  Monetary Fund, largely 
funded by the U.S., were faulted for making loans to less- 
developed countries to maintain or expand their state- 
owned copper production (321). According to L. William 
Seidman, director and former Vice-President of Phelps 
Dodge Corporation, over 40% of free-world copper pro- 
duction is owned or under  control by governments of 
less-developed countries. State-owned mines, Seidman 
said, operate at maximum levels "to maximize foreign ex- 
change revenue, regardless of profitability" with losses, 
in effect, subsidized by the IMF (322). Seidman's remarks 
were made in test imony before the Senate Committee on 
Energy and Natural Resources. 

Similar criticisms were made by Charles Barber, former 
chairman and chief executive of Asarco, during a panel 
discussion at an economics symposium sponsored by the 
American Institute of Mining, Metallurgical, and Petro- 
leum Engineers (323). "While U.S. mines were shutting 
down, the IMF was passing out [large-scale aid] to its six 
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clients," Barber said, referring to $568 million in loans to 
Chile, Zambia, Zaire, Peru, Papua, New Guinea, and the 
Philippines. Similar concerns over IMF policy have also 
been expresed in Canada (324). 

Representatives from the American Mining Congress 
and several leading copper producers began an educa- 
tional campaign to show that copper smelters are not 
contributing to acid rain (325). The campaign was in re- 
sponse to a White House task-force report which claimed 
that smelters contribute to acid rain in the eastern U.S. 
and Canada. The representatives told EPA head William 
Ruckelshaus that the emissions capture rate had risen 
from 10% in 1970 to about 60% today, and should rise to 
70%-80% by 1988. 

Foreign production.--While worldwide copper produc- 
tion fell by 80,000 metric tons between 1982 and 1983, for- 
eign mine production remained approximately constant, 
as all of the decrease was attributable to the United 
States. World mine production is summarized in Table 
XVIII (310). 

Despite soft markets, some foreign copper producers 
made commitments  to expansion in 1983. Chile's Codeleo 
began a major expansion and modernization program to 
raise its smelting and refining capacity from about 
533,000 ton/yr to nearly 880,000 ton/yr by the end of the 
decade (311). The first step was to increase the electro- 
lytic capacity of its E1 Salvador division, from 78,000 to 
90,000 ton/yr during 1983. 

Codelco's mining capacity was not planned to increase 
above the current level of about 1 million ton/yr. This was 
attributed in part to a 27% drop in ore grade at Chuquica- 
mata, Codelco's largest mine, from 2.2% to 1.6% copper 
(326). There was also concern over the recent U.S. protec- 
tionist sentiments. The U.S. normally consumes about 
14% of Codelco's copper. 

In Canada, Asarco announced plans to reopen its 
Buchan, Newfoundland, mine (327). The mine, which 
yielded 500 ton/yr of copper before closure in 1981, has an 
ore body with an estimated three-year reserve. After a 
poor third quarter, largely due to its copper business, 
Noranda Mines decided to cut its copper output by nearly 
half (328). Noranda's Montreal refinery was scheduled to 
produce 110,000 tons in 1983, against 216,590 tons in 1982. 
In  addition, Noranda planned to operate only copper 
mines with significant by-product yields. Plans for devel- 
oping Noranda's underground ore body in Murdochville, 
Quebec, were shelved, and the smelter there, operating 
mainly on Chilean ores, could be in peril (329). 

Falconbridge Copper announced it would sink a $7.6 
million shaft near Schreiber, Ontario, beginning in the 
spring of 1984 (330). The ore body is estimated to contain 
17.8% zinc and 0.94% copper. Comineo began mining low 
grade ore south of Kamloops, but  milled only 23,000 
ton/day (331). To raise milling to 45,000 ton/day would re- 
quire a new $250 million concentrator, which cannot be 
justified at a copper price below about 90r 

Table XVIII.  World copper mine production and reserve base (310) 
(thousand metric tons of copper content) 

Mine production 
1982 1983 (est.)  Reserve base 

United States 1,140 1,045 90,000 
Australia 247 250 16,000 
Canada 606 600 32,000 
Chile 1,241 1,250 97,000 
Peru 369 330 32,000 
Philippines 293 320 18,000 
Zaire 503 490 30,000 
Zambia 584 580 34,000 
Other market 

economy countries 1,277 1,280 101,000 
Poland 348 350 15,000 
USSR 970 1,000 36,000 
Other centrally 

planned economies 462 460 9,000 

Total 8,040 7,955 510,000 

Brenda Mines of Vancouver mothballed its Peachland, 
British Columbia, operation (331). Placer Development 
sharply curtailed production at its Gibraltar mine (331). 
However, low-cost producer Lornex Mining Corporation, 
Limited, was operating at full capacity of 86,000-88,000 
ton/day (331). 

Sherritt Gordon continued to operate its loss-making 
Ruttan mine in northern Manitoba (332). By March, 1984, 
the company expected to find a partner to fund the $30 
million expansion necessary for the mine's survival. 

Zambian copper shipments through the Dares  Salaam 
port were increased from 30,000 to 40,000 ton/month after, 
logistics problems were solved (312). However, backlog 
problems again surfaced later in the year, as a rail strike 
halted shipments in the copper belt (328). The Konkola 
division of Zambia-Consolidated achieved a record 1.93 
million tons of ore hoisted in the year ending March 31, 
:1983 (316). In addition, the 48,574 tons of copper output in 
concentrate was the highest since 1972. However, in late 
1983, Zambian president Kenneth  Kaunda requested 
other major copper producing countries to join Zambia in 
curtailing refined metal output to force a world price rise 
(333, 334). Copper accounts for over 90% of Zambia's for- 
eign exchange earnings. It appeared that Kaunda 's  pro- 
posal would meet resistance among other members of the 
Intergovernmental  Council of Copper Exporting Coun- 
tries (CIPEC). In  particular, Chile, the largest and most 
influential copper producer, is committed to expanding 
copper output through the decade. 

CIPEC also expressed concern over draft legislation be- 
fore the U.S. Congress, which would impose a tax on cop- 
per imports (326). The "environmental  equalization" tax 
would reduce the smelting and refining cost advantage 
of foreign producers over domestic companies, by raising 
the copper duty from 0.8 to 10C/lb. 

Zaire's copper exports, through its state-owned market- 
ing agency, Sozacom, were expected to rise from last 
year's 489,535 tons to as high as 500,000 tons (316). The im- 
provement was partly due to increased sales to China and 
Japan. 

Japan purchased more copper from Pasar of the Philip- 
pines, as well as Zaire (335). Premiums on Zambian cop- 
per through 1983, coupled with low Japanese demand, re- 
duced Zambian exports to Japan. There was speculation 
that Japanese smelters would cut back production by 
about 10% in 1984, from current production levels of 
85,000 ton/month (336). An eight-member consortium of 
Japanese companies, led by Nippon Mining Company, 
withdrew from a copper development project in Zaire, 
after losing some $220 million since the project was or- 
ganized in 1976 (337). 

Prices.--Throughout 1983, copper prices were low. To re- 
gain market share, three of the big four Canadian pro- 
ducers-Noranda, Kidd Creek, and Inco-moved to 
COMEX-based pricing formulas, using the COMEX price 
plus a 3-5r premium. The fourth, Hudson Bay, continued 
with a list price (338). Later in the year, Phelps Dodge 
moved to price its copper rod at the COMEX price plus 
about a 7r premium (339). 

In  June, swollen stocks pushed prices to two-month 
lows (340). Domestic producer prices were 78-79r while 
the COMEX price was 73.8r Adding to the problem 
were worldwide production increases and restarting of 
North American refineries as producers, notably Inco 
and Phelps Dodge, attempted to improve cash flow. As a 
result, prices slid even further, the producer price 
reaching 77.5-78r (313). 

According to P. E. Shortal, Jr., manager of metals pur- 
chasing at Olin Brass, excess inventory would depress 
prices at least into 1984 (341). Combined warehouse 
stocks of COMEX and the London Metal Exchange 
reached 620,000 tons in July, compared with about 
350,000 tons in October, 1982 (342). According to the sec- 
retary general of CIPEC, Eduardo Llosa, only a further 
production cutback, from the 750,000 metric tons capacity 
already shut, mainly in the U.S. and Canada, were neces- 
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sary for a real boost in prices (343). Llosa said cutbacks 
should take place at high cost mines, and not among gen- 
erally low cost CIPEC producers. 

Prices slumped even lower in October, as Asarco low- 
ered its quote to 69r and a host of domestic producers 
reacted by dropping prices to 70r (344). The COMEX 
price, meanwhile, was 65.95r The retreat was blamed on 
a similar decline in gold and silver prices. Despite this 
disappointing turn, Anthony Bird Associates predicted an 
average 94.2r price in 1984, arising from a 10% con- 
sumption increase, coupled with only a 1.9% increase in 
refined production (345). Metal Trends bulletin likewise 
forecasted a gradual price firming to a peak in 1985-1986 
(346). 

At the end of 1983, Robert Horton, Bureau of Mines 
head, claimed that copper producers now need to get at 
least $1.10/lb for copper to turn a profit (347). Horton also 
said that new amendments  to the Clean Air Act would 
add another 15r to production cost. 

An adequate return for a new copper venture was put at 
the 15% after-tax range by David James, a Richardson 
Greenshields mining analyst (348). According to James, 
this requires a price of about $1.20/lb. 

A report by Dr. Leons Kovisars of MET Research pre- 
dicted copper prices, rebounding from 1983 lows, may 
reach more than $2/lb (in current dollars) after 1990 (349). 

Demand.--I t  was estimated that, at the end of 1983, world 
inventories of refined copper would rise to about 1.92 
million short tons, up from 1.22 milton short tons at the 
beginning of 1982 and 1.65 million short tons at the begin- 
ning of 1983 (340). Copper's recovery remained stalled, as 
mid-year estimates of a consumption increase of 8% in the 
U.S. and 1%-2% worldwide (340) failed to materialize (350). 
In fact, consumption in the first half of 1983 was only 
marginally higher in the U.S. and Great Britain, and 
dropped in Japan, West Germany, and France (322). 

Overly bullish expectations led copper producers, par- 
ticularly in the U.S., to bring idled capacity into operation 
too early, according to Anthony Bird Associates (351). 

One bright market for copper was in domestic wire, 
where consumption was runn ing  about 10%-20% ahead of 
1982, when total wire mill product usage was about 2.35 
billion lb (352). Additionally, a long-term copper study in- 
dicates that competitive copper producers may benefit 
from a turnaround in which the Western World demand 
for refined copper grows from 6.9 million metric tons in 
1982 to an estimated 9.9 million metric tons in 1991 (349). 

Better times were also predicted by Grieveson, Grant, 
and Company (353), who saw copper consumption in- 
creasing by 5�89 in both 1984 and 1985, with demand 
actually outstripping supply. Particular concern with sup- 
ply was expressed within the European Economic Com- 
munity,  where increased difficulties were anticipated 
over the next five years (354). 

G. Frank Joklik, president of Kennecott, said that he 
was "reasonably optimistic" about long-term demand 
growth for copper (355). Joklik predicted 2% per year 
growth in refined copper consumption for the rest of the 
century. Increased demand was seen principally from 
electrical applications. 

A cautionary note was sounded by Henry Bloy of the 
Mining Association of Manitoba, who pointed out that 
Chile alone would be capable of meeting the entire world 
copper demand if it went into full production (348). Simi- 
lar warnings were made by Sr. Alistair Frame, chief exec- 
utive of Rio Tinto Zinc (356). Frame told a Metals Society 
copper conference that "the-expected slower rate of in- 
dustrial growth, the changing requirements of the devel- 
oped countries, the inroads of substitution, the reduced 
quantities required for any of copper's surviving applica- 
tions, and the absence of any really significant new outlet 
lead us to the inescapable conclusion that the increase in 
copper consumption in the coming years will at best be 
only very moderate." 

Markets.--Faced with loss of traditional markets to other 
materials, copper producers need to step up their devel- 

opment efforts. That message was given by Alfred Powis, 
chief executive of Noranda Mines, Limited (357). Powis 
noted intensified threats from aluminum, magnesium, 
stainless steels, plastics, and, more recently, from tita- 
n ium and optic fibers. Calling for more product develop- 
ment  and market research, Powis noted that the alumi- 
num and plastics industries spend much more in these 
areas than does the copper industry. Powis encouraged 
the Copper Development Association "to strike out and 
capture new ground." 

One challenge to copper comes from fiber optics in the 
telecommunications industry. Optic cables are easier to 
install, and can carry 40 times as many simultaneous com- 
munications as bulkier copper cables. In addition, optic 
cables are cheaper than copper (358). In an effort to gain 
an early lead, Southern New England Telephone Com- 
]3any joined with CSX Corporation, a railroad, to begin 
laying 5,000 miles of fiber-optic cables along CSX right- 
of-way in 20 eastern states (358). 

In one study (353), fiber-optic cables for high density 
communications were not seen as cutting into copper's 
market by more.than a few percentage points, despite the 
great successes of fiber-optic development in recent 
years. However, fiber optics could displace 300,000 tons 
of copper by 2000 (359), reducing copper's use in U.S. 
communicat ion to a modest net growth. Also at stake is a 
replacement market as nearly 1 billion miles of AT&T 
copper cable, already installed, wears out (358). 

Additional threats in the electrical industry are posed 
by hybrid graphite fibers with enhanced electrical con- 
duction and inherently high strength (360). Balanced 
against this, the recent crossover in copper and a luminum 
prices will aid copper in recapturing market share for not 
only electrical applications, but  also for ship mill sheath- 
ing, offshore oil rigs, and other uses (359). 

A spot survey of solar industry officials indicated that 
sales of flat plate collectors and absorbers were up 
20%-30% from 1982 (361). According to the Copper Devel- 
opment Association, this emerging market used 16.8 mil- 
lion pounds of copper in 1982. Although small, the indus- 
try is growing rapidly. American Solar King Corporation 
in Waco, Texas, plans to buy about 500,000 lb of copper in 
1984, up from 180,000 lb in 1983 (362). 

Lithium.--U.S. l i thium carbonate production totaled 34 
million pounds in 1983 (364). 

There are only two United States l i thium producers: 
Lithium Corporation of America and Foote Mineral (365). 

The price of metallic l i thium in 1000 lb lots has ranged 
between $21.70 and $23.35/lb for more than a year (365). 
Foote Mineral lowered its price to $21.70 on October 1, 
1983 (366). 

The price of technical-grade li thium carbonate in- 
creased by seven cents to $1.48/lb on April 1, 1983 
(365-369). 

Foote Mineral restarted its Kings Mountain, North 
Carolina, l i thium compound facility during the spring 
after shutting it in August, 1982. Capacity is over 17,000 
torgyr of salt cake (370). 

Pechiney Ugine Kuhlman's  subsidiary, Metaux Speci- 
aux, has set up a pilot facility for the electrochemical pro- 
duction of l i thium at its Plombieres, France, plant. A de- 
cision on a large-scale li thium plant is expected toward 
the end of 1984 (371). 

Two lithium deposits were found in Europe. Minerex 
AG of Austria announced the discovery of a large li thium 
deposit near Carinthia, in the Austrian Alps (372). The 
French Bureau of Geological Research has finished a fea- 
sibility study for exploiting the mineral bed of Echas- 
steres in the Allier (373). 

The European Economic Commission has reopened an 
anti-dumping investigation into imports of l i thium hy- 
droxide from the United States and the Soviet Union and 
has started new proceedings against the People's Repub- 
lic of China. The EEC first imposed a duty on li thium hy- 
droxide from the United States and the USSR in January, 
1980. Imports from the three countries have risen from 
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57.8% to 72.2% of the EEC market. Lithium hydroxide is a 
lubricant used in oil production (374, 375). 

Aluminum alloys containing up to 15% li thium could 
reduce the weight of commercial airliners making them 
more fuel efficient. The alloys also have better structural 
properties than the currently used metals (376, 377). 

The key to the future growth of the l i thium market 
rests with the consumer batteries and aerospace (365). 
Lithium demand could rise to 70,000 ton/yr of contained 
li thium by 2000 if these new uses are successfully devel- 
oped. The current oversupply situation could continue 
for a decade. Reserves are sufficient to raise output 
thereafter (377). 

Chile will add 18% to world capacity with the start-up of 
a $61 million, 14 million lb/yr lithium carbonate plant  dtir- 
ing 1984. The producing company, Sociedad Chilena de 
Lito is 55% owned by Foote and 45% by the Chilean gov- 
ernment  (377). 

Another new li thium producer is Greenbushes Tin of 
Australia, which plans to produce 20,000 ton/yr of l i thium 
concentrates (367). 

Magnesium.--After years of low sales and restrained 
prices, magnesium enjoyed a rebound in 1983, and pros- 
pects for the next few years are bright. The year was char- 
acterized by production and price increases, increased de- 
mand, inventory restocking, and healthy existing and 
new markets. 

Production and price.--The recovery of the U.S. 
economy had a direct effect on magnesium production in 
the U.S. However, slower recovery elsewhere was 
reflected in foreign Mg production, which was virtually 
the same as in 1982. Production figures are shown in 
Table XIX (378). More detailed domestic production and 
consumpt ion  figures are given in Table XX. 

As a result  of increased demand during the first half 
of 1983, Dow began a s ix-month plan in June  to increase 
magnesium production by 25% at its Freeport, Texas, 
plant. Previously, the plant  had been operating at about 
50% of its estimated production capacity of 230 to 250 mil- 
lion lb (379). The move was intended to replenish Dow's 
inventories, which were purposely drawn down in the 
preceding two years of low consumption, and to meet the 
rising Mg demand. In May, Amax, Dow's primary domes- 
tic competitor, was operating its Rowley, Utah, plant at 
about 60% of its 32,000 torgyr capacity. Later, it was re- 
ported that Amax planned to bring on another 10,000 
ton/yr capacity in the fourth quarter (380). 

During most of 1983, Norsk Hydro operated at about 

Table XIX. World magnesium production (378) 
(thousand short tons) 

1982 1983 (est.) 

United States 99 110 
Canada 9 9 
France 11 11 
Italy 8 9 
Japan 6 7 
Norway 39 40 
Yugoslavia 4 4 
China 8 8 
USSR 89 89 

Total 273 287 

Table XX. Domestic Mg production and consumption (378) 
(thousand short tons) 

1982 1983 (est.) 

Primary production 99 110 
Secondary pi~oduction 43 45 
Imports for consumption 5 6 
Exports 40 50 
Consumption, reported 75 70 
Consumption, apparent 102 91 
Consumer stocks, year end 35 35 

60% of its production capacity of 50,000 ton/yr (381). This 
was due, in part, to a modernization program at the 
Porsgrunn smelter to cut costs and energy consumption, 
and to increase productivity. The new technology in- 
volves production of anhydrous MgCI~ from a magnesium 
chloride brine mixture, rather than from the more tradi- 
tional dolomite/seawater mix. Full capacity production 
was expected to begin at the end of the year. 

In  October, Alcoa announced that Mg production at its 
North West Alloys subsidiary had increased, with eight of 
nine furnaces operating (381). Previously, three furnaces 
had been shut down for relining (382). Upon completion 
of a maintenance program, all furnaces will be operated. 
Despite the increases in power costs announced earlier by 
the Bonneville Power Authority, optimism in the Mg mar- 
ket led to the decision to increase production. Most of 
North West's magnesium production is consumed by 
Alcoa itself in a luminum alloys, for which markets were 
also firm. 

Japan's two magnesium producers, Furukawa Magne- 
sium and Ube Industries, raised production to 2,956 tons 
in the first half, a 6.8% increase over the same period in 
1982 (383). 

In May, Dow increased its Mg price for the first time in 
two years (379). In  Europe, both Dow and Norsk Hydro 
raised prices on July 1, 1983, following the lead of Sofrem 
(384). Amax did not immediately follow Dow's domestic 
prices increase, despite sustaining losses on magnesium 
operations in the first half of the year (382). Further price 
increases were expected as demand exceeded production 
levels. Earlier price restraint was attributed not only to 
low demand, but to conscious plans for new Mg market 
growth (380). 

Demand.--Although demand remained weak relative to 
the late 1970's, there were signs of a general rise in die 
casting and automotive markets (379). Some of the in- 
creased demand was seen as a chain reaction response to 
the a luminum upturn  (385). The International Magnesium 
Association estimated that 1983 consumption would ex- 
ceed production by 44,000 tons, with the shortfall being 
met from already low stockpiles (381). 

Magnesium demand increased by 20% between the sec- 
ond half of 1982 and the first half of 1983 (384). Demand 
in West Germany in the first half was 13% higher than a 
year earlier (385). French and Italian producers were 
operating at full capacity, and were believed to be sold 
out through the end of the year. Japanese imports rose 
4.9% during the first half of the year, to 7,458 tons, with 
most of the imported material coming from the U.S. (383). 
At the same time, there was little free market activity, as 
Russia and China were inactive, and Yugoslavian output 
was curtailed because of power shortages (385). 

Markets.--The optimism among magnesium producers 
arises from projected increases in new and existing mar- 
kets. The automotive die casting market, relatively static 
at 31,000-34,000 torgyr for the last three years, was pro- 
jected to rise to 55,000 ton/yr by 1987. Significant pounds 
per auto increases were seen as possible in the 1985 
model year, through easy substitutions of magnesium for 
a luminum (380). With increasing a luminum prices, the 
magnesium4o-aluminum price ratio approached a low 
value of 1:6. 

Increased magnesium use has met with success at 
Honda, and in the clutch housing in Ford Ranger light 
trucks (380, 386). Chrysler began studying further applica- 
tions which could result in increased Mg usage of 3-4 lb/yr 
(383). The current Shelby Charger was fitted with a mag- 
nesium gear lever, which was expected to be used in 
other Chrysler cars next year. Magnesium engine compo- 
nent, interior door handles, and window handles are also 
under  consideration. GM introduced a 6 lb magnesium ra- 
diator grille on the 1984 Pontiac, and an air cleaner on the 
Chevrolet Corvette (387). 

However, magnesium substitution requires that car 
makers either modify their die casting and machining fa- 
cilities to switch from presently used aluminum, or pur- 
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chase finished components from external suppliers (383). 
George Ditzhazy, divisional purchasing manager of GM's 
Central Foundry Division, pointed out that Mg applica- 
tions could be hampered by cost, processing difficulties, 
and a lack of variety of U.S. sources which can 
competitively suppl~ magnesium ingot (388). General Mo- 
tors consumes about 600,000 lb/yr of Mg. According to 
Ditzhazy, GM forecasts no substantial increase from cur- 
rent consumption levels, aside from increases attributed 
to forecasted car volume. 

Amax began marketing a new high purity magnesium 
alloy, AZ91HP, which could replace zinc and plastic com- 
ponents now used in computers and peripheral equip- 
ment  (386, 389). The alloy, while three times as expensive 
as zinc per pound, is only one-quarter as dense, and is 
thus less expensive to use. In addition, the alloy offers 
higher structural strength than plastic and contains fewer 
corrosion causing impurities than similar alloys. Amax 
estimated that use in computers could account for 1 mil- 
lion lb of new demand in the U.S. in 1984. The alloy now 
accounts for about 90% of Amax's  total magnesium pro- 
duction (386). Amax is also hoping to replace zinc in 
telecommunications industry cooling devices. 

A decline in U.S. die casting demand from 26 million 
lb/yr in the 1970's to the current 10 million lb/yr was due 
largely to the low cost of a luminum (387). As the Mg/Al 
price ratio shrank from ove~ 3 to about 1.6, an increased 
Mg usage of 15 million lb for die casting was seen possi- 
ble in 1984. However, this still represents a small share of 
the U.S. die casting market, which consumes 600,000 
ton/yr of a luminum and 210,000-225,000 ton/yr zinc. 

Additional Mg demand is predicted for the desulfuriza- 
tion process used in steel manufacture (380, 381). Magne- 
sium, viewed as both cost effective and environmentally 
benign, has already made progress in replacing calcium 
carbide and soda in the U.S. and Europe (381). 

Manganese.--Manganese is an efficient and cost effec- 
tive deoxidizer and desulfidizer of steels. Thus, the steel 
industry accounts for 95% of the world's manganese con- 
sumption (390). 

Manganese alloy and metal consumption tended to fol- 
low the steel industry lead. All were higher early in the 
year and slumped slightly later on. Imports of manganese 
ores were generally increasing all year (391-396). 

Electrolytic manganese metal list prices were lowered 
to 66r on May 1, 1983 (397). Prices rebounded late in the 
year to 70r (398-399). 

The United States has an estimated 70 million metric 
tons of manganese resources. However, commercial 
sources are contained in low-grade deposits containing 
0.6%-14% manganese. Production costs to exploit these 
deposits are prohibitive. Adequate supplies of high-grade 
manganese ores (45% and higher) are available from for- 
eign mines. Therefore, the United States imports all of its 
requirements (400). 

Haker has developed a hydrometallurgical technique 
for recovering silver and manganese from silver sulfide 
ores. Silver Tech Mines, a joint venture of Haker and 
Houston Mining and Resources, plans to apply the tech- 
nique in a pilot plant at a mine near Tombstone, Arizona, 
designed to process 1-3 ton/day of ore. Conventional 
silver smelters cannot tolerate much manganese. The in- 
ventor claims his proprietary leaching solution over- 
comes such recovery problems and recovers 90% of the 
silver and all the manganese (400, 401). 

New mineral samples taken from United States-con- 
trolled waters in the Pacific Ocean contain 32% manga- 
nese, a higher concentration than earlier sampling had in- 
dicated (402). 

A carpet of manganese nodules containing 40%-41% 
manganese has been discovered in the Tyrrhenian Sea 
between Rome and Sicily (403). 

United States firms may have access to Mexican man- 
ganese that is closer to home than the South African ma- 
terial that now predominates. Three possibilities exist for 
joint ventures between United States companies and 

Mexican manganese producer Cia Mineara Autlan: open- 
ing the Noapa deposit near Mexico City; expanding ca- 
pacity at Autlan's refinery in Tampico; and upgrading 
carbonate ores found in the Molango deposit to premium- 
grade manganese (404). 

Autlan Manganese's ferromanganese and silicomangan- 
ese plant in Mobile, Alabama, did not reopen during 1983 
(405). 

The Bureau of Mines has developed two chromium-free 
steels designed to be cost-effective substitutes for 
standard grades of heat-treatable construction steels. The 
new alloys use manganese-molybdenum and manganese- 
nickel-molybdenum and may reduce United States vul- 
nerability to a potential disruption in chromium supplies 
from South Africa and the Soviet Union, the major ex- 
porters to the United States (406). 

A maximum of 100,000 tons of manganese ore will be 
available for processing during the first year of the U.S. 
government 's  stockpile upgrading program. The govern- 
ment  currently has 153,105 tons of manganese ore on 
hand (407). 

The British stockpiling program includes the purchase 
of 40,000 tons of manganese ore and a similar amount  of 
high carbon ferromanganese (408). 

World demand for electrolytic manganese dioxide to- 
taled 116,900 metric tons in 1982 and should reach 121,000 
metric tons in 1983 and 126,100 metric tons in 1984. Table 
XXI contains 1982 consumption information by region 
(409). 

In  Japan, dry cell battery production rose 13% in 1982 
vs. 1981, but electrolytic mangnese dioxide consumption 
rose only 3%. The reason is increasing miniaturization of 
dry cells to make them compatible with ever-smaller elec- 
tronic devices (409). 

Cia. Minera Autlan SA has designed a plant to produce 
6,600 ton/yr of electrolytic manganese dioxide. The plant 
is to be located in Mexico (410). 

Niekel.--Free world nickel consumption was 1,070 mil- 
lion lb in 1983, a 7% increase from 1982 (411). 

Worldwide 1983 nickel demand exceeded disastrous 
1982 levels by healthy margins. Much of the demand in- 
cluded inventory replenishment (412-416). As a conse- 
quence, prices rose from year-end 1982 levels of $1.50/lb 
(417). Prices were as high as $2.37/lb (418), but  then fell 
back to the $2.25 range (417,419). The prices slumped 
when consumers'  inventory building ceased and when 
the increased availability of scrap from higher stainless 
steel production impacted the market (420). 

Table XXII lists the major suppliers of nickel to the 
United States in 1982. The 1982 import total was 
263,135,000 lb (421). 

Hanna Mining Company has signed a new power con- 
tract with the Bonneville Power Administrat ion and a 
new labor agreement with the United Steelworkers Union 
and  will reopen the nation's only integrated nickel mine 

Table XXI. Electrolytic manganese dioxide consumption, 1982 
(metric tons) 

Japan 18,700 
Europe 19,000 
North/Central Europe 36,400 
Southeast Asia 21,000 
Eastern Europe 15,500 
Mid and Near East 6,300 

Table XXII. U.S. nickel suppliers - -  1982 
(percent of ~'otal imports) 

Canada 41% 
Australia 16% 
Botswana 11% 
Norway 10% 
South Africa 6% 
USSR 2% 
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and smelter at Riddle, Oregon. The facility had been 
closed since April, 1982, due to depressed conditions in 
the worldwide nickel market (422, 423). 

Amax suspended operations at its refinery in 
Braithwaite, Louisiana, during the summer, due to low 
nickel prices and low demand. The plant had operated at 
its full capacity of 80 million lb/yr during all of 1982 and 
the first half of 1983 (424,425). The plant reopened in Sep- 
tember  1983 (426, 427). 

Ni-Cal Developments is continuing to progress towards 
its aim of establishing an open pit nickel mine and pro- 
cessing plant near Crescent City, California. The com- 
pany will construct a 75 ton/day pilot processing plant 
there in 1984. An engineering and economic feasibility 
study says that the plant could produce 19 million lb/yr of 
nickel and 2.2 million lb/yr of cobalt (428, 429). The plant 
could supply up to 80% of the nation's need for cobalt and 
35% of its needs for nickel (430). 

Inco's Sudbury, Ontario, mining and milling operation 
reopened in April after being closed since May, 1982 (431, 
432). Inco's Sudbury nickel refinery and its Thompson, 
Manitoba, division both closed for a month  during the 
summer (433). Its Port Colborne, Ontario, refinery was 
shut down for five weeks beginning December 26, 1983 
(434). 

Falconbridge resumed production at its Sudbury facil- 
ity early in 1983 after its having been closed since July, 
1982 (435). Falconbridge plans to continue production at 
Sudbury  throughout all of 1984 (436). 

Sherritt Gordon mines installed a new recovery system 
at its Fort Saskatchewan, Alberta, refinery raising capac- 
ity to 46 million lb/yr from 38.7 million pounds (437). 

Inco resumed development of its new open pit mine at 
Thompson, Manitoba, in June. The development of the 
mine was halted in June, 1982, to conserve cash. The 
completion date has been pushed back one year to 1986. 
The new mine will replace the existing Thompson Pipe 
mine, which should be depleted in 1985 (438). 

Inco may replace its nickel smelter at Sudbury, Ontario, 
with a new reduction smelting unit  to cut sulfur dioxide 
emission to 50% of the proposed limit. A new plant could 
cost $450-500 million. Inco is trying to utilize as much of 
the existing processing equipment  as possible to lower 
the cost because of is present financial condition (439). 

Falconbridge's plans to raise production at Sudbury op- 
erations to 90 million lb by 1990 have been shelved. 
Falconbridge management  feels nickel prices must  be 
above $3.00/lb to justify the investment. Current capacity 
is 69 million lb/yr (440, 441). 

Talent Metal should start a $6 million 7,000 metric 
ton/yr plant on Taiwan in early 1984 (442). 

Japanese nickel output in 1983 was about the same as 
1982-23,000 metric tons. Demand was 38,000 metric tons 
vs. 38,500 tons in 1982 (443, 444). 

Cuba's nickel industry was in the news often in 1983. 
Cuba produced 40,000 metric tons of nickel oxide in 1982; 
about 20% was exported to Western Europe. The Punta  
Gorda nickel project, although delayed, may start up in 
late 1984. The 107,000 ton/yr Las Camaricocas project will 
not start up in the next three years due to technical prob- 
lems and weak market demand (445). Cuban nickel pro- 
duction is expected to double or triple by 1990 (446). 

A United States trade ban on materials containing Cu- 
ban  nickel is still effective (445). The Reagan Administra- 
tion effectively banned imports of Soviet-made nickel 
products on the grounds that they contain Cuban nickel 
ore (447, 448). 

The European Economic  Commission imposed and 
then lifted a 7% ant idumping duty on Soviet nickel. The 
Commision lifted the duty when investigations revealed 
that the USSR prices were undercut  by other nickel pro- 
ducers selling in Europe (449-453). 

Gipronickel Institute, Leningrad, has introduced a new 
method for producing nickel directly from concentrates 
using a new hydrometaUurgical process. Nickel concen- 
trate solution is introduced into an electrolyzer cell, from 
which pure nickel is extracted. Bypassing the ~ smelting 

stage saves energy and allows more complete recovery of 
nonferrous metals. The Soviet nickel and cobalt industry 
will convert to the process starting in 1987 (454). 

After three successive years of decline, western world 
nickel consumption increased about 6% in 1983. Forecasts 
for 1984 indicate a further increase of 8%-10% to about 
1,120 million/lb (455). Western world nickel consumption 
is only expected to grow by 1.1%-1.7% annual ly through 
1996. North American nickel production will still not 
match peak 1979 levels (456). Some market segments are 
expected to grow much faster. Electroless nickel plating 
will grow from 10%-20% per year from its current level. 
The growth in the electronics industry, where electroless 
nickel is used on computer memory disks, aerospace 
connectors, and copy machine rollers is the reason for the 
optimistic outlook (457). 

United States nickel production is expected to meet 
only a small part of the 380,000 ton United States market 
in the year 2000 unless the relatively low-grade o~es in 
Oregon and California are developed, according te the 
Bureau of Mines. The report maintains that 1981 nickel 
reserves of 54.1 million tons and anticipated new discov- 
eries are entirely adequate to meet the high range forecast 
of United States and world demand (458). 

Sodium.--There are three domestic producers of so- 
dium (459). Their estimated production capacities are 
given in Table XXIII. 

Metallic sodium production figures are given in Table 
XXIV (460). 

By comparison, 1981 production was estimated at 
109,000 tons, and 1982 production at 103,000 tons (459). 

Metallic sodium is primarily used to produce anti- 
knock additives for motor fuel, a market which is being 
phased out in the U.S. and is vulnerable elsewhere (461). 
This caused demand to decline by 4.1% per year between 
1970 and 1980. Present sodium markets, at last estimation, 
are listed in Table XV (461). 

Titanium.--As predicted (462), the t i tanium market did 
not recover in 1983, although long-term projections are 

Table XXIII. U.S. sodium producers 

Producer Capacity (million lb) 

du Pont, Niagara Falls, NY 113 
Ethyl Corporation, Baton Rouge, LA 90 
RMI, Ashtabula, OH 74 

U.S. Total 277 

Table XXIV. U.S. sodium production- 1983 

Production 
Month (short ton) 

January 7,094 
February 6,662 
March 6,510 
April 6,730 
May 6,534 
June 6,638 
July 7,139 
August 6,910 
September 7,121 
October 7,476 
November. 7,189 
December Unavail. 

Total (Jam-Nov.) 76,057 

Table XXV. Sodium markets (percent of total) 

Manufacturers of gasoline additives 58% 
Metals reduction, primarily Ti 21% 
Miscellaneous (catalysts, dyes, 

metal descaling, pharmaceuticals, 
perfumes, and herbicides) 21% 
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encouraging (463). In a weak market year, there were ex- 
plorations of joint  ventures between producers, acquisi- 
tions, and the formation of the country's first t i tanium as- 
sociation. Procurement  of t i tanium for the National 
Defense stockpile by the General Services Administra- 
tion (GSA) became a major issue in a depressed year. 

Product ion  and prices.--Since the late 1970's production 
capacity for Ti sponge has increased dramatically world- 
wide (463). In the U.S., expansions and new facilities have 
increased capacity to more than 72 million lb/yr. In the 
first quarter, U.S. production remained at about 35% of 
capacity (464). In Europe, the ICI plant was replaced with 
the Deeside Titanium Limited plant with an 11 million 
lb/yr capacity. Japanese production capacity has more 
than doubled since 1977, and now stands at 73 million lb. 
Total free-world capacity is thus more than 154 million 
!b/yr. World sponge production figures are given in Table 
XXVI ~(465). 

Pechiney's French subsidiary, Cezus, has begun a pilot 
project to produce Ti sponge to support its manufacture 
of semi-finished product (465). Viking Metallurgical Cor- 
poration brought a new electron beam furnace on stream 
in mid-year (466). The furnace, with a 7 million lb/yr ca- 
pacity, increases Viking's melting capacity to 10 million 
lb/yr. 

Showa Titanium Company announced that its Toyama 
Ti sponge plant would begin test runs by October (467). 
Capacity was estimated at 2,000 tordyr of A-grade sponge. 
Sales were intended to be divided evenly between the 
U.S., Europe, and the local market. Showa claims that its 
new technology obtained from joint venture partner 
Ishizuka Kenkyusho, will produce Ti at 18,000 kWh/ton of 
Ti. In comparison, power requirements for U.S. pro- 
duction are estimated at 40,000 kWh/ton. 

In contrast to the Showa expansion, Japan's  major pro- 
ducers, Toho Titanium and Osaka Titanium, reduced 
operating rates to 40% of capacity (467). Japanese Ti 
sponge shipments to Europe were depressed (468) as Eu- 
ropean users turned to much-cheaper Soviet sponge 
($5.90-$6.00/kg vs. about $7.90/kg). Spot shortages, how- 
ever, occurred in the U.S. market, due to depleted inven- 
tories. Prices up to $3.50-$4.00/lb were reported. 

China, with a 20,000 tordyr capacity, dropped out of-the 
sponge market for over a year (469), and was operating at 
only about 50% capacity. Threshold price estimates for 
Chinese re-entry varied from $3.20 to $4.50/lb. 

A joint  project between Howmet and Dow Chemical, to 
produce Ti sponge electrolytically, was dropped when it 
turned out to be uneconomical  (465). A joint  sponge- 
production venture between Westinghouse Electric Cor- 
poration and Mitsubishi Metal Corporation was also 
dropped (470). 

RMI Company and Kobe Steel Limited announced for- 
mation of a joint venture in which semi-finished Ti 
would be shipped from RMI to Kobe, rolled into commer- 
cially pure mill products at Kobe, and shipped back to 
the U.S. (470). The venture will compete with Timet, the 
dominant  U.S. supplier of commercially pure Ti, and 
ALS Metals, Incorporated. ALS, a joint venture of 
Allegheny-Ludlum Steel and Japan's Sumitomo group, 
will produce mill products in the U.S. using semi- 
finished Ti from Sumitomo. RMI also purchased Micron 
Metals, Incorporated, a Ti powder producer in Salt Lake 
City (471), to extend its range of Ti powder products. 

Table XXVI. World Ti sponge production 
(short tons) 

1982 1983 (est.) 

United States 15,600 13,000 
Japan 18,600 12,000 
United Kingdom 2,600 2,000 
China 1,500 1,500 
USSR 44,000 44,000 

Total 82,300 72,500 

Albany Titanium, Incorporated announced plans to be- 
gin Ti powder production by late 1984 and sponge pro- 
duction a few months later (472). Revised plans call for a 
10 million lb/yr sponge capacity using a process licensed 
from Occidental Petroleum Company. The process will 
use ilmenite ($40-$50/ton), as its raw material. 

The Federal Trade Commission began investigating a 
proposed acquisition of TIC14 and TiO2 production facili- 
ties by SCM Corporation (473). The sale would give 80% 
of the market to du Pont and SCM. Titanium tetrachlo- 
ride is used to produce Ti sponge. 

Demand.--Despite slow markets, Ti sponge consumers 
(474), facing dwindling inventories, began negotiating 
long-term supply agreements running 3-5 yr (470). Recent 
contracts had been as short as six months. The move to 
longer contracts was viewed as a ripple effect from at- 
tempts by jet engine and airframe builders to obtain long- 
term contracts from their suppliers. 

The Federal Panel on Assessment of Titanium Availa- 
bility, Current and Future Needs reported that the U.S. 
supply was "triply secure" (463). This conclusion was 
based on large domestic resources, current use of cheaper 
imported ores (thus conserving domestic supplies), and 
ability to shift Ti supplies from less critical uses in an 
emergency. Even under  the most optimistic assumptions, 
Ti demand will not reach current production capacity by 
1990 (463). 

Markets.--The aerospace industry is the largest present 
market for t i tanium (475). The depressed state of the air- 
craft market (470) has had a serious negative effect on tita- 
n ium demand. Worldwide commercial jet deliveries de- 
clined from 460 units in 1980 and 426 in 1981, and again to 
290 units in 1982 (463). It was estimated that deliveries 
would decline severely to less than 200 units in 1983, be- 
fore rebounding in 1984 and 1985. In commercial aircraft, 
the main t i tanium users are the 747, 757 (at 17,000 lb 
each), 767 (12,400 lb each), DC-10 (20,000 lb each), and 
Airbus. Discontinuance of L4011 production, requiring 
34,000 lb of purchased Ti per aircraft, means that future 
aircraft production to meet a given number  of seat miles 
will require less Ti than in the past. However, the increas- 
ing use of composite materials in new aircraft may bring a 
concurrent increase in Ti usage, because Ti is more com- 
patible than a luminum with advanced composites. 

Grumman  Aerospace Corporation reported advances in 
superplastic forming and diffusion bonding of t i tanium 
aerospace components (476). The production equipment  
required costs only half as much as an equivalent com- 
mercial hydraulic press and can be installed in much less 
time. Using the new technology, Grumman has built 
glove vanes for the Navy's F-14 fighter, and has designed 
a t i tanium wing section for the next generation of fighter 
aircraft under  Air Force funding. 

Testing has begun on t i tanium propellant and pres- 
surant tanks for the first five Intelsat VI communica- 
tions satellites (477). The tanks, measuring 4-45 in diam, 
will be made from standard 6AL4V t i tanium alloy by the 
Precision Sheet Metal Division of Fansteel Corporation. 

The prospects for new beta and near-beta t i tanium al- 
loys, which are heat-treatable to high strengths without 
becoming brittle, are promising (475). Most of the Ti al- 
loys used to date in the aerospace industry have been in 
the soft annealed state, but the desire for stronger Ti al- 
loys has led to work on beta-type alloys by the Depart- 
ment  of Defense, t i taium producers, aircraft manufactur- 
ers, and forging companies. 

Pechiney announced plans to set up t i tanium sponge 
plants in France, to expand into high technology uses in 
Europe and the United States (465). Viking Metallurgical 
Corporation, a major U.S. producer of t i tanium forgings, 
considered moving into the Ti 'mill products field, which 
is currently more active than the aerospace industry (466). 
Despite a moderate decline in industrial markets since 
the peak year of 1980, their Ti market share has increased 
(463). A return to positive growth was expected for 1983, 
with a mature growth rate in succeeding years. 
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GSA stockpiling.--In a generally depressed market year, 
much attention was focused on government purchases for 
the National Defense Stockpile. The stockpile goal for Ti 
sponge is 195,000 short tons, of which only 25,000 short 
tons were on hand at mid-year (478). 

The Federal Emergency Management Agency (FEMA) 
requested a waiver from the Trade Agreements Act, call- 
ing for commodity purchases based on worldwide bid- 
ding, to aid domestic producers (479). The request was 
denied by U.S. Trade Representative, William Brock 
(4~0). However, Brock advised that the import duties on 
foreign sponge, as much as 17.5%, would be considered 
by the General Services Administration (GSA) in 
evaluating bids. 

In  August, GSA announced plans to buy 4,500 short 
tons of titanium, in either sponge or granule form, in lots 
of 500 short tons or more (481). Eight bidders, including 
five with domestically produced material, submitted bids 
ranging from $2.92 to $6.25 per pound (482). Shortly there- 
after, low bidder Billiton Metals, offering Ti from the 
United Kingdom Deeside plant, filed a protest, claiming 
exemption from import duties because of GATT agree- 
ments (483). Oregon Metallurgical also protested, claiming 
that GSA should invoke the Buy American Act (484). 

Contracts were let to one domestic and two foreign sup- 
pliers (485). Timet was awarded 1,000 tons at $3.57/lb, 
while Philipp Brothers, acting as agent for Japanese pro- 
ducers, received 3,000 tons at $3.20/lb. Billiton was 
awarded 500 tons at $2.92/lb (486). However, RMI Com- 
pany immediately filed a request for a temporary re- 
straining order to block the sale, and a protest against 
GSA's actions based on several grounds (487, 488). In De- 
cember, the injunct ion was denied (489). RMI's protest 
also accused Japanese producers of price collusion (490). 

Near year end, RMI followed up its earlier protest with 
a dumping petition against Japanese and British produc- 
ers, claiming they were selling at less than fair market 
value (491, 492). The action was supported by Oremet 
(493). It is interesting to note that, in an unrelated action, 
four European producers of Ti milled products pushed 
ahead with ant i-dumping proceedings against U.S. and 
Japanese producers, who have captured 60% of the Euro- 
pean market (494, 495). 

Titanium Development Association.--The first official 
t i tanium association in the U.S. was established in De- 
cember (496). An earlier meeting, organized by seven 
leading Ti companies, invited participation from 300 
firms to form an organization to focus on "publicity, in- 
dustry marketing, market and product development, sta- 
tistics, and education" (497). The 71 active members of 
the TDA include producers, fabricators, extruders, dis- 
tributors, and recyclers (498). 

Zinc.--Production and priees.--While zinc markets 
were soft at the beginning of the year, a general up turn  in 
the economy near year's end produced an upsurge in 
both prices and production plans. 

In April, Kidd-Creek, banking on the market upturn,  
canceled late 1982 plans to close its zinc mine in 
Timmins,  Ontario (499). The company announced that the 
plant would maintain full production throughout 1983. 
Cominco's Trail smelter and Kimberley mine in British 
Columbia were idled by a strike in June (500). On June  12, 
the strike ended, and resumption of the former produc- 
t ion level of 260,000 short ton/yr of zinc was planned (501). 
As a reaction to cont inuing losses, Cominco announced 
that 1983 capital spending would be held to $120 million, 
compared with $230 million in 1982 and $480 million in 
1981. However, modernization of the Trail zinc plant 
continued. 

Minera Mexico began marketing Special High Grade 
and Prime Western zinc in the U.S. in July (502). Full- 
scale shipments were expected by year's end. The Mexi- 
can electrolytic refinery, partially owned by ASARCO, 
has a 114,000 metric ton/yr capacity. 

Inspirat ion Mines purchased three zinc mines in 
Tennessee from Gulf and Western's Natural Resources 

Group in July (503). The mines had been shut down 
earlier by Gulf and Western. Production startup at the 
mines was targeted for January, 1984, following engineer- 
ing feasibility studies. Gulf and Western announced that 
it was writing down its interest in its Natural Resources 
Group, including a wholly-owned mine in Friedensville, 
Pennsylvania,  and two other Tennessee mines jointly 
owned with Union Miniere. 

U.S. Steel's zinc mine in Jefferson City, Tennessee, 
reached full production in September, following a 10 
month shutdown (504). The reopening of the mine, with a 
capacity of 36,000 ton/yr of concentrate, was based on a 
favorable labor contract settlement and improved market 
conditions. In December, St. Joe Resources Company in- 
creased the capacity and operating rate of its Monaca, 
Pennsylvania,  zinc smelter and refinery by 15,000 ton/yr 
to 100,000 ton/yr (505). The capacity increase was made 
possible by a $2.5 million plant modernization program. 

Asarco announced a three-point program to enable it to 
restart the Corpus Christi zinc refinery, idled in October, 
1982 (506). Sufficient zinc concentrates had been lined up 
from Asarco's operations in Tennessee, Mexico, and Can- 
ada. In addition, Asarco was attempting to negotiate a 
power rate of about 35 mill, compared to the current 60 
mill rate. The last point involved negotiating a labor con- 
tract with a more economical work schedule and produc- 
tivity rules. Talks were scheduled to begin in December. 

At mid-year, U.S. zinc producers were all posting 40r 
prices for benchmark  High-Grade zinc (507). Despite con- 
siderable uncertainty in the firmness of producer price 
quotes at that time, zinc prices began an upward move- 
ment  for the rest of the year. Backed by strong U.S. Mint 
tender bid quotes and tight Special High Grade supplies, 
the price of zinc reached 49r in October, the highest 
price in two year (508). 

Throughout much of the year, the European Economic 
Community  debated a plan to move towards closing of 
100,000 ton/yr of zinc capacity (499). The closure plan, 
submitted by six major companies, called for payments to 
companies which agreed to shut down plants without 
replacing closed capacity unti l  1986 (509). Under the plan, 
producers were allowed to modernize plants without in- 
creasing capacity. However, in November, the plan was 
informally abandoned as a general up turn  in the 
economy, particularly in the U.S., increased demand and 
raised zinc prices by one-third over year-earlier levels 
(506). Because the plan was never formally approved, 
there is some doubt that it could be reactivated, even if 
producers wish to reconsider closure (510). 

Domestic Zn production statistics (528) are shown in 
Table XXVII. Although domestic consumption of zinc in- 
creased in 1983, production declined slightly, as imports 
increased. The estimated world mine production and re- 
serve base (511) is shown in Table XXVIII. 

Demand.--U.S. zinc consumption showed a dramatic 12% 
increase in the first quarter of 1983, against a year earlier, 
to 188,000 tons (512). However, economic recovery was 
slower elsewhere, as European first-quarter consumption 
fell 1% to 399,000 tons and Japanese consumption rose 
only 1.7% to 176,000 tons. Smelter stocks of zinc began to 
decline markedly before mid-year, dropping from year- 
earlier levels by 30% in Europe and almost 25% elsewhere 
(513). Tight supplies of Special High Grade zinc in Japan, 
as North Korean zinc was diverted to China (514), led to 

Table XXVII. Domestic zinc production statistics 
(thousand metric tons Zn content) 

1982 1983 (est.) 

Mine production 300 280 
Primary slab zinc production 254 262 
Zn metal exports 17 16 
Zn ore and concentrate exports 77 55 
Producer and consumer stocks, 106 90 

year end 
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Table XXVIII. World mine production and reserve base of zinc 
(thousand metric ton) 

Mine production 
1982 1983 (est.) Reserve base 

United States 300 280 
Australia 629 670 
Canada 1,033 1,940 
Mexico 232 245 
Peru 541 575 
Other market economy countries 1,878 1,950 
Centrally planned economies 1,397 1,400 

Total 6,010 6,160 

importation from nontraditional sources, 
at premium prices (515). 

53,000 
39,000 
56,000 
8,000 

12,000 
90,000 
32,000 

290,000 

such as Spain, 

By September, zinc supplies had improved, reducing 
the chances of "panic" buying by zinc alloyers, although 
premium prices were common (516). Supplies were 
tighter on the East and West Coasts than in the Midwest. 
Merchant zinc was available at producer prices, with little 
discounting. 

Sixteen companies submitted bids for a U.S. Bureau of 
the Mint tender for up to 23 million lb of zinc (515). While 
other companies generally bid at or above the prevailing 
producer price of 43r per pound, New Jersey Zinc offered 
to sell 10 million lb at prices from 38.7r to 39.7r There 
was evidence of the firming zinc market in October, as 
another 10 million lb BuMint tender prompted bids ran- 
ging from 46.4 to 51.4r and some major producers, par- 
ticularly in Canada, did not submit bids because of other 
supply commitments  (517). A further 25 million lb Mint 
tender was made late in the year (518, 519). 

Markets . --Optimism in the zinc market  was fueled by 
growing use in coinage, construction, and other markets 
(520). The new U.S. penny, containing 97.4% zinc, was ex- 
pected to consume 45,000 tons of zinc in 1983. Gal- 
vanizing remains the largest use of zinc, accounting for 
roughly one-half of total consumption (520, 521). The gal- 
vanizing market was predicted to increase 38% by 1985, to 
521,000 ton/yr (521). 

Two new galvanized products show promise. Galval- 
ume,  a coated steel sheet developed by Bethlehem Steel 
in 1978, has begun to attract interest in the construction 
industry (521). Galvalume contains 43.5% Zn, 55% AI, and 
1.5% Si (522). Galfan, a galvanized coating with 95% zinc 
and 5% aluminum-mischmetal  alloy, was developed by 
ILZRO to compete with the lower-zinc Galvalume (521, 
522). Galfan has been licensed to 19 companies 
worldwide, including three in Japan (522). However, com- 
mercial production of Galfan has been limited, with none 
yet produced in North America (522). ILZRO has made 
getting an on-shore producer "a number  one priority" 
(523). 

Galvanized parts in automobiles also represent a fast 
growing market (524, 525). Auto industry usage of galva- 
nized steel sheet and strip may increase from 1982's value 
of 1.25 million tons to 3 million tons by 1987 (523). 
members, gutters, and building parts are also being con- 
sidered for galvanizing, in a drive to increase product life- 
t ime and reduce maintenance cost (523). Other uses in- 
clude highway guard rails and lights, waste-treatment 
plants, and utility transmission towers. 

Galvanized parts in automobiles also represent a fast 
growing market (524, 525). Auto industry usage of galva- 
nized steel sheet and strip may increase from 1982's value 
of 1.25 million tons to 3 million tons by 1987 (523). The av- 
erage U.S. 1983 model  car contained 273 lb of precoated 
steel in the form of one- or two-sided galvanized, or 
Zincrometal accounting for 5.34 lb/unit of zinc. Chrysler's 
new T-van, however, uses 1,012 lb of precoated steel per 
unit. Future auto industry goals, including no rust perfo- 
ration for 10 yr and no cosmetic rust for 5 yr, indicate a 
growing trend towards precoated steel. 

Further  increasing the automotive market  for zinc, Ford 
Motor Company's Lincoln-Mercury division was ex- 

pected to replace plastic grilles on 1985 model Cougar 
cars with a full zinc diecast grille (526). The move was be- 
lieved to be the first t ime in a decade that such a grille 
has been specified for any U.S. car. In recent years, con- 
siderable movement  from zinc die castings to plastic had 
occurred in a drive to reduce automobile weight. 

Of the major nonferrous metals, only zinc was expected 
to gain enough in consumption in 1984 to pull up its mar- 
ket (527). Improved prices and lower stocks were pre- 
dicted if world consumption grows at the expected 5.4% 
rate. The total zinc supply was expected to remain in 
deficit or in balance for 5 yr longer (514). The major 
source of increased U.S. supplies will come from imports, 
with import  market  sharing reaching 70% by 1988. Brass 
and bronze requirements,  accounting for about 14% of 
zinc usage, will grow at about 2%/yr, while diecasting 
needs will increase at 2.8%/yr, after sharp declines over 
the last 10 yr. 

The Electric Industry 
More electricity was generated in 1983 than in the pre- 

ceding year, reflecting the general economic upturn 
which was underway by the second half of the year. At 
the same time, DOE Secretary Donald Hodel claimed that 
the U.S. was in a better energy position than in 1981 (529). 
The fourth National Energy Policy Plan shows that total 
energy efficiency has increased, U.S. resources a~e being 
developed more effectively, oil prices have declined, and 
U.S. dependence on foreign oil supplies has decreased. 

However, the report, "The Future of Electric Power in 
America," based on a $2.5 million study begun by the 
Reagan administration, warns of U.S. power shortages in 
the 1990's (530). The report cited the need to construct 
new power plants, to supply demand which is predicted 
to grow for the remainder of the century. Sources such as 
solar energy and cogeneration, together with conserva- 
tion, were viewed as playing only a minor role in the na- 
tion's electricity future. Other forecasters were criticized 
for assuming that high energy prices have permanently 
reduced demand for electricity, which the study consid- 
ered to be an increasingly popular energy form. 

In contrast, the Industrial Electricity Consumers Re- 
source Council told the Department  of Energy it believes 
expected load growth can be met by planned generating 
capacity additions (530). Thus, while it is generally agreed 
that electricity use will increase, a consensus on the mag- 
nitude and type of effort required, and thus a comprehen- 
sive ene~:gy plan, continues to be elusive. 

Power generation in the U.S. (531).--After plunging 
sharply in 1982, electricity generation increased in 1983. 
However, as Table XXIX shows, U.S. electricity genera- 
tion was still below 1980 and 1981 values. Despite its 
unpopularity, nuclear electricity continued to increase, as 
did electricity from both coal and hydropower. Electricity 
from natural gas continued a downward trend extending 
over the last four years. 

The fossil fuel mix used in electricity generation has 
changed markedly in the last decade. As shown in Table 
XXX, the use of coal has jumped 60% in the last decade, 
while oil usage has dropped by well over 50%, with most 
of the decrease occurring since 1979. Natural gas usage 
has fluctuated considerably, showing a less definite his- 
torical trend than either coal or oil. 

Despite difficult times, the industry managed to add 
modestly to its generating capacity, as Table XXXI 

Table XXIX. Electricity generated, by type of fuel (531) 
(billions of kWh) 

Year Nuclear Coal Oil Gas Total* (Hydro) 

1979 255.2 1075.0 303.0 329.5 1967.0 --  
1980 251.1 1162.0 245.6 346.2 2010.4 --  
1981 272.7 1203.2 206.1 345.8 2034.1 - -  
1982 282.8 1192.0 146.8 305.3 1926.8 309.2 

(revised) 
1983 293.7 1259.4 144.5 274.1 1971.7 332.1 
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Table XXX. Fossil fuel consumption, by type (531) 

Coal Oil Gas 
Year (millions of tons) (millions of bbl) (millions of ft 3) 

1973 388.7 562.5 3660.2 
1974 391.2 539.1 3443.4 
1975 405.9 506.6 3157.7 
1976 448.3 556.5 3080.9 
1977 477.0 624.2 3191.2 
1978 481.6 635.8 3188.4 
1979 527.1 523.3 3490.4 
1980 569.5 420.2 3681.6 
1981 596.8 351.1 3640.2 
1982 (rev.) 593.7 249.8 3225.5 
1983 625.2 245.5 2910.8 

shows. Fifty percent of this increase was from nuclear 
plants, begun many years ago, which continue to come on 
stream. The bulk of the remaining increase came from 
steam generation plants. Capital expenditures for genera- 
tion, transmission, distribution, and other requirements 
are shown in Table XXXII. Total expenditures were 
about the same as in 1982, and a similar level is expected 
in 1984. 

Electric utility industry forecast (532).--In September,  
1983, Electrical World released its 34th annual forecast for 
the electric utility industry. As the general economy im- 
proved and the recent dislocations in industry trends 
showed signs of abating, a healthy recovery was forecast. 
The assumptions used in earlier forecasts were examined, 
and, in some cases, revised. 

A synopsis of some important points from the Electrical 
World forecast follows. 

Electricity requirements, 1984-2000.--The U.S. economy 
is becoming more electrified as its direct dependence on 
fossil fuels declines. During the past decade, according to 
DOE Secretary Donald P. Hodel, while "use of all 
nonelectric forms of energy dropped by 15%, we in- 
creased our [use of] electricity by 20%." A forecast of elec- 
tric utility sales for the remainder of the century is given 
in Table XXXIII  (532). 

Industrial electric usage is predicted to rise over the 
next  few years, after the fluctuations of the late 1970's 
and early 1980's. Projections are shown in Table XXXIV 
(J532). A transition in the industrial sector, from goods to 
services, is ~ot expected to change the mix of utility en- 
ergy sources. Electricity's percentage of total utility sales 
in the industrial sector should remain at 35%-40%. 

Forecasts of electricity needs by the a luminum industry 
have been revised downward from earlier projections. It 
was concluded that there is little incentive for a luminum 
producers to develop additional domestic capacity, due to 
the rate of power cost increases and the availability of 
lower cost power in other countries. 

Industrial self-generation has declined markedly for 
more than a decade, from 98 billion kWh in 1972 to an es- 
t imated 49 billion kWh in 1983. Beginning in the middle 
of this decade, a modest  increase in industrial self- 
generation is expected, as shown in Table XXXIV. 

Projections of consumer electricity use have been re- 
vised downward from earlier values, following a drop in 
1983, despite an unusually hot summer. A trend towards 
energy saving appliances will slow demand growth, as 
consumers look for ways to lower their energy costs with- 
out disrupting their lifestyles. A gradual return of the 
housing market is predicted. As gas deregulation and the 
attendartt' price rises occur, the competit iveness of elec- 
tric. space heating will improve. However, other factors, 
politics, wilt restrain the number  of electrically heated 

homes added in the late 1980's and 1990's. Predicted resi- 
dential electricity usage is given in Table XXXV. 

During the remainder  of the century, multiple-family 
dw~el~ings will predominate over single-family dwellings. 
The electric heat pump will come to dominate the 
electric-heat housing market. 

The predicted penetration of electric vehicles into the 
transportation market  has been drastically revised down- 
ward for the remainder of the century. The forecast was 
cut from about 1 million units on the road in the year 2000 
to only about 200,000. This resulted in a 5 million kWh re- 
duction in the amount of electricity required. The lack of 
a serious effort by major manufacturers to push an elec- 
tric vehicle, coupled with the lack of improvement  in EV 
performance needed for broad consumer acceptance, 
were both factors in the downward revision. 

In the commercial  market, conservation and energy 
management  will reduce electricity usage. However, 
greater'  office electrification, through communicat ion 
and data handling growth, are expected to produce an 
overall positive growth. 

]~'lectricity peak-demand requirements are seen as in- 
creasing at an annual compound rate of about 3% for the 
next decade, and only slightly less thereafter. Growth will 
taper off to about 2.6% by 2000. This trend toward lower 
percentage growth arises from four major factors. First, 
consdrvation will increase in all market segments. Sec- 
ond, energy-intensive industries, such as a luminum pro- 
duction, will increasingly move abroad. Third, the rate of 
population growth will continue to decline. Finally, socie- 
tal changes such as the shift of households from single 
family to smaller, multifamily residences will result in 
lower electricity requirements.  

The main barrier to strong long-term growth of electric 
energy is its cost, which will probably rise at a rate 
slightly faster than general inflation. 

Generating eapaeity.--Recent protests over " imprudent"  
construction of new capacity have added to the move- 
ment, already underway because of financial pressure, to 
cancel capacity additions. 

Planned increases in the number  of large coal-fired 
units,, today still in the planning stages, will not alleviate 
shortages that may develop in several parts of the country 
later in this decade. Licensing each plant will take about 3 
yr, and construction will take an additional 5 yr. In 1982, 
utilities placed no orders for major units. As a result, 
there will be very small capacity additions during the pe- 
riod 1987 to 1992, as only units already under construction 
are brought on line. 

Insuff icient  reserve margins will develop in some re- 
gions. These will probably be alleviated by installing sub- 
stantial quantities of combustion turbines. 

The forecast for generating capacity additions is given 
in Table XXXVI. A forecast of annual capital expendi- 
tures by the electric utility industry is given in Table 
XXXVII. 

Conventional fossil fuels.--The electric utility industry 
is faced with the prospect of massive capital expenditures 
to replace aging generation facilities. Money could be 
saved, however, if the operation of existing plants could 
be extended safely and economically. Toward that end, 
EPRI  announced a 4 yr program to develop and test 
methods for extending the life of fossil fuel power plants 
by as much as 50% (533). The work will be funded by 
EPRI  and carried out by project teams that will include 
turbine and boiler manufacturers, an engineering firm, 
and a host utility. Higher costs for money and equipment,  
uncertain demand growth, and difficulty in siting new 

Table XXXI. U.S. installed generation capacity, by plant type (531) (MW) 

Internal 
Year Total Hydro Steam Nuclear Gas turbine combustion 

1982 (rev.) 650,105.0 78,128.3 452,011.3 63,042.0 51,972.3 5131.1 
1983 658,172.6 78,967.6 455,507.7 67,073.4 51,627.9 4996.0 
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Table XXXII .  Total U.S. electric power system capital expenditures (3) (millions of dollars) 

Generation Transmission Distribution Miscellaneous Total 

Total Investor Total Investor  Total Investor Total Investor Total Investor 
Year industry owned industry owned industry owned industry owned industry owned 

1980  25,688 17,875 3~280 2,279 5,307 4,365 1,650 1,297 35,925 25,816 
1981 25,823 19,217 3,168 2,326 4,950 4,169 1,882 1,543 35,823 27,254 
1982  29,836 22,287 3,497 2,595 5,228 4,432 1,654 1,347 40,216 31,161 
1983 29,922 23,741 3,200 2,463 5,381 4,698 1,600 1,332 40,103 32,234 

Table XXXIII .  Electric utility sales forecast (billions of kWh) 

Residential Change Industrial Change Commercial Change Other Change Total Change 

1972 511.4 6.7% 639.5 7.9% 361.9 8.4% 65.0 6.7% 1577.7 7.6% 
1973 554.2 8.4% 687.2 7.5% 396.9 9.7% 64.9 -0.1% 1703.2 8.0% 
1974 555.0 0.1% 689.4 0.3% 392.7 -1.1% 63.7 -1.9% 1 7 0 0 . 8  -0.1% 
1975 586.1 5.6% 661.6 -4.0% 418.1 6.5% 67.2 5.6% 1733.0 1.9% 
1976 613.1 4.6% 725.2 9.6% 440.6 5.4% 70.8 5.2% 1849.6 6.7% 
1977 652.3 6.4% 757.2 4.4% 469.2 6.5% 72.1 1 .8% 1950.8 5.5% 
1978 679.2 4.1% 782.1 3.3% 480.7 2.5% 75.8 5.2% 2017.8 3.4% 
1979' 696.0 2.5% 817.6 4.5% 494.7 2.9% 76.1 0.4% 2084.4 3.3% 
1980 734.4 5.5% 793.8 -2.9% 524.1 5.9% 73.7 -3.0% 2126.1 2.0% 
1981 730.5 r -0.5% 819.6 r 3.3% r 521.7 r -0.5% r 78.9 6.9% 2150.7 1.2% 
1982 729.T -0.2% 770.7 -6.0% 514.1 -1.5% 79.6 0.9% 2 0 9 3 . 6  -2.7% 
1983" 735.1 0.8% 777.0 0.8% 539.5 5.0% 78.8 -1.0% 2130.5 1.8% 

Forecast 
1984 749.2 1.9% 822.6 5.9% 553.0 2.5% 80.0 1.4% 2204.7 3.5% 
1985 769.8 2.8% 861.0 4.7% 573.5 3.7% 81.5 1.9% 2285.5 3.7% 
1986 793.2 3.0% 894.2 3.9% 594.1 3.6% 83.0 1.9% 2364.5 3.5% 
1987 820.0 3.4% 921.5 3.1% 614.9 3.5% 84.6 1.9% 2441.0 3.2% 
1988 848.1 3.4% 948.5 2.9% 635.8 3.4% 86.2 1.9% 2518.6 3.2% 
1989 875.6 3.3% 976.1 2.9% 656.2 3.2% 87.8 1.9% 2595.7 3.1% 
1990 902.0 3.0% 1004.2 2.9% 675.9 3.0% 89.4 1.9% 2671.5 2.9% 
1995 1028.2 2.5% 1147.7 3.0% 766.9 2.5% 98.2 1.9% 3041.0 2.7% 
2000 1157.5 2.3% 1296.8 2.4% 863.5 2.4% 108.2 2.0% 3426.0 2.3% 

* Estimated. 
Revised. 
Basis for determining sales data revised starting 1979. 

Source: Edison Electric Institute, Electrical World. 

Table XXXIV. Industrial electric usage forecast (billions of kWh) 

Primary 
Primary Generation Utility a luminum 

aluminum Total by industrial industrial production 
Manufacturing production DOE industrial plants sales (thousand ton) 

1972 637.8 74.2 25.7 737.7 98.2 639.5 4122 
1973 668.1 81.5 33.4 783.0 95.8 687.2 4529 
1974 660.8 88.2 35.4 784.4 95.0 689.4 4903 
1975 635.8 68.5 36.6 740.9 79.3 661.6 3879 
1976 692.5 73.2 41.8 807.6 82.4 725.2 4251 
1977 723.8 76.0 40.9 840.7 83.5 757.2 4539 
1978 740.4 79.8 34.3 854.4 72.3 782.1 4804 
1979' 767.9 82.4 32.7 883.0 65.3 817.6 5023 
1980 746.6 82.8 24.9 854.2 60.4 e 793.8 5130 
1981 775.9 r 77.2 22.6 875.7 r 56.0 e 819.6 r 4948 
1982 743.8 54.9 22.6 821.3 50.6 e 770.7 3609 
1983' 742.3 60.0 ~3.8 826.1 49.1 777.0 4000 
Foreca~ 

1984 772.0 69.0 30.0 871.0 48.4 822.6 4600 
1985 799.8 71.0 38.7 909.6 48.6 861.0 4800 
1986 826.2 74.0 42.8 943.1 48.9 894.2 5000 
1987 852.7 73.0 45.1 970.8 49.3 921.5 5000 
1988 880.0 73.0 45.6 998.6 50.1 948.5 5000 
1989 908.2 73.0 45.9 1027.2 51.1 976.1 5000 
1990 938.3 72.0 46.0 1056.3 52.1 1004.2 5000 
1995 1098.5 74.2 33.6 1206.3 58.7 1147.7 5300 
2000 1254.9 75.9 33.6 1364.4 67.7 1296.8 5500 

* Estimated. 
e Estimated by EEI. 
r Revised. 
1 Basis for determining sales data revised starting in 1979. 
Source: Edison Electric Institute: U.S. Department of Energy: The Aluminum Association: McGraw-Hill Publications: Department  of 

Economics, Electrical World. 

u n i t s  h a v e  m a d e  e x t e n d i n g  t h e  n o r m a l  35-40 y r  p l a n t  life 
e c o n o m i c a l l y  a t t rac t ive .  

T h e  i n c r e a s e d  i m p o r t a n c e  o f  coal  as  a fue l  h a s  led  to 
n e w  t e c h n i c a l  d e v e l o p m e n t s  in  coal  c o m b u s t i o n  t e c h n o l -  
ogy.  E n e r g y  a n d  M i n e r a l s  R e s e a r c h  C o m p a n y  in  E x t o n ,  

P e n n s y l v a n i a ,  h a s  a n n o u n c e d  a n  u l t r a s o n i c  coal  g r i n d e r  
w h i c h  b l a s t s  coal  w i t h  s o u n d  w a v e s ,  l e a d i n g  to s t r e s s  fa- 
t i gue  a n d  f r a c t u r e  i n to  smal l ,  u n i f o r m  p a r t i c l e s  (534). T h e  
p r i m a r y  m o t i v a t i o n  for  d e v e l o p i n g  t h e  p r o c e s s  w a s  t h e  
h u g e  a m o u n t  o f  e n e r g y ,  s o m e  29 b i l l ion  kWh]yr ,  con-  
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Table XXXV. Residential electric usage forecast (1983 dollars) 

3 9 3 C  

Mid-year Hous ing  Revenue  Average Residential  Heat ing Residential  
cus tomers  starts, private '  Use  per  per  kWh annua l  bill sales sales revenue  
(millions) ( thousands)  cus tomer  (kWh) (cents) (dollars) (billion kWh) (billion kwh)  (million dollars) 

1972 66.5 2357 7691 4.96 382.06 511.4 88.0 
1973 68.6 2045 8079 4.88 394.20 554.2 97.2 
19742 70.2 1338 7907 5.33 421.68 555.0 100.2 r 
1975 71.7 1160 8176 5.54 452.42 586.1 103.1 r 
1976 73.3 1538 8360 5.66 472.83 613.1 115.7 r 
1977 75.0 1987 8693 5.85 508.81 652.3 126.0 r 
1978 76.8 2020 8849 5.80 513.69 679.2 132.8 r 
19793 78.7 1745 8843 5.87 518.64 696.0 143.1 r 
1980 81.4 1292 9025 6.22 560.63 734.4 140.4 r 
1981 83.0 1084 8825 6.44 568.64 730.5 155.1 
1982 84.2 1062 8696 6.75 587.20 729.2 157.5 
1983" 85.3 1200 8623 7.00 603.86 735.1 164.4 
Forecast  
1984 86.9 1400 8621 7.35 633.91 749.2 170.3 
1985 88.5 1600 8698 7.72 671.55 769.8 177.4 
1986 90.1 1800 8808 8.09 712.68 793.2 185.5 
1987 91.6 1700 8952 8.46 756.93 820.0 193.9 
1988 93.2 1600 9104 8.79 800.57 848.1 201.8 
1989 94.7 1400 9247 9.10 841.61 875.6 208.8 
1990 96.3 1300 9371 9.37 878.48 902.0 214.7 
1995 103.3 1300 9959 10.50 1045.98 1028.2 239.4 
2000 110.7 1300 10461 10.99 1150.18 1157.5 258.4 

25407 
27042 
29597 
32437 
34676 
38182 
39428 
40822 
45623 
47067 
49241 
51479 

55087 
59435 
64179 
69334 
74575 
79696 
84556 

107994 
127271 

* Est imated.  
r Revised.  
' Exc lud ing  mobi le  homes .  
'-' Inc ludes  space heat ing usage  f rom all rate schedules .  1974-1980 figures revised based  on 1980 census  data. 
3 Bas is  for de te rmin ing  sales data  revised start ing in 1979. 
Source: Edison Electric Insti tute:  Electrical World. 

Table XXXVI. Forecast of generating capacity additions (MW) based on date of commercial operation) 

Conventional Pumped Fossil Nuclear Combustion 
hydro hydro steam I steam turbines, I.C. Total 

1973 1594 3622 24,217 5,770 5066 40,269 
1974 720 1087 18,874 9,196 6236 36,113 
1975 2064 305 21,726 7,281 3523 34,900 
1976 300 235 11,908 4,457 2600 19,500 
1977 1438 485 16,506 6,530 1647 26,609 
1978 4265 841 14,454 2,182 2213 23,935 
1979 2632 1200 10,999 1,874 370 17,075 
1980 1078 257 14,214 2,887 446 18,882 
1981 290 250 6,505 4,286 624 11,955 
1982 900 1189 9,125 3,126 600 14,940 
1983* 390 254 6,530 4,040 260 11,474 

Forecas t  
1984 494 1250 6,335 15,538 0 23,617 
1985 834 1050 8.575 14,630 10 25,099 
1986 583 1350 3,985 6,650 0 12,568 
1987 351 848 3,604 9,855 80 14,738 
1988 157 620 4,211 3,460 50 8,498 
1989 120 - -  4,965 3,550 0 8,635 
1990 375 - -  4,006 1,250 200 5,831 
1991 676 - -  4,241 (840) 500 5,417 
1992 - -  - -  4,713 0 700 5,413 
1993 - -  - -  9,496 0 500 9,996 
1994 - -  - -  15,830 0 200 16,030 
1995 - -  - -  17,114 0 200 17,314 
1996 - -  - -  24,498 0 200 24,698 
1997 - -  - -  24,798 0 400 25,198 
1998 - -  - -  20,850 0 500 21,350 
1999 - -  - -  19,900 0 200 20,100 
2000 - -  - -  20,900 0 200 21,I00 

* Est imated.  
Geothermal ,  wind, waste  capaci ty is inc luded in fossil  s team, 

s u m e d  i n  t h e  c o a l  c o m m i n u t i o n  i n d u s t r y .  S a v i n g  10% o f  
t h e  e n e r g y  c o s t  w o u l d  r e p r e s e n t  $150 m i l l i o n / y r  i n  c o s t  
r e d u c t i o n .  

A L i m e s t o n e  I n j e c t i o n  M u l t i s t a g e  B u r n e r  ( L I M B )  s y s -  
t e m  w a s  c l a i m e d  b y  t h e  E n v i r o n m e n t a l  P r o t e c t i o n  
A g e n c y  to  b e  t h e  l o w e s t - c o s t  r e t r o f i t  a l t e r n a t i v e  fo r  
c o n t r o l l i n g  b o t h  N O ~  a n d  S Ox  e m i s s i o n s  f r o m  coa l  p l a n t s  
(535). E P A ' s  o b j e c t i v e s  a r e  to  a c h i e v e  50%-60% r e d u c t i o n s  
o f  b o t h  SOx a n d  NO~, f r o m  u n c o n t r o l l e d  l eve l s ,  o n  
r e t r o f i t  i n s t a l l a t i o n s .  O n  n e w  s y s t e m s ,  E P A  is  s e e k i n g  re-  
d u c t i o n s  o f  70%-80% i n  N O / ,  a n d  70%-90% i n  SOx.  F o r  
b o t h  r e t r o f i t  a n d  n e w  s y s t e m s ,  E P A  w o u l d  l i ke  to  

1981-2000. 

a c h i e v e  t h o s e  g o a l s  fo r  a t  l e a s t  $100 /kW l e s s  t h a n  f l u e - g a s  
d e s u l f u r i z a t i o n .  E P A  wi l l  t e s t  s e v e r a l  c o a l s  o f  d i f f e r e n t  
c o m p o s i t i o n  to  d e t e r m n e  i f  s o m e  a r e  l e s s  l i k e l y  to  p ro -  
d u c e  f ly a s h .  T h e  l a r g e s t  p l a n t  to  u s e  t h e  L I M B  t e c h n o l -  
o g y  t h u s  f a r  h a s  b e e n  a 100 m i l l i o n  B T U / h r  u n i t .  

Synthetic f u e l s . - - T h e  U . S .  s y n f u e l s  e f f o r t  s p u t t e r e d  i n  
1983. F e w  s y n f u e l  p r o j e c t s  n o w  r e m a i n  ac t i ve ,  a n d  a r e  n o t  
e x p e c t e d  to  c o m e  c l o s e  to  t h e  o r i g i n a l  n a t i o n a l  g o a l  o f  2 
m i l l i o n  b b Y d a y  o f  s y n f u e l s  b y  t h e  e a r l y  1990 ' s  (536). 

T h e  b a r r i e r s  to  s y n f u e l  d e v e l o p m e n t  d o  n o t  s e e m  to  in-  
v o l v e  t h e  f u n d a m e n t a l  q u e s t i o n  o f  w h e t h e r  s u c h  d e v e l o p -  
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Table XXXVII. Utility capital expenditure forecast (millions 0f1983 dollars) 

Generation. Transmission Distribution Miscellaneous Total 

1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983' 
Forecast 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 
1995 
1996 
1997 
1998 
1999 
2000 

21,039 4,642 8,620 1,679 35,980 
22,338 5,010 9,066 1,872 38,286 
23,291 4,565 8,525 1,908 38,289 
21,624 4,043 6,917 1,667 34,251 
26,851 4,759 7,351 1,752 40,713 
29,166 4,744 6,910 1,509 42,329 
31,453 3,922 6,229 1,744 43,348 
32,671 4,444 7,000 1,751 45,866 
30,861 3,933 6,340 1,944 43,078 
32,933 3,373 7,204 1,744 45,254 
33,800 3,700 6,700 1,750 40,172 
29,922 3,200 5,381 1,600 40,103 

26,000 3,000 7,585 1,650 38,235 
20,500 2,500 7,620 1,375 31.995 
14,800 2,250 8,100 1,130 26,280 
13,300 2,000 8,277 1,060 24,637 
10,400 1,900 8,442 935 21,677 
9,600 1,900 8,500 900 20,900 
9,600 2,100 8,600 915 21,215 

18,200 2,500 8,830 1,330 30,860 
24,900 3,200 8,975 1,665 38,740 
31,500 4,300 9,190 2,025 47,015 
37,800 5,200 9,265 2,350 54,615 
41,860 5,700 9,460 2,565 59,585 
43,700 6,000 9,560 2,665 61,925 
42,650 5,800 9,770 2,620 60,840 
42,900 5,800 9,955 2,640 61,295 
46,200 6,200 10,060 2,810 65,270 
46,200 6,200 10,260 2,820 65,480 

* Estimated. 

ment  must  ultimately occur. Nor are technology, availa- 
bility of capital, or future demand projections the 
problems. Bernard Lee, President of the Insti tute of Gas 
Technology, cites "institutional barriers" (536). Oil price 
is one such barrier, as the oil exporting countries at- 
tempted to peg prices below the break-even point for 
competing alternatives. However, an IGT study consid- 
ered imported oil's effects, such as balance of trade ef- 
fects on inflation on the economy, leading Lee to peg the 
real cost of imported oil at about $75/bbl, rather than the 
market price of $29.00. 

Martin Roberts, Vice-President of Lehman Manage- 
ment, cited communicat ion problems among groups that 
might contribute to a synfuels industry as another barrier 
(536). About 80% of western oil shale lies under  public 
lands, and no firm plan has emerged for exploiting it. 
Also, recent oil price drops have proven that they are 
more elastic than formerly believed. This, according to 
Roberts, has reduced the sense of urgency in future en- 
ergy planning, to the detriment of alternative resources. 
Environmental  and socioeconomic problems have also 
been troublesome. Satisfying them can raise project costs 
from 40% to 100%, thus dampening investor interest. In 
the West, allocating scarce water to synfuel plants is a 
concern (536). 

In many cases, especially in the West, the federal gov- 
ernment  not only controls mineral rights in leased areas, 
but has regulatory powers over water rights, and contrib- 
utes to project subsidies. Roberts points to this as a 
difficult situation for private competitors to accept. Even 
under  the best conditions, Roberts says, the investment  
community  sees synfuels as essentially a regulated utility 
with marginal economics (536). 

Government  and industry have relegated synfuel devel- 
opment to limbo for another decade, or until  another en- 
ergy panic occurs, according to Rex Ellington of the Uni- 
versity of Oklahoma (536). Ellington sees recent inflation, 
high interest rates, and eroded worker productivity as 
hampering the synfuel effort. 

Ellington faults the present administration for encour- 
aging unrestrained oil well drilling as a panacea for the 
country's oil problems, although the approach has not 
kept reserves and production from declining. Congress 
was also criticized for deserting synfuels by shying away 
from price supports and tax breaks. Finally, industry was 

seen as being too single-minded on one line of thought for 
future development (536). 

As a way of restoring synfuel development, Ellington 
suggests a "beachhead philosophy," involving develop- 
ment  of a small technical beachhead, which could be ex- 
panded rapidly as required (536). 

"World Production of Synthetic Fuels: A Realistic As- 
sessment," a report prepared for The Economist, projects 
a generally bleak outlook, with some bright spots, for 
worldwide synfuel development (537). The report, based 
on information gathered from 500 synfuels projects, pre- 
dicted world synfuel production of about 653,000 bbl/day 
by 1990. The outlook for coal-based synfuels from lique -~ 
faction and gasification was pessimistic. More than 
800,000 bbYday (oil equivalent) of coal gasification proj- 
ects were canceled in 1982. Abandonment  of their Colony 
oil shale project by Exxon and Tosco last year hurt  the in- 
vestment  climate. The report projects a worldwide shale 
oil production range of 75,000-392,000 bbl/day by 1990, 
the upper  figure based on completion of all projects now 
under  construction. Tar sand and heavy oil recovery 
looks promising. World production, according to the re- 
port, could reach 323,000 bbl/day by 1990. 

The third solicitation for synfuels proposals by the U.S. 
Synthetic Fuels Corporation attracted 46 proposals for 
loan guarantees, price supports, and other aid (538). Sev- 
enteen of the proposals were for new projects; the re- 
mainder were resubmissions. Of the projects, 10 were for 
coal liquefaction plants, nine for coal gasification, 13 for 
oil shale, and 11 for tar sands. 

In May, Senator Pete Domenici (R-NM) introduced a 
bill to provide significant tax benefits for synfuels proj- 
ects (539). The bill would extend the qualification dead- 
line for a 10% energy tax credit, which expired on Janu- 
ary 1, 1983, to June, 1987. 

The value of tax incentives was underscored at a Senate 
hearing when a Kidder, Peabody, and Company official 
accused the federal government of being a "fickle part- 
ner" (537). Joseph Schell told the Senate Finance Energy 
Subcommittee that federal tax laws were a better stimu- 
lus than Synfuels Corporation loan-and-price guarantees. 

A call for increased government  assistance came from 
the National Research Council, which proposed that the 
United States should initiate a national research and de- 
velopment test fuels program (540). NRC suggested that 
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the program, which would be administered by the De- 
fense Department, should include a process develop- 
ment-scale refinery. The report committee noted that the 
past 10 yr of synfuel development have not produced any 
currently profitable options, and concluded, "there is an 
urgent need for stronger leadership and commitment  by 
the federal government in recognition of the increasing 
importance of this issue to future national security." 

The Environmental  Policy Institute, however, criticized 
the federal synfuels program, concluding in a report that 
proposed projects will not make a significant contribu- 
tion to the nation's energy security (541). Technical relia- 
bility and cost-efficiency problems were cited. EPI con- 
cluded that energy conservation, fuel switching, and 
increased domestic oil and gas production have been 
much more effective. EPI contends that the synfuel in- 
dustry is not ready for commercialization and cannot ex- 
ist without huge federal subsidies. 

Coal gasification.--The coal gasification outlook, al- 
ready clouded by earlier project cutbacks, was further 
dimmed in 1983. The Department  of Energy, in an interim 
report to Congress, said that it sees "no significant U.S. 
market for coal gasification processes" (542). There is 
doubt that the BI-GAS coal gasification pilot plant  in Ho- 
mer, Pennsylvania, will be converted to a national gasifi- 
cation test facility, as Congress had suggested earlier. 

The Board of Directors of the U.S. Synthetic Fuels Cor- 
poration, responding to a request from sponsors of the 
Great Plains coal gasification project, voted against giv- 
ing additional financial aid to the project (543). The 
corporation's analysis found that no financial crisis of the 
project was likely until  1988. 

Despite the pessimistic scenario, a number  of efforts 
forged ahead. The Gas Research Institute plans to spend 
$7.6 million on coal gasification research in 1984, to com- 
plement  $9.5 million in federal spending and $4.0 million 
from industry (537). GRI projects that coal gasification 
production will reach 0.3 quadrillion BTU by 1990, and 
0.6 quadrillion BTU by 2000. Over the next  five years~ 
GRI plans to spend $61.5 million on coal gasification re- 
search and development. 

The Allis-Chalmers KilnGas coal gasifier, at its Woods 
River Project in Illinois, was tested for a four day run in 
June (537). No significant problems were encountered. In 
further tests, the plant  will reach its full 600 ton/day ca- 
pacity, with the low BTU product gas used in an Illinois 
power company's  50 MW boiler on site. The $155 million 
project is sponsored by 12 utilities, the state of Illinois, 
EPRI, and Allis-Chalmers. In August, Allis-Chalmers be- 
gan processing Illinois no. 6 high sulfur coal at Woods 
River (541). 

Lurgi announced that it had developed a new system to 
allow its commercial coal gasifier to accept coal fines 
(544). The Lurgi gasifier, the most successful commercial 
system, has been combined with a circulating fiuidized 
bed reactor and a gas liquor evaporation system to form 
an integral coal gasification plant. The Lurgi system will 
accept up to 40% coal fines, and produces substantially 
less waste liquor than a conventional Lurgi SNG plan. 

Exxon has operated a 1 ton/day gasifier demonstration 
uni t  at its Baytown facility since 1979. The process ac- 
complishes gasification and methanation in a large fluid 
bed gasifier. Development has now reached a stage 
where the final step is to scale up to commercial size 
(545). 

Coal l iquefact ion.--A marketing and pricing study indi- 
cated that, despite recent difficulties, the total market for 
coal liquids could reach 226,000 bbl/day by the late 1990's 
(540). The analysis projected that six to ten large plants, 
with capacities of 25,000-40,000 bbl/day and nine to nine- 
teen smaller plants in the range of 1000 bbYday capacity 
will be built  by the end of the century. However, it was 
cautioned that tough air pollution standards could have a 
serious adverse impact on the coal liquids business. 

According to Emil Parente of Fluor Engineers, coal- 
derived liquids can be produced at a price competitive 

with crude oil, but  only if a number  of criteria are met 
(545). These include: a liquid methanol product slate; lig- 
nite as the coal feedstock; indirect liquefaction technol- 
ogy; coproduction of a natural gas substitute; and a plant 
location on the Gulf Coast. 

DOE's Pit tsburgh Energy Technology Center, citing a 
need for new ideas on liquefaction, issued a solicitation 
for proposals (544), anticipating receipt of proposals for 
bench-scale research on new approaches or innovations 
on existing ideas. Earlier, DOE awarded $7 million to 27 
university and three industrial  laboratories to study coal 
behavior during combustion, liquefaction, and gasifica- 
tion (546). Meanwhile, using lignin, high yields of liq/le- 
fled coal were obtained at lower-than-normal tempera- 
tures, at the University of Connecticut (547). i n  the 
presence of lignin and an acid catalyst, yields of 19%-43% 
were obtained at 300~ Without lignin, only about 5% 
conversion was obtained. Liquefaction reactions are usu- 
ally run at temperatures above 400~ 

The Electric Power Research Institute contracted C-E 
Lummus  to "screen and identify promising two-step liq- 
uefaction configurations" (542). The results of the Lumus 
study will be compared with one-step liquefaction pro- 
cesses. 

Despite refusal of its project financing application by 
the Synthetic Fuels Corporation, A-C Valley Corporation 
decided to continue its Scrubgrass coal-to-gasoline proj- 
ect in Pennsylvania (542). 

Many of the important  developments in coal liquefac- 
tion during 1983 involved development of coal-water fuel 
(548). Occidental Research Corporation announced that it 
would enter a joint venture to produce a coal-water fuel. 
COM Energy, an Occidental subsidiary in  Jacksonville, 
Florida, with a 15 ton/hr coal-oil facility, will be converted 
to coal-water production, with an initial capacity of 2000 
bbYday. Occidental and others believe that coal-water 
mixture can be produced for about $3.30 per million BTU 
in commercial quantities. 

Sohio also entered the coal-water mixture (CWM) busi- 
ness, purchasing Advanced Fuels Technologies from Gulf 
and Western (549). Formed in 1980, AFT has produced 
more than 500 tons of CWM in a 1 ton/hr pilot plant in 
Bridgeport, Connecticut. Using AFT's technology, Sohio 
will build a 50 ton/hr demonstration plant. 

Several other coal-liquid ventures have been an- 
nounced recently (548). These include joint  efforts by 
Allis-Chalmers and Fluidcarbon International AB of 
Sweden, Foster-Wheeler Corporation and A. B. Carbogel 
of Sweden, and Babcock and Wilcox, Ashland Oil Incor- 
porated, and Slurrytech, Incorporated. Electric Fuels Cor- 
poration of St. Petersburg acquired Comco, which has 
been producing a coal-oil mixture for Florida Power 
Corporation. 

Oil Sha le  and tar sands . - - In  November, the Synthetic 
fuels Corporation was considering four oil shale projects 
for future funding (544). Geokinetics, Incorporated was 
requesting $50-$100 million in loan and price guarantees 
for its $30 million, 1000 bbl/day Seep Ridge project in 
Utah. Also under  consideration was the 14,100 bbYday 
Paraho-Ute project involving Paraho, Sohio, Texas East- 
ern, Signal'Cos., and Raymond International. Union Oil's 
Phase II 20,000 bbl/day expansion of Parachute Creek, 
Colorado, was regarded as politically volatile because of 
Union's  prior $400 million in DOE aid. The final entry 
was the 16,500 bbYday plant in White River, Utah, spon- 
sored by Philips, Sunoco, and Sohio. 

Oil production for 1983 by Syn-Crude, the largest oil 
sands plant in the world, waft estimated at 35-40 million 
barrels (540). Syn-Crude Canada, Ltd. can now produce 
109,000 bbYday, and announced a $1.2 billion expansion 
program to increase production by about 20,000 bbYday. 

A new heavy oil and tar sands recovery process was 
successfully tested over a 2-3 yr period by James Wade 
Engineering, Limited of Toronto (549). Five Canadian and 
two or three U.S. oil companies have expressed interest 
in the process. Bitech of Toronto and Wade hope to con- 
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struct a 1000 bbl/day test pilot plant next year to process 
heavy oils and then tar sands. 

Nuclear generation.--The nuclear power industry has 
been beset by numerous problems in recent years. Rap- 
idly escalating plant costs and the long lead time for de- 
sign, approvals, licensing, and construction have made it 
difficult to bring new plants on line. The lack of a satis- 
factory solution to the waste disposal problem and recent 
events such as the Three Mile Island malfunction have 
generated adverse publicity and stiffened public resis- 
tance. 

To regain public acceptance and investor confidence, 
the industry must  sustain an unblemished safety record 
in the future, according to Nunzio Palladino, chairman of 
the Nuclear Regulatory Commission (550). According to 
Palladino, time is the ally of the nuclear industry, pro- 
vided that there are no episodes such as what happened 
at Three Mile Island in the future. Acknowledging that 
the future of the industry ultimately will be decided by 
the public and its elected representatives, Palladino 
called for a balanced relationship among the utilities, reg- 
ulators, legislators, courts, and the general public. 

Early in 1983, the Nuclear Regulatory Commission pro- 
posed new nuclear plant safety goals (551). The goals will 
be reviewed for two years before becoming final. How- 
ever, NRC's Advisory Committee on Reactor Safeguards 
faulted the proposed guidelines for excluding a statement 
that social risks ought to be "as low as is reasonably 
achievable," and for failing to consider long-term health 
effects on individuals. 

NRC also approved a package of legislative changes tbr 
consideration by Congress (552). The requested changes 
include allowing NRC to grant advance approval to stand- 
ardized reactor designs and possible sites for future 
plants. The number  of issues that could be raised at 
licensing hearings for new plants would also be limited, 
and administrative judges presiding over the hearings 
would be prevented from raising their own questions on 
potential safety problems. 

Hans Bethe of Cornell University, speaking for Scien- 
tists and Engineers for Secure Energy, criticized the 
NRC's adversarial approach and called for a simplifica- 
tion of governmental regulations (553). Procedural and 
legislative aspects of the nuclear regulatory process, ac- 
cording to Bethe, have expanded to overshadow technical 
matters. 

In  April, the Supreme Court provided both good and 
bad news to the nuclear industry (554). The court unani- 
mously ruled against a citizen's group challenge to NRC's 
decision not to consider their concerns in deciding 
whether to restart the undamaged reactor at Three Mile 
Island. In a second case, however, the court unanimously 
upheld a California law imposing a moratorium on new 
nuclear plant construction until  the federal government  
has developed and approved a technology for perma- 
nently disposing of nuclear wastes. 

After a three-month trial, a suit involving General Pub- 
lic Utilities, operator of the Three Mile Island reactor 
damaged in 1979, and Babcock and Wilcox, the reactor 
manufacturer, was settled out of court (555). Under  the 
agreement, GPU will receive $37 million, while both par- 
ties agreed that "neither has established the other as the 
cause" of the accident. The settlement, in the form of re- 
bates on Babcock and Wilcox services, will be used to 
clean up the reactor. 

Metropolitan Edison, owner of the Three Mile Island 
Power Plant, was charged by a federal grand jury in 
Harrisburg, Pennsylvania, with manipulat ing and falsi- 
fying test results on radiation leaks from the plant 's cool- 
ing system (556). According to the charges, the company 
lied about leak rate data during the period immediately 
before the accident in order to avoid plant closure. 

As a result of the introduction of new, capital-intensive 
nuclear plants, residential electric rates are projected to 
rise sharply in the 1980's and early 1990's (557). The enor- 
mous capital cost of nuclear plants now coming into ser- 

vice has not, in general, been absorbed into utility rate 
bases during construction. The capitalization of a large 
nuclear plant  can equal or exceed the previous capitaliza- 
tion of a utility. In the case of the Long Island Lighting 
Company, protests have already arisen over the possibil- 
ity of a 50% rate increase attributable to its Shoreham 
Plant. 

Despite the many problems, an increasing fraction of 
the world's electricity is supplied by nuclear energy. The 
International Energy Agency, noting that 21 nuclear reac- 
tors were hooked into electricity grids during 1982, says 
that about 10% of the world's electricity is obtained from 
nuclear reactors (558). 

An engineering demonstrat ion of a wet chemistry pro- 
cess produced 10 kg of high purity uranium oxide from 
scrap nuclear fuel (559). The recycling process, first de- 
veloped ten years ago by General Electric, was demon- 
strated by Westinghouse Hanford, in Richland, Washing- 
ton. 

Breeder reactor (560).--After keeping the Clinch River 
Breeder Reactor project alive for several years, the Senate 
voted to delete $1.5 billion in funds, earmarked for the 
project, from the fiscal 1984 supplemental  appropriations 
bill. The House did not even consider Clinch River fund- 
ing. Cost overruns have plagued the project. Initial 1971 
cost estimates of $400 million for the reactor have now 
ballooned to $4.5 billion. DOE, expressing disappoint- 
ment, will begin an orderly phase-out of the project, 
which has cost $1.7 billion to date. 

Fus ion. - - In  tests at the Massachusetts Institute of Tech- 
nology, the fusion energy break-even point was exceeded 
for the first time (556). The experiment reached a temper- 
ature of about 17 • 10~~ and an energy confinement 
time of about 50 ms. Self-sustaining fusion reactions will 
require a temperature of about 2 • 10s~ The reaction 
will produce large quantities of high velocity neutrons, 
posing materials problems that remain to be overcome. 

A Center For Fusion Engineering will be established at 
the University of Texas at Austin (551). Two other organi- 
zations engaged in fusion research have already been es- 
tablished at the University. The three units will be able to 
address experimental, theoretical, and engineering prob- 
lems of thermonuclear fusion. 

Fuel  cells (561). According to Graham Hagey, DOE's 
fuel cell program manager, the first commercial proto- 
type fuel cells should be available by about 1986. Com- 
mercialization is the result of more than 20 yr of work, 
and several hundred million dollars in expenditures by 
government and private industry. During the 1983 fiscal 
year, total U.S. spending on fuel cell development was es- 
timated at about $100 million. 

Under a program sponsored by the Gas Research Insti- 
tute, DOE, 21 U.S. gas utilities and two Japanese utilities, 
49 new 40 kW fuel cell plants are planned. All will use 
phosphoric acid cells developed by United Technologies 
Corporation. 

Westinghouse is developing two 7.5 MW plants with air- 
cooled phosphoric acid cells, incorporating work by En- 
ergy Research Corporation. Englehard Industries has 
tested a 5 MW methanol-air integrated phosphoric acid 
system. Japan, under the direction of MITI, has a national 
research .and development program for phosphoric acid, 
molten carbonate, alkaline, and solid oxide fuel cells. The 
inital goal is to operate a 1 MW phosphoric acid demon- 
stration unit  in 1986. 

A major near-term task in phosphoric acid technology 
development is to lower the present cost, approximately 
$4000/kW. In comparison, a coal-fired power plant costs 
$1450-1700/kW. EPRI hopes to reach an installed cost of 
$600-$700/kW (1981 dollars) by the end of the decade, by 
increasing operating temperature and pressure, and 
through commercial volume manufacturing economies. A 
Con-Edison spokesman indicated that a commercial fuel 
cell cost of around $1000/kW could open up a potential 
utility market of thousands of megawatts. 
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Three current studies sponsored by EPRI  and three 
utilities are examining coal gasification coupled with fuel 
cells. The molten carbonate fuel cells are about 45% 
efficient for electricity production, and produce high 
grade heat. Commercialization, however, is several years 
behind acid cells, the largest test so far being a 2 kW cell 
stack run by United Technologies. A 10 kW demonstra- 
tion unit was reported to be scheduled for 1983. 

Solar  energy eonvers ion. - -Using a technology devel- 
oped by Stanford Ovshinsky of Energy Conversion De- 
vices, production of amorphous solar cells has begun in 
Japan (562). In a continuous roll-to-roll process, amor- 
phous silicon is deposited onto stainless steel sheets. Pro- 
duction is being carried out by Sharp-ECD Solar, Incor- 
porated, which is a joint  venture between Japan's  Sharp, 
Incorporated, and Standard Oil (Ohio), which has in- 
vested in ECD. Sharp plans to use the amorphous mate- 
rial in solar-powered calculators while ECD will use 1000 
ft rolls for field testing of large-scale devices in the U.S. 

The world's largest solar electric generating station was 
begun at a Mojave Desert site belonging to Southern 
California Edison Company (563). A joint  venture of 
Edison with Luz International Limited, the generating 
station will use 560 line-focus parabolic trough reflectors 
to heat fluid circulating through the system. The first 13 
MW phase of the planned 43 MW generating plant is ex- 
pected to begin producing power for Edison customers in 
late 1984. 

At Sandi National Laboratories, the first U.S. solar cen- 
tral receiver to use molten salt in an electricity generator 
system began operation (563). The molten salt is a 60/40 
mixture of sodium nitrate and potassium nitrate. It is 
used to transfer heat to a water supply, making steam to 
drive a turboelectric generator. Prototype system testing 
will continue through the spring of 1984. Full capacity op- 
eration will provide 750 kW of electricity, enough for 
200-300 typical homes. 

A new photoelectrochemical  cell uses silicon elec- 
trodes, and is capable of storing the generated electricity 
(564). The cell, developed at the Amoco research center in 
Naperville, Illinois, has produced a 12% conversion 
efficiency and a 0.59V output. Operating lifetimes have 
been increased from minutes to weeks. The lifetime of 
the cell has been extended by coating the silicon elec- 
trodes with a few angstroms of p]atinum to reduce corro- 
sion. Efficiency increases were obtained by using a 
doped oxide layer, containing alumina or magnesia, on 
the silicon surface just  below the Pt coating. 

Nonaqueous electrolyte photoelectrochemical  cells, 
using gallium arsenide phosphide photanodes, have pro- 
duced 13.2% efficiency (565). The cells were developed at 
Stanford University. Providing that water is excluded 
from the cell, the photoanode is apparently stable. An- 
other Stanford-developed cell uses an n-type silicon 
photoanode that operates at 10.1% efficiency. The 
Stanford cells have the highest efficiencies reported to 
date for nonaqueous cells, which commonly operate at 
only 1%-2% efficiency. 

The Texas Instruments Solar Energy System (TISES) 
is the only reported commercial  photoelectrochemical  
program. The novel photoelectrodes begin with the pro- 
duction, of 0.25-0.4 mm diam silicon microspheres. In a 
faster, improved production method, TI drops molten sili- 
con onto a rapidly spinning disk, which throws off the 
small d!'oplets. When illuminated, the cells produce hy- 
drogen at the cathode and bromine at the anode. Conver- 
sion efficiencies as high as 13% have been produced. The 
system also provides low grade thermal heat. Overall 
(electrical plus thermal) system efficiency is about 7%. TI 
hopes to increase that efficiency to 8-10% before the sys- 
tem is commercialized, possibly as soon as 1990 (566). 

Env i ronmenta l  issues.--Acid ra in . - -The problem of 
acid rain, a major environmental  issue, became highly po- 
liticized in 1983. Friction developed within the U.S., as re- 
gional disputes arose over the origin, magnitude, and res- 
olution of the problem. On a larger scale, the problem 

developed international overtones, especially between the 
U.S. and Canada. With the approach of a presidential elec- 
tion year in 1984, the question of acid rain became a cam-. 
paign issue. 

U.S. Senator Gary Hart (D-CO), a candidate for the 
Democratic presidential nomination, accused the U.S. 
government  of ducking the acid rain issue (567). "There 
has been much better willingness on the Canadian side to 
discuss the common problem, to lay out some kind of 
time f r a m e . . ,  than we have seen from the American ad- 
ministration," Hart said. According to Hart, it would take 
a decade to achieve his goal of a 50% emission reduction. 
Hart quantified the acid rain problem, claiming that it 
currently costs the U.S. $5 billion per year. 

The National Clean Air Coalition, composed of 12 envi- 
ronmental  and labor groups, plus the League of Women 
Voters, called on the Reagan administration to push a 
tough acid rain control program (568). The request  was 
made in a letter to the President, after EPA head William 
Ruckelhaus admitted that a revised acid rain policy was 
being delayed bY sharp differences within the administra- 
tion (569). 

In November,  the 27-member New England congres- 
sional caucus proposed a program for comprehensive 
acid rain control legislation (570). The bipartisan bill pro- 
posed a 50% reduction in sulfur dioxide emissions, an es- 
t imated 12 million tons, by 1993. The proposal would 
spread the costs of cleanup among electric consumers in 
the 48 contiguous states. Consumers would pay a sur- 
charge of $0.75-$1.50 per month  on electricity bills. The 
move thrust acid rain into the New England states as a 
major campaign issue. 

The issue was especialy sharply focused in New Hamp- 
shire, where a citizen's task force got the acid rain ques- 
tion onto municipal ballot forms (571). Voters responded 
overwhelmingly in favor of cutting emissions. 

The results of a Louis Harris poll, taken nationwide, 
showed that 90% of those surveyed felt that acid rain was 
a serious problem (572). More than 60% favored installing 
air pollution scrubbers on dirty industries, such as power 
plants, and 70% would pay $100 per year in taxes for pol- 
lution control. From 63% to 68% of those polled felt that 
U.S. governments and industries were not doing enough 
to combat pollution. However, in states which figure to 
be hard hit by the requi~ed cleanup, a different opinion 
emerged. In Ohio, where pollution limits are often 
equated with loss of jobs, a survey commissioned by Ohio 
Edison Company revealed that 65% of Ohioans favored 
improving the economy at the expense of the environ- 
ment  (573). Only 19% favored the environment  at the ex- 
pense of jobs. 

In Canada, the public response to a Gallup poll was de- 
cisive (574). Of those polled, 86% favored restrictions to 
reduce acid rain. Only 6% opposed such restrictions. 

The U.S. and Canadian Chambers of Commerce issued 
a joint  statement in December  outlining a unified pro- 
gram for dealing with acid rain (575). The first step would 
involve charting emission reductions that could be ex- 
pected from full implementat ion of clean air laws in both 
countries. If  these emission reductions were insufficient, 
the groups recommended developing a cost-effective con- 
trol plan with positive economic incentives. The incen- 
tiyes would include accelerated depreciation and write- 
off of unadaptable, old plants. 

I~espite intensifying pressure, the Reagan administra- 
tion remained split over the acid rain issue through the 
year. All of the cleanup strategies pose problems (576). 
Putt ing the cleanup burden on utilities emitt ing the most 
pollution would, according to utility industry groups, 
raise electric bills by as much as 50% (576). Environmen- 
tal groups, however, claim the actual costs are far lower, 
i.e., 2.5%-10%. Spreading costs nationwide is unaccept- 
able in the West, where the problem is perceived to be 
l~ss serious. 

At the year end, EPA's  Ruckelhaus believed that the 
administration had only a few weeks to decide on an ap- 
proach to the acid rain problem (577). Ruckelhaus antic- 
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ipated the need to testify before Congress when it re- 
turned to session in January of 1984. Still, Canadian. 
Ambassador Alan Gotlieb estimated the chances of a U.S. 
policy announcement  before the presidential election at 
less than 50%, and felt that any new policy would not go 
as far as Canada wants (578). 

In Canada, Milan Nastick, chairman of Ontario Hydro, 
advocated use of nuclear power, rather than scrubbed 
coal power, as the better solution to acid rain (579). In 
1981, Ontario Hydro pledged to cut acid gas emissions to 
300,000 ton/yr within a decade. According to Nastich, 
Ontario Hydro continues to follow through on its pro- 
gra m. A series of mishaps, resulting in Ontario Hydro nu- 
clear plant shutdowns during the summer, put an addi- 
tional 18,000 tons of sulfur dioxide into the atmosphere 
(580). An additional 10,000 tons was expected if the Pick- 
ering 2 nuclear generator remained shutdown through 
November for repairs. 

In addition to electric generation plants, many of Cana- 
da's acid ~'ain sources are related to the mining industry. 
The Canadian Coalition on Acid Rain proposed that Inco 
Limited and Canadian taxpayers should spend up to $525 
million to reduce pollution from Inco's Sudbury smelter 
(581). The coalition called for an 86% reduction in Inco's 
allowable sulfur dioxide release, from 1997 ton/day to 274 
ton/day (582). The statement was backed by the United 
Steelworkers of America, representing Inco workers, who 
advocated tax breaks or low cost loans to the financially 
pressed nickel producer (583). 

Behind the political and economic issues, fundamental  
questions remain on the nature of the problem itself. In 
the eastern U.S., man-made SO2 and NOx emission are 50 
to 100 times higher than natural ones (584). The 20 largest 
coal-fired plants are claimed to account for 20%-25% of 
all sulfur dioxide emissions in the region (584), yet much 
of the acid rain problem is not caused locally. Recent 
studies indicate that the Midwest is the major contributor 
to acid rain damage in the eastern U.S. and Canada (585). 
Canadian SO~ sources, although large, appear to be less 
significant contributors to the problem in that region, be- 
cause of prevailing air patterns. When Inco's smelter, 
Canada's SO2 source, was shut down, only a slight drop in 
air pcfllution occurred (585). 

While the acid rain problem is widely acknowledged, 
some uncertainties persist. Perhaps the best U.S. records 
on the subject were made in New York State from 1965 to 
1975, by the U.S. Geographical Survey (586). No trend in 
acidification was discerned. Swedish scientists, who 
have studied the problem longer, likewise have found no 
trend (586). Richard Funkhouser,  former director of the 
EPA's Office of International Activities, called for more 
scientific study to clarify the problem before enormous 
expenditures are made for clean-up (586). 

COJcltmate (587).--Carbon dioxide, a "greenhouse" gas, 
absorbs little of the shortwave insolation spectrum. It 
does, however, absorb infrared radiation from the Earth's 
surface and atmosphre. As a result, increasing atmos- 
pheric concentration of COx,, arising primarily from fossil- 
fuels, could lead to a warmer climate. 

A two-year study by the National Research Council 
concluded that atmospheric CO~ will most likely double 
from present levels to 600 ppm late in the next century. 
The average world temperature increase will be 1.5~176 
with the lower half of the range more probable. A sea 
level rise of about 70 cm/century, compared with the cur- 
rer~t 10-20 cm/century, could occur as a result of ice melt- 
ing and thermal expansion of the oceans. 

However, the study also questioned whether COx 
should be the central issue, rather than the climate 
change itself. Over the t imespan considered, there m a y b e  
changes in climate not resulting from human  activity. In 
addition, other greenhouse gases, such as chlorofluoro- 
carbons and nitrous oxide, could have significant effects. 

A similar report, more sharply focused, was issued by 
the EPA. The report addressed the issue of whether 
specific policies, to limit fossil fuel use, would delay tern- 

perature increases over the next 120 yr. Using a "best 
guess" baseline scenario, atmospheric CO., levels of 590 
ppm were predicted by 2060. Associated with the COx in- 
crease was a temperature rise of 2~ by around 2040, and 
about 5~ by 2100. 

The study applied various policy alternatives to the 
baseline scenario to determine their effects, finding that 
only one significantly postponed a 2~ warming. A ban 
on coal, instituted by 2000, which the study concluded 
was not feasible, would delay the 2~ temperature rise un- 
til 2055. Banning both coal and shale oil would delay it an 
additional 10 yr. 

The EPA study pointed towards three areas of future 
work, continuing the $80 million already spent by federal 
agencies on the COx problem. Research on improving the 
ability to adapt to a warmer climate should be acceler- 
ated. Effects of greenhouse gases other than COx should 
be determined. Also, uncertainty about the thermal sensi- 
tivity of the atmosphere needs to be reduced. 
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In a binary system, when two solids are placed in pla- 
nar contact at a fixed temperature and pressure, the 
Gibbs-phase rule states that there are zero degrees of free- 
dom and therefore the boundary must  remain planar. In a 
ternary system, when two solids are placed in planar con- 
tact under  the same conditions, there is one degree of 
freedom remaining, and, therefore, different growth 
morphologies may result (1). Presently of interest is the 
parameter controlling this additional degree of freedom. 
One might expect the faster growing phase to select a 
morphology that would give a large growth area. In  this 
case, the diffusion coefficients of the system may aid in 
predicting the morphology. 

Schmalzried and KShne (Institut ffir Physikalische und  
Elektrochemie, Technische Universit~t Hannover, Hann- 
over, Germany) are currently investigating this possibility 
in ternary oxide systems. To observe the effect of the dif- 
fusion coefficients on the growth morphologies, it would 
be necessary to choose systems in which the diffusion 
rates are very similar, very different, and intermediate, 
and then compare the reaction interfaces for each type of 
system. Due to the lack of diffusion data available on ox- 
ides, many combinations must  be investigated in order to 
find acceptable systems. Since diffusion coefficients in 
oxides generally change rapidly with composition, it may 
be possible to find a single system in which the diffusion 
coefficients vary with composition in the manner  de- 
scribed above. 

The purpose of this investigation is to calculate the 
interdiffusion coefficients in the Fe~O4-A1..,O~ and Mn~O4- 
A1203 binary systems and plot the composition paths in 
the Fe304-Mn304-A1.203 ternary system. The ternary diffu- 
sion experiments only include coupling the A1203 corner 
with Fe304-Mn304 binary. The diffusion paths connecting 
the Fe304-A1203 and Mn304-A1203 binaries will be plotted 
later. The ternary diffusion coefficients may then be 
calculated using the proper assumptions for the ionic na- 
ture of the oxides. 

Experimental Procedure 
Diffusion couples were prepared with A120~ and mix- 

tures of Fe304 and Mn304. Due to the small solubilities of 
Fe~O4 and Mn304 in A1203, (2, 3) a pure A1203 single crystal 
was used for the ternary as well as the binary diffusion 
couples. A single crystal of Fe304 was used in the Fe304- 
A1203 diffusion couple. Sample preparation of the single 
crystals included cutting to size (avg 2 x 5 x 10 mm) and 
polishing. The AI~O~ single-crystal samples were polished 
to 40 ~m on the contact side and also the opposite side to 
ensure planar contact in the diffusion couple. The Fe304 
single-crystal samples were polished to 3 ~m on the con- 
tact side and 40 ~m on the opposite side. 

A single crystal of MnsO~ could not be easily obtained; 
therefore, a sample prepared from Mn304 powder was 
used for the A1203-Mn304 diffusion couple. The mixtures 

for the ternary diffusion couples were also prepared from 
powders of the oxides. 

The oxide powders were sintered separately at 1420~ 
in air. These powders were mixed in a ball mill in weight 
ratios (Fe304 : Mn304) of 85:15, 60:40, 40:60, and 20:80. The 
powder was cold-pressed, with the resulting pellets hav- 
ing densities 40% to 60% of the theoretical densities of the 
mixtures. The cold-pressed pellets were then enveloped 
in plat inum foil, placed in a graphite matrix, and hot- 
pressed at 1000~ under  a 300 kg load. The hot pressed 
pellets were 1 cm in diameter and 3-5 mm high with den- 
sities of 91% to 99% of the theoretical densities. The pel- 
lets were sintered at 1400~ in air for 24h. However, the 
pure Mn304 pellets were not sintered because a phase 
transition caused them to crumble. This phase transition 
occurred during the diffusion experiment, but  due to the 
pressure applied to maintain contact between the oxides, 
only cracks appeared in the sample. After sintering, the 
pellets were cut to size and polished to 3 ~m on the con- 
tact side and 40 ~m on the opposite side. 

The samples were washed in acetone and placed in the 
diffusion couple as shown in Fig. 1. The diffusion couple 
was then placed in the furnace at 1400~ in air. The ter- 
nary mixtures were allowed to react for 24h and the bi- 
nary reactions were carried out for approximately 22 and 
44h. After cooling rapidly in air, the samples were 
mounted perpendicular to the reaction plane. Often, the 
plat inum foil and alumina slides could not be easily re- 
moved and were also mounted. The samples were pol- 
ished to 1 ~m, and examined in an electron microscope. 
Finally, concentration profiles were measured using elec- 
tron microprobe analysis. 

Results of Ternary Diffusion Experiments 
The results from the electron microprobe analysis were 

the x-ray counting rates of the various elements present 
at each point in the sample. The counting rates were con- 
verted to mass fraction and then mole fraction of the cat- 

slide 
one po int 
contact 1 Pt foil 

end s [ o p ~ _  

refractory/. / A~O] ](FexMn[-x)304 
tube single 

crystall 

i center of 
furnace 

Fig. 1. Diffusion couple assembly 
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ions in the oxides according to the equations in the Ap- 
pendix. It was assumed that the cations moved on a 
fixed oxygen lattice, that is, that the oxygen concentra- 
tion at all points in the sample remained constant. 
Throughout  the samples, there were many instances in 
which the sum of the cation mole fractions was greater or 
less than one. Therefore, this assumption, which provided 
the basis for the cation mole fraction calculation, proved 
to be inaccurate. 

Ideally, when the three cation mole fractions are plotted 
on the Gibbs triangle, the result is a single path because 
the sum of the cation mole fractions should be one. How- 
ever, there are usually small variations, and the points in 
the path are small triangles with each side representing a 
cation mole fraction. In these experiments,  the variations 
were so large that these triangles would have rendered 
the diagram unintelligible. To avoid this, the iron and 
manganese mole fractions were plotted as a function of 
the a luminum mole fraction. In all the diagrams, the con- 
centration profiles in the alumina were plotted as a point 
on the A1203 corner of the diagram because Fe304 and 
Mn304 have very small solubilities in A1203. 

The composit ion paths plotted on the Gibbs triangle 
are shown in Fig. 2-5. In all these diagrams, the path to 
the left represents the manganese mole fraction, and the 
one to the right is the iron mole fraction. As can be seen, 
the different mixtures produced very different paths. In 
Fig. 2, the manganese mole fraction appears fairly con- 
stant, and the iron mole fraction seems to vary linearly as 
a function of the a luminum mole fraction. In Fig. 3, the 

/ / 

~ // 

~:/ , ~//i / 

z / 
/ /  

/ / 
, / / 

/ 

, /  / 

/' 
/ 

%q 

\ 

\ 
\ 
IXln304 

Fig. 2. Cation mole fraction, (Feo.ssMno.15)304-AI20 3 

/,/"ii \ ~ 

/ / I \ ,/ / / 
/ '  / 

I 
I 

I 
/ 
/ 

, \  
\ 

\ X\ 

\ 
\ 

\ 
M,~3o ~ 

/, '~  

Fig. 3. Cation mole fraction, (Feo.~Mno.4)304-AI.20 3 
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Fig. 4. Cation mole fraction, (FeoAMno.6)304-AI20 3 

M~q 
Fig. 5. Cation mole fraction, (Feo.2Mno.8)304-Al~O 3 

manganese mole fraction is erratic except  in the region 
between X A, = 0.2 and XA1 = 0.4, in which it is nearly con- 
stant. Again, the iron mole fraction appears to vary line- 
arly with the aluminum mole fraction. In Fig 4, the man- 
ganese and iron mole fractions seem to vary linearly over 
the entire range and from XA~ = 0.1 to XA, = 0.4, respec- 
tively. The iron mole fraction also appears to remain al- 
most constant from XA, = 0.4 to XA, = 0.55. In Fig. 5, the 
manganese and iron mole fractions are fairly regular and 
could be considered to be linear in different a luminum 
mole fraction ranges. 

Figures 6-8 are representative electron micrographs of 
the ternary diffusion couples in the region of the phase 
boundary. The dark phase is A1203, and the light phase is 
(Fe~Mn,_x)304. The magnification is 400x. In the progres- 
sion of micrographs, one can see the effect of the com- 
positional variations on the phase boundary. The diffu- 
sion couples with higher iron contents developed less 
planar boundaries and more mixed precipitates in the dif- 
fusion region (dark areas in the light phase). In addition, 
there are very angular regions alpng these boundaries, 
possibly indicating a crystallographic relationship. 

Results of Binary Diffusion Experiments 
The raw data obtained from the electron microprobe 

analysis was the same as in the ternary experiments.  The 
x-ray counting rates were converted using the same meth- 
ods as described in the Appendix.  Figures 9 and 10 show 
the aluminum mole fractions for Fe304-A1203 and Mn304- 
Al~O3 diffusion couples, respectively, as a function of dis- 
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T h e  genera l  e q u a t i o n  is g iven  be low 

Fig. 6. (Feo.2Mno.8)~O4-AI.203 

/) (N2*) = 

w h e r e  

Ne* 

(N2 + - N ~ - )  Vm (N2") 

2t aN.~ax ~ 

x~ y y [(1-Y*)f V$ X+Y*f[I-v-jdx ] 
= mo le  f r ac t ion  of 2 a t  x* 

N~ 4, N3- = ini t ia l  mo le  f r ac t ions  on  each  s ide  of i n t e r f ace  

t = d i f fus ion  t i m e  

ON.2 
x~ = de r iva t ive  of  c o n c e n t r a t i o n  profi le  at  x* 

ax 

N~ - N2- 
Y* - for two  in i t ia l ly  pu re  c o m p o n e n t s  

N2+ - N2+ 
Y* = N~. 

Fig. 7. (Feo~6MnoA)304-AI203 

T h e  m o l a r  v o l u m e s  were  a s s u m e d  to b e  c o n s t a n t  w i t h i n  
t h e . p h a s e s  b u t  d i f f e ren t  for  e ach  phase .  Thus ,  1/Vm cou ld  
be  e x t r a c t e d  f rom t h e  in tegra ls .  In  Fig. 11, a rea  1 repre-  
s en t s  J_~ Y dx a n d  a rea  2 is f~  1 - Y  dx. T h e  a l u m i n u m  
mole  f r ac t ion  was  t a k e n  as N2* for  all t he  d i f fus ion  cou- 
p les  b e c a u s e  t h e  c o n c e n t r a t i o n  profi les  o b t a i n e d  ap- 
p e a r e d  to be  s m o o t h e r  t h a n  t h o s e  of  t h e  i ron  a n d  m a n g a -  
n e s e  mo le  f ract ions .  E i t h e r  m o l e  f r ac t ion  cou ld  be  u sed  
s ince  N1 a n d  N~ are  n o t  i n d e p e n d e n t  (i.e., N, + N., = 1). 

F i g u r e  12 is a n  e l ec t ron  m i c r o g r a p h  of  a Mn304-A1..,O3 
d i f fus ion  couple .  I t  s h o u l d  be  n o t e d  t h a t  t h r e e  d i s t i nc t  re:  
g ions  are p re sen t ,  u n l i k e  t h e  Fe304-Al~03 b i n a r y  a n d  
(FexMn,_x)304 t e r n a r y  s a m p l e s  in  w h i c h  on ly  two p h a s e s  
we re  d i s t i ngu i shab le .  T h e  d a r k  p h a s e  is A1203, a n d  the  
l igh t  p h a s e  is Mn304. T h e  i n t e r m e d i a t e  p h a s e  was  as- 
s u m e d  to be  MnAl~O4, a n d  its m o l a r  v o l u m e  was  u s e d  in  
t h e  ca l cu la t ion  of  t h e  i n t e r d i f f u s i o n  coeff ic ients .  

In  t h e  Fe304-'Al~O3 d i f fus ion  couples ,  t h e  c o n c e n t r a t i o n  
prof i les  were  ve ry  s mo o t h ,  a n d  p o l y n o m i a l s  were  fit to  
the  prof i les  on  e a c h  s ide  of the  in te r face  a n d  u s e d  in  t he  
ca lcu la t ions .  As a resul t ,  t h e  plots  of  the  i n t e rd i f fu s ion  
coeff ic ients  as a f u n c t i o n  of  c o m p o s i t i o n  are  also s moo th ,  
as s e e n  in  Fig. 13 a n d  14. 

T h e  c o n c e n t r a t i o n  prof i les  f rom t h e  Mn304-Al~O3 diffu- 
s ion  coup le s  were  no t  as s mo o t h .  M a n y  r eg ions  we re  ap- 
p r o x i m a t e d  l inear ly  for  t h e  ca lcu la t ions .  T h e  in ter -  
d i f fus ion  coeff ic ients  are t h e r e f o r e  r e p r e s e n t e d  d i sc re te ly  
as a f u n c t i o n  of  a l u m i n u m  mole  f ract ion.  T h e s e  p lo ts  ap- 
pea r  in  Fig. 15 a n d  Fig. 16. These  i n t e r d i f f u s i o n  
coeff ic ients  a p p e a r  s o m e w h a t  errat ic .  Th i s  m a y  b e  a t t r ib-  
u t e d  to t h e  d i sc re te  e v a l u a t i o n  of  the  data ,  or pos s ib ly  t he  
d i f fus ion  t i m e  was  n o t  a d e q u a t e ,  as e v i d e n c e d  in  t h e  nar-  
r o w  profiles.  T h e  i n t e r d i f f u s i o n  coeff ic ients  in  t he  
MnAl~O4 were  fair ly c o n s t a n t ;  t h e  a v e r a g e  va lues  we re  D 
= 2.0 • 10 -9 cm'-'/s for  t = 23h a n d  D = 1.6 • 10 -9 cm-~/s for 
t = 45h. 

Fig. 8. (Feo.ssMno.15)304-Al~O3 

t ance .  The  or ig in  of  t he  c o o r d i n a t e  s y s t e m  is a r b i t r a r y  be- 
cause  the  c h o s e n  m e t h o d  of  ca l cu la t ing  t he  i n t e r d i f f u s i o n  
coeff ic ients  does  no t  r equ i r e  t h e  d e t e r m i n a t i o n  of  t h e  lo- 
ca t ion  of  t he  M a t a n o  in ter face .  

S a u e r  a n d  Fre i se  (4) de r i ved  the  e q u a t i o n s  d e s c r i b i n g  
t he  i n t e r d i f f u s i o n  coef f ic ien ts  in  b i n a r y  s y s t e m s  involv-  
ing  a v o l u m e  change .  A s impl i f i ed  de r iva t ion ,  u s i n g  mo-  
lar  i n s t e a d  of  m a s s  quan t i t i e s ,  was  g iven  b y  W a g n e r  (5-7). 
Th i s  a p p r o a c h  was  u s e d  for t he se  ca lcu la t ions .  

Conclusion 
This  s t u d y  has  p r o v i d e d  a first  a p p r o x i m a t i o n  of  the  

i n t e rd i f fu s ion  coeff ic ients  in  t h e  Fe304-A1203 a n d  Mn304- 
AI~O~ b i n a r y  sys tems .  T h e  ca l cu la t ions  in  t h e  Fe304-Al~O3 
s y s t e m  were  re la t ive ly  s t r a i g h t f o r w a r d  b e c a u s e  t h e  con-  
c e n t r a t i o n  profi les  were  smoo th .  Wi th  t h e  Mn304-A1203 
sys tem,  n o t  on ly  we re  m o r e - i n v o l v e d  ca l cu l a t i ons  re- 
q u i r e d  d u e  to the  d i sc re te  n a t u r e  of  the  data ,  b u t  also 
t hose  ca lcu la t ions  are p r o b a b l y  less  accura te .  A m o r e  
c o m p l e x  c u r v e  m i g h t  b e t t e r  desc r ibe  t h e s e  c o n c e n t r a t i o n  
profiles,  or a sp l ine- type  m e t h o d  m a y  be  emp loyed .  

F r o m  the  e l ec t ron  m i c r o g r a p h s ,  it c an  be  s e e n  t h a t  t he  
Mn304-A1203 d i f fus ion  co u p l e s  f o r m e d  a t h i r d  phase .  The  
p h a s e  was  a s s u m e d  to be  MnAl~O4 a n d  was  t a k e n  in to  ac- 
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Fig. 9. Concentration profiles 
from AI203-Fe304 diffusion 
couples. 

Fig. 10. Concentration profiles 
from AI203-Mn304 diffusion 
couples. 
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Fig. 12�9 Mn304-AI,.,O3 
Fig. 13. Interdiffusion coefficients Fe304-AI20~. t = 43h 

count in the calculations. The interdiffusion coefficients 
within this phase were fairly constant. Other mixed spinel 
phases may form in the other diffusion couples during 
longer reaction times, but, these were not observed in 
these experiments. 

With the completion of additional ternary diffusion ex- 
periments, the diffusion coefficients in the ternary sys- 
tem may be calculated. At this point, it is not clear 
whether or not this system will be useful in predicting 
growth morphologies by comparing diffusion rates. How- 
ever, the changes observed in the interfaces during the re- 
action of these few ternary diffusion couples are 
encouraging. 
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APPENDIX 

The mass fraction, Yi, is proportional to the x-ray 
counting rate, C~. The proportionality factor, K~ for each 
cation i, is determined using a pure oxide sample�9 If Y~. std 
is the mass fraction in the pure oxide and- C~.~td is the aver- 
age counting rate measured from the standard, then 

Yi. std 
g i  - __ 

e l ,  std 

and the measured values were converted by 

Y i ,  meas = C i ,  meas X K i 

The mass fraction in terms of the number  of moles, n~, 
molecular weights of the cations and oxides, Mi and Mo is 
given by 

niMi Y i -  
Mo 

rearranging yields 

MoYi 
n i  - -  

Mi 

and from the definition of mole fraction, Xi 

Y i  

X i _  n i  _ M i  

En E Y 
M 
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Fig. 14. Interdiffusion coefficients Fe304-AI203. t = 21h 

w h e r e  t h e  Mo's c a n c e l e d  and  t he  s u m  of  t h e  
u n s u b s c r i p t e d  va r i ab l e s  is t h e  s u m  of  all t h e  c o m p o n e n t s .  
The  ca t ion  m o l e  f r ac t ions  are  t h e n  

YAI 
MAI 

XAI = • 2.500 
YA1 Yre YMn Yo + + + 
MAI M-'~F~'-'M~M~ Mo 

YFe 
MFe 

Xre = • 2.333 
YA, Yve YMn Yo 

MA----~ + M-~ + "-M-~-Mn + M---o 

YMn 
MMn 

XMn = • 2.333 
YAI YFe YMn Yo 
MAI -l-~Fe-f---~Mn -I- Mo 

Fig. 15. Interdiffusion coefficients Mn304-AI~O 3. t = 45h 

T h e  fac tors  2.500 a n d  2.333 are  a d d e d  to m a k e  the  ca t ion  
m o l e  f r ac t ions  in  t h e  p u r e  o x i d e s  uni ty .  S ince  Yo was  no t  
m e a s u r e d ,  le t  Yo = 1 - YAI - Y~e - YMn f rom t h e  defini-  
t i on  of  m a s s  f ract ion.  T h e  va lues  u s e d  in  t h e  a b o v e  equa-  
t i ons  were  

Yhl,std = 0.5292 
YFe,std, = 0.7236 
YMn.std = 0.7203 
Mnl = 26.98 g /mol  
MFe = 55.85 g /mol  
MMn = 54.94 g/mo1 
Mo = 16.00 g /mol  
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Fig. 16. Interdiffusion coefficients Mn304-AI:O3. t = 23h 
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ABSTRACT 

NiS2 and NiS have been characterized as high energy density rechargeable posit ive electrodes for moderate-  
tempera ture  Na batteries of the configuration, N~JB"-AI~OJNaA1CI~<,,, NiS~. The batteries operate in the temperature  
range 170~176 Posit ive electrode reactions during discharge/charge cycles have been characterized. Excellent  
rechargeabil i ty of the batteries has been demonstra ted by extended cell cycling. A Na]NiS2 cell, operating at 190~ ex- 
ceeded 600 deep discharge/charge cycles with practically no capacity deterioration. The feasibility of secondary Na/NiS~ 
batteries with specific energies -> 50 Wh/lb and cycle lifes exceeding 10O0 deep discharge/charge cycles has been 
demonstrated.  

9 
Sodium batteries which operate in the moderate  tem- 

pera ture  range of 125~176 have been pursued in recent  
t imes (1-6) as potential  alternatives to the l iquid 
Na/molten S system which operates in the range of 
350~176 (7). The anode in both types of bat tery com- 
prises l iquid Na contained in a Na + conduct ing solid elec- 
trolyte, usually Na-B- or Na-~"-A1203. A moderate  temper- 
ature Na battery offers several advantages, including 
lower corrosion and easier thermal  and materials  manage- 
ment.  A possible l imitat ion is reduced discharge-rate ca- 
pabi l i ty  due to a lowering of the Na* conduct ivi ty in the 
A1203 solid electrolyte at the moderate  temperature.  Nev- 
ertheless, with advances in the  technology to fabricate 
very thin Na-fl"-A120~, and with the advent  of novel and 
superior  Na § conduct ing solid electrolytes, a moderate  
temperature  rechargeable Na battery could become a 
very attractive al ternative to its high temperature  
counterpart .  

A major aspect  in the development  of a high energy 
densi ty moderate  tempera ture  rechargeable Na battery 
concerns the posit ive electrode. A useful cathode must  
exhibi t  a number  of desirable propert ies  including a low 
equivalent  weight, good reversibil i ty for the discharge re- 
action, long-term thermal  stabili ty at the operat ing tem- 
perature,  and chemical  compatibi l i ty  with the solid elec- 
trolyte. Lately, we have investigated the feasibili ty of a 
number  of cathode systems for 125~176 Na batteries. 
They include a soluble S cathode consist ing of sodium 
polysulfides dissolved in organic solvents (2) and insolu- 
ble cathodes compris ing Na intercalating layered transi- 
t ion metal  chalcogenides such as TiS2, VS2, and VSe2. The 
chalcogenide electrodes have been operated in conjunc- 
tion with both an organic (1) and an inorganic (3) electro- 
lyte. However, organic electrolytes have been found not  
to have the stabil i ty required for long cycle-life Na 
batteries (1). 

In order to c i rcumvent  problems encountered with the 
organic electrolytes, we chose mol ten  NaA1C14 as an alter- 
native. This has opened up some new areas of chemistry.  
The Na intercalating chalcogenides,  TiS~, VS2, VSe2, etc., 
have been found to react with molten NaA1C14. In  the case 
of VS2, however, the react ion products  formed during 
cathode cycling in mol ten  NaAIC14 exhibi ted  excel lent  

*Electrochemical Society Active Member. 

rechargeabili ty,  providing an extremely useful high en- 
ergy densi ty  rechargeable Na cell (3, 4). 

NiS2 and NiS are non-Na intercalating materials,  and 
we have found their chemiStry and electrochemistry in 
molten NaA1CI~ to be markedly  different from those of Na 
intercalat ing TiS~ and VS~ in the same medium. Our re- 
sults are presented in this paper. 

There have been studies of other moderate  temperature  
Na batteries utilizing molten NaA1C14 as the catholyte. 
These include a cell utilizing an acidic NaC1-A1C13 melt  
with SC13+A1C14 - as the positive electrode (6) and batteries 
employing a $2C12-A1C13 cathode (5). Our studies of VS~ 
and MoS3, reported elsewhere (1, 3, 4), and of NiS and 
NiS2, presented in this paper,  represent  first examples  of 
the util i ty of transit ion metal  sulfide cathodes in molten 
NaC1-A1C13 electrolyte medium. It  would be apparent  
from the data presented that  these results may be of con- 
siderable scientific and technological  importance.  

Experimental 
All air- and moisture-sensit ive materials  were handled 

using s tandard equipment  and techniques designed for 
the  manipulat ion of alr-sensitvie compounds.  All electro- 
chemical  exper iments  were carried out in a glove box 
(Vacuum Atmospheres  Corporation) maintained over an 
argon atmosphere,  which was continuously circulated 
through a drying column. 

Preparation of NaAlCl4:--The NaA1C14 electrolyte was 
prepared by heating a NaC1 (51 mole  percent  [m/o]) -A1CI~ 
(49 m/o) mixture  at 190~ to form a liquid. The melt  was 
then purified by  constant  current  electrolysis between 
two A1 disk electrodes for 48-72h. The result ing clear liq- 
uid was cooled, and the solid was ground to a fine white 
powder  and stored in a glove box until  use. 

Nickel sulfides.--NiS2 and NiS were obtained from 
Alfa-Ventron, Beverly, Massachusetts.  The NiS2 is be- 
l ieved to have a cubic structure (ASTM File no. 11-29), 
and the NiS a hexagonal  structure (ASTM File no. 2-1280). 

Cell construction and tests.--A typical  laboratory cell, 
having a tubular  shape, consisted of an outer  Pyrex  com- 
partment,  which contained the cathode mix of the 
sulfide and NaA1C14, and an inner compar tment  fabri- 
cated from a B"-AI~Oa tube (Ceramatec Incorporated,  Cat- 
alog no. CT16A), containing the Na anode. The cathode 
was fabricated in a graphi te  felt (Union Carbide, WDF 
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Felt) matrix by sifting a weighed amount  of the sulfide 
powder into a known area of the felt. The latter, in turn, 
was wound around the fl"-A1203 tube. An amount  of 
NaA1CI4, sufficient to completely wet the carbon felt, was 
added. A tungsten (W) wire served as the positive elec- 
trode lead. The anode compartment contained an excess 
of Na, and a W wire served as the anode current collector. 
Before assembly into the cell, the ~'-A1203 tube con- 
taining Na was heated and maintained at 400~ for -24h, 
in order to allow good wetting of the fl"-Al~O3 with liquid 
Na. 

The cathode mix in a typical Na/NiS2 laboratory cell 
consisted of 0.75g (6.1 mmol) of NiS~, 0.15g of Ni, and 4.75g 
(24 mmol) of NaA1C14. (Early on in the investigation, we 
discovered that a small amount  of Ni, -20  m]o, initially 
incorporated in the cell would improve cathode discharge 
capacity. Therefore, NiS2 cathodes contained a small 
amount  of Ni powder.) Experiments were also performed 
with smaller capacity NiS2 cathodes and with several 
NiS2:NaA1C14 mole ratios. 

Cells were also constructed in an inside-out configura- 
tion with the positive electrode contained inside the fl"- 
ALO3 tube. The outer Na compartment was fabricated 
from a stainless steel tube. An advantage of the inside-out 
configuration is that it eliminates most hardware corro- 
sion problems relating to molten NaA1C14. A 4 Ah nominal  
capacity Na/NiS~ cell was constructed in the inside-out 
configuration. A schematic representation of this cell is- 
given in Fig. 1. The cathode mix and graphite felt, placed 
inside the fl"-Al~O3 tube, had a height of -10  cm. A vitre- 
ous carbon rod extending the full inside length of the fl"- 
A1~O3 tube served as the cathode lead. The cathode com- 
position of the 4 Ah NiS2 cell was as follows: 8.1g NiS:, 
1.62g Ni, and 29g NaA1C14. 

Cells, after assembly, were placed in a thermostated 
oven, maintained at 170~ Some of the extended cycling 
experiments were performed at 190~ Galvanostatic cy- 
cling was carried out with standard cycling equipment.  
Data collection and retrieval were done with a Bascom- 
Turner 8000 Recorder equipped with microprocessor 
accessories. 

Analysis of cycled cathodes:--X-ray analyses of cycled 
cathodes were carried out after washing off the molten 
salt with carefully distilled CH3CN. Any adhering NaC1 
was subsequently removed by washing the cathode in 
aqueous NH4OH and then dried in vacuum. X-ray diffrac- 
tion data were obtained by the Debye-Scherrer method. 

--PosITIVE CURRENT COLLECTOR LEAD 

Results and Discussion 
The Na cell being discussed has the configuration 

liquid Na/Na-fl"-Al.,O3/molten NaA1C14, MS~ 

We have operated the cell in the temperature range of 
170~176 The MSx cathode is NiS2 or NiS. The electro- 
lyte is the basic NaC1-A1CI~ molten salt, NaA1C14, which 
melts at -155~ Acid-base properties of NaC1-A1C13 melts 
have been discussed by others (8). Advantages of the ba- 
sic melt  over the acidic melt  for battery applications in- 
clude lower volatility and fewer corrosion problems. The 
desirability of molten NaA1C14 as a high rate battery elec- 
trolyte is evident from the data in Table I, which com- 
pares some of its properties with those of Na-#"-A1.20~. In 
the 170~176 range, the specific conductivity of molten 
NaA1CI4 is significantly higher than that of Na-fl"-Al~O3. 

Electrochemical behavior of NiS2.--Figures 2 and 3 de- 
pict galvanostatic discharge/charge cycles of two Na/NiS.~ 
cells, 10 and 20, at -170~ In  both cases, the current den- 
sity is 1 mA]cm ~ of fl"-A1203, but  the voltage limits in cell 
10 are 1.7 and 3.0V and 1.7 and 3.5V in cell 20. The open- 
circuit voltage (OCV) of the Na/NiS~ cell is -3.0V. The 
first discharge proceeds through three potential plateaus, 
at 2.40, 2.25, and 2.0V, yielding a mid-discharge potential 
of 2.3V. The cathode utilization in the first discharge is 
2.5 electrons per NiS2 (e-/NiS2). 

In cell 20, with a charge limit of 3.5V, a capacity ap- 
proaching 3e-/NiS~ is obtained in the second discharge. 
There is very little change in capacity in this cell after the 
second discharge. 

When the charge limit is 3.0V, the cell capacity de- 
creases by -10% on going from the first to the second 
discharge, and by smaller amounts  in the next few cycles. 
In this cycling regime the average rechargeable capacity 
is -2e-/NiS2. The additional capacity obtained when the 
charge limit is 3.5V appears at the beginning  of the sec- 
ond and later discharges at a plateau of 2.7V. The many 
voltage plateaus which appear in the discharge of NiS: 
most probably correspond to intermediate phases 
comprising lower nickel sulfides. 

Intermediate phases in the discharge of NiS~ and 
NiS.--Cathodes fom NiS2 cells after cycling to various 
depths were isolated and analyzed by x-rays. Some rele- 
vant  data are given in Table II. The final discharge prod- 
uct is Ni. The data show also that the reduction of NiS2 to 
Ni involves the intermediate phases, Ni3S4, NiS, and 
Ni3S2. The overall discharge/charge processes in the NiS2 
cathode which conform to the x-ray results are 

NiS.~ + 4Na + + 4e discharge Ni + 2Na2S [1] 
charge 

~'SWAGELOK" FITTING WITH TEFLON SEAL 

:1r STAINLESS STEEL SODIUM CONTAINER AND 

,..,H" NEGATIVE TERMINAL 
i~ B"-AL203 

~ CATHODE MIX AND THE CURRENT COLLECTOR 

Additional support for reaction [1] has been obtained by 
an independent  demonstration of the charge part of this 
reaction in a cell setup with a cathode comprised of Ni 
and Na2S, taken in a mole ratio of 1:2. The relevant cy- 
cling data are given in  Fig. 4. A discharge of Na/NiS~ cell 
20 is included in Fig. 4 for comparison. 

In  order to verify the intermediacy of the NiS phase in 
the discharge of NiS2, we have examined the discharge/- 
charge behavior of Na/NiS cells. The cycles given in Fig. 5 
clearly manifest the relationship in the electrochemical 

Table I. Some properties of NaAIC4 and Na-fl"-AI203 

Temperature Viscosity Density Conductivity 
Electrolyte (K) (c.p.) (g/ml) (~-1 cm-') 

NaCl:A1C13 (1:1) 
or 460 2.65 1.43 0.46 

NaA1C14 
Na-fl'-Al~O3* 573 --  3.2 0.16 

"~ * From Ceramatec, Incorporated, Salt Lake City, Utah, Catalog 
Fig. 1. Schematic representation of a Na cell no. CT16A.  
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Fig. 3. Galvanostatic cycles of Na/NiS2 cell no. 10 at 170~ Current 
d e n s i t y :  id = ic  = 1 m A / c m  2. V o l t a g e  l imits ,  1 . 7 - 3 . 0 V .  

behavior  of NiS2 and NiS. The first discharge of NiS 
shows two voltage plateaus: the first at -2.3V, encom- 
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passing -0 .4e -  NiS, and the second at -2.0V, yielding 
-1 .1e-NiS .  These plateaus most  probably correspond to 
the reduction of NiS to Ni~S.~ and that of Ni3S2 to Ni. X-ray 
data obtained at the end of the tenth discharge of the cell 
in Fig. 5 strongly support  this (see Table II). The products  
at the end of a discharge include Ni, NisS2, and small 
amounts  of Ni~S6. Beginning with the second discharge of 
NiS, an addit ional plateau at -2.7V, and a sloping voltage 
region between 2.7 and 2.4V, appear. The combined 
capacities in these two regions equal  ~20% of the total 
material  utilization. It appears  that  the charge of the NiS 
electrode to 3.0V oxidizes it to a composit ion slightly 
richer in S than that  in NiS. 

Cathode reactions in NiS2 and NiS cel/s.--X-ray diffrac- 
t ion pat terns of discharged NiS.2 or NiS cathodes showed 
no evidence of Na~S. This is not surprising, since Na.,S 
would react with NaA1CI4, forming NaA1SCL and NaC1 
(9), Eq. [2] 

Na.2S + NaA1C14 -* 2NaC1 + NaA1SCI~ [2] 

Using available thermodynamic  data (10, 11), we have 
calculated the equil ibr ium potentials at 500 K for the re- 
actions, NiS2 + Na -* NiS + Na2S and NiS + 2Na -~ Ni + 
Na2S, and found them to be ~1.60 and ~l.30V, respec- 
tively. These values are significantly (~0.8V) lower than 
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Table II. Phases identified in cycled NiS and NiS~ cathodes 

Cathode 
composition 
calculated 
from net 
charge 

Cathode Extent of cycling passed Phases identified* 

NiS2 One discharge to 1.7V NiS,.5, NiS (minor**), 
Ni:,S._,, Ni 

NiS~ 1.5 cycles, terminated NiSH Ni:~S4 (minor), 
prior to onset of 2.0V NiS, Ni:~S~ 
discharge plateau 

NiS~ 9 cycles, terminating at NiS, ~s NiS~, Ni:~S~ 
end of charge to (minor) 
3.5V 

NiS I0 cycles, terminating NiS. .~ Ni:~S.~ (minor), 
at end of discharge Ni 
to 1.7V 

* By x-ray diffraction, Cu Ka radiation. 
** Approximate relative ratios basedon the observed intensity of 

the x-ray lines. 

the actual potentials observed by measuring the OCV's of 
NiS~ and NiS cells during various stages of discharge at 
170~ The calculated equilibrium potential for the Na/S 
couple at 500 K is -1.9V, while that observed in the 
NaA1C14 melt  is -2.9V (4, 5). It is clear that an interaction 
of the molten salt with either the cathode material or a re- 
action product of it also contributes to the overall free en- 
ergy change in the cell. The most probable reaction 
involving the electrolyte is that given in Eq. [2]. Conse- 
quently, it is reasonable to assume that the overall elec- 
trode process in the cycling of the NiS2 cathode is that in 
Eq. [3] 

NiS2 + 4Na + + 4e- + 2NaA1C]4 
Ni + 2NaA1SC12 + 4NaC1 [3] 

The various intermediate steps may be represented as 
shown in Eq. [4]-[7] 

3NiS~ + 4Na + + 4e- + 2NaA1CI~ 
Ni3S4 + 2NaA1SCI~ + 4NaC1 [4] 

Ni3S4 + 2Na + + 2e- + NaA1C]4 
3NiS + NaA1SC12 + 2NaC1 [5] 

3NiS + 2Na + + 2e- + NaA1C14 
Ni3S2 + NaA1SC12 + 2NaC1 [6] 

Ni3S~ + 4Na + + 4e- + 2NaAICI4 
3Ni + 2NaAISCI~ + 4NaCl [7] 

Reactions [6] and [7] are common to the NiS and NiS.2 
electrodes. In extensively cycled cathodes, we have found 
small amounts of NiCl2, probably formed from displace- 
ment reactions of the sulfide with NaAICI4. However, in 
separate experiments, we have found the reduction of 
NiClz to Ni to be quite reversible and to occur at -2.7V. 

Most of the intermediate nickel sulfide phases we have 
identified in this work were found by Preto et al. in Li- 
A1/NiS~ cells utilizing the LiC1-KC1 molten salt electrolyte, 
at 400~ (11). However, the phase Ni3S4, which decom- 
poses at ~300~ was not detected in the higher tempera- 
ture system. In the Li-AYNiS2 system, the molten salt 
does not take part in the discharge reaction, and the ob- 
served cell equilibrium potentials agree quite well with 
the calculated values. Electrolyte participation in dis- 
charge reactions is a characteristic which distinguishes 
the electrochemistry of NiS2 and NiS in molten NaA1C14 
from that in LiC1-KC1 electrolytes. 

A fraction of the specific energy lost by inclusion of 
NaA1CI4 in the reaction stoichiometry in Na]NiS2 cells is 
compensated for by the higher cell voltages achieved in 
this electrolyte. 

Rate and rechargeability of NiS2 and NiS cells.--Figure 
6 gives cathode utilization, represented as electrons/NiS2, 
at several current densities for two Na/NiS2 dells. The 
NaA1C14:NiS.2 mole ratio in cell 30 is 3.5:1 and 2:1 in cell 
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40. The rate/capacity data were obtained at 190~ In ob- 
taining the data, each cell was successively discharged at 
current densities from 2 to 25 mA/cm 2 with each dis- 
charge followed by a charge to 3.5V at 2 mA]cm 2. Cathode 
utilizations show practically the same values in both cells 
at current densities >- 20 mA/cm 2. At lower current densi- 
ties, the cathode with the smaller amount  of NaA1C14 ex- 
hibits lower capacities. This is probably because of 
insufficient amounts of NaA1C14 in that cell, enabling 
only a partial utilization of NiS~. The 25 mAlcm ~ discharge 
corresponds to a c/2 rate. The NiS~ utilization at the latter 
current density is nearly 60% of that realized at 2 mA/cm ~. 

Rechargeability of NiS2 and NiS cells have been evalu- 
ated by extended cycling of laboratory cells of 0.5-1 Ah 
capacities. Figure 7 displays capacity vs. cycle number  for 
Na/NiS~ cell 50. The cathode mix comprised 0.75g (6.1 
mmol) of NiS2, 0.15g of Ni, and 4.75g (24 mmol) of NaAIC1,. 
In  several initial cycles, the current was varied to arrive at 
opt imum discharge and charge current densities for the 
extended cycling. Thus, the first four cycles were per- 
formed at a constant current of 25 mA (2 mA/cm2). Be- 
tween cycles 5 and 54, the current was 50 mA (4 mA]cm~). 
In  cycle 55, the current density was 8 mA/cm 2 for dis- 
charge and 4 mAZcm" for recharge. Thereafter, the current 
was unchanged. The temperature was maintained at 
165~ until  the 184th cycle, when it was raised to 190~ 
All cycles subsequent  to 184 were obtained at 190~ The 
cell achieved 670, 100% depth-of-discharge cycles before 
the experiment was ended voluntarily. After the first 540 
cycles, the cell was cooled to room temperature and then 
it remained at open circuit for about 2 months before the 
cycling was resumed at 190~ to obtain the additional 130 
cycles. The cycle test took more than 1 yr. Some typical 
cycles are given in Fig. 8. The higher temperature of 
190~ at which the cell was maintained during the latter 
10 months of cycling, helped increase the cathode utiliza- 
tion. This increase corresponded to an increase in the ca- 
pacity involved in the 2.1V plateau. The average material 
utilization in the 650 cycles was -2.6e-/NiS.2. 

The excellent compatibility found between fl"-A1203 
and molten NaA1C14 appears to correlate with the free en- 
ergies of formation of NaA1C14 and NaA10~ at 500 K of 
-233 and -244 kcal/mol, respectively. The observed sta- 
bility is also in agreement with the estimated bond ener- 
gies of 55 and 66 kcal for A1-C1 and A1-O,~2, respectively. 
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Fig. 6. Rate/capacity data for Na/NiS2 cells 30 and 40. The 
NaAICI~:NiS2 mole ratio in cell 30 is 3.5:1, and, in cell 40, it is 2:1. 
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Fig. 7. Cathode utilization vs. 
cycle number for Na/NiS~ cell 50. 
At A, the temperature was raised 
from 170 ~ to 190OC. At B, the cell 
was left on open circuit for - 2  
months at room temperature, prior 
to resumption of cycling. 

In cell 60, the initial NaA1C14 to NiS2 ratio was 2:1. The 
cathode mix comprised 1.53g (12.4 mmol) of NiS2, 0.31g 
Ni, and 4.75g (24 mmol) of NaA1C14. The cell was sub- 
jected to more than 200 deep discharge-charge cycles. 
The average utilization obtained at current densities of 8 
mA]cm ~ for discharge and 4 mA]cm ~ for charge, between 
1.7-3.5V, was -1.5e-/NiS2. The data are given in Fig. 9. 
The 1.5e-/NiS~ capacity in cell 60 corresponds to a spe- 
cific utilization of 37 mAh/cm 2 of fl"-Al~O3, which is 
slightly greater than the 33 mAh]cm 2 of B"-A1203 utiliza- 
tion realized in cell 50. 

We believe that, with these experiments, we have dem- 
onstrated the feasibility of long cycle-life, high specific 
energy, and excellent system stability for the Na]NiS2 bat- 
tery. The results obtained from a 4 Ahr Na]NiS2 preproto- 
type cell further support these conclusions. That data will 
be discussed shortly, after presenting the long-term cy- 
cling results for a Na]NiS laboratory cell. 

Na/NiS cell no. 70 was constructed with a cathode 
comprising 1.1g (12 retool) of NiS and 4.7g (24 mmol) of 
NaAICl4. The cell exhibited an OCV of 2.9V at 190~ the 

temperature at which the entire cycling was performed. 
The cell was cycled between voltage limits of 1.5 and 
3.0V, and at the currents of 50 mA (4 mA]cm 2) for dis- 
charge and 25 mA (2 mA/cm ~) for charge. More than 100 
cycles have been obtained (see Fig 10 and 11), yielding an 
average cell capacity of 400 mAh or -1.3e:/NiS. The cor- 
responding specific utilization is 32 mAh/cm z of fl"-A120.~, 
which is of the same order as those realized in NiS~ cells 
50 and 60. 

A 4 Ah nominal  capacity NiS~ cell having the spe- 
cification given in the experimental section was operated 
at 190~ The first eight cycles were obtained at a current 
of 100 mA or 2.5 mA]cm 2. Beginning with the n in th  cycle, 
the discharge current was changed to 300 mA or 7.5 
mA]cm 2 and the charge current to 3.75 mA]cm 2. The vol- 
tage limits were 1.5 and 3.5V. The cell was cycled more 
than 75 times (Fig. 12). The highest capacity of the cell 
was 3.7 Ah, corresponding to a utilization of 2e-/NiS2. 

Unlike in the laboratory cell, the capacity showed a 
tendency to fade gradually with cycling. We believe this 
was due to a relatively high cell resistance of -1~1 which 

E-/NIS2 

1 2 3. 
I I 1 

2 

�9 2 

~ 3  

~ 2  

J 
f 

I 
200 

I I 
400 600 
CAPACITY, MA-HR 

f C Y C L E  540 

~ 5 0  

EY~/~CLE 1 

I I 
800 i000 

m 
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cell 50. Current density: cycles 1 
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slowly increased with repeated cycling. As a result, only 
smaller and smaller fractions of the capacity involved in 
the 2V plateau became accessible in later cycles. The 
specific energy achieved based on the observed capacity 
of 3.7 Ah, a mid-discharge potential of 2.3V, and including 
all weights, except those of fl"-A1203 and the can, is -200 
Wh/kg. At least a 25% improvement  over this should be 
possible with further optimization of electrode structures 
and cell configuration. 

Overdischarge and overcharge.--Sodium cells utilizing 
NaA1C14 possess a remarkable overdischarge safety mech- 
anism. When the cell is discharged down to -1.6V vs. 
Na+/Na, a reversible process involving the reduction of 
the electrolyte occurs 

NaAlCl4 + 3Na § + 3e- ~ A1 + 4NaCl [8] 
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We have found that these cells can be overdischarged for 
extended periods of time without any apparent deleteri- 
ous effect on their subsequent cycle performance. In fact, 
the capacity corresponding to the overdischarge process 
can also be harnessed practically, thus increasing the en- 
ergy densities of cells which contain an excess of the elec- 
trolyte. 

The effect of overcharge was investigated by repeatedly 
charging a cell to a potential of 4.0V. This had no detri- 
mental  effects on the cell's subsequent  cycle perform- 
ance. The overcharge between 3.5 and 4.0V occurrred 
with a sloping potential profile, and the associated capac- 
ity showed some variations from cycle to cycle. When the 
recharge potential limit was lowered to 3.5V after the 
overcharge cycles, the cell resumed cycling with capacity 
and voltage characteristics typical of cells which had 
never been overcharged. 
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Fig. 11. Cathode utilization vs. cycle number in Na/NiS cell 70 
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Table IIh Energy densities of nickel sulfide cells 

M O D E R A T E  T E M P E R A T U R E  S O D I U M  C E L L S  

Cycling Specific 
Capacity Mid-discharge regime energy* 

Cathode (e-/metal) voltage (V) (V) (Wh]kg) 

NiS 1.9 2.1 1.7-3.0 337 
NiS2 1.7 2.4 1.7-3.0 336 
NiS2 2.5 2.4 1.7-3.5 378 
NiS2 4.0 2.4 1.7-3.5 424** 

* Based on a discharge reaction involving NaA1CI~ also. About 
25%-35% of this should be achievable in a practical battery. 

** Maximum, corresponding to reaction [3]. 

The most likely reaction at the cathode during over- 
charge to 4.0V is that in Eq. [9] (6, 12) 

2A1C14- --* 2A1C13 + C12 + 2e- [9] 

The CI~ would dissolve in the electrolyte, or it would re- 
act with the cathode material. Another possible reaction 
during overcharge is the oxidation of NiS2 to form S and 
NiCI.,. In discharges following an overcharge to 4.0V, a 
fraction of the capacity appeared at a potential of -3.4V. 
This, most likely, is associated with the reduction of C12 
dissolved in the electrolyte. 

An overcharge to 4.5V also proceeds with a sloping po- 
tential profile similar to that seen in the region between 
3.5 and 4.0V. The OCV of cell after the charge to 4.5V was 
3.8V, indicating Cl~ in solution. Again, no detrimental ef- 
fect of any sort on cell performance was observed. We can 
conclude that Na]NiSx cells utilizing NaA1C14 possess ex- 
cellent built-in overdischarge and overcharge protection 
features due to reversible chemical processes in addition 
to those associated with the redox reactions of the 
sulfides. 

Conclusions 
The electrochemistry of the sulfides, NiS., and NiS, in 

molten NaA1C14 has been found to be different from that 
of Na intercalating chalcogenides such as TiS2, VS2, and 
VSe2. The nickel sulfides undergo displacement reac- 
tions upon reduction, and these processes, forming Ni as 
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the final product, pass through the intermediate phases, 
Ni3S4, NiS, and Ni~S.~. Despite the appearance of these in- 
termediate phases, NiS2 behaves as a highly reversible 
positive electrode in the Na battery, permitting high rate 
discharges. The mid-discharge voltage of the Na]NiS., celI 
is 2.4V. A cell with a mid-discharge voltage of 2.1V is ob- 
tained when NiS is used as the initial positive electrode. 
The specific energies calculated based on experimental 
data are given in Table III. Practical secondary Na 
batteries capable of delivering ->50 Wh/lb and >1000 deep 
discharge/charge cycles appear feasible. 
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Molten Carbonate Fuel Cell Cathode Materials Study 
Charles E. Baumgartner,* Ronald H. Arendt,* Charles D. lacovangelo,* and Bradley R. Karas* 

General Electric Company, Corporate Research and Development, Schenectady, New York 12301 

ABSTRACT 

Data are presented on the electronic conductivity and molten alkali carbonate stability (Li:K binary of 62:38 mole 
ratio) of various materials at 923 K under a 30% COJair atmosphere. Of the examined materials, only LaNiO3 and 
La~Srl_xCoO3 satisfied both criteria sufficiently for acceptable use as molten carbonate fuel cell cathode materials. 

Molten carbonate fuel cells (MCFC's) have been under  
extensive development as high efficiency systems for di- 
rectly converting gasified coal or natural gas into elec- 
tricity. Relative to other liquid electrolyte fuel cells, the 
carbonate system offers the unique advantage of the elec- 
trolyte's composition remaining invariant during cell op- 
eration. The electrochemical reactions involved during H2 
oxidation at the anode and 02 and CO2 reduction at the 
cathode are shown below 

Anode H2+ CO3 - 2 - > H 2 0 +  CO2+ 2e- [1] 

Cathode CO2 + 1/2 02 + 2e- --* CO3-2 [2] 

Carbonate ion, consumed at the anode and generated at 
the cathode, is continuously transported between the 

* Electrochemical Society Active Member. 

electrodes through an alkali carbonate-filled, porous ce- 
ramic electrolyte structure. Conventional fuel cell compo- 
nents  consist of a porous stabilized nickel anode, a po- 
rous lithium-doped NiO cathode, and a LiA102-reinforced 
electrolyte structure typically containing a 62 mole per- 
cent (m/o) Li2COz:38 m]o K2CO3 electrolyte. 

A major MCFC problem is dissolution of the lithium- 
doped NiO (Li0.02Ni0.980) cathode in the carbonate electro- 
lyte (1-3). Following dissolution, the cathode material is 
transported diffusionally into the electrolyte structure. In 
an operating cell, an oxygen concentration gradient exists 
within the electrolyte structure which decreases from the 
cathode to the anode interface. At some location between 
the two electrodes the Po2 drops below the region where 
NiO is stable (4). The equil ibrium nickel solubility at this 
location decreases resulting in the deposition of metallic 
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nickel from the electrolyte. These metallic nickel "sinks," 
located within the electrolyte structure, create a nickel 
concentration gradient which continually transports cath- 
ode material away from the cathode/electrolyte structure 
interface and, hence, facilitates further cathode dissolu- 
tion. The consequence of such Li~,,~Ni..980 corrosion is 
clearly evident in Fig. 1, which displays a Ni x-ray 
fluorescence map of a 0.18 cm thick electrolyte structure 
from a MCFC operated at 923 K and atmospheric pressure 
for 10,080h. Post-test analysis showed that approximately 
10% of the cathode had dissolved, transported into the 
electrolyte structure, and precipitated as metallic nickel 
during the cell test. These nickel deposits are visible as 
bright spots in Fig. 1. While such a transport mechanism 
for NiO was not appreciated previously, a similar cathode 
corrosion was responsible for the abandonment  of Ag and 
CuO as MCFC cathode materials (5-7). 

In response to this acute problem, we have surveyed 
the molten alkali carbonate stability and high tempera- 
ture electronic conductivity of selected materials in an at- 
tempt to identify a suitable replacement cathode material. 
The criteria of a successful candidate material were se- 
lected to be: (i) 923 K electronic conductivity -> 1 (12 
cm) -1, (ii) stability in the MCFC cathode environment  
(923 K, O2/CO~ atmosphere, carbonate electrolyte), and 
(iii) reduced solubility under  the cathode environment  or, 
preferably, increased solubility in the anode environment  
relative to Li0.02Ni0.980. 

The third criterion satisfies the requirement that the 
cathode-to-anode material transport rate, and associated 
cathode fluxing, be reduced. Along this line, it is obvi- 
ously preferable that no species derived from cathode dis- 
solution precipitate within the cell since such "sinks" are 
directly associated with cathode fluxing. This would 
mandate that the material's solubility under  the anode's 
environment  be at least equal to, and preferably exceed, 
that under  the operating cathode environment. However, 
since there is little quantitative published data on materi- 
als solubility in alkali carbonates (3-7), materials exam- 
ined in this survey were not selected for their solubility 
characteristics. Instead, selection was based more on the 
anticipated material's stability in the oxidizing carbonate 
environment. Because of this, a few materials were in- 
cluded in our sampling which are thermodynamically sta- 
ble as metals under  the anode's environment (hence pos- 
sessing a low solubility) when they were known to satisfy 
the stability requirement. 

In  addition to the above requirements, an acceptable re- 
placement material must  also be catalytically active to- 
wards O~ electroreduction and fabricable into a porous 
electrode structure. These criteria, however, were not ex- 
amined in this initial survey. 

Exper imenta l  
Sample preparation.--Selected candidate materials 

were synthesized using either a molten salt (MS) medi- 
ated synthesis (8) or a more conventional high tempera- 
ture solid-state synthetic route. The precise details of 

Fig. 1. Ni x-ray fluorescence mop of a O. 18 cm thick electrolyte struc- 
ture operated within a MCFC at 923 K and atmospheric pressure for 
10,080h. The bright regions correspond to metallic nickel. 

each sample's synthesis will not be given; the preparation 
of one material using each synthetic route will be covered 
instead. Materials prepared using a MS synthesis are 
typified by Ti-doped LiFeO~. The MS synthesis utilized 
molten 50 m]o NaC1-KC1 as the solvent. This technique 
has the advantage of yielding a product of close composi- 
tional and particle-size uniformity. Ti-doped LiFeO~ 
(LiFe0.9~Ti0.,40~) was synthesized by combining 1 mol each 
of KC1 and NaC1, 0.48 mol Fe~O3, 0.04 mol TiO2, and 1.25 
mol LiOH; a 25% excess of LiOH was present to insure 
the final lithium ratio. These powders were well blended 
by dry roll milling, placed in a covered 500 ml a-Al~O3 cru- 
cible, and heated in air for 16h at 1373 K. Following cool- 
ing, the chloride solvent was dissolved in deionized water 
and the product powder collected by filtration. X-ray dif- 
fraction (XRD) and chemical analysis were utilized to 
confirm product formation. Due to the survey nature of 
this study, no attempts were made to further identify mi- 
nor constituents not detectable with XRD. 

In  addition to the MS synthetic route, materials were 
also prepared using a high temperature solid-state (SS) re- 
action. Reactants used in this synthesis were typically 
organometallics or hydroxides which were dissolved or 
dispersed in solution. An example of a cathode candidate 
synthesized by the SS reaction scheme is Ti-doped ZnO 
(Zn0.97Ti0.0~O). Here 0.015 mol t i tanium tetra-butoxide 
[Ti(OBu)4] was dissolved in methanol to which was added 
0.485 mol of ZnCO3 powder. The materials were homoge- 
nized by ball milling with dense ZrO2 media. The addition 
of dilute aqueous NtLOH converted the Ti(OBu)4 to a 
Ti(OHh gel, which uniformly surrounded each ZnCO3 
particle. The mixture was dried under  vacuum at 398 K. 
Conversion to the final composition was accomplished 
by a 16h air firing at 1373 K. 

Material evaluation.---All candidates were evalu- 
ated for their stability in the molten 62:38 (mole ratio 
Li2CO3:K2CO3) carbonate electrolyte. The powdered mate- 
rial was combined with an approximately 50x molar ex- 
cess of electrolyte in a 7.5 cm high, 1.6 cm diam gold cru- 
cible and heated for 50-100h at 923 K under a 30% COJair 
atmosphere. Following cooling, the electrolyte was dis- 
solved in either dilute aqueous acetic acid or hot deion- 
ized water, the powder collected by filtration, and its 
identity determined by XRD and chemical analysis. 
Changes in either the XRD pattern or chemical composi- 
tion were used as evidence of instability. 

The sample's electrical conductivity was obtained using 
a standard four-probe ac impedance technique on pressed 
sintered pellets, as described previously (9). The conduc- 
tivity apparatus is shown in Fig. 2. Pellets, 1.2 cm diam • 
-0.6 cm thick, were prepared by pressing the powders 
from between 70-120 MPa. Some powders required the 
addition of a few drops of a binder solution of 1% stearic 
acid in acetone to facilitate pellet formation. The pellets 
were air sintered from between 1023 and 1472 K, the ac- 
tual temperature and time conditions depending on the 
particular material. Following sintering, the faces of the 
pellets were polished smooth, sputtered with 0.5-1.0 ~m 
gold, and two gold wires were attached to each face using 
conductive silver paint (du Pont  conductor composition 
4922). The samples, held in an a-A12Oa frame (not shown 
in Fig. 2) and contained within an a-A1203 tube furnace 
under  a 30% COJair atmosphere, were heated to 773 K 
overnight to cure the silver paint. The above atmosphere 
was selected to simulate the in-cell cathode's environ- 
ment; no atmospheric effects on electronic conductivity 
were examined. Sample conductivities were measured as 
a function of signal frequency (50-10,000 Hz) during both 
heating (773-1123 K) and cooling (1123-923 K) cycles using 
a PAR 5204 Lock-In Analyzer coupled to a PAR 371 sig- 
nal source (Princeton Applied Research, Incorporated, 
Princeton, New Jersey). 

Equil ibrium solubility measurements were made on se- 
lected candidate materials in molten 62:38 electrolyte at 
temperatures between 923 and 1123 K according to the 
technique described in detail elsewhere (3, 14). Pellets 
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THERMOC AS1NLET Table I. Investigated candidate MCFC cathode materials 

923 K electronic 
Electrolyte conductivity 

SAMPLE Material Synthesis stable (~I cm)-' 

Au LEADS 

AI20 3 TUBE 

/ 

SIGNAL 1 
f 

SOURCE 

SOURC[ 

PAR " =AR 5204 | 
SIGNAL GEt -IN ANALYZER ] 

Fig. 2. Apparatus used to measure four-probe ac impedance an 
pressed samples. 

p r e p a r e d  s imi la r ly  to  t h o s e  d e s c r i b e d  a b o v e  w e r e  h e a t e d  
in a 7.5 c m  tal l  • 1.6 c m  d i a m  gold  c r u c i b l e  w i t h  approx i -  
m a t e l y  20g of  e lec t ro ly te  for  b e t w e e n  250 a n d  500h u n d e r  
a r o o m  t e m p e r a t u r e  h u m i d i f i e d  30% CO,Jair a t m o s p h e r e .  
E l ec t ro ly t e  a l iquo t s  of  b e t w e e n  1 a n d  2g we re  r e m o v e d  at 
t e m p e r a t u r e  b y  i n s e r t i n g  a n  a-AI~O~ p i pe t t e  in to  t h e  u p p e r  
p o r t i o n  of  t he  c a r b o n a t e  mel t .  Th i s  e lec t ro ly te  w as  t rans -  
fe r red  to a c l ean  go ld  c ruc ib le ,  cooled,  a n d  ana lyzed  for  
d i s so lved  ma te r i a l  b y  a tomic  a b s o r p t i o n  analys is .  The  
s a m p l i n g  t i m e s  we re  s h o w n  p rev ious ly  (14) to  yie ld  equi-  
l i b r i u m  solubi l i ty  va lues ,  b e i n g  de f ined  he re  as t he  ana-  
lyzed  c o n s t i t u e n t  no t  v a r y i n g  m o r e  t h a n  -+5% re la t ive  to a 
m e a n  ove r  a 3-day per iod .  T h e  l imi t  of  ---5% r e p r e s e n t s  the  
typ ica l  r e p o d u c i b i l i t y  a t t a i n e d  on  iden t i ca l  s a m p l e s  a n d  
c o n s t i t u t e s  t h e  c u m u l a t i v e  d e v i a t i o n  p r e s e n t  in  t h e  solu- 
b i l i ty  a n d  ana ly t ica l  t e c h n i q u e s .  T he  fact  t h a t  e q u i l i b r i u m  
was  e s t a b l i s h e d  he re  at  t h e  t i m e  of  s a m p l i n g  was  ver i f ied  
o n  severa l  samples .  A n  e x p e r i m e n t a l  b l a n k  c o n t a i n i n g  
e l ec t ro ly te  w i t h o u t  a n y  c a n d i d a t e  mate r ia l  was  p r o c e s s e d  
occas iona l ly  w i t h  t he  e x p e r i m e n t a l  s a m p l e s  to  i n s u r e  t h a t  
s a m p l e s  we re  no t  c o n t a m i n a t e d  b y  t he  f u r n a c e  env i ron -  
m e n t .  

Results and Discussion 
T a b l e  I l is ts  t he  c a n d i d a t e  ma te r i a l s  inves t iga ted ,  t he  

s y n t h e t i c  s c h e m e  ut i l ized  in  t h e i r  p repa ra t ion ,  t he  mate r i -  
als '  e l ec t ro ly te  s tabi l i ty ,  a n d  t he  e lec t ron ic  c o n d u c t i v i t y  
m e a s u r e d  a t  923 K a n d  1 kHz.  T h e  s ta te-of- the-ar t  c a t h o d e  
mate r ia l ,  Lio.o.~Ni0.9~O, is i n c l u d e d  for  c o m p a r i s o n .  As can  
b e  s e e n  f r o m  the  data ,  severa l  ma te r i a l s  were  f o u n d  to b e  
u n s t a b l e  in  t he  e lec t ro ly te ;  t h e  m a j o r  source  of  i n s t ab i l i t y  
b e i n g  reac t iv i ty  w i t h  Li2CO~ to yie ld  a Li  c o n t a i n i n g  prod-  
uet .  Th i s  is c lear ly  d e m o n s t r a t e d  in  t he  Fe-  or T i -based  
s y s t e m s  w h i c h  a lways  d e c o m p o s e d  to yie ld  LiFeO2 or 
Li2TiOa. Of t h o s e  m a t e r i a l s  f o u n d  to b e  s t ab l e  in  t he  ear- 
b o n a t e  fuel  eell  c a t h o d e  e n v i r o n m e n t ,  on ly  t h e  La  eon-  
t a i n i n g  pe rovsk i t e s ,  LaNiOa a n d  La~Sr~_~CoO~, e x h i b i t e d  
e l ec t ron ic  c o n d u c t i v i t i e s  w h i e h  e x c e e d e d  the  r e q u i r e d  1 
(12 c m ) - L  

T h e  e s t a b l i s h m e n t  of  1 (12 e r a ) - '  as a n  a c c e p t a b l e  
p r e s s e d  pe l le t  e o n d u c t i v i t y  m i n i m u m  w as  b a s e d  on  t he  
a l l o w a b l e  IR  d r o p  a s soc i a t ed  w i t h  fuel  cell  ope ra t ion .  Al- 
t h o u g h  t h e  r e l a t i o n s h i p  b e t w e e n  c o n d u c t i v i t y  a n d  poros -  
i ty  was  no t  d e t e r m i n e d  here ,  Eq.  [3] typ i f ies  t he  correla-  
t i on  f o u n d  in t he  l i t e r a tu re  (10) 

(r = o- o (1 - P)x [3] 

Li,,.o~Ni,,..,sO SS Yes 33 

Fe-based 
LiFeO2 MS Yes 3 x I0 -a 
LiFesO8 MS No - -  
LiFe0.~gTi,.o,O~ MS Yes 3 • 10 -a 
LiFe,).9,Ti..,40~ MS Yes 1 • I0 -a 
LiFe,).~4Ti..o,O~ MS Yes 5 • 10 -4 
LiFe,).~,Zr..,,40~ SS Yes 2 • 10 -a 
LiFe,).s4Zro.,,;O~ SS Yes 6 • 10 -4 
NiFe204 MS No 8 • 10 -4 
Li0.1Nio.sF~O4 MS No 6 • 10 -~ 
Li,,.~Nio.4Fe~.404 MS No 3 • 10 -a 
Ni,,.sFe~.~O4 MS No 5 • 10 -a 
Cu~,.,Ni,,.~Fe~O4 MS No 5 • 10 -4 
Fe,.ssTio ,,Oa SS No 3 
Sr~Fe~O~ MS No 7 • i0- '  

Ti-based 
Li.~TiOa MS Yes 4 • 10 -.~ 
Li~Ti..9~Ta. 05Oa MS Yes 2 • 10 -a 
SrTiOa MS No --  
SrTio.95Tao..502 MS No -- 
NiTiO3 MS No 1 • I0 -'~ 
Nio..~Sr,.sTiO~ MS No 1 • 10 -5 
Lio..~.~Ni, ~TTiOa MS No -- 

La-perovskites 
LaNiO3 SS Yes 5 
LaCoO3 SS Yes - -  
La0.6Sro.4CoOa SS Yes 35 
La,,.sSro.~CoO.~ SS Yes 20 
La0.~Sr,j.~MnOa SS No - -  

Others 
Li,.,uCu.sgO MS Yes 3 • 10 - '  
ZnO SS Yes 7 • 10 -3 
Zn,~.~gZr0,,,O SS Yes 1 )< 10 -4 
Zno.~Ti,.,,.~O SS Yes 2 • i0 -a 
CeO~ SS Yes 1 • I0 -a 
Ceo.~Lao.o~O~ SS Yes 3 • 10 -4 
Ceo.~Sro.0~O~ SS Yes 1 x i0 -a 
Ceo.~Sr,).,,~Lao.o~O~ SS Yes 7 • 10 -4 
Ceo.~Nb,,.~O., SS Yes 9 • 10 -~ 
SrSn0.90Nb0.o~O~ MS No 3 x 10 -,~ 
Li~Sn,,.o~Nb[, (,~0~ MS Yes - -  

w h e r e  (r = ac tua l  c o n d u c t i v i t y  
~ro = c o n d u c t i v i t y  at  t heo re t i ca l  d e n s i t y  
P = po re  f r ac t ion  in  s a m p l e  

L i t e r a t u r e  va lues  of  x r a n g e  b e t w e e n  1.5 a n d  3, w i t h  m o s t  
r e f e r ences  (10, 11) d e t e r m i n i n g  a va lue  of  x = 1.5-2.0. A 
fuel  cell  c a t h o d e  s t r u c t u r e  p o s s e s s i n g  a 60% poros i ty ,  
t he re fo re ,  is e x p e c t e d  to e x h i b i t  a c o n d u c t i v i t y  - 3 - 5  t i m e s  
less  t h a n  t h a t  m e a s u r e d  u s i n g  t he  n o m i n a l l y  80%-90% 
d e n s e  p r e s s e d  pellets .  A typ ica l  p o r o u s  fuel  cell  c a t h o d e  
t h i c k n e s s  is 0.038 cm. I f  it is a s s u m e d  t h a t  t he  e lectro-  
c h e m i c a l  r eac t ion  occurs  p r e d o m i n a n t l y  n e a r  t he  elec- 
t rode /e l ec t ro ly te  in ter face ,  all c u r r e n t  m u s t  pass  t h r o u g h  
t he  c a t h o d e  t h i c k n e s s  be fo re  r e a c h i n g  t he  c u r r e n t  col- 
lector.  F o r  a cell c u r r e n t  d e n s i t y  of  160 m A / c m  -~, a p o r o u s  
c a t h o d e  c o n d u c t i v i t y  of  0.2 (~  c m ) - '  [ c o m p a r a b l e  to  a 
p r e s s e d  pe l le t  c o n d u c t i v i t y  of  - 1  (~  c m ) - ' ]  w o u l d  r e su l t  
in  a o n e - d i m e n s i o n a l  IR  loss  of  - 3 0  mV.  A l t h o u g h  t he  
c a t h o d i c  r eac t ion  m o s t  l ike ly  is no t  l imi t ed  to a r eg ion  
c lose  to t he  e lec t ro ly te  in te r face ,  th i s  a p p r o x i m a t i o n  illus- 
t r a t e s  t he  i m p o r t a n c e  of  c a t h o d e  c o n d u c t i v i t y  on  t he  
cel l ' s  p e r f o r m a n c e .  

Re fe r r i ng  to t he  r e su l t s  in  Tab le  I, LiFeO.2 a n d  Li,,TiO3 
were  s h o w n  to be  s t ab le  in  t h e  M C F C ' s  c a t h o d e  env i ron -  
m e n t ;  howeve r ,  t h e i r  923 K e lec t ron ic  c o n d u c t i v i t i e s  of  
3 x 10 -3 a n d  4 • 10 -2 (~  cm) -2, respec t ive ly ,  we re  cons id-  
e rab ly  b e l o w  t h e  r e q u i r e d  cu t  off. A t t e m p t s  to  i m p r o v e  
c o n d u c t i v i t y  b y  d o p i n g  w i t h  h i g h e r  v a l e n c y  ca t ions  
p r o v e d  c o u n t e r p r o d u c t i v e  for  LiFeO2, t h e  923 K conduc -  
t iv i ty  d e c r e a s i n g  by  a f ac to r  of  - 5  u p o n  s u b s t i t u t i o n  of  6% 
Z r  or  Ti  for  Fe. T h e  c o n d u c t i v i t y - t e m p e r a t u r e  c u r v e s  ob- 
t a i n e d  at  1 kHz for  severa l  Zr- a n d  T i -doped  LiFeO2 
s a m p l e s  are s h o w n  in  Fig. 3. S u b s t i t u t i o n  of  5% Ta for  Ti 
in  Li2TiO3 d id  i n c r e a s e  t h e  923 K c o n d u c t i v i t y  b y  a b o u t  a 
fac to r  of  20; howeve r ,  t he  c o n d u c t i v i t y  r e m a i n e d  o rde r s  of  
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Fig. 3. Influence of Ti and Zr doping on the electrical conductivity of 
LiFe02 under 30% C02/air atmosphere between 773 and 1123 K. 

magnitude too low. Similar results were obtained with 
ZnO and CeO2, two other electrolyte-stable materials. As 
noted previously, only the La containing perovskites ap- 
pear promising as candidates as a result of these data. 

A minor drawback to the use of La-perovskites in 
MCFC applications is their reactivity towards the state-of- 
the-art electrolyte structure matrix material, LiA102. 
While found to be stable towards the carbonate electro- 
lyte alone, the presence of both LiA102 and the electrolyte 
leads to the metathetical reaction below 

LaCoO3 + LiA102 ~ LiCoO2 + LaA103 [4] 

This necessitated the identification of an alternate matrix 
support material for use with a La-perovskite cathode 
structure. One promising candidate is SrTiO3 (8), which 
has been shown to remain phase pure following exposure 
to both LaNiO.~ and molten electrolyte in a pot-test of sev- 
eral hundred hours duration. 

In addition to an alternate cathode material possessing 
electrolyte stability and an acceptable electronic conduc- 
tivity, the material must demonstrate a reduced corrosion 
rate in the electrolyte under cell operating conditions. 
This behavior can result from either a decreased solubil- 
ity under cathode conditions or an increased solubility 
under anode conditions. Equil ibrium solublity measure- 
ments were made on several materials as a function of 
temperature between 923 and 1123 K under a room tem- 
perature humidified 30% CO2/air atmosphere. These data 
are given in Fig. 4. Unfortunately, these solubility deter- 
minations are severely hindered by the presence of high 
background impurity levels in the nascent electrolyte. 
The impurity levels determined on various high purity 
electrolyte samples are listed in Table II and are also 
shown, in part, in Fig. 4. 

Under  experimental  conditions where the nascent car- 
bonate's impurity level exceeded the equilibrium solubil- 
ity, no decrease in solute concentration was found with 
time up to 500h. The system's failure to approach equilib- 
r ium in the direction of decreasing concentration sug- 
gests that the solute species either remains supersatu- 
rated in solution or precipitates as a fine particulate 
suspension and was therefore sampled along with the dis- 
solved form. 

Despite the problematic impurity levels, however, the 
linear solubility/temperature relationships for NiO, ZnO, 
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Fig. 4. Equilibrium solubility temperature dependence for NiO, ZnO, 
LaNiO~, LaCo03, and LiFeO~ in 62 m/o Li~C03:38 m/o K2C03 under 
humidified 30% C02/air atmosphere. 
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and LiFeO.~ are seen in Fig. 4. In each case, the solubility 
increased as a function of temperature in contrast to the 
retrograde NiO solubility-temperature dependence found 
by Sim et al. (12) under  similar conditions. The magni- 
tude of these solubilities at 923 K, the operating tempera- 
ture of a MCFC, were relatively similar, with neither ZnO 
nor LiFeO2 offering any particular advantage in equilib- 
r ium solubility relative to NiO under the experimental  
conditions. In contrast, the LaNiO3 and LaCoO3 solubili- 
ties were found to be temperature invariant, with the 
magnitude of the solubility not varying significantly 
from the electrolyte's background impurity levels. Com- 
plementary La analysis, performed on the electrolyte 
from LaNiO3 samplings using x-ray fluorescence analy- 
sis, showed no La to be present, i.e., the La concentration 
remained below the 5 ppm mole fraction detection limit. 
Since the LaNiO3 and LaCoO~ solubilities could not be 
measured, they may offer some reduced solubility advan- 
tages over NiO as MCFC cathode materials. 

The transport rate, rather than the actual cathode envi- 
ronment  solubility level, however, is important  in 
determining the cathode dissolution rate. Attempts to de- 
termine the equilibrium solubility under simulated 

Table II. Impurity levels determined in commercial "high purity" 62:38 
(Li2CO3:K2C03) electrolyte 

Analyzed concentration 
Impurity (ppm mole fraction) 

Ni 19-25 
Fe 31-35 
Co 33-40 
Cr 2-7 
Cu 0.3-1 
h/In 2-7 
Zn 2-6 
Au <1 
Ti <5 
A1 <5 
La <5 
Nb <3 
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anode-side conditions (HJCO2 mixture) were precluded 
by the high background impuri ty  levels. Fur ther  studies 
along this line will require the synthesis of higher  puri ty 
Li~CO3 and K~CO3. It can be assumed, however,  that  nei- 
ther LaNiO3 nor LaCoO3 will offer a significant advan- 
tage over NiO in anode side stabili ty since both materials 
decompose  to La203 and MeO (Me = Ni or Co) at low oxy- 
gen partial  pressures (13), as shown by the equation 
below 

2LaNiO3 ~ La.,NiO4 + NiO ~ La203 + 2NiO 

Po2 ~ 10 -5 a tm Po2 ~ 10-1~ atm [5] 

Therefore, dissolved LaNiO3 or LaCoO3 is expected to 
lead to metallic precipi tat ion in the same fashion as the 
present  cathode, and any advantage associated w i th  this 
material  will necessari ly come from a reduced cathode- 
side solubility. 

The results  of this s tudy demonstrate  several points. 
Firs t  is the difficulty in finding materials which are 
chemically stable in the mol ten  electrolyte under  cathode 
gas environment.  Second,  there is the compounding  
difficulty of finding stable materials  which possess a 
suitably high electronic conductivity.  Of the materials  ex- 
amined,  only LaNiO3 and La~Sr~-~CoO3 were found to 
satisfy these requirements.  Third, there is the difficulty 
in evaluating equi l ibr ium solubilit ies for materials in mol- 
ten alkali  carbonates. Although the measurements  were 
complicated by high impuri ty  background levels, temper-  
ature dependent  solubilit ies were obtained for NiO, ZnO, 
and LiFeO2 under  a humidif ied 30% COJair atmosphere.  
The LaNiO, and LaCoO3 solubilit ies were not  determined 
because  of the impuri ty  levels in the base electrolyte. 
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Determination of the Thermoneutral Potential of Li/SOCI2 Cells 
N. A. Godshall *,1 and J. R. Driscoll 

Altus Corporation, San Jose, California 95112 

ABSTRACT 

Heat generated during discharge of Li/SOC12 cells is an important  consideration in the design of both active and 
reserve-activated batteries,  and depends  critically on the value of the enthalpic port ion of the electrochemical  reaction, 
or " thermoneutra l  potential"  (E~). The thermodynamic  basis for the causes of heat generat ion in Li/SOCI~ cells is de- 
scribed, and the importance of the thermoneutra l  potential  is discussed.  Good agreement was obtained be tween two ex- 
per imental  techniques used to measure  En: (i) calorimetric studies and (ii) measurements  of open-circuit  potential  as a 
function of temperature.  Electrochemical  discharge of Li]SOC12 cells was found to be exothermic  at all discharge rates, 
with a thermoneutra l  potential  of 3.72 - 0.02V and a OE/OT value of -0.21 -+ 0.03 mV/C. 

The open-circuit  voltage (E) of a faradalc electrochem- 
ical cell may be related to the thermodynamic  free energy 
(hGr) of the electrochemical  reaction taking place within 
the cell by the relation 

x 

n G r  = - z F  f E d x  [1] 
o 

where F represents  the Faraday  constant  (23.06 kcal  V -1 
eq-l) ,  z is the charge t ransport  number  (eq mol-1), and x 
is the extent  of reaction (dimensionless). That is, the 
s tandard free energy of reaction (hGr) is s imply the area 
under  a discharge curve of a cell discharged at an infin- 
itely low rate~ For  an electrochemical  couple having a 

* Electrochemical Society Active Member. 
1Present address: Sandia National Laboratories, Albuquerque, 

New Mexico 87185. 

(nearly) fiat discharge curve, such as lithiurrgthionyl 
chloride, Eq. (1) simplifies to 

hGr = -zFE [2] 

The free energy of the electrochemical  reaction is com- 
posed of enthalpic (hHr) and entropic (hSr) parts 

AGr = hHr - ThS~ [3] 

The combined s ta tement  of the first and second laws of 
thermodynamics  states that  

OAG = AVOP - ASOT [4] 

So that  at constant  pressure 

OAG 
- -  - A S  [ 5 ]  

OT 
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Subs t i tu t ion  into Eq. (2) yields 

OE 
ASr = z F -  [6] 

OT 

Therefore, the entropy change of an electrochemical reac- 
tion at equilibrium may be derived from a knowledge of 
the way in which the open-circuit potential of the cell 
varies with temperature. 

The enthalpy change of the electrochemical reaction 
(AHr) follows directly from the above 

- AH,  ThSr  
E - + - -  [7] 

zF zF 

- A H ~  TOE 
- -  - E [ 8 ]  

z F  OT 

Equation [8] represents the thermoneutral  potential, (EH), 
and reflects that part of the cell voltage due only to the 
enthalpy term 

- -  AH r 
E, - [9] 

zF 

EH is that pontential at which a cell would need to be op- 
erated such that no heat flowed into or out of the cell. It 
is also the theoretical open-circuit voltage of the cell at 
absolute zero. Because the enthalpy change of the electro- 
chemical reaction (AH~) is usually quite constant over the 
temperature range considered, the thermoneutral  poten- 
tial is also nearly independent  of temperature. 

Heat Analysis 
The importance of the thermoneutral  potential (EH) to 

heat generation, and its derivation, may be found else- 
where (1, 2). The analysis in the previous section was con- 
cerned only with "equilibrium" phenomena (i.e., open-cir- 
cuit conditions). A complete heat analysis also includes 
nonequi l ibr ium effects, such as those caused by finite 
discharge currents, corrosion of the li thium anode, etc. 
The total heat (qT) generated during an electrochemical 
discharge is simply the sum of the heat generated by po- 
larization (qp), entropy affects (qs), and other sources of 
heat such as self-discharge (e.g., Li corrosion) 

qw = qp + qs + qother [10] 

where a negative qT represents a generation of heat by the 
cell, and a positive q~ represents an absorption of heat by 
the cell from its local surroundings. 

The heat generated by cell polarization is given by the 
difference between the open-circuit potential (E) and the 
voltage under  load (EL) 

qp = - zF(E  -EL)  [11] 

Likewise, the heat generated or absorbed due to the en- 
tropy effects described previously is given by 

0E 
q~ = TASr = z F T - -  [12] 

OT 

Considering only these two sources of heat results in 

_ TOE~ 
qT = - z F  (E -EL - - ~ /  [13] 

Substi tution of Eq. [8] into Eq. [13] simplifies this result 
to terms involving only the thermoneutral potential and 
voltage under  load 

qv = - z F  (EH - EL) [14] 

Differentiation with respect to time renders this relation 
in terms of heating rate (~T), in watts, and the cell current 
(I), in amperes 

[ ~T = - I  (EH - E~) [ [15] 

The behavior of an electrochemical cell, and its relation 
to heat generation, falls into one of the two cases outlined 
in Fig. 1-3. Most battery discharge reactions are of the 

Fig. !. Discharge of electrochemical cells having (I) negative and (ll) 
positive entropies of reaction. 

Fig. 2. Charging of electrochemical cells having (I) negative and (11) 
positive entropies of reaction. 
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Fig. 3. Heat generation and absoption regions illustrated on idealized 
Ellingham and E vs. T diagrams for electrochemical reactions with (I) 
negative and (11) positive entropy changes during discharge (spontane- 
ous reaction). 

Case I type. That is, the free energy (AGr) of the galvanic 
reaction (discharge) is less negative at higher  tempera- 
tures, due to a negative ent ropy associated with the reac- 
tion (AS~). That is, the products  of the spontaneous elec- 
t rochemical  reaction are more ordered than the reactants. 
The tendency of all systems to increase in disorder  (posi- 
t ive entropy) is therefore overr idden by  the large negative 
entha lpy  of  the reaction (AH,). As the temperature  in- 
creases, the entropy term of Eq. [3] becomes more domi- 
nant, and acts to decrease the overall energy (AGr) of the 
cell, Fig. la. 

The same behavior  is i l lustrated in the tempera ture  var- 
iation of a cell 's open-circuit  voltage, or equi l ibr ium po- 
tential  (E), Fig. lb.  The voltage due only to the enthalpic 
part  (E,) of the electrochemical  reaction in Case I (dashed 
line) is larger than the actual  open-circuit  cell voltage 
(solid line) at all temperatures.  That is, the negative ASr 
term is manifested as a negative slope in E vs. T. Galvanic 
operat ion (discharge) of the cell is therefore exothermic  at 
all ,rates.  Electrolytic operat ion (charging of the cell) re- 
verses the  sign of most  terms and the slope of  E vs. T, Fig. 
2. The combinat ion of Fig. 1 and 2 is i l lustrated in Fig. 3 
for the discharge direction. Therefore, only at a specific 
overpotential  (TASJzF) during electrolytic operation 
(charge) would a "Case I" cell undergo zero heat  flow 
into or out of the cell, Fig. 3b. This situation would there- 
fore not occur in a pr imary system such as LiSOC12. 

Al though occurring less frequently, some electrochem- 
ical systems exhibi t  the interest ing propert ies  associated 
with a positive ent ropy of reaction, Fig. lc. That is, in 
Case II, the products  of the spontaneous electrochemical  
reaction are less ordered than are the reactants.  Thus, the 
cell 's open-circuit  potential  (E) is made up of the typical  
enthalpic term (EH) plus a small  voltage (Es = TASJzF) due 
solely to the increasing randomness  of the electrochem- 
ical reaction, Fig. ld.  

Furthermore,  galvanic operat ion (discharge) near equi- 
l ibr ium would be endothermic  (i.e., would absorb heat 
from the surroundings). Only during a higher rate dis- 
charge (overpotential  greater than TASJzF) would the cell 

polarization generate more heat  than the ent ropy of  reac- 
t ion would absorb, result ing in a net exothermic  reaction, 
Fig. 3d. Once again, the point  of zero heat  flow would oc- 
cur at a voltage equal to the enthalpic term, or thermo- 
neutral  potential  (E.). Charging a reversible "Case II" cell 
is exothermic at all rates. 

The importance of the value of the thermoneutra l  po- 
tential  and the sign of the slope of E vs. T are thus  evi- 
dent. Discharge or charge of a cell at a voltage EL outside 
the l imits of the thermoneutra l  (EH) and open-circuit  (E) 
potentials  results in an overall exothermic process,  or 
heat  generation, Fig. 3. Note that  such heat  generation is 
independent  of the open-circuit  potential  of the cell (E), 
Eq. [15]; it depends rather, on the enthalpic potential  (EH). 
Furthermore,  for a given open-circuit  potential  (such as 
3.65V for Li/SOCI~ at 25~ a larger negative E vs. T slope 
(AS~/zF) for a "Case I" electrochemical  reaction results in 
a substantial ly higher thermoneutra l  potential  (EH = E at 
0 K); which, consequently,  results in a substantial ly 
greater heat  generation rate. 

Conversely, discharge or charge of a cell at a voltage EL 
between its thermoneutra l  (EH) and open-circuit  (E) poten- 
tials results in an overall endothermic process or heat  ab- 
sorpt ion by the cell from its surroundings.  

Experimental  
Two methods were employed to determine the thermo- 

neutral  potential  of Li]SOC12 cells: (i) calorimetric studies 
performed on discharging cells, and (ii) measurement  of 
open-circuit  potential  as a function of temperature.  Two 
independent  quantit ies must  be measured with each tech- 
nique in order to calculate the thermoneutra l  potential  
(E,). 

Calorimetric measurements  yield enthalpy of reaction 
(AHr) data only; that  is, the change in degree of order (en- 
tropy) of reactants and products  cannot be measured in a 
calorimeter  alone. The addit ional  required information is 
obtained,  then, by discharging the cell at a known current 
(I) and voltage (EL) during the calorimetric measurements  
(~)T)- The entropy (OE/aT) and enthalpy (EH) terms are then 
calculated from Eq. [13] and [15], respectively. In the 
calorimetry measurements ,  Li/SOCh cells were equili- 
brated at temperatures  between 0 ~ and 53~ inside a 
Geosystems calorimeter  and discharged at current  densi- 
ties between 1.0 and 20.0 mA/cm ~. 

In  the open-circuit  potential  technique, direct measure- 
ment  of OE/OT yields the entropy of reaction from Eq. [6]. 
The addit ional  knowledge of the open-circuit  potential  at 
any temperature  permits  calculation of the enthalpy of re- 
action (AHr) and thermoneutra l  potential  (EH) from Eq. [8] 

E H = E - T aE /aT 

" OVEN/COOLER 
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CELL " 

E T 

VOLT METER STRIP CHART ] TEMPERATURE 
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Fig. 4. Schematic of E vs. T experimental apparatus 
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and [9], respectively. In the OE/OT measurements,  all cells 
were first discharged at the C/24 rate for 2h (C/24 is that 
rate which would completely discharge a fresh cell in 24h) 
followed by equilibration at open-circuit conditions for 
20h. This procedure was intended to min imize the  effects 
of voltage delay, which is especially prevalent in undis- 
charged cells. The cells were then placed inside an 
environmental  chamber where the open-circuit potential 
(E) was measured as a function of incremental  changes in 
temperature. A strip chart recorder was used to deter- 
mine t h e  steady-state equilibration of E (typically 1-5h) 
after a new temperature had been selected. The cell 
temperature was measured using a type "K" thermocou- 
ple and an electronic ice point to compensate for changes 
in ambient  temperature. The temperature controller was 
found to maintain the temperature within • I~ relative 
when the measurement  temperature was greater than 
20~ and within • 2~ when less than 20~ 

Results 
Typical calorimetric results are listed in Table I. The 

measured heating rates varied between 17 and 376 mW at 
currents between 58 and 664 mA, respectively. The 
thermoneutral  potentials calculated from' these data lie 
between 3.70 and 3.87V, and appear to be nearly indepen- 
dent of current, Fig. 5. The calorimetric results indicate a 
thermoneutral  potential of 3.783 • 0.080V, Eq. [15]. 

The above calorimetric analysis included only the po- 
larization (qp) and entropy (q~) terms. Heat generation 
caused by significant Li corrosion (q~) would result in 
erroneously high calculated thermoneutral  potentials 
from Eq. (15). Therefore, l i thium electrical efficiencies 
were measured in thionyl chloride electrolytes to deter- 
mine their contribution to the total heating power (OT), 
Fig. 6. Lithium disks (2.5 cm 2 in area; 34 mg in weight) 
were completely discharged galvanostatically at currents 
between 2.5 and 120 mA/cm 2. Their electrical efficiency 
(e) was calculated simply as the ratio of their integrated 
currents with respect to time vs. their theoretical capac- 
ity. Electrical efficiencies in neutral 1.6M LiA1C14 thionyl 
chloride electrolyte were approximately 98% at 21~ and 
93% at 45~ below 25 mA/cm ~. Efficiencies were consider- 
ably lower using either higher current densities or acidic 
electrolyte, as expected (Fig. 6). 

The heat generated solely by Li corrosion is given by 
the enthalpy of reaction between li thium and thionyl 
chloride (AH~) and the inefficiency (1 - e) 

qc = AHr  (1 - e) = -zFEH (1 - e) [16] 

so that the heating rate due to Li corrosion is given by 

0r = - 1  EH (1 - e) [17] 

The total heating rate including polarization, entropy, and 
l i thium corrosion is, therefore, given by 

CW = --I (2EN --e E~ - EL) [18] 

T e m p .  C u r r e n t  H e a t  V U L  
T (~ I (mA) ~ (mW) dl/I ( V )  E, (V) 

Calcu la t ed  

0 333 - 1 2 0  -0 .360  3.33 
4 640 - 3 7 6  -0 .588  3.20 
4 640 - 3 4 2  -0 .534  3.20 
4 225 - 92 -0 .409  3.38 
4 115 - 40 -0 .348  3.40 
4 58 - 17 -0 .293  3.48 

25 660 - 2 5 7  -0 .390  3.35 
25 280 - 73 -0 .261 3.45 
25 117 - 39 -0 .333  3.50 
25 115 - 38 -0 .330  3.46 
25 59 - 17 -0 .288  3.53 
30 341 - 94 -0 .276  3.43 
53 664 - 3 0 0  -0 .452  3.32 
53 233 - 83 -0 .356  3.45 
53 118 - 41 -0 .348  3.50 
53 59 - 21 -0 .356  3.52 

i00 

OE/aT 
E~ (V) (mV/C) 

3.69 
3.79 
3.73 
3.79 
3.75 
3.77 
3.74 
3.71 
3.83 
3.79 
3.82 
3.71 
3.77 
3.81 
3.85 
3.87 

-0 .143 
-0 .491 
-0 .299  
-0 .494  
-0 .348  
-0 .439  
-0 .297 
-0 .201 
-0 .593 
-0 .465  
-0 .560  
-0 .185  
-0 .370  
-0 .473  
-0 .602  
-0 .665  

3.90- 

v 

3.80 
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Fig. 5. Thermoneutral potentials obtained from calorimetric 
measurements. 

EH EL- ~/I I [19] 
2-e 

Therefore, by including a lithium electrical efficiency of 
98%, the thermoneutral potential calculated above 
(3.783V) is reduced to 3.71V. 

The results of typical OE/OT measurements are listed in 
Table II and illustrated in Fig. 7. These data reflect true E 
vs. T results; that is, the open-circuit potential was not de- 
termined from an extrapolation to zero current of various 
discharge voltages (2). Similar results were obtained re- 
gardless of whether the cell temperature was equilibrated 
from a higher or lower temperature. The open-circuit po- 
tential was found to vary with the temperature in a linear 
fashion over the temperature range -5 ~ to 75~ A least 
squares fit of the data resulted in a thermoneutral poten- 
tial value of 3.723V and a OE/OT value of negative 0.228 
mY/C, indicating that lithium/thionyl chloride discharge 
is exothermic at all rates (Case I-type reaction). 

The thermoneutral potential (EH) of an electrochemical 
cell represents the enthalpic portion of the open-circuit 
potential 

TOE A H  r - h G r  - T A S r  _ E - - -  [20] 

E .  z F  - z F  a T  

O G C)- AREA = 2.5CM 2 
THICKNESS = 0.010" 

90 

cm 
s o  

z 

~ 70, 

H 60 
[-t 
i--t 

50 

40 �84 

Table I. Calorimetric measurements. E .  = EL - -  dl/I 
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Fig. 6. Lithium electrical efficiency in thionyl chloride electrolytes 
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Table II. E vs. T measurement. EH = E - TaEIOT 

Tempera tu re  

Set  point  (~ "K"  (mV) (~ (K) E (V) 

Heat ing 
20 0.97 24.0 297.0 3.659 
35 1.50 37.5 310.5 3.654 
45 1.94 48.0 321.0 3.650 
55 2.40 59.0 332,0 3.647 
65 2.83 69.5 342.5 3.643 
70 3.06 75,0 348.0 3.641 

Cooling 
60 2.62 64.5 337.5 3.647 
50 2.18 54.0 327.0 3.652 
40 1.73 43.0 316.0 3.654 
30 1.26 31.5 304.5 3.655 
20 0.81 20.5 293.5 3.656 
10 0.33 8.5 281,5 3,659 

Hea t ing  
0 -0.19 -5 .0  268.0 3.663 
5 0.08 2,0 275.0 3,657 

15 0.57 14.5 287.5 3.656 
25 1.03 26,0 299.0 3.654 
32 1.37 34,0 307.0 3.651 

Cell operat ion at the thermoneutra l  potential  results in 
zero heat  absorption or generat ion by the cell. Cell opera- 
t ion inside a region bounded  by the free energy (AG~) and 

Temperature (K) 

260 270 280 290 300 31O 320 330 
3.80 , , , , , , 

enthalpy (AH~) terms, or by the open-circuit  potential  (E) 
and thermoneutra l  potential  (E,), always represents  endo- 
thermic cell operation (heat absorption). Cell operat ion at 
voltages lying outside these regions results in exothermic 
cell operation (heat generation). Cell operat ion at the 
thermoneutra l  potential  (EH) represents  a point  of zero 
heat  flow, and reflects a smooth transit ion between 
endothermic  and exothermic cell operation. Conversely, 
the open-circuit  potential  (E) represents  a discontinuous 
transit ion between endothermic  and exothermic  cell op- 
eration. 

For  an electrochemical  reaction which has a negative 
entropy change (in the discharge direction), the slope of E 
vs. T will be negative, the open-circuit  potential  will be 
less than the thermoneutra l  potential  at all temperatures,  
and the point  of zero heat  flow would occur during cell 
charging. Conversely, for an electrochemical  reaction 
which has a positive entropy change On the  discharge di- 
rection), the slope of E vs. T will be positive, the open- 
circuit  potential  will be greater than the thermoneutra l  
potential  at all temperatures,  and the point  of zero heat  
flow would occur during cell discharge�9 

The thermoneutra l  potentials of LiSOCI~ cells, calcu- 
lated from the two different exper imental  procedures,  ex- 
hibi ted reasonably good agreement. The calorimetric 
studies, performed on discharging cells and corrected for 
Li corrosion, yielded a thermoneutra l  potential  of 3.710V 
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Table III. Summary of Li/SOCI, thermodynamic data at 25~ 4Li~s) + 2SOCI2(~ --> 4LiCl(s~ + S~s) + SO2<~ 

Enthalpy 
AHr EH ASr -TASr 

(kcal/eq) (V) ( c a l ] K - e q )  (kcal/eq) 

Ref. 
Method 

Entropy Free energy 1 = OEDT 
Es OE/OT AG~ E 2 = Calorimetry 
(V) (mV/K) (kcaYeq) (V) 3 = Calculated 

Calculated 
-89.9 3.897 -12.85 +3.83 
-86.1 3.734 - 5.62 +1.68 
Experimental 
-77 3.339 +23.7 -7.06 
-87.6 3.80 -20.8 +6.2 
-90.4 3.92 - 11.3 +3.38 
-86.5 3.75 - 5.8 +1.72 
-87.4 3.783 - 7.74 +2.30 
-85.6 3.710 - 4.64 +1.38 
-85.9 3.723 - 5.26 +1.57 

-0.166 -0.557 -86.0 3.731 3 This work* (3) 
-0.073 -0.244 -84.4 3.661 3 Miles (4) 

+0.306 + 1.026 -84.1 3.645 1 Schlaikjer (2) 
-0.27 -0.90 -81.4 3.53 2 Bro (5) 
-0.145 -0.46 -83.9 3.65 2 Gibbard (6) 
-0.08 -0.25 -84.6 3.67 2 Frank (7) 
-0.10 -0.33 -83.9 3.65 2 This work 
-0.06 -0.20 -83.9 3.65 2 Corrected 
-0.068 -0.228 -84.3 3.655 1 This work 

* Thermochemical data of Ref. (3) available for gaseous SOCh 

and a E vs. T slope of -0.20 mV/C. The OE/OT measure- 
ments, performed under  open-circuit conditions, yielded 
a thermoneutral  potential of 3.723V and an E vs. T slope 
of -0.23 mV/C. Both -values represent exothermic cell 
discharge, although the thermoneutral  potential de- 
termined experimentally indicates less heat generation 
than that predicted by the values calculated 
thermodynamically (EH = 3.73-3.90V). 

A review of the literature (3-7) for measured values of 
the enthalpic and entropic counterparts of the lithium/ 
thionyl chloride reaction was made for comparison with 
these results (Table III). The underl ined values in each 
line represent the original data obtained from the refer- 
ence, from which all other values were calculated accord- 
ing to the above equations. 

The first line reflects thermodynamic calculations of 
this work based on the thermochemical data of Barin 
et al. (3), while the second line reflects similar thermody- 
namic calculations performed by Miles (4). Calorimetric 
measurements were also performed on Li/SOC12 cells by 
Frank (7) (Table IV). The cell current (I), heating rate (r 
and voltage under  load were taken directly from the origi- 
nal data at midpoint  of discharge. Only the cell dis- 
charged at 0.1A exhibited results whic h would suggest 
endothermic behavior (i.e., positive OE/OT and EH less than 
E). The remaining results of Table IV, though somewhat 
scattered, all indicate exothermic cell discharge with 3.66 
< E,  < 3.84V. Similar calorimetric results indicating exo- 
thermic behavior were also obtained by Bro (5) and Gibb- 
ard (6). 

A comparison of all the thermodynamic data is shown 
in Fig. 8. Only the work of Schlaikjer et al. (2) predicts a 

Table IV. Calorimetric measurements of Frank (7) at midpoint of 
discharge 

Temp. Current Heat VUL 
T (~ I (A) ~ (W) ~llI (V) E,~ (V) 

21 0.1 -0.06 +0.60 3.50 
21 0.2 -0.104 -0.52 3.25 
21 0.5 -0.20 -0.40 3.29 
21 1.0 -0.73 -0.73 3.1i 
21 2.0 -1.06 -0.53 3.20 
21 5.0 -3.8 -0.76 2.9 

Calculated 
OElaT 

E. (V) (mV/C) 

2.90 +2.517 
3.77 -0.403 
3.69 -0.134 
3.84 -0.638 
3.73 -0.268 
3.66 -0.034 

only: AH~ = -50.75 kcaYmol, S ~ = 73.6 cal/mol K. 

positive OE/OT, or Case II (endothermic discharge) type of 
reaction for Li/SOCI~. The corresponding Es value of 
3.34V is the only predicted value for the thermoneutral  
potential which is less than the open-circuit voltage (E) of 
the cell. In these ~E/OT measurements,  the open-circuit 
voltage was not measured directly; rather, E was extrapo- 
lated from cell polarization data at different currents. It is 
possible that the irreversibilities associated with the 
lithium/thionyl chloride system might affect a OE/oT value 
extrapolated from polarization data. 

Conclusions 
Electrochemical discharge of Li/SOC12 cells is believed 

to be exothermic at all rates, with a thermoneutral  poten- 
tial greater than the open-circuit potential and a negative 
E vs. T slope (Case I-type reaction). EH was found to be 
3.72 -+ 0.02V, with a corresponding OE/OT of -0.021 -+ 0.03 
mV/C. 
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The Effect of Different Aluminum Alloy Surface Compositions on 
Barrier Anodic Film Formation 

J. K. G. Panitz and D. J. Sharp 

Sandia National Laboratories, Albuquerque, New Mexico 87185 

ABSTRACT 

We have grown barrier  anodic coatings on samples  of a luminum alloy with different elemental  surface composi- 
tions. In one series of experiments,  we characterized the surface composit ion present  on 6061 a luminum alloy samples 
after different chemical  t rea tments  including 6) a detergent-water and methyl-ethyl  ketone solvent clean, (ii) a 50% nitric 
acid-water etch, and (iii) a concentrated nitric ac id-ammonium bifluoride etch. We anodized samples which were pre- 
pared similarly to those analyzed to evaluate the practical effects of the three different surface compositions.  The anodi- 
zation voltage rise t ime to 950V at constant  current  was used as a figure of merit. The solvent cleaned and the 50% nitric 
acid etched samples required,  respectively, 113% and 41% more t ime to reach 950V than the concentrated nitric acid- 
ammonium bifluoride etched samples. In a second series of experiments ,  we alternately anodized groups of either 6061 
or 1100 (commercially pure) a luminum alloy, observed rise t imes to 950V, and measured chloride ion concentrations in 
the electrolyte. Longer  rise t imes and higher chloride ion concentrations were observed for the 1100 samples. I t  was ob- 
served that  the chloride ion concentration fell from initially high levels when 6061 samples were anodized. The results of 
both  series of exper iments  augment  the results of other investigators, who report  that  the surface species initially pres- 
ent  on a luminum have a significant effect on anodic film formation. 

I t  is generally observed that  the macroscopic character- 
istics displayed by  barrier  A1~O8 anodic coatings (e.g., 
growth rate, leakage current,  and breakdwon strength) 
are, in part, a manifestat ion of microscopic flaws which 
are incorporated in the coatings during anodization. One 
source of flaws in metal  oxide  coatings can be related to 
local topographical  or composi t ional  heterogeneit ies  on 
the surface of the a luminum substrate material  (1-3). An- 
other source of flaws in barrier  anodized coatings origi- 
nates from contaminants  in the electrolyte which can re- 
act with a luminum to form soluble by-products  (4). 
Several  groups have evaluated the efficacy of different 
chemical  preparat ion sequences with regards to subse- 
quent  anodization processing (5-8). Shimizu et al. (3) have 
recent ly reported that flaw sites occur in barrier  A1~O3 
coatings in conjunct ion with the presence of silicon pre- 
cipitates on the order  of 0.3 nm or larger in the surface re- 
gion of the A1-1.5% Si alloy which they anodized. Vermil- 
yea (1) reports the formation of flaws in barr ier  anodized 
Ta.,O~ coatings in conjunct ion with the presence of carbon 
on the original substrate  surface. Badly flawed barrier  
a luminum oxide coatings are also observed on samples 
anodized in electrolyte contaminated with as lit t le as 300 
ppb chloride ions (4). 

One macroscopic manifestat ion of a flawed barrier  
coating is slow growth rate (1, 4). Serious flaws in barrier  
coatings can be associated with locally degraded dielec- 
tric properties.  The higher leakage currents typical  of 
such coatings result  in slower rise t imes to a desired 
anodization potential  under  constant  current  conditions.  
We have performed two series of controlled exper iments  
and have observed the anodization voltage rise t ime to 
950V. In interpret ing this data, we assume that  longer rise 
t imes are an indicat ion of the presence of serious flaws 
which occur during coating growth. 

In  one series of experiments ,  we observed the species 
present  on the surface of samples  of 6061 a luminum alloy 
prepared with either: (i) a detergent-water scrub and a 
water  rinse, followed by a methyl-ethyl  ketone (MEK) 
rinse, (ii) a s tandard cleaning sequence (Fig. 1) terminated 
at the 50% HNO3 step, or (iii) a s tandard cleaning se- 
quence (Fig. 1) through to and including the concentrated 
HNO3-NH4HF~ step, Emission spectroscopy was used to 
determine the bulk composi t ion of the alloy stock which 
was used. Auger  electron spectroscopy (AES) and elec- 
t ron microprobe analysis (EMA) were used to determine 
what  species remained on the surface after these treat- 
ments. Samples  prepared similarly to those analyzed 
were anodized in an electrolyte consist ing of a solution of 
ammonium tartrate in ethanol. The anodization voltage 
rise t ime to 950V was used as a figure of merit. Signifi- 
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cant variations in voltage rise t ime were regularly and 
reproducibly  observed in conjunct ion with variations in 
sample  surface composit ion,  e.g., the amounts  of carbon 
and silicon present. 

In  a second series of experiments ,  groups of samples  of 
either 6061 or 1100 a luminum alloy were prepared using 
the complete  etch sequence described in Fig. 1, and 
anodized in the ammonium tartrate-ethanol-based elec- 
trolyte. The electrolyte was reused for this entire series of 
experiments .  Emission spectroscopy and AES were used 
to evaluate the bulk and surface composi t ions of the alu- 
minum alloys. Samples  of the electrolyte were-taken after 
representat ive anodization runs and submit ted  for chemi- 
cal analysis. The rise t ime to 950V was again observed as 
a figure of merit. Longer  rise t imes and higher  chloride 
ion concentrations were observed when the 1100 samples 
were anodized. The results of this second series of experi- 
ments  strongly suggest that  one or more of the alloying 
components  in 6061 a luminum play a role in removing 
chloride ion contaminat ion from the electrolyte. 

Experimentol 
Different surface compositions on 6061 aluminum 

alloy.--We prepared and barr ier  anodized 2,5 x 5.0 • 0.15 
cm samples of 6061-T6 a luminum alloy sheet stock with 
an initial, as-received, surface finish of 0.25 ~m (0.10 in.). 
The s tandard preparat ion sequence which we used (Fig. 
1) employs  the following etchants:  (i) 5% AR-grade NaOH 
(by weight) in deionized water  at 75~ for 2 min, 60  a 1:1 
solution of concentrated (70%) AR-grade HNO:~ (by vol- 
ume) in deionized water at 27~ for 10 min, and (iii) con- 
centrated (70%) HNO3 with 63 g/1 NI-LHF~ at 27~ for 10 
min. Deionized water  with a resistivity of 18 Ml2-cm or 
higher  was used for r insing the samples and for preparing 
the chemicals  used in these experiments .  Absolute  ethyl 
alcohol was used for a final rinse and for prepar ing the 
electrolyte. 

We analyzed the surface elemental  composi t ion and 
anodized samples which had received either (i) detergent  
solution-MEK solvent cleaning, (ii) the s tandard cleaning 

SO ENT I 
CLEAN ~ 74~ /~  D.I. WATER I -~  27~ ) 

DETERGENT & I ~ 2  min _ ~ l  I RINse I ~ 1 o  m i n ~  r 
MEK ] ~ I J 

f ' HP 1 I D.,. WATER & I ~ ~ . . . . .  
I ANOD'ZE)"----1 NiTrOGEN H ETHANOL I'-(~'~ou~-~'o"L~ 2) 

L BLOW DRY j [RINSE SEQUENCEICEI ~ 

Fig. 1, Flow chart showing the olloy preporQtion sequence 
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sequence up to and including the 50% HNO~ etch, or (iii) 
the complete standard cleaning sequence including the 
HNO3-NH4HF2 etch (Fig. 1). We also analyzed and anodized 
samples which had been etched in the HNO3-NH4HF~ 
bath for 2-15 min in addition to the standard 10 rain etch 
time. 

All samples were immersion-rinsed and spray-rinsed 
with deionized water, then spray-rinsed with ethyl alco- 
hol, and finally blown dry with dry UHP nitrogen before 
being submitted for AES or EMA analysis, or before be- 
ing anodized. The center line average (CLA) surface 
finish ~ of representative a luminum samples was measured 
with a Talysurf ~ stylus instrument.  

The electrolyte consisted of 1 part by volume of a solu- 
tion of 2.35g AR-grade ammonium tartrate in 470 ml dei- 
onized water added to 40 parts ethyl alcohol. These pro- 
portions result in an electrolyte with a resistivity varying 
from 55 to 70 kl2-cm. Approximately 2 liters of the electro- 
lyte were used in a cylindrical electrolytic trough 
equipped with a water cooling bath and a Teflon stirrer. 
Initial electrolyte temperatures of 21~176 which rose to 
27~176 at 950V, were typically observed during a run. 
The electrolytic trough contained three electrolytic cells, 
each with an identical platinized ti tanium mesh cathode 
and a sample of a luminum as the anode. Each cell was in- 
dependently powered by a Fluke Model 330B "calibrator" 
power supply with an external voltmeter and ammeter 
(Fluke Model 86600 A digital multimeters). In a typical 
anodization run, three pieces of a luminum were anodized: 
two of which had been prepared with variations of the ba- 
sic etchant sequence and one control which was prepared 
with the basic etchant sequence. By using a common 
electrolytic trough with independent  power supplies to 
anodize several samples simultaneously, and by com- 
paring the characteristics observed for the test samples to 
those observed for the control sample included in every 
run, we could compensate for experimental uncertainty 
arising from small variations in the condition of the elec- 
trolyte which occurred from one run to the next. 

The a luminum samples were anodized to a cell poten- 
tial of 950V at a constant current density of 1 mA/cm ~. For 
certain runs, when the cell voltage reached 950V, it was 
held constant; during this aging stage, the current drawn 
by a cell decreased as the oxide continued to grow, and 
the cell resistance continued to increase. For some repre- 
sentative runs, the coatings were leakage tested by 
reducing the cell voltage to 900, 800, and finally 700V; 2 
min after the initial application of each of the above vol- 
tages, the current drawn by each cell was measured. Such 
wet leakage tests generally provide a good indication of 
subsequent  dry dielectric leakage characteristics of a 
coating. For every run that we aged and leakage tested, 
the current drawn by a cell during leakage testing was 
proportional to the current drawn during aging which in 
turn was proportional to the rise time to 950V, i.e, the 
longer the rise time, the larger the leakage current. Be- 
cause of this relationship, we used the rise time to 950V to 
establish a figure of merit for evaluating the different 
a luminum surface compositions. In the discussion which 

T~ - :to 
follows, the percentage difference in the 

To 
rise ~time of a test sample T~. compared to the rise time of a 
control  sample, To, included in the same run is used to 
make quantitative comparisons. From anodization runs in 
which we anodized three identically prepared alloy 
samples, we can estimate an experimental error of -+ 2%. 
At least four different anodization runs ~vere performed 
for each preparation variation studied. 

Anodization of 606i compared to 1100 (commercially 
pure) aluminum alloy.--In a separate, though similar, 

series of experiments, we anodized samples of 6061-T6 
a luminum alloy and 1100 (commercially pure) a luminum 
alloy. The bulk composition of both types of alloy stock 
were determined using emission spectroscopy. Samples 
of both types of alloy received the same standard prepara- 
tion sequence (Fig. 1) and were anodized to 950V in the 
ammonium tartrate-ethyl alcohol-based electrolyte de- 
scribed above. Either 6061 or 1100 samples were anodized 
in a run. Representative samples were taken from the 
stock materials used for mixing the electrolyte and the 
electrolyte after either 6061 or 1100 alloy samples had 
been anodized and submitted for ion chromatography 
studies; chloride ions were one of the species observed in 
the chemical analysis of the electrolyte samples. 

Results and Discussion 
Different surface compositions on 6061 aluminum 

alloy.--Tables I and II and Fig. 2 and 3 exhibit data asso- 
ciated with the first series of anodization experiments. 
Tables I and II show the bulk composition of the 6061-T6 
a luminum alloy stock used in the first series of experi- 
ments and the surface composition remaining on the al- 
loy samples after different preparation steps. Figure 2 il- 

~ "Center line average" is a surface finish designation which 
is similar to root mean square (RMS). The CLA is calculated 
from the integral of the absolute value of the displacement of a 
surface contour from its base line average value. The RMS is 
calculated from the square root of the integral of the square of 
the displacement of a surface contour from its base line average 
,r 

Fig. 2. Components present on the surfaces of 6061-T6 aluminum aJ- 
Ioy determined by electron microprobe analysis. Here, the atomic con- 
centrations given below the photomicrographs are the minimal atomic 
concentrotions, which, if present, would result in a totally exposed pic- 
ture for the gain factors used. 



Vol. 131, No. 10 B A R R I E R  A N O D I C  F I L M  F O R M A T I O N  2229 

Table I. Bulk and surface elemental compositions observed for 6061 aluminum alloy after different chemical treatments. Concentration (a/o) 

AES* 
Emission Solvent Concentrated HNO:~-NH4HF~ 

spectroscopy* clean Solvent clean 5% 50% Fresh Fresh Fresh 
Element bulk alloy surface 200 nm deep NaOH HNO:~ 10 min std. 5 min 15 min 

A1 97.31 6 19 44 46 30 35 33 
Mg 0.88 10 13 14 0.7 0.8 0.8 0.8 
Si 0.68 2 3 2.1 5 2 ND ND 
Fe 0.42 ND ND 0.8 ND ND ND ND 
Cu 0.28 ND < 1 1.4 Trace Trace 0.7 1 
Cr 0.21 ND ND ND ND ND ND ND 
Zn 0.13 ND ND Trace ND ND ND ND 
Mn 0.07 ND ND ND ND ND ND ND 
Sn 0.02 ND ND ND ND ND ND ND 
Ni <0.01 ND ND ND ND ND ND ND 
Pb <<0.01 ND ND ND ND ND ND ND 
Ti <<0.01 ND ND ND ND ND ND ND 
C - -  63 i0 1.4 11 35 36 35 
Ca ND 2 1 Trace Trace Trace Trace 0.7 
N - -  < 1 < 1 ND Trace 0.6 Trace 1 
S - -  <1 ND ND Trace 0.6 0.6 0.6 
Na ND 1 ND Trace ND Trace 0.5 0.7 
C1 - -  < 1 ND ND Trace Trace ND 2 
F - -  <1 ND ND Trace 5 5 6 
O - -  14 34 37 36 25 21 21 

* The measurement precision in these values is the larger of+-10% or 9.5 ego. The electron excitation dose was 20 C/cm'-'; the conse- 
quences of electron beam induced effects were not investigated. 

+ Performed with direct reader. 
ND = Not detected. 

Table II. Sputter profile data observed for an alloy sample etched with freshly mixed HNO3-NF4HF2 for 10 min at 22~ (from AES analysis*) 

Concentration (ego) 

Element Before sputter ~ 10 nm ~ 50 nm ~ 70 nm ~ 150 nm ~ 250 rim 

A1 30 43 72 78 88 92 
Mg 0.8 2 0.8 0.7 0.6 Trace 
Si 2 1 0.9 Trace ND 0.5 
Fe ND* ND ND ND ND ND 
Cu Trace 0.8 0.7 Trace ND Trace 
Zn ND ND ND ND ND ND 
Cr ND ND ND ND ND Trace 
C 35 12 10 9 6 5 
Ca Trace ND ND ND ND ND 
N 0.6 ND ND ND ND ND 
S 0.6 ND ND ND ND ND 
Na Trace ND ND ND ND ND 
F 5 6 2 1 0.5 Trace 
C1 Trace ND ND ND ND ND 
O 25 35 15 10 5 3 

* The measurement precision in these val-13 is the larger of 10% on 0.5 ego. The electron excitation dose was 20 C/cm'-'; the consequences of 
electron beam induced effects were not investigated. 

* ND = Not detected. 

lus t ra tes  t he  resu l t s  o f  EMA, mic rog raphs  s h o w i n g  the  
sur face  t o p o g r a p h i e s  of  the  s amples  and  also the  d is t r ibu-  
t ion  of  de tec tab le  a l loying c o m p o n e n t s  p r e s e n t  in  the  
near - sur face  region.  

Table  III  s h o w s  the  surface  f inish obse rved  for  repre-  
sen ta t ive  alloy s a m p l e s  w h i c h  have  b e e n  e t c h e d  for 0 (as 
received) ,  2, and  4 m i n  in  t he  5% NaOH etch ,  and  s imilar  
s a m p l e s  w h i c h  have  rece ived  the  c o m p l e t e  s t anda rd  e tch  
sequence .  The 5% NaOH e tch  d o m i n a t e s  in  d e t e r m i n i n g  
t h e  sur face  f inish o f  t he  a l u m i n u m  p r e p a r e d  by  th is  e tch  
s equence .  The sur faces  of  s amp le s  e t ched  wi th  the  50% 
HNO8 and  wi th  t he  HNO3-NH4HF2 ba ths  are only  s l ight ly  
r o u g h e r  t h a n  the  s amp le s  af ter  t he  5% NaOH step.  As a 
genera l  rule, i f  a g roup  of  subs t r a t e s  have  s imilar  surface  
compos i t i ons ,  the  s amp le s  wi th  r o u g h e r  sur faces  will  
anod ize  more  slowly.  There  are two r easons  for  this:  (i) 
t opog raph i c  i r regular i t ies  can  ini t ia te  de fec t  s i tes  in the  
g r o w i n g  ox ide  du r ing  anodiza t ion ,  and  (ii) t he  effect ive  
sur face  area of  r o u g h e r  s amp le s  is larger  t h a n  the  n o mi n a l  
sur face  area u sed  to calcula te  t he  cu r r en t  w h i c h  is 
s u p p l i e d  to each  s amp le  du r ing  the  cons t an t  cu r r en t  den-  
sity pe r iod  of  anodizat ion.  

S a m p l e s  w h i c h  have  b e e n  so lven t  c leaned  only  are ob- 
s e rved  to t ake  113% m o r e  t ime  to r each  950V t h a n  
s a m p l e s  rece iv ing  the  c o m p l e t e  e tch  s equence .  This  dif- 

f e r ence  in rise t imes  m u s t  be a resu l t  of  surface  and/or  
near - sur face  c o m p o s i t i o n  e f fec ts  s ince  sur face  topogra-  
p h y  ef fec ts  wou ld  t e n d  to cause  the  s m o o t h e r  su r f aced ,  
so lvent  c leaned  samples  to anodize  fas ter  t h a n  the  
ro u g h e r  surfaced,  e t c h e d  samples .  Table  I s h o w s  tha t  the  
sur faces  of the  so lvent  c l eaned  s amp l e s  con ta in  a lmos t  
twice  as m u c h  ca rbon  as the  samples  rece iv ing  the  com- 
ple te  etch.  Signif icant  a m o u n t s  of  ca rbon  are also de- 
t e c t ed  in the  near  sur face  reg ion  of  t hese  samples .  This  
ca rbon  or ig inates  f rom ex te rna l  sources  and/or  sur face  
segrega t ion  effects .  (Metal lurgical  speci f ica t ions  a l low no 
more  t h a n  0.05% a tomic  p e r c e n t  [a/o] ca rbon  in  bu lk  6061 
a l u m i n u m  alloy, s ignif icant ly  less t h a n  was  f o u n d  in the  
surface  region.  Carbon  could  no t  be  e x a m i n e d  in t he  bulk  
6061 a l u m i n u m  alloy s tock  analyzed by  emi s s i o n  spec-  

Table III. Surface finish after chemical treatments 

CLA [~m (~in.)] 

Etch time in After 5% NaOH After 5% NaOH etch 
5% NaOH (min) etch only + HNO~ + HNO~-NH4HF2 

0 0.25 (10) 0.32 (13) 
2 0.80 (32) 1.0 (40) 
4 1.2 (47) 1.3 (53) 
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Fig. 3. Rise time as o function of etch time in HNO3-NH4HF~ at 27~ 

troscopy because carbon electrodes were used.) The fact  
that the surface region of the solvent cleaned samples 
consists of more carbon than aluminum may account for 
the observation that these samples are slow to anodize. 

The surfaces of samples etched with 5% NaOH for 2 
rain at 74~ are covered with a dark powdery, poorly 
adhering deposit which is commonly called smut. One of 
the photomicrographs in Fig. 2 shows the surface topog- 
raphy associated with this smut. Electron microprobe 
analysis of the near (approximately I ~m deep) surface re- 
gion of samples etched by 5% NaOH indicate this smut 
consists primarily of Mg, St, Fe, Cu, and Cr. Auger elec- 
tron spectroscopy sputter profiles of these samples indi- 
cate the mud-cake-like smut structures consist of a mix- 
ture of A1, Mg, St, and their oxides and are at least 6 ~m 
thick. We did not at tempt to anodize any of these 
samples. 

Samples receiving the standard preparation sequence 
up to and including the 50% HNOz etch take 4I% more 
time to anodize than samples receiving the complete etch 
sequence. The difference in the surface topographies for 
these two types of samples is small, but the slightly 
smoother surface of the HNO3 etched samples would tend 
to favor faster anodization. The difference in rise times 
Observed must  therefore be dominated by surface compo- 
sition effects. Auger electron spectroscopy indicates the 
HNOs-NH4HF~ etched samples which anodize faster con- 
tain significantly less Si (2 --- 0.5% a/o vs. 5 -+ 0.5 a/o) and 
more C (35 --+ 3.5 a/o vs. 11 -+ 1.1 a/o) than the samples 
etched with HNO3. Table II shows AES sputter profile 
data for an HNO~-NH4HF~-etched sample that indicates 
the higher levels of Si which are observed at the surface 
(2 a/o) diminish rapidly within 50 nm of the surface and 
approach the bulk concentration (0.68 a/o). These data in- 
dicate that the flaws which propagate in association with 
silicon degrade the dielectric properties of these barrier 
coatings more than the flaws associated with carbon. The 

observation that samples containing less Si anodize faster 
agrees with the results reported by Shimizu et al., who 
observe major flaws propagating through anodic Al~O3 
coatings which originate from Si precipitates with grain 
sizes greater than approximately 30 nm (8). 

Additional insight regarding the magnitudes of the re- 
action mechanisms involved here is provided by Fig. 3. 
Figure 3 shows the percentage difference in rise times 
which are observed as a function of etch t ime in the HNO~- 
NH4HF2 solution. (Here samples etched for 10 min. The 
standard etch times were used as controls.) A small but 
significant minimum in rise time is observed for samples 
etched for approximately 5 min. The portion of the curve 
to the left of the min imum shown in Fig. 3 may be domi- 
nated by compositional effects. It is probable that some 
minimal amount  of time is necessary for the etchant to 
chemically remove precipitates which affect or impede 
the formation of an anodic coating. Since Table I shows 
no significant differences in the surface composit ion of 
similar samples analyzed using AES, the curve on the 
right of the minimum may be dominated by surface to- 
pography effects. It is probable that preferential etching 
occurs along grain boundaries and for certain grain orien- 
tations and results in a rougher surface morphology for 
longer etch times. 

Anodization characteristics of 6061 vs. 1100 aluminum 
alloy.--In a second sequence of experiments, we prepared 
and anodized samples of 6061-T6 and 1100 aluminum al- 
loy using the same standard preparation sequence and 
electrolyte described above. Table IV shows the bulk 
composit ion of the a luminum alloy stock used for this 
series of experiments and the surface composition re- 
maining on the surface of these samples after the com- 
plete etch sequence. No significant differences between 
the two types of samples are apparent over the sensitivity 
limitations of AES. Extrapolating from the composit ion 
data observed for the bulk samples would lead one to ex- 
pect that less Mg, St, Mn, Cu, Cr, and Zr and similar 
amounts of Fe are present in the surface region of the 
1100 aluminum alloy samples. 

Large variations in the percentage difference in rise 
time to 950V are observed when the 1100 samples are 
compared to the 6061 samples. In eight different anodiza- 
tion runs involving four different sets of anodization pro- 
cessing parameters, it was observed that the 1100 samples 
took 13%, 18%, 52%, and infinitely more time to reach 
950V. Figure 4 shows the chloride ion concentration pres- 
ent in the electrolyte after either 1100 or 6061 samples 
were anodized. Figure 4 also shows the chloride ion con- 
centration present in the stock chemicals used to prepare 
the electrolyte, and the chloride ion concentrations pres- 

Table IV. Bulk and surface elemental composition observed for the 
samples used in the second series of experiments 

Elemental composition (a/o) 

Bulk emission Surface after 
spectroscopy + etch AES* 

Element 6061 1100 6061 1100 

/%1 97.5 99 52 53 
Mg 0.8 0.3 ND ND 
Si 0.6 0.1 ND ND 
Mn 0.2 O.1 ND ND 
Cu 0.3 0.1 1.0 1.5 
Fe 0.3 0.4 ND ND 
Cr 0.2 0 ND ND 
Zr 0.1 0 ND ND 
Ti 0 Trace ND ND 
Ca Trace Trace ND ND 
Li Trace Trace ND ND 
C --  - -  7.5 8.5 
F --  - -  3.8 3.0 
O - -  - -  37 34 

+ Precision within a factor of 2 (semiquant by photographic 
method). 

* Precision is the larger of -+10% or 1.0 a/o; the consequences of 
electron beam induced effects were not investigated. 
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ent in samples of new electrolyte taken during the prelim- 
inary electrolyte preparation period while the electrolyte 
was being "dummied." It had previously been empirically 
observed that it is sometimes necessary to prepare or 
"dummy" the freshly mixed electrolyte by anodizing 
samples of 6061 a luminum alloy. It is typically observed 
that the maximum voltage attainable during the first 
break-in run is less than the 950V desired. High concen- 
trations of chloride ions are observed in the fresh, unused 
electrolyte. We have documented that chloride ion con- 
tamination can impede or inhibit  barrier coating forma- 
t ion on a luminum (4). Chloride ion contamination can be 
introduced into the electrolyte from (i) the stock ingredi- 
ents used to prepare the electrolyte, (it) contact with the 
anodization apparatus, and (iii) the samples of a luminum 
alloy themselves. Samples of electrolyte analyzed after 
successive break-in runs with 6061 show successively 
lower chloride ion concentrations. Relatively high levels 
of chloride ion contamination are observed in representa- 
tive samples of electrolyte taken after 1100 a luminum al- 
loy is anodized in the dummied electrolyte. Lower levels 
are observed in samples drawn after subsequent  anodiza- 
tion runs, however, if 6061 a luminum alloy is anodized. 
These observations suggest one or more of the alloying 
components  in the 6061 samples which are present in a 
smaller amount  or absent from the 1100 samples react 
with C1- and remove it from solution. Most chloride com- 
pounds are known to be somewhat soluble in water and 
alcohol. However, some oxychloride compounds, such as 
CuCI.~-3CuO-4H~O (Brunswick green) and Cu~(OH).~C1 
(atacamite), exhibit limited solubilities. Additional work 
is necessary to identify which alloying component(s) 
causes this effect. 

Summary and Conclusions 
We have characterized the surface composition of 

6061-T6 a luminum alloy samples prepared with different 
chemicals. We subsequently barrier anodized similar 
samples in a series of differential experiments. The 
anodization voltage rise time to 950V during constant cur- 

rent  density conditions was used to make semiquantita- 
tive comparisons of the effect of different surface compo- 
sitions. From the experimental  controls instituted, we can 
assume that the voltage rise times that were observed are 
related to the presence of flaws incorporated in the coat- 
ings during anodization. 

Samples which are solvent cleaned only have a rela- 
tively large amount  of carbon on the surface and require 
more than twice as much time to reach an anodization 
potential of 950V under  constant current conditions, as 
compared to samples receiving the complete etchant se- 
quence, which includes a concentrated nitric acid-am- 
monium bifluoride bath. Samples receiving a 50% nitric 
acid etch as the final chemical treatment have approxi- 
mately twice as much surface silicon (and approximately 
one third as much surface carbon) and require 41% more 
time as compared to samples receiving the complete 
etchant sequence. Samples treated with the complete 
etch sequence concluded with the concentrated HNO3- 
NH4HF2 treatment for different amounts  of tim e ranging 
from 0-15 min exhibit reproducible voltage rise times 
with respect to control samples treated for 10 min. This 
relationship observed is interpreted as indicating that a 
certain minimal etch time is necessary to remove precipi- 
tates containing Si which impede anodic A1~O3 coating 
formation; beyond a certain optimal time, the rougher 
surface morphology which results from chemical etching 
appears to impede A1~O3 coating growth. 

We also characterized the surface composition of 1100 
(commercially pure) a luminum alloy prepared with the 
complete etch sequence and anodized these samples. Au- 
ger electron spectroscopy indicates similar surface com- 
positions present on both the 6061 and the 1100 samples; 
however, extrapolating from the bulk compositions ob- 
served would imply that significantly less Mg, St, Mn, 
Cu, and Cr are present on the 1100 surfaces. The voltage 
rise times and the chloride ion concentrations observed in 
the electrolyte after anodization for 1100 samples com- 
pared to 6061 samples strongly suggest that one or more 
of the alloying components  which are present on the sur- 
face of the 6061 samples but  not on the 1100 samples can 
remove C1- ions from the electrolyte. Most chloride com- 
pounds are very soluble in the electrolyte, i.e., ethyl al- 
cohol and water. However, certain oxychloride com- 
pounds are relatively insoluble; the formation of these 
compounds may deplete the chloride concentration in the 
contaminated electrolyte coating growth on 6061 alumi- 
num alloy. 

In general, the behavior observed augments the work of 
other investigators, who report the surface composition 
which is initially present on a luminum significantly af- 
fects subsequent  anodic coating formation. 
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Kinetics and Mechanism of the Hydrogen Evolution Reaction on 
Titanium in Acidic Media 
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ABSTRACT 

The effects of potential and pH on the rate of the hydrogen evolution reaction on zone-refined t i tanium have been 
determined in acidic sulfate and chloride media over the pH range of 0 to 4.0. In all cases, the cathodic Tafel slope is 
equal to -120 mV, i.e., (OE/Ologli~.~]),~ = -2(2.303 RT/F). The reaction order with respect to proton activity, 
(-Ologli~.=[/OpH)~, exhibits a min imum value of 0.49 at pH = 1.83, and increases to a l imiting value of 1.0 with increasing 
or decreasing pH. A mechanism in agreement with the aforementioned observations has been proposed. The mecha- 
nism consists of two parallel paths for rate-determining proton discharge, one path involving the usual solvated proton 
and the other involving the adsorbed surface species (TiOH)§ followed by the fast recombination reaction. Langmuir  
adsorption kinetics apply to the adsorbed hydrogen atoms. The proposed mechanism is consistent with what is known 
concerning the effect of potential upon the rate of absorption of hydrogen by the metal. The mechanism is also consist- 
ent with the mechanism of active-state dissolution and passivation of t i tanium in acidic media, i.e., the hypothetical ex- 
istence of a 3-d phase oxide (as opposed to adsorbed oxy and hydroxy t i tanium species on the submonolayer level) on ti- 
tanium in the active state is rejected. 

Although the mechanism of active-state dissolution and 
passivation of t i tanium in acidic media has been thor- 
oughly investigated and may be considered to be reasona- 
bly well understood, that of the hydrogen evolution reac- 
tion (HER) which accompanies corrosion of the metal has 
remained uncertain (1). In  the following discussion, it will 
be shown that this uncertainty arises not only from the 
contradictory experimental  results and conclusions re- 
ported by various investigators, but  also from the con- 
flicts which exist between the reported results and those 
to be expected on theoretical grounds. 

Theoretical considerat ions . - -The reactions normally 
considered in any discussion of the hydrogen evolution 
reaction are the following 

H § + e -  ~,~ H~d~ [1] 

H + + H~d~ + e- ~ H.z [2] 

2H~d~ ~ H2 [3] 

The reactions are commonly referred to as the discharge 
reaction [1], the electrochemical desorption reaction [2], 
and the recombination reaction [3]. If one considers just  
reactions [1] and [2], the system may be described by Eq. 
[4] and [5] 

~s -1 (dO/dt) =/cla(a% (1 - 0) - k_10 - k.~a(H+)O [4] 

- is/F = kla(H § (1 - 0) - k_10 + k2a(s+)0 [5] 

where is is the net current density, and k• are electro- 
chemical rate constants for the - j t h  reactions. In  this pa- 
per, by convention, net  and partial anodic (oxidation) cur- 
rent densities are positive, while net and partial cathodic 
(reduction) current densities are negative. If the Galvani 
potential difference between the pre-electrode plane 
(identified with the outer ttelmholtz plane) and the bulk 
of the solution is negligible, as in the present work, then 
k=j = k_+~ exp (~-a+_~ FE/RT), where E is the electrode po- 
tential relative to an arbitrary reference electrode, k• are 
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chemical rate constants, a• are symmetry factors (a.~ = 1 
- a~j and, generally, a_+j = 1/2), and the other symbols 
have their customary significance. The fractional cover- 
age by adsorbed hydrogen atoms is represented by 0, and 
es is the proportionality constant between the surface 
concentration of adsorbed hydrogen atoms and 0, i.e., 0 = 
tH [H~o~]. Initially, the chemical rate constants are as- 
sumed to be independent  of 0, i.e., Langmuir  kinetics pre- 
vail. Then, under  steady-state conditions (dO/dt = 0), Eq. 
[4] may be solved for the steady-state coverage (0~) which, 
when substituted into Eq. [5], gives the steady-state cur- 
rent density (is,~). The following limiting cases are 
obtained 

is.~ = -2Fk2a(s +) exp (-a.zFE/RT), 

0~ ~ 1, S = - 1 2 0 m V ,  n =  1 [L-1] 

is.~ = -2Fk.~Kla"-(s% exp [-(1 + o~2)FE/RT], 

0~ = K,a~H% exp ( - F E / R T )  << 1, S = -40 mV, n = 2 [L-2] 

k-~a~.+) >>  (~a(~+) + k_l), 

iH.~ = -2Fklar exp ( -aIFE/RT),  

O~=(kJk2 )<< 1, S = -120mV,  n = 1 [L-3] 

If one considers only reactions [I] and [3], the system is 
described by Eq. [6] and [7] 

~s -1 (dO/dt) = kla~H% (1 - 0) - k-_10 - 2k~0 "z [6] 

-iH/F = k~ar +) (1 - 0) -/~_10 [7] 

For this system, under  Langmuir  conditions, the follow- 
ing steady-state limiting cases are obtained 

k~a(s +) >> (k_~ + 2k30), iH.~ = -2Fk3, 0~ ~ 1 [L-4] 
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k - ,  > >  (/~la(H% + 2k.~0), 

iH.~ = -2Fk.~KI"a2(H +) e x p  ( - 2 F E / R T ) ,  

0~ = K~a(H +) exp  ( - F E / R T )  < <  1, S = - 3 0  mV,  n = 2 [L-5] 

2k30 > >  (/r + 1~_,), 

ill,= = -Fk ,a , ,+)  exp  ( - a , F E / R T ) ,  

O= = (k,/2k~) ~ a(H+) o.5 e x p  ( - a , F E / 2 R T )  < <  1, 

S = - 1 2 0 m V ,  n = 1 ['L-6] 

I f  t he  f ree  e n e r g y  of  a d s o r p t i o n  of  h y d r o g e n  a t o m s  is a 
l inea r  f u n c t i o n  of 0 ( T e m k i n  ads o r p t i on )  

AFads = AF~ds, ~o + mO 
[8] 

t h e  f ree  ene rg i e s  of  a c t i v a t i o n  m a y  also b e  c o n s i d e r e d  to 
b e  l i nea r  f u n c t i o n s  of  0, and ,  c o n s e q u e n t l y ,  t he  c h e m i c a l  
r a t e  c o n s t a n t s  a re  f u n c t i o n s  of  0, i .e. ,  k~ = k~. ~o e x p  
( - f l lmO/RT) ,  k-1 = k- l .  a=o e x p  [(1 - ill) mO/RT],  k., = k., o=o 
e x p  (fl,2mO/RT), a n d  k3 = k3, ~0 e x p  (2fl3mO/RT), w h e r e  ~j are  
s y m m e t r y  fac tors  (for r e a c t i o n s  [1] a n d  [2], fl~ = a~) w h i c h  
m i g h t  b e  e x p e c t e d  to a s s u m e  va lues  of  (1/2), a n d  w h e r e  m 
is a c o n s t a n t  (2). T e m k i n  k ine t i c s  a re  on ly  a p p l i c a b l e  in  
t h e  i n t e r m e d i a t e  cove rage  r a n g e  (0.2 < 0 < 0.8) w h e r e  one  
m a y  a s s u m e  t h a t  t he  coef f ic ien ts  (1 - 0) a n d  0 in  Eq.  
[4]-[7] are  r o u g h l y  c o n s t a n t .  Then ,  one  m a y  wr i t e  k'~ = 
kl. 0=0 (1 - 0), k ' _ l  = k_~. o-o0, k',2 = k.~..o-oO, a n d  k'3 = 
ka, o=o02. U n d e r  t h e s e  cond i t i ons ,  Eq. [4] a n d  [5] y ie ld  the  
fo l lowing  l im i t i ng  s t eady - s t a t e  so lu t ions  

k_l  > >  k~a(,+), 

i~.~ = -2Fk '~(K'~)~ a(H%'~§ ) exp  [ - (a~ + fl~)FE/RT], 

0~ = - ( F / m ) E  + ( R T / m )  In K'~a(n+), 

S = - 6 0 m V ,  n = 1.5 [T-l]  

k~a(~+) > >  k_~, i~,~ = -2Fk '~  (k ' Jk '~)~(~Z~a(~+)  

exp  [--(O~2B 1 -~ a~fl2)FE/(fl~ + fl2)RT], 

0~ = - (a~  - ~2)FE/(fl~ + fl2)m 

+ [RT/(fl~ + fl~)m] In (k'~/k'~), S = - 1 2 0  mV,  n = 1 IT-2] 

F ina l ly ,  u n d e r  T e m k i n  cond i t i ons ,  Eq.  [6] a n d  [7] g ive  t he  
fo l lowing  s t eady- s t a t e  l i m i t i n g  cases  

/~_~ > >  2k~, iH,~ = - 2 F k ' ~ ( K ' ~ ) 2 ~ a ~ % ~  e x p  ( -2 f l~FE/RT) ,  

O~ = - ( F / m ) E  + ( R T / m )  In K'~a(~+), S = -60 ,  n = 1 [T-3] 

2ka > >  k_,,  is.~ = - 2 F k ' z  (k'~/2k'~)2~31(~,+2~3) a(H+)~'(~,§ ~ 

e x p  [-2f l~a,FE/( f i ,  + 2fl~)RT], 

0~ = - [a,FE/(fl~ + 2~)m]  

+ [RT/(fl ,  + 2fl~)m] i n  (k',am+)/2k'~), 

S = - 1 8 0  mV,  n = (2/3) [T-4] 

T h e  d i agnos t i c  c r i t e r ia  of  p r i m a r y  i n t e r e s t  are  t h e  magn i -  
t u d e s  of  t h e  Tafel  s lope  (S) a n d  t he  r eac t i on  o rde r  (n) w i t h  
r e s p e c t  to  t he  p r o t o n  act ivi ty ,  (OE/Ologli~.~[)~ a n d  
(-Ologlim~l/0pH)~, r espec t ive ly .  T he  va lues  of  S ( T  = 30~ 
a n d  n s h o w n  for  e a c h  of  t h e  l i m i t i n g  cases  were  o b t a i n e d  
b y  s e t t i ng  all  s y m m e t r y  fac to rs  equa l  to  (1/2). In  a d d i t i o n  
to t h e  T e m k i n  cases  g i v e n  above ,  T h o m a s  d i s c u s s e d  two  
m o r e  l im i t i ng  s o l u t i o n s  w h i c h  one  m i g h t  l abe l  [T-3'] a n d  
[T-4']. T h e s e  are  g i v e n  b y  [T-3] a n d  [T-4] w i t h  fl~ = 1 
( n o n a c t i v a t e d  a d s o r p t i o n  of  h y d r o g e n  a toms) ,  a n d  are 
c h a r a c t e r i z e d  b y  (S, n)  v a l u e s  of  (S = - 3 0  m V ,  n = 2) a n d  
(S = - 1 5 0  m V ,  n = 0.8), r espec t ive ly .  

I t  s h o u l d  b e  e m p h a s i z e d  t h a t  (S, n)  da ta  do n o t  a lways  
suff ice  for  t h e  d e t e r m i n a t i o n  of  t he  H E R  m e c h a n i s m .  As 
s h o w n  above ,  for  e x a m p l e ,  t h e  f r e q u e n t l y  o b s e r v e d  se t  of  
va lues ,  S = - 1 2 0  m V  a n d  n = 1, is g e n e r a t e d  b y  four  of  
t h e  l i m i t i n g  cases:  [L-l] ,  [L-3], [L-6], a n d  [T-2]. I n  s u c h  a 
s i tua t ion ,  one  may,  in  p r inc ip le ,  d i s t i n g u i s h  a m o n g  t he  

four  cases  on  t h e  bas i s  o f  t h e  m a g n i t u d e  of  0 a n d  i ts  var ia-  
t i on  w i t h  po t en t i a l  and /o r  pH.  S u c h  s u p p l e m e n t a l  infor-  
m a t i o n  e n a b l e d  the  H E R  m e c h a n i s m  to b e  u n i q u e l y  de- 
t e r m i n e d  for  i ron  (S = - 1 2 0  mV,  n = 1) in  ac id ic  su l fa te  
so lu t i ons  (3) and,  as wil l  be  s h o w n  be low is dec i s ive  for  
t h e  p r e s e n t  case  i n v o l v i n g  t i t a n i u m .  

R e s u l t s  o f  e a r l i e r  s t u d i e s . - - T h e  e x p e r i m e n t a l  r e su l t s  
w h i c h  h a v e  b e e n  r e p o r t e d  for  t he  h y d r o g e n  e v o l u t i o n  re- 
ac t ion  on  t i t a n i u m  in  d e o x y g e n a t e d  ac id ic  m e d i a  are  
s h o w n  in  Tab le  I. The  w i d e  d ive r s i ty  of  r e p o r t e d  (S, n)  
va lues ,  a n d  a c o m p a r i s o n  of  t he  (S, n)  va lues  w i t h  t h o s e  to 
be  e x p e c t e d  on  theo re t i ca l  g r o u n d s ,  c an  on ly  lead  one  to 
c o n c l u d e  t h a t  p r e v i o u s  s t ud i e s  h a v e  fai led to d e t e r m i n e  
t he  H E R  m e c h a n i s m  on  t i t a n i u m .  

F e w  m e c h a n i s t i c  p r o p o s a l s  h a v e  r e s u l t e d  f rom the  da t a  
p r e s e n t e d  in  Tab le  I. A r m s t r o n g  et  al .  s t a t ed  t h a t  t h e i r  re- 
su l t s  i n d i c a t e d  t h a t  t he  r a t e - d e t e r m i n i n g  s tep  in  ac id ic  
su l fa te  m e d i a  is s low d i s c h a r g e  (10). T h e y  d id  n o t  a t t e m p t  
to  a c c o u n t  for  t h e i r  a n o m a l o u s  Tafel  s lope.  A c c o r d i n g  to 
T h o m a s  a n d  N o b e  (11), t he  r a t e - d e t e r m i n i n g  s tep  in  ac id ic  
su l fa te  m e d i a  is s low e l e c t r o c h e m i c a l  de so rp t ion .  How- 
ever,  in  o rde r  to  a c c o u n t  for  t h e  u n u s u a l  r e a c t i o n  o rde r  
(n = 0.6) a n d  t he  a n o m a l o u s  Tafel  s lope  (S = - 1 5 0  mV), 
t h e y  h a d  to i n v o k e  b o t h  T e m k i n  a d s o r p t i o n  for  Hads a n d  a 
dua l -ba r r i e r  m o d e l  (20) b a s e d  on  the  u n w a r r a n t e d  p r e m -  
ise t h a t  ac t ive-s ta te  t i t a n i u m  is cove red  w i t h  a 3-d ox ide  
film. In  ana lyz ing  t h e i r  r e su l t s  for  be t a  I I I  t i t a n i u m  in  
ac id ic  su l fa te  med ia ,  Du l l  a n d  N o b e  (14) . re ta ined T e m k i n  
a d s o r p t i o n  b e h a v i o r  for  Hads, b u t  a b a n d o n e d  t h e  dual-  
ba r r i e r  mode l ,  a n d  c o n c l u d e d  t h a t  t he  r a t e - d e t e r m i n i n g  
s tep  is s low r e c o m b i n a t i o n .  B r y n z a  et  al .  (13) i n v o k e d  the  
dua l -ba r r i e r  mode l ,  b u t  no t  T e m k i n  a d s o r p t i o n  of  Had~, 
a n d  d e c i d e d  t h a t  t h e  r a t e - d e t e r m i n i n g  s tep  in  ac id ic  sul- 
fa te  m e d i a  is s low d i s c h a r g e  fo l lowed by  e l e c t r o c h e m i c a l  
de so rp t i on .  F ray re t  et  a l .  (18) n o t e d  t he  p r o b l e m  pre-  
s e n t e d  b y  the i r  (S, n)  da ta  in  ac id ic  ch lo r ide  med ia ,  S = 
- 1 8 6  a n d  n = 0.88, a n d  m e r e l y  p o i n t e d  to t he  dua l -ba r r i e r  
a p p r o a c h  of T h o m a s  a n d  N o b e  as a pos s ib l e  exp l ana t i on .  
Final ly ,  P e t i t  a n d  D a b o s i  (12) o b s e r v e d  a n  a b n o r m a l  Tafel  
s lope  (S = - 1 6 4  mV),  b u t  a n o r m a l  va lue  for  t he  r eac t i on  
o r d e r  (n = 1) in  ac id ic  su l fa te  so lu t ions .  T h e y  c o n c l u d e d  
t h a t  L a n g m u i r  r a t h e r  t h a n  T e m k i n  k i n e t i c s  apply ,  a n d  
t h a t  t he  r a t e - d e t e r m i n i n g  s tep  is e l e c t r o c h e m i c a l  
d e s o r p t i o n  (0 ~ 1). I n  o r d e r  to a c c o u n t  for  t h e i r  u n u s u a l  
Tafel  s lope,  t hey  r e j ec t ed  t he  dua l -ba r r i e r  m o d e l  w h i l e  ac- 
c e p t i n g  t he  h y p o t h e s i s  t h a t  a n  ox ide  fi lm ex i s t s  on  
ac t ive -s ta te  t i t a n i u m  in  t h e  ca thod i c  p o t e n t i a l  region.  
T h e y  t h e n  a s s u m e d  t h a t  t h e  p o t e n t i a l  d r o p  ac ross  t h e  ox- 
ide  f i lm is a c o n s t a n t  f r ac t ion  (f) of  t he  m e t a l / s o l u t i o n  po- 
t en t i a l  d i f ference .  The  Tafel  s lope  t h e n  b e c o m e s  e q u a l  to  
[ -2 .303 RT/ (1  - f )~F]  and,  w i t h f  = 0.26 a n d  ~ = 0.5, one  

Table I. HER parameters for titanium 

S (mV)* n Media T (~ Ref. 

-70 - -  20% H2SO4 R.T. (4) 
-119 - -  2N H~SO4 R.T. (5) 
-119 - -  1N H2SO4 22 (6) 
-120 - -  0.5M [HSO~- + SO~ -2] 30 (7) 

pH = -1-3.0 
-137 - -  2N H~SO4 25 (8) 
-142 - -  1N H~SO4 25 (9) 
-152 -1  0.1-10M H.~SO4 70 (10) 
-153 0.6 20N NaOH + 1N H2SO4 24 (11) 

pH = 0.25-2.25 
-164 1.0 1-10N H2SO4 22 (12) 
-175 0.63 H2SO4 + KzSO4 25 (13) 

p H  = 0.1-2.32 
-60** 1.0 1-10N H2SO4 23 (14) 
-120 - -  1M [C1-], pH = 0.7-2.3 30 (15) 
-130 - -  1N HC1 22 (6) 
-153 - -  4N HC1 24 (16) 
-156"** 1.0 0.5M [C1-], pH = 0.65-2.5 25 (17) 
-186 0.88 1-10N HC1 21 (18) 
-120 1.0 HC1 - DMSO + C104- 25 (19) 

* Adjusted to 30~ (except R.T. entries). 
** Beta III titanium. 

*** Ti 6 Al4V. 
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obtains the observed value of S. However, f must  be re- 
garded as little more than an arbitrary adjustable parame- 
ter (depending on f, one can obtain any value of S be- 
tween -120 mV and -=). Indeed, there is no evidence to 
support the proposed model. 

It is apparent that, excepting the proposal of Armstrong 
et al. (10), the mechanisms suggested for the hydrogen ev- 
olution reaction on t i tanium are those of Nobe and co- 
workers (11, 14), or closely related variations thereof. Con- 
sequently, their dual-barrier/Temkin adsorption model 
will be examined in detail in the "Discussion" section of 
this paper. 

Experimental 
The three-compartment cell assembly (test, reference, 

and counterelectrode compartments) was made of Pyrex 
glass and Teflon, and was so designed that solutions 
could be added to or removed from the cell without expo- 
sure to the atmosphere. All compartments were jacketed 
and maintained at a constant temperature of 30.00 ~ --- 
0.02~ Hydrogen was passed through all compartments 
at all times. The hydrogen source was a Matheson genera- 
tor which produces ultrapure gas via diffusion of electro- 
lytically generated hydrogen through a palladium mem- 
brane. Stirring in the test compartment was achieved 
with a Teflon-coated magnetic stirrer. 

The t i tanium electrodes employed in this study were 
made from zone-refined polycrystalline t i tanium (Materi- 
als Research Corporation). The cylindrical electrodes 
(length = 1.27 cm, diam = 0.635 cm) were polished succes- 
sively with 320, 400, and 600 silicon carbide, followed by 
1.0, 0.3, and 0.05/~m A1.203. The Teflon electrode holders 
exposed only the cylindrical surface of the electrodes. In 
order to ensure comparability of results, each electrode 
had to meet the following criteria in IN H2SO4: E .... = 
-745 -+ 5 mV vs.  SCE, E~ = -530 -+ 3 mV vs. SCE, and im 
= 5.40 X 10-5 _+ 4% A cm -2 (E~ and i~ are defined in the 
"Results" section). All solutions were prepared from re- 
agent-grade chemicals and triply distilled water. Acidic 
solutions having the desired pH were prepared by mixing 
0.5M H~SO4 and 0.5M Na.~SO4, or 1M HC1 and 1M NaC1. 
The test solutions were pre-electrolyzed for approxi- 
mately 24h at -900 mV vs.  SCE using a 10 cm 2 t i tanium 
cathode. 

The t i tanium electrodes attained a stable active-state 
corrosion potential (E~o~) in all test solutions except that 
having the highest pH (4.04). Cathodic polarization curves 
were determined by maintaining each potential just  long 
enough to obtain the m i n i m u m  value of ]iHI (~10 min), 
then returning to open circuit long enough to reestablish 
the original value of E~o,. Prolonged cathodic polarization 
was accompanied by a rise in the magnitude of the ca- 
thodic current density with time, the effect being more 
pronounced the more negative the potential and the 
lower the pH. Since the effect, one which might be attrib- 
uted to hydriding of the surface layers, resulted in 
irreproducible and non-Tafe] behavior, it was avoided. At 
the highest pH, t i tanium spontaneously passivates, and, 
consequently, a potential of -800 mV vs. SCE served as 
the reference state in place of Er 

The electrochemical measurements were made with a 
PAR potentiostat (Model 173), an Orion pH meter (Model 
801-A), and a Hewlett-Packard/Moseley recorder (Model 
7100 B, Model 17501 plug-ins). 

All electrode potentials (E) were measured against a sat- 
urated calomel reference electrode, and all E values are 
given with reference to SCE. 

Results 
Typical polarization curves for t i tanium in acidic sul- 

fate and chloride media are shown in Fig. 1. The cathodic 
Tafel lines corresponding to the HER have slopes of -120 
mV, i.e., (0 E/OIogliHI),H = --2(2.303 RT/F).  Also, one ob- 
serves that as the potential becomes increasingly positive 
(noble) relative to the active-state corrosion potential 
(Er the anodic current density rises to a maximum (ira) 
at the critical potential (Era), and then decreases as the 
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Fig. 1. Anodic and cathodic polarization curves for zone-refined tita- 
n i u m . - - @ - - :  0.SM [ H S 0 4 -  + S 0 4 - 2 ] , p H  = 2 . 1 4 . - - � 9  1.0M [ C I - ] ,  
p H  = 1.00,  from Ref. ( t5 ) .  

metal undergoes transformation from the active to the 
passive state. The partial anodic polarization curve (i~) 
corresponding to just  the oxidation of the metal to form 
Ti(III) ions in solution is obtained by adding liHI to the ob- 
served (net) anodic polarization curve (i). As may be seen 
in Fig. 1, the current density maximum (ira.d) in the id 
curve is greater than the observed value (i~), and the cor- 
responding value of the critical potential (Em,~) is more 
negative than the observed value (Era). Previous investiga- 
tions (7, 15) have established the relationships 

d log im.JdpH = -2/3 [9] 

and 

dEm.JdpH = -(4/3)(2.303 RT/F)  [10] 

These relationships have an important diagnostic 
significance in the determination of the mechanism of 
active-state dissolution and passivation of t i tanium (1). In 
addition, as will be shown in connection with Fig. 3, they 
are useful in the determination of n for the HER. 

In  Fig. 2, cathodic polarization curves are shown for 
0.5M [HSO4- + SO4 -2] solutions in the pH range 1.03-4.04. 
For all solutions, the slope (S) of the cathodic Tafel line is 
equal to -2(2.303 RT/F) ,  i.e., -120 mV. The reaction order 
(n) with respect to the proton activity, i.e., (--alogliH[/OpH)E, 
may be obtained from the data shown in Fig. 2. The 
values of [iHf at E = -875 mV vs.  SCE (Fig. 2) are shown in 
Fig. 3 as open circles. Additional results obtained for the 
[HSO4- + SO4 -2] system in the present study (C~ V), as well 
as those presented in earlier publications (5, ~), are also 
shown in Fig. 3. The solid points in Fig. 3 correspond to 
the results obtained for the 1M [C1-] system in the present 
(@) and earlier studies (V). In  Fig. 2, one notes that the po- 
tential range in which Tafel behavior is observed, i.e., in 
which (alogliHI/OE)pH is constant, decreases with increasing 
acidity. In 1N H2SO4, true Tafel behavior was not ob- 
served (1), and, consequently, iH (E = -875 mV vs.  SCE) 
for this medium was evaluated by determining icorr and 
utilizing the relationship, liHI(E=-ST~) = i~or~ exp [--2.303 
(--875 -- Er A very sensitive electrochemical tech- 
nique was used to measure i .... (21). The method involves 
the use of a passive t i tanium sensor electrode to monitor 
changes in the concentration of Ti(III) ions in solution re- 
sulting from the dissolution of metal, and can be used to 
determine id at any potential in the active-state potential 
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Fig. 2. Cathodic polarization curves for titanium in 0.SM [HSO~- + 
SO~ - : ]  at various pH values. 

region,  inc lud ing  E~o=. In  the  high p H  region,  where  
liHts=E= is s ignif icant  c o m p a r e d  to i~.d, Eq.  [9] and [10] 
p rov ide  a fast m e t h o d  for check ing  the va lues  of  li.lE--s75 
d e t e r m i n e d  by di rec t  ca thodic  polarization.  For  exampm,  
in 1N HC1 (pH = -0.07) the  va lues  of im.d and Em,, are 1.55 
x 10 -~ A cm -= and -530  m V  vs. SCE,  respec t ive ly  (15). 
Then,  us ing  Eq. [9] and  [10], one  finds that  for  p H  = 2.01, 
i=.~ and Em.~ are equa l  to 6.36 x 10 -~ A cm -2 and -696.4 
m V  vs. SCE,  respect ively .  The  observed,  anodic  cur ren t  
dens i ty  at Era,, was  only 1.78 x 10 -v A cm -=. Conse- 
quent ly ,  li,] at Em,~ is equa l  to 4.58 • 10 -~ A c m  -=, i.e., (6.36 
• 10-~-1.78 • 10-0. With S = -120  mV, this  va lue  of  li~t 
at E = -696.4 m V  vs. SCE cor responds  to a va lue  of  1.41 x 
10 -~ A cm -= at E = -875 m V  vs. SCE. The va lue  obta ined  
by ca thod ic  polarizat ion,  and p lo t ted  in Fig. 3, is 1.46 x 
10 -~ A cm -~. For  use  wi th  acidic sulfate media ,  the  values  
o f  i~,~ and Em.d in 1N H2804 (pH = 0.32) are 5.40 x 10 -~ A 
cm -~ and  -530 mV vs. SCE,  respec t ive ly  (21). 

The  resul ts  p resen ted  in Fig. 3 show that  the  measu red  
reac t ion  order  wi th  respec t  to pro ton  activity,  ( -a log]i . l /  
apH)~, is a m i n i m u m  (0.49) at p H  1.83, and  approaches  a 
l imi t ing  va lue  of  1.0 wi th  increas ing  or  decreas ing  pH. 
The  solid curve  wh ich  fits the  data  over  the  ent i re  p H  
range  was calcula ted us ing  Eq. [11] 

]i~]~ = [A/(1 + Ba-'(.+)] + Ca(~ +) [11] 

With E = -875 m V  vs. SCE,  the  va lues  of  the  cons tan ts  in 
Eq.  [11] are A = 1.72 x 10 -~ A cm -~, B = 4.89 • 10 -~, and C 
= 4.24 • 10 -* A cm -~. In  pract ice ,  a(s+) in Eq.  [11] is ob- 
ta ined  f rom the  m e a s u r e d  p H  and the  re la t ionship,  p H  = 
- l o g  a(s+). It  is especia l ly  impor t an t  to note  that  there  is no 
s ignif icant  d i f ference  in the  k inet ics  of  the  h y d r o g e n  evo- 
lu t ion  reac t ion  in the  chlor ide  and sulfate media.  In  e i ther  
m e d i u m ,  the  Tafel  s lope  is -120  m V  and, as s h o w n  in Fig. 
3, Eq.  [11] is equa l ly  appl icab le  to e i ther  system. Conse- 
quent ly ,  the  pecul ia r  na tu re  of  the  order  plot  canno t  be  at- 
t r ibu ted  to med ia  effects  such  as, for example ,  the  pH-  
d e p e n d e n t  (HSO4-/SO4 -~) ratio. Instead,  one  m u s t  look to 
t he  surface for an  exp lana t ion  of  the  results .  

Discussion 
Proposed mechanism for  the HER . -The resul ts  shown in 

Fig. 2 and 3 i m m e d i a t e l y  sugges t  a H E R  m e c h a n i s m  
invo lv ing  two paral lel  reac t ion  paths  of  the  (S = -120  mV, 
n = 1 type), i.e., of  the  [L-I], [L-3], [L-6], or  [T-2] type.  For  

the  sake of  brevity,  i t  is appropr ia te  to an t ic ipa te  the  ulti- 
mate  conc lus ion  and der ive  the  overal l  rate  express ion  on 
the  basis  of  jus t  the  [L-6] type  m e c h a n i s m  (slow dis- 
cha rge - - f a s t  recombinat ion) .  Jus t i f ica t ion  for se lec t ing  
[L-6] f rom the  four  poss ib le  (S = -120 mV, n = 1) l imi t ing  
cases will  be p rov ided  below. Of  the two paral le l  react ion 
paths,  one  is that  l ead ing  to [L-6], namely ,  react ions  [1] 
and [3]. For  t i tanium,  it is p roposed  that  one  m u s t  also 
cons ider  react ions  [I] and [II] 

Sad= + H + ~ (SH+),d= [I] 

and 

(SH§ + e -  ~ S,ds + Had= [II] 

where  S,d= represen ts  an  adsorbed  enti ty,  the  na ture  of  
wh ich  will  be  d i scussed  below. The  H E R  is t hen  de- 
scr ibed  by the  fo l lowing  equa t ions  

eH -~ (dO~dO = k~a(n § (1 - 0 - X) - k_~O - 2k302 

+ k , , ~ ( 1 - O -  ~ ) - k _ u O ~  [12] 

eSH-' (d@/dt) = -es  -~ (ddp/dt) 

= k~(~+)~b - k_i~ -/~I$ (1 - 0 - ~) + k_,,0~b [13] 

- i . /F =/c,a(H+) ( I  - 0  - X) -/~._,0 

+/~,,$(1-e-h)-E_H0~b [14] 

where @ and ~b represent the fractional coverages by 
(SH+)ad~ and S~d~, respectively, and esH and es are the propor- 
tionality constants between ~b and cb and surface concen- 
trations of (SH+)~d~ and Sa~. In addition, h = (@ + ~b), and 
the other symbols retain their previous definitions. In the 
steady state, (dO/dO = O, the current density is equal to 
-2Fk30~ 2. Subject to the condition, 2k~O~ >> (/r + k_, 
+ k,,@ + k_,(b), the steady-state current density is given by 
Eq. [15] 
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Fig. 3. Current density of the hydrogen evolution reaction on titanium 
as a function ofpH atE = - 875 mV vs .  SCE. [HS04- + S04 -2] = 0.SM. 
�9 from Fig. 2. ~: from Fig. 1. �9 additional data of present study. []: 
from Ref. (21). A: from Ref. (7). [CI- ]  = 1.0;M. @: present study. V: 
from Ref. (15) or Fig. 1. 
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li,.~l = F~a ,~+ ,  (1 - x) + F ~ , ~  (1 - X) [15] 

If reaction [I] is in virtual equilibrium, @ is given by Eq. 
[16] 

= kla(H+)h/(kg~H% + k_O [16] 

Substi tution of this expression for ~ into Eq. [15J gives 
the result 

[i,.~[ = F~ia(,~,  (1 - X) 

+ FkHh (1 - },)/(1 + K_~a- '( .+))  [17] 

where K_I = k_~/k,. Since/~ = k~ exp ( - a ~ F E / R T )  and k, = 
k~ exp ( - a ~ F E / R T ) ,  it is apparent that, with a~ =aH = 1/2, 
and with h constant, the Tafel slope given by Eq. [17] is 
equal to -2(2.303 RT/F) ,  i.e., -120 mV. Moreover, at con- 
stant potential and constant X, Eq. [17] is identical with 
Eq. [11]. Thus, Eq. [17] is in complete agreement with the 
experimental results. For either of the parallel reaction 
paths, the mechanism is rate-determining slow discharge 
followed by fast recombination. When h = 0, Eq. [17] re- 
duces to the limiting current density equation presented 
for the limiting case [L-6]. An equation of the same form 
as Eq. [17] may be derived on the basis of reactions (I) and 
(II) with and [L-l]- or [L-3]-type mechanism and, conse- 
quently, S and n values again are insufficient to differen- 
tiate among these possibilities, and reference must  be 
made to the effect of potential on 0 (see below). 

N a t u r e  o f  t i t a n i u m  s u r f a c e  s p e c i e s . - T h e  generally ac- 
cepted mechanism for the active-state dissolution of iron in 
acidic media involves the adsorbed surface intermediate 
(FeOH)ads, with 0(~om < < 1. Since the surface of the metal is 
essentially an aquated one, it is not surprising that the HER 
on iron in acidic sulfate solutions (S = -120 mV and n = 1 
throughout the entire pH range 0.32-3.50) is adequately de- 
scribed by reactions [1]-[3], with recourse to reactions [I] 
and [II] being unnecessary. The nature of the surface of tita- 
n ium in  the active and active-passive transition potential 
regions has already been discussed in great detail in con- 
nection with the so-called "monolayer" mechanism of 
active-state dissolution and passivation of the metal in 
acidic media (1). In  contrast to iron, the surface of active- 
state t i tanium is not primarily an aquated surface, but  one 
occupied predominantly by adsorbed oxy and hydroxy ti- 
tanium species at the.submonolayer level. These species, 
analogous to (FeOH)~d~, are of the form (TiOH)~d~ ~ -~ (with z 
= 1, 2, and 3) and [Ti(OH)2]ad~ ~z. The "monolayer" mecha- 
nism provides a quantitative description of the active-state 
dissolution and passivation processes. In particular, the ex- 
perimentally confirmed relationships expressed by Eq. [9] 
and [10] derive directly from the mechanism. At Era.d, cover- 
ages of the univalent and trivalent t i tanium species are neg- 
ligible. If 0~ and 04 represent the coverages by the divalent 
and quadrivalent species, then at E~,d, (Odo,) = 2 and (02 + 04) 

1. With decreasing potential, at constant pH, Oz increases 
at the expense of 04. Consequently, in the cathodic potential 
region, one may identify (SH+)~d~ with (TiOH)%~ and write 
reactions [I] and [II] in the form 

(TiO)a~ + H ~ ~ (TiOH)~ds 
[I] 

(TiOH) ads -[- e -  ,~ (TiO)~d~ + H~d~ [II] 

where, it should be emphasized, (TiO)~d~ does not represent 
a 3-d phase oxide. Also, the total coverage (X) by the divalent 
species remains virtually constant in the cathodic Tafel 
region. 

H y d r o g e n  a b s o r p t i o n  by  t i t a n i u m . - - T h e  question re- 
mains as to the justification for selecting a mechanism 
equivalent to [L-6], slow discharge-fast recombination, 
from among the four possible types of (S = - 120 mV, n = 1) 
mechanisms. Justification for this selection derives pri- 
marily from information concerning the effect of potential 
on the coverage by Had~. In addition to participating in reac- 
tions [1]-[3] and [II], electrolytically generated hydrogen 
atoms can penetrate into the metal, as represented by Eq. 
[III] 

H~d~ ~-- H~b~ (X = 0) [III] 

where Habs (x = 0) refers to absorbed hydrogen atoms just  
inside the electrode. According to Brauer et  al .  (22), ab- 
sorbed hydrogen atoms do not permeate significantly into 
the bulk of the metal, but, instead, concentrate in the near 
surface region in the form of a hydride layer having a con- 
centration of 63 atom percent hydrogen (Tills.65). Further 
absorption simply results in an increase in the thickness of 
the TiH~.6s layer by diffusion of hydrogen atoms through the 
hydride to the hydride/metal interface. This viewpoint is es- 
sentially the same as that proposed earlier by Brauer and 
Nann (23), Phillips et  al.  (24), and Tomashov and co-workers 
(25). All of the aforementioned investigators have observed 
that, at constant pH, the rate of absorption of hydrogen 
atoms increases with increasing magnitude of the applied 
cathodic current density. Phillips et  al.  (24), for example, 
found that the rate of absorption of hydrogen by initially 
hydrogen-free t i tanium increased with increasing I/HI in 
the region from 10 -~ to 3 • 10 -3 A cm -2 in 0.05M H2SO4 
(T = 25~ Others have noted a limiting cathodic current 
density above which further increases in liHI have no effect 
on the absorption rate (22, 25). Regardless of the ultimate 
fate of hydrogen atoms once inside the metal, the rate of ab- 
sorption of hydrogen atoms, r (mole cm -2 s-l), may be writ- 
ten, in accordance with reaction [III], in the form 

r = kmO (1 - X) - k-inCH ~ (1 - 0) [18] 

where Ca ~ the concentration ofHabs (x = 0), X is the frac- 
tional occupancy of absorption sites, and CH ~ is propor- 
tional to X. According to Eq. [18], an increase in 0 results in 
an increase in r, i.e., (Or~O@ >0. Consequently, the observed 
increase in r with increasing I/HI at constant pH reflects an 
increase in 0 with increasing [iHI. Actually, the investigators 
referred to above were mainly interested in the diffusion- 
controlled stage of the absorption process, i.e., the stage in 
which the absorption at constant cathodic current density 
followed a parabolic rate law. It was assumed that during 
this stage reaction [III] is in virtual equilibrium. According 
to Eq. [18], wi thr  = 0, an increase in 0 results in an increase 
in CH ~ (in fact, if0 and X are small, CH ~ is directly proportional 
to 0). WithCH ~ serving as a boundary condition for diffusion 
of hydrogen atoms into the interior, the diffusion flux in- 
creases with increasing Ca ~ i.e,, with increasing 0. Conse- 
quently, the observed increase in the absorption rate with 
increasing liHI at constant pH was attributed to an increase 
in 0, with 0 attaining its maximum possible value at the lim- 
iting cathodic current density referred to above. At con- 
stant pH, an increase in Iial corresponds to a decrease in po- 
tential, and, therefore, on the basis of the absorption 
studies, one may conclude that 0 increases with decreasing 
potential at constant pH. Above, equations have been pre- 
sented for 0= for each of the limiting cases. For [L-l], 0~ ~ 1 
and, consequently, 0~ cannot increase with decreasing po- 
tential. For [L-3], 0~ << 1, but  0~ is independent  of potential. 
For [T-2], a Temkin case for which 0 is restricted to a range 
of approximately 0.2 to 0.8, the expression for 0= shows that 
if a~ = a2, as expected, then 0~ is independent  of potential. 
For [L-6], in contrast to the other cases, 0= increases with de- 
creasing potential at constant p H ,  i.e., (OlogOJOE)~,H = -(a~/2) 
(F/2.303 RT) .  Consequently, the results of the absorption 
studies are consistent only with the slow discharge-fast 
recombination mechanism, [L-6], or the modified [L-6] 
mechanism in which reactions [I] and [II] are added to reac- 
tions [1]-[3]. 

Phillips et  al .  (26) reported that the rate of absorption of 
hydrogen atoms at constant cathodic current density de- 
creases with increasing pH. They attributed this decrease 
to a decrease in 0 with increasing pH, and stated that this 
conclusion was in agreement with the HER mechanism 
proposed by Thomas and Nobe (11). In fact, the Temkin 
absorption~clual-barrier mechanism proposed by the latter 
author s requires that, at constant is, 0~ increase with an in- 
crease in pH, i.e. 

(O0~]OpH)~ H = 2.303 R T  (1 - a.2)/(a.2 + [3.z)m [19] 

Equation [19] also applies to the simple [T-l] mechanism, 
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upon which the mechanism of Thomas and Nobe is based. 
However, according to the [L-6] mechanism, a constant linl 
corresponds to a constant 0~, i.e., liH.~l = 2Fk30~ 2, and, there- 
fore, the absorption rate at constant i ,  should be indepen- 
dent ofpH. Tomashov and co-workers (25) found little ef- 
fect ofpH on the absorption rate in the pH region of interest 
in this study. In  fact, in changing from pH = 0.3-1.3, Phillips 
et al., also found a rather small effect, with a larger effect 
showing up at higher pH values. It seems possible that the 
effect noted might be attributed to the fact that the time re- 
quired to activate t i tanium (remove the air-formed oxide 
film) increases markedly with increasing pH. The decrease 
in the absorption rate with increasing pH would then be at- 
tr ibuted to the increased duration of the oxide film which 
serves as a barrier to hydrogen absorption. 

3-d ox ide  f i l m  m o d e l s . - - I n  order to rationalize their ab- 
normal (S, n) data, Thomas and Nobe (11) proposed that a 
3-d oxide film exists on t i tanium in the active state, even 
under  cathodic polarization in  strongly acidic media, and 
that the hydrogen evolution reaction occurs at the oxide- 
solution interface. It was further assumed that the HER is 
described by just  reactions [1] and [2], and that a Temkin  ad- 
sorption isotherm applies to the adsorption of hydrogen 
atoms at the oxide surface. Consequently, in accordance 
with the definitions provided above, the rates of reactions 
[1] and [2] are given by Eq. [20]-[22] 

r, = k',a(H +) [exp (-f l lmO/RT)] [exp ( -~ ,F~/RT)]  [20] 

r_l  = k'_,  [exp (1 - fl,)mO/RT] [exp (1 - a,)F~/RT] [21] 

r.~ = k'sa(H+) [exp (fl2mO/RT)] [exp ( -asF$/RT)]  [22] 

where 4, the potential difference across the solution double 
layer at the oxide-solution interface, appears in place of E. 
If reaction [1] is assumed to be in quasiequilibrium, with re- 
action [2] rate-determining, then one may equate r~ and r_l 
to obtain a relation between 0K and $ 

0~ = -(F~/m) + (RT/m) In K',a(~ +) [23] 

Since the steady-state current density (in,~) corresponding 
to the HER is equal to -2Fr2, one may substitute 0~ from Eq. 
[23] into Eq. [22] and obtain the result 

in.~ = -kna(H§ (~§ exp [-(as + fl2)F~/RT] [24] 

where kH is equal to 2Fk'2(K',)~2. Except for $ in place of E, 
Eq. [23] and [24] are identical to those given for the limiting 
Temkin case, [T-l]. (It should be noted in passing that Eq. 
[19] derives directly from Eq. [23] and [24].) The electrons 
participating in the HER must  traverse the oxide film, and 
the electron current density through the oxide was pre- 
sumed to be correctly described by Eq. [25] 

if = kf exp (-arF~O]RT) [25] 

where a~ is the transfer coefficient for the activation- 
controlled electron transfer across the film, and Sf is the po- 
tential drop across the oxide. Under steady-state condi- 
tions, if must  equal lis.~l, and, therefore, with the total 
potential difference ($~) equal to (~ + Sf), Eq. [24] and [25] 
may be combined to yield the final result 

log [i,.~l = C - [(1 + &)af/(a2 + f12 + af)]pH 

- [aga~ + fl~)/(a2 + f12 + a~)](F/2.303 RT)djT [26] 

where C is a constant. According to Eq. [26], since (d~T/dE) 
= 1, the Tafel slope (S) and reaction order (n) with respect to 
proton activity are given by the expressions 

S = (OEDIog]iH.~I)pH 

= - (2 .303RT/F)  [(as + f12 + otf)/(as + fls)af] [27] 

and 

n = (-Ologlis .~OpH)~ = [(1 + Bs)a~/(a~ + fl~ + a:)] [28] 

If the measured values, S = -150 mV and n = 0.60, are sub- 
stituted into Eq. [27] and [28], then, assuming as = fl~, the 
calculated values of a~ and a.z(= fl.~) are 2/3 and 1/2, respec- 
tively. Similarly, the data of Brynza and Danilova (13) lead 

to a value of 0.93 for af, while that of Frayret et al. (18) corre- 
sponds to values of 1.15 and 0.22 for ~f and ~2 (= fls), respec- 
tively. Consequently, it is apparent that there are problems 
with the 3-d oxide model. 

The only justification presented by Thomas and Nobe 
(11) for assuming that a stable 3-d oxide exists on t i tanium 
in the active state was that " . . .  a mixed oxide film of TiO2 
and TisO~ is present on the surface of passive titanium. The 
thermodynamic data of these oxides indicate their possible 
presence even on active t i tanium in the Tafel region of the 
HER." The same authors subsequently invoked the con- 
cept ofa 3-d oxide film on t i tanium in the active state in or- 
der to account for the results of their study of the active- 
state d i s so lu t ion  of t i t a n i u m  in  acidic me d i a  (27). 
Unfortunately, one now finds such statements as "the 
presence of an oxide layer on the metal during both active 
dissolution and hydrogen evolution is indicated by . . . [ the  
fact that] . . . both hydrogen evolution [Ref. (11) of this 
paper] and active dissolution [Ref. (27) of this paper] have 
been interpreted in terms of a dual-barrier m o d e l . . . "  (28). 
With regard to whether an oxide layer exists on t i tanium in 
the active-state, thermodynamic considerations are basi- 
cally useless since they also fail to preclude the possibility 
that the metal is preferentially oxidized to form Ti(III) ions 
in solution, with no oxide film present on the surface. Basi- 
cally, it is a matter of kinetics, i.e., thermodynamics is use- 
ful as an indicator of what cannot occur, but  not of what 
does occur when several options are thermodynamically 
possible. A recent study (i) found no definitive evidence to 
support  the contention that a stable 3-d oxide layer exists 
on t i tanium in the active and transition states, (ii) demon- 
strated that the active-state dissolution and passivation of 
t i tanium in acidic media is not correctly described by 
mechanisms based on the presence of an oxide film, in- 
cluding that of Thomas and Nobe (27), and (iii) showed that 
active-state dissolution and passivation of the metal in 
acidic media is quantitatively described (including, for ex- 
ample, Eq. [9] and [10]) by the monolayer mechanism in 
which the surface is occupied by adsorbed oxy and hy- 
droxy t i tanium reaction intermediates at the submonolayer 
level, and not a 3-d oxide film (1). Aside from the fact that a 
3-d oxide layer on the surface of active-state t i tanium is 
likely nonexistent,  it should be noted that, even if there 
were such an oxide layer, it is doubtful that Eq. [25] repre- 
sents an accurate description of the electron current in the 
oxide (justification for Eq. [25] has not been provided, nor 
have the nature and properties of the oxide to which it sup- 
posedly applies ever been specified). This criticism applies 
whether the oxide be considered an insulator or a semicon- 
ductor (29). In the former case, one would expect a higher 
order dependency of the current density upon the potential 
drop across the oxide. In the latter case, the kinetics of the 
reduction reaction would be formulated quite differently, 
and limiting Tafel behavior would be expected (i) in the po- 
tential region in which $ is constant and changes in ~f ac- 
companying changes in $~ serve only to alter the surface 
concentration of electrons (tenfold change per 60 mV 
change in ~f), and (ii) at high cathodic current  densities 
where (d~/d~T) -~ 1 as the semiconductor behaves increas- 
ingly like a metal (30). For a simple reduction reaction such 
as proton reduction, the Tafel slopes for cases (i) and (ii) 
would be -60 and -120 mV, respectively. One would not 
expect a Tafel region with ISI > 120 mV. Studies ofredox re- 
actions occurring on semiconducting oxide films formed 
on t i tanium typically yield abnormal anodic Tafel slopes, 
but  normal cathodic Tafel slopes of -120 mV (30-32). 

Although it is not incumbent  upon the present authors to 
explain the diverse results of others, a plausible explana- 
t ion for some of the reported values o fn  is afforded by the 
results of the present study. In Fig. 4, the points shown as 
triangles (A) were calculated by means of Eq. [11], and cor- 
respond to the solid curve in Fig. 3. The points shown as cir- 
cles (6) in Fig. 4 were abstracted from the paper of Thomas 
and Nobe (11). It is apparent that over the limited range of 
pH (0.25-2.25) encompassed by the data of Thomas and 
Nobe, one might reasonably but  erroneously conclude that 
(-0 logl,.~l/O pH)E is constant, and that n = 0.62. The same 
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Fig. 4. Current density of the hydrogen evolution reaction on titanium 
as a function ofpH in acidic sulfate media. A: Eq. [11] or solid curve in 
Fig. 2. 0 :  data of Thomas and Nobe (11). E = - 8 7 5  mV v s .  SCE. 

explanat ion applies to the data of Brynza and Danilova (13), 
who reported a value o f n  equal to 0.63 over the pH range 
0.1-2.32. In addition, Fig. 3 shows that in strongly acidic me- 
dia one should expect  n to equal 1.0, as reported by Petit  
and Dabosi  (12) and by Armstrong et al. (10). 

Summary  
The rate of the hydrogen evolution reaction on zone- 

refined t i tanium in H2-saturated acidic sulfate and acidic 
chloride media (T = 30.0~ over the pH range 0-4.0 has been 
shown to be accurately descr ibed by the equation 

Ii~,~1 = F (1 - X) [kla~H% 

+ kr~X/(1 + K_~a-I~H%)] exp (-FE/2RT) 

i.e., by Eq. [17]. The rate equation may be derived on the ba- 
sis of a mechanism invoking two parallel paths for proton 
reduction,  one involving the usual solvated proton and the 
other involving the adsorbed t i tanium species, (TiOH)%d~. A 
considerat ion of the reported effect of potential  on the rate 
of adsorption of hydrogen by the metal  served to differenti- 
ate among the few HER mechanisms consistent  with the 
rate equation, and led to the conclusion that  the proton dis- 
charge reactions are rate determining, followed by the fast 
recombinat ion reaction. The notion that  a 3-d oxide layer 
(as opposed to adsorbed oxy and hydroxy t i tanium species 
on the submonolayer  level) exists on t i tanium in the active 
state is rejected, as are HER mechanisms based upon its 
p resumed existence. 
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In Situ Laser Raman Spectroscopic Study of Anodic Corrosion Films 
on Nickel and Cobalt 

C.  A .  M e l e n d r e s *  a n d  S. X u  ~ 

Argonne  Nat iona l  Laboratory ,  Argonne ,  Illinois 60439 

ABSTRACT 

In  si tu laser Raman spectra of anodic corrosion films formed on Ni and Co in 0.05M NaOH have been obtained for 
the first t ime and the composit ion of the surface films deduced. The Raman spectrum of the film found on Ni at about 
0.6V vs. Hg/HgO corresponds closely to that of hydrated Ni20~. The anodically formed film on Co at about 0.45V ap- 
peared to consist of a mixture  of CoO and Co304. 

Laser Raman spectroscopy has been found to be a very 
valuable technique for the in si tu identification of anodic 
corrosion films on metals such as Pb (1), Ag (2), and Cu 
(3), etc. This communicat ion reports some results on a 
study of the composit ion of anodic corrosion films on Ni 
and Co using this technique in conjunction with electro- 
chemical methods. 

E x p e r i m e n t a l  
Electrodes of Ni and Co were prepared from 0.010 in. 

thick foils of Marz grade material (99.999% purity) pur- 
chased from Materials Research Corporation, Orange- 
burg, New York. Counterelectrodes of the same metal 
were employed. The reference electrode was Hg/HgO in 
the same solution as the electrolyte. The 0.05M NaOH 
electrolyte solution was prepared from reagent-grade 
NaOH using four-times-distilled water. The corrosion 
specimens were anodized at constant potential in ambient 
air using a three-compartment spectroelectrochemical 
cell described previously (4). The applied potential was 
controlled with a Princeton Applied Research (PAR) 
Model 173 potentiostat while a PAR Model 179 Universal 
Programmer was used for potential scanning. The Raman 
measurements  were carried out using a SPEX Model 1403 
double monochromator  fitted with a photomultiplier  
tube detector. Sample excitation was by an Ar ~ laser (Co- 
herent Model CR-6). Laser Raman spectra of standard 
samples, either obtained commercially or prepared by us, 
were taken to verify the assignment of the Raman bands 
to the appropriate compound. Additional confirmation of 
the composit ion of the corrosion fiIms formed was at- 
tempted using x-ray diffraction (XRD) analysis. 

R e s u l t s  a n d  D i s c u s s i o n  
A n o d i c  corrosion f i lms  on Ni.- -The electrochemistry of 

Ni has been studied fairly extensively in view of its prac- 
tical application in alkaline batteries (5-8). The results, 
however, have not led to a general consensus on the com- 
position of the anodic phases formed as a function of po- 
tential at different pH's. For Ni in basic solutions, it is 
widely held that the anodic corrosion proceeds in stages, 
resulting in the formation of Ni § Ni ~, and higher valent 
oxides and l~ydroxides. Thus, Guzman et al. (8), for exam- 
ple, proposed the following electron transfer reactions for 
Ni in KOH solution 

Ni + H~O ~ Ni(OH)~ + H + + e [1] 

Ni(OH)ad, + H20 --* Ni(OH)2 + H § + e [2] 

Ni(OH)~ ~ B-NiOOH + H + + e -  [3] 

Ni(OH)2 ---> NiO + 2H § + 2e- [4] 

Further  oxidation to NiO2 is indicated by the Pourbaix (9) 
diagram (Fig. 1). The same diagram, however, does not 
show the existence of either NiO or B-NiOOH, which 
electrochemists have proposed; it indicates rather that 
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the stable phases are Ni~O4 and NinOn. However, it must 
be noted that Pourbaix diagrams show only which phases 
have been considered thermodynamically possible and 
not those which are preferred. 

Figure 2 shows a typical cyclic vol tammogram of Ni in 
0.05M NaOH solution. Starting at an open-circuit poten- 
tial of about 0.05V vs. Hg/HgO, potentiodynamic scans 
were made to the hydrogen evolution region at about 
-1.2V and to potentials as positive as 1.1V. After potential 
excursions to about -1.2V, we at times find an anodic 
wave at about -0.5V on the return sweep. This wave is, 
however, not always reproducible. Only the features 
shown in Fig. 2 appeared consistently during single-scan 
and cyclic voltammetric sweeps. We now consider the as- 
s ignment of the observed waves on the basis of previous 
work by others (5-8). There seems to be general agree- 
ment  that the wave at about -0.5V is due to the oxidation 
of Ni to form Ni(OH)~ or what Davies and Barker (6) for- 
mulate as NiO �9 H20 (i.e., a hydrated nickel oxide). This 
assignment is consistent with the phases indicated in the 
Pourbaix diagram for bur solution pH of about 11.9 (Fig. 
1). There is a consensus in assigning the wave at about 
+0.5V to the further oxidation of Ni(OH)~ to NiOOH or 
Ni203 �9 H20. However, there seems little agreement  among 
various workers as to the degree of hydration or actual 
formulation of the NiOOH. MacArthur (7), for example, 
starting with the a modification of Ni(OH)2, claimed that 
the oxidation product in KOH solution was 3NiOOH �9 7/2 
H20 �9 3/4 KOH. Bode et al. (10) have given the formula for 
the oxidized 7 structure as [NiO(OH)]sO~(OH)K2. 
Bourgault  and Conway (11), probably starting with 
fl-Ni(OH)2 derived the formula 2NiOOH �9 0.14KOH. 
Zedner  (12), Forster (13), and Kornfeil (14) gave the formu- 
lations 2NiOOH �9 H20, 2NiOOH �9 0.2H~O, and 2NiOOH �9 
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Fig. 2. Cyclic voltarnmogram of Ni in O.05M NoOH solution. Scan 
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0.067KOH �9 1.16H~O, respectively. It is quite apparent that 
the electrochemistry of the nickel electrode is rather com- 
plex. Onset of oxygen evolution on the oxide coated sur- 
face occurs at about point b (Fig. 2), and massive O5 evo- 
lution ensues beyond 0.8V. It is interesting to note other 
salient features of the voltammogram in Fig. 2, such as 
the shoulders on both anodic and cathodic portions of the 
wave at 0.5, the small wave at about 0 V, and one at about 
0.8V. 

Figure 3 shows typical laser Raman spectra of a Ni elec- 
trode in 0.05M NaOH as a function of potential. Spectra 
taken in situ at the open-circuit potential of about 0.05V 
exhibit a small background in the region of about 300-900 
cm -~ that may be due to fluorescence from the  glass 
window. On potentiostating the electrode past the wave 
(II) at 0.6V, two bands appear at about 477 and 555 cm -~, 
respectively. These bands are relatively strong (signal: 

(d) 'r / 

b..  

(c) ~ ~ J 

i 

I -  

. z  
LU 

Z 

I I I I [ I I 
1200  I100 900  700  500 300 I 00  

RAMAN SHIFT, cm - i  

Fig. 3. Loser Roman spectra of Hi electrode at various potentials in 
O.OSM NoaH; Ar + laser, h = 4880/~, line, P = 80-150roW. (a): At open 
circuit (OCV),E = O.OSVvs. Hg/HgO. (b):E = 0.6V. (c):E = 1.1V. (d): 
Ex situ after anodization at E = 0.7V. 

noise ~ 3:1), even with only 10 mC/cm ~ of charge passed 
(which would correspond roughly to about 20 layers of 
anodic film, assuming no film dissolution occurs). The 
bands disappear on scanning back to -0.1V but  persist if 
the potential is swept to more anodic values, e.g., 1.1V 
and held there for 2 or 3h, during which time oxygen is 
being evolved from the electrode surface. As might be ex- 
pected, the electrode when potentiostated in the hydro- 
gen evolution region (e.g., -1.2V) did not show-any appar- 
ent surface film. Figure 3d shows that the same bands 
are observed ex situ after removing the electrode from the 
cell at 0.7V. Repeated attempts to find other Raman 
bands in the potential range of -1.2 to +0.4V, where we 
had hoped to detect Ni(OH)2, have not been successful. 
Likewise, no other bands were found in the potential re- 
gion of about +0.7 to 1.1V, where higher oxides of Ni are 
expected to be formed. It is likely that whatever film is 
formed in these regions is neither thick enough nor a 
strong enough Roman scatterer to enable us to obtain a 
spectrum. 

It is interesting to consider the probable origin of the 
observed bands at 558 and 477 cm -1. As a first step, x-ray 
diffraction analysis was carried out on material scraped 
from electrodes following anodization at 0.6V. This, how- 
ever, was not successful presumably due to the thinness 
of the film; the film may also have been amorphous, 
and, hence, would not have shown a diffraction pattern. 
As a further step towards film identification, Raman 
spectra were taken of standard samples of Ni(OH)2, Ni203, 
NiO, and NiO2. The first was synthesized following the 
procedure prescribed by Hfittig and Peter (15), and the 
product obtained confirmed by x-ray analysis to be 
Ni(OH)2. The Ni2Os, NiO, and NiO2 were purchased from 
Alfa-Ventron (Danvers, Massachusetts). The first was re- 
ported to contain six waters of crystallization. Detailed el- 
emental analysis indicated the composition to be Ni203.4 �9 
2H~O instead. X-ray analysis confirmed the composition 
of the NiO, but  the NiO2 was nearly amorphous with lat- 
tice "parameters that somewhat resembled those given for 
fl-NiOOH or Ni302(OH)4. Spectra of the standard samples 
are shown in Fig 4. We were unable to obtain the spec- 
t rum of NiO2 which was a rather dark black sample. It is 
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Fig. 4. Laser Roman spectra of standard samples of Ni compounds 
(20%/80% in KBr pellet); Ar ~ loser, k = 4880~  line, P ~ 80-120 roW. 
(a): NiO. (b): Ni203 " 2H20. (c): Charged Ni electrode for Ni/Fe battery. 
(d): Ni(OH)2. 
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evident  from the results that  the spectrum which corre- 
sponds most closely to what we observe for the anodized 
electrodes is that of Ni203.4 �9 2H20. As we have indicated 
in the beginning of this section, the anticipated product 
of anodic .oxidation of Ni at about 0.5V is hydrated 
B-NiOOH (8, 10). This compound is also generally ac- 
cepted to be the active material in fully charged Ni elec- 
trodes in Ni]Cd or Ni/Fe alkaline batteries. Unable to pur- 
chase NiOOH commercially or to prepare it ourselves 
chemically, we examined the Raman spectrum of a 
charged Ni electrode obtained from the General Electric 
Company. The spectrum is shown in Fig. 4c. A broad 
band centered at about 530 cm -~ is observed. An elec- 
trode in the discharged state with composit ion corre- 
sponding to Ni(OH)2 was also charged electrochemically 
and then examined ex situ. A similar spectrum was ob- 
tained but a weak OH band at 3580 cm -I was present, pre- 
sumably owing to unconverted Ni(OH)2. If  we assign the 
broad band at 530 cm -~ to NiOOH, we are led to the con- 
clusion that the anodic film formed on Ni at 0.5V corre- 
sponds more closely to hydrated Ni203 than to fl-NiOOH. 
Davies and Barker (6) have proposed the structural equiv- 
alence of NiOOH and Ni203 �9 H20. Such equivalence, how- 
ever, has not been experimental ly established. Our results 
show a subtle difference between the two. The sharper 
bands for Ni203.4 �9 2H20 suggest a more crystalline struc- 
ture compared to NiOOH. We searched for a difference in 
OH vibration for the two samples but were unable to find 
any OH or water vibrational frequency. 2 

The finding on the presence of Ni20~ is in good agree- 
ment  with that predicted by the Pourbalx diagram. How- 
ever, we find no NiO or Ni(OH)2 as likewise predicted. 
This may be due to insufficient quantity of these com- 
pounds in the film. Davies, for example, calculates the 
thickness of the Ni(OH)2 film on Ni passivated in alkaline 
solutions to correspond to only one or two monolayers. 
The sensitivity of the Raman technique in the case of Ni 
is apparently not sufficient to detect this quantity of ma- 
terial. Finally, our study could not confirm the further 
oxidation of Ni § to Ni § to form NiO2 because of our in- 
herent inability to detect NiO2. Based on our experience, 
this is a problem commonly  associated with Raman spec- 
tral determination of dark or black materials. Strong 
sample absorption of  the incident light results in 
insufficient detectable scattered Raman light. 

Surface corrosion films on Co.--A number  of investiga- 
tions have dealt with the electrochemical behavior of Co 
in basic and near-neutral solutions (16-19). Character: 
ization of the nature and composit ion of the films formed 
was done notably by Sato (19, 21) and by Leidheiser 
(18, 20) using ell ipsometry and M6ssbauer spectroscopy, 
respectively. 

Figure 5 shows an abbreviated Pourbaix diagram (9) for 
the Co/H20 system. The broken vertical line at pH 11.8 in- 
dicates the operating region corresponding to the 0.05M 
NaOH solution in which our electrodes were anodized. 
Depending on the applied potential, one sees that the 
phases that can be formed during the anodic corrosion of  
Co are Co(OH)2, Co304, Co(OH)3, and COO2. 

Figure 6 shows a cyclic vol tammogram of Co in 0.05M 
NaOH. The main features of the vol tammogram appear to 
be the wave at about -0 .5V and the set of reversible 
oxidation-reduction waves in the region of 0-0.4V prior to 
the onset of oxygen evolution at about 0.5V. The former 
has been assigned by Sato (19, 20) as due to the formation 
of a passive CoO film on the electrode. The range of po- 
tential from 0 to about 0.5V corresponds to what Sato has 
termed the primary and secondary passivation regions 
where Co(OH)2 and Co304 are formed, respectively. If 
waves II and III are associated with the formation of 
these compounds, waves VI and VII would correspond to 
their reduction. According to Sato, Co20~ is formed be- 
yond 0.5V, but there is no visible indication of an anodic 
wave in our vol tammogram that could be attributed to 

~The presence of water in the Ni~O3 sample has now been 
shown by infrared spectroscopy. 
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this. It may very well be masked by the large anodic cur- 
rent due to the other corrosion processes and the oxygen 
evolution reaction in this region. 

Figure 7 shows the results of our Raman spectral mea- 
surements on Co electrodes. At the open-circuit potential 
of -0.16V, only background either from the glass window 
or the solution between the window and the electrode 
could be observed. On anodizing the electrode at 0.45V, 
four bands at 475, 515, 587, and 690 cm -1, respectively, are 
observed. There is also an apparent increase in the back- 
ground in the region of 400-900 cm- ' .  The Raman bands 
disappear following a cyclic sweep and cathodic reduc- 
tion at -0.35V (Fig. 7c). Spectral measurements in the in- 
terval between -1.1 to 1.2V did not yield additional 
Raman bands. Ex situ examination of the electrode sur- 
face following anodization at 0.45V yielded the result 
shown in Fig. 7d. It is obvious that there is an overlap of 
multiple vibrational bands in the relatively narrow fre- 
quency region of about 400-800 cm-L No bands were 
found in the OH-  stretching region, e.g., 3400-3700 cm -1, 
for the film studied ex situ. 

To facilitate interpretation of the observed spectra, an 
at tempt was made to examine the films formed using 
x-ray diffraction. The films were, however, apparently so 
thin that a sufficient amount  of material could not be 
scraped off the surface to get an XRD pattern. The mate- 
rial may have also been amorphous so that no pattern was 
obtained. We, therefore, concentrated on obtaining the 
spectra of standard samples of the possible and antic- 
ipated corrosion products of Co. Figure 8 shows results 
for the compounds Co(OH)2, CoO, and Co304. The 
Co(OH)2 was prepared following the procedure of Hfittig 



2242 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  SCIENCE AND T E C H N O L O G Y  October 1984 

o (d) / ~176 ,~ I 

/ 
',,/ 

(b) ~ I 
/ i  / 

) -  

(/3 
Z 
UJ 
k -  
Z 

I I I I I I I 
12001100 900 700 500 300 I00 

RAMAN SHIFT, crn -I 

Fig. 7. Laser Raman spectra of Co electrode at various potentials in 
O.05M NoOH; Ar + loser, k = 4880~, line, P = 80-140 roW. (a): At open 
circuit (OCV), E = -O .16V vs. Hg/HgO. (b): E = 0.45V. (c): E = 
-0 .35V .  (d): Ex situ after anodization at E = 0.45V. 

and Kassler (22, 23); the composition of the product was 
confirmed by XRD analysis to be fl-Co(OH)2. The CoO 

Fig. 8. Laser Roman spectra of 
standard Co compounds (20%/80% 
in KBr pellet); Ar § laser, ;~ = 4880 

line, P - 80 -130  roW. (a): 
Co(OH)2. (b): CoO. (c): CoaO4. 
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and Co304 were from Cerac (Milwaukee, Wisconsin). All 
the standard samples were pressed with KBr to make a 
pellet and rotated during the spectral measurement.  

Comparing the i n  s i t u  spectrum at 0.45V (Fig. 7b) with 
that obtained e x  s i tu  (Fig. 7d), one finds that there are 
more bands observed in the latter than in the former case. 
Two factors contribute to this: (i) the higher intensity ob- 
tainable when taking spectra outside the electrochemical 
cell, and/or (ii) masking of the spectra by the background 
fluorescence from the glass or solution is eliminated in 
the out-of-cell sample, resulting in better resolution and 
intensity. It is, however, unlikely that there would be 
more bands ex  s i t u  than i n  s i tu ,  so that it would be safe to 
assume that the bands observed ex  s i tu  are really also 
present i n  s i tu .  The difference in peak frequencies be- 
tween the corresponding bands may be more due to fre- 
quency shift associated with superposition of the spec- 
t rum on the high background. Comparing the i n  s i tu  
bands with the standards shows a one-to-one correspond- 
ence between the 515 and 516 cm -1 bands of the surface 
film and the CoO standard, respectively. Likewise, the 
475 and 587 cm -I bands of the electrode sample have 
counterparts in the Co304 spectrum. Further indication of 
the presence of Co~O4 in the film is the similarity in the 
gross features of the e x  s i t u  film spectrum with the Co304 
standard. The absence of OH- bands in the e x  s i t u  spec- 
t rum suggests that Co(OH)2 is either not present in the 
film or is at a level below the detection sensitivity limits. 
One can then conclude that the anodic corrosion film 
formed at a cobalt electrode anodized at +0.45V consists 
of a mixture of CoO and Co304. This is the first spectro- 
scopic confirmation of Sato's finding of the existence of 
a bilayer CoO/Co304 oxide film on Co in this potential 
region. 
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Electrochemical Deposition of CdS Thin Films on Mo and A! 
Substrates 
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F. Arjona and E. Gorcia-Camarero 
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ABSTRACT 

The formation of cadmium sulfide thin films by cathodic deposition of Cd 2§ ions from a solution containing sulfur 
on different substrates (platinum, molybdenum,  aluminum) is described along with the influence of the substrate on 
the formation and morphology. By evaporating a CusS layer on the CdS films deposited on aluminum, a heterojunction 
which exhibits photovoltaic effect is formed. 

Cadmium sulfide is one of the semiconductor materials 
widely used in solar cells. Together with copper sulfide, 
it forms the well-known CdS/Cu~S solar cell (1, 2). 

It is generally admitted that electrodeposition is an 
efficient method of film formation, allowing a more eco- 
nomical production and better control of properties and 
stoichiometry of the resulting layers than thermal evapo- 
ration, pyrolithic spraying, or sputtering. 

Recent studies have shown that the anodization of cad- 
mium in sulfur solutions can be used for preparing photo- 
active cadmium sulfide films (3-5). However, the films 
obtained in this way do not  have a homogeneous compo- 
sition because the surface is much more affected by the 
electrochemical reaction than the deep layers. A lack of 
macroscopic uniformity of these films is also observed. 

In  this work, we have followed the approach reported 
by Power et al. (6). The CdS film is cathodically depos- 
ited from a solution containing cadmium and thiosulfate 
ions. The thiosulfate ions disproportion, depending on 
the pH, according to 

$2032-  ~ S + SO~ 2- 

Thus, the overall electrode reaction is 

Cd 2§ + $203 =- + 2e- - - *  CdS + SOs 2- 

Although this process has been studied on plat inum elec- 
trodes, we have extended the study to other electrode ma- 

terials, which seem more appropriate for use in solar cell 
applications. 

Experimental 
The voltammograms presented were obtained with a 

potentiostatic system consisting of scan generator, X-Y 
recorder, and potentiostat, using a standard three-elec- 
trode electrochemical cell in which the reference elec- 
trode was a saturated calomel electrode (SCE) and the 
counterelectrode a cylindrical plat inum grid. The elec- 
trode impedance was measured with a PAR Model 128A 
lock-in amplifier. 

The plating solution was 2 • 10-SM CdSO4, 0.1M 
Na2S203. The pH was adjusted with H~SO4. All products 
were from Merck p.a. grade. 

Solutions were prepared using twice-distilled water 
that had subsequently been passed through a Millipore 
Mili-Q system. The electrode surfaces were grazed with 
carborumdum paper and then with alumina powders 
containing particles as small as 0.05 ;~m. After polishing, 
the electrodes were cleaned with doubly distilled water 
followed by acetone p.a. grade. All the measurements 
were performed at 25 ~ +- 0.1~ 

In  order to form the CdS/Cu2S heterojunctions, a 1500~ 
Cu2S film was evaporated at 10 -~ torr on a CdS film pre- 
viously grown. 

The composition and morphology of the CdS thin 
films were analyzed by scanning electron microscopy 
(SEM) and x-ray dispersive analysis, with a Philips- 
EDAX scanning microprobe system. 
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Results and Discussions ~(m A 

The cyclic voltammetric curves obtained wi th  a Pt elec- 
trode at neutral pH are shown in Fig. 1. From the results, 
it became evident that at potentials more negative than 
-550 mV a reduction process occurs due to deposition of 
cadmium metal. The anodic peak (Ea, = -250 mV) corre- 
sponds to the redissolution of the Cd. A reversible charac- 
ter became apparent by the constant value of the Eap with 
sweep rate. The cathodic and anodic charges are differ- 
ent, and the excess cathodic charge may be due to hydro- 
gen evolution rather than to the formation of a CdS film, 
which was not observed after subjecting the electrode to 
a potential of -850 mV for a few hours. 

Figure 2 shows a voltammetric curve for an acid solu- 
tion pH 2.3. In  this condition, the S~O32- is decomposed to 
colloidal sulfur, which is reduced to sulfide ions that to- 
gether with the Cd ~ present in the interface form a CdS 
film on the electrode. The cathodic peak appears at more 
negative potentials (Eap = -750 mV) and the cathodic cur- 
rents are strongly increased, while the anodic peak has al- 
most disappeared. These characteristics can be inter- 
preted on the basis of the formation of a CdS film which 
is not redissolved unti l  very anodic potentials are 
reached. The small anodic peak due to redissolution of 
cadmium appears at -250 mV vs. SCE. 

The feasibility of forming CdS films on Pt by this 
method led us to investigate other metallic electrodes 
more suitable for the preparation of photov~ltalc cells. We 
have initially investigated the cathodic deposition of CdS 
on molybdenum electrodes. Figure 3 shows the corre- 
sponding voltammogram. A rather higher cathodic cur- 
rent is observed, due partially to hydrogen evolution, and I { m A) 
partially to the formation o f  a CdS film. The surface 
roughness of the metallic substrate prevented an exact 2 
determination of film thicknesses. However, it was never 
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(curve 1) 200 mV s -1, {curve 2) 100 mV s - I ,  (curve 3) 50 mV s -1. 
Reference electrode: SCE. 

-80 

-120 
I l I I I I I 

-1000 -800 -600 -bOO -200 0 200 E (m V) 

Fig. 3. Linear potential scans of a solution containing 2 x 10-3M 
CdS04 and 0.1M Na~,~z03, pH = 2.3 at a Mo electrode. Scan rate: 
200 mV s -1. Reference electrode: SCE. 

greater than about 1000]L which is clearly insufficient for 
applications in solar cells. If the CdS is so thin, the num- 
ber of defects in the active region will probably increase 
and the collection efficiency will deteriorate (7). 

These results led us to test a luminum as working elec- 
trode because of its good electrical characteristics. Figure 
4 shows the voltammogram corresponding to the forma- 
tion of CdS on this electrode at acid pH. The behavior of 
this system is qualitatively similar to the previous case, 
the cathodic current appearing at more negative poten- 
tials ( -  1V vs. SCE). Wher~ this potential was applied for a 
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Fig. 4. Linear potential scans of a solution containing 2 x 10-3M 
CdS04 and 0.1M Na2S:O=, pH = 2.3 at an AI electrode. Scan rate: 
200 mV s -1. Reference electrode: SCE. 
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cial admittance Y'el-V~/w vs. ~v/w for indicated values of potential, 
at a Mo electrode. 
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cial admittance Y'el-I/~/w vs. ~/w for indicated values of potential, 
at an AI electrode. 

sufficiently long time, the electrode covered itself with a 
yellow, uniform, translucent, rather thick film. For 
shorter electrolysis times, thin, nonadherent  CdS films 
were formed. Therefore long electrolysis times were used 
(1-2h). With the aim of producing thicker films, the cell 
solution was periodically changed, thus avoiding reduc- 
t ion of the sulfur concentration due to the precipitation of 
colloidal sulfur. 

Molybdenum electrodes behaved somewhat differently. 
In  order to investigate the difference in behavior of mo- 
lybdenum and a luminum electrodes, we have performed 
ac impedance measurements,  analyzing the real and im- 
aginary components  of the faradic admittance. 

For the Mo electrode, Fig. 5 shows the variation of the 
real part of electrodic admittance (Y'e]) with frequency, w, 
at several potentials. The observed diminut ion of 
Y'e]-l/x/~ corresponds to anomalous values of the phase 
angle of the faradic impedance higher than 45 ~ This 
could be indicative of a faradic process with adsorption of 
an electroactive species (8). This effect can be the reason 
for the low thickness obtained and the impossibility of 
growing CdS films on Mo electrodes, now interpreted in 
terms of blocking of the electrode surface by adsorbed 
species. 

The behavior of the parameter Y'e,-l/x/w-with frequency 
for an A1 electrode is markedly different for all the stud- 
ied potentials (Fig. 6). An increase with frequency is ob- 
served, followed by stabilization at a certain level, and in 
some cases by a slight diminution. This is not in agree- 
ment  with Randles behavior in the whole frequency 
range, but  can be explained by a chemical reaction cou- 
pling to charge transfer, which led to the described be- 
havior of Y'el-'/x/-w. 

Figure 7 shows the SEM micrograph of the film formed 
on molybdenum. Two zones can be seen. The first one 
consists of white stains whose composition is 98% sulfur 
and 2% cadmium. The second one is a large zone with less 
cadmium. These compositions are not very accurate due 
to the superposition of the sulfur K line at 2.3 keV, and 
the molybdenum L line at 2.29 keV, but, nevertheless, the 
data are significant. In  every sample, the sulfur content is 
much greater than the cadmium content, indicating the 
preferential formation of a yellow layer of adsorbed sulfur 
instead of CdS. Figure 8 is a micrograph of a CdS film 
grown on the A1 electrode. Three zones can be distin- 
guished. The first one consists of white grains containing 
91% sulfur and 9% cadmium. The second zone is made up 
of clusters the mean composition of which is 68% Cd and 
32% sulfur, corresponding practically to stoichiometric 
CdS. The last zone is the uncovered substrate. A longer 
electrolysis time results in films with a lower cadmium 
content (58% Cd and 42% S) and the different morphology 
seen in Fig. 9. Thermal treatment in vacuo (200~ lh) 
leads to a higher degree of homogeneity demonstrated in 
Fig. 10. 

Fig. 8. Scanning electron microgroph of an electrode of aluminum 
after 2h deposition (2SOOX). 

Fig. 7. Scanning electron micrograph of an electrode of molybde- Fig. 9. Scanning electron micrograph of an electrode of aluminum 
num after 15 min deposition (640X). after 2.5h deposition (2SOOX). 
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Fig. 10. Scanning electron micrograph of an electrode of aluminum 
after 2.5h deposition followed by thermal treatment (1500X). 

A 1500~ CusS film was deposited on CdS by vacuum 
evaporation. The heterojunction formed on a Mo sub- 
strate did not exhibit a photovoltaic effect due to the very 
small thickness and poor stoichiometry of the CdS film. 
However, the heterojunction formed on A1 substrate ex- 
hibiled a low photovoltaic effect, which was more evident 
in the heat-treated samples. Under  80 mW/cm ~ illumina- 
tion, with a 300W General Electric ELH lamp, the open- 
circuit voltage was 10-15 mV, and the short-circuit current 
only a few microamperes. 

Conclusions 
The results reported above indicate that the metal used 

as a substrate has an important  effect in the formation of 
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CdS films with suitable thickness and stoichiometry. 
Best results were obtained on aluminum. The different 
behavior of the metals studied has been attributed to dif- 
ferent electrode mechanisms: surface blocking by ad- 
sorbed sulfur in the case of molybdenum, and chemical 
reaction coupled to charge transfer for aluminum. 

Optimum conditions for the formation of a CdS layer 
on a luminum substrates were: pH = 2.3, potential -1V vs. 
SCE, and electrolysis time > 2h. 

Thermal treatments improve the characteristics of the 
films and their photovoltaic properties. 

These results are promising with regard to the feasibil- 
ity of the electrochemical formation of CdS, for solar cell 
applications, where thicker and more adherent films are 
needed. Work is now in progress to achieve these objec- 
tives by trying electrodeposition at higher temperatures 
and different thermal treatments of the samples. 

Manuscript submitted Jan. 4, 1984; revised manuscript  
received April 24, 1984. 
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Detection of Gas Bubbles and Organic Molecules Included in 
Electrodeposited Films by Transmission Electron Microscopy 

S. Nakahara*  

AT&T Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

A transmission electron microscope method was developed for distinguishing the defocused images of organic in- 
clusions from those of gas bubbles included in electrodeposited films. The method, in principle, utilizes a difference in 
the defocus contrast between the images of organic inclusions and gas bubbles. This contrast difference can be attrib- 
uted to a difference in the mean inner  potential between two types of inclusions. Experimental  results of the defocus 
contrast from inclusions in copper electrodeposits were compared with theoretical image-intensity calculations. The re- 
sults were found to be in good agreement with the theoretical predictions. 

A recent transmission electron microscope (TEM) study 
(1) has established that electrodeposited films often con- 
tain small (~ 10]~) gaseous and/or organic inclusions. Gas- 
eous inclusions, which are most likely to be hydrogen 
bubbles, result from the incorporation of hydrogen into a 
deposit at a cathode during electrocrystallization. The in- 
clusion of hydrogen in a form of gas bubbles was previ- 
ously found to cause the so~called "hydrogen 
embrit t lement" in electroless copper films (2). Organic 
inclusions, however, originate primarily from addition 
agents deliberately added to an electrolyte. 

In  TEM, such small inclusions can be detected by a 
method known as the through-focus imaging (3). In this 
method, the images of inclusions may be seen with the 
defocus contrast, if the inclusions are sufficiently large 

* Electrochemical Society Active Member. 

(-> 10A). The defocus contrast arises from phase contrast 
as a result of the interference at a chosen distance of 
defocus between electrons passing through an inclusion 
and those through its surrounding metal matrices. In 
TEM, therefore, such inclusions are regarded as "phase 
objects" (1). 

Most recently, a simple method was developed (4) for 
distinguishing gas bubbles from organic inclusions 
("polymer") in cobalt-hardened gold electrodeposits from 
their defocused images. An idea is to reveal statistical 
characteristics in  the size distribution for two kinds of in- 
clusions. It was found experimentally that gas bubbles 
exhibit  a size-distribution curve much different from that 
of organic inclusions. Here, the size distribution of singly 
incorporated organic molecules in the gold deposits was 
quite uniform, whereas that of gas bubbles was random. 
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Accordingly, the existence of organic inclusions in the de- 
posit was manifested by the appearance of a relatively 
sharp peak in their size-distribution curve. This was the 
case for "polymer" inclusions in hard gold electrodepos- 
its (4). The incorporation of gas bubbles, however, re- 
sulted in a broader curve, indicating a random size distri- 
bution. In  this method, therefore, the presence of organic 
inclusions and gas bubbles  and their relative amount  can 
be estimated from their size-distribution curve. It is, how- 
ever, obvious that this method cannot be applied to elec- 
trodeposits containing both organic molecules and gas 
bubbles,  which happen to be comparable in size. 

In  this communication, we report another method for 
distinguishing organic inclusions from gas bubbles.  The 
method is based upon the use of a significant difference 
present in the defocus contrast between organic inclu- 
sions and gas bubbles.  The contrast difference was found 
to originate from the difference in the mean inner  poten- 
tial (MIP) between two types of inclusions, and to vary 
sensitively with the amount  and sign of defocus. An opti- 
mum amount  of defocus for distinguishing one type of in- 
clusions from the other was determined from both experi- 
mental  and theoretical results. 

A Method of Intensity Calculation for Defocus Contrast 
A simple method for computing the defocus contrast of 

"phase objects" having circular symmetry was previously 
described by Rfihle (5). In  this calculation, the effects of 
an incident beam divergence, lens aberration, and inelas- 
tic scattering were neglected. Furthermore, the presence 
of a finite objective aperture was not taken into account, 
which is equivalent to the aperture-free case. In order to 
describe the theoretical formulations based upon the 
above assumptions, we illustrate an electron-optic system 
in relation to the mathematical coordinate system. In  an 
electron-optic system, there are four important planes, as 
shown in Fig. 1. These planes are object, objective lens, 
backfocal, and image planes. We consider a circular-phase 
object, the electron exit surface of which is located pre- 
cisely at the object plane. Cartesian coordinates x, y, and 
z are defined in the object plane, where the origin is 
taken at the center of the phase object. When the object 
plane (z = 0) is focused by an objective lens, the focused 
image of the object is seen at the image plane. If a plane (z 
# 0) different from the object plane is focused, the 
defocused image of the phase object appears at the image 
plane. For example, the overfocused image can be seen if 
a plane below the object is focused (see Fig. 1). The dis- 
tance between the object and the imaged planes is de- 
fined as an amount  of defocus (hi). The positive and neg- 
ative signs of h f  imply the overfocused and underfocused 
conditions, respectively. 

The theoretical formulation is based upon an informa- 
tion theory for image transfer, in which successive 
Fourier transforms are used to derive the wave function 
at the image plane. We assume that the wave function at 
the object plane (or more precisely at the electron exit 
surface of an object) is expressed as ~(r-'), where ~ is the 
position vector in the object plane x - y  (see Fig. 1). The 
wave function, ~(~,  at the back-focal plane is then de- 
scribed as the Fourier transform of the function, ~(rD, 
where ~- is the Fourier wave vector at the back-focal plane 
which is defined by the cartesian coordinate ~, and ~2. 
The wave function, ~o(rD, at the image plane is the inverse 
Fourier transform of the function, @(~, multiplied by an 
appropriate phase factor which accounts for a phase shift 
due to defocusing. The final intensity distribution, I(r-) at 
the image plane is expressed as the product, vto(rD �9 ~o*(r-'), 
where the wave function, ~o*(r-3, implies a complex conju- 
gate of the function, ~o(rD. 

The function, ~o(r), was previously- obtained (5, 6) to be 

P 1 

~o(7, hf) = C [1 - 2i~ exp (iE72) ~/,~ {e~f(~') - 1} 

exp (i~7 '2) J,,(- 2~7'17])7'd7'] [1] 

where C = exp (2~rihfK), K being the wave vector of an in- 

Fig. 1. Schematic illustration showing an electron-optic system for a 
transmission electron microscope. 

cident electron beam, h f t he  amount  of defocus, 7 = Irllr,,, 
7' = r'/r0, ~ = (rrK/A3) r0 ~, ro the radius of the phase object, 
and J0 the Bessel function of the 0th order. A function, 
fir'), represents a phase shift at the electron exit surface 
of a phase object. For spherical-phase objects 

f ( 7 ' )  = Oo x / 1  - 7 '2 (17'1 - 1) [2] 

where O0 is the phase shift at 7' = 0. The phase, (P0, can be 
expressed in terms of MIP, V0, as 

~o = ~rtVd~E [3] 

where t is the thickness of an object along an electron- 
beam direction at 7' = 0, h the wavelength of an electron 
beam, and E the accelerating voltage. The intensity distri- 
bution, I(7, h3~, at the image plane is obtained from the 
relation 

I(7, ~]) = %(7, ~]) �9 %*(7, AJ) [4] 

Experimental 
Copper films were electrodeposited on annealed OFHC 

copper sheets in a sulfate electrolyte (200 g/1 CuSO4 �9 
5H~O, 50 g/1 H.,SO4) containing 5 mM/1 O-phenanthroline 
as an organic additive. Plating was carried out at room 
temperature and at the current density of 5 mA/cm 2. The 
films plated in this condition were previously found (7) 
to contain O-phenanthroline molecules incorporated into 
the film without any decomposition. Furthermore, a se- 
lection of this particular organic as an additive was ex- 
pected to be appropriate for studying by the defocus con- 
trast, as O-phenanthroline molecules have previously 
been shown to be detectable in nickel electrodeposits by 
the defocus contrast using TEM (3). 

Copper films used for TEM observations were jet pol- 
ished in a mixture of 50 ml nitric acid and 100 ml metha- 
nol at room temperature. If a slow rate of polishing was 
required, the solution was chilled to the temperature of 
Dry Ice. 

TEM micrographs were taken with a JEM 200 electron 
microscope operated at 200 kV. For through-focus se- 
quences, an amount  of defocus (hi) was previously cali- 
brated against the excitation current of an objective lens. 

All the through-focus sequences for imaging inclusions 
were taken under  the kinematical condition. This imag- 
ing condition allowed one to avoid the so-called ampli- 
tude contrast arising from multiple-diffraction events in a 
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crystal  and thus  p rov ided  pure  phase  contras t  for inclu- 
s ion images.  

Results and Discussion 
Observat ion of  inc lus ions . - -Through- focus  sequences  

revea led  numerous  inc lus ion  images  in a copper  deposit .  
F igures  2a and 2b show T E M  micrographs  of  inclus ions  
in the  s ingle grain, t aken  in t h e  over focused  (hf = + 3.9 
~m) and unde r focused  (h f  = - 3.9 t~m) condi t ions ,  respec-  
tively. Inc lus ions  are seen  as b lack dots  su r rounded  by 
whi te  r ings in the  over focused  condi t ion  (Fig. 2a) and as 
whi te  dots  su r rounded  by black r i n g s  in the  under-  
focused  condi t ion  (Fig. 2b). The dens i ty  of  these  inclu- 
s ions was - 1  • 101Ycm 3. As indica ted  by  a do t ted  l ine in 
Fig. 2, all inclus ions  are seen  to be  d is t r ibuted  a long a 
specific crys ta l lographic  direct ion.  In  order  to insure  that  
the  inc lus ions  were  indeed  d is t r ibuted  in ternal ly  wi th in  
the  grain, 1 we  took  a stereo-pair ,  whi le  keep ing  the  iden- 
t ical  defocus  cond i t ion  (8). Over focus  and  under focus  
stereo-pairs  are shown in Fig. 3 and 4, respect ively .  A ster- 
eographic  trace analysis m a d e  for several  d i f ferent ly  ori- 
en ted  grains indica ted  that  the  d i rec t ion  of  the  inc lus ion  
a l ignmen t  lies a long the  <001>. An or igin  of  the  direc- 
t ional  a l ignment  a long  the  <001> will  be d i scussed  later. 
As shown prev ious ly  by  Wipper  et al. (7), the  inclus ions  
are mos t  l ikely to be  O-phenanthro l ine  molecules .  2 More 
in fo rmat ion  concern ing  these  image  features  is, however ,  
needed  to de te rmine  whe the r  or  not  all the  inc lus ions  are 
of  organic  origin. 

As descr ibed  in the  earl ier  section,  one  of  the indi rec t  
me thods  for de t e rmin ing  the  poss ible  p resence  of  organic  
inclus ions  or gas bubb les  is to take the  s ize-dis t r ibut ion 
curve  of  inclus ions  f rom the i r  defocused  images.  Fol low- 
ing  this method ,  we  m a d e  the  size m e a s u r e m e n t s  f rom 
200 inc lus ions  vis ib le  in Fig. 2a. The  n u m b e r  of  inc lus ions  
vs. the  image  size ~ is p lo t ted  in Fig. 5. A rela t ively well- 
def ined peak  is loca ted  at the  size of  -27s  I t  is also seen 
f rom the  curve  that  the  major i ty  of  inclus ions  lies in the 
size range  of  27 -+ 10]L These  inclus ions  are un i fo rm in 
size, ind ica t ing  the  p resence  of  O-phenanthro l ine  mole-  
cules. This  does not, however ,  insure  that  there  are no gas 
bubb les  in the  deposit .  Only a tenta t ive  conc lus ion  here  is 
that  wi th in  200 inc lus ions  the  depos i t  d id  no t  conta in  
e n o u g h  gas bubbles .  A ques t ion  then  arises as to h o w  one 
can recognize  a small  n u m b e r  of  gas bubb les  wh ich  are 
h i d d e n  ins ide  a large n u m b e r  of  organic  inclusions,  in 

~Unambiguous distinction cannot be made between inclusions 
at the surfaces and those inside a grain, unless the stereo-pair is 
taken. 

2Inclusions in metal matrices, which are seen as white dots 
surrounded by black rings in the underfocused condition, con- 
sist of lower atomic elements than the metal. In an electrodepos- 
ited metal, only the possible inclusions of low atomic elements 
are organic molecules and/or gas bubbles. 

3In defining the size of images taken in the overfocused con- 
dition, we took the outer diameter of black dot as a measure of 
the size. It has previously been shown (1) that the actual size of 
an inclusion is close to the outer diameter of black dot taken in 
the overfocused condition. 

Fig. 2. Micrograph of a copper film taken in the (a) overfocused (~f 
= +3.9 /~m) and (b) underfocused (Af = -3 .9 /~m)  conditions. 

Fig. 3. A stereo-pair taken at Af = +3.9 /~m, showing a spacial 
alignment of inclusions. 

Fig. 4. A stereo-pair of the area corresponding to Fig. 3, taken at 
Af  = - 3 . 9 / ~ m .  

par t icular  i f  the  size of  gas bubb le s  is s imilar  to that  of  or- 
ganic  inclusions.  A m e t h o d  of  tak ing  the  size d is t r ibut ion  
does  not  appear  to be  a re l iable  solut ion to this p rob l em 
here. 

So far, we have  l imi ted  ourse lves  to an  analysis  of  im- 
age size f rom a mic rog raph  t aken  at one  defocus.  There  is, 
in fact, one  more  impor t an t  var iable  that  has  no t  ye t  b e e n  
cons idered  here. An  addi t ional  var iable  is an in tens i ty  
d is t r ibut ion  of  the image  as a func t ion  of  defocus  dis- 
tance.  I f  there  is a suff ic ient  d i f ference  in M I P  b e t w e e n  
two  inclusions,  it m a y  be  poss ible  to observe  a d i f ference  
in the  defocus  contrast .  Based  on this considerat ion,  we  
m a d e  a fur ther  sys temat ic  s tudy  on the  image  contras t  of  
the  inclus ions  by chang ing  the  a m o u n t  and  sign of  
defocus.  F igures  6a and 6b are T E M  micrographs  of  the  
inclusions ,  t aken  in focus  and at the  defocus  d is tance  of  
+1.3 tLm (overfocus), respect ively .  The  images  t aken  in 
the  in-focus condi t ion  are pract ical ly  invisible.  At  h f  = 

3C 

n-" 
Lu 2O 
n~ 
=i 

z 

I 0  

I I I I 

o J  
0 25  5 0  75  I 0 0  

D I A M E T E R ,  

Fig. 5. A size distribution of inclusions in a copper deposit. The size 
represents a measured image size from micrographs obtained at ~f  = 
I-3.9/~m. 
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Fig. 6. Images of inclusions in a copper deposit. (o) hf  ~ 0 and (b) 
h f  = + 1.3/~m. 

Fig. 7. Images of inclusions in a copper deposit. The area is the 
same as that shown in Fig. 6. (a) ~ f  = +2 .6 /~m,  and (b) Af = - 2 . 6  
~m. 

+ 1.3 ~m, it is noted that several inclusions (for example, 
those indicated by three arrows) exhibited slightly darker 
dots than the rest of inclusions. As most of inclusions in 
Fig. 6 are comparable in size, the difference in contrast 
should originate from that in MIP. Considering the fact 
that gas bubbles containing hydrogen should have a 
lower MIP than organic inclusions, it is suspected that 
these darker dots may originate from gas bubbles. The 
same area shown in Fig. 6 is further taken with h f  = 
---2.6 ~m (see Fig. 7). Here, the corresponding inclusion im- 
ages indicated by arrows can be recognized much more 
clearly than those in Fig. 6. In addition, the contrast dif- 
ference between gas bubbles and organic inclusions is 
seen to be much more obvious here, but  this difference 
tends to become smaller again with a further increase in 
defocus distance. For example, the images taken at hf = 
---3.9 ~m (see Fig. 2a and 2b) demonstrate this trend in a 
loss of contrast difference at a larger defocus distance. 

These results strongly suggest that there is an opt imum 
amount  of defocus distance for obtaining the maximum 
difference in contrast between two types of inclusions. 
The  optimum amount  of defocus appears to lie between 
1.3 and 2.6 ~m. A quantitative analysis on the contrast dif- 
ference is, however, needed to confirm this conclusion. 

It should be mentioned hel~e that the overlapped images 
of inclusions could also give rise to an enhanced contrast 
due to a linear superposition of phase shift along the 
electron-beam direction. Fer selecting probable gas bub- 
bles (as indicated by three arrows in Fig. 6 and 7), care 
was taken to avoid overlapped inclusion images. A possi- 
ble image overlap was further checked by taking a stereo- 
pair, which also supported the validity of our assumption 
that the inclusions are more or less spherical in shape. 

T h e o r e t i c a l  i n t e n s i t y  c a I c u l a t i o n . - - B a s e d  upon the 
above experimental observations, we made a theoretical 
analysis on the image contrast of inclusions. Equation [4] 
was used to compute an intensity profile as a function of 
radial distance, r. For this computation, the following pa- 
rameters were used. From the size distribution curve 
shown in Fig. 5, we chose the average size of inclusions to 
be 27A diam. The shape of inclusions was assumed to be 
spherical. The MIP of copper was chosen to be 23.5V 
from the data obtained by Buhl (9). We assumed that gas 
bubbles contain hydrogen. Since hydrogen could readily 
diffuse out of the film at room temperature (2), gas bub- 
bles could be effectively a spherical hole at the time of 
TEM observations. The MIP of hydrogen gas bubbles  was 
therefore taken to be 0 V. Data for the MIP of O-phenan- 
throline are not available in literature. However, noting 
that its chemical formula is C12HsN2, it is reasonable to as- 
sume that its MIP may not differ too much from that of 
other organic substances containing similar atomic ele- 
ments. From published data (10), MIP's for stearic acid, 
C30H62, and C31Hu were 6.3, 6, and 7.2V, respectively. We 
chose 6V for the MIP of O-phenanthroline molecule. 
Equation [1] was numerically evaluated using a high- 
speed computer. 

Figures 8a, 8b, and 8c are the intensity profiles of the 
hydrogen gas bubble  (dotted line) and the organic mole- 
cule (solid line) computed for h f  = +1.3, +2.6, and +3.9 
~m, respectively. Here, the vertical axis is normalized to 
the background intensity, Io, whereas the horizontal axis 
is normalized to the radius, to, of an inclusion. As is evi- 
dent in Fig. 8, a difference in primary intensity min imum 
at r/ro = 0 between two inclusions varies markedly with 
an amount  of defocus. It is noted here that there is in fact 
7% - 13% contrast difference at the peak (r/to = 0) be- 
tween the two inclusions. This contrast difference seems 
to be larger for a smaller amount  of defocus. In Fig. 9, we 
plotted the intensity difference at r /r  o = 0 between the 
gaseous and the organic inclusions as a function of 
defocus distance. From this curve, an opt imum amount  of 
defocus for distinguishing the images of organic inclu- 
sions from those of gas bubbles appears to lie between 1 
and 3 ~m, which is in good agreement with the 
experiment. 
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Fig. 8. Theoretical image inten- 
sity profile computed for spherical 
gaseous and organic inclusions in 
copper. Normalized intensity I/1o 
is plotted against normalized ra- 
dial distance r/ro, where I o = the 
background intensity and r o = the 
radius of inclusion. The distance 
(r/ro = 1), therefore, represents 
the actual size of an inclusion. 
(a): h f  = +1 .3  ~m. (b): = + 2 . 6  
/~m. (c): = +3 .6 /~m.  
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INCLUSIONS IN COPPER 
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Fig. 9. Calculated intensity difference in primary intensity minimum 
at r/ro = 0 between gaseous (Ip c) and organic (Ip M) inclusions vs. the 
defocus distance (hf). 

Comparison of theoretical predictions with experimen- 
tal results.--Our theoretical  estimate shows a remarkable  
agreement  with the experiment .  This is rather surprising, 
considering the fact that identification of the nature of in- 
clusions is still speculat ive here. Regardless of this exper- 
imental  uncertainty,  it is clear from the theoretical  predic- 
tions that there is indeed a significant contrast  difference 
expected between two types of inclusions. The contrast  
difference of course varies with the size of inclusions and 
the MIP of metal  matrices. This contrast  difference 
method may not  be appl icable  to all situations, but  at the 
present  t ime there seem no other microscopic methods 
that  provide further details on the nature of inclusions. 
Nevertheless,  organic and gaseous inclusions generally 
play an important  role in determining the physical  prop- 

. . . .  (100). - _ Z 

-/-/-/----;O:O,-- MOLECULES / 
Fig. 11. A schematic illustration showing how O-phenanthroline 

molecules are trapped into copper crystal during crystallization (com- 
pare with Fig. 10). 

erties of electrodeposi ted films. The present  method 
should be useful in the TEM investigations of such films. 

Origin  of the Molecu le  A l ignment  along the < 0 0 1 >  
Direct ion 

It was established from a stereographic trace analysis 
that  l ines of O-phenanthroline molecules lie along the 
<001> direction of copper  lattice. This spatial  al ignment 
can be rationalized by the mode of impuri ty  adsorpt ion 
and subsequent  incorporat ion during copper  electrocry- 
stallization. The adsorpt ion of these molecules on the 
growth surface is expected to cause the inhibit ion of step 
movement,  and this step slow-down eventually develops 
the formation of  multi-atomic steps. Newly developed 
planes bounding these steps are expected to be of low in- 
dex type. Once these steps are developed, they may even 
become convenient sites for addit ional incoming mole- 
cules to be trapped.  Consequently, such incorporated 
molecules will be seen to lie along a specific crystallo- 
graphic direction. One example  is shown in Fig. 10, to- 
gether with its probable  incorporat ion model  (see Fig. 11). 
I t  is seen that  in the [130]-oriented grain, the low index 
planes of (100) and (010) appear  to develop after the ad- 
sorption, resulting in the molecular  a l ignment  along the 
[001]. We found the similar interpretat ion is appl icable to 
the [001]- and [l l0]-oriented grains. 
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Fig. 10. TEM micrograph showing the overfocused (Af = +3.9/~mJ 
imoges of O-phenanthroline molecules lying along the [001] direction 
in the [130J-oriented copper crystal. 
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ABSTRACT 

An investigation of the flow of the two superposed liquids (the electrolyte and the molten aluminum) and of the in- 
terface shape has been carried out with the intention of revealing the main mechanisms and to clarify the hydrodynamic 
behavior of Hall-H~roult cells. The wide channels present around the anodes and between the two anodes rows in mod- 
ern cells appear responsible, in the final analysis, for the electrolyte motion. The horizontal component  of the current 
density in the a luminum layer largely determines the interface shape. It  can also drive an organized motion when it is 
not a pure gradient. Two main  ideas are at the source of this theory: (i) the shallow depth of the fluid layers (compared 
with their horizontal dimensions) justifies an approximation of zero inertia, and (ii) a linear approximation is proposed 
for the horizontal shear stresses. This almost explicit theory results in predictions that are not completely realistic, but it 
is shown how certain features of actual cell behavior can be revealed. 

There is considerable interest in better understanding 
the general behavior of Hall-H~roult cells, because these 
large devices, in which a luminum oxide is reduced 
electrolytically to produce molten metal, are known as 
the major energy consumer in the production of alumi- 
num from its ores. For a full description' of these cells, the 
reader is referred to Lympany et al. (1). For the sake of 
brevity, it will only be mentioned that the electric current 
coming from the anodes (see Fig. 1) has to pass first 
through a horizontal liquid layer, the electrolyte (often 
known as "cryolite") before entering into the molten alu- 
m inum layer (where it is partially redirected in the hori- 
zontal direction), and thence through the carbon lining 
and into the collector bars. 

Electromagnetics, hydrodynamics, heat and mass trans- 
fer, as well as electrochemistry, enter immediately into 
any complete description of the cell. Indeed, magnetohy- 
drodynamic effects are responsible for the motion and the 
turbulence of the two liquids, and play a significant role 
in determining the current efficiency. In recent work (2), 
the development of a mathematical model, based on gen- 
eral equations of electromagnetics and hydrodynamics, 
has been attempted in order to compute the main behav- 
ior of these cells. The objective was to build a convenient  
tool for conception of new cells with better efficiency (3). 

It has, however, been recently realized that the two- 
dimensional  Navier-Stokes equations and the usual tur- 
bulence modeling (k-e) could not describe the true 
mechanisms involved in the motion of the two thin liquid 
layers. Using the k-e model for turbulence in a supposed 
two-dimensional flow leads to neglect of the vertical 
transport  of momentum,  and this is unrealistic in this 
configuration, where it is, in fact, dominant  over the hori- 
zontal one. Besides, a purely two-dimensional schema 
could not take into account the presence of channels be- 
tween the anode blocks and around the cell periphery. 
These have, however, a strong influence on the flow of 
the electrolyte because they connect this flow with the 
atmospheric pressure, almost without head losses. 

It is the purpose of this paper to propose a new basis of 
approximations to the hydrodynamics of the two super- 
posed liquids, and to develop a better unders tanding of 
the influence of each parameter on the fluid flows and 
the interface shape�9 To do this, the concept of an ideal 
cell, in which the electromagnetic forces are pure gradi- 
ents, is introduced�9 As a consequence, the cryolite is the 
only moving fluid�9 The pressure differences between the 
two liquids in different motion vary from one place to an- 
other, and this is responsible for the shape of the inter- 
face. It is also shown that second-order effects can easily 
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be superimposed on this state of reference predicted for 
the ideal cell, and an example is treated. 

Each liquid layer may be characterized by its vertical 
thickness (under the anodes), H, its length, 2a and its 
width 2b. It appears convenient  to introduce also a typical 
horizontal length scale, L, which can be either a or b or 
some combination of them, in order to characterize the 
thinness of the layer by the ratio H/L. The thickness H is 
of the order of 0.04m in the cryolite and 0.16m in the alu- 
minum. In typical modern cells, L may be of the order of 
4m, so that H/L is of the order of 10 -~ in the cryolite and 4 
�9 10-2 in the aluminum. The smallness of H/L is of prime 
importance in the justification of the approximations 
proposed in the "Basic Equations" section below. Other 
important orders of magnitude are the typical electric 
current (~ 2 �9 105A) and the current density Jo (~ 6 . 103 A 
m-2). 

The coordinates are defined in Fig. 2, with x in the long 
horizontal axis and y in the small one. The z axis is along 
the upward vertical, with its origin at the mean level of 
the interface between cryolite and aluminum. To illus- 
trate the results, all the numerical computations have 
been done with a cell whose aspect ratio was a/b = 2. 
Unit vectors are denoted ~x, ey, ez. 

Basic Equations and Approximations 

The relevant magnetic Reynolds number.--The question 
of a possible influence of the velocities in the two super- 
posed liquids on the magnetic field has often arisen�9 
Clearly, the relevant magnetic Reynolds number  charac- 
terizing this effect must  be the ratio between the diffusion 
time of the magnetic field through the whole cell and the 

r~ ~ ~ Anode bu~ 

Fig. 1. Sectioned view of a HalI-Heroult cell as seen looking in the 
long horizontal direction. 
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Fig. 2. Coordinates and main 
notations in o typical horizontal 
plane. 
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transit time of the fluid elements L V  -1. In  the idealized 
configuration of a thin layer of conducting material lo- 
cated between two insulat ing media, any disturbance 
would diffuse instantaneously through these media, so 
that its diffusion time would be/zo'H 2 (where iz and o- de. 
note the permeability and the electrical conductivity of 
the conducting layer, respectively). The situation with 
which we are concerned is more complex because the 
media above and below the a luminum layer are conduct- 
ing: they are thick (let H* denote their total thickness) 
and they are conducting (let ~* denote their conductivity). 
Forgetting the extremely short diffusion through the elec- 
trolyte layer, the total diffusion time through the cell may 
be estimated as iz ((rH 2 + ~*H*0. Therefore, the relevant 
magnetic Reynolds number  is 

H 2 (  ~*H*2 ) 
R~ = tz~VL , ~ 1+ o.H----- Y- [1] 

It appears that, although ~(rVL may be of the order of a 
few units. H*/L 2 is extremely small (= 3 �9 10-4). This 
means that the vertical diffusion time through the alumi- 
num layer is extremely small compared with the transit 
time. Besides, the ratio cr*/~ is sufficiently small (-~ 2 �9 
10 -3) to also render negligible the diffusion time through 
the electrodes. Then it may be concluded that the clas- 
sical approximation of a zero magnetic Reynolds number  
is valid. 

The "shallow water"  approx ima t ion , - -Because  of the 
shallowness of the two liquid layers and because of the 
very active mixing due to turbulence and to gas bubbles 
generated at the anode, the interest is essentially in de- 
scribing the mean horizontal motion. If  ~, denotes the 
horizontal velocity field, the definition of this mean mo- 
tion is 

.f" <~n> = 1/ ~HdZ [2] 

The equations for such a two-dimensional flow are 

q .  �9 <~.> = 0 [3] 

P <(~, " VH) ~n> = - VH<p> +< (] X B) ,>  

0(  o ) ; 
+ 0xi ~e ~ <~.> H [4] 

The subscript H stands for the horizontal vectors or op- 
erators, so that Vu = ( OlOx, a/oy 0), i = (1, 2), and p denotes 
the pressure, p the density, ~?e the effective viscosity, and r 
the sum of the shear stresses at the top and bottom of the 
fluid layer. 

To appreciate the consequences of the small values of 
H/L ,  let us write Eq. [4]in a nondimensional  form. Since 
the driving mechanism is the difference between the Lor- 
entz forces and the pressure gradient, it is convenient  to 
introduce the nondimensional  pressure 

- -  ( "j~ 1 '12 
P - P and the velocity scale V = \ ~ ]  

tzjo2L 2 

Then, with 

x, ~. u <q  • ~).> 
Xi = ---~, C = --~-, T = - ~  -, g -  ~jo2L 

the nondimensional  equation is 

H (U V.)U VHP + F T _ _  . = - -  _ 

L 

q L VL ani \ - ~ - - ~ i ]  [5] 

With the typical values of H / L  previously mentioned, 
for modern ceils, with current of the order of 2 �9 105A, V is 
of the order of 0.1 ms -i, and the Reynolds number  V L / v  is 
of the order of 4 �9 105. Therefore, even if ~e is much higher 
than the molecular viscosity ~ because of the intense 
mixing present in each liquid, it is clear that the two- 
dimensional  friction (or the horizontal transport of mo- 
mentum) cannot compete with the Lorentz forces. Inertia 
also appears unable to balance the driving forces. Conse- 
quently, the dominant  equilibrium is between the differ- 
ence F- - VnP (which is not exactly zero, as will be seen 
later) and the friction on the horizontal boundaries T. 
Then the equations for the two-dimensional flow of each 
liquid reduce to 

V H '  U = 0 [ 6 ]  

T = F - VnP [7] 
Of course, this approximation still needs an assumption 

for the relation between the drag Y and the velocity U. 
Two ideas suggest that a linear expression, i.e. 

= ~U [8] 

could be quite plausible, and certainly better than a quad- 
ratic expression (as in turbulent  duct flows). One idea is 
the previously established fact that inertia is negligible in 
these shallow layers of liquids. The other derives from the 
fact that the typical scale of random eddies responsible 
for the vertical transport of momentum is H, which is 
much smaller than the typical horizontal length scale of 
the mean motion L. The situation appears then more sim- 
ilar to the kinetic theory of gases (with a mean free path 
much smaller than the macroscopic scales) than usual 
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turbulent  flows (with an integral scale of the same order 
as the length scales of the mean flow). We will therefore 
retain this very simple expression [8]. It will be seen that 
it has also the advantage of allowing a clear illustration 
and understanding of the mechanism of stirring in each 
liquid. 

The  i n f l u e n c e  o f  the  c r y o l i t e  c h a n n e l s . - - S i n c e  the 
cryolite is a poor conductor, compared to the carbon elec- 
trodes, the fraction of the electric current crossing the 
channels between the anode blocks may be neglected. 
Then the flow in these channels behaves like an open- 
channel  flow, having the capability of exchanging mass 
and momentum with the neighboring two-dimensional 
flow underneath the anodes. In spite of this mass ex- 
change, the mean flow in a straight channel is such that 
the pressure variation in the cross-section follows the law 
of hydrostatics. However, pressure differences develop 
underneath  the anodes, in order to partially balance the 
Lorentz forces according to Eq. [7]. Because of the conti- 
nui ty  of pressure between the cryolite layers and the 
channels, pressure gradients may also exist in the chan- 
nels, where they would necessarily drive some flow and 
be balanced by friction and momentum transport. 

Let S denote the area of the cross section, ~ the wet pe- 
rimeter, and q the flow rate which is a function of the ab- 
scissa ~ along the channel. If u, and u~ stand for the out- 
ward normal and tangential velocity components  of the 
two-dimensional cryolite flow along the anode edge, and 
if ~w denotes the wall shear stress, the mass and momen- 
tum conservation equations can be written 

dq  
- u ~ H  [9]  

d~ 
d (  q2)  dP. 

d---~ p - S -  - p u ,  u~H = - S ~ - ~rw [10] 

Because of the variations of the liquid depth, them- 
selves related to the topology of the free surface and of 
the interface, and because of possible variations in the 
shape of the solidified ledge of cryolite (for the periph- 
eral channel), the parameters S and ~ may slowly vary 
from one place to another. However, in this theory they 
are supposed to be constant  for the sake of simplicity. 
The wall friction Tw is assumed to follow the usual quad- 
ratic law 

q2 
Tw = ~ p -  [11] 

S ~ 

where the friction coefficient k has still to be estimated. 
Introducing the nondimensional  quantities 

q ~ un  
Q -  V L H  t = - - ~  Un--  V etc. [12] 

Eq. [10] and [11] reduce to 

H3L d Q  2 H 2 d P  ~ L ~ H  3 
- -  UnUt _ _  ~Q2 [13] 

S 2 d t  S d t  S 3 

This equation exhibits three dimensionless numbers,  es- 
sentially depending on the geometry, which characterize 
the three possibilities of balancing any longitudinal  pres- 
sure gradient: momentum transport along the channel, or 
toward the horizontal layer of cryolite under  the anodes, 
and friction. 

There are two kinds of channels: the wide ones present 
around the cell periphery (or between the two rows of an- 
odes in modern cells with automatic feeding of alumina), 
and the narrow ones between the anode blocks, 3 or 4 cm 
apart. In the wide channels typical values S = 0.5 m 2 and 

= 0.6m seem to be realistic and provide the following 
orders of magnitude 

HaL H 2 ~ L 2 H  3 
S~ ~ 10 -3 , y ~ 3 . 1 0  -3 , S---- T - h ~ 5 . 1 0 - 3 ~  

The consequence of these very small values is that any 

pressure difference along the large channels could not be 
balanced. In other words, the channels are so large that 
their free surface must  be horizontal. Therefore, the pres- 
ence of these large channels is dictating the striking 
boundary condition that P must  be  constant at the edge 
of the anode rows. 

In  the narrow channels, with ~ of the same order but  S 
smaller (~0.1 m2), the nondimensional  numbers  have the 
following orders of magnitude 

H3L H 2 ~L2H 3 
- -  - 2 . 5  x 1 0  -2 ,  ~ 1 .6  > 1 0  -2 ,  - - ) t  --  0 .6 ) ,  

S 2 S S 3 

It still appears that the momentum transport could not 
balance any pressure gradient. But the situation is not as 
simple with regard to friction because ~ is very difficult 
to estimate. If these channels behaved like ordinary tur- 
bulent  duct flows, h would be in the range 10-2-10 -1. But 
the intense bubbl ing activity (carbon dioxide evolved 
from the anodes), particularly important in these chan- 
nels because of their narrowness, would increase k by a 
few orders of magnitude. Therefore, one has to accept the 
idea that some pressure differences (and variations in the 
height of the free surface) can take place. They could be 
modeled by the equation 

d P  ~ L 2 H  3 

d t  S 3 hQ2 = 0 [14] 

with a convenient  guess for the h coefficient. Since it is 
one of the alms of this paper to simplify rather than to in- 
spect all the details, it will be considered that the friction 
term is dominant  over the pressure gradient, as it would 
be if the gap between the anode blocks were smaller (~<1 
cm). Then, Eq. [14] reduces to Q = 0, and these channels 
may be ignored in this asymptotic limit. 

It has still to be noticed that the cryolite channels have 
another consequence in allowing U, to be nonzero at the 
boundary of the layer underneath the anodes. The flow 
rate in these channels Q follows from relations [8] and 
[12]. This is to be contrasted with the a luminum layer, at 
the border of which no such channels exist; U, has to be 
zero at the a luminum boundary, but no restriction applies 
on the pressure. 

The  i n t e r f a c e  e q u a t i o n . - - I n  each liquid, the vertical var- 
iation of pressure is of the form 

P = - p igz  + f~(x,y) [15] 

where z is the upward vertical, g gravity, and where the 
values 1 and 2 will be used for the subscript i, respec- 
tively, in the cryolite and the aluminum. The functions 
f l ( x ,Y )  and f2(x,y) can only be determined by solving first 
Eq. [6] and ]7] in each liquid with the relevant boundary 
conditions. Then the continuity of pressure at the inter- 
face z = z~ gives the equation of this surface 

(p2-pl) gZo = f.z(x,y) - f , ( x , y )  [16] 

A First Model for an Ideal Cell 

A s s u m p t i o n s  f o r  c u r r e n t s  a n d  m a g n e t i c  f i e lds . - - - In  each 
cell, the current density has a specific distribution 
depending on parameters like the geometry of each anode 
block, the particular design of the risers, the position of 
the collector bars, etc. The magnetic field also is depend- 
ent on many parameters (the effect of which is not easily 
taken into account explicitly), such as the position of the 
cell in a pot line or the shielding effect of the steel sheil 
surrounding the cell. Therefore any distribution of the 
L0rentz forces ] • B which could be considered as suf- 
ficiently exact for a given cell would certainly be impre- 
cise for many others. Since a main goal of this study is to 
reach a general unders tanding of the hydrodynamics of 
cells, it has been chosen to use some "ideal" distributions 
of]  and B, rather than to compute them. (Notice that even 
computed distributions would not be "exact.") Of course, 
such distributions have to be in agreement with some 
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first-order requirements,  such as the respective positions 
and voltages of the anodes, the two liquids, the carbon 
cell lining, and the collector bars. They should also con- 
tain a small number  of parameters which are to be ad- 
justed by comparison with measurements or computed 
distributions such as those of Lympany and Evans (3). 
The first approximation developed in this section is 
based on the following assumptions: (i) the Jx component  
in the long horizontal direction is taken to be zero since 
the collector bars usually drive the horizontal current in 
the y direction, (it) because of the very small electrical 
conductivity and depth of the cryolite layer, the current 
density is supposed purely vertical and uniform in  this 
liquid (Jz = - Jo), (iii) in the a luminum the distribution of 
the current density is taken as 

Jy= jr-~, j~=  - j o +  j2 H [17] 

where H is the depth of the a luminum layer; the level var- 
iations of the interface are neglected for electromagnetic 
calculations, and (iv) the magnetic field of all the exter- 
nal conductors is neglected by comparison with that of 
the internal current, which is itself assumed purely hori- 
zontal (B~ << Bx, By) and without variations with z in the 
gap of interest. Then the 
vertical 

OA, 
S x - 

oy 

and follows Ampere's law 

VH2A = -~j~ 

vector potential is purely 

OA 
By = - [18] 

Ox 

[19] 

Clearly, these assumptions are open to discussion and 
improvements. For instance, the "Second-Order Improve- 
ment" section below shows an example of such an im- 
provement obtained by adding a supplementary term and 
supplementary parameter in relations [17] in order to in- 
clude a new effect. Indeed these relations [17] may be 
considered as the simplest combination of two conserva- 
tive fields allowing the study of the influence of the hori- 
zontal current density via the parameter j,. Assumption 
(iv) may be understood as a tool to isolate the internal 
characteristics of the cell from external characteristics 
such as the arrangement of risers and collectors. Of 
course, an explicit approximation of the magnetic field 
induced in the two liquids by the external conductors 
could be added in Eq. [18] and [19]. But it follows from 
computed results (3) that this external magnetic field is 
definitely a second-order effect (a few gauss compared to 
50G due to internal current). 

Equation [19], together with VH2A = 0 outside the rec- 
tangle 2a x 2b, and the conditions of continuity of A and 
its two first derivatives on the boundary, has a solution 
of the form 

A = (Jo + J~ H ) ~G (x,y) [20] 

where G (x,y) is completely determined by equation 

i inside the rectangle 
VH ~G = 0 outside the rectangle [21] 

and by the continuity conditions. This solution, analo- 
gous  to the distribution of the electric potential created 
by  a charge density which is uniform in a rectangle and 
zero outside, is explicitly known (Durand, see Appendix 
A). 

It follows from these assumptions that the Lorentz 
force has a simple expression in terms of A 

] x ~ = j z V , A  = - ! VH2A. V . A  [22] 

Since we only need its mean value in each fluid layer, let 
us write 

] • ~ = - ~jo'~C~,G 

where C is a nondimensional  parameter representing the 
influence of the horizontal current jy. It follows from our 
assumptions that C = 1 in the cryolite layer, whereas in 
the a luminum it has the value 

C = 1 - J_L + 1 j,_~2 [24] 
Jo 3 j J  

Mot ion  a n d  pressure  in  the cryol i te  l a y e r . - - T h e  
nondimensional  form of Eq. [23] to use with Eq. [6], [7], 
and [8] in the electrolyte is F = - VHG. Therefore, the 
motion equations in this layer are 

VH" U, = O [25] 

K1U1 = -- ~H (P, + G) [26] 

Taking the divergence of [26] yields the equation for the 
pressure distribution 

VH ~- P, = -1  [27] 

The solution satisfying the boundary condition that P1 = 
0 at the boundary of a rectangle is explicitly known; it is 
analogous to the temperature distribution in a rectangle 
with uniform heat production and boundaries at a con- 
stant temperature (Carslaw and Jaeger, see Appendix A). 

This solution is illustrated in Fig. 3, and may be com- 
pared with the solution of Eq. [21] for G. It is clear that 
the boundary condition, imposing a stricter condition on 
P, than on G, makes all the difference between these two 
functions and prevents the two gradients from canceling 
each other. To emphasize this difference, which is the key 
to the mean flow in the cryolite, one could say that be- 
cause of the presence of the wide channels, the isobars re- 
semble rectangles, whereas the lines G = constant look 
rather like circles. 

The influence of a wide central channel appears very 
important when Fig. 3a is compared with Fig. 3b, where a 
center channel has been introduced. The center channel 
has essentially two main effects: (i) there are two symmet- 
rical pressure domes, one under each anode row, when 
there is a wide central channel, rather than one bigger 
dome centered in the middle of the cell when no wide 
central channel is present (Fig. 3a), and (it) in forcing P, = 
0 at the center and along the x axis as well as at the 
boundary, the presence of a wide central channel reduces 
the pressure differences and the pressure forces, for the 
same given value of the Laplacian (by a factor 3.7 in the 
computed case). 

It is straightforward to deduce the velocity field from 
Eq. [26] when P, and G are known. Figure 4 shows the 
streamlines of this potential flow deduced from equa- 
tions 

K,U - - -  - (P, + G) [28] 
• Ox 

K,V - - -  - (P, + O) 
ox oy 

The influence of a wide central channel again appears 
dramatic since the nature of the main flow is completely 
different between Fig. 4a and 4b. It is, however, easy to 
interpret these flow patterns: when there is no central 
channel, the same pressure difference does exist along 
the small and the large axes, but  the inward electromag- 
netic forces are dominant  along the large axis, whereas 
the outward pressure gradient is dominant  along the 
small axis. When a wide central channel is present, the 
general reduction of pressure differences makes the 
electromagnetic forces predominant  everywhere and pro- 
vides a velocity field almost parallel to the force field. 

It is also of interest to notice that the value of the 
stream function ~I, is 3.5 times greater with, than without, 
a central channel in the computed case, and that the place 
where ~I, is maximum is not at all the same in the two 
cases. Also, the direction of the mean flow in the periph- 
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Fig. 3. Potential lines (G = const.) of the <j  • B>  force field, and 
pressure lines (P = const.) a (top): For a cell without central channel. 
b (bottom): For a cell with central channel. 

eral channel  is changed when a wide central channel  is 
present. 

These predictions could be checked with direct obser- 
vations on real cells since the wide channels are more ac- 
cessible than the shadow of the anode (6). The flow rate 
in  these channels is easily deduced from the values of 
at the boundary 

2H3L3)~/2 ~ [29] 
q =  p K--~ 

and seems to be the first quanti ty to be checked with 
measurements.  

It is remarkable that in this inertia-free approximation 
it is not necessary to give a numerical value to the friction 

Fig. 4. Streamlines of the cryolite flow underneath the anode, a 
(top): For a cell without central channel, b (bottom): For a cell with 
central channel. 

coefficient K~ to find out the flow pattern. This is, how- 
ever, necessary to get some numerical value of the flow 
rates in the channel from Eq. [29]. Inversely, this relation 
could be used as an empirical way to determine K,. 

P r e s s u r e  i n  the  a l u m i n u m  a n d  i n t e r f a c e  s h a p e . - - I n  the 
a luminum layer, the motion equations are very similar to 
Eq. [25] and [26], with the only difference being that the 
velocity potential is now P2 + CG. The important  feature 
is the absence of channels or anything equivalent. The 
force distribution Eq. [23] is assumed to be valid every- 
where, and the depth of the a luminum layer is assumed to 
be uniform. Then the only boundary condition demands 
that the normal component  of the velocity be zero on the 
edge of the rectangle. The only irrotational plane motion 
satisfying this condition is U2 -= 0. As a consequence, the 
pressure distribution in the a luminum is 

p = - p 2 g z  - gjo2L2CG + const. [30] 

The analogous equation in the cryolite layer is 

p = - p~gz + t~jo~L2P~ [31] 

and it is straightforward to deduce from Eq. [30] and [31] 
the interface equation 

(p~-p~) gZo = -/~jo2L2(P, + CG) + const. [32] 

Our choice that the z origin be at the mean level of the in- 
terface determines the constant, and final equation of the 
interface is 

(P2-Pl)g 
~jo2L----------~ z = P ,  + CG - (PI + CG) [33] 

where the upper  bar is used to designate the average 
value in the rectangle. 

Figures 5, 6, and 7 show the results for our cell of refer- 
ence (aspect ratio: 2), with and without a wide central 
channel, and for two values of the parameter C. The 
unrealistic case C = 1 has interest only as a reference to il- 
lustrate the influence of the horizontal current in the alu- 
minum when C is smaller than one. It appears that the 
predicted shape looks like a dome, with deviations which 
are worthy of discussion. 

To interpret these results, remember first that the 
overpressure which is developed under  the anodes in the 
cryolite layer is the strongest when there is no central 
channel. Furthermore, the pressure differences which 
arise in the a luminum layer are exactly those necessary to 
balance the electromagnetic forces. In particular, the 
smaller [jy] (C = 1), the larger [Jz[, and the higher these 
pressure differences. The general dome shape is due to 
the fact that the central overpressure is generally smaller 
in  the cryolite than in the aluminum; therefore, the only 
possibility of generating such a departure on a vertical 
line is to vary the height of the denser liquid. This is par- 
ticularly clear along the boundaries of the rectangle 
where the interface is always like a dome, because p = 
const, in the cryolite, whereas in the a luminum it has to 
be a maximum at the middle of each side and smallest at 
the corners in order to balance the inward electromag- 
netic forces. Therefore, one understands that in the four 
computed cases the dome is the most significant when C 
= 1 and when a large central channel is present. It is, on 
the contrary, the weaker when C = 0.5 and without any 
central channel. 

From among the noticeable deviations from this dome 
shape, notice the central saddle or trough in the middle of 
a cell without a central channel. It comes from the fact 
that the central overpressure is higher in the cryolite than 
in the aluminum. It is remarkable that the depth of this 
trough increases when C decreases, thus illustrating the 
influence of increasing the horizontal current in the alu- 
minum. Varying the coefficient C would also show that 
the lower point of the interface (still for a cell without 
central channel), which is at the corner when C = 1, 
moves along the small side to its middle and then along 



2256 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  October 1984 

Z=:o!,, 

* 0,365 

+0,4 ,0.2 0 -q2 -0/..~ -q8 .1 -!2 -1.135 

X 

yt 
Z = ,  &82 "Q'@ .Q.G .0/. +0.2 0 

1 

-0.29 - ~ ' ~ ' "  

-0,3 -&2 

-~Z -qZ3 

-%19 
X 

yt 
Z=*O,157 0 -0.2 -0.4 -0,6 -0.8 -1 -12 -14 -16-  8-195 

.~ ~ 

*0,6 

.Q8 

.1 

.1,2 

.1,4 
,1.58 - l lO 

x 

Fig. 5. Interface contour lines when C = 1 ( j ,  = O, i .e. ,  no horizon- 
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nel. b (bottom): Far a cell with central channel. 
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Fig. 6. Interface contour lines when C = 0.5 (Jl/Jo = 0.634).  a 
(top): For a cell without central channel, b (bottom): For a cell with 
central channel. 

the large axis to the cell center as C decreases monotonic- 
ally to its limit of 0.25 imposed by Eq. [24]. 

E x a m p l e  o f  o S e c o n d - O r d e r  I m p r o v e m e n t  
Correction of the electromagnetic data.--When expres- 

sions [17] are compared with plausible values such as 
those computed by Lympany and Evans (3), their linear 
variation with the coordinates does not seem to be correct 
for more than three-quarters of the cell width. It appears 
that in the outermost quarter some reduction should be 
introduced in relations [17]. This comes from the fact that 
the a luminum pool is wider than the anode. Indeed, the 
geometry of the external boundary of the a luminum layer 
is in itself a difficult question. The key point  is the shape 
and the position of the ledge of solidified electrolyte all 
around the cell. It is, or course, strongly dependent  on the 
thermal behavior of the cell, and it exhibits important 
variations from one cell to another, as well as in a given 
cell during its life. 

In  this section, consequences of this boundary phenom- 
enon are studied as a disturbance of the reference state 

described in the previous section. Because of the linearity 
of the motion Eq. [6], [7], and [8], this disturbance need 
not be supposed to be very small. However, the thickness 
of the region through which such a disturbance is concen- 
trated is assumed to be small enough, so that ideas and 
techniques of the boundary layer theory apply. 

The disturbance of the current density is supposed to 
take place in a plane (n,z), where n is the outward normal 
to the rectangle edge (Fig. 2), and to have the following 
distribution 

z 
j ,  = - j ~  e "/~, J~ = J2 ~ e hi8 [34] 

Clearly, two new parameters (J2 and Q are thus introduced 
to characterize this disturbance. No restriction applies on 
j=, but  the thickness 8 of the disturbed layer is supposed 
to be much smaller than the width of the rectangle, so 
that the derivative o/at may be neglected in comparison 
with WOn, except in the vicinity of the corners, where this 
theory fails. 
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Fig. 7. Interface shape in the four computed cases, a (top left): C = 1, without central channel, b (top right): C = 1, with central channel, c 
(bottom left): C = 0.5, without central channel, d (bottom right): C = O.S, with central channel. 
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The vector potential of the magnetic field may then be 
writ ten 

z 
--'"{P'J2 ~2z e n/'~ A = (Jo + J, -~, t~G(x,y) -~  [35] 

where the last term (the correction to [20]) is the solution 
of the simplified form of Eq. [19]. 

It follows that the mean value of the electromagnetic 
forces in the a luminum layer is now 

<] x -B> = -iZJo 2 [ C V H G - D {  e"I~V.G + 82~H(en/8)} 

82 _ q 
+E -~- V. (e 2"1~) J [36] 

where nondimensional  coefficients D and E, 
characterizing the importance of j2, have the definitions 

J__L - 1 / 2 +  1/3 , E =  1 / 3 _ _  
D = Jo 3o 3o 

The two terms proportional to 82 in Eq. [36] can be ne- 
glected in comparison with De"~SV.G, which appears as 
the essential correction. Notice also that they are pure 
gradients and could not drive any a luminum motion. It is 
then interesting to notice the distribution of the curl of 
the forces 

VH • < ] •  B> = t~J~ e "Is OG . ~ [38] 
8 Ot 

Since 8G/St is zero at the middle of each side and in- 
creases or decreases towards the comers as an odd func- 
tion of the abscissa, it is clear that the flow driven along 
each side by this force has the directions and symmetries 
shown on Fig. 2. 

The  m o t i o n  in  the a l u m i n u m . - - L e t  us introduce the 
decomposition 

U = Ur + ~*, P = Pc + ~-* [39] 

where U~ and/~r stand for the dimensionless values of 
and p in the central core of the a luminum rectangle, and 
vary on the typical length scale L. The corrections u* and 
p* are concentrated in the boundary region along the 
edge and vary along the normal on the short length scale 
8L. Clearly, Uc and P~ are no longer the values determined 
in  the reference state, since the flow driven in the bound- 
ary region by the electromagnetic forces has to recirculate 
in  the central core. Dimensionless Eq. [6] - [8] then 
become 

% .  Uo = 0 [40] 

K.2Uc = - V .  (Pc +CG) [41] 

V~. ~* = 0 [42] 

K2U* = - V . p *  + De "j~ VnG [43] 

In  the boundary region, the normal component  U*n is 
negligible compared to the tangential component  u*t. 
Therefore, with the matching condition p(n  --* - ~ ) = 0, 
the normal projection of Eq. [43] gives the disturbance of 
the pressure 

o(I ( o(I. 
p* = D e "8 d n  = D8 . e "'~ [441 

Then after substi tution of Op*/Ot, the tangential projection 
gives the u*t velocity component  

D I e  " l ~ -  d n  = D e "~ [45] 
K2u*t = T J _~ a t  - - ~  ,,~o 

Finally, the continuity equation and the matching condi- 
tion u* . (n  --) - o: ) = 0 give the u*.  velocity component  
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K2u*. = -D8 e "/8 [46] 
n = 0  

It follows from the two last expressions that the non- 
dimensional  flow rate driven by the electromagnetic 

forces in the boundary regions is D~ ( 0G ) 
/('2 ~ n = 0  

The core has essentially to feed these boundary regions. 
This demands 

Uon (n = 0) = ( ) [47] 
\ tit2 n = 0  

in order that the total normal velocity component  be zero 
at the boundary. Therefore, the molten a luminum cannot 
stay at rest in the core as in the reference state. The po- 
tential flow satisfying [40] and [41] may be determined in 
terms of a stream function ~I,r Taking account of the 
symmetries, in the cell quarter x > 0 and y > 0, this 
stream function, whose definition is 

O~lc O~Ic 
K2Ucx OY ' r2Ucy OX [48] 

is completely determined by the Laplace equation VH2~o 
= 0 together with the boundary conditions 

�9 t 
~c = 0 on the axes 

~c = - D 8  ~ u=b on s ideAC 

~ c = D 8  - ~ -  x=~ on s ideB 

Some typical streamlines shown in Fig. 8 illustrate the 
main character of this flow. For the core flow, the cor- 
ners are source points from which comes the flow rate 
necessary to feed the boundary regions. And, in return, 
they are the sink points to which goes all the flow of the 
boundary regions. Of course, this singularity of the cor- 
ners is nothing but  a consequence of the asymptotic char- 
acter of this theory which is only rigorous in the limit of 
8--->0. 

It is also straightforward to calculate the pressure distri- 
bution. The velocity potential (be = Pc + CG which has 
also to satisfy the Laplace equation following [40] is com- 
pletely determined by the Newmann boundary condition 
[47]. Some typical potential lines are also shown in Fig. 8. 
The pressure correction is proportional to D6G and is 
therefore much smaller than the pressure differences 
found in the state of reference (proportional to CG). 
Therefore, it cannot introduce any important change into 
the interface topology. It is, however, interesting to notice 
that this second-order effect tends to compensate for the 
differences of level found at the state of reference, since 
the higher pressure correction takes place in the corners 
and tends to raise these lowest points of the interface. 

Remarks and Discussion 
The hydrodynamics of Hall-H6roult cells have been the 

subject of many investigations since the pioneering work 
by Givry (7). The fact that the governing mechanisms 
were still unclear, and that the numerical predictions [2] 
and [8] did not predict the same flow pattern, have given 
to this problem the reputation of being extremely diffi- 
cult. In this context, this paper introduces a new point of 
view and some simplifications which provide an impor- 
tant  clarification. From two main approximations (the 
way to model the channel 's  influence on the cryolite 
flow, and the shallow water approximation) arises an al- 
most elementary solution for an ideal cell. This solution 
may be seen as a first-order solution and remains open to 
improvements.  It shows that phenomena like the inter- 
face shape and the cryolite motion are controlled at the 
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Fig. 8. Typical streamlines of 
the core flow feeding the side 
boundary layers in the aluminum 
pool. 
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first order of approximation by the geometry of the chan- 
nels between the anode blocks and around the cell, and 
by the distribution of the horizontal current in the alumi- 
num layer. 

This elementary theory still has, however, some weak- 
nesses suggesting future work. 

1. The analysis supposes that the channels are either 
very wide or very narrow, and that their width is not 
taken as a parameter. To remedy this first weakness, 
numerical  solutions of the motion Eq. [6]-[8], together 
with relation [14] as a boundary condition at the edge of 
each anode block, should be used in the cryolite (see Ap- 
pendix B). 

2. Another resides in the fact that the idealized force 
distributions [23] or [36] do not coincide with those of a 
real cell. The remedy is obviously in the numerical  com- 
putation of electric currents, 'magnetic fields, and force 
fields, as done by Evans et al. (2). It would permit  the real 
distributions of <(] • B),,> to be introduced in the motion 
equations before computing the velocity fields. 

3. It must  also be pointed out that this first investiga- 
tion is only concerned with a steady state, which is as- 
sumed to coincide with an average of the actual unsteady 
states. The unsteadyness and the turbulence are only 
taken into account through the friction coefficients K~ 
and Kz. To make significant progress in the understand- 
ing of the cell's behavior, it would be now important to 
study the mechanisms of instability of the interface. In 
this context, it is felt that the present concept of an ideal 
cell with an elementary steady state of reference offers 
the necessary basis into which small disturbances could 
be introduced and studied. 

4. Assumption [8] that Y is proportional to the local ve- 
locity can only be justified in an ideal cell with mean ve- 
locities much smaller in the a luminum than in the cryo- 
lite. For cells with rotational Lorentz forces, relation [8J 
could be generalized under  the form 

{ r~ = ~,~ + ~2 } [50] 

Such expressions that retain the linearity of the problem 
would not really make the numerical computation more 
difficult. The interest in their use would be to introduce 
some coupling between the two fluid flows. This cou- 
pling should not be ignored since each liquid tends to 
drive the neighboring one in the direction of its own 
motion. 

5. In itself, this theory cannot give any idea of the nu- 
merical values of coefficients K,, K2, and ~. It is the hope 
of the authors that some comparison of measurements 
such as those made by Johnson (6) with numerical  predic- 
tions deduced from equations of Appendix B could pro- 
vide a good estimation for these parameters. 
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APPENDIX A 
Expticit Solutions of Equations [21 ] and [31 ] 

With notations defined in  Fig. 9 and c = (a -~ + b2) 1/2, the 
solution of Eq. [21], such that the functions G (x,y) and 
its two first derivatives be cont inuous on the edge of 
the rectangle, may be wri t ten 

27rG = hl/h log (-~--) + /h/~j log (-~-) + 

r4 
h~h4 log (r3)  + h4hl log ( - - ) ,  

C C 

+ 1/2 [hi  2 (~1-]34) + h22 (j32-f11) 

+ ~ (~-/~2) + h42 (~4 -~3) ] 

+ 4 hl~ + + + h42 [A-l] 

The last term is a part icular solution of the Poisson 
equat ion V~G = 1. The other terms are solutions of La- 
place equation V-~G = 0. At the origin of coordinates, the 
value of G is 

G (o) = ~ ~rb 2 + 2 (a2-b ~) arctan ) [A-2] 

It can be subtracted from [A-l] to get a zero value at the 
origin. 

The solution of Eq. [27] such that P1 is zero at the edge 
of the rectangle is 

y~ 
I 

. . . . . . . .  ~3  . . . .  ~ _ _ _ h _ ~ _ _ _  

_ _ _ , \  . . . . . . .  x 

hL 

Fi 9. 9. Definition of notations used in Fq. [A-l]  
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a z - x 2 16a ~ 
P1 - 2 ~-3 25 

~ = 0  

( -1)  n cos [(2n+l) ~rxl2a] cosh [(2n+l) ~y/2a] [A-3] 

(2n+l)  3 cosh [(2n+l) Irb/2a] 

A P P E N D I X  B 
Procedure for Computation of Velocity Fields and Interface Shape in 

Real Cells 

When the d is t r ibut ions  of the force fields f~ and P~ 
have been computed ,  the  equat ions to solve to deter- 
mine  the veloci ty and pressure  d is t r ibut ions  in the  two 
l iquids  are [6] and [7] wi th  express ions  [8] or [50] for the 
drag ~ .  

In  the  cryolite,  the  bounda ry  condi t ion to use on the 
edge of each anode  b lock  is 

{ P ~ = O  dP~ in wide channels  } [B-l] 

+ AQ -~ = 0 in narrow channels  
dt 

where  Q = IUn(n=O) dt s tands  for the d imens ionless  
flow rate in the channels ,  and  where  

~L2H 3 
A - - - h  

S 3 

denotes  the d imensionless  friction coefficient. Taking 
the d ivergence  of Eq. [7] gives a Poisson equation,  the 
solut ion of which P~(x,y) is comple te ly  de te rmined  by 
Eq. [B-l]. Then Eq. [7] gives 

K~U~ + 7U~ = F~ - VHP1 [B-2] 

In the a luminum,  the  boundary  condi t ion  to use on 
the edge of the metal  pool  is Un = 0. Taking the curl of 
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the mot ion  equat ion and e l iminat ing VH • UI wi th  Eq. 
[B-2] gives 

( K2 + ~ (  V, x Uz = curl  F2 - !K, curl/71 [B-3] 

The technique  to solve Eq. [B-3] for a conservat ive ve- 
loci ty field (VH �9 U~ = 0) is quite s t raightforward.  A 
s t ream-funct ion is usual ly  in t roduced,  and appears  to be 
de te rmined  by a Poisson equat ion together  with the 
bounda ry  condi t ion that  U, = 0 at the edge of  the  alumi- 
num pool. The veloci ty  field U.2 is thus  determined.  
Then Eq. [B-2] gives the  veloci ty  field U,, and the pres- 
sure dis t r ibut ion P2(x,y) follows from the mot ion 
equation.  

Final ly,  the interface shape  is given by 

(p~-p,) gZo 
- P2(x,y) - Pl(x,y) - (P2-P~) [B-4] 
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Mass Transfer in Alternating Current Electrolysis 
Anthony M. Pesco* and H. Y. Cheh** 

Department  of  Chemical Engineering and Applied Chemistry, Columbia University, New York, New York 10027 

ABSTRACT 

A diffusion model  was used to obtain an analytical  solution for the mass t ransport  to a rotating disk electrode under  
suPer imposed sinusoidal  and tr iangular  al ternating current  condit ions for the case where the polari ty of the appl ied  cur- 
rent  does not change. The analytical solution was compared to a numerical  solution which resulted from a convective- 
diffusion model. Using the analytical solution, an expression for the instantaneous diffusion limiting current  densi ty 
was derived and verified experimental ly  using a ferri-ferrocyanide reaction system. Further ,  a quanti tat ive comparison 
was made between the max imum rate of electrolysis under  super imposed sinusoidal,  triangular,  and rectangular  
al ternating current coriditions with equal cycle times. 

Electrolysis by a periodic variation of the appl ied cur- 
rent  modifies the mass t ransport  by producing a 
pulsat ing diffusion layer (1) in which the t ime-dependent  
concentrat ion variat ion is important .  This phenomenon is 
responsible  for the fact that  higher instantaneous rates of 
mass transport ,  without  the initiation of  a second reac- 
tion, are possible when compared  to dc electrolysis. 

Electrolysis by periodical ly varying currents  has been 
used extensively in electrodeposi t ion because of the 
changes produced in the morphology of the electrodepos- 
its. The advantages most  frequently cited by  investigators 
are that  smoother and more uniform deposits  can be ob- 
tained with a bet ter  adherence to the substrate.  Chin (2) 
presented a theory for the mass t ransport  to a rotating 
disk electrode and the current-potential  relat ionship dur- 
ing pulse electrolysis with rectangular  current  pulses, pe- 
riodic pulse reversals, and double  rectangular  pulses with 
relaxations. The results  indicated that  the current  pulses 
can change the current-potential  relat ionship and thus af- 

* Electrochemical Society Student Member. 
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fect the propert ies  of the electrodeposits.  Electrolysis 
with a periodically varying current  has also been used in 
anodic-dissolution, anodizing, and corrosion processes. A 
review of the fundamentals  involved in al ternating cur- 
rent  electrochemical  processes was given by  Venkatesh 
and Chin (3). 

An important  quant i ty  in t h e  s tudy of mass t ransport  
during electrolysis by  alternating currents is the diffusion 
l imit ing current  density, which is defined as the instanta- 
neous current  densi ty that  causes the lowest surface con- 
centrat ion of reacting species to reach zero. The l imiting 
current  densi ty is a measure  of the max imum rate of elec- 
trolysis for a part icular  system. 

Using a simple diffusion model  to s tudy the mass trans- 
port  of reacting species to a rotating disk electrode, Cheh 
(4, 5) derived an express ion for the instantaneous diffu- 
sion l imit ing current  densi ty  during electrolysis b y  rec- 
tangular  current  pulses, wi th  and without  periodical ly re- 
versing the polarity of the appl ied current; Viswanathan 
and Cheh (6) derived an express ion for the instantaneous 
diffusion l imit ing current  densi ty during electrolysis by 
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ramp and saw-tooth currents. Chin (2) used a simple dif- 
fusion model to obtain a solution for the fluctuating con- 
centration of reacting species at the surface of a rotating 
disk electrode during electrolysis by rectangular current 
pulses, periodic pulse reversals, and double rectangular 
pulses with relaxations. Tokuda and Matsuda (7, 8) and 
Venkatesh (9) also used a diffusion model to study the 
fluctuating surface concentration of reacting species dur- 
ing electrolysis under  ac conditions. 

In  this paper, a further study of the mass transport to a 
rotating disk electrode under  superimposed sinusoidal ac 
conditions is presented. This study is limited to cases 
where the pulsating diffusion layer thickness remains 
much smaller than the steady-state diffusion layer thick- 
ness. In this case, a simple diffusion model is used to ob- 
tain an analytical solution for the surface concentration of 
reacting species. The analytical solution is compared to a 
numerical solution which results from a convective- 
diffusion model. 

In an effort to demonstrate the effects of waveform 
characteristics on the mass transport, expressions for the 
instantaneous diffusion limiting current density are de- 
rived for electrolysis under  superimposed sinusoidal as 
well as triangular and rectangular alternating current con- 
ditions, as a function of the fundamental  properties of the 
system. 

Theoretical 
Assume that a rotating disk electrode is situated in an 

electrolyte of large extent and is rotating at a constant ve- 
locity. The radius of the disk and the distance from the 
disk to the counterelectrode are both large when com- 
pared to the thickness of the Nernst diffusion layer. The 
number  of coulombs passed during an experiment is 
small, so that the concentration of the reacting species at 
the edge of the diffusion layer remains constant. An ex- 
cess of supporting electrolyte is present, so electrical mi- 
gration effects are negligible. 

It has been shown by Viswanathan and Cheh (10) that 
the simple diffusion model used by Cheh (4) adequately 
predicts the concentration of reacting species at the elec- 
trode surface under  pulse current electrolysis. 

Using the diffusion model, the concentration of re- 
acting species is governed by Fick's law of diffusion, 
which is expressed by the equation 

Oc 02c 
- D -  [ I ]  

Ot ~Z 2 

with the boundary conditions 

c = c o a t t =  0 a n d a l l z  [2] 

c = Co at t > 0 and z = 0 [3] 

Oc i 
D - - -  at t > 0 and z = 6 [4] 

Oz nF 

where c is the concentration of the reacting species, Co is 
its concentration in the bulk of the solution, D is its diffu- 
sion coefficient, 6 is the thickness of the Nernst diffusion 
layer, i is the applied current density, n is the number  of 
electrons transferred during the reaction, F is Faraday's 
constant, t is time, and z is the axial coordinate extending 
from the edge of the boundary layer towards the disk 
surface. 

The thickness of the Nernst diffusion layer was given 
by Levich (11) as 

6 =  1.612 ( -~)"3  (-~) 1'~ [5] 

where v is the kinematic viscosity of the electrolyte, and 12 
is the disk rotation speed. 

DC electrolysis.-- The  solution of Eq. [1] subject to 
boundary conditions Eq. [2]-[4] was obtained by Rose- 
brugh and Miller (12). The surface concentration of the re- 
acting species is given by the equation 

C~ 

1 
c~* = I - ~  i - - ~ -  = (2j- 1) 2 

where 

1 
- -  exp(-  [2j - 1] ~ at)] 

[6] 

c~* = CJCo [7] 

nFDCo 
( i~ ) l  - - -  [8] 

6 
lr2D 

a = [9] 
462 

(ida), is the limiting current density under  dc conditions, 
and idc is the applied current density. When the transient 
term has vanished 

idc 
cs* = 1 - - -  [10] 

(idc)l 

Sinusoidal  ac electrolysis .--The solution of Eq. [1] sub- 
ject to boundary conditions, Eq. [2]-[4] for alternating cur- 
rent electrolysis, when the applied current is of the form 

i = I sin (~t) [11] 

where I is the amplitude of the applied density and o~ is 
the frequency, was solved by Warburg (13) for an infin- 
itely large diffusion layer thickness, and by Rosebrugh 
and Miller (12) for a finite diffusion layer thickness. 

The surface concentration of the reacting species can 
be expressed as 

cs* = 1 26(i~c)1 A sin (cot + ~, - 7r/4) 

2I ~.  co exp (-[2j - 1] 5 at) [12] 
+ ~ 7--1- (2j  - 1) 4 a ~ + co~ 

where 
[sinh 2 (2/~8) + sin 2 (2~6)] '~2 

A = [13] 
sinh 2 (/~8) + cos ~ (/~6) 

/~ = - ~  [141 

T = tan-' ( sin (2~6) 
sinh (2~6) / [15] 

When the transient term in Eq. [12] has vanished, the sys- 
tem reaches a periodic state, and the surface concentra- 
tion of reacting species is given by the equation 

Cs* = 1 26(i~c), A sin (~t + 7 - ~/4) [16] 

Super imposed  s inusoidal  ac electrolysis.--If  both the dc 
and sinusoidal alternating currents act simultaneously on 
the system, the applied current is of the form 

i = ~dc + I sin (~t) [17] 

where idc is the dc offset in alternating current electroly- 
sis. The concentration change produced at the electrode 
surface is the sum of the concentration change that would 
be produced by the direct current, i~, and the alternating 
current, I sin (cot). 

The surface concentration, after the transient terms 
have vanished, is given by the equation 

= A sin (oJt + 7 - ~/4) 
(iac)l 26(idc)1 

[16]  

Mathematically, this analysis is valid regardless of 
whether the surface concentration is positive or negative, 
although, physically, its validity is limited to cases when 
the surface concentration is greater than or equal to zero. 

Using Eq. [5], one readily obtains 
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- -  = Kcr [19] 
6 

where  
(Sc)-'16 

K - - -  [20] 
1.612 

and  

Equa t ion  [18] can be t rans formed into 

"T--- 
~dr IAK~ 

C~* = 1 s in  (~t + ~ - ~r/4) [22] 
(idc)l 2(idc)l 

Rosebrugh  and  Miller (12) demons t ra ted  for s inusoida l  ac 
electrolysis  tha t  wi th  increas ing  values  of ~6, A ap- 
proaches  2 and  ~ approaches  0. These l imits  can  be sub- 
s t i tu ted  into Eq. [22] wi th  an  error of no  more  t h a n  one- 
half  percent  if ~8 > 3 where  

1 
/~a - - -  [23] 

2,1~K~ 

For a system with a Schmidt number of 1000, the substi- 
tutions may be made when a is less than 1.20. 

When the appropriate substitutions are made, Eq. [22] is 
simplified to 

-:--- 

~dc IK~ 
c~* = 1 - -  s in (cot - ~r/4) [24] 

(idc)l (idc)l 

The surface concen t ra t ion  was also ob ta ined  by  per- 
forming  a numer ica l  in tegra t ion  of the convective-dif-  
fus ion  equa t ion  (see A p p e n d i x  B). The  resul ts  were 
compared  wi th  those  ob ta ined  b y  us ing  Eq. [24], for a par- 
t icular  set of exper imenta l  condi t ions.  Very good agree- 
m e n t  be tween  the two resul ts  was obta ined,  as is shown  
in  Fig. 1. 

Electrolysis  by  supe r imposed  ac may  be  per formed in  
two ways. One way is such  that  the  polari ty of the  appl ied  
cur ren t  changes  du r ing  a cycle. Another  way is such  that  
the  cu r r en t  polari ty r ema ins  the  same th roughou t  the  cy- 
cle. In  this  invest igat ion,  on ly  the lat ter  will be  consid-  
ered. 

Let  us  consider  Eq. [22]. c~* reaches its lowest  va lue  for 
a par t icular  current  offset and  ampl i tude  w h e n  sin (r - 
~-/4) = 1. In  this case 

"7"- 
Zd~ IKcr 

c~* = 1 [25] 
(ida), (ida), 

By se t t ing Eq. [25] to zero an d  rear ranging  terms,  an  ex- 
press ion  for the  offset cur ren t  requi red  to reach the  limit- 
ing  cur ren t  dens i ty  is obta ined.  For  a par t icular  cur ren t  
ampl i tude ,  the equa t ion  is expressed as 

0,73 

0,00 

0 . 4  

O, 3 x,x x x.x, 7,/7 
* ~  N N ,/ 

~ k  N 
x N *~. ,/ 

0,2 
- -  DIFFUSION HODEL 

. . . .  CONVECTIVE-DIFFUSION MODEL 

0,I i t i 
c o t  c o t  + 2n 

Dimensionless Time 

Fig. 1.  Surface concentration at  the periodic state in superimposed 
sinusoidal ac electrolysis (Sc = 1000,  oJ = 60  Hz, 1~ = 1640  rpm). 
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(id~),.~ = (idc)l -- IKcr [26] 

where  (idc),.s is def ined as the  dc offset at the l imi t ing  
cur ren t  densi ty  in  supe r imposed  s inusoidal  ac electroly- 
sis. The cor respond ing  l imi t ing  current  dens i ty  is the  sum 
of the  offset and  the ampl i tude ,  and  can  be expressed  by  
the  equat ion.  

(is)l = (idc)l.s q- I [27] 

Rearranging Eq. [26] gives 

(idc)l,s 
- 1 - I K ~  [ 2 8 ]  

(idc)l (idc)l 

(idc)lfl(idc)~ can also be def ined as the  ratio of the average 
rate of electrolysis u n d e r  super imposed  s inusoida l  ac, at a 
par t icular  value of I, (r, and  K, to that  u n d e r  dc electroly- 
sis. E v e n  though  h igher  i n s t an t aneous  mass  t ransfer  rates 
can  be achieved wi th  super imposed  s inusoidal  ac, Eq. [28] 
impl ies  that  the average rate of electrolysis u n d e r  super- 
imposed  s inusoidal  ac is less t h a n  that  which  can  be ob- 
ta ined  u n d e r  dc electrolysis.  This  is because  IKo'/(id~)~ is 
always greater t han  zero. 

Look ing  at the l imi t ing  cases for Eq. [28], we can clearly 
see tha t  as I or cr approaches  zero, the average overall  rate 
of electrolysis by  super imposed  s inusoidal  ac approaches  
that  for dc electrolysis. The uppe r  l imit  for I is b o u n d e d  
by  the  restr ict ion placed on  the  appl ied current .  There- 

fore, the  m a x i m u m  value  for I occurs w h e n  I = (ida). In  
this  case, the  appl ied cur ren t  waveform is such  that  the  
lowest  va lue  of the  cur ren t  jus t  reaches zero. U n d e r  this  
cond i t ion  

(idc), 
- - _ _  - 1 + Kcr [29] 

and  (idc)l ...... 

(is)l . . . .  2 
- -  - - -  [ 3 0 ]  

(idc)l 1 + Kcr 

where  (is)l . . . .  is the m a x i m u m  value  for the  l imi t ing  cur- 
ren t  densi ty,  and  (id~)~.s.m,x is the  m a x i m u m  va lue  for the 
dc offset at the  l imi t ing  cur ren t  density.  

Rectangular ac electrolysis.--The l imi t ing  cur ren t  den- 
sity for electrolysis wi th  rec tangular  pulses  separated by  
in tervals  of zero cur ren t  is g iven by (4) 

(ip)l 1 
= [31] 

(idc)l 8 X~ ~ 1 [exp([2j -- 1] 2 a02) - 1] 
1 i 

7 ~ (2~ - 1) ~ ~ - i]~ ~ 1] 

where  02 is the  off t ime  of the  appl ied  cur ren t  and  0 is the  
cycle t ime  (on t ime p lus  off time). 

In  order  to compare  the  mass  t ranspor t  u n d e r  pu lse  
cur ren t  condi t ions  to that  u n d e r  supe r imposed  s inusoidal  
ac condi t ions ,  the  pu lse  characterist ics will  be  restr icted 
to cases where  the  off t ime  equals  the  on  t ime, or 02 = 0/2. 
By per forming  algebraic  man ipu la t ions  (as shown  in  Ap- 
pend ix  A), Eq. [31] can be t ransposed  into 

(i,)l 2 
- -  - [ 3 2 ]  
(idc), 1 + 1.52Kcr 

and  
(id~), 

- -  1 + 1.52Ko" [33] 
(F~o),,, 

where  (idc),,p is the dc offset at the  l imi t ing  cur ren t  dens i ty  
in  pu lsed  cur ren t  electrolysis. 

Triangular ac electrolysis.--Rosebrugh and  Miller (12) 
demons t r a t ed  that  the concen t ra t ion  changes  at the elec- 
t rode surface p roduced  by  t ime vary ing  cur ren ts  can  be 
expressed  by  the  equa t ion  

cs* = 1 + ~ = e x p ( -  m2at) exp(m~au)i(~)du [34] 

where  m = 2j - 1, and  i(~) is the  express ion  for the  t ime 
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varying current density. Consider a triangular shaped cur- 
rent wave which does not change polarity and is re- 
stricted so that the lowest value of the current just  
reaches zero. The expression for the current is written 

- -  [ 8 ~ ( - 1 )  '/'2(p-~) ] 
i(t) = (idc) 1 + - ~  = P'~ sin (pcot) [35] 

where p = 21 - 1, and (idr is the dc offset for the triangu- 
lar current wave. By inserting Eq. [35] into Eq. [34] and 
performing the integration, an expression for the surface 
concentration is obtained in terms of an infinite series 
(see Appendix A). When the transient terms become neg- 
ligible, the surface concentration is expressed by the 
equation 

c~* = 1-(ida) [1 + T] [36] 

where 
poJ 

m 2 sin (pwt) - - -  cos (p~t) 
6 4 , ~  ( - 1 )  ~( '-D a 

T = ~ ~., p2 p2~o2 
J=l t=l 'fit. 4 '4- - -  

a 2 
[37] 

The lowest concentration during a cycle occurs when T 
reaches its maximum value, Tm~. The limiting current 
density and dc offset at the limiting current density can 
be writ ten as 

(it)l 2 
- [38] 

(id~)~ 1 + Tm~x 
and 

(id~)l 
- 1 + Tma, [39] 

(idc)l,t 

where 

Tmax = 0.81Ko" [40] 

(see Appendix A for details), (it)~ is the limiting current 
density, and (idc)~.~ is the dc offset at the limiting current 
density in electrolysis with a triangular current. 

S u m m a r y . - - A  graphical representatiora of (i)](id~)~ as a 
function of or, for the three type s of waveforms that were 
investigated, is shown in Fig. 2. The general solution for 
the limiting current density and dc offset at the limiting 
current density can be written as 

(i=)l 2 
- -  - [41] 
(idc)l 1 + A K ~  

(idr 
-- 1 + A K o -  [42] 

(idr 
X = (s,max), p, t 

where A is a constant which appears to be dependent  
only on t h e  current waveform. 

Waveform A 

Rectangular 1.52 
Sinusoidal 1.00 
Triangular 0.81 

Considering the pulsating diffusion layer in the same 
fashion as Viswanathan and Cheh (10), an expression for 
the maximum value for the thickness of the pulsating dif- 
fusion layer can be expressed as 

(a~)m.. r (i), ] -1 ~ - - 1  A 
- / / + -  g (r  [43] 

a L (iar J 2 2 

By substituting the expressions for K and o-, Eq. [43] can 
be transposed into 

_ A FRea ] ~2 (ap)max 1 + _ _  SC_~6 [44] 

2,00 

~ A  sINGULAR NUSOIDAL 
._--0~ /RECTAN~ ~1,75 / 
....x 

Sc=IO00 
i, 50 i 

0,0 0,5 1,0 

o 
Fig. 2. Limiting current density for ac electrolysis by the three 

waveforms, as a function of o-. 

where Rea is the Reynolds number  based on the disk ro- 
tational speed (glR2/v) and R is the disk radius. 

Experimental Procedure 
The reduction of ferricyanide ions in a ferri-ferrocyan- 

ide solution was chosen to study the mass transport to a 
rotating disk electrode under  superimposed sinusoidal 
alternating current conditions. 

The experiments were carried out in an experimental  
system consisting of a Pine Instrument Pt  disk electrode 
with an area of 0.461 cm 2, a Pt counterelectrode, and a 
Fisher Scientific saturated calomel electrode with a 
Luggin capillary. The electrolyte consisted of 0.01M 
IQFe(CN)6 and 0.01M K3Fe(CN)6 in 1M KC1. Purified N2 
was bubbled for 0.5h prior to the experiments and passed 
over the solution during the experiments. All experi- 
ments were carried out at 22 ~ -+ 1~ The kinematic viscos- 
ity of the electrolyte was measured with an Ostwald vis- 
cometer and found to be 0.00953 cm2/s. 

The dc limiting current densities for both the anodic 
and cathodic reactions were plotted as a function of 121~2, 
and the diffusion coefficients were calculated by using 
the Levich equation (11) 

(idc)l = -0.6203 nFD~I3v-'I6~'2Co [45] 

The diffusion coefficients for [Fe(CN)6] -3 and [Fe(CN)6] -4 
were found to be 7.3 • 10 -6 and 6.0 • 10 -6 cm2/s, respec- 
tively. These values are in good agreement with those ob- 
tained by John and Vielstich (16). 

For alternating current electrolysis, the current was 
supplied by feeding the sinusoidal wave output of a Gen- 
eral Radio Three Phase Oscillator (1305-A) to an ECO 
Potentiostat  (551). Both the offset and the amplitude of 
the potential difference between the rotating disk and ref- 
erence electrodes were measured using a Keithley TRMS 
Multimeter (179-20A) and observed on a Tektronix Single 
Beam Storage Oscilloscope (5103N). Experiments  were 
carried out at rotation speeds of 409, 920, and 1640 rpm, 
frequencies of 25, 60, and 120 Hz, and current amplitudes 
ranging from 0.9 to 6.0 mA]cm 2. 

The ac limiting current density was measured by using 
two methods. The first method consisted of observing 
the sudden increase in the amplitude of the potential dif- 
ference and simultaneous distortion of the wave from its 
original sinusoidal shape on the oscilloscope, during a 
gradual increase of the current offset, for a particular ap- 
plied current amplitude. In the second method, the root- 
mean-square of the overpotential, ~?rms, was recorded and 
plotted as a function of the current offset normalized with 
respect to the dc limiting current density, as is shown in 
Fig. 3 for a particular rotation speed and various frequen- 
cies of the applied current. The current at which Vrms in- 
creases abruptly is the ac limiting current density, and 



Vol. 131, No. 10 

0.2 

~0, 

0,( �9 

0,0 

FREQUENCY - 120 HZ 

AMPLITUDE (mA/cm 2 ) 
�9 1.53 
O 3.07 
(~ 5.22 

o o o 

I 

0.5 

M A S S  T R A N S F E R  IN AC E L E C T R O L Y S I S  

0,4 r 

0,2 

0,0E 

60 HZ 25 HZ 

0.4 

0,2~ 

0,0f 

l 

J 
1,0 1,0 1,0 

2263 

Fig. 3. Experimental results for 
the root-mean-square value of the 
overpotential as a function of cur- 
rent offset (~ = 1640 rpm). 

the current at which ~?rms reaches a maximum is identi- 
fied to be the dc limiting current density. 

The limiting current density for triangular and rectan- 
gular ac electrolysis was also measured in the same sys- 
tem by using the method that involves direct measure of 
the limiting current density from the oscilloscope. The 
current was supplied by feeding the triangular and rec- 
tangular wave outputs of a Tacussel (GSTP-3C) function 
generator to an ECO Potentiostat (551). Experiments were 
carried out at rotation speeds of 409, 920, and 1640 rpm 
and at frequencies of 25, 50, and 100 Hz. 

Results and Discussion 
Figure 4 is a graphical representation of the experimen- 

tal results at a particular rotation speed of 1640 rpm, using 
both of the methods described for obtaining the limiting 
current density. The figure shows the current offset that 
was needed to reach the limiting current density at partic- 
ular values of current amplitude in superimposed sinu- 
soidal ac electrolysis. 

According to Eq. [28], a linear relationship between the 
current amplitude and the current offset should exist at 

i, 00 

0,95 

O "O 

0,90 

0,85 

0.0 0,5 1,0 

Fig. 4. Experimental results for the relationship between the current 
amplitude and current offset at the limiting current density (~  = 
1640 rpm). 

the limiting current density, and the slope equal to -Ko-. 
A comparison between the experimental and calculated 
values for -Kcr is shown in Table I. The average error be- 
tween the calculated values and the experimental  values 
is approximately 7% for the graphical method and 4% for 
the method that involves a direct measure of the limiting 
current density from the oscilloscope. 

The maximum limiting current density can be extrapo- 
lated from the experimental  data by using the experimen- 
tal values for Kcr in Eq. [30]. The results are plotted in Fig. 
5 along with the calculated values. 

Also plotted in Fig. 5 are the experimental results for 
the limiting current density during triangular and rectan- 
gular ac electrolysis along with the calculated values, as a 
function of ~. The average error between calculated and 
experimental values is approximately 2% for both of the 
waveforms. 

Figure 5 indicates satisfactory agreement between the 
experimental and calculated results for all three cases 
studied in this investigation. 

Conclusions 
A solution based on a simple diffusion model was ob- 

tained for the concentration of a reacting species on the 
surface of a rotating disk electrode during electrolysis by 
sinusoidal and triangular alternating currents, which do 
not change polarity during a cycle. Using the solutions, as 
well as the solution for the surface concentration during 
electrolysis by rectangular currents separated by equal 
intervals of zero current, a simplified expression for the 
instantaneous diffusion limiting current density was de- 
rived based on four fundamental  properties of the sys- 
tem: (i) Sc (Schmidt number)  (ii) Rea (Reynolds number  
based on 1~), (iii) a dimensionless group, oJR~/v, and (iv) A, 
a constant which is based on the waveform characteris- 
tics. 

The expression for the instantaneous diffusion limiting 
current density during superimposed sinusoidal, triangu- 
lar, and rectangular ac electrolysis was verified experi- 
mentally by using a ferri-ferrocyanide reaction system. 

Table h Comparison between calculated and experimental results 

-K~ 
Experimental 

r (rpm) ~ (Hz) Calculated Oscilloscope Graphical 

409 25 0.096 0.098 0.085 
60 0.062 0.061 0.058 

120 0.044 0.045 0.048 
920 25 0.143 0.144 0.145 

60 0.093 0.084 0.097 
120 0.065 0.065 0.058 

1640 25 0.192 0.186 0.183 
60 0.124 0.124 0.125 

120 0.087 0.072 0.076 
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Fig. 5. Comparison between calculated end experimental values of 
the diffusion limiting current density for superimposed sinusoidal, tri- 
angular, and rectangular uc electrolysis, as a function of ~. 

Good agreement  was obtained between exper imental  and 
calculated results. 

To summarize, the paper  provides a unification in the 
theoret ical  analysis of mass transfer in the theory of tran- 
sient electrolysis. 
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A P P E N D I X  A 

Limiting Current Density far Rectangular AC Electrolysis 

Consider Eq. [31]. Upon substi tution of 02 = 0/2, the 
equation can be expressed as 

(ip)~ _ 1 [A-l] 

(ia~), exp m2a - 1 
8 
Tf 2 ,= 

where 

and 

m =  2 j -  1 [A-2] 

7r2 D O 
aO = - -  tA-3] 462 

By using Eq. [5] and subst i tut ing 0 = 2r into Eq. [A1-3] 

qr~K2~Z 
aO [A-4] 

2 

If  a variable q is defined such that  

q = (a0) '/2 = K(r [A-5] 

and 

(ip)l 1 

(i~r 

1 - - ~  ~ m2[exp(m2q2) 1] 

(%)1 

(id~)l.p 

16 ~ [ e x p ( m 2 - ~ ) - 1 ]  

- 2 - - ~  ~ m2[exp(m2q2) 1] 
[A-7] 

Differentiating Eq. [A-7] with respect  to q yields 

d [ (idr 1 exp(m2~)  

dq ~2 _ q ( e ~ - l )  

F / mZq 2 \ 
2 exp (m2q2) L e x p [ ~  ) - lJ 

[A-8] 

which was found numerical ly  to be independent  of (r. 

d [ (idc)t ] F (idc)~ ] 

(~)l.p ~ _ d [ ~ j  _ 0.3861 [A-9] 

dq (~2)'2Kcl(r 

dI (~J__L ] 
(i-~r - 1.52K 
d~ 

[A-10] 

The ratio (idc)l/(idc)l,p in Eq. [A-7] was found to approach 
unity as q approaches zero. Therefore, Eq. [A-6] and [A-7] 
can be expressed as 

(ip)~ _ 2 [A-11] 
(iar 1 + 1.52Ko- 

and 

(idc)l - 1 + 1.52Ko- [A-12] 
(i~r 

Limiting Current Density for Triangular AC Electrolysis 
The expression for the concentration changes produced 

at the electrode surface is given as 

fo �9 2 ~ exp(-m~at) exp(m2au)i(iz)dlz [A-131 cs* = 1 + nFGco .= 

where  i(~) is the t ime varying applied current  density. 
A tr iangular  current waveform which does not change 

polari ty during a cycle and is restricted so that  the lowest 
value of the current  jus t  reaches zero, can be expressed 
by  

- -  [ ~-8 ~ (-- 1)1]2~-1)7==1 p2 ] i(t) = (ida) 1 + ~ sin (put) [A-14] 

where p = 2l - 1 and (ida) is defined as the offset current  
density. By combining Eq. [A-13] and [A-14], one readily 
obtains 

t 
cs*= 1 + nFSco .= 

16(ida) ~ exp(_m2at) 
+ ~r2nFS-----~ = 

fo ~ (_ 1)1/2~-. texp(m"au) ~ p2 sin (p~u)du [A-15] 
t=l 

Upon further manipulation,  Eq. [A-15] becomes 

cs*= 1 -  (i~e) 8 | 1 ~ ~ ~ [1 - exp(-m2at)] 
J=l 

16fide) ~l~1 (--1)112(0--1) 
+ qr2nFSc----- ~ = = pZ exp(-mzat) 

~ exp(m2au) sin (po)u)du [A-16] 

which, after the appropria te  integration, becomes 
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(i~r 8 ~ 1 [ _  
c~* = 1 - (i~r -~- ~ ~ exp(-m2at)]  

7r4 (idC)l P~ J= l  /=1 

p~o 
m ~ s in  (po~t) - 

a 

p2to2 
m 4 + - -  a 2 

c o s  (poJt) 

p60 

a 
+ exp( -m2at )  

p2(~2 

m 4 + - -  
a 2 

When the transient terms have become negligible 

[A-17] 

where  

(i~r [1 + T] c~* = 1 - [A-18] 

64 ~ ~ ( - 1 )  ' /2~-1)  

"= p 2  

p (o  
m 2 sin (poJt) - - -  cos (pcot) 

a 

p2~02 
m 4 + a s 

[A-19] 

A graph of T dur ing  a cycle, for two values  of cr, is shown 
in  Fig. A-1 a long wi th  the  appl ied current  waveform. 

The  lowest  surface concen t ra t ion  dur ing  a cycle occurs 
w h e n  T reaches its m a x i m u m  value, Tm~,. The l imi t ing  
cur ren t  densi ty  and  dc offset at the l imi t ing  cur ren t  den- 
sity can  be expressed by  the  equa t ion  

( i t ) ,  2 

(idc), I + Tmx 
[A-20] 

and  

(ioc), 
- 1 + Tma, [A-21] 

(idc)l , t  

Tmax was  evaluated for var ious  values  of o-, and  a l inear  re- 
la t ionship  be tween  them was found  to exist. 

Equa t ions  [20] and  [21] can  be rewri t ten  as 

( it) l  2 

(i~r 1 + 0.81Kcr 
[A-22] 

and  

(idr - 1 + 0.81K~ 

(idC)l, t  

[A-23] 

~ 0 , 0  

-0.1 

2~o> r " 0  

0 ~f:z 

o=.8  

0.1 

Sc~lO00 
! I 

co t  cot  + 2n 

Dimens ionless  T i m e  

Fig. A-1. The behavior of T during a cycle for two values of or. 

A P P E N D I X  B 

Numerical Integration of the Convective-Diffusive Equation 

I f  one  considers  the  convect ive  flux con t r ibu t ion  to the 
mass t ransport ,  the  equa t ion  which  governs  the  concen-  
t ra t ion of the  react ing species is of the form 

Oc dc o2c 
- -  + = D - -  [ B - l ]  
at vz ~ z  Oz 2 

where  vz is the axial c o m p o n e n t  of the velocity. Equa t ion  
[B-l] can  be rear ranged into the  d imens ion less  form 

OC* 02C * OC* 
- -  - - -  + K ~  ..... 

dr O~ 2 ;)~ 
where  

and  

C* --  
Co 

Dt 
r 

6~ 
Z 

6 

K vz63 2.136 
z2D 

A t ime- independen t  spatial  mesh  can be formed which  
consis ts  of a series of N equal ly  spaced poin ts  which  lie in  
the  region from ~ = 0 to ~ = 1, such that  for each ~ there  
exists  a cor responding  C~*(T) where  i = 1, 2, 3, . . . ,  N. At 
each ~, there  is also a cor responding  dc~*/dr, such  that  

dc,* 
dr - fl(r, c1", c2") 

dc*~ 
dr - fi(r, c%, ,  c'i, c*~+~) 

dc*~v 
dr - s  c*.v_,, c*,~) 

C*(T) = C*s(r) 
I 
i 
i 
i 

c* ~(r) 

i 

c*N(r) -- 1 

[B-2] 

[B-3] 

[B-4] 

[B-5] 

[B-S] 

[B-7] 

where  f~ is the central  finite difference approx ima t ion  of 
the  r ight -hand side of Eq. [B-2], in  which  

dci* C'i+1 -- C*l-i 
- [ B - 8 ]  

dE 2A~ 

d2ci * c*~-I - 2c*i + C*~+I 
- -  - [ B - 9 ]  

By performing a spacial discretization, one partial dif- 
ferential equation [B-2], continuous-in both space and 
time, was transformed into N ordinary differential equa- 
tions of the initial value type [B-7], continuous in time 
only. The method used to solve this system of ordinary 
differential equations was developed by Hindmarsh (14), 
based on the backward differentiation formulas of Gear 
(15). 

A 
a 

c 
Co 
Cs 
Cs* 
D 
F 

idc 

idc 

(idA, (is)l 

(ip)l, (i,), 

L I S T  OF SYMBOLS 
def ined by  Eq. [13] 
def ined by  Eq. [A-3] 
concen t ra t ion  
bu lk  concen t ra t ion  
surface concen t ra t ion  
d imens ion less  surface concen t ra t ion  
diffusion coefficient 
Faraday ' s  cons tan t  
def ined by  Eq. [B-7] 
cur ren t  dens i ty  
dc cur ren t  dens i ty  

dc offset in  electrolysis by  periodic vary- 
ing currents  
diffusion l imi t ing  cur ren t  densi t ies  for dc, 
supe r imposed  sinusoidal ,  rectangular ,  and  
t r iangular  a l te rna t ing  cur ren t  waveforms,  
respect ively 
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(id,),.s, (idc)t.p dc offset at the diffusion limiting current 
_ _  density for superimposed sinusoidal, rec- 

(idc)l,t tangular, and triangular alternating cur- 
rent waveforms, respectively v 

- -  O" 
(is),,max, (iae)l,max the maximum value for the diffusion lim- r 

iting current density and dc offset at the co 
diffusionl imit ing current density that can 12 
be obtained in superimposed sinusoidal ac 
electrolysis for the case where the polarity 
of the applied current does not change 
current amplitude in sinusoidal ac elec- 
trolysis 
defined by Eq. [20] 
number  of spacial discretization points 
number  of electrons transferred in the 
electrochemical reaction 
defined by Eq. [A-5] 
disk radius 
Reynolds number  based on disk speed 

Schmidt number  (v/D) 
defined by Eq. [37] 
the maximum instantaneous value of T, as 
defined by Eq. [37] 
dummy variable of integration 
axial component  of fluid velocity 
axial coordinate extending from the edge 
of the Nernst boundary layer (z = 0) to- 
wards the disk surface (z = 8) 

I 

K 
N 
n 

q 
R 
Rea 

Sc 
T 
Tmax 

u 
Vz 
z 

Greek letters 
T 
8 
~p,max 

9~rms 

O, 02 

defined by Eq. [15] 
Nernst diffusion layer thickness 
max imum value for the pulsating diffu- 
sion layer thickness 
root-mean-square overpotential in ac elec- 
trolysis 
cycle time and off time in rectangular ac 
electrolysis 

dimensionless axial coordinate defined 
by Eq. [B-5] 
defined by Eq. [14] 
electrolyte kinematic viscosity 
defined by Eq. [21] 
dimensionless time defined by Eq. [B-4] 
frequency of the applied current 
rotation speed 
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Maximum Power Spectroscopy for Photovoltaic Devices 
Barry Miller* and Joseph M. Rosamilia 

AT&T Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Maximum power spectroscopy for the study of photovoltalcs is described. The technique is based on analyzing the modu- 
lated maximum power output of the photojunction cell for a controlled input  spectrum in a dual beam (bias plus modulated 
monochromatic probe) arrangement. The differential power conversion efficiency is thus measured. The input  spectrum is 
programmed by a computer and servo loop to be either neutral (wavelength independent) Or solar in shape, from a stored 
reference table. The operation of the system, applicable to laboratory spectrum simulation, and the function of the bias 
beam are demonstrated. Spectra ofa p-n Si diode with added series resistance simulate the differences between maximum 
power efficiency and the conventional short-circuit quantum efficiency. There are advantages to the power measurement  
in sensitivity to competitive kinetic processes governing cell conversion efficiency and to wavelength dependent  effects on 
junct ion potential gradients. 

The spectral response of solid-state photovoltaic and 
photoelectrochemical devices is usually taken as the set of 
monochromatic quantum efficiencies under  short-circuit 
photocurrent (I~c) collection. A less common alternative is 
based on the open-circuit voltage (Vow) output. Both condi- 
tions correspond to measurement  under zero power output 
since one of the current (I) or voltage (V) parameters is zero. 
Light-to-electrical conversion is, however, the raison d'etre 
of the device. We have developed and describe herein the 
methodology of maximum power spectroscopy to capital- 
ize on the evident advantages of measuring the power 
parameter. 

We measure the modulated maximum power output re- 
sponse, APo, of the photovoltaic system of a chopped mono- 
chromatic power input, AP~, which is superimposed on a 
steady beam of power, P~. It must  be noted that the spectral 
response of solar cells is a measurement  with a long history 
of development and refinement whose status has been re- 
cently reviewed (1). Numerous references exist therein to 
spectroscopic response defined by differential short- 

* Electrochemical Society Active Member. 

circuit current efficiency for chopped monochromatic 
beams superimposed on white or controlled-spectrum dc 
beams which bias the cell to some operating point. Previ- 
ous experience in our laboratories with this technique (2) is 
illustrative of its possibilites in tracing the location and ef- 
fects of surface and near-surface recombinative processes 
traceable to structural defects. 

Nevertheless, there are a number  of factors determining 
power  conve r s ion  eff iciency in  sol id-s ta te  cells and 
pho toe l ec t rochemica l  cells based on s emiconduc to r -  
electrolyte junctions which do not influence spectral re- 
sponse under  short-circuit conditions except when they are 
dominant.  For the liquid junct ion cells, electrode kinetics, 
counterelectrode behavior, and internal resistance could be 
cited. Recombination processes will also likely have more 
dramatic effects on the maximum power output than the 
short-circuit current. 

We have thus approached the power measurement  in a 
dual beam mode yielding the differential efficiency APJ 
APi. The Ps source (either mono- or polychromatic) gives 
f lexibl i ty  to the choice of opera t ing  level  and  allows 
probing of nonlinearity and saturation effects, as it does in 
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traditional short-circuit current techniques. The important 
distinction is in the quanti ty controlled (AP~) and measured 
(hP o) differentially. By computer selection of reference vol- 
tages, we provide any chosen function of hP~ vs. wave- 
length, X, from a constant value for all X to a normalized du- 
plication of the intensities of a solar spectrum in our region 
of interest here, 400-1000 nm. Appropriate analysis of this 
data can relate the solar responses of different systems in 
the laboratory, within the range restrictions. 

To clarify the difference in response between this maxi- 
m u m  power sensitive methodology and the conventional 
short-circuit approach, we use the experimental  model of a 
junct ion device with variable added series resistance. The 
latter simulates, for these purposes, the effect on I-V curves 
of losses from the important  photobarrier rate processes 
mentioned above (recombination of photogenerated hole- 
electron pairs and electron transfer kinetics). In this regard, 
we also show the relation of the total power output, Po, as a 
function of the P, level, to the corresponding APJAP~ deriv- 
ative ratio for the same model experiments. This illustrates 
the enhanced sensitivity of the maximum power spectros- 
copy modulation technique to the junct ion loss factors and 
any consequent nonlinear  and saturation effects of the P, 
level. Applications to Schottky barrier metallizations and 
various liquid junct ion cells will follow separately. 

Experimental  

The central e lement  of  the new system is a servo scheme 
(3), wh ich  drives a photovo l ta ic  device to its po in t  o f  maxi -  
m u m  power  output ,  Po. That ins t rumentat ion was pr imar-  
i l y  applied to fixed or relatively slowly changing light in- 
tensity measurements.  The response was, however, also 
shown to follow accurately a modulated (-10 Hz) light in- 
put, and this capability is required for the present spectral 
application. Also essential is a means of generating the APi 
- X relation, most simply for spectroscopy a constant  hP~. 
This programming is done with computer software and a 
light control servo loop. Such output intensity control has 
been initiated previously by means such as mechanical 
cams (4), function generators (5, 6), and step-by-step calibra- 
tion and burn  in of an EPROM (uv erasable programmable 
read only memory) (7). 

The combination of functions is schematically shown in 
Fig. 1A and lB. In path 1 on Fig. la  the Apple IIe computer, 
through and 8-bit D-A converter (Interactive Structures, In- 
corporated, AO-03), outputs a stored set of voltages. These 
represent power outputs which are equated to the radiome- 
ter detector signal through the servo loop controlling the 

a 

4§ 
LAM~ 

REFEREI~E LEVELS 

s 

- 1 - .  �9 I I ~ - - J  
Fig. 1. A: Scheme for servo control and acquisition of lamp currents 

generated by a given set of computer reference voltages (powers). B: 
Schematic of maximum modulated power spectrometer. Computer pro- 
gram controls monochromator power output (path 1), data is acquired 
from cell (path 2), and wavelength is stepped (path 3). 

lamp current. Thus, the monochromatic intensity incident 
on the detector follows the desired wavelength-power pro- 
gram. The necessary lamp current at each wavelength, in 
the form of a programming voltage that produces it, is read 
back to the computer via path 2 and a 12-bit A-D converter 
(Interactive Structures, Incorporated AI13). These values 
are then stored on disk. 

If a constant power output  from the monochromator is 
sought, the reference levels are identical at all wavelengths. 
Then the necessary lamp currents reflect the overall sys- 
tem light throughput at that wavelength. In that case, the 
wavelength of least efficiency determines the maximum 
constant APt attainable within the lamp operating limits. 
The light source for the monochromator (Oriel 7240) was a 
100W t u n g s t e n - h a l o g e n  b u l b  d r iven  from a Hewlet t -  
Packard 6024A 200W supply in a current-programmed by 
voltage mode. 

The primary radiometer on which we rely as a neutral de- 
tector is a thermopile (Oriel 7102). -For convenience in the 
lamp current control servo, we use a radiometric silicon de- 
tector (Metrologic 60-530) which is much faster and more 
s table ,  t hough  n o m i n a l l y  +10% in spect ra l  f latness 
(400-1000 nm). The Si dectector is calibrated against the 
thermopile, and these factors are entered into the computer 
reference set in spectral programming. (The calibration is 
accomplished from the spectral data shown in Fig. 2, which 
are power spectra obtained for constant lamp current in 
this system.) 

To obtain solar-shaped hPi - k spectra, the reference lev- 
els are a series of numbers  in relative proportion to tabu- 
lated (8) values (mW cm -~ n m - ' )  for the terrestrial solar 
power under  different air mass conditions. The interval has 
been taken as 10 nm, and the tables have been interpolated 
to this increment where necessary. The monochromator 
drive (Oriel 7286) is indexed in 10 nm steps to computer 
command (path 3 in Fig. 1A or 1B) after steps 1 and 2 are 
completed. The spectral bandwidth has been kept about 10 
nm throughout these experiments and is the limit to sharp 
resolution of any input  spectral features. 

If the optical elements in the system, particularly lamp 
characteristics, are stable, the stored lamp currents can re- 
peatedly generate the desired hPi  - ~ spectrum. The practi- 
cal limits are determined by the 8-bit accuracy of the D-A 
~.onverter (-+1 bit = -+20 mV in the 5V equivalent to 10A 
.amp current). 

Figure 1B shows the "playback" of lamp currents and the 
maximum power (hPo) measuring mode. Path 1, then, is the 
lamp programming sequence operating in conjunction 
with the monochromator stepping (path 3). The Ps source 
was normally a Hughes 3235 H-PC He-Ne laser of about 12 
raW output. Adjustment  of Ps intensity was accomplished 
with a Karl Lambrecht KLOA series Optical Attenuator. 
The cell and maximum power circuitry blocks refer to the 
previously described system (3). In brief, it employs a small 
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Fig. 2. P~ vs. ;~ at constant lamp current monitored by o radiometric 
) and thermopile ( - - ) .  
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ac signal (5 mV) superimposed on the cell voltage and a 
lock-in amplifier to detect the synchronized component  
produced in the analog product of cell I and V. The lock-in 
output  is part of a servo loop, and its dc level drives the cell 
voltage to the min imum d(VI)/dV point. This makes the VI 
product a maximum. The superimposed ac signal is at 800 
Hz and the light is square wave chopped (AP~) at 5 Hz in the 
dual beam mode (AP~ + PD. Proper filter t ime constant and 
gain adjustment in the PAR 128 lock-in feedback loop al- 
lows the square wave output APo to be strictly followed. 

The  hPo s ignal  is passed  t h rough  a b a n d p a s s  filter 
(Wavetek-Rockland 452) set at two (low pass) and one-half  
(high pass) the  c h o p p i n g  f r equency ,  t h e n  fu l l -wave  
rectified, filtered, and amplified by 7r to restore the peak- 
to-peak value if the signal was sinusoidal. These aspects are 
described in detail for another modulation context  (9, 10). 
This data are acquired in path 2 by the A/D converter and 
the computer. 

Figure 3 summarizes the input/output experiments  to be 
described in this paper and the accompanying symbols. 
One or two sources may be superimposed on a sample or 
detector. If  two, the P~ source may be combined with either 
the monochromator  output P~ or its 5 Hz chopped version 
AP~. P~ or Pi may be used separately. Thus dc (unvarying) 
incident beams are P~, P~, or P~ + P~. The respective dc out- 
puts are Po and I~ for max imum power or short-circuit cur- 
rent configurations of the cell electronics, respectively. 
With the dc + ac input, or P, + AP~, which is the max imum 
power spectroscopy mode, we measure the ac output APol 
For comparison to the conventional spectral response tech- 
nique, we can measure the ac component  h/~c in that cell 
connection mode and the same bandpass filter-rectifying 
arrangement. 

All t iming sequences were adjusted to allow the light de- 
tectors, servo loops, and rectifier filtering to stabilize ap- 
propriately before data acquisition and 10 nm stepping. Ex- 
perimental elapsed time was typically of the order of 1 s/nm 
in the wavelength stepping mode. An order sorting filter 
was manually inserted at 800 nm by programming an audi- 
ble warning and sufficient delay in the software at that 
point. Since this was done in the lamp programming stage 
as well, there is no discontinuity in the spectral output be- 
cause of the filter insertion. 

It is to be noted that an alternative approach is use of a 
neutral beam splitter for il luminating a known response de- 
tector and a sample cell simultaneously, thus effectively 
combining the Fig. 1A and 1B functions. Our experience 
was that the problems of neutral beam splitting (7), and the 
managing of the monochromatic  and bias beams in this 
more complex physical arrangement far outweighed any 
apparent advantages of such a "simplification." 

Resul ts  and  D iscuss ion  

The cell output measuring and light source input  pro- 
gramming aspects are considered first separately, then in 
combination. For the photovoltaic output we test the mea- 
surements  of Po and hPo for P~ = hPi and fixed P~. For in- 
pu t  s p e c t r a  g e n e r a t i o n ,  we c o m p a r e  t he i r  m e a s u r e d  
values to the desired flat or solar AP~ - k relations. 

The gain to a known square wave in the modulated out- 
put measuring system was calibrated. Then in the scheme 
of Fig. 3, this value of 1.27 was reproduced within -+ 1% with 

SOURCES INPUTS OUTPUTS 
USED 

Ps 

Pi I, Po ,Isc 

P$+Pi 
F.,. OR r'~ 

CHROMATOR "~" - ,  i I 

/ i~'~:.~, tl " , Ps +ZIPi APo ' A I s c  LJ Ap I I 
5Hz 

CHOPPER 

Fig. 3. Block diagram ond symbology of the experimentol sources 
ond combinotions of input light with the corresponding outputs. 

Table I. Calculated and actual outputs 

Input Outputs 

Pl + P~ Po~ = 0.283 mW I~  = 770 ~A 
P~ Po, = 0.243 I~ = 662 
AP~ + Ps APo = 0.051 A/~ = 138 

APo A/~r 
C a l c .  - - =  1.28 1.28 

Po~ - Po~ I~2 - I~r 

a 5 Hz hPi signal incident on a p-n Si diode. The outputs Po~ 
and Pol were measured for inputs ofPi  + P~ and P~, respec- 
tively. Next, APo was measured for the input hPi + Ps. Corre- 
spondingly, Isc2, Iscl, and A/so were also obtained. Table I 
shows the output measurements  and calculations. 

The excellent agreement of the APJ(Po~ - Pol) and hlsJ(I~,z 
- Isc) ratios to the theoretical gain confirms the quantita- 
tive capability of the system to measure APo for a photovol- 
taic detector. The short-circuit data are obtained in a con- 
ventional zero voltage, current follower configuration. The 
number  1.27 is the ratio of outputs to square and sine wave 
inputs when such signals of the same ampli tude are fed into 
the bandpass filter-rectifier-~r gain circuit. 

Af te r  the  ca l ib ra t ion  of  the  r a d i o m e t r i c  Si d e t e c t o r  
against the thermopile (Fig. 2) and the subsequent  genera- 
tion of the lamp current set for flat power output, the spec- 
t rum was played back onto the reference thermopile  and 
also onto a pyroelectric radiometer, an independent  neutral 
detector. These outputs are shown in Fig. 4 (curves I and II). 
The flatness indicates the spectral neutrality achieved for 
hPl vs. ~ inputs. Curve III is the APj vs. ~ solar spectrum gen- 
erated as described above and measured by the thermopile. 
The solar air mass 1.0 reference levels [Table I in Ref. (8)] 
normalized to this scale are also shown on Fig. 4 as points. 
The fit between the tabulation and the playback values is 
illustrative of the software flexibility and calibration accu- 
racy. The 1-bit (-+0.020V) accuracy in lamp programming is 
-+2-3%, typically, of AP~. The variation in curves I and II at 
the 10 nm intervals is virtually all due to this 8-bit conver- 
sion limit, and further smoothing can be achieved by a bet- 
ter D-A. 

A radiometric p-n Si diode (Oriel 7190, +8% in A/W, 
450-950 nm) was used to test the combined system, includ- 
ing modulated mode max imum power detection. Figure 5, 
curve I, shows Po for P~ fixed, P~ = 0. APo, curve II, was ob- 
tained for the AP~ = P~, APi + P~ mode. These plots coin- 
cide experimentally when scaled as shown, confirming the 
circuit operation and the fact that the Po/P~ ratio is constant 
through this level of Pi, which was controlled by the bias 

- pi = i o o p . w / c m  z 

" 0  
0 

I I i [ t 
4 0 0  6 0 0  8 0 0  I 0 0 0  

X, n m  

Fig. 4. Pi vs. k programs. Curve I ( ) and curve I I  ( ---)  are 
constant power programs incident on a thermopile and pyroelectric ra- 
diometer, respectively. Curve III is the solar AM1 program onto ther- 
mopile with same total power, ~Pi, as others. Points are tabulated 

(relative) values for AM1. 



Vol. 131, No. 10 S P E C T R O S C O P Y  F O R  P H O T O V O L T A I C  D E V I C E S  2269 

TIT 

b J  

/ 

0.1 

I I i I i 
400  6O0 800 I ooo 

k,  nm 

Fig. 5. Power spectra of radiometric Si diode. Curve I (---): Po spec- 
trum with fixed Pi and Ps = 0. Curve Ih AP o Spectrum with Ps + hPi, 
fixed. Curve II1: hP o spectrum with Ps fixed and AP i follows AM1 0 
program. 

level, P~. The AP o output corresponding to the APj - ~. solar 
spectrum of curve III, Fig. 4 follows in curve III. 

A more rigorous test of the accuracy of modulated opera- 
tion is shown as a function of ;~ in Fig. 6. There we compare 
the responses to a steady input  level of P~, found by manu- 
ally determining the max imum VI product, Po, and the 
values of APo when the composite signal AP, + P~ is applied. 
In this case, AP~ = P~ = 0.5 mW/cm ~ andP~ = 12 mW/cm =. For 
the AP~ + P~ mode, the APo values were obtained automatic- 
ally. The two spectra normalized are identical, as is re- 
quired for the same inputs (Pi and AP~) and linear power 
response. 

The effect of added series resistance on I-V curves for a 
blue enhanced p-n Si diode with active area = 0.05 cm 2 is 
shown for a fixed incident laser power in Fig. 7. Maximum 
power output is lowered without altering Voc or I~c until the 
load effect is very high. Po vs. P~ plots from such sets with 
fixed laser input powers are shown in Fig. 8 with the corre- 
sponding values afire. These latter do not vary except  at the 
combination of high resistance (1 K) and high power (P~ > 1 
mW). 

The equivalent modulated spectrum from a AP~ + P~ ex- 
per iment  is now repeated for P~ of 12 mW/cm = (0.6 mW on 
the Fig. 8 P~ abscissa), with both APo and A/~= measured. The 
hi~ o spectra of Fig. 9 are sensitive at all wavelengths to the 
slopes of the Po - P~ data at this fixed P~ and varying resist- 
ance. Thus, as expected, the h/~ spectra are virtually im- 
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Fig. 6. hPo and Po [ e ]  vs. ,k for a p-n Si diode of 0.0S cm ~ active 
area. Po is manually measured maximum VI for fixed Pl = 0.5 
mW/cm2. APo is measured with AP l = Pl, 12 mW/cm 2. 
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Fig. 7. Effect of added series resistance on I-Y curves for p-n Si di- 
ode with Pi = 12 mW/cm 2. Maximum power values tabulated for each 
curve. 
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Fig. 8. Isc (---) and Po ( ) vs. Pi as a function of added series re- 
sistance. [/~], [1] ,  and [e ] represent 0 ~ ,  5 0 0 ~ ,  and 1 kD. series re- 
sistance, respectively. 

mune to the added resistance, as they would be to any factor 
that affects the I-V curves only in the max imum power 
region. 

From the individual wavelength data stored in the com- 
puter, the power output  measurements  may be summed for 
each 10 nm step over the spectrum to obtain a total power 
output EAPo at fixed Ps + fixed AP, Po as a function of vary- 

ing resistance at fixed input was calculated from Fig. 8 
data. These are both displayed as a function of series resist- 
ance in Fig. 1O. Po drops more slowly than the summed dif- 
ferential quantity ~APo, as would be expected from Fig. 8; in 

the limit of saturation (horizontal, infinite resistance char- 
acteristic ' in a normal diode curve), APo --> O, whereas Po re- 
mains a definite nonzero value. 
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Fig. 9. Effect of added series resistance as marked on modulated 
spectra, AIs~ (---) and AP o ( ) vs. X. 
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Fig. 11. Modulated power spectra, AP o vs. ,X., of a Si diode. Curve I 
( ): Modulated input, APi, flat. Curve II (---): AP i follows AM1 so- 
lar spectrum with ~Pi, flat of curve I equaling ~Pi, solar of II. Curve 

III (-'-): Input with constant lamp current, AP i - ,X. as in Fig. 2. Ps is 
fixed in all cases. 

The response to solar shaped and flat power input  spec- 
tra of the Si diode employed in Fig. 7-10 is given in Fig. 11 
(curves I and II). The prior constraint here was E APi(nat) = 

E~APi(~olar), applied by computing the right-hand member 

and then dividing by the number  of intervals to calibrate 
~ i , f l a t .  

This approach permits the relative efficiency of devices 
to be simply compared in the modulated mode for the same 
total power, E APi, incident in different spectralform. Curve 

III on Fig. 11 shows the spectral response (without total 
power constancy restriction) at constant lamp current, 
where APi vs. X is shown in Fig. 2. 

A corollary to this is the comparison of the response of 
different bandgap devices to the same source. Different 
bandgaps are simulated by running  the Si diode with a set 
of shortwave transmitt ing interference filters (Menes 
Griot) intercepting hP~. The ~AP o will take on the appear- 

ance of the outputs of a series of progressively different 
bandgap semiconductors. This effect of"bandgap" on solar 
and  flat spectra  is shown  in  Fig. 12 for two cutoff  
wavelength (half-maximum transmission) values of the 
filters, under  the equal total input  restraint. The values of 
~AP~ were corrected for filter transmission; this approxi- 

mation has little effect on the point being demonstrated. 
These data were treated under  two measures of relative 

and absolute power conversion efficiencies. We define Q1 
= E APo~o~/~hPonat and Q,, = EAPosoI,~/EAP i. Plots of filter 

cutoff at half height (simulated bandgap) vs.  Q~ and Q~ for 
Fig. 12-style spectra are given in Fig. 13. 

The Q ~ plot, because of the cutoff values and the solar 550 
nm irradiance peak, makes the solar spectral output rela- 
tively higher than that from a fiat input  spectrum. This ef- 
fect is consistent with the Q~ ratios paralleling the 
cutoff cutoff 

E hPi,solar/E hPi,aat ratios, which are also shown on Fig. 
450 450 

13. Q~, a more conventional definition, shows the reduced 
efficiency of bandgaps greater than the 1.4 eV level, which 
best matches the solar spectrum (11). 
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Fig. 12. Modulated power spectrum for a Si diode with two differ- 
ent short-wave transmitting filters, labeled by their wavelengths at 
5 0 %  of maximum transmission, AP i is flat as f(k) for the solid line 
and AM1 solar for the dash line. 
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Conclusions 

Computer-controlled instrumentat ion for monitor ing the 
maximum power delivered by a photovoltaic junct ion de- 
vice under  selectable input  spectrum programming leads 
to the technique of max imum power spectroscopy. The in- 
put  spectrum is applied in modulated form superimposed 
on an adjustable bias. The benefit of varying bias intensity 
as well as wavelength dependent  parameters, in the manner  

often applied to conventional spectral response (1), is also 
available to this methodology. 

For photovoltaics, the relative sensitivity of max imum 
power output to loss factors is usually greater than that of 
short-circuit current, and our present method extends this 
to spectroscopic studies. A solar-derived or other selected 
input  spectrum in the dual-input-beam mode permits inter- 
comparisons of wavelength response over any selected re- 
gion for semiconductor cells. The differential scheme 
means the spectra also have enhanced sensitivity to inten- 
sity (bias) effects and the losses ascribable to high rate oper- 
ation or concentration of light. 
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Energetics of Reaction of AI 3§ with 0 2- in an Alkali Halide 

Environment 

Comparisons of ab initio Molecular Orbital Calculations with Molten Salt Data 

L. A. Curtiss and M. Blander* 

Argonne National Laboratory, Chemical Technology Division, Argonne, Illinois 60439 

ABSTRACT 

Ab initio molecular orbital calculations of the structures and energies of LiA1F4, Li~A1F30, LiA1C14 and Li2A1F30 are 
presented. These molecules were chosen so as to approximate A13§ and O 2- in a molten salt environment.  Calculated en- 
ergies for vapor-phase reactions involving oxide addition to LiA1X4 (X = F, C1) are consistent with experimental  data 
from molten halide melts. Comparison is also made between the quan tum mechanical calculations and results from sim- 
ple coulomb models. 

The formation of complex species involving A13§ and 
O 2. in molten salts is of fundamental  scientific signifi- 
cance as well as of technological importance in current 
and advanced a luminum smelting processes and in 
batteries. Complex species of A13~ with 02- or S 2- have 
been extensively studied experimentally in fluoride and 
chloride solvents (1-10). Little experimental work (4, 6) 
and no quan tum mechanical studies of the energetics of 
bonding have been published. In this paper, we report 
quan tum mechanical calculations of the structures and 
energetics of gaseous molecules involved in reactions be- 
tween A13§ and 02- ions. Insofar as is possible, the mole- 
cules were chosen so as to contain species which are ex- 
pected or possible in molten halide melts. With a 
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judicious choice of molecules, one might hope that the 
differences in solvation energies of reactants and prod- 
ucts of the reaction can be minimized so that the energy 
changes for the reactions between gaseous molecules can 
represent the corresponding reaction in the liquid reason- 
ably well. In addition to deducing reaction energies, we 
also calculate the structures of species, some of which ex- 
ist in molten salt solutions. 

We also compare our quan tum mechanical calculations 
of the energetics of reactions between gaseous species 
with coulomb models. Our ultimate aim is to refine a 
simple coulomb model (4, 6) for predicting the energetics 
of complex species between A1 ~+ and O"- in molten salts 
in order to make it accurate enough for reasonable predic- 
tions of the energetics of complexing. 
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Quantum Mechanical Calculations 
In  o rder  to emula t e  the  energet ics  of  fo rmat ion  of  

so lva ted  A10 + species  in alkali  chlor ide and  f luoride 
melts,  we chose  the  vapo r  molecu les  Li2A1F30 and 
Li2A1C130 in which  the  A10 § species  is coord ina ted  by hal- 
ide and alkali  atoms.  Because  q u a n t u m  mechan i ca l  calcu- 
lat ions of  the energies  of  ions, especial ly  those  wi th  va- 
lences  of  two or more ,  are re la t ively inaccurate ,  we  chose  
to pe r fo rm calculat ions  only for neutra l  species.  In  addi- 
tion, e lec t ron  corre la t ion is an impor tan t  factor  which  
m u s t  be taken  into accoun t  in calculat ions of  energ ies  of  
these  molecules .  However ,  i f  one calculates  the  energet ics  
for react ions in wh ich  there  are the  same n u m b e r  of  
bonds  in the  reactants  and products ,  there  should  be  con- 
s iderable  cancel la t ion of  corre la t ion energies  and the  er- 
ror  in t roduced  into the  ca lcula ted  energy  change,  for the  
reac t ion  is l ikely to be  smal l  (11, 12). Consequen t ly ,  we  
cons idered  the  gas-phase react ions  

LiA1F4 + Li20 ~ Li2A1F30 + L iF  [1] 

and 

LiA1C14 + Li20 --> Li2A1C130 + LiC1 [2] 

Ab initio molecu la r  orbital  L C A O - S C F  calcula t ions  (13) at 
the  ex t ended  3-21G (14) basis set level  were  carr ied out  on 
the Li2A1F30 and Li2A1C130 complexes .  The  s t ructures  of  
these  complexes  were  op t imized  wi th  respect  to their  to- 
tal energy  us ing the  geomet r ica l  parameters  i l lustrated in 
Fig. 1. The  s t ructures  were  op t imized  unde r  a C3~ con- 
s t ra int  wh ich  requi res  one  of  the  Li  a toms  to be  face- 
br idged  wi th  the  A1 (i.e., th ree  hal ide a toms in the  bridge)  
and the  A1-O-Li b r idge  to be  linear. It  is poss ible  that  
s t ruc tures  hav ing  edge-br idges  are more  stable since sim- 
ilar calculat ions (15) on the  related LiA1F~ c o m p l e x  found 
the edge-br idged  s t ruc ture  to be  more  s table by 9 kcal  
m o l - ' .  However ,  by  us ing  the  face-br idged s t ructures  of  
LiA1F4 and LiA1CL on the  left  side of  react ions  [1] and [2], 
any error  in t roduced  by no t  us ing  the  lowes t  energy  
s t r u c t u r e  should  near ly  cancel.  We have  not  inves t iga ted  
the  o ther  br idge  s t ructures  for these  ox ide  c o m p l e x e s  be- 
cause  our  in teres t  here  is in the  s t rength  of  the  A1-O bond 
c o m p a r e d  to the  A1-X (X = F, C1) bond. 

In  order  to de te rmine  energ ies  for react ions [1] and [2], 
the  energ ies  of  a n u m b e r  of  o ther  re la ted molecu les  and 
c o m p l e x e s  are needed .  Table  I contains  the  energ ies  and 
op t imized  geomet r ies  of  LiF,  LiC1, Li20, A1F3, A1C13, 
LiA1F4 (face-bridged structure),  and LiA1C14 (face-bridged 
s tructure)  at the  3-21G level.  The  expe r imen ta l  geome-  
tr ies  of  LiF,  LiC], Li20, A1F3, and AIC13 are also given. The  
e x t e n d e d  3-21G basis set gives good a g r e e m e n t  wi th  ex- 
pe r imen t  excep t  for the  bond  lengths  in LiC1 and A1C13, 
wh ich  are too long  by 0.09 and 0.18]~, respect ively .  A 
larger  basis set wi th  d- funct ions  and, possibly,  inc lus ion 
of  corre la t ion energy  are necessary  for be t ter  a g r e e m e n t  
wi th  expe r imen t  for these  bond  lengths.  These  errors 
should  be taken  into accoun t  w h e n  cons ide r ing  the  
ca lcula ted  ox ide  geometr ies .  

The  3-21G opt imized  geomet r i e s  of Li2A1X30 (X = F, C1) 
are g iven  in Table  I. The  3-21G geomet r ies  indicate  that  
the  LiX~A1 groups  in the  ox ides  have  geomet r i e s  wh ich  
are ve ry  similar  to the  LiX3A1 groups  in the  LiX~AIX com- 
plexes.  Hence,  the  r ep l acemen t  of  a hal ide  by the  OLi 
g roup  does  not  s ignif icantly per turb  the  o ther  end  of  the 
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Fig. 1. Structures of species in reactions [1] and [2]. Assumed sym- 
metries in parentheses (X = F, CI). 

Table I. Calculated 3-21G geometries and total energies 

Structure a Geometry b Energy (a.u.) ~ 

Li20(C=,v) d r(Li-O) = 1:58 [1.59, 1.55] -89.28714 
= 180 [180] 

LiF r(Li-F) = 1.52 [1.564] 
LiC1 r(Li-C1) = 2.11 [2.021] 
A1F3(C3v) r(A1-F) = 1.63 [1.63] 
Li2A1F30(C~v) r(A1-F) = 1.74, r(A1-Li) = 2.25 

r(A1-O) = 1.65, r(A1-Li') = 3.24 
O = 127 
r(ALF) = 1.71, r(A1-F') = 1.63 
r(A1-Li) = 2.26, 0 = 125 
r(A1-C1) = 2.24 [2.06] 
r(A1-C1) = 2.31, r(A1-Li) = 2.76 
r(A1-O) = 1.65, r(A1-Li') = 3.26 

= 121 e 
r(A1-C1) = 2.28, *'(At-CI') = 2.16 
r(Al-Li) = 2.83, 0 = 121 

-106.35419 
-464.79062 
-537.52327 
-627.02952 

LiA1F4(C3v) - 644.04689 

A1C13(C3v) - 1612.69055 
Li2A1C130(C~v) -1702.17660 

LiA1C14(C3v) -2077.56491 

a Assumed symmetries in parentheses. 
b Bond lengths in angstroms, bond angles in degrees. Experimen- 

tal values [from Ref. (21)] in square brackets. 
c 1 a.u. = 627.5 kcal tool-' .  
d Ref. (20). 
e Fixed at this value. 

complex .  In  addit ion,  the  3-21G geomet r ies  indicate  that  
the  A1-O bond  is qui te  strong, as it has a b o n d l e n g t h  of  
1.65A in both complexes .  The  Li-O bond  is apparen t ly  
w e a k e n e d  somewha t  in the  complex  as it l eng thens  by 
about  0.07• over  its va lue  in Li20. 

The  3-21G energies  for react ions  [1] and  [2] are  -31.2 
and -72.3  kcal  mo1-1, respect ive ly .  They  indicate  tha t  re- 
p l a c e m e n t  of  F or  C1 by OLi is exo the rmic  and  tha t  the  re- 
act ion energy  for the  chlor ide  react ion is more  exother -  
mic  than  that  for the  fluoride. 

The  calcula t ional  m e t h o d  used  in this s tudy  does  not  
inc lude  polar izat ion func t ions  or  corre la t ion energy.  
Higher  level  ca lcula t ions  on react ions invo lv ing  small  
molecu les  inc lud ing  these  factors  have  found  that  they  
are impor t an t  in the  de t e rmina t ion  of  bond  energies  (16). 
However ,  at the  p resen t  t ime  such computa t ions  are not  
feasible  for large molecu les  such  as those  we  are consid-  
ering. Hence ,  we  have  se lec ted  for this inves t iga t ion  only 
react ions  in wh ich  the  same n u m b e r  of  formal  type  of  
bonds  is re ta ined on bo th  sides of  the  reac t ion  ( i sodesmic  
reaction).  In  an ex t ens ive  s tudy  (11) of  i sodesmic  bond  
separa t ion  react ions invo lv ing  molecu les  con ta in ing  first 
row a toms (C to F), it has been  found  that  errors  inhe ren t  
in the  theoret ica l  t r ea tmen t  will  cancel  to a large extent .  
The  m e a n  absolute  devia t ion  be tween  theory  and experi-  
m e n t  in that  s tudy  of  21 react ions  was 3.1 kcal  m o l - '  at 
the  ex t ended  basis set level.  We have  carr ied out  a l imi ted  
inves t iga t ion  (17) of  i sodesmic  bond  separa t ion  react ions 
invo lv ing  molecu les  con ta in ing  Li, O, and second  row 
a toms and have  found  a s imilar  cancel la t ion  .of errors to 
exist.  Hence ,  the  avai lable ev idence  indica tes  that  the  
3-21G energies  for react ions  [1] and [2] should  be  reasona- 
bly accurate ,  s ince the  react ions  are i sodesmic  bond  sepa- 
rat ion reactions.  We n o w  proceed  to compa re  the  calcu- 
la ted  gas phase  reac t ion  energ ies  wi th  reac t ion  energ ies  
in solution.  

Comparisons of Calculated Energies with Measurements 
in Solution 

The calculated energies  of  the  two  gas-phase react ions  
are n o w  compared  wi th  energies  deduced  for the  forma- 
t ion of  A1-O bonds  in mo l t en  salts. It  is of  par t icu lar  inter- 
est  to see if  the  large calcula ted d i f fe rence  be tween  
f luorides and chlor ides  is ref lected in the  mo l t en  salt 
data. Recen t  m e a s u r e m e n t s  of  the solubi l i ty  of  A1203 in 
LiC1-KC1-A1C13 solut ions  at 723 K (18) are cons is ten t  wi th  
the  react ion 

Al~O3(~) + AICIa(~o,.) ~ 3AIOCIcsol,, [3] 

having an equilibrium constant (in mole fraction units) of 
8.0 x 10 TM. (The dipolar AiO + ion is, of course, solvated by 
Cl- and Li + ions.) From this value it can be shown (18) that 
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the equil ibrium corresponding to formation of the sol- 
vated A10 § species in dilute solutions of A13§ and 02- in 
the LiC1-KC1 eutectic 

A13~ + O ~- ~ A10 § [4] 

has a formation constant of 2.94 x 102'~. From a statistical 
mechanical  expression for such formation constants (19) 

K -- Z[exp ( - A A J R T )  - 1] [5] 

where Z is the coordination number,  one can deduce the 
value of the specific bond free energy, AA~ for reaction [4] 
(18). For a coordination number  of 4, AA~ is -71.74 kcal 
mol - ' ,  (for Z = 6, it is -71.16 kcal mol-~), a value which is 
remarkably close to the quantum mechanically calculated 
value of -72.3 kcal mol -~ for formation of the A1-O bond 
in the gas-phase reaction. 

Comparison of the calculated gas-phase reaction energy 
with the bond energy in the melt  includes a number  of as- 
sumptions: (i) the solvation of A10 ~ is emulated by the 
vapor molecules, (i i)  the differences in vibrational energy 
are small; the zero point vibrational energy contribution 
to the reaction energy is not expected to be more than 
about 3 kcal mo1-1 (20), and ( i i i )  the quantity AA~ is a 
bond free energy and could contain contributions from 
nonconfigurational entropy. However, measurements  in 
molten salts indicate that such nonconfigurational con- 
tributions are small for spherical ions (19). When one con- 
siders these assumptions and the uncertainties in the re- 
action energies themselves,  a larger difference might  have 
been expected between the calculated gas-phase value 
and the molten salt value. The relatively small difference 
may be due to fortuitous cancellation of factors. However, 
the results suggest the encouraging speculation that 
one might  predict these bond free energies reasonably 
well from quantum mechanical  calculations of vapor mol- 
ecules, if isodesmic reactions are studied. 

Unfortunately, experimental  data for the fluorides are 
not complete enough to test this speculation. However, 
one can calculate a lower limit for the specific bond free 
energy of forming an A1-O bond in the NaF, A1F3, A1203 
ternary system. One can perform this calculation using 
compositional data for the ternary eutectic at 881 K be- 
tween Na3A1F6, NaF, and B-A1203 at the composit ion (in 
mole percent) NaF-85.8, A1F3-13.1, and A1203-1.1 (1). The 
largest uncertainty in the calculation stems from the lack 
of knowledge of the solution species. If  one assumes that 
all of the oxide ions are present as A10 + species, then the 
apparent concentration of this species will be larger than 
it really is. As a consequence,  this species will appear to 
be more stable, and the specific bond free energy de- 
duced will be a lower limit, i .e . ,  it will be more negative 
than a value calculated from the exact concentration of 
the A10 § species. From available information, A10 + is not 
likely to be the major species (2) and is hence less stable 
than is calculated here. I f  we assume that essentially all 
the oxygen is present as th isspecies  and that the readtion 

A1203(~) + A1F~(~ol~) ~- 3A1OF~ol~) [6] 

is the only significant mode of solubilization of A120~, 
then the concentrations of the three solution components  
(in mole percent) are NaF-84.4, A1F3-12.4, and A1OF-3.2, 
and the logarithm (base 10) of the equil ibrium quotient  
for reaction [6] is -3.57. From this quantity combined 
with data from the JANAF tables (21) and the activity of 
A1F3 in the melt  (22), we deduce a lower limit for the 
standard free energy of formation of the A1OF component  
in solution, A G % ~ J 2 . 3 0 2 5 R T  = -38.234. Using this quan- 
tity as well as data for Na20(j), A1F3(~) (21), and for the activ- 
ity coefficients for A1F3 (22), and if we also make the rea- 
sonable assumption that Na20(~) forms an essentially ideal 
solution with NaF, one can deduce that the upper  limit to 
the equil ibrium constant for the reaction 

Na20(sol,) + A1F3(soln) --> 2NaF(soln) + A1OF~oln) [7] 

is 1.236 • 109. This is also an upper limit for the formation 
constant of A10% From this, we calculate a lower limit to 

the specific bond free energy using Eq. [5]. For Z = 4, hA1 
= -44.8 kcal mo1-1 (for Z = 6 hAl = -43.9 kcal mol-l).  
This energy is expected to be somewhat more negative in 
a sodium salt melt  than in a li thium containing melt  (4, 6). 
The quantum mechanically calculated energy of -31.2 
kcal mo1-1 is consistent with this lower limit. (A specific 
bond free energy of -31.2 kcal mo1-1 is consistent with a 
concentration of A10 ~ species, which is a factor of 380 
lower than we used in the calculation.) In any case, it can 
be seen that as is calculated quantum mechanically, the 
A1-O bond in chlorides is relatively much more stable 
than that in fluorides. As an added indication of  the 
strength of A1-O bonds in the fluoride vapor species, the 
A1-O bond length is much shorter than that of A1-F. The 
A1-O bond length is 1.65• in the Li2A1F30 species; 
whereas, the A1-F bond length is 1.74A in the same species 
and 1.71~, in LiA1F4. This occurs despite the fact that the 
Pauling radius of 02- is 0.04A larger than that of isoelec- 
tronic F- .  

Discussion 
The concept of coulomb complexing has been pro- 

posed as a means of predicting what types of complexes 
might  form between polyvalent cations and anions. In 
this concept, polyvalent cations should associate with 
polyvalent anions in alkali halide solvents to form cou- 
lomb complexes (4, 6). Without considering charge com- 
pensation due to rearrangements of solvent ions when the 
coulomb complex is formed and without considering 
quantum mechanical effects, one can make predictions of 
the energetics of such associations based on simple cou- 
lomb models. Such predictions cannot be expected to be 
accurate, although they do lead to the correct prediction 
that coulomb complexing leads to stronger A1-O bonds in 
ch lor ides  than in fluorides and that the A1-O bond is 
stronger than the A1-S bond. In order to try to make this 
model  more quantitative, one should compare quantum 
mechanical results such as ours with a variety of coulomb 
models in order to see what properties coulomb models 
would need in order to be useful. We performed calcula- 
tions on a very simple coulomb model  in which pairs of 
ions interact with a coulomb potential and a soft repul- 
sion of the form r -9 (uij = ZiZje2/r~ + A/ri j  9, where rij is the 
distance between the ith and j th  ion, and u~j is a pair po- 
tential between them). We chose the distances deduced 
from our quantum mechanical  results and calculated a 
coulomb energy change for reaction [1] of -86.4 kcal 
mol -I. Obviously, the coulomb model  is too simple and 
needs modification. There are many ways to accomplish 
this. For example, softening the A13§ - 02- repulsion by 
use of a r -3-5 repulsion rather than a r -9 repulsion would 
make up the difference. However, because other possible 
modifications to the pair potential could also accomplish 
this, careful examination is needed in order to test the 
utility of the potentials which might 'make  the concept of 
coulomb complexing a useful predictive tool. 

Conclusions 
Quantum mechanical calculations of the energies of for- 

mation of A1-O bonds in carefully chosen vapor molecules 
are strikingly similar to bond free energies in a chloride 
melt  and consistent with data in a fluoride melt. Quan- 
tum mechanical  calculations of well-chosen vapor mole- 
cules may be valuable for studying the energetics of bond 
formation in molten salts. Comparison of the quantum 
mechanical calculations with a very simple coulomb 
model  supports our expectation that such models (al- 
though able to predict the relative effects of different sol- 
vents or of different ligands complexing A13§ cannot pro- 
vide reasonably accurate predictions of  the energetics 
without  further development.  More sophisticated cou- 
lomb pair potentials are needed to improve the utility of 
such models. 
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ABSTRACT 

Invest igat ion of the electrochemical  intercalation of l i thium into several high oxidation-state transit ion metal  com- 
pounds  (V~O5, V203, V~O4, and TiS2) has been under taken in low temperature  chloroaluminate melts: A1C13-butyl 
pyr id in ium chloride-LiC1 at 60~ and A1C1,-LiC1 at 175~ The reversibil i ty of the different steps of intercalation and 
deintercalation has been examinated.  Cycling tests have shown a good stabili ty and capacity of V205 and TiS2 in these 
molten salt media. 

Transit ion-metal sulfides like TiS2, NbS2, TaS2, etc., 
and oxides of high oxidat ion state (V20~, MOO3, CrO3, 
V6013) which insert alkali  ions during their  reduct ion ap- 
pear  to be among the most  promising cathode materials  
in rechargeable l i thium batteries (1-3). Insert ion of Li ~ ion 
in these materials has been widely investigated in recent 
years. The general intercalation-deintercalation reaction 
in a cathodic material  can be presented as follows (4) 

discharge 
IHI + x e -  + x M  ~ ~-~ MxH 

charge 

where ]H] is the host  structure which inserts M ~ at a vari- 
able mole ratio (concentration) x, up to a max imum value 
xmax. The reversibil i ty of this reaction seems to be l inked 
to the existence of only a single solid phase. This reversi- 
bil i ty has been demonstra ted in many organic solvents 
such as propylene carbonate (6-8), 1,2-dimethoxyethane- 
propylene  carbonate (80%-20% PC by volume) (5), 
methylacetate  (8), N-N-dimethylformamide (9, 10), 
1,2-dimethoxyethane (9, 10), and 2-methyltetrahydrofuran 
(9, 10). 

The compatibi l i ty  between l i thium metal  and the or- 
ganic solvent appears  to be the main impediment  to the 
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development  of Li/transition metal  oxide or sulfide re- 
versible batteries. A good solution would be to use a 
nonorganic electrolyte. Molten salts appear  to be good 
candidates  as electrolytes for these batteries (11-14). 

LiC1-KC1 melts have been used with LiA1 and LiSi  al- 
loys (15-17) at operat ing condit ions where the number  of 
charge-discharge cycles exceeds 500 (18). NaA1C14 at 165~ 
also seems to be compat ible  with these anodic materials 
(19). 

Molten chloroaluminates present  a large l iquid temper-  
ature range, and mixtures  of the A1C13-RC1 type, where R 
is an organic cation like butylpyridinium, are l iquid at 
ambient  temperature.  These media, which combine the 
advantages of molten salts with those of relatively low 
temperature,  have been widely s tudied during recent 
years, part icularly by Osteryoung et al. (21, 22). 

A major problem in the utilization of  these electrolytes 
is the compat ibi l i ty  of the organic cation R ~ and a 
strongly reducing agent l ike Li or LiA1 alloy. A solution to 
this problem is the use of another ternary eutectic like 
A1C1,-NaC1-LiC1 or A1C13-NaC1-KC1, but  these mixtures  
are not  l iquid below 80~ (23, 24). 

Whatever the anodic system, the most  impor tant  condi- 
t ion for bat tery electrolyte utilization is that  the cathodic 
materials  must  be insoluble in the electrolyte to avoid 
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self-discharge. This condition limits the choice of conven- 
ient molten salt electrolytes in which the solubility of cer- 
tain oxides has to be taken into account. There is very lit- 
tle in the literature concerning this point. 

In  this paper, we present the first results of an electro- 
chemical study of l i thium intercalation into several mate- 
rials using low-temperature chloroaluminates as electro- 
lytes. 

Experimental 
Solvents.--The melts used were the following: a ternary 

mixture N-n-butylpyridinium chloride (31.2 mole percent 
[m/o]), a luminum chloride (55.5 m/o), LiC1 (13.3 m/o) at 
60~ and the mixture LiC1-A1C13 (49.25 m/o A1C13, i.e., 
LiC1 saturated LiA1C1D at 175~ 

N-n-butylpyridinium chloride (BpC1) was prepared ac- 
cording to the Osteryoung et al. procedure (25-27). A1CI~ 
(Fluka AG) was purified by vacuum sublimation in the 
presence of pure a luminum wire. LiC1 PROLABO 
(France) was dried according to the following procedure: 
(i) the LiC1 was maintained overnight at 180~ and then 
for 2h at 250~ under  vacuum, (ii) Pure HC1 (COOP 
LABO) was bubbled for 3h at 250~ (iii) argon was bub- 
bled for 2h at 250~ (iv) LiC1 was kept under  vacuum for 
3h at 250~ All products dried and purified as above 
were kept in an argon-filled glove box (with less than 6 
ppm of water inside). 

The preparation of the ternary mixture BpC1-A1C13-LiCI 
was carried out as follows: the corresponding quanti ty of 
BpC1 was slowly added to the stoichiometric quanti ty of 
A1C13. Once the mixture was molten, LiC1 was added to 
obtain the expected concentration. 

The preparation of LiC1 (saturated)-LiAlC14 was done by 
weighing appropriate quantities of LiC1 and A1C13, and 
introducing the mixture in a bulb  in presence of pure alu- 
m inum wire. The bulb was sealed under  vacuum and 
held at 240~ for 8h. After the melting of the mixture, the 
bulb was taken out of the furnace and the melt separated 
from the a luminum wire. The molten salt was allowed to 
crystallize slowly in the bulb and afterwards kept in an 
anhydrous argon-filled glove box. All weighings were 
carried out in the argon-filled glove box. 

Products.--Oxides were Alfa-Ventron products. They 
were used without further purification and stored in a 
dry atmosphere. 

The graphite for the working electrodes was supplied 
by Koch-Light (purity: 99.999%). 

After some preliminary work with commercially sup- 
plied TiS2 (Ventron), it was found that the material was 
not sufficiently pure, and, therefore, this compound was 
prepared and purified as follows. 

TiS2 was prepared by direct synthesis from the ele- 
ments  [Koch-Light t i tanium sponge (99.9%) and sulfur 
powder 99.99%)]. 1% excess sulfur was used. The tube 
was placed in the oven in order to create a slight tempera- 
ture gradient. The temperature was progressively in- 
creased from 200 ~ to 550~ On cooling, the excess sulfur 
gives a small amount  of TiS~ at the lower temperature 
end. The disulfide obtained by this method under  a small 
sulfur pressure has the TiS1.988 stoichiometry determined 
by calcination. 

The working electrode consisted of a plat inum grid of 1 
cm diam with a finely powdered mixture of the cathodic 
active materials and graphite (50% by weight). 10-16 mg of 
this mixture were pressed under  5 torgcm 2 for 5 min over 
plat inum grid. These electrodes were dried and sintered 
under  vacuum at 220~ for 3h, then kept in an inert at- 
mosphere of argon. 

Important  fluctuations in the results are observed 
when the content of the active material was higher than 
50%, probably due to a bad contact between the graphite 
and electrode active material. Similar results were ob- 
tained by Tranchant  and Messina (5, 6). 

A luminum wires were used as the reference and the 
auxiliary electrodes. 

Experimental  technique.--Experiments were performed 
using 25 ml of electrolyte and a three-electrode galvano- 

static device permitt ing the control of the current during 
the determination of discharge-charge curves (potentio- 
stat Tacussel PRT 10-0.05 L). 

The electrode potential values were measured with a 
Tacussel Minisis 6000 millivoltmeter connected to a 
Tacussel EPL 1 potentiometric register. 

All the experiments were carried out under  argon in a 
dry glove box. 

Voltage range .--It  was determined by cyclic 
voltammetry that the available voltage range of the AICI~- 
BpC1-LiCl mixture, at 60~ at a graphite disk microelec- 
trode, lies between -0.03 and 2.0V with respect to the alu- 
m i num reference electrode (in the same medium). The 
potential range in LiAICI4 at 175~ is nearly the same 
(0.0-1.9V). 

The galvanostatic curves without active material (i.e., 
with only graphite in the electrode), recorded under  iden- 
tical operating conditions as those employed for dis- 
charge-charge voltage curves at constant current, have 
shown that no reduction or oxidation occurs in these vol- 
tage windows, either in BpC1-A1C13-LiCI at 60~ or in 
LiCl-saturated LiA1CI4 at 175~ 

Results and Discussion 
V205 in BpCl (31.2)-LiCl (13.3)-AlCl~ (55.5 m/o).--The re- 

duction of V205 with insertion of Li § ion (that is, the elec- 
trochemical intercalation of l i thium ion into V205) in 
BpC1-A]CI~ + LiC1 has been studied by voltammetry and 
by galvanostatic discharge-charge experiments. 

The discharge curves of electrodes made of 50% 
graphite-50% V20~, at various current densities and at 
60~ are reported in Fig. 1. Curve 4 shows that the reduc- 
tion process implies the Li § insertion: an electrode polar- 
ization appears at the beginning of the discharge when no 
Li + ions are present in solution. 

At low current densities (0.1 mA cm-2), the reduction 
proceeds in three steps: The first one begins at a poten- 
tial value of about 1.2V (vs. A1) and needs about 1 F/mol of 
V205. At the end of this process, the oxidation state of va- 
nadium is about 4.5. The second reduction process, which 
occurs at 0.3V, shows a large voltage plateau. It needs also 
1 F/tool of V~O5. The last step appears at approximately 
0.05V with another voltage plateau. At the end of this pro- 
cess, the mean oxidation state of vanadium is around 3.75. 

The same three reduction steps were observed at a 
higher current density (0.5 mA cm-"). These results are in 
good agreement with previously reported results dealing 
with the electrochemical reduction of this oxide in or- 
ganic solvent at ambient  temperature. 

The reversibility of the different processes has been 
studied by successive discharge-charge cycles at 0.5 mA 
cm -2 for different discharge voltage cutoffs. 

Figure 2a shows the results when the discharge was 
performed on the largest potential range (between 1.90 
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Fig. 1. V2Os 9olvanostatic discharge at different current densities in 

BpCI (31.2)-LiCI(13.3)-AICI3(55.5 m/o) at 60~ (curves 1, 2, and 3) 
and in BpCI (45.5)-AICI3(55.5 m/o) (curve 4). 
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Fig. 2. Discharge-charge cycle of V2Os in BpCI(31.2)-LiCI(13.3)-AICI3(55.5 m/o) at 6(Y'C, 0.5 mA cm -:. Voltage cutoff: (o) 0.00V, (b) 0.15V, 
(c) 0.15V, after a first discharge at 0.00 V voltage cutoff, and (d) 0.35V. 

and 0.00 V vs. A1). Cycling transforms the material, and 
the first cycle appears very different from the following 
ones. The large voltage plateau observed during the first 
discharge at 0.30 and 0.05V have almost disappeared in 
the second cycle and completely in the following ones. 
Another modification was observed after the first cycle. 
The first part of the curve, between 1.90 and 0.3V was di- 
vided into two steps at around 1.3 and 0.5V. 

The yield of the second cycle is 70%-80% of the first 
discharge capacity. The decrease of yield becomes 
smaller after the second cycle and 95%-99% of the preced- 
ing discharge capacity was obtained. 

The nature of the phenomena was not greatly changed 
when the discharge voltage cutoff was raised to 0.15V 
(Fig. 2b). However, the different reduction steps were bet- 
ter developed in the cycles following the first one up to 
0.15V. The yield of the second cycle is 70%-75% of the 
first discharge capacity, and the following ones are 
90%-98% of the immediately preceding discharge capac- 
ity. 

The successive discharge-charge cycles in the voltage 
window 1.90-0.15V (vs. A1) are shown in Fig. 2c (after car- 
rying out the first cycle at the discharge voltage cutoff of 
0.00 V). Around 80% of the faradaic capacity of the first 
discharge is recovered at the second one. The yield is be- 
tween 90% and 96% of the preceding discharge for the 15 
following cycles, and very close to 100% thereafter. 

These results suggest that the reduction step at 0.05V 
does not significantly affect the cycling process. On the 
contrary, important changes appear when the discharge 
voltage cutoff was fixed at 0.35V, which is before the 
first large voltage plateau. Then, the total amount  of Ls 

ion inserted during the first reduction could not be re- 
covered by the subsequent  recharge process (Fig. 2d). 

The normal capacity of 1 F/mol was recovered only 
when the first cycle was complete, from 1.90 to 0.00 or 
0.15V. The yield is then 95% for the third cycle, and 
97%-100% of the capacity of the immediately preceding 
discharge for the following cycles (Fig. 3). 

V204 and V203 in BpCI-LiCI-AICl3.--Vanadium (IV) and 
(III) oxides have also been investigated in BpCl(31.2)- 
LiCI(13.3)-A1Cl~(55.5 m/o). 

The electrochemical reductions o'f V203 and V204 at 0.5 
mA cm -2 take place, respeqtively, at 0.80 and 0.95V at 
higher potentials than the V~O5 reduction step. Conse- 
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Fig. 3. Galvanostatic discharge capacity (percentage of the initial 
recovered capacity) of V2Os as a function of the cycle number in 
BpCI(31.2)-L iCI(13.3)-AICI3 (55.5  m/o). J = 0.5 mA cm -~. T = 
60~ 
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Fig. 4. V.~O4 discharge-charge cycle at 0.5 mA cm -2 in BpCI(31.2)- 
LiCI(13.3)-AICI3 (55.5 m/o). T = 60~C. 

quently, the formation of V20~ or V~O3 during the electro- 
chemical reduction of V205 must  be excluded. 

Successive galvanostatic discharge-charge curves for 
V~O4 (Fig. 4) show that the cycling behavior of this mate- 
rial is reversible. The second discharge yield is 84% of the 
first cycle, and the following cycles recover 96%-100% of 
the capacity of their immediately preceding cycle. So, 
77% of the faradaic capacity of the second discharge is re- 
covered at the 17th cycle. However, this capacity is rather 
low, so that this material appears to be of little interest as 
reversible cathodic material. 

In  contrast, V203 behaves irreversibly, and a very small 
part of the initial faradaic capacity is recovered during the 
second cycle. 

V205 in LiCl (saturated) LiAICl4.--Attempts to electro- 
chemically reduce V205 in LiC1 (saturated) LiA1C14 at 
175~ have failed because of the strong oxidizing power 
of V205 at this temperature. We have observed a chemical 
oxidation of LiA1C14 with chlorine evolution. 

TiS2 in BpCl(312)-LiCl(13.3)-AIC13(55.5 m/o).--Electro- 
chemical reduction of TiS2 with Li § insertion was investi- 
gated in the BpC1-A1C13-LiC1 melt by voltammetry and 
galvanostatic reduction. Characteristic discharge curves 
at various current densities are represented in Fig. 5. For 
current densities between 0.1 and 2.5 mA cm -2, the exper- 
imental  curves show a horizontal plateau at 0.40V (vs. A1 
reference electrode). The capacity is near to 1 F/mol at 
low current density. 

As expected, the discharge curve obtained in BpCI- 
A1C13 (55.5 m/o) at 60~ without Li § ions (curve 4), shows 
an importarrt polarization similar to that of V2Os. This 
confirms that the electrochemical process involves Li § 
intercalation. 

Charge-discharge cycles have been performed for a cur- 
rent density of 0.5 mA cm -2 in the voltage window 
1.60-0.00 V. Results are reported in Fig. 6. The general 
shape is the same for all curves. The faradaic capacity at 
the first discharge is about 0.86 F/mol of TiS2. 92%-96% 
yield is obtained in the second cycle, and the following 
discharges give between 96% and 100% yield with respect 
to the immediately preceding discharge. Figure 8 shows 
that the recovered capacity after 50 cycles is about 40% of 
the initial capacity. The reversibility of the process is 
rather good, and the aspect of the curves shows that TiS2 
behaves towards Li ions in this medium in a way compa- 
rable to other (organic) media. 

TiS2 in LiCl (saturated) LiAICl4.--The behavior of TiS: 
was also studied in LiA1C14 at 175~ in the voltage 
window 1.28-0.15V (vs. A1). The material is stable in this 
medium, and at this temperature and no dissolution or 
chemical reaction was observed. 
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Fig. 5. Ti$2 (+  graphite 50%) galvanostatic discharge at different 
current densities in BpCI(31.2)-LiCI(13.3)-AICI3 (SS.S m/o) at 60~ 
(curves 1, 2, and 3) and without LiCI (curve 4). 
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LiCI(13.3)-AICI3 ($5.5 m/o) at 0.S mA cm -2. T = 60~ 

E(mV) f 

1000~ 

500 

100 200 A'h'Kg-1 

0.1 mA.cm -2 
. . . . . . . .  0.5mA.cm-2 

. . . . . . .  2.5mA. cm-2 

0.25 o.'5o o'.75 F.mol_l TiS2 ' 
Fig. 7. TiS2 galvanostatic discharge in LiCI (sat) + AICI3 at 175~ 

at various current densities. 

The galvanostatic discharge curves of TiS2 electrodes at 
various current densities are reported in Fig. 7. By com- 
parison with the behavior of this material in an A1C13- 
BpC1-LiC1 mixture at 60~ the effect of current densities 
is quite negligible and the faradaic capacity is the same (1 
F/mol TiS2) between 0.1 and 0.5 mA cm -2. A decrease of 
capacity (11%) smaller than in BpC1-A1C13-LiC1 is ob- 
served when the discharge is carried out at 2.5 mA cm -~ 
for the same voltage cutoff. A first voltage plateau ap- 
pears at the middle-discharge voltage ( -  0.65V), and an- 
other small plateau appears at about 0.28V. This last one 
is better defined at low current densities. 
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window: 1.28-0.15V. 

Discharge-charge cycles.--Discharge-charge cycle 
curves at 0.5 mA cm -'2 in the voltage window 1.28-0.15V 
are shown in Fig. 8. The two plateaus at 0.70 and 0.28V are 
well defined in each cycle. The faradaic capacity is 1 
F/mo1-1 for the first discharge. It falls to about 77% in the 
second cycle, and then stays quite constant (between 98% 
and 100% of the preceding discharge) during the follow- 
ing ones. 

A comparison between the results in BpC13-LiC1 at 60~ 
(Fig. 6) and in LiA1C14 (49.25 m/o A1C13) at 175~ (Fig. 8) is 
shown in Fig. 9. It shows~'that the yield is higher in the all- 
inorganic molten salt. As an example, the observed 
faradaic capacity at the fiftieth cycle is 120 Ah kg -1 in 
LiA1C14 and only 81 Ah kg -1 in BpC1-A1C13-LiC1. This 
comparison is illustrated by the decrease of the capacity 
of TiS2 as a function of cycle number  in both molten salts 
(Fig. 8). The capacity appears to be better in the first cy- 
cles in BpC1-A1C13-LiC1, but  the higher reversibility ob- 
served in LiA1C14 shows that, after the 20th cycle, the 
faradaic capacity is higher in this medium. 

The successive cycles of TiS2 in LiAIC14 clearly show 
that the voltage plateau at around 0.27V is reversible. The 
shapes of the successive charge-discharge curves demon- 
strate that the voltage plateau at 0.27V has no influence 
on the earlier reduction step or on the subsequent  re- 
charge. Recovered capacity during the second discharge 
is 81% of the first. This means that the greatest part of 
the observed capacity loss during the second cycle is due 
to a relatively small irreversible process in the discharge. 
After the fifth cycle, the irreversible process appears to 
be insignificant and the recovered capacity at twentieth 
discharge is still 92% of the fifth cycle and 83% of the sec- 
ond one. 

Conclusion 
Experimental  results show that, in spite of the strong 

ability of chloroaluminates to dissolve oxides and sulfur 
compounds, V~O5 and TiS2 are stable enough to be used 
as cathodic materials in these molten salts. A chemical 
oxidation of chloroaluminate by the cathodic material 
was observed in only one case: V2Os in LiC1-A1C13 at 
175~ Chemical oxidation at ambient temperatures has 
not been observed under  the experimental conditions. 

Whatever the cathodic material is, the reduction pro- 
cess with Li § insertion seems to occur the same in molten 
chloroaluminates as in organic electrolytes (5-10) or in 
LiC1-KC1 (15-19). As has been reported, a complete initial 
reduction is always necessary in order to obtain good re- 
versibility of the charge-discharge cycle. 

In  the case of V205 at low current density, the Li + inser- 
tion proceeds in four steps like in an organic solvent. 
These steps correspond to the following stoichiometry 
(reference: A1 electrode) 

(1) V2ObLi0.2~ = 1.3V (3) V2ObLi ~ 0.35V 
(2) V2ObLio.~ - 1.0V (4) V2ObLi3 = 0.10V 
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Fig. 9. Comparison of the galvanostatic discharge (as percentage of 
the initial recovered capacity) of TiS2 in BpCI + LiCI at 60~ and in 
LiAIC4 at 175~ Current density: 0.5 mA cm -2. 

The maximum capacity is about 2.5 Li + per V205 unit. 
Curves in Fig. 2 show that the modification of the crys- 

tal lattice which is necessary for the reversibility occurs at 
+ 0.30V. 

The decrease of the capacity with successive charge- 
discharge cycles becomes very small at high cycle 
numbers.  

While it is still necessary to limit this decrease, V205 ap- 
pears to be a good cathodic material in molten chloroa- 
luminates at a temperature not far from the ambient. 

As has been previously observed, the reversible inser- 
tion of Li § during the TiS~ reduction is rigorously depend- 
ent on the quality of TiS2. With t i tanium sulfide prepared 
as described, the insertion process in both chloroalumin- 
ate melts (BpC1-LiC1-A1C13 and LiC1-A1C13) gives the same 
results as in organic media or in LiC1-KC1 at 450~ The 
capacity is about 1 Li~/TiS2. 

Nevertheless, the best reproducibility is obtained in 
LiA1C14 at 175~ in this electrolyte, the loss of capacity 
during the successive cycles is lower than in the presence 
of BpC1. The Li § capacity is less dependent  on the current 
density because of the combined effect of temperature in- 
crease and viscosity decrease. 

Work is in progress to increase the yield of Li § cycling 
and to find anodic li thium compounds compatible with 
the cathodic li thium insertion compounds. 
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The Anodic Reaction of Sulfide Ions at Graphite Electrodes in 
Molten Cryolite 

Nguyen Quang Minh* and Neng-Ping Yao* 
Argonne National Laboratory, Chemical Technology Division, Argonne, Illinois 60439 

ABSTRACT 

The anodic reaction of sulfide ions at graphite electrodes in molten cryolite has been studied by cyclic voltammetry 
at 1323 K. The anodic reaction is found to proceed via a quasi-reversible mechanism, i.e., one in which the current is 
controlled by both diffusion and charge transfer kinetics 

S 2- k~fl S + 2 e -  

The transfer coefficient B and the standard rate constant ks are estimated to be 0.5 and 4.2 • 10 -3 cm/s, respectively. 
The apparent diffusion coefficient for sulfide ions in cryolite at 1323 K is about 3.93 • 10 -~ cm2/s. 

Since the early work of Delarue (1, 2) on the anodic oxi- 
dation of sulfide ions in molten salts, many investiga- 
tions and reviews (3-5) have been published on the sub- 
ject. However, several important questions about the 
mechanism of the electrochemical reaction and the 
sulfide species present remain unanswered. 

From the fundamental  viewpoint, the electrochemical 
reaction of sulfide ions in molten salts offers an area of 
challenging research. The mechanism of the reaction is 
still controversial and cannot be interpreted in an unam- 
b iguous  manner.  It is also o-f technological interest since 
metal sulfides have been proposed as cathode materials 
in molten-salt batteries (6) and the extraction of metals by 
molten-salt electrolysis of sulfides (electrowinning) has 
long been of commercial interest and the subject of many 
investigations (5). Except for some electrochemical stud- 
ies of the sulfide reaction at very high temperatures 
(1623-1823 K) in slags (as applied to electroslag remelting 
of metals) (7-11), most  of the investigations on sulfide in 
melts were carried out in chlorides and in the tempera- 
ture range 700-850 K. Recently, the present authors have 
investigated the anodic oxidation of sulfide in both mol- 
ten chlorides and fluorides (12-14) at a temperature of 
1023 K. These studies were carried out as part of the ex- 
perimental  work on the molten-salt electrolysis of A12S3 
for the production of aluminum. For MgC12-NaC1-KC1 eu- 
tectic (12) and A1CI~-MgCI~-NaC1-KC1 melts (13), it has 
been found that the oxidation of sulfide proceeds via a 
mechanism based on two steps: S 2- ~ S + 2e- followed 
by S + S ~ $2. The electrochemical reaction is diffusion 
controlled and reversible. The dimerization is very fast 
and very much displaced towards $2. However, the de- 
tailed analysis of the voltammetric results in LiF-NaF eu- 
tectic (14) suggests the following mechanism for the 
anodic oxidation of sulfide ions at 1023 K: 2S ~- ~ S~ 2- + 
2e-. Since cryolite (Na3A1FD was used as an electrolyte 
component  in previous work (15, 16) on the electrolysis of 
A12S3, it is interesting to know how sulfide behaves 
electrochemically in this system. In the present work, the 
anodic reaction of sulfide was studied in cryolite at 1323 

*Electrochemical Society Active Member. 

K using the technique of cyclic voltammetry. The experi- 
mental  results Obtained from the study are presented in 
this paper. 

Experimental 
The electrochemical cell for the voltammetric measure- 

ments  consisted of three electrodes inserted into a pyro- 
lytic boron nitride crucible (5.2 cm diam, 7.2 cm high, Un- 
ion Carbide) containing molten cryolite (from NaF, 
ultrapure, Alfa Ventron, and A1F3, 99.9% pure, Pennwalt). 
The boron nitride crucible was dipped into alumina gran- 
ules held in a stainless steel crucible. The steel crucible 
was placed inside a furnace tube. The top of the furnace 
tube was sealed to another flange consisting of inlet 
ports which provided access to the melt. The upper  part 
of the furnace tube was cooled by water flowing through 
a soldered-on coil of copper tubing. The furnace tube was 
heated by a three-zone Mellen high temperature furnace 
(Model C-2-121) with Mellen temperature controller 
(Model 919). 

A three-electrode system was used for all measure- 
ments. The working electrode was a graphite rod (0.63 cm 
diam, Union Carbide, grade ECV) insulated with hot- 
pressed boron nitride (Carborundum) so that only a de- 
fined surface area was exposed to the molten salt. An- 
other graphite rod immersed in the melt served as the 
counterelectrode. A P t  wire immersed in the melt was 
used as a quasi-reference electrode. 

The molten salt was prepared from accurately weighed 
and blended mixtures of cryolite and AI.~S3 reagent (Cerac 
Pure) inside a helium atmosphere glove box (Vacuum At- 
mosphere). The mixture was then charged into the boron 
nitride crucible, brought out of the glove box, and the cell 
was quickly assembled under  argon. Experiments were 
started by heating the cell assembly to the experiment 
temperature of 1323 K. The electrodes were then slowly 
lowered into the molten salt. An argon atmosphere was 
maintained above the cell in all experiments. The cell 
temperature was monitored with a ChromeYAlumel ther- 
mocouple. The tip of the thermocouple was placed adja- 
cent to the wall of the boron nitride crucible. 
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Standard cyclic voltammetric instrumentat ion was em- 
ployed. A universal programmer (PAR Model 175) was 
used to provide an external control voltage for a potentio- 
stat (PAR Model 173) which was connected to the cell. 
Voltammograms were recorded with an X-Y recorder 
(Hewlett-Packard Model 7044A). 

Results and Discussion 

To provide background information, voltammetry of 
pure cryolite was carried out. A typical voltammogram of 
the melt with a graphite working electrode at 1323 K is 
shown in Fig. 1. The voltammetric curves obtained with 
the graphite working electrode in this study resemble 
those reported previously in the literature for molten 
cryolite (17-20) and sodium fluoride (21). The steeply ris- 
ing cathodic current observed at about -0.5V (all poten- 
tials given vs. Pt quasi-reference electrode) can be attrib- 
uted to a luminum deposition (22). An anodic peak was 
observed at approximately +2.5V. This anodic peak cur- 
rent represents the critical current density. In general, 
when a graphite or carbon anode in a molten salt is sub- 
jected to a gradually increasing anode potential, the cur- 
rent will eventually reach a maximum, the so-called criti- 
cal current density, and then decrease abruptly to a low 
value, which signals the beginning of the anode effect. 
(The anode effect can be described as a blockage effect 
which greatly inhibits the current transport between the 
anode and the melt due to dewetting of the anode by 
fluorocarbon compounds. Under potentiostatic condi- 
tions, it manifests itself by an abrupt decrease in cell cur- 
rent.) It has been suggested that the anodic maximum 
which leads to the onset of the anode effect corresponds 
to the electrochemical formation of fluorocarbon com- 
pounds, (CF~),~, with CF4 being the predominant  species 
(18-20). 

The background current of the molten cryolite in the 
potential range +0.6 to -0.2V is shown in Fig. 2. Within 
this potential range, the background current is quite 
small. Voltammograms of the cryolite melt containing 
A12S3 show two additional peaks associated with the be- 
havior of sulfide ions: a peak representing the anodic ox- 
idation of sulfide, and, on the reverse scan, one repre- 
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Fig. 2. Background current of molten cryolite in the potential range 
+0.6 to -0 .2V.  T: 1323 K. Electrode area: 0.32 cm :. v: 100 mV/s. 

senting the cathodic reduction of its products. Typical 
voltammograms for sulfide ions are shown in Fig. 3. It 
can be seen from the figure that the peak potential for 
the sulfide oxidation shifts anodically with increasing 
potential sweep. Peak currents, ip, at different sweep rates 
were measured and plotted against the square root of the 
sweep rate, v '~. Plots of ip vs. v "2 are straight lines, as 
shown in Fig. 4, for two different Al~S3 concentrations. 
The separations between the anodic peak potential and 
the cathodic peak potential, IEp ~ - Epcl, at different sweep 
rates (uncorrected for ohmic drops) are presented in 
Table I. Potential separation values corrected for ohmic 
drops are also shown in Table I. In the present study, be- 
cause the ip values are large, it is necessary to correct the 
potential separations for the ohmic drops caused by un- 
compensated resistance R,. This is to ensure that the ef- 
fect of Ru on the peak separation is eliminated. (Since the 
ohmic drop at peak potential is approximately ipRu, each 
potential separation is corrected for 2ipRu. For this cell, R~ 
was measured to be about 0.25~.) It can be seen from 
Table I that the separation increases as the sweep rate in- 
creases. The above properties of the voltammograms for 
the oxidation of sulfide ions are in agreement with the 
criteria for a quasi-reversible charge transfer mechanism 
(23). A quasi-reversible electrochemical reaction is one in 
which the current is controlled by both diffusion and 
charge transfer kinetics. For this type of reaction mecha- 
nism, if the sweep rate is slow enough, the reaction ap- 
proaches reversible behavior (24). Thus, at slow sweep 
rates, the anodic-to-cathodic peak separation and the 
peak-to-half-peak separation (hEp) of a quasi-reversible re- 
action are independent  of the sweep rate and approach 
2.22 RT/nF or 253/n mV (at 1323 K) and 1.11 RT/nF or 
126.5/n mV (at 1323 K) (25), respectively, where R is the 
universal gas constant, T is the temperature, n is the num- 
ber of electrons involved in the electrochemical reaction 
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Fig. 3. Voltammograms of the oxidation of sulfide ions in molten 

cryolite at different sweep rates. T: 1323 K. Electrode area: 0.32 cm 2. 
AI2S~ concentration: 1.3 x 10 -~ mol/cm ~. 
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cryolite. T: 1323 K. Electrode area: 0.32 cm ~. A: 1.3 • 10 -~ mol/cm ~ 
AI2S~. 0:3.1 • 10 -5 mol/cm 3 AI2S~. 

a n d  F is t he  F a r a d a y  cons t an t .  I t  a p p e a r s  t h a t  a t  sweep  
ra tes  of  10 a n d  20 mV/s ,  t he  v o l t a m m o g r a m s  o b t a i n e d  for 
sul f ide  ions  b e c o m e  revers ib le ,  a n d  t h e  e x p e r i m e n t a l  
va lues  for  t he  p o t e n t i a l  s e p a r a t i o n s  ( abou t  120-125 m V  for  
[E, ~ - E / [  a n d  a b o u t  60-65 m V  for bED) s u g g e s t  two as t he  
n u m b e r  of  e l ec t rons  i n v o l v e d  in  t he  a n o d i c  o x i d a t i o n  of  
su l f ide  ions.  

As  t he  r eac t i on  b e c o m e s  r e v e r s i b l e  at  sweep  ra tes  of  10 
a n d  20 mV/s,  t he  R a n d l e s - S e v c i k  e q u a t i o n  app l ies  

n~2F3~ 
ip = 0.446 ~ A D~2C~ [1] 

R,2T,~ 2 s 

where A~ is the electrode area, D is the diffusion coeffi- 
cient, and C ~ is the concentration of the electroactive spe- 
cies. The diffusion coefficient of sulfide ions can be esti- 
mated from i, at 10 and 20 mV/s using Eq. [I]. The 
c o n c e n t r a t i o n  of  t h e  d i f fus ing  spec ies  is t h e  a p p a r e n t  con-  
c e n t r a t i o n  of  sul f ide  ions  (i.e., t h r e e  t i m e s  t h e  A12S3 con-  
cen t ra t ion) .  The  d i f fus ion  coeff ic ients  of  sul f ide  ions  in  
m o l t e n  cryol i te  at  1323 K are  ca l cu la t ed  to b e  3.95 x 10 -5 
cm2/s at  1.3 x 10 -5 m o l / c m  3 A12S3, a n d  3.92 x 10 -~ cm2/s at  
3.1 x 10 -5 m o l / c m  3 A12S3. No da ta  h a v e  b e e n  r e p o r t e d  in 
t he  l i t e r a tu re  on  t h e  d i f fus ion  coeff ic ient  of  su l f ide  ions  
in  cryoli te .  H o w e v e r ,  t he  a b o v e  ca l cu l a t ed  v a l u e s  a re  no t  
u n r e a s o n a b l e  c o n s i d e r i n g  p r e v i o u s l y  r e p o r t e d  va lues  for 
d i f fu s ion  coeff ic ients  of  so lu te  spec ies  in  m o l t e n  cryol i te  
a n d  o t h e r  f luor ides  (26). Fo r  example ,  t h e  d i f fus ion  
coef f ic ien t  of  A1203 (2 w e i g h t  pe rcen t )  in  c ryo l i te  is 2.24 x 
10 -~ cm2/s at  1320 K. I n  c ryo l i t e -NaF mel t ,  t h e  d i f fus ion  
coef f ic ien t  of  Fe  3+ is 1.0 x 10-5 cm2/s a t  1273 K. T h e  pres-  
e n t  a u t h o r s  o b t a i n e d  an  averag.e va lue  of  1.47 x 10 -~ cm~/s 
for  t h e  a p p a r e n t  d i f fus ion  coeff ic ient  of  su l f ide  in  LiF-  
N a F  eu tec t i c  at  1023 K (14). 

Thus ,  t he  v o l t a m m e t r i c  r e su l t s  o b t a i n e d  s u g g e s t  a 
quas i - r eve r s ib l e  m e c h a n i s m  for  t h e  o x i d a t i o n  of sul f ide  
ions  in  c ryo l i te  w i t h  two  as t he  n u m b e r  of  e l e c t r o n s  in- 
v o l v e d  in  t he  reac t ion ,  i.e. 

S ~ - -  2e k~p~ S [2] 

w h e r e  k, is t he  s t a n d a r d  h e t e r o g e n e o u s  ra te  c o n s t a n t  
a n d  B is t h e  t r a n s f e r  coeff ic ient .  

Table I. Potential separation data for the oxidation of sulfide ions in 
molten cryolite at 1323 K 

A1._,S3 concentration AI~S~ concentration 
1.3 x 10 -5 moYcm ~ 3.1 • 10 -~ mol]cm 3" 

[ E p  a - EpC[  (mV) [ E p  a - Epc[ (mV) 

v(mV/s) Uncorrected* Corrected* Uncorrected* Corrected* 

10 125 125 130 125 
20 120 120 130 125 
50 190 185 190 180 

100 290 285 300 290 
200 370 360 360 345 
500 510 500 515 490 

* Uncorrected for ohmic drops. 
* Corrected for ohmic drops. Note: Because the error for potential 

separation is +-5, ohmic drop corrections have been rounded off to 
nearest multiple of 5; correction of 1 would be considered 0, a correc- 
tion of 3 would be considered 5, etc. 

Table IL Standard rate constants for the oxidation of sulfide ions in 
cryolite calculated from potential separation data 

AleS3 IE, a - Ep~l n]E~, ~ - E l l  k~ 
concentration Sweep rate (1323 K) (298K) ~ (cm/s) 

1.3 • 10 -~ 100 rows 285 128.4 0.31 0.0045 
moYcm ~ 200 mV/s 360 162.2 0.19 0.0040 

3.1 • 10 -5 100 mV/s 290 130.6 0.28 0.0041 
moYcm 3 200 mV/s 345 155.4 0.20 0.0042 

T h e  s h a p e  of  the  v o l t a m m o g r a m  for  a quas i - r eve r s ib l e  
o x i d a t i o n  r e a c t i o n  d e p e n d s  o n  fl a n d  ks. The  ra t io  of  
a n o d i c  to  ca thod i c  p e a k  c u r r e n t s  is a f fec ted  b y  /3. Fo r  
l a rge r  va lues  of  fl, t h e  o x i d a t i o n  p e a k  is m u c h  s h a r p e r  a n d  
t he  p e a k  c u r r e n t  is l a rger  t h a n  t h a t  of  t he  c o r r e s p o n d i n g  
c a t h o d i c  peak .  The  oppos i t e  is t r u e  for  sma l l  va lues  of  ft. 
F o r / ~  = 0.5, t he  anod ic - to - ca thod i c  p e a k  c u r r e n t  ra t io  is 
e q u a l  to  1. The  ra t ios  of  anod ic - to -ca thod ic  p e a k  c u r r e n t s  
o b t a i n e d  a t  d i f f e ren t  s w e e p  ra t e s  a n d  two  A12S3 c o n c e n -  
t r a t i ons  in  th i s  s t u d y  are  a p p r o x i m a t e l y  un i ty ,  s u g g e s t i n g  
t h a t  B is 0.5. Fo r  fl = 0.51 t h e  s t a n d a r d  h e t e r o g e n e o u s  ra te  
c o n s t a n t  ks c an  be  de r i ved  f r o m  the  da t a  (at 298 K) g iven  
b y  N i c h o l s o n  (24), s h o w i n g  va r i a t i on  of  t he  p e a k  separa-  
t i on  IE, a - Epct w i t h  t he  k ine t i c  p a r a m e t e r  @, w h e r e  @ is 
de f ined  as 

k~ 
- [3] 

n F v  \,~2 
7r--R-- T -  D ~'2 ) 

T h e  p e a k  po t en t i a l  s e p a r a t i o n s  for  t he  sulf ide  r eae t i on  
p r e s e n t e d  in Tab le  I we re  c o n v e r t e d  to e q u i v a l e n t  va lues  
at  298 K (peak  p o t e n t i a l  s e p a r a t i o n s  are p r o p o r t i o n a l  to 
t h e  t e m p e r a t u r e ) ,  a n d  t h e  c o r r e s p o n d i n g  • v a l u e s  we re  
d e t e r m i n e d .  I t  was  f o u n d  t h a t  on ly  t he  va lues  of  p e a k  sep- 
a r a t i on  at  100 a n d  200 r o w s  cou ld  be  u s e d  to e s t i m a t e  ks. 
The  v a l u e  of  500 r o w s  fell  ou t s ide  t h e  r a n g e  of  t he  da ta  
g i v e n  b y  N i e h o l s o n  (24), a n d  t he  v a l u e  at  50 m W s  was  in  
t he  r eg ion  w h e r e  ~ is v e r y  sens i t ive  to  a sma l l  c h a n g e  in  
p e a k  s e p a r a t i o n  in  s u c h  a way  t h a t  ks cou ld  n o t  b e  deter -  
m i n e d  w i t h  a n y  conf idence .  F r o m  t h e  p e a k  s e p a r a t i o n  
va lues  at  100 a n d  200 m W s  a n d  t he  da ta  g i v e n  b y  Nichol-  
son,  k~ was  ca l cu la t ed  (Tab le  II), a n d  a n  ave rage  v a l u e  of  
a b o u t  4.2 x 10 -3 cm/s  was  o b t a i n e d  for  t h e  s t a n d a r d  he te r -  

Table III. Standard rate constants for electrochemical reactions in molten salts 

Electrochemcial Temperature Charge transfer 
reactions Solvent (K) ks (crrgs) coefficient Ref. 

AP§ NaC1-A1CI~ 1093 0.2 - -  (27) 
Na3A1F.JA1 NaC1-KC1 1007 8.9 • 10 -4 0.66 (28) 
Pb2§ LiC1-KC1 723 1 • 10 -~ 0.38 (29) 
Bi3*/Bi LiC1-KC1 723 9 • 10 -4 0.5 (29) 
Ag/Ag § LiNO3-NaNO3-KNO3 438 2 • 10 -~ 0.5 (30) 
CO~2-/C,O 2- NaC1-KC] 973 6.69 x 10 -3 0.46 (31) 
$2-/S Na3A1F~ 1323 4.2 • 10-~ 0.5 This work 
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ogeneous rate constant  for the oxidation of sulfide ions 
in cryolite at 1323 K. This derived value for k~ for the 
sulfide reaction is compared  in Table III  with the pub- 
l ished data on s tandard rate constants for some other 
electrochemical reactions in molten salts. 

I t  should be noted that the use of Eq. [2] to represent  
the mechanism of the oxidat ion of sulfide ions at graph- 
ite electrodes in molten cryolite is a simplification. At the 
exper imental  temperature  of the present  work (1323 K), 
besides the formation of sulfur gas, the formation of CS2 
(32) is possible at the graphite  electrode. It was not  possi- 
ble to determine the reaction steps for S~ and CS2 forma- 
tion in this electrochemical  study. A probable reaction 
scheme, however, might  be 

S 2- - 2e ~ S [4] 

S ~-~ S (ad) [5] 

followed by 

and]or 

S(ad) ~ S~(ad) [6] 

S(ad) + xC ~- CxS 

2C~S m CS2(ad) + (2x - 1)C 

[7] 

[8] 
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ABSTRACT 

Many electrochemical processes involve combined forced and natural (free) convection. The superimposition of 
velocity gradients and the Lighthill transformation are used to calculate mass-transfer coefficients for large Schmidt 
numbers  near vertical electrodes where forced and natural convection exist. A distinction should be made between as- 
sisting and opposing flows. For assisting flow near a vertical electrode, the third-order correlation for the Sherwood 
number  is a good approximation 

Sh 3=ShF  ~+ ShN 3 

where subscripts F and N represent forced and natural convection if each acts alone. For opposing flow, points of zero 
shear stress are expected along the electrode length, resulting in flow reversals and boundary-layer separation. An ex- 
plicit correlation to the limiting forced and natural  convection appears more complicated. The combined forced and nat- 
ural convection near an electrode embedded in a fully developed laminar flow channel is analyzed as well. Again, a dis- 
t inction should be made between assisting and opposing flows. 

Electrochemical processes are usually mass-transfer 
limited. In order to overcome mass-transfer overpotential, 
forced convection is introduced via electrolyte circula- 
tion, stirring, or gas introduction. However, natural  con- 
vection (or free convection) is almost an inherent phe- 
nomenon  in electrochemical systems and in many c a s e s  
is sufficient to adequately supply and remove reactants 
and products to and from the electrode-solution interface. 
Natural convection is the hydrodynamic flow, which re- 
sul ts  from density variations. In heat-transfer systems, 
t h e s e  density variations are the result of temperature dif- 
ferences. In  mass-transfer cases, and especially in electro- 
chemical systems, the density variations are due to con- 
centration variations in the electrolyte solution adjacent 
to the electrode. 

In  many electrochemical systems, both forced and nat- 
ural convections exist. The relative magnitudes of the in- 
dividual convections determine which one dominates. 
McAdams (1) recommended that the higher transfer coef- 
ficient be used. Similarly, Newman (2) recommended 
that the rule to follow is to calculate the mass-transfer co- 
efficient separately for free convection and again for 
forced convection and to assume that the higher value 
applies. Acrivos (3) analyzed the combined effect of natu- 
ral and forced convection and found that the transition re- 
gion between predominance of natural convection and 
predominance of forced convection is usually narrow. 
However, in many electrochemical reactors, the flow of 
the electrolyte is relatively low and is determined by the 
rate of supply and removal of reactants and products, e.g., 
the chlor-alkali process. In  such cases, the magnitudes of 
the natural  and forced convection are quite similar, and a 
prediction of their combined effect is desirable. Further- 
more, in some situations, a balance between opposing 
natural and forced convection is used in order to mini- 
mize undesirable corrosion reaction, such as in the zinc- 
chlorine battery (4). 

In  the present communication,  the combined effect of 
natural  and forced convection is treated by using the 
Lighthill (5) transformation which has been extensively 
used by Newman (2). This transformation is used for two- 
dimensional  convective diffusion in laminar s y s t e m s  
where the diffusion boundary  layer is much thinner  than 
the hydrodynamic boundary layer due to the large 
Schmidt. number.  Based on this solution, an attempt is 
made to relate, when possible, the combined mass- 
transfer coefficient (or Sherwood number)  to the individ- 
ual mass-transfer coefficients. The individual mass- 
transfer coefficients correspond to the two limiting c a s e s  
where either forced or natural  convection exists by itself. 
The analysis is demonstrated for assisting flow cases 
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such as vertical wall (electrode) in a free stream, and elec- 
trode embedded i n  a wall of a flow channel in which the 
flow is fully developed and laminar. 

An attempt is made to also include cases of opposed 
flows where the forced convection is opposed by the nat- 
ural convection. The opposing flow cases are more com- 
plicated, as noted by Churchill (6), Weber (7), and Acrivos 
(3), because of the fact that at some point along the wall 
the shear stress (or the velocity gradient) at the wall van- 
ishes, thus causing separation of the boundary layer and 
flow reversal. In such a case, the analysis is probably 
valid up to the point of zero shear s t res s .  

Combined Natural and Forced Convection at Vertical 
Surfaces 

The problem of combined natural and forced convec- 
tion in heat- or mass-transfer has received relatively little 
attention, mainly because the transition region between 
the two mechanisms is relatively narrow. McAdams (1) 
simply recommended using the higher transfer coeffi- 
cient. Newman (2) advises the same approach in com- 
bined convection at electrode surfaces, based on Acrivos' 
(3) analysis which shows that the transition region is 
narrow. 

Most of the heat transfer correlations that have been 
proposed are based on the power sum of the individual 
Nusselt numbers  (6) 

Nu" = NuF" + NUN n [i] 

Where the subscripts F and N indicate forced and natural 
convection, respectively. Churchill (6) chooses n = 3 for 
assisting flows using an empirical correlation procedure. 
Acrivos (3) proposes n = 4 based on his approximate anal- 
ysis for both assisting and opposing flows. Ruckenstein 
(8-10) and Ruckenstein and Rajagopalan (ii) use a simple 
algebraic method for obtaining heat- and mass-transfer 
coefficients under mixed convection. They also calculate 
the combined coefficients using a similarity solution for 
the case of assisting and opposing flows. The value n = 3 
is predicted both from the algebraic method and the simi- 
larity transformation. Ruckenstein and Rajagopalan (11) 
u s e  the algebraic method to correlate mixed convection at 
vertical plate, entrance region, horizontal cylinder, and 
magneto-convective mass transfer. 

Ruckenstein and Rajagopalan (11) analysis for the op- 
posing flows case is based on the similarity transforma- 
tion and is limited up to the point of zero shear stress at 
the wall where flow reversal is expected. However, it ap- 
pears that their analysis for opposing flows is somewhat 
oversimplified. It appears that the extension of the corre- 
lation to opposing flows is unsuccessful, as pointed out 
by Weber (7) and Churchill (6). 
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Attempts at solving the complete transport equations 
for mixed convection were done by expansions in terms 
of the ratio of the Grashof number  to the square of the 
Reynolds number  (Gr~/ReJ) [Szewczyk, (12) and Eshghy 
13)]. Merkin (14) obtained a complete solution limited to a 
Prandtl  (or Schmidt) number  of 1. Lloyd and Sparrow (15) 
and Wilks (16) obtained local similarity solutions. The re- 
sults of Lloyd and Sparrow (15) show in n = 4 for Pr = 10 
and 100. Furthermore, their results break down for 
(Gr.,./Re., ~) >2 (11). 

Mass-Transfer under Combined Forced and Natural  
Convection 

Electrolytic solutions possess large Schmidt number;  
therefore, the mass-transfer boundary layer is much thin- 
ner than the hydrodynamic boundary layer. Conse- 
quently, it is permissible to approximate the velocity 
components by their first terms in Taylor's expansion in 
the distance y from the wall 

1 
u = y fl(x) v = - - f f  y"- fl'(x) [2] 

where fi(x) is the velocity derivative, B(x) = (ou/oy) , _ o at 
the wall. 

The governing laminar boundary layer equations along 
a vertical plate are 

OU 8u 02u 
u + v = v + ~g(C - C~) [3] 

Ox Oy ~y2 

Ou av 
- - + - - = 0  [4] 
ox oy 

OC OC O2C 
u - - + v - - = D - -  [5] 

Ox oy oy 2 

The following boundary conditions are assumed 

u =  0, v =  0, C = C w a t y =  0 
u = u =  C = C ~ a t y = o o  
u = u ~  C = C ~ a t x = O  

These boundary conditions correspond to a potentio- 
static condition where the wall concentration is fixed. 
Under  limiting current condition, the wall concentration 
vanishes, Cw = 0. 

Since the diffusion layer is very narrow, it can be fur- 
ther assumed that the actual velocities under  combined 
convection are approximately the sum of the velocities of 
the forced and natural convection if they exist indepen- 
dently (9) 

OC OC = D. 02C [6] 
(u~ + u~) ~ + (v~ + v~) Oy Oy - - - T  

Again, the subscripts F and N represent forced and natu- 
ral convection, respectively, if they exist alone. The veloc- 
ities are well known for various geometries such as verti- 
cal wall in a free stream, and fully developed laminar 
flow in a vertical channel. 

Based on the known superimposed velocities, the local 
mass-transfer coefficients can be calculated using the 
Lighthill transformation (2) 

D x/fl(x) 
k~ = [7] 

r(413)(9D)"~[f;x/~(x)dx] "~ 

Where F(4/3) = 0.89298 and 

(ou~ + = t~(x)F + ~(x)N [8] 
dUN ~ 

~(x) = oy oy /~=o 

x is the distance from the upstream leading edge. 
The corresponding local Sherwood number  is given by 

kxX ~r fl(x) x 
Shx - - -  [9] 

D r(4/3)(9D),,3(f;x/~(x)dx) .~ 

The average mass-transfer coefficient is obtained by in- 
tegration over the length L 

kay-  6LF(4/3~ 9D ~/[t(x)dx [10] 

and the corresponding average Sherwood number  is 

[ ]3 1 9D d x  [11] 
S h a y -  6DF(4/3~ 

In the following sections, this method will be ap- 
plied to several important geometries, and the resultant 
Sherwood numbers  will be interpreted in terms of the in- 
dividual Sherwood numbers  for forced and natural con- 
vections. The assisting flows and the opposing flows 
will be discussed separately. 

Assisting Forced and Natural Convection near a 
Vertical Wall 

This situation occurs when an electrode is placed in ei- 
ther an upward free stream and the natural convection is 
directed upward (e.g., electrodeposition), or in a down- 
ward free stream when the natural convection is directed 
downward (e.g., electrodissolution). The situation is sche- 
matically illustrated in Fig. 1. 

The superimposed velocity derivative at the wall is 
given by 

fl(x) = fi(x)F +/~(x)N [12] 

where 

and 

A t~(x)~ - ~(x)~ = Bx'~ XII2 

A - 
0.332 U~ 3/-~ 

121/2 

gaAc ~ 314 
B = 1.92vSc - '4  \-~-~-v2 / 

The integration in Eq. [7] can be performed, and the re- 
sultant local mass-transfer coefficient is given by 

kx = 
(B/D) ,3D x - : l  4 

B 4 -312 x_3/4],/~ [13] 2F(4/3) [1 - ( x - ' 1 2 + - ~ x  ' ' )  ] 
The local Sherwood number  is 

Sh~ = - -  
(B/D),I3 x31~ 

2I'(4/3) F1 _ /x_,~ [ ~ B \ -3,2 ,,3 + "-A x1'4) x_3,41 [14] 

Forced convection alone gives, upon similar integration 

u / F/3N/3 
/ /  / /  

. , , /  f /  
/ /  / /  
/ /  / /  
/ /  i i  
/ I  

/ /  / /  
/ ]  / /  

/ /  
/ /  
/ /  / /  

/ /  / /  

X / t  

~Uoo Uoo 
(a) (b) 

Fig. 1. Assisting forced and natural convection near a vertical wall 
(electrode). (a): Schematic flow pattern. (b): Velocity gradients at the 
well. 



D 
kF = [15] 

F(4/3) ( - - ~ ) " 3 x  ''2 
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x l / 2  

ShF = [16] 

Natural convection alone gives, similarly 

(a) 

D 
k~ = [17] 

2F(4/3) ( - ~ ) ' 3 x  "4 

X 3 / 4  

ShN = [18] 

By defining the ratio G as the cubic ratio between the 
natural and forced Sherwood numbers (11). 

(ShN~ 3 3 B 
= - -  - - X  3/4 [19] 

G = \ Shr / 2 A 

and. by comparing Eq. [14], [16], and [18], one obtains 

2 \3/~ 

( S h x  _ 
\ ShN/ (1 + --~G)2 \3/2 _ 1 [20] 

For the case when 

one obtains 

2 \ 3J2 
1 +-~-G)  = I + G  [21] 

Sh~ 3 = S h F  3 + Sh~ 3 [22] 

This result is identical to Ruckenstein and Rajagopalan's 
results (11) and in agreement  with Churchill 's correlation 
(6), in which the correlating power is n = 3. Therefore, for 
the region when the forced and natural convections are of 
similar magnitude along a vertical electrode, one can find 
the combined mass transfer by adding the cubic power of 
the individual Sherwood numbers. Similarly, the average 
Sherwood number, upon integration along the height of 
the electrode, is given by 

Shay 3 = ShFav 3 + ShNav 3 [23] 

Therefore, the average Sherwood number,  or the average 
mass-transfer coefficient, can be estimated from the cor- 
responding limiting values where either forced or natural 
convection exist alone. 

Opposing Forced and Natura l  Convect ion near o 
Ver t ica l  W a l l  

Consider the situation where the forced, convection is 
opposing the natural convection. If the wall is of length L, 
the natural boundary layer is developing at the bottom x 
= L, and the forced boundary layer starts at x = 0 (see Fig. 
2). 

Two distinct situations should be considered: (i) when 
the velocity gradient (shear stress) does not change sign 
along the electrode height. This is the case when f(x)~ > 
fl(x)N and the velocity direction at the wall is the same as 
that of the forced convection (see Fig. 2a and 2b). (ii) 
when the velocity gradient at the wall reaches 0 twice 
along the electrode height (see Fig. 2c and 2d). In this 
case, flow reversals can occur twice along the electrode 
surface, and the assumption of superimposition of veloci- 
ties is probably unrealistic there. 

Again, the derivative of the velocity at the wall is given 
by 

f ( x )  = A x  -'j2 - B ( L  - x)  '14 [24] 

V o l .  1 3 1 ,  N o .  10  

BF 

MF 

U 
N 

--/3 N /3 /~F 
r 

~ iljo 

i 

(b) 

L 

(c) 

U o o  

1 Xo{ 

/3 

(d) 
Fig. 2. Opposing forced and natural convection near a vertical wall 

(electrode). (a): Schematic flow pattern for no point of zero shear 
stress, fF > fiN. (b): Velocity gradients at the wall for no point of zero 
shear stress. (c): Schematic flow pattern for two points of zero shear 
stress. (d): Velocity gradients at the wall for two points of zero shear 
stress. 

where 

A 0.332 U~ 3/2 - - -  B = 1.92v Sc -l/4 ( g ~ A C  ~314 
4 v'a \ ~ /  

The local mass-transfer coefficient is given generally by 

[ A x  - ' 2  - B ( L  - x)'l~]ll~D 
k, = [25] 

F ( 4 / 3 ) ( 9 D ) , I 3 ( f : [ A x  -'~2 - B ( L - x ) l ~ 4 ] l ~ 2 d x l ~ )  

However, this expression must  be applied carefully for 
the opposing flows since the velocity derivative changes 
sign twice along the height of the electrode. The points of 
zero shear stress can be found by setting fi(x) = 0 

fl(x) = A x o  -':2 - B ( L  - Xo) ':4 = 0 [26] 

or 
Xo2(L - Xo) = (A /B)  4 [27] 

The two real roots Xol and x~ 2 represent the points of zero 
shear stress where flow reversal and separation of the 
boundary layer occur (see Fig. 2c and 2d). Therefore, the 
integration in Eq. [25] can be performed only for the up- 
per region 0 < x < Xol. The flow over the surface can be 
represented by Fig. 2c. For the regions Xo, < x < Xo2 and 
Xo 2 < x < L, it appears unlikely to predict the local mass- 
transfer coefficients because of the flow reversals and 
internal circulation. 

For the upper edge, the velocity derivative at the wall is 
given by 
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fl(x) = A x  - ~  - B L  '~ ( 1 -  L--I I~4 

For the case where x <<  L 

fl(x) = A x  -':'~ - B L  11~ 

The integration in Eq. [25] gives 

f f x/t3(x) dx = f :(Ax-'~" - BL'")"2dx 

A 
= ( x  1'~ 2 ~ L I ~ . ) ( A x ' r ~ - B L ~ 4 x ) ' r ' -  

+ A~ [sinh_, ( ~  x,~ + 1) _ s inh- ,1]  
4(BL,~*)~z 

The mass-transfer coefficient is, therefore 

4 [28] ( k ~  ~ - ~ k  (1 - 2 L\3'2 
\ kN / = "~'Gk --~-) 

1 3 ( x~'~2 + 1 - s i n h - ' l  + ~- \-~-[-L-/ [st~h-' --V- 

[38] 

For the upper  edge of the plate where x <<  L, the s inh - '  
term can be neglected, and Eq. [38] can be simplified to 

2G, L 
1 [30] { ~ _ _  4 3 

[39] 
\ k~ / 3G~ 3 x 

1 
4G~ L 

D(Ax-,12 - BL,14),2 

F(4/3)(gD) '/3 

A 

A ~ [ /2BL'4 x112 ) 1} -1/3 ~ + 1 s i nh - '  1 + 4(BL1/4) 3~2 s inh - '  

[31] 

The corresponding Sherwood number  is given by  

k~c 
Sh,. = [32] 

D 

This expression is valid only when 0 < x < Xo, and when 
the electrode is long enough so the derivative of the ve- 
locity of the natural  convection becomes almost constant. 
The mass-transfer coefficient in Eq. [31], or the corre- 
sponding Sherwood number  (Eq. [32]), cannot be related 
easily to the l imiting cases of individual  forced or natural  
convection. 

The individual  mass-transfer coefficients (or Sherwood 
numbers)  are calculated similarly to be for forced 
convection 

D [33] 
k~ \ 1--~/ F(4J3)x '/2 

Sh~ \ 1--2-D/ F(413) [34] 

Fur ther  approximat ion when 

gives 

4 8 L 
k /  ~ -~ k~ ~ - -ff k~ ~ --x. [40] 

It  must  be kept  in mind that all the above correlations 
are for heights where the natural  convection approaches a 
constant  value. 

The Sherwood number  (Eq. [32]) can be related simi- 
larly to the individual  Sherwood numbers  (Eq. [34] and 
[36]) by defining the ratio Gs~ 

= ( S h N ~  3 3 B L 9~4 
Gsh \ ShF/  2 A x 3/2 [41] 

The local Shel~ccood number  is then related to the ratio 
Gsh x~/L 2 by 

ShN/ = ~  1 - - ~ - G s h  L2 / 

L ~ x 2 ~ ~12 
4Gsh -'~ Gsh -L-~/ 

+ -4  2Gsh x 2 [sinh-~ Gsh ~-y + 1) - s i n h - '  1 

and for natural  convection (in which the origin is at x = 
L) 

k N D(B/D)"3  [35] 
2F(4/3)(L - x) a~4 

(B/D)lt3(L - x)~4 
[36] 

2F(4/3) 
ShN = 

It appears  that a simple relation between the local mass- 
transfer coefficient (Eq. [31] and [32]) and the individual  
mass-transfer coefficients (Eq. [33]-[36]) is not obvious as 
in the case of assisting flows. 

The mass-transfer coefficient (Eq. [31]) can be related 
to the individual  mass-transfer coefficients (Eq. [33] and 
[35]) by defining the ratio Gk, which represents  the rela- 
tive importance of the two individual  mass-transfer coef- 
ficients 

= C kN~ ~ 3 B X ~'2 
Gk \ -~F/  ~- 2 A L 314 [37] 

The local mass-transfer coefficient is then related to the 
ratio G k L / x  by 

[42] 

Again, for the upper  section where x <<  L and 3/4Gsh 
L2/x 2 < <  1, the correlation can be approximated  by 

4 ( 1 -  2 G x2 

ShN/ 3Gsh (1 4Gsh3 x~ ) L  2 [43] 

Fur ther  approximat ion yields 

Shx ~ = 4 ShF 3 _ -3-2 ShN3 _~. x2 [44] 

The above correlations are not  as simple as in the case of 
assisting flow, part ial ly because the natural convection 
starts at the downstream edge, x = L, and the characteris- 
tic length in ShN is L, while the characteristic length in 
Sh~ and ShF is x. 

For  both the lower edge of the electrode and the inter- 
mediate  region, it is not  appropria te  to use the Lighthill  
t ransformation because of flow reversal and boundary  
layer separation. 
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The resul t  in Eq.  [31] is in d i sag reemen t  w i th  that  of  
R u c k e n s t e i n  and Ra jagopa ian  (11) for oppos ing  flows 
near  a ver t ical  wal l  

CONVECTION A T  V E R T I C A L  ELECTRODES 

UF 

( S h ~  ~3 = (1 - 2/3 G) 3r2 

ShN/ 1 - (1 - 2/3 G) 3~2 [45] 

which ,  upon  the  s impl i f ica t ion (1 - 2/3 G) 3j2 ~ 1 - G, 
gives  

Sh~ 3 = ShF 3 - ShN 3 [46] 

Equa t ions  [45] and [46] differ  f rom the  equa t ions  for as- 
s is t ing flow, Eq.  [20] and [22], only  by a m i n u s  sign. I t  is 
no t  clear  h o w  R u c k e n s t e i n  and Rajagopa lan  (11) ob ta ined  
the  above, results.  

Fu r the rmore ,  the  l imi ted  expe r imen ta l  data  avai lable  
for oppos ing  forced and natura l  convec t ions  do not  agree 
wi th  the  s imple  re la t ionship  g iven  by  R u c k e n s t e i n  and 
Ra jagopa lan  (11), Eq.  [45] and [46]. 

Vert ica l  Flow Channe l  
Cons ider  a ver t ica l  f low channe l  in wh ich  the  flow is 

fully deve loped  and laminar .  An  e lec t rode  of  l eng th  L is 
e m b e d d e d  in the  wal l  s tar t ing at po in t  x = 0. Natura l  con- 
vec t ion  occurs  at the  e lec t rode  due  to concen t ra t ion  de- 
p le t ion  and dens i ty  variat ion.  Fo r  the  case of  assis t ing 
flows, bo th  forced and natura l  convec t ion  are d i rec ted  
upward .  For  oppos ing  flows the  forced convec t ion  is 
d o w n w a r d  whi le  the  na tura l  convec t ion  is upward .  

Fi rs t  cons ider  the  assis t ing flows case. See  Fig. 3 for 
the  schemat ic  f low pa t te rn  and the  ve loc i ty  gradients  at 
t he  wall. 

The  forced ve loc i ty  is g iven  by  

UF = 6~av (--~ -- --~2) v F = O  [47] 

whe re  d is the  gap of  the  f low channel .  The  ve loc i ty  can 
be  app rox ima ted  near  the  wal l  to be  

U F ~  ( - ~ - L )  y = A y  v F =  O [48] 

The  natura l  convec t ion  is g iven  as before  by  

u~ = Bx';4y [49] 

and the  ve loc i ty  der iva t ive  is 

f l(x) = A + B x  "4 [50] 

In tegra t ion  gives the  mass- t ransfer  coeff ic ient  for the  as- 
s is t ing flows 

k x = 

B4D z 

z 3A z 7+  3 A~ ~ A ~ 16 \ , 3  
8F(4/3)(9D)'~3 9 T ~- -z - T z3 + ~ A9/2) 

[51] 

[52] 

whe re  

z = (A + B x ' 4 )  "~ 

The cor respond ing  S h e r w o o d  n u m b e r  is 

Shx = 

B 4 z x  

[53] 

Fo r  the  case of  oppos ing  flows, a d is t inc t ion  should  be  
m a d e  be tween  two cases: (i) w h e n  the  ve loc i ty  der ivat ive  
at the  wal l  ~ (x) does  no t  reach  zero wi th in  the  e lec t rode  
l eng th  L, and (ii) w h e n  the  po in t  of  zero shear  stress oc- 
curs  on the  e lec t rode  and f low reversa l  is expec ted .  
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(b) 
Fig. 3. Assisting forced and natural convection near an electrode 

embedded in a vertical flow channel. (a): Schematic flow pattern. (b): 
Velocity gradients at the wall. 

The two cases are i l lus t ra ted  schemat ica l ly  in Fig. 4, 
whe re  bo th  the  flow pat terns  and the co r re spond ing  ve- 
loci ty  gradients  are shown.  Fo r  case (i), whe re  no zero 
shear  stress occurs  at the  electrode,  the  mass- t ransfer  
coeff ic ient  can be ca lcula ted  in a s imilar  way  as for the  
case of  assis t ing flows, excep t  the  in tegra t ion  starts at 
the  top  x = L whe re  t he  fresh solut ion approaches  the  
e lec t rode  
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Fig. 4. Opposing forced and natural convection near on electrode 
embedded in a vertical flow channel. (a): Schematic flow pattern in 
the case of no zero shear stress at the electrode flF > fiN. (b): Veloc- 
ity gradients at the wall in the case of no zero shear stress at the wall. 
(c): Schematic flow pattern in the case of one point of zero shear 
stress at the wall. (d): Velocity gradients at the wall for one point of 
zero shear stress at the wall. 
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B4D[z(x) - z(L)] [ z(x)" - 
k~ 

~ D - ~ Y ~  ~ 
z(L)" 

3A 
- - -  [z(x)' - z(L) 7] 

7 

A 3 } -,13 
3A2 [z(x) 5 - z(L) 5] ~ [z(x) 3 - z(L) '3] [54] + ___g_ - 

where 

z ( x )  = ( B x  "4 - A) '12 

z(L) = (BL ~4 - A) 1/2 

For case (ii), where the point of zero shear stress occurs 
within the electrode length, 0 < xo < L, the situation is 
quite complicated, as shown in Fig. 4c and 4d. Flow rever- 
sal occurs which results in two circulation patterns. It ap- 
pears that the present method is too oversimplified for 
such a case. Nevertheless, if one calculates the mass- 
transfer coefficients, two regions should be distin- 
guished: the top region, Xo < x < L, where natural convec- 
tion dominates, and the bottom region, 0 < x < Xo, where 
forced convection dominates. 

Summary 
It has been shown, theoretically, that the local and aver- 

age mass-transfer coefficients along a vertical electrode 
where both forced and natural convection exist can be 
calculated using the superimposition of velocities and the 
Lighthill transformation. The case of vertical wall in a 
vertical free flow and the case of electrode embedded in 
the wall of a vertical flow channel have been treated. A 
distinction should be made between assisting and 
opposing flows. In the case of assisting flow, the integra- 
tion in the Lighthill transformation is straightforward. 
However, for the cases of opposing flows, points of zero 
shear stress are expected accompanied by flow reversals. 
For such complicated cases, the local mass-transfer 
coefficients can be predicted only for the upstream re- 
gions, before flow reversal occurs. 
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LIST OF SYMBOLS 
A constant for forced convection 
B constant for natural  convection 
C concentration (mol/cm 3) 
D diffusion coefficient (cm2/s) 
g gravitational acceleration (crrgs 2) 

G ratio (kN/kF) 3 for assisting flow 
Gk ratio (kN/kF) 3 for opposing flow 
Gr Grashof number  defined in terms of x 
Gsh ratio (ShN/ShF) 3 for opposing flow 
k~ local mass-transfer coefficient (cm/s) 
L length of vertical plate (cm) 
Nu~v average Nusselt number  
Nux local Nusselt number  
Pr Prandtl  number  
Sc Schmidt number  
Shay average Sherwood number  
Shx local Sherwood number  
u velocity in x direction (crrgs) 
uav average velocity in x direction (crrYs) 
v velocity in y direction (cm/s) 
x vertical position along vertical plate (cm) 
y position normal to the plate (cm) 

Greek symbols 
concentration coefficient of volumetric expansion 
(cm 3 mol -~) 

fl(x) velocity derivative at the wall (s- ')  
F(4/3) 0.89298, the gamma function of 4/3 

fluid viscosity, g cm - '  s -~ 
kinematic viscosity, cm 2 s -~ 

p density of fluid, g cm -'~ 
Subscripts 

av average 
F forced convection 
N natural convection 
w at the wall surface 
oo in the bulk 
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Semiconductor Electrodes 
LVII. Differential Photocurrent and Second Harmonic Techniques for in situ Monitoring of 

Surface States on n-MoSe2 in Aqueous Solutions 

Bob L. Wheeler, G. Nagasubramanian, and Allen J. Bard* 
Department of Chemistry, The University of Texas at Austin, Austin, Texas 78712 

ABSTRACT 

Second harmonic ac impedance and differential photocurrent  techniques are employed to monitor, in situ, the sur- 
face states on n-MoSes electrodes in aqueous solutions containing the Fe(CN)6 s-/4- couple. These two techniques are 
qualitatively more sensitive to the presence of surface states on single-crystal n-MoSes than first harmonic ac tech- 
niques. Surface states on this semiconductor electrode were passivated by a thin layer of RuOx. This film also increased 
the PEC efficiency of both single-crystal and polycrystalline n-MoSes. 

Surface states, either intrinsic or extrinsic, are known 
to affect the performance of photoelectrochemical  (PEC) 
cells and behavior of semiconductor  electrodes by pro- 
moting Fermi level pinning, acting as recombinat ion cen- 
ters, and abetting dark current flow (1-3). Several tech- 
niques for the study of surface states at electrode surfaces 
contacting electrolyte solutions are available; these in- 
clude (i) current-potential methods (3), (ii) photocapaci- 
tance spectroscopy (4), (iii) electroluminescence spectros- 
copy (5-7), (iv) photoluminescence spectroscopy (7), (v) 
measurements  of the subbandgap photoresponse (8-10), 
(vi) interfacial capacitance (11), and (vii) surface 
photovoltage (12). Recently, we reported that the ac im- 
pedance technique can provide information about both 
the energy distribution and density of surface states 
(13, 14). This method could detect the presence of surface 
states even when their density was too small to cause 
Fermi level pinning on n-MoTes. We report here ac im- 
pedance studies of n-MoSes and demonstrate the use of 
this method as a means of in situ monitoring of the semi- 
conductor surface and the effects of surface treatments. 
In addition, two techniques are described which are qual- 
itatively even more sensitive to the presence of surface 
states: the second harmonic ac impedance and the differ- 
ential photocurrent  techniques. Deposition of a thin layer 
of R u O / o n  the surface of n-MoSes was shown by all three 
techniques to passivate the surface states present. Con- 
currently, the photocurrent-voltage behavior showed a 
dramatic improvement.  This provides strong evidence 
that all three techniques monitor the semiconductor  sur- 
face, in situ, and that the surface states were responsible 
for the poor photocurrent-voltage behavior with the un- 
treated surface. The improvement  of the single-crystal be- 
havior encouraged us to at tempt to improve polycrystal- 
line MoSes films by the same method. 

Experimental 
Electrodes.--Single crystals of n-MoSes 1 were used. The 

van der Waals surface ( -~ C axis) was the face exposed to 
the solution. Ohmic contacts were made to the back sur- 
faces with Ga/In eutectic. A copper wire lead for electrical 
contact was attached to the ohmic contacts with silver 
conductive paint (Allied Product  Corporation, New Ha- 
ven, Connecticut) and then covered with 5 min epoxy ce- 
ment  (Devcon Corporation, Danvers, Massachusetts). A 
fresh surface was exposed by peeling off the top van der 
Waals layers with adhesive tape until the surface ap- 
peared free of edges or steps upon examination with a mi- 
croscope. Assemblies were then mounted in 6 mm diam 
glass tubing and held in place by covering all except  the 
front surface with silicone rubber sealant (Dow Coming 
Corporation, Midland, Michigan), which also served as a 
seal against the seepage of the electrolyte to the back con- 
tact. The exposed area was -0.06 cm s for all electrodes 

*Electrochemical Society Active Member. 
1The single crystals of n-MoSes were obtained from Dr. Barry 

Miller and Dr. Frank DiSalvo of AT&T Bell Laboratories, Mur- 
ray Hill, New Jersey. 

used. The surfaces of the electrodes were treated with 6M 
HC1 for 1 min and rinsed with distilled water prior to use. 
The electrolyte consisted of an aqueous solution of 0.2M 
K2Fe(CN)6, adjusted to pH 8 with KOH, and deaerated 
with prepurified N2 prior to the experiment.  A positive 
pressure of this Ns was kept in the cell during the experi- 
ments. 

Polycrystalline films of MoSe2 were made from MoSe2 
powder, 99+% (Alfa, Danvers, Massachusetts) using Is 
vapor transport. A quartz tube, 1.5 cm diam + 15 cm 
length, was rinsed successively with 48% HF, distilled 
water, aqua regia, distilled water, 48% HF, and distilled 
water, then dried under  vacuum at 150~ Approximately 
3g of the MoSe2 powder was placed in the tube, and the 
tube was evacuated (< 10 -5 torr) for lh. The tube was 
filled with He and I2 was quickly added (-20 mg/g 
MoSe2). Most of the He was removed and the tube was 
cooled in liquid N2 and evacuated and sealed. The MoSe2 
and Is were distributed along the tube, which was placed 
in a split tube furnace (Hevi-duty Electric Company, 
Watertown, Wisconsin, length 18 in., diam 1.25 in.) and 
kept at 900~ The ends of the furnace were plugged with 
spun alumina to minimize any temperature gradient 
which could cause growth of single crystals. After three 
weeks, the tube was removed from the furnace, and a 
suitable section was cooled under running water to con- 
dense the I2, and then the rest of the tube was cooled. A 
polycrystalline mass of MoSe2 had grown above and be- 
neath the original charge. The side of the polycrystalline 
mass which faced the center of the quartz tube was cov- 
ered with crystalline platelets protruding perpendicularly 
to the quartz walls; this was designated as the rough side. 
The opposite side, which was against the quartz tube, was 
shiny and was designated as the smooth side. The poly- 
crystalline films were quite sturdy and could be removed 
easily from the quartz after the tube was broken. Contact 
to these films was made with silver paint and copper 
wire. The contact and the rest of the film, except  for the 
area to be exposed to the solution, was covered with 5 
rain epoxy cement. Since the films had pinholes, the con- 
tact had to be kept above the solution level. The electro- 
lyte solution used was an aqueous solution of 1M KBr, 
deaerated with Ns. 

A conventional three-electrode single-compartment cell 
with a flat Pyrex window for illumination of the semi- 
conductor  electrode was used. The cell, which had a vol- 
ume of about 30 ml, also contained a Pt  gauze electrode 
(area > 40 cm s) which was used as the counterelectrode. 
The reference electrode was a saturated calomel electrode 
(SCE) separated from the cell by a KCl-saturated agar 
bridge. All potentials are reported vs. SCE. 

Current-potential behavior was obtained with a PAR 
Model 173 potentiostat with Model 179 digital coulometer 
plug-in and Model 175 programmer (Princeton Applied 
Research, Princeton, New Jersey) and recorded with a 
Model 2000 X-Y recorder (Houston Instruments,  Austin, 
Texas). Polychromatic i l lumination was obtained from a 
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450W Xe lamp (Oriel Corporation, Stamford, Connecticut) 
provided with a water filter. The intensity was 100 
mW/cm ~. 

Photodeposition of RuOx (x -- 2) on the MoSe2 elec- 
trodes was accomplished by a modification of the proce- 
dure reported by Anderson and Warren (15). To a solution 
of 1.7g of RuC13 �9 3H20 in 100 ml of 98% aqueous EtOH, 6 
ml of 1,3-cyclohexadiene was added (16). The solution 
was placed in a boiling flask fitted with a reflux con- 
denser and heated to 45~ for 3h. The reflux condenser 
was then removed, and the solution volume was reduced 
to 30 ml. The red precipitate of [Ru(~s-C6H6)C12]2 was col- 
lected by filtration, washed with EtOH, and allowed to 
dry in air. This species was dissolved in a min imum 
amount  of water, and 4 mol AgBF, were added per mole 
of Ru dimer to obtain Ru(~6-C6H6)(OH~)~ ~§ and a precipi- 
tate of AgC1. The solution was filtered, and the filtrate 
was diluted to give 0.04M Ru. The pH was adjusted to 5 
and NaC104 was used as supporting electrolyte at a con- 
centration of 0.1M. The aquated species can be oxidized 
on Pt  at +0.9V vs.  SCE to give a film of RuO~. (15). On il- 
luminated n-MoSe2, photo-oxidation starts at +0.2V vs. 
SCE. The films were produced by i l luminating the 
n-MoSe2 with white light and biasing at + 0.5V while mon- 
itoring the charge passed with a coulometer. 

A C  i m p e d a n c e . - - T h e  lock-in technique (13, 14) was 
used to measure the ac impedance behavior as a function 
of applied potential. In  this technique, a small amplitude 
sine wave, 12 mV peak to peak, from a wide-range oscilla- 
tor (Model 200 CD, Hewlett-Packard, Palo Alto, Cali- 
fornia) is superimposed on a slow (-< 5 mV/s) dc ramp 
from the PAR universal programmer by the PAR poten- 
tiostat and applied to the cell. The output of the current 
follower of the potentiostat is input  to a lock-in amplifier 
(PAR Model 5204 or 5206) which separates the signal into 
the components  in and out of phase (90 ~ with the ac sig- 
nal from the oscillator. These signals were calibrated by 
using an RC circuit composed of a resistance substi tution 
box checked with a digital multimeter and a precision 
decade capacitor (Hewlett-Packard Model 4440 B). The in 
and out of phase signals as a function of dc potential were 
plotted on an X-Y-Y recorder (Soltec, Sun Valley, Califor- 
nia, Model 6432). 

The second harmonic measurements were made by ap- 
plying the same ac signal at a fundamental  frequency (f) 
and setting the lock-in on the external 2f mode. The 
HP200 CD oscillator was found to have negligible har- 
monic distortion detectable at the sensitivities used, and, 
therefore, this oscillator was used for all ac measure- 
ments. All other inst rumentat ion was the same as that 
used in the measurements at the fundamental  frequency. 

Di f f e ren t ia l  p h o t o c u r r e n t . - - I n  this technique, the 
photocurrent is electronically differentiated with respect 
to potential as a function of potential (17). The method 
used the intermodulation frequency of chopped light and 
ac modulation of the electrode. This method has been de- 
scribed in  detail elsewhere (18) and the results are plots of 
the photocurrent vs.  voltage, as well as the differential 
photocurrent vs. voltage. Instrumentat ion is identical to 
that described previously (18). 

Results and Discussion 
Capac i t ance -vo l t age  behav ior  o f  s ing le-crys ta l  

n - M o S e 2 . - - M o t t - S c h o t t k y  (M-S) plots over the frequency 
range (f) 0.5-5 kHz are given in Fig. 1 for n-MoSe2 in aque- 
ous solution containing Fe(CN)~ 4-~3- as the redox couple. 
In  this frequency regime, the capacitance values (C) were 
generally free from the deleterious effects of surface 
states and yielded values of C which were only slightly 
dependent  on f. The value of flatband potential (V~B) and 
the average value of the doping density (ND) obtained 
from the M-S plots are around -0.1V vs.  SCE and 2 x 
10~Vcm 3. Taking the bandgap as 1.4 eV (19), we estimate 
that the valance band (VB) and conduction band (CB) 
edges are located, respectively, at +1.16 and -0.24V. 

C 

28. - b 

~om~ 20.( �9 a 

12.0 

4,0 ? ~  

f t  , I , I i 
0.0 + 0.4 + 0.8 

V vs. SCE 

Fig. 1. Mott-Schottky plots for n-MoSe2 in aqueous 0.2M 
K4Fe(CN)~. a: 500 Hz. b: 1 kHz. c: 5 kHz. 

Inflections in the reverse bias region of capacitance (C) 
or conductance (G) vs.  V plots are often associated with 
excess charge residing in surface states (20). Such inflec- 
tions will be manifested as dips or humps in the C-V or 
G-V plots with frequency-dependent peak positions and 
heights. The shape and size of the humps are determined 
by the time constant (7) associated with charge exchange 
and the density distribution as a function of potential en- 
ergy (N~s, cm-~eV-1). The integrated area under  .the hump 
can be used to obtain quantitative information about the 
total density of surface states. This approach was used 
previous]y (14) to obtain a surface-state density of 1.4 • 
10 '~ cm -2 for n-MoSe2. This density is too small for pin- 
ning the Fermi level (21, 22). In Fig. 2 are shown plots of 
the equivalent parallel conductance (G,) and equivalent 
parallel capacitance (C,) vs. V for two typical n-MoSe2 
electrodes in aqueous solution containing 0.2M K4Fe(CN)6 
at two different frequencies, 100 and 500 Hz. While the C, 
vs.  V plots at 500 Hz show no hump in contrast to that at 
100 Hz, the Gp vs. V plots exhibit humps with a frequency- 
dependent  peak height. Different electrodes all gave simi- 
lar results. This observation, that the in-phase component  
is more sensitive to the presence of surface states than the 
90 ~ component, is in accord with earlier observations (13, 
23, 24). In Fig. 3 is shown the second harmonic of the ac 
impedance of n-MoSe2 electrode of Fig. 2a in 0.2M 
K,Fe(CN)6 with ac modulation at 500 Hz. Note the ab- 
sence of any dip or hump in the Cp vs. V at 500 Hz, while 
the second harmonic (which is related to d C / d V  vs.  V)  ex- 
hibits a hump around +0.2V, roughly in the same poten- 
tial region in which Gp vs. V exhibits a hump. In  many de- 
vices, the capacitance changes much less rapidly than 
d C / d V  (25, 26, 27) since, while C, cr V1:2, d C d d V  ~ V -3/'~. As 
with the dCp/dV behavior, the small hump present in the 
G, vs. V curve is greatly amplified in the second har- 
monic of the conductance (dG~]dV) (Fig. 3). 

Pho tocurren t  a n d  d i f f e r e n t i a l  pho tocurren t  behav ior  o f  
n-MoSe.2.--In Fig. 4 are given the photocurrent (j) and the 
differential photocurrent (Aj) vs.  V for two n-MoSe~ elec- 
trodes with monochromatic i l lumination at 500 nm in 
aqueous solution containing IQFe(CN)~ as redox couple. 
The plots in Fig. 4a are for the same electrode as Fig. 2a. 
Note that the current axis for Aj is given in a logarithmic 
scale. The log Aj vs.  V plots exhibit a large hump in the 
potential regime in which j vs.  V curves exhibit  a dip. 
Similar results were obtained when the two modulating 
frequencies were varied by -+ 20% while maintaining the 
intermodulation frequency constant at 400 Hz for ease of 
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Fig. 2. AC impedance of 
n-MoSe2 in 0.2M K4Fe(CN)e. (a) 
and (b) denote different elec- 
trodes. The upper plots are for 
100 Hz, and the lower for 500 
Hz. Gp, in-phase or equivalent 
parallel conductance, Cp; quadra- 
ture or equivalent parallel capaci- 
tance. 

filtering. Since Aj is the differential photocurrent at any 
potential, information concerning inflections in the pho- 
tocurrent attributable, for example, to surface recombina- 
tion and surface states, are amplified in hi. Even a very 
small dip or hump in j vs. V will be apparent in Aj vs. V 
plots. Recall that the in-phase component  (Fig. 2) exhibits 
a peak in the same potential regime in which the j and hj 
vs. V plots exhibit a hump. This observation suggests that 
the differential photocurrent technique can be used as a 
diagnostic tool to probe the electrode surface for surface 
states. 

The ac impedance and current-voltage behavior of  
n-MoSes after surface modification wi th  RuOx.--These 
techniques, in conjunction with the ac impedance and 
current-voltage measurements,  have been extended to re- 
gimes where surface states can be passivated by a thin 
layer of RuOx. The thermodynamic potential for RuO~ 
deposition from Ru(~6-C~H6)(OH~)3 2§ complex is about 
+0.gv vs. SCE. The VB edge of n-MoSes is located at 

V vs. SCE 
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I I I I I ' 

I / 
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Fig. 3. Second harmonic ac impedance for n-MoSe~ in aqueous 
0.2M K4Fe(CN)~. Fundamental modulation frequency = 500 Hz. Sen- 
sitivity for dGp (second harmonic of Gp) and dCp (second harmonic of 
~p) ore 100x and 20x, respectively, Gp and Cp in Fig. 2b. Negative 
values are plotted upward. 
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~0.8 * 0 . 4  0 

V vs. SCE 
Fig. 4. Photocurrent (j) and log differential photocurrent (Aj) vs. po- 
tential for n-MoSe.~ in 0.2M K4Fe(CN)6. Monochromatic illumination 
at 500 nm, j obtained with light modulation at ~1.1 kHz, and ~j at 
the difference frequency (0.4 kHz) between the potential modulation 
(~1.5 kHz) and the light modulation. (a) and (b) denote different 
electrodes. The plots for (a) ore for the electrode of Fig. 2a. 
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Fig. 5. AC impedance of n- 
MoSe2/RuO~ in 0.2M K4Fe(CN)6. 
Gp = equivalent parallel conduct- 
ance, Cp = equivalent parallel 
capacitance, dGp = second har- 
monic of Gp (sensitivity = 5 • 
Gp). Modulation frequency is 25 
Hz (left) and 100 Hz (right). Neg- 
ative values of dGp are plotted 
upward. 
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Gp 

I 

1.16V vs. SCE. We have photoelectrochemical ly deposi ted 
a thin layer of RuO~ on the surface of the n-MoSes elec- 
t rode of Fig. 2a held at +0.5V under  white l ight i l lumina- 
tion from a 450W Xe lamp. The film appeared  golden yel- 
low, and the amount  of  charge passed was equal  to t.9 
mC ( -  30 mC/cm2). In Fig. 5 are given plots of the imped- 
ance and the second harmonic  ac impedance  for two 
modulat ion frequencies in K4Fe(CN)6 solution. Both the 
ac impedance  at the fundamental  frequency and the more 
sensitive second harmonic exhibi t  smooth plots that  are 
indicative of an improved surface. In Fig. 6 is shown the j 
and Aj vs. V for n-MoSe2 after deposi t ing RuO~. Note the 
significant improvement  in the shape of  the current- 
voltage behavior. The photocurrent  rises to saturation 
much more quickly than its counterpart  in Fig. 4. This 
type of steep rise to saturat ion has been at t r ibuted to the 
absence of surface states and recombinat ion effects (28, 
29). At 0.3V, corresponding to the Vredox of Fe(CN)64-~s-, 
the photocurrent  (roughly corresponding to the  short- 

0.6 
I I 

0.3 0.0 
i I i I I j = o  

Vvs.SCE 

l og  Aj 

Fig. 6. Photocurrent (j) and log differential photocurrent (Aj) for 
n-MoSe2/RuO~ in 0.2M K4Fe(CN)~. Illumination and frequencies are 
as in Fig. 4. 

circuit  photocurrent  in a two-electrode PEC cell con- 
figuration) of the RuOx-modified electrode is approxi-  
mately double that of the untreated electrode. Consider 
the behavior  of the differential photocurrent.  Aj decreases 
more sharply with V than its counterpart  in Fig. 4. Fur-  
ther, the hump at t r ibutable to the presence of surface 
states is absent,  suggesting the passivation of the surface 
states. The RuOx films were found to be stable in the 
presence of all mineral  acids, but  could be dissolved by 
sulfochromic acid. Short  t reatments  in this acid of bare 
n-MoSe2 electrodes were found not to affect the ac imped- 
ance behavior. In  Fig. 7 is given the plot  of j and hj vs. V 
after part ial ly removing the RuO~ layer by briefly dip- 
ping the electrode in chromic acid. Compare Fig. 6 and 7. 
In  both cases, the j vs. V behavior is the same. The lower 
photocurrent  in Fig. 6 is probably due to larger attenua- 
tion of the impinging light intensity by a thicker  RuOx 

0.8 0.4 o.0 
I , I , , ) , , I J--O 

Vvs. SCE 

" ~  - I 0  

- 9  

/ I o g A j  

Fig. 7. Photocurrent (j) and log differential photocurrent (Aj) for 
n-MoSeJRuOx in 0.2M K4Fe(CN)6 after etching RuOx coating in chro- 
mic acid for 5s. Monochromatic illumination and frequencies are as in 
Fig. 4. 
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Fig. 8. Current-potential curves 
for smooth side of polycrystalline 
MoSe2 in 1M KBr. Dark (---), 
illuminated with 450W Xe lamp 
( - 1 0 0  mW/cm s) ( ), and after 
deposition of RuOx under illumi- 
nation (-.-). 

film. However, the Aj vs. V behavior is not the same. This 
plot exhibits a hump in the same potential regime in 
which both the ac impedance and differential photocur- 
rent (before RuOx deposition) exhibit a hump. This obser- 
vation indicates that the differential photocurrent method 
can be used to monitor the presence of surface states 
even at low levels, where the photocurrent behavior ap- 
pears normal. In addition, even those states which cannot 
be charged in the dark but  can be charged under  illumi- 
nation (30) are detectable by.the differential photocurrent 
technique. In this respect it is even superior to the second 
harmonic impedance method for detecting surface states. 

In  a previous paper (14), we reported that the surface 
states existing on n-MoSes were not present in sufficient 
density to cause p inning  of the Fermi level in acetonitrile 
solutions. The possibility that a Schottky barrier exists 
between the n-MoSes and the RuO~ is ruled out by the 
constant  onset potential of photocurrent in solutions of 
iodide, bromide, and ferrocyanide. Formation of insulat- 
ing layers such as oxides could cause the measured im- 
pedance to be no longer equivalent to the combinat ion of 

space charge layer and surface states illustrated by Fig. 
A-1 of Ref. (14). The fact that RuOx is a conducting layer, 
as well as the values of the capacitance away from the po- 
tential regime of the_surface states before and after RuO~ 
deposition (compare Fig. 2a and Fig. 5), strongly suggests 
that the space charge layer capacitance is being mea- 
sured. Additional support for this contention lies in the 
fact that even at frequencies as low as 100 Hz, the Mott- 
Schottky plots are linear; this would not be the case if the 
space charge capacitance were not approximately equiva- 
lent to the measured capacitance. 

PEC behavior of polycrystalline n-MoSe2.--Recent stud- 
ies on polycrystalline films of p-WSe2 (31) and n-WSes (32) 
have been described. In the latter work, results of a modi- 
fication procedure with silver and lan thanum ions were 
discussed. We report here work done on similar poly- 
crystalline films of n-MoSes and results of surface 
modification with photodePosited RuOx films. In  Fig. 8 
is shown the j-V behavior for the smooth side of 
polycrystalline n-MoSe2 in aqueous solution containing 
1.0M KBr as the redox couple before and after depositing 

0.8 0.4 i. 0 

,,,,,,' V vs SCE 

!," mA/om 2 
Fig. 9. Current-potential curves 

for rough surface of polycrystal- 
line n-MoSe.> Dark (--),  illumina- 
tion ( ). Conditions are as in 
Fig. 8. 
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a thin layer of RuOx. The conditions are the same as used 
for the single-crystal n-MoSez except  the number  of cou- 
lombs passed in RuO~ deposi t ion (~420 mC/cm '2 of pro- 
jec ted  surface area). (However, the actual surface area 
could be as much as an order  of magni tude greater than 
the projected area.) The photoperformance is improved 
after RuO~ deposition; not  only is the photocurrent  in- 
creased, but  the onset of photocurrent  is located at least 
0.3V more negative. Al though the j-V performance ap- 
pears to be improved after modifying the electrode sur- 
face with RuO,, the photocurrent  and efficiency of the 
polycrystal l ine material  is still much smaller  than that  of 
t reated single-crystal MoSe~. Under  similar conditions, 
the untreated rough side of the polycrystal l ine MoSe2 
gave bet ter  photocurrent  than the RuOx-coated smooth 
side (Fig. 9). However, deposi t ion of the RuOx on the 
rough side did not improve the behavior. Thus, the RuOx 
t reatment  appears to help a poor surface more than a 
good one. 

Conclusions 
Both the second harmonic and the differential photo- 

current  methods can be used as diagnostic tools for moni- 
toring the presence of surface states. Even under  condi- 
t ions where the presence of surface states cannot be 
detected by the photocurrent ,  the differential photocur- 
rent  can be used to detect  them. Further,  even those 
states which are not charged in the dark but  can be 
charged under  i l lumination can be detected by the differ- 
ential photocurrent.  In this respect,  it is even superior  to 
the second harmonic impedance  method. The second har- 
monic is more sensitive than the ac impedance  of the fun- 
damenta l  frequency. 

Photoelectrodeposi t ion of a thin film of RuOx signifi- 
cantly improves both the potential  for photocurrent  onset 
as well as the short-circuit  photocurrent  for single-crystal 
n-MoSe2 and the smooth side of polycrystal l ine MoSe2. 
At tempts  to s tudy the behavior of similar n-MoTe2 with 
RuOx films were not successful. The Ru(~?6-C6H6)(OH2)32§ 
redox potential  is more positive than the valence band- 
edge of this material  (13) and, therefore, RuO~ films 
could not  be formed by this method. 
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The Voltammetric Response of Solutions of Electroactive Polymers 
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ABSTRACT 

A series of electroactive polymers was synthesized by incorporating pendant  anthraquinone groups on a polystyrene 
backbone. The spacing between electroactive groups and the overall chain length were varied independently.  Symmet- 
rical, reversible cyclic voltammograms were obtained from polymer solutions. Linear plots of current vs. (sweep rate) '~2 
were obtained whose slopes decreased with increase in chain length. Diffusion parameters thus evaluated agree with re- 
sults obtained by viscometry. The Randles-Sevcik equation was modified to show the dependence of peak current 
upon polymer molecular weight. The predicted linear dependence of log ip upon log Mn was confirmed for polymers 
whose molecular weights were determined by gel permeation chromatography. The results clearly indicate the presence 
of independent,  noninteract ing centers. 

The voltammetric behavior of solutions of polymers 
with pendant  electroactive groups reflects the transfer of 
a large number  of electrons to or from a single molecule. 
Although the electron transfer process may occur solely 
to the pendant  groups, the chain configuration and struc- 
ture can be expected to exert a profound influence on 
their diffusion to the electrode and to their interaction 
with neighboring groups. The size, shape, and location of 
voltammetric waves reflect the environment  in which the 
electroactive centers are contained, and the extent to 
which interaction between neighboring groups hinders 
the process of electron transfer. Moreover, the electro- 
chemical data may be used to characterize the polymers, 
because the voltammetric current is determined by the 
rate of diffusion of the macromolecule with its electro- 
active substituents. 

Bard and co-workers investigated poly(2-vinylnaphtha- 
lene), poly(1-vinylanthracene) (1), and poly(vinylferro- 
cene) (2), with triangular wave and pulse voltammetry, 
and found no interference between electroactive centers. 
We previously reported studies of a series of polymers of 
poly(vinylbenzophenone) and its copolymers with styrene 
(3, 4). These encompassed a range of molecular weights 
for which samples with differing spacings between 
electroactive groups were prepared. The electrochemical 
behavior indicated an absence of group-to-group interfer- 
ence for a wide range of copolymer compositions. 

Examples of deviation from behavior explicable by this 
simple model have also been reported. Smith et al. (5) in- 
vestigated poly(vinylferrocene) and estimated that only 
one in  four ferrocene groups (Mn = 1.6-2.6 • 104) could be 
oxidized. Morishima et al. (6) investigated polymers and 
copolymers of 3-vinyl-10-methylphenothlazine (MPT) and 
found interference between neighboring groups in MPT 
but  not in its copolymers. However, the latter could not 
be completely oxidized or reduced, and it is suggested 
that close proximity of electroactive groups is essential 
for electron self-exchange within the polymer chain and 
for the occurrence of complete oxidation. 

Yap and Durst (7) developed a theoretical analysis of 
the effects of nearest neighbor interaction in order to 
quantify the current/potential relationship as a function 
of interaction parameters and chain length. 

We have reported that noninteract ing behavior in solu- 
tion may be used to screen polymeric systems for possi- 
ble utilization in polymer-modified electrodes (8). Sys- 
tems which exhibit minimal  group-to-group interference 
in solution are a priori expected to show similar tenden- 
cies when incorporated in thin films on electrodes. 

In this work, we report the preparation and investiga- 
tion of a series of polymers containing anthraquinone 
(AQ) and of a model compound for this polymer. The be- 
havior of related quinones is well documented (9, 10), and 
their use as electrochemical mediators (11-15) prompted 
this choice. 

*Electrochemical Society Active Member. 

Experimental 
A series of copolymers, of different anthraquinone (AQ) 

loading and with a range of chain lengths, was prepared. 

s PAQ 

2-Anthraquinonecarbonylchloride was prepared from 
2-anthraquinone carboxylic acid and thionyl chloride by a 
standard procedure (16). 2-(p-Ethylbenzoyl)-9,10-anthra- 
quinone (EBAQ) was synthesized by reaction of 2-anthra- 
quinonecarbonylchloride (18.8 mM) and a luminum chlo- 
ride (22.5 mM) with ethyl benzene (200 ml) at room 
temperature for 3 days. After recrystallization from meth- 
anol, the product was obtained as yellow crystals, yield 
35%, m.p. 125~176 Elemental analysis was: calculated 
C 81.18, H 4.71; found C 80.68, H 4.83. Mass spectrum m/e 
(%): 342 (M + + 2, 1.5), 341 (M + + 1, 10.5), 340 (M +, 35), 235 
(9.5), 151 (17.1), 133 (100). 

The IR spectrum showed a strong absorption of a qui- 
none group at 1675 cm- ' ,  a fl-carbonyl group at 1650 cm- ' ,  
an ethyl group at 2970 cm -I, 2930 cm -1, and 2880 cm- ' ,  
and a substituted benzene ring at 700 cm- ' .  

The preparation of polystyrene of narrow dispersity 
and the determination of the chain length were described 
previously (3) .  Poly-[p-9,10-anthraquinone-2-carbonyl)- 
styrene]-co-styrene (PAQ) was synthesized by reacting 
polystyrene with 2-anthraquinonecarbonylchloride and 
a luminum chloride in dry nitrobenzene. Polymers of dif- 
ferent anthraquinone loading were prepared by changing 
the relative amounts  of 2-anthraquinonecarbonylchloride 
and polystyrene. The product was purified by repeated 
precipitation in methanol and finally freeze-dried in vac- 
uum. The IR spectrum showed a quinone band at 1675 
cm- ' ,  a fl-carbonyl band at 1650 cm- ' ,  a methylene band 
at 2920 cm- ' ,  and a substituted benzene ring at 700 cm- ' .  
Copolymer compositions were determined from infrared 
spectra and confirmed by elemental analysis. 

Tetraethylammonium perchlorate (TEAP) (Kodak) was 
recrystallized twice from distilled water and dried under  
vacuum at 80~ for 3 days. Pyridine (Py) (BDH, analytical 
grade) was stored over molecular sieves in a nitrogen at- 
mosphere. Dimethylformamide (DMF) (Fisher) was dried 
over BaO, vacuum distilled, and stored over molecular 
sieves. 

Intrinsic viscosity measurements were performed at 
25~ with an Ubbelohde viscometer, on solutions of poly- 
mer in 0.3M TEAP/Py-DMF (2/1, v/v). The choice of this 
solvent system was dictated by the poor solubility of 
polymers in conventional solvents. Molecular weights 
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Fig. 1. Cyclic voltarnrnetry in 0.3M TEAP/Py-DMF (2/1, v/v) of (a) 
EBAQ (1.29 mM) and (b) PAQ 40 (1.55 mM anthraquinone residues). 
Scan rates: 500, 200, 100, 50, 20 mV s -~ for curves 1-5, respec- 
tively. 
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were  de te rmined  by gel pe rmea t ion  ch roma t rog raphy  of  
the  paren t  polymer .  A Waters Model  GPC/ALC 301 fitted 
wi th  five capil lary co lumns  was employed .  

Solu t ions  of  0.3M T E A P / P y - D M F  (2/1, v/v) were  trans- 
ferred to a t h r e e - c o m p a r t m e n t  cell ma in ta ined  unde r  an  
argon a tmosphere .  

A ~b 1.7 m m  Pt  d isk  (Bioanalyt ical  Sys tems,  Incorpo-  
rated) was used  as a work ing  e lec t rode  wi th  a P t  wire  
coun te re l ec t rode  and an Ag/AgNO3 reference.  A P A R  
Model  170 E lec t rochemica l  Sys t em was  e m p l o y e d  for the  
vo l t ammet r i c  measu remen t s .  All potent ia ls  are  repor ted  
re la t ive  to the sa turated ca lomel  e lec t rode  (SCE). 

Results and Discussion 
The cyclic v o l t a m m o g r a m s  of the mode l  c o m p o u n d  

E B A Q  are shown in Fig. la.  The  peaks  are symmetr ica l :  
Epe and Epa are i n d e p e n d e n t  of sweep rate (u) for u - 0.5 V 
s - l ;  the  peak  separa t ion  is ~60 m V  at all scan rates; ipJipc 
is unity,  and ipc is p ropor t iona l  to ,~/2. A s imilar  pa t te rn  of  
ideal  behav ior  is shown  in Fig. lb  for t h e  c o p o l y m e r  P A Q  
40. For  the  fur ther  r educ t ion  of  the  dianion,  E B A Q  con- 
t inued  to show the  character is t ics  of  a s imple  system, 
whereas  the  po lymer  p roduces  sharp anionic  peaks  indic- 
at ive of  s t rong adsorp t ion  on the  e lec t rode  surface. Poly-  
mers  wi th  a h igh  AQ content ,  such  as P A Q  5(3) and P A Q  
200(3), gave ev idence  of adsorp t ion  of  the P A Q  radical  ion 
and of  the  PAQ polymer .  These  samples  were  exc luded  
f rom fur ther  study,  and the  inves t iga t ion  on the  re- 
ma in ing  samples  was conf ined  to the  first r educ t ion  step 
to the  radical  anion and of  its reoxidat ion.  

The  data  for a range  of po lymer  chain  lengths  and for 
var ious  average  spacings  of e lec t roact ive  groups  are pre- 
sen ted  in Table  I and Fig. 2. A l inear  re la t ionship  b e t w e e n  
ipc and u "2 is ob ta ined  even  for samples  whose  AQ conten t  
differs greatly. For  example ,  PAQ 5(1) and P A Q  5(2) each 
have  an average of  51.9 repea t  uni ts  (DPn) in the  po lymer  
cha in  bu t  have  19.3% and  41.3%, respect ively ,  of  pendan t  
AQ groups.  The  same pat tern  is ev iden t  w i th  the  h igh  mo- 
lecu lar  we igh t  samples  [PAQ 200(1) and P A Q  200(2)] wi th  
2170 repea t  uni ts  in the  cha in  and molecu la r  we igh t s  in 
excess  of  300,000. The  lower  s lopes reflect  the  inf luence 

Table I. Copolymer characterization 

[n] 
D x 107 (g/100 

Polymers AQ(%) DP, M, Mw/M, (cm2/s) ml) 

EBAQ 1 338.2 78.7 
PAQ 5(1) 19.3 51.9 7.76 • 10 ~ 1.20 15.6 0.058 
PAQ 5(2) 41.3 51.9 1.04 x 104 1.20 14.2 0.063 
PAQ 5(3) 48.9 51.9 1.13 • 104 1.20 -- -- 
PAQ 8 21.6 72.2 1.12 x 104 1.22 13.4 0.066 
PAQ 12 23.1 108 1.71 • 104 1.14 10.9 0.076 
PAQ 40 18.0 413 6.06 • 104 1.16 5.84 0.166 
PAQ 200(1) 19.5 2170 3.26 • l0 s 1.35 2.29 0.460 
PAQ 200(2) 28.0 2170 3.69 • l0 s 1.35 2.00 0.483 
PAQ 200(3) 47.4 2170 4.68 • 10 ~ 1.35 - -  -- 

o.o 0.2 0.4 0.6 0.8 

(scan ra?e)'5/V'Ss -'5 

Fig. 2. Plots of cathodic peak current against (scan rate) 1/2 for 1 
rnM anthraquinone residues. Curves from top: EBAQ, PAQ 5(1), PAQ 
5(2), PAQ 8, PAQ 12, PAQ 40, PAQ 200(1), PA o 200(2). 

of  cha in  length,  bu t  the  cu rves  are essent ia l ly  indepen-  
den t  of  the  n u m b e r  of  e lec t roac t ive  groups  on the  chain. 

The  re la t ionship  b e t w e e n  ip and u "2 is g iven  by the  
Rand les -Sevc ik  equa t ion  (17, 18) 

i o = 2.69 • 105 n 3/2 ADII'~C u '12 [1] 

where  n is the  n u m b e r  of  e lectrons t ransfer red  to each  
e lec t roac t ive  group,  A the  e lec t rode  area ,  D the  diffusion 
coefficient,  and C the  bu lk  concen t ra t ion  of  AQ res idues  
(M cm-~). 

The  diffusion coeff icients  were  calcula ted f rom the  
s lopes  of  ip vs. v "2 and are l is ted in Table  I. However ,  the  
di f fus ion coeff icients  of  po lymers  in solut ion are a func- 
t ion of  the  molecu la r  we igh t  and  are g iven  by 

D = KT M-b  [2] 

where  Kv is a cons tan t  and the  va lues  of  the  e x p o n e n t  b 
range f rom 0.50 for a poor  solvent  to 0.55 for a good  sol- 
v e n t  (19). The  var ia t ion in b resul ts  f rom the  changes  in 
chain  conformat ion  which  occur  as the  chains  coil  or ,be- 
c o m e  ex t ended  in the  solvent.  

The  va lues  of  D ob ta ined  f rom the  e l ec t rochemica l  data  
were  p lo t ted  against  the  n u m b e r  of  average molecu la r  
weight ,  (Mn) obta ined  f rom gel pe rmea t ion  chromatog-  
r aphy  of  the  paren t  polymers .  A straight  l ine whose  slope 

- 5 . 0  - 

- 5 . 5  - 

a 
CD -6.0 - 
3 

-6.5 - 

-7.0 [ i ~ 
2 3 4 6 

LOG ~n  

Fig. 3. Dependence of diffusion coefficient on molecular weight of 
PAQ copolymers and of EBAQ. 
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Fig. 4. Intrinsic viscosity-molecular weight relationship for PAQ 

yielded b = 0.52 was obtained from the double logarith- 
mic plot ~n Fig. 3. 

A further comparison of hydrodynamic behavior may 
be made with the Mark-Houwink relationship which re- 
lates the limiting viscosity number,  [V] (intrinsic velocity), 
to the molecular weight 

[~] = K M a [3] 

where b = (I + a)/3 (20). 
The viscosities of each of tl~e polymer samples were 

measured at four concentrations and extrapolated to zero 
concentration. The data in  Fig. 4 yield a = 0.57 and K = 
3.27 • 10 -4. This is in remarkable agreement with a = 0.56 
obtained from the voltammetric data. 

The Randles-Sevcik equation can be rewritten in a form 
which indicates the dependence of diffusion coefficient 
on the polymer molecular weight 

i, = 2.69 • 105 n 312 A~ 112 CKTll2M -bl2 [4] 

A plot of log ip vs. log M,, is linear and is presented in Fig. 
5. This again illustrates the feasibility of determining mo- 
lecular weights from vo]tammetric measurements in 
these systems (4). 

However, the conditions of ideality required for such an 
application predicate against the general use of this tech- 
nique. Not only must  a Nernstian electrode process occur 
to satisfy the assumptions of the Randles-Sevcik equa- 
tion, but there must  also be minimal interaction between 
electroactive centers. The ability to determine molecular 
weights, even for a limited group of polymers, is a re- 
assuring manifestation of the essential soundness of the 
physical model. 

On average, the electroactive groups were separated by 
at least one nonactive group along the chain. This does 
not imply a lack of opportunity for nearest neighbor inter- 
action. The spacing along the chain is random, and it is 
instructive to calculate the number  of sites in which AQ 
groups are adjacent to one another on a chain at neigh- 
boring positions Z1, Z2 

I i t 
z 1 AQ z 2 

Let X be the fraction of AQ groups in the polymer, and 
(1 - X) the fraction of styrene groups. The probability for 

0 . 6 -  

0.4- 
F- 
Z 

Dg 
tw 0 . 2 -  --~ 
(D 

0 . 0 -  13_ 

(.9 

- 0 . 2  - 

- 0 . 4  

LOG MOLECULAR WEIGHT 

Fig. 5. Dependence of peak current at a scan rate of 50 mV s -~ on 
molecular weight of PAQ copolymers and of EBAQ. 

structures such as AQ-AQ-AQ is X2; AQ-AQ-STY is 
2X(1 - X ) ;  and STY-AQ-STY (1 - X )  2. Hence, the proba- 
bility of an AQ group being adjacent to another AQ group 
is 

P =  1 - ( l - X )  2 = X ( 2 - X )  [5] 

For PAQ 5(2), X = 0.413 and thus P = 0.655. Hence, 65.5% 
of the AQ groups in the copolymer are adjacent to an- 
other AQ group and the opportunity for near-neighbor 
interaction is high. Despite this, the voltammetric data 
are indicative of noninteract ing Centers along the polymer 
chain. Although the diffusive motion of the electroactive 
groups is constrained by the relatively slow diffusion of 
the polymer molecule, the electrochmeical behavior is 
otherwise unchanged from that of free, simple molecular 
species undergoing oxidation and reduction reactions at 
an electrode. 
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The Kinetics of Oxygen Reduction at Porous Teflon-Bonded Fuel 
Cell Electrodes 

R. Holze .1 and W. Vielstich** 

Institute of Physical Chemistry, University of Bonn, D-5300 Bonn I, Germany 

ABSTRACT 

Oxygen reduction on porous Teflon-bonded semihydrophobic electrodes has been investigated using the imped- 
ance method. Carbon-supported metals and activated carbon have been used as electrocatalysts i n  neutral and alkaline 
electrolytes. The results of the impedance measurements agree well with those of galvanostatic double-pulse experi- 
ments. Taking into account the internal structure, especially the large inner  surface area of the catalyst particles forming 
the electrode, an attempt is made to calculate exchange current densities from the apparent charge transfer resistance. 
The values of io support the assumption that hydrogen peroxide is the predominant  reduction product formed on the 
electrocatalysts investigated. The measured polarization resistance is mainly caused by the slow diffusion of oxygen and 
its reduction products. The rather fast adsorption of oxygen and charge transfer reaction cause only a small contribution 
to the polarization. The results are discussed with respect to the electrode structure and compared with a general model 
describing the operation of a semihydrophobic porous electrode. 

The reduction of oxygen is the most important cathodic 
reaction in fuel cells, reactive metal air batteries, and gas- 
sensitive devices. In the near future, oxygen electrodes 
may be used in chlor-alkaline electrolysis (1). Many pa- 
pers related to the kinetics of the oxygen reduction on 
pure metal or carbon surfaces have been published, e.g., 
(2). 

There is still a lack of information concerning the kinet- 
ics of the reduction of oxygen on porous gas-diffusion 
electrodes, e.g., on metal/carbon or catalyst/carbon elec- 
trodes. In recent years Teflon-bonded semihydrophobic 
electrodes, containing carbon or a catalyst supported on 
carbon as active material, have been shown to be promis- 
ing candidates for a widespread application in elec- 
trochemical energy conversion. Therefore, it seems neces- 
sary to increase our knowledge about these electrodes, 
not only concerning technical aspects, e.g., lifetime or 
performance (3), but  also fundamental  aspects, e.g., ex- 
change current densities, reaction mechanism, and rela- 
tive influence of diffusion and reaction/adsorption on the 
overall electrode reaction. A general model of the oxygen 
reduction kinetics in porous electrodes must  include oxy- 
gen diffusion, oxygen adsorption, or surface reaction on 
the active sites of the catalyst, charge transfer, and diffu- 
sion of the products. 

Wabner demonstrated the possibilities of the imped- 
ance method for the investigation of hydrophilic porous 
gas-diffusion electrodes (4). He separated the polarization 
resistance of the working electrode into portions attrib- 
uted to the various steps of the reaction and pointed out 
the great influence of diffusion polarization. The total 
electrode overpotential was described as the sum of a 
large diffusion overpotential due to the diffusion of oxy- 
gen and its reduction products, a small overpotential 
caused by an oxygen surface reaction, and a small charge 
transfer overpotential. 

Using the impedance method, the galvanostatic double- 
pulse method, and other techniques we tried to develop 
an appropriate kinetic model describing oxygen reduc- 
tion in semihydrophobic electrodes. In addition to 
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information on the kinetics of the electrode reaction, fur- 
ther information should be derived on structural aspects, 
e.g., the location of the reaction in the porous electrode, 
the utilization of the electrode, and changes of electrode 
properties during extended operation. 

Experimental 
Porous electrodes were fabricated using platinum-car- 

bon (Pt/C, 20 weight percent  [w/o/Heraeus), activated car- 
bon (Norit-BRX), silver/carbon (Ag,C, 10-30 w/o, prepared 
from activated carbon and AgNO3-solution) and Teflon 
dispersion (Hoechst). The metal loading was 4 mg/cm 2 of 
plat inum or 1.4-4.2 mg/cm 2 of silver with respect to the ge- 
ometric electrode surface area. The electrodes were dried 
at 120~ (Pt/C) or 200~ (Ag/C and activated carbon). On 
one side of the catalyst layer, a silver screen current col- 
lector was pressed; on the other side, a porous Teflon 
backing layer (Berghof, Tuebingen, or Zitex) was pressed 
to prevent electrolyte leakage when the electrode was op- 
erated without feed gas overpressure (Fig. 1). For further 
details of the preparation, see Ref. (5). Additionally, 
commerical electrodes without backing layer (Prototech, 
Fig. 1) and sandwich electrodes, containing two layers of 
plat inum/carbon and activated carbon were measured. 
Electrolyte solutions were prepared using water purified 
with a Millipore purification system and reagent-grade 
NaC1 (3M) or KOH (6M). Electrodes were fed with 
unscrubbed air or oxygen. For electrodes without the po- 
rous Teflon backing layer a small feed gas overpressure 
of 3 kPa was applied. All experiments were performed at 
room temperature. 

All experiments were carried out using a rectangular 
Plexiglas-cell. The test electrodes were mounted with a 
screw cap (for rapid replacement), and the counter- 
electrode was fixed at the opposite side of the cell. A 
small hole in the wall of the cell near the test electrode 
served as connection to the reference electrode compart- 
ment. In  all experiments a saturated calomel electrode 
(+248 mV vs. SHE) served as a reference. For the imped- 
ance measurements,  a transfer function analyzer (Model 
1172 Solartron-Schlumberger), connected with a 
potentiostat (Model PCA 72 M, Bank), and a plotter inter- 
face (Model 1180 Solartron-Schlumberger) were used (Fig. 
2). The measured impedance spectra were displayed on a 
X-Y plotter (Model HP 7035 B Hewlett-Packard) and 
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Fig. 1. Schematic cross section of porous gas-diffusion electrode,s, 

(1) with porous Teflon backing layer, as described in Ref. (5), (2) 
without backing layer, as manufactured by Prototech. 

stored on punch cards for further processing. Galvano- 
static double-pulse experiments were done using the 
same cell and a rather simple circuit (Fig. 3), containing a 
pulse-galvanostat (Model MP-IM 400 Mega-Physik), a 
transient-recorder (Model B-C 104 Bruker), a CRT display 
(Model 702 Tektronix), and a custom-designed impedance 
converter, which contained a circuit for automatic iR- 
drop and rest potential correction. During the experi- 
ments, the dc current density idc and feed gas composi- 
tion were varied. The influence of other experimental  
conditions is discussed elsewhere (6). To interpret the 
measured impedances, the equivalent circuit of an oxy- 
gen reducing electrode developed by Drossbach (7) was 
used. The typical properties of porous electrodes which 
may affect the measured impedance were taken into ac- 
count according to the results of de Levie (9) and Dross- 
bach (10). After separating the electrolyte resistance R~ol 
and the apparent double layer capacity CD.~p~. from me 
measured electrode impedance by using a linear regres- 
sion program, the faradaic impedance was obtained. The 
kinetic parameters of the elements in the faradaic imped- 
ance were fitted using the Marquardt-Levenberg algo- 
rithm. All programs were run on an IBM 370/168 com- 
puter. A description of the programs and further 
experimental  details are given in Ref. (8). 

BET surface areas were determined with a custom- 
designed apparatus via N2 adsorption. The porosity of the 
electrodes was determined from the weight differences 
between a dry electrode and an electrode soaked with 
electrolyte. 

Results 
The polarization curves and the faradaic impedances 

measured at different dc current  densities idc of electrodes 
containing plat inum carbon in 3M NaC1 solution are pre- 
sented in Fig. 4 and 5. The apparent double-layer capacity 
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Plotter Interface 
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'~ XY-Plott er 1 
HEWLETT- I 
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Fig. 2. Schematic wiring diagram of the circuit used for impedance 
measurements. 1: Cell. 2: Working electrode. 3: Reference electrode. 
4: Counterelectrode. 
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Fig. 3. Schematic wiring diagram of the circuit used for the golvan- 
ostatic double-pulse experiments. 1: Cell. 2: Working electrode. 3: 
Reference electrode. 4: Counterelectrode. 

CD,ap p and the apparent charge transfer resistance Re,.app 
were measured independent ly with the impedance 
method and the galvanostatic double-pulse method, as 
described above. The results of both methods agreed 
within experimental error, and the results are given in 
Table I. Due to changes in the wetting of the electrode, 
these values were not constant, but  time dependent.  Us- 
ing the approximation of the Butler-Volmer equation for 
small charge transfer overpotentials (i.e., at low charge 
transfer resistances and small dc current densities) the 
apparent exchange current density was calculated 

R.T  
io,ap p -- 

z. F. Rct,app 

With z = 2 and T = 298 K, io.app = 390 mA/cm 2 (geometric 
electrode surface area) was obtained. The real inner  sur- 
face area of the electrode exceeds the geometric surface 
area by orders of magnitude. In order to obtain a value of 
the exchange current density io related to the electro- 
chemical active fraction of the inner  electrode surface, a 
surface factor S was calculated. This factor represents the 
ratio of the electrochemical active surface area of the elec- 
trode to the geometric electrode surface. It was obtained 
by dividing the apparent double layer capacity CD.app ob- 
tained for the geometrical electrode surface area by an as- 
sumed value of CD.true = 10 mF/cm 2 for a smooth carbon 
electrode. The previously published results leading to the 
selection of this value will be discussed in detail later in 
this paper. 

With CD,a,, = 1.4 mF/cm 2 a surface factor of S = 140 was 
calculated. The /~ value can be corrected to give an 
exchange current density per uni t  true area, io = 2.85 
mA/cm 2. Further interpretation of the impedance spectra 
is possible with the aid of an appropriate equivalent cir- 
cuit, containing elements representing the steps of the 
electrode reaction. According to Drossbach (7), these are 
as follows. (i) Diffusion of oxygen through the gas phase 
in the pores and the electrolyte to the reaction sites. (Due 
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Fig. 4. Steady-state polarization curves for oxygen reduction at a 
Pt/C electrode in 3M NaCI electrolyte, room temperature, feed gas (i 
atm): (1) oxygen, (2) air. 
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Fig. S. Faradaic impedance of a Pt/C electrode at different dc cur- 
rent densities. Feed gas (1 atm): air. 3M NaCI electrolyte, room tem- 
perature, i~c: (1) 5 mA/cm ~, (2} 10 mA/cm ~, and (3) 20 mA/cm -~. Fre- 
quency at the maximum of the complex plane plot: (1) 3�9 mHz, (2) 
15.7 mHz, and (3) 39.7 mHz. 

to  t he  smal l  so lub i l i ty  a n d  low d i f fus iv i ty  of  o x y g e n  in 
w a t e r  a n d  t he  a c c u m u l a t i o n  of  i ne r t  gas  in  t he  pores ,  th i s  
s t ep  s h o u l d  cause  a s ign i f i can t  con t r ibu t ion . )  (ii) Adsorp -  
t ion  or h e t e r o g e n e o u s  su r f ace  r eac t ion  of  t h e  oxygen ,  cou- 
p l ed  w i t h  o y x g e n  d i f fus ion .  (i i i)  Charge  t r ans fe r ,  r educ-  
t ion  of  o x y g e n  to H202 or  H20. (iv) Dif fus ion  of  r e d u c t i o n  
p r o d u c t s  in to  t h e  b u l k  e lect rolyte .  

T h e s e  s t eps  in  t h e  o x y g e n  r e d u c t i o n  p r oce s s  are  repre-  
s e n t e d  in the  fa rada ic  b r a n c h  of  t he  e q u i v a l e n t  c i rcu i t  of  
t he  e l ec t rode  i m p e d a n c e  (Fig. 6). B o t h  d i f fus ion  p roces se s  
a re  d e s c r i b e d  b y  d i f fus ion  i m p e d a n c e s  Zd~f a c c o r d i n g  to 
the  theory of the  Nerns f ian  diffusion i m p e d a n c e  (11). They 
are  d e t e r m i n e d  by  a d i f fus ion  fac tor  A = 2 d / ~ / 2 - - ~  (wi th  
t he  d i f fus ion  coeff ic ient  D a n d  the  t h i c k n e s s  d of  the 
N e r n s t i a n  d i f fus ion  layer)  a n d  a d i f fus ion  r e s i s t a n c e  

R . T . d  
Rdi  ff = 

z2"F 2 �9 a . Csu r ' D 

w h e r e  c~uv is t he  c o n c e n t r a t i o n  of  t he  d i f fus ing  spec ies  at  
t h e  e l ec t rode  sur face  a rea  a. T he  r e a c t i o n / a d s o r p t i o n  im- 
p e d a n c e  is r e p r e s e n t e d  b y  a res i s to r  a n d  a capac i t o r  in  
paral le l ,  w h e r e  R~d/~e~e is g i v e n  b y  

R . T  
Ra~ reac = 

z~'F 2" C~.r" k � 9  a 

a n d  CadCreac by  

Z2 " F2 ' Csur �9 a 
Ca~yreac = 

R . T  

The  ra te  c o n s t a n t  of  t h e  a d s o r p t i o n / r e a c t i o n  k c a n  b e  de- 
r ived  b y  k = 1/[Radre~r a n d  the  sur face  c o n c e n t r a -  
t ion  of  t he  r e a c t i n g / a d s o r b i n g  spec ies  b y  

R. T.Ca~reae 
csuv 

z 2 . F2.a 

C D 

Rs~ ~ 

Zdiff2 Rct Rad Zdiff 1 
Fig. 6. Equivalent circuit of a working oxygen reduction electrode. 

For description of elements and parameters, see text. 

The  r e su l t s  of  the  f i t t ing of  t h e  p a r a m e t e r s  are  g i v e n  in  
T a b l e  II  for  d i f f e ren t  v a l u e s  of  ida. 

The  B E T  sur face  area  was  m e a s u r e d  to be  192 mZ/g, and  
t h e  po ros i ty  of  t he  e l ec t rode  was  28%. 

A t  e l ec t rodes  p r e p a r e d  f r o m  s i lver /carbon ,  d r i ed  at  
2 0 0 ~  CD,app = 2.6 m F / c m  2 a n d  R ct , app  = 0.01 ~ " c m  -~ we re  
m e a s u r e d  w i t h  t he  i m p e d a n c e  a n d  t he  ga lvanos t a t i c  
d o u b l e - p u l s e  m e t h o d  in  3M NaC1 elect rolyte .  With  a sur-  
face fac to r  S = 260, a n  e x c h a n g e  c u r r e n t  d e n s i t y  io = 4.9 
m A / c m  2 was  ca lcula ted �9  T h e  o p t i m i z a t i o n  of  t he  pa r ame-  
te rs  of  t he  e q u i v a l e n t  c i rcu i t  y i e lded  da t a  s imi la r  to t h e  re- 
su l t s  o b t a i n e d  at  P t /C  e lec t rodes .  

A t  ac t i va t ed  c a r b o n  e l ec t rodes  d r ied  at  200~ m u c h  
h i g h e r  va lues  of  Co,~pv a n d  h i g h e r  va lues  of  Rct.app were  
m e a s u r e d  in  6M KOH elec t ro ly te .  The  c u r r e n t  pu l se s  nec-  
e s sa ry  to c h a r g e  t h e  doub l e - l aye r  capac i ty  of  t h i s  elec- 
t r o d e  cou ld  no t  b e  s u p p l i e d  b y  t he  pu l se  g e n e r a t o r  u sed  
in  t h e s e  e x p e r i m e n t s ;  the re fo re ,  on ly  t he  r e su l t s  of  t he  im- 
p e d a n c e  m e a s u r e m e n t s  are  g i v e n  in  Tab le  I. The  re la t ive  
m a g n i t u d e  of  t he  po l a r i za t i on  r e s i s t ance s  a t t r i b u t e d  to the 
s t eps  of  t he  e l ec t rode  r e a c t i o n  we re  nea r ly  t h e  s a m e  as 
t h e y  we re  in  t he  case  of  t h e  Pt /C e lec t rode .  Only  t he  
a d s o r p t i o n / r e a c t i o n  i m p e d a n c e  was  smaller �9  

The  re su l t s  o b t a i n e d  w i t h  t he  e l ec t rode  m a n u f a c t u r e d  
by  P r o t o t e c h  in  3M NaC1 so lu t ion  we re  CD.,pp = 1.5 
m F / c m  2 a n d  Ret.a,, = 0.017 ~ . c m  2, a n d  t he  ca l cu l a t ed  ex- 
c h a n g e  c u r r e n t  d e n s i t y  was  io = 4.95 m A ] c m  2. No f u r t h e r  
i n f o r m a t i o n  a b o u t  m e t a l  c o n t e n t  a n d  c o m p o s i t i o n  of  elec- 
t r o d e  w a s  p r o v i d e d  b y  t he  suppl ie r ,  a n d  t h u s  a de ta i l ed  
d i s c u s s i o n  of  the  r e su l t s  is diff icult .  C o m p a r i n g  t h e  da t a  
w i t h  t he  r e su l t s  o b t a i n e d  w i t h  our  e lec t rodes ,  th i s  elec- 
t r o d e  s eems  to c o n t a i n  a r a t h e r  ac t ive  e lec t roca ta lys t .  The  
t h i c k n e s s  of  t he  d i f fus ion  layer  as wel l  as t he  d i f fus ion  re- 
s i s t ance  R,~ff ca l cu la t ed  f r o m  t h e  i m p e d a n c e  a t t r i b u t e d  to 
t he  d i f fus ion  p roce s s  are  nea r ly  equal ,  i n d i c a t i n g  a rela- 
t ive  dec rea se  of  t he  i n f l uence  of  t he  o x y g e n  d i f fus ion  on  
t he  to ta l  po la r i za t ion  r e s i s t a n c e  of  the  e l ec t rode  (6). This  
is a r e su l t  of  the  d i f f e ren t  c o n s t r u c t i o n  of  th i s  e l ec t rode  
w i t h o u t  t he  p o r o u s  Tef lon  b a c k i n g  layer  (Fig. 1). The  in- 
e r t  gas  a c c u m u l a t i o n  w h i c h  c a n  t ake  p lace  in  t he  po re s  of  

Table I. Experimental results of impedance measurements 

~bscz at iDC = 20 
CO a~ R~, a,, io mA cm -~ 

Electrode Electrolyte (mF.  'cm-D (~ �9 cmD Surface factor (mA. c m - D  (mV) 

Pt/C 3M NaC1 1.4 0.032 140 2.85 
Ag/C 3M NaC1 2.6 0.01 260 4.9 - -  
Activated carbon 6M KOH 14.3 0.1 1430 0.08 - -  
Prototech 3M NaC1 1.5 0.017 150 4.95 - -  
Sandwich A 6M KOH 2.8 0.007 280 6.5 -197 
Sandwich B 6M KOH 9.1 0.026 910 0.5 -281 

Table I1_ Impedance parameters of the faradaic impedances of Fig. 5, obtained with the least squares fit program described 

i A1 A2 R~,  Rd~fo R~d Cad C~.~pp Rct,~,p 
(mA - cm-D (X/s) (X/s) (~2 - cmD (~ -em ~) (~ �9 cm z) (F - cm -~) (mF �9 cm -2) (~ - cm ~) 

5 13.4 0.88 9.9 (0.18) (0.33) (0.025) 1.9 0.027 
10 10.4 (5.5) 2.3 1.9 0.33 0.22 (3.6) 0.04 
20 4.5 1.45 1.11 0.5 0.16 0.13 2.2 0.03 
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Fig. 7. Steady-state polarization curves for oxygen reduction at an 
Ag/C electrode in 3M NaCI electrolyte, room temperature, feed gas 
(1 atm): (1) oxygen, (2) air. 

T E F L O N - B O N D E D  

the backing layer, with the resulting hindrance due to 
limited gas transport through the layer, thus, was not ob- 
served. In addition, the air on the gas chamber in front of 
the electrode is exchanged rapidly due to the flowing 
feed gas. 

In  order to determine the location of the reaction zone 
within the porous system, the impedance of sandwich 
electrodes, containing two active layers in different ar- 
rangements, was measured. The thickness of these elec- 
trodes was nearly doubled: the usual thickness of a 
single-layer electrode was about 0.6 mm, while the thick- 
ness of the sandwich electrodes was about 1 ram. 

A reaction zone near the gas-side surface will be fa- 
vored by a shorter diffusion path for the oxygen, and a re- 
action zone near the electrolyte side surface will be fa- 
vored by a shorter diffusion path for the products. 
Additionally, the reaction could take place in the vicinity 
of the current collector. 

Two types of sandwich electrodes with different layer 
sequences were !nvestigated: type A (foil-activated 
carbon-platinum/carbon-current-collector and type B 
(foil-platinum/carbon-activated carbon-current-collector). 

The results are given in Table II. They indicate clearly 
that the typical properties of the layer at the electrolyte 
side were measured. The potential difference between 
electrode A and B demonstrates that the reaction takes 
place in this zone, since the potential of the electrode is 
more negative in case of electrode B with less active car- 
bon near the electrolyte. These results were confirmed in 
experiments with stirred electrolyte. Especially at higher 
current densities, the potential was more positive if the 
electrolyte was stirred. This could be explained only by 
the assumption that the reaction zone must  be located 
near the electrolyte-side surface of the electrode, where 
the stirring is effective. 

Discussion 
Although the charge transfer resistance was small for 

all of the electrodes investigated in our experiments, a de- 
tailed discussion of the results is necessary for the under- 
s tanding not only of the reaction kinetics, but  also of the 
electrode deterioration caused by reaction products. 

Taking into account the generally accepted results of 
research on oxygen reduction catalysis (13) and our nu- 
merical values for the exchange current density, two 
pathways for the reduction of oxygen are important. The 
first is the 4e- pathway, leading from 02 directly to H20, 
characterized by low io values ranging from 10 -s to 10 -1~ 
AJcm 2, with the number  of electrons transferred z being 4. 
The second is 2e- pathway, leading to H~O2, characterized 
by higher io values, ranging in alkaline electrolytes at car- 
bon electrodes from 10-8 to 10-~ A/cm ~ with z = 2 (14). Ob- 
viously, at our electrodes, the 2e- pathway predominates: 
calculating io with z = 4 leads to io values which are much 
too high for the 4e- pathway. This verifies the assumed 
value of z = 2 in the calculations described above. In the 
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case of the activated carbon electrode, no other possibil- 
ity exists, and the HO.~- concentration, calculated from 
the diffusion impedance related to the transport of the 
product into the bulk electrolyte, confirmed this result. 
(The HO.~- concentration calculated from the diffusion re- 
sistance is about 10-2M in the reaction zone, as discussed 
below.) At metal/carbon electrodes, the interpretation is 
more difficult. Both plat inum and silver catalyze the 4 e-  
pathway (15). The mechanism via a bridge-like adsorbed 
oxygen molecule is very sensitive to impurities adsorbed 
on the electrode surface. With respect to the values ob- 
tained i o for the metal/carbon electrodes, it has been con- 
cluded that oxygen is reduced on these catalysts mostly 
to H202. Obviously, the metal acts as a very active hydro- 
gen peroxide decomposing catalyst: no H202 could be de- 
tected in the bulk electrolyte. The 4e- pathway cannot be 
excluded, but  seems to be of minor importance and may 
be suppressed by impurities adsorbed on the metal dur- 
ing the preparation of the electrode. Based on our results, 
a separation of the currents generated at the carbon and 
at the metal surface is impossible. 

The data presented confirm the assumption that the 
oxygen electrode potential is a mixed potential described 
by 

R T  [HO2-] [OH-] 
= ~o ~ In [02] [I-I20] 

Potential differences between different electrocatalysts, 
e.g., between activated carbon and platinum carbon (e.g., 
at sandwich electrodes), measured under identical condi- 
tions, can be exp]alned at least partially using this equa- 
tion. With a very active peroxide decomposing catalyst 
(e.g., platinum), the peroxide concentration is iow, result- 
ing in less potential loss. 

The most important part of the overpotential (the 
corresponding diffusion resistances are given in Table II) 
is due to the diffusion of oxygen to the reaction sites. Var- 
ious items which are consistent with this view are: (i) low 
solubility of oxygen in water, about 10 -8 to 10-~M (16), (ii) 
a small diffusion coefficient, about 0.675 x 10 -5 cmZ/s 
(17), (i i i)  the limited oxygen concentration in air, and (iv) 
inert gas accumulation in the porous system. Together, 
these cause a diffusion overpotential of 48%-91% of the to- 
tal overpotential. According to the theory of the Nernst 
diffusion impedance, the concentration of the diffusing 
species as well as the thickness d of the diffusion layer 
can be calculated with the equations already mentioned 

d A%/2D R . T . d  
Csur -- 

2 z 2 �9 F2.Raifr.a.D 

With the diffusion factors and the diffusion resistances 
measured in our experiments, values of d ranging from 1 
to 275 ~m were obtained (depending on iDc, the electrode 
composition and other experimental  conditions) [for de- 
tails, see Ref. (8)]. These values are in some cases of the 
same order of magnitude as the thickness of the active 
layer of the electrode (300-400 ~m). This is in disagree- 
ment  with the classical theory [see e.g., Ref. (11)] of diffu- 
sion layers at electrode-electrolyte interfaces, although 
the values are plausible if one assumes an oxygen concen- 
tration gradient from the gas phase outside the electrode 
to the inner  electrode surface. Nevertheless, it seems use- 
ful to discuss the diffusion layer theory again for the case 
of a porous gas-diffusion electrode. 

The assignment of the diffusion impedance to the diffu- 
sion of the reduction products into the electrolyte is 
straightforward and depends only on the composition of 
the catalyst. At plat inum/carbon and silver/carbon elec- 
trodes, the hydrogen peroxide is decomposed rather fast. 
The diffusion layer thickness and the concentration of the 
diffusing species calculated from the impedance parame- 
ters can only be associated with the OH-  transport into 
the bulk electrolyte (3M NaC1). (The OH- concentration 
calculated from the results given in Table II is about 
10-1M.) At activated carbon electrodes operating in 6M 
KOH electrolyte, this diffusion impedance cannot be at- 
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tributed to the diffusion of O H -  produced during the re- 
duction of oxygen, since the concentration of O H -  ob- 
tained from the diffusion resistance would be below the 
concentration in the bulk electrolyte. Since the product of 
the reduction of oxygen at smooth carbon electrodes is 
only hydrogen peroxide (14), this impedance must be at- 
tributed to the diffusion of hydrogen peroxide. The con- 
centration values calculated from the measured imped- 
ances range from 3.1 x 10 -2 to 7.5 x 10-2M (depending on 
idr and agree well with the results obtained at smooth 
electrodes (14). 

Compared with the father straighforward situation at a 
planar electrode (with well-defined transport of the 
reactants) the situation in a porous electrode is more com- 
plex. One of the most surprising results concerning the 
phase boundaries in the gas diffusion electrodes studied 
in this paper is the low utilization of the inner surface. 

The comparison of the electrochemically active surface, 
the wetted surface, and the total surface area of the elec- 
trode obtained from BET measurements has been the 
subject of many papers published in recent years. Of par- 
ticular interest are results obtained with activated car- 
bons, graphites, charcoals, and related materials. BET 
surface areas of these materials range from values as low 
as 10 m~/g (SP-1 graphite) to as high as 1600 m2/g (Norit- 
BRX activated carbon). In order to obtain true double- 
layer capacities, many authors have assumed a complete 
wetting of the total surface area with the electrolyte. The 
measured apparent double-layer capacity, in most cases 
obtained from cyclic voltammograms, was divided by the 
BET surface area to calculate a true double-layer capacity 
related to the actual electrode surface. Some representa- 
tive results are: 3.7 ~F/cm 2 for Ketjenblack (Armak) (18), 
4.3 ~F/cm 2 for Carbopack B, graphitized carbon black 
(Supelco) (19), 8 ~F/cm 2 for XC-72 (Cabot) (20), 9.5-10.7 
[~F/cm 2 for FC-12 (St. Mary's Penn) (28), 10 ~F/cm 2 
[several carbons (22)],12 ~F/cm 2 for RB-activated carbon 
(Calgon) (18), and 19 ~F/cm 2 for Shawinigan black (Gulf) 
(18). Unfortunately, there are some inherent limitations 
and drawbacks in the application of dynamic methods for 
porous electrodes, as has already been discussed by de 
Levie (23). 

Especially in experiments with high surface area car- 
bons like Ketjenblack or RB, the long relaxation time 
caused by the extended internal structure of the porous 
electrode may have affected the results. The assumption 
of a totally wetted surface is also in obvious contradiction 
to the results of Momot et al. (24) and Lore et al. (25), 
which state that only a small fraction of the BET surface 
area of the activated carbons and graphites investigated 
was accessible to the electrolyte and, therefore, at least 
potentially electrochemically active. 

Double-layer capacities obtained at smooth carbon elec- 
trodes are not useful in clarifying this contradiction. The 
published results depend very much on the type of the 
carbon and the pretreatment. Examples are: 3 ~F/cm 2 
[basal plane of peeled stress annealed pyrolytic graphite 
(SAPG) (26, 27)], 12 ~F/cm 2 [ordinary pyrolytic graphite 
(OPG) basal plane, cleaved (28)], 25 ~F/cm ~ [glassy carbon, 
(29)], and 60 ~F/cm 2 [OPG, basal plane polished (28), and 
SAPG edge oriented polished (26)] 

Using advanced BET-adsorption instruments, the pore 
volume distribution and the surface area distribution as a 
function of the pore diameter can be measured. The re- 
sults can be used for the interpretation of changes in the 
electrochemical activity of a carbon as a function of 
changed surface area and surface area distribution for 
certain electrode reactions (30). However, they are only of 
limited value for the discussion of the ratio of BET sur- 
face area to wetted surface area, unless the microscopic 
structure of the carbon particle surface and the wetting 
properties are not well known (31). This situation is fur- 
ther complicated, when electrochemical measurements 
are done with Teflombonded electrodes, e.g., as in Ref. 
(18), where parts of the carbon may have become 
hydrophobic. 

An additional difficulty is introduced when the double 

layer capacity of an operating electrode (idr ~ 0) is deter- 
mined. According to Schwabe et al. (32), only pores of di- 
ameter  greater than 100~ contribute to the current genera- 
tion during the reduction of oxygen at activated carbon 
electrodes in alkaline solution. The penetration depth of 
the electrochemical reaction as well as the penetration 
depth of the ac signal used in the impedance method into 
the porous electrode are limited. A detailed discussion 
with respect to the electrodes used in our experiments is 
given in Ref. (33). 

According to the results and conclusions obtained by 
Wabner (4) and Holze (33), it is assumed that the mea- 
sured apparent double-layer capacity resembles the elec- 
trochemical active surface area involved in the reduction 
of oxygen. Since the assumption of a true double layer ca- 
pacity of CD = 10 ~F/cm ~ seems reasonable with respect to 
the results published previously and the fact that the car- 
bons used in our experiments  are similar to the carbons 
used in some of the papers mentioned above (18, 19, 22), 
this value was used to calculate the surface factor S, the 
surface area involved in the electrochemical reaction, and 
the exchange current density i o. 

Only about 0.5% of the BET surface area of the Pt/C 
electrode is involved in the electrochemical reaction. The 
wetted surface area may be greater; based on a porosity of 
28% and a simplified model, of the porous structures as- 
suming cylindrical pores of 100 nm avg diam, it was con- 
cluded that about 5% of the BET surface area is wetted. 
This is in good agreement with, e.g., the value of 2%-5% 
obtained with Teflon-bonded platinum-black in 1N 
H2SO4 reported by Austin and Almaula (34). 

Kunz and Gruver discussed the utilization of an elec- 
trode prepared from carbon-supported platinum (35). 
From transmission electron microscopy, they calculated a 
surface area of the platinum of 175 m2/g; from the hydro- 
gen adsorption on the platinum, a surface of 70 m2/g was 
calculated. From the comparison of polarization curves 
obtained during oxygen reduction experiments  in HsPO4 
on the porous electrodes described with results obtained 
with smooth platinum electrodes, the authors concluded 
that about 70 m2/g of the platinum surface was 
electrochemically active. The discrepancy with the higher 
values estimated using transmission electron mi- 
croscopy was attributed to several processes leading to 
the loss of active surface area. The double-layer capacity 
and the BET surface area of the electrodes under  investi- 
gation were not determined; thus, a careful comparison 
with our results is not possible. 

Although several other authors in addition to Austin 
and Almaula (4, 36, 37) have obtained low utilization 
values somewhat at variance with the results of Kunz and 
Gruver, a comparison between different porous elec- 
trodes is difficult due to the often poorly understood 
influence of parameters such as internal structure, sur- 
face distribution, degree of interaction between catalyst 
and Teflon, contact angle, etc., on the actual value of the 
surface area under discussion. 

The active surface area of the electrode can be repre- 
sented as a very thin reaction zone of, e.g., 1.3 ~m thick- 
ness in case of the Pt/C electrode described. This zone 
must  be localized near the electrolyte-side surface of the 
electrode. Similar conclusions have been reached by 
other authors (4, 34, 36, 37). 

The results obtained at our electrodes can be explained 
using the semihydrophobic porous electrode model  de- 
scribed by Burshtein et al. (38). In this model, Teflon ag- 
glomerates form gas channels across the electrode which 
are surrounded by catalyst-Teflon mixture wetted with 
electrolyte. At variance with the results given by Bursh- 
tein et al. (38), in the electrodes investigated here, oxygen 
reduction obviously occurs preferentially in a small reac- 
tion zone located near the electrolyte-side surface of the 
electrode, probably at the electrolyte-side ends of the gas 
channels. In this case the diffusion pathways for oxygen 
and reduction products both are at a minimum. This situ- 
ation is the most favorable one, since oxygen diffusion in 
the electrolyte is slower than in the gas-filled channels. If  
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the reaction zone moves toward the gas side, the diffusion 
overpotential due to the diffusion of the products will i n -  
crease. This is demonstrated during the lifetime of the 
electrode when the loss of hydrophobicity results in 
flooding of the electrode and increased overpotential due 
to oxygen diffusion. Additionally, the applica]bility of this 
model is favored by the -results of our CD measurements at 
various Teflon-bonded electrodes of different composi- 
tion (6). 

The situation in the Prototech electrode is slightly dif- 
ferent. In  this electrode, no porous Teflon backing layer 
is used. The three-phase boundary is established by the 
hydrophilic properties of the active layer and a small 
overpressure of the feed gas. The feed gas was supplied in 
greater than stoichiometric amounts. This resulted in a 
diminut ion of the diffusion overpotential due to gas trans- 
port when air was used, since the accumulation of inert 
gas, which was observed at electrodes with a porous 
Teflon backing layer, cannot take place. The actual loca- 
tion of the reaction zone in this electrode depends both 
on the hydrophilicity of the electrode and the feed gas 
overpressure. Under  the experimental  conditions applied 
here, the thickness of the diffusion layer for oxygen as 
well as that for reduction products, as calculated from the 
diffusion impedances, is equal. This indicates that the lo- 
cation of the reaction zone is equidistant from both outer- 
electrode surfaces (6). 

Conclusions 
The kinetics of oxygen reduction at porous electrodes 

fabricated from dispersed Teflon and electrocatalysts 
(Pt/C, Ag/C, activated carbon) as described here are 
mainly diffusion controlled. In  all cases, the reduction of 
oxygen to hydrogen peroxide prevails, followed by an ef- 
fective decomposition to water and oxygen in the metal 
containing electrodes. If the electrode is covered with a 
porous Teflon backing layer on the gas side, oxygen re- 
duction occurs in a small reaction zone located near the 
electrolyte side. The thickness of this zone is typically 1.3 
~m (compared with a total thickness of the active layer of 
0.3-0.4 mm). The utilization of the catalyst is poor. 

These results indicate that further development of such 
electrodes should aim at thin electrodes with homogene- 
ous distribution of the catalyst or at sandwich electrodes 
with a very thin active layer localized on the electrolyte- 
side surface. A similar approach has been described by 
Iliev et al. (39). The effectiveness of the electrocatalyst 
must  be judged with respect to parameters such as elec- 
trode structure, wetting properties, and Teflon content. 
These influence the diffusion processes, which produce 
the major part of the still high overpotential of the porous 
oxygen electrode. 
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ABSTRACT 

Electrochemical deposition of cadmium telluride from acidic solutions containing CdSO4 and TeO~ is studied and 
the current-potential expression for this reaction is presented. The electrochemically deposited CdTe films are 
photoactive, and the maximum cathodic photocurrent due to hydrogen evolution is observed at CdTe films deposited 
at -0.40V. The photocurrents of the as-grown CdTe films are relatively small compared with those of CdTe single crys- 
tals. The major reason for this low efficiency is the effective recombination of hole-electron pairs at grain boundaries 
and at the surface. The photocurrents are increased significantly by the increase of crystallite diameter by the heat- 
t reatment in a He atmosphere and by the removal of surface Te, which acts as a recombination center, by the etching 
treatment. 

Since cadmium telluride (CdTe) is a direct gap semi- 
conductor with a room temperature energy gap of 1.44 eV 
(1) and can readily be prepared in both n- and p-type form 
(2), it is considered to be a promising material for low cost 
thin film photovoltaic and photoelectrochemical cells. A 
variety of methods, such as liquid-phase epitaxial growth 
(3), vacuum evaporation (4), chemical transport (5), and di- 
rect combination method (6), have been employed to form 
CdTe thin films on foreign substrates. CdTe can also be 
deposited electrochemically from a solution containing 
CdSO4 and TeO2 (7). The electrochemical deposition has 
the following advantages. The thickness of the film can 
be controlled by the charge passed during the deposition, 
both n-type and p-type material can be formed by just  
changing the deposition potential, and the doping is per- 
formed easily by adding the foreign species other than 
CdSO4 and TeO= in the solution. 

Several papers on the photoelectrochemical behavior of 
CdTe single crystals (8-12) and CdTe thin films (13-16) 
have been published. Although one of us reported that 
p-CdTe is a stable photocathode for photoelectrochemical 
generation of hydrogen (8, 9), most of the work was on 
n-CdTe in solution containing redox couples as 
stabilizing agents. Photoelectrochemical studies on 
electrochemically deposited CdTe films published so far 
are all on n-CdTe (15, t6), except one, which we published 
recently as a preliminary note of this work (17). 

In  this paper, we investigate the .electrochemical depo- 
sition of CdTe films and report the photoelectrochemical 
characteristics of the CdTe films deposited at several po- 
tentials (-0.2 - -0.6V vs. Ag/AgC1) and the effect of an- 
nealing and etching treatment on the optical and photo- 
electrochemical properties of the electrochemically de- 
posited CdTe films. 

Exper imenta l  
The CdTe films were deposited from aqueous solu- 

tions of pH 1.4 containing CdSO4 and TeO2 on Ti or Ni 
(The Japan Lamp Industrial  Company, Limited) sheets 
which were degreased by chloroform and ethanol vapor 
and washed in purified water before use. The reagent- 
grade H~SO4, NaOH, CdSO4 (purity 99.5%), and TeO2 (pu- 
rity 99%) were used without further purification. Water 
was purified by Milli Q water purification system 
(Millipore Corporation). The usual three electrode cells 
were used both for the preparation of CdTe films and for 
the photoelectrochemical measurements. A plat inum 
sheet and a Ag/AgC1 electrode were used as a counter and 
a reference electrode, respectively. A Hokuto Denko 
HA-301 potentiostat with a Hokuto Denko HB-105 pro- 
grammable function generator or a Wenking Model 68 
FRO.5 potentiostat was used for the potentiostatic deposi- 
tion of CdTe films and photoelectrochemical measure- 
ments. Photoelectrochemical measurements were carried 
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out in IM NaOH. A 300 or 500W Xe lamp (Usio Denki 
Company, Limited) with an IR absorbing filter (Toshiba, 
IRA-20) was used as a light source. A monochromator 
(Ritsu Oyo Kogaku Company, Limited) was used to ob- 
tain photoeurrent action spectra. In all the measurements,  
currents were recorded on a Rika Denki RW-IIT X-Y-t re- 
corder. The electrochemical deposition and photoelectro- 
chemical measurements of the films were carried out at 
room temperature after the electrolyte solutions were 
deaerated by passing purified He gas for about 20 rain. 
The heat-treatments of the films were carried out in a 
quartz tube under  a He gas flow. The etching treatment 

�9 of the films was carried out in a solution containing 0.6M 
Na2S204 and 2.5M NaOH at 80~ (18). 

The type of semiconductivity of the CdTe films was 
determined by measuring the potential difference be- 
tween a hot and a cold contact. The thickness of the 
films was determined by using a Surfcom 300B surface 
roughness measuring ins t rument  (Tokyo Seimitsu Com- 
pany, Limited). The reflection spectra of the films were 
recorded by a Beckman DK-2 reflectometer~ X-ray dif- 
fraction measurements were carried out by using a 
Toshiba XC-40 x-ray diffractometer. 

Results 
Electrochemical deposition of CdTe.--The current- 

potential (i-V) relation of a Ni sheet electrode in a solution 
containing 1M CdSO4, 1 mM TeO=, and 0.05M H2SO4 is 
shown in Fig. 1. Limiting current was observed at poten- 
tials between -0.30 and -0.65V vs. Ag/AgC1. The cathodic 
current increased significantly at potentials more nega- 
tive than -0.65V. The i-V relations were affected by TeO2 
concentration very strongly, and a linear relation was ob- 
served between TeO= concentration and the limiting cur- 

-0.70 
0 , 

-01 

~-0.2 
.< 
E 

-0.3 
e- 

~ -0.4 

-0.5 

Poten t ia l /V  v~ Ag/AgCt 
-o.6o -Q5O -o/.o -o,30 -o2o -o.lo o 

' ' 

~ 0 0 0 0 ~  n 

Lf , , '  
o [~o~1,, s ~-3 

Fig. 1, Current-potential relation of Ni electrode in a sulfuric acid 
solution (pH 1.4) containing |M CdSO4 and 1 mM TeO~. Insert: TeO2 
concentration dependence of the current at - 0 . 3 5 V  (vs. Ag/AgCI). 
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rent, as shown in Fig. 1. However, CdS04 concentration 
affected the i-V relations little. The limiting current was 
larger when the solution was stirred. The thickness of the 
film and the charge passed during the deposition, Q,ep, 
are linearly correlated as shown in Fig. 2. The film thick- 
ness was found to be uniform throughout the film (-+5%). 
As already reported, x-ray diffraction patterns of the de- 
posited films confirmed the formation of CdTe (19). The 
x-ray diffraction peak due to Te was also observed in the 
films deposited at relatively positive potentials. The 
more positive the deposition potential, the stronger the 
diffraction peak due to Te (19). Cd deposition was not ob- 
served at the potential region employed in this study 
(-0.20 - -0.60V vs. Ag/AgC1). CdTe films deposited at 
relatively positive potentials were p-type, and those de- 
posited at relatively negative potentials were n-type. 

Optical properties and photoelectrochemical behavior of 
as-grown CdTe films.--A typical example of the diffuse 
reflection spectra of as-grown CdTe films is shown in 
Fig. 3. The wavelength dependence of the reflectivity 
was very small, and the energy gap was not able to be 
determined. 

The photocurrent-potential relations of CdTe films de- 
posited at various potentials are shown in Fig. 4. The 
most efficient cathodic photocurrent-potential relation 
was observed at the CdTe films deposited at -0.40V. The 
films deposited at the potentials at either more negative 
or more positive than -0.40V gave lower photocurrent, 
and no cathodic photoculTent was observed at CdTe 
films deposited either more positive than -0.20V or more 
negative than -0.55V. Even the highest cathodic photo- 
current observed was relatively small compared with that 
at p-CdTe single crystals (9). The observed cathodic 
photocurrent at relatively positive potential seemed to be 
due to hydrogen evolution reaction, as suggested by bub- 
ble formation. The photocurrent increased significantly 
when the potential became more negative than -0.85V, 
and it seemed to be due to the cathodic decomposition of 
CdTe, as color of the solution near the electrode became 
purple, suggesting Te22- formation. 

Effect of heat-treatment.--By the heat-treatment at 
200~ in a He atmosphere, the x-ray diffraction peaks due 
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Fig. 2. The thickness of the electrochemically deposited films on Ni 

as a function of charge passed. The deposition was carried out at 
- 0 . 3 5 V  (vs. Ag/AgCI) in a sulfuric acid solution (pH 1.4) containing 
1M CdSO4 and 1 mM TeOz. Solid line shows the theoretical value 
calculated by assuming six-electron process. 
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Fig. 3. Diffuse reflection spectra of the electrochemically deposited 
films (3 /~m thick) on Ti substrote. The other deposition conditions 
are the same as those in Fig. 2. Curve 1: As grown. Curve 2: Heat- 
treated in a helium atmosphere at 200~ for 12h. Curve 3: Etched in 
a solution containing 0.6M NauSea4 and 2.SM NaOH at 80~ after 
heat-treatment in a He atmosphere at 200~ for 12h. 

to CdTe became stronger and sharper by the increase of 
annealing time, but  the peak due to Te was not affected 
by this treatment (17). The crystallite diameter calculated 
by using Scherrer equation (20) with the value of the full 
width at half maximum (FWHM) of x-ray diffraction peak 
due to (311) face of CdTe as well as the photocurrent in- 
creased with increase of annealing time, as shown in Fig. 
5. By the heat-treatment, the reflection spectra of the 
CdTe films became clearer, as shown in Fig. 3. The 
bandedge energy determined from the reflection spectra 
is 1.45 eV and is in good agreement with the value re- 
ported for CdTe single crystal (1). The photocurrent- 
wavelength relation also showed the same energy gap 
(17). 

Effect of etching treatment.--The effect of the etching 
treatment was studied at p-CdTe films which were de- 
posited at -0.35V and annealed at 200~ in a He atmo- 
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Fig. 4. Photocurrent-potential relations of the as-grown films depos- 
ited on Ti at several potentials, from a sulfuric acid solution (pH 1.4) 
containing 1M CdSO4 and 1 mM Tea2. Curve 1: - 0 . 2 0 V .  Curve 2: 
- 0 .25V .  Curve 3: - 0 .30V .  Curve 4: - 0 .35V .  Curve 5: -0 .40V .  
Curve 6: -0 .50V.  Curve 7: -0 .SSV.  All vs. Ag/AgCI. Photoelectro- 
chemical measurements were carried out in 1M NaOH solutions. A 
300W Xe lamp with an IR absorbing filter was used as a light source. 
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Fig. 5. Photocurrent at - 0 . 6 5 V  (vs. Ag/AgCI) in 1M NaOH under 

illumination of 300W Xe lamp and crystallite diameter of the electro- 
chemically deposited films (3/~m thick on Ti) as a function of anneal- 
ing time. Deposition conditions are as same as those in Fig. 2. 

sphere for 12h. As shown in Fig. 6, the intensity of x-ray 
diffraction peak due to Te decreased and that of x-ray dif- 
fraction peaks due to CdTe increased with the increase of 
the etching time. The FWHM of CdTe peaks was not af- 
fected by the treatment, suggesting the crystallite diame- 
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Fig. 6. X-ray diffraction patterns of the films deposited at - 0 . 3 5 Y  
(vs. Ag/AgCI), heat-treated at 200~ in a He atmosphere for 12h and 
etched in a solution containing 0.6M Na2S204 and 2.5M NaOH at 
80~ for several time periods. Curve 1: No etching treatment. Curve 
2: 2s. Curve 3: 10s. Curve 4: 40s. 

ter did not change during the treatment. The etching 
treatment also increased the photocurrent. The etching 
time dependence of the intensity of x-ray diffraction 
peaks and the photocurrent at -0.70V are shown in Fig. 7. 
The effect of etching on the reflection spectra is shown 
in Fig. 3. The absorption edge became much clearer by 
this treatment. By the too-long treatment, however, the 
photocurrent as well as the intensity of x-ray diffraction 
peaks due to CdTe decreased, suggesting that, not only 
Te, but  also CdTe dissolved during the etching treatment. 

Discussion 
Panicker et al. studied the cathodic deposition of CdTe 

mainly by galvanostatic method (7) and proposed that the 
following reactions were involved in the formation of 
C d T e  

HTeO2 + + 3H + + 4e- ~ Te + 2H20; 0.325V vs. Ag/AgC1 
[1] 

Cd § + 2e- + Te ~ CdTe; -0.155Vvs. Ag/AgC1 [2] 

and that the diffusion of HTeO2 + preceding reaction [1] is 
the rate-determining step. The results of the present work 
also support this mechanism. The current due to reaction 
[1] at diffusion limited region,/We, is given by 

4DFCHTe02 + 
iTe [3] 6 

where D and cHveo2+ are the diffusion coefficient and the 
bulk concentration of HTeO~ +, and 8 is the diffusion layer 
thickness. The current due to reaction [2], iCdT~, is given 
by 

iCdTe = -2Fkccd~+OTee -~FAr [4] 

where k is the rate constant, ccd++ is the concentration of 
Cd ++, 0Te is the surface coverage of Te, ~ is the transfer 
coefficient and h(h is the potential difference across the 
interface. By considering mass balance, 0r~ is given by 

iT J4 - icdTJ2 
OT e = k'fw~ = k' [5] 

i~J4 

where fre is the fraction of Te at the surface of the films 
and k' is a proportional constant. From Eq. [3], [4], and [5] 

OT~ = k'DcHT~~ [6] 
( D C H T e 0 2 + / 8 )  -{- kk,  Ccd_~+e-~Fhe IRT 

By using Eq. [3], [4], and [6], the total current, i, is given 
by 

i = iT~ + iCdWe 

DFcHT~n~+ ( 8 (DCHTe02+/~) 2kk '  ccc~+e-~FA~/RT ) + 
= -- 4 + kk,cc~+e_~Fa~/R T [7] 
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Fig. 7. Etching time dependence of (a) the intensity of x-ray diffrac- 
tion peaks due to CdTe (111) face ([]) and Te (�9 and (b) the photo- 
current in 1M NaOH at - 0 . 7 0 V  (vs. Ag/AgCI) under illumination of 
S00W Xe lamp with an IR absorbing filter. Experimental conditions 
are the same as those in Fig. 6. 
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Thus, the current should be proportional to the bulk con- 
centration of HTeO2 ~, i.e., TeO2, as observed experimen- 
tally. The more negative the potential is, the higher fcdTe 
and the less free Te are expected from Eq. [6]. Experi- 
mental  results also confirmed this expectation. When 
DCHTeC~2+/8 << kk'ccd~e -~F~/RT, i.e., the potential is very 
negative and 0re ~- 0, then Eq. [7] becomes 

i 6DFcHve~ [8] 
8 

By assuming that the film is mainly CdTe, that the den- 
sity of CdTe is 6.2, and that the deposition of CdTe is a 
six-electron process, as Eq. [8] shows, the current 
efficiency is calculated as 75% from the data of Fig. 2. 
The other reaction involved may include the reduction of 
oxygen, which is left in  small amount  despite the 
deaeration before the experiment. The other supporting 
evidence for this mechanism is that only the films depos- 
ited electrochemically at the potentials more negative 
than -0.25V were photoactive while the standard redox 
potential of reaction [2] is calculated as -0.155V (vs. 
Ag/AgC1). 

As far as the films deposited at the potentials more 
positive than -0.40V were concerned, the more negative 
the deposition potential, the higher the photocurrent. One 
reason for this seems to be that the amount  of free Te left 
is smaller, and another is that the amount  of CdTe is 
larger in the films deposited at more negative potentials. 
Free metal is known to act as an electron-hole recombina- 
t ion center and reduce the photoconversion efficiency 
(21). The higher concentration of CdTe naturally in- 
creases the photoresponse. The films deposited more 
negative than -0.45 are n-type (19), and the more negative 
the deposition potentials, the lower the cathodic photo- 
current.1 

As mentioned before, the photocurrents of the as-grown 
CdTe films were much smaller than those of CdTe single 
crystals. Since the usual cause of small efficiency is the 
effective recombination of hole-electron pairs at grain 
boundaries and at the surface, the increase of grain size 
by heat-treatment and removal of surface recombination 
center by etching treatment are considered to improve 
the photoconversion efficiency. As shown in Fig. 5, the 
heat-treatment increases the crystallite diameter as well 
as the photocurrent. Due to the increase of the crystallite 
diameter, the number  of grain boundaries decreases, and 
therefore the photoconversion efficiency should be in- 
creased. In this case, since the amount  of free Te was not 
affected, only the crystallite diameter affected the 
photocurrent. 

The fact that no diffraction peak due to Te was ob- 
served in the x-ray diffraction patterns after the etching 
treatment suggests that the free Te existed mainly near 
the surface. 2 The Te at CdTe surface would act as a sur- 
face recombination center which should decrease the 
photocurrent. As shown in Fig. 7, the photocurrent was 
increased by removing the surface Te and, thus, it is 
confirmed that the surface Te was also responsible for 
the small photocurrent. The fact that the x-ray diffraction 
peaks due to CdTe were increased and the reflection 
spectra became much clearer by the etching treatment is 
explained by the removal of the surface Te-rich layer. 
This was supported by the fact that FWHM of x-ray dif- 
fraction peaks due to CdTe was not changed by the etch- 
ing treatment. 

Conclusion 
1. The current-potential expression for the electro- 

chemical deposition of CdTe films is presented. 

1 The anodic photocurrents were observed at potentials more 
positive than ca. - 0.40V. 

2 The effect of Ar § sputtering on Auger spectra also support 
this result (19). 
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2. The electrochemically deposited CdTe films are 
photoactive, and the max imum cathodic photocurrent 
which is due to hydrogen evolution reaction is observed 
at CdTe films deposited at -0.40V (vs. Ag/AgC1). The 
photocurrents at CdTe films deposited at more positive 
potentials than -0.40V are smaller because the amount  of 
free Te, which acts as a surface recombination center, is 
larger, and, accordingly, the amount  of CdTe is smaller. 
The photocurrents at CdTe films deposited at potentials 
more negative than -0.40V are smaller because the CdTe 
films deposited at these potentials are n-type. 

3. The photocurrents of the as-grown CdTe films are 
relatively small compared with those of CdTe single crys- 
tals. The major reasons for this low efficiency are the ef- 
fective recombination of hole-electron pairs at grain 
boundaries and at the surface. The photocurrents are in- 
creased significantly by the increase of crystallite diame- 
ter by the heat-treatment in a He atomosphere and by the 
removal of surface Te, which acts as a recombination cen- 
ter, by the etching treatment. 
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Thermal Decomposition of Dimethoxymethane Electrolyte Solution 
J. S. Foos* 

EIC Laboratories, Incorporated, Norwood, Massachusetts 02062 

Ethereal solutions of LiAsF6 have shown promise for 
use as electrolytes in  l i thium batteries. Solutions of 
LiAsF6 in 2-methyltetrahydrofuran (2-MeTHF) and in 
ether blends with diethylether (DEE) have demonstrated 
the ability to cycle l i thium in high efficiency in Li]TiS2 
laboratory cells (1, 2). 

The ability of 2-MeTHF electrolyte to cycle Li well is 
reflected in its superior thermal stability toward Li in 
storage tests at 70~ (3). Other electrolytes which react in 
storage tests give lower Li cycling efficiencies in Li/TiS2 
cells (2, 4). Although the reactivity observed in the above 
tests can be attributed to reaction with Li, many ether 
electrolytes also react at elevated temperatures (100~ in 
the absence of Li (5). 

During the investigation of various ethers for use as 
electrolytic solvents in l i thium batteries, dimethoxy- 
methane (DMM) was chosen for testing. Solutions of 
LiAsF6 in DMM allowed the cycling of the Li electrode in 
high efficiency (6). Unfortunately, this high efficiency 
was not realized in Li/TiSz cells (7). In order to rationalize 
this discrepancy, investigations into the thermal stability 
of DMM electrolytes were initiated. Storage tests at 70~ 
were conducted with solutions of LiAsF6 in DMM in the 
presence and absence of Li. The visual results with this 
ether are similar to those previously reported for other 
ethers. 

However, dramatic differences were observed in ether 
reactivity which are detected only through analysis of the 
reaction products. The simple structure of DMM and its 
decomposition products allow the use of NMR spectros- 
copy in  determining the stoichiometry of its decomposi- 
tion reaction. A mechanism for the decomposition is pro- 
posed based on the identity of the reaction products and 
the ratio in which they are produced. 

Experimental 
All purification procedures subsequent  to distillation 

and storage test preparations were conducted at ambient  
temperature under  Ar atmosphere in a Vacuum-Atmo- 
spheres Corporation dry box equipped with a Model 
He-493 Dri-Train. The DMM (Aldrich) was dried with 
MgSO4, followed by molecular sieves. The solvent was 
then distilled from Na benzophenone ketyl. The li thium 
hexafluoroarsenate (LiAsF6) (U.S. Steel Agri-Chemicals, 
electrochemical-grade) was used as received. Li thium foil 
(15 mil) was obtained from Foote Mineral Company 
sealed under  Ar. 

Activated neutral alumina (Woelm 200 neutral, activity- 
grade Super 1) was used as received and exposed only to 
the dry box atmosphere. Approximately lg desiccant per 
5 ml solvent was used in a given purification procedure. 

The electrolytes for storage tests were prepared by 
adding LiAsF6 with cooling, using Cu shot previously 
cooled in Dry Ice. The solvents, if treated with alumina, 
were passed through a column of activated alumina, and 
the first 10% was discarded. 

Generally, the stability tests were conducted by storing 
a sample of electrolyte (3-10 ml) at 70~ in the absence or 
presence of Li (1-2 cm2). The samples were contained in 
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test tubes with Teflon-lined screw caps. The threads of 
the test tube were wrapped with Teflon tape. The DMM 
electrolyte storage test which was analyzed by NMR spec- 
troscopy was conducted in a 5 mm (0.8 mm wall) NMR 
tube. The sample was placed in the tube in the dry box 
and then attached to a vacuum line. The sample was 
outgassed in three freeze-thaw cycles and then the tube 
sealed under  vacuum while the sample was frozen in liq- 
uid nitrogen (LN2). 

The test tube storage samples were analyzed by IR 
spectroscopy (Beckman Acculab 5) using a 10 cm gas cell 
(at -20  torr). The sample was first frozen (LN2) and then 
quickly fitted with an adapter which could be attached to 
a vacuum line. The sample was then allowed to warm, 
and aliquots were collected in the IR cell. 

The proton NMR analyses were done using a JEOL 
FX-90Q spectrometer (Biomeasure Incorporated, Hopkin- 
ton, Massachusetts). The sample in the 5 mm NMR tube 
was supported in a 10 mm NMR tube using a Teflon spa- 
cer. This outer tube contained the deuterochloroform for 
the deuterium lock and the tetramethylsilane (TMS) ex- 
ternal standard. The chemical shifts are reported as ppm 
downfield from TMS. To determine the effect of the ex- 
ternal TMS on chemical shift values, spectra of DMM sol- 
vent were run with internal and external TMS. The chem- 
ical shifts were 63.26(6H) and ~4.47(2H) [lit 3.23 and 4.40, 
Ref. (9)] with internal TMS; and 82.74(6H) and 83.95(2H) 
with external TMS, giving a change of -0.52 ppm with 
external TMS. This shift must  be due to inhomogenity in 
the magnetic field. 

Results 
Stability tests were carried out with solutions of 1.5M 

LiAsF6 in DMM at 70~ with and without Li metal. The 
samples containing Li showed relatively little reaction, 
with the best samples showing no reaction after 30 days. 
The most stable samples appeared to be those prepared 
from distilled solvent which was subsequently treated 
with alumina (DA). 

In contrast, when samples were stored without Li, the 
(DA) samples turned dark in 5-7 days. Samples which had 
not been treated with alumina (D) remained colorless 
from 11 to 17 days. In either case it is clear that the DMM 
electrolyte solution is stabilized by Li. 

IR analysis.--A sample of DMM electrolyte that had 
turned dark due to storage at 70~ was analyzed by IR 
spectroscopy. This analysis was done by slowly warming 
the cooled sample which was attached to a vacuum line. 
Aliquots of the vapor which were collected in the vacuum 
line were then analyzed in an IR gas cell. Surprisingly, 
the sample was found to contain little or no DMM. The IR 
spectra contained only absorptions which are attributed 
to methyl formate and dimethyl ether. The methyl 
formate absorportions were identical to those obtained 
from an authentic sample (Eastman). The dimethyl ether 
absorptions were identical to a published spectrum (8). 

Proton NMR analysis.--In order to positively identify 
the products, to assess the stoichiometry of the reaction, 
and to search for minor products, the decomposition was 
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repeated in an NMR tube. A sample of !.5M LiAsFJDMM 
was sealed in a 5 mm NMR tube which was stored at 70~ 
At time intervals, the sample was removed and analyzed 
by proton NMR spectroscopy. After decomposition, the 
spectrum show a small amount  of residual DMM along 
with methyl formate and dimethyl ether. All chemical 
shift values, even after correction for external TMS, show 
considerable deviation from literature values. This can be 
attributed to the presence of 1.5M LiAsF6 in solution. 

The chemical shifts for DMM, methyl formate, and all- 
methyl ether observed above are listed in Table I. This 
table also shows that when authentic methyl formate is 
added to DMM electrolyte solution, the chemical shift 
values of the methyl formate are near those attributed to 
the methyl formate in the storage test. It can be noted 

that as the amount  of DMM in the sample decreases, the 
chemical shifts decreases in value. At the end of the ex- 
periment, methyl formate and dimethyl ether were pres- 
ent  in a 1:2 ratio, as determined from integration of the 
NMR absorptions. At 5 days storage at 70~ there was no 
change in the appearance of the NMR sample and no 
change in the NMR spectrum. At 9 days, the sample was 
dark brown, and the NMR analysis showed that the de- 
composition was 35% complete. At 16 days, a white pre- 
cipitate appeared, and the reaction was 90% complete 
(based on the ratio of DMM to methyl formate signals in 
the NMR spectrum). 

This experiment establishes that the decomposition 
gives almost exclusively 1 tool methyl formate and 2 mol 
dimethyl ether. The balanced equation for this reaction is 
shown in Eq. [1] 

2CH3OCH2OCH3 ~ HCO~CH3 + 2CH3OCH3 [1] 
DMM 

The brown color may be associated with the beginning 
of the decomposition of DMM. In contrast, a sample of 
LiAsF6/2Me-THF electrolyte solution, which had turned 
brown as a result of storage at 70~ showed no trace of 
2-MeTHF decomposition when analyzed by proton NMR 
spectroscopy. 

Discussion 
The dark coloration is typically observed when LiAsF~- 

ether solutions are stored at elevated temperatures. This 
coloration is not observed in storage tests with LiC104 (5), 
implying that the color is associated with the salt rather 
than the ether. Additionally, it has been observed that the 
t ime of onset of color depends on the purification tech- 
nique used in preparing solvent, e.g., DMM]LiAsF6 (DA) 
reacts more rapidly than DMM/LiAsF6 (D). These obser- 
vations imply that the color is a result of decomposition 
of AsF6- and that the decomposition of the solution is af- 
fected by impurities remaining after solvent purification 
or due to solvent decomposition. The decomposition 
products of AsF6- are expected to be acidic and/or 
strongly oxidizing. The polymerization of dioxolane is 
rapid in the presence of LiAsF~, due to the influence of 
the AsF~- anion (10). This polymerization presumably op- 
erates in a cationic mechanism. 

The above considerations imply that a cationic mecha- 
nism might be used to explain the decomposition of 

+ 
CH~0CHOCH3 + DMM 

I 

DMM to methyl formate and dimethyl ether. The observa- 
tion that the presence of Li metal retards the decomposi- 
tion reaction is consistent with this hypothesis. 

Treatment of DMM with an oxidizing agent would be 
expected to give an oxygen stabilized cation, especially in 
the absence of a strong nucleophile (11). This oxidation, 
Eq. [2], as well as the reaction in Eq. [3], are initiation 
steps in a proposed chain reaction. The oxidation may re- 
sult from the slow decomposition of LiAsF6 or from trace 
impurities, such as 02. In  either case, only a very smalr 
amount  of oxidation (initiation) can eventually destroy 
the total amount  of DMM. The fact that the solution is sta- 
bilized by Li implies that the oxidizer is a trace impurity 
or produced very slowly. 

It is important  to note that the prominent  nucleophiles 
in the DMM-LiAsF6 solution are the AsF6 " anion, which 
would be poorly nucleophilic (the anion of a strong acid), 
and the ether itself. The expected cation, I, would be sta- 
bilized by the presence of two oxygen atoms, Eq. [2] 

oxidation + 
DMM �9 H § + CH3OCHOCH3 [2] 

2 electrons I 

Alternately, the cation I could also be formed from 
acidic impurities. The instability of acetals like DMM is 
well known in acidic aqueous solution. In the absence of 
H20, an additional molecule of solvent might be expected 
to react with an acid-base (ether) complex, Eq. [3], to give 
the dimethyl ether cation (II) 

+ 
DMM + A § --> CH3OCH2OCH3 [3] 

acid A 
tl + 

CH30:A + CH,OCH~ 
II 

This cation undoubtedly exists in solution in the form of 
an oxonium ion formed with a molecule of solvent (12). 
However, it also could react with DMM via hydride trans- 
fer to give the same stabilized intermediate, I, described 
above (see also Eq. [5]). A similar reaction was used to 
form the 1.3-dioxolan-2-ylium ion (12), (Eq. [4]) 

+ 
§ § 

The cation I, although relatively stable, may decompose 
by methyl transfer to a solvent molecule, forming an 
oxonium ion (III). This oxonium ion could, in turn, de- 
compose giving the intermediate II, which reacts with 
DMM (with a hydride transfer), regenerating the cation I. 
These reactions, shown in Eq. [5]-[7], constitute the propa- 
gation steps of a chain reaction 

methyl 
transfer 

HCO2CH3 

+ 

+ CH3?CH~OCH3 [5] 

CH3 
III 

Table I. Chemical shifts (ppm, 8) for DMM, methyl tormate, and dimethyl ether (corrected to internal TMS)* in 1.SM LiAsFJDMM storage test, 
reference sample, and DMM solvent only 

1.5M LiAsFJDMM storage sample (70~ Reference sample 
Methyl formate DMM 

Initial _35% Decomposed 90% Decomposed added to 1.SM LiAsFJ DMM solvent only 

DMM 3.48(6H) 3.44(6H) 3.33(6H) 3.46(6H) 3.26(6H) 
4.7I(2H) 4.66(2I-I) 4.54(214) 4.68(2H) 4A7(2H) 

Methyl formate - -  3.91(3H) 3.77(3H) 3.93(3H) --  
8.22(1H) 8.11(1H) 8.27(1H) 

Dimethyl ether - -  3.46(6H) 3.33(6H) - -  --  

* A correction factor of 0.52 was added to each of the values observed usin~ external TMS (see "Experimental" section}. 
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+ 
III ~ CH3OCH3 + CH.~OCH3 [6] 

II 

hydride 
transfer + 

II + DMM ~ CH~OCH3 + CH3OCHOCH3 [7] 
I 

This mechanism explains the products and stoichiometry 
observed. It also explains the reaction-retarding effect of 
Li metal. It would be expected that cation intermediates 
would be rapidly reduced on Li to anions which might be 
insoluble but  which would at least disrupt the propaga- 
tion of  the chain reaction. Nucleophilic impurities such as 
H20 would be expected to react rapidly with cations to 
disrupt the chain. Such reactions would be chain- 
terminating steps. 

The alumina while being effective in removing impuri- 
ties, such as H20 and peroxides, simultaneously estab- 
lishes the conditions for the chain reaction. In the pres- 
ence of Li any residual impurities are scavenged. 
However in the absence of Li the electrolyte would be 
more reactive. In  Li/TiS2 secondary cells the electrolyte 
should be stabilized by the fresh plated Li. 

An alternate mechanism for the reaction which might 
be proposed, is the direct oxidation of DMM by AsF6- (or 
by an AsF6- decomposition product) 

+ 
2DMM + AsF~ ~ HCO2CH~ + CH3OCH3 + CH~OCH~ 

+ [AsF~] + H ~ + 3F-  [8] 

It has been suggested that in the case of several ethers 
(not DMM) that the reactive agent may be AsF5 produced 
from the thermal decomposition of LiAsF~ (4, 5). This 
could be an initiation step in the proposed chain mecha- 
nism. This reaction may become the principal route of de- 
composition if suitably catalyzed or in the presence of an 
ether less amenable than DMM to a chain reaction. In our 
view, this mechanism fails to explain the observed DMM 
decomposition for several reasons. Although a small 
amount  of white precipitate is observed, it is too little to 
be the LiF produced if direct oxidation were the major re- 
action. Actually, the amount  of LiAsF6 in 1.5M 
LiAsFJDMM is insufficient to oxidize the DMM present 
by this reaction. The IR spectrum of the residual salt left 
after the decomposition of DMM in a storage test showed 
a strong peak remaining at 700 cm- ' ,  which corresponds 
to the AsF~- absorption. Appreciable oxidation by LiAsF6 
would not be expected in view of its apparently good 
thermal and solution stabilities (13). 

A free-radical mechanism might be proposed as an al- 
ternative to the cation mechanism suggested above. How- 
ever, we do not believe that this is credible. Cation inter- 
mediates of the type proposed are known to be stable 
species, whereas similar free-radical species would be 
much less stable. 

Conclusions 
It is observed that DMM electrolyte decomposes ther- 

mally to give dimethyl ether and methyl formate. Since 
methyl formate is unstable  towards Li (14), it might be ex- 
pected that this reaction would seriously degrade the per- 
formance of DMM/LiAsF~ electrolyte in a Li cell. This de- 
composition reaction may occur during electrolyte 
preparation or during storage prior to filling the cell. 

In  the cell, in the presence of the Li negative, the de- 
composition could be minimized. However, in the bulk 

solution, away from the surface of the Li, some decompo- 
sition may be initiated by acidic, or oxidizing, impurities 
introduced during the construction of the cell. If a reac- 
tion in the cell, such as AsF~- decomposition, produces 
an acid or oxidizing agent, the effects of that reaction will 
be magnified by the DMM decomposition chain reaction. 

Of more general importance, this reaction is an illustra- 
tion of a type of reaction that can occur only in certain 
specialized conditions. Such conditions include the pres- 
ence of a nonreactive, nonnucleophilic anion, i.e., AsF6-, 
which may stabilize the carbocation intermediates. Re- 
quired as well is the absence of a reactive nucleophile 
other than the solvent itself. These conditions are seldom 
achieved in synthetic organic chemistry but  are typical in 
Li battery electrolytes. 
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The Role of Oxygen in the Redox Chemistry of Lutetium 
Diphthalocyanine 
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Spectroscopic evidence on the role of oxygen in the 
redox chemistry of lutet ium diphthalocyanine is reported 
here. The observations indicate an irreversible reaction of 
oxygen with vacuum-subl imed films of the dye material 
and a reversible reaction with its solution in dimethyl- 
formamide. This behavior can account for several appar- 
ent anomalies found in previous investigations. 

Since the multicolor electrochromism of lanthanide 
diphthalocyanine electrode films was reported by Mos- 
kalev and Kirin (1), these compounds have been the sub- 
ject of many chemical and electrochemical investigations 
(2-11). Although much now is known concerning electron- 
transfer reactions of the lutet ium complex, the exact com- 
position of the green vacuum-sublimed films remains in 
question. The formula LuHPc~, with one labile hydrogen 
atom, was anticipated from the acidic nature of metal-free 
phthalocyanine and the strong tendency of rare-earth ele- 
ments  to assume the oxidation state of three. 1 However, 
Corker et al. found that green preparations of lutet ium 
diphthalocyanine were paramagnetic and suggested that 
this could be due to formation of a salt LuHPc~A - con- 
taining an unidentified anion A -  (5). Chang and Marchon 
confirmed the paramagnetism and reported a mass spec- 
t rum corresponding to the composition LuPc2 (7). For 
that species, they proposed a radical structure Lu(III)Pc2 
in which, effectively, one of the organic rings has lost an 
electron. Collins and Schiffrin subsequently observed the 
parent masses of both LuHPc2 and "LuPc2 by field- 
desorption mass spectroscopy, but  they placed more em- 
phasis on finding the mass of LuPc2 only by the conven- 
tional electron-impact technique (9). 

Other evidence of the labile hydrogen was obtained by 
Moskalev and Kirin in a spectrophotometric investigation 
of tetrasulfonated diphthalocyanines of lutetium, gadolin- 
ium, and yttr ium in aqueous solutions (2). Spectral 
changes in the pH range of 6-12 were attributed to a sim- 
ple acid-base equil ibrium involving the imino hydrogen, 
with the sulfonic acid groups remaining completely ion- 
ized. Moreover, two forms of rare-earth diphthalocya- 
nines, one green and the other blue, have been found in 
chromatographic separations of reaction products from 
the usual synthesis carried out by heating a rare earth salt 
with o-phthalonitrile. Mackay et al. noted that these forms 
were interconvertible but  concluded that a simple acid- 
base equil ibrium relationship between them could be an 
oversimplification (3). 

We proposed, in a 1982 review (8), that the radical and 
hydrogenated forms could be related through the reaction 

LuPc2 + 1/2 H20 ~ LuHPc~ + 1/4 O2 [1] 

Then, in the presence of excess oxygen, the paramagnetic 
cation could form, in combinat ion with the superoxide 
anion 

LuHPc2 + O.~ m LuHPc2+O~ - [2] 

Collins and Schiffrin actually found oxygen on the order 
of stoichiometric amounts  in green lutet ium diphthalo- 
cyanine films by x-ray fluorescence and x-ray photo- 

*Electrochemical Society Active Member 
1The symbol Pc represents the phthalocyaninato group 

C3~H,,~Ns. 

electron spectroscopy (9). They too suggested that O.2- or 
OH-  might be the anion in the initial green material. The 
results presented below offer new insight on the role of 
oxygen in this system and can be interpreted to account 
for its influence on certain faradalc processes in 
diphthalocyanine electrode films. 

Film Spectra 
Lutet ium diphthalocyanine films 0.1-0.2/~m thick were 

deposited on glass by the usual vacuum-sublimation pro- 
cedure at -10  -5 torr. Such films were consistently green 
and showed no visible change on exposure to air. How- 
ever, it was found that details of the absorption spectrum 
could change in air, depending on the substrate tempera- 
ture during deposition of the film. This behavior is illus- 
trated by Fig. 1 and 2. All spectra reported here were re- 
corded at room temperature. To obtain the film spectrum 
prior to air exposure, ni trogen at 1 atm was first admitted 
to the deposition chamber. With an externally control]ed 
manipulator, the dye specimen was then placed in a flat- 
sided glass cell, and a grease-sealed cover was attached. 
The protected specimen was promptly transferred to the 
spectrometer, and its absorption spectrum was determined. 

Curve a of Fig. 1 is the typical spectrum of an air-ex- 
posed lutet ium diphthalocyanine film deposited on an 
unheated glass substrate. It includes the prominent  Q 
band at the wavelength (k) of 666 nm, with vibrational 

I I I [ 

1.5 

1.0 

0.5 

O ~  
400  500  600  700  

~(nm) 

Fig. 1. Effect of air on spectrum of lutetium diphthalocyanine film 
vacuum-sublimed on an unheated glass substrate. Curve a: after expo- 
sure to air. Curve b: before exposure to air. 
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Fig. 2, Spectra of air-exposed lutetium diphthalocyanine films from 
three deposition runs with different substrate heating. Curve a: glass 
substrate preheated in vacuum, then cooled before deposition. Curve 
b: heated only until beginning of deposition. Curve c: heated before 
and during deposition. 

transitions on the short-wavelength side at 575 and 605 
nm. The weaker band at 462 nm lies between the Q band 
and the ultraviolet Soret band characteristic of phthalo- 
cyanines. ~ Curve b of Fig. 1 is the spectrum of the same 
film recorded under nitrogen before exposure to air. 
Here, the main peak is lower, at 671 nm, the vibrational 
transitions are not evident, and the weaker electronic 
band is slightly shifted to 467 rim. We propose that curve 
b is the spectrum of solid LuPc~, while curve a is that of 
the paramagnetic oxygen containing species. 

Figure 2 indicates the effect of heating the substrate 
with an infrared lamp in the vacuum-deposit ion proce- 
dure. These data were from different deposition runs 
which produced somewhat  different film thicknesses. 
Curve a again is for an unheated substrate. Curve b shows 
the result of preheating the glass under an infrared lamp. 
This curve, recorded in air, resembles rather closely the 
curve b spectrum of Fig. 1 for the unheated film before 
air exposure. When heating was continued during the 
deposition t ime of several minutes, the Q band was 
broadened and shifted slightly, as in curve c of Fig. 2. 

The reaction of the fresh green film with air proved to 
be irreversible. Prolonged evacuation of the air-exposed 
film at room temperature failed to change the spectrum, 
subsequently observed under  helium. Heating of the ex- 
posed film in air converted the spectrum, from curve a of 
Fig. 1 to one closely resembling curve b of Fig. 1, or curve 
b of Fig. 2, but the sensitivity to air was lost in the heating 
process. Briefly, the unheated green films were air-sensi- 
tive, while the heated ones were not. The spectral broad- 
ening and the loss of air sensitivity on heating may have 
been due to polymerization or crystallization of LuPc2. 
Unless heated excessively, however, the dye apparently 
returns to the monomeric  vapor state on sublimation. 

Solut ion Spectra 
Figure 3 shows a typical spectrum of lutetium 

diphthalocyanine dissolved in reagent grade dimethyl- 
formamide (DMF). The solution was blue, with absorp- 
tion maxima at 614 and 693 nm. Corker et al. noted that 
this blue form, which was not paramagnetic, could be a 
reduction product of the green, due to its reaction with al- 
iphatic amine impurities in the DMF (5). In fact, their 
green solid preparation produced a paramagnetic green 
solution when dissolved in DMF that had been distilled 
over CuSO4 or pre-electrolyzed. 

In this investigation, we obtained the same result by 
adding a small amount  of aqueous hydrochloric acid to 
the blue solution in unpurified DM_F. The acidified-solu- 
tion spectrum, curve a in Fig.4, matches that of Corker's 
paramagnetic green. This curve also has features of the 

2Electronic spectra of various monophthalocyanines are dis- 
cussed, for example, in Ref. (12). 

2.0 

I I I 

ug 

0 
Z < 
m 
o < ~ 1.o ~ 

I I I 
400 500 600 700 

~.(nm) 

Fig. 3. Spectrum of lutetium diphthalocyanine solution in reagent- 
grade dimethylformamide before acidification. 

air-exposed green-film spectrum, although the peaks at 
comparable heights are sharper for the solution than for 
the solid film. 

A most interesting change occurred on removal of air 
from the acidified DMF solution. Over several hours, the 
spectrum shifted from curve a to curve b of Fig. 4, with a 
corresponding color change from green to blue. Signifi- 
cantly, the spectral change was reversible with addition 
and removal of oxygen. This appears to be the first clear 
evidence of reversible oxygen addition to a diphthalo- 
cyanine complex. Complete conversions between the 
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Fig. 4. Effect of oxygen on spectrum of lutetium diphthalocyanine 
solution in acidified reagent-grade dimethylformamide. Curve a: under 
oxygen. Curve b: under helium. 
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curve a and curve b forms occurred in several hours. The 
spectrum in nonacidified, unpurified reagent-grade 
DMF remained as in Fig. 3 and was unaffected by addi- 
tion or removal of dissolved oxygen. 

With lutetium diphthalocyanine dissolved in reagent- 
grade dimethylsulfoxide, a similar spectral change oc- 
curred on acidification, but  the apparent addition of oxy- 
gen was not reversible. Related changes due to oxygen 
also occurred in acidified acetone, with possible forma- 
tion of an intermediate state. The spectrum in dichloro- 
methane, without acid, matched that of the oxygenated 
solution in Fig. 4. The same spectrum was observed in 
dich!oromethane by Chang and Marchon (7). 

Interpretations 
Before formulation of a unified reaction scheme, it is 

instructive to distinguish two types of blue-solution spec- 
tra and compare them with the spectra of cathodically re- 
duced lutet ium diphthalocyanine films, which now are 
known to be pH dependent  (10). Curve b of Fig. 4, for the 
deoxygenated solution in acidified DMF, differs from the 
spectrum of the original blue nonacidified solution repre- 
sented by Fig. 3. It closely resembles, however, the spec- 
t rum of a blue solid formed by the one-electron cathodic 
reduction of a cycled green lutetium diphthalocyanine 
film in an aqueous electrolyte near pH 3 (10). Moreover, 
the solution spectrum of Fig. 3, in nonacidified DMF, is 
similar to the reduced-film spectrum in a pH 7 electrolyte 
(10). These comparisons support the opinion that the dye 
was reduced by impurities in the reagent DMF. 

For the green forms of lutet ium diphthalocyanine, we 
note the similarity between the spectra of the air-exposed 
unheated green film, the paramagnetic green in solution 
with air present, and the electrochemically cycled green 
film with air absent (10). Several experimental  observa- 
tions c a n  be correlated by assignment of the formula 
LuHPc2 ~ to the dye species in each of these cases. 
Reactions 1 and 2 account for its formation from LuPc2 in 
the presence of water and oxygen. If LuPc2 or LuHPc~ + is 
first reduced to LuHPc2 in the unpurified DMF, the re- 
versible addition of oxygen in solution also can be repre- 
sented by reaction 2. In this proposed scheme, LuHPc2 is 
blue, while LuPc2 and its protonated form LuHPc2 + are 
both green. The other blue reduction product, obtained at 
higher pH, probably is the anion LuPc~-. The oxygen 
complex LuHPc2~O~ - proposed here is analogous to 
MnPc~+O2 ~ suggested by Lever et al. for the dioxygen ad- 
duct formed by MnPc in dimethylacetamide (13). 
Thermodynamically, the superoxide ion can dis- 
proportionate in acidic aqueous media through reaction 
[3] (14) 

2 O2- + 2H + ---> H202 + O2 [3] 

This reaction requires a catalyst to proceed rapidly, how- 
ever, and O5- apparently is stabilized in the present sys- 
tem by pairing with the cation LuHPc2 +. 

With this information, the acid-base equil ibrium ques- 
tion can be re-examined. For titrations of the 
tetrasulfonated rare earth diphthalocyanines in water, the 
simple acid-tmse interpretation of Moskalev and Kirin (2) 
probably is correct, since the acidic anion 
[LuHPc2(SO~)4] 3- would not be expected to pair with 03- 
It appears possible, however, that the pKa values reported 
by Moskalev and Alimova for unsubst i tuted diphthalo- 
cyanines of the lanthanide elements (Ln) in DMF-water 
solutions corresponded to the reaction 

LnHPc~+O2 - ~ H + + LnPc2- + O5 (0.2 atm) [4] 

rather than the simple equilibrium. 

LnHPc2 ~ H 4 + LnPc2- [5] 

Finally, a discrepancy in the faradaic n values from 
some of our previous work can be resolved. Nonintegral 
n 's  approaching 2 were typical of anodic moving bound- 
ary experiments with the dye on an insulating substrate 
in air (6), while values close to 1.0 were found by an incre- 
mental  potential-step technique, using cycled films on 
t in oxide in the absence of air (10). The color change was 
from green to orange (or reddish orange) in each case. 
The difference in the number  of electrons lost per mole- 
cule of dye is readily explained on the basis that 
LuHPc~§ was the predominant  starting material in the 
boundary propagations. Since the superoxide ion is a rel- 
atively strong reducing agent (14), the overall anodic reac- 
tion for an air-exposed lutet ium diphthalocyanine film in 
an electrolyte with the anion X -  should be 

LuHPc2+O2 - + 2X- ~ LuHPc22+ .2X- + 02 + 2e [6] 
Green Orange 

For a cycled green film in the absence of oxygen, how- 
ever, the same color conversion would involve only one 
electron 

LuHPc2~X - + X -  -~ LuHPc22+.2X - + e [7] 
Cycled Green Orange 
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Calcium/Ca(AICI4)2--Thionyl Chloride High Rate Cell 
E. Peled,* R. Tulman, A. Golan, and A. Meitav 

Department of Chemistry, Tel Aviv University, Tel Aviv 69978, Israel 

The lithium-SO2 cell shows good performance over a 
wide range of temperatures and a good shelf life. In addi- 
tion, it has the highest power density of all commercially 
available cells (1). For example, a C-size cell is capable of 
continuously delivering 1.5A at room temperature (2). 
However, because of hazard limitations, its recommended 
max imum continuous rate is only 0.36A (2). Recently, 
both the safety and rate capability of the Li-SO2 system 
were improved (3-5), and the recommended maximum 
continuous rate was doubled. All of this was accom- 
plished by, among other things, the use of balanced Li- 
to-SO2 ratio and greater electrode area. The main hazard 
factors in high rate l i thium cells are the deposition of very 
reactive high surface area li thium during reversal and 
charging abuses (6-8). 

The calcium-thionyl chloride system has recently at- 
tracted attention, as a safer alternative to l i thium high 
rate cells (9-17). Encouraging electrical performance was 
obtained for cells of various sizes - between 3.5 and 2000 
Ah - containing LiAIC14 electrolyte (15-17). 

Recent studies in our laboratory, with the use of small 
laboratory cells (10 cm 2 electrode area) containing 
Ca(AICI~)2 electrolyte, have shown (9-12) good electrical 
performance and much better safety characteristics. Un- 
like li thium cells or the Ca/LiA1C14-TC cell, the 
Ca/Ca(A1C14)2-TC cell successfully resists charging and re- 
versal abuses (9-12). It behaves like an "electrochemical 
diode" (11, 12), Le., it delivers high current densities (up to 
50 mA cm -2) in the anodic direction, but  operates as a 
high resistance in the negative direction, and during re- 
versal tests. This seems to result from the facts that the 
SEI is almost a pure anionic conductor (9-11, 13) and that 
during cathodic polarization a blocking process of the 
ionic current takes place. This process most likely results 
from a sharp decrease in  the ionic conductivity of the 
CaC12-SEI due to depletion of the mobile ionic defects 
during continuous cathodic polarization. Corrosion tests 
of calcium in Ca(AIC14)2-TC solutions both at 70~ and at 
room temperature, indicate a projected shelf life of 1.5-2 
yr (12). The average corrosion current density of 70~ is 12 
/~A cm -2, and at room temperature it is 0.5 /LA cm -~ or 
less. 

The goals of this work are: to demonstrate that the 
Ca]Ca(A1C14)2-TC cells can be scaled up by an order of 
magnitude with respect to electrode area, while preserv- 
ing their excellent safety features, and to study the elec- 
trical performance of high rate laboratory prototype jelly- 
roll C-size cells. 

Experimental 
Details concerning materials and the preparation of so- 

lutions have been described in detail in Ref. (9). Calcium 
(99.9%) 0.5 mm thick foil was purchased from Pfizer. It 
was degreased in AR petroleum-ether and annealed at 
600~176 for 2h. The laboratory prototype C-size cell is 
shown in Fig. 1. It consists of 0.5 mm calcium foil and 
0.9-1.0 mm thick Teflon (10% by weight) bonded carbon 
cathode supported on nickel Exmet. Carbon loading was 
1.Sg per cathode. The anode and cathode were rolled to- 
gether with a double 0.18 mm nonwoven glass separator. 
The effective electrode area was about 100 cm 2. The cell 
case was a C-size stainless steel can, which was sealed in- 
side a glass vessel. Connections to the anode and cathode 
were made with tungsten rods, which were sealed to the 
glass cap. A ground-glass joint  was attached to a side arm 
of the glass vessel and served as a safety vent. Cells were 
vacuum filled (to the top of the can) with 1.0M 
Ca(A1C]4)2-TC solution. The discharge tests were per- 

*Electrochemical Society Active Member. 

formed at room temperature by loading the cell with a 
suitable power resistor. Data were collected by a Fluke 
Data Logger. Charging and several tests were performed 
with the use of a Kepco regulated dc power supply. 

Results and Discussion 
The OCV of freshly filled cells was 2.8-2.9V and in- 

creased to 3.1-3.2V within 1-2 days. This OCV is some- 
what lower than the OCV of the small glass laboratory 
cells (9). Cells were discharged through constant loads at 
current equivalent to 0.125-0.8A, a day or two after filling 
them with electrolyte. In  fll tests they exhibited a stable 
discharge voltage plateau over most of their service life. 
This plateau voltage decreased from 2.8V at 0.125A to 
2.65V at 0.8A. Typical discharge curves are shown in Fig. 
2. The initial increase of working potential ("voltage de- 
lay") is attributed mostly to the "cleaning" of the anode 
surface of calcium oxide. In  recent experiments (9), a 
much smaller "voltage delay" was observed, probably 

4 
r 

/ 5  

"------2 

Fig. 1. A jelly-roll laboratory prototype C-size cell. 1 : Glass cell. 2: 
C-size stainless steel can. 3: Connector to the anode. 4: Connector to 
the cathode. 5: Tungsten rod. 6: Viton O-ring. 7: Rotaflo stopcock. 8: 
Ground glass joint. 
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Fig. 2. Constant  load discharge curves a t  room t e m p e r a t u r e .  Curve  
1: 2 2 .  Curve  2: 8.2. Curve 3: 5.5. Curve 4: 3.4. 
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due to the fact that the anodes were rubbed with sandpa- 
per inside the glove box. This "voltage delay" diminished 
when the cells were stored for a week or more at room 
temperature prior to the discharge test. By this time, the 
thick calcium oxide layer had dissolved by reaction with 
TC. Cell capacity decreased linearly with current (Fig. 3). 
It was 3.5 Ah at 0.125A, 2.0 Ah at 0.6A, and 1.5 Ah at about 
0.8A. 

Capacity per unit area of cathode decreased from 35 
mAh cm -2 at 1.25 mA cm -2 to 15 mAh cm -2 at 8 mA 
cm -2. These values are 10%-30% lower than those previ- 
ously obtained for small, flat 10 cm 2 cells (9). However, 
the smaller cells had a 10%-20% thicker cathode and a 
higher concentration of electrolyte (1.3M instead of 1M, in 
this work). 

The small cells exhibi ted excellent safety features as 
they resisted abuse charging and reversal tests. Figure 4, 
5, and 6 show that these safety features are maintained 
even when the electrode area is scaled up by an order of 
magnitude. It should be noted that the initial short-circuit 
current of these cells is above 10A. Figure 4 describes an 
abuse "charging" test of a fresh C-size cell at 25V. The ini- 
tial current is about 150 mA and it decreased to 50 mA 
after 10 min and to less than 20 mA after 60 min. In a 28V 
reversal test of a fully discharged C-size cell, the current 
dropped even faster (Fig. 5). It started at about 120 mA 
and dropped to 30 mA after 1 rain, and then it slowly de- 
creased to less than 20 mA after 200 min. Figure 6 de- 
scribes the simulation of the reversal of a "weak" cell in a 
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Fig. 3. The dependence of cell capacity on the discharge current 
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Fig. 5. Reversal test of a fully discharged cell at a constant voltage 
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Fig. 4. Charging test of a fresh cell at 25V 

30V series battery (ten cells in series). At the beginning, a 
fully discharged cell is forced to discharge at a constant 
current of 350 mA, till its reverse voltage reaches 25V. 
This takes about 20 min. Then it is force-discharged at a 
constant voltage of 25V. The current drops from 350 mA 
to less than 20 mA after 70 min and stays about constant 
at this level. 

It  should be emphasized that any other l i thium cell or 
even a regular nonli thium cell would explode, or at least 
would vent, under charging or reversal at 25V. 

Summary  

The Ca/Ca(A1C14)~-TC C-size laboratory cell (with 100 
cm 2 electrode area) exhibits, at low rates, a volumetric en- 
ergy density close to that of the Li-SO~ cell. It can deliver 
a continuous current similar to that permitted for the 
Li-SO~ cell. Its energy and power density can be further 
increased by increasing the electrode area of the cell. It 
exhibits an excellent safety feature: it successfully resists 
abuse charging and reversal tests. It is, therefore a very 
promising candidate for high power multicell  battery ap- 
plications. 
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Photoelectrochemical Behavior of Indium Phosphide Arsenide 
Alloys in Acidic Electrolytes 
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Recently, we reported on electrodissolution and 
passivation phenomena on single crystal electrodes of the 
III-V compounds InP, InAs, InSb, GaP, GaAs, and GaSb 
in aqueous electrolytes (1). Considerable differences in 
the behavior are observed that are particularly pro- 
nounced in acid solutions. InAs and InP  represent ex- 
treme cases: InAs does not passivate at pH - 0 except at 
very high current density (c.d.), but  the films formed at 
high c.d. are too porous to prevent excessive surface cor- 
rosion. InP  exhibits severe inhibit ion to anodic dissolu- 
tion even in 4M HCI solution by the formation of a coher- 
ent film that can be removed only by extensive cathodic 
reduction. 

Also, we reported previously on p-InP/V2~-V 3§ 4M 
HCYC solar cells (2) that represent efficient EIS junct ions 
(3). The function of this device is thus intimately linked to 
the passivation behavior of p-InP (1). A similar condition 
has been observed for p-InP-indium-tin oxide (ITO) so- 
lar cells that represent efficient SIS junct ions (4) where 
the dielectric .is a phosphorus oxide film of tunnel ing 
thickness (5). Investigations in I n P ~ s l _ J I T O  solar cells 
show that the dielectric becomes porous at y -> 0.85. At 
higher P concentration, the solar power conversion effi- 
ciency peaks presumably because of a reduction in the di- 
electric film thickness, but  at lower P concentrations, the 
solar cell characteristic degrades steeply (6). In this paper, 
we report on the passivation and electrodissolution be- 
havior of alloys at the InAs-InP pseudobinary that show 
complete solid solubility over the entire range of compo- 
sitions InP,As,_,,  0 - y - 1. Also, we include information 

* Electrochemical Society Student Member. 
** Electrochemical Society Active Member. 
' Present address: TRW, E1 Segundo, California. 

on p-InP~As,_jV§ 3§ HCNC and InP~Asl_JI3-, I - ,  
HC1/C junctions. 

Experimental Results and Discussion 
Both InP~Asl_~ bulk single crystals and epitaxial layers 

were used for the fabrication of the electrodes. The bulk 
crystals were grown by zone leveling, as described else- 
where (7). The epitaxial layers were grown by liquid 
phase epitaxy on nominally undoped and semi-insulating 
InAs and InP substrates, respectively. The composition 
of the samples was checked by x-ray diffraction and x-ray 
fluorescence analyses. The n-type crystals and epilayers 
were nominally undoped with carrier concentrations 1 • 
10 TM -< ND - NA <-- 3 • 1016 cm -~. The p-type material was 
Zn doped to NA -- ND = 5 • 10 TM cm -3. Au:Zn and In were 
used to make an ohmic contact to the p- and n-type mate- 
rial, respectively. 

The contacts and substrates were embedded into epoxy 
so that only the InP~Asl_, was exposed to the electrolyte. 
The usual three-electrode potentiostatic arrangement was 
used, employing carbon counter and saturated calomel 
reference electrodes. 

Figure 1 show cyclic voltammograms in 1M HC1 solu- 
tion for (a) bulk p-InP0.47As0.~3, (b) bulk n-InPo.4sAs0.5~, (c) 
n-InPo.57As0.43 epitaxially grown on InP, and (d) 
n-InP0.~TAs0.6~ epitaxially grown on InAs. The solid and 
dashed lines correspond to measurement  under  simu- 
lated AM1 il lumination and in the dark, respectively. 
Note that up to 55% InAs in the pseudobinary alloy the 
passivation characteristics of pure InP  electrodes, i.e., 
passivity in potential range B, transpassive current flow 
in  region C, and cathodic activation in region A, are re- 
tained. However, the passive region B extends over a nar- 



2.0 

~ ,.o 

o 

-0.5 

I N D I U M  P H O S P H I D E  A R S E N I D E  A L L O Y S  2317 

0.6 0 
800 900 I000 I100 1200 1300 

0.4 

~E o 0.2 

I 
I 

-o,~i 

-0.4 

o / ,/ h~ 

-0.4 0 0.4 
E/V 

~_ ; C h9 ! 

. s  S 

~' d~ark 

II I l [ 
-0.8 0 0.8 

E/V 

I-0 t i i 

h~.p,,,u'J,:; .~ J.o 

I 

ii , 
-J.~ I I /  ~" 0.6 

- O A  0 0.4 ~ 0 . 4  

E/V (3' 

0.2 

0.4 

'~ o 

-0.4 

-O.B 

~ O ~ O  d 

-I.0 -0.8 -0.6 
EIV 

Fig. 1. Current-voltage curves at illuminated (-) and dark (---) in 
1M HCI solution in (a) bulk p-lnPo.47Aso.~, (b) bulk n-lnPo.45Aso.5~, (c) 
n-lnPo.57Aso.4~ epitaxially grown on InP, and (d) n-lnPo,s~Aso.~3 epi- 
taxially grown on InAs. 

rower potential range and the transpassive anodic c.d.'s 
are larger than for pure InP. Also, on repeated cycling the 
oxidation wave (labeled E) decreases. For pure InP, this 
peak has been identified by ring-disk electrode measure- 
ments  (1) to be partially related to the oxidation of In 
metal formed on the surface during the preceding reduc- 
tion period in potential region A. The phenomenon in Fig. 
lc may be either a reduction in the formation of In metal 
due either to the presence of other oxidation products 
formed in the transpassive cycle or to changes in surface 
composition related to the graded nature of the epitaxial 
film. Although the latter is indicated by the absence of a 
similar behavior for the n-type bulk material, the phe- 
nomenon  is difficult to unders tand on the basis of a 
graded epitaxial structure alone, because under  the con- 
ditions of LPE of InPyAsl_~ the distribution coefficient 
of P is larger than unity. Therefore, corrosion of the 
epilayer should expose in successive cycles compositions 
that are richer in InP  leading to a widening of passive re- 
gion B that is not observed. For the largest As concentra- 
tion (Fig. ld), the epilayer shows InAs-like behavior. 

Solar cells were measured using essentially the same 
V 2~ - V 3§ HC1 electrolyte as described in Ref. (2) and 
0.05M Iz, 1M CaI2, 1M HC1 solution for the p-type photo- 
cathodes and n-type photoanodes, respectively. Figure 2 
show the spectral response of a p-InPo.47As0.53 photo- 
cathode in the spectral region between 800 nm and 1.5 
~m. In accord with the decrease in the energy gap of the 
alloy as compared to pure InP, the long wavelength cut- 
off is shifted to larger wavelength. Also, the open-circuit 
voltage of the device is smaller than for pure InP, as ex- 
pected from the decrease in the built-in voltage with de- 
creasing energy gap. However, in contrast to expectations 
based on a consideration of the bandgap, the short-circuit 
c.d. of the alloy cell is, also, substantially smaller that for 
pure InP. 

The latter observation is consistent with the behavior 
observed for the n-type InP,Asl_~ photoanodes in IJ I - ,  
HC1 solution. Figure 3 shows a plot of the short-circuit 
current density (Isc) relative to the value observed in the 
same solution for pure n- InP electrodes vs. the mole frac- 
tion of InAs in the pseudobinary alloy. For small addi- 
tions of As to the anion sublattice, the short-circuit c.d. in- 
creases in accord with the extension of the spectral 
response to larger wavelength with decreasing energy 
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Fig. 2. Long wavelength edge of the spectral response of a 
p-lnP,.47As,.sJV 2§ V ~§ HCI/C junction. 
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Fig. 3. Plot of Isc vs. y of InP, Asl-JI3-,  I% HCI/C cells in units of 
the value of Isc observed for pure n-lnP electrodes in the same 
solution. 

gap. However, at - 16% InAs, the short-circuit c.d. de- 
creases, and no photoeffect is observed for InP~Asl_~ epi- 
layers for y ~< 0.4. This limit agrees with the observed 
threshold in the As concentration at which the 
passivation]electrodissolution behavior shifts from InP to 
InAs-like characteristic. Also, it is consistent with the 
earlier results on solid-state devices (6) where the gain in 
Isc overcompensates the decrease in Voc to - 15% InAs 
and photovoltaic activity vanishes at 0.4 -< y - 0.5. How- 
ever, in the case of our liquid junctions, Voc deteriorates 
more rapidly so that the efficiency of the alloy cells at the 
present stage of development is smaller than the 
efficiency of the pure InP  cells. Whether this pattern may 
be affected by cyclic optimization or other manipulat ions 
of the interfacial chemistry is currently unknown.  In view 
of the limited stability of n- InP photoanodes in I3-, I -  so- 
lutions a search for better redox partners for n-InP~Asl_, 
photoanodes appears to be preferable to more extensive 
exploration of the InP~As,_JIs-,  I - ,  HC1 system. 

Summary and Conclusions 

The eleetrodissolution and passivation behavior of 
InP~As,_~ alloys in acid solutions has b e e n  studied for 
both n- and p-type bulk single crystals and epitaxial alloy 
layers on InP  and InAs substrates. InP-like passivation 
behavior is observed to y -> 0.45, while larger As concen- 
trations lead to electrodissolution behavior that is charac- 
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teristic of pure In As. The threshold in the passivation be- 
havior coincides with the As concentration at which pho- 
tovoltaic activity vanished in InPyAsl_~ liquid junct ion 
solar cells, and similar characteristics in the short-circuit 
current  density vs. alloy composit ion relation are ob- 
served, as previously reported for " indium-tin 
oxide/InP~Asl_~ solar cells. This result s trengthens the ar- 
gument  that the efficiency of InP-based l iquid junct ion 
solar cells is closely l inked to their passivation character- 
istics and points to close similarities between SIS and 
EIS solar cell device structures. 

Manuscript  submi t ted  Jan. 9, 1984; revised manuscr ip t  
received May 29, 1984. 
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ABSTRACT 

Through surveys of the relationships between thermal conductivity and electrical conductivity in bismuth antimony 
telluroselenide alloys a pragmatic approach is used to define a thermal conductivity quality factor, Qk, relating doping 
level to thermal conductivity. This empirical variable permits the evaluation of thermoelectric alloys in terms of materi- 
als parameters rather than the engineering design variables of the figure of merit, Z. Imperfection structure variables 
contribute to the optimization of both electron- and phonon-transport  phenomena defined by the combined Seebeck 
and thermal conductivity quality factors, Q~ and Qk. 

Thermoelectric energy conversion for generating elec- 
tric power or supplying refrigeration and air conditioning 
depends upon using heavily doped semiconductors (1). 
The engineering performance of the n- and p-type semi- 
conductors must  be optimized to the absolute solid-state 
limits in order to realize fully the business opportunities 
present. The materials are characterized by properties of 
both dielectrics and metals in a complex way (2, 3). 

The engineering optimization depends upon  doping 
proper structure and composition alloys to the largest fig- 
ure of merit, Z. This is Z = S'2~/k where S is the Seebeck 
coefficient, ~ electrical conductivity, and k the thermal 
conductivity. A challenge exists to optimize the materials 
processing and composition variables (4) in combination 
with device engineering (5) to the limits of the promised 
long life and reliability. 

Simplifications are needed in the isolation and identi- 
fication of the electronic and thermal energy transport 
variables. The identification of the power coefficient S~"- 
with characteristics of the mobility-effective mass prod- 
uct, t~o(mX/mo) ~/2, for electrons led to introducing the See- 
beck quality factor as a materials variable (5-9). 

General device theory identifies the mobility-effective 
mass product divided by the lattice thermal conductivity, 
~o(mX/mo)3~2/kL, as the critical material parameter to be 
maximized in order to attain high figures of merit (1, 10). 
With the introduction of the Seebeck quality factor, Q~, 
the goal is maximizing Qs/kL. 

The lattice thermal conductivity proves on closer exam- 
ination to involve as many materials variables, as does the 
Seebeck quality factor. The challenge thus arose to devise 
a thermal conductivity quality factor Qk for phonon trans- 
port equivalent Qs for electron transport. This required an 
empirical evolution from the interaction of theory with 
experiment,  much as did the Qs. 

The Thermal Conductivity of Materials 
A brief scan through two volumes of thermal conduc- 

tivity data compiled by the Thermophysical Properties 
Research Center (11) quickly emphasizes ranges and 
bounds on thermal conductivity variations in materials 
ranging from dielectrics to metals, and from perfect crys- 

*Electrochemical Society Active Member. 
1Permanent address: Donald Tuomi, Ph.D., and Associates, 

Limited, 221 South Illinois Drive, Arlington Heights, Illinois 
60005 

tals to amorphous structures. The total range extends 
from a low limit of 0.001 to a high range of 100 W/cm K. 

The perfect crystals of diamond serve to define in com- 
bination with sapphire and silver the upper  limits to heat 
flow at successively lower temperatures, as shown in Fig. 
1. The lattice thermal conductivity of the dielectric mate- 
rials maximizes at temperatures below 100 K, while me- 
tallic well-crystallized alloys maximize only at the 
temperature of liquid hydrogen and less. 

Metallic alloys are characterized by thermal conductivi- 
ties which are in the 0.3-8 W/cm K ranges for tempera- 
tures above 100 K. The temperature dependency is not 
very marked, as contrasted to the data for dielectric 
materials. 

The relatively pure, intrinsic-class silicon and germa- 
n ium semiconductors are characterized by temperature 
thermal conductivity curves similar to ordinary crystal- 
line dielectrics. The heavily doped alloys show a drama- 
tically decreased temperature dependence of thermal 
conductivity. This approaches a metalli c characteristic 
above 100 K (12). The 1/T proportionality of the dielectrics 
is replaced by near T ~ behavior at ambient  temperatures, 
or even an inversion to a positive temperature coeffi- 
cient. 

Classical theory describes the thermal conductivity as 
involving an electronic component  described by the 
Wiedemann-Franz law, ke = LefT, where L is the Lorenz 
number,  o- the electrical conductivity, and T the absolute 
temperature. Classical statistics assign the Lorenz num- 
ber a value of 2 (k/e) ~ for nondegenerate electrons, and 
(27r/3)(k/e) 2 for the degenerate case, where k/e is the ratio 
of the Boltzmann constant, k, to the electronic charge, e. 
As noted by Drabble and Goldsmid (12), the electronic 
component  dominates the thermal conductivity of metal- 
lic materials; but  in semiconductors difficulties are 
encountered in identifying precisely the magnitudes of 
the electronic and lattice contributions to the thermal 
conductivities. 

Thermal Conductivity Theory 
The development of semiconductors as the route to 

useful thermoelectric alloys stimulated both experimen- 
tal and theoretical investigations of the ways to alter the 
lattice thermal conductivity contribution to the figure of 
merit, Z. The existence of controllable contributions of 
electrons and phonons, ke and kL, to the thermal conduc- 
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Fig. 1. Thermal conductivity ranges for: (a) diamond, (b) sapphire, 
(c) BeO, (d) AIz03, (e) vitreous SiO2, (f) Ag, (g) Pb, (h) Si, (i) Ge, (j) 
Bi, and (k) Bi2Te3 alloys. After Touloukian et al. (1 1). 

tivity was recognized very early in the research and devel- 
opment  effort (1). Since the mean free path of electrons 
was expected to be greater than that for phonons, per- 
formance enhancements  were expected through use of 
high atomic weight alloys in combination with solid solu- 
tion alloying as in PbTe-PbSe, Bi2Te~-Bi~Se3, or 
Bi~Te3-Sb2Te3. 

The extensive review of thermal conductivity and lat- 
tice vibrational modes published by Klemens in 1958 (13) 
brought attention to the complex combinations of solkt- 
state structural imperfections which were expected to 
influence the thermal conductivity of the lattice. The 
fundamental  origin of thermal resistance is the increasing 
anharmonicity of the lattice vibrations with increasing 
temperature. Thus, in Fig. 1, the development of the low 
temperature maximum in thermal conductivity with in- 
creasing temperature of the crystalline insulators arises 
from increasing phonon scattering by anharmonicity of 
the lattice vibrations. The high temperature region be- 
yond the maximum is dominated increasingly by "Umk- 
lapp" process scattering of the phonons. This lattice com- 
ponent  of thermal conductivity exhibits a reciprocal of 
the absolute temperatures, 1/T, dependence, with increas- 
ing temperature. However, at temperatures below the ther- 
mal conductivity maximum, the "normal" processes of 
phonon scattering dominate along with boundary scatter- 
ing in the case of perfect crystals. The thermal conductiv- 
ity no longer is an intensive property of the crystal, but  is 
now a function of the dimensions since "normal" pro- 
cesses do not contribute to thermal resistivity, the lattice 
vibrations are simple harmonic oscillations. 

Klemen's  review brings attention to the diversity of im- 
perfection phenomena in materials structures which alter 
the vibrational behaviors of the atoms. These range from 
the familiar isotope effect of changing the nuclear mass, 
to impuri ty substitutional alloying, to lattice vacancies, to 
lattice interstitials, to dislocations, to grain boundaries, 
and to more complex associated imperfection structures. 
The alteration of the crystal lattice from an ordered re- 

peating perfect structure to the disordered amorphous 
state shifts the thermal conductivity into an imperfection- 
structure-dominated form. This is made evident in Fig. 1 
by the vitreous silica curve defining a lower bound re- 
gion for the thermal conductivity of dielectric solids. 

Klemen's  survey of the phenomena in metals, alloys, 
and semiconductors further emphasized the situation 
complexity in at tempting to identify uniquely the elec- 
tronic and lattice components  of thermal conduction. The 
electron scattering arises from interactions with lattice 
vibrations-as well as the imperfection structures. A paral- 
lel exists to the phonon scattering processes noted for di- 
electric materials. The semiconductors of the heavily 
doped class of interest in thermoelectrics present an ex- 
tremely difficult situation for using theory to direct ex- 
periment  except in a qualitative-semiquantitative con- 
text. 

The later review by Drabble and Goldsmid (12) focused 
upon the characterization and theory evaluations of ther- 
mal conduction processes as applied to semiconductors. 
Emphasis is again given to the overall difficulties in 
utilizing theory to direct experiment. The doping process 
for altering the electrical conductivity introduces static 
point defects which themselves alter the thermal con- 
ductivity of the lattice as in iodine doping of Bi~Te3 (14). 

Further complications are evident in attempts to ana- 
lyze the thermal conduction processes in heavily doped 
lead telluride using classical statistics (15). The ambipolar 
electron contributions to thermal conductivity at ambient  
temperatures are evident at electrical conductivities be- 
low 500 mho/cm for both n- and p-type Bi~Te3. These data 
emphasize the difficulties in experimentally defining the 
lattice components of thermal conductivity for the two 
different alloys at ambient  temperature (16). 

A later review of thermal conduction in semiconducting 
materials by Steigmeier (17) focused upon studies of lat- 
tice thermal resistivity in elements, compounds, and al- 
loys with particular attention to higher temperature be- 
haviors, i.e. above the Debye temperature. The results, 
particularly for Ge-Si alloys, indicated progress in 
formulating theory to account for limited experimental 
observations. The discussions of Kudman (1.8) emphasize 
the importance of both mass fluctuation and lattice 
strain contributions to phonon scattering in III-V and 
IV-VI compounds, with strain effects possibly the domi- 
nant  factor according to theory evolutions by Abeles. 

More recently, Spitzer (19) described a chemical bond 
approach to the lattice thermal conductivity characteris- 
tics of crystals. This investigation identifies the crystal- 
line structures of compounds as the critical variable 
determining the range of thermal conductivity. Surpris- 
ingly, all tetrahedrally bonded compounds had higher 
thermal conductivities than octahedrally bonded materi- 
als. Increasing the coordination number  of the atoms in 
the unit  cell decreases the thermal conductivity. The low 
thermal conductivity Bi2Te~ and PbTe alloys are octahe- 
drally coordinated, as contrasted to the high thermal con- 
ductivity Ge-Si materials in the tetrahedral coordination 
class. 

More recently still, Slack (20) reviewed the thermal con- 
duction characteristics of pure nonmetallic crystals at 
high temperature. The discussion brings attention to the 
acoustic vibrational mode phonon dominance in rare gas 
crystals with one atom per unit  cell. The more complex 
crystal structures will simultaneously involve both acous- 
tic and optic modes in their vibrational energy spectrum 
with the acoustic modes transporting the thermal energy. 
Complex crystalline structures are needed with a multi- 
plicity of optic modes to reduce the phonon transport in 
acoustic modes, thus reducing the lattice thermal 
conductivity. 

Slack, in concluding, suggests that, as the number  of 
atoms per uni t  cell is increased to very large values, the 
thermal conductivity of the lattice approaches the mini- 
mum limit of a room temperature glass. The challenge is 
identifying phonon scattering mechanism which will pro- 
duce an equivalent result within a semiconducting alloy. 



Vol. 131, No. 10 T H E R M O E L E C T R I C I T Y  

Clearly, theory and exper iment  suggest tha i  many dif- 
ferent imperfect ion structures m a y - b e  used to modify 
both phonon and electron scattering behavior  in alloys. 
The complexi ty  requires recourse to exper iments  for 
identifying the presence of physical ly real effects which 
are directly related to the input  variables. 

D e f i n i n g  of the T h e r m a l  Conduct iv i ty  Q u a l i t y  Factor  
From the l i terature to 1962, varied graphs were pre- 

pared of the Seebeck coefficient vs. electrical conductiv- 
ity and the thermal  conduct ivi ty vs. electrical conductiv- 
ity. For  the 200-50 /~V/K Seebeck coefficient range, 
significant degeneracy effects were expected to be in- 
fluencing the Lorenz number  so that  classical values 
should not be applicable.  As noted by Drabble  and Gold- 
smid (14), the Bi~Te~ class alloys showed consistently 
smaller  values than expected for an alloy fitting acoustic- 
alloy scattering vibrat ional  mode characterist ics in the 
S-(r relat ionship (6-9). A need clearly exis ted to be able to 
define a thermal conduct ivi ty  quality number  which 
would be useful for comparing samples as bet ter  than or 
worse than others. 

Theory did not readily provide a selection through, for 
example,  the est imation of the lattice component  by sub- 
tracting the electronic component .  As shown in Fig. 2, the 
Lorenz number  depends  upon the relaxation t ime char- 
acteristics of the electron energy as well as the Fermi  
level as defined by the Seebeck coefficient. The ob- 
served fit of acoustic mode-al loy scattering of electrons 
to the Seebeck coefficient-electrical conduct ivi ty  rela- 
t ionship defined through the Seebeck quali ty factor, Q~, 
(9) did  not provide an invariant  lattice thermal  conductiv- 
i ty component  when the corresponding Lorenz numbers  
were used to est imate the electronic term to be subtracted 
from the measured thermal  conductivity.  

The graphical  analysis of all available k-c~ data for the 
bet ter  quali ty b ismuth  tel luride n- and p- type alloys 
showed a greater internal consistency of the p-type re- 
sults. This led to construct ing the empirical  curve of Fig. 
3 utilizing the p-type Bi~Te~ alloy data as shown. This 
curve defined by the equation 

k = 10 + 0.000372 o- 

led to defining the thermal  conductivi ty quali ty factor 
(21) 

k = Q~ + 0.00372 o- ~ 2 0  

where the thermal  conduct ivi ty  is in units of (mW/cm K) . ~  
and the electrical conduct ivi ty in (mho/cm). ~ /~" 

The Qk number  has many of the characterist ics classic- 
ally identified with subtract ing an electronic component  
from the thermal  conduct ivi ty  of a set of samples. Thus ~ i0 
the curves a through f in Fig. 3 reflect varied options for 
the classical Lorenz number  subtract ion of the electron ~ 
term kr In light of the Q~ characterization of the Seebeck 
coefficient-electrical conduct ivi ty relat ionship of~ S to 
in terms of acoustic mode-al loy scattering and the relaxa- 

=I 
Lo,~,~)  /V. . ,  ~,,- ' .~. ,, ~ o " ( v/o / c f  

Fig. 2. The Lorenz number, L, in the Wiedemann-Franz law rela- 
tionship of thermal conductivity to electrical conductivity, k = Lo T, 
dependence upon the Seebeck coefficient for variations in the energy 
dependence of the electron relaxation time (20). 
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Fig. 3. The definition of the thermal conductivity quality factor ref- 
erence line QE = 10.0 by experimental dote on p-type better quality 
bismuth telluride-class alloys of similar chemical compositions. Refer- 
ence electronic thermal conductivity curves ore for (o) degenerate 
classical statistics, (b) nondegenerate classicel statistics, (c) e -~l'z 
electronic energy, e, relaxation dependence, (d) e -1/2, (e) �9 w2, and (f) 
E 312 cose.  

tion t ime relationship for L, the Lorenz numbers  in Fig. 2, 
none of the theoretical identifications of a to f are justifi- 
able as an exper imental  reference base defining a quality 
factor for the thermal  conductivity.  

A further insight into the relationship is provided by 
plot t ing the exper imental  points for the Ag~Se thermal  
conductivity-electrical  conduct ivi ty relat ionship (23). This 
alloy has a Seebeck quali ty factor of 100 Qs and thermal  
conduct ivi ty quality factor of 7 Qk, as defined by graphic- 
ally construct ing a family of parallel  l ines to the defined 
reference curve of 10.0 Qk. 

A summary  of the bet ter  class alloy thermal  conductiv- 
ity data is given in Fig. 4. The distr ibutions of quality 
among both Qs and Qk are as follows 

p-type: 360 --+ 37 Q~ and 10.0 --+ 0.77 Qk 

n-type: 337 -+ 68 Qs and 11.69 + 1.77 Qk 

with the QJQk = M ratios being 36.0 and 28.0, respectively, 
consistent  with the higher reported figures of meri t  for 
the p-type. The variabili t ies noted among the different 
samples were interpreted as showing that ei ther signifi- 
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Fig. 4. Better quality n- end p-type Bi2Te3-class alloy thermal con- 

ductivity-electrical conductivity data utilized in thermal conductivity 
quality factor, Qk, evolution. 
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cant measurement errors existed or unique op t imum al- 
loy performances had not been attained experimentally. 

The Seebeck quality factor, Q~, had been found to be in- 
dependent of temperature for the bismuth telluride al- 
loys. Consequently, the available temperature-dependent 
thermal conductivity data were plotted on the reference 
curve figure defining Q~. The results in Fig. 5 indicate 
that under some limited conditions the Q~ may be inde- 
pendent of temperature, or a second-order effect for 
300-240 K, the temperature range for refrigeration alloys�9 

The complex interactions of point defects and alloying 
additions with the lattice and electron components of 
thermal conductivity produce surprising effects on the to- 
tal thermal conductivity characteristics as well as the See- 
beck coefficient-electrical conductivity relationship. The 
empirical definition of the thermal conductivity quality 
factor accepts this complex reality as an experimental 
fact. The assumption was made that as data accumulated 
a refinement of the modeling could be done in two ways. 
First, effects identified with process and composition 
variables could be related to the thermal conductivity 
quality number in an empirical way. Subsequent charac- 
terization of alloys in a structural chemical sense would 
provide at least conceptual views of the interacting fac- 
tors. Second, as inadequacies of the Q~ concept became 
apparent, a revision of the graphical representation would 
be feasible. 

The composite Q~ and Q~ curves used in data analysis 
are shown in Fig. 6. The characteristics commonly en- 
countered for Bi~Te~ alloys maximize the figure of merit 
in the 700-1200 mho/cm range, but the power coefficient 
S~o - frequently maximizes at the higher ranges of electri- 
cal conductivity. Technology development goals involve 
an initial optimization of Q,/Q~ = M followed by con- 
trolled doping to maximize the figure of merit. 

Extensive illustrations are not feasible on the use of Q~ 
to analyze published data. This reflects the historic 
difficulties in conveniently and accurately measuring all 
three parameters S, o-, and k on the same sample. The em- 
phasis on the Z meter and power coefficient measure- 
ments frequently results in virtually no thermal conduc- 
tivity data being available. 

One example from the literature arises from the study 
of Cosgrove et al. (24) of thermoelectric effects of crystal 
growth conditions for t3iSbTe~ composition with 0.56 w/o 
selenium addition, or BiSb(Te0.gs~Se0.0;~)~.0~. This nonstoi- 
chiometric composition is in the two-phase field region 
of the Bi-Sb-Te-Se tetrahedron between the 
(Bi,Sb).~(Te,Se)~ composition plane and the (Te,Se) eutec- 
tic solid solution. The anion-rich phase is n-type, while 
the cation-rich phase of the BiSbTe~ solid solution is 
p-type. 

The research identified the changes in thermoelectric 

~- �9  k-~,~.-~ ~. 
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Fig. 6. Alloy optimization: S-o--k Q~, Qk interrelationships for labo- 
ratory data analysis. 

permitted identifying the dependence of the variables on 
G/R 1/~. 

The experimental results are presented in an unconven- 
tional way in Fig. 7 through 10 to illustrate phenomeno- 
logically the use of Qs and Qk descriptors. The relation- 
ship of the Seebeck coefficient to electrical conductivity 
in Fig. 7 shows how decreasing the crystal growth rate 
and increasing the temperature gradient to 250~ with 
the growth rate at 0.435 crrdh improved alloy quality 
simultaneously with an apparent shift in the Fermi level 
as shown by increasing S and or. The 50~ gradient 

properties on varying the crystal growth temperature gra- 

dient' G' fr~ 25~ t~ 50~ t~ 250~ while changing the ,~.~s / 0 0 2 ~  ~ ~ ~  crystal growth rate, R from 0.08 to 15.2 cm]h. The GIR ra- 
tio varied from 5 to 670. Measurements of S, ~, k, and Z_ 305  YO0 ~ s  
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Fig. 5. Ternperoture-dependent thermol conductivity-electrical con- 
ductivity dato for varied samples of n- and p-type Bi2Te3 olloys corn- 
pored to the  Qk  = 10 reference curve. 
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Fig. 7. The Qs, Seebeck quality, characteristics of varying growth rate, 
R, and temperature gradient, G, samples of n-type BiSbTe3 plus 0.56 
w/a Se (24). 
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Fig. 8. The Qk, thermal conductivity quality, characteristics of vary- 
ing growth rate, R, and temperature gradient, G, samples of n-type 
BiBsTe3 plus 0.56 w/o Se (24). 

samples show anomalous characteristics compared to 25 ~ 
and 250~ 

The corresponding thermal conductivity curves shown 
in Fig. 8 illustrate the decrease in thermal conductivity 
paralleling the increase in Seebeck coefficient in Fig. 7. A 
min imum in Qk near 8.7 is evident for the 50 ~ and 
250~ temperature gradients, while a 10.0 Qk range is 
reached at 25~ 

The correlations of Q~, Qk, and QdQk = M with varying 
preparative conditions are in Fig. 9, and the correlation of 
Qs to Qk in Fig. 10. The outlier specimen at the steepest 
temperature gradient and slowest crystal growth rate is 
unusual  as a 350 Qs, 8.8 Qk, and 39.8 M. The high figure of 
merit of 3.15 • 20-S/K represents an extreme in perform- 
ance for an alloy at the BiSbTe3 composition. The overall 

I I 

I | i 

o G.vS'k , /0  /$" Ra e 
Fig. 9. The correlation of Qs, Qk, and QdQk = M with the variation 

of growth rate, R, and temperature gradient, G, in samples of n-type 
BiSbTe3 plus 0.56 w/o Se (24). 

internal consistency of the data would suggest this Qs out- 
lier more probably is in the 300 range and the figure of 
merit corresponds to QdQk = M of 30 or less rather than 
the higher value of Fig. 9. 

Clearly, the samples of BiSbTe3 doped with 0.56 w/o se- 
lenium incorporated a structural-chemical heterogenity in 
the distribution of n- and p-type regions in the cross sec- 
tion. This gives rise to circulating current degradation of 
Qs and Qk. 

Implications of Qs and Qk 
Rather profound implications are present through the 

applicability of the Seebeck and thermal conductivity 
quality factors to the description of the thermoelectric 
properties of heavily doped semiconducting materials. 
This empirical, seemingly pragmatic approach provides a 
basis for value judgments  critical to technology advance- 
ment. Furthermore, as experimental results are acquired 
in an organized framework, modifications of the quality 
factor concepts may be introduced in an evolutionary de- 
fined manner  useful to advancing the technology as well 
as the science and engineering aspects. 

An immediate consequence of using materials parame- 
ters to characterize alloys is the recognition and accept- 
ance of the need for precise, accurate thermoelectric 
property measurements.  The experimental designs must  
identify and distinguish between errors of thermoelectric 
parameter measurements and deviations introduced by 
materials variables. Careful planning of experimental de- 
signs is important, but  failure to introduce the key varia- 
bles is catastrophic. The objective is to develop commer- 
cial production technologies for the highest possible 
figure of merit n- and p-type alloys using compositions 
and procedures making commodity production of alloys 
feasible. Thus, a major program focus has been on devel- 
oping adequate thermoelectric property measurements 
technology (25-26) to be used in adequately sophisticated 
statistical design approaches to experimentation. 

A second consequence of the Q~ and Qk parameter eval- 
uation of materials is a recognition of the challenge com- 
plexity. A single or pair of samples preparative technol- 
ogy approach has limited justification for identifying 
likely candidate alloys. In  general, the alloy performance 
must  be optimized simultaneously for superior electron 
and phonon transport structural-chemical features. When 
the task is preparing a single-phase solid solution alloy 
with superior, reproducible properties, the phase rule de- 
fined bounds on the alloy are replaced by kinetic consid- 
erations. Sophisticated conceptual views to experimental 
design are important  if the desired results are to come 
into reach of the experimentalist.  

A third consequence is that the experimentation has a 
focus upon creating response surface relationships for the 
variables Qs, Qk, M, and Z connecting to the composition 
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and process variable space as well as to the structural- 
chemical  descript ions for the solid state. This becomes 
crucial when technology transfer to product ion areas is 
undertaken.  The new problems of scale-up must  be 
identified and optimizable as a logical progression rather 
than becoming a mess of confounded variables. Too 
many variables exist  for ease of sorting by simple 
experiments.  

A fourth consequence of the application of Qs and Qk to 
exper imental  materials  evaluation is a recognit ion of the 
difficulties in planning definitive studies. The li terature 
contains thousands of publicat ions relating to semicon- 
ductors for use in thermoelectrics.  This accumulat ion of 
three decades is difficult to place into a rational perspec- 
tive. The detailed analysis of one general case in depth 
and breadth is important  for identifying the true charac- 
ter of both materials processing and materials  characteri- 
zation problems within a single relevant complex alloy 
system such as the (Bi,Sb)2 (Te,Se)3, rhombohedra l  crystal 
system alloys. Many of the generally accepted paradigms 
prove to have l imited validity. 

A fifth consequence of defining the Qk = 10 reference 
line is the introduct ion of an experimental is t  view to- 
wards future options. The bismuth telluride alloys are in 
the thermal  conductivi ty class for amorphous silica, a 13.7 
mW/cm K thermal  conduct ivi ty at room temperature.  The 
lower value for Ag2Se shown in Fig. 3 shows that  an elec- 
trically conductive, 1000 mho/cm solid may be produced 
with significantly smaller lattice components .  Thus, a 
critical aspect  of progress towards higher figure of meri t  
refrigeration alloys with improved efficiencies lies in the 
discovery and optimization of alloys giving access to high 
Q~, which may be al loyed to min imum Qk without  degrad- 
ing the thermoelectr ic performance. The existence of 
500-600 Qs Bi~Te~ samples as outlier materials  with a 1500 
Q~ approached by Bi-Sb alloys implies that  the proposal  
has more than speculative merit. 

The sixth implicat ion emerging from the Qs-Qk ap- 
proach to thermoelectr ic proper ty  characterization is that  
at elevated temperatures  a greater promise exists for at- 
taining improved alloy performance. The thermal  
conduct ivi ty of the crystal lattice is characterized by a, 
l/T, reciprocal dependence  upon temperature.  Thus, a 
lower lattice component  should be accessible at, say, 
900K as compared to 300 K if the radiation terms remain 
small  enough. The ZT = 2 gadolinium selenide alloy, 
Gd2Se3, is characterized by  a less than 100 Qs electron 
t ransport  feature, so the superior  figure of meri t  from a 
low latt ice thermal  conductivi ty would be further 
benefi ted by improvements  in the Seebeck quali ty (7). 
The exist ing Bi2Te3, PbTe,  Si-Ge, etc., alloys represent  
the beginning to a technology rather than the end to new 
options. 

The discussion emphasized that progress depends  upon 
the escalation of the breadth  and depth  of unders tanding 
on how the crystalline imperfect ion structures do control 
electron and phonon t ransport  in solids. The three-dimen- 
sional structural  chemistry of the space latt ice interaction 
with the unit  cell becomes critical to the optimization pro- 
cess. Achieving ul t imate performance limits means the 
el imination of gross degrading phenomena on macro, 
micro, and submicro scales. This makes possible the rec- 
ognition of optimizations in the atomic scale propert ies  of 
the n- and p-type solid solution phases. 

Summary 
An empirical,  pragmatic  basis has been util ized to de- 

velop an approach to identifying the comparat ive quali- 
ties of experimental  samples of thermoelectric materials. 
The approach emphasizes the need to learn how to ma- 
nipulate imperfection structures in real solids so as to 
optimize the material  performance,  part icularly for use in 
thermoelectr ic  energy conversion. A route is created 
which permits  a systematic approach to organizing 
exper imental  data in comparat ive ways. As data accumu- 
late, the opportuni ty for under taking more fundamental  

studies emerges while efforts are continued to develop 
materials  suitable for commercial  developments.  

The approach acknowledges the complexi ty  o~' heavily 
doped semiconductors  with regard to all aspects of mate- 
rials science. Progress is dependent  upon learning ways 
for cgping constructively with this complexity.  Subse- 
quent  papers  will address  various aspects in the study of 
b i smuth  telluride, (BiSb)~ (Te,Se)3-class materials  relevant 
to the general challenges. 

Acknowledgments 
The continued suppor t  of Borg-Warner Corporation and 

the Roy C. Ingersoll  Research Center management  and 
staff is gratefully acknowleged.  Without this, advances in 
the technology would not  have been possible. Part icular  
acknowledgments  are given to Dr. D.W. Collier and Dr. 
L.V.  Sloma's  contr ibut ions along the way, and to Dr. 
D. F. Hoeg and W. H. Weltyk for the support  making pos- 
sible the documentat ion.  Specific acknowledgment  
needs to be given to Dr. A. Reich, Stanley Cook, Bharat 
Kalsa, and John Horwath for varied contributions to the 
conceptual  evolutions. Dr. Jack  Madigan (deceased) was 
responsive to the original concept  evolutions by teaching 
physics to a chemist. Throughout  the support  of many 
friends and colleagues near  and far has been deeply 
appreciated.  

Manuscript  received Dec. 30, 1983. 

Donald Tuomi, Ph.D. and Associates, Limited, assisted 
in meeting the publication costs of this article. 

REFERENCES 
1. A. F. Ioffe, "Semiconductor  Thermoelements  and 

Thermoelectric Cooling," pp. 1-182, Infosearch, 
Ltd., London (1957). 

2. V. I. Fistul, "Heavily Doped Semiconductors ,"  pp. 
1-392, Plenum Press, New York (1969). 

3. V. L. Bonch-Bruyevich, "The Electronic Theory of 
Heavily Doped Semiconductors ,"  American Else- 
vier Publ ishing Co., Amsterdam (1966). 

4. D. Tuomi, in "Proceedings of the 15th Intersociety En- 
ergy Conversion Engineering Conference, Seattle, 
WA, Aug. 18-22, 1980," no. 809314, American Insti- 
tute of Aeronautics and Astronautics,  New York 
(1980). 

5. D. Tuomi, in "Proceedings of the 14th Intersociety En- 
ergy Conversion Engineering Conference, Boston, 
MA Aug. 5-10, 1979," no. 799396, American Chemi- 
cal Society, Washington, DC 

6. D. Tuomi, Paper  573 RNP presented at the St. Louis, 
MO, Meeting of the Society, May 11-15, 1980. 

7. D. Tuomi, Abstract  377, p. 941, The Electrochemical  
Society Extended Abstracts,  Vol. 81-1, Minneapolis,  
MN, May 10-15, 1981. 

8. D. Tuomi, in "Proceedings of the 4th International  
Conference on Thermoelectric Energy Conversion," 
K. R. Rao, Editor, pp. 130-132, University of Texas, 
Arlington, TX (1982). 

9. D. Tuomi, This Journal, 131, 2101 (1984). 
10. R.P.  Chasmar and R. Stratton, J. Electron. Control, 7, 52 

(1959). 
11. Y. S. Touloukian, R. W. Powell, P. Y. Ho, and P. G. 

Klemens, in "Thermophysical  Propert ies  of Matter, 
Vol. 1 and 1 Thermal  Conductivity," pp. A-I-A-46, 
IFI/Plenum, New York (1970). 

12. J. R. Drabble and H. J. Goldsmid,  "Thermal  Conduc- 
tion in Semiconductors ,"  pp. 8-12, Pergamon Press, 
New York (1961). 

13. P. G. Klemens, in "Solid State Physics:  Advances in 
Research and Applications,"  F. Seitz and D. Turn- 
bull, Editors, pp. 1-98, Academic Press, New York 
(1958). 

14. J. R. Drabble and H. J. Goldsmid,  in "Solid State 
Physics: Advances  in Research and Applications," 
F. Seitz and D. Turnbull,  Editors, pp. 123-125, 183, 
Academic Press, New York (1958). 

15. J. R. Drabble  and H. J. Go]dsmid, in "Solid State 
Physics:  Advances  in Research and Applications," 
F. Seitz and D. Turnbull,  Editors, pp. 120-122, Aca- 
demic Press, New York (1958). 

16. J. R. Drabble  and H. J. Goldsmid,  in "Solid State 
Physics: Advances  in Research and Applications,"  
F. Seitz and D. Turnbull,  Editors, pp. 125-127, Aca- 
demic Press, New York (1958). 

17. E. F. Steigmeier, in "Thermal  Conductivity," R. P. 



Vol. 131, No. 10 T H E R M O E L E C  T R I C I  T Y  2325 

Tye, Editor, pp. 203-247, Academic Press, New York 
(1969). 

18. I. Kudman,  in "Proceedings of the 7th Conference on 
Thermal Conductivity," NBS Special  Publ icat ion 
302 (1968). 

19. D. P. Spitzer, J. Phys. Chem. Solids, 31, 19 (1970). 
20. G. A. Slack, in "Solid State Physics: Advances  in Re- 

search and Applicat ions,"  H. Ehrenreich, F. Seitz, 
and D. Turnbull,  Editors, pp. 1-73, Academic Press, 
New York (1979). 

21. D. Tuomi, "Thermoelectr ic  Material Qual i ty- -The 

Seebeck Coefficient-Electrical Conduct ivi ty Rela- 
tionship," Internal  Report,  Borg-Warner Research 
3259-01, Nov., 1963. 

23. R. Simon, R. C. Bourke,  and E. H. Lougher,  Adv. En- 
ergy Convers., 3, 481 (1963). 

24. C. J. Cosgrove, J. P. McHugh, and W. A. Tiller, J. Appl. 
Phys., 32, 621 (1961). 

25. M. L. Stanley and A. D. Reich, U.S. Pat. 3,733,807 
(1973). 

26. M. L. Stanley, A. D. Reich, and L. J. Ybarsondo, En- 
ergy Convers., 13, 7 (1973). 

Plasma Etching of Refractory Gates for VLSI Applications 
T. P. Chow* 

General Electric Corporate Research and Development, Schenectady, New York 12345 

A. J. Steckl* 

Center for Integrated Electronics, Rensselaer Polytechnic Institute, Troy, New York 12181 

ABSTRACT 

The present  status of plasma etching of refractory gates is reviewed in the context  of high resolution patterning. 
Etching of various refractory metals (cf. Mo, W) and metal  silicides (cf. MoSi2, WSi2, TaSi2) is part icularly emphasized and 
discussed in terms of etch rate, anisotropy, etch selectivity over SiO2, resist, and other thin film materials. Key issues 
addressed include choice of etchant  (cf. CF4, NF3, CC14), addit ive gas-(02, Ar, He), and reactor  configuration (planar 
plasma, RIE, flexible diode, triode). Factors  influencing the control  of edge profiles in single-level and composi te  gate 
structures are described.  End-point  detect ion of these p lasma processes is reviewed and compared  with that  developed 
for silicon etching. Also, basic mechanisms in these processes, such as desorption of react ion products,  are discussed 
with respect  to their  effect on the etching characterist ics of these refractory materials. 

Refractory metals, metal  silicides, and other metal  com- 
pounds  are under  active development  as gate and inter- 
connect ing materials  is VLSI circuits because of  their  low 
resist ivity (as compared  to doped poly-Si) and, in the case 
of the silicides, good oxidat ion properties.  This rapid de- 
ve lopment  is demonst ra ted  by the large body of work re- 
ported in the last few years, as reviewed by several recent 
articles (1-6). 

Fine line pat terning for the small dimensional  ( -1  ~m) 
features required by VLSI necessitates the use of plasma 
etching techniques,  such as planar  p lasma etching and re- 
active ion etching. The salient feature of these p lasma 
processes is the use of reactive gases vs. inert  gases com- 
monly used in conventional  sputter  etching. Dry etching 
of poly- and monocrystal l ine silicon has been s tudied ex- 
tensively (7-10), both in terms of basic p lasma chemistry 
and microelectronic applications. In contrast,  relatively 
little work has been repor ted for refractory metals and 
metal  silicides. In this paper,  the present  status of p lasma 
etching of refractory metal  silicides for VLSI  is reviewed. 
To begin with, in the "General  Considerations" sectioa, 
the general  considerat ions of plasma etching processes 
and the pert inent  aspects  of metal  and silicide etching are 
discussed.  The specific processes, as appl ied to various 
gate structures (single-level metal  or silicide, polycide, 
and others), are described,  respectively, in the three fol- 
lowing sections, in terms of advantages and trade-offs. 
Then, the basic mechanisms that take place during the 
etching of these materials  are discussed, with respect  to 
the effect they exert  on the etching behavior  (etch rate, 
selectivity, etc.). Final ly the results  are summarized.  

General Considerations 
In Table I, a summary  of refractory metals on which 

p lasma etching hds been repor ted in the l i terature (11-35) 
is presented along with the etching gases used for each. 
Both fluorinated and chlorinated gases as well as their  
mixtures  have been studied. A similar table for silicides is 
shown in Table II  (36-53). As is well known in silicon 
etching, one of the fundamental  differences between 

* Electrochemical Society Active Member. 

fluorine- and chlorine-based plasma is the higher volatil- 
ity of the reaction products  (i.e., silicon fluorides) in the 
former. To facilitate the  desorpt ion of  the silicon chlo- 
rides so that further etching can proceed, ion-assisted re- 
actions are necessary in chlorine-based plasma. However, 
this enhances the etching anisotropy, since the sidewall  
of the etched film or substrate  is not  subjected to ener- 
getic ion bombardment .  Also, oxygen is often added,  par- 
t icularly for the halocarbons (like CF4 and CC14), to en- 
hance the etch rate of many  of these gases. Its effect is 
believed to be the more efficient generation of fluorine 
atoms or radicals (8). Also indicated in the two tables are 
the reactor configurations which have been used. As the 
p lasma technology evolved, cylindrical  (barrel-type) reac- 
tors have been replaced by  planar  (parallel-plate) reactors. 
This lat ter  group can be categorized into planar  p lasma 
etching (PPE), reactive ion (or sputter) etching (RIE), and, 
most  recently, flexible diode (FDE) and tr iode-type (TE) 
etching modes (54-56). Generally, PPE systems are oper- 
ated at higher  pressures (-100 mtorr  to 1-5 torr) than  RIE, 
FDE: and TE systems (10 to 100 mtorr). For  comparison,  
conventional  sputter  etching uses inert  gases at 1 to -10  
mtorr. The main configuration difference between the 
PPE and RIE modes is in the RF  power coupling, with 
the power supply connected to the top electrode for PPE 
and to the bot tom electrode (on which the wafers are situ- 
ated) for RIE. The FDE and TE modes  are further 
refinements of the first two. In FDE, the RF  power  can 
be switched between the two electrodes during the pro- 
cess, while, in TE, both of the electrodes are simulta- 
neously powered (with the chamber  wall grounded).  For  a 
more detailed discussion of plasma etcher  design and 
etching modes,  see Ref. (54-56). Since each type of reactor 
may be optimized for the specific application, any direct 
comparison among these etching modes is difficult and 
must  take into account the system and operat ing parame- 
ters (such as pressure and electrode spacing). 

Gate structures incorporat ing refractory metals and]or 
metal  silicides are shown in Fig. 1 (4) and discussed in the 
following sections. Since the pat terning of these refrac- 
tory materials  is intr icately related to the MOS gate struc- 
tures '  being implemented,  it  is useful to first point  out 
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Table I. A summary of refractory metals along with the etching gases and modes used 

Mo W Ti Ta Nb V Ti:W 

a (4, 12, 23) a (12) a (28) a (29) 
c (29) 

a (11, 13, 31) a (13, 31) a (31) a (31, 33) a (13) 
b (1) b (1) 

c (14) 
c(14) 

CF~ 

CFJO~ 

CHF:~ 
C2F, c(30) c(30, 32) 

NF:, b (15-17) 
NFJAr b (15, 16) 
NF:JHe b (16) 
SF, c (19) 
SFJO.~ c (18) 

CC12F~ c (26) 
CCI.~F:3 c (26) 
CC12FJO~ c (?) (25) 
C~CI.~FJO2 a (11) 

CC1JO~ b (20) 
c (21, 22) 

CF3Br c (24) b (27) 
CF3Br/O~/He b (27) 

b (17) 

a: Barrel or downstream plasma etching. 
b: Planar plasma etching. 
c: Reactive ion etching, reactive sputter etching. 
?: Reference ambiguous on reactor configuration and/or specific gas used. 

Table II. A summary of refractory metal silicides along with the etching gases and modes used 

MoSi2 WSi~ TaSi2 TiSi~ NbSi.2 

CFJO~ a (36, 37, 47) a (42) (?) a (44) 
b (39) b (43) 

c (38) c (40, 41) 
c (47) 
b (15, 16, 45) 
b (15, 16) 
b (16) 

CFJC~F6 
NF, 
NF3/Ar 
NFJHe 
SFJO2 b (48) 

c (46) 

CCI.~F2 d (49) 
CC1JO2 c (22) b (50) (?) 
BC1JCh c (52) 

CFJC12 c (51) 
NF3/CCI~ c (52) c (52) 
NFJHC1 c (52) c (52) 
SFJCI~ c (51) 
SFJHC1 c (52) c (52) 
SFJCCI~ c (52) c (52) 
SiFJC12 c (53) 

a: Barrel plasma etching. 
b: Planar plasma etching. 
c: Reactive ion etching, reactive sputter etching. 
d: Triode etching. 
?: Reference ambiguous on reactor configuration and/or specific gas used. 

va r i ous  gate  s t r u c t u r e s  t h a t  h a v e  b e e n  s u g g e s t e d  a n d  
t h e i r  r e l a t ed  e t c h i n g  r e q u i r e m e n t s  (Tab le  III). The  
s i m p l e s t  ga te  s t r u c t u r e  is a d i r ec t  r e p l a c e m e n t  of  t he  
poly-Si  w i t h  a r e f rac to ry  m e t a l  or m e t a l  c o m p o u n d - l i k e  
si l icide.  The  p a t t e r n i n g  process ,  in  t h i s  case,  s h o u l d  e t ch  
t h e  ga te  c o n d u c t o r  an i so t rop ica l ly  a n d  se lec t ive ly  over  
t h e  ga te  d ie lec t r ic  (SiO2, Si3N4) a n d  t h e  m a s k i n g  ma te r i a l  
(photores is t ) .  Desp i t e  t he  s impl i c i ty  of  t he  s ingle- level  
ga te  a p p r o a c h ,  t he  re l i ab l i ty  of  the  poly-Si  ga te  ha s  led to 
t he  i m p l e m e n t a t i o n  of  va r ious  c o m p o s i t e  ga tes  in  w h i c h  
t h e  poly-Si/SiO2 in t e r f ace  is m a i n t a i n e d  wh i l e  t he  conduc -  
t iv i ty  is e n h a n c e d  w i t h  a s i l ic ide over layer .  T he  m o s t  
w ide ly  a c c e p t e d  a p p r o a c h  is t he  s i l i c ide /doped  poly-Si  
( "po lyc ide" )  s t ruc tu re .  Howeve r ,  b e c a u s e  of  t he  b i l ayer  
n a t u r e  of t he  polycide ,  i ts  e t c h i n g  is m o r e  d e m a n d i n g .  
The  r e q u i r e m e n t s  inc lude :  an i so t rop i c  a n d  se lec t ive  e tch-  
ing  of  b o t h  t he  s i l ic ide a n d  poly-Si  over  t he  m a s k i n g  layer  

a n d  se lec t ive  r e m o v a l  of  poly-Si  over  t h e  ga te  dielectr ic .  
In  t h e  n e x t  t h r e e  sec t ions ,  t h e  e t c h i n g  of  s ingle- level  
m e t a l  a n d  s i l ic ide ga tes  is d i s c u s s e d  first, a n d  t h e n  t h e  
p a t t e r n i n g  of  the  po lyc ide  a n d  o t h e r  gate  s t r u c t u r e s  are  
desc r ibed .  

Pattern Definit ion of Single-Level Gates 
Metals.--Among t h e  r e f r ac to ry  meta ls ,  m o l y b d e n u m  

a n d  t u n g s t e n  are m o s t  w ide ly  u s e d  as MOS ga tes  a n d  in- 
t e r c o n n e c t i o n s .  One  of  t he  m a j o r  c o n d i t i o n s  for  a m e t a l  to 
b e  c o n s i d e r e d  as a ga te  ma te r i a l  is i ts  s t ab i l i ty  w i t h  t he  
gate  die lect r ic ,  w h i c h  is u sua l l y  SiO2 or Si3N4. T h e  g roup  
c o n s i s t i n g  of  m o l y b d e n u m ,  t u n g s t e n ,  a n d  r h e n i u m  is t he  
m o s t  s t ab le  ove r  b o t h  ox ide  a n d  n i t r i de  (4, 58) a n d  h e n c e  
m o s t  a p p r o p r i a t e  for  m i c r o e l e c t r o n i c  app l ica t ions .  O t h e r  
meta ls ,  s u c h  as t i t a n i u m  a n d  t a n t a l u m ,  can  r eac t  w i t h  t he  
o x i d e  or n i t r i de  at  re la t ive ly  low t e m p e r a t u r e s  (-600~ 
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METAL 
SiO 2 f l [ l l l l l l l l / ~  ^..OR,__ 

\ l / k " ~ x \ \ \ \ \ ~  ~luuluR: 
/ / / m / l l / A \ \ \ \ \ \ \ \ \ \ \ V /  / /  I /  I l / /  

/ / / / / / / / / / / / / / / / / / / / / I / / / / / / /  

SINGLE LEVEL: METAL OR SILICIDE GATE 

SiO 2 f / ~ / _ J / / / / / / / ~  SILICIDE 

COMPOSITE: SILICIDE/POLY Si GATE (POLYCIDE) 

SiO 2 ~/~-~/, </,/, ,/,//, ~1[~rI S I LICI D E 

/ / / / / 1 1 / ~  F;x351,X~ 
COMPOSITE: SILICIDE/METAL GATE 

/ S I L I C I D E  
P O L Y S i 0 2 - - - - ~ / - ' Z ' I d  / / / / / / / / ' ' ~  J Si 

COMPOSITE: SELF-ALIGNED 
SILICIDE/POLY Si GATE (SALICIDE) 

Fig. 1. Various gate structures incorporating refractory metals and 
metal silicides (4). 

and thus may not be directly placed over the gate dielec- 
tric. However, these other refractory metals have been 
used in other applications, such as interconnections in 
hybrid circuits and superconductors in Josephson junc- 
tions. Therefore, the etching gases and modes used for 
their patterning have been included, for the sake of com- 
pleteness, in Table I along with those for molybdenum 
and tungsten. 

F l u o r i n a t e d  p l a s m a s . - - I t  has been known for some time 
now that fluorocarbon plasma can etch many refractory 
metals. Similar to silicon etching, addition of a small 
amount  of oxygen to CF4 substantially increase the etch 
rate of these metals. For example, adding 4% oxygen to 
CF4 enhances the etch rate of molybdenum by about a 
factor of 4 (4). For high resolution patterning, planar-type 
reactors are usually utilized in either the planar plasma 
etching (PPE) (1) or reactive ion etching (RIE) mode (14). 
Recently, other fluorinated gases, most notably NF3 and 
SF6, which can generate more fluorine atoms or radicals, 
have also been investigated (15-19), resulting in much 
higher etch rates. In Fig. 2, the etch rate of Mo and SiO2 is 

Table III. Etching requirements of various gate structures 

Metal or 
silicide Polycide 

Anisotropy 
Metal or silicide X X 
Poly-Si X 

High selectivity 
Metal or silicide/resist X X 
Poly-Si/resist X 
Metal or silicide/oxide X 
Poly-SYoxide X 

Equal etch rate 
Silicide/Poly-Si X 

IO s 
I I I I - 

GAS-IO0% NF 5 
CURRENT- I A 

_ Po ly -S~ I~ 

, J  
/ 

o= I z I Mo 

; ,o, " -  - 

,02 [ ] ] i 
80 I00 150 200 250 

PRESSURE (mTorr) 

Fig. 2. Etch rotes of Mo, MoSi2, doped poly-Si, and Si02 as a func- 
tion of pressure in NF3 (]5). 

shown as a function of pressure for a planar reactor 
operating in the PPE mode. While the silicon and oxide 
etch rates increase with pressure, the metal etch rate re- 
mains fairly constant within the pressure range studied. 
Such a dependence is believed to be due to the lower vol- 
atility of molybdenum fluorides than the silicon 
fluorides. Diluting NF~ or SF6 with inert or oxidizing 
gases generally results in a decreased concentration of 
reactant species. Examples of this have been shown for 
NFJAr or N2 (57) and SFJO2 (18). Therefore, addition of 
conventional dilutants (Ar, 02, He) only leads to a reduced 
metal etch rate. This trend is illustrated in Fig. 3 and 4 for 
the PPE of molybdenum in NFJAr (15) and RIE of tung- 
sten in SFjO2 (18), respectively. Furthermore, while both 
molybdenum and tungsten can be selectively etched over 
SiO~, the etch rate of Si3N4 is usually faster than those of 
the metals in flourine-based plasma (4). 

Edge profiles of these metals have only been studied in 
a few of these plasmas. A vertical-to-horizontal etch ratio 
of 3 was measured for NF3 etching of Mo at 100 mtorr in 
PPE (15), while very anisotropic profiles were obtained 
for both Mo and W in SFJO2 using RIE at relatively low 
pressures (10-20 mtorr) and high power (18, 19). 

Chlor ina t ed  plasmas.--CC14 has been most thoroughly 
studied among the chlorine-based compounds. Pure CC14 
plasmas not only generate undesirable polymers in the 
etching chamber, but  also etch Mo and W very slowly, 
and hence cannot be used. Addition of large amounts  of 
oxygen (more than 50% by volume) greatly enhances the 
etch rate and selectivity over SiO2 (60-100) (20-22). The 
reason for the large increase in etching is believed to be 
the formation of molybdenum oxychlorides, which have a 
much higher volatility than the chlorides. Obviously, be- 
cause of the large amounts of oxygen added, the resist 
etch rate is also increased, but  this is considered an ac- 
ceptable tradeoff. For example, when the oxygen percent- 
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Fig. 3. Etch rates of Mo, MoSi2, doped poly-Si, and Si02 as a func- 

tion of argon percentage in NF3/Ar mixtures (16). 

age is varied from 20% to 80%, the photoresist (AZ1350J) 
etch rate is only tripled while the Mo etch rate is five 
times higher (21). Similar variations in etch rate with oxy- 
gen content were measured for oxygen percentage be- 
tween 60% and 80% (Fig. 5) (22). Similar dependence on 
oxygen content was observed for negative electron beam 
resist (20). In addition, the silicon etch rate was sharply 
suppressed at over 70% oxygen, making selective etching 
of Mo over silicon feasible (21). As will be discussed in the 
"Mechanisms" section, similar characteristics are ex- 
pected for tungsten, rhenium, and chromium, but  only 
the case of chromium etching has been verified in the 
context of photomask fabrication (34, 35). Actually, in one 
case, carbon dioxide, instead of oxygen, was used as the 
oxidant so as to retard photoresist degradation (35). 

The edge profiles obtained in CC14/O2 plasmas were al- 
most totally vertical. This may be due to molybdenum 
oxychlorides, which can only be formed or desorbed un- 
der energetic ion bombardment .  In  fact, traces of oxy- 
chlorides can be found on the electrode surfaces and the 
chamber walls after etching. Thus, precautions must  be 
taken to prevent contamination of the exposed wafer sur- 
faces. To clean up the chamber walls after etching, a 
fluorinated plasma (like CF4) can be used (22). 

Halide mixtures.--To improve the etching characteristics, 
combinations of fluorine- and chlorine-based gases can 
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be used. Basically, there are two ways of introducing two 
or more halide components into the etching reactions. 
The first is direct mixing of the gases at the inlet of the 
reaction chamber. Since the ratio of each component  is 
controlled by the gas flow, it can be adjusted at will. The 
second is to use a molecule containing all of the halide 
components,  such as fluorochloromethane. 

As far as halide mixtures are concerned, the refractory 
metals have been mostly patterned using chlorofluoro- 
carbons. For example, reactive sputter etching of Mo with 
CC12F2 and C~C13F3 has been reported in an early study (26), 
Using these reactive halide compounds, an etch rate four 
to five times higher than using argon was observed for 
molybdenum. 

Metal silicides.--The stability trends mentioned earlier 
for refractory metals on SiO2 and Si3N4 also apply to the 
metal silicides (2, 4). The situation is less critical for the 
silicides because, among the silicide compounds, only the 
disilicides which have a large percentage of silicon 
(66.7%) are commonly used. Nevertheless, the disilicides 
most often implemented in single-level structures are still 
those of molybdenum and tungsten. Etching gases and 
modes are listed in Table IV. 

Fluorinated plasmas.--For silicide etching in fluorinated 
plasmas, the basic mechanisms involve the reaction of the 
silicide with the generated fluorine radicals to form 
metal and silicon fluorides. Similar to refractory metal 
etching, the initial plasma etching of silicides involved 
fluorocarbons (such as CFJO2) in barrel reactors. This 
reactor/etchant combination resulted in acceptable sili- 
cide etch rate and selectivity (over SiO2 and photoresist), 
but  also in isotropic edge profiles. For example, etch 
rates of 800-1000 A/min have been reported for MoSi2 (37) 
and NbSi2 (44) at 100W of RF power and a pressure of 
0.2-0.3 torr with an etch rate selectivity over thermal ox- 
ide of -15 to 1. To improve the linewidth control while in- 
creasing the etch rate, more advanced techniques using 
parallel-plate-type reactors in conjunction with other 
fluorinated compounds (such as NF3 and SF6) have been 
employed. An example of this is PPE of MoSi~ over SiO2 
in NF3-based plasmas. Diluting NF3 with inert gases (ar- 
gon, in this case) leads to a monotonic decrease in silicide 
etch rate (Fig. 3). For argon concentration as high as 50% 
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F l u o r i d e  M e l t i n g  Bo i l i ng  S u b l i m a t i o n  
or  o x y f l u o r i d e  p o i n t  (~ p o i n t  (~ p o i n t  (~ 

SiF4 -90 .2  - 8 6  - -  

TiF4 >400 - -  284 
TiFz 1200 1400, (1727p - -  
TiF2 (1277) (2152) - -  

ZrF4 -- -- ~600, (903) 
ZrF3 (1327) (2127) - -  
ZrF,., (1402) (2277) - -  

HfF4 - -  - -  (927) 
Hi~.~ (1327) (2127) - -  
HfF,, (1377) (2027) - -  

VF~ 19.5 111.2 - -  
VF4 - -  - -  (327) 
VF3 (1127) (1627) - -  
VF.~ (1327) (2227) - -  
VOF3 300 480 - -  

NbF~ 72 236 - -  

TaF5 96.8 229.5 - -  
TaF4 (1477) (2077) -- 

TaF:~ (1237) (1977) -- 

CrF3 >1000, 1100 (1427) 1100-1200 
CrF~ 1100 >1300, (2127) - -  

MoF,~ 17.5 35 - -  
MoF~ 67 213.6 -- 

1VioF, (557) (617) - -  
MoF3 N o n v o l a t i l e  
MoO2F~ -- -- 270 
MoOF4 98 180 -- 

WF, 2.5 17.5 -- 

WF s (107) (247) -- 

WF4 (527) (622) -- 

WOF4 110 187.5 - -  

ReF7 48 74 
ReF6 18.8 47.6 
ReF~ 125 221, (387) 
ReF4 124.5, (427) (687) 
ReF3 (1107) (1257) 
ReOF4 39.7 62.7 
ReOzF.~ 156 -- 

q 

~ E s t i m a t e d  v a l u e s  a re  in  p a r e n t h e s e s .  

in NF~/Ar, the selectivity over oxide did not significantly 
deteriorate. 

Chlorinated plasmas.--Compared to fluorinated plasmas, 
fewer works have been reported on chlorinated plasmas. 
In  one study (22), RIE of MoSi2 using CC1JO2 was re- 
ported. Generally, lower etch rates of both silicide and ox- 
ide were measured than in the NF3 case. The relationship 
between etch rates (of MoSi2, SIO2, and photoresist) and 
pressure for 50% O2 in CC14 is shown in Fig. 6. The silicide 
etch rate increases with pressure (as in NF3 plasmas), 
whereas the oxide etch rate is constant (while it increases 
with pressure NF~). For the same RIE system, CC14 di- 
luted with oxygen (40~ resulted (22) in a lowered 
etch rate for both MoSi2 and SiO2 (Fig. 7). 

Fluorinated~chlorinated mixtures .--Recently, several 
combinations of fluorine/chlorine compounds have been 
investigated for a few silicides. However, most of the 
studies addressed the problem of polycide etching and 
hence concentrated on optimizing silicide/poly-Si etch 
rate ratio and edge profiles. These results will be dis- 
cussed in the third part of the section below. In one  re- 
cent study, RIE of MoSi2 and NbSi2 over oxide was inves- 
tigated with SF6 or NFJCCI~ or HC1 mixtures. The details 
will be published elsewhere (53). In general, the silicide 
and poly-Si etch rate increases with increasing fluorine 
content, RF power, and pressure. For example, at 100W in 
a 50/50 NFJHC1 mixture, the etch rates of MoSi2 and SiO2 
were 370 and 60 A/rain but  were increased to 540 and 300 
A/rain, respectively, when the RF power was raised to 
300W. Also, HC1 and NF3 plasmas tend to have a higher 
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Fig. 6. Etch rates of MoSi2, photoresist, and SiO~ as a function of 
pressure in 50% oxygen in CCI4 (22). 

substrate dc bias (by about an order of magnitude) than 
CCL or SF6 plasmas under  identical conditions. 

Pat tern ing of Polycide Ga tes  
To preserve the reliable nature of poly-Si gate struc- 

tures while enhancing the conductivity with silicides, a 

MOLYBDENUM SILICIDE 
ETCH RATE vs. OXYGEN 
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oxygen percentage in CCI4 (22). 
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composite silicide/doped poly-Si (polycide) structure is 
widely used. The pattern definition of this bilayer struc- 
ture is complicated by the possible undercut  of either ma- 
terial. As discussed in the "General Considerations" sec- 
tion, the requirements for etching this structure are more 
stringent. In  the ideal case, equal etch rates and perfect 
anisotropy under all conditions for both materials would 
yield the vertical profile shown in Fig. 8a. If the anisot- 
ropy for the two materials is not but  equal, the dashed 
edge profile would result. To achieve a realistic optimal 
solution, one has to understand the interdependent  rela- 
tionships involving the loading dependence of etch rate 
and anisotropy of the materials exposed during etching. 
For example, severe silicide "pull-back" (Fig. 8b) can re- 
sult from either (i) high silicide/poly-Si etch rate ratio 
(>> 1) or (it) increased lateral silicide etching upon the 
near completion of vertical silicide etching. If the second 
case is operative, separate vertical etch rate data for sili- 
cide and poly-Si would not predict the correct profile. 
However a silicide "roof '  (Fig. 8c) can be formed only 
when the silicide/poly-Si etch rate ratio <<1. This discus- 
sion assumes that the etching cycle is terminated pre- 
cisely at the point where the underlying oxide is exposed, 
and, therefore, there is no overetching. To obtain vertical 
edge profiles for this composite gate structure, two basic 
approaches have been taken. One is to optimize the 
choice of etchants and operating conditions, and the 
other is to design novel reactor configurations. In the fol- 
lowing, both of these approaches will be described for the 
specific silicide/etchant combination reported. 

F l u o r i n a t e d  p l a s m a s . - - C o e v a p o r a t e d  tungs ten  silicide 
polycide edge profiles have been studied as a function 
of oxygen percentage in CF4 for a planar reactor in the 
PPE mode (48). Figure 9 shows the etch rates of both 
WSi2 and poly-Si and their etch rate ratio as a funct ion of 
oxygen percentage in CF4. At low oxygen concentrat ion 
(<3%), the silicide is etched faster than the n + poly-Si, 
leading to a pull-back of the silicide layer. At higher O~ 
contents,  the doped poly-Si is removed faster, result ing 
in a silicide overhang. A similar trend was reported (41) 
for RIE of WSi~ in a flexible diode reactor with CFJO~ 
mixtures, but  the oxygen percentage at which equal sili- 
cide/poly-Si etch rates were measured was -35% (Fig. 
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10). In either study, micron-size WSi2 polycide gates with 
acceptable profiles were realized. This cross-over point 
in tungs ten  silicide vs .  poly-Si etch rates apparently can- 
not be found (48) when adding oxygen (up to 50%) to SF~ 
(see Fig. 11). 

For MoSi~ polycide etching, both CC14/O._, and NF.~ 
plasmas are usable. For example, in Fig. 2, the etch rate 
dependence on pressure is shown for poly-Si, MoSi~, 
Mo, and SiO2 in NF3. It is seen that the poly-Si-to-silicide 
etch rate ratio is about 3-4, leading to silicide roof forma- 
tion. A similar overhang was reported (43) for the PPE in 
CF4/O~ of cosputtered TaSi.z on doped poly-Si. 

F l u o r i n a t e d / c h l o r i n a t e d  m i x t u r e s . - - T o  improve or 
tailor the etching characteristics, combinat ions of gases 
can be used. The objective is to provide the opt imum 
reactant  gas for each layer of the polycide. Etching of re- 
fractory metal silicides in pure chlorinated plasmas usu- 
ally yields a very low etch rate due to the limited volatil- 
ity of the resulting metal chlorides. To enhance the 
silicide etch rate, either oxidants or fluorine compo- 
nents may be added. Oxidant additives are used when 
they can convert the metal chlorides to more volatile 
oxychlorides. Similarly, higher volatility can be 
achieved in many cases with metal fluorides obtained 
from the introduction of fluorine components. This lat- 
ter approach is exemplified in Fig. 12 and 13 for RIE of 
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Fig. 10. E~h rates of WSi2 as a function of oxygen in CF4 for a pla- 
nar reactor in the RIE mode (41). 
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TaSi2 polycide (51). It is interest ing to note that, in 
SFJC12 mixtures (Fig. 12), while the poly-Si and TaSi2 
etch rates do not change uniformly with increasing SF6 
content,  their ratio decreases monotonical ly but  is al- 
ways larger than uni ty  (i.e., no crossover point). How- 
ever, the addition of CF4 to chlorine plasmas results in 
two apparent  crossover points (Fig. 13). 

An alternative method to introduce chlorine and 
fluorine species is the use of a molecule consist ing of 
both components ,  such as fluorochlorocarbons. Only 
very limited data have been reported on this approach 
(49) us ing CC12F2 in the triode-type etching mode on 
WSi2 polycide. A third alternative employs a sequence of 
e tching gases and modes for the silicide, interfacial re- 
gion, and poly-Si (47). 
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Fig. 13. Etch rates of TaSi2 and n* poly-Si as a function of gas com- 
position for CFJCI~ mixtures (51). 

Etching of O t h e r  G a t e  Structures 
While the single-level metal or metal compound and 

composite polycide gate structures have been most exten- 
sively investigated, there are other novel structures which 
have also attracted considerable attention lately. 

Self-aligned gate structures.--Realizing that the pattern 
definition of a composite silicide gate like the polycide 
requires stringent optimization and extensive develop- 
ment  efforts, self-aligned silicide/poly-Si gate processes 
have been proposed recently (59-62). A variety of silicides 
(PtSi, TiSi2, TaSi2, CoSi2, and others) have been incorpo- 
rated into gates' and contacts in this type of self-aligned 
processing. This approach involves patterning of the 
poly-Si gate and opening of the silicon substrate contacts, 
deposition of a metal layer, heat-treatment to form silicide 
only over the exposed silicon areas, and the selective re- 
moval of the unreacted metal. While no high resolution 
silicide patterning is needed in this process, plasmas may 
be used in the last step to selectively remove the 
unreacted metal, 

Edge-defined structuves.--To achieve submicron de- 
vice structures without resorting to the use of advanced 
lithographic equipment,  edge-defined patterning has 
been investigated. Many device features--oxide spacers 
and gates, just  to ment ion two--have been realized with 
this maskless approach. The edge-defined approach usu- 
ally involves the following steps: (i) definition of a verti- 
cal edge, (ii) conformal deposition of either a gate mate- 
rial (direct technique) or a material to be used as a 
transfer mask (indirect technique), (iii) anisotropic etch- 
ing of the conformal film, resulting in a residue along the 
initial edge, (iv) selective removal of the initial step mate- 
rial, leaving only the residue, and (v) transferal of the pat- 
tern into the underlying gate material layer (indirect tech- 
nique only). The direct technique has been applied to the 
realization of submicron MoSi2 structures shown in Fig. 
14 (45). The anisotropic etching was performed in a PPE 
reactor at relatively, high power and low pressure with 
NF3 plasma. The step material used was aluminum, 
which was patterned in a CC14 plasma. The molybdenum 
silicide layer was conformaUy deposited by dc magnetron 
sputtering and then anisotropically etched in a PPE reac- 
tor with NF~. 

Metal~metal nitride structures.--Recently, molybdenum 
gates overcoated with a layer of its own nitride have been 
studied to avoid dopant ion channeling. Unless the ni- 
tride layer is formed through self-aligned nitridation after 
the Mo patterning, patterning of the composite molyb- 
denum nitride/Mo stack is needed. Only limited data have 
been reported in RIE with CCLJO2 (22). The nitride etch 
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Fig. 14. SEM micrograph of a submicron MoSi2 line fabricated with 
an edge-deflned technique (45). 

rate is generally about 40% higher than the Mo etch rate. 
For example, etch rates of 1460 and 1070 s was ob- 
tained for Mo~N and Mo, respectively, in 75/25 CC1JO2 at 
250 mtorr. Furthermore, lateral undercut  of only 0.1 ~m 
on each side was measured for a Mo~N/Mo composite. 

Endpoint  Detec t ion  
To selectively etch a single layer or multiple layers of 

thin films over underlying layers or substrates, the abil- 
ity to detect the endpoint  of the plasma etching process is 
essential. A variety of techniques have been developed to 
meet this need. Among them are optical emission spec- 
troscopy, mass spectrometry, optical reflection, imped- 
ance monitoring, Langmuir  probe, and pressure change 
(72). Mass spectrometry and optical emission spectros- 
copy are apparently the most popular. Both of these tech- 
niques involve the monitoring of reactive species and/or 
etch products. However, the product species are 
preferred because they originate solely from the etching 
reactions. For example, in plasma etching of silicon, sili- 
con dioxide, and silicon nitride, the peak most often mon- 
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using a photodiode sensitive in the 300-700 nm region (peak sensitiv- 
ity at 500 nm) (73). Etching conditions: CFJ4% Oe, 70W, 1.2 torr. 

itored in mass spectrometry is SiF3 § (M/e = 85 amu) even 
though other species such as O ~, Si § and CO* have also 
been used (72). During the etching of these refractory ma- 
terials, the product species generally have large M/e ratios 
(>200 amu) and hence harder to detect in quadruple-type 
spectrometers (where transmission varies as l/M). Conse- 
quently, the reactant species are preferred, but  very little 
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w o r k  in th is  area has  b e e n  repor ted .  Unl ike  mass  spec-  
t romet ry ,  opt ical  e m i s s i o n  s p e c t r o s c o p y  is non in t ru s ive  
and  genera l ly  easier  to se t  up,  bu t  the  ident i f ica t ion  of  
t he  p e a k  s ignals  is m o r e  difficult. For  f luor ina ted  plas- 
mas,  a tomic  f luorine and  CO (if f luorocarbons  are used)  
are genera l ly  m o n i t o r e d  for all s i l icon c o m p o u n d s  be- 
cause  of  the i r  grea t  sensi t ivi ty.  Atomic  si l icon or SiClz are 
usual ly  m e a s u r e d  for ch lo r ine -based  p l a smas  (72). S ince  
the  emi s s ion  l ines  f rom e i ther  the  meta l s  or me ta l  com- 
p o u n d s  wi th in  200 and  700 n m  are no t  s t rong  e n o u g h  for 
e n d p o i n t  de tec t ion ,  the  r eac tan t  spec ies  are usua l ly  u sed  
ins tead.  For  t he  meta ls ,  a tomic  f luorine l ine at 704 n m  
was  m o n i t o r e d  for CFJO2 e t ch ing  of  L P C V D  t u n g s t e n  on 
ox ide  (70) and  a tomic  ch lor ine  l ine at 256 n m  for RIE of  
s p u t t e r e d  Mo on  ox ide  wi th  CCh/O2 (22). In t he  la t ter  case, 
a load ing  effect  on the  256 n m  line in tens i ty  was  ob s e rv ed  
(22). Dur ing  the  e t ch ing  of  ref rac tory  meta l  si l icides,  the  
peaks  used  for s i l icon (F, CO, etc.) can  also be used,  ow- 
ing  to t he  large p e r c e n t a g e  of si l icon presen t .  Fo r  exam-  
ple, a.  p h o t o d i o d e  sens i t ive  in the  300-700 n m  region  
(which  inc ludes  the  CO peaks)  and  a m a x i m u m  sensi t iv-  
ity at 500 n m  has  b e e n  f o u n d  to be effect ive  for e n d p o i n t  
de tec t ion  du r ing  P P E  of  MoSi.~ and  o the r  s i l ic ides over  
ox ide  in an a u t o m a t e d  s ingle-wafer  e t che r  Fig. 15 (73). Be- 
cause  of  the  h igh  ref lect ivi ty  of  the  meta ls ,  the  opt ical  
re f lec t ion  m e t h o d  w h i c h  m e a s u r e s  t he  ref lect ivi ty 
c h a n g e s  as the  e t c h e d  layer  gets  t h i n n e r  can  also yield 
sa t i s fac tory  resul ts .  In  fact, th i s  m e t h o d  was  used  in  con- 
j u n c t i o n  wi th  opt ical  s p e c t r o s c o p y  du r ing  the  p l a s ma  
e t ch ing  of  t u n g s t e n  on ox ide  m e n t i o n e d  earlier  ,as well  as 
e t ch ing  m o l y b d e n u m  on ox ide  (72). 

Mechanisms 
To cont ro l  the  e t c h i n g  p rocess ,  one  m u s t  u n d e r s t a n d  

the  f u n d a m e n t a l  m e c h a n i s m s  tha t  occur.  In  the  case  of  
the  sil icides,  th is  is c o m p l i c a t e d  by the  fact  tha t  t hey  are 
b ina ry  c o m p o u n d s .  In turn,  po lyc ide  is an  e v e n  m o r e  
c o m p l e x  bi layer  s t ruc ture .  Sur face  reac t ions  d u r i n g  etch-  
ing  requ i re  t he  b r e a k i n g  of  meta l -s i l icon and  meta l -meta l  
b o n d s  as well  as s i l icon-s i l icon bonds .  Also, for b inary  
c o m p o u n d s ,  the re  is a g rea te r  var ie ty  of  poss ib l e  reac t ion  
p roduc t s ,  t he  d e s o r p t i o n  of  w h i c h  can affect  t he  e t ch  rate. 
The meta l  ha l ides  tha t  are f o r m e d  in th is  p roces s  are less  
volat i le  t h a n  the  s i l icon hal ides .  Therefore ,  only  the  
fo rm er  can be a ra te - l imi t ing  s tep  in  the  e t ch ing  process .  
In  Fig. 16, t he  vapor  p r e s s u r e s  of s o m e  of  the  p e r t i n e n t  
me ta l  f luorides  are s h o w n  as a func t ion  of  t e m p e r a t u r e  
(63-65). For  compar i son ,  s i l icon te t raf luor ide,  w h i c h  is 
no t  i n c l u d e d  in t he  figure, has  a vapor  p r e s s u r e  of  over  20 

Table V. The melting, boiling, and sublimation points of chlorides and 
oxychlorides of several refractory metals and silicon (66, 67) 

Chloride Melting Boiling Sublimation 
or oxychloride point (~ point (~ point (~ 

SIC14 -70 57.57 - -  

TiCL -25 136.4 - -  
TiCh (927) a (1327) - -  
TiCh (757) (1327) - -  

ZrC14 437* - -  331 
ZrC13 (627) (1207) - -  
ZrC12 (727) (1387) - -  

HfCh - -  - -  319 
HfCh (627) (1227) - -  
HfC13 (727) (14177) - -  

VCh -28 148.5 - -  
VC13 dec >500 
VCI2 (1000) (1377) - -  
VOC1 - -  127 - -  
VOCh -77 126.7 - -  

NbC15 204.7 254 - -  
NbOC13 - -  - -  335 

TaC15 216 242 - -  
TaCh (297) (777) - -  
TaC13 (1027) (1347) - -  
TaC12 (937) (1377) - -  

CrCl4 - -  (162) - -  
CrC13 1150 - -  9r 1300 
CrC12 824 1302 - -  
CRO2C12 -96.5 117 - -  

MoCh (307) (357) - -  
MoC15 194 268 - -  
MoCl4 dec 427 
MoC13 dec 
MoC12 dec 
MoOCh - -  - -  yes 
MoOCh - -  - -  lO0 
MoO2Ch - -  - -  yes 

WCh 275 346.7 - -  
WCI~ 248 275.6 - -  
WC14 dec 
WC12 dec 
WOCh 211 227.5 - -  
WO2C12 266 - -  - -  

ReCL (177) 500 
ReC13 (727) >550, (827) 
ReO3C1 4.5 131 
ReOC14 29.3 223 

aEstimated values are in parentheses. 
* At 25 atm. 
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atm at room temperature.  WF6 is the most  volatile 
fluoride in this group; TiF4 is the least. Among the metal  
fluorides, the hexafluorides are more volatile than the 
pentafluorides and other lower fluorides. For  example,  
MoF6 vaporizes at 35~ but  MoF~ boils at 214~ while 
MoF4 and MoF3 are es t imated to have higher  boiling 
points. Thus, any lower fluorides formed will remain at 
the surface until  further reactions convert  them to the 
higher  fluorides and eventually desorb from the surface. 
Consequently, the higher metal  fluorides are the reaction 
products  expected in the effluent. 

The situation is slightly more complicated with the ad- 
dit ion of oxygen. In Table V, the melting and boiling 
points and applicable sublimation temperatures  (some of 
them est imated when exper imental  data not available) of 
the metal  and silicon oxyfluorides are shown along with 
those of the fluorides (66, 67). It can be noted that the 
oxyfluorides are less volatile than the fluoride com- 
pounds.  Thus, while, on one hand, adding oxygen can en- 
hance the generation of fluorine atoms, on the other, it 
can also retard the etching with the formation of a surface 
layer of metal  oxyfluoride. 

For  chlorinated plasmas, the addit ion of oxygen can en- 
hance the etching when the metal  oxychlorides are more 
volatile than the corresponding chlorides. The vapor  pres- 
sures of several metal  chlorides are shown in Fig. 17 as a 
function of temperature  (68-71). In contrast  to the 
fluorides, TIC14 is the most  volatile and WC16 is the least. 
The melt ing and boiling points,  and the subl imation tem- 
peratures (measured or estimated), whenever  applicable,  
are shown in Table V (66, 67). I t  can be seen that  the 
oxychlorides of Group VIA metals have higher  vapor  
pressure than the corresponding chlorides, whereas the 
opposi te  is true for the Group IVA and VA metals. The 
importance of volatili ty of oxychlorides has been dear ly  
demonstra ted in the molybdenum and chromium etching 
in CCL/O2 plasmas (20-22, 34, 35). Increasing oxygen from 
30% to 70% in CC1JO2 mixtures,  the Mo etch rate is four 
t imes higher, while the underlying SiO2 etch rate is 
halved, leading to an exceptionally high etch rate ratio 
(-60) (21). 

Summary and Concluding Remarks 
We have reviewed the p lasma etching of refractory 

metal  silicides, summarizing the etching gases used for 
the various gate structures implemented.  The factors 
influencing the pat terning of high resolution silicide 
gates and interconnects have been pointed out. Since 
both plasma etching and refractory metal  silicides are key 
parts of VLSI technology, we expect  the development  in 
this area to continue to advance rapidly. 
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An XPS and TEM Study of Intrinsic Adhesion Between Polyimide 
and Cr Films 

N. J. Chou,* D. W. Dong, J. Kim, and A. C. Liu *,1 

IBM T. J. Watson Research Center, Yorktown Heights, New York 10598 

ABSTRACT 

An examination of the interface between Cr and cured polyimide (PI) was carried out using x-ray photoelectron 
spectroscopy and transmission electron microscopy. The results indicate that, after curing, the interface remains sharp 
and planar, at least on a submicron scale, with no discernible material mixing or mechanical interlocking. During Cr 
metallization of cured polyimide (PI) at room temperature, the first few monolayers of Cr appear to react with the pend- 
ent oxygen in the PI substrate. This layer of oxidized Cr atoms forms chemical bonds with PI on the one side, and me- 
tallic bonds with the subsequent  Cr deposit on the other. It is estimated that the interfacial reaction may give rise to an 
eightfold increase in intrinsic adhesion strength of the Cr/PI system as compared to CtYPI couples for which no interfa- 
cial reaction have been observed. 

In  the active development of an advanced VLSI 
packaging technology, polyimides have recently emerged 
as a strong contender for use as insulating and pattern 
delineating materials. Adhesion between the cured polyi- 
mide (PI) and wiring metallurgy thus becomes a topic of 
both theoretical and practical interest. It is well known 
that when two solids join to form a couple an intermedi- 
ate region of mixing or mechanical interlocking may be 
produced between the bulk of the two solids depending 
on the nature of the solids and the joining process which 
is used. The adhesion properties of a couple depends 
therefore on the morphological and chemical physical na- 
ture of the interface. 

To explore the intrinsic attributes of adhesion between 
cured PI and Cr metallurgy, we have used x-ray photo- 
electron spectroscopy (XPS) to monitor the interfacial re- 
action during metallization, and transmission electron mi- 
croscopy (TEM) to examine the morphology of the 
interface. The former technique had been previously em- 
ployed in a number  of investigations involving metalliza- 
tion of polymer film (2). 

Experimental 
In order to obtain planar interfaces prior to processing, 

oxidized silicon wafers were used as substrates. 120 nm 
SiO~ layers were obtained by thermal oxidation in dry ox- 

*Electrochemical Society Active Member. 
1Permanent address: Department of Chemistry, Harvard Uni- 

versity, Cambridge, Massachusetts. 

ygen at 1000~ Cr (200 nm), Cu (400 nm), and Cr (200 nm) 
layers were deposited sequentially in that order on the 
oxide layers from E-beam. heated evaporation sources. 
Polyamic acid (du Pont  5878) in a N-methylpyrrolidone 
(NMP) solvent was then spread on the Cr layers by spin- 
ning. Planar PI (200 nm) films were obtained by a stand- 
ard curing procedure (350~ 30 min). The thickness 
uniformity of the cured PI films was checked by ellip- 
sometry (3) and was believed to be within -+2.5 nm. The 
TEM study was carried out on a Philips 400-T electron 
microscope. The specimens for TEM examination were 
prepared by cementing together two cured PI samples 
face to face with epoxy. The epoxied samples were then 
sliced into strips of appropriate size, and the strips 
thinned down to a thickness of 5-7 t~m by polishing both 
sides of the strips. The Cr/PI interface was finally ex- 
posed by ion milling in a direction normal to the strips. 

The XPS investigation was conducted in a UHV spec- 
trometer system (PHI-1000), which consisted of a double- 
pass cylindrical mirror analyzer and a MgKa x-ray source. 
Measurements were made in situ at a pass energy of Epa~s 
= 25 eV when thin Cr films (one monolayer or less) were 
successively deposited at room temperature on a freshly 
cured PI film, prepared on a planar metal substrate as 
described above. The evaporation source was fabricated 
from tungsten filaments which were electroplated with a 
2 tLm thick Cr layer in a chromic acid solution, followed 
by cleaning in H2 at 1000~ for 30 rain. The base pressure 
of the vacuum system was routinely maintained at 6 x 
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10 -~~ torr. During the deposition runs, however, it rose to 
1 • 10 -9 torr. The oxygen partial pressure in these in- 
stances was estimated to be less than 5% or <5 • 10-" 
torr from the mass-spectroscopic data obtained from our 
UHV system. The deposition pressure varied from 5 • 
10 -9 to 5 • 10 -s torr, depending on the rate of deposition 
used. The rate of deposition was calibrated with an 
Inficon 2000 thickness monitor for various regulated 
power inputs applied to the film source. It ranged from 
0.1 to 0.5~ per second in our deposition runs. The expo- 
sure of the evaporated films to the UHV ambient at the 
deposition pressure was less than 5s in all cases. To mini- 
mize the possibility of carbon contamination, the electron 
flood gun was not used during measurement.  In view of 
specimen charging, no at tempt was made to determine 
accurately the absolute binding energies. The core level 
spectra associated with C, O, N, and Cr were measured in 
an expanded energy scale following a spectral survey 
scan after each deposition to locate the kinetic energies of 
core electrons under the conditions of surface charging. 
In analyzing our experimental  data, we relied primarily 
on the Cls  and Cr2p core electron spectra, although other 
core level spectra (Nls and Ols) were also used for moni- 
toring the interfacial reactions (4). This is because the 
Cr2p spectra for the overlayer and the Cls  spectra for the 
cured PI are better documented in the literature (5). 2 A 
Gaussian decomposition program (6) was used to resolve 
overlapping peaks in the Cls  spectra. In addition, the 
spectra difference technique (4) was used to help remove 
the arbitrariness of the curve fitting procedure. The tech- 
nique proves to be particularly advantageous in this in- 
vestigation since it is not sensitive to energy shifts due to 
specimen charging. 

Results 
TEM examination revealed that the interface between 

the cured PI and Cr overlayer was sharp and planar at 
least on a submicron scale (Fig. 1A, 1B, and 1C). Note that 
the procedure for TEM specimen preparation is different 
from that for ESCA investigation. At higher magnifica- 
tion, the interface exhibited scaled irregularities which 

2Supplied by R. H. Lacombe, IBM East Fishkill Facility, 
Hopewell Junction, New York. 

Fig. 1. TEM micragraphs of the interface between Cr metal and 
cured PI at various magnifications. Note that the interfaces are 
marked with arrows. 

were comparable in dimension to the crystallites in the Cr 
layer (Fig. 1D). There was no evidence of mixing or inter- 
penetration at the interface as a result of PI curing. The 
observation lends support  to the ellipsometric result re- 
garding thickness uniformity of cured PI layers. It is thus 
reasonable to surmise that the interface of the Cr-metal- 
lized PI will be planar if the initial surface of the cured PI 
is planar. 

The "full scan" XPS spectra of the freshly cured PI sur- 
face and those metallized with Cr films of varying thick- 
ness are shown in Fig. 2. It is evident that the signals as- 
sociated with C, O, and N from the PI substrate attentuate 
with increased Cr overlayer thickness. At the same time, 
the Cr signal appears and grows in magnitude. 

The Cls  core level spectra of cured PI film consisted of 
three resolvable peaks prior to deposition. With succes- 
sive deposition of Cr overlayers, the Cls  spectra not only 
decreased in integrated intensity, but also exhibited 
changes in shape. Shown in the central column of Fig. 3 
are the Cls  spectra for a PI film with 0, 1.5, and 2.5 mono- 
layer Cr coverage (spectra a, b, and c). It should be noted 
that the spectrum with 0.5 monolayer coverage was not 
included for analysis because of the uncertainties associa- 
ted with extra-atomic relaxation processes attributable to 
submonolayer coverage. In Fig. 3d, 3e and 3f, spectra are 
shown to have been resolved into individual Gaussian 
peaks using the constraints obtained with the aid of the 
spectra difference technique and the previously pub- 
lished data (5). For example, the difference spectrum be- 
tween 1.hL and zero coverage (Fig. 4a) indicates that there 
are at least two peaks present in the Cls spectra. The pub- 
lished XPS data on cured PI derived from polyamic acid 
resins (5) gave three Cls  peaks at lower binding energy 
values with energy separations of 3.9 and 1.3 eV. These 
parameters were then used as the constraints in our Gaus- 
sian curve fitting for spectra a and b. At thicker Cr cover- 
age (> 2.5 monolayers) the difference spectra (Fig. 4b) ex- 
hibited the presence of no more than two peaks. In such 
cases, 1.3 eV separation was used as a curve fitting 
constraint. 
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Fig.  2 .  X- ray  photoelectron spectra  a f  a b a r e  PI s u r f a c e  w i t h  succes- 
sively increased (]mount a f  Cr  aver layer:  ] - f reshly  cured PI; 2 - ]  mona- 
layer (L )  coverage;  3 - 1 . 5 L ;  4 - 2 . 5 L ;  5 -3 .51 - ;  6 - 4 . 5 L ;  and,  7 -same,  but 
a t  a d i f f e ren t  spot of the surface.  The  deposi t ion pressure is given for 
each deposition in the plot. 
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Fig. 3. Cls and Cr2p core level 
spectra of PI with OL, 1.5L, and 
2.5L Cr coverage. Note that peak 
3, attributable to C atoms with 
carbonyl bonds, disappears in the 
background noise after 2.5 mono- 
layers of Cr deposition while me- 
tallic Cr2p doublet emerges (Fig. 
3h). See text. 

As the Cls spectra indicate, the peak with the largest 
b inding energy (labeled as peak 3) disappeared into the 
background after 2.5 monolayers of Cr deposit. At the 
same time, inspection of the corresponding Cr2p spectra 
(Fig. 3g and 3h) for these surfaces reveals that after 2.5 
monolayers '  deposition, additional peak attributable to 
the metallic doublet emerged against the background of 
those of the oxidized chromium. This is obvious when 
reference is made to the standard 2p spectra (6) for Cr and 
Cr203 reproduced in the upper left corner of Fig. 3. As a 
matter of fact, the metallic Cr peaks, though barely dis- 
cernible, already exist in the spectrum with 1.5 monolayer 
coverage. 

The Ols and Nls  spectra of the freshly cured and metal- 
lized PI surfaces cannot be resolved with confidence by 

Gaussian fitting. The binding energies of O1s electrons 
have been reported to be 530.0 eV for Cr203 (6, 8) and 532.2 
and 533.5 eV for cured PI (5). As shown in Fig. 5a, 5b, and 
5c, the Ols peaks appear to have broadened with succes- 
sive deposition of Cr overlayer. When the Cls peak is 
used as the internal reference for the energy scale, it is 
found that a steady-state surface charging was not 
achieved during our XPS measurement  since the amount  
of charging fluctuated between 7.5 and 8.5 eV from one 
spectrum to another. Thus, the apparent broadening of 
the Ols spectra cannot be resolved with some physically 
meaningful  constraints. Similar situate'on prevails for the 
Nls  spectra in Fig. 5d, 5e, and 5f. 

The Ols difference spectra (Fig. 6a, 6b, and 6c) also 
show that the Ols signal associated with the oxidized Cr 
cannot be readily distinguished from that originating 
from the PI substrate, as one would expect from the re- 
ported binding energy values (5, 6, 8). This is evident from 
the fact that the decrease and increase in Ols intensity oc- 
cur practically at the same binding energy when the sur- 
face charging is taken into account (Fig. 6). 

Fig. 4. Cls difference spectra: (a) between a PI surface with 1.5L 
Cr overlayer and a bare PI surface and (b) between PI surfaces with 
3.5L and 2.5L Cr averlayer, respectively. 

Fig. 5. 01s and Nls spectra for a PI surface with 01, 1.5L, and 
2.5L Cr overlayer. No useful information can be extracted because (i) 
the spectra are noisy, and ( i i)  surface charging effect makes it diffi- 
cult to determine the absolute chemical shifts. See text. 



2338 J. Electrochem. Soc.: SOLID-STA TE SCIENCE A N D  TECHNOLOGY October 1984 

120  
. . . i  [ m . . . . .  i .......... i .......... i . . . . . . . . . . . . . . . . . . . .  

! iaa i i ! ! 
80 : m o : ~ : : 

, ........ : . . . .=_~. ' . . . . ,  ..; . . . . . . . . .  , ~ o  n , , ,  ....... o.~ ......... 

z . . . . . . . . . . . . . . .  
bJ 

o .......... ! .......... ! .......... ! . . . . . . . .  ! .......... ! .......... i i f - -  
z . . . . . . . . . .  ~ . . . . . . . . . .  ~ . . . . . .  ~ . . i  . . . . . .  o _ _ j  . . . . . . . . . .  ~ . . . . . . . . . .  i . . . . . . . . . .  

- 40  . . . . . . . . . .  : . . . . . . . . . .  ; . . . . . . . . .  ~m- . . . . . . . .  ; . . . . . . . . . .  ; . . . . . . . . . .  I . . . . . . . . .  
: : ' o : : ', .......... : .......... ~ ......... .% ........ ~ .......... : .......... :~ ........ 

- 8 0  : : : g ~  : : -: 
- 544  - 540  - 536  - 532  

4o i i l a b  io ~ = ! 
. . . . . . . . . .  : . . . . . . . . . .  : . . . . . . . . . .  ! 5~ . -~ . .  ~ -~ - - - - - ~ - - - - ~d . -  ! . . . . . . . . . .  

~a ', : : ~ o~o  o ~ @  
.... .o.-.~b-..--o-.: ......... ~6~ ........ : .......... : ......... .r 

- - 40  . . . . . . . . . .  ~ ' - - -  [ ]  --m! . . . . . . .  : . . 

" '  : ~: d:B: i 
z__ .......... i . . . . . . . .  ~ i  - ~ ~ ;  7 . . . . . . . . . . . . . . . . . . . . .  ~: . . . . . . . . . .  i . . . . . . . . . .  

-8o .......... ! .......... !----~---! ..................... ! .......... ! .......... 
. . . . . . . . . .  ! . . . . . . . . . .  : . . ~ . I ; ] . . . . . ~  . . . . . . . . . . . . . . . . . . . . .  ! . . . . . . . . . .  ~ . . . . . . . . . .  

i i a i : i b 
-120 

- 544  - 540  - 536  - 532  

.......... i .......... ...... i .......... i .......... i ......... 
, o o  . . . . . . . . . .  i . . . . . . . . .  ~ . . . . . . . .  i ~  . . . . . . .  i . . . . . . . . . .  i . . . . . . . . . .  ! . . . . . . . . . .  

: : ' , o  ', '. : 
. . . . . . . . . .  ; . . . . . . .  ~4";  . . . . . . . . .  ; . . . . . . . . . .  : . . . . . . . . . .  ; . . . . . . . . . .  ; . . . . . . . . . .  

uJ z 50 . . . . . .  ~o..: .m.. ~ o :  -: . . . . . . . .-  . [ . . . . . .  ~o . i ........ . i . . . . . . . . .  . i ........ 
~- ..aR~Oo : : ao : : : 
z ~ . ~ r ~ , , . . ~ . . . . !  .......... ~-.---.~--~ .......... ~ - ~ r - - - ~ - & ~ i ~ - i i , ~  

: ~  7 ,  : .a  : , , ~  ~ . ~ . . . . ~ . ~  

:::::::::::::::::::::::::::::::::::::::::::: i ~.i.~i...i ........ 
-50 : : : i : : 

- 544  - 540  - 536  - 532  

BINDING ENERGY, eV 

Fig. 6. O]s  difference spectra (a) between a PI surface with ] . 5L  
Cr overlayer and a bare PI surface, (b) between PI surfaces with 2 .5L 
and 1.5L overlayers, and (c) between PI surfaces with 3.5 and 2.5L 
overlayers. 

Discuss ion  
When the total area of the Cls spectra and the areas of 

individual resolved peaks are plotted against the thick- 
ness of the Cr overlayer, it becomes clear that while the 
attenuation of the total peak area follows closely to the 
calculated escape length effect, those of the individual 
peaks do not (Fig. 7). In calculating the attenuation 
through Cr overlayer, we used 1.2 nm and 0.227 nm for 
the inelastic mean free path (IMFP) of Cls electrons and 
the effective monolayer thickness of Cr, respectively. 
Both of these parameters were determined according to 
Seah and Dench (8). Particularly noteworthy is the fact 
that during the first 1.5 monolayer deposit peak 3 de- 
creased at a higher rate than the calculated whereas the 
neighboring peak 2 increased in magnitude. 

Based on the published data (5) we can assign the three 
resolved Cls peaks as follows. A fully cured PI has 22 car- 
bon atoms in its molecular unit (Fig. 8), of which 4 with 
carbonyl bonds (--O) (relative concentration:18.2%) will 
be designated as peak 3. This particular peak assignment 
was established in a PI curing study reported in Ref. (5). 
The ten carbon atoms with H-bonds (45.5%) and the eight 
with --N,--O, or --C bonds (36.3%) in the benzene rings 
will be assigned peaks 1 and 2, respectively. It will be 
noted that in addition to dissimilar atomic species, the 
difference in charge distribution about C atoms of groups 
2 and 3 consists in the absence of a resonating carbon 
bond in the latter group. These peak assignments are sub- 
stantiated by the agreement between the calculated rela- 
tive concentrations and measured peak area ratios, and 
by the agreement with the reported spectra of cured PI (5) 
when specimen charging (approximately 7.5 eV) is taken 
into account. Thus, regrouping of Cls peaks and appear- 
ance of oxidized and metallic Cr2p peaks during metalli- 
zation indicate that in the first few monolayers of deposi- 
tion Cr was oxidized, resulting in a charge redistribution 
about the carbon atoms with carbonyl bonds (~O). This 
strongly suggests that the pendent oxygen in PI is in- 
volved in the reaction since no significant change in Nls 
spectra has been detected. 
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Fig. 7. Change in total and resolved C ls  peak areas with Cr over- 
layer thickness. 

Oxidation of Cr involving the pendent oxygen in PI can 
occur in one of the two likely ways: (i) formation of Cr ox- 
ygen complexes followed by the scission of C-N bonds 
depicted by the equation 

0 0 

0 -.'0: C r *  

L (~ ~ 0  

( i n  t h i s  c a s e , t h e  b i n d i n g  e n e r g i e s  o f  C l s ,  O l s ,  a n d  p o s s i -  

b l y  N l s  e l e c t r o n s  a r e  e x p e c t e d  t o  c h a n g e  a f t e r  t h e  f i r s t  

r n o n o l a y e r  o f  C r  d e p o s i t )  a n d  ( i i )  f o r m a t i o n  o f  C r O ,  C r O ~ ,  

o r  Cr~O~ w i t h  b r e a k a g e  o f  c a r b o n y ]  ( C - - O )  b o n d s ,  i n  

w h i c h  c a s e  o n l y  C l s  a n d  0 1 s  e l e c t r o n s  a r e  e x p e c t e d  t o  e x -  

h i b i t  a p p r e c i a b l e  c h e m i c a l  shif ts .  F u r t h e r m o r e ,  we  s h o u l d  
a n t i c i p a t e  the  i n t e g r a t e d  0 1 s  i n t e n s i t y  to dev ia t e  f rom t h e  
e x p e c t e d  a t t enua t ion '  b e h a v i o r  s ince  f o r m a t i o n  of ox ide  
a l ters  t he  a tomic  dens i t y  of  oxygen ,  a n d  g r o w t h  of  ox ide  
m a y  n o t  be  l imi t ed  to one  m o n o l a y e r  of  depos i t .  

Shown in Fig. 9 is the change in integrated Ols signal 
intensity with successive Cr deposition. The attenuation 
calculated for Ols electrons in Cr (with IMFP=I.2 nm) is 
shown as a straight line for comparison (curve I). In con- 
trast to the behavior of Cls electrons, we note that after 
1.5 monolayers' deposit, the integrated Ols intensity is 
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Fig. 8. Molecular unit of a fully cured PI and assignment of resolved 
C l s  peaks. 
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Fig. 9. Experimental and calculated variation of O1 s integrated in- 
tensity with Cr overlayer thickness. Curve 1 gives the calculated at- 
tenuation for avertayers consisting of Cr metal. Curve 2 gives the cal- 
culated intensity variation for the case where the first monolayer of 
deposit is partially oxidized. Curve 3 shows where the first monolayer 
is completely oxidized. Curve 4 shows where each layer of deposit is 
oxidized. See Appendix. 

consistently higher than the calculated, indicative of 
extraneous oxygen uptake. The uptake could arise either 
from oxygen incorporation from the UHV ambient  or 
atomic rearrangement whereby oxygen from PI moved 
across the interface during oxide growth. Elementary 
calculation using available thermodynamic data (10) indi- 
cates that oxidation of  Cr is possible at an oxygen partial 
pressure of 10 -11 torr, corresponding to a base pressure of 
1 x 10 -,0 torr in our system. The driving force for the 
Cr203 formation at an oxygen partial pressure of 10 -'3 
atm, at 300 K, (8) is given by AG~-- l l0  kca]/g-at. Cr, 
where AG is the free energy of formation. This is consist- 
ent with the observation by Allen et al. (8) that it is not 
possible to produce and maintain Cr surfaces completely 
free of oxygen even at a base pressure of 10 - '~ torr. The 
amount  of oxygen uptake from the UHV ambient can be 
readily estimated if a sticking coefficient of unity is as- 
sumed. Since the exposure of deposited film to deposi- 
tion ambient  ranged from 4 to 10s, the oxygen uptake will 
be no greater than 1% of a monolayer. 

To inquire into the origin of the oxygen uptake, we 
have calculated the variation of Ols  integrated intensity 
with increased overlayer for three hypothetical cases (see 
Appendix): (i) in which each successively deposited Cr 
film was completely oxidized to form Cr203 (curve 4, Fig. 
9), (ii) in which only the first Cr overlayer was completely 
oxidized (curve 3), and (iii) in which the first overlayer 
was partially oxidized or oxidized to form suboxides 
(curve 2). Comparison of the experimental  data with the 
calculated intensities indicates that consistent with the 
Cr2p data, oxidation is indeed limited to the first few 
monolayers of deposit. It  also suggests that the supply of 
oxygen from the PI substrate was insufficient to fully ox- 
idize the overlayer and that outdiffusion of oxygen from 
substrate to overlayer is confined to a rather localized 
scale. The Ols  intensity data thus appear ~,~ favor the 
view that oxidation of Cr by the pendent  oxygen occurs 
with breakage of carbonyl bonds. It should be pointed 
out, however, that our TEM electron diffraction study 
failed to identify any Cr203 phase at the interface. Fur- 
thermore, although the duration of exposure to deposi- 
tion pressure was only of the order of a few seconds, one 
cannot completely rule out the possibility of larger than 
estimated oxygen uptake from the UHV ambient  because 
there might be transient upsurge of oxygen partial pres- 
sure when the filament power is turned on. Nor can our 
Ols  and Nls  data provide sufficient collaborative infor- 
mation for us to determine unequivocally the conse- 
quence and products of the interfacial oxidation. In short, 
our investigation indicates that during metal]ization of PI  
at room temperature, the first few monolayers of Cr are 

oxidized by the pendent  oxygen in the substrate. Pending 
further investigation, the product of this interfacial oxida- 
tion cannot be exactly ascertained: it may result in the 
formation of either Cr-O-C complexes or a separate oxide 
phase at the interface. However, the extent  of oxidation 
and subsequent  charge transfer and, possibly, a slight 
atomic rearrangement to accommodate the structural 
mismatch must be limited to a few monolayers of 
material. 

Adhesion between the two phases of a couple arises 
from molecular forces acting across surfaces differing in 
nature. In the case of flawless and stress-free intimate 
contact, a condition which is most likely fulfilled in the 
process of metallization, van der Waals' interaction must  
be always operative because of its universal nature (10). If  
interfacial reactions occur during the process of joining, 
then added to van der Waals' contribution to the adhesion 
strength are the contributions from either chemical bonds 
formed across the interface or the electrostatic forces as- 
sociated with the formation of double charge layer as a re- 
sult of charge transfer. 

As our study suggests barring excessive oxygen con- 
tamination during metallization, the Cr/PI interface 
formed at room temperature shall consist of a few par- 
tially oxidized monolayers of Cr atoms sandwiched be- 
tween the PI and Cr metal. The oxidized Cr atoms form 
chemical bonds with the pendent  oxygen in the PI, on the 
one side, and metallic bonds with the Cr overlayer, on the 
other. Furthermore, dangling bonds produced the interfa- 
cial reaction may give rise to secondary reactions 
accompanied by the formation of additional bonds be- 
tween the substrate and the overlayer. 

When the interface is sharp and planar, as in the case of 
our Cr/PI system, van der Waals' forces are inversely pro- 
portional to the third power of the separation between the 
two parallel plates ( t l)  and amounts to ca. 10 ~ dyne-cm -~ 
or 1.02 x 103 kg/m 2. 

Various theoretical and experimental  studies of bond 
fracture in polymers (12) indicate that the breaking stress 
of chemical bonds in polymers varies from 7 • 103 to 105 
kg/cm 2. The formation of chemical bonds across the PI/Cr 
interface is therefore expected, by a conservative esti- 
mate, to increase the intrinsic adhesion strength at least 
by eightfold. 

Conclus ions  
Our study has shown that Cr metallization of cured PI 

at room temperature results in a couple with a sharp and 
planar interface if the initial PI  surfaces are planar and 
clean. Barring excessive oxygen contamination from the 
deposition ambient, the first few monolayers of Cr will 
react with the pendent  oxygen atoms in the PI, forming 
either Cr oxygen complexes or Cr oxides at the interface. 
Consideration of the chemical bond contribution to the 
adhesion strength of the Cr/PI system suggests that the 
interfacial reaction between Cr and PI increases the in- 
trinsic adhesion strength significantly. Other things be- 
ing equal, metailization of PI with Cr will have at least an 
eight-fold increase in adhesion strength as compared to 
other metals such as Cu (13), which do not react inter- 
facially with PL 
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A p p e n d i x  
The intensity of photoelectrons of a given energy 

ejected by monochromatic  x-ray from a homogenous 
bulk film is expressible bv 
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I = f f  FaDkexp(-x/s  

where F is the x-ray flux, a the photoionization cross- 
section, D the density of the atoms from which the photo- 
electrons are produced, k the transmission coefficient of 
the spectrometer, and ~, the IMFP of the photoelectrons in 
the film. In our in situ measurement, where the photon 
flux and other instrumental  parameters are equal for the 
substrate and overlayer, the Ols integrated intensity of 
the overlayer (say, Cr~O3), Io~, can be expressed in terms of 
the Ols integrated intensity of the substrate, I,, (8) 

Io~, Do,,~.ox 
I,,~ D,,,)~H 

The atomic densities of oxygen in Cr~O~ and fully cured 
PI, Do~ and Dp,, can be determined from their densities 
and molecular weights, and are found to be 6.22 x 
10~2/cm-3 and 8.05 • 102'/cm -3, respectively. For Ols elec- 
trons the IMFP's are nearly equal in Cr and Cr~O3 (8). The 
IMFP of Ols electrons in cured PI is not accurately 
known, but is estimated to be 1.6 times that in Cr or Cr203 
based on the IMFP data on organic compounds (9). Thus 

Iox = 4.8 • I,,, 

which compares favorably with the experimental inten- 
sity ratio (4.0) for the bulk Cr~O3 and PI films. Given the 
O1s integrated intensity of the bare PI surface, we can 
therefore calculate the intensity variation with increasing 
overlayer thickness for various hypothetical cases (1). If 
the growing overlayer consists of Cr only, we have simply 

ndcr~ 
I = I,,, exp ( -  kCr / 

where n is the number  of monolayers deposited and dcr is 
the effective monolayer thickness of Cr. 

If, during deposition, the overlayer has been completely 
oxidized to form Cr~O3, we then have 

_ _  ndox 

~ox 

If only the first monolayer has been completely or par- 
tially oxidized and the subsequent deposit consists of Cr, 
then we have 

Xox / kox J 

(n - 1)dcr 
exp 

her 

where 0 < r < 1 is the extent of oxidation and n->-l. 
For the calculated intensity variations shown as curves 

1-4, Fig. 9, we have used the following physical parame- 
ters: ~'Cr = kox = 12•, do• = 0.307 nm, I~,j = 796 eV counts, 
and r - 0.3, which is obtained from (D,,,/Dox) ~/3. 
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A Comparison of Reactive Ion Beam Milling and Reactive Ion 
Etching for Multilevel Resist Patterning 

R. N. Castellano' 

Stanford University, Stanford, California 94305 

ABSTRACT 

Several multilevel resist processes have been designed to overcome the problem of nonplanar  surfaces during high 
resolution patterning. Reactive ion etching and plasma etching are the most commonly used methods for pattern deline- 
ation. In this study, reactive ion beam milling with an oxygen beam has been shown to generate highly anisotropic resist 
profiles at high (100 nm/min) etch rates. 

As the size of the min imum features on integrated cir- 
cuits decreases toward submicron geometries, there will 
not necessarily be a concomitant decrease in the height of 
these features. For example, as the width of AI(Si, Cu) in- 
terconnections decreases from 3 to 1 ~m, the metal thick- 
ness must  remain close to 1 ~m in order to avoid excess 
electrical resistance and to minimize electromigration 
caused by high current densities. Thus, an increasingly 
difficult problem is the generation of resist patterns over 
a nonplanar  surface because of highly stepped topogra- 
phies. For most resists, high resolution can only be 
achieved with a thin resist on a featureless surface; x-ray 

'Present address: Strategic, Incorporated, Cupertino, California 
95015-2150. 

and electron-beam resist thicknesses greater than approx- 
imately 0.5 ~m lead to seriously degraded resolution dur- 
ing exposure. In response to this problem, a number  of 
multilevel resist processes have been reported (1-5) in or- 
d e r  to improve pattern fidelity by reducing proximity ef- 
fects (6) and eliminate development time variations due to 
wafer topography (2). In general, a thick (1 tLm) layer of an 
organic resist is spun onto the substrate to be etched and 
baked at high temperature (T > 120~ to flow the resist 
which tends to planarize the surface by presenting a rela- 
tively flat top surface. A thin (0.1 t~m) intermediate layer 
such as Si or SiO2 is deposited on this resist and serves as 
a pattern transfer mask. The uppermost  layer is a thin (0.4 
~m) resist material used for high resolution lithographic 
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patterning because of its planarity. The pattern is trans- 
ferred into intermediate layer by a reactive plasma pro- 
cess. This layer, in turn, acts as an inert mask for the pat- 
terning of the thick resist layer by a second reactive 
plasma process. 

Reactive ion etching (RIE) is the reactive plasma pro- 
cess most commonly employed for patterning the inter- 
mediate and bottom layers. Essentially, the lower pres- 
sure (larger mean free path) and physical-chemical 
etching mechanisms of the RIE method allow for more 
anisotropic patterning compared to plasma etching (PE) 
in which a chemical removal predominates and under- 
cutting (isotropic etch) can result. Because of the high de- 
gree of anisotropic etching, along with acceptable etch 
rates and selectivities that have been demonstrated with 
fluoro- or chloro-carbon reactive gases in RIE during 
integrated circuit fabrication, it has been a natural course 
that this method should be utilized for multilevel resist 
processes. The ultimate resolution of RIE has not been 
ascertained, but Oro and Wolfe (7) have reactive ion 
etched 0.6 ~m thick crosslinked poly(methylmethacryl- 
ate) with 50 nm resolution. 

Ion beam milling (IBM) is a common method for the 
generation of high resolution patterns. The low mean free 
path of the sputtered species (250 cm at 8 x 10 -5 torr) sug- 
gests that IBM is a viable method for high aspect ratio 
pattern delineation. Etch rates of photoresist as high as 
200 nm]min using a beam of oxygen ions (8) are compara- 
ble to those obtained by RIE (9). Flanders et al. (10) have 
shown that reactive ion beam milling (RIBM) with an ox- 
ygen beam can produce 40 nm linewidths in 0.2 tLm thick 
polyimide. A comparison of the properties of PE and RIE 
with RIBM is shown in Table I. 

In this study, RIBM has been utilized to generate multi- 
level resist patterns in optical resist with 0.75 t~m line- 
width resolution. These results are compared to 
multi level patterns generated by PE and RIE. 

Experimental 
The tri-level resist system used in this RIBM study con- 

sisted of 1 t~m AZ1350J (Shipley) - 0.08 t~m polysilicon - 
1 t~m AZ1350J layers. The substrates were thermally oxi- 
dized <100> Si wafers. After exposure (Canon optical 
projector) and development  of the top resist layer, the 
polysilicon was patterned in a low frequency planar PE 
system (PlanarEtch IIA, Technics, Incorporated, San 
Jose, California) using CF4. Etching was carried out at 
75W RF power at a pressure of 0.1 torr for 1 rain. Subse- 
quently, the planarizing resist was patterned with a RIBM 
system (MIM-TLA 20, Technics, Incorporated) which util- 
ized a 20 cm Kaufman source. Argon was injected into the 
ion gun and oxygen introduced into the vacuum cham- 
ber. The percentage of O~ was varied between 25% and 
100% at a total operating pressure of 8 x 10 -5 torr. The 
accelerating voltage was varied be tween  500-1000V at a 
current density of 0.5 mA/cm ~. The samples were rotated 
and the angle of incidence of the beam trajectory main- 
tained at 90 ~ The etch rates of a polysilicon thin film and 
a bare thermally oxidized wafer were also measured after 
milling at the above parameters to determine the selectiv- 
ity of the resist to the Si mask and SiO2 underlayer. 

Results and Discussion 
Scanning electron micrographs of a sample milled at an 

accelerating voltage of 1000V with 75% oxygen concentra- 

Table I. Comparison of dry etching characteristics 

Reactive ion Reactive ion 
Plasma etching etching beam milling 

Pressure (torr) 0-0.1 10-'-10 -2 10-4-10 -5 
Mechanism chemical chemical/ chemical/ 

physical physical 
Etch rate high medium medium 
Selectivity very good good good 
Anisotropy low high high 
Machine high medium medium 

throughput 

2341 

Fig. 1. Resist profiles after reactive ion beam milling. Conditions: 
1000 eV, 0.5 mA/cm 2, 75% 02, 6 min. 

tion are shown for a channel edge and a mesa structure in 
Fig. la  and lb, respectively. The bottom planarizing resist 
layer is characterized by vertical wall profiles. No under- 
cutting, trenching, or redeposition is observed; problems 
sometimes observed in IBM using argon gas (11). The 
width of  the channel is 0.75 t~m. The top layer of resist has 
been faceted, resulting in changes in l inewidth dimen- 
sions. Faceting is a result of the angular dependence of re- 
moval rate associated with physical sputtering due to the 
fact that, after a collision of an incident ion with a surface 
atom, the probability that the ejected atom acquires a mo- 
mentum vector away from the sample surface increases 
as the angle of incidence decreases from 90 ~ to 0 ~ At nor- 
mal incidence, more than one collision is necessary for 
the atom to be ejected because the momentum vector 
must be changed by 90 r A maximum angle, 0max, is associ- 
ated with each material and is typically 40~ ~ from nor- 
mal incidence. Since the top resist layer tends to have a 
slightly rounded edge close to 0max from baking, lateral 
etching occurs with loss of dimensional control. In this 
tri-level system, this faceting does not influence the 
profile of linewidth of the bottom resist layer, which will 
act as a mask for subsequent  patterning of the substrate. 
The interlevel polysilicon layer also tends to isolate the 
bottom resist layer from the faceting effect of the top re- 
sist film. 
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Shown in Fig. 2 are the etch rates of resist, the poly- 
silicon intermediate layer, and SiO2 underlayer as a func- 
tion of the percentage of oxygen at an accelerating vol- 
tage of 500V at a pressure of 8 x 10 -5 torr. The observed 
increase in the etch rate for resist is straightforward; in- 
creasing the percentage of oxygen results in a greater 
number  of activated oxygen species for chemical oxida- 
tion of the organic resist. It is not clear why the etch rates 
of polysilicon and SiO2 increase with increasing O~ con- 
centration. It is possible that during the milling of the re- 
sist, a carbonaceous material was deposited on the poly- 
silicon and SiO~ test wafers as a result of decomposit ion 
of the resist. An increase in the O2 concentration would 
facilitate removal of carbon by formation of CO and CO~. 
The etch rates of resist, as high as 100 nm/min, are compa- 
rable to those obtained by RIE (9). Also of importance is 
the selectivity in etch rates between polysilieon and the 
resist. At 75% 02, this ratio is 0.14, indicating that a mini- 
mum polysilicon thickness of 0.14 ~m is necessary to pre- 
vent erosion of the bottom resist. 

The etch rates of the resist, polysilicon, and SiO2 also 
increase linearly with increasing accelerating voltage at 
constant (75%) O.~ concentration, as illustrated in Fig. 3. 
The slopes of these curves are 9, 7, and 16 x 10 -0 
/xm]min/eV for polysilicon, SiO2, and resist, respectively. 
The small changes in etch rates are consistant with phys- 
ical sputtering under argon ion bombardment  in which 
sputter yield increases at a slow rate above 300 eV and ac- 
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Fig. 3. Resist etch rate vs. accelerating voltage 
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Fig. 4. Resist profile after reactive ion etching 

tually decreases above 104 eV (12, 13). At 1000V, the poly- 
silicon/resist selectivity is 0.18. 

The slopes of the curves in Fig. 2 are 9, 2, and 76 x 10 -5 
~m/min for each percentage point increase in O~ for poly- 
silicon, SiOz, and resist, respectively. This order of magni- 
tude enhancement in resist etching over polysilicon and 
SiO~ is compared to only a factor of 2 increase vs. voltage 
in Fig. 3. 

The experimental observations in this study are a result 
of combined chemical etching and physical sputtering of 
the resist material. Chemical etching predominates. It is 
apparent that resist etch rates increase linearly with in- 
creasing O2, even though no Ar was injected into the gun 
while O2 was injected into the chamber. This indicates 
significant baekstreaming of the O~ into the ion gun 
where it is ionized and accelerated as a beam of oxygen 
ions. 

The physical sputtering component  of the 1350J resist 
etch rate is minimal under these conditions. Indeed, ex- 
trapolation of the resist etch rate curve to 0% O~ in Fig. 2 
yields a sputter rate of only 14 nm/min, compared to etch 
rates of 100 nm/min with 100% 02. 

Another  possible mechanism is ion-enhanced, gas- 
surface chemistry (14). Although neutral oxygen mole- 
cules do not spontaneously react with the resist, they may 
react with ion beam-activated sites. The number  of these 
sites generally increases with energy. Because of the two- 
dimensional structures of resist, however, the collision 
cascade from an incident ion is terminated in this neigh- 
boring chain and the generation of activated sites may not 
be large. It is not possible to determine the contribution 
of this process to the total resist etch rate from these ex- 
perimental conditions, but this mechanism had been 
confirmed by Gels et al. (15) for Clx etching of GaAs. 

Several planar diode PE and RIE systems were evalu- 
ated with respect to tri-level patterning under a variety of 
pressures, gas flows, and power levels using O2 as the re- 
active species. In most cases, a grass-like residue at the 
bottom of the channel, several hundred nanometers thick, 
remained after etching. This is illustrated in Fig. 4. All the 
systems utilized A1 electrodes, and it was determined by 
electron microprobe analysis that A1 was present in the 
residue. It is probable that eroded electrode particulates 
are deposited on the resist and mask further removal. At- 
tempts to cover the A1 electrode with a Teflon layer were 
only partially successful. A comparison of Fig. 1 and 4 
shows that no residue remains after RIBM. Previous stud- 
ies have shown that no material from the ion gun was de- 
tected after ion beam milling with argon (16). 

C o n c l u s i o n  

It has been demonstrated that RIBM is a viable tech- 
nique for high resolution multilevel resist patterning. 
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Highly anisotropic edge profiles result with no undercut- 
ting and no residual deposited materials. 

Manuscript submitted May 23, 1983; revised manuscript 
received April 23, 1984. 
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The Solubility of Chromium in Gallium Arsenide 

M. D. Deal .1 and D. A. Stevenson** 

Department of Materials Science and Engineering, Stanford University, Stanford, California 94305 

ABSTRACT 

The solubility of Cr in GaAs was investigated using well-defined Cr sources selected from specific regions of the 
Cr-Ga-As system and SIMS analysis. Using these sources, maximum solubilities and sohd-liquid distribution coeffi- 
cients were obtained. These results and the ternary information were used as a point of reference for correlating previ- 
ous literature values of Cr solubility. The study of the dependence of Cr solubility upon donor concentration and con- 
current capacitance voltage measurements were used to establish the electrical activity of Cr in GaAs. 

Chromium is intentionally introduced in the growth of 
gallium arsenide (GaAs), both during bulk growth and 
epitaxial layer growth. The purpose of this addition is to 
compensate the electrically active residual defects and 
impurities in order to provide semi-insulating substrates 
for the growth of active layers. As a consequence, there is 
interest in the solubility of chromium (Cr) in GaAs for a 
wide variety of growth and processing conditions. How- 
ever, the failure to recognize that the Cr solubility de- 
pends in  a fundamental  way on the temperature, Cr 
source, and extent of equil ibrium in the system or pro- 
cess has led to considerable confusion. A major source of 
this confusion arises from a failure to consider fundamen- 
tal ternary-phase equilibria principles in the design and 
interpretation of solubility experiments. 

There is good agreement that the maximum solubility 
of Cr in otherwise undoped GaAs at or just  below the 
melting point (1238~ is about 2 • 10 '7 cm -~, as obtained 
from melt  doping in bulk crystal growth (1-3). Values ob- 
tained from liquid-phase epitaxial (LPE) growth by 
Woodard (4) are often quoted as maximum solubilities for 
a specific temperature, without recognizing that these 
LPE solubility values correspond to equil ibrium with a 
specific liquid composition and are not expected to be ei- 
ther a unique solubility for that temperature or the maxi- 
m u m  value. Furthermore, solubilities from these LPE ex- 
periments have been compared to those obtained from 
indiffusion experiments using a pure Cr source in a 
closed ampul (5). However, there are three problems with 
such a comparison: the indiffusions were not performed 
long enough to establish equilibrium; the pure Cr source 
for the diffusion source and the liquid source in the LPE 
are clearly different; and, as noted in Refi(5), the pure Cr 
diffusion source was changing significantly during the 
indiffusion. 

*Electrochemical Society Student Member. 
**Electrochemical Society Active Member. 
IPresent address: American Microsystems, Incorporated, 

Santa Clara, California 95051. 

Further confusion arises from the frequent use of non- 
equil ibrium systems in relation to solubility levels. Mor- 
koc et al. (6) propose a solubility of Cr in GaAs of 1 x 10 TM 

cm -3 at 580~ from molecular beam epitaxy (MBE) 
experiments. This value is orders of magnitude higher 
than any others reported for that temperature. Bonnet  et 
al. (7) state that the solubility limit of Cr in GaAs is 
around 5 x 10 '6 cm -3 (temperature not known) from their 
metal-organic chemical vapor deposition (MOCVD) re- 
sults. Linh et al. (8) point out that their own MBE and 
MOCVD results for Cr solubility differ from each other as 
well as from other reported results. Both these methods 
of layer growth, however, are nonequil ibr ium techniques, 
and are not suitable for equilibrium solubility studies. 
These examples show the lack of concern for equilibrium 
considerations, and especially the ternary-phase relations, 
when measuring and interpreting the Cr solubility in 
GaAs. A major reason for this has been the complete lack 
of information on the ternary Ga-As-Cr system and, in 
fact, misleading information on the Cr-As binary system. 
With recent ternary information on this system (9), how- 
ever, it has been possible to intepret previous solubility 
information and to design new solubility studies. We pre- 
sent an experimental study of Cr solubility in GaAs using 
this phase-equilibria information as a guide. 

Experimental 
General considerations.--The key consideration in de- 

signing the present solubility studies was the recently de- 
termined ternary Cr-Ga-As system (9). A representative 
isothermal section for 800~ is shown in Fig. 1 for XA~<0.5. 
The most significant features of this diagram are: a Cr 
phase is never in equil ibrium with GaAs, there is a broad 
liquid + GaAs~s~ region, and there is a ternary tie triangle 
including a GaAsr phase. The latter two regions are suita- 
ble for Cr sources for solubility; however, it should be 
noted that when temperature is fixed, the remaining de- 
grees of freedom are one and zero, respectively, in accord 
with the Gibbs phase rule. Thus, the solubility should be 
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ident ical  for any points  in the  tie triangle,  such  as points  
D, H, and I in Fig. 1, whereas  point  J in Fig. 1 is in the  
Ga(~) + GaAs<,~ region and will  cor respond  to a specific tie 
line, and the solubil i ty will  differ from that  of  the  tie trian- 
gle source.  

Experimental techniques.--For most  of the  exper i -  
ments ,  the  GaAs used  was Cominco  LEC high  resist ivi ty,  
u n d o p e d  GaAs. A c c o r d i n g  to Cominco,  the  resis t ivi ty  was 
_> 107 ~z cm and the  d is locat ion dens i ty  was  -< 104 cm -2. 
This  mater ia l  was used  in mos t  cases, ra ther  than  Bridg- 
m a n  GaAs, because  of  its ve ry  low impur i ty  level,  wh ich  
is the  reason w h y  it is semi- insula t ing  wi thou t  Cr addi- 
tions. Other  GaAs mater ia l  used  inc luded:  Crystal  
Specia l t ies  u n d o p e d  GaAs (Bridgman);  Hewle t t -Packard  
Te-doped  and u n d o p e d  GaAs (LEC); and Morgan  Semi-  
conduc to r  St-doped GaAs. The  GaAs wafers,  350-400/zm 
thick, were  cut  into app rox ima te ly  1 x 1.5 cm squares.  
Before  anneal ing,  the  squares  were  c leaned  accord ing  to a 
14-step schedu le  which  was des igned  to r e m o v e  particles,  
organic  impuri t ies ,  na t ive  oxides,  and  inorganic  
chemicals .  

The  Cr sources  used  were  appropr ia te  Ga-As-Cr phases  
wh ich  were  m a d e  prior  to the  solubil i ty anneals  by mix-  
ing appropr ia te  amoun t s  of  Cr, Ga, GaAs, and CrAs, and 
anneal ing  these  mix tu res  to establ ish an  equ i l ib r ium Cr 
source.  The  source mater ia l  was then  crushed,  and small  
samples  of  it were  e x a m i n e d  wi th  x-rays to es tabl ish  that  
the  appropr ia te  phases  were  present.  The  ampu l s  used 
were  m a d e  f rom high  pur i ty  quar tz  wi th  a cons t r ic t ion  in 
the  ampu l  to separate  the  powder -source  mater ia l  and the  
GaAs substrate.  The  total  in ter ior  v o l u m e  of the a m p u l  
was ~ 2 ml. A d iagram is shown in Fig. 2. 

I m m e d i a t e l y  after c lean ing  the  GaAs wafer,  the  wafer  
and source  were  p laced  in the  ampul ,  wh ich  was  evacU- 
a ted to ~10 -~ torr, and sealed. The v a c u u m  ins ide  the  am- 
pul  was checked  by a Tesla  coil  before  and after each  an- 
neal. Af ter  anneal ing  the  samples  for the  appropr ia te  t ime  
and tempera ture ,  the  ampu l s  were  q u e n c h e d  in water.  
The  GaAs wafers  were  then  ul t rasonical ly  c leaned  in 
methanol ,  boi led in HC1 to r e m o v e  any loose par t ic les  
and/or  dissolve any prec ip i ta tes  f rom the  surface, and 
then  r insed in i sopropyl  alcohol. The GaAs wafers  were  
then  analyzed by SIMS. 

Composition analyses.--For this work,  a Cameca  " IMS 
3F" SIMS system, at Charles  A. Evans  and Associa tes  
(San Mateo, California), was used. For  Cr in GaAs, an O~ § 
p r imary  b e a m  was used,  wi th  an  energy  of  12.5 keV. The 
beam size was e i ther  75 or  150/~m in d iamete r  (which ras- 
tered out  respec t ive  areas of  250 • 250 or 500 • 500/~m) 
and the  sampl ing  area, cont ro l led  by an apera ture  in front  
of  the  detector ,  was 75 /~m 2 (or 150 ttm2). The usual  pri- 
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Fig. 2. Schematic diagram of the annealing system used for the sol- 
ubility and diffusion experiments. 

mary  b e a m  current ,  wh ich  de t e rmined  the  sput ter ing  
rate, was ~6/~A, resul t ing in a sput ter ing  rate of  ~50 Ms. 

The  convers ion  of  ion in tens i ty  to Cr concen t ra t ion  was 
es tab l i shed  wi th  a cal ibrat ion us ing ion implan ta t ion  of  
Cr and by use of the  As ma t r ix  ion intensi ty  as a refer- 
ence.  At  the  start  of each  set  of analyses,  a " low chro- 
m i u m "  sample  was analyzed by SIMS to de t e rmine  the 
background  level  for that  day. This  was usual ly  ~1 x 1015 
cm -~ and somet imes  less. 

The  t ime- to-depth  convers ion  was de t e rmined  by mea- 
sur ing  the  dep th  of  the  S I M S  crater  af ter  each  analysis  
w i th  a Dektak,  wh ich  uses  a ve ry  sensi t ive stylus to mea- 
sure  step distances,  and then  as suming  that  the  sput ter  
rate is cons tant  t h roughou t  the  profile (conf i rmed by pe- 
r iodical ly  profi l ing of  Ga and/or  As  to es tabl ish that  they  
give cons tan t  concen t ra t ion-dep th  profiles). There  is an 
uncer ta in ty  factor in the  absolu te  dep th  m e a s u r e m e n t  of  
15%. A dep th  m e a s u r e m e n t  t aken  across the ent i re  SIMS 
crater  showed  the cra ter  to be  very  uniform.  Micrographs  
were  also t aken  which  conf i rm that  the  S IMS sput te r ing  
of  GaAs was uniform,  in contras t  to some  mat r ix  materi-  
als, which  do not  sput ter  uniformly.  

Results and Discussion 
Annea ls  of  GaAs wi th  a " D  source,"  as shown  in Fig. 1 

were  pe r fo rmed  at 800~ for 6, 12, and 24h in order  to de- 
t e rmine  the  l eng th  of  t ime  needed  to reach  the  Cr solubil- 
i ty level  in the bulk  of  the  GaAs (i.e., > 4 t tm f rom the  sur- 
face); S IMS Cr profiles indica ted  that  12h was suff icient  
t ime  to establ ish equ i l i b r ium at 800~ The  Cr solubi l i ty  
was thus  de te rmined  to be 3 x 1016 cm -3 (_+ 1.5 x 1016 
cm -3) at 800~ Eigh t  anneals  were  then  done  at that  
t empe ra tu r e  us ing  sources  D, H, I, and J (Fig. 1) for 6, 12, 
or 24h as indica ted  in Fig. 3. As m e n t i o n e d  earlier, accord-  
ing to the  phase  rule  and the  Ga-As-Cr te rnary-phase  dia- 
gram, GaAs samples  in equ i l i b r ium wi th  sources  D, H, 
and I should  have  the same Cr solubility, whi le  a sample  
in equ i l ib r ium wi th  source  J should  be  different,  and 
p robab ly  less. The  S IMS Cr profiles, shown  in Fig. 3, ver-  
ify this. The  bulk  Cr levels  for the  D, H, and I samples  are 
all a round  3 • 1016 cm -3, whi le  that  for J is ~4 x l01~ 
cm -~. (The unusua l  surface  bui ldup  of  Cr is a resul t  of 
surface effects  and does  not  relate to equ i l ib r ium bulk  
solubility.) These  resul ts  conf i rm the  p roposed  ternary- 
phase  d iagram (9) and also conf i rm the  appl icabi l i ty  of 
the phase  d iagram and the phase  rule  for this type  of 
study.  

These  results  exp la in  why  Woodard ' s  solubi l i ty  va lues  
(4) are lower  that  those  obta ined  for sources  D, H, and I; 
his resul ts  are for GaAs in equ i l ib r ium wi th  Ga(l~ whose  
Cr con ten t  is 0.86 a tom percen t  (a/o), which  cor responds  
approx ima te ly  to point  W in Fig. 1. This is to t h e  r ight  of J 
in the  GaAs(st-Ga(l~ reg ion  and hence  one wou ld  e x p e c t  a 
lower  Cr solubi l i ty  in GaAs(~>. 

Solubi l i ty  anneals  were  then  pe r fo rmed  wi th  the  H 
source  at 700 ~ 750 ~ 900 ~ and 1000~ in order  to obta in  the  
t empera tu re  d e p e n d e n c e  of  the  Cr solubi l i ty  for the  
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As is the case with most impurities in semiconductors, Cr 
exhibits retrograde solubility in GaAs; the solubility in- 
creases with temperature above the 670~ eutectic point, 
between CrGa, and GaAs. 

To confirm that the bulk levels reached in the solubil- 
ity experiments correspond to equilibrium conditions, an 
experiment was done in which a GaAs wafer was an- 
nealed at 900~ (with the H source) for a long time (12h) 
and then annealed at 800~ (again with the H source). 
SIMS analysis was done after each anneal with the result- 
ing Cr profiles shown in Fig. 6. As one can see, the bulk 
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Cr level  after the  900~ anneal  (curve A) was at ~8 x 10 TM 

cm -~, the  de te rmined  solubi l i ty  level  for that  t empera-  
ture. The  bu lk  Cr level  after the  subsequen t  800~ anneal  
(curve C) is lower,  ~4 • 10'" cm -'~. Also shown (curve B) 
is the  profile of  the original  800~ solubi l i ty  de termina-  
tion, wi th  a bulk  level  of  3.5 • 10 TM cm-~. This  shows that  
the  same Cr concen t ra t ion  (within expe r imen ta l  error) 
was reached  bo th  f rom above  and f rom below, 
conf i rming  that  it is the  equ i l ib r ium solubili ty.  

F r o m  the  solid solubi l i ty  results,  and f rom the  Ga-As-Cr 
phase  d iagram (specifically, the Cr concen t ra t ion  in the  
Ga-rich l iquid  in equ i l ib r ium with  CrAs(,~ and GaAs~),  the  
d is t r ibut ion  coefficient,  k, of  Cr in GaAs was de te rmined  
for var ious  t empera tu res ;  the  d is t r ibut ion  coeff icient  
equals  [Cr]J[Cr]~, the  solid be ing  GaAs~> and the  l iqu id  be- 
ing Ga/~, These  numbers ,  as well  as the  l iqu id  and solid 
solubi l i ty  values  f rom wh ich  they  were  calculated,  are 
t abula ted  in Table  I. The  d is t r ibut ion  coeff icients  vs. lIT 
are plot ted  in Fig. 7. The  d is t r ibut ion  coeff ic ient  at 800~ 
was also de t e rmined  f rom sample  J (GaAs in equ i l ib r ium 
wi th  J source), and is the  lower  poin t  at 800~ The resul ts  
show that  k does not  va ry  m u c h  with  Cr concent ra t ion;  
even  wi th  a var ia t ion in solubi l i ty  of  an order  of  magni-  
t ude  be tween  J and D, k differed by only a factor  of  two. 
Also plot ted  in Fig. 7 are the  resul ts  of  Woodard  (4), f rom 
his L P E  studies (which are for GaAs(~ in equ i l ib r ium wi th  
a Ga-rich l iquid  of  0.86 a/o Cr concentrat ion) .  These  are 
consis tent  wi th  the resul ts  for h igher  Cr concentra t ions .  
Therefore ,  whi le  the  solubil i t ies  vary as the  total  composi-  
t ion m o v e s  across the  phase  diagram, the  ratio of  solid 
solubi l i ty  to l iquid  solubi l i ty  remains  app rox ima te ly  con- 
stant, as one w o u l d  expec t  for di lute solutions.  In  addi- 
t ion, the  d is t r ibut ion  coeff icients  de te rmined  f rom Cr- 
doped  GaAs crystal  growth,  wh ich  are for t empera tu res  
jus t  be low the me l t ing  poin t  of GaAs, are shown [from 
Ref. (1, 10-13)]. As one  can see, the resul ts  of  the p resen t  
w o r k  fill the  gap nicely  b e t w e e n  the lower  t empera tu re  
resul ts  of  Woodard  for L P E  condi t ions  and the h igher  
t empera tu re  resul ts  f rom bu lk  crystal  growth.  (Note: 
upon  fur ther  examina t i on  of  the  "crysta l  g rowth"  values,  
one observes  the  fo l lowing trend:  the more  Cr in the  melt,  
the  smal ler  the  k value.  This  is a logical  t rend  s ince the  
mel t ing  point  of  GaAs decreases  as the  con ten t  in the 
me l t  increases.  Therefore ,  the  t empera tu res  and the corre- 
spond ing  k va lues  for those  six cases wou ld  be  different.  
Tak ing  this  into account ,  the  six points  should  no t  be  
plot ted  at the same tempera ture ,  but  for decreas ing  tem- 
peratures ,  and wou ld  fol low the  t rend  of  k decreas ing  
wi th  decreas ing  tempera ture . )  

To see if  there  is a d i f ference in Cr solubi l i ty  be tween  
one  type  of u n d o p e d  GaAs and another,  solubi l i ty  anneals  
were  done  us ing GaAs substra tes  f rom different  suppliers  
(Cominco,  Hewle t t -Packard ,  and Crystal  Specialties).  The  
dif ferences  b e t w e e n  the  resul t ing  solubil i t ies  were  wi th in  
the expec t ed  error  of  the  exper iments .  Therefore ,  the  way  
the GaAs is p r o d u c e d  apparen t ly  has no apprec iab le  ef- 
fect  on the  final equ i l i b r ium solubility. 

To see the  effect  of  dop ing  on the solubi l i ty  of  Cr in 
GaAs,  solubi l i ty  anneals  were  pe r fo rmed  at 800~ us ing  
the  H source  in Te-doped  (n-type) GaAs. Af ter  an 18h an- 
neal, 10/~m of the  GaAs was e tched  off  each surface  (us- 
ing  a 16:1:1 H20:H.~O2:H2SO4 solution) to ensure  that  any 

Table I. Distribution coefficient, k, of Cr in GaAs 
(Ga-rich side) 

T [Cr], [Cr]s k 

700~ 0.17 7 x 10 ~ 9 x 10 -7 
800~ 0.16 3 x 10 TM 4.5 x 10 " 
800~  0.05 4 • 10 ~5 2.5 x 10 -~ 
900~ 0.15 9 x 10 ~6 1.2 • 10 -~ 
1000~  0 .12  1.3 • 10 ~T 2.5 • 10 -~ 

[Cr1: Concentration (mole fraction) in Ga-rich liquid. 
[Cr]~: Cr concentration (cm -3) in GaAs. 
k: [Cr]j[Cr]l/4.4 • 1022. 
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surface  artifacts are r e m o v e d  and to r e m o v e  any Te- 
dep le t ion  region caused  by Te outdiffusion.  (However ,  
s ince the  diffusivi ty of  Te at 800~ is ve ry  small,  this was 
not  a problem.)  S IMS analysis  indica ted  a Cr solubi l i ty  of  
8 • 1016 cm -3, a lmos t  th ree  t imes  that  for u n d o p e d  GaAs 
at that  tempera ture .  This  is cons is tent  wi th  the  mode l  of  
Cr as a deep  acceptor  in GaAs (on a Ga site) (14-17), since 
the  p resence  of a donor  usual ly  increases  the  solubi l i ty  of  
an  accep tor  (18, 19), based  on charge  equ i l i b r ium consid-  
erations.  (Likewise,  the  p resence  of another  acceptor  usu-  
ally decreases  the  solubil i ty of an acceptor.)  These  resul ts  
are cons is ten t  wi th  those  of  Brozel  et al. (3), who  found in 
thei r  crystal  g rowth  e x p e r i m e n t s  that  the  Cr solubi l i ty  in- 
creases  wi th  increas ing  Si concentra t ion,  the  Si act ing as 
a donor.  C-V carr ier  concen t ra t ion  measu remen t s ,  us ing 
gold contacts  to the  GaAs surface and a Hewle t t -Packard  
au toma ted  C-V measu r ing  system, were  m a d e  on the  Te- 
doped  sample  bo th  before  and after the Cr indiffusion.  
Before  Cr diffusion, the n- type carrier  concen t ra t ion  was 
3.8 • 1017 cm -3, (consis tent  wi th  the  repor ted  Te dop ing  of  

3 • 1017 cm-~), whereas  after  Cr diffusion, it was 2.4 • 
10 '7 cm -3. This  means  tha t  1.8 • 10 '7 cm -3 carriers were  
c o m p e n s a t e d  by the  ch romium.  If, as p roposed  by Brozel  
et al. (3), the  Cr acts as a double  acceptor  in n- type  GaAs 
wi th  the  donor  concen t ra t ion  greater  than  twice  the  Cr 
concentra t ion,  then  1/2 • (1.8 x 10 '7 ) cm  -3, or  9 x 10 '~ 
cm -3 Cr a toms should  be electr ical ly active.  This  com- 
pares  ve ry  wel l  wi th  the  measu red  8 • 10 '6 cm -3 chro- 
m i u m  (the di f ference is wel l  wi th in  the  expe r imen ta l  er- 
ror). This  means  that  the  bu lk  c h r o m i u m  seen  in the 
SIMS profiles is in solution,  and are not  prec ip i ta tes  or 
clusters.  It  is also good ev idence  of the  accuracy  of  the 
SIMS analysis in this work. 

In  heavi ly  doped  GaAs (n-type), all the  Cr is probably  
ionized (3), and acts l ike a normal  acceptor,  and its solu- 
bil i ty should  increase wi th  an increase in the  n- type dop- 
ing  level.  The  increase in the  Cr solubi l i ty  shou ld  then  be 
g iven  by the  mode l  for the  inf luence of  the  donor  con- 
cent ra t ion  on the acceptor  solubi l i ty  (18-20). 

Cs" ~ Cs' (1 + gn/ni)/(1 + g) I l l  
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where Cs" is the new solubility level, Cs' is the solubility 
in the intrinsic, or undoped case, n is the electron concen- 
tration (due to the doping), ni is the intrinsic carrier con- 
centration, and g is the degeneracy factor, which accord- 
ing to Sze (21), is equal to 1/4 for acceptors in Ge, St, and 
GaAs. Testing this for the case discussed above, at 800~ 
[ni = 7 • 10 TM cm -3 (22)], a Te doping of 3.8 • 10 '7, and an 
intrinsic Cr solubility of 3 x 1016 cm -3, one would predict 
from this equation a new solubility of 6 • 1016 cm -3. The 
actual solubility, from SIMS, is 8 • 10 TM cm -3. A similar 
calculation at 850~ (with the same Te doping), would 
predict a solubility of 8 • 1016 cm -3. A solubility experi- 
ment  was done at 850~ in the same way as in the previ- 
ous case, and the SIMS Cr profile indicated a new solu- 
bility of 9 • 101G cm -3. As predicted, at high temperatures, 
the relative increase is less because ni increases. As a 
first-order approximation, Eq. [1] is adequate. 

A similar experiment was done in n-type St-doped 
GaAs at 800~ for 48h. The exact Si concentration was es- 
t imated to be in the low-to-mid 1017 cm -3, as with the Te 
case, and the results were qualitatively similar. The Cr 
solubility was higher than in the undoped case: 7 • 10 TM 

cm -3 vs. 3 • 1016 cm -3. Even though the donor was on a 
different site (on a Ga site, rather than an As site as is the 
case of Te), the effect was the same, indicating that it is an 
electrical effect, rather than a steric and/or lattice stress 
effect. 

Summary 
The solubility of Cr in GaAs was studied using Cr 

sources that were taken from two types of regions from 
isothermal sections of the Cr-Ga-As system: a ternary tie 
triangle region including Ga~l), GaAscs), and a CrAs cs,; and 
a GaAs (s)-Ga(~/ region. The former values correspond to 
max imum solubilities, whereas the latter correspond to 
tie lines and corresponding distribution coefficiens The 
experimental values of the maximum Cr solubility deter- 
mined for temperatures from 700 ~ to 900~ extrapolated 
nicely to previously reported values of the maximum sol- 
ubili ty of Cr near the melting point of GaAs. Distribution 
coefficients were also determined over the same temper- 
ature range and connect nicely with distribution coeffi- 
cients obtained from liquid-phase epitaxy at lower tem- 
peratures and solubilities obtained from bulk crystal 
growth at higher temperatures. Enhanced solubility in 
Te- and St-doped GaAs in combination with C-V carrier 
concentration measurements confirm the deep double 
acceptor (electron trap) model for Cr in GaAs. 
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The Variation of Physical Properties of Plasma-Deposited Silicon 
Nitride and Oxynitride with Their Compositions 

V. S. Nguyen,*  S. Burton, and P. Pan* 

IBM General Technology Division, Essex Junction, Vermont 05452 

ABSTRACT 

Silicon nitride and silicon oxynitride films with refractive indices varying from 1.60 to 1.95 were deposited on sili- 
con substrates using plasma-enhanced chemical vapor deposition (PECVD) processing. Variation of the film's physical 
properties with composition is examined. Refractive indices, infrared, Auger analysis, and plasma etching of plasma- 
deposited films are studied before and after an annealing cycle. A direct correlation between etch rates and etch 
profiles of the deposited films with their composit ion was observed. Plasma etching, using a 92% CF4 + 8% O2 gas mix- 
ture, showed that the etch rate of oxynitride film increases with hydrogen concentration and- decreases as the oxygen 
content increases. The length of the undercut, i.e., etch profile, depends on the amount of oxygen and hydrogen content 
in the films. Infrared data suggests that silicon oxynitride film with a refractive index of 1.75 is more stable under 
thermal annealing cycles, as compared to other silicon oxynitride films. Ellipsometric measurements showed that film 
thickness and refractive index uniformity are comparable with those of CVD processing. However, Auger depth profile 
analysis revealed poor compositional uniformity in all deposited films, especially at the silicon or silicon dioxide sub- 
strate interfaces. 

Due to the demand for improvement  in integrated cir- 
cuit reliability, increased attention has recently been paid 
to the development  of the final passivation layer which 
protects integrated circuits from contamination (e.g., alka- 
line ions and moisture). Silicon nitride films prepared by 
plasma-enhanced chemical vapor deposition (PECVD) 
processing were found to be a suitable material for final 
passivation. A recent study (1) indicated that converting a 
plasma-deposited silicon nitride to silicon oxynitride by 
introducing oxygen improves thermal stablity, cracking 
resistance, and decreases film stress. In addition, low 
temperature plasma-deposited fihns also have many ap- 
plications in multilayer resist lithography (2), interlevel 
dielectrics for multi level metallization structures (3), and 
as a diffusion mask or photolithographic mask coating. 
However, the use of plasma-deposited films in electric- 
ally active regions of integrated circuits is still very lim- 
ited (4) because the deposition is difficult to control and 
there is limited understanding of film properties. 

In order to improve this situation, we have studied the 
deposition, bonding, composition, and plasma etching 
properties of PECVD silicon nitride and silicon oxy- 
nitride films. It has been reported that some physical 
properties of plasma-deposited silicon nitride are strongly 
dependent  on composition ratio and hydrogen concentra- 
tion (5-8). In this paper, we report the direct correlation 
between etching properties and etch profiles of both 
plasma-deposited (PECVD) silicon nitride and silicon 
oxynitride films with their composition and bonding. 
Fourier transformed infrared (FTIR) and Auger (AES) 
analysis techniques were used to analyze film composi- 
tions and bonding before and after the thermal annealing 
cycle. 

Experimental Procedure 
Films were deposited in a high frequency (13.56 MHz), 

parallel-plate plasma reactor with a ring-type gas injec- 
tion system. The process parameters for the best uniform- 
ity ((r = +3%) silicon nitride deposition are given in Table 
I. Silane and ammonia were used as reactants for this 
deposition process; ammonia instead of nitrogen was cho- 
sen as a reactant gas because it provides better thickness 
and refractive index uniformity. This is due to the compa- 
rable dissociation energy between N-H and Si-H. Helium 
was used as an inert carrier gas; its effect on plasma depo- 
sition has been discussed previously (9) .  Silicon 
oxynitride films were formed by reacting silane, ammo- 
nia, and nitrous oxide under the same process conditions 
as silicon nitride deposition. Nitrous oxide flow rate was 
varied from 8 to 18 standard cubic centimeters per minute 
(sccm) to change the oxygen concentration. The films 

* Electrochemical Society Active Member. 

weredepos i ted  on both bare silicon and thermally grown 
silicon dioxide substrate surfaces. 

Film thickness and refractive index were measured 
using a He-Ne laser ell ipsometer (wavelength = 632.8 nm) 
together with Talystep techniques. FTIR studies were 
performed with 500 nm silicon nitride and silicon 
oxynitride films deposited on bare silicon substrates. 
Background absorption of the substrate was subtracted 
from the spectra to obtain the bulk film spectra. The 
maximum resolution of the spectrometer was 0.5 c m - '  
wavenumber.  Auger analyses for compositional depth 
profiles were performed with 100 nm films on both sili- 
con and silicon dioxide substrate surfaces. The films 
were sputtered by 1 keV Ar + ion to determine the depth 
composition. The detection limit of this tool is 0.5 atomic 
percent (a/o). The films were examined as deposited and 
after annealing in an argon atmosphere for 20 rain at 
1000~ 

The plasma etching experiments  were carried out in an- 
other parallel-plate radial flow etching reactor. The up- 
per electrode is driven with a frequency of 13.56 MHz. 
The ground electrode, 56 cm diam, is temperature 
controlled. The conditions for etching were 0.16 W/cm 2 
RF power, 250 mtorr, and 160 seem total flow using 8% 
02 in CF4. The grounded substrate electrode was tempera- 
ture controlled at 40~ during the process. Etch rates 
were determined as a function of oxynitride composition 
and annealing conditions. Etch rates were calculated 
using a laser interferometry end-point trace, dividing the 
cycle thickness by the t ime required to etch one cycle. 
The formula used to calculate cycle thickness is M2n, 
where k is the wavelength of the laser and n is the film's 
refractive index. 

Scanning electron microscopy (SEM) was used to study 
the etch profiles of photoresist/plasma films/silicon sub- 
strate structure. The etch profiles of plasma-deposited 

Table I. Plasma deposition conditions of silicon nitride 

Condition Value 

Power 300 W (0.12W/cm 2) 
Pressure 1.2 Torr 
Temperature 300~ 
Electrode Spacing 2 cm 
Flow Rates 

- -  Silane (1.8% in He) 1550 sccm 
- -  Ammonia (100%) 90 sccm 
- -  Helium 800 sccm 

Deposition Rate 7 nm/min 
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Fig. 1. Variation of refractive index vs. position of plasma- 
deposited silicon nitride in the parallel reactor. 

films before and after annealing in argon for 20 min at 
1000~ were examined. 

Results and Discussion 
Film deposition.--The results of silicon nitride deposi- 

tion (Fig. 1) show that the film thickness and refractive 
index uniformity are good. The refractive index varied 
from 1.95 to 2.00 within a batch with a deposition rate of 7 
nm/min. 

Figure 2 shows the results of silicon oxynitride deposi- 
tion at various nitrous oxide flow rates ranging from 8 to 
18 sccm. At flow rates of 8, 12, and 18 sccm, the refractive 
indices were 1.85, 1.75, and 1.65, respectively. Silicon 
oxynitride films had relatively good thickness uniformity 
(2~ = 5%) for each batch. The deposition rates of silicon 
oxynitride deposition varied only slightly, from 6~5 to 7 
nm/min. We also used carbon dioxide and diatomic oxy- 
gen gas as oxygen sources for silicon oxynitride deposi- 
tion under the same conditions. However, these oxygen 
sources resulted in poor refractive index (RI = 1.46-2.00) 
and thickness uniformity (2~ = 100%). Nitrous oxide ap- 
peared to be a better oxygen source for silicon oxynitride 
deposition. 

The film uniformity in this PECVD process has been 
attributed to a large penning effect of the helium inert 
carrier gas. We have examined and discussed the extent 
of this effect with various inert carrier gases in PECVD 
processing previously (9). 

1.8 
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Nit rous Oxide Flow Rates: 

8 8corn 

1.4 12 eccm - ] ~ .  
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Wafer  Posi t ion (cm) 

Fig. 2. Variation of refractive index vs. position of plasma- 
deposited silicon oxynitride in the parallel reactor. 

Infrared and Auger analysis.--The IR spectrum of sili- 
con nitride films with a refractive index of 1.95 showed 
the presence of N-H (3350 cm-~), Si-H (2200 cm-~), Si-N 
(850-900 cm-~), and Si-O (1150 and 450 cm -~) (Fig. 3) (10, 
11). No oxygen was detected in this film with AES. This 
indicates that the amount  of oxygen in the film is below 
the detection limit of our measurements (0.5 a/o). The sili- 
con nitride sample was also found to be silicon rich with 
about 28 a/o excess silicon from the stoichiometric ratio 
of Si3N4. Electron spectroscopy for chemical analysis 
(ESCA) data indicated the presence of a Si-(SiD phase in 
this silicon nitride film. Infrared spectra of silicon nitride 
films after annealing showed a marked reduction in the 
intensity of Si-H and N-H bands (Fig. 3a). The data ap- 
pears to be consistent with both nuclear reaction analysis 
profiling and quadrupole mass analysis results (12, 13) of 
the hydrogen content in plasma-deposited silicon nitride 
films as deposited and after annealing. These results in- 
dicate that a significant amount  of hydrogen was evapo- 
rated from the film during the annealing process. One ex- 
pected that the density of as-deposited material is lower 
and the presence of hydrogen (and helium) gas in the 
film is higher than for standard CVD silicon nitride 
films. This explains why the refractive index of silicon- 
rich film is only 1.95. After annealing, a small amount of 
film would typically peel off, probably a result of trapped 
gases. 

Infrared analysis of plasma-deposited silicon oxynitride 
films with the refractive index varying from 1.85 to 1.65 
also showed the presence of N-H, St-H, St-O, and Si-N 
bonds at various intensities (Fig. 3b). However, no O-H 
bond was observed in either plasma-deposited silicon ni- 
tride or oxynitride films. Substantial overlap between 
Si-O and Si-N bands prevented an exact normalized in- 
tensity measurement.  The intensity of the Si-O bands, i.e., 
the number  of Si-O bonds, increased as the film's refract- 
ive index decreased. This result corresponds well with 
our Auger analysis data which indicated the average oxy- 
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gen concentration increased from 2.1 to 35.8 a]o as the 
film's refractive index decreased from 1.85 to 1.65 (Table 
II). The compositional analysis data appear to be consist- 
ent with the reported results of PECVD films with a re- 
fractive index of 1.55 (14). Although positive identifica- 
tion of Si-N-O bonds cannot be confirmed due to band 
overlap, one may expect  that these types of bonds must 
also exist. The IR spectral intensity analysis of Si-H and 
N-H bands indicated that sigrlificantly less hydrogen was 
evaporated from the silicon oxynitride with a refractive 
index of 1.75 during annealing (as compared to other 
plasma-deposited films). 

Auger analyses of all films showed no significant 
change in silicon, nitrogen, or oxygen composit ion after 
the samples were annealed. Furthermore, Auger depth 
profiles showed poor compositional uniformity during 
the first 10-30 nm of deposition for all experimental  
films examined, i.e., the result indicated the presence of 
a two-layer structure. The bottom 10-20 nm layer near the 
substrate interface was more silicon rich than the top 
layer (Fig. 4a-4d). For our typical plasma-deposited sili- 
con nitride films, the ratio of the silicon content in the 
bottom layer to the top was 1.17. These two-layer struc- 
tures are probably a result of the changes in electron 
temperature and density of silane reactive species con- 
centration during the first few minutes of deposition pro- 
cessing. It appeared that more silane was dissociated to 
reactive species and deposited during the first few min- 
utes of operation. The silicon-rich interface appeared to 
be an intrinsic property of plasma-deposited films and a 
direct result of initial transient phenomena observed in 
our PECVD processes. 

Table II. Auger analysis data of silicon nitride and oxynitride films 
Average Atomic 

Percent Composition 

Refractive Silicon Nitrogen Oxygen 
Index 

1,95 71.4 286 0 

1.85 43.7 54.2 2.1 

1.75 31.2 52.3 16.5 

1.65 38.5 25.7 35.8 

1.45 32.9 0 67.1 
(Silicon 
Dioxide) 

Note: No Significant Change 
in Si, N, and O Composition 
Before and After Annealing 

There are several factors that interrelated and enhanced 
each other to prolong the initial transient period in 
PECVD processing, such as the initial variation of RF 
power gas impedance. The RF power required a short pe- 
riod of time to reach its steady state. During this 
transient period, changes in electron temperature and 
density distribution will occur, thus varying the reactive 
species concentrations and the composition of deposited 
films. The reactant and inert carrier gases used in 
PECVD processes have different gas impedance which 
directly affect the electron density and temperature of the 
plasma. During the initial stages of the deposition pro- 
cess, some of the reactant gases are broken down to by- 
products of silane, for example,  SigH,, SiH~, SiH:~, Sill ,  
and Si, and thereby change the total gas impedance. A 
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transient period is required to stabilize the plasma to 
steady state. 

Due to the weaker Si-H bonds of silane as compared to 
N-H bonds of ammonia and N-O bonds of nitrous oxide, 
more silane is broken into reactive species during initial 
transient periods. This will substantially increase the con- 
centration ratio of Si/N reactive species during initial 
transient periods compared to those of steady-state 
plasma. Therefore, more silicon will be deposited on the 
substrate during this period, thus creating the silicon-rich 
interface phenomena in all plasma-deposited silicon ni- 
tride and oxynitride films. In a previous presentation 
(15), we showed a direct correlation between Si-rich inter- 
faces in plasma-deposited films and initial transient phe- 
nomena in PECVD processes. 

Plasma etching.--In pure CF4 plasma under low pres- 
sure and high frequency conditions, reactive fluorine 
atoms (F) and fluorocarbon radicals are produced by 
electron-impact dissociation reaction as follows (16) 

CF4 + e -  ~ CF~ + 2F + e -  [1] 

Other unsaturated species, such as C2F4, are formed in 
secondary reactions between fluorocarbon radicals, espe- 
cially those involved with CF~. In CF4 plasma, both F and 
F2 react with unsaturated species by the following 
reactions 

F + CF2 ~ CF3 [2] 

F2 + CF~ ~ CF3 + F [3] 

F + C~F, --> C~F5 [4] 

F2 + C~F ~ C~F5 + F [5] 

With the addition of oxygen to the plasma, oxygen atoms 
will be generated in the plasma. Both O and O~ will com- 
pete with free fluorine atoms for CF2 by the following 
reactions 

O + CF~ -~ COF2 [6] 

O + CF2 --* CO + F2 [7] 

O2 + CF2 ~ CO2 + F~ [8] 

The addition of oxygen gas in CF4 plasma will then in- 
crease the concentration of reactive fluorine atoms (17). 
In the absence of ion bombardment,  fluorine atoms react 
slowly with SiO2 (18). As we have shown, IR and AES 
data indicate all increased number  of Si-O bonds and oxy- 
gen concentration as the silicon oxynitride film's refract- 
ive index decreases. In terms of bond energy, the relative 
strength of Si-O bonds is greater than that of Si-H, Si-Si, 
and Si-N bonds (11). Films with lower refractive indices 
will etch more like SiO2, which requires ion bombard- 
ment  of the surface for etching at reasonable rates (19-22). 
Under  fixed etching conditions, i.e., the same ion  bom- 
bardment  and reactive species concentrations, films with 
higher oxygen concentration will etch slower. This is con- 
sistent with the film etch rate results shown in Table III. 
A decrease in film refractive index from 1.95 to 1.65 cor- 
responds to a decrease in etch rate for both as-deposited 
and after-annealed films. 

Another factor strongly influencing the etch rate of 
plasma-deposited films is the amount of hydrogen incor- 
porated in the film. Again, in terms of bonding, the Si-H 
is the weakest of the four types of silicon bonds present, 
and therefore has the highest probability of being broken 
by electron and ion bombardment ,  leaving the reactive Si 
sites available for fluorine atoms to attack during the 
plasma-etch process. Thus, in films with a large number  
of Si-H bonds, one would expect a greater number  of re- 
active Si sites and faster etch rates. Films with more hy- 
drogen content are also less dense and more easily 
penetrated by fluorine atoms. This phenomena is ob- 
served in the annealed vs. as-deposited films. The IR 
data indicate a large reduction in the number  of Si-H 
bonds present after anneal, while Auger analysis showed 

Table III. Plasma etching of silicon nitride and oxynitride films 

*Etch ing Condit ions: 

+ Power = 400 watts 
+ Pressure = 250 mmTorr 
+ Flow Rates: 

- CF4 = 147 sccm 

- 02 = 13 sccm (8% 02 in CF4) 

* Etch Rates (Average): 

Film 
As Deposited Annealed Refract ive 

Index (A ~ 1 Minute) (A ~ ! Minute) 

1.95 1950 830 

1.85 2100 520 

1.75 930 400 

1.65 510 370 

LPCVD SI3N 4 200 

no significant change in Si, N, or O composit ion after an- 
nealing. The dramatic decrease in the film's etch rate ob- 
served after annealing is apparently due to loss of hydro- 
gen during the anneal cycle. The loss of hydrogen 
translates to a decrease in the easily activated Si-H sites, a 
denser structure, and possibly more Si-N, Si-O, and Si-Si 
bonds. Low pressure chemical vapor deposition (LPCVD) 
silicon nitride films which contain much less hydrogen 
etched at slower rates of 20 nm/min. 

Etch profiles of the plasma films also vary due to a dif- 
ferent film composition. Figure 5 shows the photoresist- 
plasma film-silicon substrate structure under examina- 
tion. The pictures in Fig. 6a and 7a show the difference in 
etch profile between the unannealed and annealed 
samples with refractive indices of 1.95. A large undercut  
is clearly observed for the unannea]ed sample. Since re- 
active species such as fluorine (F) and unsaturated CF~ 
radicals can etch Si-H sites readily without any ion bom- 
bardment, isotropic etching will occur (23). This isotropic 
mechanism will result in a larger undercut in unannealed 
films where substantial amounts of Si-H and N-H exist. 
As we have previously discussed, the number  of  Si-O 
bonds is significantly higher in the lower refractive index 
film, and films with these types of bonds require ion 
bombardment  to achieve reasonable etch rates. Since ion 
bombardment  is a directional process, higher etch rates 
will be observed in the vertical direction. Films with high 
oxygen concentration, therefore, have more anisotropic 
etching properties and less undercut. This is consistent 
with the observation that the undercut  for silicon 
oxynitride samples with refractive indices of 1.65 (Fig. 6b 
and 7b) are slightly less than that for the silicon nitride 
samples (Fig. 6a and 7a). While substantial improvement  
in the undercut  length was observed for silicon nitride (n 
= 1.95) samples after annealing (Fig. 6a and 7a), no 
significant difference in undercut  profiles was found be- 
tween annealed silicon oxynitride (RI = 1.65) samples 
(Fig. 7b). This indicates a larger influence of oxygen over 
hydrogen in relatively stoichiometric silicon oxynitride 
film. It is therefore possible to obtain a range of desirable 
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Fig. 6. SEM etch profiles of (a, top) PECVD film and (b, bottom) 
PECVD silicon nitride film with refractive index = 1.95. 

etch profiles in plasma-deposited films not only by vary- 
ing the etching conditions (plasma vs. reactive ion etch- 
ing), but  also by varying the film's oxygen and hydrogen 
compositions. 

Conclusion 
Good uniformity silicon nitride and silicon oxynitride 

films with refractive indices varying between 1.60 and 
1.95 were deposited on silicon and silicon dioxide sub- 
strate surfaces using plasma-enhanced chemical vapor 
deposition (PECVD) processing. In terms of uniformity, 
nitrous oxide was found to be a better oxygen source for 
plasma silicon oxynitride deposition. In our previous 
study (9), He was found to be a very efficient carrier gas 
in the plasma compared to other inert gases at low silane 
concentration. 

Infrared and Auger analyses show the films deposited 
under  the described conditions contain significant 
amounts  of hydrogen. Substantial  loss of hydrogen was 
observed after annealing. The concentration of other spe- 
cies, such as St, N, and O, however, remains unchanged. 
Infrared analysis of hydrogen band intensities suggests 
that silicon oxynitride films with a refractive index of 
1.75 are probably more stable during thermal annealing. 
Although ellipsometer measurements showed that film 
thickness and refractive index uniformity are good, Au- 
ger depth profiles revealed poor compositional uniform- 
ity during the first 10-30 nm of deposition for all experi- 
mental  films examined. This nonuniformity is due to the 
variation of electron temperature and silane reactive- 
species concentration during the first few minutes of 

Fig. 7. SEM profiles of (a, top) annealed PECVD silicon nitride film 
with refractive index = 1.95 and (b, bottom) annealed PECVD silicon 
oxynitride film with refractive index = 1.65. 

deposition processing, i.e., the initial transient instability 
in RF power and gas impedances. 

Direct correlation between etching properties of 
plasma-deposited films and their oxygen and hydrogen 
compositions was observed. Under identical etching 
conditions, plasma etch rates of plasma-deposited films 
decreased with decreased hydrogen concentration (upon 
annealing) and with increased oxygen concentration in 
film composition. Variations of etch profiles are also 
found to be directly correlated to hydrogen and oxygen 
concentration. Oxygen concentration appears to have a 
larger influence than hydrogen on etching properties of 
silicon oxynitride. The changes in etch rate and etch 
profiles corresponds Well to the variation of hydrogen 
and oxygen concentration. These changes can be ex- 
plained by the variation of bond energies and the etch- 
rate enhancement  by ion bombardment.  
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Device Processing Aspects of Ion Beam Nitridation 
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ABSTRACT 

Silicon nitride local oxidation masking layers fabricated by low energy n i t rogen ion  implantation into silicon have 
been employed in the fabrication of n-channel silicon-gate MOSFET's. Processing considerations which are unique to 
the application of these very thin (10 nm) silicon nitride films are detailed. The effects of oxygen contamination during 
implantation are described, as are those of subsequent  wafer processing steps such as RCA cleaning and oxygen plasma 
photoresist stripping. It is also shown that resputtered material from the wafer holder can result in iron contamination 
of the resulting silicon nitride films. Finally, we show that careful attention to these possible problems can produce 
transistors with reasonable current-voltage characteristics, as compared to conventionally processed devices. 

The implantation of low energy nitrogen ions into sili- 
con has been shown to result in the formation of a thin 
film of silicon nitride in intimate contact with the under- 
lying silicon. This silicon nitride layer forms a suitable 
mask to prevent oxidation of the underlying silicon dur- 
ing the local oxidation process which is typically em- 
ployed in silicon integrated circuit processing to isolate 
adjacent devices. 

Because no silicon dioxide is present between the sili- 
con and silicon nitride layers, the lateral encroachment of 
silicon dioxide into active device regions (the "bird's 
beak" effect) is minimized (Fig. 1), allowing increased de- 
vice packing densities. In  this paper, we characterize the 
aspects of the implantation process which affect the prop- 
erties of the resulting silicon nitride film when it is em- 
ployed in integrated circuit fabrication processes. 

Experimental 
All samples described in this study were cleaned by the 

RCA procedure (1) prior to nitrogen implantation. Oxida- 
tions were performed either in steam or in burnt  hydro- 
gen. Both 5 and 7.5 cm diam silicon wafers of varying re- 
sistivity were used. Nitrogen implantations were 
performed in a commercial 15 cm diam beam ion mill (2, 
3), with the ion beam incident perpendicular to the wafer 
surface, unless otherwise noted. The ion beam was neu- 
tralized with a hot wire (thoriated tungsten) filament in 
order to avoid surface charging and consequent  nonuni-  

formities in the implanted layer. The samples were 
mounted on a water-cooled stage and rotated within the 
ion beam in order to increase process uniformity. The 
presence or absence of sample cooling did not affect ei- 
ther the film thickness or its oxidation resistance. Silicon 
dioxide film thicknesses were measured using a surface 
profiler, while studies of the composition of the im- 
planted silicon nitride film were performed using Auger 
electron spectroscopy. The fabrication of active transis- 
tors was achieved using a conventional n-channel MOS 
process, except for the local oxidation step. Details of the 
electrical characterization of these devices and process 
parameters will be covered in a subsequent publication. 

Ion Beam Nitridation 
In order to minimize the problems associated with lat- 

eral oxidation, it is necessary to eliminate any silicon di- 
oxide which may be present between the silicon nitride 
layer and the silicon surface. This is achieved by forming 
the silicon nitride layer by nitrogen ion implantation into 
the silicon substrate (4-8). The nitride layer thus formed is 
beneath the silicon surface, its exact position and thick- 
ness being dependent  upon the implantation parameters. 
With a Kaufman-type ion source (9, 10), it is possible to 
achieve nitrogen ion fluences of 8.01 El7 cm -2 in 2 rain. 
(For the commercial ion mill used in this study, the actual 
typical cycle time, including vacuum pump-down and 
venting, is 15 to 20 rain.) 
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Fig. 2. Dependence of silicon nitride film thickness upon implanta- 
tion energy. All implants were performed for 2 min with a 1.0 mA 
cm -2 beam. Auger spectroscopy sputtering rate was approximately 4 
nm/min. 

Fig. 1. Comparison of lateral oxidation during field oxide growth 
for (a, top) conventional deposited silicon nitride mask and (b, bot- 
tom) low energy ion-implanted silicon nitride mask. Samples were oxi- 
dized simultaneously at 1180 K for 320 min. The significant reduction 
of the bird's beak in (b) results from the absence of a silicon dioxide 
layer beneath the silicon nitride mask. 

Because nitrogen can chemically bond to silicon, a sig- 
nificant portion of the incident nitrogen remains in the 
sample after implantation. Typical Auger spectroscopy 
concentration profiles of the resulting films are shown 
in Fig. 2. Essentially no change is observed in these 
profiles after the films have been subjected to nitrogen 
ambient anneals at 750 ~ and 1050~ Although the sput- 
tering rate for nitrogen ions is less than that for argon, 
erosion of the substrate wafer will still occur, as will be 
demonstrated in the following discussion. Thus, the re- 
sult of the nitrogen implan~t ion  process at these low en- 
ergies involves a balance between the implantation and 
erosion processes. 

The variation of silicon nitride film thickness with im- 
plantation energy is shown in Fig. 2. Film thickness is 
found to be relatively insensitive to implantation energy. 
For implantation energies of 1.9-2.1 keV, the resulting sili- 
con nitride film thickness may be estimated at approxi- 
mately 12 nm. This value is comparable to values re- 
ported by Chiu et al. (11). Ellipsometric measurements  of 
as-implanted films yielded parameter values of �9 = 15.4 
and h = 151. Following a nitrogen anneal at 750 ~ or 
1050~ values of �9 = 13.9 and h = 172 were observed. Re- 
duction of these values to yield nitride film thicknesses 
was hindered by the lack of an independently measured 
value for the index of refraction of the nitride film and by 
the presence of a silicon dioxide film at the surface. Simi- 
lar difficulties have been reported by Chiu et al. (11), and 
for nitride films implanted at higher energies, by Tsujide 
and Nojiri (12). The effect of ion beam induced sputter 
erosion upon the silicon is shown in Fig. 3. Here, erosion 
rate data are presented for the case of a 2.1 keV, 1 mA 
cm -2 nitrogen ion beam. The ion beam-induced erosion 

rate for silicon is found to be about 25 nm/min, while that 
for silicon dioxide is about 58 nm/min. These values may 
be compared to the erosion rate observed when 2.1 keV 
argon ions are employed, which is about 76 nm/min for 
both silicon and silicon dioxide. The dependence of im- 
planted layer profile upon incident nitrogen ion dose is 
shown in Fig. 4. Reducing the implantation t ime (and 
therefore the dose) by a factor of 10 to 8.0 El6 cm -2 does 
not change the nitrogen concentration profile. Upon fur- 
ther reducing the implanted ion dose by a factor of ten (in 
this case, by reducing the ion beam current density to 0.1 
mA cm--~), a reduction in the implanted nitrogen profile 
is observed. 

The resistance of these thin silicon nitride layers to 
thermal oxi4alion in steam is shown in Fig. 5. Although 
the silicon nitrJde films successfully mask the growth of 
780 nm of silicon dioxide at 970~ they are completely 
consumed prior to the growth of 420 nm of silicon dioxide 
at 1070~ Using the oxidation model  of Deal and Grove 
(13, 14), one can estimate the time required to grow the 
amounts of silicon dioxide shown in the three cases in 
which the silicon nitride layer was totally consumed. In 
turn, this provides an estimate of the amount  of time re- 
quired to break down the silicon nitride layers them- 
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selves. By then assuming a linear.oxidation rate (5) for the 
silicon nitride layer, this data can be compared with the 
data of Hut et al. (5) and the linear oxidation rates of sili- 
con in both wet and dry ambients (11, 12), as shown in 
Fig. 6. 

The oxidation resistance of  these silicon nitride films is 
also dependent upon their initial impurity content, the 
most obvious contaminant  being oxygen. Oxygen con- 
tamination can arise from trace oxygen content in the ni- 
trogen gas source or from air leaks in the vacuum system. 
The presence of oxygen during implantation results in a 
thinner silicon nitride layer being produced, with a re- 
sulting reduction in oxidation resistance. For example, 
when a partial pressure of 18% oxygen was maintained in 
the ion mill vacuum system during implantation, the sili- 
con nitride layer was consumed after 1.6h of wet oxida- 
tion at 1210 K. This contrasts with a time of 3.2h, which is 
observed when no oxygen is intentionally introduced into 
the system. Conversely, a 40% partial pressure of oxygen 
during implantation reduced this t ime to 1.1h. 

800 

700 T~ I 
! 

600  

v 

5 o o  ;, 

= 400 

7- 300 
J- ;, 
tO,,) / 
'U 200 // 
�9 - -  / 

0 100 
/ 

; 

o ~ 

920 970 1020 1070 

O x i d a t i o n  Temperature (~ 
Fig. 5. Oxidation resistance of implanted silicon nitride films as a 

function of wet oxidation temperature for two sets of samples with 
nominal 450 end 750 nm field oxides, respectively. The crosshatched 
regions represent the resulting amount of silicon dioxide grown in the 
implanted regions following nitride breakdown, while the open regions 
represent the corresponding field oxide thickness. 
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silicon nitride films ossuming on initial film thickness of 10 nm. Also 
shown is the oxidotion rote dota measured by Hui et al. (5), for both 
ion-implonted ( . . . .  ) ond plosma-deposited (----) silicon nitride 
and the linear oxidotion rotes for <11 ]:> silicon ( ), in both 
wet and dry ambients (13, 14). (More recent work by Deol (28[ re- 
ports slightly different oxidotion rotes for < I  I I >  silicon, ond notes 
thot the oxidotion rate for < 1 0 0 >  silicon is o foctor of 1.7 slower for 
both oxygen ond woter vapor ombients.) 

Additional oxygen contamination in these thin silicon 
nitride films can result from the wafer cleaning proce- 
dures employed just  prior to high temperature oxidation. 
Typically, an RCA-type cleaning procedure (1) is em- 
ployed prior to inserting the wafers into the diffusion 
tube. This subjects the thin silicon nitride film to an 
oxidizing agent, hydrogen peroxide. In addition, in many 
cases, the silicon nitride film will have been exposed to 
the oxygen plasmas which are generally used to remove 
photoresist. In either-case, atomic oxygen is available to 
attack the silicon-nitrogen bonds. 

In the case of RCA cleaning, we have found that prop- 
erly prepared basic and acidic cleaning solutions oxidize 
only the surface layers of the nitride films, and thus do 
not normally constitute a major problem. Figure 7 
displays the atomic concentration profiles of  three 
samples which were simultaneously implanted with ni- 
trogen. Figure 7a represents a control sample which was 
not subjected to any subsequent  processing, while each 
sample in Fig. 7b was exposed to one of the RCA solu- 
tions for 10 min. The samples characterized in Fig. 7c 
were not exposed to either of the RCA cleaning solutions, 
but had been exposed to an oxygen plasma for either 15 
or 30 rain. The oxygen plasma is more effective in at- 
tacking silicon nitride, but still leaves a significant 
portion of the silicon nitride film intact. 

In addition to oxygen, carbon is typically detected in 
ion beam-nitrided silicon films. The carbon is detected 
primarily near the exposed surface of the silicon nitride, 
v~ith its concentration dropping off farther into the film. 
The observed carbon profile is similar to that detected 
following argon ion bombardment  of silicon, suggesting 
that it may, in part, result from material adsorbed onto 
the sample surface following nitrogen implantation. The 
carbon profiles do not change as the silicon nitride is oxi- 
dized, which suggests that it is not being driven into the 
silicon subs_trate, and thus may be removed when the sili- 
con nitride layer is removed. 
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A final  sou rce  of c o n t a m i n a t i o n  invo lves  t h e  p l a t e n  on  
w h i c h  t he  s a m p l e  wafers  are  m o u n t e d .  B e c a u s e  t he  ion  
b e a m - n i t r i d a t i o n  p r oce s s  is e ssen t i a l ly  a low e n e r g y  sput -  
t e r i n g  p roces s  in  w h i c h  t h e  i n c i d e n t  ions  " s t i ck"  to  t he  
s u b s t r a t e  b e i n g  b o m b a r d e d ,  t h e r e  is a p o t e n t i a l  p r o b l e m  
as soc i a t ed  w i t h  r e s p u t t e r i n g  of  t he  s u b s t r a t e  h o l d e r  mate -  
rial. In  t he  p r e s e n t  case, t he  wafe r  s u p p o r t i n g  p l a t e n  was 
m a d e  of a l u m i n u m ,  wh i l e  t he  h o l d - d o w n  c l a m p  w h i c h  is 
u s e d  to i m p r o v e  hea t  t r a n s f e r  f rom t he  wafe r s  to t he  
wa te r - coo led  s u b s t r a t e  is f ab r i ca t ed  in s t a in less  steel. 
Thus ,  w h e n .  t he  h o l d - d o w n  c l amp  is used,  i ron,  chro-  
m i u m ,  a n d  n icke l  t r aces  are  d e t e c t e d  in  t he  10 n m  t h i c k  
s i l icon n i t r i de  film. Al te rna t ive ly ,  w h e n  t h e  h o l d - d o w n  
c l a m p  is n o t  used ,  a n d  t he  s u p p o r t  p l a t e n  is n o t  com- 
p le t e ly  cove red  witl~ s i l i con  wafers ,  a l u m i n u m  is de-  
tec ted .  In  e i t he r  case,  p e a k  c o n c e n t r a t i o n s  of  t he  
c o n t a m i n a n t  m e t a l s  c an  r e a c h  severa l  a t o m i c  pe rcen t .  
T h e  c o n t a m i n a n t  d i s t r i b u t i o n s  s h o w n  in Fig. 8 are  typ ica l  
of  t hose  o b s e r v e d  w h e n  t he  s a m p l e  h o l d e r  is no t  coa ted  
w i t h  s i l i con  ni t r ide .  T he  fact  t h a t  t h e  i ron  c o n c e n t r a t i o n  
r e a c h e s  a m a x i m u m  n e a r  t he  s i l icon-s i l icon n i t r i de  inter-  
face is no t  u n d e r s t o o d ,  a l t h o u g h  it  m a y  r e su l t  f r o m  a 
b u i l d u p  of  a re la t ive ly  i ne r t  i ron  n i t r i de  f i lm on  t he  sur- 
face of  t he  s a m p l e  h o l d e r  as t he  n i t r i da t i on  p r o c e s s  con-  
t inues .  Th i s  cou ld  r e d u c e  t he  a m o u n t  of i ron  w h i c h  is 
r e s p u t t e r e d ,  a n d  se rve  to  l ower  the  c o n t a m i n a n t  concen -  
t r a t i o n  nea r  the  sur face  of  the  s i l icon n i t r i de  film. 

Typ ica l  l e a k a g e - c u r r e n t  m e a s u r e m e n t s  for  250 x 250 
~m junction diodes fabricated using both local oxidation 
processes are shown in Fig. 9. The enhanced leakage in 
the case of the ion beam-nitrided devices is not com- 
pletely understood at present, since Wright etching of ion 
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Fig. 8. Auger spectroscopy profile detailing presence of typical 
contaminants, oxygen ( . . . .  ), carbon ( - - - - - ) ,  and, when on 
untreated sample holder is used, iron ( ), which was resputtered 
from the stainless steel platen. Sample was implanted with nitrogen 
(---) at 2.1 keV, 1.0 mA cm -2, for 2 min. Auger spectroscopy sput- 
tering rate was 4.0 nm/min. 

b e a m - n i t r i d e d  reg ions  fo l lowing  local  o x i d a t i o n  does  no t  
revea l  an  i n c r e a s e d  d e n s i t y  of  e t ch  pits,  as c o m p a r e d  to 
s imi la r ly  e t c h e d  s a m p l e s  f ab r i ca t ed  u s i n g  the  conven -  
t iona l  local  ox ida t i on  process .  In  add i t ion ,  n - c h a n n e l  sili- 
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Fig. 9. Comparison of junction diode leakage currents for devices 
fabricated using either ion beam nitridation ( ) or n conven- 
tional local oxidation process (---) during the growth of a 510 nm 
thick isolation oxide film. Diode junction area = 4.4 E4 cm 2. 
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energy of 2.1 keV and a beam current density of 1.0 mA 
cm -2. Some wafers were simultaneously processed using 
a conventional local oxidation process employing 80 nm 
of plasma-deposited silicon nitride on top of a thermally 
grown 60 nm thick silicon dioxide layer. All of the wafers 
were then etched in hot  phosphoric acid to delineate the 
transistor mesa regions, and thermally oxidized at 900~ 
for 280 min in burnt  hydrogen, yielding a field oxide 
layer 690 nm thick. All subsequent  processing was iden- 
tical for both the ion beam-nitrided and conventionally 
processed samples. The goal in this work was to evaluate 
the reduction of device channel width (from W to W',- see 
Fig. 10) resulting from the conventionally local oxidation 
process and any changes in effective device width (W') 
which result from the use of ion beam nitridation. 

Discussion 

As shown in Fig. 2, silicon nitride film thickness is rela- 
tively insensitive to the energy of the implanted nitrogen 
ions. For comparison, the mean range of nitrogen ions im- 
planted into silicon with an energy of 2.1 keV is approxi- 
mately 6.0 nm (15). Essentially doubling the incident ion 
energy is found to increase film thickness by less than 
40%. This relative insensitivity to ion beam energy is pri- 
marily a result of the simultaneous physical erosion of the 
silicon surface due to sputtering. Samples implanted at 
an angle of 45 ~ [the angle for which the sputter erosion 
rate approaches a maximt~m (16, 17)] show a significant 
reduction in nitride film thickness when compared to the 
results shown in Fig. 2. To be sure, implantation at a 45 ~ 
angle will reduce the effective perpendicular range of the 
incident ions by about 30%, but this is not sufficient to 
explain the magnitude of the observed reduction in film 
thickness. Also, we obtain essentially identical Auger 
concentration profiles for samples implanted at angles of 
0.0 ~ 7.0 ~ and 10.0 ~ with respect to normal incidence. 

These observations are confirmed by the data pre- 
sented in Fig. 3, which show an erosion rate of about 25 
nm/min for nitrogen implantation of silicon, as compared 
to a typical erosion rate of about 76 nm/min for argon ion 
bombardment  under the same conditions. Part of this re- 
duction in sputtering rate is a result of the reduced sput- 
tering yield of nitrogen ions as compared to that of argon 

Fig. 10. Plan and cross-sectional views of o typical MOSFET transis- 
tor. Of importance for the present discussion are the channel length, 
L, and width, W, and the change in the latter (to W') which results 
from a change in the size of the device well (from - -  to . . . . . . .  ) 
due to lateral oxidation. 

ions (2), but a substantial amount  of this difference is due 
to the bonding of the incident nitrogen ions into the sili- 
con lattice when they come to rest. By comparison, the 
sputtering rate of silicon dioxide under 2.1 keV argon ion 
bombardment  is also 76 nrrgmin (for a beam current den- 
sity of 1.0 mA cm-2), while the rate for nitrogen ion bom- 
bardment  is about 58 nm/min. In this case, where there is 
less opportunity for the nitrogen atoms to find available 
bonding sites to silicon atoms, the sputtering rate is 2.3 
times higher than that for a silicon substrate. This differ- 
ential etching behavior has been used to develop a novel 
contact window opening process (18), which requires only 
a single photoli thography step. Similar reductions in ero- 
sion rate have been documented for argon ion milling of 
metallic layers in an oxygen ambient (19-21), wherein the 
oxygen bonds to the metal atoms, forming a metallic ox- 
ide surface layer. Effectively, this results in an increase in 
the number  of atoms which must be sputtered from the 
surface in order to remove a given number  of metal 
atoms, and thus the sputtering rate is effectively reduced. 

In addition to being relatively insensitive to implanta- 
tion energy, the nitrogen concentration profile is also in- 
dependent  of the number  of implanted ions, or implanta- 
tion dose, as shown in Fig. 4. Implantation doses as low as 
8.0 E16 cm -~ result in nitrogen profiles which are essen- 
tially identical to those for implantation doses a factor of 
ten lar~er. Further reductions in implantation dose below 
8.0 El6  cm -2, however, result in a reduction of the maxi- 
mum fiitrogen concentration within the films, leaving a 
silicon-rich silicon nitride film. 

The oxidation resistance of these ion beam-nitrided sili- 
con films (Fig. 5, 6) agrees well with the data of Hui et al. 
(5), having an oxidation activation energy of about 2.0 eV. 
The absence of any change in either nitrogen concentra- 
tion profile or oxidation resistance following a nitrogen 
ambient anneal is consistent with results in the literature. 
Hezel and Lieske (7) find no change in Auger spectra fol- 
lowing a nitrogen anneal, although they do observe a 
slight increase in silicon-nitrogen bonding, as measured 
by low energy electron spectroscopy. Similarly, Ramin et 
al. (22) find no change in infrared absorption with anneal- 
ing, although they do observe "slightly improved" oxida- 
tion resistance. The reduction in this oxidation resistance 
as a result of oxygen contamination during implantation 
can be significant, and demonstrates the need for a leak- 
free vacuum system and a low oxygen content nitrogen 
source. A similar concern must be shown for any wafer 
cleaning processes employed while the silicon nitride 
layer' is present. Althgugh a properly performed RCA 
cleaning procedure does not seriously affect the silicon 
nitride layer, we have observed that, if the basic solution 
(hydrogen peroxide and ammonium hydroxide) becomes 
depleted of hydrogen peroxide, the silicon nitride layer 
will be rapidly etched, as will the underlying silicon, by 
the ammonium hydroxide. This is consistent with the ob- 
servations of Kern and Puotinen (1), who point out the 
problem of hydrogen peroxide depletion, and suggest 
l imiting the use of the basic solution to less than 40 rain. 
Finally, it should be noted that although the proper appli- 
cation of typical cleaning processes may not seriously re- 
duce the oxidation resistance of the silicon nitride films, 
the repeated application of these cleaning steps (for ex- 
ample, two exposures to the oxygen plasma as a result of  
poor photolithography results) can consume a major 
portion of the 10 nm thick silicon nitride film. 

The problem of heavy metal contamination, as evi- 
denced by the Auger data in Fig. 8, is potentially fatal to 
any semiconductor  processing technique. However, the 
existing evidence suggests that the most likely source of 
this contamination is the wafer holder assembly. Thus, a 
relatively simple solution to this problem, then, is to coat 
both the hold-down clamp and the platen with a relatively 
inert material, such as plasma-deposited silicon or silicon 
nitride. Although this coating must be periodically re- 
newed, this has essentially eliminated the metal contami- 
nation problem within the detection limits of Auger spec- 
troscopy (less than 1 atomic percent). In addition, 
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transient capacitance measurements  (23) of junction di- 
odes fabricated in ion beam-nitrided device wells show 
no evidence of the relatively well-characterized iron- 
related defect levels (24, 25) in the underlying silicon. 
Thus, although it is necessary to exercise some caution in 
this regard, it appears that the metal contamination prob- 
lem is controllable. 

The effects of local oxidation-induced stress and/or con- 
tamination upon the performance of devices fabricated 
using ion beam nitridation is not well understood. Hui et 
al. (26) have reported enhanced leakage current in diodes 
fabricated using the SILO process with a plasma nitrida- 
tion step, even though (4) they generally detect no in- 
crease in stress-induced defects associated with the use of 
these very thin nitrided-silicon films. Our results, mea- 
sured on 250 • 250 t~m junction diodes (Fig. 10) show 
even larger leakage currents in ion beam nitrided 
samples. At present, we can offer no explanation as to the 
exact origin of the enhanced leakage current, although 
deeply penetrating nitrogen ions which were not removed 
along with the silicon nitride film and/or residual unan- 
nealed implantation damage could produce such effects. 

The photomask set used to fabricate the devices for 
which current-voltage curves appear in Fig. 11, contains 
device patterns with mask dimension channel widths and 
lengths which vary from 4.0 to 10.0 tzm. As shown in Fig. 
10, the conventional local oxidation process results in a 
reduction in the dimensions of the active device well or 
mesa region. Only the channel width of the transistor is 
directly affected by this shrinkage, however, since the 
transistor channel length is determined by the dimension 
of the polysilicon gate. Having a mask set with both varia- 
ble channel lengths (L) and widths (W), then, allows one 
to evaluate the effects of a change in channel width due to 
the local oxidation process used, while allowing for the 
possibility of other variations in photoresist processing or 
polysilicon etching between samples. Such an approach 
is necessary since the device drain current is proportional 
to the ratio of the effective channel width (W') to the effec- 
tive channel length (L). A detailed analysis of the electri- 
cal properties of the devices fabricated in this study, 
using the analysis technique described by Chern et al. 
(27), will appear in a subsequent  publication. These re- 
sults are qualitatively described, however, by the current 
voltage characteristics shown in Fig. 11. For devices of 
similar (W/L) mask dimensions, the electrical characteris- 
tics of the ion beam-nitrided devices are generally similar 
to those which were fabricated using the conventional lo- 
cal oxidation process. Thus the fabrication of active de- 

Fig. 11. Current-voltage characteristics for typical devices fabri- 
cated using either the conventional local oxidation process or ion 
beam nitridation. Data is shown for both narrow (W/L = 4/10 ~m) and 
wide (W/L : 10/10 ~m) devices. In each case, the maximum gate vol- 
tage is 20V. 

vices using the ion beam-nitridation process does result 
in devices with reasonable electrical characteristics. 

Summary 
Ion beam nitridation of silicon using a conventional ion 

milling machine is a quick, efficient way to form a thin 
silicon nitride layer on silicon, which may be employed to 
fabricate active devices with reasonable current-voltage 
characteristics. For typical nitrogen ion beam parameters 
of 2.1 keV acceleration potential and 1.0 mA cm -2 beam 
current density, incident ion doses of 8.0 El7 cm -~ can be 
achieved in 2 min, resulting in the formation of a silicon 
nitride film approximately 10 nm thick. As a result of the 
simultaneous occurrence of implantation and sputter ero- 
sion, this process is very insensitive to variations in the 
implantation process, resulting in uniform, reproducible 
silicon nitride films. In addition, this coincidence of im- 
plantation and sputter erosion can be used to advantage 
in a novel contact opening process. Subsequent  wafer 
processing steps such as RCA cleaning or oxygen plasma 
photoresist stripping can attack the resulting thin film, 
but their effects can be minimized with proper attention 
to the process parameters. Finally, the fabrication of ac- 
tive devices using the ion beam-nitridation process to 
mask the growth of a 690 nm thick field oxide results in 
transistors with reasonable current-voltage characteris- 
tics, being qualitatively comparable to those of devices 
fabricated simultaneously, but using a conventional local 
oxidation process. 
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Germanium Doping of InP Films Grown by Liquid Phase Epitaxy 
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A B S T R A C T  

We have  inves t iga ted  Ge dop ing  at h igh  concent ra t ions  in I n P  films g rown at 648~176 on <100> I n P  by l iquid  
phase  epitaxy.  Hall  m e a s u r e m e n t s  show that  the  carr ier  concen t ra t ion  saturates at - 9  x 10 ,8 cm 3 for a mole  f ract ion of  
Ge in the  l iquid  (XG~ ~) greater  than  0.10. In  the  carr ier-saturat ion regime,  the  Ge concen t ra t ion  in the  solid, as m e a s u r e d  
by secondary  ion mass  spec t roscopy,  increases  super l inear ly  wi th  XGe" Transmiss ion  e lec t ron  mic roscopy  reveals  no pre- 
c ipi ta te  formation.  

In  the  l iquid  phase  ep i taxy  (LPE) of  InP,  t in  is the  usual  
n- type dopant .  For  s t rongly  doped  <100> layers,  how- 
ever,  we  have  recent ly  shown that  t in is not  sui table  (1) 
because  the  carr ier  concen t ra t ion  (ND - NA) saturates  at 
- 6  • 10'8/cm 3. As an a l te rna t ive  n-type dopant ,  germa-  
n i u m  is par t icular ly  a t t ract ive  on account  of  its h igh  pu- 
r i ty and low vapor  pressure.  Ge doping  at h igh  concentra-  
t ions has  rece ived  cons iderab le  a t tent ion  in bu lk  InP  
crystals  g rown  by l iqu id-encapsu la ted  Czochralski  (LEC) 
(2-4), h igh ly  doped  L P E  films, however ,  have  no t  been  
wel l  character ized.  Rosz toczy  et al. (5) g rew Ge-doped  lay- 
ers on <111> B subst ra tes  at a g rowth  t empe ra tu r e  of 
650~176 A l inear  re la t ionship  be tween  (No - NA) and 
XGe ~, the  mole  fract ion of  Ge in l iquid  i nd ium solution,  was 
obse rved  up to Xce' = 0.17, co r respond ing  ~o (ND - N,)  = 
2.6 x 10'S/cm3; the  d is t r ibu t ion  coeff ic ient  was deter- 
m i n e d  to be  k = 0.011. S imi la r  resul ts  were  ob ta ined  by 
Ast les  et al. (6), who  grew layers on <111> A, <111> B, 
and <100> subst ra tes  at ~650~ The dop ing  behav ior  
was essent ia l ly  the  same for all faces: (No - NA) vs. Xoe' 
was l inear  up  to XG~ ~ = 0.10, co r respond ing  to (No - NA) = 8 
• 10'S/cm3; the  der ived  d is t r ibut ion  coeff ic ient  was k = 
0.005. Last,  Kupha l  (7) found  a va lue  of  k = 0.005 for 
<100> layers g rown  at ~700~ the  ranges  of  XGe I and (ND 
- NA) were  not  stated. 

In  this paper,  we  presen t  a detai led s tudy  of  <100> lay- 
ers doped  up to XG, ~ = 0.18. The  layers have  been  charac- 
ter ized by the  fo l lowing  techn iques :  (i) Hall  measure-  
men t s  to de te rmine  the  carr ier  concen t ra t ion  (No - NA), 
(ii) secondary  ion mass  spec t roscopy  (SIMS) to moni to r  
the  Ge concen t ra t ion  in the  solid, cG~ ~ (atoms./cm3), and 
(iii) t ransmiss ion  e lec t ron  mic roscopy  (TEM) to p robe  for 
the  p resence  of  precipi ta tes .  

Experimental  
Since  we have  p rev ious ly  descr ibed  our  expe r imen ta l  

p rocedures  in detai l  (1), we  shall  recap only the  sal ient  
fea tures  here. The  epi taxia l  layers were  g rown  f rom two- 
phase,  indium-r ich ,  solut ions  onto <100>-oriented,  Fe- 
doped,  semi- insula t ing  I n P  substrates.  To min imize  the  
var ia t ion  of  d is t r ibut ion  coeff ic ient  wi th  t empera tu re ,  the  
layers were  de l ibera te ly  g r o w n  over  a nar row t empera tu r e  
interval ,  648~176 at a cool ing  rate of  0.7~ The car- 
r ier  concent ra t ions  in the  epi taxial  layers were  subse- 
quen t ly  de te rmined  by Hall  m e a s u r e m e n t s  in the  van  der  
P a u w  configurat ion;  for rapid,  accura te  data  acquis i t ion,  
a fully compute r -con t ro l l ed  apparatus  was ut i l ized (8). To 
mon i to r  actual  Ge concent ra t ions ,  S IMS dep th  profiles ~ 

~SIMS analysis performed by C. A. Evans and Associates, San 
Mateo, California. 

were  pe r fo rmed  on the  samples;  a Cs § ion  source  was 
used  for sput ter ing,  and  the  mass  72 Ge peak  was moni-  
tored.  Convers ion  of  the  SIMS signal levels  to a tomic  con- 
cent ra t ions  was ach ieved  by compar i son  wi th  signals 
f rom an ion- implan ted  s tandard.  For  T E M  analysis,  a 3 
m m  diam disk was ul t rasonical ly  cut  f rom a wafer.  Af te r  
the  substra te  had beer~ pol i shed  d o w n  to - 2 5  ~ m  wi th  
b romine-methanol ,  a n u m b e r  of  small  holes  were  opened  
up near  the  center  of  the  disk wi th  a je t  pol ish of  bro- 
mine-methanol .  

Results 
In  Fig. 1, we have  p lo t ted  the  room t empera tu r e  values  

of  (No - NA) as a func t ion  of  XGeL [Note that  XGe' has  been  
calcula ted f rom Xce I ~ MGJ(MIn ~ + Mc~), where  MGe and Mtn ~ 
are, respect ively ,  the  n u m b e r  of  moles  of  pure  Ge and 
pure  In  in solution. A di rec t  m e a s u r e m e n t  of  the  solubil- 
i ty of  InP  verif ied that  tl~e d issolved I n P  m a y  be  ne- 
g lec ted  over  the range of  XGe' cons idered  here.] The  back- 
g round  level  in nomina l ly  u n d o p e d  layers was < 1 • 
10~Vcm 3, an order  of  m a g n i t u d e  less than  the  lowes t  inten- 
t ional  dop ing  level.  For  XGe 1 < 0 , 1 0 ,  ( N  D - N A )  increases  lin- 
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Fig. 1. Plot of room temperoture corrier concentrotion ond germonium 
concentrotion as o function of mole froction germonium in liquid. 
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early wi th  XGe~; the ex t rac ted  va lue  of  the d is t r ibut ion  co- 
eff icient  is k = 0.003. [Here, we use the  defini t ion of  k 
found in Ref. (6) and (7).] For  ~(c~ ~ > 0.10, (No -- NA) 
saturates  at --9 • 10Wcm 3. 

Carrier  saturat ion m a y  be induced  by a n u m b e r  of  
causes. The  pr incipal  ones  are: (i) a solubi l i ty  l imit  of  Ge 
in the  l iquid  is at tained,  (it) a solubi l i ty  l imi t  of  Ge in the  
solid is at tained,  (iii) Ge is incorpora ted  into neut ra l  or ac- 
cep tor  sites as wel l  as donor  sites, and (iv) t h e  back- 
g round  acceptor  level  f rom impur i t ies  increases  wi th  XGe 1. 
(More involved  mechan i sms ,  such  as defec t  complexes ,  
may, of  course,  also be  invoked.)  The tr ivial  case, (i), may  
be d i smissed  because  direct  m e a s u r e m e n t  of  the  Ge solu- 
bi l i ty in an InP  solut ion indica ted  that, over  the  whole  
range of  Xce' cons idered  here, the so]ut ions were  
undersa tu ra ted  wi th  respec t  to Ge. 

To dis t inguish  a m o n g  the  remain ing  cases, the  samples  
were  analyzed by SIMS and TEM. First,  wide-f ield SIMS 
scans of three samples ,  wi th  XGe ~ = 0, 0.020, and 0.18, re- 
spect ively,  showed  no signif icant  increase of backg round  
impur i t ies  wi th  increas ing  XGe 1. Second,  the  va lues  of  CGe S 
were  measu red  by SIMS;  they  are plot ted  as a func t ion  of  
XG~' in Fig. 1. For  ~(~e' < 0.10, we see that  cGe ~ var ies  l inearly 
wi th  XGe ~. Within the  accuracy  of  the  SIMS cal ibrat ion ( - a  
factor of  two), there  is genera l  ag reemen t  b e t w e e n  the 
va lues  of  c~e ~ measu red  by SIMS and those  expec t ed  
f rom the  Hall  measurement s .  The  value  of  the distr ibu- 
t ion coeff icient  de r ived  f rom the  SIMS data is k = 0.007. 
In  the  carr ier  sa turat ion regime,  Xc~ ~ > 0.10, the  S IMS re- 
sults  reveal  a cur ious  behavior :  CGe ~ does  not  saturate  but, 
rather,  increases  super l inear ly  wi th  XG, ~. 

S ince  the  SIMS data suggests  the  possibi l i ty  of  precipi-  
tate format ion,  the  mos t  h igh ly  doped  samples ,  wi th  0.06 
-<XG,' - 0.18, were  e x a m i n e d  by TEM. To a reso lu t ion  of  
-20~ ,  however ,  the  T E M  analysis  failed to reveal  any pre- 
cipitates.  Our resul t  is in accord  wi th  the  analysis of  
h ighly  Ge-doped  I n P  g rown  by LEC. Al though  Brown  et 
al. (2) first repor ted  prec ip i ta tes  in bulk  crystals doped  to 
~10Wcm 3, they  later  a t t r ibu ted  the  features in thei r  TEM 
images  to e tch ing  artifacts (9). 

Summary 
We have  inves t iga ted  Ge dop ing  in InP  films g rown  on 

<100> InP  by L P E  over  the  t empe ra tu r e  range 
648~176 The net  carr ier  concent ra t ion  (No - NA) deter- 
m i n e d  f rom Hall  m e a s u r e m e n t s  varies  l inearly wi th  XG,' 
up to ~(C~' = 0.10; the  ex t rac ted  d is t r ibut ion  coeff ic ient  is 
k = 0.003. For  X~' >- 0.10, (ND -- NA) saturates  at - 9  • 
10'S/cm 3. Measuremen t s  by SIMS show that  the  a tomic  
concen t ra t ion  of Ge in the  solid, CG, ~, also varies  l inearly 
w i t h  XGe I up to XGe I = 0 . 1 0 ;  the  va lue  of  k de t e rmined  f rom 
the  SIMS data is 0.007. For  XGe I ~ 0 .1O,  CGe s varies  
super l inear ly  wi th  XGe'. At  low doping  levels,  our  measure-  
men t s  are in reasonable  ag reemen t  wi th  prev ious  work  
(5-7). Our resul ts  for h igh  dop ing  levels,  however ,  do not  
agree wi th  those  of  Rosz toczy  et al. (5), who  found  no evi- 
dence  of carrier  sa tura t ion up to ~(c, ~ = 0.17, co r respond ing  
to (No - DA) = 2.6 x 10Wcm 3. This  d i sc repancy  is p robab ly  
due  to the di f ferences  in the  fo l lowing growth  condi t ions  

wh ich  may  affect dopan t  incorpora t ion  (10-12): (i) sub- 
strate orientat ion,  (it) growth  tempera ture ,  (iii) cool ing 
rate, and (iv) growth  rate. In  our  work,  films were  g rown 
on <100> substrates  at a t empera tu re  of  648~176 and a 
cool ing  rate of  0.7~ the  resul t ing g rowth  rate was 
typical ly  -0 .5  t~m/min. In the  w o r k  of Rosz toczy  et al. (5), 
however ,  films were  g rown  on <111> B subst ra tes  at a 
t empe ra tu r e  of  650~176 and a cool ing rate of  5~ 
(growth rates were  not  given). 

In  conclusion,  then,  our  data  show that, unde r  our  par- 
t icular  g rowth  condi t ions ,  Ge probably  behaves  as a sim- 
ple donor  at low dop ing  levels  (X~e ~ -< 0.10). The  Hall  and 
SIMS measurement s ,  however ,  may  also indicate  dopan t  
incorpora t ion  at a f ixed compensa t ion  ratio. At  high 
dop ing  levels  (XGe I > 0.10), the  m e c h a n i s m  of dopan t  incor- 
pora t ion  is more  c o m p l e x  and not  de termined .  A l though  
the  super l inear  var ia t ion  of  cce S vs. Xce', as measu red  by 
SIMS, is consis tent  wi th  the  nuclea t ion  and growth  of  
prec ip i ta tes  (13), T E M  failed to reveal  precipi tates .  The 
possibi l i ty  of  prec ip i ta tes  not  de tec ted  by TEM must ,  of  
course,  be fur ther  explored .  
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Phosphorus-Doped Polycrystalline Silicon via LPCVD 
I. Process Characterization 
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ABSTRACT 

We have studied the low pressure chemical vapor deposition (LPCVD) process as applied to the preparation of in 
situ phosphorus-doped polycrystalline silicon films. Thickness profiling, electron microprobe, and mass spectrometry 
have been utilized in the characterization of this process. The addition of phosphine (PH3) as the dopant bearing precur- 
sor molecule was found to result in a factor of 25 decay in film growth rates relative to the intrinsic LPCVD process. 
The physical and chemical characteristics of samples prepared in this manner are shown to be a strong function of local 
reactor geometry, with growth-rate variations of a factor of two within a wafe rcommonly  observed. Mass spectrometry 
data is presented supporting the proposal that phosphine passivates the silicon surface, and the implications of this phe- 
nomenon for altering silicon growth kinetics are discussed. A model is presented accounting for the growth-rate varia- 
tions observed within individual wafers, as well as for the sensitivity of the phosphine-doped process to system 
geometry. 

In recent years, as technology has made increasingly se- 
vere demands on the physical uniformity, conformality, 
and chemical homogeneity of materials for use in LSI and 
VLSI devices, significant advances have been made in 
the area of thin film deposition, particularly in the field 
of low pressure chemical vapor deposition (LPCVD) (1-4). 
LPCVD is especially attractive in that one may deposit 
large numbers (-200) of highly conformal, uniform films 
(+- 2%) in a single run. A chemical system where this 
technique works particularly well is the pyrolysis of 
silane (Sill4) to yield intrinsic polycrystalline silicon 
films (I). A logical extension of the LPCVD technique 
would be to the preparation of in situ doped polycrystal- 
line silicon by the introduction of the phosphorus bearing 
precursor phosphine (PH3) into the intrinsic polysilicon 
LPCVD process. This technique offers a great reduction 
in complexity over more conventional doping technol- 
ogies, which in general rely on the Dost-deposition im- 
plantation (5) of dopant, orthe indiffusion of dopant from a 
dopant-rich layer applied to the sample surface (6). Al- 
though in situ doping is straightforward in concept, the 
introduction of silicon/phosphorus chemistry into this 
previously well-characterized technique causes a rapid 
degradation of the LPCVD process, with severe growth- 
rate suppression and film inhomogeneity two primary 
difficulties encountered. In this paper, the first in a set 
of two, macroscopic phenomena observed during the 
LPCVD preparation of in situ phosphorus-doped poly- 
crystalline silicon are discussed. In the second paper of 
this set, a variety of surface science techniques are ap: 
plied to study the microscopic interactions of silane and 
phosphine with silicon surfaces, and thus better under- 
stand the underlying mechanisms responsible for the 
problems observed in this paper. 

Experimental 
Samples were prepared in an LPCVD system con- 

figured as shown in Fig. 1. The LPCVD system consists 
of a 4 in. bore quartz furnace tube, pumped by a Leybold 
Haereus WS150 roots blower backed by a D30AC me- 
chanical pump. An Inficon IQ200 mass spectrometer was 
used to analyze furnace effluent as well as initial process 
gas quality. Source gases supplied to the system were 
silane (Sill4), phosphine (PH3), and argon as an inert 
purge gas. Films were deposited on 2.25 in. diam Si sub- 
strates which had been thermally oxidized to a depth of 
900A, allowing thickness profiling of deposited films 
using interferometry (IBM Film Thickness Analyzer). 
Samples  were placed in the twentieth slot of a 35 wafer 
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carrier, wafers mounted coaxially on 0.16 in. centers. Re- 
maining slots were filled with blanks (wafers not re- 
moved run to run) to maintain carrier symmetry. Silane 
input was 30.0 sccm, with pressure maintained at 100 tLm 
via a pressure feedback loop to a servo-controlled butter- 
fly valve in series with the roots blower. Depositions 
were carried out at 623~ for both the case of pure silane 
and a range of silane/phosphine mixtures. Subsequent  to 
deposition, films were profiled for both thickness (using 
the FTA) and phosphorus content (by electron micro- 
probe). 

Results 
We display in Fig. 2 the sharp contrast between films 

obtained from pure silane (A) vs. those obtained upon the 
addition of 2.5% phosphine (0.75 sccm) to the source gas 
(B). The addition of phosphine to the silane LPCVD pro- 
cess results in the suppression of film deposition rates by 
over an order of magnitude, and is accompanied by the 
onset of severe nonuniformity in thickness of the films 
deposited. The degree of growth rate inhibition as well as 
the uniformity of both film thickness and phosphorus 
content are strong functions of the interwafer spacing, 
and this is displayed, respectively, in Fig. 3 and 4. As the 
spacing upstream of the test wafer is increased, by the se- 
quential removal of blanks immediately upstream, one 
observes a reduction in film thickness variation as well 
as an increase in deposition rate, but both remain at great 
variance to the intrinsic case. In addition, the bulk phos- 
phorus content of the films drops from 3.0% to 1.8% with 
increasing interwafer spacing. Although inferior in uni- 
formity, the phosphorus-doped films were of good qual- 
ity otherwise, with pinhole densities and surface textures 
comparable with their intrinsic counterparts. 

Figure 5 displays mass spectrometry data obtained 
while monitoring furnace effluent during film deposi- 
tions from increasing ratios of phosphine to silane input 
gas at 623~ and 100 tLm pressure. The partial pressure of 
unreacted silane in the reactor exhaust increased discon- 
tinuously by approximately 20% upon the addition of less 

Fig. 1. Schematic of the LPCVD system 
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Fig. 2. Deposition rate profile across a wafer diameter for (A) T~ = 
623~ P = O. ! torr, Sill4 = 30.0 scorn, and (B) as A with PH~ = 0.75. 

than two parts per thousand phosphine to the source gas. 
Above this phosphine level, the concentration of unre- 
acted silane was found to be relatively insensitive to in- 
creased phosphine levels in the source gas. Apart from 
silane, peaks corresponding to a 1.0 ~m partial pressure of 
disilane were also observed in the furnace effluent, al- 
though none was present in the source gas itself. 

Discussion 
During the at tempt to produce phosphorus-doped poly- 

silicon films by LPCVD, two serious process failures 
occurred. The reduction in film deposition rates by a fac- 
tor of 20 results in unacceptably long t ime requirements  
for film deposition, and the lack of physical and chemical 
homogeneity in films so produced renders them unfit 
for use in VLSI technology. We consider first the mecha- 
nism resulting in the severe growth rate suppression. 

To proceed with any form of analysis, it is necessary to 
establish a model  framework for the LPCVD of silicon 
from silane. We propose, as others (7, 8) have, the reaction 
sequence 

SiH4(g) + surface site ~ SiH4(a) [1] 

SiH4(a) --> SiH~(a) + H2(g) [2] 

Sill2 --> Si{~, + H2 [3] 

adsorption, decomposit ion to an intermediate state [the 
silylene (9) radical is a reasonable candidate], followed by 
the evolution of remaining hydrogen, Si incorporation, 
and the structural ordering of the lattice (10). It is unnec- 
essary for the purpose of the following argument to estab- 
lish the rate limiting step in silane LPCVD. However, ex- 
amining the mechanism, we find that reaction [1] is the 
sole point where phosphine could trivially interdict sili- 
con film growth, by preferential adsorption at surface 
sites. Gas-phase chemistry that one might propose 
wherein phosphine consumes silane by some mechanism, 
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thus excluding it from the deposition process, could only 
produce effects of magnitude [PH3]/[SiH4] = 2.5%, insuffi- 
cient to explain the order of magnitude effects we ob- 
serve. The formation of a stable layer of adsorbed phos- 
phine is plausib]e as the presence of a lone pair of valence 
electrons on the phosphine molecule should enable phos- 
p~ine to compete successfully with silane (a fully coordi- 
nated molecule) for available surface sites. One could 
then postulate the nondissociative adsorption of a stable 
layer of pentavalent phosphorus bridging adjoining sili- 
con atoms, while one would have to propose a dissocia- 
tive adsorption scheme for the silane molecule (i.e., hy- 
drogen loss occurs to allow the bonding of silane to the 
surface). In the second paper of this set, we will seek to 
demonstrate the validity of this argument by a detailed 
examination of the interactions of silane and phosphine 
with the silicon surface. 

The second problem encountered upon phosphorus 
doping was the onset of significant inhomogeneit ies in 
films so deposited (Fig. 2 and 3). If  we assume this depo- 
sition process is first order in reactant flux to the silicon 
surface, typical for LPCVD, observed growth-rate pro- 
files (Fig. 3) mirror a steep concentrat ion gradient in the 
active deposition species, having its min imum along the 
furnace axis in the interwafer region. To understand the 
origin of the aforementioned reactant concentration gra- 
dient, it is necessary to determine the role played in this 
process by reactant surface kinetics vs. reactant transport. 

If  a reaction is purely surface kinetic controlled, if 
should result in uniform film deposition, as kinetic con- 
trol is defined to be the case where reactant flux to the 
growth surface greatly exceeds the reaction rates of the 
relevant heterogeneous (surface) chemistry. Thus, 
reactant transport is far more rapid than depletion, and 
reactant concentration is only slowly varying with posi- 
tion in the reactor. Conversely, when heterogeneous reac- 
tion rates are sufficiently rapid such that reactant trans- 
port is the rate limiting step, reactant .concentration is a 
strong function of position within the reactor, as rapid de- 
pletion of the film forming species occurs. Hi tchman (8) 
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calculates that kinetic control dominates the LPCVD pro- 
cess when using a pure silane source, and states the crite- 
ria for uniform deposition (kinetic control) as 

K << D/L, where K = (Q/A)Ln(C(initi~l)/C(fin~l)) 

K is an effective heterogeneous rate constant, where D is 
the diffusion constant of the reactive species, L is the rele- 
vant  system dimension (the wafer diameter is a good 
choice if one desires uniform deposition across this di- 
mension), Q is the volume flow per uni t  time through the 
reactor, A is defined as the total surface area for the reac- 
tion, and C is the reactant concentration. The inequality 
above has been shown (8) valid for the case of silane 
LPCVD, so rather than compute anew the values of all 
terms, it is equally instructive to estimate the effect that 
the introduction of phosphine has on the terms of the ine- 
quality. Upon switching from the undoped to the phos- 
phine-doped process, the quantity D/L remains 
unchanged, as pressure, temperature, and system geome- 
try are unchanged. Taking C as the sllane concentration, 
our mass spectrometry data show C(initial>/C(final) to decrease 
by 20%, as silane consumption declines that amount  upon 
the introduction of phosphine. Upon the addition of phos- 
phine, Q/A is unchanged, as silane flow and system ge- 
ometry are fixed. As defind above, we see K is thus re- 
duced in magnitude as sllane consumption falls off with 
the addition of phosphine. With the inequality above 
satisfied for the case of undoped silane LPCVD, using 
the assumptions just  stated, it remains satisfied for the 
case of phosphorus-doped LPCVD as well. This implies 
that the deposition reaction should remain under  kinetic 
control, with good film uniformity, contrary to experi- 
mental  evidence. 

The aforementioned inconsistency would not have 
come about had the effective heterogeneous reaction rate 
increased greatly upon the addition of phosphine. A 
method for resolving this impasse is to propose that the 
active species participating in film deposition is no 
longer predominantly silane. We have already discussed 
the suppression of silane's heterogeneous decomposition 
chemistry due to phosphine adsorption. Consequently, 
we should now consider the possibility that nominally 
less rapid homogeneous (gas-phase) reactions operating 
in parallel with the surface chemistry may play a more 
prominent  role in the film forming process. 

Utilizing a technique referred to as homogeneous chem- 
ical vapor deposition (HOMOCVD), Scott et al. (11) have 
demonstrated that when one quenches silane's rapid het- 
erogeneous decomposition reactions by depositing on a 
cold (T < 250~ substrate from a heated silane source 
(T~s > 650~ a film may be grown directly from silylene 
(Sill._,) produced by the homogeneous decomposition of 
silane 

SiH4(g) ~ SiH2(g) + H2(g) [4] 

Silylene resu]ting from the pyrolysis of silane is believed 
to then insert into Si-H bonds on the silicon surface, re- 
sulting in silicon deposition. Both homo- and heterogene- 
ous chemistries were shown to operate in parallel, but  the 
more rapid heterogeneous silane decomposition pro- 
cesses dominate film growth unless they are quenched. 
In  the instance of phosphorus-doped LPCVD, heteroge- 
neous silane chemistry is also greatly suppressed, though 
in this case by the preferential adsorption of phosphine 
rather than by cooling the substrate. This effectively in- 
creases the fractional contribution of homogeneous 
chemistry (i.e., deposition from homogeneously gener- 
ated silylene) to the phosphorus-doped LPCVD process. 
Although the presence of adsorbed phosphine would 
quench silane surface chemistry, it would not be ex- 
pected to interdict film growth due to silylene. Blaze- 
jowski and Lampe (12) investigated the insertion of 
silylene into phosphine's  P-H bonds to form monosilyl- 
phosphine 

Sill2 + PH3 --+ SiH~PH2 [5] 

and obtained reaction rate constants roughly equal those 

found for the insertion of silylene into Si-H bonds. Thus, 
the substi tution of P-H bonds for Si-H at the growth inter- 
face in the case of phosphorus-doped LPCVD would not 
be expected to interfere with film growth by silylene in- 
sertion at that surface. Also, in work by Meyerson et al. 
(13), phosphine was used to prepare phosphorus-doped 
films by HOMOCVD, and films were seen to deposit 
somewhat more rapidly in the presence of phosphine, 
leading us to conclude again that phosphine will not de- 
grade the contribution of homogeneous chemistry to the 
silicon growth process. 

In  addition to contributing directly to film growth, 
silylene may also reinsert into silane, producing disilane 
via reaction [6] 

Sill4 + Sill2 --> Si~H,~ [6] 

Thus, a series of homogeneous reactions proceed, produc- 
ing intermediate species such as silylene, disilane, and 
monosllylphosphine. These species are known to be 
highly reactive relative to silane. Sllylene insertion reac- 
tions proceed at near gas kinetic rates (9, 14) (insertion 
rates equal to collisional frequencies), while disilane's in- 
stability relative to silane is well documented (9). Mono- 
silylphosphine was shown (15) to be stable in the gas 
phase at up to 550~ yet it is highly unstable in the pres- 
ence of surfaces, and will decompose to film at ambient  
temperature. Therefore, the homogeneous generation of 
these highly reactive species in the reactor environment,  
in concert with the suppression of silane's heterogeneous 
contribution to the growth process, serves to enhance the 
effective reaction rate constant K. Hitchman, using an 
LPCVD system very similar to ours, obtained values for 
K and D/L of 1.5 and 3.0 x 108, respectively, for silane 
LPCVD, thus satisfying the criteria for uniform deposi- 
tion with K << D/L. If we now view the phosphorus- 
doped LPCVD process as controlled by homogeneously 
generated precursors such as silylene, we must  use the 
appropriate K value, K(s i ly lene) ,  in the inequality. We may 
obtain an order of magnitude estimate of the relationship 
between K(silyiene) and K~s,ane) by noting that Farrow (7) and 
Janai (16) found values of 10 -4 and 10 -6, respectively, for 
the decomposition probability of silane when impinged 
upon a 600~ silicon surface, while silylene reacts with 
near uni ty probability. Thus, we may estimate K(s i ly l ene  ) ~> 

104K(silane). Consequently, K(s i ly l ene  ) ~ 1.5 x 104, i.e., K(s i l y l e ne  ) 
> D/L, and one would expect the rapid depletion of this 
reactant to occur. Reactant transport, therefore, plays a 
major role in controlling the rate of phosphorus-doped 
film deposition, and the concentration of active film pre- 
cursors is a strong function of position within the reactor. 
A similar argument  is possible for disllane, or 
monosilylphosphine, in that they are all highly reactive 
relative to silane, but  silylene is by far the most reactive 
and thus the best example. 

Viewed as a transport-limited deposition process, 
phosphorus-doped silicon LPCVD behaves as expected. 
Depletion of the active species in the interwafer region re- 
sults in film growth rate profiles as shown in Fig. 3. By 
symmetry alone it is apparent that film thickness minima 
will occur along the furnace axis. A variety of methods 
may be employed to qualitatively model (17) the func- 
tional form of the growth rate profiles obtained when 
deposition is carried out under  transport control. In  the 
Appendix, we have conducted a worst case calculation of 
the expected growth profiles for an LPCVD process 
operating in this regime. As expected, our model (see Fig. 
6 and 7) predicts variations in excess of those observed, 
though the results are correct in their qualitative depend- 
ence of both uniformity and growth rate on the interwafer 
spacing. Our calculation allows only for the contribution 
to growth of reactive species generated in the annulus  ex- 
ternal to the interwafer region, as the transport properties 
of these species will determine the uniformity of resulting 
films. The complete process, however, is the sum of sev- 
eral mechanisms operating parallel. A residual contribu- 
tion to deposition by heterogeneous silane decomposition 
is present, as well as the contribution by gas-phase reac- 
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Fig, 6. Geometry of system considered in Appendix (see text) 

tions in the interwafer region itself, and both add uniform 
background deposition rates to the total process. For the 
case of 0.15 in. wafer separation, taking 4 /~/min as the 
background, fitting the model  curve (Fig. 8) at center and 
edge to our data results in reasonable agreement across 
the entire wafer. However, owing to the simplicity of the 
mode], its extension beyond this demonstration cannot 
be made without an independent  measure of  the parame- 
ters utilized in fitting the curve to the data. This requires 
that one obtain spatially resolved data on the various gas- 
eous components of the deposition source, and this tech- 
nology is currently in its infancy. 

We have seen in Fig. 4 that both the phosphorus con- 
tent and its distribution across a given wafer are strong 
functions of wafer spacing. Workers in the field of gas- 
phase kinetics have demonstrated (12) the rapid conver- 
sion of phosphine to the unstable intermediate monosilyl- 
phosphine in the presence of the products of silane 
pyrolysis. Whether the rate of this conversion leads to the 
depletion of phosphine in the interwafer region (see Fig. 
4), or, alternatively, the spatially varying flux of silicon 
bearing species to the growth interface interacts with ad- 
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sorbed phosphine to produce the phosphorus distribu- 
tions observed, we are not at present in possession of 
sufficient data to make a reasonable estimate of the rela- 
tive importance of these potential mechanisms. 

Conclusions 
The intrinsic silicon LPCVD technique is not trivially 

transferable to the preparation of in situ doped 
polycrystalline silicon. The addition of phosphine to the 
well-characterized pure silane LPCVD process results in 
both the suppression of film deposition rates by a factor 
of 20, coupled with a severe degradation of film uniform- 
ity. Our results are consistent with the preferential ad- 
sorption of phosphine at the growth interface, thus inhib- 
iting heterogeneous si]ane decomposition chemistry, 
accounting for the reduction in deposition rates. In the 
second paper we will examine the manner in which silane 
and phosphine compete for available surface sites, and 
therefore further test the conclusion above. 

We observe the onset of severe uniformity problems 
upon the addition of phosphine as a dopant in the silane 
LPCVD process. This difficulty is attributed to the sup- 
pression of heterogeneous silane decomposit ion chemis- 
try, which allows normally secondary homogeneous 
chemical processes to play a role of increased importance. 
The growth rate profiles observed indicate the LPCVD 
process has been shifted into a transport-controlled re- 
gime by the presence of these homogeneously generated 
film precursors. Mass spectrometry provides evidence 
for a 1.0 ~m partial pressure disilane (Si2H~), a highly re- 
active by-product of the homogeneous decomposit ion of 
silane, and thus also supports the presence of its precur- 
sor, silylene (Sill2). We have presented a straightforward 
model  for the limiting case of an LPCVD process 
operating under transport control, and have demon- 
strated how this leads to growth rate profiles such as 
those observed here. 
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APPENDIX 
We will demonstrate the consequences of the presence 

of highly reactive species within the LPCVD reactor envi- 
ronment  by considering the limiting case where the fol- 
lowing conditions are met. 

1. The molecular mean free path exceeds the interwafer 
dimension, i.e. molecular flow dominates in the inter- 
wafer region. 
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Table I. Predicted vs .  observed wafer spacing integration over O' yields 

Wafer spacing Variation (observed) Variation (predicted) 

0.15 in. 1.98 30.53 
0.31 in. 1.71 8.08 
0.47 in. 1.54 4.05 
0.63 in. 1.37 2.65 
2.0 in. --  1.10 

2. The reactant under  consideration has a reaction prob- 
ability of unity upon impact with the silicon surface. 

Condition 2 is actually quite reasonable for a reactant 
such as silylene, which is known to insert into Si-H bonds 
at gas kinetics rates (with probability near unity). The 
conditions above will lead to a worst case prediction of 
thickness variations within a wafer undergoing LPCVD 
of an unspecified film, in that deposition is assumed to 
be due solely to species generated in the gas phase, with 
that generation process being rate limiting. 

The large annular  region external to t h e  wafers 
Rrurnace tube > r > Rwarers is taken to be the source of the re- 
active species (reactant Q), which then enters the 
interwafer region and is removed by collisions at sur- 
faces. Consider a flux Fo of reactant Q crossing the differ- 
ential area dA' on the cylindrical surface defined by the 
wafer edges (see Fig. 6), and then striking the lower wafer 
in the region dA. The total flux FT of Q reaching the 
lower wafer is 

f fA F~ , 4~rs--- Y cos fl cos ~ '  dA dA' 

Integrating only over source (primed) terms, we calculate 
the flux of Q as a function of radial position (r = 0.) across 
the wafer. Referring to Fig. 6 

x' R - o- cos O' 
C O S ~  = - -  COS ~' -- 

S S 

where 

s = (0 .2 + R -~ + x 2 - 2o-R cos ~,)u2 

Integration over x yields 

F0 fo"=~ ( R-o-cosO' ) 
8rr ,=0 0.2 + R ~ ~_- -h ~- _- ~-~-~ cos O" RdO' 

F0 /s'=2~ ( R -  0.cos @' ) 
+ 8~-Jo,=o 0.2+R 2_20.Rcos@,  RdO' 

Defining the dimensionless (w.r.t. R) parameters 

0. h 
0.a = -~- and hd - R 

( 1 - o-~ ~ -  h_d ~_ .~ 
flux(o-) ~ F0 1 - ((0.d -~ + h-~2 + 17 - 4od2) "2 / 

In  Fig. 7, we plot flux vs. o- using R = 1.125 in., and h as 
shown. As expected for a worst case calculation, the com- 
puted ratios or- edge growth rate vs. wafer center growth 
rates (see Table I) exceed those observed, but  the qualita- 
tive dependence of both growth rate and deposition uni- 
formity upon wafer spacing is correct. Increased 
interwafer spacing results in both increased net film 
growth rates and enhanced uniformity. As this calcula- 
tion accounts only for those reactant molecules generated 
external to the interwafer region, a uniform background 
deposition rate may be summed with the deposition 
profiles obtained here, reducing the severity of predicted 
inhomogeneity (see Fig. 8 and main text). However, upon 
reaching 2.0 in. interwafer dimension, films are expected 
to vary within • at worst, setting a general upper 
bound on the system dimensions required to produce 
films of adequate uniformity for electronic device pur- 
poses. To obtain other than a limiting case model for the 
LPCVD system is complex, and beyond the scope of this 
paper. As such, we will defer such a calculation to a paper 
to follow. 
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Phosphorus-Doped Polycrystalline Silicon via LPCVD 
II. Surface Interactions of the Silane/Phosphine/Silicon System 
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ABSTRACT 

Secondary ion mass spectrometry (SIMS), low energy electron diffraction (LEED), and Auger electron spectroscopy 
(AES) have been employed to study the interactions of silane (Sill4) and phosphine (PH3) with the Si(100) surface. Phos- 
phine adgorption and desorption were investigated at surface temperatures in the range 25 ~ -< T -< 700~ At ambient  
temperature, phosphine saturated the bare Si(100) surface after 3-5L exposure, and fitting adsorption data to a Lang- 
muir model yields the value s = 1.0 for the sticking coefficient. Phosphine adsorption was found to follow the 2 • 1 pat- 
tern of the underlying silicon. Competitive adsorption experiments set an upper bound of s -< 0.025 for silane adsorption 
under like conditions. The silicon surface was observed to be passivated with respect to silane adsorption by prior expo- 
sure to phosphine, with a layer of preferentially adsorbed phosphine formed which served to preclude subsequent silane 
adsorption. The results obtained here are discussed in the context of their bearing upon the phosphorus-doped low pres- 
sure chemical vapor deposition process. 

In this paper, we will study the interactions of silane, 
phosphine, and the silicon surface, in an effort to under- 
stand in detail the microscopic phenomena leading to the 
order of magnitude suppression of film growth rates dur- 
ing the LPCVD preparation of phosphorus-doped poly- 
crystalline silicon. This phenomena, discussed in the 
first paper of this set, has been observed by others (1, 2). 
Detailed kinetic equations were devised (1) to test the 
consistency of the models proposed, after which novel in- 
ert gas diluents and/or alternative furnace and wafer car- 
rier geometries were studied in an effort to ameliorate the 
difficulties associated with this particular chemistry. In 
modeling such a process kinetically, a limitation is that 
one may demonstrate the model  to be consistent with ob- 
servation, but not necessarily unique. For this reason, we 
pursue an alternative approach, that being the direct ob- 
servation via surface probe techniques, of the interactions 
relevant to the phosphorus-doped LPCVD process. 

Experimental 
We have studied the interaction of silane and phosphine 

with the Si(100) surface using low energy electron diffrac- 
tion (LEED), Auger electron spectroscopy (AES), photo 
emission spectroscopy (PES), and secondary ion mass 
spectrometry (SIMS). The detailed interaction of each 
adsorbate with the surface will be reported separately 
(3, 4), with the emphasis here placed on data relevant to 
the mutual  interaction of these two adsorbates with the 
silicon surface. 

The experiments were conducted in an ultrahigh vac- 
uum (UHV) apparatus, baked, and then pumped to below 
2 • 10 - '~ torr base pressure. A silicon (100) sample was 
cut from a 10 tl-cm n-type silicon wafer, etched lightly in 
HF, then suspended in the sample chamber by Ta clamps 
of low thermal mass such that the sample could be heated 
resistively (using a d c  current). Sample temperature was 
determined by a Chromel-Alumel thermocouple spot- 
welded to the clamps adjacent to the sample. Thermocou- 
ple readings were calibrated from 750 ~ to ll00~ using op- 
tical pyrometry. Overlapping data from pyrometry and 
thermocouple measurements  were found to be in good 
agreement. Once at base pressure, the sample was 
flashed to ll00~ for 15s thermal etching cycles. Surface 
contaminant levels were monitored by in situ AES until 
only negligible residual C or O was detected and LEED 
showed a clear p(2 • 1) pattern, consistent with the bare 
(100) surface. Between sequential adsorption studies, 
600~176 anneals sufficed to return the surface to its ini- 
tial bare state as determined again via AES. Avoidance of 
repeated 1100~ cleaning is desirable to eliminate exces- 
sive thermal etching and accompanying changes in sur- 
face morphology. Controlled exposure of the silicon sur- 
face to PH3 and Sill4 was achieved using calibrated leak 
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valves to bring the system up to preset partial pressures. 
Mass spectrometry was utilized at various stages in the 
experiments  to ensure source purity. All filaments (ion 
gauges and titanium sublimation pumps) as well as ion 
pumping equipment  were turned off during these expo- 
sures to avoid introducing unwanted by-products of gas- 
phase chemistry (such as atomic hydrogen formation at 
the hot filaments) Caused by the aforementioned equip- 
ment. We therefore employed a 170 liter/s turbomolecular 
pump to maintain the system at the desired exposure 
pressure. 

Phosphine adsorption on Si at substrate temperatures 
in the range 25 ~ -< Ts -< 625~ was monitored via observa- 
tion of the 120 eV phosphorus LMM Auger line. Phos- 
phine which had been adsorbed at T = 25 ~ and 550~ was 
removed from the surface by subsequent annealing (1 
rain anneals at each temperature step), observing the evo- 
lution of phosphine using AES. Though suitable for mon- 
itoring phosphine, AES is unable to distinguish silicon 
atoms in adsorbed silane from the bulk silicon. Thus, to 
track silane adsorption we employed static mode SIMS, 
utilizing a 500 eV, 2 mm diam, 1 nA, Ne ~ primary beam 
generated by a differentially pumped ion gun to monitor 
both SiHx § fragments and H § from adsorbed silane, thus 
quantifying the degree of silane surface coverage. The 
competit ive adsorption of silane with phosphine required 
a modified detection scheme, as interference from the H § 
signal of phosphine as well as overlap of several SiI-I~ § 
and PH~ r peaks made silane detection unsure. Conse- 
quently, we substituted fully deuterated silane SiP4 dur- 
ing competit ive adsorption experiments,  and found only 
negligible interference with the D r signal due to H~ ~ 
(H~r/H r - 0.5%), allowing the straightforward detection of 
adsorbed silane in the presence of phosphine. 

Competitive adsorption of silane and phosphine was 
examined in two distinct modes. Initially, the sample was 
exposed to sufficient phosphine concentration (20L) to 
ensure the presence of a phosphine-saturated silicon sur- 
face, subsequent to which SiP4 was introduced into the 
chamber, tracking the displacement of phosphine by the 
SiP4 via the SIMS D r signal. In the second mode, the 
sample was exposed to a 1:10 mixture of PH3/SiD4 at 10 -7 
and 10 -6 torr partial pressures respectively for 100s, ob- 
serving the Si (LMM) Auger line in ratio to the phospho- 
rus (LMM) Auger line. We report our findings in the fol- 
lowing section. 

Results 
Figure 1 displays adsorbate surface coverage as a func- 

tion of exposure for both silane and phosphine when the 
two gases are adsorbed independently on a clean silicon 
surface. It is apparent from the data that the saturation of 
surface sites proceeds to completion far more rapidly for 
phosphine, with the Auger signal saturating after expo- 
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Fig. 1. Phosphine and silane adsorption on the bare Si(100) surface 

sure  to  3-4L (1L ~ 10 -~ torr/1s) of  gas. One  m a y  ca lcu la te  ~ 
a v a l u e  of s = 1.0 for  p h o s p h i n e ' s  s t i ck ing  coeff ic ient  on  
t he  ba re  s i l icon sur face  f r o m  th i s  resul t .  L E E D  p a t t e r n s  
t a k e n  d u r i n g  p h o s p h i n e  a d s o r p t i o n  r e m a i n e d  typ ica l  of  
t h e  u n d e r l y i n g  2 • 1 s i l i con  surface ,  i n d i c a t i n g  t h a t  a n  or- 
d e r e d  a d s o r p t i o n  of  p h o s p h i n e  h a d  occur red .  In  c o n t r a s t  
to  p h o s p h i n e ,  s i lane  a d s o r p t i o n  r eaches  e q u i l i b r i u m  on  a 
far  l o n g e r  t i m e  scale,  b e y o n d  40L e x p o s u r e ,  i n d i c a t i n g  a 
g rea t ly  r e d u c e d  v a l u e  of  s re la t ive  t h a t  for  p h o s p h i n e .  Cal- 
cu l a t i on  of  an  exac t  v a l u e  of  s~,,, , ,  d i r ec t ly  f r o m  a s imp le  
L a n g m u i r  a d s o r p t i o n  s c h e m e  as was  d o n e  for  p h o s p h i n e  
was  no t  pos s ib l e  as s i l ane  a d s o r p t i o n  is d issocia t ive ,  
y i e ld ing  m o r e  t h a n  one  si te  coverage  pe r  m o l e c u l e  ad- 
sorbed .  Ins tead ,  b o u n d s  o n  S(silane) are  set u s i n g  the  
m e t h o d  e l a b o r a t e d  f u r t h e r  on  in  th i s  paper .  

S a t u r a t i o n  va lues  for p h o s p h i n e  sur face  cove rage  were  
o b t a i n e d  over  a r a n g e  of  a d s o r p t i o n  t e m p e r a t u r e s  as dis- 
p l a y e d  in  Fig. 2, a n d  a b r o a d  m a x i m u m  is s een  at  550~ 
S i l ane  a d s o r p t i o n  at  e l eva t ed  t e m p e r a t u r e s  was  avo ided  
as i ts  d e c o m p o s i t i o n  to f o r m  film on  t he  s i l icon sur face  
m i g h t  r e s u l t  in  s a m p l e  m o r p h o l o g y  c h a n g e s  m a k i n g  r u n  
to r u n  c o m p a r i s o n s  inval id .  

In  Fig. 3, AES  da ta  are g i v e n  for the  e v o l u t i o n  of  phos -  
p h i n e  ( a d s o r b e d  at  Ts = 25 ~ a n d  550~ f rom t he  s i l icon 
sur face  as a f u n c t i o n  of  a n n e a l i n g  t e m p e r a t u r e ,  a long  
w i t h  a c c o m p a n y i n g  h y d r o g e n  loss  f rom t he  a d s o r b e d  (at  
Ts = 25~ p h o s p h i n e .  A n  i n t e r e s t i n g  f ea tu re  he re  was  t he  
d i s a p p e a r a n c e  of  t he  h y d r o g e n  s igna l  f r o m  t h e  a d s o r b e d  
p h o s p h i n e  at  a p p r o x i m a t e l y  500~ wh i l e  t he  p h o s p h o r u s  
s igna l  r e m a i n e d  u n c h a n g e d .  I t  is e v i d e n t  t h a t  p h o s p h i n e  
d i s soc ia t e s  at  t he  surface ,  e v o l v i n g  h y d r o g e n ,  a n d  l eav ing  
b o u n d  p h o s p h o r u s  a t o m s  on  t h e  surface.  

D a t a  t a k e n  at  r o o m  t e m p e r a t u r e  for  t he  case  of  
d e u t e r a t e d  s i lane  a d s o r p t i o n  on to  a p h o s p h i n e - s a t u r a t e d  
s i l i con  sur face  d e m o n s t r a t e d  t h a t  s i lane  does  no t  read i ly  
d i sp lace  a d s o r b e d  p h o s p h i n e .  The  D ~ s igna l  f rom n e w l y  
a d s o r b e d  SiD~ fai led to e x c e e d  1.0% of  t he  s a t u r a t i o n  
v a l u e  f o u n d  for  SiD~ a d s o r p t i o n  on  a ba re  s i l icon surface ,  
e v e n  af te r  t he  p h o s p h i n e - c o v e r e d  sur face  was  e x p o s e d  to 
t he  e q u i v a l e n t  of  100 m o n o l a y e r s  s i lane  f lux to t h e  sur-  
face. Hence ,  in  all cases,  t h e  p r e s e n c e  of  a p h o s p h i n e  satu- 
r a t ed  sur face  se rved  to v i r tua l ly  e x c l u d e  t he  s u b s e q u e n t  
a d s o r p t i o n  of  SiD4. 

T h r e e  A E S  spec t r a  are s h o w n  in  Fig. 4; t r ace  A for a 
ba r e  s i l icon surface ,  t r ace  B for  p h o s p h i n e  a d s o r p t i o n  o n  

~Taking the normalized surface coverage as N, d N / d t  = F s ( 1  - 

N), N = 1 - e-~% F = flux in L/s, s = sticking coefficient, and t 
= t ime (s). A semilog plot of (1 - N )  v s .  F s t  yields s for a known 
ftux F. 
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ba re  si l icon,  a n d  t race  C t he  s ignal  o b t a i n e d  f rom the  
c o m p e t i t i v e  a d s o r p t i o n  of  t he  1:10 p h o s p h i n e / s i l a n e  ra t io  
gas  source .  Desp i t e  t he  p r e s e n c e  of  t en  t i m e s  t he  a tomic  
f lux of  s i lane  v s .  p h o s p h i n e  to t he  Si surface ,  t he  phos -  
p h o r u s  A u g e r  p e a k  r eaches  80% of the  va lue  o b t a i n e d  in  
t he  i n s t a n c e  of  p h o s p h i n e  a d s o r p t i o n  on  t he  ba re  s i l icon 
surface .  A s s u m i n g  all o t h e r  spec ies  on  t h e  sur face  are 
d e u t e r a t e d  si lane,  u s i n g  a s t r a i g h t f o r w a r d  L a n g m u i r  ad- 
s o r p t i o n  s c h e m e  we  c o m p u t e  S(silane) ~ 0.025S(phosphine ). AS it  
is p r o b a b l e  t h a t  s i lane  a d s o r p t i o n  is a d i s soc ia t ive  phe-  
n o m e n a ,  t he  va lue  s = 0.025 m u s t  se rve  as a n  u p p e r  
b o u n d  on  s i lane ' s  s t i c k i n g  coefficient ,  as d e u t e r i u m  f reed  
b y  s i l ane ' s  d i s soc ia t ion  m a y  o c c u p y  sur face  s i tes  direct ly,  
l e a d i n g  to a h i g h e r  v a l u e  of  S(~,ne, t h a n  is in  fact  t h e  case. 
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Discussion 
We have determined the. sticking coefficient of phos- 

phine to be greater than 40 times that of silane. We find 
that once phosphine forms an adsorbed layer, its dis- 
placement by subsequent  exposure to silane is extremely 
slow. Additionally, the adsorbed phosphorus is stable on 
the surface at temperatures typical of those at which 
LPCVD operates, although our data indicate the onset of 
hydrogen loss from the adsorbed phosphine above 400~ 
Thus, we have direct evidence for the "poisoning" of the 
phosphorus-doped LPCVD process due to the preferen- 
tial adsorption of phosphine vs. silane, resulting in the 
suppression of heterogeneous silane chemistry that is be- 
lieved (5, 6) dominant  in the silane LPCVD process. Al- 
though our measurements were conducted on the (100) 
silicon crystal face, others (7, 8) have examined the ad- 
sorption of phosphine on Si( l l l ) ,  and the adsorption of 
atomic phosphorus on Si ( l l l )  (93. In all cases, a sticking 
coefficient of near unity was deduced, and the rapid satu- 
ration of the silicon surface was observed. As our results 
are consistent with those for the (iii) orientation, we feel 
it probable that our findings are general for the phos- 
phine/silieon system, rather than specific to a particular 
silicon surface morphology. 

In our earlier work (I0), it was noted that one must 
invoke the presence of reactive intermediates to account 
for the observed film thickness variations. We have 
found here that phosphine, once adsorbed, virtually ex- 
cludes silane from the silicon surface, yet we observed 
(i0) film growth rates as high as 18 ~/min at the edges of 
test wafers�9 With silane's access to the surface sites re- 
duced to the extent our Auger data indicate, growth rates 
approaching 29% of those for undoped silane LPCVD 
cannot be adequately accounted for in terms of heteroge- 
neous silane chemistry. Thus, we must again invoke the 
presence of species, other than silane, which compete 
successfully with phosphine for the silicon surface. 
Though we have a strong existence theorem for the pres- 
ence of such species, and have identified at least one 
such reactant (disilane) via mass spectrometry (I0), in situ 
reactant detection and profiling in the LPCVD environ- 
ment is essential to the further understanding of these 
processes, and will be undertaken shortly. 

The maximum in phosphorus surface coverage ob- 
served at 556~ is attributable to two phenomena. During 
annealing experiments performed on phosphine saturat- 
ed silicon surfaces, hydrogen loss from the surface was 
seen to occur above 400~ (Fig. 3). The hydrogen evolved 
during anneals could originate from two sources. One 
source is adsorbed phosphine, stripped of its hydrogen 
above 4O0~ leaving behind bare adsorbed phosphorus 
atoms in the range 500 ~ < T s < 650~ Additional surface 
thus becomes available as phosphine molecules dissoci- 
ate, allowing higher concentrations of adsorbed phospho- 
rus at temperatures above 400~ Alternatively, hydrogen 
bound directly to the silicon surface due to hydrogen 
transfer from adsorbed phosphine may also evolve, open- 
ing additional sites for phosphine adsorption. Photoemis- 
sion studies failed to detect a significant signal for Si-H 
bonding on the phosphine-covered silicon surface, and 
we therefore believe that little hydrogen (<10% is our de- 
tection limit) is transferred to the surface from adsorbed 
phosphine molecules. Thus, though we cannot exclude 
the possibility that hydrogen removal directly from the 
silicon surface contributes to the maximum in phosphine 
adsorption observed, our failure to observe Si-H bonding 
implies it contributes less than 10% to the effect. Though 
the adsorption of in excess of one monolayer (at T > 
400~ of phosphine would also result in an adsorption 
maximum, the constancy of the bulk silicon Auger peak 
under varying adsorption temperatures indicates that the 
adsorbed phosphine layer does not propagate outward 
from the surface. Above 6O0~ the decrease in phospho- 
rus surface coverage is due to evolution of the atomic 
phosphorus from the surface. We do not believe the dis- 
appearance of the phosphorus AES signal is due to diffu- 

sion of phosphorus into the bulk, as the diffusivity of 
phosphorus in silicon at these temperatures is for our 
purposes negligible (Ii), and we observed no loss of Si 
Auger signal as would have occurred had P diffused into 
the bulk, displacing subsurface silicon atoms. 

The outcome of these experiments has implications for 
the other dopant species one might employ in LPCVD. 
Alternative n-type dopant species for use in LPCVD will 
by definition share the basic electronic structure of phos- 
phine (12), with arsine (AsHa) an example. This similarity 
in valence electron configuration has the expected result, 
i.e., arsine is also observed (2) to severely depress silicon 
growth rates, presumably owing to its preferential ad- 
sorption over silane. All the above assumes the arrival of 
the dopant molecules intact at the growth surface, as gas- 
phase pyrolysis clearly changes the nature of the species 
reaching the surface and thus alters the deposition chem- 
istry. Phosphine (13) is known to be quite stable on the 
temperature/residence time scales in use during LPCVD, 
and we have verified this via mass spectrometry, finding 
no significant decomposition of pure phosphine at 625~ 
Arsine stability has been investigated (14) as it relates to 
gallium arsenide CVD, and it too undergoes negligible de- 
composition on the LPCVD temperature/residence time 
scale. 

Conclusions 
By direct observation of the competition between silane 

and phosphine for adsorption sites on the silicon surface, 
we have verified the formation of a stable layer of ad- 
sorbed phosphorus during the phosphorus-doped 
LPCVD process�9 It has been demonstrated that phos- 
phine, the phosphorus dopant source, has a sticking coef- 
ficient s = 1.0 when adsorbed on the bare silicon (10O) 
surface, while the value for silane under identical condi- 
tions was found to be s -< 0.025. We find that adsorbed 
phosphine will dissociate, evolving hydrogen, at tempera- 
tures below those necessary to desorb phosphorus itself, 
leading to a maxima in phosphorus adsorption at 550~ 
Once adsorbed, phosphine is stable under a silane flux, 
and thus effectively passivates the silicon surface with re- 
spect to heterogeneous silane chemistry and is responsi- 
ble for the suppression of growth rates in the phosphorus- 
doped LPCVD process. 
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ABSTRACT 

The enhancement  by Bi adatoms of the anodic peak for oxidation of HCOOH at a Pt electrode in 0.5M H~SO4 was 
studied as a function of temperature. The results are interpreted on the basis of an increased value of the pre-exponen- 
tial term in the Arrhenius rate equation, which is attributed to an increase in the frequency of the vibrational motion 
leading to desorption of the strongly adsorbed product of the organic oxidation. This increase is concluded to be the di- 
rect effect of the site-to-site surface migration of the freshly deposited Bi adatoms. 

It is well known that the electrochemical oxidation of 
many organic compounds o n  noble metal electrodes in 
aqueous solutions is characterized by rapid fouling of the 
electrode surfaces by the strongly adsorbed intermediate 
and/or final products of the faradaic reactions. These ad- 
sorbed materials, call them "poisons," are desorbed very 
slowly or not at all, and the electrode current decays very 
rapidly for a constant applied electrode potential. The in- 
stantaneous electrode current and total faradaic charge 
which can pass before substantial fouling has occurred 
can be increased significantly by the in situ electro- 
deposition of certain metal adatoms on the electrode sur- 
face. Three prominent explanations for the apparent elec- 
trocatalytic activity of the ad-atoms are reviewed briefly, 
and we offer an alternative explanation based on results 
of a temperature study for oxidation of HCOOH at a Pt 
electrode in 0.5M H2SO~ containing Bi(III). 

Explanations for the Apparent Electrocatalytic Activity 
of Adatoms 

The third-body effect.--This model has as its basis the 
speculation that the strongly adsorbed poisons are 
formed by dimerization of less strongly adsorbed free rad- 
icals, e.g., .COOH in the case of the oxidation of HCOOH, 
on adjacent surface sites. Electrodeposited metal adatoms 
are presumed to be uniformly distributed on the elec- 
trode so as to occupy alternate surface sites. With such an 
arrangement of adatoms, the proximity of adsorbed radi- 
cals is not favorable for the dimerization reaction. Hence, 
a uniform surface coverage by the adatoms of 0.5 mono- 
layer is predicted to yield the maximum catalytic benefit. 
Angerstein-Kozlowska et al. (1), Adzic et al. (2, 3), and 
Motoo and Watanabe (4) have concluded this mechanism 
is operative for adatoms of Hg, Bi, Pb, T1, and Cd in the 
oxidation of HCOOH on Pt electrodes. The metal 
adatoms are referred to as the "third bodies." This model 
does not explain satisfactorily the quantitative differ- 
ences observed in the enhancement  effect of various met- 
als. Furthermore,  it has yet to be proved that adatoms are 
uniformly distributed rather than clustered for surface 
coverages less than the equivalent of one monolayer. 

The suppression of hydrogen adsorption.--This model 
was proposed by Spasojevic et al. (5) for oxidation of 
HCOOH and presumes that the poisons are formed via in- 
teraction of adsorbed H atoms with -COOH radicals. Elec- 
trodeposited metal adatoms inhibit the adsorption of H 
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atoms by site exclusion and thereby decrease the extent  
of the reaction supposed to produce the strongly ad- 
sorbed poisons. Numerous organic oxidations which lead 
to surface fouling occur in regions of electrode potential 
for which the equil ibrium surface coverage by H atoms is 
virtually zero, i.e., E >> E~ a fact which is counter to 
the basic presumption of this model. 

The bi-functional model.--Motoo and Watanabe (6, 7) 
proposed this explanation of the enhancement  effects of 
metal adatoms, which has been applied to the electrocata- 
lysis by the adatoms Sn, Ge, As, and Ru of the oxidation 
of C HaOH, HCHO, and CO on Pt  (6-11). Oxygen atoms or 
oxygen containing species, e.g., the .Ott radical, adsorbed 
on the metal adatoms catalyze the oxidation of organic 
molecules and radicals adsorbed on adjacent surface 
sites. Kock et al. (8) derived a mathematical expression 
based on this model  relating the catalytm currents to the 
free energy of adsorption of oxygen on the metal 
adatoms. The theory was found to be in good agreement 
with experimental  results. This model appears to be con- 
tradicted by data from alkaline solutions for which the 
catalytic current ceases on the positive scan of potential 
when the metal adatoms are oxidized to their insoluble 
oxides. 

An alternate model.--We propose a mechanism which 
in its simplest form is given by Eq. [1]-[3]. In these equa- 
tions, S represents a surface site, R a reactant molecule in 
the diffusion layer, and P the product of the faradaic reac- 
tion which functions as a poison when adsorbed at a sur- 
face site 

S +  R ---> S- -R (adsorption of reactant) [1] 

S - R  --> S - P  + ne (electron transfer) [2] 

S - P  ~ S+P  (desorption of product) [3] 
t 

Desorption of the reaction product (P) from a reaction site 
by reaction [3] is necessary for continuation of the 
faradaic signal. The metal adatoms are concluded to en- 
hance the rate of desorption (k3) in this mechanism. No 
bonding interaction is presumed to occur between the 
adatoms and R or P; consequently, a reaction is not 
shown which involves the direct chemical participation of 
adatoms. The faradaic signal is proportional to the molar 
surface coverage by adsorbed R, ORF=a• as given by 

i = nFAk2~RFmax [4] 

where Fmax is the max imum coverage (mol cm -2) corre- 
sponding to 0R = 1. It is observed that the voltammetric 
response is in the form of an anodic peak and, for the 
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Fig. 1. i-E curves for Pt in 0 .SM 
H:,S04 with and without Bi( l l l ) .  W 
= 4 0 0  rev m in - ' ,  cb = 6 .0  V 
m i n - ' .  Curves: - -  0 . 0 0  /~M 
Bi( l l l ) .  �9 .... 0 . 4 0  F.M B i ( l l l ) , -  . . . .  
2 . 0 / z M  Bi( l l l ) .  
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peak  cur ren t  (i = Ip), a s teady-state  condi t ion  is m o m e n -  
tari ly satisfied. Hence  

d t  - 0  =nFAFma x ~2 ~ -  +0R "dE d t  [5] 

The symbol  r is subs t i tu ted  for the  rate of potent ia l  
scan, (dE~dO, and we  wri te  

k~2 / d0R \ d/~2 a F  [6] 

where  a inc ludes  t he  s y m m e t r y  factor  and the  n u m b e r  of  
e lec t rons  up to and inc lud ing  the ra te -de te rmin ing  step. 

We have  as yet  been  unab le  to obtain  a sat isfactory rig- 
orous  solut ion to the  sys tem of equat ions,  and we p roceed  
ins tead wi th  the a s sumpt ion  that  for a large va lue  of  the  
bu lk  concen t ra t ion  of  R (CRb), the concent ra t ion  of  R at 
the  e lec t rode  surface equa ls  the  bulk  concen t ra t ion  (CR ~ 
CR b) and 0R + 0p ~ 1. The  va lue  of 0H~o is small  bu t  not  zero 
and we  apply  the  s teady-state  approx imat ion  for 0H2o, i.e., 
dOs2o/dt ~ 0, wi th  the resul t  

k 3 -- k30 R + k _ , O  R 
0.~o = [7] 

k l C a  b 

The  t ime  der iva t ive  of  OR is evaluated  which,  toge ther  
wi th  Eq.  [7], yields 

d0~ 
- k3 - k30R - k.20R [8] 

dt  

Equa t ions  [6] and [8] are combined  and the  resul t  is 
so lved  for OR to give 

k3 
O R = 

k2 + k3 - a F r  

Hence,  Eq.  [4] can  be wr i t ten  for the  peak  cur ren t  as 

[9] 

k2k3 
I~ = - n F A F  .... [10] 

k2 + k3 - a F 4 / R T  

The  va lue  of  Ip is e x p e c t e d  to be i n d e p e n d e n t  of  CR b, on 
the  basis of  the  a s sumpt ion  leading to Eq.  [10], as is ob- 
se rved  for large va lues  of  CR b. 

E x p e r i m e n t a l  

Vol tammet r i c  data was obta ined  wi th  a P t  ro ta t ing disk 
e lec t rode  (RDE, 0.43 cmD, Model  P I R  rotator  and Model  
RDE-3 potent ios ta t  (Pine In s t rumen t  Company,  Grove  
City, Pennsylvania) .  The  X-Y recorder  was Model  7035B 
(He/vlet t-Packard).  The  electrolysis  cell  (ca. 500 ml) had a 
double  wall  cons t ruc t ion  for c i rculat ion of the rmos ta t ed  
water  f rom a Model  2095 refr igerated and hea ted  circula- 
t ing ba th  (Forma Scientific,  Incorpora ted ,  Marietta,  
Ohio). Tempera tu re s  were  contro l led  in the  range  10~176 
wi th  a precis ion of •176 All e lec t rode  potent ia ls  were 
measu red  in V vs.  SCE.  

Solu t ions  were  p repared  f rom reagent -grade  chemica l s  
us ing  t r iply dist i l led water .  Solu t ions  of  Bi(III) were  pre- 
pared  f rom Bi(NO3)3. 

R e s u l t s  a n d  D i s c u s s i o n  

C u r r e n t - p o t e n t i a l  c u r v e s . - - T y p i c a l  i-E curves  for P t  in 
0.5M H._,SO4 are shown in Fig. 1 wi th  and wi thou t  added  
Bi(III). B i smu th  ada toms  are depos i ted  at E < ca. 0.5V, 
i.e., over  the ent ire  access ib le  range of  va lues  for wh ich  
p la t inum ox ide  (PtO) is not  p resen t  on the  e lec t rode  sur- 
face. B i s m u t h  ada toms  are oxidized on the  pos i t ive  scan 
to p roduce  the peak  at 0.6V appear ing  on the  w a v e  for 
P tO product ion .  Cadle and Bruckens t e in  (12) demon-  
s trated that  a s ignif icant  f ract ion of  the ox id ized  Bi(III) 
r emains  adsorbed  on the  P t  surface. The  adsorbed  Bi(III) 
is r educed  s imul taneous ly  wi th  reduc t ion  of  PtO on the  
nega t ive  scan, i.e., E = 0AV. The t ranspor t - l imi ted  current  
for the  react ion Bi(IID + 3e -> Bi ~ is 0.2 ~A in 4 x 10-TM 
Bi(III), which  is not  pe rcep t ib le  for the  current  sensi t ivi ty 
r ep resen ted  in Fig. 1. Severa l  cyclic scans are necessary  
to reach  the  r ep roduc ib le  surface coverage  by Bi ada toms  
for this  low concentra t ion,  and the i-E curves  shown are 
the  rep roduc ib le  curves  ob ta ined  after 10-20 repet i t ive  
cycles. 

The  surface coverage  by Bi adatoms,  0m, is conven ien t ly  
de t e rmined  on the  basis of  the decrease  in the ca thodic  
charge  for the  react ion H ~ + e ~ ('H)ad~ in the  potent ia l  
range 0.10 to -0 .25V vs.  SCE. Values of  0m calcula ted  for a 
1:1 subs t i tu t ion  of  Bi  for ('H)~d~ are g iven  in Table  I for 
several  va lues  of  Cbmcm~. 

The ef fec t iveness  of  Bi  ada toms  to enhance  the  anodic  
signals for HCOOH at the  P t  e lec t rode  in 0.5M H~SO4 is il- 
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Table I. Values of Oni for several values of b C Bi(lll) 

b C ~,(m) (~d!4) O~i 

2.0 0.08 
5.0 0.16 

10.0 0.25 
20.0 0.38 
30.0 0.52 
40.0 0.62 

Conditions: W = 400 rev min -~, r = 6.0 V min- ' .  

lus t ra ted  in Fig. 2. In  the  absence  of  Bi(III), the  largest  
peak  signal  is ob ta ined  on the  negat ive  scan of  potent ia l  
(peak D) immed ia t e ly  fo l lowing reduc t ion  of  PtO. The  
p roduc t s  of  the  reac t ion  for peak  D wh ich  remain  ad- 
sorbed  on the  e lec t rode  resul t  in substant ia l  loss of  sur- 
face activity,  and only a ve ry  small  peak  (A) is obta ined  
for ox ida t ion  of  H C O O H  on the  subsequen t  pos i t ive  scan. 
The  adsorbed  organic  poisons  are oxida t ive ly  r e m o v e d  
dur ing  fo rmat ion  of  surface  ox ide  for E > 1.0V. The addi- 
t ion of  Bi(III) to the  solut ion wi th  subsequen t  fo rmat ion  
of  Bi  ada toms  resul ts  in a ve ry  substant ia l  increase  in 
peak  A wi th  only a m o d e s t  effect  on peak  D. Values  of  the  
peak  signals,  Ip.A and I,.o, are shown in Fig. 3 as a func t ion  
of  C%~(H,). Again,  the  i-E curves  in Fig. 2 and the  peak  
va lues  in Fig. 3 co r respond  to the  r ep roduc ib le  data  
ach ieved  after several  cyclic scans of potential .  S ince  the  
adso rbed  p roduc t  for the  ox ida t ion  of  H C O O H  obl i terates  
the  ca thodic  peaks  for fo rmat ion  of  ( . H ) ~  in the  p resence  
or  absence  of  Bi(III), eB~ cannot  be  de te rmined  in the  pres- 
ence  of  HCOOH and  we  can only suppose  tha t  HCOOH 
has a negl ig ible  effect  on 0B~ for a g iven  va lue  of  CbB~(m). On 
this basis, we conc lude  for peak  A that  the  m a x i m u m  en- 
h a n c e m e n t  observed  for ca. 10/~4 Bi(III) cor responds  to 
eB~ = 0.25 (see Table  I). For  0B~ --> 1.0, the  resul tan t  de- 
crease  in surface sites avai lable  for adsorp t ion  of  H C O O H  
is e x p e c t e d  to cause  a decrease  in the  peak  current .  The  
va lue  of Ik,A is observed  to decrease  for C%(m/ > 10/,M. 

The  va lue  of  Ip,o con t inues  to increase for CbB,(m~ exceed-  
ing 10/,M. Because  only a por t ion  of  the  Bi(III) p roduced  
by ox ida t ion  of  Bi ada toms  remains  adsorbed  to the  sur- 
face oxide,  the  va lue  of  0B~ cor respond ing  to peak  D, ob- 
ta ined  immed ia t e ly  after r educ t ion  of  the  surface oxide,  is 
c o n c l u d e d  to be less than  0.25. P rov ided  Bi(III) is electro- 
depos i t ed  at a t ranspor t - l imi ted  rate, i t  is p red ic ted  that  a 
pe r iod  of  app rox ima te ly  15s is r equ i red  to accumula te  a 
0.25-monolayer coverage  by Bi ada toms unde r  the  condi-  
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Fig. 3. Ip,A and Ip,  D as a function of CBi(,m for 0 . 2 5 M  H C O O H  in 
0.SM H2S04. W = 4 0 0  rev m i n - L  ~ = 6 0  V m i n - L  

t ion CbBi(H, = 10/*M and W = 400 rev  min  -~, a s suming  D = 
1 x 10 -~ cm 2 s -X, v - .6  = 2.2 cm ~3 s -~/6 and Fmax = 2 x 10 -9 
tool cm -2. The  t ime  r equ i r ed  for the  appl ied  potent ia l  to 
scan across the region f rom 0.5V, where  peak  D begins  to 
appear ,  to 0.4V, the  peak  potent ia l  for peak  D, is 1.0s for ~b 
= 6.0 V m i n - L  This  is hard ly  sufficient  for 0m to increase 
substant ia l ly  beyond  the va lue  of 0re(n,) character is t ic  of  
the oxid ized  surface for E > 0.6V. 

In  a separate  expe r imen t ,  Bi  ada toms were  depos i t ed  at 
0.0V in the  absence  of  HCOOH. After  several  minutes ,  
H C O O H  was added  to the  cell  and the  potent ia l  scanned  
in the  posi t ive  direct ion.  Very little e n h a n c e m e n t  of  peak  
A was observed  in compar i son  to the  same e x p e r i m e n t  
w i thou t  Bi(III). In  this case, the  e lec t rode  surface had not  
b e c o m e  deac t iva ted  by the  adsorbed  produc t s  of  HCOOH 
oxidat ion,  and, accord ing  to the  three  mode ls  for ada tom 
catalysis  ment ioned ,  the  Bi-ad a toms should  have  re- 
t a ined  their  catalyt ic activity.  Therefore,  we  conc lude  that  
ex is t ing  models  are not  adequa te  and that  it is essential ,  
for observa t ion  of  the  e n h a n c e m e n t  p h e n o m e n o n ,  that  
the  equ i l ib r ium status of  the  Bi ada toms  be  d isar ranged  
per iodica l ly  such as occurs  for cyclic v o l t a m m e t r y  in the  
p resence  of Bi(III). 
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Temperature  e f fects . - -The effect  of  var ia t ion in temper-  
ature was s tudied for 0.25M HCOOH in the  p resence  and 
absence  of  10 ~M Bi(III). At  this h igh  concen t ra t ion  of  
HCOOH,  Iv.A and I,.D are near ly  i n d e p e n d e n t  of  CbHCOOH 
and Eq. [10] is p r e s u m e d  appropr ia te  for descr ib ing  I v. 
The  peak  potent ia l  for peak  A is vir tual ly  u n c h a n g e d  by 
the  addi t ion  of  Bi(III), and the  e n h a n c e m e n t  m e c h a n i s m  
is conc luded  not  to involve  a change  in the  rate of the 
e lec t ron- t ransfer  reaction.  Such  an observa t ion  is consist-  
en t  wi th  Eq. [10], p rov ided  k~ > >  k~ - c~F~/RT. On that  ba- 
sis, we write  

I v = nFAFma~k3 [11] 

The  rate of  desorp t ion  is exp res sed  in the  m a n n e r  

k3 = Z .  exp  { - E ~ j R T }  [12] 

where  Eact, 3 is the  apparen t  act ivat ion energy  for the  reac- 
t ion in Eq. [3] 

in {I,} = in {nFAFmaxZ} - E~ctffRT [13] 

and plots  of In {I,} vs. 1/T (K -~) are expec t ed  to yield a 
s lope of  value  - E ~ J R .  

E x p e r i m e n t a l  resul ts  are shown plot ted  in f'ig. 3 and 4 
and the  resul ts  of  l inear  regress ion analyses  of  the data 
are p resen ted  in Table  II. Large  uncer ta in t ies  are ex- 
pec ted  for the  intercept ,  i.e., In { n F A F ~ Z } ,  because  of the 
ra ther  na r row range of t empera tu res  used  and the large 
ex t rapo la t ion  r equ i r ed  for eva lua t ion  at 1/T -~ O. The dif- 
fe rences  in slope and in te rcep t  for peak  D (negat ive scan) 
are not  s tat is t ical ly s ignif icant  for the  p resence  and ab- 

Table II. Linear regression statistics for data in Fig. 4 and 5 

Slope 10 -3 Eact.3 
Peak Scan Bi(III) Intercept* (K) (kcal/mo1-1) Sv.• 

D neg. absent 10 +- 1 -5.7 • 0.4 11.3 -+ 0.8 0.039 
D neg. present 12 • 5 -6.3 -* 1.4 12.5 +- 2.8 0.149 
A pos. absent -3  • 1 -2.5 • 0.3 5.0 -+ 0.4 0.012 
A pos. present 7 • 3 -5.1 • 0.9 10.1 • 1.8 0.098 

* Confidence intervals calculated at the 90% level. 

sence  of Bi(III). This  observa t ion  is cons is ten t  wi th  our 
earl ier  conclus ion  that  OBi < 0.25 for peak  D even  w h e n  
CbB~,~ = 10 ~M and the  p r imary  m e c h a n i s m  for react ivat-  
ing the  e lec t rode  dur ing  the  negat ive  scan is the  reduc-  
t ion of  surface oxide  i m m e d i a t e l y  prior  to the  appearance  
of  peak  D to p roduce  a r educed  P t  surface  free Of ad- 
sorbed organic  poisons.  

Values  of  s lope and in te rcep t  in Fig. 5 are conc luded  to 
be  stat ist ically di f ferent  for peak  A in the  p resence  and 
absence  of  Bi(III). Of great  s ignificance is the  observa- 
t ion that  the p resence  of  Bi ada toms  actual ly  increases  
ra ther  than  decreases  the apparen t  ac t ivat ion barrier.  The 
expe r imen ta l  real i ty that  Bi ada toms do, in fact, enhance  
the  va lue  of Ip.A is exp la ined  by a substant ia l  increase  in 
the  pre -exponent ia l  par t  (Z) of  Eq. [12], i.e., an increase  of  
a factor  of  ca. 20,000. We in te rpre t  Z in the  usua l  m a n n e r  
as r ep resen t ing  the  f r equency  of  the v ibra t ional  process  
wh ich  leads to the  desorp t ion  reaction.  Correspondingly ,  
the  t e rm exp  { - E a c J R T }  represen ts  the  probabi l i ty  that  a 
s ingle v ibra t ional  even t  wil l  successful ly  lead to desorp-  
tion. We conc lude  that  the  large increase in the  f r equency  
factor for react ion [3] resul ts  f rom the site-to-site surface 
migra t ion  of  f reshly depos i t ed  Bi a toms as they  m o v e  
f rom the  sites of  e lec t rodepos i t ion  to sites of  m a x i m u m  
stability. This  is cons is tent  wi th  the  observa t ion  that  the  
benefi t  of  Bi ada toms  to enhance  the anodic  signal  for 
H C O O H  decays  ra ther  rapidly  wi th  t ime  at a cons tan t  po- 
tent ia l  w h e n  the surface a r r angemen t  of the  Bi ada toms  
has reached  its equ i l ib r ium state. For  enhanced  anodic  re- 
act ions where  the  site h o p p i n g  m e c h a n i s m  is operat ive,  it 
cannot  be expec ted  that  s teady-state  signals will  be ob- 
ta ined  for h y d r o d y n a m i c  e lec t rodes  at cons tan t  potent ial .  

Conc lus ion  
The effect  of  Bi(III) to enhance  the  rate  of  anodic  oxida-  

t ion of  HCOOH at a P t  e lec t rode  in 0.5M H2SO4 dur ing  the 
posi t ive  scan of  e lec t rode  potent ia l  resul ts  f rom a sub- 
stantial  increase in the  f r equency  of  the  v ibra t ional  event  
lead ing  to desorp t ion  of  the  adsorbed  produc t s  of  the  oxi- 
dat ion of  HCOOH rather  than  a decrease  in the  act ivat ion 
barr ier  of  the rate cont ro l l ing  step. Hence,  the  Bi ada toms  
do not  funct ion  in the  role  of  a t rue catalyst  in that  the i r  
p resence  does not  offer an  al ternate  reac t ion  pa thway  
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having a smaller activation energy. Use of the description 
"electrocatalysis" in this case is inappropriate, and we 
have carefully avoided its application to the description 
of the enhancement  phenomenon.  
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Ion-Beam Etching of InP and Its Application to the Fabrication of 
High Radiance InGaAsP/InP Light Emitting Diodes 

Osamu Wada 

Fujitsu Laboratories Limited, 1677, Ono, Atsugi 243-01, Japan 

ABSTRACT 

A novel application of Ar ion-beam etching to the fabrication of microlenses on an InP substrate is described. Bak- 
ing a positive acting photoresist layer was found to facilitate a very reproducible method of forming a spherical mask 
suitable for ion-beam etching. Characteristics of Ar ion-beam etching of InP are studied, and etching parameters such as 
the ion energy, the ion incident angle, and the target supporting technique are optimized for obtaining optically smooth 
etched surfaces. The generation of cones and other microfeatures previously reported on ion-beam-etched InP was com- 
pletely eliminated, through this optimization, by choosing the energy of 1000 eV and the incident angle of 60~ ~ as well 
as introducing a target supporter made of Ti. The geometry of a lens thus formed on an InP substrate was confirmed to 
be a sphere. The present technique was applied to fabricating InGaAsP/InP double heterostructure light emitt ing di- 
odes at the wavelength of 1.3 ~m which have monolithic lenses on the light extraction surfaces. The result showed an 
improvement  in the light power coupled to a standard fiber by a factor as large as 1.8. 

Ion-beam etching or ion milling technique, in which the 
bombardment  of energetic ions such as Ar § is utilized to 
sputter etch the target material, has been applied by now 
to a variety of semiconductor  device as well as integrated 
circuit-fabrication processes. In comparison to wet chem- 
ical etching and other dry etching techniques such as 
plasma and reactive ion etching, the distinct characteris- 
tics of ion-beam etching involve a relatively small mate- 
rial selectivity in the etching rate and an ability of aniso- 
tropic etching with no mask undercut  (1-3). The former 
makes it possible to etch any material even with a multi- 
layer structure such as Ti/Pt/Au to which the application 
of chemical etching would be difficult. The latter charac- 
teristic is the dominant  reason for the use of ion-beam 
etching in the fine pattern formation down to submicron 
dimensions in Si and, more recently, GaAs integrated cir- 
cuits (4), optical waveguide, and grating devices, includ- 
ing distributed-feedback-type (DFB) injection lasers com- 
posed of AIGaAs/GaAs (5, 6) and InGaAsP/InP (7) 
heterostructures. The large area uniformity and the high 
etching depth controllability are also advantages of ion- 
beam etching which realizes the batch processing of 
semiconductor wafers. 

Ion-beam etching can improve the pattern quality and 
complexity when it is applied within the existing semi- 
conductor processes, as mentiond above. However, the 
extension of its advantages to a novel process would facil- 
itate a drastic improvement in the device and circuit per- 
formance. In particular, there has been an accelerating 
need in the development of high performance light 
sources and detectors composed of InP and its related 
compounds for optical fiber communication systems at 
the wavelengths near 1.3 and 1.5 ~m. We have previously 
reported a novel fabrication method of InGaAsP/InP 
double heterostructure (DH) light emitting diodes 

(LED's) having monolithic InP lenses (8). This has been 
achieved by an extensive use of controlled and low mate- 
rial selective etching characteristics of the ion-beam etch- 
ing, and a remarkable improvement  in the LED-fiber op- 
tical coupling efficiency has been demonstrated. This 
method of lens formation consists of only two simple pro- 
cess steps: namely, photoresist  mask preparation and ion- 
beam etching, both of which are suitable for batch pro- 
cessing. In addition, this method can eliminate elaborate 
assembling process required when a separate microlens 
made of a dielectric material (9) is attached to the individ- 
ual LED chip. 

The purpose of this paper is to describe the details of 
the lens formation on an InP substrate using Ar ion-beam 
etching technique. The process sequence is explaind 
briefly in the next section, and the details of the mask 
preparation and ion-beam etching processes are de- 
scribed in the following two sections. Particularly, the 
ion-beam etching has been applied to etch the InP sub- 
strate down to 8 ~m depth. Previous reports on ion-beam 
etching of InP have shown occasional degradations in the 
etched surface morphology, including the generation of a 
number  of "cones" (10, 11). In the present study, a se- 
quence of experiments has been carried out to improve 
the morphology as well as to precisely control the etch 
rate by the selection of etching parameters such as the ion 
energy, ion incident angle, and the target supporting tech- 
nique. In the final part of this paper, the application of 
this process to the fabrication of LED's and the perform- 
ance results are demonstrated. 

Lens Formation on InP Substrate 
Figure 1 illustrates the sequence of processes for 

forming spherical lenses on an InP substrate (8). Photore- 
sist masks for ion-beam etching are first prepared on the 
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Fig. 1. Sequence of processes for InP lens formation. (a): Mask for- 
mation by patterning and baking a photoresist layer. (b): Ar/on-beam 
etching until complete removal of the mask. (c): Completed InP lens. 

substrate surface (a). A commercial positive acting 
photoresist, Shipley AZ-1350J, has been used in our 
study. The photoresist patterns with the diameter appro- 
priate to the device design in the range of 60-250 ~m, in 
the present case, are delineated by conventional photo- 
lithographic technique. They are then baked at a temper- 
ature higher than the glass-transition point of photoresist 
so that spherical contours are generated by the effect of 
surface tension on the photoresist surface. Then the sub- 
strate is subject to Ar ion-beam etching (b) using, in this 
experiment,  Veeco Microetch system in which Ar § ions 
are generated by a Kaufman ion gun, neutralized, and 
then fed to bombard a rotating target. 

During the etching, the spherical mask contour is trans- 
ferred to the InP substrate surface. The lens shape is de- 
pendent  on the initial mask thickness and the mask to 
substrate ion-beam etch rate ratio which is a function of 
etching parameters, e.g., the ion energy and the ion inci- 
dent angle 0. 

The morphology of the lens surface is of the most im- 
portance in device applications, and it has to be opti- 
mized by choosing suitable etching conditions, as will be 
described in the applications section. By terminating the 
ion-beam etching when the whole photoresist mask is 
etched off, an InP lens can be obtained (c). If the etched 
surface exhibited microfeatures, slight etching by a 
chemical solvent could be introduced to improve the sur- 
face smoothness. 

Photoresist Mask Preporation 
The most important procedure in preparing the photo- 

resist mask is the baking to generate spherical surfaces. 
Schematic cross sections of the photoresist layer baked at 
various temperatures are shown in the inset of Fig. 2. At a 
temperature just  above the glass-transition point at which 
the flow initiates, the layer exhibits a concave with the 

thickness at the center, d, smaller than the initial thick- 
ness d~, as shown in Ref. (2). By increasing the tempera- 
ture, the photoresist viscosity decreases and the surface 
tension dominates in determining the surface geometry to 
generate a convex as shown in Ref. (3). It is theoretically 
proved that the geometry stabilized by the effect of sur- 
face tension is a sphere (12), and, actually, our stylus mea- 
surements have confirmed this. 

Figure 2a shows a plot of the photoresist thickness at 
the center as a function of the baking temperature. The 
initial thickness d~ was 3.2 ~m. The baking was carried 
out under a nitrogen flow just  after the photoresist devel- 
opment  procedure, and the duration was fixed to be 2 
rain; no appreciable difference was found for longer bak- 
trigs. As shown in the figure, the temperature required 
for generating a convex becomes lower for smMler diame- 
ter D. It is also found from this result that the convex for- 
mation can be achieved only for small diameters up to 80 
~m. Figure 2b shows a plot similar to that of Fig. 2a, ex- 
cept that the photoresist layer was exposed to ultraviolet 
light, prior to the baking, for 220s using a conventional 
mask alignment equipment.  By this exposure, the transi- 
tion from concave to convex with respect to the tempera- 
ture increase becomes more distinct; therefore, the stabil- 
ity of the process improves, and the maximum diameter 
for the convex generation increases to 150 ~m. Such an 
effect is considered to be attributed to the decrease of the 
photoresist viscosity due to the lowering of the polymer 
molecular weight under the exposure. Figure 3 summa- 
rizes the maximum diameter of the photoresist pattern 
for which a spherical geometry can be generated as a 
function of the baking temperature for the duration of 2 
rain. For our application to the LED fabrication, the di- 
ameter of about I00 ~m is appropriate. This can be 
achieved by a baking at the temperature above 190~ 

Our experiments showed that a negative acting photo- 
resist OMR-83 (Tokyo Ohka) exhibits similar convex gen- 
eration, but in only a narrow range of the baking tempera- 
ture, the upper value of which is restricted due to the 
photoresist evaporation. The use of positive acting photo- 
resist is therefore more suitable for this process. It is 
worth noting here that the generation of a spherical sur- 
face is an outcome of the effect of the surface tension, 
which is highly immune from most deviations in process 
conditions such as the baking temperature and duration. 

Ion-Beam Etching of InP 
Etch rate.--The etch rates of the photoresist  layer and 

the (100)-oriented InP wafer were measured at a variety of 
the ion incident angle (0) for different ion energies Ei. F'g- 
ure 4 shows the data obtained at Ei = 500 and 1000 eV. 
The ion current density used is 0.57 mA/cm 2. The maxi- 
mum etch rate occurs at smaller angle for InP than for 
photoresist, and this peak shifts to larger angle as the ion 
energy increases. This is interpreted by the fact that the 
chance of a primary ion-target atom collision resulting in 
the momentum being directed away from the substrate 
surface increases due to the increase in the primary ion 
penetration depth at larger incident angle. The detail of 
the incident angle and energy dependences of the sput- 
tering yield will be discussed in a separate paper. 

Figure 5 shows the dependence of the ratio at the etch 
rate of InP over that of photoresist on the ion incident an- 
gle for two ion energies. No appreciable difference in the 
dependence can be found within the experimental  error 
for two ion energies. The etch-rate ratio monotonically 
decreases as the incident angle increases, particularly at a 
small gradient above 0 = 60~ this is profitable to stabilize 
the etch-rate ratio and therefore the lens curvature in 
practical processes. As will be described in the next sec- 
tion, the incident angle more than 60 ~ is used in the prac- 
tice from the morphology point of view. 

Etched surface morphology.--As the morphology of ion- 
beam-etched InP surface is one of the most important fac- 
tors in determining the lens characteristics, a detailed ex- 
periment was conducted to study the causes for 
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Fig. 2. Baking characteristics of 
positive-acting photoresist disk 
with various values of diameter D 
(a) without and (b) with exposure 
prior to baking. The thickness of 
the photoresist layer at its center 
d can be maximized when a 
sphere is generated at an eleva- 
ted temperature. The exposure 
widens the diameter limit for 
sphere generation (b). 
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Fig. 3. Baking temperature dependence of maximum diameter for 
which spherical geometry can be obtained. 

degradation of surface morphology. Some of previous 
works showed the occasional generation of "cones" on 
InP surfaces (10, 11). The elimination of these was the 
goal of this series of experiments. 

The surface smoothness was compared on samples 
etched to about 1 ~m depth using various values of the 
energy and the incident angle. InP wafers partially 
masked by photoresist were supported on a substrate 
holder made of stainless steel. The stylus measurements  
of smoothness revealed a slight improvement  when using 
larger ion energy (1000 eV, in comparison to 500 eV) and a 
strong dependence on the incident angle. Figure 6 shows 
the incident angle dependence of the surface roughness 
together with scanning electron micrographs of the mask 
peripheries, gathered at the energy of 500 eV. At the angle 
of less than 30 ~ , the etched surface exhibits the formation 
of fine globules and droplets all over the unmasked re- 
gions and cones at the mask peripheries. Auger electron 
spectroscopy measurements  performed on some of these 
etched samples indicated an appreciable deficiency of P 
near the surface. Taking this into account, the droplets 
observed as white contrast particles, for example, in the 



2376 J. Electrochem. Sac.: SOLID-STATE SCIENCE AND TECHNOLOGY October 1984 

2500 

E i = IO00eV 
2000 \ _ ~  

,~ 1500 \ InP 
" "  E,- 500ev \ / 

,,, o..O  F- 

< ~  (z: o-o--o "I 

�9 -r I000 ~ 

500 AZ- 15 

E i ' 1 0 0 0 e V j A / .  _:I 7 

~,_+q~.._.o~ Ei = 500eV 

o o ' ' g , , g , , 0 0 90 
INCIDENT ANGLE (DEG) 

Fig. 4. Ar ion-beam etch rates of InP and positive acting photoresist 
as a function of ion incident angle for two different ion energies. The 
ion current density is 0.57 mA/cm ~. 

middle micrograph of Fig. 6, are considered to be com- 
posed of In precipitates. This is consistent with the previ- 
ous reports (13). The geometries of cones at mask edges 
show no explicit dependence on the incident angle. The 
generation of cones is suspected to be related to the 
redeposition of atoms sputtered from the mask, the un- 
masked regions of the substrate, and even the substrate 
holder. More details will be discussed later. The morphol- 
ogy degradation is found to be suppressed at the incident 
angle at 60 ~ although the etched riser still has wavy fea- 
ture as shown in the micrograph. The roughness below a 
few tens of angstr6ms can be achieved at the incident an- 
gle of greater than 50 ~ . It is understood from this result 
that the use of a large incident angle at the sacrifice of 
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Fig. 5. Ratio of etch rate for InP over that for photoresist as a func- 

tion of ion incident angle at two ion energies. 

long etching time is effective for obtaining smooth etched 
surfaces. 

To look further into the details of etched surface mor- 
phology, the effect of the redeposition was studied by 
varying the substrate supporting methods. The influence 
of the material supporting the substrate was tested by 
using photoresist and Ag as small and large sputtering 
rate (2, 14) materia]s, respectively. Scanning electron mi- 
crographs of both samples taken at tilted angles (-60 ~ are 
shown in Fig. 7. The ion incidence was normal to the sub- 
strate surface, and an ion energy of 500 eV was used. The 
etching duration was 10 rain, which gave the average 
etching depth of approximately 1.1 ~m. The surface ob- 
tained for the photoresist case does not contain any large 
size cones and hillrocks except  small globules, but the 
sample supported on a Ag plate exhibits numerous sharp 
cones along the ion incident direction. This result may 
suggest that the redeposition of Ag atoms on the InP sub- 
strate during the etching brings about, regardless of its 
relatively high sputtering yield, the local masking effect 
to produce cones (15-17). Auger analysis carried out on 
the InP substrate supported and etched on the Ag plate 
showed no Ag atom presence on the etched surface. This 
would be, however, not surprising because it has been 
shown that extremely small amount of foreign atoms can 
give rise to the formation of cones on the surface being 
etched (17). Nevertheless, possibilities of not only the 

Fig. 6. Ion incident angle de- 
pendence of surface roughness of 
InP substrate after etching down 
to approximately 1.1 ~m. Insets 
are scanning electron micrographs 
showing the degradation of mor- 
phology at mask peripheries for 
the incident angles of 0 ~ 30 ~ and 
60 ~ . 
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likely to be again consistent with the model  in which the 
redeposition of atoms sputtered from the InP substrate as 
well as the substrate supporter on the InP substrate 
causes the generation of cones. The higher density of 
cones at the substrate edge is considered to suggest a 
stronger effect of the redeposition from the substrate sup- 
porter material rather than from the InP substrate itself. 
It is also found reasonable to say that the globules as ob- 
served in Fig. 6 grow to become larger size cones in the 
course of a prolonged etching. 

The result described above indicates the importance of 
preventing the sputtered atoms from depositing on the 
surface of the substrate being etched. This can be 
achieved in the case of the normal incidence by the struc- 
ture of Fig. 8, but  a configuration to lift up the substrate, 
which is useful for any incident angles, was recently sug- 
gested by Williams et al. (18). We designed a substrate 
holder as shown in Fig. 9, in which t i tanium was chosen 
because of its low sputtering rate. The substrate surface is 
approximately 2 cm apart from the holder plane in this 
configuration, and a remarkable effect in eliminating the 
surface microfeature has been confirmed in etching 
down to 8 ~m depth. An example of this will be given 
later in this paper (Fig. 13). 

Spherical lens formation.--We first consider the geom- 
etry of a lens formed by ion-beam etching using a spheri- 
cal photoresist mask. Figure 10 illustrates the substrate 
cross section before and after the etching. The aperture 
diameter of the lens is D, and the maximum height of the 
photoresist mask at its center is hr. The radius of the 
mask is given by 

Fig. 7. Scanning electron micrographs indicating effect of material 
for substrate supporter. Etching has been carried out at Ei = 500 eV 
for 10 min. A cone observed in (a) is considered to be generated by 
some imperfection included in the original InP surface. Note that the 
sputter rate is much larger for Ag than for AZ-1350J. 

chemical and/or metallurgical reaction of Ag with InP but 
also the incorporation of impurity atoms having the low 
sputtering yield and/or high melting point (20) should be 
considered in order to fully understand the cone genera- 
tion. A marked difference in the surface feature observed 
within the present set of samples at least reveals a strong 
influence of the choice of the supporting material on the 
etched surface morphology. 

The redeposition effect was examined also by using an 
InP substrate having a special structure (shown in Fig. 8). 
A part of the substrate of approximately 2 em 2 area was 
surrounded by InP walls with a height of approximately 
1.5 cm. This substrate was supported on a stainless steel 
holder, considering that the surface feature obtained by 
the stainless steel holder is similar to that observed in the 
exper iment  using photoresist  (Fig. 7a). The ion-beam 
etching was performed with Ei = 500 eV at the normal in- 
cidence. The etching duration was selected to be as long 
as used in practice, 55 min, which corresponds to an etch- 
ing depth of about 6 ~m. Scanning electron micrographs 
at two different positions within the wafer are shown in 
Fig. 8. The part of the surface surrounded by the walls (A) 
exhibits only small globules similar to that seen in Fig. 6 
and Fig. 7a, whereas the outer part (B) suffers from hav- 
ing numerous cones which are aligned in the ion direc- 
tion. The density of cones generated was found to in- 
crease at the edge of the substrate. The present result is 

Fig. 8. Structure of target used for examining redeposition effect 
and scanning electron micrographs showing surface features obtained 
at different positions on the target. The generation of numerous cones 
at B indicates that the redepositing atoms enhance the cone genera- 
tion. The ion incidence is normal to the substrate plane, and the etch- 
ing time is 55 min. 
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photoresist mask. A lens contour to appear is shown by a dotted line. 

rr = [hr 2 + (D/2)2]/2hl . [1] 

After the ion-beam etching, a lens shape as shown by the 
dotted line in Fig. 10, is generated and this becomes an el- 
lipse expressed as 

x 2 [y + (k - 1) rr + hr] 2 
- -  + = 1 [2] 
rr ~- k~rr ~ 

with the radius at x of 

R(x) ~ -  1 + (k -~ ~ [3] 

where k stands for the mask to target etch rate ratio. 
When the second term in the bracket of Eq. [3] is well 
smaller than unity, the lens geometry becomes a sphere 
with a constant radius of 

Fig. 11. Comparison of lens ge- 
ometries obtained by stylus mea- 
surement and calculated by as- 
sumption of sphere, it is clear 
that a spherical lens is formed by 
the present technique. 

R ( x )  = R = rr/k [4] 

This applies at least to the near-axis radius in our practi- 
cal case where the values of k and D/2rr are both less than 
3 and 0.1, respectively. 

The lens geometry was actually measured by stylus and 
compared with the calculation explained above. Figure 11 
shows an example of the results, in which the height of 
the photoresist mask was 3.0 ~m and the value of k of 2.3 
was selected at the ion incident angle of 65 ~ during the 
etching. The lens height h t has been measured to be 7.0 
/~m, and the calculation curve has been obtained with the 
assumption of a sphere with the radius determined from 
R = [ht 2 + (D/2)~]/2ht. The agreement between the measure- 
ment  and the calculation is considered to be excellent, 
taking into account the simplicity of the calculation. The 
present method has been thus confirmed to realize 
spherical lenses. The optical property of lenses with a va- 
riety of the radius has been previously demonstrated 
through the observation of images of patterns prepared 
on the substrate surface opposite to the lens, in which a 
good agreement has been seen between the measured and 
calculated magnification characteristics (8). 

Appl icat ion to InGaAsP/ InP  DH LED's 
The present method was applied to improve the light 

coupling efficiency of InGaAs/InP DH LED to optical 
fiber. The structure of the LED is shown in Fig. 12. The 
fabrication method will be explained just briefly in the 
following, since it is essentially same as that already re- 
ported (19). The DH structure, which includes a low 
doped n-type InGaAsP active layer with the composition 
of a 1.3 /~m wavelength emission and the thickness of 
about 1.5 ~m, was grown on a (100)-oriented n-InP sub- 
strate by conventional sliding boat system of liquid-phase 
epitaxy. A 40 mm diam p contact composed of a Au/Zn/Au 
multilayer was formed, and an isolating SiO~ layer and 
subsequently a thick-plated Au layer were formed. The 
substrate was then polished to approximately 100 mm 
thickness, and the present lens formation procedures 
were applied. After the lens was formed, an n contact of 
AuGe/Ni film was prepared and a SiO2 antireflection 
coating was deposited. The individual LED chip was 
mounted on a copper heat sink and assembled with a 
spherical-ended fiber. 

An example of scanning electron micrograph of the 
lensed LED thus fabricated is shown in Fig. 13. The lens 
aperture and the lens height in this case are 90 and 8 ~m, 
respectively, giving a magnification of 2. In etching the 
InP substrate, the higher ion energy, 1000 eV, and the 
larger incident angle, 65 ~ , were adopted together with the 
use of the target supporter made of Ti (Fig. 9). It is 
significant to note that the lens surface is completely free 
from any inhomogeneities and far improved in compari- 
son with a surface that would be obtained without an 
optimization of etching conditions as has been performed 
in our experiment.  The remarkable improvement  of the 
surface smoothness, particularly observed outside the 
lens aperture, can be noticed by comparing Fig. 13 with 
the previous results, e .g . ,  Fig. 7 of Ref. (8). 

Figure 14 shows the characteristic of the light power 
coupled to a graded-index fiber as a function of the bias 
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current for both the lensed and conventional flat-surface 
LED's  prepared from the same epitaxial wafer. An im- 
provement  of the coupled power by a f~ctor of 1.8 is esti- 
mated at the current of 100 mA, by introducing the lensed 
LED structure. The ultimate power of 35 ~W at 100 mA is 
classified in the highest available power with the surface 
emitting-type LED at the 1.3 ~m wavelength. It would be 
both interesting and important to point out another ad- 
vantage of the lensed LED structure: the improvement  in 
the frequency response characteristics (19). The lens 
makes the light generated near the p contact center, 
where a faster response can be realized than at the con- 
tact edge owing to the current crowding effect, to be cou- 
pled predominantly. This effect gives rise to more than 
50% improvement  in the cut-off frequency characteristics, 
and the maximum value of 120 MHz has been achieved in 
our experiment.  

Summary 
A technique for preparing spherical lenses on an InP 

substrate by means of Ar ion-beam etching using a ther- 
mally deformed photoresist layer as an etching mask was 
investigated and applied to the fabrication of high radi- 
ance InGaAsP/InP DH LED's. The mask, having a geom- 
etry of perfect sphere, was found to be formed easily and 
reproducibly by introducing the exposure prior to baking 
and choosing a suitable baking temperature. The condi- 
tions of Ar ion-beam etching were optimized in terms of 
the controllability of the etch depth into InP and the mor- 
phology of the etched surface. It was found that a very 

O ~ 0 50 I00 150 

CURRENT (mA) 
Fig. 14. Bias current dependences of light power coupled to fiber 

for both lensed and conventional flat-surface LED's. The lensed LED 
gives 1.8 times greater power than the conventional device. 

smooth surface can be generated by using (i) a relatively 
high ion energy (1000 eV), (ii) a large ion incident angle 
(60~176 and (iii) a t i tanium-made supporter which lifts 
up the InP substrate. The present substrate supporter 
was significantly effective in eliminating the redeposi- 
tion effect and in producing microfeature-free lens sur- 
faces. Experiments also confirmed the reproducible 
generation of InP lenses with smooth spherical surfaces. 
This technique was applied to fabricate surface emitting 
InGaAsP/InP DH LED's at 1.3 ~m. The device perform- 
ance was measured, and a remarkable improvement  in 
the coupling efficiency, namely, by a factor of 1.8, was 
demonstrated. 

I t  is worth pointing out that the present technique ex- 
hibits a high reproducibility and a high controllability of 
lens geometry. Moreover, this technique is favorable to 
the batch processing. In view of further applications, the 
present technique can be suitable for preparing non- 
spherical lenses too, since the geometry of the lens can be 
varied by the selection of the mask to substrate ion-beam 
etch-rate ratio. This can be carried out by changing, for 
example, the ion incident  angle during the etching. Such 
applications are considered to be interesting in fabricat- 
ing various devices for fiber as well as waveguide optics. 
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Oxidation-Induced Defects at the Poly/Mono Silicon Interface 
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ABSTRACT 

The application of polycrystalline silicon in intimate contact with monocrystalline silicon can give rise to the growth 
of oxidation-induced stacking faults. When Si3N4 is employed on top of the polysilicon, the oxidation can also generate 
dislocations along SiaN4 edges. It appears that the key parameters in the defect generation mechanisms are the oxygen 
concentration at the poly/mono interface and, related to that, the epitaxial realignment of the polysilicon on the sub- 
strate. The experiments indicate which conditions are beneficial for the application of polysilicon on the back of silicon 
wafers for enhanced gettering purposes. They also indicate how oxidation-induced defects can be avoided when poly- 
silicon is applied on the front side of silicon wafers as a gate material and/or as a diffusion source. 

Polycrystalline silicon in intimate contact with mono~ 
crystalline silicon is extensively used in silicon IC tech- 
nology for quite diverse purposes. On the one hand, 
polycrystalline silicon is applied to the back of silicon wa- 
fers to obtain an enhanced gettering effect. In this case, 
the presence of crystal defects at the back of the wafer is 
the key to an effective gettering action. It has been shown 
that the employment  of patterned Si3N4 on top of the 
polysilicon further improves the gettering efficiency (1). 
On the other hand, polysilicon is applied to the front side 
of silicon wafers as a gate material and/or as a diffusion 
source. In this case, SiaN4 is often employed on top of the 
polysilicon so that local oxidation techniques can be used 
to pattern the polysilicon (2, 3). For these applications, the 
occurrence of any defect in the device area can be fatal 
for the device performance. 

In both cases, two types of defects can be expected: 
oxidation-induced defects originating from the poly/ 
mono interface (8) and stress-induced dislocations along 
Si3N4 edges. The present study deals with the defect- 
generation mechanisms and the elimination of defects in 
devices with polysilicon diffusion sources, but many of 
the results are also significant for the understanding of 
enhanced gettering mechanisms. 

Experimental 
The substrates used throughout  the study were p-type, 

15-25 ~ cm, <100> CZ silicon wafers, unless othel~vise 
specified. The wafers were cleaned in fuming nitric acid 
and hot concentrated nitric acid, causing the Wafers to 
be covered with a native oxide layer, which will be 
referred to as cleaning oxide. Subsequently, one set of 
wafers was dipped in a 1% HF solution to remove the 
cleaning oxide, a second set received no further treat- 
ment, and a third set was heat-treated at 850~ in dry 
nitrogen for 30 min to densify the cleaning oxide. RBS 
analysis has revealed that this results in oxygen concen- 
trations at the poly/mono interface which are equivalent 
to 0.5 1.4, and 2.0 nm SIO2, respectively (4). The various 
sets of wafers will be referred to as wafers with dipped, 
cleaning oxide, and densified cleaning oxide interfaces. 

The wafers were covered with 0.I ~m of polycrystalline 
silicon deposited from Sill4 at 625~ and a pressure of 140 
mtorr. On top of the polysilicon, a SigN4 layer 0.I ~m thick 
was deposited from SiH~CI~ and NH3 at 820~ and a pres- 
sure of 200 rntorr. Then a preoxidation annealing treat- 
ment was applied of either 20h at 850~ or 5h at 1000~ in 
dry nitrogen to simulate extensive low or high tempera- 
ture processing. Next, a photomask was used to pattern 
the Si3N4 layer. On half of the wafers the polysilieon was 
also etched using anisotropic plasma etching. Then the 
wafers were oxidized in wet oxygen (PH2o - 0.80) to an ox- 
ide thickness of about 0.55 ~m. 

In this way, all the polysilieon was converted into SiO2. 
Oxidation was carried out at temperatures of i000 ~ 950 ~ 
900 ~ and 850~ Finally, the oxide and nitride layers were 
stripped and Wright etch was applied to reveal oxidation- 
induced defects. The etched surfaces were examined in 
an SEM using a magnification of 5000x, unless otherwise 
specified. 

From some of the wafers, TEM specimens were pre- 
pared by thinning stripped wafers from the back in an 
etehant composed of HNO3, HF, and CH3COOH (4:1:1). 
Observations were made with a Philips EM400T micro- 
scope operated at 120 kV. 

On some wafers, no Si3N4 was deposited, and the final 
oxide of 0.55 ~m was etched back to 0.15 ~m, which then 
served as the gate oxide of gate-controlled diodes fabri- 
cated on those wafers. 

Results 
Field defects.--The first results concern wafers with a 

dipped poly/mono interface which received a preoxida- 
tion anneal at 850~ Figure 1 shows SEM micrographs of 
the samples after oxidation at four different temperatures 
(A: 850~ B: 900~ C: 950~ and D: 1000~ and Wright 
etching. After oxidation at 1000 ~ and 950~ very high den- 
sities of stacking faults were found (-108 cm-2); at 900~ a 
small number  of small etch pits was observed, and at 
850~ no crystal defects could be detected. These results 
were found to be reproducible both for <100>- and 
< l l l > - o r i e n t e d  wafers, with and without phosphorous 
gettering at the back of the wafers. 
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Fig. 1. SEM micrographs of 
Wright-etched samples with a 
dipped poly/mono interface and a 
preoxidotion anneal at 850~ for 
different oxidation temperatures: 
A: 850~ 8: 900~C, C: 950~ 
and D: 1000~ (5000x). 

Figure 2 shows the corresponding TEM micrographs of 
the samples oxidized at 900 ~ (A), 950 ~ (B), and 1000~ (C). 
In the 850~ sample, again no defects could be detected. 
The other three samples show defect densities of about 
108 cm -~. At 900~ the only observable defects are 
stacking faults, whereas at 950 ~ and 1000~ dislocations 
as well are observed which may be the result of an un- 
faulting reaction of the stacking faults. The length of the 
stacking faults is 2.2 ~m at 1000~ 1.4 ~m at 950~ and 
about 0.75 ~m at 900~ Using weak beam imaging, we 
found no impurity decoration of the defects. The discrep- 
ancy between the defect densities observed in the 900~ 

sample by TEM and by preferential etching suggests that 
the preferential etching technique may have failed to re- 
veal the small stacking faults. 

Figure 3 shows the corresponding SEM micrographs of 
the wafers with a cleaning oxide at the poly/mono inter- 
face and a preoxidation anneal at 850~ there are now no 
defects to be seen, irrespective of the oxidation tempera- 
ture. 

Wafers with a dipped interface and with a cleaning ox- 
ide interface were processed to obtain gate-controlled di- 
odes. About 0.15 ~m of the oxide grown at the four differ- 
ent temperatures served as the gate oxide. Table I lists 
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Fig. 3. SEM micrographs of 
Wright-etched samples with a 
cleaning oxide interface and a 
preoxidation anneal at 850~ for 
different oxidation temperatures: 
A: 850~C, B: 900~ C: 950~ 
and D: 1000~ (5000x). 

Fig. 4. SEM micrographs of 
Wright-etched samples with a 
cleaning oxide interface and a 
preoxidation anneal at 1000~ 
for different oxidation tempera- 
tures: A: 850~ B: 900~ C: 
9S0~ and D: 1000~ (S000x). 

t h e  r eve r se  c u r r e n t  dens i t i e s  for t he  d e p l e t i o n  mode :  for  a 
d i p p e d  in te r face  a n d  an  o x i d a t i o n  t e m p e r a t u r e  of  850~ or 
for  a c l ean ing  ox ide  in t e r f ace  t he  c u r r e n t  dens i t y  is a b o u t  
1 n A / c m  2, w h i c h  is e q u a l  to t he  c u r r e n t  level,, f o u n d  on  
con t ro l  wafe rs  on  w h i c h  no  po lys i l i con  h a d  b e e n  depos-  
i ted. F o r  a d i p p e d  in t e r f ace  a n d  a n  ox ida t i on  t e m p e r a t u r e  
higher than 850~ the current density is at least an order 
of magnitude higher and increases slightly with the oxi- 
dation temperature. The current densities were found to 
be independent of the substrate orientation (<i00> or 
<IiI>) or the type of material (FZ or CZ). It is clear that 
there is a strong correlation beween the reverse current 
densities and the_ observed defect densities. 
Figure 4 shows the SEM micrographs for wafers with a 

cleaning oxide interface which received a preoxidation 
anneal at 1000~ the defect densities are seen to be simi- 
lar to the ones found for wafers with a dipped interface 
and an 850~ preoxidation anneal (Fig. I). In fact, for wa- 
fers with a dipped interface, the temperature of the pre- 
oxidation anneal does not affect the final defect density. 
The field defect densities after Wright etching are sum- 
marized in Table II in a semi-quantitative way. 

Wafers w i t h  a dens i f i ed  c l ean ing  ox ide  i n t e r f ace  s h o w  
zero de fec t  dens i t ies ,  i n d e p e n d e n t  of t h e  p r e o x i d a t i o n  an- 
n ea l i n g  t e m p e r a t u r e  or t h e  o x i d a t i o n  t e m p e r a t u r e .  

W h e n  t h e  po lys i l i con  was  r e m o v e d  p r io r  to  t h e  oxida-  
t i on  by  an i so t rop ic  e t c h i n g  in  a C]~ p l a sma ,  u s i n g  a 100% 
o v e r e t c h  to a d e p t h  of  a b o u t  0.1 t~m in t h e  subs t r a t e ,  no  
de fec t s  were  obse rved ,  i r r e spec t ive  of  in te r fac ia l  condi -  
t ions ,  p r e o x i d a t i o n  annea l ,  or o x i d a t i o n  t e m p e r a t u r e .  

F i g u r e  5 shows  S E M  m i c r o g r a p h s  of  t h e  po lys i l i con  
su r face  m o r p h o l o g y  i m m e d i a t e l y  af te r  a p r e o x i d a t i o n  an- 
nea l  at  1000~ for t h e  t h r e e  in te r face  cond i t ions :  d i p p e d  

Table I. Reverse current densities (nA/cm 2) of gate-controlled diodes 
in depletion mode 

Prior to poly-Si deposition 
Oxidation temp. 1% HF dip No HF dip 

1000~ 25-50 1.0 
950~ 15-35 1.0 
900~ 10-20 1.0 
850~ 1.0 1.0 
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(A), cleaning oxide (B), and densified cleaning oxide (C). 
The sample with a dipped interface shows a relatively 
smooth surface, the sample with the cleaning oxide inter- 
face gives a rougher surface, whereas the densified clean- 
ing oxide interface results in a smoother surface. 

Edge defects.--Edge defects can be observed most 
clearly when no field defects are present. Therefore, we 
will first discuss the results obtained on wafers where 
the polysilicon was removed by plasma etching prior to 
the oxidation to avoid field defects. Figure 6 shows the 
SEM micrographs of samples that were locally oxidized 
using 0.1 t~m SigN4 as an oxidation mask on wafers with a 

dipped poly/mono interface which received a preoxida- 
tion anneal at 850~ The defect density along the SigN4 
edges is seen to be very high after oxidation at 850 ~ (A), 
900 ~ (B), or 950~ (C), and only slightly lower at 1000~ (D). 

Figure 7 shows the corresponding micrographs for wa- 
fers with a cleaning-oxide interface. At 850 ~ (A), 900 ~ (B), 
and 950~ (C) no defects are observed; at 1000~ (D), a 
considerable defect density is found. A comparison of 
Fig. 1 (field defects) and fig. 6 (edge defects) illustrates 
that whenever  stacking faults occur after oxidation of 
polysilicon, defects along Si3N4 edges are found as well. 
The opposite is not true, however: when a wafer is free of 

Fig. 6. SEM micrographs of 
Wright-etched samples with a 
dipped interface, a preoxidation 
anneal at 850~ and polysilicon 
etched prior to oxidation at A: 
8S0~ B: 900~ C: 950~ and 
D: 1000~ (SO00x}. 



2 3 8 4  J. E lec t rochem.  Sac.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  October  1984 

Fig. 7. SEM micrographs of 
Wright-etched samples with a 
cleaning oxide interface, a 
preoxidation anneal at 850~ 
and polysilicon etched prior to ox- 
idation at A: 8500C, B: 900~ C: 
950~ and D: 1000~C (5000x). 

stacking faults, it may still contain edge defects. After an 
oxidation at 850~ stacking faults are never observed; 
nevertheless, Fig. 6a shows a large number of edge de- 
fects. 

Similar ly ,  a wafe r  w i t h  a c l ean ing  ox ide  i n t e r f ace  does  
no t  s h o w  s t ack ing  fau l t s  a f te r  ox ida t i on  at  1000~ b u t  
does  s h o w  a c o n s i d e r a b l e  n u m b e r  of  edge  defec ts  (cf. Fig. 
3d a n d  7d). 

W h e n  wafers  w i t h  a c l e a n i n g  ox ide  i n t e r f ace  are  p rean-  
n e a l e d  at  1000~ t he  s a m e  t r e n d  is o b s e r v e d  as for  wafe rs  
w i t h  a d i p p e d  in ter face :  ve ry  h i g h  defec t  dens i t i e s  a f te r  
o x i d a t i o n  at  850 ~ (A), 900 ~ (B), or 950~ (C) a n d  on ly  a 
s l igh t ly  lower  defec t  d e n s i t y  at  1000~ (D). The  edge  de- 
fect  dens i t i e s  o b s e r v e d  af te r  Wr igh t  e t c h i n g  are  s u m m a -  
r ized in Tab le  I I I  in  a s e m i - q u a n t i t a t i v e  way. 

Wafers  w i t h  a dens i f i ed  c l ean ing -ox ide  at  t he  poly! 
m o n a  in te r face  n e v e r  s h o w  edge  defects .  

For the wafers where the polysilicon is not removed in 
a plasma prior to the local oxidation, one might expect 

Table II. Field defect densities observed after 
Wright etching for various processing sequences 

Interface Dipped Cleaning oxide 
Tax (T, ..... ) 8 5 0 ~  (1000~ 8 5 0 ~  (1000~ 

850oc . . . .  

900~ + + - + 
950~ + + + + - + + 

1000~ + + + + - + + 

+ + :  -> 10 s cm-< 
+ :  <10  s cm-'-'. 
- :  No defects. 

Table III. Edge defect densities observed after 
Wright etching for various processing sequences 

Interface Dipped Cleaning oxide 
Tax (Tpreann) 8 5 0 ~  (1000~ 850~ (1000~ 

850oc + +  + +  - + +  

900oc + + + + - + + 

9 5 0 o C  + +  + +  - + +  

IO00~ + + + + 

+ + :  --> 10 /~m ~. 
+: < 10 ~m -1. 
- :  No defects. 

t h e  f inal  de fec t  d en s i t y  to be  t h e  s u m  of  t h e  field defec ts  
[Fig. 1 (d ipped)  a n d  3 ( c l ean ing  oxide)]  a n d  t h e  edge  de- 
fects  [Fig. 6 (d ipped)  a n d  7 (c lean ing  oxide)].  F i g u re s  8 
a n d  9 s h o w  t h e  ac tua l  r e su l t s  for wafe rs  w i t h  a d i p p e d  
a n d  a c l ean ing  o x i d e  p o l y / m o n o  in terface .  I t  a p p e a r s  t h a t  
t h e r e  is a one- to -one  co r r e l a t i on  in  t h e  o c c u r r e n c e  of  edge  
defec t s  b e t w e e n  wafers  w i t h  a n d  w i t h o u t  p l a s m a  e t c h i n g  
of polys i ] icon.  The  edge  defec t  dens i ty ,  howeve r ,  c an  be  
v e r y  d i f f e ren t  f rom t h e  case  w h e r e  t h e  po lys i l i con  was  re- 
m o v e d  p r io r  to t h e  ox ida t ion .  T h e  sample  w i t h  t h e  d i p p e d  
i n t e r f ace  ox id ized  at 850~ is t h e  m o s t  s t r i k ing  example :  
t h e  edge  defec t  d e n s i t y  in  Fig. 8a (w i thou t  po ly -e tch ing)  is 
o rde r s  of  m a g n i t u d e  smal l e r  t h a n  t h e  one  o b s e r v e d  in  Fig. 
6a (wi th  poly-e tching) .  

Discussion 
Field defects.--RBS ana lys i s  h a s  s h o w n  t h a t  a d i p p e d  

p o l y / m o n o  in t e r f ace  c o n t a i n s  a b o u t  2.5 x 10 ,~ O 
a t o m s / c m  ~, w h i c h  is e q u i v a l e n t  to  0.5 n m  SiO2 (4). I t  was  
also f o u n d  t ha t  s u c h  a n  in t e r f ace  is c l ean  e n o u g h  to a l low 
a n  a l m o s t  c o m p l e t e  ep i t ax ia l  r e a l i g n m e n t  of  the  poly- 
s i l i con  at  1000~ T h e  m i n i m u m  yield o b t a i n e d  in  t he  100 
c h a n n e l i n g  d i r ec t ion  is a b o u t  6%-7%, c o m p a r e d  to 3% for 
a n  idea l  c rys ta l  a n d  to 100% for un rec rys t a l l i zed  poly- 
s i l icon (4). Hence ,  t h e  po lys i l i con  layer  in  real  i n t ima te  
c o n t a c t  w i th  t h e  s u b s t r a t e  a n d  s u b j e c t e d  to a heat-  
t r e a t m e n t  at  1000~ s h o u l d  b e  c o n s i d e r e d  as i m p e r f e c t  
m o n o c r y s t a l l i n e  ma te r i a l  r a t h e r  t h a n  as  po lyc rys ta l l ine  
mater ia l .  This  m a y  e x p l a i n  the  o b s e r v a t i o n s  o n  sur face  
r o u g h n e s s  (Fig. 5): t h e  re la t ive ly  s m o o t h  sur face  of the  
s a m p l e  w i t h  t h e  d i p p e d  in te r face  is a t t r i b u t e d  to t he  h i g h  
degree  of  c rys ta l l in i ty  o f  t h e  layer.  T h e  same  heat-  
t r e a t m e n t  of  po lys i l i con  on  a c l ean ing  o x i d e  r e su l t s  in  lo- 
cal n u c l e a t i o n  on  t h e  s u b s t r a t e  t h r o u g h  p i n h o l e s  in  the  in- 
te r fac ia l  oxide,  fo l lowed  b y  d e n d r i t i c  g r o w t h  in to  a layer  
w i th  a r o u g h  surface,  s imi la r  to t h e  r e su l t s  r e p o r t e d  by  
T s a u r  a n d  H u n g  (5). T h e  dens i f i ed  c l ean ing  ox ide  is obvi-  
ous ly  d e n s e  e n o u g h  to p r e v e n t  n u c l e a t i o n  of  t h e  polysil i-  
co n  on  t h e  subs t ra t e :  t h e  layer  recrys ta l l izes  on ly  in  i t se l f  
w i t h  on ly  a smal l  inc rease  in  sur face  r o u g h n e s s .  

F r o m  t h e  fact  t h a t  a dens i f i ed  c l ean ing -ox ide  at  the  
p o l y / m o n o  in te r face  p r e v e n t s  t h e  defec t  gene ra t i on ,  we  
c o n c l u d e  t h a t  i t  is t h e  par t ia l  or  c o m p l e t e  ep i t ax ia l  re- 
a l i g n m e n t  of t h e  po lys i ] icon  on  t h e  s u b s t r a t e  w h i c h  cre- 
a tes  t h e  n u c l e a t i o n  s i tes  f r o m  w h i c h  t h e  s t a c k i n g  faul ts  
c an  g row d u r i n g  a s u b s e q u e n t  ox ida t ion .  S tacy  et al. (6) 
c o n c l u d e d  f rom T E M  o b s e r v a t i o n s  t h a t  t h e  s t a c k i n g  
fau l t s  a n d  m i c r o t w i n s  in  t h e  po lys i l i con  do n o t  s i m p l y  
g row in to  s t a c k i n g  faul ts  in  t h e  subs t r a t e ,  b u t  t h a t  t he  
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Fig. 8. SEM micrographs of 
Wright-etched samples with a 
dipped poly/mono interface and a 
preoxidation anneal at 850~ for 
different oxidation temperatures: 
A: 850~ B: 900~ C: 950~ 
and D: 1000~ (5000x). 

stacking faults in the substrate start to grow at the mo- 
ment  that the oxidation front reaches the poly/mono in- 
terface, from nucleation sites which are probably gener- 
ated by the microtwins and stacking faults within the 
polysilicon. This is supported by the fact that the 
stacking faults in polysilicon which are bounded by 1/6 
<112> partials cannot simply develop into oxidation- 
induced stacking faults bounded by 1/3 <111> Frank par- 
tials. The lengths of the stacking faults in our experi- 
ments seem to be in agreement  with these observations. 
The stacking fault lengths, as determined from TEM, are 
2.2, 1.4, and 0.75 t~m for oxidat ions at 1000 ~ 950 ~ and 
900~ respectively. Theoretically, the oxidation time 
needed to obtain a certain stacking fault length can be es- 
t imated from 

Lsr = K"t  ~ exp (-2.37 eV/kT)  

where LsF is the stacking fault length, K" is a constant, 
and t is the oxidation time (7). For the oxidation tempera- 
tures of 900 ~ 950 ~ and 1000~ the calculated oxidation 
t imes are 132, 80, and 42 rain, respectively, which does not 

agree with the experimental  t imes of 270, 150, and 90 min, 
but agrees rather with the t ime which elapses after the 
oxidation front has passed the poly/mono interface: 172, 
96, and 58 min, respectively. 

The calculation also explains the absence of defects 
after oxidation at 850~ even in cases where the defect nu- 
clei must  be presenK The estimated stacking fault length 
is so small (0.3 ~m) that the corresponding depth of the 
stacking fault is much less than the oxide thickness, so 
that an actual stacking fault cannot be expected. 

We suggest that as long as the oxidation front has not 
reached the poly/mono interface, the excess concentra- 
tion of silicon interstitials at the interface is negligible, be- 
cause the remaining part of the polysilicon layer acts as 
an effective sink for interstitials. The stacking fault nuclei 
at the poly/mono interface can only start to grow when 
this polysilicon sink has been consumed by the oxidation. 

Finally, if the epitaxial realignment of the polysilicon is 
avoided by having a sufficient amount  of oxide at the 
poly/mono interface and by limited high-temperature 
treatments,  the defect nuclei are absent and no stacking 
faults are observed in the oxidized area. 

Fig. 9. SEM micrographs of 
Wright-etched samples with a 
cleaning oxide interface and a 
preoxidation anneal at 850~ for 
different oxidation temperatures: 
A: 850~ B: 900~ C: 950~ 
and D: 1000~ (5000x). 
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Edge defects.--It is well known that excessive stresses 
during local oxidation can give rise to generation of 
dislocations along Si3N4 edges, extending along {111} 
planes in the silicon crystal. Generally the key factors in 
the generation of these oxidation-induced dislocations are 
the intrinsic stress in the SigN4 layer, the viscoelastic be- 
havior of the expanding SiO~.(9, 10) and the occurrence of 
nonplanarities in the silicon surface (11). However, when 
dealing with polysilicon on top of m0nocrystalline silicon, 
the dominant parameters in the defect generation mecha- 
nism appear to be the oxygen concentration at the 
poly/mono interface and, closely related to that, the crys- 
talline structure of the polysilicon layer, whereas the 
above-mentioned factors are only of secondary impor- 
tance. 

For those conditions where oxidation-induced stacking 
faults are observed in the field, the polysilicon has partly 
or completely realigned epitaxially on the substrate. As a 
consequence of this realignment, t h e  Si3N4 is effectively 
in direct contact with monocrystalline silicon and disloca- 
tions along Si3N4 edges will be generated in the same way 
as for conventional local oxidation with Si3N4 in direct 
contact with silicon (9). For an oxidation at 1000~ the 
dislocation density is somewhat lower than at 850 ~ 900 ~ 
950~ because the viscoelastic flow of the SiO~ at 1000~ 
relieves some of the stress. 

From the fact that dislocations along Si3N4 edges are 
never observed on wafers with a densified cleaning oxide 
at the poly/mono interface, we conclude that these dislo- 
cations can only be transferred to the substrate when 
there is at least an onset of epitaxial realignment of the 
polysilicon on the substrate. The sample with the clean- 
ing oxide interface oxidized at 1000~ (Fig. 9d) shows no 
stacking faults but a considerable number  of dislocations. 
This suggests that some nucleation of the polysilicon on 
the substrate must  have occurred, but that the amount  of 
epitaxially realigned material is not sufficient to create 
oxidation-induced stacking faults. 

The only phenomenon left to explain is the fact that the 
dislocation densities tend to be higher after plasma etch- 
ing of polysilicon. The reason for this is that the oxidation 
of a shaped silicon surface gives an additional stress com- 
ponent because of the volume expansion of the SiO~ at 
the foot of a step in the surface (11). However, it is clear 
that the stress induced by the SigN4 is the dominant  factor 
for the dislocation generation. If the epitaxial realignment 
of the polysilicon is completely avoided, the stress from 
the Si3N4 cannot act upon the substrate, and, in that case, 
even an oxidation of a shaped surface at a temperature of 
850~ does not generate dislocations (Fig. 7a). 

Finally, it should be noted that the use of a densified 
cleaning oxide at the poly/mono interface is a possible 
method of avoiding all kinds of defects, but such an inter- 

facial oxide presents a significant barrier to dopant 
atoms which have to diffuse from the polysilicon into the 
substrate (4). It has been shown that an undensified 
cleaning oxide at the poly/mono interface is not a sig- 
nificant barrier to the diffusion of dopant atoms and is 
therefore a more realistic approach in eliminating defects 
(4). 

Conclusion 
From these observations the following conclusions can 

be drawn: if it is desired to have a high defect density at 
the interface between polycrystalline and monocrystal- 
line silicon for enhanced gettering purposes, the amount 
of oxygen at the poly/mono interface should be as low as 
possible and prolonged processing steps at" high tempera- 
tures are beneficial. The application of a Si3N4 pattern on 
top of  the polysilicon will further increase the defect 
density. 

However, when dealing with polysilicon diffusion 
sources, a small amount of oxygen at the poly/mono inter- 
face is beneficial and extensive high temperature pro- 
cessing should be avoided. In such a case, the best advice 
is: let poly be poly. 
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ABSTRACT 

Rapid thermal annealing (RTA) of high dose B and As implants is believed to produce large transients of point de- 
fects that may exist for the duration of the anneal (2-30s). Enhanced diffusion during RTA of boron implants > 10 ~5 cm-2 
is related to damage clusters at the peak of the range which can grow into cross-grid dislocation networks. This process 
can create point defects through dislocation-dislocation reactions and by nonconservative climb processes. Enhanced 
diffusion during RTA of high dose As implants >2 x I0 ,4 cm -~ is related to the amorphous Si surface layer formed dur- 
ing implantation. Regrowth of this layer into a defect-free, crystalline layer is assumed to produce point defects which 
remain behind until they diffuse away. In the meantime, they contribute to enhanced As diffusion during the first 5-10s 
of the RTA cycle. Preamorphorization at low temperature eliminates this enhanced diffusion of As by eliminating the 
source of point defects presumed to be vacancies because of the associated defect removal in the implanted layer. En- 
hanced dopant diffusion has been modeled by overlaying an empirical transient point defect model on thermally as- 
sisted diffusion models associated with steady-state furnace environments.  A weighted exponential  function was used 
to describe the transient process with a decay t ime of 4.4s. 

Pulse and short-time annealing of ion-implanted Si 
have been receiving attention as potentially useful tech- 
niques for achieving shallow junctions free of extended 
defects. However, several observations have been made 
of significant dopant diffusion occurring as a result of 
rapid thermal annealing (RTA) using incoherent  light 
sources (1-4). And, it has been observed that this en- 
hanced diffusion occurs during the initial stage of the 
RTA cycle (4, 5). Hence, enhanced diffusion during RTA 
is observed to be a transient process, and therefore re- 
quires computer  modeling in order to understand the im- 
portant mechanisms that are operating. The purpose of 
this paper is to discuss RTA diffusion models for B and 
As in St, and to describe the computer  modeling effort re- 
quired to simulate RTA diffusion profiles. 

Experimental  
Czochralski-grown (100) Si wafers, 8-15 ~-cm p-type 

were implanted with As at liquid nitrogen temperature, 
room temperature, and 200~ at 1 x 10 ~5 cm -2, 50 keV. 
Room temperature As implants were also performed at 50 
keV for doses of 2 • 1014 cm -2 and 1 • 10 '~ cm -2. n-Type 
As-doped wafers were implanted with 35 keV B + at a dose 
of 2 x 1015 cm -~- (6). Samples were RTA processed in ei- 
ther air or N2 in an AG Associates. Heatpulse System 
Model 210M. Measurements of the temperature vs. t ime 
profiles obtained in the Heatpulse system are shown in 
Fig. 1. For a furnace set point temperature of ll00~ the 
RTA cycle begins at 850~ For a 2s RTA cycle, it can be 
seen that the temperature may only reach 1000~ These 
profiles were approximated for computer  modeling by 
200 ms incremental  t ime steps during which a constant 
average temperature is assumed. This allows the program 
to solve the finite difference equations for diffusion dur- 
ing constant temperature intervals. 

Arsenic and B profile measurements  were made on the 
North Carolina State University Cameca "~,IS-3F ion 
probe. Reproducible wafer temperature measurements  
were performed by supporting wafers on a Chromel- 
Alumel thermocouple during RTA. No independent  tem- 
perature measurements were made to verify the curves in 
Fig. 1. However, they agree generally with curves sup- 
plied by the manufacturer. 

Diffusion Models 
The approach taken in modeling RTA diffusion of 

dopants was to overlay a transient point defect calcula- 
tion onto the steady-state, thermally assisted diffusion 
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models that existed in the program PREDICT. A detailed 
description of the models in PREDICT is beyond the 
scope of this paper, and will be presented elsewhere (7). 
Briefly, the PREDICT modeling program is based upon 
the multiple charge-state vacancy model  of diffusion 
which assumes that under  steady-state furnace conditions 
vacancies exist in Si in several ionization states. The total 
diffusion coefficient of a dopant in Si is the sum of the 
contributions to diffusion made by each type of vacancy 
(8). Overlaid on the vacancy model is the supplementary 
effect of self-interstitials on diffusion of dopants. In prin- 
ciple, both vacancies and self-interstitials may occur 
simultaneously, and somewhat independently. Thus, if 
both types of point defects are important, diffusion pro- 
cesses may involve both types (9, 10) 

Di=D~ ~+Di  v [1] 

where Di' is the interstitial contribution and D~ v is the va- 
cancy contribution to the total measured intrinsic dif- 
fusivity, D~. Recent  analyses of diffusion data taken while 
the silicon surface was being oxidized correctly show that 
generated self-interstitials assist dopant diffusion, i.e., P, 
As, and B (11). However, simplified calculations are 
unable to correctly predict the fraction of diffusion flux 
due to the interstitialcy or vacancy mechanisms, since 
they ignore the many different kinds of point defect- 
impurity association and recombination processes that 
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Fig. 1. Measured temperature vs .  time rloto (0) for on undoped wa- 
fer with o thermocouple attached to the back side in the RTA furnace. 
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proximations were used in computer calculations of dopant diffusion 
with time steps of O.2s. 
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Table I. Models included in PREDICT 

Ion implantation 
Gaussian based on experimental range statistics with measured 

exponential tails 
Through oxide implants 

.Diffusion 
Oxidation enhanced diffusion (OED) 

Partial O~ pressure dependence 
Time dependence 
Dopant concentration dependence 

Concentration dependent diffusion 
Stress effects 
Electric field effects 
Ion pairing 
Orientation dependence 
Clustering 
Solubility limits 
Segregation 
Transient point defects (RTA) 

can occur. This problem was recently solved by Mathiot 
and Pfister (12), who numerically solved all of the neces- 
sary continuity equations involving vacancies, self- 
interstitials, and dopant-defect complexes. Their results 
show that for P, As, and B diffusion below 1100~ the 
interstitialcy components are less than 25%. Thus, we 
have assumed that D~ v dominates in Eq. [1] under 
nonoxidizing conditions. 

As-implanted profiles were assumed to be Gaussian, 
based on measured range statistics. However, exponential  
tails were included in the initial profiles as determined 
by direct profile measurements.  The steady-state. 
thermally assisted diffusion effects that are included in 
PREDICT are listed in Table I. Effects that increase diffu- 
sion beyond the expected intrinsic diffusivity include 
t ime-dependent oxidation-enhanced diffusion (OED), 
concentration-dependent diffusion, and any other process 
that creates the supersaturation of point defects (vacan- 
cies or silicon self-interstitials). The retarded diffusion ef- 
fects listed in Table I are associated with reduced point 
defect levels. 

Boron diffusion during RTA.--Thermally assisted diffu- 
sion of B in Si is assumed to occur primarily by the mona- 
tomic species via neutral and donor point defects. During 
oxidation of the Si surface, vacancy-assisted diffusion is 
dominated by a partial interstitial process. Concentration- 
dependent  diffusion is modeled as the increase in donor 
point defects as B concentration exceeds ni. Concentra- 
t ion-dependent OED is treated as a reduction in Si self- 
interstitials due to increased vacancy concentration with 
doping above ni (13). 

A comparison of steady-state, thermally assisted diffu- 
sion calculations with RTA data of a 2 x 101~ cm -2, 35 keV 
B implant is shown in Fig. 2. It can be seen that during 
the 1050~ 5s RTA, a significant tail on the B profile is 
created. However, the model  calculations are unable to 
predict the occurrence of this tail. In fact, this modeling 
predicts that little or no movement  of the profile occurs. 

In order to understand the origin of the enhanced diffu- 
sion of B during RTA, consider the TEM plan-view mi- 
crographs shown in Fig. 3. Sadana et al. (3) implanted B 
at a dose of 5 • 10 ~ cm -2, 35 keV in (100) Si. Figure 3a 
shows the as-implanted sample which exhibits a single- 
crystal diffraction pattern, indicating that no amorphous 
layer is produced b:~ the implanted B even at this high 
dose. A 1000~ 30 min furnace-annealed sample in N~ 
shows a high density of irregularly shaped loops in addi- 
tion to a dislocation network. The RTA sample in Fig. 3c 
shows that after 10s at ll00~ in air, a dislocaUon network 
is forming. After a 30s ll00~ RTA, a well-defined cross- 
grid dislocation network was observed in the implanted 
region, as shown in Fig. 3d. The significance of these mi- 
crographs is that during the RTA cycle, a cross-grid dislo- 
cation network is being created and stabilized. As a re- 
sult, point defects are being generated through disloca- 
tion reactions and cross-slip processes. 

Sadana et al. (3) have shown through TEM cross 

102~ ~ ~ ~  BORON IMPLANT 
~ i  ~T~No 35 keV 2 x 1015 cm -2 

k= ~ "  ~ .  DATA (Narayan) 
? ~,~ �9 As implanted Boron 

~ o 5 sec (1050~ RTA 

f 10,9 

~ 0 0 

~ ~ 

8 

.~ 1018 0%00 

Calculations I ~ ,  o 
[ As implanted ~ ,  % 

K 

10 i7 I I I 
0 01 o2 03 o4 

Depth (#m) 

Fig. 2. As-implanted B data and 1050~ 5s RTA in air data. The 
solid curve is the calculated implant distribution and the dashed curve 
is calculated on the basis of steady-state, thermally assisted diffusion 
of B during RTA. 

sections that the dislocation network is formed at the 
peak of the implanted B profile. In general, it is found 
that if the implant dose exceeds 1 x 1015 cm-~, the high B 
concentration in the peak will likely generate damage 
clusters (3). A TEM cross-sectional micrograph is shown 
in Fig. 4 along with the corresponding 5 x 1015 cm -2, 35 
keV B profile following a 1100~ 10s RTA. It can be seen 
that the B in the peak of the profile has diffused more 
slowly than the B external to the dislocation network. 
This network was sufficiently stable that even after a 
1000~ 30 min N2 furnace anneal, the dislocation network 
was still in place. In addition, the B outside of the dislo- 
cated region diffused quite rapidly compared to normal, 
thermally assisted diffusion. 

The preceding results and the model assumptions can 
be summarized as follows. 

1. The B + implant is not sufficient to drive the Si sur- 
face amorphous. Thus, no solid-phase epitaxial regrowth 
O c c u r s .  

2. For doses greater than 101~ B/cm 2, networks of dislo- 
cations occur at the peak of the profile following anneal- 
ing due to the high B concentration. 

3. Point defects are generated during dislocation net- 
work stabilization which occurs within the first 30s of 
RTA. 

4. The lifetime of generated point defects is very l ow 
within the network of dislocations. This dislocation re- 
gion is an efficient generator and recombination area for 
point defects, and, as such, the crystal can easily maintain 
point defect equilibrium. 

5. The lifetime of point defects is relatively high outside 
of the dislocated network. Thus, generated point defects 
can diffuse significant distances away from the network 
before they recombine. 

6. Enhanced B diffusion occurs outside of the disloca- 
tion network where generated point defects can reach su- 
persaturated levels: 

A schematic diagram of the situation during RTA of im- 
planted B is shown in Fig. 5. The dislocation network is 
indicated by the cross-hatched area in the figure. It is as- 
sumed that within this area diffusion can proceed almost 
normally (14) with no point defect supersaturation. How- 
ever, during the first 30s of the creation of this network, a 
significant population of point defects is generated 
which diffuses out into the nondislocated crystal. These 
point defects contribute to enhanced diffusion outside of 
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Fig. 3. TEM plan-view micrographs of 35 keV B implanted (100) Si, 5 • 101~ cm-2; (a, top left) as-implanted, (b, top right) furnace-annealed 
1000~ in air, (c, bottom right) RTA for 1100~ in air, (d, bottom right) RTA for 1100~ in air. After Sadana et al. (3).  

the  c ross-ha tched area. The  t ime  d e p e n d e n c e  of  the  den- 
sity, Cpd, of  this po in t  defec t  supersa tura t ion  is repre-  
sen ted  by an equa t ion  of  the  fo rm 

Cpd = K(T) exp  (-Tr) [2] 

Ins ide  the  dis located band,  it is a s sumed  that  

Cpd = Ceqml [3] 

where  Cequj, is the  equ i l i b r ium concen t ra t ion  of  po in t  de- 
fects. The  e s t ab l i shmen t  of  the  d is locat ion n e t w o r k  in- 
vo lves  nonconse rva t ive  processes  such  as c l imb which  
can  be  efficient  vacancy  genera tors  (15). The  intr insic  dif- 
fus ion  coeff ic ient  is mul t ip l i ed  by an e n h a n c e m e n t  factor  
of  the  fo rm 

D,  = Di (1 + K'(T) exp  (-t/r)) [4] 

Over  the  R T A  furnace  se tpoin t  range of  1000~176 it 
was found  that  

K'(T) = 5 • 10 -6 exp  ( 2.0 eV 
\ kT ] 

z = 4.4s 

g iv ing  B diffusion coeff ic ient  e n h a n c e m e n t s  of  100-400 at 
t = 0 ou t s ide  of  the  d is located  reg ion  shown  in Fig. 5. 

C o m p u t e r  s imula t ions  of  R T A  of B implan t s  are shown 
in Fig. 4, 6, and 7. Not ice  that  in Fig. 6 l i t t le d i f fus ion oc- 
curs  wi th in  the  first 0.22 ~ m  of  the  B profi le fo l lowing  a 
5s R T A  at 1050~ It  appears ,  in fact, tha t  s o m e  nega t ive  
di f fus ion has occur red  back  towards  the  surface.  The  
m o d e l  p resen ted  here  canno t  account  for this. However ,  
e n h a n c e d  dif fus ion outs ide  of  the  d is located  reg ion  can 
be  accoun ted  for b y a s s u m i n g  the  m o d e l  in Fig. 5. 

Af te r  10s, the  t empe ra tu r e  in the R T A  furnace  has  in- 
c reased  sufficiently to cause  some  dif fusion to occur  at 
t h e . p e a k  of  the  B profile. This  level  of  d i f fus ion is com- 
ple te ly  accoun ted  for by s teady-state  the rmal ly  assis ted 
dif fus ion processes.  However ,  the  bulk  of  the  di f fus ion in 
the  tail  region of the  profile is domina t ed  by the  a s sumed  
t rans ien t  vacancy  p roduc t ion  associated wi th  the  forma- 
t ion of  the  dis locat ion network.  The  t ime  d e p e n d e n c e  of  
this process  is ev iden t  in Fig. 6 and 7, where  m o v e m e n t  of 
B in the  tail region is greates t  dur ing  the  init ial  pe r iod  of  
R T A  w h e n  the  t empe ra tu r e  is lowest .  

The  rapid the rmal  anneals  associa ted wi th  Fig. 4, 6, and 
7, were  all pe r fo rmed  in an air ambient .  Calculat ions  
s h o w  that  the  OED associa ted  wi th  this  air amb ien t  is 
suff ic ient  to cause  some  addi t ional  e n h a n c e d  diffusion 
b e y o n d  that  which  occurs  dur ing  the  dis locat ion ne twork  
format ion.  However ,  insuff ic ient  data  were  avai lable  to 
m o d e l  this effect  adequate ly .  Other  models ,  such  as B 
prec ip i ta t ion  and B cluster ing,  were  inves t iga ted  to ex- 
plain the  profile shapes  obtained.  However ,  these  at- 
t empts  were  not  successful .  

Arsenic diffusion during RTA.--The defect  morpho logy  
in t roduced  by h igh  dose As implants  is s ignif icant ly dif- 
ferent  f rom the  h igh  dose B case. It  is k n o w n  that  at r o o m  
tempera tu re ,  a 2 • 10 '4 As /cm ~ implan t  is suff icient  to 
create  an a m o r p h o u s  surface  layer in Si (16). In  addit ion,  
such  an amorphous  layer  can  epi taxia l ly  regrow to a 
s ingle-crysta l l ine  layer  in mi l l i seconds  at 1000~ (17). 
Sol id-phase  ep i t axy  (SPE) of  this a m o r p h o u s  layer  pro- 
duces  defect-free material ,  a l though secondary  defects  
be low the  amorphous /c rys ta l l ine  interface may  still be  
p resen t  (3). However ,  it has been  shown  that  these  sec- 
ondary  defects  also anneal  out  dur ing  R T A  at l l00~ for 
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Fig. 5. Schematic diagram of the transient point defect model for B 
diffusion during RTA. The cross-hatched region corresponds to the 
implant-induced dislocation network where normal diffusion occurs. 

Fig. 4. Comparison of TEM cross-sectional micrographs correspond- 
ing to a measured B profile following RTA at 1100~ in air. The 
simulated B profile is based upon the model depicted in Fig. 5. After 
Sadana et al. (3). 

10s (3, 6). This suggests that a supersaturation of vacan- 
cies exists for a period of time to facilitate defect shrink- 
age following SPE. 

The application of steady-state, thermally assisted dif- 
fusion calculations to RTA of implanted As in (I00) Si is 
shown in Fig. 8. Arsenic was implanted at I00 keV, 1 x 
i0 m cm -~, and a 1150~ 5s anneal was performed in air. 
The solid circles and curves that pass through them are 
respectively the measured (6) and calculated as-implanted 
distribution of As. After the RTA anneal, the As has dif- 
fused more than predicted by calculations performed un- 
der the assumption of a constant 1150~ exposure at 5s. 
By using a time-dependent temperature ramp as actually 
measured in the RTA furnace, the calculated diffusion 
l e n g t h  at  10 ~~ c m  -~ is on ly  180It. Thus ,  t he  s t eady-s t a t e  cal- 
cu l a t ions  are insu f f i c i en t  to  e x p l a i n  t he  e n h a n c e d  diffu- 
s ion  t h a t  occurs  d u r i n g  R T A  of  As (2). 

A t t e m p t s  we re  m a d e  to t ry  to u n d e r s t a n d  t h e  or ig in  of 
the  e n h a n c e d  d i f fus ion  of  As d u r i n g  RTA. S h o w n  in  Fig. 
9 are  As d i f fus ion  profi les  o b t a i n e d  b y  p u t t i n g  wafe r s  in  
c o m p r e s s i v e  or t ens i l e  s t ress  d u r i n g  the  R T A  process .  I t  
c an  be  s een  t h a t  no  s ign i f ican t  d i f fe rence  ex i s t s  in  t h e  As 
prof i les  m e a s u r e d  in  t he  s t r e s sed  a n d  t h e  u n s t r e s s e d  
wafers .  

I n  o rde r  to  u n d e r s t a n d  t he  role  of  the  a m o r p h o u s  layer  
c r ea t ed  d u r i n g  i m p l a n t a t i o n  on  e n h a n c e d  d i f fus ion  dur-  

1021 I I I I 

Boron Implant 

35 keV, 2 • 10 TM cm -2 

Data (Narayan) 

O As-Implanted 
1020 ~ RTA, 1050 ~ C, 5 sec in air 

o RTA, 1050 ~ C, 10 sec in air 

o 

o = 10 TM RTA Calculations 

8 ~%o 

As-lmplante o ~  1018 :~ Calculation 
% 

1017 I I I 
0.1 0.2 0.3 0,4 0.5 

Depth (/zm) 

Fig. 6. Comparison of RTA B profile data with transient model dif- 
fusion calculations at 1050~ 

ing  RTA,  a 1 x 101~ A s / c m  2 50 k eV  i m p l a n t  was  p e r f o r m e d  
a t  200~ This  i m p l a n t  t e m p e r a t u r e  is suf f ic ien t  to  i n s u r e  
t h a t  the  i m p l a n t  w o u l d  n o t  c rea te  a n  a m o r p h o u s  layer  
(16). T h e  wafe r  t h e n  u n d e r w e n t  R T A  at  1100~ for  10s in  
Nz, T h e  re su l t s  are s h o w n  in  Fig. 10. T h e  effect  of  the  
200~ a n n e a l  was  to f o r m  a n  a s - i m p l a n t e d  profi le  w i t h  a 
l o n g  tail. D u r i n g  RTA,  l i t t le  or n o  d i f fus ion  occurs  in  t h e  
tail  p o r t i o n  of t h e  profile. However ,  s o m e  t h e r m a l l y  as- 
s i s t ed  d i f fus ion  occu r s  in  t h e  h i g h e r  c o n c e n t r a t i o n  
p o r t i o n  of t h e  profile. This  d i f fus ion  can  be  a c c o u n t e d  
for  t h r o u g h  s t eady-s t a t e  m o d e l i n g  ca lcu la t ions  as shown .  
By  co mp ar i s o n ,  t h e  s a m e  i m p l a n t s  ca r r i ed  ou t  a t  LN2 
t e m p e r a t u r e  a n d  r o o m  t e m p e r a t u r e  p r o d u c e d  a m o r p h o u s  
layers .  Fo l l owing  RTA,  s o m e  e n h a n c e d  d i f fus ion  is ob- 
s e r v e d  as s h o w n  in  Fig. 11. No m e a s u r a b l e  d i f f e rence  is 
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Fig. 7. Comparison of RTA B profile data with transient model dif- 
fusion calculations at 1 I00~ 
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Fig. 8. Rapid thermal annealing of implanted As showing the com- 
parison with steady-state, thermally assisted diffusion calculations 
which assume a constant 1150~ temperature during the 5s RTA. 
Also shown is a calculation based upon the transient point-defect gen- 
eration model for As with K' (1150~ = 7 and ~- = 4.4s. 

6 ~ _  Wafer in Compression or Tension 

= 3 

2 RTA 
1,000 ~ C, 10 sec 
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Acquisition Cycles (depth) 
Fig. 9. The role of wafer stress on As diffusion during RTA. Wafers 

were intentionally bowed into compressive or tensile stress (~ - -10  ~ 
dyne/cm 2) in the RTA furnace. Plotted is unreduced doping concentra- 
tion vs. depth in the Si. 
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Fig. 10. Rapid thermal annealing of arsenic-implanted Si for a 
200~ implant temperature. The solid curve is a steady-state, ther- 
mally assisted diffusion calculation. 

seen between the profiles for the LN~ and RT implants, 
even though the amorphous layer created by the LN~ im- 
plant was deeper by -300A (18). 

The following is known about As implantation in sili- 
con: (i) arsenic doses greater than 2 • 10 '4 cm -2 at room 
temperature drive the Si surface region amorphous (16); 

1021 t Data: 

o LN 2 Implant 
, ~  �9 Room Temperature Implant 

200 ~ C Implant 

~E 1020 ' ,~ 
u Implant/Anneal 

~-~ Arsenic 
"~ \ ~  50 keY, 1 x 10 TM cm -2  
~ 1.10oo c. lO s e c . T A , n . 2  

\ ' ~  Calculated Curves 

1019 I- ~ ~ R T A  of LN 2 and RT Implant 
�9 2 ,. I As.lmplante~\\'c~^ / f  RTA of 200~ c Implant 

10 is 

1017 I 
0 0.1 0.2 0.3 

Depth (#m) 

Fig. ] 1. Comparisons of RTA results for wafers arsenic-implanted at 
LN2 temperature, room temperature, and 200~ The LN2 and RT im- 
plants leave the Si surface amorphous, and the dashed curve is 
calculated assuming transient point defects occur after SPE. The tail 
on the 200~ implant resulted from the hot implant, as shown in Fig. 
10. 
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(ii) sol id-phase epi taxia l  r eg rowth  (SPE) occurs  dur ing  
R T A  in mi l l i seconds  at h igh  t empera tu res  (17). Po in t  de- 
fect  genera t ion  dur ing  R T A  may be caused by: (i) solid- 
phase  regrowth  where  vacanc ies  or self-intersti t ials are 
genera ted  and diffuse f rom the  r eg rown region. A typical  ~% 
diffusion length  of  vacanc ies  wou ld  be  2 /~m after  5s at 1021 ..oe �9 
1050~ (ii) Annea l ing  of  secondary  implan t  damage  also 
occurs  in the  5-10s t ime  f rame at T greater  than  1050~ 
(3, 5). This  suggests  that  vacanc ies  are the  dominant ,  rem- 
nant  poin t  defect  after SPE.  ~" o\ o~ 

To s tudy  the  effect  of  S P E  on RTA, a 550~ annea l  for 'E c~ 
30 min  was pe r fo rmed  on as- implanted  samples .  Such  an ~ 1020 o~ 
anneal  is sufficient  to r eg row approx ima te ly  90% of  the  .o = o~ 
a m o r p h o u s  layer associa ted  wi th  a high dose  As implan t  ~ o~ Calculated (Transient Point Defects) 
(19). The  effect  of  a low tempera ture ,  recrystal l izat ion an- == o! , l / C a l c u l a t e d  

(No Transient Point 
neal  on enhanced  diffusion of  As is demons t r a t ed  in Fig. ~ I ~  Defects) 
12. A 1 x 10 '~ As/cm'-', 50 keV implan t  was pe r fo rmed  in r t 
two Si wafers.  One wafer  was preannea led  at 550~ for 30 "=~ lO 18 ~ 
rain in N~. R T A  was then  pe r fo rmed  on bo th  wafers  at ~ 
l l00~ for 10s in N..,. I t  can  be  seen  in Fig. 12 and 13 that  
the  preannea led  wafer  exh ib i t ed  very  littler enhanced  dif- b 
fusion. The  calculated curve  shown in Fig. 12 is based  on ~o 
steady-state,  the rmal ly  assis ted diffusion calculat ions.  In  ~o 
Fig. 13, a compar i son  is m a d e  be tween  the  resul ts  ob- 1018 ~o 
ta ined on the  two wafers.  It  can be seen  that  w i thou t  the  \ o @ 

550~ preanneal ,  s ignif icant  enhanced  dif fus ion of  As has \ % �9 
occurred.  ~ o 

Model ing  of  enhanced  diffusion of  As dur ing  R T A  was ~ o �9 
ach ieved  by over lay ing  a t rans ient  vacancy  mode]  onto 1017 i ~ o o l I 

the  s teady-state  di f fus ion mode ls  in P R E D I C T  II. These  0 0.1 0.2 0.3 
mode l s  assume As dif fus ion occurs  pr imar i ly  by V -  and Depth (#m) 
V ~ vacancies .  Thus  diffusion coefficients  were  m a d e  to Fig. 13, Comparison of RTA data and calculations for 550~ 
be  direct ly  propor t iona l  to the  vacancy  transient .  At high preonneoled and nonanrlealed arsenic-implanted silicon. 
concentra t ions ,  diffusion of  e lect r ica l ly  act ive As is re- 
duced  by c lus ter ing  (20, 21), and c lus ter ing  was a s sumed  
to occur  ins tan taneous ly  and independen t ly  of  the  va- 
cancy  transient .  Diffusion coefficients  of  the  fo rm of Eq. 
[4] were  used  wi th  

( 2.0 eV 
K'(T) = 1.3 • 10-6(E/200) exp \ - - - ~ /  

r = 4.4s 

for As doses  > 2 • 10 '4 cm -2 and t empera tu res  in the  
1000~176 range. The  pa ramete r  E is the  As implant .en-  

RTA Data 

~ -  "ll~ �9 AS Implanted + 550 ~ C, 30 min 
_ ~ o ~  % o RTA, 1,100 ~ C, 10 sec in N 2 1021 :- -%-~.~ 

v~\ Arsenic 
~ 50 keY, 1 • 10 TM cm -2  

'E e~o~ ~ 
i o 

1020 ~o 
.~ �9 
. . t -  RTA Calculation 

~ (No Transient Point 
o �9 o / Defects) ili "~ 10 TM 

10 TM 

O O.1 0.2 0.3 
Depth (/~m) 

Fig. 12. Rapid thermal annealing of arsenic-implanted silicon that 
was preannealed at 550~ for 30 rain to regrow 90% of the 
amorphous layer. 

Arsenic Implant 
50 keV, 1 x 1016 c m  - 2  

RTA 
1,100 ~ C, 10 sac in N 2 
o 550 ~ C Anneal + RTA 
�9 RTA Only 

ergy and is inc luded  to accoun t  for the  increased  wid th  of  
the  amorphous  reg ion  wi th  implan t  energy  for 50 ~< E ~< 
200 keV. It  is a ssumed,  un l ike  the  case of  B, that  en- 
hanced  diffusion occurs  over  the ent ire  profile s ince no 
dis locat ion ne twork  is created.  Example s  of  ca lcula ted 
profi les us ihg  the  t rans ient  mode l  are shown in Fig. 8, 11, 
and 13. 

It  should  be po in ted  out  that  the  "ac t iva t ion"  energy  as- 
sociated wi th  K'(T) is s o m e w h a t  fictitious, s ince we are 
deal ing wi th  t empera tu re  t ransients  as shown in Fig. 1. 
For  As the  p roduc t  DAs �9 K'(T) has an act ivat ion energy  of 
2.1 eV, where  DAs = 23 exp  (-4.1 eV/kT) (8). Recent ly ,  
Kal ish  et al. (4) found  that  the  act ivat ion energy  for en- 
hanced  As diffusion dur ing  R T A  was -1 .8  eV, in reasona- 
ble  agreement .  

Ano the r  compar i son  of  R T A  As data wi th  t rans ient  
mode l  calculat ions  is shown in Fig. 14. Here,  2 • 10 TM 

As/cm 2 50 keV implan t s  were  pe r fo rmed  at r o o m  tempera-  
ture. Thus,  the Si surface  was d r iven  amorphous .  R T A  
was pe r fo rmed  at l l00~ for 5 and 15s in N~. E n h a n c e d  
dif fus ion is observed  b e y o n d  that  which  is a t t r ibutable  to 
normal  thermal ly  assis ted diffusion. The  a m o u n t  of  this 
enhanced  diffusion agrees  wi th  the  t rans ient  m o d e l  calcu- 
lation. 

The  t ime  evolu t ion  of  the  redis t r ibut ion  of  a 50 keV, 1 • 
10 ~6 As /cm 2 implan t  in Si du r ing  l l00~ R T A  is shown in 
Fig. 15. The t rans ient  na ture  of  enhanced  dif fus ion is evi- 
den t  in this figure. Signif icant  mot ion  of  the  profile is 
observed  after 2, 5, and 10s. However ,  m u c h  less diffusion 
occurs after 10s. Computer  simulations are shown for com- 
parison with K'  (ll00~ = 7 and T = 4.4s. The exponential  
t ime  decay  a s sumed  for the  vacancy  supersa tura t ion  
mode ls  the  enhanced  dif fus ion reasonably  well. However ,  
it is not  possible  to ex t rac t  r d i rect ly  by p lo t t ing  xj  vs. 
R T A  t ime  due to the  fact that  t empe ra tu r e  is cons tan t ly  
chang ing  as shown in Fig. 1. Ex tens ive  c o m p u t e r  s imula-  
t ions were  the only al ternative.  At concent ra t ions  above  
102' cm  -3 ag reemen t  b e t w e e n  theory  and data is poor  as a 
resul t  of  As prec ip i ta t ion  wh ich  has not  been  modeled .  

Arsenic and Boron Codiffusion during R T A  

The appl icat ion of  R T A  to the  anneal ing  of double-  
imp lan ted  As and B in Si is shown in Fig. 16. R T A  was 
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tions for 2 • 1014 cm-'-', SO keV implants. 

1021 

1020 

A 10 TM 

E 

._~ 

10 TM 

1017 

\ 

\ 
\ 

1 \ 

\ .  
\ o  
\ �9 
\ 
\ 
\ 
\ 

0 0.1 0.2 

Fig. 16, The application 

Steady State 
Calculation 

Calculations 

\ 

\ 
\ 

\ 

\ �9 
\ 
\ 
\ 

0.3 0.4 

Depth (Fro) 

Implants 
BF2:42 keV, 2 • 10 TM cm 2 
As : 200 keV, 1.2 • 10 TM cm -2 

R T A  

1,000 ~ C, 10 sec in air 

\ o  
\ ~  o 

\ ~ 
\ 

\ 
\ 

\ 
�9 \ 

\ 

0.5 0.6 0.7 

of RTA to the annealing of a double- 
implanted layer (As into B implanted Si). Comparison of the SIMS 
data with steady-state model calculations shows significant As diffu- 
sion has occurred. Transient model calculations were made with K '  
(1000~ = 105 and ~- = 4.4s. 

performed at 1000~ for 10s in air (2). For comparison, 
model  calculations assuming thermally assisted diffusion 
only are shown. The experimental  profiles show that 
substantial movement  of As has occurred beyond what 
would be expected at 1000~ for 10s. In addition, tails 
have formed on both the As and B profiles. The double 
implant  using 1.2 x 10 '6 cm -2, 200 keV As and 2 • 10 '6 
cm -~, 42 keV BF2 into (100) Si present a substantially dif- 
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ferent modeling environment  for B diffusion during RTA. 
SPE of the amorphous layer created by the As implant is 
considered to be the dominant  source of transient point 
defects. 

The result of overlaying the transient point defect 
model on the thermally assisted diffusion calculations for 
the conditions described in Fig. 16 are also shown. In 
these calculations, K' (1000~ = 105 for both As and B 
and T = 4.4S. Reasonably good agreement is obtained with 
the measured data except  in the low concentration tail re- 
gions. It is not clear at this point whether  these tails are 
measurement  errors. It is interesting to note that the 
point-defect transient assumed to be created by SPE 
causes significant As diffusion, but the B profile essen- 
tially does not move from its as-implanted position. Thus, 
the presence of the heavily doped As layer is believed to 
control the charge state of the generated point defects (va- 
cancies) such that few of these point defects are of the 
type that B needs to diffuse (8). 
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Fig. 15. Comparison of RTA data and calculations showing the 
time-dependent evolution of enhanced As diffusion during RTA. 

Summary and Conclusions 
Modeling the diffusion of As and B during RTA pres- 

ents a unique challenge, since point-defect generation 
mechanisms are believed to be operating during the short 
annealing intervals. In the case of high dose B implants, 
damage clusters created by the high concentration of B in 
the peak of the implant distribution grow into well- 
defined cross-grid dislocation networks during the first 
10-30s of the anneal. Quantifying the concentration of 
point defects generated during this process requires 
knowledge of the types of dislocation reactions, climb 
.processes, and cross-slip processes that may occur simul- 
taneously. For the case of As implantation, it was as- 
sumed that the process of SPE leaves behind vacancies 
that participate in the shrinkage of secondary defects at 
the original amorphous/crystalline interface. Since the re- 
growth of amorphous layers leaves a crystalline layer that 
is practically defect free, the vacancies probably diffuse 
out of the recrystallized region rather than recombine 
within the region. The t ime required to do this is on the 
order of 5-10s at 1050~ which corresponds to the period 
over which enhanced As diffusion is observed. Pre- 
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amorphorization at low temperature eliminates this en- 
hanced diffusion. 

Calculations of diffusion during RTA were performed 
b y  overlaying a transient point defect model on thermally 
assisted diffusion models associated with steady-state fur- 
nace processes. A weighted exponential  function was as- 
sumed to describe the transient process, and diffusion 
coefficients were directly multiplied by this function. 
Numerical integrations were performed over 200 ms con- 
stant temperature intervals to approximate the RTA envi- 
ronment.  

The results of this study are at best semi-quantitative. 
The experimental data represent measurements of time- 
averaged phenomena with varying temperatures. More 
detailed modeling requires knowledge of wafer tempera- 
ture vs. time, point defect generation mechanisms, and 
quantification of the transient processes involved. 
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ABSTRACT 

A new growth technique of the low dislocation density GaAs crystals is described. The ambient  As vapor pressure 
was controlled through precise control of temperature in a quartz chamber in which a crystal was grown by the Czo- 
chralski method. The dislocation density in the undo!oed crystals (2%. <111>~ was as low as 2 x 10 3 cm -2. which was 
lower than the case of the commercial LEC method by a factor of ten. The origin of such a pronounced reduction of the 
dislocation density is discussed by taking into account the effects of the melt stoichiometry and the thermal stress ex- 
erted on the grown crystal. 

Dislocations in GaAs crystals are known to exert a very 
considerable influence on the performance of devices 
such as microwave devices, IC's, and laser diodes. It is al- 
ready clear that dislocations in substrates reduce the life~ 
time of the laser diodes (1), and it has been shown that the 
dislocation distribution affects the uniformity of the FET 
threshold voltage in the IC (2). Therefore, numerous at- 

*Electrochemical Society Active Member. 

tempts have been made to develop the growth technique 
of dislocation-free GaAs crystals. 

Nishizawa et al. (3) have revealed that the ambient  As 
vapor pressure greatly affects the stoichiometry and 
therefore the defect density in GaAs crystals. On the basis 
of an extensive investigation of the liquid-phase epitaxy 
and annealing of GaAs, they reported the opt imum As 
vapor pressure (PopO for growth of the stoichiometric 
GaAs crystal as follows 
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/ 1.05 [1] poo  : 2 6  • 100 e x p  kr0  / ' 

where Tg is the growth temperature. In the case of crystal 
growth from the melt, putting the melting temperature of 
GaAs, 1238~ into Tg in Eq. [1], one obtains the value of 
Popt as 813 torr. The As pressure is determined by the 
lowest temperature, TAs, in the chamber in which the 
crystal is grown. By using the relationship between TAs 
and the vapor pressure (4), the temperature correspond- 
ing to the As pressure of 813 torr is obtained as 612~ 

Recently, Parsey et al. (5) grew GaAs crystals by the 
horizontal Bridgman (HB) method under a controlled As 
vapor pressure and succeeded in reducing the dislocation 
density in 1 cm diam crystals to 500 cm -2. 

In the case of the liquid-encapsulated Czochralski 
(LEC) method, it is much more difficult to obtain disloca- 
tion-free crystals than with the HB method because the 
excessive thermal stress caused by the high temperature 
gradient just  above the encapsulent assists dislocation 
generation (6). For this reason, it has been proposed to 
grow crystals by the LEC method by elevating the ambi- 
ent temperature (6). However,  it has also been shown that 
higher ambient temperatures tend to generate Ga drop- 
lets on the surface of the crystal due to As escape (7). 

Thus, growth of GaAs crystals by the Czochralski 
method (without the liquid encapsulent) under a con- 
trolled As vapor pressure will lead to a significant reduc- 
tion of the defect density through the combined effects of 
improvement  of the melt  stoichiometry and reduction of 
the thermal stress without  formation of Ga droplets. 
Ste inemann et al. (8) and Leung et al. (9) have shown that 
low dislocation density crystals can be grown by the 
Czochralski method under  an As atmosphere. However, 
because of the complexity and limitation of repeated use 
of their apparatus, their techniques have not been applied 
for industrial use. 

In this study, a new apparatus for the Czochralski 
method (without the liquid encapsu]ent) is proposed for 
growth of large crystals under a controlled As vapor pres- 
sure. It is also shown that the crystals (2"r undoped) 
grown by this apparatus are characterized by a low dislo- 
cation density of 2 x 103 cm-~. 

Apparatus 
A schematic diagram of the crystal puller is shown in 

Fig. 1. Crystal growth is carried out under a controlled As 
vapor pressure in a quartz chamber. The quartz chamber 
is 60 cm high and 10.8 cm in inner diameter (id), and the 
quartz crucible is 8.4 cm id. 

In order to grow crystals under a controlled As pres- 
sure, the following requirements  should be fulfilled. 
First, the temperature within the quartz chamber must 
be precisely controlled. The As pressure is controlled by 
the temperature at the top portion of the quartz chamber 
and the temperature of the other parts must  be main- 
tained above this temperature to avoid As deposition onto 
the chamber  wall. Furthermore,  the portion indicated by 
the arrow in Fig. 1 must  be kept transparent during 
growth in order to observe the growing crystal; the tem- 
perature at this portion must  be such as to avoid GaAs 
deposition. These requirements  are met by controlling 
temperatures of three separate carbon heaters shown in 
Fig. 1. 

Second, an effective seal is required between the cham- 
ber and the pull rod as well as the crucible supporting 
rod. As a sealing material, molten B~O3 (9) in Mo lids is 
used. The third requirement  is as follows. After the 
growth of the crystal, the crystal and the crucible must  be 
taken out of the quartz chamber without fracture of the 
chamber  and the crucible. To meet  this, taper joints be- 
tween the quartz chamber  and Mo lids are used. 

The growth operation is made as follows. First, after the 
metal chamber  is evacuated, the heaters A and C are 
heated to melt the B203 and the upper and lower lids are 
sealed by the taper joints. Then, the heater B is heated to 
melt  GaAs. During the melt ing process, N2 gas is intro- 

lr 

Fig. 1. Schematic diagram of the crystal puller. 1: Upper lid. 2: 
Heater A. 3: B203.4: Quartz chamber. 5: Seed. 6: Heater B. 7: GaAs 
melt. 8: Metal chamber. 9: Heater C. 10: Lower lid. 

duced into the metal chamber in order to balance the 
pressure outside of the quartz chamber against the As 
pressure within the quartz chamber. After melting the 
GaAs, the temperature of the heater A is so controlled 
that the desired As pressure within the quartz chamber is 
realized. After these processes, a seed is lowered, and a 
crystal is pulled by the ordinary Czochralski method. 

Experimental  Procedures 
For the growth of each crystal, presynthesized GaAs 

(600g) and sufficient arsenic to give a required As vapo~ 
pressure over the GaAs melt  were charged in a quartz 
crucible and a <111> seed was used. Two crystals, no. 1 
and 2, were pulled under the As pressure controlling tem- 
peratures of 616 ~ and 620~ respectively. Pulling condi- 
tions such as the temperatures of the heaters B and C, 
and the position of the crucible with respect to the heater 
B were similar for the two crystals. In both cases, the tem- 
perature gradient just  above the melt  surface, which is 
mainly affected by the position of the crucible with re- 
spect to the heater, was about 10~ This value was 
much lower than the case of the commercial  LEC method 
(-100~ Similar values of the carrier concentration 
and the Hall mobility at room temperature were obtained 
at the front portion of the two crystals and were 5 • 10 '~ 
cm -z and 3.3 • 103 cm~/V s, respectively. 

From crystal 1, (111) slices were cut perpendicularly to 
the growth axis. After polishing, the dislocation density 
distribution was determined by EPD measurements  on 
an etched surface and by x-ray topography. (110) slices 
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Fig. 2. Radial dislocation density profiles across wafers cut from the 
shoulder. Crystals 1 and 2 were pulled under the As pressure con- 
trolling temperatures of 6160 and 620~ respectively. 

were cut longitudinally from crystal 2. The dislocation 
distribution in these slices were examined by x-ray topog- 
raphy. A (111) slice perpendicular to the growth axis was 
also cut to examine the EPD distribution for comparison 
with the case of crystal 1. 

Results and Discussion 
Radial etch-pit density distribution.--The radial etch- 

pit density distributions across wafers cut from the shoul- 
der are shown in Fig. 2. The EPD distributions are U 
shaped, and the EPD's  around the center of wafers cut 
from the two crystals are about 2 • 103 cm -2, which is 
lower than the case of the commercial  undoped LEC crys- 
tals by a factor of ten. Another important result is that the 
EPD in crystal 1 is lower than that in crystal 2. This fact 
appears to show the dependence of the EPD on the As 
vapor pressure during the crystal growth. 

Possible explanations for the pronounced reduction of 
the dislocation density achieved by this study are as fol- 
lows. First, improvement  of the stoichiometry of GaAs 
melt due to the As vapor pressure led to suppression of 
point defect formation and in turn dislocation formation. 
It is possible that dislocation loops are formed by aggre- 

gation of point defects (10). In addition, climb motion of 
dislocations, which is assisted by point defects (10), will 
reduce the back-stress acting on dislocation sources and 
lead to generation of new dislocations. The As pressure 
dependence of the EPD mentioned above appears to sug- 
gest the importance of the stoichiometry. Second, since 
As vaporization from the crystal surface was reduced by 
the As atmosphere, the growth of crystals under a low 
temperature gradient along the pulling axis was possible 
without formation of Ga droplets. As a result, generation 
of dislocations due to thermal stress was suppressed. 

Results of x-ray topography.--Figure 3 shows an x-ray 
topograph of a (111) wafer cut from the shoulder of crystal 
1 which was pulled under an As pressure controlling tem- 
perature of 616~ Around the center of the wafer, isolated 
dislocations are observed. Dislocations form t h e  cell 
structures only loosely, whereas toward the edge of the 
wafer dislocations begin to form distinct cell structures 
elongated along the <110> direction. These cell struc- 
tures appear to be formed by the climb motion of disloca- 
tions glided in (111) planes. 

A dislocation distribution in a longitudinal slice of crys- 
tal 2 is shown in Fig. 4. The temperature of the As source 
was kept constant during growth. Although the disloca- 
tion density is high around the seed end, it rapidly de- 
creases toward the shoulder. It is to be noted that the dis- 
location distribution in the portion where the crystal 
diameter is increasing is different from that in another 
portion where the diameter is decreasing. In the former 
portion, dislocations around the center do not form dis- 
tinct cell structures and the dislocation density decreases 
with pulling time. However, in the latter portion, disloca- 
tions form cell structures even in the center region; the 
dislocation density increases with pulling time. Such a 
variation in the dislocation distribution with the crystal 
diameter was observed over the whole length of this crys- 
tal. Since the pulling rate was kept constant during 
growth of the body, variation in the crystal diameter ap- 
peared to be caused by some variation in the temperature 
of the GaAs melt. It is possible that the temperature of 
the GaAs melt, as well as the temperature of the As 
source, affects the dislocation density. If this is the case, 
precise control of the temperature of the melt is necessary 
to reduce the dislocation density. 

Summary 
A new apparatus was developed to grow GaAs crystals 

by the Czochralski method under a controlled As pres- 
sure. The dislocation density in undoped, 2"~ crystals 
grown by this apparatus was as low as 2 • 103 cm -2. Such 
a pronounced reduction of the dislocation density seemed 
to be associated with both the improved melt  stoichiome- 
try resulting from the As vapor pressure control and the 
reduced thermal stress due to the low temperature gradi- 
ent just  above the melt. Further investigation based on 
the precise control of the As pressure is needed to evalu- 
ate the net effect of the stoichiometry on the defect 
density. 

The apparatus described in this paper is applicable for 
industrial use to grow large GaAs crystals with low dislo- 
cation densities. 

Fig. 3. X-ray topograph of a (111) wafer cut from the shoulder of a 
crystal which was pulled under an As pressure controlling temperature 
of 616~ 

Fig. 4. X-ray topograph of a longitudinally cut slice of crystal 2 
pulled under an As pressure controlling temperature of 620~ 
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ABSTRACT 

Highly sensitive SIMS measurements of chlorine content in 1000-3000A of silicon dioxide show that only very small 
amounts  of chlorine (less than 6 x 101, cm -2) can be found in steam-grown oxides in which gaseous or liquid HC1 or TCA 
has been added during the oxide growth. Oxides grown in dry oxygen with gaseous HCI or TCA addition show a large 
range in chlorine content depending on the growth conditions. Chlorine can be incorporated into steam-grown oxides at 
temperatures as low as 750~ when the last 5%-10% of the desired oxide thickness is grown in dry O2 and TCA atmos- 
phere. The activation energy for this process is 2.3 eV. The increase in chlorine content is less than linear with TCA con- 
centration and independent  of oxide thickness. 

In MOS processing, hydrogen chloride treatments are 
often performed by passing an excess of HC1 over the sili- 
con wafers during critical steps or piping HC1 into the fur- 
nace during tube cleaning. The use of hydrogen chloride 
during the growth of the gate oxide of a MOS device is a 
well established technique (1-3). The chlorine reduces the 
sensitivity of the oxide to sodium-induced shifts of the 
threshold voltage; a total sodium content as low as 1 • 
10" cm -2 causes a shift of several tenths of one volt. 

The analytical techniques for measurement  of chlorine 
in silicon dioxide, i.e., secondary ion mass spectroscopy 
(SIMS) and nuclear backscattering, have not been sensi= 
tive enough for more detailed quantitative work at the 
10"-10 '4 cm -~ level. This paper discusses a technique that 
has the required sensitivity and its application to various 
growth conditions for MOS gate oxides. 

Conversion of Volume Concentration to Areal Density 
For an investigation of oxide layers with chlorine con- 

tent in the region of interest for MOS applications, the 
chlorine detection system should be able to detect levels 
of the order of 10 TM at./cm 2. This areal density is of the 
same order as the MOS interface charge density usually 
found in well-controlled oxide layers. It is more useful to 
express the values in terms of an area] density similar to 
the dose used in ion implantation of impurities into MOS 
devices. 

Most of the measurement  techniques, however,  give the 
volume concentration of the species. Therefore, conver- 
sions between the two quantities are needed. 

For uniformly distributed chlorine in 1000~ of SiO2 with 
a volume concentration of N = 1 • 1015 cm -3, the areal 
density or content C is C = 10 '~ cm -3 >< 10 -5 cm = 10 '~ 
cm -2. For nonuniformly distributed layers, which is the 
normal case with most of the chlorine being found near 
the Si/SiO2 interface, the integral over the oxide thickness 

to• has to be taken 

c = fo'~ dx [1] 

For actual MOS transistors, the areal density must be re- 
lated to a shift in threshold voltage. For  oxide layers 
which are 1000~ thick, an areal density of 1 x 10" iorgcm 2 
corresponds to a threshold voltage shift of 0.5V. This 
value scales roughly with the areal density. VLSI circuits 
have up to factor five thinner oxides and are less sensi- 
tive to voltage shifts by the same factor. 

Instrumentation 
Auger sputtering.--Auger sputter analysis, which is 

based on a layer-by-layer removal technique combined 
with characteristic Auger electron energy analysis, is a 
useful technique for analyzing impurities in thin layers 
(4). The practical detection limit for this technique, how- 
ever, is about 1 x 10 TM at./cm 3, and hence Auger analysis 
has a lower limit problem when analyzing practical 
chlorine-doped oxides. 

Secondary ion mass spectrometry.--The technique of 
SIMS utilizes a beam of energetic ions to sputter away a 
solid surface producing ionized sputtered particles which 
can be mass spectrometrically detected. This analytical 
method can provide in-depth information on atomic con- 
stituents if  one or more mass peaks are recorded as the 
sputtering process erodes the sample, thus producing the 
detected signal from continuously greater depths beneath 
the original sample surface. 

The strength of the SIMS technique is its very high sen- 
sitivity for most elements. Previous SIMS analyses of 
chlorinated oxides (5, 6) have reported detection limits of 
1 • 10 '9 at./cm ~ or 170 ppm atomic. Previous SIMS instru- 
mentation, however, was limited by the design that only 
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the positive ion C1 + could be monitored. It is obvious from 
the electron population of  the C1 3p orbital that this atom 
is much more likely to be sputtered as C1- than C] § If  this 
speries could be detected, then considerably higher sensi- 
tivity should be achievable than previously reported. 

The primary ion beam used in these experiments was 
4~ It is now well known (7) that negative ion yields 
(and thus sensitivities) can be greatly increased if Cs + ions 
are used as the primary bombarding species. While our 
SIMS instrument is equipped with a cesium ion source 
(8), we chose not to use it because the Cs which becomes 
implanted into the sample can create artifacts in the data 
as the profile approached the SiOJSi  interface, just  
where most of the chlorine is located. 

The unique design of the secondary ion optics of the 
SIMS instrumentation used for our studies (8-12) allows 
these negatively charged chlorine ions to be detected 
with high efficiency and low background. Volume detec- 
tion limits of 1-3 • 10 '7 at./cm ~ are routinely achievable, 
with areal density sensitivities of 1-2 • 10"/cm ~-. 

Cal ibrat ion of SIMS 
The large range in elemental sensitivities and the ma- 

t r i x  or chemical effects encountered in SIMS require the 
use of a standard sample of chlorine in SiO2 to calibrate 
the instrument for this particular analysis. The standard 
chosen was 180 keV 35C1+ implanted into thermally grown 
SiO2 film of approximately 1 ~m thickness (SIMS profile 
shown in Fig. 1). Such samples make ideal standards for 
SIMS due to the high accuracy (-+1%) with which the 
dose (3 • i0 '4 cm -2) can be controlled, and the localization 
of the implanted atoms in depth. No prior knowledge of 
the implant distribution is needed. The depth scale is de- 
termined by measuring the depth of the sputtered crater 
subsequent  to the analysis by profilometry. Knowledge 
of the depth scale and the area under the measured 
profile (implanted dose) allows one to establish the con- 
centration scale and thus to convert the counts/s into vol- 
ume concentration. Previous calibrations have been done 
using C1 implants with doses of 1 • 10 '4, 3 • 10 '4, and 1 • 
10 '5 cm -2. The calibrations were so accurate that only one 
dose is needed. 

The chlorine can move under the influence of an elec- 
tric field. Since it is in a matrix of insulating SiO2, the 
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Fig. I .  Chlorine depth profile of on ion-lmplanted standard used for 
calibrating SIMS sensitivity for CI in SiO2. The sample is a 10,000/~ 
thick thermally grown SiO2 layer which has been implanted with ~sCI § 
ions at 180 keV to dose of 3 • 10 '4cm -~at./cm 3. Shown is the ac- 
tual profile as measured by SIMS�9 Also shown is the '80-  concentra- 
tion indicating constant sensitivity during the SIMS analysis. 

charge built up during argon sputtering must  be mini- 
mized by the use of a compensating electron beam (10). 

Also critically important  to quantitative SIMS depth 
profiling of SiO~ films is the ability to maintain constant 
instrument transmission (sensitivity) while sputtering 
through the layers. Previous efforts at SIMS analysis of 
SiO2 films (i3) have suffered f rom changes in sensitivity 
of two orders of magnitude during the analysis due to sur- 
face charging effects from the sputtering beam. Constant 
sensitivity throughout the analyses in this report can be 
inferred from the steady signal of the '80-  ion detected 
along with the 3~C1- signal (see Fig. 1). 

Chlor ine  Sources 
The handling of liquified chlorine and liquified hydro- 

gen chloride from steel tanks is more troublesome than 
handling of other substances. A small amount of water 
vapor in the gas stream will cause metal corrosion of the 
connecting plumbing and transfer heavy metal impurities 
into the silicon dioxide. Azeotropic mixtures of hydrogen 
chloride and water have been in long use as HCl-steam 
boilers. The boiler is made of clean quartz glass, and 
Teflon tubing is used for connecting the boiler to the fur- 
nace tube. However, it is not always desirable to pass wet 
HC1 through the oxidation tube. 

More recently, HC1 or C12 have been generated from 
chlorinated hydrocarbons. This concept is not new. Most 
of the ea r ly  literature shows data on trichloroethylene 
(TCE), then the most often used dry cleaning and de- 
greasing fluid (14-19). 

TrichIoroethyIene (TCE).--The formula is as follows 

H Cl 
J t 

C :.,,, 

, I 
CI C1 

Decomposit ion in an oxygen atmosphere at elevated tem- 
peratures occurs according to the following two equa- 
tions 

C2HC13 + 2 02 ~ HC1 + CI~ + 2CO2 [2a] 

4C2HCl~ + 9 02 ~ 6C1~ + 8CO2 + 2H20 [2b] 

(1,1,1) Trichloroethane (TCA )�9 chemical formula is 

Cl H 
i t 

Cl--C -- C--H 
i l 
C1 H 

The decomposit ion in an oxygen atmosphere is 

C_~H3CI~ + 2 02 -~ 3HC1 + 2CO2 [3] 

(1,1,2) TCA decomposes in the same fashion as (1,1,1) 
TCA, but is more t6xic and since it has a lower vapor 
pressure tends to enrich in the evaporator when mixtures 
of (1,1,1) and (1,1,2) TCA are used. Some traces of (1,1,2) 
TCA can always be found in MOS-grade (1,1,1) TCA. 

At high temperatures and in an excess of oxygen, the 
following reaction occurs 

4HC1 + O3 ~ 2C12 + H20 [4] 

The beneficial component  is C12. In the presence of 
steam, the equil ibrium moves toward the left and less C1 
is incorporated into the gate oxide. 

TCE inherently would be better for the chlorination of 
gate oxides. However, in the USA the EPA restrictions on 
its use are severe and can only be overcome with 
difficulty. Therefore, all our work is presently performed 
using (1,1,1) TCA�9 
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Fig. 2. Chlorine, oxygen, and hydrogen SIMS concentration profile 
for 900J~ SiO2 sample. The layer was grown for 55 min at 875~ in an 
azeotropic mixture of boiling hydrochloric acid and water (about 50% 
each by volume). Only a small amount of chlorine can be seen at the 
interface. The chlorine content is 3 x 1011 cm -~. 

Early Results as a Function of Sample Preparation 
Oxides grown with an azeotropic mixture of water and 

hydrochloric acid, a mixture that has been shown to be 
beneficial for MOS devices (20-21), show only traces of 
chlorine at the detection limit (see Fig. 2). The same is 
true for silicon dioxide grown in steam with additions of 
gaseous HC1 (see Fig. 3) or with chlorine generated by the 
oxidation of (1,1,1) trichloroethane (TCA). From Eq. [4], it 
can be seen that the addition of H20 will shift the equilib- 
r ium toward the left. Since C12 is the active species, less 
gets into the oxide. 

However, oxides grown in  dry oxygen with the addition 
of gaseous HC1 show appreciable chlorine content (see 
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Fig. 3. Chlorine, oxygen, and hydrogen SIMS concentration profile 
for 9SOA SiO2 sample. The layer was grown for 30 min at 900~ in 
steam with the addition of 1% of gaseous HCI. Only a small amount 
of chlorine can be seen at the interface. The chlorine content is 3 x 
1011 cm-2  
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Fig. 4. Chlorine, oxygen, and hydrogen SIMS concentration profile 
for 10S0/~ SiO~ sample. The layer was grown at 1100~ in oxygen 
with 3% gaseous HCI. The chlorine content is 2'.8 x 1015 cm -2. 

Fig. 4). A peak always occurs at the Si]SiO~ interface, and, 
often, a second lower peak occurs at the SiO~/air or metal 
interface. Under an electric field at elevated tempera- 
tures, the chlorine distribution will shift, but  the areal 
density will remain constant. An anneal in forming gas 
(10% hydrogen, 90% nitrogen) at 1100~ will reduce the 
areal density by a factor of 2. 

Lower Temperature Oxides with Chlorine 
The dry oxidation method with 02 and gaseous HCI is 

slow and requires, for a sufficient thickness, high tem- 
perature and/or a long time cycle. Unfortunately, a long 
oxidation cycle makes the boron and phosphorus junc- 
tion depths deeper than desired. 

We have investigated a process in which the first part 
of the oxide is grown in steam followed by a dry oxida- 
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Fig. 5. Chlorine SIMS profile in 827/~ of SiO2 after 10 cm 3 TCA 
had passed over the sample at 750~ for 60 min. The chlorine content 
is 7.5 x 10 ]2cm -:. 
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Fig. 6. Chlorine SIMS profile in 963~ of SiO~ after 10 cm ~ TCA 
had passed over the sample at 950~C for 60 min. The chlorine content 
is 3.0 x 10 TM cm -2. 

t ion wi th  a chlor ine  ambien t .  The dry ox ida t ion  can t h e n  
be  d o n e  at m u c h  lower  t empe ra tu r e s ,  leaving the  diffu- 
s ion cycle a lmos t  unaf fec ted .  

The  s t eam ox ides  were  g r o w n  for 100 rain (by co mb u s -  
t ion of  h y d r o g e n  and  oxygen)  at a t e m p e r a t u r e  of  875~ 
on (100) n - type  si l icon wafers  of  5-10 ~ - c m  resist ivi ty.  The 
e l l ipsometr ica l ly  m e a s u r e d  ox ide  t h i cknes s  averaged  812 
+_ 12~. 

The  dry  ox ida t ions  w e r e  done  at 100~ intervals ,  f rom 
750 ~ to 1150~ The first g roup  of  s amples  were  sub jec t ed  
to  a gas s t r eam in jec t ion  of  1 cm 3 of  TCA. This  was  done  
l inear ly  over  a pe r iod  of  30 min.  The s econd  g roup  of  
s a m p l e s  was  sub j ec t ed  to t he  in jec t ion  of  10 c m  3 TCA 
over  a 60 rain per iod.  An  in jec t ion  t ime of  30 rain wou ld  
have  r equ i r ed  a larger  oxygen-gas  flow t h a n  the  4 
l i ter/rain used.  Table I s h o w s  the  inc rease  in ox ide  thick-  
nes s  w i th  t he  TCA inject ions .  I t  is apprec iab le  at t emp e ra -  
tu res  over  950~ 

The  SIMS profiles s h o w  tha t  the  t r anspo r t  of  ch lor ine  
to the  si l icon/si l icon d iox ide  in ter face  is s low at t empera -  
tu res  be low 850~ At h igher  t empe ra tu r e s ,  m o s t  of the  
ch lor ine  will a ccumula t e  at th is  in ter face  (see Fig. 4-7). 

Table I. Oxide thicknesses tax, after 875~ 30 min pyrolytic steam 
oxidation, oxide thickness to~2 after TCA treatment at temperatures 
between 750  ~ and 1150~ Two volumes of TCA were used 1 cm 3 in 30 
min and 10 cm 3 in 60 min. The oxide thickness increases appreciably at 
the higher temperatures. The total chlorine increases with temperature 

and TCA volume 

Temp. 
(~ 

1 cm 3 TCA, 30 min 10 cm 3 TCA, 60 min 
~ ~ Total C1 Total C1 

 om-3  

750 766 785 1.0 • 10 '2 812 827 7.5 • 10 '2 
850 804 829 8.4 • 10 '~ 815 853 5.9 • 1O '3 
950 811 881 6.6 • 10 '3 813 963 3.0 • 10 '4 

1050 811 1059 5.2 • 10 '4 813 1336 1.8 • 10 ~ 
1150 824 1510 1.3 • 10 '5 813 2097 6.5 • 10 '~ 

Table II. 
(AE/kT) 

Constants Co and E for an Arrhenius-type plot C = Co* exp 
of Fig. 8 with R as the correlation coefficient of the linear 

regression 

Curve Conditions Co (cm -2) hE (eV) R 

1 1 cm 3 TCA/30 min 2.750 x 10 .'3 -2.328 0.99743 
2 10 cm ~ TCA/60 min 2.145 • 10 -~3 -2.129 0.99915 
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Fig. 7. Chlorine SIMS profile in 2097/~ of SiO2 after 10 cm 3 TCA 
had passed over the sample at 1150~ for 60 rain. The chlorine con- 
tent is 6.5 • 1014 cm - : .  

The oxide  t h i c k n e s s e s  and  the  total  ch lor ine  c o n t e n t  for 
t he  t en  samples  are l i s ted  in  Table  I. The ch lo r ine  con t en t  
vs .  l I T  is s h o w n  as an A r r h e n i u s  plot  in Fig. 8, w i th  the  
n u m e r i c a l  values  g iven  in Table  II. An act ivat ion ene rgy  
of  2.3 eV has  b e e n  ca lcu la ted  f rom these  m e a s u r e m e n t s .  
The ratio of  m e a s u r e d  chlor ine  co n t en t  of  the  two 
s amp l e s  to TCA l iquid  v o l u m e s  is less t h a n  p r ed i c t ed  by  
l ineari ty,  and  dec reases  w i th  t empera tu re .  

A s eco n d  set  of s amp l e s  was  p r ep a red  to s tudy  h o w  
m u c h  chlor ine  is i nco rpo ra t ed  wi th  increas ing  TCA vol- 
u m e  and  oxide  th ickness .  The initial s t e a m  oxide  was  
g r o w n  at 875~ of  two  t h i c k n e s s e s  of  1000 and  2700/~ on 
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Fig. 8. Chlorine content C as a function of I /T. Least squares fit 
lines to the equation C = Co* exp (E/kT) give a reasonable descrip- 
tion. Curve 1 is for 1 cm 3 TCA in 30 min, curve 2 is for 10 cm 3 TCA 
in 60 min. The values Co and E are listed in Table II. 
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Fig. 9. Chlorine content C as a function of TCA volume. The TCA 
injection is for 120 min at 950~ The data for 1200~ SiO., are 
marked by +; the data for 2800~ by x. The least squares fit line is 
representing data from both oxide thicknesses. The numerical values 
are given in Table IV. 

5-10 i2-cm n- type  b u l k  s i l i con  wafers .  P r ec i s e  a m o u n t s  of 
TCA were  in j ec t ed  in to  t he  o x i d a t i o n  t u b e  f r o m  a motor -  
d r i v e n  sy r inge  s y s t e m  over  a p e r i o d  of  a p p r o x i m a t e l y  120 
m i n  at  a t e m p e r a t u r e  of  950~ After  th i s  t r e a t m e n t ,  t he  
o x i d e  t h i c k n e s s e s  i n c r e a s e d  to 1250 a n d  2800~. 

T a b l e  I I I  l is ts  t he  to ta l  c h l o r i n e  c o n t e n t  in  t h e  s amples .  
F i g u r e  9 i nd i ca t e s  a l i nea r  r e l a t i o n s h i p  w h e n  b o t h  t he  
ch lo r ine  c o n t e n t  a n d  t he  TCA v o l u m e  (and  ind i r ec t l y  t he  
C1 c o n c e n t r a t i o n )  are  p l o t t e d  o n  a log-log scale. Tab le  IV 
l is ts  t he  c o n s t a n t s  a n d  co r r e l a t i on  coef f ic ien ts  of  leas t  
s q u a r e s  fits. 

Capac i tance /Vo l tage  Stabil i ty 
C h l o r i n a t e d  ox ides  are  e x t r e m e l y  s table .  F i g u r e  10 

s h o w s  t h e  capac i t ance / vo l t age  cha rac t e r i s t i c s  u n d e r  -+ 10V 
b ias  at  300~ The  to ta l  ch lo r ine  c o n t e n t  is 1.0 x 1014 c m  -2 
a f te r  a 20 ra in  1150~ f o r m i n g  gas annea l .  T h e  to ta l  sh i f t  is 
less  t h a n  20 mV.  T h e  t heo r e t i c a l  c u r v e  for  Nss = 0 coin- 
c ides  w i t h  t h e s e  curves .  

Discussion 
S I M S  ana lys i s  of  c h l o r i n e  in  s i l icon d i ox i de  h a s  a l lowed  

a q u a n t i t a t i v e  s t u d y  of  h o w  ch lo r ine  i s  i n c o r p o r a t e d  in to  
SiO~. The  sens i t iv i ty  ha s  b e e n  i n c r e a s e d  so as to  p e r m i t  
q u a n t i t a t i v e  m e a s u r e m e n t  of  low levels,  t h u s  t he  ana lys i s  
c an  b e  app l i ed  to ac tua l  MO S gate  oxides .  

O x i d e s  g r o w n  w i t h  a n  azeo t rop ic  m i x t u r e  of  h y d r o c h l o -  
r ic  a c i d a n d  w a t e r  are  benef ic ia l  for  r e d u c i n g  t he  s o d i u m  
sens i t iv i ty ,  b u t  ch lo r ine  c a n n o t  b e  d e t e c t e d  in  suf f ic ien t  
q u a n t i t y  in  t h e s e  oxides .  T he  s ame  is t rue  for  s i l i con  diox-  
ide  g r o w n  in s t e a m  w i t h  a d d i t i o n s  of  ga s eous  HC1 or chlo- 

Table III. SIMS chlorine constant (cm -~) in silicon dioxide of various 
thicknesses as a function of TCA volume injected during a 120 min 

oxygen heat cycle at 1050~ 

TCA volume 1200~ Repeat 2800A 
(cm 3) oxide 1200}~ oxide 

0.3 1.5 • 10 '3 
1 2.9 • 10 '3 2.83 x 10 '3 3.24 x 10 '3 
3 6.7 • 10 '3 8.25 x 10 '3 

10 1.2 x 10 TM 1.43 • 10 '4 
30 2.1 x 10 TM 2.'08 x 10 TM 2.07 • 10 '4 

Table IV. A least squares fit for the SIMS chlorine content C (cm -2) as a 
function of the TCA volume V (cm 3) can be represented by the following 
equation: log(C) = A + B * log (V) and the following constantsA and B 

Oxide thickness (~) A B R 

1200 13.4904 0.5816 0.9940 
2800 13.5358 0.6204 0.9209 
both 13.5082 0.5747 0.9787 

THEORETICAL, NSS = O j  

~ " + 1 0  V 

y ORIGINAL 

-1.O 

Vol. 131,No. 10 

-0.7 
gJ 

-0 .6  (J z 

-o.5 

-0.4 ~ 

- 0 . 3 0  

-0 .2  

-O.1 

I I ~ I I I 
-1.2 -1 -0 .8  -0 .6  -0 .4  -0 .2  0 VOLTS 

Fig. 10. Capacitance-voltage characteristics under bias-temper- 
ature stress of MOS capacitor with 1000~ thick SiO~ layer with 1 • 
]0 '4 cm -2 chlorine in it. All experimental curves with zero, + 1 • 
10 ~ and - 1 • 10 ~ V/cm field fall within 20 mV of each other and 
the theoretical curve. This represents an extraordinary degree of 
stability. 

r ine  g e n e r a t e d  b y  t he  o x i d a t i o n  of  (1,1,1) t r i c h l o r o e t h a n e .  
The  benef ic ia l  r e su l t s  c an  on ly  be  e x p l a i n e d  b y  t he  chlo-  
r ine  c l ean ing  ac t ion  of  t he  ox ida t i on  t u b e  a n d / o r  b y  pre-  
v e n t i n g  t h e  s o d i u m  f rom e n t e r i n g  t he  SiO~. 

At  t e m p e r a t u r e s  of  1200~ t he  add i t i on  of  HC1 to t he  
s t e a m  will  s u b s t a n t i a l l y  i nc r ea se  t he  m i n o r i t y  ca r r i e r  life- 
t i m e  (22). 

Ox ides  g r o w n  in  d ry  o x y g e n  w i t h  t he  a d d i t i o n  of  gase- 
ous  HC1 s h o w  a p p r e c i a b l e  ch lo r ine  con ten t .  This  m e t h o d  
of  ox ide  g r o w t h  is s low a n d  requi res ,  for  a suf f ic ien t  
t h i c k n e s s  h i g h  t e m p e r a t u r e  and /o r  a 10ng t i m e  cycle.  Un-  
fo r tuna te ly ,  s u c h  a n  o x i d a t i o n  cycle  m a k e s  t he  b o r o n  a n d  
p h o s p h o r u s  j u n c t i o n  d e p t h s  d e e p e r  t h a n  des i red .  

We h a v e  d e v e l o p e d  a p roce s s  in  w h i c h  t h e  first  p a r t  of  
t h e  ox ide  is g r o w n  in  s t eam,  fo l lowed by  a d ry  o x i d a t i o n  
w i t h  a ch lo r ine  c o n t a i n i n g  a m b i e n t .  The  d ry  o x i d a t i o n  
can  be  d o n e  at m u c h  lower  t e m p e r a t u r e s ,  l e av ing  t he  dif- 
fu s ion  cycle  a l m o s t  una f f ec t ed .  The  a c t i v a t i o n  e n e r g y  for  
the  ch lo r ine  i n c o r p o r a t i o n  was  f o u n d  to b e  2.3 eV. Th i s  al- 
lows p rac t i ca l  ch lo r ine  i n c o r p o r a t i o n  at  a t e m p e r a t u r e  as 
low as 800~ 

C h l o r i n a t e d  ox ides  are e lec t r ica l ly  v e r y  s table .  Capaci-  
t a n c e  vo l t age  t e m p e r a t u r e  b ias  s t r e s s ing  i n d i c a t e s  to ta l  
sh i f t s  of less  t h a n  20 mV.  No nega t ive  in s t ab i l i t y  t h a t  h a s  
b e e n  l i n k e d  to ch lo r ine  in  t h e  ox ide  (23) h a s  b e e n  f o u n d  
espec ia l ly  for  po lys i l i con  MOS capac i to r s  t h a t  are  
s h i e l d e d  f rom deep  U V  i r r ad i a t i on  c o m m o n  in  spu t t e r ed -  
m e t a l  d e p o s i t i o n  sys tems .  In  our  favor  is t he  use  of  the  
(100) d i r ec t i on  of  t he  s i l i con  s u b s t r a t e  ma te r i a l  a n d  t he  
low ch lo r ine  c o n c e n t r a t i o n  in  t he  oxide.  In  our  op in ion ,  
ch lo r ine  is n o t  h a r m f u l  to MOS gate  oxides .  Very  c lean  
s t e a m  ox ides  w i t h o u t  c lo r ine  a m b i e n t  h a v e  also s h o w n  
s imi l a r  s tabi l i ty .  The  a d d i t i o n  of  ch lo r ine  in to  t he  gas 
s t r e a m  crea tes  a n  ex t r a  m a r g i n  use fu l  in  a p r o d u c t i o n  en- 
v i r o n m e n t .  

E x p e r i m e n t s  w h i c h  we re  d e s i g n e d  to s h o w  t h e  s o d i u m  
i n t e r a c t i o n  w i t h  ch lo r ine  in  t he  ox ide  d id  no t  s h o w  appre -  
c iab le  s o d i u m  pass iva t ion .  In  t h e s e  e x p e r i m e n t s ,  well- 
q u a n t i t i z e d  levels  of  s o d i u m  h a v e  b e e n  i m p l a n t e d  in to  
c h l o r i n a t e d  SIO2. S I M S  m e a s u r e m e n t s  w i t h  s o d i u m  are 
v e r y  diff icul t  to  pe r fo rm.  Elec t r ica l  m e a s u r e m e n t s  t h a t  
re ly  on  t he  s o d i u m  m o b i l i t y  in  SiO2 at  t e m p e r a t u r e s  of  
300~ do no t  s h o w  r e d u c e d  t h r e s h o l d  vo l t age  sh i f t s  for  
t h e  ch lo r ine  levels  a n d  low ch lo r ine  i n c o r p o r a t i o n  
t e m p e r a t u r e s  u s e d  here .  At  h i g h  t e m p e r a t u r e s  a n d  ve ry  
h i g h  ch lo r ine  leve ls  t h a t  wil l  fo rm a l iqu id  p h a s e  of  
Si~CI~O~Hz, s o d i u m  p a s s i v a t i o n  occu r s  (24-26). 
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A New Silicone-Based Negative Resist (SNR) for Two-Layer Resist 
System 

Masao Morita, Saburo Imamura, Akinobu Tanaka, and Toshiaki Tamamura 
Nippon Telegraph and Telephone Public Corporation, Ibaraki Electrical Communication Laboratory, Polymers Section, 

Tokai, Ibaraki 319-11 Japan 

ABSTRACT 

A new silicone-based negative resist (SNR) for a two-layer resist system was synthesized by the chloromethylation 
of oligomeric diphenyl siloxane (ODPS), in which the polymerization of ODPS occurred simultaneously. The molecular 
weight of SNR could be controlled by the reaction conditions. SNR showed excellent dry etching resistance to 02 RIE 
owing to the siloxane main chain structure and high sensitivity and high resolution to electron beam, x-ray, and deep 
UV radiation due to chloromethyl groups as the crosslinking units. The high glass transition temperature of SNR (150~ 
due to diphenyl structure contributes to improving resolution and eliminates lithographic problems involved in low Tg 
conventional silicone resins. Submicron patterns with a high aspect ratio were fabricated in a two-layer system com- 
prised of SNR on AZ1350 photoresist bottom layer. 

As the min imum pattern size in VLSI reaches submi- 
cron dimensions, single-layer resist systems cannot 
satisfy all requirements in electron beam lithography or 
photolithography. A demand to establish practical multi- 
layer resist (MLR) systems has been growing, because the 
MLR has various advantages over single-layer resist sys- 
tems, such as the planarization of surface topography, 
higher resolution and higher aspect ratio, proximity effect 
reduction in electron beam lithography, and so on (1~). A 
decision to introduce a MLR system depends on the 
trade-off between these advantages and the substantial 
increase in the number  of processing steps, which is a vi- 
tal drawback for MLR systems. 

With respect to resist materials for MLR systems, poly- 
mers containing certain amounts of inorganic elements 
are one of the most important  class of resists, because 
they can possess a very high resistance against oxygen re- 
active ion-etching (02 RIE) (1, 5, 6). Two-layer resist (2LR) 
systems composed of this type of resist as a thin top layer 
and an organic polymer film as a thick bottom layer are 
now regarded as among the most promising for realizing 
a practical MLR system with a relatively small increase in 
the number  of processing steps. 

Several organometallic polymers or inorganic resists 
have been already proposed (7-10). Among them, silicone 
resins are particularly interesting, because of very high 02 
RIE resistance, and a wide variety of available raw mate- 
rials to synthesize new resists. Hatzakis et al. (7) reported 
that commercially available, high molecular weight poly- 
(vinyl methyl siloxane) and poly(dimethyl siloxane) act as 
high sensitivity (2 ~C/cmD and high resolution (contrast 

of 2.0) inorganic polymer resists. The good wettability of 
silicone resins onto organic polymer layers, which pre- 
vents the formation of pinholes even in a thin layer of top 
resist, is also pointed out as another advantage of silicone 
resins. However, because of the extremely low glass tran- 
sition temperature (Tg), aliphatic polysiloxanes are nor- 
mally viscous liquid or gum at room temperature so that 
several problems arise such as adhesion of dust and con- 
trol of resist thickness (11). Besides these problems, high 
T~ is an important factor for negative resist polymers from 
various aspects. We have pointed out that the degree of 
resist swelling during development can be substantially 
depressed in a high Tg polymer, forming resist patterns 
with a fine edge definition and a steep pattern profile 
(12). When synthesizing new resists, high Tg will make the 
chemical modification and purification of polymers 
much easier. 

It is known that the substitution of the methyl groups 
of poly(dimethyl siloxane) by phenyl groups can improve 
the thermal stability of silicone resin. However, Tg of a sil- 
icone resin in which 75% of the methyl groups are substi- 
tuted with phenyl groups is still about -30~ When all 
methyl groups are completely replaced by phenyl groups, 
the resulting polymer is expected to have very high Tg, 
because commercially available oligomeric diphenylsilox- 
ane has a Tg of about 150~ However, poly(diphenylsilox- 
ane) (PDPS) has not been produced in a high molecular 
weight form. 

We have succeeded in synthesizing high molecular 
weight PDPS containing chloromethyl groups as a cross- 
linking functional group (13). The resist called silicone- 
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based negative resist (SNR), shown in Fig. 1, can provide 
very high resolution two-layer resist systems (14, 15). This 
paper deals with the synthesis and the resist performance 
of SNR. 

E x p e r i m e n t a l  

To synthesize high molecular weight PDPS,  oligomeric 
diphenylsiloxane (ODPS) available from Petrarch Sys- 
tems was used as a starting material. The ODPS with a 
molecular weight of 1400 (polymerization degree of about 
7) had Si-OH groups at both ends. The chloromethylation 
of ODPS was carried out in chloromethylmethyl  ether 
using SnC14 as a catalyst. The temperature and reaction 
times must be rigorously controlled so that polymers with 
various molecular weights are produced without forming 
gel. The typical reaction conditions are as follows: ODPS 
(30g) was dissolved in chloromethylmethyl  ether (500 ml). 
Then, SnC14 (25 ml) was added to the solution. The reac- 
tion mixture was stirred for 17h at 0~ and a white poly- 
mer was isolated by reprecipitation in methanol. The mo- 
lecular parameters of polymers obtained were determined 
compared with polystyrene standards by gel permeation 
chromatography (GPC) using a Model HLC-802UR (Toyo 
Soda). 

For the sensitivity measurements,  the resist was spin- 
coated on a silicon wafer from a nominal 5% solution in 
methylisobutyl  ketone. The initial thickness at 1000 rpm 
was about 0.2 /~m. The resolution of SNR was evaluated 
in a two-layer resist system where a photoresist AZ-1350J 
(Shipley) was used as a bottom layer. 1.25 #m thick AZ re- 
sist was spin-coated on Si wafers. 0.2 #m thick SNR layer 
was coated on a hard-baked AZ layer. Monochloroben- 
zene was used as a spinning solvent for SNR when AZ is 
soft-baked at a temperature lower than 90~ The resist 
film was so thin that no prebaking was carried out before 
exposure. 

A computer-controlled electron beam exposure ma- 
chine ELS-5000 (Elionix) operating at 20 kV was used for 
lithographic evaluation. After exposure, samples were de- 
veloped by dipping in a suitable developer. Normally, 
methylethyl ketone:isopropanol mixed solvent and iso- 
propanol were used as a developer and rinse solvent, re- 
spectively. The development  of SNR on soft-baked AZ 
layer was carried out by the combination of xylene and 
cyclohexane. As electron beam sensitivity, D, ~ and Dn i 
were used, which are defined as a dose to leave half of 
the initial thickness and a min imum dose required to 
form insoluble gel on substrate. The contrast (~) was 
defined as :y = (1/2) [log (D,~~ Sensitivity curves 
for x-ray and deep UV exposure were determined with a 
step-and-repeat-type x-ray exposure machine SR-1 devel- 
oped at NTT (16) using an Me target and a 200W deuter- 
ium lamp (Ushio Electric Company), respectively. 

Dry etching resistance of SNR was evaluated by reac- 
tive ion etching (RIE) with a parallel-plate etching ma- 

CH 2 Cl 
Fig. 1. Molecular structure of SNR 

Table I. Molecular parameters of SNR 

No. Mw x 104 Mw/Mn D, i (/~C cm -~) 

1 0.64 1.9 35 2.9 
2 1.2 1.8 11 2.6 
3 3.8 3.1 2.7 1.9 
4 4.4 2.8 2.0 1.8 
5 7.6 4.7 1.2 1.7 
6 11.3 8.5 0.68 1.1 

chine DEM-451 (ANELVA) using O~ and CF4 gases. In 
twoJayer  resist systems, the developed SNR patterns 
were transferred to the AZ layer by O~ RIE. Typical O~ 
RIE conditions were a gas pressure of 10 mtorr and a 
power of 0.1 W/cm ~. Patterns obtained were evaluated by 
scanning electron microscope (SEM) observation with 
JSM-35 (JEOL). 

Resul ts  and  D iscuss ion  

SNR syntheses.--Figure 2 shows the GPC curves of sev- 
eral polymers produced by the chloromethylation of 
ODPS. Table I summarizes the molecular parameters of 
SNR samples as well as their resist properties for electron 
beam exposure. So far, SNR's  with a molecular weight 
range of 6,400-113,000 were produced, without forming 
gel. An average polymer yield was 60% after two repreci- 
pitations with the tetrahydrofuran-methanol system. The 
chloromethyl group content is about 20%, which is 
enough for sensitizing SNR to high energy beams as was 
observed in chloromethylated polystyrene (CMS) (12). 

A key point for SNR development  is the finding that 
the polymerization reaction of ODPS occurs at the same 
t ime as the chloromethylation in the Friedel-Craft- 
catalyzed chloromethylation reaction of ODPS (13). The 
mechanism of the polymerization reaction is now under 
investigation. However, terminal OH bonds in ODPS and 
chloromethylmethyl  ether seem to be deeply involved 
with the polymerization reaction, because methyl- 
terminated siloxane oligomer could not be polymerized 
under the same reaction conditions. Polymerization did 
not occur without chloromethylmethyl  ether. The con- 
densation of the OH group is also con'firmed by NMR 
studies, where a small peak assigned to the OH group at 
1.5 ppm observed in ODPS disappears in the resultant 
polymers (13). 

Normally terminal OH groups in di- or mono-methyl 
substituted oligomeric siloxanes are very reactive, pro- 
ducir~g high molecular weight polysiloxanes by conden- 
sation, whereas the OH groups in ODPS seem to be sta- 
bilized by the diphenyl groups. When chloromethyl 

Molecular Weight 
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i i ! i i 
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Fig. 2, Gel permeation chrornatograp_~_curves of SNR. (a): ~ = 
6.4 • 10 3 . (b): Mw = 1.2 x 10 4 . (c): Mw = 4.4 • 10 ~. (d): Mw = 
1.13 x 10 ~. 



2404 J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  October 1984 

groups are introduced into phenyl rings, the electronic 
states of ODPS are changed, making the terminal OH 
groups reactive. Another consideration is that the combi- 
nat ion of chloromethylmethyl ether and SnCl4 gener- 
ates an active catalyst which can initiate condensation as 
well as chloromethylation. Consequently, SNR can be 
synthesized by only one reaction step from relatively 
cheap ODPS, suggesting a low resist cost when SNR is 
commercialized. 

Resist performance of SNR.--Figure 1 shows a chemical 
structure of SNR. SNR consists of three important func- 
tional groups. First, a siloxane main chain makes SNR 
strongly resistant to O~ RIE. Second, phenyl  groups real- 
ize a high T~ (150~ Third, the chloromethyl groups at- 
tached to the phenyl groups give SNR high sensitivity to 
high energy radiation such as electron beam, x-ray, and 
deep UV light. The obtained resist performances are as 
follows. 

Sensitivity.--SNR has an almost equivalent structure to 
CMS except for its main chain structure. CMS is one of 
the representative negative electron resists with high sen- 
sitivity and high resolution, particularly applicable to dry- 
etching processes because of high dry-etching resistance. 
SNR also has a high sensitivity, as shown in Fig. 3, where 
several SNR sensitivity curves to electron beam are 
plotted. The starting material ODPS also exhibits 
negative-type behavior, but  the chloromethylation clearly 
realizes a large sensitization. The sensitivities are in a 
range of 0.68-35 ~C/cm'-' for Mw between 1.13 x 10 ~ and 
6.4 • 10 ~, as listed in Table I, and the relationship is al- 
most linear as observed in another negative electron re- 
sist (15). 

In comparing the cross-linking reactivity of negative 
electron resists, the product of molecular weight M~ and 
the min imum dose D~ ~ has been used to eliminate the fac- 
tor of molecular weight. The average Dn ~ M~ of SNR's is 
0.12 C/cm 2 whereas that of a starting material, ODPS is 2.4 
C/cm 2, indicating distinctively high cross-linking reactiv- 
ity of the chloromethyl group. SNR reactivity is even 
higher than that of CMS with the same chloromethylation 
ratio (0.2 C/cm2). Though many reasons may be offered, 
such as the effect of residual OH groups and higher effi- 
ciency in energy transfer to reactive sites in SNR, it may 
be erroneous to compare M~ of quite different types of 
polymers by using GPC with polystyrene standards. Ab- 
solute values of Mw must be exactly determined before 
detailed arguments can be made. However, it cannot be 
denied that SNR shows high electron beam sensitivity 
compared with that of CMS. 

Figure 4 plots the sensitivity curves of SNR-4 (Mw = 4.4 
• i04) and CMS (Mw = 1.8 • i05) to x-ray from Mo target 
(5.4~). The Dn ~ Mw of SNR is 1500 J/era 2, whereas that of 
CMS is 3600 J/cm ~, indicating high sensitivity of SNR to 
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Fig. 3. Electron beam sensitivity curves of SNR. Accelerating vol- 
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x-rays as we l l  as electrons. The Dn ~ �9 Mw o f  SNR to x- ray 
showed a bet ter  va lue than  expected f rom the compar i -  
son of SNR and CMS in electron beam sensitivity. This is 
because Si and O atoms contained in SNR absorb x-rays, 
particularly in the 5-6.7/~ wavelength region, as shown in 
Fig. 5, where the absorption coefficient of SNR is com- 
pared with those of CMS and PMMA. When Mo target is 
used, SNR has about three times larger absorption than 
CMS and two times greater than PMMA. 

SNR is also useful in deep-UV lithography. In Fig. 6, 
the sensitivity curve of SNR-3 to a deuterium lamp is 

0.2 

0.1 (a) , 
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Fig. 5, X-ray wavelength dependence of absorption coefficients for 
(a) SNR, (b) PMMA, and (c) CMS. 
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Fig. 7. UV spectra of (a) SNR and (b) CMS. Film thickness: both 1.0 
/ . ~ m .  

compared with those of CMS (Mw = 6 x 104) and PMMA. 
Figure 7 shows UV absorption spectra of SNR and CMS. 
The strong absorption of phenyl groups around 260 nm 
gives SNR higher sensitivity than CMS. The self-filtering 
effect due to very strong absorption will be no problem 
because SNR used in l i thography is usually very thin. 
Contrast . - -A contrast of SNR to electron beam exposure, 
listed in Table I as % is a function of Mw and Mw/M,, as is 
observed in many negative electron resists (12, 15). The 
contrast of SNR is lower than that of CMS because the 
molecular weight distribution of SNR is much greater 
than that of CMS. It would be improved by the fractiona- 
tion of SNR polymers or the use of monodisperse 
poly(diphenyl siloxane) as a starting material, if a ring 
opening living polymerization of cyclic diphenylsiloxanes 
were possible. However,  as SNR can be uniformly coated 
in a verY thin film of about 0.1 /,m, sufficiently high res- 
olution is obtained without any modification of the poly- 
mers, as shown later. 

Dry etching resis tance.--SNR has high resistance against 
dry etching, especially against 02 RIE. The etching rate of 
SNR is less than 5 nm/min for the RIE condition used (10 
mtorr, 50 sccm, 0.1 W/cm 2, bias of 500V), whereas that of 
AZ-1350 is more than 80 rim/rain, as shown in Fig. 8. 
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Fig. 8. Etching characteristics of (a) SNR and (b) AZ for 02 RIE. 
Conditions: 10 mtorr, 50 sccm, 0.1 W/cm 2, bias of 500V. 
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Fig. 9. Auger electron spectroscopy depth profiles of etched SNR. 
S: Carbon. []: Oxygen. �9 Silicon. Etching time: (a) 0 rain, (b) 1 min, 
(c) 5 min, and (d) 10 min. O~ RIE condition: 10 mtorr, 0.1 W/cm 2. 

When relatively high O~ gas pressure such as 100 mtorr is 
adopted, the etching rate of SNR is almost negligible. 

The high O~ RIE resistance of SNR is needed to accom- 
plish high resolution lithography. Since SNR is hardly 
etched, the thickness can be as thin as possible, and a 
limit in thinning resist would depend on another factor, 
that is, the formation of pinholes. We confirmed that 0.1 
/*m is enough thickness to perform practical fabrications 
without  increasing pinhole density. This could be due to 
the good wettability of silicone polymers. 

We examined the oxidation of SNR to SiOz during 02 
RIE by means of Auger electron spectroscopy (AES). Au- 
ger electron intensities from silicon, oxygen, and carbon 
were measured in depth direction for SNR samples 
etched by 02 RIE for various times. The samples were 
etched under the above conditions for 1, 5, and 10 rain, re- 
spectively. Figure 9 shows AES depth profiles of SNR. In 
the unetched sample (Fig. 9a), a constant elemental com- 
position which is equivalent  to that of SNR was observed 
from the surface to bottom; whereas, the surface of 
etched samples (Fig. 9b to 9d) show a drastic decrease of 
carbon content and an increase of oxygen content, indi- 
cating the oxidation of SNR to SiO2. It should be noted 
that the oxidized regions were at most 10 nm from the 
surface and were independent  of etching time. This 
means that the surface of SNR is immediately converted 
to SiO2 by 02 RIE. The SiO2 layer formed on SNR is 
slightly etched by a sputtering effect, but SNR just under 
the SiO2 layer is immediately oxidized to SiO2, so that the 
thickness of the surface SiO~ is constant vs. etching time. 

SNR is expected to show a high resistance against con- 
ventional RIE using halogenated carbon gases as judged 
by its aromatic structure and high T~. The SNR etching 
rate against CF~ RIE is compared with other resists, sum- 
marized in Table II. SNR shows much higher resistance 
to C F  4 RIE than poly(aliphatic methacrylates), but 
slightly lower resistance compared to C1VIS and AZ. This 
means that the SNR layer in two-layer resist systems is 
relatively easily removed when the substrate layer is 
etched by RIE using a two-layer mask. However, this 
property is an advantage for SNR, because after the etch- 
ing, 02 plasma ashing can be used for resist removal, 

Table II. CF 4 RIE etching rate 

Resist Rate (nm. rain-') 

SNR 38 
AZ 30 
CMS 25 
PIVIMA 90 
FBM 180 

Etching condition: 80 mtorr, 0.1 W/cm'-'. 
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Fig. 10.SEM photograph of high aspect ratio submicron pattern 
formed by SNR on AZ-1350 two-layer resist. Accelerating voltage: 30 
keV. Dose: 14.5/~C/cm 2. Film thickness: SNR 0.2/~m, AZ 1.3/-~m. 

Fig. 11. SEM photograph of high resolution pattern formed by SNR 
on AZ-1350 two-layer resist. Accelerating voltage: 20 keV. Dose: 7.8 
/~C/cm 2. Film thickness: SNR 0.2/~m, AZ 1.05/~m. 

which is one of the few problems with multiple-layer re- 
sist systems. 

SNR/AZ two-layer system.--A submicron pattern with 
high aspect ratio is demonstrated by the SNR/AZ two- 
layer resist system. It takes only six steps to accomplish 
the resist process by using SNR. These are AZ-1350J 
coating, baking at 200~ for 60 min, SNR coating, electron 
beam exposure and development, and 02 RIE. This is 
only a two-step increase compared with a single-layer re-. 
sist system. Figures 10 and 11 show SEM photographs of 
fabricated patterns using SNR-4. A 0.3 tLm line and 0.7~m 
space pattern and a 3 t~m line and 0.2 ~m space pattern 
are clearly formed. The proximity effect is efficiently re- 
duced, indicating the high resolution capability of this re- 
sist system. 

Furthermore, SNR shows good solubility in many sol- 
vents, including most ketones, esters, ethers, aromatic hy- 
drocarbons, and many halogenated hydrocarbons. Plain 
hydrocarbons and alcohols are nonsolvents. As compared 
with CMS, SNR shows better solubility, perhaps due to 
the siloxane main chain structure. This provides a very 
wide variety of developers and spinning solvents. As a 
bottom layer in a two-layer resist system, various poly- 

mers can be used even if that polymer is soluble in many 
solvents. For instance, the hard baking of AZ photoresist 
is not necessary with a suitable combination of spinning 
solvent and developers. Monochlorobenzene can be used 
as the spinning solvent, and xylene is one of the most ex- 
cellent developers for SNR; both hardly dissolve soft- 
baked AZ resist. The use of a soluble bottom layer has an- 
other merit in stripping the resist. As the hard-baked AZ 
is normally stripped by 02 plasma ashing, scums are 
sometime observed on the substrate when SNR layer is 
not completely removed. When soft-baked AZ resist was 
used as a bottom layer, SNR could be easily lifted off and 
no scum was observed. 

Summary 
New silicone-based negative resists (SNR's) for a two- 

layer resist system were synthesized by the chloromethyl- 
ation of oligomeric diphenylsiloxane. SNR showed excel- 
lent dry etching resistance against 02 RIE, and could be 
applied to an imaging resist of two-layer resist systems. 
Practical high sensitivities to electron beam, x-ray, and 
deep UV radiation were obtained. An excellent resolution 
was realized in a two-layer resist system using SNR. 
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ABSTRACT 

The electrical properties of the solid solutions between stabilized zirconia and ceria, (0.9-y)ZrO=-yCeO2-0.1Y203 with 
0 < y < 0.9, have been investigated, between 1273 and 1673 K, in a large range of oxygen partial pressures. The total elec- 
trical conductivity and the concentrations of the various charge carriers, determined through thermogravimetry and 
measurement  of magnetic susceptibility at high temperature as a function of oxygen partial pressure, makes it possible 
to develop a model  accounting for the transport properties as a function of temperature and oxygen partial pressure. On 
the basis of the present results, the materials in question appear to be suitable as membranes semipermeable to oxygen. 

Refractory oxides with a fluorite-type structure, such 
as stabilized zirconia and pure or doped ceria, have been 
extensively studied in recent years (1, 2). Most of them are 
characterized by a predominant  ionic-type conductivity, 
which proceeds through the motion of oxygen ions via 
vacancies (2). Owing to the electrolytic character of these 
materials, they can be potentially used at intermediate 
temperatures (of the order of 1273 K) in applications such 
as oxygen gauges (3, 4) or fuel cells and electrolyzers (5). 

However, at temperatures higher than ~ 1673 K, these 
oxide electrolytes may exhibit  a partial electronic con- 
ductivity (6). The resulting oxygen flux through the elec- 
trolyte (7), although believed to have a detrimental effect 
on the property of the material as an oxygen gauge at 
temperatures higher than 1473 K, may be judiciously ap- 
plied to the problem of selective oxygen pumping at high 
temperature. Thus stabilized zirconia walls have been re- 
cently used as oxygen semipermeable membranes for the 
extraction of the oxygen arising from steam decomposi- 
tion (8). Such a membrane must be characterized by a 
mixed, ionic, and electronic, conductivity. Indeed, in a 
gradient of oxygen chemical potential, the ionic compo- 
nent of the conductivity allows the oxygen to diffuse as 
02- ions through the membrane,  while the electronic com- 
ponent  ensures a transfer, between the two electrolyte- 
gaseous phase interfaces, of the electrons required for the 
exchange of oxygen between the electrolyte and the gase- 
ous phases. Furthermore,  it has been shown (8) that the 
oxygen transfer is max imum when the ionic component  
of the conductivity is equal to the electronic component.  
This is not precisely the case for stabilized zirconia (9), 
the oxygen semipermeabili ty of which is l imited by the 
value of its electronic conductivity which is very low. 

However, the electronic conductivity of stabilized zirco- 
nias may be enhanced by doping these materials with an 
oxide the cation of  which may present different valence 
states. This is the case for cerium oxide, CeO2, which is 
characterized, at high temperature, by a redox equilib- 
r ium between the tetravalent Ce 4~ and the trivalent Ce ~§ 
states of cerium ions (10), accountable for an n-type elec- 
tronic conductivity. Cubic solid solutions with a fluorite- 
type structure may be obtained between stabilized zirco- 
nias and ceria in large ranges of composition (11). 

The aim of the present work was to investigate the elec- 
trical transport properties of solid solutions between sta- 
bilized zirconia 0.9ZrO2-0.1Y~O3 and CeO2 in order to 
define the ability of such compounds to be used as oxy- 
gen semipermeable membranes.  This has been achieved 
by the study of the electrical conductivity and the investi- 
gation of the high temperature defect structure of the 
solid solutions (0.9-y)ZrO=-yCeO2-0.1Y203, 0 < y < 0.9. The 
properties of the two compositions corresponding to 
y = 0 and y = 0.9 have been reported elsewhere (9, 12) and 
will not be considered further here. 

Experimental 
Sample preparation.--The solid solutions were pre- 

pared by solid-state reaction between the oxide pow- 

ders:monoclinic zirconia (Ugine-Kuhlman), ceria (RhSne- 
Poulenc), and yttria (Pechiney), with a level of purity 
above 99.9%. Appropriate proportions of ZrO2, CeO~, and 
Y20.~ powders were mechanically mixed in acetone and 
dried for 12h at 500~ The calcined materials were then 
isostatically pressed into rods and fired for 5h at 2073 K 
in air, in a laboratory-built furnace (6). 

X-ray diffraction shows that the solid solutions 
(0.9-y)ZrO~-yCeO2-0.1Y202, with 0 < y ~< 0.9, are character- 
ized by a cubic fluorite-type structure, the lattice parame- 
ter of which increases linearly with the ceria content y 
(Fig. 1) 

a = (5.145 + 0.243 = y)~ 

The first term corresponds to the lattice parameter of 
stabilized zirconia as reported in Ref. (1). The lattice ex- 
pansion occurs as a consequence of the substitution of 
zirconium ions by cerium ions, the ionic radius of which 
is greater (Zrv, 4+ = 0.79•, Cew 4§ = 0.9)~) (13). The value of a 
obtained for y = 0.9 is in good agreement with the lattice 
parameter previously reported for the solid solution 
0.9CeO2-0.1Y202 (14). 

Conductivity measurements.--The specimens used for 
total conductivity measurements  were cut into cylinders. 
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Fig. 1. Dependence of the lattice parameter of the solid solutions 
(0.9-y)ZrO.~-yCe02-O. 1Y~03 on composition. 
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Small grooves were then cut in the cylindrical sample to 
define the position of the electrodes. Plat inum wires are 
tightly wrapped in the grooves around the sample and 
coated with platinum paste. The whole assembly is fired 
to improve the contacts and provide a good adhesion. The 
conductivity measurements  were carried out in a plati- 
num furnace between 1273 and 1673 K, over a large range 
of oxygen partial pressures, using a standard four-probe 
dc method. High oxygen partial pressures (10-'-10 -5 MPa) 
were achieved by using Ar-Ox mixtures, while lower oxy- 
gen chemical potentials were obtained with CO-COx 
mixtures. 

Measurements of defect concentrations.--As previously 
reported (12), the specific electrical properties of solid so- 
lutions containing cerium dioxide arise from the forma- 
tion, at low oxygen activities, of oxygen vacancies and the 
simultaneous reduction of cerium ions from the tetrava- 
lent Ce 4§ to the trivalent state Ce 3§ Such a behavior must  
give rise to a weight loss of the samples, which can be 
measured by thermogravimetric techniques, and to a no- 
ticeable variation of their magnetic susceptibility: Ce 3+ 
ions are paramagnetic, while all the other anions and cat- 
ions present only a diamagnetic contribution. In order to 
get the various defect concentrations involved in the 
transport properties of these compounds, a thermograv- 
imetry and magnetic susceptibility equipment  for use at 
high temperatures was built. Since this apparatus has 
been previously described in detail (12), 0nly the principle 
of operation is summarized below. 

The composition of the solid solutions in the (T, Pox = 
10-' MPa) states is taken as a stoichiometric reference 
and may be explicitly writ ten Zr0818_, Ce~Y0.,sxO, 9,. Under 
these conditions, the solid solutions are characterized by 
a weight p, and a molar susceptibility XM(1). Assuming 
that the additivity law of magnetic susceptibilities is 
satisfied (15), the latter quantity is equal to the sum of the 
molar diamagnetic contributions XM d (k) of the various 
species k 

XM(1)  = (0.818-y) XM d (Zr 4§ + y XM d (Ce 4§ 

+ 0.182 XM d (y3+) + 1.19 XM d (O 2-) [1] 

The oxygen partial pressure is then gradually lowered 
below 10 -~ MPa, under isothermal conditions; when equi- 
libration has been reached, the composition of the solid 
solutions departs from the "stoichiometric" composition 
by a value x, according to 

Zr9.s,8_~Ce,Y0.~sxO,.9, 
(Pox = 10-1 MPa) 

Zr0.s~s -u Ce~j-2x4+Ce2~13+Yo j82 01.91-z 
(Po2 << 10-' MPa) 

The deviation from stoichiometry follows from the rela- 
tionship 

2(pl - Px) M 
x - [2] 

p, M(Ox) 

where M and M(OD denote the mean molar weight of the 
solid solution and the molar weight of oxygen molecules, 
respectively, and P2 the sample weight for Pox << 10-' 
MPa. 

Owing to the formation of paramagnetic Ce ~+ centers, 
the molar susceptibility of the nonstoichiometric sample, 
XM(2), differs from XM(1), and the difference, XM(2) - X M ( 1 ) ,  

allows one to define a molar susceptibility XM(3)- Assum- 
ing that the variation of the sample molar weight can be 
neglected in a first approximation, XM(3) is found from 

XM(3) = X[2XM p (Ce 3+) + 2XM d (Ce 3+) 

- 2XM d (Ce ~§ - XM ~ (O2-)] 

o r  

XM(3) = X[2XM" (Ce 3+) + C] [3] 

where XM" (Ce 3~) denotes the paramagnetic susceptibility 

of the Ce 3+ ion and C a correction for the diamagnetic 
contributions. 

Results and Discussion 
Electrical conductivity . - -The general nature of the vari- 

ations of the electrical conductivity with the oxygen par- 
tial pressure is similar for all compositions (Fig. 2-4), and 
three domains can be distinguished in the log ~ - log Pox 
plots. In the first one, for the highest oxygen partial pres- 
sures, the conductivity is constant or very slightly de- 
pendent  on Po2. It has also been observed for the composi- 
tions 0.9ZrO2-0.1Y~O3 (y = 0) and 0.9CeO~-0.1Y~O3 (y = 0.9) 
(16). This domain shrinks as the ceria content y and/or the 
temperature increases. At lower oxygen partial pressures, 
the conductivity increases rapidly up to a maximum 
value and the rise of conductivity is the more important 
as the ceria content is higher. At low CeOx contents, for 
instance y = 0.09 (Fig. 2), the maximum is barely noticea- 
ble and disappears completely above 1573 K. Finally, for 
the lowest oxygen partial pressures, the conductivity 
strongly, decreases down to a value lower than the con- 
ductivity level observed under oxidizing atmospheres. 

At high oxygen activities, the conductivity is mostly 
ionic in nature, as found earlier for the compositions y = 0 
and y = 0.9 (16). The conductivity takes place by motion 
of oxygen ions via vacancies and, for a given temperature, 
its value is fixed by the concentration of oxygen vacan- 
cies (Vo")*, formed in the material as charge 
compensating defects when y3~ ions substitute M 4+ cat- 
ions (M = Zr 4§ Ce4§ According to the formalism of 
KrSger and Vink (17), this reaction is written as 

YxO3 MO22YM' + 3 0 o  x + (Vo")* [4] 

The concentration of oxygen vacancies [(Vo")*] is then 
only dependent on the yttria content. 

Under reducing conditions, the increase of conductivity 
may be explained as in the case of doped ceria 0.9CeO2- 
0.1Y20~ (12). In this domain, excess carriers, resulting 
from the displacement of the redox equilibrium between 
the two valence states of cerium ions 

2CeM x + Oo • ~ 2CeM' + (Vo")** + 1/2 O /  [5] 

give rise to an electronic-type conductivity. The addi- 
tional oxygen vacancies involved in this equilibrium are 
marked with a double asterisk, while those resulting from 
reaction [4] are marked with a single asterisk. 
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O.09CeO2-O.1Y203 vs. oxygen partial pressure. 
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Fig. 3. Variation of the total electrical conductivity of 0.63ZrO~- 
0.27CeO2-O.1Y.~03 vs.  oxygen partial pressure. 

On assuming that, as for nonstoichiometric pure or 
doped ceria (10), the electrons are localized on cerium 
sites and move in the lattice between cerium ions through 
a hopping process, the electronic part of the conductivity 
should be roughly proportional to the product of charge 
carriers concentration [CeM'] and the concentration of 
available sites [CeMX]. According to this assumption, a de- 
crease of Po2 should displace Eq. [5] towards the right- 
hand side and should lead to an increase of the product 
[Ce j ]  [Cem x] and thus should enhance the conductivity. 
When the oxygen partial pressure is low enough to reduce 
a large fraction of the cerium ions to the trivalent state, 
the product [CeM'] [CeM x] and therewith the partial elec- 
tronic conductivity should go through a maximum. This 
occurs when the concentrations of cerium ions in the two 
valence states are equal, each being half of the total con- 
centration of cerium ions which is constant. 
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Fig. 4. Variation of the total electrical conductivity of 0.45ZrO,,- 
0.45CeO2-O.1Y203 v s .  oxygen partial pressure. 

A maximum value is indeed observed in the log ~ - log 
Po2 plots (Fig. 3 and 4). Similar results have been also re- 
ported for the binary solid solutions (1-y)ZrO~-yCeO2. For 
instance, in the case of 0.3ZrO2-0.7CeO~, a conductivity 
maximum has been observed by Gouet (18) and attrib- 
uted to a [Ce~+]/[Ce 4+] ratio close to unity. According to 
Fehrenbacher  and Tallan (19), the conductivity maximum 
of 0.8ZrO2-0.2CeO~ is once more related to the reduction 
of half the cerium ions to the trivalent state. 

For the lowest oxygen partial pressures investigated 
here, it has been noticed that the conductivity level is 
lower than the value found for the ionic plateau in the vi- 
cinity of oxygen pressures of 10 -1 MPa. Nevertheless, un- 
der strongly reducing conditions, a major fraction of the 
cerium ions is reduced to the trivalent state and the value 
of the product [CeM'] [CeM x] should be very low. Then the 
conductivity should again present a predominent  ionic 
character. This indicates that the ionic component  of the 
conductivity is depressed by the presence of additional 
oxygen vacancies resulting from the reduction of the Ce 4§ 
ions (Eq. [5]). Indeed, it has been clearly shown that, from 
a given content of dopant oxide [of the order of 10 mole 
percent (m/o) in the case of Y203 (20)], the ionic conductiv- 
ity of stabilized zirconias decreases when additional 
heterovalent cations are added. In the present case, be- 
yond the concentration of oxygen vacancies initially 
fixed by the yttria content (10 m/o), the ionic conductiv- 
ity should gradually decrease during the reduction of the 
Ce 4§ ions. 

As a consequence, the observed maximum of the log (r 
- l o g  Po~ plots does not necessarily correspond to a quan- 
titative equipartition of cerium ions between the Ce 4. and 
Ce 34 states, since a decrease of the total conductivity may 
be partly induced by a lowering of the ionic component.  
Therefore, the knowledge of the reduction rate of cerium 
ions seems to be of prime importance in explaining the 
transport properties of the (0.9-y)ZrO2-yCeO2-0.1Y203 solid 
solutions. This will be treated below. 

Structural considerations.--It is generally admitted that 
the decrease of the ionic conductivity of fluorite-type 
solid solutions for high contents of oxygen vacancies is 
related to the formation of associated defects or defect or- 
dering (21). In the case of the cubic solid solutions be- 
tween zirconia and trivalent lanthanide oxides Ln203, 
order-disorder transitions have been observed in a range 
of composition which depends, to a first approximation, 
on the ratio of the cationic radii of Zr 4+ and Ln ~+ ions (22). 
Moreover, the results obtained by Negas et al. (23) have 
shown that the reduction of Ce 4§ ions at low oxygen activ- 
ities may induce the ZrO2-CeO2 cubic solid solutions to 
form ordered compounds with a pyrochlore-type struc- 
ture. Concerning the (0.9-y)ZrO2-yCeO2-0.1Y203 solid solu- 
tions, under low Po2, the reduction of cerium ions to the 
trivalent state generates, within the cationic and anionic 
sublattices, large amounts of atomic and electronic de- 
fects which may induce such order-disorder phenomena. 
The structure of these materials, quenched after an an- 
neal under  reducing conditions, therefore, has been ana- 
lyzed by x-ray techniques. 

For low ceria contents, for instance 0.81ZrO2- 
0.09CeO2-0.1Y203, after annealing under  Po2 = 10-15 MPa 
at 1373 K, the x-ray diffraction patterns exhibit  any char- 
acteristic line of a pyrochlore-type ordered phase. A simi- 
lar result has been obtained for the composition 0.72ZrO2- 
0.18CeO2-0.1Y203 which consists of a single phase having 
a fluorite-type structure. However, its lattice parameter 
increases with the rate of reduction, owing to the fact that 
the cationic radius of Ce 3+ is higher than that of Ce 4+ (13); 
it rises from ar = 5.194A for Po2 = 10-~ MPa to a~ = 5.197A 
for Po~ = 10 -~ MPa and aF = 5.207~ for Po2 = 10-~7 MPa. 

For higher concentrations of ceria, an ordered phase 
has been observed only after long t ime annealings 
(~100h). A second phase having a pyrochlore-type struc- 
ture seems to gradually precipitate in the disordered 
fluorite-type matrix, the size of the pyrochlore domains 
increasing very slowly owing to the low kinetics of cation 
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diffusion (24). The lattice parameter of the pyrochlore- 
type phase ap = 10.530/~ is about twice the lattice parame- 
ter of the fluorite-type phase a F = 5.320A, the defect or- 
dering in the anionic and cationic sublattices inducing a 
double cell for the crystal structure. 

The effect of such a second phase on the electrical 
transport properties should be taken into account. In the 
case of binary ZrO~-Ln20~ systems, the formation of a 
pyr0chlore-type structure is generally related to a de- 
crease of the ionic conductivity (25). Thus, in the present 
case, even if, for low CeO~ content, there is a small de- 
crease of the conductivity under low oxygen activities 
which may probably be explained on the basis of interac- 
tions between oppositely charged defects, for higher ceria 
contents, the very low kinetics for the solid-gas phase 
equilibria and the rapid decrease of the conductivity un- 
der reducing conditions must be partly related to the for- 
mation of pyrochlore-type domains. This result has been 
confirmed by the analysis of the high temperature defect 
structure. 

Correlations between defect structure and  transport  
proper t i e s .~As  a result of the previous considerations, 
two distinct compositions have been investigated be- 
tween 1273 and 1473 K, using the techniques of thermo- 
gravimetry and measurement  of magnetic susceptibil- 
ities. 

Solid solution wi th  low ceria content: 0.81ZrO2-O.O9CeO2- 
0.1Y.~O3.--The various defect concentrations have been 
measured as presented in the experimental  section. 

The departure from stoichiometry x of the 0.81ZrO2- 
0.09CeO~-0.1Y20~ solid solution has been deduced from 
the thermogravimetric measurements,  using Eq. [2], and 
is plotted in Fig. 5 vs. the oxygen partial pressure. For a 
given temperature, in the whole range of oxygen partial 
pressure investigated here x varies closely as po.2 -1/4. 
Moreover, the deviation from stoichiometry is relatively 
small, and the charge balance relationship between the 
defect concentrations is 

[Vo"] = [(Vo")*] = 1/2 [YM'] 
>>  [(Vo-)**] = 1/2 [CeM'] [6] 

where [Vo-] denotes the total oxygen vacancy concentra- 
tion. 

On assuming that the concentration of Ce 3§ ions is low 
enough to obey the dilute solution laws, the equilibrium 
constant K relative to Eq. [5] may be written using the 
concentration of CeM' species instead of its activity 

K - avo.- [CeM'] ~ 
po2 '/~ [7] 

a o o x  a c e M  x 

In the domain defined by the electroneutrality relation 
[6], the activities avo-, aoo X, and ac~M~ may be considered as 
essentially constant, and it follows from Eq. [7] 

[CeM'] = 2 [(Vo")**] ~ Po~ -'/4 [8] 

The same po~ - '4  dependence is then expected for x, 
since 

x = [(Vo")** ] = 1/2 [CeM'] [9] 

The susceptibility XM(3), deduced from magnetic mea- 
surements, should follow the same Pox dependence as x, 
and, according to Eq. [3], a direct proportionality should 
be observed between XM(3) and x. Indeed, the log XM(3) vs. 
log x plots are straight lines with slopes close to unity 
(Fig. 6). 

The concentration of the different defects, Vo'" and CeM', 
involved in the transport properties have been deduced 
from the values of x and XM(3), using Eq. [9] and [3]. How- 
ever, it is not allowed to relate the partial, ionic or elec- 
tronic conductivity ~k of these materials to their respec- 
tive charge carrier concentration Ck, i.e., [Vo] or [CeG], by 
the classical relationship 

~k = Zk qCkvk_. 

where Zk and vk denote the valence and the mobility of 
species k and q the electronic charge. 
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Fig. 5. Variation of the departure from stoichiometry of 0.8]ZrO2- 
O.09CeO~-O.1Y~03 vs. oxygen partial pressure. 

Indeed, it is now accepted (26) that the ionic conductiv- 
ity o-i of fluorite-type solid solutions does not depend lin- 
early on the concentration of oxygen vacancies. Further- 
more, in the p:esent  case, we have considered a decrease 
of o-i when additional oxygen vacancies are created under 
reducing conditions. Nevertheless, it has been shown in a 
previous paper (12) that the decrease of the ionic conduc- 
tivity in such fluorite-type solid solutions is analogous to 
that observed for stabilized zirconias when additional ox- 
ygen vacancies are generaed by additions of trivalent y3+ 
ions (20) and may be accurately approximated by the 
same empirical laws. Using the same treatment, the varia- 
tiaras of o-i vs. Po~ have been deduced from the values of 
[Vo"] given by the thermogravimetric measurements;  the 
electronic part of the conductivity is then obtained by dif- 
ference between the total conductivity cq and o-i 
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Fig. 6. Dependence of the magnetic susceptibility XM(3) on the de- 
parture from stoichiometry of 0.81ZrO,~-O.O9Ce02-O, 1Y~O~, 
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~(Pox) = ~ -- ~i(Pox) 

Figures 7 and 8 show the Pox dependence of the concen- 
trations of charge carrier [Vo"] and [CeM']. and the partial 
conductivities obtained according to this procedure at 
two temperatures, 1373 and 1473 K, for 0.81ZrOx- 
0.09CeOx-0.1Y203. 

For the highest oxygen partial pressures (Po2 > 10-6 
MPa), the conduct ivi ty  is mostly ionic and constant. In- 
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Fig. 8. Plots of the defect concentrations [Vo'" ] and [CeM' ] and of 
the conductivities (r,, o-, and (r e vs. oxygen partial pressure, at 
1473 K. 

deed, in this domain, [Vo"] does not depend on Po~ since 
the content  of oxygen vadancies resulting from the reduc- 
tion of CeM ~ ions is negligible compared to that fixed by 
the Y~O3 content. Under  reducing conditions, according 
to the relationship [8], deduced on the basis of a model of 
randomly distributed and noninteracting electronic de- 
fects, the concentration [CeM'] varies approximately as 
pox -1/4. The observed decrease of the total conductivity is 
here directly related to the decrease of its ionic compo- 
nent and, at 1373 K (Fig. 7), the values of (r~ calculated for 
the lowest oxygen partial pressures are in good agree- 
ment  with the measured values of (rt. 

At higher temperatures,  for instance, at 1473 K (Fig. 8), 
the effect of the electronic component  o e on the varia- 
t ion of (r't is no longer negligible. Furthermore,  it will be 
noticed that, for the lowest  oxygen partial pressures, the 
major part of cer ium ions are reduced to the tr ivalent  
state and the ratio [CeM']/[CeM x] is larger than unity. The 
electronic conductivi ty ge, which is proport ional  to 
[CeM'] [CeMX], would then decrease for more reducing 
conditions. However,  ~e is of the same order of magni- 
tude as (r~ for an oxygen partial pressure pO of about 
10-,2.10-,3 MPa. For 0.9CeOx-0.1YxO3 (y = 0.9), the partial 
pressure pO corresponding to the condit ion o-~ = (r e is 
equal  to ~ 10 ~ MPa at the same temperature  (12). Such 
a lowering of the parameter  pO results from a decrease 
of the electronic conduct ivi ty  due to a lower electronic 
mobility. Indeed, for a deviat ion from stoichiometry x = 
1.7 10 -x, the electronic mobili ty in 0.81ZrO~- 
0.09CeO~-0.1Y~O3 is equal  to ve = 3.1 10 -~ m2V- 's  -1, 
while under  the same condit ions the electronic mobil i ty 
of 0.9CeOx-0.1Y~O3 is at least a factor of ten higher (12). 
Owing to the order of magni tude  of Ve, one may reasona- 
bly attribute the electronic conduct ivi ty  of the solid so- 
lutions (0.9-y)ZrO2-yCeOx-0.1YxO3 to a small polaron 
mechanism with electrons localized on cerium sites, as 
in the case of pure or doped nonstoichiometr ic  ceria (10). 
As a consequence,  the variat ion of the electronic mobil- 
ity with respect  to the composi t ion should be related to 
a change of the probabili ty for an electron to jump  from 
a localized site to another, which is expected to be a de- 
creasing function of the jump  distance (27). 

Solid solution with high CeO,2 content: 0.45Zr0,~-0.45 
CeO.2-O.1Y.zO3.--The propert ies  of the solid solution 
0.45ZrO~-0.45CeO_,-0.1YxO3 are in part sirnilar to those of 
0.81ZrO2-0.09CeO~-0.1YxO3. Indeed, in a l imited range of 
oxygen partial pressure, the size of which shrinks when 
the temperature  increases, the departure from stoichi- 
ometry x fol]ows the same pox -'/* dependence  (Fig. 9), 
and the proportionali ty relationship be tween the sus- 
ceptibili ty XM(3) and x is also observed. Beyond this do- 
main, the deviation from stoichiometry increases rapidly 
and any solid-gas phase equi l ibr ium has not been 
reached even after 100h. For this reason, the values of x 
reported in Fig. 9 for the lowest oxygen partial pres- 
sures, at 1373 and 1473 K, do not correspond to equilib- 
r ium conditions. 

The lower limit of the domain with a Po~ ~;4 depend- 
ence is observed for an oxygen partial pressure of 10 -~-~ 
MPa about at 1373 K and 10 -~~ MPa at about  1473 K. 
This is approximately equal  to the oxygen partial pres- 
sure corresponding to the conductivi ty m a x i m u m  of the 
log ( r - log  Pox plots (Fig. 4). Owing to the results of x-ray 
analysis, which show an ordered phase with a pyro- 
chlore-type structure for lower oxygen activities, the 
rapid increase of x can be reasonably at tr ibuted to the 
formation of a two-phase system which consists of a dis- 
ordered fluorite-type matr ix into which pyrochlore-type 
ordered domains gradually precipitate. 

The defect concentrat ions [Vo] and [CeM'] and the par- 
tial conductivi t ies  o-~ and ~r e were deduced or calculated 
using the same steps as in the case of 0.81ZrO2- 
0.09CeO2-0.IY~O3. Typical results obtained at 1373 K are 
plotted in Fig. 10. It should be observed that, in opposi- 
tion with the previous case, the electrical conductivi ty 
of 0.45ZrO2-0.45CeO~-0.1YxO3 is mostly electronic in na- 
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Fig. 9. Dependence of the departure from stoichiometry of 
0.45ZrOz-0.45CeO~-0.1Y~O~ on oxygen partial pressure. 

ture, since the electronic component  is equal to the ionic 
one for a higher oxygen partial pressure pO = 10 -6 MPa. 
For oxygen partial pressures lower than about 10 -'~ 
MPa, the total conduct ivi ty  rapidly decreases, al though 
the concentrat ions of oxygen vacancies and Ce 3+ ions 
strongly increase. This will be due to the formation of 
pyrochlore-type ordered domains, the conduct ivi ty  of 
which would be lower. Indeed, the relation between the 
conduct ivi ty  max imum and an equipart i t ion of cerium 
ions between the two valence states Ce 3+ and Ce 4+ (the 
hypothesis  proposed by various authors to explain the 
electrical properties of ceria-based solid solutions) is no 
longer accurate in the present case, since for the oxygen 

1=1373K 
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Fig. 10. Plots of the defect concentration [Vo" ] and [CeM' ] and of 
the conductivities Gt, o"i, and o- e vs.  oxygen partial pressure, at 
1373 K. 

partial pressure corresponding to a m ax im um  of con- 
ductivity, Po2 - i 0 - "  MPa at 1373 K, only about  6% of ce- 
r ium ions are reduced in the trivalent state. Further- 
more, the decre&se of Gt cannot be simply explained on 
the basis of a decrease of the ionic component  cry, since, 
close to the maximum,  the total conduct ivi ty  is practi- 
cally equal  to its electronic component  ~r e. It must  be 
then assumed that the formation of the ordered domains 
induces an important  decrease of the electronic conduc- 
tivity, and, more precisely, owing to the rapid increase 
of the charge carrier concentrat ion [CeM'] in this domain, 
a decrease of the electronic mobility. 

C o n c l u s i o n  
The study of mixed ionic and electronic conductors be- 

longing to the ZrO~-CeO2-Y203 system has been motivated 
by the potential applications of these materials as oxygen 
semipermeable membranes in various processes involv- 
ing an oxygen extraction at high temperature. This is par- 
ticularly the case for the production of gaseous fuels, 
such as H~ or CO, by direct thermal splitting of H~O or 
COx and extraction of the oxygen arising from the dissoci- 
ation reaction (25). At the temperatures of 1873-2273 K re- 
quired for the decomposit ion reaction (25), it has been 
previously shown that the material used as semiperme- 
able membrane should present, in a given range of 
oxygen partial pressure [Po~(I), po~(II)] = (10 -3, 10 -7 MPa) 
(25), a mixed electrical conductivity with equivalent ionic 
and electronic components.  It is therefore interesting to 
compare the transport properties of the (0.9-y)ZrO~- 
yCeO~-0.1Y203 solid solutions to the requirements of such 
processes. The oxygen partial pressure pC, for which 
these materials exhibit  equal ionic and electronic partial 
conductivities, should be thus of the same order of mag- 
nitude as the partial pressures po=(I) and po2(II). 

The conditions of temperature and oxygen partial pres- 
sure required for these techniques correspond to the 
hatched domain of Fig. 11. The different values of the pa- 
rameter pC, obtained for the (0.9-y)ZrO2-yCeO2-0.1Y_~O~ 
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Fig. 11. Temperature dependence of the oxygen partial pressure 
pO in the case of stabilized zirconia (0 )  (9), 0.45ZrO~-0.45CeO2- 
0.1Y203 (A), and 0.81ZrO2-0.09CeO2-0.1Y2Oa ([~). The hatched do- 
main corresponds to the temperature and oxygen partial pressure 
working conditions of oxygen semipermeable membranes. 
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solid solutions from the thermogravimetric and magnetic 
susceptibility measurements,  are reported in the same 
figure. As a reference, the temperature dependence of pO 
of the stabilized zirconia, primarily used as oxygen semi- 
permeable membrane  (9), is also plotted in Fig. 11. 

As previously stated (9), stabilized zirconia is not an at- 
tractive material for applications as oxygen semipermea- 
ble membranes,  since the corresponding values of pO are 
much lower than the oxygen partial pressures po2(I) and 
po2(II). The solid solutions (0.9~ ap- 
pear to be more appropriate. For the composition y = 
0.45, the values of the partial pressUres pO extrapolated at 
high temperature are of the same order of magnitude as 
the pressures po~(I) and po2(II). However, the solid solu- 
tion 0.45ZrO2-0.45CeO~-0.1Y~O3 gives rise, under  reducing 
conditions, to large departures from stoichiometry and to 
pyrochlore-type ordered domains which have a detrimen- 
tal effect on the electrical properties.  The oxygen partial 
pressure for which this second phase has been observed 
increases rapidly with the temperature, and, conse- 
quently, this composition is not suitable for such applica- 
tions. 

The formation of an ordered phase has been observed 
also for solid solutions with higher concentrations of ce- 
ria, for instance, y = 0.63 (25), so that it seems more advis- 
able to use solid solutions with a ceria content low 
enough to keep the structure disordered, in ranges of 
temperature and oxygen partial pressure of interest for 
such processes. 

The use of a composition with about 20 m/o of cerium 
oxide appears to be a good solution, since the values of 
the parameter pO will be appreciably higher than in the 
case of y = 0.09, about 10 - ' '~  MPa at 1473 K, owing to the 
increase of the electronic conductivity level arising from 
a higher ceria content. Moreover, such a solid solution 
does not correspond to the composition range for which 
the pyrochlore-type phase is observed (25). Indeed, the 
x-ray analysis of the solid solution 0.72ZrO2- 
0.18CeO2-0.1Y203, annealed under  various reducing at- 
mospheres (Po2 = 10-"-10-17 MPa), clearly shows that this 
material is a single, fluorite-type, phase. 

For these reasons, the composition 0.72ZrO~- 
0.18CeO2-0.1Y~O3 has been used to prepare oxygen semi- 
permeable membranes,  which are presently under  inves- 
tigation. Preliminary results show that the oxygen 
semipermeability of such membranes is higher by about a 
factor of 50 than the oxygen semipermeability of mem- 
branes made of "classical" stabilized zirconia (28). 

Manuscript submitted April 3, 1984; revised manuscript  
received June 12, 1984. 
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ABSTRACT 

Hot corrosion of gas turbine engine components  involves deposits of Na2SO4 which are produced by reactions be- 
tween NaC1 and oxides of sulfur. For the present investigation, NaC1 single crystals were exposed at 100~176 to gase- 
ous mixtures of SO3, SO2, and O2. The products formed during this exposure depend, primarily, on the temperatures. 
The four product films were NaC1 �9 SO~, Na2S207, Na2SO4, and NaC1-Na2SO4. The kinetics of the reactions were 
measured. 

Hot corrosion degradation of components of gas tur- 
bine engines burning relatively clean fuels usually in- 
volves deposits of only Na2SO4. Two processes have been 
proposed to account for the deposits: (i) deposition by im- 
paction of NaC1 particles on the turbine surfaces and sub- 
sequent reaction of the condensed NaC1 with oxides of 
sulfur, and (it) reaction in the hot combustion stream to 
form Na2SO4 with subsequent  deposition. Some previous 
investigators have observed the conversion of NaC1 to 
Na2SO~ under real or simulated combustion atmospheres 
in the presence of oxide scales on turbine-type substrates 
(1-3). Such experiments,  while verifying that conversion 
of NaCI to Na~SO4 does occur, did not clearly differentiate 
between processes (i) and (it). Furthermore, the influence 
of the substrates, used in these experiments,  upon the 
rates of conversion was still unclear. 

The present study was concerned primarily with ob- 
serving the surface reactions occurring when solid NaC1 
is exposed to oxides of sulfur (i.e., the reaction in process 
(i) that might occur after NaC1 impaction) over a broad 
temperature range without the influence of oxide scales 
or turbine-type substrates. Therefore, NaC1, either as 
single crystal or as a 1:1 powder mixture with Na~SO~ was 
exposed to gaseous mixtures of SO3 in SO2-O2 between 
100 ~ and 850~ The products and kinetics of the reactions 
were determined. 

Experimental 
Samples of single-crystal NaC1 were obtained by cleav- 

ing from a high purity boule grown from the melt. For a 
few runs, samples of anhydrous powder mixtures of 1:1 
molar NaC1 and Na2SO4 were prepared by melting high 
purity NaC1 and Na2SO4 at 700~ Anhydrous, high purity 
mixtures of SOs in 02 were obtained commercially or 
were prepared in-house by pressure dilutions from com- 
mercial SOs and O~. 

The sample was suspended (inside a quartz tube) from 
a sensitive electrobalance. The sample was maintained at 
the desired temperature, exposed to the SO~-O2 mixture, 
and the weight change was followed with time. For most 
of the runs, the flow rates of the mixtures were about 17 
cm 3 s-1 (3.4 cm s-l). A P t  catalyst was used to produce the 
desired concentration of SO3 in the SO2-O2 mixture. 

For the anhydrous runs, the H20 contents in the gase- 
ous atmospheres were less than 20-40 ppm as indicated 
by hydrometric analyses. For a few runs, the influence of 
H~O was observed by introducing it into the system by di- 
lution by passing a parallel O2 flow through an H~O bub- 
bler. For these runs, the H20 content was determined 
with sufficient accuracy using vapor pressure data and 
measured flow rates. 

High pressure mass spectrometric sampling techniques 
were used to analyze the gaseous reactant compositions 
and to identify the gaseous products. The apparatus and 
techniques have been discussed previously (4). This tech- 
nique facilitates determination of the concentrations .of 
the gaseous reactants and/or products being produced un- 
der the actual experimental  conditions because it effec- 
tively "freezes" the chemical composition of the gas flow. 
For the mass spectrometer SO~ calibration curves, mix- 
tures of SO2 and O~ of known compositions were used. A 
commercial  SO3 analyzer was used initially to determine 

the absolute SO3 concentration produced in a mixture of 
SO2-O2 flowing over the Pt catalyst. At the same time, the 
mass spectrometer calibration curve was obtained using 
these SO3 resuRs and recorded mass peak intensities for 
SO3, SOs, SO, and O2. 

Results and Discussion 
The product films formed on the NaC1 surface, when it 

is exposed to oxides of sulfur, depend primarily upon the 
temperature of exposure. The four films observed were 
solid NaC1 �9 SO3, molten Na2S207, solid Na2SO4, and mol- 
ten Na2SO4-NaC1. 

Solid NaC1 �9 S03 . - -A  solid film of NaC1 �9 SO3 forms 
when NaC1 at 100~176 is exposed to SO3 

NaCl(s) + SO~(g) -~ NaC1 - SO~(s) [1] 

This reaction has been previously used as an analytical 
method for determining SO3 concentrations in the pres- 
ence of SO2 and 02 (5). 

The rate of formation of the solid product film of NaC1 
- SO3 at 150~ was obtained by exposing a NaC1 sample to 
a SO2-O2 mixture containing 0.I mote percent (m/o) SO3. 
The weight of the sample initially increased linearly with 
t ime (at about 2.7 • 10 -4 mg cm -~ s -1) for about lh. Then, 
the sample weight increased parabolically (as shown in 
Fig. 1) with a rate constant, k, of about 2.4 x 10-1~ g~. cm-4 
s-1 suggestive of a mass-transfer control process. 

The rate-limiting process for the formation of the NaC1 �9 
SO3 film is still uncertain. A solid-state diffusion process 
does not seem likely because it should be characterized 
by smaller parabolic rate constants. And, even though a 
reasonable value of about 2 x 10 -~ cm 2 s -1 can be calcu- 
lated for a diffusion coefficient, D, mass transfer of SO3 
through a liquid film (as the rate-limiting process) also 
does not seem likely since no evidence of a liquid film 
was observed at 150~ This value of 2 • 10 -5 was 
calculated by assuming the approximate relation of k = 
2DCd where the concentration of SO3 in the gas, C, was 
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Fig. 1. Plot of (weight gain) 2 with time for the exposure of single- 
crystal NaCI to 0.1 m/o anhydrous $03 at 150~ (flow rate of 17 cm 3 
S--l). 
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3.6 • 10-" g cm -~ and a value of 2 g cm -~ was estimated 
for the density of the film, d. 

Molten Na~S20~.--Between 400 ~ and 450~ molten 
Na~S~O~ is the principal film product formed when NaC1 
is exposed to oxides of sulfur 

1 
2NaCl(s) + 2SO3(g) + ~-  O2(g) ~ Na2S2OT(1) + Clz(g) [2] 

Based on weight gain measurements,  a mass-balance 
calculation showed that the film produced at 420~ after 
about 10 rain, was molten Na2S207 with only a slight ex- 
cess of SOd. The sample was exposed for 1.5h at 420~ 
(i.e., to build up a film for analysis) and then quenched to 
minimize any further change in the film composition. 
Examinat ion of the sample after quenching indicated that 
the film had been molten. X-ray analysis of a small 
portion of the film showed only Na2S207, Na~SO4, and the 
NaC1 substrate. After reheating this film to about 500~ 
in flowing O~ for about 12h, the Na~S.207 was converted to 
a porous nonadhering film of Na~SO4 as indicated by 
x-ray analysis. Therefore, for the temperature range of 
4000 to about 450~ molten Na2S20~ is the principal film 
product that is formed. 

The rate of formation of the Na~S20~ (and Na2SO4) film 
was determined at 415~ by exposing a NaC1 single crys- 
tal to an anhydrous mixture of 0.1 m/o SO~ in SOrrOw. As 
shown in Fig. 2, the rate of weight change was parabolic 
with a rate constant of 5.8 • 10 -9 g2 cm -4 s - '  from which a 
diffusion coefficient of about 4 • 10 -~ cm 2 s - '  was calcu- 
lated. This value is in reasonable agreement  with those 
values usually obtained for diffusion processes in liquids 
and in particular with the value of about 2 • 10 -4 cm 2 s -~ 
reported for the diffusion of $207-2 ions in molten Na2SO4 
(6), and for SOd in a chloride melt  (7). 

The exact mechanism for the Na~S20~ film formation is 
still unclear. However, it seems reasonable to propose 
that, initially, a very thin film of Na~SO4 may form at the 
NaC1 surface. Subsequently,  as suggested by the thermo- 
dynamic data (8) for the equilibrium between SO4 -2 and 
$20~ --~, the ratio of Na2S~O~ to Na2SO4 at equil ibrium 
should be of the order of 10:1 for a SOd concentration of 
0.1 m/o. Consequently, Na2SO~ formed at the NaC1 surface 
at 415~ should convert, essentially, to molten Na2S~OT. 

Solid Na~SO4.--The reactions that occur when NaC1 is 
exposed at 450 ~ to 625~ to SO~ and O~ mixtures con- 
taining SO~ are 

1 
2NaCl(s) + SOd(g) + ~-  O2(g) -~ Na2SO4(s) + Cl~(g) [3a] 

2NaCl(s) + SO~(g) + H~O(g) ~ Na2SO4(s) + 2HCI(g) [3b] 

High pressure mass spectrometry showed that CI~ is the 
principal gaseous product produced during the reaction 
under anhydrous conditions while HC1 is evolved when 
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Fig. 2. Plot of (weight gain) 2 with time for the exposure of single- 
crystal NaCI to 0.1 m/o anhydrous SOd at 415~ (flow rate of 17 cm 3 
S-- l ) ,  

reasonable quantities of H20 are present. Chemical and 
x-ray analyses revealed that solid Na2SO4 is the principal 
film product that forms on the NaC1 surface in this tem- 
perature range. These films, unlike the Na2S~O7 films at 
420~ are porous and are removed easily from the NaC1 
crystal upon cooling. This predominance of Na~SO4 over 
Na2S207 for this temperature range is in agreement with 
the Na2SO4-Na2S~O7 concentrations as calculated from the 
thermodynamic data. For example, for a SO3 concentra- 
tion of 0.1 m/o, the calculated Na2SO4 concentration ex- 
ceeds that of Na2S207 at about 450~ and becomes increas- 
ingly larger with increasing temperature. 

Experiments  showed that SO3 was the key reactant 
rather than SO2. For example, the rate of formation of 
Na~SO4 at 500~ was almost three orders of magnitude 
faster for the anhydrous system when a Pt  catalyst was 
present. For both of these systems, the SO2 levels were 
comparable, but the SO3 concentration was negligible for 
the system without the catalyst. 

Weight gain rates were obtained at varying flow rates. 
A typical curve is shown in Fig. 3. Both the anhydrous 
and the H20 containing systems gave similar types of 
curves except  that the rates of weight gain were larger 
when H~O was present. For the system shown in Fig. 3, 
the rates of weight gain became independent  of flow rate 
above 5 cm 3 s- ' .  Therefore, for this system shown in Fig. 
3, mass transfer in the gas phase above the sample should 
not be rate limiting for flow rates greater than about 5 
cm 3 s- ' .  

The weight gains were measured with t ime (at flow 
rates where the rates of weight gains are independent  of 
flow rates). A typical curve for an anhydrous system is 
shown in Fig. 4 (at a flow rate of 10 cm 3 s- ' )  for the expo- 
sure at 465~ Similar types of curves were obtained for 
the system containing 0.1 m/o H~O, for comparable quan- 
tities of SO3, except  that the weight gains were almost an 
order of magnitude larger than for the anhydrous system. 
As seen in Fig. 4, the weights for the anhydrous systems 
increased linearly with t ime (i.e., the rate was essentially 
constant with time). Also, mass spectrometry results 
showed that the rates of formation of CI~ and HC1 were es- 
sentially constant with time. 

The rates of weight gain were first order with SO3 pres- 
sure for the anhydrous systems and first order with H20 
content  for those systems containing varying concentra- 
tions of H.., 0. Typical curves are shown in Fig. 5. Like- 
wise, the rates of formation of HC1 were shown by mass 
spectrometry to be first order with H~O concentrations. 

Arrhenius-type plots are shown for both systems in Fig. 
6 where the data has been normalized to 0.1 m/o SO~. For 
the anhydrous systems, the rate K, expressed in units of 
mg cm -2 s -1, is 

K = 0.6 Pso~ exp (-22,000/RT) [4] 
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Fig. 3. Plot of rates of specific weight gain with flow rates for the 
exposure of single-crystal NaCI to 0.3 m/o H2Oand 0.01 m/o SO3 at 
550~ 
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Fig. 6. Plot of rates of the specific weight gain with t - '  for the ex- 
posure of single-crystal NoCI to 0.1 m/o S03 under anhydrous and 
moisture conditions (flow rate of 17 cm 3 s-~). 

where pressure is in units of atmospheres. The values for 
the activation energy and pre-exponential factor are quite 
small, being about 22 kJ  tool - '  K - '  and 0.6 mg cm -2 s - '  
a tm- ' ,  respectively. For the systems containing 0.09 m/o 
H20, the rates of weight gain were almost an order of 
magnitude faster than for the anhydrous systems, but the 
slope was essentially zero. 

It is proposed that the limiting process for the forma- 
tion of a solid Na2SO4 film between 450 ~ and 625~ under 
anhydrous conditions, is the kinetics of the reaction of 
SO3 at the NaC1 surface since the rate of formation of the 
product film was constant with time (e.g., Fig. 4). This is 
in agreement with a chemical control process where the 
rate of reaction should be independent of the product 
layer thickness. A mass-transfer control process (in pores 
or solid state) seems unlikely since this process is charac- 
terized by diminishing reaction rates with time as the 
product layer becomes thicker. Furthermore, a boundary- 
layer diffusion process in the gas phase does not seem 
likely because the measurements  were made at flow 
rates where the rates of weight gain were independent  of 
flow rate. Furthermore, boundary layer diffusion rates 
should not change radically as the temperature was in- 
creased from 620 ~ to 640~ but the rates of weight gain of 
a NaC1 single crystal were found to increase rather 
sharply at about 630~ (to be discussed later). 

Because the observed activation energy value is small, 
it is believed that no strong bonds are being broken, and, 
indeed, a low energy process has been proposed for the 
formation of Na2SO4 (9). For this process a planar SO4 spe- 
cies (produced from SOs and O,) and S03 are absorbed 
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Fig. 5. Plot of rates of specific weight gain with concentration for 
the exposure of single-crystal NoCI to SO3 and H20 (flow rote of 17 
cm 3 s-I) .  

upon the NaC1 surface to form a S~O~ transition species 
where the SO3 and SO4 are connected by an O--O bond. 
Rearrangement and C12 oxidation (i.e., electron transfer) 
leads to a trigonal pyramidal S~O7-~. It was suggested that 
the rate-limiting step, which requires only a relatively 
small energy, may involve the transformation of this spe- 
cies to the tetrahedral Na2S~OT. Any Na2S~O7 so produced 
is in equilibrium with Na~SO4. Because Na~SO4 is the 
more stable species at these temperatures, the Na2S~O7 
will then decompose to give solid Na2SO4 at the NaC1 
surface. 

As indicated previously (Fig. 6), the rates of weight gain 
with temperature for the systems containing 0.09 m/o H20 
could be fitted to one straight line with a slope of essen- 
tially zero (at about 1.5 x 10 -4 mg cm -2 s-t). No postulate 
can be put forward at this t ime to explain the observed 
lack of an activation energy for this process. 

Molten Na.SO:NaCl.--Initial experiments showed that 
the rates of weight gain increased sharply (by at least an 
order of magnitude) when the single-crystal NaC1 temper- 
ature was raised above 625~ during exposure to SO3- 
SOe-O2 atmospheres. Samples held at temperatures above 
640~ for short intervals and then quenched showed a 
molten film mixture of Na2SO4 and NaC1 on the surface, 
as determined by sulfate and chloride analyses. This is in 
agreement with the phase diagram which shows that a eu- 
tectic is formed at about 625~ (10). 

Similar results were obtained when solid mixtures of 
1:1 Na~SO4 and NaC1 were exposed to SO3. For example, 
upon exposing this sample mixture to 0.1 m/o SO3 be- 
tween 620 ~ and 630~ the sample melted and the rate of 
weight gain above 625~ increased rather sharply by al- 
most an order of magnitude. For data taken after rela- 
tively short times, the rate of weight gain remained essen- 
tially constant at about 10 -3 mg cm -~ s - '  over the range of 
650~176 

The reaction of SO3 with the NaCl in the molten 1:1 
mixture of NaCl and Na~SO4 (contained in a crucible) was 
studied by exposing it between 700 ~ and 750~ to SO~-O2 
mixtures, containing 0.I m/o SO3, at flow rates of about 
17 cm 3 s -I. The data, normalized to 0.1 m/o SO3, is shown 
in Fig. 7. A rate constant of 7.0 • 10 - '~ g2 cm 4 s - '  was ob- 
tained from the parabolic curve suggestive of a mass- 
transfer control process. It is proposed, that for tempera- 
tures above 625~ SO3 reacts with NaC] at its surface to 
produce Na2SO4, which can then form a molten phase 
with the NaCl. Presumably, mass transfer of one of the re- 
acting species (i.e., SO3) becomes rate limiting as SO3 con- 
tinues to react with NaC1 in the melt  to produce addi- 
tional Na~SO~. 

An order of magnitude estimate can be made for the 
time required to consume NaC1 particles under simulated 
gas turbine conditions operating at 800~ A rate of about 
10 -4 mg cm -~ s -~, is assumed for a combustion atmos- 
phere, containing about 0.01 m/o SO3 (a rate of about 10 -3 
was obtained for this molten phase region for 0.1 m/o 
SO3). If we assume compressor shedding, it is not unrea- 
sonable to assume that NaC1 cubes of 10 ~m on a side 
might  transit to the hot turbine blade. This particle, when 
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exposed to the simulated gas turbine conditions, would 
require of the order of an hour to be converted to Na2SO4. 
This rather lengthy time interval suggests that the depos- 
its formed on the component  parts should show some 
NaC1. This is contrary to what is actually observed on 
scrapings from turbine blades. As a consequence, pro- 
cesses involving impaction of NaC1 particles upon the 
component  parts with subsequent  reaction to form 
Na2SO4 appear to be of less significance than processes 
involving a conversion to Na2SO4 in the hot combustion 
stream with subsequent  deposition (11). 

Summary 
1. A series of product films were obtained upon expo- 

sure of NaC1 to SO3 in SO2-O2 gas mixtures: (i) solid NaC1 
SO3; (it) molten Na2S~OT; (iii) solid Na2SO4; and (iv) a 

molten mixture of Na2SO4 and NaC1. 
2. Experimentally measured rates indicated that pro- 

cesses (i), (ii), and (iv) of the above are mass-transfer 
controlled. The formation of solid Na2SO4 (iii), however, 
is a reaction kinetic process with a small activation en- 

ergy of about 22 kJ ree l - '  K- ' .  Mechanisms for this pro- 
cess, involving the transformation of a S~O7 transition 
structure to a tetrahedral SO4-2 ion, are proposed. 

3. The relatively slow rates at 800~ suggest that the 
process where Na~SO4 forms in the hot combustion at- 
mosphere and then deposits on the turbine component  
parts may be of greater significance than the process 
where NaC1 impacts on the component  surfaces and re- 
acts there to form Na~SO4. 
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The Homogeneous Nucleation of Condensed Silicon in the Gaseous 
Si-H-CI System 

Carlyle S. Herrick* and David W. Woodruff* 

General Electric Company, Corporate Research and Development, Schenectady, New York 12345 

ABSTRACT 

The chemical vapor deposition of semiconductor silicon by pyrolysis of Sill4 and SiH.2CI~ often produces undesira- 
ble silicon powder in the reactor, owing to homogeneous nucleation in the gas phase. Experiments reported herein show 
the temperature:composition dependence of powdered silicon formation from SiH~C12-H~ mixtures. Classical nucleation 
theory has been  applied to the St-H-C1 system to calculate nucleation rates for liquid or solid silicon from each silicon 
containing homolog. In general, these rates are dual valued, there being both a higher and a lower temperature associa- 
ted with each. The lower temperature values compared favorably with literature values reported by Eversteijn and with 
experimental  measurements  reported here. 

The high purity silicon required for transistors, most in- 
tegrated circuits, and allied electronic circuitry is ob- 
tained at the present time from the pyrolysis of a silicon 
containing homolog selected from the St-H-C1 system. By 
the term homolog, we mean any compound in the series 
Sill4, SiH3C1, SiH2C12, SiHC13, and SIC14. 

Those homologs containing the most chlorine usually 
produce desirable deposits of void-free solid silicon, 
while homologs containing the most hydrogen often pro- 
duce some fine powder of particulate silicon. Powder 
generally has significant deleterious effects on product 

*Electrochemical Society Active Member. 

quality. It may cause undesirable surface roughness, or 
may limit yield or reduce the deposition rate. In bulk 
quantities, silicon powder may suffer due to the large sur- 
face area and the impurities which adsorb on it. 

The same high hydrogen conter~t homologs which pro- 
duce undesirable silicon powder also produce higher con- 
versions and yields than do the high chlorine content 
homologs at the same operating conditions (1). In bulk sil- 
icon production as well as in silicon epitaxy, this trans- 
lates into higher deposition rates and faster production. 
There is, therefore, considerable interest attached to the 
problem of understanding silicon powder formation. 
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Powder  formation is generally acknowledged to result 
from homogeneous nucleation in silicon vapor to produce 
fine particles of solid silicon. Homogeneous nucleation is 
described by a classical theory which was developed 
mainly by Volmer, Weber, Becker, and Doring (2) and 
modified by Katz and Wiedersich (3) as well as by a sta- 
tistical mechanical theory of Lothe and Pound (4) and 
Binder and Stauffer (5). At the present time, the latter 
theory does not agree well with experimental  measure- 
ments. However, the classical theory has recently enjoyed 
considerable success in describing closely the experimen- 
tal results for a number  of systems near room tempera- 
ture (6). In no published study has the classical theory 
been applied at the high temperatures required for the 
chemical vapor deposition of solid silicon nor has it been 
applied to a system in which chemical reaction takes 
place. 

This paper describes the homogeneous nucleatfon of 
solid silicon as measured experimentally in mixtures of 
SiH2CI2 with hydrogen and as calculated for all of the Si- 
ll-C1 system homologs using the classical theory. Calcu- 
lated results are compared with experimental  values re- 
ported here as well as with values from the several 
sources reported in the literature. 

Experimental Measurements 
Gas-phase nucleation experiments were conducted in a 

tube furnace using a gaseous mixture of dichlorosilane 
(DCS) and hydrogen as the feed. After mixing in a bed of 
glass beads, the feed was introduced into a 1.27 cm (0.5 
in.) od, 1.02 cm (0.4 in.) id quartz tube having a hot zone 
30.5 cm (1 foot) long. The outlet end was connected to a 
small Ehrlenmeyer flask with a loose glass wool plug 
placed in the side port. This side port was connected to a 
scrubber to remove residual chlorosilane. 

During the course of an exper iment  the individual gas 
flow rates were set to produce the predetermined compo- 
sitions and total flows indicated in Table I. The initial 
furnace temperature was set low enough not to cause gas- 
phase nucleation of silicon. Temperature was increased 
stepwise 10 ~ every 10 rain until brown silicon powder was 
observed either at the tube outlet or on the glass wool 
plug. The experiments were repeated at a variety of con- 
centrations between 0.02 and 0.20 mole fraction DCS in 
H~. The temperature uncertainty was about -+ 5 K. 

Table I is a list of the results for the various concentra- 
tions and flow rates of DCS tested. The correlation be- 
tween inlet composition and the onset temperature for 

Table I. Results of gas-phase nucleation experiments 

Mole fraction Flow rate Nucleation onset 
SiH2C12 (std rays) temperature (K) 

0.02 16.7 1078 
0.02 16.7 1198 
0.02 8.35 1148 
0.02 8.35 1158 
0.02 8.35 1138 
0.02 8.35 1138 
0.02 8.35 1108 

0.03 16.7 1198 
0.03 16.7 1108 
0.03 8.35 1108 

0.04 16.7 1088 
0.04 16.7 1068 
0.05 16.7 1058 
0.05 16.7 1058 
0.10 16.7 918 
0.10 16.7 1008 
0.10 16.7 988 
0.10 16.7 1008 
0.10 8.35 1038 
0.15 16.7 978 
0.15 16.7 968 
0.20 16.7 958 
0.20 16.7 958 

visible homogeneous nucleation of solid silicon is shown 
in Fig. 1. The four points with the greatest scatter were all 
measured at the higher total gas flow rate, which ap- 
peared to be less sensitive to the experimental  conditions 
than the lower rate. Also contributing to data scatter at 
the lower compositions was the difficulty in detecting 
smaller amounts of silicon. These data are the first at- 
tempt  to establish the onset of homogeneous nucleation 
for DCS-H2 mixtures. 

Nucleation Rate Calculations 
Nucleation rates are calculated here by the straightfor- 

ward application of classical nucleation theory without 
invoking adjustable parameters of any kind. For nuclea- 
tion in the gas phase, the theory proceeds from the as- 
sumed existence in the gas phase of a distribution of 
"clusters" of associated gas molecules, each of which will 
in time dissociate to gas-phase monomers.  Gas-phase 
clusters containing the max imum number  of molecules 
are of "critical size" because the addition of a single gas- 
phase monomer  molecule creates a new entity, a stable 
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nuc leus ,  hav ing  a m o n o m e r  evapora t ion  ra te  l ower  t han  
the  m o n o m e r  c o n d e n s a t i o n  rate. I ts  con t inu ing  fu ture  ex- 
i s t ence  in assoc ia ted  fo rm is a s su red  e i ther  as a l iquid  or 
as a solid. Equa t i on  [1] e x p r e s s e d  these  ideas  in ma the -  
mat ica l  no ta t ion  (see list  of  symbols) .  

I = awn exp ( h k ~ )  [1] 

w h e r e  t he  quan t i ty  n e x p  h G J k T  r e p r e s e n t s  t he  concen-  
t ra t ion  of  crit ical-size c lus te r s  in the  gas, and  the  quan t i t y  
(aw) r e p r e s e n t s  t he  c o n d e n s a t i o n  rate  of m o n o m e r  on  a 
cluster .  A p p r o x i m a t e l y  

16~r o -3 
hG~ - - -  [2] 

3 AG~ 2 

and  

also 

kT P 
~Gv - -  In [3] 

Vo Po 

2 @  
[4] rcs hGv 

T h e n  for an ideal  gas, the  k inet ic  theory  of  gases  gives  

w = 41rrcs2P(2~rmkT)-,2 [5] 

The a c c o m m o d a t i o n  coeff ic ient  d is t a k e n  to be  unity,  
an app rop r i a t e  a s s u m p t i o n  in v iew of  L a n g m u i r ' s  ex ten-  
s ive m e a s u r e m e n t s  on s imi lar  s y s t e m s  at  s imilar  t empera -  
tures .  The  ratio P/Po is the  supe r sa tu ra t ion  which ,  be- 
cause  a is a s s u m e d  i n d e p e n d e n t  of the  part ia l  p ressure ,  is 
equa l  to the  c o n d e n s a t i o n  ratio, the  dr iv ing  force  p romot -  
ing  nuc lea t ion  (3). Values  for t he  vapor  p r e s su re  of  sili- 
con, Po, are sub jec t  to d i sag reemen t .  The va lues  u s e d  in 
th is  w o r k  are t hose  p u b l i s h e d  by  the  A m e r i c a n  Ins t i tu te  
of  P h y s i c s  (7). They  can  be cor re la ted  by d i f fe ren t  s t ra ight  
l ines  above  and  be low the  me l t i ng  point .  
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Fig. 2. Homogeneous nucleation rates for silicon from the silane 
homologs at vorious temperatures. Inlet composition is 0.01 mole 
fraction homolog and 0.99 mole fraction hydrogen. Total pressure is 1 
arm. 

log,0 Po = 5.8225 - 2.0483 • 104/T T > 1685 K [6] 

log,0 Po = 7.5341 - 2.3399 • lOffT T < 1685 K [7] 

These  da ta  sugges t  a boi l ing  po in t  o f  3518 K for  sil icon, 
h ighe r  t h a n  o the r  sources ,  and  c o n s e q u e n t l y  s o m e w h a t  
l ower  vapor  p r e s s u r e s  at  the  ope ra t ing  t empe ra tu r e s .  

The part ia l  p r e s su re s  of  sil icon, P in Eq. [3] and  [5] and  
n in Eq. [1] are ob ta ined  f rom equ i l i b r ium calcula t ions  for 
t he  gaseous  s ing le -phase  Si-H-C1 sys tem.  The a lgor i thm 
e m p l o y e d  in Ref. (1) was  u s e d  here  w i th  the  ou tpu t  con- 
s t r a ined  to the  vapor  phase .  The sur face  ene rg ies  of  
c o n d e n s e d - p h a s e  si l icon nucle i  are t aken  to be  equa l  to 
t he  surface  tens ions ,  w h i c h  are e s t ima ted  by the  m e t h o d  
sugges t ed  in ReL (8). 

Nuc lea t ion  ra tes  were  ca lcula ted  for all of  the  si lane 
h o m o l o g s  us ing  Eq. [1]-[7] over  a range  of t e m p e r a t u r e s  
a n d  compos i t ion .  Table  II and  Fig. 2 are typica l  o f  the  re- 

sults.  The rates  cove r  a r ange  grea ter  t h a n  53 decades ,  
m o r e  at h igher  h o m o l o g  concen t ra t ions .  Each  h o m o l o g  
exh ib i t s  a m a x i m u m  in the  nuc lea t ion  rate  vs. t empera -  
ture  curve.  Therefore ,  t he re  are usual ly  two  t e m p e r a t u r e s  

a t  w h i c h  one  can  ob ta in  a g iven  nuc lea t ion  rate. At  the  
lower  t empera tu re ,  t he  nuc lea t ion  rate is d e t e r m i n e d  by  a 
very  large supe r sa tu ra t ion  a n d  a very  smal l  concen t r a t i on  
of  s i l icon vapor.  The  reve r se  cond i t i on  occurs  at t he  
h ighe r  t empe ra tu r e ,  w h e r e  t he  supe r sa tu ra t ion  is smal l  
and  the  concen t r a t i on  of  s i l icon vapor  is large (see Table  
II). 

I n s t ead  of  co n cen t r a t i o n  of  s i l icon a toms  in the  vapor ,  
Table  II l ists the  m e a n  free p a t h  b e t w e e n  Si-Si  coll is ions,  
a quan t i t y  d i rec t ly  p ropo r t i ona l  to t he  rec iproca l  o f  con- 
cent ra t ion ,  for the  addi t iona l  ins ight  w h i c h  tha t  quan t i ty  
provides .  In  addi t ion ,  Table  II l ists  f ract ional  n u m b e r s  of  
a toms  in a crit ical size cluster .  Of course ,  the  use  of  frac- 
t ional  a toms  is an en t i re ly  artificial device.  I t  r esu l t s  f rom 

Table II, Calculated nucleation rates for the inlet composition 0.01 mole fraction Sill4, 0.99 mole fraction H2, 1 atm total pressure 

Temp. Supersaturation Si-Si Atoms in a Nucleation rate 
(K) (P/Po) mean free path (cm) critical cluster (nuclei/cmV s) 

900 4.3 • 104 1.5 x 109 5.6 1.0 • 10 -'1 
1000 3.5 • 104 5.6 x 10" 4.1 1.2 • 10 3 
1100 3.0 • 104 5.9 • 104 3.0 1.4 • 103 
1200 2.6 • 104 1.4 • 103 2.3 7.3 • 107 
1300 1.7 x 104 7.7 x 10' 2.0 1.5 • 10" 
1400 6.1 • 103 1.3 • 10' 2.0 9.7 • 10 '2 
1500 2.1 • 103 3.2 2.3 1.8 x 10 '4 
1600 7.9 • 102 1.0 2.7 1.8 • 10 '~ 
1700 3.3 • lff-' 3.7 x 10-' 3.3 1.1 x 10 TM 

1800 1.5 x 102 1.5 • 10-' 4.0 4.4 x 10 TM 

1900 7.1 • 10' 7.2 • 10 -~ 5.1 1.1 • 10 '7 
2000 3.6 x 10' 3.7 • 10 -2 7.0 1.3 x 10 '7 
2100 1.9 • 10' 2.1 • 10 -~ 10.4 4.9 x t0'" 
2200 9.6 1.4 • 10 -2 18.3 1.4 • 10 '5 
2300 4.8 1.0 x 10 -3 45.3 1.1 x 10 TM 

2400 3.3 9.3 • 10 -3 258.0 <i.0 • I0 -'~" 
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Fig. 3. The locus of all points 
at which the homogeneous nucle- 
ation rate is one nucleus/cm3/s for 
each silane homolog. In the en- v 2@8@ 
closed regions nucleation rates L, 
are greater; elsewhere they are CE 
lower. Below the silicon melting t- 
point ( - 1 6 8 5  K), nuclei are solid; <c CE 
above that temperature, nuclei I,, EL are liquid. Solid lines are calcu- z 
lated from classical nucleation ~ I@O0 
theory, symbols are experimental. 
I1: This work, SiH2CI 2, O: Sill4, 
Ref. (9). A: Sill4, Ref. (10). 
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INITIAL COMPOSITION. MOLE FRACTION OF SILANE HOMOLOG IN H 2 

t rea t ing  Eq. [4] as a con t inuous  func t ion  ra ther  t h a n  as a 
func t ion  l imi ted  to those  d i sc re te  values  c o r r e s p o n d i n g  to 
w h o l e  n u m b e r s  of  a toms  per  cluster.  So do ing  great ly  re- 
duces  the  a m o u n t  of  effort  r equ i red  to solve Eq. [1]-[7] 
s imul taneous ly .  The so lu t ions  (Fig. 2 and  3) b e c o m e  con- 
t i nuous  func t ions  w h i c h  cons i s t  of  a n u m b e r  of  real 
values  per iodical ly  i n t e r s p e r s e d  in a m o n o t o n i c  cont in-  
u u m  of  imaginary  ones.  

It is a p p a r e n t  f rom Fig. 2 tha t  the re  is no u n i q u e  value 
for the  onse t  of  h o m o g e n e o u s  nucleat ion.  It is c o m m o n  
prac t i ce  to select  a rate  of  one  nuc leus  per  cubic  cen t ime-  
ter  pe r  s econd  to m a r k  the  onset ,  and  that  va lue  will  be  
u s e d  here.  It is i nd ica ted  by  the  hor izonta l  d a s h e d  l ine in 
Fig. 2. In tha t  n e i g h b o r h o o d ,  a factor  of  10 change  in nu- 
c leat ion rate is c rea ted  by app rox ima te ly  a 17 K t empera -  
ture  change  in the  lower  t e m p e r a t u r e  level  and  by a 2 K 

c h a n g e  in the  u p p e r  level. Uncer t a in t i e s  in  d e t e r m i n i n g  
nuc lea t ion  onse t  t e m p e r a t u r e s  expe r imen t a l l y  are l ikely 
to be near  t hese  magn i tudes .  At  the  cond i t ions  c h o s e n  for 
Fig. 2 and  Table  II, t he  low t e m p e r a t u r e  nuc lea t ion  onse t  
for Sill4 occurs  at a t e m p e r a t u r e  of  abou{ 1046 K, a super-  
sa tura t ion  of  abou t  33,000, a St-St m e a n  free p a t h  of  about  
6.2 kin, and  3.5 a t o m s  in a critical-size cluster .  S o m e  
va lues  for o ther  cond i t i ons  are g iven later  in this  paper .  

Repea t i ng  the  ca lcula t ions  (Eq. [1]-[7]) a large n u m b e r  
of  t imes  pe rmi t s  one  to cons t ruc t  Fig. 3, w h i c h  t races  the  
loci of  all po in t s  in  t he  s y s t e m  at w h i c h  the  nuc lea t ion  
rate  is 1 nucleus/cm3/s.  Se lec ted  values  of  t e m p e r a t u r e  
and  compos i t i on  f rom Fig. 3 are given in Table III for 
c o n v e n i e n c e  inc lud ing  the  u p p e r  and  lower  l imi t ing com- 
posi t ions .  The loci for SIC14 and  SiHCI~ fo rm c losed  p'aths, 
whi le  the  o ther  h o m o l o g s  b o u n d  c losed areas in  combina-  
t ion wi th  ~ a mole  f rac t ion of 1.0, an i m p e n e t r a b l e  bound-  
ary e v e n  t h o u g h  it is no t  pa r t  of  the  loci. Nuclea t ion  ra tes  
ins ide  the  c losed  areas are grea ter  t h a n  one  whi le  ra tes  
ou t s ide  are lower.  F igure  2, a cross  sec t ion  of Fig. 3 at 0.01 
mole  fraction,  i l lus t ra tes  nuc lea t ion  rate  behav io r  ins ide  
and  ou ts ide  of  the  c losed  areas. 

At h igh  initial concen t ra t ions ,  b e t w e e n  0.1 and  1.0 mole  
fraction,  only SiI-L, SiH3C1 and  SiH2C12 are able  to gener-  
ate supe r sa tu ra t i ons  large e n o u g h  to nuc lea te  1 
nucleus/cm3/s.  As initial  concen t r a t ion  dec reases  be low 
0.1 and  0.01 mole  fract ion,  SiHC13 and  SIC14 b e c o m e  able 
to genera te  the  neces sa ry  supersa tu ra t ions ,  but,  at first, 
only at h igh  t empe ra tu r e s .  Conve rgen t  behav io r  b e c o m e s  
ev iden t  wi th  fu r the r  dec reases  in actual  c o m p o s i t i o n  as 
d i f fe rences  in cons t i tu t ion  b e t w e e n  homologs  d imi n i s h  in 
i m p o r t a n c e  and  concen t r a t i on  b e c o m e s  the  d o m i n a n t  fac- 

tor. The lower  func t iona l  va lues  of concen t r a t i on  differ  
very  s l ight ly a m o n g  the  homologs .  This d i f fe rence  is not  
v is ible  in Fig. 3, bu t  is de ta i led  in  Table III. A l t h o u gh  the  
p rec i s ion  of  Table III is no t  qu i te  good e n o u g h  to d emon-  
s t ra te  the  fact, it appea r s  tha t  there  are no po in t s  of  coin- 
c idence  b e t w e e n  the  loci for  t he  var ious  homologs .  In- 
s tead,  t hey  cons t i tu te  a set  of  n e s t ed  curves  w h i c h  never  
qui te  co inc ide  wi th  one  another .  

There  is no p rev ious  w o r k  of  comparab l e  scope  wi th  
w h i c h  to c o m p a r e  the  Fig. 3 result .  Calculat ions  by  o thers  
have  b e e n  conf ined  to n a r ro w  t e m p e r a t u r e  ranges;  
hence ,  t hey  never  e x p l o r e d  the  g eo me t ry  of  the  nuclea-  
t ion  onse t  locus. F igure  3 is charac te r ized  by  two princi-  
pal  shapes ;  a left po in t ing  V shape  wi th  a h igh  t empera -  
ture  leg and  a low t e m p e r a t u r e  leg, w h i c h  desc r ibes  the  
behav io r  of  mater ia ls  wi th  only  nomina l  t h e rma l  stabili ty,  
and  an inve r t ed  air-foil shape ,  w h i c h  desc r ibes  the  behav-  
ior of mater ia ls  wi th  grea te r  t he rma l  stability.  These  
shapes  are nes t ed  and  near ly  co inc iden t  at t he  lowes t  

Table Ill. Temperatures corresponding to a homogeneous nucleation 
rate of 1 nucleus/cm3/s for mixtures of various silane homologs with 

hydrogen at 1 atm total pressure 

Inlet mole 
fraction of Temperature (K) 
silane homotog Sill4 SiI-IC13 SiH2C12 SiHC13 SiCI~ 

1.0 816 822 842 * * 
0.1 917 995 1042 * * 
0.09765 - -  - -  - -  2186 * 
0 . 0 2 2 2 6  . . . .  2108 
0.01 1046 1079 1148 1434 1704 
0.001 1144 1178 1226 1290 1366 
0.0001 1302 1310 1321 1334 1348 

0.0000162 . . . .  1610 
0.0000161 - -  - -  - -  1609 * 
0.0000160 - -  1609 1609 * * 
0.0000159 1608 * * * * 
0.0000158 * * * * * 

0.0001 1873 1873 1872 1871 1870 
0.001 2102 2100 2096 2090 2084 
0.01 2362 2352 2331 2298 2242 
0 . 0 2 2 2 6  . . . .  2108 
0.09765 - -  - -  - -  2186 * 
0.1 2651 2613 2541 * * 
1.0 2876 2812 2634 * * 

- Temperature not calculated at this composition. 
* Homogeneous nucleation rates as high as 1 nucleus/cm3/s can- 

not be reached at any temperature. 
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Table IV. Supersaturation values corresponding to a homogeneous nucleation rate of 1 nucleus/cm3/s for mixtures of various silane homologs with 
hydrogen at 1 otm total pressure 

Inlet  mole  fraction Supersa tura t ion  (P/Po) 
of si lane homolog  Sil l  4 SiH~C1 SiH2CI~ SiHC13 SIC14 

1.0 1.9 • 10 9 1.2 • 10 9 3.3 x 10 8 * * 
0 . i  4.5 • 10 5 1.7 x lO s 3.7 • 10 4 * * 
0.09765 - -  - -  - -  3.9 * 
0.02226 . . . .  4.5 
0.01 3.3 • 104 1.3 x 104 2.5 • 103 63 14 
0.001 2.8 • 103 1.4 x 103 650 260 110 
0.0001 230 210 180 160 140 

0.0000162 . . . .  21 
0.0000161 - -  - -  - -  21 * 
0.0000160 - -  21 21 * * 
0.0000159 21 * * * * 
0.0000158 * * * * * 

0.0001 7.7 7.6 7.7 7.7 7.7 
0.001 4.5 4.5 4.6 4.6 4:7 
0.01 3.0 3.1 3.1 3.3 3.6 
0.02226 . . . .  4.5 
0.09765 - -  - -  - -  3.9 * 
0.1 2.2 2.3 2.4 * * 
1.0 1.9 2.0 2.2 * * 

- Supersa tura t ion  not  calculated at this  composi t ion.  
* H o m o g e n e o u s  nuclea t ion  rates  are h igh  as 1 nucleus/cm3/s cannot  be reached at any  temperature .  

f u n c t i o n a l  c o n c e n t r a t i o n .  T h e r e  is  r e a s o n  to  e x p e c t  t h a t  
t h i s  g e n e r a ]  b e h a v i o r  m a y  b e  e x h i b i t e d  b y  m a n y  o t h e r  
m a t e r i a l s  w h e n  t h e  fu l l  r a n g e  o f  n u c l e a t i o n  b e h a v i o r  is  
e x p l o r e d .  

T a b l e  IV  l i s t s  c a l c u l a t e d  v a l u e s  fo r  t h e  s u p e r s a t u r a t i o n s  
corresponding to Fig. 3 and Table Ill. It is noteworthy 
that the maximum and minimum values of supersatura- 
tion differ by nine orders of magnitude. Broadly speak- 
ing, one finds from Table IV that along the high tempera- 
ture leg of the V-shaped characteristic curve that 
supersaturations are always less than i0. Along the low 
temperature leg of the V, supersaturations are always 
g r e a t e r  t h a n  100. B y  t h i s  c r i t e r i o n ,  al l  w o r k  r e p o r t e d  i n  
t h e  l i t e r a t u r e  fo r  o t h e r  m a t e r i a l s  a p p e a r s  to  fa l l  a l o n g  t h e  
h i g h  t e m p e r a t u r e  l e g  o f  t h e  r e s p e c t i v e  s y s t e m s .  F o r  s i l a n e  
h o m o l o g  p y r o l y s i s ,  o n  t h e  o t h e r  h a n d ,  t e m p e r a t u r e s  a l o n g  
t h e  h i g h  t e m p e r a t u r e  l e g  (2300-2400 K fo r  t h e  m o r e  r eac t -  
i v e  h o m o l o g s  a t  a 0.01 in i t i a l  m o l e  f r a c t i o n )  a r e  c l e a r l y  
m u c h  h i g h e r  t h a n  t h o s e  e m p l o y e d  in  s i l i c o n  p r o c e s s i n g  
p r a c t i c e s ,  s o  t h e  r e g i o n  o f i n t e r e s t  a p p e a r s  to  fa l l  a l o n g  

Table V. Critical nucleus sizes corresponding to a homogeneous 
nucleation rate of 1 nucleus/cm3/s for mixtures of various silane 

homologs with hydrogen at 1 atm total pressure 

Inlet  mole  
fraction of Si a toms  per critical nuc leus  
si lane homolog  Sill4 SiH3C1 SiH~CI~ SiHC13 SIC14 

1.0 1.0 1.0 1.1 * * 
0.1 2.4 2.7 3.5 * * 
0.09765 - -  - -  - -  86.9 * 
0.02226 . . . .  76.6 
0.01 3.5 4.2 5.9 17.4 35.4 
0.001 5.8 6.7 8.2 10.7 14.0 
0.0001 11.1 11.4 11.9 12.5 13.2 

0.0000162 . . . .  28.3 
0.0000161 - -  - -  - -  28.3 * 
0.0000160 - -  28.0 28.3 * * 
0.0000159 28.1 * * * * 
0.0000158 * * * * * 

0.0001 50.6 50.8 49.7 50.0 49.8 
0.001 75.4 75.2 74.3 73.1 73.8 
0.01 113 112 108 103 94.9 
0.02226 . . . .  76.6 
0.09765 - -  - -  - -  86.9 * 
0.1 168 162 156 * * 
1.0 222 205 174 * * 

- Critical nuc leus  size not  calculated at this  composi t ion.  
* H o m o g e n e o u s  nuc lea t ion  rates are h igh  as 1 nucleus/cm3/s can- 

not  be  reached at any  tempera ture .  

t h e  l o w  t e m p e r a t u r e  leg.  T h i s  i s  c o n f i r m e d  b y  t h e  c o m -  
p a r i s o n  w i t h  e x p e r i m e n t a l  d a t a  s h o w n  in  F ig .  3. 

I n  F ig .  3, t h e  d a t a  o f  E v e r s t e i j n  (9) is  i n  e x c e l l e n t  a g r e e -  
m e n t  w i t h  t h e  c a l c u l a t e d  v a l u e s  for  t h e  o n s e t  o f  n u c l e a -  
t i o n  i n  SiH3-H~ m i x t u r e s .  T h e  o n s e t  d a t a  for  SiI-LC12-H2 
m i x t u r e s  r e p o r t e d  e a r l i e r  i n  t h i s  p a p e r  i s  a l so  i n  e x c e l l e n t  
a g r e e m e n t  w i t h  t h e  c a l c u l a t e d  v a l u e s .  O n  t h e  o t h e r  h a n d ,  
t h e  d a t a  o f  M u r t h y  et al. (10) s h o w s  a s u b s t a n t i a l  d e v i a -  
t i on .  H a d  M u r t h y  et al. c o r r e c t e d  t h e i r  d a t a  to  f ind  e f fec -  
t i v e  c o n c e n t r a t i o n s  (as  d i d  E v e r s t e i j n ) ,  s a t i s f a c t o r y  a g r e e -  
m e n t  m i g h t  w e l l  h a v e  b e e n  o b t a i n e d .  

T a b l e  V l i s t s  v a l u e s  fo r  t h e  c r i t i ca l  n u c l e u s  s i ze  to  d e m -  
o n s t r a t e  t h a t  t h e  c l a s s i c a l  c a l c u l a t i o n  i n v o l v e s  s i ze  v a l u e s  
t h a t  a r e  i n  a r e a s o n a b l e  r a n g e .  T a b l e s  I I I ,  IV,  a n d  V all  fol- 
l o w  t h e  s a m e  o r d e r ,  w i t h  v a l u e s  for  t h e  10w t e m p e r a t u r e  
l e g  b e i n g  l i s t e d  f i rs t .  

N u c l e a t i o n  c a l c u l a t i o n s  m u s t  fulf i l l  s e v e r a l  d i f f i c u l t  
c o n d i t i o n s  i f  t h e y  a r e  to  b e  s i g n i f i c a n t  i n  a h i g h  t e m p e r a -  
t u r e  s y s t e m  s u c h  a s  Si-H-C1. T h e  f i r s t  r e q u i r e s  t h a t  t h e  
a m o u n t  o f  " j i t t e r "  i n  t h e  c a l c u l a t e d  r e s u l t s  b e  l i m i t e d ,  o th -  
e r w i s e  m u c h  o f  w h a t  m i g h t  b e  r e v e a l e d  b y  t h e  m e t h o d  
c o u l d  i n s t e a d  b e  o b s c u r e d .  J i t t e r  r e f e r s  to  s e e m i n g l y  r an -  
d o m c h a n g e s  i n  c a l c u l a t e d  r e s u l t  a r i s i n g  f r o m  s m a l l  
c h a n g e s  i n  a n  i n p u t  v a r i a b l e  a n d  t h e  u n c e r t a i n t i e s  i n t ro -  
d u c e d  b y  u s i n g  c a l c u l a t i o n a l  t e c h n i q u e s  i n v o l v i n g  c o n -  
v e r g e n c e  i n  s o m e  f o r m .  T h e  c r i t e r i a  fo r  s a t i s f y i n g  c o n v e r -  
g e n c e  m u s t  p e r m i t  c a l c u l a t i n g  t h e  s m a l l e s t  n e c e s s a r y  
c o n v e r g e d  r e s u l t  w i t h  r e a s o n a b l e  r e p r o d u c i b i l i t y .  I n  t h i s  
c a se ,  t h e  p a r t i a l  p r e s s u r e s  o f  s i l i c o n  i n v o l v e  a c o n v e r -  
g e n c e  c a l c u l a t i o n  a n d  v a l u e s  a s  l o w  as  1.4 • 10 - '2 a t m  oc-  
cu r .  T h e  T a b l e  I I I  n u c l e a t i o n  o n s e t  t e m p e r a t u r e s  a r e  re-  
p o r t e d  u s i n g  f o u r  s i g n i f i c a n t  f i g u r e s  a s  a n  i n d i c a t o r  o f  
t h e  a b s e n c e  o f  c a l c u l a t i o n a l  " j i t t e r "  a t  t h a t  l eve l .  A s  a re-  
su l t ,  o n e  c a n  m a k e - t h e  n e c e s s a r y  c o m p a r i s o n s  b e t w e e n  
h o m o l o g s  t h a t  c l e a r l y  i n d i c a t e  n e s t e d  c u r v e s  r a t h e r  t h a n  
s o m e  l e s s  d e f i n i t e  c o n c l u s i o n .  

T h e  s e c o n d  c o n d i t i o n  fo r  s i g n i f i c a n c e  is  s o m e  f o r m  o f  
d e m o n s t r a t e d  a c c u r a c y ,  p r e f e r a b l y  t h e  f o r m  a r i s i n g  f r o m  
c o m p a r i s o n  w i t h  e x p e r i m e n t a l  da t a .  E n o u g h  c r i t i c i s m  h a s  
b e e n  r a i s e d  a g a i n s t  t h e  c l a s s i c a l  n u c l e a t i o n  t h e o r y  (2-5) to  
c r e a t e  s u b s t a n t i a l  d o u b t  a b o u t  e v e r y  a p p l i c a t i o n  to  a n e w  
s y s t e m .  A c o m p a r i s o n  is  t h e r e f o r e  n e c e s s a r y  i f  t h e  d o u b t  
i s  to  b e  e l i m i n a t e d .  
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LIST OF SYMBOLS 

a accommodation coefficient for condensation of im- 
pinging gas-phase monomer  

I rate of formation of stable nuclei 
AGc~ free energy of formation of critical-size clusters 
AG~ free energy change per unit volume of condensed 

phase 
k Boltzmann's constant 
m mass of one unit of gas-phase monomer  
n concentration of gas-phase monomer  
P partial pressure of monomer  in the gas phase 
Po equilibrium vapor pressure of monomer  
rc~ radius of a critical-size cluster 
T absolute temperature 
V~ molar volume of condensed phase 
w impingement  rate of monomer  on critical-size 

cluster 
~r surface free energy per unit area 
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ABSTRACT 

Organometallic chemical vapor deposition (OM-CVD) growth of InSb and InAsl-~Sbx has been obtained using tri- 
ethylindium (TEI), t r imethylantimony (TMS), and arsine (ASH3) on (100) GaAs, (100) InSb, and ( l l l ) -B InSb substrates. 
InSb with excellent morphology was achieved on both (100) InSb and ( l l l ) -B InSb substrates. The measured electron 
mobility at 300 K of undoped InSb grown on (100) GaAs semi-insulating substrates was 40,000 cm2/V-s at a carrier con- 
centration of ND-NA = 2.0 x 10 '6 cm -.3. Carrier concentration of ND-NA = 1.2 x 10 '5 cm-~ has been measured at 77 K. 
InAs~_~Sb~ (0.07 < x ~< 0.75) with mirror-like surfaces have been grown on (100) InSb and InAs substrates. This composi- 
tion range of 0.55 < x < 0.75 (Eg ~ 0.1 eV) has been successfully achieved for the first time. Solid composition variations 
as a function of growth temperature and InSb substrate orientations are also discussed. 

There are two wavelength ranges, 3-5 and 8-12 ~m, 
which cover the atmosphere window where min imum  ab- 
sorption is present. The InSb infrared detector has 
significant application for the detection of 3-5 ~m radia- 
tion. This material has received increasing attention over 
the past few years. Epitaxial growth of InSb has been re- 
ported by LPE (1); however, there are several problems 
associated with the surface morphology. MBE growth of 
InSb (2) has been also recently reported; however, the 
electrical properties of the epitaxial layers have not been 
reported. Organometallic chemical vapor deposition (OM- 
CVD) is a potential technique for  the epitaxial growth of 
InSb on large area substrates with surface morphology 
and electrical properties suitable for infrared focal plane 
arrays. Relatively little work has been reported on the 
growth of InSb and its alloys by OM-CVD. Manasevit (3) 
reported the growth of InSb on A1203 by OM-CVD with a 
room temperature mobility of 15,000 cm2/V-s and a carrier 
concentration of (2-3) x 10 '0 era-a; however, no discussion 
of optimized growth parameters and the growth of epi- 
taxial layers on InSb substrates has yet been reported. 

InAs~_,Sb~ with x = 0.6 has the lowest bandgap (2 0.1 
eV) of the III-V compounds. This bandgap can be suitable 
for detectors in the 8-12 ~m wavelength region. 
InAs,_xSb.~ epilayer growth by LPE is difficult because 
of the very wide separation of liquidus and solidus curves 
in the phase diagram (4). There have been several reports 
of OM-CVD growth of InAs~_~.Sb~ on InAs and insulating 
substrates (5, 6); however, poor surface morphology of the 
epitaxial layers has always been a problem especially for 
high value of x. We are not aware of any reported 
epitaxial growth of InAs~_xSb~, with 0.5 < x < 0.7, where 
the bandgap is about 0.1 eV. 

In this paper, we report for the first t ime the epitaxial 
growth of InSb on InSb substrate" by OM-CVD. Optimum 
growth conditions for mirror-like surfaces and the electri- 
cal properties of the epitaxial layers will be presented. 
Also, we report here the growth of InAs~_~Sbx on InSb 
and InAs substrates with mirror-like surfaces over the 
composition range 0 < x ~< 0.75. 

Experimental 
Epitaxial layers were grown in a vertical quartz reactor 

(9.5 cm id and 30 cm long) using 300 kHz RF induction for 
heating the graphite susceptor. Triethylindium (TEI) 
(Alfa), t r imethylantimony (TMS) (Alfa), and arsine (ASH3) 
(5% in H2, Mathoson or Phoenix Research) were used as 
indium, antimony, and arsenic sources, respectively. 
Palladium-diffused H2 was used as the carrier gas at a 
nominal flow rate of 3.6 ]/min. Substrates included (100), 
( l l l ) -B InSb, and (100) 2 ~ toward [110] InAs and Cr-doped 
semi-insulating GaAs. 

Both InSb and GaAs substrates were prepared by 
cleaning with TCE, acetone, and methanol. Final treat- 
ments included an 8:1 (lactic acid:HNO~) etching for InSb, 
and a 7:1:1 (H2SO~:H~O.~:H20) etching for GaAs substrates. 

The deposition temperature for InSb was varied from 
375 ~ to 480~ Both TEI and TMS flov~s were started 
when the substrate temperature reached the growth tem- 
perature for InSb deposition. No group V overpressure 
was maintained during the preheat. 

InAs,-xSbx growth on (100) I~Sb substrates showed 
mirror-like surface morphology with different III/V ratios. 
However, it had not shown satisfactory surface morphol- 
ogy on (111)-B InSb substrates; therefore, we concentra- 
ted our experiments on (100) InSb substrates. 
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Conventional van der Pauw method on clover leaf 
samples cut from the epitaxial layers grown on Cr-doped 
GaAs substrates was used with alloyed In contacts for the 
electrical characterization. X-ray diffraction was used for 
determining the solid composit ion of InSb in InAsl_,.Sbx. 

Results and Discussion 

InSb.- -The opt imum growth conditions which pro- 
duced the best surface morphology on both (100) and 
( l l l ) -B InSb substrates are 460~ growth temperature 
with flow rates of 1.45 • 10 -~ mol/min and 1.13 • 10 -5 
mol/min for TEI and TMS, respectively. Figure 1 shows 
the surface morphologies of InSb epi-layers grown on 
(100)- and ( l l l ) -B InSb substrates under opt imum growth 
conditions. The best results were obtained with a slightly 
In-rich gas phase (TMS/TEI = 0.78 partial pressure ratio) 
similar to the OM-CVD growth of GaSb under Ga-rich gas 
phase done by Cooper et el. (7). This is different from 
most arsenic containing growth, such as GaAs, which are 
grown with a group V-rich gas phase. It is more difficult 
to grow GaAs because excess As is very volatile at the 
growth temperature for GaAs; therefore, it is easily sepa- 
rated from the binary during growth (8). However, In and 
Sb have a relatively low vapor pressure at growth temper- 
atures less than 480~ Excess In or Sb will deposit on the 
substrate and incorporate into the layer as In or Sb 
droplets. 

Figure 2 shows that the growth rate is proportional to 
the TMS flow rate with a constant TEI flow rate and 
growth temperature. Growth rate varies from 0.01 to 0.043 
~m/min while maintaining good surface morphology. 
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Fig. 2. Growth rote of InSb as a function of partial pressure ratio of 
TMS/TEI with TEl = 2.90 • 10 -5 mol/min and growth temperature 
450~ 

Fig. 1. Surface morphologies of InSb epilayers grown on two InSb 
substrate orientations, a (top): (100) InSb substrate (300• b (bot- 
tom): (111)-B InSb substrate (300• 

This growth rate of 2.5 ~m/h makes OM-CVD a very prac- 
tical method for the epitaxial growth of InSb. 

The dependence of growth rate on growth temperature 
with constant TMS/TEI partial pressure ratio is shown in 
Fig. 3. Both higher growth rate and better surface mor- 
phology have been obtained at a high growth tempera- 
ture. At growth temperatures above 480~ local melting 
of the InSb substrate was observed (InSb mp = 525~ In 
addition, there was no growth when temperature was de- 
creased to 375~ probably owing to the insufficient dis- 
sociation of the OM sources. Because of the lack of availa- 
ble InSb semi-insulating substrates, we used GaAs (100) 
2 ~ toward [110] Cr-doped semi-insulating substrates to 
study the electrical properties of the InSb epilayer. It 
could be estimated (9) that there exists 1014 cm -2 disloca- 
tion density at the interface between the InSb epilayer 
and the (100) GaAs substrate due to their 14% lattice mis- 
match. The InSb epilayers grown on GaAs were shown to 
be single crystal by x-ray diffraction, however, with poor 
surface morphology. Figure 4 shows the room tempera- 
ture electron mobility vs. the partial pressure ratio of 
TMS/TEI with constant TEI flow rate at two different 
growth temperatures. All samples show n-type conductiv- 
ity at partial pressure ratios of TMS/TEI from 0.4 to 1.5. 
At room temperature, carrier concentrations in the range 
2 x 1016 to 8 x 10 TM cm -3 have been obtained. This range is 
close to what can be achieved since at room temperature 
the intrinsic carrier concentrations for InSb, nj, is about 
2 x 10 TM cm -~. At liquid nitrogen temperature, the lowest 
measured carrier concentration is about 1 • 101~ cm -~. 
This indicates the presence of ND-NA background impu- 
rity of the order of magnitude 10 I5 cm-3 since ni for InSb 
at liquid nitrogen temperature is in the 109 cm -3 range. 
We have not yet identified the nature and sources of 
these impurities. 

Our best room temperature electron mobility is 40,000 
cm2/V-s at a carrier concentration of ND-NA = 2.0 • 1016 
cm -~ (thickness = 1 ~m) grown at 400~ with a 2.9 • 10 -5 
and 2.47 • 10 -5 moYmin flow rate of TEI and TMS, re- 
spectively. This result is comparable with what has been 



2424 J .  Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  October 1984 

0 . 0 5  

0 . 0 4  

E 
? 

m 0.03 I.,- 
< 

0 0.02 

0 . 0 1  

1 -I I 

O 
/1 
O ! 

0 I I I I 
3 7 5  4 0 0  4 2 5  4 5 0  

G R O W T H  T E M P E R A T U R E  ( ~  
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obtained using infinite solution liquid-phase epitaxy by 
Holmes and Kamath (1). They reported electron carrier 

concentrations and mobilities for 20 izm thick tnSb 
epilayers ranging from 2 to 4 x 1016 cm -3 and from 5 to 6 
x 104 cm+/V-s, respectively. In Fig. 4, we also find that the 
electron mobilities increase from 25,000 cm2/V-s for a 2 
~m thick epilayer to 35,000 cm2/V-s for a 4 /+m thick 
epilayer, which were grown at the same growth condi- 
tions. This indicated that mobility is dependent  on the 
thickness of the epilayer as has been previously observed 
in the OM-CVD growth of GaAs (10). Figure 5 +shows the 
temperature dependence of the electron mobility. The 
electron mobility tends towards a maximum value in the 
vicinity of 300 K and decreases monotonically with in- 
creasing temperature. This result is similar to that re- 
ported by Wieder's study of dendritic films of InSb (11). 
Such mobility temperature dependence can be partially 
explained to be a result of the presence of high disloca- 
tion density in the InSb epilayer on GaAs substrates. 
Ehrenreich (12) has shown that lattice scattering domi- 
nates above 200 K and has a temperature dependence of 
the electron mobility leaT -la. In addition, Dexter and 
Seitz (13) have indicated that the density of dislocations, 
N, necessary to give dislocation scattering at temperature 
T equal to the lattice scattering is N = 6 • 104T s]2 cm -2 
which is ~ 101~ cm -++ at 300 K. Since there exists 1014 cm -2 
dislocation density at the interface between InSb epilayer 
and (100) GaAs substrate, dislocation scattering has to be 
considered as well as impurity and lattice scattering ef- 
fects. Dexter and Seitz also indicated that dislocation 
scattering effect increases with decreasing temperature. 
The reciprocal mobility can be described as 

1 1 1 1 
- -  = - -  + - -  + - -  [1] 
/~ let ,U,l led 

where ~, ~,  ~t, and led represent the experimentally mea- 
sured mobility, impurity scattering mobility, lattice scat- 
tering mobility, and dislocation scattering mobility, re- 
spectively. From Putley's paper (14), we estimated that 
the impurity scattering mobility, at carrier concentration, 
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measured values of/~ were used in conjunction with lattice scattering 
mobility/x I and impurity scattering mobility hh to determine the dislo- 
cation scattering mobility /~d. 
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n = 1016 cm -3, ~ ~ 1.1 • 104 T ~ For the two curves 
shown in Fig. 5, the measured values of  ~ were used in 
conjunction with ~j = 1.1 • 104 T ~ and ~ = 1.09 • 109 
T -'6~ (11) to determine ~d as a function of temperature by 
means of Eq. [1]. The results indicate that ~d increases lin- 
early with temperature. Thus, Eq. [1] can be expressed as 

1 T -~ T ~.68 1 
- + _ _  + 

1.1 • 104 1.09 • 109 ~d 

letting ~d = f iT where fl is constant (= 330 cm2/V-s/K). 
This result shows that the Dexter-Seitz's dislocation 

scattering mechanism represents the mobility limiting 
process. Finally, we believe that much higher mobility 
can be achieved both at 77 and 300 K if InSb is grown on 
a lattice matched semi-insulator such as CdTe. 

InAs~_~Sb~.--InAs~_~Sb~. ternary layers have been 
grown in the composit ion range of 0 < x ~< 0.75 on (100) 
InSb substrates, with mirror-like surface morphologies. 
The variations of the solid composit ion at growth temper- 
ature of 460~ with constant TEI and AsH3 flow rates is 
shown in Fig. 6. As shown in this figure, the mole per- 
cent of InSb in the solid phase cannot be increased sub- 
stantially upon further increase in TMS flow rates. 
Values of x higher than 0.6 can be achieved by decreasing 
the mole fraction of AsHs in the gas phase. This has also 
been observed in the case of OM-CVD growth of 
GaAsl_~Sb~, where reducing the AsH3 partial pressure 
was found to be more effective in obtaining higher GaSb 
in the solid phase than increasing the TMS partial pres- 
sure as being reported by Bedair et al. (15). Data shown in 
Fig. 6, however, are obtained for the min imum AsH3 par- 
tial pressure that can be obtained from our OM-CVD sys- 
tem. Another way to increase the value of x is to decrease 
the growth temperature and to increase the TEI flow 
rate. Figure 7 shows the dependence of the InSb percent 
in the solid phase on the TEI flow rate at two different 
growth temperatures. As shown in this figure, growth at 
440~ resulted in higher values of x than that at 460~ for 
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Fig. 7, Mole percent of InSb in the InAsSb epilayer as a function of 
the flow rate of TEl with the flow rate of TMS:AsH 3 = 2.96 x 10-5: 
1.22 x 10 -6 mol/min at growth temperature 460~ using (100) InSb 
(-o-o-) and (111)-B InSb ( - * - * - )  substrates. This figure also shows 
the mole percent of InSb in the InAsSb epilayer as a function of the 
flow rate of TEl with the flow rate of TMS:AsH 3 = 2.96 • 10-5:1.22 
• 10 -~ mol/min grown on (100) InSb substrates at two different 
growth temperatures, 460~ (-o-o-) and 440~ (*,~-A_-). 

the same flow rate of reacting gases. A possible explana- 
tion is that AsH~ dissociates more efficiently at higher 
temperatures and As is preferentially incorporated into 
the crystal over Sb (7). Under  this circumstance, lower 
InSb percent in the solid phase was obtained at higher 
temperatures. In this figure, we also show the depend- 
ence of the solid composition on the substrate orienta- 
tions. With each substrate orientation, the InSb percent in 
solid phase is proportional to the flow rate of TEI. The 
growth on (111)-B InSb substrates has a higher percent of 
InSb in the solid composit ion as compared to the growth 
on (100) InSb substrates. This result may indicate that the 
growth is controlled by surface reaction kinetics rather 
than by mass transport. 

Finally, we had grown InAsl_~Sb~ with x = 0.63 on (100) 
2 ~ toward [110] InAs substrates at growth temperature 
460~ with very good surface morphology. This InSb per- 
centage in the solid is higher than what had been previ- 
ously achieved on InAs substrates by OM-CVD (5, 6). 
However, further study of the growth on InAs substrates 
has not been done yet. 

Conclusion 

OM-CVD epitaxial growth of high quality InSb has 
been demonstrated. This was achieved by careful control 
of growth temperature and the TMS/TEI partial pressure 
ratio. A room temperature mobility of 40,000 cm2/V-s has 
been measured even with 14% lattice mismatch between 
the InSb epilayer and GaAs substrate. Dislocation scatter- 
ing mechanism has been used to explain the variations of 
mobili ty with temperature. 

InAsl_xSbx growth on (100) InSb substrates has been 
obtained from 7% to 75% InSb in the solid phase with 
good surface morphologies. The dependence of the InSb 
percent in the solid phase on growth temperature and gas 
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partial pressures can be explained by preferential incor- 
poration of As over Sb. In addition, the variation of the 
InSb percent in the solid phase as a function of substrate 
orientation was studied. Thus OM-CVD technique can be 
a potential technique of the epitaxial growth of InSb and 
InAs,_xSb.~ for infrared focal plane arrays covering the 3-5 
and 8-12 txm ranges. 
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Low Resistivity Thin Film Refractory Silicides Grown 
Vacuum at Low Temperature 

in Ultrahigh 

R. Pantel, Y. Campidelli, and F. Arnaud d'Avitaya 
Centre National d'Etudes des T~l~communications, 38243 Meylan Cedex, France 

ABSTRACT 

Refractory metal silicides, MoSi2 and WSi~, have been grown successfully on (100) silicon wafers in ultrahigh vac- 
uum. It is demonstrated that an MBE-]ike growth technique, i.e., metal evaporation on a clean heated monocrystal, 
yields device-worthy thin film silicides of excellent electrical conductivity. For silicide films from 50 to 150 nm thick 
and substrate temperatures ranging from 750 ~ to 900~ resistivities as low as 65 ~ cm for MoSi~ and 30 ~fi cm for WSi~ 
are obtained. Similar resistivities for cosputtered silicides would require films 200-500 nm thick annealed at ll00~ for 
30 rain. 

Refractory silicides have long been considered the most 
likely candidates for interconnections and electrical con- 
tacts in VLSI (1, 2). Molybdenum and tungsten silicides 
have attracted special attention because their metallurgi- 
cal, chemical, and electrical properties are good and com- 
patible with the usual fabrication processes. However, all 
the studies on molybdenum and tungsten have pointed 
out the difficulties inherent in obtaining silicides from 
them. The presence of impurities such as carbon and oxy- 
gen can hinder and even block the reaction between these 
metals and silicon (3-5). In addition, their mechanical 
properties seem to be responsible for the very rough sur- 
face of the silicides obtained via metal deposition and 
subsequent  sintering with silicon. As a consequence, the 
only fabrication method used at present is codeposition 
of both metal and silicon. This technique leaves two ma- 
jor problems unsolved, however: poor resistivity when 
the silicides film is less than 150 nm thick and cracking 
when the thickness of the film exceeds 350 nm for tung- 
sten and 500 nm for molybdenum (6). Moreover, such 
films require annealing at high temperatures (1000 ~ 
1100~ for 0.5-1h) to improve their resistivity. 

In this paper, we present a process for the fabrication of 
thin film molybdenum and tungsten silicides which 
overcomes the above-mentioned drawbacks. The process 
consists in metal evaporation on a hot silicon substrate in 
ultrahigh vacuum. Films 30-150 nm thick were grown at 
temperatures between 600 ~ and 800~ The films, whether 
as grown or post-annealed at 900~ are smooth, adhere 
well to the silicon substrate, and have low resistivities. 

Experimental 
The experiment  was carried out in a Riber MBE 2300 

ultrahigh vacuum (UHV) system. Silicon wafers are intro- 

duced via a loading chamber at 2 • 10 - '~ torr base pres- 
sure..In the evaporation vessel after bakeout, the ultimate 
pressure of 5 • 10-"  torr is obtained by means of an ionic 
pump. The refractory metals are evaporated using a 2 kW 
electron gun. This gun is outgassed for several hours 
prior to metal deposition. During evaporation, pumping is 
speeded up by titanium sublimation and liquid nitrogen 
cooling of the condensation panels. The deposition rate is 
monitored by a quartz balance previously calibrated by 
other thickness measurement  techniques (RBS and me- 
chanical stylus). 

The system is equipped with a low energy electron 
diffractometer (LEED) to check surface crystallinity and 
an Auger electron spectrometer for analysis of chemical 
composition. Oven and sample holder have been de- 
signed to heat 2 in. silicon wafers uniformly up to 1200~ 
without warpage. The temperature is measured by an op- 
tical pyrometer,  and a thermocouple  located at the back 
side of the wafer. Reproducible  temperatures  are ob- 
tained by using a stabilized power supply. 

The substrates used in this experiment  were 2 in. 
(100)-oriented p-type silicon wafers having a resistivity > 
103 ~ cm. Before loading in the UHV system, the samples 
were chemically cleaned according to Shiraki 's method 
(7) for preparing silicon wafers in molecular beam epitaxy 
(MBE). The most critical steps in such sample prepara- 
tion are (i) removal of residual carbon by repetitive oxida- 
tion in boiling nitric acid followed by a HF dip, and (ii) 
growth of a very thin monoxide film which protects the 
surface of the wafer until its introduction into the vacuum 
chamber. Once the wafer has been loaded in the UHV 
system, this oxide layer is removed via a gradual tempera- 
ture increase up to 750~ followed by a flash anneal at 
950~ for 90s. When it has cooled down to room tempera- 
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ture, the surface is observed by LEED. The diffraction 
patterns show the sharp over structure (2 x 1) typical of a 
clean (100) Si surface. The absence of any contaminants, 
such as carbon or oxygen, is further checked by AES. 
The samples are now ready to receive the evaporated 
metal. The refractory source metals are 99.999% pure 
(Marz, MRC) molybdenum and tungsten ingots, which are 
outgassed at a temperature higher than their evaporation 
temperatures. Molybdenum and tungsten layers 15 nm to 
60 nm thick were evaporated at 0.1 nm/s onto silicon sub- 
strates heated to a temperature of 650~176 in the case 
of molybdenum and 600~176 in the case of tungsten. 
The temperature elevation due to metal evaporation is 
calculated from the radiation power intercepted by the 
wafer and found to be approximately 50~ for molybde- 
num and 100~ for tungsten. Once the desired silicide 
thickness is attained, evaporation is stopped and the 
samples are allowed to cool. 

The silicide films were subsequently observed in situ 
by AES. RBS measurements,  SEM observations, and 
electrical measurements  were also carried out. Finally, 
the films were annealed in forming gas at 900~ for one 
hour in a classical furnace (previously evacuated to 10 -6 
torr) to observe the evolution of their resistivities. 

For comparison purpose, some evaporations were also 
made onto silicon substrates at room temperature and the 
silicides were formed by post-annealing in situ for 10 min 
at 650~ for molybdenum and 750~ for tungsten. 

Results 
Figure la  shows the Auger spectrum of the cleaned sili- 

con surface before metal deposition. Neither carbon nor 
oxygen was detected. 

Figures lb  and lc  show typical Auger spectra of the 
surface obtained after deposition of molybdenum and 

tungsten on hot silicon substrates (650 ~ and 750~ respec- 
tively). These spectra likewise exhibit  an absence of 
contaminants and provide clear evidence of reaction of 
the metals with silicon. The Si/Mo and Si/W ratios of both 
silicides, however, suggest a surface composit ion rich in 
silicon. Previous studies have shown that silicides an- 
nealed in UHV are generally coated with a monolayer of 
silicon (8-9). Whatever that may be, all the molybdenum 
and tungsten silicides presented in this paper were found 
(by x-ray diffraction) to be pure disilicides. 

Figures 2a and 2b show the corresponding typical RBS 
spectra. A simple calculation shows that the silicides are 
slightly silicon enriched (MoSt2., and WSi2.~). These pro- 
files also suggest that the films are continuous and of 
uniform thickness: 70 nm for MoSt2 and 150 nm for WSie. 
This uniformity is confirmed by SEM observations. Fig- 
ures 3a and 3c show the surfaces of MoSt2 and WSi2 films 
grown on hot substrate at 650 ~ and 750~ respectively. 
For comparison, we also present the SEM images of the 
above-mentioned silicides obtained by metal deposition 
on substrates at room temperature and subsequently an- 
nealed at 650 ~ and 750~ for molybdenum and tungsten, 
respectively (Fig. 3b and 3d). This comparison gives evi- 
dence of the higher quality of the films obtained by the 
MBE-like method. 

Figures 4a and 4b show the electrical resistivities of as- 
grown MoSi~ and WSi~ films for various temperatures in 
the 600~176 range. The evolution of resistivity after an- 
nealing at 900~ for lh in forming gas is also reported. We 
note that the gain in resistivity is not significant for 
samples reacted at 750 ~ and 800~ for MoSt2 and WSiz 
films, respectively. The best result is around 65 ~ cm 
for 58 nm thick MoSt2 films and 30 ~I cm for 150 nm 
thick WSi2 films. The curve shown as a continuous line is 
from Denison (6), who has pub]ished the best resistivity 
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obtained to date on cosputtered films of MoSi2 (50 / ~  
cm) and WSi., ( 2 6 / ~  cm). 

Discussion 
The cleaning of silicon wafers under ultrahigh vacuum 

conditions has eliminated impurities both at the interface 
and in the silicide, as Auger analysis has shown�9 This ab- 
sence of impurities explains the low temperature reaction 

between silicon and the refractory metals. However, elim- 
ination of impurities is not the only determining factor for 
obtaining good, i.e., smooth and continuous, thin silicide 
films�9 Actually, we reported earlier (4) that MoSi~ thin 
films obtained by evaporation in ultrahigh vacuum on 
substrates at room temperature followed by a 950~ an- 
nealing leads to nodular discontinuous films�9 Since, in 
the present study, the substrate is kept at the actual tern- 

Fig. 3. SEM images of the surfaces of the silicides. All pictures were obtained at the same incidence angle of 45~149 a: MoSi2 grown on a 650~ 
silicon substrate, b: MoSi~ grown by reacting a Mo film on silicon (650~ c: WSi2 grown on a 750~ silicon substrate, d: WSi2 grown by reacting 
a W film on silicon (7S0~ 
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perature of silicide formation, one might  almost say that 
the silicide grows as if one were depositing not only the 
refractory metal but the silicide compound. This process 
is not very far from equilibrium, and stresses are mini- 
mized. As shown by SEM, the result is a smooth surface. 
On the contrary, when metal is deposited on room tem- 
perature substrates and the silicide is formed by post 
thermal annealing, stresses due to temperature elevation 
and silicide formation are created. The result is quite 
rough surface. 

The RBS profiles of the MBE-like-grown silicides 
show a continuous film with a silicon stoichiometry 
slightly greater than two, and Auger spectra indicate a sil- 
icon enrichment  of the surface. These two characteristics 
ensure the stability of the silicide during thermal pro- 
cessing (oxidation and thermal annealing), especially if 
the silicides are to come in contact with silicon (polycide, 
self-aligned si]icide). This is not the case for some metal- 
rich refractory thin films such as W4Si or Mo3Si, which 
have been found to be highly conductive (10-11) but in- 
compatible with VLSI processing (11). 

The stability of our silicides is also observed in the evo- 
lution of resistivity with thermal annealing. The films, 
with the exception of MoSi2 grown at 650~ are only 
slightly improved by 900~ treatment. In this particular 
case, it is known that a hexagonal-to-quadratic crystalline 
transition occurs around 700~ and this may explain the 
improvement  in resistivity we observed. 

So far, the best resistivities for molybdenum and tung- 
sten silicides have been obtained by Denison on cosput- 
tered films. However, his films were treated at 1100~ for 
30 rain, and only the thick films (200-500 nm) exhibited 
good resistivities. Denison observed a drastic increase in 
resistivity when film thicknesses went below 150 nm. In 
fact, it has already been shown that the resistivity limita- 
tion of cosputtered WSi2 films is due to grain boundary 
scattering (12), which may be caused by segregation of 
impurities. Thus, the only way to improve the resistivity 
of cosputtered films is via an increase in grain size, and 
for that purpose a 1100~ anneal is necessary. However, 
where very thin films are concerned, grain size cannot be 
increased beyond that of the film thickness; otherwise, 
the film will become discontinuous resulting in poor 
conductivity. 

In the case of our UHV-grown films, one does not ob- 
serve a drastic limitation of resistivity for slight thick- 

nesses. TEM observation shows grains of uniform dimen- 
sions (around 50 nm) arranged in a mosaic which 
minimizes the total surface of boundaries. The layers are 
free of impurities. This explains the good resistivities as 
well as the thermal stability since grain size is not sig- 
nificantly modified by annealing at 900~ 

It has been reported in the literature that impurities in- 
duce surface topography effects (3, 13) when thin film sil- 
icides are grown by reaction of metal with a silicon sub- 
strate. This explains the quite smooth surfaces we have 
obtained, the best silicides being those grown on hot sub- 
strates. This would indicate that stress is also a factor 
which creates rough surfaces. 

UHV silicides also exhibit  good adhesion. This is due to 
the reaction of metal with the silicon substrate which en- 
sures effective silicide-silicon interface bonding. On the 
contrary, cracking of thick cosputtered films during 
thermal annealing has been reported (6). Indeed, those 
films grown without reaction with the substrate are in- 
sufficiently bound. 

Conclusion 
The first important result of working in UHV and fol- 

lowing a special procedure for cleaning wafers has been 
the elimination of impurities. This is, of coursel condu- 
cive to low temperature reactions ot~ metal with silicon 
and leads to pure silicides. By contrast, we have shown 
that if the silicides are formed via metal evaporation and 
post annealing, the films present serious limitations (sur- 
face roughness, among others). A significant improve- 
ment  has been made by choosing a MBE-l~ke growth 
technique involving a thermally assisted reaction during 
a slow rate evaporation of the refractory metal. The good 
quality of the films obtained in this way confirms that 
impurities and stresses were the causes of problems pre- 
viously encountered when reacting a metallic film with 
silicon. 

The method is versatile and still further improvements  
in such silicide films can be expected by adjustment of 
growlh conditions. Experiments  are now in progress to 
explain the high conductivities, which are in all likeli- 
hood due to the particular crystallographic properties of 
the films. 

We feel that the results presented here make these sili- 
cides very attractive for the technological process in- 
volved in VLSI and particularly for the purpose of self- 
aligned silicide devices. This technique consists in 
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selective deposition of the silicides on sources, drains, 
and gates of MOS transistors (14) and involves very thin 
layers of silicides, low temperature annealing, and the 
lowest possible resistivities. The thin film silicides we 
have presented in this paper quite satisfy these criteria. 
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Plasma-Enhanced Chemical Vapor Deposition of Silicon Epitaxial 
Layers 

R. Reif* 
Department of Electrical Engineering and Computer Science, Massachusetts Institute of Technology, Cambridge, 

Massachusetts 02139 

ABSTRACT 

Silicon epitaxial layers are conventionally deposited by atmospheric or reduced pressure chemical vapor deposition 
(CVD) at temperatures of 1050~176 This relatively high processing temperature limits the min imum thickness and 
conductivity of epitaxial films deposited on substrates containing heavily doped regions near the surface because of 
solid-state outdiffusion and autodoping. In order to minimize outdiffusion and autodoping, the epitaxial process step 
needs to be carried out at lower temperatures. Plasma-enhanced CVD (PECVD) is a technique capable of depositing sili- 
con epitaxial layers at relatively low temperatures (700~176 and with reasonable deposition rates (200-2000 A/min). 
This article discusses the PECVD process and its application to the low temperature deposition of silicon epitaxial 
films. 

Silicon epitaxy is an imPortant processing step in the 
implementat ion of several integrated circuit technologies 
such as bipolar, CMOS, and VMOS (1), as well as many 
memory (2), microwave, and photonic devices (3). The 
preferred technique for the fabrication.of silicon epitaxial 
layers is chemical vapor deposition (CVD), which is con- 
ventionally carried out at atmospheric or reduced (40-100 
torr) pressure, and at temperatures of 1050~176 

An important drawback of the conventional CVD tech- 
nique is the relatively high processing temperature 
(1050~176 required for silicon epitaxial growth. This 
high temperature causes significant dopant redistribu- 
tion near the film-substrate interface (4). This dopant re- 
distribution limits the min imum thickness and conduc- 
tivity of lightly doped films deposited on substrates 
containing heavily doped regions near the surface. Conse- 
quently, it imposes restrictions on the level of on-chip in- 
tegration that can be achieved by active down scaling, i.e., 
by scaling down lateral and vertical device dimensions. It 
is for this reason that alternative epitaxial deposition 
techniques which minimize this undesired dopant move- 
ment  during the epitaxial process are desirable. 

The CVD of silicon epitaxial layers requires two high- 
temperature processing steps: (i) a predeposition in situ 
cleaning of the wafer surface, which is usually carried out 
at a temperature of 1150~176 in a H~ or HCYH2 ambi- 
ent. This step is needed to remove the native silicon diox- 
ide film and any other undesired film or contaminants 
from the wafer surface, and (ii) the actual deposition step, 

*Electrochemical Society Active Member. 

which is normally carried out at a temperature of 
1050~176 depending on the silicon source used. 

The high predeposition temperature releases dopant 
atoms from the wafer surface by evaporation, and these 
dopant atoms are later incorporated in the epitaxial layer 
during growth. Such unintent ional  doping of the epitaxial 
film is usually referred to as autodoping (5). In  addition, 
the high deposition temperature causes further dopant 
movement  because of solid-state outdiffusion. Both 
autodoping and outdiffusion are responsible for the 
undesired redistribution of impurities commonly associa- 
ted with silicon epitaxy by CVD. 

In  order to minimize autodoping, the predeposition 
cleaning step must  be carried out at lower temperatures 
to limit impurity evaporation, and/or lower pressures to 
quickly remove from the system any evaporated impuri- 
ties. In order to minimize solid-state outdiffusion, the 
epitaxial deposition step must  be carried out at lower 
temperatures. Several techniques have been proposed as 
possible low temperature, low pressure alternatives for 
the silicon epitaxial process: molecular beam epitaxy 
(MBE) (6), ion cluster beam deposition (7), ion beam 
epitaxy (8), and plasma-enhanced CVD (PECVD) (9-14). 
One potential advantage of PECVD is that it requires low 
(0.01-1 torr) pressures for operation, whil'e all the other 
beam-related techniques need high vacuums. Conse- 
quently, PECVD appears more compatible with manufac- 
turing requirements, i.e., easy operation and maintenance 
and high wafer throughput. 

This article reviews the PECVD of epitaxial silicon. The 
physics and chemistry of the PECVD process are briefly 
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discussed in the next section. Following this, the most 
important  advances in the PECVD of silicon epitaxy are 
reviewed. 

Plasma-Enhanced Chemical Vapor Deposition 
Glow discharge.--A simple model of a glow discharge 

consists of a partially ionized gas containing equal vol- 
ume densities of positive and negative charged species 
(mostly ions and electrons, respectively) and different vol- 
ume densities of ground-state and excited species (15, 16). 
Most of the glow discharges used in microelectronics are 
generated by the application of a radio frequency (RF) 
electric field to a gas. The energy from the field acceler- 
ates free electrons in  the gas, while the ions are relatively 
unaffected because of their much heavier mass. The ac- 
celerated electrons lose little energy in elastic collisions 
with atoms Or molecules because of the large difference 
in mass, and initially lose little energy in inelastic colli- 
sions (e.g., excitation and ionization). Once these elec- 
trons acquire sufficiently high energies, their collisions 
with gas species lead to excitations and ionizations, the 
latter generating additional electrons which are, in turn, 
accelerated by the RF field. In steady state, the glow 
gains electrons from ionizations and other mechanisms 
(e.g., electron emission from positive ion bombardment  
on the electrodes and other surfaces within the chamber), 
and loses a numerically equal number  of electrons and 
ions to the electrodes and walls. 

The inelastic collisions between high energy electrons 
(which obtained their energy from the applied electric 
field) and gas molecules produce highly reactive species 
such as excited neutrals and free radicals, besides more 
electrons and ions. In this manner,  the applied electric 
field supplies the energy used to create highly reactive 
species without significantly raising the gas temperature. 
PECVD uses these reactive species to deposit thin films 
(16) (e.g., silicon nitride, silicon dioxide, amorphous sili- 
con, and polycrystalline silicon) at temperatures lower 
than those possible by thermally activated CVD. In  addi- 
tion, the energy from the RF field might also be used to 
modify the structure, stoichiometry, and other properties 
of the deposited films. This can be done by controlling 
the bombardment  of ions into the substrate surface; the 
importance of ion bombardment  is discussed below. 

The glow discharges currently used in microelectronics 
are relatively low pressure (0.1-1 torr) plasmas. The 
plasma density (i.e., density of free electrons and ions) is 
typically about 10~~ ~. The degree of ionization is typi- 
cally -< 10 -4, i.e., the gas consists mostly of neutrals. The 
Maxwell-Boltzmann distribution is usually used to ap- 
proximate the energy distribution of free electrons in the 
glow, with the fastest electrons having energies as high as 
10-30 eV (17). These high energy electrons are responsible 
for excitation and ionization, since the corresponding 
threshold energies are typically -> 10 eV (e.g., the thresh- 
old energies for excitation and ionization are 11.56 and 
15.8 eV, respectively, for argon). In  a typical room temper- 
ature glow discharge environment,  the ground-state spe- 
cies in the gas may have energies corresponding to tem- 
peratures slightly above 300 K, the excited species and 
ions may have energies corresponding to 400 K up to 
thousands of degrees Kelvin, and the free electrons may 
have energies corresponding to 104-105 K. Consequently, 
the glow discharge environment  is not in thermal equilib- 
rium, and thermodynamics cannot be used to predict the 
outcome of a plasma deposition experiment. 

Potentials in RF glow discharges.--Several potentials 
are important in the RF glow discharges used in micro- 
electronics: the plasma potential, the floating potential, 
and the sheath potentials. The plasma potential (V,) is the 
potential of the glow region of the plasma, which is nor- 
mally considered nearly equipotential. It is the most posi- 
tive potential in the chamber and is the reference poten- 
tial for the glow discharge. The floating potential (Vf) is 
the  potential at which equal fluxes of negative- and 
positive-charged species arrive at an electrically floating 

surface in contact with the plasma. If the chamber walls 
are electrically insulated, q(Vp - V,) is the maximum en- 
ergy with which positive ions bombard the walls, where q 
is the uni t  electron charge (18). Most sputtering threshold 
energies are 20-40 eV (15). Therefore, Vp - Vr -< 20-40 eV is 
normally desired to avoid sputtering walls, which may 
lead to film contamination. 

As mentioned above, the plasma potential is always 
positive with respect to all surfaces in contact with the 
plasma. This is because the electron mobility in the 
plasma is much greater than the ion mobility and, conse- 
quently, the initial electron flux to all surfaces is always 
greater than the ion flux. As a result, the surfaces in con- 
tact with the plasma become negatively charged, and a 
positive space charge layer or sheath forms near these 
surfaces. Because there are fewer electrons in the sheath, 
fewer atoms are excited by electron collisions, and fewer 
atoms relax to give off radiation. Consequently, the 
sheath region is dark relative to the glow region. The 
sheath regions extract positive ions from the glow region 
and accelerate them into the electrodes and other sur- 
faces in contact with the plasma. Similarly, the sheath re- 
gions accelerate secondary electrons emitted from sur- 
faces (e.g., due to positive ion bombardment)  into the 
glow region. Therefore, the sheath voltages are very im- 
portant because they determine the maximum energy 
with which positive ions bombard the electrodes, and 
help estimate the maximum energy with which second- 
ary electrons emitted from electrodes enter the glow re- 
gion. It can be shown that in an asymmetric plasma sys- 
tem with a "blocking" capacitor, the ratio of the sheath 
voltages is proportional to the reciprocal of the ratio of 
their corresponding electrode areas (19-21). If the block- 
ing capacitor is absent or the plasma system is symmet- 
ric, then the sheath voltages at each electrode are the 
same. 

Qualitative model.---A qualitative model for PECVD 
now becomes apparent. Inelastic collisions between high 
energy electrons in the plasma and gas-phase reactants 
help establish a steady-state population of highly reactive 
species. The rate of these inelastic collisions is a function 
of the reactant partial pressure, the collision cross section 
(which is energy dependent), and the electron energy dis- 
tr ibution (15-17). The latter is a function of plasma power 
and system pressure (17). The glow discharge also acts as 
a source of positively charged species, mostly ions. The 
highly reactive species in the glow have a relatively high 
sticking coefficient and adsorb readily on the substrate 
surface (16). These reactants, once adsorbed, and because 
of their relatively weak internal binding, are easily broken 
down by the thermal energy provided by the substrate 
into their constituent atoms yielding a solid film. This 
surface decomposition reaction is enhanced by positive 
ion bombardment  on the substrate surface. 

Ion bombardment  not only affects deposition rates, but 
also the structure, composition, and other properties of 
the film (22). Furthermore, ion bombardment  is particu- 
larly important when the glow discharge is used to en- 
hance the deposition of crystalline films. On one hand, it 
can be used to clean substrate surfaces by sputtering con- 
taminants,  including native oxides (this feature is impor- 
tant in silicon epitaxy). But, ion bombardment  can also be 
used to create adsorption sites [thereby reducing the dis- 
tance the average adatomS must  travel (23)], and to en- 
hance adatom surface mobility (24). 

PECVD of Epitaxial Silicon 
Table I summarizes the results obtained by researchers 

in this field (9-14). 
Townsend and Uddin (9) carried out their work in a 

conventional horizontal water-cooled reactor. An RF gen- 
erator was used to inductively heat the silicon carbide- 
coated susceptor, and a 350W, 27 MHz generator was used 
to create a glow discharge. The 27 MHz generator was 
connected to a pair of external a luminum ring electrodes. 
The silicon source used was 1% silane in pure hydrogen. 
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Table I. Summary of results for the PECVD of silicon epitaxy 

Deposition Deposition Discharge Gas Operating pressure 
Authors temp (~ rate 0~/min) power (W) ambient (torr) 

Townsend and 800-900 200-400 350 SiHjH2 0.2-0.8 
Uddin (9) (27 MHz) 

Pons et al. 760 600 500 Sill4 0.03-0.1 
(11) (13.56 MHz) 

Shanfield and 750-900 200-400 25 SiHJH~ 0.02 
Reif (12) (dc) 

Suzuki and 600-850 1200-2400 200 GeHJSiH4 1 x 10-3-3 x 10 -~ 
Itoh (13) (13.56 MHz) 

Donahue et aL 775 450 20 Sill4 1.5 x 1O -~ 
(14) (13.56 MHz) 

The operating pressure was 0.2-0.6 torr. A hydrogen glow 
discharge was established immediately before the start of 
the plasma enhanced deposition step and maintained for 
a few minutes to clean the substrate surface. This pre- 
deposition clean-up was found to give epitaxial layers of 
very high surface quality. When the deposition was not 
carried out in the presence of a glow discharge, the pre- 
deposition clean-up consisted of a 30 rain hydrogen treat- 
ment  at ll00~ Layers deposited at 850~ without plasma 
enhancement  (i.e., with the 27 MHz generator turned offl 
were single crystal but  contained about 200 stacking 
faults/cm'-'. The stacking fault density decreased with in- 
creasing deposition temperature. The authors reported 
that all attempts to deposit epitaxial silicon without 
plasma enhancement  at temperatures below 850~ were 
unsuccessful. When the gtow discharge was used, how- 
ever, the layers deposited at 800~ and above were 
epitaxial. The deposition rate at 800~ was about 
200A/rain. The deposition rates obtained with and without 
the aid of the glow discharge were similar, i.e., these au- 
thors did not find evidence of plasma enhancement  in 
the deposition rate. [As is shown below, Donahue et al. 
(14) did observe plasma enhancement  of deposition rates 
at even much lower RF power, 20W, but also at much 
lower operating pressures, 1.5 • 10 -~ torr.] The layers de- 
posited with the aid of the glow discharge exhibited 
lower stacking fault densities and better surface quality. 
This improved quality was attributed to a more effective 
predeposition clean-up provided by the glow discharge 
compared to the normal heat-treatment in hydrogen. 

Pons et al. (11) reported the deposition of silicon 
epitaxial layers at a substrate temperature of 760~ They 
used a 0.5 MHz generator to inductively heat the suscep- 
tor and a 13.56 MHz generator to create the glow dis- 
charge. Both sapphire and silicon substrate wafers were 
used. The silicon source was 100% silane, and the 
operating pressures were in the range of 0.03-0.1 torr. Sili- 
con epitaxial layers were deposited at a rate of 600 ~/min 
using 500W of RF power supplied to the plasma. 

Shanfield and Reif (12) used a direct current (dc), low 
pressure plasma discharge system (see Fig. 1) to deposit 
silicon epitaxial layers in the temperature range of 
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Fig. 1. Schematic diagram of PECVD chamber with dc excitation. 
[After Shanfield and Reif (12).] 

750~176 Deposition rates of 200-400 ~/min were ob- 
tained using a silane/hydrogen discharge of 25W at an 
operating pressure of 0.02 torr. 

Suzuki and Itoh (13) used a different plasma CVD ge- 
ometry to  deposit silicon epitaxial layers a~ 750~ They 
used a vertically aligned system with RF (13.56 MHz) ex- 
citation to generate a glow discharge. The glow was con- 
fined between two horizontal, parallel mesh electrodes, 
which were perpendicular to the gas flow. The wafer was 
located downstream, parallel to the mesh electrodes, and 
150 mm below the lowest electrode. Pure silane and ger- 
mane were used as the source of silicon and germanium, 
respectively, and pure hydrogen chloride was used for 
surface etching. Experiments  were carried out at 
operating pressures of 1 • 10 -~ and 3 x 10 -:~ torr, which 
resulted in deposition rates of 1980 and 840 ~/min, respec- 
tively. All these deposition experiments were carried out 
in the presence of a glow discharge, i.e., the results of ex- 
periments carried out without  plasma enhancement  were 
not reported. The power level supplied to the discharge 
was 200W. The gas ambient consisted of silane, but ger- 
mane was added to the plasma at the beginning of the 
deposition. The addition of germane was found to be es- 
sential, and it was proposed that it cleaned the-wafer sur- 
face by removing the native silicon dioxide layer coating 
the substrate. This would occur by the reaction of Ge + 
SiO2 to form GeO~, which is reduced at this temperature 
(750~ in the presence of hydrogen to Ge, or reduced by 
Ge to GeO, which is volatile. The oxygen would volatilize 

G A S  F-- I 
RFo- 1 

L A M P S  

- I I 

T U R B O  
P U M P  

Fig. 2, Schematic diagram of PECVD chamber with RF excitation. 
[After Donahue et al, (14).] 



V o l .  1 3 1 , N o .  10  P E C V D  O F  S I L I C O N  E P I T A X I A L  L A Y E R S  2433 

as a gas or would react with H2 to form H20, which would 
also etch Si and volatilize. The addition of germane, how- 
ever, resulted in the formation of a Si-Ge alloy in the first 
1000A of the epitaxial film. Predeposition cleaning corn 
sisting of hydrogen chloride gas (850~ 10 min) was 
found unsuitable because it yielded nonspecular epitaxial 
surfaces. The films were in  s i tu  doped by adding phos- 
phine diluted in helium to the plasma, but they had to be 
annealed (1000~ 60 rain) to electrically activate most of 
the phosphorus in the film. Hall effect measurements in- 
dicated that the film electron mobility was similar to 
bulk values for carrier concentrations in the range of (2 • 
1016) - (3 • 10 TM cm-D. 

Donahue et al. (14) have deposited silicon epitaxial lay- 
ers at 775~ using a low pressure CVD system both with 
and without plasma enhancement using silane. A sche- 
matic diagram of this system is shown in Fig. 2. The sys- 
tem consists of a gas distribution system, the chamber, 
the heating system, the pumping system, and the RF cir- 
cuit. "Research purity" gases (less than 0.I ppm each of 
02, H20, etc.) are delivered to the chamber through stain- 
less steel welded lines, and the flows are controlled using 
mass flow controllers. The available gases are argon, ni- 
trogen, hydrogen, silane, and arsine. The chamber con- 
sists of a quartz tube sealed to stainless steel endplates by 
silicone gaskets. A single wafer sits on a silicon-carbide- 
coated graphite susceptor facing a radiant heater (six in- 
frared lamps of 6 kW each). The wafer temperature is 
monitored by an infrared pyrometer that looks through a 
window in the top of the chamber, and a feedback loop 
controls the lamp power. A mesh is needed between the 
window and the plasma to prevent deposition on the 
window. The chamber is pumped on by a turbomolecular 
pump which is backed by a mechanical pump. The RF 
circuit consists of a 1 kW, 13.56 MHz generator and an au- 
tomatic matching network, and it is coupled to the gas by 
an external copper plate wrapped around the top third of 
the chamber. The RF current return path is through a 
silicon-coated stainless steel false bottom located above 
the bottom endplate. Direct current bias can be applied 
between the false bottom and the graphite susceptor. By 

using pure silane during deposition at an operating pres- 
sure of 1.5 x 10 -2 torr, deposition rates of 450 and 340 
A/rain were obtained with and without plasma en- 
hancement,  respectively. The power level supplied to the 
discharge during the PECVD experiments was only 20W, 
which probably explains the lower deposition rate ob- 
served here compared to that reported by Suzuki and 
Itoh (13). These results also disagree with those of 
Townsend and Uddin (9), in that they did not observe any 
plasma enhancement  in the deposition rate; however, 
they worked at much higher operating pressures. 

Donahue et al. (14) found that the predeposition i n  s i tu  
cleaning of the substrate surface to remove the native sili- 
con dioxide film was essential for achieving epitaxial 
growth at this low temperature (775~ Surface cleaning 
was done by sputtering the wafer in a 50W argon plasma 
at 775~ for 5 min with a dc bias applied between the false 
bottom and the susceptor. A polycrystalline deposit re- 
sulted when either the argon plasma cleaning or the dc 
bias during the predeposition argon plasma was not in- 
cluded in the procedure. Hazy epitaxial films resulted 
when only 100 or 200V of dc bias were used, but  only if 
the plasma was used during the deposition. This suggests 
that the silane plasma is capable of cleaning away enough 
of the native silicon dioxide film to allow epitaxial 
growth. The plasma may also be providing energy to en- 
hance the mobility of adsorbed silicon species. Finally, if 
a 300V bias was applied during the argon cleaning, 
smooth, specular epitaxial films of identical quality were 
obtained with or without plasma enhancement  during the 
deposition (see Table II and Fig. 3 and 4). 

The results obtained by Donahue et al. (14) clarify two 
important issues: (i) the presence of a glow discharge en- 
hances the silicon epitaxial deposition rate even at rela- 
tively high temperatures (775~ and low RF discharge 
power (20W). Similar results were observed by Shanfie]d 
and Reif (12) using a dc discharge. (it) The predeposition 
in  s i tu  cleaning of the substrate surface determines the 
structure, quality, and morphology of these low tempera- 
ture epitaxial films. Table III compares the different pre- 
deposition cleaning treatments used by different re- 
searchers. 

The low temperature epitaxial films reported in Ref. 
(14) had an intrinsic resistivity of 40 ~2 cm. Cs/SIMS mea- 
surements in these films found oxygen and carbon levels 
of 10'8/cm 3 and 2 x 10,9/cm 3, respectively. An oxygen do- 
nor level located 0.147 eV below the conduction band was 
found by plotting the log of carrier concentration vs. tem- 
perature obtained from Hall measurements. 

Epitaxial layers of GaAs have also been obtained by 
plasma-enhanced techniques (25, 26). Deposition temper- 
atures of 350~ and deposition rates of 0.2 tLm/min have 
been reported (25). Plasma cleaning of the substrate sur- 

Table II. Influence of predepasition substrate bias on film structure and 
morphology. Process temperature: 775~ (14) 

DC bias (V) Non-plasma CVD Plasma-enhanced CVD 

0 Polycrystalline Polycrystalline 
100 Polycrystalline Epitaxy (hazy) 
200 Polycrystalline Epitaxy (hazy) 
300 Epitaxy (specular) Epitaxy (specular) 

Fig. 3. Transmission electron diffraction micrograph of an epitaxial 
film deposited at 775~ with plasma enhancement (14). 

Table III. Predeposition in situ cleaning of substrate surfaces 
immediately prior to silicon epitaxial growth 

( - -  means no information available) 

Authors Gas ambient Temp CC) Discharge 

Townsend and Uddin (9) H2 800-900 on 
Pons et al. (11) - -  - -  
Shanfield and Reif (12) H2 75~00 on 
Suzuki and Itoh (13) GeHJSiH4 600-850 on 
Donahue et al. (14) Ar 775 on 
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Fig. 4. Nomarski aptlcol micrographs of films grown at 775~ both (a, left) with and (b, right) without sufficient predepasition in situ cleaning (14). 

face to remove native oxide layers prior to epitaxial depo- 
sition is also believed to be essential for GaAs epitaxy at 
these low temperatures. 

Summary and Conclusions 
This article briefly discussed the physics and chemis- 

try of the PECVD process, the importance of low temper- 
ature silicon epitaxy for the fabrication of VLSI chips, 
and the most recent advances in the PECVD of silicon 
epitaxial films. It is shown that the most important  step 
to achieve silicon epitaxy at low (700~176 temperatures 
is the predeposition in situ cleaning of the substrate sur- 
face. Although this low temperature process represents 
an attractive alternative to MBE, much more work is still 
needed to evaluate the quality of these low temperature 
films. In particular, issues such as defect density, in situ 
doping, pattern shift, pattern distortion, carrier mobili- 
ties, and carrier lifetimes are currently being investigated 
and will determine the impact of this technology. 
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Ferromagnetic Iron Oxides from Synthetic fl-FeOOH by Vacuum 
Thermal Decomposition 

Katsuya Inouye, Kiyohito Shibata, Sumio Ozeki, and Katsumi Kaneko 
Department of Chemistry, Faculty of Science, Chiba University, Chiba 260, Japan 

ABSTRACT 

The synthetic ~-FeOOH (Akaganeite) was dehydrated at 300~176 for 1-20h under  vacuum of 10 -3 and 10 -5 torr. 
The magnetic properties of the obtained dehydration products have been measured for saturation magnetization (M~), re- 
sidual magnetization (Mr), and coercive force (He). Ms and Mr were proportional to the chemically analyzed Fe 2§ content in 
the samples. With reference to the x-ray diffraction results, it was found that the dehydrated products of fl-FeOOH in 
vacuo are the oxides in the Fe304 series containing different amounts  of Fe ~ i~ the range 1-3 mmol g- ' ,  and with a cer- 
tain amount  of ~-Fe~O~. The oxidation of the dehydrated ~-FeOOH in air at 225~ for 20h gave oxides of the ~-Fe203 
series, which are entirely different in magnetic properties but almost similar in x-ray reflections in comparison with 
those of the dehydrated fl-FeOOH. The variations of H~ and the reduced remanence (M~/M~) with the Fe ~§ content are also 
discussed. 

The decomposition product of synthetic B-FeOOH 
(Akaganeite), particularly under  vacuum or in an inert at- 
mosphere, has recently been the subject of interest in dif- 
ferent problems: first for a possibility of producing ferro- 
magnetic acicular powder material suitable for magnetic 
tapes (1, 2), and, second, for the investigation of pore for- 
mation by dehydration which is relevant to the adsorb- 
ability of gaseous molecules such as N2, CC]4 (3), H20 (4), 
and NO (5). 

The present work deals with the first problem, particu- 
larly to discussion of whether the dehydration product is 
~-Fe203 (maghemite) as commonly believed by the 
preceding authors. As is well known, acicular 
microparticles embracing maghemite are useful material 
for electronic purposes. It was Mackay (6) who first sug- 
gested from electron diffraction evidence that ~/-Fe203 is 
the decomposition product of B-FeOOH under  a vacuum 
of the electron microscope condition, although he re- 
served the possibility that it is Fe304 (magnetite). Watson 
et al. (7) also reported that the dehydration of fl-FeOOH in 
an electron microscope gives ~-Fe203 on the basis of 
selected-area electron diffraction measurements.  In a sim- 
ilar study on pore formation in B-FeOOH by Galbraith et 
al. (8), the product in the electron microscope was men- 
tioned as ~-Fe20~. Gonzalez-Calbet et al. (4) asserted more 
recently that the dehydration product of fl-FeOOH at 10-3 
torr and 350~ for lh  is ~-Fe203, a conclusion mainly 
based on the x-ray diffraction patterns which are charac- 
teristic of ~-Fe203. Naono et al. (3) examined the 
"micropore" formation in dehydrated ~-FeOOH at 10 -~ 
torr and 25~176 for 10-20h, but  their dehydration prod- 
ucts at higher temperature range appeared to be a-Fe~O3 
(hematite). In our previous experiment (5), fl-FeOOH 
changed at 10 -5 torr and 350~176 to a black strongly 
magnetic product. Although this product was distin- 
guished by a high adsorption capacity for NO molecules, 
its properties and structure remained to be investigated. 

It  has become practically important that the raw mate- 
rial of magnetic iron oxide power is expected in the fu- 
ture to be iron chloride obtained as an acid-washing 
waste in the steel industry. It is also widely known that 
the hydrolysis of iron chloride gives fl-FeOOH easily. It is 

hence envisaged that the preparation of a magnetic oxide 
from fl-FeOOH is promising. In this report, we will pro- 
vide the magnetic properties of the dehydration product 
0f fl-FeOOH in vacuo, and its oxidation product as well, 
and will also discuss the kinds of products obtained, with 
reference to the examinations by x-ray diffraction, chemi- 
cal analysis, and electron micrography. 

Experimental 
Synthetic fl-FeOOH and other materials.--fl-FeOOH was 

prepared by the hydrolysis of 0.1M FeC13 at 95~176 for 
5h (9). The precipitates were filtered, washed with dis- 
tilled water until  no chloride ions were detected, and 
dried at ll0~ for lh. The BET surface area by nitrogen 
adsorption was 25 m 2 g-1. The Fe304 and ~-Fe203 used as 
reference materials are commercial pure-grade reagents 
ex. Wako Chemical Industries and Toda Chemical Indus- 
tries, respectively; each showed sharp x-ray diffraction 
patterns without considerable impurities. 

Vacuum dehydration.--Approximately 10 mg sample 
was situated in a glass cell connected with a vacuum sys- 
tem and temperature controller. The sample was evacu- 
ated at 10 -3 or 10 -5 torr, and then heated at a rate of 3.3~ 
rain -I up to temperatures in the range 300~176 The tem- 
perature deviation at 380~ was +5 ~ and -10~ The time 
of heating was 1-20h at each final temperature. The dehy- 
drated sample was cooled to room temperature under  the 
same vacuum. The preliminary experiments revealed that 
the magnetic values (see next section) elevate during 
heating to approach constant values with the heating tem- 
perature in the range 300~176 and with the heating time 
between 1 and 20h, irrespective of the degree of vacuum. 
The typical heating conditions for comparison of the 
magnetic properties of the products were: 380~ 10 -3 
torr, and 3h. 

Magnetic measurement.--A tablet composed of a 10 mg 
sample and 300-400 mg KBr was used for the measure- 
ments  to prevent movement  of sample powders in the 
magnetic field. The tablet was formed with a compres- 
sion pressure of 8 x 10 ~ kg cm -2. The magnetic hysteresis 
curve was drawn at room temperature by means of a Far- 



2436 J .  E l e c t r o c h e m .  Soc . :  S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  O c t o b e r  1984 

aday balance with the magnetic field ranging from -720 
to +5740G (10 -4 T). From the hysteresis curve, the satura- 
tion magnetization (M~), the residual magnetization (Mr), 
and the coercive force (H~) were obtained. 

Oxidation of dehydrated sample. - -The oxides obtained 
by heating at different temperatures i.n vacuo were fur- 
ther subjected to oxidation in air in an electric furnace 
regulated at 225 ~ -+ 7~ for 20h. This oxidation condition 
was selected as appropriate for the oxidation of Fe304 to 
~-Fe~O3 in the industrial production of acicular magnetic 
powder as described in numerous patents. 

Chemical analysis and sample characterization.--The 
content of Fe ~§ in the samples was determined by the 
Zimmerman-Reinhardt  oxidation-reduction titration by 
use of a standard K~Cr~O7 solution for the sample solution 
in HC1. The x-ray diffraction patterns were obtained by 
an automatic diffractometer (Rigakudenki 2028) with Mn- 
filtered Fe Ka radiation at 35 kV and 10 mA. JEM 50B 
(Japan Electron Optics) was employed for the electron 
microscopic examinations of carbon-coated samples at 50 
kV. Observation at a low voltage was preferable to avoid 
sintering between microcrystals. 

Results and Discussion 
As already reported by Gonzalez-Calbet et al. (4), as well 

as by the present authors (5), a strongly magnetic oxide is 
formed from fl-FeOOH in the limited temperature range 
between 300 ~ and 500~ under  a vacuum of 10-2-10 -~ torr. 
Above 500~ a-Fe203 is the sole product, which is known 
to be antiferromagnetic. 

Figure 1 shows the x-ray diffraction patterns of the 
samples obtained by heating at 380~ and 10 -3 torr for 3h 
and by air oxidation at 225~ for 20h, in comparison with 
the patterns of Fe~O4 and ~/-Fe203. It appears that the de- 
hydration product is composed of a-Fe~O3 (marked with h 
in Fig. 1), ~/-Fe203, and/or Fe304. The reflections of ~/-Fe203 
and Fe304 are very similar to each other as compared in 
Fig. 1. Numerous studies have been published on the 
distinguishability between ~,-Fe203 and Fe304 based on 
the magnetic and crystallographic examinations. The sur- 
veys of those reports can be found in Shieber's book (10) 
and more recently in Datta's review (1). It is apparent that 
no single technique can characterize unambiguously  each 
oxide. Gonzalez-Calbet et al. (4) asserted that lattice pa- 
rameters at d(,02~ 0.7085 nm, d(110~ 0.5955 nm, and d(~04~ 

0.5094 nm are characteristic of ~/-Fe20~, which are marked 
with small filled circles in Fig. 1. However, it seems 
doubtful if these weak diffraction patterns can be the ba- 
sis for the reasoning of ~/-Fe20~ formation by dehydration, 
if one compares the patterns of the dehydrated product 
with those of ~/-Fe203 and Fe304. 

It is noticeable that the chemical analysis of the oxides 
clearly gives evidence of Fe 2§ in the concentration range 
1-3 mmol g-l, as is described later. This fact means that 
the presence of an iron oxide like Fe304 containing Fe 2+ 
cannot be denied. We recall that the presence of Fe 2+ has 
been observed in iron oxide hydroxides and iron oxides 
by heating in vacuo (11). 

However, the saturation magnetization (Ms) and the re- 
sidual magnetization (Mr) increase linearly with the Fe 2§ 
concentration, as shown in Fig. 2 and 3. The coercive 
force (He) appears to be almost independent  of the Fe 2+ 
concentration or increases slightly in the middle range of 
the Fe 2+ concentration, and it tends to decrease towards 
the value of Fe~O4 (shown by triangle) in a higher concen- 
tration range than 3 mmol g- ' ,  as illustrated in Fig. 4. The 
samples, for which magnetic data are shown in Fig. 2, 3, 
and 4 by open circles, are the oxides obtained by heating 
the /]-FeOOH at various temperatures (350~176 and 
10-~-10 -~ torr for various durations (1-20h). 

The samples after the oxidation of dehydrated products 
in air at 225~ still have some amounts of Fe 2+ and their 
values of M~, Mr, and Hc increase linearly with the Fe 2§ 
concentration. However, it is apparent that the depend- 
ence of magnetic values upon Fe 2§ concentration is en- 
tirely different between the dehydrated oxides and their 
air-oxidation products. The dependencies of Ms, Mr, He, 
and M~/M~ on the Fe ~ concentration of the oxidation prod- 
ucts (see the filled circles in Fig. 2, 3, 4, and 5) are greater 
than those of the dehydrated oxides. The Ms, Mr, and H~ of 
the ~,-Fe203 sample as the reference are also shown in 
each figure by double circles on horizontal dotted lines. 
From the intersections of the full lines and dashed lines 
in Fig. 2-5, the Fe 2+ concentration in the oxidation product 
having magnetic values of T-Fe~O3 is estimated as 0.17 -+ 
0.05 mmol g-I. The Fe 2~ concentration by chemical analy- 
sis in this ~/-Fe~O3 was 0.15 -+ 0.01 mmol g- ' .  The fairly 
close agreement for the content of Fe 2~ from the chemical 
analysis and the magnetic experiments implies that the 
magnetic properties of oxidation products are character- 
istic of ~,-Fe203. We call them the 7-Fe203 series, in con- 

Fig. 1. X-ray diffraction patterns 
of T-Fe20~, Fe~04, dehydrated 
~-FeOOH (380~ 10 -2 torr for 
3h), and its air-oxidation product 
(22S~ for 2Oh). As for the symbols 
in figure, see text. 
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Fig. 2. Correlation of saturation magnetization with Fe ~+ content in 
dehydration products (open circles) and their oxidation products (filled 
circles). 
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Fig. 3. Correlation of residual magnetization with Fe ~ content in de- 
hydration products (open circles) and their oxidation products (filled 
circles). 
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Fig. 4. Variation of coercive force with Fe 2~ content in dehydration 
products (open circles) and their oxidation products (filled circles). 
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Fig. 5, Variation of reduced remanence with Fe 2§ content in dehydra- 
tion products (open circles) and their oxidation products (filled circles). 

trast to the dehydration products, denoted as the Fe,O4 
series. 

The x-ray diffraction patterns of an oxidized sample in 
air at 225~ for 20h are illustrated also in Fig. 1. The 
spinel-structure reflections observed in the dehydration 
product remain identifiable. Both the dehydrated prod- 
uct and its oxidation product show the x-ray patterns in- 
dicating the coexistence of a-Fe203, marked with h in the 
figure. The sample after the air oxidation appears there- 
fore to be composed of defective 7-Fe20~ and a-Fe~O3. It 
seems significant that the magnetic properties of the 
Fe304 series, viz., the dehydrated fl-FeOOH, are entirely 
different from those of the 7-Fe203 series, viz., the air- 
oxidation products. It may well be that the dehydrated 
products offl-FeOOH in vacuo are of the Fe304 series with 
different amounts of "insufficient" Fe 2+ and that the air 
oxidation of the dehydration products gives the oxides of 
the 7-Fe~O3 series still with a small amount  of FeZ% It may 

appear strange that the linear relationships between Ms 
(and Mr) and the Fe 2+ concentration pass through the zero 
points of magnetic values (Fig. 2 and 3), but  it can be re- 
lated to the structural transformation of the oxides of the 
7-Fe~O3 series into nonferromagnetic a-Fe203 by a rather 
extensive air oxidation. 

Gonzalez-Calbet and Alario-Franco (12) examined re- 
cently the decomposition of B-FeOOH within several min- 
utes to suggest that the nucleation of 7-Fe203 initiates its 
growth, during which a single macropore, as observed by 
the electron microscope, is formed. According to the the- 
oretical treatment by Knowles (13), the aclcular particles 
of partially oxidized Fe, O4, showing higher Hc and re- 
duced remanence (MJMs) relative to typical Fe304 or 
7-Fe20,, is considered to comprise an inner  core of Fe304 
with an outer layer of 7-FezO3. The volume change with 
oxidation results in a stress field interacting with the 
magnetization. Our results for Hc and M#M~ for "partially 
oxidized" Fe304 samples containing less Fe 2+ than Fe304 
(Fig. 4 and 5) seem to support, though vaguely, the view 
by Knowles. It should be mentioned that the values of He 
and Mr are highly structure sensitive, influenced by mor- 
phological properties of the particles, so that the meaning 
of comparison of these values between samples is com- 
plex and limited. 

The particle images by electron microscope have been 
abundant ly  provided in various papers, especially those 
discussing pore structure in fl-FeOOH microcrystals and 
their dehydration products in vacuo (3, 4, 6, 8, 9, 11), Our 
electron microscopic observations are by no means differ- 
ent from those so far published. Thee average particle size 
of 300 nm length and 50 nm width did not considerably 
alter with the vacuum dehydration (250 • 40 rim) and the 
air oxidation (280 • 40 nm). No sintering between par- 
ticles has been observed throughout the heat-treatments. 

The direct use of dehydrated fl-FeOOH or its oxidation 
products as an acicular powder for magnetic tapes still 
seems to be unfavorable as far as the H~ values in the 
range of 200-350 (103/4v) A m -1 of the products described 
in the present paper are concerned. Suitable means to im- 
prove the magnetic properties should be found up to a 
commercially attractive level for He of at least 500 (103/4~r) 
A m -1. Furthermore, the length to width ratio should be 
increased up to 10-15 for the original fl-FeOOH crystals by 
a better procedure of synthesis. Further investigations 
may yet find a useful magnetic material from /~-FeOOH 
by means of a more direct path than the complicated rou- 
t ine procedure t/sing a-FeOOH. 

Conc lus ion  
By the measurement  of saturation magnetization, resid- 

ual magnetization, and coercive force of the dehydration 
products of a synthetic fl-FeOOH at 300~176 under  a 
vacuum of 10-3-10 -5 torr for 1-20h and of their oxidation 
products in air at 225~ for 20h, and with reference to the 
x-ray diffraction patterns and chemical analysis of Fe z+ 
concentration in each product, the following conclusions 
have been reached. 

1. The dehydrated fl-FeOOH is a mixture of oxides in 
the Fe304 series containing different amounts of Fe 2+ and 
a-Fe203. It is unlikely that the dehydration of fl-FeOOH in 
vacuo gives, as believed by the authors of most of the pre- 
ceding reports, 7-Fe203. 

2. The oxidation of the above dehydration products in 
air at 225~ for 20h produces a mixture of oxides in the 
7-Fe203 series, which show entirely different magnetic 
properties from those of the Fe304 series, and a-Fe203. 

3. The saturation magnetization and residual magnetiza- 
tion of both the dehydration products and the oxidation 
products are proportional to the Fe 2~ concentration in the 
oxides. The dependence of the magnetic values on the 
Fe 2+ content is steeper for the 7-Fe.~O3 series than that for 
the Fe,O4 series. 
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Investigation of Liquid Dopants for the Production of High 
Efficiency Solar Cells from Dendritic Web Silicon 
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ABSTRACT 

Conventional gaseous BBr3 and CVD SiO2 are presently used in the Westinghouse baseline process for the produc- 
tion of high efficiency (13%-15%) dendritic web solar cells. The objective of this study was to replace the CVD SiO2 
mask and the subsequent  BBr3 diffusion step with a liquid SiOJhquid boron dopant diffusion process. The number  of 
process steps are reduced significantly with the use of the liquid process. Data on time-temperature relationship on 
sheet resistance, junct ion depth, etc., were obtained and are presented. Various apphcation techniques for the liquid 
process were investigated. As a first step, a manually applied sponge-squeegee applicator was used, which was later re- 
placed with a meniscus coating machine. This equipment  permitted the application of uniform layers of liquid dopants 
of controlled thickness on the dendritic web. Various runs were made to make direct comparison of the liquid and 
baseline processes. The results of cell efficiencies achieved using the liquid process indicate that high efficiencies 
(13%-15%) can be achieved with this process. Results of Vor Ise, fill factor, etc., are presented in detail and compared 
with the baseline process. Dark IV measurements made on liquid-processed cells indicate excellent quality junct ions 
and high lifetime values. The series and shunt  resistance measurements on typical cells show no difference as compared 
with the baseline process. Junct ion profiles are presented for both a gaseous diffused cell and a liquid processed cell. 
The profiles show no dissimilarities. 

The purpose of this paper is to present results on the 
doping of dendritic web silicon with liquid metallo- 
organics to produce an n+pp + solar cell structure. 

Dendritic web silicon is crystalline silicon grown in 
long strips. In the as-grown condition, it is thin, generally 
120-150 ~m thick, and requires no sawing or lapping prior 
to the cell fabrication process. 

Figure 1 shows the Westinghouse baseline process se- 
quence in block form. The original Westinghouse base- 
line process sequence required gaseous diffused back and 
front junctions,  each junct ion formation step being pre- 
ceded by a chemical vapor deposition (CVD) applied ox- 
ide masking step. The development work being con- 
ducted atWest inghouse and reported herein involves the 
substi tution of liquid-applied oxide masks for tl~e CVD- 
applied masks and substi tution of liquid-applied dopants 
for gaseous diffused dopants. 

Figure 2 shows a length of dendritic web silicon and a 
solar cell fabricated from this material. The edges (den- 
drites) and the center section (web) are one single crystal 
with a re-entrant twin plane. The dendrites are generally 
left on the strip until  the final processing steps. The ma- 
terial is normally processed in 33 cm long strips. 

*Electrochemical Society Active Member. 

Figure 2 also shows a typical solar cell fabricated on 
dendritic web silicon. Its natural rectangular shape per- 
mits a high packing factor of active cell area in the solar 
modules. 

In  the experiments reported here, we used a p-type web 
with a resistivity of 4-8 ~-cm. The cell sizes are a nominal 
2 • 10 cm, with ten contact pads per cell. The double 
doping process sequence uses a boron containing liquid 
for the back surface field diffusion and a phosphorus 
containing liquid for the n§ front junct ion producing an 
n+pp + junct ion structure. 

Because of the different diffusion constants of B and P 
in silicon and the requirements for shallow front junc- 
tions, the process sequence requires two diffusions. The 
first is a boron diffusion to form the p~p back surface 
field, followed by a phosphorus diffusion at lower tem- 
perature to form the front n4p junction. 

Baseline Process Comparisons 
In the work reported here, the liquid dopant experi- 

ments  were carried out in conjunction with a baseline 
gaseous diffusion process using BBr3 and POCla. In  this 
way, the efficacy of the liquid dopant process could be 
determined. 
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Fig. 1. Westinghouse baseline process sequence flow chart 

Since two diffusions were required to form the n§ + 
structure, an SiO~ layer was used as a diffusion mask. In 
the baseline process, the mask was a CVD SiO~ layer, 
while in the liquid process, we used a solution containing 
SiO2. 

Table I shows the process steps required for three dif- 
ferent junct ion formation techniques used. The first col- 
umn  is the baseline gaseous BBr3-POC13 process. The sec- 
ond column is a liquid mask/liquid boron + liquid 
mask/POC13 process, while the third column is the liquid 
mask/liquid boron + liquid mask/liquid phosphorus pro- 
cess. The work reported herein describes the results of 
column 2, back junction,  p§ The work of column 3, front 
junction,  n § is not completed. 

Due to the long lengths of dendritic web processed in 
the Westinghouse facility (33 cm), the liquids were manu- 

ally applied using a sponge-squeegee rather than the nor- 
mal spin-on method used for wafers. 

This method of application was generally satisfactory. 
After the coated strip was baked (before diffusion), the 
surface showed the normal oxide colors. The thickness of 
the layers was 0.25 to 0.5 ~m. 

Table II shows the results of a diffusion time-temper- 
ature study to determine conditions for the desired 40 ~/D 
sheet resistivity for the back junction, p% The underl ined 
980~ temperature for 30 rain was chosen for all further 
work. 

Figure 3 shows junct ion profiles of the liquid produced 
p+p junct ion as compared to a gaseous BBr~-produced p§ 
junction. There is no essential difference. 

Lighted and dark IV measurements made on the two 
types of cells, l iquid applied p~ vs. gaseous p~, are shown 

Fig. 2. A length of dendritic 
web silicon and a solar cell fabri- 
cated from it. 
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Step 
no. 

E 102t 
Table I. Solar cell junction formation process steps: 

baseline v s .  various liquid dopant sequences 

Liquid mask] Liquid mask] 
liquid B + liquid B + O 102~ 

Base- liquid mask] liquid mask/ 
Process line POCI3 liquid P "~ 

! 

1019 

1A CVD SiO2 n § side X 
1B Apply liquid mask X X ~_. 

and bake 
IC Apply liquid boron X X ~ 1018 

and bake b-- 
2 HF etch X Z 
3 Prediffusion clean X Ir 
4 Diffuse p+ X X X O lo17 
5 Oxide etch X X X Z 

6A Apply liquid mask X X O 
and bake 0 

6B Apply liquid phos- X P" 
phorus and bake Z 

6C CVD p~ side X 
7 HF etch X Q" 
8 Prediffusion clean X X O 
9 Diffuse n ~ X X X e'~ 

10 Oxide etch X X X 7 '  
O 
er 
O 

Table II. Liquid boron diffusion-time/temperature study rn 

Diffusion temp. Diffusion time Sheet resistivity 
(~ (min) (f~l[:]) 

D 

1016 

1015 

1014 
0 

--- I 1 I I I 
K- 

" - f r -Co  = 1.4 x 1020 BORON ATOMS/era 3 

o LIQUID DOPANT 
DIFFUSANT 

6 GASEOUS DIFFUSANT 

_ _ 

e ~ "- 

JUNCTION DEPTH: .36 ~m 

t t I ~ I 1 
0.1 0.2 0.3 0.4 0.5 0.6 

DISTANCE FROM SURFACE OF WEB - /~  m 
Fig. 3. Liquid v s .  gaseous p+p junction profiles 

925 20 90 
925 30 80 
960 20 65 
960 30 50 
960 40 48 

980 15 75 
980 30 55* 
980 45 45 
980 60 30 

Baseline BBr.~ gaseous diffusion carried out at 960~ for 20 min. 
80% N2, 20% 02 ambient diffusion environment. 

Baseline process specification for boron-doped p+p junction = 40 
filE] • 10 ~ID. 

* Liquid dopant diffusion carried out at 980~ for 30 min. 80% N2, 
20% O.2 ambient diffusion environment. Actual run data produces 40 
fi/[3 nominal instead of 55 ~/~ indicated by research data. 

in Table  III. Again,  there  is no essent ia l  d i f ference  be- 
t w e e n  the  two types  of  cells, wi th  bo th  cells  hav ing  excel- 
len t  l i fe t imes  and j unc t i on  dep le t ion  regions  hav ing  very  
few r ecombina t ion  centers .  

The  eff iciency of  these  cells ( l iquid mask / l iqu id  boron  
and l iquid  mask/POC13) is comparab le  to the  basel ine-pro-  
cessed cells. 

To demons t r a t e  t he  feasibi l i ty of  us ing  bel t  furnaces  
(which are h ighly  automatable)  for l iquid  dopan t  dr ive- in 
diffusion, a series of  expe r imen t s  were  c o n d u c t e d  at Ra- 
diant  Technologies  Incorpora ted ,  Cerritos,  California, 
us ing  one of thei r  bel t  furnaces.  Us ing  w e b  mater ia l  f rom 
the  same run, one-hal f  of  the  l iquid  boron  dopan t  cells 
were  dif fused us ing  a bel t  furnace,  and the  second half  
were  dif fused us ing  a s tandard  diffusion tube  furnace.  
The  data  p resen ted  in Table  IV indicate  that  the  perform- 
ance  of  cells  p rocessed  wi th  the  be l t  fu rnace  was  equa l  to 
those  processed  wi th  a di f fus ion tube  furnace.  These  fur- 

nace  expe r imen t s  were  signif icant  in tha t  they  demon-  
s t ra ted that  l iquid  dopan t  cells are amenab le  to be ing  pro- 
cessed  wi th  au tomatab le  equ ipmen t ,  which,  in turn,  can 
be  ref lected in lower  p rocess ing  costs. 

Table  V shows the  average  eff iciency of  basel ine pro- 
cessed  cells  v s .  the  l iqu id  boron  p§ j unc t i on  cells fabri- 
cated over  a 3 m o n t h  period.  These  data  indica te  that  the  
l iquid  process  is indeed  a sui table  r ep lacemen t  for gase- 
ous diffusion. 

The  n e x t  series of  exper iments ,  which  is cont inuing,  is 
to ver i fy  that  a n§ junc t ion  can  be  p roduced  us ing  a liq- 
u id  phosphorus  dopan t  and can  be  used  to replace  the  
gaseous  POC13 diffusion. 

The  same p rocedure  has  been  used  to de t e rmine  the  
p r o p e r  diffusion t ime,  di f fus ion t empera tu re ,  and ambi-  
en t  gas for the  l iquid  phosphorus  s tudy as was done  for 
the  l iqu id  boron  repor t ed  herein.  To obta in  the  requ i red  
60 12/U shee t  resist ivi ty,  a diffusion t empe ra tu r e  of  890~ 
for 20 m i n  in an amb ien t  of  100% O5 is be ing  used  for the  
phospho rus  dopan t  studies.  

Our  p resen t  plans are to deve lop  a stat ist ically signifi- 
cant  data  base wi th  the  l iqu id  phosphorus  dopants  the  
same  as was done  wi th  the  l iquid  boron  dopants .  F r o m  
our  s tudy,  we conc lude  that  an  n§ + junc t ion  s t ruc ture  
can  be  fo rmed  on p- type  dendr i t ic  w e b  s i l icon us ing  
l iquid-appl ied  dopants  and l iquid-appl ied  diffusion 
masks.  The  cells p roduced  wi th  l iquid  dopants  pe r fo rm at 
least  equa l  to or  be t te r  t han  the  basel ine gaseous  process.  
Cost  analyses  c o n d u c t e d  on the  gaseous  process  us ing  the  
Solar  Array Manufac tur ing  Indus t ry  Cost ing S tandards  
(SAMICS) deve loped  at the  J e t  P ropu l s ion  Labora tory  in- 
dicate  f ront  and back  junc t ion  format ion  costs at 37.3 and 
5.7 C/W, respect ively ,  for a 1 and a 25 MW/yr p roduc t ion  
vo lume .  A l though  cos t ing  s tudies  have  not  been  com- 
p le ted  for l iquids,  i t  is expec t ed  that  the  j unc t i on  forma- 

Table III .  Lighted and dark I -V measurements 

Cell id Bulk (~s) 
Jsc 

(mA/cm ~-) V~ (V) Fill factor n% 

Rs series 
resistance 

(12-cm'-') 

RSH shunt  
resistance 
(kQ-cm 2) J,~ (A]cm 2) Remarks 

2102-15C 434 33.8 0.578 0.798 15.6 0.31 68 

2090-36C 339 32.5 0.578 0.802 15.1 0.44 31 

3.2 x I0 -~ 

6.2 x I0 -s  

Liquid boron/POC13 
process 

Standard B(BBr3)/ 
POCI3 process 
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Table IV. Belt furnace feasibility data 

D E N D R I T I C  W EB S I L I C O N  

Belt furnace Diffusion furnace 
run run 

No. of cells 96 86 
V~ (V) 0.544 + 0.010 0.542 + 0.008 
I~c (A) 0.578 + 0.027 0.578 + 0.028 
Fill factor 0.780 + 0.023 0.778 + 0.029 
Avg. efficiency (%) 12.7 12.5 

tion costs using liquid dopants can be reduced by at least 
one-third. 
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Much interest has been centered on the surface of com- 
pound semiconductors such as GaAs (1). Controlling the 
chemical, crystallographic, and electrical properties of the 
surface has become indispensable for realizing GaAs inte- 
grated circuits (2). One of the problems in GaAs IC fabri- 
cation, however, is to obtain uniformity of the electric 
properties for each device as well as a reproducibility 
from wafer to wafer. It  is thus necessary to find primary 
factors affecting surface change, so as to be able to 
achieve homogeneity and reproducibility for the surface. 

Recently, the effects of various etchants on the GaAs 
surface have been reported (3-6). Chang et al. reported 
that the etching with HC1 or NH4OH results-, in As-rich 
surface (3). In the case of etching with HCt, exposure of 
the etched surface to a small amount of air allows not for- 
mation of oxide nor hydrated oxide, but oxygen chemi- 
sorption. After prolonged exposure to air, however, the 
etched surface is oxidized (5). The mechanism of oxida- 
tion needs further clarification. 

The oxidation process for a cleaved surface has been 
also studied (7-8). Room temperature oxidation of the 
cleaved surface can be induced thi'ough exciting the oxy- 
gen molecules (7). It seems important that the oxidation 
of the cleaved surface needs exciting energy provided by 
discharge. 

Photoetching phenomena have themselves been stud- 
ied for the last several decades (9-11). Etching can be ac- 
complished in very dilute electrolytes assisted by photo- 
irradiation (9) .  These reports suggest that photo- 
irradiation has considerable effect on the chemical prop- 
erties of semiconductor surfaces. 

This paper reports some preliminary results of investi- 
gations into photoirradiation effect, during and after acid 
treatment, on GaAs surface chemical composition and 
morphology. 

Horizontal Bridgman (HB) grown and liquid encapsula- 
tion Czochralski (LEC) grown Cr-doped semi-insulating 
GaAs (100) wafers were washed in boiling trichloro- 
ethelene, then chemically etched of about a 0.2 ~m in a 
solution of l(1N)NaOH:l(1N)H~O2, rinsed in deionized 
water (p > 18 M~ cm), and dried by blowing dry N2. 
Samples .were immersed in several kind of acids, mainly 
HF, for 3 - 600 min, were rinsed in deionized water, and 
were dried by dry N2 (acid treatment). After exposure of 
the samples to air, the GaAs surface was observed under  
an optical microscope and a scanning electron micro- 
scope (SEM), and was examined by Auger electron spec- 
troscopy (AES). In particular, effects of photoirradiation 
during acid treatment and exposure to ambient  air were 
investigated. 

Figure 1 shows a typical HF-treated GaAs (100) surface. 
The acid treatment was carried out in a solution of 1 (50%) 
HF + 1H~O:(I:I)HF, for 20 rain in bright light. After it was 
rinsed in deionized water for 3 min and dried in dry N2, 
the surface was partially irradiated using the i l luminator 
of a microscope for 60 min  during exposure to air: The 
micrograph indicates the difference in surface features 
(morphology) between the irradiated and nonirradiated 
regions. The appearance of fine particles on the irradi- 
ated region could clearly be observed. Consequently, 
photoirradiation after HF treatment has a particular in- 
fluence on the appearance of fine particles. The appear- 
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Table I. Dependence of phatoirradiation and atmosphere 
on appearance of fine crystalline particles. HF treatment 

was done in ( I" I )HF for 15 rain 

Method of 
Method of etching air exposure Fine particles 

In bright light 
Etched in bright Exposed to air Appeared 

light Exposed to N~ None 
In dark 

Exposed to air None 
Etched in dark In bright light 

Exposed to air None 

Fig. 1. Micrograph showing HF-treated GaAs surface in bright room 
light. Right-hand side (bright) area was photoirradiated in air for 60 
min using the illuminator of an optical microscope. 

ance of fine particles could be observed in the case of HF 
treatment in (1:1) HF for 3 min and photoirradiation using 
room light during exposure to air. 

Observation using SEM (Fig. 2) made it clear that the 
fine particles were cyrstalline material. As the HF-treat- 
ment  time increased to several hours, the number  of the 
fine crystalline particles increased. 

This phenomenon could be observed after acid treat- 
ments  with sulfuric acid or phosphoric acid, when the 
acid treatment was carried out for 24h in bright room 
light using each concentrated acid, respectively. But in 
the case of hydrochloric acid, this phenomenon could not 
be observed when GaAs surface was photoetched in 
bright room light for 24h using concentrated acid. These 
results agreed well with a study using ellipsometry (12). 

The effect of photoirradiation and atmosphere on the 
appearance of fine crystalline particles is summarized in 
Table I. It can be noted that the appearance of fine crys- 
talline particles on the surface might be assisted by a 
photoirradiation, during both acid treatment and follow- 
ing exposure to oxygen in ambient  air. 

The composition of the fine crystalline particles was 
studied. The particles were found to be sublimated at 
about 100~ in air and also dissolved in room temperature 
water in about 15 rain. On the basis of these observations, 
it was speculated that the fine crystalline particles are 
diarsenic trioxide arsenorite, which is composed of As40~ 
units (13). From Ref. (13), the rate of vaporization of a 
crystalline arsenorite As40~ at about 100~ is about 10 o 
mg/cm 2 min. Using this value, the time for the disappear- 
ance of I ~m diam crystals was estimated to be about 10 -1 
min. This estimate agreed well with the observation. 

If the particle is diarsenic trioxide clauditite, the time 
for the disappearance of 1 ~tm diam crystals was similarly 
estimated at about 10 ~ - 107 rain. So, the particles do not 
seem to be claudetite. Furthermore, the particles do not 
seem to be diarsenic pentoxide; As~O5 is deliquescent and 
easily dissolved in water. A sublimation of gallium oxide 
is difficult, so the particles do not seem to be gallium ox- 
ide. 

The results analyzed by AES for surface under  various 
exposure conditions are shown in Fig. 3. The HF treat- 
ment  was carried out in (I:I)HF for 270 min in bright 
light. The HF-treated wafers were then stored about 1 day 
in dark and bright light. One sample was heated up to 
about 100~ for 30 min after the storage under  bright 
light. In the case of HF treatment in bright light and fol- 
lowed by storage in the dark, the surface was covered 
with almost arsenic only, and no fine crystalline particles 
appeared. This indicated that acid treatment in bright 
light made the surface rich in As (3). However, with stor- 
age under  photoirradiation, oxygen and gallium in- 
creased, while arsenic decreased, and fine crystalline 
particles appeared. After the sample was heated up to 
about 100~ for 30 rain, arsenic and oxygen decreased, 
while gallium did not vary and the fine crystalline parti- 
cles vaporized. This change indicates that the photoirradi- 
ation under  air exposure brought about oxidation of the 

Fig. 2. SEM micrographs of fine particles appearing on GaAs surface 
after HF treatment in bright light and exposure to air. a (top): Heavily 
photoirrodiated region during exposure to air. b (bottom): Lightly 
photoirradiated region. 
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Fig. 3, Results of AES for various treatments after HF treatment, HF 
treatment was carried out in (1:!) HF for 270 min in bright light. 
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Table II. Dependence of irradiated light wavelength upon appearance of 
fine crystalline particles 

Wavelength (nm) Fine particles 

350 < x < 600 Appeared 
690 < ~ Appeared 
900 < ~ None 

As-rich surface, resulting in a production of As406 fine 
crystalline particles. The density (in number) of the fine 
particles increased with HF treatment time; this may be 
due to the increment of the As layer. The oxidation of the 
arsenic layer brought about the appearance of the GaAs 
layer under  the initial As layer, and thus the gallium con- 
tent  was increased. 

The mechanism of the fine particles' formation is re- 
lated to the dependence of irradiated light wavelength 
on the phenomenon.  Then, the dependence was investi- 
gated as follows in order to identify the mechanism. HF 
treatment was done in (I:I)HF for 15 min in bright light. 
The photoirradiation under  air exposure was carried out 
under  filtered i l lumination for 60 rain using an optical 
microscope. The dependence of irradiated light wave- 
length on this phenomenon is shown in Table II. It seems 
that electron-hole pairs creation by the photoirradiation 
play an important role in the phenomenon (14). This is be- 
cause the threshold of photoirradiation effect exists be- 
tween 690 and 900 nm regions. It was speculated that the 
threshold wavelength may be around the bandgap energy 
of GaAs. 

In conclusion, HF etching treatment under  photoirradi- 
ation resulted in an As-rich surface for GaAs crystal. The 
As-rich surface could be oxidized in air by means of 
photoirradiation, and fine crystalline particles were 
formed on the surface. The particles were thought to be 
As40~ (arsenorite). Based on the above results, much at- 
tention has to be paid to the photoirradiation in both 
etching process and air exposure of the GaAs surface in 
the GaAs IC process. 
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Stress Effects in Boron-Implanted Polysilicon Films 

Min S. Choi* and Eric W. Hearn* 

IBM Corporation, General Technology Division, East Fishkill Facility, Hopewell Junction, New York 12533 

Polycrystalline silicon films are used throughout the 
semiconductor industry in the fabrication of both metal- 
oxide-semiconductor (MOS) and bipolar products. For ex- 
ample, in MOS products, doped polysilicon is used for 
gate and interconnection materials. In bipolar products, 
polysilicon is used for device isolation, passive resistors, 
or active base elements. 

While these films are usually used with different 
ranges of doping, stress measurement  of doped polysili- 
con is not well reported. 

Earlier reports of thick (up to 500 ~m) intrinsic poly- 
silicon films gave tensile stress properties (1). Later re- 
ports using thinner  films (4000-6000~) showed compres- 
sive stress properties (2). The thinner films were de- 
posited under  different conditions than the thick films, 
and were both intrinsic and boron diffused. 

The purpose of conducting this study was to determine 
quantitative stress measurements  made on boron-im- 
planted and annealed polycrystalline films to assess the 
possible effect of stress on device fabrication, such as pat- 
tern distortion and change in the electrical property of a 
substrate. Comparative warpage measurements were 
made treating various film structures as substrates. 

The effect of doping concentrations and annealing tem- 
peratures on the film stress was also studied. 

*Electrochemical Society Active Member. 

Film stress was determined using comparative warpage 
measurements on oxide, polysilicon, and nitride films. 

Experimental Procedures 
Sample preparation.--The substrates used were p~type 

(10-20 12 cm), 82.5 mm diam and 0.4 mm thick. After 2000A 
thermal oxide was grown, polysilicon was deposited to a 
thickness of 2000-5000s by low pressure chemical vapor 
deposition (LPCVD) at 625~ by the decomposition of 
silane. A 500~ LPCVD oxide cap was deposited at 430~ 
and two-thirds of the samples were ion implanted with 
boron (1 • 10'4-5 • 10'5/cm 2, 45-100 keV) and annealed. All 
films except nitride were simultaneously deposited on 
both sides of wafer. Dose and energy of the implantation 
were adjusted so that the doping concentration after an- 
nealing was 5 x 10 TM or 1 • 102~ ~. The peak dopant con- 
centration is located near the middle of the films as de- 
termined by published data (3). This approach assumes 
that boron spreads quickly at annealing temperatures 
greater than 925~ This was verified by SIMS analysis in 
a separate experiment. 

After annealing (925~176 60 rain), back-side reactive 
ion etching (RIE) of oxide or of oxide and polysilicon was 
done on some wafers. Subsequently,  2000~ nitride was 
deposited on some of these wafers at 1000~ using SiI~, 
NI~, and H~ carrier gas. This series of procedures resulted 
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I I Oxide 
~ / / / / / '  Polysilicon 
.~ x x x Y, Nitride 

~ ~ s i J i c o n  

A. Substrate B. A + Oxide C. B + Polysilicon 

Polysilicon ~ s i l i c o n  ~ r i d e  
~ Polysilicon 

D, C + Polysilicon E. D + Oxide F. E+ Nitride (SigN4) 
Removed From Removed From On Front 
Backside Backside 

Fig. 1. Sequence of oxide, polysilicon, and nitride film depositions 
used in this experiment. 

in the film configurations shown in Fig. 11 Table I gives 
the details of the respective wafer splits for doping, film 
thicknesses, and annealing temperatures. 

Warpage measurements . - -The  warpage of wafers was 
measured on a Mikrokator thickness gauge (see Fig. 2). 
This measurement  resulted in the warpage values used in 
the modified stress equation (4) for small bending due to 
film stress (~f) 

1 t~2Ah Es [1] 
o'f= +-~ 3 tfr 2 1 - u  

where t~ is the substrate thickness, tf the film thickness, 
r the radius of wafer, Ah the deviation of wafer from op- 
tical flat (warpage), Es Young's modulus of the silicon 
substrate (1.805 x 10 TM dyne/cm2), ~ Poisson's ratio for the 
substrate, ~ a correction factor (1.5) for deflection mea- 
surement, ' + the tensile or concave warpage, and - the 
compressiv e or convex warpage. 

Results 
Warpage measurements.---From the experimental  data 

represented in Fig. 1 and 2 and Table I, stress was calcu- 
lated using the following hypothesis. 

Warpage values may be compared interchangeably 
between any composite structure by defining the 
substrate to be that portion of the wafer cross sec- 
tion containing the greatest number  of symmetric 
top and bottom layers. 

This assumption is valid under  the condition that the 
film thickness is negligible compared to the wafer thick- 
ness, so the elasticity of the wafer is not affected. After 

,Widely-accepted experimental x-ray warpage data (5) were 
compared to the present "disk" warpage measurement and re- 
sulted in a correction factor of 1.5. 

Thickness Temp. (60 Min. Anneal~ 
Rm. 

3000,~ Polysi 925~ 
1000~ 
1100~ 

2000~. Polysi 1 
4000~ Polysi~ 1100~ 
5000~, PolysiJ Rm. 

3000A Polysi 9250C 
1000~ 
1100~ 

2ooo~ Polysi / 
4000~, Polysi~ 1100~ 
5000~, PolysiJ 

Rm. 
3000~ Polysi 925~ 

1000~ 

2000~ Polysi~ 1100~ 
5000A PolysiJ 

Wafer # Doping 
1 

3 No Doping 
4 
5 
6 
7 

9 
10 5 x 1018/cm 
11 
12 
13 
14 

16 
17 1 x 10ze/cm 
18 
19 
20 

Si3N4 (2000,~) 

All Films Have 
2000~. bxide 

Si3N4 (2000~,) 

Si3N4 (2000A) 

i E 
a ~  

W2=t  s W1 - W 2 = h h  W 1 =t  s + h h  

Fig. 2. Warpage measurement 

the warpage for a particular film or film composite was 
measured, the stress was calculated using Eq. [1]. 

For example (from Fig. 1), the substrate warpage 
caused by the polysilicon film is calculated from the 
warpage difference between two cross sections: D(warpage) 
- B(warpage~ = Polysilicon<war,~g~) by using B as the sub- 
strafe. Equivalent  results were obtained using levels D 
and C. For the stress values of silicon nitride, good corre- 
lation was found between direct and indirect level com- 
parisons, i.e., Fw~p~g~ - Ewarpage (direct) as compared to 
(F-A) - {(E-C)} (indirect). 

To show the effectiveness of the hypothesis, Fig. 3 illus- 
trates the correlation of polysilicon Stress calculated 
using two different structures. 

Figure 4 shows similar results for polysilicon + oxide, 
and Fig. 5 shows the results for Si3N4. 

Standard linear regression (6) method was used to get 
the correlation coefficients. As seen in Fig. 3-5, the corre- 
lations are good and give assurance that the warpage 

I 

+ :>, 
c 
o 

o 

3 

0 
I 

r (Correlation Coefflilen ~ 

I ) I I t i 
3 6 9 

Opolysilicon (D - C) 
x 10 e dynes/cm 2 

Fig. 3. Correlation of comparative warpage measurements on poly- 
silicon films. 

I 
/ 

I I I I I t 
3 6 9 

Table I. Experimental parameters for each wafer 

OPotysilicon + Oxide (E - A) 
x 109 dynes/cm 2 

Fig. 4. Correlation of comparative warpage measurements on poly- 
silicon + oxide films. 
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Fig. 5. Correlation of comparative worpage measurements on Si~N~ 
films. 
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values are true indicators of stress changes associated 
with processing. 

These data indicate that the stress of the polysilicon on 
top of the oxide is compressive and varies between ap- 
proximately -1  x 100 and - 6  • 100 dyne/cm ~ over the en- 
tire range of doping and heat-treatments used in this ex- 
periment. 

Polysilicon + oxide stress (Fig. 4) was also compressive, 
and varied between -1  • 10 ~ and - 5  • 10 ~ dyne/cmL This 
is comparable to either SiO~ or polysilicon. 

The nitride stress in Fig. 5 is tensile and ranges between 
4.0 and 8.0 • .100 dyne/cm ~. This value is slightly lower 
than unannealed nitride films on bare substrates re- 
ported in Ref. (5). The difference could be a result of the 
nitride films' being deposited under  different conditions. 

Undoped polysilicon and nitride films were deposited 
on bare substrates; their respective stress values were 4.0 
• 100 and 7 • 10 ~ dyrre/cm ~. This compares favorably with 
the undoped polysilicon and nitride values on top of ox- 
ide films. This lends credence to the relative film com- 
parative technique. 

Effect of annealing temperature on stress.--Figure 6 is a 
plot of stress calculated for samples with 3000/~ polysili- 
con films that were exposed to various doping levels and 
heat-treatments. 

The results show that there is a temperature threshold 
near 1000~ where the stress decreases. Unfortunately, 
one of the samples (no. 16) broke, and the second data 
point for the 10~~ 3 curve is missing. However, stress 
and grain size (and morphology) do not change apprecia- 
bly for the different concentrations and annealing tern- 

X 

I 

G 

(No Doping) 
X (5 x 101B/cm 3) 
O (1 x 102O/cm ~) 
GSee  Fig. 11 

3 

2~o 4~o 6~0 8~o 1~oo 1~oo 
Temperature (~ 

Fig. 6. Annealing temperature vs. polysilicon film stress (3000A) 
for different doping levels. 

peratures up to 1000~ [see Fig. 6 and Ref. (11)]. Based on 
these findings, we feel justified in assuming the graphed 
qualities for the missing data point. The entire data base 
is sparse. However, the trend is clear, and the correlation 
of the earlier data (Fig. 3-5) is encouraging. 

It  is also noted that for unannealed samples, the stress 
is higher in the implanted case than in those samples 
without implantation. 

This trend seems to continue up to where the stress ob- 
viously changes (relaxation temperature). This is a rea- 
sonable trend, considering that the implantation damage 
may not be annealed thoroughly at temperatures lower 
than the relaxation temperature. 

The relaxation of the 5 • 10Wcm ~ sample occurs at a 
higher temperature than does the intr insic  polysilicon. 
This is probably due to a concentration effect, and will be 
explained in the discussion section. 

Discussion 

It has been reported that the compressive stress of 
thermal oxide can be explained by a thermal mismatch 
between the oxide and the silicon substrate (2). The ob- 
served tensile stress for the CVD nitride films is largely 
caused by the intrinsic film stress (7). For the 60-500 ~m 
thick polysilicon films grown on oxidized wafers using 
different reaction gases and temperatures above 1100~ 
some authors report tensile stresses (1, 8). However, for 
the thin film case (4000-6000/~) (2) compressive stress is in 
agreement  with the observations reported here. 

The nature of the observed compressive stress of the 
polysilicon film is believed to be due to the intrinsic 
properties of the film because the difference in the coef- 
ficients of expansion between polysilicon and single- 
crystal silicon is small (1, 2). 

The stress relaxation near 1000~ observed for different 
ranges of doping (Fig. 6), is assumed to be due to the an- 
nealing effect. The grain-size measurement  of a transmis- 
sion electron microscope (TEM) showed that substantial 
grain growth occurs above 1000~ 

The relaxation temperature of the higher doped (5 • 
10~S/cm~) sample is higher than that of the undoped 
sample. This could be attributed to the ion-implantation 
damage rather than the doping effect. TEM results show 
that film morphology and grain size look about the same 
in the three samples at 1000~ However, for the highest 
doped samples (1 x 10~O]cm3), the stress near the relaxa- 
tion temperature appears lower than the undoped or the 5 
• 10~S/cm ~ samples. This may be explained as follows. 

Brotherton et al. (9) report a relationship exists between 
the substrate lattice constant and the stress in the lattice 
(~5). 

Also, the lattice constant of silicon is shown to decrease 
(resulting in a tensile stress) as a function of boron con- 
centration (10) (see Fig. 7). Assuming a lattice constant 
corresponding to the 1 • 102~ 3 doping concentration 
used in this experiment, Fig. 8 shows the resultant 
change in stress due to boron concentration using 
Brotherton's equation in Ref. (9). 

~.~ 307- Si 5.431-5.420 =0.0020=0.20% 
5,430C �9 5.431 (Max. Shrinkage) oc 

5 4295 
.42s0"429c ~ u ,  " J. Kalnajs andoct.,A. 1955Smakufa' M.I.T. . ~" 

.4270 

.4260 "F.H. Horn, G.E. '~ 

.4250 

.4240 ~ ~ ~ ~ ~ o  5.4240A at 2,8 x 102e Boron .~, 

.4230 .., , I . ~ , 31 ~ "  

.4220 ~ ~ , ~ 

.4210 A t o m s  Of Boron/crn  3 " .. - ~ 

5.4200 \ .~ ~o 5.42 
si-Eoron 
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Fig. 7. Silicon lattice constant vs. boron concentration 
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Fig. 8. Stress induced by change in silicon lattice constant as a re- 
sult of boron in the lattice. From Ref. (9). 

This calculation shows that at 1 x 1020/cm 3 boron con- 
centration, the stress can change 2 x 109 dyne/cm 2 in the 
tensile direction. If we assume a similar behavior for the 
polycrystalline films, the magnitude of the induced ten- 
sile stress is comparable to the measured compressive 
stress in these polysilicon films and can, therefore, par- 
tially compensate for the film stress. 

Summary 
Comparative warpage measurements were used to mea- 

sure the film stress of polysilicon and nitride. The film 
stress of polysilicon (2000-5000•) on top of oxide was 
found to be approximately -(1 - 5) x 109 dyne/cm 2 (com- 
pressive) over the range of doping from intrinsic to 
1020/cm 3, and of annealing temperature from 25 ~ to ll00~ 
Temperature effects on polysilicon film stress were 

larger than the doping effects. The film stress of nitride 
deposited on oxide plus polysilicon was found to be +(4 
-8) • 109 dyne/cm ~- (tensile). Stress relaxation was ob- 
served near 1000~ annealing temperature for the polysili- 
con films. 
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Short Time Annealing of Coevaporated Tungsten Silicide Films 
T. O. Sedgwick,* F. M.  d 'Heurle,*  and S. A. Cohen 

IBM T. J. Watson Research Center, Yorktown Heights, New York 10598 

Short time annealing (STA) which is thermal pro* 
cessing for times short compared to standard furnace an- 
nealing is being explored as a means of reducing the 
time-temperature exposure of device structures in silicon 
technology (1). Early efforts in STA employed pulsed or 
CW laser or electron beams to heat samples for times of 
milliseconds down to nanoseconds. These energy 
sources, however, usually require scanning of a small area 
spot over a large sample with the disadvantages of 
r~onuniform exposure, high localized thermal stresses, 
and low sample throughput. Many recent STA studies 
employ incoherent light sources to anneal large-area 
samples (-10 cm) which are spacially uniform in tempera- 
ture for time intervals of 1-100s. The technique is best 
referred to as isothermal STA. These heat sources include 
arrays of tungsten halogen lamps, high intensity argon o'r 
xenon discharge lamps, and resistance-heated graphite 
blackbody radiation sources. This technique is meant  to 
acquire the additional advantage of a full wafer isother~ 
mal process while retaining the known advantage of a re- 
duced thermal cycle. 

As device dimensions shrink and the degree of integra- 
tion increases in VLSI technology, refractory metal sili- 
cides have found important  application as device inter- 
connections because of their metallic-like conductivity, 

*Electrochemical Society Active Member. 

ability to be oxidized, and thermal stability (2, 3). For 
many applications, a silicide/polycrystalline Si (poly-Si) 
double layer called a polycide structure is used (4) as a 
gate electrode and interconnection. 

The. silicides of Ta, Mo, and W, all of which are being in- 
vestigated as potential high conductivity interconnects 
can, in principle, be formed by direct reaction. However, 
the reaction of the metal with Si occurs at high tempera- 
tures and with poor reproducibility. Thus, direct reaction 
has not been the preferred fabrication method for device 
applications. We note, however, that Wakita et al. and oth- 
ers (5) have formed Mo and W silicide by CW argon laser 
annealing of the metal/silicon structure. 

Reproducible formation of refractory silicide may be 
obtained by coevaporation or cosputtering of the ele- 
ments or sputtering of the compound, or CVD of suitable 
precursors. All these techniques are finding application 
in practical device fabrication. Even with this initial de- 
gree of premixing, an additional thermal cycle in the 
range of 1000~176 is required to crystallize the com- 
pounds and produce highly conducting films. Tsai et al. 
(6) reported the dependence of film resistance on anneal- 
ing time and temperature, but  did not investigate anneal- 
ing times less than 3 min because of standard furnace 
process limitations. Recently, Sedgwick et al. (7) and 
McPherson e ta l .  (8) have reported on the STA of WSi2 
and MoSt2, respectively. 
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In the fabrication of small devices in VLSI, there are 
four important requirements  on this thermal anneal pro- 
cess: (i) the silicide should become homogeneous and 
well adherent, (it) the silicide should become as conduc- 
tive as possible, (iii) the t ime-temperature cycle should 
not perturb the dopant distribution in any underlying 
partly fabricated device, and (iv) the dopant in the 
polycrystalline Si (poly-Si) of a polycide structure should 
not be grossly depleted. 

In the present study, we present results of the STA of 
WSi2 with reference to the above items. With regard to 
i tem (ii), we have studied annealing down into the few 
second time range. With regard to (iii), we compare the 
properties of the silicide after a STA at 1200~ 6s with 
those after a standard furnace anneal at 950~ 30 rain. 
With respect to diffusion in St, these two thermal treat- 
ments are equivalent; from a standard diffusion calcula- 
tion, they lead to minimal dopant motion of B in a submi- 
cron FET technology where the B implant is already 
present in the channel region of the device. The results 
for item (iv) are as yet only qualitative and preliminary. 
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L I I I=l I 
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I [ I 
20 30 4 0  50 

Fig. 2. Pyrometer trace of time-temperature nominal 3s anneal at 
1200~ in graphite resistance apparatus. 

Experimental 
Figure 1 shows a schematic of the graphite resistance 

heater used for the STA experiments.  The horizontally 
arranged resistance heater has a free standing area of 4 • 
5 in. and is 0.050 in. thick. It is made of graphite from 
POCO. Rapid heating is achieved by passing up to 600A 
alternating current at 14V through the graphite using the 
water-cooled clamps. The polycide samples about 1 cm 2, 
were placed on small quartz chips 0.020 in. thick in the 
center of the graphite plate. The temperature of the 
sample was monitored in situ using a Irtronic Model 3100 
IR pyrometer  focused to a 1/2 mm diam spot. It was posi- 
t ioned to look vertically down, through a quartz window 
and small holes in horizontal Ta shields (not shown in 
Fig. 1), at the sample top surface. The ambient was dry N~ 
and the heating apparatus was carefully purged at room 
temperature and at 450~ before high temperature anneal- 
ing. 

Typical t ime temperature curves are shown for nominal 
1200~ 3s exposures in Fig. 2, and a 1200~ 60s exposure 
in Fig. 3. The IR pyrometer  was calibrated by focusing 
it close to a Pt-PtRd thermocouple bonded to the chip 
surface and allowed to equilibrate for at least 15s. Figure 
4 shows that the thermocouple and the pyrometer  read 
the source temperature within 12~ over the range 
900~176 STA experiments  in the t ime range of a few 
seconds still resulted in overall agreement within 12~ 
The furnace anneal at 950~ 30 min was carried out in a 
standard furnace with argon or N~ ambient. 

GRAPHITE STRIP HEATER 

PYROMETER 

WAFER 
-- CHIP 3 

LRESISTANCE 
HEATER 

i/ QUARTZ 
I, SPACER 

T--ARGON, NITROGEN AMBIENT 
Fig. 1. Schematic of graphite resistance STA apparatus 
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Fig. 3. Pyrometer trace of time-temperature for a 60s anneal at 

1200~ 

The polycide structures I, II, and/or III in Fig. 5 were 
used in the experiments.  The silicide was deposited by 
coevaporation with a stoichiometry of WSi2.1_2.~. Structure 
I was 1300• silicide on a Si (100) wafer. Structure II was 
1300A coevaporated WSi2 on 1500~ of heavily doped P-, 
As-, or B-doped LPCVD or CVD poly-Si on 1000]~ dry wet 
dry thermal SiO2. Structure III was an RIE patterned 
film with submicron dimensions. This structure was 
300s evaporated silicon on 1500A coevaporated WSi2 on 
1000A of POCl~-doped polysilicon on 100~ thermal SiO~. 

Sample resistance was measured with a four-point 
probe. B, P, and As profiles were measured by secondary 
ion mass spectrometry (SIMS) and W profiles were mea- 
sured with Rutherford backscattering spectroscopy 
(RBS). 

Results and Discussions 
Figure 6 shows an RBS profile of the W in a structure 

II sample with B-doped polycide as deposited, both after 
a 950~ 30 min furnace anneal and after a 1200~ 6s STA 
exposure. The unintentional (but useful for the present 
experiment) W concentration minimum (corresponding to 
a Si concentration maximum) just  below 2.07 MeV in the 
as-deposited film is not removed by the furnace anneal, 
but good homogenization is apparent after the STA pro- 
cess. [This is in agreement with the previous observations 
(6, 9) that while excess W can be annealed out at tempera- 
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tures  as low as 800~ the  e l iminat ion  of  excess  Si re- 
quires  t empera tu res  of  the order  of  1000~ 

Figures  7a and 7b show samples  of  s t ruc ture  I I I  after 
S T A  at 1200~ 6s. The  perfec t ly  in tact  l ines exhib i t  no ad- 
verse  effect  of  STA. 

The variat ions of  res is tance  wi th  anneal ing  t ime  and 
t empera tu re  for po lyc ide  samples  of  s t ruc tures  I and II 
are displayed,  respect ively ,  in Fig. 8 and in Fig. 9, 10, and 
11. Within a small  variat ion,  all the  results  are ve ry  similar  
even  though  the poly-Si  in Fig. 9, 10, and 11 is heavi ly  
doped  wi th  P, As, and B, respect ively.  The  major  resul t  is 
that  the  res is tance is a fairly s t rong  func t ion  of  the  tem- 
perature.  The  res is tance decreases  only weak ly  as a func- 
t ion of  increas ing t ime  in the  range 3s to 5 rain at both  
1000 ~ and ll00~ At  1200~ the  res is tance is i n d e p e n d e n t  
of  t ime.  Apparent ly ,  at 1200~ the  sil icide anneal ing  pro- 
cess  is fast compared  to 3s. 

Table  I compares  the  m i n i m u m  res is tance observed  in 
samples of structure II for both STA at 1200~ 6s and fur- 

Fig. 5. Schematic of various polycide structures, I, II, and III (see 
text for detailed fabrication). 
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Fig. 6. W content by RBS of structure II. Solid curve: as deposited. 

Dotted curve: after 950~ 30 rain furnace anneal. Dashed curve: 
after ! 200~C, 6s STA treatment. Fig. 7. Etched polycide structure II samples after 1200~ 10s anneal 
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Fig. 10. Sheet resistance of 1360A WSi2 on As-doped poly-Si after 
annealing at various times and temperatures. 

nace anneal at 950~ 30 rain. The principal result is that 
the STA process yields resistances of two to three times 
less than for the furnace anneal. We will touch on this fact 
again at a later point. The small differences between 
samples with differently doped poly-Si underlayers are 
judged not significant without further supporting data. 

At this time, we offer some qualitative comments  but 
do not present a quantitative explanation for the silicide 
resistivity as a function of time and temperature, a phe- 
nomena which we believe is quite complex. The grain 
size of the silicide films has not been measured in this 
work, although it no doubt increases as a function of an- 
nealing time and temperature. In general, there exists a 
positive correlation between grain size and conductivity 
in silicide films. However, this is not enough to justify 
the often-encountered statement that the decrease in re- 
sistivity is due solely to grain growth. The at tempt to re- 
late quantitatively grain sizes and resistivities in silicide 
films leads to material parameters which appear too ex- 
treme to be physically valid (2, 10). The lowest resistivity 
achieved, about 35 / ~  cm (Fig. 8, 11), appears to be in 
good concordance with the min imum published value for 
WSi2. 

The data of Table I clearly show the factor of 2 to 3 ad- 
vantage in lowered resistance when using a 1200~ 6s vs .  
a 950~ 30 min anneal. As pointed out above, these two 
widely different thermal treatments were chosen to lead 
to a minimal and equivalent B diffusion in any underly- 
ing device. Figure 12 shows an Arrhenius-like plot of B 
diffusion in Si where the area with vertically hatched 
lines corresponds to the acceptable process region. For 
the limiting B-diffusion line, we have used a SUPREME 
calculation, where the shallow-channel B is required not 
to move significantly. The actual device requirement  is 
that the substrate sensitivity not be degraded signifi- 
cantly in a submicron FET technology (11). In terms of 
the dopant motion, this corresponds to a B diffusion less 
than 700A at a C/Co value of 3.3 • 10 -2. On the same Fig. 
12, one also finds the apparent temperature vs .  t ime re- 
gion (hatched with horizontal lines) required to obtain a 
silicide sample resistance less than 4 ~/O. Only the data at 
1100 ~ and 1200~ were used. The very high apparent 
thermal activation of the silicide annealing process 
defines a new processing region, at high temperatures 

Table I. Resistance of WSi~ polycide structure II 

STA anneal Furnace anneal 

Structure 1200~ 6s 950~ 30 rain 
WSi._,/B-doped poly-Si 2.8 ~/[3 10.5 ~/O 
WSiJP 3.7 8 
WSi2/As 3.7 8.8 
Resistivity of silicide 38-50/~ cm 109-143 ~ cm 
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and short times, where both sufficient silicide conductiv- 
ity is obtained and minimal diffusion is expected. 

The definition of such a satisfactory new region for 
thermal treatment in the present case is possible because 
of the wide range of temperatures and times available 
currently in thermal annealing, and because the thermal 
activations for the two processes are widely different. 

Figure 13 shows SIMS profiles of the B concentration 
in a polycide sample structure II as deposited, after STA, 
and after furnace annealing. The depth scale is not cali- 
brated because of the differing sputtering rates but  the 
step-like B concentration in the as-deposited trace corre- 
sponds to the doped poly-Si layer and the region to the 
left corresponds to the WSi~ layer. Upon STA or furnace 
annealing, the B redistributes throughout both the sili- 
cide and poly-Si layers. Unfortunately, because of the ma- 
trix effect on the SIMS sensitivity in the different layers, 
the actual concentration of B in each layer may not be 
equal, even though the B levels have the same relative 
height. Samples of WSi2 on both P- and As-doped poly-Si 
were measured, but  are not shown here. In these cases, 
there was a significant decrease in dopant in the poly-Si 
layer after the 950~ 30 min furnace anneal and an even 
greater decrease after the 1200~ 6s STA cycle. There was 
clearly a net loss of dopant in the P and As cases, presum- 
ably by evaporation from the WSi~ surface. 

Overall, the present furnace annealing results are con- 
sistent with those previously reported (12, 13). The 
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Fig. 13. SIMS plot of B concentration in a structure II sample as a 
function of annealing. Depth and vertical scales vary in each material 
(WSi2 on the left, poly-Si on the right, see text). 

motion of B from poly-Si into WSi2 has been observed as 
low as 800~ and the accumulation of B in WSi2 up to 
1000~ has also been reported (9, 14). Similarly, the rapid 
diffusion of P and As through poly-Si and WSi2 and evap- 
oration have been observed (9, 14). [During furnace an- 
nealing, the evaporation of As (9), and probably also of P, 
can be avoided by the deposition of a CVD silicon oxide 
cap.] More recently, the motion of P through cosputtered 
TaSi2 has been investigated by Pelleg and Murarka (15), 
and the rapid diffusion of As through doped poly-Si has 
been studied by Arienzo et al. (16). Rough estimates of 
diffusion in our samples annealed at 1200~ 6s using the 
published data (15, 16) indicate that significant out diffu- 
sion of As and P is at least plausible during STA. Yet, we 
note with interest that McPherson et al. report essentially 
no loss of P in a polycide structure of sputtered MoSi2 an- 
nealed at 1250~ 16s (8). Because of the very marked simi- 
larity between MoSi and WSi2 [see, for example, Ref. (2)], 
the reported different behaviors of P in the two com- 
pounds during STA is quite surprising. Could it be that a 
residual layer of SiO~ (or other impurity) at the interface 
between MoSi~ and poly-Si hindered the out diffusion of 
P? 

S u m m a r y  
Short time annealing (STA) of coevaporated WSi2 on 

single-crystal and polycrystalline Si (poly-Si) doped with 
B, P, and As has been carried out with a graphite resist- 
ance heater up to 1200~ for times as short as 3s. 

STA at 1200~ for 6s resulted in good film homogeniza- 
tion and fine line patterns down to submicron dimen- 
sions, which remained intact and well adherent. STA at 
1200~ for 6s yielded a silicide resistivity 2 to 3 times 
lower than furnace annealing at 950~ 30 min. These two 
anneals would produce a calculated minimal and equiva- 
lent B diffusion in an underlying partially fabricated de- 
vice. Dopants in the poly-Si of the polycide structure 
move rapidly through both the poly-Si and the WSi2 for 
both STA and furnace annealing. The B redistributes 
throughout the polycide, but  the As and P are lost from 
the WSi~ surface by evaporation. 
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Effects of the Helmholtz Layer Capacitance on the 
Potential Distribution at Semiconductor/Electrolyte 

Interface and the Linearity of the Mott-Schottky Plot 

K. Uosaki and H. Kita 
pp. 895-897, Vol. 130, No. 4 

H. Geriseher: '  The paper of the above authors contains 
some serious errors in the equations quoted. The last 
term in the numerator of Eq. [4] must read no �9 e y~, not no. 
Equations [8] and [9] represent the approximation for the 
case of a depletion layer in an n-type semiconductor  and 
should read correctly 

Besides this, the paper gives a misleading impression of 
the relation between the space-charge layer capacitance 
and the Helmholtz double-layer capacitance of normal 
semiconductor electrodes since the calculations are made 
with an unusually high carrier concentration in the bulk 
(no = N, = 10 ~9 cm -3) and an exceptionally large dielectric 
constant (e = 173). Most semiconductors such as ZnO, 
CdS, CdSe, GaP, GaAs, Si, MoS2, MoSe2, WS~, and WSe~, 
have static dielectric constants in the order of 6-12. Usual 
carrier concentrations are in the order of 10'6-10 's. With 
such values, the space-charge capacity is by far smaller 
than for the example given in this paper. Consequently, 
the relation between the variation of the voltage drop in 
the Helmholtz double layer and the voltage applied to the 
whole interface (referred to the flatband potential) is 
drastically reduced in comparison to the data given in 
Fig. 1 of this paper. 

More realistic data are shown in Fig. la  and b, which 
was derived for depletion layers in the absence of surface 
states from the following relations, being valid for Ys~ > 4 

Q~ = (2�9149 "2 (y~r - 1) ~j2 [1] 

( �9149 (ysr - 1) -'/2 c,r = e \ 2 ~ - - /  [2] 

eA$sc 
Ysc - k T  w i t h h r  [3] 

eA~. _ 2 C~c 1) 
Y s -  IcT C ,  ( Y s r  _ [4] 

'Fritz-Haber-Institut der Max-Planck-Gesellschaft, Berlin 33, 
Germany. 

The voltage drop in the space-charge layer h$~c and in 
the Helmholtz layer hSH is represented in Eq. [3] and [4] 
in terms of kT/e units (25 mV at T = 298 K). With 
eo = 8.854 �9 10 -'4 As/V �9 cm and C, = 10 ~F, the relation 
[Y,/(Y,  + Ysc)] has been calculated and is plotted against YH 
+ y~r in Fig. la  for ND = 1019 and 10 J7 with �9 = 173, and in 
Fig. lb  for the same donor concentrations with �9 = 10. 
One sees that the relative contribution of Y, to the whole 
potential drop YH + Y~c is very small for No = 10 '7 and �9 = 
10, representing the usual situation in semiconductor 
electrochemistry. 

The necessary correction for the variation of 5OH in the 
extrapolation to the flatband potential in a Mott- 
Schottky plot has been correctly derived in the paper of 
DeGryse et al. 2 and quoted as Eq. [10] in the above paper. 
It is, however, also drastically reduced, if the dielectric 
constant has a normal value and the donor density is 

2R. De Gryse, W. P. Gomes, F. Cordon, and J. Vennik, This 
Journal, 123, 711 (1975). 
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smaller than 10 m. DeGryse et al. have found with CH = 10 
~F as correction for the extrapolated value of VFB at an 
n-type semiconductor with e = 173 and No = 10 '9 the large 
value of -0.12V. From the correction formula, AV, = 
-[~eoeNJ2C~2], one obtains with ~ = 10, instead of 173, only 
-7  mV, and with ND = 10 '7 instead of 10 '9, this correction 
is fully negligible. 

It is certainly important  to be aware of the possibility 
that the potential drop in the Helmholtz double layer can 
vary with the applied voltage. However, one should also 
see that the importance of this effect depends very criti- 
cally on the doping level and the magnitude of the dielec- 
tric constant. A variation in ACH will much more often be 
due to the presence of surface states with a density in the 
order of 10 ~3 cm -2 within a narrow range of energies. 

K. U o s a k i  a n d  H.  K i t a :  3 We must admit that Eq. [4], [8], 
and [9] of  our paper contain misprints, as Professor 
Gerischer has pointed out. But note all the calculations 
have been carried out by using proper equations. 

Although Gerischer commented that our calculations 
were made only with an unusually high carrier concentra- 
tion in the bulk (no = ND = 10 TM cm-3), we calculated the 
potential distribution with a wide range of carrier concen- 
trations (1016 cm -3 - 10 '-'~ cm -3) as shown in Fig. 1 of our 
paper. 

Gersicher said this paper gives a misleading impression 
of the relation between the space-charge layer capaci- 
tance and the Hehnholtz double-layer capacitance of nor- 
mal semiconductors.  However, we think it is important to 
stress the effects of the Helmholtz double-layer capaci- 
tance on the potential distribution and linearity of the 
Mott-Schottky plot because many semiconductor  electro- 
chemists simply ignore the Helmholtz layer capacitance 
without considering its physical significance. 

As far as the effect of the Helmholtz layer capacitance 
on the linearity of the Mott-Schottky plot is concerned, 
we supported the general conclusion of De Gryse et al. 4 
but pointed out that the real Mott-Schottky plot deviates 
from the linear Iine calculated by using Eq. El0] of our pa- 
per, which was derived by De Gryse et al. with the Mott- 
Schottky approximation, 4 near the flatband potential. 

Galvanostaircase Polarization 

s. T. Hirozawa 
pp. 1718-1721, Vol. 130, No. 8 

F. Mansfeld: 5 Hirozawa's paper gives an interesting appli- 
cation of a very simple experimental  technique. However, 
some discussion of the conclusions by the author 
concerning pitting of a luminum is necessary to avoid 
even more confusion in the general topic of "critical po- 
tentials" than there exists now. There is no theoretical 
justification in the paper for the claim that extrapolation 
of the E-I curves to I = 0 leads to the breakdown potential 
Eb for increasing I and to the protection potential E,rot for 
decreasing I. The statement "E appears to have no direct 
relevance to localized corrosion; however, it seems to 
have indirect relevance" is quite puzzling in the light of 
the previous claim concerning Eb and E,rot. 

In analyzing Hirozawa's experiment,  one could con- 
clude that the application of  the first constant-current 
step produces pitting. The corresponding potential maxi- 
mum is probably the pitting potential. While the current 
is increased stepwise, the kinetics in the growing pits are 
measured, since there is not much contribution from the. 
passive surface. The observed small hysteresis in unin- 
hibited solutions is due to changes in the pit growth ki- 
netics, pit size, conductivity in the pits, etc. In the inhib- 
ited solutions, the electrochemical kinetics in the growing 
pit are altered, owing to the presence of the inhibitor. As 
the pits grow (which they do even when the current is de- 

3Department of Chemistry, Faculty of Science, Hokkaido Uni- 
versity, SappQro 060, Japan. 

4R. De Gryse, W. P. Gomes, F. Cardon, and J. Vennik, This 
Journal. 123.711 (1975). 

5Rockwell International Science Center, Thousand Oaks, 
California 91360. 

creased), hysteresis occurs because the inhibitor concen- 
tration in the pit decreases and for other, presently un- 
known reasons. As can be seen from Hirozawa's data (his 
Fig. 3 and 4), the electrochemical kinetics in this case 
tend to return to those for the uninhibited case. 

In summary, the galvanostaircase method applied to A1 
shows some promise for the study of electrode kinetics in 
growing pits. However, the claim that the breakdown and 
protection potentials can be determined from Hirozawa's 
data cannot be accepted unless it is substantiated by fur- 
ther theoretical and experimental  work. 

S. T. H i r o z a w a :  ~ Mansfeld claims that extrapolation for 
Eb and Eprot from GSCP curves has not been theoretically 
justified and would only increase the confusion presently 
existing concerning the critical potentials. Others (7-9) 
using ga]vanokinetic or galvanostatic polarization tech- 
niques have used terms that are analogous to Eb and Eprot 
(paragraph 1 of my paper). 

It is true that we have no theoretical justification for 
the use of the Eb and Eprot, but we do have experimental  
justification using long term constant potential corrosion 
tests (second paragraph of my paper). The two main 
causes for the confusion concerning the critical potentials 
are nomenclature and the use of potential-controlled po- 
larization techniques under highly passivating conditions 
which lead to induction time effects and current 
hysteresis. 

For A1 under highly passivating conditions, e.g., in anti- 
freeze coolants, Eb (which is often considered to be the 
pitting potential) appears to have no direct relevance to 
localized corrosion because E does not have to be raised 
above Eb, to initiate pitting: one only needs to raise E 
above  E,rot to initiate pitting. Hence, Eb i s n o t  a critical po- 
tential, but it does have indirect relevance because the 
greater the difference between E,~o~ and Eb, the greater is 
the tendency for crevice corrosion. 

Mansfeld's statement that "in analyzing Hirozawa's ex- 
periment, one could conclude that the application of the 
first current step produces pitting" is true for Fig. 3 and 
4, where the evidence for pitting is quite apparent. Pitting 
occurs on metals that are passivated, preferably by a layer 
of insoluble salts. In Fig. 1 and 2, pitting is not evident. 
Chloride is nonpassivating; therefore, the corrosion is 
general and not localized. The passivation of A1 by nitrate 
is unique. The first current step does not break down the 
passive layer, but rather it builds it up further. Hence, the 
use of the term, Eb, is not appropriate; it is used here for 
the want of a better name. The gradual change of poten- 
tial during the first two steps probably indicates changes 
in the resistance of the inner oxide layer as well as the 
distribution of nitrate within the passive layer under the 
influence of the electric field. 

In conclusion, the GSCP method should dispel some of 
the confusion related to the critical potentials, induction 
effects, and the scan rate, hysteresis, and charge effects 
on the value of E~rot. 

The Effect of Stress on the Redistribution of Implanted 
Impurities in GaAs 

J. Kasahara, Y. Kato, M. Arai, and N. Watanabe 
pp. 2275-2279, Vol. 130, No. 11 

C. Blaauw:  1o The authors analyze the effect of stress, in- 
duced by a plasma silicon nitride capping film, on the 
diffusion constants for Si and Se implants in GaAs. Sev- 
era] incorrect assumptions are made, which affect analy- 
sis of the results. For example, Eq. [1] implies that the in- 
trinsic stress of the capping film is taken to be zero, 
whereas it is well known that plasma silicon nitride films 

6BASF Wyandotte Corporation, Wyandotte, Michigan 48192. 
7S. Smialowska and M.Czachor in "Localized Corrosion," 

R. W. Staehle, B. F. Brown, J. Kruger and A. Agrawal, Editors, p. 
353, NACE-3, Houston (1974) 

8A. Broli, H. Holtan, and K. L. Prestud, Corrosion, 30, 427 
(1974). 

9K. Nisanciouglu and H. Holtan, Corros. Sci., 18, 835 (1978). 
'~ Research, Ottawa, Ontario, Canada K1Y 4H7. 
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are deposited in a state of tensile stress (11, 12). More seri- 
ously, the analysis of the diffusion coefficients in terms 
of jump frequency and vacancy concentration rests on 
the assumption that the substrate-induced stress at 850~ 
is proportional to the thickness of the capping film. This 
assumption is not justified, as the properties of plasma 
silicon nitride are not necessarily uniform throughout the 
film. We have carried out stress measurements as a func- 
tion of film thickness, for plasma silicon nitride on GaAs, 
which show that both the intrinsic stress and the temper- 
ature dependence of the stress depend on film thickness 
(2). Extrapolating stress vs. temperature curves to 850~ 
we find that the substrate-induced stress for a 0.4 ~m 
film is only approximately 40% larger than that of a 0.1 
~m film deposited under  the same conditions. If a similar 
relationship were to apply for the work under discussion, 
this would move the data points at ~0.3 ~m in Fig. 7, of 
the paper in question well to the left on the correspond- 
ing stress scale, in good agreement with the linear solid 
line of this figure. This would imply that there is no need 

~A. K. Sinha, H. J. Levinstein, and T. E. Smith, J. Appl. Phys., 
49, 2423 (1978). 

~2C. Blaauw, J. Appl. Phys., 54, 5064 (1983). 

to assume a stress-dependent vacancy concentration 
within the region of investigation. 

J. Kasahara:  13 1 appreciate the interest and useful reading 
of our paper. 

Basically, I agree with the comments, which pertain 
mainly to our Fig. 7. Although further quantitative study 
is necessary, if  the intrinsic stress and thickness- 
dependent  temperature dependence of the stress have 
some influence, the scale of the lower axis for the stress 
might be modified. Dr. Blaauw discussed this subject in 
his Ref. (2), which was not available when our manuscript  
was being prepared. Also, it is difficult to apply his data 
directly to our data, because the deposition system for 
SiN is different. Further, considering the behavior of the 
stress dependence of the diffusion of Zn, know to be by 
an interstitial-substitutional mechanism, and the result of 
Se with about 0.6 ~m of thicker SiN, I think it is too im- 
portant to ignore the effect of the vacancy concentration. 
Further discussion probably requires measuring the 
stress in situ at the annealing temperature investigated. 

~3Sony Corporation Research Center, Yokohama 240, Japan. 
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Further Evidence for Monoatomic Hydrogen 

as a Darkening Agent in Chemography 

I. A. Blech and J. Kruger 

Department of Materials Engineering, Technion, Haifa 32000, Israel 

INTRODUCTION 

It has been demonstrated recently that 
freshly etched or abraded silicon surfaces in 
contact with photographic p~es in the dark 
will produce visible images x') . The process 
to obtain such images was named chemography. 
It was suggested that the images were produced 
By a gas, probably atomic hydrogen, emitted 
from the silicon surface. Hydrogen evolution 
was thought to occur as a result of the reac- 
tion of water vapor present in the air with 
the fresh silicon surface forming silicon 
hydride and atomic hydrogen. The sensitivity 
of photographic plates to atomic hydrogen was 
demonstrated previously by placing such plates 
in a stream of atomic ~teriumwhich caused a 
considerable darkening ~j. It was also shown 
t~at molecular hydrogen does not darken the 
photographic plates. 

The present paper provides further evi- 
dence that atomic hydrogen is responsible for 
the darkening of photographic plates in chemo- 
graphy by producing atomic hydrogen through 
the electrolysis of water. 

EXPERIMENTAL 

The experimental apparatus is shown 
schematically in Fig.l. Two stainless steel 
electrodes were immersed in an electrolyte. 
Each electrode was i.i cm wide, 0.4 cm thick 
and 7.5 cm long. The photographic plates 
[Ylford nuclear plates type L4, 50~/m) were 
masked off from the electrodes by an adhesive 
tape and were mounted with their emulsion 
facing the electrodes leaving a gap of 

Electrochemical Society Active Member 

iLady Davis Fellow - Technion. 
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Key words: hydrogen, chemography, photo- 
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0.5-1.0 mm between the emulsion and the sur- 
face of the electrodes. Sufficient electri- 
cal current was supplied to produce copious 
evolution of hydrogen at the cathode. After 
a selected time the current was stopped and 
the photographic plates were removed and 
rinsed. Dark images were already clearly 
visible on the plates that were facing the 
cathode even without development. The plates 
were developed in DI9 Kodak developer for 
2 minutes at room temperature. Prints with 
the same contrast as the original plates were 
made using an intermediate negative. 

PESULTS AND DISCUSSION 

The electrolytes used were the following: 
(i) 0.1N H2SO4, (2) 0.1N H2SO 4 containing 
0.05 g/s NaAsO 2 (3) 0.1N H2SO4 containing 
0.i g/Z NaAsO 2. The rationale behind using 
solutions (.1),(2) and (3) was to produce 
varying amounts of atomic hydrogen by elec- 
trolyzing water in solutions containing 
different amounts of an arsenic compound, 
NaAsO2. It is known(2) that arsenic com- 
pounds poison the hydrogen recombination 
reaction, 

Had s + Had s § H 2 �9 

Therefore, if monoatomic hydrogen is 
responsible for the darkening of photographic 
plates, solutions with varying degrees of 
efficiency in the production of stable atomic 
hydrogen should exhibit varying degrees of 
darkening. This is exactly what is demon- 
strated in Fig.2. It can readily be seen 
that, when no NaAsO 2 is present in the sul- 
furic acid solution (Fig.2a), darkening was 
observed at the bottom of the plate near the 
edge of the masking tape where the plate was 
nearest to the electrode surface. There is 
apparently some atomic hydrogen in bubbles 
rising along the cathode and the spray above 
the solution surface as indicated by the 
darkened areas observed in Fig.2a. 
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Fig.25 shows the considerable enhance- 
ment in darkening that occurs when a recombi- 
nation reaction poison is added. When the 
concentration of the poison is increased, 
Fig.2c shows increased darkening over that 
shown in Fig.2b. 

Apparently, after the atomic hydrogen has 
left the cathode surface, it has a sufficient- 
ly long lifetime to migrate over to the anode. 
There it darkens the photographic plate on its 
edges which are less shielded by the oxygen 
evolving at the anode. This can be seen in 
Fig.2d. 

In order to be certain that the NaAsO^ in 
the 0.1N H2SO 4 was not responsible for the z 
darkening effects, we exposed photographic 
plates to solutions (2) and (3) in absence of 
an electrolyzing current. Virtually no dark- 
ening was observed for periods of exposure 
longer than those used during electrolysis. 

The possibility of AsH 3, formed by the 
reduction of AsO~ at the cathode, being re- 
sponsible for the darkening was ruled out by 
producing such darkening at potentials where 
hydrogen is evolved but where the production 
of significant amounts of AsH 3 is precluded by 
thermodynamics. Also, three different solu- 
tions containing no arsenic compounds produced 
darkening. 

The foregoing experiments clearly support 
the conclusion that monoatomic hydrogen causes 
darkening of photographic plates. This 
strongly suggests that it is the agent respon- 
sible for the darkening observed in chemo- 
graphy. 
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Fig.2. Chemographs of the anode and the cath- 
ode produced by the electrolysis of: 
(a) 0.1N H2SO4, cathode side, i0 min. 
(b) 0.1N H2S04+0.05 g/~ NaAsO2, cathode side, 
i0 min. (c) 0.1N H2SO4+0.I g/~ NaAsO2, cath- 
ode side, 5 min. (d) 0.1N H2S04+0.I g/~ 
NaAsO 2 anode side. 5 min. 



Crystallographic Orientation Dependence of Transition Layer 
at Magnetron-Sputtered Ta2OJSi Interface 
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In recent years, tantalum pentoxide 
(Ta205) films have received particular 
interest for use in electronic devices. The 
higher dielectric constant of Ta205 films, 
compared with that of SiO 2 , makes them 
attractive as gate insulators for MOS 
devices. For these applications, Ta205 films 
were prepared by chemical vapor deposition 
(i) and thermal oxidation of a deposited Ta 
film (2,3). More recently, it has been 
indicated that a Ta205 gate insulator with 
relatively good interface properties can be 
obtained by RF-magnetron sputtering (4). 
Based upon this result, Si-TFT's with this 
magnetron-sputtered Ta205 film as a gate 
insulator have been fabricated on quartz (5). 
These investigations have clarified that the 
dielectric constant of deposited Ta205 
becomes lower than that of the bulk of Ta205, 
due to the existence of the low dielectric 
constant transition layer at the Ta205/Si 
interface. 

In device applications, it has become 
important to obtain Ta205 with higher 
dielectric constant on Si. The present work 
explores roles of Si substrate in determining 
dielectric constant of Ta205 deposited on Si, 
and indicates that crystallographic orienta- 
tion has an influence on the dielectric 
constant of Ta205. 

The transition layer at the interface 
was studied by dielectric constant variation 
with deposited Ta205 thickness. Dielectric 
constant was calculated from the capacitance 
of an AI/Ta205/Si capacitor in accumulation. 
Single-crystalline silicon wafers with 
different specifications ( (a) p-type, 
<100>-oriented and 9 to ii ohm-cm, (b) 
p-type, <100>-oriented and 0.07 to 0.13 
ohm-cm, (c) p-type, <lll>-oriented and 1.2 to 
1.8 ohm-cm, and (d) p-type, <ll0>-oriented 
and 0.07 to 0.13 ohm-cm) were used as 
substrates. These substrates were cleaned by 
a mixture of H2SO 4 and H202, and then rinsed 

Key words: transition layer, crystallographic 
orientation, Ta205, interface. 

in deionized water. Immediately before being 
installed into the sputtering chamber, wafers 
were dipped into dilute HF to remove the 
oxide formed during the previous processing 
steps. Ta205 films were fabricated using an 
RF-magnetron sputtering system. The Ta205 
target was i0 cm in diameter and 5 mm thick. 
The target to substrate distance was 5 cm. 
The sputtering chamber was evacuated to less 
than ixl0 -? Torr prior to sputtering, and 
then backfilled with sputtering gas, which 
consisted of a mixture of argon and oxygen 
(partial pressure ratio of Ar/O 2 = 90/10). 
The sputtering pressure was 5x10 -3 Torr. 
Electron-beam evaporated aluminum was used as 
electrodes. Prior to capacitance measure- 
ment, these MOS capacitors were annealed at 
450~ for 30 minutes in a hydrogen ambient. 
Capacitance measurements were performed at 1 
MHz in the dark, shielded box. 

Figure i shows variations in deposited 
Ta205 dielectric constant with changes in 
thickness. Variations for three Si 
substrates with different crystallographic 
orientation are compared. For each 
substrate, the dielectric constant of 
deposited Ta205 increases monotonically with 
Ta205 thickness. At the same time, the 
dielectric constant depends on the 
crystallographic orientation of the silicon 
substrate. At every thickness, the 
dielectric constant follows the sequence 
e(ll0)>s(lll)>~(100). On the other hand, 
dielectric constant plots of Ta205 deposited 
on <100>-oriented silicon substrates with the 
resistivity of 0.07 to 0.13 ohm-cm and 9 to 
ii ohm-cm were found to be on the same curve. 
Hence, the results shown in Fig. 1 are due to 
the crystallographic orientation of the 
substrate. 

To clarify the reason for this variation 
depending on the crystallographic orienta- 
tion, the dielectric constant profile within 
the Ta205 film was calculated from the 
results shown in Fig. i. Figure 2 (a) and 
(b) indictate the dielectric constant 
profiles of Ta205 deposited on <100>-oriented 
Si and on <ll0>-oriented Si, respectively. 
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Though the Si was etched with HF just 
before sputtering in these experiments, oxide 
would reform very quickly during subsequent 
exposure to air before installing into the 
sputtering chamber. If we assume that the 
transition layers are ascribed to air- 
oxidized SiO 2 grown on Si, and that total 

The bars represent the average value of the 
dielectric constant for each layer. The 
lowest average value was taken as the 
dielectric constant for the sample with the 
minimum thickness. The dielectric constant 
for the second layer was then obtained by 
reevaluating the dielectric data, using a 
multilayer model consisting of the first and 
second layer (4). This calculation was 
repeated for each successive layer. The 
results shown in Fig. 2 indicate that both 
Ta205 layers consist of two regions: a low 
dielectric constant transition layer at the 
interface and the higher dielectric constant 
homogeneous layer. The dielectric constant 
of the homogeneous layer on <100>-oriented Si 
is the same as that on <ll0>-oriented Si. 
The values are about 24.5, close to that of 
the bulk of Ta205. The dielectric constant 
of the homogeneous layer on <lll>-oriented Si 
was also calculated to be about 24.5. This 
indicates that the crystallographic orienta- 
tion has no influence on the homogeneous 
layer formation. This has been confirmed by 
etch rate experiments, performed by reactive 
ion etching using CF 4 as a reactive gas (6). 
A typical etch rate was measured to be 150 
A/min for each homogeneous layer, independent 
of the crystallographic orientation. These 
results indicate that dielectric constant 
variation shown in Fig. 1 is attributed to 
the transition layer at the interface. 
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Figure 2 Variations in relative dielectric 
constant with changes in distance from the 
Ta205/Si interface. (a) on <100>-oriented 
Si, (b) on <ll0>-oriented Si. 
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insulator on Si consists of this SiO 2 (s=3.4) 
and homogeneous Ta205 layer (e=24.5), the 
SiO 2 thickness can be calculated from the 
results shown in Fig. 2 to be 26.5 ~ for 
<ll0>-oriented silicon and 39.2 ~ for <100>- 
oriented silicon. These values are much 
larger than the air-oxidized film thickness 
grown on Si substrate by exposure to air 
before sputtering, which is estimated to be 
less than i0 ~ (7). This indicates that the 
transition layer is not solely attributed to 
the air-oxidized film on Si, and that this 
transition layer is the result of the 
interaction of silicon and sputtered 
particles in the early stage of Ta205 
formation on Si. Based upon the results 
described above, it can be concluded that the 
crystallographic orientation has a great 
influence on the transition layer formation 
at the Ta2Os/Si interface. 

Manuscript submitted July 9, 1984. 
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In surmnary, influences of the 
resistivity and crystallographic orientation 
of Si substrate on dielectric constant of 
Ta205 deposited on Si have been investigated. 
The present study has indicated dielectric 
constant of Ta205 deposited on <ll0>-oriented 
Si becomes higher than that of Ta205 
deposited on <lll>-oriented and on 
<100>-oriented Si, independent of substrate 
resistivity. This variation is due to the 
transition layer at the interface, and the 
crystallographic orientation has an influence 
on the transition layer formation. 
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Thin Thermal Oxide on Silicon 

E. A. Taft* 
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INTRODUCTION 

The growth kinetics of thermal oxide 
on silicon were detailed by Deal and 
Grove (I) with a resulting development 
of a linear-parabolic relationship. 
The silicon-oxygen surface reaction 
constitutes a linear part and the 
diffusing oxidant gives the parabolic 
part of the defining equation. Thin 
dry oxides (<250A) were not discussed. 
A sampling of the literature (2-7) 
shows that experimental data and 
physical modeling continues to appear. 
Hauffe (8) gives a discussion of a 
model of very thin (<I00A) film growth 
proposed by Mott and Cabrera. In this 
treatment space charge effects are 
ignored, electrons are transferred 
by electron tunneling and charged ions 
are transported by high fields in the 
very thin dielectric layer. This 
model also has been applied to silicon 
(9-10). Fehlner (9,11) dealt with low 
temperature films of not more than 30A 
thickness to fit the MOtt-Cabrera 
model. Van der Meulen, Irene and 
Hopper et. al (2-4) present data 
which is generally for higher tempera- 
ture oxides. Their analyses did not 
readily fit any simple model. 
Apparently, as yet, there is no con- 
census on the major factors governing 
the growth of thin oxides on silicon. 
The purpose of this note is to present 
data for support of a model of oxide 
growth while detailed studies continue. 

EXPERIMENTAL 

Silicon wafers of i-i0 ohm-cm resis- 
tivity of <lll> and <100> orientation 
were cleaned, HF acid dipped, and 

*Electrochemical Society Active Member 
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transport 

fired at 1200C in hydrogen. The 
initial measured thicknesses of film 
on the silicon were 3-4 Angstroms. 
Further oxidations were done in a 
temperature controlled furnace in 
dry oxygen. The oxidized wafers were 
cooled and removed from the furnace 
from time to time. A Rudolf Research 
Auto-E1 ellipsometer was used for the 
thickness measurements. 

RESULTS AND DISCUSSION 

Film growth results are shown in Fig. 
1 for temperatures of 450C, 612C and 
821C. These curves, for <iii> and 
<I00> silicon orientations, have been 
selected to illustrate the premise 
that the usual linear-parabolic model 
holds for the lower temperatures as 
well as for higher temperatures. The 
additional factor is a Mott-Cabrera 
mechanism as is discussed by Hauffe 
(8). The 450C points of Fig. la were 
obtained over the course of several 
months though they extend to only 40A. 
The solid line is the exponential 
equation t=exp(14.1-101/x) where x is 
the thickness in Angstroms and the 
time is in minutes. This is a 
simplified form of reciprocal loga- 
rithmic film growth from Hauffe (8). 
Extrapolation of data from activation 
energies for the linear-parabolic 
model given by Deal and Grove or 
derived from my own curves indicates 
that there should be no oxidegrowth 
at this temperature. --All the growth 
must be due to the Mott-Cabrera 
mechanism and the excellent curve fit 
to the data should be expected. The 
612C points of Fig. ib fit well, up 
to 40A, a reciprocal logarithmic 
equation t=exp(8.3-75/x). As in 
Fig. la there is no orientation effect 
observed thus far. However, at 612C 
the two orientations are different 
for oxide growth above 50A, and the 
linear-parabolic mechanism becomes a 
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larger factor. 

Extrapolated activation energy data 
again lends credence as the expected 
growth rates from the linear parabolic 
model are of the currect amplitude for 
612C. At 821C in Fig. ic, the orien- 
tation difference is readily apparent; 
the growth curves can be approximately 
analyzed as before (1-4). However, 
the rapid orientation independent 
growth for 25A taking only about five 
minutes seems to be quite normal when 
considered with Fig. la and Fig. lb. 
At higher temperatures, this initial 
growth will be more difficult to 
detect as the linear-parabolic model 
coefficients becomes larger. 

9. Y. Kamigaki and Y. Itoh, J. Appl. 
Phys., 48, 2891 (1977). 

i0. Francis P. Fehlner, This Journal, 
119, 1723 (1972). 

ii. Francis P. Fehlner, This Journal, 
131, 1645 (1984). 
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It is postulated that only two basic 
oxygen transport mechanisms control 
silicon oxidation. Up to 25A at 821C, 
and observably beyond at lower temper- 
atures, the Mott-Cabrera scheme 
prevails. The charged oxygen species 
involved in quickly forming the 
initial film diminish very rapidly 
with film thickness, although a 40A 
oxide has been shown where competing 
processes have not been active. At 
longer times or a higher temperatures 
where the rate constants become 
larger, the linear-parabolic oxidation 
scheme becomes dominant. Also, these 
linear-parabolic rate constants as in 
the low pressure study or Kamigaki and 
Itoh (9) could be so greatly reduced 
that at the lowest pressures only the 
reciprocal logarithmic growth remains. 
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Heterojunction by Photoelectrochemical Surface Transformation: 

n:CulnSe/p - CulSe3Se ~ 

Hahn-Meitner-Institut fur Kernforschung Berlin, 
Bereich Strahlenchemie, D-IO00 Berlin 39, Germany 

Heterojunction formation by photoelectro- 
chemical alteration of semiconductor surfaces 
is reported. Growth of a new semiconducting 
phase at the n-CulnSe2/l--12-Cu + interface is 
achieved by controlling electrochemical para- 
meters. The interfacial layer is identified as 
CulSe3Se ~ and exhibits p-type conductivity. 
Under Illumination the interphase mediates 
efficient charge transfer between CulnSe 2 and 
the I-/12 redox couple while inhibiting semi- 
conductor dissolution. 

Current interest in CulnSe 2 systems from 
its exceptional optoelectronic properties, re- 
sulting in the devolopment of efficient solid 
state (I) and photoelectroehemical (2) solar 
cells. Performance of the latter pivots on the 
growth of an interfacial layer induced by spe- 
cific electrolyte composition, resulting in a 
substrate-film-electrolyte structure. In this 
note we explore the location of the photoac- 
rive junction and the circumstances leading to 
the CuInSe 2 surface transformation. 

interfacial films were grown on back ohmic 
contacted, epoxy insulated and etched (I]2) 
faces of n-CulnSe2 by operation as photoanodes 
in an electrolyte consisting of I M I-,0.05 M 
12, 0.02 M Cul and 2 M HI. This involved, cy- 
clic polarization of the electrode between the 
potential limits of short circuit and open 
circuit or leaving it at the maximum power 
point. Film quality was monitored by the pho- 
tocurrent-voltage output. Generally 3 - 4 
intermediary etches were required to optimize 
the film performance. 

Scanning electron micrographs of the elec- 
trochemically treated CuInSe 2 electrodes show 
that a polycrystalline film consisting of 
randomly oriented, flat, hexagonal crystallites 
is grown on the CulnSe 2 substrate (3). Crys- 
tallite sizes range between 2 - 5 microns. A 

cross-section of a cleaved electrode evidences 
that the film does not penetrate deeper than 
2 microns into the substrate even after pro- 

key words: Semiconductor Interfaces, Solar 
Energy, Photoelectrochemistry 

longed operation (5 weeks) in a solar cell, 
but appears to completely cover the substrate 
growing into microscopic cavities. 

The distinct crystallite geometry suggests 
that a chemically well defined compound is 
grown at the CuInSe2/electrolyte interface. 
X-ray diffraction analysis of the crystallites 
identifies the new phase as consisting of 
mainly CulSe 3 and up to 30 % elemental Se. No 
evidence for formation of polycrystalline Cul 
was found. 

Chemical reactions of illuminated CulnSe 2 
with the electrolyte constituents obviously 
transform the semiconductor surface to gene- 
rate the CulSe3-Se ~ phase. In the absence of 
Cu + in the electrolyte, elemental Se ~ and tri- 
angular crystallites of Cul have been detected 
on photocorroded CulnSe 2 surfaces (3). Cul is 
partly soluble in iodide solution forming 
CuI2. Addition of Cu + to the solution probably 
raises the surface concentration of Cul2 to a 
critical value required to initiate CulSe 3 
film growth. CulSe 3 crystals have been previ- 
ously prepared by reacting stoichiometric mix- 
tures of Cul and Se in HI medium under hydro- 
thermal conditions (4). The reactants employed 
in the hydrothermal synthesis of CulSe 3 are 
thus provided by the electrolyte and the semi- 
conductor components in our cell while the re- 
action enthalpy is probably supplied by the 
photopotential. 

Fig. I compares UPS energy distribution 
curves, N(E) of the untreated CulnSe 2 single 
crystal and the CulnSe~CulSe3-Se ~ structure, 
with the Fermi levels E F aligned to the edges 
of the valence band. E~ and E~ for the two 
samples differ by 0.65 eV. IEv-EFI is 0.85 eV 
for CulnSe 2 and 0.2 eV for the film. With a 
bandgap, E~ of 2 eV for CuISe 3 (5) and for 
Se (6), the ~ilm is thus a p-type semiconduc- 
tor. Measurement of the relative work func- 
tions, @, of the two samples with the vacuum 
levels aligned also indicate that the EF'S 

n p �9 
differ by 0.65 V. Hence Ev(CulnSe2)=Ev(fmlm). 

n .... Adding the electron affinity, X of 4.5~ eV 
E n (7) to the of I eV for CulnSe 3 the abso- 

lute value o~ E~ is estimated to be 5.58 eV. 
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The energetics of the structure are given 
in Fig. 2. Experimental and literature values 
for various electronic parameters indicated 
with superscripts n and p refer to n-CulnSe 2 
and p-CulSe3-Se~ , respectively. An estimate 
for the work function of the I--12-Cu+-HI 
electrolyte of @e=5.1 eV is obtained by adding 
the measured redox potential of +0.2 V (SCE) 
to the more recent value of (NHE)=4.7 eV (8). 
Comparison of E~, E~ and ce yields a potential 
of at least 0.65 eV at the substrate/film 
junction and of 0.2 eV(A@) at the film/electro- 
lyte interface. This implies a p-n junction 
between the solids and a rectifying junction 
at the electrolyte contact. The spectral res- 
ponse and the anodic photocurrent, however, 
attest the light absorption and photogenera- 
tion of h + in the n-CulnSe 2 (2,3). A barrier 
at the film/electrolyte interface would impede 
h + transfer to I-. The high quantum efficiency 
and the photovoltage of 0.42 V (2) argue 
against such a barrier and suggest that the 
principal potential drop occurs in the p-n 
junction with the electrolyte providing an 
ohmic contact. Interactions between the semi- 
conductor and electrolyte upon immersion may 
account for the energetic difference,~@,as the 
scheme in Fig. 2 disregards the effects of pH 
and specific adsorption. 
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Adsorption of Trifluoromethane Sulfonic Acid on Pt 
by FTIR and Radiotracer Methods 

P. Zelenay,* M. A. Habib,r and J. O'M. Bockris? 

Department of Chemistry, Texas A&M University, College Station, Texas 77843 

The oxygen reduction rate on Pt was found 
to increase two orders of magnitude in tri- 
fluoromethane sulfonie acid (TFMSA) than in 
H3PO 4 electrolyte (1,2). Petrii et al. (3) 
found adsorption of the CF3SO 3- ion on plati- 
num to be small and to have no effect (com- 
pared with H2SO 4) on the catalytic activity of 
Pt in methanol electrooxidation. Recently, 
Habib and Bockris (4,5) reported the adsorp- 
tion of H3PO 4 on Pt as measured by in-situ 
FTIR and radiotracer techniques. Hyde et al. 
(6) concluded that phosphoric ion is physi- 
sorbed on Pt but the TFMSA is not. However, 
the latter compound was found to be unstable 
nn Pt after 72 hours and some kind of degrada- 
tion product seemed to be present !6). We re- 
port here the adsorption of CF3SO 3 iononPtand 
compare with that of H3PO 4. 

The IR Spectra for the adsorbed layer, as 
reported here, were obtained by subtracting 
from spectra obtained at a series of poten- 
tials at which adsorption was expected, the 
spectrum taken in a region of more cathodic 
potential, where adsorption was judged to be 
absent. The detailed experimental set up and 
the procedure are described elesewhere (5). 
The electrode was polarized potentiostatically 
in the range of -0.2V and 1.6V (NHE). 

TF}ISA, one of the strongest of all known 
acids (7), is c~mpletely dissociated to 
CF3SO 3- and H30�9 ions in aqueous solutions. 
The IR adsorption band at 1250 to 940 cm -I 
consists of several peaks due to the resonance 
vibration of the S----~- bond (8)(Fig. i). The 
peak observed at 1155 cm -I is caused by asym- 
metric stretching vibration of the S--n~-OlbOnd 
and the peaks at 1080, 1045 and 1005 cm are 
ascribed to the symmetric stretching vibration 
of the ~ 0  bond. Another adsorption band 
occurs at ca 1380 to 1290 cm -I and is due to 
the vibration of the C-F bond (see e.g., peak 
at 1345 and 1295 cm-l). All these peaks ob- 
served at 0.0V are found to increase with 
anodic potential (Fig. i). 
%Electrochemical Society Active Member 
*On leave of absence from the Department of 
Chemistry, Warsaw University, Warsaw, Poland. 
Key Words: Adsorption, Trifluoromethane- 
sulfonic acid, Platinum. 
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Fig, i: Differential spectra of adsorbed 
CF3S03- ion on platinum at various potentials; 

CCF3S03 = 2 x 10 -2 mole-dm -3 

The adsorption bands originated in T~SA 
were confirmed by the fact that no bands were 
observed in the absence of the acid. That the 
bands were due to the adsorbed CF3SO ~ ion was 
confirmed by the disappearance of the bands 
at 1250 to 940 cm -I and 1380 to 1390 cm -I when 
the incident light was perpendicularly polar- 
ized. 

The area under the adsorption bands which 
corresponds to the amount of CF3SO 3 ions on 
the surface is normalized to the surface ex- 
cess at 0.8V as measured by radiotracermethod. 
The results obtained both by FTIR and the 
~adiotracer technique are shown in Fig. 2. 
The agreement is good up to 1.2V. At anodic 
potentials higher than 1.2V a slight decrease 
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Fig. 3: Comparison of ~he fractional coverages 
of H3PO 4 (4) and CF3SO 3 ion on Pt 

in the intensity of the IR bands was observed, 
presumably due to oxidation of the sulfonate 
ions. One of the possible reaction paths is: 

2 CF3SO 3 + 2 Pt-0 § (CF3)2S04 + S04 + 2Pt 

If the adsorbed CF3SO 3- ions are oxidized 
then the bands due to the S=-~--0 and C-F bonds 
vibration in sulfonate ions will not appear in 
the spectrum and hence a decrease in the area 
of the corresponding IR bands will result as 
found in the present work. But in the radio- 
tracer experiment~ since carbon in the CF 3 
group is tagged (• radionuclide), the in- 
crease in the radiotracer signal is expected 
as confirmed in Fig. 2. 

The increase of the radiotracer signal 

being observed at high anodic potentials may 
also be attributed to the "trapping" of 
CF3SO 3- ions in the growing oxide layer on Pt. 
Such an effect would be detectable in the 
radiotracer experiment only since the FTIR 
technique is limited to the outer layer of the 
adsorbed species. 

The fractional surface coverage, @, in 
Fig. 2 has been calculated on the basis of a 
molecular model of CF3S03-, in which the ions 
are assumed to adsorb with their SO 3- ends to- 
wards the surface occupying 30.4 ~2 area per 
ion. The surface coverage around 0.8V is thus 
0.43. The solution used in this case was 
2 x 10 -2 mole'dm -3 CF3S03 H (aq). 

A comparable maximum coverage for H3PO 4 
on Pt was reported from a solution of 
10 -2 mole dm -3 H3PO 4 in 1 mole'dm -3 HCIO 4 !aq) 
(5). For the sake of comparison of CF3SO 3 
adsorptio~ with that of H3PO 4, the adsorption 
of CF3SO 3 ion was measured by the radiotracer 
method using a solution of 2 x 10 -2 mole'dm -3 
CF3SO 3 in 1 mole'dm -3 HCIO 4 ~aq). The sur- 
face coverages for the CF3SO 3 ion and H3PO k 
on Pt as a function of potential are shown in 
Fig. 3. 

The measurements under the same experi- 
mental conditions suggest greater adsorption 
of H3PO 4 compared to that Of CF3SO 3 . 
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Development and Commercialization of the Monsanto 
Electrochemical Adiponitrile Process 1 

D. E. Danly* 

Monsanto Fibers and Intermediates Company, Pensacola, Florida 32575 

Mr. President, I would like to begin this Vittorio de 
Nora-Diamond Shamrock Award address by expressing 
my sincere appreciation to the members  of the Board of 
Directors of The Electrochemical Society for naming me 
the award recipient. When I learned several months ago 
that I had been selected for this honor, I was immensely 
pleased, but also surprised; I really consider myself  more 
a conventional chemical engineer than an electrochemical 
technologist. My assignment with Monsanto over the past 
26 years has been to seek cost-effective processes for syn- 
thetic fiber intermediates, employing whatever type of 
technology best gets the job done. Fortunately, as a result 
of Manual Baizer's 1960 discovery of an efficient electro- 
chemical method for reductively coupling acrylonitrile to 
form adiponitrile (which is an important nylon intermedi- 
ate), I have been able to spend much of the past 20-plus 
years in the area of technology of primary interest to this 
Society. 

Before I get into the description of the development  
and commercialization of the Monsanto electrochemical 
adiponitrile process, I must say that I could not possibly 
accept this award without making it very clear that I had 
a t remendous amount of able help in this successful ven- 
ture. The team responsible for the laboratory and pilot 
plant development  of our electrohydrodimerization pro- 
cess (or, as we called it, EHD) consisted of about 20 chem- 
ists and engineers working in our technical center at 
Pensacola, Florida. Many others in our Engineering and 
Manufacturing organization also made significant contri- 
butions as we moved from laboratory to pilot plant to an 
operating commercial facility. So as I stand before you 
this afternoon, please consider that, in a very real sense, I 
am acting rather as the captain of a ball club representing 
his team. 

The story of the Monsanto EHD process begins in our 
St. Louis research labs, where D~. Baizer had been asked 
to investigate the possibility of converting acrylonitrile 
(AN) to adiponitrile (ADN). The impetus for this work 
stemmed from Monsanto's projections at that time of 
high growth rates for nylon and acrylic fibers, which 
translated into a need for additional ADN and AN pro- 
duction capability. If adiponitrile could be made from 
acrylonitrile, the size of the new AN plant ~ould be in- 
creased, improving plant economics, and adipic acid ca- 
pacity formerly required to provide feed for the existing 
ADN process would be freed up for use in producing ad- 
ditional nylon 66 salt. 

The reductive coupling of AN had been examined by a 
number of prior investigators, but only with modest suc- 
cess. The highest selectivity to ADN was about 60% for a 
reaction system using potassium amalgam, as reported by 
Knunyants and Vyanzankin in the USSR. While falling 
far short of acceptable yields, this work did lead Baizer to 

*Elec t rochemical  Socie ty  Act ive  Member .  
~Vittorio de  Nora -D i amond  S h a m r o c k  Award  addres s  deliv- 

e red  May 8, 1984 at the  Cincinnat i ,  Ohio, Meet ing  of  the  Society.  

think in terms of an electrochemical approach, and he be- 
gan to experiment  with various electrolyte/electrode sys- 
tems. I do not plan to relate the details of  this research ef- 
fort, although it is a fascinating story in itself. Let me 
simply summarize the very significant discovery stem- 
ming from Baizer's study - -  namely, that electrolysis of 
AN in relatively concentrated aqueous solutions of cer- 
tain quaternary ammonium salts gave nearly quantitative 
yields of ADN. Cathodes of mercury or lead gave the best 
results. 

Once the feasibility of the EHD chemistry had been 
demonstrated in Baizer's 500 ml lab cell, the question was 
addressed of how to best proceed with the process devel- 
opment. After much discussion and debate at headquar- 
ters in St. Louis, it was decided (and I firmly believe cor- 
rectly so) that the operating division expected to 
commercialize the process should carry out the scale-up 
studies. Thus, the task fell to the Chemstrand Division 
(now Monsanto Fibers and Intermediates Company), 
which had in-place at Pensacola, Florida, a chemical pro- 
cess development  group under Dr. Frank Riordan. I had 
joined this organization three years previously, following 
completion of my graduate work in chemical engineering 
at the University of Florida. None of the group had any 
real experience in electrochemistry. I was probably the 
only one who had ever been to a national Electrochemical 
Society meeting, that a single event as a result of a part- 
time job at the University in battery research. Being per- 
fectly frank, my background in electrochemistry went  lit- 
tle beyond familiarity with the Nernst equation, and I 
actually found little opportunity to use it in the following 
days. Since I was eager to be involved in development  of 
this unique process, I may have been guilty of overselling 
my expertise, but for whatever reason, I found myself  ap- 
pointed project leader for the pilot plant EHD studies. 

This was late 1961, and since our forecasts indicated we 
needed additional ADN capacity by early 1965, we deter- 
mined that we only had a little over a year to prove out 
the process. Thus, I need not have worried about getting 
on the project, since before long the entire research and 
development  group was working on one aspect or 
another of  the process. The chemists began screening 
electrode materials, diaphragms, alternate electrolytes, 
and operating conditions, while the mechanical engineers 
began to consider the cell design. Baizer's lab cell was a 
glass resin flask containing a platinum wire anode and a 
mercury pool as cathode, with an alundum cup serving to 
separate the anolyte and catholyte. Having calculated that 
it would take 350,000 of these cells to give the targeted 
plant capacity of 15,000 metric tons per year, we began to 
appreciate the magnitude of the scale-up challenge facing 
US. 

Electrode Selection 
The selection of a cathode material  was relatively easy. 

Baizer had shown that either lead or mercury was suit- 
able, and we were so horrified by the anticipated envi- 
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ronmental  and cell design problems with mercury that we 
quickly settled on lead. We tested a long list of other ma- 
terials reported to give high hydrogen overvoltages, but 
none was found superior to lead. 

Anode selection proved to be considerably more diffi- 
cult. We began our studies using platinized titanium, but 
the platinum loss was clearly intolerable. With a switch 
from Baizer's anolyte of toluene sulfonic acid to dilute 
sulfuric acid, the use of lead alloys was made possible. 
Tainton's alloy of 1% Ag in lead had been used success- 
fully in aqueous }-I2SO4 for the manufacture of electrolytic 
zinc, and this was our early choice, although we tested a 
number  of other lead alloys reported in the literature to 
have greater stability. 

The real surprise in anode development came during 
the first attempts to operate a pilot-scale cell. While an- 
ode corrosion rates as low as 3 mm/yr were measured in 
short lab tests, we found that in extended pilot-plant runs 
the corrosion rate would increase by 20-fold over a 24h 
operating period. Our analytical folks were able to place 
the blame on a buildup of nitrates and various chlorine 
containing anions in the anolyte. The nitrate anions were 
evidently being formed by oxidation of AN diffusing 
through the membrane  into the anolyte compartment,  
while the chlorine was entering the system in small 
amounts in the sulfuric acid and quaternary ammonium 
salt. The problem was solved by putting tight chloride 
specifications on the raw materials and instituting a con- 
tinuous purge and makeup of anoiyte to hold the nitrate 
concentration below a critical level. 

Selection of Supporting Electrolyte 
Baizer's recommended catholyte was a 40% aqueous so- 

lution of te traethylammonium p-toluenesulfonate. This 
electrolyte possessed two properties which at that t ime 
were believed to be necessary for high ADN selectivity: 
(i) the cation was not reduced at the cathode, and (ii) the 
salt greatly enhanced the solubility of AN in the solution. 
Other factors considered important  for a commercial  pro- 
cess were the electrolyte cost, electrical conductivity, and 
ease of removal of ADN from the electrolyte. More than 
30 quaternary ammonium salts were prepared for mea- 
surement  of these properties. Four of these were selected 
for extensive benchscale and pilot plant testing, from 
which it was determined that the yield of electrolysis by- 
products (propionitrile and high-boiling AN oligomers) 
decreased with increasing size Qf the quaternary ammo- 
nium cation. Salts with cations larger than tetraethylam- 
monium were not felt to be practical because their aque- 
ous solutions exhibited poor electrical conductivities and 
very high AN and ADN solubilities, making extraction of 
product difficult. Tetraethylammonium ethylsulfate was 
a clear choice, since it not only gave the best ADN selec- 
tivity, but also could be simply prepared by combination 

of two low-cost intermediates, triethylamine and diethyl- 
sulfate. 

In attempting briefly to outline our research and devel- 
opment  studies, I am greatly oversimplifying the story. I 
have made it sound as though we tested cathodes, . . .  
picked one, . . .  tested anodes, . . .  picked one, . . .  tested 
e lec t ro lytes , . . ,  picked one, and so forth. It really was not 
that straightforward. For example, we solved the problem 
of poor stability of pure lead as an anode by adding a 
small amount of silver, only to discover the Ag cation in- 
troduced into the anolyte by corrosion of the anode 
passed through the membrane,  deposited on the cathode, 
and sharply depressed the ADN selectivity. This particu- 
lar problem was ultimately resolved by electrodeposition 
of the silver ions contained in the recycled quaternary 
ammonium salt on a lead-shot cathode of a packed-bed 
electrolyzer. We also found that the best anode alloy when 
using a p-toluene sulfonate anion in the catholyte was not 
the best one when we switched to ethylsulfate anion. 
Small amounts of these anions migrating from the 
catholyte into the anolyte had a significant impact on an- 
ode stability. 

Membrane Development 
The selection of a diaphragm for separation of anolyte 

and catholyte required something more than the cut-and- 
try approach used with electrodes and supporting electro- 
lyte. We did begin our search by testing samples of all of 
the commercial cation-permselective membranes,  but the 
majority of these failed in less than a day. Unfortunately, 
the perfluorinated membranes  now proving so success- 
ful in chloralkali cells were not around in 1962. Of the ma- 
terials available, the most encouraging results were with a 
membrane made by Ionics, Incorporated, composed of 
sulfonated polystyrene/divinylbenzene polymer and a 
glass fiber reinforcing cloth. With these, benchscale runs 
of a week or so were possible. Since considerable im- 
provement  in durability was needed to achieve the tar- 
geted 1000h service life, we entered into a joint  membrane 
development  program with Ionics. They provided numer- 
ous test samples, varying such parameters as degree of 

Table I. Pilot-plant electrolyte evaluations (50 A/dm 2, 50~ 

Electrolyte Selectivities (%) 
Cation Anion EHD by-products ADN' 

Me4N p-Toluenesulfonate 9.0 89.8 
MeEt3N p-Toluenesulfonate 7.1 89.2 
E t 4 N  Benzenesulfonate 7.2 90.9 
Et4N Ethyl sulfate 4.9 93.4 

' ADN selectivity corrected for AN recoverable from 
cyanoethylation by-products. 
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Table I[. Benchscale membrane screening tests 

Supplier/Designation Service life (h) 

AMF C-60 76* 
C-110 5 
C-313 2 

Asahi Glass GSG-10 <24 
GMG-10 <24 
CMV-10 <24 

Asahi Chemical DK-1 <24 

Tokuyama CHR-4 190' 
Soda CL-2.5T 133" 

Ionac Chemical MC3142 2 
Permutit/U.K. C-20 15 
Radiation 320 2 

Applications 1010 (paired) 115 
Ionics AZG 255* 

* Using Ionics AZG membrane for support. 

polymer cross-linkage, type of reinforcing fabric, and 
membrane  thickness. We geared up for performance 
testing, setting up six 1 dm 2 flow cells, which we oper- 
ated around the clock at typical EHD operating condi- 
tions. 

When we began pilot plant operation with an 80-fold 
scale-up in membrane area, we found, to our dismay, that 
the formulation that haa given several hundred hours ser- 

v i c e  life in the 1 dm 2 benchscale cells did not even last for 
a day. In pilot operation, the ion-exchange resin was ran- 
domly spalling off, forming small windows for movement  
of anolyte into the catholyte. As an expedient  solution, we 
simply installed dual membranes,  banking on the odds 
against the windows'  lining up, and this allowed run 
lengths of a week or two. 

This rather brute-force solution was not very elegant, 
but at least allowed us to stay on line with our pilot plant 
cell to try to answer other unresolved process and cell de- 
sign questions. Some months later, our friends at Ionics 
developed a membrane incorporating two layers of glass 
cloth in the same resin matrix. These exhibited operating 
lives of up to 2000h in lab cells and were adopted as the 
standard. 

Cel l  Design 
Since the process as we knew it at that t ime required 

separation of anolyte and catholyte, we thought  in terms 

of a plate-and-frame design for the commercial  cell from 
the outset. This decision was reinforced when, in the 
early days of process development,  we called in the re- 
nowned consultant, Dr. Robert  B. MacMullin. Bob, as 
many of you know, was the second recipient of the Socie- 
ty's Electrochemical Engineering and Technology Award. 
He was asked to provide a design for a 250A lab cell and 
then to make a preliminary design and cost estimate for 
the electrolysis portion of a commercial  EHD plant, Al- 
though we never constructed the MacMullin cell, his de- 
tailed design calculations were extremely valuable in 
educating us in the techniques of voltage balances, elec- 
trolysis system heat balances, cellhouse layout, and a 
mult i tude of other electrochemical engineering consider- 
ations. 

The other distinguished advisor we enlisted was Dr. 
Vittorio de Nora. Following discussions with us in Pensa- 
cola during one of his frequent trips to the U.S., it was 
agreed that the de Nora firm in Milan would design and 
build us a prototype cell. I was immediately dispatched to 
Italy to provide the de Nora engineers with what little 
process information we had. 

At the time of Dr. de Nora's visit, the development  team 
at Pensacola had already moved well into the design of 
the first pilot-plant cell. We decided early-on that this cell 
should be the same size as visualized for the full-scale fa- 
cility. Surely if we could make a bank of 3-5 cells work in 
the pilot plant, operation of a plant using several hundred 
identical units should pose no problem. The size of the 
cell was set by the dimensions of the largest membrane 
then offered by Ionics: roughly 90 x 100 cm. Since we 
were trying to develop all the required plant design data 
in the space of 12 months, we pushed forward simulta- 
neously with both the Monsanto and de Nora cell designs. 

The first Monsanto design was a single cell unit  with 
the electrodes mounted on polyethylene plates, into 
which were machined cavities for electrolyte distribution 
(Fig. 2). Anolyte flow was vertically upward, while 
catholyte was introduced through a central vertical ple- 
num, where it split and flowed horizontally to the two 
sides. Dividing of the catholyte flow was aimed at 
reducing the length of the catholyte flow path in order to 
minimize the pressure differential across the membrane.  
This cell was used briefly in the initial pilot-plant opera- 
tion, but problems in sealing of the membrane gaskets 
and evidence of uneven distribution of electrolyte across 
the cathode led us to install the de Nora cell unit as soon 
as it arrived by air from Italy. 

Fig. 2. Monsanto Mark I EHD 
cell. 
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Fig. 3. de Nora cell 

The de Nora uni t  (Fig. 3) contained five bipolar cells. 
The electrolyte streams were introduced through tapered, 
external distribution boxes, then passed through a series 
of small holes into internal plenum chambers in the cell 
plates. This design provided greatly improved uniformity 
of electrolyte flow compared to the first Monsanto de- 
sign. This cell was operated for several months to con- 
duct studies of spacer design and the effects of catholyte 
velocity, composition, and temperature. The chief prob- 
lems with the cell were the integrity of the hydraulic seals 
and recurring failures of the external distribution boxes, 
which were made by welding together sections of poly- 
propylene sheeting. 

These problems were overcome in the third-generation 
design (Fig. 4), which employed tapered electrolyte distri- 
bution cavities machined into polypropylene plates be- 
hind the electrodes. The membranes were held between 
two mated polypropylene frames for convenience in ham 
dling. The fluid leakage problem was solved by the use 
of a beaded gasket, which markedly lowered the required 
sealing force. This proved to be a reliable assembly, and 
with minor modifications it was ultimately adopted for 
use in the commercial plant. 

Probably one of the most important electrochemical en- 
gineering concerns we faced was that of achieving high 
mass-transfer rates at the cathode surface. The transfer of 
AN across the diffusion layer from bulk catholyte to the 
cathode turned out to be less critical than neutralization 
of the hydroxyl ions produced at the cathode (Fig. 5). 
Acrylonitrlle reacts very rapidly with water under  alka- 
line conditions to form the cyanoethylation by-products 
hydroxypropionitrile and bis-cyanoethylether. These side 
reactions represented a very significant AN-yield loss in 
early experiments at low catholyte flow velocities. Our 
first approach was to employ turbulence promoters, such 
as plastic webbing or baffles, similar to the types proven 
effective in electrodialysis devices. While several of these 
significantly lowered losses of AN due to cyanoethyla- 
tion, buildup of AN polymer on the plastic spacers in 
time gave rise to an intolerable pressure drop along the 
catholyte flow path. Various means of in-place cleaning 
were tested, but we finally concluded that only fully 
open channels offered any chance for reasonable on- 
stream time. After many aborted efforts, we found the 
most dependable way to form the open channels was to 
attach narrow plastic ribs directly to the Pb cathode in 

Fig. 4. Mark II Monsanto cell 
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CH2=CHCN 
acryIonltr{le 

(AN) 

OH- + H~O b- HOCHzCHzCN 
hydroxypropionltrfle 

(HOPN) 

+AN ~I OH- 

O(CH~CH2CN) z 

blscyanoethylether 
(BCE) 

Fig. 5. Cyanoethylotion reactions 

much the same way the chrome strip is fastened to one's 
automobile fender. We tested different gauges, widths, 
and thicknesses of the parallel strips, and most impor- 
tantly, the catholyte velocity needed to control the 
cyanoethylation side reaction (Fig. 6). A velocity of 2 m/s 
was selected as giving the opt imum balance between AN- 
yield loss and catholyte pumping cost. 

While definition of the cell design and optimization of 
the electrolysis conditions were paramount to the success 
of the process development,  a substantial effort was also 
needed to define the product recovery and purification 
systems. Processing downstream of the cells (Fig. 7) con- 
sisted of extraction of ADN from catholyte with AN, 
stripping of the AN to produce a crude ADN, and final 
clean up in a four-column distillation train. We felt it was 
imperative to demonstrate the process in the pilot plant 
with all the recycle loops closed. Had we not done this, 
the serious consequences of silver ion buildup in tt~e 
recycle QAS might  never have been recognized. We also 
felt obliged to show that our refined ADN could be satis- 
factorily hydrogenated to hexamethylene diamine and 
converted into standard-quality nylon polymer. All of 
these steps were demonstrated in the pilot plant. 

In scaling up a new process, one generally prefers to 
complete laboratory demonstration and then prepare the 
plant-design documents.  Our tight t imetable for commer- 
cialization of the process did not allow us this luxury. A 
very preliminary design of the full-scale facility was de- 
veloped even before the first pilot-plant run  by a member  
of the Engineering Department  assigned to work with the 
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Development  team. Our first pass through the p ro jec ted  
process economics was based on operation at a cathode 
current density of 20 A/dm ~, and we discovered the in- 
vestment  in cells would be enormous. We examined 
higher current densities on paper and found the opt imum 
balance between electrolysis operating costs and capital 
burden occurred in the current density range 40-60 A/dm = 
(Fig. 8). Fortunately, lab studies showed no measurable 
decline in electrolysis performance below 100 AJdm 2, pro- 
vided the catholyte flow was 2 m/s. This early concep- 
tualization and evaluation of the proposed commercial  
process thus proved to be most valuable in guiding our 
development  efforts. 
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The preliminary plant design was modified repeatedly 
as we learned more about the process and cell require- 
ments, and a final document  was approved almost ex- 
actly one year from the initial pilot plant run. The first 
EHD facility (Fig. 9) was constructed at our Decatur, 
Alabama, plantsite and had a design capacity o f  14,500 
MT/Y ADN. The electrolysis system consisted of 16 cell 
presses, each housing 24 bipolar cells and operating at 
about 3000A. Four independent  catholyte circulating sys- 
tems were employed to minimize the impact of a major 
membrane failure on total plant operations. 

I wish I could tell you the plant was built, started up, 
and ran like a Swiss watch from the outset. However, I 
must  confess that initial plant operation was plagued by 
short membrane lives, deterioration in ADN selectivity 
due to a buildup of previously unidentified impurities in 
the recycle QAS, and several small fires s temming from 
ruptured catholyte hoses supplying feed to the cells. 
These problems were largely resolved during the first 
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Fig. 9. Original EHD plant layout 

year of operation by use of improved membranes from 
Ionics, installation of a supplemental  QAS cleanup sys- 
tem, and a change-over to steel-reinforced hoses. 

Meanwhile, back at the labs in Pensacola, we were busy 
seeking ways to make a step-change improvement  in the 
process. The divided-cell technology we had commercial- 
ized had three serious drawbacks: the electrical power us- 
age was high (7-8 kWh/kg), the cells were complicated and 
expensive, and membrane replacement still remained a 
significant operating cost. Clearly, if we could devise a 
workable undivided cell system, we would avoid or re- 
duce all of these penalties. In 1965, the same year as our 
plant startup, some Russian investigators (Tomilov, Var- 
shavskii, and Knunyants) reported ADN selectivites as 
high as 90% in an undivided cell using an emulsion of AN 
in an aqueous electrolyte of 1N sodium hydrogen phos- 
phate containing about 1 weight percent tetraethylam- 
monium phosphate. Their cell employed a graphite cath- 
ode and a magnetite anode, and was operated at 18~ to 
minimize cyanoethylation side reactions. While the fragile 
nonmetallic electrodes used in this work seemed ill- 
Suited to a commercial  cell, the high electrical conductiv- 
ity of the aqueous alkali phosphate electrolyte seemed 
most appealing. We initiated studies of alternate cathode 
and anode materials, targeting an all-metal electrode sys- 
tem capable of operation at higher temperatures, in order 
to avoid refrigeration. 

I will not go through the long laundry list of electrode 
and electrolyte systems we examined, but will summarize 
several years of testing by saying that carbon steel proved 
to be a very satisfactory anode, provided small amounts 
of Na4EDTA and Na2B407 were added to the phosphate 
electrolyte as corrosion inhibitors. These additives re- 
duced the anode corrosion rates from about 10 mm/yr in 
uninhibited electrolyte to a quite acceptable level of 0.5 
mm/yr. 

Of all the solid metals tested as cathodes, cadmium was 
found to give the best performance with respect to ADN 
selectivity and electrode stability. Aided some by seren- 
dipity, we discovered that the Na4EDTA added to en- 
hance anode stability led to mild corrosion at the cad- 
mium cathode, thus serving to keep it free from 
accumulation of anode corrosion products (Fig. 10). In the 
absence of EDTA, hydrogen evolution at the cathode in- 
creased over a day's operation to the point where it repre- 
sented greater than 10% loss in cathodic current 
efficiency. We ultimately found it desirable to introduce 
sufficient EDTA to chelate all the Cd and Fe cations en- 
tering the electrolyte via electrode corrosion. 

The other absolutely essential electrolyte component  is 
the quaternary ammonium salt. We screened a number  of 
candidates and found the higher molecular weight 
analogs to give better results than the tetraethylam- 
monium compounds used in our divided-cell process�9 
Hexamethylene bis(ethyldibutylammonium) phosphate 
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Table III. Quaternary ammonium salt evaluation, undivided cell Table IV. Comparison of EHD cell voltages 

QAS cation 

10% Na~HPO4 
Cd cathode 
0.002M QAS 

ADN selectivity (%) 

Et4N § 85 
EtPr2N* 87 
MeBu3N + 88 
EtBu3N* 89 
EtPe3N + 89 
EtHx3N § 87 
PraN(CH~)4NPr3 ++ 88 
EtBu2N(CH~)6NBu2Et §247 89 

(Preferred QAS) 

Me = CH3, Et = C2H5, Pr = C2H7, Bu = C4H~, Pe = CsH,,. Hx = C~H,,. 

p e r f o r m e d  best  in t e rms  of  A D N  select iv i ty  and ease of  
ex t rac t ion  f rom the  organic  products .  

E l imina t ion  of  the  m e m b r a n e  vast ly s implif ies  cell  de- 
s ign (Fig. 11). Bipolar  e lec t rodes  are p repa red  f rom 1.5 
m m  th ick  sheets  of  ca rbon  steel  by e lec t rop la t ing  50-100 
~m of  Cd on one side. These  are s tacked toge ther  us ing 
plast ic  spacers  to set the  e lec t rode  distance.  The  total  
t h i ckness  of  an ind iv idua l  cell  is only about  3 m m ;  thus,  a 
100-cell bipolar  s tack has a th ickness  of  only 30 cm. The 
e lec t rode  stack is f i t ted wi th  a po lypropy lene  hous ing  
and is conta ined  in a cyl indr ical  vessel,  wh ich  provides  a 
leak-free means  o f  c i rcula t ing  e lec t ro ly te  t h rough  the  
stack. Plast ic  e lec t rode  ex tens ions  at the  inlet  and  out le t  
ends  of  the cell serve  to l imit  cur ren t  bypass ing  th rough  
the  e lec t ro lyte  in the  vesse l  heads.  The  cost  pe r  square  
me te r  of  ca thode  area for the  und iv ided  s tack as sembly  is 
less than  one- ten th  that  of  the  earl ier  p la te-and-f rame cell. 
Our  Mechanica l  Eng inee r ing  group at Pensaco la  deserves  
mos t  of  the  credi t  for t h i s  accompl i shmen t .  

Ano the r  major  advan tage  of  the und iv ided  cell  is the  
m a r k e d l y  r educed  cell  vo l tage  and power  usage (Table 
IV). The  vol tage  r educ t ion  is due  to the  use  of  a 
s ignif icant ly  more  conduc t ive  catholyte  and e l imina t ion  
of  the  m e m b r a n e -  and anoly te- IR drops.  In  addi t ion,  the  
low cell  cost  shifts the  economic  o p t i m u m  cur ren t  den- 
sity to lower  values,  fur ther  r educ ing  the  total  voltage.  
Cell power usage is cut by almost two-thirds. 

However, we were not yet "home free," even though we 
had a workable electrolyte system and cell design. In the 
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Divided cell Undivided cell 

Current density (A/din 2) 45 20 
Voltage drops 

Reaction EMF 2.50 2.50 
Overpotential 1.22 0.87 
Catholyte IR drop 5.47 0.47 
Anolyte IR drop 0.77 - -  
Membrane IR drop 1.69 ~ _  

Cell voltage 11.65 3.84 
Power usage (kWh/kg) 6.6 2.4 

undiv ided-ce l l  E H D  process ,  the  offgas f rom the  cells is 
an  oxygen  s t ream sa tura ted  wi th  acryloni tr i le  vapo r  and 
may  also conta in  5%-10% H~. This  r ep resen ted  a serious 
exp los ion  hazard. We felt  we  were  safe wi th in  the  cell  it- 
self, s ince the  gas was p resen t  as small,  d iscreet  bubbles .  
But  s o m e w h e r e  in the  c i rcula t ing  sys tem we  had to face 
up to hand l ing  large v o l u m e s  of  this exp los ive  gas 
mixture .  

The  p roposed  solut ion (Fig. 12) involves  the  use of  a 
cone-capped  e lec t ro ly te  surge  vessel,  f i t ted wi th  a 
s c rubb ing  co lumn  at the  apex.  The  l iquid  level  is main- 
ta ined several  meters  up into the  column,  and the  gas 
bubbles  r is ing th rough  the  cone  and into the  c o l u m n  cre- 
ate an  aera ted zone, wh ich  acts as a shock-absorber  in the  
even t  of  an exp los ion  in the gas phase  above.  This small-  
d i ame te r  co lumn  is des igned  to wi ths tand  a H2-O2 explo-  
sion, whi le  the rest  of  the  sys tem is not. AN is sc rubbed  
f rom the  offgas wi th  A D N  in the  uppe r  sect ion of  the  col- 
umn,  wh ich  is packed  wi th  plastic Pall  rings. The  concep t  
of  p ro tec t ing  a large, th in-wal led  vessel  f rom an exp los ion  
by a c o l u m n  of aerated l iquid  was p roven  out  in a small- 
scale system, and it works.  

The  i m p r o v e d  E H D  process  is capable  of  p roduc ing  
A D N  at a s ignif icantly lower  cost than  the  adipic-acid- 
based  route  prac t iced  by m a n y  nylon  manufac ture rs ,  and 
we bel ieve  it is fully compe t i t i ve  wi th  the  newer  technol-  
ogy invo lv ing  direct  hydrocyana t ion  of  butadiene .  Mon- 
santo current ly  has ins ta l led EHD capaci ty  of  about  
180,000 MT/Y ADN,  d iv ided  roughly  equa l ly  b e t w e e n  the  
p lant  at Decatur ,  Alabama,  and a newer  facil i ty at Seal  
Sands,  England,  b rough t  on-s t ream in 1978. This  is 
d e a r l y  the  world 's  larges t  e x a m p l e  of e lect ro-organic  pro- 
cessing. 

In  conclusion,  I wou ld  l ike to try to summar ize  what  I 
bel ieve to be the  key to the  success  of  the E H D  process  
deve lopment .  Certainly,  dedica t ion  and innova t ion  were  

p 
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r equ i red  on the part  of  the ent ire  technica l  team, but  the 
resources  surely wou ld  have  been  cut  off  at an  early stage 
had  we  not  commi t t ed  capital  to that  first commerc i a l  in- 
staIlation. It really was a g a m b l e  on u n p r o v e n  technology,  
and there  were  t imes  in those  early years w h e n  even  I had 
some doubts .  But  wi th  the  plant  si t t ing there,  we had to 

m a k e  it work  and, as e lectr ic i ty  and capital  costs rose, we  
had to m a k e  the  process  better .  One se ldom can see all 
the  potent ia l  i m p r o v e m e n t s  a t  the  outset ,  bu t  as the  ex- 
per ience-curve  ph i losophy  tells us, wi th  work  they  will  
come.  

Thank  you. 
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The Mechanisms of Thionyl Chloride Reduction at Solid Electrodes 

W. K. Istone *,1 and R. J. Brodd *,2 

Ray 0 Vac Corporation, Madison, Wisconsin 53711 

ABSTRACT 

An experimental technique has been devised which allows in situ sampling of electrolyte from a functioning Li- 
SOC12 cell, followed by rapid FTIR analysis for soluble reaction products. Disulfur monoxide ($20) is observed as an in- 
termediate discharge product. The half-life of $20 is estimated to be about 20 rain. The presence of $20 is consistent 
with sulfur chemistry, as well as the accepted stoichiometry of the Li-SOCI~ battery system. A possible safety hazard for 
low temperature discharges of Li-SOC12 cells is identified. 

There has been great interest in the thionyl chloride- 
l i thium battery system because of its high energy density 
and good high rate capability. There is general agreement 
that the overall discharge reaction for the system is 

4Li + 2SOC12 = 4LiC1 + S + SO2 

The details of the reaction are not yet known with cer- 
tainty. Previous studies of the reaction mechanism have 
proposed various reaction pathways. Intermediates such 
as SO, $2C12, etc., have been postulated (1-4). It is impor- 
tant to know all aspects of the reaction characteristics in 
order to properly design the electrode structures (e.g., po- 
rosity) to accommodate reaction products, and to select 
materials of construction that are stable in SO, $2C12, 
SOC12, etc. It is also likely that the safety questions con- 
cerning thionyl chloride battery systems are related to the 
identity and stability of the reaction intermediates. Safety 
aspects include constructional features of the anode, the 
cathode, and the complete cell; they also prevent condi- 
tions such as internal shorts and the direct reaction of 
l i thium and the sulfur reaction product. 

In  order to better unders tand the detailed steps and in. 
termediates of the reaction mechanism, a technique de- 
scribed below has been devised to allow in situ sampling 
of electrolyte at the electrolyte surface, The materials 
present in the electrolyte are analyzed immediately 
utilizing Fourier transform infrared spectroscopy (FTIR). 
It is believed that the technique and relatively short anal- 
ysis t ime (30s) have allowed us to confirm the existence 
of some reaction intermediates not previously observed. 

Experimental 
Thionyl chloride from Aldrich Chemical Company was 

redistilled in a glass and in Teflon still at ambient  pres- 
sure under  dry argon by the method of Wetter (5), with 
160 ml additions of tr iphenyl phosphite to 1 liter of thio- 
nyl chloride. Care was taken to keep the pot below 82~ 
and column temperature below 78~ to prevent thermal 
decomposition of thionyl chloride. Fluka "puriss."-grade 
a luminum chloride was used as received. LiC1 from Al- 
pha Chemical Company was dried at 150~ in vacuo for 
48h. The 1.6M LiAiC14 solutions were prepared in the ar- 
gon dry box by slowly adding AiC13 to thionyl chloride to 
avoid heating and then slowly adding LiC1 in slight ex- 
cess. The resulting solutions were a very pale straw color. 

* Electrochemical Society Active Member. 
1Present address: St. Regis Technical Center, West Nyak, 

New York 10994. 
2 Present address: Standard Oil Company, Amoco Research 

Center, Naperville, Illinois 60566. 

All pure chemicals and solutions were stored in glass in- 
side an argon dry box. 

Linear-sweep voltammetry experiments utilized a PAR 
Model 173 potentiostat and Model 175 waveform genera- 
tor. Cell discharges were at constant current using a 
Keithley Model 227 constant current source. 

The molar extinction coefficients are not known with 
certainty for the various reaction-product compounds in 
thionyl chloride. As a result, the absolute concentrations 
of the compounds cannot be determined. The amounts  of 
materials were estimated on a relative basis. Since thionyl 
chloride is present in excess in all solutions, the peak for 
thionyl chloride at 2400 cm-1 was used as a reference. The 
height of the peak for a particular compound, relative to 
the height of the 2400 cm -1 peak, was used to follow 
changes in concentrations. This normalization procedure 
was used to eliminate errors due to changes in cell path 
length or instrumental  conditions. 

The experimental  cell and sampling techniques were 
described previously (1). The FTIR cell was a Barnes 
micro flow-through cell having a path length of 0.1 ram. 
The cell material was KBr, with a total cell volume of 0,4 
~1. The cell was connected by Teflon tubing to a syringe, 
which was used to draw samples of electrolyte into the 
FTIR cell. A valve prevented siphoning. A second piece 
of Teflon tubing  connected the FTIR cell to the electro- 
chemical cell, utilizing a stainless steel needle as a probe. 
The SOC12 slowly attacked the. KBr cell, slightly changing 
its optical path. Therefore, the results reported here are 
semiquantitative in nature. 

The electrochemical cell was contained in a glass vial 
containing 5 ml of 1.6M LiA1C14 in SOC12. A glass fiber 
mat separated the negative electrode (Foote Chemical 
Company pure li thium foil of 1 cm 2 area pressed into ex- 
panded stainless steel mesh) from the positive electrode 
(90% Shawinigan black, !0% PTFE, hot pressed at 275~ 
into expanded stainless steel grid to form a 1 cm 2 area 
electrode). The positive electrode made in this fashion 
had a porosity of about 60%. The stainless steel sampling 
probe was placed with its opening pressed against the 
face of the positive electrode. Experiments were also 
carried out with PTFE-bonded positive electrodes, using 
copper powder mixed with the Shawinigan black, as well 
as other solid planar materials, including glassy carbon, 
platinum, gold, nickel, and Type 316 stainless steel. The 
cell was assembled, filled, and sealed under  argon atmos- 
phere in a glove box, then transferred to the FTIR for dis- 
charge experiments. 

The test cell was discharged at 5 mA/cm 2 constant cur- 
rent, with electrolyte samples of about 1 ~1 drawn for 
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Table I. Infrared spectral assignments for thionyl chloride 
and related species (5-10) 

Compound Assignment (cm-') 

SOC12 1229', 490, 443, 344, 284, 194 
SO2C12 1414", 1182, 560,405,388,380,362,282,218 
SO~ 1332", 1157 

SO3 1330, 1069", 652, 532 
SO 1124 
$20 1165, 679",388 
(SO)~ 1125 
$2C1~ 53__8,448,438", 242,203 
SCI~ 53_5", 514,208 
( A 1 C L ) -  575",349,180, 146 
HC1 2886* (broad) 
S 1290, 932,84__1", 686,465 

Underscor ing  denotes  s t rong  band.  
* Denotes  principal  f requency  for analytical purposes .  

analysis before discharge began to establish base line and 
at 15 min intervals during discharge. The FTIR is a 
Nicolet MX-1. The 27 scans between 4400 and 225 cm- ' ,  
taken to establish each spectrum, required 30s. Most ex- 
periments were carried out at a room temperature of 
298 K (25~ Some experiments  were carried out at low 
temperatures of 273 K (0~ and 260 K (-13~ to establish 
the effect of temperature on the reaction rate and, if possi- 
ble, to stabilize fast reacting species. 

Results and Discussion 
The infrared correlation chart (Table I) of species perti- 

nent to sulfur oxyhalide chemistry was used to interpret 
the experimental  results. The spectra obtained from the 
cell electrolyte were analyzed to determine which com- 
pounds are observed in analyzed electrolyte, whether  
these compounds are present as impurities or as the re- 
sult of electrochemical discharge, and how the com- 
pounds'  relative concentrations change as a function of 
experimental  stand time and depth of discharge. The 
electrolytes are spiked with compounds of interest to 
confirm their presence, with the exception of SO3 and 
$20. 

Figure 1 shows a typical IR spectra taken during dis- 
charge of a Shawinigan-black, PTFE carbon cathode. The 
location of the significant peaks is noted during the ex- 
periments. An analysis of the spectra shows that small 
amounts of SO2C12, SO2, S2Cls, SCls, and HC1 are present 
in the electrolyte as impurities at the beginning of the ex- 
periment. The HC1 and SOs concentrations increase 
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Fig. 1. Typical IR spectra showing SsO, SOs, and thionyl chloride refer- 

ence peaks. 

slightly with stand time, presumably as a result of mois- 
ture pickup from the cell wails. SO3 is not observed ini- 
tially and does not appear during stand time or during 
discharge. The SO and (SO)x species are difficult to de- 
tect because the proximity of the large SOC12 bands tend 
to mask them. The peak heights for S2CIs and SCls remain 
constant throughout the experiments. Only the intensities 
of peaks assigned to SO2 and SsO are observed to change 
as a function of cell discharge. Matrix effects can result in 
wavelength shifts from the values reported for pure com- 
pounds, as opposed to the compound dissolved in 1.6M 
LiA1C14 in SOCls. For instance, the SOs peak reported at 
1332 cm -1 appears at 1335 cm -1, and the SsO peak of 679 
cm -~ appears at 689 cm -~ in SOCls media. The other 
peaks for these compounds are also detected with similar 
matrix shifts, though the 1332 and 679 cm -~ are the 
easiest to monitor. 

Figure 2 shows the change in relative concentration of 
SO2 and $20 as a function of cell discharge. It may be 
noted that the $20 concentration increases to a maximum 
and then begins to decrease with time (mAh), whereas the 
SOs concentration increases and then appears to level off. 
We believe that the plateau in Fig. 2 is related to the 
steady-state concentration of SOs at the electrode surface 
under the experimental  discharge conditions. Companion 
experiments run at a significantly higher discharge rate 
(50 mA/cm -~) show that the amount of SO2 increases as a 
function of discharge time. Hence, the plateau of Fig. 2 
may simply be related to the SOs diffusion away from the 
electrode surface in a steady-state situation. No new com- 
pounds were found at the higher current density. The re- 
sults are similar to the results reported at lower current 
density, but with slightly higher concentrations of the 
SsO intermediate. When an electrolyte sample from a dis- 
charged electrode is allowed to stand in the FTIR cell for 
a prolonged period (e.g., 30 min), analyses show that the 
SO2 concentration increases and the $20 is deposited on 
the FTIR cell walls. Sulfur is a reaction product, and the 
Ss species could be found as a reaction product. However, 
though Ss has a weak absorption band at 686 cm -~, it has 
a medium absorption band at 841 cm -~ which would not 
be interfered with in the observed spectra. Experimen- 
tally, no change around 841 cm -1 occurred, as would be 
expected. Also, on stand, no change should occur if Ss is 
responsible for the 690 cm -1 band. This is consistent with 
the reported decomposition reaction for $20 (7) 

2SsO = 3S + SOs 

Copper powder added to the positive electrode has been 
reported to improve the high rate capability of the Li- 
SOCls cell (11). The copper reacts with SOCls to produce 
insoluble CuC1. No new soluble materials were observed 
in thionyl chloride of cells containing copper. Only peaks 
for SOs and $20 were observed. Figure 3 shows the 
change in relative concentrations of SOs and SsO, using 
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Fig. 2. Changes in the concentrations of SO2 and S20 as a function of 
thionyl chloride discharge (Shawinigan black cathode in 1.6/vl LiAICI4 
(SOCI2) at 25~ discharge rate: 5 mA cm-S). 
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Fig. 3. Change in relative concentrations of SO2 and S~O using copper 
containing cathodes at 25~ (discharge rate: 5 mA cm-~). 

copper containing cathodes. The results are similar to 
those with only Shawinigan black. 

Figures 4 and 5 show the effect of discharge at low tem- 
perature on the relative amounts of SO2 and $20 pro- 
duced. The $20 material is stabilized at the lower tem- 
peratures, and its concentration builds up to higher 
concentration levels at the lower temperature. It decom- 
poses much more slowly at 273 and 260 K than at room 
temperature. From our results, we estimate that the half- 
life of $20 at room temperature is of the order of 20 rain. 

Figure 6 shows a linear sweep for a glassy carbon cath- 
ode. The results are very similar to those reported for py- 
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Fig. 6. Linear sweep voltammetry of a glassy carbon electrode in 1.6M 
LiAICI 4 (SOCI2). 

rolytic carbon (4). The main peak for SOCl2 reduction is at 
2.54V vs. Li, with some reaction at 1.1V vs. Li, presumably 
due to SO~ reduction. On the second and third sweeps 
after the excursion into C12 evolution, peaks at 3.61 and 
3.32V were also observed. The peak at 3.61V is usually as- 
sociated with C12, but could be due in part to SO3. The 
peak at 3.32V is thought  to be due to SO2C12 formed dur- 
ing the excursion to higher voltages. 

The results reported here are not consistent with previ- 
ous reports of reaction mechanism. Blomgren et al. (4) re- 
ported SC1 and S~CI~ as intermediates in SOC12 reduction. 
Both of these materials are active in the IR region under 
observation, but no changes in peak heights were ob- 
served in these compounds in the present study. None of 
the cells took on the blood red color usually associated 
with sulfur chlorides. Since their t ime frame for analysis 
was long, previous studies would not have observed the 
$20 reported above. Blomgren et al. (4) proposed the fol- 
lowing mechanism 

SOC12 + e = SOCI + C1- 

2SOC1 = SO2 + SC12 

SC12 + e = SCI + C1- 

2SC1" = $2C12 

$2C12 + 2e = 2S + 2C1- 

The results here do not support  the presence of sulfur 
chlorides as reaction intermediates. The reason for this 
difference is not obvious. Pure materials were used in 
both experiments.  The only obvious difference is the dif- 
ferent carbon electrode materials used in each study. 
Blomgren et al. did not use Shawinigan black, but a black 
produced by Union Carbide Corporation. They also used 
pressure-annealed pyrolytic graphite electrodes for linear 
sweep experiments.  It is not clear why this difference 
should influence the reaction mechanism, if indeed it 
does. 

Schlaikjer et al. (4) propose the following mechanism, 
which uses Teflon-bonded Shawinigan black electrode 
structures. 

SOC12 + 2e = (SO) + 2C1- 

(SO), = n/2S + n/2SO2 

They also report the possible formation of solid Li2SO3 in 
small amounts at low temperature discharge. 

Dey et al. (3) proposed a mechanism somewhat similar 
to that of Blomgren et al., involving the SO radical, but 
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with formation of SOC1 as the first step of the reduction. 
They did not report SsC12 and SCls as intermediates 

SOCls + e = SOCI + C1- 

SOCI' + e = SO + C1- 

nSO = (SO),, 

(SO),, = n2S + n/2SO2 

The SO radical could follow the proposed reaction. How- 
ever, according to Nickless, the usual path for SO reac- 
tion involves SsO formation. 

The identification of SsO formation reported here 
would suggest the following mechanism 

SOC12 + e = SOCI' + CI' 

SOCI' + e = SO + C1- 

3SO = SsO + SOs 

2SsO = 3S + SOs 

The observation that $20 is produced can be taken as 
proof that SO is formed in the thionyl reduction process. 
The formation of solid products such as Li2SO3 would not 
be expected unless there were excessive impurities in the 
SOC12 or there was a potential excursion of 4.0V vs. Li. If 
such an excursion occurred, SO3 and SOsCI~ could form, 
giving LisSO3 and Li2SsO3 on discharge. In the discharge 
of large cells, the IR spectra of discharged electrolyte in- 
dicates the presence of SO3 when cells are held at 4.0V for 
a short period of time. 

The formation of SsO intermediate could explain some 
previous observations concerning the rate of SOs forma- 
tion during discharge. It would be expected that smaller- 
than-stoichiometric quantites of SOs would be generated 
during the initial stages of cell discharge, owing to the 
stability of SsO. Only toward the end of discharge, when 
SsO production corresponds to the discharge rate, would 
the SO2 production be directly proportional to discharge 
rate. As the stability of $20 varies with temperature, low 
temperature discharges (especially at high rates) could 
lead to buildup of large SsO concentrations. Warming 
these cells to room temperature could quickly lead to 
rapid decomposition of SsO with rapid heat release and 
SOs pressure buildup. 

Conclusions 
1. It is possible to detect short-lived intermediates in 

thionyl chloride reduction using an in situ sampling tech- 
nique, coupled with FTIR apparatus. 

2. $20 specie was identified and, therefore, by implica- 
tion, the SO specie was identified as intermediates in 
electrochemical reduction of thionyl chloride. 

3. The half-life of $20 in thionyl chloride is about 20 
min. 

4. $20 was identified as an intermediate with carbon, 
carbon-copper mixture, platinum, gold, nickel, and stain- 
less steel electrodes. 
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Investigation of SOCI  Reduction by Cyclic Voltammetry and AC 
Impedance Measurements 
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ABSTRACT 

Cyclic voltammetry and ac impedance measurements,  covering the range 10-3-104 Hz, were employed to investigate 
the reduction of thionyl chloride on glassy carbon surfaces and to determine the associated elementary processes. The 
quasi-exchange current density of the electroreduction of SOC12 is 6.4 • 10-7 A cm-~ and becomes larger in the presence 
of dissolved chlorine. Also, in the presence of C12, the rest potential shifts to more positive values. At low overpotentials, 
the reduction of SOC12 is kinetically controlled. However, as the overpotentials are increased, a transition to mass- 
transport control.occurs, even before the onset of passivation at +2.7V. The rate of mass transport is governed by the 
thickness and quality of the LiC1 film. 

The l i thium thionyl chloride battery is one of the most 
energetic systems reduced to practice thus far and is well 
developed for lower power density requirements (1). 
However, to achieve high discharge rates, a new set of 
problems must  be resolved, which requires a more de- 
tailed knowledge of the elementary processes that take 
place within the battery. In particular, reference is made 
to those processes that occur within the porous structure 
of the positive electrode. 

The reduction of SOC12 was studied quite extensively 
(2-7). The reported results, however, are incomplete inas- 
much as they do not provide useful data for electrode 
modeling which is essential for the rational design of high 
power output batteries (8, 9). In an attempt to provide this 
information, we will emphasize the description of the ele- 
mentary processes rather than concentrate on the iden- 
tification of reactive species (10, 11). 

Experimental 
Solutions.--Stock solutions having a composition of 1M 

A1C13, 1M LiA1C14, 1.6M LiA1C14, 2.2M A1C13, plus 1.9M 
LiA1CI~ in SOCI~ were used as supplied (source: Altus 
Corporation, San Jose, California 95112). Typical impurity 
levels, certified by the supplier, were Fe 1.8 ppm, SCI~ 
0.1%, and OH 84 ppm in neutral solutions. The acidic so- 
lutions usually contained more OH (up to 251 ppm for the 
1M A1C13 in SOCI~). 

Electrochemical cell and apparatus.--The electrochem- 
ical cell used in this investigation is shown in Fig. 1. A po- 
rous vitreous carbon and a flat glassy rod, press-fitted 
into a Teflon screw, were employed as the counter and 
working electrodes, respectively. Metallic Li and Mo were 
used interchangeably as reference electrodes. The cell 
volume was ca. 2 cm 3. 

A Princeton Applied Research potentiostat/galvanostat, 
Model 173/176, and Universal Programmer, Model 175, 
were used to perform cyclic voltammetry. Measurements 
of the electrochemical transfer function were carried out 
using a Solartron Frequency Response Analyzer (FRA) 
Model 1172/1183/1185 in  an experimental configuration 
described elsewhere (12). 

Procedure.~All measurements  were carried out in a dry 
box under  a positive argon pressure. Before each mea- 
surement, the working electrode was polished with an 
AI~O~ aqueous slurry (particle size 1 ~m) on a polishing 
cloth, followed by methanol wash, and then wiped dry 
with a lense paper. A fresh Li reference electrode was 
used for each set of impedance measurements and be- 
tween sets of cyclic voltammograms. The porous vitreous 
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carbon counterelectrode was replaced before each set of 
experiments. 

Results and Discussion 
The results and discussion section covers five topics: 

the choice of reference electrode, the concept of mixed 
potential and the quasi-exchange current density, the cyc- 
lic voltammetry data, the results of impedance measure- 
ments, and their relevance to battery modeling. 

Choice of reference electrode.--Metallic Li is the refer- 
ence electrode of choice in neutral  solutions. It is not suit- 
able in acidic electrolytes because of the dissolution of 
the protective LiC1 film, which, for small cells, would 
substantially change the composition of the electrolyte 
phase. To avoid these difficulties, we have selected Mo as 
the reference electrode for most of the work in acidic so- 
lutions (13). These two reference systems were compared 
by measuring open-circuit potentials between a Mo elec- 
trode and a Li electrode in a U-type cell provided with a 
fritted glass disk between the cell compartments (e.g., 
1.6M LiA1C14 in SOCI~), a Voc of approximately 3.60V was 
measured. Upon the addition of an aliquot of 1M AICI3 so- 
lution in SOCI~ to the Mo compartment,  the Voc increased 
to about 3.95V. Interestingly, these potentials are close to 
those reported for the carbon/lithium couple in neutral  
and acidic solutions (14). Such a relationship suggests 
that the Mo electrode acts as an electrode of the first kind 
and not as one of second kind, as concluded by Spandau 
and Brunneck (13), i.e., it responds to the electron transfer 
associated with the fastest reaction, just  as does the car- 
bon electrode (15). 

Fig. 1. Electrochemical cell, exploded view 
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Table I. Summary of postulated overall cell reactions 
in neutral Li/SOCI~ system (24) 

Eo, (V) 
Overall reaction (F/tool) (calc.) 

4Li + 2SOC12 ~ 4LiC1 + S + SO~ 2.00 3.72 
8Li + 3SOC1~ -~ 6LiC1 + 2S + Li~SO:, 2.67 3.60 
8Li + 4SOC1~ ~ 6LiC1 + S~C12 + Li~S._,O4 2.00 3.50 
14Li + 6SOC1~ ~ 12LiC1 + 4S + Li~S~O,~ 2.33 3.70 
10Li + 4SOCl~ ~ 8LiC1 + 2S + Li.,S~O~ 2.50 3.57 
10Li + 4SOC1~ -* 8LiC1 + 3S + Li._,SO4 2.50 3.73 
8Li + 3SOC1.~ --~ 6LiC1 + S + Li~S~O~ 2.67 3.56 
6Li + 4SOC1~ --~ 6LiC1 + S~CI~ + 2SO~ 1.50 3.68 
10Li + 6SOClz --~ 8LiC1 + 2S~CI~ + Li~S~O~ 1.67 3.64 
7Li + 4SOC12 -* 5LiC1 + 3/2S~C1~ + Li~SO~ 1.75 3.68 
6Li + 3SOC1~ --~ 4LiC1 + S~CI~ + Li~SO~ 2.00 3.52 
7Li + 3SOCI~ --* 5LiC1 + 1/2S~ + Li~S~O~ 2.33 3.52 

Open-circuit potential  and  quasi-exchange current 
dens i ty . - -The  calcula ted values  of  open-ci rcui t  potent ial ,  
l is ted in Table  I, range f rom 3.52 to 3.73V for cells em- 
p loying  neu t r a l  electrolytes,  wi th  h igher  va lues  in acidic 
electrolytes,  e.g., ca. 4.0V (14), i.e., the  same values  that  
were  recorded  for the  C/Li and Mo/Li couples.  The gain in 
the open-c i rcui t  potent ia l  of  ca. 0.4V in acidic e lect rolytes  
was a t t r ibuted  by Kl inedins t  and Domen icon i  (14) to the  
dif ference in the  Gibbs '  free energy  associa ted wi th  the  
respec t ive  react ions.  Us ing  the  avai lable  data  for the  equi-  
l ib r ium cons tan t  for the complexa t i on  react ion (i.e., for- 
mat ion  of  LiA1C14), they  es t imated  this gain  to be b e t w e e n  
0.53 and 0.63V. Exper imenta l ly ,  however ,  the  gain  is 
somewha t  less, viz., 0.35-0.4V. 

A poss ible  exp lana t ion  for the  d i sc repancy  b e t w e e n  the 
theore t ica l  and expe r imen ta l  data is the/t, in add ing  the 
A1C13, not  only the  reac t ion  p roduc t  has changed  (i.e., 
LiA1C14 ra ther  t han  LiC1) but  also the reac tant  (i.e., A1C13 �9 
SOCI~ adduc t  ra ther  t han  SOC12). There  is, indeed,  sub- 
s tantial  ev idence  for the  ex i s tence  of  the A1C13 �9 SOC12 
and 2A1C13 �9 SOCI2 adduc t s  by R a m a n  spec t roscopy  (16), 
and for AIC13 �9 SOCI~ adduc t  by infrared spec t roscopy  
(17). By  tak ing  the react ion of  adduct  format ion,  i.e., start- 
ing  wi th  a more  s table reactant ,  AG, and thus  also hE, will 
be lowered,  in contras t  to the  s i tuat ion where  no com- 
p lexa t ion  has been  t aken  into account .  

In wha t  follows, we  will  show that  the  expe r imen ta l ly  
de t e rmined  cell potent ia l  is no t  the revers ib le  potential ,  
bu t  is a m i x e d  one, wi th  a ca thodic  current  invo lv ing  the  
reduc t ion  of SOCI~ or CI~ and the  anodic  cur ren t  
i nvo lv ing  evolu t ion  of  C12 f rom ei ther  SOCI~, A1C14-, or 
LiC1. 

An Evans- type  represen ta t ion  of  log i vs. V curves  for 
the  reduc t ion  and ox ida t ion  in neutra l  e lect rolyte  is 
shown in Fig. 2. The  ca thodic  and anodic  b ranches  were  
cons t ruc ted  wi th  the  aid of  potent ia l  sweeps  c o m m e n c i n g  
at potent ia ls  s l ight ly nega t ive  to the Voc for the  ca thodic  
b ranch  (curve a) and at 4.00V for the anodic  b ranch  (curve 
b). The  d e v e l o p m e n t  of a curva ture  and hys teres is  indi- 
cates that  the  ac t iva t ion-contro l led  region is re la t ively 
nar row (be tween +3.55 and +3.00V), wi th  a region for the  
r educ t ion  of  both  C12 and SOCI~ be ing  b e t w e e n  +3.55 and 
+3.25V only. 

The  anodic  b ranch  arises because  of  C12 evo lu t ion  gen- 
era ted  by oxida t ion  of SOC12, A1C14-, or LiC1. The  C12 gen- 
era ted  by the  anodic  excurs ion  is subsequen t ly  r educed  
dur ing  the  r e tu rned  sweep  wi th  the a m o u n t  of  ca thodic  
cur ren t  d e p e n d i n g  on the  anodic  charge consumed .  

P rocesses  de t e rmin ing  the  Voc and the  quas i - exchange  
cur ren t  density,  /0% are complex .  A s s u m i n g  that  the  
a m o u n t  of  C12 presen t  (or generated)  in the  solut ion is 
small,  it fol lows that  the  in te rsec t ion  of  curves  a and b de- 
t e rmines  both  the  Vo~ and io q. Ex t rapo la t ion  of  data  in Fig. 
2 yields Vo~ = +3.55V and io q = 6.4 x 10 -7 A c m  -2. Extrap-  
olat ion of  curves  c and a yields h igher  va lues  for the  io q 
and a more  posi t ive  open-c i rcui t  potential .  The  sensi t ivi ty 
of  both  these  quant i t ies  to the  d isso lved  chlor ine  is an ex-  
pec ted  behavior ,  p rov ided  that  the reduc t ion  of SOC12 is a 
rapid  reaction.  
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Fig. 2. Evans plot (log i vs .  V). Electrolyte: 1.6M LiAICI4 in SOCI 2. 
Temperature: room. Electrode area: 0.314 cm 2. Reference Electrode: Li. 
Sweep rate: 10 mV s -1. 

Addi t iona l  in format ion  concern ing  the  m a g n i t u d e  of 
the e lec t rode  t ransfer  res is tance  associa ted wi th  the  re- 
duc t ion  of  th ionyl  ch lor ide  can be ex t rac ted  f rom data in 
Fig. 2. Us ing  io q = 6.4 x 10 -7 A cm -~ and subs t i tu t ing  into 
the  S te rn-Geary  relat ionship,  Eq.  [1] 

R p =  ~ =  fl/2.303 x io q x A  x ( f l -  ~) [1] 

a va lue  of  R,  = 7 x 104 ~ c m  is calculated.  Here  /~ and 
are the  anodic  and ca thodic  Tafel  coefficients,  respec-  
tively, and A is the  e lec t rode  area. 

Cyclic vo l tammetry . - -A  typical  v o l t a m m o g r a m  in a 
neutra l  e lect rolyte  exhib i t s  a large reduc t ion  peak  (peak 
I), a ra ther  broad peak  loca ted  be tween  +2.0 and +I .0V 
(peak II), fo l lowed by a rapid  increase in cur ren t  at ca. 
+I.0V (peak III). U p o n  reversa l  of the sweep,  two anodic  
peaks  appear  at potent ia ls  of  ca. +1.1 and +2.9V (peaks 
IV and V). 

There  is no d i sag reemen t  in the  ident i f icat ion of  peak  I 
and cur ren t  onset  III. However ,  the  origin and s t ruc ture  
of  peaks  II and V have  not  been  reso lved  as yet. In fact, 
Behl  (2) r epor t ed  two barely  percep t ib le  peaks  at + 1.7 and 
+ 1.3V ra ther  than  one broad peak.  The  ex is tence  of  these  
peaks  has  not  been  conf i rmed in this work  or  in work  by 
others  (4, 10, 19). The  broad peak  II is most  l ikely due  to 
the r educ t ion  of  SO2 (10, 19). However ,  even  in SOs- 
sa turated neut ra l  electrolytes,  the  peak  he ight  remains  
about  the  same because,  to be  reduced,  SO2 mus t  diffuse 
th rough  the  pass ive  film (2). As expec ted ,  the effect  of  
SO~ bubb l ing  on the  peak  he igh t  is more  ev iden t  in acid 
solut ions since the  excess  of  AICI~ part ial ly dissolves  the  
prec ip i ta ted  LiCI, thus  m a k i n g  the  surface accessible  to 
the  e lec t ro reduc t ion  of  SO~. 

C o m m e n c i n g  a cyclic v o l t a m m o g r a m  at a potent ia l  pos- 
i t ive to the  Voc (e.g., at +4.50V) and t e rmina t ing  the sweep 
at a potent ia l  pos i t ive  to the  appea rance  of  peak  II, two 
addi t ional  ca thodic  current  peaks,  peaks  A and B, appear  
before  the  SOCI~ reduc t ion  peak  (Fig. 3, curve  a). The  
first peak, peak  A, at +3.60V, was a t t r ibu ted  to the reduc-  
t ion of  SCI~ (8), and peak  B, at +3.25V, to the  reduc t ion  of  
C12. To conf i rm this ass ignment ,  we have used  a CI~- 
sa turated e lec t ro lyte  and c o m m e n c e d  the  sweep at poten-  
tials s l ight ly ca thodic  to the  Voc. As i l lustrated in Fig. 3, 
curve  b, peak  B is substant ia l ly  increased,  i.e., at tr ibuta-  
ble to the  r educ t ion  of  C1.2. Peak  A, a l though  present ,  was 
not  affected by the  presence  of  d isso lved  chlorine. 

F igure  4 shows the d e p e n d e n c e  of r educ t ion  peak  I on 
the  scan rate. The  substant ia l  shif t  of the peak  potent ia l  
wi th  the  scan rate is indica t ive  of the  h ighly  i r revers ible  
charac ter  of  the SOC12 reduct ion.  A plot  of  peak  he ight  i 
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Fig. 3. Cyclic voltammograms on glassy carbon. Scan rate: 100 mV 

s -1. Electrode area: 0.314 cm 2. Temperature: room. Reference elec- 
trode:/i. Electrolyte: 1M LiAICI4 in SOCI2 (curve o) and 1M IJAICI4 § 
CI2 in SOCI 2 (curve b). Scan initiation: (curve a) +4.5V, (curve b) 
+4.0V. 

vs. ~/v results in a straight line passing through the origin 
indicating a diffusion-controlled process, in agreement  
with results of Beht (20) and Doddapaneni  (22). Since we 
did not find the usual effect of stirring of the electrolyte, 
the diffusion limitation suggested by the i vs. ~/v plot can- 
not be due to the concentration polarization in the liquid 
phase. We conclude, therefore, that the diffusion limita- 
tion has its origin in the transport of species through the 
film produced on the electrode surface. The limiting dif- 
fusion current density in the electrolyte phase would 
have been much larger, on the order of Acm-2 (23). 

Impedance measurements.--Impedance measurements 
were employed by Meitav and Peted (6) to study the be- 
havior at the open circuit of stainless steel immersed in 
1M LiA1C14 in SOCl~ electrolyte. They concluded that the 
charge transfer reaction resistance is very high. Phillips et 
al. (7) found that also the reduction of SOC12 on vitreous 
carbon surfaces is slow. Qualitatively; these results are in 
agreement with the io q and Rp values determined with the 
aid of the Evans plot (Fig. 2). 

In  an attempt to provide additional information, two 
sets of impedance measurements  were made. In the first 
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Fig. 4. Cyclic voltammograms as function of scan rate. Electrode: 
glassy carbon, area 0.314 cm 2. Electrolyte: 1M LiAICI~ in SOCI2. Tem- 
perature: room. Scan rates indicated. Reference electrode: Li. 

set, repetitive impedance data (with a 2 min  delay time) 
were obtained at the Voc and at very low cathodic 
overpotentials in neutral and acidic solutions. In the sec- 
ond set, impedance data were collected at higher cathodic 
overpotentials, also in neutral  and acidic solutions. 

A typical Nyquist plot (i.e., a plot of the real vs. imagi- 
nary part of the electrode impedance) in acid solutions is 
shown in Fig. 5a, while the corresponding Bode plot (i.e., 
a plot of the logarithm of the total electrode impedance 
vs. the ac frequency) is shown in Fig. 5b. A straightfor- 
ward mathematical treatment shows that a semicircle in- 
tersecting the real axis at 90 ~ in the Nyquist plot is indica- 
tive of a kinetically controlled reaction and can be 
represented by a simple RC parallel equivalent circuit. 
However, when a diffusional process is controlling the 
impedance factor, the Nyquist plot yields a straight line 
intersecting the real axis at 45 ~ . The corresponding Bode 
plots are straight lines with slopes -1  and -1/2. 

The separation and identification of contributing pro- 
cesses is clear in acid solutions (Fig. 5a and 5b). The 
Nyquist and Bode plots in neutral solutions are similar 
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Fig. 5. Nyquist (o, left) and Bode (b, above) plots. Electrode: glassy 
carbon, area 0.314 cms Electrolyte: 2.2M LiAICI4-1.9M AICI3 in 
SOCI2. Temperature: room. 
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except that the kinetic and transport controlled processes 
are less clearly resolved. Here, the Nyquist plot in Fig. 6 is 
a large "depressed" semicircle, with its center below the 
real axis. The Bode plot (not shown) is a straight line with 
slopes approaching -1  and -1/2 at the highest and lowest 
frequencies, respectively. The diffusional process, we be- 
lieve is associated with switch-on of C12 in the solution. 

Consecutive measurements at the Voc or at low over- 
potentials were reproducible in the acidic electrolytes, 
while in neutral electrolytes, the impedance increased 
with each successive measurement.  Such a behavior indi- 
cates that, in acid solutions, the electrode surface remains 
free from deposited LiC1, wheras in neutral solutions, the 
deposited LiC1 changes the electrode impedance even at 
the open circuit. The presence of the deposited LiC1 ac- 
counts for the difficulty in clearly separating and identi- 
fying participating processes. 

Fitting the high frequency points in the Nyquist plot 
(Fig. 5a) to a semicircle yields a R, of ca.  9.4 • 10 ~ ~cm -~ 
and a value of C, from the imaginary component  of the 
impedance between 60 and 70 /~Fcm -2, the latter being 
about twice that measured by Meitav and Peled on stain- 
less steel (6). 

Results of impedance measurements at different ca- 
thodic overpotentials are presented in Fig. 7, with the 
Nyquist plots on the left-hand side and the Bode plots on 
the right-hand side. These measurements were taken in 
steps at 200 mV starting at +3.3V (Fig. 7a) and 
terminating at +2.5V (Fig. 7e). In contrast to the electrode 
behavior of the open-circuit potential, no clear evidence 
for the dominance of transport properties can be pre- 
sented at low cathodic overpotentials. This is an expected 
behavior because the diffusional process at low frequen- 
cies is associated with the reduction of CI~, which must  
disappear at potentials negative to the Voc. 

Results of the ac impedance measurements,  summa- 
rized in Fig. 7a-7d, indicate that the electroreduction of 
SOC12 on glassy carbon is complex. The diameter of the 
single semicircle in Fig. 7a, i.e., at 3.3V is almost the same 
as at the Voc. If there were only one reduction process in- 
volved at Voc, e.g., the SOCI.~ reduction, we would expect 
the R, to decrease exponentially with increasing over- 
potential. This clearly is not the case here and indicates 
that R, at the Vor is relatively small because of the contri- 
bution due to the reduction of C12 at the Voc. The diameter 
of the single semicircle in Fig. 7a and 7b decreases as the 
potential decreases from +3.3 to +3.1V. The approach to 
the real axis of the semicircles at high frequency is close 
to 90% but the centers of the semicircles are found some- 
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what below the real axis. The Bode plots, Fig. 7a' and 7b', 
exhibit a slope approaching -1  over a wide frequency 
range. Taking the point at 0.1 Hz in these figures as rep- 
resentative for the Rp of a relatively LiCl-free surface, we 
can see that R, has decreased over almost one order of 
magnitude with a change of 200 mV in electrode poten- 
tial. 

At electrode potentials close to the reduction peak of 
SOC12, the impedance spectra indicate diffusional behav- 
ior. The Nyquist plots, shown in Fig. 7c and 7d at +2.9 
and +2.7V, respectively, exhibit an approach to the real 
axis at high frequencies of approximately 45 ~ , and the cor- 
responding Bode plots show lines with a slope approach- 
ing -1/2. The high frequency range, in which the 
diffusional character of the impedance becomes apparent, 
sets it apart from the diffusional process in solution, 
which has been discussed in connection with Fig. 5a and 
5b. We note that within the low frequency range of the 
Nyquist plot in Fig. 7c, 7d, and 7e some points are lying 
along the real axis, indicating that Rp is increasing during 
the measurement.  This change in Rp is due to the reduc- 
tion of available area on the electrode surface because of 
deposition of LiCI. 
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Relevance to battery modeling . --In the "Cyclic 
voltammetry" section, we propose that a quasi-diffusional 
process arises during the SOC12 reduction, with its origin 
being the transport of species to or from the surface of 
the carbon electrode through voids in the LiC1 film. The 
impedance spectra in Fig. 7a-7e support this picture. The 
approach of the intercept of the low frequency points to- 
ward the real axis in a Nyquist plot, for diffusion-con- 
trolled systems, is equal to the sum of series resistance Rs, 
here equal to the electrolyte resistance, R, the electron 
transfer resistance, and Rd diffusion layer resistance. The 
magnitude of the diffusion layer resistance is propor- 
tional to the thickness of a layer through which diffusion 
takes place. Here, the thickness of the diffusion layer is 
that of a LiC1 film deposited on a glassy carbon surface. 
Evidently, the cathodic polarization of carbon electrode 
reduces Rp but  increases Rd owing to an increase in thick- 
ness of a LiC1 film. The dominance of the Rd with the in- 
crease in cathodic polarization is clearly shown in Fig. 7d, 
where the diameter of the Nyquist plot begins to increase. 
As cathodic overpotentials are increased, to +2.5V (Fig. 
7e), the electrode surface is completely covered, as evi- 
denced by a sudden expansion of the Nyquist plot. 

Upon starting the ac impedance measurements  at 
+2.9V and stepping the dc bias towards more anodic po- 
tentials (again with 2 min delay) it was found that the 
quasi-diffusional behavior dominated the impedance 
even at +3.3V (vs. Li). Obviously, the thicker film formed 
at +2.9V was permanent  and was not removed by 
reducing the cathodic polarization. 

The quasi-diffusional behavior, i.e., transport through 
solid LiC1 film, similar to that in neutral solution, was 
never observed in acidic solutions, not even at potentials 
in the passive region. Despite this, the Nyquist plots 
showed points at low frequency lying along the real axis, 
indicating, again, the reduction in active area during the 
measurement.  Evidently, in contrast to neutral solutions, 
in acidic electrolyte, the LiC1 film remains sufficiently 
thin and does not result in quasi-diffusional behavior. 
The passivation of the electrode surface is likely to occur 
if the rate of LiC1 complexation is slower than LiC1 forma- 
tion. 

Conclusions 
1. Metallic Li is a suitable reference electrode for mea- 

surements in neutral solutions, while Mo is preferable in 
acidic electrolytes. 

2. The rest potential of a carbon electrode, immersed in 
SOC12, is a mixed potential, with the cathodic partial reac- 
tion being the reduction of SOC12 and the anodic branch 
arising from the oxidation of SOC12, A1C14-, and C1-. 

3. Reduction of SOC12 on a glassy electrode is a slow 
process with the quasi-exchange current density of 6.4 .• 
10 -7 A cm -2. 

4. The reduction of SOC12 is kinetically controlled at 
low overpotentials. However, as these overpotentials are 
increased, a transition to diffusion control occurs, even 
before the onset of passivation at +2.7V. 

5. All reactions, including SOs reduction, that take 
place at potentials more negative than +2.7V, are 
controlled by mass transport. The controlling factor is the 
thickness and porosity of the LiC1 film rather than the 
conditions in the bulk electrolyte. 

6. Once formed, the LiC1 film cannot be removed by 
holding the electrode negative to the Voc. Removal of this 
film requires potentials more positive than the Voc. 

7. In acidic solutions, the electrode surface remains 
free from deposited LiC1. Diffusional control through a 
LiC1 film is possible only if the dissolution of the LiC1 
film is slower than its formation. 
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ABSTRACT 

The leaching kinetics of a Cu-50 weight percent A1 alloy in aqueous NaOH have been studied. The product of the re- 
action, known as Raney copper, an important industrial catalyst, consists almost entirely of highly porous copper. In 
forming this material, the A1 is selectively dissolved from the alloy, the rate of the leaching reaction being controlled by 
liquid-phase diffusion within the pores of the leach residue. At constant temperature, the spacing of these pores in- 
creases as the leaching rate decreases. As the temperature decreases, so does the pore spacing. The conversion of the 
original alloy phase, CuAI~, to porous copper is considered as an example of a phase transformation, and the pore spac- 
ing is taken as a measure of the distance over which Cu-A1 segregation must occur within the alloy. Models based on vol- 
ume diffusion adjacent to the reaction front and on boundary diffusion at the front are used to describe the relationship 
between pore spacing and reaction rate. Application of these models to the experimental  data, for a temperature of 20~ 
yields estimates of D = 6 x 10 -lz cm2s -1 with an activation energy of 53 -+ 2 kJ  for volume diffusion and DB = 5 X 10 -I0 
cm2s- '  with an activation energy of 62 -+ 4 kJ  for boundary diffusion. It is concluded that alloy segregation takes place at 
the leach reaction front by a mechanism of boundary diffusion. 

The selective leaching in alkaline solution of aluminum 
from alloys to leave a porous, spongy residue is a well- 
known, but incompletely understood, phenomenon.  Re- 
actions of this type have been exploited since the days of 
Raney (1, 2) in the manufacture of high surface-area metal 
catalysts. The widespread use of Raney catalysts in a vari- 
ety of chemical processes adds practical interest to funda- 
mental  questions about the nature of the leaching mecha- 
nism. Since the leach reaction determines the product 
morphology, it is possible that an understanding of the 
leaching mechanism will lead to the ability to control the 
morphology and, hence, the catalyst properties. The pur- 
pose of this study is to examine the relationships between 
leaching kinetics and product morphology. 

A series of studies (3-6) has shown that caustic leaching 
of a luminum and zinc from alloys based on copper, 
nickel, and cobalt proceeds according to parabolic 
kinetics 

X 2 = kpt [1] 

where X is the thickness of the reaction-product rim 
formed in time, t. The magnitude of k o is found to be in- 
dependent  of the orientation of the parent alloy with re- 
spect to reaction direction. From these observations, it is 
concluded that the leach reaction rate is controlled by dif- 
fusion through the liquid occupying the pores of the reac- 
tion product. This conclusion is consistent with the mag- 
nitude of k, and its activation energy. 

During these reactions, the microstructure of the pre- 
cursor alloy is reproduced in the reaction product. An ex- 
ample is shown in Fig. 1, where a Cu-A1 alloy consisting 
of CuAI~ grains separated by frozen A1-CuA12 eutectic is 
seen to produce grains of porous copper separated by 
void space. This observation, together with the fact that 
copper solubility in strong alkali is negligible, leads to the 
conclusion that the mechanism is one of selective dissolu- 
tion and not dissolution reprecipitation. Similar findings 
apply to Ni-A1 and Co-A1 alloys. 

In all cases, the product material is almost entirely com- 
posed of noble metal and is highly porous. The question 
therefore arises as to how rearrangement occurs within 
the solid to accommodate the loss of a large fraction of its 
constituent atoms in a reaction of the type 

CuA12(s) + 2 OH-  + 6H20 = Cu(s) + 2Al(OHh-(aq) + 3H2~o 
[2] 

The reaction is presented schematically in Fig. 2. The 
highly ordered product morphology depicted is based on 
the observation (7) that pore sizes are very similar. 

Theory 
The transformation of a homogeneous parent phase 

into a highly ordered two-phase structure in which the re- 
*Electrechemieal Society Ac.tive Member. 
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action products appear in lamellar or rodlike form is a 
phenomenon familiar to metallurgists. Reaction 
morphologies of this sort are observed in eutectic and eu- 
tectoid transformations (8, 9) 

~ - ~  + ~  [3] 

and in discontinuous precipitation (10) 

a--> a' + fl [4] 

where a,/3, and ~ denote different phases and a'  denotes a 
distinctly different composit ion of a solid-solution phase 
a. In addition, reactions leading to the production of these 
cellular morphologies have been observed (11-13) in cases 
of reaction of the parent phase with an externally sup- 
plied gaseous reactant, R. Reactions of this type may be 
written 

+ R - - , ~  + # [5] 

Although selective dissolution reactions have not hitherto 
�9 been described in these terms, they appear to fall within 
this latter class. A brief review of the theory of cellular 
phase-transformation kinetics is therefore pertinent. 

A simple description of transformation kinetics was 
first provided by Zener (14) on the supposition that seg- 
regation of the parent-phase constituent elements toward 
the tips of the advancing a and/3 lamellae occurs by diffu- 
sion within the parent phase itself. Assuming further that 
a-fl-7 triple-phase junctions are at mechanical  equilib- 
rium, then the velocity, v, at which the reaction front ad- 
vances into the parent phase, is given by 

D A_ [ 1 _ S r  [6] 
~ ' -  S a - ~  

where D is the chemical diffusion coefficient in T, S is 

Fig. 1. Micrograph of section through partially leached Af-SOCu alloy 
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Fig. 2 .  Schematic representation 
of a CuAI~-Cu grain and the alloy- 
reaction product interface. 

the combined width of a and/~ lamellae, A is the relative 
supersaturation within the parent phase, and a is a geo- 
metric constant of order unity. The quantity Sc is a critical 
lamellar spacing at which the free energy per unit volume 
of two-phase product equals that of the parent phase and 
at which reaction ceases. This term arises through the 
surface free energy associated with the a-fl interfaces 
which are created in the reaction. A complete local- 
equilibrium solution for eutectoids was provided by 
Hillert (15) by incorporating the Gibbs-Thompson effect 
for the pressure-composition variation in the parent 
phase along the curved interfaces, thereby evaluating the 
compositional differences driving the diffusion. Hillert in 
this way shows that 

1 C TM - C ~ 
A = - -  [7] 

PF C ~ - C ~ 

where ( C  ~ - C ~ ) / ( C  B - C '9  is the ratio of the lateral con- 
centration difference in front of limiting flat interfaces to 
that between the product phases. The constants J~ and ff 
are, respectively, the ratios S 'VS  and Sa /S ;  they are deter- 
mined by the parent-phase composition. 

Because the relationship between v, S, and relative su- 
persaturation permits an infinite number  of solutions, a 
further condition must  be imposed. Zener (14) and Hillert 
(15) suggest that the system stabilizes at a value of S for 
which v is a maximum. If so, then 

2o-a~ 
S - 2Sc - [8] 

R T ( C n ~  - C~,~) 

where R is the gas constant and o -~ is surface energy of 
the a-fl phase boundary. 

Alternatively, it has been proposed (16-18) that the rate 
of entropy production is a maximum, whence 

S = 3Sr = 3o"~B/RT(C TM - C ~'~) [9] 

The consequences of the two optimizations are seen to be 
similar. Substi tution from Eq. [7] and [9] to Eq. [6] leads to 
the result 

2D o -~z 1 
v - - -  [10] 

a p f Z R T  C ~ , -  C ~ S 2 

A preferred mechanism of alloy segregation may be 
diffusion along the interface between the parent and 
product phases. In the present case, where CuAI~ of te- 
tragonal symmetry is converted to Cu of cubic symmetry, 
a discontinuous boundary between the two phases will 
certainly be formed. Boundary-diffusion theories were 
developed for discontinuous-precipitation reactions by 
Turnbull  (10) and Cahn (16) and have been adapted to the 
eutectoid transformation by others (19-21). The resulting 

kinetic expression is 

24DB6K J~feo-~ 1 
v - [11] 

a R T  C '~ - C ~ S 3 

where maximum entropy production has been adopted 
as the reaction constraint. In Eq. [11], DB is the boundary 
diffusion coefficient, 6 is the boundary width, and K is 
the coefficient representing partition of solute between 
bulk and boundary. 

In the selective dissolution process represented by Eq. 
[2], the product phases are the liquid solution which fills 
the newly created pores and the copper which separates 
the pores. In terms of the foregoing theory, the spacing, S, 
which characterizes the product  morphology, is given by 
the sum of the pore diameter and the width of the inter- 
vening copper region. Both size parameters are measura- 
ble, as is the reaction velocity, v. 

This paper reports measurements  of pore spacings as a 
function of the selective-dissolution reaction rate. The re- 
lationship between pore spacing and reaction velocity is 
used to test the applicability of phase-transformation 
theory to the leaching process. 

Experimental 
An alloy of composition Cu-50.3 weight percent (w/o) A1 

was prepared by induction melt ing aluminum (99.9% 
pure) and copper (99.5% pure) using the method of 
Marsden et a l .  (22). For the leaching kinetic experiments,  
the homogeneous melt  was cast onto a chilled copper 
mold to form a plate from which rectangular prisms were 
cut. The cast alloy consisted of CuAI2, plus frozen A1- 
CuAI~ eutectic. The prisms were reacted with thrice the 
amount  of 20% w/w aqueous NaOH required to com- 
pletely react with the aluminum in the alloy. This reac- 
tion was carried out isothermally at various temperatures. 
Partially extracted alloy pieces were removed after 
various reaction t imes of up to 24h and thoroughly 
washed with distilled water until the pH of the wash 
water was seven. The samples were then mounted in cold 
setting resin, cross sectioned at right angles to an original 
face of the specimen, and polished fo a 1 l~m finish. The 
depth of chemical attack was measured under  an optical 
microscope using a graduated eyepiece. 

Since the leaching reaction kinetics were parabolic, the 
average reaction rate over the complete course of 
leaching was lower for a large alloy particle than for a 
small one. It was therefore possible to investigate reaction 
morphology as a function of average leaching rate by 
using alloy samples having discrete particle size ranges. 
Samples consisting of a large number  of particles were 
prepared by crushing and screening the alloy to yield ap- 
proximately spherical particles in the size ranges 
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Particle 
size 
(tLm) 

Table I. Surface and pore structure data for particles | 
of alloy that are fully leached at 293 K 1200 

Surface Pore Crystallite Interpore 
area diam (A) Vp size distance 

(m~g -') 2rp 2r~ (cm3g -') (k) (~) 1000~ 

105-180 31.44 236 268 0.214 88,85 129 
353-420 25.28 316 316 0.203 84,79 177 
710-850 23.48 342 330 0.197 87 194 
1000-1180 23.96 338 328 0.197 89,81 192 
1400-1676 23.89 342 324 0.197 85 194 
2000-2360 21.35 382 366 0.195 79,85 218 

specif ied in Table  I. These  samples  were  l eached  to com- 
ple t ion at 20~ 

The ex t rac t ion  m e t h o d  used  was similar  to that  re- 
po r t ed  by Fr iedr ich  et al. (4). A 40% w/w NaOH solut ion 
was added  to the alloy p ieces  over  a per iod  of  0.75h so 
that  the  react ion t empe ra tu r e  was kep t  to 20 ~ -+ 2.5~ 
After  ex t rac t ion  was comple te ,  as de t e rmined  by hydro-  
gen  evolut ion,  the  catalyst  was thorough ly  washed  wi th  
distil]ed water  unt i l  the  p H  of the  wash  water  was seven.  

The  t empera tu re  d e p e n d e n c e  of  the  diffusion coeffi- 
c ient  was also s tudied  by leaching  1-1.18 m m  part ic les  at 
the t empera tu res  g iven  in Table  II. 

The  compos i t ion  of  the  al loy and leach res idues  was de- 
t e rmined  by a tomic-absorp t ion  spec t roscopy  of  acid- 
d iges ted  samples.  The  B E T  surface areas of  the ex t rac ted  
materials  were  de t e rmined  by a s ingle-point  chromato-  
graphic  m e t h o d  (23). 

Pore  size d is t r ibut ions  were  calculated f rom n i t rogen  
i so therms  measu red  at -195~ us ing  a Micromer i t ics  
2100E ORR surface  area and pore -vb lume  analyzer.  
Samples  were  t ransferred to the  adsorp t ion  flask u n d e r  
wa te r  and evacua ted  at 130~ overnight .  The  degassed  
samples  were  we ighed  after comple t ion  o f  each exper i -  
ment .  

The  crystal l i te  size of  the  leach res idues  was es t imated  
f rom x-ray l ine b roaden ing  of  the  Cu(200) diffract ion l ine 
us ing  the  Scher re r  equat ion ,  wi th  correct ions  for instru- 
menta l  b roaden ing  ob ta ined  f rom the  si l icon (220) diffrac- 
t ion line. The p o w d e r e d  catalysts  were  pyrophor ic ,  and it 
was necessary  to coat  t h e m  wi th  col lodian pr ior  to exami-  
nation. CuK~ radiat ion was used,  and the  di f f ract ion pat- 
terns  were  compared  wi th  those  in the  A S T M  files to 
ident i fy  the  c o m p o u n d s  present .  

Results 

The  interface b e t w e e n  the  unaf fec ted  alloy and the 
]each res idue  of  the alloy (reacted at 50~ for 12h) is 
shown  in Fig. 1. A clearly def ined boundary  which  is par- 
allel to the  original  alloy surface is d iscovered.  As no ted  
earlier, the  CuA12 grains have  leached  to yield porous  cop- 
per, and the eutect ic  mater ia l  has been  comple t e ly  re- 
moved .  

The  th ickness  of  the  react ion-affected r im a round  the 
part ial ly ex t rac ted  alloy pieces,  as a func t ion  of  leaching  
t ime,  is shown at var ious  t empera tu re s  in Fig. 3. After  an 

Table I I. The effect of the temperature of extraction on the surface area 
and pore structures of completely, leached 1.0-1.18 mm alloy particles a 

Surface areas 
(m2g-') Interpore 

Extraction Pore diam (~) Crystallite distance 
temp (K) SBET b SB~ 2r, size (~) (A) 

275 25.4 23.1 302 75 170 
293 24.0 18.6 338 85 192 
308 22.6 15.6 550 112 310 
323 18.5 15.0 610 120 343 
343 16.9 11.3 750 137 422 
363 12.7 9.8 1076 146 606 

Data are for particles washed with 40% NaOH prior to washing 
with distilled water, unless otherwise stated. 

b Particles washed with distilled water with no caustic wash. 

800 

.__~600 
X 

400" 
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0 4 8 12 16 20 2l. 

1 [ h }  

Fig. 3. Average thickness of reaction-affected rim as a function of 
leaching time. 

init ial  per iod of  chemica l - reac t ion  control,  the  shapes  of  
the  curves  indicate  parabol ic  leaching  kinetics.  Therefore ,  
the  data  have  been  rep lo t ted  in Fig. 4, whe re  the  straight  
l ines are the  resul ts  of  regress ion  on Eq. [1]. An act ivat ion 
energy  is de t e rmined  f rom an Arrhen ius  plot  for kp and 
found to be  29 -+ 2 k J m o l - ' .  

Tab le  I gives  the  B E T  surface  areas, pore  radii,  pore  
vo lumes ,  and crystal l i te  sizes of  the react ion p roduc t  ob- 
ta ined  f rom samples  of  var ious  par t ic le  sizes. The  pore  
v o l u m e s  and m e a n  pore  radii  are calcula ted f rom the  ni- 
t rogen  isotherm.  The pore  vo lume,  Vp, is e s t imated  f rom 
the  a m o u n t  of  n i t rogen  adsorbed  at a re la t ive  pressure  of  
0.99 and calcula ted as a normal  l iquid.  The  va lues  of  r ,  
co r respond  to the  m a x i m a  in plots  of  AVJarp vs. rp. The 
pore  s ize-dis t r ibut ion consis ts  of  a single, na r row peak. 
The  average  pore  radius,  ra, is calculated by the  equa t ion  
for non in te r sec t ing  cyl indr ica l  pores, ra = 2V,/SB~T (24). 

The  effect  of  ex t rac t ion  t empera tu re  on these  proper-  
t ies is shown in Table  II. Pore  vo lumes  are no t  measu red  
in these  exper iments ,  and the average pore  radius is 
ca lcula ted a s suming  Vp = 0.2 cm3/g. The  surface areas of 
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Fig. 4. Parabolic plots from Fig. 3 



Vol .  1 3 1 , N o .  11 P O R E  D E V E L O P M E N T  2479 

the copper are reported for samples with 40 w/o NaOH 
after washing with distilled water. The lower areas ob- 
tained after washing with NaOH are assumed to be due to 
removal of alumina produced in the reaction procedure. 
The atomic-absorption spectroscopy results show that in 
all leach residues, there is less than 3% aluminum, as- 
sumed to be present as alumina and evenly distributed 
over the reaction-product surface (15). 

Discussion 
The selective dissolution in alkali of a luminum from a 

Cu-50 w/o A1 alloy proceeds according to parabolic kinet- 
ics, the reaction being controlled by liquid-phase diffu- 
sion within the reaction-product layer. Increasing the 
particle size of the alloy, which corresponds to decreasing 
the average reaction rate, results in a decrease in the sur- 
face area and an increase in the pore radius. However, the 
pore volume is approximately constant. Thus, the de- 
crease in the average reaction rate results in an increase 
in the average diffusion distance, S, at a fixed tempera- 
ture. We now examine this correlation. 

From Eq. [10] and [11], it is seen that the instantaneous 
reaction rate is related to 1IS"- for volume diffusion and 
1IS 3 for boundary diffusion. Because this rate varies with 
extent  of reaction, the value of S also is predicted to vary. 
Because the measurements  of pore size and copper crys- 
tallite size are obtained from the entire sample, they rep- 
resent volume averages. It is therefore necessary to relate 
these averages to the instantaneous qualities. By defini- 
tion 

S--~- f S~dV 

f d V  

where V represents volume. For spherical particles of ra- 
dius B 

fo -~ = 3 S2r2dr/B ~ [12] 

where r is the radial coordinate within the sphere. 
From Eq. [10], the diffusion distance is related to the 

diffusion coefficient and the velocity of the reaction front 
by 

YfD 
S 2 - [13] 

where 

y[ = 2~c~P/fC~ff aRT(CC, - C P) 

From Eq. [1] it follows that 

d X  kp 
r -  d ~ -  2X [14] 

Combining Eq. [13] and [14] yields 

2YCD 
S 2 -  X 

k, 

which for a spherical particle becomes 

2Y[D 
S ~ - ( B  - r )  [ 1 5 ]  

k, 

Combination of Eq. [12] and [15], followed by integration, 
yields 

S--- ~ = Y[D B [16] 

The corresponding expression for boundary diffusion is 
found to be 

- -  Y['DB6K 
S 3 - - -  B [17] 

2kp 

where 

Yf' = 24 fc~ - C P) 

Equations [16] and [17] predict rather simple dependen- 
cies of ;~ on B. 

In order to calculate S, both the pore diameter, SP, and 
the copper width, $c, are required. Knowing  the pore vol- 
ume and S P, S cu is calculated on the presumption that the 
pores are uniform, cylindrical, and parallel. These pre- 
sumptions are borne out by the shape of the N~ 
desorption isotherms and by the agreement between r, 
and ?'a. Proceeding, then, on the basis that the pores'  axes 
are arrayed on a square grid and that the intervening re- 
gions of solid are composed of pure, theoretically dense 
copper, the average interpore distances shown in Tables I 
and II are calculated. Similar values for ~cu are calculated 
for hexagonally arrayed pores. Comparison of these num- 
bers with the measured average crystallite sizes indicates 
p o o r  agreement, although the trends with temperature 
are the same. Since average crystallite size is measured by 
x-ray line broadening, the average may be biased toward 
the smaller crystals in the total population. Because no 
analysis of the diffraction line shape has been performed, 
the values of ~:c, calculated from pore data are preferred. 

Plots of S 2 and S 3 vs .  B are shown in Fig. 5 and 6. In 
these plots, the first point, corresponding to a radius of 
71 /zm, is disregarded because the leaching kinetics (Fig. 
4) show that the leaching reaction is under chemical- 
reaction control at this time. In both plots, the remaining 
data conform reasonably well with the predicted straight- 
line relationship. The good fit achieved by the two mod- 
els does not differ at a statistically significant level. It is 
therefore concluded that pore spacing is indeed related to 
leaching rate through the alloy-segregation process. The 
two possible mechanisms of segregation, however, cannot 
be distinguished on this basis. 

The volume diffusion coefficient is calculated from the 
slope of the S -~'- vs.  B plot using Eq. [16] and the following 
values: a = 1; fcu = 0.36; f f  = 0.64; (r cup -- 300 erg cm-2; C c" 
= 0.13 mol cm-3; C P = 0; and k~ = 3.97 x 10 -8 cm'-'s-'. The 
value obtained is D = 6 • 10 -r-' cm~s - ' .  Values for the dif- 
fusion coefficient in CuAI~ are given by Smithells (26). 
Extrapolation of this high temperature data to 20~ yields 
a calculated value of 1 • 10 -̀ -'3 cm'Zs -1. In comparison, the 
value suggested by the application of the volume diffu- 
sion mechanism to the present results is seen to be rather 
high. A value of 1 • 10 -'~ cm~s - '  has been deduced by 
Pickering and Wagner (27) for the diffusion of copper in a 
copper-gold alloy at 25~ and has been attributed to a 
divacancy mechanism. Such a mechanism might be oper- 
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ative in the present case, but no independent  evidence for 
it exists. 

If  alloy segregation occurs via boundary diffusion, then 
Eq. [17] applies. In this case, the slope of the ~ vs. B plot 
leads to the estimate 

DB 6 K = 1 • 10 -'6 cm3s - '  

Using the values 6 = I0~ and K = 2, it is found that DB = 5 
x i0 -'0 cm2s -I. Because of the absence of information on 
the CuAl2/Cu boundary diffusion properties, it is difficult 
to comment on this value. 

The temperature dependence of S can be deduced from 
Eq. [16] and [17] for the two modes of alloy segregation. 
Logarithmic differentiation for particles of fixed size 
leads to 

0 in S ~ 
0 (1 /~  - (Qv - EA)/R [18] 

0 in $3 
- (QB - EA)/R [19] 

O( IlT) 

where the linear term in T has been neglected. Here, Qv 
is the activation energy for volume diffusion, QB the acti- 
vation energy for boundary diffusion, and EA the activa- 
tion energy for the leaching reaction. The results in Table 
II for alloy particles of the same size, leached to comple- 
tion at different temperatures, yield :~ as a function of T. 
These data are used to construct the Arrhenius plot 
shown in Fig. 7. From the slope of this plot and the mea- 
sured value EA = 29 k J, it is calculated that if volume dif- 
fusion is operative, then Qv = 53 -+ 2 k J; whereas, if 
boundary diffusion is in effect, then QB = 62 -+ 4 kJ. 

Activation energies for volume diffusion in CuA1.2 and 
Cu have been reported (26) as 127 and 211 kJ, respec- 
tively. The value estimated from the application of the 
volume diffusion model  to the present results is seen to 
be quite inconsistent with these values. On the other 
hand, the value of QB estimated from the boundary diffu- 
sion model  is about half the value expected for volume 
diffusion in CuA12 and is therefore quite reasonable. 

The volume diffusion model  has been found to lead to 
an inordinately low estimate of the activation energy. It 
also yields a remarkably high diffusion coefficient, for 
which no independent  supporting evidence exists. For 
these reasons, the hypothesis that alloy segregation oc- 
curs via volume diffusion is rejected. Conversely, the 
boundary diffusion model has been found to yield an acti- 
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vation energy of the expected magnitude and a diffusion 
coefficient for which there is no reason to reject. In addi- 
tion, the model correctly predicts the relationship be- 
tween spacing and reaction rate. It is therefore concluded 
that alloy segregation at the ]each reaction front occurs by 
a mechanism of boundary diffusion. 

The qualitative consequences are clear. At a given tem- 
perature, the alloy diffusion coefficient is fixed, and the 
pore spacing is controlled by the leach reaction rate. An 
increase in reaction rate leads to a decrease in pore spac- 
ing. Because the pore volume is fixed by the leachable 
content of the alloy, a decrease in pore spacing leads to an 
increase in the number  of pores and, hence, an increase in 
surface area. These effects have been demonstrated in the 
present work by varying the average leaching rate 
through particle size control. Other methods of control- 
ling the reaction rate would presumably achieve the same 
purpose. 

Changing the reaction temperature affects the leaching 
rate and the alloy diffusion coefficient. Because the acti- 
vation energy for alloy diffusion is significantly greater 
than for leach reaction, t h e  effect on solid diffusion out- 
weighs the other. Thus, an increase in temperature in- 
creases the alloy segregation distance more than it does 
the leaching rate. Consequently, a decrease in pore spac- 
ing and an increase in surface area is achieved for alloy 
particles of fixed size by lowering the temperature. 
These effects have also been demonstrated in the present 
work. 
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Surface Dislocation Pinning by Adsorbed Ions and Water Molecules 

C. J. van der Wekken  

Laboratory of Metallurgy, Delft University of Technology, 2628 AL Delft, The Netherlands 

ABSTRACT 

Gold wire specimens were subjected to creep tests under constant load in various salt solutions. The effect of ca- 
thodic or anodic polarization on the creep behavior in deaerated acid solutions was found to depend on the nature of the 
ions present in the solution. Specific adsorption is a necessary but not sufficient condition for the pinning of surface 
dislocations by ions. A simple model for the observed rehbinder effects is proposed. 

It has been shown previously (1, 2) that the effects of ca- 
thodic polarization on the creep rate of gold wire speci- 
mens cannot be explained in terms of changes in the sur- 
face stress. Instead, it was concluded from the 
experimental  observations that in deaerated alkaline solu- 
tions specifically adsorbed hydroxyl  ions have a strong 
pinning effect on surface dislocations in the metal. As the 
OH-  ions are desorbed during cathodic polarization near 
and beyond the point of zero charge (pzc), unpinning oc- 
curs which results in extra strain. Similar extra strain ef- 
fects confirming the role of adsorbed OH-  ions were ob- 
served to occur when the pH was decreased by adding 
acid to the test solutions (2). 

Measurements in acid NaC104 solutions (2) suggested 
that perchlorate ions are also able to pin dislocations. The 
effects were much smaller, however, than the effects 
caused by hydroxyl ions. In contrast C1- ions were con- 
cluded not to pin dislocations (1) since no extra strain was 
measured at potentials near the pzc in acid chloride 
solutions. 

Extra strain effects ascribed to dislocation pinning by 
adsorbed water molecules (2) have been measured at po- 
tentials below -1000 mV vs. SCE. However, in the pres- 
ent study of effects due to adsorbed ions, the attention is 
focused on potentials above -1000 mV. The specimen is 
loaded at a potential Edef and subsequently polarized in 
the direction of the pzc. Dislocation pinning by anions is 
detected during cathodic pulsing after loading at Edef > 
pzc. Pinning by cations may occur at E~ef < pzc and gives 
rise to extra strain during subsequent  anodic pulsing. A 
variety of test solutions was employed in order to gain 
more insight into the nature of the dislocation pinning 
processes at the metal surface. 

Experimental Procedure 
The test apparatus has been described previously (1). 

The experimental  procedure was essentially similar to 
that followed earlier (2). The annealed 99.999% pure gold 
wires of 0.15 ~m diam and an average grain size of 15 tzm 

were loaded in deaerated solutions to a stress of 85 MPa. 
The test solutions employed, prepared from reagent grade 
chemicals and high purity deionized (Milli-Q) water, are 
listed in Table I. The pH values of the solutions were 
measured at room temperature. The concentrations em- 
ployed were 1M except  for a 0.2M T1Ac solution. The rea- 
sons for this lower concentration were the high cost of the 
chemical  and its toxicity. Since earlier measurements  (2) 
showed that larger effects could be expected at -50~ 
than at room temperature,  the present tests were per- 
formed at 50~ After deaerating the test solutions and be- 
fore applying the load, the specimen surface was pre- 
reduced for 1 min at -1300 mV, followed by a 1 min pulse 
at -800 mV vs. SCE. 

Possible anion pinning was investigated by loading at 
either +400 or 0 mV and subsequently subjecting the 
specimen to a series of 1 min pulses of increasing magni- 
tude in the cathodic direction, similar to the procedure 
employed earlier (1, 2). 

In order to meaSure dislocation pinning by cations, the 
specimens were loaded at -800 mV vs. SCE and sub- 
jected to 1 min potential intervals following the sequence 

Table I. Experimental test conditions and conclusions 
regarding dislocation pinning by various ions 

Test 
solution pH Edef VS. SCE 

Conclusion: 
Direction of extra strain due 

potential to dislocation 
pulses pinning by 

1M NaC104 0.6 0 mV cathodic C104- 
1M Na2SO4 0.6 0 mV cathodic SO~ ~- (HSO4-) 
1M NaNO3 0.6 +400 rnV cathodic NO3- 
1M CsC1 0.6 +400 mV cathodic - -  
1M K I 0.6 0 cathodic - -  
0.2M T1Ac 4.2 +400 mV cathodic - -  
1M NaC104 0.6 -800 rnV anodic - -  
1M CsC1 0.6 -800 mV anodic Cs + 
0.2M T1 Ac 4.2 -400 mV anodic --  
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-800, - 600, -800, -400, -800, -200, -800, 0, -800, +200, 
-800, +400 inV. In the T1Ac solution the specimen wire 
was loaded at E,~f = -400 inV. 

Results and Discussion 
The extra strain effects resulting from the applied po- 

tential changes were measured in accordance with the 
definition given earlier (1) and plotted in extra strain- 
potential pulse (ES-PP) diagrams as sho~rn in Fig. 1. A 
comparison between the extra strains measured previ- 
ously in alkaline solutions (2) and the results presented in 
Fig. 1 shows that the effects measured in all the acid test 
solutions presently investigated are much smaller. If the 
present effects are also associated with surface disloca- 
tion pinning by adsorbed anions or cations, the pinning 
species can be identified. A list of pinning and non- 
pinning ions based on Fig. 1 can be derived. The result is 
shown in Table I. Considering the magnitude of the ob- 
served peaks in the ES-PP diagrams of Fig. 1 and taking 
into account the large effects caused by O H -  ions in pre- 
vious studies, the dislocation pinning strength of ad- 
sorbed anions can be concluded to decrease as follows 

OH-  >> C104- > SO42- > NO3- > C11 : I -  = 0 [1] 

Literature data (3, 4) suggest that hydroxyl ions and C1- 
ions are adsorbed on gold with similar strength. 

Taking the change in the pzc in 0.1M solutions (5) as a 
measure for the strength of specific adsorption on 
polycrystal]ine gold, then, yields the following sequence 
for the anions 

I -  > OH-  = C1- > NO3- > SO42- > C104- [2] 

Comparing the pinning strength [1] and the strength of 
specific adsorption [2], it is observed that the sequences 
are reversed except  for the position of OH-.  The observa- 
tions for the CsC1 solution constitute the first example of 
a rehbinder effect occurring during anodic polarization. 
Cs + cations, which are known to adsorb specifically on Hg, 
can be concluded from the present observations to adsorb 
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Fig. 1. Extra strain effects measured in deaerated acid salt solutions. 
a: Loading at a potential Edef above pzc and potential pulsing in cathodic 
direction, b: Loading at a potential Edef below pzc and potential pulsing 
in anodic direction. 

specifically on gold as well. The large T1 § ions are proba- 
bly adsorbed stronger than Cs% The fact that no extra 
strain effect was observed in the (less concentrated) T1-Ac 
solution suggests that, probably, the sequences of pin- 
ning strength and specific adsorption strength for cat- 
ions are also reversed. Earlier observations (1) indicated 
that not specifically adsorbed ions, e.g., the cations in 
KC1 and NaC1 solutions, have some influence on the ob- 
served rehbinder effects. However, a necessary condi- 
tions for any extra strain effect in the potential region 
around the pzc is the occurrence of specific adsorption. 
If  cathodic polarization is applied beyond -1000 mV SCE, 
a second peak is measured in the ES-PP diagram. This 
peak has been attributed to pinning by adsorbed water 
molecules (2). 

It can be concluded from the available information that 
the observed rehbinder effects are primarily determined 
by contact adsorbed species in the first layer next  to the 
metal surface. 

A simple model for surface dislocation pinning in elec- 
trolyte solutions.--Figure 2 represents an example of a 
dislocation with Burgers vector b emerging at the metal 
surface. As the dislocation moves under the influence of 
a stress, a slip step is formed. Adsorbed ions I and water 
molecules W are present in the first adsorbed layer on 
the metal surface. As the area of the slip step is extended, 
the dislocation will disrupt the structure of the adsorbed 
layer. This implies that various interactions between 
metal atoms, ions, and water molecules will be broken 
(see Fig. 2). Previous explanations (6, 7) of rehbinder  ef- 
fects were based on the assumption that the energy nec- 
essary for the creation of a new surface area would deter- 
mine the formation rate of new slip steps. The surface 
stress was considered to be a rate-determining parameter 
for the deformation process in the surface layer of the 
specimen. It is clear, however, that the surface stress is a 
macroscopic quantity which is related to some average 
value of the interactions mentioned above. I t  is to be ex- 
pected that a surface dislocation moving under a certain 
stress will be stopped (pinned) by the strongest obstacles 
on its path. Let us consider a situation as represented in 
Fig. 2 and let the interactions I-Me and W-Me be strong. 
In that case, in addition to Me-Me bonds, I-W and W-W 
bonds across the slip plane must  be broken if the disloca- 
tion is to move. The strongest of the latter two interac- 
tions will be likely to function as a barrier (pinning point) 
for further movement.  Suppose that I-W bonds are pin- 
ning certain dislocations at a certain electrode potential. 
The pinning will be released as the ions I are desorbed by 
a change in electrode potential. The dislocation will then 
continue its movement  in the slip plane and further on 
experience a weaker pinning by W-W interactions across 

Fig. 2. Screw dislocation with Burgers vector b emerging at the surface 
of a metal electrode covered with contact adsorbed ions and water 
molecules. 
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its path. This type of pinning will be released as the ad- 
sorbed water is decomposed at potentials below -1000 
mV. If the I-W interactions at the surface are weaker than 
the W-W bonds, pinning will only occur by the W-W inter- 
actions and no first peak will be measured in the ES-PP 
diagram. This is observed in the case of chloride solutions 
after loading at potentials anodic to the pzc and subse- 
quent pulsing in the cathodic direction. Stronger I-W in- 
teractions can be expected for ions, which are known to 
be more strongly hydrated in the bulk of the solution. It is 
known that the strength of specific adsorption of ions 
and the strength of their interaction with hydration water 
molecules tends to be complementary (8). At the speci- 
men surface, the  I-W interaction may similarly increase as 
the strength of specific adsorption decreases. This could 
explain the reversed sequences [1] and [2] noted above. 
OH-  ions constitute an exception. These ions fit very well 
in the water structure. They are known as order produc- 
ing ions (8, 9) in solutions, as is the case with F- .  How- 
ever, the nature of their interactions with water molecules 
is different. Busing and Hornig (10) concluded that OH-  
ions in aqueous solutions form a strong hydrogen bond 
with at least one water molecule. Not all surrounding 
water molecules are bonded with equal strength. Strong 
hydrogen bonds are expected to be retained in the case of 
specific adsorption. OH-  ions are thus strongly ad- 
sorbed, and simultaneously they have strong interactions 
with surrounding adsorbed water molecules. The strong 
I-W interactions in this case are probably the explanation 
for the large extra strain effects found in alkaline 
solutions. 

Figure 2 represents only one possible example of the 
configuration of the lattice at the specimen surface 
around an emerging dislocation. Other situations are pos- 
sible: for example,  with the Burgers vector parallel to the 
specimen surface. What will happen in detail at the sur- 
face during slip depends on the relative strength of the 
various interactions between metal, adsorbed ions, and 
adsorbed water molecules, as well as on the local geome- 
try of the slip process. It seems reasonable and in accord- 
ance with the experimental  observations to conclude that 
the I-W and W-W interactions largely control the extra 
strain effects. The strength of the W-Me interactions is po- 
tential dependent.  This has consequences for the magni- 
tude of the second peak in the ES-PP diagram, as shown 
earlier (2). We may expect, for example,  in the case of very 
weak Me-W interactions during loading--for gold at po- 
tentials near the pzc (2)--that during loading Me-W inter- 
actions will be broken before W-W interactions. Disloca- 
tion pinning will consequently be less, and a smaller 
second peak will be the result. This was indeed observed 
(2). 

In the above discussion, the use of the term dislocation 
pinning is not necessarily meant  to imply that dislocation 
movement  is permanently blocked. It may well be that 
the stressed dislocations jump from one barrier to the 
next  one of a similar type. Instead of "pinning," we could 

speak of "drag" in that case. From the present tests, it is 
not clear which term is more appropriate. Both more or 
less permanent pinning of dislocations as well as drag 
may play a role. While during loading the stress on the 
specimen is continually increased, the effective stress on 
dislocations during the primary creep stage after loading 
will decrease due to continuing work hardening of the 
specimen. The decreasing effective stress will lead to con- 
ditions where the dislocations become really pinned dur- 
ing longer periods at certain barriers. The removal of 
these barriers at the metal surface by means of variations 
in the potential is at the origin of the observed extra 
strain effects. 

Conclusions 
1. Specific adsorption is a necessary, but not a 

sufficient condition for dislocation pinning by ions. 
2. The dislocation pinning strength of anions on gold 

has been observed to decrease according to the sequence 

OH-  >> C104- > SO~ 2- > NO:~- > C1- = I -  = 0 

3. Cs ~ cations have been found to pin dislocations. 
4. The pinning strength of adsorbed ions has been at- 

tributed to the strength of the interactions between the 
adsorbed ions and adsorbed water molecules. No extra 
strain effects due to the ions are observed when these in- 
teractions are weaker than the water-water interactions in 
the contact adsorbed layer. 

5. The second peak in the ES-PP diagrams is due to 
interactions between adsorbed water molecules. 

6. Dislocations are mechanical  microprobes which can 
be used for the study of the structure of the compact dou- 
ble layer. 
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AES/XPS Study of Transpassive Films on Iron in Nitrate Solution 
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ABSTRACT 

Anodic films on iron formed in a forced convection system in the transpassive potential region in nitrate electro- 
lytes at current densities up to 40 A/cm" have been studied by in situ coulometry and ex situ Auger electron spectros- 
copy (AES) and angle-resolved x-ray photoelectron spectroscopy (XPS). Qualitatively similar results on the variation of 
film thickness with applied current density are obtained by different methods. The transition from transpassive oxygen 
evolution to transpassive metal dissolution coincides with a marked decrease in film thickness and with the appearance 
of nitrogen in a reduced state at the metal-film interface. 

Transpassive dissolution of iron and nickel in 
passivating electrolytes takes place at high current densi- 
ties in the potential region beyond oxygen evolution and 
involves breakdown of passive films (1-3). Anodic films 
formed on iron and nickel in nitrate and chlorate electro- 
lytes were investigated by Hoare and co-workers using 
potentiostatic polarization and coulometry in a stationary 
system (4-8). Their results showed that the film thickness 
increased in the passive potential region then decreased 
at the onset of the transpassive potential region. The be- 
havior was attributed to an ion exchange mechanism (9), 
according to which electrolyte anions are incorporated 
into the film lattice by exchanging positions with oxygen 
ions leading to film dissolution. However, most  of the 
data showing film thinning refer to a low current density 
region of exclusive oxygen evolution, and, therefore, their 
relation to transpassive dissolution, which occurs at 
much higher current densities, is not evident. 

In a recent study, the present authors employed AES 
(Auger electron spectroscopy) and coulometry to investi- 
gate anodic films formed on nickel in the transpassive 
potential region in nitrate electrolytes under  controlled 
hydrodynamic conditions in a flow channel cell (10). Re- 
sults indicated that the passive film thickness reached its 
max imum as a function of current density in the oxygen 
evolution region. At higher current densities, nitrate ions 
were observed at the metal-oxide interface (10). In the 
present study, anodic films formed on iron in a concen- 
trated nitrate electrolyte over a wide current density 
range in the transpassive potential region were investi- 
gated using XPS, AES, and coulometry. In particular, the 
study obtained information on the relationship among 
thickness, chemical nature of the films, and transpassive 
metal dissolution behavior. In addition to depth 
profiling, angle-resolved XPS was used for 
characterizing the films. 

Experimental 
Galvanostatic experiments  were performed in a flow 

channel cell (11), through which the electrolyte was 
pumped at a constant linear velocity of 2.5 m/s. Cylin- 
drical iron anodes (99.99%, single crystal, 1 [111] orienta- 
tion), 8 mm diam were mechanically polished to 0.25 ~m 
finish using diamond spray and ethanol as coolant. Only 
a part of the anode corresponding to the width of the 
channel (3 mm) was exposed to the electrolyte, while the 
remaining part was insulated by a Teflon spacer con- 
stituting the flow channel. 

The applied anodic current density ranged from 1 
mA/cm 2 to 40 A]cm 2. Anode potentials were recorded 
against a mercury sulfate electrode connected to the 
channel by a back-side capillary. The electrolyte solution 
(6M NaNO3 + 0.1M NaOH) was prepared from analytical- 
grade chemicals and double-distilled water. An alkaline 
solution was employed to avoid self-activation of the an- 
ode after current interruption. 

* Electrochemical Society Active Member. 
~Supplier: Johnson Matthey Chemicals Limited, London, 

England. 

In coulometric studies, anodic oxide films formed at 
different current densities were reduced by a constant ca- 
thodic current (20 mA/cm2), and the quantity of charge for 
oxide reduction was evaluated from the measured 
potential-time traces. A switching system with mercury 
relays was employed for presetting anodic polarization 
t ime and for switching between anodic and cathodic cur- 
rents. The anodic charge passed was kept small (0.5 
C/cm 2) to minimize possible changes in surface roughness 
due to dissolution. A digital oscilloscope (Explorer III, 
Nicolet Instruments) recorded anodic and cathodic poten- 
tial transients. 

For AES and XPS studies, anodically polarized elec- 
trodes were quickly removed from the cell, washed with 
distilled water, rinsed in ethanol, and dried in a cold air 
stream. They were kept in a desiccator until introduced 
into the UHV chamber of a combined XPS/AES system 
with double pass cylindrical mirror analyzer, differen- 
tially pumped raster ion gun, and x-ray source (Perkin- 
Elmer, Physical Electronics Division, Model 590/550 A). 
All samples were analyzed in the same position, corre- 
sponding to an angle of a = 42 ~ between surface normal 
and CMA axis. In the XPS mode, the Mg x-ray source was 
operated at 10 keV and 40 mA with a pass energy of 50V. 
Binding energy calibration of the instrument was based 
on the measurement  of the Au 4f7~ peak at 83.8 eV. Depth 
profiling was performed by rastering a Kr ~ beam over an 
area of 1.5 • 1.5 mm or 6 • 7 mm in the AES or XPS 
mode, respectively. The ion gun, operated at 2 keV, was 
positioned at an angle of 39 ~ with respect to the surface 
normal. For calibration purposes, a depth profile of a 
standard 10 nm Ta..,O5 film was measured with each 
series of experiments (12). 

Angle-dependent measurements  with the CMA were 
performed using a drum with an angle resolving aperture 
of 12 ~ (13). The take-off angle of electrons could be varied 
between 0 ~ and 84 ~ with respect to the surface normal 
without moving the sample. In these measurements,  an 
A1 x-ray source was employed. 

Current efficiency for metal dissolution was deter- 
mined from weight loss measurements  Using Armco iron 
(99.9%) anodes. The applied charge corresponded to a 
max imum dissolution depth of 20 ~m. 

Results 
The galvanostatic anodic polarization curve for iron in 

6M NaNO3 + 0.1M NaOH at 2.5 m/s is shown in Fig. 1 as is 
the current efficiency calculated from weight loss mea- 
surements assuming divalent iron formation (14). At cur- 
rent densities below 8 A/cm 2, current efficiency is low 
because oxygen evolution is the main reaction. The 
current-potential curve exhibits Tafel behavior, with a 
slope of -100 mV up to 0.2 A/cm 2, where the limiting cur- 
rent for OH-  discharge is reached (10). Measured poten- 
tials at higher current densities are strongly influenced 
by ohmic drops, which explains the shape of the current 
voltage curve above - 2  A/cm 2. 

Figure 2 shows the charge necessary for reduction of 
films formed at different current densities. From the 
measured charge, the apparent film thickness was esti- 
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mated assuming that the film is Fe.,O3 with a density of 
5.24 g/cm 3 (15) and that it is reduced at 100% current 
efficiency. The apparent film thickness as a function of 
current density exhibits two maxima: one at approxi- 
mately 0.2 A/cm 2 corresponding to the limiting current 
density for the OH- discharge, and the other at approxi- 
mately 8 A/cm 2, beyond which the metal dissolution 
efficiency increases (Fig. i). 

Figure 3 shows Auger depth profiles of films formed 
at 0.042 A/cm 2 and 12.5 A]cm 2. The amplitude of the 703 
eV iron, 503 eV oxygen, 272 eV carbon, and 379 eV nitro- 
gen peaks were monitored as a function of time while 
sputtering the sample with KrL The important difference 
between the two films is in their nitrogen profiles. For 
the films formed at 0.042 A/era 2, the nitrogen peak ampli- 
tude decreases rapidly with sputtering, in a similar man- 
ner as for air-formed films (not shown). The observed 
surface nitrogen is due to adsorption from air. For the 
film formed at 12.5 /Mcm 2, however, the nitrogen peak 
amplitude increases with time reaching a maximum at 
the oxide-metal interface. 

The apparent film thickness was calculated from the 
sputter time corresponding to a decrease of the oxygen 
peak amplitude to 50% of its maximum value, assuming 
that the sputter rate of the film is the same as that of bulk 
Fe203. The relative sputter rate of Fe203 with respect to 
the Ta205 standard was determined from a single-crystal 
sample to be 0.92. The variation of the apparent film 
thickness as a function of applied current density (Fig. 4a) 
is qualitatively similar to that obtained by coulometry 
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Fig. 2. Coulometrically measured charge for film reduction and esti- 
mated apparent film thickness as a function of current density. 

(Fig. 2), i.e., two maxima are observed. Above 12 A/cm 2, 
the film thickness is independent  of current dens i t y .  

Using elemental sensitivity factors (16), the atomic con- 
centration o f  nitrogen at the metal-oxide interface was 
estimated from AES depth profiles. The results (Fig. 4b) 
show that  up to a current density of 1 AJcm 2 the nitrogen 
concentration is close to the AES detection limit, but be- 
yond I A/cm% it increases with increasing current density 
to a value close to 5 atom percent (a/o) in the high rate 
metal dissolution region. A similar behavior was previ- 
ously observed for nickel (i0). 

Films formed at different current densities were also 
analyzed by XPS without sputtering. The binding ener- 
gies of different peaks were determined with respect to C 
is = 284.6 eV. The binding energy of the Fe 2p~t2 peak.was 
710.5 -+ 0.2 eV, independent of applied current density, 
and the N Is peak was at 398.1 + 0.4 eV. Comparing the 
binding energies of the N is electrons for different corn- 
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p o u n d s  f rom t h e  l i t e r a tu re  (17-20), i t  is c o n c l u d e d  t h a t  t he  
n i t r o g e n  in t he  t r a n s p a s s i v e  fi lm c o r r e s p o n d s  to t h e  re- 
d u c e d  form,  N 3-. 

E x p e r i m e n t s  d e s c r i b e d  so far  i n v e s t i g a t e d  t he  in- 
f luence  o f  app l i ed  c u r r e n t  d e n s i t y  on  f i lm proper t i e s .  
F u r t h e r  e x p e r i m e n t s  were  a i m e d  at t h e  m o r e  de ta i l ed  
cha r ac t e r i z a t i on  of  t r a n s p a s s i v e  fi lms f o r m e d  u n d e r  h i g h  
ra te  m e t a l  d i s so lu t i on  c o n d i t i o n s .  S a m p l e s  po la r ized  at  20 
A /cm = were  s u b j e c t e d  to X P S  s p u t t e r  p ro f i l ing  a n d  angle-  
r e so lved  X P S  m e a s u r e m e n t &  T h e  la t t e r  t e c h n i q u e ,  in  
w h i c h  t h e  ana lys i s  i n f o r m a t i o n  d e p t h  is va r i ed  b y  c h a n g -  
ing  t he  t ake-of f  ang le  of e m i t t e d  e lec t rons ,  p e r m i t s  t he  
c h a r a c t e r i z a t i o n  of  ve ry  t h i n  sur face  l ayers  as a f u n c t i o n  
of  d e p t h  w i t h o u t  t he  u s e  of  ion s p u t t e r i n g  (21). 

F i g u r e  5 shows  X P S  s p u t t e r  d e p t h  prof i les  o f  t r a n s p a s -  
sive (a) a n d  a i r - fo rmed  (b) f i lms on  i ron.  T h e  d a t a  are  
qua l i t a t ive ly  s imi l a r  to  t h o s e  o b t a i n e d  b y  A E S  d e p t h  
p rof i l ing  of  f i lms f o r m e d  u n d e r  s imi l a r  cond i t i ons .  The  
n i t r o g e n  a t  t he  su r f ace  o f  t h e  a i r - fo rmed  fi lm is d u e  t o  ad- 
s o r p t i o n  f rom air a n d  d i s a p p e a r s  r ap id ly  u p o n  spu t t e r ing .  
T r a n s p a s s i v e  f i lms e x h i b i t  n i t r o g e n  at  t h e  m e t a l - o x i d e  
in ter face .  F r o m  the  X P S  d e p t h  profiles,  t h e  t h i c k n e s s e s  
of  the  t r a n s p a s s i v e  a n d  a i r - fo rmed  fi lms were  e s t i m a t e d  
to b e  3.7 a n d  2.4 nm ,  respec t ive ly ,  a n d  c o m p a r e  wel l  w i t h  
the  A E S  d e p t h  profi le  da ta  (Tab le  I). 

The  s h a p e s  of t h e  Fe  2p3~ s pec t r a  for  t r a n s p a s s i v e  a n d  
a i r - fo rmed  fi lms d e p e n d  on  the  t ake -o f f  ang le  (Fig. 6). A t  
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Fig. 5, XPS depth profiles of transpassive and air-formed films on iron. 
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perimental conditions. 

= 0 ~ a m a i n  p e a k  at  710 e V  a n d  a s h o u l d e r  a t  707 eV are  
o b s e r v e d ;  t h e s e  a re  a t t r i b u t e d  to ox id ized  i ron a n d  meta l -  
lic i ron,  r e spec t i ve ly  (22-25). T h e  i n t e n s i t y  o f  t he  meta l l i c  
i ron  p e a k  d e c r e a s e s  w i t h  i n c r e a s i n g  t ake -o f f  ang le  a n d  is 
a l m o s t  c o m p l e t e l y  a b s e n t  a t  57 ~ s i n c e  a t  th i s  a n g l e  m o s t  
of  t he  i n f o r m a t i o n  is d e r i v e d  f rom t h e  su r face  film. 

T h e  ra t io  of  t he  s igna l  i n t e n s i t y  o f  ox id i zed  a n d  of  me-  
tal l ic i ron  c a n  b e  u s e d  to e s t i m a t e  t he  f i lm t h i c k n e s s  (12, 
20). F o r  a h o m o g e n e o u s  o x i d e  fi lm (f) c o v e r i n g  a flat 
s u b s t r a t e  (m), t h e  s igna l  i n t e n s i t y  ratio,  Ir~,f/lr~,m, is r e l a t ed  
to  t he  fi lm t h i c k n e s s ,  l, b y  (20) 

l = - X r ~ , f  c o s  r I n  - - [ 1 ]  

K + 

w i t h  

K - X~,f n~e,~ [ la ]  
)~e,m nFe.m 

Here  t he  i ron  ion iza t ion  c r o s s - s e c t i o n a l  ra t io  b e t w e e n  
film a n d  m e t a l  is t a k e n  as  uni ty ,  I~,f a n d  I~,m are  t he  in- 
t ens i t i e s  of  i ron  in  the  fi lm a n d  in  t he  m e t a l  subs t r a t e ,  re- 

Table I. Apparent film thickness on iron determined by different methods 

Film AES depth profiling* 
Estimated film thickness (rim) 

XPS depth profiling* Angle resolved XPS* Coulometry** 

Transpassive 3.5 + 0.3 a 3.7 _+ 0.2 b 5.1 +- 0.5 ~ 11.5 • 0.5 ~ 
(at i = 20 A/cm 2) 

Exposed to 2.8 • 0.2 b - -  - -  10.1 -+ 0.4 d 
electrolyte flow 

Air-formed 2.1 -+ 0.4 a 2.4 _+ 0.3 b 4.5 • 0.7 ~ - -  

* Referred to the sputter rate of Fe~O3 single crystal. 
** Assuming the film to be Fe~O3. 
Average of (a) 5, (b) 2, (c) 12, and (d) 8 measurements. 
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spectively, X~e,f and X~.m are mean free paths, n~.f and nFe,m 
are atomic concentrations, and ~ is the take-off angle of 
photoelectrons with respect to the surface normal.  The 
values of constants used in Eq. [1] to evaluate film thick- 
ness are given in Table II. 

To evaluate the signal intensity ratio, I~.f/I~ .... the Fe 
2p3~ spectra from 704 to 718 eV were resolved into four 
peaks (Fig. 7) at 706.6, 709.5, 710.6, and 714 eV that are at- 
tributed to Fe ~ Fe 2~, Fe 3§ and a shake-up satellite signal 
of oxidized iron, respectively (23, 25, 27). The sum of the 
area intensities of Fe 2§ and Fe 3~ peaks was taken as a mea- 
sure of the intensity of oxidized iron species. The contri- 
bution from the relatively small shake-up satellite signal 
was neglected. The transpassive and the air-f0rmed film 
thicknesses thus determined from Eq. [1] are 5.1 -+ 0.5 and 
4.5 --+ 0.7 nm, respectively (Table I). 

The O ls  spectra of an air-formed and of a transpassive 
film were  m e a s u r e d a t  different take-off angles. Three 
different peaks at 529.2, 530.9, and 532.2 eV were  attrib- 
uted to oxide  (O2-), hydroxide  (OH-), and water (H~O), 
respect ively (22-25, 28). Area intensit ies of these species 
were de termined  and are shown in Fig. 8 as a funct ion of 
take-off angle. Lit t le  difference is observed between the 
two films. This behavior  differs from that  observed pre- 
viously with nickel, where  transpassive films contained 
significantly more O ~- than air-formed films (20). At 
the largest  take-off angle, the ratio O2-/OH - decreases 
(Fig. 8), suggest ing that  the surface of  the film contains 
more O H -  than the interior. 

The energy of  the N ls  peak measured at different 
take-off  angles was the same and corresponded to that  
measured  on an air-formed film. This indicates that the 

Table II. Physical parameters used to calculate mean free path of Fe 
2p3/~ photoelectrons in XPS 

Atomic Binding Kinetic 
density, n energy, Eb energy, EK 

Material (moYcm 3) (eV) (eV) X* (nm) 

Fe 0.141 706.6 775.4 1.24 
Fe20~ 0.066 710.5 771.5 2.01 

* Mean free path calculated using the empirical equations by Seah 
and Dench (26) for elements and inorganic compounds, respec- 
tively. 
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Fig. 7. Deconvoluted Fe 2p3/~ spectrum after background subtraction. 
a: Raw data. b: Fitted curve, c: Metallic iron. d: Fe 2§ e: Fe :r247 f: Satellite 
shake up signal of oxidized iron. 

interface and the surface ni t rogen are in the same chem- 
ically reduced state. The intensi ty of  the N ls  signal on 
transpassive films showed no appreciable change with 
the variat ion of take-off angle, al though one would have 
expec ted  this based on the AES and XPS  sputter  pro- 
files shown in Fig. 3 and 5. This is at tr ibuted to ni t rogen 
adsorbed on the surface of the film; a high take-off an- 
gle the loss of intensity from the ni t rogen at the film- 
metal interface is compensated by the increased inten- 
sity from adsorbed nitrogen. 

Discussion 
Characterization of anodic fi]ms by coulometry and by 

surface analytical techniques is subject to several limita- 
tions inherent in each method (10, 20). For example, 
coulometric data may include contributions from side re- 
actions, and their interpretation requires a knowledge of 
film stoichiometry, density, and true surface area. 
AES/XPS analysis may be affected by sample transfer 
and contamination problems. In addition, the sputter rate 
is known approximately only, and the deconvolution pro- 
cedures in XPS involve some degree of uncertainty. 
Therefore, data obtained for air-formed and transpassive 
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films at different current densities are of interest mostly 
on a comparative basis. 

Film thickness as a function of current density shows 
two maxima (Fig. 2 and 4a). The first maximum lies close 
to the limiting current for OH- discharge (Fig. 1), at 
which the local pH at the film-solution interface is dimin- 
ished, favoring dissolution of surface hydroxyl species. 
This explains the decrease in film thickness in this re- 
gion. Assuming film growth by high field conduction 
(29), the film thickness should increase with increasing 
potential resulting from higher applied current density. 
This leads to the observed increase in film thickness be- 
yond the first maximum in Fig. 2 and 4a. At sufficiently 
high current density (anode potential), film breakdown 
occurs leading to high rate metal dissolution. This is evi- 
dent in Fig. 9, which shows a scanning electron micro- 
photograph of iron dissolved at 10 A/cm 2 for 0.7s. At a cur- 
rent efficiency of 20% (cf. Fig. 1), this corresponds to an 
average dissolution depth of 0.5 ~m. The photograph 
confirms that the transpassive dissolution of iron takes 
place by local breakdown of the passive film at random 
sites, similar to observations for nickel in nitrate electro- 
lytes (1). The apparent film thickness in the metal disso- 
lution region is independent  of applied current density. 

Because of unavoidable transfer effects, the determina- 
tion of transpassive film composition from XPS mea- 
surements is rather uncertain. However, AES and XPS 
depth profiles do exhibit a distinct nitrogen maximum at 
the metal-oxide interface at current densities correspond- 
ing to transpassive metal dissolution. This nitrogen origi- 
nates from nitrate ions present in the electrolyte that 
might have penetrated through faults in the film (10). 

The results of the present investigation provide new in- 
sight into the high rate transpassive dissolution behavior 
of iron in nitrate electrolytes. Under conditions of present 
experiments, transpassive dissolution in 6M NaNO3 + 
0.1M NaOH sets in at a current density of approximately 8 
A]cm ~-, and the metal dissolution efficiency is an increas- 
ing function of current density up to 30 A/cm 2. The appar- 
ent film thickness, however, remains constant beyond 12 
A/cm 2 (Fig. 2 and 4a). The transpassive dissolution 
efficiency, therefore, is independent  of film thickness, 
contrary to previous conclusions (4-8). The presence of ni- 
trogen in the interior of the film suggests thai passive 
films under  these conditions are highly defective, so that 
electrolyte anions can penetrate locally up to the metal 
surface. It is probable that metal dissolution occurs at 
these sites, while oxygen evolution occurs on the rest of 
the surface. Micropits formed in this way, may grow until  
repassivation, e.g., due to ohmic drop, occurs or until  dif- 
ferent micropits merge together. The current efficiency 
for transpassive dissolution, thus, would be governed by 

Fig. 9. SEM photograph ot an iron sample after anodic dissolution ,n 
6M NaNO3 + 1M NaOH at 10 A/cm 2 for 0.7s. 

the kinetics of depassivation and repassivation phenom- 
ena, which determine the average surface fraction availa- 
ble for oxygen evolution and metal dissolution, respec- 
tively. 

Conclusions 

1. For iron polarized in nitrate solution in the transpas- 
sive potential region, two states with respect to surface 
films have to be distinguished: oxygen evolution, where 
film thickness is a function of applied current density, 
and metal dissolution, where film thickness is indepen- 
dent of current density. This follows from both in situ 
coulometry and ex situ AES/XPS data. 

2. In the metal dissolution region, current efficiency 
for metal dissolution is independent  of apparent film 
thickness, and nitrogen in a reduced state is observed at 
the film-metal interface. 

3. Obtained data suggest that the transition from 
transpassive oxygen evolution to high rate metal dissolu- 
tion involves film breakdown initiated by penetration of 
anions through flaws. 
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Development of Silver-Palladium Alloy Plating for Electrical 
Contact Applications 

U. Cohen *,~ K. R. Walton, 2 and R. Sard *,3 

AT&T Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Silver-palladium alloys were e]ectrop]ated as high quality coatings from a concentrated chloride bath. Adherent, 
uniform, and coherent deposits were obtained with thicknesses of up to 20 ~m. The alloys were found to be homoge- 
nous, single-phase solid solutions, with palladium content ranging from about 30% to 60%. depending on the operating 
variables. The microstructure of the plated Ag-Pd alloys consists of very fine grains (100-300A). These alloys have a fcc 
crystal structure, and the lattice parameter varies continuously with composition. The useful plating rate with moderate 
agitation was found to be about 0.44 ~m/min at 10 mA/cm ~, which is almost twice that of conventional cobalt-hardened 
gold, due to the current efficiency of nearly 100%. Alloys containing about 40% Pd were obtained with these conditions. 
High speed plating of the Ag-Pd alloy was achieved in a forced flow cell up to rates of about 9 ~m/min. To achieve satis- 
factory deposits, it was generally necessary to use a thin (0.2-0.4 ~m) soft gold underplating. Preliminary tests of electri- 
cal contact properties revealed that the Ag-Pd coatings possessed low contact resistance (about 1 m~l at 
100g load). Other relevant properties include intermediate Knoop microhardness (about 200 kg/mm 2 at 25g load) and an 
excellent resistance to formation of corrosion films in accelerated tests using flowers of sulfur. The present study indi- 
cates that the plated Ag-Pd coatings are superior in contact resistance stability to the bulk wrought alloy R156 (40%Ag- 
60%Pd). Finally, these coatings show satisfactory wear response in the selected tests provided a hydrocarbon lubricant 
is present. 

The development of a suitable process for electropla- 
ring Ag-Pd would provide an attractive alternative to hard 
gold plating in a variety of electrical contact applications. 
The material cost per unit  volume of a 40%Ag-60%Pd al- 
loy is currently less than 20% that of pure gold? The prop- 
erties of metallurgically prepared Ag-Pd alloys are known 
to be suitable for contact materials (1, 2). In particular, 
savings in material costs and comparable corrosion be- 
havior in tarnishing environments  have led to the conver- 
sion of Bell System wire spring relays from pure Pd to 
this material (1). 

The Ag-Pd alloy system consists of a homogenous solid 
solution phase over its entire composition range. The me- 
chanical and electrical properties, therefore, should be 
easy to control and to reproduce. Problems associated 
with precipitation of a second phase in a mutiphase alloy, 
such as erratic, abrupt, or irreproducible changes in the 
properties, are thus eliminated. Small fluctuations in the 
alloy composition have only a minor effect on such prop- 
erties because, in a homogeneous phase, properties vary 
gradually with the composition. 

In his comprehensive treatise (3), Brenner reviewed the 
unsuccessful attempts up to that time to electroplate the 
Ag-Pd alloy from various baths. He commented, however, 
that the concentrated chloride bath, investigated by Gra- 
ham et al. (4) for Ag-Pt alloy plating, should also be feasi- 
ble for Ag-Pd alloy plating. Although the latter (4) men- 
tioned briefly that they had obtained Ag-Pd alloy from a 
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2 Present address: Exxon Research and Engineering Com- 

pany, Linden, New Jersey 07036. 
3 Present address: Oxy Metal Industries, Warren, Michigan 

48089. 
4 The product of a density factor (11.3/19.3 = 0.59) and a price 
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similar bath, they gave no details. Andreeva et al. (5) then 
reported Ag-Pd alloys using conditions similar to those 
specified by Graham et al. (4) for plating Ag-Pt alloys. 
Electrodeposition of the Ag-Pd alloy' was also reported 
from a buffered ammoniacal  electrolyte containing EDTA 
by Kudryavtsev et al. (6, 7). The ammoniacal plating sys- 
tem, however, appears to operate under  conditions of 
silver diffusion-limited current, which adversely affects 
the deposition, composition, morphology, thickness, and 
rate of growth. We have chosen to work with the concen- 
trated li thium chloride bath, which is simple and contains 
no additives or hazardous components. This electrolyte 
relies on the anomalous solubility of AgC1 in the presence 
of chloride ion. At high concentrations of the latter, the 
solubility increases with the concentration of the chloride 
ion. The bath, however, is very aggressive towards base 
metals, causing vigorous displacement reactions with 
them. An intermediate layer of a more noble metal must 
thus be applied to protect the base metals against these 
reactions (8). 

This paper describes our preliminary investigation re- 
lated to: (i) the feasibility of electroplating high quality 
coatings of Ag-Pd alloy from the concentrated lithium 
chloride bath and (ii) initial characterization of the plated 
Ag-Pd coatings and their testings as contact materials. 
Desirable properties of an electrical contact include a low 
and stable contact resistance throughout service life and 
the ability to resist friction and wear. These requirements 
were discussed by Holm (9), and the contact resistance 
and wear resistance test methods were described by Ant- 
ler (I0). Comparative studies have been made here of the 
corrosion resistance, the electrical contact resistance, and 
the wear performance of the plated Ag-Pd alloys vs. the 
properties of a wrought Ag-Pd alloy (R156) and also vs. 
the properties of hard gold plating. This paper also briefly 
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summarizes the results of a study of the morphology and 
microstructure of the plated Ag-Pd coatings (11). In an- 
other related study (12), the feasibility of a new method of 
plating cyclic multilayered alloys (CMA) was demon- 
strated by plating a wide variety of Ag-Pd structures. 

Experimental  
In the present work, the electrolyte for Ag-Pd alloy plat- 

ing consisted of 500g of LiC1, 12g of AgC1, 3g of PdCI~, 20 
mi HC1, and 1000 ml of H~O. After dissolving the salts, 
the bath was heated and brought to boiling (-130~ to 
ensure complete dissolution of all salts, filtered (when 
hot), and cooled to the operating temperature (typically, 
85~ Moderate stirring was used during the plating, and 
the current density range studied initially was 0.5-20 
mA/cm 2. Most samples, however, were plated at 5 -+ 0.5 
mA]cm'-'. 

Figure 1 illustrates the electroplating cell and associ- 
ated electronics. The cell was a 500 ml reaction flask wit_h 
an O-ring fitted cover that contained five standard ta- 
pered joints. Three electrodes, a thermometer, and a 
glass-stirrer were inserted through Teflon glands to the 
plating bath. The flask was immersed in a dark heating 
oil bath to provide uniform heating and to prevent photo- 
dissociation of wet solid AgC1. A stable plating bath tem- 
perature (within + 0.5~ was maintained with this ar- 
rangement. 

Chemical analysis of the alloys was usually done with 
a nondispersive x-ray fluorescence (XRF) analyzer 
mounted on a scanning electron microscope (SEM). 
These analyses were corrected by comparison with sev- 
eral standard samples analyzed by wet chemical tech- 
niques and by electron microprobe. X-ray diffraction 
(XRD) was used for phase and texture analyses and for 
the determination of the lattice parameter. The coating 
morphology was studied by SEM and metallographic 

cross sections. Transmission electron microscopy (TEM) 
was used to study the grain size and microstructure (ii). 
Knoop microhardness was tested at 25g force (with a 
Tukon instrument) on polished cross sections of coatings 
-> I0 ~m thick. 

Electrical contact resistance was measured using a four- 
wire technique. In the measuring system (13), a 0.05 cm 
diam gold wire bent around a 60 ~ Teflon wedge is used as 
the contact member. With this system, contact closure 
takes place with virtually no contact wipe. Measurements 
were performed at 100g load both on samples and 
standards prior to and after exposure to aggressive envir- 
onments. 

Wear and friction behavior was studied using a rider/ 
fiat wear test fixture, which simulates the sliding of sep- 
arable connectors. The wear behavior with actual con- 
nector hardware plated with an Ag-Pd finish was also 
evaluated. The rider/fiat tester is shown schematically in 
Fig. 2. In this tester, a fiat coupon slides back and forth 
(on the same track) under a 0.25 in. diam spherical rider. 
The latter is loaded with a known weight. The resulting 
frictional force is sensed by a transducer through a shaft 
coupled to the rider assembly and monitored on a chart 
recorder. The coefficient of friction, ~f, for a given cycle 
in the rider/fiat experiment, is obtained by dividing half 
the total swing in the frictional force during each cycle by 
the load on the rider. The implicit assumption here is that 
the sliding events in both directions are equivalent. For 
the accuracy of about 20% sought in this work, this as- 
sumption is believed valid. Rider/fiat tests were con- 
ducted for 200 cycles at a rate of 27 cycles/min (about 1 
cm/s). The load on the rider was either 70 or 255g. How- 
ever, only the results at 255g load are reported here; the 
results at 70g load are similar and lead to the same inter- 
pretations and conclusions. The depth and width of the 
wear tracks on the fiat coupon were determined quanti- 
tatively by a Dektak microprofiler equipped with a 5 ~m 
diam diamond-tipped stylus. Qualitative examination of 
the degree of wear on the coupons was done using optical 
and scanning electron microscopy. 

Results and Discussion 
Substrate compatibility.--To determine the compatibil- 

ity of base metal substrates to the concentrated chloride 
plating bath, Cu and Ni strips were immersed with no ex- 
ternal current in a simulated plating bath (but milder and 
not including the PdC12, for simplicity). The bath con- 
tained 50g of LiC1, 0.4g of AgC1, 2 ml of HC1, and 100 ml of 
H20, and was held in the temperature range 70~176 
No stirring was used. A vigorous displacement reaction 
was observed when a Cu strip was immersed in the solu- 
tion. The strip was soon covered with a very loose and 
spongy white silver deposit and, at the same time, the Cu 
strip partially dissolved. After a 60 rain immersion, the 
strip was removed from the solution, the Ag deposit 

Fig. 1. Schematic of the experimental setup. The plating cell is im- 
mersed in a bath of oil. The oil bath is heated on a hot plate/stirrer 
equipped with a control thermistor sensor, which is immersed in the oil 
bath. A Pd wire immersed in the plating solution serves as an internal 
secondary reference electrode. A large plate (~  25 cm 2) of Ag metal 
serves as the anode. Electrical signals are provided to the cell from a 
potentiostat/galvanostat, PAR 173, combined with a signal programmer, 
PAR 175. The signals are recorded on an (HP-7OO4B) X-Y recorder. 

LOAD CELL 
COUPLING 

LOAD. SHAFT 
\ / LOAD CELL 

FORCE 
STEELSHAFT--~  / /  c/TRANSDUCER 

NORHAL LOAD SUPPORT BUSHING ~ TO AHPLIFIER AND I I 

, ~  CHART RECORDER 
ELECTRIC HOTOR COUPLING I J 

~ S L I D E  SHAFT 

Fig. 2. Schematics of the wear tester, The load support is coupled by a 
shaft to a load cell (Statham U L4) and a force transducer (Statham UC3). 
Frictional forces experienced by the rider during sliding are transmitted 
to this unit, The transducer output is amplified and calibrated to read the 
frictional force in grams (accuracy to 0.19) by a bridge amplifier 
(Statham SC1105). 
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scraped off, washed, and dried. The Ag deposit weight 
gain was 107.8 mg, and the Cu strip weight loss was 62.9 
mg. These numbers may be compared with the respective 
atomic weights (107.87 for Ag, 63.54 for Cu), which indi- 
cate that the displacement reaction was 

Cu + Ag(I) ~ Cu(I) + Agi  

A more moderate displacement reaction was observed 
with a Ni strip. It was slowly covered with white Ag de- 
posit of poor adherence. After an immersion of 17.5h, the 
strip was removed from the solution (which had become 
yellow-green in color). SEM examination of the deposit 
revealed individual Ag crystallites (10-20 ~m) over most of 
the flat substrate surface and large Ag dendrites (400-600 
~m on the strip edges). A total weight gain (strip plus de- 
posit) of 110.1 mg was found. It may be noted that the Ag 
atom is almost twice the weight of the Ni atom, and that, 
for the displacement reaction 

Ni + 2Ag(I) ~ Ni(II) + 2Ag$ 

two Ag atoms are deposited for every dissolving Ni atom. 
Thus, a net weight gain is evidence of a displacement 
reaction. 

Immersion of bare Cu and Ni substrates in the regular 
Ag-Pd alloy plating bath, under cathodic current, yielded 
loose powdery and spongy Ag-Pd deposits on Cu, and 
spontaneous peeling of the deposit from the Ni sub- 
strates. Current efficiencies, based on weight gain and 
Faraday's law, were much greater than 100%, indicating 
spontaneous displacement reactions had again occurred. 
These tests clearly demonstrate that the bare Cu and Ni 
substrates are imcompatible  with the concentrated chlo- 
ride bath, containing Ag (or Pd) ions. 

Substrates of Cu and Ni, with protective Ag films 1 ~m 
thick (especially if immersed under cathodic current), 
showed a significant improvement  over the bare sub- 
strates. However, they still contained some unacceptable 
rough areas. 

Bulk noble metal substrates, such as Pd, Au, and Ag, 
were generally found compatible and suitable for the plat- 
ing of the Ag-Pd alloy. However, it was found that pro- 
longed immersion of Ag metal in the plating bath with no 
external current could have deleterious effects, probably 
owing to the slow displacement reaction 

2Ag + Pd(II) -> 2Ag(I) + Pd$ 

This reaction could result in poor adhesion and occa- 
sional cracking of the Ag-Pd coatings~ probably owing to 
undercutting. The slow displacement reaction of Ag 
metal  with the plating bath was also indicated by the ob- 
servation that Ag strips, when immersed with no external 
current in the plating bath, exhibited immediate  darken- 
ing of the Ag surface in contact with the bath. The metal 
surface when analyzed by XRF confirmed the presence 
of Pd metal. Further  evidence was provided from SEM 
analysis of cross sections (12) and electrochemical poten- 
tial measurements.  The electrode potential gradually 
changed to less negative values vs. a Pd metal  reference 
electrode. All these results indicate that Pd is more noble 
than Ag in this alloy plating system. By starting the plat- 
ing of the alloy on Ag substrates immediately following 
immersion, or, preferably, by immersing under cathodic 
current; it was possible to eliminate the deleterious ef- 
fects associated with these substrates. 

It was found that the application of very thin (0.2-0.4 
~m) protective undercoatings of soft gold could provide 
the most reliable protection to the base metal substrates 
against the displacement reactions. Soft gold plated from 
the citrate-buffered bath (14) provided better protection 
than hard-gold or gold-strike platings. This is believed to 
be due to the higher density (and lower porosity) of the 
soft gold. Without adequate  substrate preparation, ex- 
posed pits or holes to the base metal will, of course, result 
in extensive displacement. Both unpolished and mechan- 
ically polished substrates of Cu, CDA725 alloy (89 w/o 
Cu-9 w/o Ni-2 w/o Sn), and Ni, when properly prepared 

and coated with 0.2-0.4 ~m soft gold, proved to be excel- 
lent substrates for Ag-Pd alloy plating. The substrate 
preparation procedure outlined in Table I was developed 
to give reproducible results for the plating of the Ag-Pd 
coatings. 

The plated Ag-Pd coatings, under favorable conditions, 
closely reproduced the substrate surface features. Figure 
3a depicts the surface of a 2.5 ~m thick Ag-Pd coating 
which was deposited at 5 mA/cm 2 on an unpolished 
CDA725 alloy substrate, with a nominal 0.3 ~m soft gold 
undercoating. Another sample, prepared under identical 
conditions except  that the alloy substrate was mechani- 
cally polished (0.3 ~m alumina was the last abrasive) 
proved to be so smooth that it was featureless on the scale 
of 1 ~m (cf. Fig. 3b). This type of surface finish is similar 
to that typically found with carefully prepared hard gold 
deposits. 

Effects of current density and waveform.--DC plat- 
ing.--The effects of current density were studied for the 
bath composition given above. Ag strips were used as 
substrates for these experiments.  They were chemically 
etched in a mixture NH4OH/H202 (1:1) for 5-10s, rinsed, 
and dried. They were then masked with adhesive plating 
tape to prevent nonuniformity Stemming from edge ef- 
fects, and to prevent plating of the strip back side. Coat- 
ings -10  ~m thick were deposited to facilitate characteri- 
zation. Increasing the current density was found, in 
general, to produce Ag-Pd alloys with increased Ag con- 
tent, as described more fully below. Table II summarizes 
the various effects of the current density; and the various 
surface morphologies are shown in the SEM photographs 
of Fig. 4. At the lowest current density, 0.5 mA/cm 2, the 
deposits were dark gray matte due to the three-dimen- 
sional growth features evident in Fig. 4a. At 2 mA]cm ~, the 
overall general appearance was similar. However, the mi- 
crostructure was quite different, as shown in Fig. 4b. This 
structure gives rise to unfavorable properties, such as 
high contact resistance. At 5 mA/cm 2, the surface ap- 
peared much lighter, and the morphology was noticeably 
smoother (cf. Fig. 4c). At 10 mAYcm 2, similar deposits to 
those obtained with 5 mA/cm 2 were observed (cf. Fig. 4d). 
Plating with moderate stirring (about 10 cm/s flow rate) 
and with current density in the range of 5-10 mA/cm 2 was 
judged most favorable. A standard condition at 5 mA/cm 2 
was thus adopted to prepare samples for additional mea- 
surements, as described below. At a current density of 20 
mA]cm 2, deterioration of the coating was evident close to 
the edges, where the effective current density was 
highest. Spontaneous cracking was sometimes observed 
(cf. Fig. 4e and 4f). Thus, under the conditions used (i.e. 
moderate stirring), the useful plating current density is 
less than 20 mA/cm 2. It should be noted that, at 10 
mA/cm 2, the plating rate of Ag-Pd was about 0.44 ~rrdmin, 
which is almost twice that of hard gold plating. 

Table I. Substrate preparation for plating 

1. Degrease in acetone and trichloroethylene 
2. Ultrasonic cleaning in Neutra-Clean 68 solution for about 1 min 
3. Rinse in deionized (DI) water 
4. Activate in dilute (1:1) HC1 for about 30-60s 
5. Rinse in DI water 
6. Soft gold plate, 0.2-0.4 ~m thick* 
7. Rinse in DI water and dry** 
8. Introduce to the Ag-Pd alloy plating bath under cathodic current* 

* Procedure was to immerse (wet) substrates under cathodic cur- 
rent in a bath containing potassium gold cyanide (20 g/l), dibasic am- 
monium citrate (50 g/l), ammonium sulfate (50 g/l). Conditions were 
65 ~ -+ 5~ 8 -+ 2 mA/cm'-', 30-45s, and moderate stirring. 

** The substrates must not be introduced wet into the alloy plat- 
ing bath since precipitation of AgC1 due to local chloride dilution 
may occur on the surface, yielding coatings with poor adhesion (4). 
The preferred procedure is to dip the substrate, prior to plating, in a 
concentrated chloride solution. 

t This is to insure that the thin gold layer is protective. Substrates 
with >-0.4 ~m soft gold undercoatings could be immersed in the plat- 
ing bath with no external current for several minutes without dele- 
terious effects. 



2492 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  November 1984 

Fig. 3. SEM photographs of the surface of 2.5/~m thick Ag-Pd coatings 
plated at 5 mA/cm ~ using (a, top) unpolished CDA725 alloy substrate 
and (b, bottom) mechanically polished (with 0.3 ~rn alumina) CDA725 
alloy substrate. Both substrates were plated with 0.3 ~m soft gold prior 
to the Ag-Pd plating. 

Much higher current densities were used in preliminary 
experiments with high speed plating of the Ag-Pd alloy in 
a forced flow cell (14). The solution velocity in the latter 
is estimated to be about an order of magnitude higher 
than in the stirred beaker. A precise value of the cathodic 
current density could not be determined because of some 
uncertainty regarding the plated area. Measurements of 
coating thickness on metallographic cross sections of a 
series of platings, obtained with a constant current and 
varying deposition time, revealed a linear thickness in- 
crease with plating duration. Assuming 100% current 
efficiency, an effective surface area of -9.5 cm ~ was esti- 
mated. Smooth coatings could be obtained with total cur- 
rents up to -2000 mA. These conditions correspond to a 
current density of up to -210 mA]cm ~ (or - 9  ~m/min), 

which is roughly equivalent  to rate attainable with high 
speed hard gold plating (14). Examination of  the cross 
sections showed that even the very thin (-0.7 ~m) coat- 
ings were continuous over the entire substrate surface. 
Some thick (> 7 ~m) coatings showed initiation of nodu- 
lar growth at locations of relatively higher current densi- 
ties. The composition of a typical coating obtained at 
-105 mA/cm ~ (or -4.5 ~m/min), was found by XRF analy- 
sis to be 62%Ag-38%Pd. The surface morphology of the 
coating, as revealed by SEM examination, was also very 
similar to the high quality coatings obtained with the 
much lower current density of 5 mA/cm ~ - 0.22 ~nYmin) 
under moderate stirring. Thus, the deleterious effects of 
high current densities on the morphology (cf. Fig. 4e and 
4f) and excessive Ag content of the deposit, can be over- 
come by using a high speed flow cell. 

Characterization of the plated Ag-Pd coatings.--Com- 
position.--The composit ion of the coatings varied from 
about 70%Ag-30%Pd to about 42%Ag-58%Pd, depending 
on the current density and the rate of stirring. Generally, 
decreasing the current density or increasing the amount 
of stirring yielded alloy coatings with higher Pd content. 
This fact is further evidence that Pd is more noble than 
Ag in the alloy plating system. Data depicting the effect 
of dc current density on the alloy composition (for a con- 
stant stirring rate) are shown in Fig. 5. 

Microstructure.--Transmission electron microscopy 
(TEM) examinat ion-revealed a microstructure of very 
fine grains (100-300s Voids of about 20-30~ in size were 
also noted at the grain boundaries. No second phase pre- 
cipitates were observed. Electron and x-ray diffraction 
patterns indicated that the alloy coatings were homogene- 
ous, single-phase solid solutions. These measurements  
also indicated that the fcc lattice parameter varies contin- 
uously with the 'composit ion in a similar manner to 
wrought Ag-Pd alloys (15). This dependency is shown in 
Fig. 6. The Ag-Pd coatings obtained with dc current had a 
strong fiber texture (preferred orientation) with the [100] 
direction perpendicular to the surface. As described else- 
where (11), plating of CMA coatings with cyclic current 
modulation tended to reduce degree of the preferred ori- 
entation. In particular, coatings with dense (or thin) 
multilayers exhibited more random orientation. 

Microhardness.--Knoop microhardness was measured 
with a 25g load on polished cross sections of coatings 
with at least 10 ~m thickness. A nominal value of about 
200 kg/mm ~ was observed for optimal conditions. Some 
results are given in Table II. 

Internal stress.--The internal macrostress of the Ag-Pd al- 
loy coatings was continuously monitored using an elec- 
tronic spiral contractometer (16, 17). The spirals were 
made of stainless steel 0.020 in. thick. They were plated 
with 2 ~m Ni and with 2 ~m soft gold. The gold, applied 
prior to the measurements,  served to protect the spirals 
from the displacement reactions with the alloy plating 
bath. 

Increasing the current density was found, in general, to 
decrease the tensile stress or to shift it to a compressive 
stress. The range of stress values observed for deposits 
2.5 ~m thick varied from slightly less than 1 kg/mm'-' ten- 
sile stress for coatings obtained at 2 mA/cm'-', to about the 
same magnitude of compressive stress for coatings ob- 
tained at 20 mA]cm'-'. Temperature variations of -+ 10~ 
(from the standard 85~ had little effect on the macro- 
stress. Thus, the magnitude of the internal macrostress 
found in the Ag-Pd coatings is rather small and is compa- 
rable to pure silver and other widely used electroplatings, 
such as acid-copper and sulfamate nickel. Moreover, 
these stress levels are substantially lower than the high 
values associated with such brittle platings as cobalt- 
hardened gold (16) and tin-nickel alloy. 

Contact resistance.--Effects of tarnishing.--Contact re- 
sistance was measured with a four-point probe instru- 
ment  with a 100g load. The contact resistance of the as- 
plated Ag-Pd coatings was typically about 1 m~. One 
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Table II. Results of dc experiments 

Current density Coating thickness Composition KHN~5** 
(mA/cm ~) (tLm) XRF* (w/o) (kg/mm ~) CR t (mt~) Remarks 

0.5 - 5.0 Ag 43.2 -- 1.5 Dark gray matte deposits of uni- 
Pd 56.8 form appearance and composi- 

tion (see Fig. 4a). 
2.0 -16.4 Ag 45.8 155-165 25 Uniform gray matte color. Unu- 

Pd 54.2 sual morphology responsible for 
high CR (see Fig. 4b). 

5.0 -10.0 Ag 53.9 168-220 1.3 Uniform light gray matte color (see 
Pd 46.1 avg 200 Fig. 4c). 

10.0 -10.0 Ag 54.6 192-212 3.0 Light gray matte color (see Fig. 
Pd 45.4 4d). 

20.0 -10.0 Ag 69.6 - -  - -  Very light gray color. Surface ap- 
Pd 30.4 pears badly cracked and deterio- 

rated with loose powdery spots 
(see Fig. 4e and 4f). 

to metallurgical alloy standard of 40%Ag-60%Pd. Also, checked with * Based on x-ray fluorescence intensity measurements relative 
microprobe and wet chemical analysis. 

** Knoop microhardness, 25g load. 
t Four-wire contact resistance measurements at 100g force with 

w e e k  e x p o s u r e  at 50~ in an e n v i r o n m e n t  con ta in ing  
f lowers  of  sulfur  and  85% relat ive h u m i d i t y  (RH) had  
hardly  any effect  on this  contac t  res is tance wi th  the  pla ted 
A g - P d  coat ings.  Wrough t  R156 alloy (40Ag-60Pd) e x p o s e d  
to the  same e n v i r o n m e n t  exh ib i t ed  a s ignif icant  increase  
in  its con tac t  res i s tance .  Whereas  the  m e a n  change  in con- 
tac t  res i s tance ,  AR, of  t he  p la ted  alloy was  less  t h a n  abou t  
0.2-0.3 m~2, the  c o r r e s p o n d i n g  value of  the  R156 alloy was  
4-6 mr2. In t h e s e  tes ts ,  2.5 t~m th ick  alloy depos i t s  of  
abou t  40%Pd Were p la ted  on CDA725 subs t r a t e s  wi th  a 
sof t  gold  u n d e r c o a t  a b o u t  0.25 t~m thick.  Add i t iona l  re- 
su l t s  are g iven in Ref. (12). Indeed ,  the  cor ros ion  resist-  
ance  of  the  p la ted  A g - P d  coa t ings  in th is  t e s t  was  found  
qui te  s imilar  to tha t  of  p la ted  ha rd  gold. 

soft gold probe (0.020 in. diam wrapped around 60 ~ wedge). 

The superior corrosion resistance and contact resist- 
ance stability (CRS) of the plated alloys over the wrought 
alloy, R156, is quite surprising, since the latter contains 
more palladium. However, the plated alloys differ sub- 
stantially from the wrought alloy in many respects. For 
example, the grain size of the wrought alloy is in the 
neighborhood of several micrometers (about two orders 
of magnitude larger than the grain size of plated alloys). 
Also, the plated alloys are more homogeneous in their 
composition than the wrought material. Wrought alloys 
may have a composition variation of several weight per- 
cent from grain to grain (18), owing to the influence of 
the anisotropic distribution coefficient during solidifica- 
tion. The finer grain size, as well as the homogeneity of 

Fig. 4. SEM photographs of Ag-Pd alloy coatings obtained on Ag substrates with (a, top left) 0.S mA/cm 2, (b, bottom left) 2 mA/cm 2, (c, top center) 5 
mA/cm 2, (d, bottom center) 10 mA/cm 2, and (e, top right, and f, bottom right) 20 mA/cm 2. Figure 4e shows surface area in the center of the sample; 4f 
shows cracks closer to the sample edge, where there was higher current density. Note also the smaller magnifications of Fig. 4e and 4f. 
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Fig. 5. Plated alloy composition vs. dc current density for low speed plat- 
ing conditions. 

the plated alloys, are likely to reduce the mobility of Ag 
atoms towards the surface, thereby reducing the forma- 
tion of tarnish films in the sulfiding environment.  It is 
also conceivable that certain impurities which are incor- 
porated in the plated alloys help to reduce the mobility of 
Ag atoms towards the surface. The presence of incorpora- 
ted C1 impurity in electroplated Ag-Pd CMA coatings was 
established by Auger electron spectroscopy (12). Incorpo- 
ration of C1 in the plated Ag-Pd alloys could also contrib- 
ute to their superior tarnish resistance over that of the 
wrought alloy. 

Wear and friction.--Polished (rms surface roughness less 
than 0.5 tLin.), and unpolished (rms less than 5 tLin.) sub- 
strate coupons of CDA725 alloy were used as fiats for the 
rider/flat wear tests. These were plated with either 2.5 ~m 
of hard gold or with 2.5 t~m of Ag-Pd alloy having a com- 
position of 40 -+ 2% Pd (preceded, as usual, by the 0.25 ~m 
soft gold undercoating). The riders were hardened steel 
ball bearings (0.25 in. diam) plated first with 4 t~m of 
nickel (Sel Rex 10-03S), then 0.25 ~m of soft gold under- 
coating, and finally 5 ~m of either the hard gold finish, 
or 5 t~m of the Ag-Pd finish. Immediately prior to wear 
tests, both members of the test pair were carefully vapor 
degreased and then lubricated by dipping into a solution 
of Bareco wax (KS19416) in trichloroethane or a 2% syn- 
thetic hydrocarbon oil (Mobil RM109F). 
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Fig. 6. Lattice parameter, ao, vs. alloy composition. Plated (this study) 
and thermally prepared Ag-Pd alloys. 
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Fig. 7. The effect of contact finish variation on the wear and friction of 
rider/flat systems with microcrystalline wax lubrication, 225g load, 200 
cycles, and polished CDA725 alloy substrates. Each data point repre- 
sents the median value of 4 or 5 wear tests. APR/AP is alloy-plated 
rider/alloy-plated flat. AuR/AP is gold-plated rider/alloy-plated flat. 
AP~/Au is alloy-plated rider/gold-plated flat. AuR/Au is gold-plated 
rider/gold-plated flat. The median wear depth in micrometers is indica- 
ted in parentheses. 

The key results are summarized in Fig. 7 and 8 for the 
microcrystalline wax and hydrocarbon oil lubricants, re- 
spectively. It is clear from Fig. 7 that, with the solid lubri- 
cant (the microcrystalline wax), the hard gold-plated fiats 
are superior to those with Ag-Pd-plated fiats. In particu- 
lar, the test pair with both rider and flat plated with 
Ag-Pd behaved very poorly. It is evident, however, that 
the pair with Ag-Pd-plated rider and hard gold-plated flat 
shows a wear response equivalent to the hard gold-plated 
pair. Figure 8 indicates that, with the liquid lubricant, all 
the test pair combinations are satisfactory and have es- 
sentially similar wear response (although there appears to 
be slightly better performance for the hard gold-plated 
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Fig. 8. As in Fig. 7, but with the synthetic hydrocarbon oil lubricant 
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flats). Surface roughness, in the range tested, appears to 
have little significance on the wear and friction perform- 
ance. With both lubricants, the smoother substrates re- 
vea]ed a somewhat improved median wear response over 
the rougher substrates, but essentially identical friction 
coefficients. Coupons of bulk R156 alloy, when tested as 
flats with both lubricants under  similar conditions, re- 
vealed significantly higher friction and wear than the 
plated Ag;Pd alloys. It should be noted that, without lu- 
brication, both hard gold and the Ag-Pd alloys exhibited 
high coefficients of friction (~ -> 0.6) and disastrous wear 
(track depth up to 16 ~m). 

Some limited wear tests were also done with actual 
two-piece connector hardware of the type used in elec- 
tronic switching systems. ~ Standard 946/947 connectors 
with a mating ]oad of 250g were the test vehicles. The 
male connector contact finish was 2.5 ~m of hard gold 
plating. It was lubricated with the hydrocarbon oil prior 
to the testing. The female connectors were first plated 
with 2.5 ~m of the Ag-Pd alloy finish and then tested by 
200 mate/unmate cycles at a rate of 27 cycles/rain, or 
about 1 cm/s as with the rider/flat tests. The median force 
of insertion was 1.8 kg for couples with Ag-Pd plated fe- 
males (slightly higher than the 1.6 kg value for the refer- 
ence pairs with soft gold inlay in place of the Ag-Pd al- 
loy). Analysis by SEM and XRF mapping revealed some 
transfer of Ag-Pd to the male connector surface. How- 
ever, there was no exposure of the base metal and no indi- 
cation of unacceptable damage to any of the contacts 
after the 200 insertion cyc]es. 

Summary 
A simple, concentrated chloride electrolyte containing 

no additives or excessively hazardous components  was 
used to demonstrate the potential benefits of Ag-Pd alloy 
plating. A very thin soft gold preplate (i.e., 0.20-0.4 ~m) 
was necessary to prevent displacement reactions with 
base metal substrates. Dense, uniform, single-phase al- 
loys with Ag content of 40%-70% can be obtained at 
-100% current efficiency. Decreasing the current density 
and increasing the amount  of agitation increase the Pd 
content  of the plated alloy. The lattice parameters, ao, in- 
creases continuously with the Ag content of the alloy, in 
agreement with previous studies of Ag-Pd alloys (15). 

Under optimal conditions, the following Ag-Pd alloy 
properties appear to be favorable for contact applications: 
(i) microhardness of -200 (KHN25), (it) very low internal 
stresses (<1 kg/mm ~ compressive), (iii) with a hydrocar- 
bon lubricant, wear and friction characteristics similar to 
hard gold plating, and (iv) the corrosion resistance in 
flowers of sulfur is better than R156 alloy and similar to 
hard gold plating. 

The Ag-Pd alloy plating system appears to be an at- 
tractive potential substitute for hard gold in certain con- 

tact applications. However, more detailed study of the 
coating properties is required, as is continued develop- 
ment  of a fully satisfactory plating process. The bath sta- 
bility and aging due to photodissociation should be also 
studied in more detail. 
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A Quantitative Investigation of the Open-Circuit Photovoltage at 
the Semiconductor/Liquid Interface 

Nathan S. Lewis* 

Department of Chemistry, Stanford University, Stanford, California 94305 

ABSTRACT 

A quantitative analysis of the theoretical value for the open-circuit photovoltage, Voc, of a semiconductor/liquid junc- 
tion reveals that control of bulk carrier transport properties is crucial to interpreting the observables at the semiconduc- 
tor/liquid interface. Use of characterized semiconductor samples yields quantitative agreement between the maximum 
theoretical Voc and experimentally observed values for both n-St and p-St surfaces in nonaqueous solvents. This accord 
between theory and experiment  rules out deleterious effects of charged surface states on the Voc of these interfaces. 
Lower than ideal Voc values in other systems might reflect poor diffusion lengths in the semiconductor, classical 
tunneling over the barrier, or the effects of surface states. The observation of large photovoltages from n- and p-type- 
based semiconductor  interfaces (n-St, p-St, n-GaAs, p-GaAs) in the same solvent is used to rule out a fixed density of 
charged surface states as the mechanism for obtaining constant photovoltages at these junctions. Direct support for this 
interpretation is obtained by techniques which verify the presence of mobile surface charge on p-type Si cathode sur-- 
faces in the inversion condition. Thus, control and investigation of bulk semiconductor properties that has been emi- 
nently significant to the understanding of p-n junction solar cells is also crucial to developing a rational understanding 
of the observables at the semiconductor/liquid interface. 

The aim of this paper is to present a clarified treatment 
of the energetics at semiconductor/liquid interfaces. Re- 
cently, substantial effort has been directed into revision 
of the model which describes the relevant observables at 
a semiconductor/liquid junction. Rationales for junction 
properties include carrier inversion (1-3), pinning of the 
surface Fermi level by gap states (4-6), and hot carrier in- 
jection (7). Each of these models has been proposed to ex- 
plain the behavior of a particular semiconductor/l iquid 
combination. The specific conditions under which hot 
carrier injection may be observed have been discussed re- 
cently by Nozik (7), and this effect will not be the main fo- 
cus of our discussion. Surface states have been frequently 
invoked to explain nonidea] junction behavior at a variety 
of electrode surfaces (4-6). A key difference between car- 
rier inversion and Fermi-level pinning by surface states is 
that the latter can (in principle) be manipulated by chemi- 
cal treatment of gap states, while carrier inversion should 
not be sensitive to such effects. 

We have previously demonstrated that modest  interface 
parameters may not be intrinsic to the semiconductor/  
liquid junction, but can arise from nonideal bulk semi- 
conductor properties (8) or from poor photo- 
electrochemical cell design (9). In the present work, the 
open-circuit photovoltage (Voc), an especially important 
property of a semiconductor/liquid junction, is treated 
quantitatively. The ideal photovoltage for a semicon- 
ductor of bandgap E~ has been claimed to be the value of 
E~ itself (3, 4a, 10). Thus, constant photovoltages, less than 
(1/q)Eg in value, have been stated to be diagnostic of sur- 
face states which pin the semiconductor Fermi level (3-6, 
11). However, a quantitative analysis of the factors in- 
volved in the separation of photogenerated carriers indi- 
cates that at moderate light intensities (1 Sun), intrinsic 
bulk recombination kinetics of the semiconductor will 
prevent attainment of a photovoltage close to the value of 
(1/q)Eg. This maximum restriction on Voc holds even in the 
absence of any other sources of recombination, and rigor- 
ously applies for all surface barrier devices (semiconduc- 
tor/liquid junctions) and all p-n diodes (12, 13). In addition 
to presenting a theoretical framework within which to in- 
terpret experimental data for semiconductor/liquid inter- 
faces, we describe experiments which rule out a fixed 
density of surface states as the dominant factor in deter- 
mination of Voc at p-type Si photocathodes, and present 
data which establish the presence of mobile surface 
charge (carrier inversion) at p-type Si surfaces in non- 
aqueous solvents. 

Experimental 
The mounting and characterization of semiconductor 

electrodes has been described previously (8, 9). 

*Electrochemical Society Active Member. 

Characterization of relevant samples is as follows: n-type 
St, (100)-oriented, phosphorus-doped, 4-9 l-l-cm (Wacker 
Siltronic) ohmic contact with Ga-In eutectic or with phos- 
phorus diffusion (950~ followed by A1 contact; p-type St, 
(100)-oriented, boron-doped, 5-10 ~l-cm (Wacker Siltronic) 
ohmic contact by evaporation of A1 and alloying at 650~ 
for 5 rain; n-type GaAs, (100)-oriented, St-doped, donor 
density = 8 x 10,5 cm -3 ohmic contact by evaporation of 
In and annealing under N2 at 450~ for 15 rain; p-type 
GaAs, (100)-oriented, Zn-doped, acceptor density = 2 
x 10 ,~ cm -3 (Laser Diode Company) ohmic contact by 
evaporation of 98% Au/2% Ge alloy, followed by annealing 
under H2 at 450~ for 5 rain. Si surfaces were etched be- 
fore use with 48% HF for 10s, followed by a rinse with 
H~O, then by a rinse with solvent, and were air dried. 
GaAs surfaces were etched with 3:1:1 H~SO4:H202:H20, 
1:1 H202:H~SO4, or 12M HC1, rinsed with H20, then rinsed 
with solvent, and air dried before use. 

All open-circuit photovoltages were obtained by direct 
measurement  of the voltage between the semiconductor 
electrode and a large area Pt counterelectrode. Measure- 
ments were conducted through a high input impedance 
voltmeter,  and were recorded on a Houston Instruments 
Model 2000 X-Y chart recorder. The accuracy of  these 
measurements  was verified by recording current-voltage 
curves in a three-electrode configuration vs. a Pt wire ref- 
erence electrode poised at the solution potential. Semi- 
conductor surface conductivity measurements  on Si cath- 
odes were performed by monitoring the voltage drop 
across a calibrated 10 k~ resistor placed in series with 
the conductivity cell. Voltage detection was performed 
with a Princeton Applied Research Model 124A Lock-In 
Amplifier. The lock-in amplifier supplied the applied 
voltage, which was a sine wave with a 10 mV amplitude 
and a frequency of 1 kHz. The output signal was recorded 
on a Linear Instruments Model 555 Strip Chart Recorder. 
Negligible changes in conductance were recorded when 
the semiconductor shunt was omitted from the apparatus. 

The CH3OH solvent was distilled in a nitrogen atmo- 
sphere from Mg, and was stored over activated 3~ molec- 
ular sieves until use. CH~CN was distilled from P~O5 and 
stored over 3~ sieves until use. Cobaltocene was pur- 
chased from Strem Chemical, Incorporated, and was puri- 
fied by sublimation. All manipulations with cobaltocene 
were performed in a Vacuum Atmospheres,  Incorporated 
glove box because of the extreme air sensitivity of this 
compound. N,N'-dimethyl-4,4'-bipyridinium dichloride 
dihydrate was used as received from Aldrich Chemical 
Corporation. N,N'-dibenzyl-4,4'-bipyridinium dibromide 
was synthesized by addition of benzyl bromide to 
4,4'-bipyridine in CH~CN solvent, and was isolated by 
addition of diethyl ether. Decamethylferrocene was used 
as received from Strem Chemical Corporation. N,N,N',N'- 

2496 



Vol. 131, No. 11 SEMICONDUCTOR/LIQUID INTERFACE 2497 

tetramethylphenylenediamine,  1, l '-dimethylferrocene, 
ferrocene, and acetylferrocene were purchased from Al- 
drich Chemical Corporation, and were recrystallized be- 
fore use. Other oxidation states of all redox couples were 
obtained by constant potential electrolysis in a three- 
compartment  electrochemical cell. 

Expectations for the dependence of photovoltage upon 
solution redox potentiaI.--A model of interface parame- 
ters at a p-type semiconductor/liquid junct ion is repre- 
sented in Scheme I. Properties of interest include the en- 
ergies of the semiconductor conduction and valence 
bandedges, Ecb and Evb, the position of the Fermi level of 
the semiconductor, El, the position of the Fermi level of 
the intrinsic semiconductor when the band bending is 
zero, Eft, the bandgap of the semiconductor, Eg, and the 
redox potential of the solution, E(A~/A). All potentials are 
defined in accord with the electrochemical scale where 
more negative potentials are closer to the vacuum level. 
The energy of the semiconductor Fermi level before equi- 
libration with E(A+/A) is defined as the "flatband" condi- 
tion, EF~ ~ E~b + kT In (NA/Nv), where NA is the bulk equi- 
l ibrium hole concentration in the doped semiconductor 
and Nv is the effective density of states in the valence 
band. We assume that the back contact to the semicon- 
ductor is an ohmic or selective (for majority carriers) oh- 
mic contact. 

Equation [1] is appropriate to relate the band bending 
in the semiconductor, V~, to E(A~/A), given values of fixed 
interfacial charge density, Qr~, charge in surface states, 
Q~, and charge in the bulk semiconductor, Qb 

(qV~ = Evh - q)E(A+/A) - qVp + q(dH/EH) (Qb + Qf~ + Q~) 
[1] 

For values of V~ such that Ef > Eli, Eq. [1] reduces to the 
conventional model of the semiconductor/liquid junction. 
For band bending such that Ef is negative of 2Ef~-E~B, a 
substantial contribution to the space charge in the semi- 
conductor will come from accumulation of minority carri- 
ers. In this regime, the semiconductor is said to be in the 
strong inversion condition (1, 13), which can lead to Vor 
values which are insensitive to the actual magnitude of 

$ / / /  qv, 
"Ecs 

o e- 

o~ Eg ++Q 

> E l i  . . . . . . . . . . . . . . . . .  
(1) 

" E f - - t  ~ E(A+/A) LU qVp Qb QH 
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H 

Scheme I. Representation of the energetic parameters of a 
semlconductor/liquid interface at charge transfer equilibrium. The en- 
ergy scale is depicted using the electrochemical potential convention, 
where increasing negative potentials indicate energies closer to the vac- 
uum level. The diagram is appropriate for o moderately doped, p-type 
semiconductor, and neglects image force effects or Schottky barrier low- 
ering. The potential drop in the electrolyte is assumed to occur entirely 
across the Helmholtz layer, which is characterized by a thickness dH with 
dielectric constant ell. 

Evl>- qE(AVA). Under these conditions, the maximum 
band bending can reach E~-qVp (Vp ~ (l/q) (Evh - E~) at 
zero band bending). 

The maximum band bending under  conditions where 
Qs~ dominates Qb and Qfi~ in Eq. [1] will be determined by 
the energetic distribution of the charged states relative to 
Evb and Ecb. Thus, in the absence of surface chemistry 
with the electrolyte (a change in Qf~x), if the barrier height, 
~ ,  is limited by surface states, the maximum value of r 
for a p-type semiconductor/liquid junct ion and the maxi- 
mum value of Cb for the corresponding n-type semi- 
conductor/liquid junction will add up to no greater than 
(1/q)Eg (3, 12, 13). In  the absence of field shaping in an 
interfacial layer (15), Voc at moderate light intensities will 
be substantially less than Cb. Within this framework, if the 
maximum Voc at a photocathode and at the corresponding 
photoanode should exceed (or even closely approach) 
(1/q)E~, we can rule out Fermi-level pinning by a fixed 
surface-state density as the source of constant Voc values 
with variation in E(A~/A). We discuss the experimental ob- 
servation of such conditions below. 

Maximum attainable photovoltages at a semiconductor/ 
liquid interface.--Vo~ values which are significantly less 
than (1/q)Eg have been interpreted to indicate Fermi level 
p inning by interface states (3-6, 11, 16). Furthermore, the 
maximum Voc value is commonly associated with the 
value of (bb (-+0.1V) (3, 4, 10c, 17), and nonidealities of Vo~ 
are thus taken as indications of lower than theoretical r 
values. In order to develop an explicit relationship be- 
tween Vo, and r at the semiconductor/liquid interface, we 
apply the procedures commonly used by physicists and 
physical electrochemists to relate Eg and Vor in p-n junc- 
tion cells and in electrolyte cells (12, 13). 

The key notion is that Voo is not an energetic parameter 
of the interface, but is determined by the generation, 
recombination, and transport of the minority and major- 
ity carriers throughout the semiconductor. Scheme II out- 
lines most of the pert inent mechanisms for recombina- 
tion of electron-hole pairs at a semiconductor/liquid 
interface. Depicted are mechanisms for loss of photo- 
generated carriers: direct and indirect bulk recombina- 
tion, Jb~; recombination at the back contact, Jb,; 
recombination via surface states, J~,; thermionic emission 
of majority carriers over the barrier, Jo~; and tunnel ing or 
leakage (perhaps at chemical imperfections) through the 
barrier, Jtb. Most of these current densities are dependent  
upon the voltage developed in the cell. Additionally, the 
overall voltage profile of the recombination components 
yields the dark current-voltage curve for the interface. 
Also depicted is the current density for capture of photo- 
generated minority carriers by the electrolyte, Jph, which 
will lead to useful energy extracted from the system. 

The Vo~ is defined as the potential at which the net col- 
lected current is zero; thus, recombination by any of the 
mechanisms indicated in Scheme II can lower Vor If  no 
recombination occurred by any of the pathways indica- 
ted, then the maximum Voc might approach (1/q)Eg-V,. 
However, for real solids with finite mobilities of charge 
carriers and finite diffusion lengths, Jbr will not approach 
zero. Collection of any photogenerated current by the 
electrolyte will necessarily lead to a change in the quasi- 
Fermi level for electrons from its value in the dark. This 
change in population will be "resisted" by the finite 
values of the minority carrier diffusion coefficient, D,, 
(for a p-type semiconductor), and the minority carrier dif- 
fusion length, L~. Thus, in the absence of surface 
recombination or leakage across the barrier, bulk 
recombination processes will define an upper limit on Voc 
at a given photocurrent density. 

The expression relating Jbr to these bulk materials pa- 
rameters is represented in Eq. [2] (12, 13) 

qV 

J b r  ( V )  - qD.no (e~y 1)  

Ln 
qV 

Dn e_(E~qVp)lkT (e~r - _  1) [2] = qNc --~, 
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Scheme II. Representation of the 
kinetic parameters involved in sep- 
aration of charge carriers at an illu- 
minated semiconductor/liquid in- 
terface. Recombination by any of 
the mechanisms depicted can con- 
tribute to low open-circuit photo- 
voltages in the system. If all other 
sources of recombination are sup- 
pressed, bulk recombination (by 
both direct and indirect mecha- 
nisms) will determine the upper 
limit on the attainable photo- 
voltage at a given light intensity. 
Thus, the ultimate limit on the 
photovoltage represents a bulk 
property of the semiconductor it- 
self, not a parameter of the 
semiconductor/liquid junction. 
Poor bulk properties can thus yield 
low photovoltages without im- 
plying the presence of surface 
states. 
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D n is re la ted  to the  mobi l i ty  by  D n = (kT/q)~, and  is t hus  a 
func t ion  of  the  s e m i c o n d u c t o r  (the effect ive  dens i ty  of  
s ta tes  in t he  c o n d u c t i o n  band),  whi le  Ln is a func t ion  of  
t he  par t icu lar  crystal  u n d e r  s tudy.  Nc is the  dens i ty  of  
s ta tes  in the  conduc t ion  band ,  no is the  e lec t ron  concen-  
t ra t ion  in the  bu lk  s e m i c o n d u c t o r  before  equ i l ib ra t ion  
wi th  the  solut ion,  and  the  o the r  p a r a m e t e r s  have  the i r  
usual  mean ings .  Se t t ing  Jbr = Jph will def ine  the  maxi-  
m u m  poss ib le  Voc at p h o t o c u r r e n t  dens i ty  J,h for a p - type  
s emiconduc to r / l i qu id  in ter face  wi th  f ixed va lues  of  D,, 
L,, NA, and  Eg, and  yields the  a p p r o x i m a t e  e x p r e s s i o n  in 
Eq. [3] for Vow. Similar  t r e a t m e n t s  wou ld  app ly  to any 
s e m i c o n d u c t o r  surface  barr ier  device  w h e r e  p h o t o c u r r e n t  
is to be  col lec ted  

kT JphL~ 
Vo~ ~ - -  in + (1/q)E~-V, 

q qNcDn 
kT  J,hLnNA 

- i n  - -  [ 3 ]  
q qD,ni 2 

e -  :~ 

Jbr J ss  ~ 

-% 
Jph 

Job 

E(A+/A) 

At a s emiconduc to r / l i qu id  junc t ion ,  u n d e r  the  usual  
cond i t ions  of low level inject ions ,  Vor can  never  exceed  
the  value  d e t e r m i n e d  f rom Eq. [3] ( the "d i f fus ion  l imit")  
w i t h o u t  hav ing  an e l ec t rochemica l  cor ros ion  reac t ion  in  
series wi th  s tab le  p h o t o e l e c t r o c h e m i c a l  p o w e r  p roduc-  
tion. Table  I ind ica tes  ca lcula t ions  of typical  values  of  Vo~ 
(max) for several  c o m m o n  s e m i c o n d u c t o r s  u n d e r  par t icu-  
lar e x p e r i m e n t a l  condi t ions .  A p p r o p r i a t e  modi f ica t ions  
can be m a d e  for the  pa rame te r s  in Eq. [2] or [3] to p red ic t  
the  theore t ica l  Voc at any  p h o t o c u r r e n t  dens i ty  g iven  the  
appropr i a t e  mater ia l s  pa ramete r s .  It is e m p h a s i z e d  tha t  
Eq. [2] and  [3] refer  sl~ecifically to p- type  s emiconduc -  
tors,  bu t  ana logous  equa t ions  apply  equal ly  r igorous ly  to 
n - type  mater ia ls  ( replac ing  Dn wi th  D,, Ln wi th  Lp, NA wi th  
ND, etc). The typical  e x p e r i m e n t a l  var iable  w h i c h  m u s t  be 
d e t e r m i n e d  for a p - type  crysta l  is L,, w i th  larger  va lues  of  
L,, ind ica t ing  h ighe r  qual i ty  material .  Notably,  low Ln or 
NA values  can yield a low Voc w i t h o u t  surface  s ta tes  
con t r i bu t i ng  to r ecombina t ion .  For  accura te  s tud ies  of  the  

Table I. Typical values of Voc (max) 

Jph NmaJ Drain 7~1 Lmln Voc (theory)" Vo, (obs.) 
Semiconductor Solvent (mA/cm 2) (cm-3) (cm'-'/s) (cm-3) (~m) (V) (V) Ref. 

n-Si CH3OH 17.0 7.7 • 10 '5 11.65 1.45 • 10 '̀ ) 300 0.60 0.57-0.58 This work 
n-Si CH3OH 17.0 9.3 • 10 '4 11.65 1.45 • 10 'o 700 0.56 0.51-0.52 (9) 
p-Si CH:~CN 21.0 2.1 • 10'" 34.97 1.45 • 10 TM 400 0.55 0.48-0.50 (40) 
n-GaAs CH3CN 22.0 8.0 x 10 '.~ 10.9 1.8 • 10" 2 0.94 0.72-0.75 (8a) 
n-GaAs H=,O 22 10'" 10.9 1.8 • 10" 2 0.94 0.70-0.75 (41) 
p-InP H~O 25 2.4 • 10 '7 119 1.5 • 107 2 0.86 0.66-0.68 (24) 
n-CdTe CH3CN 15 10 TM 1.7 6.9 • I0 ~ 1 1.01 0.65-0.72 This work 
n-MoSe2 b CH3CN 20 7 • 10 '6 5 1.3 • 10 TM 5 0.6 0.6 (I, 42) 
n-MoSe._, b I-I20 25 10 '7 5 1.3 x 10 ~0 5 0.6 0.6 (42, 43) 
n-WSe2 b H20 15 10 '7 5 1.9 • 10 '~ 5 0.6 0.7 (44) 

a Calculated based on Eq. [3]. Relevant semiconductor parameters taken from Ref. (12, 13) and references therein. The theoretical value is 
calculated for an infinite crystal thickness, and thus ignores any further lowering of Voc owing to the large surface recombination velocity of 
the back ohmic contact in typical experimental systems. The correction is on the order of 5%, and is not significant to the accuracy of the 
present values available for semiconductor/liquid junctions. 

b The accuracy of these values are limited both by the dispersion in experimental Vor values (1, 42, 43) and some uncertainty concerning 
the value of n, for these crystals. We have used E~ (MoSe2) = 1.06 eV,Eg (WSe2) = 1.16 eV and approximate Nc = Nv = 10'9 for these materials (44). 
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semiconductor/liquid junction,  it has been demonstrated 
that L, (or Lp) must  be sufficient to insure the collection 
of photogenerated carriers (8, 19). However, even values 
of L, or L, sufficient to produce unit  quantum yields at 
short circuit with 632.8 nm irradiation might not suffice 
to obtain the Voc values calculated for the highest quality 
material in Table I. Thus, although Vor values have been 
interpreted to represent the chemical nature of the 
semiconductor/liquid interface (3-6, 10, 11, 17), it is seen 
that these Vor values might in many cases primarily re- 
flect the bulk properties of the semiconductor. 

Although we have not considered any of the other 
recombination mechanisms depicted in Scheme II, we 
note that in most surface barrier devices the dominant  
recombination terms are leakage across the barrier and 
Job, the thermionic emission term (13, 20). For a finite bar- 
rier height, ~bb, classical emission over the barrier will 
ideally have a dependence on the cell potential as given in 
Eq. [4] and [5] 

qV 

Job = Jo (e kT _ 1) [4] 

Jo = A*T"e  -~q~h~kT) [5] 

The effective Richardson's constant, A*, is related to the 
free electron value by the ratio of effective electron (hole) 
mass in the semiconductor to the value in vacuum. If the 
dark current is dominated by Job, for a barrier height of 
(1/q)E~ Voc will be less than (1/q)E~, and can be less than 
the Vo~ value obtained from the diffusion limit of Eq. [3]. 
Use of the A* appropriate for n-GaAs in Eq. [5] reveals 
that if Vor for an n-GaAs anode is 0.90V at photocurrent 
densities of 20 mA/cm 2, this may be entirely consistent 
with a Vo~ controlled by thermionic emission, and does 
not necessarily imply the presence of surface states. We 
note that use of expression [5] is predicated on the 
assumption of rapid carrier capture available in a metal, 
and liquids might require substantially different descrip- 
tions for the over-barrier component  than given in Eq. [4] 
and [5]. The main point is that there are several mecha- 
nisms for obtaining low photovoltages at the semiconduc- 
tor/liquid interface which do not require postulation of 
charge in surface states. Thus, in cases where Vo~ is found 
to be substantially lower than the bulk diffusion limit, a 
detailed analysis of the junct ion properties is necessary in 
order to identify the dominant  recombination term at the 
particular semiconductor/ l iquid interface. 

Results and Discussion 

C o m p a r i s o n  o f  theory  a n d  exper i m en t :  open-c i rcu i t  
p h o t o v o l t a g e . - - A  comparison of the theoretical maxi- 
mum V~c values calculated from Eq. [3] with accurate 
experimental  data indicates close agreement with ideal 
behavior in several systems. Listed in Table I are the 
calculated Vow(max) from Eq. [3] and the experimental 
values of Vo~ for semiconductor/liquid junct ions where 
approximate estimates of the photocurrent density and 
the minority carrier diffusion length are possible. The 
quantitative comparison in Table I indicates that several 
of the common semiconductor/liquid junctions previ- 
ously suggested to have severe limitations of Voo due to 
Fermi-level p inning  (3-5) actually display photovoltages 
which are close to the maximum possible values. As an 
example, p-type Si photocathodes have been stated to be 
Fermi-level pinned because Vor is only 0.35-0.50V with 
laser excitation of up to 50 mW/cm 2 (11c, 21). At photo- 
current densities of 25 mA/cm 2 on characterized silicon 
samples (Table I), we measure a Voc of 0.48-0.52V for 
p-type Si in the cobaltocene ~~ system. The theo- 
retical value calculated from Eq. [3] (0.55V) is thus within 
10% of the observed Vow. Similar agreement between 
theory and experiment can be observed for n-Si/ferrocene 
junct ions in C H 3 0 H  solvent, where theory and data differ 
by less than 4% (9). We emphasize that the ideal values as- 

sume no losses from any of the other mechanisms de- 
picted in Scheme II, and entirely neglect any contribution 
from the thermionic emission component  or from 
recombination at the back contact. In view of the fact that 
we have not searched for conditions to optimize the per- 
formance of our liquid junctions, we are highly encour- 
aged by the close accord between ideal expectations and 
actual experimental results. 

It is interesting to compare the Voc values obtained on 
these Si/liquid systems to the Voc values obtained with Si 
p-n junctions. It has been suggested that when no surface 
states are present at a semiconductor/liquid interface, that 
the value of Voc would approach that of a p-n junction. At 
35 mA]cm'-' photocurrent density, typical p-n junctions 
(NASA Si secondary standard cells) exhibit a Voc of 
0.55-0.57V, and active area efficiencies of 12.5% (22). The 
n-Si/CH:~OH/ferrocene +j~ photoelectrode system (p ~ 5 
~-cm) yields V,,c = 0.52-0.56 at 25 mA/cm ~, and total area 
efficiencies of 10.0% (without elimination of residual 
solution absorption or series resistance losses) (9). Thus, if 
similar substrates are employed, the photocurrent-voltage 
parameters attainable at the semiconductor/liquid inter- 
face compare favorably in Vo,. to technologically advanced 
silicon solid-state systems. 

A similar analysis can be applied to p-InP, where Voe 
values of 0.80V have been obtained and assigned to sur- 
face states (3, 23). The bulk diffusion limit on Vo~ for p-InP 
with an extremely long diffusion length (Ln ~- 5 ~m) is 
approximately 0.9V. In the absence of leakage, and if the 
thermionic emission limit applies, a barrier height of 
E~ - q V p  ~- 1.2 eV might yield a Voc (max) of only 0.8V. Al- 
though there is some discrepancy between the max imum 
bulk-diffusion-limited Voc and the experimentally re- 
ported Voc values, clearly indicating some other dominant  
recombination pathway at this junction, reference to Eq. 
[3] indicates that idea] junct ions could not yield substan- 
tial (> 0.2V) improvements in Voc over the reported data; 
thus, we conclude that surface-state p inning is not a se- 
vere limitation on the value of Voc for p-InP cathodes in 
aqueous or nonaqueous solvents. This is consistent with 
the observation by Heller that the oxide on p-type InP  
will prevent surface states from significantly reducing 
the attainable Voe value (24). Changes in stoichiometry at 
n-InP surfaces (owing to chemical reactions with the 
etchant, atmosphere, etc.) may prevent at tainment of the 
maximum Voc in photoanode-based systems, however, 
this does not necessarily mandate restrictions on Voc for 
the p-InP system. The impor!ant concept is that Eq. [3] 
provides a quantitative framework to assess bulk vs. sur- 
face recombination effects at semiconductor/liquid 
interfaces. 

For the systems listed in Table I (other than the Si- 
based junctions), it is clear that some improvement in ex- 
perimental Voc can be attained, and that bulk 
recombination does not limit the junct ion properties in all 
cases. Clearly, when surface etching is found to change 
junct ion properties, or when photocorrosion processes 
dominate the photovoltage, the surface will play an im- 
portant role in determining the observed Voc. In these 
cases, Fermi-level pinning may dominate the junct ion be- 
havior, and this p inning can lead to lower than optimum 
Vo~ values. However, Table I demonstrates that in some 
semiconductor/liquid systems, substantial improvements 
in Vo~ could not be attained even if surface-state effects 
were minimized. We conclude that Vo~ should be com- 
pared to the bulk-diffusion-limited value (and possibly to 
the ideal thermionic-emission-limited value) and not to 
the value of E~, in order to ascertain a potential role for 
surface recombination at the semiconductor/liquid 
junction. 

We also note that some reported values of Vo~ signifi- 
cantly exceed the value calculated from the bulk diffu- 
sion limit (25, 26). We suggest that these particular inter- 
faces must  involve a parallel corrosion reaction which 
yields artificially high Vo~ values. It is possible, of course, 
that the value of ~bb might actually exceed Eg if a fixed 
surface charge of the appropriate sign and density or an 
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Fig. 1. Open-circuit photovolt- 
age vs. solution redox potential for 0.6 
n-Si and p-Si photoelectrodes in 
1.0M KCI/CH30H solution. The 
redox couples used were: (a) cobal- 
tocene § (b) N,N'-dimethyt-4,4'- 0 .4  
bipyridinium dichloride ~+/§ (c) > 
N,N'-dibenzyl-4,4'-bipyridinium di- 
bromide 2§ (d) decamethylfer- >O 
rocene §176 (e) N,N,N',N'-tetra- 
methylpheny lenediamine§176 (f) 0 .2  
dimethylferrocene §176 (g) ferro- 
cene +/~ and (h) acetylferrocene +/~ 
A tungsten-halogen bulb was used 
to provide light intensities which 
yielded short-circuit photocurrent 0 
densities of 25-30 mA/cm 2. 
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oxide  were  p resen t  at the interface.  This  migh t  p roduce  
suppress ion  of  the Jo~ componen t ,  and o ther  m e c h a n i s m s  
migh t  t hen  domina t e  the  dark  current .  U n d e r  no condi-  
tions, however ,  can the  dark cur ren t  be less than  the  bulk  
diffusion l imit  of  Eq.  [2]; therefore,  h igher  Voe values  than  
those  calcula ted f rom Eq. [3] m u s t  indicate  chemica l  reac- 
t ions wi th  the  electrolyte.  

It can also be seen that  Voc m e a s u r e m e n t s  at any acces- 
sible l ight  in tens i ty  general ly  will  not  p rov ide  an accurate  
es t imate  of  ~b. It  has been  stated that  m e a s u r e m e n t  of Vo~ 
by cyclic v o l t a m m e t r y  indica tes  ~b to wi th in  0.1V (3, 4, 
21). Fur thermore ,  it has been  stated that  Vo~ measure-  
men t s  to de t e rmine  (hb are analogous  to pho to response  
m e a s u r e m e n t s  in the  solid state (17). Pho to r e sponse  mea- 
su remen t s  on Scho t tky  barr iers  are based upon  internal  
pho toemiss ion  f rom the  meta l  into the  semiconduc tor ,  
and are a direct  measu re  of ~b, not  Voo (12, 27). We also 
emphas ize  the d is t inc t ions  in S c h e m e  I b e t w e e n  q%, V~, 
and Vow. ~ E v e n  in the  absence  of  t empera tu re  effects  and 
of r ecombina t ion  kinet ics  which  are nonl inear  wi th  l ight  
intensi ty,  plots  (on l inear  axes) of  the logar i thmic  depen-  
dence  of the Vo~ vs. inc ident  l ight  in tens i ty  can appear  to 
exhib i t  a sa turat ion va lue  which  does  not  reflect  ~bb. 
Within the f r a m e w o r k  descr ibed  above,  Voc should  be  cor- 
related wi th  V, or ~b only wi th  a detai led unde r s t and ing  of  
the interfacial  kinet ics  at the par t icular  semiconduc to r /  
l iquid  junc t ion  system. 

Comparison of maximum photovoltages for n-type and 
p-type semiconductors: distinguishing between Fermi- 
level pinning and carrier inversion.--Having es tabl i shed 
the  theore t ica l  uppe r  l imi t  on Voc, it still r emains  of  inter- 
est to de t e rmine  the  m e c h a n i s m  for cons tan t  photovol t -  
ages over  a wide range of  solut ion potentials ,  E(A§ In  
this work,  two me thods  have  b e e n  appl ied  to di f ferent ia te  
be tween  carr ier  invers ion and Fermi- leve l  pinning.  One 
method,  d i scussed  below, is based  on m e a s u r e m e n t  of the  
near-surface conduc t iv i ty  of  the semiconductor .  Addi-  
tionally, i f  the  sum of the m a x i m u m  barr ier  he ights  for an 
n-type semiconduc tor ,  ~b,, and a p- type semiconductor ,  
q%,, in the same solvent  should  substant ia l ly  exceed  Eg, 
t hen  Fermi- leve l  p inn ing  by a f ixed dis t r ibut ion of sur- 
face states i nhe ren t  to the  semiconduc to r / so lven t  inter-  
face can be ru led  out. An even  more  severe  rest r ic t ion is 
that  the s u m  of the m a x i m u m  Vo~ for the n- and p- type  
combina t ion  should  not  exceed  (1/q)E,. In  principle,  dif- 
ferent ial  capac i tance  data  can be used  to ext rac t  the va lue  
of ErB; however ,  f r equency  d e p e n d e n c e s  of  the measu red  
capaci tance  general ly  compl ica te  the analysis (29). The  

For an ideal Si]Au Schottky diode (ideal diode quality factor, 
n = 1.0; dark current dominated by thermionic emission), Vor at 
30 mA/cm'-' photocurrent density will underestimate cbh by 0.5V 
(28). Furthermore, light intensities of over 2000 W/cm ~ would be 
needed to obtain a 0.2V agreement between Vor and Sb. Lack of 
change in V0r with increases in incident light intensity can re- 
flect the onset of recombination processes in the bulk semicon- 
ductor or recombination at the interface, and need not imply 
that the flatband potential has been approached. 

I . . . .  7 - - - -  I 

0.4 0.6 

E(A+/A), V. vs. SCE 

onset  of pho tocu r ren t  has also been  used in some in- 
s tances (5a, 30); however ,  it has not  been  unambiguous ly  
de t e rmined  h o w  to relate the  k ine t ic  parameters  mea- 
sured unde r  these  condi t ions  (no well-defined solut ion 
redox potential ,  artificial suppress ion  of  dark cur ren t  
due  to low concent ra t ions  of  e lec t roac t ive  species) to the  
energet ic  pa rame te r  ~b~. We have  thus  carr ied out di rect  
m e a s u r e m e n t s  of  Voc as a func t ion  of  pho tocur ren t  den-  
sity in var ious  solut ions (A+/A) in both  CH,OH and 
CH3CN solvent .  The  values  of Voo will  de te rmine  lower  
l imits  of  the  sum of  ~b, + ~bp for the  pairs of  n- and p- type 
semiconductors .  

For  the  redox  couples  (A+/A), in order  to insure  rapid  in- 
terfacial  kinet ics  at the  semiconduc to r / l iqu id  interface,  
we choose  outer  sphere  r edox  reagents  which  exh ib i t  re- 
vers ib le  e lec t rochemis t ry  at meta l  e lectrodes.  Typica l  Vor 
data for the  n- type  Si(N~ = 9 • 10 TM cm-3), and p- type Si 
(NA = 2 • 10 ~5 cm -3) e lec t rode  sys tem are dep ic ted  in Fig. 
1. The  inc iden t  l ight  in tens i ty  is suff icient  to p roduce  
pho tocu r r en t  densi t ies  of  25-30 m A / c m  ~ in all cases, and 
the  solut ions conta in  h igh  concent ra t ions  of  both  forms 
of  the  r edox  couple  (where  possible). We observe  Voc 
values  of  0.54 -+ 0.02V for n-St in the  fer rocene  +~~ system, 
and 0.45 _+ 0.02V for p-St in the  coba l tocene  §176 system. 
Fur the r  changes  in redox  potent ia l  do not  yield h igher  
va lue  of Vo~ at this pho tocur ren t  dens i ty  in me thano l  
solvent.  

S imi lar  pho tovo l t age  data, ob ta ined  by cyclic vol tam- 
met ry  for p- type Si in CH:~CN solvent  (6a) and for n- type 
Si in C._,H5OH (31) and CH3CN solvent  (6a), have  been  as- 
sociated wi th  (bh, and have  been  used  to propose  Fermi-  
level  p inn ing  of  the Si by surface states. In di rect  mea- 
su remen t  of  Vo~ in a full cell  configurat ion,  at h igher  inci- 
den t  l ight  intensi t ies  we observe  Vor > 0.65V for n-St and 
Voc > 0.55V for p-St, for a sum of  Voc va lues  of > 1.2V (E, 
for Si at 300 K = 1.12 eV). The fact  that  the  sum of  the Vo, 
va lues  exceeds  (1/q)E~ contradic ts  the  not ion that  severe  
restr ic t ions on Voc are p resen t  due  to a fixed set of 
charges  in surface states. 

Data in te rpre ted  as ev idence  for surface states have  
been  ob ta ined  prev ious ly  for n- and p- type GaAs in 
CH~CN solvent  (5a). p -Type  GaAs is repor ted  to yield low 
Voc values  (0.2-0.3V) in both aqueous  and n o n a q u e o u s  sol- 
ven t s  (32). In  addit ion,  cons tan t  (0.55-0.62V) pho tovo l t ages  
have  been  measu red  for n- type GaAs in CH3CN solvent  
(33, 34). Therefore,  it has been  stated that  n-GaAs and 
p-GaAs are Fermi- leve l  p inned  by surface states (4a, 5a). 
This is p roposed  to be  consis tent  wi th  the  "1/3 ru le"  in 
s emiconduc to r  phys ics  which  empir ica l ly  general izes  that  
surface states t end  to res ide  at E.u -(1/3) E~ (12, 35). At  
l ight  in tensi t ies  ~ 10 Suns,  we  observe  Vo, va lues  for 
n- type GaAs in fe r rocene  ~j~ > 0.85V, and Vo, va lues  for 
p- type GaAs in the  coba l tocene  § sys tem of  > 0.75V. We 
thus conserva t ive ly  es t imate  4b,, + 4b, > 1.6 eV, wh ich  is 
in excess  of  Eg for GaAs (1.42 eV). Addit ional ly,  the  bar- 
rier he igh t  for n-GaAs in CH:)CN (based on Vor measure-  
ments)  has been  proposed  to be in excess  of  1.1 eV (34), 
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implying that surface states should be within 0.3 eV of the 
valence band, and should thus prevent substantial Vo~ 
values at p-GaAs. The observation of Voc > 0.75V in the 
p-GaAs/cobaltocene § system is inconsistent with these 
predictions. We thus conclude that Fermi level pinning 
by charge in a fixed density of interface states cannot ac- 
count for the Vo~ behavior of GaAs in CH:~CN solvent, and 
does not necessarily prevent design of efficient semicon- 
ductor/liquid junct ions with these systems (Sa). 

We also note that the Vo~ values for n-Si, p-Si, n-GaAs, 
and p-GaAs interfaces can substantially exceed those re- 
ported for direct Schottky contacts to noble metals such 
as Pt or Au (12). This cannot be simply due to Fermi-level 
p inning  of Cb, with more favorable interfacial kinetics 
resulting in higher Voc values at liquid junctions.  This 
possibility is excluded by the observation of Voc values for 
liquid systems which exceed Cb values for Au Schottky 
barriers. In contrast to the Vo, values of 0.54V for n-Si and 
0.46V for p-Si CH.~OH junctions,  surface-state pinning in 
Schottky barriers yields Vr values of only 0.30V for 
n-Si/Pt interfaces, and yields low barrier height, "ohmic" 
contacts for p-Si/Pt and p-Si/Au junctions. In addition, we 
note that analogies (4a, 21) to the commonly quoted 
Schottky Fermi-level pinning behavior for covalent vs. 
ionic solids (36) clearly do not apply to the semiconduc- 
tor/liquid interface, as evidenced by data showing exten- 
sive regions of ideal behavior for Vo~ vs. E(AVA) for liquid 

junctions with n-Si, p-Si (37), p-InP (24), n-CdTe (21a), 
a-Si:H (8b), and other small Eg semiconductors. P inning  
of the Fermi level in solid-state systems can be associated 
with changes in surface stoichiometry upon formation of 
the Schottky barrier (38). The recombination induced by 
surface states which pin the Fermi level can only lower 
Vo~ from the theoretical value defined by the diffusion 
limit of Eq. [3]. Different chemical interactions at liquid 
interfaces [including formation of surface oxides (9a)] 
may allow formation of more ideal junctions,  and will pre- 
clude proposed generalizations of Vo~ or r values ob- 
served in Schottky systems to semiconductor/liquid 
junctions.  

Surface conductivity measurements to verify carrier 
inversion.--An obvious  difference between Qb and Q~ is 
that increases in Qb should produce increases in mobile 
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Scheme III. Diagram of cell arrangement for determination of near- 
surface conductivity of p-type silicon electrodes. The current response to 
an oscillating voltage signal applied between the two Pt wires is sensi- 
tive to the conductivity of the intermediate Si surface shunt. The method 
is only sensitive to mobile charge carriers. Thus, it will not detect charge 
in surface states, and will provide a method to distinguish between car- 
rier inversion and Fermi-level pinning by surface states. 

charge, while surface-state charge is essentially fixed. 
Thus, measurement  of the near-surface conductivity 
should lead to a direct evaluation of the contribution of 
Qb to the potential drop across the Helmholtz layer. Our 
measurement  of the near-surface conductivity for p-Si 
photocathodes in CH3CN solvent involves detection of 
the ac conductance between two Pt electrodes which are 
in close proximity to the semiconductor surface (Scheme 
III). If the semiconductor develops an inverted, conduct- 
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Fig. 2. Conductance between 
two Pt wires arranged as a Scheme 
III, under various experimental 
conditions. (a) Injection of 10 mM 
ferrocene into a 1.0 mM LiCIOJ 
CH3CN solution yields no detecta- 
ble change in measured conduct- 
ance. (b) Injection of 1.0 mM 
cobaltocene yields a large, sus- 
tained change in measured con- 
ductance owing to the shunt formed 
by injection of mobile surface 
charge from the cobaltocene into 
the p-Si surface. Under our circuit 
conditions, the relationship be- 
tween the measured change in 
conductance and the electron con- 
centration in the semiconductor 
can be approximated by Ne = 
(AG1)I(AeI~). Assumption of a 5 • 
10 -~ cm thick inversion layer in our 
0.2 • 0.3 cm electrode yieldsA = 
1 • 10 -~ cm ~, I = 0.3 cm, and thus 
Ne ~ 1017 cm -3 for a change in 
conductance of 5 • 10 -~ ~ - ~  
cm -1, as indicated. 
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ing surface  layer, the  conduc t ance  of  the  "ce l l"  will  
change  dramatical ly,  and Qb can thus  be es t imated  di- 
rectly. In  our  exper iments ,  the  reduced  form of the  r edox  
couple  A+/A is in jec ted  into the  solution,  and the  conduct-  
ance be tween  the  P t  p robe  e lec t rodes  is moni tored .  This  
t echn ique  is s imilar  to a m e t h o d  recent ly  p roposed  by 
Ger ischer  (lc), wh ich  has roots  in early field effect exper-  
iments  on s emiconduc to r  surfaces.  Because  the  semicon-  
duc tor  should  be in deple t ion  u p o n  in jec t ion  of  the appro-  
priate A, any increase  in conduc t iv i ty  can be associa ted 
with  the p resence  of mobi le  minor i ty  carriers near  the 
surface, and wou ld  therefore  imply  the  p resence  of carr ier  
inversion.  

F igure  2 displays the  measu red  change  in conduc t ance  
be tween  two P t  wires  wi th  a p- type Si surface (NA = 2 • 
1015 cm -~) as the  poss ible  shunt.  The  expe r imen t s  are per- 
fo rmed  in dry CH3CN/1.0 mM LiC10~. In jec t ion  of  ferro- 
cene  yields little change  in the  conductance ,  but  in jec t ion  
of  coba l tocene  p roduces  a p ronounced ,  s table  increase in 
the signal. Because  we  have in jec ted  a neutra l  molecu le  
into the  solution, yet  have p roduced  an increase  in the  
measu red  conductance ,  we  associate  this p h e n o m e n o n  
wi th  the  format ion  of  an invers ion  layer at the p- type Si 
cathode.  Fe r rocene  is not  a sufficiently s t rong reduc tan t  
to effect  carrier  invers ion  in p-Si, and no increase  in con- 
duct iv i ty  occurs.  

Analys is  of  the  geome t ry  of  our  cell al lows a rough  esti- 
mate  of  the  carr ier  concen t ra t ion  in the  invers ion  layer. 
Assuming  a 50~ inver ted  region,  and a mobi l i ty  of  480 
cm2/V-s, an e lec t ron concent ra t ion  of  1017 carr iers-cm -3 is 
calculated.  This is cons is tent  wi th  the p resence  of  s t rong 
invers ion  in the  semiconductor ,  as migh t  be  e x p e c t e d  for 
a r edox  couple  wi th  a formal  potent ia l  as nega t ive  as 
coba l tocene  ~Jo. 

Both  carr ier  invers ion (Q~ > Q~s) and Fermi- level  pin- 
ning (Qb < Qs~) have  been  p roposed  to exp la in  the photo-  
e l ec t rochemis t ry  of  p- type Si in CH:~CN solvent  (2, 39). 
The s imilar i ty  of  Voc values  for the coba l tocene  §176 sys tem 
in CH:~CN, and CH:~OH, the di rect  de tec t ion  of mobi le  
charge carriers at p-Si surfaces in.CH3CN, and the high 
eff iciency of  p-Si pho toca thodes  in CH~CN solvent  (40) 
leads us to propose  that  carrier  invers ion  is the dominan t  
m e c h a n i s m  of deve lop ing  charge  across the  He lmho l t z  
layer for r edox  couples  where  E(A~/A) < -0.7 V.vs. SCE 
(40).'-' Carrier  invers ion  can p rov ide  a s i tuat ion where  de- 
sign of  eff icient  pho toe lec t rodes  is poss ible  for bo th  car- 
rier types  in the  same solvent,  and is consis tent  wi th  ac- 
curate  current -vol tage  data us ing  high qual i ty  Si 
s emiconduc to r  samples.  

Conclusions 
The ultimate limit on the open-circuit photovoltage at a 

semiconductor/liquid interface can reflect the bulk 
recombination kinetics of the semiconductor itself. A 
quantitative treatment of these kinetics indicates that 
typical electrode samples may exhibit open-circuit 
photovoltages substantially below the value of the semi- 

"-' Differential capacitance measurements have been suggested 
to rule out carrier inversion for p-Si in CH3CN solvent (39) be- 
cause the apparent EFR position was found to change before a 
band bending of (I/2)E~ had been achieved. In this analysis, it is 
stated that qV, of the p-Si (NA = 2 • 10 ~'~ cm -'~) is 0.05 eV. How- 
ever, for this doping level, we calculate qV, = 0.24 eV (12, 13), 
and can thus use the original data to place E~b at +0.4V vs. SCE. 
At this doping level, weak inversion could onset at -0.15V vs. 
SCE, strong inversion could then occur at -0.4V vs. SCE, and 
the data might be consistent with carrier inversion. Ideal behav- 
ior would predict that the reported analysis (39) of a straight line 
of slope ~ 0.5 for ErR vs. E(A*/A) might actually be properly de- 
scribed as two distinct regions, each exhibiting a linear depen- 
dence of ErB vs.E (A+/A). Other workers have noted the anoma- 
lous behavior of differential capacitance data for p-Si in CH~CN 
(6a), and additional data might be warranted to unambiguously 
describe the dependence of ~h upon potential in this system. We 
also note that at the highest measured value of V~, q(~b) is ap- 
proximately 0.9 eV (if the proper E~b is employed). Thus, if sur- 
face states do pin the Fermi level, they must be very close to Ecb, 
and should not appreciably limit Vor This notion is consistent 
with the excellent agreement between theory and experiment in 
Table I, and is strongly supported by other results in our labora- 
tory, which describe the design of efficient p-Si-based photo- 
electrochemical cells in nonaqueous solvents (40). 

conduc tor  bandgap,  yet  not  possess  any deleter ious ef- 
fects ass ignable  to Fermi- level  pinning.  Lower  than  idea] 
open-ci rcui t  photovol tages  may  occur  because  of poor  
diffusion lengths  in the bulk  semiconduc tor ,  classical car- 
r ier  emiss ion  over  the surface barrier,  or leakage across 
low barr ier  chemica l  imper fec t ions  at the semicon-  
ductor / l iquid  interface. Character iza t ion  and control  of  
bulk  s emiconduc to r  proper t ies  is thus  crucial  to ob- 
ta ining mean ing fu l  data at the  semiconduc tor / l iqu id  in- 
terface. Sa tu ra t ion  in open-c i rcui t  photovol tage  wi th  in- 
creases in inc iden t  l ight  in tens i ty  can reflect recom- 
binat ion kinet ics  of  the semiconductor ,  and may  not  yield 
the  barr ier  height .  Constant  va lues  of  the open-ci rcui t  
pho tovol tage  wi th  changes  in solut ion redox  potent ia l  
can be cons is ten t  wi th  carr ier  invers ion  at ideal semi-  
conduc tor / l iqu id  interfaces.  The  observa t ion  of  large 
photovol tages  for n- and p- type-based s emiconduc to r  in- 
terfaces in the  same solvent  can rule  out  p inn ing  by a 
fixed dens i ty  of  charged surface states as the  m e c h a n i s m  
for ob ta in ing  cons tan t  photovol tages .  Direc t  ev idence  for 
mobi le  minor i ty  charge  carriers in the  s emiconduc to r  can 
be obta ined  by ac conduc t iv i ty  techniques ,  and verif ies 
the p resence  of an invers ion layer  for p- type Si ca thodes  
in nonaqueous  solvents.  Appl ica t ion  of  the  "1/3 bandgap"  
rule  to p- type GaAs/ l iquid  junc t ions  is inappropria te ,  and 
in general,  behav io r  of l iquid  contac ts  may  not  correlate  
wi th  measu red  proper t ies  of  Scho t tky  barriers.  Fermi-  
level  p inn ing  will  p reven t  des ign of  the most  efficient  
semiconduc tor / l iqu id  junc t ions ,  whi le  carr ier  invers ion  
may  lead to interfaces  which  opera te  near  the theore t ica l  
d i f fus ion- l imi ted  photovol tage .  
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ABSTRACT 

Irreversible thermodynamics has been used to describe electrode heat balances of electrochemical cells. The spe- 
cific example of electrolysis of water in molten sodium hydroxide is chosen for the purpose of illustration. Experimen- 
tal data are presented for this system. The importance of a distinction between time and charge-dependent changes in 
entropy is pointed out. Only changes of the last type contribute to cell EMF's. The relation between EMF of thermoceUs, 
the temperature coefficient of an isothermal cell, and the electrode heat balances are discussed particularly. Results 
show a reasonably good agreement between theoretical predictions and experimental observations. With partial pres- 
sures of hydrogen and water vapor in the cathodic compartment  of 0.8 and 0.2 atm, respectively, 63 kJ  is evolved, and 
with partial pressures of oxygen and water vapor in the anodic compartment  of 0.8 and 0.2 atm, respectively, 72 kJ  is ab- 
sorbed during the passage of 1F of current at 623 K. 

When it is desired to improve the energy conversion ef- 
ficiency or the temperature control of an electrochemical 
reactor, it is important  to consider the overall energy 
flow through the reactor. 

For example, if heat is not supplied to electrodes where 
an endothermic process takes place, a drop in tempera- 
ture may result. This may lead to an increase in cell vol- 
tage, or, in molten salt electrochemical reactors, even 
freezing of the electrolyte. Conversely, if heat is not con- 
ducted from electrodes where exothermic processes take 
place, a rise in temperature may result. This may lead to a 
breakdown of the cell or electrolyte boiling. In order to 
maintain constant temperature at the electrodes, it is 
helpful to know the magnitude of the reversible heat 
changes during electrolysis. This includes the Peltier heat 
for each electrode (1). 

It is the purpose of this article to show how reversible 
heat changes are related to electromotive forces of ther- 
mogalvanic cells, and how they can be estimated from 
EMF measurements.  Experiments  related to electrolysis 
of water in NaOH (1) are used to illustrate the theory, 
since this electrolytic process is promising for the future 
hydrogen energy system and the accumulation of thermo- 
dynamic and electrochemical data are desired for the fur- 
ther engineering development.  The results are obtained 
using nonequil ibrium thermodynamics (2). The approach 
by F0rland and Ratkje (2) is chosen, since this describes 
electrochemical cells directly by local energy conversion 
processes. This is in contrast to conventional approaches 
which describe EMF by local electric potential differ- 
ences due to charge separation (3, 4). The main features of 
the theory of F0rland and Ratkje, in addition to the 
above, are (i) the use of single ion activities or electro- 
chemical potentials is avoided. This is because energy 
changes are only defined and measurable with respect to 
electroneutral processes. (ii) The components  of the sys- 
tem are components  according to the phase rule. Compo- 
nents involved in electrode reactions are included. This 
ensures independent  mass variables. (iii) The electric cur- 
rent is an independent  flux of the system, since this can 
be controlled externally. (iv) The frame of reference is the 
wall of the cell container. 

For isothermal systems, the superposition of time (dif- 
fusion) and charge-(migration) dependent  processes has 
been pointed out (5, 6). In the nonisothermal case, we will 
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show that a similar superposition is essential when 
characterizing entropy changes. This superposition sepa- 
rates irreversible (time dependent) and reversible heat 
changes. Furthermore, the nonisothermal transport pro- 
cesses will be described without using single ion en- 
tropies or electronic entropies. 

Entropy Production by Heat, Mass and Charge Transfer 
in a Continuous System 

According to F t r land  and Ratkje (2) and Ratkje (7), the 
entropy production 0 per unit volume and unit t ime at 
any point in the electrochemical system can be written 

1 V/,CiTJi __ T - -  0 = V Jq'  - T - -  i=1 

Current density is assumed to be constant through the 
system, so no local charge accumulation takes place. Ja, is 
the measurable heat flux. Jq, is equal to the heat flow 
which is required from two heat reservoirs on either side 
of a volume element to keep constant temperatures. Ji de- 
notes the component fluxes of the k independent compo- 
nents, and I is the electric current density. The chemical 
potential gradient V~i T contains only pressure and compo- 
sition dependent terms. The symbol Vd) ~ denotes the dif- 
ferential EMF, measured with 'defined identical elec- 
trodes across the volume element. By integration across 
all volume elements the EMF of the system is obtained. 
This is illustrated in Fig. i. T is the absolute temperature. 

Fluxes of some components which form parts of the 
electrodes are completely coupled to the electric current 

Ji = k~. I [2] 

where k~ is an integer or ratio of integers. By inserting this 
condition into Eq. [1], we obtain 

0 = V Jq" - T -  E V~iTJi - T -  ~ v(~0 

i=n+ l 

This defines the electric force conjugate to the current 
as  

= -~ V~b ~ + V~iTk~ [4] 
i=n+l 
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Fi 9. I. Scheme of the electrochemical System 

E L E C T R O D E  H E A T  B A L A N C E S  2505 

H20 H2 (-) (.) 02 

'1 
Ni Wire 

Ni Anode 

Diaphragm 

Ni Cothode 

NaOH 

Fig. 2. Prototype cell for water vapor electrolysis 

The quantity V~ can be regarded as the effective electric 
potential gradient. The expression [3] for the entropy pro- 
duction can be used to define independent  fluxes. This 
will be done below for our special systems, the water elec- 
trolysis system developed by Ito and co-workers (8, 9), 
and electrochemical systems related to this. The use of 
equations for specific systems is chosen on purpose to 
simplify reading. Generalizations to include more compo- 
nents  are straightforward and will not give further phys- 
ical insight. 

The System 
The electrolysis of water can be efficiently performed 

in the temperature range 330~176 by dissolving water 
vapor in molten sodium hydroxide (8, 9). The overall reac- 
tion is 

1 o H20 -~ H2 + ~ -  

This cell can be expressed as 

PtlH~(g), H20(g)INaOH(1)lO2(g), H20(g)IPt [5] 

The cathodic and anodic reactions are written, respec- 
tively, as 

2H20 + 2e- -* H2 + 2 OH- [6] 

and 

1 
2 OH- -~ - -  02 + H20 + 2e- [7] 

2 

One possible cell construction is shown in Fig. 2. The 
cell is made entirely of nickel, and, in order to avoid bipo- 
lar effects, the inside of the anodic compartment is cov- 
ered by an a-alumina wall. A porous a-alumina plate is 
used as a diaphragm. Water vapor is supplied to the left- 

hand side of the ceil, and the electrolyte saturated with 
water circulates by a gas lift of both water vapor bubbles 
and evolved hydrogen gas in the direction given by the 
arrows in the figure. 

During electrolysis heat will be evolved at the cathode 
and absorbed at the anode. In order to quantify this, the 
electrodes have been studied separately in the thermocell 
shown in Fig. 3: A gas mixture of either H20 and H2 or 
H,O and 02 was used for the right-hand side Pt-electrode 
of this figure. A sodium//~-alumina electrode at tempera- 
ture T1 was used as the constant  reference electrode. The 
temperature T2 of the gas electrode was varied. Porous 
a-alumina was used as a bridge between the two half 
ceils. By subtracting the resulting EMF for two values of 
T2, the EMF of the following thermocells are obtained 

(T) PtlH20(g), H=(g)INaOH(1)IH2(g), H~O(g)IPt (T + iT) 
[8] 

(T) PtlH20(g), O2(g)lNaOH(1)lO2(g), H20(g)lPt (T + hT) 
[9] 

Fluxes and Forces of the Experimental System of Fig. 2 
and 3 

Apart from the gas components forming the electrodes 
(H~(g), H~O(g), O2(g)), there is one component  present in 
these systems, i.e., NaOH, Using the general expression 
[3] for the entropy production, this gives for the fluxes 
and forces of the system 

J,, = L1,V - L12 -~ VtLlv - ~- L~3Vr [10] 

JNao. = L21V - L= - f  V~IT - ~ L=V4, [11] 

Fig. 3. Thermogalvanic cell ar- 
rangement. 
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I = L~,V - L~ -~ V/z,v - ~-  L~aV~b [12] 

The problem is to find the meaning of the coefficients 
L~ in each case. Furthermore,  V~ needs clarification 
when the electrodes are different, e.g.,  during electrolysis. 

One simplification may be introduced: we assume that 
the solubility of all gas components  H~O, H~, and O2 is so 
low (9) that the chemical potential, /~lr, of NaOH is not 
significantly influenced by these components,  so that 
V/~T = 0. 

Superposition of Time and Charge Dependent Precesses 
For the interpretation of L,~, it is important  to acknowl- 

edge that the heat transferred consists of one time-depen- 
dent term hq'(t) and one charge-dependent term Aq'(Q). 
This superposition can be seen as follows: by elimination 
of V(b in Eq. [10] by Eq. [12], and setting V/~  = 0, we 
obtain 

Lr~LaL~ V + �9 I [13] 
Jn, = L~ L~ / L~ 

The condition V~XiT = 0 corresponds to the situation in 
which no concentration and/or pressure gradient exists in 
the system. The total heat transferred (Aq') and the charge 
transferred (AQ) during a short t ime interval, At, are J~, �9 
At and I - At respectively. Thus 

hq '  = L n  L33 V �9 At + --~33 " h q  [14] 

This equation shows that the transferred heat consists of 
one t ime-dependent term, which is the first term on the 
right-hand side, and one charge-dependent term. The lat- 
ter is t ime independent,  its sign reversed by reversing the 
sign of AQ. This part of the heat transfer is reversible. The 
heat balance is 

hq '  = hq ' ( t )  + hq ' (Q)  [15] 

The presence of gradients in chemical potentials will not 
change the general form (15), but will merely give an addi- 
tional contribution to both the t ime-dependent and 
charge-dependent parts of hq'. 

The entropy change per Faraday corresponding to 
hq'(Q) is 

q'(Q) 
S ' (Q)  - [16] 

T.  AQ 

The heat • will contain the heat associated with the 
electrode reactions, but hq,(Q) will also contain contribu- 
tions from the reversible transport process through the 
electrolyte and metal leads. This means that the 
coefficient ratio L~dL33 is also determined by the mecha- 
nism of transport 

L~3/L33 = TS ' (Q)  [17] 

Furthermore,  by expressing V6 by Eq. [12], we obtain 

L3~ VT 
(Vq~)~=0, V/z,T-0 [18] 

L33 T 

By application of Onsager relations, we see that the coef- 
ficient ratio (17) determines the electric work that can be 
obtained from the system 

(h@),_0, V/Z,T=0 = - A T  S ' (Q)  [19] 

For a temperature difference AT, it is thus only the heat 
A T  S ' (Q)  which can be reversibly converted to electric 
work or vice versa. Equation [19] will next be used to 
find contributions to EMF or electric work done in the 
outer circuit. 

Reversible Entropy Changes during Electrolysis or EMF 
Measurements  

Consider first the thermocell  given by Eq. [8], and a 
small volume element, as given by Fig. 1. When electrons 

pass from left to right in the outer circuit, the following 
reaction takes place at the left-hand side electrode 

1 
-~-H~(g) + NaOH(1) = H20(g) + Na* + e -  [20] 

The entropy change due to formation of H20(g) and re- 
moval of H2(g) and NaOH(1) is equal to 

1 
AS~ = St~eocg) - --~ SH~(~) - tsaoHS~ [21] 

where tNaOH = tNa + (transport number  of Na*) is the num- 
ber of moles of NaOH transferred from left to right per 
Faraday. All entropies on the right-hand side of Eq. [21] 
are state functions. By inserting the experimental  values 
of P,2o = 0.2 atm and PH,., = 0.8 atm and using literature 
data (10), we obtain the entropy change of the left-hand 
region of the cell per Faraday transferred 

AS1 = 150.0 J K - 1 F  -1 - tNa0uS%aoH(D [22] 

This is the entropy change of the left-hand part of the sys- 
tem due to composition changes caused by charge trans- 
fer. Since this is a reversible entropy change, it is equal to 
the entropy transferred from a heat reservoir at the left- 
hand side, S'~Q~, minus the transported entropy S~  due to 
the charge transport process in the electrolyte. The term 
corresponding to S,,~ due to transport of charge in metal- 
lic leads wiI1 be neglected here (Peltier heat for metals is 
small). The terminology is according to Agar (4). The en- 
tropy balance is shown in Fig. 4. We have 

AS 1 = S'(Q)I - -  S(Q) [23] 

or  

S'(Q)I = AS1 + S~Q) [24] 

For the present system, measurements  show that S'(Q)I is 
positive, which means that a negative Peltier heat TS'r is 
transferred reversibly over a temperature interval of dT .  
For d T  positive, electric work must be supplied, i.e., the 
EMF is negative. Combining Eq. [18], [24], and [22], one 
obtains in the one dimensional case 

- (AS~ + ;~Q,) [25] 
d T  

dqh 
- 150.0 J K  -1 F -~ + tN~O~D S~ -- S(Q~ [26] 

d T  

The second type of cell investigated, given by Eq. [9], 

e- I 

T 

. IS'(Q) 
Heot reservoir T 

e -  

T§ 1 

I 5(Q)1 
Heat reservoir T+dT 

Fig. 4. Entropy balance for a thermogalvanic cell. ~$1 is entropy 
change due to change in composition. ~$1 is obtained from changes in 
state functions.S'~Qj is transported entropy caused only by the transport 
of electric charge in the electrolyte. S~  depends on mechanism of 
charge transport. S%)~ is entropy supplied to or from heat reservoirs in 
equilibrium with sections of the cell. 5%)1 �9 T is the Peltier heat. 
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can  be t reated in a s imilar  way. The react ion at the  left- 
hand  side e lec t rode  is n o w  

__• 1 
NaOH(1) = SO,~(~, + --~ H=,O(g) + Na + + e -  " [27] 

The  en t ropy  change  at the  lef t -hand side of  the  cell  is 

1 
AS., = __1 So2(~) + - -  SH2o(gl - tNaoH SVNaOH [28] 

4 2 

where  the  last t e rm is the  same as the  last t e rm in Eq. 
[22]. With Po2 = 0.8 a tm and PHzo = 0.2 atm, we have  

AS2 = 170.2 J K  -1 F -1 - tSaOH S~ [29] 

An  en t ropy  balance  gives  (compare  Eq. [23]) 

S'(Q)2 = AS2 + S,Q, [30] 

where  :~,Q) has the  same va lue  as in Eq. [24]. Thus,  the  
the rmoe lec t r i c  E M F  d 6 J d T  is g iven  by 

d62 
- ( A S 2  + ;~(Q)) 

dT 

= -170.2 J K - '  F -1 + tNaoH S~ ~(Q~ [31] 

This  comple tes  the  analysis  of  the  heat  change  at the 
separa te  e lec t rodes  and h o w  this change  can  be obta ined  
expe r imen ta l ly  by E M F  measurement s .  When  we need  to 
k n o w  the  detai ls  of the  the rmoelec t r i c  power ,  addi t ional  
e x p e r i m e n t s  m u s t  be  pe r fo rmed  to obta in  t~oH and S(Q), 
but,  at present ,  the  analysis  g iven  above is suff icient  for 
our  purpose .  

It  r emains  to be  shown h o w  the the rmoe lec t r i c  powers  
of  the the rmoce l l s  [8] and [9] are re la ted to the  E M F  of the  
fo rmat ion  cell  [5]. 

Thermogolvanic Electric Power and Isothermal 
Temperature Coefficient 

It  will  be  shown be low that  the E M F  of  the  two 
the rmoce l l s  [8] and [9] are related to the  t empera tu re  
coeff ic ient  d 6 3 / d T  of  the i so thermal  cell  [5]. Cons ider  for 
this pu rpose  the s imple  combina t ion  of cells g iven  by Fig. 
5. In this  case, all e lec t rodes  conta in  the  same metal ,  Pt. 
If, further ,  the  junc t ions  b e t w e e n  P t  and o ther  leads (e.g., 
Cu) are all at the  same tempera tu re ,  one can  see that  the  
revers ib le  heats  absorbed  bo th  at T, and T2 cancel.  It is 
shown in Fig. 5 h o w  the  t ransfer  of  charge  resul ts  total ly 
in zero t ransfer  of  heat. This heats  hq~Tj in Fig. 5, corre- 
spond ing  to the  last t e rm hq'(Q) in Eq.  [15]. This gives for 
the  comple t e  c i rcui t  

Ar + A63 + A62 + A6~ = 0 [32] 

unde r  the  condi t ion  for the  junc t ions  g iven  above.  
Fu r the r  

and 

d6, d62 AT [33] 
~(~1 : ~ - -  AT; ~ 2  -- d T  

a63 AT -h6~ = ~ + ~ -  [34] 

Thus 

d61 d6~ dq~3 
- -  - [ 3 5 ]  

d T  d T  d T  

This relat ion makes  poss ible  a cons i s tency  check  on sep- 
arate measu remen t s ,  s ince all te rms in Eq.  [35] can be 
measu red  i ndependen t ly  of  each other. 

Interpretation of Flux Equations for the Formation Cell  
The resul ts  obta ined  f rom the  analysis of  the thermo-  

galvanic  cells [8] and [9] can be related to electroly-  
s i s - c o n d i t i o n s  in the  i so thermal  cell g iven  by Eq. [5]. 
S ince  the  e lec t ro lyte  is a lmos t  pure  NaOH(1), V~,T = 0. 
The  electr ic  force of Eq. [10]-[12] is n o w  re la ted to the  ob- 
se rved  EMF by Eq. [4] 

1 V V6 = V6~ - (-V~H2o + ~ - ~H2) [36] 

wi th  t races of  H2 and 02 presen t  anywhere  along wi th  lo- 
cal test  e lectrodes,  we  can as sume  local equ i l i b r ium and 

1 1 1 
~ -  #.2 = ~-/ZH2o ~-  ~o2 [37] 

We are then  obl iged to r educe  the n u m b e r  of compo-  
nents  by one, and have  chosen  to exc lude  02. Fo rma t ion  
of  1/4 02 is then  desc r ibed  as format ion  of  1/2 H20 and re- 
mova l  of  1/2 H2. This  means  that  we may  regard  the  total  
e lec t rode  react ion as a t ransfer  of  H20 and H2. The  l imits  
for the  chemica l  potent ia l  of  H~ are the  va lue  at the  cath- 
ode  and given f rom Eq. [37] at the  anode.  This  means  by 
inser t ing  into Eq. [36] and in tegra t ing  for i so thermal  con- 
di t ions that  

A6 = h~ ~ [ h/~H2o 

i( 1 )] 
+ ~ -  txH~(~ -- tXH2o(~, + ~-  txo~(. 

o r  

a4) = ~6 ~ - aG [38] 

where  AG is the Gibbs  free energy  change  of the  forma- 
t ion cell, and A~H2o = 0. By inser t ing  Eq. [38] into Eq.  [12], 
we can find an express ion  for 34) ~ An equa t ion  l ike [34] 
cannot  be wri t ten  for the  entropy,  and it is thus  not  possi- 
ble to e l iminate  02 as a c o m p o n e n t  w h e n  revers ib le  en- 
t ropy  changes  are cons idered .  The  revers ib le  t ransfer  of  
en t ropy  is as before  the  sum of the en t ropy  changes  at the  
e lec t rodes  and the  en t ropy  of  t ranspor t  in the  e lec t ro lyte  
and metal l ic  leads. 

With a t empera tu re  grad ien t  across the  cell  [5], the  pro- 
cesses  tak ing  place  wil l  in total  be ident ica l  to the  pro- 
cesses  tak ing  place  in a cell  [8] wi th  the  t empe ra tu r e  gra- 
dient  in series wi th  an i so thermal  cell  [5]. The  processes  
in bo th  these  cells can then  be descr ibed  by Eq. [10]-[12]. 
Al ternat ively ,  the  en t ropy  balance may  be analyzed in a 
way  similar  to that  shown in Fig. 4. It  should  be noticed,  
however ,  that, s ince the  t ranspor t  m e c h a n i s m  in the  elec- 
t ro lyte  is different  in cell  [5] f rom that  in cells [8] and [9], 

T1 T2 T2 T2 T2 T1 T1 T1 H2oHH2:IH2 O2J Pt P t NaOH P t 

H20 H20 H20 H20 

T 
AqlT ~ Aql'l" z AqlTz Aq2Tz 

02 

NaOH 

H20 

T 
Aq2T2 

02 

H20 

Aq2T1 

02 H2 
Pt 

NaOH 

H20 H20 

T t 
Aq2T1 AqlT1 

Pt 
Fig. 5. A combination of thermo- 

cells and formation cells which to- 
gether give zero EMF, T, and T2 are 
temperatures while q, and q~ are 
absorbed heats. 
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tNaO. , AS], AS2, and ~cQ) will  have  different  va lues  and thus  
the  revers ib le  en t ropy  S(Q)I absorbed f rom the  heat  reser- 
voirs  will  be different.  For  this type  of  the rmoga lvan ic  
cell  wi th  di f ferent  e lect rodes ,  the  en t ropy  absorbed  f rom 
the  left-hand side heat  reservoi r  is different  f rom the  en- 
t ropy  dona ted  to the  r igh t -hand side heat  reservoir .  

In this section, w e  have  focused a t tent ion on the  effect  
of  hea t  t ransport ,  and h o w  this can be descr ibed  w h e n  no 
concen t ra t ion  gradients  are present�9 The p resence  of con- 
cent ra t ion  gradients  will give i r revers ib le  heat  changes.  
Sore t  equ i l ib r ium is def ined w h e n  migra t ion  balances  
diffusion (J~ = 0). This  condi t ion  can easily be in t roduced  
in the  flux Eq. [10]-[12], and can be used  to quant i fy  dif- 
fusional  heat  effects. This  is outs ide  the pract ical  scope of 
this case. 

E x p e r i m e n t a l  

The the rmoga lvan ic  cell  was cons t ruc ted  as shown in 
Fig. 3. Molten sod ium h y d r o x i d e  was conta ined  in two 
separa te  high pur i ty  a -a lumina  beakers  (SSA-S, 99.5%), 
and their  e lectrolyt ic  contac t  was ach ieved  by a porous  
a-a lumina  bridge, wh ich  was comple te ly  we t t ed  by mol-  
ten  sod ium hydroxide .  

A gas mix tu re  of  e i ther  H20 and H2 or H=O and O2 was 
suppl ied  th rough  a high pur i ty  a-a lumina p ipe  to m a k e  a 
th ree-phase  zone on the  p la t inum work ing  e lec t rode  sub- 
merged  in the  mo l t en  sod ium hydrox ide  in the  right- 
hand-s ide  beaker.  A gas m ix tu r e  was prepared  by pass ing 
H2 or O2 gas th rough  a water  pool  main ta ined  at a f ixed 
t empera tu re .  The compos i t ion  was de t e rmined  by the 
flow rate m e a s u r e m e n t  of  H= or 02 before  pass ing  
th rough  the  wate r  pool, toge ther  wi th  the  weigh t  gain  of  a 
CaC12 c o l u m n  due  to the  absorp t ion  of  the water  in the 
gas mix tu re  c o m i n g  out  f rom the  cell. The  compos i t ion  
de t e rmined  in these  ways  co inc ided  well  wi th  the  va lue  
es t imated  f rom the  vapor  pressure  data of  the water�9 A 
sodium/B-alumina re fe rence  e lec t rode  was prepared  by 
m a k i n g  a l iquid  sod ium pool  at the bo t tom of the  
B-alumina tube.  This  tube  was connec ted  to a h igh  pur i ty  
/3-alumina p ipe  by us ing  a lumina  cement .  Argon  gas was 
suppl ied  into the tube  as a cover  gas to p reven t  the  oxida- 
t ion of  the  l iquid  sodium.  To obtain  revers ibi l i ty  of  the  
re ference  electrode,  ca thodic  and anodic  cur rents  were  
appl ied  a l ternat ively  t h rough  the reference  e lec t rode  be- 
fore the rmoelec t r i c  power  measurements .  By this pre- 
t rea tment ,  we t t ing  of  the inner  and ou te r  surface  of  the 
f l-alumina tube  by l iquid  sod ium and mo l t en  sod ium hy- 
droxide ,  respect ively ,  was ach ieved  to ensure  good elec- 
trolytic contact.  

The  t empera tu re  of  furnace  1 was set at a cons tan t  tem- 
pera ture  T~ and the t empera tu re  T= of furnace  2 was 
raised, and the  e l ec t romot ive  force b e t w e e n  the  p l a t inum 
work ing  e lec t rode  and the sodium/f l -a lumina reference  
e lec t rode  was measu red  at var ious  % values.  

Results and  C a l c u l a t i o n s  
The resul ts  are p resen ted  in Fig. 6 and 7. F r o m  these  

figures, we obtain  

dq~ 
- 1.05 -+ 0.02 m V  K -~ = -101 -+ 2 J K  -~ F -~ 

d T  

(T] = 340.5~ [39] 

and 

- -1 .19 -+ 0.04 mV K -~ = -115 --_ 4 J K - '  F -~ 
d T  

(7'1 = 336~ [40] 

These  resul ts  can be checked  for internal  cons i s tency  by 
appl ica t ion of  E q .  [35]. The  i so thermal  t empe ra tu r e  
coeff icient  is 

d~3 1 1 1 S 
d T  4 So2 + ~ S H 2  ---2 H2o = A S  [41] 

where  AS refers to 1F. For  the  present  condi t ions  (Po._, = 
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Fig. 6. Electromotive force of thermogalvanic cell consisting of two 
hydrogen e l ec t rodes  (cel l  8). � 9  Measured  w h e n  (T2 - T~) was  in- 
creased. @: Measured when (T~ - T~) was decreased. 
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Fig. 7. Electromotive force of thermogalvanic cell consisting of two 
oxygen electrodes (cell 9). O: Measured when (T2 - TI) was increased. 
@: Measured when (T2 - T1) was decreased. 

0.8 arm, PH2 = 0.8 arm, PH~o = 0.2 atm) 

1 ( 1 5 0 . 7 + R l n ~ . 8 )  + l ( 2 2 6 . 3 + R l n ~ . 1 8 )  As = y 

. + R  = 2 0 . 2 J K  -1 

This resul t  may  be compared  to the  dif ference b e t w e e n  
the expe r imen ta l  resul ts  115 - 101 = 14 J K  -1 F -~ (see Eq. 
[35]). 

A more  comple te  analysis  of  the the rmoga lvan ic  cells 
wou ld  inc lude  independ__ent m e a s u r e m e n t s  of  $NaOH and 
the en t ropy  of  t ranspor t  S(Q). The  mos t  impor t an t  th ing  is, 
however ,  to es t imate  the  single e lec t rode  heat  changes  at 
each e lec t rode  and not  thei r  difference.  When  the  en t ropy  
of  t ranspor t  is to be inc luded  in the ca lcula t ion of  elec- 
t rode  c o m p a r t m e n t  heat  changes,  they  are found  f rom Eq. 
[31] and [26]. Part ial  pressures  of  hyd rogen  and water  
vapor  in the  ca thodic  c o m p a r t m e n t  of  0.8 a tm and 0.2 
atm, respect ively ,  give 63 k J  F -1 evo lved  at the cathode.  
Part ial  p ressures  of  oxygen  and water  vapor  in the  anodic  
c o m p a r t m e n t  of 0.8 and 0.2 atm, respect ively ,  give 72 k J  
F -1 absorbed  at the  anode.  In bo th  cases the  charge  
t ransferral  is 1F at 623 K. 
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Conclusion 
A theo re t i c a l  p r o c e d u r e  h a s  b e e n  d e v e l o p e d  for  t h e  pur-  

pose  of  ca l cu l a t i ng  t he  h e a t  e v o l u t i o n  at  e a c h  e l ec t rode  in  
e l e c t r o c h e m i c a l  reac tors .  T h e  hea t  c h a n g e  a t  t h e  elec- 
t r o d e  i n c l u d e s  t he  Pe l t i e r  h e a t  a n d  hea t  r e v e r s i b l y  t rans -  
f e r red  b y  t he  e lec t ro ly te .  T h e r m o e l e c t r i c  p o w e r  m e a s u r e -  
m e n t s  c an  be  i n t e r p r e t e d  b y  t h e  s u m  of  t h e s e  hea t  
c h a n g e s  a n d  t he  h e a t  c h a n g e  due  to t h e  e n t r o p y  of 
t r anspo r t .  

T h e  p r o c e d u r e  ha s  b e e n  i l l u s t r a t ed  b y  u s i n g  t h e  r e su l t s  
o b t a i n e d  for  w a t e r  e lec t ro lys i s  in  m o l t e n  s o d i u m  h y d r o x -  
ide.  For  t he  c o n d i t i o n s  g iven ,  t he  to ta l  h e a t  c h a n g e s  in  t he  
e l e c t r o d e  c o m p a r t m e n t s  are  63 k J  F - '  a t  t h e  c a t h o d e  a n d  
- 7 2  k J  F - '  a t  t h e  anode .  
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The Mechanism of Electrodeposition of Cadmium Sulfide on Inert 
Electrodes from Diethylene Glycol Solutions 
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A B S T R A C T  

T h e  m e c h a n i s m  of  e l e c t r o d e p o s i t i o n  of  CdS  f rom d i e t h y l e n e  glycol  so lu t ions  c o n t a i n i n g  a c a d m i u m  sal t  a n d  ele- 
m e n t a l  su l fu r  was  inves t iga t ed .  At  f r e sh  gold  and  p l a t i n u m  e lec t rodes ,  t h e  po t en t i a l  at w h i c h  CdS  is f o r m e d  is s t r ong ly  
d e p e n d e n t  on  Cd ~ c o n c e n t r a t i o n  a n d  i n d e p e n d e n t  of  su l fu r  c o n c e n t r a t i o n ;  t he  oppos i t e  is t r ue  at  an  e l ec t rode  cove red  
w i t h  a c o h e r e n t  l ayer  of  CdS.  T h e  p r o p e r t i e s  of  t h e  e l e c t r o d e p o s i t e d  f i lms are s t rong ly  d e p e n d e n t  on  t he  n a t u r e  of  t he  
a n i o n  in  t h e  e lectrolyte .  In  t h e  p r e s e n c e  of  C1- a n d  B r -  an ions ,  m i x e d  Cd-CdS f i lms are  f o r m e d  u n d e r  spec i f ied  condi -  
t ions .  A de ta i l ed  ana lys i s  of  t he  effect  of  C1- a n i o n  s h o w e d  t h a t  t he  r e su l t s  o b t a i n e d  were  d u e  to a c h a n g e  in  t he  n a t u r e  
of  t he  p r e d o m i n a n t  f o rm of  Cd(II) in  so lu t ion  f rom Cd § to CdCl4-. 

Recen t ly ,  a s i m p l e  e l e c t r o c h e m i c a l  m e t h o d  for depos-  
i t i ng  t h i n  po lyc rys t a l l ine  f i lms of  me ta l  su l f ides  a n d  sel- 
e n i d e s  on  c o n d u c t i n g  s u b s t r a t e s  was  d e v e l o p e d  in  th i s  
l a b o r a t o r y  (1-4). In  t h i s  t e c h n i q u e ,  m e t a l  c h a l c o g e n i d e s  
are e l e c t r o d e p o s i t e d  at  t he  c a t h o d e  in a cell  c o n t a i n i n g  a 
so lu t ion  of  the  m e t a l  sa l t  a n d  e l e m e n t a l  c h a l c o g e n  at an  
e l eva t ed  t e m p e r a t u r e .  T h e r e  is a l i m i t ed  cho ice  of sol- 
v e n t s  f rom w h i c h  d e p o s i t i o n  is poss ib le .  Moreover ,  as  o n e  
w o u l d  expec t ,  t h e  s t r u c t u r a l  a n d  e lec t r ica l  p r o p e r t i e s  of  

* Electrochemical Society Active Member. 
1Present address: Depar tment  of Chemistry, University of 
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t he  depos i t  are s t r ong ly  d e p e n d e n t  on  t he  n a t u r e  of  t he  
e lec t ro ly te  a n d  so lvent ,  a n d  c o m p o s i t i o n  of  the  solut ion.  
In  a p r e v i o u s  p a p e r  (2), i t  was  s h o w n  t h a t  CdS  g r o w n  
f rom d i m e t h y l s u l f o x i d e  (DMSO) so lu t ions  e x h i b i t s  h i g h  
specif ic  res i s t iv i ty  a n d  ha s  a t e n d e n c y  to crack.  S imi l a r  
p r o b l e m s  ex i s t  if  D M S O  is r ep l aced  by  o t h e r  h igh ly  bas ic  
s o l v e n t s  s u c h  as N , N - d i m e t h y l f o r m a m i d e ,  py r id ine ,  hexa-  
m e t h y l p h o s p h o r a m i d e  or 1 -methy l -2-pyr ro l idone .  How-  
ever ,  d e p o s i t i o n  f rom so lven t s  of low bas ic i ty ,  s u c h  as 
p r o p y l e n e  ca rbona t e ,  ace ton i t r i l e ,  or e thano l ,  r e su l t s  in  
t he  f o r m a t i o n  of a Cd-CdS  m i x e d  film. It  was  subse-  
q u e n t l y  d i s c o v e r e d  t h a t  C d S  cou ld  be  g r o w n  f rom ethyl-  
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e n e  glycol  (EG) or  d i e thy ]ene  glycol (DEG) so lu t ions  w i t h  
m u c h  b e t t e r  phys i ca l  p r o p e r t i e s  su i t ab l e  for  u s e  in  pho to-  
vo l ta ic  devices.  D E G  is m o r e  c o n v e n i e n t  in  t h i s  r e g a r d  
b e c a u s e  of  the  h i g h e r  so lub i l i ty  of  sulfur .  2 T he  phys ica l  
p rope r t i e s  of  CdS  film g r o w n  f rom D E G  so lu t ions  con-  
t a i n i n g  10% wa te r  by  v o l u m e  a n d  s a t u r a t e d  w i t h  su l fur  
h a v e  b e e n  cha rac t e r i zed  (5). In  the  p r e s e n t  paper ,  we re- 
por t  t he  r e su l t s  of  a s t u d y  of  t he  m e c h a n i s m  of  CdS  depo-  
s i t ion  f rom D E G  so lu t ions .  

Experimental 
The  e l e c t r o c h e m i c a l  m e a s u r e m e n t s  were  ca r r i ed  ou t  

w i th  a P A R  Mode l  173 po ten t ios t a t .  In  m o s t  cases,  t he  
w o r k i n g  e l ec t rode  was  a P t  wire,  0.25 m m  d i am a n d  1.5 
c m  long.  In  s o m e  e x p e r i m e n t s ,  a go ld  e l ec t rode  w i t h  an  
a rea  of  0.12 c m  2 or  a g lassy  c a r b o n  e l ec t rode  w i t h  a n  a rea  
of 0.3 c m  2 was  emp loyed .  T he  c o u n t e r e l e c t r o d e  was  a P t  
cy l i nde r  w i th  an  area  of 3 c m  2. T he  r e fe rence  e l ec t rode  
was  c o n s t r u c t e d  f rom a Cd rod  i m m e r s e d  in a 0.05M 
Cd(C104)2 so lu t ion  in DEG.  T he  r e f e r ence  e l ec t rode  sys- 
t e m  was  k e p t  at  t he  s a m e  t e m p e r a t u r e  as t he  m a i n  cel l  
a n d  was  c o n n e c t e d  to i t  t h r o u g h  a s i n t e r e d  glass  disk.  T h e  
t e m p e r a t u r e  was  m a i n t a i n e d  c o n s t a n t  to w i t h i n  -+0.1~ by  
c i r cu la t ing  paraf f in  oil f r om a c o n s t a n t  t e m p e r a t u r e  b a t h  
t h r o u g h  a j a c k e t  s u r r o u n d i n g  t he  cell a n d  r e f e r e n c e  elec- 
t rode.  

The  so lvent ,  d i e t h y l e n e  glycol,  was  d r i ed  for  24h over  
4A m o l e c u l a r  s ieves  a n d  t h e n  dis t i l led  u n d e r  a r g o n  at  
r e d u c e d  p r e s s u r e  f rom a V i g r e a u x  c o l u m n  l m  h igh .  The  
purified salts, Cd(ClO4)2, CdCl2, LiCIO4, and NaI were 
dried for 24h at 120~ under vacuum. NH4CI, NI-I4Br, and 
NH4CIO4 were dried for 24h at 60~ under vacuum. Subli- 
mated sulfur was recrystallized from benzene and dried at 
60~ 

Results and Discussion 
The  e l e c t r o c h e m i c a l  s t ud i e s  of  the  m e c h a n i s m  of  CdS  

d e p o s i t i o n  were  ca r r ied  ou t  by  cyclic v o l t a m m e t r y  in  
D E G  so lu t ions  c o n t a i n i n g  LiC104 as s u p p o r t i n g  electro-  
lyte  in  t he  t e m p e r a t u r e  r a n g e  70~176 In  th i s  m e d i u m ,  
su l fu r  is r e d u c e d  quas i - r eve r s ib ly  at  gold  a n d  g lassy  car- 
b o n  e lec t rodes  a n d  i r r eve r s ib ly  at  p l a t i num.  T he  cu r ren t -  
vo l tage  cu rves  we re  s imi la r  to  t hose  o b s e r v e d  in o the r  
n o n a q u e o u s  m e d i a  for  t he  r e d u c t i o n  of  $8 (6): accord-  
ingly,  i t  is a s s u m e d  t h a t  t he  first  s tep  in  t he  r e d u c t i o n  
p rocess  is t he  f o r m a t i o n  of t he  $8 = anion .  The  s t a n d a r d  
po ten t i a l  for  t he  r eac t ion  $8 + 2e ~ S~ in  D E G  at  100~ 
was  0.055V aga in s t  the  Cd/Cd ~§ r e f e r ence  e lec t rode .  
No t ing  t h a t  t he  p o t e n t i a l  for  the  r eac t i on  Cd +~ + 2e ~ Cd 
is 0 V aga in s t  t he  s ame  re fe rence  e l ec t rode  w h e n  t h e  con-  
c e n t r a t i o n  of  Cd ~ is 0.05M, a n d  t h a t  t he  free ene rgy  of  for- 
m a t i o n  of  CdS  f rom meta l l i c  Cd a n d  su l fu r  in  a s a t u r a t e d  
D E G  so lu t i on  at  100~ is -139.6  k J  rea l  -1, t he  r eve r s ib l e  
po t en t i a l  for t he  r eac t i on  

8Cd ~ + $8 (sat 'd)  + 16e -~ 8CdS [1] 

is 0.72V at  100~ T h e  po t en t i a l  for t h i s  p roces s  a n d  the  re- 
d u c t i o n  of  su l fu r  b o t h  d e p e n d  ve ry  l i t t le  on  t e m p e r a t u r e .  

Typ ica l  c u r r e n t - v o l t a g e  c u r v e s  o b s e r v e d  in  a D E G  solu- 
t ion  c o n t a i n i n g  0.05M Cd(C104)~ a n d  0.2M LiC104, a n d  sat- 
u r a t e d  w i th  $8 at  va r ious  e l ec t rodes  at  120~ are s h o w n  in 
Fig. 1. At  a f r e sh  A u  e lec t rode ,  a d i s t i nc t  p r e p e a k  is ob- 
s e r v e d  at 0.56V. At  Pt ,  t h e  p e a k  occurs  at  a less pos i t ive  
p o t e n t i a l  a n d  is no t  as sharp .  In  add i t ion ,  t h e  p o t e n t i a l  of 
the  p r e p e a k  d e p e n d s  s t rong ly  on  Cd ~§ c o n c e n t r a t i o n ,  t he  
po t en t i a l  sh i f t  b e i n g  80 m V  for a t en f o l d  inc rease  in  Cd § 
c o n c e n t r a t i o n  at  Pt.  However ,  t he  p e a k  po t en t i a l  is v i r tu -  
ally i n d e p e n d e n t  of su l fu r  c o n c e n t r a t i o n  (Fig. 2). I f  t he  
meta l l i c  e l ec t rode  is a l r eady  cove red  w i t h  a c o h e r e n t  
l ayer  of  CdS, t he  p r e p e a k  does  no t  appear .  S imi la r  obser-  
va t i ons  were  m a d e  ear l ier  for depos i t i on  f rom D M S O  so- 
l u t i ons  (7). On t he  bas i s  of  t he  p r e s e n t  r e su l t s  a n d  those  
obtained earlier (7), it is concluded that the prepeak is due 
to the reduction of Cd § at a pre-existing layer of metal 
sulfide formed by reaction of the metal electrode with 

The solubility of sulfur at 120~ is 0.62 and 0.14g per I00 ml 
of DEG and EG, respectively. 
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Fig. 1. Cyclic voltammetric curves for the electrodeposition of CdS at 
(a) gold, (b) platinum, (c) glassy carbon, and (d) CdS (thickness - 1]~m) 
on Pt. The electrolyte solution contained 0.05M Cd(CIO4)2, 0.2M 
LiCIO4 and saturated sulfur in diethylene glycol; the sweep rate was 50 
mV s-l ,  and temperature 120~ The electrode areas were 0.12 cm 2 for 
Pt, Au, and CdS, and 0.3 cm 2 for glassy carbon. 

su l fu r  in  so lu t ion;  t he  e l ec t rode  r eac t i on  r e su l t s  in  t he  
m e t a l  sul f ide  b e i n g  c o n v e r t e d  to CdS. R e p r e s e n t i n g  t he  
m e t a l  c o m p o s i n g  t he  e l ec t rode  (Au or Pt)  as M, t h e  reac- 
t ion  s c h e m e  m a y  be  w r i t t e n  

8M + S~ --~ 8MSa~ [2] 

MSad~ + Cd § + 2e --> CdSad~ + M [3] 

S t r o n g  c h e m i s o r p t i o n  of su l fu r  on  Au  a n d  P t  f rom D E G  
so lu t ions  was  d e m o n s t r a t e d  e x p e r i m e n t a l l y  in  t he  s ame  
way as d e s c r i b e d  p r e v i o u s l y  for D M S O  so lu t ions  (7). 
However ,  t h i s  p roces s  does  no t  occur  at  g lassy  ca rbon ,  no  
p r e p e a k  b e i n g  o b s e r v e d  at t h i s  e lec t rode.  

The  p r e s e n t  i n v e s t i g a t i o n  was  chief ly  d i r ec t ed  to deter -  
m i n a t i o n  of the  m e c h a n i s m  of  CdS  d e p o s i t i o n  on  a n  elec- 
t r ode  a l r eady  cove red  w i t h  a c o h e r e n t  f i lm of  CdS.  In  
th i s  case,  t he  n a t u r e  of  the  s u b s t r a t e  e l ec t rode  ha s  no  
in f luence  on t he  e l e c t r o d e  process .  The  s tudy  was  
ca r r ied  ou t  by  ana lyz ing  Tafel  p lo ts  (ln i aga ins t  e l ec t rode  
po ten t i a l )  o b t a i n e d  for  d i f fe ren t  so lu t ion  c o m p o s i t i o n s  
a n d  at va r ious  t e m p e r a t u r e s .  The  e l ec t rode  was  p r e p a r e d  
by  c o v e r i n g  a P t  wi re  (sur face  area  -0 .12  c m  2) w i t h  a layer  
of  CdS  - 1  ~ m  th ick ;  3 the  CdS  layer  was  d e p o s i t e d  f rom 
the  s y s t e m  u n d e r  i n v e s t i g a t i o n  at  a c o n s t a n t  c u r r e n t  den-  
si ty of  0.25 m A c m  2. Then ,  t he  e l ec t rode  was  po la r ized  
w i t h  a l inear ly  c h a n g i n g  po ten t ia l ,  typ ica l ly  at  a ra te  of  20 
m V  s-% and  t h e  c u r r e n t - p o t e n t i a l  cu rve  r ecorded .  D u r i n g  
t he  e x p e r i m e n t ,  t he  so lu t ion  r e s i s t ance  was  carefu l ly  
c o m p e n s a t e d ,  a n d  c o n c e n t r a t i o n  po la r iza t ion  a v o i d e d  by  
s t i r r ing  t he  so lu t ion  u s i n g  a m a g n e t i c  st irrer .  F u r t h e r -  
more ,  on ly  c u r r e n t s  less t h a n  o n e - t e n t h  of  the  l imi t ing  
c u r r e n t  were  c o n s i d e r e d  in  t he  analysis .  U n d e r  t h e s e  con-  
di t ions ,  t he  cu r r en t -vo l t age  c u r v e s  were  i n d e p e n d e n t  of 
t he  t h i c k n e s s  of  the  CdS  layer,  t he  p o t e n t i a l  sweep  rate ,  
a n d  t he  ra te  of  so lu t ion  s t i r r ing.  

:~ The thickness of the deposit was estimated assuming that  
the electrodeposition process consumed 100% of the charge 
passed, and that  the density of the CdS film is the same as bulk 
CdS (4.82 g cm-3). 
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Fig. 2. The dependence of the half-peak potential on (a) Cd § concen- 
tration and (b) sulfur concentration for the prepeak corresponding to CdS 
deposition on Pt at 120~ in a DEG solution containing (a) 0.2M LiCIO4, 
saturated with sulfur and varying concentrations of Cd as indicated or (b) 
0.1M Cd(CIO4)2, 0.2M LiCIO4, and varying concentrations of $8 as 
indicated. 

In all cases, it was found that the electrode process was 
controlled by irreversible electron transfer. The experi- 
mental transfer coefficient calculated from the slope of 
the Tafel plots was 0.57 -+ 0.05. Tafel plots obtained for 

different sulfur concentrations in DEG solutions con- 
taining 0.02M Cd(C104)~ and 0.24M LiC104 are shown in 
Fig. 3. As the sulfur concentration increases, the plots are 
shifted in the direction of positive potentials. The change 
in the logarithm of the current density was linear with 
that of the sulfur concentration at constant potential; the 
order of the electrode process with respect to sulfur, de- 
termined from the slope of this plot, is 1.05 -+ 0.1. 

In another experiment,  the concentration of sulfur was 
kept constant and that of Cd(C104)~ varied from 0 to 0.1M, 
the ionic strength of the solution being maintained con. 
stant by addition of the appropriate concentration of 
LiC104. The resulting Tafel plots showed no effect of Cd +~ 
concentration on the electrode process (Fig. 4). However, 
when the solution contained no Cd § ions, a decrease in 
the Tafel slope was observed at high currents. The latter 
result is probably due to strong adsorption of the S~ an- 
ion on the CdS electrode. This adsorption may have an 
auto-inhibiting effect on further sulfur reduction. The 
Tafel plot for the reduction of sulfur on Pt from a DEG 
solution containing 0.3M LiC104 is also shown in Fig. 4. It 
is interesting to note that the reduction of sulfur is much 
more irreversible on CdS than on Pt. 

On the basis of the data presented in Fig. 3 and 4, the 
following mechanism for CdS deposition on CdS is 
proposed 

S~ + 2e ~ (S~-)ad~ slow [4] 

(S~-)ad~ + Cd ++ --> CdS + $7 fast [5] 

$7 and other sulfur species containing less than eight sul- 
fur atoms are expected to be more reactive than S~ (8), 
and may undergo subsequent  electron transfer processes 

S,,_<7 + 2e -> (S=,~<~7)ad~ fast [6] 

(S~,,_-7)a~ + Cd ~§ --~ CdS + S,_, fast [7] 

The deposition of CdS from DEG solutions was very 
strongly temperature dependent. Tafel plots obtained for 
deposition of CdS from DEG solutions containing 0.1M 
(Cd(C104)._,, 0.1M LiC104, and saturated with sulfur are 
shown at various temperatures in Fig. 5. On the basis of 
these data, the enthalpy of activation of the electrodeposi- 
tion process was found to be 95 -+ 20 kJ  mol - ' .  

It is interesting to note that, except  at the highest tem- 
peratures, the deposition of CdS occurs at potentials 
more negative than the reversible potential for the 
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Fig. 3. Tafel plots for the deposi- 
tion of CdS on a Pt electrode cov- 
ered with a coherent film of CdS at 
130~ from o DEG solution con- 
taining 0.02M Cd(CIO4)2, 0.24M 
LiCIO4, and various concentrations 
of Ss: (a) 0.007M; (b) 0.003M; (c) 
0.0016M; (d) 0.0008M; and (e) 
0.0004M. The ordinate scale is 
logarithmic. 
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Fig. 4. Tafel plots for the deposi- 
tion of CdS on (a) a Pt electrode 
covered with a coherent film of CdS [::::: 
at 130~ from a DEG solution con- <~ 
taining 0.001M Ss and various con- 
centrations of Cd(CIO4)~: (�9 O; l:::: 
(A)  0 .005M; (Q) 0.01M; ( I )  "'-" 
0.02M; (C)) 0.00SM; and (A)  
0.1M. The ionic strength was main- 
tained constant at 0.3M by adding 
LiCIO4. Curve b is the Tafel plot for 
the reduction of sulfur at a fresh Pt 
electrode at 130~ in a DEG solu- 0.1 
tion containing 0.001M Ss and 
0.3M LiCIO4. The ordinate scale is 
logarithmic. 
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E,V 
Cd/Cd ~§ system. It was found that the deposition of Cd on 
CdS in the absence of sulfur is a fast diffusion-controlled 
process in this potential region. However, x-ray analysis 
of deposits obtained from DEG solutions at 90~ con- 
taining 0.002M Ss, 0.1M LiC10~, and varying concentra- 
tions of Cd(C104)2 in the range from 0.005-0.1M showed no 
excess of Cd in the CdS deposit. Apparently, when sulfur 
is present in solution, the reduction of Cd §247 is strongly in- 
hibited by the adsorption of molecular sulfur on the sur- 
face of the CdS electrode. 

In previous work (5), it was found that addition of small 
amounts of water to the electroplating solution signifi- 
cantly improved the adhesion of the electrodeposited 
CdS film to the substrate. In the present study, it was 
shown that addition of water in quantities up to a mole 
fraction of 0.57 (-20% H20 by volume) had a surprisingly 

small effect on the deposition process (Fig. 6). The ob- 
served change in the slope of the Tafel plots is probably 
caused by a change in double layer structure at the semi- 
conductor/solution interface. 

The role of the supporting electrolyte in the electrode 
process was also studied. It was shown that the cation 
does not play any significant role, the same Tafel plots 
being obtained when Li § was replaced by Na § K § or 
NH4 +. However, the role of the anion is very important. 
Replacement  of C104- by BF4-, CH3SO3-, CI-, or Br -  
usually resulted in the formation of a dark dendritic de- 
posit composed of a mixture of Cd and CdS. The effect of 
halide ions was particularly interesting and was studied 
in more detail. In this regard, the percentage of metallic 
Cd in a mixed Cd-CdS deposit was determined by 
chronopotentiometry. When a mixed film is deposited at 

o.J 
Fig. 5. Tafel plots for the deposi- I 

tion of CdS on a Pt electrode cov- E 
ered with a coherent film of CdS <~ 
from a DEG solution saturated with I::::: 
sulfur and containing 0.1M 
Cd (CIO4)2 and 0.1M LiCIO4 at '-'~ 
various temperatures: (a) 130~ 
(b) 123~ (c) 108~ (d) 95~ (e) 
82~ and (f) 70~ The ordinate 
scale is logarithmic. 
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Fig. 6. Tafel plots for the deposi- 
tion of CdS on a Pt electrode cov- 
ered with a coherent film of CdS at 
i 10~ from a DEG solution satura- 
ted with sulfur and containing 
0.1M Cd(CI04)~, 0.1M L.iCI04, and 
different amounts of water: (a) O; 
(b) S%; and (c) 20% by volume. 
The ordinate scale is logarithmic. 

constant current by reduction, only the metallic Cd is oxi- 
dized when the current is reversed. Thus, the ratio of the 
transition t ime in the oxidation process to the reduction 
t ime is equal to the mole fraction of Cd in the deposit. 
This experiment  was carried out under conditions for 
which the mixed deposit  is not too thick, thereby 
ensuring that all available Cd was oxidized on current re- 
versal. Chronopotentiometric experiments  were run with 
varying concentrations of NH4C1, NH4Br, NaI, and water 
at different temperatures. Some of the  results are pre- 
sented in Fig. 7. The addition of iodide anion had no ef- 
fect on the ratio of Cd to CdS in the deposit, pure CdS be- 
ing formed over the entire concentration range studied. 
However, in the cases of C1- and Br -  anions, pure CdS 
can be electrodeposited only when the concentration of 
these ions is very low or very high. Lowering the temper- 
ature, or adding water to the deposition bath results in a 
slight decrease in range of concentrations over which 
pure CdS can be deposited, but the general characteris- 
tics of the dependence remain the same. 

In order to investigate the role of halide ions further, 
the stability constant for formation .of the CdX~ = ion 
was determined on the basis of EMF measurements  using 
the following cell 

Cd/0.05M Cd(Cl04)~, 

1M NH4C104 in aqueous DEG//O.O5M Cd(C104h, 

xM NH4X, (1 - x)M NH4C104 in aqueous DEG/Cd [8] 

where X represents Cl-,  Br- ,  or I - ,  and the solvent con- 
tained 10% H20 by volume. In the presence of the large 
excess of halide ions the tetrahalocadmium(II) ion 
(CdX4 =) was formed with the logarithm of the stability 
constant (log 134) equal to 8.4, 9.0, and 9.9 for CI-, Br- ,  and 
I - ,  respectively, at ll0~ In Fig. 8, the equil ibrium poten- 
tials for the Cd/CdClx '-'-x system (curve a) and the po- 
tentials for deposition of CdS at a current density of 0.5 
mA cm-'-' (curve b) are shown as a function of the C1- ion 
concentration in the DEG solution. It is noteworthy that 
for C1- concentrations tess than 0.002M, the deposition of 
pure CdS occurs at a potential about 100 mV more nega- 
tive than the equil ibrium potential for the Cd/CdX~ 2-x 
system. This was attributed to strong inhibition of Cd +§ 
reduction by adsorbed molecular sulfur on the CdS sur- 

face. However, as the C1- ion concentration increases, the 
inhibition by sulfur becomes less effective, probably be- 
cause C1- ions are coadsorbed on the CdS surface and 
provide bridging sites for the adsorption of Cd ++ (9). As a 
result, a mixture of Cd and CdS is formed in the electrode 
process, and the overpotential decreases. For higher C1- 
ion concentrations, a substantial shift in the Cd/CdCL/-x 
equil ibrium potential in the negative direction is ob- 
served due to formation of the complex ions CdC1 +, CdCI~, 
CdC13-, and CdC14-. Finally, when the Cd/CdCl.r 2-~ poten- 
tial becomes more negative than the potential for CdS for- 
mation, pure CdS is deposited in the electrode process. 
The higher overpotential for CdS formation in the pres- 
ence of high C1- ion concentrations is attributed to the in- 
hibiting effect of adsorbed C1- ions on the reduction of 
sulfur. 
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Fig. 7. The percentage of CdS in mixed Cd-CdS deposits obtained 
from solutions containing halide ions against the logarithm of the halide 
ion concentration. The electrolyte solution in DEG was saturated with 
sulfur and contained O.05M Cd(ll) and 10% H20 by volume. The deposi- 
tion current was 0.S mA cm -~, and the temperature 110~ 
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Fig. 8. A plot of (a) the equilibrium potential for the Cd/CdCIx2-Xcou - 

pte and (b) the deposition potential for mixed Cd-CdS films against the 
logarithm of chloride ion concentration in the electroplating bath. The 
electrolyte solution in DEG was saturated with sulfur and contained 
0.0SM Cd(ll) and 10% H20 by volume. The deposition current was 0.5 
mA cm-2, and the temperature 110~ 

The addition of C1- ions to the electroplating bath 
causes marked changes in the orientation of the electro- 
deposited CdS crystallites (5). For C1- ion concentrations 
less than 0.005M, the crystallites are randomly oriented, 
but for C1- ion concentrations greater than 0.5M, they are 
strongly oriented with the c-axis perpendicular to the 
substrate. It is reasonable to assume that the extent of C1- 
ion adsorption varies with the crystallographic orienta- 
tion of the exposed CdS face. This will result in differ- 
ences in the rate of growth of different faces of the 
crystallites, and consequently, the promotion of one ori- 
entation in thicker deposits. 

Conclusions 
The growth of CdS during electrodeposition from DEG 

solution at a CdS surface is controlled by the reduction of 
sulfur. The anion formed in the electrode process, pre- 
sumably Ss-, subsequently reacts with Cd ~*, causing the 
deposition of CdS. The process is strongly affected by the 
nature of the anions in the electrolyte. In the case of 
C104- anion, which is probably not strongly adsorbed on 
the electrode, the deposition of CdS occurs at potentials 
more negative than the standard potential of the Cd/Cd ~§ 

system. However, the reduction of Cd §247 and subsequent 
formation of a Cd-CdS mixture is inhibited, most likely, 
by the adsorption of molecular sulfur on the CdS surface. 
This inhibition is not as effective in the presence of C1- or 
Br -  anions. In this case, the deposition of pure CdS is only 
possible if the equilibrium potential of the Cd/Cd(II) sys- 
tem is shifted by complex ion formation to a potential 
more negative than the reduction potential of $8 at CdS. 

The formation of the first monolayer of CdS on metal- 
lic electrodes occurs by a different mechanism. In this 
case, the rate of reaction is independent  of sulfur concen- 
tration but depends strongly on Cd §247 concentration. 
These observations are attributed to the initial formation 
of a monolayer of metallic sulfide on the metal electrode 
which is reduced to CdS at the appropriate potential in 
the presence of Cd §247 ions. The initial stages of the forma- 
tion of CdS in DMSO were also studied at gold electrodes 
by Roe et al. (10), who concluded that the first monolayer 
was formed by reaction of sulfur with cadmium already 
on the electrode as a result of underpotential  deposition. 
No evidence in support of their proposal was obtained in 
our earlier work (7) or in that reported here. 
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Thin Film CdSe Electrodeposited from Selenosulfite Solution 

Michael Cocivera,*  Andrzej Darkowski, and Bruce Love 

Guelph Waterloo Center for Graduate Work in Chemistry, University of Guelph, Guelph, Ontario, Canada N1G 2W1 

ABSTRACT 

Thin film CdSe on titanium is electrodeposited by reduction of an aqueous solution containing the selenosulfite 
anion and a nitrilotriacetate complex of cadmium ion. Films having thickness between 1.3 and 2.6/~m and surface areas 
of 1 cm ~ give photoconversion efficiencies between 5.5% and 5.9% when used in a photoelectrochemical cell and illumi- 
nated with an ELH lamp. 

A number  of workers (1-4) have reported the prepara- 
tion of thin film CdSe for solar cells by means of electro- 
deposition from an aqueous solution containing Cd 2~ and 
H2SeO3. A substantial excess of selenium is detected in 

*Electrochemical Society Active Member. 

films prepared in this manner (1, 3). To remove a major 
portion of this excess, the films must be annealed at tem- 
peratures as high as 750~ (3). 

It has been suggested that selenium incorporation oc- 
curs according to the reaction 
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2CdSe + H2SeO:~ + 4H ~ ~ 2Cd 2~ + 3Se + 3H20 

Consequently, use of a selenium precursor that is form- 
ally in a lower valence state might avoid undesirable side 
reactions of this type. For this purpose, we have devel- 
oped (5) an electrodeposition process that involves the re- 
duction of selenium, which is in the form of the seleno- 
sulfite anion SeSO:~ 2-. This species is prepared in situ by 
dissolving elemental selenium in an aqueous sodium 
sulfite solution. The selenosulfite anion has also been 
employed to form CdSe films by a chemical process 
rather than an electrochemical process (6). In addition, 
thin film CdSe has been electrodeposited from cyanide 
solution in which elemental selenium has been dissolved; 
however, the reported efficiencies are low (7). 

We find that electrodeposition of CdSe from aqueous 
selenosulfite solutions results in films having a Cd/Se ra- 
tio close to 1. The process consistently provides 1 cm'-' 
films having efficiencies between 5.5% and 5.9% for con- 
version of light power into electrical power using unfil- 
tered light from an ELH lamp. Furthermore,  the solution 
seems fairly stable since a 24h old solution provides films 
that also have efficiencies around 5.5%. Selenosulfite 
electrodeposited films appear to adhere quite well to tita- 
nium, whereas flaking has been reported for films elec- 
trodeposited from H._,SeO.~ solutions (4). A similar problem 
has been found for films grown by the chemical bath 
process using selenosulfite solution unless the film is 
grown in stages (6). In addition, the chemical bath solu- 
tions apparently cannot be used for periods longer than 
about lh  (6). Selenosulfite has been used previously un- 
der conditions that are different from those presented be- 
low to electrodeposit  CdSe films, which were reported to 
be of inconsistent quality and had a maximum of only 1% 
light conversion efficiency (8). 

Experimental 
Electrodeposition of CdSe.--Thin film CdSe is depos- 

ited at a t i tanium cathode at room temperature using a 
two-electrode cell in which the anode is cadmium metal. 
A constant potential of 0.30V between these electrodes 
was maintained using a Bioanalytical Systems (BAS) 
CVIB. Under  these conditions, there is an initial transient 
reduction current that decays to near zero in about 10s. 
The current density then gradually increases to 0.34 
mA]cm 2 over a period of ca. 100s and continues to in- 
crease gradually to 0.47 mA over a period of 15 min. By 
including a saturated calomel electrode (SCE) in the cell, 
we find that the t i tanium electrode potential is -1.07V vs. 
SCE. 

The electrodeposition solution is prepared by mixing 30 
ml of aqueous selenosulfite solution with 10 ml of aque- 
ous cadmium nitrilotriacetate solution. The selenosulfite 
solution is prepared by dissolving 0.120g of elemental se- 
lenium powder  (0.050 molar) in an aqueous solution con- 
taining 3.0g of sodium sulfite (0.75 molar) at pH 9. 
The cadimum solution was prepared by dissolving 0.20g 
of CdC12 . 2.5H20 (0.088 molar) into an aqueous solution 
containing 0.103M sodium nitrilotriacetate (NTA) at pH 8. 
After mixing, the combined solution remains clear and 
colorless over a period of about 8h. Over a period of 24h, a 
very thin redish brown film of either CdSe or Se forms 
on the walls of the flask; however, the solution remains 
clear and colorless. The electrodeposition is performed at 
pH 9 and room temperature using an air-saturated solu- 
tion. The anode is not isolated from the cathode. Mag- 
netic stirring is maintained during deposition. 

Preparation of the t i tanium electrode prior to film dep- 
osition involved abrading the rectangular t i tanium plates 
using no. 400 emery paper. The plate was then soaked in 
chromic acid at 90~ for 3 min, rinsed in distilled water, 
and soaked in ca. 1M sodium hydroxide at 80~ for 5 rain. 
It was then rinsed in distilled water and dried. 

Electrolysis for lh  provides a film thickness of 1.3-1.6 
~m. This thickness is determined in two ways. First, the 
weight of the film scraped from molybdenum foil was 
compared with the tabulated density of CdSe (9). Second, 
a Sloan Dektak stylus-type device was used at two posi- 

tions on a CdSe film deposited on indium tin oxide- 
coated glass. Based on the weight of the film and the 
number  of coulombs passed, the electrodeposition ap- 
pears to be 88% efficient. The weight of the film was de- 
termined after the film has been annealed at 500~ At 
this temperature, vaporization of the film does not ap- 
pear to be extensive. 

Cyclic voltammetry.--Cyclic voltammetry (CV) at the ti- 
tanium electrode was performed with the BAS CVIB in a 
three-electrode cell containing the SCE as the reference 
electrode and cadmium metal as the auxiliary electrode. 
In addition to the electrodeposition solution, measure- 
ments were made at room temPerature on a solution con- 
taining only the selenosulfite, on a solution containing 
only the cadmium complex, and on a solution of cad- 
mium ion in the absence of NTA. 

Composition of CdSe film.--Two methods were used to 
determine the composition of the film: polarography and 
Rutherford backscattering spectroscopy (RBS). For the 
polarographic determination, the analytical solution was 
prepared by treating the film on titanium with nitric acid 
at 50~ to dissolve cadmium as Cd 2~ and selenium as 
H~SeO.~. The E,2 for the reduction waves for Cd 2+ and 
H~SeO.~ occur at -0.745 and -1.500 (SCE). The 
polarographic analysis gives a Cd/Se ratio of 1.2. Prelimi- 
nary RBS analysis of the surface composition of the CdSe 
film indicates a similar ratio (1.1 -+ 0.1). More extensive 
studies of surface and depth profiles will be reported 
later. For this analysis, a 3 MV Van de Graaff accelerator 
provided 1.6 MeV helium nuclei. 

Surface morphology.--An Etec Autoscan scanning elec- 
tron microscope that employs the backscattered electron 
technique was used to observe the surface structure of 
the film before and after various annealing treatments. 
Photographs of the micrographs were taken on Kodak 
FXP/20 film using a Graphex lens and apperture. 

Performance.--The photoresponse of the CdSe film 
was determined in a photoelectrochemical  cell (PEC) 
using an aqueous solution containing 1/1/1M 
Na2S/S/NaOH. The two-electrode cell contained the CdSe 
photoanode connected by a variable resistor (EICO resist- 
ance decade box) to a cathode that consisted of brass wire 
mesh coated with Cu~S (10). No external bias was applied. 
The voltage across the load was measured with a digital 
voltmeter. Unfiltered light from a 300W CGE Quartzline 
ELH lamp was used. Power output from the lamp was de- 
termined with an Eppley thermopile, Prior to power mea- 
surements, the films were etched in 9N HC1, soaked in 
1N NaCN, and treated with 1M ZnCl~ (11). 

Results and Discussion 
The selenosulfite anion and the cadmium complex are 

made in situ in separate solutions, which are then mixed. 
The selenosulfite anion is prepared by dissolving ele- 
mental selenium in 0.6M sodium sulfite. The cadmium 
complex is prepared by dissolving cadmium chloride in 
0.028M sodium nitrilotriacetate. The cadmium complex 
[stability constant 109.8 (12)] is used to reduce the concen- 
tration of free cadmium ion. Otherwise, the chemical re- 
action (6, 13) 

Cd 2~ + 2 OH-  + SeSO~ 2- --* CdSe + SO J -  + H20 

occurs to an appreciable extent  during the time of the 
electrolysis. By means of this complex, the solution re- 
mains stable for at least 24h. Furthermore, control experi- 
ments indicate that this chemical reaction provides no de- 
tectable CdSe film on the ti tanium during the period 
used for the electrolysis. 

The CdSe film is electrodeposited at a ti tanium cath- 
ode from an air-saturated aqueous solution containing 
0.02M selenosulfite anion and 0.02M cadmium cation 
complexed to nitrilotriacetate anion. This deposition is 
performed at room temperature and pH 9 using a two- 
electrode cell in which cadmium metal is employed as the 
anode. A constant potential of 0.30V is maintained be- 
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tween the electrodes, giving a current density that gradu- 
ally rises from 0.34 to 0.47 mA/cm = during the deposition 
period. A time period of lh  provides a film thickness be- 
tween 1.3 and 1.6/~m. So far, these conditions provide the 
CdSe film with the best light power to electrical power 
conversion efficiency (5.5-5.9%) for this system. Further- 
more, these conditions provide consistent quality films 
from one solution to the next. Five solutions gave films 
having efficiencies beween 5.5% and 5.9%. An added ad- 
vantage is that the solutions are sufficiently stable so that 
electrolyses can be repeated several times. In addition, so- 
lutions left overnight without any special protection pro- 
vide films with photoconversion efficiencies as good as 
those obtained from fresh solutions. 

The film on t i tanium appears dark gray with a slight 
sheen. It adheres well to titanium. Adhesion to other sub- 
strates, such as molybdenum, platinum, and indium tin 
oxide-coated glass, is not as good. Polarographic analysis 
indicates that the ratio Cd/Se is 1.2 in the film, and 
Rutherford backscattering spectroscopy indicates a ratio 
of 1.1 -+ 0.1 using the surface energy approximation (14). 
Based on this composition, comparison of the weight of 
the films with the number  of coulombs passed indicates 
that the efficiency of the electrodeposition process is 
88%. For this determination, the film was annealed at 
500~ for 30 min. 

Prior to photoconversion efficiency measurements,  the 
CdSe film was annealed in air to 550~ for 30 min to acti- 
vate it. We found that this temperature provided suitable 
activation without causing substantial loss of material 
due to vaporization. A similar observation has been re- 
ported earlier (6). Careful temperature control seems to be 
important since films annealed at 500 ~ and 550~ give 
photoconversion efficiencies of 4.5% and 5.8%, respec- 
tively, at 70 mW insolation. Above 550~ vaporization ap- 
pears to become significant. After annealing, the surface 
of the film was prepared by etching with 9N HC1, soaking 
in 1N NaCN, and treatment with 1M ZnCI~ (10). 

The efficiency for the conversion of light power into 
electrical power was determined using a photoelectro- 
chemical cell (PEC) that contained an aqueous solution of 
Na.,S/S/NaOH in the molar ratio 1/1/1. In this cell, the 
CdSe photoanode was connected by a variable resistor to 
the counterelectrode, which consisted of brass mesh 
coated with Cu~S (11). No external biasing was applied. 
The photovoltage across the resistor was measured using 
a digital voltmete r. Unfiltered light from a Quartzline 
ELH lamp was used for excitation. The photovoltage 
measured in this manner  for the film were quite stable 
with no appreciable variation during irradiation for peri- 
ods up to 15 min. Dark voltages were negligible at all 
loads below 1 k~. Above 1 k~, the dark voltage increased 
with resistance to a maximum value around 50 mV at 
open circuit. 
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Fig. 1. Photocurrent/photovoltoge results for 1 cm 2 CdSe films at two 
thicknesses: (~)  1.3 and (X) 2.6 ~m. Conditions: PEC containing aque- 
ous polysulfide; 70 mW unfiltered light from an ELH lamp; no externally 
applied bias. 

Figure 1 illustrates the photocurrent]photovoltage char- 
acteristics for two CdSe films having thicknesses of ca. 
1.3 and 2.6/~m. There appears to be little difference be- 
tween the results at the two thicknesses. For three 1 cm'-' 
CdSe films (ca. 1.3/~m thick) deposited from three sepa- 
rate fresh solutions, the average efficiency for the conver- 
sion of light power to electrical power is 5.74 +- 0.09% for 
70 mW insolation. For these samples and those discussed 
below, the dark voltages were usually negligible, i.e., no 
more than one or two millivolts except at open circuit, for 
which the dark voltage could be as large as 50 mV. Open- 
circuit photovoltages at 70 mW insolation are typically be- 
tween 600 and 700 mV. Variation between 40 and 100 mW 
insolation gave open-circuit photovoltages in this range 
also. The photoresponse of each film was quick; re- 
sponse time appeared to be limited by the response of the 
voltmeter. At all loads, the photovoltage/photocurrent 
was stable during the i l lumination period, typically about 
15 min. Short-circuit current density at 70 mW insolation 
was in the range 12.4-14.4 mA/cm'-' and fill factors were in 
the range 0.40-0.47. Figure 2 illustrates the photoresponse 
as a function of light power. The conversion efficiency 
decreases somewhat as the light intensity increases. Thus 
at 40, 70, 80, and 100 mW insolation, the conversion effi- 
ciency is 5.9%, 5.9%, 5.1%,and 4.7%, respectively, for a 
film having a surface area of 1 cm 2. When the surface area 
was increased to 3.2 cm ~, the efficiency decreased to 4.0% 
at 70 mW. Aging the electrolysis solution does not appear 
to adversely affect the quality of the film. Thus a conver- 
sion efficiency of 5.4% is obtained for a film grown from 
a solution that has been exposed to air for 24h at room 
temperature. 

The effect of other conditions on the properties of the 
CdSe film are currently under  study. Preliminary results 
indicate that current densities higher than 0.500 mA/cm ~ 
give films having efficiencies somewhat lower (ca. 5.0%). 
Larger selenosulfite anion concentrations have a similar 
effect. 

Scanning electron microscopy reveals the effect of tem- 
perature on the surface morphology of the CdSe film. 
Figure 3A illustrates the surface morphology of the CdSe 
film on t i tanium after deposition for lh  and prior to any 
temperature treatment. At the present time, it is not clear 
if the cracks occur during electrodeposition or if they re- 
sult when the film is dried at room temperature. The 
characteristic cauliflower appearance (3) found for 
H2SeO3-grown CdSe is not evident with our film. Anneal- 
ing at 500~ in air for 30 min followed by 9N HC1 etch 
gives the surface illustrated in Fig. 3B. The consequences 
of the annealing on the surface are not clear at this time. 

A cyclic voltammogram (CV) of the deposition solution 
at room temperature is illustrated in Fig. 4. Second and 
subsequent  scans exhibit currents higher than the first 
one given in Fig. 4, and the first peak shifts 70 mV in the 
positive direction. The CV's were obtained under  condi- 
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Fig. 4. Cyclic voltammogram at room temperature and 1 O0 mV/s for an 
aqueous solution containing 0.6M sulfite, O.02M selenosulfite, 
0.022M cadmium chloride, and 0.28M sodium nitrilotriacetate atpH 9. 
Titanium electrode area is 0.08 cm ~. Reference is SCE. 
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Fig. 3. Scanning electron micrographs of electrochemically deposited 
CdSe films on titanium. Magnification, 3250X; angle, 45 ~ A: As depos- 
ited. B: Annealed at 500~ for 30 rain in air. 

tions very close to those employed for film preparation, 
i.e., same concentrations and electrode except the surface 
area of the t i tanium was reduced to 0.08 cm 2. 

For several reasons, the details of the electrodeposition 
process are not clear at this time. First, CV of Cd 2§ + NTA 
exhibits a peak at potential close to that in Fig. 4. Second, 
CV of SeSO3 ~- exhibits peak 200 mV mor e negative than 
first peak in Fig. 4. Third, in both these cases, the current 
is not enhanced on the second and subsequent  
scans. Fourth, polarographic studies of the reduction of 
the various species alone and when mixed indicates that 
the mixture exhibits an additional wave that may result 
from an interaction between SeSO~ 2- and either free or 
complexed cadmium ion. Consequently, the results thus 
far indicate several possibilities that are currently unde r  
study. 
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Reduction of CO2 on n-GaAs Electrodes and Selective Methanol 
Synthesis 

K. W. Frese, Jr.* and D. Canfield 

SRI International, Materials Research Laboratory, Menlo Park, California 94025 

ABSTRACT 

Faradaic efficiencies and current voltage characteristics for the reduction of COs to CH3OH on n-GaAs (111 As) 
single-crystal electrodes have been determined. The yield of CH3OH is - 100% for current densities of - 140 t~A]cm 2 at 
-1.2 to -1.4V vs. SCE. The excess current due to COs was found to have a threshold at pH - 3.6 and a maximum at pH 
4.3. The current also exhibited a rotation-independent j/v characteristic that is interpreted as a rate-determining surface 
chemical combination step involving adsorbed H atoms and a carbon containing intermediate. The pH dependence of 
the saturation current is modeled with a kinetic scheme involving the parallel reduction of H § and CO2. 

Over the past 40 years, there have been a number  of 
studies dealing with COs reduction at metal electrodes 
(1, 2). Recently, we have been investigating the reduction 
of CO2 at semiconductor electrodes. One goal of the semi- 
conductor approach is to utilize the electrochemical prop- 
erties of p-type photocathodes to convert sunlight and 
COs into useful fuels. It is known that CO2 can be reduced 
to methanol and small amounts of methane on certain 
semiconductor electrodes in aqueous solutions (3-6). Our 
results (7) on electrolysis of CO2 solutions using n- or 
p-GaAs and p-InP electrodes show that methanol  is the 
major product (pH 4-6). These studies involving semicon- 
ductor electrodes, however, have mainly concerned prod- 
uct identification and yield. 

Our purpose is to investigate aspects of the kinetics of 
COs reduction on semiconductor  electrodes. In this paper, 
we report measurements  of the current voltage character- 
istics of a rotating disk n-GaAs electrode as a function of 
pH and rotation rate in the presence of N2 and CO2. 

The fm'adaic efficiency for CH3OH as a function of cur- 
rent density has also been determined. The results, es- 
pecially the saturation current for COs reduction, are 
modeled by kinetic analysis of a set of tentative elemen- 
tary steps. 

Experimental 
Single-crystal disks, 5 mm diam, were mounted in a 

Pine Rotating-ring disk arrangement. Rotation speed was 
controlled by means of a Pine analytical rotator. 

The crystal face was n-GaAs (111 As). The electrodes 
were first etched with 1% Br2/CH3OH and rinsed for 10s 
with 1M HC1. The GaAs electrodes were further etched in 
1% sodium hypochlorite/0.1M Na2 EDTA at pH 10. All 
etching was done with a wet cotton tip applicator. Finally, 
all electrodes were rinsed with distilled water. 

All solutions were prepared with distilled, deionized 
water and reagent-grade~ chemicals, unless otherwise 
noted. High purity N2 was passed through the electrolyte 
to remove dissolved oxygen. The electrode potential was 
swept at 1 V/min by means of a Pine RDE-3 potentiostat. 
The initial voltage for all sweeps was -0.5V SCE. All ex- 
periments were performed at room temperature, 22~ 

Electrolyte pH was controlled by addition of H2SO4 or 
NaOH solutions. When pH was varied, it was checked be- 
fore and after each scan to make sure it had not changed. 

Experimental Results 
Current-voltage curve .--Current-voltage curves for 

n-GaAs (1 l l )As in N2-saturated and CO2-saturated Na2SO4 
electrolyte (pH = 4.0) are shown in Fig. 1. Before these 
curves were obtained, the rotating disk electrode was 
held at -1.2V vs. SCE in the same N2-saturated electrolyte 
but with pH = 3.4 and 1600 rpm rotation speed. It was ob- 
served that the current increased with time until a steady 
current of 2.5 mA]cm 2 was reached after a period of about 
10 min. A typical current-time curve is shown in the inset 
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in Fig. 1. This pretreatment was chosen because we 
wanted to make measurements  with the surface condi- 
tions close to those obtained in our extended electrolysis 
experiments (7) that are performed at -1.2 to -1.4V vs. 
SCE in a similar electrolyte (pH = 4-5). In those experi- 
ments, we always observed changes in the initial current 
voltage characteristics for about 30-60 min, then steady 
conditions are found for at least 70h. The probab]e cause 
for the longer current transient is that the pH is higher 
than in the present case. 

Returning to Fig. 1, the onset for excess current due to 
CO2 is -0.95V. Both curves with N2 or CO2 showed satura- 
tion behavior starting to -1.1 to -1.2V. This portion of 
the curve corresponds to diffusion-limited H § reduction, 
and in the case of CO2 solution to the simultaneous reduc- 
tion of H § and COs. Beyond -1.4V, a steep rise in current 
was observed with either gas present. This current is ap- 
portioned be tween  H20 and CO2 reduction. It should be 
noted that the pH of the electrolyte was constant before 
and after each measurement.  The saturation currents (N~ 
present) depended on rotation speed, but the magnitude 
of  the excess current due to CO2 was almost constant up 
to -1.4V at pH 4. 

Effect of rotation speed.--Figure 2 illustrates the de- 
pendence of the excess current in the presence of COs as 
a function of rotation rate and electrode potential. These 
curves were constructed by direct subtraction of points 
on the N2 and COz curves at each voltage. The rotation 
rate was varied from 100 to 2500 rpm. This electrode was 
also pretreated as in Fig. 1. It can be seen that at pH 4.2, 
the excess COs current was independent  of rotation speed 
and showed saturation behavior over a voltage range be- 
tween -1.15 and -1.40V. The saturated current density 
was - 1.4 • 10 -4 A/cmK At potentials negative of -1.4V, 
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Fig. 2. Excess cathodic current due to CO., vs. electrode potentiol and 
rotation speed, n-GaAs, ( 111 ) As, in COz-saturated O. 1M Na=,S04. p H = 
4.2. Area, 0.2 cm ~. Pretreatment as in Fig. 1. 

an increase in excess current was observed. This charac- 
teristic also appeared to be independent of rotation rate. 

A more detailed study of the rotation dependence of the 
cathodic current in the presence of Ns or COs was made. 
The results are shown in Fig. 3. With only Ns present at 
pH = 4.2, a diffusion-limited H ~ reduction wave was ob- 
tained as shown by the linear plot of/vs. (rpm) m. A diffu- 
sion coefficient of 7.0 • 10 -5 cmS/s was calculated from 
the slope assuming a proton activity coefficient (8) of 
0.76. This diffusion coefficient was obtained at 22~ cor- 
rection to 25~ using 3.1 kcal]mol (9) activation energy 
yields 7.4 • 10 -~ cmVs, in good agreement with data ob- 
tained in KC1 electrolyte (9). When the electrolyte was sat- 
urated with COs, plots of i vs. (rpm) 1~2 were again linear 
with nearly the same slope as in the N2-saturated case. 
Importantly, the intercepts of these plots were nonzero 
and depended on the electrode potential. A plot of the in- 
tercept vs. potential is shown in the. inset to Fig. 3. Note 
the similarity of this i-V curve obtained in COs-saturated 
solution and those shown in Fig. 2 that were calculated by 
difference from data pairs in COs and Ns saturated elec- 
trolytes at constant rotation speed. 

Effec t  o f  pH.--Cathodic current vs. pH and electrode po- 
tential was measured in both Ns- and CO2-saturated elec- 
trolytes. The results for a rotation speed of 400 rpm are 
shown in Fig. 4. The lower curves in each panel corre- 
spond to the N2 case, and the upper curves to the CO~ 
case. In order to obtain reproducible results over the 
whole pH range that we investigated, we had to etch the 
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crystal before each i-V scan at a given pH. Therefore, the 
electrode was given the same etch pretreatment  before 
each data point in Fig. 4. This treatment consisted of a 2s 
rinse in 1M HC1, 10s distilled HsO rinse, followed by a 20s 
etch with 1% v/v sodium hypochlorite in pH 9 aqueous so- 
lution, and final H.,O rinse. In all cases, the etched elec- 
trodes shed rinse water immediately on contact. Gener- 
ally, these surfaces are considered to be much closer to 
stoichiometric than the cathodically pretreated ones (Fig. 
1-3). In the pretreated case, some surface roughening and 
cathodic corrosion giving at least a Ga monolayer is ex- 
pected. 

Inspection of the curves in Fig. 4 reveals that excess 
CO2 current was first detected at pH values of 3.6, 3.7, 3.7, 
and 3.9 for -1.1, -1.2, -1.3, and -1.4V, respectively. The 
reaction orders for H ~ reduction with N2, d log i / d p H  
were 0.37, 0.95, 0.91, and 0.97 for the same electrode po- 
tentials. The numbers  were calculated from the straight 
lines in the most acid region of the plot. These unit reac- 
tion orders are consistent with diffusion-controlled reduc- 
tion of hydrogen ions. Another approximate calculation 
of D~+ was performed by extrapolation of the current at 
-1.3V (N2 present) to pH = 0. A diffusion coefficient of 
7.0 x 10-5 cm2/s was found, in good agreement with our 
earlier determination. Under  less acidic conditions, the 
reaction order approached zero and then came close to 
unity again. The deviation in reaction order with respect 
to the hydrogen ion may be caused by reduction of a thin 
(perhaps mono) layer of adsorbed species which are more 
stable at certain pH values. We assume this effect is con- 
stant for both N~- and CO2-saturated electrolytes. The 
electrolyte was saturated with COs, and the i-V curves at 
each pH were determined, again, after a standard etch for 
each pH value. The general pattern was that the apparent 
reaction order with respect to hydrogen ion decreased 
when CO2 was present. 

Then, plots of/cos - iN2 vs. p H  at a fixed potential were 
constructed; the results are shown in Fig. 5. The excess 
current began at a pH of 3.5-3.9 and increased to a maxi- 
mum at pH 4.3 and then, depending on voltage, increased 
sharply again. 

Finally, the/cos - ins data were plotted vs. electrode po- 
tential with pH as a variable, as shown in Fig. 6. Strik- 
ingly different i-V curves at each pH were observed. The 
onset potential was similar to that already observed in 
Fig. 1 and 2, namely, - -1.0V. At pH 4.0, a saturation cur- 
rent was also found between -1.2 and -1.4V. As the pH 
increased, the saturation portion narrowed and a sharp in- 
crease became very noticeable. At pH 6, the saturation 
characteristics completely disappeared. Tafel plots of the 
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i-V curves  for pH 5.8-6.0 and the  more  ca thodic  por t ion  of 
the  pH 5.5 curve  are shown in the  inset. The  Tafel  s lopes 
were  220-230 mV. 

Electrolysis and chemical analysis.--We per fo rmed  
long- te rm (17-20h) e lectrolysis  expe r imen t s  us ing  two dif- 
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Fig. 6. Current-voltage curves for CO.2 reduction at variouspH values 
using n-GaAs (111)As in 0.2M Na~SO4. Inset shows Tafel plots for most 
alkaline pH values. Area, 0.2 cm ~. 

ferent  Na~SO4 elect rolytes  that  were  sa tura ted  wi th  CO._,, 
initial pH  4.2. The  details of  these  exper iments ,  analyt ical  
procedures ,  and more  comple t e  results  have  been  tabu- 
lated (7). The  object ive  was to de t e rmine  the  reduc t ion  
products  and obta in  faradaic efficiencies.  

Analysis  for methane ,  methanol ,  fo rmaldehyde ,  and CO 
was per formed.  The  electrolysis  was conduc ted  at var ious  
cur ren t  densi t ies  (based on geomet r ica l  area) us ing 
n-GaAs ( l l l ) A s  crystals s imilar  to those  that  were  used  in 
the i-V m e a s u r e m e n t s  repor ted  above. 

Occasionally,  only  t races of  CH4 were  observed.  
Faradaic  eff iciencies for fo rma ldehyde  were  always very  
low, < 1%. Also, eff ic iencies  for CO were  usual ly  - 1%. 
However ,  the  eff iciencies for me thano l  were  high and de- 
p e n d e d  on current  density,  as shown in Fig. 7. Note  that  
in an e lec t ro lyte  m a d e  f rom 99.999% Na~SO4 and h igh  pu- 
rity water,  no m e t h a n o l  was formed.  This  effect  will  be 
d iscussed  more  fully in later  reports.  The  resul ts  wi th  the 
Ga (111) face were  similar  e x c e p t  that  m e t h a n o l  was pro- 
duced  in e i ther  reagent -grade  or h igh  pur i ty  electrolyte.  

At  a current  dens i ty  of  - 1.4 z 10 -4 A/cm 2, the  effi- 
c iency  for me thano l  was 100%. At 5 • 10 -4 A]cm 2, the  
me thano l  eff iciency d ropped  to low values  wi th  e i ther  
face. 

Elect rolys is  of  s imilar  e lect rolytes  at pH 5.8-6, gave 
some  formate  ion product ,  as shown by qual i ta t ive  analy- 
sis us ing  the mercur i c  ch lor ide  test  (10). F o r m a t e  has 
been  shown to be  the  major  p roduc t  on Hg e lec t rodes  (11) 
in this same pH range. Methanol  has also been  found at 
pH up to 6.7 wi th  cur ren t  eff iciencies > 10%. 

D i s c u s s i o n  
In  this  section, we will  d iscuss  our  resul ts  in l ight  of  a 

p laus ib le  react ion m e c h a n i s m  for cOs reduct ion.  A num-  
ber  of  key  expe r imen t a l  observa t ions  can be  summar ized  
as follows. The  excess  cur ren t  due  to COs saturates  at 

140 /zA/cm 2 (cathodical ly  pre t rea ted  surface, Fig. 2 a n d  
3) and at ~ 90 tzA/cm 2 on an as-e tched surface (Fig. 6). 
This  saturat ion cur ren t  is i n d e p e n d e n t  of rota t ion speed  
f rom 100 to 2500 rpm. This  behav io r  sugges ts  that  the  cur- 
ren t  is control led  by a chemica l  surface react ion wi th  
near ly  saturat ion coverage  wi th  adsorbed  intermediates .  
The  faradaic eff ic iency for CH3OH reaches  100% at a cur- 
rent  dens i ty  of  - 140 ~A/cm'-'. This  va lue  is r emarkab ly  
close to the  saturat ion cur ren t  for a s imilar ly  act ivated 
electrode.  Also, the  pH has a p r o n o u n c e d  inf luence on 
the  excess  current ,  ico2 - i~2. Two crit ical  pH va lues  were  
found (Fig. 5); a low va lue  w h e n  the excess  cur ren t  is im- 
measurab ly  small,  and a h igher  va lue  where  a m a x i m u m  
occurs.  Finally,  the  r educ t ion  of  H ~ is diffusion cont ro l led  
in the  p resence  of CO2 (Fig. 3). Accord ing  to the  analysis  
of  P l e skov  (12), plots of  cur ren t  densi ty  vs. (rpm) '~'-' l ike 
those  in Fig. 3 (CO2 present)  indicate  that  rapid  diffusion- 
contro l led  H § reduc t ion  occurs  in parallel  w i th  a s lower  
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activation-controlled process. This factor is used in 
formulating the parallel reaction mechanism below. An 
increase in current at more cathodic voltages (Fig. 2 and 
6) indicates a change in mechanism. At pH values 5-6, 
Tafel slopes of 220-230 mV/decade were observed. We will 
first focus on the saturation current and the effect of pH. 

The data presented here do not, of course, allow for 
identification of the chemical  species involved in all the 
mechanistic steps. However,  the data do provide impor- 
tant clues concerning the overall reaction sequence and 
the rate-determining step in CO2 reduction to methanol. 

In the following discussion, we will assume that under 
reaction conditions, the GaAs rotating disk electrode sur- 
face contains adsorbed hydrogen atoms. It is further as- 
sumed that the steady-state coverage with hydrogen, O, is 
mainly controlled by the convective diffusion of H30 + 
ions. The value of 0 will depend on the rate of removal of 
H atoms and the diffusion properties. In the following, 
the subscript "a" indicates adsorbed on the surface. When 
the combination reaction is rate determining in the hy- 
drogen evolution reaction, HER, we have 

2Ha ~-{ H2 [1] 

By equating the current for Eq. [1] with the Levich equa- 
tion (12), we obtain 

( A ~ ~2 
O = \ - - ~  / (rpm) ~4 (H+) "s [2] 

where A = 0.017 (DH§ D and H + are expressed in units 
of 10 -5 crrgs and mol/liter, respectively. Similarly, when 
the electrochemical desorption is rate determining 

H~ + e -  +H~ -~ Hs [3] 

and 

A(rpm) "2 
6 -  [4] 

k~ 
According to Eq. [2], the hydrogen coverage depends on 
the square root of the proton concentration and depends 
slowly on rotation rate. For the second case of electro- 
chemical  desorption, O is independent  of H ~ and varies 
more strongly with stirring. 

Now, consider the following elementary scheme of 
steps to account for the saturation of Jco2-J,~'2 and its pH 
dependence. 

k, 
n H  ~ + n e -  ~ nH~ [I] 

k -1  

2H~ ~ Hs [II] 
rds 

k3 
COs + e-  + H + ~ �9 C O O H a  [III] 

k - 3  

H, + �9 COOHa ~ I [IV] 
rds 

followed by four additional hydrogenation steps to give 
methanol  via additional intermediates, I. We have no 
specific evidence for the identity of.these intermediates, 
I. For example, I in step [IV] could be CO,d. For Hs and 
CH3OH reduction products, n would equal seven. Ad- 
sorbed formate radicals are believed to be the precursor 
to CO2 in the oxidation of formic acid (13) and to be the 
product  of the one electron reduction of COs on Hg elec- 
trodes (11, 14). 

The key to explaining the saturation current and its pH 
dependence is the assumption that the rate of CO2 reduc- 
tion (methanol formation) is limited by a surface chemical 
reaction involving Ha. For simplicity let us say that step 
[IV] is rate limiting. The total current in the presence of 
CO~ is then given by 

Jco2  = 2kc o~ + 6k407 [5] 

where T is the surface coverage with formate radicals. An 
expression for T can be obtained by the usual steady-state 
method. Under saturation conditions, we simply write 0 + 
T = 1. Other analogous rate-determining steps involving 
H~ and species I would lead to a relation similar to Eq. [5] 
(consecutive step reaction). Using our expression for O 
(combination reaction) Eq. [2], and conservation of sites, 
we obtain the following expression for the experimentally 
determined JCO2"JN2 

JCO2"JN2 = 6k3B(H+) '~2 [1 - B(H+) '/2] [6] 

where 

B = [A/kc] "2 (rpm) 'j4 

According to Eq. [6], the excess current should go to zero 
when (H~)o = k d A ( r p m ) ' 2 ;  and it should be max imum at 
(H+)m~x = k d 4 A ( r p m )  ~2. In addition, the model  predicts 
PH~=mx - pH~=o = log 4. From Fig. 5, we see that for 
-1.2V, the excess current is maximum at pH = 4.3 and 
goes to zero at pH = 3.6. Therefore hpH = 0.7 agrees with 
the predicted value log 4 = 0.6. 

We can calculate a value for kc in current density units 
by applying the equation for (H~)max just  mentioned 
above. Using the appropriate constants for A, and an ac- 
tivity coefficient of 0.76, we obtain kc = 3.2 • 10 -4 A/cm 2. 
Using this value of kc, we can calculate B = 62.4M-'. Re- 
turning to Eq. [6] and noting the saturation current at pH 
= 4.2 of 90 ~A]cm 2 (Fig. 6), we can calculate that k4 = 6.1 • 
10 -.~ A/cm s. 

It is of interest to compare the surface combination rate 
constants determined here with those deduced (15) from 
limiting current behavior for C12 evolution. Here, the reac- 
tion rate is limited by combination of C1 atoms on the sur- 
face. On oxide-free Pt  electrodes in anhydrous trifluoro- 
acetic acid, kc ranges from 300 to 1500 gA]cm 2, depending 
on coverage of C1 atoms. Our values, particularly for the 
H atom combination are in the same range. A more realis- 
tic comparison would involve rate calculations based on 
details of the energy surfaces for the adsorbed H a and 
COOHa on the GaAs electrode. Unfortunately, these are 
not available. 

At this stage, we can calculate the complete pH depend- 
ence of the saturation current using Eq. [6] and our rate 
constants. The inset to Fig. 5 shows the model  prediction 
(solid line) and the data points for -1.2V. The fit is seen 
to be good. If O were determined by the electrochemical 
desorption in the HER Eq. [4], no maximum is predicted 
in the saturation current vs .  p H .  At pH > 5, the observed 
current is slightly above the calculated curve; this is prob- 
ably due to a faster process taking over. This also ex- 
plains why the -1.4V peak (Fig. 5) appears larger than the 
-1.2 and -1.3V peaks. 

We now consider some other features of the JCOs-JN2 
curve. As we have seen, at more cathodic potentials (Fig. 
2, 5, and 6), different i-V characteristics were observed. At 
pH 4.2, a rotation-independent increase in excess current 
was found, beginning at -1.4V (Fig. 2). The Tafel shapes 
for these two plots are 152 and 134 mV/decade. It is not 
clear if these slopes depend on rotation rate or if the data 
is imprecise. At pH 5-6, the i -Vcurves  are dominated by 
characteristics with Tafel slopes of 220-230 mV decade 
(400 rpm) and no saturation effect is observed. 

From the earlier discussion concerning the saturation 
current, it is clear that under  our reaction conditions the 
surface is nearly saturated with adsorbed intermediates. 
Therefore, Temkin-type analysis with the possibility of 
activated adsorption must be applied (16). 

We have not done a complete analysis of these effects, 
and, therefore, a detailed interpretation of the Tafel 
slopes must  be postponed. However, we note that Tafel 
slopes of 224 mV/decade were already observed (14) for 
COs reduction on Hg electrodes in NaHCO3 solution. In 
that case (11, 14), the rate-determining step (j > 10 -5 
A/cm 2) was concluded to be 

CO2 + e -  + H20 ---> COOH~d + OH-  
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The reaction product was stated to be formate (98% cur- 
rent efficiency). At pH > 5, it is reasonable to expect that 
the coverage on GaAs with Had is also low and hydrogen 
has to be obtained from H20. 

Now consider the effect of current density on the 
faradaic efficiency, Fcn3oK, for methanol. These measure- 
ments were made at -1.3 to -1.4V (SCE) in CO2-saturated 
solutions with an initial pH of 4.1-4.2. There is a close cor- 
respondence between this current density of Fca3oH = 
100% and the saturation current in Fig. 2 for a cathodic- 
ally pretreated electrode. Both these values are - 1 4 0  
t~A/cm s. If the total current is increased beyond this value, 
the yield of methanol should drop if the limiting rate of 
methanol formation corresponds to the saturation cur- 
rent. This appears to be the case as shown in Fig. 7. Ap- 
parently, another COs reduction product is formed at high 
current densities as demonstrated by the drop in metha- 
nol yield and the simultaneous rise in excess current, as 
shown in Fig. 2. This current may correspond to the re- 
duction of the adsorbed formate radicals that were postu- 
lated to be reactants in the surface chemical rate-limiting 
step of methanol synthesis. 

According to our model, the yield of CH3OH will de- 
pend on the coverage of H atoms. Recall that we assume 
only Ha and I, which may be �9 COOH, are the only impor- 
tant intermediates in the mechanism. Using Eq. [5] and 
the observed rate constants, k~ and k4, we can write 

6k40~/ 1 
- 0 [ 7 ]  

FCH3~ Jco~ 1 + 1.75 (~_Z_0_) 

It may be seen that methanol yield increases as t~ de- 
creases. For 0 = 0.5 and 0.1, Fcs3oH is 0.36 and 0.84, respec- 
tively. Even though k~ < kc, the yield of methanol can 
reach high values as found experimentally. In the limit of 

= 0, Eq. [7] is undefined. 
The question of the acidity of the postulated adsorbed 

formate radicals is not completely answerable at this 
time. It has been suggested that adsorbed CO2- is the 
dominant  first electron product based on the reported 
PKa of 1.4 (18) for free aqueous formate radicals. However, 
the value of 3.9 has also been reported (19) for the same 
radical. We reason that is more appropriate to estimate 
the acidity of adsorbed formate radicals by analogy to or- 
ganic acids. There appears to be little quantitative data on 
the pKa's of metallocarboxylic acids (20, 21); however, 
many organic acids with different hydrocarbon substitu- 
ents have been studied. In many cases (22), the pKa's are 
in the range of 4.7 to 5.0. In addition, substituent effects 
can change the K~'s by an order of magnitude. If bonding 
of radicals occurs to the more electropositive Ga atoms on 
the surface, then the PKa of the adsorbed radical might 
exceed 5.0. The negative charge at the cathodic surface 
may also act to further increase the pKg. For example (22), 
introduction of the --COs- group for a methyl hydrogen 
in acetic acid raises pK~ from 4.76 to 5.69. Finally, ad- 
sorbed COs- would be less favorable, owing to lateral re- 
pulsions on the surfaces. In summary, because of the 
above chemical and physical effects, protonated COs- 
radicals are a distinct possibility as suggested in our 
mechanism, step [III], for pH < 5. 

Summary 
Carbon dioxide can be reduced to methanol on n-GaAs 

(111 As) electrodes with high faradaic efficiencies for 
current densities of -150 t~A/cm s. Methanol synthesis ap- 
pears to be limited by a surface chemical step involving 
adsorbed hydrogen and an unidentified surface interme- 
diate. Possible intermediates are CO~d; formyl, --COH; 
hydroxycarbene , - -CH--OH;  hydroxymethyl, CHs--OH; 
or methoxy, --O--CH3. 

Analysis of the pH dependence of the saturation cur- 
rent led to information on the HER. We used the assump- 
tion that hydrogen is formed by the combination reaction. 
This step was already proposed as part of the HER on 
GaAs electrodes (17). A chemical rate constant of 3.2 • 
10 -~ A/cm s for the Ha combination was obtained. The pH 
dependence of the saturation current in the presence of 
COs could be fit with parameters derived from the data. 
The analysis gave a chemical rate constant of 6.1 • 10 -5 
A/cm s for the rate-determining step. 

The results given here show that very complex catalytic 
reactions can be performed on semiconductor surfaces in 
electrochemical cells. A start has been made towards un- 
derstanding such mechanisms as CH3OH synthesis. There 
appears to be pH and voltage range for certain mecha- 
nisms or products. 

The onset potentials for CH3OH synthesis are quite ca- 
thodic, which means, the energy efficiency, for the pro- 
cess is low. The use of p-type cathodes and/or n-type 
photoanodes in electrolysis cells could significantly alter 
this situation. 
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ABSTRACT 

In situ infrared spectroscopy and mass spectrometry were used to investigate the gas and liquid phases in lithium- 
sulfur oxyhalide cells driven into anode-limited reversal at 1-5 mA/cm ~. In the lithium-thionyl chloride system the spe- 
cies HC1, CS2, SO~, S~O, SCI~, and SO..,C1._, were identified in the gas phase and HC1, A1CI:,OH-, SOs, SO=,CI.,, and SOC1 + 
A1C14- in the liquid phase. A species giving rise to three absorption bands at 1337, 1070, and 665 c m - '  was observed in 
the liquid phase of that system during anode-limited reversal only, and in the lithium sulfuryl chloride system during 
normal discharge and during reversal; this compound was tentatively identified as Li(SO~, SO._,CI~) § AIC14- and is analo- 
gous to the well-known complexes involving LiA1C14, SO2, and SOCI.,. The lithium-sulfuryl chloride cell behaved simi- 
larly to the thionyl chloride cell, specifically with respect to formation of SO2- and SOCl+-like species--the latter tenta- 
tively identified as SO2C1 § Indirect evidence suggests that chlorine may accumulate in both systems at -20~ but at 
25~ i t saccumula t ion  in the cells is prevented by its reaction with SO2 to form SO2C12. 

In the ten years since the feasibility of lithium-sulfur 
oxyhalide cells was first recognized (1), remarkable prog- 
ress has been made in hardware development; however, 
their widespread use has been impeded, owing to the 
safety hazards associated with their relatively high energy 
density. Conflicting reports exist as to the cause of sev- 
eral explosions involving the lithium-thionyl chloride sys- 
tem. Explosions have been observed in anode-limited 
cells driven into reversal (2); a 'hazard also exists in cath- 
ode-limited cells since they contain both lithium and sul- 
fur at the end of discharge, and the highly exothermic for- 
mation of Li2S may be possible at elevated temperatures 
(3, 4). In addition, poor mechanical  design is suspected in 
some cases. 

The lithium-sulfuryl chloride cell which does not form 
any sulfur during discharge is potentially safer than 
Li/SOC12 (5). However, the relatively high corrosion rate 
of l i thium in that system limits its use to special high rate 
reserve applications. 

Resolution of the unpredictable safety hazards associa- 
ted with these systems may only be possible by analytical 
determination of their causes, and several investigations 
have been conducted along these lines. Istone and Brodd 
(6) have performed an in situ infrared study of the electro- 
lyte of Li/SOC12 cells and observed that only two absorp- 
tion bands change in intensity during normal discharge, 
one at 1335 c m - '  due to SO~ formation, the other at 689 
cm -1 which they assigned to S~O. Elemental  sulfur was 
also seen to deposit on the spectroscopic cell walls. These 
authors proposed a mechanism involving formation of 
SO2 and $20 with subsequent  decomposition of the $20 
to sulfur and SO2. This mechanism had been previously 
rejected on the basis of stoichiometry by Schlaikjer et al. 
(7), who postulated instead the formation of a sulfur mon- 
oxide polymer according to the reaction 

2nLi + nSOCI~ = 2nLiC1 + (SO)n [1] 

followed by decomposit ion of the polymer to produce ele- 
mental sulfur and SO2. 

Spectroelectrochemical  studies first carried out by 
Abraham and Mank (8) then by Salmon et al. (9) have pro- 
vided evidence that the principal reaction at the anode 
current collector on reversal is 

2SOC1., = 2SOC1 ~ + C12 + 2e- [2] 

Salmon et al. further speculated that several electrochem- 
ical reactions involving SO2 were also occurring 

SO2 = SO ++ + O + 2e- [3] 

*Electrochemical Society Active Member. 
1Present address: Gould, Incorporated, Micro Power Products 

Division, Eagan, Minnesota 55121. 

SO~ + C12 = SO +~ + 2C1- + O [4] 

C12 + O = CliO [5] 

IR absorption bands at 1070 and 690 c m - '  were as- 
signed by these authors to SO +~ and CliO, respectively. 
Abraham and Mank had observed the 1070 c m - '  band in 
their investigation but assigned it to an S-O stretching vi- 
bration of a sulfur-oxy compound. Under  the same condi- 
tions, they also observed a band at 1415 cm- ' ,  which they 
assigned to SO.~CI~. 

Evidence for a significant involvement  of a luminum 
chloride species in the IR absorption spectrum was ob- 
tained by Bailey and Blomgren (10), who identified sev- 
eral aluminates in Li~CO.~-A1CI~SOC12 electrolyte giving 
rise to absorptions at 3200-3400 (A1C13OH-), 800, and 695 
cm- ' .  The last two bands were assigned to the oxychloro- 
aluminate species with the suggested structure 
Li~(A1C13)20. They corroborated their results using ~TA1 
NMR spectroscopy. 

More recently, McDonald (11) was able to show by mass 
spectroscopy the generation of substantial amounts of hy- 
drogen and nitrogen in Li]SOCI~ batteries. 

In order to clarify these issues, we have re-examined 
the IR absorption spectrum of the electrolytes of lithium 
thionyl chloride and lithium-sulfuryl chloride cells during 
normal discharge and anode-limited reversal, at current 
densities between 1 and 5 mA/cm 2, and temperatures be- 
tween -20 ~ and 25~ Furthermore,  we have carried out a 
mass spectrometric analysis of the gases evolved from a 
Li/SOC1._, cell during discharge and anode-limited reversal 
at 25~ 

Experimental 
The cell.--The electrochemical cell used for all our ex- 

periments is shown in Fig. 1. It consists of two concentric 
electrodes supported within a nickel cylinder. The cath- 
ode is a thin (20 cm 2 • 20 mil) carbon-Teflon porous elec- 
trode pressed on a nickel grid spot welded to the wall of 
the cylinder. The l i thium anode (8 cm 2 • 5 rail) is pressed 
on a nickel foil substrate spot welded around a stainless 
steel central post. The electrodes are about 0.5 cm apart 
and separated by a double layer of 0.005 in. glass mat. The 
cell can be coupled directly to a mass spectrometer via a 
valve system, as shown in Fig. 2, or to an IR spectroscopic 
cell via a pump to circulate the electrolyte between the 
electrochemical cell and the spectroscopic cell. The vol- 
ume of solution in the cell is 14 ml. An additional volume 
of 2 ml is circulating through the pump and spectroscopic 
cell. The head space volume is 1 ml. 

Mass spectra.--A PerkimElmer  (PE270) mass spectrom- 
eter with a home-built  all-glass gas inlet system was used 
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Fig. 1. Electrochemical cell for flowing electrolyte system 

for in situ gas-phase analysis (Fig. 2). This sampling sys- 
tem consists of two (Vt and V2) stainless steel shut-off 
nonrotating stem valves from Circle Seal. The sampling 
volume contained between V1 and V2 is approximately 0.5 
cm 3. The glass inlet system includes four Teflon stop- 
cocks (V.~-V~), with V4 providing access to a roughing 
pump and V~ leading to the mass spectrometer ion 
source. V5 gives access to a perfluorokerosene (PFK) res- 
ervoir, which is used in the calibration of the mass scale. 
Exact mass experiments were performed on an AEI 
MS-30 double focusing mass spectrometer equipped with 
an Anatron peak matching unit. These measurements 
were carried out with known perfluorokerosene frag- 
ments as the mass reference (12). Intensity vs. time data 
were obtained with 80 eV electron energy on the PE270 
mass spectrometer and with 70 eV electron energy on the 
MS-30 mass spectrometer. 

Infrared spectra.--The IR absorption spectra were ob- 
tained with a Nicolet 5MX/1200S FTIR spectrometer. 
Silver chloride windows were used for the spectroscopic 
cell with a 0.1 mm optical path length. All spectral fre- 

I - v, 

I IV pTuOROUGHING 

~ C E L L  

Fig. 2. Mass spectrometric sampling system 

quencies are accurate to within + 4 cm-l ;  for the purpose 
of quantitative analysis, peak heights above the base line 
were measured. For badly overlapping bands, we used 
the tangent line technique to obtain reproducible results, 
or spectral subtractions. 

Chemicals.--SOC1.., and SO2C1~ were double-distilled be- 
fore use. LiA1C14 was used as received from Anderson 
PhysicsY The electrolyte solutions, 1.4M LiA1C14 in SOCI,z 
and 1.5M LiA1CI+ in SO~CI~ were prepared in a dry room 
shortly before filling the electrochemical cell. 

Spiking and calibration experiments.--Mixtures of 
known composition were used for calibration and identi- 
fication of possible products of discharge. These mix- 
tures were prepared in a dry room or glove box and trans- 
ferred to the spectroscopic cells in a dry environment.  
The calibration for SOC1 + was obtained by dissolving 
known amounts of A1C13 in pure thionyl chloride, assum- 
ing 100% conversion of the A1C13 to SOCI+A1C14 -. 

$20 synthesis.--We attempted to synthesize $20 in a 
vacuum line using the reaction between SOC12 and Ag2S 
at 160~ as described by Nickless (13). 

Results and Discussion 
Qualitative IR studies.~Typical spectra of electrolyte 

from Li/SOCI~ and Li/SO.2C12 cells driven into anode-lim- 
ited reversal are shown in Fig. 3(a) and 3(b). The most 
prominent  absorption bands are tabulated in Table I to- 
gether with their most likely assignment based on previ- 
ously published results (6-10, 14) or the present work. The 
spectra for these electrolytes during normal discharge 
show only the formation of SO~ at these relatively low 
current densities of 1-5 mA/cm 2. 

To identify the various absorption bands, we spiked 
several solutions of SOC12 or SO2C12 with known com- 
pounds and compared the resulting IR spectra with the 
electrolyte spectra during normal discharge and reversal. 
The results of these tests are shown in Table II. 

Water has a substantial effect on the absorption spec- 
t rum of SOCI~. Addition of water to pure SOCI~ results in 
the formation of HC1 (2790 cm -1) and SO2 (1335 and 1144 
cm-') .  However, the same addition to 1.4M LiA1C14/SOCI.~ 

2Anderson Physics Laboratory, Urbana, Illinois 61801. 
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Fig. 3. IR absorption spectra during anode-limited reversal. (a): 
Li/SOCL~ system. (b): Li/SO~CI,2 system. 
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Table I. Observed frequencies and assignments for Li/SOCI~ 
and Li/SOsCI~ systems in reversal 

Frequency (cm-') Assignment Refi 

Li/SOCI~ - 1.4M LiA1CI~ 
3400 AICI~OH- (10) 
2790 HC1 
2450, 1225, 775, 927 SOC12 (14) 
1408, 1160, 570 SO2Cl~ (14) 
1335, 1144 SO~ (13) 
1115 SOCI+AICI~ - (8) 
1337, 1070, 665 Li(SO2, SO~CI~)+AICI~ - This work 
822 Oxychloroa]uminate (I0) 
694 Oxychloroaluminate (i0) 

Li]SO~CI~ - 1.5M LiA1CI~ 
3444 A1CI.~OH- (10) 
2811, 2569, 2360, 1413, SO.~CI,~ (14) 

1180, 1000, 796, 575 
1335 SO~ (13) 
1337, 1068, 668 Li(SO~, SO~CI.,)+A1C14 - This work 
692 Oxychloroaluminate (10) 
1084, 1059 SO~CI§ - This work 

Table II. Spiking experiment 

Observed frequencies (cm-') 

SOCI~ neat 2450, 1225, 927, 776, 722, 
638, 616, 590, 569, 549 

Water added to SOC12 2790, 1335, 1144 ~ 
SOCI=,/1.4M LiA1C14 2445, 1225, 924, 777, 722, 

638, 617, 591,577 
Water added to 3400, 2790, 1333, 1144, 694 b 

SOC1J1.4M LiA1C14 
SO2C1., added to SOCI=, 1412, 1169, 800, 570 ~ 
HC1 to SOCI=, 2790 ~ 
SO._, to SOCI~ 1144, 1335 ~ 
A1C13 to SOCI~ 1117, 557 ~ 
SO~ and SO2C1~ SOC1J 1070, 668, 1337, 1408, 594 h 

1.4M LiA1C14 
SC]2 or S~Cl~ to 1070, 668, 1337, 1408, 594 ~ 

SOCI~/1.4M LiA1C14 
Water to SOCIJA1CI:, 1335, 1144, 1115, 822 ~ 
SO.~CI~ neat 2814, 2586, 2368, 1415, 1180, 

996, 793, 775, 723, 570 
SO~CI.,JLiA1C14 2811, 2569, 2360, 1413, 1180, 

1000, 796, 775, 723, 575 
A1C13 to SO, C12 1090, 1053 r 
SO._, + SO=,C1JLiAICI~ 1335, 1068, 668 ~ 

Frequencies observed in addition to those in SOCI~. 
Frequencies observed in addition to those in SOCI~/1.4M 

LiA1C14. 
c Frequencies observed in addition to those in SO2C1~. 

Frequencies observed in addition to those in SO2C1JLiA1Cle 

electrolyte gives rise to two more absorption bands at 694 
and 3400 c m - '  (A1C13OH-). The addition of A1C13 and 
water to SOCls results in the formation of A1C13OH- (3400 
cm- ' ) ,  but the absorption band at 694 c m - '  does not ap- 
pear, while two other poorly resolved bands at 803 and 
822 c m - '  appear instead. 

Absorption bands at 3400, 800-820, and occasionally 694 
c m - '  are evident in both the LiA1C1JSOCI~ and 
LiA1C1JSOsCls electrolyte spectra, indicating water con- 
tamination (HC1 is not formed in the Li/SO2Cls system) 
(13). The same absorptions have been observed by Bailey 
and Blomgren in the Li2CO3-A1C13/SOCls system and were 
assigned to A1C13OH- (3400 cm- ' )  or oxychloroaluminate 
species (800, 695 cm- ' ) .  With great precaution, we were 
able to reduce considerably the absorption at 694 c m - '  
during normal discharge, but it was nearly impossible to 
eliminate water contamination completely, and its effects 
were more noticeable towards the end of the relatively 
long period of reversal. 

The addition of A1C13 to SOClo gives rise to strong ab- 
sorption bands at 1115 and 557 cm -~ owing to the com- 
plex SOCI+A1C14 - (2). On reversal, the Li]SOCI~ cell shows 
the same absorption bands, indicating formation of 
SOCI+A1C14 -. An analogous SO2Cl+A1C14 - (15) compound 
is formed in the Li/SO2Cl~ system upon addition of A1C13 

or during anode-limited reversal, with characteristic ab- 
sorption bands at 1090 and 1053 c m - '  reflecting the two 
S-O stretching frequencies expected from SO2C1 +. Any ab- 
sorption band at the lower frequency range would be hid- 
den under the strong SO2C12 absorption band at 570 cm- ' .  

Addition of SC12 or SsCI~ to LiA1C1JSOC12 in the pres- 
ence of SOs results in a slow increase in the IR absorp- 
tions at 1070, 665, and 1337 cm -1, together with the forma- 
tion of SO2C12, as evidenced by the characteristic 
absorption bands at 1408 and 570 cm- ' .  [The IR absorp- 
tions due to the sulfur chlorides (13) occur below 550 
c m - '  and cannot be detected by our instrument.] The 
same effect is observed with addition of SO2C1~ and SO2 
to LiA1C1JSOCls. This characteristic triplet (1070, 665, 
1337 c m - 9  appears only during anode-limited reversal in 
the Li/SOCls system, while it is observed during normal 
discharge in the Li/SOsCls system. 

A compound with this characteristic IR spectrum was 
isolated from SOsC12 or SOCls electrolytes following evap- 
oration of the solvent. This compound decomposes ab- 
ruptly at 40~ releasing SOs. It appears that its formation 
requires the presence of SOsCls, SO2, and either LiAIC14 or 
A1C13. A reasonable assignment for the bands might  be 
the S-O stretching vibrations and A1-C1 stretching modes 
of a complex similar to those observed by Barbier (16) be- 
tween SO2, SOCI~, and LiA1CI~. Subsequently,  we refer to 
this complex as Li(SO~, SO~Cls)~A1C14 -. 

In our attempt to synthesize S,.,O, we were only able to 
observe one (1168 c m - ' )  of the three absorption bands 
characteristic of this compound (13). Attempts to con- 
dense SsO in SOC12 at 77 K resulted only in the formation 
of a red polysulfur oxide which decomposed to S and SO2 
upon heating to room temperature. We concluded that the 
absorption which Istone and Brodd (6) observed at 688 
c m - '  and assigned to $20, in effect, must have been due 
to the interaction of water with neutral electrolyte. Salm- 
on's assignment of a 690 c m - '  absorption to ClsO (9) also 
overlooks the strong interaction of water with the electro- 
lyte, which may, if excessive, mask the absorption band 
at 665 cm -I formed only during anode-limited reversal in 
the Li/SOC12 system. Actually, mass spectrometry shows 
the presence of small amounts of SsO in the gas phase but 
no trace of C120 (see below). 

In  s i tu  mass  s p e c t r o m e t r y . - - T h e  Li/SOCI~ systems was 
studied mass spectrometrically using the apparatus 
shown in Fig. 2. The in  s i tu  experiment,  which lasted 
69.25h, involved the discharge of a single cell at 8 mA 
(1 mA/cm s based on the anode) for a period of about 20h, 
followed by a period of reversal at 50 mA which lasted ap- 
proximately 50h (Fig. 4). 

The quan t i ty  of gas used in sampling was significant 
with respect to the head space, and the effect is shown in 
Fig. 4 as the short-term "sampling spikes." There was no 
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Fig. 4. Discharge curve of Li/SOCI~ cell used for mass spectrometric 
analysis. 



2526 J. EIectrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY November  1984 

pause  b e t w e e n  end  of  d i scharge  and  the  onse t  of  cell re- 
versal.  The rate  of d i scharge  was  inc reased  s ixfold  dur- 
ing  reversa l  in order  to acce lera te  reac t ion  progress .  Infra- 
red  analysis  had  a l ready  s h o w n  tha t  th is  chan g e  in 
cu r r en t  dens i ty  d id  no t  affect  the  reac t ion  m e c h a n i s m ,  
but  ra ther  s imply  acce le ra ted  the  reac t ion  progress .  

F i f t een  se ts  of mass  spec t ra  were  r eco rded  f rom t ime  
zero at  the  b e g i n n i n g  of  the  d i scharge  t h r o u g h  t ime  
69.25h at the  e n d  of  the  expe r imen t .  No spec t ra  were  re- 
co rded  on the  c o m p l e t e  cells s tored  w i t h o u t  d ischarge .  
Reversa l  occur red  at t ime  t = 21h, and  the  reversa l  pro- 
cess  was  c o n t i n u e d  t h r o u g h  t = 66h. The last  set  of spec-  
tra was  r eco rded  at t ime  t = 69.25h. Tabu la t ed  in tens i t i es  
for nom ina l  m as se s  a p p e a r i n g  b e t w e e n  m a s s e s  35 and  138 
are g iven in Table  III. 

Masses  be low mass  35 were  no t  i nc luded  becau s e  these  
m a s s e s  pr imar i ly  arise f rom res idual  gases  in  t he  m a s s  
s p e c t r o m e t e r  and  inle t  sys tem.  The  cell u s e d  in  th is  s tudy  
con t a ined  SOCls in excess ,  and  the  vapor  p r e s s u r e  re- 
m a i n e d  essent ia l ly  cons t an t  dur ing  the  e x p e r i m e n t  re- 
po r t ed  here.  Therefore ,  the  part ial  p r e s s u r e s  of  the  
var ious  spec ies  can  be e s t ima ted  us ing  the  k n o w n  vapor  
p r e s su re  of SOC12, the  ion in tens i t i es  r epo r t ed  in Table  
III, and  e s t ima tes  of  the  relat ive ionizat ion c ross  sect ions.  
All in tens i ty  data  are relat ive to the  in tens i ty  of  mass  83 
(SOC13~§ w h i c h  is set  arbi t rar i ly  at 100. The unce r t a in ty  in  
t he  in t ens i ty  data  is e s t i m a t e d  to be -+20%. 

P u r e  s amples  of  SC12, SOC12, and  SO2C1~ were  intro- 
d u c e d  into the  m a s s  spec t rome te r ,  the i r  spec t ra  r eco rded  
and  the  peak  in tens i t i es  were  en t e red  in Table  IV. The in- 
let sy s t em  used  in t hese  e x p e r i m e n t s  c o n t r i b u t e d  to the  
peak  at mass  36. This  peak  arises f rom the  reac t ion  be- 
t w e e n  the  chlor ine  con t a in ing  sample  and  a d s o r b e d  wa te r  
and]or h y d r o c a r b o n s  in t he  inlet  sys tem.  U n d e r  the  care- 
fully cont ro l led  inlet  cond i t ions  used  wi th  t hese  samples ,  
the  in tens i ty  of  m a s s  36 r e m a i n e d  cons t an t  to wi th in  20%. 
Thus ,  in s u b s e q u e n t  e x p e r i m e n t s ,  it wilt  be  a s s u m e d  tha t  
the  inlet  reac t ions  are cons t an t  to wi th in  20% and  tha t  
large changes  in t he  in tens i ty  of  mass  36 are due  to fac- 
tors  o the r  t han  the  inle t  sys tem.  All of  t hese  spec t ra  were  
r eco rded  wi th  an e l ec t ron  ene rgy  of 80 eV. 

Three  exac t  m a s s  e x p e r i m e n t s  at nomina l  m a s s e s  50, 76 
and  80 y ie lded  the  fo l lowing exac t  mass  values:  49.99597 
(-+30 ppm),  75.94528 (-+20 ppm),  and  79.94057 (-+20 ppm),  
respect ive ly .  

The resu l t s  clearly s h o w  the  p r e s e n c e  of molecu la r  HC1, 
SO2, CS2, $20, SC12, SOC12, and  mass  134 spec ies  (mainly 
SO2C12, with ,  probably ,  s o m e  $2C12). The da ta  also reveal  
the  p r e s e n c e  of  h igh  levels  of  chlor ine  f r a g m e n t s  as well  
as low concen t r a t i ons  of  CF2 ~ f ragments .  Spec ies  wi th  
n o m i n a l  mass  e x c e e d i n g  140 were  also o b s e rv ed  toward  
the  later  s tages  of  reversal .  

The p lo ts  o f  in t ens i ty  v s .  t ime  of  HC1 and  C1 ~ (Fig. 5 and  
6) indica te  tha t  the i r  concen t r a t ions  r ema i n  co n s t an t  in  
the  gas p h a s e  du r ing  no rma l  d i scha rge  bu t  increase  dur- 
ing anode- l imi t ed  reversal  af ter  an induc t ion  per iod  of  
5h. We have  inves t iga ted  the  con t r ibu t ion  to m a s s  36 and  
have  found  tha t  the  in t ens i ty  of  the  mass  36 (HCI) signal  
can  be  r e d u c e d  by  i m p r o v i n g  the  inlet  sys t em to the  mass  
spec t romete r .  However ,  no t  all of  the  mass  36 can  be re- 
m o v e d  by the  i m p r o v e d  inlet; thus ,  par t  of  m a s s  36 may  
arise f rom cell c o m p o n e n t s  con ta in ing  ch lor ine  and  hy- 
d rogen .  Water  c o n t a m i n a t i o n  may,  in part,  be  i n t r o d u c e d  
f rom the  ca thodes  w h i c h  are f o rmed  by an aqueous  pro- 
cess.  

The  p lo ts  of  CS2 and  $20 (Fig. 7 and  8) s h o w  lit t le varia- 
t ion in the  concen t r a t ion  of  t hese  spec ies  wi th  t ime  dur- 
ing  b o t h  d i scha rge  and  reversal ,  whi le  the  p lo ts  for SC12 
(Fig. 9) and SO2Cls (Fig. 10) ind ica te  tha t  t hese  com- 
p o u n d s  are only  f o r m e d  du r ing  reversal ,  also fo l lowing a 
5h i nduc t i on  per iod.  

The inc rease  in the  concen t r a t i on  of  HC1 fo l lowing re- 
versal  ind ica tes  a source  of  h y d r o g e n  w h i c h  may  be  the  
res idual  wa te r  in the  e lec t ro ly te  or, m o r e  likely, the  ad- 
s o rb ed  wa te r  on  the  ca rb o n  ca thode .  

The m a s s  spec t rome t r i c  analys is  o f  SOs conf i rms  our 
in f ra red  results:  SO2 appea r s  to be  the  major  p r o d u c t  of  
d i scharge .  I f  the  data  for SO ~ and  SO2 § in tens i t i es  are 
p lo t t ed  (Fig. 11), i n t e r e s t i ng  resul ts  are obta ined.  This  
f igure clearly s h o w s  tha t  t he  SOs" rate  of increase  is 
larger  t h a n  tha t  for SO ' f r agments .  F u r t h e r m o r e ,  it is seen  
tha t  t he  d i f fe rence  in  concen t r a t i on  b e t w e e n  SO2 ~ and  
SO + increases  rapidly  after  t he  onse t  of reversa l  and  t h e n  
r eaches  a s teady  value. It is w o r t h  no t ing  tha t  the  ratio of  
SO § to SOs § in tens i t i es  is ap p ro x i ma t e l y  0.5 for pu re  SOs 
(18). Thus,  it is clear  t ha t  the  SO ~ in tens i ty  in the  dis- 
charge  m o d e  is h ighe r  t h a n  tha t  a ccoun ted  for by SO2 
f r ag men t a t i o n  alone. U p o n  reversal ,  the  SO7SO~* ratio de- 
c reases  and  a p p r o a c h e s  its l imi t ing value p r ed i c t ed  by  
SO2 f r agmen ta t i on  on ly .  

Table III. Mass intensity vs. time data for the in sjtu experiment 

(h) 

0 0.1 1.25 2.33 18.5 2 0 . 3 3  21.00 a 24.00 . 26.00 42 .33  45.00 

35 18.2 - -  25.0 13.2 23.8 16.3 12.2 12.1 20.7 51.3 93 
36 34.7 27.3 37.6 43.3 165 50.5 54.3 40.3 85.5 212 224 
37 6.5 5.1 8.9 4.8 10.2 5.9 4.1 4.9 6.0 16.7 29.5 
38 27.7 19.1 23.1 14.5 52.5 18.0 18.2 15.8 31.5 69.1 72.1 
48 92.8 - -  68.8 48.1 87.8 - -  115 163 170 171 238 
50 6.9 5.9 8.3 2.4 5.0 11.6 6.5 8.6 12.0 10.5 27.5 
64 93.4 - -  62.4 65.2 111 - -  145 279 292 307 444 
67 8.5 9.7 11.6 5.9 5.1 6.6 5.1 7.2 8.5 6.8 28.4 
69 0 4.4 4.9 2.5 3.3 2.8 2.7 2.1 3.7 5.0 12.1 
76 9.7 11.9 27.0 9.6 14.3 25.0 16.3 17.3 14.9 13.7 14.7 
78 0.8 1.1 2.4 0.7 1.2 2.6 1.4 1.5 1.1 1.5 1.0 
80 23.8 27.2 23.7 20.6 16.0 19.9 15.9 19.1 22.2 19.8 28.4 
82 2.0 2.5 2.6 2.0 1.3 1.8 2.0 1.6 1.7 1.7 2.5 
83 100 100 100 100 100 100 100 100 100 100 100 
85 35.6 37.5 37.5 39.0 35.3 38.9 39.1 39.4 44.4 37.6 42.4 
99 0 0 0 0 0 0 0 0 0 2.11 1.39 

I01 0 0 0 0 0 0 0 0 0 1.05 0.70 
102 0 0 0 0 0 0 0 0 0 1.95 9.12 
104 0 0 0 0 0 0 0 0 0 1.26 6.60 
106 0 0 0 0 0 0 0 0 0 0.49 1.12 
118 20.0 18.7 19.1 14.6 14.3 15.9 14.2 14.6 15.0 15.3 16.9 
120 13.8 13.1 14.2 11.6 11.0 12.4 10.6 10.6 9.6 11.4 11.4 
122 2.0 2.1 2.1 2.4 2.2 2.0 2.0 2.0 2.1 2.1 2.7 
134 0 0 0 0 0 0 0 0 0 1.43 1.14 
136 0 0 0 0 0 0 0 0 0 0.78 0.80 
138 0 0 0 0 O 0 0 0 0 0.25 0.22 

48.75 

55.9 
385 
17.8 
129 
256 
12.6 
565 
12.5 
4.8 

15.0 
1.1 

31.9 
2.8 
100 

39.5 
1.34 
0.58 
7.21 
5.33 
0.94 
14.8 
11.3 
2.0 

1.17 
0.80 
0.21 

50.25 

57.6 
395 
19.2 
135 
302 
6.1 
648 
19.2 
7.0 
7.9 
0.5 

22.0 
1.8 

100 
40.0 
1.10 
0.56 
7.21 
5.00 
0.98 
14.6 
11.0 
2.1 

0.67 
0.37 
0.14 

66.00 b 

52.9 
376 
18.7 
120 
146 
10.2 
340 
11.4 
911 
8.6 
0.6 

19.3 
1.5 
100 

42.3 
0.77 
0.32 
6.39 
5.05 
1.24 
12.2 
8.9 
2.0 

0.52 
0.34 
0.07 

69.25 

47.4 
357 
17.1 
108 
128 
9.7 
320 
13.2 
9.1 
8.4 
0.7 

20.0 
1.7 

100 c 
38.9 
0.87 
0.40 
4.15 
2.99 
0.71 

14.7 
10.9 
2.0 

0.64 
0.38 
0.07 

Time at onset of reversal. 
b Last data set obtained before conclusion of reversal. 
c All intensities are relative to the intensity of mass 83, which is set arbitrarily to 100. 
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Table I V  Mass spectral intensities for pure SCI:, SOCI~, and SO~CI~ 

Mass SCI~ SOC1., SO,jCI,2 Mass SC12 SOCI., SO,C1._, 

30 0 0 0 86 0 0 0 
31 0 0 0 87 0 0.62 0 
32 64�9 100" 36.5 88 0 0 0 
33 0 0 0 89 0 0 0 
34 1.34 1.13 0�9 90 0 O 0 
35 12.1 17.7 6.67 91 0.96 0 0 
36 75.3 91.4 18.7 92 0 0 0 
37 4.10 6.55 2.76 93 1.09 0 0 
38 26.2 27.7 9.41 94 0 0 0 
39 1.92 0 1.46 95 4.76 0 0 
40 4.45 7.25 3.58 96 1.11 0 0 
41 4.5 0 0.93 97 3.70 0 0 
42 1.86 0 1.46 98 0 0 0 
43 1.95 2.28 2.50 99 0 0 35.3 
44 1.73 2.80 3.63 100 0 0 1.17 
45 0 0 0 101 0 0 12.9 
46 0 0 0 102 87.8 0 0 
47 0 0 0 103 0.83 0 1.17 
48 1�9 49�9 53.5 104 43�9 0 0 
49 0 0.92 0.93 105 0.96 0 0 
50 0 2.81 4.09 106 8.60 0 0 
51 2.85 0 0.93 107 0.91 0 0 
52 2.21 0 0 108 0 0 0 
53 0 0 0 109 0 0 0 
54 0 0 0 110 0 0 0 
55 6.69 0 0.90 111 0 0 0 
56 2.15 0 0 112 0 0 0 
57 5.24 0 0.98 113 0 0 0 
58 0 0�9 0.91 114 0 0 0 
59 0 0 0 115 0 0 0 
60 0 0.63 0.78 116 0 0 0 
61 0 0 0 117 0 0 0 
62 0 0 0 118 0 3.6 0 
63 0 0 0 119 0 0 0 
64 4.00 31.1 100" 120 0 2�9 0 
65 0 0 2.28 121 0 0 0 
66 0 2.06 7.54 122 0 0.58 0 
67 100" 3.44 0.92 123 0 0 0 
68 0.95 0 0 124 0 0 0 
69 36.4 1.32 6.27 125 0 0 0 
70 9.72 0 1.27 126 0 0 0 
71 2.71 0 0 127 0 0 0 
72 5.56 0 1.17 128 0 0 0 
73 0 0 0 129 0 0 0 
74 1.03 0 0 130 0 0 0 
75 0 0 0 131 0 0 0 
76 2.54 2.56 2.16 132 0 0 0 
77 0 0 0 133 0 0 0 
78 0 0 0 134 0 0 6.84 
79 1.05 0 0 135 0 0 0 
80 0 3.00 0 136 0 0 5.08 
81 3.63 0.23 0 137 0 0 0 
82 1.30 0 0 138 0 0 1.17 
83 3.5 41.5 0 139 0 0 0 
84 0 0 0 140 0 0 0 
85 1:79 14.5 0 

*Most intense peak�9 

T h u s ,  t he  f o r e g o i n g  a n a l y s i s  i n d i c a t e s  t h a t  d u r i n g  dis- 
c h a r g e  SO ~ i n t e n s i t y  r e s u l t s  f r o m  at  l eas t  t w o  m a j o r  con-  
t r i b u t i o n s .  T h e  f i rs t  is f r o m  SO2 f r a g m e n t s ,  a n d  t h e  sec- 
o n d  a r i se s  f r o m  SOCI2 f r a g m e n t a t i o n � 9  H o w e v e r ,  as  t h e  cell 
is b r o u g h t  in to  reversa l ,  t h e  SO2 b e c o m e s  t h e  m a j o r  
s o u r c e  of  SO ~ p r o d u c t i o n .  
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Mass 80 was identified as $20 by exact mass measure- 
ments. This is not surprising, as Meshi and Myer (17) had 
previously identified both $20 and CS2 as products in a 
discharge-tube reaction between elemental sulfur and 
SOs. Furthermore, thermal decomposition of SOC12 has 
been shown to yield $20 as a product (17). It is worth 
noting, however, that the amount  of $20 in the gas phase 
remains fairly constant throughout the experiment  and 
appears independent  of any electrochemical process. 

The mass triplet 102, 104, and 106, characteristic of SC12, 
appears only in reversal after an induction period of 5h. 
The species giving rise to masses 67 and 69 (Table III) can 
arise from fragmentation of SC12. However, since no SCI~ 
parent is detected at and prior to t = 26h, the intensities 
measured for this doublet at and prior to t = 26 do not 
arise from SC12. This result also implies that species other 
than SCI2 give rise to masses 67 and 69 in the cell. It is im- 
portant to note that chlorine dioxide (CIO2, mass 67, 69) 
can give rise to these masses. However theoretical iso- 
topic abundance considerations neither confirm nor rule 
out CIO2 as species giving rise to masses 67 and 69. It is 
also noteworthy that the absence of both parent (masses 
86, 88, and 90) peaks and fragments (masses 51, 53) in the 
mass spectrum strongly suggests that Cl20 is not present 
in measurable concentration in this system. 

The mass triplet 134, 136, 138 also detected during re- 
versal after a 5h induction period could arise from either 
$2C12 or SO2CI~. S2CI2 has been suggested as a possible re- 
action product by Schlaikjer et al. (7) as follows 

3S + 2SOCI2 = SOs + 2S2C12 [6] 

Thus S2Cle may be present in this system, but our infra- 
red results suggest that SO2C12 is the major component. 
Mass 50 (Fig. 12) was positively identified as CF2 + by ex- 
act mass analysis. Its presence throughout the periods of 
discharge and reversal implies a chemical or electrochem- 
ical attack on the Teflon binder at the cathode during 
both discharge and reversal. 

Quantitative FTIR studies.--Li/SOCl2, normal 
discharge.--A total of eight cells were discharged and 
driven into reversal under various conditions ranging 
from -20 ~ to +25~ and 1-5 mA/cm ~. 

During normal discharge, the only noticeable change is 
the increase in SO2 concentration. At 25~ SOs appears to 
increase linearly until the cell is fully discharged then lev- 
els off. At -20~ a slight curvature is noticeable at the be- 
ginning of the discharge. This also holds true for the 
Li/SO2C12 system. Typical results are shown in Fig. 13. 
Average results for four of the cells are tabulated in Table 
V. In every case, the amount of SO2 produced during nor- 
mal discharge was always found to be only a fraction of 
that predicted by the usually accepted equation for the 
discharge of this cell 

4Li + 2SOC12 = S + SO2 + 4LiC1 [7] 

Li/SOC12, anode-limited reversal.--On reversal, the most 
noticeable changes in the IR spectrum are due to forma- 
tion of SO~C12 (1408 and 580 cm- ' ) ,  SOC1 + (1115 and 557 
cm- ' ) ,  and what we tentatively identified as the weakly 
bound complex Li (SO2, SO2C12)~A1C14 - absorbing at 1070, 
665, and 1337 cm -1 (this last band appears as a shoulder 
on the very large SOs peak). Typical results are plotted in 
Fig. 14 and 15 for ambient temperature operation, and in 
Fig. 16 and 17 for operation at -20~ 

A small amount of water contamination is always pres- 
ent and is the cause for the three broad bands at 3400 
c m - '  (A1C13OH-), 2900 c m - '  (HC1), and 800-820 c m - '  
(oxychloroaluminate). 

At room temperature, SO~C12 increases steadily after a 
short induction period then appears to level off. SOC1 ~ 
starts increasing immediately, levels off to a steady-state 
value, and disappears fairly rapidly after the current is 
turned off. The peaks at 1070 and 665 c m - '  also show an 
initial increase, then an apparent leveling off. 

At low temperature (-20~ one should note the imme- 
diate and sharp increase in the SOC1 § species (0.65 tool/ 
Faraday) (see Fig. 17). Obviously, at room temperature re- 
generative processes are fast and prevent accumulation of 
large amounts of SOC1L The SO2C12 concentration (see 
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Fig. 13. SOs formation during discharge of anode-limited Li/SOCI., 
cells: i = 40 mA (5 mA/cm2). 
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Table V. SO2 production during normal discharge 

Cell Discharge conditions SO2 

SC-69 (5 mA/cm 2, 25~ 0.14 moYFaraday 
SC-71 (5 mA/cm 2, 25~ 0.17 tool]Faraday 
SC-77 (1 mA/cm-', 25~ 0.17 moYFaraday 
SC-81 (1 mA/cm-', -20~ 0.13 tool/Faraday 

Fig. 17) levels off at a fairly low value. However, upon 
heating to room temperature, a dramatic jump in SO=C12 
concentration occurs, pointing to the accumulation of un- 
stable species (most likely CI~) during the reversal period 
at low temperature. Water contamination and the large 
SOC1 ~ concentration precluded our plotting the increases 
in absorption of 665 and 1070 cm -~ for the low tempera- 
ture run. 

Li/SO.2CI2.---As with the Li/SOC]= system, the major reac- 
tion product during normal discharge is SOs. Its concen- 
tration appears to increase linearly at room temperature, 
but somewhat nonlinearly at -20~ The SO2 concentra- 
tion levels off after reversal (see Fig. 18). 

Qualitatively, the results are identical at room tempera- 
ture and at -20~ but at -20~ an analysis of the poten- 
tial evolution, especially during reversal, shows a small 
plateau at -2.8V and a larger one not very flat at 
-5 .5 / -6V followed by a sharp decrease after about 15h to 
-12V at which point the current is cut off (see Fig. 19). 
When the cell is allowed to recover, the voltage stabilizes 
at -0.8/-0.6V, then goes to 0V upon warming up to room 
temperature. This small polarization left on recovery at 
low temperature could be attributed to the formation of a 
species stable at -20~ 

Absorption bands at 1070, 1337, and 665 cm -~ appear 
during normal discharge and continue increasing slowly 
in intensity during reversal (see Fig. 20). The three peaks 
appearing during the normal discharge as they do in a 
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mixture of SO=, LiA1C14, and SO=CI~ without the passage 
of current suggest a chemical reaction. The appearance of 
the same peaks in the Li/SOC12 cells on reversal is proba- 
bly due to the formation of SO~Cl~ during the over- 
discharge and its subsequent  reaction with LiA1C14 and 
SO.,. The product of this reaction has been tentatively 
identified as Li(SO.2, SO=C12)§ -. 

Additional peaks appear on reversal at 1090 and 1059 
cm- ' ,  which quickly disappear on recovery. Those facts 
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Fig. 15. Formation of (a) SO._,CI,,, (b) SOCI § and (c) Li(SO.,, 
SO.2CL.,)§ - during reversal of anode-limited Li/SOCI2 cell. i = 7.4 
mA (1 mA/cm~). T = 25~ 
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suggest the formation of a complex analogous to 
SOCI+A1CI~- in the Li/SOCl~ system. This complex is pro- 
posed to be SO2Cl+A1C14 - (15) and may be formed as 
follows 

2SO2C12 = 2SO~C1 + + C12 + 2e- [8] 

C12 + SO2 = SO2C12 [9] 

SO2C1 ~ + A1C14- = SO2Cl+A1C14 - [10] 

Conclusions and Summary 
Mass spectrometry and infrared spectroscopy have 

been used to investigate both the gas and liquid phases in 
lithium-sulfur oxyhalide cells during normal discharge 
and anode-limited reversal. 

By measuring the spectra in situ, we were able to mini- 
mize the interaction of moisture with the electrolyte. 
Quantitative and reproducible results have been obtained 
and definite trends have been demonstrated. With the 
two techniques, we were able to corroborate our results. 

In the lithium-thionyl chloride system, the species HC], 
CS2, SO2, $20, SC12, and SO~C12 were identified in the gas 
phase, and HC1, A1C13OH-, SO2, SO2C12, SOCI+A1C14 - in 

the liquid phase. A species giving rise to absorptions at 
1337, 1070, and 665 cm-1 was observed in the liquid phase 
during anode-limited reversal; this last compound is ten- 
tatively identified as Li(SO.2, SO2Cl~)+A1C14 - and is analo- 
gous to the complexes characterized by Barbier (16) in- 
volving LiA1CI~, SO2, and SOC12 instead of SO2C12. 

The gas phase concentrations of CS2 and $20 were es- 
sentially constant throughout  the experiment.  These spe- 
cies may not necessarily arise from electrochemical pro- 
cesses but are probably minor products of chemical 
reactions either in the cell or the inlet system. Fragments 
identified as CF~ § were observed in measurable amounts. 
The origin of these fragments is most likely the Teflon 
binder used in the construction of the porous carbon 
electrode. 

The sulfuryl chloride cell behaved similarly to the thio- 
nyl chloride cell, specifically with respect to formation of 
SO2 and the formation of SOCl~-like species tentatively 
identified as SO2C1 +. Moreover, this system exhibited the 
same sensitivity to water and the same behavior at -20~ 
as the thionyl chloride system. During normal discharge a 
compound absorbing at 665, 1070, and 1337 cm -1 was 
formed immediately upon generation of SO2. This com- 
pound was isolated from SO2C12 solutions containing 
LiA1C14 and SO2, it decomposes at approximately 40~ 
with evolution of SO.~, and is the same as the Li(SO2, 
SO2C12)4A1C]~ - complex observed in the thionyl chloride 
system. 

The formation of chlorine in both systems is quite 
likely but its accumulation in the cells at room tempera- 
ture is prevented by reaction with SO2 to form SO2C12. At 
low temperatures, chlorine does accumulate but reacts 
quite rapidly on warming up to form SO2C12. 

Finally the effect of water contamination was character- 
ized. Water tends to form strongly IR absorbing species 
with A1C13 or A1C14-. This fact should be taken into ac- 
count in interpreting the results of previous investiga- 
tions. 
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Electrochemical Behavior of Water in Immobilized Salt Electrolytes 
I. Electrical Conductivity and Thermal Measurements 

Rachel Parash, Frederico Broitman, Uri Mor, Dan Ozer, and Armand Bettelheim 
Nuclear Research Center-Negev, Beer-Sheva, Israel 

ABSTRACT 

The meaning of moisture content of a pelletized LiCI-KCI-MgO mixture is discussed in terms of different states of 
interaction in which water may exist in the specimen. According to electrical conductivity measurements, differential 
thermal analysis, and thermogravimetric experiments in the ambient to -400~ range, water comes off the pellet by an 
endothermic process that involves the migration of water to the surface of the pellet where it vaporizes (T = 25~176 
Exothermic reactions involving oxide ions and traces of water and hydrogen chloride are suggested to exist in the 
130~176 range. This is followed (T > 250~ by a hydrolytic and endothermic reaction, which converts chloride ions to 
hydroxide ions and hydrogen chloride. 

The investigation of water in pelletized LiCI-KCI-MgO 
mixtures is of interest for the development of primary as 
well as secondary batteries for load leveling and electric 
vehicle applications. The presence of water as well as 
contaminants formed near the electrodes during expo- 
sure to humid air could affect cell performance and accel- 
erate self-discharge (i). 

To prevent direct reaction between the anolyte and 
catholyte, a separator must be employed to physically 
separate the anode from the cathode, which in most cases 
consists of a lithium alloy and FeSx (x = 1 or 2), respec- 
tively (2). An effective separator must be tonically con- 
ducting and chemically inert to all the cell components. 
Two concepts were considered for the separators (2, 3): (i) 
a refractory powder compact composed of the electrolyte 
(usually a LiCI-KCI eutectic mixture) and binder (such as 
SiO~ or MgO) and (ii) separator pads fabricated from 
boron nitride or yttria fiber pads impregnated with elec- 
trolyte. The choice of the binder is based upon its ability 
to gel or immobilize the electrolyte, which would other- 
wise flow when subjected to the battery operation tem- 
perature, some 150~ above the electrolyte melting point. 
In the present study, the separator is a pelletized mixture 
of electrolyte composed of LiC1 + KCI (64-36 mole per- 
cent [m/o]) in the presence of MgO (50 weight percent 
[w/o]) as binder. 

The most troublesome aspect of preparing a pure elec- 
trolyte fusion arises from the highly deliquescent prop- 
erty of the li thium chloride. Unless special precautions 
are taken, hydrolytic decomposition occurs as the tem- 
perature is raised 

H20 + CI- ~ OH + HCI [I] 

Consequently, the melt becomes contaminated with alka- 
line products (4-7). Various methods have been proposed 
and used to prevent hydrolytic decomposition during the 
preparation of anhydrous and fused alkali metal chlo- 
rides. The difficulty of removing the last traces of resid- 
ual moisture from the salts has often necessitated rather 
arduous drying procedures (8, 9). A high degree of purity 
of the LiCI-KCI melts has been achieved by treating the 
fused salt with hydrogen chloride gas (i0) or chlorine (ii). 

The extreme sensitivity of electrical methods of analy- 
sis to chemical and structural transformations has been 
highlighted in several publications (12-14). From an appli- 
cation viewpoint, the practical potential of electrochem- 

ical m e t h o d s  such as electrical conductivity measure- 
ments has been demonstrated in a wide variety of 
geological problems related to underground resources 
(15). It is the purpose of this paper to seek a correlation 
between the trends observed in the electrical and thermal 
behavior of pelletized LiC1-KC1-MgO mixtures containing 
various amounts  of water. A wide variety of techniques, 
ac electrical conductivity (EC), thermogravimetric analy- 
sis (TGA), and differentia] thermal analysis (DTA), was 
employed for the detection and characterization of the 
different states of water in the specimen. 

Experimental 
AR-grade LiCI, KCI, and MgO (Merck) were used. 
The water content of the LiCI-KCI-MgO mixtures after 

weighing, blending, and mixing was determined by Karl 
Fisher titrations (16). Pellets of variable water concentra- 
tions were obtained by heating the pellet at ~150~ for 
several hours in a dry glove box (RH ~ 0.5%). Water con- 
centration after pelletizing was calculated by weight-loss 
measurements. 

A schematic diagram of the electrical conductivity (EC) 
apparatus and furnace arrangement are illustrated in Fig. 
i. The apparatus described here can be used for EC mea- 
surements on pressed disks up to a maximum tempera- 
ture of about 500~ The furnace is a ceramic block, and 
temperature is detected by two Chromel-Alumel thermo- 
couples. One of them controls the rate of temperature rise 
via a proportional band temperature programmer; the 
other measures the temperature of the pellet and its EMF 
output is recorded on the X-axis of a Type 3078 
Yokogawa X-Y recorder. 

The samples were pressed in the form of disks using a 
stainless steel piston and die and a Beckman 30 ton hy- 
draulic press. The disks, 28.6 mm diam and 4.5 mm thick, 
were held by a spring between two stainless steel elec- 
trodes. 

AC electrical conductivity (EC) measurements were 
carried out using a Wayne Kerr B642 or B605 bridge. No 
control of the sample chamber atmosphere was necessary 
because of its geometry, the atmosphere surrounding the 
sample was essentially a "self-generated" one containing 
water vapor (17). 

Differential thermal analysis (DTA) and thermo- 
gravimetric analysis (TGA) were performed on a Netzch 
differential thermo-analyzer 404 and a Setaram thermo- 
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Fig. 1. Cell for EC measurements, a: Furnace. b: Thermocouples. c: Glass cell. d: Glass joint, e: Stainless steel electrodes, f: Stainless steel electrodes 
guide, g: Stainless steel spring, h: Pellet. 

balance, respectively. Dehydration conditions in the 
sample chamber of the DTA and TGA were similar to 
those used in the EC measurements,  i.e., a self-generated 
atmosphere of water vapor. Alumina crucibles containing 
small portions (< 20 mg) of the pelletized salts were used 
for the thermal methods. 

A Shaw hygrometer (Model Sha-3) with a medium (yel- 
low spot) sensor range was used to detect water vapor 
evolved from a pellet subjected to heat-treatment in the 
apparatus shown in Fig. 1. 

Results and Discussion 

Room temperature measurements  made at 1.5 kHz be- 
tween two metallic collectors positioned at opposite sides 
of a pellet (Fig. 1) showed an increase in the ac conduct- 
ance when the pellet was exposed to ambient atmosphere 
(RH = 50%). Passing a dry gas (air or argon, RH < 0.5%) 
through the porous structure of the pellet at ambient tem- 
perature caused a decrease in conductance, as shown in 
Fig. 2. Moreover, this procedure caused a gradual de- 
crease in weight, probably due to loss of surface adsorbed 
water. A total weight loss of about 0.3 w/o was detected 
for a pellet initially containing 2 w/o water. 

Figure 3 shows the electrical conductance of a LiC1- 
KC1-MgO pellet as function of temperature, measured at 
three different frequencies. The increase in electrical con- 
ductivity with temperature can be related to ohmic con- 
duction which follows the well-known relationship (18) 

O-o~m~c = ~o exp (-E,/RT) [2] 

where Ea is the activation energy for the mobility of the 
current carriers, and o% the pre-exponential factor, is re- 
lated to the lattice vibration frequency. Conductivity in 
alternating current fields, however, is the sum of ohmic 
and polarization components  expressed as 

O-total = ~rohmi c (T) + ~r,o I (v, T) = ~r o exp (-Ea/RT) + 21rye" 
[3] 

where O-9ol represents the contribution of polarization cur- 
rent to the total conductivity ~tota~, v is the operating fre- 
quency, and e" is the loss factor. As can be seen from Fig. 
3, the conductivity in the temperature range 25~176 in- 
creases by a factor of about two when the frequency is in- 
creased by two orders of magnitude. This indicates that 
the ohmic conductivity is the dominant factor in the total 
conductivity of the pellet. Polarization effects superim- 
posed on the ohmic contribution to the conductivity are 
found only at temperatures below 70~ as indicated by 
the small peaks in the conductivity curves at low frequen- 
cies (19). 

As with other dynamic thermoanalytical techniques, 
the EC curve of a sample was influenced by the heating 
rate. At higher heating rates, the peaks were much 
smaller and broader. Low heating rates allow more time 
for the dissociation of hydrates and for bulk water vapor 
to diffuse to the vicinity of the electrodes. 

Peaks I and II (appearing at 60~ ~ and 80~176 re- 
spectively) are correlated with the loss of absorbed water 
(peak I) and vaporization of liquid water which is in equi- 
l ibrium with hydrates (peak II). Similar EC results were 
reported for the CuSO4 �9 5H.~O salt (17). For l i thium chlo- 

ride, the dehydration process could be described by the 
following scheme 

LiC] �9 nH20 --~ LiC1 + nH20,~ [4] 
H_~O~I~ -~ H2OCg~ 

According to Dural  (20), a water molecule is associated 
with two lithium chloride molecules, i.e., n = 1/2. The pres- 
ence of liquid water, as given in reaction [4], forms a satu- 
rated solution, which permits an increase in current 
flowing through the sample. As this water vaporizes, the 
current decreases to the level of the original substance 
(17). 

The process taking place at region III in the EC curve 
(Fig. 3) will be described in the context of the DTA and 
TGA results. The conductance rises at T > 250~ (not 
shown in the figure) until a steady value is obtained at 
the melting point of the electrolyte (about 370~ for the 
present composition of LiC1-KC1). At 450~ the conduc- 
tivity of the LiC1-KC1-MgO mixture is about one order of 
magnitude lower than the reported value in the absence 
of binder (21): 0.13 and 1.5 mho �9 cm -1, respectively. It 
should be noted that part of the samples showed a tend- 
ency to exhibit  conductivity that "smeared" over a broad 
temperature region extending from 200 ~ to 400~ The loss 
of resolution in region III is presumably due to overlap- 
ping of the temperature regimes of the processes con- 
tributing to the electrical conductivity in the intermediate 
region 200~176 (processes II, III, and high ionic mobil- 
ity above 250~ 

The EC curves in the 25~176 range for pellets con- 
taining various initial water concentrations are shown in 
Fig. 4. Conductivity in this temperature range increases 
when the water content in the pellet is increased and de- 
creases in subsequent heating cycles. The disappearance 
of peaks I and II in the absence of water seems to be re- 
lated to the lack of mobility of the current carriers (Crohm~c 
--> 0 in Eq. [2]). As it can be seen from Fig. 4, the relative 
heights of peaks I and II vary independently on the total 
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Fig. 2. The decrease of conductance at 1.5 kHz as function of time for 
a pellet (50 w/o electrolyte + 50 w/o MgO) at room temperature when a 
dry (RH = 0.5%) gas (air or Ar) is allowed to flow (rate = 1 liter/min -~) 
through the sample (initial water concentration = 2 w/o). 
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ature at different frequencies, (a) 
0.1, (b) 1, (c), 10 kHz, for a pellet 
(50 w/o electrolyte + SO w/o MgO) 
containing an initial water concen- 
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water content in the various pellets. This is probably due 
to the variation of the time required to prepare the differ- 
ent samples, and hence to the different amounts  of ad- 
sorbed water in the specimen. 

For comparison of the trends observed in the electrical 
behavior, DTA experiments were carried out on pellets of 
the same composition (50 w/o electrolyte and 50 w/o mag- 
nesia). The first heating cycle yielded (Fig. 5) endother- 
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Fig. 4. Conductance vs. temperature at 1.5 kHz for pellets initially 
containing (a) 0.5, (b) 1.3, (c) 1.8, and (d) 2.6 w/o water. 
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mic effects at 80 ~ 120 ~ 320 ~ and 382~ (peaks I, II, IV, and 
V, respectively). The last endothermic peak (peak V), ap- 
pearing at 382~ in the first heating cycle and 370~ in 
the second cycle, and the reverse (exothermic) process at 
320~ (peak V') are attributed to the solid-liquid and 
liquid-solid transitions, respectively. The shift of the elec- 
trolyte melting point to a higher temperature in the heat- 
ing part of the first cycle could arise from changes of 
thermal conductivity or strain effects in nucleation. The 
first heating-cooling treatment probably eliminates ef- 
fects arising from sample compaction due to sintering 
(12). The hysteresis in the transformation temperature in 
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Fig. 5. DTA curves (first and second heating-cooling cycles) for a 50 
w/o electrolyte § 50 w/o MgO mixture (heating-cooling rate ~ S~ - 
min-l). 



12.5 the two directions could be reduced by reducing the 
heating-cooling rate. 

Since the endothermic peaks at 80 ~ and 120~ (peaks I 
and II) appeared only in the first heating cycle, they 
seem to be due to processes involving water being ex- 
pelled during the first heating cycle. The origin of the 
first two effects is the same as described for the EC be- 
havior in regions I and II (Fig. 3 and 4). The exothermic 
broad effect at 200~176 (region III in Fig. 5) seems also 
to be related to an increase in electrical conductance (re- 
gion III in Fig. 3). The following exothermic reactions are 
consistent with the EC and DTA results and are known to 
occur in similar electrolytes (10, 11) 

O ~- + H=,O ~ 2 OH-  [5] 

OH-  + H C I ~ C 1  +H20  [6] 

Moreover, for LiC1-KC1 mixtures in the absence of MgO, 
only endothermic peaks correspondir~g to the loss of ad- 
sorbed water (peak I), vaporization of liquid water (peak 
II), and to the electrolyte solid-liquid transition (peak V) 
were observed. This is in accordance with the suggestion 
that the exothermic effect (peak III) is related to reactions 
involving oxide and hydroxide ions (such as reactions [5] 
and [6]). The endothermic process IV taking place be- 
tween regions III and V is suggested to be the result of 
the hydrolytic decomposition, in which the electrolyte be- 
comes contaminated with alkaline products and HC] is 
lost from the system, i.e., reaction [6] from right to left. 
Such reaction occurring at temperatures near fusion has 
been reported in several publications (10, 11). 

The weight loss temperature dependence of the alkali 
chlorides has been investigated by Duval (20) using a 
thermogravimetric balance. An almost horizontal stretch 
between 80 ~ and 96~ in the TGA curve of li thium chlo- 
ride was interpretated to correspond, to the composition 
LiC1 �9 �89 (20). A typical TGA curve for the LiC1-KC1- 
MgO mixture is shown in Fig. 6. The lost weight pro- 
cesses found at 50~176 and 70~176 correspond to the 
loss of surface adsorbed water and the evolution of water 
vapor after hydrate dissociation. Moreover, the overall 
weight loss in the ambient-130~ range is quite identical 
to the initial water content of the sample, determined by a 
Karl Fisher titration to be 2.5 w/o. The surprisingly large 
weight loss (= 6 w/o) found in the 130~176 region seems 
to correspond to the conductance increase in region III 
(Fig. 3) and to the exothermic activity (peak III in Fig. 5) 
observed after dehydration. Since this TGA effect in re- 
gion III was neither reported for LiC1 (20) nor detected in 
the present study for LiC1-KC1 in the absence of MgO, it 
seems to be related to a reaction consuming oxide ions 
and converting to a volatible product, i.e., water. This 
suggestion is also consistent with the EC results, since 
electrical conductivity is sensitive to water evolution. 

To detect water vapor in the gas evolved from pellets 
subjected to heat-treatment, a hygrometer was connected 
to the apparatus shown in Fig. 1 and relative humidity 
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Fig. 6. TGA curve for a sample (50 w/o electrolyte + 50 w/o MgO) 
initially containing ~ 2.5 w/o water. 
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Fig. 7. Relative humidity vs. temperature of the gas evolved from a 
pellet (50 w/o electrolyte + 50 w/o MgO) which has been preheated and 
cooled (1500-25 ~ C) several times. The system was continuously flushed 
with dry argon (RH < 0.5%, flow rate = 2 cm :~ �9 min-I). 

was recorded as function of temperature. Contrary to the 
EC, DTA, and TGA experiments,  a small and constant 
flow of dry argon (RH < 0.5%) was allowed to flush the 
system (the electrodes also serving as gas inlets). To elim- 
inate the contribution of water evolved in the 25~176 re- 
gion to the relative humidity, several heating-cooling cy- 
cles were applied until a constant value of RH was 
obtained in this temperature range. The RH vs .  tempera- 
ture curve obtained (Fig. 7) showed an increase in relative 
humidity at T > 150~ confirming water vapor evolution 
in this temperature range. 

Conclusions 
Electrical conductance as function of temperature of 

several eutectic mixtures has been reported in the litera- 
ture. However, all reported data concern temperatures 
above melting point of the electrolyte (21). In the present 
study, ac conductivity measurements  were particularly 
conducted below the melt ing temperature of the pel- 
letized LiC1-KC1 (64-36 m/o) mixture in the presence of 
MgO. The electrochemical data were compared to those 
obtained using differential thermal and thermogravi- 
metric analysis and were related to the various states of 
water present in the pelletized mixture. There are distinct 
changes taking place at temperatures right from the am- 
bient value, and at least three main different processes 
seem to be related to the presence of water in the pellet; 
the processes are listed below. 

1. Initially, the pellet dries by a process that involves 
the migration of water to the surface of the pellet, where 
it vaporizes (T = 25~176 

2. In the temperature region 30~176 exothermic reac- 
tions give rise to an increase in electrical conductivity and 
to a large weight loss effect. Hygrometric measurements  
indicate the evolution of water in this temperature range. 
This is suggested to be the product of the thermochem- 
ically favorable reaction between oxide or hydroxide ions 
and hydrogen chloride (reaction [6] from left to right). 
However, the intensity of the EC, DTA, and TGA effects 
in region III is much larger than expected to arise from 
the small amounts of HC1 present in the electrolyte (5). 
Further  studies are needed to investigate the exact nature 
of the processes involved in these temperatures. 

3. Further heating (T > 250~ causes hydrolytic decom- 
position of the electrolyte, i.e., equilibrium [6] is shifted 
from right to left, yielding hydrogen chloride and hydrox- 
ide ions. The voltammetric detection of water as well as 
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hydrolytic products in fused pelletized electrolytes (T > 
370~ will be described in a future publication (22). 
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Corrosion of the Wet-Seal Area in Molten Carbonate Fuel Cells 

I. Analysis 
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ABSTRACT 

Severe corrosion can occur in the seal area between the cell housing and the electrolyte tile of a molten carbonate 
fuel cell even if an optimal se]ection of the active cell materials has been made. Thermodynamic calculations and an ap- 
proximate mixed-potential analysis indicate that several minor corrosion cells are active at open circuit, and a major cor- 
rosion cell is established when the cell is under  load. Extensive corrosion can be expected on the anode side of the wet 
seal, although effects at the cathode side are minor. 

The available literature related to gas-seal techniques 
and methods of minimizing corrosion, particularly in the 
seal area of a molten carbonate fuel cell, is very limited. 
In early work on cell development, several types of as- 
semblies comprising all-ceramic components  were used, 
e.g., by Broers et al. (1), Salvadori (2), and Kronenberg (3), 
but such assemblies are bulky and have low resistance to 
thermal shock. More recently, investigators have used 
cells and cell stacks formed by pressing together a series 
of flat-plate cell components  (filter-press arrangement) 
and utilizing a wet seal (4, 5). 

In the wet-seal technique, metal flanges are pressed 
against the flat surface of an electrolyte "tile," i.e., a po- 
rous, inert matrix filled with electrolyte. At the cell 
operating temperature, sufficient free liquid is present to 
wet the metal surfaces and form a gas seal, as schemati- 
cally represented in Fig. 1. The concept was first applied 
by Davtyan (6) when working with "solid electrolyte" fuel 
cells in 1946. Later investigations by Broers (6) revealed 
that the electrolyte was not really a solid but  contained 
molten salts such as phosphates and tungstates. Cham- 
bers and Tantram (7), using a eutectic mixture of lithium 
and sodium carbonates held in a porous, sintered magne- 
sia disk, formed a cell or battery by sandwiching the disk, 
with its attached electrodes, to metal flanges. Similar 
sandwich-type cells were investigated by Peattie and 

*Electrochemical Society Active Member. 
1Present address: Energy Research Corporation, Danbury, 

Connecticut 06810. 

Trachtenberg (8). The wet-seal approach was also used in 
a previous project carried out at IGT (9). Critical improve- 
ments in seals and seal design for single, flanged cells are 
described in patent citations (10, 11). A review of more re- 
cent developments is given by Pigeaud et al. (5). 

Because the wet-sea] technique involves metal-elec- 
trolyte contact in a gas-deficient region of the cell, one 
may expect one or more corrosion cells to form. Experi- 
ence with single, flanged ceils has shown that corrosion 
of the seal-area metal can be severe and may lead to a 
poor seal and rapid deterioration of cell performance as a 
result of gas leakage. Severe corrosion in the wet-seal area 
also aggravates carbonate loss from the tile and may 
cause catastrophic failure (4). In fuel-cell stacks the cells 
are separated by a bipolar plate, which forms a wet seal 
with the electrolyte tile in each cell of the stack. The bipo- 

"1" + + - -  - - -  

OXIDANT 

Fig. 1. Schematic of a wet-cell area of o molten carbonate fuel cell 
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lar  plate ,  for  w h i c h  s ta in less  s teel  is a c a n d i d a t e  mater ia l ,  
e x p e r i e n c e s  s imi la r  co r ros ion  p r o b l e m s  as t he  a n o d e  a n d  
c a t h o d e  f langes  in  a s ingle  cell. 

A l t h o u g h  wet-sea l  co r ro s ion  a n d  its p r e v e n t i o n  h a v e  re- 
ce ived  some  a t t e n t i o n  in  t h e  e l e c t r o c h e m i c a l  l i t e ra tu re  
(12), no  sys t ema t i c  s t u d y  h a s  b e e n  m a d e  of  the  co r ros ion  
m e c h a n i s m  a n d  of t he  co r ros ion  ra tes  at  va r ious  po in t s  in  
t he  wet -sea l  area. In  th i s  paper ,  we c o m p a r e  t h e r m o d y -  
n a m i c a l l y  the  co r ro s ion  cells ope ra t i ng  in  t he  wet-seal  
area  a n d  r epo r t  co r ro s ion  ra tes  u n d e r  c o n d i t i o n s  
s i m u l a t i n g  t hose  in a fuel  cell. A f u r t h e r  ob jec t ive  is to  
clarify h o w  co r ros ion  can  b e  p r e v e n t e d  a n d  to d e t e r m i n e  
t h e  level  to w h i c h  co r ro s ion  ra tes  can  be  r educed .  In  th i s  
paper ,  t he  pos s ib l e  m e c h a n i s m s  of  co r ros ion  are  pre- 
s e n t e d  and  analyzed.  Th i s  ana lys i s  c a n n o t  p r ed i c t  t he  ac- 
tua l  co r ros ion  rates ,  for  w h i c h  e x p e r i m e n t s  are necessary .  
The  e x p e r i m e n t a l  r e su l t s  are p r e s e n t e d  in  t he  fo l lowing  
p a p e r  (13). 

Conversion and Corrosion Reactions 
The  m a i n  e l ec t rode  r e a c t i o n s  occu r r i ng  in  a m o l t e n  car- 

b o n a t e  fuel  cell are a t  t he  fuel  (negat ive)  e l ec t rode  or 
a n o d e  

H2 + CO3 s-  ~ HsO + COs + 2e -  [1] 

a n d  at t he  o x y g e n  (posi t ive)  e l ec t rode  or c a t h o d e  

1 / 2 0 s  + COs + 2e -  --* CO~ s-  [2] 

The  overa l l  cell r e ac t i on  is 

Hs + 1 / 2 0 s  --~ HsO [3] 

A l t h o u g h  t he  cell  also c o n v e r t s  CO, t h e  d i rec t  e lectro-  
c h e m i c a l  o x i d a t i o n  of  CO, a n a l o g o u s  to Eq.  [1], a p p e a r s  to 
b e  v e r y  slow. I t  is genera l ly  a s s u m e d  t h a t  CO o x i d a t i o n  
t akes  p lace  via  the  wa te r -gas  sh i f t  e q u i l i b r i u m  

CO + H20 -~ COs + Hs [4] 

The fuel electrode and the negative flange of the cell 
housing (Fig. I) are continuously in contact with fuel gas 
containing H2, CO, HsO, and COs, with Ns constituting the 
balance. The oxygen electrode and the positive flange 
are continuously in contact with oxidant gas containing 
Os, COs, and a small amount of HsO, with N s constituting 
the balance. The gas compositions used here to illustrate 
corrosion processes are shown in Table Ia; they corre- 
spond to reformed naphtha as fuel and standard oxidant 
(70% air, 30% COs) as oxidant gas. 

A large cell operating under an electrical load has an ap- 
preciable degree of conversion, typically 75% for the fuel 
gas and 50% for the oxidant. The resulting outlet compo- 
sitions of fuel and oxidant are also shown in Table Ia. 

The local driving force for conversion, Eq. [3], is deter- 
mined by the equilibrium potentials of electrode reac- 
tions [i] and [2], which depend on the local gas-composi- 
tions. This is illustrated in Table Ib, based on standard 
thermodynamic data (14, 15). The reference potential is 
that of oxygen reduction, Eq. [2], the reference oxidant 
consisting of 33% oxygen and 67% COs. Because the equi- 
librium potentials of Eq. [I] and [2] vary from point to 
point along the electrodes, the driving force for conver- 
sion, Eq. [3], varies correspondingly. Consequently, the 
distribution of the current in a cell with appreciable con- 
version is nonuniform. Analyses of current- distribution in 
scaled-up cells have been presented by Sampath et al. (16) 
and Wilemski et al. (17). 

Variations in local gas composition also cause varia- 
tions in the local driving force for corrosion. The negative 
half (flange) of the cell housing is in contact, over its en- 
tire interior surface, with fuel gas of varying composition. 
Likewise, the inside of the positive half contacts oxidant 
of varying composition. In addition, both halves are in 
contact with ambient air, at and around the open end of 
the wet seal, where some electrolyte creepage usually oc- 
curs. The equilibrium potential of oxygen reduction from 
air is included in Table Ib. 

Table la. Compositions of gases used in this work (m/o) 

H2 CO~ H~O CO N~ O2 

Fuel inlet 60.9 8.4 21.6 9.1 - -  - -  
Fuel outlet 10.3 39.6 45.4 4.6 - -  - -  
Air - -  0.03 2.5 - -  Bal 20.5 
Oxidant inlet - -  29.2 2.8 - -  53.7 14.3 
Oxidant outlet - -  18.7 3.6 - -  68.8 9.0 
Reference gas - -  66.7 - -  - -  - -  33.3 

Table lb. Equilibrium potentials of reactions [1 ] and [2] with respect to 
standard oxygen electrode (33.3% oxygen, 66.7% C02) 

Reaction Potential at 923 K 

Fuel inlet 1 - 1121 
Fuel outlet 1 -960 
Air 2 -310 
Oxidant inlet 2 -50 
Oxidant outlet 2 -76 

Cor ros ion  cells are f o r m e d  by  local  o x i d a t i o n  (dissolu-  
t ion)  a n d  r e d u c t i o n  r eac t i ons  o c c u r r i n g  in  a d j a c e n t  areas  
of  the  same,  e l ec t ron ica l ly  c o n d u c t i n g  surface.  In  the  
p r e s e n t  case,  t h e s e  a d j a c e n t  a reas  are loca ted  o n  t he  in- 
s ide  sur face  of  t he  a n o d i c  or c a thod i c  f lange a n d  on  the  
p o r o u s  e l ec t rode  e n c l o s e d  by  t he  flange. The  ox ida t i on  
(d i s so lu t ion  or cor ros ion)  r eac t ions  can  be  r e p r e s e n t e d  in  
a gene ra l  way  b y  t he  fo l lowing  e q u a t i o n s  w r i t t e n  for a 
t w o - v a l e n t  me ta l  

M ~ M  2~ + 2 e -  [5] 

M + O  2 - ~ M O  + 2 e -  [6] 

M + 2 O H - ~ M O  + H 2 0  + 2e -  [7] 

M + CO32- ~ MO + CO2 + 2e -  [8] 

S imi l a r  r eac t ions  m a y  be  w r i t t e n  for a t r i va l en t  metal .  
The  r e d u c t i o n  r eac t i ons  c o n t r i b u t i n g  to co r ros ion  cells  
are  gas -e lec t rode  reac t ions ,  p r inc ipa l ly  o x y g e n  r educ t ion ,  
Eq. [2], a n d  poss ib ly  r e d u c t i o n  of  HsO by  t he  r eve r se  reac- 
t ion  of  Eq.  [1]. 

I n  t he  t r e a t m e n t  of co r ro s ion  p r e s e n t e d  here ,  t he  possi-  
bi l i ty  of  c a rb ide  f o r m a t i o n  (carbur iza t ion)  is n o t  cons id-  
ered,  a l t h o u g h  c a r b i d e s  c an  fo rm in  t he  m e t a l  p h a s e  be- 
n e a t h  t he  ox ide  scale, i f  t h e  o x y g e n  ac t iv i ty  is ve ry  low. 
R a p p  et al. (21) h a v e  ana lyzed  the  c o n d i t i o n s  for  c a rb ide  
f o r m a t i o n  in  de ta i l  a n d  c o n f i r m e d  t h e i r  p r e d i c t i o n s  ex- 
pe r imen ta l ly .  S h o r e s  a n d  S i n g h  (22) h a v e  d e m o n s t r a t e d  
t he  p r e s e n c e  of  c a r b u r i z a t i o n  in l a b o r a t o r y  cell  c u r r e n t  
col lectors .  However ,  i t  is  un l i ke ly  t h a t  t he  o x y g e n  ac t iv i ty  
in  t h e  w e t  seal area  wil l  be  low e n o u g h  to c a u s e  ca rbur iza -  
t ion,  e x c e p t  poss ib ly  ve ry  c lose  to t he  i n n e r  edge  of  the  
a n o d e - s i d e  flange, a t  open -c i r cu i t  c o n d i t i o n s  or at  ve ry  
smal l  conve r s ions .  The  e x p e r i m e n t a l  r e su l t s  to  be  pre-  
s e n t e d  in  Pa r t  II  (13) s h o w  t h a t  t h i s  a s s u m p t i o n  is correct .  

The  e l ec t rode  reac t ions ,  Eq. [5]-[8], are no t  i n d e p e n d e n t .  
T h e y  invo lve  d i s so lved  gases  and  ionic  spec ies  w h i c h  lo- 
cal ly pa r t i c ipa t e  in  d i s soc i a t i on  a n d  h y d r o l y s i s  equ i l ib r i a  

CO3 s-  ~ CO2 + 0 2 .  [9] 

CO3 ~- + H~O ~ COs + 2 O H -  [10] 

The  wa te r -gas  sh i f t  e q u i l i b r i u m ,  Eq. [4], is also app l icab le .  
All of  t he se  r eac t ions  are rapid ,  a t  leas t  c o m p a r e d  w i th  
t he  ra te  of  co r ros ion  r eac t i ons  [5]-[8], so t h a t  local  equi l ib-  
r i u m  m a y  be  a s s u m e d .  Thus ,  a t  a n y  p o i n t  of t he  f lange 
sur faces ,  t he  e q u i l i b r i u m  po ten t i a l s  of  e l ec t rode  r eac t ions  
[5]-[8] are ident ica l ,  a n d  we  m a y  eva lua te  t he  p o t e n t i a l  by  
t h e  N e r n s t  e q u a t i o n  app l i ed  to ~ one  of  t h e m ;  for example ,  
Eq.  [8] 

E = E ~ (MO, COJM, CO32-) + RT/2F In 
(MO) (C02) 

(M) (COZ--) 

[11] 
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The  ox ide  MO is a s sumed  to be insoluble,  or  spar ingly  
soluble,  so its act ivi ty  is equa l  to, or close to, unity.  In 
fact, s tainless steel  passivates;  that  is, it forms a coherent ,  
conduc t ing  ox ide  layer  that  r educes  the  cor ros ion  rate ap- 
p rec iab ly  (18). This  ox ide  layer  may  consis t  in part  of 
m i x e d  oxides  such as LiFeO2 and LiCrO2, wh ich  are also 
inso lub le  or spar ingly so luble  and do not  s ignif icant ly af- 
fect  the  e lec t rode  potent ial .  In  the  t ranspass ive  region,  
these  surface layers d is in tegra te  unde r  format ion  of  
loosely  adheren t  meta l  oxides;  in a s t rongly oxidizing,  ba- 
sic (i.e., alkali  oxide-rich) env i ronment ,  such  as exis ts  at 
the  ca thode  unde r  load, c h r o m i u m  may  be oxid ized  fur- 
ther  to the  very  soluble  ch romate  ion 

Cr + 4CO32- --> CrO42- + 4CO~ + 6e-  [12] 

E = E ~ (CrO42-, COJCr,  CO3 ~-) + RT/6F (CrO4~-)(CO")4 
(Cr)(C03 ~-)~ 

[13] 

In  Table  II, the  equ i l i b r ium potent ia ls  of  var ious  met-  
als accord ing  to Eq. [11], based on s tandard  the rmody-  
namic  data  (14, 20), are col lected;  the  gas compos i t ions  
are those  of  Table  Ia. Iron,  ch romium,  and nickel  are of  
in teres t  not  only  as cons t i tuen t s  of  Type  300 stainless 
steels,  bu t  also as e lec t rode  materials.  In the  lat ter  cate- 
gory, copper  and cobal t  are of  interest.  The  table  also in- 
c ludes  s t ructura l  mater ia l s  such as t an ta lum,  vanad ium,  
and o ther  refractory  metals .  A m o n g  the  l ight  meta ls  in- 
c luded  are a l u m i n u m  and t i tanium, wh ich  form insulat-  
ing  oxides.  

F r o m  Tables  Ib  and II, one can immed ia t e ly  ascer ta in  
wh ich  corros ion  cells are t he rmodynamica l l y  possible.  
For  example ,  all th ree  c o m p o n e n t s  of  stainless steel  will  
have  a t endency  to co r rode  at those  points  of  the  flange 
whe re  contac t  wi th  air and e lec t ro lyte  Occurs. The  dr iv ing  
force for these  cor ros ion  cells is, f rom Tables  Ib  and II 

C h r o m i u m  -310 - ( -1834)  = 1524 m V  
Iron -310 - ( -1346)  = 1036 m V  
Nickel  -310 - ( -1087)  = 777 m V  

However ,  whe the r  cor ros ion  really takes  place and, i f  
so, at wha t  rate, depends  on the  actual  e lec t rode  potent ia l  
at the  po in t  in ques t ion .  Corros ion takes  place only if the  
actual  e lec t rode  potent ia l  is more  posi t ive  than  the  equi-  
l ib r ium potent ia l  of  the  anodic  (dissolution, corrosion)  re- 
action. The  rate  of  cor ros ion  depends  on the  avai lable  
dr iv ing  force (actual potent ia l  minus  equ i l i b r ium poten-  
tial of  the  anodic  reaction). Therefore ,  one  may  expec t  im- 
por tan t  d i f ferences  in the  corros ion p ic ture  w h e n  the  cell  
is unde r  load, as c o m p a r e d  to that  at open  circuit .  Thus,  it 
is wel l  k n o w n  that  at h igh current  dens i t ies  the  porous  
anode  material ,  main ly  cons is t ing  of  nickel ,  may  b e c o m e  
oxidized.  Table  II indica tes  tha t  this is on ly  poss ib le  i f  the 
actual  e lec t rode  potent ia l  of  the  anode,  wi th  respec t  to a 
33% oxygen,  67% CO2 re fe rence  electrode,  is more  posi- 
t ive  than,  for example ,  -862 m V  if  the  CO2 part ial  pres- 
sure  is 0.084 atm, as for r e fo rmed  naphtha  at inlet  condi-  
t ions. Such  an e lec t rode  potential ,  t hough  unaccep tab ly  
h igh  (positive) for state-of-the-art  fuel  cell  anodes  under  
s tandard  opera t ing  condi t ions  (4), may  occas ional ly  be 

reached  at very  h igh  cur ren t  densit ies.  However ,  f rom 
Table  Ib  it can be  seen that  in a cell  at open  circuit ,  oxida- 
t ion of  n ickel  by the  reverse  react ion of  Eq.  [1] is 
t he rmodynamica l l y  imposs ib le  unless  the  H~O and CO~ 
part ial  p ressures  in the  fuel  gas are increased  far in excess  
of  those  in r e fo rmed  naphtha  at 75% convers ion.  

In  a cell  at open  circuit ,  the  negat ive  and posi t ive  
f langes are not  e lec t ronica l ly  connected .  Each  f lange 
then  as sumes  a m i x e d  potent ia l  co r respond ing  to zero ne t  
cur ren t  of the  var ious  e lec t rochemica l  react ions  that  ex-  
change  e lec t rons  via the  flange. The  m i x e d  potent ia l  is 
the  resul t  of a c o m p l e x  in terac t ion  b e t w e e n  the  electro- 
chemica l  react ions  (corrosion and reduct ion)  and the  sup- 
ply, by  diffusion, of  d i sso lved  gases to var ious  points  of  
the  wet-seal  area. In the  carbona te  fuel  cell  at open  cir- 
cuit,  a small  fract ion of  the  feed gas on bo th  sides is con- 
t inual ly  be ing  c o n s u m e d  by  chemica l  react ion;  that  is, 
there  is a small  but  s ta t ionary flux of  d i sso lved  gas  into 
the  ti le toward  the oppos ing  e lec t rode  or toward  the air 
in terface  of  the wet  seal. H y d r o g e n  dif fus ing f rom the  fuel 
e lec t rode  toward  the o x y g e n  e lec t rode  and the  air/tile in- 
ter face  reacts  wi th  o x y g e n  and is c o n s u m e d  (chemical  
discharge).  Fur the rmore ,  a small  fract ion of  the  feed gases 
on e i ther  side may  b e  invo lved  in cor ros ion  cells (cir- 
cuits); on the  ca thode  side, some oxygen  is reduced ,  and 
on the  anode  side, some  H20 may  be reduced.  These  cor- 
ros ion cells  are parasi t ic  or  cooperat ive,  d e p e n d i n g  on 
whe the r  or  not  they  c o n s u m e  part  of the  feed gases. At 
open  circuit ,  the  changes  in gas compos i t ion  are usual ly  
of  no pract ical  significance.  Corrosion .cells invo lv ing  ox- 
ygen  f rom air are indi f ferent  wi th  respect  to convers ion.  

In  all of  the  above  cases, only  those  corros ion  react ions 
(dissolut ion or oxidat ion)  can  take place whose  equil ib-  
r i um potent ia l  is more  nega t ive  than  the  m i x e d  potent ia l  
a s sumed  by the  flange. 

The  same appl ies  to a fuel  cell  unde r  load, that  is, pro- 
duc ing  a current.  However ,  the  analysis is easier  because  
the e lec t rode  potent ia l  is cont ro l led  external ly  th rough  
the  load ra ther  than  th rough  the  spon taneous  in terac t ion  
of  diffusion and react ions  in the  wet-seal  area. The  corro- 
sion cells (circuits) are now supe r imposed  on the  main  
cell  current ,  due  to fuel  convers ion,  as schemat ica l ly  
shown in Fig. 2. One may  still d is t inguish  cooperat ive ,  
parasit ic,  and indi f ferent  corros ion cells. Thus,  a corro- 
sion cell  res t r ic ted to the  anode  flange, in which  some  
H20 is r educed  to hydrogen ,  decreases  fuel  conver s ion  for 
a g iven  cell  current ;  it is, therefore,  cooperat ive .  Corro- 
sion cells that  involve  both  flanges m a y  also be estab- 
l ished, as shown in Fig. 2; such cells paral lel  the  ma in  cell 
react ion and increase the  externa l  current ,  whi le  also in- 
c reas ing  ox idan t  convers ion  for a g iven  ma in  cell  cur ren t  
due  to fuel  convers ion.  

In  reality, of  course,  the  var ious  cor ros ion  cells (cir- 
cuits) do not  exis t  as separa te  enti t ies in the  overall  cur- 
ren t  d is t r ibut ion  b e t w e e n  the  flanges. The  resu l t ing  cur- 
ren t  d is t r ibut ion  at the  f langes can be  in te rpre ted  in 
te rms  of  corros ion cells. This  is conven ien t  in cases like 
the  p resen t  one, where  the  exact,  quant i ta t ive  analysis of  
the potent ia l  d is t r ibut ion  would  requi re  m u c h  mathemat -  
ical effort. 

Table II. Equilibrium potentials at 925 K vs. standard oxygen reference electrode (33.3% oxygen, 66.7% C02) 

Potential (mV) 

Air Fuel inlet Fuel outlet Oxidant inlet Oxidant outlet 
Material Reaction 0.03% CO2 8.4% COx 39.6% CO2 29.2% CO.2 18.7% CO~ 

Ca 
Ni 
Co 
Fe 
Cr 
Nb 
Ta 
V 
Ti 
Zr 
A1 

Cu(c) + 1/2 O2(g) = CuO(c) -674 -449 -388 
Ni(c) + 1/2 O2(g) = NiO(c) -1087 -862 -801 
Co(c) + 1/2 O2(g) = CoO(c) -1156 -931 -872 
0.947Fe(c) + 1/2 O2(g) = Fe0.~70(c) -1346 -1121 -1060 
2Cr(c) + 3/2 O2(g) = Cr.203(c) 1834 -1609 -1548 
2Nb(c) + 5/2 O~(g) = Nb20~(c) -1836 -1611 -1550 
2Ta(c) + 5/2 O2(g) = Ta.2Os(c) -1980 -1755 -1694 
2V(c) + 3/2 O~(g) = V~O3(c) -2014 -I789 -1728 
Ti(~) + O2(g) = TiO2(c) -2296 -2071 -2010 
Zr(~) + O~(g) = ZrO2(a) -2665 -2440 -2379 
2Al(c) + 3/2 O2(g) = Al~O.~ (Cor) -2675 -2450 -2389 

-813 -830 
-882 -899 
-1072 -1090 
-1560 -1578 



2538 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  November  1984 

;-I I fill; 1 
a} NONPARASITIC CORROSION CELL (No Effect on Fuel Conversion; External 

Current Equals Conversion Current) 

I 

b) COOPERATIVE CORROSION CELL (Decrease of Fuel ConversLon; External 
Current Equals Conversion Current) 

c) PARASITIC CORROSION CELL (Increase of Oxidant Conversion; External 
Current Equals Conversion Current) 

d) PARALLEL CORROSION CELL (Increase of Oxidant Conversion; External 
Current Equals Conversion Plus Corrosion Current) 

Fig. 2. Types of corrosion cells existing in the wet-cell area. Left: cur- 
rent distribution in the electrolyte. Right: schematic in terms of corrosion 
cells. The bold arrow represents the main cell current due to fuel conver- 
sion in the absence of corrosion. 

Corrosion Regions and Solute Fluxes 
To distinguish the various corrosion cells in the wet- 

seal area, we identify first the approximate gas composi- 
tions adjacent to various regions of the cell housing. 
These are schematically indicated in Fig. 3. 

Surrounding the anode is region A, which has a high 
concentration of H2 and CO, and which also contains a 
considerable amount of H20 (see Table Ia). From this re- 
gion, H2 and CO diffuse toward the edge of the flange. 
From the edge of the flange (regions C and F), 02 (as air) 
diffuses toward region A. H-" and 02 react in a zone (indi- 
cated by a dotted line) at region B where, consequently, 
the H..O concentration is high. Because the solubility and 
diffusivity of H2 are appreciably larger than those of 02 in 
molten carbonate (17), the location of region B is closer to 
the outer edge of the seal area than to the inner edge. 

The reaction zone between H2 (or CO) and 02 within the 
tile is schematically indicated by the dotted line in Fig. 3. 
From region B, this line curves toward that part of the tile 
that lies between the electrodes. The reaction zone is re- 
gion G, which is closer to the cathode than to the anode. 

Region D, near the edge of the cathode, contains a rela- 
tively high concentration of 02 and CO2, while region F, 
near the outer edge, contains a high concentration of 02 
but is low in CO2. The concentration of H20 goes from rel- 
atively low in region D to very low in region F. This is 
schematically indicated in Table III. Region E, unlike the 
opposite region at the anode side (region B), is character- 
ized by conditions that are not very different from adja- 
cent regions. 

To analyze the corrosion effects, it is desirable next to 
assess the relative importance of the various fluxes of 

AIR IC B~ A HYDROGEN 
OXYGEN ~ - -  - -G REACTION 

I F E D OXYGEN ~ ZONE, H20 
~ ~  CATHODE 

Fig. 3. Regions in the wet seal according to major dissolved-gas species 

Table III. Dissolved gas concentrations in various regions of the wet seal 
(schematically) in percent of total gas pressure 

Region H. + CO CO2 02 H20 

A 70 8 0 22 
B 0 (8)* 0 (92) 
C 0 0.1 19 0.1 
D 0 29 14 3 
E 0 (10) (17) (1) 
F 0 0.1 19 0.1 

* The concentrations in regions B and E are determined by the re- 
action of converging fluxes, and could be estimated by a rather in- 
volved mathematical analysis. The values in parentheses are rough 
estimates only for purpose of illustration. 

d i s so lved  gas in the  wet-seal  area. These  f luxes may  rein- 
force or may  coun te rac t  the  corrosion cells that  arise 
spontaneously .  The  concen t ra t ion  dif ferences  (Table III) 
and the  d is tances  b e t w e e n  var ious  regions  lead us to con- 
c lude  that  cer ta in  f luxes are ve ry  impor tan t  and others  
secondary,  as indica ted  by solid and dashed  arrows in 
Fig. 4. It  should be no ted  that  the  t i le th ickness  is only  
about  one-fifth of  the  l eng th  d imens ion  of  the  flange, so 
f luxes across the  t i le are re la t ively more  impor t an t  than  
those  a long the  flanges. Also, H20 fluxes are in first ap- 
p rox ima t ion  equ iva len t  to CO.. f luxes because  of the  hy- 
drolysis  equ i l ib r ium (Eq. [10]). 

Analysis:  Corrosion at  O p e n  Ci rcu i t  
The corrosion p ic ture  at open  circui t  is s implif ied by 

the  observa t ion  that  in cells of  reasonably  large size, the  
open-ci rcui t  potent ia ls  of  the  fuel  e lec t rode  and  the 
ox idan t  e lec t rode  are pract ical ly  equal  to the  equ i l ib r ium 
potent ia ls  of  the  respec t ive  convers ion  react ions,  that  is, 
H~ oxida t ion  (reaction [1]) and 02 reduc t ion  (reaction [2]). 
Therefore ,  we  can m a k e  use  of Table  IV, in which  are col- 
lec ted  the equ i l ib r ium potent ia ls  of the p r imary  corros ion 
and reduc t ion  react ions  in the  var ious  regions.  

At  the anode  side, l i t t le i ron dissolut ion should  be ex- 
pec ted  in regions  A and  B. Only if the fuel  gas is r icher  in 
H20 and CO2 than  a s sumed  in Table  Ia will  it be l ikely 
that  there  is a s t rong corros ion  cell  b e t w e e n  regions  A 
and B. However ,  b e t w e e n  regions  B and C, the  condi t ions  
are fulfilled for d issolut ion of  iron unde r  s imul taneous  
reduc t ion  of  02. The  dr iv ing  force for this cell, indica ted  
by il in Fig. 5, is cons iderab ly  larger  than  that  for corro- 
sion be tween  regions  A and B (i~). 

C h r o m i u m  dissolut ion can occur  over  the  ent i re  anode  
wet  seal, compensa t ed  for by reduc t ion  of  02 f rom air in 
region C. Corrosion of ch romium,  like that  of  iron, will  be 
mos t  in tense  jus t  ou ts ide  region B. 

OXYGEN HYDROGEN 
"~" "H~'O-- - [ HYDROGEN 

AIR H20 

1 H20 OXYGEN 
..~._C02 C02 v 

F~ Et~ O~ 

OXIDANT 

Fig. 4. Primary fluxes (solid arrows) and secondary fluxes (dashed ar- 
rows) of dissolved gas at open circuit. 



Vol. 131,No. 11 MOLTEN CARBONATE FUEL CELLS 2 5 3 9  

Table IV. Equilibrium potentials of electrode reactions in various regions 
of the wet seal (in mV at 925 K vs. the 33% oxygen, 66.7% COx 

reference electrode 

Region H~O/H~ O~, CO~/CO:~ 2- FeO/Fe Cr2OJCr NiO/Ni 

A -1120 -1120 -1610 -860 
B -1050 -1611 -864 
C -310 -1350 -1830 -1090 
D -50 1070 -1560 810 
E -50 -1110 -1603 856 AIR 
F -310 -1350 1830 -1090 

Figure 5 indicates schematically how the positive and 
negative areas on the anode side of the wet seal are dis- 
tributed, correponding to the prevailing fluxes (H20 from 
B to C and E; COx from B to C; Ox from C to B; and Hx 
from A to B). 

At the cathode side, where the open-circuit potential is 
very close to -50 mV, metal dissolution compensated by 
oxidant reduction is possible everywhere. It is most likely 
to be intense in region D, where the distance to the cath- 
ode itself is shortest. The distribution of positive and neg- 
ative sites indicated in Fig. 5 is in agreement with a COx 
flux from region D to E. In region D, one would expect 
corrosion to be serious, since the driving force for metal 
oxidation is very large (Table IV). However, the compen- 
sating oxygen reduction apparently proceeds at a very 
small rate: the cathode open-circuit potential is close to 
equil ibrium for this reaction. This suggests that the corro- 
sion rate may, after all, be quite small compared to that at 
the anode because the kinetics of Ox reduction in molten 
carbonate are known to be very much slower than those 
of H2 oxidation (15). 

Analysis: Corrosion under Load 
In a cell under load, some changes may be expected in 

the picture of Fig. 3. Region B, where H.2 from (A) com- 
bines with Ox from (C), will be located closer to (A) be- 
cause the concentration of H~ at (A) is now lower, except 
at the fuel inlet. At the cathode, the flux of CO2 from re- 
gion D, via (E) to (F), will be smaller than at open circuit 
for similar reasons. The flux of H~O across the tile, al- 
though still very prominent,  will be smaller than at open 
circuit and shifted toward the inner edge of the wet seal. 

Again considering the equilibrium potentials shown in 
Table IV, we note that these are valid only at the feed gas 
inlet points. The potentials at outlet may be found from 
Tables I and II; they are graphically illustrated in Fig. 6. 

The most important differences, however, have to do 
with the actual electrode potentials of anode and cathode. 
These are considerably different from the open-circuit 

FUEL 

il i 3 

i4 i2 

- + + - 

Fig. 5. Corrosion cells in the wet-seal area as open circuit 

values (Fig. 6). Mso, anode and cathode are connected 
electronically through the load, thereby opening the pos- 
sibility of cross-tile corrosion cells. The consequences of 
the new situation are shown schematically in Fig. 7. 

At the anode side, where the operating potential is -950 
mV, corrosion cell i,, in region C, is likely to extend fur- 
ther toward the inner edge of the wet seal. Also, under 
fuel outlet conditions the HxO concentration at (A) may be 
high enough to make the anodic leg of corrosion cell i.~, at 
and near (B), extend further toward the inner edge of the 
seal. This is equivalent to an increase of corrosion current 
i~ and a decrease of fuel conversion (cooperative corro- 
sion). Nevertheless, i3 remains quite small because the 
driving force is small. 

The salient feature of Fig. 7, however, is the corrosion 
cell across the tile, between regions B and E. This is a ma- 
jor corrosion cell because the driving force is large and 
the distance over which it operates is small. Cell i5 is 
made possible by the electronic connection between the 
flanges. The current is in first approximation inversely 
dependent  on the load, as is the main conversion current 
of the fuel cell. We note also that the corrosion current i5 
is reinforced by the flux of HxO, and equivalently of CO2 
by equilibrium (10), across the tile from region B to E. 

At the cathode side, the corrosion cell ix is weakened or 
suppressed, as is cell i4, by the negative shift of the elec- 
trode potential under load (cathodic protection). 

To quantify the various corrosion tendencies in first 
approximation, we observe that the driving force for cor- 
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o 
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0.0 
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Fig. 6. Equilibrium potentials of 
electrode reactions vs. the 33.3% 
oxygen and 66.7% COx reference 
electrode as a function of COx par- 
tial pressure. Operating potentials 
of anode and cathode, as well as 
anode open-circuit potential, are 
indicated. 
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Fig. 7. Corrosion cells in the wet-seal area under load 

rosion cell is of Fig. 7 is, for iron corrosion, approximately 
-50 -(-1110) = +1060 mV at open circuit, but  decreases 
to - 100 - ( -  1110) = 1010 mV under load, similarly for cell 
i4. The principal corrosion cell on the anode side is at 
open-circuit cell il, which has a driving force of -310 
-(-1050) = +740 mV; however, under  load the principal 
corrosion cell is i~, with driving force -100 -(-950)  = 
+850 mV over a much smaller distance. 

Thus, corrosion at the cathode side of the wet seal 
should be decreased and the anode side should experi- 
ence more intense corrosion. Correspondingly, the cor- 
roded area of the anode side may be expected to increase 
under  load, although the cathode side should be largely 
immune.  

Corrosion of Various Metals in an Operating Cell 
At the anode operating potential of -950 mV, chro- 

mium and iron will be oxidized (Fig. 6), but nickel, cobalt, 
and copper will not (Table II). The thermodynamic data 
also indicate that somewhat less corrosion of iron should 
be observed at the fuel outlet side of the cell because the 
equilibrium potentials for metal oxidation become more 
positive with increasing partial pressure of CO~ (Fig. 6). In 
terms of the corrosion cells of Fig. 7, this means a strong 
cathodic component  of i~ (H20 being reduced in region A) 
and possibly a shift of the anodic leg of i~, as well as i5, to- 
ward the outer edge of the wet seal. However, this does 
not necessarily imply that the total rate of corrosion in the 
wet-seal area is less. 

For the corrosion of chromium, fuel inlet or outlet con- 
ditions make little difference because the driving force 
for corrosion is large. If, as has been suggested (19), corro- 
sion of stainless steel takes place by intergranular attack 
of chromium, there would not be any significant effect of 
fuel gas composition. However, the picture is complicated 
by the formation of mixed oxides, such as LiCrO2 and 
LiFeO2, whose solubility and conductivity are influenced 
by the basicity of the melt and by the relative concentra- 
tions of the alkali ions. For lack of adequate information 
about these fundamental  chemical aspects of corrosion in 
molten carbonates, the present approximate analysis 
must  suffice. 

The analysis in this paper is based primarily on tenden- 
cies indicated by thermodynamic equilibria combined 
with a semi-quantitative assessment of the actual corro- 
sion cells in the wet-seal area. A more exact prediction of 
the intensity of corrosion and its distribution would fol- 
low from a complete mathematical model of the potential, 
current, and species concentration distributions in the 
wet-seal area and adjoining regions. Solving such a model 
would require not only extensive computational effort, 
but  also reliable kinetic information, for example, on the 
dissolution and passivation of stainless steel and the re- 
duction of oxygen at steel or various metal oxides. 

Under  these conditions, it is easier to simulate wet-seal 
conditions experimentally in a model cell. The results of 
model experiments are reported in the second part of this 
paper (13). 

Summary 
A semi-quantitative analysis of the mixed-potential con- 

ditions in the wet-seal area of a molten carbonate fuel cell 
leads to the following conclusions. 

1. At open circuit, the anode side will corrode mostly 
near the center of the wet seal compensated by reduction 

of atmospheric 02 near the outer edge. Corrosion close to 
the inner  edge of the seal is only expected if the fuel is 
very rich in H~O and CO2. The cathode side will corrode 
near the inner edge of the seal, compensated by reduction 
of oxidant in the porous cathode. 

2. Under load, anode wet-seal corrosion will take place 
much more intensively than at open circuit and over a 
greater area. The compensating reaction is reduction of 
oxidant gas, or atmospheric oxygen, at the cathode 
flange. Corrosion of the cathode side is less intensive 
than at open circuit owing to cathodic protection under  
load. 

3. Owing to higher H20 and COz partial pressures at fuel 
outlet conditions, somewhat more corrosion should be 
observed at the inner edge of the anodic wet seal near the 
fuel outlet than at fuel inlet. This effect should be very 
clear if the corrosion process involves -iron oxidation di- 
rectly, if it takes place via chromium oxidation, the differ- 
ences should be minor. 
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A B S T R A C T  

E x p e r i m e n t a l  r e su l t s  for  a n o d e  wet -sea l  co r ro s ion  in  m o l t e n  c a r b o n a t e  fuel  cells genera l ly  agree  w i t h  p o s t u l a t e d  
m e c h a n i s m s  t h a t  i nvo lve  co r ros ion  coup l e s  ac t ing  a long  or  ac ross  t h e  seal  area. T h e  co r ro s ion  ra te  of  Type  316 s ta in less  
s tee l  in  t he  a n o d e  wet - sea l  area  u n d e r  all  t e s t  c o n d i t i o n s  is u n a c c e p t a b l y  h igh .  S u b s t i t u t i o n  of  a n  a l u m i n u m  c o n t a i n i n g  
alloy, s u c h  as K a n t h a l  A-l ,  r e d u c e s  t h e  a n o d e  wet -sea l  co r ro s ion  by  at  ]eas t  two  o rde r s  of  m a g n i t u d e .  T h e  co r ros ion  ra te  
of  Type  316 s t a in les s  s teel  in  t he  c a t h o d e  we t  seal is a b o u t  two  orders  of  m a g n i t u d e  lower  t h a n  in  t h e  a n o d e  w e t  seal. 

In  P a r t  I (1), we  p r e s e n t e d  an  a p p r o x i m a t e  t h e r m o d y -  
n a m i c  ana lys i s  of  t he  m e c h a n i s m s  t h a t  c ause  co r ro s ion  of  
t h e  m o l t e n  c a r b o n a t e  fuel  cel l  ha rdware .  Two co r ro s ion  
cel ls  of  re la t ive ly  m i n o r  i n t e n s i t y  s h o u l d  b e  ac t ive  at  o p e n  
c i rcui t :  f lange me ta l / a i r  a t  t h e  a n o d e  s ide a n d  f lange 
m e t a l ] o x i d a n t  gas  a t  t he  c a t h o d e  side. A m a j o r  co r ro s ion  
cell, a n o d e - s i d e  f lange me ta l ] ca thode - s ide  ox idan t ,  
s h o u l d  be  e s t a b l i s h e d  u n d e r  load. The  ana lys i s  p r e d i c t e d  
a g rea t e r  co r ro s ion  ra te  of  t h e  a n o d e  w e t  seal  t h a n  of  t h e  
c a t h o d e  we t  seal. 

I n  t h i s  par t ,  we  p r e s e n t  t h e  r e su l t s  of  c o r r o s i o n  exper i -  
m e n t s  ca r r i ed  ou t  to  t e s t  t he  t h e r m o d y n a m i c  p red ic t ions ,  
a n d  we  iden t i fy  p rac t i ca l  so lu t ions  to t h e  wet -sea l  corro-  
s ion p r o b l e m .  The  e x p e r i m e n t s  were  ca r r i ed  ou t  at  vary-  
ing  e l e c t r o d e  p o t e n t i a l  (cell  at  o p e n  c i rcui t  or u n d e r  load), 
fue l  u t i l i za t ion  ( in le t  or  outlet) ,  a n d  ma te r i a l  (316 s t a in les s  
s tee l  or K a n t h a l  A-l) .  

Apparatus and Experimental Conditions 
As d i s c u s s e d  in  P a r t  I, s eve ra l  co r ros ion  cel ls  m a y  b e  

e x p e c t e d  to  ope ra t e  in  t h e  wet~seal  area  of m o l t e n  ca rb o n -  
a te  fuel  cells (1). B e c a u s e  of  the  d e s i g n  l im i t a t i ons  of  
s ca l ed -up  cells, s u c h  as t he  di f f icul ty  of  access  for  refer-  
e n c e  e lec t rodes ,  t h e  c o r r o s i o n  m e c h a n i s m  c a n n o t  b e  s tud-  
ied  q u a n t i t a t i v e l y  in  ac tua l  o p e r a t i n g  cells. There fore ,  
out-of-cel l  t e s t i ng  is r equ i r ed .  Howeve r ,  g rea t  ca re  m u s t  
be  t a k e n  to a s su re  t h a t  t he  cha rac t e r i s t i c  d e s i g n  p a r a m e -  
t e r s  con t ro l l i ng  c o r r o s i o n  rates ,  for  e x a m p l e ,  t i le  th i ck -  
ness ,  d i f fus ion  p a t h  l eng ths ,  a n d  local  gas  c o m p o s i t i o n s ,  
are  c o m p a r a b l e  to  t h o s e  in  ac tua l  cells. Seve ra l  t e s t  con-  
f igu ra t ions  were  e v a l u a t e d  a n d  t e s t ed  be fo re  t h e  d e s i g n  
s h o w n  in  Fig. 1 was  a d o p t e d .  In  t h e  t e s t - s t a n d  d e s i g n  of  
Fig. 1, t h e  t e s t - s p e c i m e n  (J) for  t h e  a n o d e  w e t  seal, 3.8 c m  
diam,  was  w e l d e d  to a r ing  (L) p r e v i o u s l y  w e l d e d  to a 
Type  316 s ta in less - s tee l  tube .  A n  e lec t ro ly te  t i le  (I) w as  
p l a c e d  on  t h e  s p e c i m e n .  T h e  tes t  s p e c i m e n  was  0.64 c m  
la rge r  in  d i a m e t e r  t h a n  t he  e lec t ro ly te  a n d  was  w e l d e d  
a r o u n d  the  edge  of the  r i n g  to m i n i m i z e  a n y  c h a n g e s  in  
t h e  g ra in  s t r u c t u r e  t h a t  cou ld  occu r  d u r i n g  t h e  w e l d i n g  
ope ra t ion .  T h e  s p e c i m e n  was  t h e n  m a c h i n e d  to accom-  
m o d a t e  a r i n g - s h a p e d  anode .  P e r f o r a t i o n s  in  t h e  speci-  
m e n  p r o v i d e d  fuel  access  to  t he  e lec t rode .  T h e  c a t h o d e  
c o m p a r t m e n t  was  s imi la r  to  t h a t  of  the  anode ,  e x c e p t  t h a t  
a ho le  in  t he  c e n t e r  of  t he  c a t h o d e  a n d  a c a t h o d e  c u r r e n t  
co l l ec to r  was  p r o v i d e d  for  t he  r e f e r e n c e  e lec t rode .  T h e  
e lec t ro ly te  a n d  t h e  wet - sea l  area,  0.64 c m  wide ,  h a d  t h e  
s a m e  t h i c k n e s s  a n d  wid th ,  r espec t ive ly ,  as in  a w o r k i n g  
cell. T h e  ac t ive  cell  a rea  was  2.5 cm2; t h e  e l e c t r o d e s  were  
1.91 c m  d i a m  w i t h  a 0.66 c m  d i a m  c e n t e r  hole.  

T h e  co r ros ion  t e s t s  w e r e  o p e r a t e d  at  923 K (650~ for  
1000h u s i n g  e lec t ro ly te  t i les  0.178 cm th ick .  The  ca rbon-  
a te  c o n t e n t  of  t h e  e l ec t ro ly te  t i les  was  a p p r o x i m a t e l y  60 
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Table I. Gas compositions (m/o) 

H2 CO~ H20 CO 02 N~ 

Fuel inlet* 60.9 8.4 21.6 9.1 - -  - -  
Fuel outlet** 31.5 21.9 37.0 9.6 - -  - -  
Oxidant * - -  29.2 2.8 - -  14.3 53.7 
Reference electrode - -  66.7 - -  - -  33.3 - -  

* Reformed naphtha fuel. 
** Reformed naphtha fuel (37% He utilization). 

Standard oxidant. 

w e i g h t  p e r c e n t  (w/o). A Li2CO3/K2CO3 eu tec t i c  c a r b o n a t e  
m i x t u r e  (62 mo le  p e r c e n t  [m/o] Li2CO~/38 m/o K2CO~) was  
used .  T h e  c o m p o s i t i o n s  of t h e  t e s t  ga se s  a re  p r e s e n t e d  in 
T a b l e  I. In  t h e  t e s t s  o p e r a t e d  u n d e r  load, t h e  a n o d e  po ten-  
t ial  was  po ten t ios t a t i ca l ]y  k e p t  c o n s t a n t  a t  - 1000  m V  
w i t h  r e s p e c t  to t h e  67% COJ33% O2-gold r e f e r e n c e  elec- 
t r o d e  d e s c r i b e d  b y  B o r u c k a  (2) a n d  A r g a n o  et al. (3). 

Results 
Corrosion at open circuit.--Tests at  o p e n  c i rcu i t  were  

ca r r i ed  o u t  to o b s e r v e  t h e  co r ros ion  c a u s e d  at t h e  a n o d e  
s ide  by  t h e  me ta l / a i r  a n d  t h e  meta l ] fue l  co r ro s ion  cells 01 
a n d  i3 in  Fig. 5 of  P a r t  I). B o t h  cells  c ause  co r ro s ion  in  t he  
wet -sea l  area  of  t h e  t e s t  cell, b u t  t h e  metaYfuel  cell  w o u l d  
cause  m o r e  co r ros ion  n e a r  t h e  i n n e r  edge  of t h e  wet~seal 
area. 

Typ ica l  co r ros ion  r e s u l t s  at  o p e n  c i rcu i t  are  s h o w n  in  
Fig. 2. T h e  s a m p l i n g  l oca t i ons  are  i n d i c a t e d  in  Fig. 3. Fig- 
u r e  2 d e m o n s t r a t e s  t h a t  the  m o s t  severe  co r ro s ion  occurs  
at  s i tes  3 a n d  4, w h i c h  are  at  t h e  edge  of  the  t i le  a n d  

Fig. 1. Corrosion test cell. F: Cathode specimen. I: Tile. J: Anode test 
specimen. L: Support ring. 
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Fig. 2. Test results for Type 316 SS at open circuit, a: Cross section of 
entire anodic wet-seal flange and support ring. b, c, and d: Photomicro- 
Qraphs of coupons at indicated locations. 

OXIDANT SIDE 

\ 

,Cathode Coupon " ~  x .  
~C atho d e "x~ 

,Etect=ol~el ~ k 

Hole ear ] I | \ 

E ec  odo V / Z / Z / ' , / / / / / / / / / / ]  

FUEL SIDE 

Fig. 3. Sampling sites (1-5) 

neares t  to the  ambien t  air env i ronment .  This  agrees wi th  
the  analysis  (1), wh ich  pred ic ted  that  the  affected area 
wou ld  be beyond  the  cen ter  of  the  wet  seal: the  metal /air  
corros ion cell, il, is s t ronger  than  the  metal /H20 cell, i3. 
The  corros ion in areas  3 and  4 is very  similar  to that  
caused by excess  O H -  and O ~- ions, as descr ibed  by 
A n d e r s e n  (4), who  worked  wi th  basic alkali  carbonates  
and alkali  oxides.  Corros ion at the  center  (site 1) and the  
ins ide  (site 2) of  the wet  seal is m u c h  less severe.  

Corrosion under /oad . - -Cor ros ion  tes t ing  unde r  load 
condi t ions  was carr ied out  at fuel inlet  and fuel  out let  
condi t ions.  Pho tomic rog raphs  f rom test  c e l l s  are shown 
in Fig. 4 and 5. In  bo th  types  of  tests, very  severe  corro- 
s ion is observed.  A m u c h  greater  rate of  corros ion is ob- 
served at the  ins ide  of the  anode  wet  seal (site 2) and its 
central  por t ions  (site 1) than  at the  outer  edge;  repea t  tests  
showed  similar  results.  Corros ion rates at these  same sites 
(1 and 2) were  m u c h  smal ler  in our  expe r imen t s  at open 
circuit ,  where  the  metal /a i r  cell  (il) had a l imi ted  opera t ing  
range.  Clearly, there  is a shift  in potent ia l  d is t r ibut ion  in 

Fig. 5. Test results for Type 316 SS under load at fuel outlet conditions 

the  wet-seal  area u p o n  electr ical ly  loading  the  cell; this  is 
caused  by a new, across-t i le meta l /ox idant  corros ion cell  
(%). The  lat ter  is the  pr incipal  corros ion-caus ing cell  w h e n  
an ex te rna l  cur ren t  is drawn.  

The test  cells also s h o w  somewha t  greater  corrosion 
rates at fuel out let  condi t ions  than  at fuel inlet. As our  
analysis  p red ic ted  (1), at fuel  inlet  condi t ions  corrosion 
cell  is (metal/H.~O) is re la t ively ineffect ive  because  of the 
h igh  H2 act ivi ty  in the  gas phase. This  protec t ion  de- 
creases  wi th  the  convers ion  of  the fuel, and at the fuel- 
out le t  condi t ions  i ron will t end  to cor rode  over  a m u c h  
wider  area adjacent  to the  porous  anode. Therefore ,  it is 
l ikely that  the  somewha t  greater  corros ion observed  at 
fuel-outlet conditions in our experiments is indeed the re- 
sult of the much lower HJH20 ratio than at fuel inlet (0.85, 
compared to 2.82 at inlet). 
Careful visual examination of the cathode coupon was 

carried out after termination of each test. In all the tests, a 
brownish, rust-like, apparently thin, oxide layer covered 
the surface of the coupon; the oxide layer was very uni- 
form, with almost no sign of corrosion. To verify this, we 
sectioned the cathode wet-seal coupon from one test op- 
erated at open circuit. Corrosion (caused by the 
metal/oxidant cell, i2) is expected to be at a maximum un- 
der these conditions. The corrosion observed at the cath- 
ode wet seal (Fig. 6) is not severe and is uniform across 
the sample. The corrosion morphology of the specimen 
nearest the porous cathode did not differ significantly 
from that closer to the tile-air interface. 

Rates of Corrosion 
E x p e r i m e n t s  under  load at -1000 mV vs. the  67% 

COJ33% 02 reference  e lec t rode  show that  the  mos t  severe  
cor ros ion  of  the Type  316 stainless-steel  we t  seal occurs  at 
the  anode  side and at the inner  por t ion  of  the seal. The  
rate of  corrosion caused  by the  meta l /ox idan t  cell, %, 
across the  tile, was an  order  of  m a g n i t u d e  greater  than  

Fig. 4. Test results for Type 316 SS under load at fuet inlet conditions Fig. 6. Typical corrosion of the cathode wet-seal area 
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Table I I. Corrosion of Type 316 stainless steel as a wet-seal material 

Site a Open circuit Load 

(mmll000h) 
1 0.035-0.041 0.43-0.60 c 
1 0.970 d 

Anode 2 0.035-0.041 0.470-0.62 c 
2 0.45 d 
3 0.015 b 
4 0.079-0.109 

Cathode 5 0.008-0.010 0.008-0.010 

See Fig. 3 for location. 
Minimum corrosion. 

c Maximum for fuel inlet gas conditions. 
Maximum for fuel outlet gas conditions. 

that caused by the metal/air cell, il, and the meta]/H20 
cell, i3, at open circuit. The corrosion rate under  load at 
the anode side was two orders of magnitude greater than 
that by the metal/oxidant cell, i2, at the cathode wet seal 
under open-circuit conditions. 

Corrosion rates measured in 1000h of testing under the 
same gas environment  are collected in Table II. The 
metal/oxidant cell across the tile, i5, combined with the 
metal/H~O cell, is, under load causes 0.43-0.62 m m  of cor- 
rosion. This is to be compared with the metaYH20 cell, is, 
alone at open circuit, which is responsible for 0.036-0.040 
mm, and the metal/air cell, il, alone at open circuit, which 
causes 0.08~0.11 mm of corrosion in 1000h. A somewhat 
greater rate of corrosion of Type 316 stainless steel is ob- 
served under fuel outlet conditions (0.45 to 0.97 mm) than 
under inlet conditions (0.43 to 0.62 ram). On the cathode 
side, at open circuit, the metal/oxidant cell, i2, does not 
cause more than 0.01 ram. The latter, very low corrosion 
rate indicates that most  of the driving force of this cell 
(1022 mV at open circuit) is spent in overcoming a high 
ohmic resistance caused by the oxide layer. 

Corrosion Protect ion by A l u m i n a  
The corrosion rates reported above for the anode aide of 

the wet seal are prohibitive, both at open circuit and un- 
der load. Since the largest amount  of corrosion is clearly 
associated with the metal/oxidant cell, is, across the tile, 
corrosion protection by means of an insulating gasket 
covering the wet-seal faces would be an obvious solution. 
Such a gasket would function as a barrier to the ions and 
dissolved gas molecules diffusing or migrating across the 
tile in the wet-seal area. However, a gasket would not of- 
fer long-term protection unless it was intimately bonded 
to the base metal of the wet-seal flanges. Various possi- 
bilities were explored, of which alumina or compounds 
derived from alumina appeared most promising. 

In long-term laboratory cell testing, dense alumina has 
been shown to be stable for over 40,000h (5). However, its 
direct use in the wet-seal area would be impractical from 
the viewpoint  of thermal expansion matching in 
scaled-up cells, and it would also be expensive. There- 
fore, indirect means of forming a protective oxide layer 

based on Al203 were explored. Alloys known to form pro- 
tective layers of aluminum oxide and aluminized metals 
were tested. At 923 K, the redox potential of a luminum in 
an air atmosphere (0.03% COs) is -2675 mV with respect 
to the (67% CO2, 33% 02) reference electrode. In a fuel in- 
let or outlet atmosphere (Table I), its potential is -2450 or 
-2389 mV, respectively. These potentials indicate that in 
an operating cell (anode potential -950 mV or more posi- 
tive), a luminum will readily be oxidized, possibly at a 
faster rate than chromium, because the latter has a more 
positive redox potential. To investigate this possibility, 
we operated test cells with a Kanthal A-1 (Fe-Cr-A1 alloy 
containing 5% aluminum) anode wet seal. 

Visual examination of the Kanthal wet seal revealed no 
points of high, localized corrosion; this was confirmed by 
photomicrographs (Fig. 7). An almost-uniform corrosion 
from the fuel side to the air side of the wet seal is ob- 
served; the intensity of the corrosion is small, even 
though the cell was accidentally operated at 1098-1123 K 
for 8-15h, during which t ime corrosion might  be expected 
to be accelerated by the higher temperature. 

Thus, Fe-Cr-Al alloys are definitely more suitable than 
austenitic stainless steels as anode wet-seal material. A 
further possibility would be that corrosion protection 
could be achieved by a metallic diffusion coating of alu- 
minum on stainless steel. This was investigated next  in 
assemblies in which the flange surfaces had been treated 
by aluminum diffusion (5). Aluminized wet seals, which 
form an insulating layer of A12Os and or LiA102 in situ 
during the thermal start-up of the cell, have shown negli- 
gibly small corrosion rates (less than 0.025 mm in 5000h of 
testing) (6). This indicates that the cell endurance desired 
for economic viability (40,000h) can be achieved inas- 
much as wet-seal corrosion is concerned. 

Summary 
The experimental  results presented in this paper con- 

firm the validity of the thermodynamic and mixed- 
potential analysis presented earlier (1). Much greater cor- 
rosion of the anode wet seal than of the cathode wet seal 
is observed; for Type 316 stainless steel, the corrosion 
rates in a cell under  load are greater by two orders of 
magnitude than open-circuit values. Typically, anode 
wet-seal corrosion of 316 stainless steel proceeds at a rate 
of 0.5-1 mm/1000h. 

Kanthal A-1 steel (Fe-Cr-A1 alloy containing 5% alumi- 
num) was tested to assess the effectiveness of an alumina 
or aluminate barrier interrupting the principal, cross-tile, 
metal/oxidant corrosion cell. The rate of corrosion of 
Kanthal A-1 was small and almost uniformly distributed 
(0.02 mm/1000h). The results indicate that a luminum dif- 
fusion coatings are effective corrosion barriers. In long- 
term tests of aluminized wet seals, negligible corrosion 
(less than 0.025 mm in 5000h) was observed (6). This 
satisfies economic viability requirements. 

The low rate of corrosion at the cathode side of the wet 
seal indicates that Type 316 stainless steel satisfies en- 
durance requirements for molten carbonate fuel cell 
stacks without further modifications. 
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Fig. 7. Test results for Kanthal A- 1 (anode wet seal) at fuel inlet con- 
ditions. The oxide coating is clearly visible in the photomicrograph at 
high magnification. 
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Styrene Production from Ethylbenzene on Platinum in a Zirconia 
Electrochemical Reactor 

J. N. Michaels *'1 and C. G. Vayenas 2 

Department of Chemical Engineering, Massachusetts Institute of TechnoLogy, Cambridge, Massachusetts 02139 

ABSTRACT 

The vapor-phase electrochemical oxidative dehydrogenation of ethylbenzene on platinum-paste electrodes was 
studied at 575~176 in a stabilized-zirconia electrochemical reactor. Styrene and carbon dioxide were the major prod- 
ucts. The dehydrogenation rate increased markedly with anodic current, reaching an ethylbenzene-concentration-de- 
pendent  asymptote at large current densities. The rate of deep oxidation of ethylbenzene to CO and CO2 was linear in 
current density. Both rates were strongly inhibited by gas-phase hydrogen. These results can be rationalized by an elec- 
trode mechanism in which the dominant charge-transfer reaction is exchange between chemisorbed oxygen on the elec- 
trode and oxygen ions in the electrolyte lattice. Styrene and CO2 were formed primarily by catalytic reactions of ethyl- 
benzene and neutral dissociatively adsorbed oxygen, although at least one other parallel charge-transfer reaction was ev- 
ident. The current dependence of the dehydrogenation rate results from an oxidative dehydrogenation reaction on the 
surface whose rate is sensitive to the amount  of oxygen on the electrode surface. A simple kinetic model is presented 
which quantitatively describes these experimental  observations. 

Styrene is presently produced commercially by the 
vapor-phase dehydrogenation of ethylbenzene over pro- 
moted iron oxide, molybdenum oxide, or mixed iron- 
oxide/molybdenum-oxide catalysts (I, 2). The reaction is 
endothermic and equilibrium-limited; under operating 
conditions of 580~ and atmospheric pressure, the equi- 
librium constant is 0.19 (3). Ethylbenzene is, therefore, di- 
luted 1:15 in steam to increase the equilibrium conversion 
to styrene and to maintain the reaction temperature. Un- 
der these conditions, conversion is 55%-60% per pass (2). 

A significant fraction of the cost of styrene manufac- 
ture lies in the separation of styrene from unreacted 
ethylbenzene. For this reason, alternative processes have 
been sought which increase the per-pass yield of styrene. 
The most widely studied among these is oxidative dehy- 
drogenation with a suitable oxidant, such as oxygen or 
sulfur dioxide (4-10). A second alternative is coproduction 
of styrene and propylene oxide via the Oxirane process 
(11). 

This work is part of an investigation of a third alterna- 
tive, electrochemical oxidative dehydrogenation of ethyl- 
benzene. In this process, ethylbenzene is fed to a solid- 
oxide electrolytic ceil, reacting with electrochemically 
supplied oxygen to form styrene and water. This process 
offers three potential advantages over the conventional 
dehydrogenation process. First, because the overall reac- 
tion in this cell is the oxidative dehydrogenation of ethyl- 
benzene by oxygen, the equilibrium limitation is elimi- 
nated. Second, electricity can be directly cogenerated 
with styrene production at an efficiency which is not 
Carnot-limited. Third, because of the absence of equilib- 
rium or flammability limits, dilution of ethylbenzene is 
unnecessary, permitt ing construction of smaller reactors. 

It should be noted that the economic desirability of 
cogenerating electricity is not obvious. Recent work by 
Spil lman et al. (28) suggests that net expenditure of elec- 
trical energy to boost styrene production might  be prefer- 
able to power cogeneration. Our work does not aim to 
evaluate the economics of electro-oxidative dehydrogena- 
tion. Rather, it at tempts to illustrate the physical feasibil- 
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~Present address: Department of Chemical Engineering, Uni- 
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2Present address: Department of Chemical Engineering, Uni- 

versity of Patras, Patras, Greece. 

ity of the process and to understand the electrochemical 
kinetics of partial and complete oxidation of ethylben- 
zene. For this reason, no effort has been made to optimize 
the electrochemical reactor, nor to characterize the 
sources of electrical inefficiency. 

The electro-oxidative dehydrogenation process is 
shown schematically in Fig. 1. The electrochemical reac- 
tor consists of two porous electrodes flanking a section 
of an oxygen-ion conducting solid electrolyte, such as 
yttria-stabilized zirconia. At the cathode, molecular oxy- 
gen is reduced to oxygen ions. These ions pass through 
the electrolyte to the anode, where they subsequently re- 
act with ethylbenzene to form styrene, water, and other 
by-products. 

This work is an investigation of the anodic kinetics and 
reaction mechanism of electro-oxidative dehydrogenation 
of ethylbenzene. Such a study is useful in guiding the 
choice of suitably active and selective electrocatalysts for 
this process. We believe that the anodic electrode mecha- 
nism in such a system is likely to be a complex combina- 
tion of electrochemical and purely catalytic steps. The 
simplest type of mechanism is one in which the sole 
charge-transfer reaction is exchange between chemi- 
sorbed oxygen on the electrode and oxygen ions in the 
electrolyte. In Kroger-Vink notation, this electrochemical 
step is 

Oo x = O(a) + Vo" t 2e' 

where Oo x is a lattice oxygen, Vo" is an oxygen ion va- 
cancy in the electrolyte, O(a) is a chemisorbed oxygen 
atom on the electrode surface, and e' is an electron. In 
this mechanism, the oxidation of ethylbenzene and other 
reactive species occurs by reactions with neutral chemi- 
sorbed oxygen. On the other hand, multiple charge- 
transfer reactions of other chemisorbed, oxidizable spe- 
cies with oxygen ions may occur simultaneously. For 
example, chemisorbed carbon monoxide or hydrogen 
may participate in the following reactions 

CO(a) + Oo x = CO2(g) + Vo" + 2e' 

2H(a) + Oo x = H20(g) + Vo" + 2e' 

Such charge-transfer reactions have been observed in 
similar electrochemical systems (19, 24). 
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Fig. 1. Schematic of electro-oxidative dehydrogenation 

This paper discusses the anode kinetics of the electro- 
chemical cell 

Pt/CsHI0, C8H8, H20/ZrO2(Y203)/air/Pt 

Plat inum has been chosen as the electrocatalyst in this in- 
vestigation because of its activity for ethylbenzene dehy- 
drogenation (12) and the simplicity of depositing porous, 
conductive films onto zirconia (13). The kinetics of sty- 
rene formation and carbon dioxide formation are dis- 
cussed, and a simple electrode mechanism is proposed 
which quantitatively models these results. Particular at- 
tention is paid to determining the major steps in the elec- 
trode mechanism and whether  multiple charge-transfer 
reactions occur on platinum. 

Experimental 
Two electrochemical reactors were constructed from 8 

weight percent (w/o) yttria-stabilized zirconia tubes 
(Zircoa Products) having dimensions 46 c a  long, 1.9 c a  
od, and 1.6 cm id. One of these reactors, shown schemati- 
cally in Fig. 2, was designed to minimize the occurrence 
of homogeneous reactions of ethylbenzene; it was used in 
all experiments at 600~ The active volume of this reac- 
tor was reduced from 19.5 to 2.13 cm 3 by insertion of a 44 
cm long, 1.5 c a  diam fused-quartz rod; the rod was cen- 
tered in the zirconia tube with gold shims. Platinum-paste 
working electrodes were deposited on the center 10 cm of 
the inside and outside tube surfaces. Each working elec- 
trode was flanked by two 1 cm 2 platinum-paste reference 
electrodes. Platinum-paste leads were deposited from 
each electrode to the appropriate ends of the zirconia 
tube. The second reactor, used in all experiments below 
600~ had neither reference electrodes, nor a quartz rod. 
The active volume of this reactor was 19.5 cm 3. Each reac- 
tor was heated by a Lindberg Sola Basic tubular furnace 
controlled by a Love Controls Corporation Model 49 pro- 
portioning temperature controller. 

Platinum-paste electrodes were deposited by painting 
the cleaned, masked-zirconia surfaces with one to three 
coats of Engelhard A-3788 fluxed platinum ink. Each 
coat was air dried at 60~176 then calcined in air at 850~ 
for 30 rain. The temperature was raised from room tem- 
perature to 850~ at approximately 200~ Freshly de- 
posited electrodes were dull gray in color and adhered 
well to the electrolyte surface. Their specific surface area 
was approximately 300 cm2/(cm ~ superficial area) (13). 
The end-to-end resistance of the working electrodes at 
25~ ranged between 1 and 2.5~. External connections to 
these electrodes are discussed in detail elsewhere'(14). 

Each reactor was shielded from extraneous electrical 
noise by insertion into a grounded 30 cm long, 3.8 cm od 
stainless steel tube. Air flowed through the annular space 
between the shield and reactor at a nominal flow rate of 
100 cm ~ (STP)/min. At this flow rate, both the pressure 
drop and external mass transfer resistance were negligi- 

ble, and the oxygen partial pressure at the cathode sur- 
face remained constant at 0.21 atm. 

The reactors were controlled galvanostatically by an 
AMEL Model 549 potentiostat/galvanostat. The current 
and voltages between any pair of electrodes were mea- 
sured with Fluke Model 8600A digital mult imeters (volt- 
meter  input impedance 10~12). The cell working voltage 
and the anodic overpotential were monitored continu- 
ously with a two-pen chart recorder (input impedance 
106/1). The anodic overpotential was measured using the 
adjacent downstream reference electrode. Because these 
electrodes were made of the same material and, therefore, 
catalyzed the same electrode reactions, the measured 
overpotential was insensitive to the overall conversion of 
ethylbenzene. 

In a typical experiment,  feed conditions and the cell 
current density were set, and the system was allowed to 
reach steady-state conditions. The approach to steady 
state was followed by monitoring the cell working voltage 
and, when possible, the anodic overpotential. When the 
voltages stabilized, the feed and product-stream composi- 
tions were analyzed by on-line gas chromatography, and 
the cell current, the feed and product volumetric flow 
rates, and all relevant voltages were measured. All results 
discussed below are steady-state results. 

The reactors were differential with respect to ethylben- 
zene conversion; total conversion was limited to 15% or 
less in all experiments. Reaction rates, therefore, were 
calculated directly from product flow rates. Reaction 
rates, rate constants, and celI current are normalized by 
the area of active electrolyte. 

The experimental  flow system and gas-chromato- 
graphic analytical system are discussed in detail else- 
where (14, 15). 

Results 
Three experiments are discussed below. In the first, 

ethylbenzene diluted with helium was fed to the reactor, 
and the rates of product formation were measured as a 
function of current density. In the second, hydrogen was 
added to the ethylbenzene/helium feed stream, and the 
same measurements  repeated. In the third, oxygen was 
added to the ethylbenzene/helium feed stream, and the 
rates of product formation were measured at open circuit. 

In all experiments, detectable products included H2, 
CO, CO2, water, methane, ethylene, benzene, toluene, and 
styrene. Neither working electrode lost electrochemical 
activity during the duration of the experiments.  The car- 
bon atom balance closed to within -+2%, suggesting that 
coke formation on the anodic surface is insignificant. 

The overall reactions which occur in the electrolytic 
cell may be summarized as follows 

~ + H 2 - - ~  5 +CH~ 

-* Q + CH2CH2 

~ +  21/2 O., -~ 8CO.: + 5H,,O 

+ 13/2 0.2 -* 8CO + 5H.20 

H2 + 1/2 02 -* H~O 

This list is not exhaustive; rather, it represents the pre- 
dominant reactions responsible for the final product dis- 
tribution. Because this reaction system is so complex, it is 
convenient to lump the production of CO and COs and 
that of benzene and toluene in the analysis of the rate 
data. The rate of formation of CO and COs is termed the 
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Fig. 2. Stabilized-zirconia electrochemical reactor: annular geometry 

"deep oxidation" rate and is designated by rDo; the rate of 
benzene and toluene formation is called the "dealkyla- 
tion" rate and is designated by roA. The rate of styrene 
production is synonymous with the "dehydrogenation" 
rate and is designated by rDH. 

Due to the diversity of the experimental measurements,  
the discussion of results is divided into two subsections. 
The division is based on the primary goals of this work: 
elucidation of the prominent  steps in the electrode mech- 
anism; and detection of the predominant  charge-transfer 
reactions. The behavior of the dehydrogenation, deep oxi- 
dation, and dealkylation rates are discussed in the first 
subsection. These measurements are summarized in Fig. 
3-6. The current-voltage characteristics of the anode and 
the effect of gas-phase oxygen on the reaction rates, sum- 
marized in Fig. 7 and 8, are discussed in the second sub- 
section. 

Electrode mechanism.--Dehydrogenation.--When no hy- 
drogen or oxygen is present within the feed, the dehydro- 
genation rate is strongly current  dependent,  as shown in 
Fig. 3a. At low ethylbenzene concentrations and moderate 
current densities, the rate of styrene production is as 
much as six times larger than that at open circuit; the en- 
hancement  of the dehydrogenation rate saturates at large 
current densities. This behavior suggests that dehydro- 
genation of ethylbenzene occurs by two pathways on the 
plat inum electrode. The first pathway is a nonoxidative 
reaction which produces styrene and hydrogen. The sec- 
ond pathway is an oxidative pathway which ultimately 
produces styrene and water, whose rate is dependent  on 
the supply of oxygen to the electrode surface. 

Further evidence of this dual-pathway dehydrogenation 
mechanism is furnished by the experiments with hydro- 
gen/ethylbenzene mixtures. As shown in Fig. 4a, the de- 
hydrogenation rate at a given current density decreases as 
the hydrogen concentration in the feed increases. This in- 
dicates that dehydrogenation of ethylbenzene is inhibited 
by hydrogen. This inhibit ion is evident only at nonzero 
current densities; the open-circuit dehydrogenation rate 
is independent  of the hydrogen concentration. These re- 
sults suggest that styrene is formed in two parallel, inde- 
pendent  surface reactions: a nonoxidative pathway which 
is insensitive to current density and hydrogen concentra- 
tion; and an oxidative pathway which is current depend- 
ent and strongly inhibited by gas-phase hydrogen. 

Deep oxidation.--The deep oxidation rate in the absence 
of gas-phase hydrogen is linear in current density and 
zero order in ethylbenzene, as shown in Fig. 3b. Oxygen 
atom balances indicate that all of the electrochemically 
supplied oxygen is accounted for by the formation of CO, 
CO2, and water; no oxygen is detected in the gas phase. 
The linearity of the rate, therefore, is simply a conse- 
quence of Faraday's law. The rate of production of all ox- 
ygenated species must  be proportional to the current den- 
sity and independent  of gas-phase composition. Although 
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small amounts of water are produced by oxidative dehy- 
drogenation of ethylbenzene, all of the oxides of carbon 
and most of the water are produced by deep oxidation. 
Therefore, the deep oxidation rate should be nearly linear 
in current and independent  of ethylbenzene concentra- 
tion, as observed. It is interesting to note that the absence 
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of oxygen evolution at the anode implies that the deep 
oxidation of ethylbenzene is oxygen limited. 

As shown in Fig. 4b, the deep oxidation rate is strongly 
inhibited by addition of hydrogen to the gas phase. In 
contrast to the dehydrogenation rate, the deep oxidation 
rate is reduced to zero by large hydrogen concentrations. 
This behavior is suggestive of simple competit ion be- 
tween hydrogen and ethylbenzene for available oxygen 
on the electrode surface in parallel surface reactions. The 
large inhibition of rDo implies that oxidation of hydrogen 
on the surface is significantly faster than that of ethyl- 
benzene. 

Dealkylation.--In contrast to the dehydrogenation and 
deep oxidation rates, the dealkylation rate is independent  
of current density. This is shown in Fig. 3c. This behavior 
suggests that dealkylation is a nonelectrochemical,  cata- 
lytic reaction which occurs in parallel with dehydrogena- 
tion and deep oxidation of ethylbenzene. 

Selectivity to styrene.--The experimental  results shown in 
Fig. 3 and 4 may be simply summarized by plotting the 
selectivity to styrene as a function of current density. 
This has been done in Fig. 5 and 6, respectively, where 
some of the data shown in Fig. 3 and 4 have been re- 
moved for clarity. The selectivity to styrene in these 
figures is defined as the ratio of the dehydrogenation 
rate to the total rate of consumption of ethylbenzene. 

In the absence of gas-phase hydrogen, the selectivity 
decreases markedly with current density, as shown in 
Fig. 5. This current dependence is the result of deep oxi- 
dation of ethylbenzene. The selectivity decreases with de- 
creasing ethylbenzene concentration at nonzero current 
densities because the deep oxidation rate is zero order in 
ethylbenzene, while the dehydrogenation rate is positive 
order. At open circuit, no CO2 is formed, and the selectiv- 
ity is 78% and is concentration independent;  this value is 
determined by the relative rates of dehydrogenation and 
dealkylation, which are each first order in ethylbenzene. 

The selectivity in the presence of significant amounts 
of gas-phase hydrogen is shown in Fig. 6. The selectivity 
increases and becomes less sensitive to changes in cur- 
rent density as the hydrogen concentration increases. 
Both of these effects are due primarily to the inhibition of 
the deep oxidation rate by hydrogen. 

Charge-transfer reactions.--The results discussed 
above present an overview of the important steps in the 
anode reaction mechanism. It is clear that some steps in 
this mechanism are nonoxidative and, therefore, purely 
catalytic. However, among the oxidative reactions, it is 
not possible to distinguish between catalytic reactions 
with neutral chemisorbed oxygen and charge-transfer re- 
actions with oxygen ions. This question is addressed 
most directly by measurement  of the anodic overpoten- 
tial. Tafel plots of the anodic overpotential measured at 
600~ are shown in Fig. 7. These measurements  are not 
compensated for the ohmic drop between the reference 
and working electrodes; this is the source of the curva- 
ture of the plots. Unfortunately, the ohmic resistance was 
not determined by current interruption; therefore the 
data were fit by the high-field limit of the Butler-Volmer 
equation, modified to account for the significant ohmic 
contribution to the overpotential. 

RT 
~m = in (i/io) + IRE 

aF 
where Vm is the measured overpotential, V is the activa- 
tion overpotential, a is the transfer coefficient, io is the 
exchange-current  density, F is the Faraday constant, R is 
the gas constant, T is the absolute temperature, I is the to- 
tal cell current, and R~ is the uncompensated resistance. 
The solid lines in Fig. 7 are calculated with a = 1.0, RE = 
5.5t2, and exchange-current densities of 0.015, 0.028, and 
0.060 Aim 2 at feed ethylbenzene mole fractions of  0.0047, 
0.0086, and 0.0194, respectively. As discussed in detail in 
the following section, a transfer coefficient of unity is 
consistent with oxygen oxidation/reduction's being the 
major anodic charge-transfer reaction. On the other hand, 

the ethylbenzene-concentration dependence of io suggests 
that an additional exchange reaction also occurs in the 
electrode mechanism. 

The variation of the open-circuit dehydrogenation and 
deep oxidation rates with oxygen partial pressure also 
suggests that oxygen exchange is the dominant  anodic 
charge-transfer reaction. As shown in Fig. 8, the dehydro- 
genation rate increases rapidly to a constant value as the 
oxygen pressure increases, and the deep oxidation rate is 
first order in oxygen. Furthermore, oxygen is fully 
consumed in the production of CO, CO2, and water. These 
results are qualitatively similar to the electrochemical re- 
sults shown in Fig. 3. This similarity suggests that the re- 
actions of oxygen and ethylbenzene are insensitive to the 
source of oxygen. This is consistent with an electrode 
mechanism in which ethylbenzene reacts with neutral 
chemisorbed oxygen in nonelectrochemical steps. 

Discussion 
These results strongly suggest that electro-oxidation of 

ethylbenzene on platinum occurs mainly by chemical, 
rather than electrochemical, steps. Oxygen ions are rap- 
idly oxidized to neutral adatoms, and these subsequently 
react with ethylbenzene and hydrogen to form styrene, 
CO2, and water. Dehydrogenation of ethylbenzene occurs 
by two parallel surface reactions, one nonoxidative, the 
other oxidative. Deep oxidation of ethylbenzene and hy- 
drogen are rate limited by oxygen supply to the electrode 
surface. Small amounts of toluene and benzene are 
formed in parallel, purely catalytic reactions. 

These ideas are incorporated into the following kinetic 
model, which quantitatively describes the observed elec- 
trode kinetics. This model  does not attempt to describe 
all of the reaction steps and intermediates involved in 
ethylbenzene dehydrogenation and deep oxidation. That 
would be a formidable task and is not justified by the ex- 
tent of the data. Rather, emphasis is placed on developing 
the simplest model which captures the important  aspects 
of the qualitative mechanism described above and ade- 
quately describes the experimental  observations. Addi- 
tional details of this model  are presented in Ref. (15). For 
simplicity, the dealkylation reactions are ignored due to 
their small contribution to the overall conversion of 
ethylbenzene. Deep oxidation of styrene and production 
of carbon monoxide are also neglected. 

This model contains three major assumptions. First, ox- 
ygen exchange is the sole charge-transfer reaction. Sec- 
ond, two forms of uncharged oxygen coexist on the plati- 
num surface. The first form is mobile, chemisorbed 
oxygen, which reacts with adsorbed hydrocarbons and 
hydrogen to form CO2 and water. The second form is a 
surface "oxide" which oxidatively dehydrogenates ad- 
sorbed ethylbenzene to styrene and water. This assump- 
tion is supported by studies of cyclohexane dehydrogena- 
tion on platinum single crystals; these studies show the 
dehydrogenation rate to be enhanced by preoxidation of 
the crystal surface (15, 27). The third assumption is that 
interchange between the two forms of oxygen is rapid 
and can be modeled as an equilibrium. Thus, an increase 
in the coverage of chemisorbed oxygen increases the cov- 
erage of the oxide and concommitantly increases the 
oxidative-dehydrogenation rate. 

The catalytic surface is therefore modeled to have two 
types of sites, S1 and $2. All gas-phase species absorb and 
react on S1 sites. Nothing in the gas-phase adsorbs on $2 
sites. Rather, $2 sites are "oxidized" by available 
chemisorbed oxygen and subsequently react with adja- 
cent adsorbed ethylbenzene molecules to form styrene 
and water. Ethylbenzene and styrene are assumed to be 
in adsorption equilibrium on $1 sites at suitably low cov- 
erages such that their isotherms are linear. This assump- 
tion appears to be justified by the low desorption tem- 
perature of benzene on clean and carbon-covered 
platinum surfaces (18). Hydrogen and oxygen adsorb 
dissociatively on the S1 sites; hydrogen is assumed to be 
in adsorption equil ibrium and at low coverage (25, 26). 
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Because the deep oxidation reactions are oxygen limited, 
oxygen is not in adsorption equilibrium. 

In the absence of gas-phase oxygen, the sole source of 
oxygen atoms to S1 sites on the anode is the oxygen- 
exchange reaction 

Oo x --~ O(a) + Vo + 2e' [1] 

Since this is the only charge-transfer step in the mecha- 
nism, Faraday's law requires that the rate of oxygen ad- 
sorption on S1 sites equals the oxygen ion flux to the an- 
ode, Jo = i /2F.  Once adsorbed on the anode, the oxygen 
atoms can react with adsorbed ethylbenzene and hydro- 
gen to produce CO2 and water. It is assumed that the rate- 
determining step in each reaction is first order in the ad- 
sorbed reactants with the rate constants shown in Eq. [2] 
and [3] 

C~H10(a) + O(a) k Do 8CO2(g) + 5H~O(g) [2] 

H(a) + O(a) k_~Ho H20(g) 

S T Y R E N E  P R O D U C T I O N  

[3] 

These reactions are writ ten nonstoichiometrically to em- 
phasize the molecularity of their rate-determining steps. 
Furthermore,  chemisorbed oxygen can oxidize $2 sites. It 
is assumed that surface oxidation is rapid and that equi- 
l ibrium between adsorbed oxygen and the oxidized sur- 
face is achieved at steady state. If the oxide has stoichi- 
ometry $20, this equil ibrium is written 

[4] O(a) + S2 K_~ S1 + S20 

where K.  is the oxidation equil ibrium constant. 
Finally, ethylbenzene dehydrogenation is assumed to 

occur by two parallel reactions. The first is a nonoxida- 
t i re  surface reaction whose rate-determining step is first 
order in adsorbed ethylbenzene 

CsH10(a) k D~ CsHs(a) + 2H(a) [5] 

The second is an oxidative reaction which is first order 
in ethylbenzene and oxidized sites 

CsH10(a) + $20 ~ CsHs(a) + H~O(g) [6] 

kDH and k. are the rate constants of the nonoxidative and 
oxidative dehydrogenation rate-determining steps, re- 
spectively. 

Reaction rates and selectivities calculated with this 
model  are shown by the solid lines in Fig. 3-6. Because 
hydrogen conversion in most measurements  is large, cal- 
culation of the rates required integration of the appropri- 
ate rate expressions over the hydrogen profiles in the re- 
actor. Details of these calculations are presented 
elsewhere (14, 15). The model  correctly predicts the 
"Langmuir- type" behavior of the dehydrogenation rate 
and the ethylbenzene-concentration independence of the 
deep oxidation rate at low hydrogen concentrations. The 
inhibitory effect of hydrogen is also correctly described. 
The "break" in the selectivity at the intermediate hydro- 
gen concentration shown in Fig. 6 is a real effect. This oc- 
curs at the current density at which the hydrogen conver- 
sion first reaches 100%. At larger current densities, the 
hydrogen concentration is zero in an increasing fraction 
of the reactor, and the deep oxidation rate is uninhibited 
in the same region. Because the uninhibited rate is so 
much greater than the rate in the presence of hydrogen, 
quantitative conversion of hydrogen in the latter stages of 
the reactor results in a dramatic loss of selectivity to sty- 
rene. The large discrepancy between the measured selec- 
tivity and calculated selectivity at the highest hydrogen 
concentration is caused by inaccurate measurement  of 
very small carbon dioxide concentrations. 

This model  oversimplifies the electrochemistry at the 
plat inum anode by assuming a single charge-transfer re- 
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action. If the only exchange reaction at the electrode- 
electrolyte interface were oxygen exchange (Eq. [1]), the 
anodic overpotential would be well described by the 
Butler-Volmer equation with transfer coefficients of 
unity (19-23) 

i = io [exp ( v F / R T )  - exp ( -  vF/RT)] [7] 

This agrees well with the measured overpotential. How- 
ever, the exchange current density should vary with the 
surface coverage of cheh~isorbed oxygen, according to 
(20) 

io = 2eKr[Oo(1 - 0o)] '/2 [8] 

where e is the electronic charge, Kr is the geometric aver- 
age of the forward and reverse rate constants of reaction 
[1], and 0o is the oxygen surface coverage at open circuit. 
At the temperatures of interest, the coverage of 
chemisorbed oxygen should be small (18), and the ex- 
change current should decrease monotonically with de- 
creasing oxygen coverage. Since deep oxidation of ethyl- 
benzene is oxygen limited, increasing the ethylbenzene 
concentration should decrease the steady-state oxygen 
coverage by increasing the surface reaction rate. Thus, i o 
should decrease with increasing ethylbenzene concentra- 
tion. The measured exchange current density displays the 
opposite behavior. Therefore, it appears that a second ex- 
change reaction occurs in parallel with reaction [7]. Be- 
cause of the extent of deep oxidation and dehydrogena- 
tion of ethylbenzene, it is likely that there is a significant 
amount  of hydrogen on the electrode surface. Thus, a 
possible charge-transfer reaction is direct oxidation of ad- 
sorbed hydrogen atoms 

2H(a) + Oo x = H20 + Vo" + 2e' [9] 

This exchange reaction has been observed previously on 
nickel electrodes (24). When the surface coverage of hy- 
drogen is small, the exchange current of this reaction 
should increase with increasing hydrogen coverage. 
Thermal programmed desorption results suggest that hy- 
drogen is in dissociative-adsorption equil ibrium and is at 
low coverages under conditions of interest (25, 26); there- 
fore, hydrogen coverage increases with increasing hydro- 
gen partial pressure. Because the dehydrogenation rate is 
positive order in ethylbenzene, the average hydrogen con- 
centration in the reactor increases and increasing ethyl- 
benzene concentration. For this reason, the exchange cur- 
rent of reaction [1] also should increase with increasing 
ethylbenzene mole fraction. 

Conclusion 
The dehydrogenation rate of ethylbenzene is signifi- 

cantly enhanced by electrochemical supply of oxygen to a 
platinum-paste anode. In the absence of significant 
amounts of gas-phase hydrogen, the major by-product is 
CO~. Addition of hydrogen to the reactor feed inhibits de- 
hydrogenation and deep oxidation; in the limit of large 
hydrogen partial pressures, the dehydrogenation rate ap- 
proaches its value at open circuit, and the deep oxidation 
rate approaches zero. 

The anodic electrode kinetics are well described by a 
model  which assumes that the sole electrochemical reac- 
tion is exchange of dissociatively adsorbed oxygen and 
oxygen ions in the electrolyte lattice. Electrochemically 
supplied oxygen adatoms subsequently react with ad- 
sorbed ethylbenzene and hydrogen to form carbon diox- 
ide and water, or with the platinum surface to form a sur- 
face oxide. Adsorbed ethylbenzene reacts with this oxide 
in an oxidative-dehydrogenation reaction to form styrene 
and water. This surface reaction is responsible for the 
electrochemical enhancement  of the dehydrogenation 
rate. 

This kinetic model  oversimplifies the anodic electrode 
mechanism by assuming oxygen exchange is the sole 
charge-transfer reaction. The current-voltage characteris- 
tics of the anode suggest that oxygen exchange is indeed 
an important step in the mechanism. However, at least 
one other parallel charge-transfer reaction is apparent. 
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From a practical standpoint,  the performance of these 
reactors is hampered by plat inum's activity as a non- 
specific oxidation catalyst. A better choice for the anodic 
material might be an active and selective oxidative-dehy- 
drogenation catalyst with suitably large electrical conduc- 
tivity. Another possible improvement is suggested by the 
inhibitory effect of hydrogen. If a hydrogen-rich mixture 
of styrene and ethylbenzene were produced in the vicin- 
ity of a plat inum anode, hydrogen could be selectively ox- 
idized from the mixture electrochemically, shifting the 
equilibrium toward styrene and potentially generating 
electricity. This could be accomplished by packing a 
platinum-anode solid-oxide fuel cell with a commercial 
dehydrogenation catalyst. Preliminary work with both of 
these approaches is reported elsewhere (14). 
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LIST OF SYMBOLS 

(a) chemisorbed species 
(g) gas-phase species 
e electronic charge 
F Faraday's constant 
I total current 
i current density 
io exchange-current density 
Jo oxygen ion flux to anode 
Kf geometric-average rate constant for oxygen ex- 

change 
K. surface oxidation equilibrium constant 
ki rate constant of ith reaction 
k. surface oxidation-dehydrogenation rate constant 

gas constant 
R E uncompensated electrode resistance 
ri rate of ith reaction 
T absolute temperature 

Greek Symbols 

a transfer coefficient 
activation overpotential 

Vm measured overpotential 
0o surface coverage of chemisorbed oxygen 

Subscripts 

DA dealkylation 
DH dehydrogenation 
DO deep oxidation 
HO hydrogen oxidation 
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ABSTRACT 

A limiting current model for the potential and concentration distribution for a flow-by porous electrode of infinite 
length to width ratio is developed and compared to previous models of Alkire and Ng and Fedkiw. For flow-by elec- 
trodes of practical interest, the maximum solution phase potential drop is shown to be dependent  upon one relevant pa- 
rameter: the product of the electrode width and the reciprocal of the penetration depth, ad. Criteria delineating the 
optimal electrode configuration are given using this potential difference as a basis for comparison. Results of the com- 
par ison show that the criteria are dependent  upon reactant conversion but  independent  of any specific mass-transfer 
correlation. 

Packed-bed porous electrodes have become increas- 
ingly attractive in the past several years for use in a num- 
ber of industrially important  processes. These electrodes 
have been suggested for such diverse applications as re- 
moval of dilute metal ions from waste streams (1), electro- 
organic synthesis (2), and off-peak energy storage (3). 

Two principal configurations for packed-bed elec- 
trodes have been developed: the flow-through configur- 
ation, where fluid flow and current are parallel; and the 
flow-by configuration, where the fluid flows perpendic- 
ularly to the current. Both configurations are illustrated 
in Fig. 1, where the porous electrodes are represented by 
rectangles and the separators by dashed lines. For sim- 
plicity, we choose to represent the counterelectrodes as 
planar electrodes; however, in general, the counterelec- 
trodes can also be porous electrodes. 

Figure la illustrates a flow-through electrode with an 
upstream counterelectrode. An upstream counterelec- 
trode is favored over a downstream counterelectrode in 
the flow-through configuration, because it gives a lower 
ohmic potential drop, particularly at high conversions (4). 
The Y direction denotes the direction of fluid flow in the 
figure. For the flow-through configuration, the flow is 
divided as it enters and flows in different directions 
through the working electrode and counterelectrode. Cur- 
rent generated within the porous electrode flows in the 
same spatial direction as the fluid flow. 

Figure lb  illustrates a flow-by configuration. For the 
flow-by configuration, the fluid flow is again divided, 
but  here the flow to the working electrode and counter- 
electrode remains in the same direction. In this configur- 
ation, current generated within the porous electrode trav- 
els generally in the X direction, which is perpendicular to 
the direction of the fluid flow. 

Bennion and Newman (1) developed a one-dimensional 
model for the flow-through electrode assuming its per- 
formance to be limited only by the transport of reactants 
from the bulk stream to the surface of the electrode. More 
realistic one-dimensional  models for the flow-through 
electrode not restricted to this "limiting current" assump- 
tion have subsequently been developed (5). These models 
incorporate equil ibrium constraints, finite rate kinetics, 
and parasitic side reactions in addition to the transport of 
reactants. 

Because the fluid and current travel in the same direc- 
tion in the flow-through configuration, the analysis re- 
mains one-dimensional even in the general case. In the 
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flow-by configuration, however, the general analysis is 
necessarily two-dimensional. The absence of a common 
space variable for the fluid and current flow requires 
that the analysis be formulated in terms of partial differ- 
ential equations, unless simplifications are made. 

Alkire and Ng (6, 7) simplified the analysis of the 
flow-by electrode by assuming current flow to travel di- 
rectly perpendicular to the fluid flow. This assumption 
reduces the equation for the potential distribution from a 
partial differential equation to an ordinary differential 
equation. Recently, Fedkiw (8) analyzed the special case 
of a flow-by electrode at the limiting current by includ- 
ing the two-dimensional nature of the current distribution 
and the effects of the finite electrode length. However, he 
included in his analysis a single specific dependence of 
the mass-transfer coefficient on velocity. Stork et al. 
(8, 9), in two recent papers, give theoretical and experi- 
mental  results for the potential distribution in a flow-by 
electrode. The theoretical model they present is essen- 
tially the same limiting current analysis given by Fedkiw. 
Some experimental measurements of the potential distri- 
bution inside a flow-by electrode are also given which 
compare well with results of their calculations. 

Alkire and Ng (6, 7), Trainham and Newman (2), and 
Fedkiw (8) have all considered the selection of the opti- 
mum electrode configuration for a given application. 
Trainham and Newman developed a method, applicable 
below the limiting current, to select the opt imum con- 
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Fig. 1. Porous electrode configurations (a): flow-through electrode, 

upstream counterelectrode. (b): Flow-by electrode. 
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figuration. Alkire and Ng, followed by Fedkiw, consid- 
ered the choice, of the opt imum configuration at the lim- 
iting current. Alkire and Ng maximized the volumetric 
current density to compare the two configurations. Fed- 
kiw compared the maximum solution-phase potential 
drop for the flow-through configuration to the maxi- 
mum solution phase potential for the flow-by electrode. 
Equal electrode volumes and identical flow velocities 
were chosen as fixed quantities for these two compari- 
sons. At the limiting current, the maximization of the vol- 
umetric current density or the minimization of the maxi- 
mum ohmic potential drop lead to the same result. 

The results of Alkire and Ng and Fedkiw can be recon- 
ciled by an order-of-magnitude analysis. This can be use- 
ful in determining the approximate conditions under 
which the flow-by configuration is superior to the flow- 
through configuration at the limiting current. Consider a 
flow-through and a flow-by electrode of equal dimen- 
sions and feed flow rates and with identical packings and 
feed compositions. Each reactor has a length L, width d, 
and height W. At the limiting current, the reactant flows 
through the electrode and reacts at a rate determined 
solely by the type of packing and the magnitude of the 
fluid flow. The distribution of the reaction and the total 
current will therefore be identical in the two reactors. For 
high conversions of reactant to product, most of the 
reactant will be depleted in a region very near the front of 
the electrode. The characteristic length of this region is 
the penetration depth, denoted by 1/a. Most of the current 
in the flow-through electrode with an upstream counter- 
electrode, must  travel an approximate distance 1/a, 
through an area of Wd. The majority of the current in the 
flow-by electrode, however, need only travel a distance 
comparable to the width of the electrode d, through an 
area of W/a. The superior electrode configuration is the 
configuration that yields a lower ohmic potential drop. 
The ohmic potential drop is the product of the total cur- 
rent t imes the length of travel divided by the cross sec- 
tional area to current flow. A comparison of the ohmic 
drop shows that the flow-by electrode configuration is 
preferred for high conversions if the approximate condi- 
tion 

ad < 1 [1] 

is satisfied. This result is identical to the result  obtained 
by Alkire and Ng when they maximized the volumetric 
current density to compare configurations. 

At low conversions, however, the penetration length 
eventually becomes comparable to the electrode length. 
In this limit, the current in the flow-through electrode 
now flows a distance L, rather than 1/a. Likewise, in the 
flow-by electrode, the current flows through an area of 
WL. Equating the ohmic potential drop in the low-conver- 
sion limit results in the criterion that the flow-by config- 
uration is favored for 

L 
- -  > 1 [2] 
d 

Equation [1] shows that, at high conversions, the param- 
eter ad is of primary importance in distinguishing the op- 
t imum electrode configuration and in determining the 
max imum potential drop in the flow-by configuration. 
At low conversions, Eq. [2] shows L i d  can be expected to 
be the parameter of primary importance in determining 
the opt imum configuration. 

In this paper, we propose a limiting form solution to the 
two-dimensional potential distribution for large ad. This 
solution shows that the max imum solution-phase poten- 
tial drop for the flow-by electrode is primarily dependent  
upon the parameter ad, with only a secondary depend- 
ence upon L/d .  We then reexamine potential distribution 
derived by Fedkiw to determine the conditions under 
which the two-dimensional nature of the current distribu- 
tion and the effects of the finite electrode should be in- 
cluded. This new solution, along with the expressions de- 
rived by Fedkiw and Alkire and Ng, is presented in a 

form that is not restricted to the single mass-transfer cor- 
relation presented by Fedkiw. 

Finally, the flow-by and flow-through configurations 
are compared using the maximum solution phase poten- 
tial drop as a basis for comparison. Criteria are given 
delineating the opt imum electrode configuration which 
depend upon reactant conversion. Results of this compar- 
ison show that the two configurations can be compared 
independent  of any specific mass-transfer relationship. 

Potential Distribution 
The starting point for the analysis will be the theoreti- 

cal framework for porous electrodes developed by Ben- 
nion and Newman (1) and extended by Newman and 
Tiedemann (11). The porous electrode is treated as a su- 
perposition of two continua, representing the fluid phase 
and the solid phase. A single reaction of the form 

siMi ~ ~ n e -  [3] 
i 

will be assumed to occur within the electrode. Under 
these assumptions, the electrode reaction appears as a ho- 
mogeneous source or sink term within the conservation 
of species equation. A solution with excess supporting 
electrolyte and a uniform solution conductivity will be as- 
sumed as well as a dilute solution of reacting species. Dif- 
fusion and dispersion will be neglected. Also, the velocity 
within the electrode is assumed to be plug-flow, one- 
dimensional in the Y direction only. Under these condi- 
tions, at steady state, conservation of the reactant species 
for both the flow-through and flow-by electrode can be 
expressed as 

dc 
v -~y = -akmc  [4] 

with the boundary condition 

a t y  = 0, C=CF [5] 

Solution of Eq. [4] subject the boundary condition of Eq. 
[5] yields 

c = cre -"~ [6] 

where 

akin 
a - [7] 

V 

The reciprocal of the parameter a can be thought of as a 
penetration length. The penetration length defines the 
distance where the reactant is depleted to 1/e of its inlet 
composition, or, as an order of magnitude, the length of 
the region where most of the reaction occurs within the 
electrode. 

At the end of the bed (y = L), the concentration of the 
flowing stream will have reacted to the largest extent. 
Here, the concentration of the reactant will be denoted as 
cL. Equation [6] then gives at the end of the bed 

C L = c~e -~L [8] 

This may be rearranged for aL in terms of the inlet and 
outlet concentrations as 

aL = In c-L [9] 
EL 

Equation [9] shows that the parameter aL effectively 
specifies the conversion of reactant within the electrode. 

Now that the concentration distribution has been estab- 
lished, the solution to the potential distribution may pro- 
ceed. For a uniform conductivity and negligible diffusion 
potential, Ohm's law governs the potential distribution 
within the fluid phase 

ix = - KV~ [10] 

Faraday's law relates the transfer current to the local rate 
of mass transfer within the electrode 
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nFak~c 
j - - -  [11] Sa 

One m u s t  also e m p l o y  the  re la t ionship  

V - i 2  = j [12] 

wh ich  defines the  t ransfer  cur ren t  as the  d ive rgence  of 
the  total  current .  Subs t i tu t ing  the  concen t ra t ion  dis tr ibu-  
t ion obta ined  in Eq. [6] into Eq.  [11] and us ing  Eq. [10] 
and [12], we obta in  

nFak~,c~ 
V'-'cP= - -  e - ~  [13] sRg 

In  cont ras t  to the  solut ion for the  concen t ra t ion  distri- 
but ion,  the  solut ion to the  potent ia l  d is t r ibut ion  depends  
upon  the  e lec t rode  configurat ion.  

Benn ion  and N e w m a n  (1) solved Eq. [13] for a one- 
d imens iona l  f low-through electrode.  Alki re  and Ng (6) 
so lved Eq. [13] for the  f low-by e lec t rode  a s s u m i n g  poten-  
tial var ia t ion only in the  d i rec t ion  pe rpend icu la r  to fluid 
flow. This  a s sumpt ion  reduces  Eq. [13] f rom a part ial  dif- 
ferent ia l  equa t ion  to an  ord inary  different ial  equat ion.  
F e d k i w  (8) so lved Eq. [13] for two-d imens iona l  current  
f low in a f low-by e lec t rode  of  finite length.  

Here,,  we  propose  to e x a m i n e  the  l imi t ing  case of a 
f low-by e lec t rode  wi th  an infinite aspect  ratio. Thus,  our  
case will  reflect  the  condi t ion  

L 
R . . . .  [14] 

d 

The  potent ia l  d i s t r ibu t ion  is ob ta ined  by solving Eq. [13] 
subjec t  to the  bounda ry  condi t ions  

at y = 0, 005.= 0 
oy 

~ 0  as y -* o% ay 

0% 
a t x  = 0, = 0  

ox 

and 

a t x = d , ~ P 2  = V 

So lu t ion  to Eq.  [13] by  separa t ion  of  var iables  subjec t  to 
the  bounda ry  condi t ions  in Eq.  [15] th rough  [18] yields 

~ 2 - V  ( c o s ~ x )  
nFcFv 2 - cos ed  1 e -"~ 

sRKakm 

+ 2~d ~ (-1)"  1 1 
, ,=o  ,k, ,  2 X,,-' -- (~d) =" " 

e -x,,'l~ cos X,x /d  [19] 

whe re  

(2n + 1)= 
~,, - [20] 

2 

To the  designer,  the  m a x i m u m  var ia t ion m solut ion 
phase  potent ia l  m a y  be  a quant i ty  o f  grea te r  in teres t  
ra ther  t han  the  potent ia l  d is t r ibut ion  wi th in  the  electrode.  
To relate  the  re levan t  des ign  var iables  to the  m a x i m u m  
var ia t ion  in solut ion potential ,  the  resul ts  of  the  potent ia l  
d i s t r ibu t ion  will  be  used.  Fo r  the  f low-by e lec t rode  con- 
f iguration,  the  semi- inf ini te  potent ia l  d i s t r ibu t ion  indi- 
cates that  the  m a x i m u m  solut ion phase  potent ia l  drop  oc- 
curs  at the  front  of  the  e lectrode,  y = 0, b e t w e e n  the  two 
e lec t rode  boundar ies ,  x = 0 and x =~d. This is the  posi t ion 
whe re  the  grea tes t  cu r ren t  is flowing. The  m a x i m u m  so- 
lu t ion  phase  potent ia l  d i f ference  in d imens ion less  fo rm is 
g iven  as 

�9 .,(x = 0, y = 0) - V A~P= h~._, Sh  

nFcFv 2 nFc~v 2 enFc~D~ Pe  ~ 

SRKakm S~Kakm SRK 

COS a ~  ,,=0 , k , ,  ~ X,,'- ' -- (ad) 2 [21] 

This resul t  can be  c o m p a r e d  to the  resul ts  ob ta ined  by 
o ther  invest igators .  The  Alki re-Ng app rox ima t ion  gives 
for the  m a x i m u m  solut ion phase  potent ia l  d i f ference  

% ( x =  0, y = 0 ) -  V A% Sh  1 
. . . .  (ady' [22] 

nFcrv"- enFcFD. Pe  ~ 2 

SRKakm SRg 

The solut ion obta ined  by Fedkiw,  wh ich  inc ludes  the  ef- 
fects of  the finite e lec t rode  length,  can be  r ep resen ted  as 

r = 0, y = 0) - V A% Sh  
. . . .  f (~d, aL) [23] 

nFc~v 2 enFcrD. Pe  = 

saKakm s,g 

where  f (ad, aL) represen t s  a compl ica ted  func t ion  of  the 
var iables  ad  and aL  p rev ious ly  der ived  by F e d k i w  (8). 

For  the  f low-through e lect rode,  the m a x i m u m  solution- 
phase  potent ia l  drop  occurs  be tween  the  front  and the 
rear  of  the  electrode,  y = 0 and y = L. F r o m  B e n n i o n  and 
N e w m a n  (1), this is 

%(y = 0) - q~2(Y = L) 
nFcvv'-' 

sRKakm 

A~P2 Sh 

enFcFDc~ Pe  2 

SRK 
= 1 - e  -~L(1 + aL) [24] 

In  Fig. 2, we  have p lo t ted  the  d imens ion less  m a x i m u m  
[15] potent ia l  drop t imes  the  ratio of  the S h e r w o o d  n u m b e r  to 

the  square  of the  P6cle t  n u m b e r  for a f low-by electrode.  
The  var iable  ad  has been  chosen  as the  i n d e p e n d e n t  vari- 

[16] able. We have inc luded  curves  for a semi- inf ini te  elec- 
t rode  and curves  for e lec t rodes  of  finite aspec t  ratio. 
Curves  for the  finite aspec t  ratio e lec t rodes  were  ob- 

[17] ta ined f rom the  work  of  Fedkiw.  In addit ion,  the  solut ion 
g iven  by Alkire  and Ng is shown.  These  curves  are inde- 
penden t  of  any specific mass- t ransfer  re la t ionship.  

The  dot ted  l ines p lo t ted  on Fig. 2 r ep resen t  the  l imi t ing  
[18] behav io r  of  the f low-by e lec t rode  potent ia l  d i s t r ibu t ion  

for large va lues  of  ad. We have  de t e rmined  these  by 
so lv ing  the  fo l lowing p r o b l e m  which  is sugges ted  by the  
l imi t ing  physical  behav io r  of  the  electrode.  Fo r  a fixed 
bed  aspect  ratio R, a large va lue  of ad  impl ies  a large 
va lue  of aL, and consequen t ly  a high convers ion.  
Reac tan ts  are therefore  c o n s u m e d  in a region very  near  
the  front  of the electrode.  For  a reactor  of  ve ry  large aL, 
the  v o l u m e  of the  reactor  whe re  a s ignif icant  por t ion  of  
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Fig. 2. Dimensionless maximum potential drop times the ratio of the 
Sherwood number to the square of the P6clet number for the flow-by 
electrode of various aspect ratios as a function of ~d. 
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the reaction occurs approaches zero. The current gener- 
ated within the bed can then be approximated as a uni- 
form line source of current along the front of the reactor, 
and Laplace's equation can be used to solve for the poten- 
tial distribution within the bed. Details of the problem 
formulation and the calculations are given in the Appen- 
dix. 

Figure 2 clearly demonstrates five points. 
1. The dimensionless maximum potential drop times 

the ratio of the Sherwood number  to the square of the 
P6clet number calculated by the finite-electrode solu- 
tion, the semi-infinite-electrode solution, and the Alkire 
and Ng solution all approach the same limit as ad be- 
comes small. 

2. The maximum dimensionless potential drop times 
the ratio of the Sherwood number  to the square of the 
Peclet number  approaches a limit for R becoming large. 
At large values of ad and large aspect ratios this relation- 
ship becomes proportional to ad. In the limit of small ad, 
this relationship approaches a value given by 1/2(ad)< 

3. The maximum dimensionless solution phase poten- 
tial drop times the ratio of the Sherwood number  to the 
square of the Peclet  number  for finite R asymptotically 
becomes proportional to ~d at large values of ad. The 
value of this proportionality constant is determined by 
the magnitude of R. 

4. The effect of the finite electrode length is important 
only for values of R approximately less than one and then 
only at large values of ad. 

5. The Alkire and Ng one-dimensional solution is seen 
to reflect the limit as the aspect ratio of the flow-by elec- 
trode tends toward zero for all values of ad. This contrasts 
with earlier work, which has suggested the Alkire and Ng 
solution results only as the aspect ratio R goes to infinity 
(8). 

If  the maximum dimensionless solution phase potential 
drop times the ratio of the Sherwood number  to the 
square of the P6clet number for the flow-through elec- 
trode were plotted on this graph, the resulting curves 
would be horizontal straight lines. EquatiOn [24] shows 
that for the flow-through electrode this quantity is not 
dependent  upon the parameter ad. 

Comparison of Configurations 
As a first approximation, the optimum electrode con- 

figuration for a specified conversion might be found by 
assuming that the dimensionless potential drops times 
the ratio of the Sherwood number  to the square of the 
Peclet number are equal. We satisfy this requirement  by 
fixing equal potential drops for each configuration and 
by assuming that each electrode is constructed from the 
same materials and processes solutions with identical 
properties. Additionally, we restrict the comparison to 
equal ratios of the Sherwood number  to the square of the 
P6clet number. This last constraint requires both the 
flow-through and flow-by electrodes to have identical 
volumes, flow rates, and consequently, equal pressure 
drops. In Fig. 3, we have plotted the values of =d and R 
(as functions of aL) which give equal dimensionless maxi- 
mum potential drops times the ratio of the Sherwood 
number  to the square of the P6clet number  for the flow- 
through electrode and for the flow-by electrode. We have 
also designated the regions where each type of configura- 
tion is preferred. Again, the variable aL can be used to 
represent the reactor conversion. The maximum dimen- 
sionless potential drop times the ratio of the Sherwood 
number  to the square of the P6clet number  for the flow- 
through electrode has been calculated using Eq. [24]. We 
have included the three possibilities for evaluating this 
quantity for the flow-by electrode. First, the flow-by 
electrode is assumed to be infinitely long, and Eq. [21] is 
used. We can also assume the one-dimensional potential 
variation of Alkire and Ng might  be appropriate and use 
Eq. [22]. Finally, the effects of the finite electrode length 
also can be included. The relationship given by Fedkiw 
could also be used. For this finite electrode case, an addi- 
tional constraint must be imposed since this function ex- 
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Fig, 3. Values of ad and R for equal dimensionless potential drops 
times the ratio of Sherwood number to the square of the P~clet number 
for the flow-through electrode and the flow-by electrode using: order- 
of-magnitude expressions, Alkire and Ng expression, semi-infinite elec- 
trode, and Fedkiw expression. These two representations are equivalent 
since R = aL /ad .  

plicitly depends on the aspect ratio. The value of R is 
computed from 

L aL 
R - - - -  [ 2 5 ]  

d ad 

Thus, the value of ad and the value of R are found for 
each value of aL such that the maximum dimensionless 
potential drops times the ratio of the Sherwood number 
to the square of the P@clet number are equal. For compar- 
ison, we have also included the results of the order of 
magnitude analysis which were derived in the introduc- 
tion. 

We emphasize here that this comparison of the two 
electrode configurations does not require that we specify 
a mass-transfer coefficient relationship. This comparison 
does not depend upon the Sherwood-P6clet number rela- 
tionship. Fedkiw compared the two configurations in a 
similar way, except that he introduced a specific Sher- 
wood-Peclet number relationship in his comparison. The 
comparison presented here is considered to be preferable 
because it is not restricted to a single correlation. 

Figure 3 establishes several important points. At low 
values of aL and, consequently, low conversion, the as- 
pect ratio and the value of ad for equal potential drops are 
independent of the flow-by potential drop relationship. 
The Alkire and Ng one-dimensional approximation, the 
semi-infinite electrode approximation, and the finite 
electrode relationship all predict the same geometry. In 
this low conversion range, aL < 1, the aspect ratio for 
equal potential drops is seen to approach one. The value 
of o~d, given equal electrode cost, is seen to approach a 
limiting relationship of 

c~d = aL [26] 

The conclusion to be made here is that a flow-by elec- 
trode is favored at low conversions if it can be con- 
structed with an aspect ratio greater than one. Otherwise, 
a flow-through electrode would be a better choice. Equa- 
tion [26] is identical to Eq. [2], obtained by the order-of- 
magnitude analysis in the introductory section. 

At higher conversions, values of aL greater than about 
2, the criterion that specifies the opt imum configuration 
changes~ In this region, the value of R delineating the op- 
t imum electrode configuration no longer is constant. 
Also, the one-dimensional Alkire and Ng approximation 
deviates from the two-dimensional solutions. Since the 
one-dimensional approximation overpredicts the poten- 
tial drop, it results in a criterion giving a lower flow-by 
aspect ratio. The two-dimensional potential distributions 
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are thus seen to affect the choice of electrode configura- 
tions only at high conversions. From Fig. 3, we can see 
that at high conversion one would choose a flow-by elec- 
trode only if the resulting aspect ratio is greater than 0.45 
times aL. According to Fedkiw (8), the flow-by-configu- 
ration was preferred over the flow-through configura- 
tion for 

R -> 5 [27] 

One can see, however, that this relationship holds only for 
values of aL near I0. In terms of ad, the flow-by electrode 
is superior at high conversions only if 

ad < 2.218 [28] 

Except  for the factor of 2.218, Eq. [28] is consistent with 
Eq. [1], obtained by an order-of-magnitude estimate in the 
introductory section. This factor accounts for the varia- 
tion of current across the flow-by electrode and the two- 
dimensional current flow, which was not included in the 
earlier analysis. 

Figure 3 also demonstrates another significant point. 
The curves for the opt imum electrode configuration 
given by the finite length electrode or the semi-infinite 
electrode are very nearly the same. At high and low con- 
versions, the criterion becomes independent  of whether 
one considers the finite electrode length. Only for a re- 
gion of aL near one, does the effect of the finite electrode 
length on the criterion become noticeable. From Fig. 2, 
one can see that only when the aspect ratio approaches 
one at high conversions does the effect of the finite elec- 
trode length on the potential drop become noticeable. But 
at large conversions, or large aL, it is impractical to con- 
struct a flow-by electrode with an aspect ratio near one. 
Consequently, considering the potential distribution in a 
flow-by electrode of finite length is not really important 
for practical flow-by designs when the max imum poten- 
tial drop is used as a basis for comparison. The potential 
distribution for an electrode with an infinite aspect ratio 
gives results which are practically identical, but in a less 
complicated expression. 

Conclusions 
The two-dimensional potential distribution for a 

flow-by porous electrode of infinite length to width ratio 
operating at the l imiting has been derived. It is shown 
that the maximum soluti0n-phase potential drop depends 
primarily on the ratio of the electrode width and the pene- 
tration depth ad. The potential drop for practical flow-by 
designs depends only weakly upon the length-to-width 
ratio. This result has been compared to the potential drop 
for a finite length electrode given by Fedkiw and the one- 
dimensional potential drop of Alkire and Ng. 

The flow-through and flow-by electrode configura- 
tions have been compared at the limiting current using 
the max imum solution-phase potential difference as a ba- 
sis for comparison. This comparison is independent  of 
any specific mass-transfer coefficient correlation. Crite- 
ria delineating the optimal electrode configuration have 
been given which depend upon the reactant conversion. 
At low conversion, a flow-by electrode is favorable, pro- 
viding that it can be constructed with a length-to-width 
ratio greater than one. At high conversions, however, a 
flow-by electrode is favorable if the ratio of the electrode 
width and penetration depth is less than 2.218. 
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APPENDIX 

Asymptotic Solutions for Large Values of ad 

Consider a flow-by reactor with a given aspect ratio R. 
For large enough values of ad and large ~L, most of the 
reactant will be consumed in a region very close to the 
electrode entrance. Consequently, the current will appear 
to be generated from a uniform line source near the front 
of the electrode. The applicable differential equation is 
thus Laplace's equation 

V2q~2 = 0 [A-l] 

subject to the boundary conditions 

and 

0(P., ix 
at y = 0, - -  

Oy K 

~qb. 2 
a t y = L ,  =0 

Oy 

OCP,,. 
a t x =  0, ax = 0 

a t x =  d,~P.,=V 

The solution to the above problem is 

r = 0, y = 0) - V h~2 Sh 

where 

nFcw 2 

sRKakm 

�9 nFCFDo Pc'-' 

SRK 

= ad ~ 2(-1)" 
,,~-0= h,, ~ tanh h,,R 

[A-2] 

[A-3] 

[A-4] 

[A-5] 

[A-6] 

(2n + 1)lr 
k,, = [A-7] 

2 

The above equation thus shows that at fixed R, the di- 
mensionless potential drop t imes the ratio of the Sher- 
wood number  to the square of the Peclet  number  be- 
comes proportional to ad at large ad. The constant of 
proportionality is determined the value of R. These are 
the dotted lines plotted in Fig. 2. 

LIST OF SYMBOLS 

a specific interfacial surface area (cm2/cm 3) 
c pore averaged concentration (mol/cm 3) 
d flow-by electrode bed width perpendicular to 

fluid-flow direction (cm) 
Do free stream diffusion coefficient of reacting species 

(cmVs) 
F Faraday constant (96,485 C/eq) 
i2 total current density within electrolyte phase 

(A/cm ~) 
j transfer current density (A/cm 3) 
k~ mass transfer coefficient (cm/s) 
L bed depth in direction of fluid flow (cm) 
M arbitrary species 
n number  of electrons transferred in reaction 
Pe P6clet number  (V/aDD 
R bed aspect ratio (L/d) 
Sh Sherwood number  (ekm/aDo) 
sR stoichiometric coefficient of reactant 
v superficial fluid velocity (crrds) 
V reference potential of flow-by electrode at y = d (V) 
z charge number  (eq/mol) 

Greek characters 

a recip.rocal of penetration length akm/v (cm- ' )  
hqb2 max imum allowable solution potential drop (V) 

bed porosity or void fraction 
K conductivity of fluid phase in bed ((~ cm) ~') 
X dimensionless eigenvalue 
(P2 solution potential, V 

Subscripts 

i species number  
n eigenvalue number  
F feed condition 
L exit condition 
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Electrochemical Studies of Antitumor Antibiotics 

V. An Electrochemical Method of Measurement of the Binding of Doxorubicin and Daunorubicin 
Derivatives to DNA 

James A. Plambeck* and J. William Lown 

Department of Chemistry, University of Alberta, Edmonton, Alberta, Canada T6G 2G2 

ABSTRACT 

A procedure has been developed for the measurement  in aqueous solution of the association constant with native 
DNA of an agent which is electrochemically reducible. A fresh mercury drop is extruded into a solution containing both 
the agent and DNA, surface adsorption is reproducibly conditioned (-0.4V ~< E ~< -1.0V, 90s, followed by -0.4V, 90s), 
and the peak current is measured during a rapid voltage scan. A suitable plot of current as a function of DNA concentra- 
tion yields the desired constant. Data are given for a significant series of substituted daunorubicin and doxorubicin 
compounds and for control compounds. 

Since the concept of intercalation into DNA was first 
formulated by Lerman (1) in 1961, it has become widely 
recognized that many compounds of pharmacological in- 
terest, including anticancer drugs and antibiotics as well 
as certain carcinogens, function by binding to duplex 
nucleic acids (2). The anthracyclines (e.g., adriamycin, 
daunorubicin,  aclacinomycin) constitute one of the most 
widely studied types of such drugs owing to their estab- 
lished clinical efficacy against a wide range of malignan- 
cies; they are regarded as amongst the most promising of 
anticancer drugs (3, 4). The molecular mechanism of ac- 
tion of the anthracyclines is complex and appears to in- 
volve free radical generation (5, 6), lipid peroxidation (7), 
DNA damage (8, 9), and possible covalent attachment (10), 
as well as intercalative binding (2-4, 11). Nevertheless, the 
ability of anthracyclines to undergo intercalative binding 
to DNA has shown a consistent correlation with anti- 
tumor properties (3, 4, 11). 

One of the parameters which characterizes this phe- 
nomenon is the binding constant Kb (12), also known as 
the apparent association constant Kap,. Other parameters 
include sequence preference or specificity and spatial 
and functional group parameters determining molecular 
recognition (2, 3, 11, 12). Consequently, there is an urgent 
need for a direct, sensitive, and accurate method to quan- 
tify the binding to DNA of the growing number  of new 
anthracyclines which are being prepared in order to im- 
prove their therapeutic index or especially to combat 
their main clinical limitation, severe cardiotoxicity 
(13, 14). 

The methods which have been developed to measure 
binding constants of anthracyclines and other drugs fall 
into two categories (i) those that follow changes in prop- 
erties of the drug, and (ii) those that monitor changes in 
the polynucleotide (12). Methods of the first type include- 
measurement  of (i) changes in the UV and visible absorp- 
tion characteristics of the anthracycline chromophore 
(2, 15-17), (ii) changes in the fluorescence of the chromo- 
phore (15, 18-20), and (iii) circular dichroism characteris- 
tics (21-23). In addition, those methods for determining Kb 
values which depend on properties of the DNA include (i) 
viscosity changes (15, 16, 24), (ii) buoyant  density and sed- 
imentat ion coefficient differences (15, 16, 24), (iii) melt- 
ing temperature changes (11, 24, 25), (iv) equilibrium dial- 
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ysis (16, 22, 26), and (v) removal of the supercoiling in 
native covalently closed circular DNA (2, 27). 

Many of these methods are tedious experimentally or 
require either rather large amounts  of the anthracyclines 
or expensive circular DNA's. Moreover, the reported asso- 
ciation constants for daunorubicin (12) cover the range 1.3 
to 9.3 • 106 liter/mol, indicating a lack of agreement using 
the different methods. In this paper, we describe a new 
method based on the electrochemical characteristics of 
both free and intercalatively bound drugs. The method is 
experimentally convenient  and sensitive so that it re- 
quires only small amounts of materials. In principle, it 
can be applied to a wide range of intercalating drugs, pro- 
vided they bear an electrochemically active moiety. We 
report also further studies upon DNA and the drugs re- 
quired to establish this technique. 

Early applications of electroanalytical techniques to so- 
lutions of nucleic acids have been reviewed (28, 29). Of 
the four bases present in deoxyribonucleic acid (DNA), 
adenine and cytosine are reducible at mercury electrodes 
whether free or bound to the nucleotide chain, Native 
DNA is not reducible at the dropping mercury electrode 
because the stability of the intact double helix makes the 
reducible bases inaccessible to the electrode. When the 
integrity of the double helix is altered, as by heating 
above the melting point or by induced breaks in the helix, 
reduction of bases can be observed. 

AC methods have been employed by Barker (30) and 
Malfoy and Reynaud (31-33). Valenta and Nfirnberg 
(34-44) have employed dc voltammetric methods in the 
fast sweep mode at a stationary mercury electrode and re- 
viewed the results (45-47). Of significance to this work is 
their finding that native DNA can be reduced at mercury 
electrodes after adsorption and unwinding of the double 
helix (39, 47). Less extensive studies have also been 
carried out by Berg and co-workers (48, 49). 

Theory 
The constant to be measured is the equil ibrium con- 

stant for the formation of the anthracycline-DNA com- 
plex (ADNA) from unbound  anthracycline (A) and un- 
complexed DNA (DNA), which in terms of concentrations 
may be written as 

K = c(ADNA)/c(A) c(DNA) 
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None of these species is easily measured directly, but the 
total concentration of anthracycline, cT(A), and the total 
concentration of DNA, cT(DNA), are established as condi- 
tions of the exper iment  and by definition 

cT(A) = c(A) + c(ADNA) 

cT(DNA) = c(DNA) + c(ADNA) 

To express units consistently, if cT(A) is in units of 
moYdm 3, and each molecule of anthracycline is under- 
stood to occupy one binding site, then cT(DNA) must  be 
expressed in units of binding sites/din 3 rather than 
mol/dm 3. The number  of binding sites/dm 3 will depend 
upon the molecular weight of the DNA and its concentra- 
tion, which are expressible as mol bases/din 3, and the 
number  of bases required to form a binding site. Since 
the molecules are intercalated in the helix, a min imum of 
four bases (two pairs) is required to form a binding site. 
However, it is improbable that the intrinsic binding to all 
types of four-base sites with different base pair composi- 
tions is identical, and the effect of bases other than 
nearest neighbors upon the binding may be significant 
(2). At the very low levels of saturation used in this study, 
only the most favorable sites should be occupied, and as a 
consequence the constants measured here should refer to 
an average of only the most favorable sites. Thus, the in- 
teraction constants measured by this method should be 
smaller than those measured by methods involving satu- 
ration of the DNA and should be more comparable to 
clinically realizable conditions. 

When the concentration of DNA is expressed in this 
way and only a small proportion of the possible binding 
sites are occupied, then c(ADNA) is much less than 
cT(DNA) so that c(DNA) is approximately equal to 
cT(DNA). Thus measurement  of the c (ADNA) /c (A)  ratio 
establishes the value of the binding constant K 

K cT(DNA) = c (ADNA) /c (A)  

Experimentally,  we find that for at least all of the anti- 
biotics reported here, and for others of different structure 
but containing at least one group reducible at a potential 
not more negative than -1.25V against SCE, application 
of the method described in this paper yields a curve of 
current against sweep potential having one (occasionally 
more) peaks at approximately the polarographic or cyclic 
voltammetric  reduction potential of the anthracycline. 
The current I at this peak is directly proportional to cT(A) 
in the absence of DNA, and thus to c(A). In no case is an 
additional peak observed in the presence of DNA save for 
the reduction of DNA itself and consequent  hydrogen ev- 
olution, but these are too negative to interfere with mea- 
surement of I; addition of DNA reduces the value of I, but 
the potential of the peak remains unaffected. 

Since the current I arises from reduction of A whether  
bound or unbound 

I = k'c(A) + k"c(ADNA) 

In the presence of A and absence of DNA, there can be no 
contribution from the bound anthracycline and such a 
value I(0) equals k'c(A) which is also k 'cT(A) .  At the other 
extreme of an infinite excess of DNA, the concentration 
of unbound anthracyc]ine must go to zero and thus such a 
value/(inf.)  equals k"c(ADNA). Then 

I(0) - I = k ' cT(A)  - (k'c(A) + k"c(ADNA)) 

I(0) - I = (k' - k") c(ADNA) 

I - /(inf.) = k'c(A) + k"c(ADNA) - k"c(ADNA) = k'c(A) 

[I(0) - I]/[I - /(inf.)] = c ( A D N A ) / c ( A )  = K cT(DNA) 

Experimental 
The experiments  were carried out using a Princeton 

Applied Research (PAR) Polarographic Analyzer Model 
174A, PAR Controller Model 315, and Static Mercury 
Drop Electrode Model 303, a Biomation Model 805 
Waveform Recorder, and a Houston Instrument  Type 

2000 X-Y recorder. Both McI1vane and acetate buffers 
were used; 0.1M McI1vane buffers of pH 5.6 and 6.0 were 
prepared using reagent-grade dibasic sodium phosphate 
and citric acid. The ionic strength of the McI1vane buffers 
was adjusted to 1.0M using reagent-grade potassium chlo- 
ride (29). The 0.1M acetate buffers of pH 5.6 and 6.0 were 
prepared using sodium acetate, acetic acid, and 10-4M 
disodium EDTA dihydrate in 0.1M KCI. All buffers were 
prepared from triply distilled water. The acetate buffer of 
pH 5.6 so prepared was used in all experiments unless 
otherwise specified. 

Calf thymus DNA was obtained from Sigma Chemical 
Company, E. colt DNA from Aldrich Chemical Company, 
and B. subt i l i s  DNA (Grade A) from Calbiochem. The an- 
tibiotic daunorubicin lb  was obtained from Sigma Chem- 
ical Company; its anhydrous molecular weight was 564.0. 
Compound AD32, lo, was kindly provided by Dr. M. Is- 
rael of the Sidney Farber Cancer Institute. Other anthra- 
cyclines were obtained from Dr. E. M. Acton of SRI Inter- 
national. Their structures are given in Fig. 1. 

The procedure used was similar to those established by 
N~irnberg et al. (50). The "condit ioning" potential Ec, the 
"deposit ion" potential Es, and the final potential Ef were 
set on the potentiometers of the Model 315. The "deposi- 
tion" potential and time are so noted on the Model 315, 
which was designed for use in anodic stripping voltam- 
merry, but here represent only a second stage of condi- 
tioning. Both the "condit ioning" time tc and "deposit ion" 
time t~ were 90s. The internal switch in the PAR Model 
174A was set to the position for 10 times higher sweep 
rates, which permits sweep rates of up to 5 V/s. 

The Model 303 was set to HMDE mode with large drop 
size, each drop having a surface area of 2.83 x 10-2 cm'-'. A 
fresh drop was used for each measurement.  The reference 
electrode was AgCYAg-saturated KC1 in a glass frit; all po- 
tentials were measured and are given with respect to this 
reference. A platinum wire served as an auxiliary elec- 
trode. All measurements were made at room temperature 
under an atmosphere of purified nitrogen after deaera- 
tion with nitrogen. 

For 90s, the mercury drop was subjected to a constant 
applied "conditioning" potential whose values could be 
varied between -0.40 and -1.60V. After 90s, the potential 
was stepped to a constant "deposit ion" potential of 
-0.40V and was held there for a further 90s. Finally, the 
potential was driven by a rapid cathodic sweep with a 
rate of I or 5 V/s to the negative limit of potential at about 
-1.8V. The current values were stored in the Biomation 
Model 803 which was set for pretriggered recording with 
1800 delay interval and single triggering mode. The stored 
vol tammogram was plotted, using the Houston recorder 
in x-t mode, as provided by the Biomation Model 803; 
typical curves a r e  shown in Fig. 2. The Biomation unit 
was triggered from the pen-drop switch closure of the 
Model 315 using an external battery. Similar results, 
though with less precise output, were obtained using an 
R564B storage oscilloscope (Tektronix). 

For all of the solutions studied, the experimental  curves 
were superimposable for successive fresh drops of the 
same size (as provided by the mechanical operation of the 
Model 303) in the same solution. Drops of nonrepro- 
ducible size, or use of the same drop twice, gave totally 
nonreproducible results. Replicate runs on new solutions 
and using fresh drops were within -+4%-5% on the basis of 
peak height. 

The functions of peak current derived in the theory sec- 
tion of this paper were calculated and plotted against the 
concentration of DNA either manually or by computer  
(Amdahl 470/V7, Calcomp plotter, *IG package at Univer- 
sity of Alberta Computing Services). Typical plots are 
given in Fig. 5 and 6. The association constant is obtaina- 
ble from the linear portion of the slope of Fig. 5. In terms 
of originally measured quantities, this slope has the units 
of t~g anthracycline eomplexed per cm 3 of DNA stock so- 
lution added, but use of the original anthracycline con- 
centration (nominally 5.0 • 10 -~ moYdm3), the concentra- 
tion of the DNA stock solution (nominally 1.050 mg/cm 3 
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Fig. 1. Structures of anthracy- 
clines (1) and aglycones (2). 

0 R 1 R~ 2 0 OH 0 

i =1 i I 
R.O ~ ,  OH ~ CH~O O OH Rz 

c4 ~ /  �9 
CH 

HO ",,.N6 
1 

la R 1=OH, R2=O, R3=OH, 
lb RI=OH, R2=O, R3=H, 
lc RI=H, R2=O,  R3=OH, 
ld RI=H, R2=O, R3=H, 
le RI=H, R2=O, R3=OH, 
If RI=H , R2=O,  R3=H, 
lg RI=OH , R2=(H,OH ) R3=OH , 
lh RI=OH , R2=(H,OH ) R3=H , 
l i  RI=OH , R2=(H,OH ) R3=H , 
l j  RI=OH , R2=O , R3=H , 
lk  R 1=OH, R2=O, R3=H, 
11 RI=OH , R2=O , R3=H , 
lm RI=OH , R2=O , R3=H , 
In RI=OH , R2=O , R3=H , 
10 R 1=OH, R2=O, 
lp R 1=OH, R2=(H,OH) 
2a R3=OH, R7=OH 
2b R3=H , R7=OH 
2c R3=OH, R7=H 
2d R3=H, R7=H 

2 

R4=CH 3, R5=O, R6=H 
R4=CH 3, R5=O, R6=H 
R4=CH 3, R5=O, R6=H 
R4=CH 3, R5=O, R6=H 
R4=H, R5=O, R6=H 
R4=H, R5=O, R6=H 
R4=CH 3, R5=O, R6=CH2Ph 
R4=CH 3, Rs=NH, R6=H 
R4=CH 3, Rs=O, 
R4=CH 3, R5=O, 
R4=CH 3, R5=O, 
R4=CH 3, R5=O, 
R4=CH 3, R5=O, 
R4=CH 3, R5=O, 

R6=-(CH2)2CHOCH3(CH2) 2- 
R6=(CH2)20(CH2) 2- 
R6=-(CH2) 5-  
R6=(2 '-tetrahydropyranyl) 

R6=-(CH2)2CHOCH3(CH 2) 2 - 
R6=-(CH2)2S(CH2) 2- 

R3=OCO(CH2)4CH 3, R4=CH 3, R5=O, 
R3=H, R4=CH 3, R5=O, 

R6=(H,COCF 3) 
R6=H 

ca l f  t h y m u s  D N A  of od  21 m e a s u r e d  at  260 nm),  a n d  the  
r e l a t i o n s h i p  t h a t  o ne  od u n i t  is  e q u i v a l e n t  to  50 ~g /cm s or  
1.49 x 10 -4 mol  p h o s p h a t e / d i n  3 or  tool  b a s e s / d m  ~ p e r m i t s  
ca l cu l a t i on  of  t he  a s soc i a t i on  c o n s t a n t  in  m o l a r  quan t i -  
ties, l i t e r /mol  p h o s p h a t e  or l i ter /mol  bases .  

C o u l o m e t r i c  m e a s u r e m e n t s  were  m a d e  u p o n  t he  re- 
c o r d e r  o u t p u t  c u r v e s  u s i n g  a p l a n i m e t e r  a n d  c o n v e r t e d  to 
t h e  or ig ina l  i n p u t  t i m e  base .  T he  m e t h o d  of  o b t a i n i n g  t he  
ba se  l ine  for t he  p e a k s  n e a r  - 1.5V was  t h a t  of  V a l e n t a  and  
G r a h m a n n  (37). I n  t h e  p e a k s  a t  -0 .65V,  t he  b a s e  l ine  of  
t he  o u t p u t  cu rves  w i t h  b a s e  e lec t ro ly te  a lone  a n d  t h e  base  

l ines  of  the  c u r v e s  w i t h  D N A  and /o r  d a u n o r u b i c i n  l b  
we re  t h e  same.  P l a n i m e t e r  m e a s u r e m e n t s  we re  also m a d e  
u p o n  m o l e c u l a r  m o d e l s  of  l b  to e s t a b l i s h  t he  a rea  t hey  
w o u l d  occupy.  A s ing le  m o l e c u l e  of l b  c an  o c c u p y  a sur- 
face area  of c a .  1.50 n m  2 (flat) a n d  ca.  0.64 n m  2 (on edge). 

Results 
P r e l i m i n a r y  tes t s  were  m a d e  u s i n g  1.0 x 10 -4 m o l / d m  ~ 

Cd(II) in  p H  5.6 McI1vane buffer .  At  a c o n d i t i o n i n g  po ten-  
t ial  of, or  pos i t ive  of, -1 .0V,  a s ing le  s h a r p  a s y m m e t r i c  
p e a k  ( sha rp  rise, e x p o n e n t i a l  fall) was  o b s e r v e d  at a p e a k  

Fig. 2. Typical biomation output 
plots, Data for 5 x 10 -~ mol/dm 3 
doxorubicin ( la)  in acetate buffer, 
conditioning potential - 0 . 4 V .  
Curve A: no added DNA. B: calf 
thymus DNA concentration 10.4 
/~g/crn 3. C: calf thymus DNA con- 
centration 59.4 /~g/cm 3. Vertical 
scale of C, only, exaggerated by a 
factor of 2.5. 
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poten t ia l  (Ep) of  -0 .63 -+ 0.01V. At  " cond i t i on ing"  po ten-  
tials m o r e  nega t ive  t h a n  -1.0V,  the  cu r r en t  no longer  fell 
exponent ia l ly .  This  is e x p e c t e d  because  the  cond i t i on ing  
po ten t i a l  is n o w  suff ic ient ly  nega t ive  to depos i t  more  
c a d m i u m  onto  (or into) t he  HMDE t h a n  is r e m o v e d  dur-  
ing  the  " d e p o s i t i o n "  t ime  at -0 .4V.  Add i t i on  of  suff ic ient  
E D T A  to give a 0.02 mol ]dm ~ so lu t ion  sh i f t ed  the  cad- 
m i u m  reduc t i on  peak  nega t ive  to -1.70V; its fall t h e n  
m e r g e d  wi th  t he  so lven t  d i scha rge  current .  In  the  E D T A  
solut ion,  t h e  p e a k  s h a p e  and  he igh t  w e r e  no t  a f fec ted  by 
the  " cond i t i on ing"  potent ia l .  This  behav io r  is e x p e c t e d  
for aqueous  Cd(II) and  its E D T A  complex ,  w h i c h  are re- 
vers ib ly  r e d u c e d  on  mercury .  

D N A . - - C a l f  t h y m u s  D N A  was  used  b o t h  in  McI lvane  
a n d  aceta te  buffer .  The add i t ion  of  D N A  to buf fe r  caused  
the  a p p e a r a n c e  of  a s ingle  sha rp  a s y m m e t r i c  peak  at 
a b o u t  -1 .5V and  a pos i t ive  shif t  of  the  onse t  of  h y d r o g e n  
evo lu t ion  f rom ca. -1 .83V (pH 6.0, 0.1M ace ta te  buf fe r  + 
0.1M KC1) to ca. - 1 . 6 V  (same sy s t em + DNA). The  
bacter ia l  DNA gave sha rpe r  peaks ,  as e x p e c t e d ,  o w i n g  to 
its lower  molecu la r  weight .  All th ree  fo rms  of  D N A  gave 
only  a s ingle  peak  at abou t  - 1 . 5 V  at all va lues  of  the  con- 
d i t i on ing  po ten t ia l  less  t h a n  -1 .5V.  Its he igh t  i nc reased  
w i t h  scan  rate, and  va r i ed  w i t h  the  type  and  concen t ra -  
t ion  of  DNA u s e d  (Table I). This  peak  is a t t r i bu t ed  to the  
r e d u c t i o n  of  the  a d e n i n e  and  cy tos ine  bases  of  the  ad- 
s o r b e d  DNA (34-47); for D N A  alone, our  resu l t s  are com- 
pa rab le  to t hose  of  N~irnberg et al. 

An thracyc l ines . - -So lu t ions  of  l b  in the  a b s e n c e  of  DNA 
gave a single, sharp ,  wel l -def ined,  a p p r o x i m a t e l y  sym-  
met r i c  peak  at  -0.625 -+ 0.005V (full w i d t h  at half- 
m a x i m u m  0.08 +- 0.02V, e x c e p t  for e x t r e m e l y  low concen-  
trations).  The peak  potent ia l  d id  no t  change  wi th  l b  con- 
cen t ra t ion  or w i t h  scan  rate. The peak  cur ren t  was  
d i rec t ly  p ropor t iona l  to the  concen t r a t i on  of  l b  up  to 
abou t  2 moYdm s, at w h i c h  po in t  t he  cu r r en t  inc rease  be- 

Table I. Effect of conditioning potential upon reduction of DNA 

A N T I T U M O R  A N T I B I O T I C S  

1000 

k.) 

Calf thymus DNA; 84/~g/cm 3 McIlvane buffer, pH 6.0; scan from 
"deposition" potential of -0.4V. 

Ep (V) Q (/~C/cm ~) E, (V) Q (/~C/cm 2) 
Ec (V) (5 V/s) (5 V/s) (1 V/s) (1 V/s) 
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Fig. 3. Effect of concentration upon daunorubicin ( lb)  reduction. 
Aqueous buffer. Open circles (A) obtained at 5 V/s, Closed circles (B) 
obtained at 1 V/s, Log-log plot. Peak potential: -0.65V. 

came  less  t h a n  p ropor t iona l  (Fig. 3). Direct  p ropor t iona l -  
ity is f o u n d  f rom 10 n mo Y d m ~ to over  500 n m o Y d m  3 (Fig. 
4); the  l ower  l imit  is due  to inabi l i ty  to easi ly  d i s t i ngu i sh  
the  peak  f rom base- l ine  noise.  So lu t ions  o f  l b  w h i c h  con-  
t a ined  no DNA also gave a peak  or s h o u l d e r  at t he  ap- 
p r o x i m a t e  po ten t i a l  o f  r educ t i on  of  the  bases  of  DNA, 
-1.535V. This  is due  to the  addi t iona l  r educ t i on  of  l b  at 
t h e s e  m o r e  nega t ive  po ten t ia l s  (53, 54). The  behav io r  of  
the  o the r  an th racyc l ines  s tud ied  para l le led  tha t  of  
daunorub ic in .  In  all cases,  t h e  eas ies t  r educ t ion  of  the  
an th racyc l ines  is suff ic ient ly  pos i t ive  of  e i ther  the i r  o w n  
s eco n d  r e d u c t i o n  or  the  r e d u c t i o n  of  D N A  tha t  the  cur- 
r en t  r e tu rns  to t he  base  l ine be fo re  t hese  p roces se s  begin.  

-0.4 -1.605 9.6 -1.525 17.6 
-0.6 -1.605 12.3 -1.525 15.8 
-0.8 -1.610 14.2 -1.525 12.9 
-1.0 - 1.655 12.1 -1.525 18.8 
-1.2 - 1.625 18.0 -1.535 24.9 
-1.3 -1.620 18.1 -1.540 27.4 
-1.35 -1.605 10.4 -1.530 25.6 

- 1.4 - 1.595 5.5 - 1.6? 4.0 

Calf thymus DNA; 84/~g]cm 3 acetate buffer, pH 6.0, scan rate 1 V/s 
from -0.4V "deposition" potential, EDTA when present 1 • 10 -4 
moYdm 3. 

E~ (V) Q (/~C/cm -~) Ep (V) Q (/~C/cm 2) 
Ec (V) (w/o EDTA) (w/o EDTA) (w/EDTA) (w/EDTA) 

- 0 . 4  - 1.535 5.08 - 1.535 4.51 
-0.6 - 1.535 5.64 - 1.540 5.16 
-0.8 -1.535 5.57 - -  - -  
-1.0 -1.540 6.77 - -  - -  
- 1.2 - 1.530 10.64 - 1.550 8.95 
-1.3 . . . .  
-1.35 -1.540 9.35 -1.560 8.79 
-1.4 -1.545 3.14 - -  - -  

Bacterial DNA; E. coli DNA 40 /zg/cm s, B. subtilis DNA 66.7 
/~g/cmS; scan rate 1 V/s from "deposition" potential of - 0.4V; acetate 
buffer pH 5.6. 

E. coli DNA B. subtilis DNA 
E~ (V) E, (V) Q (/~C/cm 2) E, (V) Q (/~C/cm ~) 

6.0 

51] 

4.O 

::L 

3.0 
U 

2.0 

1.0 

A 

-0.4 -1.515 2.66 -1.530 8.87 
-0.6 -1.520 2.82 -1.530 8.38 
-0.8 -1.525 3.07 -1.510 8.46 
-1.0 -1.525 2.90 -1.520 9.11 
- 1.2 - 1.525 3.30 - 1.525 9.59 
-1.3 -1.525 4.67 -1.525 11.20 
- 1.35 - 1.525 4.28 - -  - -  
-1.4 -1.530 2.58 -1.525 6.2I 

0 100 200 300 400 500 
Concentration of Daunorubicin (nmol / l i t re)  

Fig. 4. Effect of low concentrations of daunorubicin ( lb} upon peak 
current. Aqueous buffer. Open circles (A) obtained at 5 V/s. Closed cir- 
cles (B) obtained at 1 V/s. Peak potential: -0.65V, Point on A at 500 
nmol/liter is at 10.0/~A, offscale. 
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DNA-anthracycline complexes.--The e l e c t r o c h e m i c a l  
b e h a v i o r  of  s o l u t i o n s  c o n t a i n i n g  b o t h  D N A  a n d  the  indi-  
v id u a l  a n t h r a c y c l i n e  is s imi la r  to the  s u m  of  the  b e h a v i o r  
of  s e p a r a t e  so lu t i ons  of  the  two c o m p o n e n t s .  T h e  first  re- 
d u c t i o n  of  l b  at - 0 . 625V sh i f t s  nega t i ve  in  t he  p r e s e n c e  of 
D N A  by n o t  m o r e  t h a n  50 mV;  t he  peak  is b r o a d e n e d  a n d  
s l igh t ly  r e d u c e d  in  h e i g h t  as  c o m p a r e d  to l b  alone.  T h e  
s e c o n d  r e d u c t i o n  of  l b  is i n d i s t i n g u i s h a b l e  f r o m  the  re- 
d u c t i o n  of  the  a d s o r b e d  a d e n i n e  a n d  c y t o s i n e  b a s e s  of  
D N A  n ea r  -1 .55V.  As  a c o n s e q u e n c e ,  we  are u n a b l e  to 
m e a s u r e  t h e  ef fec t  of  the  a n t h r a c y c l i n e  u p o n  t he  D N A  
p re sen t ,  a l t h o u g h  at  re la t ive ly  low levels  of  a n t h r a c y c l i n e  
t h a t  ef fect  is, w i t h i n  e x p e r i m e n t a l  error,  ab sen t .  The  
s h a r p  drop-of fs  in  p e a k  c u r r e n t  a n d  c h a r g e  as the  "cond i -  
t i on ing"  po t en t i a l  b e c o m e s  m o r e  n e g a t i v e  t h a n  - 1 . 3 V  are  
due  to par t ia l  r e d u c t i o n  of  the  a d s o r b e d  ma te r i a l  wh i l e  
the  " c o n d i t i o n i n g "  po ten t i a l  is still he ld ,  well  before  t he  
onse t  of  the  r e c o r d e d  v o l t a m m e t r i c  sweep .  T h e s e  obser-  
va t ions  a p p l y  to all of  the  o the r  a n t h r a c y c l i n e s  s t u d i e d  as 
well. 

T h e  a s soc i a t i on  c o n s t a n t s  of  the  a n t h r a c y c l i n e s  w i t h  
D N A  were  ca l cu la t ed  a c c o r d i n g  to t h e  p r o c e d u r e  de- 
s c r i b ed  f ro m  th e  v a l u e s  of  t he  p e a k  c u r r e n t  as a f u n c t i o n  
of  D N A  co n cen t r a t i on .  T h e s e  are g i v e n  in  Tab l e s  II-V. 
T h e  v a l u e s  r ep o r t ed  in  T a b l e s  II-IV are a rb i t ra r i ly  g ive n  
to t h r ee  p laces  fo l lowing  t he  d e c i m a l  po in t  to e n s u r e  t h a t  
a n y  real  d i f f e r en ces  in  po t en t i a l  d e p e n d e n c e  are no t  lost.  
T h e  r ep ro d u c ib i l i t y  of  c o m p l e t e l y  s epa ra t e  e x p e r i m e n t s  
on  d i f f e ren t  so lu t i ons  is of  t he  order  of  5%, a n d  the  

Table II. Association constants in aqueous solution 

K (1/mol phosphate • 10 ~) I(cr 

Compound -'0.4V -0.6V -0.8V -1.0V Mean [%I(0)] 

la  0.688 0.755 0.889 0 . 8 5 6  0.797 4 
lb 0.638 0.477 0.433 0 . 5 1 3  0.515 8 
lc 0.765 0.738 0.792 0.738 0.758 3 
ld  0.463 0 . 4 6 3  0.470 0.490 0.472 14 
le 0.366 0.460 0.436 0 . 3 1 5  0.394 2 
If  0.299 0.144 0.174 0.179 0.199 2 
l h  0.342 0.329 0.409 0 . 4 0 3  0.371 4 
l i  2.070 1 . 8 0 5  1 . 3 6 2  1 . 3 4 2  1.645 0 
1j 1.644 1 . 7 5 2  1 . 2 9 9  1 . 3 9 3  1.522 0 
lk  1.611 2.460 1 . 3 4 2  1 . 4 8 3  1.474 0 
II 0.359 0.352 0.466 0 . 3 6 6  0.378 7 
l m  3.215 2.685 2.725 2 . 5 4 7  2.793 0 
In  1.812 1 . 3 4 2  1 . 5 4 4  1 .409  1.527 0 
lo NS NS NS NS NS - -  
lp 0.268 0.208 0.235 0 . 1 8 8  0.225 6 

1 Percent response in effectively "infinite" DNA excess as com- 
pared to total absence of DNA. 

NS = not soluble. 

Table III. Association constants in 3% CH3CN 

Table IV. Association constants in 30% CH3CN 

K (Ymol phosphate x 105) I(~)' 

Compound -0.4V -0.6V -0.8V -1.0V Mean [%I(0)] 

l a  0.446 0.436 0.544 1 . 5 1 7  0.486 9 
lb 0.503 0.560 0.537 0 . 3 5 6  0.489 10 
lc 0.336 0.329 0 . 2 0 1  0.282 0.287 10 
ld 0.218 0.255 0.228 0 . 1 8 1  0.221 18 
le 0.074 0.114 0 . 1 0 7  0 . 1 8 1  0.119 2 
If  0.228 0 . 2 5 5  0.228 0 . 2 9 9  0.253 8 
lh  0.044 0.034 0.040 0.067 0.046 29 
li  0.356 0.336 0.302 0.292 0.322 0 
1] 0.923 1 . 0 4 7  0.859 0 . 9 5 3  0.946 0 
lk  0.560 0.604 0.423 0 . 1 2 8  0.429 0 
II 0.453 0.299 0.208 0 . 2 0 1  0.290 7 
l m  1.117 1 . 2 3 5  1 . 5 1 0  0.775 1.159 0 
In 0.537 0.537 0.205 0.369 0.412 0 
lo 0.054 0 . 0 6 0  0.027 0 . 0 3 7  0.044 12 
lp 0.141 0.154 0.154 0.134 0.146 29 
2b 0.255 0.201 0 . 1 9 5  0.148 0.200 40 
2d 0.050 0.034 0.040 0.054 0.045 20 

' Percent response in effectively "infinite" DNA excess as com- 
pared to total absence of DNA. 

sma l l e r  n u m b e r  of  f igures  g ive n  in  t he  s u m m a r y  of  Tab le  
V ref lect  this .  

Th i s  p r o c e d u r e  ha s  b e e n  op t im iz e d  for d a u n o r u b i c i n  by  
a d j u s t i n g  t he  D N A  i n c r e m e n t s  a n d  v a l u e s  to g ive  a s lope  
o f  a b o u t  50 ~ in  t he  p lo t s  of  t he  t y p e  g i v e n  in  Fig. 5. For  as- 
soc ia t ion  w e a k e r  or s t r o n g e r  t h a n  t ha t  of  d a u n o r u b i c i n  by  
a fac tor  g rea te r  t h a n  ten ,  t he  l ine a p p r o a c h e s  ho r i zon ta l  or 
ver t ical .  C la s ses  of  c o m p o u n d s  w i th  m u c h  s t r o n g e r  asso-  
c ia t ion  t h a n  d a u n o r u b i c i n ,  w h i c h  m a y  be  t h o s e  of 
g r e a t e s t  a n t i c a n c e r  in te res t ,  are  be t t e r  s t u d i e d  w i t h  
sma l l e r  or m o r e  d i lu te  D N A  add i t ions .  

T h e  n u m b e r  of  m o l e s  of  b a s e s  of  D N A  per  m o l e  of  an- 
t h r a c y c l i n e  can  be  ca l cu l a t ed  f rom the  total  s t o i c h iome t -  
ric rat io in t he  so lu t ion .  A plo t  of  th i s  rat io a g a i n s t  t he  sig- 
na l  d u e  to u n b o u n d  a n t h r a c y c l i n e ,  w h i c h  c a n  be t a k e n  as  
p r o p o r t i o n a l  to t he  rat io  of  t h e  p e a k  cu r ren t ,  l ess  the  p e a k  
c u r r e n t  at an  inf in i te  e x c e s s  of  DNA,  to t he  p e a k  c u r r e n t  
m e a s u r e d  in  t he  a b s e n c e  of  DNA,  c a n  give a n  i nd i ca t i on  
of  the  n u m b e r  of  b a s e  pa i rs  of  t he  D N A  i n v o l v e d  in  d i rec t  
i n t e r a c t i o n  wi th  t he  an t ib io t ic  (Fig. 6). Th i s  is e s s e n t i a l l y  a 
t i t r a t ion  of t he  a n t h r a c y c l i n e  w i th  DNA;  t he  e s t i m a t i o n  of  
t h e  n u m b e r  of  b a s e s / b i n d i n g  s i te  u s e s  on ly  t he  ini t ial  
r ap id  dec rease .  

In  all cases ,  t he  n u m b e r  of  b a s e s  per  a n t h r a c y c l i n e  cal- 
c u l a t e d  f rom the  i n t e r c e p t  of  d i a g r a m s  s u c h  as  Fig. 6 w a s  
b e t w e e n  5 a n d  8. 

Table V. Summary o'f mean association constants 

Mean K'  (l/tool phosphate • 105) 

Compound Aqueous 3% CH3CN 30% CH~CN 

K (l/tool phosphate x 105) I(~)' 

Compound -0.4V -0.6V -0.8V -1.0V Mean [%I(0)] 

l a  0.839 0.805 0 . 9 6 6  1 . 0 3 7  0.912 5 
lb 0.698 0.839 0.923 0 . 8 8 3  0.836 6 
lc 0.503 0.738 0.718 0 . 6 9 1  0.663 3 
ld 0.389 0.470 0 . 3 8 3  0 . 4 6 3  0.426 9 
le 0.322 0.228 0.352 0.362 0.316 3 
If  0.262 0.322 0.329 0.430 0.336 8 
lg  2 0.072 0.109 0.050 0 . 0 7 1  0.076 15 
lh  0.356 0.383 0.456 0.443 0.411 5 
l i  1.628 2.070 1 . 9 7 0  1 . 7 1 8  1.847 0 
l j  1.883 1 . 5 7 0  1 . 3 8 6  1 . 3 1 9  1.540 O 
lk 1.779 1 . 5 9 4  1 . 6 7 8  1 . 5 9 4  1.661 0 
l l  0.416 0.440 0.473 0.466 0.449 7 
lm  1.342 1 . 8 1 2  1 . 8 4 6  1 . 8 2 6  1.706 0 
in  1.544 1 . 8 0 5  1 . 7 1 5  2 . 5 7 7  1.910 0 
lo 0.060 0.128 0.077 0 . 0 9 1  0.089 47 
lp 0.208 0.201 0.268 0 . 2 2 1  0.225 8 
2a 2 0.215 0.174 0 . 1 4 1  0 . 1 4 2  0.168 36 

' Percent response in effectively "infinite" DNA excess as com- 
pared to total absence of DNA. 

5% CH3CN. 

l a  0.80 0.91 0.49 
lh  0.52 0.84 0.49 
lc 0.76 0.66 0.29 
ld  0.47 0.43 0.22 
le 0.39 0.32 0.12 
I f  0.20 0.34 0.25 
lg  NS 0.08 ~ - -  
l h  0.38 0.41 0.05 
li  1.65 1.85 0.32 
1] 1.52 1.54 0.95 
lk  1.47 1.66 0.43 
ll  0.38 0.45 0.29 
l m  2.79 1.71 1.16 
In 1.53 1.91 0.41 
lo NS 0.09 0.04 
lp 0.23 0.23 0.15 
2a -- 0.17 2 -- 

2b NS NS 0.204 
2d NS NS 0.04 

NS = not soluble. 
' Value in table should be multiplied by 105 to give K in Ymol 

phosphate. 
5% CH3CN. 

3 No detectable complexation; value << 0.05. 
4 Scattered data plots. 
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Fig. 5. Typical plots used to obtain association constants. Strong asso- 

ciation, open circles (l j); moderate association, closed circles (la); 
weaker association, open squares ( lf) .  All in aqueous solution, condi- 
tioning potential -0 .4V ,  scan rate 5 V/s. 

Additional electrochemical studies of these compounds 
are given elsewhere (59). 

Discussion 
The interracial mercury/aqueous electrolyte region has 

been used as a model  for electrically charged biological 
membranes,  the interactions of DNA with the electrode 
being then taken as relevant to the interactions of cellular 
DNA with cell membranes.  While doubly helical native 
DNA is not reducible from solution, it can undergo the se- 
quence adsorption, dehydration, strand separation, and 
base reorientation which renders the reducible adenine 
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Fig. 6. Typical plot of moles of DNA base/mol agent. Data for la ,  
aqueous solution, conditioning potential -0 .4V ,  scan rate 5 V/s. 

and cytosine bases accessible to electron transfer (43). 
Their irreversible reduction to strongly adsorbed products 
blocks the surface of the electrode to further adsorption 
of  DNA. These products, in common with other nitrogen 
heterocyclic compounds,  are catalysts for hydrogen evo- 
lution on mercury. The parameters known to affect the 
adsorption, and hence observable reduction, of DNA on 
fresh mercury electrodes include ionic strength, pH, per- 
centage of A-T content in the DNA, and molecular 
weight, in addition to the experimentally adjustable pa- 
rameters of adsorption time, potential of the electrode 
during adsorption, and rate of the voltammetric scan (43). 
Denatured DNA, in which the bases are already accessi- 
ble, and mononucleotides are reducible through the latter 
part of the same mechanism. The data of this study for so- 
lutions of DNA alone are consistent with previous studies 
(43) and the above mechanism. 

Anthracyclines.--Generation of fresh drops in the solu- 
tion containing both the DNA and the anthracyclines 
known (51-54 and references therein) to interact with it, 
followed by the double potential step-sweep method un- 
der the conditions already established (50) as appropriate 
for study of DNA itself should demonstrate any effect of 
interaction with DNA upon the reduction of DNA. At the 
lowest anthracycline concentrations used, no such effect 
is observed. 

If  the behavior of the anthracyclines alone under the 
same conditions is established, any effect of interaction 
with DNA upon the redox properties of the anthracy- 
clines should also be noticeable. This second factor is rel- 
evant to the possible reductive activation of an anthracy- 
cline once bound to DNA (51-54). We find no evidence of 
any such effect. The results obtained show that for an- 
thracyclines alone the initial reduction studied by this 
method occurs at the same potential as is observed in the 
more conventional techniques of polarography and cyclic 
voltammetry. For daunorubicin either alone or in the 
presence of DNA, the peak current gives a linear response 
to concentration down to about 10 nmoYdm 3, suggesting 
further development  of this technique as a clinical analyt- 
ical method. 

DNA-anthracycline complexes.--The data presented by 
Berg and co-workers on the association constant of 
actinomycin with DNA obtained by pulse polarography 
(49) and of other anthraquinones with DNA obtained by 
classical polarography (55) employed experiments in 
which the decrease of polarographic response to a fixed 
total concentration of the antibiotic upon successive addi- 
tions of calf thymus DNA was interpreted as being due to 
the complexation of the antibiotic with DNA. The com- 
plex was taken as having no polarographic response (55) 
or (49) as having a response at the same potential as the 
uncomplexed antibiotic with, however, a much slower 
rate of diffusion due to the attachment of DNA. This in- 
terpretation seems unlikely; it is more probable that the 
effects observed are due to t ime-dependent  (and possibly 
also potential-dependent) competit ive adsorption of the 
antibiotic and DNA, which would also account for the ob- 
served diminution of antibiotic response with increasing 
DNA concentration. Such effects, while necessarily pres- 
ent in dc polarographic techniques, are not a complica- 
tion in the present procedure only because the equilibra- 
tion t ime at constant potential is long enough to achieve 
equil ibrium (or at least a highly reproducible steady 
state), while the scan rate is fast enough to prevent sig- 
nificant change from equil ibrium before the measure- 
ment  is complete. We have found 90s a practical mini- 
mum equilibration t ime and 1 V/s the min imum useful 
scan rate to obtain reproducible results with calf thymus 
DNA. 

Molinier-Jumel et al. (58) gave a value of 0.78 x l0 s 
liter/tool phosphate for lb  with sonicated calf thymus 
DNA using ac polarography in aqueous solution. The 
compound was added in increments  to a solution with a 
fixed DNA concentration. Our comparable value using 
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the reverse procedure described here is 0.52 • 105, in rea- 
sonable agreement. 

Electrode coverage by mononucleotides is undoubtedly 
greater than for DNA, if only because the guanine and 
thymine bases in DNA are not reducible though they are 
presumably also adsorbed. In acid (pH 3.0 -+ 0.5) aqueous 
solution, the protonated mononucleotide adenosine gives 
a reduction charge of 40 ~C/cm 2 for the adsorbed material 
between -0.2 and -0.4V (36); values higher than this are 
obtained for the compact stage of adsorption. Protonated 
cytidine has about half the occupied area of adenosine 
(56, 57). Our values are at or below these limits (Table I). 

The charge expected for a two-electron reduction of a 
complete or maximum daunorubicin rnonolayer with 
molecules oriented parallel to the electrode surface is 21.4 
~C/cm 2, while 50 ~C/cm 2 could be expected for the less 
likely perpendicular orientation. This is quite consistent 
with the values of 13-17 ~C/cm 2 actually obtained for 
daunorubicin in the absence of DNA. 

Conclusion 
The method described herein seems well suited to stud- 

ies of the influence of structural variations in both an- 
thracycline and sugar to the binding of the anthracyclines 
to DNA. The association constants do not vary signifi- 
cantly with potential when the conditioning potential 
ranges from -0.4 to -1.0V against SCE, nor does the addi- 
tion of 3% acetonitrile alter their values (although 30% de- 
creases them significantly). The configuration of DNA 
on the electrode surface is therefore reproducibly estab- 
lished by the experimental  conditions used and it is to 
that configuration that the binding occurs. 

The association constant reported herein for doxorubi- 
cin (lb) is significantly higher than that for daunorubicin 
(la). The same difference is found for the corresponding 
pairs ld, lc  and lf, le, leading to the conclusion that re- 
placement of the hydroxyl group at R3 with hydrogen re- 
duces binding to DNA. This is in accord with the greater 
hTm value observed for doxorubicin than for 
daunorubicin,  but not in accord with all of the values re- 
ported by other methods (12), which generally give values 
for doxorubicin of 20% lower than for daunorubicin. 
Values obtained with solution rather than electrode meth- 
ods also tend to be consistently higher and may refer to 
DNA of a considerably more accessible (to anthracy- 
clines) configuration than that on electrode surfaces. 

Binding of the aglycones 2a-2d is much less than for the 
anthracyclines with attached sugars. The ratio of 
I(inf.)/I(O) is greater than 30%, indicating that much of the 
aglycone remains unbound  even at mole ratios greater 
than 300:1 bases:aglycone. It is clear that the sugar mate- 
rially assists in the binding of the anthracyclines to DNA. 
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Quantitative Comparison of Fermi Level Pinning at GaAs/Metal 
and GaAs/Liquid Junctions 
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ABSTRACT 

Flatband potential (VFB) of (100)-oriented n-GaAs electrodes in various aqueous solutions have been determined by 
ac impedance measurements.  The Nernstian variation of VFB with pH (-60 mV/pH) was verified in both indifferent elec- 
trolytes and redox-couple solutions. Taking into account this pH dependence, the barrier height ebb of the n-GaAs/liquid 
junct ion with various redox couples could be calculated. ~B was determined at the point of zero zeta potential (PZZP), 
where the voltage drop due to specific adsorption of OH groups vanishes. A pH (PZZP) of 2.8 was estimated from pub- 
lished data for the electron affinity of GaAs. The variation of SB as a function of redox potential at the GaAs/liquid junc- 
tion could then be quantified through the slope S of the ~B (V~aox) straight line. A value of S = 0.8 was found, showing 
that Fermi level p inning  is much weaker than at the GaAs/metal junction,  at which one has S ~ 0.05. The behavior is 
confirmed by published data on p-GaAs and polymer-coated n-GaAs. We discuss these results within the framework of 
recent works on the semiconductor/metal Schottky barrier. 

Considerable attention has been brought recently to the 
problem of Fermi level pinning at semiconductor/liquid 
junctions. A recent report of the Institute for Science In- 
formation on the 1980 Chemistry papers most cited in 
1980-1982 (1) showed that an article by Bard et al. (2) de- 
voted to this problem has been cited 60 times during that 
period. In this article, was presented a model to account 
for the fact that the photovoltage measured on semicon- 
ductor electrodes (n-GaAs, p-GaAs, and p-St) in acetoni- 
trile solutions of various redox couples did not follow a 
linear variation as a function of the redox potential as 
would be expected according to the classical (Schottky) 
model for semiconductor/liquid junction, in which the 
band-edge positions at the semiconductor surface are 
fixed with respect to the solution levels (3). The 
modified model advanced by Bard et al. referred to the 
concept of Fermi level p inning  due to surface states, 
which had been first proposed by Bardeen (4) to explain 
the observation that for most covalent semiconductors 
(St, Ge, GaAs, InP  . . . .  ) the semiconductor/metal barrier 
height is independent  of the metal. 

More recently, measurements have been reported on 
n-GaAs photoanodes protected against photocorrosion 
with various polymer films: polypyrrole (PPy) (5), poly- 
styrene pendant  Ru(bpy)3 z* (PSt-bpy-Ru) (6), and poly- 
3-methylthiophene (PMeT) (7). Open-circuit voltages Voc 
greater than 1V have been reached with such electrodes. 
Furthermore, a quasi-linear variation of Vo~ with redox 
potential is observed, suggesting that Fermi level p inning 
does not occur. The question then arises whether this be- 
havior is characteristic of the n-GaAs/liquid junct ion or 
comes from modifications in the surface states when a 
conducting polymer is put between the semiconductor 
and the solution. 

However, recent investigations on the semiconduc- 
tor/metal interface led to the conclusion that the phenom- 

enon responsible for the narrow range of barrier heights 
observed on GaAs/metal junctions is not the presence of 
intrinsic surface states (the so-called Tamm and Shockley 
surface states) at the semiconductor surface. Brillson (8) 
attributes this narrow range to a microscopic charge re- 
distribution at the semiconductor/metal interface that de- 
pends on the chemical reactivity of the metal coverage. 
More recently, measurements on (ll0)-cleaved GaAs in ul- 
trahigh vacuum (UHV) led Spicer et al. (9) to think that 
the pinning is due to extrinsic surface states due to de- 
fects produced at the semiconductor surface by the pres- 
ence of the metal adatoms. Bolmont et al. (10) think that 
these surface states are rather due to a reconstruction of 
the GaAs surface by chemical bondings of the metal 
atoms with the semiconductor atoms. It thus seems estab- 
lished that the presence of the metal is necessary to in- 
duce the surface-state distribution leading to Fermi level 
pinning. Since the chemical reactivity of a liquid electro- 
lyte is different from that one of a metal, one can expect a 
different behavior between the two kinds of junct ions as 
far as the barrier formation is concerned. In this paper, 
we report flatband potential and open-circuit potential 
measurements performed on PMeT-coated and bare 
n-GaAs in  contact with aqueous solutions of various 
redox couples. The results suggest that Fermi level pin- 
ning is much less important at the n-GaAs/liquid junct ion 
than at the n-GaAs/metal junction. This result is com- 
pared to recently published data on p-GaAs/liquid junc- 
tions and discussed within the framework of recent theo- 
ries on the semiconductor/metal junction. 

Experimental 
Nonintentionally doped n-type (100)-oriented GaAs 

single-crystal slices were purchased from RTC (Caen, 
France). Ohmic contacts were made by vacuum evaporat- 
ing Ge (12 weight percent [w/o]) Au alloy and annealing at 
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400~ under N~. The electrodes were then mounted on 
glass tubes with Torr Seal (Varian) resin and the active 
surface polished with 1 ~m diamond paste. Before each 
measurement,  the electrode surface was chemically 
etched in either H2SO4:H202:H20 (1:1:1 volume ratio) mix- 
ture or in Br~-MeOH solution. Both of these etching pro- 
cedures led to similar experimental  results. 

Electrodeposition of polymer films was performed un- 
der il lumination in 0.1M supporting salt, 1M distilled 
3-methylthiophene, acetonitrile solutions, as described in 
a previous paper (7). The thickness of the film was moni- 
tored by measuring the charge with a digital coulometer. 
Typical thickness was about 0.1 ~m. 

Electrolytic solutions were prepared with reagent-grade 
chemicals and doubly distilled water. The various redox 
couples employed are listed in Table IV. For 
[Fe(CN)6] 4-~3- and Fe 2§247 couples, the concentrations were 
0.1M. I-/I3- and Br-/Br2 couples were obtained by adding 
0.01M I2 and 0.1M KI, and 0.01M Br2 and 0.1M KBr, respec- 
tively, to 0.1M H2SO~ solutions. Fe Hzm citrate was prepared 
by adding 0.1M Fe(C104)~ to a solution containing 
1M NaH~ citrate and 1M NaC104. The solution was then 
buffered to pH 9.4 by adding ammonia. $2-/S, 2- solutions 
were obtained by equimolar dissolution of Na~S and S in 
KOH or NaOH solutions. The preparation of Se2-/Se2 ~- 
solutions has been described elsewhere (11). 

Impedance measurements  were made in a classical 
three-electrode cell with a saturated calomel (SCE) refer- 
ence and a Pt  counterelectrode. Impedance was deter- 
mined over a wide frequency range by using a 1174 
Solartron frequency response analyzer equipped with a 
data management  system. 

Results 
The correlation between the open-circuit voltage (taken 

as the difference between the photocurrent  onset poten- 
tial Vo~ and the redox potential Vr~dox) and V~e~o~ for 
polymer-coated n-GaAs-based PEC cells is shown in Fig. 
1. The data were taken from Ref. (6) for PSt-bpy-Ru- and 
Ref. (7) for PMeT-protected electrodes. The slope of the 
least squares fit straight line is 0.81, a value close to 
unity. This suggests that very weak Fermi level pinning 
occurs at polymer-coated n-GaAs/liquid junction. A simi- 
lar behavior has been reported for n-GaAs/PPy electrodes 
(5), although no data were given for this system. 

In order to determine whether  this behavior is brought 
by the polymer film or is characteristic of the 
n-GaAs/liquid junction, measurements  of the flatband 
potential V~B were carried out on PMeT-coated and bare 

electrodes in various redox couples. VF~ was obtained by 
ac impedance measurements  over a wide frequency range 
(25 Hz-250 kHz). Impedance data were analyzed by means 
of a nonlinear least squares fit method, according to the 
equivalent circuits given in Fig. 2. In the complete circuit 
(Fig. 2a) the Helmholtz layer capacitance CH is generally 
omitted since it is at least two orders of magnitude 
greater than the space charge layer capacitance C~c. Anal- 
yses according to this complete circuit led to low values 
for the dispersion capacitance Css (CJCs~ < 0.1), sug- 
gesting a low density of surface states. Consequently, 
most of the impedance data could be analyzed according 
to the simplified circuit given in Fig. 2b. Typical values 
for the series and parallel resistances R~ and R, are 10 11 �9 
cm'-' and 10,000 1% �9 cm 2, respectively. Good linear Mott- 
Schottky (M-S) plots for Cs~ were obtained in all cases, for 
both polymer-coated and bare electrodes. The average of 
the slopes gave a donor concentration of 2.8 (---0.2) • 10 TM 

cm -3. The value given by the manufacturer is 1.9 • 10 '" 
cm -3. This slight increase corresponds to a roughness fac- 
tor of 1.2. 

Table I gives the values for VFR obtained on bare and 
PMeT-coated n-GaAs in I-/I3-, Fe ~§247 and Br-/Br~ solu- 
tions. If we discard the measurement  on coated electrode 
in Fe ~+/3§ solution, a mean value of -0.88 -+ 0.04 V/SCE is 
obtained. The mean deviation is inside the range of ex- 
perimental  error (a mean deviation of +-0.5V is generally 
taken for impedance determinations of VFB) and two main 
results can then be deduced from the data given in Table 
I: (i) VFB is equivalent at bare and PMeT-covered elec- 
trodes. Again, a similar invariance has been observed on 
PPy- (5) and PSt-bpy-Ru-coated n-GaAs (6). (ii) V~B does 
not depend upon the redox potentials, at least over the 
potential range covered by the three redox couples used. 

It was, of course, necessary to extend the potential 
range of our VFB determinations towards more negative 
values of Vr~dox, but some preliminary measurements  had 
to be done in order to check the dependence of the 
flatband potential upon two other parameters of the solu- 
tion: pH and redox-ion concentration. 

The variation of VrB with pH in indifferent electrolyte 
solutions is shown in Fig. 3. Data were obtained on 
(100)-oriented GaAs. Other data on the same orientation 
reported by Janietz et al. (12) and Haroutiounian et al. (13) 
are also drawn in Fig. 3, together with data reported by 
Laflere et al. (14) on ( l l l ) -or iented GaAs surface. The 
slope of the least squares fit straight line is -60  mV/pH 
with a correlation factor of 0.997. The well-known Nern- 
stian behavior (3) is then observed on both surface orien- 

Fig, 1. Variation of the open-cir- 
cuit potential Voe (taken as the dif- 
ference between the onset poten- 
tial and redox potential) at PMeT- 
and PSt-bpy-Ru-coated n-GaAs in 
aqueous solutions of various redox 
couples, Data for GaAs/PSt taken 
from Rajeshwar et al. (6). 

1.5 

0.5 ! 

Voc 

eF/oe/S = o.m 

al Rajeshwar et al.. (n-GaAs/PS~c) / ~ /  
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CH 
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Fig. 2. (a): Equivalent circuit of a semiconductor/liquid junction. C~c : 
space charge layer capacitance; C~ : Helmholtz layer capacitance; C~s 
and Rss : surface-state capacitance and resistance; R~ : Faradaic resist- 
ance; R, : series resistance. (b): Simplified equivalent circuit used for 
analyzing impedance data. 

t a t ions .  Th i s  r e s u l t  d i sag rees  w i th  t h a t  one  r e p o r t e d  b y  
R a j e s h w a r  a n d  Mraz (15), w h o  f o u n d  a s lope of - 1 5  
m V / p H  on  (100)-oriented n-GaAs.  

T h e  pH va r i a t i on  of  VFB w as  also m e a s u r e d  w i t h  a r e d o x  
c o u p l e  a d d e d  to t he  solut ion.  T he  idea l  r e d o x  c o u p l e  for  
s u c h  a m e a s u r e m e n t  is [Fe(CN)6] 4-~3-, w h i c h  is so lub le  at  
al l  pH. F u r t h e r m o r e ,  i ts  r e d o x  p o t e n t i a l  r e m a i n s  c o n s t a n t  
a t  +0.22 V/SCE, e x c e p t  at  pH < 2, w h e r e  i t  shif ts  t o w a r d s  
pos i t i ve  poten t ia l s .  F i g u r e  3 s h o w s  t h a t  V~B is sh i f t ed  to 
pos i t i ve  po t en t i a l s  in  t h e  p r e s e n c e  of  [Fe(CN)6] 4-/3- cou- 
ple. I m p o r t a n t l y ,  V~B st i l l  fo l lows a N e r n s t i a n  behav io r :  

I ' ' ' ' 

Vfb 

V/SCE 

-1 . _ ~  

Laft~re et aL, ( l"ii ) 
I~ Janietz et aL. 
T Haroutiounian et at. 
0 This work 
. o.1 M [F~ICNI~] '- /3- 
| o .1 .  s~'/s~." 

pH 

PZZP 5 10 ~4 
Fig. 3. Variation of the flatband potential VFB as a function of thepH 

of the solution, for redox-free, and [Fe(Cn)6] 4-r~- and $2-/S~ 2- con- 
taining, solutions. Dotted line shows the determination of the PZZP (see 
text). Data were taken from Ref. (12-14). All data on (100) GaAs unless 
otherwise stated. 

Table I. Redox and flatband potentials of bare and PMeT-covered 
n-GaAs in three different redox couples. All solutions have apH of 0.9 

(0.1M H2S04) 

V~-dSCE 
Redox couple V~odo• Bare PMeT-coated 

I-/I3- 0.33 -0.81 -0.87 
Fe 2~+ (H2SO~ 0.1M) 0.42 -0.89 -0.71 

Br-/Br2 0.83 -0.91 -0.92 

the  s lope of t he  leas t  squa re s  fit s t r a igh t  l ine  is - 5 9  
mV/pH,  w h i c h  is t he  exac t  t heo re t i c a l  value.  The  var ia-  
t ion  of  Vredo., a t  l ow pH does  n o t  i n d u c e  any  dev i a t i on  of  
VFB. Th i s  con f i rms  t he  i n d e p e n d e n c e  of V~B w i t h  V~dox. 

S imi l a r  e x p e r i m e n t s  were  m a d e  w i t h  S -~ 2- c o u p l e  at  
pH 12 a n d  14. No s ign i f i can t  sh i f t  of VFB is o b s e r v e d  
w h e n  th i s  r e d o x  c o u p l e  is a d d e d  to t h e  so lu t ion ,  a n d  a 
s imi la r  p H  d e p e n d e n c e  is ob t a ined .  We sha l l  t h e n  a s s u m e  
in  t he  fo l lowing  t h a t  t he  f l a tband  p o t e n t i a l  a lways  fol- 
lows  a N e r n s t i a n  v a r i a t i o n  w i th  pH for all r e d o x  coup l e s  
added to the solut ion.  

T h e  las t  p r e l i m i n a r y  ve r i f i ca t ion  was  to  c h e c k  t h e  vari-  
a t ion  of  V~B w i t h  r e d o x - i o n  concen t r a t i on .  E x p e r i m e n t s  
we re  m a d e  w i t h  va r ious  c o n c e n t r a t i o n s  of  [Fe(CN)6] 4-~3- 
at  pH 13 (0.1M KOH) a n d  $2- /S ,  -~- at  pH 14 (1M KOH). Re- 
su l t s  are  g iven  in  T a b l e  II  a n d  III. A m e a n  va lue  of  -1 .90 
+ 0.04 V/SCE is o b t a i n e d  w i t h  $2- /S ,  2- couple :  th i s  var ia-  
t ion  is w i t h i n  t h e  e x p e r i m e n t a l  error .  As far  as 
[Fe(CN),] 4-~3- coup le  is c o n c e r n e d ,  t he  v a r i a t i o n  occur-  
r ing  b e t w e e n  10 -3 a n d  10-4M c o r r e s p o n d s  to t he  sh i f t  ob- 
s e r v e d  in  Fig. 3: t he  f l a t b a n d  p o t e n t i a l  b e h a v e s  as  i f  t he  
ef fec t  of  the  r e d o x - c o u p l e  d i s a p p e a r s  w h e n  its c o n c e n t r a -  
t i on  is lower  t h a n  10-3M. A n y h o w ,  we are  still  far  f r o m  t h e  
- 5 9  m V / d e c a d e  v a r i a t i o n  r e p o r t e d  b y  G i n l e y  a n d  B u t l e r  
(16) for  t he  CdS/Na.,S j u n c t i o n ,  w h i c h  was  a t t r i b u t e d  to a n  
a d s o r p t i o n  of H S -  ions  at  t h e  CdS  surface.  We can  t h e n  
a s s u m e  t h a t  V~B is i n s e n s i t i v e  to  t he  r e d o x  ion  c o n c e n t r a -  
t ion.  

The  f l a tband  po t en t i a l  was  d e t e r m i n e d  for two m o r e  
r e d o x  couples :  Se~--/Se22- (pH 14) a n d  Fe  H~HI c i t ra te  (pH 
9.4). All ou r  r e su l t s  are  g a t h e r e d  in  T a b l e  IV. T h e  v a l u e  
c o r r e s p o n d i n g  to H J H  § coup le  was  t a k e n  f rom Fig. 3. In  
o rde r  to  c o m p a r e  t he  r e su l t s  o b t a i n e d  for  all r e d o x  cou-  
ples,  VFB da ta  we re  r eca l cu l a t ed  at  p H  = 2.8 b y  a s s u m i n g  a 
va r i a t i on  of  - 5 9  mV/pH.  The  r e a s o n s  for  th i s  cho ice  wil l  
be  exp l i c i t ed  in t he  d i s c u s s i o n  sec t ion .  All da ta  o b t a i n e d  
on  ba re  e l ec t rodes  are  p lo t t ed  in  Fig. 4, t o g e t h e r  w i t h  t he  
va lues  m e a s u r e d  o n  PMeT-  a n d  PS t -  [ f rom Ref. (6)] c o a t e d  
n-GaAs.  The  r e d o x - p o t e n t i a l  r a n g e  is n o w  a l m o s t  2V, a n d  
a s l ight  v a r i a t i o n  of  V~B can  b e  no ted ,  w i t h  a s lope  of  c a .  

0.2. 

Discussion 
T h e  class ical  m o d e l  of  t h e  s e m i c o n d u c t o r / m e t a l  ba r r i e r  

was  first  d e v e l o p e d  b y  S c h o t t k y  (17). Th i s  m o d e l  pre-  

Table II. Flatband potential of n-GaAs in 0.1M KOH (.oH 13) with 
various concentrations of [Fe(CN)6] ~-f~- ions 

[Fe(CN)G] 4-$- V~dSCE 

10-'M -1.66 
10-3M -1.63 
10-4M -1.83 
10-~M -1.89 

Table III. Flatband potential of GaAs in 1M KOH (pH 14) with various 
concentrations of [$2-/S, 2-] ions 

[S ~-/S,, ~--] V~dSCE 

1M -1.85 
10-1M -1.92 
10-3M - 1.93 
10-4M -1.88 
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Table IV. Redox potentials, flatband potentials, and barrier heights of 
bare n-GaAs in various redox couple aqueous solutions. Data for HJ H ~ 
couple taken from Fig. 3. Barrier height ~B calculated from Eq. [3] with 

AVfc = 0.07V (see text) 

(~redox (eV) VFJSCE 6s 
Redox couple V~doJSCE (Eo = 4.9eV) VF~/SCE pI-I (pH 2.8) (eV) 

Se2-/Se22- -0.95 3.95 -2.05 14 -1.39 0.51 
$2-/S,, 2- -0.73 4.17 -1.90 14 -1.24 0.58 
Fe ''IH~ citrate -0.43 4.47 -1.70 9.4 -1.31 0.95 
[Fe(CN)6] ~-~- +0.22 5.12 -1.66 13 -t.06 1.35 

(0.1M KOH) 
[Fe(CN)6] 4-$- +0.30 5.20 -0.95 0.9 -1.06 1.41 

(0.1M H2SO4) 
I-/I~- +0.33 5.23 -0.81 0.9 -0.92 1.32 
Fe 2~+ +0.42 5.32 -0.89 0.9 -1.00 1.49 

(0.1M H~SO4) 
Br-/Br2 +0.83 5.73 -0.91 0.9 -1.02 1.92 
H2/H § -0.41 4.49 -1.23 2.8 -1.23 0.86 

(pH 2.8) 

dicts  that  the barr ier  he igh t  ~B should  be  g iven  (for an 
n- type  semiconduc tor )  by the  di f ference b e t w e e n  the  
meta l  work  func t ion  (bin and the  s emiconduc to r  e lec t ron  
affinity X~. The  concep t  of  F e r m i  level  p inn ing  was first 
in t roduced  by B a r d e e n  (4) to expla in  the  observed  inde- 
p e n d e n c e  of  the  barr ier  he igh t  upon  the  meta l  w o r k  func- 
t ion for some semiconductors .  This  p h e n o m e n o n  was be- 
l i eved  to resul t  f rom a signif icant  dens i ty  of  intr insic 
( T a m m  and Shockley)  surface states at the  semiconduc to r  
surface. Later,  Cowley  and Sze (18) showed  that  the  
Scho t tky  and Ba rdeen  mode ls  are the  l imi t ing  cases of  a 
more  general  express ion  for the  barr ier  he ight  tha t  can be  
r educed  to Eq.  [1] 

~s = S~bm + const. [1] 

where  S is d imens ion less  p a r a m e t e r  depend ing  on the  
semiconductor .  F r o m  the  s tudy of  the va lue  of S for a 
large n u m b e r  of  semiconductors ,  Kur t in  et al. (19) 
showed  that  S can be  quant i ta t ive ly  re la ted to the  ionic i ty  
o f  the semiconduc to r ,  wh ich  t h e y  measu red  as the differ- 
ence  AX in the  e lec t ronegat iv i t ies  of  the  two cons t i tuents  

~e eV 

S =0.07 
O 

n-GaAs 

1.L.0 eV 

p-GaAs 

~ - S= 0.04 

Be Cu Au Pt 

Fig. 5. Variation of the Schottky barrier height ~b B of a GaAs/metal 
junction as a function of the metal work function ~b m. Data for q~B taken 
from Ref. (20), and for ~b= from Ref. (21). 

of the s e m i c o n d u c t o r  c o m p o u n d s  (AX is t aken  as 0 in the  
case of an e l emen t  semiconductor) :  S remains  smal l  for 
AX < 0.7 and then  changes  rapidly  to a va lue  equal  to 
un i ty  w h e n  AX > 0.7, A fundamen ta l  d i f ference was then  
shown b e t w e e n  ionic (e.g., oxide) and covalent  (e.g., I I I -V 
compound)  semiconductors .  A s imilar  resul t  was ob- 
ta ined  by Bri l l son (8) by t ak ing  the  heat  of  c o m p o u n d  for- 
mat ion  as the  measu re  of the ionicity.  

The var ia t ion  of  ~B wi th  ~bm for GaAs is shown in Fig. 5. 
Data for ~bB were  t aken  f rom Ref. (20). They  were  obta ined  
by capac i tance  m e a s u r e m e n t s  on vacuum-c l eaved  sur- 
faces. Recen t  de te rmina t ions  of  meta l  w o r k  funct ions  
w e r e  t aken  f rom Ref. (21). A va lue  of  S of  0.07 is obta ined  
for n- type and 0.04 for p- type  GaAs. A quant i ta t ive  com- 
par ison of  Fe rmi  level  p inn ing  at GaAs/meta l  and 
GaAs/ l iquid  junc t ions  can  be  m a d e  by calcula t ing the  
va lue  of  S at the  GaAs/ l iquid  junct ions .  F igure  6 shows 
h o w  Cs can be de t e rmined  f rom the  va lue  of  VFB. The  de- 
p e n d e n c e  of  the  f la tband potent ia l  as a func t ion  of  the 

Fig. 4. Variation of the flatband 
potential with the redox potential 
atbare and polymer-coated GaAs. 
Values of VFB recalculated far a p H 
of 2.8 by assuming a variation - 5 9  
mV/pH. Data for PSt-coated GaAs 
taken from Ref. (6). 
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Fig. 6. Energetic diagram of a 
n-type semiconductor/liquid junc- 
tion at equilibrium (a) general case 
and (b) at the point of zero zeta po- 
tential. Flatband (V~.B) and redox 
(V~edo ~) potentials are referred to 
SCE level; semiconductor electron 
affinity X~ is defined with respect to 
the vacuum level. Energy and po- 
tential scales may be related 
through the equation: E = Eo + qV, 
where q is the absolute electron 
charge. The meaning of other sym- 
bols is given in text. The variations 
of the vacuum level represent the 
existence of local electric fields. 

pH is t aken  into accoun t  t h rough  a potent ia l  d rop  hVp. 
due  to specific OH groups  adsorp t ion  (Fig. 6a). As 
po in t ed  out  by Bu t l e r  and Gin ley  (22), there  exis ts  a va lue  
o f  t he  pH whe re  ~ V ~  = 0, cal led the  poin t  of  zero zeta po- 
tent ia l  (PZZP)  (Fig. 6b). This  point  can  be  de t e rmined  
f rom the  va lue  of  the  e lec t ronic  affinity of  the  semicon-  
duc to r  xs th rough  Eq. [2] 

x~ = Eo + q[V~B(PZZP) - hVfc] [2] 

whe re  Eo is a cons tan t  re la t ing the  re fe rence  e lec t rode  to 
t he  v a c u u m  level  and hVfc = (kT/q) In (NJNd) the  differ- 
ence  b e t w e e n  the  F e r m i  and the  bo t tom of  the  conduc-  
t ion band  (No is the  dens i ty  of  states at the  b o t t o m  of  the  
conduc t ion  band,  and  Nd the  donnor  impur i ty  concentra-  
tion). Fo r  n-GaAs and Nd = 1016 cm -3, one  has AV~ = 
0.07V. ~B can then  be ca lcu la ted  by us ing  Eq. [3] 

q)B = q[Vredox -- V~B(PZZP) + hVfr [3] 

For  the  SCE a va lue  of  4.75 eV is of ten  t aken  for Eo (23). 
More recen t  de te rmina t ions  gave  Eo = 4.97 eV (24). We 
shall  t ake  a va lue  of  4.9 eV for Eo. The  e lec t ron  affinity of  
GaAs has  been  repor t ed  f rom photoe lec t r ic  measure-  
men t s  to be  4.07 eV for the  (110) face (25) and 3.63 eV for 
the  (111) face (26). 

A d iscuss ion  on Schot tky-bar r ie r  he igh t  m e a s u r e m e n t s  
by  Geppe r t  et al. led to a va lue  of  3.57 eV (27). However ,  a 
theore t i ca l  va lue  for X~ can be  ca lcula ted  accord ing  to 
Mul l iken  (28) and Ne the rco t  (29) by us ing  the  fo l lowing 
re la t ions  

Xs = EF i -- 1/2 Eg [4] 

E~ ~ = (MAMB) u2 [5] 

MA = 1/2 (I~ + Af) [6] 

where  EF ~ is the  intr insic  Fe rmi  level,  Eg the  bandgap,  MA 
the  Mul l iken  potent ia l  of  e l emen t  A, I~ the  first ionizat ion 
potential ,  and  Af the  a tomic  e lec t ron  affinity. Values  for 
I~ and  Af can  be  found  in Ref. (21) and (30). We calcula ted 
an  e lec t ron  affinity of  3.40 eV for GaAs. F r o m  these  four  
d i f ferent  de te rmina t ions ,  a reasonable  va lue  of  3.60 eV 
can be  a s sumed  for X,. I t  can n o w  be seen  that  at the  
P Z Z P  we  have  VFB = (X~ - Eo)/q + h~c = 3.60 - 4.9 + 0.07 = 
--1.23 V/SCE. By  car ry ing  this  va lue  in Fig. 3, the  po in t  of  
zero potent ia l  is found  to occur  at p H  = 2.8. 

Values  for 4)B calcula ted  f rom Eq. [3] are g iven  in Table  
IV, a long  wi th  the  r edox  " w o r k  func t ion"  ~b~do= , wh ich  we 
def ine  as 

~,-e~ox = Eo + qVredo, 

A plot  of  these  data  is g iven  in Fig. 7. A va lue  of S = 0.78 
is obta ined.  This  va lue  is ve ry  close to that  one deduced  
f rom Vo~ m e a s u r e m e n t s  (Fig. 1) and again suggests  a ve ry  
sl ight  Fe rmi  level  p inn ing  at the  n-GaAs/aqueous  solut ion 
interface.  

Also shown in Fig. 7 are va lues  of  the  barr ier  he igh t  at a 
p-GaAs/acetoni t r i le-solut ion junct ion ,  ca lcu la ted  f rom 
f la tband potent ia l  m e a s u r e m e n t s  recent ly  repor ted  by 
Nagasub raman ian  et al. (31). Equa t ion  [3] was used  for 
this calculat ion,  wi th  AVfr = 0.12V. Data were  no t  cor- 
rec ted  for a hVp. because  this  k ind  of  cor rec t ion  is not  
l ikely  to occur  in acetoni t r i le  solutions.  A va lue  of S = 
0.69 is obtained.  The  m e a n  di f ference b e t w e e n  the  two 
straight  l ines for n- and p- type GaAs is 1.40 eV, a va lue  
ve ry  close to the  bandgap  (1.43 eV). However ,  this  resul t  
may  be  for tui tous  because  of  the  uncer ta in ty  on the  
va lues  for X~ and Eo. Moreover ,  the  SCE scale  m a y  be 
shif ted f rom water  to acetoni t r i le  solutions. 
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j /  S=0.78 
jj.J//O~ 

/ / ' ~ ' n  - Ga As/HzO 

/ ' J ~ O  pH 2.8 

" 2 "  
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J 

S" ## 

f /  

/ S= 0.89 

C H 3 C N I . 4  eV 1 I' ~- 

f I~Nagasubrarnanian et at. 
0 This work 

Upredox ( eV ) 
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Fig. 7. Same as Fig. 5 for a GaAs/liquid junction. ~B taken from Table 
IV for n-GaAs and calculated from data in Ref. (31) by using Eq. [2] for 
p-GaAs. Dotted line gives the values of ~B that would be expected in the 
absence of Fermi level pinning. 
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Fig. 8, Same as Fig. 1 for a bare 
p-GaAs electrode. Data taken from 
Ref. (32-34). 
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Finally, Fig. 8 shows the variation of the open-circuit 
potential for a p-GaAs/aqueous solution junction. Data 
were taken from Ref. (32-34). As previously, Voc was taken 
as Von - V,-eaox. Negative values of Vor correspond to sys- 
tems unable to work as energy converters. The slope of 
the straight line is -0.67 (this slope is negative because 
we are now dealing with a p-type semiconductor), in ex- 
cellent agreement with the value deduced from flatband 
potential measurements.  

The dispersion of the data in Fig. 8 can be explained by 
the fact that the onset potential of a semiconductor/liquid 
junct ion is not uniquely determined by the position of the 
bandedges at the semiconductor surface but  also by the 
kinetics of electron transfers at the interface. A similar 
dispersion may be observed in Fig. 1. 

A quantitative comparison of Fermi level p inning be- 
tween GaAs/metal and GaAs/liquid junctions can now be 
made with the help of the parameter S. Figures 5 and 7 
unambiguously show that Fermi level p inning at 
GaAs/liquid junction is considerably less pronounced 
than at GaAs/metal junction. This is the main result of 
this paper and it will now be discussed. From the clas- 
sical Bardeen theory of Fermi level p inning by intrinsic 
surface states, one should expect from Fig. 5 a distribu- 
tion of surface states centered at about 0.5 eV above the 
top of the valence band. From results of several experi- 
mental groups, it now appears firmly established that 
there is no intrinsic surface states in the bandgap of 
GaAs [see, e.g., Ref. (9) and references therein]. This is ex- 
plained by a lattice rearrangement (or relaxation) of the 
surface, which moves the surface states out of the band- 
gap. The Fermi level p inning  is then attributed to extrin- 
sic surface states brought by the metal deposition, either 
through defects produced at the semiconductor surface 
(9) or by a restoration of the initial (nonrelaxed) surface 
(10). However, Brillson (8) suggests that the concept of 
Fermi level p inning should be replaced by that of micro- 
scopic charge redistribution at the semiconductor/metal 
junction, controlled by the degree of chemical reactivity 
between the semiconductor and metal atoms. The com- 
mon characteristic of these models is that the "Fermi 
level pinning" at the semiconductor/metal junct ion is 
mainly induced by chemical reactions between the semi- 
conductor and the metal overlayer. From our results and 
the preceding models, it can be concluded that the chemi- 
cal reactivity of an aqueous electrolyte with GaAs sur- 

faces is not able to induce a surface-state distribution 
sufficiently high to promote full Fermi level pinning. 

However, a slight degree of Fermi level pinning is ob- 
served at GaAs/liquid junctions. Some ideas can be put 
forward to give the beginning of an explanation for this 
phenomenon: (i) Recent investigations on the kinetics of 
charge transfer at both n-type (35) and p-type (34) 
GaAs/liquid junct ions under  i l lumination suggest that 
(extrinsic or intrinsic) surface states do exist at the GaAs 
surface, but that the occupation rate of these states de- 
pends on kinetic factors. This is proved particularly by 
the shift of VrB under illumination, and the fact that no 
surface states can be detected in the dark. (ii) A GaAs sur- 
face in contact with an aqueous or acetonitrile solution is 
far more "dirty" than a UHV-cleaved face. The formation 
of oxides has been shown to occur by simply dipping 
GaAs in water. (36). The presence of extrinsic surface 
states is then likely, since it has been shown that the 
chemisorption of a submonolayer of oxygen suffices to 
induce such states (9). 

As a final remark, the weak Fermi level p inning at the 
GaAs/liquid junct ion should permit high open-circuit vol- 
tages. Such high values have been already observed at 
polymer-protected n-GaAs electrodes with oxidizing 
redox couples such as Fe 2+~3+, I-/I3-, or Br-/Br> Similar 
results can be expected with p-GaAs and reducing redox 
systems. This idea is supported by a value of 0.7V mea- 
sured by Memming (32) on a p-GaAs/Eu ~3. cell. This re- 
sult is noteworthy since the barrier height at 
p-GaAs/metal junct ion is always lower than 0.5V. 

Acknowledgments  
The authors are very grateful to Dr. C. A. Sebenne 

(Laboratoire de Physique des Solides, Universit6 Pierre 
et Marie Curie, Paris, France) and Dr. F. Garnier (Labora- 
toire de Photochimie Solaire, CNRS, Thiers, France) for 
valuable discussions. This work was supported by the 
GRECO 130061 of the CNRS. 

Manuscript submitted March 15, 1984; revised manu- 
script received June 4, 1984. 

REFERENCES 
1. E. Garfield, Current Contents, 35, 5 (1983). 
2. A. J. Bard, A. B. Bocarsly, F.-R. F. Fan, E. G. Walton, 

and M.S. Wrighton, J. Am. Chem. Soc., 102, 3671, 
(1980). 

3. H. Gerischer, in "Physical Chemistry: An Advanced 



VoI. 13I, No. 11 F E R M I  L E V E L  P I N N I N G  2569 

Treatise," Vol. IXA, H. Eyring, D. Henderson,  and 
W. Sost, Editors, p. 467, Academic Press, New York 
(1970). 

4. J. Bardeen, Phys. Rev., 71, 717 (1947). 
5. R. Noufi, D. Tench, and L. F. Warren, This Journal, 

127, 2310 (1980). 
6. K. Rajeshwar, M. Kaneko, and A. Yamada, ibid., 130, 

38 (1983). 
7. G. Horowitz, G. Tourillon, and F. Gamier ,  ibid., 131, 

151 (1984). 
8. L. J. Brillson, Phys, Rev. Lett., 40, 260 (1978); J. Vac. 

Sci. Technol., 16, 1137 (1979). 
9. W. E. Spicer, P. W. Chye, P. R. Skeath, C. Y. Su, and I. 

Lindau, ibid., 16, 1422 (1979). 
10. D. Bolmont,  P. Chen, V. Mercier, and C. A. Sebenne, 

in "Proceedings of the 16th International  Confer- 
ence on Physics  of Semiconductors ,"  Montpellier, 
France,  Sept. 6-10, 1982; Physica B&C, 117, 118, 816 
(1983). 

11. A. Bourrasse, H. Cachet, G. Horowitz, and S. Le 
Crom, Rev. Phys. Appl., 17, 801 (1982). 

12. P. Janietz, R. Weiche, J. Westfahl, R. Landsberg,  and 
R. Dehmlow, J. Electroanal. Chem., 106, 23 (1980). 

13. E. Haroutiounian, J.-P. Sandinu, P. Clechet, P. La- 
mouche, and J.-R. Martin, This Journal, 131, 27 
(1984). 

14. W. H. Laflere, F. Cardon, and W. P. Gomes, Surf. Sci., 
59, 401 (1976). 

15. K. Rajeshwar and T. Mraz, J. Phys. Chem., 87, 742 
(1983). 

16. D. S. Ginley and M. A. Butler, This Journal, 125, 1968 
(1978). 

17. W. Schot~ky, Naturwiss., 26, 843 (1938). 
18. A. M. Cowley and S. M. Sze, J. Appl. Phys., 36, 3212 

(1965). 

19. S. Kurtin, T. C. McGill, and C.A. Mead, Phys. Rev. 
Lett., 22, 1433 (1969); T. C. McGill, J. Vac. Sci. Tech- 
nol., 11, 935 (1974). 

20. C. A. Mead and W. G. Spitzer, Phys. Rev., 134, A713 
,, (1964). 

21. CRC Handbook of Chemistry and Physics,"  61st ed., 
R. C. Weast, Editor, pp. E83-84, CRC Press, Cleve- 
land, OH (1981). 

22. M. A. Butler  and D. S. Ginley, This Journal, 125, 228 
(1978). 

23. F. Lohmann,  Z. Naturforsch., Teil A, 22, 813 (1967). 
24. R. Gomer  and G. Tryson, J. Chem. Phys., 66, 4413 

(1977). 
25. G. W. Gobeli  and F. G. Allen, Phys. Rev. A, 137, 245 

(1965). 
26. J. Wojas, Acta Phys. Polonica, 35, 1025 (1969). 
27. D. V. Geppert ,  A. M. Cowley, and B. V. Dore, J. Appl. 

Phys., 37, 2458 (1966). 
28. R. S. Mulliken, J. Chem. Phys., 2, 782 (1934); ibid., 3, 

573 (1935). 
29. A. H. Nethercot, Jr., Phys. Rev. Lett., 33, 1088 (1974). 
30. H. Hotop and W. C. Lineberger,  J. Phys. Chem. Ref. 

Data, 4, 539 (1975). 
31. G. Nagasubramanian,  B. L. Wheeler, and A. J. Bard, 

This Journal, 130, 1680 (1983). 
32. R. Memming, ibid., 125, 117 (1978). 
33. F.-R. F. Fan and A. J. Bard, J. Am. Chem. Soc., 102, 

3677 (1980). 
34. J. J. Kelly and R. Memming, This Journal, 129, 730 

(1982). 
35. P. Allongue, H. Cachet, and G. Horowitz, ibid., 130, 

2352 (1983). 
36. H. Cachet, R. Calsou, M. Froment,  and H. Mathlouthi, 

J. Microsc. Spectrosc. Electron., 7, 9 (1982). 

Mathematical Modeling of Liquid-Junction Photovoltaic Cells 
I. Governing Equations 

Mark E. Orazem 1 and John Newman* 
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ABSTRACT 

The equations which govern the l iquid-junction photovoltaic cell are presented in the context  of a one-dimensional  
mathematical  model. This model  treats expl ici t ly  the semiconductor,  the electrolyte, and the semiconductor-electrolyte 
interface in terms of potentials and concentrat ions of charged species. The model  incorporates macroscopic t ransport  
equat ions in the bulk of the semiconductor  and electrolyte, coupled with a microscopic model  of the semiconductor-  
electrolyte interface. Homogeneous and heterogeneous recombinat ion of electron-hole pairs is included within the 
model. Recombinat ion takes place at the semiconductor-electrolyte interface through interfacial sites, which can en- 
hance the recombinat ion rate. The coupled nonlinear ordinary differential equations of  the model  were posed in finite- 
difference form and solved numerically.  The results are presented in succeeding papers. 

The l iquid-junction photovoltaic cell is an electrochem- 
ical system with one or two semiconduct ing electrodes. 
This system has undergone intense study since the early 
1970's as a means of convert ing solar energy to chemical  
or electrical energy (1-8), A number  of articles review the 
physics of the l iquid-junction cell, the role of the 
semiconduct ing electrode, and the l i terature [see e.g., Refi 
(9-19)]. 

A mathematical  model  is presented here which treats 
explici t ly all components  of the l iquid-junction photovol- 
taic cell. The results  of  the model, obtained through nu- 
merical  computation,  are used to gain insight into the cell 
behavior  and into the factors influencing cell design. 

Development  of a mathematical  model  consti tutes an 
impor tant  step toward unders tanding the behavior  and 
predict ing the performance of the l iquid-junction photo- 
voltaic cell. Coupled phenomena  govern the system, and 
the equations descr ibing their  interaction cannot, in gen- 
eral, be solved analytically. Two approaches have been 

* Electrochemical Society Active Member. 
1 Present address: Department of Chemical Engineering, Uni- 

versity of Virginia, Charlottesville, Virginia 22901. 

taken in developing a mathematical  model  of the liquid- 
junct ion photovoltaic cell: approximate  analytic solution 
of the governing equations and numerical  solution. These 
are reviewed elsewhere (20). 

The use of a digital  computer  in the numerical  solution 
of the equations governing the l iquid-junction cell elimi- 
nates the need for restrictive assumptions.  The numerical  
approach was taken in this work (20) and has been used 
in the model ing of solid-state devices (21-26). Laser and 
Bard (27-30) developed a computer  program which was 
used to calculate open-circuit  photopotentials ,  the tran- 
sient behavior of the system following charge injection, 
and the t ime dependence  of photocurrents  in liquid- 
junct ion cells. Time-dependent  material  balances of holes 
and electrons and Poisson 's  equation descr ibed the semi- 
conductor.  The interface was included in terms of charge 
and flux boundary conditions. The model  was l imited by 
lack of convergence for electrode thicknesses  greater 
than that  of the space-charge region and did not treat  ex- 
plicitly the electrolyte and counterelectrode. 

A number  of computer  programs related to the liquid- 
junct ion photovoltaic cell have been developed. Leary et 
al. (31), for example,  calculated carrier concentrat ions in 
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polycrystalline films using a numerical solution of  
Poisson's equation coupled with overall charge neutrality 
within spherical grains. Their model was used for analy- 
sis of semiconductor gas sensors. A computer  program 
has been presented by Davis and colleagues (32-34) which 
uses simultaneous calculation of surface and solution 
equilibrium states to obtain the equil ibrium condition of 
electrical double layers. 

Physical Model 
A one-dimensional representation of the liquid-junction 

photovoltaic cell is presented in Fig. 1. This model  in- 
cludes macroscopic representations of the counterelec- 
trode, the electrolytic solution, and the semiconductor 
coupled with a microscopic representation of the inter- 
face between the semiconductor  and the solution. The 
semiconductor-electrolyte interface couples the macro- 
scopic equations which govern the adjacent bulk phases. 

The interface is represented by four planes, inner and 
outer Helmholtz planes on the electrolyte side of the in- 
terface and inner and outer surface states on the semicon- 
ductor side. The outer Helmholtz plane (OHP) is the 
plane of closest approach for (hydrated) ions associated 
with the bulk solution. The inner He]mholtz plane (IHP) 
passes through the center of ions specifically adsorbed 
on the semiconductor surface. The outer surface state 
(OSS) represents the plane of closest approach for elec- 
trons (and holes) associated with the bulk of the semicon- 
ductor. The inner surface state (ISS) is a plane of surface 
sites for adsorbed electrons. 

This model of the semiconductor-electrolyte interface is 
an extension of the classical diffuse-double-layer theory 
(35-37). Charge adsorbed onto the IHP and the ISS planes 
is balanced by charge in the diffuse region of the electro- 
lyte and the space-charge region of the semiconductor.  
The net charge of the interface, including surface planes 
and diffuse and space-charge regions, is equal to zero. 

Within the model, single-step reactions relate concen- 
trations and potentials at interfacial planes. A continuous 
spectrum of energy levels at the ISS is represented by 
three discrete energy levels (designated v, t, and c). Con- 
duction electrons are adsorbed via reaction [1] (see the in- 
terface in Fig. 1) from the OSS to high-energy sites at the 
ISS, via reaction [10] to intermediate energy sites at the 
ISS, and via reaction [11] to low energy sites at the ISS. 
Via reaction [2], low-energy electrons at the ISS can oc- 

I CURRENT COLLECTOR 

INTERFACE 
Fig. I. Mathematical model of the liquid-junction photovoltaic cell 

cupy vacancies in the valence band, or holes, at the OSS. 
Intermediate energy electrons can transfer from the ISS 
to the OSS through reaction [12], and high energy elec- 
trons can transfer through reaction [13]. Reactions [3] and 
[4] allow the shifting of electrons from one energy level to 
another. 

Ionic species from the solution are adsorbed into the 
IHP by reactions [8] and [9]. Two adsorbed species are 
considered here. It is assumed that other ionic species in 
the solution do not adsorb and do not participate in the 
electrochemical reactions. Relaxation of this assumption 
involves the inclusion of additional ion-adsorption and 
charge-transfer reactions. Reactions [5], [6], and [7] are the 
charge-transfer reactions that take place among adsorbed 
ions at the IHP and adsorbed high, intermediate, or low 
energy electrons at the ISS. Charge-transfer reactions al- 
low passage of electrical current from the semiconductor 
to the solution. 

Theoretical Development 
The equations governing the liquid-junction photovol- 

talc cell in the dark or under steady-state illumination are 
developed here in terms of the model presented above. 
The governing relationships can be developed separately 
for the semiconductor and the electrolyte. The micro- 
scopic model of the semiconductor-electrolyte interface 
couples the equations governing the macroscopic sys- 
tems. 

S e m i c o n d u c t o r . - - T h e  electrochemical potential of a 
given species can arbitrarily be separated into terms rep- 
resenting a reference state, a chemical contribution, and 
an electrical contribution 

tLi= tLi ~ + R T  in (c~) + z~Fq) [2] 

where (P is a potential which characterizes the electrical 
state of the phase and can be arbitrarily defined. The po- 
tential used here is the electrostatic potential which is ob- 
tained through integration of Poisson's equation (38). 
Equation [2] can be viewed as the defining equation for 
the activity coefficient, f~. 

The flux of an individual species within the semicon- 
ductor is driven by a gradient of electrochemical poten- 
tial, which corresponds to gradients of potential and con- 
centration [see e.g.,  Chap. 1i in Ref. (39) and Gerischer 
(40)]. Under  the assumption that the individual ionic ac- 
tivity coefficients are constant with a value of one,'-' the 
flux of holes is given by 

dCp d p  [3] Nh+ = - uh+Fp--~-y - Dh+ 
d---~ 

and the flux of electrons by 

dO d n  
Ne- = u e - F n - ~ - y  - De- d--y [4] 

The concentrations of electrons and holes are repre- 
sented by n and p, respectively, and the mobilities u~ are 
related to the diffusivities D~ by the Nernst-Einstein 
equation 

D~ = RTv~ [5] 

Homogeneous reaction takes place in the semicon- 
ductor; thus a material balance for a given species, say 
holes, ~ yields 

'-' The assumption of constant activity coefficients, valid for 
dilute solutions, is appropriate for most semiconductors. The 
carrier concentrations in semiconductors is usually less than 
0.0001M, which is low as compared to dilute aqueous solutions. 
The assumption of constant activity coefficients is in harmony 
with a Boltzmann distribution of electrons and holes. Use of 
Fermi-Dirac distributions for these charged species results in 
activity coefficients that are functions of concentration [see 
Ref. (46)]. 

3 The development presented here, while applicable to p-type 
semiconductors, is oriented toward analysis of an n-type semi- 
conductor in which holes are the minority carrier. Material bal- 
ances of holes and electrons are not independent, and conserva- 
tion of the minority carrier was chosen to improve the numerical 
computational accuracy. 
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dNh+ 
- Rh+ [ 6 ]  

dy 

where Rh+ is the net rate of production of holes under 
steady-state conditions. 

The rate of production of holes is, by stoichiometry, 
equal to the rate of production of electrons and is gov- 
erned by three concurrent  processes: generation by ab- 
sorption of light, generation by absorption of heat, and 
recombination of electrons and holes (i.e., transfer of an 
electron from the conduction band to the valence band) 

Rh+ = GL + Gth - Rrec [7] 

Mathematical models of the homogeneous recombination 
process have been developed which incorporate single- 
step electron transfer from one energy level to another. 
They differ in the assumption of the presence or absence 
of  impurit ies within the semiconductor which allow elec- 
trons to have energies between the conduction and 
valence-band energies (41, 42). 

Most semiconducting materials contain impurities or 
imperfections within their lattice structure which may be 
described as fixed sites with valence-band electron ener- 
gies within the semiconductor  bandgap. The trap-kinetics 
model  allows recombination to occur through these sites 
(see Fig. 2). Absorbed radiation drives an electron from 
the valence band to the conduction band, and all recom- 
bination and thermal generation reactions are assumed to 
occur through trap sites. This model results in 

Ntk2(np - Yti 2) 
R~§ = 9mqoe . . . .  [ 8 ]  

k~(Nv - p) + k3(Nc - n) + k~ 
k4 --~4 p + n 

where k~, k2, k3, and k4 are the rate constants for the corre- 
sponding reactions shown in Fig. 2. The intrinsic concen- 
tration is given by 

ni = [ k, IQ(N~ - n)(Nv - P) ] '~2 [9] 

The electron and hole concentrations are generally small 
as compared to the respective conduction and valence- 
band site concentrations. The intrinsic concentration is 
therefore constant, and the reaction rate can be character- 
ized with three lumped rate constants [Ntk., , (k~N~ + 
k3Nc)/k4, and k.Jk4]. Homogeneous electron-hole recom- 
bination was assumed in the mathematical  model to oc- 
cur through trap sites (Eq. [8] and [9]). 

The expression for the intrinsic concentration (Eq. [9]) 
is consistent with the expression derived through 
statistical-mechanical models (see Eq. [32] of Chap. 6, Ref. 

Ec T 
v 

Thermal Generation ond Recombination 
Through Trop Sites 

Indiv idual  React ion Rotes 

GL= "qmq o e -rex 

R 1 = kl(Nv-P)(NT-nT) 

R 2 = kznTP 

R 5 = ksnT(Nc-n) 

R 4 = k4n (NT-n T) 

Fig. 2. Schematic representation of single-trap recombination kinet- 
ics in the semiconductor. 
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(20)). The intrinsic concentration can be considered to be 
a constant for a given semiconductor only if the ratios 
n/Nc and p/Nv are negligibly small as compared to unity. 
This condition is consistent with the assumption of unity 
activity coefficients for electrons and holes. The value of 
the intrinsic concentration derived from statistical- 
mechanical  arguments serves as a relationship among the 
kinetic parameters in Eq. [9]. 

The divergence of the current is zero at steady state; 
therefore the fluxes of holes and electrons are related by 

dNe- dN~ 
- 0 [ 1 0 ]  

dy dy 

A material balance on electrons, analogous to Eq. [5], 
could be used to replace Eq. [10]. 

Poisson's equation 

d~eP F 
- -  - - -  [ p  - n + ( N ~  - N a ) ]  [ 1 1 ]  
dY 2 Esc 

relates the potential to the charge distribution. The con- 
centrations of ionized electron donors and acceptors are 
represented by Nd and Na, respectively. The Debye length 

~ = [escRT/F2(Na - N~)]l/2 

characterizes the distance over which the potential varies 
in the semiconductor. It typically has a value of 1 • 10 -6 
t o 2  x 10 -Scm. 

The degree of ionization of donors or acceptors is de- 
pendent  upon the concentrations of charged species 
within the semiconductor  and upon the temperature.  
Complete ionization has been assumed in this work. This 
assumption is reasonable at room temperatures and is 
consistent with the assumption of unity activity coeffi- 
cients. 

Electrolyte.--For a one-dimensional case, neglecting 
convective effects, the flux of an ionic species is gov- 
erned by potential and concentration gradients 

d ep dci 
Ni = -ziuiciF ~ y  - Di ~-~ [12] 

Under  the assumption that homogeneous reactions do 
not take place, conservation of mass yields a uniform 
flux at steady state, i.e. 

dNi 
= 0 [13] 

dy 

The potential and concentrations of charged species are 
related by Poisson's equation 

d2q) F 
dY 2 eso, E z i c i  [14] 

i 

Electroneutrality of the electrolyte is not assumed here 
because the diffuse region near the interface plays an im- 
portant role in the microscopic model of the interface. 
The Debye length in the solution is given by 

)~sol = [esoIRT/F 2 ~ zi2ci.~ ] 112 
i 

and typically has a value of I x 10 -8 to 1 x 10-7 cm. 
The relationships presented above are sufficient to de- 

scribe the electrolytic solution. An additional relationship 
yields the current density as a function of the ionic 
fluxes 

i : F ~ ziN~ [151 
i 

Within the semiconductor,  this can be regarded as an in- 
tegrated form of Eq. [101. 

Semiconductor-electrolyte inter face.--A general interfa- 
cial reaction can be expressed as 
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siMi ~ ~ ne -  [16] 
i 

where  si is the s to ichiometr ic  coeff icient  of species i, M~ 
is a symbol  for the  chemica l  fo rmula  of  species i, and  n is 
the  n u m b e r  of  e lectrons t ransferred.  [See Chap. 8 in Ref. 
(39).] Fo r  s ingle-s tep  react ions ,  n is equa l  to one.  

The  rate  of  a s ingle-s tep  reac t ion  1 at the  in te r face  is 
g iven  by 

r~ = k"  exp  [ ( 1 -  fl~)FA~)~ j H RT  
[17] 

- kb~exp I -fi~Fh~P~] 1~ R T  . 

where  fl~ is a symmet ry  factor (usually a s sumed  to be 
equal  to 1/2), kr,~ and k~.~ are forward  and backward  reac- 
t ion rate constants ,  respect ively ,  and hqbl is the  potent ia l  
dr iv ing force for the  g iven  react ion,  l. The  potent ia l  driv- 
ing  force enters  into react ions invo lv ing  charge t ransfer  
f rom locat ions of  one potent ia l  to locat ions of  another.  

The react ion orders  for a g iven  species  i in the  forward  
and reverse  di rect ions  are Pi,~ and q~,~, respect ively.  They 
are de t e rmined  f rom the  s to ichiometr ic  coefficients,  si,~ 

I f  si.~ = 0; Pi,~ = 0, and qi.~ = 0 

I f  si.~ > 0; p~.~ = s~.~, and  q~.~ = 0 

I f  si,~ < 0; Pi.~ = 0, and qi,~ = -si,~ 

The  react ion rates are wr i t ten  in t e rms  of  the  equi l ib-  
r ium constants  as 

re=k~,~{K~exp[(1- f l~)FAeP~ 1 ~ ]  
RT  J . c~'~ 

(OSS-ISS),  react ions  [3] and [4] (ISS), react ions [5]-[7] 
(ISS-IHP),  and react ions  [8] and [9] (IHP-OHP).  The  indi- 
v idual  rate cons tants  for each  react ion l are related to the  
character is t ic  rate  cons tant  by 

kb,l = kl~ -'~ [22] 

and 

k~,z = kb,~Kl = kloK? I~ [23] 

where  k~ ~ is the  pre -exponent ia l  part  of  the rate constant ,  
wi th  a character is t ic  va lue  for a g iven  react ion type, and fl 
was g iven  a va lue  of one-half. These  equa t ions  are con- 
s is tent  wi th  Eq. [18] and [19]. 

Mater ial  ba lances  govern  the  interface unde r  steady- 
state condit ions.  These  are expressed  by cont inu i ty  of  
flux at the  OSS  and the  O H P  

N,,-Ios~ = ~ -s~,-~r~.i~s [24] 
l 

Nh+lo~s : E -sh+,,r, .... [25] 
/ 

and 

Niloh p = ~ - - S t , I f  I [ 2 6 ]  
1 

and mater ia l  ba lances  for each adsorbed  species i at the  
ISS  and the  I H P  

si.lr,.i~ = O [27] 
} 

and 

- i l l  FhqSt ] 

The equ i l ib r ium cons tan t  used  here  is the  ratio of  the  for- 
ward  and backward  rate cons tants  

k f ,  l 
K~ - [19] 

kb,~ 

Six  of  the 13 equ i l ib r ium constants  are i n d e p e n d e n t  and 
can  be ca lcula ted  as func t ions  of  equ i l ib r ium interfacial  
concent ra t ions  and potent ia ls  

K~ = exp  - R T  

A discuss ion  of  the  ca lcula t ion of  equ i l ib r ium concentra-  
t ions and potent ia ls  and the  subsequen t  ca lcula t ion of  
equ i l i b r ium cons tan ts  is p resen ted  e l sewhere  [see Chap. 
6, Ref. (20)]. The  r ema in ing  constants  can be calcula ted 
f rom Eq. [20] or  f rom the  fo l lowing ident i t ies  

and 

Ks(Nd - N,) ~ 
K4 - [21a] 

K1K2ni 2 

K6 = KJK3 [21b] 

K~ = KdK4 [21c] 

K,o = K1K4 [21d] 

K,, = K, dK~ [ 2 1 e l  

K,2 = K~/K3 [21f] 

K,3 = K,2K4 

Within the  paramet r ic  s tudies which  fol low (44), one in- 
d e p e n d e n t  rate  cons tan t  is a s sumed  to be character is t ic  of  
each  of  four  g roups  of  interfacial  reactions.  The  four  
groups,  shown  in Fig. 1, are react ions  [1], [2], [10]-[13] 

[18] ~ si,~r~.~h~ = 0 [28] 
1 

Gauss 's  law can be appl ied to the reg ion  be tween  the  
OSS and ISS  

e~- ~-2 (qb'ss - (Pih,) + F ~'i - g+,ss [29] 

and be tween  the  ISS  and the  I H P  

: ~-~- k - ~ - ~  , -~ho  - r [ 3 0 ]  

[20] The  eva lua t ion  of  Gauss ' s  law in the region b e t w e e n  the  
OSS  and the ISS  inc ludes  a t e rm for a f ixed posi t ive  
charge  at the ISS,  q~s~, wh ich  was set equal  to zero in this 
study. 

Boundary  condi t ions . - -The semiconduc t ing  e lec t rode  
is b o u n d e d  at one  end by the  electrolyte  and at the  o ther  
end by a metallic current collector. The boundary condi- 
tions at the semiconductor-electrolyte interface are incor- 
porated into the model of the interface. The boundary 
conditions at the semiconductor-current collector inter- 
face are that the potential is zero, the potential derivative 
is equal to a constant, determined by the charge assumed 
to be located at the semiconductor-current collector inter- 
face (this constant was set equal to zero in this study), and 
all the current is carried by electrons (the flux of holes is 
zero). The boundary conditions in the electrolytic solu- 
tion are set a fixed distance (i0 Debye lengths) from the 
interface. This distance may be considered to be a diffu- 
sion layer. The boundary conditions are that the potential 
gradient is continuous and that all concentrations have 
their bulk value. 

[21g] 
Counterelectrode.--In the  region suff icient ly far f rom 

the  interface  that  e lec t roneut ra l i ty  holds,  the  potent ia l  
d is t r ibut ion  is l inear  and is a func t ion  of  cur ren t  density.  
The  potent ia l  drop  in the  reg ion  b e t w e e n  the  countere lec-  
t rode  and the  outer  l imi t  of the  di f fus ion layer  is g iven  by 
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Li 
V,R - [31] 

K 

where K is the solution conductivity and L is the dis- 
tance between the counterelectrode and the outer edge of 
the diffusion layer. The conductivity of dilute solutions is 
related to ionic mobilities and concentrations by 

K = F 2 ~ zi2uici [32]  
i 

The potential drop across the counterelectrode- 
electrolyte interface is given by 

Vc~ = V~ + ~?cE [33] 

where V~ is the equil ibrium potential drop across the in- 
terface and ~cE is the total counterelectrode reaction 
overpotential. The total overpotential is related to the cur- 
rent density through the Butler-Volmer reaction model 
(39, 43) 

i = io 1 - exp ~cE 
i4,.m RT 

- [ 1 +  i3,:im ] exp [_  ~flnF ~?ce]} [34] 

where io is the exchange current density associated with 
the bulk concentrations of reactants, ik,.m is the diffusion- 
limited current density associated with species k, and n is 
the number  of electrons transferred in the counterelec- 
trode reaction. 

Conclusion 
The equations which govern the liquid-junction photo- 

voltaic cell are presented in the context of a one- 
dimensional mathematical model. This model treats ex- 
plicitly the semiconductor, the electrolyte, and the 
semiconductor-electrolyte interface in terms of potentials 
and concentrations of charged species. The model incor- 
porates macroscopic transport equations in the bulk of 
the semiconductor and electrolyte, coupled with a micro- 
scopic model of the semiconductor-electrolyte interface. 
Homogeneous and heterogeneous recombination of elec- 
tron-hole pairs is included within the model. Recombina- 
tion takes place at the semiconductor-electrolyte interface 
through interfacial sites, which can enhance the recom- 
bination rate. The coupled nonlinear ordinary differential 
equations of the model were posed in finite-difference 
form and solved numerically (44). Such numerical  solu- 
tion of the governing equations reduces the number  of re- 
strictive assumptions needed to solve the problem. The 
model can be used to gain insight into the effect of cell 
parameters on cell performance (44) and can be coupled 
with primary resistance calculations to optimize cell 
configurations (45). 
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LIST OF SYMBOLS 

c~ molar concentration of species i (moYcm 3) 
Di diffusivity of species i (cm~-/s) 
E~ energy of species or site i (eV) 
hEi ionic adsorption energy (J/mol) 

f~ molar activity coefficient of species i 
F Faraday's constant, 96,487 C/eq 
Gth rate of thermal electron-hole pair generation 

(moYs-cm 3) 
GL rate of photo electron-hole pair generation 

(moYs-cm ~) 
i current density (mA/cm 2) 
io exchange current density (mA]cm 2) 
kf.~ forward reaction rate constant for reaction 1 
kb,t backward reaction rate constant for reaction 1 
kk rate constants for homogeneous reaction k 
K, equilibrium constant for reaction 1 
m solar absorption coefficient (1/cm) 
Mi symbol for chemical formula of species i 
n number  of electrons involved in electrode reaction 
n electron concentration (moYcm 3) 
ni intrinsic electron concentration (moYcm 3) 
N total site concentration (moYcm 3) 
Na total bulk electron-acceptor concentration 

(moYcm 3) 
Nd total bulk electron-donor concentration (mol/cm 3) 
N~ flux of species i, (moYcm2s) 
p hole concentration (moYcm ~) 
p~.~ heterogeneous reaction order 
q,.~ heterogeneous reaction order 
qo incident solar flux (moYs-cm 2) 
r~ heterogeneous reaction rate (mol/s-cm 2) 
R universal gas constant, 8.3143 J/mol-K 
R, net rate of production of species i (moYs-cm 3) 
Rrec net rate of electron-hole recombination (moYs-cm 3) 
s~,t stoichiometric coefficient of species i in an elec- 

trode reaction 
T absolute temperature (K) 
ui mobility of species i (cm2-moYJ-s) 
V potential drop across depletion layer (V) 
W depletion layer thickness (cm) 
y distance variable (cm) 
z, charge number of species i 

Greek characters 

fl symmetry factor 
~/k surface concentration of energy or 

(mol/cm 2) 
species k 

Fk total surface-site concentration of energy or species 
k (moYcm 2) 

6k distance between interfacial planes (gap denoted by 
k) (cm) 

�9 permittivity (C/V-cm) 
~? photon efficiency 
Vk total overpotential at interface k (V) 
0 fractional occupation of surface sites 
K conductivity (mho/cm) 

Debye length (cm) 
t~i electrochemical potential of species i (J/mol) 

electrical potential (V) 

Superscripts 

o equilibrium 
0 secondary reference state at infinite dilution 
* secondary reference state in semiconductor 

Subscripts 

bulk associated with the bulk 
c associated with conduction band in semiconductor 
CE associated with the counterelectrode 
cell associated with the cell 
e-  relating to electrons 
h ~ relating to holes 
ihp associated with inner  Helmholtz plane 
iss associated with inner  surface states 
k dummy subscript 
l associated with reaction l 
o equil ibrium value or initial value 
ohp associated with outer Helmholtz plane 
oss associated with outer surface states 
sc associated with semiconductor 
sol associated with solution 
t associated with trap band in semiconductor 
v associated with valence band in semiconductor 
1 associated with the region between the OSS and the 

ISS 
2 associated with the region between the ISS and the 

IHP 
3 associated with the region between the IHP and the 

OHP 
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Mathematical Modeling of Liquid-Junction Photovoltaic Cells 
II. Effect of System Parameters on Current-Potential Curves 

Mark E. Orazem 1 and John Newman* 
Materials and Molecular Research Division of Lawrence Berkeley Laboratory, and Department of Chemical Engineering, 

University of California, Berkeley, California 94720 

ABSTRACT 

The one-dimensional mathematical model presented in a previous paper was u sed to  calculate the effect of system 
variables on the performance of an n-type GaAs serniconducting anode in contact with an 0.SM K2Se, 0.1M K~Se~, 1.0M 
KOH electrolytic solution. The performance of the semiconductor electrode is influenced by kinetic limitations to inter- 
facial reactions, dopant concentration, semiconductor thickness, the direction of il lumination, and the amount  of light 
absorbed in the semiconductor. An optimal dopant concentration and semiconductor thickness can be calculated for a 
given system. 

The liquid-junction photovoltaic cell is an electrochem- 
ical system with one or two semiconducting electrodes. 
This system has undergone intense study since the early 
1970's as a means of converting solar energy to chemical 
or electrical energy (1-8). A number  of articles review the 
physics of the liquid-junction cell, the role of the 
semiconducting electrode, and the literature. See e.g., 
Ref. (9-19). 

A mathematical model of the liquid-junction photovol- 
taic cell was presented in a previous paper (20). The re- 
sults of the model, obtained through numerical  computa- 
tion, are used here to gain insight into the cell behavior 
and into the factors influencing cell design. This model 
can also be coupled with primary resistance calculations 
to optimize the design of cell configurations (21). 

*Electrochemical Society Active Member. 
1Present address: Department of Chemical Engineering, Uni- 

versity of Virginia, Charlottesville, Virginia 22901. 

A one-dimensional mathematical model of the liquid- 
junct ion photovoltaic cell has been developed (20) which 
treats explicitly the semiconductor, the electrolyte, and 
the semiconductor-electrolyte interface in terms of poten- 
tials and concentrations of charged species. A one- 
dimensional  representation of the mode] is presented in 
Fig. 1 of the first paper in this series (This Journal, p. 
2569). This model includes macroscopic representations 
of the counterelectrode, the electrolytic solution, and the 
semiconductor coupled with a microscopic representa- 
tion of the interface between the semiconductor and the 
solution. The semiconductor-electrolyte interface couples 
the macroscopic equations which govern the adjacent 
bulk phases. 

Semiconductor-electrolyte interface.---A description of 
the semiconductor-electrolyte interface appears on page 
2571 of This Journal. 

Numerical method.--The coupled nonlinear ordinary 
differential equations of the model were posed in finite- 
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Table I. Input parameters for the semiconductor 

2575 

Semiconductor: n-GaAs 
Valence band site concentration 
Conduction band site concentration 
Bandgap 
Dopant concentration 
Electron diffusivity 
Hole dfffusivity 
Permittivity 
Solar absorption coefficient 
Solar spectrum efficiency 
Total incident radiation (AM-2) 

Homogeneous recombination rate 
constants 

d i f f e rence  fo rm and  so lved  numer ica l ly  for the  cell u n d e r  
equ i l i b r ium and  s t eady-s ta te  cond i t ions  (25). The equa-  
t ions  were  p rope r ly  l inearized,  p o s e d  in f in i te-d i f ference  
form,  and  solved u s i n g  N e w m a n ' s  B A N D  m e t h o d  (28), 
coup l ed  wi th  N e w t o n - R a p h s o n  i terat ion.  Calcula t ion of  a 
cu r ren t -po ten t i a l  curve  invo lved  i terat ive so lu t ion  of  the  
s y s t e m  of  coup led  equa t i ons  for i npu t  va lues  of  solar  illu- 
m ina t i on  and  cur ren t  dens i ty .  Numer ica l  accuracy  was  
e n h a n c e d  by def in i t ion  of  concen t r a t i on  var iab les  tha t  
are un i fo rm  u n d e r  equ i l i b r ium condi t ions .  The concen-  
t ra t ion  and  po ten t ia l  var iab les  in the  s e m i c o n d u c t o r  
were  2 

n 
A N  - - -  e ~ 

Nd - N~ 

and  

P 
P - - - e *  

Nd - N~ 

w h e r e  

F(P 

R T  

U n d e r  equ i l ib r ium cond i t ions ,  the  d i m e n s i o n l e s s  poten-  
tial var ied  in t he  s e m i c o n d u c t o r  f rom zero to a rou n d  40. 

Numer i ca l  accuracy  was  fu r ther  i m p r o v e d  by part ia l  
d e c o u p l i n g  of  the  t h ree  equa t ions  gove rn ing  the  semicon-  
ductor .  The large n u m b e r  of  equa t ions  assoc ia ted  wi th  
the  s emiconduc to r - e l ec t ro ly t e  in ter face  involve  var iables  
tha t  appea r  only  at tha t  locat ion.  These  equa t ions  were  
t r a n s f o r m e d  into a smal le r  n u m b e r  of  equa t ions  involv ing  
only  bu lk  p h a s e  var iab les  in  a local invers ion  rout ine .  A 
genera l  m e t h o d  for local invers ion  is p r e s e n t e d  by  White 
(48). 

Results 
C o m p u t e d  resu l t s  for the  m a t h e m a t i c a l  m o d e l  o f  the  

l iqu id - junc t ion  photovol ta ic  cell are p r e s e n t e d  in the  fol- 
l owing  sect ion.  The  p a r a m e t e r  va lues  c h o s e n  for the  
m o d e l  are c o n s i s t e n t  w i th  an n- type  GaAs a n o d e  in  con- 
tac t  w i t h  a 0.8M K2Se, 0.1M K2Se2, 1.0M KOH solut ion.  
The  r e d o x  coup le  was  a s s u m e d  to be  Se22-/Se 2-, and  the  
s e m i c o n d u c t o r  was  i l l umina ted  at the  s emicon d u c t o r -  
e lec t ro ly te  interface.  I n p u t  p a r a m e t e r  va lues  are as pre- 
s e n t e d  in Tables  I-III un less  s ta ted  o therwise .  D e p e n d e n t  
p a r a m e t e r s  ca lcula ted  f rom the  inpu t  da ta  are p r e s e n t e d  
in  Table  IV. 

The  n- type  GaAs s y s t e m  was  c h o s e n  for analys is  to al- 
low c o m p a r i s o n  to the  e x p e r i m e n t a l  work  of  Hel le r  and  
Miller (8,27,28). The i r  cell ach ieved  a 12% p o w e r  
ef f ic iency b a s e d  u p o n  i nc iden t  radiat ion,  an  open-c i rcu i t  
po ten t i a l  o f  0.7V, and  a c losed  c i rcui t  cu r ren t  o f  24 
m A / c m  2. A desc r ip t ion  of  the i r  e x p e r i m e n t a l  e lec t rodes ,  
cell, and  m e a s u r i n g  t e c h n i q u e s  is p r e s e n t e d  in Ref. (29). 
Thei r  cell  eff ic iency i nc ludes  the  ef fec ts  o f  ref lec t ion 
losses  and  e lec t ro ly te  res i s tance .  The in f luence  of  k inet ic  

2A list of symbols appears on page 2573 of T h i s  J o u r n a l .  

N~ 1.16 • 10 -5 moYcm 3 (7 x 10 '8 cm -3) 
Nr 7.80 • 10-TmoYcm~(4.7 • 10'Tcm -8) 
Eg 1.4 eV 

Nd - N~ 9.96 • i0 -8 eq/cm 3 (6 • 10 TM cm -3) 
D~_ 222.0 cm2/s 
Dh+ 6.46 cm2/s 
e~ 1.06 • 10 -18 C/V-s 
m 4.40 • 108 cm- '  

0.3735 
qo 7.139 • 10 -7 moYcm='-s 

882 W/m'-' 
N~k2 1.89 • 108 s - '  

(k,N~ + k3Nc)/k4 100 
kJk4 2.56 • I0 -~ cm3/mol 

Table II. Input parameters for the semiconductor-electrolyte interface 

ISS site k v t c 
ISS site energy Ek 1.3 1.4 1.5 eV 
ISS site density 7k 0.3334 0.3333 0.3333 

Total ISS site F~ss 4.019 • 10-'=' moYcm ~ 
concentration (2.42 • 10'=' cm -2) 

Total IHP site Fib, 1.200 x 10 -'3 mol/cm'-' 
concentration (7.23 • 10 '~ cm-'-') 

IHP adsorption energy AE3 0.0 J/tool 
hE4 0.0 J/tool 

Equilibrium OSS r 5.93 mV 
potential 

Equilibrium charge on -0.1298 t~C/cm=' 
interface 

Distance between OSS 61 1.0 x 10 -8 cm 
and ISS 

Distance between ISS 6~ 2.0 • 10 -8 cm 
and IHP 

Distance between IHP ~3 2.0 x 10 -8 cm 
and OHP 

Permittivity between e~ 6.93 x 10 '2 C/V-cm 
ISS and IHP 

Rate constants 
( O S S - I S S )  ket r 1.0 • 102'~ cm3/mol-s 
(ISS) k~ft 1.0 • 10 ~9 cm'-'/mol-s 
(ISS-IHP) kch t 1.0 • 10 .28 cmS/mol-s 
(IHP-OHP) k,d~ 1.0 • 1023 s- '  

Table Ill. Input parameters for the electrolyte 

Electrolyte: 0.8M K.~Se, 0.1M K._,Se.2, 1.0M KOH 
Species index k 1 2 3 4 
Species K+ OH- Se22- Se ~- 
Charge number zk +1 -1 -2  -2  
Bulk concentration ck,~ 0.0028 0.0010 0.0001 0.0008 

moYcm 3 
Diffusivity Dk 1.957 5 . 2 6 0  1 . 0 0 0  1.000 cm2/s 

(x 10 ~) 
Permittivity e~o, 6.930 • 10 -1'-' C/V-cm 
Conductivity K 0.3 (~-cm) -~ 
Temperature T 300 K 

Table IV. Values calculated from input parameters 

Semiconductor 
Fermi level Ef 1.347 eV 
Intrinsic concentration n~ 5.228 x 10 -'8 moYcm 3 

(3.15 x 106 cm -3) 
Minority carrier Lp 5.846 x 10 -4 cm 

diffusion length 
Debye length ~sc 1.689 x 10 -~ cm 

Electrolyte 
Debye length ~sol 1.967 x 10 -8 cm 

and  mass - t r ans fe r  l imi ta t ions  to cu r ren t  f low at t he  
c o u n t e r e l e c t r o d e  were  r e d u c e d  by  us ing  a counte re lec-  
t r o d e  to s e m i c o n d u c t o r  area ratio of  50. The  Se22-/Se 2- 
r e d o x  coup le  was  c h o s e n  to l imit  the  cor ros ion  of  GaAs 
u n d e r  1000 W/m 2 i l lumina t ion  to a few m i c r o m e t e r s  per  
year  ( approx ima te ly  0.04 m A / c m  2) (30-32). 

The d i scuss ion  of  the  effect  of  kinet ic ,  bu lk  semicon-  
duc tor ,  and  interfacial  p a r a m e t e r s  does  no t  inc lude  the  ef- 
fec t  of  IR drop  in  t he  e lec t ro ly te  or k ine t ic  and  mass -  
t r ans fe r  l imi ta t ions  at t he  c o u n t e r e l e c t r o d e  (see t he  
" C o u n t e r e l e c t r o d e s "  sec t ion  of  the  p rev ious  paper) .  The  
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contribution of these phenomena is discussed in the "Cell 
Design" section (see also the next paper). 

Interfacial kinetic limitations.--The values of the inter- 
facial rate constants can affect the open-circuit cell poten- 
tial, the value of the limiting current, and the shape of the 
current-potential curve. Most (> 99%) of the recombina- 
tion under open-circuit illumination occurs at the inter- 
face. Homogeneous recombination is included in the 
model, but does not play a major role for the range of pa- 
rameters studied. 

Ion-adsorption reactions.--Current-potential curves are 
presented in Fig. 1 with the interfacial rate constant for 
adsorption and desorption of ions onto the inner Helm- 
holtz plane as a parameter (reactions [8] and [9] in Fig. 1 of 
the first paper). In each case, the cell potential is a maxi- 
mum at open circuit (700.5 mV) and decreases as the 
anodic current increases. A limiting current is observed 
due to limitations of mass transfer and generation of 
holes in the semiconductor. 

The ion-adsorption rate constant influences the limit- 
ing current and the shape of the current-potential curve. 
A dramatic decrease in the maximum power obtained 
from this system is observed for the cases with small ion- 
adsorption rate constants. Kinetic limitations to ion ad- 
sorption are seen to have a major effect on cell perform- 
ance. 

Concentration distributions of holes and electrons in 
the semiconductor are presented in Fig. 2 and 3 for a sys- 
tem with no interfacial kinetic limitations and for a sys- 
tem with kinetic limitations to ion adsorption, respec- 
tively. The equilibrium and illuminated open-circuit 
concentration distributions for the two cases are iden- 
tical. Under  equilibrium conditions, the concentration of 
holes (curve a) is essentially zero in the bulk of the semi- 
conductor and increases near the negatively charged in- 
terface. Conduction electrons are depleted near the inter- 
face and reach a value of 0.328 dimensionless units at the 
current collector, where the concentrations are scaled by 
the dopant concentration (Nd - Na). The electron concen- 
tration in a neutral region of the semiconductor would 
have a value essentially equal to 1.0. The equilibrated 
semiconductor of Fig. 2 can therefore be described as 
having an inversion region extending from the semicon- 
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Fig. !. Computed current-potential curves for an n-type GaAs an- 
ode with ion-absorption rate constant as a parameter. 
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Fig. 2. Concentration distribution for the liquid-junction cell with 
no kinetic limitations (kads = 1.0 • 1026 s- ' ) .  Curve a, open circuit in 
the dark; curve b, open circuit under illumination; and curve c, near 
short circuit (i = - 2 3 . 1  mA/cm 2) under illumination. 

ductor-electrolyte interface to 0.5 Debye lengths from the 
interface and a depletion region extending to the current 
collector. 

The positive background charge density has a value of 
1.0; the semiconductor has a net positive charge which is 
balanced by charge associated with the diffuse region of 
the electrolyte and the interface. System electroneutrality 
is maintained. The potential gradient, the driving force 
for migration of charged species, is balanced by the con- 
centration gradient, which drives diffusion. The net flux 
of each species in the semiconductor is equal to zero at 
equilibrium. 

Il lumination under open-circuit conditions produces 
electron-hole pairs, which are separated by the potential 
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Fig. 3. Concentration distribution for the liquid-junction cell with 
kinetic limitations to ion adsorption (kads = 4.0 X 10 ~ s- l ) .  Curve a, 
open circuit in the dark; curve b, open circuit under illumination; and 
curve c, near short circuit (i = - 2 3 . 1  mA/cm 2) under illumination. 
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gradient. The concentration of holes increases near the in- 
terface, and the concentration of electrons increases near 
the current collector (curve b). As the system without ki- 
netic limitations approaches short circuit (curve c in Fig. 
2), the concentrations of holes and electrons approach the 
equil ibrium distributions. The system under  kinetic limi- 
tations to ion adsorption, in contrast, experiences an in- 
crease in hole concentration at large current densities 
(curve c in Fig. 4). 

The model also allows calculation of the potential dis- 
tr ibution in the semiconductor and throughout the cell. 
Kinetic limitations at the interface are compensated by 
increased changes of potential across the reaction planes. 
A small ion-adsorption rate constant is therefore compen- 
sated by increased potential and concentration driving 
forces at the interface. In this way, kinetic limitations 
influence the cell performance. 

Charge-transfer reactions.--Current-potential curves are 
presented in Fig. 4 with the rate constant for charge trans- 
fer from the inner  surface states of the semiconductor to 
the inner  Helmholtz plane as a parameter (reactions [5], 
[6], and [7] in Fig. 1 of the previous paper). The cell poten- 
tial has a max imum value under  open-circuit i l lumination 
and decreases as the anodic current increases. Kinetic 
limitations to charge transfer adversely influence the 
power performance of the cell. A small charge-transfer 
rate constant is compensated by increased potential and 
concentration driving forces. 

Electron-adsorption reactions.--The influence of elec- 
tron-adsorption rate constants (reactions [1], [2], [10], [11], 
[12], and [13] in Fig. 1 of the previous paper) upon the 
current-potential curve is presented in Fig. 5. A small 
electron-adsorption rate constant reduces the net rate of 
recombination of holes and electrons at the surface and 
thus increases both the cell potential and the value of the 
limiting current. 

Surface-shift reactions.--The rate constants for reactions 
which allow electrons to move from one energy level at 
the interface to another (reactions [3] and [4] in Fig. 1 of 
the previous paper) do not have any independent  effect 
upon the cell potential or the value of the limiting cur- 
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Fig. 4. Computed current-potential curves for an n-type GaAs an- 

ode with charge-transfer rate constant as a parameter. 
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Fig. 5. Computed current-potential curves for an n-type GaAs an- 
ode with electron-adsorption rate constant as a parameter. 

rent. These rate constants affect only the path by which 
recombination may take place. 

Bulk semiconductor properties.~Butk semiconductor 
properties can greatly influence the performance of the 
l iquid-junction photovoltaic cell. Some properties which 
can be controlled in semiconductor manufacture and cell 
design are the dopant concentration, the thickness of the 
semiconductor, and the amount  of light absorbed in the 
semiconductor. The influence of the solar absorption co- 
efficient is also presented. This parameter is generally 
fixed for a given semiconductor. 

Dopant concentration.--Current-potential curves are pre- 
sented in Fig. 6 for concentrations of positive background 
charge ranging from 0.0396 x 10 -7 to 2.500 x 10 -7 eq/cm 3 
(2.4 x 1015 to 1.5 x 1017 cm -3) and for a semiconductor 
thickness of 10 Debye lengths. For low to moderate levels 
of doping, the open-circuit cell potential is independent  
of dopant concentration. The open-circuit cell potential 
decreases with very large doping levels due to a decrease 
in the equilibrium flatband potential. For low to moder- 
ately large levels of doping, the charged portion of the 
equilibrated semiconductor adjacent to the interface con- 
sists of an inversion region and a depletion region. 
Electroneutrality of the interfacial region can be satisfied 
in the very highly doped semiconductor by a region of 
low electron concentration. No inversion layer is ob- 
served, and the potential variation in the semiconductor 
(i.e:, the flatband potential) is reduced. 

The short-circuit current is independent  of dopant con- 
centration for the highly doped semiconductor and is re- 
duced at very low dopant  levels because of enhanced ho- 
mogeneous recombination of electron-hole pairs. This 
effect is dependent  upon the rate constants for homoge- 
neous recombination. 

The semiconductor Debye length is inversely propor- 
tional to the square root of the dopant concentration. If 
the semiconductor thickness were held constant at a 
value of 1.69 x 10 -5 cm, as opposed to 10 Debye lengths, 
similar results would be observed for high dopant con- 
centrations. At low dopant concentrations, the semicon- 
ductor thickness would be smaller than the space-charge 
region thickness, and the cell potential would be reduced 
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Fig. 6. Computed current-potential curves for an n-type GaAs an- 
ode with dopant concentration as a parameter. 

(see next  section). A change in the Debye length in- 
fluences the utilization of the incident radiation (see the 
"Solar absorption coefficient" section below), but  the 
change in cell performance due to this effect is small. 

Maximization of power density yields an optimal 
dopant  concentration for the n-GaAs system of about 9.0 
• 10 -8 eqlcm 3. The donor concentration in the work pre- 
sented by Heller and Miller (27,28) was 6 • 10 TM 

carriers/cm 3 (or 9.96 x 10 -s eq/cm"). 

Semiconductor thickness. The effect of semiconductor 
thickness on the cell performance is presented in Fig. 7 
for a characteristic depth of light adsorption of 228.2A 
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Fig. 7. Computed current-potential curves for an n-type GaAs an- 
ode with semiconductor thickness as a parameter. 

(corresponding to 1.35 Debye lengths). The cell potential 
increases as the thickness increases from 5 to 13 Debye 
lengths. The current-potential curve is essentially un- 
changed for an increase in thickness from 13 to 30 Debye 
lengths. A very thick semiconductor is expected to de- 
crease the system performance because of resistive losses 
in the semiconductor. For the system described here, 
however, the resistance losses should be insignificant, 
even for 1 mm thick crystals. A semiconductor thickness 
less than the normal space-charge region is associated 
with saturation of charge in the semiconductor. All mo- 
bile electrons are driven from the semiconductor in re- 
sponse to the negatively charged interface, and a large po- 
tential gradient across the semiconductor cannot be 
sustained. This may be regarded to be a limitation to the 
flatband potential and, therefore, a limitation to the cell 
potential. 

Solar absorption coefficient.--The characteristic length 
for absorption of light can be compared to the Debye 
length by the dimensionless absorption coefficient mk,c. 
The open-circuit cell potential is presented in Fig. 8 as a 
function of the dimensionless absorption coefficient. A 
maximum in cell potential is observed in the region 
where the characteristic length for absorption of light is 
of the same order as the Debye length. The cell potential 
is relatively insensitive to the dimensionless absorption 
coefficient within the range of, 0.2 to 3.0. Variation of di- 
mensionless absorption coefficient from 0.04 to 10 (two- 
and-one-half orders of magnitude) results in a deviation 
from an average open-circuit cell potential of only 14 mV. 
The optimal value for the dimensionless absorption coef- 
ficient was around 0.425, where the characteristic length 
for light absorption is 2.4 Debye lengths. The absorption 
coefficient for single-crystal GaAs, averaged over pho- 
tons with energy greater than the bandgap energy, is 4.4 
• 105 cm- ' .  This value corresponds to a dimensionless ab- 
sorption coefficient of 0.743 and to a characteristic ab- 
sorption depth of 1.35 Debye lengths. 

Solar flux.--The amount  of light absorbed within the 
semiconductor has a strong effect on cell performance. As 
seen in Fig. 9, light scattering or reflective losses can re- 
duce the limiting current from -23.2 mA]cm 2 under  full 
AM-2 irradiation (modeled here with a single mean ab- 
sorption coefficient) to -14.0 mAJcm ~ under  60% AM-2 ir- 
radiation. The 40% decrease in limiting current is accom- 
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Fig. 8. Open-circuit cell potential as a function of dimensionless so- 
lar absorption coefficient, 
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Fig. 9, Computed current-potential curves for an n-type GaAs an- 
ode with fractional absorption of incident AM-2 radiation as a 
parameter. 

panied by a 1% decrease in open-circuit cell potential. 
The amount  of light absorbed within the semiconductor  
is directly related to the generation of the limiting spe- 
cies, holes, and therefore primarily affects the limiting 
current. 

Cell design.--Under electrolyte-side il lumination and 
without interfacial kinetic limitations, electrolyte resist- 
ance, and counterelectrode effects, the max imum power 
efficiency of the cell was calculated to be 15.0%. This is 
the value that one might  observe if the power density is 
calculated using a potential drop measured between the 
semiconductor  electrode and a reference electrode revers- 
ible to the redox reaction and located just outside the dif- 
fusion region. The resistance of the electrolyte, mass- 
transfer and kinetic limitations at the counterelectrode, 
and the choice of front- or back-illumination will affect 
this value. 

Electrolyte and counterelectrode.--Resistance in the elec- 
trolyte and kinetic and mass-transfer effects at the 
counterelectrode decrease the maximum power-density 
of the liquid-junction photovoltaic cell. The current- 
potential curve for a system with no interfacial kinetic 
limitations (see Fig. 2) is presented in Fig. 10 with electro- 
lyte resistance included. The conductivity of the electro- 
lyte was assumed to be 0.3 ~ - i  cm-1. The cell potential at 
a given current is reduced by an amount  which is propor- 
tional to the current density and to the distance L be- 
tween the counterelectrode and the semiconductor. A 10 
cm separation between the counterelectrode and the 
semiconductor  reduces the max imum power efficiency 
of the cell to 4.0%. 

The same base current-potential curve is presented in 
Fig. 11 and 12 with the effect of kinetic and mass-transfer 
limitations at the counterelectrode included. The reaction 

2Se 2- --> Se22- + 2e- [2] 

was assumed to follow the sequence 

Se 2- ---> Se-ads + e-  [3a] 

2Se-ads ---) Se2 ~- [3b] 

0 - I0  - 2 0  - 3 0  
Current Density, mA/cm 2 

Fig. 10. Computed current-potential curves for an n-type GaAs an- 
ode with the separation between the counterelectrode and the semi- 
conductor us a parameter. Solution resistance has been included. 

Under the assumption that the second step is equili- 
brated, the current density at the counterelectrode can be 
expressed by 

i4,1i m R T  

~3,1im 

where i o is the exchange current density associated with 
the bulk concentrations of reactants 

[ ka,bkb,bll2 c3,ccll2](1-B) 
io = Fk~a.fC~4.~ �9 kb , f  1/2 

i3,1im is the diffusion-limited current density associated 
with species Se~ 2-, /4.1~m is the diffusion-limited current 
density associated with species Se 2-, and n is equal to 
one. 

The effect of diffusion limitation to currents at the 
counterelectrode is presented in Fig. 11 with diffusion- 
l imited current density at the counterelectrode as a pa- 
rameter. Diffusion-limited current densities of 20 mA/cm ~ 
for Se22- and 80 mA/cm 2 for Se 2- correspond to a Nernst 
stagnant diffusion layer thickness of about 0.010 cm. An 
exchange-current density of 100 mA/cm 2 was assumed. 
The influence of the exchange current density on the 
current-potential curve is presented in Fig. 12. Diffusion- 
limited currents of 20 and 80 mA/cm 2 were assumed for 
the Se22 and the Se 2- species, respectively. Kinetic limi- 
tations, either at the counterelectrode or the semicon- 
ductor, cause an inflection point in the current-potential 
curve. 

The calculated max imum power efficiency is 11.8% for 
a cell with a 1.0 cm gap between the semiconductor and 
the counterelectrode, an exchange current density of 100 
mA/cm ~, and diffusion-limited currents of 20 and 80 
mA/cm -~ at the counterelectrode for the Se~ 2- and the Se 2- 
species, respectively. Reduct ion of illumination due to ab- 
sorption in the electrolyte and reflection were not in- 
cluded. 
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Front- and back-illumination.--The semiconductor can 
be il luminated at the semiconductor-electrolyte interface 
(front illumination) or at the semiconductor-current col- 
lector interface (back illumination). The influence of the 
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Fig. 12. Computed current-potential curves for an n-type GaAs an- 
ode with counterelectrode exchange-current density as a parameter. 
Kinetic and mass-transfer effects at the counterelectode have been 
included. 
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Fig. 13. Computed current-potential curves for on n-type GaAs an- 
ode with the direction of illumination (front or back illumination) as a 
parameter. 

direction of i l lumination is strongly dependent  upon the 
relative rates of recombination in the bulk and at the in- 
terfaces involved. 

Under the conditions of a negligible surface recom- 
bination at the semiconductor-current collector interface 
and of a small rate of homogeneous recombination as 
compared to the rate of recombination at the semiconduc- 
tor-electrolyte interface, back-illumination increases the 
power output. This effect is illustrated in Fig. 13, where 
current-potential curves for the case with no interfacial 
kinetic limitations are presented for the semiconductor 
under  front and back-illumination. The limiting current 
under  back-illumination is -25.6 mA]cm 2, and the maxi- 
mum power efficiency is 17.0%. The limiting current un- 
der front-illumination is -23.2 mA/cm ~, and the maxi- 
mum power efficiency is 15.0%. Generation of 
electron-hole pairs in regions where recombination is fa- 
cilitated reduces the power output. 

Discussion 
Experimental  results reported in the literature show the 

general shape of the current-potential curves presented in 
this paper. Small scale systems are generally designed 
with large counterelectrode areas (to minimize any limita- 
tion to current flow at the counterelectrode) and a small 
depth of electrolyte over the semiconductor surface (to 
minimize losses of  i l lumination by absorption in the elec- 
trolyte). Current-potential curves thereby obtained in- 
clude effects of electrolyte resistance and il lumination 
losses. 

Inflection points are observed for many experimental 
systems, e.g., TiO~ in 1.0M NaOH (33), TiO2 in 0.1M Na2SO4 
at pH less than 10 (adjusted with NaOH and H~SO4) (34), 
PbFe12019, Hg2Ta~OT, CdFe204, and Pb2Til.sW0.506.5 in 0.2M 
NaOH (35), n- and p-type GaP in liquid ammonia (36), 
p-GaP in 0.5M H2SO4 (37), WO3 in 1M sodium acetate (36), 
KTaO3 in 8.6M NaOH (39), CdS in 0.1M NaOH (40), CdS in 
1.0M NaI, 1.0M Na~S~O3, and 0.1M I2 (41), and untreated 
polycrystalline GaAs with a selenium redox couple (8). 
These inflection points are indicative of kinetic limita- 
tions to charge-transfer or to ion-adsorption reactions at 
the semiconductor-electrolyte interface (as shown by the 
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parameter variation in Fig. 1 and 2 in the "Interfacial ki- 
netic limitations" section). Other systems, e.g., 
ruthenium-treated polycrystalline GaAs (8, 42) and single- 
crystal GaAs (43) in contact with a selenium redox couple, 
CdS and Bi2S3 in contact with a sulfide-polysulfide 
redox couple (44), CdS in 1M KC1, 0.8M CH3COOH, and 
0.2M CH3COOH (45), and p-InP in contact with a vana- 
dium redox couple (8), do not exhibit inflection points. 
The interfacial reactions are equilibrated for these 
systems. 

The results of the mathematical model presented in this 
paper are compared to experimental results in Fig. 14. 
The solid line represents the experimental current- 
potential curve for a ruthenium-treated n-GaAs photo- 
anode in contact with a selenium redox couple (27, 28). 
The dashed lines are calculated results in which interfa- 
cial reactions were assumed to be equilibrated. Both cal- 
culated curves include a 7% loss of illumination; the 
lower curve includes an electrolyte resistance of 3 ~-cm ~. 
The model parameters are presented in Tables I, II, and 
III. Bulk transport properties were obtained from the lit- 
erature; values were assumed for properties characteristic 
of the semiconductor-electrolyte interface. The model 
agrees with the experimental results near open circuit, 
but exhibits a sharper limiting current plateau than the 
experimental results indicate. This discrepancy may be 
due to convective overpotential losses due to the textured 
surface of the semiconductor electrode. An increase in 
the homogeneous recombination rate constants decreases 
the sharpness of the potential drop near limiting current 
but also decreases the cell potential. 

Some of the model parameters are associated with char- 
acteristics of the current-potential curve. In the absence 
of counterelectrode effects, the magnitude of the limiting 
current is determined by the intensity of illumination, 
and the shape of the curve is determined by kinetic pa- 
rameters. Kinetic limitations to charge-transfer and to 
ion-adsorption reactions result in an inflection point. Ki- 
netic limitations at the counterelectrode can also cause an 
inflection point. The magnitude of the open-circuit po- 
tential is a function of the equilibrium potential differ- 
ence between the semiconductor and the solutiori. Within 
the model, this parameter is represented by the equilib- 
r ium OSS potential. The surface site energy distribution 
also influences the open-circuit cell potential. These pa- 
rameters could be varied by selection of different semi- 
conductor-electrolyte combinations. The open-circuit cell 
potential is also affected by semiconductor properties, 
such as bandgap energy and absorption coefficient. 

Analytic models of the liquid-junction cell are de- 
scribed in Ref. (46). These models can match experimen- 
tal current-potential curves but  show maxima in electron 
and hole concentrations near the boundary between 
space-charge and neutral regions. These maxima were 
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Fig. 14. Comparison of computed current-potential curves (dashed 
lines) to experimental results (solid line) for an n-type GaAs anode in 
contact with a selenium redox couple. 

not seen in the results of the mathematical model and are 
probably due to imposition of boundary or matching con- 
ditions between those regions. 

Conclusions 
Kinetic limitations to interfacial charge-transfer and 

ion-adsorption reactions drastically reduce the power out- 
put of the liquid-junction cell. A small interfacial rate con- 
stant is compensated by increased potential and concen- 
tration driving forces, thus influencing the cell perform- 
ance. 

The cell performance is strongly influenced by bulk- 
semiconductor and cell-design properties such as the 
dopant concentration, the semiconductor thickness, and 
the amount  of light adsorbed in the semiconductor. An 
optimal dopant concentration and semiconductor thick- 
ness can be calculated for a given semiconductor system. 
The resistance of the electrolyte and kinetic and mass- 
transfer limitations at the counterelectrode influence cell 
performance and may play an important role in the 
optimal design of a l iquid-junction photovoltaic cell. 
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Mathematical Modeling of Liquid-Junction Photovoltaic Cells 
III. Optimization of Cell Configurations 
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ABSTRACT 

A one-dimensional mathematical model of the liquid-junction photovoltaic cell was coupled with primary resistance 
calculations to predict the optimal performance of three cell configurations. Two cells are considered in which the 
semiconductor is i l luminated from the electrolyte side and one in which the semiconductor is i l luminated from the 
current-collector side. An economic analysis is presented based upon these results. The performance of the liquid- 
junct ion photovoltaic cell is dependent  upon the design, surface area, and placement of the counterelectrode and cur- 
rent  collectors. 

Most studies of the liquid-junction photovoltaic cell 
have been oriented toward developing an understanding 
of the semiconducting electrode which characterizes the 
cell [see, e.g., Ref. (1-19)]. This work describes the design 
and optimization of liquid-junction photovoltaic devices. 
The advantages and problems inherent in the liquid- 
junct ion cell are reviewed, and a mathematical model of 
the liquid-junction cell (20, 21) is used to predict the 
optimal performance of various cell configurations. An 
economic analysis is presented based upon these results. 

The l iquid-junction photovoltaic cell has appeal be- 
cause, in contrast to solid-state junctions, the junct ion be- 
tween electrolyte and semiconductor is formed easily and 
allows use of polycrystalline semiconductors. The electro- 
chemical nature of the cell allows both production of elec- 
tricity and generation of chemical products which can be 
separated, stored, and recombined to recover the stored 
energy. These features could make the liquid-junction 
cell an economical alternative to solid-state photovoltalc 
devices for solar energy conversion. 

Liquid-junction cells also have the advantages that are 
attributed to other photovoltaic devices. Photovoltaic 
power plants can provide local generation of power on a 
small scale. The efficiency and cost of solar cells is inde- 
pendent  of scale, and overall efficiency is improved by 
locating the power plant next to the load. Nuclear and 
fossil-fuel burning plants, in contrast, are economical 
only if built  on a large scale (on the order of 1000 MW) 
(22). 

The design of a l iquid-junction photovoltaic cell re- 
quires selection of an appropriate semiconductor- 
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electrolyte combination and design of an efficient cell 
configuration. The selection of a semiconductor is based 
upon the bandgap, which provides an upper limit to the 
conversion efficiency of the device, and the choice of 
electrolyte is governed by the need to limit corrosion. The 
optimal design of the liquid-junction photovoltaic cell is 
aided by use of mathematical models. 

Bandgap.--Photovoltaic cells rely on the unique prop- 
erties of semiconductors to convert incident radiation to 
electrical current. The semiconductor property of interest 
is the moderate gap between the valence and the 
conduction-band energy levels. Incident photons of light 
with energy greater than or equal to the bandgap energy 
transfer their energy to valence-band electrons, produc- 
ing conduction-band electrons and vacancies in the val- 
ence band. 

An upper limit to the efficiency of photovoltaic devices 
can be established, based upon the bandgap and the solar 
spectrum, without consideration of cell configuration. 
This "ultimate efficiency" is given by (11) 

E. felN(E) dE 
[1] 

where Eg is the semiconductor bandgap energy, E is the 
photon energy, and N(E) is the number  density of inci- 
dent photons with energy E. The fraction of the power in 
the solar spectrum that can be converted to electrical 
power is a function of the bandgap of the semiconductor. 
Photons with energy less than the bandgap cannot pro- 
duce electron-hole pairs. Photons with energy greater 
than the bandgap yield the bandgap energy (23-25). 
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The "ultimate efficiency" of Eq. [1] represents an up- 
per limit to conversion of solar energy (11, 26, 27); factors 
such as reflection and absorption losses of sunlight, ki- 
netic and mass-transfer limitations, and recombination 
will reduce the efficiency. These effects are included in 
the "cell configuration" section. A bandgap between 1.0 
and 1.5 eV is generally considered to be appropriate for 
efficient conversion of solar energy. 

Corrosion.--The application of l iquid-junction technol- 
ogy to photovoltaic power conversion is limited by prob- 
lems associated with the semiconductor-electrolyte inter- 
face. Primary among these problems is corrosion. 
Efficient conversion of solar energy requires a bandgap 
between 1.0 and 1.5 eV and most semiconductors near 
this bandgap corrode readily under  illumination. Semi- 
conductors with large bandgaps (4-5 eV) tend to be more 
stable, but  cannot convert most of the solar spectrum. 

Among the approaches taken to solve this problem, the 
most successful concern the matching of an electrolyte to 
the semiconductor. The rate of corrosion is reduced if the 
semiconductor is in equil ibrium with the corrosion prod- 
ucts. The rate of corrosion can also be reduced by using a 
redox couple which oxidizes easily. The oxidation of the 
redox couple Se~+x'2-/Sex -~-, for example, has been shown 
to compete successfully with photocorrosion reactions for 
holes in n-type GaAs electrodes (8, 28). 

p-Type semiconductors used as cathodes are more sta- 
ble than the more common and generally more efficient 
n-type semiconducting anodes. The inefficiency of 
p-type photocathodes has been attributed to the presence 
of surface states near the valence band energy. A stable 
p-type photocathode has been developed, however, with a 
solar conversion efficiency of 11.5% (29). Protective films 
have been proposed to be a solution to electrode corro- 
sion. The electrode, in this case, would be a small 
bandgap semiconductor covered by a film composed of 
either a more stable large bandgap semiconductor, a con- 
ductive polymer, or a metal. A large Schottky barrier is 
frequently present at such semiconductor-metal and 
semiconductor-semiconductor interfaces which blocks 
the flux of holes from the semiconductor to the electro- 
lyte. In cases where the photocurrent is not blocked, cor- 
rosion can take place between the semiconductor and the 
protective film (17, 30). Menezes et al. (31) discuss the 
difficulties in avoiding absorptive losses in the metal 
film while maintaining sufficient integrity to serve the 
semiconductor corrosion protection function. Frese et al. 
(32) have, however, reported a measurable improvement  
in the stability of GaAs with less than a monolayer gold 
metal coverage. Thin conductive polypyrrole films ap- 
pear to be successful in inhibi t ing corrosion in some elec- 
trolytes (33-38). In addition, insulating polymer films 
deposited on grain boundaries can improve the perform- 
ance of polycrystalline semiconductors by reducing sur- 
face recombination rates (39). 

Mathematical modeI . --Development  of a mathematical 
model constitutes an important step toward design and 
optimization of the l iquid-junction photovoltaic cell. A 
one-dimensional mathematical model has been developed 
(20, 21) which treats explicity the semiconductor, the elec- 
trolyte, and the semiconductor-electrolyte interface in 
terms of potentials and concentrations of charged species. 
The model incorporates macroscopic transport equations 
in the bulk of the semiconductor and electrolyte. Homo- 
geneous and heterogeneous recombination of electron- 
hole pairs is included within the model. Recombination 
takes place at the semiconductor-electrolyte interface 
through interfacial sites, which can enhance the re- 
combination rate. Surface sites at the semiconductor- 
metal interface were not included within the model. 

The coupled nonlinear  ordinary differential equations 
of the model were posed in finite-difference form and 
solved numerically. The mathematical model can be used 
to gain insight into the operation of cells with semi- 
conducting electrodes, and to optimize their design. The 
model was used here to calculate the effect of cell design 

Table I. Counterelectrode parameters 

Diffusion-limited current density i3,11m 
i4,1|m 

Exchange current density io 

20.0 m~cm'-' 
80.0 mA/cm'-' 

100.0 mA/cm ~ 

on the performance of an n-type GaAs semiconducting 
anode in contact with an 0.8M K2Se, 0.1M K..,Se~, 1.0M 
KOH electrolytic solution. The choice of this semi- 
conducting electrode system was based upon the work of 
Heller and associates (8, 40-42). Cell design parameters are 
presented in Table I, and the parameters used in model- 
ing the liquid-junction cell are presented elsewhere (20, 
43). 

Cell Configuration 
The optimal design of l iquid-junction photovoltaic cells 

shares constraints with solid-state photovoltaic cells (44, 
45). Current collectors cast shadows and can reduce the 
amount  of sunlight absorbed in the semiconductor. A 
constraint unique to the liquid-junction cell is the place- 
ment  of the counterelectrode relative to the semicon- 
ductor-electrolyte interface. Mass-transfer and kinetic 
limitations at the counterelectrode and resistance of the 
electrolyte can play important  roles in the optimal design 
of the liquid-junction photovoltaic cell. These considera- 
tions are treated qualitatively by Parkinson (46). 

Under electrolyte-side i l lumination and without illumi- 
nation losses, interfacial kinetic limitations, electrolyte re- 
sistance, and counterelectrode limitations, the maximum 
power efficiency of the cell was calculated (43) to be 
15.3%. The corresponding value under  back (or current- 
collector) side i l lumination was calculated (43) to be 
17.2%. These are the values that one might calculate using 
a potential drop measured between the semiconductor 
electrode and a reference electrode reversible to the 
redox reaction and located just  outside the diffusion re- 
gion. The resistance of the electrolyte, i l lumination losses, 
and mass-transfer and kinetic limitations at the counter- 
electrode affect these values and are influenced by cell 
design. The difference between front and back illumina- 
tion is due to the assumption that facilitated recom- 
bination does not take place at the semiconductor-current 
collector interface. 

The performance of three cell configurations was cal- 
culated for operation under  AM-2 solar i l lumination (882 
W/m2). The semiconductor was assumed to be in the form 
of a thin film [see Mitchell for a review of thin-film pho- 
tovoltaic technologies (47)]. Interfacial kinetic limitations 
were not included (20, 43). The one-dimensional model of 
the liquid-junction cell was coupled with the resistance to 
current flow associated with the two-dimensional sys- 
tems. Some methods for calculation of this resistance 
were reviewed by Fleck et al. (48). 

System I: wire counterelectrode.--The l iquid-junction 
photovoltaic cell with a wire-grid counterelectrode is pre- 
sented in Fig. la. The cell consists of a semiconductive 
film supported on a metallic current collector, a wire-grid 
counterelectrode, and a transparent glass cover plate. The 
space between the cover plate and the semiconductor is 
filled with the electrolyte. The glass plate is an essential 
part of the cell because it keeps the system clean and al- 
lows optimal orientation of the cell for collection of sun- 
light. This cell is designed for conversion of solar energy 
into electrical energy; no provision is made for separation 
of chemical products. A two-dimensional representation 
of the cell is presented in Fig. lb. 

Sunlight absorbed in the semiconductor must  pass 
through the cover plate, past the counterelectrode, and 
through the electrolyte. Reflection at each of the inter- 
faces (air-glass, glass-electrolyte, and electrolyte- 
semiconductor), absorption in the glass and electrolyte, 
and screening by the counterelectrode decrease the 
amount  of light which can be used for generation of 
electron-hole pairs. Absorption losses in the electrolyte 
can be limited by maintaining a small gap between the 
counterelectrode and the semiconductor. A wide spacing 
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Fig. 1. Design of the liquid-junction phetovoltaic cell. System 1: 
wire counterelectrode. 

of counterelectrode elements reduces the screening of the 
semiconductor but also increases the influence of kinetic 
and mass-transfer effects at the counterelectrode as well 
as ohmic drop. 

The one-dimensional model  of the liquid-junction pho- 
tovoltaic cell was used with averaged uniform current 
density and solar flux. The shadow of the counterelec- 
trade was implicitly assumed to be diffuse. Resistive 
losses in the electrolyte were calculated from a two- 
dimensional solution of Laplace's equation (49-53). The 
potential drop in the electrolyte was given by Eq. [14] in 
Ref. (53). The current density at the counterelectrode was 
assumed to be uniform and was related to the semicon- 
ductor current density by 

�9 L 

and the counterelectrode shadow was assumed to reduce 
the magnitude of incident light by a factor of (1 - D/L). 
The effective solar flux was therefore given by 

qsc qo(1 -~--)(1 ' e  mxglass = - -  -- P a i r - g  a s s , '  - 

(1 - Pgl ...... l,)e-(m~~ - Psoln-sc) [3] 

where Pj-k is the reflectance associated with the interface 
j - k and m is the extinction coefficient for a given phase 
of depth x. 

The design parameter for this cell design is the ratio of 
the counterelectrode element  spacing to the counterelec- 
trode element diameter, LID. When LID has a value of 
one, the semiconductor is completely shaded from illumi- 
nation; when L/D is very large, counterelectrode limita- 
tions dominate. 

The power density of the cell with a counterelectrode 
radius of 0.05 cm is presented in Fig. 2 as a function of 
current density with LID as a parameter. The maximum 
power density is presented in Fig. 3 as a function of LID. 
The separation between the cover plate and the counter- 
electrode was 0.5 cm, and the separation between the 
semiconductor and the counterelectrode was 0.5 cm. The 
electrolyte depth was therefore 1.1 cm. The optimal value 
of LID is 14, and the max imum power density obtained is 
63.5 W/m'L The current density under the optimal condi- 
tion is 11.8 mA/cm 2 delivered at a eell potential of 538.7 
mV. The maximum power efficiency of the wire-counter- 
electrode cell was 7.2%. 

Kinetic limitations at the counterelectrode further 
reduce this efficiency. An exchange current density of 
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Fig. 2. Power density as a function of current density for system 1 
with a counterelectrode element diameter of 0.10 cm. 
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Fig. 3. Maximum power density as a function of L/D for system 1 
with a counterelectrode element diameter of 0.10 cm. 

1 mA]cm ~ leads to a 5.5% power efficiency at an optimal 
L/D of 10. 

System 2: slotted semiconductor.--The liquid-junction 
cell configuration with a slotted-semiconductor electrode 
is presented in Fig. 4. A glass cover plate protects the cell. 
Sunlight passes through the cover plate and the electro- 
lyte to illuminate the semiconductor surface. Electrical 
current passes between the semiconductor and the 
counterelectrode through slots cut in the semiconductor. 
This configuration has the advantage that no shadows 
are cast upon the semiconductor;  furthermore, reaction 
products can be separated if a membrane is placed be- 
tween the semiconductor and the counterelectrode. 

The primary current distribution and the resistance of a 
cell containing a slotted electrode were calculated using 
numerical methods coupled with the Schwarz-Christoffel 
transformation (20, 54). The cell resistance is a function of 
three geometric ratios, chosen to be t/G, h/G, and L/h 
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Fig. 4. Design of the liquid-junction photovoltaic cell. System 2: 
slotted semiconductor. 

where L is the half-length of the protruding electrode as- 
sembly, t is the thickness of the protruding electrode 
assembly, G is the half-gap between the electrode 
assemblies, and h is the separation between the electrode 
and the upper insulating wall. h is also the separation be- 
tween the counterelectrode and the lower edge of the 
semiconductor-electrode assembly. 

The performance of this cell is a function of four geo- 
metric parameters. The distance betwen the counterelec- 
trode and the semiconductor  assembly was chosen to be 
0.5 cm, and the semiconductor  assembly thickness was 
assumed to be 0.1 cm. The primary resistance for this sys- 
tem is presented in Fig. 5 as a function of L/D with h/G as 
a parameter. The max imum power density is presented in 
Fig. 6 as a function of L/h and h/G as a parameter. L/h 
was varied by varying the half-length; h/G by varying the 
half-gap. The max imum power density for this system is 
obtained with a small gap. For h/G = 0.5 (G = 1 cm), the 
max imum power density was 47.8 W/m ~, and the maxi- 
mum power efficiency was 5.4%. The current density un- 
der max imum power conditions was 15 mA]cm '~ delivered 
at 477.6 mV. For h/G = 10 (G = 0.05 cm), the maximum 
power density was 67.7 W/m 2, and the max imum power 
efficiency was 7.7%. At max imum power, the current 
density 15.2 mA/cm 2 delivered at 534.6 mV. 

System 3: back-illuminated semiconductor.--A cell de- 
sign is presented in Fig. 7, in which the semiconductor is 
i l luminated from the current-collector side. The 
semiconducting film is deposited on a pane of transpar- 
ent conducting glass. A current collecting grid is used to 
offset the low conductivity of the glass. The semicon- 
ductor is separated from the counterelectrode by a gap 
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Fig. 5. Primary cell resistance as a function of LIh for system 2 with 
h/G as a parameter. 
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Fig. 7. Design of the liquid-junction photovoltaic cell. System 3: 
back-illuminated semiconductor. 

filled with electrolyte. This design could be used with a 
membrane  within the gap, which would allow separation 
of reaction products at each of the electrodes. 

The potential  drop between the semiconductor  and 
the current  collecting grid can be obtained through ap- 
plication of the general solution to the resistance of a 
rectangular  conductor  with arbitrarily placed electrodes 
presented by Moulton (55, 56). 

The transparent  conduct ing support  for the semi- 
conduct ing film was assumed to be SnO~, which is com- 
monly used as a t ransparent  electrode. SnO2 is a large 
bandgap semiconductor  and is essentially t ransparent  to 
light with energy below 3.7 eV. The propert ies of SnO2 
have been reviewed by Jarzebski  and Marton (57-59). 
The conduct ivi ty  of the transparent,  material  was as- 
sumed to be 50 mho/cm, and the total absorpt ion and 
reflection losses at the air-SnO~ interface for a 1/8 in. 
thick plate were assumed to be 8%. The reflectance at 
the SnO2-GaAs interface was assumed to be 5%. The sep- 
aration be tween the counterelect rode and the semicon- 
ductor  was 0.5 cm. 

The m ax im um  power density is presented in Fig. 8 as 
a function of the ratio of the current-col lector-element  
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spacing to the element  width L/D. When L/D is equal to 
one, the semiconductor is completely blocked, and the 
power density is zero. When L/D is large, the resistance 
of the SnO2 becomes important.  The optimal value of 
L/D is around 100; the max imum power density is 118.5 
W/m 2, and the power efficiency is 13.4%. The current  
density under  optimal operating conditions is 21.0 
mA/cm ~ delivered at a cell potential  of 564.3 mV. 

The excellent performance of this cell design as com- 
pared to systems 1 and 2 can be misleading. Facilitated 
recombinat ion at the semiconductor-metal  interface was 
not included in the model. The back-i l luminated system 
does have inherent  advantages over front-i l luminated 
cells. Optical losses, for example, can be smaller, and 
separation of electrochemical products is feasible. The 
relative rates of electron-hole recombinat ion at the 
semiconductor-metal  and the electrolyte-semiconductor 
interfaces, however, will influence the relative merit  of 
front and back i l lumination.  

Intensity of Illumination 
The intensity of solar i l lumination varies with location, 

cloud cover, day of year, and time of day. In addition, mir- 
rors and lenses can be used to concentrate the sunlight 
and reduce the amount  of semiconducting material incor- 
porated into the cell. The prediction of the performance 
of a given design of the liquid-junction photovoltaic cell 
must therefore consider the effect of the intensity of 
illumination. 

The maximum power efficiency is presented as a func- 
tion of i l lumination intensity in Fig. 9, 10, and 11 for sys- 
tems 1, 2, and 3, respectively. The cells were designed 
with the design parameters calculated to be optimal un- 
der AM-2 illumination. The power efficiency decreases 
with increasing i l lumination due to the influence of elec- 
trolyte resistance and kinetic and mass-transfer limita- 
tions at the counterelectrode. These phenomena become 
increasingly important as current densities increase, and 
mass-transfer limitations at the counterelectrode result in 
an upper limit for cell currents. 

The maximum power efficiency for systems 2 and 3 
without counterelectrode limitations is also presented in 
Fig. 10 and 11. These results are appropriate for cells with 
porous counterelectrodes. A porous counterelectrode 
may not be feasible for system 1 because of the need in 
this system to pass sunlight through the counterelec- 
trode. The efficiency still decreases with i l lumination in- 
tensity due to electrolyte resistance. 

The maximum cell current obtained under  large magni- 
tudes of i l lumination depends upon the ratio of the 
counterelectrode area to the semiconductor area. This ra- 
tio must  be large for l iquid-junction photovoltaic cells de- 
signed for large intensities of illumination. Replacement 
of the flat-plate counterelectrode with a porous electrode 
(60) can increase the counterelectrode area of systems 2 
and 3. Inclusion of a cooling system in the cell design be- 
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Fig. 9. Maximum power efficiency as a function of the fraction of 
AM-2 illumination (882 W/m 2) for system 1 with LID = 14. 

comes important under  these conditions. The electrolyte 
itself can serve as a heat-exchange medium in photoelec- 
trochemical systems. 

Discussion and Economic Analysis 
The cells discussed in the previous sections can be di- 

vided into two groups, front and back illuminated, within 
which they can be compared fairly. The comparison of 
front- and back-illuminated cells depends upon the rela- 
tive rates of recombination at the semiconductor-metal 
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AM-2 illumination (882 W/m 2) for system 2 with h/G = 10 and L/h = 
0.5. 
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half-width of 0.01 cm and with L/D = 100. 

a n d  e l e c t r o l y t e - s e m i c o n d u c t o r  in te r faces ,  a n d  t h e s e  ra tes  
wil l  d i f fer  f rom one  s y s t e m  to ano the r .  

The  ca l cu la t ed  p o w e r  eff ic iencies  are  p r e s e n t e d  in  
T a b l e  II  for  t he  f r o n t - i l l u m i n a t e d  sys t ems .  S e m i c o n -  
d u c t o r  effects,  s u c h  as r e c o m b i n a t i o n ,  r e d u c e  t h e  p o w e r  
e f f ic iency  f rom a v a l u e  of 37%, b a s e d  solely  u p o n  
b a n d g a p ,  to  15.3%. Ref lec t ion  losses,  w i t h  a n  a rb i t r a r i l y  
c h o s e n  8% eff ic iency of  i l l umina t ion ,  r e d u c e  th i s  v a l u e  to 
12.2%. Th i s  va lue  c a n  b e  c o m p a r e d  to t he  12% eff ic iency 
o b t a i n e d  in  t he  e x p e r i m e n t a l  w o r k  of  He l le r  a n d  Mil ler  (8, 
40, 41). The  effect  of cell  d e s i g n  a n d  i l l u m i n a t i o n  losses  is 
to  r e d u c e  t he  p e r f o r m a n c e  to 7.2% for s y s t e m  1 a n d  7.7% 
for  s y s t e m  2. 

T h e  ca l cu la t ed  p o w e r  eff ic iencies  are p r e s e n t e d  in  
T a b l e  I I I  for  t he  b a c k - i l l u m i n a t e d  sys tem.  S e m i c o n d u c t o r  
ef fec ts  r e d u c e  t he  p o w e r  e f f ic iency  f rom a v a l u e  of  37%, 
b a s e d  solely  u p o n  b a n d g a p ,  to  17.2%. E n h a n c e d  recom-  
b i n a t i o n  at  the  s e m i c o n d u c t o r - c u r r e n t  co l l ec to r  i n t e r f ace  
was  no t  i n c l u d e d  in  t h e s e  ca lcu la t ions .  T he  ef fec t  of  cell 
d e s i g n  a n d  i l l u m i n a t i o n  losses  is to  r e d u c e  t he  p o w e r  
e f f ic iency  to 13.4%. 

The  ca lcu la ted  p e r f o r m a n c e  cou ld  b e  i m p r o v e d  b y  
m a k i n g  d i s t a n c e s  b e t w e e n  s e m i c o n d u c t o r  a n d  coun te r -  

Table II. Power efficiency under front illumination 

No 
illumination Illumination 

losses losses* 
Experimental 

results 

Optimal bandgap 45 36 (80%) 
GaAs bandgap 37 30 (80%) 
Semiconductor- 15.3 12.2 (80%) 

electrolyte 
junction 

Cell design (1) 10.1 7.2 (55.4%) 
Cell design (2) 9.8 7.7 (71.6%) 

12.0 

* In some cases, the number  in parenthesis represents the fraction 
of AM-2 illumination (above the bandgap) which actually enters the 
semiconductor, after accounting for reflection, shadowing, and ab- 
sorption in the intervening phases. In other cases, where detailed 
calculations were not made, it represents the ratio to column 1 be- 
cause the nonlinear effect of illumination could not be assessed. 

Table III. Power efficiency under back illumination 

No 
illumination Illumination 

losses losses* 

Optimal bandgap 45 36 (80%) 
GaAs bandgap 37 30 (80%) 
Current collector and 17.2 13.8 (80%) 

semiconductor-electrolyte 
junction 

Cell design (3) 15.4 13.4 (86.5%) 

* In some cases, the number  in parenthesis represents the fraction 
of AM-2 illumination (above the bandgap) which actually enters the 
semiconductor, after accounting for reflection, shadowing, and ab- 
sorption in the intervening phases. In other cases, where detailed 
calculations were not made, it represents the ratio to column 1 be- 
cause the nonlinear effect of illumination could not be assessed. 

e l e c t r o d e  smal ler ,  r e d u c i n g  t h e  effect  of e lec t ro ly te  resist-  
ance.  The  va lues  c h o s e n  for  th i s  ana lys i s  we re  b a s e d  pri-  
mar i ly  on  m e c h a n i c a l  cons ide ra t i ons .  A s p a c i n g  of  0.5 c m  
was  u s e d  b e t w e e n  all cell  e l emen t s .  A sma l l e r  s p a c i n g  
cou ld  r e su l t  in  s h o r t i n g  of  t he  c o u n t e r e l e c t r o d e  a n d  the  
s e m i c o n d u c t o r  and /o r  t r a p p i n g  of  gas  b u b b l e s .  The  
i n f l uence  of  t he  c o u n t e r e l e c t r o d e  cou ld  b e  r e d u c e d  b y  in- 
c r ea s ing  t h e  f low ra te  or degree  of  m i x i n g  n e a r  t he  
c o u n t e r e l e c t r o d e ,  t h e r e b y  i n c r e a s i n g  t he  l i m i t i n g  cu r ren t .  
K ine t i c  l imi ta t ions  at  t he  s e m i c o n d u c t o r - e l e c t r o l y t e  inter-  
face w e r e  no t  c o n s i d e r e d  he re  a n d  m a y  grea t ly  r e d u c e  t he  
p e r f o r m a n c e  of  s o m e  s e m i c o n d u c t o r  sys tems .  

C u r r e n t - p o t e n t i a l  c u r v e s  are  p r e s e n t e d  in  Fig. 12 for  t h e  
f r o n t - i l l u m i n a t e d  cells. The  op t ima l ly  d e s i g n e d  cells of  
s y s t e m s  1 a n d  2 are  c o m p a r e d  to t he  cel l  w i t h o u t  in terfa-  
cial  k ine t i c  l imi ta t ions ,  c o u n t e r e l e c t r o d e  l imi ta t ions ,  a n d  
e lec t ro ly t ic  res i s tance .  T h e  cel l  w i t h  a s lo t t ed  s emicon -  
d u c t o r  ha s  a la rger  p o w e r  eff ic iency t h a n  t he  wire-gr id  
c o u n t e r e l e c t r o d e  cel l  and  c a n  b e  d e s i g n e d  for  s e p a r a t i o n  
of  c h e m i c a l  p roduc t s .  The  ana lys i s  of t he  s y s t e m  de- 
s i g n e d  for  s e p a r a t i o n  of  c h e m i c a l  p r o d u c t s  w o u l d  i n c l u d e  
t he  e lec t r ica l  r e s i s t a n c e  of  t he  m e m b r a n e .  
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Fig. 12. Cell potential as a function of current density for (a) a 
front-illuminated semiconductor without kinetic, electrolyte- 
resistance, and counterelectrode limitations; (b) system 1 with a 
counterelectrode element diameter of 0.10 cm and with LID = 14; 
and (c) system 2 with h/G = 10 and LYh = 0.5. 
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Fig. 13. Cell potential as a function of current density for (a) o 

back-illuminated semiconductor without kinetic, electrolyte- 
resistance, and counterelectrode limitations; and (b) system 3 with a 
current-collector element half-thickness of 0.01 cm and with L I D  = 

100. 

Current-potential curves are presented in Fig. 13 for the 
back-illuminated cell. The optimally designed cell of sys- 
tems 3 is compared to the cell without interfacial kinetic 
limitations, counterelectrode limitations, and electrolytic 
resistance. The back-illuminated design is appealing be- 
cause chemical products can be separated and because of 
reduced losses of illumination. 

The following discussion of cell economics is appropri- 
ate for all photovoltaic devices. The allowable capital in- 
vestment for the cell is given by 

I = 8.76 Pi, ~Acye [15] 

where Pi, is the annual  incident i l lumination intensity av- 
erage over 24h in watts per square meter, ~? is the cell 
efficiency, hc is the difference in selling price and 
operating cost in dollars per kilowatt-hour, and Ye is the 
break-even point in years. This equation is presented as a 
nomogram in Fig. 14. The power ou tpu t  of the liquid- 
junct ion cell is presented in Fig. 14a as a function of the 
incident solar i l lumination with the average efficiency of 
the device as a parameter. The incident solar i l lumination 
is averaged over a 24h period. On this basis, the average 
insolation of the continental United States is 200-250 
W/m 2 (11). Lenses or mirrors could be used to increase the 
amount  of sunlight striking the semiconductor surface. 
The annual  return on investment  is presented in Fig. 14b 
as a function of the power output with power cost as a pa- 
rameter. The total initial investment  is presented in Fig. 
14c as a function of the averaged annual  investment  with 
cell break-even period as a parameter. 

Based upon a 7.7% power efficiency (averaged over 
24h), 250 W/m 2 incident i l lumination (averaged over 24h), 
0.05 dollars/kWh profit, and a break-even period of 5 yr, 
an investment  of 42 dollars/m 2 is justified for the com- 
plete cell. Based upon a 13.4% power efficiency (averaged 
over 24h) an investment  of 73 dollars/m 2 is justified for 
the complete cell. 

An increase of solar i l lumination by a factor of five 
while reducing the efficiency to 6% (system 2 with a 
porous counterelectrode) yields an acceptable initial in- 
vestment  of 164 dollars/m 2. An efficiency of 10.4% (sys- 

Total Initial rnve~tmen~, t/rn 2 
[0 102 IO 3 ]0 4 ~C, I/kW'hr 

i i  'OZ/-~ I0 / //,O/2~////~//v~I ~ / r 0 2 ~  O O z . ~ _  EO 

I0 10 2 IO 5 

fflO 

ro 2 Io Io z EO 3 
Power output, w/m 2 

Fig. 14. Economic analysis of the liquid-junction photovoltaic cell. 
a (bottom): Power output as a function of the incident solar illumina- 
tion with power efficiency as a parameter, b (top right): Averaged an- 
nual return on investment as o function of the power output with 
power cost as a parameter, c (top left): Total initial investment as a 
function of averaged annual return on investment with cell lifetime as 
a parameter. 

tern 3 with a porous counterelectrode) yields an accept- 
able initial investment  of 285 dollars/re'-'. If the mirrors 
and lenses needed to concentrate sunlight are cheaper 
than the semiconducting film, the cell may be most eco- 
nomical under  high illumination. Maintenance of a high 
efficiency under  high i l lumination is possible only with 
the back-illuminated cell of Fig. 7 and the front- 
i l luminated cell of Fig. 4, both coupled with porous 
counterelectrodes. 

The values presented here can be compared to the esti- 
mate presented by Weaver et al. (61) of 0.34 dollars/peak 
W. This estimate is based on materials cost and assumes a 
cell efficiency of 13%. Under AM-2 illumination, this 
value corresponds to 39 dollars/m'-'. 

Conclusions 
The optimization of the liquid-junction photovolatic 

cell depends upon the choice of semiconductor, electro- 
lyte, and cell design. The system studied in this work, 
n-GaAs with a Se~-'-'/Se -2 redox couple, is close to optimal 
with respect to utilization of solar irradiation and there- 
fore provides a best-case estimate of l iquid-junction cell 
efficiency. This system, however, exhibits a small rate of 
corrosion under  i l lumination (a few micrometers per year) 
(62). 

The performance of the liquid-junction photovoltaic 
cell is strongly dependent  upon the design, surface area, 
and placement of the counterelectrode and current  col- 
lectors. This system may be economical under  concentra- 
ted illumination or where the power produced has high 
value. 
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Electrochemical Studies of Chromium in Molten LiF-NaF-KF 
(FLINAK) 

Tosh inobu  Yoko  1 and Ronald A.  Bai ley 

Department of Chemistry, Rensselaer Polytechnic Institute, Troy, New York 12181 

ABSTRACT 

The mechanism of the reduction of Cr(III) in molten FLINAK was studied using cyclic vol tammetry and chronopo- 
tentiometry over a temperature range of 612~176 and a Cr(III) concentration of 0.07 to 0.13 tool/1. Two reduction and 
two oxidation steps were observed, but extensive differences in the electrochemistry were seen over the measured tem- 
perature range. Cr(III) is reduced to Cr(II) followed by a two-electron reduction of Cr(II) to Cr metal and both reduction 
processes are quasi-reversible. The product of the first reduction process is soluble at 983~ but is insoluble at lower 
temperatures. 

Electroplating of refractory metals (IV, V, and VI transi- 
tion groups) from molten salts has been explored for sev- 
eral years, most notably in the work of Senderoff  and 
Mellors in the 1960's (1-8). More recently, there has been 
renewed interest in this technique (9, 10). In spite of the 
earlier work (2, 3, 4, 8), however, it is hard to say that the 
mechanisms of the electroplating of these refractory met- 
als from molten salts are completely understood, espe- 
cially for chromium (8, 11-14). The primary objective of 
this research is to elucidate the mechanisms of the elec- 
trode reduction of Cr(III) in molten LiF-NaF-KF eutectic 
(46.5 mole percent [m/o] LiF, 11.5 m/o NaF, 42.0 m/o KF, 
[FLINAK]) based on the results of cyclic vol tammetry 
and chronopotentiometry. 

Exper imenta l  
Each fluoride salt used was reagent grade. After being 

well mixed and dried in a vacuum oven at 160~ for over a 
week, the powdered mixture was melted, then filtered in 
an argon atmosphere to remove black material using a 
nickel crucible which had many layers of platinum screen 
welded over a hole in its bottom. The filtered salt was 
pre-electrolyzed at about 1.5V using a vitreous carbon an- 
ode and a stainless steel cathode until the current density 
of the cathode dropped to around 0.3 mA/cm2; this elimi- 
nated metal ion impurities. After pre-electrolysis, the 
background vol tammograms for pure melts were flat be- 
tween +1.0 and -1.0V. That is, there were no reduction or 
oxidation waves detectable at the highest sensitivity used 
over the voltage range scanned in the experiments.  

Cr(III) was added either as CrF3 (Cerac, 99.5%), or as 
K~CrF6, which was prepared by the method of 
Christensen (15). The K~CrF6 was examined using x-ray 
diffraction analysis, and no other lines were detected. 
Analysis of one preparation gave 18.5% Cr (18.4% calcu- 
lated). Both materials gave identical electrochemical be- 
havior. 

Figure 1 shows a schematic diagram of the cell assem- 
bly used. To minimize the effect of cell resistance be- 
tween the electrodes, a three-electrode system was em- 
ployed. For both measurements,  a vitreous carbon 
(Atomergic Chemicals Corporation) auxiliary electrode 
(1/4 in. diam) and a small Pt plate (1 x 1 cm, area 2 cm -2) 
quasi-reference electrode were used. A very fine Pt  
microelectrode (0.12 mm diam, 5 mm long) and a Pt  cylin- 
drical working electrode (2.3 mm diam, 11.3 mm long) 
were used as the working electrodes for cyclic 
vol tammetry and chronopotentiometry, respectively. 

Although attempts were made to use a boron nitride in- 
sulator for the working electrode to obtain a precise area, 
this failed because of the conductivity of the BN above 
600~ probably as a result of porosity due to leaching of 
the binder. 

The controlled potential cyclic vol tammeter  used was 
designed and built in this laboratory. With this instru- 
ment, scan rates from 0.01 to 80 V/s are available, and cell 

~Present address: Department of Industrial Chemistry, Fac- 
ulty of Engineering, Mie University, Tsu, Mie-Ken, 514, Japan. 

currents up to 500 mA can be measured. A constant cur- 
rent power supply (HP Model 6212A) was used for 
chronopotentiometry. Waves were recorded by means of 
either a Tektronix Type 564 storage oscilloscope or an 
Omnigraphic Series 2000 X-Y recorder. Data were mea- 
sured either from the large X-Y recorder chart or from en- 
larged photographs; transition times were evaluated ac- 
cording to Kuwana's  method (16), and those reported for 
the second wave are measured from the end of the first 
wave. 

1: Gas out- 
Electrodes. 

Fig. 1. Schematic diagram of the electrochemical cell. 
let. 2: Gas inlet. 3: Gate valve. 4: Water cooling coil. 5: 
6: Ni crucible and molten salt. 7: Furnace. 
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Fig. 2. Top: cyclic volt- 
ammograms for the reduction of 
Cr(lll) in molten FLINAK. Scan 
rate: 8.0, 5.0, and 1.0 V s-L 
Concentration of Cr(lll): 0.10 tool 
I -L  Bottom: chronopotentiograms 
for the reduction of Cr(lll) in 
molten FLINAK. Concentration of 
Cr(lll): 0.10 mol 1-1. io: current 
density/lO -2 mA m -2. 

All measurements were done in an argon atmosphere. 

Results and Discussion 
Both  cyclic v o t t a m m e t r y  and c h r o n o p o t e n t i o m e t r y  

were  pe r fo rmed  over  a t empe ra tu r e  range of  about  600 ~ to 
1000~ and a Cr(III) concen t ra t ion  of  0.07-0.13 mol/1. Fig- 
ure  2 shows typical  resul ts  t aken  at a Cr(III) concentra-  
t ion of  0.1 tool/1 at t empera tu re s  of  983 ~ 716 ~ and 612~ 
As shown in all of  these  figures, two reduc t ion  and two 
ox ida t ion  steps are evident .  The  first r educ t ion  step and 
the second ox ida t ion  step b e c a m e  indis t inc t  at lower  tem- 
pera tures  and lower  scan rates, even tua l ly  a lmost  
me rg ing  wi th  the  others.  This  is main ly  due  to the  tend-  
ency  of  the  second r educ t ion  and first ox ida t ion  peaks  to 
shif t  anodic  wi th  decreas ing  scan rate, decreas ing  t emper -  
ature, and increas ing  concen t ra t ion  of Cr(III). 

The  shape of the  first r educ t ion  wave  in cyclic vo l tam-  
me t ry  is not  in the  fo rm of  a peak, bu t  is a s imple  pla teau 
at lower  scan rates and lower  tempera tures .  However ,  at 
h igher  scan rates, and especial ly  at h igher  t empera tu res ,  
it deve lops  into a peak.  The  nature  of  the first r educ t ion  
w a v e  will  be  d iscussed  later  in more  d e t a i l  

In  Fig. 3, re la t ionships  b e t w e e n  ior ~j2 and  cur ren t  den-  
sity io obta ined  f rom ch ronopo ten t i ome t ry  are shown for 
bo th  reduc t ion  steps at d i f ferent  t empera tu res ;  io T~2 varies  
wi th  cur ren t  dens i ty  at h igher  t empera tu re  and lower  cur- 
rent  dens i ty  values,  especia l ly  for the  second reduc t ion  
step, but  becomes  cons tan t  at h igher  cur ren t  densi ty.  In 
Fig. 4, t ransi t ion t ime  constants ,  ioTWC , where  C is the  
concen t ra t ion  of  Cr(III), at different  t empe ra tu r e s  are 
shown  plot ted  against  concen t ra t ion  of Cr(III) for bo th  re- 
duc t ion  steps. It  is seen  f rom Fig. 4 that  the  t rans i t ion  
t ime  cons tan t  of the  first r educ t ion  s tep is substant ia l ly  
invar iant  at each t empera tu re ,  in spite of  some  scat ter  of  
the data. The  data  for the  second step show more  devia- 
tion. In v i ew of the  h igh  t empera tu re s  invo lved  and the 
consequen t  possibi l i ty  of convect ion ,  we  do not  cons ider  
that  these  devia t ions  f rom cons tant  va lues  are unreasona-  
ble  or represen t  real t rends.  That  is, these  resul ts  do not  
p rov ide  any indica t ion  that  the  e lec t rode  react ion of  ei- 
ther  reduc t ion  step has compl ica t ions  re la ted to adsorp-  
t ion or coupled  h o m o g e n e o u s  chemica l  reac t ions  (17, 18), 
a l though  a revers ib le  charge  t ransfer  fo l lowed by a re- 

versible chemical reaction (ErCr) would also give a con- 
stant value. The deviation of io~ I12 from the constancy ob- 
served at lower current density in Fig. 3 probably also is 
due to the convection of the bath melt. This is supported 
by the results from cyclic voltammetry. 

In Fig. 5, relationships between peak current, ip, of the 
cyclic voltammograms and the square root of the scan 
rate, V v2, are shown for both reduction steps at different 
temperatures. The value of ip for the second wave was ob- 
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t a ined  by  ex t rapo la t ing  the  first wave  to p rov ide  a n e w  
base  line; th is  was  relat ively straightforvCard at low scan 
rates,  bu t  involved  m o r e  unce r t a in ty  at h igh  scan  ra tes  
and  h igh  t empe ra tu r e s ,  w h e r e  a peak  a p p e a r e d  on the  
first wave.  A good  l inear  re la t ionsh ip  b e t w e e n  ip and  V 1~2 
is o b s e r v e d  for t he  first r educ t i on  step,  e x c e p t  at h ighe r  
t e m p e r a t u r e s  and  lower  scan  rates.  However ,  for the  sec- 
ond  reduc t ion ,  the  dev ia t ion  f rom this  re la t ionsh ip  be- 
c o m e s  s ignif icant  at b o t h  lower  and h ighe r  scan  rates.  
The  devia t ion  of  ip at lower  scan  ra tes  s e e m s  to be due  to 
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the  same cause  as tha t  of  io r '2 at lower  cu r r en t  densi ty .  
The devia t ion  of  i, at h igher  scan  ra tes  m i g h t  sugges t  a 
s lower  reac t ion  in the  s eco n d  reduc t ion  step,  but  may  
also reflect  m o r e  unce r t a in ty  in  t he  ex t rapo la ted  base  
line for the  s econd  wave. The d e p e n d e n c e  of ip on the  
concen t r a t i on  of  Cr(III) for bo th  r educ t ion  s teps  is s h o w n  
in Fig. 6; ip at each  scan  ra te  satisfies a l inear  func t ion  of 
Cr(III) concen t r a t ion  w h i c h  goes  t h ro u g h  the  origin over  
a w i d e  range  of concen t r a t i ons  of  Cr(III). These  observa-  
t ions  m e a n  tha t  b o t h  r educ t i on  p rocesses  are d i f fus ion  or 
k inet ica l ly  control led ,  bu t  are not  adso rp t ion  or catalytic 
ones  as j u s t  m e n t i o n e d  above (19). At the  s ame  t ime,  th is  
fact  shows  tha t  the re  is no s ignif icant  ef fect  of  uncom-  
p e n s a t e d  res i s tance  b e t w e e n  the  e lec t rodes  (19). 

In  Tables  I and  II, scan  rate  and  concen t r a t i on  d epend -  
ence  of  the  peak  po ten t ia l s  (E,) and cu r r en t  dens i ty  and  

Table I. Concentration dependence of peak potentials and quarter-wave 
potentials. Scan rate (voltammetry): 2.0 V s -1. Current density 

(chronopotentiometry): 45.9 • 102 mA m -2 . Temperature: 983~ 

Concentration E JV E~/JV 
of Cr(III) First Second First Second 
(mol 1 -j) wave wave wave wave 

0.07 -0.186 -0.774 - -  - -  
0.08 -0.164 -0.762 -0.32 -0.782 
0.10 -0.156 -0.746 -0.259 -0.792 
0.11 -0.192 -0.734 -0.202 -0.764 
0.12 - -  - -  -0.206 -0.752 

Table II. Scan rate dependence of peak potentials (voltammetry) and 
current density dependence of quarter-wave potential 

(chronopotentiometry). Concentration of Cr(III): 0.11 mol 1-1, 983~ 

E, (V) Current ET/4 (V) 
Scan rate First Second density First Second 

(V s 1) wave wave (mA m 2) wave wave 

1.0 -0.126 -0.738 33.2 -0.135 -0.610 
2.0 0.152 -0.749 35.8 -0.145 -0.616 
5.0 -0.162 -0.786 38.4 -0.156 -0.628 
8.0 -0.173 -0.796 40.9 -0.178 -0.637 

10.0 -0.186 -0.815 43.5 -0.194 -0.646 
20.0 -0.234 -0.857 46.0 -0.244 -0.656 
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concen t ra t ion  d e p e n d e n c i e s  of  the quar te r -wave  potent ia l  
(E~4) are shown for bo th  reduc t ion  steps. As seen  f rom 
these  tables,  for bo th  r educ t ion  steps, E,  and E~4 shif t  ca- 
thod ic  wi th  increas ing  scan rate and cur ren t  dens i ty  and 
anodic  wi th  inc reas ing  concen t ra t ion  of  Cr(III). None  of  
logar i thmic  plots of  cycl ic  v o l t a m m o g r a m s  and chronopo-  
t en t iograms  such as log ( i J i  - 1), log (i - ip), log (7'~2/t '12 - 
1), and log  (7 '~2 - t "2) are  l inear  w i th  potential ,  and  it is 
clear that  ne i ther  reduc t ion  step can  be  reversible.  

As we cannot  e s t ima te  f rom the  s lopes of  such  plots 
h o w  m a n y  e lec t rons  are invo lved  in each reduc t ion  step, 
we  have  to resort  to ano ther  means  to de t e rmine  this. 
Berz ins  and Delahay  (20) der ived  the equa t ion  which  pre- 
dicts  the  n u m b e r  of  e lec t rons  invo lved  in the  s tepwise  
d i f fus ion-contro l led  e lec t rode  process  

72 _ 2 n 2  + [1] 
71 T~ 1 

where  7i and n~ are the  t ransi t ion t ime  and n u m b e r  of  
e lec t rons  in each  step, respect ively .  As n, + n~ equa ls  3 in 
our  case, the  two dif ferent  va lues  of  n, and n~ are consid-  
e red  as follows 

C a s e I :  ifn~ = l a n d n ~  = 2 t h e n  z_~ = 8  
71 

Case II: if  n, = 2 a n d n 2  = 1 t h e n  7~  = 1.25 
T 1 

The  average  va lues  m e a s u r e d  at different  t empera tu re s  
are  l is ted in Table  III. The  va lues  at h igher  t empera tu re s  
are near ly  8 and co r re spond  to case I. Indeed,  this is the  
e x p e c t e d  m o d e  of  behav io r  of  Cr(III), and has been  ob- 
se rved  earl ier  in this  me l t  (8). However ,  whi le  the  behav-  
ior  at 983~ is as expec ted ,  at lower  t empe ra tu r e  reduc-  
t ion m u s t  occur  in a more  compl ica ted  m a n n e r  as 
cons ide red  later. Equa t ion  [1] applies  str ict ly only to dif- 
fus ion-cont ro l led  e lec t rode  processes .  

In  order  to clarify the  na ture  of the  first r educ t ion  step 
further ,  reversa l  t e chn iques  were  e m p l o y e d  for bo th  
c h r o n o p o t e n t i o m e t r y  and cycl ic  vo l t ammet ry .  Rat ios  of  
the  fo rward  to the  reverse  t rans i t ion  t ime,  7f/7~, for the  
first w a v e  measu red  at var ious  t empera tu re s  are l is ted in 
Table  IV. This  va lue  is a ve ry  power fu l  tool for de termin-  
ing  whe the r  the  p roduc t  of  the  e lec t rode  react ion is solu- 
ble or inso lub le  (18). At 983~ the  rat io T]7~ is near ly  3, 
wh ich  means  tha t  the  r educed  p roduc t  is soluble. How- 
ever,  this  va lue  becomes  near ly  un i ty  be low 893~ so the  
p roduc t  of  the  first r educ t ion  s tep is cons idered  to be  in- 
soluble.  This  resul t  agrees wi th  the  resul t  p rev ious ly  men-  
t ioned:  that  is, at lower  t empera tu re s  the  ratio 7 J 7 ,  

Table III. Temperature dependence of the ratio of the transition time of 
the second to the first reduction step, T2r/7~r. Concentration of Cr(lll): 

0.09 mol I -~ 

Temp.(~ 983 893 804 716 612 

shown in Table  I I I  gets larger  than  8 wi th  decreas ing  tem- 
perature,  owing  to the  format ion  of  the  insoluble  p roduc t  
of the first r educ t ion  step. There  is less diffusion of  the  
p roduc t  of  step 1 f rom the  e lec t rode  surface, therefore  
lead ing  to a larger  a m o u n t  of  mater ia l  avai lable for the  
second reduc t ion  step. Smi th  (21) has  obta ined s imilar  
ch ronopo ten t iome t r i c  behav ior  in this system. 

Cyclic  v o l t a m m o g r a m s  of  only the  first w a v e  were  
t aken  at 893 ~ and 983~ Fo l lowing  Nicho lson ' s  semiem-  
pirical  m e t h o d  (22), ratios of  the anodic  to the  ca thodic  
peak  current ,  iaJic , ,  were  obta ined  and g iven  in Table  V 
wi th  the  peak  separa t ion  potentials.  As seen  f rom this  
table, peak  separat ion gets larger  wi th  increas ing  scan 
rate, a l though at lower  scan rates it approaches  the  va lue  
which  is predic ted  for the  revers ib le  system. The ratio of  
ia,/icp increases  to m o r e  than  uni ty  wi th  inc reas ing  scan 
rate, and shows the  va lue  of  about  1 at lower  scan rates. 
Bo th  quant i t ies  s h o w  smal le r  va lues  than  e x p e c t e d  for re- 
vers ib le  behav ior  at the  lowes t  scan rates examined ,  espe- 
cially at 983~ Peak  cur ren t  ratios of  less t han  1 can be  ra- 
t ional ized on the  basis of  nonrevers ib le  behavior ,  whi le  
the  cause  of  small  peak  separa t ions  may  arise f rom 
uncer ta in t ies  in de t e rmin ing  peak  posi t ion as the  wave  
b e c o m e s  flatter and less wel l  def ined at low scan rates. 

When  the  resul ts  ob ta ined  for the  first r educ t ion  wave  
are compared  wi th  the  d iagnost ic  cri teria for typical  elec- 
t rode  processes  (Table  VI), it is seen tha t  the  closest  
a g r e e m e n t  is wi th  e i ther  a quas i - revers ib le  case, or  wi th  
an  ErCr  process  (for example ,  a react ion of  Cr(II), perhaps  
wi th  F - ,  to form a meta l  c lus ter  compound) .  Behav io r  of  
the  iaJicp and 7]rr ratios is not  cons is ten t  wi th  the  lat ter  
mechan i sm,  however ,  so that  a quas i - revers ib le  process  is 
cons idered  mos t  p robab le  on the  basis of  the  d i sc repancy  
of  these  ratios. 

We cannot  over look  the possibi l i ty  that  the  Cr(II) migh t  
d i spropor t iona te  by the fo l lowing reac t ion  

3Cr(II) ~ 2Cr(III) + Cr(metal) 

as po in ted  out by Mellors  and Sende ro f f  (8), and R e d m a n  
(23). We also found  that  8 we igh t  pe rcen t  of  CrF~ added  
into mol t en  F L I N A K  for e lectrolysis  did d i spropor t iona te  
and small  amoun t s  of Cr meta l  depos i ted  on the  surface 
of  the  Ni conta iner  after a week ' s  exper iment .  The  elec- 
t rochemica l  resul ts  for a solut ion m a d e  f rom CrF2 were  
qual i ta t ively  the same as w h e n  Cr(III) was used. How- 
ever,  it is be l ieved  that  this  d i spropor t iona t ion  react ion is 
s low and is not  de tec ted  wi th in  the  range of the  scan rates 
used  in our  exper iments .  S ince  our  e x p e r i m e n t s  have  
been  carr ied out  at a relat ively h igh  t empe ra tu r e  
(600~176 and the  effect  of  convec t ion  in the  me l t  be- 
comes  significant, r ep roduc ib le  m e a s u r e m e n t s  cannot  be 
ob ta ined  at lower  scan rates (-< 1.0 V/s) and lower  cur ren t  
dens i ty  where  the  de tec t ion  of  a catalyt ic react ion migh t  
be feasible. 

Table V. Ratios of the anodic to the cathodic peak c u r r e n t i a J i c p  , peak 
potentials and their peak separation at different scan rates. 

Concentration of Cr(lll) = 0.11 mol 1-1 

T2Jrir 8.0 8.6 9.3 11.3 13.4 

Table IV. Ratio of the forward to the reverse transition time for the first 
wave at different temperatures. Concentration of Cr(lll): 0.13 mol 1-1 

Current Transition time 
Temp. density Forward Reverse rdTr 

(~ (102 mA m-2) rf (s) T r (S) Tf/T r 

983 51.0 0.102 0.039 2.6 
40.8 0.156 0.047 3.3 

893 46.0 0.067 0.071 0.93 
35.8 0.110 0.098 1.1 

804 30.7 0.157 0.128 1.2 
25.6 0.201 0.193 1.0 

716 25.6 0.114 0.112 1.0 
20.5 0.186 0.169 1.1 

612 20.6 0.119 0.123 0.97 
18.0 0.158 0.150 1.1 

Temp. Scan rate Eep Eap Ecp - Eap 
(~ (V s-l) iap/i~, (V) (V) (V) 

983 20 1.27 -0.286 -0.091 -0.377 
10 1 .18 -0.236 -0.085 -0.321 
8 1.12 -0.226 -0.075 -0.301 
5 1.02 -0.213 -0.070 -0.283 
2 0 .95 -0.186 -0.051 -0.237 
1 0 .92 -0.157 -0.049 -0.201 

-0.253* 
893 50 1.34 -0.339 -0.206 -0.545 

20 1.22 -0.226 -0.135 -0.351 
10 1.17 -0.199 -0.109 -0.308 
5 1.22 -0.173 -0.091 -0.264 
1 1.02 -0.152 -0.073 -0.225 

-0.234* 

* Theoreticalvalues calculated based on the reversible process (as 
n =  1). 

Eap ,Ecp: Anodic and cathodic peak potential, respectively. 
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Table Yl. Comparison of the results obtained for the first reduction step with the diagnostic criteria for typical electrode processes 

Electrode i p / V  1~ i r l~ ia,/ir Tf/Tr 
process vs .  V vs .  i v s .  V E ,  v s .  V E~4 v s .  i F ,~  vs .  C vs .  i 

Observed const, const, increasing cathodic cathodic anodic 1 a 
3 b 

Reversible const, const. 1 ~ const, const, anodic ~ 1 r 
const.d 3 ~ 

Quasi-rev. const, const. > 1 d cathodic cathodic anodic 1 ~ 
3r 

Irrev. const, const  0 cathodic cathodic anodic 0 or 1 ~ 
0 or 3 d 

Cr.Er. decreasing decreasing increasing anodic - -  - -  3 
from 
1 at low V 

Er.Cr. const, const, decreasing cathodic cathodic anodic increasing 
from 1 at 
low V 

Catalytic * increasing from 1 * anodic or anodic - -  - -  
const. 

Cr.Er.: Reversible chemical reaction preceding a reversible charge transfer. 
Er.Cr.: Reversible charge transfer followed by a reversible chemical reaction. 
* Decreasing at low V and constant at high V. 

Below 893~ 
h At 983~ 
c Insoluble product. 

Soluble product. 

Table VII. Temperature dependence of the ratio of the transition time of 
the second reduction to the first oxidation step T2f/'rlr. Concentration of 

Cr(lll): 0.09 mol I - I  

Temp. (~ 983 893 804 716 612 

T..,#71r 0.58 0.66 0.86 0.98 1.1 

The  ra t ios  of t he  t r a n s i t i o n  t i m e s  of  the  s e c o n d  reduc-  
t ion  to t h e  first  o x i d a t i o n  step,  r2f]rlr, o b t a i n e d  at d i f f e ren t  
t e m p e r a t u r e s  are  l i s t ed  in  T a b l e  VII. At  lower  t e m p e r a -  
tures ,  t h i s  ra t io  is ve ry  c lose  to uni ty ,  b u t  d e c r e a s e s  w i t h  
i n c r e a s i n g  t e m p e r a t u r e .  S i n c e  t he  s e c o n d  r e d u c t i o n  s tep  
ha s  b e e n  f o u n d  to be  a quas i - r eve r s ib l e  r e d u c t i o n  of  Cr(II) 
to  Cr meta l ,  t h i s  va lue  s h o u l d  be  uni ty .  Poss ib ly ,  a l loy for- 
m a t i o n  of  d e p o s i t e d  Cr m e t a l  w i t h  t he  P t  e l ec t rode  m i g h t  
be  r e s p o n s i b l e  for  t he  r e d u c t i o n  of  t he  ra t io  at  h i g h e r  t em-  
pe ra tu res .  

M a n n i n g  a n d  Da le  (11) h a v e  ca r r ied  ou t  v o l t a m m e t r i c  
m e a s u r e m e n t s  on  Cr(II) (as CrF2) in  LiF-BeF2-ZrF4 at  
500~ a n d  f o u n d  t h a t  t he  r e d u c t i o n  of  Cr(II) to Cr m e t a l  in  
th i s  m e l t  is a quas i - r eve r s i b l e  process .  T h e i r  r e su l t  rea- 
s o n a b l y  ag rees  w i t h  ours .  

The  d i f fus ion  coeff icient ,  D, of  the  e lec t roac t ive  spe- 
cies c an  b e  e s t i m a t e d  f rom t he  S a n d  e q u a t i o n  (24) 

n F C ( H D )  "2 
i0 ~1j2 [2] 

2 

w h e r e  io is t he  c u r r e n t  dens i ty ,  r t he  t r a n s i t i o n  t ime,  C 
t he  c o n c e n t r a t i o n  of  e l ec t roac t ive  species ,  a n d  t he  re- 
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Fig. 7. Plots of In D vs. ] /T  for Cr(lll) in molten FLINAK 

m a i n i n g  t e r m s  h a v e  t he i r  u sua l  s ignif icance.  The  re su l t  is 
s h o w n  p lo t t ed  as t he  l o g a r i t h m  aga ins t  t he  r ec ip roca l  of 
a b s o l u t e  t e m p e r a t u r e  in  Fig. 7; t he  r e su l t  is a s t r a igh t  line. 
The  d i f fus ion  coeff ic ients  of Cr(III)  o b t a i n e d  in m o l t e n  
F L I N A K  s e e m  to be  low (983~ 1.84 • 10-", 893~ 1.19 • 
10-", 804~ 0.95 • 10 -~, 716~ 0.59 x 10 -4, 612~ 0.36 • 
10-" cm2/s), e v e n  a l lowing  for  s o m e  u n c e r t a i n t y  (-+ -20%),  
m a i n l y  in  t he  sur face  area  of the  w o r k i n g  e l ec t rode  and  
t he  c o n c e n t r a t i o n  of  Cr(III). The  ac t iva t ion  e n e r g y  for  the  
d i f fus ion  of  Cr(III)  ca lcu la ted  f rom the  s lope  in  Fig. 7 is 
9.5 kcal /mol .  A l t h o u g h  smal l  d i f fus ion  coef f ic ien ts  a n d  
large ac t iva t ion  ene rg i e s  h a v e  b e e n  f o u n d  for  some  o the r  
t r a n s i t i o n  me ta l s  in  m o l t e n  F L I N A K ,  t he  d i f fus ion  coeffi- 
c i en t s  are still  a fac to r  of  5 or  m o r e  g rea te r  t h a n  t h o s e  ob- 
t a i n e d  he re  (25, 26). Th i s  m a y  sugges t  t he  e x i s t e n c e  of a 
large  a n d  s t ab le  c o m p l e x  a n i o n  l ike CrF,  3- in  t h e  melt ;  
Cr(III)  does  e x h i b i t  a m a x i m u m  in l i gand  field s tabi l iza-  
t i on  e n e r g y  a n d  c o n s e q u e n t l y  in  c o m p l e x  s tab i l i ty  a n d  in- 
e r t n e s s  to l igand  e x c h a n g e .  

In  s u m m a r y ,  Cr(III)  in  m o l t e n  F L I N A K  is r e d u c e d  in 
two  s t eps  over  t he  t e m p e r a t u r e  r a n g e  600~176 The  
first  s tep  is t he  re la t ive ly  s low r e d u c t i o n  of  Cr(III), to 
g ive  a p r o d u c t  w h i c h  is s o l u b l e  at  983~ a n d  inso lub le ,  
b u t  still  e lec t roac t ive ,  b e l o w  893~ Th i s  s t ep  is m o s t  
p r o b a b l y  quas i - revers ib le ,  a l t h o u g h  the  b e h a v i o r  of  some  
p a r a m e t e r s  is no t  to ta l ly  s t r a i g h t f o r w a r d  and  s o m e  com- 
p l i ca t ions  f rom c h e m i c a l  r eac t i ons  are poss ib le .  The  sec- 
o n d  s tep  is t he  r e d u c t i o n  of  Cr(II) to  Cr(O). Th i s  is also 
quas i - revers ib le ,  w i t h  i n d i c a t i o n s  f rom v o l t a m m e t r i c  
peak currents that it is slow especially at higher tempera- 
tures. 

In electroplating of Cr from molten FLINAK, there is a 
correlation between the physical nature of the electrode- 
posited metal and the changing nature of the electro- 
chemistry with temperature. At low temperatures, the de- 
posit consists of extensive dendrites imbedded in the 
salts. At high temperatures, dendrite formation is reduced 
and smoother plates are obtained. The results of the Cr 
electroplating will be reported separately. 
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Cathodic Polarization of Aluminum in Alkylbenzene Electrolytes 
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ABSTRACT 

Cathode overpotentials for the plating of a luminum from ethylbenzene toluene_ 1:1, 50 weight percent A1Br3 electro- 
lytes have been measured as a function of current density, temperature, and specific conductances. The exchange cur- 
rent density (i o) and the heat of activation (/H), were determined to be 10 -3 A/cm 2 and 2.6 to 4.5 kcaYmol, respectively. 
Stoichiometries of plating are proposed, and the observed transfer coefficient of 1.3 is shown to be consistent with 
monomeric a luminum complexes as the active plating species. Solutions prepared from anhydrous alkyl benzene and 
A1Br3 are shown to be insufficiently conductive for a luminum plating. HBr increases the conductivities for optimal plat- 
ing conditions. 

The use of alkylbenzene electrolytes for the electro- 
deposition of a luminum and aluminum-copper alloys has 
been extensively studied in our laboratories during the 
past few years (1-10). 

The plating solution consists of a 1:1 mixture (by vol- 
ume) of ethylbenzene and toluene, containing 50 weight 
percent (w/o) A1Br3. Some gaseous HBr is added to insure 
a specific conductance of 2-4 • 10 -3 12-' c m - '  and to pro- 
vide bromide ions to complex the excess of a luminum 
ions obtained whenever cathode efficiencies are lower 
than 100%. 

From the faradaic cathodic efficiencies obtained in our 
electroplating work (3, 8), the range of conductivities 
mentioned above is considered optimal for plating. All 
our kinetic data were determined, therefore, over this 
conductivity range. 

The object of this paper is to describe and interpret 
cathod e polarization experiments on the above-described 
system. The basic measurements were cathode overpo- 
tential as a function of current density, temperature, and 
specific conductance. The results are interpreted in 
terms of the exchange current density (io), the heat of acti- 
vation (/H), and the transfer coefficient a. Plating 
stoichiometries are proposed. 

Some aromatic complexes of aIuminum.--When alumi- 
num halides are dissolved in aromatic hydrocarbons, dif- 

*Electrochemical Society Active Member. 

ferent types of complexes are formed, depending on the 
number  and type of constituents used for their formation. 

Binary mixture.--Brown and Wallace (11) and Brown and 
Brady (12) suggested that 7r complexes form when alumi- 
num bromide is dissolved in an aromatic solvent such as 
benzene or toluene, i.e. 

A1...X~ + ArH ~ (AleX5 �9 ArH) ~ + X -  [1] 
(~ complex) 

where ArH is an aromatic hydrocarbon and X a halide. 
These complexes have a very low degree of dissociation 

because their saturated solutions have specific conduct- 
ances of the order of 10-9 ~1-1 cm-1 when prepared from 
rigorously dried A1Br3 and aromatic solvents (13). 
Lebedev and Korshak (14-16) suggested that the formula 
for the complex compound of a luminum halides with an 
organic solvent is 

A12X~ + n~v ~ (A1X2 �9 ns~v) + + (A1X4)- [2] 

where slv denotes solvent. 
Kessler and co-workers (17) considered this scheme to 

be the most probable and adopted the value of 2 for n. 

Ternary mixtures.--Brown and Wallace (18) reported on 
the basis of vapor pressure compositions-phase studies 
the formation of o- c-~mplexes or salts of carbonium ions 
(ArH~) + and A12XT- or AIX4- when hydrogen bromide and 
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aluminum bromide react with the aromatic hydrocar- 
bons, i.e. 

ArH + HX + AleX, ~ ArH,2 ~ + AI~XT- [3] 

o r  

ArH + HX + 1/zAI~X, ~ ArH~ + + AIX4- [4] 

However, benzene and toluene could only produce 
dimeric complexes at room temperature as in Eq. [3], 
whereas solvent molecules having more or larger lateral 
chains such as m-xylene, and mesitylene, produced more 
readily the monomeric form of the aluminum complex as 
in Eq. [4]. 

The formation of these ions can explain the good con- 
ductivity of the solution when the hydrogen halide is 
added to an electrolyte containing aluminum bromide 
dissolved in an aromatic solvent. 

Electrodeposition of a luminum from aromatic hydrocar- 
bons.--Levinskieve and Simanavicius (19) suggested the 
following scheme for the electrodeposition of aluminum 
from a xylene-A1Br~-HBr system 

[A1Br2 �9 n(C6HD(CH3).2] ~ + 3e --> A1 + n(C,I~)(CH~)= + 2Br- 
[5] 

This is in agreement with the Lebedev and Korshak sug- 
gestion (Eq. [2]) and the Brown and Wallace findings (Eq. 
[4]). 

This paper is essentially an investigation into cathode 
overpotentials at different current densities, tempera- 
tures, and specific conductances, with the aim of under- 
standing to a greater extent  the aluminum electroplating 
process. 

E x p e r i m e n t a l  

The experimental  cell and auxiliary equipment  used in 
the experiments have been described in a previous paper 
(5). The cell consists essentially of a cylindrical glass body 
with (i) working electrodes occupying the cross section of 
the cell at each end and (it) a reference electrode behind 
the cathode, penetrating to the front through a 0.8 mm 
glass-lined hole. The thickness of the glass lining has 
been measured to be 0.001 cm, and it represents the dis- 
tance between the capillary tip and the cathode surface. 
The amount  of IR voltage drop for electrolytes having 
conductivities of 2 and 4 x 10 -3 ~-~ cm -J at current densi- 
ties of 10 mA cm -2 are 5 and 2.5 mV, respectively, from 
the equation 

iv8 
E m -  [6] 

K 

where i~ is the cathodic current density, 8 the glass wall 
thickness, and K is the specific conductance of the elec- 
trolyte (20). However, no corrections were made since the 
actual values of the E,R are likely to be considerably lower 
due to edge effects wh ich  tend to increase the potential 
around the cathode hole due to field distortion (21, 22) 
and also because the capillary tip is displaced horizon- 
tally from rather than in front of the cathode. 

Mater ia ls . - -Aluminum bromide was prepared from 
super-pure aluminum (99.99%) and Fisher reagent-grade 
bromine. Ethylbenzene and toluene were both Fisher 
reagent-grade products. Preparation of the electrolyte has 
been described elsewhere (1-4). The conductivity of the 
plating solution was adjusted by bubbling gaseous HBr 
through the solution. 

Procedure.--One liter of freshly prepared electrolyte, 
conditioned by 5-8h of a luminum plating at 10 mA/cm 2 in 
order to remove traces of more noble metals (impurities), 
was used in all the experiments.  The cathode area was 30 
cm 2. Four anodes of the same surface area were placed 
around the cathode (3). 

The cell was protected from moisture in a closed sys- 
tem. After filling the cell, the first experimental  step was 
to plate aluminum onto the platinum cathode and refer- 
ence electrode for 30-60 min. Once this was done, the elec- 

trodes were connected in their working and measuring 
circuits and plating was begun under controlled current 
density conditions. The electrolyte near the cathode was 
stirred by means of a micromagnetic Teflon-covered bar. 
The overpotentials were measured by a galvanostatic 
(point by point) procedure. Plating was carried out for 1 
rain before the cathode overpotential was measured. 

Following each measurement,  the current density was 
increased and the procedure was repeated at the new cur- 
rent density. After each set of experiments at one temper- 
ature, the cell was emptied, cleaned, filled with fresh 
electrolyte (from the 1 liter batch), and the experiments 
were repeated at a higher temperature. All the overpo- 
tentials reported were measured against a reference (re- 
versible) aluminum electrode (RA1) located behind the 
cathode, containing the same solution under study and at 
the same temperature (5). 

Results and Discussion 
The polarization studies showed (Fig. 1) that the cath- 

ode overpotential (7) as a function of current density is 
significantly lowered with increasing specific conduct- 
ance. However, at specific conductance greater than 
8 x 10 -3 D -1 cm -~, under galvanostatic conditions, the alu- 
minum coating on the platinum cathode redissolved. At 
specific conductances of 1 • 10 -3 D-1 cm-~, however, 
there was such an ohmic  drop across the cell that it was 
impossible to reach the 15 mA/cm ~ current density with 
the potentiostat maximum output of 20V. Furthermore, 
when the aluminum bromide and the alkylbenzene were 
rigorously dried by redistillation under nitrogen in a dry 
box, current densities were not higher than 1 mA/cm 2 
even for potentials up to 20V applied between the anode 
and the cathode. The specific conductance was of the or- 
der of 10 -0 ~-~ cm-L 

Thus, the polarization study complements  that on the 
beneficial effect of HBr on the faradaic cathode 
efficiency in the region of conductances from 2 to 4 x 
10 -3 ~-~ cm -~, as reported in previous papers (3, 8). 

The effect of  specific conductance on overpoten- 
t ials . - -The observed decrease in cathode overpotential 
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Fig, 1. Cathode overpotentials vs, current density for ethylbenzene- 
toluene 1 : 1 vol:50 w/o AIBr~-HBr at the specific conductances shown. 
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with increasing specific conductance (Fig. 1 to 4) can be 
explained in terms of an increase in the concentration of 
the active a luminum bearing ions, i.e., ~r complexes (Eq. 
[7]). These complexes are formed by the addition of HBr 
on the alkylbenzene and A1Br3 electrolyte, as shown in 
Eq. [7], which is a combination of Eq. [2] and [4] 

2Al~Brs + 2HBr + (2 + n)ArH 

2ArH2 § + 3A1Br4- + (A1Br2nArH) § [7] 
~r complex ~r complex 

The Butler-Volmer equation gives 

i = io(e~-~/RT - e a~F~/RT) [8] 

where 

io = FKc CA"+e-~F~/RT = FKcCD e~,/~T) 

and i is the net current density, io the exchange current 
density, Kc the rate constant, CA "+ the positive 

electroactive ion concentration, CD the reduced ions con- 
centrahon, a the cathodm transfer coefficmnt, a the 
anodic transfer coefficient, ~ the h~b - A~b e overpotential, 
A~be the equilibrium potential, h~b the applied potential, 
and F, R, and T have their usual significance. 

Equation [8] predicts that an increase in the concentra- 
tion species "CA"+, ' ' i.e., the ~r complex in Eq. [7], causes 
an increase in current density at any applied cathodic po- 
tential, h~. Similarly, an increase in CA "+ means that a 
lower potential h~b is required to achieve any desired cur- 
rent density. Since ~? = h~ - A ~ b e ,  where A~be is the equilib- 
r ium rest potential across the electrode interface, the 
lower required applied potential A~b (for any current den- 
sity) is equivalent to the presence of a lower overpotential 

at the cathode. 

Tafel plots.--Figures 2, 3, and 4 present the (point by 
point) galvanostatic current overpotential relationship, 
for the cathodic reduction of a luminum at four different 
temperatures in alkylbenzene-A1Br3-HBr electrolytes, 
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Fig. 4. Tafel plot at the tem- 
peratures shown, for ethylben- 
zene-toluene 1:1 vol'SO w/o 
AIBr3-HBr at a specific conduct- 
ance of 4.0 x 10 -3 D. -~ cm-' .  
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T h e s e  p lo t s  d i sp lay  a l inea r  r e l a t i ons h i p  b e t w e e n  t he  
c a t h o d e  ove rpo t en t i a l s  a n d  t he  log of  t he  c u r r e n t  dens i ty ,  
a b o v e  o v e r p o t e n t i a l  va lues  of 30 inV. Th i s  is to be  ex- 
p e c t e d  if  t he  Tafel  e q u a t i o n  

2.30RT 2.30RT 
~? = --, log io - --, log ic [9] 

r o F  

is o b e y e d  and  t h e r e  is a con t r o l l i ng  c h a r g e - t r a n s f e r  s tep.  

Exchange current density . - - T h e  va lues  of  the  e x c h a n g e  
c u r r e n t  dens i ty  (io) we re  ca lcu la ted  by  e x t r a p o l a t i n g  t he  
Tafel  l ine  to V = 0. Fo r  t he  t h r e e  e x p e r i m e n t a l  e lec t ro ly tes  
s t u d i e d  (specific c o n d u c t a n c e  2.0, 3.0, a n d  4.0 x 10 -a f~-i 
c m - ' )  a n d  the  da ta  at  40~ (Fig. 2, 3, a n d  4), t he  io va lues  
were  f o u n d  to be  a p p r o x i m a t e l y  2 x 10 -3 A /cm ~- (Tab le  I). 

Mechanism of  a luminum deposition.--It is d i f f icul t  to  
i so la te  t he  p rec i se  m e c h a n i s m  of  a l u m i n u m  d e p o s i t i o n  as 
t h e r e  are n u m e r o u s  v iews  o n  the  types  of  c o m p l e x e s  
w h i c h  c a n  fo rm b e t w e e n  a l u m i n u m  ha] ides  a n d  a roma t i c  
h y d r o c a r b o n s .  However ,  t he  bas ic  d i f f e rences  b e t w e e n  
t he  s t r u c t u r e s  s u g g e s t e d  are tha t ,  in  one  case,  a l u m i n u m  
b r o m i d e  ex i s t s  in  a m o n o m e r i c  fo rm e x e m p l i f i e d  by  t he  
c o m p l e x  (A1Br.~ �9 n A r H )  + (Eq. [2]) and,  in  t he  o ther ,  a lumi-  
n u m  b r o m i d e  wou ld  c o m b i n e  in to  a d i m er i c  form,  e.g., 
(A12Br5 - nArH)* (Eq. [1]). 

B r o w n  a n d  Wallace  (18) a n d  Choi  and  B r o w n  (23) f o u n d  
t h a t  u n b r a n c h e d  or  lower  b r a n c h e d  a r o m a t i c  s o l ven t  mol-  
ecu les  s u c h  as b e n z e n e  a n d  t o l uene  p r o d u c e d  m o s t l y  di- 
m e r i c  c o m p l e x e s  (Eq. [3]). S o l v e n t  m o l e c u l e s  w i t h  m o r e  
or la rger  la tera l  cha ins ,  s u c h  as x y l e n e  a n d  mes i ty l ene ,  or 
a lkyl  b e n z e n e s  h a v i n g  a h i g h e r  bas ic i ty  t h a n  to luene ,  gen-  
e ra t e  m a i n l y  m o n o m e r i c  complexes ,  as s h o w n  in  Eq. [4]. 

Table I. Calculated kinetic parameters from Tafel lines (40~ 

Cathodic 
Specific transfer 

conductance Tafel slope coefficient* 
(f~-i cm- ' )  io (mA cm -~) (V decade) (c0 

4.0 x 10 -~ 2.2 0.046 1.35 
3.0 x 10 -:~ 2.0 0.048 1.3 
2.0 x 10 -:~ 1.9 0.050 1.25 

* Transfer coefficient: a = 2.3 RT/bF, where b is Tafel slope. 

E t h y l b e n z e n e  p r o v i d e s  h i g h l y  bas ic  a l k y l b e n z e n e s  s u c h  
as d i e t h y l b e n z e n e ,  e t h y l m e t h y l b e n z e n e ,  etc., t h r o u g h  dis- 
p r o p o r t i o n a t i o n  r eac t i ons  (10). 

C a p u a n o  a n d  D a v e n p o r t ,  i n  a n  ear ly  p u b l i c a t i o n  (1), 
p r e s e n t e d  p h o t o g r a p h s  s h o w i n g  t he  effects  of  severa l  aro- 
ma t i c  so lven t s  on  t he  qua l i ty  of  a l u m i n u m  coat ings .  In  
fact, one  c a n  no t i ce  in  Fig. 2 in  Ref. (1) t h a t  no  a c c e p t a b l e  
a l u m i n u m  coa t ings  are o b t a i n e d  f r o m  u n b r a n c h e d  or  
lower  b r a n c h e d  so lven t s  s u c h  as b e n z e n e  or to luene .  The  
qua l i ty  of  t he  a l u m i n u m  coa t ing  i m p r o v e d ,  however ,  w i t h  
xylene ,  a n d  b e c a m e  exce l l en t  w i t h  e t h y l b e n z e n e .  This  is 
c o n s i s t e n t  w i t h  t he  f o r m a t i o n  of  m o n o m e r i c  a l u m i n u m  
c o m p l e x e s  in  so lven t  mo lecu l e s  h a v i n g  m o r e  or la rger  lat- 
eral  c h a i n s  t h a n  b e n z e n e  a n d  to luene .  Th i s  s u p p o r t s  the  
h y p o t h e s i s  t h a t  t he  p r e s e n c e  of  a n  a l u m i n u m  c o m p l e x  in  
i ts  m o n o m e r i c  fo rm is p r e r e q u i s i t e  for  a l u m i n u m  
e l e c t r o d e p o s i t i o n  in  a lky lbenzene-A1Br3-HBr  e lec t ro ly tes .  

T h e  s lope of the  e x p e r i m e n t a l  Tafel  l ines  y ie lds  a n  aver-  
age ca thod i c  t r a n s f e r  coeff ic ient  ~ of  1.3, c lose  to 
1.5. S imi l a r  va lues  for  t h e  a n o d i c  t r a n s f e r  coeff ic ient  ~, 
are t h e n  p r e d i c t e d  for Eq. [10] 

---> <--- n 
+ ~ - [10] 

12 

These  r e su l t s  i nd i ca t e  t h a t  i f  n ( the to ta l  n u m b e r  of  elec- 
t rons  t r a n s f e r r e d  in  t h e  overa l l  reac t ion)  is equa l  to 3, i.e., 
i f  a l u m i n u m  is p r e s e n t  in  a m o n o m e r i c  form, v ( the n u m -  
be r  of  t i m e s  the  r a t e - d e t e r m i n i n g  s tep  t akes  place  for t he  
overal l  r e ac t i ons  to occu r  once)  equa l s  1. 

A s s u m i n g  t h e n  f r o m  the  fo r ego ing  d i s c u s s i o n  t h a t  a n  
e t h y l b e n z e n e - t o l u e n e - A l B r 3 - H B r  e lec t ro ly te  p r o d u c e s  
m o n o m e r i c  a l u m i n u m  c o m p l e x e s ,  t he  fo l lowing  p l a t i ng  
r e a c t i o n  is p r o p o s e d  

(AIBr., nC~H~C2H~)* + 3e -  

--, A1 + nC~H~C._,H~ + 2 B r -  [11] 

C o n s i d e r i n g  t he  fact  t h a t  the  B r -  is no t  l ike ly  to b e  in  a 
f ree  state,  Eq. [11] c a n  be  w r i t t e n  as 

2(A1Br2 nC6HsC2Hs) + + 3e -  

A1 + AIBr4-  + 2nC6HsC=,H3 [12 ] 

Th i s  is in  a g r e e m e n t  w i t h  B r o w n  a n d  Wallace (18) (Eq. 
[4]), L e b e d e v  a n d  K o r s h a k  (14-16) (Eq. [2]), a n d  Levin-  
sk ieve  a n d  S i m a n a v i c i u s  (19) (Eq. [5]). 

Heat of  act ivat ion.--An e l e c t r o c h e m i c a l  A r r h e n i u s  p lo t  
a t  some  typ ica l  e l ec t rode  ove rpo t en t i a l s  as d e r i v e d  f rom 
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Fig. 5. Current density vs. 1/T (where T is the absolute tempera- 
ture) plot adopted from Fig. 2, in order to determine the heat of acti- 
vation (AH)~ at the overpotentials shown. 
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Fig. 6. Current density vs. 1/T (where T is the absolute tempera- 
ture) plot adopted from Fig. 4, in order to determine the heat of acti- 
vation (AH)~ at the overpotentials shown. 

Fig. 2 and Fig. 4 is presented in Fig. 5 and Fig. 6. The heat 
of activation as given by the differential (a log i/al/T),, lies 
between 2.6 and 4.5 kcal, depending on the electrode po- 
tential and the specific conductance. The complete re- 
sults are given in Table II. These results compare well 
with the values obtained (4 kcal/mol) by Simanavicius et 
al. (24) for the Hurley and Wier (25) electrolyte (aluminum 
bromide and an ethyl-pyridinium bromide in toluene). It 
has been generally agreed (26) that the heat of activation 
in the electrodeposition of metals from aqueous solution 
is of the order of 10-30 kcal/mol. The values from the pres- 
ent work and values obtained by Simanavicius et al. (24) 
indicate, however, that the activation energies for plating 
metals from organic electrolytes are almost an order of 
magnitude less than the heats of activation for plating 
from aqueous electrolytes. 

This result suggests that the bond energy of aluminum 
bromide in the alkylbenzene complexes is considerably 
lower than the hydration energy of metal ions in aqueous 
solutions. 

Conclus ions  

1. A study of cathodic overpotentials of ethylbenzene- 
toluene A1Br3-HBr electrolyte showed that charge- 
transfer overpotentials were of the order of 40 mV at cur- 
rent density of 10 mA/cm'-'. The overpotentials decrease 
with increasing specific conductances and temperature 
of the electrolyte. 

2. Exchange current density (io) at specific conduc- 
tances of 2-4 • 10 -3 fl-' cm ' and a temperature of 40~ 
are approximately 2 x I0 -'~ A/cm e, and the heat of activa- 
tion (AH), varies from 2.6 to 4.5 kcal/mol. The relatively 
high values of exchange current density and the relatively 
low value of heat of activation indicate that aluminum is 

Table II. Calculated heat of activation for some typical electrode 
overpotentials at different specific conductances for the temperature 

range of 300-354 K 

Cathode 
Specific conductance overpotentials Heat of activation 

(t~ ' cm-') (mV) (kcal/mol) 

2 x 10 -:~ 30 4.5 
35 4.2 
40 3.5 

4 x 10 -:~ 30 3.5 
35 3.1 
40 2.6 

released rather easily from its organic complexes to plate 
on an aluminum cathode. 

3. A cathodic transfer coefficient a of 1.3 is consistent 
with monomeric aluminum complexes being the active 
species during plating. 

4. Solutions prepared from anhydrous alkylbenzene 
and aluminum bromide are not conductive enough for 
electroplating aluminum. 

HBr is a suitable reagent for adjusting the conductivity 
of the solution to its opt imum operating condition. 
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Electrochemical Properties of WO3" x(H20) 
III. Complex Plane Analysis of the Film on SnO2 

Nobuyuki Yoskiike, Masatake Ayusawa, and Sigeo Kondo 
Matsushita Electric Industrial  Company, Limited, Central Research Laboratory, Moriguchi, Osaka 570, Japan 

ABSTRACT 

Complex plane analysis of evaporated WO3 films on SnO2 coated glass substrate has been performed in propylene 
carbonate electrolytes as a function of frequency from 100 kHz to 100 mHz at various applied voltages. It has been 
confirmed that the electron injection process at the SnOz electrode/WO3 film interface, the electrochemical charge- 
transfer process in the WO3 film and a diffusion-controlled process in the bulk are important processes at high (f > 1 
kHz), medium (1 kHz > f > 3 Hz), and low frequencies (f < 3 Hz), respectively. The change of electrochromic activity of 
various WO3 �9 x(HzO) films depends mainly on the charge-transfer process in the film; the charge-transfer impedance 
increases with hydroxylation of WO3 layer and, furthermore, increases drastically with hydrated crystallization. 

WO~ is one of the most useful materials for electro- 
chromic displays (ECD) (1-6). A model for coloration by 
Faughnan et al. (3) explained reasonably well that double 
injection of electrons and protons into the film 
accompanies the formation of tungsten bronze. (The 
bronze has a stable memory effect and can be switched 
back into the original colorless state by reversing the cur- 
rent.) Recent studies (7-13) have confirmed that water in 
the film plays an important  role for the coloration and 
bleaching mechanism. 

The states of water in the WO.3 film may be classified 
into three groups: physisorbed water, chemisorbed water 
as hydroxylation, and hydrated water having a crystal 
structure. We (14, 15) have recently confirmed the 
influence of these three states on the electrochemical 
properties of evaporated WO3 films. In particular, we 
have reported that water adsorbed on the film from am- 
bient air after the ventilation of the vacuum evaporation 
chamber not only provides a fast electrochromic reaction 
at first, but also reacts gradually with WO.~ by 
hydroxylation and/or hydrolysis to shift the potential of 
the cathodic reaction to negative potentials. Then the 
hydroxylated film loses the electrochromic coloration 
density at the same applied voltage as before (14). We 
have also reported that the formation of tungstate crystals 
(W03 �9 H20 and/or H2WO4 �9 H~O) by storing in high humid- 
ity air causes remarkable deterioration of the electro- 
chromic activity of the film (15). The relationship be- 
tween the electrochromic activity and the state of the 
water in WO.~ �9 x(H~O) has been clarified, but  it is still not 
clear what kind of processes in the electrochromic reac- 
tion are being affected. 

The mechanism and the coloration dynamics of the 
WO:, film have been roughly clarified by many authors. 
Faughnan et al. (3, 16) measured a t -'~'-' dependence of cur- 
rent flow during the coloration reaction of the WO.~ film 
in H~SO4 aqueous solutions under  low applied voltage 
and suggested a barrier-limited current of proton trans- 
port across the WOJelectrolyte interface as controlling. 
They (17) found t -:~14 and V w-' dependence of current flow 
during the bleaching process under  other constant ap- 
plied voltages and suggested a field-driven space-charge- 
limited current of proton in those cases. 

Mohapatra (18) also reported similar dynamics in the 
Li~WO.JLi system. Green et al. (19-20) studied the thermo- 

dynamics of the diffusion process with WOJsolid electro- 
lyte and WOJliquid electrolyte junct ions using the 
galvanostatic method. However, although complex plane 
analysis is a most useful method, there are few studies of 
WO3 film using this method. Ho et al. (21) have reported ki- 
netic data such as chemical diffusion coefficient, partial 
ion conductivity, and thermodynamic enhancement  fac- 
tor, with LixWOJLiAsF, in propylene carbonate/Li system 
using this method. They suggested that the interfacial 
charge-transfer reaction at the WO3/electrolyte interface is 
important  at slaort time (t < 0.5s), but at longer times the 
rate of Li injection is determined by the diffusion kin- 
etics. 

This paper describes studies on WO~ - x(H~O) using 
complex plane techniques. The relationships between re- 
action processes and various states of water in WO3 �9 
x(H~O) are discussed for the actual operating conditions 
of display devices. 

Experimental 
Preparation of W03 f i lms.--W03 films were deposited 

on SnO~-coated glasses (100 ~/cm'-') by an electron beam 
evaporation method. WO3 targets (99.99%) were supplied 
by Furuuchi  Kagaku Company, Limited. The deposition 
rate was 4 to 5 A/s, the deposition angle was varied within 
40 ~ with a planetary rotation, and the substrate tempera- 
ture was usually maintained at 80~ after being kept at 
110~ for 5 min. The total gas pressure in the chamber 
during the evaporation process was controlled by a gas- 
introduction method at 4-5 • 10 -5 torr. Deposited WO3 
films were analyzed by electron diffraction and found to 
be amorphous. Packing density of the film calculated 
from film thickness and weight was 5.3-5.7 g/cm 3. The re- 
fractive index deduced from the interference patterns of 
visible absorption and film thickness was 1.85. 

For the purpose of investigating the influence of hu- 
midity on the evaporated films, the films were stored in 
humidity- and temperature-controlled air at different con- 
ditions (Nagano Kagakukikai, Model NEW LH-20). 

Electrochemical measurements . -4~omplex plane analy- 
ses were made using a pseudo-three-electrode configura- 
tion. The working electrode was the WOJSnO~ electrode, 
in which the WO3 film thickness and area were 3000~, and 
0.3 cm'-', respectively. In order to avoid interference 
arising from the SnO~/electrolyte interface, the SnO~ elec- 
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trode surface was coated by a thin glass-plate insulator 
exposing only a part of the WO3 film (0.3 cm-~ The 
counterelectrode was a carbon electrode plate having a 
large surface area (the specific surface area of the carbon 
was 220 mS/g). The potential drift of the electrode during 
the measurements  was negligibly small (AV < 1 mV), so 
that the counter and reference electrode leads were com- 
bined (hence, pseudo-three electrode)�9 The potential of 
the counterelectrode was monitored by a saturated calo- 
mel electrode (SCE). 

The electrolytes were propylene carbonate (PC) solu- 
tions containing 0.3M LiC104 and 0.03M LiBF4. PC (Wako 
Junyaku) was freshly distilled under vacuum. LiC104 (pu- 
rity 99%, Mitsuwa Kagaku) and LiBF4 (purity > 98%, 
Morita Kagaku) were used. Ar gas was bubbled before 
measurements.  

Frequency response analysis was performed with the >r 
working electrode held at constant voltage by an electro- I 
chemical  interface (Solartron Model 1186, England). A 
small alternating signal from a frequency response ana- 
lyzer (Solartron Model 1170) was then superimposed on 
the constant voltage. 

The amplitude of the signal which was applied to the 
sample was always 5 mV, and the frequency range cov- 
ered extended from 100 kHz down to 100 mHz. Output 
data were the average values of ten sampling times and 
were plotted through a plotter interface (Solartron Model 
1180). 

Cyclic vol tammetry measurements  were performed 
with a potentiostat (Hokuto Denko, Model HA-301), 
which was supplied with voltage from a function genera- 
tor (same company, Model HB-104). The counterelectrode 
was a Pt plate and the reference a SCE. The electrolyte 
was the same as the electrolyte used for complex plane 
measurements.  

H~O content of the electrolytes was checked in each 
case by an aquacounter  (Hiranuma Seisakusho, Model 
AQ-3B). The concentrations were typically 0.03-0.05M. 

Results and Discussions 
Complex impedances of the WO~ (3000~ thick) film on 

SnO~ stored in air at 25~ for lh  after the evaporation were 
measured under various applied voltages, as shown in 
Fig. 1 and 2. 

Figure 1 shows the complex impedance data under con- 
ditions of working electrode potentials from +500 to +300 
mV vs. SCE, and counterelectrode potential constant at 
+370 mV vs. SCE. Figure 2 shows the complex imped- 
ance data for more negative working electrode potentials 
between +250 and -200 mV vs. SCE. In Fig. 1 and Fig. 2, 
the first semicircle was observed from 100 down to 1 
kHz. It became small at more negative potentials of the 
working electrode and too small to be recognized at po- 
tentials more negative than +100 mV vs. SCE. The second 
semicircle was observed clearly from 1 kHz down to 3 Hz 
at potentials more negative than +400 mV and corre- 
sponds to a charge-transfer-controlled process�9 The sec- 
ond one also became small with more negative potential 
conditions. 

The impedance plots for frequencies lower than 3 Hz v 
approached a line parallel to the imaginary axis and were 
therefore assigned to finite diffusion control rather than I 
a semi-infinite diffusion-controlled process. 

These impedance results can be represented, as a rule, 
by the circuit of Fig. 3 (21-25). In Fig. 3, R, is the uncom- 
pensated ohmic resistance of the electrolyte and elec- 
trode. C, and 0, are the capacitance and the resistance as- 
sociated with the first semicircle, respectively. C~ and 05 
are the capacitance and the charge-transfer resistance, re- 
spectively, associated with the second semicircle, and Z w  
is a complex impedance arising from the diffusion of the 
electroactive species, associated with the straight line for 
lower frequencies. 

Furthermore,  0, can be obtained from the following 
equation 
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Fig. 1. Complex impedance data of the WO3 film (3000• thick, 0.3 
cm ~) stored in air at 25~ for lb. I is the first semicircle, and II is the 
second semicircle. * l  and *2 are 1.1 kHz and 3.5 Hz, respectively. 

where R and X are the real and imaginary parts of-the 
complex impedance, respectively�9 

C, can be obtained from the following equation 
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Fig. 2. Complex impedance data of the same sample as shown in 
Fig. 1. 
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Fig. 3. Admittance plots for the circuit containing two R-C circuits 
and a finite diffusion-controlled process. 
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where  ~, is the radial  f r equency  cor respond ing  to the  top 
of  the first semicircle.  

0._, can be obta ined  f rom 

whe re  R', = R~ + 01. 
C2 can be  ob ta ined  f rom 

1 
C2 = [4] 

020J  2 

where  ~ is the radial  f r equency  cor respond ing  to the  top 
of  the second semicircle .  

The  equ iva len t  c i rcui t  shown in Fig. 3 is i n d e p e n d e n t  of 
the  countere lec t rode ,  because  the eoun te re lec t rode  was a 
large surface carbon e lec t rode  having  a large double  layer 
capaci ty  (more than  1 mF). Thus,  the c o m p l e x  i m p e d a n c e  
is de t e rmined  by the  react ion processes  on the  WO3 elec- 
t rode  only. R, was about  290~, and was i n d e p e n d e n t  of  
the e lec t rode  potential .  

In  order  to clarify the  proper t ies  of  the two semicircles ,  
c o m p l e x  impedances  of  var ious  WO3 films hav ing  differ- 
en t  th ickness  (500-5000•) were  measured .  R, and 0 values  
for each  semici rc le  were  calculated us ing  a c o m p u t e r  
m e t h o d  in which  three  ideal  plots  for the  semic i rc le  were  
chosen  and Eq. [1] and/or  [3] were  used.  R, was 270 -+ 30~ 
and was i n d e p e n d e n t  of the th ickness  of the WO3 films. 
The  0 values  for films of var ious  th ickness  are shown in 
Fig. 4 and 5 as a func t ion  of  the  WO3 e lec t rode  potential .  
In Fig. 4, the  01 values,  co r respond ing  to the  first semicir-  
cle observed  f rom 100 kHz down  to 1' kHz, inc rease  wi th  
the  potent ia l  of  the  WO~ electrode.  The  01 va lue  of  5000A 
th ickness  WO3 film was not  ob ta ined  because  of uns tab le  
plots. 

The 01 va lues  were  i n d e p e n d e n t  of  the WO3 film thick- 
ness  b e t w e e n  500 and 3000~, so that  01 can be ass igned to 
the  charge- t ransfer  i m p e d a n c e  at the  SnO._, electrode/WO~ 
interface or the  WO3/electrolyte interface,  but  not  to a 
bulk  property.  

We cons ider  the  fo l lowing four  points:  (i) the colorat ion 
of  WO3 is caused by the  doub le  in ject ion of  e lect rons  f rom 
the  e lec t rode  and cat ions f rom the  e lec t ro lyte  (3), and not  
caused  by an e l ec t rochemica l  react ion such as a react ion 
W = 0 to W-O-H at the  WO~/electrolyte interface;  (it) the  
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Fig. 4. Potential dependence of the resistance (01) corresponding to 
the first semicircle (I). The thickness of the WO3 films (0.3 cm 2) are 
500 (A), 1000 ([]), and 3000/~ (•). 
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Fig. 5. Potential dependence of the resistance (02) corresponding to 
the second semicircle (11). The thickness of the WOa films (0.3 cm 2) 
are 500 (~),  1000 ([~), 3000 (Q), and 5000A (~). 

first semicirc le  is found  at h igh f r equency  (1 kHz to 100 
kHz); (iii) the  interface of  the  WO~/electrolyte is not  a flat 
plane, but  a porous  xeroge l  s t ruc ture  (12), so that  the in- 
terface tak ing  part  in the cat ion inject ion process  will in- 
crease wi th  the WO3 film thickness;  and (iv) the  small  ca- 
pac i tance  can exis t  at the  electrode/WOs interface  in 
which  WO3 was evapora ted  as grains on the  e lec t rode  sur- 
face (25) because  of  the  fo l lowing two reasons:  the  energy  
level  of  the  conduc t ion  band of n-SnO2 does  not  overlap 
the  level  of  n-WO3, and, str ict ly speaking,  the  contac t  of 
n-SnOdn-WO3 may  not  be an ohmic  contact ;  e lec t ron 
t ransfer  f rom the SnO~ e lec t rode  to the  WO~ layer  may  be 
s l ight ly b locked  at grain boundar ies  of  WO3 (25). There-  
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fore, it may be reasonable to say that the first semicircle 
results from a circuit involving the capacitance (CO and 
the resistance (00 corresponding to the electron injection 
process at the electrode/WO~ interface. 

In Fig. 5, the 0.~, corresponding to the second semicircle 
observed from 1 kHz down to 3 Hz, increases with the po- 
tential of the WO3 electrode and increases with film 
thickness. However, the injection of cations into the WO3 
film would not only occur at the WO3 surface interface, 
but also occur at voids in the porous WO3 film (12). Then 
the semicircle corresponding to the cation injection pro- 
cess would be dependent  on the WO3 film thickness. 

Therefore, 0~ would be the charge-transfer impedance 
corresponding to an electrochemical reaction process 
such as the cation injection. 

Various W03 �9 x (H20) . - -We prepared the following four 
kinds of WO3 - x(H~O) films after evaporation on SnO~ 
electrodes: (i) as-deposited WO3 film containing small 
amount of H~O; (ii) WO.~ - x(H20) film containing much 
physisorbed water by storing in air at 25~ 50% (relative 
humidity) for 16h (14); (iii) hydroxylated WO3 �9 x(H20) 
film having many OH groups by storing in air at 25~ 
50% (RH) for 168h (14); and (iv) hydrated WO3 - x(H20) 
film having WO3 �9 H~O and/or H 2 W O 4  �9 H20 crystal struc- 
tures by storing in air at 40~ 95% (RH) for 24h (15). 

Cyclic vol tammograms of these WO3 �9 x(H~O) films 
were measured in PC electrolyte and are shown in Fig. 6. 
The cathodic current is associated with coloration of the 
film and the anodic current is associated with bleaching. 
WO~ �9 x(H~O) films containing much physisorbed water 
have a fast electrochromism (EC) and both hydroxylated 
WO~ �9 x(H~O) films and hydrated WO~ �9 x(H~O) films hay- 
ing crystal structures lose EC activity. We earlier dis- 
cussed these properties in more detail (14, 15). 

Complex impedances of these films were measured at 
various working electrode potentials. Both C~ and C~ 
values were calculated by Eq. [2] or [4] and are shown in 
Fig. 7. The capacitance of the WO.~ thin film bulk layer 
(C~) was several ~F, which was about 30 t imes the magni- 
tude of the capacitance (C,) of the electrode/WO~ inter- 
face. The 0 values of each process were calculated and are 
shown in Fig. 8 and 9. 

Compositions (x) of M~WO~ bronze (M:H + or Li +) under 
the various working electrode potentials were calculated 
from the injected charge and are shown in Fig. 10 as a 
function of the electrode potential. Both 0~ and 0., are rep- 
resented as a function of composition (x) in Fig. 11. 

From these results, we conclude first concerning the 
fast electron injection process at the electrode/WO.~ inter- 
faces that (i) the interface of an as-deposited film may be 
in a nonequil ibrium state, thus giving rise to unstable 
complex impedances; (ii) the impedance decreases to 
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Fig. 6. Cyclic voltammograms of the WOa fi|ms (3000~ thick, 0.3 
cm='). Scan rate: 200 mV/s. I: As-deposited film. 2: WO:~ containing 
physisorbed water. 3: Hydoxylated film. 4: Hydrated film. 
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Fig. 7. Potential dependences of the equivalent circuit capaci- 
tances. WO3 films (3000A, 0.3 cm ~) are the firm containin 9 physi- 
sotbed water (~), the hydtoxylated film (Q-), and the hydrated film 
(~). 
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Fig. 8. Potential dependences of 01. 1: As-deposited WO3 film (Q). 
2:WO3 film (3000A, 0.3 cm 2) containing physisorbed water (0). 3: 
Hydroxylated film (0-).  4: Hydrated film (~). 

one-half with an increase of physisorbed water in the W03 
film and doubles with hydroxylation of the film and is 
relatively insensitive to hydrated crystallization; (iii) 
there is a linear relationship between the impedance and 
the composition, x, of M~W03 bronze; and (iv) the capaci- 
tance is about I0 -T F and not strongly dependent on the 
condition of water in the WO3 �9 x(H~O). 

Second, concerning the charge-transfer process such as 
the cation injection process in the WO3 film: (i) the as- 
deposited film is unstable; (ii) the electrochemical charge 
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Fig. 9. Potential dependences of 02. Sample numbers represent the 
some samples shown in Fig. 8. 
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Fig. 10. Coulometric titration curve for M,.WO.~ Sample numbers 
represent the same samples shown in Fig. 8. 

transfer impedance in the film is about one order of mag- 
nitude larger than the electron injection impedance; and 
(iii) it decreases to about one-sixth to one-seventh with an 
increase of physisorbed water and increases about three 
times with hydroxylation of the film and about ten times 
with hydration. 0~ values for four kinds of WO3 �9 x(H20) 
films, in case of a composition x = 0.01 of M, WO:3 bronze, 
are tabulated in Table I. 

Conclusion 
The coloration reaction process was separated into 

three processes using complex plane analysis; the elec- 
tron injection process at the electrode/WO:, interface hav- 

Table I. 02 values in case of a composition 
x = 0.01 of M.,WO:~ bronze 

WO:, �9 x(H20) t)~ ((~) 

1 As-deposited film 1.6 x 10:' 
2 Containing physisorbed water 4 x 10" 
3 Hydroxylated film 9 x 10 ~ 
4 Hydrated film 4.5 x 10 :~ 
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i01i \ \  

i0 -~ 10-~ 10-~ 
X of MxWO 3 

Fig. 11. Composition dependences of 01 and 02. Sample numbers 
represent the same samples shown in Fig. 8. 

ing the double layer capacitance (10-TF) (100 kHz > f > 1 
kHz), the electrochemical charge transfer through the 
cation-injection process in the WO3 film having an im- 
pedance one order of magnitude larger than the electron 
injection impedance (1 kHz > f > 3 Hz), and a slow 
diffusion-controlled process in the bulk (f < 3 Hz). 

Remarkably, the fast electron injection process at the 
interface is not influenced by the condition of the water 
incorporation in the WO3 films, but the electrochemical 
charge-transfer process in the WO3 film clearly is. The 
electrochemical charge-transfer process in the WO3 is the 
most imporfant process in determining EC reaction speed 
for display devices. 
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Technical Notes 

The Decomposition of Propylene Carbonate in a Lithium/Metal 
Phthalocyanine Cell 

M. Arakawa, J. Yamaki , *  and T. Okada 

Nippon Telegraph and Telephone Public Corporation, Ibaraki Electrical Communication Laboratory, Tokai, Ibaraki- 
ken, 319-11, Japan 

Recently, considerable attention has been focused on 
batteries composed of l i thium anodes, cathodes, and or- 
ganic electrolytes. This has been particularly true of lith- 
ium secondary batteries employing topochemical reac- 
tions (1-3). 

We have reported on metal phthalocyanine (MPc) as a 
cathode active material, and its charge and discharge 
characteristics (4). Gas evolution, however, was observed 
in l i thium batteries using MPc as the cathode active mate- 
rial. Gas evolution from the graphite electrode in li thium 
batteries was first reported by Dey et al. (5). However, 
the electrochemical characteristics and the gas evolution 
reaction mechanism were n o t  clarified sufficiently. 

Studies of the effect of MPc on electrocatalysis have 
been widely carried out for O~ reduction reactions in 
aqueous electrolytes (6, 7). The decrease of electrocata- 
lytic activity was reported in the order: Fe > Co > Ni > 
Cu > H~ (8). This indicates a significant dependence of 
the central metal on electrocatalytic activity, though its 
role is not yet sufficiently understood. 

In this paper, we report the catalytic effect of MPc on 
the gas evolution reaction. 

Experimental 
The experimental setup is schematically shown in Fig. 

1. Test cell was set in the vacuum line and evacuated. A 
constant current discharge and stepwise potentiostatic 
discharge were then carried out, using a constant current 
and a constant voltage source (Hokuto Denko Company). 
The volume of gas evolved during the discharge test was 
measured using the oil manometer  of the vacuum line, 
and its components  were identified with a mass spec- 
trometer. 

The test cell was composed of a l i thium anode, a cath- 
ode, and a reference electrode as shown in Fig. 2. The 
cathode was made up of MPc (M = H~, Li2, Na2, CrF, Mn, 
Fe, Co, Cu, GaC1, Ag, Cd) (Eastman Kodak Company), 
carbon powder (Akzo Corporation, Ketjenblack EC), and 
polytetrafluoroethylene (PTFE, Daikin Kogyo Company 
Limited, F103). The mixing ratio of MPc, carbon powder, 
and PTFE was 49, 48, and 3 weight percent (w/o), respec- 
tively. The mixture (0.05g) was pressed at 30 kg/cm 2 to 
form a 13 mm diam disk. The li thium electrode was 13 

* Electrochemical Society Active Member. 

mm diam and 0.24 mm thick disk. Lithium metal was also 
used for the reference electrode. Propylene carbonate 
(PC) containing 1M LiC104 (Tomiyama Pure Chemical In- 
dustries Limited) was used as the organic electrolyte. 
Water content was less than 20 ppm. All test cells were 
constructed in a dry box filled with dry argon gas. 

Results and Discussion 
Discharge tests were carried out galvanostatically at 3 

mA for cathodes containing several kinds of MPc. Gas ev- 
olution volume during discharge down to 0.5V is summa- 
rized in Table I. A typical gas evolution curve is shown in 

X - T I ICONSTANT C U R R E N T I  
RECORDER & ~CONSTANT VOLTAGE 

' I SOURCE I ~ VACUUM 
ICE,, LI NE 

X-Y 
RECORDER ~ - j  MASS I ISPECTROMETER 

Fig. 1. Block diagram of gas evolution measurement system 

) 

Li I Cathode Me l(MPc) 
Luggin Capillary 

(L i )  

Vac~uum 
Line 

Fig. 2. Cell for gas evolution 
measurement. 
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Fig. 3. A typical gas evolution 
characteristic in Li/MPc cell. M = 
Fe, 3 mA constant current dis- 
charge. 
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Fig. 4. Dependence of gas evolution rate on discharge voltage in 
Li/FePc cell with 1M LiCIOJPC. (1): 0.2V stepwise discharge. (2): 0.1V 
stepwise discharge. (3): 0.05V stepwise discharge. 

Fig. 3. T h e  p r i n c i p a l  c o m p o n e n t  of  t he  evo l ved  gas  was  
iden t i f i ed  as p r o p y l e n e  f rom m a s s  peaks  (m/e = 39, 41, 
a n d  42). In  t he  cells  c o n t a i n i n g  FePc ,  CoPc,  or M n P c ,  t h e  
evo lved  gas  v o l u m e  was  ve ry  large. The  effect  of  c a r b o n  
on  gas e v o l u t i o n  c a n n o t  b e  n e g l e c t e d  in  t h e  low vo l t age  
region.  However ,  u n d e r  t he  c o n d i t i o n s  r e p o r t e d  here ,  t he  
c o n t r i b u t i o n  f rom t he  c a r b o n  is e s t i m a t e d  f rom t he  b l a n k  
t e s t  to  b e  less t h a n  0.30 ml. A de ta i led  s t u d y  of  the  effect  
of c a r b o n  is n o w  b e i n g  ca r r i ed  out. 

Table I. Gas evolution characteristics of various MPc's 

Discharge 
Gas volume Ratio (R)** capacity (Qd) 

MPc (V~)* (m]) (%) (mA, h) 
Net capacity 

(mA. h) 

H.,Pc 0.19 5.05 9.0 8.55 
Na2Pc 0.08 4.25 4.5 4.31 
Li=,Pc 0.02 0.90 5.3 5.25 
CrFPc 0.58 15.88 8.7 7.31 
MnPc 1.27 24.70 11.1 8.36 
FePc 3.15 55.42 13.6 6.06 
CoPc 1.75 46.50 9.0 4.82 
NiPc 0.85 20.41 10.0 7.96 
CuPc 0.12 4.42 6.5 6.21 
GaC1Pc 0.03 0.89 3.5 3.47 
AgPc 0.64 11.89 12.8 11.28 
CdPc 0.04 0.89 5.3 5.25 

* Vg is converted into the volume at 0~ 1 atm. 
** R is derived from Eq. [3]. 

A l i t h i u m  cell c o n t a i n i n g  F e P c  (Li /FePc)  was  e m p l o y e d  
to i nves t i ga t e  t he  gas  e v o l u t i o n  r eac t i on  m o r e  closely. 
S t e p w i s e  po t en t i o s t a t i c  d i s cha rge  (0.05, 0.1, a n d  0.2V, re- 
spec t ive ly)  was  ca r r ied  ou t  a t  i n t e rva l s  of  30 rain.  The  re- 
su l t s  are s h o w n  in  Fig. 4. A s imp le  r e l a t ion  was  no t  ob- 
s e rved  b e t w e e n  t he  gas  evo lu t i on  ra te  a n d  d i s c h a r g e  
vol tage.  The  ra te  va r i ed  a c c o r d i n g  to t he  c h a n g e s  in  t he  
c o n s t a n t  vo l tage  s tep  wid th .  Namely ,  the  gas  e v o l u t i o n  
ra te  d e p e n d s  on  no t  on ly  t he  c a t h o d e  vol tage ,  b u t  also the  
d i s c h a r g e  cond i t ion .  Th i s  i nd i ca t e s  t he  e l e c t r o c h e m i c a l  
c h a r g e  t r a n s f e r  p roce s s  is no t  the  r a t e - d e t e r m i n i n g  s tep  
for  t he  gas  e v o l u t i o n  reac t ion .  

Th i s  v iew is s u p p o r t e d  by  t he  resu] t s  of  d i s c h a r g e  tes ts  
p e r f o r m e d  ga lvanos t a t i ca l ly  at  1, 3, a n d  6 m A  for L i /FePc  
cells. The  evo lved  gas  v o l u m e  was  p lo t t ed  aga ins t  dis- 
c h a r g e  capac i ty  (Fig. 5). T h e  gas  v o l u m e  was  p r o p o r t i o n a l  
to t he  d i s cha rge  capac i ty  a n d  i n d e p e n d e n t  of  d i s cha rge  
cu r ren t .  This  i n d i c a t e s  t h a t  t he  r a t e - d e t e r m i n i n g  s t ep  of 
the  gas  evo lu t i on  r eac t i on  is a r eac t ion  p r o d u c t  f o r m a t i o n  
process .  T h e  e l e c t r o c h e m i c a l  r eac t ion  p r o d u c t  (FePcLi r )  
f rom F e P c  a n d  Li  + m a y  reac t  c h e m i c a l l y  w i t h  PC and  pro-  
duce  gas  _(Eq. [1] a n d  [2]) 

MPcLi~ + 2Li § + 2e -  --> MPcLi_r+2 [1] 

MPcLix+2 + C3H~CO3 --> M P c L i r  
+ C3H6 + 2Li ~ + C O J -  [2] 

Th i s  was  c o n f i r m e d  by  a d d i n g  P C  to t he  FePcLi~,  w h i c h  
was  f o r m e d  by  the  r eac t i on  of  F e P c  w i t h  n -bu ty l  l i th ium.  
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Fig. 5. Dependence of evolved gas volume on discharge capacity. [~: 1 
mA constant current discharge (CCD). �9 3 mA CCD. ,~: 6 mA CCD. 
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Fig. 6. Gas evolution ratio (R) derived from Eq. [3] plotted against the 
first oxidation potential of MPc taken from Ref. (9). 

PC was added, and it immediately reacted to generate 
propylene gas. 

Based on these results, the activity of MPcLix was esti- 
mated using the ratio (R) given by Eq. [3]. R means the ra- 
tio of the quanti ty of electricity for gas evolution to dis- 
charge capacity 

2 x 26.8 Vg/22.4 
R = [3] q~ 

where V~ and Q~ represent gas volume and dischargeoca- 
pacity, respectively. The ratios for several MPc are shown 
in Table I. Remarkable activity is observed for FePc and 
CoPc. 

Gas evolution ratios (R) were plotted against the first 
oxidation potentials of MPc (Fig. 6). The data reported by 
Manassen and Bar-Ilan were used for first oxidation po- 

tential values of the various MPc's (9). The relation shows 
that group VIII central metal MPc's have higher gas evo- 
lution activity than the other group. However, the reason 
for this activity difference has not been investigated in 
this work. Within the same group, the gas evolution activ- 
ity increased with a decrease of oxidation potential. This 
may indicate that the order of the first oxidation poten- 
tial of MPcLi~ is similar to that of MPc, and that the reac- 
tivity of reaction represented by Eq. [2] depends on the 
first oxidation potential of MPcLix; that is, the reaction 
(Eq. [2]) proceeds more easily when the charge transfer 
from MPcLi.r to PC occurs more easily. 

Conclusion 
Gas evolution from the phthalocyanine electrode m 

li thium batteries was observed. During the discharge 
tests, the evolved gas volume was proportional to the dis- 
charge capacity. The principle component  of the gas was 
identified as propylene. The activity of MPc was esti- 
mated based on discharge capacity. The activity de- 
creased in the order of FePc > CoPc > MnPc > NiPc > 
CrFPc > AgPc. H~Pc, Li2Pc, Na2Pc, GaC1Pc, and CdPc 
did not have much activity. Propylene gas is probably 
generated by the chemical reaction between PC and the 
discharge product of phthalocyanine. 
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Electronic Conductivity Decrease in Porous NiO Cathodes during 
Operation in Molten Carbonate Fuel Cells 

Charles E. Baumgartner* 

General Electric Company, Corporate Research and Development, Schenectady, New York 12301 

The electronic conductivity of nascent and doped NiO 
has been extensively examined over the past several dec- 
ades (1-16). Stoichiometric NiO is an insulator at room 
temperature with a specific resistivity of -10 '3 ~ cm (1, 
5). The introduction of monovalent  ions, such as lithium, 
into the NiO lattice on Ni lattice sites can decrease the 
room temperature resistivity by as much as 13 orders of 
magnitude. This pronounced effect was first explained 
by Verwey et al. (1-3), who postulated that coincident 
with the incorporation of each Li + ion was the formation 
of a trivalent nickel ion (Ni ~3) located on a Ni +2 lattice site, 
thereby reserving the overall crystal charge neutrality. 
The observed conductivity enhancement  results from the 
mixed valency of nickel atoms located on equivalent, ad- 
jacent  lattice sites. Following this mechanism, it was pos- 
tulated, and later proven by Verwey (3), that doping NiO 
with equimolar concentrations of both a monovalent  and 
a foreign trivalent species would yield an electronic con- 
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ductivity resembling undoped NiO. This result has been 
subsequently demonstrated by other authors (6, 15) and 
is, in part, responsible for the differences in absolute Li- 
doped NiO conductivity values found in the literature. A 
recent review by Jarzebski (17) historically details the 
published NiO electronic conductivity data. 

A state-of-the-art molten carbonate fuel cell (MCFC) 
utilizes a porous Li-doped NiO cathode. The structure is 
typically prepared by the oxidation of a porous nickel 
plaque in situ to the fuel cell cathode compartment,  the 
lithium dopant originating from the Li2CO3:K2CO3 electro- 
lyte. The resulting porous structure, containing an equi- 
l ibrium Li concentration of approximately 0.02 cation 
fraction, possesses a 923 K (MCFC operating temperature) 
specific conductivity of -2  (gt cm) -1. In most present fuel 
cell designs, the cathode is in intimate contact with a 
r ibbed stainless steel current collector which, during cell 
operation, oxidizes to form a scale containing predomi- 
nantly Fe~O3, LiFeO~, Li2CrO4, and K2CrO4. The chromates 
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are highly soluble in the molten alkali carbonate electro- 
lyte and therefore dissolve from the cathode/current col- 
lector interface to leave behind a predominately iron ox- 
ide scale. The incorporation of either Fe § or Cr ~ into the 
NiO structure, from either the current collector or its dis- 
solved corrosion products, would be expected to 
significantly decrease the cathode's electronic conductiv- 
ity and thereby increase, with time, the voltage drop asso- 
ciated with cell operation. 

This communicat ion quantifies the specific conductiv- 
ity penalty associated with Fe ~3 addition to 0.02 cation 
fraction Li-doped NiO samples (i.e., Li00~FexNic~ 9s_~O) and 
estimates this mechanism's  impact on MCFC perform- 
ance from Fe and Cr analysis of post-cell-tested NiO 
cathodes. 

Experimental 
Fe~O3-doped Li0.0~Ni,~980 powders were prepared 

by the thermal decomposit ion (823 K) of reagent-grade 
FeOH(C~H30=)~, Li(C~H30~) - H~O, and NiCO3 powders 
which were previously well mixed in an acetone/acetic 
acid vehicle. Following decomposition, samples were air 
fired for 10h at 1023 K and washed in dilute acetic acid to 
remove nonincorporated Li salts. Elemental analysis was 
performed by atomic absorption spectroscopy, and the 
Ni +3 content obtained independently using the method de- 
scribed by Goodenough et al. (18). 

Electronic conductivity measurements were made 
using a standard four-probe, ac impedance technique on 
pressed, sintered pellets using the apparatus diagrammed 
in Fig. 1. The pellets, 1.25 cm diam x -0.6 cm thick, were 
prepared by pressing the powders at ~120 MPa and 
sintering under a blanket of powder of the same composi- 
tion in air at 1325 K for lh. Chemical analysis showed the 
pellets' composition to be unchanged by sintering. Fol- 
lowing sintering, the faces of the pellets were polished 
smooth, sputtered with ~1 /zm gold, and two gold wires 
were attached to each face using silver paint (du Pont 
conductor composition 4922). The samples, supported 
using alumina holders (not shown in Fig. 1) and contained 
within an alumina tube furnace under a 30% COJair atmo- 
sphere, were heated to 823 K overnight to cure the silver 
paint. Sample conductivities were obtained as a function 
of signal frequency (50-20,000 Hz) during both heating 
(823-1123 K) and cooling (1123 K to ambient) cycles using 
a PAR 5204 Lock-In Analyzer coupled to a PAR 371 Sig- 
nal Source (Princeton Applied Research, Princeton, New 
Jersey). 

THERMOC AS INLET 
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Post-cell-tested NiO cathodes were obtained from 
MCFC's operated at 923 K for times between 50-10,080 h.' 
All cells were assembled using a Ni (10 weight percent 
[w/o] Cr) anode, a hot-pressed LiA10~/Li~CO3/K~CO.~ elec- 
trolyte structure, and a porous nickel cathode. The cath- 
ode oxidized during heat-up to the 923 K cell operating 
temperature to form a porous NiO structure; lithium 
incorporated into the NiO lattice from the Li.,CO3 con- 
taining electrolyte gave a final cathode composition of 
0.02 - 0.002 cation fraction Li (i.e., Li,~.0~Ni0,80). Cathode 
current collectors were fabricated using 316 stainless steel 
in all cases. 

Cathodes, obtained following cell testing, were thor- 
oughly freed of Li._,CO3 + K._,CO3 electrolyte by washing 
with 50% aqueous acetic acid under a vacuum of -10-'-' 
torr. The cathodes were then sectioned according to their 
structural location within the cell and analyzed for Fe and 
Cr by Auger electron spectroscopy (Physical Electronics 
Industries Model 548 ESCA/Auger spectrometer). 

Results and Discussion 
The composition of prepared Fe~-doped Li,~.0~Ni~.,,80 

samples (i.e., Li,,.,,~Fe.rNi,.gs_,O) are given in Table I. Total 
Fe, Ni, and Li concentrations were obtained by atomic ab- 
sorption spectroscopy, and the Ni +'~ content obtained 
titrimetrically using the method of Goodenough et al. 
(18). Lithium concentrations were maintained at 0.02 cat- 
ion fraction while iron was varied between 0.00 and 0.02 
cation fraction. Samples prepared with Fe concentrations 
exceeding -0.015 cation fraction possessed a Ni ~3 concen- 
tration below the quantitative detection limit; however, it 
is apparent from the results presented in the table that Fe 
enters the NiO lattice as Fe ~, thereby quantitatively 
reducing the Ni § concentration. This is in agreement 
with Verwey and others (1, 3, 12, 15). 

The specific conductivity measured at 1 kHz as a func- 
tion of temperature for the various samples is shown in 
Fig. 2. Frequencies between 50 and 20,000 Hz w e r e  
scanned at each temperature with less than 2% frequency 
dependence observed, confirming that the measured 
values were indeed the samples' bulk conductivity. The 
measured 923 K specific conductivity at 1 kHz decreased 
from 33.0 to 3.5 x 10 -3 (t2 cm)- '  as the Fe § concentration 
increased from 0.00 to 0.02 cation fraction. In addition to a 
decrease in the magnitude of the conductivity, Fe ~3 addi- 
tion also resulted in changes to both the nature and the 
slope of the conductivity/temperature relationship. Prior 
to Fe +3" addition, two activation energies are apparent, 
with the transition from one to the other occurring at 
-625 K. Activation energies of 0.68 and 3.9 kcaYmol ob- 
tained at temperatures above and below the transition 
temperature, respectively, are in reasonable agreement 
with Nowotny and Wagner's results (15) of 1.56 and 5.4 
kcal/mol obtained for a 0.008 cation fraction Li-doped NiO 
sample. 

It is evident from the data presented above that the in- 
corporation of current collector corrosion products (e.g., 
Fe+% Cr ~) into the lattice of a Li-doped NiO cathode 
would impact significantly on fuel cell performance. The 
measured porous cathode specific conductivity of 2(~1 
cm)- '  presently leads to a one-dimensional IR loss at a 

'The 10,080h sample was supplied by the Institute of Gas 
Technology, Chicago, Illinois. 

SOURCE 
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SIGNAL 1 
p 

PAR 371 [ PAR 5204 
SIGNAL GENERATOR LOCK-IN ANALYZER 

Fig. l. Four-probeacimpedance measurementapparatus 

Table I. Compositional analysis of Li,.~2FexNi0.9~ ~0 powders, in cation 
fraction 

[Li] [Fe],o,~, [Ni*~],. ........ , [ Ni'4] ..... ~ ..... , 

0.020 0.000 0.020 0.021 
0.021 0.006 0.015 0.015 
0.020 0.010 0.010 0.010 
0.019 0.013 0.006 0.006 
0.020 0.014 0.006 0.005 
0.020 0.017 0.003 --  
0.020 0.019 0.001 --  
0.020 0.020 0.000 --  
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Fig. 2. Temperature dependence of specific conductivity for var- 
ious compositions of Fe +3, doped Lio.o2Ni~.gsO. 

current density of 160 mA]cm ~ of about 3 mV for the 0.038 
cm thick cathode. Conductivity decreases, as determined 
above for samples doped with 0.02 cation fraction Fe +3, 
would increase this resistive drop by almost three orders 
of magnitude if the dopant were uniformly distributed 
throughout  the structure. Both the iron and chromium 
content of porous NiO cathodes obtained from MCFC's 
were analyzed via Auger  electron spectroscopy (AES) fol- 
lowing alkali carbonate removal from the cathode struc- 
ture by acetic acid washings. Chromates, present in the 
electrolyte by dissolution of Li~CrO~ and K2CrO4 corro- 
sion products, are also entirely removed from the porous 
structure during this washing. Following washing, the 
cathodes were sectioned into four distinct areas accord- 
ing to their location within the cell. These areas were: re- 
gion 1, in direct contact with the stainless steel current 
collector; region 2, adjacent to region 1, in contact with 
the open gas passage; region 3, located within the body of 
the cathode; and region 4, in contact with the electrolyte 
structure. 

Nine cathodes were analyzed, encompassing cells oper- 
ated between 50 and 10,080h. All samples showed similar 
results in that all regions in direct contact with the cur- 
rent collector (region 1) contained iron within the NiO lat- 
tice. No iron was found in regions 2, 3, or 4, and no chro- 
mium was observed in any specimen. Chromates were, 
however, present in the electrolyte of several samples, as 
noted by the yellow color of the acetic acid wash solu- 
tions. Figure 3 displays a typical AES result, Fig. 3A 
showing the spectrum obtained on region 1 of a cathode 
on test for 2485h, and Fig. 3B showing the spectrum ob- 
tained from region 2 of the same sample. The two.spectra 
are virtually identical with the exception of the iron peak 
in area 3A. From this spectrum, an iron concentration of 
between 0.03 and 0.04 cation fraction was estimated; such 
a concentration is more than sufficient to neutralize the 
conductivity gain associated with the 0.02 cation fraction 
Li incorporation. No correlation was found between the 
observed iron level and the length of cell test. 

The cathode AES results, coupled with the previous 
conductivity determinations, would lead to the prediction 
that a fairly resistive interface could exist between the 
cathode and current collector in operating MCFC's. The 
thickness of this resistive layer was determined for sev- 
eral cathodes from cells operated for various lengths of 
time by repetitive Auger analysis following argon ion 
etching. The results obtained on cathodes from cells 
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Fig. 3. Auger electron spectra of Li-doped NiO cathode from MCFC 
operated 2485h. Region I was in contact with stainless steel current 
collector: region 2 was the adjacent location in contact with open gas 
channel. 

tested for 515, 2485, and 10,080h are shown in Fig. 4. All 
samples possessed initial Fe levels similar to that shown 
in Fig. 3, and the depth profiles are therefore plotted on a 
relative ordinate. Whereas the absolute Fe level found at 
the NiO surface could not be correlated with the duration 
of cell test, longer cell tests did show a greater Fe penetra- 
tion depth. However, even after 10,080h on test, iron has 
penetrated only suPerficially into the NiO grains, 
diffusing to a depth of -10  nm. Therefore, even though 
Fe ~3 or Cr +3 incorporation into a Li0..~Ni~L,sO MCFC cathode 
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Fig. 4. Fe penetration profiles into the NiO lattice obtained by AES 

with Ar + milling. All samples were cathode regions in direct contact 
with the stainless steel current collectors. 
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could dramatically reduce fuel cell performance by de- 
creasing cathode conductivity, such a mechanism appar- 
ently plays an insignificant role as neither impurity read- 
ily enters the Li.doped NiO cathode structure under  
experimental fuel cell operating conditions. 

Conclusions 
The 923 K specific electronic conductivity of 0.02 cat- 

ion fraction Li-doped NiO (Li0o~Ni0.~80) was shown to de- 
crease from 33.0 to 3.5 • 10 -2 (~ cm)- '  upon the addition 
of an equivalent doping level of Fe ~a. However, the impact 
of this conductivity degradation mechanism on the per- 
formance of MCFC's containing Li002Ni09sO cathodes was 
shown to be insignificant from iron and chromium analy- 
ses of post-tested cathodes. Although appreciable iron im- 
purity levels were found within the NiO lattice in regions 
where the cathode contacted the stainless steel current 
collector, iron penetration into the grains was restricted 
to a distance of only 10 nm in 10,080h. The results indi- 
cate that impurity diffusion into the cathode should have 
little or no impact on fuel cell performance. 
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Improved H3PO, Corrosion Resistance of Graphite/Phenolic 
Composites Suitable for 190~ Hydrogen/Air Fuel Cells 

J. T. Hoggins and M. L. Deviney 
Ashland Chemical Company, Ventures Research Division, Dublin, Ohio 43017 

Electrocatalyst life, bipolar plate chemical resistance to 
hot H3PO4, and bipolar plate mechanical strength and di- 
mensional stability have been indentified as the major 
obstacles to the long-term service life of the hydrogen-air 
fuel cell (1-3). Composite bipolar plates prepared by mold- 
ing graphite powder with phenol-formaldehyde resin 
binder have been studied by the Army and its contractors 
(4-6). 

In an earlier Ashland investigation (7) concerned with 
fabrication of improved bipolar plates, two phenolic res- 
ins, Arofene | 877LF (Ashland Chemical Company) and 
A-33 (an experimental  styrenated resin), were shown to 
exhibit good corrosion resistance to hot H3PO4. A near op- 
t imum graphite powder loading for the composite was es- 
tablished along with a high density blend composition. In 
addition, an improved two-step molding technique was 
developed. The purpose of the present study was to fur- 
ther investigate the fabrication processes for the resin/ 
graphite composite bipolar plates. As part of this 
investigation, we examined methods of treating bipolar 
plates so that essentially all etchable substances and pos- 
sible poisons could be removed prior to fuel cell 
operation. 

It was suspected that corrosion products from the phe- 
nolic resin could leach from the acid reservoir in the bipo- 
lar plate and be deposited on the catalyst. These could 
block the active sites, thus poisoning the catalyst. 

Experimental 
The initial experimental  program consisted of moni- 

toring the corrosion of test composite coupons fabricated 

from C ~ labeled resins and the graphite powder mixture. 
This was done by liquid scintillation counting of solution 
extracts from composite plates immersed in hot H.~PO4. 
The radiochemical procedure for monitoring corrosion of- 
fered two advantages. First, different positions of the 
resin molecular structure could be labeled; thus, the point 
of attack could be determined. Second, by monitoring the 
concentration of resin products in acid, problems in 
measuring accurate weight losses in these graphite 
composites were avoided. 

Later in the program, an alternative method to monitor 
corrosion was developed to eliminate the costly and time 
consuming step of radio-labeled resin synthesis. It was 
observed that the color of the acid samples corresponded 
welt with the concentration of resin in the acid. There- 
fore, optical (visible) spectrometry was studied as a poten- 
tial method for measuring the concentration of resin in 
the acid. The optical spectrometry method was calibrated 
using the samples from the test with radio-labeled cou- 
pons. There was a linear correspondence between optical 
spectrometric absorption and radiochemically deter- 
mined concentration. This good agreement allowed the 
use of commercially available resins in corrosion studies. 
Another advantage of visible spectrometry over the radio- 
tracer method is that visible spectromety takes advantage 
of the color quenching which must  be corrected for in the 
radiochemical method. 

Synthesis of C 14 labeled Arofene 877LF and A-33 
resins.--The methylene "bridging" position was chosen 
as the C '4 labeling position because the "bridge " was con- 
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s ide red  a l ikely p o i n t  of  a t t ack  ( p r o b a b l y  l e a d i n g  to poly- 
m e r  c h a i n  sc iss ion)  by  h o t  H3PO4. 

The  l a b o r a t o r y  s y n t h e s i s  p r o c e d u r e s  u s e d  we re  scaled- 
d o w n  v e r s i o n s  of  c o m m e r c i a l  A s h l a n d  p r o c e d u r e s .  A b o u t  
700g of  r e s in  was  s y n t h e s i z e d  in  e a c h  ba t ch .  T h e  on ly  
s ign i f i can t  s y n t h e s i s  m od i f i c a t i on  was  t he  a d d i t i o n  of 
the  C 14 l abe l ed  f o r m a l d e h y d e  earl ier ,  a n d  at a l o w e r  t em-  
pe ra tu r e ,  t h a n  t he  m a i n  f o r m a l d e h y d e  charge .  The  pur-  
pose  of  th i s  m o d i f i c a t i o n  was  to m i n i m i z e  vola t i l i ty  
losses  a n d  to i n s u r e  c o m p l e t e  u t i l i za t ion  of t h e  C I4 l abe l ed  
f o r m a l d e h y d e .  R a d i o c h e m i c a l  y ie lds  we re  a b o u t  90%. The  
phys i ca l  p r o p e r t y  da t a  on  t h e  A_rofene 877LF a n d  A-33 
r e s in s  r e l a t ed  to t he  p r e s e n t  s t udy  are p r e s e n t e d  in  Tab le  
I. The  t e s t  m e t h o d s  u s e d  we re  all A S T M  p r ocedu re s .  

Molding coupons and bipolar plates.--The c o n d i t i o n s  
for  f ab r i c a t i on  of  the  c o u p o n s  were  as d e s c r i b e d  in  Ref. 
(7), A v a c u u m  ( - 1 0  -1 torr)  p o s t c u r i n g  was  app l i ed  on  
s o m e  coupons .  

Corrosion tests.--These c o u p o n s  (25 • 75 • 3 m m )  were  
s u s p e n d e d  by  Tef lon  ( t r a d e m a r k  of  E. I. d u  P o n t  de  Ne- 
m o u r s  a n d  C o m p a n y )  s t r i ngs  in to  a Tef lon  cup  con ta in -  
ing  93.5 m l  of (85.6%) H3PO4 (Bake r  C h e m i c a l  Company) .  
T h e  a s s e m b l y  was  p l a c e d  in  an  o v e n  a t  190~ for  ex-  
t e n d e d  pe r iods  of t i m e  (up to 2000h). At  va r i ous  in te rva ls ,  
0.3 m l  of  acid was  r e m o v e d  for m e a s u r e m e n t  of  the  con-  
c e n t r a t i o n  of  r e s in  d i s so lved  in  the  acid a n d  was  rep len-  
i s h e d  b y  0.3 m l  of  f r e sh  p r e h e a t e d  acid. 

Counting procedures for corrosion tests.--The 0.3 ml  
ac id  s a m p l e  was  d i l u t ed  9 to 1 w i t h  H~O. T h e n  1 m l  of  di- 
l u t ed  e t c h i n g  p r o d u c t  w as  p l aced  in  10 m l  d i o x a n e  scint i l -  
l a t ion  cockta i l  (for m o r e  c o n c e n t r a t e d  samples ,  less  of  t he  
d i lu t ed  ac id  was  u s e d  to r e d u c e  color  q u e n c h i n g ) .  The  
d i o x a n e  so lu t ions  were  c o u n t e d  in a B e c k m a n  LS-100 liq- 
u id  sc in t i l l a t ion  coun te r .  A s p i k i n g  p r o c e d u r e  was  u s e d  to 
d e t e r m i n e  the  c o u n t i n g  eff iciency.  Th i s  p r o c e d u r e  re- 
q u i r e d  50 ~] of  C TM r a d i o c h e m i c a l  s t a n d a r d  (New E n g l a n d  
N u c l e a r  lot  no. 697-242, c o n t a i n i n g  4.5 • 10 '5 d p m / m l  activ- 
ity) in  e a c h  s a m p l e  cock ta i l  so lu t ion .  C o u n t i n g  eff ic iency 
was  ca l cu l a t ed  b y  c o m p a r i s o n  of  t h e  sp iked  so lu t i on  
c o u n t s  w i t h  r aw  c o u n t s  f rom t he  sample .  

Table I. Physical properties of resin 

Resin 

150~ 
150~ 125~ Cure 

Melt Melt Flow* time* 
point (~ time (s) (mm) (s) 

C ~4 labeled 877LF 92 165 44 73 
Arofene 877LF 78 140 52 72 

lot 7198F 
C ~4 labeled A-33 74 142 152 222 

batch 1 
C ~4 labeled A-33 76 256 25 154 

batch 2 
A-33 pilot plant 77 264 60 114 

lot 7214 

* Determined with 10% hexamethylenetetramine added to the 
resin. 

Visible optical spectrometry.--The 0.3 m l  s a m p l e s  f rom 
t h e  co r ros ion  tes t  we re  d i l u t ed  w i t h  9,7 ml  of  f r e sh  H.~PO4. 
A p o r t i o n  of  t he  d i l u t ed  s a m p l e  was  p u t  in  a c u v e t t e  a n d  
t h e n  p l aced  in  a B a u s c h  a n d  L o m b  S p e c t r o m e t e r  Mode l  
100 t u n e d  to 590 nm.  Th i s  w a v e l e n g t h  was  d e t e r m i n e d  to 
be  t he  o p t i m u m  w a v e l e n g t h  by  a b r o a d  s c a n  of  t he  
sample .  F r e s h  ac id  was  u s e d  as a re fe rence .  T h e  abso rb -  
a n c e  of  t he  s a m p l e  was  t h e n  m e a s u r e d .  Fo r  ca l ib ra t ion ,  
t he  a b s o r b a n c e s  we re  m e a s u r e d  on  s a m p l e s  of k n o w n  
c o n c e n t r a t i o n s .  T h e s e  c o n c e n t r a t i o n s  we re  d e t e r m i n e d  
f r o m  C 14 r a d i o c h e m i c a l  m e a s u r e m e n t s  of  co r ros ion  
ex t rac t s .  

Results and Discussion 
The  r e su l t s  for severa l  c o u p o n s  f rom the  in i t ia l  t e s t s  are 

s h o w n  in  Tab le  II. Firs t ,  i t  was  a p p a r e n t  t h a t  s o m e  cou-  
p o n s  e x h i b i t e d  ve ry  good  co r ro s ion  r e s i s t a n c e  (less t h a n  
0.2% w e i g h t  loss of  the  resin) ,  wh i l e  o thers ,  s u p p o s e d l y  
m o l d e d  u n d e r  iden t i ca l  cond i t i ons ,  s h o w e d  p o o r  corro-  
s ion r e s i s t a n c e  (more  t h a n  5% w e i g h t  loss). P h y s i c a l  ex- 
a m i n a t i o n  of  t he  c o u p o n s  af te r  co r ros ion  t e s t s  s h o w e d  
t h a t  t h e  m o r e  c o r r o d e d  c o u p o n s  h a d  swel led  c o n s i d e r a b l y  
(up to a b o u t  17% i n c r e a s e  in  th i ckness ) .  The  sca t t e r  in  

Table II. Results of etching 

Coupon 

T-16 
T-22 
%59 
~60  
L-1 
L-2 
L-3 
L-4 
L-5 
L-6 
L-7 
L-8 
L-9 
L-10 
M-1 

M-2 

M-3 
M-4 
M-5 
M-8 
M-9 
M-10 
M-11 
M-12 
M-13 
M-14 
M-15 
M-16 
M-17 
M-18 
M-19 
M-20 
M-21 
M-22 
M-30 

w/o Final % 
Binder Furfural Postcure etched 

C 14 877LF 0 Regular 0.13 
C TM 877LF 0 Regular 5.50 
C TM A-33 (B2) 0 Regular 0.75 
C 1~ A-33 (B1) 0 Regular 0.30 
C '4 A-33 (B2) 0 Regular 2.86 
C ~4 A-33 (B2) 0 Vacuum 0.10 
C TM A-33 (B2) 0 Regular 3.30 
C TM 877LF 0 Regular 5.37 
C TM 877LF 0 Regular 9.10 
C TM A-33 (B1) 0 Vacuum 0.40 
C ~4 A-33 (B1) 0 Regular 4.80 
C TM A-33 (B1) 0 Regular 4.25 
C ~4 A-33 (B2) 0 Regular 3,08 
C '4 A-33 (B2) 0 Regular 3,42 
Arofene 877LF 0 Regular 12.71 

Arofene 877LF 0 Vacuum 2.65 

Arofene 877LF 1 Regular 3.45 
Arofene 877LF 1 Regular 1.22 
Arofene 877LF 0 Vacuum 3.35 
Arofene 877LF 0 Regular 4.95 
Arofene 877LF 0 Regular 3.10 
Arofene 877LF 0 Regular 12.30 
A-33 pilot plant 1.5 Regular 6.00 
A-33 pilot plant 1.5 Vacuum 0.21 
A-33 pilot plant 1.5 Vacuum 1.45 
Arofene 877LF 1.5 Vacuum 0.28 
Arofene 877LF 1.5 Vacuum 0.33 
C 14 A-33 (B2) 1.5 Vacuum 0.31 
C 14 A-33 (B2) 1.5 Vacuum 0.40 
Arofene 555 0 Vacuum 0.43 
Arofene 877LF 0 Regular 4.20 
Arofene 877LF 0 Vacuum 7.10 
Arofene 877LF 1.5 Vacuum 1.75 
Arofene 877LF 1.5 Vacuum 0.38 
Arofene 877LF 0 Vacuum >10.0 

Total time (h) 

271 
281 

2011 
2011 

75O 
75O 
75O 
750 
75O 
75O 
75O 
75O 
456 
456 
456 

456 

456 
456 
456 
456 
456 
456 
538 
538 
538 
538 
538 
538 
538 
528 
528 
528 
528 
528 
96 

Remarks 

9% HMTA 

9% HMTA 

9% HMTA 

Prolonged molding 
Prolonged molding, 9% HMTA 

Molding: Held at 220~ (20 min) --* 
outgas 

Molding: Outgas --* Held at 220~ (20 
min) 

Molding: Outgas held at 220~ (20 rain) 

11.5% HMTA 

Purified by steam 

Extracted with acetone before acid 
etch 
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these early results prompted a more thorough investiga- 
tion into optimizing the curing conditions for the compos- 
ites and more careful control over the molding and curing 
processes. 

A second observation was that the corrosion process is 
complete in about 300h, regardless of the amount  of total 
etching. A possible mechanism for this passivation is that 
H3PO4 attacks both low molecular weight resin and resin 
with a low cross-link density. Apparently, the etching 
ceases when low molecular weight resin materials are de- 
pleted, and only fully cross-linked material remains in the 
coupon. The total amount leached may be a function of 
both the total amount  of low cross-link density resin and 
the total surface area in contact with the phosphoric acid. 
To minimize the exposed surface area, it is necessary for 
the resin to wet the graphite particles as well as possible. 
Two methods to achieve better wetting were investigated. 
The first was through enhanced flow characteristics of 
the resin, and second involved the use of a wetting agent. 
Molding techniques were varied to increase the flow dur- 
ing curing, but  to no avail (see Table II). 

Other possible sources of corrosion products are un- 
reacted phenol and formaldehyde, and impurities such as 
low molecular weight phenol-formaldehyde reaction spe- 
cies. To minimize these, post curing was done in a vac- 
uum furnace. This vacuum curing treatment resulted in 
some improvement in corrosion resistance. However, the 
corrosion of some coupons was unacceptably high: 
> 2.5% in two cases. 

It was apparent from the data that an improvement  in 
resin flow properties during molding (in the early stages 
of cure where the cross l inking degree is low) was very 
desirable. Resin flow is usually enhanced when the free 
phenol content of the resin is low. The phenol was re- 
moved from the resin by steam stripping as a last step 
during synthesis. The coupon, M-18, prepared from low 
phenol resin (Arofene 555) showed good corrosion 
resistance. 

The use of a chemical additive, furfural, to improve 
particle wetting resin flow during molding was another 
approach investigated. Initial results indicated much 
lower corrosion of test coupons in 190~ H.,PO4. To check 
reproducibility, several additional coupons containing 
this flow enhancing additive were tested, and results 
were very favorable. Fairly consistent, low (< 0.3% weight 
loss) results were obtained in most cases. The earlier 
problems of higher corrosion rates and inconsistent re- 
sults thus appeared to have been due to insufficient resin 
flow in the mold before cross linking becomes the domi- 
nant  factor. Use of the resin formulations with slower 
cure rate properties and an additive for improved particle 
wetting and resin flow appear to be the keys to enhanced 
corrosion resistance for bipolar plates. 

The mechanism for passivation is unknown,  but, as 
noted before, essentially all corrosion takes place in the 
first 300h as shown in Fig. 1. This was also observed in a 
test where the acid was changed for each sampling (cou- 
pon T-22). Therefore, pre-etching the bipolar plate acid 
reservoir with H3PO4 could be beneficial. However, pre- 
etching with an organic solvent, acetone (note coupon 
M-30, Table II), was extremely deleterious. The coupon 
severely cracked and corrosion was very pronounced. 

Conclusions 
Arofene A-33 and 877LF, when molded and cured using 

the improved techniques developed in this study, are 
promising candidates for use in preparing composite 
(graphite powder/phenolic resin) bipolar plates, which are 
highly resistant to corrosion by 190~ H3PO~. These re- 
sults suggest that a hot H3PO~ pretreatment of the bipolar 
plate reservoir area could result in little or no etching 
by H.3PO4 in subsequent  fuel cell operations. The main 
features of the modified curing/molding procedure devel- 
oped (but not fully optimized) here for bipolar plate 
fabrication are the use of a chemical additive, furfural, 
molding techniques to improve particle wetting and resin 
flow properties during cure, and the employment  of an 
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Fig. 1. w/o Resin leach from typical test coupons vs. time in HAP04 
at 190~ +: Coupon T-16 (see Table II), coupon I.-7. V: Coupon 
L-9. V: Coupon M-4. o: Coupon T-59. x: Coupon T-22. 

extended (20h) vacuum oven postcure of the plates. Im- 
proved particle wetting and resin flow during molding 
can lead to a stronger, less permeable composite. There- 
fore, it may be possible to lower the bipolar plate resin 
content below 25% (the amount  used in this study). This 
could result in greater electrical conductivity for the bipo- 
lar plate, without introducing increased plate porosity 
(which would lead to increased H2 permeability and 
greater susceptibility to H3PO4 attack). This would re- 
quire verification. 

Steam stripping of the phenolic resin to remove excess 
phenol and reaction by-products may be a useful tech- 
nique for improving test coupon resistance to hot H3PO4. 
This approach is suggested by the limited results ob- 
tained here, but considerably more work is needed for 
verification. 

Acknowledgments 
The authors wish to express their gratitude to several 

persons whose assistance contributed greatly to the suc- 
cess of this project: Corbett L. Taylor, for performing the 
majority of the experimental work, particularly in the 
radiochemical analysis and resin curing areas; G. Fred 
Watts, for his expert counseling services in phenolic res- 
ins chemistry area; Alan H. Boyer, who carried out most 
of the synthesis of radio-labeled resins; and John E. Mar- 
tin, who provided important counsel concerning experi- 
mental techniques developed during their previous re- 
lated fuel cell contract. 

Manuscript submitted Dec. 9, 1982; revised manuscript  
received March 28, 1984. 

Ashland Chemical Company assisted in meeting the 
publication costs of this article. 

REFERENCES 
1. S. G. Abens, B. S. Baker, and I. Michalko, "Fuel Cell 

Stacks," Final Technical Report, Contract no. 
DAAK02-74-C-0367, June, 1977, Sponsored by U.S. 
Army Mobility Equipment  R&D Command, Ft. Bel- 
voir, VA. 

2. A. Kaufman, "Phosphoric Acid Fuel Cell Stack and 
System Development," Technical Progress Report 
for Quarter Ending Sept. 30, 1979, Contract no. DE- 
AC-03-78-ET 15366, Sponsored by U.S. Dept. of En- 
ergy, Administered by NASA Lewis Research Cen- 
ter, Cleveland, OH. 

3. G. A. Gruver, R. F. Pascoe, and H. R. Kunz, This Jour- 
nal, 127, 1219 (1980). 

4. P. Stonehart, J. MacDonald, V. Jalan, and J. Baris, pp. 
102-105, Extended Abstracts of the National Fuel 
Cell Seminar, Bethesda, MD, June 26-28, 1979. 

5. L. G. Christner, "Technology Development for Phos- 



Vol. 131, No. 11 H3PO4 C O R R O S I O N  R E S I S T A N C E  2613 

phoric Acid Fuel Cell Powerplant (Phase II)," 3rd 
Quarterly Report for Contract no. DEN 3-67, June, 
1979, Sponsored by U.S. Dept. of Energy, Adminis- 
tered by NASA Lewis Research Center, Cleveland, 
OH (DOE/NASA/0067-79-2), NASA Report no. CR- 
159705. 

6. H. C. Maru, L. G. Christner, S. G. Abens, and B. S. 
Baker pp. 86-90, Extended Abstracts of the National 

Fuel Cell Seminar, Bethesda, MD, June 26-28, 1979. 
7. P. M. Colling, J. E. Martin, and R. V. Norton, "Selec~ 

tion and Evaluation of Carbon-Resin Composites 
for Bipolar Plates for Hydrogen Fuel Cells," Final 
Technical Report, Contract no. DAAK70-77-C-0151, 
Completed Sept. 1978, Sponsored by U.S. Army 
Mobility Equipment R&D Command, Ft. Belvoir, 
VA. 



J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  

S O L I D - S T A T E  S C I E N C E  

1 , , , , A N D  T E C H N O L O G Y  ~ NOVEMBER 

1984 

Adsorption of Hydroxide and Sulfide Ions on Single-Crystal n-CdSe 
Electrodes 

K. W. Frese, Jr.* and D. G. Canfield 

SR1 International,  Menlo Park,  California 94025 

ABSTRACT 

Flatband potentials were determined for n-CdSe (1150) electrodes as a function of OH-  and S H -  concentrations. 
Surface coverage was calculated from the observed flatband potential shift. The Frumkin isotherm was applied to the 
data, and thermodynamic parameters were determined. The standard free energies of adsorption for OH-  and S = were 
found to be -2.3 and -6.9 kcaYmol, respectively. At high S H -  concentrations, there was evidence for a decrease in the 
repulsive interactions of the S = and OH-  ions. 

The n-CdSe/sulfide electrolyte redox system has been 
studied extensively in relation to solar-to-electrical en- 
ergy conversion devices. Although it is known that this 
system possesses a high degree of stability with respect to 
photoanodic corrosion, the details of the corrosion-redox 
competit ion processes are not completely understood. 

An important detail of the electron-transfer process in 
this system is surface adsorption and dissolution of 
sulfide and sulfur species, respectively. We have begun a 
study of the adsorption properties of the CdSe/sulfide 
electrolyte system. Because the alkaline po]ysulfide elec- 
trolyte can be complicated by different polysulfide spe- 
cies with perhaps different adsorption characteristics, we 
thought it useful to first study the adsorption process un- 
der simpler conditions. These conditions obtain in 
NaOH/Na~SO4 electrolytes and in NaOH/Na~S electrolytes 
without dissolved sulfur. In this report, we focus on mea- 
surements of f la tbandpotent ials  at room temperature in 
the dark. A distinction has to be made between measure- 
ments in the dark and under illumination. In the former 
case, the corrosion of the electrode and thus changes in 
the surface caused by the measurements are minimized, 
whereas in the latter case, corrosion products and the ef- 
fect of illumination could significantly complicate the 
characteristics of the system. 

Experimental 
All measurements were made on single-crystal n-CdSe 

(1150) electrodes (Cleveland Crystals). The donor densi- 
ties were 1 • 101~ cm -3. The electrode surface was 
chemomechanical ly polished with 1% (V/V) BrJCH3OH. 
After mounting in epoxy (Epoxy Patch) and in between 
capacitance/voltage measurements,  the crystals were 
rinsed with 1M HC1 to remove sulfide layers, and then 
cleaned with a cotton-tip applicator soaked in 1% 
BrJCH3OH mixed with 50% by volume 1M HC1. This 
cleaning was followed by rinsing with distilled deionized 
water. All chemicals were reagent grade. 

Capacitance/voltage sweep measurements were made at 
50 kHz using a lock-in amplifier. A constant ac current 
was passed- through the cell, and the 90 ~ out-of-phase 
component  of the voltage across the CdSe-Pt foil elec- 
trode was measured. AC voltages were typically 1-10 inV. 
Previous capacitance measurements (1) on these same 
crystals showed that the space-charge capacitance was in- 
dependent  of frequency (103-105 Hz). High purity N., was 

*Electrochemical Society Active Member. 

passed through the electrolyte before and during the mea- 
surements. All capacitance measurements were made 
within 15 min of the t ime of introduction of the electrode 
into the electrolyte. 

Theory 
Flatband potential and surface coverage.--The flat- 

band potential, V~B, is a property of a semiconductor- 
electrolyte system that is essentially a measure of the en- 
ergy of the conduction band of the material. In general, 
the measured flatband potential can be related to its 
value when no excess charge exists on the surface, V~B ~ 
and the voltage drop across the Helmholtz double layer 
when net charge resides on the electrode surface. We can 
express this relationship as 

V~B = V~ ~ - + Qa~l [1] 
C.  

where C. is the integral capacitance of the Helmholtz 
double layer. The chemical and physical structure of this 
interfacial region at the semiconductor-liquid junction is 
not fully known. It is expected that the concepts of inner 
and outer Helmholtz planes (2) that were developed for 
metal/electrolyte interfaces apply in the semiconductor 
electrode case. The shift in V~B relative to the neutral con- 
dition is positive or negative, depending on the sign of the 
net surface charge. The quantity Q~ (C/cm ~) is assumed to 
be given by 

Qad = qo (~-zi hi* - ~z~ nj-) [2] 

where n is the number  of adsorbed species per square 
centimeters and qo is the elementary charge, z is the inte- 
gral charge on the ion. If there are N total sites for adsorp- 
tion, the surface coverage, 0, for the ith species is given by 
0~ = n~/N. When n i = N ,  0 is 0sat, the saturation coverage. 

Now consider the simplification that only one nega- 
tively charged species adsorbs on the electrode surface, 
e.g., OH-,  with surface coverage, 0. 

Then 

qON 
V~, = VF, ~ - - -  [3] 

C, 

and the flatband potential saturates at 

qN 
VFB . . . .  VrB ~ - -  [4] 

C, 

2614 
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By solv ing  Eq. [3] for 0, and e l imina t ing  qN/CH by means  
of  Eq.  [4], we  find 

VFB -- VFB ~ 
0 - 15] V ~  ~at- VFB o 

This  s imple  resul t  states that  the  fract ional  occupancy  of  
surface  sites is g iven  by the  ratio of the  shift  in f la tband 
potent ia l  re lat ive to the  neut ra l  condi t ion  to the  total  shift  
f rom neut ra l  to sa tura t ion condit ion.  Appl ica t ion  of  Eq. 
[5] a s sumes  that  VvB ~t can  be  observed  exper imenta l ly .  
Calcula t ion of  VFB ~t appears  to be unre l iab le  at present .  
However ,  VFB ~ va lues  can  be  p red ic ted  wi th  reasonable  ac- 
curacy  (3). 

Iso therms. - -The  t h e r m o d y n a m i c  equ i l i b r i um cons tan t  
for the  adsorp t ion  process  

Ko 
X -  + M ~ M X a a -  [6] 

is 

Ko as [71 
avaet 

where  a~ and a~, are the  act ivi t ies  of the adsorb ing  spe- 
cies on the  surface and in the  electrolyte,  respect ive ly ,  
and a~ is the  act ivi ty  of  vacan t  sites. Accord ing  to the  gen- 
eral i so therm of  F r u m k i n  (4), a= = 0 e f~ av = (1 - 0), and a~, 
= a~-. For  s imple  adsorp t ion  such  as react ion [6], the  
F r u m k i n  i so the rm is 

(0) 
In ~ + f 0  = l n K o + l n a ~  [8] 

The  pa ramete r  f ,  in uni ts  of  kT, represents  the  interac- 
t ion energy  b e t w e e n  adsorbed  particles.  This  ene rgy  may  
be  repuls ive  0~ 1) or  a t t rac t ive  ( f <  1). 

The  parameter ,  f ,  general ly  depends  on coverage  and 
the  dens i ty  of e lec t rons  or holes  on the e lec t rode  surface. 
In  the  case of s emiconduc to r s  in the  dark,  the  e iec t rode  
charge  is normal ly  qui te  small  (low dens i ty  of ionized 
e lec t ronic  surface states). At  the  f latband condi t ion,  the  
space  charge  is zero by definit ion.  To a first approx ima-  
tion, neglec t  of e lec t ronic  (as opposed  to adsorbed)  charge  
is permiss ible .  If  so, t h e n  f m a y  be  related to var ious  mod-  
els of  the interface.  For  example ,  accord ing  to the  in- 
duced  dipolar  he te rogene i ty  mode l  of  Boudar t  (5) 

211 qo N Mo 
f = [9] (~176 kT 1 + - ~ -  0 

where  N is the  dens i ty  of  avai lable sites, Mo is a d ipole  
m o m e n t  normal  to the  surface,  a is the  polar izabi l i ty  of 
the  adsorb ing  particles,  and a is the d is tance  b e t w e e n  di- 
poles. For  10 '4 par t ic le /cm 2, Mo = 1.0 Debye,  and a = 0 , f  = 
7.3, a ve ry  reasonable  va lue  (6, 7). Mutual  polar izat ion ef- 
fects will  lower  f d e p e n d i n g  on a, a, and the  coverage.  

The Bockr is-Devanathan-Mfi] ler  i so therm (2, 8), that  de- 
scr ibes  ion-ion interact ions ,  can  also p rov ide  an es t imate  
o f f .  When the  e lec t rode  charge  is negl ig ible  

f = M'qo 2 rion 2 (Z N)  al~ 0,/2 [10] 
e kT 

where  M' is a geomet r ica l  factor, r is the  radius  of  the  ad- 
sorb ing  ion, and the die lectr ic  constant ,  �9 ~ 6. Us ing  M = 
15.3 (8), N = 10 TM cm -~-, z = 1, and ri = 2.5 • 10 -8 cm, we 
find f = 8.9 for 0 = 1. B o t h  mode ls  predic t  reasonable  
va lues  o f f  and are useful  for ra t ional iz ing and pred ic t ing  
changes  in adsorp t ion  character is t ics  as sys tem proper-  
t ies vary.  

Surface substi tut ion reac t ion . - -Now cons ider  a situa- 
t ion where  the e lec t rode  is sa turated wi th  an adsorbed  
charged  species  and ano ther  more  s t rongly adsorb ing  
species  is i n t roduced  into the  electrolyte.  Specifically,  
cons ider  the  equ i l i b r ium 

K s  
M O H % a  + S H - ( a q )  ~ MS%d +H,20(1) [11] 

where  M stands for an  adsorp t ion  site. 
The  equ i l ib r ium cons tan t  for this  subs t i tu t ion  react ion 

may  be  wr i t ten  

02e f2~ all20 
K~ - [12] 

01ef~ 01 aSH-- 

where the subscript 2 refers to adsorbed S = ion and 1 re- 
fers to adsorbed OH- ion. According to our data (see Fig. 
2 and the results below), the CdSe surface is saturated 
with OH- at the time SH- ions were introduced into the 
1M NaOH electrolyte. Therefore we describe the. system 
by reaction [11]. Accordingly, it is assumed that 01 + 0~ = 
1. When the surface contains two interacting species, such 
as S = and OH-, the f 's  have a more complicated meaning 
than that implied in Eq. [9] or [10]. A theory that counts 
the interaction between different kinds of particles is 
needed to describe the system. 

For the present, we have to assume that like and unlike 
ion interactions are included in the f s  in Eq. [12]. Assum- 
ing a~,_,o is un i ty  and 0, + 02 = 1, Eq. [12] may  be  wr i t ten  
us ing  0s- for 0~ 

1 In 0s= _ 1 

f, 
in asH- + ~ + in Ks [13] 

This  equa t ion  will  be  appl ied  below. 

Results 
Adsorpt ion of  O H - . - - T y p i c a l  Mot t -Schot tky  plots for 

CdSe  (1120) in 0.1M Na~SO4 are shown in Fig. 1. The  con- 
cent ra t ion  of O H -  was var ied  by the  addi t ion  of  NaOH. 
The plots  were  l inear  over  a wide  vol tage range. The  mea- 
sured capac i tance  fo l lowed the 1/C 2 re la t ion for surface 
barriers  as small  as 0.2V. This  behav ior  sugges ts  that  the  
dens i ty  of  act ive e lec t ronic  surface states in the  upper  
part  of  the bandgap  is qu i te  low. Our p rev ious  measure-  
men t s  (1) wi th  the  same crystals in neut ra l  Na2SO4 solu- 
t ion indica ted  interface  state densi t ies  of 10'~-10 ~3 cm -~ at 
0.1-0.5 eV be low the  conduc t i on  bandedge .  The  interface  
is a s sumed  to be  fo rmed  by the  CdSe  and a th in  (perhaps 
p e r m e a b l e  and chemica l ly  active) layer of  e lementa l  Se. 
The  Se resul ts  f rom the  oxida t ive  e tch  wi th  Br2. Appar-  
ently, the  more-a lkal ine  condi t ions,  as in Fig. 1, play a 
role  in reduc ing  the  in ter face  state density.  A poss ib le  ex- 
p lanat ion  is that  O H -  ions bond  to sites wi th  Cd ~§ charac- 
ter  and thus  r e m o v e  the  pos tu la ted  acceptor-s ta te  levels.  

The f la tband potent ia ls  de t e rmined  f rom Fig. 1 were  
p lo t ted  against  O H -  concent ra t ion ,  and  the  resul ts  are  
shown in Fig. 2. The  inset  to Fig. 2 shows  h o w  VFB varies  
wi th  log [OH-]. In te rpo la ted  va lues  of  VrB are l is ted at 
var ious  O H -  concen t ra t ions  in Table  I. The  f la tband po- 

- L L L ' / 7 / , ~  
Plot [OH-] mole/liter I J ~ , l l -  

1 ~ x ~  5,6 - ~ J / ~ / ~  

o ,," 
3 o l o  ///,,, _/ 

- -  4 0.3 M /, /Cf/ / '4--3 , 7  

I 
3 's 

• 

1 

0 
-1.20 -0.80 -0.40 0 0.40 0.80 1.20 

VOLTS vs SCE 

Fig. 1. Mott-Schottky plots for n-CdSe (1120) in O.1M Na2S04 at 50 
kHz. N a O H  a d d e d .  N O = 7 . 6  • 1 0  '6 cm -a .  

l/ 



2616 J. Electrochem. Soc.: SOLID-STATE SCIENCE AND TECHNOLOGY November 1984 

I P r 
-1.3 

-1.2 

11 

-10 

- 0 . 9  

- 0 . 8  

-0 7( 

I r 

I [ I J _1 
0.2 0,4 0.6 0.8 1.0 

[OH-I 

I I I-1 

-0f 
log [ O H  =] | 

I 

Fig. 2. Flatband potential vs. [ O H - ]  for n-CdSe (1120)  in 0.1M 
Na.,SO4. Data from Mott-Schottky plots at 50 kHz. 

tentia]  was  s t rongly  d e p e n d e n t  on [OH-],  and  at suffi- 
c ient ly  large concen t ra t ions ,  a sa tura t ion  Vrs of  -1 .22V vs. 
SCE was  observed .  The resu l t s  sugges t  a s t rong  adsorp-  
t ion of  O H -  ions on the  CdSe  surface. 

The  behav ior  of  VrB in  the  p H  range  4-11 is unusual .  We 
(1) and  o thers  (9) have  r epo r t ed  that  VrB is -0 .7V vs. 
SCE and  is i n d e p e n d e n t  of  [OH-]  in th is  i n t e r m e d i a t e  p H  
range.  Therefore ,  in the  d i scuss ion  to fol low we will as- 
s u m e  tha t  O H -  or H § are no t  s t rongly  a d s o r b i n g  for [OH-]  
< 10-'~M. And  accordingly ,  we  will a s s u m e  tha t  VrB = 
- 0 . 7 V  c o r r e s p o n d s  to the  neut ra l  surface  charge  (ad- 
sorbed)  condi t ion ,  i.e., VFB ~ = - 0 . 7 V  (see below). 

Adsorpt ion  of  S=. - -The  adso rp t ion  of  sulfide ions  was  
s tud ied  by m e a s u r i n g  the  f la tband po ten t ia l  shif t  as a 
func t ion  of  Na~S in 1M NaOH. Mot t -Scho t tky  p lo ts  are 
s h o w n  in Fig. 3. These  parallel  p lo ts  of  1/C"- vs. V indica te  
tha t  the  addi t ion  of  Na~S leads  to a fu r the r  nega t ive  shif t  
in V~. We a s sum e  tha t  S = rep laces  O H -  on the  surface  un- 
til sa tura t ion  is reached .  

The resul ts  of  V~B d e t e r m i n a t i o n s  are p lo t ted  in Fig. 4 as 
a func t ion  of  Na2S concen t ra t ion .  In t e rpo la t ed  values  are 
g iven in Table  II. 

Discussion 
O H -  adsorpt ion. - -  The  surface coverage  wi th  O H -  was  

ca lcula ted  us ing  Eq. [5] and  V~B ~ = -0 .70 and  VrB ~t = 
-1 .22V.  The resu l t s  are  p lo t t ed  in Fig. 5 acco rd ing  to the  
logar i thmic  form of  the  F r u m k i n  i so therm,  Eq. [8]; the  in- 
t e rac t ion  pa rame te r  was  ca lcula ted  f rom the  slope, dO/d In 
c and  found  to be 1.7. This  value indica tes  a weak  inter-  
ac t ion b e t w e e n  the  a d s o r b e d  O H -  ions. A value of  the  
equ i l i b r ium cons t an t  for  a d s o r p t i o n  can be  m a d e  by di- 
rec t  calculat ion by m e a n s  of  Eq. [8], for 0 = 0.5. Us ing  an 

Table I. Flatband potentials and derived values of surface coverage of 
O H -  on n-CdSe (1120) 

[OH-] (M) VFB (SCE) 0 
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3 

x 
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Fig. 3. Typical Mott-Schottky plots for n-CdSe (1120)  in IM NaOH 
with added Na~S. 50 kHz. 

~.o I ~ I 1-1 I I I  I ~ 1 ! 1  

0.8 - f = 1 .,7 , ~  --  

/ 06 , _  , 

0.4 - 

6.2 

6 IL__ 
0.01 0.1 1,0 

[OI4-] moJes/hter 

Fig. 4. Logarithm plot of ~oH- vs. concentration of O N -  for n-CdSe 
(1120) in 0.1M Na.2SO4. 
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0.03 -0.865 0.32 
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0.05 -0.955 0.49 
0.06 -0.980 0.54 
0.07 -1.005 0.59 
0.08 -1,020 0.62 
0.09 -1.030 0.63 
0.10 -1.040 0.65 
0.15 -1.080 0.73 
0.20 -1.110 0.81 
0.30 -1.150 0.86 
0.40 -1.176 0.92 
0.50 -1.195 0.95 
0.60 -1.210 0.98 
0.70 -1.220 1.00 
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Elec t ro ly te :  0.1M Na2SO4 w i t h  N a O H  added. Fig. 5. Logarithm plot of flatband potential and surface coverage with 
Calculations based on Eq. [5] with V~B ~ = -0.7OV (SCE). sulfide for n-CdSe (1120) vs. concentration of Na2S. 
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Table II. Flatband potentials and derived values of surface coverage of 
S ~ on n-CdSe (1120) 

[Na,_,S] 
(rnol/liter) V~.B (SCE) O* 

0.00 -1.220 0 
1.5 • 10 5 -1.260 0.22 
3.0 • I0 -5 -1.280 0.24 
1.0 • 10 ~ -1.310 0.33 
5.0 • 10 -4 -1.356 0.43 
1.0 • 10 -:~ -1.370 0.46 
2.0 • 10 -~ -1.390 0:50 
5.0 • 10 -3 -1.420 0.57 
1.0 • 10 "- -1.440 0.61 
2.2 • 10 -2 -1.490 0.72 
4.0 • l0 -2 -1.505 0.75 
7.0 • 10 -~- -1.550 0.85 
1.0 • i0  ' -1.561 0.87 
1.5 • i 0 - '  -1.580 0.91 
2.0 • 10 -I -1.620 1.0 
5.0 • I0 -~ -1.620 1.0 
1.0 x 10 -1 -1.620 1.0 

Electrolyte: 1M NaOH with Na2S added. 
* Calculated using qNICH = 0.46V. 

ac t iv i ty  coeff ic ient  of 0.8 for  0.058M O H -  (Fig. 5), Ko is 
f o u n d  to be  50.4. T he  s t a n d a r d  free e n e r g y  c h a n g e  was 
ca l cu l a t ed  to b e  -2 .3  kcal /mol .  This  v a l u e  can  b e  com- 
p a r e d  w i t h  AG ~ = -3 .7 ,  -3 .4 ,  a n d  +2.6 c a l c u l a t e d  (10) for  
a d s o r p t i o n  of  O H -  o n  Au,  Ag, a n d  Hg  e lec t rodes ,  respec-  
t ively.  

Aqueous sulfide chemistry.--Before de ta i l ed  in t e rp re t a -  
t i on  of  the  f l a tband  p o t e n t i a l  data ,  t he  c h e m i s t r y  of  Na=,S 
so lu t i ons  h a s  to  be  br ief ly  cons ide red .  T h e  a d d i t i o n  of  
Na~S to a n  a q u e o u s  so lu t i on  re su l t s  in  nea r ly  c o m p l e t e  
h y d r o l y s i s  l e ad ing  to a n  essen t i a l ly  e q u i m o l a r  so lu t ion  of  
S H -  a n d  OH- .  The  e q u i l i b r i u m  c o n s t a n t  for  t he  hydro ly -  
sis (11) 

S=(aq) + H,.,O ~ S H - ( a q )  + O H - ( a q )  [14] 

is ~1.1 x 10 ~. In  1M O H - ,  ~ 0.1% of sulf ide  is p r e s e n t  as 
S =. Th i s  m e a n s  t h a t  SH-(aq), is t h e  d o m i n a n t  p r e c u r s o r  to 
a d s o r b e d  S =. 

A n o t h e r  i m p o r t a n t  a s p e c t  is t he  ve ry  p r o b a b l e  la rge  in- 
c rease  in  ac id i ty  of  S H -  w h e n  a d s o r b e d  on  the  surface.  
T h e  c h e m i c a l  e v i d e n c e  for  t h i s  e x p e c t a t i o n  is t he  follow- 
ing.  Firs t ,  t he  pKa for  S H -  is 17.1 at  r o o m  t e m p e r a t u r e  
(11). T h e  pK~ of A g S H  is 5.3 (12). Thus ,  t he  K~ inc rea se s  
by  ~12 orders  of  m a g n i t u d e  b y  i n t e r a c t i o n  of  S H -  w i t h  a 
m e t a l  t h a t  is a d j a c e n t  to  Cd in  t he  pe r iod ic  table .  Next ,  
c o n s i d e r  t he  e n h a n c e m e n t  in  ac id i ty  of  S H -  w h e n  it com- 
p l e x e s  w i t h  su l fu r  a t o m s  to f o r m  po lysu l f ide  species .  The  
pK~'S for  HS~-,  HS3- ,  HS4- ,  a n d  H S s -  w e r e  ca l cu la t ed  to 
be  9:5, 7.4, 6.2, a n d  5.6, r e spec t ive ly  (13). Clearly,  
c o m p l e x a t i o n  of  S H -  w i t h  m e t a l s  or  n o n m e t a l s  grea t ly  in- 
c reases  i ts acidi ty.  T h e  a b o v e  d i s c u s s i o n  a l lows us  to con-  
c l u d e  t h a t  a n y  a d s o r b e d  S H -  wil l  b e  nea r ly  q u a n t i t a t i v e l y  
c o n v e r t e d  to S%d in  1M NaOH. 

The  cove rage  w i t h  su l f ide  was  ca l cu la t ed  on  t h e  as- 
s u m p t i o n  t h a t  0OH- + 0S- = 1, a n d  the  r e su l t s  are  s h o w n  in  
T a b l e  II. E q u a t i o n  [3] was  u s e d  w i t h  qN/C~ = 0.46V a n d  0 
was  r ep l aced  b y  (1 + 0s-). T he  va lue  0.46 is one -ha l f  the  
sh i f t  i n  VrB f rom -0 .70  to -1 .62V,  t he  s a t u r a t i o n  v a l u e  for  
S =. S a t u r a t i o n  w i t h  S = w i t h  a d o u b l e - n e g a t i v e  c h a r g e  
s h o u l d  cause  a sh i f t  tw ice  t h a t  for s a t u r a t i o n  w i t h  O H - ,  a 
s ing le -nega t ive  species ,  i f  t h e  n u m b e r  o f  s i tes  is cons t an t .  
C o m p a r i s o n  of AVrB of  0.52 (OH-)  w i t h  0.92 (S =) s h o w s  
t h a t  th i s  e x p e c t a t i o n  is f o u n d  expe r i m en t a l l y .  T h e  cover-  
age va lues ,  0s-, w e r e  p lo t t ed  vs. log  [SH-] ,  as s h o w n  in  
Fig. 4. The  s lope  of  t he  l inea r  p o r t i o n  gives  a first  app rox -  
i m a t i o n  to (f, + f~)- ' .  Va r ious  va lues  o f f ,  + 3~, we re  c h o s e n  
un t i l  Eq.  [13] was  satisfied.  T he  b e s t  fit was  o b t a i n e d  for  
f ,  + f._, = 12.4. Fo r  0s- > 0.6, t he  da t a  d id  n o t  fit Eq. [13], as 
d i s c u s s e d  be low.  Th i s  large  f~ + f i  v a l u e  c o m p a r e d  to foil- 

2 is no t  too su rpr i s ing .  T he  la rge  nega t i ve  c h a r g e  a n d  
size of  S = c a u s e s  fs-  to b e  l a rger  (Eq. [10]). In  add i t ion ,  foil- 
is i n c r e a s e d  b e c a u s e  O H -  ions  i n t e r a c t  w i t h  s o m e  S ~ o n  

t he  surface.  Howeve r ,  S ~ ions  i n t e r ac t  w i t h  O H - ,  a n d  t h u s  
fs is p r o b a b l y  decreased .  In  o rde r  to  ca lcu la te  t h e  equi-  
l i b r i u m  c o n s t a n t  for  t he  sur face  s u b s t i t u t i o n  r eac t ion  [11], 
a n  e s t i m a t e  of foil- in  t he  p r e s e n c e  of  S:=ad is needed .  We 
r e a s o n e d  t h a t  th i s  n u m b e r  s h o u l d  be  g rea te r  t h a n  2 b u t  
Iess t h a n  1/2 (fl + f2) = 12.4. A m i d r a n g e  v a l u e  of 5 was  as- 
s u m e d  to b e  a r e a s o n a b l e  c o m p r o m i s e .  Now Ks can  be  
ca l cu la t ed  u s i n g  Eq. [13], 0 = 0.5, CsM = 2.0 • 10 -3, a n d  an  
ac t iv i ty  coef f ic ien t  of 0.75 for S H -  ion  in  1M N a O H  solu- 
t ion,  The  ca l cu l a t i on  gives Ks = 1.9 a n d  • ~ = -0 .37  
kcaYmol.  

A ca l cu la t ion  of  the  f ree  e n e r g y  c h a n g e  for  a d s o r p t i o n  
of  S = c a n  also be  m a d e  u s i n g  t he  t h e r m o d y n a m i c  da ta  de- 
r ived  here .  C o n s i d e r  t he  fo l lowing  ser ies  of  r eac t i ons  a n d  
c o r r e s p o n d i n g  s t a n d a r d  free  e n e r g y  changes .  

hG~ 
M - O H - a d  + S H - ~ M S ~ a d + H ~ O  -0 .37  

M + O H -  ~ MOH-~d -2 .3  
S- + H + ~ S H -  -23 .3  

H~O ~- H ~ + O H -  +19.1 

M + S = ~ MS=~d - 6.9 

The  v a l u e  of  AG ~ for  a d s o r p t i o n  of  S t is f o u n d  to be  -6 .9  
k p m . .  

T h e r e  is one  o t h e r  a s p e c t  of the  sulf ide  cove rage  da ta  
t h a t  is of  i n t e r e s t  t h a t  is no t  p r e d i c t e d  by  Eq.  [13]. T h e  in- 
c rease  in  s lope  of t he  0 vs. log  C p lo t  for  0 -> 0.6 is unusua l .  
Normal ly ,  t h e  F r u m k i n  i s o t h e r m  w i t h  r epu l s ive  in te rac-  
t ion  s h o w s  a dec rea se  in slope,  l e ad ing  to s a t u r a t i o n  for 0 
>~ 0.8. Ev iden t ly ,  t he  n a t u r e  of  t he  i n t e r a c t i o n  b e t w e e n  the  
a d s o r b e d  ions c h a n g e s  in  t he  d i r ec t ion  of  less  r e p u l s i o n  
as 0 i nc r ea se s  before  s a t u r a t i o n  of  the  surface.  A p o s s i b l e  
e x p l a n a t i o n  is t h a t  a new  p h a s e  fo rms  on  t he  surface,  
s u c h  as CdS  or a su l fu r  layer.  The  f o r m e r  m a y  r equ i r e  re- 
m o v a l  of  Se, wh i l e  t he  la te r  m a y  r equ i r e  at  leas t  par t ia l  
o x i d a t i o n  of t he  a d s o r b e d  sul f ide  ions.  B o t h  of  t h e s e  pro-  
cesses ,  s u l f u r - s e l e n u i m  e x c h a n g e  a n d  su l fu r  layer  fo rma-  
t ion,  are t h o u g h t  to o c c u r  o n  CdSe  su r faces  in  c o n t a c t  
w i t h  sulf ide  e lec t ro ly tes  in  p h o t o e l e c t r o c h e m i c a l  solar  
cells. 

Summary 
The adsorption of OH- and S = ions on n-CdSe single- 

crystal electrodes was studied. Both ions reach saturation 
coverage for concentrations of 0.1-0.7M. Standard free en- 
ergies of adsorption were -2.3 and -6.9 kcal/mol for OH- 
and S =, respectively. The corresponding quantity for the 
substitution reaction involving OH-aa and S~ad was -0.37 
kcal/mol. The repulsive interaction of S = (and possibly 
OH-) appears to weaken at high NazS electrolyte concen- 
trations. The formation of a new phase in the near surface 
region may be implicated. 
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Effects of Additives on ZnO-B O -SiO  Passivation Glasses 
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ABSTRACT 

The addition of BaO, Sb~O3, or Bi203 to glass A with composition (weight percent [w/o]) 65.4 ZNO-24.5 B203-10.1 SiO2 
resulted in more negative surface charge density and increase in the thermal expansion coefficient (e). The glass B, 63 
ZnO-29 B203-8 SiO2 (w/o) showed finer crystals by the addition of ZnO (1 w/o) or glass A without affecting the surface 
charge density or ~. The effects, of additives on the DTA characteristic temperatures of the two glasses are also pre- 
sented. 

ZnO-B~O3-SiO~ glasses are suitable passivants for high 
voltage silicon power devices such as thyristors, transis- 
tors, and diodes. One advantage of using this glass is that 
surface charge density of the glass/Si system can be 
controlled by changing the glass composition (1), i.e., the 
surface electric fields of the devices can be modified on 
demand. However, a new problem occurred when the ra- 
tios of B~O3 to SiO2 were increased to shift the surface 
charge density in the negative direction (2). The problem 
consisted of an increase in crystal size. 

Thus, to produce the passivation glass with a large neg- 
ative surface charge density and fine crystals for high 
power devices, two approaches have been considered. 

In method 1, a shift to more negative surface charge 
density of the glass with a small negative surface charge 
density and fine crystals is achieved by addition of an- 
other material. In method 2, forming finer crystals of the 
glass with a large negative surface charge density and 
large crystals is also achieved by addition of another ma- 
terial. For ZnO-B._,O3-SiO~ glass, Moriguchi et al. (3) re- 
ported that Sb._,O3, CeO~, and PbO were additives which 
lower the flowing point and crystallization point for the 
DTA curve and make the thermal expansion coefficient 
larger. However, TarO5 was an additive which did not 
change the flowing point, crystallization point, or 
thermal expansion coefficient, but did shift the surface 
charge density slightly in the positive direction. 

In this report, method 1 was examined adding various 
metal oxides to glass A (ZNO:65.4, B203:24.5, SiO2:10.1 
w/o). Method 2 was investigated adding glass A or ZnO to 
glass B(ZnO:63, B203:29, SIO2:8 w/o). 

Experimental 
Glass preparation.--In method 1, metal oxide compo- 

nents of glass A and 5 w/o of BaO, A1203, Ga2Os, SnO, 
PbO, ZrO=, Sb=O3, Bi203, TiO=, V205, Nb~Os, or Ta205 addi- 
tive were mixed in a revolving mixer and used as glass 
materials. V20~, Sb203, and PbO, which are low melting 
point materials, were heated at 500~ while other materi- 
als were heated at 850~ to remove water and organic con- 
taminations before weighing. Subsequent  preparation 
procedures were the same as reported before (1, 2). 

In method 2, glass A, with crystallized glass A or ZnO 
as additive, was mixed with glass B in a revolving mixer. 
Crystallized glass A was prepared as follows. Glass A 
powder was fired at 740~ for 40 rain in air and then 
ground to give the same mean particle size distribution as 
glass A. ZnO was used like the glass materials. 

Measurements.--Physical properties of glasses were 
measured by differential thermal analysis (DTA), thermal 
expansion coefficient measurements,  and scanning elec- 
tron microscope (SEM) observations. 

Surface charge densities of the glass/silicon system 
were measured with metal-glass-silicon (MGS) capacitors. 

Sample preparation and measurement methods have 
been reported previously (1, 2). 

Results and Discussion 
The effects of additives for glass A with a small nega- 

tive surface charge density and fine crystals are shown in 
Fig. 1. as DTA curves of glass A and glass A with added 
Sb=O3. For the latter, a second crystallization point (TeD 
was not distinctly observed. Table I shows characteristic 
points for DTA curves of glass A with various metal ox- 
ides added. Characteristic points such as softening point 
(Ts), crystallization starting point (TCs), and first crystalli- 
zation point (Tr shift to lower temperatures on addition 
of any of the metal oxides. The oxides seemed to act as 
nucleating agents. Furthermore, the second crystalliza- 
tion points were not distinctly observed for all additives 
except TiO2. Glass A with added TiO~ showed distinct 
DTA characteristics. The boundary between T, and Tc~ 
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Fig. I .  DTA curves of glass A with and without added Sb203 
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Table I. Characteristic points for DTA curves of glass A with various 
metal oxides added 

Additive % (~ T~ (~ %~* (~ To~* (~ 

BaO 603 657 693 (133) 
Al~O3 620 673 710 (150) 
Ga..O5 590 645 690 (138) 
SnO 618 665 715 (125) 
PbO 600 654 690 (165) 
TiO~ 595 595 635 ( 2) 
ZrO._, 600 650 703 (130) 
Sb=O3 610 665 714 (75) 
Bi~O3 600 656 700 (110) 
V._.O~ 600 650 710 (60) 
Nb._,O~ 595 653 700 (95) 
TarO5 604 667 703 (100) 
None 536 690 724 (93) 

7OO(48) 

755 (163) 

* Numbers in parentheses are peak height-in arbitrary units. 

was unclear ,  and Tc, was ve ry  low in compar i son  wi th  
those  of o ther  glasses. F igure  2 shows typical  photo-  
mic rog raphs  for glasses  fired on si l icon at 700~ Crystals 
in these  glasses were  different;  they  were  larger  than  
those  in glass A and  finer t han  those  in glass B. Table  II  
shows the rmal  expans ion  coeff icients  of  glasses fired at 
680 ~ or 700~ The t he rm a l  expans ion  coeff ic ients  for 
glass A wi th  added  meta l  ox ide  were  all larger  t han  that  
of  glass A alone, e x c e p t  for ZrO2 and Ga205 addit ives.  It  
was  e x p e c t e d  tha t  the  t he rma l  expans ion  coeff ic ients  o f  
glass A wi th  added  meta l  ox ide  wou ld  be lower  than  that  
of  glass A alone, because  the  crystal l izat ion points  of  
these  modif ied  glasses were  all lower  than  that  of glass A 
alone. However ,  the  resul ts  con t rad ic ted  the  expecta t ions .  
The  effects  of  meta l  ox ides  on the  t he rma l  expans ion  
coeff ic ients  were  larger  t han  that  of the  degree  of  crystal- 
lization. 

Tab le  I I I  shows the  surface charge  dens i t ies  of  glasses 
fired on n- type si l icon at 680 ~ or 700~ The addi t ives  
wh ich  shif ted the surface charge  dens i ty  in the  posi t ive  
d i rec t ion  and accumula t ed  the  surface of  n- type  si l icon 
are A1203, Ga205, SnO, PbO,  TiO2, ZrO2, Nb20~ and Ta=Os. 
These  addi t ive  meta l s  are  f rom groups  I I IB,  IV, and  VA 
of the  per iodic  table. The  addi t ives  wh ich  shif ted the  sur- 
face charge  dens i ty  in the  nega t ive  d i rec t ion  and inver ted  
the  surface  of  n- type  si l icon are BaO, Sb20~, and Bi203. 
These  are f rom groups  I IA and VB of the per iodic  table. 

The  effects  of  addi t ives  on the  proper t ies  of  glass B 
wi th  large nega t ive  surface charge  dens i ty  and large crys- 
tals are shown in Fig. 3 as de t e rmined  f rom D T A  curves.  

Fig. 2. Typical micrographs for glasses fired on silicon at 700~ for 40 
min. 

Table II. Thermal expansion coefficients of glass A with various metal 
oxides added 

~ al expansion coefficient (10-V~ 

Addit ive"- , ,~emperature 680~ 700~ 

BaO 39.5 38.9 
Ai~O:~ 42.6 
Ga~O~ 38.9 
SnO 42.4 
PbO 42.8 
TiO~ 44.5 
ZrO~ 34.8 
Sb._,O~ 43.0 39.6 
Bi20:~ 40.0 39.4 
V~O.~ - 45.8 39.8 
Nb~Q 42.9 
Ta.,O5 42.4 
None 39.0 34.0 

Table III. Surface charge densities of glass A with various metal oxides 
added 

e charge density (10-" cm -~) 

A d d i t i v e " ~ m p e r a t u r e  680~C 700oc 

BaO -1.0 to -1.2 -3.4 to -3.7 
A].,O:~ + 1.6 to +2.4 
Ga._,Q +2.2 to +3.9 
SnO + 1.6 to -3.6 
PbO +2.2 to +3.9 
TiO~ +4.1 to +5.7 
ZrO~ +3.0 to +3.8 
Sb.,O:~ -1.7 to -3.4 -7.4 to -8.6 
Bi~O:~ -2.0 to 2.8 -6.4 to -8.9 
V,,O,~ -0.4 to +0.3 -1,4 to -2.1 
Nb20.~ +2.0 to +2.4 
Ta=Q +2.3 to +2.5 
None 0 to -1.0 -I .0  to -3.0 

Sof ten ing  points  of  all the  glasses changed  hard ly  at all 
wi th  addit ions.  Crystal l izat ion start ing point ,  first, and 
second  crystal l izat ion poin t  first decreased  sharply  and 
then  by a slow increase  by the  addi t ion of  the addit ives.  
This  t e n d e n c y  is i n d e p e n d e n t  of addit ives.  Thus  the  addi- 
t ives  were  func t ion ing  as nuc lea t ing  agents  as s tated be- 
fore. However ,  Tc~ did not  disappear .  And  in part icular ,  
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Fig. 3. Effects of additives on characteristic points of glass B as deter- 
mined from DTA curves. 
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Fig. 4. Typical micrographs for glasses fired on silicon at 680~ or 
700~ for 40 rain. 

variations of Tc, and To2 were large with addition of only a 
small amount of additive. For 1 w/o additive, Tcs and Tel 
did not differ for different additives. However, the varia- 
tion of To2 for glass B with crystallized glass A added was 
the largest. That is, crystallized glass A was most effective 
as a nucleating agent. 

Phases of crystallization were observed by SEM. Figure 
4 shows several photomicrographs for the glasses fired 
on silicon at 680 ~ or 700~ Large needlelike crystals were 
observed in glass B, as reported before (2). However,  in 
glass B with additives, fine crystals were observed, as in 
glass A alone. Fine crystals formed because crystalliza- 
tion proceeded easily. 

Figure 5 shows the relationship between the ratio of ad- 
ditives and thermal expansion coefficient of glass B 
fired at 680 ~ or 700~ Thermal expansion coefficients of 
glass B with added ZnO or crystallized glass A decreased 
with the ratio of additive. The thermal expansion 
coefficient of glass B with crystallized glass A was 
smaller than that with ZnO. This could be attributed to 
the difference in Tc2. The effect of the additive on the 
thermal expansion coefficient of glass B was opposite of 

40' ~ i r ~ n g  Temp_, 680~0 

o 

' -  Additive 
Q. A �9 ZnO • 

U_I D �9 Crystallized Glass A 
-~ 30 
E 

I I I I I 

t-- 0 I 2 3 4 5 I-- 

Ratio of Additive (wt%) 

that for glass A. This could be assumed to originate from 
the difference in the addition methods. 

Figures 6 and 7 show the relationships between ratio of 
additive and surface charge density of the glass fired on 
silicon at 680 ~ or 700~ Surface charge density shifted in 
the positive direction with increasing ratio of additive. 
The shift was smallest for the glass B with added glass A. 

Figure 8 shows the relationship between surface charge 
density and glass firing temperature. Surface charge den- 
sity shifted to a more negative charge with higher firing 
temperature. This tendency was the same as that of 
glasses with no additive (1). 

Conclusions 
The effects of additives on DTA characteristics, crystal 

morphology, thermal expansion coefficient, and surface 
charge density of ZnO-B203-SiO2 glasses were investi- 
gated. 
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glass B with 1 w/o crystallized glass A added. 

The addition of metal oxides influenced the properties 
of glass A, which had a small negative surface charge den- 
sity and fine crystals, as follows. Characteristic points 
such as T~, Tr and Tr of glass A decreased, and To2 was 
not distinctly observed on addition of metal oxide. The 
thermal expansion coefficients of glass A increased. The 
surface charge density .of the glass/silicon system shifted 
negatively with the addition of metal oxides, if the metal 

belonged to groups IIA or VB (e.g., BaO, Sb203, or Bi203). 
It shifted to positive with the addition of metal oxides, 
if the metal belonged to groups IIIB, IV, or VA (e.g., 
A120~, Ga20~, SnO, PbO, TiO2, ZrO2, V~_Os, Nb2Os, or 
Ta20~). 

The addition of glass A or ZnO influenced the proper- 
ties of glass B, which had a large negative surface charge 
density and large crystals, as follows. T~s, To, and To2 of 
glass B decreased, and the crystals in the glass were 
finer. The thermal expansion coefficient of glass B de- 
creased with increasing ratio of additive. The surface 
charge density shifted positively with increasing ratio of 
additive. However the shift was negligible in the case of 
the glass With 1 w/o additive. Hence, glass B with 1 w/o 
additive meets the objectives of this work, which was the 
development of a glass with large negative surface charge 
and fine crystals. 
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Electrical Characteristics of the RF Magnetron-Sputtered Tantalum 
Pentoxide-Silicon Interface 
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ABSTRACT 

Tantalum pentoxide (Ta2Q) films were deposited onto single-crystalline silicon as gate insulators by RF magnetron 
sputtering. Capacitance-voltage characteristics were measured to determine the interface properties between Ta205 and 
Si. After annealing at 450~ in H2 ambient, a negative interface charge that is fully localized in the low dielectric constant 
transition layer at the interface was observed. It has also been clarified that the rest of the film is homogeneous, whose 
dielectric constant is almost close to that of the bulk of Ta2Os. It has been shown that Ta20~ gate insulator with relatively 
good interface properties can be fabricated at low temperatures using RF magnetron sputtering. 

In recent years, tanta lum pentoxide (Ta2Os) film is of 
interest for use as a gate insulator in MOS devices. The 
higher dielectric constant of Ta2Os, compared with that of 
SiO~, makes it attractive for the fabrication of high quality 
MOS devices with high transconductance and low thresh- 
old voltage. Furthermore, since high quality Ta20~ films 
can be fabricated at low temperatures using RF magne- 
tron sputtering (1), it also offers the opportunity for 
removing some of the problems encountered with con- 
ventional  MOS devices with thermally grown SiO2 as a 
gate insulator. 

The characteristics of MOS devices will be strongly de- 
pendent  on the interface properties between the gate in- 
sulator and the silicon layer, in addition to the quality of 
the gate insulator itself. Because of its excellent proper- 
ties, thermally grown SiO2 has been used for years as gate 
insulators in MOS devices. However, since the thermal 

oxidation is performed at 900~ or higher, the oxidation 
process prohibits the use of the thermal oxide on devices 
fabricated on a low melting point substrate. Furthermore, 
the high temperature oxidation generates stacking faults 
and dislocations in the silicon substrate, and it also 
changes the impurity distribution previously formed in 
the substrate. These structural defects and the variation 
of the impurity profiles induce the degradation in the 
performance of MOS devices. In  order to remove these 
problems, gate insulator fabrication processing at low 
temperatures becomes necessary. 

Several attempts have been made to employ Ta205 
films as gate insulators in MOS devices, using chemical 
vapor deposition (2) and thermal oxidation of a deposited 
Ta film (3, 4). However, the interface properties between 
Ta205 and Si fabricated by these processes were inferior to 
those between SiO2 and Si. More than -5  to -10 • 1011 
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cm -2 interface charge density remained at flatband con- 
dition, which was much higher than that between SiO2 
and St. In order to obtain high quality MOS devices, it is 
necessary to reduce the interface charge density between 
Ta205 and St. 

The authors have investigated the interface properties 
between the silicon layer and the Ta205 gate insulator 
formed by RF magnetron sputtering. This paper reports 
the results of these experiments, and also shows the abil- 
ity to produce a relatively good quality Ta205 gate insula- 
tor at low temperatures using RF magnetron sputtering. 

Experimental  
AYTa2OJSi structure devices were used to investigate 

the interface behavior. All of the MOS capacitors were 
fabricated on p-type, <100>-oriented, 1.2-1.8 ~-cm silicon 
wafers. Si wafers were chemically cleaned using mixtures 
of H20~ and H2SO4 (volume ratio of H~O#H~SO4 = 1/4). 
Then, they were rinsed in deionized water. Immediately 
before being installed into the sputtering chamber, the 
wafer was dipped into dilute HF to remove the oxide 
formed during previous processing steps. Sputtering was 
performed using an ULVAC SBH-2204 RS RF magnetron 
sputtering system. Instead of a conventional oil diffusion 
pump, a 3000 liter/s cryogenic pump was used to elimi- 
nate contamination. The Ta205 target was i0 cm diam and 
5 mm thick. The target to substrate distance was kept at 5 
cm. The sputtering gas consisted of mixtures of argon 
and oxygen (partial pressure ratio of Ar/O2 = 8/2). The 
sputtering chamber was evacuated to less than 1 • 10 -7 
torr prior to sputtering, and then backfilled with the 
sputtering gas. The sputtering pressure was varied from 4 
• i0-3 to 2 • I0 -~ torr. The Ta.~O5 target was presputtered 
for at least lh. Typical deposition rate ranged from 2 to 6 
nm/min. Aluminum dot electrodes of 300 ~m diam were 
electron-beam deposited onto the sputtered Ta205 sur- 
face. To minimize the radiation damage produced during 
the MOS capacitor fabrication steps, the wafers were an- 
nealed in the hydrogen ambient. After a final H~ anneal, 
the high frequency capacitance-voltage characteristics 
were measured with automatic capacitance meters (HP 
4275A and HP 4274A). These measurements were per- 
formed for more than 20 MOS capacitors fabricated on 
the same silicon substrate. 

In-depth composition profiles of the deposited Ta205 
were measured by Auger electron spectroscopy (AES) 
with simultaneous Ar sputtering. For the AES measure- 
ments, samples were taken from the sputtering chamber 
and were then mounted in an ultrahigh vacuum chamber 
of the AES measurement equipment (~ 590). Measure- 
ments were performed under conditions of a 5 kV excita- 
tion voltage and a 0.5 /zA beam current. Typical sput- 
tering rate of Ta205 films was 3 nm/min for a 3 kV 
sputtering voltage and a 5 mA emission current. 

Experimental  Results 
H2 annealing effect.-To find H2 annealing effect on the 

interface charge density, capacitance-voltage characteris- 
tics of MOS capacitors, which had been annealed in the 
hydrogen ambient  at different temperatures, were mea- 
sured at frequencies ranging from 1 kHz to 1 MHz. In 
these cases, annealing was performed after the a luminum 
electrode deposition, which is hereafter referred to as the 
postmetallization annealing. Annealing temperatures 
were varied from 350 ~ to 450~ and the annealing time 
was retained for 30 min. Figure 1 shows capacitance- 
voltage characteristics for MOS capacitors which were 
not annealed. A strong frequency dispersion was ob- 
served in their C-V curves. This is due to the existence of 
the high density of interface states with various response 
time constants. Two parameters were used to indicate the 
H2 annealing effect: the interface charge density calculated 
from the flatband voltage measured at 1 MHz, and the 
flatband voltage difference between the low frequency 
C-V curve taken at 1 kHz and the high frequency C-V 
curve taken at 1 MHz. 

1MHz 100kHz 10kHz lkHz 
1.0 

0 

~ 0 . 5  

~-- ,,~ VFB --~.4 I 
I I 

0 I I II  ~ II I f . ,  
- 2 5  - 2 0  - 1 5  -10  - 5  0 5 

Bias Voltage {V) 
Fig. 1. Frequency dispersion in capacitance-voltage characteristics for 

MOS capacitors without the postmetallization annealing. The Ta205 
thickness is 1 ] 0 nm. The interface charge density, calculated from the 
VFB measured at 1 MHz and the AVFB inserted in the figure, were used to 
indicote the annealing effect. 

Figure 2 shows variations in the interface charge den- 
sity and the flatband voltage difference with annealing 
temperatures. The interface charge density decreases 
monotonically as the annealing temperature goes up from 
350 ~ to 450~ After annealing at 450~ the interface 
charge polarity changed to negative, and the value of -3.1 
• 10" cm -2 was obtained. Flatband voltage difference 
also decreases uniformly with increasing annealing tem- 
perature, After annealing at 450~ the flatband voltage 
difference in between low and high frequency C-V curves 
was reduced to less than 0.04V. It has been clarified that 
H,~ annealing has a great effect on the reduction in the in- 
terface charge density in AYTa~O#Si structures. 

In order to make the interface charge density much 
lower, the annealing process was newly introduced after 
the Ta20~ deposition process. The purpose of this anneal- 
ing process, hereafter referred to as the postsputtering an- 
nealing, is to reduce the radiation damage produced 
during the sputtering process. In these cases, wafers were 
annealed at 450~ in the hydrogen ambient  for 30 rain be- 
fore the a luminum metallization, and the postmetalliza- 
tion annealing temperature was varied. 

Figure 3 shows the variations in the interface charge 
density and the flatband voltage difference with 
postmetallization annealing temperatures. The interface 
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Fig. 2. Variations in interface charge density Qss/q and flatband volt- 
age difference AVFB with chonges in postmetallization annealing tem- 
perature. The Ta20 ~ thickness is 80 nm. 
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annealing temperature. Samples had been annealed at 450~ in the hy- 
drogen ambient before metallization. The Ta205 thickness is 80 nm. 

charge density and the flatband voltage difference on the 
case involving postsputtering annealing without postmet- 
allization annealing were 4.2 • 10" cm -~ and 0.19V, re- 
spectively. Differing from the results shown in Fig. 2, the 
interface charge polarity changed to negative, even 
though the postmetallization annealing temperature was 
350~ The value of interface charge density decreases as 
the postmetallization annealing temperature rises from 
350 ~ through 450~ After annealing at 450~ the interface 
charge density was reduced to as low as =1.4 x 1011 cm -2. 
Flatband voltage difference was made as low as 0.03V al- 
most  invariable in the postmetallization annealing tem- 
perature over 350~ And the reproducibili ty of these re- 
sults was good. It has become clear that the interface 
charge density can be reduced to as low as -1.4 • 1011 
cm -2 by the opt imum combination of postmetaUization 
annealing with postsputtering annealing. These are the 
lowest values which have been reported so far. These re- 
sults imply that postsputtering annealing has an effect on 
the reduction of the radiation damages induced during 
the sputtering process. 

The surface-state density was calculated from the high 
frequency (1 MHz) capacitance-voltage characteristics 
using the Terman method (5). The surface-state density 
distributions, before and after annealing in the hydrogen 
ambient, are compared in Fig. 4. The surface-state density 
for as-deposited samples was on the order of 10 TM states 
cm -2 eV -1 in the middle of the energy gap and increased 
rapidly toward the bandedges. After the samples had 
been annealed at 450~ in the hydrogen ambient, the 
surface-state density was reduced to as low as 1.5 • 1011 
states cm -~ eV -1 near the midgap, which is one order of 
magnitude lower than that reported previously (3). 

Interface charge density dependence on gate insulator 
thickness.--It  has become clear from the results men- 
tioned in the previous section that the interface charge 
after annealing at 450~ in the hydrogen ambient  is char- 
acterized by a negative charge and behaves like fixed 
charges in the A1/Ta2Os/Si structures. To clarify the 
charge distribution in the gate insulator, variations in the 
interface charge density with changes in the gate insula- 
tor thickness were investigated. Results are shown in Fig. 
5. The interface charge density is within the range from 
-3.0 • 1011 to -3.8 • 1011 cm -2 as varying the gate insula- 
tor thickness from 17 to 110 nm. The interface charge 
density is independent  of the gate insulator thickness in 
the thickness range studied. If the charge distribution 
were uniform in the gate insulator, the interface charge 
density would increase monotonically with increasing 
gate insulator thickness. Hence, these results indicate 
that the charge distribution is not uniform in the gate 
insulator. 
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Fig. 4. Surface-state density distribution for AI/Ta2OJSi MOS capaci- 

tors. Combination of postsputtering annealing with postmetellization 
annealing reduced the surface-state density to as low as 1011 cm -2 
eV -1. The Ta205 thickness is 110 nm. 

Dielectric constant dependence on gate insulator 
thickness.-In order to clarify dielectric properties of 
TarO5 sputtered on single-crystalline Si, the relationship 
between the dielectric constant of the gate insulator and 
the gate insulator thickness was studied. The dielectric 
constant of the gate insulator was calculated from the 
capacitance of MOS capacitors in the accumulated region 
measured at 1 MHz. Figure 6 shows the variations in gate 
insulator dielectric constant with changes in thickness. 
The dielectric constant increases monotonically with in- 
creasing gate insulator thickness. For the sample 17 nm 
thick, the dielectric constant is 3.9, which is much lower 
than that of Ta205 itself and is close to that of SiO~. As the 
thickness increases, the dielectric constant becomes 
higher and reaches 12.5 for the 110 nm thick sample. 
These results imply that the dielectric constant is not uni- 
form throughout the whole thickness of deposited Ta~Os. 
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Fig. 5. Variation in interface charge density with changes in To~05 
gate insulator thickness. The interface charge density was calculated 
from the flatband voltage measured at 1 MHz. 
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Fig. 6. Variation in Ta~05 gate insulator dielectric constant with 
changes in the gate insulator thickness. Dielectric constant was 
calculated from the capacitance in the accumulated region at 1 MHz. 

T o  clarify the reason for the variation in the dielectric 
constant, the dielectric constant profile within the depos- 
ited film was calculated from the results shown in Fig. 6. 
Figure 7 shows the dielectric constant profile, which was 
obtained by approximating the film with a series of dis- 
crete homogeneous layers. The bars shown in Fig. 7 rep- 
resent the average value of the dielectric constant for 
each layer. The lowest average value was taken as the di- 
electric constant for the sample with the Ta~O5 thickness 
of 17 nm. The dielectric constant for the second layer was 
then obtained by reevaluating the dielectric data, using a 
multilayer model consisting of the first layer and the sec- 
ond layer. This calculation was repeated for each succes- 
sive layer. The results indicate the existence of low di- 
electric constant layer near the Ta~OJSi interface. It has 
also been shown that the dielectric constant is almost uni- 
form throuhgout the rest of the film and is almost close 
to that of the bulk of Ta,.,Os. 

To confirm the correctness of the model, etch-back ex- 
periments were performed. The sample with the oxide 
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Fig. 7. Variation in dielectric constant with changes in distance from 

gate insulator/sillcon interface. Data were obtained by approximating 
the Ta~O~ film with a series of discrete homogeneous layers. 

thickness of 110 nm was etched back to 50 nm. Following 
the etch-back step, a luminum electrodes were deposited 
on it to fabricate the MOS capacitor. From the measure- 
ment  of the capacitance, the dielectric constant of the ox- 
ide was calculated to be 8.5. This value fits well with the 
results shown in Fig. 6. It is, therefore, concluded that the 
outer part of the film is homogeneous, and that the thick- 
ness of the transition layer is independent  of the total 
thickness of gate insulator. 

Composition profiles.-AES measurements of in-depth 
composition profiles are shown in Fig. 8. The vertical 
axis is proportional to the relative concentration, and the 
sputtering time indicated by the horizontal axis is related 
to the depth counted from the outer surface. 

A remarkable feature is that the relative composition ra- 
tio of Ta/O is fairly constant through the whole thickness 
of the film, except for near the silicon interface, where 
the relative composition ratio becomes larger. This is not 
unique to the case of this film, but  has been observed for 
other fihns with different thicknesses as well. The varia- 
tion of the relative composition ratio of Ta/O near the in- 
terface is assumed to be related to the formation mecha- 
nism of tantalum oxide on silicon. 

Discussion 
The results shown in Fig. 7 can be explained by a 

model with a relatively narrow transition layer at the in- 
terface, where the rest of the film is homogeneous. This 
transition layer is considered to be attributed to the im- 
perfect tantalum compound formed in the early stage of 
Ta~O5 formation on silicon. It is assumed that the dielectric 
constant becomes lower in this transition layer, owing to 
its structure imperfection. Following the transition layer 
formation, nearly perfect tantalum oxide will form on it. 
Hence, the outer part of the film becomes homogeneous, 
and the value of the dielectric constant in this region is 
close to that of the bulk of Ta2Os. 

This model is confirmed by in-depth composition 
profiles obtained from the AES measurements.  As 
shown in Fig. 8, the composition profile of the film is di- 
vided into two regions based on the relative composition 
ratio of Ta/O: (i) the outer part of the film, where the rela- 
tive composition ratio of Ta/O is constant, and (ii) the re- 
gion near the silicon interface, where the relative compo-  
sition ratio becomes larger. Results shown in Fig. 8 
indicate that the deposited film is homogeneous except 
for transition region near the interface. From the compo- 
sition profiles, the thickness of this transition region is 
estimated to be in the range from 10 to 15 nm. Based on 
the assumption that the composition of the outer part of 
the film is Ta~O~, the larger relative composition ratio 
implies the existence of the imperfect tantalum com- 
pound or lower tantalum oxide in the transition region. 

It has already been reported by Revez et al. (2) and 
Smith et al. (3), that the interface charge is also negative 
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Fig. 8. In-depth composition profiles of To20~ deposited on silicon. 
The sample was annealed at 450~ in the hydrogen atmosphere. Sput- 
tering rote for To20 s was 3 nm/min. 
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in the Ta2OJSi system, when Ta205 gate insulator is fabri- 
cated with thermal oxidation of deposited Ta on Si. They 
investigated variations in refractive index of the film 
with changes in the film thickness in detail. However, 
the spatial distribution of these negative charges and the 
origin of these negative charges have not been c~arified. 
The results shown in Fig. 5 indicate the fully localized 
distribution of the negative charge near the interface. As 
the interface charge 'densi ty for the sample with 17 nm 
gate insulator thickness is almost the same as that for the 
sample with thicker gate insulator, the negative charge 
distribution will be localized within a thin layer at the 
Ta2OJSi interface, which is less than 17 nm thick. 

Taking the aforementioned results into consideration, it 
has become clear that the negative charges are fully local- 
ized in the low dielectric constant, narrow transition layer 
formed at the silicon interface. Even though the Si wafer 
is etched with dilute HF just  before sputtering, oxide will 
reform quickly. The transition layer will be formed as the 
result of the interaction of this initial Si oxide film and/or 
Si surface with sputtered particles. If the transition layer 
consists of imperfect tantalum compound and/or lower 
tantalum oxide, it is suspected that the negative charge is 
due to the structure imperfections, such as the 
nonbridging oxygens, which are known to act as electron 
traps (6). 

Conclusion 
In  the present study, Ta20~ films have been deposited 

onto single-crystalline Si wafers using RF magnetron 
sputtering, and capacitance-voltage characteristics have 
been measured to determine the interface properties be- 
tween Ta20~ and Si. After annealing at 450~ in the hydro- 
gen ambient, the interface charge in A1/Ta~OJSi struc- 
tures is characterized by a negative charge and is found to 
behave like a fixed charge. To obtain good quality inter- 
face, the postsputtering annealing has been newly intro- 
duced in addition to the conventional postmetallization 
annealing. At the optimized annealing conditions, the in- 
terface charge density was reduced to as low as -1.4 x 
10" cm -2 at flatband, and the surface-state density of 1.5 
• 10 '1 cm -2 eV- '  was obtained near the midgap. These 
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are the lowest values in the Ta~OJSi system which have 
been reported so far. 

It has been clarified that the deposited oxide consists 
of two regions: a low dielectric constant, narrow transi- 
tion layer at the silicon interface, and the higher dielectric 
constant, homogeneous layer. The thickness of this tran- 
sition layer is in the range 10-15 rim, which is independent  
of the total thickness of Ta~O~ film. Moreover, it has been 
shown that the negative charges are fully localized in this 
transition layer. From the results of the present work, it 
has been pointed out that the negative charge in the 
Ta2OJSi system results from imperfect tantalum com- 
pound formed in the early stage of TarO5 formation on 
single-crystalline silicon. 

In the p r e s e n t  TarO5 gate insulator fabrication pro- 
cesses, the highest temperature was restrained to under  
450~ in the postannealing process. The present work 
demonstrates that a relatively good quality TarO5 gate in- 
sulator can be fabricated at low temperatures using RF 
magnetron sputtering. 
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Wetting Angles and Surface Tension in the Crystallization of Thin 
Liquid Films 

Eli Yablonovitch and Tom Gmitter 
Exxon Research and Engineering Company, Annandale, New Jersey 08801 

ABSTRACT 

The behavior of thin liquid films is known to be dominated by surface tension forces. We show that the crystalliza- 
tion of thin liquid films requires that two wetting angle conditions be simultaneously satisfied: (i) relating to the liquid- 
vapor interface, and (ii) relating to the crystal-liquid interface. The balance between capillary pressure and thermal gra- 
dient forces shows that the equilibrium freezing point of thin films is actually depressed below the bulk freezing point. 
The magnitude of the effect is 1 K in an 800A thick film. These observations suggest that small-scale thickness fluc- 
tuations may be responsible for the initiation of subgrain boundaries in the growth of crystalline silicon films. 

The crystallization of thin liquid silicon films is a 
promising method (I) for producing single-crystal films 
of good electronic quality. These films will have impor- 
tant device applications in radiation hardening, dielectric 
isolation, high voltage integrated circuits, etc. 

It is well known (2) that capillary forces, surface ten- 
sion, and wetting play a vital role in the behavior of thin 
liquid films. In this article, we will derive the wetting an- 
gle requirements which permit the crystallization of thin 
liquid films to proceed. We will see that the success with 
liquid silicon films encapsulated in silicon dioxide is the 
result of a particularly fortuitous combination of wetting 
angles for those two materials. 

Wetting Angle Requirements 
In  general, there is no assurance that a thin liquid film 

will be stable. There is the well-known tendency for the 
liquid film to "ball up" and form droplets on the surface 
of the substrate. The condition for spreading of the liquid 
film on a substrate is that its wetting angle should be 
identically zero. Since this is very rare, a different ap- 
proach is used. We will show that a solid capping layer on 
the liquid film greatly relaxes this severe wetting angle 
constraint, and permits wetting under  more easily satis- 
fied conditions. 

For practical stability, the liquid film should spread to 
fill any possible voids in the film, as shown in Fig. 1. Let 
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Fig. 1. A vertical cross-section through the thin liquid film. The liquid-vapor wetting angle, O, is required to provide absolute stability against any 

voids which might be present in the film. The crystal-liquid angle c~ is required for high quality crystal growth and to prevent heterogeneous nucleation 
on the substrate. Note the radius of curvature r. 

7~s and 71c be the surface energy (or tension) of the liquid 
with respect to the substrate and capping layer. Let 7v~ 
and 7vr be the surface energy of the bare substrate and 
capping layer, respectively. The spreading of the liquid 
film should result in a net reduction of surface energy. 
Therefore 

7~s + ~,c - (Tvs + ~v~) < 0 [1] 

The Young-Dupre equation (2) for wetting angles, 7w - 7~s 
= 7v~ cos 0, may be used to simplify inequality [1] 

cos 01 + cos 0~ > 0 [2] 

Inequality [2] states the wetting condition; the sum of the 
cosines of the wetting angles with respect to the substrate 
and the capping layer must  be greater than zero. If the 
substrate and capping layer are made of the same mate- 
rial, then inequality [2] simply says that the wetting angle 
0 must be less than 90 ~ The wetting angle of liquid silicon 
on silica at the melting point has been independently 
measured (3) to be 87 ~ i.e., barely within the regime of sta- 
bility! This must be regarded as extremely fortuitous. Of 
course, without a capping layer we go back to the condi- 
tion 01 = 0, i.e., wetting would be almost hopeless. 

Since the surface tension 7~s of the silica surface is 
thought to drop with increasing temperature, the angle 01 
is thought (4) to become > 90 ~ at temperatures 50-100 K 
above the silicon melt ing point. This probably explains 
the very narrow temperature window of stability in the 
crystallization of liquid silicon films on pure fused silica 
substrates. As a practical matter, it was found that the ad- 
dition of a small amount of nitrogen (1) to the SiO., 
permitted the wetting conditions to be satisfied much 
more readily. The wetting angle of liquid silicon on Si3N~ 
is much less than 90 ~ , having been measured (5) to be 
around 25 ~ . It is understandable then that the addition of 
a small amount of SigN4 to the SiO2 might  lower the 
wetting angle away from the condition of borderline sta- 
bility, therefore broadening the temperature window of 
stability. 

Thus far, we have considered wetting angles at the 
liquid-vapor interface, which controls the stability of the 
liquid film. Now we want to consider the crystal-liquid 
wetting angles, which will control the quality of crystal 
growth. It is a maxim (6) among crystal growers that the 
growth front should be convex away from the crystal. 
This permits any spurious crystal orientations to grow 
out to the edge and terminate there. A convex shape is 
guaranteed by wetting angles ~1 and a~ both less than 90 ~ 
When a is greater than 90 ~ the Young-Dupre equation 
implies that 7~, the crystal-substrate interfacial energy, 
would be small, permitt ing easy heterogeneous nuclea- 
tion of spurious grains at the surface of the substrate. In 
addition, the leading edge of the crystal growth would be 

a cusp at one or both interfaces. Good crystalline quality 
is inherently unstable at such a cusp. 

Therefore, the wetting angle requirement  for good crys- 
talline quality is that the angle al enclosed by the liquid at 
the interface between the crystal and the substrate should 
be less than 90 ~ Likewise, the angle a2 with respect to the 
capping layer should be less than 90 ~ . 

Recently, Celler (8) observed the angle formed by liquid 
silicon between crystalline silicon and silica. The angle he 
observed is 60 ~ < ~ < 90 ~ again fortuitously in the favora- 
ble range for good crystal growth. The two wetting angle 
conditions may now be summarized as (i) cos 01 + cos 0., > 
0, and (it) ~i < 90 ~ and ~2 < 90 ~ 

Capi l lary and Thermal  Gradient  Forces 
The convex interface in Fig. 1 between the crystal and 

the liquid experiences a pressure due to its curvature. 
This is a type of capillary pressure which can be com- 
puted from the equation of Young and Laplace (2) 

where 7• is the interracial tension between crystalline 
and liquid silicon, r is the radius of curvature in the plane 
of Pig. 1, and R is the radius of curvature in the orthogo- 
nal plane coming out of the page. The smaller radius, r, 
may also be writ ten as r = t12 cos ~, where t is the thick- 
ness of the film. 

If the growth front is straight (looking down at the film 
from above) then R = ~. A top view of the growing 
crystal-liquid interface in Fig. 2(a) shows not that the 
growth front is straight, but, rather that it is scalloped. 
The growing front is made up of a series of curved sec- 
tions joined at cusps. The grain boundaries between adja- 
cent crystal domains meet  the growth interface at the tip 
of the cusps, as indicated schematically in Fig. 2(b). Be- 
cause of this scalloped structure, the convex radius of 
curvature R of each scallop is finite. 

The structure we observe differs from the faceted struc- 
ture seen in the beautiful photographs by Geis et al. (1). 
We have found that the structure of the crystallization 
front depends on the speed of growth. At low speeds, ~ 
10 -a crn]s, the growth front is scalloped, as shown in Fig. 
2(a). At higher speeds, some fraction of the cusps become 
deep, V-shaped facets. As the growth speed increases, 
more of the cusps become faceted. At a speed of 3 x 10 .2 
cm/s, the entire growth front is faceted, similar to Fig. 6 of 
Ref. (1). The facets are <111> crystal faces which form be- 
cause of the kinetic barrier against crystal growth on that 
face. When the sample scanning direction is reversed, the 
facets disappear, but the scalloped structure remains. The 
reversibility of the scalloped structure indicates that it is 
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Equation [6] gives the balance between capillary pres- 
sure and thermal gradient forces. Of the two terms on the 
right-hand side, the most important is l /r ,  since it is 
largest. If the other term is temporarily neglected, and r = 
t/2 cos a, then Eq. [6] simplified to 

AS d T  2 cos a [7] 
- ~ z  (z - zm) = ~ x l - - - C - - -  

Equation [7] shows that the equilibrium freezing point is 
depressed by surface tension forces in thin films. This 
may be seen even more clearly by substituting for the 
right-hand side of Eq. [7] using the Young-Dupre equa- 
tion 

dT 
AS - ~ Z  (Z - Zm) t : 2(~xs - '~/ls) [8] 

Equation [8] shows that the difference in surface free en- 
ergy on the substrate between crystal and liquid is bal- 
anced by the volume free energy of supercooling. The 
equil ibrium freezing point of thin films is therefore de- 
pressed by surface energy contributions. In the next sec- 
tion, we describe an experimental  determination of the 
magnitude of this effect. 

Fig. 2. (a) A video photograph of the crystal-liqmd interface as seen in 
top view of the film. The crystal is the dark region on the right. Notice 
the presence of "scallops" on the growth front. The scallops join together 
at small pointed cusps, which are also seen on the growth front. (b) A 
schematic illustration of the grain boundary structure which might be vis- 
ualized behind the growth front of Fig. 2(a). This grain boundary struc- 
ture is typical of thin film crystal growth and has been observed in our 
experiments as well as others. It is implicit that the grain boundaries 
meet the growth front at the cusps. Note that R is the radius of curvature 
of a "scallop." A key question is: what is responsible for the nucleation of 
fresh grain boundaries in single-crystal material? 

a min imum free energy configuration. In this article, we 
will explore mostly the regime of slow crystal growth. 
Nevertheless, we expect  that many of the conclusions will 
apply equally well to more rapid crystal growth, where ki- 
netic growth limitations begin to play a role. 

In addition to the interfacial pressure due to the two ra- 
dii of curvature r and R, Eq. [3], there is also a pressure 
term associated with the thermal gradient. Let z be the di- 
rection of crystal growth. The free energy associated with 
supercooling a layer of material of thickness dz  is 

AG = aS (T - Tm) dz  d A  [4] 

where AS is the entropy of melting per unit volume, Tm is 
the melt ing temperature, and d A  is the area of the growth 
front. Assuming a linear temperature gradient, (T - Tin) = 
(z - zm)dT/dz ,  Eq. [4] may be rewritten as an equation for 
interfacial pressure 

AS d T  
P = - ~ z  (z - zm) [5] 

where zm defines the melting temperature isotherm. The 
pressure in Eq. [5] tends to push the crystal-liquid inter- 
face toward the position of the macroscopic melting 
point. That force is counteracted by the curvature pres- 
sure of the Young-Laplace Eq. [3], which pulls in the di- 
rection of supercooling. The actual amount of super- 
cooling to be expected can be obtained by combining Eq. 
[3] and [5] 

~ S  ~ - Zm) : "Yxl ~- -~- [6] 

Freezing Point Depression 
Equation [8] shows that fluctuations in thickness t can 

lead to variations in the positioning of the crystal growth 
front. Because of the importance of this phenomenon,  we 
have made direct experimental  confirmation of the effect 
and its magnitude. 

In our experiment,  thin films of silicon are deposited 
on top of fused quartz substrates and capped with SiO2. 
As shown in Fig. 3, the substrates are heated from below 
by COs laser radiation, and the melt front is observed 
from above by a high power optical microscope. Since 
SiO~ is opaque to CO2 laser radiation, the silicon films are 
heated only indirectly by conduction. A knowledge of the 
thermal conductivity of quartz and the gaussian mode pa- 
rameters of the laser beam permits a calculation of the ra- 
dial temperature distribution on top of the substrate. We 
observe the effect of thickness variations on the micro- 
scopic position of the melt ing fro, nt and the freezing front 
of the thin film. In order to make a more precise mea- 
surement, we found it advantageous for both a thick film 
and a thin film to be present simultaneously. The thick 
film was 7000~ of polycrystalline Si deposited by chemi- 
cal vapor deposition (CVD). This was capped by 2000A of 
CVD SiO.,. A second thin silicon layer only 800s thick was 
then deposited and patterned by photoli thography into 
stripes 35/~m wide. The whole structure was then capped 
again by 2000s of CVD SiO.,. A cross section of the final 
structure is shown in Fig. 4(b). By making the upper layer 
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Fig. 3. The experimental arrangement used to produce the photo- 
graphs in Fig. 2(a) and 4(a) was very simple. The C02 laser was fully 
absorbed in the fused quartz substrate, and the heating was by 
conduction. 



2628 J .  E l e c t r o c h e m .  S o c . :  S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  N o v e m b e r  1984  

Fig. 4. (a) This photograph shows the depression of the freezing point 
in a thin film stripe in comparison to the thick film on which it rests. The 
dark region is crystalline silicon, and its crystallization front lags behind 
by approximately 1 K in the thin region relative to the thick region. The 
overall curvature is due to the round laser spot. (b) The cross section of 
the double layer structure of the film in Fig. 4(a). The Si, SiO~, and Si 
layers were deposited in sequence. Then the thin silicon layer was pat- 
terned, and a final SiO: layer was applied. 

in the form of narrow thin stripes, the position of the melt 
front in both the thin film and the thicker film can be 
observed simultaneously. Since the SiO~ interlayer is only 
2000~ thick, the temperature difference between the two 
films due to thermal radiation from the top surface is 
only 0.02 K, which is much smaller than the temperature 
shift we are seeking. 

A micrograph of the position of the two crystallization 
fronts is shown in Fig. 4(a). The overall curvature of the 
growth front is indicative of the round melted spot pro~ 
duced by the laser beam. Away from the center of the 
melted region the temperature drops. From Fig. 4(a) the 
freezing point temperature is clearly lower in the thin 
stripe than in the thicker material beneath it. 

The shift in the freezing point of the thin stripe relative 
to the thick film was a strong function of the thickness of 
the stripe. There was no shift if the stripe had the same 
thickness as the underlying thick film. As the stripe 
thickness was reduced, the temperature shift rose 
roughly as the reciprocal of thickness t, in good agree- 
ment with Eq. [7]. 

Owing to the opacity of the substrate to the COx laser, 
strong thermal gradients are produced, and thermal con- 
ductivity rather than radiation is the dominant  thermal 
transport mechanism. We present a calculation of the ra- 
dial thermal conductivity of a disk heated by a gaussian 
laser beam in the Appendix  to this article. The result of 
that calculation is that the radial temperature gradient is 
given by 

dT  2r Kay 
- -  A T  [ 9 ]  

dr o~ ~ RK(T)  

where r is the radial distance from the center of the 
heated spot, oJ is the gaussian radius of the laser beam, 
K ( T ) / K ~  = 1.17 is the ratio of the thermal conductivity (9) 
of fused quartz at the melting point to the average 
thermal conductivity up to the melting point, R = 2.02 is 
the numerical value of an exponential  integral, and AT is 
the overall temperature difference between the center of 
the heated spot and the edge of the fused quartz disk. The 

temperature gradient in Fig. 4(a) is approximately 0.15 
K/~m. 

As the molten zone in Fig. 4(a) was moved back and 
forth, for example by moving the sample relative to the 
laser beam, a hysteretic effect was observed, i.e., the 
thickness-induced shift in freezing point was different 
from the corresponding shift in melting point. Upon 
freezing of a stripe about 800A thick, the freezing point 
was depressed by 1 K relative to the thicker film beneath 
it. Upon remelting that same stripe, the melting point was 
virtually unchanged relative to the thicker film beneath 
it. Such hysteresis is common (2) in wetting angle mea- 
surements. An important  distinction is therefore made 
between advancing wett ing angles and receding wetting 
angles. 

Such hysteresis is thought to be due to a change in sur- 
face energy of an interface due to its previous history. A 
freshly made crystal-SiO._, interface has fairly high energy. 
After a period of time, there is probably significant re- 
construction which lowers the surface energy. This may 
play the following role in our experiment. When the crys- 
tal advances into the liquid, it is forced to make a fairly 
energetic interface with the SiO~, lowering the freezing 
point. When the liquid silicon advances into the crystal, it 
eliminates a low energy reconstructed crystal-SiO., inter- 
face. In that case, there is little or no melting point de- 
pression. Since we are interested in the crystallization of 
thin films, we will deduce the surface energies from 
freezing measurements rather than melting measure- 
ments. 

Substi tuting the observed freezing point shift of thin 
stripes into Eq. [8] and using AS = 2.5 J/K cm ~ for the en- 
tropy of melting, we obtain for (~xs - ?~s) the value of 
80-100 erg/cm ~. As far as we know, there are no previous 
measurements that this numerical value might be 
checked against. 

There are two precautions that should be mentioned in 
making this measurement.  At the melting temperature of 
silicon, amorphous SiO.., is a glass with a finite viscosity 
and is not absolutely rigid. We found that it was necessary 
to complete the measurements  fairly quickly (< 10s at the 
melt) in order to avoid severe thickness distortions of the 
thin stripe. The thickness was double-checked after freez- 
ing by profilometry and interferometry. The second pre- 
caution has to do with the initial melting of the poly- 
crystalline film. As we have mentioned, there is little or 
no melt ing point depression of the crystallized film. Nev- 
ertheless, there is a large melting point depression of the 
as-deposited polycrystalline silicon. This is probably due 
to the excess free energy associated with the large grain 
boundary density in the as-deposited film. These obser- 
vations, which monitor the initial polycrystalline film 
rather than the crystallized film, are not incorporated 
with the data in this paper. Only the results on the crystal- 
lized film are summarized in Table I. 

Instabi l i ty  of  the Crysta l l i za t ion  Front 
We have learned from the previous section that the 

freezing point is a function of film thickness. Equation 
[8] connects the film thickness with the position z of the 
crystal growth front. A local fluctuation in film thick- 
ness can cause the crystal growth front to move forward 
or backward locally relative to the rest of the front. The 
key question in thin film crystal growth is how to pro- 
duce the largest possible single-crystal domains. In this 

Table I. The hysteresis between freezing and melting is thought to be 
due to reconstruction of the crystalline silicon-SiO~ interface, lowering 

its surface energy 

Temperature depression Surface energy 
in an 800~ thick difference with respect 

film relative to bulk to SiO., substrate 
AT (~'x~ - Y~s) 

Freezing 1 K 80-100 erg/cm ~ 
Melting ~ 0 K ~ 0 erg/cm'-' 
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section, we suggest that locally concave regions of the 
growth front caused by local thickness fluctuations may 
be the birthplace of fresh subgrain boundaries. This 
would tend to limit the maximum possible crystal- 
domain size. 

As indicated schematically in Fig. 2(b), and has been 
observed in virtually all thin film crystallization experi- 
ments, grain boundaries run together and recombine dur- 
ing crystal growth. Simultaneously, fresh grain bounda- 
ries initiate in previously single-crystal material. Both 
processes are shown schematically in Fig. 2(b), which is 
representative of typical (1, 10) photographs of grain 
boundary structure. It is the second of these two pro- 
cesses, the birth of fresh grain boundaries, which we 
must  confront. 

In  the second section of this article, we mentioned the 
crystal grower's maxim (6) that the growth front should 
always be convex away from the crystal. It is very dif- 
ficult to visualize how a fresh subgrain boundary may 
nucleate from single-crystal material. What we propose 
here is that concave regions of the growth front are the 
birthplace of fresh subgrain boundaries. In these regions, 
dislocations would tend to become locked into place and 
lead eventually to small-angle grain boundaries. 

Although the growth front might be concave in top 
view, nevertheless, a cross-section view as shown in Fig. 1 
would still remain convex, as demanded by the second 
wetting angle condition. Therefore, the actual three- 
dimensional  geometry of that region is a saddle point. We 
are actually proposing that crystal growth at saddle 
points permits the initiation of small-angle grain 
boundaries. 

As discussed in the third section and shown in Fig. 2(a), 
the growth front itself is scalloped, meeting the pre- 
existing subgrain boundaries at cusps. Each scallop rep- 
resents a single crystal domain and has a finite radius of 
curvature R. This convex curvature tends to stabilize the 
domain structure and inhibit  the birth of fresh subgrain 
boundaries. A local thickness fluctuation wil] have no ef- 
fect unless it is deep enough to retard the growth front 
sufficiently to change it from convex curvature to locally 
concave. If the scallop radius of curvature R is very small, 
it would take an extremely deep and spatially localized 
thickness fluctuation to change it from convex to con- 
cave. Conversely, if the scallop is wide, representing a 
large crystal grain, the scallop radius of curvature R is 
large indicating a relatively straight growth front. In that 
case, even a small thickness fluctuation can change R 
from convex to concave. Thus, large grains are relatively 
unstable to grain boundary nucleation and they tend to 
split in two. Meanwhile, small grains tend to be stable and 
to avoid further subdivision. Therefore, the grain bound- 
ary structure represented in Fig. 2(b) tends to be stabil- 
ized around a certain crystal-domain width. 

In  conclusion, we have shown that thickness fluctua- 
tions could be responsible for the initiation of subgrain 
boundaries by producing locally concave regions of the 
growth front. A scalloped growth front, consisting of a 
series of domains of convex curvature, tends to be stable 
against growth front fluctuations. The balance between 
these two tendencies produces the actual grain structure 
that is observed. 

Conclusions 
The crystallization of thin liquid films demands that 

two wetting angle conditions be simultaneously satis- 
fied: (i) regarding the liquid-vapor interface on the sub- 
strate, and (it) regarding the crystal-liquid interface on the 
substrate. 

The position of the crystal growth interface is deter- 
mined b y  the balance between capillary forces, which 
tend to push the growth front to temperatures below the 
bulk freezing point, and thermal gradient forces which 
tend to pull the growth front toward the freezing point. 
The balance between these forces results in an equilib- 
r ium depression of the freezing point of thin films of 
about 1 K for an 800A thick film. This implies a surface 

tension difference (~'• - ~'ls) of approximately 80-100 
erg/cm 2. 

The coupling between thickness and growth front posi- 
tion provides a mechanism for a crystal-growth instabil- 
ity. Thickness fluctuations can produce locally concave 
regions of the growth front, where subgrain boundaries 
could initiate. The convex curvature of the scalloped 
growth front counteracts this effect and tends to stabilize 
the crystal domain structure. 
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APPENDIX 
In this Appendix, we derive the thermal gradient pro- 

duced in a thermal]y conducting disk by a gaussian laser 
beam. The CO~ laser is absorbed within 10 ~m of the sur- 
face of fused quartz. In principle, both conduction and ra- 
diation could play a role in transporting this heat. For the 
t = 0.75 mm thickness fused quartz plates used in these 
experiments, radial thermal conduction plays the major 
role, owing to the strong thermal gradient induced by the 
laser beam with radiative heat loss being only a small 
correction. 

The power per uni t  area absorbed from a gaussian laser 
beam is 

P ( r )=  ~r~o'-'2P---2-~ e x p { - ~ }  

where co is the gaussian radius of the laser beam, about 
2.8 mm in our case. P is its total power, about 30W and r is 
the distance from the central axis of the beam. The total 
power inside a spot of radius r is 

The thermal conduction equation in the radial direction 
is 

K(T) 2~'rt dT 
g(r) - [A-l] 

dr 

where K(T) is the temperature dependent  thermal con- 
ductivity of fused quartz. Integrating Eq. [A-l] yields 

{+}) f?n 1 -  exp - - - =  K(T) dT  [A-2] 
r max 

The integral in Eq. [A-2] is an "Exponential  Integral," 
which is (11) approximately R = [ln (2r2/o~ '-') + 0.577]/2 = 
2.02 in our geometry. Let us write the difference between 
the temperature Tmax at the center of the laser spot and 
Train the temperature at the edge of the fused quartz disk 
as AT = Tmax - Tmin. Then the integrated heat flow equa- 
tion can be written 

Po Kay AT 
[A-3] 

2~rt 2.02 

Simplifying [A-l] by taking r < oJ we obtain 

dT  Po 2r 
[A-4] 

dr 2r;t K(T) co"- 

Substi tut ing [A-4] in [A-3] 

dT  2r Kay 
- -  - - -  A T  

dr r RK(T)  

which is the same as Eq. [9] in the text. 
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Effect of Group V/Ill Flux Ratio on Lightly Si-Doped 
AI Ga,_ As Grown by Molecular Beam Epitaxy 
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Optoelectronics Joint Research Laboratory, Nakahara, Kawasaki, 211 Japan 

ABSTRACT 

Optical and electrical properties of lightly Si-doped AlxGa~_~As (x ~ 0.2) layers grown by molecular beam epitaxy 
under  various V/III flux ratios (1 to 4) and at various substrate temperatures (720~176 have been studied by low tem- 
perature (~4 K) photoluminescence and Hall measurements.  Bound exciton (BE) peak intensity and Hall mobility in- 
crease with decreasing flux ratio and increasing substrate temperature. An excess reduction in the flux ratio causes the 
condensation of group III metals on epilayers. An optimum flux ratio was found to be 2.3 for the highest substrate tem- 
perature investigated here, 780~ The peak intensity of the defect complex has been shown to be correlated with the 
growth conditions. It is suggested that the defect complex includes defects dominant  under  excess arsenic population. 
Reflection electron diffraction patterns from the growing Alo.2Ga0.sAs layers have been related to the growth conditions 
and the qualities of the epitaxial layers. A sample with the highest BE peak intensity and smooth surface has been 
grown with a metal-rich structure (3 • 1) present on the surface. A structure (1 x 1) has reproducibly been observed at 
intermediate amounts of group V/III composition on the surface between those for the (3 x 1) and the arsenic-stabilized 
(2 x 4) structures. Growth conditions which result in surfaces with a (1 x 1) structure are found to cause surface rough- 
ening on the epilayers. 

Novel devices with AlxGa, ~As/GaAs heterostructures, 
such as the high electron mobility transistor and lasers 
with extremely low threshold current density, have been 
fabricated by virtue of excellent controllability of film 
thickness and doping profile of molecular beam epitaxy 
(MBE) (1, 2). 

The quality of Al~Ga~_xAs is important for high per- 
formance devices (3). The substrate temperature during 
growth affects optical properties of AlxGa~_~As layers 
grown by MBE (4, 5). The group V/III flux ratio is also an 
important growth parameter because it influences forma- 
tion of nonstoichiometric defects that act as nonradiative 
centers (6). From a view of device applications of MBE- 
grown AI~Ga~_~As, in-depth understanding of the effect of 
the growth conditions on optical and electrical properties 
and surface morphologies is necessary, but little informa- 
t ion has been available, particularly about the relation be- 
tween the V/III flux ratio and the properties of 
Al~Gal_xAs. 

Reflection electron diffraction (RED) patterns have of- 
ten been used as indicators of growth conditions for GaAs 
growths on (001)-plane GaAs substrates by MBE. By real- 
time observation of RED patterns, empirical relationships 
have been established between the relative and absolute 
incident fluxes of Ga atoms and arsenic molecules and 
the surface reconstruction as a function of the substrate 
temperature (7, 8). This has enabled conditions to be 
defined for growth of stoichiometric epitaxial GaAs. In 
contrast, the relation between RED patterns and the 
growth conditions for AI~Ga~_~As has not been reported. 

In  this paper, we report the effect of the V/III flux ratio 
and the substrate temperature on the optical and electri- 
cal properties of lightly Si-doped Al~Ga, ~As layers 
grown by MBE. The layers were characterized by low 
temperature (~4 K) photoluminescence (PL) and Hall 
measurements.  The results show that both the optical and 
electrical qualities improve with decreasing flux ratio 
and increasing substrate temperature. We have also inves- 

tigated RED patterns from growing A10.~Ga~,sAs layers 
and have related these patterns to the growth conditions 
and the qualities of the epitaxial layers. We have found 
that high quality AlxGa~_xAs layers with smooth surfaces 
are grown with the appearance of a (3 • 1) reconstruction 
pattern on the surface. 

Experimental 
The AlxGa~_~As layers were grown on semi-insulating 

(001)-plane GaAs substrates in a Varian MBE/GEN II sys- 
tem. The structure of samples consisted of a 2 ~m, 
undoped GaAs buffer; a 1 ~m, Si-doped AlxGa,_xAs layer 
(n ~< 1 x 10 '~ cm-3); and a 250~, undoped GaAs cap layer. 
Elemental A1, Ga, As, and Si were used as source materi- 
als. All the AlxGal_~.As layers were grown under  group 
V/III flux ratios, ~/ = Asj(A1 + Ga), from 1 to 4 by chang- 
ing the arsenic pressure and at substrate temperatures 
from 720 ~ to 780~ The molecular beam fluxes were esti- 
mated from pressure readings of an ion gauge that could 
be placed at the growth position of the substrate (9). The 
A1 and Ga pressures were determined before elevating 
the cell temperature of the arsenic source. The growth 
rate of Al~.Ga~_xAs layers was approximately 1 ~m/h. The 
Al mole fraction, x, in the AlxGal_xAs layers was deter- 
mined from the energy of the BE emission and was found 
to be 0.19-0.25. The substrate temperature was measured 
by a spring-loaded thermocouple (W-Re) pressed to the 
rear of a Mo heating block, on which the substrate was 
mounted. The substrate temperature was also checked by 
a pyrometer with emissivity setting at 0.6. To assure the 
accuracy of the temperature, we observed the removal 
temperature of the native oxides from GaAs substrates 
and determined it to be about 590~ which is close to pre- 
viously reported datum, 580~ (10). Peak heights of the 
dominant  residual gasses of 1SH20§ and '-'8CO* in the 
growth chamber, determined by a quadrupole mass ana- 
lyzer, were always kept low during growth. 
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Table I. The electron concentrations and Hall mobilities of lightly Si-doped AI~.Ga,_.rAs layers grown under various growth conditions 

S u b s t r a t e  n tt 
Sample x temp (~ Flux ratio (10 TM cm -'~) (cm'-' V-' s -') 

(a) 0.22 750 
(b) 0.21 750 
(c) 0.19 750 
(d) 0.22 780 
(e) 0.23 780 
(f) 0.21 780 

PL measurements  were made at liquid hel ium tempera- 
ture (~4 K). The 6471A line of a Kr ion laser was used as 
the excitation source�9 The incident excitation intensity 
was approximately 1 W/cm'-'. Luminescence was analyzed 
by a 1-m monochromator  and detected with a cooled 
photomultiplier  with an S-1 response. The slit width was 
adjusted to 100 ~m or less, resulting in a resolution of less 
than 1s 

Hall measurements  (van der Pauw technique! were 
made on cloverleaf-shaped samples at room temperature. 

Surface structures were examined in situ by glancing 
incidence reflection electron diffraction at an accelerat- 
ing voltage of 8 keV. 

Results and Discussion 
Table I summarizes measured free electron concentra- 

tions and mobilities of the samples grown under various 
V/III flux ratios and at substrate temperatures, 750 ~ and 
780~ Si atoms are dominantly incorporated as donors in 
MBE-grown AI~Gal_~As layers. Although the Si cell tem- 
perature of 1050~ was maintained over the growths, the 
electron concentrations for the samples (d), (e), and (f) 
grown at 780~ were higher than those for the samples (a), 
(b), and (c) grown at 750~ indicating a decrease of com- 
pensation of the donors by acceptors. The dependence of 
electron concentration on the flux ratio is small at 780~ 
On the contrary, the samples grown at 750~ and under 
high flux ratios (~ > 1.9) were highly resistive, and Hall 
measurements  were not possible. This is probably caused 
by a full depletion of the AlxGal xAs layer owing to low 
carrier concentrations (11). 

The principal result shown in Table I is that lower flux 
ratios yield higher electron mobilities. The dependence of 
mobility on the flux ratio is small at 780~ whereas the 
mobili ty for samples grown at 750~ decrease rapidly 
with the flux ratio. We attribute the reduction in the mo- 
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Fig. 1. PL spectra from the samples (a) to (f) from Table I 

1.1 1.4 3870 
1.4 1.4 1820 
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2.3 8.8 3520 
2.8 9.4 3030 
3.8 10 3010 

bility of the relatively compensated sample (b) to the scat- 
tering of free electrons by increased space-charge regions 
at the heterostructure interface and the surface, as sug- 
gested by Stringfellow (12). 

PL spectra in Fig. l(a)-l(f) are from the samples (a) to (f) 
in Table I. The PL spectra show peaks due to the BE 
transition, the Si donor to carbon acceptor (DA) pair 
recombination, and the defect complex in order of in- 
creasing wavelength. These assignments have been made 
according to our previous work (13). 

The half-widths of the BE peaks, 4 meV in Fig. l(a) and 
l(d), are comparable to the half-widths observed in high 
quality GaAs with a similar carrier concentration, indicat- 
ing the high quality of the AlxGal_rAs layers. The BE 
peak intensities are dominated by excitons bound to sili- 
con donors. We assume that high BE peak intensities 
reflect high qualities of AlrGal_xAs layers. It is known 
that the intensity of the BE peak relative to intensity of 
the other recombination peaks depends on doping con- 
centration and the laser excitation (14). Since the doping 
and laser excitation were not changed in this work, only 
residual impurities and defects that act as nonradiative 
recombination centers and deep level emission centers 
will reduce the peak intensity. 

We studied the BE intensity as a function of the flux 
ratio and the substrate temperature to determine the opti- 
mum growth condition. The results are shown in Fig. 2, 
including additional data with x ranging from 0.19 to 0.25. 
Figure 2 shows that the BE peak intensity increases with 
decreasing flux ratio and increasing substrate tempera- 
ture. We note that the curve for T, = 780~ exhibits a max- 
imum at the flux ratio of 2.3. The degradation at the 
lower flux ratio, 1.2, is caused by condensation of group 
III metal on the surface due to extremely high evapora- 
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tion of arsenic molecules. Thus, in order to obtain high 
quality AlxGa1_xAs, the flux ratio should be adjusted to 
near 2.3. The results are consistent with the results of the 
Hall measurements; sample (d) among the samples grown 
at 780~ has the highest electron mobility. Samples grown 
at a substrate temperature, 720~ and under  flux ratios 
ranging from 1 to 2.5, had lower PL intensities than those 
in Fig. 1. 

The carbon acceptor-related emission intensity in- 
creases monotonically with decreasing flux ratio and in- 
creasing substrate temperature, as shown in Fig. 1. This is 
mainly due to reduction of nonradiative centers, as indi- 
cated by BE intensity changes in Fig. 2. This reveals that 
the carbon incorporation rate is relatively insensitive to 
the growth conditions but  gradually increases with de- 
creasing flux ratio and increasing substrate temperature. 
The flux ratio dependence of the carbon incorporation 
rate agrees with the case of GaAs (15). 

The defect complex luminescence in GaAs has been 
suggested to be associated with Carbon impurities (16). 
However, the detailed nature of the defect complex has 
not been determined even in the case of GaAs (16). Figure 
1 shows that the defect complex peak intensity closely 
correlates with the growth conditions; the intensity de- 
creases with decreasing flux ratio and is not observed at 
high substrate temperatures and low flux ratios. A slight 
shift of the complex peak toward a higher energy with an 
increased excitation intensity is observed, indicating that 
the peak is due to DA pair recombination (17). It is natu- 
ral to attribute the donor to Si. The acceptor could be at- 
tributed to defects dominant  under  excess arsenic condi- 
tions. 

Figure 3 shows RED patterns in [110] azimuth from 
AI~.~Ga,,.sAs surfaces which were grown at T~ equal to (a) 
700 ~ (b) 750 ~ and (c) 780~ and under a constant flux ra- 

tio of 1.7. To determine the structures, RED patterns in 
[110] azimuth were also observed. It was revealed that the 
RED patterns in Fig. 3 corresponded to (a) (2 x 4), (b) (1 x 
1), and (c) (3 x 1) structures. However, it was difficult to 
distinguish diffraction features associated with centered 
structures in common with other RED work (8). Thus, we 
will refer only to primitive two-dimensional lattice struc- 
tures. This does not mean that centered structures were 
not present, only that RED did not distinguish, for in- 
stance, c (2 x 8) and (2 x 4) (8). 

The structures shown in Fig. 3 could be reversibly 
changed from one to another by changing the substrate 
temperature only. These structures could be reproducibly 
observed from wafer to wafer. The metal-rich reconstruc- 
tion (4 x 2) commonly observed for (001)-plane GaAs sur- 
faces was not observed for AI~Gal_~As surfaces in the 
temperature range studied here. It could, however, be ob- 
served by depositing A1 and Ga without the arsenic flux 
on the (3 x 1) surface but immediately changed to a (1 x 
1) structure due to the lack of surface mobility of metal 
atoms (18). 

The structures shown in Fig. 3 also depend on the flux 
ratio. Figure 4 shows the map where the flux ratios that 
provide the structures are plotted as a function of the sub- 
strate temperature. In Fig. 4, points A and D correspond 
to the growth conditions of samples (a) and (d) in Table I 
that have the highest mobilities and BE peak intensities 
for substrate temperatures of 750 ~ and 780~ respectively. 
The surface of sample (d) is smooth, as is shown in Fig. 
5a. The samples grown at the point marked by an aster- 
isk, only 15% below the flux ratio at point D, exhibit matt 
surfaces due to condensation of group III metals. There- 
fore, we believe that excess arsenic evaporates during 
growth under  the conditions corresponding to the (3 x 1) 
structure. 

The (1 x 1) structure shown in Fig. 3(b) has not been ob- 
served for GaAs, but  is common with surfaces including 
A1 (18). The (1 x 1) structure suggests roughness of the 
surface. Figure 5 shows surface morphologies of 
AlxGal_~As layers (x ~ 0.2) grown under conditions of (T~, 
7) equal to 780~ 2.3 (a), 750~ 2.3 (b), and 720~ 3.0 (c). 
These growth conditions are found, in Fig. 4, to be associ- 
ated with (a) (3 x 1), (b) (1 x 1), and (c) (2 x 4) structures. 

Fig. 3. RED patterns in [110] azimuth, for AIo.~Gao.sAs surfaces 
growing at a rate of 1/~m/h and under a flux ratio of 1.7. The substrate 
temperatures are (a) 700 ~ (b) 750 ~ and (c) 780~ 
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tra and Hall mobilities of lightly Si-doped AI~Ga~ .~As lay- 
ers (x ~ 0.2) grown by MBE has been investigated. The 
Hall mobilitzy and PL intensity increase with decreasing 
flux ratio increasing substrate temperature. The opti- 
mum flux ratio, 2.3, was obtained at a substrate tempera- 
ture of 780~ The peak intensity of the defect complex 
has been shown to be correlated with the growth condi- 
tions. It is suggested that the defect complex includes de- 
fects dominant  under  excess arsenic population. 

The RED patterns from the growing Alo zGao~sAs layers 
have been investigated and related to the growth condi- 
tions and the qualities of the epitaxial layers. The results 
show that the sample with the highest BE peak intensity 
and smooth surface has been grown with the (3 • 1) struc- 
ture present on the surface. 
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Fig. 5. Phase contrast photomicrographs of 1 /~m AI~Gal_~As (x 
0.2) layers grown under the conditions of (Ts, T) equal to (o) (780~C, 
2.3), (b) (750~ 2.3), and (c) (720~C, 3.0). 

The (2 • 4) and (3 • 1) structures correspond to the 
smooth surfaces, but surface roughening is observed for 
the (1 • 1) structure, as shown in Fig. 5. Morkoc et al. 
have demonstrated that the surface morphology first de- 
grades and later improves with increasing substrate tem- 
perature from 620 ~ to 700~ for x > 0.4 and a constant 
V/III flux ratio of 4 (19). Our results show that such deg- 
radation occurs also for x ~ 0.2 under  flux ratios lower 
than 3. These results now manifest that the growth condi- 
tion for high quality AI~GaI_~As layers with smooth sur- 
faces is rather critical and is restricted to the vicinity of 
point D in Fig. 4. 

Conclusions 
The effect of the growth conditions, V/III flux ratio, 

and substrate temperature on low temperature PL spec- 
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Behavior of the Evaporated Film in Li-Salt PC Electrolytes 
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ABSTRACT 

Electrochemical properties of evaporated amorphous WO3 films on conductive glass substrates have been studied 
in propylene carbonate electrolytes, and the degradation of the electrochromic activity of the WO3 film on storage in the 
electrolyte and the prevention of the degradation of the film have been investigated by cyclic voltammetry. The WO3 
films have also been analyzed by XPS, SIMS, and FT-IR spectra. We have confirmed that the thermodynamic degrada- 
tion is accelerated by H20 and LiC104 in the electrolyte. It is proposed that: first, H20 contributes to the change of WO~ 
into W(OH)~; second, Li ~ exchanges with the H § of W(OH)~; and then these reactions result in the formation of Li.~WO~; 
and, consequently, in the negative shift of the cathodic reaction potential of the film. We have also confirmed that the 
degradation is prevented by addition of an acid, such as I4~PO4 or acrylic acid, to the LiC104 PC electrolyte and by using 
LiBF4 as a supporting electrolyte in place of LiC104. 

Since the important paper of Deb (1), there have been 
numerous studies (2-8) of the electrochromic (EC) proper- 
ties of WO3 films. Electrochromic displays (ECD) using 
WO3 thin films will be classified into three groups: 
WO3/liquid electrolyte, WO3/solid electrolyte, and 
WOJdielectric layer systems. The WO~/liquid electrolyte 
systems have been studied frequently, and EC properties 
of this system, such as respQnse and memory, are supe- 
rior to other systems. Faughnan (5) reported a WOJgly- 
cerol-H~SO4 liquid electrolyte system which had a fast re- 
sponse, but  it had problems of the dissolution of the WO3 
film on the shelf and the corrosion of transparent elec- 
trode during color/bleach cycling (9). In order to over- 
come these problems, nonaqueous organic solvents have 
been investigated as the electrolyte solvent. Randin (9) re- 
ported that evaporated WO~ film dissolved about 10% un- 
der storage for 90 days at 50~ in acetonitrile and 
dimethylformamide, etc., but  the film dissolution was 
negligibly small in ~-butyrolactone and propylene carbon- 
ate (PC) under  the same conditions. Furthermore, Li salts 
have been used in the supporting electrolytes as a cation 
source in place of protons because the mobility of Li is 
the next highest. Problems of the dissolution and the cor- 
rosion have been solved by using LiC104 PC electrolyte. 

However, even in the WO3/LiC104 PC system, the prob- 
lem of degradation of electrochromic activity on storage 
for long time and/or cyclic drive still remained. 

Schlotter et al. (10) reported that the degradation with 
cycling was caused by ion exchange between Li and pro- 
tons of W(OHL. Morita et al. (11) also reported that the 
origin of the mechanism dominating the degradation was 
essentially the accumulation of Li in the film with SIMS 
data and Auger analysis. 

In this paper, the mechanism of degradation of the WO3 
film on storage in Li salts-PC electrolytes and preventive 
methods for the degradation will be described. 

Experimental 
Preparation of W03 films.--W03 films were deposited 

by an electron beam evaporation method. WO3 targets 
(99.99%) were supplied by Furuuchi  Kagaku Company, 
Limited. The deposition rate was 4-5 ~/s the deposition 
angle was varied within 40 ~ with a planetary rotation, and 
the substrate temperature was usually maintained at 80~ 
after keeping at ll0~ for 5 min. The total gas pressure in 
the chamber during the evaporation process was con- 
trolled by N2 gas-introduction method to be 5-6.5 • 10 -~ 
Pa. Deposited WO3 films were analyzed by electron dif- 
fraction and found to be amorphous. The packing density 
of the film calculated from film thickness and weight 
was 5.38 g/cm ~, and the refractive index evacuated from 
the interference patterns of visible absorption and film 
thickness was 1.85. 

The substrates were In203-coated glass (20 ~2/cm 2) used 
for electrochemical measurements,  XPS, and SIMS anal- 
yses, and Si wafers for IR spectra. 

Electrochemical measurements.--Cyclic voltammetry 
measurements were performed with a potentiostat (Ho- 
kuto Denko, Model HA-301), which was supplied with 
voltage from a function generator (same company, Model 
HB-104). Coulometric measurements were performed 
with a coulomb meter (same company, HF-201). The WO3 
film thickness and area were 3000s and 0.3 cm 2, respec- 
tively. The counterelectrode was a Pt plate, and the refer- 
ence electrode was a saturated calomel electrode (SCE). 
The electrolytes were propylene carbonate (PC) solutions 
containing 0.3M LiC104. PC (the first grade, Wako 
Junyaku) was freshly distilled under  vacuum, LiC104 (pu- 
rity 99%, Mitsuwa Kagaku) was used./~" gas was bubbled 
before measurements.  

H20 content in the electrolytes was checked in each 
case by the Karl-Fisher method with an Aquacounter  
(Hiranuma Seisakusho, Model AQ-3B), and these concen- 
trations were typically 0.01-0.03M. 

Analyses of WOs films.--IR spectra were taken with a 
FT-IR spectrometer (Nihon Denshi, Model JIR-40D). For 
these measurements,  the film thickness of WO3 on a Si 
wafer was 3000A. Resolution was 8 cm- ' ,  and the number  
of sampling for one measurement  was 400 cycles. 

X-ray photoelectron spectroscopy (XPS) measurements 
were performed using a VG ESCALAB-5 electron spec- 
trometer with A1 Ks  x~ray sources (10 kV, 20 mA). The en- 
ergy resolution for the Ag 3d5~ photopeak was 1.1 eV at 20 
eV pass energy. The normal pressure in the analyzer 
chamber was below 6 • 10-8 Pa. 

Three kinds of powder, WO3 (99.9%, Mitsuwa Kagaku) 
H~WO4, and Li~WO4 (Superfine grade, Kanto Kagaku), 
were used for IR and XPS analyses as reference samples. 

Secondary ion mass spectrometry (SIMS) measure- 
ments were performed using a CAMECA IMS-3F, the pri- 
mary ion was O~ § and its ion beam current and energy 
were 500 nA and 8 keV, respectively. 

Preparation of ECD cells.--ECD cells used for life test 
were constituted as follows: IntO3 (20 ~/cm2)/WO~ (3000~, 
1.9 cm~)/Li salt-PC electrolyte (2 ml)/carbon counterelec- 
trode. 

Results and Discussions 
Degradation of W03 film in LiCl04 PC electro- 

lytes.--The electrochemical properties of the WO3 films 
which were stored in 0.3M LiC104 PC electrolytes con- 
taining H20 less than 0.01M were investigated. The stor- 
age experimental conditions were as follows: WO3 films 
(3000~, thick, 0.3 cm ~) evaporated on In~O3-coated glass 
were dipped completely in 1 ml of PC elctrolytes in glass 
tubes (8 mm diam), air in the tubes was replaced by Ar 
gas, the glass tubes were sealed by melting and stored at 
70~ for various storage times. After storage, the WO3 
films were taken out from the tube and rinsed quickly 
with acetone, then dried with a N2 gas blower. Cyclic 
voltammograms of the WO3 films were measured in 
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freshly prepared 0.3M LiC104 PC electrolyte, and shown 
in Fig. 1. 

In  Fig. 1, the cathodic current is associated with the col- 
oring process of the film and the anodic current follow- 
ing scan reversal with the bleaching process. The starting 
potential (E~) where the cathodic current of the WO.~ film 
begins to flow, was about +360 mV v s .  SCE for the as- 
deposited WO~ film, whereas that of the WO~ film stored 
in the LiC104 PC electrolyte for 20h at 70~ was +50 mV 
v s .  SCE: that is, the starting potential (E~) was drastically 
shifted to the negative side by storage in the LiC104 PC 
electrolyte at high temperature for relatively short time. 
The shift continued gradually with storage time after the 
initial drastic shift. These cathodic shifts result in the de- 
crease of the injection charge in the coloration reaction, 
which contributes to the degradation of electrochromic 
activity of the WO.~ film. With respect to the anodic oxida- 
tion of the colored WOa film, the anodic reaction become 
fast with the storage. 

The thickness of the WO3 film stored in the electrolyte 
at 70~ for 500h (Fig. 1, curve 5) was confirmed to be 
unchanged, so that the dissolution of the WO.~ film was 
negligibly small. In spite of various kinds of WO:, films 
having various Ec corresponding to the states of water in 
WO3 (12 ~ 13), the potential shifts of these WO3 films had 
the same tendency. 

The relationship between the cathodic reaction poten- 
tial shift and the quantity of LiC104 PC electrolyte in glass 
tubes was investigated and shown in Fig. 2. It is shown 
that the potential shift is increased with increase of 
amount  of LiC104 PC electrolyte used for storage. There- 
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Fig. 1. Cyclic voltammograms for WO3 films (3000~, 0.3 cm 2) in 
the freshly prepared 0.3M LiCIO4 PC electrolyte at 0.2 V/s scan rate. 
1: As-deposited. 2: Stored in 3 ml 0.3M LiCIO4 PC electrolyte at 
70~ for 20h. 3: Stored for 43h. 4: Stored for 113h. 5: Stored for 
500h. 
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fore, the degradation of electrochromic activity the WO~ 
film is accelerated with the quantity of the electrolyte. 

The decrease of the injected charge on storage in PC 
electrolyte also depends on the concentration of the sup- 
porting electrolyte (LiC104), as shown in Fig. 3. In Fig. 3, 
Qw is the cathodic injected charge of the WO3 film stored 
in PC electrolytes for 15h at 70~ under  the condition of 
the cyclic voltammetry from + 1.0V to -600 mV v s .  SCE 
with 200 mV/s scan rate, and Qwo is the initial value. 

In  actual electrochromic display (ECD) cells, the degra- 
dation of electrochromic activity on storage at high tem- 
perature was observed and is shown in Fig. 4. In Fig. 4, 
Qw is the cathodic injected charge, which is proportional 
to coloration optical density under  the condition of ap- 
plied pulse voltage between the WO3 working electrode 
and the counterelectrode for ls and Qwo is the initial value, 
after the aging of cells at 70~ for 15h. 

We confirmed that the potential shift of the counter- 
electrodes of the cells after the aging was negligibly 
small, so that the degradation of the electrochromic activ- 
ity of ECD cells on storage at high temperature corre- 
sponds to the cathodic potential shift of the WO~ film. 
Therefore, the degradation is accelerated with H_,O in PC 
electrolyte, as shown in Fig. 4. 

The temperature dependence of the degradation of 
ECD cells is shown in Fig. 5. In Fig. 5, there is a linear re- 
lationship between log (t) and 1/T,  where t is storage time 
and T is storage temperature (K). 

However, the Arrhenius equation for the rate constant k 
is 

k = A e  -EaIRr [1] 

where A is a constant, R is the gas constant, and Ea is the 
activation energy of the reaction. 

If we postulate that the degradation function f ( x )  is rep- 
resented as follows 

we obtain 

1 0 0  

5o 

f(x) = kt [2] 
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Fig. 3, Plots of QJQwo as a function of I-iCl04 concentration in the 
electrolyte used for the storage. 

tO0 

@ 

5 0  

~ - - c J  4 

Storage time (hr~ 
Fig. 2. Plots of starting potentials of cathodic reactions for W03 

films at 0.2 V/s scan rate as a function of storage time at 70~ in 
0.3M LiCIO4 PC electrolyte. The quantity of the electrolyte for the 
storage was (1) 0.3, (2) 3, and (3) 15 ml. 
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Fig. 4. Plots of Qw/Qwo of various ECD cells as a function of storage 
time at 60~ H~O concentration in the 0.3M LiCIO, PC electrolyte 
was (1) 0.014, (2) 0.017, (3) 0.035, and (4) 0.072M. 



2636 J .  E l e c t r o c h e m .  Sac . :  S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  N o v e m b e r  1984 

I0  ~ 

/ / 
/ /  

/ /  

10 ~ 

~0 
L 

2 
o3 

i / I I ~ I 

2.8 Z9 &0 3.1 3.2 &3 

i 0  s " 

104 3 

\ 
l03 

W(184) 
o 
O 

10100 20100 30100 

D e p t h  C~,) 

Fig. 6. SIMS depth profiles of WO3 films. 1: No treatment. 2: 
Dipped in the LiCIO4 PC electrolyte for 10s. 3: Stored in the electro- 
lyte for 120h at 70~ 
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1 
t = A f ( x )  e ~ o ~  = ce  ~ [3] 

where c = 1/A f(x), and f(x) is equal to Q~/Q~o, so that we 
can obtain the quantity of Ea using Eq. [3]. From the slope 
in Fig. 5, E~ was estimated to be 4.5 kcaYmol. 

Consequently, from the results mentioned above, the 
degradation of the electrochromic activity on storage cor- 
responds to the cathodic potential shift, which is caused 
by some thermodynamic reactions of the WO3 layer with 
Li content and H~O content. 

Mechanism of degradation.--SIMS of the WO3 films 
stored in PC electrolyte were measured, and their depth 
profiles are shown in Fig. 6. In Fig. 6, sample 1 was only 
washed with PC solvent and acetone successively, and it 
was dried by a N2 gas blower. Sample 2 was dipped in 
0.3M LiC104 PC electrolyte containing 0.01M H20 for 10s 
and then treated the same as sample 1. Sample 3 was 
stored in 0.3M LiC104 PC electrolyte containing 0.01M 
H~O in a sealed glass tube for 120h at 70~ and then 
treated the same as sample 1. 

A molecular ion of OLi + (mass = 22) was used for the 
evaluation of Li content in WO3 film, because of two facts 
that secondary ion intensities of Li § (mass = 7) and Li ~ 
isotope (mass = 6) were too strong to get a good linearity 
between Li content and the signal intensity, and that OLi § 
(mass = 23) overlaps Na (mass = 23). 

Each signal intensity of OLi § was normalized using a 
signal intensity of a main component,  W ~ isotope (mass = 
184). It can be said that Li ~ permeates smoothly into the 
WO3 layer by quick dipping in the electrolyte for rela- 
tively short t ime (10s) and accumulates homogeneously in 
the film, and that the permeation of Li into the layer is 
accelerated by storing at high temperature. 

It was difficult to wash away Li in the layer, even in the 
case of sample 2. 

In spite of smooth permeation of Li, C104- did not per- 
meate into the WO3 layer (see the C1 depth profiles in Fig. 
6). From these results, the degradation of the WO3 film 
would correspond to an accumulation of Li in the film, 
but the degradation will not directly depend on Li con- 
centration in the film. This is because if the degradatio n 
which associates with the negative potential shift of the 
cathodic reaction potential were only caused by accumu- 
lation of Li in the film, the negative potential shift of the 
WO3 film by quick dipping in LiC104 PC electrolyte 
would be observed, compared with the potential of the 
WO3 film in non-Li electrolyte (e.g., H~SO4 solution); but, 

in fact, the cathodic reaction potential of as-deposited 
WO3 film in LiC104 PC electrolyte is located at the more 
positive side about 250 mV more than that of same film 
in H~SO4 electrolyte (12). Therefore, it is better for the 
degradation process to be discussed on the basis of Li 
which can be separated from free Li ~, remains in the void 
of the film, and/or is injected in Xerogel structure (10) 
and has a interaction with W-O such as W-O-Li. 

FT-IR spectra of the WO~ film stored in 0.3M LiC104 PC 
electrolyte at 70~ for 500h in a sealed glass tube are 
shown in Fig. 7. 

The O-H stretching broad peak at 3400 cm -1 was de- 
creased, and the W-O stretching broad peak (-650 cm -~) 
changed to a broad peak having several shoulders on stor- 
age. 

IR spectra of WO3, H2WO4, and Li~WO4 powders are 
shown in Fig. 8 for comparison. 

From these results, IR spectrum of the degradated WO3 
film may be similar to a mixed spectrum of H~WO4 and a 
small amount  of Li2WO4, so that it seems that the internal 
surface of W(OH)x would change to Li~WO4 on storage in 
LiC104 PC electrolyte. 

The W4f71~ electrons binding energy and O1~ electrons 
binding energy of WO3 film and powders of WO3 deriva- 
tives were measured using XPS analysis and are shown 
in Fig. 9-10 with reference data of WO3, H~WO4, and 
Li~WO4 (14-21). 

The uncertainty of measured binding energy was esti- 
mated to be +-0.3 eV, and the electron escape depth o f  
W4fT;2 electrons was estimated approximately to be 20s by 
Penn's  equations (22). 

The W~f712 and O1~ electrons binding energies of the WO3 
film which was stored in air for 144h after the evapora- 
tion will be in agreement with those of WOOH (14) within 
the experimental  error. The surface of the WO3 film be- 
fore dipped in PC electrolyte will be a W(OH)x structure 
as shown in Fig. 9, 10 and Ref. (10, 12). 

The W4fT~ electrons binding energy of the WO3 film 
stored in 0.3M LiC104 PC electrolyte for 144h at 70~ is es- 
sentially identical with that of WO3 and Li..,WO4 powder 
measured in our laboratory. It can be said that the surface 
of the degradated WO3 film is constructed with WO3 or 
Li2WO4: however, if we consider the SIMS and IR experi- 
mental results, the surface of the degradated W Q  film 
will be constructed with Li~WO4. 

Consequently, it seems reasonable to assume that the 
surface state of the WO3 film is changed by the H-Li ion 
exchange in LiC104 PC electrolyte such as in the follow- 
ing thermodynamic reaction 

W-OH + Li § ~ W-O Li + H + [5] 

and this exchange reaction will result in the formation of 
Li2WO4. 
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Fig. 7. FT-IR spectra of W03 
films (1) as-deposited and (2) 
stored in 0.3/91 LiCI04 PC electro- 
lyte at 70~ for 500h. 

Prevention of degradation.--Cyclic voltammograms of 
WO~ films which were stored in various kinds of electro- 
lytes in sealed glass tubes were measured and are shown 
in Fig. 11-12. The storage experimental conditions were as 
follows: WO3 films (3000~ thick, 0.3 cm'-') on In~O3-coated 
glass were dipped completely in PC electrolytes in glass 
tubes (8 mm diam), air in the tubes was replaced by Ar 
gas, the glass tubes were sealed by melting, and then 
stored at 70~ for various storage times. After storage, the 
WO3 films which were taken out from the electrolyte 
were rinsed quickly with acetone and dried with a N~ gas 
blower. 

In Fig. 11, the starting potential (Ec) of the cathodic re- 
duction of the WO3 film was shifted to negative side 
about 300 mV on storage in 0.3M LiC104 PC electrolyte at 
70~ for 1000h, but  that of the WO3 film stored in 0.3M 
LiC104 PC electrolyte containing 0.01 volume percent 
(v/o) H3PO4 under the same condition was scarcely shifted 
and the degradation of electrochromic activity was not 
observed. 

In Fig. 12, the starting potential (Ec) of the cathodic re- 
duction of the WO3 film stored in 0.3M LiC104 PC electro- 
lyte containing 5 v/o acrylic acid was also scarcely shifted 
to negative side. 

From these results, the degradation of the WO3 film in 
Li salt PC electrolyte, corresponding to the ion exchange 
between Li and H of W(OH)x, will be prevented by the ad- 
dition of an acid to the electrolyte. However, propylene 
carbonate is easy to decompose under  coexistence of 
acids; therefore, it is undesirable to add a strong acid to 
the electrolyte. 

Furthermore, we have found that the degradation of the 
WO3 film is also prevented by using LiBF4 as a sup- 
porting electrolyte. 

Cyclic voltammograms of the WO3 films stored in 0.3M 
LiBF4 PC electrolyte containing 0.01M H~O in sealed glass 
tubes at 70~ were measured and are shown in Fig. 13. 
The storage experimental conditions were as same as 
mentioned above. 

In Fig. 13, compared to the case of LiC104 supporting 
electrolyte, as shown in Fig. 11, curve 2, the starting po- 
tential (Ec) of the cathodic reduction of the WO.~ film was 
rarely shifted to negative side by the storage at 70~ for 
1000h. Moreover, there was no observation of gas evolu- 
tion by decomposition of PC solvent. 

The preventive effect on the degradation of the WO~ 
film in LiBF4 PC electrolyte can be attributed to the facts 
that LiBF4 is especially effective in this regard, as can be 
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Fig. 9. XPS spectra of W4r~/2. 1: As-deposlted W03 films. 2: Stored 
in 0.3M LiCI04 PC electrolyte at 70~ for 144h. 3 :W03 powder. 4: 
Li2W04 powder. 5:H3W04 powder. Reference data (1 4-21 ). 

seen from aqueous PH determination (generally acidic, if 
hydrolyzed) (23), and that LiBF4 is able to dissociate H + 
from H20 containing in the electrolyte. 

An FT-IR spectrum of the WO3 film on a Si wafer 
stored in 0.3M LiBF4 PC electrolyte in a sealed glass tube 
at 70~ for 500h is shown in Fig. 14 with reference IR data. 

In Fig. 14, showing long-time storage in LiBF4 PC elec- 
trolyte, the shoulder of O-H stretching broad peak at 3400 
c m - '  was decreased as same as in LiC104 PC electrolyte, 
while the W-O stretching broad peak at 650 cm - '  was 
rarely changed. WO3 film in LiBF4 PC electrolyte was 
more stable than in LiC104 PC electrolyte. 
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Fig. 10. XPS spectra of 01s of the same samples as shown in Fig. 9. 
Refere nce data ( 14-21 ). 

A SIMS depth profile of the WO3 films stored in 0.3M 
LiBF4 PC electrolyte is shown in Fig. 15. 

Sample 1 was merely dipped in 0.3M LiC104 PC electro- 
lyte for 10s; sample 2 was stored in 0.3M LiBF4 PC elec- 
trolyte for 120h at 70~ and sample 3 was stored in 0.3M 
LiC104 PC electrolyte for 120h at 70~ 

Molecular ion of OLi § (mass = 22) was used for the eval- 
uation of Li content in WO3 films, and each signal inten- 

Fig. 11. Cyclic voltammograms 
for W03 films (3000A, 0.3 cm 2) 0 
in freshly prepared 0.3/91 LiCIO~ 
PC electrolyte at 0.2 V/s scan 
rate. 1: As-deposited. 2: Stored in ~ - !  
1 ml 0.3M LiCI04 + 0.3M H20 
PC electrolyte at 70~ for 1000h. 
3: Stored in 1 ml 0.3M LiCI04 + _ -2  
0.01 v/o H3PO~ PC electrolyte at 
70~ for lO00h. 
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Fig. 12. Cyclic voltammograms for WO3 films (3000~, 0.3 cm 2) in 
freshly ~repared 0.3M LiCIO4 PC electrolyte at 0.2 V/s scan rate. 1: 
As-deposited. 2: Stored in 0.3 ml 0.3M LiCIO4 + 5 v/o acrylic acid PC 
electrolyte at 70~C for 500h 3: Stored for 1000h. 

0 

\ 

E -I 

2 

-- 5 

V 
i i i i t i i i i 

0 0 . 5  

E (Vvs SCE) 

Fig. 13. Cyclic voltammagrams of WO3 films (3000~, 0.3 cm 2) in 
freshly prepared 0.3M LiCIO4 PC electrolyte at 0.2 V/s scan rate. 1: 
As-deposited. 2: Stored in 0.3M LiBF~ + 0.01M H20 PC electrolyte 
at 70~ for 50Oh. 3: Stored for 1000h. 

sity of OLi was normalized using a signal intensity of a 
main component  W § (mass = 184). 

Li co~tent of the WO3 film stored in LiBF4 PC elec- 
trolyte was about one-half smaller than that of the case of 
LiC]O4 (Fig. 15). Considering the free Ls remaining in the 
void of the WO3 film by merely dipping in LiC104 PC 
electrolyte (Fig. 15, curve 2), it can be assumed that the 
ion exchange between Li § and H § of W(OH)~. is depressed 
in LiBF4 PC electrolyte. 
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Fig. 15. SIMS depth profiles of W03 films. 1: Dipped in 0.344 
LiClO, PC electrolyte for 10s. 2: Stored in 0.3M LiBF4 PC electrolyte 
for 120h at 70~C. 3: Stored in 0.3M LiCIO4 PC electroloyte for 120h 
at 70~ 

In actual ECD cells, the degradation of electrochromic 
activity on storage at 70~ was investigated and is shown 
in Fig. 16. 

The electrolytes of samples 1 and 2 were 0.3M LiBF4 
and 0.3M LiC104 PC solutions, respectively. The quanti- 
ties of cathodic injected charge into the WO3 films were 
measured under  the condition of applied pulse voltages 
between the WO3 electrode and the counterelectrode for 
ls. Qwo is the initial value of the quantity of cathodic in- 
jected charge into the WO3 film after aging for 15h at 
70~ and Qw is that of stored for various storage times 
after aging, in which Qw is approximately proportional to 
coloration optical density. The potential drift of counter- 
electrode of the cells on storage at 70~ for 1000h after the 
aging was negligibly small. In Fig. 16, it is confirmed that 
the degradation of the electrochromic activity of ECD 
cells using LiBF4 as the supporting electrolyte was re- 
markably small, compared with that of using LiC104. 

The temperature dependence of the degradation of the 
ECD cells is shown in Fig. 17. There are linear relation- 
ships between log t and 1/T, where t is storage time until  
QwlQwo = 0.9, and T is storage temperature (K). From the 
slopes of straight lines in Fig. 17, the activation energies 
of the degradation reaction of ECD cell using LiBF4 PC 
electrolyte and LiC104 PC electrolyte were estimated 7.0 
and 4.5 kcaYmol, respectively. Therefore, LiBF4 PC sys- 
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Fig. 14. FT-IR spectra of W03 
films on Si wafers. 1: As- 
deposited. 2: Stored in 0.3M 
LiBF4 PC electrolyte at 70~ for 
500h. 3: Stored in 0.3M LiCIO~ 
PC electrolyte at 70~ for 500h. 
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Fig. 16. Plots of Qw/Qwo of 
ECD cells as a function of storage 
time at 70~ in the electrolyte. 1: 
0.3M LiBF4 + 0.2M H20. 2: 
0.3M LiCIO~ + 0.3M H20. 
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tern has a larger amount  of the activation energy for the 
degradation reaction corresponding to the ion exchange 
between Li + and H ~ of W(OH)., than that of LiC104 PC sys- 
tem. It is, therefore, preferable to use LiBF4 as the sup- 
porting electrolyte for ECD cells using WO3 film. 

Conclusion 
The cathodic reduction potential of the evaporated WO.~ 

film is shifted to negative side on storage in LiC104 PC 
electrolyte, and this causes the degradation of the electro- 
chromic activity of the film. 

The degradation depends not only on the H20 concen- 
tration, but also on the LiC]O4 supporting electrolyte con- 
centration. 
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Fig. 17. 1/T dependence of lifetimes of ECD cells until Qw/Qwo = 
0.9. Electrolyte, (1) 0.3M LiBF4 + O.02M H.,O and (2) 0.3M LiCI04 
+ 0.3M H~O. 

S t o r a g e  t i m e  ( h r )  

It seems reasonable, for the degradation, to assume that 
H.~O in the electrolyte contributes at first to the change of 
WO3 into W(OH)x and then Li § exchanges with the H ~ of 
W(OH)~ and that the exchange results in the formation of 
Li~WO4. 

The degradation of the WO3 film in Li salt PC electro- 
lyte caused by the ion exchange between Li ~ and H § of 
W(OH)~ can be prevented by the addition of acids and/or 
acidity compounds (e.g., LiBF4) to PC electrolyte; how- 
ever, an acid is undesirable for an additional agent be- 
cause it causes decomposit ion of PC, then LiBF4 is a pref- 
erable supporting electrolyte to prevent not only the ion 
exchange, but also the decomposition of PC. 
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The Etching of InP in HCI Solutions: A Chemical Mechanism 
P. H.  L. Not ten  

Philips Research Laboratories, 5600 JA Eindhoven, The Netherlands 

ABSTRACT 

The etch rate of InP in solutions of high HC] concentration was shown to be independent  of the applied potential in 
a wide potential range negative with respect to the flatband value. Dissolution of the solid led to the formation of PHi. 
The etch rate, which was not mass-transport controlled, was first order in molecular HC1 concentration. The results lead 
us to conclude that, in HC1 etchants, InP is dissolved by a purely chemical mechanism. The influence of chemical etch- 
ing on the anodic behavior of InP in these electrolytes is described. 

Aqueous etching of III-V materials is often an impor- 
tant step in device technology (1, 2). While anodic etching 
is sometimes used (3), the necessity of making electrical 
contact to slices of small dimensions is invariably a disad- 
vantage. Methods not involving an external current or 
voltage source are therefore favored (1, 2). Such methods 
can be divided into two classes: "electroless" and "chemi- 
cal" dissolution. Electroless dissolution involves two sep- 
arate potential-dependent electrochemical reactions: the 
oxidation of the solid and the reduction of an oxidizing 
agent. The principle is illustrated in Fig. 1 for the etching 
of a p-type III-V semiconductor  (4). For these materials, 
holes in the valence band are required at the surface for 
bond breaking. As a result, the anodic dissolution current 
increases at potentials close to the flatband value (VrB) as 
shown in curve (a). For electroless dissolution, holes must 
be supplied by an oxidizing agent in solution. If the distri- 
bution function of the oxidizing agent overlaps with the 
valence band of the semiconductor, then reduction via 
hole injection into the valence band is expected [curve 
(b)]. Here, we have assumed that the reduction reaction is 
diffusion controlled, i.e., the cathodic partial current is in- 
dependent  of potential. Curve (c) represents the total 
measured current-potential curve in the electrolyte con- 
taining the oxidizing agent. At the rest potential, the 
anodic and cathodic partial currents are equal. If the po- 
tential is changed from this value using an external 
source, then the etch rate of the semiconductor  will, of  
course, also change. 

Gerischer and co-workers (5, 6) have shown that semi- 
conductors can be dissolved by a purely chemical mecha- 
nism, which is characterized by the absence of any influ- 
ence of the surface carrier concentration on the etch rate. 
Such behavior is observed with bifunctional agents, such 
as halogen or H~O.., molecules, which are capable of 
forming two new bonds with the semiconductor surface 
more or less simultaneously. For GaAs dissolution in bro- 
mine solution, for example, they suggest a coordinated re- 
action sequence involving the breaking of Ga-As and 
Br-Br bonds and the simultaneous formation of Ga-Br 
and As-Br bonds. 

Etchants based on HC1 are widely used for InP semi- 
conductor devices (7, 8). The 'presence of other acids in 
the HC1 solution has a significant influence on the etch 
rate. However, InP does not dissolve in conventional 
etchants involving s imple  oxidizing agents. In order to re- 
solve the question of the dissolution mechanism, we stud- 
ied both the etching and electrochemistry of p-InP in 
various HC1 solutions. 

Exper imental  
The p-type InP slices used in this work were made from 

liquid-encapsulated Czochralski material with a carrier 

density in the range 1-2 • 10 is cm -3. The (100) face was 
exposed to the solution. The diameter of the electrodes 
was 3 ram, with the exception of the InP rotating disk, 
which had a diameter of 4 mm. 

The current-potential measurements were carried out 
under potentiostatic control in a conventional cell using a 
Pt counterelectrode and a saturated calomel electrode 
(SCE) as reference. All potentials are given with respect 
to this SCE. A Solartron 1172 Frequency Response Ana- 
lyser was employed for determining the flatband poten- 
tials. All impedance measurements  were carried out at a 
frequency of 10 kHz. 

The total dissolution rate of InP at various potentials 
was determined analytically by measuring the indium 
concentration in the etching solution by induced- 
coupled-plasma (ICP) emission spectrometry. The 
etehant was passed over the InP electrode, which was 
mounted in a glass microelectrochemical flow cell as de- 
scribed by Haroutiounian et al. (9). Indium concentra- 
tions as low as 0.5 ppm could be determined with a rela- 
tive accu racy  of about 5%. An LKB Varioperpex 
peristaltic pump was used to pump the solution through 
the flow cell. The flow rate of the solution, mainly deter- 
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Fig. 1. Curve (a) represents the theoretical partial anodic dissolution 
current of a p-lnP electrode in the dark, and curve (b) the diffusion- 
limited reduction current of an oxidizing agent as a function of the po- 
tential. Curve (c) gives the total current-potential curve. 
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mined by the lower limit of the indium detection, was in 
the range from 0.2 to 1.0 m]/min. 

The gas was analyzed qualitatively using the color- 
detector tube method ("Dr~ger" tube), which in our case 
gave a color reaction specific for phosphine. A gas bu- 
rette was used for the quantitative gas analysis. 

Results 

Flow-cell experiments.--In Fig. 2, results are given for 
the potentiostatic etching of p-InP in the dark in HC1 so- 
lutions. Figure 2a shows the current-potential curves of 
this electrode in 3M and 6M HC1. At negative potentials 
the current is very low in both cases. In the vicinity of the 
flatband potential (VFB = 0.73V vs. SCE) the anodic cur- 
rent increases, as expected. It should be noted that the 
anodic curve for the 6M HC1 solution is shifted slightly in 
the cathodic direction with respect to that for the 3M 
solution. 

The total dissolution rate, according to the ICP analy- 
sis, is shown in Fig. 2b as a function of the potential. For 
the 3M HC1 solution, the dissolution rate follows the cur- 
rent closely. At negative potentials the etch rate (rt) is 
very low and increases considerably near the flatband 
potential. If  we assume that in this case etching is due 
solely to anodic dissolution, then it can be easily shown 
that six holes are required to dissolve one InP entity. The 
total etch rate potential curve for the 6M HC1 case differs 
markedly from that of the corresponding current- 
potential curve. This difference is most obvious at nega- 
tive potentials, at which the InP dissolves at a rate essen- 
tially independent  of applied potential. Since no cathodic 
reaction occurs in this range, we must conclude that InP 
is chemically dissolved by HC1. If we assume that anodic 
dissolution in 6M HC1 here also requires six holes per 
InP, then the chemical etch rate can be calculated from 
the total etch rate and the measured anodic current. Fig- 
ure 2c shows that the chemical etch rate (rchem) remains 
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constant, even at potentials at which the electrode dis- 
solves anodically. 

A further example is shown in Fig. 3 for 1.5M HC1 in 
concentrated acetic acid solution. Etchants based on HC1 
and acetic acid are often used in InP technology (7). Fig- 
ure 3a shows the current-potential curve, and Fig. 3b the 
calculated chemical etch rate as a function of the elec- 
trode potential. The results in the cathodic region are sim- 
ilar to those found with 6M HC1 solution; the current is 
low and a high chemical etch rate is found. The slow in- 
crease of the chemical etch rate with potential is probably 
due to a roughening of the electrode surface during the 
experiment.  The increase in the anodic current at poten- 
tials near VFB is considerably lower than that found in a 
HC1 solution of the same concentration but without acetic 
acid. A dramatic decrease of the chemical dissolution rate 
is observed when the anodic dissolution starts. In this po- 
tential range, we observed the formation of an orange- 
colored film at the electrode surface. Phosphorus was 
found in this film by EDAX analysis. Obviously, a 
passivating film is formed during anodic dissolution. 
This film inhibits both the anodic and the chemical dis- 
solution reactions. 

It should be noted that the chemical dissolution rate de- 
pends markedly on the surface condition of the InP elec- 
trode. Since induction effects are observed, care must be 
taken to ensure a constant dissolution rate before mea- 
surements are made. This can be done by pre-etching the 
electrode in the same etching solution. 

The results shown so far suggest that the chemical etch 
rate of InP is strongly dependent  on HC1 concentration. 
This dependence was studied by varying the HC1 concen- 
tration over a wide range for two different systems. An 
InP crystal was chemically etched in these solutions in 
the flow cell (the measured current was zero), and the 
chemical dissolution rate was again analytically deter- 
mined by ICP emission spectrometry. The results are 
shown in Fig. 4. For curve (a), the concentration was 
varied by diluting concentrated HC1 with water. At 9M 
HC1, the chemical dissolution rate is high and decreases 
rapidly as the HC1 concentration is lowered. For a 5M HC1 
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Fig. 2. Potentiostaticnlly measured current-potential curves (a), total 
etch rate as a function of the electrode potential (b), and chemical etch 
rate as a function of the electrode potential (c) for a p-lnP electrode in 
the dark in a 3M HCI ( 0 )  and 6M HCI (x) solution in water. 
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Fig. 3. Potentiostatically measured current-potential curve (a) and 
chemical etch rate as a function of the electrode potential (b) in the dark 
for o p-lnP electrode in a solution of 1.SM HCI in concentrated acetic 
acid. 
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Fig. 4. Chemical etch rate as a function of the HCI concentration for a 
p-lnP crystal in the dark. The HCI concentration was varied by diluting 
with water [curve (a)] and concentrated acetic acid [curve (b)]. 

concent ra t ion ,  the  e tch  rate is less than  40 ~,/min and even  
lower  for more  di lute  solutions.  For  curve  (b), concentra-  
ted  HC1 was di lu ted wi th  concen t ra ted  acetic acid. It  is 
s t r ik ing that  here  a l inear  re la t ionship  b e t w e e n  e tch  rate 
and HC1 concen t ra t ion  is obse rved  and that  the  e tch  rate 
is s ignif icantly h igher  t han  in the  co r respond ing  
HC1-H20 solutions.  

To dec ide  whe the r  the  dissolut ion is a di f fus ion or a 
k inet ica l ly  contro l led  process,  the  e tch  rate was measu red  
as a func t ion  of  the  ro ta t ion rate us ing  a p - InP  rotat ing 
disk e lec t rode  at open  circuit .  F igure  5 shows that  the  
chemica l  e tch rate measu red  in a 3M HC1 in concen t ra ted  
acetic acid solut ion is essent ia l ly  i n d e p e n d e n t  of the  rota- 
t ion rate (N). This  means  that  the  rate of  the dissolut ion 
reac t ion  is k inet ical ly  control led.  

Gas analysis.--When an InP  crystal  was d isso lved  at 
the  rest  potent ia l  in a concen t ra t ed  HC1 solution,  gas evo- 
lu t ion  was observed  at the  solid surface. Us ing  the  color- 
de tec to r  method ,  we  showed  that  this gas was phosphine .  
A clear  color  change  was indeed  observed  even  wi th  the  
mos t  insens i t ive  tubes.  We de te rmined  the gas 
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Fig. 5. Chemical etch rate in the dark as a function of the rotation 
speed of a p-lnP electrode in a solution of 3M HCI in concentrated acetic 
acid. 

quant i ta t ive ly  wi th  a gas bure t te  and showed  that  the  
phosphorus  is conve r t ed  for 100% (• 1%) as PHi.  

Electrochemical measurements.--The current -potent ia l  
curves  of  p - InP  in 1 N  H2SO4 and in d i f ferent  HC1 
solut ions  in the dark are shown in Fig. 6. In all cases, the 
b lock ing  current  in the  ca thodic  region was very  low (< 
0.02 mA/cm2). The  onse t  of the  anodic  current  in the  case 
of  1N H~SO~ [curve (a)] occurs  near  the f la tband potent ia l  
(VFB = 0.73V), as expec ted .  The  anodie  cur ren t  for 1M HC1 
[curve (b)] is shif ted some  150 m V  in the  nega t ive  poten-  
tial d i rec t ion  wi th  respect  to the  H~SO~ case. With an in- 
crease  in the  HC1 concent ra t ion ,  this effect  b e c o m e s  more  
p ronounced .  For  the  9M HC1 solution,  the  shift  amoun t s  
to about  350 mV. When  the  curve  was measu red  again in 
1N H2SO4 after the  HC1 exper iments ,  exact ly  the  same re- 
sul t  was obta ined  as in the  first m e a s u r e m e n t  [curve  (a)_]. 

We also measured  the  Mot t -Schot tky  plots  for each of  
the  solut ions used  in Fig. 6. The  f la tband potent ia l  did 
no t  d e p e n d  on the  HC1 concentra t ion:  VrB = 0.725 -+ 
0.050V in all cases. The  s lope of the Mot t -Scho t tky  plots 
decreased  somewha t  as the  HC1 concen t ra t ion  was in- 
creased.  This  is p robab ly  due  to an increase in the  surface 
area of  the  e lec t rode  due  to r oughen ing  as a resul t  of etch- 
ing. A similar  effect  can also be seen in Fig. 3b. 

Discussion 

F r o m  Fig. 2 and 4, it is obvious  that  chemica l  dissolu- 
t ion occurs  in aqueous  solut ion w h e n  the  HC1 concentra-  
t ion exceeds  a cer ta in  crit ical  value. The  rate  is s t rongly 
d e p e n d e n t  on the HC1 concen t ra t ion  and becomes  very  
low at va lues  lower  than  5M [see Fig. 4, curve  (a)]. This  
sugges ts  that  the e tch  rate depends  on the  degree  of  dis- 
socia t ion of  HC1 molecules .  A l though  it is clear  that  at 
low concent ra t ions  the  d issolut ion of  HC1 is complete ,  
there  is a cons iderab le  d i sc repancy  in the  l i tera ture  wi th  
respect  to h igher  concen t ra t ions  (10). Calcula t ions  based 
on vapor  pressure  m e a s u r e m e n t s  and on H a m m e t t  func- 
t ions show that  the  concen t ra t ion  of  und issoc ia ted  HC1 
begins  to increase s ignif icant ly above 5 mol/1 (11, 12). In  
order  to avoid the  uncer ta in ty  invo lved  w h e n  HC1 is di- 
lu ted  wi th  water,  we s tudied  the dissolut ion rate in HC1- 
acetic acid solutions.  The  disssociat ion cons tan t  of  HC1 in 
acetic acid (Ka = 10 -s~5) is m u c h  lower  than  in water  (Ka 
= 10 +3) (13). Consequent ly ,  the  degree  of d issocia t ion of  
HC1 in acetic acid is negl igible ,  even  at low HC1 concen-  
trat ions.  The  chemica l  e tch rate could  therefore  be stud- 
ied as a func t ion  of  the  molecu la r  HCt concent ra t ion .  The  
l inear  dependence  of  the chemica l  d issolut ion rate  on the  
HC1 concent ra t ion  in concen t ra ted  acetic acid [Fig. 4, 
curve  (b)] indeed  conf i rms that  chemica l  d issolut ion is 
de t e rmined  by the  molecu la r  HC1 concentra t ion.  The 
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Fig. 6. Current-potential curves for a p-lnP electrode in the dark in IN 
H2SO4 (a), 1M HCI (b), 5M HCI (c), 7M HCI.(d), and 9M HCI (e) in 
water. Scan rate: 10 mV/s. 
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high etch rate of HC1 solutions diluted with concentrated 
acetic acid compared to that for aqueous solutions, also 
found by Adachi (7), can be understood in this way. Fig- 
ure 5 shows that the etch rate is independent  of the rota- 
tion rate of an InP electrode meaning that the chemical 
etch rate is kinetically determined by these HC1 
molecules. 

The mechanism presented by Gerischer and Wallem- 
Mattes for the chemical dissolution of semiconductors in- 
volves symmetrical bifunctional etching agents such as 
H~O~ and halogen molecules (5, 6). Although we are, in the 
present work, dealing with an asymmetrical HC1 mole- 
cule, we propose a reaction scheme similar to that for 
symmetrical agents. The first step involves a synchro- 
nous exchange of bonds: In-C1 and P-H bonds replace the 
original H-C1 and In-P bonds. This is very likely the rate- 
determining step 

CI -- H CI H 

z > I I 
--In -- P-- --In P -- 

/ \ / \ 

Since the indium and phosphorus atoms at the surface 
are triply bonded to neighboring atoms, two further 
bonds must be broken in an analogous manner to remove 
each atom from the lattice 

CI H 

I I 
In P -  + 2 HCI ~ InCi 3 + PH3~ 

/ \ 

Indium is therefore dissolved as hydrolyzed InCl~ and 
PH:~ is evolved as a gas. Such a mechanism can account for 
the etching results observed. 

The chemical etch rate of InP in HC1 solution is inde- 
pendent  of potential. At potentials near the flatband 
value (Fig. 2 and 3) the p-InP electrode dissolves 
anodieally. The rate of the anodie etching increases as the 
surface hole concentration is increased, i.e., as the poten- 
tial is made more positive. In aqueous HC1 solutions, we 
have shown that six holes are required to dissolve one 
In-P entity. This means that both In and P are oxidized to 
the trivalent state, as is common for IILV materials (3-6). 
With a considerable concentration of acetic acid in the 
HC1 solution, however, a film is formed on the electrode 
which inhibits both the chemical and anodic dissolution 
(Fig. 3). EDAX measurements  have shown that this layer 
contains phosphorus but no indium or chlorine. We sus- 
peet that, in this case, phosphorus is not oxidized directly 
during anodic dissolution 

InP + 3h + --> In nI 4- P 

A similar three-hole mechanism has been shown for GaP 
(14). 

It is obvious from Fig. 6 that the chemical dissolution 
rate strongly influences the electrochemical behavior of 
InP. Anodic dissolution starts at a more negative poten- 
tial as the HC1 concentration is increased, although the 
flatband potential does not change. This must  mean that 
the activation energy for electrochemical dissolution is 
lowered by chemical etching. A similar effect has been 
demonstrated by Gerischer and Wallem-Mattes (6) for the 
dissolution of GaAs in bromine solution. As in the GaAs 
case, this result can be explained if we assume that rup- 

ture of the first In-P surface bond is rate determining for 
anodic dissolution 

• • \ / \ /  / 
In : P + 2 h + + 2 X- ~ In P 

/ \ / / \  

If  this bond is broken during a chemical attack by HC1, 
then the remaining bonds are more easily attacked 
anodically and the onset potential for anodic dissolution 
is consequently lowered, indicating that it is, indeed, 
likely that the first step is the rate-determining dissolu- 
tion step. 

Conclusions 
The dissolution of InP in concentrated HC1 solutions 

follows a chemical mechanism in which undissociated 
HC1 molecules play a decisive role. It seems likely that 
other etchants for InP, such as HBr and Br2 (7, 8), are 
based on a similar mechanism. The reason why InP does 
not undergo electroless dissolution in conventional 
etchants containing oxidizing agents is probably related 
to the presence of a thin, highly resistant oxide layer on 
the semiconductor (15). Such a layer, which can inhibit ei- 
ther the dissolution of the solid or hole injection from the 
oxidizing agent, is unlikely to be present at the high HC1 
concentrations used here. 
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Diffusion of Ion-Implanted Arsenic in Thermally Grown SiO, Films 
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ABSTRACT 

The diffusion of As implanted in thermally grown SiO~ was studied at temperatures in the range 1000~176 using 
N~ and O~ as ambients. Concentrations were between 3 x 10 '5 and 3.5 x 10'" As + ions cm -2, Energies of 60 and 340 keV 
were used. Because of As loss due to evaporation, significant quantitative data could only be obtained for deep im- 
plants. N2-annealed samples exhibit  low diffusion rates at high concentrations (above the middle of the 10'" cm -3 range). 
Larger diffusion rates are observed at lower concentrations. In the samples treated in O~, the opposite concentration de- 
pendence of the diffusivity is observed. The shape of the profiles suggests that in both cases a high and a low concen- 
tration phase exists. A model  is presented assuming that in O., a fully oxidizec~ structure and in N., an oxygen deficient 
network is obtained as a first step in the annealing process. There are indications that the ambient  also affects the diffu- 
sion rate during further high temperature treatment of these structures, probably through the concentration of oxygen 
vacancies. 

Dopants introduced into gate oxide films during im- 
plantation of the channel in MOSFET devices or by out- 
diffusion from a polysi]icon gate may act as trapping cen- 
ters for charge carriers (1). For  this reason, it is of interest 
to know the diffusion behavior and understand the trap- 
ping properties of such elements in thermally grown SiO~. 

In a recent study in this laboratory (2) on electron trap- 
ping in As-implanted SiO~, different trapping states were 
found after annealing depending on the nature of the co- 
implant (O + or Ss or on the annealing ambient (O~ or N~). 
This was interpreted to mean that the conditions under 
which the implantation damage is being annealed deter- 
mine the "microscopic location" of the As in the oxide 
structure. It may be expected that the diffusion mecha- 
nism of As will also depend on its mode of incorporation 
into the SiO=, network. 

Indeed, it had been reported by Wada and Antoniadis 
(3) that the diffusion rate of As implanted in SiO~ is con- 
centration and ambient dependent. Specifically, an en- 
hancement  of the As diffusion (compared to that in a N~ 
ambient) was reported for the case that the process was 
carried out in O~ and the silicon substrate was being oxi- 
dized simultaneously. The enhancement  was attributed to 
the flow of oxygen through the oxide or, as a more likely 
cause, to the generation of some point defect at the Si- 
SiOz interface during oxidation. However, it was con- 
c]uded that the mere presence of excess oxygen in the ox- 
ide does not suffice to create the faster rate of diffusion. 

In the present study, we have at tempted to shed some 
further light on the question of  the diffusion mechanism 
of As in SiO2. With some exceptions, we have confirmed 
the observations of Wada and Antoniadis. However, to 
arrive at a correct interpretation of the data, it is neces- 
sary to recognize that diffusion of implanted As is a two- 
step process: incorporation of As into the  SiO.~ network 
and diffusion of the incorporated As. Both steps may, in 
principle, be affected by the experimental  conditions, 
specifically by the annealing ambient. It will be shown in 
this paper that, even though a number  of questions re- 
main open, a consistent picture of the overall process is 
obtained by taking these aspects into account. 

E x p e r i m e n t a l  

To study the diffusion of implanted As in SiO~, concen- 
tration profiles were determined for four groups of diffu- 
sion experiments.  In the first two, some of the experi- 
ments of Wada and Antoniadis were repeated to clarify 
the role of the rate of oxidation in O~ on the diffusion pro- 
cess. In the third experiment,  the effects of implanted 
dose, annealing temperature,  and ambient, and in the 
fourth that of "mixed"  annealing treatments, using O~ and 
N~ consecutively, were studied. Annealing temperatures 
were 1000 ~ 1100% and 1200~ 
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All substrates were (100)-oriented 22-32 ~ c m  p-type sili- 
con wafers. For the first experiment,  to determine the ef- 
fect of an ongoing oxidation process, these substrates 
were first oxidized in dry O~ at 1000~ to approximately 
100 nm. Subsequently, some of these samples were im- 
planted with a dose of 1016 As + ions (60 keV) c m - h  Half of 
the latter group was additionally implanted with 5 x 10 '5 
N2 + ions (80 keV) cm -2, giving a nitrogen profile with 
centroid at the Si-SiO~ interface to block further oxida- 
tion. The inhibition or retardation of oxidation by this 
method, caused by the formation of a nitride layer near 
the interface and first demonstrated by Josquin  and 
Tamminga (4), was confirmed by us. For example (Fig. 
1), starting with an initial oxide of 102 nm, after 8h of fur- 
ther oxidation at 1000~ the N._?-implanted oxide had be- 
come thicker by only 15 nm, and that of the sample im- 
planted with As ~ but not with N2 ~ had increased by an 
amount  more than ten times larger, i.e., 177 nm. Since for 
oxidation times > 10h the oxide thickness started to in- 
crease significantly, we limited the diffusion experiment  
at 1000~ to 8h only. All values of SiO2 film thickness 
quoted were determined by ellipsometry with an accu- 
racy of -+ 1%. 

For the second experiment,  to explore the interaction 
between the oxidation and diffusion processes, samples 
with different oxide thicknesses (177 and 1040 nm) and 
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Fig. 1. Inhibition of oxidation by N~ + implantation (5 x 10 's cm -3 at 
80 keV) for samples with and without As + implant ( 10 I6 cm ~ at 60  keV). 
Insert: as-implanted profiles. 
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Fig. 2. As concentrationvs, sput- 
tering time for as-implanted (10 '6 
cm-2 at 60 keV) sample and upon 
annealing in N5 or 02 at 1000~ 
(8h); the fourth sample had addi- 
tionally been implanted with N2 § (5 
• 10 '~ cm -5 at 80 keV) to inhibit 
oxidation. Position of Si05/Si inter- 
face ~s indicated (as-implanted and 
annealed in N2:102 nm, N~ im- 
planted and annealed in 0 5 : 1 1 7  
n m ) .  
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t h u s  d i f fe ren t  ra tes  of o x i d a t i o n  d u r i n g  O~ a n n e a l i n g  we re  
p repa red .  The  o x i d a t i o n  was  car r ied  ou t  in  we t  0.-, a t  
1000~ a n d  was  fo l lowed  by  30 m i n  of  N5 a n n e a l i n g  a t  t he  
s a m e  t e m p e r a t u r e .  T h e  As  + i m p l a n t  was  aga in  of  t he  s ame  
dose  (10 TM c m  -~) a n d  at t he  s a m e  e n e r g y  (60 keV) as in  t he  
first  case. 

The  s a m p l e s  u s e d  for  t he  t h i r d  and  f o u r t h  e x p e r i m e n t s  
h a d  a 934 n m  t h i c k  oxide ,  g r o w n  at  1000~ in  we t  0.-,; t h e y  
we re  a g a i n  g iven  a p r e i m p l a n t a t i o n  N., a n n e a l  at  1000~ 
As i m p l a n t s  As  + doses  of 3.5 • 10'" a n d  3 • 10 '~ c m  -~ at  
340 k e V  were  se lected.  

C o n c e n t r a t i o n - d e p t h  prof i les  were  d e t e r m i n e d  f rom 
S I M S  m e a s u r e m e n t s  u s i n g  a n  A t o m i k a  i n s t r u m e n t .  A 10 
keV O.., ~ p r i m a r y  ion  b e a m ,  i n c i d e n t  at  an  ang le  of  10 ~ w i t h  
r e s p e c t  to t he  sur face  no rma l ,  was  e m p l o y e d  for s p u t t e r  
e ros ion  of  t he  samples .  T he  q u a d r u p o l e  m a s s  spec t rome-  
te r  of the  S IMS i n s t r u m e n t  was  t u n e d  to 75As+ s e c o n d a r y  
ions and to ~sSi~+ secondary ions of the matrix for refer- 
ence purposes. The interference of 29Si3~Si'"O+ molecular 
ions (mass 75) with the 75As+ ions was suppressed by ap- 
propriate energy filtering. To minimize the charge up of 
the SiO~ surface, the oxide was simultaneously bom- 
barded with 2 keV electrons incident at 60 ~ with respect 
to the surface normal. The change of intensity of the Si~ ~ 
ion signal at the SiO2-Si interface was used to calibrate 
the sputter-time scale in terms of a depth scale. The error 
in the depth scale is about -+5%. A calibration of the 7'~As+ 
signal intensity normalized to the 2sSi5 + signal was ob- 
tained by equating the integrals of the background-sub- 
tracted depth profiles to the implanted dose of the unan- 
nealed samples, which is known with an accuracy of +5%. 
The integrals of the depth profiles of unannealed 
samples were reproducible within -+ 15%. The resulting er- 
ror in the As concentration scale is +20%. As a check, 
some RBS measurements were also carried out. Even 
though the RBS analysis yields a somewhat poorer depth 
resolution than SIMS, all qualitative features of the pro- 
files were confirmed. However, for determination of the 
total amount of As present in the samples, the RBS 
method offers greater accuracy. The RBS data led to the 
conclusion that the loss of As due to outdiffusion was un- 
derestimated in some cases (by as much as 10% of the to- 
tal amount present) in the SIMS study. 

Results and Discussion 
Effect of ongoing oxidation process.--Results f rom the  

first  g r o u p  of e x p e r i m e n t s ,  w h e r e  we  s t ud i ed  the  ef fec t  
of  r e t a r d e d  o x i d a t i o n  b y  a n i t r i de  layer  p r e p a r e d  by  N2 ~ 
ion  i m p l a n t a t i o n  n e a r  t he  Si-SiO2 in terface ,  are  p r e s e n t e d  
in  Fig. 2. The  e n e r g y  of  the  i m p l a n t e d  As + ions  h a d  b e e n  
c h o s e n  to p lace  t he  m a x i m u m  of  the  d i s t r i b u t i o n  in  t he  
m i d d l e  of  the  ox ide  f i lm at a p ro j ec t ed  r a n g e  of 46 nm.  

Th i s  va lue  is c lose to  t h e  va lues  of 47 n m  f rom p h o t o  I-V 
m e a s u r e m e n t s  a n d  46 n m  f rom a S IMS ana lys i s  for 
s a m p l e s  w i th  t he  s ame  i m p l a n t  as r e p o r t e d  b y  ear l ier  
w o r k e r s  (1). The  prof i le  o b t a i n e d  af ter  a n  8h N~ a n n e a l  at  
1000~ s h o w s  s o m e  n a r r o w i n g  at h i g h e r  c o n c e n t r a t i o n s  
c o m p a r e d  to t he  A s - i m p l a n t e d  d i s t r i b u t i o n  a n d  exh ib i t s  a 
p r o n o u n c e d  tail  in  t he  lower  c o n c e n t r a t i o n  range.  It  
s h o u l d  b e  no t i ced  t h a t  t he  tail  l ies m a i n l y  in  t he  Si sub-  
s t rate .  Th i s  tai l ing,  b u t  also t h e  n a r r o w i n g  at  h i g h e r  con-  
cen t r a t ions ,  cou ld  p o s s i b l y  be  e x p l a i n e d  f r o m  the  rela- 
t ive ly  h i g h  va lue  of  the  d i f fus ion  coeff ic ient  of  As  in  t he  
Si s u b s t r a t e  [4 x 10 -,~ cm2s -,  at  1000~ (5), c o m p a r e d  to 3 
• 10- '7 cm"-s-'  for  As in  SiO5 (3)], w h i c h  ac ts  as a s ink  for  
t he  dopan t .  

The  profi le  for  t he  s a m p l e s  a n n e a l e d  for t he  same  
l e n g t h  of  t ime  at  t he  s a m e  t e m p e r a t u r e  in  O~ e x h i b i t  a 
s t r ik ing ly  d i f fe ren t  a p p e a r a n c e .  They  are  b r o a d  and  flat 
a t  t he  t op  a n d  do  n o t  s h o w  a c o r r e s p o n d i n g  s m e a r - o u t  at  
low c o n c e n t r a t i o n s .  T h e  profi le  for the  s a m p l e  w i t h o u t  
N._? i m p l a n t  is s o m e w h a t  n a r r o w e r  at  h i g h  concen t r a t i ons ,  
w h i c h  c a n n o t  b e  e x p l a i n e d  f rom ou t -d i f fus ion  in to  t he  
subs t r a t e ,  s ince  t he  i n t e r f ace  ha s  m o v e d  ou t s i de  t he  r ange  
of  the  f igure  ( f rom 102 to 279 nm)  as a c o n s e q u e n c e  of  the  
o x i d a t i o n  p rocess  t a k i n g  p lace  d u r i n g  t he  0.-, annea l .  
C o m p a r i n g  the  prof i les  for  s a m p l e s  w i t h  a n d  w i t h o u t  N5 ~ 
i m p l a n t a t i o n ,  w h i c h  e x h i b i t  ox ida t ion  ra tes  d i f fe r ing  by  
m o r e  t h a n  an  o rde r  of  m a g n i t u d e  d u r i n g  t he  d i f fus ion  
p roce s s  in  02, i t  m u s t  be  c o n c l u d e d  that ,  e v e n  t h o u g h  we 
do obse rve  the  speed  up  c o m p a r e d  to a N2 annea l ,  as re- 
p o r t e d  by  Wada  a n d  An ton iad i s ,  t h e r e  is no  e v i d e n c e  in  
ou r  da ta  t h a t  t he  ra te  of t he  ox ida t ion  p roces s  affects  the  
di f fus ion.  

To e x c l u d e  t he  poss ib i l i ty  t h a t  the  p r e s e n c e  of  n i t r o g e n  
or the  d a m a g e  c a u s e d  by  i m p l a n t a t i o n  of  th i s  e l e m e n t  in  
the  SiO~ w o u l d  e n h a n c e  t he  d i f fus ion  rate ,  t h e r e b y  
" c o m p e n s a t i n g "  for  a ve ry  s low ra te  of  d i f fus ion  in  p u r e  
a n d  defec t - f ree  SiO2, t he  d i f fus ion  of  i m p l a n t e d  As in  a 
t h i n  (177 rim) a n d  t h i c k  (1040 nm)  s a m p l e  we re  c o m p a r e d  
(Fig. 3). In  th i s  case,  t he  ave rage  ox ida t ion  ra tes  of  the  
s a m p l e s  d u r i n g  O=, a n n e a l i n g  d i f fered  by  a f ac to r  of  nea r ly  
th ree ,  a n d  in  t he  ear ly  s tages  of  the  p roce s s  by  e v e n  more.  
However ,  aga in  a n y  i n d i c a t i o n  of a co r re l a t ion  b e t w e e n  
o x i d a t i o n  ra te  and  d i f fus ion  ra te  fails. Also, d u r i n g  t he  N.,, 
a n n e a l  (in th i s  e x p e r i m e n t  a n n e a l i n g  t i m e s  of  30h at 
1000~ were  used ,  i n s t e a d  of  8h, as in  the  first exper i -  
ment ) ,  t h e r e  is a d i s t inc t  c h a n g e  of  profile,  b u t  ce r t a in ly  
no t  so p r o n o u n c e d  as u p o n  0.-, annea l ing .  

I t  is diff icul t  to  der ive  q u a n t i t a t i v e  i n f o r m a t i o n  f rom 
the  da ta  in  Fig. 2 a n d  3 s ince  our  m e a s u r e m e n t s  i nd i ca t e  
t h a t  d u r i n g  some  of the  d i f fus ion  e x p e r i m e n t s  cons ide ra -  
b le  a m o u n t s  of  As  are lost,  m o s t  l ike ly  b e c a u s e  of evapo-  
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Fig. 3. Diffusion of As (10  '6 
cm -2 and 8 x 10 '4 cm -2 at 60 
keV) in thin (177  nm) and thick 
(1040  nm) oxides in O~ at 1000~ 
(30h). For comparison, diffusion in 
N~ at same conditions is also shown. 

ra t ion ,  as also m e n t i o n e d  b y  Wada  a n d  A n t o n i a d i s  (3). 
Th i s  loss  is pa r t i cu la r ly  p r o n o u n c e d  for  t he  sha l low im- 
p l a n t s  u s e d  in  e x p e r i m e n t s  1 a n d  2. I t  a m o u n t s  to  50% 
(0%) for  t he  O~-annealed s a m p l e s  a n d  30% (25%) for  t he  
N~-annea led  s a m p l e  w i t h  h i g h  (low) As dose  of  Fig. 3, to  
35%-40% for t he  s a m p l e s  a n n e a l e d  in  O2 in  Fig. 2, w h e r e a s  
u p o n  t he  N._, t r e a t m e n t ,  no  loss  cou ld  be  de tec ted .  Fo r  th i s  
reason ,  we  u s e d  in  t he  e x p e r i m e n t s  d e s c r i b e d  b e l o w  con-  
s ide rab]y  d e e p e r  As  + i m p l a n t s  (340 keV) a n d  conse-  
q u e n t l y  t h i c k e r  o x i d e  f i lms (934 nm).  

Ambient dependence.--Having e s t a b l i s h e d  t h a t  t he  dif- 
fu s ion  ra te  of  As in  SiO2 does  no t  d e p e n d  on  t he  ra te  of an  
o x i d a t i o n  p roces s  of  the  s i l icon t a k i n g  p lace  s imul ta -  
neous ly ,  we  will  deal  w i t h  t h e  d i f f e rence  in  d i f fus ion  ra te  
for  N2 a n d  0.2 a m b i e n t s .  F i g u r e s  4-7 s h o w  prof i les  ob- 
s e r v e d  for  d i f fe ren t  a n n e a l i n g  t e m p e r a t u r e s  (1000 ~ 1100 ~ 
a n d  1200~ a n d  for  two  (3.5 x 10 "~ a n d  3 x 10 '5 As  ions  
cm-'-') deep  (340 keV) i m p l a n t s .  

The  prof i les  o b t a i n e d  u p o n  N~ a n n e a l  at  1000~ (30h), 
l l00~ (17h), a n d  1200~ (5h) (Fig. 4 a n d  5) c lear ly  s h o w  
two reg ions :  one  at  h i g h e r  c o n c e n t r a t i o n s  (for example ,  
> 3 x 10 TM c m  -3 at  1200~ w h e r e  t he  prof i le  n a r r o w s  
down,  a n d  a s e c o n d  r eg ion  at  c o n c e n t r a t i o n s  b e l o w  these  
l imits ,  w h e r e  re la t ive ly  r ap id  d i f fus ion  occurs .  The  con-  
c e n t r a t i o n  a r o u n d  t he  m a x i m u m  does  no t  c h a n g e  at all, 
or, for t he  lower  c o n c e n t r a t i o n  imp lan t ,  on ly  in  a m o d e s t  
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fashion .  Th i s  b e h a v i o r  sugges t s  the  p r e s e n c e  of  a s t ab le  
h i g h  c o n c e n t r a t i o n  phase ,  as also p r o p o s e d  b y  Wada  a n d  
A n t o n i a d i s  (3), w h i c h  ac ts  as a source  for t he  d i f fus ion  
in to  t h e  low c o n c e n t r a t i o n  range.  The  d i f fus ion  
coeff ic ients  in  t h e  low c o n c e n t r a t i o n  r a n g e  a m o u n t  to 6.2 
x 10 -17 cm2s -1 at  1000~ to 1.0 x 10 -15 cm2s - ,  at  1100~ 
a n d  to 1.1 x 10 -14 cm' - s - '  at  1200~ C o n t r a r y  to t he  
s a m p l e s  of  Fig. 4, w h e r e  t h e r e  was  no  m e a s u r a b l e  loss  of  
As due  to e v a p o r a t i o n  (RBS  y ie lded  6% outd i f fus ion) ,  in  
Fig. 5 t he  loss  a m o u n t e d  to 6% at  1000 ~ 15% at 1100 ~ and  
30% at  1200~ Th i s  t ies  in  w i t h  t he  c h a n g e  of  prof i le  nea r  
t he  sur face  in  the  l a t t e r  case. 

The  c o r r e s p o n d i n g  da ta  for  O._, a n n e a l i n g  are  s h o w n  in 
Fig. 6 a n d  7. Pa r t i cu l a r l y  s t r i k ing  is the  flat  a p p e a r a n c e  of 
t he  d i s t r i b u t i o n  o b t a i n e d  for  t he  h i g h  c o n c e n t r a t i o n  im- 
p lan t ;  a t  1000~ on ly  d i f fus ion  nea r  t he  t op  of  the  distr i-  
b u t i o n  is vis ible .  A p p a r e n t l y ,  at  all t e m p e r a t u r e s  t he  ra te  
d e c r e a s e s  t owards  l ower  concen t r a t i ons .  The  m e a s u r e d  
loss  of  As  is qu i t e  in  l ine  w i t h  t h e s e  obse rva t i ons :  for  the  
3.5 x 10 � cm-'-' imp lan t ,  i t  i nc r ea se s  f rom 7% to 1000~ to 
24% at  l l00~ a n d  35% at  1200~ For  t he  3 x 101~ c m  -~ im- 
p l a n t  (Fig. 7), it r a n g e d  f rom 0% at 1000~ a n d  1100~ to 
14% at  1200~ The  d i f fus ion  coeff ic ients  at  l ower  concen-  
t r a t i ons  are  4.0 x 10- '"  cm'- 's- '  a t  1100~ a n d  2.7 x 10 -15 
cm'- 's- '  a t  1200~ 

I t  t h u s  appea r s  t h a t  t he  c o n c e n t r a t i o n  d e p e n d e n c e s  of  
t he  d i f fus ion  ra tes  in  O._, a n d  N~ s h o w  oppos i t e  t r ends .  

i I i i i I i I I 
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�9 - . . . . .  Ne looo~ 30h 
--~~ ---- N~ ii00~ 17h 

- - -  . . . .  N z 1200~ 56 

........ I ......... I ......... i ......... i ......... i ......... i ......... , ......... i ......... i ........ 
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Fig. 4. As diffusion in 934  nm ox- 
ide in N2 at 1000 ~ (30h), 1100O 
(17h), and 1200OC (5h). Implant: 
3.5 x 101~ cm -2 at 340 keV. 



2 6 4 8  J. E l e c t r o c h e m .  Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  

Fig�9 5. As diffusion in 934  nm ox- 
ide in N2 at 1000 ~ (30h), 1100 ~ 
(17h), and 1200OC (5h). Implant: 3 
x 10 '5 cm-2 at 340 keV. 
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This complex behavior was further investigated in the 
fourth group of experiments �9 

The diffusion mechanism of implanted As.--In orde r  to 
o b t a i n  a b e t t e r  u n d e r s t a n d i n g  of  the  d i f fus ion  m e c h a n i s m  
of  As i m p l a n t e d  in  SiO~ it is i m p o r t a n t  to c o n s i d e r  t he  fol- 
lowing:  u p o n  i m p l a n t a t i o n  of  As in SiO2, t he  sol id ha s  be- 
c o m e  d i sordered .  T he  o x y g e n  ava i l ab le  in  t he  ma te r i a l  
does  no t  suffice to r e a c h  t he  ful ly ox id ized  s tage  for b o t h  
Si a n d  As. Th i s  c an  on ly  be  a c h i e v e d  by  i n t r o d u c i n g  addi-  
t i ona l  o x y g e n  in to  t he  s t ruc tu re ,  for example ,  by  annea l -  
ing  in  02, w h i c h  wou ld  lead  to the  f o r m a t i o n  of  an  a r sen ic  
s i l icate  ((As~O3L.-(SiO2)l ~.) (x = 0.04, 1200~ glass. In  con-  
trast ,  w h e n  a n n e a l i n g  in  N2, Si a n d  As will  c o m p e t e  for  
oxygen .  It  is no t  c lear  w h e t h e r  he r e  a n  a r sen ic  s i l icate  
glass  p lus  in te r s t i t i a l  Si a n d  As  will fo rm or if  an  incom-  
p le te ly  ox id ized  n e t w o r k  c o n t a i n i n g  con f igu ra t ion  l ike 
03 -= As-Si  =- O33 w i t h  d i rec t  b o n d i n g  b e t w e e n  As  a n d  Si 
are ob ta ined .  However ,  it a p p e a r s  l ike ly  t h a t  t he  ra te  of  
d i f fus ion  s h o u l d  d e p e n d  on  t h e  m a n n e r  in  w h i c h  t he  As 
h a s  b e e n  bu i l t  in to  the  ne twork .  Once  a t h e r m o d y n a m i c -  
ally s t ab le  a tomic  con f igu ra t ion  has  b e e n  a t t a ined ,  t he re  

3Here and in the following, the symbol O~ =- As-Si =- O~ is used 
to indicate an oxygen-deficient silicon oxide configuration O:~ 
=- Si-Si ~ O:~ (fully oxidized oxide: O:~ =- Si-O-Si =- O:/), where one 
Si atom has been replaced by an As atom. The question of the 
different valency of As (3 to 5) compared to that of Si (4) is not 
being discussed; only the presence of direct As-Si and Si-Si 
bonds (or possibly also of As-As bonds) is being alluded to. 

Fig. 6. As diffusion in 934  nm ox- 
ide in O~ at 1000 ~ (30h), 1100 ~ 
(17h), and 1200OC (5h). Implant: 
3.5 x 1016cm 2 a t 3 4 0 k e V .  
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could, in principle, be a second effect of the ambient, 
namely, on the diffusion of the As built into the network, 
via the stoichiometry (vacancy content) of the oxide 
structure. 

To explore this question, a fourth set of experiments 
was carried out. Again, implants of 3 x 10 '5 and 3.5 x 10 TM 
As ~ ions cm -2 in thick oxide films (934 nm) were used, 
and annealing for 5h at 1200~ was studied�9 It may be 
seen that for the 3.5 x I0" cm 2 implant (Fig. 8), a 5 rain O~ 
anneal followed by a 5h N2 treatment has nearly the same 
effect as a treatment for 5h in 02 only. Apparently, a very 
brief 02 anneal is sufficient to reach a fully oxidized state 
of the oxide system. In fact, such.a transition requires 
only the presence of a slight amount of 02 in the neutral 
ambient: it was observed that starting the annealing step 
in a neutral ambient without previously thoroughly 
flushing the furnace tube after introducing the sample 
led to oxygen-saturated behavior. The subsequent diffu- 
sion step appears to be nearly independent of the ambi- 
ent. Even though a 5 rain N~ anneal may be able to restore 
the network in a manner typical for the N2 ambient, the 
following 5h O~ anneal appears to first turn the system 
into the more stable fully oxidized state�9 Consequently, 
again the profile characteristic for the network structure 
obtained for an O._, treatment is observed. 

The loss by evaporation was 35% for 5h O=, anneal only, 
47% for 5 rain 02 + 5h N._,, and 43% for 5 rain %_, + 5h O~; 
these values are relatively large but hardly distinguisha- 
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Fig. 7. As diffusion in 934 nm ox- 
ide in 0.-, at 100ff  (30h), 110ft  
(17h), and 1200~ (5h). Implant: 3 
• 10 ~Scm 2 at 340keV. 

ble. For the case of 5h annealing in N2 only, in the sample 
of Fig. 4 could no loss be detected. During 5 rain treat- 
ment  in O2 or N~, no measureable diffusion could be ob- 
served; the profiles were identical to the as-implanted 
distribution. 

In the samples with lower concentration implants (Fig. 
9), slight differences between the "mixed annealing" and 
0.-, annealing steps become visible. The samples which 
had been exposed to N2 in a "mixed anneal" exhibit  a 
somewhat wider profile (i.e., faster diffusion at lower 
concentrations) than those which had been treated with 
O2 only. Thus, the slope of these profiles is less steep and 
becomes closer to that of the samples annealed in N~ only. 
Accordingly, the diffusion coefficient of the "mixed an- 
nealed" samples lies between 0.-, and N~ (3.7 • 10 -'5 
cm2s-'). The samples which had been exposed to 0.-, expe- 
rienced a smaller loss of As (22% for 5 min 0.-, + 5h N2, 
19% for 5 rain N~ + 5h 0.-,, 12% for the sample treated in 0.-, 
only) compared to 30% for treatment in N2 only. 

The diffusion constants derived from our data in the 
lower concentration range have been plotted in Fig. 10. 
They show the lower values for the O.,, than for the N2 am- 
bient (by roughly a factor of three). An intermediate value 
is found for mixed ambients. It may be seen that this be- 
havior is opposite to that reported in Ref. (3). The reason 
for this discrepancy is not clear to us. 

Summing up, the findings of this section support the 
concept that upon annealing in N2 or O2 implanted As* 

22 
I0 

4" 
I 
E 
o 21 
" 10 
Z 
(:3 

20 ,I-- 
< 10 
n~ 
F- 
Z 
ud 19 
cJ 10 
z 
c3 
c3 

u 18 
!0 

Z 
Ld 
03 
n- 17 
< 10 

ions are incorporated into the oxide system in a different 
fashion. In fact, it appears that N2 anneal gives rise to two 
types of structures. One of these is observed only if As 
concentrations in the 102~ cm -3 range or higher are intro- 
duced. In this structure, the dopant is effectively immobi- 
lized. Parallel to the dopant incorporated in the first type 
of structure, As is also taken up in a second "site," where 
it diffuses at relatively high speeds. In the case of 02 an- 
neal, the situation is reversed: here there is a strong 
broadening of the profile at high concentrations, but 
slower diffusion at low concentrations. The behavior dur- 
ing N2 anneal is suggestive of the presence of two phases; 
this could also be the case in the O2-treated samples. 

It is worth noting that the diffusion behavior of As 
using a N2 ambient is not specifically related to this am- 
bient; annealing in Ar for 5h at 1200~ led to a profile in- 
distinguishable from that obtained in N2. Moreover, N in- 
corporation into the bulk of the oxide film was not found 
within the detection limit (10 TM cm -3) for this element in 
SiO, using SIMS. 

Incorporation of As on different sites upon 0.-, or N2 an- 
neal was also suggested in Ref. (2): for an 0.-, anneal, for- 
mation of an "As-O complex"  was proposed, whereas the 
two centers found upon N2 anneal were tentatively 
equated with As incorporated on Si sites, since their con- 
centrations were reduced when Si was implanted simulta- 
neously with As. It was assumed that the remaining As 
would occupy interstitial sites in the latter case. In 
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Fig. 8. As diffusion in 934 nm ox- 
ide at 1200~ in N2 (5h), 02 (5h), 
O~ (5 min) plus N2 (5h) or N2 (5 rain) 
plus 02 (5h). Implant: 3.5 • 101G 
cm-2 at 340 keV. 
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Fig. 9. As diffusion in 934 nm ox- 
ide at 1200~ in N2 (5h), O2 (5h), 
O2 (5 min) plus N2 (5h) or N~ (5 min) 
plus O~ (5h). Implant: 3 x 10 ~5 
cm -3 at 340 keV. 
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comparing these data with ours, it should be remembered 
that the implantations in Ref. (2) were done at a dose of 
only 8 • 10 '2 cm -2 at 80 keV, leading to maximum con- 
centrations at least two orders of magnitude smaller than 
the lowest in our experiments.  Thus, the conclusions in 
Ref. (2) are only relevant for the low concentration range 
in our data. 

From a study of As~O3-SiO2 glasses, used as diffusion 
sources, it is known that phase separation occurs when 
the As203 concentration in the arsenic silicate layer 
reaches a few mole percent (6). This suggests that, like ob- 
served for the phosphosilicate (7, 8) and borosilicate 
glasses (9), the high concentration phase is probably a liq- 
uid at the annealing temperature. It should be noted that 
one is dealing here with fully oxidized systems, like in 
our case of O~ annealing. 

Finally, it has been reported (10) from an XPS study of 
P-implanted SiO~ that N2 and O2 annealing lead to differ- 
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bols (05 ambient). Dashed line through 02 squares from this study was 
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ant spectra. In both cases, P appears to be incorporated in 
the lattice in PO4 configurations; upon N~ annealing an 
additional peak, indicative of P-Si bonds, appears. In Ref. 
(10), this peak is attributed to interstitial phosphorus, but 
in our opinion these data do not exclude the possibility of 
the occurrence of 03 -= Si-P --- 03 configurations. 

The above considerations lead to the following tenta- 
tive interpretation of our experimental  data: upon 02 an- 
nealing of As-implanted SiDe, the system becomes fully 
oxidized and an arsenic silicate glass forms. Since there is 
no direct evidence that As exists in the form of As205 in 
this glass, its composition will be designated by (As~O3b- 
(SiDe),,. In analogy to the phosphosilicate glass system, we 
will assume that As replaces Si in the oxide network. This 
would also explain its low diffusivity. At higher concen- 
trations, a second phase will form, which presumably is 
liquid at the temperature of annealing. During annealing, 
this phase will dissolve SiO2 from both sides until it 
reaches the composition of the liquidus resulting in the 
flat and broad profile observed in our data. 

We propose that the N~-annealed samples most likely 
contain direct Si-As bonds in the form of O3 --- Si-As =- 03 
configurations. Such bonds are probably relatively weak, 
so that 03 -= Si' and 03 ~- As" dangling bond configura- 
tions are obtained. As atoms should be able to move 
through the network by reaction of 03 --- As with 03 --- 
Si-Si --- 03 configurations to form 03 --= Si-As =- 03 and O3 
~- Si'. This is responsible for the relatively rapid diffusion 
at lower As concentrations. Even though diffusion via in- 
terstitial As atoms cannot be excluded, the rather similar 
values obtained for the activation energies for diffusion in 
N~ and 02 appear to support the above mechanism. The 
immobile  phase observed at high concentrations should 
also be oxygen deficient. Because of the very low 
diffusivity of As in this phase, it should be a solid, with 
As incorporated in the network. However, at the present 
time, we have no clear ideas about the structure of this 
phase. 

It appears feasible that the ambient will additionally af- 
fect the rate of diffusion once the O-deficient or fully oxi- 
dized systems have formed. Most likely, a N~ anneal cre- 
ates a small concentration of oxygen vacancies (2) of the 
form 03 --- Si' ' Si ~ 03. Such "stretched Si-Si-bonds" (11) 
are of the same nature as the O3 =- Si-As --- 03 configura- 
tion and should enhance the rate of As diffusion in the 
system. This should become particularly apparent in the 
fully oxidized system where the initial concentration of 
vacancies is low. Indeed, the data of the region of low As 
concentration for the samples submitted to a "mixed"  5 
min O~ plus 5h N2 anneal suggest that this enhancement  
does indeed occur. However, further experiments  would 
be necessary to substantiate this point. 
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Conclusions 
Our study shows that the diffusion of As in thermally 

grown SiO2 is a complex phenomenon. In agreement with 
expectations from a simple model, one has to consider 
two consecutive process steps: restoration of the network 
structure damaged by implantation, and diffusion of As 
in the restored network. Both steps are likely to be ambi- 
ent dependent. 

The data presented in this paper suggest that two dif- 
ferent oxide structures are obtained: an oxygen deficient 
one in N2 (or Ar), and a fully oxidized structure in 02. In 
both cases, As is incorporated into the network of the 
glassy oxide, and for N2-annealed samples possibly addi- 
tionally on interstitial sites. 

The observation of a relatively high diffusion rate at 
high As concentrations and a very low one at lower con- 
centrations in O2-annealed samples leads to the conclu- 
sion that a separate high concentration liquid phase is 
formed in fully oxidized samples. The opposite behavior 
is exhibited by the N2 heated samples. Again, a two-phase 
model  is proposed, in this case with an immobile high 
concentration solid phase. 

A report in the literature, claiming that a considerably 
enhanced rate of diffusion in 02 is observed when simul- 
taneously oxidation of the substrate takes place, could 
not be confirmed. However, we did find indications that 
the ambient  affects the diffusion rate via the oxygen va- 
cancy concentration in the system. 
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Characteristics of Ion-Implantation Damage and Annealing 
Phenomena in Semiconductors 

J. Narayan* and O. W. Holland 
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ABSTRACT 

The nature of ion-implantation damage in silicon and gallium arsenide as a function of implantation and substrate 
variables has been investigated using electron microscopy and Rutherford backscattering techniques. With no annealing 
effects, the crystalline-to-amorphous transition occurs at a critical energy of 12 eV/atom for silicon. By increasing the 
dose rate or the substrate temperature,  "defect-free" regions with no dopant redistribution are obtained. There is a dose 
rate or substrate temperature window in which voids are formed, producing undesirable effects. The annealing effects at 
high dose rates are interchangeable with substrate temperature. A high fraction of dopants in both Si and GaAs is found 
to be in electrically active substitutional sites after high dose rate or high temperature implants. The origin and thermal 
annealing of underlying dislocation bands have been examined in detail. Subsequent  annealing behavior of underlying 
dislocation bands is critically determined by the nature of the as-implanted states. 

Ion implantation is now a well-established technique 
for a controlled introduction of dopants in semiconduct- 
ors. Ion-implantation-induced damage must  be removed 
in order to achieve a "complete"  electrical activation of 
dopants and to recover carrier mobility (1). The conven- 
tional method of removing ion-implantation damage in- 
volves isothermal annealing treatments in a furnace in the 
temperature range of 900~176 for about 30 min. Re- 
cently, more advanced methods based on rapid heating or 
annealing have been developed for removing ion-implan- 
tation damage. The annealing methods based on solid- 
phase and liquid-phase crystallization (2-6) have been suc- 
cessfully utilized to remove the damage. In both 
conventional and advanced annealing methods, the na- 
ture of ion-implantation damage before annealing is 
thought to determine the amount  of residual damage and 
concomitant electrical activation and mobility achieved 
after annealing. 

*Electrochemical Society Active Member. 
1Operated by Martin Marietta Energy Systems, Incorporated, 

under Contract no. DE-ACO5-840R21400 for the U.S. Depart- 
ment of Energy, Oak Ridge, Tennessee .37831. 

The purpose of this paper is twofold. The first purpose 
is to show that the nature of residual damage after ion im- 
plantation is a strong function of ion implantation and 
substrate variables. The ion-implantation variables of par- 
ticular interest are the total dose, dose rate, and mass and 
energy of the incident ions. The substrate variables in- 
clude the temperature and the mass. The second purpose 
of this paper is to show that different ion-implantation 
states exhibit  different annealing behavior and electrical 
recovery of dopants. The mechanisms of dynamic in situ 
annealing during ion implantation and of subsequent an- 
nealing behavior are discussed for Si and GaAs. The cor- 
relations between residual ion-implantation damage and 
concentration of substitutional (electrically active) 
dopants in Si and GaAs specimens are presented. The pa- 
per is divided into the following sections: ion- 
implantation fundamentals; dose rate and substrate tem- 
perature effects in silicon; dose rate effects in different 
orientations; dose rate and substrate temperature effects 
in GaAs; thermal annealing of different ion-implantation 
states; and annealing effects in underlying dislocation 
bands and gettering. 
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Experimental 
Single crystals of silicon having <100> and <111> ori- 

entations (500 ~m thick, 2-6 ~-cm, Czochralski grown) 
were implanted with '-'sSi~, 8~ 75As§ and ~~247 ions. Im- 
plantation current varied from 1-500 ~A cm-'-', ion energy 
from 100-250 keV, total dose from 1.0 • 10 TM cm -8 to 5.0 • 
10 TM cm-'-', and substrate temperature from liquid helium 
(He) to room temperature. No effort was made to heat- 
sink the samples during implantation. The <100> GaAs 
specimens were implanted with '-'sSi~ ions using a similar 
range of implant and substrate variables. For some Si and 
GaAs specimens, in situ heating was applied while ion 
implantation was carried out at low dose rates. The ion- 
implanted silicon and gallium arsenide samples were ana- 
lyzed by cross-sectional electron microscopy and Ruther- 
ford backscattering/channeling techniques at room 
temperature for a detailed determination of residual dam- 
age and lattice location of dopants. Lattice location of 
dopants is directly related to their electronic properties. 
The St%implanted GaAs samples were analyzed by MeV 
proton-induced x-ray excitation (PIXE) to determine the 
lattice location of silicon (7). For other studies, an analysis 
of the energy spectra of light ions backscattered from the 
sample under channeling and nonchanneling conditions 
is used for lattice-site determination. However, backscat- 
tering techniques are sensitive only to heavy impurities in 
light substrates and, therefore, are not suitable for GaAs 
work. The distinct separation of the Si characteristic 
x-rays from those of the host lattice makes lattice location 
studies possible in this material through the analysis of 
x-ray spectra (otherwise impossible using other ion scat- 
tering techniques). High resolution electron microscopy 
studies were conducted using a JEOL 200CX electron mi- 
croscope operated at 200 kV with a spherical aberration 
coefficient (C~) of 1.2 ram. The images were taken under 
axial illumination with optimum defocus, which is about 
1.2 times the Scherzer defocus limit of -65 nm. 

Results and Discussion 
Ion-implantation fundamentals . - -During ion implanta- 

tion, when an energetic ion penetrates a solid, it collides 
with the electrons and nuclei of the solid. The energy lost 
in electronic excitations ultimately appears as heat. The 
initial energy of the primary ion can be partitioned into 
the amount lost in electronic excitations, and the re- 
maining energy (El)) goes into production of displace- 
ments. This displacement or ion-implantation damage is 
created as Frenkel (vacancy and interstitial) pairs, whose 
number is given by the modified Kinchin and Pease (8) 
expression K EJ2Ed, where K (- 0.8) is the displacement 
efficiency and Ed is the displacement threshold energy 
(~ 15 eV for silicon) (9). The vacancies and interstitials ac- 
cumulate as a function of implanted dose, and at a critical 
value of 12 eV/atom for ED, there is a first-order phase 
transition from crystalline to amorphous phase. This 
value of 12 eV/atom, or 6.0 • i0 '-''~ eV/cm 3 in silicon, is de- 
termined near 4 K, where annealing effects are negligible 
(I0, 1 I). At higher temperatures, mobility of vacancies and 
interstitials becomes high enough that they annihilate 
each other or cluster to form dislocation loops. During ion 
implantation, if the regions of crystals exceed the critical 
energy for amorphization, they undergo a first-order 
phase transformation. It has been shown that for self-ions 
in silicon, overlap of damage produced by several ions is 
required because individual ions can deposit only about 3 
eV/atom (11, 12). The ions, having mass e q u a l t o  higher 
than that of antimony, can deposit 12 eV/atom or higher 
and, therefore, produce amorphous regions directly (11). 

Figure 1A is a high resolution micrograph showing an 
amorphous region in a silicon specimen implanted with 
100 keV, 1.0 • 10 TM cm ~, 8'~Si~ ions at liquid He tempera- 
ture. The specimens that were implanted with 5.0 • 10 ~8 
cm -~ Si ~ (100 keV), at liquid He temperature or at room 
temperature, showed the presence of dislocation loops 
and not of amorphous regions. As the implanted dose was 
increased to 2.0 • 10 '4 cm -2, the small amorphous regions 
overlapped and created a large band of amorphous re- 

gion. However, in this amorphous phase, the presence of 
microcrystallites is clearly delineated, as indicated by the 
arrow in Fig. IB. Figure IC shows a micrograph just be- 
low the critical dose of arnorphization. There are many 
amorphous regions present at this dose, including a twin- 
ning partial dislocation, the core region of which is encir- 
cled in the micrograph. The line in the micrograph shows 
the trace of a twinning plane. Figure ID shows a cross- 
section micrograph from a specimen implanted with a 
dose of 4.0 x 10 '4 cm -2, where the interface between crys- 
talline and amorphous phase appears to be atomically 
sharp, confirming the first-order phase transition. Some 
microcrystallites (as shown by the arrow) are also present 
in this specimen. It is interesting to note that the 
amorphous-crystalline interface is fairly undulated, pre- 
sumably because of ion-range straggling. 

The displacements below the amorphous-crystalline in- 
terface are created because of ion-range straggling. The 
interstitials in this region can cluster at higher tempera- 
tures to form visible dislocation loops. The average size of 
the vacancy loops has been shown to be much smaller 
(- 5-i0~) than that of interstitial loops (13), normally be- 
low the resolution limit of the strain-contrast imaging 
mode of the microscope. 

The sequence of ion implantation as a function of in- 
creasing dose, discounting the annealing effects, can be 
described as follows. First, the region corresponding to 
the Gaussian damage peak turns amorphous after at- 
taining 12 eV/atom of damage energy. This band then ex- 
pands toward both the surface and deeper regions of the 
crystal with increasing implanted dose as these regions 
accumulate the critical energy for amorphization. Figure 
2A shows a buried amorphous layer after a dose of 2.0 • 
1014 cm -2 (I00 keV, 3~ ions). A high resolution micro- 
graph from the near-surface region is shown in Fig. 2B, 
where the crystalline and amorphous boundary is clearly 
delineated. Although the amorphous-crystalline bound- 
ary is jagged, it is atomically sharp. The microcrystallites 
are present in the amorphous region. As the implanted 
dose is further increased, the amorphous-crystalline 
boundaries at both ends expand, ultimately creating 
amorphous layers followed by a band of dislocation 
loops. Figure 3 shows such layers for two different doses, 
5.0 • i0 ~4 and 5.0 • I0 ~'5 cm-'-' (I00 keV, 3~Si+). The thick- 
ness of the amorphous layer was found to increase from 
2200-2660~ as the dose increased from 5.0 • I0 ~4 (Fig. 3A) 
to 5.0 x i0 '~ cm -~ (Fig. 3B). Figure 3C is a microdiffraction 
pattern from 5.0 • 10 '4 cm -2 specimens, showing two 
clear rings, which correspond to the first and second 
neighbor distances, and a faint third ring. For a dose of 
1.0 • I0 TM cm -~, the thickness of the amorphous layer was 
found to be 2830A. With further increase in dose, however, 
the increase in thickness was small because of saturation 
and the importance of sputtering effects. 

Dose rate/substrate temperature effects in Si "-sSi+ 
implantat ion.- - I t  has been shown that by increasing the 
ion-implantation current, the substrate temperature can 
be raised. Therefore, the annealing effects achieved by 
high dose rate implants (without additional sample heat- 
ing) can be simulated by in situ heating of the substrate 
while implanting at low dose rates. By increasing the 
dose rate (ion-implantation current), it is possible to cre- 
ate "defect-free" regions near the surface, followed by a 
broad band of dislocation loops and tangles. An example 
is shown in Fig. 4A for a 200 keV Si § implant at 200 ~A 
cm -~ to a dose of 1.0 • 10 TM cm -2. In this case, no addi- 
tional heating was applied during implantation. The 
cross-sectional TEM micrograph shows a top 2100A wide 
"defect-free" region, followed by a 3000~, wide region con- 
taining dislocation loops and tangles. The annealed layer 
has the same orientation as the underlying substrate. Fig- 
ure 4B shows a random and <110>-aligned spectrum 
from these specimens. The aligned yield in the top 2100~ 
region is close to that of virgin crystals, which is in good 
agreement with TEM observations. The aligned yield in- 
creases below 2100A, because of the presence of disloca- 
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Fig. 1. A (top left): High resolution electron micrograph showing an amorphous cascade region in a specimen implanted with 100 keV :~~ ions 
to a dose of 1.0 x 10 TM cm -~. B (top right): High resolution micrograph of amorphous silicon implanted with 100 keV 3~ ions to a dose of 2.0 x 
1014 cm-~. C (bottom left): High resolution micrograph showing amorphous regions and a twinning partial dislocation (encircled) below the criti- 
cal dose of amorphization. D (bottom right): High resolution electron micrograph (cross-sectional) showing the interface between the amorphous 
and crystalline silicon. Notice the presence of a microcrystallite in the amorphous region (indicated by arrow). 

t ions ,  b u t  i t  does  no t  r e a c h  t he  r a n d o m  or a m o r p h o u s  
value.  T h e s e  r e su l t s  s h o u l d  b e  c o n t r a s t e d  w i t h  low dose-  
ra te  Si § i m p l a n t s  (see Fig. 19), w h e r e  a n  a m o r p h o u s  layer  
fo l lowed b y  a b a n d  of  d i s loca t ion  loops  is obse rved .  

F igu re  5 s h o w s  r e su l t s  f rom 80 k e V  '-'sSi~ i m p l a n t s  in  sili- 
con. Af te r  i m p l a n t a t i o n  to a dose  of  1.0 x 10 TM c m  -2 at  a n  
i m p l a n t a t i o n  c u r r e n t  of  120 ~A c m  -2, we  f o u n d  a b u r i e d  
a m o r p h o u s  layer ,  as s h o w n  in  Fig. 5A. T h e  c ross - sec t iona l  
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Fig. 2. Cross-sectional electron micrographs showing buried 
amorphous layers in specimens implanted with 100 keV ~~ (dose 
2.0 x 10 TM cm-2). A: Dark-fleld. B: High resolution micrograph. 

micrograph shows about a 350A wide "defect-free" region, 
followed by a 700~ wide amorphous region. Below the 
amorphous layer, a 200~ wide defect-free layer is formed, 
which is followed by a 600A wide region of dislocation 
loops and tangles. The RBS results from these specimens 
are shown in Fig. 5B. From the comparison of < t l 0 > -  
aligned spectra and random spectra, we find that the re- 
duced yield in the top layer in as-implanted specimens is 
consistent with TEM observations. Below this region, the 
aligned yield approaches the random yield, correspond- 
ing to the presence of a 700A wide amorphous layer. The 
aligned yield drops again, corresponding to the defect- 
free region below the amorphous layer. The yield in- 
creases again, owing to the presence of dislocations; how- 
ever, the yield does not drop to a virgin value in the 
substrate, owing to previous dechanneling events. The as- 
implanted specimens containing buried amorphous lay- 
ers were annealed at 550~ and it was found that two 
amorphous-crystalline interfaces moved toward each 
other and ultimately produced a band of dislocation loops 

Fig. 3. Cross-sectional electron micrographs showing an increase in 
amorphous layer thickness with dose. A: 100 keV 3~247 dose = S.0 • 
1014 cm -2. B: Dose = S.0 • 101~ cm -2. C: Microdiffraction pattern 
corresponding to A. 

near the center. This is consistent with a small peak in the 
aligned spectrum at a 700~ depth after annealing the as- 
implanted specimens for 50 min at 550~ This peak was 
reduced or almost annealed out by further annealing at 
850~ for 10 rain, but the large dislocation loops in this 
layer, particular]y in the underlying layer, remain. This is 
consistent with increased dechanneling in the aligned 
spectrum below 1200A. 

75As~ implantation.--Figures 6-9 show results from high 
dose-rate, 100 keV As ~ implants in <100> silicon. Figure 
6A is a TEM cross-sectional micrograph at 200 t~A cm-'-' to 
a dose of 1.0 x 10 TM cm-~; it shows a defect-free region 
( -500s  wide), followed by a band of dislocation loops 
and tangles (-1000~ wide). A microdiffraction pattern 
from the implanted layers of these specimens is shown in 
Fig. 6B, in which diffraction spots are sharp and regular, 
corresponding to a <110> orientation. At 40 ~A cm -2, 
there is a 1100~ wide amorphous layer followed by a 
150J~ wide defect-free region and a 300~ wide dislocation 
band, as shown in Fig. 6C. A microdiffraction pattern 
from the amorphous band is shown in Fig. 6D, which con- 
tains the characteristic rings of amorphous phase. The 
defect-free region is formed by a solid-phase epitaxial 
growth process at this dose rate because of beam heating. 
It is apparent that by increasing the dose rate, the SPE 
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Fig. 4. A(top): Cross-sectional electron micrograph showing the for- 
mation of defect-free region in silicon-implanted (100) silicon (200 
keV 3~ 1.0 x 1016 cm-2, 200 F,A cm-2). B(bottom): 2.0 MeV He ~ 
RBS spectra (random and <110>-aligned) from the specimen shown 
in A. 

growth rate can be enhanced and annealing in the top re- 
gion achieved. The dislocation loops and tangles are 
formed by clustering of point defects with number  densi- 
ties below that required for amorphous phase transforma- 
tion. Figure 7 shows 2.0 MeV 4He§ random and 
<110>-aligned spectra from high (Fig. 6a) and low (Fig. 
6c) dose-rate implants and virgin crystals. The low dose- 
rate implants show ~I500A thick defective layers. It 
should be noted that the 150~ wide defect-free band be- 
low the amorphous layer is not resolved in the aligned sil- 
icon spectrum for low dose-rate implants, presumably be- 
cause of limited system resolution. The aligned silicon 
spectrum from high dose-rate implants shows reduced 

Fig. 5. A(top): Cross-sectional electron micrograph showing a 
buried amorphous layer in silicon-implanted (100) silicon (80 keV 
8~247 1.0 x 10 TM cm -2 with a dose rate of 120/zA cm--~). B(bottom): 
2.0 MeV He ~ RBS spectra (random and <110>-aligned) after anneal- 
ing at 550 ~ and 850~ (from specimen shown in 1A). 

yield in the top 500/~ wide region corresponding to the 
defect-free region in the cross-sectional TEM micrograph. 
From the aligned and <110> random spectra of arsenic, it 
was found that up to 90% of  the arsenic in substitutional 
sites were in certain regions. It is most interesting to note 
that the arsenic depth distribution remains Gaussian and 
largely unchanged during high dose-rate implants. Hall 
measurements showed a high electrical activation of arse- 
nic of up to 70%. 

When the dose rate was increased to 400-500/~A cm -2, 
we observed the formation of voids in the top 500A wide 
region with a 50~ average diameter. The voids in Fig. 8a 
exhibit  a characteristic light contrast for overfocus condi- 
tions and a characteristic dark contrast for underfocus 

Fig. 6. Dose-rate effects in arsenic-implanted (100) silicon. A: 1.0 
x 10 TM cm-2 at 200/~A cm-2. B: Microdiffraction pattern correspond- 
ing to A. C: 1.0 x 10 ~6 cm -2 at 40 /zA cm -2. D: Microdiffraction pat- 
tern from C. 
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Fig. 7. 2.0 MeV He + RBS spectra (random and <110>-aligned) 
from the high and low dose-rate specimens shown in Fig. 6. 
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terstitials have faster mobility and are lost to the surface 
or other sinks. The vacancies, which in comparison with 
interstitials represent the slower moving species, cluster 
to form voids (16). 

From these observations and a previous work (14), we 
have derived the following mechanism of annealing at 
high dose rates. During the initial phase of the ion im- 
plantation, buried amorphous layers or near-surface 
amorphous layers are formed, depending upon energy 
and mass of the incident ions and upon mass of the sub- 
strate. These variables determine the profile of the de- 
posited damage energy. Lower energy of the incident ions 
and higher mass of the incident ions and substrate create 
amorphous layers near the surface. Buried amorphous 
layers are formed by higher energy of the incident ions 
and lower mass of the incident ions and substrate. For ex- 
ample, 100 keV '-'sSi§ tend to form buried amorphous lay- 
ers, whereas 75As~ ions form near-surface amorphous lay- 
ers. The amorphous layers anneal by solid-phase epitaxial 
growth as the implantation is continued. The heat gener- 
ated by the ion beam raises the substrate temperature. A 
typical substrate temperature of 750~ was measured dur- 
ing a 200 tLA cm -2 (120 keV) Si § implant. Thus, SPE 
growth at high temperatures provides a primary mecha- 
nism of annealing at high dose rates. The kinetics of SPE 
growth have been extensively studied by RBS, TEM, and 
time-resolved reflectivity techniques (17). The interface 
velocity follows an Arrhenius relation V = Vo exp (E,/kT), 
where Vo<100> = 3.07 108 cm s-'~ and E~ = -2.68 eV. The 
pre-exponential factor V0 is orientation dependent,  given 
by (Vo<l l l>  = 24 Vo<100> = 4 Vo <110> (3). If  the 
amorphous layers are not formed because the regions 
could not attain the critical energy of 12 eV/atom for 
amorphization, the recombination of interstitials and va- 
cancies is a dominant mechanism of annealing. The cas- 
cades representing vacancy-rich regions may provide nu- 
clei for void formation. It is noted that dopant depth 
profiles remain unchanged during high dose-rate im- 
plants. This is consistent because the average dopant dif- 
fusion distance (~/2--D~r) during ion implantation (using the 
typical values of diffusion coefficients of arsenic in sili- 
con at elevated temperatures, and using diffusion time, 7, 
the t ime of the ion implantation as the upper limit) is esti- 
mated to be less than 10~. 

Fig. 8. Formation of voids in high dose-rate implanted (100) silicon 
specimen (100 keV As +, 1.0 • 101~, ~400/~A cm -2) under different 
focusing conditions. A: Cross-sectional electron micrograph showing 
voids in overfocus (light contrast) conditions. B: Underfocus (dark con- 
trast) conditions. C: Voids with light contrast in overfocus conditions 
at a higher magnification. 

conditions (15) [Fig. 8b]. A small area at a higher magnifi- 
cation is shown in Fig. 8c, where voids are shown under a 
light contrast. Figure 9 is a plan-view micrograph show- 
ing voids in light contrast (overfocus conditions) in the 
top region. The formation of voids occurs because the in- 

Fig. 9. Plan-view electron micrograph showing voids in light con- 
trast (overfocus) conditions. 

Dose-rate effects in different orientations.--Since in situ 
solid-phase epitaxial (SPE) growth is a primary mecha- 
nism of annealing at high dose rates for high dose im- 
plants, it is interesting to study dose-rate effects in differ- 
ent orientations. The <111> Si specimens implanted with 
7~As§ ions at a dose rate of 200 t~A cm -~ contain an 
amorphous layer followed by a small defect-free region, 
similar to the microstructure obtained at 40 ~A cm -2 in 
<100> specimens (shown in Fig. 6c). These results reflect 
a much smaller growth rate in <111> orientations than 
that in <100> orientations. The experimental  results and 
theoretical models predict SPE growth rates to be slower 
by a factor of 24 in <111> orientations and a factor of 6 in 
<110> orientations, as compared with <100> orienta- 
tions. Figure 10 shows a comparison between <100> and 
<111> orientations. These samples were implanted with 
40 keY, 3~Si+ to 1.5 • 10 TM cm -~ dose at l iquid-nitrogen 
temperature at - 5  tLA cm -z and then implanted with 120 
keV 28Si~ to 1.0 • 10 L~ cm -2 dose at -200 ~A cm -2. In 
<100> orientations, we found a 1700)~ wide region to be 
fairly "defect free," except for a few polycrystalline re- 
gions near the surface. This region was followed by a 
2000A wide band of dislocation loops and tangles (Fig. 
10a). A microdiffraction pattern from the recrystallized re- 
gion is shown in Fig. 10c, where regularity and sharpness 
of diffraction spots are indicative of the perfection of the 
lattice. 

The <100> Si results are in contrast to those of the 
<111> orientations, where we found 1700~ wide 
polycrystalline followed by a 2000~ wide band of disloca- 
tion loops and tangles (Fig. 10b). In the second region, a 
high number density of microtwins were also present. 
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Fig. 10. Comparison of high 
dose-rate effects in < 1 0 0 > -  
and <111>-oriented silicon 
specimens implanted with 40 
keV 3~ to 1.5 • 10 TM 

cm-2dose at LN2 ( - 5 / x A  cm-2) 
and then implanted wih 120 
k e V  2sSi+ to  1 .0  • 1016 cm - 2  

dose. A: Cross-sectional elec- 
tron micrograph, (100) Si speci- 
mens. B: (111) specimens. C: 
Microdiffraction pattern from A. 
D: Microdiffraction pattern from 
B. 

Figure 10d shows a microdiffraction pattern from the top 
layer, where diffraction rings are consistent with the 
polycrystalline structure of Fig. 10b. It is envisaged that 
SPE growth in <100> orientations is rapid enough to be 
completed before the nucleation of polycrystalline re- 
gions ahead of the crystallizing interface can occur (17). 
However, in <111> orientations, since the SPE growth 
rate is 24 times slower than that in <100> orientations, 
the crystallites can nucleate ahead of the crystallizing in- 
terface (3). Once these crystallites nucleate, interface- 
controlled growth cannot occur, and the whole layer 
turns po]ycrystalline. 

Dose rate and substrate temperature effects in 
GaAs.--We have studied dose rate effects in <100> GaAs 
and compared the results with those obtained by heating 
the substrate during ion implantation. The ion implanta- 
tion at low dose rates of - 5-10 ~A cm -2 typically results 
in the formation of amorphous layers followed by bands 
of dislocation loops. A typical example is shown in Fig. 
l la ,  after 120 keV 2ssi* implantation to a dose of 5.0 • 10 '5 
cm --~. The number  density of dislocation loops in the un- 
derlying dislocation band is found to be lower in this case 
than that found in silicon for the same implant condi- 

Fig. 11. Substrate temperature effects in (100) GaAs after ion im- 
plantation with 120 keV 2ssi+ to a dose of 5.0 • 10 '5 cm -~. A: (110) 
cross-sectional electron micrograph with a dose rate ~ 5  /~A cm -2 
while substrote is at room temperature. B: --5 /xA cm -2 while sub- 
strate is at 200~ C: (110) microdiffraction pattern from the speci- 
men shown in B. 
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Fig. 12. Characteristic x-ray spectrum from specimens shown in Fig. 
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tions. By heating the substrate to 200~ during implanta- 
tion, we found a 1100~ wide, defect-free region followed 
by a 900s wide band of dislocation loops, as shown in Fig. 
l lb .  Figure l l c  is a microdiffraction pattern from the an- 
nealed region; it shows sharp and regular diffraction, as 
corresponded with a <110> orientation. 

Figure 12 shows a characteristic x-ray spectrum taken 
in random and < 100>-aligned directions. The differences 
in aligned and random spectra of Ga and As confirm 
good annealing of the lattice. The SiKa yield in random 
and <100>-aligned directions shows that more than 90% 
of Si is in substitutional sites. Thus, these results indicate 
that high electrical activation of dopants can be achieved 
by implantation at high temperatures. The silicon pro- 
files were found to be Gaussian from SIMS-measure- 
ments, similar to the as-implanted profile, which indi- 
cates that annealing does not involve long-range 
migration of defects. This is consistent wi th  SPE growth 
and close-pair recombination of vacancies and intersti- 
tials. 

The annealing results similar to those obtained by heat- 
ing the substrate can also be obtained by increasing the 
dose rate. Figure 13 shows a TEM cross-sectional micro- 
graph from specimens implanted at 160 t~A cm -~ to a dose 
of 5.0 x 10 ~ cm -~ (100 keV ~sSi~ ions). The micrograph 
shows a ~ 1100~ wide, defect-free region followed by a 
1000~ wide band of dislocation loops. As is shown in Fig. 
11, heating the sample to 200~ produces qualitatively 
similar results. Figure 14 shows RBS results from speci- 

Fig. 13: Cross-sectional electron micrograph from (100) GaAs spec- 
imens implanted with 100 keV 2sSi 4 ions to a dose of 5.0 ~< 10 ~5 cm-'-' 
(dose rate = 160/~A cm-~). 
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Fig. 14. 2.0 MeV He" RBS spectre (rondom and <1 lO>-aligned) 
from 2sSi+ (120 keY, 5.0 x 10 ~s cm --~) implanted specimens at 120 
and 160/~A cm -2 specimens. 

mens implanted at high currents ranging from 120 to 160 
tLA cm -2. The dechanneling as a function of depth de- 
creases with increasing dose rate, and the yields are close 
to virgin crystals for specimens implanted with 160 t~A 
cm-2.  

Thermal annealing of different ion implantation 
states.--We now present a detailed characterization of 
some ion implantation states and their subsequent  an- 
nealing behavior. At low dose rates, we produce buried 
amorphous layers, which expand toward the surface and 
into the deeper regions of the crystal as the implanted 
dose is increased. At a certain dose, which is critically de- 
termined by the ion implantation and substrate variables, 
we obtain a continuous amorphous layer, which extends 
from the surface to a certain depth and is followed by a 
band of dislocation loops. In this section, we divide the 
discussion into two parts: (i) annealing of amorphous lay- 
ers; and (ii) annealing of dislocation loops in the underly- 
ing dislocation band. 

The annealing of amorphous layers occurs by an inter- 
face-controlled crystallization process commonly referred 
to as solid-phase epitaxial (SPE) growth. An example is 
shown in Fig. 15, where by annealing at 550~ for 25 rain, 
the interface moved toward the surface by a distance of 
1050i. The specimens after ion implantation (100 keV 
3~ to 5.0 • 1015 cm ~ dose) contained a 2830t amorphous 
layer followed by a band of dislocation loops. This band 
of dislocation loops is left behind during SPE growth. 

Figure 16 shows an implantation state (100 keV 3')Si~ to 
5.0 • 10 TM cm -~ dose at liquid nitrogen temperature) 
where the amorphous layer does not extend to the surface 
entirely. Figure 16a shows a bright-field, cross-sectional 
TEM n~dcrograph in which dark regions near the surface 
represent crystalline islands. The sample contains a 2150A 
wide amorphous layer followed by a band of dislocation 
loops. Figure 16b shows a high resolution micrograph of 
the near-surface region. The crystalline islands contain 
two sets of fringes corresponding to (111) and (]-11) planes 
in <011> orientation. The size of crystalline islands varies 
from 6 to 30A. It is interesting to note the presence of a 
15~ thick oxide layer above the crystalline islands. The 
structure of the oxide is noncrystalline. If such samples 
are annealed, the SPE growth occurs both from the front 
and back sides of the specimens, as shown in Fig. 16c. 
The thickness of the SPE-grown back and front layers is 
750A and 450A, respectively. The front amorphous- 
crystalline interface is considerably more undulated than 
the back interface. However, both the front and back 
SPE-grown layers have exactly the same orientation as 
the substrate, as shown by the microdiffraction patterns 
in Fig. 17. Figures 17a and 17b are microdiffraction pat- 
terns of front and back SPE-grown layers, respectively, 
both of which have identical <110> diffraction patterns. 
A microdiffraction pattern from the amorphous layer is 
shown in Fig. 17c, which contains characteristic amor- 

Fig. 15. Cross-sectional electron micrograph from 3~ 
(100) Si specimen after annealing at SS0~ for 20 min. The substrate 
was kept close to liquid He temperature and implanted with 100 keV 
3~)Si+ to a dose of S.0 • 1015 cm -2. 
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Fig. 16. A: Cross-sectional electron micrograph of as-implanted 
(100) Si specimens (100 keV 3~ 5.0 x 1014 cm -2) containing crys- 
talline islands near the surface. B. High resolution micrograph of A 
showing crystalline islands and the native oxide -15/~ thick. C: After 
isothermal annealing at 550~ for 10 rain. 

phous rings. As the t ime o f  isothermal annealing was in- 
creased to 40 min at 550~ the front and back crystalliz- 
ing interfaces were found to meet  at a depth of about 
880~. The dark line in Fig. 18a shows that defects associa- 
ted with the interface at 880]~ are limited to within a 10~ 
wide region. The nature of these defects was analyzed by 
plan-view electron microscopy, and the results are shown 
in Fig. 18b. The defects in this band consist of defect clus- 
ters and dislocation loops of interstitial nature. An ap- 
proximate determination of concentration of point de- 
fects showed that the number  of interstitials is equal to 

Fig. 17. Microdiffraction patterns of the different regions of speci- 
mens shown in Fig. 16C. A: Front layer. B: Back layer. C: Middle 
amorphous layer. 

the number  of implanted Si § ions. Recent  RBS experi- 
ments (14) on high dose-rate annealing have shown that if  
buried amorphous layers are formed during early states 
of ion implantation, the annealing occurs by SPE growth 
from both front and back sides. 

Annealing effects in underlying dislocation bands and 
gettering.--We now discuss the nature and annealing of 
dislocation bands below the amorphous layers. The dislo- 
cation loops in the region are formed as a result of clus- 
tering of point defects that escape amorphous regions. 
Due to ion-range straggling, the number  density of dis- 
placements in this region does not reach the critical value 
needed for amorphization. The number density of dislo- 
cation loops in this region is critically determined by ion 
implantation and substrate variables. The specific 
damage-energy density (the number  of displacements per 
unit volume) and ion range straggling are primarily deter- 
mined by the atomic mass of the projectile and substrate 
and the energy of the projectile. This, in turn, determines 
the number  of point defects that can escape the amor- 
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Fig. 18. Defect microstructures of specimens shown in Fig. 16C 
after thermal annealing at 550~ for 40 min. A: Cross-sectional mi- 
crograph. B: Plan-view micrograph of dislocation loops and tangles. 

phous regions. The mobility of defects and subsequent 
clustering into dislocation loops are determined by the 
substrate temperature. The dislocation loops are ob- 
served (by conventional TEM imaging techniques) to be 
of an interstitial nature. The size of vacancy loops is usu- 
ally much smaller (5-10s than that of interstitial loops. 
The number  density of dislocation loops decreases with 
decreasing substrate temperature. Figures 19a and 19b 
show a comparison between room temperature and liquid 
nitrogen temperature implants (200 keV ~sSi § to 1.5 • 10 '~ 
cm -~ dose). These specimens were annealed at 550~ 
rain so that underlying dislocation bands could be deline- 
ated. The nature of the dislocation band also affects the 
defect density in the SPE-grown layers. In room tempera- 
ture implants, the amorphous-crystalline interface inter- 
sects dislocation loops whose average size is much larger 
than that in the liquid nitrogen temperature implants. As 
a result, during SPE growth, these dislocations continue 
to grow with the interface and create a network of high 
number  density of hairpin dislocations. The number  den- 
sity of loops in the underlying dislocation band also de- 
creases with increasing mass of the projectile or the sub- 
strate. An example is shown in Fig. 19c for a bismuth 
implant (200 keV, 1.0 • 10 '6 cm -2 dose) in silicon. With in- 
creasing mass of the projectile, specific deposited dam- 
age energy increases, resulting directly in amorphous cas- 
cades and allowing the escape of a smaller number  of 
defects to form loops. 

The dislocation loops should be minimized or, prefera- 
bly, removed because they are detrimental to electrical 
characteristics of p-n junctions. The dislocations with en- 
ergy levels close to the middle of the bandgap provide 
efficient recombination centers. The dislocations are also 
known to provide trap centers via electronic and elastic 
interactions. The dislocations in these bands are particu- 
larly undesirable, owing to their close proximity to the 
metallurgical junction. The annealing characteristics of 
dislocation loops during heat-treatment are determined 

Fig. 19. Cross-sectional electron micrographs showing defect micro- 
structures as a function substrate temperature and incident mass. A: 
200 keV 28Si~, 1.5 x 10 TM cm -2 at room temperature after isothermal 
annealing at 550~ min. B: 200 keV 2sSi~, 1.5 • 10 TM cm -2 at liq- 
uid nitrogen temperature after similar annealing treatment. C: 200 
keV 2~ 1.0 • 10 '~ cm -2 at room temperature after 550~ min 
annealing treatment. 
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by the average size and number  density of loops. If the 
distance between two loops is less than twice the diame- 
ter of the larger loops, these two loops may coalesce by 
glide and climb processes and form larger loops (18). If 
the loops are farther apart, they shrink by a normal bulk 
diffusion process (19). Figure 20 illustrates the subse- 
quent  annealing behavior of two different ion implanta- 
t ion (100 keV As ~, 1.0 • 10 '~ cm -2 dose) states shown in 
Fig. 6a (high dose rate) and Fig. 6c (low dose rate). The 
dislocation tangles in the high dose-rate samples evolve 
into a complicated network of dislocations upon subse- 
quent  thermal annealing (at 850~ min). It was found 
that the carrier concentration and mobility are degraded 
after the above annealing treatment, presumably because 
of segregation and trapping of dopants at the dislocations. 
In the case of low dose-rate samples, the amorphous lay- 
ers grow by a solid-phase epitaxial growth process, and 
the loops coarsen by loop coalescence. Sometimes a net- 
work is generated by a well-known dislocation reaction: 
a]2<101> + a]2<011> -~ a/2<l10>, as shown by the 1 in 
Fig. 20b. The electrical properties (carrier concentration 
and mobility) of these specimens were found to improve 
continuously with subsequent  annealing treatment after 
SPE growth. 

The dislocations in the underlying dislocation bands 
provide effective impurity/dopant traps via elastic and 
electronic interactions. The dislocations can also be used 
to tie up or remove unwanted impurities by trapping 
them at the dislocations. We illustrate ant imony trapping 
or segregation at the dislocations in Fig. 21. The (100) Si 
specimens were implanted with 200 keV, 4.4 • 1015 Sb § 
cm -~ dose; they were annealed at 550~ min  for SPE 
growth of the amorphous layers and subsequently heat- 
treated at 900~ for 30 rain. After the latter heat-treatment, 
large precipitates were formed at the dislocations, making 

Fig. 21. Plan-view electron micrograph'showing gettering of anti- 
mony by dislocations after heat-treatment of Sb§ (200 keV, 
4.4 • 1015 cm -~) specimens, SS0~ min and 900~ mln. 

them efficient traps for dopants. Figure 22 illustrates get- 
tering of fluorine by dislocations in a BF~§ 
(100) Si, which was annealed at ll00~ for 5s in a rapid 
thermal annealing apparatus. The as-implanted speci- 
mens (50 keV BF~ § 1.0 • 10 ~5 cm -~ dose) contained a 500• 
wide amorphous layer followed by a band of dislocation 
loops. After the rapid thermal annealing treatment, the 
loops coarsened and gettered the fluorine, as indicated 
by the formation of fluorine bubbles near the disloca- 
tions (see bubbles as white spots in the micrograph). The 
secondary ion-mass spectrometry results on fluorine 

Fig. 20. Comparison of subsequent annealing behavior of high and 
low dose-rate As+-implanted specimens. A: High dose-rate specimens 
of Fig. 6A after isothermal annealing at 8S0~ min. B: Low dose- 
rate specimens of Fig. 6B after the same heat-treatment. 

Fig. 22. Plan-view electron micrograph showing gettering of fluor- 
ine by dislocations after rapid thermal annealing (1100~ for Ss) of 
BF~§ specimens (S0 keV BF~ ~, 1.0 • 1015 cm-2). 
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profiles show a peak corresponding to the dislocation 
band. It is interesting to note that loops are confined in a 
rather narrow band because the segregation of fluorine 
inhibits the glide of dislocations. It was found that, by 
further annealing, the dislocations and fluorine are re- 
moved simultaneously. 

Conclusion 
We have shown that the nature of ion implantation 

damage is a strong function of implantation and substrate 
variables. In silicon, crystalline to amorphous phase 
transformation occurs above a critical damage energy of 
12 eV/atom if there are negligible annealing effects. This 
value is very close to the displacement threshold. For 
other materials, the critical specific damage energy is ex- 
pected to scale according to the displacement threshold 
energy. By increasing the dose rate, the substrate temper- 
ature is increased, which enhances the SPE growth rate 
of amorphous layers and/or the recombination of close 
pairs of vacancies and interstitials. The as-implanted pro- 
files in high dose-rate implants were found to be un- 
changed because of negligible diffusion distances of 
dopants, as estimated from time and temperature of im- 
plants. The specimens implanted at high dose rates con- 
tain defect-free, self-annealed layers followed by a wide 
band of dislocation loops. In the defect-free, self-annealed 
layers, up to 90% of the arsenic was found to be in substi- 
tutional (electrically active) sites. During high dose-rate 
implants, buried or near-surface amorphous layers are 
formed, the annealing of which involves SPE growth 
from both the front and back sides (buried layers) or 
growth from the back side (near-surface layers). At still 
larger dose rates, there is a region in the implantat ion cur- 
rent where we obtain undesirable void structure. A com- 
parison of microstructures obtained at high dose rates 
and high substrate temperatures shows that these two pa- 
rameters are interchangeable. The number  density of dis- 
location loops in the underlying dislocation band can be 
manipulated by ion implantat ion and substrate variables. 
The average size and number  density of loops play a criti- 
cal role in the development of network of dislocations 
during subsequent  annealing. These dislocations provide 
strong recombination and trap centers for impurities and 
dopants. By moving their locations away from the junc- 
tions, these dislocations can be used to getter unwanted 
impurities that adversely affect the p~n junct ion charac- 
teristics. 

Acknowledgments 
We are grateful to D. Fathy, S. J~ Pennycook, and O. S. 

Oen for useful discussions. 

Manuscript submitted April 4, 1984; revised manuscript  
received July 10, 1984. 

Oak Ridge National Laboratory assisted in meeting the 
publication costs of this article. 

REFERENCES 
1. K. A. Pickar, Appl. Solid State Sci., 5, 152 (1975). 
2. J. Narayan and O. W. Holland, Appl. Phys. Lett., 41, 

239 (1982). 
3. J. Narayan, O. W. Holland, and B. R. Appleton, J. Vac. 

Sci. Technol. B, 1, 871 (1983). 
4. T. O. Segwick, This Journal, 130, 484 (1982). 
5. C. W. White, J. Narayan, and R. T. Young, Science, 

204, 461 (1981). 
6. J. Narayan, J. Fletcher, C. W. White, and W.H. 

Christie, J. AppI. Phys., 52, 7128 (1981). 
7. P. P. Pronko, A. K. Rai, O.W. Holland, B. R. Apple- 

ton, and J. Narayan, ibid., 53, 5621 (1982). 
8. G. H. Kinchin and R. S. Pease, Rep. Prog. Phys., 18, 1 

(1955); M. J. Norgett, M. T. Robinson, and I. M. Tor- 
rens, Nucl. Eng. Des., 33, 50 (1975). 

9. J. W. Corbett and J. C. Bourgoin, in "Point  Defects in 
Solids," J. H. Crawford and L. M. Slifkin, Editors, p. 
1, P lenum Press, New York (1975). 

10. J. R. Dennis and E. B. Hale, J. Appl. Phys., 49, 1119 
(1978). 

1L K. B. Winterbon, P. Sigmund, and J. B. Sanders, Mat. 
Fys. Medd. Dan. Vid. Selsk., 37 (1970). 

12. P. Sigmund, Appl. Phys. Lett., 25, 169 (1974). 
13. B. C. Larson, R. T. Young, and J. Narayan, in "Neu- 

tron Transmutation Doping in Semiconductors," 
J. M. Meese, Editor, p. 281, Plenum Press (1979). 

14. O. W. Holland and J. Narayan, Appl. Phys. Lett., 44, 
748 (1984). 

15. M. R. Rulhe, in "Radiation-Induced Voids in Metals," 
J. W. Corbett and L. C. Ianniello, Editors, p. 255, Na- 
tional Technical Information Service (CONF- 
710601), Washington, DC (1972). 

16. R. Bullough and R. C. Perrin, in "Radiation-Induced 
Voids in Metals," J.W. Corbett and L. C. Ianniello, 
Editors, p. 769, National Technical Information Ser- 
vice (CONF-710601), Washington, DC (1972). 

17. S. A. Kokorowski, G. L. Olson, and L.D. Hess, J. 
Appl. Phys., 53, 921 (1982). 

18. J. Narayan and J. Washburn, ibid., 43, 4862 (1972); 
Philos. Mag., 26, 1179 (1972). 

19. I. R. Sanders and P. S. Dobson, J. Mater. Sci., 9, 1987 
(1974). 



TEM Cross Section Sample Preparation Technique for III-V 
Compound Semiconductor Device Materials by Chemical Thinning 

S. N. G. Chu* and T. T. Sheng 

AT&T Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

A cross section sample preparation technique is described for the TEM studies of III-V compound semiconductor 
device materials. In this technique, a grid-masking method is introduced for selective-area perforation using chemical 
etching. By epoxy bonding a TEM specimen grid onto the surface of a face-to-face or face-to-back epoxy-bonded thin 
cross section sample stack, perforations by chemical etching are confined to the regions inside the meshes. Selective- 
area perforation can easily be achieved by accurately positioning the masking grid and monitoring the perforation under  
a microscope. Since many perforations can be made in the selected area, the chance of obtaining a cross section sample 
containing the device structure is greatly increased. Furthermore, the masking grid mechanically reinforces the perfora- 
ted sample and hence eliminates problems associated with sample handling. Examples of the use of this technique for 
InP/InP(substrate) single-layer and p+-InGaAsP/p-InP/InGaAsP/n-InP/InP(substrate), multilayer laser device structures, 
grown by vapor-phase epitaxy, are demonstrated. The technique is also applicable to GaA1As/GaAs multilayer struc- 
tures, and, in addition, greatly facilitates the selective-area perforation of plan-view TEM samples. 

Cross-sectional transmission electron microscopy 
(XTEM) has proven itself to be a powerful technique for 
the study of the generation and evolution of defect struc- 
tures during heteroepitaxy of III-V compound semicon- 
ductor device materials (i, 2). In silicon integrated-circuit 
processing, XTEM is now routinely used for the charac- 
terization of process-related problems (3). The essential 
part of the XTEM technique, however, is the preparation 
of cross section samples containing the desired device 
structure. 

Because most semiconductor devices consist of layers 
with thicknesses ranging from a few hundred angstroms 
to several microns near the surface of the wafer, repro- 
ducible XTEM samples are generally difficult to prepare. 
For example, sample preparation requires that the perfo- 
ration, by ion milling or chemical etching, occur not only 
near the edge of the cross section, but right at where the 
desired device structure is located as well. Edge erosion 
of the sample is another problem. Unless the edge is well 
protected, the device structure is usually eroded before a 
perforation occurs. 

These difficulties in the preparation of XTEM sample 
of silicon integrated circuits were overcome by Sheng et 
al. (3) using an epoxy embedding technique combined 
with large area ion milling. Direct application of this tech- 
nique to InGaAsP/InP heterostructure-device materials, 
however, was found to be difficult simply because of the 
extreme fragility of the III-V materials compared with sil- 
icon. In this work, we report a new chemical thinning 
technique for the preparation of XTEM samples for III-V 
compound semiconductor device structures. We also in- 
troduce a grid masking method that allows us to control 
precisely the selected-area perforation. Finally, the XTEM 
for InP/ InP single-layer and InGaAsP/InP multilayer 
structure materials are  demonstrated. 

Sample Preparation Technique 
Thin cross section samples were cleaved from device 

wafers along a (011) plane. The cleaving process was facil- 
itated by th inning the device wafer, from the back side, to 
less than 0.3 ram, using chemical-mechanical polishing in 
2% Br~-methanol solution. The cross section samples 
were epoxy bonded to form a stack with the device struc- 
tures either face to face or face to back, as shown in Fig. 1, 
using extra-fast setting epoxy by Hardman, Incorporated 
(Belleville, New Jersey 07109). Excess epoxy was 
squeezed out between the samples. For best results in the 
subsequent  th inning process, the thickness of the epoxy 
film was kept to a minimum. The cross section sample 
stack was then th inned by polishing it from both sides to 
a final thickness of about 20 ~m. 

*Electrochemical Society Active Member. 

The details of the polish thinning process are as fol- 
lows. The cross section stack was first bonded to a slide 
cover-glass, which in turn was bonded to a t i tanium disk 
(part of the sample polishing holder). A transparent crys- 
tal bond or soft wax can be used as a bonding material. 
The sample stack was surrounded with InP  substrate wa- 
fers, as shown in Fig. 2, to prevent the edges of the stack 
from being rounded off during the polishing process. The 
stack was polished on one side to smooth the cross sec- 
tion surface and then turned over and polished to a final 
thickness of around 20 ~m. Figure 3 shows Nomarski in- 
terference micrograph of a polished cross section sample 
stack. 

Perforation by chemical etching immediately adjacent 
to the epoxy joint in the device region was accomplished 
by using a grid masking technique. A 100-mesh molybde- 
num grid was epoxy bonded onto the cross section stack, 
as shown in Fig. 4, using the same epoxy described be- 
fore. Such grid masking requires careful al ignment of the 
openings in the epoxy-coated grid to expose the device 
region, and can be done by using the grid-mounting jig 
shown in Fig. 5. With the cross section stack still on the ti- 
tanium disk (Fig. 5), the disk is attached to the alignment 
block using double-sided adhesive tape. The sample 

DEVICE 
EPOXY STRUCTURE 

FACE FACE 
TO TO 

BACK FACE 
Fig. 1. Schematic diagram of face-to-face and face-to-back cross 

section sample stack bonded by epoxy. 
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CflOU4ECTION hip 8UDETRATE 
SAMPLE 8TACK MATERIAL 

f 

SLIDE 

1" DIA:-TITANIflM DISC 

Fig. 2. Schematic diagram of a cross section sample stack sur- 
rounded by InP substrate wafer, ready for initial polish thinning. 

Fig. 3. Optical micrograph of the surface of a polished cross section 
couple. The dark strip is the epoxy. 

stack is centered by adjusting the four al ignment screws 
on the grid mount ing device. It is then visually aligned by 
moving one of the epoxy-bonded interfaces to the center 
of the device using the transparent al ignment cover. An 
epoxy-coated 3 mm diam molybdenum grid is placed 
over a 2 mm diam hole inside the grid mount ing  cover, 
and is lightly held in place by the epoxy on the grid to the 
edge of the hole. The grid mount ing cover is then turned 
over and slid onto the grid mount ing device until  it con- 
tacts the stop ring which prevents the grid from con- 
tacting the sample surface. 

Precise alignment of the grid to expose the desired area 
is then accomplished under  a stereo microscope by ad- 
just ing the position of the sample with respect to the grid. 
The stop ring is released and the grid mount ing cover 
lowered until  the grid rests on the surface of the sample. 
Gentle pressure on the grid mount ing cover transfers the 
grid onto the surface of the cross section stack. 

Two important points should be noted: (i) only a thin 
layer of epoxy should be applied to the grid. Excess 
epoxy tends to smear out and cover the openings of the 

Fig. 4. Optical micrograph of a masking grid epoxy bonded to the 
surface of a thin cross section sample stack. 

Fig. 5. Schematic diagram of 
the grid mounting device. Cover A 
is for initial alignment of the 
sample. Cover B is for mounting 
the grid. 

J " l  r - ] ' * ' ~ - M l a l O K O P I E  TRANSPARENT ALIGNMENT COVER 

i 
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Fig. 6. Optical micrograph showing typical perforations occurring 
inside the mesh near the device structure. The dark ribbon is the ep- 
oxy film; perforations are labeled P. 

grid. (ii) Any movement  of the grid parallel to the surface 
must  be prevented after the grid is transferred to the 
cross section stack. To avoid having the grid accidentally 
cover the entire device region, the edge of the cross sec- 
tion is aligned along the diagonal of the square mesh as 
shown in Fig. 4. The sample is then transferred with the 
cover glass onto a quartz disk. 

The final perforation is done inside a crystalline dish 
by dripping 0.5% Br~-methanol solution onto the masked- 
sample surface. A stereo microscope equipped with both 
reflection and transmission i l lumination is used to moni- 
tor the perforation. Because perforations are made only 
inside the meshes, each mesh becomes an individual 
sample. Grid masking, therefore, greatly increases the 

Fig. 7. XTEM of 1.3/~m InP buffer grown by VPE on InP substrate 

success of obtaining a good XTEM sample. The etching 
process is stopped by applying a jet of methanol to the 
sample using a squeeze bottle. Small variations in thick- 
ness always exist across the polished cross section 
sample stack. As a result, perforations inside the mesh 
normally occurred progressively from mesh to mesh, 
starting from the thinnest  area. It is important  to stop the 
etching at the right moment,  since the thin area around 
the perforation tends to be etched away very rapidly. The 

Fig. 8. XTEM of a four-layer InGaAsP/InP laser structure grown by VPE 
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Fig. 9. A tilted cross section 
view of the p-lnP/InGaAsP (ac- 
tive) n-lnP regions, showing the 
interfaces. 

proper thickness at which to stop etching was judged by 
the transparency of the film as observed under the mi- 
croscope using transmission illumination. When the 
proper transparency was achieved, the sample bonded to 
the grid was removed from the cover glass by soaking in 
acetone or trichlorethylene. Finally, the cross section 
sample is examined in the transmission electron micro- 
scope. Micrographs reported in this paper were taken 
using a JEOL 200-A instrument. 

Results and Discussion 
Figure 6 is an optical micrograph showing perforations 

that occur successively inside two meshes near the device 
structures. The semitransparent regions surrounding 
some of the perforations extend all the way to the device 
regions - -  a condition that is ideal for TEM studies. Since 
epoxy does not react with Br=,-methanol, the epoxy film 
between the cross section remained as the semiconduc- 
tors on both sides were etched away. The dark ribbon in 
Fig. 6 is the epoxy film that fell and covered one of the 
face-to-face epoxy-joined device structures. 

A TEM cross section view of a 1.3 ~m InP buffer layer 
grown by vapor-phase epitaxy on a (100) InP substrate is 
shown in Fig. 7. The InP epitaxial layer was contami- 
nated by gallium during growth. It is therefore lattice 
mismatched to the InP substrate. This is shown by the 
presence of the straight interfacial-misfit dislocations ori- 
ented along the [011] direction. The dislocation networks 
on both sides of the interface were generated at the inter- 
face and propagated along the {111} planes. Furthermore, 
the dark band oriented along the [112] direction was 
verified to be a stacking fault. The detailed study of the 
gallium contamination of InP grown by vapor-phase 
epitaxy will be discussed in another paper (4). 

The TEM cross section view of an InGaAsP/InP laser 
structure grown by vapor-phase epitaxy on a (100) InP 
substrate is shown in Fig. 8. The multilayer structure con- 
sists of 1.25 ~m thick n-type InP buffer layer, a 0.34 ~m 
thick undoped InGaAsP active layer, a 1.4 ~m thick 
p-type InP cap layer, and a 0.56 ~m thick p~-InGaAsP 
contacting layer. High density threading_dislocations gen- 
erated at the binary/quaternary interface, and threading 
through the qL~aternary layers can be seen in both active 
and p-contacting layers. These dislocations lie either in 
the {111} planes or along a direction close to [100]. Fur- 
thermore, areas of diffuse dark contrast close to the [100] 
orientation are also present, similar to those observed by 
A1-Jassim et al. (1) in InGaAs/InP VPE structures. An ex- 
amination of the threading dislocation density between 

the active layer and p-InP shows that the majority of the 
dislocations are either bent into the interface or 
recombined at the interface. 

This bending and recombining is also seen in the tilted 
cross section view shown in Fig. 9. The threading disloca- 
tions recombine and form large dislocation tangles, only a 
few of which are propagated into the p-InP region. The 
lower interface shows a network of strain fields where 
the threading dislocations originate. The detailed charac- 
terization of the defect structure and the interfaces will be 
discussed in another paper. Similar quality of cross- 
sectional TEM samples  have been achieved using the 
same technique on GaA1As/GaAs and InA1As/InGaAs/InP 
mu]tilayer structures. 

Conclusion 
We have described a technique for preparing cross sec- 

tion samples for TEM studies of III-V compound semi- 
conductor device materials using a chemical thinning 
technique. An essential aspect of the technique is the use 
of a grid masking method that makes it possible to exer- 
cise precise control over the selected-area perforation in 
the device regions. Since the perforation is confined to 
the area inside the mesh, each mesh becomes an individ- 
ual sample, greatly increasing the probability of obtaining 
a good XTEM sample. The masking grid also mechani- 
cally reinforces the thin cross section of the sample, 
thereby alleviating sample handling problems. We have 
used the technique to prepare XTEM samples for InP/InP 
single-layer and InGaAsP/InP multilayer laser structures. 
The technique can also be applied to GaA1As/GaAs and 
InA1As/InGaAs/InP device structures, and, in addition, 
greatly facilitates the preparation of plan-view TEM 
samples. 
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Mass Spectrometric Transient Study of DC Plasma Etching of Si in 
NF3and NF]O2 Mixtures 
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Department of Chemistry and Laboratory for Surface Studies, University of Wisconsin-Milwaukee, Milwaukee, 
Wisconsin 53201 

ABSTRACT 

DC plasma etching experiments  were performed on thin wafers of polycrystalline Si, using a pulse injection tech- 
nique developed earlier, with NF3 or NF3/O,., mixtures as etchants. The addition of O., was found to have no measurable 
effect on the etching rate, and steady-state concentrations of various radicals present in the plasma shifted relatively lit- 
tle. A fairly simple reaction scheme is presented which is consistent with these results. The NF3 etching rates measured 
after oxidizing or nitriding the Si surface by plasma methods were explored to some extent  as well. 

It is very clear from the literature that plasma etching 
rates and related data obtained in different laboratories 
can normally not be compared in a quantitative fashion, 
since the experimental  procedures, and, in fact, the quan- 
tities measured in each case, may differ. To arrive at relia- 
ble comparisons, the procedures must  be standardized. 
At present, because of the large parameter space involved 
(1), this uniformity is an immed ia t eand  realistic objective 
only if the results which are to be compared are obtained 
in a single laboratory, using identical procedures, in short 
succession. 

The present study represents such an attempt; the ex- 
perimental  procedures, including the sample preparation, 
were exactly the same as those used in several preceding 
studies (2, 3); only the etchant was changed, using NF3 
and NF3/O~ mixtures. The fragmentation of NF3 in the 
plasma is likely to yield very few fragments, in contrast to 
SF~ or SFJO~ mixtures used earlier, judging from the pub- 
lished mass spectra of this gas (4-6). The tedious mass 
spectrometric fragmentation corrections needed to deter- 
mine the concentrations of various excess species in the 
plasma are thus expected to be much simpler than those 
encountered in the earlier studies (2, 3, 7). 

A second important reason for this study lies in that ac- 
t inometric methods, based on optical emission measure- 
ments, are sometimes of no help in establishing the reac- 
tion mechanism of a system. For example, the 
plasma-etch rate of Si in NF3/He mixtures fails to corre- 
late with the concentration of electronically excited 
fluorine present in the plasma. Presumably the excita- 
tion transfer from He* (2'S) to NF3, with the simultaneous 
formation of excited F 

He*(2'S) + NF3 ~ NF~ + F* + He [ i ]  

becomes relatively important  in certain mixtures, com- 
pared to direct electron impact  excitation. There seem to 
be no actinometric results available on NF3/O2 mixtures 
thus far, but, eventually, such data, together with the re- 
sults from this study, could help in determining the scope 
and reliability of actinometry in plasma etching studies 
(9, 10). 

As an important by-product of this study, further infor- 
mation has been gathered concerning the detailed mass 
spectrometric procedures used in this and in previous 
studies (2, 3, 7), notably with respect to the unavoidable 

'Present address: DePartment of Chemical Engineering, 
Tokyo Institute of Technology, O-Okayama, Meguro-Ku, Tokyo, 
Japan. 

random errors, and minor systematic errors which have 
been identified earlier. 

Experimental 
Most of the procedures used in this work are exactly 

the same as those used in the earlier studies (2, 3). Only 
the exposure of the polycrystalline Si sample to active 02 
and N2 plasmas constitutes new types of experiments.  
The conditions are as shown in Table I. 

Results and Discussion 
Early during this study, it was recognized that the m/e = 

71 and 52 signals, which are the major peaks in the NF3 
mass spectrum, and represent NF~ ~ and NF2 +, respec- 
tively, were always proportional to each other, and that 
their ratio was within the range of literature values (4-6). 
If  plasma-generated NF2 radicals were present, hence- 
forth termed "excess NF~§ '' the NF~ + peak should be 
larger than that found in the standard NF3 mass spectra. 
There was no such excess NF2 outside the experimental  
errors, and, as a consequence, only the 52 peak was mea- 
sured in the bulk of this study and taken to be a conven- 
ient measure of unfragmented or produced NF3 present in 
the plasma. 

The peak at m/e = 85, representing SiF3 +, served as a 
simple measure of the etch rate, as in earlier studies (2, 3). 
As illustrated in Fig. 1, this peak was found to be propor- 
tional (i) to the NF2 ~ signal, representing the unfrag- 
mented NF3 in the plasma cell, and (ii) to the difference in 
the NF2 ~ peak before and after igniting the plasma, and 
thus to the amount of NF3 fragmented in the plasma. 

The signals at m/e = 33 and 14, representing NF + and 
N +, respectively, were corrected for the contributions 
from the NF~ mass spectrum, and are also plotted in Fig. 
1. The signals thus represent "excess NF +'' and "excess 
N+, '' respectively, which arise from NF and N radicals or 
ions formed in the plasma. The excess N + is seen to be 
proportional to the NF2 + and SiF3 + signals, and therefore 
to the etch rate, while the excess of NF  + varies with the 
square of the NF2 + peak height (see Fig. 2). 

Table I. Experimental conditions for 02- and N2-plasma treatment. 
Discharge voltage: 900V 

Plasma gas Pressure (torr) Time (min) Current (re_A) 

02 0.7 120 6.7 
N._, 2.4 60 7.0 
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Fig. 1. Mass spectrometric signal maxima as a function of the amount 
of N F3 injected with each pulse, as measured by the maximum of the N F2 § 
signal. 0:SiF3 +. • NF § +:  N +./~: (NF~ § signal maximum from the inac- 
tive cell) - (same quantity where plasma is ignited). The NF § and N + sig- 
nals are corrected for the contributions arising from the mass spectro- 
metric fragmentation of NF3. 

Excep t  for the last  f inding, one can summar i ze  this as 
follows: there  is essent ia l ly  no measurab le  excess  NF2 § 
l i t t le excess  N F  +, and a somewha t  larger  excess  N§ 
short ,  the  F-dep le ted  f ragments  tend  to accumula t e  in the  
plasma,  as one wou ld  expect .  

The  resul ts  p resen ted  here  are cons is ten t  wi th  a rela- 
t ively  s imple  react ion s c h e m e  

NF3 ~ NF2 + F [2] 

NF~ ~ N F  + F [3] 

NF  ~ N + F [4] 

Si + 2F ~ SiF2 [5] 

Si + NF2 ~ SiF~ + N [6] 

SiF~ + 2 F - ~  SiF4 [7] 

SiF2 + NF.2 --~ SiF4 + N [8] 

Reac t ions  [5] and [7] may  well  involve  two separate  
s teps  which  need  not  be  d iscussed  at length;  the  SiF2 in- 
t e rmed ia t e  in the  e t ch ing  process  has been  d o c u m e n t e d  
by several  spec t roscopic  s tudies  (11, 12). 

Reac t ions  [6] and [8] are consis tent  wi th  the fact  that  
there  is no measurab le  excess  of  NF~ radicals  in the  
plasma.  

F r o m  the  resul ts  analyzed in Fig. 2, one  may  postu la te  
that  in addi t ion  to the  above  react ions the  d ispropor t ion-  
at ion of  NF,., 

2NF2 --* N F  + NF3 [9] 

plays an  impor t an t  role. There  are poss ible  var ia t ions  of  
this s c h e m e  which  cannot  be  e l imina ted  f rom the  p resen t  
data  alone, such as a modi f ied  react ion [8] 
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Fig. 2. Residual signal maximum of NF +, after subtracting the esti- 
mated 5iF~ § contribution to them/e = 33 signal from the measured sig- 
nal height (see test), against the signal maxima of NF2 § (top), and 
against the same quantities squared (bottom). 

Si + 2NF.., --* SiFt + 2NF [8a] 

Next ,  measu red  SiF~ § signal  heights,  wh ich  are consid- 
ered a s imple  measu re  of  the e tch  rate, are i n d e p e n d e n t  of  
the a m o u n t  of  o x y g e n  added  to the  plasma,  wi th in  experi-  
men ta l  errors,  as shown in Fig. 3. There  is a sl ight  de- 
crease  of  the ro le  = 52 signal,  i . e . ,  of  the a m o u n t  of  
un f r agmen ted  NF3 present .  A cor respond ing  sl ight  in- 
crease  of  the  SiF3 ~ signals is to be  expected ,  but  this  effect  
is smal ler  than  the  expe r imen ta l  .uncertainties.  

Rela ted  to this, the  changes  in mass  signals 33, 14, and 
19, r ep resen t ing  N F  ~, N +, and F +, respect ively ,  mus t  be 
considered.  Unfor tuna te ly ,  the  F concent ra t ions  are too 
low to be measurable ,  bu t  the  t rends  in the  33 and 14, as 
shown in Fig. 3, lead to some  insight.  

The  33 peak  has  cont r ibut ions  f rom N F  (radicals or 
ions) and SiF2+% N F  probab ly  reacts  wi th  plasma- 
genera ted  O w h e n  O.~ is present ,  accord ing  to 

N F  + O ~ NO + F [10] 

The  NF  cont r ibut ion  to the  m / e  = 33 signal init ial ly pres- 
ent  in O2-free p lasmas  is thus  expec ted  to van i sh  as 02 is 
added  whi le  the  m / e  = 30 peak,  r ep resen t ing  NO, in- 
creases  at the  same rate, as seen in Fig. 3. The  m / e  = 33 
signal, wh ich  remains  at h igh  O2 concentra t ions ,  p resum-  
ably  arises f rom the  SiF2 §247 peak  in the  SiF~ mass  spec- 
t rum;  this is cons is ten t  wi th  the  measu red  SiF3 + signals 
and the l i tera ture  spectra  (4-6). The  m / e  = 30 signal contin-  
ues  to increase  wi th  increas ing  02 concent ra t ion  in the  
plasma,  ba lanc ing  the  prev ious ly  m e n t i o n e d  increase in 
NF3 f ragmenta t ion  (decrease of  NF2 ~ signal). In v i ew of re- 
act ion [10], and wi th in  the expe r imen t a l  uncer ta int ies ,  N F  
and F seem to be equa l ly  ef fec t ive  in the  e tch ing  process.  

The  m / e  = 14 signal  as p lot ted  in Fig. 3 is pract ical ly  
cons tan t  t h roughou t  this  series; e i ther  react ions  [6] and 
[8] are not  shifted by the  addi t ion  of  oxygen,  or the  contri-  
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butions to the signal height from NO and NF are about 
equal, per unit concentration. In this context, one must 
recall that the contribution to the mass 14 signal arising 
from unfragmented NF3 was subtracted earlier, and that 
NF2 radicals are not present to a measurable extent. 

Small  m / e  = 44 and 82 peaks were found in this study, 
both decreasing with increasing O~ pressure. One can ex- 
pect a small amount  of SiOF~ to form in this system, giv- 
ing rise to SiO § and SiOF~ § signals, at 44 and 82, respec- 
tively, but the concentrations of SiOF2 should increase 
with 02 concentration. Other unidentified traces may be 
involved here. 

The sample surface and plasma cell walls remain very 
clean during the NF~ and NF3/O2 etching experiments,  so 
only volatile products are formed, except  perhaps for 
small amounts of SiF2 and SiOF2. 

Further  support for the above interpretation is found in 
the kinetic results as presented in Fig. 4. As discussed in 
the earlier study (3). the apparent first-order constants 
determined from the slopes of the descending branches 
of the signal transients (2, 3) reflect the rate of the effu- 
sion process whenever  one is dealing with chemically in- 
ert species. The NF~ § signals, representing unfragmented 
NF3 present in the plasma cell, decay quickly, even some- 
what faster than other inert species measured earlier re- 
gardless of whether  the plasma indicated is ignited or not 
(see range b in Fig. 4). The SiF8 § apparent rate constants, 
by contrast, seem to be somewhat lower than the new 
NF2 § reference values, indicating some delay in the release 
of SiF4 from the sample surface. This effect was just  
barely noticeable in the SFJSi  system (2) and in the 
SFJO~-Si system studied earlier (3). 

NF ~ and N § signals also decay slowly, on this basis, and 
conceivably a portion of these species are formed, while 
t h e  e t c h i n g  activities are dying down, after each injection 
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Fig. 4. Apparent rate constants, obtained from descending branches of 
transient signals, against natural logarithm of maximum signal. Data for 
low oxygen concentrations, corresponding to data near ordinate of Fig. 
2. B, F7: N F + before and after ignition of the plasma, respectively. • +,  
(D:signals atm/e = 33, 14, and 30, respectively. �9 SiF § B designates 
the range of other apparent rate constants in the absence of a plasma is 
shown, w.o. data point symbol. All data are corrected, according to Gra- 
ham's law, to account for the different effusion rates. For this purpose, 
NFe § is assumed to arise from NF3, NO + from NO, SiF3 + from SiF4, NF § 
from NF, and N + from N [see text, and Ref. (3)]. All corrections are rela- 
tive to SiF4, as in Ref. (3). 

of etchant gas. Possibly, NF~ radicals, while present in the 
gas phase only in negligibly small amounts, are adsorbed 
at the surface undergoing etching, and cause reactions 
such as [6], [8], and/or [8a] to continue in the forward di- 
rection, even after the plasma activity ceased. Corre- 
spondingly, a small component  of the SiF3 § signals, mea- 
sured to evaluate the descending branches of the 
transient curves and to calculate the apparent rate con- 
stants, arises from that SiF4 which is formed at the end of 
etching pulses. The fraction concerned is small: from Fig. 
4, one obtains about 5%. 

On the basis of these considerations, the overall reac- 
tion can be summarized approximately as 

2Si + 3NF3 ~ 2SiF4 + NF + 2N [11] 

where NO appears in place of NF, whenever  a sufficient 
amount  of O~ is present. 

Finally, to gain some insight concerning the Si surface 
events, some plasma experiments  were carried out to 
modify this surface. From Fig. 5, it appears that an oxide 
layer was created by exposure of the Si sample to an 02 
plasma, as described above. The layer is slowly removed 
by subsequent  NF3 etching, while Ar sputtering, under 
the conditions used, is quite ineffective for this purpose. 

T 

== 

120 MINUTES 
~= 02 PLASMA r DISCHARGE 

. , 

TIME(1 DIV.=10 MINUTES)~ 

Fig. 5. Logarithms of maximum signals of SiF3 § representing the etch 
rote, as o function of time. After the initial etching on O~ plasma was 
produced for ] 20 min, at a pressure of 0.7 tort (see Table 1). Later on, o 
continuous Ar discharge was applied, modified by pulses of NF3, which 
resulted in the measured points. One ordinate division corresponds to a 
signal increase by a factor of 1.65. 
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Fig. 6. Same as Fig. 5, for N2 plasma exposure, for 60 min at 2.4 torr 
(see Table I). Ordinate scale factor: 1.29. 

The exposure to a N2 plasma leads to the formation of a 
nitride layer which appears to be even more tenacious un- 
der NF3 etching, except initially, where there is a rapid in- 
crease in etching rate after N~-plasma exposure (see Fig. 
6). Intermittent  Ar sputtering appears to render- this layer 
even more resistant to etching. 

The exploratory experiments described here essentially 
show the versatility and scope of the pulse etching 
procedure. 

Conclusions 
The pulse injection procedure developed earlier was 

used to gain some detailed insight into the chemistry of 
the plasma etching of polycrystalline Si under  NF3 or 
NF~/O2 mixtures. 

As shown in reaction [11], aside from the principal 
product SiF4, small amounts  of NF and N were formed 
during that process, and in addition NO, whenever 02 was 
present in the mixture. NF2 radicals were not present in 
the gas phase in measurable amounts, but from a consid- 
eration of probable reaction steps, reactions [2]-[10], and 
the apparent first-order rate constants for the disappear- 

ance of various species after each pulse, it was concluded 
that NF~ is probably adsorbed at the surface, during etch- 
ing. Oxygen additions have no measurable effect on the 
etching rates, and little effect on the concentrations of 
most species measured, with the important exceptions of 
NF which decreases, and of NO which increases, with ox- 
ygen concentrations. 
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Photosensitivity and Contrast Determination of 
Interferometry 

Photoresist by Laser 

T. R. Pampalone, 1"* M. R. Hannifan,  S. Jain, and C. D. Krieger 

American Hoechst Corporation, AZ Photoresist Products, Somerville, New Jersey 08876 

ABSTRACT 

A laser interferometry technique was used to determine the photosensitivity and contrast values of positive 
photoresist. The precision of the technique was determined to be 2.7% (l~r) for photosensitivity and 2.1% (1 o-) for con- 
trast. The linear correlation of photosensitivity with film thickness was used to normalize the data. The utility of the 
technique as a quality control tool was demonstrated by analysis of 52 serially produced lots of 1350J photoresist. 

Linewidth control during microlithographic fabrication 
of devices is critically dependent  on the inherent  photo- 
sensitivity of the resist. Some lot-to-lot variability in resist 
photosensitivity is expected by the device fabricator, and 
adjustments in exposure dose are routinely made on the 
line to compensate for this variability, most often using 
the critical dimensions of the device as the basis for the 
adjustment  (1). Resist manufacturers do their best to min- 
imize this lot-to-lot variability in photosensitivity by 
blending of raw materials or finished product to average 
out individual differences. However, one of the dif- 

* Electrochemical Society Active Member. 
1 Present address: RCA Corporation, Solid State Division, 

Somerville, New Jersey 08876. 

ficulties in achieving uniformity of photosensitivity is 
the variability of the test itself. 

Several attempts to quantify the photosensitivity of a 
positive resist have been reported. One method measures 
the rate of photobleaching of the resist sensitizer, using 
monochromatic UV light as the irradiating source (2). The 
method assumes that the rate of photochemical conver- 
sion of sensitizer is a predictor of resist photosolubility, 
independent  of processing conditions. This assumption is 
valid if the composition of the nonphotochemical compo- 
nents of the resist remain absolutely consistent so as not 
to change the physiochemical characteristics of the sys- 
tem. In practice, the latter situation seldom occurs. In or- 



V o l .  131 ,  N o .  1 1 L A S E R  

de r  to  m a i n t a i n  c o n s i s t e n t  f u n c t i o n a l  p e r f o r m a n c e  of  t he  
resis t ,  res i s t  m a n u f a c t u r e r s  p u r p o s e f u l l y  c h o o s e  r e s in s  of  
v a r y i n g  m o l e c u l a r  w e i g h t  a n d  d e v e l o p e r  so lub i l i ty  in  t h e  
f o r m u l a t i o n  to c o m p e n s a t e  for  a pa r t i cu l a r ly  fas t  or  s low 
sensi t izer .  

A f u n c t i o n a l  m e a s u r e  of  t he  p h o t o s e n s i t i v i t y  of  a res i s t  
is t he  " d e p t h - o f - p e n e t r a t i o n  t e s t "  (3), w h i c h  m e a s u r e s  t he  
t h i c k n e s s  of res i s t  f i lm r e m o v e d  for  a g i v e n  a m o u n t  of  
e x p o s u r e  e n e r g y  u n d e r  specif ic  a n d  c o n t r o l l e d  pro- 
c e s s ing  cond i t ions .  R e c o m m e n d e d  d e v e l o p m e n t  t i m e  is 5 
min .  The  t h i c k n e s s  r e m o v e d  c a n  b e  m e a s u r e d  b y  a s ty lus  
m e a s u r i n g  dev ice  i f  a r u l e d  g r a t i ng  is u s e d  as t h e  opt ica l  
mask ,  a n d  a p lo t  of d e p t h  of  p e n e t r a t i o n  vs.  e x p o s u r e  en- 
e rgy  is c o n s t r u c t e d .  F r o m  t h e  plot ,  t h e  m i n i m u m  expo-  
su re  e n e r g y  to a c h i e v e  c o m p l e t e  d i s s o l u t i o n  of  t he  f i lm 
c a n  b e  ex t r apo l a t ed .  T h e  p r ec i s i on  a s soc i a t ed  w i t h  t h e  
t e s t  is -+5% (3), a l t h o u g h  for  d e v e l o p m e n t  t i m e s  in  t h e  
more- rea l i s t i c  1-2 m i n  range ,  t he  p r ec i s i on  of  t he  m e t h o d  
is c o n s i d e r a b l y  less. A s l igh t  mod i f i ca t i on  of  the  dep th -  
o f - p e n e t r a t i o n  t e c h n i q u e  f lood-exposes  t h e  s a m p l e  a n d  
m e a s u r e s  t he  t h i c k n e s s  of  fi lm w i t h  a n  op t ica l  f i lm 
t h i c k n e s s  ana lyze r  be fo re  a n d  af te r  d e v e l o p m e n t  (4). 

R a t h e r  t h a n  m e a s u r e  t he  t h i c k n e s s  of  f i lm r e m o v e d  for  
a g i v e n  exposu re ,  o n e  c a n  m e a s u r e  t h e  r a t e  of  f i lm disso-  
l u t i o n  as a f u n c t i o n  of  sens i t i ze r  p h o t o b l e a c h i n g  (5). S ince  
for  eve ry  res i s t  t h e r e  are  i n h e r e n t  so lub i l i ty  ra tes  for  t he  
d i s s o l u t i o n  of  n o n e x p o s e d  a n d  ful ly e x p o s e d  resist ,  u n d e r  
f ixed  p r o c e s s i n g  cond i t i ons ,  t h e s e  so lub i l i ty  r a t e s  c an  be  
e x p r e s s e d  as p a r a m e t e r s  to  cha r ac t e r i z e  t h e  res i s t  
pho tosens i t i v i t y .  A p a r a m e t e r  r e l a t ed  to c o n t r a s t  c a n  t h e n  
b e  ca l cu la t ed  f r o m  t h e  so lub i l ty  p a r a m e t e r s .  

A l t h o u g h  t he  a p p r o a c h  h a s  a good  t heo r e t i c a l  bas i s  a n d  
g e n e r a t e s  f u n c t i o n a l  data ,  i t  does  no t  a p p e a r  to  b e  eas i ly  
a p p l i c a b l e  to  r ap id  r e s i s t  c h a r a c t e r i z a t i o n  or  h a v e  t he  
r igor  n e c e s s a r y  for  qua l i t y  cont ro l .  

I n  o rde r  to  be  u se fu l  to  dev ice  fabr ica tors ,  t e c h n i q u e s  to 
cha r ac t e r i z e  t he  p h o t o s e n s i t i v i t y  a n d  c o n t r a s t  of  
p h o t o r e s i s t  m u s t  m e e t  t h e s e  cr i ter ia:  (i) t he  r e su l t s  m u s t  
b e  func t iona l ,  d e r i v e d  u n d e r  p r o c e s s i n g  c o n d i t i o n s  t h e  
dev ice  ac tua l ly  u n d e r g o e s ;  (it) t h e  r e su l t s  m u s t  b e  d i rec t ly  
a p p l i c a b l e  to  s o m e  dev ice  f ab r i c a t i on  need ,  s u c h  as 
c lose ly  p r e d i c t i n g  t he  l i n e w i d t h  a n d  edge  acui ty ;  (iii) t h e  
r e su l t s  m u s t  h a v e  good  p r e c i s i o n  u n d e r  p r o d u c t i o n  sup-  
po r t  cond i t i ons ,  w h i c h  o f t en  differ  c o n s i d e r a b l y  f r o m  the  
l abo ra to ry ;  a n d  (iv) t h e  t e c h n i q u e  m u s t  b e  r e s p o n s i v e  to 
sma l l  p h o t o r e s i s t  va r ia t ions .  

The  lase r  i n t e r f e r o m e t r y  t e c h n i q u e  d e s c r i b e d  w i t h i n  
h a s  b e e n  u n d e r  e v a l u a t i o n  for  ove r  a yea r  a n d  m e e t s  t h e s e  
cr i ter ia .  I t  f u n c t i o n a l l y  m e a s u r e s  t h e  d i s s o l u t i o n  p roper -  
t ies  of  t h e  to ta l  r es i s t  film, r a t h e r  t h a n  t he  p h o t o c h e m i c a l  
c h a n g e  of  one  c o m p o n e n t .  In  cont ras t ,  t h e  Dil l  (7) p roce-  
d u r e  m e a s u r e s  p a r a m e t e r s  (cal led " A B C " )  a s soc i a t ed  on ly  
w i t h  t h e  p h o t o b l e a c h a b i l i t y  of  the  sens i t i ze r  (cal led 
p h o t o a c t i v e  c o m p o u n d ,  PAC) a n d  neg lec t s  t he  c o n t r i b u -  
t i on  of  t he  o t h e r  c o m p o n e n t s  to  d i s s o l u t i o n  rate.  T h e  
N e u r e u t h e r  (5) t e c h n i q u e  u se s  l ase r  i n t e r f e r o m e t r y  to 
m o n i t o r  d e v e l o p m e n t  r a t e  of t he  res i s t  a n d  gene ra t e s  da t a  
w h i c h  c a n  p r o v i d e  t heo re t i ca l  c o m p a r i s o n s  of  res i s t  lots. 
However ,  t he  da t a  p r o v i d e d  are  n o t  eas i ly  t r a n s l a t e d  in to  
t he  p r o c e s s - c o n t r o l  p a r a m e t e r s  of  i n t e r e s t  to dev ice  mak-  
ers. B y  c o m p a r i s o n ,  t h e  m o s t  u se fu l  app l i c a t i on  of  the  
l ase r  i n t e r f e r o m e t r y  t e c h n i q u e  p r e s e n t e d  h e r e  a p p e a r s  to 
b e  qua l i t y  con t ro l  of  p h o t o r e s i s t  on  dev ice  f ab r i c a t i on  
l ines.  C o n t r a s t  va lues  i n d i c a t e  t h e  a t t a i n a b l e  i m a g e  reso- 
l u t i o n  of  t he  res i s t  lot. P h o t o s e n s i t i v i t y  va lues  p r o v i d e  a 
m e a s u r e  of  lot- to-lot  p h o t o s e n s i t i v i t y  u n i f o r m i t y  a n d  can  
b e  u s e d  as a s t r a i g h t f o r w a r d  bas i s  for  m a k i n g  on- l ine  ex- 
p o s u r e  a d j u s t m e n t s ,  i f  necessa ry .  F o r  i n s t ance ,  a -+10% 
v a r i a t i o n  in  p h o t o s e n s i t i v i t y  va lues  d e t e r m i n e d  b y  th i s  
t e c h n i q u e  r e su l t s  in  l i n e w i d t h  v a r i a t i o n  of  a p p r o x i m a t e l y  
�9 +0.1 /~m for a p a t t e r n  g e n e r a t e d  w i t h  a P e r k i n - E l m e r  220 
P r o j e c t i o n  A l igne r  a n d  c o n s i s t i n g  o f  2 /xm e q u a l  l ines  a n d  
s p a c e s  (6). The  IC m a n u f a c t u r e r ,  k n o w i n g  t h a t  t he  
p h o t o s e n s i t i v i t y  v a l u e  of  a pa r t i cu l a r  lot  of  p h o t o r e s i s t  is 
10% h i g h e r  t h a n  average ,  c a n  i nc r ea se  e x p o s u r e  dose  b y  
10% to  m a i n t a i n  t h e  s a m e  cr i t ical  d i m e n s i o n s  of  t he  
device .  

I N T E R F E R O M E T R Y  2 6 7 1  

1.0 0 

NT e 

0.5 

j 
0 I I ~' 

log Exposure Dose 

Fig. 1. Exposure curve for determining photosensitivity and contrast 
values. Dp ~ = Exposure dose where NTe = 0 (mJ/cm2). Dp i = Exposure 
dose where NTe = 1.0 (mJ/cm2). NTe = Normalized film thickness. 
Contrast = I[IogDp~ I = Islopel. Photosensitivity = Dp ~ 
(mJ/cm2). 

T h e  p u r p o s e  of  th i s  p a p e r  is to r ev i ew the  l a se r  
i n t e r f e r o m e t r y  p r o c e d u r e  for  d e t e r m i n i n g  p h o t o s e n s i -  
t iv i ty  a n d  c o n t r a s t  of  p h o t o r e s i s t  a n d  s h o w  a p p l i c a t i o n  of  
t he  t e c h n i q u e  for  qua l i t y  cont ro l .  T h e  lase r  in ter -  

Table I. Photosensitivity and contrast values for 1350J 

Dp ~ Dpr ~ 
Lot no. 1350J To 0zm) Contrast (mJ/cm 2) (mJ/cm=') 

1 1.701 1.447 100 107 
2 1.732 1.540 98 101 
3 1.816 1.558 105 99 
4 1.707 1.547 99 105 
5 1.806 1.554 106 101 
6 1.766 1.471 98 97 
7 1.680 1.598 102 111 
8 1.837 1.467 106 97 
9 1.814 1.506 104 98 

10 1.790 1.534 106 i03 
11 1.799 1.507 105 101 
12 1.785 L467 106 103 
13 1.806 1.583 105 100 
14 1.805 1.647 100 95 
15 1.792 1.587 101 97 
16 1.764 1.513 108 108 
17 1.741 1.405 97 99 
18 1.797 1.435 95 91 
19 1.761 1.487 93 93 
20 1.783 1.350 104 101 
21 1.807 1.589 102 97 
22 1.808 1.549 102 97 
23 1.756 1.462 87 88 
24 1.798 1.442 101 97 
25 1.770 1.473 91 90 
26" 1.765 1.633 108 107 
27 1.765 1.570 103 102 
28 1.785 1.513 111 108 
29 1.771 1.521 108 107 
30 1.786 1.570 106 103 
31 1.773 1.428 112 110 
32 1.779 1.517 108 106 
33 1.716 1.598 98 103 
34 1.765 1.559 101 100 
35 1.779 1.561 99 97 
36 1.762 1.563 100 t00 
37 1.733 1.677 93 96 
38 1.733 1.678 94 97 
39 1.746 1.616 93 95 
40 1.743 1.590 95 97 
41 1.739 1.526 96 98 
42 1.770 1.416 109 108 
43 1.747 1.563 101 103 
44 1.714 1.613 101 106 
45 1.748 1.510 105 106 
46 1.735 1.620 98 101 
47 1.719 1.574 89 94 
48 1.757 1.663 100 100 
49 1.723 1.781 86 90 
50 1.761 1.518 108 108 
51 1.746 1.494 110 112 
52 1.747 1.645 94 95 

n 52 52 52 52 
Z 1.764 1.543 100.9 100.4 

0.033 0.080 6.2 5.7 

% RSD = 1.89 5.2 6.1 5.7 
100~/~ 
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ferometry technique has been used widely by other work- 
ers (7) to characterize photoresist0 and has been drafted 
into an ASTM test method (8). 

E x p e r i m e n t a l  
Determination of photosensitivity and contrast 

values.--The laser interferometry procedure is described 
fully in the ASTM method (8). Twelve 2 in. polished sili- 
con wafers were spin coated at 4000 rpm with the 13502 
photoresist and soft-baked 30 rain at 90~ in an air circu- 
lating oven. The thickness variability for 12 wafers pre- 
pared in this manner was typically 0.008 ~m (l(r). Each of 
the 12 wafers was exposed with a UV dose in the range 
25-100 mJ/cm ~, using an Oriel Corporation broadband 
200W UV illuminator. The thickness of coated resist was 
measured in the center of each wafer using a Rudolf  FTM 
(film thickness monitor). The wafers were each devel- 
oped in 1:1 AZ Developer at 24~ without agitation, and 
the loss of film was monitored by laser interferometry. 
From the resultant exposure curve of normalized film 
thickness remaining after 1 min development  and the log 
exposure dose (Fig. 1), the photosensitivity and contrast 
values were determined for each of the 52 lots analyzed 
(Table I). The photosensitivity value (Dp ~ is the min imum 
UV dose required for complete film dissolution in the 
specified development  time. In practice, the photosensi- 
tivity value is the exposure value when the linear portion 
of the exposure curve is extrapolated to zero normalized 
thickness. Contrast is the slope of the linear portion of the 
exposure curve (Fig. 1). Points within the linear limits of 
the exposure curve typically have a correlation 
coefficient of 0.98 or better. A reference 1350J resist was 
analyzed periodically to verify the reproducibility of the 
exposure and processing conditions. 

Correlation of photosensitivity values with film 
thickness.--The photosensitivity values of 1350J (lot A), 
spin-coated at varying thicknesses, were determined and 
correlated with film thickness. Thicknesses from 3.3 to 
1.6 ~m were attainable by adjusting spin speed. After di- 
lution to 26.5% solids, with AZ Thinner, coating thick- 
nesses of 1.7-0.9 t~m were attainable, and after dilution to 
16.5% solids, coating thicknesses of 0.9-0.4 /~m were at- 
tainable. The photosensitivity values obtained were re- 
corded as a function of film thickness (Table II and Fig. 
2). The correlation of photosensitivity value with film 
thickness was repeated for nine additional, randomly cho- 
sen lots of 1350J. For these additional runs, only six thick- 
nesses were used, spanning the range of from 2.06 to 1.57 
~m. The slope (mJ/cm ~ t~m) of the least squares fit for 
each correlation, as well as the corresponding correlation 
coefficient, were calculated and statistically analyzed 
(Table III). 

The contribution of substrate reflectivity to photosensi- 
tivity values.--The development  rates of exposed resist 

Table II. Photosensitivity values (Dp ~ as a function of film thickness (To) 

1350J (30.5% solids) (26.5% solids) (16.5% solids) 
Dp ~ D~ ~ Dp ~ 

To (tim) (m J/era'-') To (t~m) (mJ/cm ~) To (t~m) (mJ/cm ~) 

3.270 330 
3.080 268 
2.543 208 
2.500 197 
2.056 145 
1.915 131 
1.906 126 
1.823 121 
1.814 116 
1.751 114 
1.745 107 
1.661 94 
1.576 90 
1.421 74 
1.382 73 
1.345 70 
1.305 68 
1.202 59 

1.697 114 0.883 52 
1.562 96 0.569 40 
1.466 82 0.469 36 
1.366 81 0.415 34 
1.176 69 0.408 33 
1.051 65 
0.959 56 
0.893 51 
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Fig. 2. Photosensitivity values (Dp ~ vs. film thickness (To). A: 
30.5% solids. �9 26.5% solids. El: 16.5% solids. 

were monitored by laser interferometry to determine the 
contribution of the silicon substrate reflectivity to the 
photosensitivity values. The 1350J resist (lot A) was 
coated to thicknesses of 2.20, 1.45, and 0.49 t~m on silicon 
wafers, with and without a proprietary antireflective 
coating. The antirefiective coating was 1.88 t~m thick and 
absorbed all of the normal incident light in the actinic 
range as determined by percent transmission measure- 
ments. After UV exposure with 25 mJ/cm 2, the develop- 
ment  rate of each wafer was monitored by laser 
interferometry, and the result plotted as film thickness 
removed vs. t ime (Fig. 3 and 4). 

Results and Discussion 
Photosensitivity values corrected for film thickness.--In 

Table III are listed the photosensitivity values obtained 
as a function of film thickness for 1350J (lot A) at 30.5% 
solids and after dilution to 26.5% and 16.5% solids. To is 
the mean thickness of resist coated on the 12 wafers used 
for each photosensitivity determination. These results are 
plotted in Fig. 2. The slope of the least squares fit for a 
thickness range of 2.06-1.57 tLm is statistically consistent 
for randomly chosen lots of 1350J, as shown in Table III. 
This consistency is not unexpected since the sensitizer 
and resin components  are individually characterized and 
selected in formulating each resist lot. From the average 

0.483 

J 
I 

/ o 
0. 386 - . O j  

A t ( u m )  

/ 
/ 

0.192 

0.097- 

1.0 2.0 

Development Time (minutes) 

Fig. 3. Film thickness removed (/~m) vs. development time (rain). 
Polished silicon substrate, 25 mJ/cm 2 exposure. - - :  0.49 
/~m film. - . . . . . . . .  : 1.45/~m film. ~ :  2.20 ~m film. 
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Table III. Linear slope of photosensitivity values (Dp ~ vs. film thickness 
(To) far random lots of 1350J 

Slope* 
Lot no. of 1350J  (mJ/cm'-')(~m) Correlation coefficient 

A 115.2 0.992 
B 118.2 0.999 
C 111.9 0.999 
D 115.9 0.989 
E 112.2 0.999 
F 108.6 0.960 
G 113.0 0.930 
H 114.3 0.983 
I 111.2 0.966 
J 118.2 0.995 

113.8 0.990 
3.3 

% RSD = 2.9 
100~/~ 

* 2.06-1.57 ~m thickness range. 

slope value of 113.8 mJ /cm 2 izm for 1350J are calculated 
the photosensitivity values corrected for film thickness 
(Dpc~ For AZ 1350J spun at 4000 rpm, the average dry 
coating thickness is formulated to 1.760 /zm. Therefore, 
the corrected photosensit ivity value (D~ ~ for 1350J is de- 
rived from the relationship 

Dpc ~ = Dp ~ + (1.760/zm - To) (113.8 mJ /cm -~/~m) 

where D, ~ is the uncorrected photosensitivity value and 
To is the mean film thickness for the 12 wafers used in 
the determination. The correction is best suited to small 
film thickness variations. The inherent 3% error in the 
correction factor (Table III) corresponds to an error in 
correction of less than 1 mJ /cm '2 for the thickness range 
under  consideration. The thickness range for the 52 lots 
reported in this study (Table I) is 1.85-1.65 ~m. 

Photosensitivity and contrast values for 1350J.-- Pre- 
sented in Table I are the photosensitivity and contrast 
values for 52 serially produced lots of 1350J resist. Each 
tot of resist was spun on 12 silicon wafers at 4000 rpm and 
the resultant mean thickness (To) was recorded. The 
photosensitivity values (Dp ~ of all the lots were corrected 
(D~ ~ to a 1.760 ~m film thickness using the correction 
formula given above. From Table I, the mean corrected 
photosensitivity value (Dpr ~ for the 52 lots is 100.4 mJ/cm: 
with a 5.7% (% RSD) lot-to-lot variability. 
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Fig. 4. Film thickness removed (~cm) vs. development time (rain). 
Antireflective substrate. 25 mJ/cm 2 exposure. - -  - - :  0 .49 ~m 
film. - . . . . . . . .  : 1 .45/~m film. : 2 .20 /~m film. 

Precision of laser interferometry technique.--The 
repeatability precision of the laser interferometry tech- 
nique was determined for 1350J (lot A) by the same opera- 
tor using the same equipment.  The statistical data and re- 
sults are given in Table IV. The technique is shown to 
have a l q  precision of 2.7% (% RSD) for photosensitivity 
and 2.1% for contrast values. 

Substrate reflectivity contribution to photosensitivity 
values.--As pointed out by Willson (9), the choice of 
method of defining resist sensitivity requires careful in- 
terpretation. His major concern is the contribution of sub- 
strate reflectivity, necessary to monitor film thickness 
loss, to the photosensitivity value. It is interesting to 
know how much, if any, of the reflected, actinic light af- 
fects the photosensitivity measurement.  A direct observa- 
tion of the reflectivity contribution was observed by 
analyzing the laser interferograms of 0.49, 1.45, and 2.20 
~m resist films after 25 mJ /cm 2 exposure. The plot of 
film thickness removed vs. development  t ime (Fig. 3) il- 
lustrates the differential dissolution rates for the three 
films. (Deviation of the points from the curves is due 
mainly to standing wave effects.) The development  rates 
for the 2.20 and 1.45 ~m films are similar; however, the 
0.49 ~m film dissolves considerably faster. When the ex- 
per iment  is repeated, using an antireflective coating (Fig. 
4), the dissolution rates of the 2.20 and 1.45 ~m film are 
unchanged; the 1.45 ~m film is now dissolving at the 
same rate as is the 2.20 ~m film, and the 0.49/zm film is 
dissolving slower than before. Internal reflections and 
partial reflection at the photoresist-antireflective coating 
interface may still affect the dissolution rates despite the 
elimination of the reflection of normal incident light. The 
effect is more pronounced with thinner films owing to 
the higher relative intensity of incident light throughout 
the film and the interface. Residual solvent content of re- 
sist films after soft-bake is well known to affect dissolu- 
tion rates (10). However, analysis of residual solvent in the 
0.49 and 1.45 ~m resist films by quantitative infrared 
analysis (using transparent double-polished silicon wafers 
and scanning the 1720 cm -1 carbonyl frequency) (11) 
showed that both films after soft-bake contained no de- 
tectable differences in percent ethoxyethyl acetate. 

The data in Table II (photosensitivity value vs. film 
thickness) can be plotted as film thickness vs. log 
photosensitivity value. Each point on this curve repre- 
sents a measured photosensit ivity value for the respective 
film thickness on a substrate. In contrast, an exposure 
curve plot represents the film thickness removed after 
development  for the respective log exposure dose. The 
plot of film thickness vs. log photosensitivity value (from 
Table II) superimposed upon an exposure curve of film 
loss vs. log exposure dose for a thick (3.2 izm) film illus- 
trates the contribution of substrate reflectivity to 
photosensitivity (Fig. 5). 

In Fig. 5, the film thickness vs. log photosensit ivity 
value plot (line no. !) is superimposed upon the mean ex- 
posure curve for triplicate analyses of a 3.20 ~m film (line 

Table IV. Precision of the laser interferometry technique 

Trial To Dp ~ D~ ~ 
no. /zm rnJ/cm 2 mJ/cm z Contrast 

1 1.751 99 100 1.61 
2 1.732 96 99 1.65 
3 1.708 98 104 1.66 
4 1.723 98 102 1.63 
5 1 . 7 4 1  9 5  97 1.67 
6 1.760 99 99 1.62 
7 1.713 95 100 1.68 
8 1.757 100 100 1.66 
9 1.737 104 107 1.58 

10 1.727 95 99 1.68 
11 1.732 96 99 1.69 

1.735 98 101 1.65 
o- 0.017 2.8 2.7 0.03 

% RSD = 0.98 2.8 2.7 2.1 
100o-/3 
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Fig. 5. No. l: Initial film thickness (T 0) vs .  exposure required for 
complete dissolution in 1.0 min development. No. 2: Film loss (At) in 
1.0 rain development vs .  exposure given a "thick" film. 

no. 2). The divergence of the two lines reflects the magni- 
tude of the contribution of substrate reflectivity to 
photosensitivity. Reflectivity contribution to resist 
photosensitivity has been well documented, especially for 
thin films on highly reflective substrates (12). Quan- 
tifying reflectivity effects is possible in this case because 
the light source is broadband and standing wave effects 
are minor. This would not be so for narrow bandwidth 
light sources such as projection aligners or steppers. 

Determination of lot-to-lot photosensitivity uniform- 
ity.--From Table I, the standard deviation of corrected 
photosensitivity values (D,~ ~ is 5.7 mJ/cm2., and from 
Table IV, the standard deviation of the laser 
interferometry technique is 2.7 mJ/cm 2. Using analysis of 
variance (13), which assumes the total variance is the sum 
of separate variances 

0-2Tota  I = 0-12 + 0-2 2 

the variance for resist photosensitivity (0-R 2) can be 
approximated 

(5.7) 2 = ~R 2 + (2.7y 

~rR ~ = 25.2 

The standard deviation for resist photosensitivity is 

(rR = 5.0 mJ/cm 2 

Therefore, the lot-to-lot photosensitivity uniformity for 
1350J resist at the 10- level is approximately ---5 mJ/cm 2, or 
---5% (cr), since x = 100.4 mJ/cm 2. By the same analysis of 
variance procedure, the lot-to-lot contrast uniformity for 
1350J at the 1~ level is -+0.074, or +4.8%, since x = 1.543. 

Conclusions 
The laser interferometry technique can be successfully 

used to characterized the photosensitivity and contrast of 
positive resist. The 1~ precision for the technique was 
found to be 2.7% for photosensitivity and 2.1% for con- 
trast values. A correction for film thickness can be ap- 
plied in the normal working range of 1350J to improve 
the measurement. The technique is particularly well 
suited for lot-to-lot quality control (QC) testing of 
photoresist. QC analysis of 52 lots of 1350J photoresist 
showed the percent relative standard deviation (% RSD) 
for photosensitivity and contrast to be 5.7% and 5.2%, re- 
spectively. The % RSD for photosensitivity and contrast 
corrected by analysis of variance was 5.0% and 4.8%, 
respectively. 

Research work is now underway to improve the preci- 
sion of the laser interferometry technique and correlate 
photosensitivity and contrast values with critical dimen- 
sions, wall angles, and other lithographic outcomes. The 
techniques described here are being used to monitor and 
qualify raw materials and manufactured lots of photo- 
resist. 

Manuscript submitted Dec. 9, 1983; revised manuscript  
received May 20, 1984. 

American Hoechst Corporation assisted in meeting the 
publication costs of this article. 
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ABSTRACT 

At high concentrations, impurity diffusion in semiconductors tends to be governed by nonlinear diffusion pro- 
cesses. Using similarity analysis, analytical solutions are here found for the impurity profile resulting from a two-step 
diffusion process where the drive-in step involves a nonlinear diffusion process. Comparison with previously published 
experimental results shows very good agreement. 

In the fabrication of many semiconductor devices, 
solid-state diffusion is a common method for the intro- 
duction of impurities into the semiconductor material. 
The desired impurity profile is often established by 
means of a two-step process. In the first predeposition 
step, a certain total number  of impurities is deposited in a 
shallow region close to the surface of the material, either 
by ion implantation or by an initial diffusion process. The 
second drive-in step involves a diffusive redistribution of 
the impurities, usually resulting in much deeper penetra- 
t ion into the material (1). 

For low impuri ty concentration, the diffusion processes 
are governed by linear diffusion equations and exact solu- 
tions in terms of Gaussian or erfc functions are available. 
Although there has recently been some discussion about 
the most convenient  approximation for the final impu- 
rity profile resulting from two-step diffusion processes 
(2, 3), the analytical unders tanding of the evolution of the 
impurity profiles is generally very good, owing to the ex- 
tensive knowledge existing for the linear diffusion equa- 
tions, cf. Ref. (4). 

However, many modern semiconductor applications in- 
volve high impurity levels, in which case the correspond- 
ing diffusion processes may become strongly nonlinear, 
and the simple linear diffusion equation is well known to 
give results which are not in agreement with experimen- 
tal results (5). 

The physical mechanism causing nonlinear diffusion of 
impurities in, e.g., silicon has recently been summarized 
by Fair (6, 7). According to the vacancy model, the diffu- 
sion of substitutional impurities is a result of the interac- 
tion with vacant states in the silicon. These vacancies 
may be neutral or charged. The concentration of neutral 
states at any temperature is independent  of the impurity 
concentration, C, while the number  of charged vacancies 
depend on the impuri ty concentration. The intrinsic dif- 
fusion coefficient D~, at low doping levels (C < n~) may be 
written as 

D~=D ~  + + D -  + / : r  [1] 

where D ~ D § D-, a n d / : r  represent the effective diffusivi- 
ties under  intrinsic conditions for the neutral, positive, 
singly, and doubly negative charged states, respectively. 
For extrinsic conditions, the diffusion coefficient may be 
written as 

D = hiD ~ + D+(ni/n) + D-(n/ni)  + I:r(n/ni) 2] [2] 

where n is the electron concentration 

2ni 2 
n = y  [3] 

and h is the self electric-field enhancement  factor 

h =  l + ~n~n ~ + 1  [4] 

Usually, at high doping levels, one of the charged-state 
diffusivities becomes dominant,  so the effective diffusion 
coefficient may be written 

D = 2Di(C/ni) ~ [5] 

where ~ = 1 for boron and arsenic, and ~/= 2 for phospho- 
rous. However, the diffusion of phosphorous in silicon is 
complicated by the dissociation of the doubly negative 
charged vacancies at doping levels of about 1020 cm -3. At 
lower levels, this dissociation results in an enhanced tail 
diffusion. 

As compared to the linear case, the analytical under- 
standing of nonlinear diffusion processes is strikingly 
poor, and resort is mostly taken to numerical  computa- 
tions (6). As far as we know, within the context of semi- 
conductor applications, the only attempt towards an ana- 
lytical investigation of nonlinear diffusion processes has 
been made by Nakajima et al. (9), Fair (10, 11), and Fair 
and Tsai (12, 13) for arsenic and boron diffusion. This ap- 
proach relies on the approximation of the impurity pro- 
file by Chebyshev polynomials in the variable x / t  1~'-" sug- 
gested by Nakajima et al. where x and t denote space and 
time coordinates, respectively (see Appendix A). This is a 
good approach for diffusion involving a constant surface 
concentration, but  is not appropriate in the case of a two- 
step diffusion, where the diffusive redistribution occurs 
under  the condition of a constant total number  of impuri- 
ties. The proper variable in this case turns out to be 
x / t  "~2~, i.e., x / t  "3 and x / t  "4 for ~ = 1 and ~ = 2, respec- 
tively. 

The purpose of the present work is to demonstrate that 
similarity methods (14) provide a powerful and flexible 
tool for a systematic study of the nonlinear diffusion 
equations which occur in solid-state high concentration 
impurity diffusion. Furthermore, the analytic solutions 
which are obtained are exact, attractively simple, and 
yield very good agreement with experimental results. 

Analysis 
We restrict the present analysis to the case of a two-step 

process where the first step establishes a very shallow 
impurity profile containing a given total dose, Qo. For 
high impurity concentration, the second drive-in step is 
assumed to be governed by a diffusion equation of the 
form 

aCat - ~ - - ~ ( D ~ x )  [6] 

where the diffusion coefficient, D, depends nonlinearly 
on the impurity concentration, C, as given by Eq. [5], i.e., 
Do = 2D~ 

D = Do ~ [7] 

A systematic and very powerful tool for analyzing diffu- 
sion equations is similarity methods (14), which have the 
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attractive advantage of being equally applicable to linear 
and nonlinear equations. Following the similarity ap- 
proach, we look for solutions of Eq. [6] and [7] in the form 

C(x, t) - t"gp(~) [8] 

where the similarity variable, 6, is given by 

X 
- [9] t~ 

The unknown function, ~b(~), as well as the parameters a 
and/3, are determined by inserting the expression into the 
diffusion equation and using the appropriate boundary or 
initial conditions. If the initial shallow impurity profile 
can be approximated as a delta function and the total 
number  of diffusing impurities is assumed constant, the 
exact solution of Eq. [6] and [7] can be written in the sug- 
gestive form (see Appendix B) 

C(x, t)= C s ( t ) ( 1 -  x-" ]v~ ~ j  [10] 

where the surface concentration, Cs(t), and the penetra- 
tion depth, xe(t), are given by 

Cs(t) = 2G, + 2)I, 5 Dot 

xF(t) ( 2 ( , + 2 )  Qo'Dot.) ''('~', 
= - [11] 

7I~ ~ ni ~ 

In Eq. [10] and [11], I~ is a numerical factor given by I~ = 
2/3 and I~ = rr/4. 

In particular, we find from Eq. [10] and [11] for 7 = 1 
and ~ = 2, respectively 

(i)~, = 1 

where 

c(x,t)= c~(1- ~-,~) [12] 

3 113 ( Qo2ni ]1/3 ( QO2T/,i ] 1/3 
Cs = y \--b-oTot / ~ 0.57 \--ff?-~t / 

\ ~ z  ~ 2.62 \ ni / 

(ii) 7 = 2 

[13] 

where 

C(x, t) = C s ( 1 -  x2 ] ''2 7;-, [14] 

(Q,w 7' (QoW)',' 

xr=(8) l~Z(Q~176 n~ ] \ - ~ - ~ /  [15] 

We emphasize the characteristic time dependence of Cs 
and xr involving t "a and t TM for y = 1 and 3~ = 2, respec- 
tively, as opposed to the ordinary t '~2 dependence of the 
conventional Boltzmann transformation. This feature has 
caused some confusion in previous investigations of non- 
linear diffusion in semiconductors, el. Ref. (11-13, 15). 

The delta function approximation for the initial impu- 
rity distribution is a good approximation when the final 
width of the profile, as resulting from the drive-in step, is 
much larger than the width of the initial profile. Actually, 
the drive-in profile asymptotically approaches the simi- 
larity profile as t increases, irrespective of the form of the 
first impurity deposition. In situations where the width 
of the initial profile does play a non-negligible role, it can 
easily be incorporated into the analysis (see Appendix B). 

In particular, Eq. [10]-[15] are still valid, provided we rede- 
fine the surface concentration and the penetration depth 
according to (cf. eq. [13] and [15]) 

(i) 7 = 1 

c.  = - 3 -  \--b-Tot J 9QoS-~ot/ni) 

\ ni / 9QoDot/ni/ [16] 

(ii) ~ = 2 

Cs = \ ~ /  1 + 64 Qo"Dot/nf" 

TI.2 X04 ~ 114 
x ,  = ( 8 ) V : ( Q ~ 1 7 6  �9 ) [17] 

\ ~ ]  64 Qo2Dot/np 

and Xo is the width of the initial profile. 

D i s c u s s i o n  

The general shape of the doping profile given by Eq. 
[10] is shown in Fig. 1 for ~ = 1 and ~ = 2, together with 
the Gaussian profile and the Chebyshev polynomial ap- 
proximation (9-13). In this plot, the impurity concentra- 
tion is normalized to the surface concentration and 
plotted against normalized junct ion depth. (For the 
Gaussian and Cheyshev profiles, the junct ion depth was 
chosen as the depth at which the concentration falls to 1% 
of the surface concentration.) As expected analytically, 
and also observed experimentally (8-13), the solutions to 
the nonlinear diffusion equations are much steeper, giv- 
ing more abrupt junct ions than the linear Gaussian pro- 
file. 

For arsenic, only the neutral and singly negative 
charged vacancies are responsible for the impurity diffu- 
sion. The diffusivity of arsenic may then be written 

n 
D = D  ~  D - - -  [18] 

ni 

but  since/3 = D-/D ~ = 1, the diffusion process is strongly 
nonlinear for C > > ni, and the resulting profile may be 
described by Eq. [10] and [11] where y = 1. In  Fig. 2, the 

i0 ~ 

C/C$ 

10-1 

Gausslan k 

1 -o. o 0.2 0.4 0.6 0.8 I .0 

x / x  F 

Fig. 1. Normalized doping profiles for 7 = 1 and "y = 2. The Gaus- 
sian profile is given for comparison together with the Chebyshev poly- 
nomial approximation (9-13).  
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Fig. 2. Doping profile for shallow implanted arsenic compared with 
experimental results of Hill (16). The Gaussian profile fora constant 
diffusion constant is given for comparison. 

doping profile of shallow ion-implanted arsenic, after 30 
min of diffusion in argon at 1000~ measured by  Hill (13), 
has been compared  to our theoretical  curve calculated 
from Eq. [10] and [11]. Excellent  agreement  is found be- 
tween  the two curves. The Gaussian profile for the same 
condit ions is also shown for comparison. In this plot, the 
value of D~ = 24 exp (-4.08/kT) has been used together 
with the value of n~ according to Morin and Malta (17). 

The diffusion of ion-implanted arsenic in silicon has 
also been extensively s tudied by Fair  and Tsai (12, 13), 
using secondary ion mass spectroscopy (SIMS). In  Fig. 3, 
their  exper imenta l  data for the surface concentrat ion as a 
function of (Qo2n#D~t) ~~ is compared  to our theoretical  re- 
sult  as given by Eq. [13]. Very good agreement  is found. 
In  particular,  we note that  for a given dose and tempera- 
ture, the surface concentrat ion will decrease as t - '3 ,  as 
theoretically predic ted by Eq. [13]. 

In  Fig. 4, the junct ion depth, x~, as descr ibed theoreti- 
cally by Eq. [13], is plot ted against  (QoDiYn~) ~s, together  
with the exper imental  data of Fair  and Tsai (12, 13), in the 
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Fig. 4. The dependence of the junction depth of time, temperature, 
and dose (Eq. []3]) for implanted As compared with experimental re- 
suits of Fair and Tsai (13) for dr)" ambients. 

tempera ture  range 1000~176 Again, good agreement  is 
found, especially for deeper  junct ion depths.  In particu- 
lar, the junct ion dep th  is clearly seen to increase as t " t  

Finally, Eq. [13] may also be rewri t ten as the following 
simple relation between surface concentration, dose, and 
junct ion depth, viz.  

Cs = 1.5QJXF [19] 

This relation, together  with the exper imental  data of Fair  
and Tsai, is shown in Fig. 5, again with good agreement.  

The characteristic scaling of surface concentrat ion and 
junct ion depth  has previously been pointed out by  Fair  
and Tsai (13), using a semiempir ical  approach. However,  
in this paper, we have demonstra ted that the observed 
scalings are exact  consequences of the propert ies  of the 
nonlinear diffusion equation. The similari ty method 
clearly shows that, for arsenic and boron diffusion at high 
impur i ty  concentrat ions when the diffusion constant  is 
concentrat ion dependent  (with 7 = 1), the impur i ty  pro- 
file is a function of x/(Dtt) 1~2 for diffusion with constant  
surface concentration and a function of x/(D~t) "s for diffu- 
sion with a constant  number  of shallow implanted  impu- 
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Fig. 3. The dependence of the surface concentration on time, tem- 
perature, and dose (Eq. [ 13 ] )  for implanted As compared with experi- 
mental results of Fair and Tsai (13) .  
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rities. In earlier papers, this fact has only been obtained 
indirectly, as shown in Appendix A. Any function of 
x/(CsD~t/n~) '~2, describing a doping profile with a constant 
surface concentration (and T = 1), will be turned into a 
function of x/(QoD~t/ni) It3 if instead the total number  of 
impurities are assumed constant, since integration of the 
impurity profile over x yields 

Qo = const. �9 Csx~. [20] 

This constant is empirically determined by Fair and Tsai 
(13) to be 0.53 for arsenic, as compared to our theoretical 
value of 0.67 from Eq. [19], which is a 20% difference. For 
boron, this constant is 0.4 (11). 

As shown in Fig. 2, the exact solution of the nonlinear 
diffusion equation is an excellent  description of the arse- 
nic doping profile, except  very close to the surface. In 
this region, the theoretical profile tends to underestimate 
the surface concentration. This is also evident from the 
experimental  data in Fig. 3. This is probably due to the re- 
duced arsenic diffusivity at concentrations above 102~ 
cm -3 (6, 7). Hence, the implanted profile close to the sur- 
face is not redistributing as fast as theoretically expected, 
owing to complex impurity-vacancy pair formation, clus- 
tering, and strain effects. This effect is also more evident 
at lower diffusion temperatures. 

This is probably also the explanation for why the 
Chebyshev approximation, with its nonvanishing slope at 
the surface, may result in just  as good, or even better, 
doping profiles as compared to the theoretical solution in 
this paper. This is, then, not a natural result of the non- 
linear diffusion itself, but rather a consequence of the de- 
viations from ideal conditions, such as reduced surface 
diffusivity. The nonvanishing slope is, then, a residue of 
the originally implanted profile. 
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APPENDIX A 
For nonlinear diffusion with T = 1 and a constant sur- 

face concentration Cs, Nakajima et al. (9) approximated 
the doping profile with the Chebyshev polynominal 

C/Cs = 1.00 - 0.87 Y - 0.45 F ~ [A-l] 

where Y = x/(8CsD~t/ni) 1~2. This profile approximation 
may be simplified to 

C / C s = 1 - 0 . 7 0  x _0.30 [A-2] 
xo 

where xj = 2.3 (CsD~t/nO "~ is the junction depth. This ex- 
pression does not include the background concentration 
because of the large doNng gradient at the diffusion 
front. Integrating Eq. [A-2] over x gives the total amount 
of dopants as 

Qo = KCsx~ [A-3] 
where K is a constant. This approximation is used by Fair 
and Tsai (13) also for the case of implanted arsenic diffu- 
sion with a constant amount  of impurities. In this case, Qo 
is assumed constant in Eq. [A-3] instead of Cs, which is 
now assumed slowly varying. Insertion of Eq. [A-3] into 
the junction depth expression yields 

x~ = 2(QoD~t/n,) '~a [A-4] 

Cs = 0.94 (Qo2nJD~t)'~ [A-5] 

which has turned the doping profile in Eq. [A-2] into a t "3 
dependence instead of the original t '~ dependence.  

For boron diffusion with T = 1 and a constant surface 
concentration Cs, the doping profile may be approxi- 
mated by (11) 

( x t ~ ' 3  C/Cs = 1 - \ - ~ - /  [A-6] 

where the junction depth xj = 2.45 (CsD,t/n,) u2. Integrat- 
ing Eq. [A-6] over x yields the total  amount  of boron im- 

purities 

Qo = 0.4 Csxj [A-7] 

Now assuming Qo constant for implanted boron diffusion, 
yields 

Cs = 0.53 (Qo2n~/D~t) ~j3 [A-8] 

where 0.53 is an empirical constant. 

A P P E N D I X  B 
The purpose of this Appendix is to give a more detailed 

presentation of the similarity approach as applied to the 
nonlinear diffusion equation obtained by combining Eq. 
[6] and [7], i.e. 

0-~ = o Ox -~i - ~  [B-l] 

It is convenient  to normalize Eq. [B-I] by introducing 
= C/n~ and v = Dot. Equation [B-2] then becomes 

- C ~ - - - -  [ B - 2 ]  
O~ ox ax 

In order to investigate Eq. [B-2] by similarity methods, 
we write the solution as (11) 

~(x, T) = ~(E) 
x 

E -  T~ [ B - 3 ]  

Inserting this ansatz into Eq. [B-2] we find that the 
powers of T match if a and/3 are related by 

2 f l  - 1 
O /  - -  - -  

7 

and the resulting equation for 4~(E) is then 

[B-4] 

ddp _ d ( ddp ) [B-5] 

A further relation between ~ and B is obtained from the 
fact that the total number  of diffusing particles is con- 
served, i.e. 

frO(x, ~)dx = ~ I ~(~)d~ Qo 
f~  

const. 
J o  [B-6] 

This obviously requires a = -fl,  which, together with rela- 
tion [B-4], determines ~ and fl to be 

1 
a =  -fl= - - -  [B-7] 

T + 2  

Note that constant surface concentration requires a = 0 
and consequently/9 = 1/2. With ~ and/3 given by Eq. [B-7], 
Eq. [B-5] for ~(~) can be integrated explicitly to yield 

~o2/ [B-8] 

where the characteristic penetration depth, ~o, is related 
to the integration constant, 4~o, by 

2(T + 2) 
~o 2 - _ _  Coy [ B - 9 ]  

Furthermore,  @o is determined from the conservation 
condition, Eq. [B-6]. This yields 

( ~o [B-10] 
.2(~, + 2)Iv ~ 

where I v denotes the integral 

fo' Iv = (1 - ~)t,v dx - ,,/~r F(1 + l/T) [B-11] 
2 F(312 + l/T) 

and F(x) is the complete e11iptic integral. In particular, Ii 
= 2/3 and/2 = v/4. 
Using Eq. []3-10] in Eq. [B-9], ~o is obtained as 
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) 1/(7+2) 
~o = 2(T + 2) 607 [B-12] 

Collecting our results, we find that C(x, r) can be written 

~(x, ~) = Cs(~) (1 x ~ ~1. x-~(v) / [B-13] 

i.e., in terms of a decaying maximum concentration, 
Cs(T), given by 

~ 

Cs(r) = 2(T+2)I7 5 r 

and a well-defined diffusion front at x = XF(r), where 

, TIT ~ 

In order to incorporate the feature of a finite width of 
the initial profile, we note that the fundamental  
nonlinear diffusion equation, Eq. [B-2], is invariant under  
time translations. This implies that a more general simi- 
larity solution is obtained through an arbitrary time trans- 
lation of the previously obtained solution, i.e. 

( x 2 )1/7 
C(x, r = 6o(r + %)-1/(~+~) 1 - -  ~O 2 (T  + r0) 2 ] (~2) r 

[B-16] 

The arbitrary constant, %, can be related to the width of 
the original profile as follows: As T --* 0, the solution 
given by Eq. [B-16] does not approach a delta function, 
but  rather 

lim C,(x, ~') = C(x, O) = 60% 1/(7~2) 
7-->0 

~o2%2/(,~2) [B-17] 

This implies that, for an initial profile of the form given 
by Eq. [B-17], the subsequent  diffusive evolution is deter- 
mined exactly by Eq. [B-16]. Admittedly, we cannot ex- 
pect the initial profile to correspond to a similarity pro- 
file, as given by Eq. [B-17]. However, it is possible to 
approximate realistic initial profiles by functions of the 
form of Eq. [B-17], provided we choose ro properly. Thus, 
Eq. [B-16] yields an approximate solution for the subse- 
quent  development, and, furthermore, this solution as- 
ymptotically approaches the correct solution, as the 
influence of the original profile width diminishes. 

To be more specific, we note that if we characterize the 
initial profile simply by its width, Xo, this determines % as 

% = (xJ~~ 2@ + 2) ~ o  ] x~ [B-18] 

which implies that the maximum concentration, Cs, and 
the location of the diffusion front, xF, can be written as 

( Cs 
~ 2(T + 2)17 2 
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Carrier Lifetime Reduction in Silicon by Proton Implantation 
Through MOS Structures 

A. Mogro-Campero* and R. P. Love 

General Electric Research and Development Center, Schenectady, New York 12301 

ABSTRACT 

Ion implantation provides a versatile technique for lifetime control in silicon. Localized penetration and damage 
profiles provide means for the creation of regions of low lifetime within device structures.  Protons of 80 keV were im- 
planted 0.5 t~m into silicon through a MOS structure, with doses up to 1014 Cm -2. The generation lifetime can be reduced 
by several orders of magnitude, and varies linearly with dose. Changes in oxide quality, surface generation velocity, and 
doping concentration were also studied. Low temperature annealing repairs the oxide degradation while maintaining 
substantial lifetime reduction. 

The methods  currently used to reduce carrier lifetime 
in silicon (the diffusion of gold or platinum, and electron 
irradiation) produce effects throughout the silicon wafer. 
Because of their well-defined range, implanted ions 
make possible the spatial localization of regions of re- 
duced lifetime. Masking can be used to provide planar 

*Electrochemical Society Active Member. 

selectivity; depth control can be attained by energy selec- 
tion or epitaxial overgrowth. Argon implantat ion pro- 
vides an effective way of reducing lifetime, and is resist- 
ant to high temperature annealing (1-3). This makes it 
particularly appropriate for use during the early steps of 
device processing. In this paper, we explore the use of ion 
implantation to reduce lifetime in silicon during the late 
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stages of device processing. Depth control can be imple- 
mented by varying the energy of the ion. Most of the dam- 
age occurs near the end of range, so that a considerable 
degree of localization is still possible. Protons were used 
in our study; for singly ionized atoms and a given maxi- 
mum implanter energy, they provide the greatest choice 
of depth. Since MOS structures are present in many of 
the devices of interest, the implantation was performed 
into the silicon through the metal and oxide layers. 

Procedure 
n-Type CZ silicon wafers of (111) orientation and dop- 

ing density of 1015 phosphorus atoms cm -3 were used. 
The backs of the wafers were implanted with 1015 cm -~ 
phosphorus of 100 keV to ensure a low resistance contact 
to the back-side aluminum. 100 nm of dry oxide were 
grown at 1000~ A set of 300 nm thick a luminum dots 
was then evaporated to form MOS capacitors, and sin- 
tered at 450~ for 30 min in nitrogen. 

Using energy-loss and range tables (4), we calculate that 
the 80 keV protons implanted through the MOS struc- 
tures penetrated 0.5 ~m into the silicon. The maximum 
depletion depth under  inversion is 1 ~m, so that the high 
frequency (1 MHz) capacitance-voltage and capacitance- 
transient measurements used in this experiment should 
be affected by the implantation. A portion of each sample 
was left unimplanted to serve as a control area. The dam- 
age produced by the protons has been estimated (5) to be 
such that at 0.35 ~m into the silicon, the fraction of silicon 
atoms displaced from their crystalline positions is about 4 
• 10 -4 for the maximum proton dose of 1014 cm -~ used in 
this experiment. 

Generation lifetime was measured at room temperature 
by the Zerbst technique (6, 7). AMOS capacitor is pulsed 
into deep depletion, and the formation of the inversion 
layer is observed via the capacitance transient. By this 
method it is possible to deduce the generation lifetime (r~) 
in the depleted zone, and the parameter s due to minority 
carriers whose current is independent  of the time varying 
depth of the depletion zone. Because the lifetime is not 
constant with depth within the sampling volume, an aver- 
age value dependent  on depletion voltage will be ob- 
tained (3). The lifetime values reported here have been 
obtained with a -10V depletion pulse. The parameter s is 
the sum of the surface generation velocity and a term cor- 
responding to diffusion of carriers into the depletion zone 
from the quasi-neutral regions (3). A typical variation of rg 
by a factor of 2 and parameter s by a factor of 3 was found 
across a given sample. 

Results 
Generation lifetime as a function of proton dose is 

shown in Fig. 1. Functional  dependence with dose is close 
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Fig. 1. Generation lifetime vs .  proton dose 

to linear. At 10 '4 cm -~, analysis by the capacitance tran- 
sient technique was no longer reliable, but  the duration 
of the capacitance transient continued to follow an in- 
verse dose dependence, as shown by the dotted line 
extension in the figure. The superlinear dependencies 
(reverse leakage current of diodes approximately propor- 
tional to dose squared) for helium and carbon implanta- 
tion within the range of doses in our experiment (8) were 
not observed. 

The generation lifetime as a function of proton dose has 
been reported to drop more than three orders of magni- 
tude in the dose range 10'2-101~ cm -2 for similar experi- 
mental conditions (9). We find no evidence for this pre- 
cipitous drop in lifetime. In that experiment, the lifetime 
was also deduced from a capacitance transient analysis, 
but  the surface contribution was not taken into account. 
It has been shown that for irradiated samples, this proce- 
dure can lead to l~rge errors (3). 

The parameter s as a function of proton dose is shown 
in Fig. 2. Since the implantation damage region includes 
the oxide/Si interface, a linear dose dependence suggest 
the predominance of the surface generation velocity in 
the parameter s [the diffusion term would be either inde- 
pendent  of dose if arising from deeper than the implant 
range, or proportional to the square root of dose if related 
to the lateral component  (3)]. In a separate study of the 
temperature variation of % and s for the sample with a 
dose of 1011 cm -~, we have also come to the conclusion 
that the surface generation velocity is the dominant  term 
in s at room temperature. 

Doping profiles were obtained by a pulsed C-V method 
(10), using a pulse width of 1 ms. The result is shown in 
Fig. 3. The rise in doping density at shallow depths is 
most likely due to the interface proximity limitation (10). 
The rise in doping density due to the redistribution of 
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Fig. 3. Donor density vs. depth from C-V measurements. Portions of 
the curves have been omitted for clarity. All curves merge at depths 
>1.3 ~m. Curve a corresponds to a control sample and to a sample 
with a proton dose of 10 'o cm -2. Curves b-e correspond to proton 
doses 101'- 1014 cm-2. 
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phosphorus during thermal oxidation (11) is only a small 
effect in our case. The peaks in Fig. 3 correspond approxi- 
mately to the expected range of the protons, and they in- 
dicate an increase in doping density with proton dose. 
However, interface traps can produce apparent changes 
in doping density profiles (10). Therefore, an average 
value of doping density within the equilibrium depletion 
depth under  inversion (0.3-0.8 ~m for doping densities 
10'6-t0 '5 cm -~) was obtained by the max imum-min imum 
C-V method, which is free of interface trap effects (10). A 
doping density increase is again observed (Fig. 4), b u t  
only for the highest proton dose. 

Doping concentration changes after proton implanta- 
tion into n-type silicon have been reported; carrier con- 
centration decreases were found after implantation, but 
increases appeared after annealing at around 300~ (12). 
This indicates a competit ion between the dominance of 
deep and shallow levels, which should depend on the en- 
ergy level spectrum within the silicon bandgap. Since 
various point defect complexes and]or defect-impurity 
associations are probably responsible for the levels, the 
details in a particular situation are bound to be different. 
It is important  to note in this respect that we have used 
Czochralski samples, whereas the other experimenters 
(12) have worked with float-zoned material. It is well 
known that there is a large difference in impurity concen- 
trations in these two types of crystals, notably with re- 
spect to oxygen concentration, which in Czochralski 
samples is many orders of magnitude higher (in the 10 TM 
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Fig. 4. Doping density within the equilibrium depletion depth vs. 
proton dose (from C-V measurements). 
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Fig. 5. Charge associated with the oxide in units of the electron 

charge as a function of proton dose. 

cm -3 range). Sample differences are presumably also 
partly responsible for the variety of energy levels re- 
ported by different investigators after proton bombard- 
ment  (13). 

Charge associated with the oxide was computed from 
flatband voltage shift (14): the results are shown in Fig. 5. 
The associated shift in threshold voltage for inversion is 
2V for a dose 10 TM cm -2. C-V curves for a control sample, 
and one with a dose of 10 '4 cm -2 are shown in Fig. 6. The 

r~ 0 

0 I I I I 
- 20  0 20 

VOLTAGE (V) 
Fig. 6. Capacitance normalized to the oxide capacitance vs. volt- 

age. The arrows indicate the direction of the voltage sweeps (at a 
rate of 0.4 V s-l).  The top graph is for the control region of the 
sample, and the bottom one for a proton dose of 10 '4 cm-L Measure- 
ments are carried out in the dark, except that the sample is brought to 
equilibrium by a brief exposure to light after the positive-to-negative 
voltage sweep. 
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Fig. 7. Surface generation velocity and generation lifetime as func- 
tion of annealing temperature for samples implanted with ] 012 protons 
cm -2. All anneals for 30 min. Average values are indicated with or- 
rows for on unimplanted sample annealed at 450~C and for an im- 
planted sample prior to annealing. 

hysteresis and stretch out after irradiation are characteris- 
tic of interface charge trapping near the oxide/Si interface 
(15). 

Annealing experiments in nitrogen were carried out for 
samples with a proton dose of 101~ cm -2. Half-hour an- 
neals showed that the oxide parameters referred to in the 
previous paragraph returned to their preimplanted condi- 
tion after the 350~ anneal. The doping density increase 
deduced from the pulsed C-V method discussed earlier 
was reduced by the 150~ anneal, and disappeared after 
the higher temperature annealing treatments. 

The results for annealing of the generation lifetime and 
surface generation velocity are shown in Fig. 7. Both pa- 
rameters achieve stable values, but do not regain the 
unimplanted levels. It is interesting to note that the life- 
time in the case of electron irradiation has returned to the 
unirradiated value after a 450~ anneal step for 30 min  
(16). Lifetime reduction by proton implantation is thus 
more thermally stable. 

Further evidence for persistent lifetime reduction after 
annealing is provided in Fig. 8. For longer annealing 
times both rg and s move further away from the 
unimplanted values. This phenomenon of negative 
annealing has been observed in the reverse leakage cur- 
rent after carbon ion implantation in a similar tempera- 
ture regime (8), and attributed to complexes that do not 
act to suppress lifetime annealing out at these tempera- 
tures, and freeing mobile defects which can recombine to 
form lifetime-active centers. 

Conclusions 
The generation lifetime of silicon samples can be re- 

duced by several orders of magnitude by proton implan- 
tation, as deduced from measurements prior to annealing 
treatments. The implantation can be carried out near the 
end of the device processing sequence, so that only low 
temperature steps are left. Oxide degradation in MOS 
structures can be repaired with low temperature anneal- 
ing treatments, which also serve to stabilize the lifetime. 
The relatively high value of surface generation velocity 
will tend to increase surface leakage current and decrease 
channel  mobility. The severity of oxide and interface re- 
lated effects will also depend on the ion energy used, 
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Fig. 8. Surface generation velocity and generation lifetime as a 
function of time at 350~ samples implanted with 1012 protons 
cm -~. Average values are indicated by arrows for an unimplanted 
sample annealed for 250 min and for an implanted but unannealed 
sample. 

since ion energy-loss rates depend on energy. Well-de- 
fined range and damage profiles allow localization of re- 
gion~ of low lifetime within device structures, so that ion 
implantation is emerging as a versatile tool for lifetime 
control in silicon. 
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The System AgI-AgBr: Energetic Consequences of Defect Equilibria 
in Single-Phase and Two-Phase Regions 
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ABSTRACT 

The enthalpy of solution of various single-and two-phase AgI-AgBr compositions in AgNO3 at 518 K has been deter- 
mined using a Calvet-type twin microcalorimeter. The enthalpy (H518 - H298) of melted and unmelted mixtures of AgI and 
AgBr of various compositions within two-phase regions of the phase diagram has also been obtained using the same cal- 
orimeter. The effect of AgBr on the temperature and enthalpy of transformation of ]~-AgI to a-AgI has been investigated 
using a Perkin Elmer Differential Scanning Calorimeter. The terminal compositions at 518 K of the two-phase region of 
AgI-AgBr system has been found to be AgIo.85Bro.15 and AgI~.3Brg.7. The excess enthalpy, the difference in (H518 - H~gs) 
values of the unmelted and melted mixtures in the two-phase region of the AgI-AgBr system, has been found to be max- 
imum at the equivolume concentration of the two terminal phases and is suggested to be due to the generation of silver 
ion vacancies at the interfaces due to a space-charge layer. 

During the past few years, several investigators have re- 
ported anomalous electrical conduction in materials con- 
taining finely divided particles dispersed as a second 
phase. The systems investigated include the dispersion of 
submicron-sized insulat ing particles in an tonically con- 
ducting matrix [LiI + A1203 (1), AgI + A1203 (2), AgC1 + 
A1203 (3)], of insulating particles in materials with pre- 
dominant  electronic conduction [SIO2 in TiO2 (4)], of me- 
tallically conducting particles in a semiconductor [Ni3S2 
(5) or Ni (6) in NiO], and of tonically conducting materials 
in an tonically conducting matrix [AgBr in AgI (7)]. The 
observed changes in the electrical conductivity could not 
be explained on the basis of classical theories alone. Sev- 
eral alternative explanations have been proposed (8-10); 
however, the explanation based on the presence of addi- 
tional defects at the interface because of the space-charge 
layer appears to be most satisfactory (8)]. The AgI-AgBr 
system was chosen for the present study because of its 
relative physical and chemical simplicity and because of 
the extensive investigations carried out in this laboratory 
regarding its electrical conductivity (2, 7, 11). Silver iodide 
is known to exist in at least two stable crystallographic 
modifications with a transition at 420 K from a low tem- 
perature wurtzite ]3 form to a high temperature, body- 
centered cubic o~ form. Silver bromide, on the other hand, 
is stable only in the rocksalt-type cubic structure up to its 
melting temperature. 

Electrical conductivity of a-AgI is several orders of 
magnitude higher than that of/~-AgI and AgBr. Partial re- 
placement of iodine in AgI with bromine has been found 
to lower the" transition temperature (11). Anomalous 
changes in electrical conductivity of several single-phase 
and two-phase compositions in the AgI-AgBr system 
have also been reported (7). Since the changes in the elec- 
trical conductivity are presumably associated with the 
changes in number  and the mobility of the transporting 
species, present investigations were under taken to see 
whether these changes are reflected in the energetics of 
this system as well. 

Experimental 
Sample preparation.--AgI and AgBr, (99.999% pure 

from Apache Chemicals) in powder form, were mixed to- 
gether in appropriate proportions and sealed in 6 mm 

* Electrochemical Society Student Member. 
** Electrochemical Society Active Member. 

diarn evacuated silica tubes. The mixture was melted at 
873 K for lh. To ensure complete solution and homogen- 
ization, the melt was shaken from time to time. The 
sample was then quenched to room temperature, re- 
moved from the silica tube, and cut into small pieces of 
500-600 mg each. Some of these pieces were annealed in 
air at 533 K for times varying from 2 to 15h before using 
them for drop calorimetry. Other pieces were ground to a 
fine powder (-200 mesh), and 50-60 mg of the powder 
was used for solution calorimetry in molten AgNO3. A few 
milligrams of the same powder was used in a Perkin- 
Elmer DSC-2 Differential Scanning Calorimeter. 

Compositions of the samples were assumed to be the 
same as those of the starting mixtures. X-ray powder dif- 
fraction technique was used on samples at 298 K to 
confirm that no phases other than wurtzite-type AgI and 
rocksalt-type AgBr were present. 

" Calorimetry 
Solution calorimetry.--A Calvet-type twin-microcalor- 

imeter as described elsewhere (12), was used. Samples 
were dissolved in molten AgNO~ at 518 K. 50g of AgNO3 
were premelted in silica crucibles and then put in each 
calorimeter chamber. The Ag(I, Br) samples (about 50 mg 
of powder) were placed in a plat inum cup, which was sus- 
pended just  above the solvent by means of a movable 
quartz assembly. After the system attained thermal equi- 
l ibrium (as seen by a steady baseline signal), the plat inum 
cup with the powder was immersed in the solvent and, 
after a quick up-and-down stirring action, raised to the 
original level above the solvent. This procedure was re- 
peated several times unti l  the baseline returned to the 
original value. The area under  the peak representing the 
enthalpy changes associated with the dissolution process 
was proportional to the heat generated. Calibration was 
achieved by dropping pieces of platinum, of known 
weight and heat content, into the melt. 

To check whether the stirring contributed to the heat, 
several experiments were performed using empty plati- 
num cups. No change in baseline was detected, indicating 
negligible heat due to stirring. The heat effects in each ex- 
periment were approximately 0.1 cal; the heat of solution 
ranged from +1000 to -4200 caYmol. 

Heat content measurement.--(H51s - H~9s) was measured 
by dropping -250 mg cylindrical samples from 298 K into 
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the same calorimeter at 518 K using empty crucibles. The 
calorimeter was calibrated by dropping A1203 rods of sim- 
ilar dimensions, the heat content of which is tabulated by 
Barin and Knacke (13). Mole Annealing 

fraction time at Differential scanning calorimetry (DSC).--A Perkin- of AgI 533 K (h) 
Elmer Differential Scanning Calorimeter Model DSC-2 
was used to obtain the temperature and enthalpy of trans- 
formation of various AgI-AgBr samples. Since the trans- 1.0 0 4740 0 4924 
formation occurs at temperatures close to the melting of 0 4564 
indium (429.6 K), the instrument was calibrated using the 0 4712 
melting point of indium, which was found to be within • 0 4658 
0.5 K of the reported value (13). 0.9 0 4450 0 4532 

The heating rate of 5 K/min was found to be most suita- 0 4459 
ble. The temperature was varied from 350 to 450 K at this 0 4517 

0 4399 rate. The enthalpy changes associated with the transfor- 15 4556 
mation were recorded on a strip chart recorder and inte- 15 4511 
grated using a planimeter. The reproducibility of the tem- 0.8 0 4495 
perature measurement  was • 0.5 K and of the enthalpy 15 4422 
measurement  + 50 cal for at least ten different indium 15 4359 

- 15 4320 
samples. 0.7 2 4627 

Results 15 4645 
0.6 0 4366 

The data (Hs,s - H2~s) obtained by drop calorimetry for 0 4506 
pure AgI and various AgI-AgBr compositions are listed in 15 4616 
Table I. To see any effects of change in grain size or grain 15 4645 

15 4526 
boundary structure during annealing, some of the 15 4393 
samples were annealed for periods varying from 2 to 15h 0.5 0 4308 
at 533 K. The enthalpy values obtained for annealed and 2 4423 

5 4114 unannealed samples were the same within experimental  15 4301 
error. Our value of 4720 • 125 cal/mol for pure AgI is com- 15 4151 
parable to 4558 cal/mol reported by Barin and Knacke 0.4 0 3883 
(13). 2 3932 

Table II lists the excess enthalpy values which were ob- 0.3 0 3424 0 3467 
tained for two-phase mixtures by taking the difference 15 3389 
between the experimentally determined (Hs,s - H 2 9 s )  15 3442 
values for various compositions obtained by melt ing and 
the values estimated for the same composition by taking 
the weighted average of the experimentally determined 
values for the terminal solid solutions. The phase diagram 
of the AgI-AgBr system has been reported by Stasiw and 
Teltow (14). However, subsequent  investigations are not 
consistent with the solubility limits reported in the phase 
diagram. Shahi and Wagner (11) suggested from the con- 
ductivity measurements that the end members  of the two- 
phase region of the AgI-AgBr system are AgIo.gBr0., and 
AgIo.3Bro.T. These terminal compositions were therefore 
used to estimate excess enthalpy. The excess enthalpy 
values are shown in Fig. 1 as a function of mole percent 
(m/o) AgIo.3Bro.7. A max imum in excess enthalpy is ob- 
served at about 50 m/o AgIo.3Bro.7. The unmelted samples 
(mechanical mixtures) show no excess heat content. 

The enthalpies of solution of various compositions in 
AgNO3 at 518 K are listed in Table III. For some composi- 

Table I. Values of (Hs,s - H ~ g s )  in cal/mol for various AgI-AgBr 
compositions 

H51s - H29s 
caYmol of Average with 

composition standard deviation 

4720 • 125 

4489 • 55 

4399 • 66 

4638 • i i  

4508 • 124 

4259 • 113 

3907 • 25 

3430 • 28 

tions in the two-phase region, the enthalpies of solution 
were also obtained by preparing mechanical  mixtures 
(without melting) of the end compositions: These values 
are also shown in this table. The difference in enthalpies 
of solution between the two-phase melted and unmelted 
compositions is within the experimental  scatter. 

The enthalpies of solution are plotted in Fig. 2 as a 
function of m/o AgBr. This figure indicates that the vari- 
ation of the enthalpy of solution with composit ion shows 
some curvature in the AgBr-rich single-phase region, 
while it is approximately linear in the AgI-rich single- 
phase region. The enthalpy values of the compositions in 
the two-phase region fall approximately on a straight line 
joining the enthalpy values of the two terminal composi- 
tions. 

The enthalpy and temperature of the /3 to ~ trans- 
formation of various compositions, as determined by 

Table II. Excess enthalpy for various two-phase AgI-AgBr compositions 

1 2 3 4 5 6 7 8 9 

A. m/o AgI 
B. Hs,s - H2~ 

caYmol 
Experimental 

C. H5,8 - H~ 
caYmol 
Assuming mixing 
of 2 and 9 

D .  H 5 I .  - H2~ 
caYmol 
Assuming mixing 
of 3 and 9 

E. Mol fraction 
AgIo.9Bro., 

F. Mol fraction 
AgI0.8~Bro 15 

G. Excess enthalpy 
caYmol 
(B-C) 
(B-D) 

1.0 0.90 0.85 0.80 0.70 0.60 0.50 0.40 0.30 
4720 4489 4364* 4339 4638 4508 4529 3907 3430 

4489 4313 4136 3959 3783 3606 3430 

4364* 4279 4109 3905 3765 3599 3430 

1.00 0.83 0.67 0.50 0.33 0.166 0 

1.00 0.91 0.73 0.54 0.36 0.18 0 

0 86 502 549 476 301 0 
0 120 529 603 490 308 0 

* Estimated by linear extrapolation. 
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Fig. 1. Excess enthalpy, [(H5,8 - H298)melted - -  (H51s - H29s) . . . .  lted'] 
as a function of Aglo.3Bro.7 in Aglo.aBroj(O), and Aglo.ssBro.,5(�9 

d i f fe ren t i a l  s c a n n i n g  c a l o r i m e t r y  are  l i s t ed  in T a b l e  IV. 
Fo r  p u r e  AgI,  t h e s e  va lues  are  1420 --+- 30 ca l /mol  a n d  420 
-+ 0.5 K, r e spec t ive ly ,  in  e x c e l l e n t  a g r e e m e n t  w i t h  t h e  lit- 
e r a tu r e  v a l u e  (13). 

A p lo t  of  t r a n s f o r m a t i o n  t e m p e r a t u r e  as  a f u n c t i o n  of  
c o m p o s i t i o n  is s h o w n  in  Fig. 3. T he  t e m p e r a t u r e  var ies  
l inea r ly  u p  to 15 m/o  A g B r  in  AgI  a n d  t h e n  r e m a i n s  con-  
s tant .  A p lo t  of  t r a n s f o r m a t i o n  e n t h a l p y  p e r  m o l e  of  com- 
p o s i t i o n  s h o w n  in  Fig. 4 also i nd i ca t e s  t h a t  t he  e n t h a l p y  
va r i e s  l inea r ly  w i t h  a c h a n g e  in  s lope o c c u r r i n g  at  15 m/o 
AgBr .  No t r a n s f o r m a t i o n  was  d e t e c t e d  for t he  compos i -  
t i on  30 m/o AgI-70% AgBr .  T h e s e  da ta  i nd i ca t e  t h a t  t he  
t e r m i n a l  c o m p o s i t i o n s  of  t he  t w o - p h a s e  r eg ion  of  AgI-  
A g B r  s y s t e m  at  518 K are  AgIo.,sBro.,5, w h i c h  u n d e r g o e s  
t he  ~ --* a t r a n s f o r m a t i o n  at  403.5 K w i t h  a t r a n s f o r m a t i o n  
e n t h a l p y  of  1200 cal /mol ,  a n d  AgIo.3Bro.7, w h i c h  does  n o t  
u n d e r g o  a c rys ta l l ine  t r a n s f o r m a t i o n .  T h e  e n t h a l p y  va lues  
o b t a i n e d  for  t h e  c o m p o s i t i o n  in  t he  t w o - p h a s e  r e g i o n  are 
t h e r e f o r e  en t i r e ly  d u e  to t he  fl --* a t r a n s f o r m a t i o n  of  
AgIo.ssBr0.15 a n d  are c o n v e r t e d  to v a l u e s  pe r  m o l e  of 
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Fig. 2. Enthalpy of solution in AgNO~ as a function of composition 
at 518K. 

Table III. Enthalpy of solution of various AgI-AgBr compositions in 
AgNO~ at 518K 

Mole frac- 
tion 

of AgI 

Enthalpy of solution 
(caYmol) 

Melted Unmelted 

1.00 -4150 
-4343 
-4087 
-4501 

avg. -4270(• 
0.95 -3623 

-3237 
-4438 
-4085 

avg.-3846(• 
0.90 -3299 

-3714 
-3557 
-3356 
-3936 

avg. -3572 (• 
0.87 -3599 

-3796 
-3636 
avg.-3677 (• 

0.60 -2432 
-2581 

avg.-2506 (• 
0.50 -1717 

-2051 
-1893 
-2267 

avg. -1982(• 
0.40 -1216 

- 996 
avg.-1106 (• 

0.30 - 605 
- 884 
- 625 
- 787 
- 688 

avg. -718(• 
0.25 - 162 

+ 275 
- 108.25 
+ 75 

avg. + 20(• 
0.20 0 

+ 89 
+ 159 
+ 123 

avg. + 93(• 68) 
0.10 + 777 

+ 678 
+ 609 
+ 519 

avg. + 646(• 
0.00 + 716 

+1012 
+ 692 
+1075 
+ 896 

avg. + 878(• 

-2553 
-2543 

avg . -2548(•  7) 
-1598 
-1316 
-2247 
-2241 

avg.-1850(• 
-1271 
- 973 

avg. -1122(• 

AgIo.85Bro.,5 a n d  p lo t t ed  in  Fig.  4. T h e s e  va lues  are  c o n s t a n t  
w i t h i n  e x p e r i m e n t a l  error .  

Discussion 
T h e  r e su l t s  o b t a i n e d  b y  d i f fe ren t ia l  s c a n n i n g  ca lor im-  

e t ry  a n d  so lu t ion  c a l o r i m e t r y  i nd i ca t e  t h a t  a t  518 K t h e  
t e r m i n a l  c o m p o s i t i o n s  in  t he  t w o - p h a s e  r eg ion  of  t h e  AgI-  
A g B r  s y s t e m  c o r r e s p o n d  to 15 m/o A g B r  for t h e  a-AgI  
t y p e  c u b i c  p h a s e  a n d  70 mLo A g B r  for  t h e  A g B r - t y p e  cu- 
bic  phase .  The  e x c e s s  e n t h a l p y  va lues  s h o w n  in  Fig. 1, 
t he re fo re ,  n e e d  to b e  modi f i ed .  A s s u m i n g  a l i nea r  var ia-  
t ion  w i t h  c o m p o s i t i o n  in  t h e  AgI - r ich  s i ng l e -phase  region,  
t h e  e n t h a l p y  of  so lu t i on  for  t h e  AgI0.ssBro.,5 t e r m i n a l  com- 
pos i t i on  was  ca lcu la ted .  Th i s  v a l u e  was  u s e d  to e s t i m a t e  
t h e  mod i f i ed  exces s  e n t h a l p y  va lues  w h i c h  are  also 
s h o w n  in  t he  s a m e  figure. The  m a x i m u m  in  exces s  
e n t h a l p y  v a l u e  is still  a r o u n d  50 m/o. AgIo.ssBro.,~ a n d  50 
m/o AgI0.3Bro.7. Howeve r ,  w h a t e v e r  t e r m i n a l  c o m p o s i t i o n s  
are a s s u m e d  for  t he  solid so lu t ions ,  t he  r a t h e r  s u r p r i s i n g  
o b s e r v a t i o n  r e m a i n s  t h a t  t he  e n t h a l p y  (H~,s - H29s) is m u c h  
l a rge r  for  t he  m e l t e d  a n d  sol idi f ied t w o - p h a s e  m i x t u r e  



2686 J.  Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  AND T E C H N O L O G Y  November  I984 

I I I 

--= 4 1 8  

E 4 1 3  ~ 
4 0 8  

~ 4 0 3  
0 

I00 80 60 40  20 
tool % AgT 

Fig, 3. Transformation temperature as a function of composition. 
The break in the curve corresponds to the solubility limit of AgBr in 
Agl. 

than for a mechanical mixture of the two terminal solid 
solutions, while the enthalpies of solution at 518 K are 
similar for both types of two-phase compositions. Since 
the max imum in excess heat content occurs near an 
equimolar mixture of the two-terminal solid solutions, 
and since their densities are not very different, the maxi- 
mum also corresponds to 50 volume percent (v/o) of each. 
Because of the identical methods of preparation, the grain 
sizes in different compositions are expected to be similar. 
The maximum in excess enthalpy at equivolume concen- 
trations of each of the terminal compositions suggests 
that the excess enthalpy may be related to changes at the 
interface between these two phases. Since interfacial 
enthalpies reported for other systems in the literature (15) 
are two to three orders of  magnitude smaller than the 
values measured in the present investigation, an addi- 
tional explanation for the origin of this enthalpy is 
necessary. 

The measured enthalpy (H5~8 - H~8) for various composi- 
tions may be considered to be the sum of (i) the enthalpy 
change associated with the heating of the sample from 
298 K to the transformation temperature, (it) the enthalpy 
of the fl --> ~ transformation, and (iii) the enthalpy change 
associated with heating the sample from the transforma- 
tion to the calorimetric temperature, 518 K. 

The measurement  of the fl --* a transformation enthalpy 
by DSC and the enthalpy of solution in AgNO3 of melted 
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Fig. 4. Enthalpy of transformation as a function of m/o Agl in AgBr 

Table IV. Temperature and enthalpy of transformation of various Agl + 
AgBr compositions 

Molfraction Transition temperature Enthalpy of 
of AgI K[• transformation (caYmol) 

1.00 420.75 1461 
420.25 1413 

1411 
1433 
1412 

0.98 1411 
0.95 416 1308 

414.25 1376 
1348 
1335 

0.92 413.2 1116 
413.6 1135 

0.90 407.75 1093 
407.75 1368 
407.25 993 
408.4 1277 
409 1350 

0.85 1198 
0.80 402.5 1180 

402.5 946 
402.75 1060 
404 997 

0.70 404 878 
401.75 693 
402.5 656 

0.60 404.2 619 
404 647 

582 
0.50 402.75 347 

403 184 
403.6 323 

0.40 403.5 161 
405.2 226 

and unmelted samples in the two phase region at 518 K 
indicates that contributions from (it) and (iii) are small. 
The excess enthalpy may therefore be considered to be 
predominantly due to the effects below the ~ -* ~ transi- 
tion in the AgI-rich phase. 

An anomalous increase in electrical conductivity in the 
two-phase region of the system at temperatures below the 
fl ~ a transformation was observed by Shahi and Wagner 
(2). The maximum in conductivity was reported to be at 
20 m/o AgI-80 m/o AgBr. This enhanced conduction was 
suggested to be due to the presence of additional defects 
generated at the two-phase interface due to the space 
charge layer. AgI is an ionic conductor in which Frenkel- 
type defects predominate (16). Although the enthalpy of 
formation of silver interstitials and silver vacancies in AgI 
is not known, a comparison of similar values reported for 
AgC1 suggests that the enthalpy of formation of silver va- 
cancies is smaller than that of silver interstitials. The 
presence of silver vacancies as the predominant  trans- 
porting species at lower temperatures has been suggested 
by Khandkar and Wagner (3) in the case of AgC1-A120~ 
composites and by Shahi and Wagner (2) in the case of 
AgI-A1203 composites. The latter authors inferred the pre- 
dominance of silver vacancies from the sign of thermo- 
electric EMF. 

The definite qualitative correlation observed between 
the anomalous conductivity enhancement  and the excess 
enthalpy in the two-phase region suggests that the same 
mechanism may be responsible for both effects. It is sug- 
gested that the origin of this excess enthalpy is the excess 
vacancy concentration at the interface in the melted two- 
phase compositions of the AgI-AgBr system. 

The observation that maxima in the electrical conduc- 
tivity and in the excess enthalpy occur at different com- 
positions suggests that the presence of a second phase 
not only affects the concentration of mobile species tak- 
ing part in conduction, but also affects their mobility as 
well. Changes in mobility would not be reflected in the 
measured excess enthalpy, but could shift the max imum 
conductivity away from the composit ion of presumed 
maximum defect concentration and max imum enthalpy. 

Enthalpies of solution of the AgI and the AgBr-rich 
single-phase compositions can be used to obtain enthal- 
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Fig. 5. Linear extrapolation of the enthalpy of solution of Agl-rich 
single-phase compositions to pure AgBr. 

pies of solution of their metastable polymorphs by a 
method similar to that described by Davies and 
Navrotsky (17) for NiO-ZnO solid solutions. In this ap- 
proach, one fits the enthalpy of solution within a single- 
phase region by an appropriate polynomial. Extrapolation 
to mole fraction of the solute equal to one gives the 
enthalpy of solution of the solute in the hypothetical poly- 
morph having the structure of the terminal solid solution. 
The difference between that value and the heat of solu- 
tion of the pure solute in its normal structure gives the 
enthalpy of transformation. A linear fit to the enthalpy of 
solution data implies that the solid solution is ideal when 
referred to standard states having the same structure; a 
quadratic fit that the solution is regular. The least 
squares computer fit for the data is shown in Fig. 5 and 6 
for AgI-rich and AgBr-rich compositions, respectively. In 
each case the fit was obtained using all the data points 
for each composition rather than averages for each com- 
position. Linear extrapolation of the data to pure AgBr 
gives a value for the enthalpy of solution of AgBr with the 
a-AgI-type cubic structure as -125 -+ 150 cal/mol. From 
Table III, the enthalpy of solution of AgBr having 
rocksalt-type cubic structure is 870 -+ 170 caYmol. There- 
fore, the enthalpy of transformation of AgBr from its sta- 
ble rocksalt-type cubic structure to a-AgI-type bcc struc- 
ture is estimated to be 1000 -+ 300 caYmol. The variation 
of enthalpies of solution of AgBr-rich single phases with 
composition shows a small curvature. Because of the 
large scatter in the data obtained and small composition 
range of the single-phase region, the extrapolation of the 
data to pure AgI is quite uncertain. The linear fit (ideal 
solution) gives a near-zero enthalpy of transformation for 
AgI (a --~ rocksalt). A quadratic fit implies negative heats 
of mixing in the rocksalt solid solutions and an enthalpy 
of transformation of 12,500 caYmol. These two fits may 
represent an underestimate and overestimate, respec- 
tively, of the curvature of the data and may place a lower 
and upper bound on the enthalpy of transformation. 
Thus, AH for AgI (a ~ rocksalt) may lie in the range 0-12 
kcaYmol. No data are available for comparison. 

Conclusions 
1. The excess enthalpy, as defined by the difference in 

(H518 - H298) values between the melted and solidified two- 
phase compositions and the mechanical mixtures of the 
terminal solid solutions of the AgI-AgBr system, exhibits 
maxima at equivolume concentrations of the terminal 
compositions and is suggested to be due to the excess 
silver ion vacancies generated at the interfaces due to the 
space-charge layer. 

2. The terminal composition of the two-phase region of 
AgI-AgBr system at 518 K are AgI,~85Br0.1~ and AgI0.3Br0.7. 

3. The enthalpy of transformation of AgBr from its sta- 
ble rocksalt-type cubic structure to a-AgI-type bcc struc- 
ture is estimated to be 1000 _+ 300 caYmol, while the 

TIC : 

1.79E*83 LTNEAR 

0.8~8E-0I MOL FRACTION AGBR I .~E~ 
TIC : l.~-@i 

AG] A(;BR 
Fig. 6. Linear and quadratic extrapolations of the enthalpy of solu- 

tion of AgBr-rich single-phase compsifions to pure Agl. 

enthalpy for the transformation of a-AgI to the rocksalt 
structure lies between 0 and 12 kcaYmol. 

Acknowledgments 
The authors thank DOE for providing financial 

support to A. Khandkar  under  Contract DE-ACO2- 
82ER12091, NSF for Grant DMR8106027 to A. Navrotsky, 
and The Center for Solid State Science for providing 
funds to V. B. Tare and J. B. Wagner, Jr. to carry out this 
research. 

Manuscript submitted March 26, 1984; revised manu- 
script received June 15, 1984. This was Paper 832 pre- 
sented at the San Francisco, California, Meeting of the So- 
ciety, May 8-13, 1983. 

Arizona State University assisted in meeting the publi- 
cation costs of this article. 

REFERENCES 
1. C. C. Liang, This Journal, 120, 1289 (1973). 
2. K. Shahi and J. B. Wagner, Jr., ibid., 128, 6 (1981). 
3. A. Khandkar and J. B. Wagner, Jr., Abstract 833, p. 

1236, The Electrochemical Society Extended Ab- 
stracts, Vol. 83-1, San Francisco, CA, May 8-13, 1983. 

4. G. Crosbie, J. Solid State Chem., 25, 367 (1978). 
5. V. B. Tare and J. B. Wagner, Jr., J. Appl. Phys., 154, 

252 (1983). 
6. V. B. Tare and J. B. Wagner, Jr., ibid., 154, 6459 (1983). 
7. K. Shahi and J. B. Wagner, Jr., Appl. Phys. Lett., 37, 

757 (1980). 
8. J. B. Wagner, Jr., Mater. Res. Bull., 15, 1691 (1980). 
9. T. Jow and J. B. Wagner, Jr., This Journal, 126, 1963 

(1972). 
10. A. Hooper, Paper 76 presented at the International 

Conference on Fast Ionic Transport in Solids, 
Gatlinburg, TN, May 18-22, 1981. 

11. K. Shahi and J. B. Wagner, Jr., Phys. Rev. B, 23, 6417 
(1981). 

12. A. Navrotsky, Phys. Chem. Min., 2, 89 (1977). 
13. "Thermochemical Properties of Inorganic Com- 

pounds," compiled by I. Barin and O. Knacke, 
Springer-Verlag, Berlin (1973). 

14. O. Stasiw and J. Teltow, Z. Anorg. Allg. Chem., 259, 
150 (1949). 

15. J. J. Kramer, G. M. Pound, and R.F.  Mehl, Acta 
Metall., 6, 763 (1958). 

16. K. Shahi, Phys. Status Solidi A, 41, 11 (1977). 
17. P. Davies and A. Navrotsky, J. Solid State Chem., 38, 

264 (1981). 



Phase Relations and Thermochemistry of Iron-Aluminum-Sulfur 
System at 1173 K 

P. C. Patnaik* and W. W. Smeltzer**  

Department of Metallurgy and Materials Science, McMaster University, Hamilton, Ontario, Canada L8S 4M1 

ABSTRACT 

The compositions were determined of alloy and sulfide phases in the Fe-A1-S system equilibrated with one another 
at 1173 K. These evaluations were used to construct the ternary Fe-A1-S isotherm, which was comprised of three sulfide 
phases coexisting with alloy: FeS containing up to 0.61 atomic percent (a/o) A1, FeAI~S4 of Fe/A1 ratio 0.766 to 0.518 in the 
alloy composition range 0.84 to 5.86 a/o Al, and A12S~ containing 0.30 a/o Fe. These results were combined with available 
thermodynamic data to determine the ternary equilibrium diagram in the form of sulfur activity vs. aluminum metal 
atom fraction of the alloy and sulfide phases. The sulfur activity over the ternary univariant coexistence alloy + FeAI~S4 
+ A12S3 is 5.35 • 10 -6. 

Phase relations and thermodynamic properties of the 
Fe-A1-S solid-gas system at high temperatures are not 
known. In this investigation, the ternary Fe-A1-S isotherm 
at 1173 K is constructed using the compositions of equili- 
brated phases. The sulfur activities coexisting with alumi- 
num sulfide and alloys were evaluated using the value 
for the standard free energy of formation of AI~S3 (1) and 
the available aluminum activity data for the binary Fe-A1 
alloys (2, 3). These sulfur activity evaluations, in conjunc- 
tion with compositions of the sulfide and alloy phases, 
were utilized to construct the ternary equil ibrium sulfur 
activity diagram. 

Experimental 
A number  of ternary compositions in the Fe-A1-S sys- 

tem were synthesized from the elements. The starting ma- 
terials were powders of iron and aluminum of 99.99% pu- 
rity and sulfur of 99.999% purity supplied by Cerac, 
Incorporated. Several overall compositions (P1 to P6), as 
shown in Fig. 1, were chosen. In each case, the elements 
were thoroughly mixed, compressed to a pellet, and then 
placed in a high purity (99.9%) alumina crucible which 
was sealed i n  a quartz tube under vacuum (1-2 Pa). This 
method avoided SiO2 contamination of the.sample pellet 
resulting from its bonding to the quartz wall, which has 
been shown previously to occur (4). 

Previous workers using aluminum and sulfur to obtain 
A12S~ in a quartz ampul have encountered explosions 
while determining a suitable heating schedule (5). This 
behavior was due to the autocatalytic nature of aluminum 
sulfidation by which the exothermic sulfidation reaction 
increased the sulfur pressure in the ampul. With an in- 
creased sulfur pressure, the reaction rate increased, re- 
leasing additional heat, which led to excessive sulfur 
pressures and rupture of the quartz tube. This problem 
was not encountered in the present case, owing to rapid 
reaction between iron and sulfur. However, for a success- 
ful experiment,  combinations of slow and step heatings 
were used. 

Figure 2 shows a typical heating schedule of samples 
placed in alumina crucibles encased in quartz ampuls. In- 
itially, they were heated for 2 days in steps at 423 and 
509 K (total Psx at 509 K = 103 Pa) to permit combination 
of the sulfur with metals. All the samples contained 35 
atomic percent (a/o) sulfur with varying amounts of the 
metals. The completeness of reaction was indicated by 
the absence of visible sulfur in the quartz tube. After ap- 
proximately 240h at 1173 -+ 2K, the ampuls were 
quenched in water. The quenched samples were mounted 
for metallographic observation. In addition to metallogra- 
phy, x-ray powder diffraction with Ni-filtered CuK~ radi- 
ation was also employed to identify the various phases 
present in each sample. Compositions of various phases 
were determined using electron probe microanalyses 
(EPMA) with Fe-A1 alloys, FeS, and FeAl2S4 of known 

*Electrochemical Society Student Member. 
**Electrochemical Society Active Member. 

compositions as standards. These compositions could be 
determined to within -+ 0.05 a/o. 

s 

_ ~A|2S3 

Fe AI 

Fig. 1. Overall compositions of Fe, AI, and S (PI-P6) considered for 
the analysis of the ternary Fe-AI-S isotherm. 

Fig. 2. Sample heating schedule for phase equilibration to deter- 
mine the ternary Fe-AI-S isotherm. 

2688 



Vol. 131, No. 11 IRON-ALUMINUM-SULFUR SYSTEM 2689 

Fig. 3. Optical photomicrograph of polished-annealed alloy § FeS 
+ FeAI~S~ pellet. 

Results 
Figure 3 shows three equilibrated phases, FeS + 

Fe-0.84A1 (a/o) + FeA12S4. Table I summarizes the equili- 
brated phases in pellets P1 through P6 as identified by 
metallography and x-ray diffraction. The x-ray intensity 
plots vs .  diffraction angle 20 for several pellets are shown 
in Fig. 4. The correspondence of these diffraction patterns 
to ASTM standards for FeS, A12S3, and Fe-A1 alloys and to 
independent  diffraction measurements  made on synthe- 
sized FeA12S4 support the inferences drawn from the 
metallographic observations (4, 6). 

Compositions of alloys and coexisting sulfide phases 
determined by EPMA are reported in Table 1I. These 
analyses demonstrated the following findings of phase 
equilibria at 1173 K: (i) in the FeS + alloy + FeA12S~ uni- 
variant equilibrium, FeS contained 0.61 a/o A1 and the al- 
loy contained 0.84 a/o A1, (ii)  the' double sulfide phase, 
(Fe,.2~All.6~s)S~, in equil ibrium with (Feo.~6Al~).0~2)S and the 
Fe-0.84 A1 alloy was rich in iron, and its iron content de- 
creased to (Fe0.~gA1,.9,)S~ as the double sulfide was equili- 
brated with higher a luminum containing alloys, and (i i i)  
the solubility of iron in A12S~ equilibrated with double 
sulfide and alloy containing 5.86 a/o A1 was 0.30 a/o. This 
solubility of iron in A12S~ was found to decrease with in- 
creasing aluminum contents of the alloy. 

Discussion 
The Fe-A1-S isotherm, Fig. 5, was constructed from re- 

sults of this investigation using the binary Fe-A1, Fe-S, 
and A1-S phase extents (3). Pure iron and aluminum dis- 
solve up to 0.05 and 5 a/o of sulfur, respectively. These 
concentrations were used to represent the sulfur solubil- 
ity in the alloy, as indicated by a dotted line on the ter- 
nary isotherm. Solubilities of aluminum and iron in FeS 
and A12S~ were determined to be 0.61 and 0.3 a/o, respec- 
tively, when each phase was equilibrated with alloy and 
FeA12S~. The phase field of double sulfide, (Fe,~4A1L6,s)S~- 
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Fig. 4. Powder x-ray diffractograms of various sulfide phases in the 

pellets P1-P6 (Fig. 1) of increasing AI content. (a): FeS + FeAI2S4 + 
alloy. (b): FeAI2& + AI2S3 + alloy. (c): AI2S3 + alloy. 

(Feo.9~ll.9,)$4, was obtained from the microprobe analyses. 
Construction of two-phase regions containing alloy + 
FeA12S4, alloy + A12S3, and three-phase triangles con- 
sisting of alloy + FeS + FeAI~S4, alloy + FeA12S~ + A12S3 
were made using the compositions as given in Table II of 
the appropriate equilibrated phases. The tie lines (dotted) 
shown in the two-phase regions are those determined ex- 
perimentally. Dotted lines in the upper  portion of the iso- 
therm are schematic. 

Aluminum activities in solid Fe-A1 alloys over the range 
5-80 a/o at 1173 K were determined by Eldridge and Ko- 
marek (2) and the values are recorded in Table III. Sulfur 
activities upon equilibrating A12S3 with alloys containing 

Table II. Electron probe microanalyses of equilibrated phases in the 
Fe-AI-S system 

Table I. Summary of phase identification by metallographic observations Pellet  
and powder x-ray diffraction of the equilibrated pellets no. 

(Fig. 1) Phases 

Overall composi- 
tion 

S Al Fe Inference 

P1 35 5 60 Three-phase region: alloy, FeS and 
FeA1.2S4 

P2 35 10 55 Three phases: alloy + FeS + 
FeA12S4 

P3 35 15 50 Two-phase region: alloy + FeAl2S4 
P4 35 20 45 Two-phase region: alloy + FeAl2S4 
P5 35 25 40 Three-phase region: alloy + A12S3 

+ FeA12S4 
P6 35 30 35 Two-phase region: alloy + AI.~S3 

Points 
on 

isotherm 

A1 and Fe 
a/o in 

the alloy Chemical formula 
A1 Fe of the sulfide 

Alloy 0.84 99.15 
2 Iron sulfide 

Double sulfide 
Alloy 2.73 97.25 

3 Double sulfide 
Alloy 3.42 96.54 

4 Double sulfide 
Alloy 5.86 94.11 

5 Double sulfide 
Aluminum sulfide 

Alloy 21.05 78.94 
6 Aluminum sulfide 

(Feo.~Alo.u,2)S 
(Fe, 2~A1,.~,8)& 

(FeH~AI,.6~)S~ 

(Fe,.ioA1,.s46) S4 

(Feo.99Al,.~,o) S4 
(Feo.o,#~.l~.gss)S3 

(Feo.oo~--M,.m~)S3 
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Fig. 5. The experimentally determined ternary Fe-AI-S isotherm at 
1173 K. 

6-80 a/o A1 can  b e  ca l cu la t ed  as follows. I f  one  cons ide r s  
t he  r eac t i on  

3 S 2AI(,Ho,, + ~ -  2 = AI~S~ [1] 

t he  e q u i l i b r i u m  c o n s t a n t  is g i v e n  by  

K = exp  AG~ aA~Sz [2] 
RT aA,~ Ps~ ~ 

w h e r e  a~,~s~ a n d  aA~ are  t he  ac t iv i t ies  of  AI.~S~ a n d  a lumi-  
n u m  in  t he  alloy, respec t ive ly ,  Ps~ is t he  d i s soc i a t i on  pres-  
sure  of  AI~S~, a n d  AG~ is t h e  s t a n d a r d  free e n e r g y  of  for- 
m a t i o n  of  AI~S~. S ince  aA,~S~ ~ 1, t he  su l fu r  p r e s s u r e  
r e l a t i o n s h i p  is g iven  b y  

2(AG~ 2 log aA]) 
log Ps~ (Pa) = ~ -  2.303 RT 

+ log (101,300) [3] 

U p o n  s u b s t i t u t i n g  t he  m o s t  r ecen t l y  d e t e r m i n e d  va lue  for  
AG~ = -507,883 - 500 J / m o l  (1), t he  su l fu r  ac t iv i ty  
is g iven  b y  

log as = 1/2 [log {Ps~ (Pa)/1.013 • 10 ~ (Pa)}] 

2 
= -7 .54  - -~-  log aa, [4] 

Su l fu r  ac t iv i t ies  for  alloy-Al~Sa equ i l ib r i a  we re  t h e n  calcu-  
l a ted  u s i n g  t he  a l u m i n u m  ac t iv i ty  va lues  a n d  t h e s e  evalu-  
a t ions  are  g iven  in  T a b l e  III.  

A n  a l u m i n u m  ca t ion  (or meta l l ic )  f rac t ion  of e ach  p h a s e  
is de f ined  as 

~ A l  - -  

g ions  (a toms)  of  a l u m i n u m  

g ions  (a toms)  of  i ron  + g ions  (a toms)  of  a l u m i n u m  

Fo r  t h e  t h r e e - p h a s e  e q u i l i b r i u m ,  al loy + FeA12S4 + AI~S~, 
~A~ (alloy) was  d e t e r m i n e d  to be  0.059, c o r r e s p o n d i n g  to an  
ac t iv i ty  of  3.9 • 10 -4. T he  c o r r e s p o n d i n g  su l fu r  ac t iv i ty  
was  ca l cu la t ed  to b e  5.35 • 10 -6. It  w as  no t  pos s ib l e  to  
eva lua t e  t he  su l fu r  ac t iv i ty  ove r  t he  FeS  + al loy + FeAI~S4 
e q u i l i b r i u m  b e c a u s e  t h e  f ree  e n e r g y  of  f o r m a t i o n  of  
FeAI~S~ is u n k n o w n .  

F i g u r e  6 s h o w s  t he  su l fu r  ac t iv i ty  e q u i l i b r i u m  d iagram,  
In as vs. ~A~, for  t he  Fe-A1-S s y s t e m  at  1173 K. Th i s  dia- 
g r a m  is s e m i s c h e m a t i c  a n d  it  h a s  b e e n  c o m p i l e d  inso fa r  
as pos s ib l e  f rom t h e  r e su l t s  g iven  in  T a b l e s  II  a n d  III. Fo r  
clari ty,  d i s soc ia t ion  p r e s s u r e s  of  the  sulf ides  are  also 
s h o w n  in  t h i s  d iag ram.  

Table III. The thermodynamic activity of AI in solid Fe-AI alloys (2) and 
the sulfur activities calculated from Eq. [4] for the alloy + AI~$~ 

equilibria at 1173 K 

(~,) 

= _ _  

a]o A1 VA, + ~?~ aA~ at 1173 K -log as 

5 0.05 3.8 • 10 -4 
6 0.06 3.9 • 10 -4 5.27 

10 0.10 8.1 x 10 -4 5.47 
15 0.15 1.5 • 10 -3 5.65 
20 0.20 23 x 10 -'~ 5.79 
25 0.25 3.7 • 10 -~ 5.91 
30 0.30 5.5 • 10 -3 6.03 
35 0.35 8.3 • 10 -3 6.15 
40 0.40 1.4 • 10 -2 6.28 
45 0.45 2.6 • 10 -2 6.47 
50 0.50 5.5 • 10 -2 6.69 
52 0.52 9.8 • 10 -2 6.86 
60 0.60 9.8 • 10 -2 6.86 
65 0.65 9.8 • 10 -2 6.86 
67 0.67 1.3 • 10-' 6.94 
70 0.70 1.3 • lO-' 6.94 
75 0.75 4 • 10-' 7.26 
80 0.80 7 • 10-' 7.42 

100 1 1 7.54 

T h e  su l fu r  ac t iv i ty  d e c r e a s e d  f rom 1.2 • 10 -4 i m p o s e d  
b y  t he  Fe -FeS  c o e x i s t e n c e  to a lower  v a l u e  p r e s e n t l y  no t  
d e t e r m i n e d  a s soc ia t ed  w i t h  t he  u n i v a r i a n t  al loy + FeS  + 
FeA12S4 equ i l i b r ium.  The  f rac t ions ,  ~A~, in  each  p h a s e  of  
th i s  coex i s t ence ,  are 0.0084, 0.012, a n d  0.566, respec t ive ly .  
The  su l fu r  ac t iv i ty  of  t h e  al loy + FeAI~S~ + A12S3 coexis t -  
ence  was  d e t e r m i n e d  to be  5.35 • 10-E ~A~ in  e a c h  p h a s e  is 
0.059, 0.658, and  0.992 respec t ive ly .  FeA12S4 e q u i l i b r a t e d  
w i t h  al loys c o n t a i n i n g  0.84 to 5.86 a/o A1. The  re su l t s  indi-  
ca te  t h a t  A12S3 ex i s t s  w i t h  al loys c o n t a i n i n g  g rea t e r  t h a n  
5.86 a/o A1. Su l fu r  ac t iv i ty  d e c r e a s e s  w i t h  i n c r e a s i n g  alu- 
m i n u m  c o n t e n t s  of t he  al loy un t i l  i t  r e a c h e s  2.9 • 10 -s, 
c o r r e s p o n d i n g  to t h a t  of  A1 + A12S3 equ i l i b r i um.  

Summary 
The  t e r n a r y  Fe-A1-S i s o t h e r m  at 1173 K was  c o n s t r u c t e d  

by  d e t e r m i n i n g  t he  c o m p o s i t i o n  of  e q u i l i b r a t e d  al loy a n d  
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Fig. 6. The ternary equilibrium sulfur activity diagram at 1173 K, 
log as vs. AI cation (metallic) fraction. The dissociation pressures cal- 
culated for the sulfides are given by 

at = {P~2 (Pa)/1.013 • 105 (Po)} '/2 
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sulfide phases. Equil ibrium sulfur activities were deter- 
mined for the alloy + FeA12S+ + A12S3 univariant equilib- 
r ium and alloy + Al.>S3 coexistences. These results in con- 
junction with thermochemical  data for Fe-A1 alloys and 
A12S3 were used to determine the equil ibrium diagram of 
sulfur activity as a function of aluminum metallic fraction 
of each phase. 
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Preparation and Properties of Amorphous Boron Films Deposited by 
Pyrolysis of Decaborane in the Molecular Flow Region 

K. Nakamura 
Department of Chemistry, Nihon University, Sakurajosui Setagaya-ku, Tokyo 156, Japan 

ABSTRACT 

Boron films of 0.1-1.5 ~m thickness have been prepared on sapphire, silicon, and tantalum as substrates by the py- 
rolysis of decaborane (B,0H,4) in the molecular flow region (--<10 -4 torr) and in a temperature range of 350~176 It is 
found that the deposition rate of the boron films is proportional to the decaborane partial pressure and the substrate 
temperature. Below 416~ the deposition rate D is given as a function of the substrate temperature and partial pressure 
of decaborane. This relation is 

D = 7.16 • 109 �9 P �9 exp (-39000/RTs) 

where T+ is the substrate temperature, P is the pressure of decaborne, and R is the gas constant. The apparent activation 
energy for the decomposit ion of decaborane is found to be 39 kcal/mol. X-ray and electron diffraction study indicates 
that the films are amorphous. The electrical conductivities vary from 3 • 10 -5 S �9 cm -1 at 77 K to 30 S �9 cm - '  at 1000 K, 
and the activation energy is 1.07 eV in the intrinsic temperature range (700-I000 K). The maximum value of thermo- 
electric power is about 420 ~V �9 deg - '  at 700 K, and its polarity is positive between 500 and 1000 K. The absorption 
coefficient, refractive index, and extinction coefficient of boron films are obtained from the measured transmittance 
and reflectance. The energy of the indirect allowed transition is estimated to be 1.28 --- 0.08 eV. 

Boron is one of the elemental semiconductors. How- 
ever, the resistivity of boron is several hundred times 
larger than that of Si and Ge at room temperature.  Al- 
though many studies (1-3) on the properties of boron have 
been done, the physical properties reported are not in 
agreement with each other because it is very hard to ob- 
tain high-purity bulk boron. However, we can obtain pure 
and uniform boron in film form. Boron films have been 
prepared by means of  chemical vapor deposition (4-6) or 
vacuum evaporation using electron bombardment  of bo- 
ron (7-9). Croft (10) has obtained high-purity boron films 
by pyrolysis of diborane. However, diborane is a very 
dangerous gas which requires much care in handling. 
Pentaborane (BbH9; -46.5~ mp, 60~ bp) and decaborane 
(B,0H,4; 99.6~ rap, 213~ bp) can be used as alternative 
boron hydride sources. Decaborane is safer and more sta- 
ble than pentaborane and diborane. Furthermore,  
decaborane has advantages as a source material for boron 
films because high purity decaborane is easy to obtain 
with a sublimation purification process. 

Many studies on the electrical (6, 11, 12, 14) and optical 
(8, 9, 13, 14) properties of boron films prepared by vac- 
uum evaporation (12, 13) and CVD (5, 14) have been re- 
ported. However, reported properties scatter widely (e.g., 
the values of electrical conductivity and optical gap en- 
ergy at room temperature). 

In this report, high quality boron films have been pre- 
pared by pyrolysis of decaborane in the molecular  flow 
region at temperatures between 350 ~ and 1200~ The dep- 
osition mechanism is discussed in terms of the depen- 

dence of the deposition rate on the substrate temperature 
and the impingement  frequency of decaborane molecules 
onto the substrate surface. 

The temperature dependencies of the electrical conduc- 
tivity and of the thermoelectric power of the boron films 
deposited on sapphire substrates have been measured. 
The energy-band gap and optical constant (n �9 k) of boron 
have been estimated from the results of the optical trans- 
mittance and reflectance in the visible and infrared spec- 
tral regions. 

Experimental 
The schematic diagram of the apparatus in this study is 

shown in Fig. 1. The vacuum chamber was evacuated by 
an oil diffusion pump system, and the ultimate pressure 
was 2 • 10 -6 torr. Sapphire and silicon were used as the 
substrates. The substrate was fixed on the tungsten sheet 
heater (0.05 mm thickness) and was heated from 600 ~ to 
1200~ (Fig. 2). Tantalum sheet was also used as a sub- 
strate and was heated between 350 ~ and 700~ by direct 
resistance heating. The sapphire substrate temperature 
was estimated from the heater temperature, which was 
measured with an optical pyrometer.  The relation be- 
tween the substrate and the heater temperatures was pre- 
viously obtained. The tantalum substrate temperature 
was measured directly by a welded thermocouple. 

Decaborane (Arfa Product) was sublimated by heating 
at abut 70~ and was introduced to the vacuum chamber 
through a variable leak valve. Boron films were depos- 
ited on the heated substrate hv thermal decomposit ion of 
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Fig. 1. Schematic diagram of the apparatus used for deposition of 
boron films by pyrolysis of decaborane. 

Fig. 2. Assembly of the substrate and the heater 

w h i c h  was  0.2 m m  in  d iamete r .  The  d i s t ance  b e t w e e n  two  
t h e r m o c o u p l e s  was  10 ram.  T h e  size of  the  b o r o n  films 
m e a s u r e d  were  5 x 13 m m  2, a n d  the  film t h i c k n e s s e s  
we re  1.2 a n d  1.5/zm. T h e  t h e r m o e l e c t r i c  p o w e r  cou ld  no t  
be  m e a s u r e d  b e l o w  250~ b e c a u s e  it  was  too  smal l  in  
c o m p a r i s o n  w i th  t h e  e lec t r ica l  no ise  in  t h i s  t e m p e r a t u r e  
range.  

The  t r a n s m i s s i o n  a n d  t h e  ref lec t ion  s p ec t r a  of  the  bo- 
r o n  fi lms on  s a p p h i r e  we re  m e a s u r e d  over  a w a v e l e n g t h  
r a n g e  of  200-2500 n m  u s i n g  a s p e c t r o p h o t o m e t e r  MPS-50 
(Shimazu) .  In  t h e  t r a n s m i s s i o n  a n d  the  re f lec t ion  mea-  
s u r e m e n t s ,  an  u n c o a t e d  s a p p h i r e  a n d  a n  e v a p o r a t e d  alu- 
m i n u m  film were  u s e d  as t h e  re fe rences ,  respec t ive ly .  
A b s o r p t i o n  coefficient ,  r e f rac t ive  index ,  a n d  e x t i n c t i o n  
coeff ic ient  of  the  b o r o n  fi lms were  ca l cu la t ed  f rom the  
m e a s u r e d  t r a n s m i t t a n c e  a n d  re f l ec tance  at  n o r m a l  inci- 
dence .  

I n f r a r e d  t r a n s m i t t a n c e  at  n o r m a l  i n c i d e n c e  on  b o r o n  
fi lms d e p o s i t e d  on  h i g h  res i s t iv i ty  s i l icon wafers  was  
m e a s u r e d  in a w a v e l e n g t h  r a n g e  of  2.5-50/~m u s i n g  a n  in- 
f ra red  s p e c t r o p h o t o m e t e r ,  DS-701G (Jasco).  

Results and Discussion 
In f luence  o f  the depos i t ion  p a r a m e t e r s  on  the deposi-  

t ion  r a t e . - - T h e  d e p o s i t i o n  ra te  of boron ,  D (h/s), is l ine- 
ar ly  d e p e n d e n t  on  t h e  d e c a b o r a n e  p ressu re ,  P (torr), as 
s h o w n  in Fig. 3, a n d  is g iven  as D = 3.57 x 10 -3 �9 P for  
s u b s t r a t e  t e m p e r a t u r e s  of  750 ~ a n d  1000~ 

I t  is t h o u g h t  t h a t  t h e  d e p o s i t i o n  ra te  of  b o r o n  fi lms ob- 
t a i n e d  b y  pyro lys i s  of  d e c a b o r a n e  d e p e n d s  on  t he  im- 
p i n g e m e n t  f r e q u e n c y  of  d e c a b o r a n e  on to  t h e  subs t ra t e .  
F r o m  gaseous  m o l e c u l a r  dynamics ,  t h e  i m p i n g e m e n t  fre- 
quency ,  S, of  d e c a b o r a n e  on  t h e  s u b s t r a t e  sur face  is g iven  
as 

S = P (M/2~rRT~)'r2 = 5.8 x 10 2 . p (M/Tg)'~ (g/cm -~ �9 s) 
[1] 

w h e r e  R = 62.36 to r r  �9 Ymol �9 deg  is t h e  gas  cons t an t ,  P is 
t h e  d e c a b o r a n e  p r e s s u r e  in  torr ,  M is t h e  m o l e c u l a r  
w e i g h t  of  d e c a b o r a n e ,  a n d  Tg is the  gas t e m p e r a t u r e  con-  
s ide red  to be  at  r o o m  t e m p e r a t u r e  (i.e., Tg = 300 K). 

T h e  ra te  of  c h e m i s o r p t i o n  d e p e n d s  on  t h e  i m p i n g e m e n t  
f r equency ,  S, of  t h e  d e c a b o r a n e  m o l e c u l e s  on  t h e  surface,  
t h e  c o n d e n s a t i o n  coeff ic ient ,  % an d  t h e  f r ac t ion  of  colli- 
s ions  t h a t  t ake  p lace  at  ava i l ab le  si tes f(O), w h e r e  0 is t he  
f rac t iona l  sur face  coverage .  T h e  ra te  of  c h e m i s o r p t i o n ,  U 
is g i v e n  as 

U = S~/f(O) e x p  ( -EJRTs)  [2] 

the  decabo rane .  The  p r e s s u r e  of d e c a b o r a n e  was  mea-  
s u r e d  as a c o r r e s p o n d i n g  of  n i t r o g e n  p r e s s u r e  by  a B-A 
t y p e  ion iza t ion  gauge  a n d  was  k e p t  b e t w e e n  1 x 10 -~ to r r  
a n d  2 x 10 -4 torr.  D e p o s i t i o n  t i m e  va r i ed  f r o m  0.5-60 min ,  
d e p e n d i n g  on  t he  gas  p r e s s u r e  a n d  t he  s u b s t r a t e  t e m p e r a -  
ture.  The  t h i c k n e s s e s  of  the  f i lms on  t he  s a p p h i r e  sub-  
s t ra tes  were  m e a s u r e d  w i t h  a m u l t i p l e - b e a m  in t e r f e rome-  
t e r  a n d  r a n g e d  f rom 442 to 4740~. In  t he  case  of  t he  fi lms 
d e p o s i t e d  on  t a n t a l u m ,  t h e  fi lm t h i c k n e s s  cou ld  n o t  be  
m e a s u r e d  opt ica l ly  b e c a u s e  of  the  r o u g h  sur face  of  the  
t a n t a l u m  subs t ra t e .  The  film t h i c k n e s s  of  t he  b o r o n  
fi lms o n  t a n t a l u m  s u b s t r a t e s  was  e s t i m a t e d  f rom t h e  
m e a s u r e d  x-ray f l uo re scence  of  b o r o n  d e p o s i t e d  u s i n g  
E P M A  w i t h  a 7 k V  acce l e r a t i on  vol tage,  a 0.1A s a m p l e  
cu r r en t ,  a n d  a 100 /zm b e a m - d i a m e t e r .  The  r e l a t i on  be- 
t w e e n  t he  x-ray i n t e n s i t y  a n d  t he  fi lm t h i c k n e s s  was  pre-  
v ious ly  o b t a i n e d  u s i n g  b o r o n  fi lms on  a s a p p h i r e  sub-  
s trate.  

T h e  c rys ta l  s t r u c t u r e  of  b o r o n  fi lms was  s t u d i e d  by  
re f lec t ion  e l ec t ron  a n d  x- ray  d i f f rac t ion  t e c h n i q u e s .  The  
e lec t r ica l  c o n d u c t i v i t y  a n d  its t e m p e r a t u r e  d e p e n d e n c e  
we re  m e a s u r e d  b y  a t w o - p r o b e  t e c h n i q u e  at t e m p e r a t u r e s  
r a n g i n g  f rom 300 to 1000 K in  v a c u u m .  A gold  film, de- 
pos i t ed  on  t he  b o r o n  fi lms b y  v a c u u m  evapora t i on ,  was  
u s e d  as a n  e lec t rode .  T h e r m o e l e c t r i c  p o w e r  of  t he  fi lms 
was  m e a s u r e d  by  u s i n g  a P t - P t R h  (10%) t h e r m o c o u p l e  

L i i i 

8 

60  

7 

< 
2 

4 0  

t ~9 
20 

0 r i r i 
0 5 10 15 20 

B ioH14 ptessure - I0 s / Torr 
Fig. 3. Deposition rates of pyrolytic boron films as a function of 

B,oH,4 pressure. The films were deposited at substrate temperatures of 
T~ = 750~ (0 )  and Ts = 1000~ (�9 
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where  Ts is the  subs t ra te  t empera tu re ,  and Ee is the  activa- 10 
t ion energy  for chemisorp t ion .  

As shown  in Fig. 3, the  depos i t ion  rate is i n d e p e n d e n t  8 
of t empera ture ,  and the  chemisorp t ion  is nonac t iva ted ;  .~ 
hence ,  the  act ivat ion ene rgy  Ee = 0. U n d e r  the  exper imen-  
tal  condi t ions,  we  suppose  that  f(0) "-= 1 and  7 - 1, hence,  ~ 6 
the  rate  of  chemiso rp t ion  is equa l  to the  i m p i n g e m e n t  fre- ~, 
quency ,  S. The  theore t ica l  depos i t ion  rate, Dt, in this h igh .~ 4 
t empe ra tu r e  range is ~ 2 

Dt = 1.66 • 10 -2.  P (cm/s) [3] 
t ak ing  into accoun t  the  ratio of  boron  weigh t  to 
decaborane  molecu la r  we igh t  (0.9) and the  dens i ty  of  bo- 
ron  (2.0 g/cm3). Compar i son  wi th  the  expe r imen ta l  va lues  
of  Fig. 3 shows that  Dt m u s t  be  mul t ip l ied  by a factor  of  
0.22. This  factor is due  to e i ther  f(O), 7, or  the  sensi t ivi ty  
d i f ference  of  decaborane  and n i t rogen  in the  ionizat ion 
gauge.  

F igure  4 shows the  t empe ra tu r e  d e p e n d e n c e  of  the  dep-  60  
os i t ion rate of  boron  films in a t empe ra tu r e  range of  
350~176 at two decaborane  part ial  pressures ,  2 • 10 -3 
torT and 8 • 10 -3 torT. In each case, the deposition rate in- 40 
creases steeply, with an increase in temperature of up to 
416~ and then saturates. - 

20 In the low temperature range, T~ =< 416~ the activation 
energy  is found to be  39 kca l /mol  f rom the  slope, and the  ~" 
depos i t ion  rate is g iven  as 0 

D = 7.16 x 109 . P �9 exp  (-39000/R �9 T~) (cm/s) [4] < 

~" 60 The  saturated depos i t ion  rate above  416~ can  be  ex-  -"- 
p la ined  by Eq. [2]. The  ac t iva t ion  energy  of  39 kca l /mol  is 
in a g r e e m e n t  wi th  41.4 kca l lmol  (15) and 41.6 +- 0.5 z 4 0  
kcaYmol (16), bo th  r epor t ed  for the  ac t iva t ion  ene rgy  of 
the  decompos i t i on  of  decaborane  at t empera tu re s  be low 
250~ 20 

Characterization of the films (structure, impuri- 
ties).--The x-ray dif f ract ion pat tern  of  a boron  film de- 
pos i t ed  on sapphi re  at a substra te  t empera tu re  of  700~ 0 
and a decaborane  p ressure  of  2 • 10 -3 to r t  for 15 rain is 
shown  in Fig. 5. The  x-ray and electron di f f rac t ion analy- 
sis indica tes  that  the  films are amorphous .  

The  E S C A  s p e c t r u m  of  the  boron  film depos i ted  at a 
decaborane  pressure  of  4.4 • 10 -3 torr  and a substra te  
t e m p e r a t u r e  of  700~ is shown in Fig. 6. F igure  6 shows 
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Fig. 4. Logarithm of the deposition rate divided by the decaboran 
pressure as a function of reciprocal absolute temperature of the sub- 
strata. The films were deposited at decaborane pressures of P = 2 x 
10 -5 torr ( 0 )  and P = 8 x 10 -3 torr (O). 
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Fig. 5. X-ray diffraction pattern of a pyrolytic boron film 
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Fig. 6. ESCA spectra of a pyrolytic boron film 

the  spec t rum of the film before  and after ion  etching.  
The  peaks  at the  b ind ing  energ ies  of  191, 288, and 512 eV 
cor respond  to boron  ls ,  ca rbon  ls,  and o x y g e n  ls,  respec-  
tively. The  amoun t s  of  ca rbon  and o x y g e n  at the  surface 
were  es t imated  f rom the  observed  peak  intensi t ies  
mul t ip l ied  by the  photo- ioniza t ion  cross-section,  factor  
(B: 0.486, C: 1.00, O: 0.293) and are shown in Table  I. The  
table  shows that  oxygen  decreases  l i t t le by ion etching,  
even  though  the  apparen t  ca rbon  con ten t  decreases  to al- 
mos t  one th i rd  its original  content .  These  resul ts  indica te  
that  it is difficult  to r e m o v e  o x y g e n  f rom the  film sur- 
face by ion e t ch ing  alone. The  boron  films were  analyzed 
by E P M A  because  this m e t h o d  was no t  in f luenced  by 
surface impuri t ies .  The  amoun t s  of  impur i t ies  in three  
films depos i t ed  on sapphi re  subst ra tes  at decaborane  
pressures  of  1.4 x 10 -5, 3.3 • 10 -3, and  4 x 10 -5 tOrT are 
shown in Table  II. This  table  shows that  carbon  decreases  
wi th  inc reas ing  depos i t ion  rate. O x y g e n  impur i t ies  in bo- 
ron films on sapphi re  subst ra tes  cannot  be  analyzed by 
E P M A  because  the  p r imary  e lec t rons  pene t ra te  the  film 
and ex t end  into the  oxygen  bear ing  substrate.  On the  
contrary,  no o x y g e n  was found  in the  films on t an ta lum 
subst ra tes  by EPMA.  The E P M A  and the  E S C A  analyses  
sugges t  that  o x y g e n  impur i ty  local ized near  the surface is 
due  to the  expos ing  air, whi le  carbon  impur i t i es  are. incor- 
pora ted  in the  films f rom a res idual  gas. 

Electrical properties.--The conduct iv i t i es  of  boron  
films as a func t ion  of  rec iprocal  absolu te  t empera tu re  are 
shown in Fig. 7. Conduc t iv i ty  var ied  f rom 3 x 10 -3 S �9 
cm -I at r o o m  t empera tu r e  to 30 S �9 c m - '  at 1000 K. The  
conduc t iv i ty  at r o o m  t empera tu r e  is in a g r e e m e n t  w i th  
that  for a m o r p h o u s  boron  films depos i t ed  by CVD and 
vacuum evaporation (1 • 10 -3 S - cm-') (12), but much 
larger than that of single crystal ('-: 10 -6 S �9 cm-') (17, 18). 
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Table I. ESCA data for a boron film deposited at a BloH~ pressure of 
4.4 • 10 -5 torr and a substrate temperature of 700~ 

Intensity (arbitrary units) 
Sample Boron Carbon Oxygen C/B O/B 

10 ~ 

o 

�9 o I 
As deposited 95 28 6.1 0.298 0.065 10 o 
After argon 131 12 5.7 0.092 0.044 "o o 

�9 e A 
etching 7 �9 �9 

Table II. Data for boron films analyzed by EPMA ~ 1 

B,oH~4 Deposition Characteristic x-ray '~ t 
pressure rate intensity (CPS) ~ " ~}' 

(tort) (~/s) Boron Carbon C/B ~ 1 0 "~ , %~ �9 

2 • i0 -5 7 1740 18 0.0103 
4 • I0 -5 14 1020 6 0.0059 
i • I0 -4 33 1320 4 0.0030 

The  c o n d u c t i v i t y  dec rea se s  s l igh t ly  w i t h  i n c r e a s i n g  depo-  
s i t ion  t e m p e r a t u r e  a n d  is no t  a f fec ted  b y  t he  c a r b o n  im- 
pur i t ies .  

Genera l ly ,  t he  c o n d u c t i v i t y  of  s e m i c o n d u c t o r s  in  t h e  in- 
t r ins ic  conduction region is written as 

o- = ~o exp (-EJkT) [5] 

where O-o is a constant, Eg the bandgap energy, k the Boltz- 
mann constant, and T the absolute temperature. E~ can be 
determined from the slope of the straight line in the plot 
of log ~ against lIT. By applying this method to Fig.7, we 
obtained Eg = 1.07 eV. This value is in agreement with 
values reported for amorphous boron films (1.0-1.16 eV) 
(14, 19, 20), but is smaller than those for polycrystalline 
and single crystal boron (1.3-1.4 eV) (20-22). On the other 
hand, because the boron films obtained are amorphous, 
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Fig. 7. Temperature dependence of the conductivity of pyrolytic bo- 
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Fig. 8. Dependence of conductivity S on T~/4; symbols correspond to 
those in Fig. 7. 

t h e  e lec t r ic  c o n d u c t i o n  is c o n s i d e r e d  to be  due  to hop-  
p i n g  conduc t i on .  Mot t  (23) h a s  de r i ved  the  e q u a t i o n  for 
h o p p i n g  c o n d u c t i o n  

o- = ~o exp  ( - ( T J T )  '/4) [6] 

w h e r e  ~o a n d  To are cons t an t s .  
The  p lo ts  of  log o- of  the  b o r o n  fi lms as a f u n c t i o n  of  

T '/4 are  s h o w n  Fig. 8. The  o b s e r v e d  va lues  s h o w  a good  
l i nea r  r e l a t ion  b e t w e e n  log o- a n d  T ~/4, a n d  va lues  of  ~o = 
3.2 • 10" S �9 c m  a n d  To = 3.5 • 10 -8 K are  ob ta ined .  Ac- 
c o r d i n g  to Mott ,  To is g iven  as a f u n c t i o n  of  the  d e n s i t y  of  
local ized s ta tes  at  F e r m i  level,  N (E~) 

To = 16 e3/kN (Er) [7] 

w h e r e  e is t he  e x p o n e n t i a l  decay  fac tor  of  local ized s ta tes  
(e- '  "-: 5~) (6), a n d  k is t he  B o l t z m a n n  cons t an t .  F r o m  t h e  
va lue  of  To a n d  Eq. [7], N(E~) = 3.8 x 10'* c m  -3 �9 e V - '  is 
ob ta ined .  Th i s  v a l u e  is in  a g r e e m e n t  w i t h  t h e  v a l u e  for 
a m o r p h o u s  b o r o n  films, 5 • 10'~-10 TM cm 3 �9 e V - '  (6), a n d  
t he  v a l u e  for  a m o r p h o u s  bu lk ,  ~ 10 's c m  -3 �9 e V - '  (24). As 
m e n t i o n e d  above ,  t he  c o n d u c t i o n  of  t he  b o r o n  f i lms can  
b e  e x p l a i n e d  succes s fu l l y  by  two c o n d u c t i o n  m e c h a -  
n i sms .  We c a n n o t  d e c i d e  w h i c h  m e c h a n i s m  is va l id  
w i t h i n  ou r  e x p e r i m e n t a l  accuracy .  

F i g u r e  9 s h o w s  t he  t e m p e r a t u r e  d e p e n d e n c e  of  t he  
t h e r m o e l e c t r i c  p o w e r  of t he  films. All t he  f i lms o b t a i n e d  
s h o w  p- type  conduc t i on .  The  t h e r m o e l e c t r i c  p o w e r  in- 
c reases  r ap id ly  f r o m  107 ~V �9 d e g - '  a t  230~ to a maxi -  
m u m  va lue  of  400 ~V - deg  -~ a t 427~ it  t h e n  dec rea se s  
g radua l ly  to 310 ~V - d e g - '  a t  730~ As t he  pos i t ive  car- 
r ier  c o n c e n t r a t i o n  inc reases  w i t h  i n c r e a s i n g  t e m p e r a t u r e ,  
t h e  t h e r m o e l e c t r i c  p o w e r  also i nc r ea se s  w i t h  i n c r e a s i n g  
t e m p e r a t u r e .  However ,  at  h i g h e r  t e m p e r a t u r e ,  t he  ther -  
moe lec t r i c  p o w e r  d e c r e a s e s  w i t h  i n c r e a s i n g  t e m p e r a t u r e  
b e c a u s e  t he  ho le  m o b i l i t y  decreases .  T h e  t h e r m o e l e c t r i c  
p o w e r s  r e p o r t e d  for b u l k  b o r o n  (17, 18, 25) s h o w  a large  
p e a k  at  a lower  t e m p e r a t u r e ,  c o m p a r e d  w i t h  t h o s e  for  the  
b o r o n  fi lms we o b t a i n e d  (420 ~V at  700 K). T h e s e  r e su l t s  
c an  b e  e x p l a i n e d  b y  t h e  a s s u m p t i o n  t h a t  t h e  c o n c e n t r a -  
t ion  of  t h e  i m p u r i t i e s  or  de fec t s  in  t he  b o r o n  fi lms s h o u l d  
b e  m u c h  h i g h e r  t h a n  t h a t  in  b u l k  boron .  M i d d l e t o n  a n d  
J o h n s o n  h a v e  e x p l a i n e d  t he  s ame  r e su l t s  for  g e r m a n i u m  
b y  t he  h i g h e r  c o n c e n t r a t i o n  of  a l u m i n u m  (26). 
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Fig. 11. Absorption coefficient of pyrolytic boron films as a function 
of incident photon energy. 
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Fig. 9. Temperature dependence of the thermoelectric power 

T h e  f igure  of  m e r i t  for  t h e r m o e l e c t r i c  mate r ia l s ,  Z, is 
g i v e n  as 

Z = r2o-/K ( d e g - ' )  [8] 

w h e r e  r is t he  t h e r m o e l e c t r i c  power ,  ~ is t h e  e lec t r ica l  
conduc t iv i t y ,  a n d  K is t h e  t h e r m a l  conduc t iv i t y .  The  
t h e r m a l  c o n d u c t i v i t y  of  b o r o n  is a s s u m e d  to b e  0.05 W �9 

c m - '  �9 d e g - '  (27, 28). The  f igure of  m e r i t  of  the  b o r o n  
fi lms as a f u n c t i o n  of  t e m p e r a t u r e  are s h o w n  in  Fig. 10. 
The  v a l u e  Z inc reases  s t eep ly  w i t h  an  i nc r ea se  of t e m p e r -  
a ture .  However ,  t he  Z va lues  of  the  b o r o n  fi lms are 
sma l l e r  t h a n  t h o s e  r e p o r t e d  for  t he  a m o r p h o u s  b u l k  ma te -  
ria] (29). A f igure of  m e r i t  h i g h e r  t h a n  10 -3 deg  -1 is re- 
q u i r e d  for the  ma te r i a l  of  a p rac t i ca l  t h e r m o e l e c t r i c  con-  
ver ter .  F i g u r e  10 sugges t s  t h a t  b o r o n  fi lms d e p o s i t e d  by  
pyro lys i s  of  d e c a b o r a n e  are  use fu l  for t h e r m o e l e c t r i c  de- 
v ices  at  over  2000 K. 

Optical properties.--The a b s o r p t i o n  coeff ic ient  of  t he  
b o r o n  films, a, is s h o w n  in  Fig. 11 as a f u n c t i o n  of  inci- 
d e n t  p h o t o n  energy,  hr .  The  a b s o r p t i o n  coeff ic ient  in- 
c reases  r ap id ly  at  a b o u t  1.3 eV. 

I t  is wel l  k n o w n  t h a t  b o r o n  is a n  i n d i r e c t  ene rgy -gap  
t y p e  mater ia l .  The  a b s o r p t i o n  coeff ic ient  a n e a r  t he  ab- 
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Fig. 10. EMF figure of merit Z of pyrolytic boron films as a function 
of absolute temperature. 
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sorption edge E~ for the indirect allowed transition can be 
described as a function of the photon energy hv 

ahv ~ (hv - Eg) ~ [9] 

The variation of the square root of adsorption coefficient 
multiplied by photon energy (ahv) ~ for the boron films 
with the incident photon energy is shown in Fig. 12/The 
figure shows that the boron film is an indirect energy- 
gap type material. The energy gap Eg is estimated to be 
1.28 -+ 0.08 eV by extrapolation of the linear part to the 
horizontal axis in Fig. 12. This value is larger than the 
value obtained by the electrical measurement  (1.07 eV) 
and the values reported for amorphous films by 
Adirovich (19) and Morita (14). 

The refractive index n and the extinction coefficient k 
of the boron films are shown as a function of wavelength 
in Fig. 13 and 14, respectively. These results agree well 
with the values obtained by Murphy (9) and Morita (14) 
for amorphous films deposited by vacuum evaporation. 
The hillock of the refractive index at the wavelength 
arotind 1 t~m corresponds to the absorption edge. An in- 
crease in the extinction coefficient is also shown at 
wavelengths below 1 t~m. 

Figure 15 shows the infrared transmission spectrum of 
the boron film deposited on a silicon substrate. As shown 
in Fig. 15, the absorption of the boron film in the IR spec- 
tral region increases at about 8 t~m and reaches a maxi- 
mum at 12.5 tLm. Blum (30) has studied the effect of impu- 
rities such as carbon and hydrogen on the infrared 
absorption of amorphous boron films and has shown that 
the narrow band at 2560 cm -~ observed in hydrogen- 
doped samples is due to B-H bond vibration. Also, the 
broad strong band from 1000 to 1200 cm -~, which is corre- 
lated strongly with the amount of carbon in the films, is 
due to an overlapping and broadening of various B-C 
bond vibrations. Therefore, the absorption band from 8 to 
12.5 tzm observed in our films is not considered to be due 
to hydrogen and carbon impurities. Although many ab- 
sorption bands caused by the complex crystal structure 
of boron have been reported, they are all in the wave- 
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Fig. 13. Refractive index of pyrolytic boron films as a function of 
wavelength. 
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Fig. 15. Infrared transmission spectrum of a pyrolytic boron film de- 
posited on a silicon substrate. 

length region shorter than 8/~m (31). Werheit et al. (32, 33) 
have studied the optical properties of/3-rhombohedral bo- 
ron single-crystals in detail and have shown that absorp- 
tion has a peak at 8 /zm. According to Decker (34), the 
absorption spectra of a-rhombohedral boron have absorp- 
tion peaks at 18.2, 10.9, 9.3, and 8.2 tzm. These absorption 
bands are not in agreement with those observed for boron 
films deposited by pyrolysis of the decaborane. On the 
basis of studies made by Golikova (21), it can be consid- 
ered that the absorption at 12.5 tzm is associated with the 
short-range lattice structure in the boron films. 

Conclusion 
Amorphous boron films have been deposited by pyrol- 

ysis of decaborane in the molecular flow region. On the 
assumption that the deposition rate of boron films is de- 
termined by the impingement  frequency of the 
decaborane molecules onto the substrate surface, we have 
derived the equation for the deposition rate D at tempera- 
tures lower than 416~ The equation, D = 7.16 • 10 ~ �9 P �9 
exp (-39000/RTs) (cm/s), explains the experimental  results 
successfully. 

Electrical conductivity of these boron films is '--. 103 
larger than that for single-crystal boron and is in agree- 
ment  with that for amorphous films deposited by CVD 
and vacuum evaporation. The influence of impurities on 
the conductivity is not clear. The activation energy for 
conduction of the boron films is estimated to be 1.07 eV 
in the intrinsic temperature range. The temperature de- 
pendence of the electrical conductivity can also be ex- 
plained by a hopping conduction mechanism of 
amorphous materials. The plots of ]og o- against T ~/4 show 
a good linear relation, and the density of localized states 
at the Fermi level, N(EF), is estimated to be 3.8 x 1028 cm -3 
�9 eV -1. However, we cannot decide which mechanism is 
valid within our experimental  accuracy. 

The thermoelectric power of the boron films obtained 
shows a small peak at a higher temperature, compared 
with those for bulk boron. This may be attributed to the 
fact that the concentration of the acceptors in amorphous 
boron films is higher than that in boron crystals. 

From the measurements of optical absorption, it is 
found that boron films are an indirect bandgap type ma- 
terial and have an energy gap of 1.28 -+ 0.08 eV. The re- 
fractive indexes and the extinction coefficients of the bo- 
ron films in the wavelength range of 0.27-2.5 /~m were 
obtained. In the infrared spectral region, an absorption 
peak was observed at 12.5 t~m, which is considered to be 
associated with short-range order in the boron lattice. 
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Electrical Properties of Organometallic Chemical Vapor Deposited 
GaAs Epitaxial Layers 

Temperature Dependence 

Douglas H. Reep *'1 and Sorab K. Ghandhi* 

Department of Electrical, Computer, and Systems Engineering, Rensselaer Polytechnic Institute, Troy, New York 12181 

ABSTRACT 

Electrical characteristics are presented for unintentionally doped.GaAs epitaxial films, grown by the pyrolysis of 
trimethylgallium (TMG) and arsine at atmospheric pressure. The depositions were carried out on (100) substrates, from 
450 r to 1050~ for a wide variety of growth conditions. Growth rates and morphology have been presented elsewhere. 
Films grown at 1050~ were found to be p4ype, with the hole concentration falling at lower growth temperatures. Con- 
version to n-type occurred for growth below 975~ independent  of the arsine overpressure. At still lower temperatures, 
the film became increasingly n-type, with a peak in free electron concentration occurring at 850~ Further reduction in 
growth temperature resulted in lower electron concentrations until  eventually the films became p-type at around 550~ 
depending on the arsine overpressure. The electrical behavior of these films correlates well with predictions from the 
growth model and thus provides additional insight into the organometallic growth process. 

Much attention has been paid recently to the growth of 
thin epiaxial layers of GaAs by the organometallic CVD 
technique. Promising results have been obtained with the 
use of these layers for optoelectronic (1, 2), microwave 
(3, 4), and high speed digital applications (4). In addition, 
organometallic CVD grown layers which approach the 
purity and electron mobility of the best layers produced 
by the chloride-based techniques have been reported (4). 
The organometallic technique has also generated much 
interest due to its flexibility and its apparent simplicity. 

*Electrochemical Society Active Member. 
~Present address: General Electric Company, Electronics Lab- 

oratory, Syracuse, New York 13221. 

Little has been published in regard to the mechanisms 
of growth by this process, as compared to the halide and 
hydride growth systems. In fact, the growth of GaAs 
films by this technique is generally described as a simple 
pyrolysis of trimethylgallium (TMG) and arsine. However, 
many complex processes and intermediate reactions are 
involved, and the subject is far from understood at the 
present time. 

Recently, based on experiments employing different 
substrate orientations [(100), (110), ( l l l )Ga,  and ( l l l )As] 
performed over a wide range of temperatures (450 ~ 
1050~ we have proposed (5, 6) a growth model for this 
process. A brief review of this model is as follows: the dis- 
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sociation activation energy for the first, second, and third 
(Ga-CH3) bonds is 59.5, 35.4, and 77.5 kca]Jmol, respec- 
tively (7). This fact, together with an analysis of the rate 
constant data for this dissociation, leads to the conclusion 
that the rate limiter for the thermal decomposit ion of 
TMG is in all probability the breaking of the last (Ga-CH3) 
bond. Studies of the decomposit ion of ASH3, in like man- 
ner, lead to the conclusion that the primary surface- 
adsorbed arsenic species is (As-H). The growth model 
which we have described is the result of a Langmuir- 
Hinshelwood-type reaction involving these species. Al- 
though the actual reactions which take place are very 
complex, and are still the subject of much controversy, 
this relatively simple model  fits the observed growth 
characteristics for a wide range of crystal orientations, 
reactant partial pressures, and growth temperatures. 
Thus, it serves as a useful starting point for developing 
further insight into the growth process. In this paper, we 
describe the electrical characteristics of these layers. It is 
shown that they, too, can be explained in terms of this 
growth model. Thus, they provide support for it and help 
in its further development.  

Experimental Procedure 
Epitaxial layers of GaAs were deposited by the pyroly- 

sis of arsine and trimethylgallium (TMG), using hydrogen 
as the carrier gas. Anhydrous hydrogen chloride was 
available for in  s i tu  etching of the substrates prior to layer 
growth. Layer deposition was performed at temperatures 
from 450~176 for input TMG partial pressures ranging 
from 4.6 to 37 • 10 -5 atm. The arsine flow was varied 
over a wide range, corresponding to AsHJTMG ratios of 
4.7-75 at the reactor inlet. The hydrogen carrier gas flow 
through the reaction chamber  was fixed at 5 1/min for all 
of the data reported here. 

Single-crystal, semi-insulating GaAs substrates 2, 3 used 
in this study were (100) oriented or 3 ~ off (100)towards the 
[110] direction, and were received lapped and chem- 
mechanically polished on one side. Prior to loading into 
the epitaxial reactor, the wafers were degreased sequen- 
tially in trichloroethylene, acetone, and methanol. A 
chemical polishing etch of 1 rain duration in hot (60~ 
Caro's etch (H2SO4:H202:H~O = 3:1:1 by volume) produced 
mirror-like surfaces, a n d r e m o v e d  15-25 t~m of material 
from the substrate surface. The substrates were quenched 
in DI water immediately following removal from the 
Caro's etch, rinsed with methanol, and blown dry in 
filtered nitrogen. 

The epitaxiat reactor consisted of an atmospheric pres- 
sure, horizontal, RF-heated, cold wall system of the type 
described previously (8). Gases were delivered to the 50 
mm id quartz reaction chamber through 316 stainless 
steel or Monel tubing. The substrate temperature was 
monitored with a Pt/Pt-13% Rh thermocouple,  sheathed 
i n  quartz, and inserted into a well in the back of the 
graphite susceptor. 

A 10% mixture of arsine 4 in hydrogen was used in this 
work. TMG 5 vapor was provided by bubbl ing hydrogen 
through this liquid, which was held at 0~ in a stainless 
steel bubbler. A 1% mixture of electronic-grade hydrogen 
chloride in hydrogen 4 was available for i n  s i tu  etching of 
the substrates. Ultrapure hydrogen carrier gas was ob- 
tained by passing commercial-grade hydrogen 4 through a 
Pd-Ag alloy purifier. In all cases, the reactant gases were 
thoroughly mixed prior to entry into the reaction cham- 
ber. 

The substrate wafers were loaded into the reactor after 
chemical etching and microscopic inspection of the sur- 
face. The,react ion chamber was evacuated and purged 
with argon, 4 followed by hydrogen gas. Next, the required 
flows of hydrogen and arsine were set. For experiments 
involving an in  s i tu  etch prior to growth, the susceptor 

2Crystal Specialties, Incorporated, Monrovia, California 91016. 
8Cambridge Instruments, Incorporated, Monsey, New Jersey 

10952. 
4Air Products, Tamaqua, Pennsylvania 19252. 
5Alpha Products, Danvers, Massachusetts 01923. 

was heated and stabilized at the etch temperature (typi- 
cally 945~ After a period of 5 min, which was sufficient 
to remove any surface oxide left by the chemical cleaning 
procedure (9), the wafers were given an i n  s i tu  etch of the 
type described previously (10). The temperature of the 
susceptor was then reset and allowed to stabilize at the 
growth temperature for 2 min prior to commencement  of 
growth by the introduction of the TMG vapor. 

For experiments where no i n  s i tu  etch was performed, 
the susceptor was heated to the growth temperature 6 and 
stabilized there for a period of 5 min, before the TMG 
flow was established. At the end of the growth interval, 
the  TMG flow was terminated, and the system held at the 
growth temperature for an additional 3 min. The suscep- 
tor and substrates were then cooled to 200~ in the 
AsHJH2 ambient, followed by an argon purge of suffi- 
cient duration for the susceptor to reach room tempera- 
ture. 

The growth rate of the epitaxial layer was determined 
either by weight change, in the case of no pregrowth in  
s i tu  etch, or by cleaving and staining, followed by inspec- 
tion with an optical microscope fitted for Nomarski dif- 
ferential interference contrast. Surface morphology was 
studied using scanning electron microscopy. 

The free carrier concentration and mobility of the GaAs 
films were measured using the Hall effect. In particular, 
the van der Pauw technique was employed. All of the re- 
sults presented are calculated directly from the Hall coef- 
ficient, following the common practice of assigning a 
unity value to the scattering factor (i.e., rH = 1). Ionized 
acceptor and donor concentrations were determined from 
the free carrier and mobility measurements (11) at liquid 
nitrogen temperature (77 K) for the n-type layers. 

Results and Discussion 
Only the (100) orientation was considered, because of 

the extreme difficulty of growing device-quality layers of 
other orientations by OMCVD. Moreover, a study of this 
orientation is of greatest interest, since it is commonly 
used in device fabrication. All of the (100) layers (oriented 
as well as misoriented) exhibited smooth, specular sur- 
faces over the full range of deposition temperatures. 
Moreover, the morphology was found to be essentially in- 

6A minimum of 700~ was used for the pregrowth heat- 
treatment, as this is sufficient to remove any traces of surface 
oxide (9). Thus, for the depositions performed below 700~ the 
susceptor temperature was dropped (from 700~ and allowed 2 
min to stabilize at the growth temperature. 
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Fig. 1. Carrier concentration vs. P A s H  3 for (100) GaAs epitaxial lay- 
ers grown at 700~ 
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d e p e n d e n t  of  t he  r e a c t a n t  flows over  t h i s  t e m p e r a t u r e  
range ,  as was  o b s e r v e d  (6) for  fi lm g r o w t h  at  700~ 

T h e  ma jo r i t y  of  t he  ep i t ax ia l  layers  we re  g r o w n  for  th i s  
i n v e s t i g a t i o n  on  s u b s t r a t e s  w h i c h  were  g i v e n  no  in situ 
etch ,  so t h a t  re l i ab le  g r o w t h  ra te  da ta  cou ld  b e  ob ta ined .  
All  of  the  da ta  r e p o r t e d  he re  we re  t a k e n  o n  layers  w h i c h  
we re  5-6 ~ m  th ick ,  so t h a t  t he  e lec t r ica l  m e a s u r e m e n t s  
w e r e  no t  a f fec ted  b y  t he  inc lus ion ,  or  absence ,  of  t h i s  e t ch  
s tep.  

T h e  e lec t r ica l  da t a  r e p o r t e d  he re  were  m a d e  on  s a m p l e s  
g r o w n  u s i n g  one  lot  of  T M G  a n d  one  cy l i nde r  of  ASH3, so 
t h a t  m e a n i n g f u l  c o m p a r i s o n s  cou ld  b e  made .  In  add i t ion ,  
t h e  n a t u r e  of  t he  c o n t a m i n a n t s  i n  t he  s t a r t i ng  ma te r i a l s  
was  first  d e t e r m i n e d  so t h a t  t he  r e su l t s  cou ld  be  m e a n -  
ing fu l ly  i n t e rp re t ed .  

F i g u r e  1 s h o w s  t he  e lec t r ica l  p r o p e r t i e s  of  u n d o p e d  
s a m p l e s  g r o w n  at  700~ as a f u n c t i o n  of  t he  a r s ine  over- 
p ressu re .  Here,  i t  is s e e n  t h a t  ND ( the ion ized  d o n o r  con-  
c en t r a t i on )  i nc r ea se s  w i t h  a r s ine  p ressu re ,  w h e r e  NA ( the 
ion ized  accep to r  c o n c e n t r a t i o n )  falls. T h e s e  r e su l t s  are 
w h a t  w o u l d  b e  e x p e c t e d  if  t he  p r i m a r y  c o n t a m i n a n t  in  
t he  s t a r t i ng  c h e m i c a l s  c a m e  f rom c o l u m n  IV of  t he  peri-  
odic  table .  Moreover ,  (NA + ND) is i n d e p e n d e n t  of  a r s ine  
p r e s s u r e  for  t h e s e  s amples ,  i n d i c a t i n g  t h a t  the  con t ami -  
n a n t  c o m e s  m a i n l y  f r o m  t he  T M G  source ,  w h o s e  par t ia l  
p r e s s u r e  was  he ld  c o n s t a n t  for  t h i s  ser ies  of  e x p e r i m e n t s .  
Thus ,  to a first order ,  t he  i n h e r e n t  c o n t a m i n a n t  in  t he  
c o m b i n a t i o n  of  s t a r t i n g  c h e m i c a l s  u s e d  he re  c a n  b e  at- 
t r i b u t e d  to c o l u m n  IV i m p u r i t i e s  7 r e l a t ed  to t he  TMG, 
w i t h  re la t ive ly  l i t t le  c o n t a m i n a t i o n  c o m i n g  f rom t h e  ar- 
sine.  I t  is p r o b a b l e  t h a t  s i l icon is th i s  c o n t a m i n a n t  in  our  
case,  as th i s  was  d e t e c t e d  b y  meta l l i c  i m p u r i t y  analysis ,  s 
I t  h a s  b e e n  s h o w n  t h a t  th i s  dopan t ,  a l t h o u g h  a m p h o t e r i c ,  
a lways  r e su l t s  in  n - type  ma te r i a l  in  t he  OMCVD of GaAs  
(12). 

We h a v e  p r o p o s e d  a g r o w t h  m o d e l  (5) b a s e d  o n  t he  re- 
su l t s  of  m e a s u r e m e n t s  m a d e  over  a w i d e  r a n g e  of t e m p e r -  
a ture ,  r e a c t a n t  par t ia l  p re s su res ,  a n d  c rys ta l  o r i en ta t ions .  
G r o w t h  data ,  t a k e n  for  t h e  p u r p o s e  of m o d e l  deve lop-  
m e n t ,  is p r e s e n t e d  in  Fig. 2 for t he  (100) o r i en ta t ion ,  a n d  
for  A s H d T M G  in le t  p r e s s u r e  ra t ios  f rom 9.3 to 36.9. A 
s t u d y  of  th i s  figure,  in  t he  l igh t  of  the  g r o w t h  m o d e l  we  
h a v e  p r o p o s e d ,  s h o w s  t he  fo l lowing  fea tures :  (i) at  h igh  
t e m p e r a t u r e s  ( above  t h e  p o i n t  A at  850~ g r o w t h  is l im- 
i t ed  b y  t h e  d e s o r p t i o n  of  (Ga-CH3) f rom t h e  sur face  s ince  
t h e  p r e s e n c e  of  t he  m e t h y l  rad ica l  s ign i f i can t ly  r e d u c e s  
t h e  e f fec t ive  Ga-As b o n d  s t r eng th .  T he  t e m p e r a t u r e  at  
w h i c h  t he  g r o w t h  ra te  fal l-off  occurs  is i n d e p e n d e n t  of  
the  AsH~/TMG ratio. (it) A t  low t e m p e r a t u r e s ,  (be low t h e  
p o i n t  B at  600~ t he  g r o w t h  is l imi t ed  by  t h e  d e c o m p o s i -  
t i on  of  ars ine ,  a n d  b y  t he  i n c r e a s e d  d e s o r p t i o n  of  
(Ga-CH3) r e s u l t i n g  f r o m  th i s  effect.  (iii) G r o w t h  in  t he  m i d  
reg ion ,  b e t w e e n  A a n d  B, is re la t ive ly  i n d e p e n d e n t  of  t h e  
t e m p e r a t u r e  or  t h e  A s H d T M G  ratio. A l t h o u g h  th i s  r eg ion  
is i m p o r t a n t  f r o m  a dev ice  v i ewpo in t ,  i t  sheds  l i t t le  l igh t  
on  t h e  g r o w t h  m e c h a n i s m  s ince  d i f fus ion  t h r o u g h  t he  
b o u n d a r y  layer  is t he  l i m i t i n g  factor ,  as o p p o s e d  to sur- 
face d e p e n d e n t  effects.  

F i g u r e  3 s h o w s  t he  e lec t r ica l  cha rac t e r i s t i c s  of  layers  
g r o w n  on  (100) G a A s  for  AsH~/TMG rat ios  of  37, 19, a n d  
9.3, respec t ive ly .  (Here,  t he  p o i n t s  A a n d  B are t he  same  
as t h o s e  i n d i c a t e d  in  Fig. 2.) As  m e n t i o n e d  earlier,  t h e s e  
d iv ide  t he  g r o w t h  in to  t h r e e  reg ions ,  w h i c h  are n o w  con-  
s idered .  

The high temperature region.--Here, fal loff  in  ca r r i e r  
c o n c e n t r a t i o n  (and  p e a k  va lue  as well) occurs  at  t h e  s a m e  
t e m p e r a t u r e  for all r e a c t a n t  par t ia l  p r e s s u r e  rat ios.  Even-  

7As a point of interest, the usual situation at the present state 
of the art is that  the TMG is considered to be relatively pure, and 
the contaminant  is thought  to come primarily from the arsine 
source. However, this was not the case with the sources used 
here. In fact, this controversy has received additional fuel re: 
cently with the identification of Ge as the dominant  residual ac- 
ceptor impurity in OMCVD GaAs, which as indeed traced to the 
TMG in at least one case (13). 

SContaminant data for TMG was 1 ppm St, 2 ppm A1, and 1 
ppm Fe with Mg and Zn not detectable. Data on the AsH3 was 
not available. 
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Fig. 2. Growth rate vs. reciprocal temperature for (100) GoAs epi- 
taxial layers, as a function of PA~% and for PTMG = 1.8 • 10 4 arm. 

tual ly,  t he  layer  b e c o m e s  p- type,  a t  a c o n v e r s i o n  t e m p e r a -  
t u r e  w h i c h  is also i n d e p e n d e n t  of t he  AsH3/TMG ratio.  
Th i s  b e h a v i o r  can  b e  e x p l a i n e d  as follows: b o t h  t h e  gal- 
l i u m  a n d  a r sen ic  v a c a n c y  c o n c e n t r a t i o n s  i nc r ea se  w i t h  in- 
c r e a s i n g  t e m p e r a t u r e ,  f r om t h e r m o d y n a m i c  cons ide ra -  
t ions  (14, 15). Addi t iona l ly ,  however ,  t he  VGa inc rea se s  
b e c a u s e  of i n c r e a s i n g  d e s o r p t i o n  of (Ga-CH3) as pos tu-  
l a t ed  in ou r  p r e v i o u s  g r o w t h  mode l ;  t h i s  in  t u r n  leads  to 
i n c r e a s e d  accep to r  fo rmat ion ,  b y  t he  we l l - e s t ab l i shed  
c o m p l e x i n g  r eac t i on  of  ga l l i um v a c a n c i e s  a n d  d o n o r s  

YGa -~ d o n o r s  ~ accep to r  c o m p l e x  

w h i c h  ha s  b e e n  c o n f i r m e d  by  va r ious  w o r k e r s  (15, 16). 
Resu l t s  of  t he i r  a n n e a l i n g  e x p e r i m e n t s  on  n - d o p e d  GaAs  
are  r e p r o d u c e d  in  Fig. 4, a n d  ind ica te  t h a t  a c c e p t o r  for- 
m a t i o n  b y  th i s  r eac t i on  is s ign i f ican t  a n d  can  r e su l t  i n  
c o n v e r t i n g  t he  layers  to  p-type.  Moreover ,  t he  a c c e p t o r  
c o n c e n t r a t i o n  is no t  a f u n c t i o n  of  the  a r sen ic  
o v e r p r e s s u r e  for  t he  r ange  of g r o w t h  c o n d i t i o n s  (PA~H.~ = 
1-5 torr )  r e p o r t e d  in  th i s  paper .  Hence ,  we  can  e x p e c t  t he  
fal loff  in  e l ec t ron  c o n c e n t r a t i o n ,  as wel l  as t he  c o n v e r s i o n  
t e m p e r a t u r e  (n ~ p) to  be  i n d e p e n d e n t  of  PATH3' Note  t ha t  
t he  da ta  of Fig. 4 are  for  t h e r m a l  a n n e a l i n g  of  b u l k  
s a m p l e s  for  long  t i m e s  (8-16h). We be l ieve  t he  ana lys i s  is 
a p p l i c a b l e  to th i s  s i t ua t ion  as well, s ince  t he  l ayer  g r o w t h  
is ca r r i ed  ou t  in  a s t r o n g  e x c e s s  a r s ine  o v e r p r e s s u r e  envi-  
r o n m e n t .  

Our  m o d e l  l eads  us  to  , c o n c l u d e  t h a t  th i s  fal loff  in  
g r o w t h  ra te  is p r imar i l y  due  to i n c r e a s e d  d e s o r p t i o n  of  
(Ga-CH3). As a resul t ,  c a r b o n  c o n t a m i n a t i o n  is m o s t  p rob-  
ab ly  n o t  t he  d o m i n a n t  f ac to r  at  e l eva ted  t e m p e r a t u r e s .  
Th i s  ha s  b e e n  ver i f ied  by  s e c o n d a r y  ion  m a s s  spec t ros -  
copy  (SIMS) da ta  t a k e n  on  a layer  g r o w n  a t  1000~ a n d  
s h o w n  in  Fig. 5. Here,  t he  c a r b o n  level  in  t h e  s a m p l e  is 
t he  s a m e  as t h a t  of  t he  s u b s t r a t e  ( excep t  for  a sma l l  per-  
t u r b a t i o n  at  t he  e p i - s u b s t r a t e  i n t e r f a c e ) )  Thus ,  t he  
a m o u n t  of  c a r b o n  i n c o r p o r a t e d  d u r i n g  g r o w t h  at  t h e s e  el- 

SLayers grown with an in situ HC1 etch did not show this peak. 
All the SIMS results in this paper are for layer growth without 
this etch step. 
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evated temperatures  is b e l o w  the detectabi l i ty  l imi t  of  the 
SIMS. 

Low temperature region.--Here w e  note  that the  elec- 
tron concentrat ion  falls for temperatures  b e l o w  A (Fig. 
3a), w i t h  the layers eventual ly  b e c o m i n g  p-type in the vi- 
c inity  of, or s l ightly  above,  po int  B. This  behavior  differs 
from that in the high temperature  region in m a n y  impor-  
tant respects.  First, the n ~ p convers ion  point  is a strong 
funct ion  of  the arsine overpressure,  and occurs at higher  
temperatures  as PATH3 is decreased (Fig. 3b, 3c). Next ,  
f i lms grown at l o w  temperatures  are not entirely  s ingle  

O 77~ Free  C a r r i e r s  

E] N A 

/% N D 

0.7 0.8 0.9 1.0 1.I 1.2 1.3 

1000/T(~ 

Fig. 3. 77  K carrier concentration vs. reciprocal temperature for 
(100 )  GaAs layers grown at PTMG = 1.8 • 10 -4  atm. a(top left): 
PAtH = 6 .7  X 10 -3 atm. b(top right): Pgs% = 3 .3  • 10 -~ atm. 
c(le~t): PATH3 = 1.7  • 10 -3  arm. 

crystal in nature, w i t h  strong ev idence  of  t w i n n i n g  noted 
by x-ray diffraction analyses  (but were  still shiny). 
Finally,  there is direct ev idence  of  a large a m o u n t  of  car- 
bon incorporation in these  f i lms,  as seen from the  SIMS 
data of  Fig. 6. 

We be l ieve  that these  observat ions  can be exp la ined  as 
fol lows:  the  d e c o m p o s i t i o n  rate of  arsine, and hence  the 
arsenic overpressure,  falls w i th  fal l ing temperature.  This  
results in an increased res idence  t ime  of  (Ga-CH~) on the 
surface of  the slice, and an increased poss ib i l i ty  of  the 
strongly b o n d e d  carbon incorporating in the  fi lm. More- 
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over, the reduction in effective arsenic overpressure at 
these temperatures increases the possibility of incorporat- 
ing this carbon into arsenic sites, (increased VAs in this 
case) where it behaves as an acceptor and, in sufficient 
concentration, causes the layers to grow p-type. Finally, 
following the reactant at tachment scheme previously pro- 
posed (6), we expect the methyl radical to occupy an ar- 
senic site until  the (Ga-CH3) bond is broken, again sup- 
porting the high probability of carbon acceptor incorpora- 
tion for low temperature growth. 

Mid temperature region.--Here, both NA and ND fall 
with temperature. However, growth occurs in an excess 
arsenic overpressure, so that there is a net reduction in 
(ND-NA) with falling temperature. We believe that this ex- 
plains the change in carrier concentration that we note 
over this temperature region, consistent with other re- 
ports in the literature (4, 17). Note, however, that an analy- 
sis of electrical behavior in this region sheds little light on 
the growth model, since the actual growth process is lim- 
ited by diffusion through the boundary layer at these tem- 
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peratures, and is independent  of surface-related phenom- 
ena. 

Summary 
Gallium arsenide layers have been grown over a wide 

range of input  reactant partial pressures, and for a broad 
range of deposition temperatures. Electrical properties of 
these layers have been measured, and are described in 
this paper. Reasons for their behavior with temperature 
and reactant partial pressure have been advanced; it has 
been shown that the observed behavior can be explained 
in terms of a growth model proposed earlier. 

Conversion from n to p at high temperatures (> 975~ 
is shown to result from an increased desorption of 
(Ga-CH3) at these temperatures, and from acceptor forma- 
tion by the gallium vacancy-donor reaction. Moreover, 
carbon incorporation is relatively unimportant  at these 
temperatures, as compared to the complexing reaction. 

It has also been shown that the electrical characteristics 
of films grown in the low temperature region shift from n 

p type with falling temperature. This behavior can be 
explained by noting that arsine decomposition falls off at 
low temperatures, resulting in an increased possibility of 
carbon incorporation in the films. Evidence for this in- 
creased carbon incorporation is presented as well. 

The electrical measurements thus support the growth 
model proposed earlier, and help to provide further in- 
sight into the growth process. 
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Low Pressure Chemical Vapor Deposition of Tungsten on 
Polycrystalline and Single-Crystal Silicon via the Silicon Reduction 

K. Y. Tsao ~'* and H. H. Busta** 

Gould Research Center, Rolling Meadows, Illinois 60008 

ABSTRACT 

High purity metallic tungsten films are deposited on phosphorus-doped and undoped polycrystalline and single- 
crystal silicon by the silicon reduction of WF6. Depositions are performed in a commercial  LPCVD hot wall reactor at 
temperatures ranging from 310~176 Film formation is self-limiting, meaning that after a given film thickness any fur- 
ther reaction between WF6 and the underlying silicon is inhibited. Obtainable film thickness depends strongly on the 
doping condition of silicon and on surface preparation prior to LPCVD. Conventional wet chemical cleaning limits the 
maximum obtainable film thickness to approximately 400A, whereas with a low power argon plasma treatment approxi- 
mately 900~ thick films can be obtained reproducibly. The resistivity of these films is 18.3 -+ 4.5 ~12cm. This corre- 
sponds to a min imum sheet resistance of the thickest films of approximately 2 12/[3. The depositions are completely se- 
lective; no detectable amount of tungsten can be observed on thermal field oxide. 

Low pressure chemical vapor deposition (LPCVD) of 
tungs ten  is currently under intense investigation for its 
potential application in VLSI circuits. These include 
shunting of polycrystalline silicon gate and interconnect 
lines with a lower resistivity tungsten film to reduce the 
interconnect RC time constant (1, 2), formation of a bar- 
rier between silicon and aluminum to reduce aluminum 
spike-induced failures (2, 4), planarization of the 
multilevel interconnect process (3, 4), low resistance con- 
tact formation to drain and source regions (1, 4), and for- 
mation of a Schottky barrier p-channel MOS transistor to 
form latch up-free CMOS (4). 

An attractive feature of LPCVD tungsten is its selectiv- 
ity. For appropriate deposition conditions, tungsten 
forms only on silicon and not on surrounding thermally 
grown SIO2. Thus, for polycrystalline gate shunting this 
eliminates one etching step in the processing sequence, 
as compared to shunting with a sputter-deposited silicide. 
However, some nucleation of tungsten can occur on ther- 
mally grown SiO2 when films in excess of 2000}~ are de- 
posited (5) or when the SiO2 is formed by sputter deposi- 
tion, plasma-assisted CVD, or on borophosphosilicate 
glass (BPSG) (3). 

Tungsten can be deposited via the hydrogen reduction 
of WF6 (1-3, 6, 7, 9) 

WF6 + 3H2 --~ W + 6HF t [1] 

or the silicon reduction of WF6 (3, 7-9) 

2WF6 + 3Si ---> 2W + 3SiF4 i' [2] 

* Electrochemical Society Member Representative. 
** Electrochemical Society Active Member. 
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With the hydrogen reduction, films of any thickness 
can be deposited, whereas with the silicon reduction the 
reaction ceases after formation of a given film thickness, 
because WF8 cannot further react with the underlying sili- 
con (9). Even in the hydrogen reduction, initial film 
growth proceeds via silicon reduction (3). 

Since, according to reaction [2], 3 mol of silicon are 
needed to create 2 tool of tungsten, a certain thickness 
loss of silicon is experienced. It is given by 

tw 2Mw Psi 
- - -  - 0.525 [3] 

tsi 3MsiPw 

and has to be taken into account during the device design 
stages. Here, tw is the tungsten film thickness to be 
formed, tsi the silicon thickness to be consumed, Mw, Ms1 
the molecular weights, and Pw = 19.35 g/cm 3 and Ps~ = 2.33 
g/cm 3 the densities of tungsten and silicon, respectively. 
Experimental  verification of this fact is reported in Ref. 
(9). 

In this paper, the LPCVD of tungsten using the silicon 
reduction method will be presented. The substrates are 
phosphorus-doped and undoped polycrystalline silicon 
and phosphorus-doped and undoped p-type single-crystal 
silicon. 

The success of the LPCVD method in terms of ob- 
taining reproducible films depends strongly on the sur- 
face preparation prior to film deposition (3) and hence on 
the native oxide characteristics (9). With the silicon reduc- 
tion method, approximately 400~ thick films can be 
achieved at 350~ (3). By using standard wet chemical 
cleaning procedures we confirmed this result. With the 
addition of a low power argon plasma treatment, 900A 
thick films can be deposited reproducibly with a sheet 
resistance of approximately 2 ~/D. Film properties as a 
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Fig. 1. Schematic of the LPCVD apparatus 

function of the argon plasma treatment and deposition 
parameters such as WF6 flow rate, deposition time, and 
deposition temperature will be presented in the following 
sections. 

Experimental  

The apparatus used for the depositions is a commer- 
cially available 4 in. hot-wall LPCVD quartz reactor 
whose p lumbing system has been modified to allow Ar, 
WF6, H2, HC1, and SiI-L to enter the system through mass 
flowmeters (MFM). This is indicated in Fig. 1. Not shown 
in Fig. 1 is a heating tape wrapped around the WF6 cylin- 
der, the gas lines, and the mass flowmeter. This is neces- 
sary to prevent the WF6 from Iiquifying. The temperature 
of the WF6 is controlled to provide a pressure of approxi- 
mately 7-10 psi. 

Argon is used as a carrier gas with a flow rate of 335 
cm~/min and a pressure of 0.3 torr. For most experiments, 
the WF6 flow rate is 12.4 cm3/min. In some cases, where 
the sheet resistance as a function of flow rate is deter- 
mined, it is varied from 1.55 to 24.8 cm3/min. Deposition 
temperatures range from 310 ~ to 540~ 

Sample preparation consists of growing approximately 
1000~ of thermal SiO2 on 3 in. diam silicon wafers. Approxi- 
mately 4500A thick polycrystalline silicon is then depos- 
ited via LPCVD at 610~ For the phosphorus-doped 
samples, doping is performed at 950~ in  PH~ for 50 min, 
resulting in a sheet resistance of approximately 24 ~l/~. 

The single-crystal (100) p-type wafers used in this work 
have a boron concentration of approximately 2 • 10 '~ 
cm -3. Doping is performed at 950~ in PH3 for 50 min. 
This is followed by an in situ nitrogen anneal for 10 min, 
which results in a sheet resistance of approximately 15 
~ / ~ .  

For selectivity studies, standard photolithographic 
methods are used to delineate the polycrystalline silicon 
lines into the appropriate patterns. After photoresist 
(AZ1450J) stripping, the samples are cleaned at 95~ for 
10 min  in a mixture of three parts H2SO4 and one part 
H2Oz. This is followed by a 6s 10:1 HF etch, followed by a 
DI rinse and nitrogen spin dry. 

Loading of the samples takes place within several min- 
utes after the argon plasma treatment. The LPCVD reac- 
tor is at deposition temperature and is purged with argon 
at approximately 3 liter/min. After loading and sealing, 
the system is pumped to approximately 0.03 torr and then 
refilled with argon to approximately 1 torr. This is fol- 
lowed by one more pumping and refilling cycle. The ar- 
gon flow and chamber pressure are then adjusted to the 
appropriate values. WF~ is then metered into the system. 
After deposition, the WF~ flow is turned off and the sys- 
tem is allowed to cool to approximately 250~ at which 
point the wafers are removed from the system. 

A conventional stylus thickness monitor and the Auger 
elemental depth profiling technique are used for film 
thickness evaluations and a four-point probe for sheet re- 
sistance measurements.  For the stylus measurements,  a 
tungsten step is etched using positive photoresist or pro- 
tective wax and an alkaline ferricyanide solution at room 
temperature to etch the tungsten. The solution consists of 
5g K~Fe6(CN)~, 5g KOH, and 100 ml DI water. All the 

samples are being etched for 1 rain. After tungsten  etch- 
ing, the photoresist or wax are being stripped. 

Results and Discussion 

Polycrystalline silicon substrates.--Surface plasma 
treatment.--Initial experiments have been performed 
using the H2SO4/H202 and HF clean prior to the tungsten 
deposition. Depending on the surface conditions, i.e., ion 
implanted vs. nonimplanted,  different sheet resistances 
for identical deposition parameters have been obtained. 
From this, it has been conjectured that formation of a uni- 
form distribution of nucleation sites will aid in the initia- 
tion of the surface reaction. Several wet and dry surface 
treatments have been investigated, and good results have 
been obtained with a short, low power argon plasma 
treatment in a barrel plasma etching system from which 
the shielding tunnel  is removed. Some of the results are 
shown in Fig. 2. It shows five samples deposited at 410~ 
for 5 min at a WF, flow rate of 12.4 cm3/min. Sample A is 
a phosphorus-implanted (50 keV, 5 • 10 '" cm -2) 
polycrystalline silicon substrate, sample B is the same as 
A except it is annealed in N2 at 1000~ for 30 min after the 
implantation, sample C is phosphorus-doped polycrystal- 
line silicon, sample D is undoped polycrystalline silicon, 
and sample E phosphorus-doped p-type single-crystal sili- 
con. Sheet resistances range from approximately 5 to 24 
~I/D, indicating a strong sensitivity of film formation to 
surface conditions. Sample F is from the same wafer as 
sample C but is subjected to a plasma treatment at 2W for 
5 min. The sheet resistance differences of the samples are 
caused by different film thicknesses. This has been ex- 
perimentally confirmed by stylus measurements.  The 
corresponding film thickness scale is indicated on the 
right side of Fig. 2. 

The power dependence of the plasma treatment on 
fi lm thickness formation (sheet resistance) is shown in 
Fig. 3. From 2 to 50W, no change in sheet resistance can 
be observed, indicating that even at the lowest power 
enough nucleation sites are being created on the 
polycrystalline surface for opt imum film formation. Lit- 
tle dependence of sheet resistance on plasma treatment 
time .in the range of 1-10 min is observed. Figure 4 shows 
the effect of a 2W, 5 min argon plasma treatment on the 
sheet resistance as a function of WF~ flow rate for 
phosphorus-doped polycrystalline silicon. The top curve 
shows the results without the plasma treatment. 

Below a flow rate of 6.2 cm3/min, not enough WF6 is 
supplied to fully react with the available silicon, thus 
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causing thinner films. Above 6.2 cm3/min, the difference 
in the sheet resistance between the treated and untreated 
samples is approximately a factor of three. This corre- 
sponds to a film thickness of approximately 900~ for the 
treated and 300A for the untreated samples. Figure 5 
shows the effect of a 2W, 5 min plasma treatment on sheet 
resistance as a function of the tungsten deposition time 
for phosphorus-doped polycrystalline silicon. The deposi- 
tion is performed at a WF6 flow rate of 12.4 cm3/min. Oth- 
erwise, the same deposition parameters prevail as in Fig. 
4. Very little dependence on deposition t ime is observed, 
indicating a self-limiting reaction. This is in agreement 
with the results presented in Ref. (9). Similar to Fig. 4, the 
difference in sheet resistances between the treated and 
untreated films is approximately a factor of 3, corre- 
sponding to thinner films (-300~) for the untreated 
samples. In addition to the possible creation of nucleation 
sites, the argon plasma treatment also changes the thick- 
ness of the discontinuous native oxide. Wafers removed 
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a function of tungsten deposition time for phosphorus-doped polycry- 
stalline silicon. The tungsten deposition parameters are: 410~ argon 
pressure of 0.3 torr, WF6 flow rate of 12.4 cm3/min. 

from the storage container possess a native oxide of ap- 
proximately 22 -+ 2~ as measured with a Gaertner 
Scientific Instruments automatic ellipsometer. After 
cleaning and HF dip, this thickness is reduced to approxi- 
mately 6 -+ 4~. After the plasma treatment, the native ox- 
ide is approximately 14 -+ 4A. At least qualitatively, this 
observation agrees with the discussion given in Ref. (9), 
where the argument is made that the thinner the native 
oxide the thinner a continuous tungsten film is formed, 
owing to a more homogeneous rate of reaction between 
WF6 and silicon across the wafer surface. Similar results 
have been obtained with polycrystalline samples. Since 
the ellipsometer does not yield accurate results, the Au- 
ger technique has been used to estimate the thickness of 
the native oxide. HF-treated phosphorus-doped samples 
possess a discontinuous oxide of approximately 4-8A, 
which increases after the plasma treatment to approxi- 
mately 8-16A. Results reported in the following sections 
are from substrates which have been subjected to a 2W, 5 
min argon plasma treatment prior to tungsten deposition. 

Deposition parameters.--Figure 6 shows resistance of ~ 
tungsten/phosphorus doped polycrystalline silicon com- 
posite films at three different deposition temperatures as 
a function of deposition time. The data for the 367 ~ and 
419~ deposition temperatures show the self-limiting be- 
havior, similar to the result shown in Fig. 5. At a deposi- 
tion temperature of 469~ the sheet resistance increases 
with deposition time. Stylus and Auger thickness mea- 
surements performed for the 5 and 30 min deposition 
time samples clearly indicate a decrease in the film thick- 
ness from approximately 330 to 235A durin~ this t ime pe- 
riod. This result suggests a slow etching of the films 
( -  4~/min) by WF6. Figure 7 shows the sheet resistance of 
tungsten/polycrystalline silicon composite films as a 
function of temperature for phoshporus-doped and 
undoped polycrystalline silicon. Deposition time iri all 
cases is 20 rain. In the undoped case, a shallow minimum 
is observed at approximately 420~ Below this minimum, 
very little dependence on sheet resistance (film thick- 
ness) with deposition temperature is observed. Above the 
minimum, the sheet resistance increases from 2 to 4 ~1/[3. 
A strongly enhanced effect in terms of sheet resistance in- 
crease below and above a min imum is observed for the 
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Fig. 8. SEM micrograph of a 460~ thick tungsten film deposited on 
phosphorous-doped potycrystalline silicon at 367~ The film has been 
etched with the alkaline ferricyanide solution described in the "Exper- 
imental" section. This is sample A in Fig. 7. 

phosphorus-doped case, indicating a strong participation 
of phosphorus in the kinetics of film formation. 

From stylus and Auger thickness measurements taken 
of several samples below, above, and at the minima of the 
two curves shown in Fig. 7, a film resistivity of 18.3 -+ 4.5 
~cm was deduced. This is in good agreement with the 
data given in Ref. (4) for film thicknesses ranging from 
200 to 900~. 

To investigate film surface morphology at different 
deposi t ion temperatures,  SEM micrographs have been 
prepared for samples deposi ted on phosphorus-doped 
polycrystal l ine silicon at 367 ~ 419 ~ and 469~ and for a 
sample deposi ted on undoped polycrystal l ine silicon at 
419~ These samples are marked as A, B, C, and D in Fig. 
7. Figure 8 shows the 367~ deposi ted film (A), which is 
approximate ly  460~ thick. Figure 9 shows the 419~ de- 
posi ted film (B, 740~), and Fig. 10 the 469~ deposi ted 
film (C, 250~). As can be seen, the roughness of the tung- 
sten film and of the polycrystal l ine interface increases 
with increasing film thickness. Figure 11 shows the 419~ 
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Fig. 7. Sheet resistance of tungsten/phosphorus-doped and undoped 
polycrystoJ]ine silicon composite films as a function of temperature. 
Film deposition time is 20 min. The thickness of the polycrystalline 
silicon is approximately 4500~. 

Fig. 9. SEM micrograph of a 740/~ thick tungsten film deposited on 
phosphorus-doped polycrystaline silicon at 419~ This is sample B in 
Fig. 7. 

deposited film (D) on undoped polycrystalline silicon. 
The film thickness is 915~. The roughness is similar to its 
doped counterpart (B). Auger elemental depth profiles 
(AEDP) of samples A, B, and C are shown in Fig. 12-14. 
Figure 12 shows the 367~ deposition temperature 
sample. Film thickness is defined at the 50% tungsten 
signal. The relatively broad interface between tungsten 
and polycrystalline silicon is an indication of film rough- 
ness, which, by taking the 10% and 90% points of the 
tungsten signal, is approximately equal to the film thick- 
ness. From Fig. 12, the consumption of polycrystalline sil- 
icon can also be deduced. According to Eq. [3], for a 460A 

Fig. 10. SEM micrograph of a 250A thick tungsten film deposited 
on phosphoru-s-doped polycrystalline silicon at 469~ This is sample 
C in Fig. 7. 
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Fig. 11. SEM microgroph of a 915~ thick tungsten film deposited 
on undoped polycrystalline silicon at 419~ This is sample D in Fig. 
7. 
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Fig. 12. Auger elemental depth profile of a tungsten/phosphorus- 

doped polycrystalline silicon/SiO2 sandwich, The tungsten deposition 
is performed at 367~ The deposition time is 20 min. This is sample 
A in Fig. 7. 

thick tungsten film to be formed, approximately 900~ of 
silicon will be consumed. This then results in a thickness 
of the polycrystatline layer of 900 + 3250 = 4150s in fair 
agreement with 4500A, the initial polycrysta]]ine layer 
thickness. Some uncertainty exists in defining the inter- 
face due to the film roughness. Figure 13 shows the 419~ 
deposition sample. The film thickness is 740~, with a 
roughness of approximately the same value. Also, the 
consumption of the polycrystalline silicon, similar to the 
previous sample, can be seen. Figure 14 shows the 469~ 
deposition sample. The film is 250A thick, and the inter- 
face is the smoothest of the three samples, which is in 
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Fig. 14. Auger elemental depth profile of a tungsten/phosphorus- 
doped polycrystolline silcicon/SiO,2 sandwich. The tungsten deposition 
is performed at 469~C. The deposition time is 20 min. This is sample 
C in Fig. 7. 

agreement with the SEM micrographs shown in Fig. 8-10. 
In deducing the film thickness of these three samples, it 
was assumed that their density, and thus the sputtering 
rate, did not vary significantly from each other. From 
Fig. 12-14, it can be seen that some oxygen is incorpora- 
ted into the films. A similar result is presented in Ref. (3). 
Assuming that this oxygen corresponds to the native ox- 
ide on the silicon surface prior to film formation (10), an 
estimate of its thickness can be performed. The area un- 
der the oxygen curve is determined and equaled to the 
height of the oxygen signal expected for SiO2 times the 
thickness (sputtering time) of the to be determined native 
oxide layer. The height of the oxygen signal of SiO~ is ap- 
proximately 70% of the scaled signal scale. This can be 
seen in Fig. 12, where the polycrystalline silicon]SiO2 in- 
terface is shown. The results yield approximately 30A for 
sample A, 604 for sample B, and 13~ for sample C. This 
agrees, at least qualitatively, with the conclusions made 
in Ref. (9) that film thickness and roughness depend 
strongly on the characteristics of the native oxide, with 
thinner  tungsten films being formed for less native ox- 
ide. AEDP taken from other samples confirmed this ob- 
servation: namely, that the oxygen incorporation is pro- 
portional to film thickness. 

Figure 15 shows the SIMS phosphorus concentration 
profile of sample B in Fig. 7. Near the tungstergpolycrys- 
talline silicon interface, the phosphorus concentration in 
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polycrystalline silicon sample as measured by SIMS. The deposition 
temperature is 419~ This is sample B in Fig. 7. 
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the tungsten film is approximately 1 • 10 ~~ cm -3. The 
surface concentration is approximately 4 • 10 ~ cm -~. A 
similar profile has been obtained for sample A. Sample C 
exhibits a surface concentration of approximately 4 • 10 TM 

cm -3. Within experimental  error (+20%) the resistivity of 
the phosphorus containing tungsten films is not different 
from the undoped samples. 

From the presented material it is clear that phosphorus 
takes an active part in tungsten film formation. From 
Fig. 7, it can be seen that at least two deposition mecha- 
nisms are present. For the undoped samples, the film 
thickness increases slightly, from 320 ~ to 420~ and then 
decreases from 420 ~ to 540~ A similar result is obtained 
for the films deposited on phosphorus-doped polycrys- 
talline silicon except that it is accentuated. Film forma- 
tion depends very strongly on the native oxide condition 
just  prior to the WF~ release into the LPCVD reactor. It is 
known that all the samples at the moment  of insertion 
into the reactor have a native oxide of approximately 13 
to 154. However, changes in oxide thickness can take 
place during pumpdown due to unavoidable oxygen 
traces present in the reactor. This change depends on 
temperature and sample doping conditions (11). This 
makes interpretation of the results shown in Fig. 6 and 7 
difficult. Nevertheless, the results presented in these 
figures are very reproducible, sheet resistance across the 
3 in. diam wafers do not vary by more than 5%. No film 
"cloudiness" or streaking phenomena are observed. 

Single-crystal silicon substrates.--Similar results in 
terms of plasma treatment and film formation as de- 
scribed for polycrystalline substrates are obtained for 
p-type and phosphorus-doped p-type single-crystal sub- 
strates. Figure 16 shows the effect of the plasma treat- 
ment  on n+-doped samples. Doping conditions are given 
in the "Experimental" section of this paper. The results 
are similar to Fig. 4, except that, without the plasma treat- 
ment, films of only approximately 2004 can be deposited 
under  the given conditions of 410~ deposition tempera- 
ture and a deposition time of 20 rain. The sheet resist- 
ances of the plasma-treated samples (2W, 5 min) are al- 
most identical to Fig. 4. Again, from stylus and Auger 
measurements,  the thickness of the films has been ob- 
tained. The thickness scale is indicated on the right side 
of Fig. 16. The resistivity of the tungsten films is the 
same as of the tungsten films deposited on 
polycrystalline silicon, i.e., 18 ~ c m .  Figure 17 shows the 
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Fig. 17. Sheet resistance of tungsten deposited on phosphorus- 
doped p-type single-crystal silicon at three different deposition tem- 
peratures as o function of deposition time. 

sheet resistance as a function of deposition time for 
n~-doped p-type samples. Strong similarity of the data 
with Fig. 6 is observed. For deposition temperatures of 
367 ~ and 419~ the films form in less than 5 min  after 
which film thickness is independent  of deposition time. 
At a deposition temperature of 439~ a strong decrease in 
film thickness from an initial value of approximately 

-5004 at 5 min to approximately 2004 at 30 min is observed. 
This again suggests etching of the films (-12 4/min) by 
WF~ as a function of deposition time. 

Figure 18 shows the sheet resistance for p-type single- 
crystal silicon as a function of temperature and for a film 
deposition time of 20 min. For the non-phosphorus-doped 
samples, very little change in sheet resistance and thus 
thickness is observed over the temperature range 
330~176 which is similar to the undoped polycrystal- 
line data given in Fig. 7. For the phosphorus-doped case, 
a min imum is reached at approximately 420~ Above this 
minimum, a sharp increase in sheet resistance (decrease 
in film thickness) is observed. This decrease in film 
thickness is due to the onset of film etching above 420~ 
The data in Fig. 18 are plotted for a deposition time of 20 
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Fig. 16. Effect of the argon plasma treatment on sheet resistance 
for phosphorus-doped p-type single-crystal silicon as a function of 
WF6 flow rate. The tungsten deposition parameters are: deposition 
temperature of 410~ deposition time of 5 min, Ar pressure of 0.3 
torr. Argon plasma treatment: 2W, 5 rain. 
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Fig. 19. SEM rnicrograph of a 670;~ thick tungsten film deposited 
on phosphorus-doped single-crystal p-type silicon at 419~ This is 
sample A in Fig. 18. 

min. According to Fig. 17, at this time period, etching of 
the film is already taking place for a deposition tempera- 
ture of 439~ This behavior is similar to the data shown 
in Fig. 7. Insufficient data exist at this time to explain the 
accentuated increase in film thickness from 320 ~ to 420~ 
of the phosphorus containing samples (Fig. 7 and 17). 

Figure 19 shows the SEM micrograph of a 670~ thick 
tungsten film deposited on phosphorus-doped single- 
crystal p-type silicon at 419~ This is sample A in Fig. 18. 
The degree of surface roughness at the W/St interface is 
similar to Fig. 9 and 11. The surface roughness of the 
tungsten film is less, probably owing to the smoother ini- 
tial surface of single-crystal vs. polycrystalline silicon. 

Select ivi ty .--From AEDP, it is verified that" tungsten de- 
posited by the LPCVD method is 100% selective. Prior to 
tungsten deposition, 5 tLm wide polycrystalline lines are 
photoshaped and etched on top of thermally grown SiO~ 
regions, and no tungsten (< 10s can be detected. Selec- 
tivity has been observed for all deposition conditions re- 
ported in this paper. 

Applicat ions.--The primary purpose of this work has 
been to develop deposition conditions yielding low sheet 
resistance for a W/phosphorus-doped polycrysta!line com- 
posite film to be used for IC gate and interconnects. The 
best results are obtained using a deposition temperature 
of 420~ This results in a 700~ thick film with a sheet re- 
sistance of approximately 2.6 t~/[] (see Fig. 7, upper 
curve). The initial polycrystalline silicon thickness has to 
be at least 4500~. Below this value, film lifting due to the 
stress created by the tungsten film is observed. Note that 
approximately 1400A of the polycrystalline silicon are 
consumed during the tungsten film formation. 

For low resistance source/drain contact formation to n ~ 
silicon, a temperature of 420~ gives the lowest resistance 
films. However, to avoid film encroachment at the 
St/SiP2 pattern edges (3, 12) a deposition temperature of 
350~ is needed. This results in a sheet resistance of ap- 
proximately 4 ~/D. However, the suitability of this ap- 
proach has to be investigated by electrical measurements.  
Due to the tungsten protrusions into silicon, excessive 
leakage currents might result for Schottky barrier struc- 
tures and tungsten on shallow n ~ source/drain structures. 

Summary 
Tungsten films have been deposited via the silicon re- 

duction of WF6 in a low pressure chemical vapor deposi- 
tion system on phosphorus-doped and undoped 
polycrystalline silicon and on phosphorus-doped p-type 

and undoped p-type single-crystal silicon. Deposition 
temperatures range from 310 ~ to 540~ 

For the non-phosphorus-doped substrates (polycrystal- 
line and single crystal), film thickness of approximately 
200-400s can be obtained using a H2SOdH20~, HF dip clean 
prior to film deposition. With the introduction of a low 
power argon plasma treatment, film thickness can be in- 
creased, for the same deposition conditions, to a maxi- 
mum of approximately 900A. This treatment increases th e 
native oxide thickness of all samples from 6~ (chemica~ 
clean only) to 14A. Over the temperature range, the thick: 
nesses of the tungsten films deposited on undoped poly: 
crystalline silicon range from 500 to 900~, those deposited 
on lightly p-type doped silicon from 800 to 1000~. 

A drastically different behavior is observed for the 
phosphorus-doped substrates. Here, a maximum film 
thickness of approximately 700~ can only be reached at 
420~ Below this temperature, film thickness decreases 
to approximately 400~ at 340~ for both substrates. Above 
420~ film thickness reduces to 200A at 500~ (on 
polycrystalline silicon) and at 440~ (single-crystal sili- 
con). This decrease is due to etching of the films by WF~, 
which is catalyzed by the presence of phosphorus. 
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ABSTRACT 

.Polycrystalline cadmium selenide thin film electrodes prepared by coevaporation of the elements were investigated 
in situ by electrochemical photocapacitance spectroscopy (EPS) in aqueous basic electrolytes, with and without added 
polysulfide redox species. An interface state lying about 0.2 eV below the conduction bandedge was directly detected 
for material prepared at low substrate temperature and was demonstrated to mediate charge transfer between the semi- 
conductor and the electrolyte. 

Interface states are known to play an important role in 
charge transfer processes at both single-crystal and poly- 
crystalline CdSe electrodes. For example, Fermi level pin- 
ning has been observed for n-CdSe in neutral sulfate elec- 
trolytes (1); for fast, one-electron redox species in 
nonaqueous electrolytes, the open-circuit voltage varies 
in a nearly ideal fashion as the redox potential is changed 
(over a limited range) (2). It has been proposed (3) that 
Fermi level p inning can result from interface-state densi- 
ties as low as 1012 cm-2. Interface-state effects in the thin- 
film mCdSe/aqueous polysulfide system have been in- 
vestigated by Rajeshwar (4). He reports that interface 
states associated with adsorbed sulfide ions mediate 
electron transfer and limit the open-circuit voltage; no 
change in Voc was observed when the electrolyte composi- 
tion was varied so as to change the redox potential over a 
250 mV range. 

In the present work, electrochemical photocapacitance 
spectroscopy (EPS) (5, 6) and ac impedance measure- 
ments were applied to further elucidate charge transfer 
processes associated with interface states at cadmium sel- 
enide electrodes prepared by coevaporation of the ele- 
ments  (7). Such thin film material was chosen for study 
because of its potential practical applications, e.g., in 
photoelectrochemical cells. Results obtained previously 
for such electrodes in polysulfide electrolytes can be 
summarized as follows. Data are variable, but, in general, 
films prepared at low substrate temperatures (-100~ 
yield higher photocurrents but  lower open-circuit vo]- 
tages ( -  100 mV less) than those prepared at high sub- 
strate temperatures (-400~ (8). For low substrate tem- 
perature films, the open-circuit voltage is increased by 
50-100 mV and the fill factor is improved (with no loss in 
short-circuit photocurrent) when the electrode is soaked 
in ZnC12 solution and potential cycled (under illumina- 
tion) in aqueous polysulfide (9). Based on Auger depth 
profile studies and impedance/polarization measure- 
ments, this improvement  has been attributed to a nega- 
tive shift in Urs (flatband potential) caused by incorpora- 
tion of Zn in the CdSe film. 

Experimental Details 
Thin film CdSe electrodes were prepared by vacuum 

coevaporation of Cd and Se from independent ly con- 
trolled sources, as described previously (7, 8). Two types 
of films were prepared (on t i tanium substrates). Low 
substrate temperature films were deposited at 100~ with 
a Se-to-Cd ratio in the vapor of 3:1. These films, which 
were only partially crystalline in the as-deposited state, 
were subsequently heat-treated at 400~ for 15 rnin in air 
to maximize their photovoltaic response. High substrate 
temperature films were deposited at 400~ with a Se- 
to-Cd ratio of 1:1. Although fully crystalline as deposited, 
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these films still required heat-treatment at 450~ for ~15 
rain for maximum photovoltaic output. After at tachment 
of a wire lead to the t i tanium substrate with silver-epoxy 
resin, the electrode was sealed in Torr Seal | (Varian Asso- 
ciates, Palo Alto, California) so that the front (CdSe) face 
was exposed to the electrolyte. The geometric area of the 
e]ectrodes ranged from 0.2-0.7 cm 2. Before evaluation, 
films of both types were etched in 25% HNO3 and dipped 
in polysu]fide solution (0.1M S + 2.5M Na2S + 1.0M KOH) 
to remove excess selenium from the surface. 

The procedures and apparatus used to perform EPS 
measurements have been described previously (6). Im- 
pedance measurements were performed using the same 
apparatus. 

Results and Discussion 
For n-CdSe, which has a bandgap of 1.76 eV, four donor 

states (onsets at 1.04, 1.21,1 1.34, and 0.2 eV below the con- 
duction bandedge) have been detected by EPS (10). As 
discussed in this earlier work, the 1.04 and 1.21 eV levels 
correspond to interface states associated with oxygen ad- 
sorption and play major roles in determining the electri- 
cal properties of CdSe devices. The 1.04 eV state predomi- 
nates in aqueous solution and under vacuum conditions, 
resulting in a negative surface charge. At positive elec- 
trode potentials in acetonitrile solution, the 1.21 eV state 
occurs in higher concentrations, but can be electrochem- 
ically reduced to the 1.04 eV state at voltages near UrB. 

The 0.2 eV state in CdSe is of particular interest to the 
present work because it occurs in relatively high concen- 
trations only in thin film materials prepared at low sub- 
strate temperature (100~ As shown in Fig. !a, this state 
ionizes at sufficiently positive electrode potentials and is 
detected as a sharp capacitance decrease beginning at 
about 1.5 eV (820 nm), corresponding to a transition from 
the valence band to the state. Such ionization, which in- 
creases the capacitance by increasing the positive charge 
at the interface (reduces the space charge thickness), is 
also reflected in Mott-Schottky plots as a sharp decrease 
in C -2 at more positive potentials. This is apparent above 
-0.5V in the plot given in Fig. 2; deviation from linearity, 
which apparently signals some ionization, is evident even 
at -0.7V. At potentials closer to UrB, which according to 
Fig. 2 lies at -0.9V vs. SCE, the 0.2 eV state is nonionized 
in KOH solution and is, therefore, not detected. In this 
case, the capacitance is lower and the EPS spectrum (Fig. 
lb) is similar to that for single-crystal electrodes; the 1.04 
and 1.34 eV states are clearly evident, only slightly shifted 
in energy. As shown in Fig. 3, the 0.2 eV state is not de- 
tected at any appreciable concentration in coevaporated 
films prepared at high substrate temperature (400~ 
This is an important result, indicating that the 0.2 eV 

1A slightly higher apparent onset is observed for this state in 
specimens having a high concentration of the 1.04 eV state. 
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Fig. 1. EPS spectra (7 Hz) measured for a low substrate temperature 
film in 0.5M KOH at (a) 0.gV and (b) 0.5V vs. ~ B .  

level, by functioning as a charge transfer mediator/recom- 
bination center or by changing the interfacial potential 
distribution, is responsible for the observed limitations 
on the attainable open-circuit voltage for low substrate 
temperature material (8). 

It should be mentioned that, as discussed previously 
(7), these thin film materials have a significant number  
of pinholes and cracks, through which a portion of the ti- 
tanium substrate is exposed to the electrolyte. Thus, the 
measured capacitance includes a parallel contribution as- 
sociated with the many small metal-electrolyte interfaces, 
which is likely to be large. In addition, the films are po- 
rous, so that the actual surface area of the electrode is 
much greater than the geometric area. Because of these 
combined effects, the capacitance values reported here 
tend to be large, even when the 0.2 eV state is nonionized. 
Hence, Mott-Schottky plots are of little value in determin- 
ing carrier concentrations for these materials, but  still 
provide useful information concerning the potential de- 
pendence of interfacial processes. Likewise, the absolute 
photocapacitance values reported have little quantitative 
significance. 

Electrode porosity further complicates the situation by 
introducing frequency dispersion into the measured ca- 
pacitance. Essentially, because of current distribution 
problems within pores, less of the surface of a porous 
electrode responds to the measurement perturbation at 
high frequencies. Thus, whereas the measured capaci- 
tance for an ideal planar electrode is frequency indepen- 
dent, that for an electrode with cylindrical pores that can 
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be considered infinitely d e e p  (in a given frequency 
range) decreases with increasing frequency. Specifically, 
the impedance for a porous electrode in this case is pro- 
portional to the square root of that for an ideal flat elec- 
trode (13). Consequently, low frequency measurements 
are preferable for porous electrodes because their capaci- 
tance behavior approaches that for ideal planar electrodes 
as the perturbation frequency is decreased. The relatively 
low perturbation frequencies used in the present work (7 
and 70 Hz) were also chosen to provide opt imum sensitiv: 
ity to capacitance changes. Since it was not necessary, no 
attempt was made to normalize the data to permit deter- 
mination of absolute densities of states. 

The 0.2 eV state in CdSe apparently resides at the inter- 
face, since it is not observed for electrodes transferred 
from aqueous KOH to acetonitri]e electrolytes, as shown 
in Fig. 4. An interface state is also consistent with the 
high associated EPS capacitance change (several ~F/cm9 
and its potential dependence. 

Because of the importance of the aqueous polysulfide 
for stabilization of CdSe photoanodes in photoelectro- 
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chemical cells, appreciable effort was devoted to in situ 
investigation of various CdSe materials in the polysulfide 
electrolyte. Considerable quantitative variation in EPS re- 
sults was observed from electrode to electrode (batch to 
batch), which can be attributed to differences in the mate- 
rial itself, since results for a given electrode were repro- 
ducible. In spite of the observed variation, some impor- 
tant general conclusions can be drawn from the data. 

Exchange of electrons between the 0.2 eV state in CdSe 
and polysulfide species in solution is dramatically evi- 
dent  from the time dependence of the photocapacitance 
under intermittent illumination, as illustrated by the 
curves in Fig. 5. The response time for a t ta inment  of 
population/depopulation equil ibrium for the state is on 
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the order of hours in pure KOH solution, whereas in the 
presence of polysulfide, equilibrium is attained in less 
than 2s: 

AS is evident from the EPS spectra 2 in Fig. 6, the popu- 
lation of the 0.2 eV state in the presence of polysulfide is 
strongly dependent  on the electrode potential. Ionized 0.2 
eV states, which upon photoneutralization are reflected 
in a capacitance decrease beginning at 1.5 eV (820 nm), 
are not observed at -1.0V vs. SCE (Fig. 6a), are evident at 
-0.95 and -0.90V (Fig. 6b and 6c), are practically 
undetectable between -0.85 and -0.7V (Fig. 6d and 6e), 
but are present in very high concentration at -0.5V (Fig. 
6f, note that absolute capacitance and photocapacitance 
are both large). It should be emphasized that all features 
of this complicated behavior are not observed for all spec- 
imens. This is not surprising since, as discussed below, 
the ionization/neutralization processes for the 0.2 eV state 
are complex and depend strongly on the density of States 
and U~, both of which vary appreciably from specimen to 
specimen. 

The complex behavior illustrated in Fig. 6 can be un- 
derstood in terms of interface-state (surface-state) reac- 
tions involving electron tunneling from the semicon- 
ductor bulk to ionized interface states (ss 4) or the reverse 
tunneling process from neutral interface states (ss~ i.e. 

(a~ 
e-bulk + SS+ i~i ss~ [1] 

and  reac t ions  involv ing  the r educed  (Rred) and ox id ized  
(Rex) r e d o x  species,  i.e. 

ss § + Rred I~  )) SS ~ + Rox [2] 

These  reac t ions  and the re la t ive  energies  ( app rox ima te ly  
to scale) of  the  c o n d u c t i o n  band ,  s e m i c o n d u c t o r  F e r m i  
level,  0.2 eV interface  states,  and  e lec t ro ly te  r edox  level  
(E~) are dep ic t ed  for var ious  b ias  vol tages  in  Fig.  7. Based  

2Note that the perturbation frequency in this case is 70 instead 
of 7 Hz; frequency dispersion effects are discussed below. 
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on photocurrent onset and ac impedance measurements 
for single-crystal CdSe, U~B is taken as -1.5V v s .  SCE, 
which is also consistent with the highest open-circuit vol- 
tage reported for this system (0.7V) (11) and a redox po- 
tential of -0.8V; apparent  variations from this value for 
polycrystalline electrodes are discussed below. It should 
be kept in mind that exchange of electrons between the 
0.2 eV interface state and polysulfide species is conclu- 
sively evident from the much faster time constant for 
both ionization and neutralization of the state in the poly- 
sulfide electrolyte compared to pure KOH solution (Fig. 
5). For Fig. 7a-7c, all of the electrode potential drop is as- 
sumed to fall within the semiconductor space-charge re- 
gion, which is consistent with the relatively low capaci- 
tance values. 

Population of the interface states is determined by the 
relative rates of reactions [la] and [2a] compared to [lb] 
and [2b], which in turn are influenced by the electrode 
potential. At potentials of less than about 0.4V v s .  U~B 

(Fig. 7a), interface states are filled by electron tunnel ing 
through the relatively thin space-charge layer (Eq. [la]) 
and by reaction with reduced redox species (Eq. [2a]); al- 
though some cathodic dark current is observed, transfer 
of electrons to electrolyte species is relatively slow (com- 
pared to the tunneling/capture rates) at this electrode po- 
tential so that no ionized interface states are detected 
(Fig. 6a). It is important to note that even when the formal 
ER value lies far below the interface-state energy, electron 
transfer from reduced redox species (filled states) is still 
possible since the energy barrier is greatly reduced by the 
high local electric field associated with ionized interface 
states and by specific orbital interactions between the 
redox species and interface states. Because of such local- 
ized effects, ER in the vicinity of interface states is effec- 
tively shifted negatively. At somewhat more positive po- 
tentials (Fig. 7b), electron tunnel ing is  suppressed (Fermi 
level too low) so that some ionized states exist in equilib- 
rium with electrolyte redox species (Fig. 6b-6c). When the 
Fermi level reaches the electrolyte redox potential (Fig. 
7c), net  electron transfer from reduced electrolyte redox 
species to' the semiconductor is thermodynamically fa- 
vored and the ionized interface states are filled (Fig. 6d 

and 6e). As the electrode potential is made sufficiently 
positive of the redox potential (Fig. 7d), a large fraction of 
the interface states ionize by electron tunnel ing to the 
semiconductor bulk (Eq. [2b]), so that a large fraction of 
the electrode potential drops across the electrolyte 
Helmholtz layer, increasing ER relative to EF and giving 
rise to an appreciable anodic dark current. In this case, 
the tunnel ing process is again relatively fast compared to 
interfacial charge transfer, so that the overall capacitance 
is large and a high density of ionized 0.2 eV interface 
states is detected (Fig. 6f). 

The lower open-circuit voltage obtained for materials 
containing a high concentration of the 0.2 eV interface 
state can readily be explained within this model. That is, 
at potentials closer to UFB than depicted in Fig. 7a, the 
Fermi level energy rises above that of the interface states, 
greatly increasing the probability of electron transfer to 
electrolyte species and, consequently, the cathodic dark 
current. In this case, the semiconductor ba.nds cannot un- 
bend further because of charge leakage to the electrolyte, 
so that a voltage loss, corresponding to the energy of the 
interface states below the conduction bandedge (0.2 eV), 
results. This is also reflected in photocurrent onset mea- 
surements, which yield apparent U~B values for low sub- 
strate temperature films of typically -1.3V v s .  SCE 
rather than the ~1.5V obtained for single-crystal material. 
Values of U~B measured for such films by the ac imped- 
ance method ranged from -1.0 to -1.4V, apparently re- 
flecting, at least to some extent, variations in the density 
of ionized interface states. It should be mentioned that 
Reichman and Russak (8) have previously reported that 
Mott-Schottky plots are of questionable value in deter- 
mining U~B for thin film materials of this type. 

The dark current-voltage behavior of thin-film CdSe 
electrodes correlates well with the EPS results and the 
proposed charge transfer model. Typical plots of log cur- 
rent v s .  electrode potential for low and high substrate 
temperature electrodes are given in Fig. 8. High tempera- 
ture films, for which the 0.2 eV state is not detected by 
EPS, exhibit very low forward and reverse dark currents 
(comparable to those observed for single-crystal elec- 
trodes) over a wide potential range. At -1.0V v s .  SCE, the 
dark current for low temperature films is an order of 
magnitude greater, presumably because of conventional 
electron tunnel ing associated with the decreased band 
bending (shift in UFB) for this type of material (8). This is 
consistent with the energy level diagram in Fig. 7a. Aiso, 
the fact that the forward dark currents for the both types 
of materials have the same ideality factor (1.5) indicates a 
simple change in barrier height, i.e., a shift in UFB for the 
low temperature material. In addition, the dark saturation 
current for the low temperature film is 8 • i0 -s A/em ~-, as 
compared to 9 • I0 -' A/cm 2 for the high temperature ma- 
terial, indicating that the former passes more current at 
the zero bias point. The anodic dark current under re- 

-3 I~W T 

FORWARD 
I 

-1.0 

A 

7 

~ -5 

q 
- 6  

f I 

LOW T~ 

I 
-0,6 BIAS VOLTAGE 

REVERSE 
I -0.2 

Fig. 8. Dependence of the dark current for low and high substrate 
temperature CdSe films in polysulfide electrolyte on the electrode 
bias potential (vs. SCE). 
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verse bias (-0.bV vs. SCE) is also much larger for the low 
temperature films, as expected from the proposed model 
(Fig. 7d). 

Frequency dispersion of the photocapacitance also ap- 
pears to reflect, in addition to porosity effects, the 
potential-dependent population/depopulation of the 0.2 
eV interface state in aqueous polysulfide electrolytes. 
For example, in some relatively narrow potential regions, 
the photocapacitance decrease associated with this state 
was often much different in magnitude at the lower per- 
turbation frequency (7 Hz) than at the higher frequency 
(70 Hz); in some cases, the 0.2 eV state was not observed 
at all at one of the frequencies. Such results indicate that 
the population of the interface state is affected by the per- 
turbat ion voltage itself but only at sufficiently low fre- 
quencies for which electrons are induced to exchange be- 
tween the state and electrolyte redox species or the 
semiconductor bulk (via tunneling). It should be men- 
tioned that measurements  of the photocapacitance fre- 
quency dispersion could ultimately yield rate constants 
for specific processes. 

To further elucidate the role of the 0.2 eV interface state 
in charge transfer processes at n-CdSe electrodes, ac im- 
pedance measurements were performed over a broad fre- 
quency range (10,000 to 0.1 Hz), both in the dark and un- 
der i l lumination with 750 nm (1.65 eV) light. The data will 
be discussed in terms of the equivalent circuit given in 
Fig. 9, where R~ is the series resistance, Cp is the parallel 
capacitance, and RcT is the charge-transfer resistance. 
Note that, ideally, C~ is a series combination of the space- 
charge (C~) and Helmholtz layer (CH) capacitances, but  in 
the present case there is also a contribution from the 
portion of the t i tanium substrate surface exposed to the 
electrolyte via pinholes and cracks in the CdSe film. In 
complex impedance plots of the imaginary (Z") vs. real 
(Z') impedance components, generally RcT is the diameter 
of the semicircle and Cp = 1/2~rfmRcT, where fm is the fre- 
quency at the maximum in the semicircle. 

Complex impedance plots and calculated Cp and Rcr 
values for a low substrate temperature n-CdSe electrode 
in aqueous polysulfide at three electrode potentials are 
shown in Fig. 10, and the corresponding EPS spectra at 
two perturbation frequencies (7 and 70 Hz) are given in 
Fig. 11. At -1.0V, which is near U~B, the semiconductor 
space-charge capacitance is relatively large and 0.2 eV 
states are readily filled via electrons tunnel ing from the 
semiconductor bulk. In this case, the 1.5 eV (820 nm) tran- 
sition is not observed in the EPS spectrum for either fre- 
quency and well-defined semicircles, presumably associ- 
ated with double layer charging and charge transfer/ad- 
sorption processes at the interface2 are observed in the 
complex impedance plots. A l though  the subbandgap 
light (750 nm) has no appreciable effect on C~, as expected 
when Cn is dominant,  Rc~ is decreased by almost a factor 
of two by such illumination. This effect is probably the 
result of electron-hole pair photogeneration, i.e., band 
tailing. Note that the presence of the 0.2 eV state might be 
expected to give rise to photocurrent band tailing associa- 
ted with thermal emission of electrons photoexcited to 

8Since no linear region, i.e., Warburg impedance, is observed, 
diffusional processes are apparently unimportant over the fre- 
quency range and light intensity studied. 
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Fig. 0. Simple equivalent circuit for n-CdSe/polysulfide system 
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Fig. 10. Complex impedance plots for a low substrate temperature 
n-CdSe electrode at three bias potentials in polysulfide solution 
(0.1M KOH + 2.5/91 Na2S + 1.0M S), with and without 750 nm illu- 
mination. 

the state from the valence band. This would explain the 
long wavelength difference in the action spectra for low 
and high substrate temperature material given in Fig. 12. 

At -0.8V vs. SCE, the situation is quite different. In this 
case, the 0.2 eV state is at least partially ionized and the 
1.5 eV (820 nm) transition is observed in the EPS spectra 
(note that the magnitude of the capacitance decrease is 
smaller at the higher perturbation frequency). In the dark, 
the complex impedance plot is a straight line inclined at 
78 ~ indicating that the impedance is dominated by a 
somewhat "leaky" capacitor (an ideal nonporous capaci- 
tor would yield an angle of 90~ presumably the space- 
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Fig. 11. EPS spectra (measured at 7 and 70 Hz) for n-CdSe at three 
bias potentials in pelysulfide solution (some electrode and electrolyte 
as for Fig. 10). 
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Fig. 12. Spectral response of low and high substrate temperature 
CdSe materials in polysulfide electrolyte at - 1 . 0V  vs .  SCE. 

charge capacitance (C~c). This is consistent with the model 
presented above, according to which electron tunneling 
from the semiconductor bulk to 0.2 eV interface states 
does not occur at this bias voltage so. that interfacial 
charge transfer processes are subdued. With 750 nm illu- 
mination, the complex impedance plot exhibits 
significant curvature (the radius corresponding to 10 ~ Q), 
presumably associated with interfacial reaction of elec- 
trons photoexcited to the interface states. Since 
photogenerated holes are rapidly consumed at the inter- 
face, such interfacial reaction of electrons corresponds to 
charge-carrier recombination via electrolyte species. 
These results, therefore, provide strong evidence for the 
participation of the 0.2 eV state in recombination. 

At -0.5V vs. SCE, which is positive of the polysulfide 
redox potential, faradaic processes once again dominate 
the impedance, yielding a well-defined semicircle in the 
complex impedance plots. In this case, electrons are 
transferred from the reduced redox species to the inter- 
face states, then tunnel  to the semiconductor bulk, re- 
sulting in an anodic dark current. The lower value of Cp 
compared to that at potentials near U~B indicates a 
significant contribution from Csc; under illumination, 
which populates and thus reduces the density of ionized 
interface states, the contribution is larger (Cp is smaller). 
I l lumination also increases RcT in this case because fewer 
sites are available for interfacial charge transfer, i.e., 
states are filled via the 1.5 eV phototransition. In addi- 
tion, neutralization of the 0.2 eV state effectively increases 
the space-charge layer thickness, as seen by the decrease 
in Cp, which will inhibit tunneling and thus increase RcT. 
Although the 0.2 eV state is detected in the EPS spectrum 
at 7 Hz (as expected), it is not observed at 70 Hz. This is 
probably a consequence of the relative rates of tunneling 
and charge transfer and the effect the perturbation volt- 
age has in populating/depopulating the state. 

EPS was also used to investigate the mechanism by 
which zinc treatment improves the performance of 
n-CdSe photoanodes (9). Although this t reatment (soak- 
ing in 0.1M ZnC1.2 solution) apparently reduces the con- 
centration of the 0.2 eV interface state in some cases - -  re- 
sults of one set of experiments are summarized in Table I 
- -  the effect is not consistently observed and is appar- 
ently related only incidentally to the performance im- 
provement.  This interpretation is consistent with the 
findings of Reichman and Russak (9) that Zn, which is 
incorporated in the CdSe lattice, improves the open- 
circuit voltage by shifting UFB negatively. 

Table I. Effect of ZnCI~ treatment on photocapacitance change for 0.2 
eV state in thin film CdSe 

Electrode preparation hC(~F/cm2) * 

Untreated (etched/cycled in polysulfide) -0.80 
30 min soak in 0.1M ZnCI.~ -0.70 
Additional 30 min soak in ZnCI~ solution -0.60 
4 days in ZnC12 solution -0.47 

�9 Measured at 7 Hz and 0.4V vs~ UF~. 

Some speculation concerning the origin of the 0.2 eV 
state is in order. A chemical impurity seems unlikely, 
since the 0.2 eV state is observed in small concentrations 
even for single-crystal material. Also, secondary ion mass 
spectroscopy (SIMS) profiling of low substrate tempera- 
ture films indicated that impurity levels are as low as 
those of the best high substrate temperature films, for 
which the 0.2 eV state is not detected by EPS. Since the 
concentration of the state in single-crystal material is en- 
hanced by mechanical polishing, participation of a lattice 
defect is implied. This is consistent with the findings of 
Brillson (12) that the feature corresponding to the 0.2 eV 
state in surface photovoltage spectra is enhanced by ar- 
gon bombardment.  Frese (1) has inferred the presence of 
an interface state in CdSe centered about 0.2 eV below 
the conduction bandedge and attributed it to excess sele- 
nium. Although free Se would be expected to dissolve in 
aqueous polysulfide, a Se species bound to a lattice de- 
fect would appear to be a likely prospect as the origin of 
the 0.2 eV interface state. The occurrence of such a 
selenium-defect state would not be surprising, because 
as-deposited low temperature films contain a 3:1 molar 
ratio of Se to Cd and are only partially crystalline. It is 
only after heat-treatment and removal of excess Se that 
such films are crystalline and exhibit favorable photovol- 
taic characteristics. This type of defect is also consistent 
with our inference that this state shifts UFB anodic by in- 
terfering with polysulfide adsorption, which should be 
favored on Cd sites but inhibited on Se. 
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A B S T R A C T  

Dilu te-solut ion  t ranspor t  equa t ions  wi th  cons tan t  act ivi ty  coeff icients  are c o m m o n l y  used  to mode]  s emiconduc -  
tors. These  equa t ions  are cons is ten t  wi th  a Bo l t zmann  dis t r ibut ion  and are inval id in regions  where  the  Species concen-  
t ra t ion  is close to the  respec t ive  site concentra t ion.  A more  r igorous  t r ea tmen t  of t ranspor t  in a s emiconduc to r  requi res  
ac t iv i ty  coeff icients  wh ich  are funct ions  of  concentra t ion.  Express ions  are p resen ted  for act ivi ty  coeff icients  of  elec- 
t rons  and holes  in s emiconduc to r s  for wh ich  conduct ion-  and va lence-band  energy  levels  are g iven  by the  respec t ive  
b a n d e d g e  energy  levels.  These  act ivi ty  coeff ic ients  are funct ions  of  concen t ra t ion  and are t he rmodynamica l l y  consist-  
ent. The  use of  act ivi ty  coeff icients  in macroscop ic  t ranspor t  re la t ionships  al lows a descr ip t ion  of  e lectron t ranspor t  in a 
m a n n e r  cons is ten t  wi th  the  Fermi-Dirac  distr ibut ion.  

The  concen t ra t ions  of  holes  and e lect rons  in a semicon-  
duc tor  are g iven  by the  Fermi-Dirac  d is t r ibut ion  (1, 2). A 
Bo l t zmann  d is t r ibu t ion  is f r equen t ly  used  as an approxi-  
ma t ion  to this d i s t r ibu t ion  in s ta t i s t ica l -mechanical  analy- 
ses of  s e m i c o n d u c t i n g  systems.  Di lu te-solut ion  t ranspor t  
equa t ions  wi th  cons tan t  act ivi ty  coefficients,  cons i s ten t  
w i th  a Bo l t zmann  dis t r ibut ion,  are also used  in charac- 
ter iz ing the  behav io r  of  s e m i c o n d u c t i n g  systems.  These  
a p p r o x i m a t e  me thods  are popula r  because  of their  rela- 
t ive  ma thema t i ca l  s implici ty ,  but  are inval id  w h e n  elec- 
t ron or hole  concen t ra t ions  are close to the  respec t ive  site 
concen t ra t ions  in any region.  

Calcula t ion of  ind iv idual  ionic act ivi ty  coeff icients  for 
e lec t rons  and holes  has  been  p roposed  as a means  of  
ident i fy ing  the  regions  in wh ich  these  approx ima t ions  are 
justif ied.  Rosenbe rg  (3), Pan i sh  and Casey, Jr.  (4, 5), and 
H w a n g  and Brews  (6) have  p resen ted  act ivi ty  coeff icients  
for e lec t rons  and holes  tha t  are funct ions  of  potent ia l  as 
wel l  as concent ra t ion .  Ha rvey  (7) d iscusses  the  separat ion 
of  the  act ivi ty  coeff ic ient  into parts due  to chemica l  and 
electr ical  effects. L a n d s b e r g  and Guy  (8) p resen t  an  activ- 
ity coeff icient  based upon  an Eins te in  re la t ion that  in- 
c ludes  wi th in  it the  nonideal i t ies  associa ted wi th  the  ac- 
t ivi ty coeff ic ient  (9). 

Act iv i ty  coeff icients  are de r ived  here  that  are func t ions  
of  concent ra t ion .  This  der iva t ion  is i n d e p e n d e n t  of the  
E ins te in  relation. These  act ivi ty  coeff icients  are 
t h e r m o d y n a m i c a l l y  cons i s ten t  and can be  used  to check  
the  val id i ty  of  the  B o l t z m a n n  func t ion  as an  approx ima-  
t ion to the  Fermi-Dirac  distr ibut ion.  These  coeff icients  
can  also be used  in the  appl ica t ion  of  mac roscop ic  trans- 
port  equa t ions  to s e m i c o n d u c t i n g  sys tems in a way  that  is 
genera l ly  valid. 

Theoretical Development 
The e l ec t rochemica l  potent ia l  of  a g iven  species  can ar- 

bi trari ly be  separa ted  into t e rms  r ep resen t ing  a re fe rence  
state, a chemica l  contr ibut ion ,  and an electr ical  contr ibu-  
t ion (10) 

~ = ~o  + R T  in (c~) + z~F~P [1] 

whe re  4) is a potent ia l  wh ich  character izes  the  electr ical  
state of  the  phase  and can be  def ined in a n u m b e r  of 
ways. The  potent ia l  used  here  is the  e lect ros ta t ic  poten-  
tial wh ich  is ob ta ined  th rough  in tegra t ion  of  Po i sson ' s  
equa t ion  (11). Equa t i on  [1] can  be  v i ewed  as the  def ining 
equa t ion  for the  act ivi ty  coefficient,  f~. 

U n d e r  the  a s sumpt ion  of  a di lute  solution,  the  flux of  
an ind iv idua l  species  wi th in  the  s emiconduc to r  is d r iven  
by a grad ien t  of  e l ec t rochemica l  potent ia l  

N i = -ciuiVp. i [2a] 

or 
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f~Ni = -uiRTV(ci f i )  - ziu~F(c~f~)Vq~ [2b] 

where  N~ is the flux of  species  i. In t roduc t ion  of  A = 
c~e  z,Fr yields 

f~Ni = - u ~ R T e -  z.F~/RTV A [3] 

U n d e r  equ i l ib r ium condi t ions ,  VA = 0, and 

cifi = A e  -z~Fr [4] 

whe re  A is a constant .  U n d e r  the  a s sumpt ion  of  a con- 
stant  act ivi ty  coefficient,  Eq.  [4] is cons is ten t  wi th  a 
Bo l t zmann  distr ibut ion.  

The  d is t r ibut ion  of e lect rons  in a s emiconduc to r  is 
character ized by the  Fermi-Dirac  func t ion  

ni _ [1 + exp  [(E~ - Ef)/RT]]-' [5] 
gi 

where  n1 is the  n u m b e r  of  e lect rons  wi th in  an energy  
level  E~ wi th  degeneracy  gi. The  Fe rmi  energy  Ef is a sta- 
t ist ical  pa ramete r  g iven  the  uni ts  of  J /mol  and def ined as 
the  energy  at wh ich  the  probabi l i ty  of  o c c u p a n c y  of  a 
state is one-half. The  Fermi-Dirac  d is t r ibut ion  enters  into 
the  t ranspor t  d e v e l o p m e n t  (Eq. [2], [3], and [4]) th rough  
in t roduc t ion  of  ind iv idua l  ionic act ivi ty  coefficients:  one  
for e lect rons  and one for holes. 

Th rough  Fermi-Dirac  statist ics the  concen t ra t ion  of  
conduc t ion  e lect rons  is g iven  by 

f ~ N(E) 
n = dE [6] 

Ec 1 + exp  [(E - Ef)/RT] 

and the concen t ra t ion  of  holes  by 

p =  -~ 1 - 1 + e x p [ ( E - E f ) / R T ]  

The  concent ra t ions  def ined above  are cons i s ten t  wi th  
the  concent ra t ions  c, used  in Eq.  [1]-[4]. If  the  d is t r ibu t ion  
of  avai lable  energy  levels  is na r row or R T  is small,  the  val- 
ence  and conduc t ion  e lec t rons  can be charac te r ized  by 
s ingle-valued energy  levels,  Ev (the h ighes t  energy  level  of  
the  va lence  band) and Ec (the lowes t  ene rgy  level  of  the  
conduc t ion  band), respect ive ly .  Thus 

or  

n = 1 + exp  [(Ec - Ef)/RT] N(E)dE [8] 

N~ 
n = [9] 

1 + exp  [(Ec - Ef)/RT] 

where  Nc is the concen t ra t ion  of  conduc t ion -ene rgy  sites 
for electrons.  A similar  term,  Nv, is def ined as the  concen-  
t ra t ion  of  va lence-band  sites. 

F r o m  the  defini t ion of  the e l ec t rochemica l  potential ,  
the  chemica l  act ivi ty  

2 7 1 5  
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can be expressed as 

a, = cifi [10] 

P'i -- ~i ~ -- Zi FOp ] 
aj = exp ~ -  [11] 

Note that the activity has units of concentration (see Eq. 
[1]). In Eq. [9], the concentration of conduction electrons 
is given as a function of the Fermi energy level. The en- 
ergy Ec in this equation depends upon potential as 

Ec = Er + z i F ~  [12] 

where Ee* is a constant, independent  of potential. The 
electrochemical potential of conduction electrons and the 
Fermi energy are related by an arbitrary constant 

~ -  = Ef + ~*~ [13] 

Equations [11] through [13] can be combined to yield 

exp [ ( ~ * < -  /*%- + E~*)/RT [ 1 ] 
f,, [14] 

N r  1 - n/Nc J 

where f i -  is dimensionless. The secondary reference state 
quantities, E~*, ~*,,-, and ~ 0 ,  are chosen to allow the ac- 
tivity coefficient to approach unity as the concentration 
of conduction electrons approaches zero. Thus, the activ- 
ity coefficient is obtained as a function of composit ion 

1 
f~_ - - -  [15] 

1 - n/Ne 

The activity coefficient of conduction electrons is equal 
to 2 for a dimensionless concentration n/Ne equal to 0.5. 

A similar activity coefficient can be obtained for the 
holes as 

1 
fh+ - [16] 

1 - p/Nv 

The assumption of unity activity coefficients is in har- 
mony with the assumption of the Boltzmann limits to the 
Fermi-Dirac distribution. Use of the Fermi-Dirac distribu- 
tion results in activity coefficients that are functions of 
concentration. 

Discussion 
Equations [15] and [16] are consistent with the form of 

the activity coefficients 

f e -  = N~c e(s 
n 

presented by Hwang and Brews (6) and Landsberg and 
Guy (8). These authors include a term e ~E~RT for the shift in 
electron energy due to the occupation of energy levels 
above Er at high electron concentrations (12). Under  the 
assumption that hE = 0, Eq. [15] is recovered by introduc- 
tion of the Fermi-Dirac distribution function for elec- 
trons. Calculation of hE requires knowledge of the elec- 
tron site distribution N(E). 

The activity coefficients defined above can be 
checked for consistency with the Fermi-Dirac function. 
Introduction of the activity coefficient presented for elec- 
trons in Eq. [15] into the respective Boltzmann distribu- 
tion 

n fi = N~e-(E~ :Ef)IRT [17] 

recovers the Fermi-Dirac distribution 

n 1 
- [ 1 8 ]  

Nc 1 + e (Ec-Ef)/RT 

The same is true for the activity coefficient for holes. 
A measure of internal thermodynamic consistency is 

obtained from the second cross-derivative of the Gibbs 
function, i.e. 

(0 i I = [191 
OCk / T,P,ej #k \ OCi / T,P,cj #i 

where i and k represent components  of the system that 
are not the solvent. This necessary condition for thermo- 
dynamic consistency is expressed for the system de- 
scribed here as 

( 0fo I = ( 0f + l [201 
fe- \ Op ]T,P,n fh* \ On /T,P,p 

This condition is satisfied. (Equation [19] is properly 
stated in terms of mole numbers rather than concentra- 
tions. For the dilute systems involved here, lattice expan- 
sion is ignored, and the two are equivalent.) 

Use of macroscopic relations for thermodynamics and 
transport in regions of nonzero electric charge density 
raises some interesting philosophical questions because 
transport and thermodynamic properties are not easily 
measurable as functions of composition including arbi- 
trary departures from electroneutrality. Fortunately, the 
semiconductors of interest are extremely dilute compared 
to even dilute aqueous solutions, and theoretical expres- 
sions such as the Fermi-Dirac distribution can be used 
with some confidence. Note that individual ionic activity 
coefficients are here being introduced in regions of net 
charge. 

The extreme dilution of the semiconductors is also a 
justification for using the simple transport Eq. [2a] rather 
than the multicomponent diffusion equation (10), which 
includes interactions of solute species, and for using the 
approximate thermodynamic test embodied in Eq. [19]. 

Conclusions 
Activity coefficients are derived here that are functions 

of concentration. These activity coefficients are thermo- 
dynamically consistent and can be used to check the va- 
lidity of the Boltzmann function as an approximation to 
the Fermi-Dirac distribution. These coefficients can also 
be used in the application of macroscopic transport equa- 
tions to semiconducting systems. 

The use of constant activity coefficients in modeling 
semiconductor systems is valid for dimensionless concen- 
trations n/Ne and p/Nv less than 0.1. Use of the activity 
coefficients presented in Eq. [15] and [16] allows treat- 
ment  of systems with dimensionless concentrations rang- 
ing from 0 to 1. This approach is restricted, however, by 
the assumption that valence- and conduction-band elec- 
trons are characterized by their respective bandedge ener- 
gies. Relaxation of this assumption involves integration 
of Eq. [6] and [7] for a specific distribution of electron en- 
ergy levels. 
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Polarization Effects in Polyimides 
G. Samuelson 

Solavolt International, Phoenix, Arizona 85040 

S. Lytle* 

Motorola, Incorporated, Mesa, Arizona 85202 

Polyimide is a class of high temperature, stable organic 
polymers that has found widespread use in the semicon- 
ductor industry. It has been used as an interlevel dielec- 
tric in multilevel discrete transistors (1), and as a final 
passivant (2). More recently, its role in silicon and alumi- 
num MOS integrated circuits has been demonstrated (3). 

Some limited-reliability data on polyimide films have 
been described in the literature. For example, the effect 
of incomplete cure on device performance was discussed 
by Gregoritsch (4). The via resistance and leakage current 
of a multilevel bipolar LSI chip was reported by Mukai 
et al. (5). Finally, the effects of ionic contamination a n d  
electrical conduction in polyimide was discussed by 
Brown (6). 

The present work extends the discussion of charge in- 
stability within polyimide films by using standard C-V 
techniques to probe charge effects that are inherent in the 
polyimide film or are induced by certain processes. Evi- 
dence is presented to show that differences in inherent 
polarizability of several commercially available polyi- 
mides exist. Evidence is presented to show that absorbed 
water causes increases in the polarization time constants. 
It may be possible to distinguish different kinds of water, 
based on the fact that different dehydration conditions 
aide required to restore the original time constants of po- 
larization, depending on the relative humidity to which 
the polyimide film was exposed. Finally, evidence is pre- 
sented to show that plasmas routinely used in the semi- 
conductor industry may influence the polarization of 
polyimide films. For example, standard isotropic O.2 
plasma etching of polyimide was shown to cause a de- 
crease in the polarization time constant and activation en- 
ergy. 

Experimental 

Polarization effects intrinsic to polyimide.--MIS struc- 
tures were constructed of 8-12 t]cm phosphorus-doped Si, 
1000~ thermally grown MOS-quality SiO~, 0.8-4.8~ polyi- 
mide (du Pont PI2545, PI2555, PI2562, PSH61453, a n d  
Hitachi PIQ-13), and 4000s pure evaporated aluminum, 
patterned using conventional lithographic techniques. 
The resulting test wafer was subjected to a 200~ 20 rain 
dehydration bake immediately prior to measurement.  
The measurement  system consisted of a Temptronic 
TP350A thermally controlled chuck, an HP4275A LCR 
meter, and a Fluke 8502A multimeter. A "standard" room 

*Electrochemical Society Active Member. 

temperature trace was performed at 100 kHz from -100V 
to +100V using a ramp rate of 1 V/s. The stress conditions 
used to compare measured AVFB values against AV satura- 
tion calculated from classic polarization theory were -5V, 
200~ and 20 rain, with cooling to room temperature un- 
der bias. At room temperature, the "standard" trace was 
repeated and the AVFB measured. The stress conditions 
used to determine the time constants of polarization were 
-5V, 200~ and times varying from 1 to 40 rain, de- 
pending on the polyimide under  test. Following stress, 
the MIS structure was cooled to room temperature under  
bias, the "standard" trace was repeated, and AVsB was 
measured. 

Humidity effects on polarization.--C-V analysis was 
performed on MIS structures which consisted of 4-7 gtcm 
p-type Si substrates, 1000~ thermally grown MOS quality 
SIO2, 1000A CVD Si3N4, and 1.5tL polyimide, followed by 
12 I~  of sputtered A1-Cu-Si. An MDC computerized 
semiconductor measurement  system consisted of a 
Boonton 72B capacitance meter, a HP7010B XY recorder, 
current monitors, and power supplies supported by an  
8080S microcomputer system. Standard C-V traces of un- 
stressed samples were made at room temperature over a 
voltage range of -75 to +25V at 1 MHz. Stressing was 
done at 225~ under  a +5V bias for times ranging from 2 
to 20 rain. The MIS structure was brought to room tem- 
perature under  bias, and the AV~B was measured as a 
function of stress time. The time constant of polarization, 
r, was calculated from the slope of the in AVs~ vs. time 
curves for MIS structures exposed to various humidity 
ambients. 100% humidity ambient  was achieved by plac- 
ing wafers in an airtight wafer box with water. At no time 
was the water in contact with the polyimide. All other rel- 
ative humidities were obtained by exposing wafers to the 
clean room ambient. Typically, control wafers were 
stored at 200~ at N~. 

Results and Discussion 

Polarization effects vs. polyimide chemistry.--It has 
been noted by Brown (6) that charge effects in polyimide 
can cause inversion of underlying silicon and consequent 
undesired communicat ion between doped areas. An ef- 
fort was made to distinguish among the various commer- 
cially available polyimides with respect to charge insta- 
bilities by subjecting them to -5V, 200~ and 20 m i n  
stress, conditions which mimicked realistic operating 
conditions for certain devices. The AVrB of the stressed 
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Table I. AV~B measured and calculated for various polyamides 

Thickness hV~.B m e a s .  AVsa t AVFB rneas.//,m 
Polyamide (~m) (volts) (volts) hVFB meas./hV~ (volts//,m) 

PI2566 4.76 4 216.0 0.018 0.840 
PI2562 0.79 18 35.9 0.501 22.800 
PIQ-13 1.15 34 52.3 0.650 29.600 

40%PSH 
61453 1.95 78 88.6 0.880 40.000 
PI2545 1.68 80 76.4 1.000 47.600 

profile was compared with the AV~B of the unstressed 
profile. The results are presented as AV~, measured in 
Table I for numerous polyimides. The saturating shift 
was "calculated from classic polarization theory where 

AVsat = - (koxJkpxo) V J  

V, is the polarizing voltage, ko and k, are the dielectric 
constants of oxide and polyimide, respectively, and x, 
and Xo are the thicknesses of polyimide and oxide. The ra- 
tio of the AVFB measured and the calculated AV saturation 
is a reflection of the relative polarizability of the polyi- 
mides tested, as is the parameter AVFB measuredJ~m. 
From Table I, it is clear that PI2566 is the least polariz- 
able. du Pont PI2545 and PSH61453 are both rapid polar- 
izers, and the other polyimides fall intermediately be- 
tween these two extremes. 

An attempt was made to measure the time constant of 
polarization. Figure 1 shows the C-V trace under -5V, 
200~ stress for times varying from 1 to 15 min for 
PSH61453. The undulating C-V profiles made it difficult 
to measure a single meaningful  t ime constant. An attempt 
was made to "freeze" out polarization events by reducing 
the stress temperature to as low as -10~ Even under 
these conditions, the most rapid polarizers continued to 
exhibit  nonlinear In h V  vs. t ime curves. In fact, under  
conditions of no applied stress other than that imposed 
by the standard trace, considerable hystersis in the C-V 
characteristics was observed for all polyimides, except  for 
the slowest polarizer, PI2566. Figure 2 shows the compa- 
rable family of C-V traces for PI2566, also stressed at - 5 V  
and 200~ though now for 15-40 min. The family of 
curves exhibits uniform, conventional C-V behavior. A 
plot of In h V  vs.  time, as shown in Fig. 3, gives a straight 
line with correlation coefficient 0.984. The time constant 
r was determined from the slope of the curve in Fig. 3 and 
the equation 

AV = KoX, Vp (1 - e - t J ' )  7 
Knxo 

The calculated r for PI2566 was 840 min. 

P o l a r i z a t i o n  ef fects  due  to absorbed  w a t e r . - - T h e  spe- 
cific contribution of water to polarization effects in polyi- 
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Fig. 1. C-V characteristics for PSH61453 stressed at - S V  and 
200~ for 1-15 min. 

mide films was studied. MIS structures using PIQ or 
PI2566 were "soaked" for varying times in either a clean 
room e n v i r o n m e n t w h e r e  the relative humidity varied 
from 17 to 35% or a 100% relative humidity environment.  
The structures were stressed at +5V and 225~ following 
humidity exposure, and C-V profiles were measured as a 
function of stress time. Figure 4 is an example of the re- 
sults for a MIS structure using PIQ and SiO~ where the 
stress times were 2-16 min. The figure illustrates the typi- 
cal finding that, initially, a rapid shift in AV~B occurred 
which correlated directly with the relative humidity of 
the soak period. The term AVH..,o was defined as the hVrB 
that arose between the zero-stress C-V profile for a dehy- 
drated film (the dotted line in Fig. 4) and the zero-stress 
C-V profile for a water-"soaked" film. The magnitude of 
AVrB appeared to be a direct function of the relative 
humidity and the time of exposure to that humidity, as 
indicated in Fig. 5. The AVH~o occurred almost instantane- 
ously upon temperature and bias stressing and disap- 
peared following a 200~ 30 min dehydration bake in dry 
N2. After AVH2o occurred, a family of C-V curves resulted, 
with continued stressing from which AVrB values could be 
measured and used to calculate a time constant of polari- 
zation, r. If  such a time constant was measured as a func- 
tion of exposure t ime in a 100% RH ambient, r was seen to 
increase, as shown in Fig. 6 for PIQ MIS structures. 
Samples which exhibited increasing ~ with t ime at 100% 

~ / 2 0  M I N  

1~/3o M,N 

D. 6.90 
O 

6.80 

7.00 

I 

-5.00 0.00 5.00 E+I  

B IAS (V) 

Fig. 2. C-V characteristics for PI2566 stressed at 5V and 200~ for 
15-40 min. 
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Fig. 3. Ln ( K~ V~-AV) vs. time for PI2566 stressed at - 5 V  and 
K~Xo 
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Fig. 4. C-V characteristics of PIQ-3 exposed to a 17% RH ambient 
for 22h and stressed at + 5 V  and 225~ for 2-16 rain. 
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Fig. 5. Magnitude of AVH.2O vs. exposed time for PIQ- |3  at 100% 
RH and cleon room humidity, varying as indicated in the parentheses. 

RH did not revert to the original r values following 200~ 
dehydration bake in dry N~ atmosphere for as long as 72h. 
They did, however, revert to original r values following 
450~ dehydration bake in dry N., for 30 min. Such high 
temperature dehydration conditions were consistent with 
the release of H-bonded water. Samples exposed to lower 
relative humidities (i.e., 17-35%) for as long as 120h also 
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Fig. 6. The time constant of polarization for PIQ-13 as a function of 
exposure time to 100% RH conditions and +5V,  225~ stress 
conditions. 
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Fig. 7. Arrhenius plots for untreated, plasma-etched, and passivated 
PIQ-13 films. 

exhibited increased r values which reverted to original 
values on lower temperature, 200~ dehydration bake. 

Processing effects on polarization.--A brief study was 
done to determine the effects of highly energetic UV irra- 
diation associated with plasma processing on the polari- 
zation behavior of polyimide films. Two plasma pro- 
cesses were performed on deposited polyimide films: 
plasma etching of the polyimide film itself and passiva- 
tion with a plasma-enhanced CVD film of silicon oxide. 

Films with a thickness of - 3.0 /~m of cured PIQ-13 
polyimide were etched to half their original thickness in a 
Dionex 3000 barrel reactor. Etching took place at 150~ 
and 0.5 torr in an 02 plasma at 500W. The approximate 
etching time was 30 rain. After etching, 1.5/~m of A1-Cu-Si 
was deposited, and C-V analysis was performed as previ- 
ously described. For passivation, a 1000•-thick fihn of 
plasma oxide was deposited on wafers which had 1.5/~m 
of cured PIQ-13 and Al-Cu-Si metallization. Passivation 
was performed in an AMT Plasma II reactor at 300~ and 
0.3 torr. A plasma energy of 150W was used to react Sill4 
and N~O in a carrier gas to form the silicon oxide film. 
Deposition t ime was approximately 5 min. The plasma 
oxide film was then selectively removed from the metal- 
patterned polyimide film, and C-V analysis was done. 

Figure 7 shows Arrhenius plots for untreated, plasma- 
etched, and passivated PIQ films. While no significance 
beyond measurement  error could be attributed to the dif- 
ferences in activation energy between the passivated film 
and the untreated control, there was a significant lower- 
ing of the activation energy for the plasma-etched film. 
In addition, this effect increased with increasing expo- 
sure and/or intensity of the plasma. This change in polari- 
zation could not be reversed by annealing the plasma- 
treated films at 450~ in N~ for lh. 

Oxygen plasma treatments have been shown in the lit- 
erature to affect other properties of polymer films, Partic - 
ularly in a 1-10/~m thick region at the surface. For exam- 
ple, general trends of increases in wettability and 
decreases in molecular weight have resulted for a number  
of different polymer films (8). Also, mechanical strength 
of surface layers has been altered as a result of qxposing 
polypropylene to O2-contalning and N.,O-containing plas- 
mas (9). In general, the mechanism responsible for 
changes in these properties has been scissioning of poly- 
mer chains due to UV irradiation, with subsequent  rapid 
termination of free radicals with oyxgen (8). Such a mech- 
anism may have been responsible for the changes in po- 
larization behavior which occurred in the thin po ly imide  
films studied. 

Manuscript submitted Sept. 19, 1983; revised manu- 
script received June  5, 1984. 
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Dependences of Magnetron-Sputtered SiO2 Film Properties on 
Argon Pressure 

Toshiaki  Yachi  and Tadashi  Serikawa 
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3-9-11 Midori-cho, Musashino-shi, Tokyo 180, Japan 

Planar magnetron-sputtered SiO2 films have been 
found to be desirable as insulating materials in integrated 
circuits, such as a luminum multilevel interconnections, 
because of their high deposition rates, very low deposi- 
tion temperature, and good step coverage (1). Some stud- 
ies on deposition.rates and step coverage, as well as on 
applications for device fabrication, of such planar 
magnetron-sputtered SiO2 films have been reported (2-5). 
However, dependences of the film properties on deposi- 
tion conditions have yet to be made sufficiently clear (6). 
This note describes the dependences of the RF planar 
magnetron-sputtered SiO2 film properties on argon 
pressure. 

Experimental  
SiO~ film about 1 t~m thick was deposited on 

(100)-oriented p-type 10 ~ cm resistivity silicon wafers of 
3 in. diam by a RF planar magnetron sputtering apparatus 
with two targets. The system was pumped down to 3 x 
10 -4 Pa prior to in-bleeding of the argon, and sputtering 
was carried out at 0.3-2.0 Pa in argon. The barrel-type sub- 
strate holder, electrically at floating potential, had a 10 
rpm rotation rate during deposition. The min imum spac- 
ing between the substrate and the target was 50 mm, and 
the targets used were 99.99% pure SiO~ sheets, 5 x 15 in. 
and 1/8 in. thick. The RF forward power was held at 2.0 
kW/target. The substrate temperature was also kept at 
200~ Some samples were annealed at 900~ for 20 rain in 
nitrogen gas. 

Film properties were evaluated by etching rate, trans- 
mission electron microscope (TEM) surface replica obser- 
vation, and stress. Etching rates were determined by the 
film thickness decrease in 15:10:1 (H~O:NH4F:HF) 
buffered hydrofluoric acid solution at 30~ which was 
measured by creating a step and then using the Talystep 
Height Reader. Film stresses were determined by 
comparing wafer curvatures before and after deposition, 
which were measured by the Newton rings method. Film 
densities were also measured by a gravimetric technique. 

Results and Discussion 
The SiO2 film deposition rate vs. argon pressure is 

shown in Fig. 1. The deposition rate is maximum at 0.40 
Pa. At an argon pressure above 0.40 Pa, the deposition 
rate decreases with regularity with an increase in argon 
pressure. The deposition rate at 2.00 Pa amounts  to only 
about 60% of its maximum. At the higher pressures, this 
drop is due mainly to increased sputtered-particle scatter- 
ing resulting from the discharge gas (7). 

The dependence of the buffered HF etching rate on ar- 
gon pressure is shown in Fig. 2, where the samples indica- 

ted are deposited and annealed. The etching rates change 
markedly at the "critical pressure" of about 0.5 Pa. In the 
as-deposited samples, the etching rate of the film depos- 
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Fig. 3. TEM micrographs of as- 
deposited SiO~ films. 

ited at an argon pressure of 0.95 Pa is about 12 times 
greater than that for the film deposited at a pressure of 
0.33 Pa. Although these etching rates are reduced over the 
entire argon pressure by annealing, the etching rate still 
exhibits a marked dependence on argon pressure. 

TEM micrographs for as-deposited film before and 
after slight etching by buffered HF are shown in Fig. 3. 
Before slight etching the surfaces of the films deposited 
at both 0.33 and 1.05 Pa argon pressures show partial 
undulation.  The surface of the film deposited at 1.05 Pa, 
however, has very small, shallow pits. The slightly etched 
film surfaces are markedly different for the two pres- 
sures. The film surface deposited at 0.33 Pa (below the 
critical pressure) shows comparatively shallow spherelike 
pits of about 0.1 ~m diam, while the surface of the film 
deposited at 1.05 Pa (about the critical pressure) shows a 
deep leaflike roughness of about 0.5 ~m overall. 

TEM micrographs of annealed film before and afte~ 
slight etching are also provided in Fig. 4. The films prior 
to etching indicate a scalelike surface, corresponding to 
the undulat ions in the as-deposited film surface. After 

slight etching, the surface of the annealed film deposited 
at 0.40 Pa shows spherelike pits as in the as-deposited 
film, while the surface of the annealed film deposited at 
2.00 Pa shows a marked roughness. 

The SiO~ film density also depends on the argon pres- 
sure. The density of film deposited at 0.33 Pa is 2.23 
g/cm 3, while the density of film deposited at 2.00 Pa is 
2.10 g/cm 3. Film density at 0.40 Pa corresponds to the 
thermally oxidized film density of 2.2 g/cm 3 (8). 

TEM micrographs and film density suggest that the 
marked increase in the etching rate of film deposited 
above the critical pressure arises mainly from the large 
amount  of internal surface area associated with the 
microvoids present in these films. 

The dependence of SiO~ film intrinsic stress on argon 
pressure is shown in Fig. 5. The stresses are compressive. 
The stress also changes greatly at the critical pressure of 
about 0.5 Pa. 

In a sputter deposition system the sputtered particles 
are emitted from the target, follow the cosine emission 
distribution and have an energy value of a few electron 

Fig. 4. TEM micrographs of an- 
nealed SiO~ films. 
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volts (9). The energy of the emitted particles is reduced, 
and the direction of the particles changes as a result of 
gas-phase collisions with the argon atoms, as indicated in 
Fig. 1, and then reach the substrate. In this way, the en- 
ergy of the sputtered particles is finally reduced so that it 
corresponds to the thermal energy of the gas. 

Westwood calculated the distances which the particles 
travel normal to the sputtering target before their ener- 
gies are reduced to the thermal energy of the gas. The dis- 
tance increases with the mass and energy of the sputtered 
particle and with a decrease in argon gas pressure; for a 5 
eV particle with a mass 60, the distance is about 8 cm at 
an argon pressure of 0.5 Pa (10). 

The distance of 8 cm is near the space between the tar- 
get and the substrate. At an argon pressure below the crit- 
ical pressure 0.5 Pa, many SiO2 particles reaching the sub- 
strate have an energy higher than the thermal energy of 
the gas. These SiO2 particles with a higher energy migrate 
on the substrate; thus, the film contains few microvoids, 
and the film density increases. At an argon pressure 
above the critical pressure 0.5 Pa, however, the SiO2 
particle energy is thermalized before the particles reach 

the substrate and the SiO2 incident angle distribution is 
broad. This broad incident angle distribution produces a 
self-shadowing effect (11). The SiO2 films contain 
microvoids, on account of both the low energy of the SiO2 
particle reaching the substrate and the self-shadowing ef- 
fect. Thus, film density is low. Owing to etching along 
the microvoids, the films deposited at an argon pressure 
above the critical pressure 0.5 Pa have a markedly large 
etching rate. These microvoids can be partially removed 
by annealing. 

In conclusion, the following results are demonstrated: 
(i) The SiO~ films deposited below the critical pressure 
are dense (2.23 g/cm 3) and have a low etching rate. (it) The 
SiO.., films deposited above the critical pressure contain 
many microvoids and film density decreases to 2.10 
g/cm 3. Moreover, the etching rate of the films deposited 
by buffered HF is 12 times greater than that of films de- 
posited below the critical pressure. (iii) The stress of SiO2 
film is compressive and increases rapidly with the criti- 
cal pressure. 
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The Growth of Epitaxial Layers of Gao,71nos As by the Vapor-Phase 
Epitaxy-Hydride Method Using a Gallium-Indium Alloy Source 

Thomas E. Erstfeld and Kenneth P. Quinlan* 

Rome Air  Development Center, Solid State Sciences Division, Hanscom Air  Force Base, Massachusetts 01731 

Epitaxial structures of the ternary system, Gao.~TIn0.53As, 
have found wide application in the fields of optoelec- 
tronic and microwave devices. These epitaxial layers 
have been prepared by various techniques: liquid-phase 
epitaxy (1), vapor-phase epitaxy (2), molecular beam 
epitaxy (3), and metal-organic chemical vapor deposition 
(4). All these methods have produced GaxInl_xAs layers 
with room temperature mobilities in the 10,000 cm2/V-s 
range, with a high of 13,000 cm:/V-s for the liquid-phase 
epitaxy (3, 5-7). Carrier concentrations ranged from 10 '~ 
cm -3 to the mid-10 '6 cm -3. 

The vapor-phase epitaxy (VPE) technique uses either 
AsC13 (chloride method) or AsH3 (hydride method) as the 
source of arsenic. Higher mobilities have usually been 
achieved with the chloride method (8, 9) but the hydride 
method has many advantages that the chloride method 

*Electrochemical Society Active Member. 

lacks, e.g., ease of control, group V reactants are gaseous, 
etc. Most work with the VPE-hydride technique for the 
preparation of Ga0.~TIn0.53As have concentrated on the use 
of separate metallic sources for the group III elements 
with a double-barrel reactor. The use of an alloy source in 
the VPE-hydHde technique offers two distinct advan- 
tages over the use of two separate metal sources: (i) the 
flow of hydrogen chloride over the source does not have 
to be as finely controlled as is necesssary with separate 
metallic sources, and (it) only a single-barrel reactor is 
needed. A study of the preparation of Ga~In,_~.As terna- 
ries using an alloy source (Ga-In) with the VPE-hydride 
technique was carried out in order to evaluate the tech- 
nique. This paper reports the effect of various parame- 
ters, e.g., source composition, hydrogen chloride pres- 
sure, deposition temperature,  and operation t ime on the 
ternary compositions and growth rates. 
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The use of an alloy source for the preparation of 
Gafln,_,.As by the VPE technique has been studied by a 
number  of investigators. In 1965, Minden (10) used an al- 
loy source of gallium and indium in a modified VPE- 
chloride method to prepare epitaxial layers of the ternary. 
Recently, Chatterjee et al. (11) studied the use of the alloy 
with a modified VPE-chloride technique and presented a 
thermodynamic model describing the system. They dem- 
onstrated that a low doped, lattice-matched gallium in- 
dium arsenide epilayer could be obtained in a reproduci- 
ble and controlled manner.  Kordos et al. (12) studied the 
growth of Gafln,_~As with the VPE-hydride system using 
a Ga-In alloy. Their results differ from those reported in 
this paper. 

Experimental 
The preparation of the epitaxial layers of the ternaries, 

Gaflnl_~As, was studied in the quartz reactor previously 
described (9). The quartz reactor has three temperature 
zones, source, mixing, and deposition, which are heated 
by "clam shell" resistance heaters. The reactor has three 
inlet flow systems for AsH3/H~, HC1/H2, and H~. The flow 
rates are regulated by Tylan mass flow controllers. The 
reactants are the highest purity products obtainable: ar- 
sine (99.998%), as a 10% mixture in hydrogen (99.999%), 
hydrogen carrier gas (99.999%), hydrogen chloride 
(99.995%), indium (99.9999%), and gallium (99.9999%). The 
hydrogen carrier gas was further purified by a hydrogen 
purifier (Palladium Diffusion Process-Engelhard). The 
alloys were prepared by putt ing the appropriate amounts 
of the metals into a quartz boat. The masses of the alloys 
used varied between 99 and 107g. The surface areas of the 
alloys in the quartz boats were approximately 26 cm 2. The 
alloys were prebaked for 50h in a hydrogen atmosphere 
before any runs were performed. This procedure as re- 
ported by Kordos et al. (12) lowers the carrier concentra- 
tions in the resulting epitaxial layers. 

Compositions of the grown ternaries of Ga~In,_xAs 
were determined from Vegard's law plots of lattice con- 
stants vs.  compositions. The lattice constants were deter- 
mined b y  x-ray diffractometry with the CuKa irradiation 
using InP  as an internal standard. Microprobe analyses 
verified this method of determining the composition. 
The growth rates were determined from the surface area 
of the substrate, mass of deposit, density of the ternary, 
and time duration of growth. The time of growth was usu- 
ally 225 rain. 

The substrates were prepared from a liquid-encapsu- 
lated Czochralski (LEC)-grown InP(Fe-doped) boule. 
Slices were cut 3 ~ off the (100) plane towards the (111) 
plane. The preparation of the InP  substrates are de- 
scribed in Ref. (9). 

Carrier concentrations (n) and mobilities (/~) were ob- 
tained from resistivity and Hall measurements at room 
temperature with the van. der Pauw technique (13). A per- 
manent  magnet provided a field of 3 kG for the Hall 
measurements.  

The residual compositions of the Ga-In alloys were de- 
termined by atomic absorption spectroscopy. The alloys 
for the analyses were remelted and quenched at 0~ to 
prevent formation of Ga-In solid solutions. During the 
course of a series of runs, the alloy becomes richer in in- 
dium content. 

Results and Discussion 
Various parameters were studied initially to determine 

the parameter values which produce high quality epitax- 
ial layers with consistent growth rates. Superior quality 
epitaxial layers of the ternary, Gafln,_~As, were obtained 
when the source, mixing, and deposition temperatures 
were 800~ 850~ and 700~ respectively. The partial 
pressures of hydrogen chloride in these preliminary ex- 
periments were in the vicinity of 233 Pa. The partial pres- 
sure of AsH3 was 1013 Pa, while the flow rate of hydro- 
gen carrier gas was 980 cm3/min. The arsine and hydrogen 
were maintained at these values throughout the study. 
The x-ray diffractometry studies used for the determina- 

tion of the lattice constants showed that the layers were 
normally of high quality and uniform composition. After 
these preliminary results were obtained, the determina- 
tion of the alloy composition required to give a specific 
ternary composition of Gafln,_.,.As was undertaken. 
Growth rates of the ternary systems were determined as 
function of hydrogen chloride partial pressure and depo- 
sition temperature. 

Figure 1 shows the composition of the ternary, 
Ga.~Inl_xAs, obtained as a function of the alloy composi- 
tion. The values depicted are for a deposition temperature 
of 700~ and a hydrogen chloride partial pressure of 233 
Pa. The plot of the experimental  data intersecting the 
Ga0.47In0.~3As composition line gives a value of 12.2 mole 
percent (m/o) gallium-87.8 m/o indium as the alloy neces- 
sary to prepare this ternary. The theoretical curve (Fig. 1) 
calculated from thermodynamic data shows that kinetic 
factors probably play a role in the deposition process. The 
differences between theory and experiment may not only 
be due to kinetic factors but may also be due to errors in 
the literature used in the calculation of thermodynamic 
values. Faktor and Haigh (14) have shown that errors in 
the literature can result in derived thermodynamic values 
that are inaccurate. Kordos et al. (12) reported that 7 m]o 
in the alloy produces the Ga0.47In0.53As ternary. This large 
discrepancy between 7 m/o and that found in the present 
work (12.2 m/o) is not understood. 

The compositions of the ternaries were studied as a 
function of the number  of runs with an alloy. The plots 
obtained are shown in Fig. 2 and are typical of the ternary 
composition found for various alloys. Figure 2 shows the 
ternary compositions obtained from the two alloy compo- 
sitions, 11.5 m/o Ga and 11.9 m/o Ga. The data show that 
the average composition of the ternaries exhibits a slight 
increase in the indium content as more runs are per- 
formed. An increase in the indium content of the ternary 
was expected since an analysis of an alloy after 30h of re- 
action time showed that the mole fraction of indium had 
increased by 4%. This is in agreement with the extrapo- 
lated value of 2% from the data of Chatterjee et al. (11). 
The data presented in Fig. 2 show that at least 14 samples 
lattice-matched to InP  can be obtained with the same 
alloy. 

Epitaxial layers with a value of I h a / a l  < 10 -3 are con- 
sidered to be lattice-matched to InP. These values of A a / a  
correspond to Gafln,_j.As layers that range in composi- 
tion from Ga<~sIno.55As to Gao.49Ino.~,As. Inspection of Fig. 
1 illustrates that alloy compositions with a gallium con- 
tent between 11.9 and 12.9 m/o are capable of producing 
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GarIn,_~As epitaxial that are lattice-matched to InP. The 
series of runs shown in Fig. 2 with an alloy composition 
of 11.9 m/o gallium produced epitaxial films that were 
lattice-matched to InP only one-third of the time. The 
values for the indium mole  fraction in these samples 
ranged from 0.48 to 0.60, indicating the lack of reproduci- 
bility in these types of experiments. An important aspect 
of this type of work is depicted in these results, where a 
certain amount  of scatter is observed in the composit ion 
of the epitaxial layers from one run to the next. This scat- 
ter may be attributed to the free radical nature of these re- 
actions. Various workers (15) have shown that changes in 
the surfaces of a reactor greatly influence the course of 
free radical reactions. The surfaces of the reactors used 
for epitaxial growth undergo constant change when the 
different parameters of the system are varied. This scatter 
may account for the lack of observation of the increase in 
indium content for the ternaries obtained in the series of 
25 runs reported by Kordos et al. (12). 

The growth rates of the ternary, Gafln,_xAs, were de- 
termined as functions of the source hydrogen chloride 
partial pressure and deposition temperature. Hydrogen 
chloride reacts with gallium and indium in the alloy to 
form GaCl(g) and InCl(g). The metal chlorides react with 
As4(g) at the InP-substrate surface in the deposition zone 
to form Gafln,_~As. The growth rates of various epitaxial 
layers grown from different alloy compositions as a func- 
tion of HC1 partial pressure are shown in Fig. 3. These re- 
sults were obtained at a source temperature of 800~ a 
mixing temperature of 850~ and a deposition tempera- 
ture of 700~ The decrease in growth rate below - 233 Pa 
is probably due to the corresponding decrease in the con- 
centration of the monochlorides of the group III elements 
being formed. The decrease in growth at HC1 partial pres- 
sures greater than ~ 233 Pa may be due to the occupancy 
of the available arsenic adsorption sites by either the me- 
tallic monochlorides or hydrogen chloride molecules or 
both which inhibit the deposition reactions. This mecha- 
nism has been clearly described by Shaw (16, 17). 

The maximum growth rates for the ternaries were ob- 
tained when the partial pressure of the hydrogen chloride 
was in the vicinity of 233 Pa. These growth rates for the 
various ternary compositions were investigated at 700~ 
and 725~ and the results are presented in Table I. The 
growth rate increases when the temperature is increased 
from 700 ~ to 725~ indicating that the growth is occurring 
in the kinetic-limited region. The table shows that the 
growth rates of Gafln,_~As ternaries having indium mole 
fractions of 0.42-0.63 remain relatively constant at the two 
temperatures. These ternaries were prepared from alloy 
source compositions ranging from 15.9 to 11.1 rrgo gal- 
lium. The ternaries, Ga0.29In0.7,As and Gao.08In0.92As, pro- 
duced from alloy sources of 6.9 and 3.2 rrgo gallium, re- 
spectively, exhibited higher growth rates. InAs (18) has 
been shown to have a higher growth rate than GaAs (19) 
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in their homoepitaxial  growth by the VPE-chloride 
technique. 

Data showed that varying the partial pressure of the 
source hydrogen chloride had no effect on the composi- 
tion of the epitaxial layer which is formed. This would be 
expected, because the ratio of GaCl(g) to InCl(g) would be 
independent  of HC1 partial pressures. No definite trend 
could be found in our work for the effect of deposition 
temperature on the composit ion of the epitaxial layer. Ex- 
periments carried out at 750~ showed no effect on the 
composition. This was not surprising since the tempera- 
ture coefficient of the compositional ratio of GaAs/InAs 
is very small (11). Kordos et al. (12) reported a 0.1% in- 
crease in gallium content of the ternary per degree. 

The average energy of activation for the data presented 
in Table I is 170 k J/mole. Activation energies of the for- 
mation of the epitaxial layers were obtained from Ar- 
rhenius plots of growth rates vs. reciprocal of the deposi- 
tion temperatures. A value of 180 kJ/mol  was found for 
the energy of activation for Ga,.53In~)ATAs prepared from a 
12.3 m/o Ga alloy. This value is in close agreement with 
the value of 44 kca]/mol (184 kJ/mol) reported by Hyder et  
al. (20). These authors used the VPE-hydride technique 
with separate metal sources. 

Table I. Growth rates of Gaxln,_~As formed from various alloy 
compositions at two deposition temperatures. HCI partial pressure = 
233 Pa, AsH3 partial pressure = 1013 Pa, and H2 flow rate = 980  

cm3/min. Source temp. = 800~ mixing temp. = 850OC, and deposition 
temp. = 700 ~ and 725~ 

Alloy Growth rate Growth rate 
composition at 700~ at 725~ 

(rrYo Ga) Gafln, ~As (~/min) (~/min) 

1 5 . 6  Gao.~In0.~2As 0.08 0.13 
1 2 . 3  Gao.~Ir~.~TAs 0.08 0.14 
1 1 . 9  Ga0.4~In0.~As 0.08 0.12 
1 1 . 5  Gao.43In0.~TAs 0.08 0.11 
1 1 . 1  Gao.37Ino.63As 0.05 0.11 
7.0 Gao.29Ino.7,As 0.11 --  
3.2 Gao.osIno.9~As 0.19 - -  
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Table II. Carrier concentrations (n) and mobilities (/~) of various 
ternaries at room temperature 

n 
Ternary (cm -:*) (cm~/V-s) 

G~,.5,1no.4,As 2.6 • i0 ~ 3982 
G~,~21no.,~As 4.4 • I0 ~ 4164 
Ga~,..~zIn,,..~&s 2.0 x I0 ~ 6601 
Ga0.,sIno.5~As 2.4 x 10 '.~ 5947 
Gao.44In,,..~,,As 5.6 • 101~ 3064 
Ga,,.,,In,.~As 3.4 x i0 ,.~ 7204 
G~L4~,In,~.,~c~ks 5.8 x 1O ,5 4991 
Ga~.:~,Ino.~,As 8.4 x i0 ,~ 3722 

The carrier concentrations (n) and mobilities (~) were 
determined for a series of samples and are reported in 
Table II. The results represent the average of a number  of 
determinations for many of the ternaries. The carrier con- 
centrations all fall in the vicinity of 4.0 • 10 '5 cm -'~, while 
the mobilities range 3064-7204 cm2/V-s. A plot of the mo- 
bility vs. layer composition exhibits a curve with the ap- 
pearance of two maxima. Whiteley and Ghandhi (21) re- 
ported a similar-type plot with less pronounced maxima 
and observed their highest mobility with a layer composi- 
tion corresponding to Ga(L4~Ino.5~As. The best values ob- 
tained in the present study for n and ~ were 2.8 • 10 (5 
cm -3 and 8852 cm2/V-s, respectively, for a sample whose 
composition was Gau.fn0.s~As. These higher mobilities 
when In > 0.53 have been attributed to less dislocation 
formation in layers under  compressive stress (22). The 
present results compare favorably to the values previ- 
ously reported: Kordos et al. (12) reported a value of 4000 
cm2/V-s for the mobility for the Ga,.4,Ino.5~As. Towe (23, 
24) obtained a value of 9400 cmVV-s for the mobility with 
a carrier concentration of 6.4 • 10 '5 cm -3 at room temper- 
ature for the composition Ga,~.47In0.~As. Towe prepared 
the ternary with the VPE-hydride technique using two 
metal sources. Cheng and Cho (3) prepared Gao.~Ino.~As 
(Si-doped) by the MBE method and reported values of 
= 8500 cmVV-s and n = 1 • 10 TM cm -3 at room tempera- 
ture. A high value of 13,800 cm2/V-s for the mobility (with 
n = 1.9 • 10 '5 cm -8) at room temperature has been re- 
ported by Oliver and Eastman (6) for LPE prepared 
GaxIr~,_xAs. The MOCVD technique for the growth of 
Gao.47Ino.~As used by Whiteley and Ghandhi  (21) gave 
values of 5800 cm-~/V-s and mid-10 TM cm -3 for ~ and n at 
room temperature, respectively. These comparisons show 
that the system using the alloy source can be used to 
grow high quality Gafln,_~.As epitaxial layers. 

Recent analyses of the different techniques to grow epi- 
taxial layers of the III-V compounds have shown that the 
roles of VPE, MOCVD, and MBE are expected to increase 
greatly (25) in the future. The present study shows that 
the VPE-hydride technique can be simplified by the use 
of an alloy source with no loss in the quality of the 
epitaxial layers. Further work with this system should 
give carrier concentrations and mobilities equal to those 
produced by the LPE technique. 
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Hot Wall Si-CVD at Reduced Pressures 

C. Dominguez, ~ G. Pastor, E. I.ora-Tamayo, and E. Dominguez 

U.E.I. MicroelectrSnica, I.E.C. (C.S.I.C.), Madrid, Spain 

In this technical note, results are given for silicon depo- 
sition in a hot-wall reactor at basic pressures of 10 and 76 
torr and a temperature of 1223 K. Various initial gas mix- 
tures were used (Sill2, C1JHCYHz, SiH2C1JSiHCla/ 
SiC14/HC1/H~, SiHCIa/H,.,, and SiH2C1JH2). 

The system used for our experiments consisted of a re- 
action chamber, a vacuum system, and a gas system. The 
reaction chamber contained a 100 mm id quartz tube 
heated by a conventional diffusion furnace. The four 
heating zones this system provided guaranteed constant 
temperature over a length of 70 cm (with variations below 
0.2%). The temperature profile was measured using a 
thermocouple  (Pt-Pt 10% Rh) located inside the reactor 
under deposition conditions. The vacuum system con- 
sisted of a rotary pump in series with a variable-speed 
roots blower with a throttle valve. This provided a wide 
range of working pressures. The pressure was measured 
using two Baratron MKS pressure gauges, one for high 
ranges and one for low ranges. Chtorosilanes used for our 
experiments were SiH2CI~, SiHC13, and SiCI4, as well as 
HC1 and H~. Flow was measured and regulated using a 
mass-flow controller for gases and a vaporizer-type con- 
troller for liquid sources. All gases used were electronic- 
grade pure. For Hz, a palladium cell purifier was used. 

The depositions were made at a maximum flow of 2500 
sccm, total pressures of 10 and 76 torr, and a gas tempera- 
ture of 1223 K. Wacker Chemitronic silicon (100) wafers 
were placed vertically parallel or perpendicular to the gas 
flow, and no significant variations in the growth rate 
were observed. 

The experiments  were performed taking as a base the 
results obtaine d through a model  (1) analogous to the one 
used by Sirtl and Hunt (2) and Van der Putte et aI. (3). 
This program calculated the partial pressures of all the 
components  of a gaseous mixture in equilibrium with 
solid silicon for the Si-H-C1 system. Results were ob- 
tained through the solution of a nonlinear system of equa- 
tions generated by the application of the mass-action law 
to the formation reactions of the different components,  
starting from the elements. The pressure, temperature, 
and C1/H ratio were used to define the composit ion of the 
gaseous phase. 

To determine which type of thermodynamic equilib- 
rium existed in the Si-H-C1 system, different series of ex- 
periments were performed, based on data provided by the 
model. 

Series A: SiH2CI.JHCI/H,~.--For the first group of experi- 
ments, a mixture of SiH~CI2, HC1, and H2 was introduced 
into the system at the appropriate flow, under the equi- 
librium condition for each CYH ratio, and under succes- 
sive situations of Si supersaturation at normal pressures 
of 10 and 76 torr. None of the experiments, despite having 
reached Si supersaturation levels  [values above the equi- 
l ibrium given by the model (1)] of close to 100%, revealed 
appreciable deposition or significant etching of the wa- 
fers. These results did not agree with model  (1) for these 
conditions. 

Series B: SiH2Cl.JSiHCla/SiClJHCl/H2.--These com- 
pounds were introduced simultaneously in the reactor in 
a proportion that anticipated this equilibrium (although 
the Si supersaturation was gradually increased). The ex- 
periments in this case continued to provide negative re- 
sults. 

Series C: SiH2Cl.JH2.--Figure 1 shows the silicon growth 
rate for different SiH~C12 and H2 flows (without HC1) at a 

1Present address: Department of Inorganic Chemistry, Com- 
plutense University, Madrid, Spain. 

total pressure of 10 torr. Growth rates were much higher 
than those observed when HC1 was present. 

Series D: SiHCI3/H2.--Figure 2 shows the results of 
these experiments,  together with those of SiH2C12 and H2 
at 76 torr. We found growth that was different from the 
series SiH.2C1JH2/HC1 under the same total pressure, tem- 
perature, and C1/H ratio conditions. The crystalline struc- 
ture was determined using x-ray diffraction, and poly- 
crystalline silicon was obtained in every case. 

It can be deduced from the analysis of prior experi- 
ments that, at equal or lower pressures of 76 torr, the 
growth rate is almost zero in the presence of HC1 in the 
initial mixture and is considerably higher in the absence 
of HC1. Hence, the introduction of HC1 in the initial mix- 
ture can be said to cause a drastic decrease of the growth 
rate. 

We found that the growth rate, G, depends on the total 
flow in equilibrium, CT e, and on partial pressures of SiCl2, 
H~, Ps~c12, and P.2- The dependence can be expressed as 

G = k(CTe)/] (Psicl2)  ~/ (PH2)6 [1] 

where e expresses equil ibrium values, k is a constant that 
depends on nucleation, and fi, % and 6 are exponents  to 
be.determined. Total flow in the equil ibrium can be ex- 
pressed as 

CT e : Csicl2 e q- CH2 e [2] 

where Csic~2 e is equal to the initial dichlorosilane flow be- 
cause, under experimental  conditions, the equilibrium 
dissociation constant of equation 

SiH,.,Cl~(g) ~ SiCl2(g) + H2(g~ [3] 
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Fig. 1. Silicon growth rate under hydrogen flows for different 

dichlorosilane flows at 10 torr and 1223 K. 
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Fig. 2. Silicon growth rate under a CI/H ratio for dichlorosilane- 
hydrogen and trichlorosilane-hydrogen at 76 torr and 1223 K. 

dichlorosilane as a result of the dissociation reaction [3]. 
Equation [1] can be expressed as 

G = k, C o , ( C s , o , . , e y ( C . . , e y  

where (CTe) ' reflects diffusion dependence,  and 
(Csicl2e/Cve) ~ (CH2~/CTe) ~ reflects superficial adsorption of 
SIC12 and H2. The experimental  values of the exponents 
are fl = 0.54, T = 0.56, and 8 = 1. 

In summary, it has been confirmed that, at low pres- 
sures, the presence of HC1 in the initial mixture  produces 
silicon growth rates that are practically nil or negative for 
a supersaturation range of 0% to 120%. This result does 
not agree with the data based on the classic model  of cal- 
culating the equil ibrium for the Si-H-C1 system. In addi- 
tion, a change in the silicon growth rate has been noted, 
according to the source of the silicon used in the initial 
mixture, so that a growth rate three times higher is ob- 
tained when SiH2C12/H2 mixtures are used instead of 
SiHCh/H~. 

Finally, the silicon growth rate has been studied at a 
pressure of 10 torr and a temperature of 1223 K, with 
SiH~Ch/H2 mixtures and an LPCVD system modified in 
accordance with experimental  conditions. The experi- 
mental  results make it possible to determine the depen- 
dence of the silicon growth rate on the total flow and the 
partial pressures of SiCh and H2 in equilibrium. We have 
assumed that SiCh comes mainly from the thermal de- 
composit ion of SiH~Ch. 

Manuscript submitted Jan. 3, 1983; revised manuscript  
received May 25, 1984. 

U.E.I. Microelectr6nica IEC assisted in meeting the pub- 
lication costs of this article. 

is 3.322, and the degree of dissociation, without hydrogen 
and with it, is about 100%. CH2 ~ is therefore 

Cn2 e = CH~ i + CDcs i [4] 

In other words, it is the sum of the initial hydrogen 
flows, i, and those obtained from the dissociation of 
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Sputter-Etching Planarization for Multi level 
Metall ization 

H. Kotani, H. Yakushijl, H. Harada, K. Tsukamoto, and T, Nishioka 
(pp. 645-648, Vol. 130, no. 4) 

J. H. T h o m a s  III and  J. L. Vossen: 1. We should  l ike to 
poin t  out  that  the  m o d e l  employed  by the  authors  for the  
var ia t ion  of the  spu t te r ing  yield wi th  the  angle  of  inci- 
dence  of  the b o m b a r d i n g  ions is not  appl icable  as a gen- 
eral mode l  for all mater ia ls  and b o m b a r d i n g  species  and 
energies.  

The  S i g m u n d  theory  2 predic ts  a change  in sput ter ing  
yield that  rises as the  angle  of inc idence  increases,  peaks,  
and then  falls to zero at g lanc ing  incidence.  The  rate of in- 
crease  and the angular  posi t ion of  the peak  va lue  depend  
upon  the  energy  of  the  inc iden t  ions, the  mass  of the  inci- 
den t  ion (as c o m p a r e d  to the  target  atoms), and the  target  
material .  It has been  verif ied bo th  by c o m p u t e r  simula- 
t ion and expe r imen t  that  the  angle  at wh ich  the  peak  
spu t te r ing  yield occurs  is be tween  about  45 ~ and 80 ~ , 
d e p e n d i n g  on the  condi t ions  and mater ia ls  involved.  3 

The  authors '  f inding that  t he  45 ~ facet angle  deve loped  
in their  e x p e r i m e n t  should  be cons idered  specific to the  
mater ia l  be ing  e tched  (SIO2) and to the  b o m b a r d i n g  con- 
di t ions used  (which were  not  specified), and should  not  
be ex t rapo la ted  to o ther  mater ia ls  and b o m b a r d i n g  condi-  
t ions. 

H. K o t a n i ,  H. Y a k u s h i j i ,  K. T s u k a m o t o ,  T. N i s h i o k a ,  4 
and  H. Harada:  5 We agree  wi th  the  c o m m e n t s  that  the  
va lues  of our  resul ts  are specific and are not  necessar i ly  
appl icable  to all mater ia ls  and b o m b a r d i n g  condi t ions.  
We cons ider  the  exac t  va lue  of the facet angle  in our  ex- 
pe r imen t s  insignificant.  It  should  be emphas ized  that  the  
spu t te r  e tch ing  in our  e x p e r i m e n t  provides  s m o o t h  sur- 
faces and deve lops  facets wi th  angles  of  a round 45 ~ . 

1RCA Laboratories, Princeton, New Jersey 08540. 
~P. Sigmund, Phys. Rev., 184, 383 (1969). 
aP. D. Townsend, J. C. Kelly, and N. E. W. Hartley, "Ion Implan- 
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New York (1965); H. H. Anderson and H. L. Bay, in "Sputtering by 
Particle Bombardment," Vol. 1, R. Behrisch, Editor, pp. 200-203, 
Springer-Verlag, Berlin (1981); C. M. Melliar-Smith and C. J. 
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Luthje, H. Hubsch, and V. Convertini, J. Vac. Sci. Technol., 13, 976 
(1976); P. G. G15erson, ibid., 12, 28 (1975); H. Dimigen and H. 
Luthji, Phffips Tech. Rev., 35, 199 (1975). 

4Mitsubishi Electric Corporation, LSI Research and Develop- 
ment Laboratory, 4-1 Muzuhara, Itami, Hyogo 664, Japan. 

~Mitsubishi Electric Corporation, Kitaitami Works, 4-1 
Mizuhara, Itami, Hyogo 664, Japan. 

Electrical Properties of Post-Annealed Thin Si02 Films 

S. S. Cohen 
(pp. 929-932, Vol. 130, no. 4) 

P. A. He imann :  6 The  au thor  of  this paper  does no t  men-  
t ion any checks  for the  p resence  of  sodium,  wh ich  migh t  
be p resen t  s ince the  oxida t ions  were  done  wi thou t  HC1. 
In  fact, the  hysteres is  of  the  C-V curves  is in the  d i rec t ion  
which  would  be expec t ed  for mobi le  ions in the  oxide.  He 
a s sumes  that  this hys teres is  is due to a layer  of  SiO at the  
oxide/s i l icon interface.  However ,  s to ichiometr ic  SiO is 
not  k n o w n  to exis t  in the  solid phase.  The  au thor  does 
no t  give any reason for expec t ing  that  an oxygen-  
def ic ient  layer (SiO~) should  conta in  " s low"  charge  
t r app ing  sites. 

The  au thor  descr ibes  a cold trap for r e m o v i n g  residual  
water  f rom the  oxygen,  bu t  he  does  no t  men t i on  whe the r  
any o ther  precaut ions  were  t aken  to keep  wate r  out. For  
instance,  a double-wal led  quar tz  tube  is of ten used  to pre- 
ven t  a tmospher ic  mois tu re  f rom diffusing th rough  the  
hot  fused-si l ica furnace  tube.  I rene  7 has shown that  low 
concent ra t ions  of  mois tu re  can improve  the  b r e a k d o w n  
vol tages  of  th in  oxides.  This  effect  becomes  p robab le  for 
the very  long annea l ing  t imes  descr ibed  in this paper,  so 
it is uncer ta in  whe the r  the  i m p r o v e m e n t  seen here  is due  
to the  anneal ing  amb ien t  or to trace mois ture .  This  resid- 
Ual mois tu re  could  also affect the  resul ts  of  the second 
ox ida t ion  step, even  if dry o x y g e n  is be ing  used. 

The  au thor  migh t  be underes t ima t ing  the  actual  break- 
d o w n  fields by choos ing  a b r e a k d o w n  def ini t ion of 1 ~A. 
I t  is easy to pass cur ren ts  m u c h  greater  t han  1/~A th rough  
thin  ox ides  by Fowle r -Nordhe im  tunne l ing  wi thou t  hav- 
ing  catas t rophic  b reakdown.  The  author  should  use a 
b r e a k d o w n  cr i ter ion that  d is t inguishes  b e t w e e n  Fowler-  
N o r d h e i m  tunne l ing  and i r revers ible  b reakdown.  8 The 
b r e a k d o w n  h is tograms  in his  Fig. 3-5 p robab ly  should  
s h o w  higher  b r eakdown  fields. 

S. S. Cohen:  9 The fo l lowing clarifications are p rov ided  to 
answer  t he  c o m m e n t s  m a d e  by  P. A. H e i m a n n  about  my  
paper.  

1. Rou t ine  b ias - tempera ture  stress m e a s u r e m e n t s  were  
m a d e  in the  course  of  the inves t igat ions  to demons t r a t e  
that  sod ium was at a low level  of ~< 101~ cm -~. Also, one 
who  careful ly reads the  paper  wou ld  not ice  that  a re- 
ox ida t ion  t r ea tment  r e m o v e d  the observed  hysteresis .  
Such  a t r ea tmen t  is not  k n o w n  as capable  of  dr iv ing  so- 
d i u m  out  of the  ox ide  film. 

~AT&T Bell Laboratories, Murray Hill, New Jersey 07974 
7E. A. Irene, This Journal, 125, 1708 (1978). 
8p. A. Heimann, IEEE Trans. Electron Devices, To be published. 
SGeneral Electric Company, Corporate Research and Develop- 

ment, Schenectady, New York 12301. 
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2. The  poss ib i l i ty  t h a t  w a t e r  m o l e c u l e s  m a d e  pa r t  of  our  
a m b i e n t  a t m o s p h e r e  was  no t  ignored ;  i t  was  c lear ly  men-  
t i o n e d  in t h e  paper .  T h e  e f fec ts  of  t h e s e  on  t he  b reak-  
d o w n  field was  also d i s c u s s e d  in v iew of I r e n e ' s  paper .  

3. L ike  m o s t  of  t he  r e s e a r c h e r s  in  t h i s  field, we  are wel l  
aware  of t he  abi l i ty  of  t h i n  SiO~ fi lms to w i t h s t a n d  h i g h  
level  t u n n e l i n g  c u r r e n t s  w i t h o u t  su f fe r ing  a d e s t r u c t i v e  
b r e a k d o w n ,  l~ We have ,  the re fo re ,  ver i f ied  e x p e r i m e n t a l l y  

t h a t  in  ou r  case  a 1 ~A c u r r e n t  level  cou ld  on ly  be  ob- 
t a i n e d  af ter  a n  i r r eve r s ib l e  b r e a k d o w n  of  t he  MOS capaci-  
to rs  u n d e r  s tudy.  

lOD. A. Baglee and P. L. Sah, in "VLSI Electronics," Vol. 7, 
N.G. Einspruch, Editor, Academic Press, New York (1983); G. 
Gildenblat, D. M. Brown, C. A. Becker, and S. S. Cohen, "The 
Influence of Traps on the Conduction and Breakdown of the 
MOS Structure," General Electric Report no. 83CRD207 (1983). 
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Oxygen Reduction on Ruthenium Electrode Modified by Foreign 
Metal Adsorbates 

R . R .  ~"" Adzlc, N. A. Anastasijevi6, and Z. M. Dimitrijevi~ 1 

Institute of Electrochemistry, 1CTM and Center for Multidisciplinary Studies, University of Belgrade, Belgrade, 
Yugoslavia 

Ruthen ium is  a m e t a l  of  c o n s i d e r a b l e  i m p o r -  
t a n c e  in e l e c t r o c h e m i c a l  t e c h n o l o g y ~  e s p e c i a l -  

ly  in c o m b i n a t i o n  wi th  an  o x i d i z e d  Ti s u b s t r a t e  
a s  an  e l e c t r o c  a t a l y s t  f o r  C l p  e v o l u t i o n  (1 ) .  A 
few s t u d i e s  of  o x y g e n  r e d u c t q o n  on Ru(2)  and  
RuOx/Ti  (3)  and  RuO^ (4)  e l e c t r o d e s  

h a v e  b e e n  r e p o r t e d .  ~ J nde r  c e r t a i n  c o n d i t i o n s  
i t s  a c t i v i t y  f o r  o x y g e n  r e d u c t i o n  i s  s i m i l a r  to  
t h a t  of  the  o t h e r  n o b l e  m e t a l s  ( 2 ) .  The o x i d i -  
z e d  s u r f a c e  of  Ru~ w h i c h  wou ld  be  e n c o u n t e r e d  
a t  p o t e n t i a l s  of  p r a c t i c a l  o x y g e n  c a t h o d e s  ~ i s  
c o m p l e t e l y  i n a c t i v e  f o r  0 2 r e d u c t i o n  ( 2 ) .  Th is  
h a s  b e e n  c o n f i r m e d  in  t h e - p r e s e n t  w o r k .  I m -  
p r o v i n g  e l e c t r o c a t a l y t i c  p r o p e r t i e s  of  Ru f o r  
0 2 r e d u c t i o n  appears i n t e r e s t i n g  f r o m  bo th  
a 6 a d e m i c  and  p r a c t i c a l  v i e w p o i n t s .  In t h i s  
work '  we  h a v e  s h o w n  t h a t  a corn p l e t e l y  i n a c t i v e  
s u r f a c e  of  o x i d i z e d  Ru c a n  b e  m o d i f i e d  by  
t h a l l i u m  and  l e a d  a d s o r b a t e s  in s u c h  a w a y  a s  
to  s h o w  a p r o  n o u n c e d  a c t i v i  t y  f o r  0 2  r e d u c t i -  
on .  Also~ t h e s e  a d s o r b a t e s  c a t a l y s e  O_ r e d u c -  
t ion  on the  Ru s u r f a c e  wh ich  s h o w s  a h igh  a c t i -  
v i t y  w h e n  c y c  l ed  in the  p o t e n t i a l  r a n g e  e n c o m -  
p a s s i n g  H a d s o r p t i o n / a b s o r p t i o n .  
The e f f e c t s  a r e  of  f u n d a m e n t a l  i n t e r e s t  in d e v e -  
lop ing  an  u n d e r s t a n d i n g  of the  r e l a t i o n  of 0 2 
e l e c t r o c a t a l y s i s  to  the  s u r f a c e  ox ide  p r o p e r t i -  
e s .  They  c o u l d  f u r n i s h  a l s o  s o m e  i n f o r m a t i o n  
on. t he  p r o p e r t i e s  of  r u t h e n i u m  o x i d e s  p e r  s e .  
C o n s i d e r i n g  the  i m p o r t a n c e  of  Ru a s  an  e l e c -  
t r o d e  m a t e r i a l  t h e s e  e f f e c t s  s e e m  to  h a v e  an  
a p p l i c a t i v e  s i d e .  

Ru r o d  99.999% ~ 4 m m  d i a m  x 6 m m  w a s  
s u p p l i e d  by  M e t a l  C r y s t a l s  Ltd~ C a m b r i d g e  
E n g l a n d .  I t  w a s  e m b e d d e d  in a T e f l o n  h o l d e r  to  
s e r v e  a s  a r o t a t i n g  e l e c t r o d e  and  p o l i s h e d  in 
the  s t a n d a r d  w a y  wi th  a f ina l  p o l i s h i n g  p e r f o r -  

P e r m a n e n t  a d d r e s s :  I n s t i t u t e  of  C h e m i c a l  
P o w e r  S o u r c e s  ~ B e l g r a d e  ~ Y u g o s l a v i a .  
K e y  w o r d s  : o x y g e n  r e d u c t i o n  ~ r u t h e n i u m  
m ~ d i f  i ed  s u r f a c e s  ~ a d a t o m s .  

m e d  wi th  O.  3 jum d i a m o n d  p a s t e .  The s o l u t i  on 
O . 1 M  N aOH ~ w a s  p r e p a r e d  f r o m  t r i p l y  d i s t i l -  
l ed  w a t e r  and  " c a r b a n a t e  f r e e "  B a r k e r ' s  NaO 
N a O H .  

F ig .  1 g i v e s  a c o m p a r i s o  n of  0 2 r e d u c t i o n  
on R u an  d Ru m o d i f i e d  b y  T1 a d s o r b a t e .  An 
o x i d i z e d  Ru s u r f a c e ,  o b t a i n e d  by  a r e p e t i t i v e  
c y c l i n g  in the  p o t e n t i a l  r a n g e  ( - )  O.  7 V < 
E ( O.1 V d o e s  not  show a n y  a c t i v i t y  f o r  0 2 
r e d u c t i o n .  A l m o s t  i d e n t i c a l  c u r v e s  h a v e  b e e n  
o b t a i n e d  in the  p r e s e n c e  of  N 2 o r  0 2 in t h i s  
e l e c t r o l y t e .  At  h igh  r o t a t i o n  r a t e s  a s m a l l  
r e d u c t i o n  c u r  r e n t  i s  o b s e r v e d  a t  t h e  n e g a t i v e  
p o t e n t i a l  l i m i t .  Upon  add i t i on  of  T1 + in to  the  
e l e c t r o l y t e  t he  a d a t o m s  of T1 a r e  f o r m e d  a t  
E = - O . 6  V .  At  m o r e  p o s i t i v e  p o t e n t i a l s  the  
T1 + ions  a d s o r b  on the  s u r f a c e  ox ide  l a y e r .  
T h e s e  two a d s o r b a t e s  c h a n g e  the  p r o p e r t i e s  
of  t he  ox ide  l a y e r  s u f f i c i e n t l y  to m a k e  i t  a 
g o o d  c a t a l y s t  f o r  O_ r e d u c t i o n .  A s i m i l a r  v 
e f f e c t  i s  c a u s e d  by  a d d i t i o n  of  Pb i ons  to  t he  
e l e c t r o 1  y t e  (F ig .  2 ) .  

F i g .  3 s h o w s  0 2 r e d u c t i o n  on Ru e l e c t r o d e  
w h e n  c y c l e d  in the  p o t e n t i a l  r a n g e  e n c o m p a s -  
s ing  h y d r o g e n  a d s o r p t i o n / a b s o r p t i o n .  U n d e r  
t h e s e  c o n d i t i o n s  Ru s h o w s  a p r o n o u n c e d  a c t i -  
v i t y .  This  i s  in a g r e e m e n t  wi th  the  d a t a  r e -  
p o r t e d  in r e f e r e n c e  ( 2 ) .  T1 a d s o r b a t e s  c a u s e  
an  e n h a n c e m e n t  of  t he  r e a c t i o n  r a t e  ~ c a u s i n g  
a sh i f t  o f  h a l f - w a v e  p o t e n t i a l  by  m O.  1 V.  
O x y g e n  r e d u c t i o n  i s  s t r o n g l y  i n f l u e n c e d  b y 
f o r e i g n  m e t a l  a d a t o m  s o b t a i n e d  by  u n d e r p o -  
t e n t i a l  d e p o s i t i o n .  The a d a t o m s  of  Pb~ T1 and 
Bi c a t a l y s e  O2 r e d u c t i o n  on Au ( 5 - 9 )  and  
P t  ( 1 0 ) .  B e s f d e s  a d a t o m s ~  i t  h a s  b e e n  s h o w n  
tha t  ions  of  the  a b o v e  m e t a l s  ~ i n t e r a c t i n g  
w i th  the  o x i d i z e d  l a y e r s  of  Au (6)  and  P t ( 1 0 )  
a l s o  c a u s e  a c a t a l y t i c  e f f e c t .  Th is  h a s  b e e n  
a s c r i b e d  to the  m o d i f i c a t i o n  of  t h e  o x i d i z e d  
l a y e r s  of  Au and  Pt wh ich  b e c o m e  b e t t e r  c a -  
t a l y s t s  f o r  0 2 r e d u c t i o n .  
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Fig.1.  O~ reduct ion  on Ru and Ru/T1 in 
d J 

O.~M NaOH and 0. IM NaQH+~xI0-~M 
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Fig.3. Same as in Fig.l but for ixl0-5N 

Pb 2+ in O.1M NaOH and Ecat=-O.95 V. 

These data show, for the first time, that 

foreign metal adatoms can modify an oxidized 

surface completely inactive for O_ reduction z 
and present further strong evidence of the 
modification of the oxide layer by ionic adsorp- 

tion. Further work is in progress to deter- 
mine the nature of the interaction of the oxi- 
dized Ru with for eig n metals adsorbates, the 

extent of modification and kinetics and mecha- 

nism of 0 2 reduction on such surface. 
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A New Transition-Metal Penta-Chalcogenide Cathode for 
Secondary Lithium Cells 

S. Okada, H. Ohtsuka, and T. Okada 

Nippon Telegraph and Telephone Public Corporation, Ibaraki Electrical Communication Laboratory, Tokai, 
Ibaraki-ken, 319-1 I, Japan 

INTRODUCTION 

Low-dimensional van der Waals-bonded 
materials have been intensively studied for 
cathodes of secondary batteries based on 
rechargeable Li intercalation. In particular, 
transition-metal poly-chalcogenides, MX~(M: 
transition-metal, X: chalcogen), have'been 
supplying many candidates by combination of 
the elements (M,X) and stoichiometry (n). 
Dichalcogenides, typified by TiS2, exhibit 
relatively deep rechargeability and high rate 
capability due to the presence of straight Li 
diffusion pathways (I). On the other hand, 
higher chalcogenides such as NbSe2 and NbSe L 
tend to exhibit highlyspecific ~apacitie~ 
due to the presence of polychalcogen bonds 
which are reducible for Li intercalation (2). 

Here, we report ZrTe6 and HfTe~ cathode 
properties in MXg for th~ first ti~e. MXg 
(ZrTeq and HfTe~) ~s the highest chalcogenid@ 
in MX n and thg atomic arrangement induces 
some expectation for a rechargeable high- 
capacity cathode material. MX~ contains both 
layer and chain structures ~ith the extra 
"Xg" atoms linking the "MX3" chains into 
la~ers (3). These layers are weakly held 
together by van der Waals type forces. 
Correspondingly, a single crystal has 
cleavage properties along the a-c plane (X~- 
layer) with the longest dimension parallel ~o 
the a-axis (MX3-chain). Furthermore, ZrTe~ 
and HfTe 5 show-the~owest resistivity alon~ 
the a-axls, ~7 x10-*~cm at room temperature 
!4~, and anisotropy in the a-c plane, Pc / % 

3, is quite small compared with that o~ 
typical MX3, e.g., 16 of NbSe 3 (5). 

EXPERIMENTAL 

MX 5 was synthesized from stoichiometric 
amounts of 99.9% Zr (99.8% Hf) and 99.999% Te 
by iodine vapor transport (5 mg per cc of the 
quartz ampule volume) in a 470 ~ 420 
thermal gradient for a month. Most of the 
material were confirmed by X-ray powder 

Key Words: ZrTes, HfTes, Secondary Li cell, 
Intercalation. 

diffraction analysis as ZrTe~ (HfTe~) with 
the same lattice parameters give p by Furuseth 
et al (3), that ~s, a = 3.9876 ~, b = 14~502 
and c = 13.727 A for ZrTe~, a = 3.9743 ~, b 

= 14.492 ~ and c = 13.730 ~or HfTeg. 
The cathode pellet (250 mg/c@ll) was 

prepared by mixing the sieved MXg powder (35 
mesh) with carbon powder (Ketje~ black) and 
polytetrafluoroethylene powder in a weight 
ratio of 78:20:2. The surface area of the 
cathode pellet in a coin type ce~l (23 mm 
diameter, 2 mm thickness) was 2 cm~. The Li 
content in each cell was 200 mAh. The 
electrolyte, used here, was IM LiCIO L- 
prop~lene carbonate/1,2-dimethoxyethane (I~I 
vol%) with a water content of less than 50 
ppm. The cell properties were measured 
galvanostatically and the open circuit 
voltages (0CV) were determined bydischarge 
at regular intervals (discharging at 0.5 
mA/cm ~ for 7 hr and resting for 50 hr). All 
set-up operations and measurements were 
carried out in a dry box filled with Ar gas. 

RESULTS AND DISCUSSION 

Figure 2 shows open circuit voltages and 
several discharge curves of ZrTe~. Though 
the cell capacity above 1.5 V-gradually 
decreased (260, 200, 100 and 50 Ah/kg) with 
an increasing Gurrent density (0CV, 0.5, 1.5 
and 5 mA/cm~), there are intrinsic 
similarities in each profile. In addition, 
the profiles of HfTe 5 agree with those of 

ZrTe5This- common ZrTe~ and HfTe~ behavior 
suggests that the MX6 ~tructure i~self plays 
an important role in'the cell reaction. The 
first plateau region on the open circuit 
voltage curve corresponds to 7 Li/MX~ (260 
Ah/kg-ZrTe~, 230 Ah/kg-HfTe~), compare~ with 
5 Li/MX4~(e.g., NbSe4), ~ Li/MX~ (e.g., 
NbSeq) and I Li/MX 2 (e.g., NbSe 2) (6). The 
stoic'hiometry of LiTMX 5 is accot~nted for by 
reduction of both the chalcogenide and the 
metal ions as fellows; 
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MX 5 : M4+(X2-)(X22-)(X2 ) + 7 Li + + 7 e- 

+ Li+)7M3+ X 2- + ( ( )5 

Although the cell reaction mechanism 
beyond 7 Li/MX5 is not clear, MX5 cathodes 
show rechargeability for several'cycles at 
least within this depth. The typical cycling 
behavigr of ZrTe~ at I Li/ZrTe5 depth and 0.5 
mA/cm 4 rate is ~iven in Fig. ~. In terms of 
rechargeability, ZrTe5 and HfTe5 were also 
much the same. The cycle number ~as about 20 
times to 2 Li/MXs, but to I Li/MX 5 it 
exceeded 180 times. Commonly, most hfgher 
chalcogenides except NbSe~ show over 100 
cycles within the limits of I Li/MX n. This 
good rechargeability to I Li/MX5 may be 
mainly attributed to metal ion 
reduction/oxidation (M4+ ~ M 3+) with Li 
intercalation/deintercalation. 

In summary, the cathode properties of 
MX5 are shown in Table I, compared with the 
other types of MX n. It is worth while noting 
that the capacity"of MX 5 reaches 7 Li/MX5 for 
the 1.5 V cutoff, though a rechargeabili~y of 
over 100 times is so far restricted to I 
Li/MXs. This result involves a new 
possibility, that is, if a lighter MX 5 like 
TiS~ can be synthesized and reacted wmth up 
to 7 Li in the same manner as ZrTe 5 or HfTe~, 
the theoretical capacity is estimated to 5e 
900 Ah/kg for TiS 5. Such MX5 cathode 
properties are still open to futur~ study. 
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Table I. 

Li /ZrTe~ 

Typical cycling behavior of ZrTe: 
at I Li/ZrTe 5 depth and 0.5 mA/c~ 2 
rate. 

Approximate theoretical 
cathode capacities for M~. 

Cathode Li}moi; [5 Ah/kg ~5 Ah/ccC7 

NbS6~iS23 1 240 0.8 
3 240 1.6 

NbSe~ 5 33o - 

ZrTe5 7 260 I. 6 
HfTe~ 7 230 I .6 

a: 1.5V cutoff 
b: Calculated on the basis of MX~weight. 
c: Calculated on the basis of M~ density. 
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Electrochemical Conversion of Cr02 

D. Fousse, V. Jovancicevic, ~ and F. Tissier 

Centre de Recherches du Fer Blanc, 57103 Thionville, France 

Despite a number of interesting 
properties, such as ferromagnetism 
and "metallic" electrical conductivity 
(104 ~l cm-l), Cr02 is not well 
known by the electrochemists. This 
situation may be explained by relative 
chemical and electrochemical 
|nstability of the oxide and by 
difficulty in the preparation of the 
solid electrodes. One can suppose that its 
oxido-reduction properties (chromium 
valence IV) and/or metallic character can 
playaroleinthe electrocatalysis or in 
the chromate-passivated films behavior. 

In the solid state chemistry, 
CrO 2 formed by the thermal decomposition 
of CrO 3 was extensively studied (! - 3). 
In particular, the interconversion of 
CrO 2 to CrOOH and/or Cr203 was examined 
as a function of the temperature and is 
summarized by means of the equation : 

H 2 (330~ (>330~ 
CrO 2 ~ ~ CrOOH > Cr203 

02(400~ 

The interconversion process was 
explained by the analogy between a 
tetragonal structure of CrO 2 and an 
orthorhombic distortion of rutile 
structure of CrOOH (2). 

Besides, some literature results 
on the composition of the passive film 
on chromium (4) and chromate-passivated 
film on iron (5) allow to design a 
non-stoichiometric close to CrO 2 and a 
double layer chromium oxide structure, 
respectively. Nevertheless, a 

I. Present address : Texas A & M 
University, College Station, 
Texas 77843 
Key words : chromium dioxide, 
chromium-passivated film, 
electroconversion. 

prevalent model of chromate passivation 
films is chromium trivalent 
oxide-hydroxide structure (6 - 8). In 
XPS spectroscopy, it is fairly difficult 
to obtain conclusive evidence of CrO 2 
presence in the film since this compound 
is easily reduced to Cr203 by electron, 
ion or prolonged X-ray bombardment (9). 

As a part of investigation on the 
composition of the electrolytically 
chromium coated steel (an industrial 
packaging material), the electrochemical 
behavior of CrO 2 in neutral NaH2PO 4 
(pH = 7) solution have been studied in 
the relation with those of Cr203 and 
Cr(OH)3, using cyclic voltammetry. 
Considerable attention has been paid 
on the procedure of preparation of the 
oxide layers. The specimens were made 
from pressed (greater than 98 % pure) 
powder on platinum "soft" substrate 
to provide a 0.1 mm thin solid layer. 
The chromium dioxide (CrO 2) was obtained 
by courtesy of Kodak Path~ France. 

The cyclic voltammograms on CrO 2 
are shown in Fig. I. In the region 
preceeding oxygen evolution reaction 
at 0.35 V/SSE one can observe two 
characteristic features relative to 
CrO 2 layer ; an oxido-reduction process 
at about 0.2 V/SSE (sweep increasing 
currents) and a reduction process 
at - 0.2 V/SSE (sweep decreasing 
current) in the oxide. The "steady 
state" volt~m~netric curve obtained 
after ten sweeps (Fig. Ib) indicated 
that two steps reversible oxido-reduction 

reactions take place. No cathodic 
reduction peak at -0.2 V/SSEmeans that 
the transformation of the oxide 
produced in the course of the potential 
cycling is stopped. The same voltammogram 
was obtained with the previously 
potentiostaticallyreduced (- 0.2 V/SSE) 
CrO 2 �9 
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Fig. I : Cyclic voltar0mograms of CrOp 
for three first sweeps (a) arid 
"steady state" curve after ten 
sweeps (b) ; 
scan rate = 20 mV/sec. 

The double-peak feature of CrO 2 (arrows 
in Fig. Ib) was examined in relation 
with the cyclic voltammograms on Cr203 
and Cr(OH)3 oxides obtained in the same 
conditions (Fig. 2). Cr203 shows the 
same marked less than 0.05 V reversible 
double-anodic peak (second peak is more 
reversible than the first one). 
Conversely, Cr(OH) 3 presents only double 
layer behavior. 

Two steps reversible oxidation of 
Cr203 can be assigned to the consecutive 
oxidation to CrO 2 and CrO 3. 

Then the electrochemical conversion 
(Fig. I) of CrO2 can be summarized in terms 
of the following reactions : 

CrO 2 > Cr203 

Cr203 ~. CrO 2 ~ CrO 3 

the first one is irreversible 
reduction of CrO 2 and the second one is 

a reversible oxido-reduction of formed 
Cr203. The chromium dioxide participates 
in both reactions, as a bulk oxide and 
an intermediate oxide product, 
respectively. At the beginning of the 
cycling of the potential (Fig. la), the 
reduction of CrO 2 is produced at two 
different potentials separated by 
0.35 V. One can assume that this 
difference is due to the different 
crystallographic structures of CrO 2. 

Q Cr~O~ 

E 

G Cr(OH)= 

E 
< 

-0.$0 -O.~S 0.0 O.Z$ O.SO 

v,(SSE~ 

Fig. 2 : Cyclic voltammograms of Cr203 
(a) and Cr(OH)3 (b) ; 
scan rate = 20 mY/set. 

In this paper we give the evidence 
of the electrochemical stability of 
CrO 2 and the role that it can play as a 
component of the chromate passivation 
film. In the case of chromium coated 
steel a subsequent anodic oxidation 
allows to reduce the porosity of 
the chromium oxide film, more than by 
ten times (]0). The improvement of the 
passivating properties may be ascribed 
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to the formation of the high conducting 

CrO 2 �9 

Besides, the metallic conductivity 
of CrO 2 and its electrochemical 
stability could be used to promote it, 
for example, as an electrocatalyst for 
oxygen evolution reaction. 
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ABSTRACT 

A cation-vacancy model for electrochemically active manganese dioxides (~-MnO2 and e-MnO2) is presented. Accord- 
ing to this model, the crystal structure, composed of closely packed 0 2- ions which are octahedrically coordinated to 
Mn 4§ ions, the [MnO6] octahedra sharing edges and corners, contains ~ vacancies. Each vacancy is coordinated to, and 
electrostatically compensated by, four protons. The protons are present in the form of OH- ions, these latter replacing 
0 2- in the lattice, without noticeable change i n lattice parameters. Many hitherto unexplained phenomenological and ex- 
perimental facts, relating to chemical composition (water content), density, electrochemical capacity, proton-transfer 
rate; electronic conductivity, and electrode potential of MnO~, ca n be reconciled, and quantitatively predicted, on the ba- 
sis of the present theory. In particular, electrochemical reactivity of MnO2 in battery electrodes is shown to be due to the 
presence of cation vacancies in the lattice. 

The large-scale use of MnO2 for battery electrodes is 
cont inuing and is extending today also to nonaqueous 
l i thium cells. Annual  worldwide consumption for battery 
electrodes is now estimated at 400,000 tons. Although 
progress has been made in the characterization of MnO2 
with respect to structure and electrochemical behavior 
(1, 2), some aspects, relating in particular to the property 
called "electrochemical reactivity," remain unexplained. 
The reasons why certain forms of MnO2, for instance, the 
T and e modifications, are highly reactive and may un- 
dergo electrochemical reduction at high rates, while other 
forms~ for instance, the fl modification, ave relatively in- 
activei' are still not fully understood (3). 

The fact that the electrochemically active forms (T- and 
e-MnO2) always contain in the crystal structure a consider- 
able amount  (typically 4% per weight) of "structural," 
"chemically bonded," or "combined" water, has been rec- 
ognized for a long time (4-11). This structural water ap- 
pears to be distributed over a wide range of "absorption 
energies" and can be removed progressively by heating to 
increasing temperatures in the range from about 100 ~ to 
400~ (12-17). It can thus be clearly distinguished from 
water which is physically absorbed on the surface of the 
crystallites and which may be desorbed by applying vac- 
uum at room temperature, or by heating without vacuum 
to just  above 100~ Chemisorbed water at the surface 
(surface OH- groups) should have a binding energy ap- 
proaching that of the structural bulk water. A large 
portion of the structural water may be removed by heat- 
ing without apparent change in the x-ray powder diffrac- 
tion patterns (18, 19). The presence of structural water 
influences not only electrochemical reactivity (4-9, 11, 20, 
21), but  also other properties, such as density (22, 23), 
electronic conductivity (14, 21, 24), and electrode potential 
(20, 25). However, to date, there is no clear understanding 
of the relation between water content and these 
properties. 

The structural water in T- and e-MnO2 modifications 
has been thought to be present, at least partially, in the 
form of OH- ions, replacing 02- in the lattice (7, 8, 19, 
26-29). This requires, for charge balance, an equivalent 
number  of Mn 3+, replacing Mn 4§ (30-34). However, there is, 
in total, always more structural water present than could 
be accounted for by the average state of oxidation (or val- 

* Electrochemical Society Active Member. 

ency) of manganese. Thus, additional water, in the form 
of "interstitial" H20, or surface-absorbe d H~O in a "high 
density state," or H20 in "microcrevices" or "closed 
pores," was postulated. These explanations are 
unsatisfactory for the following reasons: "interstitial" 
water is not compatible with the accepted lattice struc- 
ture of T- or e-MnO2, in view of the dense packing of 02- 
ions in these structures. The problem of how to locate in- 
terstitial H20 has been struggled with by Freund et al. (35) 
and Parida et al. (36). Surface-absorbed H20, or H20 in 
microcrevices or closed pores, would not explain its 
influence on the physical bulk properties mentioned 
above. Chemisorbed H20 at the surface, (as calculated 
from the BET area) could not account for the total quan- 
tity of structural water observed. 

Koshiba and Nishizawa (37) proposed that a large num- 
ber of "lattice dislocations" were present in T-MnO2, as 
well as structurally bond water, associated with Mn 2+ 
ions. The high electrochemical reactivity of T-MnO2 was 
attributed to the presence of such defects. However, the 
presence of Mn 2§ in the lattice is unlikely, in view of its 
large size (Table I). 

Recently, Burns (38, 39) suggested that naturally 
occurring and synthetic 7-MNO2 phases, used in batteries, 
might contain lattice defects such as "stacking faults, dis- 
locations, chain defects, mult idimensional  tunnels (for in- 
stance T(3, n) tunnels) and other irregular voids," and that 
"H20, impurity ions, etc., may be accommodated in such 
lattice defects." He also suggested that such defects 
might account for the high water content and the high 
electrochemical reactivity of T-MnO~. However, also rela- 
tively well-crystallized T-MnO2, in which the presence of 

Table I. Ionic radii in Mn02 

Ion Radius (;~) 

02- 1.40 
OH- 1.37 
Mn 4~ 0.53 
iVLn ~+ 0.645 
Mn 2§ 0.83 

From Ref. (43). Values for CN (coordination number) = VI; HS 
(high spin); IR [effective ionic radii based on v(VIO 2-) = 1.40~]. 
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large tunnels or voids has not been proven, shows a rela- 
tively high structural water content and a high electro- 
chemical reactivity. 

In a recent study, Turner and Buseck (40), using struc- 
ture imaging by high resolution transmission electron mi- 
croscopy (HRTEM) have demonstrated that naturally 
occurring nsutite (~-MnO2) contains T(I, 3) tunnels, as 
well as other structural defects and isolated larger voids 
or tunnels. However, it must be pointed out that T(I, 3) 
tunnels are too small to contain H20 molecules and that 
larger voids or tunnels might not be present in sufficient 
number to account for the total quantity of structural 
water. 

In view of the above facts, the presently accepted for- 
mula for MnO2 (30-34) 

MnO2(2,,_3 ~ �9 MnOOH(4_2,,I �9 mH20 

is unsatisfactory. It distinguishes between water in form 
of "acid" OH- groups, associated with Mn 3+ ions, and 
"neutral" water molecules, but gives no picture or expla- 
nation as to the physical state of the m "neutral" water 
molecules. 

The above expression is formally equivalentto 

MnO2 �9 H~4-2,,~ �9 mH20 

or 

MnO~- (2 - n + m)H20 

where n is the "degree of oxidation" (2n = average val- 
ency) and where (2 - n + m) represents the total struc- 
tural water. 

Preisler (14) reports for electrochemically deposited, 
fibrous e-MnO2 a composition (after drying for 2h at 
120~ of 

MnO,.9~ �9 0.23H20 

This corresponds to n = 1.96 and m = 0.19. As Preisler 
points out, the value of n can only account for (4 - 2n) = 
0.08 OH-, that is, 0.04 moles of H20 per mole of Mn, 
while  an  addi t ional  quant i ty  of m = 0.19 moles  of H20 per  
m o l e  of  M n  wou ld  h a v e  to b e  p r e s e n t  " in te rs t i t i a l ly . "  Th i s  
is i n d e e d  no t  real is t ic  f rom t h e  c rys t a l l og raph ic  po in t  of  
v iew,  a n d  a n e w  e x p l a n a t i o n  mus t ,  t he re fo re ,  b e  f o u n d  as 
to h o w  th i s  w a t e r  c a n  be  p re sen t .  

Lattice-Vacancy Model of ~/- or ~-Mn02 
In  t h i s  paper ,  I p r e s e n t  a c a t i on -vacancy  m o d e l  for 

MnO2. Th i s  m o d e l  r e m o v e s  t he  p r e v i o u s  lack of  u n d e r -  
s t a n d i n g  c o n c e r n i n g  t he  s ta te  a n d  q u a n t i t y  of  s t ruc tu ra l  
water .  The  poss ib i l i ty ,  t h a t  ca t ion  v a c a n c i e s  cou ld  be  
p r e s e n t  in  MnO2, h a s  b e e n  m e n t i o n e d  p r e v i o u s l y  (3, 41), 
but ,  u p  to now,  a c o m p l e t e  a n d  se l f -cons i s ten t  v a c a n c y  
m o d e l  ha s  no t  b e e n  deve loped .  

My m o d e l  is b a s e d  on  t he  fo l lowing  cons ide ra t i ons .  
1. E a c h  m a n g a n e s e  ion in  the  MnO2 s t r u c t u r e  is 

oc t ahed r i ca l l y  c o o r d i n a t e d  to six n e a r e s t  o x y g e n  ions,  
a n d  e a c h  o x y g e n  ion is c o o r d i n a t e d  to t h r e e  n e a r e s t  man-  
g a n e s e  ions.  The  (s l ight ly  d i s to r ted)  MnO6 o c t a h e d r a  are 
a r r a n g e d  in t he  c rys ta l  as to  share  edges  a n d  corners .  
S ince  O 2- ions  are  m u c h  l a rge r  t h a n  M n  4+ ions  (Tab le  I), 
t h e  la t t ice  r e s e m b l e s  a d e n s e  p a c k i n g  (near ly  h e x a g o n a l l y  
c lose -packed)  of  0 2 -  ions,  w i t h  t he  smal l  M n  4+ ions  m o r e  
or less o rder ly  a r r a n g e d  in  edge - s ha r ed  MnO~ oc tahedra -  
c h a i n s  b e t w e e n  0 5 -  layers  (3, 19, 39, 42). Th i s  is t he  ac- 
c e p t e d  c ry s t a l l og ra ph i c  descr ip t ion .  

2. A f rac t ion  x of  M n  4§ ions  is m i s s i n g  in  t he  M n  4~ 
sub la t t i ce .  E a c h  e m p t y  M n  4~ si te  is, for c h a r g e  c o m p e n s a -  
t ion,  c o o r d i n a t e d  to four  p ro tons ,  t he  la t te r  b e i n g  p r e s e n t  
in  fo rm of  four  O H -  ions.  T he  O H -  ions  r ep lace  0 5 -  in  
t h e  la t t ice  w i t h o u t  s ign i f ican t  v o l u m e  c h a n g e  of t he  u n i t  
celt, t h e  ionic  rad i i  of O 2- a n d  OH b e i n g  ve ry  s imi la r  
(43). N o r m a l  u n i t  cell  p a r a m e t e r s  are  t h u s  m a i n t a i n e d .  

3. A f rac t ion  y of  the  M n  4§ ions  are r ep l aced  b y  M n  3~. 
Th i s  f r ac t ion  d e t e r m i n e s  t he  degree  of  o x i d a t i o n  (average  
va lency)  of  t he  m a n g a n e s e  ions.  Fo r  each  M n  ~§ p resen t ,  
one  p r o t o n  is i n t r o d u c e d  for  c h a r g e  c o m p e n s a t i o n .  T h e s e  

p r o t o n s  fo rm f u r t h e r  OH ions,  r ep l ac ing  0 5 -  in  t h e  lat- 
tice. S u b s t i t u t i o n  of  M n  4~ by  M n  3+ leads  to la t t ice  dis tor-  
t i on  ( lat t ice e x p a n s i o n )  a n d  an  inc rease  in  t he  v o l u m e  re- 
q u i r e m e n t  of t he  u n i t  cell, as o b s e r v e d  e x p e r i m e n t a l l y  
d u r i n g  e l e c t r o c h e m i c a l  or c h e m i c a l  r e d u c t i o n  (44-48). 

4. The  la t t ice  is t h u s  c o m p o s e d  of  02- ,  O H - ,  M n  4+, and  
M n  3+ ions,  a n d  ~ vacanc ies .  All  the  s t ruc tu ra l  w a t e r  is 
p r e s e n t  in  fo rm of  O H -  ions,  a s soc ia t ed  w i t h  e i t h e r  [ ~  
vacanc ies ,  or M n  3~ ions.  The  v a c a n c i e s  are immob i l e .  
T h e y  wil l  localize p r o t o n s  in  s u r r o u n d i n g  O H -  groups .  
T h e s e  p r o t o n s  can  j u m p  to a d j a c e n t  0 5 -  sites,  if  t h e y  are  
b e i n g  r ep l aced  at  t h e i r  p r e v i o u s  loca t ion  b y  i n t r o d u c t i o n  
of  f u r t h e r  p ro tons ,  as M n  4§ are  b e i n g  r e d u c e d  to M n  3§ 
P r o t o n s  a s soc ia ted  w i t h  M n  3§ are mobi le .  

5. The  p r e s e n c e  of M n  2+ in  t he  la t t ice  is c o n s i d e r e d  un-  
l ike ly  o n  t h e r m o d y n a m i c  (49), as  wel l  as s te r ica l  g r o u n d s  
(46, 5O). 

6. S u r f a c e - c h e m i s o r b e d  H20 is c o n s i d e r e d  to b e  pres-  
en t  in  fo rm of  sur face  O H -  groups .  The  sur face  is t r ea t ed  
as a " c o n t i n u o u s  layer  of  M n  ~§ vacanc ies , "  two " su r face  
v a c a n c i e s "  b e i n g  e q u i v a l e n t  to one  " in t e r io r  v a c a n c y "  (re- 
g a r d i n g  s t ruc tu ra l  water) .  

7. E l ec t ron i c  c o n d u c t i v i t y  a r i ses  f rom delocal ized  elec- 
t rons ,  t u n n e l i n g  or  h o p p i n g  f rom one  M n  § o rb i t a l  to  the  
next .  V a c a n c i e s  i nc rease  t he  t u n n e l i n g  d i s tance .  

In  t h e  fol lowing,  I sha l l  p r e s e n t  t he  p h e n o m e n o l o g i c a l  
p red ic t ions ,  w h i c h  c a n  b e  de r ived  f rom th i s  mode l ,  w i t h  
r e spec t  to t he  c h e m i c a l  c o m p o s i t i o n  (wate r  conten t ) ,  den-  
sity, t heo re t i ca l  ( m a x i m u m )  e l e c t r o c h e m i c a l  capaci ty ,  
proton transfer rate, electronic conductivity, and elec- 
trode potential of electrochemically active (~- and E-) 
MnO2. 

Chemical Composition (Water Content) 
The  p r o p o s e d  ca t ion  v a c a n c y  m o d e l  leads  to t he  follow- 

ing  f o r m u l a  for  m a n g a n e s e  d iox ide  

Mn(, x .~14+ " Mn.~ 3§ �9 0(5 4x-~j 2- �9 OHl~x+yl- [1] 

The  p a r a m e t e r s  x ( f rac t ion of  vacanc ies )  a n d  y ( f rac t ion of  
M n  3§ ions)  in  e x p r e s s i o n  [1 ] are  r e l a t ed  to t he  p a r a m e t e r s  n 
a n d  m of  the  f o r m u l a  g i v e n  in  the  a b o v e  b y  t h e  se t  of 
e q u a t i o n s  

m 
x - - -  [2] 

2 + m  

4(2 - n) [3] 
Y -  2 + m  

a n d  

4(1 - x) - y 
n - [4] 

2(1 - x) 

2x 
m - [5] 

1 - x  

Thus ,  t he  e x a m p l e  c i t ed  above ,  a c o m p o s i t i o n  MnO,.9~ 
0.23H20 ( s t ruc tu ra l  w a t e r  c o n t e n t  4.58%) c o r r e s p o n d s  to 

x = 0.087 

a n d  

y = 0.073 

Th i s  e x a m p l e  i l lus t ra tes  h o w  su rp r i s ing ly  large  q u a n t i t i e s  
o f  s t r u c t u r a l  w a t e r  m a y  b e  e x p l a i n e d  by  s e e m i n g l y  smal l  
v a c a n c y  f rac t ions  x. P re i s l e r  r e p o r t e d  t h i s  c o m p o s i t i o n  to 
be  typ ica l  for e-MnO2 (FEMD). Our  i n t e r p r e t a t i o n  imp l i e s  
t h a t  a b o u t  one  ou t  of  12 M n  4~ would ,  for  th i s  mater ia l ,  be  
m i s s i n g  in  the  la t t ice  (or w o u l d  be  s i t ua t ed  at  t he  surface),  
a n d  a b o u t  one  ou t  of  14 M n  4+ ions  w o u l d  be  s u b s t i t u t e d  
by  M n  3§ For  ~,-MnO2 (EMD a n d  espec ia l ly  CMD), the  
s t ruc tu ra l  wa te r  con ten t ,  a n d  t h u s  t he  v a c a n c y  f rac t ion  x,  
w o u l d  typica l ly  b e  s o m e w h a t  smaller ,  b u t  of t he  s ame  or- 
der.  In  c o m p a r i n g  e x p r e s s i o n  [1] w i t h  o t h e r  c h e m i c a l  for- 
m u l a  for  m a n g a n e s e  d ioxide ,  one  ha s  to  keep  in  m i n d  t h a t  
e x p r e s s i o n  [1] c o n t a i n s  in  to ta l  on ly  (1 - x) mo le s  of man-  
ganese ,  wh i l e  in  t he  pas t  the  c h e m i c a l  c o m p o s i t i o n  was 
n o r m a l l y  e x p r e s s e d  pe r  one  mo le  of  to ta l  m a n g a n e s e .  
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U s i n g  Eq.  [1], t he  to ta l  s t r u c t u r a l  w a t e r  c o n t e n t  m a y  be  
e x p r e s s e d  by  

% H~O = 
18.016 (4x + y) 

2 M W  

w h e r e  MW is t he  m o l e c u l a r  w e i g h t  of f o r m u l a  [1]. (MW de- 
p e n d s  on  x a n d  y.) 

T h e  a b o v e  e x p r e s s i o n  is p lo t ted ,  for t h e  cases  y = 0 a n d  
y = 0.10 as a f u n c t i o n  of  x,  in  Fig. 1. 

A s t r u c t u r a l  w a t e r  c o n t e n t  of 4%, for i n s t ance ,  w o u l d  
i m p l y  at  y = 0 a v a c a n c y  f r ac t ion  of  x = 0.092, a n d  at y = 
0.1 a v a c a n c y  f rac t ion  of  x = 0.068. F r o m  Fig. 1, one  de- 
r ives  for  y = 0 a n d  x < 0.1 t h e  fo l lowing  a p p r o x i m a t e l y  
l i nea r  r e l a t ion  b e t w e e n  w e i g h t  p e r c e n t  (w/o) H=O a n d  va- 
c a n c y  f rac t ion  x 

w/o H~O = 44x [6] 

Density 
The  c rys t a l l og raph ic  u n i t  cell  p a r a m e t e r s  ao, bo, a n d  co, 

of  d i f fe ren t  MnO2 modi f i ca t ions ,  a n d  t h o s e  of a -MnOOH,  
are  l i s t ed  in  T a b l e  II. ~ Also  s h o w n  in  th i s  t a b l e  are  u n i t  
cell  v o l u m e s  (v), s t o i c h i o m e t r i c  n u m b e r s  pe r  u n i t  cell  vol- 
u m e  (z), a n d  x- ray  dens i t i e s  (d) ca lcu la ted  w i t h  t h e s e  u n i t  
cell  pa r ame te r s .  

A c c o r d i n g  to t he  p r e s e n t  mode l ,  i n t r o d u c t i o n  of  vacan-  
cies i n to  t h e  M n  4§ sub la t t i ce ,  a n d  as soc ia ted  s u b s t i t u t i o n  
of  4 O 2- by  4 O H - ,  does  no t  lead to a n o t i c e a b l e  c h a n g e  in  
la t t ice  p a r a m e t e r s .  Howeve r ,  owing  to m i s s i n g  M n  *§ ions,  
t h e  d e n s i t y  will  d e c r e a s e  w i t h  i n c r e a s i n g  v a c a n c y  f rac t ion  
x.  The  dec rea se  of  d e n s i t y  w i t h  x m a y  b e  ca l cu la t ed  w i t h  

MW 
d -  

V 

w h e r e  MW is t h e  m o l e c u l a r  w e i g h t  of f o r m u l a  [1] a n d  
w h e r e  V is i ts  m o l e c u l a r  vo l um e .  

Fo r  y = 0, t he  d e n s i t y  va r i e s  t h e n  w i t h  x as fo l lows 

Table II. Crystallographic unit cell parameters of Mn02 

Sym- ao/bo Co v d 
Modification metry (~) (/~) (/~) z (g/cm 3) 

fi-MnO2 
Pyrolusite tetr. 4 . 4 0 / -  2.87 55.3 2 5.22 

MnO~ 
Ramsdellite orth. 4.53/9.27 2.87 120.5 4 4.79 

3,-MnO~ 
EMD and CMD orth. 4.44/9.35 2.85 118.3 4 4.88 

e-MnO._, 
FEMD hex. 2.80/ - -  4.45 30.2 1 4.78 

a-MnOOH 
GroutJte orth. 4.56/10.70 2.85 139 4 4.17 

EMD:  E lec t ro ly t i c  MnO,.  
CMD: C h e m i c a l l y  p r e p a r e d  MnO.,. 
F E M D :  F ib rous ,  e l e c t ro ly t i c  MnO.,. 

C o m b i n i n g  t he  r e su l t s  of  Fig. 1 a n d  2, one  d e d u c e s  read-  
i ly a t heo re t i ca l  r e l a t i on  b e t w e e n  wa te r  c o n t e n t  a n d  den-  
sity, as p r e s e n t e d  in  Fig. 3. Th i s  r e l a t ion  m a y  b e  exper i -  
m e n t a l l y  verified.  Fo r  a s t ruc tu ra l  w a t e r  c o n t e n t  of  4%, 
for  i n s t ance ,  t he  t h e o r y  p r e d i c t s  at  y = 0 a d e n s i t y  of  4.52 
g/cm" for t he  e-MnO2 s t ruc tu re ,  a n d  a d e n s i t y  of  4.62 g/cm 3 
for t h e  ~-MnO2 s t ruc tu re .  In te res t ing ly ,  t he  s ame  va lues  
are  ca l cu la t ed  for y = 0.1. T h e  ca lcu la ted  va lues  are  in  ex- 
ce l l en t  a g r e e m e n t  w i t h  e x p e r i m e n t a l  p y c n o m e t r i c  da ta  
(22, 23). 

W h e n  r e m o v i n g  s t r u c t u r a l  w a t e r  b y  m e a n s  of  hea t ing ,  
t he  dens i t y  wil l  inc rease ,  s ince  r l~  v a c a n c i e s  w o u l d  t e n d  
to " h e a l  ou t "  by  ca t ion  se l f -d i f fus ion  (Mn 4§ sub la t t i c e  rear-  
r a n g e m e n t ) .  P r o t o n s  will  t h e n  be  m o v i n g  f r o m  the  inte-  
r ior  to  t h e  surface,  w h e r e  t h e y  w o u l d  be  l e av ing  t he  crys- 
tal  in  fo rm of H20, a f te r  c o m b i n i n g  w i t h  s u r p l u s  O 2-. I t  
s h o u l d  b e  poss ib l e  to fo l low e x p e r i m e n t a l l y  t he  a n n e a l i n g  
of  v a c a n c i e s  by  H R T E M  t e c h n i q u e s  (40). 

T h e r m a l  t r e a t m e n t  could ,  theore t i ca l ly ,  l ead  also to t h e  
f o r m a t i o n  of  [] v a c a n c i e s  in  t he  O 2- sub l a t t i c e  

d = 54.94 (1 - x) + 32 + 1.008 (4x) 5~ 

Vo 
48 

Th i s  r e l a t i on  is p l o t t e d  in  Fig. 2 for Vo = 30.2 ~3 .6 .02  �9 1023 
= 18.18 c m  3, c o r r e s p o n d i n g  to a dens i t y  of  4.78 g /cm 3 at  x 4.6 
= 0 (x-ray dens i t y  of  r a m s d e l l i t e  or  ~-MnO2, see  Tab le  II), 
a n d  for  Vo = (1/4) 118.3 ~3 . 6.02 �9 1023 = 17.805 c m  3, corre-  ~ 4l 
s p o n d i n g  to a d e n s i t y  of  4.88 g / cm 3 at  x = 0 (x-ray dens i t y  
of  ~-MnO~, see  Tab le  II). ,_ 42 

W h e n  ca l cu l a t i ng  d e n s i t i e s  for  y > 0, one  m u s t  t ake  in to  
a c c o u n t  la t t ice  e x p a n s i o n ,  r e s u l t i n g  f rom r e p l a c e m e n t  of  4.s 

s 
M n  4§ b y  t he  l a rge r  M n  3~ ions.  T he  c o r r e s p o n d i n g  v o l u m e  3s 
i n c r e a s e  a m o u n t s  empi r i ca l l y  (44-48) to  a b o u t  V(y) = Vo + 
3y. F o r  y = 0.1, t he  c o r r e c t i o n  to Vo is on ly  a b o u t  1.7%, 3.6 
h o w e v e r ,  as i l l u s t r a t ed  in  Fig. 2, i t  l eads  a l r eady  to a meas-  
u r a b l e  d i f f e rence  in  dens i ty .  

C o m p i l e d  w i t h  t h e  h e l p  of  R. G i o v a n o l i ,  U n i v e r s i t y  o f  B e r n ,  
Bern, Switzerland. 
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Fig. 2. Density as a function of Mn 4~ vancancy fraction x for the ~- and 
~/-Mn02 structures. 
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fraction x. 
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2 O H - ~ O  2- + [ ] + H 2 0 / ~  

However ,  th i s  p roces s  is l ike ly  to occu r  on ly  at  the  sur- 
face of  t he  crystal.  I ts  i n f luence  on  dens i t y  w o u l d  p roba-  
bly  in  any  case be  m a s k e d  b y  the  dens i t y  i nc rease  due  to 
ca t ion  (vacancy)  d i f fus ion.  

Theoret ical  ( M a x i m u m )  Electrochemical Capaci ty  

The  theo re t i ca l  ( m a x i m u m )  e l e c t r o c h e m i c a l  capac i ty  
de l ive rab le  pe r  u n i t  w e i g h t  (Cw), or u n i t  v o l u m e  (C,), 
ca l cu la t ed  on  t he  bas i s  of e x p r e s s i o n  [1] for  a sol id-state ,  
one -e l ec t ron  r e d u c t i o n  p roces s  [7.], w h e r e  (aq) a n d  (c) des- 
i gna t e  " a q u e o u s  so lu t i on"  and  "c rys t a l l i ne"  phase ,  
r e spec t ive ly  

e -  + H+(aq) + M~I4§ -~ O2--(C) ---) Mn3+(c) + OH-(c )  [7] 

is g iven  by  

(1  - x - y) �9 26.80 
Cw = (Ah/g) 

MW 

and  

Cv = C w ' d  (Ah/cm 3) 

Cw a n d  C, de s igna t e  t he  capac i ty  pe r  un i t  of in i t ia l  w e i g h t  
a n d  pe r  un i t  of in i t ia l  v o l u m e  of act ive ma te r i a l  p resen t .  

The  ca lcu la ted  va lues  are p lo t t ed  for y = 0 as a f u n c t i o n  
o f x  in  Fig. 4. Th i s  f igure serves  to i l lus t ra te  t h a t  t he  theo-  
re t ica l  m a x i m u m  capac i ty  m u s t  dec rease  w i t h  i n c r e a s i n g  
x, t h a t  is, w i th  i n c r e a s i n g  w a t e r  con ten t .  Th i s  is a fact  
c o n f i r m e d  by  p rac t i ca l  exper i ence .  " H y d r o u s  ox ides , "  
for example ,  c o n t a i n i n g  u p  to 10% water ,  s h o w  notor i -  
ous ly  poor  capac i ty  pe r  u n i t  w e i g h t  or vo lume .  In  v iew of 
Fig. 2, t he  capac i ty  is also p r e d i c t e d  to dec rease  w i t h  de- 
c r eas ing  dens i ty ,  w h i c h  is also c o n f i r m e d  e x p e r i m e n t a l l y  
(51). Th i s  c o n c l u s i o n  appl ies ,  of course ,  on ly  w h e n  
c o m p a r i n g  MnO2 ma te r i a l s  c o n t a i n i n g  no  (or t he  s ame  
quan t i ty )  of  h e a v y  fore ign  ions.  F igure  4 also s h o w s  t h a t  
the  capac i ty  pe r  u n i t  v o l u m e  dec reases  w i t h  i n c r e a s i n g  
w a t e r  c o n t e n t  m u c h  m o r e  dras t ica l ly  t h a n  t he  capac i ty  
pe r  u n i t  weight .  

Whi le  a h i g h  p e r c e n t a g e  of  s t ruc tu ra l  w a t e r  is t h u s  un-  
de s i r ab l e  as r ega rds  to  capaci ty ,  a c e r t a i n  a m o u n t  of 
s t r u c t u r a l  w a t e r  is a neces s i t y  for a fast  p r o t o n  t ransfe r ,  as 
d i s c u s s e d  in  t he  n e x t  sect ion.  In  pract ice ,  m o s t  appl ica-  
t ions  r equ i r e  t h a t  the  capac i ty  m u s t  be  de l i ve rab l e  w i t h i n  
a re la t ive ly  sho r t  t ime.  Th i s  is on ly  poss ib l e  i f  t he  p ro ton-  
t r a n s f e r  ra te  is h igh.  

Proton-Transfer  Rate 

T h e  r e d u c t i o n  of  7- or e - m a n g a n e s e  d ioxide ,  a c c o r d i n g  
to r eac t i on  [7], i nvo lves  the  i n t r o d u c t i o n  of  p r o t o n s  in to  
the  c rys ta l  latt ice.  Th i s  p roces s  occurs  in  a s ingle  phase ,  
w h e r e b y  t he  la t t ice  e x p a n d s  w i t h  i n c r e a s i n g  deg ree  of re- 
d u c t i o n  (44-48). The  " d i f f u s i o n  coeff ic ient"  for  p r o t o n s  in  
MnO.2 ha s  b e e n  r e p o r t e d  to h a v e  a va lue  of  a b o u t  

D = 6 �9 10- '~ cm2/s (52) 
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40 

I I I I I I 1 I 1 

(Ah/cm "~) 

Cw = 0308 Ah/g at x = O , y = 0  

C v = 1473 Ah/cm 3 for~'MnO 2 t at x=0 , y=0  
C v = 1505 Ah/cm 3 for E-MnOz 
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Fig. 4. Theoretical electrochemical capacity per unit weight (Ah/g) 
and per unit volume (Ah/cm 3) as a function of Mn 4§ vacancy fraction for 
y = 0 (undischarged state). 
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A c c o r d i n g  to the  p r e s e n t  model ,  t he  O H -  ions  incorpo-  
r a t ed  in to  t he  la t t ice  as a c o n s e q u e n c e  of  ca t ion  vacan-  
cies, wil l  ac t  as d o n o r s  for a n d  p rov ide  t h u s  a n  in i t ia l  con- 
c e n t r a t i o n  of p r o t o n s  for  sol id-s ta te  p r o t o n  t ransfer .  In  
t e r m s  of  r eac t ion- ra te  theory ,  one  m a y  t h e n  e x p r e s s  the  
p r o b a b i l i t y  of  p r o t o n  t r a n s f e r  by  

P~ = v .  [ O H - ] .  [0 2- ] 

w h e r e  v is a " j u m p  f r equency , "  d e p e n d i n g  e x p o n e n t i a l l y  
on  t e m p e r a t u r e  

v = Vo �9 exp  (-A#kT) 

a n d  w h e r e  [OH-]  r e p r e s e n t s  the  " c o n c e n t r a t i o n "  of 
p r o t o n - o c c u p i e d  sites, a n d  [02-  ] t he  " c o n c e n t r a t i o n "  of 
avai lable ,  su i t ab l e  e m p t y  s i tes  for p r o t o n  t ransfer .  

I f  t he  [OH-]  a n d  [O 2-] c o n c e n t r a t i o n s  are  e x p r e s s e d  as 
n u m b e r  of ions  pe r  m o l e c u l a r  vo lume ,  one  de r ives  in  
v iew of r eac t ion  [1] 

a n d  

The  e x p r e s s i o n  

[02-  ] = 2 - 4x - y [8] 

[OH-]  = 4x + y [9] 

[ O H - ] .  [O 2-] = (4x + y) - (2 - 4x - y) 

is p lo t t ed  in Fig. 5 as a f u n c t i o n  of x,  for  t he  c o n d i t i o n  y = 
0. Th i s  f igure serves  to  i l lus t ra te  t h a t  t he  e l e c t r o c h e m i c a l  
r eac t iv i ty  of  ( und i scha rged )  m a n g a n e s e  d iox ide  inc reases  
w i t h  x, t h a t  is, w i t h  s t r u c t u r a l  w a t e r  con ten t .  The  cu rve  of 
Fig. 5, r e aches  a m a x i m u m  at x = 0.25 a n d  w o u l d  de- 
c rease  t h e r e a f t e r  to zero at  x = 0.5, as all t h e  0 2 -  s i tes  are 
occup ied ,  even  at y = 0. 

In  f o r m u l a t i n g  t he  above  expres s ions ,  it has  b e e n  (ex- 
t e m p o r a n e o u s l y )  a s s u m e d  t h a t  all t h e  0 2 -  s i tes  are 
s ter ica l ly  e q u i v a l e n t  a n d  equal ly  access ib le  to p ro tons  
d u r i n g  t he  r e d u c t i o n  process .  I t  h a s  f u r t h e r  b e e n  (boldly) 
a s s u m e d  t h a t  all t h e  p ro tons ,  t h a t  is t hose  in  t he  O H -  ions 
c o o r d i n a t e d  to ~ vacanc ies ,  as well  as t hose  in  t he  O H -  
ions  a s soc ia t ed  w i t h  M n  3+ ions,  b e h a v e  k ine t i ca l ly  in  a n  
e q u i v a l e n t  m a n n e r .  Th i s  is no t  necessa r i ly  t he  case. For  
y > 0, t he  a b o v e  e x p r e s s i o n s  are thus ,  a t  bes t ,  a first  ap- 
p r o x i m a t i o n ,  if  app l i cab l e  at  a l l  

I t  s h o u l d  also be  r e m e m b e r e d  tha t ,  in  total ,  no t  more  
t h a n  one  p r o t o n  pe r  M n  4§ ion, t h a t  is no t  m o r e  t h a n  (1 - x) 
p ro tons ,  can  be  t a k e n  u p  d u r i n g  s ing l e -phase  r educ t ion .  
In  o rde r  to der ive  a m e a s u r e  for t he  overa l l  ra te  of  r educ-  
t ion,  t he  ra te  of  p r o t o n  t r a n s f e r  w o u l d  h a v e  to be  
m u l t i p l i e d  w i th  t he  f r ac t ion  of M n  4+ ions  p re sen t ,  t h a t  is 
w i t h  (1 - x - y)/(1 - x). 

The  p r o t o n - t r a n s f e r  p roce s s  shal l  n o w  be  de ta i l ed  for 
t he  case  of the  r amsde l l i t e  s t ruc ture .  Two types  of  0 2 -  
s i tes  m u s t  he re  be  d i s t i n g u i s h e d :  t he  " p l a n a r "  a n d  the  
" p y r a m i d a l "  conf igura t ion ,  w i t h  r e spec t  to  t he  t h r e e  
n e x t - n e i g h b o r  M n  4§ ions  (53). I t  has  b e e n  s u g g e s t e d  by  
Maske l l  et al. (54) t h a t  on ly  t h e  " p y r a m i d a l "  O ~- are  suita-  
b le  s i tes  for p ro ton -up t ake .  P r o t o n s  i n t r o d u c e d  d u r i n g  re- 
d u c t i o n  w o u l d  t h u s  o c c u p y  p y r a m i d a l  s i tes  only. The  lat- 
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Fig. 5. Relative proton transfer rate in MnO2 as a function of Mn 4~ va- 
cancy fraction x. 
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ter  are a r ranged in s tr ings a long  the  [100] direct ion,  a long 
w h i c h  the  pro tons  could  be  though t  to m o v e  freely (direc- 
t ion ver t ica l  to the  (001) plane).  

However ,  p ro tons  p resen t  as a resul t  of  [ ~  vacancies ,  
mus t  occupy  both,  p lanar  and pyramida l  sites. 

D e p e n d i n g  on the  spacial  d is t r ibut ion  of  the four  O H -  
ions, p resen t  a round  a vacancy,  e i ther  1, 2, or 3 O H -  ions 
mus t  occupy  a pyramida l  site. The  remaining,  free, acces- 
s ible pyramida l  sites are thus  g iven by 

[0-2] ,  = 1 - p x  - y [10] 

w h e r e b y  p can as sume  va lues  of  1, 2, or 3. 
The  n u m b e r  of  pyramida l  occupied  sites b e c o m e s  

[OH- ] ,  = p x  + y [11] 

and the  n u m b e r  of  "p lana r"  occupied  sites is 

[OH-],,, = (4 - p) x [12] 

These  lat ter  migh t  play kinet ical ly  a par t icular ly  impor-  
tant  role  as pro ton  "br idges ,"  connec t ing  ne ighbor ing  
str ings of  pyramida l  occup ied  sites. 

The  p ro ton  t ransfer  rate could  thus  be visual ized as be- 
ing propor t iona l  to 

[OH-],,,. [OH-],. [O~-], 

= ( 4 - p ) x . ( p x + y ) . ( 1  - p x - y )  

This  express ion  is p lot ted  in Fig. 6 as a func t ion  of  x, for 
p = 2, and for several  va lues  o f y  as parameter .  It  is of  im- 
por t ance  to poin t  out  that  for the  case p > 1, the  rate of  
p ro ton  t ransfer  falls to zero before  all the  Mn 4~ ions  are re- 
duced,  because  of the lack of  free sui table  02 -  sites. This  
migh t  r educe  the  e l ec t rochemica l  capaci ty  to a value  
smal ler  than  that  ca lcula ted theoret ica l ly  (see previos  sec- 
tion) on the basis of  the  Mn 4. ions present .  

The  cat ion vacancy  m o d e l  as deve loped  in this paper  
sheds  a comple te ly  n e w  l ight  on the  p roper ty  cal led "elec- 
t rochemica l  react ivi ty ."  The  reason, w h y  T-MnO2 and 
e-MnO,_, are e lec t rochemica l ly  m u c h  more  act ive  that  
fl-MnO., is shown to be due  to the  p resence  of  II~ vacan- 
cies and a co r respond ing  wate r  content ,  p rov id ing  an ini- 
t ial  s tar t ing concen t ra t ion  of  pro tons  for the  t ransfer  pro- 
cess. In  contrast ,  fl-MnO~ conta ins  a lmos t  no vacanc ies  
and thus  very  l i t t le s t ructura l  water.  E lec t rochemica l  (and 
chemical)  react ivi ty  arises pr imar i ly  f rom the  p resence  of 
(p ro ton-compensa ted)  I I~ vacancies ,  and not  pr imar i ly  
f rom a special  lat t ice s tructure,  e.g. ,  a pyrolusi te-  
ramsdel l i te  in te rg rowth  lat t ice as a s sumed  previously.  
This latter might, however, be particularly apt to contain 
and might possibly even be stable only in presence of 
vacancies, 

Since the surface may be regarded as a "layer of vacan- 
cies," fl-MnO~ should ~also become reducible in a single 
phase, at least to some extent, if the surface is 
sufficiently large and if the erystallites are correspond- 
ingly small, e.g., only a few atomic layers thick. 

Lattice expansion will certainly occur with less strain 
next to vacancies. In fact, Mn '~ present initially (in 
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Fig. 6. Relative proton transfer rate as a function of Mn 4§ vacancy frac- 
tion x for the special case of a ramsdellite structure. 

n o n r e d u c e d  MnO~) migh t  in genera l  be  loca ted  adjacent  
to a vacancy  (or in the  surface). This  is also bo rne  out  by 
the  s imilar i ty  in the  va lues  for x and y in the  e x a m p l e  dis- 
cussed  earlier. 

The d iscont inu i ty  in the  latt ice expans ion ,  and in the 
dis tor t ion of MnO6 octahedra ,  observed  dur ing  reduc t ion  
(46-48), at degree  of r educ t ion  co r respond ing  to about  
MnOz.75, may  reflect  the  greater  strain required ,  as all the  
Mn 4~ n e x t  to vacancies  (or surfaces) are a l ready r educed  to 
Mn3% 

Electronic  C o n d u c t i v i t y  
In  this section, it wil l  be shown h o w  the  expe r imen ta l  

observa t ion  concern ing  the  decrease  of e lect ronic  con- 
duct iv i ty  wi th  increase of s t ructural  wa te r  con ten t  (14, 21, 
24) can be  exp la ined  on the  basis of  the  p resen t  vacancy  
m o d e l .  

Manganese dioxide is an n-type semiconductor, With 
relatively high charge carrier concentration. For fi-MnO2, 
Euler et aL (55) reported a carrier concentration of n = 
1027 cm -3 and Preisler (14) reported for T-MnO2 a value of n 
= 1.5 �9 101~ cm -~. 

For  e lec t rochemica l  reduct ion,  an electron,  as wel l  as a 
proton,  mus t  be avai lable  at the  react ion site. In order  to 
min imize  ohmic  vol tage drops,  and in order  to ach ieve  a 
d i scharge  profile as un i fo rm as possible,  a h igh elec- 
t ronic  conduc t iv i ty  is of  advantage.  Accord ing  to a sug- 
ges t ion of Pre is ler  (14), the  probabi l i ty  of  e lec t ron  tun- 
neling,  and thus  e lec t ronic  conduc t iv i ty  ~, depends  
exponen t i a l ly  on the average  e lec t ron tunne l ing  distance,  
at, f rom one  manganese  orbi tal  to ano ther  

= ~0 exp  (-2K at) [13] 

where  (r o and K are cons tan ts  and at is the  average  tun- 
ne l ing  dis tance  ( length of potent ia l  energy  barrier). In a 
lat t ice conta in ing  [lVlE vacancies ,  the  average,  effect ive 
tunne l ing  dis tance  at will  increase wi th  increas ing  va- 
cancy  fract ion x accord ing  to 

1 
a t =  ao '  - no(1 + x + x " - + . . . )  [14] 

1 - x  

For  small  va lues  of  x, one der ives  wi th  Eq.  [13] and [14] 

d(ln o-) 
- -  - 2K- ao [15] 

d x  

Since  x is propor t ional  to the  water  content ,  express ion  
[6], Eq.  [15] expresses  the  l inear  relat ion b e t w e e n  loga- 
r i t hm of conduc t iv i ty  and wate r  content ,  obse rved  experi-  
menta l ly  (14). 

The  relat ion 

d(log ~) -2K 
ao [15a] 

d(%H20) 44 �9 2.3 

is plot ted in Fig. 7, us ing  the  expe r imen ta l  resul ts  of  
Pre is le r  (14). 

Q5 

0 
d(O/oH20 ) : - 0 . 5  

b ~ " ' r l  - -  
Ta - 0.5 - -  

~ - 1  - -  ~ 
"o r'l 

~ -15 - -  

I I I 
- 2 0  1 2 3 4 

STRUCTURAL - WATE.R (%) 

Fig. 7. Logarithm of electronic conductivity of MnO2 as a function of 
structural water content. From the slope one calculates, with ao = 
2.85~,, from Eq. [15a] K = 8 .9~  -1 and from Eq. [18a] ~ = 0.45 eV/~- ' ,  
or 10.3 kcal ~-~.  
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It  is in teres t ing to note  that  an equ iva len t  express ion  to 
Eq. [15] and [15a] can also be der ived  f rom the  Arrhen ius  
re la t ion for e lec t ronic  conduc t iv i ty  (21) 

= ~ro �9 exp ( - A J k T )  [16] 

w h e n  assuming  that  the  act ivat ion energy  Ae depends  lin- 
early on the average  t ransfer  dis tance at for the  e lect rons  
be tween  ne ighbor ing  manganese  e lec t ronic  orbitals  

A~ = Ao + 0 (at - ao) [17] 

where  0 is a factor  re la t ing act ivat ion ene rgy  to t ransfer  
d is tance  a n d  w h e r e  ao is the  t ransfer  d is tance  at x = 0. 
Then,  wi th  Eq.  [14], [16], and [17], one  has, for small  
va lues  of  x 

d(ln or) 0 
. . . . .  ao [18] 

dx  kT  

and wi th  Eq. [6] 

d(]og ~) - 0  
�9 ao [18a] 

d(%H20) kT  �9 44 �9 2.3 

I t  should  also be  po in ted  out  that  similar  reasoning  could  
be  used  to expla in  the  drast ic decrease  of  e lectronic  con- 
duct iv i ty  wi th  increas ing  y, that  is wi th  increas ing  degree  
of  reduction�9 As Mn 3§ ions are subs t i tu ted  for Mn 4§ ions, 
the average  tunne l ing  d is tance  at will  increase.  The  den- 
sity of  (delocalized) e lec t rons  is p r e sumab ly  very  low 
a round  Mn s+ ions. These  lat ter  migh t  thus  const i tu te  
"vo ids"  for the conduc t ion  e lec t rons  and  one wou ld  have,  
analogous  with  Eq. [14] 

1 
at = ao �9 [19] 

l •  

When in t roduc ing  this express ion  into Eq. [13], one de- 
duces  a sharp decrease  of conduc t iv i ty  wi th  increas ing  y, 
that  is increas ing degree  of  reduct ion.  At y ~ (1 - x) the  
resis t ivi ty  would,  accord ing  to Eq. [19], reach infinity. 

E l e c t r o d e  P o t e n t i a l  

In  the  following, it shall  first be  discussed,  how the  free 
en tha lpy  of  fo rmat ion  of  a cation-deficient,  electro- 
chemica l ly  act ive  (7- or  e-) MnO2 depends  on the  vacancy  
fract ion x (and thus  on the  water  content).  

Let  us cons ider  a vacancy- format ion  process  as fol lows 

Mn4? (c) + 2 0 2 -  (c) + 2H20 (aq) ) 
AG~ 

4 O H -  (c) + Mn ~+ (c) + ~ (c) 

The  free en tha lpy  of  this reaction,  hGv, cor responds  to the 
ene rgy  requ i red  to fo rm 1 tool of  r l~  vacanc ies  under  
up take  of 2 mol  of  water.  

When  t r ans fo rming  1 mol  of  vacancy-f ree  (and water-  
free) Mn02 into a cat ion-def ic ient  oxide,  hav ing  a va- 
cancy  fract ion x,  the  above  process  wou ld  have  to occur  
x / ( l  - x) t imes  

2 X  
MnO~ + - -  H20 

1 - X  

1 
) 

x 1 - x  
- -  AGv 

1 - X  

[Mn4L, .~. O'-'-,~_~., - OH%.,] 

This  t ransformat ion  can be  v isuahzed as r emova l  of  a 
fract ion x of  Mn 4+ ions f rom the  inter ior  of  the  crystal  lat- 
tice, t ranspor t  of the  r e m o v e d  ions to the  surface, and for- 
mat ion  the reon  of  a co r respond ing  quan t i ty  of  x/1 - x 
mol  of addi t ional  (defective) manganese  dioxide,  whe reby  
the  r equ i red  protons  and oxygen  ions are s t e m m i n g  f rom 
the  water  taken  up in the  reaction.  

When cons ider ing  n o w  vacancy  format ion  in an oxide  
conta in ing  also Mn 3§ ions, that  is in an ox ide  having  an 
average  va lency  of  

4 ( 1 - x - y )  + 3 y  4 ( 1 - x ) - y  

1 - x  I - x  

the  free en tha lpy  of  vacancy  format ion  is a func t ion  of  
y. (Arguments  that  AGv depends  approx ima te ly  l inearly 
on y will  be presen ted  in a future  publict ion.)  

The  free .enthalpy of vacancy  format ion  de te rmines  the 
e lec t rode  potent ia l  d i f fe rence  be tween  a vacancy-f ree  ox- 
ide and a cat ion-deficient  oxide.  I f  a single-phase,  solid- 
state e lec t rochemica l  reduc t ion  according  to react ion [7] 
is potent ia l  de t e rmin ing  (neutral  or alkal ine solutions), 
the  e lec t rode  potent ia l  d i f ference is ob ta ined  by 
different ia t ing the  free en tha lpy  of vacancy  format ion  
wi th  respect  to y (54). One der ives  then, at cons tan t  y, the  
fo l lowing d e p e n d e n c e  of  the  e lec t rode  potent ia l  on x 

x 1 d(AGv) 
E~= E~o-  1 -  x F dy [20] 

For  smal l  va lues  of  x, the  e lec t rode  potent ia l  is then  
shown to d e p e n d  l inearly on x. In v iew of Fig. 1 and Eq. 
[6], the  e lec t rode  potent ia l  is p red ic ted  to increase  l inearly 
wi th  water  conten t  [d(AG,.)dy being  negat ive]  

%H20 1 d(hG,.) 
Ey = E~ ~ - 44 F dy [21] 

This  predic t ion  is in a g r e e m e n t  wi th  the  expe r imen ta l  
resul ts  of Preis ler  (25). 

In  order  to examine  the ques t ion  of  h o w  the e lec t rode  
potent ia l  depends  on y (the degree of reduction),  it is 
he lpful  to depict  the  n u m b e r  of the  var ious  species  pres- 
ent  in the  crystal  latt ice as a funct ion  o fy .  This  is done  in 
Fig. 8 for the  case of x = 0.1. 

App ly ing  n o w  me thods  of  statistical t he rmodynamics ,  
as sugges ted  recent ly  by At lung  et al. (56) and Maskel l  
e ta l .  (54, 57), and l imi t ing  the  d i scuss ion  to the 
configurat ional  par t i t ion funct ion,  the  ca t ion-vacancy 
mode l  leads to the  fo l lowing situation: at a f ixed vacancy  
fract ion x, there  are in total  (1 - x) Mn 4+ sites avai lable  for 
d is t r ibu t ing  the re in  y Mn ~ ions  (in effect  d is t r ibut ing  y 
e lect rons  to t r ans form Mn 4~ to Mn 3+. unde r  latt ice expan-  
sion). For  each configurat ion,  y protons  can be distrib- 
u ted  independen t ly  into (2 - 4x) 02-  sites, if, accord ing  to 
Eq. [8], all the  O ~- sites are equa l ly  available,  or, on  the 
o ther  hand,  into (1 - p x  - y) 02-  sites, if, accord ing  to Eq. 
[10], only  the pyramida l  o x y g e n  sites are avai lable for pro- 
ton  up t ake  dur ing  reduct ion.  Neglec t ing  in terac t ion  

2 t , , , , I , , ' , l  2 

. . . . . . . . . . . .  2 - - 4 x _  
< 

n- 1 , 3 x  0 
LL 

_P- 
z -  

u~ . . . .  1 - x  
z K , -  - - -  . . . . . . .  

1 - 3 x  
LL 

Z 

' I II i i ~ I I t i'~ o 
0 0.5 1,0 

Y " D I S C H A R G E  

Fig. 8. Variation of [Mn4§ [Mn3+], [ O  2 - ] ,  and [ O H - ]  as a function of 
y, that is, as a function of discharge, for the case x = 0 . t .  
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Fig. 9. Variation of electrode potential with y, (degree of reduction) 
according to Eq. [22] and [23], for p = 2 and x = 0.08. 

I 1 I 

RTtn2-4x-y 
F Y 

terms, the following expressions are then derived for the 
electrode potential  

- - R T  2 - 4x  - y  E ~ = E ' % +  in 1 x Y + In 
y F y 

[22] 

or, respectively 

- - R T  1 - p x  - y E 7 = E ' ' % +  In 1 x Y + in 

y F Y [23] 

These equations, in which y may vary from 0 to (1 - x), or 
from 0 to (1 - px), respectively, are plot ted in Fig. 9. 
These equations can fit the exper imental  results con- 
cerning the dependence  of voltage on degree of reduc- 
tion, as reported, for instance, by Kozawa (58), Maskell 
e ta l .  (57), or Ohzuku and Hirai (59). A possible 
ref inement of Eq. [22] or [23], including interaction ener- 
gies, will be discussed in a future paper. 

C o n c l u s i o n s  
The cation-vacancy model  for MnO2, as presented in 

this paper, is able to quanti tat ively explain for the first 
t ime many aspects of MnO2 electrochemistry,  which have 
puzzled investigators in the past. In particular, the model  
predicts  correctly the following observations regarding 
electrochemically active (T- or e-) MnO~: (i) quant i ty  of 
structural  water, (ii) decrease of densi ty with structural 
water content,  (iii) decrease of theoretical  electrochemical 
capacity (Ah/g and Ah/cm 3) with structural water  content, 
(iv) increase in proton-transfer rate (electrochemical reac- 
tivity) with structural  water  content, (v) decrease of elec- 
tronic conductivi ty with structural water  content, (vi) in- 
crease of electrode potential  with structural  water 
content,  and (vii) dependence  of electrode potential  on 
degree of reduction. 

The theory presented in this paper consti tutes a break- 
through in our unders tanding  of the physical, chemical,  
and electrochemical  behavior  of electrochemically active 
MnO~. It will also have implications for the interpretat ion 
of the behavior of other oxide electrodes, for instance, 
PbO~ and NiOOH. 

Manuscript  submit ted  Feb. 27, 1984; revised manuscr ipt  
received June 27, 1984. 
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A Rechargeable Battery Employing a Reduced Polyacetylene Anode 
and a Titanium Disulfide Cathode 

A 

Josip Caja, *,~ Richard B. Kaner,* and Alan G. MacDiarrnid* 
Department of Chemistry, University of Pennsylvania, Philadelphia, Pennsylvania 19104 

ABSTRACT 

Novel rechargeable battery cells have been constructed using a reduced form of the conducting organic polymer, 
po]yacetylene, as the anode, the inorganic intercalating material, t i tanium disulfide as the cathode, and either 1.0M 
LiC104 in THF or 1.0M NaPF~ in THF as the nonaqueous electrolyte. A feasibility study of the cells is described. It in- 
cludes constant current discharge characteristics, stability, and rechargeability. The cells exhibited good stability and 
reversibility. Their performance was cathode limited, owing to the method used for fabricating the TiS~ electrode. 

Considerable interest has been shown during the past 
four years in the use of conducting organic polymers as 
electroactive materials (1). The prototype conducting 
polymer, polyacetylene, (CH)~, can be reversibly oxidized 
or reduced electrochemically and has been studied pri- 
marily as a cathode-active material in rechargeable cells 
employing a lithium anode (2). Since the reduced form of 
(CHL, e.g., [Li,+(CH)-Y]~, is stable up to a reduction level 
of -10 mole percent (m/o), i.e., y = 0.1, in an electrolyte of 
1.0M LiC104 in tetrahydrofuran (3), it has potential for use 
as an anode-active material, in conjunction with a suitable 
cathode, in a rechargeable battery. 

Inorganic intercalating materials, primarily t i tanium 
disulfide, TiS2, have also been extensively studied as the 
cathode in rechargeable li thium cells (4, 5). The feasibility 
of combining an inorganic intercalating cathode, such as 
TiS~, with a conducting organic polymer anode, such as 
reduced (CH).~., is reported in the present study. A cell of 
this type has the advantage of avoiding the major prob- 
lems associated with a l i thium anode, specifically, reac- 
tion of the lithium electrode with the organic electrolyte 
and inadequate cycle life due to the growth of l i thium 
dendrites. 

The terms "doping," "intercalation," and "oxidation/re- 
duction" have often been used interchangeably when 
referring to the process which increases the conductivity 
of an organic polymer, such as (CH)~., by introducing 
small quantities of foreign species into the organic poly- 
mer matrix. In order to avoid confusion, it is desirable to 
distinguish between these three terms. The doping of an 
organic polymer, such as (CH)~, is different from the 
doping of a classical semiconductor, such as silicon. If, 
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for example, a crystal of silicon is n-doped by replacing a 
silicon atom with a phosphorus atom (which has one val- 
ence electron more than Si), the phosphorus represents a 
negative site in so far as the crystal lattice is concerned, 
even if no charge transfer between silicon and phospho- 
rus were to occur. However, the n-doping of a conducting 
organic polymer, such as (CH).r, refers to the addition of a 
given number  of electrons to the polymer chains together 
with a corresponding number  of counter cations needed 
to maintain electrical neutrality. Conducting polymers 
generally require much higher doping levels than clas- 
sical inorganic semiconductors in order to effect compa- 
rable electronic changes. Intercalation refers to the or- 
derly insertion of a molecule or ion into the crystal lattice 
of a layered "host" material. Oxidation or reduction of the 
host material by either chemical or electrochemical 
means may occur during this process. Intercalation of 
l i thium or sodium into TiS~, for example, has been shown 
(5) to involve an almost complete electron transfer from 
the alkali metal with concomitant reduction of the TiS~ to 
give species such as M,+(TiS~) -" (y < 1; M = Li or Na). 
Throughout this paper, the incorporation of l i thium or so- 
dium cations into TiS.~ will be termed "intercalation," 
while the incorporation of lithium or sodium cations into 
(CH).x. will be termed "reduction." 

When carrying out electrochemical studies on trans- 
polyacetylene, a semiconductor, it is important to note 
that pure, neutral (CHL. can exhibit an open-circuit volt- 
age, Vow, lying in the range between 1.8V, below which 
significant reduction begins to occur, and 3.1V, above 
which significant oxidation begins to occur (6). These po- 
tentials are given with respect to the Li~/Li couple in 1.0M 
LiC10~ in THF for the reduction reaction and in 1.0M 
LiC104 in propylene carbonate for the oxidation reaction. 
This variation in potential results from the slightly differ- 
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ent ways in which the film has been previously stored or 
handled. The sensitivity of the potential to the previous 
history of the film is caused by the extremely small num- 
ber of molecular orbitals (i.e., density of states) lying be- 
tween the highest filled pi bonding molecular orbital (at 
the top of the valence band) and the lowest empty pi 
antibonding molecular orbital (at the bOttom of the con- 
duction band) with which reduction or oxidation pro- 
cesses are associated. Thus, the transfer of an infinites- 
imally small number  of coulombs into or out of the (CH)~ 
can lower its potential toward 1.8V or raise its potential 
toward 3.1V, respectively. 

Experimental 
Materials and reagents.--cis-Rich (CH)~ film was pre- 

pared as previously described (7). Tetrahydrofuran (THF) 
(Fisher Scientific Company) was freshly distilled from 
sodium benzophene in vacuo and was used to make a 
1.0M solution of LiC10~ and a 1.0M solution of NaPF~. An- 
hydrous LiC104 (Alfa Ventron) was dried by melting un- 
der a dynamic vacuum. Anhydrous NaPF6 (Aldrich 
Chemical Company) was dried by heating at 120~ under 
a dynamic vacuum for 24h. Titanium disulfide, TiS~, was 
synthesized directly from elemental t i tanium and sulfur 
in an evacuated, sealed silica hot/cold tube at 500~176 
by chemical vapor transport (8). Lithium metal (Alfa 
Ventron) and sodium metal (J. T. Baker Company) were 
scraped with a knife in a dry argon atmosphere immedi- 
ately before use. Glass filter paper (Reeve Angel 934AH), 
dried at 600~ for 24h, was employed as the separator. 

Cell construction.--All measurements were performed 
using celis, shown in Fig. 1, constructed in a dry argon at- 
mosphere by placing separators between the electrodes, 
squeezing the assembly into 4 x 10 x 50 mm rectangular 
glass tubing (Vitro Dynamics, Incorporated), adding the 
electrolyte, freezing the cell contents with liquid N~, and 
sealing the cell under vacuum across the protruding elec- 
trode leads. The (CH)~ electrode was made from a 2.5 -+ 
0.1 mg strip of (CH)~ film (-0.7 cm 2) mechanically 
pressed onto 52 mesh platinum gauze, to which had been 
spot welded a platinum wire lead. The lithium or sodium 
electrode was made by pressing a (~0.7 cm 2) piece of 0.13 
mm thick lithium ribbon or a (~0.7 cm 2) strip of sodium 
into a 189 mesh nickel grid (Delker Corporation), to which 
had been spot welded a nickel-chromium wire lead. The 
TiS2 electrode was made by pressing a TiSJTeflon mix- 
ture in the form of a flat sheet (~0.1 mm thick) into the 
center of a nickel grid, to which had been spot welded a 
nickel-chromium wire lead. The TiSJTeflon flat sheet 
was made by mixing and then pressing a two-to-one mix- 
ture, by weight, of TiS2 powder and Teflon powder onto 
the bottom of a mortar by means of a pestle. The (CH)x 
electrode was placed in the center of the cell with the TiS~ 
electrode on one side and the alkali metal electrode on 
the other side. The electrodes were separated from each 
other by the glass filter paper separators. 

Fig. 1. Construction of the [Mo.,,~(CH)-~"~ cell. Lithium or so- 
dium metal serves as a reference electrode: 
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Preparation of  the reduced polyacetyIene anode.--The 
[Mo, lo~(CH)-~176 (M = Li or Na) anode was prepared in 
situ in a cell of the type described above by electro- 
chemically reducing the cis-rich (CHL. to [M0.,0~(CH)-0.'0]~. 
at a constant current of 0.1 mA (-2 m/o  reduction/h) ap- 
plied between the (CH)x electrode and the alkali metal 
electrode, cis-Rich (CH)~ was used in the cell construction 
since it is more flexible than the trans-rich isomer. The 
reduced (CH)x was then oxidized at a constant current of 
0.1 mA until a voltage of -2.4V (vs. Li), characteristic of 
neutral (CH)~, was reached. Electrochemical reduction 
followed by oxidation back to neutral (CH)x converts cis- 
rich (CH)x to the more thermodynamically stable trans- 
rich (CH)~ (9). The trans-rich (CH)~ so formed was then re- 
duced to a 10.0 m/o reduction level using the same 
conditions as described above and was permitted to stand 
for 12h, in order to permit diffusion of the alkali metal 
cations throughout the 200A diam (CH)x fibrils, before 
commencing with the electrochemical studies. 

The [-M0.,0~(CH)-0.~0]~ (M = Li or Na) obtained in this way 
and the TiS2 electrode constituted the cell in its charged 
state. The alkali metal electrode thus served a dual role: 
first in the preparation of the reduced (CH)~ anode, and 
second as a reference electrode during the studies de- 
scribed below. All discharge studies were carried out to 0 
V between the (CH)~ anode and the TiS2 cathode and 
were performed at room temperature. All voltages are 
given with respect to a lithium or sodium reference elec- 
trode. The first discharge/charge cycle of each cell was 
ignored. 

Results 
Discharge~charge characteristics of  [LiQ.~o~(CH)-O.lO]~/ 

TiS2 cells.--These studies were carried out on two 
[Lio.,0+(CH)-~176 cells containing different molar ra- 
tios of [Lir176176 and TiS2. The use of different mo- 
lar ratios permitted the final intercalation level, y, in 
Li~+(TiS2) -y, obtained after discharge, to be varied as de- 
sired. Cells of this type displayed an open-circuit voltage, 
Vow, of ~1.65V. 

Use of a 1:1 molar ratio [Lio.,o+(CH)-~176 cell .--The 
net electrochemical reaction taking place during the dis- 
charge process is given by Eq. [1] 

[Li(,.,0+(CH)-~176 + xTiS., ~ (CH)~ + xLi0.,o+(TiS,) -0-~o 
[l] 

The relationship between cell discharge voltage, Vd, and 
time for representative discharges to 0 V at constant cur- 
rents of 0.2 and 0.1 mA are shown in Fig. 2, curves 1 and 2, 
respectively. Each charge was carried out first at a con- 
stant current to 1.8V and then at a constant applied poten- 
tial of 1.8V for 48h. The 1.8V charging potential was used 
to complete the conversion of the electrode material to 
[Li0.~0~(CH)-~176 and TiS~. Each cell discharge was com- 
pletely reversible, as can be seen from Table I by 
comparing the coulombs involved in a discharge process, 
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Fig. 2. Relationship between the discharge voltage, Vd and time, dur- 

ing the discharge of a 1:1 molar ratio [Lio.,o+(CH)-~176 cell at 0.2 
mA (curve 1) and 0.1 mA (curve 2). 
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Table I. Electrochemical characteristics of [My+(CH)-Y]x/TiS~ cells 

Extent 
Calculated of cell Specific 
coulombs reaction Average energy of 

Constant i Current for 100% Discharge when V~ = Charge discharge reactant 
Molar ratio discharge density ~ discharge b Q(out) c 0 V b Q c J  voltage Vd materials 

[M0.~j(CH)-~176 Cell discharge reaction (mA) (A/kg) (C) (C) (%) (C) (V) (Wh/kg) ~ 

1:1 [Li0.1.+(CH)-~176 + xTiS, -~ 0.1 4.3 1.79 1.40 78 1.39 0.83 13.8 
(CH)., + xLi..,,,~(TiS.,) -~176 0.2 8.6 1.79 1.15 64 1.12 0.56 7.5 

10[Li,.,)+(CH)-('.'~ + xTiS~ 
10:1 0.1 16.6 1.86 0.91 49 0.89 0.65 27.1 

10(CH)~ + xLi+(TiS~) - 

4:1 4[Na,).,o§176176 + xTiS_, ~ 0.05 5.0 1.93 1.23 64 1.17 1.03 33.9 
4(CH)x + xNa,)40+(TiS2) -'-4~ 0.2 19.9 1.93 0.96 50 0.73 1.00 26.5 

Per kg of [M,§ ~]~ and TiS~ used in constructing a cell. 
b Based on the weights of [M,S(CH) -~] ~ and TiS._, used in constructing a cell. The number of moles of [Mj(CH) ~]., used in constructing each 

cell was approximately the same. 
c Q(out) is the number  of coulombs liberated during constant current discharge of the cell to 0 V. 
" The [Li(, ij(CH)-~176 ~ cells were charged at a constant potential of 1.8V for 48h; the [Na,, ,,,XCH)-~176 cell was charged at a constant poten- 

tial of 1.9V for 48h. 

Q(out~, to  t he  c o u l o m b s  i n v o l v e d  in a c h a r g e  process ,  Q,,,. 
No te  however ,  f r om t he  e x t e n t  of a g iven  cell  r eac t ion  
(Tab le  I), t h a t  the  d i s cha rge  r eac t ions  were  no t  en t i r e ly  
c o m p l e t e  w h e n  0 V h a d  b e e n  reached .  A d d i t i o n a l  dis- 
c h a r g e / c h a r g e  cycles  at  0.1 a n d  0.2 m A  gave  s imi lar  
resul ts .  

Use of a 10:1 molar ratio [Lio.Io~(CH)-~176 cell.--The 
e l e c t r o c h e m i c a l  r eac t i ons  t a k i n g  p lace  at  t he  TiS2 cath-  

�9 § - - O J O  ode,  t he  [Llojo (CH) ]x anode ,  a n d  t he  n e t  cell  r e ac t i on  
d u r i n g  t he  d i s c h a r g e  p r oce s s  of  th i s  cell  are g iven  b y  Eq. 
[2], [3], [4], r e spec t ive ly  

TiS2 + Li  ~ + e -  --> Li~(TiS2)- [2] 

10[Li0.,J(CH)-~176 --* 10(CHL. + xLi  ~ + xe-  [3] 

10[Lio.,o§176176 + xTiS~ --~ 10(CH)x + xLi~(TiS2) - 
[4] 

The  r e l a t i onsh ip  b e t w e e n  cell  potent ia l ,  V, a n d  cou- 
l o m b s  t r ans fe r red ,  Q, d u r i n g  a 0.1 m A  c o n s t a n t  c u r r e n t  
d i s cha rge  p rocess  a n d  c h a r g e  p roces s  is s h o w n  in  Fig. 3, 
c u r v e s  C and  C', r espec t ive ly .  The  r e spec t ive  TiS2 a n d  
[Lio.,J(CH)-~176 e l ec t rode  po ten t i a l s  on  d i s c h a r g e  are 
g i v e n  in Fig. 3, c u r v e s  A a n d  B. T he  c o r r e s p o n d i n g  po ten-  
t ials  on  cha rge  are g i v e n  in  c u r v e s  A '  a n d  B' .  C u r v e s  A, B, 
a n d  C c o r r e s p o n d  to Eq.  [2], [3], a n d  [4], r espec t ive ly .  The  
cell  was  t h e n  c h a r g e d  at a c o n s t a n t  c u r r e n t  of  0.1 m A  for 
lh .  The  c h a r g i n g  was  c o m p l e t e d  by  a p p l y i n g  a c o n s t a n t  
p o t e n t i a l  of  1.8V for  48h. 

3 .O I I I I I I~k I I I 

\ 

2.o! 

> 1.C - 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
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Fig. 3. The relationship between the voltage, Y and the charge trans- 
ferred, Q for the I-i,+(TiS~) -y cathode (vs. Li) (curves A and A'), the 
[Li,+(CH)-']x anode (vs. Li) (curves B and B'), and the 10:1 molar ratio 
[/io.,u§176176 cell (curves C and C') during 0.1 mA discharge 
and charge processes, respectively (see text). 

The  cell r eac t ion  was  c o m p l e t e l y  revers ib le ,  as c an  be  
s een  f rom Tab le  I by  c o m p a r i n g  t he  Q(ouu a n d  Q(in~ values .  
Note,  howeve r ,  f r om the  e x t e n t  of a g i v e n  cell  r eac t ion  
(Tab le  I), t h a t  t he  d i s c h a r g e  r eac t ion  was  no t  en t i re ly  
c o m p l e t e  w h e n  0 V h a d  b e e n  reached .  A d d i t i o n a l  dis- 
c h a r g e / c h a r g e  cycles  at  0.1 m A  gave s imi la r  resul ts .  

Discharge~charge characteristics of a [Nao.,o§176176 
TiS2 cell.--The s tud ies  were  ca r r i ed  ou t  on  a 4:1 m o l a r  ra- 
t io [Nao.10+(CH) -~176 flTiS2 cell. The  ne t  e l e c t r o c h e m i c a l  re- 
ac t ion  t a k i n g  p lace  d u r i n g  t he  d i scha rge  p roce s s  is g iven  
b y  Eq. [5] 

4[Nao.~o+(CH)-~176 + xTiS~ ~ 4(CH)x + x Nao.40~(TiS~) -~176 
[5] 

I t  h a s  b e e n  r e p o r t e d  t h a t  Na~+(TiS~) -U u n d e r g o e s  a p h a s e  
c h a n g e  at  y > ~0.4 (10). Therefore ,  the  p r e s e n t  s t udy  has  
b e e n  r e s t r i c t ed  to N a S ( T i S D  -~ for y < 0.4, in  w h i c h  reg ion  
the  r e a c t i o n  g iven  b y  Eq. [5] is be l i eved  to be  revers ib le .  

The  r e l a t i onsh ip  b e t w e e n  cell  d i s cha rge  vol tage,  Vd, a n d  
t ime  for  r e p r e s e n t a t i v e  d i s c h a r g e s  to 0 V at  c o n s t a n t  cur- 
r e n t s  of  0.2, 0.1, a n d  0.05 m A  are s h o w n  in  Fig. 4, cu rves  1, 
2, a n d  3, respec t ive ly .  E a c h  cha rge  was  ca~'ried ou t  at  a 
c o n s t a n t  po t en t i a l  of  1.9V for 48h. The  1.9V c h a r g i n g  po- 
t en t i a l  was  u s e d  to c o m p l e t e  the  c o n v e r s i o n  of  the  elec- 
t r o d e  ma te r i a l s  to [Na0.,o+(CH)-~176 a n d  TiS.,. 

The  cell  d i s cha rges  at  0.05 a n d  0.1 m A  were  c o m p l e t e l y  
revers ib le ,  as c an  be  s een  f rom Tab le  1 b y  c o m p a r i n g  the  
c o u l o m b s  i nvo lved  in  a d i s c h a r g e  process ,  Q(o,~, to  the  
c o u l o m b s  i nvo lved  in a c h a r g e  process ,  Q~n,. However ,  t he  
cell  d i s c h a r g e  at  0.2 m A  was  no t  c o m p l e t e l y  revers ib le .  
A d d i t i o n a l  d i s c h a r g e / c h a r g e  cycles  at  0.05, 0.1, a n d  0.2 m A  
gave s imi la r  resul ts .  

Characteristics of the [M,~+(CH) ~]~/TiS2 cells.--Data 
f rom the  s tud ies  d e s c r i b e d  in t he  p r e v i o u s  s ec t ions  for 
the  t h r e e  cells i n v e s t i g a t e d  were  u sed  to c o m p i l e  the  
i n f o r m a t i o n  in Tab le  I. I n c l u d e d  are the  t h r e e  cells 
c o n t a i n i n g  [Mo.,o+(CH)-~176 a n d  TiS~ in  t he  m o l a r  ra t ios  
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Fig. 4. The relationship between the discharge voltage, Vd and time, 
during the discharge of a 4:1 molar ratio [Nao.lo+(CH)-~176 cell at 
0.2 mA (curve 1), 0.1 mA (curve 2), and 0.05 mA (curve 3). 
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1:1, 10:1, and 4:1 and their corresponding discharge reac- 
tions together with the number  of coulombs calculated 
for 100% discharge, Q(out, oa,c.), of a cell if all the 
[M0.10+(CH)-~176 and TiS2 employed in the cell construc- 
tion underwent  reaction. The coulombs liberated in the 
experimental  discharge, Q(o~t), is given next, followed by 
the extent  of the cell reaction, [Q(ouJQ(out, calca]100. An aver- 
age discharge voltage, Vd was calculated by integrating 
the area under each discharge curve, (V~ • Q(out/), (Fig. 2, 
curves 1 and 2; Fig. 3, curve C; Fig. 4, curves 1 and 3) and 
dividing this value by Q(out). Energy densities given in the 
table were obtained by integrating the area under each 
discharge curve, (Vd • Qcout)) and dividing this value by 
the combined weight of []VIy+(CH)-']~. and TiS2 employed 
in each cell construction. This value was then divided by 
3600 to convert W-s/kg to W-h/kg. 

S t a b i l i t y . - - A f t e r  the discharge/charge cycles de- 
scribed above were completed,  the relationship between 
Voc and t ime for the 4:1 molar ratio [Na0.10+(CH)-~176 
cell was monitored and is shown in Fig. 5, curve 1. The 
cell showed an initial decrease from 1.75 to 1.64V during 
the first 15 days, followed by a very gradual decrease to 
1.59V after 3 months.  Its capacity on discharge after this 
t ime was 69% of that obtained from a discharge carried 
out immediate ly  after complet ion of a charge cycle. The 
relationship be tween Voc and. t ime for the 10:1 molar  ra- 
tio [Li0.,o+(CH)-0.'~ cell is shown in Fig. 5, curve 2. 
This cell showed an initial decrease from 1.65 to 1.50V 
after 5 days, followed by a much more gradual decrease 
to 1.43V after 20 days. Its capacity on discharge after this 
t ime was 88% of that obtained from a discharge carried 
out immediate ly  after complet ion of a charge cycle. 

Discussion 
Since, as described above, neutral (CH)~ can have a po- 

tential in the range 1.8-3.1V (vs. Li) and since Li+(TiS2) - 
has a potential of 1.9V (vs. Li), it is apparent that when a 
10:1 molar ratio [Li0.~0~(CH)-~176 cell is completely 
discharged to 0 V such that the electrodes attain the com- 
positions (CH).~. and Li+(TiS2) -, as given by Eq. [4], both 
electrodes will have a potential of 1.9V (vs. Li). Experi- 
mentally, this can be seen in Fig. 3, for the discharge of 
this cell to 0 V, by the intersection of curve A (the poten- 
tial of the Li,+(TiS2) -~ cathode vs. Li) and curve B (the po- 
tential of the [Li0.1o(,_,)+(CH)-~176 anode vs.  Li), which 
occurs at 1.9V (vs. Li). Although the potential of 1.9V (vs. 
Li) is consistent with the formation of Li+(TiS2)- and neu- 
tral (CH)x the reaction is only 49% complete based on 
Q(out), the coulombs liberated during cell discharge and 
the weights of TiS., and [Li0.,0+(CH)-~176 employed in the 
cell construction (see Table I). This is due to polarization 
of the Li,+(TiS~) -~ and [Liy+(CH)-~]~ electrodes under  the 
applied current densities and to incomplete diffusion of 
Li + ions from the surface of the TiSz to its interior and 
from the interior of the (CH)~ fibrils to its surface during 
the t ime in which the discharge studies were performed. 
These effects can readily be seen, for example, after the 
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Fig. 5. Relationship between the open-circuit  voltage, Voc and time for 
o [Nao.,o~(CH)-~ cell (curve 1) and a 
ILl  o ,o+(CH)-'b"~ cell (curve 2). 

10:1 molar ratio [Lio.10+(CH)-~176 cell was discharged 
to 0 V and then disconnected for 1 min. The Vo~ increased 
to 0.3V as Li § ions diffused into the interior of the TiS.~ 
and toward the surface of the (CH)x fibrils. These effects 
may be related, at least in part, to the fabrication of the 
TiS, electrodes'  being poorer than that obtainable by the 
best state of the art procedures. 

When comparing discharge cycles at different current 
densities for a given cell, it can be seen from Table I that 
the extent of cell reaction decreased with increasing 
discharge current density. This is consistent with in- 
creased polarization and less complete diffusion at higher 
current density discharges, which occurred in a shorter 
t ime period. Comparing the 1:1 and 10:1 molar ratio 
[Lio.,0§176176 cells at the same discharge current 
density (0.1 mA for 0.7 cm 2 of (CH).r), it can be seen that 
the extent  of the cell reaction (78% vs. 49%, respectively) 
is less complete for the 10:1 molar ratio cell. This is con- 
sistent with the fact that both cells employed approxi- 
mately the same amount  of (CH)x so that the 10:1 molar 
ratio cell contained only one-tenth the amount  of TiS2. 
The correspondingly smaller surface area of TiS2 will, 
therefore, increase the effects due to polarization. 

The 1:1 and 10:1 molar ratio cell reactions were essen- 
tially reversible, as can be seen in Table I by comparing 
Q(ou,, the number of coulombs liberated during discharge, 
to Q(in), the number  of coulombs involved during the 
charging process. Since these quantities were nearly the 
same in all cases, these reactions are considered to be es- 
sentially reversible even though they do not proceed to 
completion. The incompleteness of these reactions is be- 
lieved to be due to incomplete diffusion during the time 
of the discharge, so that, in effect, the interior portions of 
the TiS2 particles and the interior portions of the (CH)~ 
fibrils do not actively enter into the reaction processes. 

Since the value of Q(out) for the 0.05 mA discharge of the 
4:1 molar ratio [Na0.,o+(CH)-0.'0]~./TiS2 cell, whose reaction 
is given by Eq. [5], was close to the value of Q(m~ (see 
Table I) obtained in the subsequent charge, this reaction 
may also be considered essentially reversible. However, 
when the discharge was carried out at the higher current  
of 0.2 mA, the value of Q~out) w a s  significantly larger than 
the value of Q(~,). This may be due to the formation of 
some Na,+(TiS~) -~ (y > 0.4) phase at the surface of the 
TiS2, during the rapid discharge process, from which it is 
believed Na § ions may not be readily removed during the 
charging process (11). 

In order to better understand the discharge curve 
shown in Fig. 3, curve C for the 10:1 molar ratio 
[Lio.,0*(CH)-~176 cell, whose reaction is given by Eq. 
[4], a theoretical curve based on equilibrium data has 
been constructed. This theoretical curve, shown in Fig. 6, 
curve C, was constructed from (i) Fig. 6, curve A, which 
gives the equilibrium Voc values of a Li/Li,~+(TiS~) -y cell as 
a function of increasing intercalation of Li § ions into the 
Li,+(TiS2) -y (0 < y ~< 1) electrode as reported by 
Whittingham (12) and (it) Fig. 6, curve B, which gives the 
equil ibrium Vo~ values of a Li/[Lio.,,+(CH)-~176 cell as a 
function of decreasing reduction, i.e., removal of Li ~ ions 
from the [Li,+(CH)-~]~. (0.1 /> y /> 0) electrode, as we have 
reported previously (3). Curves A, B, and C in Fig. 6 corre- 
spond to the equilibrium potentials for the reactions 
given by Eq. [2], [3], and [4], respectively. The calculated 
equil ibrium cell potential (Fig. 6, curve C) is thus based 
on the difference between curves A and B as given by Eq. 
[6] 

Ycell : Ycathodic Vanodic [6] 

Figure 6, curve C represents a hypothetical discharge 
carried out under no load, infinitely slowly, thus 
eliminating polarization and diffusion effects. 

Figure 6, curve B' is an experimental  curve obtained 
from a Li/[Li,).,o+(CH)-~176 cell (employing 3.1 mg of 
(CH)x), when the [Li0.,~+(CH)-~176 electrode was oxidized 
at a constant current of 0.17 mA/cm 2 of (CH)j. (3). If  curve 
B' is combined with curve A using Eq. [6], then curve C' 
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Fig. 6. Potential of: (A) Li,+(TiS2) -"  cathode vs .  Li at equilibrium 
[Ref. (4)]; (B) [Lio.~o,_,)~(CH)-~176162 anode vs.  Li at equilibrium 
[Ref. (3)]; (B') [Lio.~o(~_z)§ -~176162 ")].~ electrode vs.  Li during oxida- 
tion of [Lio.~o~(CH)-~176 to (CH).~ [Ref. (3)]; (C) 
[L io . io~_ , )~ (CH) -~ '~~  - "  cell calculated at equilibrium; 
(C') [L io . io~ ,_ , )~ (CH) -~176247 - "  cell calculated for dis- 
charge (see text). 

is obtained.  This gives a closer  approx ima t ion  than  curve  
C to what  could  be  expec t ed  exper imenta l ly  dur ing  dis- 
charge  of the 10:1 molar  ratio [Li0.~0~(CH)-~176 cell, 
s ince one of  the  curves  (curve B')  represen ts  a d ischarge  
unde r  actual  load condi t ions.  

Curve  C in Fig. 6 is r ep roduced  as curve  2 in Fig. 7. For  
compara t ive  purposes ,  the  expe r imen ta l  d ischarge  curve  
for the 10:1 molar  ratio [Li0.~o+(CH)-~176 cell  (Fig. 3, 
curve  C) is r ep roduced  as curve  1 in Fig. 7. It can  be seen 
that  these  curves  have  a similar  general  shape, but  that, 
owing  to polarizat ion and diffusion effects, the  observed  
cell  d ischarge  react ion (curve 1, Fig. 7) is only  49% 
comple te .  

A theoret ica l  V vs.  Q curve  based on equ i l ib r ium data 
has also been  cons t ruc ted  for the 4:1 mola r  ratio 
[Nao.~o+(CH)-~176 cell. This  theoret ical  curve  shown 
in Fig. 8, curve  2 is cons t ruc ted  f rom (i) equ i l ib r ium Vo~ 
va lues  of  a Na/Na~+(TiS~) -" cell  as a funct ion  of increas ing  
in tercala t ion of  Na ~ ions into the  Na,+(TiS2) -~ (0 ~< y ~< 0.4) 
e lec t rode  as repor ted  by W i n n e t  al. (10) and (ii) equil ib-  
r ium Vo~ values  of  a Na/[Na0.,0+(CH)-~176 cell  as a func t ion  
of  decreas ing  reduct ion,  i.e., r emova l  of  Na § ions f rom the 
[Na,+(CH)-'].~ (0.1 /> y /> 0) e lec t rode  (13). 

For  compara t ive  purposes ,  the  expe r imen ta l  d ischarge  
curve  for the 4:1 mola r  ratio [Na~.io~(CH)-~176 cell 
(Fig. 4, curve  3) is r ep roduced  as curve  1 in Fig. 8. F r o m  
Fig. 8, it can be seen that  the  expe r imen ta l  curve  also fol- 
lows the  general  shape of the theoret ical  curve  for the  
[Na~.,u~(CH)-~176 cell, but, again, owing  to polariza- 
t ion and diffusion effects,  the observed  cell  d ischarge  re- 
act ion (curve 1, Fig. 8) is only  64% complete .  

Compar ing  the  10:1 molar  ratio [Li,,.,,,+(CH)-~176 
TiS,  cell  data  g iven  in Fig. 7 wi th  the  4:1 molar  ratio 
[Na,~.,0+(CH)-".'~ cell  data  g iven  in Fig. 8, it is appar- 
ent  that  the  potent ia l  of  the  [Lio.,0+(CH)-~176 cell  falls 
cont inual ly  as the  d ischarge  react ion proceeds  to comple-  
tion, whi le  the  potent ia l  of  the [Nao.,o~(CH)-~176 cell 
decreases  more  gradual ly  and then  falls rapidly dur ing  
the  last ~10% of its discharge.  This dif ference in the  be- 
havior  of  the  cell potent ia ls  is consis tent  wi th  the  fact that  
the  equ i l ib r ium potent ia l  of  the M,+(TiS2) -" e lec t rode  for 
differ ing values  of  y is d e p e n d e n t  on the  in tercalant  used 
wi th  respect  to a c o m m o n  reference  (e.g., vs. Li) (10, 12), 
whi le  the potent ia l  of  the [M,+(CH)-~]r e lec t rode  for dif- 
fer ing values  of  y is i ndependen t  of the dopan t  used 
(3, 13). S ince  the  potent ia l  of  Na,,+(TiS~) -~ is greater  than  
the  potent ia l  of  Li,+(TiS2) -~ for y ~< 0.4 vs.  a c o m m o n  ref- 
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Fig. 7. Change in voltage of a 10:1 molar ratio [Lio.~o+(CH) -~176 flTiS.., 
cell as a function of percent Li intercalation in Liy+(TiS2)-~ during a 0.1 
mA discharge (curve 1) and at equilibrium (curve 2). 

erence  e lec t rode  (10, 12), the  Na,+(TiS2) - ,  e lec t rode  would  
therefore  be expec ted  to exhib i t  a larger potent ia l  than 
the  Li,+(TiS2) -y electrode,  vs.  a [M,+(CH)-~]~ electrode.  For  
example ,  at y = 0.4, the  potent ia l  of  a Na,+(TiS2) -y elec- 
t rode  is 2.00V (vs. Na), i.e., 2.33V (vs. Li), 2 whi le  the  poten-  
tial of  the co r respond ing  Li~+(TiS2) -y e lec t rode  is 2.20V 
(vs. Li). Also note  that  w h e n  y = 0, the  Vor of  TiS2 vs.  Na is 
2.3V, i.e., 2.63V (vs. Li), 2 whi le  the  cor respond ing  Vo~ of 
TiS2 vs.  Li is 2.45V (see Table  II). 

The  Voc, theoret ical  energy density,  and specific energy  
of  reac tant  materials  are g iven  in Table  II for each  of  the  
fo l lowing cells: the  10:1 molar  ratio [Li0.~0~(CH)-~176 
cell, the  4:1 molar  ratio [Na0.~0~(CH)-".~~ cell, a 
Li/Li,+(TiS.,) -" cell, a Na/Na~+(TiS~) -~ cell, a Li/[Li,+(CH) "]~ 
cell, and  a Na/[Na,+(CH)-Y],. cell. The theoret ica l  energy 
densi t ies  are based on the  area under  the equ i l ib r ium Vo~ 
vs.  Q curves  for each react ion d iv ided by the  total  we igh t  
of  anode  and ca thode  mater ia l  employed  in the  cell  con- 
struction.  For  example ,  the  theoret ica l  energy densi t ies  
for the  10:1 molar  ratio [Li0.,0~(CH)-~176 cell  and the 
4:1 molar  ratio [Na0.~0~(CH)-0.~OlJTiS~ cell  are obta ined 
f rom the  area under  curve  2, Fig. 7 and curve  2, Fig. 8, re- 
spect ively,  and f rom the weights  of  [Mo.t0+(CH)-~176 and 
TiS2 emp loyed  in each cell. The exper imenta l  energy  den- 
sities are based on the  area under  a Vd vs.  Q curve  dur ing  
a cons tan t  current  d ischarge  and the  total  weight  of  an- 

2 Assuming that the difference in the E~d ~ potential between 
Na (2.711V vs. SHE) and Li (3.045V vs. SHE), i.e., 0.334V, will 
have approximately the same value in the electrolytes used in 
the present studies. 
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Fig. 8. Change in voltage of a 4:1 molar ratio [Na..1,)~(CH)-~'IL~].,./TiS.2 
cell as a function of percent Na intercalation in Na~+(TiS2) --~ during a 
0 .05  mA discharge (curve 1) and at equilibrium (curve 2). 
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Specific energy 
Theoretical energy Discharge current of reactant materials 

Cell discharge reaction V~ (V) density (Wh/kg) density (mA/cm 2) (Whlkg) 

10[Lio.,0+(CH)-~176 + xTiS., -~ 
10(CH)~ + xLi§ - 1.65 110.9 a 0.14 27.P 

4[Na~.~(CH)-~176 + xTiS2 --~ 
4(CH)~ + xNao.4o+(TiS._,) -~ 1.80 78.9 ~ 0.14 30.1 ~ 

Li + TiSz ~ Li*(TiS~) - 2.45 480 b 0.3 342 g 

0.40 Na + TiS., --. Na0.,0~(TiSz) -''.4~ 2.3 166 ~, 199 d 2.5 153 h 

0.10x Li + (CH)~. --> [Li0.~o~(CH)-~176 1.80 232 ~ 0.17 201 ~ 
0.10x Na + (CH)~ --~ [Na0.~o*(CH)-~ ~ 1.45 144 f 0.17 115 f 

This work. 
b Ref. (4). 
c Calculated from data in Ref. (10). 
d Calculated from data in Ref. (14). 
e Ref. (3). 
f Ref. (13). 
g Ref. (15). 
h Calculated from data in Ref. (11). 

ode and cathode material employed in the cell construc- 
tion. For example, the experimental  energy densities for 
the 10:1 molar ratio [Li0.10+(CH)-~176 cell and the 4:1 
molar ratio [Nao.lo§ cell are obtained from 
the area under curve 1, Fig. 7 and curve 1, Fig. 8, respec- 
tively, and from the weights of [M0.10§176176 and TiS2 
employed in each cell. 

The Li/TiS2 and the Li/(CH)x cells have significantly 
higher experimental  energy densities than the corre- 
sponding Na]TiS2 and Na/(CH)x cells (see Table II). This is 
due to the lower atomic weight and higher reduction po- 
tential of l i thium as compared to sodium. However, the 
[Nao.lo~(CH)-~176 cell has an experimental  energy 
density (30.1 Wh]kg, close to that of the [Lio.~o§ 
TiS~ cell (27.1 Wh/kg). This is due to the higher potential 
of the [Nao.~o~(CH)-~176 cell during discharge, as dis- 
cussed above. 

As can be seen in Fig. 3, curve C', the charging of the 
10:1 molar ratio [Li0.10~(CH)-~176 cell could not be 
completed at a constant current of 0.1 mA. From Fig. 3, 
curve A', it can clearly be seen that the main cause of this 
is polarization of the TiS2 electrode, resulting in a 
cathode-limited reaction. Thus, the applied charging cur- 
rent caused the Li,+(TiS~) -~ electrode potential to rise rap- 
idly; the charging was therefore completed at a constant 
potential of 1.8V applied between the anode and the 
cathode. 

Improved methods for constructing TiS2 electrodes 
have allowed others to successfully cycle TiS.2 cathodes at 
high current densities (16, 17). Adopting some of these 
methods to the present cells could (i) improve the  
[M0.z0§176176 cells by enabling complete charging 
at high current densities and (ii) improve the energy den- 
sities by enabling the cell reactions to proceed further to 
completion. Improvements  in fabricating the TiS2 elec- 
trodes include a hot bonding technique (11), improved 
binders such as ethylenepropylene-diene terpolymer (16), 
and employing a reduced weight ratio of binder to TiS2. 
All these improvements  have been shown to reduce po- 
larization effects at the TiS., electrode and to improve its 
overall performance in a battery cell. 

Improved electrolytes could be useful in the [M,+(CH)-~]~J 
TiS~ cells. For example, 1.0M LiAsF8 in 2Me-THF has 
been shown to increase the recyclability of LiITiS2 cells 
(17). Since this electrolyte is compatible with the 
[Li,+(CH)-~]~ electrode (18), it could be advantageously 
employed in a [Lio.10~(CH)-~176 cell. 

Other intercalating inorganic materials might  be substi- 
tuted for TiS~ as the cathode-active material in these cells. 
For example, the electrochemistry of the sulfides and sel- 
chides of vanadium, niobium, and tantalum and transi- 
tion metal oxides such as V~Os, MOO3, and MnO.,, has been 
investigated (4). To determine which materials could be 
used in practical cells, theoretical V vs. Q curves, such as 

those given in Fig. 7, curve 2 and Fig. 8, curve 2, should 
be constructed, and the electrochemical characteristics of 
those showing the most promise could be investigated. 

Analogously, other conducting organic polymers might  
be substituted for polyacetylene as the anode-active 
material in these cells. Polyparaphenylene (19) and 
polyquinolines (20), both of which can be reduced 
electrochemically, are the most promising candidates. 

Conclusions 
This feasibility study of cells comprised of the con- 

ducting organic polymer anode--reduced polyacetylene 
and the inorganic intercalating cathode-- t i tanium 
disulfide has shown some promise for practical ceils. The 
major problems associated with li thium anodes are 
avoided. Two cells employing differing molar ratios of 
[Lio.~o+(CH)-~176 and TiS2 as anode- and cathode-active 
materials, respectively, and one cell employing a 
[Nao.10§176176 anode and TiS.~ cathode have exhibited 
promising energy densities and electrochemical reversi- 
bility. Improvements  in the fabrication of the TiS2 elec- 
trode are needed to overcome the observed cathode limi- 
tations of the present cells. Other modifications, such as 
the use of new conducting organic polymer anodes or  
other inorganic intercalating cathodes, may show even 
greater technological promise. 
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Methodology for Predictive Testing of Fuel Cells 
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Energy Research Corporation, Danbury, Connecticut 06810 

ABSTRACT 

A perturbation testing method has been developed and tested for predictive testing of fuel cells. This method in- 
volves application of small changes to the operating conditions of the cell in a predetermined sequence. The resultant 
response of the cell is then measured and statistically correlated with the corresponding test conditions. This method 
has been applied to the phosphoric acid fuel cell, and the effect of operating and cell-component variables on cell- 
performance degradation has been studied. A strong effect of the cell temperature and cathode potential on fuel-cell- 
performance degradation has been observed. A cell-performance degradation model has been formulated, and the un- 
known parameters in the model have been estimated by a regression analysis of the experimental data. A reasonable 
agreement between the fuel cell performance predicted by this model (derived from the perturbation experiments) and 
the unperturbed test data supports the applicability of the perturbation method. 

The phosphoric acid fuel cell being developed for elec- 
tricity generation is expected to have a long operating life 
(typically 40,000h for use in utility power plants). A fuel 
cell aging model is therefore very useful in a cost- 
effective component evaluation and an optimization of 
design conditions minimizing the life-cycle cost. The 
techniques used most often in electrochemical studies for 
developing aging models are steady-state life testing and 
accelerated testing. Steady-state life testing of fuel cells 
offers limited information, is very expensive, and is time 
consuming. In accelerated testing, the cell is run at very 
severe operating conditions (e.g. a cell temperature of 
200~ and a cathode voltage of 0.9V) to accelerate decay, 
and the large changes made in operating conditions to ac- 
celerate decay may cause a shift in the decay mechanism. 
Hence, the decay mechanism during accelerated testing 
may not be representative of design conditions. Acceler- 
ated testing is also expensive, as a large number  of tests 
are required. This paper describes an alternative predic- 
tive testing approach--the perturbation testing techni- 
que- -and  describes its application to the phosphoric acid 
fuel cell (PAFC). 

Theoretical 

Perturbation testing technique.--This technique in- 
volves the investigation of a system response, utilizing 
small, careful changes in the operating conditions to en- 
sure the representative behavior of the decay mechanism. 
It is an adaptation of "Evolutionary Operation" (EVOP) 
(1, 2), originally applied to optimization of plant opera- 
tion. In this technique, changes are made in important 
variables of the plant to find conditions that would in- 

*Electrochemical Society Active Member. 
1Present address: World Energy Systems, Rocky Mount, VA 

24151. 

crease its performance and provide the direction for fur- 
ther improvement. The changes are kept small to permit 
plant operation with an acceptable product. Because in 
the perturbation testing technique several perturbations 
in operating variables are applied to a single cell, fewer 
tests are required than in accelerated testing. Further- 
more, perturbations on the same cell enable cell-to-cell, 
variation-free estimation of model parameters. Thus, the 
perturbation testing technique is cost effective, quick, 
and reliable. 

Decay modes.--In this study, the perturbation testing 
technique is applied to phosphoric acid fuel cells (PAFC). 
The PAFC are operated in the temperature range of 
165~176 At temperatures lower than 165~ the poison- 
ing of the Pt catalyst by CO in the fuel increases, and at 
temperatures higher than 200~ the material stability is 
affected. The basic reactions occurring in the PAFC are 

at anode H2 ~ 2H + + 2e- 
at cathode 2H ++ 1 /202+ 2 e - ~ H 2 0  

overall H2 + I/2 02 ~- H20 + electricity + heat 

The PAFC electrodes consist of platinum, carbon, and 
Teflon. The carbon support provides a conductive and 
highly dispersive base for the Pt (catalyst) crystallites; the 
Teflon mainly imparts hydrophobicity to the structure. 
The phosphoric acid (electrolyte stored in the matrix 
layer) provides a conductive path for H + ions, and electric- 
ity is produced by an electrochemical reaction be- 
tween H2 from fuel and O2 from air. The primary fuel for 
the PAFC is pure hydrogen. However, impure hydrogen 
(containing CO2) may also be used as fuel. 

Knowledge of possible decay modes and important pa- 
rameters affecting the decay is desirable (and even essen- 
tial to predict relative contributions of various decay 
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rates) in performing cost-effective and efficient predic- 
tive testing. The primary decay modes limiting the PAFC 
lives appear to be related to cathode performance decay 
(3). In this study, two primary decay modes are 
considered 

A: Plat inum deactivation (4) 
�9 Catalyst surface area loss by platinum crystallite 

growth 
�9 Platinum dissolution in the electrolyte 

B: Increase in diffusion polarization 
�9 Corrosion of the carbon support 

C + 2H20 ~ COs + 4H ~ + 4e- [i] 
�9 Teflon degradation 

Possible secondary decay modes, such as anode poison- 
ing, matrix-bubble pressure loss, and bipolar plate corros- 
ion, are not studied. The electrolyte-loss decay mode is 
experimentally eliminated by providing a constant sup- 
ply of electrolyte. 

Experimental design.iExperimental variables which 
influence the cell-performance degradation through 
modes A and B are chosen next. Cell temperature,  cath- 
ode potential, and average water partial pressure at cath- 
ode are selected as the operating variables (5). Catalyst 
loading and Teflon content of cathode are selected as the 
cell component  (build) variables. The levels of these vari- 
ables (see Table I) are decided after preliminary experi- 
ments. The criteria for the selection of levels is to have 
the "high" levels low enough to prevent material prob- 
lems (and other problems) and to have the "low" levels 
high enough to provide a measurable decay in each per- 
turbation period. 

A variation on the Balanced Incomplete Block Design 
(BIBD) (6) has been selected for this study. The tradi- 
tional application of an incomplete block design is one in 
which there are too many treatments (too many variables, 
which create the need for too many test runs) to be stud- 
ied in a single block (a test cell, in this case). A balanced 
incomplete design is one in which every pair of treat- 
ments occurs the same number  of times. One purpose of 
the perturbation experiments  is to study the effects of cell 
operating and build variables on catalystdeact ivat ion,  
which results in cell performance degradation. Since the 
catalyst utilization (effectiveness of the cathode catalyst) 
changes with time, the effects of variables has to be esti- 
mated in the presence of this uncontrolled variable (cata- 
lyst utilization). Hence, in the selected design, an impor- 
tant consideration is given to time. The balanced 
incomplete block designs permit  the experimenter  to ob- 
tain a small block of information which can be efficiently 
integrated into a large picture. The particular design cho- 
sen utilizes 2 x 2 factorial design as a block. BIBD is se- 
lected to obtain a snapshot of the effects of two variables 
(T and Vc) in a relatively short period of time (the 2 x 2 
factorial) and then return to the same factorial design at a 
later t ime when catalyst utilization is different. The analy- 
sis of the results of each 2 • 2 factorial design yields the 
effects of the independent  variables (T, Vr Pn2o) on decay 
rates. In addition, a comparison of these effects at two dif- 
ferent catalyst utilization levels (different times) yields 
the mutual interaction between the operating variables 
and the catalyst utilization. 

The use of a second block (2 x 2 factorial) at a later t ime 
does not only obtain the foregoing comparison. It is a vir- 

Table I. Experimental variables and their levels 

Operating variables 

Cell 
component 
variables 

Build CL, 
Levels T, ~ Vc, Volts PH2o, kPa type mg/cm 2 TFE,% 

High 191 0.81 42 I 0.3 40 
Center 184 0.77 35 II 0,6 40 
Low 177 0.73 29 III 0.3 45 

IV 0.6 45 

tual necessity to reduce the effect of changing catalyst 
utilization on the experimental  results and, therefore, the 
estimates of the model  coefficients. By making the sec- 
ond block a mirror image of the first, the confounding of 
catalyst utilization with operating variables can be elimi- 
nated if catalyst utilization is linear with time; if not, it 
can be reduced. 

Balanced Incomplete Block Designs have another ad- 
vantage. Unlike factorial designs, there is no test run with 
all variables at the most severe condition and at the least 
severe condition. By avoiding the most severe condition, 
material problems can be eliminated; by avoiding the 
least severe condition, a measurable decay can be ob- 
tained in a reasonable period of time. 

A complete perturbation cycle is shown in Table II. The 
design is symmetrical with respect to Period 11. The 
operating sequence of the design consists of a 2 x 2 facto- 
rial in the cell temperature and cathode voltage, followed 
by single variable perturbation in water-vapor partial 
pressure. The fourth variable is assigned as a dummy var- 
iable to provide for orthogonal blocking in the design. 
This allows cell-to-cell, variation-free estimation of the 
model parameters. 

It should be noted that this (T x Vc, PH2o) is only one of 
three possible combinations. The other two combinations 
are 

�9 2 x 2 factorial in cathode voltage and water partial 
pressure, followed by single variable perturbation 
in cell temperature (Vcx Pn2o, T) 

�9 2 x 2 factorial in water partial pressure and cell tem- 
perature, followed by single-variable perturbation 
in cathode voltage (PH2o x T, Vc) 

If  all three combinations are to be executed, too many 
test cells will be required. Also, the replicates are needed 
to estimate the experimental  error. Hence, only one com- 
bination is used, and replicates are provided in the exper- 
iments to accomplish the objectives with a min imum 
number  of test cells. The T x Vr PH~o combination is pre- 
ferred because it offers T x Vc interaction, which may be 
stronger than T x P,~o and V~ x PH2o interactions. 

The duration of the perturbation periods (Table II) are 
chosen after the preliminary experiments.  They are se- 
lected to keep the change in catalyst utilization, CU, ap- 
proximately equal in all periods in order to keep Var (ln 
ru) comparable. 

Test ing 

Test facility.--A test facility consisting of 22 high-qual- 
ity test stands was designed and constructed for the pre- 

Table II. A Complete cycle of BIBD with four variables 
(including one dummy variable) 

Duration 
Perturbation of period, 

period T Vr PH~o days 

1 O" O O 5 
2 H" H O 4 
3 L" H O 5 
4 L L O 7 
5 H L O 5 
6 O O O 5 
7 O O H 4 
8 O O L 7 
9 O O L 7 

10 O O H 4 
11 O O O 5 
12 O O H 4 
13 O O L 7 
14 O O L 7 
15 O O H 4 
16 O O O 5 
17 H L O 5 
18 L L O 7 
19 L H O 5 
20 H H O 4 
21 O O O 5 

Variable levels: H-high; O-center; L-low. 
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dictive testing. Digital high-precision meters were used. 
The temperature controller for the cell had a dual 
set point: one to control cell temperature and the other to 
remove the load and to shut off the heating system when 
the temperature increased beyond a preset level. This 
protected the cell from excessive heating. For the oxi- 
dant, the facility provided air during the break-in period 
of the cell, O~ during the perturbation runs, and an O2-N~ 
mixture during the limiting current measurements.  

Perturbat ion tes t ing. - -Eighteen subscale cells (25 cm ~) 
comprising the four buildtypes were assembled for the 
perturbation testing. Excellent reproducibility of the per- 
formance parameters was established (Table III) in the 
test cells to obtain statistically meaningful results. Cell-to- 
cell variation in the Ir-free performance fell within -+ 5 
mV for each buildtype. Perturbation testing was then ini- 
tiated. The operating conditions established during the 
testing were 

Pressure: 
Temperature: 1 

Cathode voltage:J 
Fuel: 
Oxidant: 

Fuel utilization: 
Oxidant utiliza- 

tion: 

101 kPa (1 atm) 
As required 
tion cycle 

by the perturba- 

H~ (pure) 
O2 [humidified, when required, to 
produce desired water partial pressure 
at cathode (see perturbation cycle)] 
75% 
5O% 

The operating pressure, fuel (H~) utilization, and oxi- 
dant utilization were maintained constant during the per- 
turbation testing. The cell temperature, cathode voltage, 
and average water-vapor partial pressure at the cathode 
were maintained constant during each perturbation pe- 
riod. After each period, their values were changed to 
those corresponding to the next period (Tables I and II). 
The new period was initiated soon after the cells were sta- 
bilized at the new values. The catalyst loading and 
Teflon content at the cathode were kept approximately 
constant by using the same cell throughout the perturba- 
tion cycle. 

Measurements made during the perturbation testing 
were 

* Current, cell voltage, open-circuit voltage, and cell 
resistance (measured daily) 

* Limiting current (measured at the beginning and 
the end of each perturbation period) 

* Complete polarization measurements [measured 
when the cell was operating at center levels (at the 
end of periods 6, 11, 16, and 21)] 

From these measurements,  the current and the limiting 
current measurements were used in the data analysis. 
The rest of the measurements were taken for diagnostic 
purposes. 

The planned 21 perturbation runs were completed in 
about 3000h. About 85% of the perturbation data Obtained 
was used in the data analysis. The data from perturbation 
periods 20 and 21 for buildtypes III and IV, and from peri- 
ods 18 through 21 for buildtypes I and II were not used in 
the analysis because of an unplanned disturbance in 
testing. This did not affect the data analysis because the 
lost data represented only 15% of the total. 

Unperturbed tes t ing.- -Four base line cells of buildtype 
IV were operated constantly at centerpoint conditions to 
generate long-term base line performance data for evalua- 
tion of the aging model. The testing continued up to 
about 5500h. 

Data Analysis 
Computa t ion  of  decay rates.--Catalyst  utilization (CU) 

and limiting current density (iL) are selected to represent 
the cell performance degradation via modes A and B, 
respective]y. The limiting current-density data obtained 
during perturbation experiments are measured using di- 
lute O~ (4%O~ + 96%N..,). The data, therefore, are corrected 
as follows 

iL (corrected) = iL (measured) x [Po~ (pert. cond.)/ 

Pox (iL meas. cond.)] 

Catalyst utilization values are computed from the cell cur- 
rent data and the limiting current data collected during 
perturbation tests, using the phosphoric acid fuel-cell per- 
formance model (see Appendix A). The performance 
model and the detailed computation procedure are given 
in Appendix A. Once the CU and iL values are obtained 
for each perturbation period, - d C U / d t  and -diL]dt decay 
rates are computed using the least squares method. A 
typical decay plot is shown in Fig. 1. It can be observed 
that the effect of cell temperature and cathode voltage on 
Pt deactivation is predominant.  Further discussion on 
this is presented later in the section. 

Correlation of  decay ra tes . - -The  correlation of decay 
rates with the corresponding operating conditions is then 
pursued. To begin with, a simple aging model is 
constructed 

For plat inum deactivation (mode A) 

dCU 
ru dt  k,  o exp ( -  Eu/RT) CU ~u 

exp (flu Vc/T) p ~ j u  [2] 

For increase in diffusion polarization (mode B) 

diL 
ri dt ki0 exp ( - E i / R T )  iL ~i 

exp (fli V~/T) P~.~o ~i [3] 

The above model is transformed to a logarithmic form for 
simplicity in correlating the decay rates. The detailed der- 
ivations are presented in Appendix B. The logarithmic 
form of the model is presented below 

For plat inum deactivation (mode A) 

in ru = In ru0 - Eu/R (1/T - l/T) 

+ ~ u ( l n C U - l n C U ) +  B u ( V r  Vc/T) 

+ ~/, (ln PH~o - In PH~o) 

For increase in diffusion polarization (mode B) 

In r, = In rio - E j R  (YT - YT) + ~i (In iL - In iL) 

[4] 

+ fli (Vc/T - Vc/T) + ~i (ln PH~o - In Primo) 

Where 

[5] 

Table III. Reproducibility within a buildtype 

Performance 
characteristics 

I 
0.3 mg/cm 2 
40% TFE 

cells 110-115 

II 
Buildtype 

III 
0.6 mgJcm 2 
40% TFE 

cells 116-118 

0.3 mg/cm 2 
45% TFE 

cells 107-109 

IV 
0.6 mg/cm 2 
45% TFE 

cells 101-106 

Peak performance 
(Ir-free) at 200 
mA]cm ~, mV 

OCV, mV 
02 gain, mV 
Cell resistance, m~ 

628 -+ 4 

921 -+ 3 
66_+2 
IO_+I 

668 _+ 2 

930 _+ 0 
67_+2 
9_+1 

640 _+ 5 

922 _+ 3 
64 _+ 5 
9_+1 

654 -+ 4 

925 -+ 5 
67_+2 
9_+1 
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decay  rate cons tan t  in m o d e  A 
act ivat ion ene rgy  for the  decay  reac t ion  in m o d e  
A 
universa l  gas cons tan t  
absolu te  cell  t empe ra tu r e  
ca thode  vol tage  
average  part ial  p ressure  of  wa te r  vapor  at the 
ca thode  
order  of  the  decay  react ion wi th  respec t  to CU 
l imi t ing  cur ren t  dens i ty  
decay  rate cons tan t  in m o d e  B 
act ivat ion ene rgy  for the  decay reac t ion  in m o d e  
B 
order  of  the  decay  react ion wi th  respec t  to iL 
order  of  the  decay  react ion wi th  respec t  to Vr 
order  of  the  decay  react ion wi th  respec t  to PH~o 
decay rates via m o d e s  A and B, respec t ive ly  
decay rates w h e n  all var iables  at cen te r  level  
t ime  

Init ial ly,  the  average  (for each  period) of  data  f rom cells 
101 to 106 (bui ld type  IV) is fit ted to the  logar i thmic  
mode l  by regress ion analysis.  T h o u g h  a good fit is ob- 
tained,  a h igh  unce r t a in ty  is obse rved  in the  es t imated  
coefficients.  To lower  the  uncer ta in ty ,  data  f rom individ-  
ual  cells  (rather than  average  cell  data) are fi t ted to the  
model .  However ,  the  F- tes t  indicates  a l ack  of  fit. The  
res idual  analysis  reveals  a s tep change  b e t w e e n  per iods  
11 and 12 for a few cells  (this upse t  is caused  by an un- 
p lanned  H.~ outage  dur ing  these  periods). The  above  data  
are exc luded  f rom fur ther  analysis.  Also, the  es t imates  of  
m o d e l  coeff icients  and 95% conf idence  intervals  show 

that  the  CU, iL, and Ps2o t e rms  are very  small  and have  a 
h igh  uncer ta inty .  Hence ,  these  t e rms  are de le ted  f rom the  
model .  

Finally,  a good fit is ob ta ined  w h e n  data  f rom the  first 
six per iods  are fi t ted to the  model .  The  m o d e l  coeffi- 
cients,  s tandard  deviat ions,  and 95% conf idence  intervals  
are l is ted in Table  IV. The  last co lumn  in this table  is the  
overal l  act ivat ion energy,  wh ich  is a func t ion  of  Ve. Al- 
t hough  the  es t imates  of  Eu, flu, Ei, and fli are s tat is t ical ly 
s ignif icant  (because thei r  m e a n  va lue  es t imates  are rela- 
t ive ly  m u c h  larger  t han  the  co r respond ing  s tandard  devi- 

Table IV. Parameters estimated after excluding CU, i i ,  and 
PH~o terms from regression equation 

Buildtype IV (0.6 mg/cm 2 cathode loading, 45% TFE) 

Eoverall 
Eu flu = El -0.77R/3 l 

Parameter In r~ 0 caYg mol K/V caYg mol 

Estimate -4.309 16900 8100 4500 
Std. error 0.078 5900 1100 6100 
95% Conf. interval -+0.164 -+12400 -+2300 -+12900 
Based on t0.0~, ,s = 2.1 

Eoverall 

E~ Bi -0.77R/31 
Parameter In r, o caYg mol  K/V caYg mol 

Estimate -5.551 18700 2900 5700 
Std. error 0.087 6600 1200 6900 
95% Conf. interval -+0.183 -+13900 -+2600  -+14400 



2754 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY December 1984 

ations), when they are combined in an overall activation 
energy the two factors tend to cancel each other out, leav- 
ing a number which is relatively small compared to its 
standard deviation. This result, however, does not dimin- 
ish the significance of the two parameters, E and fl (see 
Table IV). 

The strong effect of Vc on - d C U / d t  is analyzed for a 
proper interpretation. The voltage term ( f l u V c / T )  of the de- 
cay model  can be compared with the a F V c / R T  term from 
the Tafel equation. After multiplying both the terms by 
R T / V c  and after rearranging, a can be represented as 
f i u R / F .  Based on flu = 8100 K / V  (see Table IV), a is com- 
puted to be 0.7, which agrees with a values obtained 
from the corrosion study of the Vulcan XC-72 carbon 
(used in this study as the catalyst support material) at 
ERC (unpublished work). It is an interesting result, be- 
cause it suggests that the effectiveness ( i . e . ,  activity 
and/or catalyst surface area) of the cathode catalyst is 
significantly affected by the cathode voltage, probably 
via carbon-support corrosion (see Eq. [1]). 

The final form of the aging model for each of the four 
buildtypes is shown in Table V. The decay-rate equation 
accounting for the diffusion loss is discarded because the 
diffusion polarization is negligible for the test duration. 
The effects of the build variables are lumped in the 
decay-rate constants. A relative comparison of the decay- 
rate constants shows that the cathode with 0.6 mg/cm 2 Pt 
loading and 45% Teflon content decays much slower 
than the rest of the electrodes. This is expected because a 
cathode with higher Teflon content may be more resist- 
ant to acid attack and, hence, provide better wetproofing 
to prevent flooding�9 An evaluation of the model is dis- 
cussed in the following section�9 

Table V. Final form of the aging model a 

�9 Buildtype I (0.3 mg/cm 2, 40% TFE) 
ru = - d C U / d t  = 0.0232. exp [-10770 ( 1 / T  - 0.0022)] 

�9 exp [6200 ( V c / T  - 0.0017)] 
�9 Buildtype II (0.6 mg/cm'-', 40% TFE) 

ru = - d C U / d t  = 0.0255 �9 exp [-3523 ( 1 / T  - 0.0022)] 
�9 exp [7400 ( V c / T  - 0.0017)] 

�9 Buildtype III (0.3 mg/cm 2, 45% TFE) 
ru = - d C U / d t  = 0.0213 �9 exp [-9461 ( 1 / T  - 0.0022)] 

�9 exp [5900 ( V c / T  - 0�9 
�9 Buildtype IV (0.6 mg/cm 2, 45% TFE) 

ru = - d C U / d t  = 0.0134 �9 exp [-8505 ( 1 / T  - 0.0022)] 
�9 exp [8100 ( V o / T  - 0.0017)] 

a T - temperature, K; Vc - cathode voltage, V; C U  - catalyst utiliza- 
tion, %; t - time, h. 

Evaluation of the Aging Model 
To evaluate the validity of the aging model  (see Table 

V) the performance predicted by the model (for buildtype 
IV) is compared with the base line performance data. Be- 
cause the model does not contain C U  and iL terms, it pre- 
dicts a linear decay. The base line performance data 
shows an exponential  decay. This indicates that the C U  

and iL terms are necessary and should be included in the 
model�9 The model parameters are therefore re-estimated 
after including the C U  and iL terms�9 Though the F-test 
shows a good fit, the uncertainty in the estimates of the 
parameters increases because of the limited data available 
to estimate C U  and iL parameters (first six periods only). 

Different values of the decay-rate constants and 
within a 95% confidence interval are used to predict the 

Model minimum k o, maximum 

( ~  maximum I~,maximum=r 
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Fig. 2. Comparison of cell performance predicted by aging model derived from perturbation experiments, with unperturbed test data 



V o l .  131,  N o .  12 P R E D I C T I V E  

performance. The min imum values of the decay-rate con- 
stants and the maximum values of a yield a reasonably 
good agreement between the predicted and the experi- 
mental  curves (Fig. 2). The fact that parametric values for 
the best fit lie within the 95% confidence limits of the es- 
timates supports the applicability of this approach. 
Because of a large uncertainty in the parametric values, 
however, it is weak evidence, and further experiments are 
needed to strengthen these findings. 

Summary 
A methodology for predicting long-term fuel-cell per- 

formance from short-term testing, utilizing a perturbation 
testing technique, has been developed and tested on 
phosphoric acid fuel cells. The initial series of perturba- 
tion tests appears to be reasonably successful. The pertur- 
bation levels and the periods selected are sufficient to 
obtain measurable decay. A reasonable agreement be- 
tween the performance predicted by the simple aging 
model derived from the perturbation experiments and the 
unper turbed test da ta  of base line cells supports the ap- 
plicability of the perturbation technique and the method- 
ology used. The methodology developed for perturbation 
testing of PAFC should be further refined and applied to 
other fuel cells, batteries, and electrochemical systems. 

The following effects of the operating and cell-com- 
ponent  variables on the phosphoric acid fuel-cell decay 
have been observed 
�9 Cell temperature and cathode voltage are the domi- 

nant  parameters in the plat inum deactivation. The 
observed effect of cathode voltage on the activity 
and/or catalyst surface area of the cathode catalyst 
may be related to a corrosion of the carbon support. 

�9 No significant effect of water partial pressure on 
cell decay is observed. 

�9 The cathodes with 0.6 mg/cm 2 Pt loading and 45% 
Teflon content decay much slower than the elec- 
trodes having lower Pt loading and /o r  Teflon 
content. 

�9 For the entire test duration, the limiting current 
density remains sufficiently high and, conse- 
quently, the diffusion polarization is found to be 
negligible. 
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APPENDIX A 
Phosphoric Acid F~eI-Cell Performance Model and Estimation 

of Catalyst Utilization 
P e r f o r m a n c e  m o d e l . - - T h e  fuel cell terminal voltage, V, 

can be expressed as 

V = E - Ir - ~?a~oae -Vcathoae ~i -- '} ca~o~e air [A-l] 

In perturbation testing, cathode voltage, Vc, is kept con- 
stant during a period. Hence, substituting V~ for V + Ir + 
~oae in Eq. [A-l] gives 

V~ = E - v~t~o~ ~ t -  7]cathode dif [A-2] 

where the Nernst potential or reversible EMF is 

E = 1.2605-0.00025 T + R T / 2 F  In (P~ Po~ ~/~ P~o -l) [A-3] 

activation polarization at cathode is 

~?~tho~ act = R T / F  In (i x (in x CLo x SAn • CU) -1)  [A-4] 

ZWhere, C U  = CUo[(SAt/SAo) (CLt/CLo)] and in = 0.12 exp 
( -  12,795/RT) Po2 3~4 PH~O 1/2] 

and diffusion polarization at cathode is 

~e~tho~ ai~ = R T / 2 F  In (i~ • (i~ - i)- ' )  [A-5] 
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In the model, C L  and S A  are treated as the initial catalyst 
loading and initial surface area. Any changes in C L  and 
S A  with time, thus, are automatically lumped in the CU 
term. 

E s t i m a t i o n  o f  CU.--The Nernst potential, E, and diffu- 
sion polarization, ~cat~ode d~f, are computed by substi tuting 
i, iL, T, PH2, Po.,, and PH~o (maintained constant during a 
perturbation p~riod) in Eq. [A-3] and [A-5]. Activation po- 
larization at the cathode, Vcathede ~,  is then estimated by 
substi tuting E, ~cathode air, and Vc (kept constant during a 
perturbation period) in Eq. [A-2]. Finally, catalyst utiliza- 
tion, CU, is computed by substituting 9cathod~ ~et, T, i, io, 
CLo, and San, in Eq. [A-4]. 

APPENDIX B 

Transformation to a Logarithmic Decay Model 

The simple aging model represented by Eq. [2] and [3] 
(in the text) can be transformed to a logarithmic form 
below 
in ru = In k~ o - E J R T  + au In CU + fluV~/T + ~'u In PH2o 

[B-1] 
In r~ = In kin - E d R T  + a~ In iL + fiiV~/T + % In PH.zo ~B-2] 

The most general logarithmic form is obtained by ex- 
panding In r in a Taylor series in terms of 1/T;ln CU, In iL, 
V J T ,  and 111 PH2o about the center point 

In % = In ru0 + a~ (1/T - l/T) + a2 (in CU - In CU) 

+ a3 ( V J T  - Vc/T) 

+ a4 (ln P,.~o - In PH.zo) + Vz aN ( 1 / T  - 1/T)'- 

+ V~ a~ (ln CU - I K - C ~  2 + V2 a3~ ( V J T  - V ~ ' )  2 

+ ~ a44 (in PH2o - In PH2o) 2 + arz (1/T - l/T) in (CU - In CU) 

+ ai~ ( 1 / T  - l /T) ( V J T  - V~/T) + a~4 (1/T - l/T) (in P.~o 

- I n  Pa. . ,o)  

+ a23 (ln CU - In CU) ( V J T  - Vc/T) + a24 (in CU - In CU) 

( In PH~o - In PH.zo) + a~4 (Vc/T - Vc/T) (in P~zo - In P~o) 
+ higher order terms [B-3] 

Most general forms for In ri can be obtained similarly. How- 
ever, quadratic, interaction, and higher order terms are ne- 
g lec ted  in  order  to have a s imple  l inear  model .  The 
simplified model is 

In ru = In r~o + a~ (1/T - 1/T) + a.~ (ln CU - In CU) 

+ a~ ( V J T  - VJT)  + a4 (in P.2o - In PH2o) [B-4] 
and 

In ri = In rio + al' (1/T - 1/T) + a.z' (ln iL - in iL) 

+ a3' ( V J T  - V~/T) + a4' (ln P,2o - In P,~o) [B-5] 
o r  

1 
ln ru  = l n k ~  o + a , - ~ +  a ~ l n C U + a ~ V J T + a ~ i n P , ~ o  

and [B-6] 
1 

in ri = In kin + a~' -~ + a~' In i~ + a~' V J T  

+ a4' In Pn~o [B-7] 

Comparison of [B-6] and [B-7] with [B-I] and [B-2], respec- 
tively shows 

a~, a~' = - E J R ,  - E i /R  

a~, a~' = eel, c~ 

a~, a~' = fl~, fl~ 

a4~ a 4 '  = ~u, "/i 

Substi tut ing the above relationships into Eq. [B-4] and 
[B-5] gives 

In r~ = In r~ o - E J R  (1/T - 1/T) + a~ (In C U  - In CU) 

+ fl~(Vr - V~/T) + ~ (ln P~o - In P~o) [B-8] 

and 
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in ri = in rio - Ei/R (1/T - l/T) + ai (ln ii - In i3 

+ fli (VdT - VdT) + ~i (ln P~o - In P~o) [B-9] 

CLo 
e l i  
CU,I 
CU 
E 
Ei 

E~ 

F 
I 
i 
iL 
i~ 

~i 0 
ku[} 
P,.,, Po,.,, P.,,.o 

R 
r 
ri 
r~ 
SAo 
SAt 
T 
t 
V 
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Some Characteristics of Pb02 Doped with Various Elements 
A. Delmastro and M. Maja* 

Dipartimento di Scienza dei Materiali ed Ingegneria Chimica, deI Politecnico di Torino, 10129 Torino-Italia 

ABSTRACT 

The doping effect of various elements (Ag, As, Co, Ge, Mn, Ni, Sb, Se, Sn, Te, and Zn) on the O/Pb ratio, on morphol- 
ogy, and on self-discharge of alpha and beta lead dioxide have been investigated. These dopants increase the O/Pb ratio 
and, with the exception of As, Te, Sn, and Mn in the beta form, lower the self-discharge rate. The effects on the morphol- 
ogy are evident only for Ge and Sn at concentrations greater than 100 ppm in the solution. 

It is well known that alloying elements in the lead of 
positive grids and inorganic compounds added to active 
material during manufacturing of plates of Pb-Ac batter- 
ies can affect the behavior of cells in various ways. The 
impurities in sulfuric acid used for plates' conversion and 
during battery service life can also have a noticeable 
influence (1). In fact, the alloying constituents of positive 
grids can enter the lattice of oxides that form during cor- 
rosion, thus influencing the electrical characteristics of 
contact between active material and the grid. Moreover, 
alloying elements that dissolve in electrolyte and the im- 
purities of-sulfuric acid can dope both allotropic forms of 
PbO2 during cycling of the batteries, thereby promoting a 
stabilization of some structures and changing some active 
material properties. 

Years ago, our research group began a systematic study 
concerning the electrochemical characteristics of alpha 
and beta lead dioxide doped with various elements. Some 
results regarding the influence of ant imony have been re- 
ported (2, 3). In this work, the study is extended to other 
elements which can be present in lead-acid batteries, both 
as alloying constituents of grids and as impurities of 
electrolyte. 

Studied in particular is the influence of Ag, As, Co, Ge, 
Mn, Ni, Sb, Se, Sn, Te, and Zn, inserted as doping ele- 

* Electrochemical Society Active Member. 

ments in the lattice of lead dioxide, on stoichiometry de- 
viation, crystal morphology, and self-discharge. 

The effect of 24 contaminant  ions on the gas generation 
rate of the lead-acid cell has been examined by Pierson 
et al. (4) in order to determine the permissible impurity 
concentration levels in a maintenance-free battery. They 
find that only five elements (As, Co, Ni, Sb, and Te) have 
a drastic effect on gassing during constant overcharge 
tests. 

Mahato and Tiedemann (5) have studied the effect of 
trace As, Co, Ni, Sb, and Te ions on linear potential sweep 
curves of lead-acid battery electrodes. By considering the 
hydrogen and oxygen overvoltage change, these authors 
show the dangerous effects of As, Sb, and Te on negative 
plates and of Co and Ni on positive ones. 

Experimental 
According to the method referred to in the literature (6), 

various samples of the two allotropic forms of lead diox- 
ide had been prepared. Alpha lead dioxide was electrode- 
posited on Pt electrodes from a 2M KOH solution satu- 
rated with PbO at a current density of 10 mA/cm 2. Beta 
lead dioxide was electrodeposited on Pt electrodes from a 
0.5M lead-nitrate solution containing 0.15M nitric acid at a 
current density of 100 mA/cm ~. The solutions were stirred 
and maintained at 30~ 
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Doping of PbO~ was achieved by adding to the pure 
electrodeposition solution known amounts of doping ele- 
ments: As, Ge, Sn, Te, Sb, Se, and Zn for the alpha form; 
and Ag, As, Co, Ge, Mn, Ni, Sb, Se, Sn, Te, and Zn for the 
beta form. The doping elements were added to the solu- 
tion as nitrates or as oxides dissolved in KOH. By increas- 
ing the concentration of some doping elements in the 
electrolyte above 100 ppm, the current efficiency for lead 
dioxide deposition abruptly decreased yielding powdery 
deposits (Fig. 1). For this reason, the maximum concen- 
tration of the studied elements was limited to 100 ppm. 
This finding was evidence of the influence of the consid- 
ered elements. 

After electrodeposition, the electrodes were washed in 
ammonium acetate and in distilled water; then they were 
dried in air. The influence of doping elements on the 
morphology of lead dioxide crystals was determined by 
observing with a scanning electron microscope (SEM) the 
surface of some anodic deposits obtained from solutions 
containing up to 200 ppm of dopant. 

In  order to determine the characteristics of the dioxide, 
the anodic layers were detached from the Pt substrates 
and carefully ground in a mortar to obtain a fine homoge- 
neous powder. The phase purity and crystallinity of pow- 
der samples were tested by means of x-ray diffraction. 
The true surface area was determined by the standard 
BET method using nitrogen adsorption. A sample of the 
powder was analyzed to determine the amount  of the 
doping element and the deviations from the stoichiome- 
try (O/Pb ratio) of lead dioxide. The amount  of doping ele- 
ments was determined by means of inductively coupled 
plasma spectrophotometry, while the O/Pb ratio was mea- 
sured by iodometric titration of active oxygen (7). 

The self-discharge of lead dioxide was studied by 
measuring the oxygen evolution-rate at the rest potential 
of the dioxide in sulfuric, acid, employing an apparatus 
similar to that described by Ruetschi (8). For this pur- 
pose, 1.5g of powder was introduced in a small glass tube 
for a microvolumetric gassing test; the tube was then 
filled with pure sulfuric acid having a density of 1.4 g/cm 3 
and was maintained at a temperature of 30 ~ - 0.05~ 

During these tests, which lasted 10 days, the amount  of 
oxygen developed was periodically measured, and self- 
discharge equivalent currents of lead dioxide were calcu- 
lated from the data collected. 

Results and Discussion 
Doping and stoichiometry deviation.--The analytical 

method employed to measure the stoichiometry of PbO~ 
permits the determination of the amount  of tetravalent 
lead ions in the lattice 'of this compound. The same 
method, applied to doped PbO~, also takes into account 
the amount  of doping elements having an oxidation num- 
ber at which they behave as an oxidant in respect to chlo- 
ride ions. 

The doping elements considered in this work can have 
a variable valency, and the deposition potential of lead di- 
oxide assures their codeposition with tetravalent lead 
ions in one of their oxidized states. Because the doping el- 
ements can have a different oxidation-number variation 
during the iodometric analysis, they do not behave the 
same way with respect to chloride ions. However, consid- 
ering that the O/Pb ratio increase, calculated from the 
amount  of doping elements present in the lattice at their 
highest oxidation number,  will be markedly lower than 
the measured values, the O/Me ratio obtained by iodomet- 
ric titration can be taken as the effective atomic ratio 
value of the doped dioxide. 

In  the case of pure alpha and beta forms, in agreement 
with the data reported in the literature (9), the analysis 
shows that their O/Pb ratios are equal to 1.87 and 1.93, re- 
spectively. These values for the doped lead dioxide will 
increase if the doping element, with an oxidation number  
greater than two, substitutes the bivalent lead ions in the 
lattice or occupies metal vacancies or if the lattice content 
of hydrogen or hydroxyl ions decreases as a consequence 
of doping. 
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Fig. 1. Current efficiency for PbO~ electrodeposition from solutions 
containing As 3§ ions as impurity. 

The data concerning the O/Pb ratio for the doped 
allotropic forms and the amount  of doping elements in 
the lattice are reported in Fig. 2 and 3 and in Tables I and 
II. Under the same conditions of temperature, current 
density, and concentration of doping elements in the elec- 
trolyte, the ion which codeposits in the greatest amount  
in the alpha allotropic form is antimony, followed in de- 
creasing order by Zn, Sn, Ge, Te, Se, and As. For the beta 
lead dioxide, the following decreasing series has been es- 
tablished: Sb, Ge, Te, Mn, As, Sn, Ag, Se, Co, Zn, and Ni. 
The results show that the O/Pb ratio for both the alpha 
and beta lead dioxide increases with the doping element 
amount  in the lattice and that the increasing of the stoi- 
chiometry in the case of the alpha form is higher than that 
observed for the beta form. The alpha lead dioxide doped 
with Ge, Se, and Te presents an O/Pb ratio nearly equal to 
that of the pure beta form. 

By comparing the amount  of doping elements which 
can be codeposited with tetravalent lead ions from both 
alkaline and acid solutions (Table I) at the same concen- 
tration of doping ions added to the electrolyte used in 
anodic electrodeposition of PbO2, it is possible to order 
these elements in the following decreasing series: Sb, Zn, 
Ge, Te, Sn, AS, and Se. 
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Fig. 2. O/Pb ratio vs .  dopant content in the electrolyte 



2758 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  December 1984 

O/Pb 

1.98 

1.96 
O 

1.94 ~ ~ 
[ ]  

1.92 t - ~ ~PbO2 
1 .90 / , I -  , , , , , , , 

0 20 4'0 60 8'0 1() 0 

As 
..Se 

,.Zn 

ppm 
Fig. 3. O/Pb ratio vs .  dopant content in the electrolyte 

Table II. Mean value of the O/Pb ratio for ~ and/3 PbO2 
for various concentrations of impurities in the solution 

Concentration of impurity in the solution 
PbO2 Impurity 10 ppm 20 ppm 40 ppm 100 ppm 

As 1.900 1.905 1.905 1.905 
Ge 1.915 1.920 1.925 1.925 
Sb 1.890 1.900 1.910 1.910 
Se 1.905 1.915 1.920 1.920 
Te 1.905 1.920 1.930 1.935 
Sn 1.900 1.910 1.920 1.890 
Zn 1.910 1.920 1.915 1.900 

Ag 1.930 1.930 1.930 1.930 
As 1.935 1.940 1.945 1.950 
Co 1.930 1.930 1.935 1.940 
Ge 1.930 1.930 1.930 1.930 
Mn 1.930 1.935 1.940 1.940 
Ni 1.930 1.930 1.930 1.930 
Sb 1.930 1.930 1.930 1.930 
Se 1.930 1.935 1.940 1.940 
Sn 1.930 1.935 1.935 1.940 
Te 1.930 1.935 1.940 1.950 
Zn 1.930 1.930 1.930 1.930 

In order to ascertain the influence of the various 
dopants on the lead dioxide stoichiometry, the data corre- 
sponding to the same concentration of doping element  in 
the PbO~ lattice are compared. For this purpose, the ex- 
perimental O/Pb ratio data are interpolated to calculate 
the value for a given dopant concentration (0.01%). The el- 
ements are ordered according to the following decreasing 
series: Te, Ge, Se, Zn, Sn, As, and Sb for the alpha lead 
dioxide; and Co, As, (Se, Sn, Mn, Zn), (Te, As, Ge), and Sb 
for the beta lead dioxide. It is interesting to observe the 
opposite positions occupied by As and Te in these series. 
The positions can only be explained by supposing that, 
according to the allotropic form, two different action 
mechanisms for these elements must be taken into ac- 
count. Moreover, the great influence of the studied ele- 
ments on the O/Pb ratio, compared with their concentra- 
tion in the lattice, reveals that the stoichiometry deviation 
of the dioxide can be attributed to the decreasing of hy- 
drogen and hydroxyl ions in the lattice as a consequence 
of doping. 

By considering the above reported results, it is possible 
to determine that the major effect of Sb on the properties 
of alpha PbO.~ is strictly connected with the higher level 
of doping which may be obtained with this element. 

Finally, SEM observation of electrodeposited anodic 
layers shows that, while the effect of the dopants is practi- 
cally negligible in the case of beta PbO2, the elements 
codeposited with lead from solutions containing up to 100 

Table I. Mean value of impurities percentage in 
c~ and/3 PbO2 for various concentrations 

of impurities-in the solution 

ppm of dopant cause a small reduction of the crystal size 
of alpha PbO2 without substantially modifying the crystal 
morphology. A comparison of the structures of pure al- 
pha PbO2 and Ge- and Sn-doped alpha PbO., anodic layers 
is shown in Fig. 4-6. 

For impurity concentration greater than 100 ppm, the 
current efficiency of PbO~ electrodeposition decreases, 
as previously described, and the anodic layers formed are 
powdery. In the case of Ge- and Sn-doped alpha PbO2 ob- 
tained from solutions containing impurity concentration 
of 200 ppm, the SEM observation of the anodic layers 
shows a "soap bubble" structure, as in the case of Sb- 
doped alpha PbO2 (2). These results indicate that, gener- 
ally, the impurities, entering the lattice of alpha PbO2, 
change the oxygen overpotential and the crystal morphol- 
ogy by increasing the active areas for the oxygen evolu- 
tion. As a consequence, the oxygen evolution is the main 
process above a critical impurity concentration at which 
the PbO,2 anodic layers cannot form any more. 

Self-discharge.--It is well known that lead dioxide is 
not thermodynamically stable in sulfuric acid solutions 
because of the high value of its standard potential of re- 
duction with respect to the oxygen/hydroxyl ion couple. 
In spite of that, the reaction rate of self-discharge PbO2 + 
H~SO4 = PbSO4 + H~O + 1/2 O~ is very slow. Because the 
lead dioxide reduction occurs in sulfuric media at a very 
low overpotential, it is easy to forecast that the self- 
discharge reaction, in the absence of a reductive agent, is 
a process controlled by oxygen evolution. The recent de- 
velopments in electrocatalysis concerning the oxygen 
evolution reaction on conductive oxides (10) take into ac- 

PbO2 Impurity 

Concentration of impurity 
in the solution 

40 ppm 100 ppm 

As 0.0026 0.0071 
Ge 0.010 0.024 
Sb 0.188 0.480 
Se 0.0065 0.018 
Sn 0.021 0.045 
Te 0.0090 0.023 
Zn 0.105 0.252 

Ag 0.011 0.032 
As 0.026 0.061 
Co 0.0041 0.0092 
Ge 0.044 0.115 
Mn 0.023 0.063 
Ni Traces Traces 
Sb 0.077 0.196 
Se 0.010 0.023 
Sn 0.018 0.041 
Te 0.036 0.088 
Zn 0.0012 0.0032 

Fig. 4. SEM micrograph of pure aPbO2 electrodeposited from KOH 
saturated with PbO, (idep = 10 mA/cm ~, T = 30~ 
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Fig. 5. SEM micrograph of c~PbO.2 electrodeposited from KOH sat- 
urated with PbO, containing 200 ppm of Ge (idep = 10 mA/cm 2, T = 
30~ 

Fig. 6. SEM micrograph of ~Pb02 electrodeposited from KOH sat- 
urated with PbO, containing 200 ppm of Sn (id~p = 10 mA/cm z, T = 
30~ 

count various parameters such as geometrical factor, ad- 
sorption and desorption energy of  intermediates, O/Me ra- 
tio, and surface activity. This reaction is extensively stud- 
ied in the case of PbO2 electrodes. 

Ruetschi et al. (11) shows that  the kinetics of oxygen 
evolution on the two forms of lead dioxide are different 
for both Tafel slope (0.07 for the alpha form and 0.12 for 
the beta form) and exchange current density (1.77 10 -16 
and 6.2 • 10 -1~ A/cm 2, respectively). Thus, while the over- 
potential differences become smaller at open circuit near 
the reversible potential of the dioxide/sulfate couple, the 
oxygen overvoltage on beta dioxide is higher than the 
value on the alpha form at high current density. On the 
other hand, Makrides (12) claims that no difference exists 
between the two forms if a nonporous film of the dioxide 
is deposited on Pt  electrodes. The same results are also 
reported by Vuorio (13) and Hyvarinen (14). This disagree- 
ment  can be resolved by considering the possibility that 
the alpha lead dioxide, in acid media, can transform to 
the more stable beta form. 

The increase in activity of alpha lead dioxide with re- 
spect to beta has been attributed to different surface lat- 
tice spacing (10). Moreover, the position of  lead dioxide 
on the "volcano curve" (10) indicates that the oxygen va- 
cancies in the dioxide are responsible for its activity and 
that the decrease in nonstoichiometry, involving a weak- 
er adsorption intermediate, produces a decrease of 
electrocatalytic activity of the dioxide. In regard to the 
surface activity, it must  be pointed out that the physical- 
chemical  methods used to measure the true surface of a 
specimen do not give information on the electrochemical 

active surface which can otherwise be obtained by means 
of capacitance measurements.  And finally, the literature 
refers to some evidence concerning the adsorbed species 
on lead dioxide (15). It is generally accepted that atomic 
oxygen, OH radicals, sulfate ions, and water molecules 
are present on the dioxide surface according to the ap- 
plied potential. 

In order to study the reaction rate of self-discharge, 
some microvolumetric determinations of oxygen evolved 
from a known amount  of pure m~d doped lead dioxide 
ground and put into a sulfuric acid solution are carried 
out. Doped lead dioxide samples are prepared from solu- 
tions containing the same concentration of the doping el- 
ement  (100 ppm). They have different stoichiometry and 
various compositions, as it has been shown above. The 
specific area of the samples is reported in Table III. 

It must  be noted that while specific areas of alpha 
PbO~ agree with the data in the work of Voss and Ruetschi 
(8, 16), the results for beta lead dioxide do not agree with 
the data in the literature. On the other hand, the tests 
show that the pure and doped beta allotropic forms, pro- 
duced by anodic deposition and powdered as described 
above, have in all examined cases the same granulometry 
of the alpha form, but a lower BET area. Capacitance data 
obtained from impedance measurements on pure and an- 
t imony-doped alpha and beta electrodeposited PbO2 seem 
to agree with BET data (17). 

The collected experimental  data, with daily measure- 
ments made for ten days, have been transformed using re- 
gression linear analysis, to the mean values of seif- 
discharge current and self-discharge current density, as 
reported in Table III. For these data, varying behavior of 
doped alpha and beta lead dioxide occurs, and some re- 
marks on the influence of the doping elements c a n  be 
made. The values of self-discharge current density for the 
two pure lead dioxide forms are about the same. In the 
doped alpha form, all such values are smaller than those 
for the pure form. Whereas the dopants always decrease 
the self-discharge current for alpha PbO.~, three groups of 
elements having different effects can be depicted for 
doped beta PbO2: As, Mn, and Sn increase the self- 
discharge current values, while Co and Te exhibit  an al- 
most null effect; and all the remaining elements show 
smaller values for self-discharge current density than in 
the case of the pure forms. 

To study the effect of the doping elements on the self- 
discharge current density, some tests with lead dioxide 
specimens containing different concentrations of dopants 
are performed. In the range of dopant concentrations con- 
sidered in this work, the results of these tests seem to in- 

Table III. Surface area, oxygen evolution rate, and self-discharge 
current density for various doped Pb02 samples, obtained from solutions 

containing 100 ppm of impurity, in H2SO 4 (d = 1.14) at 30~ 

Oxygen Self-discharge 
BET area evolution current density 

PbO.z Impurity (m2/g) rate (/zA) (t~A �9 10-4/cm 2) 

- -  0.48 6.74 9.36 
As 0.88 2.96 2.24 
Ge 0.67 7.31 7.27 
Sb 0.69 6.24 6.03 
Se 0.65 2.19 2.25 
Sn 0.54 1.49 1.84 
Zn 0.64 2.84 2.96 

--  0.24 3.47 9.64 
Ag 0.38 1.89 3.32 
tks 0.28 7.04 16.76 
Co 0.13 1.85 9.48 
Ge 0.33 3.13 6.32 
Mn 0.39 9.73 16.63 
l"qi 0.27 3.32 8.20 
Sb 0.19 1.78 6.25 
Se 0.23 2.70 7.83 
Sn 0.30 8.77 19.48 
Te 0.25 3.72 9.92 
Zn 0.42 3.97 6.30 
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dicate a proport ionali ty between the doping element  con- 
centrat ion and the self-discharge current density. 

As a consequence of interpolating the experimental  
data, the self-discharge current  densities corresponding 
to the same concentration of dopants in the PbO2 lattice 
(e.g., 0.01%) are calculated, and the following series is ob- 
tained, in which the elements are in a decreasing self- 
discharge current  densi ty order: As, Ge, Se, Te, Sn, Sb, 
and Zn with lowering effect in doped alpha PbO~; Sn, As, 
and Mn with enhancing effect; Co and Te with negligible 
effect; and Zn, Se, Ag, Ge, and Sb with lowering effect in 
doped beta PbO2. It is interest ing to note the opposi te  po- 
sitions occupied by Zn and Ge in this series, the same ap- 
proximate  locations of Se in the sets, and the smallest 
values of self-discharge current  densi ty (always showed 
by lead dioxide doped with Sb). 

Except  for the results of beta PbO2 doped with As, Mn, 
Sn, and Te, for which an increase in stoichiometry corre- 
sponds to a fairly important  increase in self-discharge 
current  density, the catalytic activity of oxygen evolution 
tends to reduce in all other cases when the O/Pb ratio 
values are increased. This agrees with recent discussions 
(10) on the electrocatalytic activity of the oxygen evolu- 
tion process on oxides. 

When comparing our results concerning the effect of Co 
and Ni with the l i terature data (5, 18) which report  a de- 
crease of the oxygen overvoltage when Ni and Co are 
added to the Pb-acid bat tery electrolyte, it appears  that 
these impuri t ies  act according to a catalytic mechanism 
(18) involving the ions present  in the solutions and not as 
a consequence of doping. 

Conclusions 
Some general conclusions can be drawn from the re- 

sults discussed above. 
1) By considering the dopants  which can be present  both 

in alpha and in beta PbO~, the  alpha allotropic form in- 
corporates greater amounts  of Sb, Sn, and Zn, whereas 
the beta form incorporates greater amounts  of As, Ge, 
Se, and Te. 

2) The doping of alpha PbO2 produces an increase in the 
O/Pb ratio which always corresponds to the decrease 
in oxygen evolution rate, according to ideas of electro- 
catalysis theory concerning the relation between oxy- 
gen overpotential  and oxide stoichiometry. 

3) Doping of beta PbO2 produces  a small increase in stoi- 
chiometry,  and only in the case of Ag, Co, Ge, Ni, Sb, 
Se, and Zn is an increase in oxygen overpotential  
observed. 

4) The greatest  effect of doping elements on self-dis- 
charge current  densi ty occurs for Sn in the case of beta 
PbO2 and for Ge in the case of alpha PbO2. 

5) In regard to crystal morphology of PbO2, the effect of 
dopants on beta lead dioxide is practically negligible, 
whereas the elements codeposited with lead in the al- 
pha form cause a small reduction of crystal size up to 
100 ppm concentration; moderate  variations of the 
crystal habi tus  of alpha PbO2 occur at Ge and Sn con- 
centrations greater than 100 ppm. 
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ABSTRACT 

The electrochemical doping process of polyacetylene has been investigated in li thium cells using li thium perchlo- 
rate in propylene carbonate as the electrolytic solution. The kinetics and the cyclability of this process have been exam- 
ined by cyclic voltammetry, charge-discharge curves, and EPR analysis. The results show that, for film-type 
polyacetylene electrodes, the kinetics are controlled by the diffusion of the dopant species throughout the polymer. This 
diffusion appears particularly slow from the bulk to the surface of the polymer so that constant-current charge- 
discharge cycles of polyacetylene film electrodes may sustain only low rates (i.e., in the range of microamperes per 
square centimeter), and have a poor coulombic efficiency (i.e., of the order of 50%). Much better performance is offered 
by foam-type polyacetylene electrodes, where the intrinsic high porosity produces an improved surface morphology, 
which in turn favors the diffusion of the dopant species. Indeed, constant-current, charge-discharge cycles at reasonably 
high rates (i.e., in the range of milliamperes per square centimeter) and reasonably good coulombic efficiencies (i.e., of 
the order of 85%), have been obtained with l i thium cells using this type of polyacetylene electrodes. 

Much interest has lately been devoted to polyacetylene 
(PA) films and to their application as electrodes in 
lithium-organic electrolyte batteries (1-4). However, the 
results so far published are somewhat controversial. 
MacDiarmid and co-workers (1, 5) have reported that PA 
can be oxidized and reduced with nearly 100% coulombic 
efficiency in the LiC10,-PC electrolyte and that this cy- 
cling process may be repeated several times (5). However, 
such high cycling efficiency was only. obtained by a con- 
stant current charge followed by an extended, controlled- 
potential discharge. MacDiarmid and co-workers also re- 
ported that the electrochemical oxidized, PA-doped 
electrodes do not spontaneously lose their charge, thus 
showing very good stability and long shelf-life (1). Other 
authors have also observed that only about 50% of the 
charge stored in the oxidized PA can be recovered in a 
constant-current cycle, and the remainder is only accessi- 
ble by the extended controlled-potential discharge (4, 6). 
But, they also presented convincing experimental  indica- 
tions that the electrochemically oxidized PA electrodes 
do suffer a considerable loss of charge upon standing in 
the nonaqueous electrolyte (4, 7). 

Coulombic efficiency and stability are obviously cru- 
cial aspects in the characterization of electrode materials 
for batteries. Therefore, we have considered it important 
to carry out a systematic study on the electrochemical be- 
havior of PA electrodes in nonaqueous electrolytes, in an 
attempt to clarify whether the apparently contradictory 
results are related to intrinsic properties of the polymer or 
to external, controllable factors, such as cis-trans confor- 
mation ratio, surface morphology, preparation technique, 
experimental  procedure, and so forth. 

In  this paper, we discuss the kinetics and the cyclability 
of various types of PA electrodes in the LiC104- propyl- 
ene carbonate electrolyte, on the basis of cyclic voltam- 
metry, polarization, and EPR studies. 

Experimental 
Shirakawa-type polyacetylene films about 0.005 cm 

thick were synthesized according to the procedure de- 
scribed by Ito et al. (8). The specific characteristics of 
these films are: (i) apparent density ranging from 0.7 to 
0.9 g/cm3; (ii) specific conductivity in the range of 1 0  - 9  to 

* Electrochemical Society Active Member. 

10 -~ (12 �9 cm)- ' ,  depending on the cis-trans conformation 
ratio. 

Tile PA foam samples were prepared following the pro- 
cedure recommended by Wnek et al. (9). Pressed foam 
samples about 0.1 cm thick were obtained using a gel as 
an intermediate synthetic step (9). The apparent density 
of these pressed samples was about 0.4-0.6 g/cm 3, and 
their electrical characteristics, both in the undoped and in 
the doped state, were similar to those of the PA films. 

The cis-trans ratio of all the PA samples was varied by 
temperature-induced polymerization. 

In view of the sensitivity of PA to impurities, particular 
care was devoted to the preparation of the electrolyte so- 
lution, and to the assembly of the cell under  controlled 
environmental  conditions. 

Propylene carbonate (PC), a Merck reagent-grade prod- 
uct, was distilled twice under  vacuum and then perco- 
lated through activated alumina. Lithium perchlorate, 
LiC104, a Ventron pure product, was used as received. 
The 1M LiC104-PC electrolyte solution was prepared in a 
dry box and further purified by percolation through acti- 
vated alumina. 

The electrochemical measurements were carried out in 
a glass cell having three compartments separated by po- 
rous glass walls (4). The PA electrodes (approximately 
1 cm 2 surface) were sandwiched in a plat inum mesh and 
housed in the central compartment  of the cell. The Li ref- 
erence and Li counterelectrodes were located in the two 
side compartments. The lower part of the cell was first 
filled with a layer of activated alumina and then by ap- 
proximately 10 cm ~ of the LiC104-PC solution. 

The electrochemical stability of this solution was tested 
in the same cell using the plat inum mesh as the indicator 
electrode. 

All the experimental procedures were performed in a 
controlled-atmosphere dry box. Standard electrochemical 
equipment  was used for the cyclic voltammetry and the 
polarization studies. 

The EPR spectra were recorded on a Varian E-X4 band 
spectrometer with an ancillary temperature-control unit. 
The maximum hyperfrequency power was 5 mW. The ex- 
perimental  tests were performed on 100% trans  PA 
samples in order to avoid isomerization effects on the 
EPR linewidth. 
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Fig. 1. A: cyclic voltammetry of the LiCIOd-PC electrolyte. (Pt mesh 
electrode.) B: cyclic voltammetry of o cis-rich PA film electrode in the 
LiCIOd-PC electrolyte. Scanning rate: 0.4 mV/s. 

Results and Discussion 
As already pointed out in the experimental section, par- 

ticular care was devoted to the preparation and the 
purification of the LiC104-PC solution. Figure 1A shows 
the voltammetric response of a Pt  mesh electrode in this 
electrolyte. The low residual current is a good indication 
of the purity of the electrolyte, whose reduction and oxi- 
dation voltage limits are about 2.5 and 4.0V, respectively, 
vs. Li. 

The cyclic voltammogram of a c/s-rich PA film elec- 
trode in the LiC104-PC electrolyte is shown in Fig. lB. 
The voltammogram reveals two oxidation peaks, at about 
3.6 and 3.8V. respectively, vs. Li. The two oxidation peaks 
suggest a two-stage mechanism for the electrochemical 
doping process of PA in LiC104-PC. Indeed, McKinney 
and Burrow (7), obtained a similar two-peak cyclic 
voltammogram of PA film electrodes in l i thium 
perchlorate-sulfolane electrolyte and suggested the pres- 
ence of two different sites in the PA structure available 
for the electrochemical p-doping process. 

Figure 2 compares the cyclic voltammograms of the cis- 
rich PA film electrodes in LiC104-PC under  different 
scanning rates. Notice that as the scanning rate in- 
creases, the separation between the peaks vanishes and 
finally only one peak becomes detectable. Furthermore, 
the increased scanning rate causes a decrease in the re- 
versibility of the overall process. Therefore, the 
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Fig. 2. Cyclic voltammetry of c/s-rich PA film electrodes in the 
LICIOd-PC electrolyte at various scanning rates. 

voltammetric results indicate that the anodic charging 
(p-doping) process of PA in LiC104-PC is characterized by 
two steps, whose kinetics are strongly controlled by the 
diffusion of the dopant  C104- species throughout the 
polymer. 

In  fact, Farrington et al. (4) and Abe et al. (10) have 
found two plateaus in the charging curve of a Li]LiClO4- 
PC/PA cell. To the contrary, Kaneto et al. (2) reported the 
open-circuit potential of C104- doped, c/s-rich PA elec- 
trodes increases smoothly with the doping level. This ap- 
parent difference may be explained by the diffusion- 
controlled kinetics of the electrochemical doping process 
of PA, whose characteristics can vary considerably with 
the experimental conditions. 

On the basis of Fig. 2, one may reasonably expect that 
at high rates the charge curve of the Li/PA cell may reveal 
only one plateau and the charge-discharge coulombic 
efficiency may remain low. This is indeed what we have 
observed with cells using the same type of PA film elec- 
trodes to which Fig. 2 refers. 

As illustrated in Fig. 3, the constant current charge- 
discharge cycles of these cells show a single-plateau 
charge curve and a poor coulombic efficiency (around 
50%), even at moderate rates, such as 0.05 mA/cm 2. Low 
efficiency seems to be a typical characteristic of PA film 
electrodes; it remains around 50% for each constant- 

Vt 

volt 3 

~= 48.5% n = 49% T1 = 54% 

y in {CH(ClO4)y} x 

Fig. 3. Constant-current (0.05 mA/cm 2) charge-discharge cycles of a Li/PA film cell at 25~ The number of cycle and the couJombic efficiency (~) 
are indicated in the figure. 
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Fig. 4. Micropolarization tests of the PA film electrode at various stages of a constant-current (0.05 mA.cm ~-) charge-discharge cycle of a / i / P A  cell. 

current cycle and does not improve upon cycling. Similar 
results have been obtained by various other authors (2, 4, 

6, 10), and thus it is reasonable to assume that the low 
coulombic efficiency of PA film electrodes in LiC1OrPC 
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Fig. 5. Constant-current (0.05 mA/cm 2) charge-discharge cycle of a Li/PA film cell. Only about 50% of the dopant species are removed by the 
discharge. Complete removal is obtained only by an extended, controlled-potential discharge. 
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Fig. 6. EPR analyses oftrans-rich PA film electrodes at various stages of o constant current current charge and of a following constant current plus 
constant potential discharge process, of the type of that illustrated in Fig. 5. AHpp = linewidth. ~ = percent of recovery of the original linewidth of the 
pristine sample. 

is ascribable to the diffusion of the dopant  C104- species, 
which appears especially slow from the bulk  to the sur- 
face of the polymer. 

In Fig. 4, micropolarization curves from the PA film 
electrodes at various stages of a constant current, charge- 
discharge cycle of the  type discussed for Fig. 3 are shown. 
Fast  kinetics and good reversibil i ty (revealed by the lin- 
earity of the anodic and cathodic micropolarization 
scans), are obtained only during the last part  of the charge 
and the beginning of the discharge. Apparently,  only the 
dopant  species residing near the surface of the polymer 
are easily removed by the constant-current  discharge pro- 
cess. The remainder,  which has diffused toward the bulk, 
is observed in the second oxidat ion step, and is not  read- 
ily available; thus a poor coulombic efficiency is ob- 
tained over the entire cycle. The complete removal  of the 
dopant  species and therefore the full reversibil i ty of the 
electrochemical  PA doping process may be obtained only 

by adding to the constant  current  discharge, an extended,  
controlled-potential  (2.5V vs. Li) process, as i l lustrated in 
Fig. 5. 

This conclusion is further supported by EPR analyses 
of the PA film electrodes, run at various stages in the cy- 
cle of Fig. 5. As shown in Fig. 6, the electrochemically 
doped PA samples after charge (B) show EPR spectra 
with a l inewidth (AHpp) narrower than that associable to 
the prist ine sample (A). The EPR spectra related to the 
sample  after the constant-current  discharge (C) reveals 
only 25% recovery of the original linewidth. Only after the 
extended,  controlled-potential  process (D), does the re- 
covery reach 86%. With constant  potential,  charge- 
discharge cycles, efficiencies on the order of 85%-95% 
have been obtained for Li/PA cells by various authors 
(2, 4). This type of cycling, however, does not  appear  very 
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Fig. 7. Cyclic voltammetry of trans-rich PA film electrodes in the 
LiCIO4-PC electrolyte at various scanning rates. 

I.~ 0 

0.5 

0.5 

1.0 

I, 2 
mA/cm 

4.0 

V, volt us Li 

Fig. 8. Cyclic voltammetry of a c/s-rich PA foam electrode in the 
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use fu l  in  prac t ice ,  w h e r e  c o n s t a n t  ra tes  are  genera l ly  
r equ i red .  

To d e t e r m i n e  w h e t h e r  t h e  cis-trans c o n f o r m a t i o n  ra t io  
of  t he  p o l y m e r  cou ld  be  in  pa r t  r e s p o n s i b l e  for t he  k ine t i c  
l imi ta t ion ,  we  h a v e  c o n s i d e r e d  t he  cycl ic  v o l t a m m e t r y  of  
trans-rich P A  film e lec t rodes .  T he  resul t s ,  o b t a i n e d  at  
va r ious  s c a n n i n g  rates~ are s h o w n  in  Fig. 7. T he  vo l t am-  
m e t r i c  r e s p o n s e  is s imi la r  to  t h a t  o b s e r v e d  for  cis-rich 
e l ec t rodes  ( compare  Fig. 2). He re  again,  t he  h e i g h t  of  the  
first  p e a k  a n d  t he  r eve r s ib i l i t y  of  the  overa l l  p r oce s s  de- 
p e n d s  on  t he  s c a n n i n g  rate.  Therefore ,  a p o o r  c o u l o m b i c  
e f f ic iency  for  t he  trans-rich e lec t rodes  is to  b e  e x p e c t e d  
in  c o n s t a n t  cu r r en t ,  c h a r g e - d i s c h a r g e  cycles,  as was  ex- 
p e r i m e n t a l l y  verif ied.  T h e  cis-trans ra t io  does  no t  
i n f luence  t he  k ine t i c s  of the  e l e c t r o c h e m i c a l  p - d o p i n g  
p r o c e s s  of  P A  in  t h e  LiC10~-PC solut ion.  This  is no t  sur- 
p r i s i ng  a n d  is c o n s i s t e n t  w i t h  the  fact  t h a t  cis-to-trans 
i s o m e r i z a t i o n  t akes  p lace  a n y w a y  d u r i n g  t he  e lectro-  
c h e m i c a l  d o p i n g  process ,  w i t h o u t  a p p a r e n t l y  a f fec t ing  its 
cha rac t e r i s t i c s  (11). 

T h e  k i n e t i c s  m a y  b e  m o r e  l ikely i n f l u e n c e d  b y  t he  
m o r p h o l o g y  of  the  po lymer ,  s ince  d i f fus ion  of  the  
d o p a n t s  f rom the  su r face  of  t he  e l ec t rode  s e e m s  to effect  
t h e  e f f ic iency  so m u c h .  To i n v e s t i g a t e  t he  role  of  t h e  sur- 
face m o r p h o l o g y  on  t he  e l e c t r o c h e m i c a l  b e h a v i o r  of  PA,  
we  h a v e  c o n s i d e r e d  t h e  r e s p o n s e  of  f oam- type  samples .  
I n  fact,  t h e  P A  foam,  e v e n  i f  r e t a i n i n g  t he  typ ica l  mat-of-  
f ibers  s t r u c t u r e  of  t he  P A  film, ha s  a m u c h  m o r e  ex- 
t e n d e d  sur face  area  (9). 

The  cycl ic  v o l t a m m o g r a m  of a P A  foam e lec t rode  in  
LiC10~-PC, s h o w n  in  Fig. 8, r evea l s  the  two typ ica l  oxida-  
t ion  peaks ,  a t  a b o u t  3.55 a n d  3.75V vs. Li, respec t ive ly .  
Howeve r ,  t he  r e s p o n s e  a p p e a r s  m o r e  revers ib le ,  b o t h  in  
t e r m s  of  v o l t a m m e t r i c  p e a k  r e s o l u t i o n  a n d  c u r r e n t  den-  
sity, t h a n  t he  P A  fi lm e l ec t rodes  u n d e r  c o m p a r a b l e  con-  
d i t i ons  ( c o m p a r e  Fig. 2B). 
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I n  Fig. 9 cyclic v o l t a m m e t r y  cu rves  of  f oam P A  elec- 
t rodes  are  s h o w n  at  va r ious  s c a n n i n g  rates .  The  b e h a v i o r  
is aga in  qua l i t a t ive ly  s imi la r  to  t h a t  of P A  fi lm e l ec t rodes  
( c o m p a r e  Fig. 2 a n d  7) s ince  t he  i nc rease  in  t he  s c a n n i n g  
ra te  is a c c o m p a n i e d  b y  a b r o a d e n i n g  of  the  peaks .  This,  
howeve r ,  a p p e a r s  to  be  sma l l e r  in  t he  case  of  t he  P A  foam 
e l ec t rodes  which ,  a t  h i g h  rate ,  a s s u m e  the  u sua l  o n e - p e a k  
charac te r i s t i c ,  b u t  still  m a i n t a i n  a n  a c c e p t a b l e  deg ree  of  
r eve r s ib i l i t y  a n d  a h i g h  c u r r e n t  dens i ty  r e sponse .  

T h e s e  r e su l t s  i nd i ca t e  t h a t  t h e  k ine t i c s  of  t he  electro-  
c h e m i c a l  d o p i n g  p r o c e s s  of  P A  foam e lec t rodes  is still  
con t ro l l ed  by  t he  d i f fus ion  of  t h e  d o p a n t  spec ies  in  the  
po lymer ,  b u t  the  e x t e n d e d  sur face  a l lows r e a s o n a b l y  h i g h  
c h a r g e  a n d  d i s c h a r g e  ra tes  at  good  c o u l o m b i c  effi- 
c iencies .  

This  c o n c l u s i o n  is f u r t h e r  s u p p o r t e d  b y  e x a m i n i n g  the  
r e s p o n s e  of P A  foam e l ec t rodes  af ter  p r o l o n g e d  charge-  
d i s c h a r g e  cycles,  o b t a i n e d  u n d e r  d ivers i f ied  c o n d i t i o n s  
b o t h  in  t e r m s  of  c u r r e n t  d e n s i t y  ( r ang ing  f rom 0.2 to 1.25 
m A / c m  2) a n d  d o p i n g  level  ( r ang ing  f rom 0.5% to 4.2% 
mole  p e r c e n t  [m/o]). The  resul ts ,  r e l a t ed  to t h r e e  d i f fe ren t  
Li cells u s i n g  t he  LiC104-PC elect rolyte ,  are  s u m m a r i z e d  

Table I. Charge-discharge characteristics of PA foam electrodes in Li 
cells with LiCIOd-PC electrolyte 

Charge Discharge 
current current Coulombic 

Cycle density density Doping efficiency 
no. (mA/cm9 (mA/cm ~) (m/o) (%) 

Cell 1 
1 0.625 0.625 1.2 76 
2 0.625 0.625 3.3 75 
3 0.625 0.625 2.4 87 
4 0.625 0.625 2.8 86 
5 1.250 0.625 1.9 92 
6 1.250 0.625 1.9 87 
7 0.625 1.250 1.4 98 
8 0.625 1.250 3.7 83 
9 0.625 1.250 3.3 85 

10 0.625 1.250 3.5 84 

Cell 2 
1 0.5 0.5 1.0 45 
2 0.5 0.5 1.9 72 
3 0.5 0.5 2.8 67 
4 0.5 0.5 2.4 84 
5 0.5 0.5 2.8 84 
6 0.5 0.5 2.6 88 
7 0.5 0.5 3.1 83 
8 0.5 0.5 3.3 83 
9 0.5 0.5 3.8 81 

10 0.5 0.5 4.2 81 
11 0.5 0.5 3.8 81 
12 0.5 0.5 4.1 83 
13 0.5 0.5 3.4 84 

Cell 3 
1 0.2 0.2 1.7 51 
2 0.5 0.5 0.8 73 
3 0.5 0.5 0.7 85 
4 0.5 0.5 0.7 85 
5 0.5 0.5 0.7 85 
6 0.5 0.5 0.6 92 
7 0.5 0.5 0.6 95 
8 0.5 0.5 0.6 92 
9 0.5 0.5 0.6 92 

10 0.5 0.5 0.6 92 
11 0.5 0.5 0.6 95 
12 0.5 0.5 0.6 95 
13 0.5 0.5 0.6 91 
14 0.5 0.5 0.6 95 
15 0.5 0.5 0.6 90 
16 0.5 0.5 0.6 90 
17 0.2 0.2 2.3 65 
18 0.2 0.2 1.4 81 
19 0.2 0.2 1.0 87 
20 0.2 0.2 1.3 80 
21 0.2 0.2 1.3 82 
22 0.2 0.2 0.7 93 
23 0.2 0.2 1.2 74 
24 0.2 0.2 1.2 82 
25 0.2 0.2 0.9 90 
26 0.2 0.2 0.9 88 
27 0.2 0.2 0.9 90 
28 0.2 0.2 0.9 90 
29 0.2 0.2 0.8 89 
30 0.2 0.2 0.8 89 
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Fig. I0. Constant-current, charge discharge cycles of a Li/PA foam cell at 25~ The number of cycle, the charge-discharge rates (mA/cm~), and the 
coulombic efficiency (~) are indicated in the figure. 

in Table I and illustrated in Fig. 10. The cycling behavior 
confirmed the voltammetric response, since the PA foam 
electrodes are indeed able to sustain comparatively high 
rates with reasonably good efficiencies. 

This is clearly shown in Fig. 11, where the coulombic 
charge-discharge efficiencies obtained in each cycle of 
the three cells tested are progressively displayed. The 
first cycles generally have a lower efficiency than the 
following ones. This is not uncommon in lithium 
batteries; low initial coulombic efficiencies have often 
been reported for systems using intercalation electrodes. 
Such observations have been interpreted assuming that 
the initial intercalated species are strongly bound to the 
host structure and thus difficult to remove (12). These 
strongly bound species expand the layers of the 

CELL N. I ~,% 1 0 0 ~  

J 
I 2 3 4 5 6 7 8 9 10 cycle number 

10(] ;~,% 

901 ~ ~ C E L L  N.2 
8O - 03 ~ _ ~  

70 

1o I. 12 13 
cycle number 

100 71'% CELL N.3 

~o 
2 6 ~[0 14 18 22 26 30 

cycle number 

Fig. 11. Charge-discharge coulombic efficiency ('r/) of PA foam elec- 
trodes in the LiCIO4-PC electrolyte, under the conditions listed in Table 
I. 

intercalating compound, thus facilitating further insertion 
and enhancing reversibility as the concentration in- 
creases (12). Since the electrochemical doping of PA may 
be regarded as similar to an intercalation process (4), a 
similar explanation may also hold in this case. 

In  contrast to what is observed with film-type elec- 
trodes, the efficiency of the foam type improves after the 
first cycles, as expected on the basis of the above- 
mentioned activating mechanism. After the two initial cy- 
cles, average coulombic efficiencies between 83% and 
88% are obtained for the three Li/PA foam cells tested 
(see Fig. 11). These values, even if not yet completely sat- 
isfactory, are certainly much more encouraging in view of 
practical applications, than those reported for cells based 
on PA film electrodes, under  comparable characteristics 
of cycling regimes and doping levels. 

Conclusions 
The above results show that the electrochemical 

p-doping process of PA in the LiC104-PC electrolyte solu- 
tion is controlled by the diffusion of the ClO4- dopant 
species in the polymer. For PA film electrodes, this diffu- 
sion appears particularly slow from the bulk to the sur- 
face, and this situation induces poor charge-discharge 
coulombic efficiencies for the Li/PA batteries. 

Experimental  results obtained by various authors (2, 4, 
10, 13) confirm the kinetic limitation of the film elec- 
trodes. Slow diffusion may explain the drastic loss of ca- 
pacity reported by various authors (4, 7) under  open- 
circuit conditions. This effect may be related to the 
difficulty in removing the dopant species, which, upon 
standing, have diffused into the interior of the polymer 
electrode. 

While the kinetic limitations of PA are independent  of 
the cis-trans conformation ratio, the surface morphology 
does play a key role in the electrochemical doping pro- 
cess. Foam-type electrodes, which are characterized by a 
porous surface structure, can sustain much higher cycling 
rates and offer much better coulombic efficiencies than 
film-type electrodes, which are characterized by low po- 
rosity and smooth surfaces. Further study is certainly 
necessary to confirm this and to establish the long-term 
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behavior of the foam-type electrodes, especially in terms 
of a number  and depth of cycles and stability. However, 
the results reported in this work, even if preliminary, ai- 
low us to infer that disordered, porous morphology 
should be preferred for polyacetylene if it is to be used as 
cathode in rechargeable l i thium batteries. 
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Photoredox Reactions on Semiconductors at Open Circuit: A Single 
TiO2Electrode as a Model for Reactions in Particle Suspensions 
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Octav Enea 
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ABSTRACT 

Optically and polarographically measured initial photoreduction rates of methylviologen on polycrystalline TiO2 (an- 
atase) electrodes at open circuit are shown to compare well with reduction rates calculated from the currents at the in- 
tersection of photocurrent and inverted dark current i-E curves. Such rates measured at single electrodes are then used 
to predict reduction rates on particle suspensions. The role of light intensity, pH, and platinization on reduction rates of 
various relays is discussed. 

Redox reactions on il luminated semiconductor elec- 
trodes and on particle suspensions have been extensively 
studied in the last few years. One main interest lies in the 
photoelectrosynthetic applications, i.e.-, the oxidation and 
reduction products that are formed by the charge Carriers 
(electrons and holes) generated by light absorption in the 
semiconductor. In the case of a photoelectrochemical cell, 
one charge carrier is channeled through a wire to a 
counterelectrode which may be separated by an ionic 
conducting membrane.  This is one of the main advan- 
tages of such a cell. The short-circuit current and, hence, 
the product formation rates can be measured and cal- 
culated from the current of the intersection of the anodic 
and cathodic current-potential (i-E) curves measured 
potentiostatically for the constituent electrodes of the cell 
(1). 

Photoelectrosynthesis on semiconductor particle sus- 
pensions or colloids is less well understood because the 
individual reactions cannot be separately studied. The 
counterelectrode is directly attached to the photoelec- 
trode (e.g., in the form of a catalyst) or is identical to the 
latter. No electrical contact can be made on small 
particles, and the product formation rates can only be 
measured by chemical analysis. Interestingly, both prod- 
ucts (reduction and oxidation) sometimes emerge from 

the same (illuminated) surface; the same behavior has re- 
cently been seen in electrodes and 40 ~m CdS particles 
embedded in a membrane (2). 

In  this work, we aim to predict product formation rates 
on single il luminated semiconductor electrodes sus- 
pended in solution and operated at open circuit from elec- 
trochemical measurements at the same electrode in a sep- 
arate experiment. Such an electrode mimicks a semicon- 
ductor particle suspension consisting of only one large 
particle. We will use this principle to make the first at- 
tempts at a quantitative understanding of photoelectro- 
synthesis in semiconductor particle suspensions. Pheno- 
menologically, in such suspensions, each particle consists 
of two short-circuited microelectrodes able to carry out a 
reduction and an oxidation. The concept has already suc- 
cessfully been applied in understanding corrosion phe- 
nomena  (3) and redox catalysis by metallic particles (4). 
The idea is to extrapolate electrochemical data of 
macroelectrodes into the area of particle suspensions or 
colloids. If the material of the two electrodes 'is the same, 
and if one reaction only occurs under  illumination, it is 
sufficient to study, in the dark and under  illumination, 
on one electrode the current-potential (i-E) curves that are 
thought to be representative of the individual cathodic 
and anodic reactions. Product formation at a single sand- 
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wiched electrode under  i l lumination (5) and the correla- 
tion between the deposition rate of silver (6) and reduc- 
tion rate of methylene blue (7) and the currents in TiO~ 
crystals have been reported in the literature. 

Since redox reactions on semiconductors usually ex- 
hibit high overvoltage, much research has been done on 
the improvement of kinetics by attaching noble metal cat- 
alysts to the surface of semiconductor electrodes and 
powders (2, 8-11). New features can be observed because 
of the specific interaction of metals surface attached to 
the support (12, 13) or adsorption of relays on the catalyst 
(14). It is also the purpose of this work to explain on the 
basis of i-E curves whether (and if so, why?) catalytic de- 
posits can increase product formation rates in the dark 
and under  illumination. Experiments with TiO,2 (anatase) 
as the semiconductor and methylviologen as the relay 
will be reported, and the influence of various factors 
such as relay concentration, light intensity, and platiniza- 
tion on the rates of product formation will be investi- 
gated. 

Experimental  
n-TiO,2 (anatase) electrodes were prepared by thermal 

decomposition of TiCI~ (10) on t i tanium sheets (0.75 cm • 
0.75 cm) cleaned with 30% HNO~/4% HF. The thickness of 
the TiO2 layer, which was varied by varying the number  
of deposited layers prior to the final annealing proce- 
dure, was 10-40 t~m, as estimated by weighing. Photo- 
platinization was carried out by UV irradiation (~, > 350 
nm, 8-80 min) in argon degassed solution (pH = 2.43) con- 
taining 8.2 • 10-~M K.,PtCI~, at open circuit, in the ab- 
sence of a deliberately added hole scavenger. One elec- 
trode was photoplatinized for 8 rain at +0.342V, the 
potential initially established under  irradiation at open 
circuit. From the integrated charge, a thickness of 20A 
could be estimated, assuming a homogeneous layer. The 
morphology of the deposit will be discussed below. The 
back sides of the electrodes were insulated with plastic 
paint, unless otherwise indicated. TiO2 powder "P 25" 
was obtained from Degussa. 

The irradiation equipment  consisted of a 450W Xe lamp 
(Oriel) operated at 22.2A, an 8 cm water filter (to.remove 
IR light), a 350 nm cutoff filter (in its absence, direct pho- 
tolysis of methylviologen occurred), a shutter, a slit, and 
the irradiation cell (shown in Fig. 1). 

B 

,B ! / R  
" W 

, 

1r 

Fig. 1. Lower part of irradiation cell. (quartz) cell, W) working elec- 
trode (TiO:), R) reference electrode, C) counterelectrode (Ti), P) elec- 
trode for polarographic detection of product (Pt), L) actinic light, AL) 
analyzing light, PD) photodiode, B) tube for bubbling with gas, M) 
separating membrane (cellulose). 

Figure 1 .--The total liquid volume was 2-3 ml. The solu- 
tions (made up in twice-distilled water, then filtered) 
were purged with Ar 4N8 (unless otherwise indicated) be- 
fore and sometimes during the experiments, then they 
were stirred. Currents and potentials were measured with 
a Wenking POS 73 potentiostat. (All potentials are quoted 
vs. NHE.) Identical electrochemical pretreatment (poten- 
tial at which the electrode is held before starting a scan, 
illumination, etc.) was necessary to obtain reproducible 
i-E curves in the region of the photocurrent onset. Pro- 
duction rates of reduced methylviologen, MV § were mea- 
sured by two ways: via its absorbance of light of a He-Ne 
laser at 632.8 nm (e = 8060 M -1 cm-l); or by reoxidation 
on a polarographic detector electrode (Pt) held at 0V. The 
purpose of the latter method was to allow measurements 
of production rates in turbid solutions (particle suspen- 
sions) for which the same experimental setup was used. 
In front of the cell, a mask having the same surface and 
form as the TiO~ electrodes used was attached to maintain 
the number  of incident quanta. 

Results 
Figure 2.--Three types of measurements carried out at 

single n-type TiO~ electrodes are compared in Fig. 2. 
1) The i-E curves in the dark and under  i l lumination 

have been recorded potentiodynamically, separately or 
simultaneously, using chopped light, id is the current for 
the reduction of the relay, MV ~, in the dark, and i~' is -id. 
il is the current under  illumination, and the net photocur- 
rent, iph, equals i~ - id. 

2) A second experiment has been made at open circuit. 
The potential has been recorded as a function of time (Et). 
When the light is switched on, the potential rapidly de- 
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Fig. 2. Current-potential and photopotential-t curves and product for- 
mation rates for MV2§ ~ on TiO2 (anatase). 0.1N NaOH, 6 • IO-~M 
MV ~§ Ar bubbling, stirring, ;~ > 350 nm, scan rate - 0 . 5  mV/s. It, ic) 
intensity of transmitted analysis light and current on the polarographic 
detection electrode, respectively, as a function of time. 
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creases. Both charge carriers react on the surface of the 
electrode. When the photopotential, iph, is reached, the 
photocurrent (corresponding to an oxidation process 
carried out by holes in the valence band) equals the dark 
current (reduction of the relay), as indicated in Fig. 2 by 
the intersection point S, where iph = -id = i~r The produc- 
tion rate is then calculated from the current at the inter- 
section 

V e : i+c/F [1] 

For experiments where reduced methylviologen, MV +, is 
the reduction product, it turns out to be better to calcu- 
late i~c using i,h in the absence of the relay, since the 
photocurrents tend to decrease when MV + is accumulated 
at slow scan rates. This also leads to the slow increase of 
Et with time. 

3) The increase in concentration of the photoproduct 
(MV ~) is simultaneously measured photometrically (It) 
and polarographically (ir The current on the collector 
electrode, i~, is proportional to the concentration of the re- 
duced relay and can be calculated using the optical data 
(It) 

V log ~ [2] 

Photoproduction rates tend to level off at prolonged ir- 
radiation time. The initial production rates V~, and v~ are 
dependent  on several factors, the influence of which on 
the individual (dark, light) i-E curves is shown in the 
following. 

Figure 3.--There is a well marked dependence of pro- 
duction rates on concentration. The dark reactions which 
are thought to be responsible for this behavior are there- 
fore recorded as a function of potential and relay concen- 
tration (Fig. 4). 

Figure 4.--The dependence of plateau photocurrents on 
the TiO2 electrodes on light intensity (I) is found to be lin- 
ear in the range studied (d log i,h (plateau)/d log I = 1 over 
several orders of magnitude). A more complex depen- 
dence is expected for the currents at the intersection of 
inverted dark current i-E curves that occur in the falloff 
region of the photocurrent near the onset potential. As a 
consequence, the photopotential, Eph, usually changes 
with the logarithm of the light intensity (18). This is also 
the case for "dry diodes." The photopotential of TiOJ 
MV 2+ shifts by 60 mV per decade of light intensity, as pre- 
dicted for a one electron relay by Gomes et al. (18) (Fig. 5). 

Figure 5.--At very high light intensities, the curve will 
reach a limiting value because the photopotential cannot 
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Fig. 3. Formation of M V  § as a function of MW+. 0 )  data from optical 
measurements, ) data calculated from i-E curves. 0.1N NaOH, Ar 
bubbling, stirring, X > 350 nrn. Insert: pH dependence of initial reduc- 
tion rates at 6 x 10-3M MV 2+. 
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Fig. 4. Dependence of dark currents on relay concentration. Left side 
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Fig. 5. Dependence ofisc and photopotential, E~,, on relative light in- 
tensity. 0.1N NaOH, 6 x 10-3M M W  +, Ar bubbling, stirring. Light in- 
tensity varied by neutral density filters. 

exceed the flatband potential. The intersection current at 
the photopotential which determines the photoproduc- 
tion rate must  therefore also show saturation behavior as 
shown in Fig. 5 (see also Fig. 7b below). At no value of the 
intensity does d log isJd log I reach 1, in contrast to pla- 
teau photocurrents. 

Platinized TiO~ electrodes show a markedly different 
behavior with respect to their i-E characteristics in the 
dark for various relays, but, also, the light curves are 
somewhat changed (Fig. 6). 

Figure 6.--Only a small decrease (<10%) of the photo- 
current is noticed in the plateau region. The relative de- 
crease of photocurrents in the onset region (curves 7-10), 
however, is much more important. As with unplatinized 
electrodes, photocurrents decrease at high relay concen- 
tration. In Fig. 6, curves 9 and 6 intersect the baseline 
(continuation not shown), and the net effect becomes 
photocathodic. 

In  the presence of EDTA, H~ is formed on platinized 
electrodes at a rate of 1.1 x 10 -10 moYs. Only trace quanti- 
ties are detected without EDTA. 

In Table I, data for production rates at a single TiO~ 
electrode and for suspension of TiO2 powder (same illu- 
mination area) are collected. 

Discuss ion  
First, the production rates on a TiO~ electrode and the 

parameters influencing them will be discussed. The ini- 
tial production rate V,,o compares well (Fig. 3) with values 
of the production rate va obtained from i-E curves on the 
same electrode. It thus seems possible to predict, from 
electrochemical data, production rates on electrodes at 
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Fig. 6. Influence of platinizotion of TiO~ electrodes on i-E curves for 
various relays. ) before plotinizetion, ----) after plofinization. 1, 2) 
Ar saturated solution, (lark; 3, 4) oxygen saturated solution, dark; 5, 6) 6 
x ]0 -3M NIV 2§ Ar saturation, dark; 7, 8) Ar saturated solution, light; 
9, 10) 6 • ]0-~M MV ~§ Ar saturation, light; 11)Ar saturation, 8.2 x 
|0 -3M K.,PtCI6, pH 2.43; 12) as 11, but scan recorded offer 11. Scan 
rotes: - 0 . 5  mV/s for curves 1-10; - 2  mV for curves ] 1 and 12, 0 . |N 
NaOH; stirring. 

open circuit. There are several factors responsible for the 
leveling off of the curves at high MV2% From Fig. 2, it can 
be seen that a doubling of reduction current will not re- 
sult in a doubling of the current at the intersection point, 
for a purely geometrical reason (considering the given 
form of dark and light i-E curves). 

Second, the dark reduction currents are not propor- 
tional to relay concentration. This effect has already been 
noticed by Memming et al. (15) on Fe~O3 and by 
Vandermolen et al. (16) on TiO2, and it is explained by the 
transfer of electrons to be occurring via surface states. 
Another reason for the leveling off of the rates calculated 
from i~c is the decrease of the net photocurrents, i,h, with 
increasing relay concentration, iph even becomes negative 
at sufficiently negative potential (Fig. 6). This has also 
been called "photocathodic" effect (17). However, before 
the net photocurrent  turns cathodic, photoinduced reduc- 
tion currents flow and lower iph. The contribution of this 
effect is relatively small for MV2~/TiO2 because intersec- 
tion of i-E curves occurs at potentials where the photore- 
duction effect is of minor importance. 

The dependence of production rates (insert Fig. 3) on 
pH can be explained as follows. A band shift of usually 59 

Table I. Polarographically measured production rates of 
6 • 10-3M methylviologen in 0.1N NaOH, 

,k > 350 nm, Ar bubbling, stirring 

Initial MV § 
Amount of TiO2/(g/1) production rateJ(moYs) 

0.5 4.95 x 10 -9 
2.5 7.29 x 10 -9 

10.0 7.03 x 10 -9 
Electrode 2.07 X 10 -9 

2.60 x 10 -9 ~a) 
3.00 x 10 -9 ~b~ 

~ Value for electrode coated with TiO.~ on the back side. 
cb~ Calculated value for electrode with 4 times larger surface, but 

the same irradiated surface. 

mV per pH unit is caused by the dissociation of surface 
OH groups on oxide semiconductors. Since the redox po- 
tential of methylviologen is independent  of pH, the bal- 
ance of reaction rates of injection of electrons from the 
reduced relay into the conduction band of the semicon- 
ductor and vice versa will depend on pH. From this, an at- 
tempt has been made to calculate the Fermi level of TiO2 
(as powder suspension) in redox systems at pH = 0, by 
flash photolysis (19) or by polarographic product  analysis 
during illumination (20). However, the Fermi level is not 
always close to the potential of the conduction bandedge, 
the value of which one usually obtains to characterize a 
semiconductor. Nor can a simple linear or logarithmic de- 
pendence for product formation rates or yields on pH be 
derived from theory. From the point of intersection of 
photocurrent  potential curves, which shift 59 mV per pH 
unit toward more positive potentials, with dark current 
potential curves (id vs. E), it can be seen that the current 
and the production rate become zero at the pH  where the 
onset of the iph-E curve occurs at the potential at which 
the dark current is zero. This potential may be identical to 
the redox potential of the relay, considering relative con- 
centrations of oxidized and reduced form, if the relay 
shows rapid kinetics on the electrode, as it does for 
methylviologen [this is an exception for dark currents on 
semiconductors (21)]. Even then, if the experimentally 
measured reduction rates are initial rates, the Nernst po- 
tential changes rapidly in the beginning stages after the 
light is switched on, because the concentration of the re- 
duced form of the relay is very small. This means that no 
reliable reference point is available to calculate the Fermi 
level. 

For methylviologen on TiO2 (anatase) electrodes, we 
find that the reduction rates become zero at pH 9 (insert, 
Fig. 3). Because no hole scavenger is employed, oxygen 
formed by valence band holes will start to consume MV + 
when it is accumulated. The reaction rate of oxygen with 
MV + certainly increases with decreasing pH, and we think 
that the fall off of reduction rates at relatively high pH 
[compared to a system in which a hole scavenger (acetate) 
is present (20)] is due to this back reaction. It is surprising 
that MV + is formed at all when a highly oxidizing anodic 
product is evolved. The reason might be that, shortly 
after switching on the light, photoproduced oxygen is ad- 
sorbed on TiO~ and is reacted slower in this form with 
MV + being formed at other sites on the electrode and that 
the probability of reaction with MV + molecules already 
escaped into the solution will be smaller. Later, the level- 
ing off of product formation is a consequence of the reac- 
tion of MV § with O~ and valence band holes. 

One of the most important factors influencing product 
formation is the presence of a catalyst on the semicon- 
ductor surface. This is mainly due to an influence on 
dark currents, as can be seen in Fig. 6. As expected, the 
reduction curve for water (curves 1, 2) shifts toward much 
more positive potentials (by 570 mV) when Pt is present 
at the surface. The shift for oxygen reduction (curves 3, 4) 
is smaller (250 mV), but still higher than that for the re- 
duction of the one electron relay, methylviologen (60 mV, 
curves 5, 6). Undoubtedly, this effect is of catalytic nature 
for water and oxygen reduction, whereas the small shift 
for methylviologen reduction could be partially explained 
by the increase in surface when platinum is deposited. 
This has also been proposed by Kobayashi et al. (9). 
Preliminary experiments  (electron micrographs) show 
that the metallic deposit is built up in the form of islands 
(preferentially at damaged areas). Generally, if no sites 
wilt be available where the electrolyte can reach the semi- 
conductor surface, no photoeffect should occur, since a 
poreless metal film represents a perfect shunt for light- 
separated charges [ohmic contact provided, which is usu- 
ally the case for Pt  on TiO~ (25)]. This has often been over- 
looked when discussing deposition on semiconductor 
surfaces. However, photodeposit ion can continue until al- 
most the whole surface is covered (22). In the case of 
photodeposition of silver on WO3 (23), photoactivity is 
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maintained, even when a visible deposit (plates perpen- 
dicular to the surface, as shown by electron micrograph) 
is present on the surface. An affirmation for nonhomo- 
geneous coating lies in the fact that a rapidly decreasing 
overpotential is observed for the deposition of the first 
grains of metal on the surface [see also Ref. (8)]. During 
potentiostatic deposition of Pt in the dark (curves 11 and 
12) and under  illumination, the decrease in overpotential 
is caused by increasing dark reduction currents due to 
deposition on already existing sites (note that the i-E 
curve 12, obtained in the second scan for TiO~ in K2 PtC16, 
lies 300 mV more positive than the one of the first scan, 
curve 1 i). 

Photoreduction rates of methylviologen are not en- 
hanced on platinized electrodes, although the dark reduc- 
tion i-E curves shift toward more positive potentials. This 
is due to the decrease in photoeurrents in the onset re- 
gion, which is a result of metal islands serving as recom- 
bination centers for electrons and holes. The effect is also 
noted for a deposit of RuO~ on WO3 (24). Because of this, 
as little platinization as is necessary to obtain a catalytic 
deposit is recommended. The decrease in iph is smallest 
for the shortest platinization time used, 8 min. Note that 
at high relay concentration, the decrease in photocurrents 
is less pronounced (curves 8 and i0). 

The situation is different for hydrogen generation on 
unbiased electrodes. From the current potential curves, it 
can be seen that there is no intersection of the inverted 
curve 1 (H20 reduction on an unplatinized electrode) and 
curve 7. With a platinized electrode, the onsets of the 
curves 2 and 7 just touch each other, and hydrogen is de- 
tected only in trace amounts by gas chromatography. 
However, in the presence of a hole scavenger (EDTA), the 
curve iph vs. E (curve not shown) is shifted toward more 
negative potentials [transients which usually occur when 
the light is switched on or off are suppressed, probably 
due to the enhancement of the hole transfer rate and]or to 
specific binding in the form of a complex (26)], and the 
formation rate of hydrogen is corresponded to an inter- 
section current of 20 ~tA. 

Comparison of reduction rates at single electrodes and 
particle suspensions.--The foregoing discussion of the 
influence of several parameters on product formation 
rates on unbiased electrodes using electrochemical data 
(i-E curves) shall now enable us to understand the 
photoelectrochemical performance of a semiconductor 
particle suspension that can be thought to consist of a 
high number  of such electrodes (of much smaller surface, 
but  exhibiting the same electrochemical features as a 
single macroelectrode). As would be expected from the 
doubling of the dark currents, the reduction rate of an 
electrode that is also covered on the back side with TiO2 
is already found to be higher (1.26 times, Table I). Even 
higher reduction rates are observed on il luminated pow- 
der suspensions (3.5 times, as compared to a single elec- 
trode) for > 2.5g TiO~l (the decrease in rate for amounts  
of TiO2 < 2.5 g/1 is due to the incomplete light absorption). 

On a spherical particle, the surface available for dark re- 
actions may be four times larger than its cross section be- 
cause in a simplified approach, a light beam of cross sec- 
tion r ~  - would be entirely absorbed by a particle of radius 
r, surface 4r2~r. However, as we have seen above (discus- 
sion of Fig. 1), an increase in dark current is not reflected 
in a proportional increase in current at the intersection of 
the i-E curves (a factor of 1.45 is calculated from the i-E 
curves for quadrupling the surface of the electrode; see 
data in Table I). 

Refining the model, we must  consider that light is also 
absorbed by particles lying partially in  the shadow of the 
particles nearest to the window (for which the current 
density at a large part of the il luminated surface will be 
close to that on a flat single electrode), giving rise to 
smaller light currents, but  making their entire surface 
available for the dark reaction. 

Figure 7.--The total surface which can be used will 
thus be much higher, though the contribution is not addi- 
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Fig. 7. Model for illumination of particle suspensions: (a, left) irradia- 

tion geometry; (b, right) i-E curves on particles, schematic. 

tive, because the intersections of the i-E curves (iph and 
id') have to be calculated individually for each particle, 
and only the currents at the intersection points can be 
summed up (Fig. 7b). In any case, the following relation 
holds 

isc.t = ~,, f(I)timi > f(I)tt [3] 

where ~i [i = it, i~c = f(I) for constant particle surface and 
relay concentration, isc,t is the total production current, I 
is the light intensity, Ii is the intensity at an individual 
particle, I t the total absorbed light intensity, and mt is the 
number  of particles experiencing the light intensity Ii. 
The function f has a form like that in Fig. 5. From Eq. 3, it 
also follows that the same amount  of light absorbed by 
smaller, therefore more transparent and more numerous 
(if total absorption is achieved in the vessel) particles 
should lead to higher reduction rates. In addition, light 
that is not entirely absorbed by the particle first hit (es- 
pecially near the poles) will be absorbed by particles lo- 
cated at longer distance from the window. The derivation 
of an exact solution or analytical representation of the 
above problem is beyond the scope of this article, but  we 
think that the above considerations can explain an in- 
crease in reduction rates like those observed in particle 
suspensions (compared to single electrodes). At the same 
number  of quanta absorbed by the suspension as for the 
macroelectrode, the main topological difference is the 
fact that the light is absorbed by a great number  of 
particles in the suspension, involving a larger total sur- 
face. The rates on single electrodes are of the same order 
of magnitude, which proves that the study of i-E curves 
on electrodes is a useful tool in predicting the possibility 
of reactions occurring in particulate systems and in pre- 
dicting their rates. 
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Compositional Changes of Anolyte on Electrolyzing Stainless Steel 
in High Temperature Chloride Media 

K. Tanno* and M. Aizawa 1 

Department of Applied Chemistry, Faculty of Engineering, Iwate University, Ueda, Morioka 020, Japan 

ABSTRACT 

In connection with crevice corrosion of stainless steel in high temperature water, Type 304 stainless steel was 
anodically electrolyzed in 0.5N or 0.05N NaC1 solution at temperatures up to 250~ with determination of compositional 
changes of the anolyte. Components of the steel dissolved as Fe z§ Cr 3., and Ni 2. and lowered the pH of the anolyte by hy- 
drolysis of the dissolved ions. pH measured at room temperature decreased with increasing amounts of charge. During 
electrolysis at temperatures above 150~ lower pH values and much more precipitates were obtained, and at 200 ~ and 
250~ hard films, which were mainly composed of CrOOH and scarcely dissolved in hot HC1, were formed on the speci- 
mens. In the electrolysis at 250~ lower pH values were obtained in concentrated C1- solutions. These pH changes of 
the anolyte were well described with the experimental  results of hydrolysis of CP ~ solutions. At 200 ~ and 250~ local cor- 
rosion of the steel in the anolyte occurred. 

Because of its technological importance, crevice corro- 
sion of stainless steel in chloride media has been studied 
frequently and compositions of occluded solutions have 
been examined. Much evidence (1-3) shows that the oc- 
cluded solution has a higher concentration of hydrogen 
ion and chloride ion than the bulk solution. Concentra- 
tion of hydrogen ion is caused by hydrolysis of metal 
ions, and that of chloride ion is due to migration of the 
ion from the bulk solution due to an active-passive cell 
formed, respectively, inside and outside the crevice. 
Therefore, some authors (2) examined compositional 
changes of a simulated anolyte on electrolyzing stainless 
steel in chloride media. 

However, most of these investigations have been con- 
ducted near room temperature, and there are few studies 
conducted at temperatures above 100~ in spite of its 
practical importance. Taylor et al. (5-8) reported some re- 
sults at 288~ relating to stress corrosion cracking of 
stainless steel in nuclear plants. 

In the present study, compositional changes of electro- 
lyte were examined when stainless steel specimens were 
dissolved anodically in chloride media at the temperature 
ranging from 25 ~ to 250~ In connection with the pH 
changes of the anolyte, hydrolysis of chromium chloride 
solutions at high temperatures were conducted. 

Experimental 

Electrolysis.--Austenitic stainless steel of Type AISI 
304 was used for test specimens. AI1 specimens were 1 

*Electrochemical Society Active Member. 
1Present address: Hitachi Engineering Company, Limited, 

Hitachi 317, Japan. 

mm thick, 10 • 10 mm in area, and have the following 
composition by percent weight: Cr = 18.77, Ni = 9.18, C = 
0.08, Mn -- 1.34, Si = 0.52, Mo = 0.19, and Fe to 100. They 
were mechanically polished with emery paper and washed 
with acetone and alcohol. 

Figure 1 shows the electrolysis cell made of Teflon. 
The anodic and cathodic compartments are separated by 
a sintered SiC disk filter made of particles of an average 
size of 2 ~m with a porosity of about 43%. The counter- 
electrode is plat inum or Type 304 stainless steel plate. So- 
dium chloride solutions of 0.5 or 0.05N were used as elec- 
tro]fie. Volumes of anolyte and catholyte were 30 and 175 
cm 3, respectively. 

For electrolyses conducted above 100~ this ce]_l was 
set in an autoclave in the atmosphere and heated to defi- 
nite temperatures. The electrolysis was performed at a 
constant current density of 12 mA/cm 2. After electrolysis, 
the autoclave was cooled and the anolyte and catholyte 
were filtered through no. 5C filter paper. Iron, chro- 
mium, and nickel were measured by atomic absorption 
spectrometry and chloride ion was determined by the 
Volhard method. 

Hydrolysis.--In the experiment, 90 ml of 3.3 • 10 -2 
tool/liter CrC13 solution with various concentrations of 
C1- in a t i tanium autoclave was heated to 150 ~ 200 ~ or 
250~ for 24h, which is enough to get a steady state. The 
solution was then coo]ed quickly and filtered through a 
Millipore filter paper (pore size 0.8 ~m), and pH and chro- 
mium content of the filtrate were measured. The compo- 
sition of precipitate was examined by x-ray diffraction, IR 
spectrometry, and thermogravimetry. The test solutions 
were prepared from reagent-grade CrCI~ and pure water, 
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Fig. 1. Electrolysis cell 

and their C1- contents were adjusted by adding reagent- 
grade NaC1. 

Results and Discussion 

Electrolysis.--Figure 2 shows enrichment of chloride 
ion in the anolyte with charge passed at various tempera- 
tures. Data at 200 ~ and 250~ were omitted, as the diffu- 
sion of chloride ion from the anolyte to the catho]ye was 
noticeable, as estimated from separate experiments.  Chlo- 
ride ion concentration increased proportionally to the 
charge and decreased slightly as the temperature rose, 
which led to slightly smaller  transport numbers with tem- 
perature (9). 

Figure 3 shows the pH of the anolyte at room tempera- 
ture after electrolysis at various temperatures. The pH de- 
creased almost logarithmically with charge. The pH of the 
ano]ytes electrolyzed at 25 ~ 50 ~ and 80~ were the same. 
However,  those above 150~ decreased as the temperature 
of the electrolysis rose. The anolyte pH of the 0.5N solu- 
tion electrolyzed at 250~ showed a limiting value of 1.6 
over the range of 13 C/ml. When 0.05N NaC1 solution was 
used, the pH was higher than that of the 0.5N solution. As 
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Fig. 2. Enrichment of chloride ion in the anolyte on electrolyzing 
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Fig. 3. Anolyte pH values on electrolyzing Type 304 stainless steel 
in NaCI solution. 

for the appearance of the electrolytes and specimens after 
electrolysis, there were no visible precipitates nor films 
on specimens for electrolysis below 80~ whereas there 
was some precipitate in the anolyte at 150~ and there 
were considerable precipitate and hard films on speci- 
mens at 2000 and 250~ These films were hard to dissolve 
even in hot hydrochloric acid. 

Figure 4 shows pH changes of the anolytes when they 
were held at room temperature after electrolysis at var- 
ious temperatures. Whereas slight pH changes were ob- 
served in the anolytes electrolyzed at 80 ~ and 150~ pH of 
those electrolyzed at 200 ~ and 250~ scarcely changed. 
The reason for this will be discussed later 

Table I shows amounts of metal existing in the anolyte 
and the catholyte after electrolysis equal to a charge of 20 
C/ml. During electrolysis at 80~ most of the dissolved 
metals existed in the anolyte, and a portion of that dif- 
fused into the catholyte through the SiC disk and precipi- 
tated there. Results at 25 ~ and 50~ were similar. During 
electrolysis above 150~ precipitates formed. As the tem- 
perature for the electrolysis increased, much more precip- 
itation occurred. Moreover, at 200 ~ and 250~ hard films 
formed on the specimens, as described above. 

Figure 5 shows amounts of metal dissolved during elec- 
trolysis in 0.5N NaC1 solution, expressed as equivalents 
of Fe '-'+, Cr 3~, and Ni 2§ respectively. Bold straight lines are 
calculated values from quantity of charge. As shown in 
Fig. 5a, both the measured and calculated values coincide 
at 150~ So, it is ascertained that constituents of~stainless 
steel dissolve as Fe ~, Cr 3~, and Ni ~+ in the experimental  
conditions. Results of electrolysis at 25 ~ 50 ~ and 80~ 
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Table I. Amounts of meta~ in filtrates and precipitates 

Fe (tool) Cr (tool) Ni (tool) 
Electrolyte Temp. (~ In filtrate In ppt. In filtrate In ppt. In filtrate In ppt. 

Anolyte 80 2.15 • 10 -~ - -  5.3 • 10-' - -  2.0 • 10 -4 - -  
150 1.85 x i 0  -3 9 • I0  -~ 4.9 x i 0  -4 1.9 x I0  -5 2.6 x 10 -4 1 x I 0 - "  
200 1.75 x i 0  -3 3.3 x I0  -4 4.7 x 10 -5 3.2 • 10 -5 2.9 x I0  -4 3.1 • I0  -5 
250 1.58 x i 0  -3 3,4 • I0  -4 3 x i 0  -7 6 • I 0 - "  2.5 • I0  -4 1.7 x 10 -5 

C a t h o l y t e  80 - -  2.3 • I 0  -4 - -  3.7 x I0 -,~ - -  2.4 x I0  -5 
150 - -  2.5 x I 0  -4 - -  1.9 • I0  -'~ - -  3.6 • I0  -'~ 
200 - -  1.0 x I 0  -~ - -  1.7 • 10 -'~ - -  9 x I 0 - "  
250 - -  2.5 x i 0  -~ - -  2 • i 0 - "  - -  4.6 x I0  - s  

Charge: 20 C/ml. 
0.5N NaC1 solution. 

were  the  same. At  200~ (Fig. 5b), the measu red  va lues  of  
Ni a lmos t  co inc ide  wi th  the  calculated values,  those  of  Fe  
were  a l i t t le larger  t han  the  latter, bu t  the  measu red  
values  of  Cr were  s ignif icantly less than  the  calculated 
values.  At  250~ the  measu red  values  of  Ni a lmos t  coin- 
c ide  wi th  the  calculated ones  and the measu red  values  of  
Fe  were  larger  than  the  ca lcula ted  ones up to abou t  20 
C/ml and smal ler  above  20 C/ml (Fig. 5c). However ,  Cr 
was scarcely detected.  S imi la r  results  were  ob ta ined  for 
the  0.05N NaC1 solution.  F r o m  these  results,  it is a s sumed  
that  the  hard  films fo rmed  on the  s p e c i m e n  at 200 ~ and 
250~ conta in  main ly  c h r o m i u m  compounds .  

The  hard  films were  r e m o v e d  by i m m e r s i n g  the  speci- 
m e n s  in a boi l ing alkal ine pe rmangana t e  solut ion (NaOH 
30 + KMnO4 2 + H~O 68 weigh t  pe rcen t  [w/o]) for 2h, fol- 
lowed  by  an acidic h y d r o g e n  pe rox ide  solut ion (conc. 
HNO3 25 + 35% H202 5 + H20 70 w/o) for 3h at 60~ and 
the spec imens  were  weighed.  A blank we igh t  loss for this 
t r ea tmen t  was negligible.  F igure  6 shows the  resul ts  for 
spec imens  e lec t ro lyzed at 200 ~ and 250~ Whereas  we igh t  
losses of  spec imens  wi th  film (line B) were  smal ler  than  
those  of  the  calcula ted va lues  (line A) f rom the  charges,  
we igh t  losses after r e m o v i n g  the  films (line C) were  
larger. This  larger  we igh t  loss after r e m o v i n g  films migh t  
be due  to a self-corrosion caused  by low pH at the  high 
tempera tures .  

Hydrolysis of Cv ~+ solutions.--As for the  hydrolys is  of  
meta l  ions at t empera tu re s  be low 100~ there  have  b e e n  
many  s tudies  (3, 4) connec ted  wi th  localized corrosion. 
Hydrolys is  of  meta l  ions lowers  the  anolyte  pH main ly  
due  to the  hydrolys is  of  Cr ~* (reaction) [2] 

Fe  2+ + 2H~O ~ Fe(OH)2 + 2H ~ [1] 

Cr ~+ + 3H._,O ~ Cr(OH)3 + 3H + [2] 

Ni 2§ + 2H~O ~ Ni(OH)~ + 2H + [3] 

However ,  hydrolys is  p roduc t s  are oxides  or oxyhydrox-  
ides in h igh  t empera tu re  solutions.  In the case of chro- 
mium,  CrOOH was ascertained,  as descr ibed  later. So, the  
fo l lowing equi l ibr ia  were  t aken  into account ,  and their  
equ i l i b r i um cons tants  at 150 ~ 200 ~ and 250~ were  calcu- 
la ted (Table II) 

3Fe 2~ + 4H..,O ~ Fe304 + 6H § + H~ [4] 

Cr ~+ + 2H.zO ~ CrOOH + 3H + [5] 

Ni 2+ + H~O ~ NiO + 2H § [6] 

The  calcula t ion was c o n d u c t e d  uti l izing Criss and Cob- 
ble 's  en t ropy  co r r e spondence  principle.  The  free energ ies  
and ent ropies  for the  subs tances  were  taken,  w h e n e v e r  
possible,  f rom La t imer ' s  and Pourba ix ' s  compi la t ions  (10, 
11). The  heat  capaci t ies  were  taken  f rom Kel ley  (12) and 
f rom Wicks and B lock  (13). The data for CrOOH, wh ich  
was not  avai lable in these  compila t ions ,  was  t aken  f rom 
Lee ' s  es t imat ion  (14). F r o m  the  table, i t  is ascer ta ined that  
the  main  factor of  decreas ing  pH  is the  hydrolys is  of  CI~% 

As the nex t  step to unde r s t and ing  the  pH  changes  of  
the  anolyte,  the  hydrolys is  of  Cr 3+ solut ions was e x a m i n e d  
exper imenta l ly .  F igure  7 shows the  pH  and the  c h r o m i u m  

conten t s  of the filtrates t aken  f rom the  hydro lyzed  3.3 x 
10 -2 moYliter Cr ~* solut ions wi th  var ious  amoun t s  of C1-. 
As  the  t empera tu re  of hydrolys is  increased,  the  p H  of the  
filtrates decreased.  As the  C1- concent ra t ion  increased,  
the  pH  of  the filtrates t rea ted  at 200 ~ and 250~ de- 
creased,  whereas  the  pH  at 150~ increased:  So, the  differ- 
ences  of  p H  of the solut ions t rea ted  at 150 ~ and 250~ 
were  larger  in the  more  concen t ra ted  C1- solution.  Chro- 
m i u m  contents  of  the  filtrates decreased wi th  the  tem- 
pera tu re  of  hydrolys is  and increased  wi th  the  C1- concen-  
tration. In  the case of  150~ and 3 moYliter C1- 
concent ra t ion ,  the  mos t  c h r o m i u m  in the  initial solut ion 
was found  in the  filtrate. But,  the  p H  of  the  fil trate was 
1.55, and this m e a n t  that  the mos t  of  Cr ~* had hydrolyzed.  

F igure  8 shows x-ray diffract ion pat terns  of  the  precipi-  
tates.  The  precipi ta te  ob ta ined  at 250~ was ident i f ied as 
CrOOH, whi le  those  at 200 ~ and 150~ were  amorphous .  
Infrared absorpt ion  spectra  of  the  prec ip i ta tes  showed  an 
absorp t ion  m a x i m u m  at 3400 c m - '  due  to OH groups.  

F igure  9 shows weigh t  losses of  the prec ip i ta tes  dur ing  
the rmograv ime t r i c  analysis.  When the  prec ip i ta tes  were  
hea ted  to 500~ in an argon a tmosphere ,  all of  t h e m  gave 
Cr203. Assuming  that  the  we igh t  losses on hea t ing  were  
due  to vapor iza t ion  of  water ,  repea ted  m e a s u r e m e n t s  
showed  that  compos i t ions  of  the prec ip i ta tes  ob ta ined  at 
150 ~ 200 ~ and 250~ were  CrOOH . (0-0.5)H~O, CrOOH �9 
(1-1.5)H20, and CrOOH �9 (1.5-2)H~O, respect ively .  

Absorp t ion  spectra  in the ul t raviole t  and v is ib le  region 
showed  that  the d isso lved  Cr ~+ in the filtrate t rea ted at 
h igh  t empera tu re  ex is ted  as [Cr(H~O)63+, whi le  those  in the  
originial  solut ion as [Cr(H~O)4CI~] * (15). 

As the  compos i t ions  of  precipi ta tes  fo rmed  f rom hy- 
drolysis  of  Cr 3+ solut ions  were  examined ,  the  we igh t  
losses of  the  spec imens  wi th  films in Fig. 6 were  evalu- 
a ted and compared  wi th  the measu red  values.  L ine  D in 
Fig. 6b and l ines E and F in Fig. 6a show weigh t  losses of  
the  spec imens  wi th  film calcula ted f rom the  l ines C, as- 
s u m i n g  the  film compos i t ions  as CrOOH, CrOOH �9 H~O, 
and CrOOH �9 2H20, respect ively .  As l ine B in Fig. 6a ex- 
ists be tween  l ine E and F and that  in Fig. 6b near  l ine D, it 
is a s sumed  that  the  film formed  at 250~ is c o m p o s e d  of 
CrOOH wi th  l i t t le or no water ,  and that  fo rmed  at 200~ is 
CrOOH wi th  one to two water  molecules .  These  agree 
wi th  the  compos i t ions  of  prec ip i ta tes  f rom Cr 3§ solutions.  

Dur ing  electrolysis  at 200 ~ and 250~ self-corrosion of  
the spec imens  was  sugges ted  to occur.  Then,  addi t ional  
d issolut ion of  Fe  and Ni was calculated f rom weigh t  loss 
due  to the  self-corrosion, the  di f ferences  be tween  l ines A 
and C in Fig. 6, and the  total  d issolved Fe are shown as 
fine l ines in Fig. 5b and 5c. In the  case of  Ni, the  correc- 

Table II. Equilibrium constants for the reactions [4]-[6] 

Temp. (~ 
Reaction 150 200 250 

[4] 2 x 10 -19 6 x I0  - '~  4 x 10 - ' 4  
[5] 4.5 3 x 10 1.5 x 102 
[6] i x 10 -7 2,-x I 0  -a  2 x 10 -6 
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Fig. 5. Amounts of metal in solution after electrolyzing Type 304 
stainless steel anode at (a) 150 ~ (b) 200 ~ and (c) 250~ in 0.S,%' 
NaCI solution (symbols are measured values plotted as Fe 2+, Cr 3+, and 
Ni 2§ bold lines are calculated values from the charges, and fine lines 
are calculated values of Fe corrected for self-corrosion). 

t ions were negligible. The results  support  the above as- 
sumpt ion except  for charges greater than 20 C/ml in Fig. 
5c, where a part  of the dissolved Fe might  precipitate.  

According to the knowledge of coordination chemistry 
(16), Cr 3§ ion in aqueous solution forms aquo complexes 
and tends to hydrolyze and polymerize. Forms of com- 
plex in chloride media  at room temperature  are 
[Cr(H20)6] ~+, [Cr(H~O)sCI] 2+, and [Cr(H20)4C12] +, depending 
on the chloride concentrat ion and history of the solution. 
The aquo complexes hydrolyze, behaving as acid like 

[Cr(H20)o] 3§ ~ [Cr(H~O)5OH] 2+ + H + 
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Fig. 6. Weight losses of specimens electrolyzed in 0.SN NaCI solu- 
tion at (a) 200~ and (b) 250~ �9 Measured values with film; X: 
Measured values without film. Line A: Calculated value from the 
charge as Fe 2+, CP ~, and Ni 2+. Line B: Fitted line for the measured 
values with film (<3). Line C: Fitted line for the measured values with- 
out film (X). Line D, E, and F: Assumed values with film composed of 
CrOOH, CrOOH . H20 , and CrOOH - 2H20, respectively. 

Heating shifts the equi l ibr ium to the right, and more of 
the coordinated water  molecules a r e  converted to OH-  
groups. Here, olation and oxolation occur, result ing in 
formation of polynuclear  complexes consist ing of chains 
or rings of Cr(III) ions connected by br idging OH and O -  
groups. Oxolation gives protons like 

I - - c r j 6 _ _  / ~ ~ -----_ ~ ~ J c r  ~ H  --> "2 cr--'~o ~c~ + 2~ + 

The ult imate consequences of olation and oxolation are 
the formation of colloids and precipitates.  Continued 
heating brings a remarkable  decrease in reactivity of the 
colloids and precipitates.  

This knowledge about  aquo complexes is well suited to 
the observations in this study. The exper imental  results 
show that  increasing temperature  up to 250~ accelerates 
hydrolysis  and polymerization, resulting in lower pH and 
more precipitates.  The same phenomena were also ob- 
served for nickel and other metals (17). Accleration of the 
hydrolysis  of aquo complexes at high temperature  is re- 
lated to changes in the physical  propert ies  of water, and 
the most  important  change is the decrease of the dielec- 
tric constant  (18). 

Experimental  results show that  olation or oxolation is 
inhibi ted in concentrated C1- media. Nevertheless, the  
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pH of the filtrates is low. Generally, activity coefficients 
of H ~ are larger in concentrated C1- media, but  those in 
0.5N NaC1 solution are not so large compared to those in 
0.05N NaC1 solution (19). The reason for such low pH in 
the concentrated C1- filtrate is not clear at present; fur- 
ther fundamental  studies are needed. 
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Fig. 9. Thermogravimetric analysis curves 

Finally, the lower pH values of the anolyte electrolyzed 
at higher temperature (Fig. 3) are brought about by the ac- 
celerated hydrolysis and oxolation described above. 
When most Cr 3~ ion is hydrolyzed and the activity 
coefficient of H ~ is constant with varying C]- concentra- 
tion, the slope of pH against the log of charge should be 
- 1. Smaller slopes at higher temperature would be due to 
retardations of the hydrolysis in concentrated C]- solu- 
tion, diffusion of H ~ into the cathodic compartment 
through the SiC disk during electrolysis and cooling, and 
consumption of H § by the local corrosion. 

C o n c l u s i o n s  
When Type 304 stainless steel specimens were electro- 

lyzed anodically, the pH of the anolyte decreased with 
charge passed. As the temperature of electrolysis in- 
creased in the range above 150~ lower pH values and 
more precipitates were obtained, and hard films were 
formed on the specimens at 200 ~ and 250~ The films 
were mainly composed of the hydrolysis product of chro- 
mium, CrOOH, which was the main factor for lowering 
the pH. During electrolysis at 250~ lower pH values 
were obtained in concentrated C1- solution. These pH 
changes of the anolyte were well described with the ex- 
perimental results of hydrolysis of Cr 3~ solution. Heating 
of Cr 3~ solutions at high temperatures accelerates hydrol- 
ysis and polymerization and brings low pH values. 
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Fig. 8. X-ray diffraction patterns of precipitates 
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Nonlinear Current Response of Electrochemical Systems 
Martin W. Kendig* 

Rockwell International Science Center, Thousand Oaks, California 91360 

ABSTRACT 

Laplace analysis of the electrochemical response of an iron electrode in 1.0N H~SO4 containing 20 mM propargylic al- 
cohol demonstrates the existence of a discontinuity in the potential at the inner Helmholtz plane (IHP) as a function of 
applied potential. This result is consistent with previous results reported by Lorenz and Mansfeld and demonstrates the 
utility of Laplace analysis for evaluating systems where adsorbed species give rise to discontinuous behavior of the ef- 
fective potential at the IHP due to shielding by the adsorbed phase. 

The Laplace transform of a current responding to an 
applied potential pulse can provide the frequency de- 
pendence of the electrochemical impedance (1), a func- 
tion useful for the analysis of electrochemical kinetics. 
The Laplace transform is an integral transformation 
which takes a function of time into the frequency domain. 
The ratio of the Laplace transform of potential to that of 
the current, hE(s)/aI(s), defines the frequency dependent  
electrochemical impedance Z(s) by substi tuting j~ for the 
Laplace variable, s, where o~ is the frequency (radian/s) 
and j~ = -1.  The assumptions  involved in the definition 
of impedance include the assumption of causality and the 
assumption of linearity (2). Causality implies a cause and 
effect relationship between the respective current and po- 
tential variations hE and hi, and linearity requires the 
current transient, hi(t), to be proportional to the ampli- 
tude of the applied potential step. Electrochemical sys- 
tems can meet these criteria for most cases through the 
careful control of experimental  conditions. However, in 
the case of iron in dilute sulfuric acid containing propar- 
gylic alcohol (PGA) the current-potential behavior re- 
mains nonlinear down to very low potentials, as correctly 
analyzed by Lorenz and Mansfeld (8). Despite this pres- 
ence of fundamental  nonlinearities in certain electro- 
chemical systems, transform analysis can provide a 
means for characterizing the electrochemical kinetics. 
Using this approach, the system iron in 1N H.~SO4 con- 
taining 20 mM PGA has been analyzed to give details of 
the interfacial structure responsible for the nonlinear 
response. 

Theoretical Considerations 
In  general, nonlinear current vs. potential behavior re- 

sults from the fact that the free energy of activation for an 

*Electrochemical Society Active Member. 

elementary charge-transfer process is proportional to the 
applied potential. Hence, the current varies exponentially 
with potential. This nonlinearity can always be excluded 
by using an appropriately small hE (< 10 mV) and is not 
the subject of this discussion. However, the existence of 
stored charge or the dielectric shielding df interfacial 
charge at the interface, produced by irreversible electro- 
sorption, can cause a discontinuity in the effective poten- 
tial seen by the electroactive species at the inner Helm- 
holtz plane (IHP) as a function of applied potential. 
Specific adsorption of molecular dipoles or ions can in- 
crease or decrease the potential of the IHP virtually inde- 
pendently of the electrode potential relative to a reference 
electrode (4). Such is the case of electrocrystallization 
when a sharp change in overvoltage occurs upon conver- 
sion of a surface phase (5). The anomalous dissolution of 
metals at cathodic potentials has been attributed to modi- 
fication of the potential at the IHP due to shielding by 
adsorbed surface complexes (6). The model proposed 
here for this effect (Fig. 1) places an internal potential 
source, Ei, in series with the faradaic charge transfer re- 
sistance, R, and capacitance of the double layer, C. Usu- 
ally Ei is insignificant or varies weakly with the applied 
potential, E, such that the potential fluctuation across R 
and C resulting from the external application of hE is 
identical, or at least varies linearly with hE. However, in 
the case that the potential at the IHP, that is, the internal 
potential E~, contains a discontinuity at the potential Eo 
where the pulse, hE, is applied as schematically shown in 
Fig. 1, a nonlinear hi vs. hE relationship follows. A dis- 
continuity in the potential seen at the IHP as a function of 
electrode potential can lead to the apparent existence of a 
multiplicity of steady states (MSS) due to metastability 
resulting from a slow time dependence for the adsorp- 
tion-desorption behavior which would extend the current 
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Fig. |. Schematic for on electrochemical interface containing a dis- 
continuity at the IHP as a function of applied potential. 

voltage response along the dotted lines in Fig. 1. Analo- 
gous discontinuities in the potential at the IHP can also 
occur as a function of the chemical potential of surfac- 
tants where/~ = ~~ + R T  In as, where a~ is the activity of 
the su.rfactant in the bulk solution. For example, 
discontinuities in the potential at the IHP as a function of 
inhibitor concentration can give rise to catastrophic tran- 
sitions from one level of corrosion rate to the other across 
the discontinuity. These catastrophic transitions can oc- 
cur as a function of time or location on the electrode sur- 
face and will cause the noted scatter in observed corro- 
sion rates (7) or pitting (8), respectively. Sato uses a model 
containing a discontinuity in the IHP to explain passivity 
(9). 

An electrochemical system with a discontinuity in the 
potential seen at the IHP influences the observed imped- 
ance behavior (3). The quantitative height of the disconti- 
nuity can be discerned, however, through Laplace analy- 
sis of the current responding to positive and negative 
pulses at Eo across the discontinuity (Fig. 1). The analysis 
produces an observed effective impedance, Z~ff(s) describ- 
ing the electrochemical response, which provides a 
means for determining the magnitude of the discontinu- 
ity. Unlike a true impedance, Z~'(s) depends on the mag- 
nitude, hE, of the potential step. 

An expression for Z~"(s) may be written in closed form, 
provided the contribution of AE~ to tl~e total potential 
fluctuation (hE + 5EL), across the R and C t~kes an as- 
sumed time dependence. The transformation from the 
one state to the other at the discontinuity is assumed to 
result from a first-order process. Thus, upon stepping hE  
across the discontinuity (Fig. 1), 5E~(t) is assumed to take 
the following form 

bEt(t) = El(1 - e -kt) [1] 

The effective impedance Z~'(s) will be by definition 
hE(s) /M(s) ,  where AI(s) is the transform of the observed 
current which flows across the R C  network as a result of 
the application of hE(t)  + hE~(t). Therefore 

~E(s) ~E(s) Z(s) 
Z+ff(s) - - -  - [2] 

AI(s) hE(s) + AEi(s) 

where Z(s) is the impedance of the R C  network 

Z(s) = R / (1  + RCs)  [3] 

The Laplace transform of the pulse of amplitude hE gives 
hE(s) equal to AE/s.  Adding AE(s) to the transform of Eq. 
[1] and including the resulting hE(s) + hE~(s) into Eq. [2] 
gives 

(s + k)R z~f(s) = [ 4 ]  

--~-E-/ ] + RCs)  

This analysis shows that Z e~r depends on hE. Further- 
more, Z elf has the same functional dependence on fre- 
quency as an equivalent circuit containing an inductance 
in series with a resistance, R, and in parallel with a capaci- 
tance, Cp 

R + sL  Pl(s) 
Z R L C  - - -  [5] 

1 + sCpR + s ~ P~(s) 

where Pn(S) is the nth-order polynominal function of s. 

Exper imenta l  Approach  
An iron specimen prepared as described previously (3) 

was held in a Stern holder and placed in a stagnant air- 
equilibrated 1N H~SO4 + 20 mM PA and allowed to equili- 
brate for a constant open-circuit potential. A Princeton 
Applied Research 173 potentiostat with a Model 176 
coulometer was used to apply a -+ 10 mV step about the 
corrosion potential. The current response was recorded 
on a fast responding strip chart recorder or a digital oscil- 
loscope. The potential transform was taken as 0.010 V/s,  
where s = -jo~ (radiarffs), and the current response was es- 
t imated using the algorithm of Pilla (1) with the following 
modification. The Laplace integral between current 
points that increased with t ime were obtained by fitting 
the current-time curve at the interval {t~, t~+,} to a cubic 
equation 

I(t) = AI  + A.2t + A.r 2 + A4t 3 [6] 

Hence, the integral, L of the interval 

f~: ~*̀ e-t~I(t) 2 I+ = d t  = Ii~ [7] 
j = l  

could readily be calculated from evaluating the known 
integrals, I~j 

f 
r  

LJ = A~e-t~t j+~ d t  [8] 
t i  

using an established formula (10). The impedance, Z(s), 
was calculated then as the transform of I(t) [i.e., I(s)] di- 
vided by the respective transform of a 10 mV potential 
step. 

Results and Discussion 
Figure 2 shows a plot of the Laplace transformed data 

for a dummy cell consisting of a resistor Rp equal to 
10,030li in parallel with a capacitor Cp equal to 3138/~F 
both in series with a resistor R+ equal to 1002f~. The actual 
values for the impedance elements of the dummy cell 
were determined by conventional TFA analysis (11). The 
transformed data (solid circles) are superimposed on the 
calculated transform for the dummy cell (open circles), 
which demonstrates the validity of the transform. Sig- 
nificant errors can exist at the highest frequencies as a 
result of risetime of the potentiostat and current recorder. 
For this reason, frequencies > 0.1/t, where t~ is the first 
t ime interval measured, have been ignored. 

. . . . . . . .  ~ . . . . . . . .  , . . . . . . . .  r :m'3~'"'~ , 
1 0  4 .-- ~ -= 
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Fig. 2. Comparison of Laplace analysis with the transform calculated 
from the component values for a dummy cell determined using the TFA. 
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Fig. 3. Laplace transform and TFA impedance data determinedfor 
iron in stagnant 1N H2SO4 and 20 rnM PGA. 

The curves in Fig. 3 represent data for the observed im- 
pedance, Z elf, of the iron in sulfuric acid-PGA solution. It 
must  first be restated that these are not true impedances 
owing to the nonlinear nature of the system. As a result, 
Z e~ depends on the mode of measurement. Curve 1, for 
example, shows the impedance measured using the TFA. 
The region where the impedance increases with increas- 
ing frequency implies an inductive component.  The low 
frequency Laplace transform analysis of the response to a 
10 mV anodic potential pulse was obtained by computer 
analysis of a current transient and appears as curve 2 in 
Fig. 3. The time response of the recorder limits these data 
to low frequencies. Curve 2 shows a lower effective dc re- 
sistance than that indicated by curve 1. However, the 
Laplace analysis of a current response to a potential step, 
bE = 10 mV cathodic to Er shows no inductive behavior 
and a dc limit close to that obtained from the ac measure- 
ment  (curve 3). The response to a second anodic potential 
pulse at a later time (curve 4) again represents a low dc re- 
sistance, but  is only slightly higher than the previous re- 
sponse to an anodic pulse (curve 1), showing that there is 
a slow overall time dependence in the system behavior. 

These results clearly indicate that the magnitude of hE 
influences the observed impedance as predicted by the 
model and observed by Lorenz and Mansfeld (3). The use 
of ac impedance analysis for inherently nonlinear sys- 
tems, such as the PGA-inhibited Fe in sulfuric acid sys- 
tem, shows that care must  be taken in defining the po- 
tential excitation which produces the current response. 
Despite the fact that true impedance can only result for 
linear systems, the true impedance R and C can, in princi- 
ple, be extracted by using Eq. [4]. The effective imped- 
ances of 1.37 and 27.6~ evaluated for the limit as s --> 0 for 
bE = +10 mV and bE = -10 mV, respectively, and Eq. [4] 
allow calculation of the value for R as 3 ~ �9 cm 2, and bEi 
due to the discontinuity as 9 mV. The value for bE~ is 
small, but  represents a significant discontinuity since its 
magnitude compares with the ac modulation of -+10 mV 
typically assumed to produce a linear response. A hE~ of 9 
mV certainly is significant in light of its influence on the 
dc limits for Z elf, which vary by over a factor of 10 de- 
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pending on whether the potential is pulsed in the positlve 
or negative direction away from the open-circuit poten- 
tial. Depending on the proximity of the electrokinetic 
plane of shear to the IHP, Ei ~ E - ~, where ~ is the zeta 
potential (12). Hence hEi ---- -b~. Since zeta potentials typi- 
cally range between -+50 mV, a difference of - 9  mV repre- 
sents a significant discontinuity in the zeta potential of 
the steel surface as a result of inhibitor desorption. 

S u m m a r y  
Electrochemical impedance in highly irreversible and 

nonlinear systems is not defined. However, the theoreti- 
cal treatment presented here allows extraction of the true 
ac impedance from effective impedances obtained from 
Laplace transform of the current response of nonlinear 
systems. Furthermore, the model of a system undergoing 
an irreversible adsorption-desorption predicts an effec- 
tive impedance containing an inductive component.  The 
effective impedance depends on the amplitude of the 
applied-potential step. The present discussion explains 
the inductive behavior previously obtained for the system 
iron/H.2SO4 + PGA. The results are consistent with the 
presence of a discontinuity in the potential at the IHP of 9 
mV as a function of applied electrochemical potential. 
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Bernard Tribollet 1 and John Newman* 

D e p a r t m e n t  o f  C h e m i c a l  E n g i n e e r i n g ,  Univers i t y  o f  Ca l i f o rn ia ,  Berke ley ,  C a l i f o r n i a  94720 

A B S T R A C T  

F r o m  the  Stefan-Maxwel l  equat ions,  a mode l  has been  deve loped  which  descr ibes  the  d is t r ibut ion  of  concen t ra t ion  
of  each species in the  solution. This mode l  has  provis ion  for an arbi t rary n u m b e r  of  s imul taneous  h o m o g e n e o u s  and het- 
e rogeneous  react ions  and is used  to t reat  the  s teady state and the  i m p e d a n c e  of  an  e l ec t rochemica l  interface. As an ex- 
ample,  this me thod  is appl ied  to the anodic  dissolut ion of  a ro ta t ing disk of  copper  in chlor ide  solutions.  

The rate of m a n y  e lec t rochemica l  p rocesses  is governed  
by the  t ransport  of  reac tan t  species  to the  e lec t rode  sur- 
face by diffusion and convect ion.  The  di lu te-solut ion 
theory  has  been  appl ied  to m a n y  e lec t rochemica l  prob- 
lems and is adequa te  for analyt ic  solution.  The l imits  of  
appl icat ion for the  di lu te-solut ion theory  are not  really 
clear, and these  l imits  m a y  be dif ferent  for the  s teady 
state and the nons t eady  state. Never theless ,  this theory  
breaks  down  in concen t ra ted  solution; first of  all, be- 
cause  migra t ion  and diffusion fluxes mus t  be defined 
wi th  respec t  to some  average  veloci ty  of  the fluid, and 
the flux relat ions so def ined mus t  be  cons i s ten t  w i th  
this choice.  In a concen t ra t ed  solution, it is not  only the 
solvent  veloci ty  wh ich  cont r ibutes  to the  average  veloc- 
ity. 

A careful  defini t ion of  t ranspor t  proper t ies  also re- 
quires ,  excep t  at infini te  di lut ion,  the  appl ica t ion  of  the  
theory  for concen t ra ted  solutions.  In this theory,  the di- 
lute  flux relat ion for each solute species  is rep laced  by 
the m u l t i c o m p o n e n t  diffusion equa t ion  (1). This  last 
equa t ion  involves  m a n y  parameters ,  and an analyt ic  solu- 
t ion is too complicated; but, if our aim is a numerical so- 
lution, it is possible to consider an analysis which in- 
cludes variable physical properties and has provision for 
an arbitrary number of simultaneous homogeneous and 
heterogeneous reactions. This analysis should be able to 
deal with the steady state, and it was used with success 
for modeling silicon deposition on a rotating disk (2). In 
this paper, we use this model to treat not only the steady 
state but also the impedance of an electrochemical inter- 
face. The comparison of the numerical results from the 
theory for concentrated solutions with the analytic results 
from the dilute-solution theory allows one to define 
clearly the limits of this last theory. 

The described method is applied to the anodic dissolu- 
tion of a rotating disk of copper in chloride solutions. The 
rotating-disk electrode has been used in this study be- 
cause the hydrodynamics and mass-transfer characteris- 
tics of this system are relatively well understood. 

Theoretical Analysis 
The m u l t i c o m p o n e n t  diffusion equa t ion  

CiV~i _ CiCj 

R T  

descr ibes  the  mot ion  of  species i re la t ive  to the  sur- 
round ing  fluid. In  this equat ion ,  ~ is the  e lec t rochemica l  
potent ia l  of  species  i and v~ is the  ve loc i ty  of  species i (so 
that  the flux dens i ty  of  species  i is N~ = c~vi). The total  
concen t ra t ion  is c = E c~, where  the sum inc ludes  the  sol- 

i 
vent ,  and D~j is a diffusion coefficient  desc r ib ing  the in- 
te rac t ion  of  species  i and j (D~j = Dji). 

Equa t ion  [1] is s imilar  to the Stefan-Maxwel l  equa t ion  
(3). By us ing  the mole  fract ion 

*~Jectrochemical Society Active Member. 
~Present address: Groupe de Recherche number 4 du CNRS, 

"Physique des Liquides et Electrochimie," associ~ ~ l'Universit6 
Pierre et Marie Curie, 75230 Paris Cedex 05, France. 

Ci 
x~ = - -  [2] 

c 

at cons tant  t empera tu re ,  the  gradient  of the electro- 
chemica l  potent ia l  m a y  be  def ined as 

Vxi 
V~i = ziF V(P + R T -  [3] 

xi 

whe re  �9 is the e lect rosta t ic  potential .  
Fo r  a mix tu re  of  n species,  the  local mass-average  ve- 

loci ty v is def ined as 

E PiVi 
v - i [4] 

The  molar  flux relat ive to the mass-average  ve loc i ty  v is 

Ji = ci (vi - v) [5] 

With these  parameters ,  the  Stefan-Maxwel l  Eq. [1] be- 
comes 

Vf t  i x iJ j  - XjJi 
x~ R T  = ~ cS~j" [6] 

j ~i 

The  n u m b e r  of  i n d e p e n d e n t  equa t ions  wi th  the  form 
of Eq.  [6] is one less than  the  n u m b e r  of  species.  If  we 
cons ider  the  relat ion a m o n g  the  molar  f luxes 

MiJi = 0 [7] 
i 

we have  a set of  n equa t ions  which  can be wr i t ten  in a 
mat r ix  form 

1 

RT 

o r  

0 

X.2V~2 

3s i 

Xn~-n  

M, . . . . . . . . . . . . . .  Mk . . . . . .  M .  

X 2 Xj X 2 X2 

cD.,I., j~2 cD.,j'''. _ cD~. . . . . .  cD-2. 

Zj Xi 

x~ - ~ cDik cDi, cDil j ~i 

Xn Xn X'~ 

cD,,i cD,~ k E j ~n ~'J 

1 
- -  x V ] ~  = b J 
R T - -  = -  

The mater ial  ba lance  is descr ibed  by 

J~ 

J~ [8] 

[9] 
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V - Ji = ~ Ri.~ - V �9 (vci) - --0ci [10] 

Ri.~ is the  net  rate of p roduc t ion  of species i by  react ion 1; 
it is regarded as the  difference be tween  the  rates of for- 
ward  and  backward  rates and  can be p resen ted  as 

Ri.~ = k~ II xj~l - k~ H x~-~ [11] 
J 

where  kl~ and  k~ are the rate cons tants  for forward and 
backward  reactions,  respectively.  The first p roduc t  (II) is 
over reactants  (~  > 0) and  the second produc t  (II) is over 
p roduc t  species (,~ < 0). 

The law of conserva t ion  of mass can be expressed as (1) 

Op 
- V �9 ( p v )  

ot 

When the dens i ty  is cons tan t  in  space and  time, this 
express ion  reduces  to 

V . v = O  

This  is f requent ly  an  adequate  approx imat ion  for di lute 
l iquid  solutions�9 A solut ion wi thout  this  approx ima t ion  
m ay  be obtained,  b u t  it  wou ld  be necessary to solve the 
Navier-Stokes equa t ions  and  the conserva t ion  of mass  
equa t ion  together  wi th  the  Stefan-Maxwell  equat ions.  

The inverse  of Eq. [8] and  so the flux express ion  is 

J , =  ~ bi~ -~ V x ~ + ~ x ~ V O  [12] 
k=2 

The divergence of the Stefan-Maxwell  Eq. [6] is 

ziF z~F 
Wxi + ~ Vx~. V~ + ~ x~W~ 

: 

j ~i 

+ ~ z iV .  Jj - xjV. Ji [13] 
j ~ei cDij  

Since  V �9 J~ and  J~ are g iven by  Eq. [10] and  [12], Eq. [13] 
becomes  

z~F V ziF 

Xi E R j l -  xj E Ril 
E 1 1 + cv.  E xivxj - xjvxi 
j § cDij j r cDi] 

Oxj Ox~ 
+ c x, ( ) 

j r cDiI E j ~i 

bjk-1 ( ~ X k  -b ZkF Vqb) 
�9 k=2 ~ xk  

�9 bik -1 V x k + ~ x k V e P  = 0  [14] 
j~i =' 

The concen t ra t ion  dependence  of Dij ma y  be t aken  into 
account  in  Eq. [14], if we k n o w  the concent ra t ion-depen-  
dence  expression�9 

The re la t ionship  amo n g  the  mole  fract ions is 

x~ = 1 [15]  
i 

and  the  equa t ion  of e lect roneutra l i ty  is 

~, zixi = 0 [16] 
i 

With n - 1 equa t ions  of the  form of Eq. [14] p lus  these 
two equat ions ,  we have a set of (n + 1) equa t ions  with 
(n + 1) u n k n o w n s  (n mole  fractions and  (P, the electro- 
static potential).  This  set m ay  be resolved wi th  the  corre- 
spond ing  b o u n d a r y  condi t ions  set forth below. 

1. Far  from the disk, the compos i t ion  approaches  that  of 
the bu lk  fluid, equi l ibra ted  wi th  respect  to homogeneous  
reactions.  

2. At the interface, one or more  he terogeneous  react ions 
occur. A single-electrode react ion can be wr i t ten  in  sym- 
bolic form as 

siMi ~i ~ ne-  [17] 
i 

Then  the  flux of a species is related to the partial  cur rent  
densi t ies  related to these he terogeneous  react ions 

si"----k~ " [18] 
5i : -- i~ nlF z~ 

and  the  total  electrode cur ren t  densi ty  is the s u m  of par- 
tial cur ren t  densi t ies  (i = E i~). 

1 
At the interface, Eq. [6] becomes  

ziF 
Vxi - x~Vq) 

RT 

xi ~ SJ'----LI " - ~ Si'--L" 
nl F nlF 

- E ~ l [19] 
j ~i cDij 

The partial  cur ren t  densi t ies  can  be expressed by  the 
kinet ic  equa t ion  

il 
nlF - k~l exp [ (1--Rfl-~nlF v J [Ii xi~i.1 

Again,  the  first p roduc t  (II) is for anodic  reactants  (Si.l > 
0 for n~ > 0), and  the second product  (II) is for cathodic 
reactants  (si,~ < 0). Nonelectrochemical ,  he te rogeneous  re- 
act ions can  be descr ibed  similarly,  bu t  wi th  no potent ia l  
dependence  and  wi th  iilnlF replaced by  the  rate of the 
he terogeneous  react ion (in Eq. [18] as well  as [20])�9 

At the electrode, (n - 1) Stefan-Maxwell  relat ions (Eq. 
[19]) are used together  wi th  the re la t ionship be tween  mole 
fract ions (Eq. [15]) and  the e lect roneutra l i ty  equa t ion  (Eq. 
[16]) in  order to ob ta in  (n + 1) b o u n d a r y  condi t ions  at the 
interface. 

The steady-state solut ion may  be ob ta ined  wi th  ox~/Ot = 
0. Then  the t rans ien t  so lut ion may  be ob ta ined  from the 
steady-state solut ion for a s inusoidal  per turbat ion .  If  the 
ampl i tude  of per tu rba t ion  is low enough,  each mole  frac- 
t ion m ay  be wr i t ten  as 

xi = x~ + Re {~ exp (joJt)} [21] 

where  x1 is the steady-state solut ion and  ~ is a complex  
func t ion  of d is tance  from the disk. 

By the same way the  cur ren t  and  potent ia l  may  be writ- 
t en  as 

i = ~ + Re {~ exp (jolt)} [22] 

V = V + Re {V exp (jut)} [23] 

The express ion  of the e lectrochemical  impedance  is in- 
d e p e n d e n t  of the choice of the  regulat ion 

= E ~ [24] 
1 

At the interface, Eq. [19] becomes  



2782 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  December 1984 

V~i = ziF . - -  ziF 
- R---T x~ V ( ~  - R T  x i V $  

- E  j Y~i cD~j 

Si, l - 

n,FS'"? _ xj ~t ~ i, xi ~ , 
"7 

xi ~ nlF n i t  [25] 
- E cDij j r 

For the nonsteady solution, with 2(n - 1) equations of 
the form of Eq. [14] plus two equations of the form of Eq. 
[15] and two of the form of Eq. [16], we have a set of 
2(n + 1) real equations and two (n + 1) unknowns [(n + Q 
for the real components  and (n + 1) for the imaginary 
components].  This set may be resolved with the corre- 
sponding boundary conditions: (i) far from the disk, each 
concentration tends towards  zero, and (ii) at the interface, 
2(n - 1) Stefan-Maxwell relations (Eq. [25]) are used to- 
gether with the two relat ionships between mole fractions 
(Eq. [15]) and two electroneutral i ty equations (Eq. [16]). 

The electrochemical impedance  is defined as 

f, f, 
Z - . - - -  [26] 

l 

From Eq. [20] 

il = nlFkal 

exp [ ( 1 R ~ n l F  r~ ] i~ (Si.,:C,~i"-' ~i jIIi Xj) 

- nlFkc, exp [ -  131n, F V] 
L RT J 

- s,.,x~-~i, l - '  xi J~" ~.j + R~, , - '  f~ [27] 

w i t h  

and 

Rt,~ -l  (1 - 131)nlF 
n,F RT 

exp 

Then 

Rt-1 = E Rt.l-' [28] 
1 

kal 

131'~1F [ 131n' F e l n  ;l-',,l 
+ ~ k ~ l e x p  - RT J i 

[29] 

Z = R t ~ R t ( n l F k a l - ~  ~ exp [(1 - 13')n~F ~ 7 ] R T  

Z (Si,lX-iSi'l-I x"i H X:t) - nlFkc, 
i j ~i 

ex [ F 

Anodic dissolution of copper in chloride solutions.--At 
low current  densit ies and for C1- concentrat ion higher 
than 0.05M, copper dissolves anodically in acidic chloride 

solution to form CuCl~- (4, 5). At high current  densities, a 
mechanism involving the formation of CuC1 and dissolu- 
t ion of this precipitate with the diffusion of CuCl~- has 
been suggested (5, 6). In this paper, we consider the case 
of low current densit ies for which there is a good agree- 
ment  among the publ ished experimental  data (4-8); and 
we compare the results from the two models: infinitely 
dilute solution and concentrated solution. 

Steady state 

Cu + 2C1- ~ CuC1.2- + e -  [31] 

With this electrochemical reaction, Eq. [20] may be writ- 
ten as 

i . , - 13)F --~-=k~cc,_f-exp [ (1 ~ -  V] 

- kc cc~cl.,_.~ exp [ -  13F [32] 

In the infinite dilution theory 

i _ Dcuc12- (Ccuc,2-,~- Ccuc12-, ~) [33] 
F 6c~cl~ 

i _ 1 Dcl- (Ccl-.~ - Cc,-,~) [34] 
F 2 8cl- 

The expression of the current  density may be obtained 
by solving this set of Eq. [32], [33], [34]. With the assump- 
tions: Ccuc~2-.~ = 0 and Cc~-.~ = Cc,-.~, this expression is 

i k a C c l - ' ~ e x p { ~ T V }  
- [35]  

8c.c,2- { (I-13)F } F 1 + ~ k~ exp ~ V 

For  the low rotation speeds 

6cucl2- { (1-13) F V } > >  1 
Dcucl.z- kr exp RT 

and then 

[36] 

and when the rotation speed tends towards infinity 

a_~k~ Ccl-~ 2 exp - ~ -  V [38] 

Expression [35] is in good agreement with the experi- 
mental  data given in Ref. (5, 7) and in part icular  with 
Smyrl ' s  results (8). By using these last data we can deter- 
mine the values of 13, ka, kc, and Dcuc12- 

13 = 0 . 5 ,  k a = 6 cm4/s, k c = 10 -3 crrgs, 

and 

Dcuct~- = 5.4 x i0 -6 cm2/s 

The value of De,- is given in Ref. (1): Dc~- = 2.032 x 10 -~ 
cm2/s; the values of ka and kc correspond to V relative to a 
saturated calomel electrode. 

At first, we consider  the case of low concentration in 
acidic chloride: CHC~ = 0.1M and low potential  V = -0.205 
mWSCE. 

From expression [35] we find i = 0.00526 mAYcm ~ for II 
= 600 rpm (10 Hz) and T = 293.15K and by using the 
Stefan-Maxwell Eq. [2], the numerical  integration gives 
0.00527 mAdcm z. The agreement  is very good, and the in- 
finitely dilute solution theory may be used. 

In  Fig. 1 we give the mole fraction variation of each spe- 
cies vs. the distance from the electrode. These results 
were obtained from the integration of the Stefan-Maxwell 
Eq. [1]. 

In the second case, we consider  a higher concentration 
in acidic chloride cMo = 2.0M and a higher potential:  V = 
-0.085 mV/SCE. Expression [35] cannot be used because 

i Dc~c~.~- k~ { F } 
F - 8cuc12- k,~ cc1'~2 exp ~ V [37] 
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Fig. 1. Variations of the mole fraction of each speciesvs, the distance 

from thecopper electrode. The concentration in HCI is 0.1M, and the 
potential is -0 .205  mV/SCE. 
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Fig. 2. Variations of the mole fraction of each speciesvs, the distance 
from the copper electrode. The concentration in HCI is 2.0M, and the 
potential is -0 .085  mV/SCE. 

the assumption Cc,-j = Cc,-.= is not valid. Therefore, we 
must  solve the set of Eq. [32], [33], [34]; for 12 = 600 rpm 
(10 Hz) and T = 293.15 K, we find i = 115 mAJcm 2, and by 
using the Stefan-Maxwell Eq. [1] i = 119 mA]cm -~. By 
using the numerical  integration of the Stefan-Maxwell 
equation, we obtained the values of Ve9 and Ccz-.~, and 
thus we verified that the difference between the two pre- 
vious results (i = 115 mA]cm 2 and i = 119 mA/cm9 is due 
to the effect of migration 

F 
Dc,- Col- .S R - ~  v(T~ = '  4 mA/em ~ 

In Fig. 2, we give the mole fraction variation of each spe- 
cies vs. the distance from the electrode. At the interface, 
the concentration of CuC12- is only five times less than 
the concentration of C1-; that explains the effect of migra- 
tion on the current. 

The effect of the migration program [appendix C in Ref. 
(1)], or variations of it, could have been used with success 
here. The Stefan-Maxwell approach was used because we 
already had a nonelectrochemical version [silicon deposi- 
tion (2)] with arbitrary homogeneous and heterogeneous 
reactions, and because of its ultimate validity when we 
get to problems (electropolishing~ conditions of pitting 
corrosion), where even the viscosity and the pH of solu- 
tion can vary dramatically near the electrode. We visual- 
ize adding surface coverages to the computer program at 
a later date. 

Impedance.---For a low amplitude of perturbation, each 
variable may be written as in Eq. [21]. 

From Eq. [32] 

7 = Rt-l CV + 2 Fk~ cc~_ s exp [ ( 1 -  R T  ' "~l "Cc~-'~ 

-Fkeexp[--~T'~]Cc,c l ,2- .~  [39] 

with 

Rt_~ (]- f l )F2 - [ ( 1 - f l ) F  ] 
- RT k, Ccl-ff exp ~ ~7 

flF ~ - [ flF ] 
+ ~ kc Ccucl~-.~ exp - - ~ -  ~7 

Rt is the usual charge-transfer resistance. 
Equations [33] and [34] become 

[40] 

= - FDcucl~- O?c,c,~_____%az ~=0 [41] 

i = y FDc,_ ~ z  z=o [42] 

Then the faradaic impedance is 

Zf = Rt + ZD [43] 

with 

~4 kacc'-" e x p I ( 1 - / ~ ) F  V 1 ZD = Rt [ ~ RT 

8cl- ke flF 
_0,c,_(0) + D c u c , 2 ~ _ e x p [ _ _ ~ V  ] acuc,,~- _8,cuc,2_(0) .} [44] 

ZD is the diffusion or convective Warburg impedance and 
{- 1/8~'(0)} is the dimensionless convective Warburg im- 
pedance for the species i. The variation of {- 1/0'(0)} vs. 
the frequency was studied by several authors (9-11) with 
the assumptions of infinite dilution theory. If we assume 
Cc~-.~ = Cc,-.~ and then Ed-~ = 0, Eq. [44] becomes 

kc 

(- 0'T0) )cuc,~- [45] 
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For V = -0.205 mV, CHc, = 0.1M, and ~ = 600 rpm (10 
Hz), the results from the infinite dilution theory (Eq. [45]) 
and the Stefan-Maxwell equation are very close. In Fig. 3, 
we have reported the variation of the real and imaginary 
part of the impedance vs. the frequency. In this figure, 
the curves from the concentrated solution theory and 
from the infinite dilution theory cannot be distinguished. 

For V = -0.085 mV/SCE, C~c, = 2.0M, and 12 = 600 rpm, 
the results from the infinite dilution theory are given by 
Eq. [36] and are shown in Fig. 3 as a dashed line. The 
translation of this curve compared to the previous curve 
shows the effect of the C1- diffusion. The Schmidt num- 
ber for CuCI~- is 1670, and for C1- is 4380, then the curve 
from Eq. [44] is identical to a curve from Eq. [45], corre- 
sponding to an apparent Schmidt number  between 1670 
and 4380 (here, approximately 2750). 

When the frequency tends towards zero, the difference 
between the impedance derived from the infinite dilu- 
tion theory and the impedance from the concentrated so- 
lution theory is 4%, in good agreement with the steady- 
state result. The variation of the dimensionless 
impedance derived from the concentrated solution theory 
is plotted in Fig. 3. 

The curves are translated from the infinite dilution 
theory curves towards high frequency. In the concen- 
trated-solution theory, the curves are identical to curve 
from Eq. [45], corresponding to an apparent Schmidt 
number  of 1150, which is outside the average value of the 
CuCI~- Schmidt number  and CI- Schmidt number.  Then, 
in this case, the effect is very important, and an analysis 
of experimental data with the infinite-dilution theory 
(Eq. [44]) gives a wrong result for the Schmidt number  
determination. 
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LIST OF SYMBOLS 

b matrix defined by Eq. [8] 

bik element of matrix b 

c total concentration=(moYcm 3) 
ci concentration of species i (moYcm 3) 
Dij diffusion coefficient for binary interactions (cm2/s) 
D~ diffusion coefficient of species i (cm2/s) 
F Faraday's constant (96,487 C/eq) 
i total current density (A/cm 2) 
il partial current density relative to reaction 1 (A/cm 2) 
Ji flux of species i relative to the mass average veloc- 

ity (moYcm ~ s) 
ka, anodic rate constant of heterogeneous reaction 1 
kc, cathodic rate constant of heterogeneous reaction 1 
k,r forward rate constant of homogeneous reaction 1 
k,b backward rate constant of homogeneous reaction 1 
m~ molecular weight of species i (g/mol) 
n, number  of electrons involved in electrode reaction 1 
Ni flux of species i (moYcm 2 s) 
R universal gas constant (8.3143 J/mol K) 
Rj., rate of homogeneous production of species i in the 

reaction moYcm 3 s 
Rt charge transfer resistance relative to reaction 1 (12 

c m  2) 

*S~., stoichiometric coefficient species i in heterogene- 
ous reaction 1 

t time (s) 
T temperature (K) 
v mass average velocity (cm/s) 
v~ velocity of species i (cm/s) 
*Rt,l charge transfer resistance relative to reaction 1 (12 

c m  2) 
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xi mole fraction of species i 
z axial distance from disk surface (cm) 
zi charge number  of species i 
Z electrochemical impedance (12 cm 2) 
ZD diffusion or convective Warburg impedance (12 cm 2) 
B, symmetry factor for reaction 1 

thickness of diffusion layer (cm) 
{-1/0i' (0)} Dimensionless convective Warburg impedance 

to species i 
~i electrochemical potential of species i (J/mol) 
v~ stoichiometric coefficient for species i in homoge- 

neous reaction 
Pi mass of species i per unit  volume (g/cm ~) 
ep electrostatic potential (V) 
oJ modulation frequency (Hz) 
12 disk rotation speed (Hz) 
Superscripts 
(overbar) steady state 

unsteady component  
Subscripts 
s at surface 

in bulk solution 
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Investigation of the Anodically Formed Passive Film on Iron by 
Secondary Ion Mass Spectroscopy 
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Luis L. Tongson 
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ABSTRACT 

This paper reports SIMS analysis of passive layers. Pure Fe disks are used in borate buffers of pH = 8.4. Pre- 
electrolysis is carried out to remove trace impurities. Potential step control of the electrode is utilized. Two types of ex- 
periments are carried out. In  one, passive layers are prepared and then exposed to chloride ions ~br various times. In  the 
other, films are heated at various temperatures for preselected times. The passive layers subjected to these treatments 
are exposed to SIMS analysis. The distribution of OH- with depth, from SIMS analysis, shows an exponential-like de- 
crease away from the electrode/solution interface for passive films exposed to 0.5M buffered chloride solutions for 
various times or heated at a given temperature for a predetermined period of time. The OH-  peak heights at a fixed 
depth in passive layers decrease in a similar manner  with increasing exposure time to chloride ions or with increasing 
annealing temperature for a given time period. C1- peak heights for films exposed to chloride ion-containing borate so- 
lutions increase rapidly for times up unti l  breakdown, decrease sharply after breakdown, and then level off at times 
much longer than breakdown. O-  peak heights decrease exponentially with depth for samples exposed to chloride ions 
and decrease linearly for specimens annealed at various temperatures for a number  of different times. Corresponding 
Fe § peak height data display a linear decrease with depth for chloride-treated films and an almost constant value for lay- 
ers subjected to thermal treatments. Positive SIMS O § peak heights increase sharply for thermally treated films over a 
surface region of approximately 7•, remain constant in the bulk regions, and decrease rapidly in the film]metal interfa- 
cial regions. Homogeneous films are indicated with a thickness of about 25~. Detailed mechanistic discussions of the 
two principal models of passivity show that the results are in greater agreement with the amorphous hydrated polymeric 
oxide model than with the crystalline oxide model, in which water is considered only in terms of adsorbed water on the 
surface of the passive film. 

Two kinds of approaches have been used in the past to 
characterize the passive film formed electrochemically 
on iron in neutral solutions (1, 2). The first includes in 
situ techniques such as ellipsometry (3, 4) and Mossbauer 
spectroscopy (5, 6). The second involves the use of 
high-vacuum spectrOscopic methods such as electron dif- 
fraction (7, 8), XPS (9, 10), and Auger (11, 12). Both ap- 
proaches have their drawbacks (difficulty of interpreta- 
tion of Mossbauer spectra and the removal of the sample 
from its environment  and potential control with ex situ 
techniques); however, a considerable wealth of informa- 
tion has been collected concerning the nature of the 
passive film. 

At present, two models are utilized in interpreting the 
data obtained on passive films on iron (2, 13). In one view 
(7, 8, 14-16), the film is considered polycrystalline and an- 
* Electrochemical Society Active Member. 

hydrous, the only water in the film being that adsorbed 
in the surface region (9, 17). Passivity in this model is un- 
derstood in terms of the nature of the crystalline oxide 
present (either a duplex layer consisting of an inner  layer 
of Fe304 and an outer layer of ~-Fe20~ (7) or ~/-Fe203 alone 
(8, 14)). In the second model (5, 18, 19), the passive layer is 
regarded as an amorphous hydrated ferric oxide repre- 
sented by Fe203 �9 H.20 (12). According to this model, the 
bound water is the essential element in the passive film, 
cementing the polymeric iron oxide chains together (20). 
Passivity is understood in terms of the difficulty of lat- 
tice cation diffusion through the film as a result of the 
network formed by the bound water molecules. 

A key problem to be resolved, therefore, is the location 
of hydrogen or hydrogen containing species, e.g., OH- 
and H~O, in the passive layer. Secondary ion mass spec- 
troscopy (SIMS)is  uniquely suited for this problem be- 
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cause of its ability to detect hydrogen and its isotopes in 
association with depth profiling. An early application of 
SIMS to this problem has given results which are incon- 
clusive (9, 21, 22). Preliminary work in this laboratory (20, 
23) shows the presence of water throughout the thickness 
of the passive layer and relates the loss of passivity in ag- 
gressive environments such as chloride solutions to dis- 
placement  of the bound water molecules by the latter, 
eventually leading to pitting. 

In this paper, a SIMS investigation of passive films on 
iron, both exposed and nonexposed to chloride ions, as 
well as those post-thermally treated in an inert gas atmo- 
sphere, is described. 

Experimental  
Working electrodes were iron disks (1 mm thick and 6 

mm x 6 mm square, 99.99% pure; Alfa Ventron Corp., 
Danvers, MA) mechanically polished to a mirror finish, 
washed with methanol and thrice-distilled water, dried, 
and stored in vacuo. Electrode specimens were prepared 
fresh with a fine-grade diamond paste prior to use. Sam- 
ples were f ixed- in  a Teflon electrode holder, as de- 
scribed previously (10). The counterelectrode was a piece 
of platinum gauze of an area about 100 times that of the 
iron disk working electrode and was situated in a manner 
to avoid depolarization of the latter. The reference elec- 
trode was a Hg/HgO, 1N KOH electrode. 

Buffer solutions (pH = 8.4; 0.275M sodium tetraborate 
mixed with 0.15M boric acid) were made up, using thrice- 
distilled water and analytical-grade reagents. Prior to ex- 
perimental runs, all solutions were pre-electrolyzed for 
about 15h at a current density of 20/~A cm -2, using two 
large platinum gauze electrodes. 

Air-formed oxide films on iron disks were removed by 
cathodic polarization at -0.74V (NHE) (24) for 30 min, fol- 
lowed by replacement of the contaminated borate electro- 
lyte (from an attached reservoir) while maintaining the 
cleaned electrode surface under  a nitrogen gas atmos- 
phere. Electrodes prepared by this procedure were used 
afterward in experimental  runs. 

Passive films were formed in all cases by means of a 
potentiostatic step from the resting potential of the 
cleaned electrode to +0.3V (NHE), the time of film 
growth being 50 rain. 

At this stage in one set of experiments, the solution of 
film growth was pressed out of the cell by means of ni- 
trogen pressure and replaced with a chloride ion con- 
taining (0.5M) borate buffer solution from an attached res- 
ervoir. Passivated electrodes were exposed to this 
solution at the potential of film growth for various times 
prior to, during, and after breakdown. On completion of 
each experiment,  the test solution was pressed out of the 
cell, quickly filled with thrice-distilled water from an at- 
tached reservoir, and released by nitrogen gas pressure. 
Washing with thrice-distilled water was repeated. The cell 
with the electrode still in place under a nitrogen gas at- 
mosphere was placed in a glove box. On opening the cell, 
the electrode was removed, washed thoroughly again 
with thrice-distilled water, and transferred to a glass vial. 
The glass vials, which were filled with nitrogen gas, were 
carefully sealed with Teflon tape and a screw-on cap. 

In another set of experiments, electrodes after film 
growth were put in a glove box as described above and 
placed individually in cleaned Pyrex glass tubes under a 
nitrogen gas atmosphere. The tubes were then placed in a 
furnace and heated at a number  of temperatures for vari- 
ous t imes under a flowing inert gas atmosphere. On com- 
pletion, tubes with specimens inside were returned to the 
glove box, and electrodes were removed and placed in 
glass vials. 

Samples were opened under inert gas conditions and 
placed in the target chamber  of a Gatan Model 591C 
SIMS-SIPS ion microprobe at the Materials Research 
Laboratory, Pennsylvania State University. In this instru- 
ment, the ion beam consists of a Colutron ion source, a 
Wein mass filter, and two electrostatic lenses. The ion 
gun chamber  is pumped with a turbomolecular pump. 

The target chamber can be evacuated to i0-'" torr with a 
second turbomolecular pump and titanium sublimation 
pump. 

The typical operating parameters used in this work 
were probe ion beam 4~ beam voltage of 7 keV, beam 
current of 90 nA, and a sample chamber pressure during 
analysis of 5 x 10 -0 torr. The ion beam of - 70/~m in di- 
ameter was rastered over an area of 1.2 x 1.2 mm. The sig- 
nal was gated, so the data were collected over a central 
area of 0.36 x 0.36 mm. The sputtering rate was found to 
be 0.3 • sec -1, using a 102~ SiO2/Si standard. The sput- 
tering rate for the passive film was taken to be the same 
as that for the SiOJSi  material. 

Results 
A convenient measure of hydrogen containing species, 

including water, in passive films can be obtained from 
monitoring the negative SIMS OH- peak heights with 
depth into the films. In Fig. 1, the OH-  peak height, 
which is related to water content as a result of OH-  ion 
formation from the fragmentation of water within the 
films on ion bombardment,  is presented as a function of 
annealing temperature for passive films grown at +0.3V 
(NHE) and subsequently annealed for 15 min at various 
temperatures in a flowing inert gas atmosphere. 

The outer regions of the passive films (i.e., where the 
aqueous solution is in contact with the films), for all tem- 
peratures, are richer in water than the bulk layers. In the 
former regions, an exponential-like decrease in water con- 
tent can be observed from room temperatures of up to 
200~ 

The OH-  peak heights for passive films formed at 
+0.3V (NHE) and exposed afterward to a 0.5M chloride 
ion containing borate buffer solution at the latter poten- 
tial for various times are shown in Fig. 2a for a number  of 
film depths. Peak heights decrease sharply, particularly 
in the outer regions, for exposure times of up to 163s. At 
163s, which is observed (20) to be the breakdown t ime for 
the passive film on iron under  the experimental  condi- 
tions employed, a min imum is to be noted in the OH-  
peak heights for all depths. For exposure times greater 
than breakdown, namely 205 and 420s, an exponential- 
like increase in the OH-  peak heights occurs and is par- 
ticularly large in the outer surface regions. 

The corresponding C1- peak heights as a function of ex- 
posure time to chloride ions for the passive films de- 
scribed above are illustrated in Fig. 2b. Peak intensities 
increase sharply for exposure times up to breakdown, 
reach a maximum at breakdown, then decrease in an 
exponential-like manner. This behavior is opposite to that 
observed for the OH-  peak heights (Fig. 2a). Chloride ions 
penetrate into the interior of passive layers, up to the 

16,000 i 

o 6 12,000 �9 10,5 

D 15 6 .'~ 
�9 21 

4,000 

o ,~o 4~ 
Temperature/~ C 

Fig. 1. Variation of O H -  peak height with annealing temperature 
for passive films formed in borate buffer solution at 0.3V (NHE) and 
then thermally treated in an inert gas atmosphere. 
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Fig. 2. (a) O H -  peak height os o function of the time of exposure 
to chloride ions for passive films formed in borate buffer solution at 
0.3V (NHE) and then exposed to a chloride containing borate solution 
at this potential. (b) Variation of CI -  peak height intensities with 
time of exposure to chloride ions for passive films formed in borate 
buffer solution at 0.3V (NHE) and then exposed to a 0.SM chloride 
containing borate solution at this potential for various times 

metal/metal oxide interface. The local concentration of 
chloride ions is highest in the outer regions for all expo- 
sure times and decreases with depth into the films. 

The treating of passivated iron specimens to chloride 
solutions or to annealing atmospheres also has an effect 
on the O-  peak heights, the latter being associated with 
lattice oxide ions. The latter are plotted as a function of 
depth in Fig. 3a for passive films annealed under an inert 
gas atmosphere at various temperatures for a number  of 
different times. The oxide ion concentration decreases in 
a linear fashion in practically all cases, the decrease being 
lowest for those films annealed at the higher tempera- 
tures. 

The Fe § peak heights, obtained from positive SIMS, for 
the thermally annealed films are shown in Fig. 3b as a 
function of depth. After a sharp initial increase over the 
first 1-2A of the outer surface region, an approximately 
constant signal is obtained for all films throughout the 
bulk. At the metal/metal oxide interface (about 25A), a de- 
crease in peak heights is observed. 

The positive SIMS O § peak heights arising from ther- 
mally treated passive films are illustrated in Fig. 3c with 
increasing depth into the films. A rapid signal increase 
occurs over the first 5-7~, followed by a plateau region 
which terminates as the metal/metal oxide interface is ap- 
proached. Temperature effects are seen. 

The variation of O -  peak heights with depth for passive 
films exposed to chloride ions for various times is pre- 
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Fig. 3. (a). O -  peak height as a function of depth into passive films 
grown in borate buffer solutions at 0.3V (NHE) and then thermally an- 
nealed in an inert gas atmosphere at various temperatures for differ- 
ent times. (b) Fe + peak height as o function of depth into passive films 
formed in borate buffer solution at 0.3V (NHE) and then thermally 
treated in on inert gas atmosphere. (c) O + peak height as a function of 
depth into passive films which were thermally treated at a number of 
different temperatures for various times. 

sented in Fig. 4. The profiles give rise to an initial sharp 
increase, followed by a sharp decrease in the outer sur- 
face regions of the films and, thereafter, a more gradual 
decrease in the bulk. A sharp drop in peak heights occurs 
in the interfacial region between the metal and the metal 
oxide. An increase in the O-  signal with exposure is ob- 
served at a given depth. 

Fe + data for films exposed to chloride solutions are pre- 
sented in Fig. 5. Compared with the data in Fig. 3b, the 
outer surface regions in this case are much broader, of the 
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Fig. 4. Variation of O -  peak height with depth for passive films 
grown in borate buffer solutions at 0.3V (NHE) and then exposed to a 
chloride containing borate solution at this potential. 

order of 1-7A. Following an initial maximum at the latter 
depth, the Fe ~ signals decrease with depth, this being 
more pronounced for films with the shortest exposure 
time to chloride ions. Variations in ion yields per unit  
depth in the bulk and in the interfacial region are given in 
the inset in Fig. 5 as a function of exposure time. 

Discussion 
Effect of heating passive fi.lms.--In situ Mossbauer 

spectroscopy studies (5, 6, 25), ex situ Auger analysis un- 
der controlled conditions (12), and ex situ EXAFS investi- 
gations (26, 27) under  an inert gas atmosphere support the 
hydrated amorphous polymeric ferric oxide nature of the 
passive film on iron. Data from Auger (12), tritium radio- 
tracer measurements (28), and a recent combined XPS- 
ISS study (29) are consistent with a structure of the 
passive film corresponding to Fe~O3 . H20. These obser- 
vations are consistent with the formation of polymeric 
species and structures with oxy and hydroxy bridges on 
hydrolyzing ferric salts (30). However, electron diffraction 
data (8, 14), ellipsometric spectroscopy (4), and ac imped- 
ance studies (31) indicate that the passive film is com- 
posed of an anhydrous ferric oxide. 

Naturally occurring and synthetic amorphous hydrated 
oxides of iron (III) subjected to thermal treatments in a 
variety of atmospheres have been well characterized 
(32-36). However, similar conditioning of thin passive ox- 
ide layers on iron has been little investigated (6, 37). Utili- 
zation of Mossbauer spectroscopy (6) reveals that ther- 
mally annealing passive films give rise to a change in the 
Mossbauer parameters: the parameters change from those 
typical of a hydrated amorphous polymeric ferric oxide 
film to those typified by anhydrous crystalline ~-Fe203. 
The SIMS analyses of thermally treated passive layers re- 
ported here (Fig. 1) can be interpreted along similar lines. 
Thermal expulsion of water takes place at temperatures 
of up to 200~ for weakly chemisorbed water and struc- 
tural water from the outer surface regions and for struc- 
tural or lattice-bound (38) water from the bulk of the 
films, giving rise to the formation of an anhydrous crys- 
talline oxide, possibly ~-Fe.20~. This view may be com- 
pared with that concerning the dehydration behavior of a 
tungsten oxide hydrate, WO3 �9 1/3 H20, which has been 
observed (39) to follow two steps: emission of adsorbed 
water, without a change in structure, followed by loss of 
structural water and the formation of anhydrous crystal- 
line WO3. 

The enthalpy, AH, associated with water removal from 
passive films, may be obtained from a van' t  Haft type of 
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Fig. 5. Variation of Fe + peak height with depth for passive films ex- 
posed to O.SM chloride containing borate buffer solutions for various 
times. 

expression (40) by plotting the log of the OH- peak 
heights (Fig. 1), which are proportional to the concentra- 
tion of water, cilia, in the layers, against the inverse of the 
absolute temperature. However, the qualitative nature of 
SIMS data (41) must  be borne in mind, and any value of 
hH must  be regarded as approximate. 

From a plot of the relevant data (Fig. 6), AH - 2.0 kcal 
mol-L This low value may be interpreted in terms of the 
hydrated polymeric oxide model of passivity in the fol- 
lowing way: the amorphous Fe~O3 should be bonded in 
some fashion to H20, and after breaking this bond by 
thermal treatments, it is reasonable to expect a chemical 
bond strength to be involved, i.e., a heat of reaction, AH, 
of the order of 20-100 kcal mol-L What actually happens 
is that, in the overall process, two compensating reactions 
are taking place--an endothermic bond-breaking reaction 
involving water removal and an exothermic crystalliza- 
tion reaction associated with the formation of a stable, an- 
hydrous, crystalline lattice, probably ~-Fe203. These two 
compensating reactions can be represented by the equa- 
tion 

endo- exo- 

thermic thermic 
Fe203 �9 H20 ) Fe~O~ ~ 7-Fe203 

amorphous + crys- 

protective H20(g) talline 
passive film unpro- 

tective 
ferric 
oxide 

[1] 

The heat of crystallization, given off during the formation 
of ~-Fe20~, almost provides the heat required to expel 
water from passive layers--only 2 kcal mo1-1 more are re- 
quired. With this interpretation of events, the small calcu- 
lated value of AH is rational. 

With the crystalline oxide model of passivity, the low 
value of AH, 2 kcal real -I, could be understood in terms of 
the desorption of weakly adsorbed water on the outer sur- 
face of passive films, where the short-range forces in- 
volved are of the order of 1-10 kcal mol-L However, the 
distribution of water throughout the thickness of passive 
films (Fig. 1) strongly supports the first interpretation 
and the hydrated polymeric oxide model of passivity. 

It must  also be pointed out that the passivated samples, 
described in Fig. 1, are heated under  a flowing inert gas 
atmosphere for only 15 min. In the case of many hydrated 
oxides or salts, a much longer thermal treatment of the 
order of 10-20h is needed to remove the last traces of 
bound water. For the passivated iron disks, the film 
thicknesses are low, approximately 30~, so a shorter time 
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Fig. 6. Plot of log of O H -  peak height (relevant data taken from 
Fig. 1) vs .  the inverse of the absolute temperature. 
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Fig. 7. Schematic representation of chloride penetration channels in 
terms of the amorphous hydrated polymeric oxide model of passivity. 

may suffice. However, the state of equilibrium achieved 
may not lie completely to the right of Eq. [1], i.e., in the 
purely crystalline state. 

The O-  peak heights, which arise from lattice oxide 
ions, display for thermally treated films (Fig. 3a) a quali- 
tative similarity to those of OH-, which give a measure of 
the water content (Fig. 1) with respect to depth into the 
films. The general tendency of O-  peak heights to de- 
crease with increasing depth (Fig. 3a and 4) may result 
from a change in the oxide matrix with increasing anneal- 
ing temperatures and give rise to differences in ion yields 
on performing SIMS analyses (42). 

Effect of  exposing passive fi lms to chloride containing 
solutions.-An interesting comparison, with regard to the 
water content of passive films, can be made between 
thermally treated films (Fig. 1) and films exposed to 
chloride containing solutions (Fig. 2a). In Fig. 2a, the de- 
crease of OH-  peak heights for exposure times of up to 
163s is associated with events leading to breakdown of 
the passive films. 

Figure 2b implies a permeation of chloride ions through 
the passive layer over a time period of about 160s. Using 
the relation (43) 

h 2 = 2Dt [2] 

and having n = 50A yield a value of the order of 10 -'~ cm 2 
s - '  for the diffusion coefficient of chloride ions, D, 
through the passive film on iron. With the hydrated poly- 
meric oxide model of passivity, it may be thought that the 
permeation occurs along certain paths (Fig. 7) where 
bound water molecules coordinated to lattice Fe 3* cations 
are located. Such a view is supported by the results 
shown in Fig. 2a and 2b, from which it can be seen that 
the progress of the chloride ions into the lattice is fol- 
lowed by a diminution of H~O up to the critical time at 
which breakdown occurs. Penetration of chloride ions 
(but not nitrate ions) throughout the bulk of synthetic hy- 
drated oxides of iron by expulsion of water molecules 
from the structures and by replacement by chloride ions 
was found to occur by Ellis et al. (44). Correspondingly, in 
mixtures consisting of a hydrated ferric oxide and goe- 
thite (a-FeOOH) with KCN, rapid room temperature solid- 
state substitution reactions occur (45) involving replace- 
ment  by cyanide ions of only the water molecules in the 
hydrated ferric oxide, the reaction going to completion. 
Rapidity of the reaction is attributed (45) to the greater 
7r-acceptor properties of cyanide ion, as compared with 
water and the ease of CN- diffusion due to the presence 
of water in the structure. 

In the crystalline oxide model of passivity, chloride ion 
penetration may be accounted for in terms of ion ex- 

change processes, e.g., C1- for lattice O -~ (46), via cation 
vacancies (47), or point defects (48). However, the correla- 
tion shown here between water content and chloride ion 
permeation through passive films (Fig. 2a and 2b) favors 
the hydrated polymeric oxide model. 

The increase in OH-  peak heights after breakdown 
(about 160s) (cf., Fig. 2a) may be thought to arise from the 
precipitation of corrosion products, e.g., Fe(OH):, or 
FeOOH, at the outer surface regions of the unprotective 
oxide film, as well as from porous plugs within the chlo- 
ride ion permeation channels (Fig. 7). Using the solubility 
product of ferrous hydroxide, it can be shown that at a 
pH of 8.4 and at local current densities of 1 mA cm -2, the 
solubility of Fe(OHh will be exceeded. Precipitation of 
corrosion products in the outer film surface regions is 
supported by the enhanced OH-  peak heights obtained at 
a film depth of 7.5• (Fig. 2a), as compared with those ob- 
served at times well before breakdown. 

The decreasing chloride ion peak heights observed for 
times after breakdown (Fig. 2b) could be due to chloride 
removal of some Fe 8+ cations from within the film in the 
form of chloro complexes. Thus, the density of the re- 
sulting ~-Fe~O~ is likely to be substantially greater than 
that of the amorphous passive film. Support for the hy- 
pothesis of chloride removal of Fe 3~ cations can be found 
by comparing the data presented in Fig. 3b and 5. A de- 
crease in Fe + peak heights increasingly exposed to chlo- 
ride ions (Fig. 5) is observed, .whereas for passive films 
not exposed to chloride ions (Fig. 3b), almost constant Fe § 
peak heights are observed. Furthermore, the rotating 
ring-disk work of Heusler and Fischer (49) demonstrates 
the existence of Fe 3§ species in solution after exposing 
passivated iron disks to chloride solutions. 

The O- peak profiles obtained for passive films ex- 
posed to chloride ions (Fig. 4) are similar in outline to 
those observed for thermally treated films (Fig. 3a) and, 
again, they indicate matrix effects. The increasing O-  ion 
yields at a given depth with increasing exposure time to 
chloride ions (Fig. 4) are probably due to a change in the 
oxide matrix (42) as a result of events leading to break- 
down, subsequent  corrosion, and corrosion product 
buildup on the outer surfaces. 

Thickness and uni formity  of  passive f i lms.-From the 
data presented in Fig. 3b, the interfacial region between 
the passive film and the underlying metal occurs at 
around 27 -+ 3~. The lower Fe ~ ion yields in the interfacial 
regions are probably due to irregularities in the position 
of the metal/metal oxide interface and a change in the ma- 
trix in going from a predominantly oxide lattice to a 
metal one. Supporting evidence can be obtained from the 
related data shown in Fig. 5. 
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The change in ion yields per  unit  depth  with t ime [(b) in 
the inset in Fig. 5] indicates that the bulk regions of 
chloride-exposed passive films undergo a change in cat- 
ion environments with t ime of exposure to chloride ions. 
This is due to the aforementioned chloride removal  and 
replacement  of bound water  and the chloride removal  of 
some Fe 3~ cations from the passive films. However, the 
almost  constant ion yields obtained for exposure  t imes 
greater than 200s indicate homogeneous layers for films 
after breakdown; this probably corresponds to T-Fe203 (6). 

The almost constant  ion yields per unit  depth  with t ime 
of exposure of passive films to chloride ions in the 
metaYmetal oxide interfacial region [(a) in the inset in Fig. 
5] point  to a uniform structure in this region for all films. 
This would correspond to the increasingly metallic region 
indicated at depths greater than 25~. The same behavior 
is found for the interfacial region of  thermally treated 
films (Fig. 3b). 

The positive SIMS O § peak heights for passive films 
thermally treated (Fig. 3c) again indicate a passive film 
thickness of about 25A. Also, the constant  O ~ signal 
values, corresponding to the bulk of each film investi- 
gated, indicate homogeneous layers, though the layers 
differ from each other according to the degree of thermal 
treatment.  Similar  SIMS O § peak profiles are obtained 
for passivated iron disks exposed to chloride ions (29). A 
thickness of about 25~ for passive films grown under  the 
condit ions used compares  very well with the ell ipsomet- 
ric data of Sato et al. (50) and Brusic et al. (51). 

I t  is not at all obvious why the passive film treated at 
25~ (Fig. 3c) should depart  from the trend observed; it is 
unlikely that  the matr ix  for this film is the same as that 
for films annealed at the highest  temperatures,  160 ~ and 
200~ This aspect  requires further clarification. 
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ABSTRACT 

Amorphous  metallic films of Mo49Ru33B~s and Mo82B~s have been prepared by magnetron sputtering, and their  corro- 
sion behavior  was invest igated and compared with amorphous l iquid-quenched Mo~gRu3~B~8 and crystalline Mo in acidic 
and basic solutions. Sput tered  Mo4DRu~B~8 showed lower corrosion rates compared with l iquid-quenched Mo4,Ru33B18, 
owing to the superior  surface smoothness and uniformity of the former. Amorphous  Mo82Bls showed low corrosion rates 
in both acidic and basic aqueous solutions. Comparison of the corrosion propert ies of Mo4,Ru33B~8 with Mo82B~8 and Mo 
demonstra tes  the roles of the alloys'  constituents.  Ru significantly extends the passive region to high anodic potentials,  
but, at less anodic potentials,  Mo82B~s has the lowest  corrosion rate. 

The extraordinary corrosion resistance exhibi ted by 
many amorphous metals (metallic glasses), owing to their  
chemical  homogeneity,  has led to much interest  in their  
propert ies  and applications.  The majori ty of studies of 
their  corrosion behavior  have focused on materials  pro- 
duced by the widely employed liquid quenching tech- 
nique, which yields samples in the form of powders,  
wires, foils, or r ibbons.  Amorphous  metals can also be 
prepared by electroless or electrochemical  deposition, 
solid-state diffusion reactions, and by a variety of vapor 
quenching techniques,  in particular, sputtering. Sput- 
tering techniques offer the greatest opportuni ty for varia- 
t ion of amorphous metal  composit ion even beyond the 
bulk  solubil i ty limits, and are also attractive as a means 
for producing amorphous  metals as protective coatings 
wi th  good adhesion to substrates.  The magnetron sput- 
ter ing technique has met  with increasing acceptance in 
large-scale industr ial  deposi t ion applications owing to its 
high deposi t ion rates, min imum substrate heating, ease of 
scale up, and extreme versati l i ty (1). I t  is routinely used 
for commercial  deposi t ion of chromium and antire- 
flection coatings on large area substrates. However, stud- 
ies of the chemical  corrosion behavior  of  sputter- 
deposi ted amorphous  metallic films are quite limited. 
One s tudy by  Diegle and Merz comparing the corrosion 
resistance of tr iode sput ter-deposi ted and liquid- 
quenched Fe~Ni~0Cr2V2P~sB6 and Fe~Ni30Cr~6V.2P~B6 con- 
cluded that the two amorphous  materials were generally 
similar to the l iquid-quenched samples in their  corrosion 
behavior,  but  that  the tr iode sput ter-deposi ted film ex- 
hibi ted higher anodic current  densities in some potential  
regimes and was thus somewhat  inferior in its corrosion 
resistance (2). However, these authors did not discuss in 
detail  the influence of surface roughness and bulk micro- 
structure on the corrosion characteristics of these alloys. 

We have under taken a systematic and comparat ive 
s tudy of the corrosion resistance of l iquid-quenched and 
magnetron-sput tered early transit ion metal-based 
amorphous  alloys in order to unders tand the role of alloy 
const i tuents  and composi t ion as well as bulk  microstruc- 
ture and surface features in determining corrosion prop- 
erties. A second goal was the preparat ion of amorphous 
alloys, which are inaccessible  by current  l iquid quench- 
ing technology, but  could be readily prepared by  magne- 
t ron sputtering. The amorphous  alloy (Moo.sRuo.4)82B~8, or 
Mo4,Ru33B18, was selected for the  comparat ive s tudy be- 
cause its physical  propert ies  have been thoroughly exam- 
ined and because it has a comparat ively high crystalliza- 
t ion temperature  (800~ high mechanical  strength, and 
thus represents  a potent ial ly important  class of nonfer- 
rous-metal-based amorphous  alloys derived from early 
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t ransit ion metals and metalloids (3). Mos2B18 was selected 
in order  to demonstrate  that  this technique can be used to 
prepare  refractory amorphous  alloys, which cannot be 
prepared  by l iquid quenching. Moreover, the corrosion 
and thermal  behavior  of this alloy was expected to pro- 
vide a useful comparison with Mo49Ru33Bl~, allowing an 
improvement  in our unders tanding of the effects of the 
individual  constituents. The preparat ion of Mo49Ru3~B18, 
l iquid-quenched and magnetron-sput tered amorphous 
metallic alloys, and the influence of sput ter ing parame- 
ters on microstructure and corrosion behavior of  this al- 
loy have already been briefly reported elsewhere (3-6). 
The corrosion behavior  in acidic and basic aqueous solu- 
tions, as well as thermal  propert ies  of these alloys are re- 
por ted  here in more detail. 

Experimental Details 
Sputter ing targets were fabricated by hot pressing 

thoroughly mixed powders  (325 mesh) of high purity 
(->99.99%) elements in the desired composi t ion at -3000 
psi and 1200~ The hot-pressed targets were then ma- 
chined to the exact  size to fit the magnetron sputter ing 
gun (Sputtered Films, Incorporated).  Fi lms 2-10 ~m thick 
were deposi ted by magnetron sputter ing onto precleaned 
glass or freshly cleaved mica substrates under  condit ions 
descr ibed elsewhere (3, 4, 5). Fi lms were analyzed by  en- 
ergy dispersive analysis (EDS) and ion microprobe depth  
profiling in order to confirm uniformity of chemical  
composition. Differential thermal  analysis (DTA) and dif- 
ferential scanning calorimetry (DSC) were carried out on 
the samples, scraped from the substrates, in order  to mea- 
sure temperatures  at which relaxation and crystallization 
processes occur in the materials. X-ray diffraction pat- 
terns were measured before and after annealing experi:  
merits using either a powder  diffractometer or a Guinier  
camera in order to unambiguously  characterize the nature 
of transitions observed by DTA and DSC. The prepara- 
t ion and characterization of l iquid-quenched Mo49Ru33Bls 
alloys have been descr ibed previously (6). Electrodes for 
electrochemical  studies were prepared by at taching leads 
to samples  with indium-zinc solder, and covering leads 
and edges of the sample wi th  epoxy. Potentiostat ic and 
potent iodynamic polarization data were obtained in 1.0N 
aqueous solutions of HC1 and H2SO4, and 0.1N NaOH, 
using a Princeton Appl ied  Research Model 173 poten- 
t iostat  and a Model 376 log-current converter  with 
Ag/AgC1 and Hg/HgO reference electrodes in acidic and 
basic solution, respectively. Potent iodynamic data were 
collected at scan rates of 1-100 mV/s, but  a 10 mV/s scan 
rate showed passivation behavior best. Potentiostat ic 
measurements  were made  after holding the electrode at 
each potential  in the passive region for 20-180 rain, until  a 
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steady response was obtained. At potentials where corro- 
sion was very rapid, measurements were made after 1-20 
rain since thin film integrity was short lived at high cur- 
rent densities. Corrosion measurements were also per- 
formed on liquid-quenched Mo49Ru33B~s and molybde- 
num sheet (Alfa, 99.9%) for purposes of comparison. 

Results and Discussion 
Mo49Ru33B,8 films deposited under  low pressures of ar- 

gon gas (4  5 • 10 -3 torr) exhibited a very smooth surface 
finish and a uniform tensile fracture cross section. Under 
higher Ar pressures (35-75 x 10 -3 torr), the surface rough- 
ness increased and a distinct vertical columnar structure 
was seen in cross section. Scanning electron microscope 
photographs of the cross sections of films produced in 
both of these pressure ranges are shown in Fig. 1. 

The films deposited under  5 • 10 -3 torr Ar were 
slightly variable from batch to batch and displayed 
slightly different behavior when deposited on different 
substrate materials. Films deposited on glass substrates 
could be easily removed, intact, by immersion of the 
sample in concentrated HC1, but  the films tightly coiled 
as they separated from the glass substrate, indicating 
high stress density in the as-deposited films. Films on 
mica substrates generally exhibited better adhesion and 
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somewhat better corrosion resistance than most of the 
films deposited on glass. Clearly, complete optimization 
of the deposition process on different substrates must  in- 
volve characterization of crystallinity and short-range or- 
der, microstructure, surface morphology, and the 
frozen-in internal, as well as interracial stresses of the 
film. Figure 2 shows DTA plots for both liquid-quenched 
and magnetron sputter-deposited metallic amorphous al- 
loys. Relaxation processes occur at 350 o and 650~ for 
Mo49Ru33B,8 and Mos2B18, respectively. Crystallization oc- 
curs at -800~ for Mo48Ru33B,s and begins at -950~ for 
Mo38B,8 (3). X-ray powder diffraction patterns of the 
amorphous Mo49Ru33B,8 show broad, diffuse lines which 
shift slightly to shorter d spacings after relaxation. These 
peaks are further shifted and greatly sharpened after crys- 
tallization and the diffraction pattern became more com- 
plex. The diffuse diffraction pattern of Mos2B,8 changes 
substantially after annealing for one day at 650~ without 
a significant increase in the distance over which order 
exists (7). Segregation as well as relaxation apparently oc- 
curs at 650~ since three of the diffuse lines agree with 
the d spacings of Mo 110, 200, and 211 vectors within 1.5 • 
i0-3~, and several new diffuse lines appear at 650~ 
clearly indicating short-range structural changes. More 
new lines appear and all diffraction lines become sharp 
after annealing at 950~ for 20 min. The diffraction pat- 
tern of a sample annealed to 950~ was assigned to a mix- 
ture of crystalline Mo and a previously unknown Mo-B 
phase (8). 

Anneal ing Mo83Bls at 650~ results in a decrease in the d 
spacing of the first strong diffraction peak, from 2.249~ 
in the unannealed sample to 2.227]~ in the annealed 
sample, but  this diffraction peak remains diffuse, even 
after annealing for 24h. These d spacings are clearly too 
small to be the nearest neighbor distances for Mo in an al- 
loy, but  are close to the 110 distance in crystalline Mo. As- 
suming short-range structure in Mo82B,8 is similar to that 
in crystalline Mo, the nearest neighbor distance is 2.754h 
before annealing and 2.7284 after annealing. There is no 
further change in this d spacing after annealing at 950~ 
for 20 rain, but this and all other diffraction peaks 
sharpen, indicative of formation of long-range crystalline 
order in the sample. Similarly, sputtered Mo49Ru3sB,s 

Fig. 1. Tensile fracture cross sections of Mo49Ru33Ble films sputtered 
under Ar pressures of: < 5  • 10 -3 torr (A), and > 35 • 10 -3 torr (B). 
The films are each about 2.5/~m thick. 
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crystallizes at ~790~ but  exhibits a thermal relaxation at 
450~ which is reflected in a decrease in the first nearest 
neighbor distance from 2.73 to 2.71s the latter distance 
also being characteristic of l iquid-quenched Mo49Ru~3B~s. 

Potentiostatic and potentiodynamic data are presented 
in Fig. 3-5. This data represents measurements on films 
prepared in argon at pressures less than 5 x 10 -~ torr. 
Films prepared under  these conditions were fairly repro- 
ducible and showed good passivation behavior, whereas 
films prepared at higher pressures or in the presence of 
nitrogen or oxygen showed higher corrosion rates at all 
potentials, and: in some cases disintegrated immediately 
on contact with electrolyte solutions (5). The magnetron 
sputter-deposited films of Mo4~Ru~B,8 showed passive 
behavior from - - 0 . 4  to ~ + I . I V  in acid solutions (1.0N 
HC1 and H~SO4), from - - 0 . 6  to ~+0.4V in 0.1N NaOH. 
The presence of ruthenium, which is not oxidized until  
quite anodic potentials, results in a greatly reduced corro- 
sion rate in Mo,~Rua~B~s in the range +0.4 to +1.1V vs.  
Ag/AgC]. Corrosion studies of crystalline molybdenum- 
ru thenium alloys have also demonstrated the reduction of 
the corrosion rates in the range of +0.4 to +I . IV vs.  
Ag/AgC1 by addition of small percentages of ru thenium to 
molybdenum (9). 

The first anodic passivation process at ~ -0 .2V vs.  
Ag/AgC1 is common to Mo4~Rua~B~s, Mos~B~s, and crystal- 
line Mo, and can be tentatively ascribed to formation of a 
passivation film containing Mo in mixed valent oxide of 
average oxidation state Mo +~ based on analogy to corro- 
sion studies of other Mo containing alloys (9, 10). Like- 
wise, the anodic process at +0.4V vs.  Ag/AgC1 is Common 
to all of the alloys and probably results in a Mo+~-Mo ~ 
containing film. 

This oxidation occurs at -0.3 to -0.4V vs.  HgO/Hg in 
0.1N NaOH, but  at about +0.2V, potentiostatic current 
time curves show a min imum current of ~10 ~A/cm ~ after 
several minutes, followed by a gradual increase to a 
steady-state current of ~100 ~AJcm 2 after several hours. 
This may be explained by the high solubility of Mo §162 i.e., 
as mo]ybdate, in  basic solution, and implies that the 
passive film is fairly completely converted to Mo § com- 
pounds at this potential. The highest potential anodic 
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Fig. 3. Potentiodynamic polarization data for Mo49Ru33B,s and Mo~ B,8 
sputtered films and Mo in 1N H~S04. Scan rate: 10 mV/s. 
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Potentiodynamic polarization data for sputtered films of 
Mo49Ru33B,s, Mo82Bls, and Mo in 0.1N NaOH. Scan rate: 10 mV/s. 

process exhibited by Mo49Ru33B18 occurs at a potential 
where no anodic waves are exhibited by Mo82B,s or Mo; it 
is presumably due to oxidation of Ru(O) to Ru~+/Ru 44. A 
brown-black film is observed to form at the onset of 
transpassive behavior at -+1.0-1.1 vs.  AgC1/Ag, and gas 
evolution (presumably 02) is only observed at still more 
anodic potentials. The lack of good resolution of waves in 
the voltammograms at scan rates of 1 to 100 mV/s is as- 
cribed to the formation of a continuous range of mixed- 
valent molybdenum oxides. The potentiostatic and 
potentiodynamic behavior of magnetron-sputtered films 
and liquid-quenched foils of Mo4~Ru33B~s show similar 
corrosion responses, but  the corrosion rate is somewhat 
greater for the l iquid-quenched samples, as shown in Fig. 
4. Polished samples of the l iquid-quenched foils show a 
lower potentiostatic corrosion rate than unpolished 
samples, but the magnetron-sputtered films are still 
somewhat better. It appears that the very smooth, uni- 
form surface of the sputtered films is responsible for its 
favorable corrosion response; the l iquid-quenched 
samples, by contrast, have fairly rough surfaces. There is 
a small difference in the structure of l iquid-quenched vs.  
sputtered Mo49Ru33B~s, as shown by the difference in the 
nearest neighbor spacing and minor differences in the 
thermal analytical data. However, since the differences in 
electrochemical behavior manifest themselves only in the 
magnitude of the currents observed, and polished liquid- 
quenched samples are not greatly different than sput- 
tered samples, it is clear that most of the difference is due 
to surface uniformity. Amorphous Mos2B,s is similar to 
crystalline Mo in its corrosion response in acid 1.0N 
H2SO4, but  shows significantly lower anodic current den- 
sity in the passive regime from -0.3 to +0.3V, and is also 
superior to amorphous Mo49Ru33B,8 within a limited po- 
tential regime. 

In order to verify that pitting, corrosion plays no impor- 
tant role in the corrosion of Mo49Ru33B,8 films, even in the 
transpassive regime several films were cycled from the 
passive regime to the active anodic corrosion regime and 
then taken to more cathodic potentials with agitation of 
the solution until  the thick anodic film was dislodged. In- 
variably, the smooth mirror surface was retained for 
sputter-deposited films and no evidence of pitting corro- 
sion was observed for either sputtered or l iquid-quenched 
samples. In fact, the corrosion behavior of unpolished liq- 
uid quenched samples was improved by cycling in this 
manner,  owing to an electropolishing effect, since no lo- 
calized corrosion processes occurred, owing to the homo- 
geneity of the bulk alloy. 

Conclusions 
Magnetron sputtering can be used to prepare amor- 

phous alloys having compositions not easily accessible by 
liquid quenching techniques because existence of a deep 
eutectic of solid solubility is not a prerequisite. This tech- 
nique may be especially useful for depositing protective 
coatings of amorphous metallic alloys with good adhesion 
as well as corrosion resistance. Mos2Bls is an example of 
such a high crystallization temperature alloy which has 
not yet been successfully prepared by liquid quenching. 
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Vapor-quenched amorphous metal films prepared un- 
der op t imum deposit ion parameters  show superior corro- 
sion resistance, as compared with l iquid-quenched 
samples, owing to the superior  surfa_ce uniformity of the 
former. However, the sput tered films show poorer  corro- 
sion resistance if sput ter ing conditions which give rise to 
columnar deposi ts  are used (5). The fundamental  electro- 
chemical  reactions occurring during corrosion of liquid- 
and vapor-quenched amorphous alloys of similar compo- 
sition are apparent ly  identical  since the potentials  at 
which corrosion reactions are init iated are the same. The 
important  differences between vapor-quenched (sput- 
tered) and l iquid-quenched amorphous alloys are due 
largely to the higher quenching rate, - 1 0 "  K/s for sput- 
tering vs. -106 K/s for l iquid quenching. The liquid 
quenched samples have a possibil i ty of inhomogenei ty 
due to a cooling rate profile within the sample (11). Some 
chemical  segregation is possible, and microstructural  
order may vary in the sample. Differences in composi- 
tion have been observed between the top and bot tom 
of l iquid-quenched r ibbons (12). More rapid quenching 
rates eliminate these diffusion-related inhomogeneities.  
These results are in basic agreement  with the results of 
Diegle and Merz, who indicated that the thermal  proper- 
ties at their  sputtered films of amorphous iron-based me- 
tallic alloys were vir tual ly identical  to the propert ies  of 
melt-spun alloys and that the tr iode-sputtered films ex- 
hibi ted somewhat  higher corrosion rates, but  with overall 
corrosion behavior similar to the melt-spun alloys (2). It is 
apparent  that vapor  deposit ion techniques can yield 
films with widely varying corrosion behavior, depending 
on the deposi t ion parameters  employed and resultant  var- 
iations in bulk and surface properties,  such as microstruc- 
ture, adhesion to substrate,  and internal stress. 

Magnetron sput ter ing offers a unique opportuni ty for 
synthesis of amorphous alloys of very refractory composi- 
tions, based on early transit ion metals and metalloids. 
Deposi t ion of these alloys in adherent  form on a variety of 
substrates  is possible. Also, since composi t ions are not 
l imited to those near eutectic composit ions and 
quenching rates are high, systematic explorat ion and ex- 
ploitation of a co~xiplete range of alloy composit ions is 
possible. However, microstructure,  thermal  properties,  
and interfacial stress between film and substrate  are all 
dependent  on the deposi t ion process, and unders tanding 

and control of these propert ies  of the films requires more 
detailed studies of the deposit ion process. 
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ABSTRACT 

The effect of fluid flow on transport of reaction products from dissolving cavities was investigated theoretically in 
order to establish regions of parameter space where the solution within the cavity may be above, or below, the satura- 
tion concentration. Situations where such phenomena are important include etching of masked devices and pitting cor- 
rosion. Steady laminar convective transport was analyzed in smooth-walled two-dimensional cavities (trenches) of sev- 
eral shapes. The fluid flow patterns within the cavities were obtained in the Stokes flow region. The convective 
diffusion problem was solved for values of the Peclet number  between 1 and 500. Two types of boundary conditions 
were investigated: (i) uniform dissolution of the cavity surface, and (ii) uniform concentration along the cavity surface. 
Numerical calculations were carried o~t with a commercial, general-purpose finite element code. It was found that for 
Pe -< 1, the entire cavity volume had a concentration in excess of 90% of the saturation value while for Pe -> 100, the elec- 
trolyte within the cavity was substantially free of dissolution products. 

Dissolution of small active sites on a surface exposed to 
flowing fluid will lead eventually to recession of the ac- 
tive surface below the surrounding plane, to formation of 
cavities occluded from the exterior flow region, and to 
secondary fluid flow patterns within the cavities. Situa- 
tions where such phenomena are important include 
pitt ing corrosion, etching of masked device surfaces, elec- 
trochemical machining and electropolishing, and heat/ 
mass transfer from rough surfaces. In general, the veloc- 
ity of secondary fluid motion within cavities (i. e., 
trapped eddies) will increase as the size of the cavity in- 
creases, that is, as dissolution proceeds. Therefore, in 
earlY stages of cavity formation, mass transport by diffu- 
sion may well control the rate of dissolution, but, as cav- 
ity size increases, transport by convection will increase 
and will eventually predominate over diffusion processes. 
Thus, the evolution of cavity shape is accompanied by a 
change in the controlling transport process. The purpose 
of this investigation was to study theoretically the effect 
of fluid flow on mass transfer within small cavities dis- 
solving at such high rates that precipitation of dissolution 
products may occur. 

While there are numerous applications of dissolution 
from small cavities, the present investigation evolved 
from a study of flow effects of pitting corrosion. General 
reviews of pitting are available (1-4) as are qualitative dis- 
cussions of the effect of flow on corrosion (5-7). Efforts to 
model quantitatively the effect of fluid flow on corrosion 
have also recently been summarized (8). 

Evidence that mass transport controls pitting corrosion 
of stainless steel (SS) has been reported by Isaacs (9) and 
by Rosenfeld et al. (10). Flow effects in pit-like geome- 
tries were studied by Beck (11) with the use of a flow 
channel, in one wall of which was an artificial cavity con- 
taining an electrode. It was found that fluid velocity 
influenced the dissolution rates of A1, Ti, and Fe elec- 
trodes. More recently, Beck and Chan (12) studied real 
pits on pure Fe and 304 SS in chloride solutions and 
found that there was a threshold velocity, above which 
fluid flow was important, and also a critical velocity, 
above which the current became limited by ohmic resist- 
ance rather than by convective transport. It was also 
found that  stainless steel repassivated at flow rates above 
the (upper) critical velocity. 

It has come to be generally recognized that the compo- 
sition of solution within corrosion pits is substantially dif- 
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ferent from the exterior solution and, in particular, that 
salts of metal dissolution products may exceed saturation 
levels (13) and precipitate as metal salt films (10, 14-20). 
Based on transport equations, Beck and Alkire (21) pre- 
dicted that the current density at small corrosion sites (10) 
could exceed l0 S A]cm ~ and could therefor~ cause precipi- 
tation of salt films within 10-4s following pit nucleation. 

Weisbrod studied the repassivation of Fe, Co, and car- 
bon steel in flowing sulfuric acid (22) and found that 
there was a critical velocity above which the specimens 
would not repassivate, a result which was opposite from 
that observed in chloride systems (12). It was found that 
the effect was due to rinsing off of precipitated sulfate 
salt films which formed on the surface during the repas- 
sivation sequence. Alkire and Cangellari (23) predicted 
theoretically the flow conditions under  which such metal 
salt films would be rinsed away from a dissolving surface 
coplanar with the wall of a flow channel. 

While a unified treatment of pitting corrosion has not 
yet emerged at the fundamental  level, the foregoing dis- 
cussion indicates that mass-transfer processes and precip- 
itation of surface films are intimately coupled with the 
phenomenon.  As a consequence, a general treatment of 
the effect of fluid flow past cavities within which salt 
films may precipitate would clearly be helpful. 

The behavior of fluid flow (24-27) and of heat- and 
mass transfer (28-33) within cavities has been vigorously 
studied for a variety of geometries. In addition to pitting 
corrosion, there are many other processes where convec- 
tive mass transfer from cavities controls the rate of disso- 
lution (47), including electrochemical machining (34), 
chemical etching of masked device surfaces (35), heat- 
and mass transfer from rough surfaces (36), clot formation 
in flowing blood (37), and aerodynamic applications (38). 

The goal of the present investigation was to develop an 
improved method of analysis which would be suffi- 
ciently robust that it could be expanded at a later time to 
include more factors than just  mass transfer. The finite 
element method (FEM) was selected (39). The FEM has 
been applied to a small number  of electrochemical appli- 
cations to data (40-43), and has been found to be particu- 
larly effective for situations which involve curved bound- 
aries and shape change. 

Theoretical Information 
The geometry of the systems studied in the present 

work are shown in Fig. 1. These geometries represent a 
range of shallow, cylindrical, and deep cavities. The up- 
permost diagram illustrates the general configuration un- 
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Fig. 1. Two-dimensional cavity geometries under study. The upper- 
most diagram illustrates the entire region over which solutions were ob- 
tained. The other diagrams depict the cavity shapes which were investi- 
gated, i.e., the lower surface of the region. 

der study; a rectangular region in one wall of which is a 
two-dimensional semicircular cavity, or trench. Four 
other cavity configurations were also studied, as also 
shown in Fig. 1. Each cavity shape is specified by the co- 
ordinates with respect to the center cross given on the di- 
agrams. While analysis of flow past an axisymmetric 
(hemispherical) cavity would be more representative of a 
real corrosion pit, the problem would then correspond to 
a three-dimensional situation which would increase com- 
putation cost and difficulty significantly. The present 
analysis of flow past a two-dimensional trench represents 
progress toward this goal. 

Fluid enters the region through the left-hand boundary, 
flows past the cavity opening, and leaves through the 
right-hand boundary. The upper boundary of the region 
was set far enough away, for the region of interest in this 
study, that the fluid flow was a constant along its sur- 
face. The use of dimensionless equations and variables in 
this study enables the results to be applied to any system 
for which the configuration and assumptions are valid. 

Dissolution occurs along the curved interior surface of 
the cavity. In Fig. 1, the hatched areas represent un- 
reactive regions of the solid surface. The particular appli- 
cation to which this study was originally directed corre- 
sponded to dissolution of a small cavity on an otherwise 
passive metal immersed in flowing corrosive solution. 
For this reason, simplifying assumptions will be intro- 
duced in order to confine the scope of the assumptions to 
mass-transfer variables. The finite element method used 
in this study, however, is flexible and robust and could 
therefore be expanded in the future to include additional 
features. 

Assumptions.--The cavity was assumed to have a 
smooth wall. Because interest was directed toward small 
cavities, the fluid flow in the immediate vicinity of the 
cavity wall was assumed to be laminar, although the pos- 
sibility of turbulent flow at a distance wa s not precluded 
by the method of analysis. Further, constant property 
Stokes' flow was assumed (Re < 0.1). Since the Schmidt 
number  for aqueous electrodes is approximately 2000, the 
range of Peclet numbers (Pe = ReSc) for which calcula- 
tions are strictly valid is Pe < 200. In the results presented 
below, the interesting behavior was found to occur over 
the range 1 < Pe < 100. 

When a system is under mass-transfer control, other 
possible limitations are less important; therefore charge- 
transfer and ohmic resistance effects were neglected in 
this analysis, as was hydrolysis of solvated metal cations. 
It was assumed that the current efficiency for metal dis- 
solution was 100% so that the local dissolution rate along 
the surface was proportional to the concentration gradi- 
ent normal to the surface. 

While dissolution causes gradual increase in cavity size, 
it was assumed that this process is slow enough that a 
pseudo-steady-state analysis of invarient cavity shapes 
would be useful. Indeed, it may be shown that the time 
constant for shape change is significantly longer than the 
time constant for fluid recirculation within the cavity. 

Migration of dissolved metal species was assumed to be 
negligible owing to the presence of supporting electro- 
lyte, and the physical properties of the system were as- 
sumed to be constant. These two assumptions may be 
questionable if the metal  salt has a high solubility, since 
large metal ion concentrations can then arise within the 
diffusion region. The effect of migration of, say, divalent 
metal ions and divalent anions serves to increase the 
mass flux by a factor of up to two, depending upon the 
ratio of supporting cations to total anion concentration 
(44). However, an increase in concentration also serves to 
decrease the diffusion coefficient. Thus the two ques- 
tionable assumptions tend fortuitously to offset each 
other (22). 

Two mass-transfer situations were investigated. In the 
first, it was assumed that the surface was coated with a 
metal salt film so that the metal ion concentration imme- 
diately adjacent to the dissolving surface was assumed to 
be a constant, equal to the saturation concentration. In 
the second, the cavity was assumed to maintain a self- 
similar, semicircular shape during dissolution, according 
to which the dissolution rate was assumed to have the 
same value everywhere along the cavity surface. 

Equations.--The dimensionless equation for Stokes'  
flow of a Newtonian fluid is 

V2_U (=)Re VP 

where Re is the Reynolds number. With respect to Fig. 1, 
the following boundary conditions were used 

Uy = 0 on all boundaries 
Ux = 0 on lower boundary 
Ux = A on upper boundary 

aux 
- 0 on left- and right-hand boundaries [2] 

ax 

These equations are independent  of the concentration 
field and therefore may be solved to obtain the hydrody- 
namic flow and pressure field. Because the equations 
are linear in velocity, the results may be scaled to any 
value of Re for which the Stokes'  approximation is valid. 

The dimensionless equation of convective mass trans- 
fer is 

1 
UVC : --P--ge w e  [3] 

where Pe is the Peclet  number. Two cases of boundary 
conditions were investigated. In the first case, the sur- 
face was assumed to be covered with a metal salt, and the 
incoming fluid was assumed to contain no dissolved 
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meta l  salt  

C = 1 on cavi ty  surface 
C = 0 at X = - 2 ,  where  fluid enters  [4] 

OC 
- 0 on o ther  boundar ies  

~n 

In  the  second case, the  surface was a s sumed  to d issolve  at 
the  same  rate e v e r y w h e r e  into a fluid wh ich  con ta ined  no 
d isso lved  meta l  salt. 

OC 
- -  = - S h  on cavi ty surface  
on 

Table II. Characteristic velocities used in calculations 

u input at u calculated 
Pit y = 0.5 at (0, 0) 

PITg0 5 radii]s 1.0221 radii/s 
PIT30 5 0.7788 
PIT38F 6 0.9551 
PITB 5 1.2642 
PITS 7 1.0449 

C = 0 at X = -2 ,  where  fluid enters [5] 

oC 
on 

- 0 on o ther  boundar ies  

whe re  Sh  is the  S h e r w o o d  number .  

Method of solution.--The c o m p u t e r  code  used  for calcu- 
lat ions in this s tudy  was F IDAP,  a versat i le  finite ele- 
m e n t  code  for so lv ing  fluid dynamics  p rob lems  includ- 
ing convec t ive  heat- t ransfer  applicat ions.  F I D A P  solves 
t rans ien t  or s teady-state  forms of  the  m o m e n t u m  and 
the rmal  energy  equa t ions  in two-,  or th ree -d imens iona l  
finite e l emen t  domains .  The  e lements  m a y  be  l inear  or 
quadra t ic  e l emen t s  of  i soparametr ic  form. The physical  
proper t ies  of  the fluid m a y  depend  on t ime  and fluid 
t empera tu re ,  or  m a y  be  constant .  By  us ing  s tandard  heat-  
and mass- t ransfer  analogies,  the  p rogram is also capable  
of  solving p r o b l e m s  of  convec t ive  mass  transfer.  B o u n d -  
ary condi t ions  can take  on a var ie ty  of  forms.  Details  of  
use  of  the  p rog ram m a y  be found in Ref. (45), as wel l  as 
the  append ixes  of  Ref. (46). 

Refer r ing  to Fig. 1, c o n f i g u r a t i o n s ( a )  and (b) were  
m e s h e d  wi th  n ine -noded  quadra t ic  e lements ,  wh i l e  the 
o ther  conf igurat ions  were  m e s h e d  wi th  e ight -noded 
quadra t i c  e lements  p r o d u c e d  by the  m e s h  genera t ion  
package  F I M E S H  (45). Table  I gives m e s h  statist ics and 
represen ta t ive  run  t imes  for solving the  equa t ions  on a 
Cyber  175 computer .  S ince  an  out-of-core solver  was used  
in  the  program,  the  central  m e m o r y  used  by the  p rogram 
could  be control led  by  the  user. In  this  s tudy,  143,000 
octal  words  of  central  m e m o r y  were  used  for execut ion.  It  
was f o u n d  that  c o m p u t a t i o n  costs w e r e  typical ly  $0.60/ 
C P U  second.  

Results and Discussion 
Hydrodynamic flow field.--The flow pa t te rn  in a cav- 

ity of  g iven  geome t ry  needs  to be de t e rmined  only once  
for all Reyno lds  n u m b e r s  in the  S tokes  regime.  By 
subs t i tu t ing  the  S tokes  solut ions into t h e  constant-  
p roper ty  Navier -S tokes  equa t ions  via the  F I D A P  algo- 
r i thm, it  was found that  the  n o r m  of the  error  vec to r  di- 
v ided  by the  n o r m  of the  S tokes '  solut ion vec tor  was less 
than  0.2%. That  :is, iner t ia l  effects  are negl ig ib le  and the  
c o m p u t e d  resul ts  are accurate.  Table  II p rovides  inpu t  ve- 
locit ies (constant  A in  Eq.  [2]), and the  veloci t ies  at the  
cen ter  of  the  cavi ty  m o u t h  (Uo) wh ich  were  used  in 
normal iz ing  the  flow fields. 

Table I. Mesh statistics and typical run times for FIDAP jobs 

G e o m e t r y  

Run time Run time 
for for 

Number Number Stokes convective- 
of of flow diffusion 

nodes elements solution solution 

PIT90 891 208* 20.70 CPU s 6.71 CPU s 
PIT30 795 184" 14.14 5.20 
PIT38F 537 160"* 7.09 3.19 
PITB 721 218"* 13.15 4.90 
PITS 393 116"* 4.57 2.24 

* N i n e - n o d e d  e l e m e n t s .  
** E i g h t - n o d e d  e l e m e n t s .  

2797 

F igure  2 i l lustrates the ve loc i ty  vectors  for the  flow 
field in each  of  the cavi ty  conf igurat ions  unde r  study. It  
was found that  a single rec i rcula t ing  flow eddy  ex is ted  in 
all but  the  shal lowest  cavi ty  configurat ion.  No secondary  
eddies  were  observed.  

Concentration fields, constant concentration at cavity 
wall.--The solut ion of  the  convec t ive  diffusion equa t ion  
for var ious  values  of  Pe  is shown in Fig. 3 in the  form of 
meta l  ion concen t ra t ion  con tour  plots. The  le t tered con- 
tours  cor respond  to l ines  of  cons tan t  meta l  ion  concent ra-  
tion, expressed  in fract ions of t h e  saturat ion concentra-  
tion, as g iven  in the  figure caption. S ince  the  Pec le t  
n u m b e r  contains  bo th  ve loc i ty  and cavi ty  size, the  pro- 
gress ion  f rom Fig. 3(a) to Fig. 3(e) cor responds  e i ther  to a 
s equence  of increas ing  fluid flow, or to a s equence  Of in- 
c reas ing  cavi ty sizes. 

For Pe = 1 [Fig. 3(a)], the concentration contours near 
the top of the region are not realistic because the bound- 
ary condition on that surface forces the concentration gra- 
dients to the value of zero. However, modification in the 

PITS 

�9 = ' - "  .-." r : - " . " : . "  

PITSO 

PIT...58F 

::..i::-,.s 

PtT90  

PITB 

~: ~ : - ~ : ~ : ~ = ( ~ : ~ i ! ~ : ~ : ~ : ~ i : ~  ~" 

Fig. 2. Velocity vector flow field within various cavities. The arrow 
length is proportional to velocity. 
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Fig. 3. Effect of Peclet number on metal ion concentration for PITg0 
configuration when the concentration at the cavity wall is equal to the 
saturation value everywhere (C = |) ,  Equiconcentration contours ore 
shown for various frections of the saturation value as given in the accom- 
panying key. 

boundary condition on the upper surface would not be 
expected to change the observation that, for Pe = 1, the 
solution within the cavity is within 90% of the saturation 
concentration throughout. That is, the fluid flow exter- 
nal to the pit does not substantially influence the trans- 
port of dissolution products within the pit. Indeed, the 
contours A and B indicate clearly that there is substantial 
diffusion in the upstream direction, against the direction 
of fluid flow. Because the concentration field inside 
such pits is disrupted to only a minor extent by the action 
of fluid flow, it is concluded that very small pits are in- 
sensitive to external flow conditions even when there 
may be substantial superficial flow velocities outside the 
pit. 

For Pe > 1, the metal ions were swept out the right- 
hand side of the region, and the anomalous behavior at 
the upper  surface was not significant. For Pe = 100, Fig. 
3(c), it may be seen that the electrolyte just  outside the 
cavity mouth is essentially free of metal ions. That is, the 
effect of fluid flow has increased to substantial propor- 
tions. In addition, the effect of the recirculating flow pat- 
tern within the cavity can clearly be seen to influence the 
mass-transfer process. 

For Pe = 500, the mesh size is too large for generation of 
smooth contours in the center of the cavity, a problem 
which could be eliminated by remeshing. The numerical 
jitter does not influence the observation that the concen- 
tration variation becomes confined to a thin region adja- 
cent to the cavity surface. 

Reference (46) contains additional results for other cav- 
ity configurations. These results indicate that the effect 
of recirculating flow becomes more pronounced as the 
pit becomes deeper, and that the influence of external 
flow on the ion concentration profile near the bottom of 
the pit decreases as the pit shape becomes deeper. 

In  all cases where there is a recirculating flow, the con- 
sequence is to cause the dissolution rate to have the 
greatest value along the downstream surface of the cavity. 
Such results are consistent, for example, with the experi- 
mental  observation of "flow tails" in nickel pitt ing at high 
current densities under  high electrolyte flow as seen in 
Fig. 5 of Ref. (34b) and Fig. 6 of Ref. (34c). In  the 
shallowest cavity studied, there was no recirculation pat- 
tern, and the dissolution rate was highest at the upstream 
edge of the cavity. 

Concentration profiles, constant flux at the cavity 
walL--Under certain conditions, corrosion pits are known 
to exhibit  hemispherical shapes, which implies that the 
dissolution rate is constant along the interior dissolving 
surface, a condition which may be simulated mathemati- 
cally by the boundary conditions expressed in Eq. [5] 
above. 

Figure 4 illustrates results for the semicircular cavity 
configuration for five values of Pe over the range 1-500 
while holding Sh constant at 1.31. This sequence there- 
fore corresponds to a variation of velocity while holding 
the average dissolution rate constant. The lettered con- 
tour lines indicate surfaces of constant concentration, ex- 
pressed as fractions of the saturation concentration as 
given in the key associated with each figure. Since there 
is no physical limitation in the model on the value of the 
concentration, it is possible for the concentration to rise 
above the saturation value (1.0). For the conditions shown 
in Fig. 4, it may be seen that the entire cavity region con- 
tains supersaturated solution at Pe = 1, while for Pe = 100 
the cavity region is everywhere below the saturation con- 
centration. In addition, it may be seen that the region 
where the concentration is highest shifts from the down- 
stream portions of the cavity surface (for small Pe) to the 
upstream region (for large Pe). In the shallowest cavity, 
where no recirculation eddy was present, the maximum 
concentration was always on the downstream portion of 
the cavity surface. 

Similar concentration field plots are available for other 
cavity configurations in Ref. (46). 

Critical flow conditions for salt film precipita- 
tion.--Based on the foregoing calculations, it is possible 
to map out generalized conditions under  which saturation 
concentration will be found in cavities exposed to 
flowing fluid. For a cavity of certain shape experiencing 
electrolyte flow of a given velocity, there is a value of 
current density which must  exist in order to sustain a sat- 
urated solution along the cavity surface. That is, for a 
given Pe, there exists some value of Sh which will result 
in Cm~x = 1.0 somewhere along the surface. In  addition, 
there exists another value of Sh which will result in a C ~  
-> 1.0 everywhere along the surface. 

Figure 5 illustrates critical flow conditions for all of the 
cavity configurations investigated (46). For each configu- 
ration, two lines are indicated in the graph; the symbols 
in Fig. 5 represent values for which computations were 
carried out with use of Eq. [5]. The left-hand group of 
lines gives, for each of the five configurations, the criti- 
cal conditions where the entire surface is below the satu- 
ration level everywhere along the cavity surface. Above 
and to the left of the line corresponds to flow conditions 
and dissolution rates where the solution at the cavity sur- 
face cannot exceed saturation. The right-hand group of 
lines gives, for the five configurations, the critical condi- 
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tions where the entire surface is above the saturation 
level. Below and to the right of these lines co~esponds to 
the region of parameter space where precipitation Of dis- 
solution products would be expected to occur. 

In  Fig. 5, the region between the two lines corresponds, 
for each configuration, to the region where some portion 
of the solution within the cavity would be at or above sat- 
uration (deep within the cavity interior), while other 
portions would be at or below saturation (nearer the cav- 
ity entrance). 

Figure 5 illustrates that if a cavity is dissolving at a 
higher rate, it takes a higher flow rate to wash it out. 
Also, as a cavity becomes deeper, it becomes more 
difficult to rinse it out. For the configurations investi- 
gated, Fig. 5 indicates that an eightfold increase in depth 
to diameter (PITS vs. PITB) requires a fiftyfold increase 
in Pe to accomplish complete rinsing of the cavity. In ad- 
dition, the geometry o f  the cavity entrance region 
influences the ease of rinsing: PIT30 and PIT38F are the 
same depth, but  it takes a higher flow rate to rinse out 
PIT38F than PIT30. 

( c )  : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :  
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Pe = I00  ~ ~ : Y  ~ o,o-r 
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I ~ ' E : : :  ' ' ' E 0,78 
0,60 
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: : : [ : : : : : : : : : : : : : : : : : : : : : : : : : : : :  : : . : : : : : 
: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :  : : ; . : �9 . 

�9 : ~ : . . . . . . . . : : : : : : : : : : . . . . . . . . . . . . . :  . . : .  
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Fig. 4. Effect of Peclet number of metal ion concentration for PIT90 
shape when the dissolution rate is constant over the cavity surface (Sh = 
1.31). Equiconcentrotion contours are shown for various fractions of the 
saturation value as given in the keys associated with each figure. 
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Fig. 5. Critical convective transport conditions for removal of dissolu- 
tion products from cavities of various shapes. ~: PITS. R: PIT30. 
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Conclusions 
A flexible, robust, commercially available finite ele- 

ment  code has been used to predict mass-transfer behav- 
ior within cavities during dissolution in the presence of 
fluid flow. Analysis of the concentration distribution 
within small cavities has led to a general criterion for pre- 
dicting conditions under  which precipitation of sparingly 
soluble dissolution products may be expected to occur on 
the dissolving surface. Early stages of cavity growth were 
found not to be influenced by external flow owing to the 
small size of the cavity which impedes fluid circulation. 
As dissolution continues, however, fluid flow effects be- 
come increasingly significant and could eventually rinse 
out the cavity. 

Situations where such phenomena are important in- 
clude etching of masked surfaces and also pitting corro- 
sion. Disruption of electrolyte in the interior of corrosion 
pits has been linked by other investigators to the repassi- 
vation of active pits, particularly in chloride solutions. It 
may thus be anticipated that a young corrosion pit would 
grow to a certain size, at which it would become suscepti- 
ble to being washed out a n d  thus repassivated. If such a 
pit were not completely rinsed out while relatively shal- 
low, then it may partially passivate, in the entrance re- 
gion, but  remain active in the more remote regions. Such 
events could thus lead to evolution of steadily deeper and 
thus more shielded configurations, which would be in- 
creasingly more difficult to repassivate by rinsing. The 
analysis presented here gives a limiting case of perform- 
ance against which the behavior of real systems may be 
compared. 

Hydrodynamic strategies for corrosion prevention have 
not been fully explored to date. The damage of materials 
by corrosion in the presence of impingement,  erosion, 
wear, cavitation, and other flow-related phenomena rep- 
resents a research field of vital importance. Of special 
value would be improved understanding of flow condi- 
tions under  which inexpensive materials of construction 
could be used with confidence in corrosive environ- 
ments. 
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LIST OF SYMBOLS 
c concentration (gmol/cm) 
C concentration (c/csat, dimensicmless) 
D diffusion coefficient (cm~/s) 
F Faraday 's  constant, (96,500 C/eq) 
i current  densi ty on cavity surface (A/cm 2) 
lo half-width of cavity opening (cm) 
n number  of electrons part icipating in electrode re- 

action 
_n unit  normal vector 
p pressure (g/cm s z) 
P pressure, (p/puo 2, dimensionless) 
Pe Peclet  number  (IoUo/D, dimensionless) 
Re Reynolds number  (Uolop/~, dimensionless) 
Sh Sherwood number  (ilo/nFcsatD, dimensionless) 
Uo velocity at center of cavity opening (crrgs) 
u velocity vector, (cm/s) 
U velocity (~/uo, dimensionless) 

Greek characters 

viscosity (g/cm s) 
p fluid density (g/cm 3) 

Subscripts  
max maximum value 
sat saturation value 
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Structural Studies of Electroless Thin Co-P Films 1 

R. O. Cortijo and M. Schlesinger 
Department of Physics, University of Windsor, Windsor, Ontario, Canada N9B 3P4 

ABSTRACT 

The microstructure of thin electroless Co-P films is s tudied using electron microscopy with radial  distr ibution func- 
t ion (RDF) analysis of electron diffraction patterns. It is concluded that, depending on metalizing bath chemistry,  films 
may grow with their component  crystallites, having their  c-axis prefer to be perpendicular  to the plane of the film. No 
evidence of an fcc phase is found in these films. 

Chemically (electroless) deposited thin cobalt  film 
(Co-P) can be considered as a binary system of cobalt  and 
phosphorus.  They have been regarded as a potential  digi- 
tal recording medium ever since their discovery by Bren- 
ner and Riddel  (1). For  recording applications, one seeks a 
thin layer (-500h) with appropriate  magnetic properties.  
In  Co-P, the magnetic  propert ies  are strongly dependent  

'Work supported by the Natural Sciences and Engineering 
Research Council of Canada. 

upon the microstructure,  and the microstructure,  in turn, 
is markedly  influenced by the plating condit ions and the 
substrate.  

In the past  (2), the nucleation and growth of Co-Ni-P 
and Co-P films have been studied. It has been found that 
mixed cobalt-nickel films form an fcc structure like 
nickel. This is not surprising, as it is known to be one of 
the simplest  systems formed by cobalt,  and nickel  can 
form a complete series of solid solutions with fcc cobalt. 
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Of more complexity are the results pertaining to Co-P. It 
has been conjectured that the films constitute a mixture 
of fcc and hcp phases and that increasing the phosphorus 
content tips the balance toward the hcp phase. 

The aim of the present work is to elucidate the nature 
of the microstructure of thin Co-P. Here, transmission 
electron microscopy, electron diffraction, and reduced ra- 
dial distribution curves are employed. It is concluded that 
thin Co-P deposits on Formvar form microcrystals pos- 
sessing an hcp structure which has a degree of preferred 
orientation dependent  on the phosphorus content. No evi- 
dence for the presence of an fcc phase, as stated previ- 
ously, has been found. 

Experimental 
Films in this investigation were grown on microscope 

slide glasses coated with Formvar  (4g polyvinylformal in 
one liter of ethylene dichloride). Standard sensitizing (Sn 
II), activating (Pd II), and metalizing (as in Ref. 2) proce- 
dures were followed in their preparation. The films were 
floated off the glass substrate in distilled water. They 
were subsequently placed in the sample holder of a JEOL 
Model JEM-100CX electron microscope. The electron mi- 
croscope was operated at 100 kV, and electronmicro- 
graphs and selected area diffraction patterns (camera 
length of 236 mm) were recorded photographically. 

The diffraction patterns were scanned by a microdensi- 
tometer  whose output was fed into an ADC of a PDP 
11/03 minicomputer.  The reduced radial distribution 
functions (RDF) were obtained as described recently (3, 
4). A combined smoothing and averaging technique was 
used to reduce random noise errors. A number  of proce- 
dures were adopted to eliminate the effects of systematic 
errors. We will present reduced RDF curves given by 

with 
~0 ~ 

G(r) = 8ir i(s) sin (21rsr) ds 

Fig. 1. Electron micrographs of two Co-P films: (bottom) sample 
grown with 10 g/I hypophosphate; (tap) sample grown with S g/I hypo- 
phosphate (magnification = • 14,000). 
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2 sin 
S - - -  

x 

where i(s) is the reduced interference function. 

Results and Discussion 
In  Fig. 1, we present electron micrographs correspond- 

ing to two (out of a dozen or so on which measurements 
were carried out) typical samples. One has grown in a me- 
talizing bath with a sodium hypophosphite (NaH2PO~ �9 
H20) content of log/1 and the other has grown in a bath 
containing 5 g/1 sodium hypophosphite.  In Fig. 2 we pre- 
sent their respective selected area diffraction (SAD) 
curves after subtracting the background in the SAD pat- 
terns. This background is due to nonelastic collisions 
and, as it has the form of a slowly varying function, the 
procedure for its elimination is rather simple. We have in- 
dicated the Miller (hkl) indexes on the different peaks 
(rings). 

In Table I we summarize the hkl and corresponding 
d(~) values o f t h e  curves in Fig. 2, along with the corre- 
sponding bulk cobalt values. These values are deter- 
mined directly from the photographic plates, using a trav- 
eling microscope, and the curves in Fig. 2 represent the 
densitometer 's  output. The former is a somewhat more 
sensitive method; it yields, for instance, a value for a (002) 
ring, while no such peak is identifiable on the corre- 
sponding SAD curve (Fig. 2a). A close comparison of Fig. 
2a and 2b shows differences in the relative intensities of 
some peaks. One such difference is between the (101) 
peak and stronger (100) peak in 2a and the (100) peak and 
stronger (101) peak in 2b. Another difference is between 
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Fig. 2. Diffraction patterns corresponding to the films shown in Fig. 

1: (a) phosphorus rich sample; (b) phosphorus poor sample. 
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Table I. Spacing [d(s values corresponding a to 
SAD curves in Fig. 2 

9 -  

d(A) d(A) d(h) 
hkl High P Low P Bulk Co 

v 

(.9 6 -  
100 2.162 2.127 2.165 
002 2.038 u- 
101 1.913 1.883 1.910 Q 
102 1.478 1.482 1.480 rr 
110 1.249 1.234 1.252 a 3 -  103 1.148 1.135 1.149 uJ 
112 1.068 1.048 1.066 (9 
201 1.045 1.047 

a Values in table were determined directly from photographic 
plates. O 

t h e  re la t ive  i n t ens i t i e s  of  the  (110) and ,  say, t h e  (112) -1,5 o 
peaks .  

I t  is p r o p o s e d  t h a t  c u r v e  2a is a n  h c p  s t r u c t u r e  w i t h  ran-  
d o m  crys ta l l i te  o r i en ta t ion .  I t  is f u r t h e r  p r o p o s e d  t h a t  2b 
is a n  h c p  s t r u c t u r e  w i t h  crystal l i tes ,  w h e r e  t h e  c-axis  pre-  
fers  to be  (bu t  is no t  exc lus ive ly)  p e r p e n d i c u l a r  to the  
p l a n e  of  t he  films. T h e s e  p r o p o s a l s  are b a s e d  on  a n u m -  
be r  of  cons ide ra t ions .  In  Fig. 2b, i t  is t he  p e a k s  w i t h  i n d e x  
l = 0 t h a t  are o b s e r v e d  to b e  e n h a n c e d .  T h e s e  are  t h e  re- 
f lec t ions  f rom p lanes  h a v i n g  no  i n t e r c e p t  (i.e., paral lel)  
w i t h  t he  c-axis. T h e s e  p l anes  are  e x p e c t e d  to be  in  "graz- 
ing  ang le"  pos i t i on  re la t ive  to  t he  e l ec t ron  b e a m ,  b e i n g  
m o r e  l ike ly  to fulfill  t h e  B r a g g  c o n d i t i o n  i f  ou r  p r o p o s a l  
is val id.  I t  is t he  s a m e  c o n s i d e r a t i o n  w h i c h  s h o u l d  e x p l a i n  
t he  c o m p l e t e  a b s e n c e  of  the  (002) ref lec t ion  (see Tab le  I) 
f r om the  low P c o n t e n t  film, b e c a u s e  it  r e p r e s e n t s  a 
p l a n e  p e r p e n d i c u l a r  to  t h e  c-axis.  

In  o rde r  to  l end  f u r t h e r  s u p p o r t  to our  p r o p o s a l  a n d  
ru le  ou t  t h e  poss ib i l i ty  t h a t  Fig. 2b r e p r e s e n t s  t h e  exis t -  
ence  of  an  fcc phase ,  we h a v e  ca r r ied  ou t  a ser ies  of  ex- 
p e r i m e n t s  in  t he  e l ec t ron  mic roscope .  The  f i lm corre- 
s p o n d i n g  to Fig. 2b was  t i l t ed  b y  45 ~ in  t h e  s a m p l e  ho lde r ,  
a n d  i ts  SAD was  recorded .  Next ,  i t  was  ro t a t ed  a n d  t i l ted  
a b o u t  t he  z a n d  y axes ,  respec t ive ly ,  by  45 ~ a n d  i ts  SA D  
was  r e c o r d e d  again;  t he  p roce s s  c o n t i n u e d  as such .  E i g h t  
p i c t u r e s  were  t a k e n  m a k i n g  sure  t h a t  t he  SAD was  t a k e n  
e a c h  t i m e  exac t ly  f r o m  t h e  s a m e  fi lm area.  F i g u r e  3 is t h e  
ave r age  ( b a c k g r o u n d  s u b t r a c t e d )  of  t h e s e  e igh t  SAD  pat-  
t e rns .  Note  tha t ,  now,  t he  re la t ive  in t ens i t i e s  m o r e  c losely  
r e s e m b l e  t h o s e  of  Fig. 2a, i.e., t h e  p r o p o s e d  case  of  a ran-  
d o m  o r i e n t a t i o n  of  crystaUites .  The  r e d u c e d  R D F  f rom 
the  c u r v e s  of  Fig. 2a a n d  Fig. 3 h a v e  b e e n  ca l cu l a t ed  a n d  
f o u n d  to b e  ve ry  s imilar ,  as s h o w n  in Fig. 4a a n d  4b, re- 
spec t ive ly .  Specif ical ly,  b o t h  ind ica t e  a n e a r e s t  n e i g h b o r  
d i s t a n c e  of  2.5~ a n d  a s e c o n d  nea r e s t  n e i g h b o r  d i s t ance  of 
4.0JL T h e s e  va lues  ag ree  wel l  w i t h  the  coba l t  b u l k  va lues  
of a = 2.507A a n d  c = '4.070s F r o m  Tab le  I, one  c a n  also 
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Fig. 4. Reduced radial distribution curves: (a) calculated from Fig. 
2(a); (b) calculated from Fig. 3. 
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Fig. 3. Diffraction pattern of the phosphorus poor sample, taken as 
an average of eight different film orientations. 

Fig. 5. Electron micrographs of a phosphorus poor Co-P film: (bot- 
tom) bright field; (top) dark field (magnification = •  
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infer a set of values as follows. For the P-rich sample, a = 
2.497~ and c = 4.081h; for the P-poor film, a = 2.482/~ and c 
= 3.980A. 

Finally, a crystallite size range can also be inferred from 
either the RDF or the diffraction patterns. Figure 4a 
would seem to correspond to a "long" range order of 
about 15A. The further peaks tend to smear out, indicat- 
ing a lack of longer range order or that any further points 
are usually beyond a given crystal]ite. Figure 4b corre- 
sponds to a range of order of about 20~. It is perhaps not 
surprising that the sample richer in phosphorus possesses 
a slightly shorter order range (3) (smaller crystallites). The 
diffraction patterns yield a very nearly identical crystal- 
lite size value of about 18A for both samples. This is in- 
ferred from the width of the Bragg diffraction peak hs 
and its relation to the crystallite size (3, 4). The nearly 
equal crystallite sizes of phosphorus rich and phosphorus 
poor samples should be contrasted with their markedly 
different metal island sizes, as seen in Fig. la  and lb. The 
difference between metal island and crystallite size is best 
illustrated by a dark field electron micrograph. Figure 5a 
is the bright field and 5b the dark field electron micro- 
graph, of a phosphorus poor Co-P film. The dark field is 
due to the (110) reflection, and it clearly shows the sizes 
of component  crystallites to be much less than the sizes 
of metal islands. 

Conclusion 
Electroless-plated cobalt films should be considered 

s-cobalt with a hexagonal lattice composed of crystallites 
about 20~ in size. These create groups forming metal is- 
lands. Depending on phosphorus content, films may 

grow with their component  crystallites, having their 
c-axis prefer to be perpendicular to the plane of the film. 
It is noteworthy th#t in the low-phosphorus deposit, the 
<0001> direction is already preferentially perpendicular 
to the surface in the very early stages of deposition. Frieze 
et al. (5) have performed experiments similar to the pres- 
ent ones, but they have not analyzed the electron diffrac- 
tion patterns in the way this work does or found that 
thicker deposits produced in an electrolyte with the same 
hypophosphite concentration also have a <0001> texture. 
Co-P deposits produced in solutions with higher hypo- 
phosphite concentration have a <1010> texture. Finally, 
no evidence is found for the presence of fl-cobalt with fcc 
lattice. Nor do the films exhibit the presence of cobalt 
phosphide phases such as Co2P with orthorhombic lat- 
tice. Electrodeposited films do show (6) its presence after 
heat treatment. 

Manuscript submitted June 18, 1984; revised manu- 
script received August 17, 1984. 
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ABSTRACT 

Convective currents during the Bridgman growth of a compound semiconductor lead to temperature fluctuations at 
the solid-liquid interface. These temperature fluctuations in turn  lead to microscopic compositional variations in  the 
solid. Electrochemical principles have been applied to develop three etches which delineate the variations in the com- 
pound semiconductor, lead tin telluride, and allow optical studies of the growth kinetics of this material. Use of these 
etches has shown periodic lines during the initial growth, with indications of oscillatory instabilities developing in later 
stages of growth, and, finally, complete breakdown of the interface. 

With the increased use of remote sensing systems 
utilizing infrared detectors, there is a need for materials 
suitable for large area arrays. One material that possesses 
properties suitable for such detectors is the narrow 
bandgap semiconductor, lead tin teUuride (Pbl-xSnxTe), 
which can be prepared as an infrared detector in which 
the peak detectivity can be chosen to be any wavelength 
from 5 to 17/~m by changing the ratio of the lead to the 
tin (1). As part of NASA's Microgravity Science Program 
at Langley Research Center, studies are being carried out 
on the effects of convection on microscopic inhomo- 
geneities in the compound semiconductor lead t in tellu- 
ride (LTT). Crystals have b e e n  grown in quartz ampuls 
using the Bridgman technique (2). Natural convection 
during the growth of this material results in temperature 
fluctuations at the solid-liquid interface, which conse- 
quently results in microscopic variations in the composi- 
tion of the solid as the growth progresses. Since these 
fluctuations are small, accurate quantitative analysis of 
the resulting crystals is difficult. The development of 

*Electrochemical Society Active Member. 

etching techniques which delineate these variations mak- 
ing optical studies possible are very desirable. 

The literature provides several chemical etches for ma- 
terials like LTT. These chemical etches are typically solu- 
tions of strong, corrosive chemicals, such as concentrated 
nitric acid, hydrofluoric acid, liquid bromine, hydrobro- 
mic acid, or concentrated potassium hydroxide (3-8). 
Such corrosive etches do attack the LTT, bu t  they do not 
do so selectively, so that the fine interface demarcations 
are not made visible reproducibly and reliably. This re- 
port describes the development of a mild etching proce- 
dure for LTT by applying electrochemical principles. 
Three different solutions were successfully used for this 
particular application, but  the procedure may have more 
general applicability in the semiconductor industry and 
in materials research. Etches do not have to be corrosive 
reagents to be effective. 

Experimental 
A review of the thermodynamics quickly reveals why 

strong, corrosive reagents could not be used for LTT. 



2804 J .  E l e c t r o c h e m .  S o c . :  E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  D e c e m b e r  1 9 8 4  

C h e m i c a l  r eagen t s  t h a t  so lubi l ize  t he  c o m p o n e n t  ions  of 
L T T  crea te  a t h e r m o d y n a m i c  d i l emma,  for  once  t h e  me-  
tal l ic  ca t ions  a n d  t e l lu r ide  a n i o n s  are  in  so lu t ion ,  t hey  
s h o u l d  reac t  w i t h  e a c h  o the r  to  fo rm the  r e s p e c t i v e  met -  
als. The  s t a n d a r d  e l ec t rode  poten t ia l s ,  s h o w n  in  Tab les  I 
a n d  II, i nd i ca t e  t h a t  t h e s e  r eac t ions  s h o u l d  go to comple-  
t ion,  s i n c e  t he  e q u i l i b r i u m  c o n s t a n t s  are ve ry  large.  Con- 
sequen t ly ,  as fas t  as  s t r o n g  cor ros ive  e t c h a n t s  d i sso lve  
t h e  s e m i c o n d u c t o r  surface,  t he  c o m p o n e n t  ions  r eac t  in  
so lu t ion  to fo rm a p rec ip i t a t e  t h a t  p l a s t e r s  ove r  t h e  sur- 
face to be  v i ewed  in  the  opt ica l  mic roscope .  T h e  fac t  t h a t  
t h e  sur face  f ea tu res  are s o m e t i m e s  m o r e  v i s ib l e  a f te r  a 
l igh t  p o l i s h i n g  t h a n  i m m e d i a t e l y  af te r  e t c h i n g  t e n d s  to 
s u p p o r t  th i s  h y p o t h e s i s .  S u c h  a p o l i s h i n g  p r o c e d u r e ,  
u s i n g  s t rong,  co r ros ive  r eagen t s ,  is no t  r e p r o d u c i b l e  or 
re l iable .  

E l e c t r o c h e m i c a l  p r o c e d u r e s  were  app l i ed  to se lec t ive ly  
d i s so lve  t h e  lead a n d  t in  t e l lu r ides  and,  a t  t he  s a m e  t ime,  
qu i ck ly  sweep  away  t h e  r e s u l t i n g  ions  be fo re  t he  subse-  
q u e n t  c h e m i c a l  r eac t i ons  f o r m i n g  the  o b s c u r i n g  depos i t s  
c an  occur.  E l e c t r o c h e m i c a l  cells  were  se t  u p  as s h o w n  in  
Fig. 1, a n d  mi ld  c h e m i c a l  e t c h i n g  so lu t ions  we re  used.  
The  pa r t i cu la r  g e o m e t r y  of  t he  cell d id  no t  a p p e a r  to b e  
crucial ,  for r e p r o d u c i b l e  r e su l t s  we re  o b t a i n e d  o n  
s a m p l e s  r e g a r d l e s s  of  w h e t h e r  t he  p l a t i n u m  c a t h o d e  was  
ver t ica l  or hor izonta l ,  w h e t h e r  i t  was  n e a r  or  far  f rom the  
sur face  of  t he  sample ,  or  w h e t h e r  t he  s a m p l e  i t se l f  was  
ver t ica l  or hor izonta l :  T he  u sua l  con f igu ra t i on  of h a v i n g  
t he  s a m p l e  ho r i zon ta l  a n d  t he  c a t h o d e  ve r t i ca l  was  se- 
l ec ted  for  ease  of  a s sembly .  T he  pos i t ion  of  the  p l a t i n u m  
c o n t a c t  on  the  s a m p l e  was  no t  crit ical.  C o n t a c t s  were  
m a d e  at  d i f fe ren t  s i tes  on  t he  L T T  sur face  a n d  at t h e  edge  
of  t he  sample .  R e p r o d u c i b l e  p a t t e r n s  o c c u r r e d  in  all 
cases.  To e n h a n c e  t he  r e m o v a l  of the  so lva ted  ions  f rom 
the  sur face  of  the  s e m i c o n d u c t o r  a n d  to r e t a r d  t h e i r  sub-  
s e q u e n t  se l f -ox ida t ion  a n d  r educ t ion ,  t h e  ionic  s t r e n g t h  
of  t he  so lu t ion  was  inc reased ,  t h u s  r e d u c i n g  t h e  t h i c k n e s s  
of  t he  e lec t r ica l  d o u b l e  layer.  Che l a t i ng  agen t s  we re  also 
a d d e d  to the  so lu t ion  to t ie  u p  t he  l i be r a t ed  ions.  Th i s  d id  
p r e v e n t  f u r t h e r  c h e m i c a l  r eac t ions  a n d  r e d u c e d  t h e  de- 
pos i t  f o r m e d  b a c k  over  t he  s e m i c o n d u c t o r  sur face .  

T h r e e  mi ld  e l e c t r o c h e m i c a l  e t ch i ng  so lu t ions  were  de- 
v e l o p e d  for  lead t in  te l lur ide .  T he  c o m p o s i t i o n s  of  t he se  
so lu t ions  are  g i v e n  in  T a b l e  III. T he  col lo idal  sulfur ,  m i ld  
N o r r  ( c o m p o s i t i o n  1 in  Tab le  III), a n d  e t h y l e n e d i a m i n e  
t e t r aace t i c  acid (EDTA) so lu t ions  gave t he  m o s t  in fo rma-  
t ive  a n d  r e p r o d u c i b l e  r e su l t s  on  t he  s am p l e s  of  LTT.  The  
mi ld  Nor r  was  d e v e l o p e d  b y  r e d u c i n g  t h e  c o n c e n t r a t i o n  

Table I. Thermodynamics of Pb ~§ and Te 2- 

Oxidation: Te2-(aq) --~ Te(s) + 2e- 
Reduction: Pb2§ + 2e = --~ Pb(s) 

E o 

0.92V 
-0.13V 

Pb'-'§ + Te~--(aq) ~ Pb(s) + Te(s) 

A G  ~ = - n F E  ~ = -2  • 23,060 • 0.79 
= -36.3 kcal mol- '  

A G  ~ = - R T  In K 
in K = 61.4 at T = 298 K 

.K = 1/[Pb2~][Te~--] = e 6 . . . .  1027 

0.79V 

Table II. Thermodynamics of Sn 2§ and Te 2- 

E o 
Oxidation: Te2-(aq) -~ Te(s) + 2e- 0.92V 
Reduction: Sn2§ + 2e- --* Sn(s) -0.14V 

Sn2§ + Te-~-(aq) -~ Sn(s) + Te(s) 0.78V 

A G  ~ = - r i F E  ~ = -2  x 23,060 x 0.78 
= -36.1 kcal mo1-1 

A G  ~ = - R T  in K 
In K = 60.9 at T = 298K 

K = 1/[Sn'-'][Te 2] = e 6~ ~ e 26 
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Fig. 1. Electrochemical cell for etching lead tin telleride 

of the  cor ros ive  r e a g e n t s  in  t h a t  e t ch  d e s c r i b e d  in  t he  lit- 
e ra ture .  The  o the r  two  so lu t ions  were  d e v e l o p e d  b y  con- 
s i de r ing  t he  i no rgan i c  a n d  e l ec t rochemica l  fac tors  de- 
s c r i bed  in  t he  p r e v i o u s  pa rag raph .  Su l fu r  wil l  r eac t  
qu i ck ly  w i t h  b o t h  lead  a n d  t in  to  fo rm prec ip i t a t e s ;  and  
t h e  r a t i ona l e  was  t h a t  i f  t h e s e  e l e m e n t s  f o r m e d  prec ip i -  
t a tes  w i t h  sulfur ,  t hey  w o u l d  no t  be  ava i l ab le  to f o r m  the  
o b s c u r i n g  p las t e r  on  t he  sur face  of the  s e m i c o n d u c t o r .  
The  E D T A  so lu t ion  was  d e v e l o p e d  u s i n g  t he  abi l i ty  of  
th i s  c h e l a t i n g  r e a g e n t  to c o m p l e x  w i t h  lead a n d  t in  ions  
in  so lu t ion .  I f  t he  ions  we re  l ocked  in  a n  i no rgan i c  com- 
plex,  t h e y  w o u l d  no t  b e  as readi ly  ava i lab le  to r eac t  w i t h  
t he  t e l lu r ide  ions  a n d  to fo rm the  p las ter .  All  t h r ee  of  
t h e s e  r a t iona les  lead to succes s fu l  so lu t ions .  

T h e  p r o c e d u r e  fo l lowed  in  all cases  was t he  s a m e  e v e n  
t h o u g h  t h e  s a m p l e  o r i en t a t i ons  a n d  e t c h i n g  so lu t ions  
we re  changed .  The  L T T  s ing le  crys ta ls  we re  in t h e  fo rm 
of  cy l indr ica l  bou le s  w h e n  t h e y  we re  r e m o v e d  f rom the  
B r i d g m a n  furnace .  T h e s e  we re  cu t  in to  s l ices a long  the i r  
l ong  axis,  a n d  t h e y  we re  m o u n t e d  a n d  carefu l ly  po l i shed  
u s i n g  a ser ies  of d e c r e a s i n g  gr i t  sizes f rom 600 gr i t  to  0.05 
t~m as t he  final m e c h a n i c a l  polish~ The  s a m p l e  was  t h e n  
p o l i s h e d  on  a soft  c lo th  u s i n g  a n  a lka l ine ,  si l ica solut ion.  
T h e s e  s a m p l e s  were  p l aced  one  at  a t i m e  in  a n  e lectro-  
c h e m i c a l  cell, s h o w n  in  Fig. 1, a n d  a r r a n g e d  in  s u c h  a way  
t h a t  t he  s a m p l e  was  t h e  a n o d e  a n d  t he  r i b b o n  of  p l a t i n u m  
was  t he  ca thode .  A m a g n e t i c  s t i r r ing  ba r  a s s u r e d  rap id  
m i x i n g  in  t he  so lu t ion ,  w h i c h  cove red  t he  sample .  A 
smal l  vo l t age  was  appl ied ,  on  t he  order  of  1-3V, a n d  the  
c u r r e n t  was  m o n i t o r e d .  C u r r e n t s  were  n o r m a l l y  k e p t  at  
va lues  less  t h a n  50 mA.  W i t h i n  t he se  c u r r e n t  a n d  vo l tage  
l imits ,  t h e  exac t  c u r r e n t  d e n s i t y  d id  no t  a p p e a r  to b e  criti-  
cal in  d e v e l o p i n g  t h e  e t ch  pa t t e rns ,  s ince  t h e s e  p a t t e r n s  
s e e m e d  to b e  i n d e p e n d e n t  of s a m p l e  size a n d  vol tage.  
E t c h  ra tes  a n d  c u r r e n t  dens i t i e s  we re  n o t  m e a s u r e d .  
S a m p l e s  were  e t c h e d  for  a p p r o x i m a t e l y  1 min .  T h e n  t he  
p o w e r  s u p p l y  was  t u r n e d  off, a t  w h i c h  t ime ,  due  to t he  
decay  cha rac te r i s t i c s  O f t he  p o w e  r supply ,  a r eve r sed  cur-  
r e n t  f low of  a b o u t  5 m A  was  observed~for  a p p r o x i m a t e l y  
2-4s. The  c u r r e n t  w o u l d  aga in  r ise  to a b o u t  15 m A  for 1-2s 
be fo re  decay ing  b a c k  to zero  in  a b o u t  t e n  m o r e  seconds .  
However ,  i f  t h e  vo l t age  app l i ed  to t he  s a m p l e  in i t ia l ly  was  
too  large,  t he  so lu t ion  i t se l f  w o u l d  b e g i n  to electrolyze,  
a n d  t he  des i r ed  sur face  f ea tu res  w o u l d  be  o b s c u r e d  b y  

Table III. Electrochemical etching solutions 

1. Alkaline ferrieyanide 
70 ml distilled water 
30 ml 95% ethanol 
0.5g KOH (pH 12.5 _~ 0.4) 
2.6g K3Fe(CN)~ 

The clear, yellow solution may be used for a few days until the 
color darkens. 
2. Colloidal sulfur 

50 rnl distilled water 
50 ml Kodak fixer 
0.5 ml 12M HC1 

After stirring, the solution should be creamy-white with an 
opaque cloudiness due to the colloidal sulfur. 
3. Ethylenediamine tetraacetic acid (EDTA) 

80 rnl distilled water 
20 ml ethanol 
0.3g EDTA-disodium salt 
0.2g KOH 
0.2g hydroquinone (optional) 
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Fig. 2. Etched sample showing apparent melt-regrowth patterns and 
initial interface breakdown. 

the plaster  coat. These steps were repeated until  the de- 
sired degree of etching was achieved. A successful etch- 
ing could easily be moni tored visually while regulating 
the appl ied voltage. 

Results 
Use of these electrochemical  etching procedures  have 

revealed microscopic inhomogeneit ies  in samples grown 
in a thermally  unstable  Br idgman configuration. Exam- 
ples of the etch pat terns are shown in Fig. 2 and 3. These 
pat terns  were reproducible  in the sense that  an etched 
sample  could be polished and etched again and .the same 
pat terns  would appear. The pat terns seem to indicate that  
an oscillatory growth occurs in the sample and that the 
solid-liquid interface is concave into the solid. As the 
growth progresses, oscillatory perturbat ions begin to oc- 
cur along the interface, and eventually the interface ap- 
pears to break down completely.  A more complete de- 
scription and analysis of the crystal growth and 
morphology will be publ ished later. 

Concluding Remarks 
Electrochemical  principles have been combined with 

thermodynamics  and inorganic chemistry to develop a 
new etching procedure  for the compound semiconductor  
lead tin telluride. These etches have been shown 
reproducibly  to enhance microscopic inhomogeneit ies  in 
LTT and to offer the potential  of s tudying interface 

Fig. 3. Etched sample showing apparent breakdown of interface 

growth kinetics. It is believed that the same principles 
used in the development  of these etches can also be used 
in the development  of etches for other semiconductor  
materials. 

Manuscript  submit ted  Apri l  27, 1984; revised manu- 
script received July  9, 1984. This was Paper  507 RNP pre- 
sented at the Washington, DC, Meeting of the Society, 
Oct. 9-14, 1983. 
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Photoelectrochemical Study of SnS  in Aqueous Solution 
A. Katty, B. Fotouhi, and O. Gorochov 
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ABSTRACT 

n-Type SnS., with a layered structure has been grown by chemical vapor transport using phosphorus as doping 
agent. It has a resistivity of 1 f~ cm and an energy gap of 2.2 eV. It is characterized by very low dark current under anodic 
polarization. The material is not stable under prolonged illumination in aqueous acidic and basic solutions. However, 
the stability can be improved considerably in acidic solutions containing potassium iodide. The vol tammograms under 
illumination indicate that the photocurrent onset potential, particularly in alkaline solutions, depends on redox reagents 
used. Photopotentials do not vary as expected with different redox couples. 

Metal dichalcogenides have been the subject of inten- 
sive work during the past six years (1-14). Among these 
materials, WSe2 and MoSe2 have received most attention. 
Characterization of new materials continues; some of 
them might be durable and efficient materials. Among 
metal dichalcogenides, tin sulfide has not yet received at- 
tention in photoelectrochemistry, but has been character- 
ized by reflection data. The energy gap is given as 2.21 
eV for the first indirect transition (15-16). At higher ener- 
gies (ca. 2.88 eV) a direct transition is reported. 

SnS~ has a CdIx-type C6 structure (D~d 3 - P3ml)  com- 
posed of planes of hexagonal close packed S atoms inter- 
leaned with planes of Sn atoms to give the stacking se- 

quence S - -Sn - -S  S - - S n - - S  in c direction of the unit cell. 
This C6 structure is characterized by adjoining planes of 
weakly bound S atoms allowing a cleavage in [001] direc- 
tion. Sn has in this structure a characteristic sixfold octa- 
hedral coordination (17). 

The semiconducting nature of SnS2 has been predicted 
assuming that Sn forms a resonating sp3d 2 bonds. 
Calculated electronic band models have shown a good 
agreement with optical reflectivity spectra and confirm 
the existence of an indirect gap around 2.2 eV (15-16). The 
conduction band as well as the valence band should ex- 
hibit essentially s-p like character. 

Experimental 
SnSx single crystals doped with phosphorus were 

grown by chemical vapor transport method in a closed 
silica tube. The transporting agents were bromine and io- 
dine. The temperature of the transport and growth zones 
were, respectively, 600 ~ and 530~ Yellow reddish crys- 
tals ( -3  x 3 x 0.1 mm) were obtained both with bromine 
and iodine within a week. 

The tube initially contained stoichiometric amounts of 
tin and sulfur plus 5 atomic percent (a/o) of phosphorus. 
Microprobe analysis, however, indicate that the amount 
of phosphorus incorporated in the crystal bulk was less 
than 0.5%. The excess phosphorus stayed either unreac- 
ted in the tube or distributed in some crystals as a black 
localized phase (dark points). 

Typical transport properties (from resistivity and Hall 
voltage) at room temperature were a resistivity of - 1 
cm and a carrier density of 5 x 10 '~ cm -3. 

Electrochemical measurements  were performed using 
standard potentiostatic system and a classical three- 
electrode cell. A 75W tungsten halogen lamp was used as 
light source. Samples were illuminated by monochro- 
matic light (~ = 480 rim) using a Jobin-Yvon H20 
monochromater.  The lock-in amplifier method was used 
to perform capacitance measurements between 200 and 
1500 Hz. Analytical-grade chemicals and deionized water 
were used for the preparation of the solutions. 

Contacts were achieved by using Ga/In eutectic and 
Johnson Matthey silver paste. Samples were mounted on 
a copper plate and then insulated by Dow Corning glue. 

All potentials are referred to the saturated calomel 
electrode. 

Electrochemical Results 
Figure 1 demonstrates the behavior of an n-type SnS2 

single crystal in the dark and under il lumination in solu- 
tions of three different pH values. The electrode shows 
nearly perfect blocking characteristics over all pH values 
in the dark, the dark current being equal to 10 -7 A cm -2 
over a wide range of potentials. Under illumination, the 
photocurrent  onset depends on the pH of the solution. It 
shifts to more negative potentials as the pH of the solu- 
tion increases. The photocurrent  onset potential in solu- 
tions of sulfuric acid pH = 0, KCL pH = 5.5, KOH pH = 14 
are, respectively, + 0.2V, 0V, and -0.35V. 

Capacitance measurements  also indicate that the flat- 
band potential shifts to more negative values with in- 
creasing pH of the solution. Mott-Schottky plots are lin- 
ear and are extrapolated to the same potential indepen- 
dent of frequency (between 200 and 1500 Hz). Figure 2 
shows the Mott-Schottky Flots in acidic and basic media. 
The corresponding slope gives a carrier number  of 3.7 x 
10 '7 cm -3 (assuming e = 10), which is in agreement with 
Hall measurements.  

When redox couples such as Fe(CN)64-~3- and I-/Ix are 
added to the alkaline solution, a shift in photocurrent  on- 
set potential is observed. For instance, in alkaline solu- 
tions, the addition of Fe(CH)64-/3- and I-/I.2 shifts the 
photocurrent  onset to a more positive value, whereas the 
addition of S~/S~ produces a negative shift. The photo- 
current onset in solutions containing I-/Ix and 
Fe(CN)64-/3- is at -250 mV; for the one containing S~/S~ it 
is at -450 mV (Fig. 3). 

In acidic solutions, the addition of I-/I~ produces a neg- 
ative shift of the photocurrent  onset potential (Fig. 4), 
whereas other couples, such as Fe(CN)64-~3-, Fe x~3§ do 
not have any effects. 

Capacitance measurements (18) also indicate a shift in 
flatband positions (a positive shift in alkaline solutions 
containing I-/I2 and Fe(CN)64-/3- and a negative shift in 
acidic solution containing I-/Ix). Table I shows the photo- 
potential values obtained in a molar solution of sulfuric 
acid in the presence of different redox reagents. These 
values remained almost unchanged in different redox 
media, 

SnS2 is not stable in aqueous acidic and basic solutions 
and decomposes gradually under prolonged anodic polar- 
ization (4h at +IV) and white light i l lumination (= 200 
mW cm-2). Decomposit ion products were a yellow layer, 
which covered the electrode surface and was proved to be 
elemental sulfur by x-ray analysis, and dissolved tin, 
which was found by the analysis of the solution. 

The decomposition reaction can be prevented when I -  
is present in acidic solutions. 

The addition of I -  in sufficiently high concentration 
(0.1M) to the acidic solution improves to a great extent  the 
stability of the electrode. The oxidation of iodide to 
triiodide in an argon-purged solution can be observed 
during the photoelectrolysis as the solution's color 
changes to reddish brown. The exper iment  was per- 
formed in a cell in which the counterelectrode was sepa- 
rated by a glass frit. The solution was bubbled with argon 
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Fig. 1. Photocurrent and dark current vs. applied voltage at differ- 
entpH values: (a) H2S04, pH = O; (b) KCL, pH = 5.5; (c) KOH, pH 
= 14. (*) Incident light intensity = 150 p,W/cm ~ at 480 nm. 

for several hours before the addition of KI. The electrode 
was polarized at + I V  (VFB = 0.05V) under white light 
(= 200 mW cm-2). The current, after initial variation, re- 
mained constant during the experiment  (Fig. 5), and no 
change on the electrode surface was observed. 

The analysis of the solution did not show any trace of 
tin. The triiodide formed during the photoelectrolysis was 
titrated potentiometrically with sodium thiosulfate, and 
its concentration corresponded within the experimental  

error to 95% of the total charge produced during the ex- 
periment. Table II shows, at pH = 0 and 14 with and with- 
out addition of I - ,  the percentage of total charge con- 
sumed in electrode photodecomposit ion reaction 
calculated from the ratio of the concentration of dissolved 
tin found in the solution and the total charge produced 
during the experiment.  

It is noted that Ce 3+ and Fe(CN)64- do not improve the 
electrode stability. 

Table I. Photopotentiol values obtained for 1M H~S04 
in the presence of various redox couples Table II. Total charge consumed 

Redox couples Photovoltage 

I-/I~ 0.205V 
Fe(CN)64-f~- 0.218V 
Fe 2*m 0.204V 
Br-/Br2 0.200V 
Ce ~§ 0.300V 

Dissolved tin 
Medium Total charge produced 

H2SO4 41 
H2SO, + 0.1M IK <1 
KOH 100 
KOH + 0.1M IK 57 
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Fig. 2. Mett Schettky plots (a) in IM KOH, and (b) in 1M H~SO4. 
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Fig. 3. Photocurrent vs. applied voltage in a KOH solution (pH = 

14): (a) containing S=/S~; (b) containing I-/Is. 

The spectral dependence of the photocurrent at con- 
stant photon flux is shown in  Fig. 6. Using the general 
theoretical relation between the photocurrent and light 
energy (19), assuming that I,h is directly proportional to 
and that Lp is small 
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Fig. 4. Photocurrent vs. applied voltage (a) in 1M HzSO4 and (b) in 

1M H2SO4 + 0.05M I -  and 0.0 01M I~. 
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Fig. 5. Photocurrent variation as o function of time at constant po- 
tential (+ 1V/SCE) in 1M H2SO 4 + 0,1 IK. 
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where n = 1 for a direct gap and n = 4 for an indirect gap, 
the linear extrapolation of (hv I,h) 1j2 as a function of hv 
yields the value of 2.21 eV as the first indirect transition. 

The relative energy scheme for SnS., and redox poten- 
tials of the couples in H2SO4 and KOH can be constructed 
(Fig. 7). 
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Fig. 6. Spectral response of SnS~ in IM H.zSO~: (a) Ip, vs. light en- 
ergy and (b) (hz~ I p , )  "2  vs. light energy (at different scale).- 
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Fig. 7. Energy scheme of SnS2 in H2S04 (pH = O) and in KOH 

(pH = ]4). 

As it can be seen from Fig. 7, hydrogen couple redox 
potential is situated above the conduction bandedge. At 
cathodic polarizations (ca. more negative than -0.3V), hy- 
drogen evolution does not take place and the cathodic 
current is mostly due to the electrode decomposition. 
This leads to the formation of hydrogen sulfide and a 
black layer on the surface of the electrode. X-ray analysis 
indicates that this layer corresponds to the formation of 
tin oxide (SnO). 

Discussion 
The voltammograms, in the dark, indicate that tin 

sulfide is characterized by very low anodic current. The 
first indirect transition determined from the spectral re- 
sponse is in complete agreement with values found in the 
literature. This value corresponds to 2.2 eV. Although ox- 
ygen evolution under  i l lumination is energetically possi- 
ble (Fig. 7), photoinduced holes are partly consumed i n  
the electrode-decomposition reaction in acidic solutions, 
while in KOH the decomposition rate is much higher. The 
decomposition product is a yellow layer which covers the 
electrode surface. X-ray analysis indicates that the layer is 
composed primarily of elemental sulfur. However, dis- 
solved tin was found in the solutions, which indicates 
that t in passes into the solution both in acidic (pH = 0) 
and basic (pH = 14) media. The following anodic decom- 
position reactions, in acidic and basic solutions, respec- 
tively, can be considered 

SnS2 + 4h § ) 2S + Sn 4§ [1] 

SnS2 + 3H~O + 4h ~ ) 2S + SnO~ + 6H § [2] 

It seems that the decomposition mechanism of tin 
sulfide is similar to that of ZrS2, for which the anodic de- 
composition product is also elemental sulfur (20). In 
contrast, the cathodic decomposition mechanism is not 
the same. In the case of ZrS2, for example, hydrogen 
sulfide and zirconium metal are the cathodic decomposi- 
tion products in acidic solution (20); in the case of SnS.,, 
the cathodic decomposition product is hydrogen sulfide 
and the lower oxide of tin (SnO). The following reaction 
may be considered as the cathodic decomposition reac- 
t ion in acidic solutions 

+ 2 e -  
SnS2 + H.,O + 2H § * SnO + 2H2S 

SnO is also formed during the cathodic polarization in 
basic solutions, but  it dissolves (probably oxidizes to 
SnO~) when the polarization is stopped. 

As it has been already mentioned, the oxidation of io- 
dide to triiodide is the main photoanodic reaction in 
acidic solutions, and therefore considerable improvement  
is obtained in the stability of the electrode. 

An interesting feature of Fig. 5, which shows the varia- 
tion of current under  anodic bias of SnS~ in acidic solu- 
tion containing I - ,  is the increase in photocurrent at first 
before further stabilization. This may be caused by the 
negative flatband shift due to the production of triiodide. 
The gradual formation of Is- during the electrolysis and 
its accumulation shifts t he  fiatband potential to more 
negative values, and the photocurrent increases at first. 

E r Ef. 4 1 "  e-'~l 
Ef. --OI/R1 /R i 

Ev 
Ev 

ECEf - ' -~_ ~ 

Ev 
Ev 

Fig. 8. Energy scheme of SnS2 in the dark and under illumination. The 
role of surface states in preventing the flattening of the bands is 
illustrated. 

The peak disappears when iodine is intentionally added 
to the solution before experiment. 

The addition of I-/I2 to acidic solution also shifts the 
photocurrent onset potential to a more negative value. 
The negative shift of the flatband position due to the ad- 
sorption of triiodide ion (21, 22) has already been shown 
in the case of MoSe~ and MoS2. The phenomenon has 
been interpreted by the introduction of a large number  of 
acceptor states on the surface. Our results indicate that 
the same behavior can be assumed in the case of SnS~. 
The introduction of surface states with accumulation of 
negative charge on the surface provokes changes in the 
field of the Helmholtz double layer. On the contrary, the 
addition of other couples such as Fe 2§ and Fe(CN)64-~3- 
has no effect on the photocurrent onset potential and the 
flatband position. 

The addition of redox reagents such as I-/I2 and 
Fe(CN)64-/3- to alkaline solutions provokes a positive shift 
of the photocurrent onset potential. But, the shape of the 
photocurrent voltage curve remains unchanged, and the 
decomposition of the electrode is the main photoanodic 
reaction. The positive shift of the photocurrent onset po- 
tential arises from the dependence of the flatband posi- 
tion on the above redox agents. The flatband potential is 
more positive in alkaline solutions containing I-/I2 and 
Fe(CN)64-/~- and it becomes more negative in those con- 
taining S=/S., -- (23). The positive shift in fiatband position 
has been discussed elsewhere (18), and it has been shown 
that the shift arises from the interaction of the oxidized 
form of the redox couples with the negatively charged 
surface states. On the contrary, S~/S~ couple increases 
the negative charge on the surface. 

Shifts in photopotentials can be explained either by 
bandedge movement  or by the existence of surface states 
close to the conduction bandedge (Fig. 8). Electrons 
which are excited into the conduction band fall into these 
surface states and prevent the flattening of the band. A 
similar effect was observed with ZrS3 (24). Surface states 
below the conduction bandedge should also be responsi- 
ble for the existence of cathodic dark currents when solu- 
tions contain redox reagents. At all pH values, when solu- 
tions contained redox reagents, a cathodic dark current 
was observed at potentials positive to the flatband posi- 
tion. 

Conclusion 
It has been demonstrated that SnS~ doped with phos- 

phorus has a diode-like behavior. Under il lumination, the 
electrode is not stable in acidic and basic media and the 
photoelectrochemical reactions are mostly due to the de- 
composition of the semiconductor. However, the elec- 
trode can be stabilized in acidic solutions containing io- 
dide. The main photoanodic reaction in this case is the 
oxidation of iodide to triiodide. 
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ABSTRACT 

Electrodialytic water splitting is an energy-efficient and inexpensive means to produce relatively concentrated solu- 
tions of weak acids and bases from feed solutions of the corresponding salts. With contaminated feedstreams, ultrafil- 
tration is a necessary prerequisite. A 6% solution of sodium acetate was readily resolved into 35% acetic acid and about 
8% sodium hydroxide. The degree of concentration achieved is determined by the electro-osmotic coefficients of the 
ions involved. This process can also serve to concentrate relatively dilute solutions of weak acids and weak bases, ones 
too weak to be capable of concentration by direct electrodialysis. The water splitting process has unusual  advantages for 
the treatment of the products of fermentation in closed-loop systems. 

The extensive development of ion-exchange mem- 
branes has led to increased interest in the phenomenon of 
water splitting. In the electrodialytic processes when a 
critical current density is reached wherein the concentra- 
tion of electrolyte at the membrane surface approaches 
zero, the water in or at the membrane surface starts to dis- 
sociate at a rate such that the transport of hydrogen and 
hydroxyl ions in opposite directions becomes significant. 
This phenomenon was first observed by Bethe and 
Toropoff (1, 2), who observed that equal amounts of acid 
and base were produced, presumably from water. 

The development of bipolar membranes and their study 
has led to several rather detailed analyses of water split- 
ting processes. It also became evident that bipolar mem- 
brane systems could be used for the production of acids 
and bases from neutral solutions. Accordingly, the prepa- 
ration of bipolar membranes of industrial utility has been 
a topic of study for some years. For a bipolar membrane 
to be useful industrially, the following properties must  be 
realized: high permselectivity; stability and efficacy un- 
der high current densities; stable physical properties; and 
low ohmic resistance. 

Several techniques have been employed. Frilette (3) 
fused monopolar membranes  together and used them in 

electrodialytic processes. De Korosy (4) made bipolar 
membranes from a single sheet of polyethylene by 
sulfochlorination from one side and amination from the 
other. Benjamin et al. (5) improved the cementation tech- 
nique. Most recently, Liu et al. (6-12) prepared bipolar 
membranes which have demonstrated operational charac- 
teristics suitable for large-scale utilization. 

Benjamin (13) studied three different applications of bi- 
polar water splitting membranes:  namely, the preparation 
of KOH and HC1 from KC1, of Mg(OH)2 and H~SO4 from 
MgSO4, and the decomposition of ammonium bicarbon- 
ate to form COx and ammonia. It was found that in the. 
production of 0.2N KOH and HCt the coulombic effi- 
ciency was 90%. In the production of Mg(OH)2 and H~SO4 
current efficiencies fell to 85% and 65%, respectively, at- 
tributed to the low mobility of the large bisulfate ion. 
Fused monopolar membranes were used in these studies. 

Chang (14) evaluated the feasibility of electrodialytic 
water splitting for the conversion of ferrous chloride-HC1 
pickling solutions into the insoluble hydroxide and free 
acid, and demonstrated feasibility at the laboratory level. 
Chang (15) also applied water splitting to the conversion 
of hydroxylamine hydrochloride into hydroxylamine ni- 
trate. 
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Chlanda et al. (11) characterized the Allied bipolar 
membranes  by producing 1N HC1 and NaOH from NaC1 
at a current efficiency of 93% for the base and 80% for the 
acid. Most of the loss in efficiency was attributed to leaks 
in the flanking monopolar  membranes.  

Experimental 
Preparation of bipolar membranes.--The fused bipolar 

membranes deteriorate after prolonged use due to their 
separation, probably as a result of electro-osmotic forces. 
Improved bipolar membranes  were made using the glu- 
ing technique of Benjamin and Chang, wherein Ionac 
MC3470 and MA3475 membranes of the heterogeneous 
monopolar  type were used. A solution of linear polysty- 
renesulfonic acid in DMF was applied as a thin film 
across each surface face, and the two fused together for 3 
rain in a hydraulic press at 200 ~ F and 2000 psi pressure, 
the optimal conditions. 

Measurement of electrodialytic and water splitting ef- 
ficiencies.--A batch recirculating device (Fig. 1) was em- 
ployed to determine water splitting efficiencies; it had 
six cells (Fig. 2) in series, each connected to individual 2 
x 15 in. Pyrex cylinders calibrated for volume measure- 
ment. Four compartments  (two for feed and one each for 
base and acid delivery) had individual micropumps,  and 
the two end electrode compartments  had a joint  feed 
stream and pump. For water splitting, the membranes 
used were, from left to right in Fig. 1; + (cation permea- 
ble), +, - + (bipolar), - (anion permeable), +. Two cell 
compartments  had an in-line heat exchanger  to maintain 
stream at 25~176 Prior to each experiment,  distilled 
water was circulated to test for leaks because no materials 
can be lost if accurate current efficiencies are to be calcu- 
lated. Solutions were prepared with reagent-grade chemi- 
cals and deionized water. 

After the insertion of feed solutions, circulating pumps 
were started, and their rheostats regulated for proper 
flows and cell l iquid levels. Zero t ime samples were 
taken for analysis and then current was passed with the 
voltage properly adjusted. The device was operated for 
the t ime intervals necessary to achieve a given concentra- 
tion charge, then current was stopped, samples of acid 

+ CURRENT 

Fig. 1. Laboratory cell and auxiliary equipment 

] 

? 

POLYPROPYLENE: 4" OD X 3" ID X i" 
FITTINGS: POLYPROPYLENE TUBE FITTINGS 1/4" ID 
TUBING: POLYETHYLENE 1/4" OD X 1/8" ID 

Fig. 2. Cell compartment 

and base were taken, and volume changes recorded. The 
base concentration was maintained near 0.5M to keep dif- 
fusive losses low; different initial concentrations of acetic 
acid were used to allow one to measure membrane  effi- 
ciency over a wide range of concentrations. 

When straightforward concentration by electrodialysis 
(ED) was desired, one concentrate cell was used between 
two feed cells, with the membrane  sequence: +, +, - ,  +. 

There are several fermentation routes to make acetic 
acid. In one, the almost pure acid is produced at the 
3%-10% levels, depending upon the feedstock, organism, 
and rate of fermentation desired. In general, rates of con- 
version decrease with increasing product concentration, 
owing to product inhibition. Jeffries (16) and Omstead 
(17) have shown that when product levels are kept well 
below the maximum which can be attained, fermentation 
rates are substantially increased, often as much as five- 
fold. In the anaerobic digestion of primary sewage sludge, 
for example, Naughton (18) obtained detention times 0.1 
of the usual (1.5 cf. 15 days) by the use of concomitant  
ultrafiltration. 

Wang (19) has shown that biomass is an effective feed- 
stock to produce at neutral pH levels 6% or 0.73M sodium 
acetate, corresponding to 4.4% acetic acid. It is usually 
converted to glacial acetic acid by treatment with sulfuric 
acid; solvent extraction then removes the acid which is 
concentrated by distillation. 

Thus, there are several possible routes to glacial acetic 
acid by the use of membrane  processes, including the 
straightforward electrodialytic concentration of acetic 
acid or that of sodium acetate, but little is gained by con- 
centrating the salt. 

Results 
Electrodialytic concentration of acid.--A feed of 4.8% 

acetic acid was electrodialyzed at 17.3 mA/cm 2 with AMV 
and CMV membranes of the Asahi Glass Company at 
35~ The concentration of acid was carried to the 19.8% 
level (Table I). The current efficiency was fairly high ini- 

Table I. Electrodialytic concentration of acetic acid 
with AMV/CMV membranes 

Cell volume Current 
Time (h) HAC (%) (ml) efficiency (%) 

0 4.8 230 --  
5 9.0 280 96 

10 11.6 330 71 
20 15.8 440 72 
30 18.7 520 62 
35 19.8 560 53 
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tially; it fell to 53% when approximately 20% acetic acid is 
reached. 

The transport efficiency of acetic acid is influenced by 
the electro-osmotic water carried along with the acid 
which dilutes it in  the concentrate stream; it is lowered 
by back-diffusion of acid. Water splitting taking place at 
the surface of the anion-permeable membrane in the di- 
lute solution feed lowers current efficiency, where gener- 
ated hydroxide ions pass through the membrane,  with hy- 
drogen ions going into the deionate. 

Asahi Glass membranes are among the tightest availa- 
ble commercially. When looser Ionac membranes were 
employed at 20 mA/cm 2 and starting with 0.6% acid, when 
a concentration of 4.9% was reached the current effi~ 
ciency fell to 27%. Thus, the nature of the membranes 
used is important. 

The extent of electrodialytic water splitting is apprecia- 
ble here because the concentration of ionized species in 
solution is low. For example, i n  0.73M acetic acid at the 
4.4% level, the concentration o f  hydrogen ions is 0.0038M 
and its specific resistance 667 t2-cm. Water splitting could 
be minimized by operating at low current densities, but 
this increases the relative contribution of back-diffusion 
and makes for increased equipment  costs. 

The limiting current before water splitting is readily 
calculated from Nernst-Planck as equal to 2DC/6, where 
D and C are diffusion coefficient and concentration of 
transported species and 8 the boundary layer thickness. 
Since the diffusion coefficient of acetate is 1 • 10-5 cm~/s 
at a concentration of 0.004M and a boundary layer thick- 
ness of 100 t~m (as measured in these cells), the limiting 
current density is 0.8 mA/cm 2. With high convection the 
boundary layer resistance can be lowered by two-thirds, 
but a current of 2.4 mA/cm 2 requires too much investment 
in equipment.  

The rate of back-diffusion of acid through the much 
more permeable cation membrane is readily calculated. 

Feed 
Small Volu~m 
Dilute NaAc 

§ + 

Na+-- ~ 

(- -- Ac- 

i 
4~ 

NaOH 
Product 

+ Jr 

if+ 

2!H20 

1 
l t A c  

6H20 5M 

35% -40% 

Fig. 3. Electrodialytic water splitting to convert salts of organic acids 
into bases and organic acids. 

For a membrane thickness of 200 tLm and an effective dif- 
fusion coefficient of acetic acid in it of 10 -4 cm~/s, if the 
concentration of acetic acid on one side is 20% acid and 
zero on the other, the flux is 1.5 • 10 -~ moYcm ~ s, corre- 
sponding to a current of 15 mA/cm 2. It is evident, there- 
fore, that a high current density must be employed, some- 
thing precluded by the low concentration of ionized 
species present and resultant water splitting. Thus, we 
cannot use a low current density nor a high one. 

Conversion of sodium acetate to acetic acid.--Consider 
electrodialytic water splitting in a bipolar cell (Fig. 3). Be- 
cause of the high mobility of the hydroxide ion, we do not 
allow the concentration of the base stream to rise above 
0.5M, but  raise the concentration of acetic acid in its prod- 
uct stream as high as possible. If a high concentration of 
base is desired, conventional ED can produce 15%-40% 
base, depending off/the membrane used. 

In  the initial series of experiments, cemented Ionac bi- 
polar membranes were employed at a current density of 
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Table II. Current-voltage characteristics of allied bipolar membrane 

hE 
Curre~ Membmneandso~f ion  Membmne* 

(A) (V) (V) 

0.05 0.84 0.72 
0.10 1.02 0.79 
0.20 1.31 0.85 
0.40 1.85 0.93 
0.60 2.36 0.99 
0.80 2.86 1.03 
1.00 3.36 1.08 
1.20 3.84 1.10 

Cell of area 11 cm 2 with 0.hM sodium sulfate at room temperature. 
* Calculated by subtracting calculated solution resistance from to- 

tal resistance. 

20 m A / c m  2. Monopola r  m e m b r a n e s  of  the Ionac  var ie ty  
were  used.  F igure  4 shows  tha t  the  cur ren t  eff ic iency was 
h igh  w h e n  a di lute  solut ion of  acid was obtained,  bu t  it 
fell to about  27% w h e n  5% acid was reached.  Vary ing  the  
cur ren t  dens i ty  to h ighe r  and  lower  va lues  did not  lead to 
i m p r o v e d  cur ren t  efficiencies,  p robab ly  because  the  het- 
e rogeneous  m o n o p o l a r  Ionac  m e m b r a n e s  s h o w  a ra ther  
large leak  to acetate  and acetic acid. 

The  al l ied bipolar  m e m b r a n e  was first measu red  as to 
its cur ren t -vol tage  character is t ics  in a s imilar  11 em 2 cell  
b e t w e e n  0.hM sod ium sulfate solut ions at r o o m  tempera-  
ture  and at 0.05-1.2A current .  The  vol tage drop  across  the  
m e m b r a n e  and solut ion and across the  solut ion i tse l f  was 
measured ,  and that  across  the  m e m b r a n e  was calculated.  
P robe  e lec t rodes  inse r ted  in the  two solut ions  f lanking 
the  m e m b r a n e  were  used. The  vol tage drop  across the  
m e m b r a n e  increased  f rom 0.7 to 1.1V as the  cur ren t  den- 
sity was  var ied  by a factor  of  about  24, as shown  in Table  
II. The  decrease  in m e m b r a n e  res is tance wi th  increas ing  
cur ren t  is typical  for b ipolar  m e m b r a n e s  wh ich  act l ike 
p-n junc t ions  in genera t ing  cur ren t  carriers propor t iona l  
to cur ren t  density.  This  m e m b r a n e  was des igna ted  
ACBM-3 bipolar  m e m b r a n e ,  its p repara t ion  is g iven  in 
Ch laada  et al. (11), and  its proper t ies  were  qui te  s imilar  or  
ident ica l  wi th  those  of  Ref. (6-12). 

The  wate r  spl i t t ing convers ion  of 6% s o d i u m  acetate  
was pe r fo rmed  in the  11 cm ~ cell, s tar t ing wi th  0.5 NaOH 
and 6% acetic acid in the  p roduc t  compar tmen t s .  A con- 
stant  cur ren t  dens i ty  of  109 m A / c m  2 was main ta ined ,  and 
the  f lanking m e m b r a n e s  were  the  C322 (similar to ones 
of  AMF) and the A S V  m e m b r a n e s  of  the  Asahi  Glass 
Company .  To r educe  the  Overall IR  drop  in  the  rece iv ing  
acid compar tmen t ,  smal l  amoun t s  of  sod ium aceta te  were  
added  to the  acid p roduc t  c o m p a r t m e n t  initially. S o m e  
s o d i u m  aceta te  also en te red  this c o m p a r t m e n t  due  to the  
leak of  salt. 

In  a first run  (Table III), acet ic  acid was concen t ra ted  
f rom 6.00% to 7.54% at a cur ren t  eff ic iency of  89.7%. Sub- 
sequent ly ,  the  acid p roduc t  s t ream was raised to 27.3%, 
and the  cur ren t  eff ic iency r ema ined  fairly h igh  through-  

Table IV. Initial and final concentrations of sodium acetate in 
concentrated acetic acid 

Mis Mrs Xf~ Mfa 

0.01090 0.0870 0.9520 1.690 
0.00992 0.1067 0.9665 3.067 
0.00548 0.0920 0.9975 4.550 
0.00513 0.0958 0.9800 4.150 

Mis: initial molar concentration of salt in acid. 
Mrs: final molar concentration of salt in acid. 
Xf~: final mole fraction of salt in acid. 
Mfa: final molar concentration of acid. 

out. However ,  the  cur ren t  eff ic iency fell  to 38% w h e n  a 
concen t ra t ion  of  36.6% acet ic  acid was r eached  by initial 
addi t ion,  p robab ly  because  the  m a x i m u m  concen t ra t ion  
of  acid  that  could  be  r eached  (as d ic ta ted  by electro-  
osmot ic  t ranspor t  of  water) was exceeded .  Table  IV gives 
salt levels  in acid p roduc t  s tream. 

A final series of  s teady-state  expe r imen t s  was per- 
formed,  whe re in  the  process  was con t inued  unt i l  a con- 
stant  concen t ra t ion  of  acid in the  p roduc t  s t ream was 
reached.  In  wate r  spli t t ing,  t he  dev ice  " p u m p s "  bo th  acid 
and wate r  (plus a smal l  a m o u n t  of  salt) into the  p roduc t  
s t ream;  if  this is a l lowed to overflow, a s teady-sta te  con- 
cent ra t ion  is obtained.  Table  V gives resul ts  at 1.2A for 
the  11 cm 2 cell, at 109 mAJcm 2 or  101 A/ft 2. The  m a x i m u m  
level  of  acid reached  in t en  separate  expe r imen t s  var ied  
f rom 33% to 41% acet ic  acid. 

Discussion 
Water  spl i t t ing t echnolog ies  can conver t  f e rmenta t ion  

p roduc t  s t reams of  salts of  weak  acids into solut ions of  
base, wi th  the  acids in a concen t ra ted  solution.  The  high- 
est  level  of  acid obta inable  is d ic ta ted  by e lec t ro-osmot ic  
water  t ranspor t  across  the  an ion-permeab le  membrane .  
For  a g iven  ion, the  e lec t ro-osmot ic  coeff ic ient  is pr imar-  
ily a func t ion  of  the  ef fec t ive  pore  d iamete r  of  the  m e m -  
brane,  and increases  ra ther  sharply  wi th  pore  size. The  
an ion-pe rmeab le  m e m b r a n e s  used  here  had osmot ic  
coeff icients  of  8 mol  of  wa te r  per  Faraday;  finer pore  
m e m b r a n e s  a l lowing bu t  5-6 mol  of  wa te r  cou ld  be  devel- 
oped to obta in  a 50% acid  solution,  one wh ich  is p robably  
the  u p p e r  limit.  

There  are few l imi ta t ions  to this process.  The  uppe r  
MW level  of  pe rmea t ing  solutes  is about  500. The  concen-  
t ra t ion of  the  feeds tock  plays no role o ther  t han  to dictate  
the  IR  drop  across the  feed  compar tmen t .  I f  d i lu te  feed- 
s tocks  m u s t  be employed ,  they  can be readi ly  concen-  
t ra ted by m e m b r a n e  p rocesses  at low cost  to the  poin t  
whe re  the  overal l  cost  of  the  process  is min imized .  For  
example ,  solut ions of  salts of organic  acids at the  
1000-5000 rag/l i ter  levels  and p roduced  by  the  fermenta-  
t ion of  sewage  s ludge  unde r  membrane- fac i l i t a ted  condi-  
t ions have  been  t rea ted  first by  ul traf i l t rat ion to r e m o v e  
foul ing  componen t s ,  t h e n  by reverse  osmosis  for concen-  

Table III. Water splitting with allied bipolar membrane for elapsed intervals of 4000s 

Vai (ml) Vat (ml) Mal M,f Mbi Mb~ Vbi (ml) Vbr (ml) CE (%) 

148.8 155.4 1.012 1.256 0.5425 0.8160 146.5 145.3 0.897 
152.4 157.8 1.885 2.092 0.531 0.792 147.1 150.9 0.861 
148.4 153.0 1.480 1.690 0.520 0.795 140.5 144.1 0.840 
149.07 157.19 2.954 3.061 0.531 0.808 135.65 139.87 0.820 
141.05 149.4 2.933 3.067 0.505 0.815 132.6 136.3 0.890 
142.7 150.6 4.475 4.550 0.505 0.795 135.1 138.7 0.938 
133.1 137.3 6.101 6 . 0 3 6  . . . . .  

a: Acid stream. 
b: Base stream. 
V: Volume of cell solution (ml). 
M: Concentration in cell (molar). 
i: Initial. 
f: Final. 
CE: Current efficiency. 
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Table V. Steady-state concentrations of acetic acid 
produced by water splitting 

No. NaAc feed (%) HAc (%) CE (%) 

1 28.4 32.9 0.90 
2 23.9 35.0 0.92 
3 7.5 40.0 0.94 
4 8.6 40.8 0.99 
5 9.6 39.7 0.97 
6 10.7 40.0 0.98 
7 11.8 38.6 0.96 
8 12.7 37.7 0.93 
9 13.6 37.5 0.96 

I0 14.5 36.2 0.98 

tration, and then by water splitting to produce concen- 
trated acids. 

Reliable costs for this process can be estimated. For a 
relatively small plant producing 1000 gal/h of a 6% sodium 
acetate feed, a plant having a total area of about 800 ft 2 ef- 
fective area for each of the three membrane types would 
be required, operating at a current density of 100 A/ft 2. 
The investment costs would be approximately $50,000; 
larger plants cost somewhat less. These are total plant 
costs including the power source, module and pumps but  
not interest on investment.  For this small plant, the cost 
of device per square foot of cell area was taken as $62.50; 
according to Liu et al. (8), one having an area of 18,750 ft 2 
costs $28.50 per ft 2, so appropriate consideration was 
given to the economies of scale which prevail in this 
field. 

For this plant, the production of 35% acetic acid is 
about 0.1 lb/s. Taking the standard amortization rate of 
this equipment  (5 yr average, 3 on membranes and 7 on 
the remainder) the total equipment  cost would be approx- 
imately 0.2r of acid. With power at 5C/kWh and with a 
dilute feed (0.5%) requiring a total voltage of 3V, the cost 
is 3.4r acetic acid. With a more concentrated feedstock 
of the type studied here (3%-10% salt) and electricity at 
3.5C/kWh, the voltage drop is 2V and the power required 
is approximately 1.6r of acid produced. 

The water splitting process can be applied to a wide 
range of electrolytes of different kinds for the double pur- 
pose of converting these into their corresponding acids 
and bases and also producing concentrated product 
streams. The current efficiencies obtainable and the 
maximum current densities which can be utilized depend 
upon the nature and concentration of the feed substances. 
In the present study, the relatively large molecular size of 
the acetic acid product and its relatively low diffusivity 
through the membranes allowed for a high current effi- 
ciency, with little loss of acid by diffusion. If the product 
were formic acid, somewhat higher losses would be en- 
countered, as would occur if ammonia were the base pro- 
duced. Solutes of higher molecular weight, particularly 
those which are poorly ionized in the acid or base form, 
make for the highest current efficiencies and the smallest 
losses by diffusion. 

Water splitting can also serve to concentrate weak elec- 
trolytes. As was observed, the electrodialytic concentra- 
t ion of acetic acid was impractical. Somewhat stronger 
acids such as malic acid can be electrodialytically concen- 

trated to up to 30% efficiently from a 5% feedstock as 
demonstrated by Liu (20). 

The concentration of dilute acetic acid to the 35%-40% 
level by electrodialytic water splitting can be readily 
achieved. The acid feedstock is first neutralized and the 
salt used as feed, with the base recycled for neutralization 
of feed. At a feed level of 1000 GPM of 4.4% acetic acid 
(the same molarity as 6% sodium acetate), the membrane 
plant has the same area and cost as with salt conversion. 

If a product stream entirely free of excess sodium ace- 
tate were desired, straightforward electrodialysis with lit- 
tle loss of free acid would reduce it to the 0.01M or 500 
mg/liter level. Or, direct cation exchange using a strong 
acid regenerant would remove all traces of sodium and 
produce pure acid at nominal  cost. 
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A Homogeneous/Agglomerate Model for Molten Carbonate Fuel 
Cell Cathodes 
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ABSTRACT 

A molten carbonate fuel cell cathode model was developed which enables the estimation of performance as a func- 
tion of cathode electrolyte content. This model is neither a thin film nor a conventional agglomerate model, but  in- 
volves the calculation of the effective agglomerate diameter, porosity, tortuosity, and number  based on knowledge of the 
electrode's pore spectrum and electrolyte content. Calculated electrode performance and experimental results are com- 
pared for cathodes of different pore spectra over a range of electrolyte contents. 

The cathode of present molten carbonate fuel cells con- 
sists of porous, lithiated nickel oxide, which, during oper- 
ation, is partially filled with electrolyte. Its structure con- 
sists of microporous nickel oxide particles clustered to 
form macropores, as shown in Fig. 1. The degree of satu- 
ration of the cathode with electrolyte depends upon the 
total amount  of electrolyte in the cell and the pore-size 
distributions and volumes of the cell anode, cathode, and 
matrix. When good performance is being attained, the 
larger electrode pores are open to allow gas-phase diffu- 
sion of reactants into the cathode and reduce the path 
length for liquid-phase diffusion. Enough electrolyte is 
present to facilitate the electrochemical reactions and 
ionic conduction. Good electronic conductivity should be 
provided by the catalyst particles. 

Such an electrode configuration has been modeled in 
the past using a thin film model (1-3), whereas a cylin- 
drical agglomerate model would be more appropriate 
(4-6). Both of these approaches, however, are deficient in 
that neither the electrolyte film thickness nor the ag- 
glomerate diameter is known with any accuracy, and they 
are frequently used as fitting parameters to the experi- 
mental  data. The uncertainties are compounded when the 
performance is desired as a function of the amount  of 
electrolyte in the electrode. In order to avoid these 
uncertainties, a newlmodel was developed, which is basi- 
cally a cylindrical agglomerate model with the agglomer- 
ate diameter, number,  porosity, and tortuosity calculated 
from a knowledge of the pore size distribution and elec- 
trolyte content. 

In  conjunction with the theoretical analysis, experimen- 
tal performance data were obtained for four cathodes of 
different pore structure using a half-cell rig containing a 
reference electrode. Electrolyte was added and removed 
from these cathodes to obtain performance as a function 
of electrolyte content. These experimental results were 
used to evaluate the capabilities of the model. 

Theory 
If an electrode is completely filled with electrolyte and 

a gas pressure is applied in excess of the liquid pressure, 
liquid is forced out of the electrode into adjacent liquid 
containing regions. Most of the PdV work done in this ex- 
pulsion increases the vapor-liquid interfacial free energy, 
erdA. This relationship is used to determine the surface 
area of a porous body using mercury intrusion poro- 
simetry (7). Here P is the pressure difference between the 
gas and liquid, V is the volume of the gas in the electrode, 
o- is the surface tension, and A is the vapor-liquid interfa- 
cial area. This is not an exact relationship in this case be- 
cause of solid-gas and solid-liquid interracial free ener- 
gies, the effect of vapor-liquid interracial curvature on the 
free energy, the effect of film thickness on surface free 
energy, chemical effects, and the process by which the 
electrode is filled. However, if the electrolyte is consid- 
ered to completely wet the catalyst and form a relatively 
thick film, the equality of PdV and ~dA may provide an 
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equation which enables the prediction of gas-liquid inter- 
facial area. If this area is known and the cylindrical ag- 
glomerate concept is retained, this area becomes the gas 
surface area of all the agglomerates. 

An assumption must  be made that the measured pore- 
size distribution is suitable for use in this analysis. Most 
pore spectra are obtained using mercury intrusion 
porosimetry, in which nonwett ing mercury is forced into 
the porous body. In the fuel cell case, a wetting liquid is 
wicked into or forced from the body, which results in 
somewhat different pore spectra, since hysteresis effects 
are known to be present in pore spectra. 

Agglomerate properties.--If all of the above assump- 
tions are made, the agglomerate radius, number,  and po- 

Fig. 1. Scanning electron micrograph of oxidized cathode 
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rosity can be calculated from the pore spectrum as fol- 
lows 

(P~ - Pt) dV = -erdA [1] 

where V is now the volume of liquid in the electrode. 
Since 

(Pa - PL) = 2 (r/r [2] 

it follows that 

dA = 2dV/r  [3] 

where r(V) is the pore radius on the pore-size distribution 
graph. Therefore 

SV tOtal 2dV A = [4] 
filled r 

V~t~ is the total void volume of the electrode and Vfmed is 
the volume of electrolyte in the electrode. 

For a cylindrical agglomerate 

AlVfllled = (2Nro r rEaO)l(Nrr ro=rEaO) [5] 

where N is the number  of agglomerates, ro the agglomer- 
ate radius, rE the agglomerate tortuosity, 0 the porosity, 
and a the electrode thickness. 
Then 

AIY,,,od = 2/ro [6] 

Eliminating A between Eq. [4] and [6] yields 

/ f V ..... dV 
r ~  : -  Vf l l l ed lJ  vfille d r [ 7 ]  

This equation can be used to obtain the agglomerate ra- 
dius from the pore-size distribution curve. 

The number  of agglomerates, N, is calculated assuming 
the agglomerates are cylindrical using the equation 

N = (Vfiued + Vsoiid)](~rro2"ri 8) [8] 

where Vsond is the volume of solid in the electrode. The ag- 
glomerate porosity, 0, is 

0 = Vf~,~od(Vm~ed + V~o,~d) [9] 

and the tortuosity for ionic migration, r~, is 

T I = [(Vtotal ~" Ysolid)/Vfi]lea] ~ [ 1 0 ]  

using an Archie's law relationship (8) found to hold for 
molten carbonate fuel cell matrices. These equations pre- 
dict that the radius of the agglomerate decreases and the 
number  of agglomerates increases as the electrolyte con- 
tent of the electrode is decreased. This is due to the in- 
crease of the vapor-liquid interfacial area. The model also 
predicts that the porosity of the agglomerates decreases 
from the overall porosity of the electrode when it is com- 
pletely filled to zero when it is empty of electrolyte. 

Agglomerate  model  descript ion.--Figure 2 is an ideal- 
ized illustration of the model. The agglomerates are as- 
sumed to consist of an array of right-circular cylinders of 
radius ro in which nickel oxide catalyst particles and elec- 
trolyte are homogeneously dispersed. The agglomerate 
radius and number  are calculated by Eq. [7] and [8], re- 
spectively, for a specified pore spectrum and electrolyte 
content. During steady-state operation, reactant gases at 
the surface of the cylinder dissolve in the electrolyte and 
diffuse radially with simultaneous reaction on the catalyst 
particles. Ionic current is assumed to conduct only in the 
axial direction. 

Additional assumptions include the following: (i) elec- 
trolyte is saturated with reactant gas at the gas-electrolyte 
interface, (ii) all activities are equal to concentrations (i.e., 
all activity coefficients are assumed equal to one), (iii) 
transport  parameters are constant, and (iv) the electrode 
operates at a uniform temperature. 

The model includes the effects of activation polariza- 
tion, liquid-phase diffusional resistance in the electrolyte, 

MATRIX 

CO 3 

GAS PHASE 
o o 

P P 
O 2 I CO 2 

i(x,r)__ I r T r = r t 
ELECTROLYTE/CATALYST e- 

DISPERSION GAS PHASE 

x = O  x = L  
r  r  

JE = 0 JE = JTOTAL 
Jz = JTOTAL J= = 0 
dE/dx = 0 dE/dx = JTOTA, rE /O E CroZ(1 _ 0) 

dr = JTOTAL~'= / O~/rro2 0 dr = 0 

Fig. 2. Homogeneous/agglomerate model 

ionic resistance in the electrolyte, and electronic resist- 
ance in the nickel oxide structure. Gas-phase diffusional 
losses were not considered. Previous results indicate that 
these losses may be significant (6). For a given overall 
electrode current density, the model calculates the axial 
variation of .electrode and electrolyte potentials and the 
radial and axial variations of reactant concentrations and 
local current density. 

Mechan i sm. - -The  geometric configuration presented 
above was used with the following reaction sequence 
occurring within the agglomerate. 

(I) 02 + e-  --> 03-  Rate-determining step 
(II) 03-  + 3e- ~ 2 O = Fast surface reaction in equi- 

l ibrium 
(III) 2(0 = + CO2 ~ COa--) Fast homogeneous reaction in 

equil ibrium 

The correct mechanism to use for an actual fuel cell 
cathode is uncertain at this time (9), so this mechanism 
was used to evaluate the concept of the homogen- 
eous/agglomerate model. The above reaction sequence as- 
sumes that oxygen dissolves as molecular oxygen. In  the 
actual case, molecular oxygen dissolves as superoxide 
and peroxide if these dissolution reactions are adequately 
fast. The relative contents of superoxide and peroxide de- 
pend on the electrolyte and oxidant composition and the 
relative rates of the dissolution reactions. The rate of ho- 
mogeneous reaction (III) may also be slow enough to be 
controlling. 

Act i va t ion  polar i za t ion . - -Us ing  the above reaction se- 
quence, the local current per uni t  of real catalyst surface 
area, i(x, r) is 

~- Pco2 , R T  

, P o ~  exp L RT 

where io is the exchange current density (A/cm2), Pco2 ~ 
Po2 ~ the bulk gas partial pressures at the gas/agglomerate 
interface, Pco2, Po2 the equivalent reactant partial pressure 
at the reaction site, ~7 the local overpotential (V), and fl the 
symmetry factorfor rate-determining step. 

The exchange current density is given by 

io = k(T) [Po~~ 3/4+~t4 [PC02~ -1/2+~12 [12] 

where k(T) is the cathodic rate constant for the rate- 
determining step and is a function of temperature. 

In  this analysis, the reference state is taken to be that of 
the local conditions along the agglomerate under  load. 
Hence Pco2~ and PoJPo~ ~ are measures of the liquid- 
phase dfffusional polarization. 

The overpotential n(x) is defined as 
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~?(x) =- E(x)  - &(x) - Eo~c = E(x)  - @(x) 

M O L T E N  C A R B O N A T E  F U E L  C E L L  C A T H O D E S  

R T  ln  [ (  Pco2~ ( Po.~~ 
2F L\ 0.67 / \ - '~-~/  J [13] 

where E(x)  is the potential of the electrode solid (V), @(x) 
the electrolyte potential (V), and Eoj~ the reversible or 
open-circuit potential measured relative to a 2:1 CO2:O2 
reference (V). 

L i q u i d - p h a s e  d i f f u s i o n a l  p o l a r i z a t i o n . - - T o  determine 
the liquid-phase diffusional losses, the following ap- 
proach is taken. Assuming Henry's law to hold for both 
oxygen and carbon dioxide 

Pco2~ = H c o  2 Pco , ,~  [14] 

and 

PoJPo2 ~ = [O2]/Ho2 Po.2 ~ [15] 

where factors in brackets represent molar concentrations 
and H is Henry's law constant. 

Since step (III) in the overall mechanism is in equilib- 
r ium at all points within the agglomerates according to 
the equation 

K 
O = + C02 ~ COf 

K = (COF)/(O =) Pco2 = (CO~)~ ~ Pco~ ~ 

Therefore 

Pco.,~ = [CO2]~ = (Cr) (CO{)o/(O:) o (COs 

The mole fractions are related to molar concentrations by 
the molar density, DM 

(O =) = [(F]/DM 

Since (CO~)~ = 1, then 

Pco.2~ = [CO2]~ = [0=]/[0=] ~ [16] 

The [O=]/[Cr] ~ factor can be determined by taking into ac- 
count the oxygen and carbon atom fluxes through the 
agglomerate 

5 2Do2 FOolOL:_~L + Do= 1FO~O=__._2_~ 0 atom flux 
o r  Or 

o[cod o[co~=] 
+ 2Dco2 o----r-- + 3Dco3= 0------7-- - 0 [17] 

C atom flux 5 Dco2 O[CO2] O[CO3] + Dco3= - -  0 [ 1 8 ]  
Or Or 

where D is the diffusion coefficient of a species. 
Differentiating Eq. [16] 

a[cr] -[cc]o[cod o a[cod 
- -  - [ 1 9 ]  

or [C02] 2 or 

Substi tut ing Eq. [18] and [19] into [17], simplifying, 
and then integrating between limits yield 

[CO2] = ((~ - e) + ~/(e - (~)2 + 4%8 [20] 
2T 

where 

ot = { D c o 2 [ C O 2 ]  ~ -- Do= [ O = ] ~  

fl = Do[COdo[Cr]o/2Do2 

T = DcoJ2Do2 

= [02] 0 - [02] 

[(:F ]~ = DM HEo]K[CO.,] ~ = DM/KPco2 ~ 

Equation [20] expresses [CO2] only as a function of [02] 
and a series of constants. 
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Substi tuting Eq. [14], [15], and [20] into [11] results in an 
expression for the current density i(x,  r) which is a func- 
tion only of [O2] at a fixed value of x. 

The diffusion of dissolved oxygen through the agglom- 
erate with simultaneous consumption due to current gen- 
eration is given by the steady-state continuity equation 
using Fick's law 

02[02] 1 0[02]  "qSgp(1 - O)i(x, r) 
- -  + - - -  + = 0 [ 2 1 ]  

Or 2 r Or nFDo20 

with boundary conditions 

a[Od 
- 0 a t  r = 0 ,  [ 0 2 ]  = [ O ~ ]  ~ = H02 P02 ~ at r = r o  

Or 

where n = 4, the number  of electrons in the overall reac- 
tion, Sg is the surface area of catalyst (cm2/g), and p is the 
catalyst density (g/cm3). 

Equation [11] can then be substituted into [21], resulting 
in  a second-order, nonlinear, partial differential equation. 
The solution of this equation in conjunction with Eq. [16] 
and [20] gives [02], [O=], [CO2], and i as functions of r and 
x for a given value of V. 

O h m i c  e f f e c t s . - - T h e  electrolyte potential, (b, is taken as 
zero at x = 0, the matrix side of the electrode, and de- 
creases as x increases, d 6 / d x  reaches 0 at the end of the 
agglomerate on the gas side of the electrode. 

The effect of the ohmic potential gradient within the 
electrolyte can be taken into account by relating the ionic 
current, J~, developed in the axial direction in the agglom- 
erate, to the ohmic potential gradient in the electrolyte by 
Ohm's law 

o-i 7fro 2 0 a~ 
Ji [22] 

71 OX 

Because of the current generated by the electrochemical 
reaction 

dJ~/dx = -2~rSgp(1 - 0) fJor~ d r  [23] 

where (r~ -~ ionic conductivity, (1-, cm-L 
Differentiating Eq. [22] and setting it equal to Eq. [23] 

yields 

d2(b _ -2r~Sgp(1 - 0) fro 
d x  2 (r~ro20 -o i r  d r  [24] 

The total current generated for the entire agglomerate, 
JT, can be found by evaluating Eq. [22] at x = 0 

d(b x=o JTT"I [25] 
d x  (r~Trro20 

Jv is the overall current, I, divided by the number  of ag- 
glomerates of radius to. 

As stated above 

Ix=0 = 0 [26] 

d~dx ~=L = 0 [27] 

At each point along the agglomerate, the sum of the 
ionic current, J~, and the electronic current, J~, must  be 
equal to the total current 

J v = J ~ + J ~  
at [28] 

x = O J, = JT, JE = 0; a t x  = L, JI = 0, JE = JT 

The change in the electrode solid potential, E, with dis- 
tance is related to the electronic current by 

d E  Je TE 
- -  - [ 2 9 ]  
d x  (rETrro2(1 - 0) 

where (r E - electrode conductivity, 12-~ cm-L 
Substi tut ing Eq. [28] into [29] gives 
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Table I. Pore spectra characteristics of four 
pre-oxidized nonlithiated cathodes 

Mean pore 
Cathode Thickness Porosity Surface area diameter 

designation (rnil) (fraction) (mS/g) (/~m) 

A 21 0.40 0.9 0.74 
B 30 0.39 0.4 2.25 
C 35 Q.60 0.3 16.00 
D 30 0.48 1.5 2.95 

dE Jr zE vEo'iO dd? 
- -  - [ 3 0 ]  
dx  orEc'ro2(1 - 0) rIO'E(1 -- 0) dx  

F r o m  Eq.  [25] and [27] it fol lows that  

dEdx x=o = O [31] 

dE ~=L - Jr zE [32] 
dx  (rErrro2(1 - 0) 

The  va lues  of  E(x) and (~(x) are calcula ted by  the  above  
equa t ion  and used  in Eq.  [13] and [11]. 

Experiments 
Per fo rmance  data  were  obta ined  on four  ca thodes  fabri- 

ca ted  by s inter ing nonl i th ia ted  nickel  ox ide  powders .  The 
th icknesses ,  porosit ies,  surface  areas, and m e a n  pore  sizes 
of  these  ca thodes  are shown  in Table  I. The  surface  areas 
l is ted there  were  ob ta ined  by mercu ry  in t rus ion  poros im-  
etry. Pore  spectra are shown in Fig. 3. As can  be  seen, the  
proper t ies  of  these  ca thodes  were  cons iderab ly  differ- 
ent. Fo r  each  of  these  ca thodes ,  the  ca thode  potent ia l  was 
measu red  as a func t ion  of  cur ren t  dens i ty  in a half-cell  ap- 
para tus  us ing  62 mole  pe rcen t  (m/o) Li2CO3, 38 m/o K2CO3 
electrolyte ,  and 67 m/o CO,2, 33 m/o O~ oxidant .  The  use  of  
this gas compos i t i on  e l imina ted  gas-phase diffusional  
losses, wh ich  were  not  inc luded  in the model .  Elec t ro ly te  
was added  and r e m o v e d  f rom these  ca thodes  to obtain  
da ta  as a func t ion  of  e lec t ro lyte  con ten t  us ing  the  tech- 
n iques  descr ibed  in Ref. (6). Post- tes t  analyses  of  the  elec- 
t rodes  were  used  to ver i fy  t he  e lec t ro lyte  contents .  

Results 
The  pe r fo rmance  character is t ics  of  the four  ca thodes  

a :e  shown in Fig. 4-7, where  the  overpoten t ia l  at 160 
mAJcm 2 is plot ted as a func t ion  of  the  pe rcen tage  of  the  
open  pore  v o l u m e  that  is filled wi th  e lec t ro lyte  (percent- 
age fill). Because  of  excess ive  polarization, the  "esti-  
ma ted"  poin t  shown in Fig. 6 was obta ined  by a small  ex- 
t rapola t ion  of  the overpoten t ia l  vs. current  dens i ty  sweep 
curve  to 160 m A / c m  s. The  arrows on the  l ines connec t ing  
the  data  points  indicate  the  sequence  used  in obta in ing 
the  data, In  s o m e c a s e s ,  a cons iderab le  hysteresis  in per- 
f o rmance  is evident .  

The  mathemat ica l  m o d e l  descr ibed  in this repor t  was 
fit to each of  the  expe r imen ta l  data curves  us ing  a value  
for s y m m e t r y  factor  de te rmined  in a prev ious  study.  The  

1"0 F C a t h o d e s - - - ~ ~  

o . , , o o . ,  CI 

~)~ Cath 

O ~  
0.01 0.1 1.0 10.0 100.0 1000.0 

Pore  d i a m e t e r  - Microns 

Fig, 3. Pore spectra characteristics of four preoxidized nonlithioted 
cathodes. 
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Fig. 4. Performance characteristics of cathode A 

three  diffusion coeff icients  (Dcos, Do~, and D o )  and ex- 
change  current  dens i ty  were  used  as fit t ing parameters .  

In  the  inves t iga t ion  that  was c o n d u c t e d  to define the  
s y m m e t r y  factor, expe r imen ta l  pe r fo rmance  data  f rom a 
10.8 cm ~ mol ten  carbona te  cell were  c o m p a r e d  to the  re- 
sults of  a th in  film m o d e l  us ing  the same ra te-determin-  
ing  step as the  p resen t  model .  The  analysis was a modifi-  
cat ion of that  p re sen ted  in Ref. (2). Bes t  ag reemen t  was 
ob ta ined  us ing  a va lue  of  fl equal  to zero. This  unl ikely  
va lue  for fl is an indica t ion  that  fur ther  s tudies  are needed  
on the  react ion mechan i sm.  

The  same dif fus ion coeff icients  were  found  to resul t  in 
good ag reemen t  in all cases 

Dcos = 8.8E-7, Dos = 1.7E-6, D o  = 3.4E-6 cmS/s 

These  diffusion coeff icients  have  not  b e e n  measu red  bu t  
are about  the values  that  m igh t  be e x p e c t e d  based  on the  
specie  ionic radii  and the  diffusion coeff ic ient  of  Ni +~, 

m 
m~ 

C 

0 > 
E 

i.-. 

> 

0 
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Fig. 5. Performance characteristics of cathode B 
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which  has  been  m e a s u r e d  as 4.86 x 10 -6 cm2/s (10) and es- 
t ima ted  to be 1.2 x 10 -~ cm2/s (11). 

The  va lues  ob ta ined  for the  exchange  cur ren t  densi t ies  
are p resen ted  in Table  II. A l though  the  same va lue  of ex- 
change  cur ren t  dens i ty  was  no t  obta ined  for all four  cath- 
odes,  the  va lues  are cons ide red  to be near ly  equa l  consid-  
er ing the  hysteres is  p resen t  in the  pe r fo rmance  curves  
and the  accuracy  wi th  wh ich  the  surface areas were  deter- 
mined .  

Ca thode  C, wh ich  had the  smal les t  m e a n  pore  size and 
low poros i ty ,  was ve ry  in to le rant  to pe rcen tage  fill and 
had m u c h  h igher  overpoten t ia l  at o p t i m u m  fill. 

In  o rder  to demons t r a t e  the  features  of  the p resen t  
model ,  the  agg lomera te  proper t ies  were  ca lcula ted  for 
ca thode  A over  a range  of  pe rcen tage  fills. The  changes  
in the  agglomera te  n u m b e r  and agglomera te  radius  as a 
func t ion  of  the pe rcen tage  of  ca thode  vo id  filled wi th  
e lec t ro ly te  are shown in Fig. 8. Here,  the  n u m b e r  of  ag- 

Table II. Exchange current densities of four 
pre-oxidized nonlithiated cathodes 

Cathode A 1.6 x 10 -4 A/cm 2 
Cathode B 3.8 x 10 -4 A/cm 2 
Cathode C 5.0 x 10 -4 A]cm 2 
Cathode D 3.5 x 10 -4 A/cm 2 

g lomera tes  decreases  by seven  orders  of  m a g n i t u d e  as the  
pe rcen tage  fill increases  f rom 10% to 90%. However ,  the  
radius  increases  by four  orders  of  m a g n i t u d e  over  the  
same fill range. 

F igure  9 i l lustrates the  effect  of  e lec t ro lyte  con ten t  on 
the  relat ive agglomera te  diameter .  The re la t ive  agglomer-  
ate d iamete r  is def ined as the  ratio of  the calcula ted ag- 
g lomera te  d iamete r  to the  pore  d iamete r  ob ta ined  f rom a 
pore  spectra curve  at a g iven  fill state. For  the  case of  the  
ca thode  A, the  ratio is less than  or equa l  to one  for elec- 
t ro lyte  contents  be low 40%. As the  e lec t rode  cont inues  to 
fill, the  ratio rapidly  increases  beyond  this point.  S ince  
the  n u m b e r  of  agglomera tes  decreases  and the  agglomer-  
ate radius  increases  wi th  e lec t ro lyte  content ,  greater  
l iqu id-phase  diffusional  polar izat ion results.  At  the  same 
t ime,  the  agglomera te  poros i ty  is increasing,  as shown  in 
Fig. 10, and ionic tor tuos i ty  is decreasing,  as shown in 
Fig. 11. These  decreases  wou ld  t end  to r educe  ohmic  
losses. At a fill state of  approx ima te ly  40%-50%, these  ef- 
fects ba lance  out, resu l t ing  in an  o p t i m u m  in perform- 
ance  as p resen ted  in Fig. 4. 

Refe rence  (6) indicates  that  the  cur ren t  dens i ty  of  an in 
situ oxidized  n ickel  ca thode  s t ructure  at o p t i m u m  elec- 

N u m b e r  of  a g g l o m e r a t e s  

104 10 s 10 e 107 10 e 10 Q 10 TM 1011 
. . . . .  

~ 60~- ' ~ ,~  J CathodeA 

_01001 I I I I I 
u. 10-e 10-5 10-4 10-3 10-~ 10-1 

A g g l o m e r a t e  radius  - cm 

Fig. 8. Effect of electrolyte content on number of agglomerates and 
agglomerate radius. 
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Fig. 11. Effect of electrolyte content on agglomerate ionic tortuosity 

trolyte content increases with thickness to a maximum 
cathode thickness of 0.08 cm for a constant value of 
overpotential (Fig. 12). Calculations were performed using 
this model using the structure of cathode A to determine 
if a similar trend would be found for one of these cathode 
structures. The results shown in Fig. 13 indicate that the 
calculated trend is similar to that observed experimen- 
tally. 

Calculations were also performed using the present 
model and the structure of cathode A to determine the 
electrolyte volume tolerance as a function of the cathode 
thickness. These results are shown in Fig. 14. As can be 
seen, not only does the cathode overpotential decrease in- 
itially as the cathode is thickened, but also the volume 
tolerance increases. Since the electrolyte volume and tol- 

~j 300  - 
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Fig. ] 2. Current at a 60 mV overvoltage as a function of electrode 

thickness (6). 
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Fig. 13. Calculated variation of performance with thickness for cath- 
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Fig. 14. Calculated performance characteristics of cathode A at 

various thicknesses. 

erance to percentage fill both increase as the cathode 
thickness increases, the tolerance of the cathode to elec- 
trolyte content increases greatly as the thickness of the 
cathode is increased. This feature is of great significance 
in molten carbonate fuel cells, since loss of electrolyte is a 
major cause for performance decay. 

Conclusions 
The homogeneous/agglomerate model of fuel cell cath- 

odes was found to suitably describe the performance 
characteristics of cathodes as a function of electrolyte 
content and cathode thickness. These results indicate 
that an optimum electrolyte content is present in a cath- 
ode, with the tolerance of the cathode to electrolyte con- 
tent depending upon the cathode structure. An opt imum 
thickness also exists for a cathode of given pore structure, 
with that opt imum thickness providing a higher degree of 
electrolyte volume tolerance than cathodes thinner than 
the optimum. Further modeling is required in order to ac- 
count for the true reaction process in a cathode so the ef- 
fects of reactant composit ion and pressure can be pre- 
dicted and further electrode optimization performed. 
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Surface area of catalyst  (cm2/g) 
Temperature  (K) 
Liquid volume (cm 3) 
Volume of electrolyte in electrode (cm ") 
Volume of solid in electrode (cm ") 
Total void volume of  electrode (cm 3) 
Axial  distance of agglomerate (cm) 
Symmetry  factor for rate-d_etermining step 
Electrode thickness (cm) 
Local overpotential  (V) 
Agglomerate porosity, fraction 
Catalyst densi ty (g/cm 3) 
Surface tension of electrolyte (dyne/cm) 
Electrode conductivi ty (12 -1 cm -J) 
Ionic conductivi ty (12 -I cm -1) 
Agglomerate  tortuosi ty 
Ionic tortuosity 
Electrolyte potential  (V) 
Mole fraction of CO2 in electrolyte 
Molar concentrat ion of CO2 in electrolyte (gmoY 
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Conductivity of the LiBF4/Mixed Ether Electrolytes for Secondary 
Lithium Cells 
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Department of Industrial Chemistry, Faculty of Engineering, Yamaguchi University, Tokiwa-dai, Ube, 

Yamaguchi, Japan 

ABSTRACT 

Electrolytic conduct ivi ty  of LiBF4 has been s tudied in the mixed system of 1,3-dioxolane with 1,2-dimethoxyethane 
or with tetrahydrofuran.  Relative permit t ivi ty (dielectric constant) of the solvents suggested the formation of associated 
ion pairs in the systems, but  the conduct ivi ty measured was higher  than that  expected from the viewpoint  of  ionic asso- 
ciation. Conductivi ty maxima  were observed in the solutions containing about  1:1 (by volume) mixed solvents. Viscosi- 
ties of the solvent and the solution were also measured,  and their contr ibut ion to the conduct ivi ty change with the sol- 
vent composi t ion was discussed. Solute concentrat ion dependence  of the molar  conduct ivi ty was specific for the ether 
solutions. Apparent  activation energy for conduction, which was determined by the temperature  dependence  of the con- 
ductivity,  varied with LiBF4 concentration. Structural  specificity of the mixed ether solutions was discussed with these 
parameters  and ~H NMR spectra of the solutions. 

In the development  of secondary l i thium cells, the 
choice of a suitable electrolyte system is of great impor- 
tance (1). It is necessary to secure as high an electrolytic 
conduct ivi ty as possible in order to obtain high charge 
and discharge currents in practical secondary cells. 

* Electrochemical Society Active Member. 

Mixed solutions of propylene carbonate (PC) with 
1,2-dimethoxyethane (DME), 7-butyrolactone (BL) with 
tetrahydrofuran (THF), and the like have been used as the 
solvent of the electrolytic solution in pr imary l i thium 
cells (2-5). One of the reasons for this is that  the improve- 
ment  of electrolytic conduct ivi ty has been realized by  
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using these mixed solvents (6, 7). However, Besenhard 
and Eichinger (8) reported that solutions containing PC as 
a main component were not suited for the electrolytes of 
secondary lithium cells, because the reaction of the sol- 
vents with active Li deposited during charge lowered the 
cycling efficiency of the Li electrode. Koch and Young 
(9) pointed out that aliphatic cyclic ethers like THF, 
which do not have reactive C--------O bonds, were better sol- 
vents for the secondary cells. Recently, Koch et al. (10, 11) 
showed that 2-methyltetrahydrofuran (2-MeTHF) was 
much less reactive toward Li than THF, and that higher 
Li cycling efficiency was obtained in 2-MeTHF con- 
tainlng LiAsF~. Other ethers (or acetals) such as DME 
(12, 13), 1,3-dioxolane (DOL) (12-15), and polymethoxy- 
methanes (16) have also been proposed as the solvents of 
secondary lithium cells. Sometimes mixed solvents have 
been used to improve solubility of electrolytic salts. For 
instance, mixed systems of diethylether (DEE)-THF 
(17, 18), DEE-DME (18), DEE-DOL (18), THF-DME (19), 
DME-DOL (12, 13, 19), and THF-2-MeTHF (20) have been 
examined. 

Up to the present, basic properties of these electrolytic 
solutions, which might relate to the charge-discharge per+ 
formance of the cell, have not been clarified, except for 
the solution stability. The authors have studied physico- 
chemical properties of mixed systems of PC-THF (21, 22), 
PC-DME (23-25), and BL-THF (26) for primary li thium 
cells. The mixing effects of the solvents on the conduct- 
ance and the ionic behavior in the mixed systems were 
discussed. This paper is concerned with the mixed ether 
solutions of DOL-THF and DOL-DME as the solvents of 
secondary li thium cells. Ether-based electrolytes should 
have different properties from those of PC- or BL-based 
electrolytes for the primary cells. It is necessary to con- 
sider the ionic behavior in the mixed ether solutions since 
solvent mixing effects on the charge-discharge character- 
istics of Li and TiS2 electrodes were really observed in 
DOL-THF containing l i thium tetrafluoroborate (LiBF4) 
(27). Polarization of Li and TiS2 electrodes in LiBF4/DOL- 
THF was smaller than that in LiBF4/DOL or LiBFJTHF, 
and the charge-discharge curves of the Li electrode in the 
mixed electrolyte solution showed stable potential- 
change during the cycle (27). It has been reported that 
salts of Lewis acids such as LiAsF6 decompose DOL 
(1, 28) and that the use of LiBF4 lowers cycling efficiency 
of Li in THF (9). These faults in the use of DOL and 
LiBF4, however, would be overcome by mixing ether sol- 
vents. The mixed LiBF4 (1 tool dm-3)/DOL-THF solution 
did not practically polymerize, and the Li cycle 
efficiency in that solution did not appreciably lower with 
increase in the cycle number  (27). In this work, the elec- 
trolytic conductivity of LiBF4 was measured in the mixed 
solutions of DOL-THF and DOL-DME. The relation be- 
tween the conductance and other properties such as vis- 
cosity, permittivity, and NMR spectra of the solutions 
was investigated, and the ionic behavior in the mixed 
ether systems was discussed. 

Experimental 
The solvents, DME (Mitsubishi Petrochemical) and 

THF (Toyo Soda Manufacturing) were purified by the 
methods described previously (24-26). DOL (Tokyo Kasei 
Kogyo) was refluxed over Call,2 for 48h and then fraction- 
ally distilled at 75~ The fraction was stirred over metal- 
lic Na for 48h, degassed under  reduced pressure, and then 
distilled at 75~ again (27). LiBF4 (Morita Chemical Indus- 
tries, >98%) was used as a supporting electrolyte after 
drying under  reduced pressure at 80~ for 24h. For com- 
parison, LiC104 (Ishizu Pharmaceutical) was also used. 

The electrolytic conductivity was measured with an im- 
pedance bridge using 10 kHz ac (bridge: DRZ-2M, Ando 
Electric; oscillator: Model 417RC, Kikusui Electronics; 
synchroscope: DS5016, Iwatsu Electric). The viscosity 
was measured with a modified Ostwald viscometer or 
with a B-type (rotator-type) viscometer (BL-type, Tokyo 
Keiki). The relative permittivity (dielectric constant) was 
determined by a bridge method using 10 kHz ac (bridge: 

TR-1C; oscillator: WBG-9; detector: BDA-9, Ando Elec- 
tric). The NMR spectra of the solvents and the solutions 
were measured under  100 MHz field. These measure- 
ments were mainly carried out at 30~ except for temper- 
ature dependence experiments. In most cases, the data 
will be graphically described with marks of appropriate 
size in which standard deviations of individual points a r e  
included. 

Results and Discussion 
In general, electrolytic solutions with high conductance 

should be realized when solvents with high permittivity 
and low viscosity are used (29). Ether solvents have low 
viscosity but  have low permittivity, compared with PC or 
BL. Figure 1 shows the relative permittivity, er, against 
the solvent composition, in mole percent (m/o), for the 
mixed systems of DOL-THF and DOL-DME at 30~ The 
relative permittivity decreased almost linearly with DOL 
concentration in the solvent for both systems, though a 
little deviation from linearity was observed in DOL-DME. 
In these mixed ether systems, an additive property of 
each solvent determines almost the relative permittivity 
of the mixed solvent. This is similar to the results ob- 
tained for the mixed systems containing PC (22, 23, 25). 

According to the ion association model by Bjerrum (30), 
the critical distance for ion-pair formation, q, is given by 
Eq. [1] 

IzizJle2 [1] 
q 8~reoerkT 

where eo is the permittivity of a vacuum, z's are charge 
numbers  of ions, and other symbols have their usual 
meanings. For a 1:1 electrolyte in DOL-THF and DOL- 
DME, q's were calculated, and the results are shown in 
Table I. The values are about four times larger than those 
in the PC-based electrolytes, which are 0.5-1 nm in DME 
(or THF) concentration of 0%-70% (22, 25). The degree of 
association is given by Eq. [2] (30, 31) 

4~Nc /~ ( ,ziz+1e21)r2d r [2] 
1 - ~ -  1000 exp 4VeoerkT r 

where ~ is the degree of dissociation, a is the distance of 
closest approach of two ions, r is the distance from the 
center of ion j, N is the Avogadro constant, and c is the 
molar concentration of the salt. The degree of association, 
1 - a, was calculated as a function of a. The results are 

7 . 5  

7 . 0 ~  

6 . 5  

I I I 
0 25 50 75 100 

DOL c o n c e n t r a t i o n / m o t %  
Fig. 1. Relative permittivity (er) of the mixed solvent at 30~ 
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Table I. Relative permittivity (er) and critical distance for ion-pair 
formation (q) in DOL-THF and DOL-DME systems at 30~ 

DOL-THF DOL-DME 

roll% DOL mol% DOL e~ q/nm mol% DOL er q/nm 

0 0.0 7.51 3.67 0.0 7.21 3.83 
25 28.1 7.31 3.77 33.3 7.08 3.89 
50 53.9 7.12 3.87 60.0 6.97 3.95 
75 77.8 6.97 3.98 81.8 6.83 4.07 

100 100.0 6.74 4.09 100.0 6.74 4.09 

shown in Fig. 2. The a in the LiBF4 solution was not prac- 
tically determined, but  would be less than 1 n m  for a 
moderate concentration of the electrolyte (22, 25, 27). 
Thus, the relatively large values of q in DOL-THF and 
DOL-DME suggest that the ion-pair formation, or the ion 
association, is liable to occur in these systems. 

Figures 3 and 4 show the viscosities, ~7, of the solvents 
and of the 1 mol dm -3 LiBF4 solutions, respectively. The 
variations of the solvent viscosity deviated slightly in the 
negative direction from straight lines which correspond 
to the additive property. The viscosities of the electrolytic 
solutions also varied nonlinearly with the solvent compo- 
sitions, and increased markedly in high DOL concentra- 
t ion regions. These are similar to the results obtained in 
mixed systems of PC-DME and PC-THF (22, 23, 25), but 
the values in the present systems are much smaller than 
those in the PC-based systems. This fact means that the 
present systems would be preferable to the ionic mobility 
than the PC-based systems. 

The molar conductivities, A, of the 1 mol dm-~  LiBF4 
solutions at 30~ are shown in Fig. 5. The conductivity in 
the mixed solvent was higher than that in each pure sol- 
vent. The conductivity became maximum at about 40 m/o 
DOL in  DOL-DME and at about 60 rn]o DOL in DOL- 
THF. The DOL-DME solutions had much higher conduc- 
tivity than the DOL-THF solutions. The maximum 
conductivities were 4.1 and 2.5 S cm 2 tool - '  in DOL-DME 
and DOL-THF, respectively. These values were higher 
than those expected from the relative permittivity of the 
sol,vents. It is considered that ionic behavior in these 
ether systems could not be expressed by Bjerrum's clas- 
sical model. As shown in Fig. 2, low permittivity of the 
solvents seemed to lead to extremely high degree of asso- 
ciation, if Bjerrum's model is adopted. However, the ob- 
served molar conductivity suggested that considerable 
amounts  of mobile ions exist in these ether-based electro- 
lytes. The degree of dissociation, a, can also be estimated 
from the ratio of A and ho (Ao: molar conductivity under  
the infinite dilution condition). In the present systems, 
however, Ao of LiBF4 was not determined because of com- 
plicated concentration dependence of A, which will be 
mentioned later. Thus, a of LiBF4 in mixed DOL-DME or 

1.0 
i h e g d c f b a  

-, ,< 

2.5 3.0 3.5 4.0 
a / n m  

Fig. 2. Variation in the degree of association with the distance of 
closest approach in DOL-DME end DOL-THF. Curve a: DOL(IO0). 
Curve b: DOL(82)-DME(18). Curve c: DOL(60)-DME(40). Curve d: 
DOL(33)-DME(67). Curve e: DME(IO0). Curve f: DOL(78)-THF(22). 
Curve g: DOL(S4)-THF(46). Curve h: DOL(28)-THF(72). Curve i: 
THF(IO0). Figures in parentheses indicate mole percent of the 
components. 
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Fig. 3. Viscosity (~/) of the solvent at 30~ 

DOL-THF could not be discussed quantitatively. As DME 
and THF have high donicities (32), Li § ion would be 
firmly solvated by coordination in the DME- or THF- 
based electrolyte. This is one of the reasons for which the 
present electrolyte systems show considerably high con- 
ductance in spite of the low permittivity of the solvents. 
As another contribution to the high conductance in these 
ether-based electrolytes, the formation of conductive ion 
triplets was also taken into account, which will be dis- 
cussed in a later part of this section. 

Figure 6 shows the molar conductivities of 1 mol dm -3 
LiC104 solutions. The conductivity maxima were ob- 
served in these solutions like in the LiBF4 solutions. The 
conductivity of LiC1OdDOL-DME and LiC104/DOL-THF 
were 9.1 and 4.9 S cm -2 tool- ' ,  respectively, which were 
about twice those of the LiBF4 solutions. However, these 
LiC104 solutions containing DOL would not be suited for 
practical use, owing to the possibility of explosion (33). 

Sometimes DEE has been mixed with THF, DME, 
DOL, and 2-MeTHF for the purpose of raising LiAsF6 sol- 
ubility (17, 18). However, the conductivity decreased grad- 
ually with increasing DEE concentration in LiAsFdDEE- 
THF (17). The variations in the molar conductivities of 
LiBFJDEE-THF and LiBFJDEE-DOL are shown in Fig. 
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Fig. 4. Viscosity (~/) of the mixed solution containing 1 real dm -3 

LiBF 4 at 30~ 
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Fig. 5. Molar conductivity (A) of the mixed solution containing ] 

mol drn -8 LiBF4 at 30~ 

7. Solubility of LiBF4 decreased by DEE addition and it 
became less than 1 mol dm -~ at 75 mJo DEE in DEE-THF 
and at 25 m]o DEE in DEE-DOL. The molar conductiv- 
ities of LiBF4 were relatively low in the DEE-based solu- 
tions, and no conductivity maximum was observed either 
in DEE-THF or in DEE-DOL, in contrast to DOE-DME 
and DOL-THF. On the other hand, it has been reported 
that, in 2-MeTHF-THF, the conductivity of LiAsF6 varied 
almost linearly with THF concentration (20). Thus, the 
conductivity maxima observed in the present mixed- 
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Fig. 6. Molar conductivity (A) of the mixed solution containing 1 
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Fig. 7. Molar conductivity (A) of the diethylether (DEE)-based solu- 
tion containing 1 real dm -3 LiBF 4 at 30~ 

ether systems might be peculiar to such systems as DOL- 
DME and DOL-THF. 

Figure 8 shows Walden products, AT, for 1 tool dm -3 
LiBF4 in DOL-DME and DOL-THF, as a function of sol- 
vent  composition. The Walden products had also maxima 
in the mixed solvents. This is probably due to changes in 
size of the ions with solvent composition. In general, the 
size of solvated ion is closely associated with donor and 
acceptor properties of the solvent (34). The donicity (DN) 
of solvent is concerned in the solvation of cation and the 
acceptor number  (AN) of the solvent determines the 
solvation of anion. The DN and AN of DOL have not been 
measured, but it can be assumed that they are not greatly 
different from those of dioxane (DO) whose structure is 
analogous to that of DOL. According to Gutmann 's  data 
(32), the order of DN becomes DME(24) > THF(20.0) > 
DOL(DO: 14.8) and the order of AN is DOL(DO: 10.8) > 
DME(10.2) > THF(3.9). This suggests that, in the systems 
of DOL-DME and DOL-THF, DME and THF acting as do- 
nors mainly interact with Li § ion, and DOL acting as an 
acceptor mainly interacts with the anions. These differ- 
ences in the donor and acceptor properties of the solvents 
probably cause the conductivity maxima observed in the 
mixed solvents and the difference in the conductivity be- 
tween the solutions of LiBF4 and LiC104. 

The molar conductivities at -20~ are shown in Fig. 9. 
The conductivities of the LiBF4 solutions did not appreci- 
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mol dm -3 LiBF4. 
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ably lower at low temperature. Their maximum values at 
-20~ are 70%-80% of those at 30~ This is probably due 
to low viscosity of the ether solvent even at -20~ The 
relatively high conductance of these electrolytes at low 
temperature is a very attractive property from the stand- 
point  of practical use. Abraham and Goldman (20) have 
examined mixed 2-MeTHF-THF system in order to gain 
high conductance of the LiAsF6 solution even at low tem- 
perature. 

Figure 10 shows the LiBF4 concentrat ion dependence 
of the molar conduct ivi ty  at 30~ The mixed solvents 
used here are DOL-DME (1:1 volume = 60 m/o DOL) and 
DOL-THF (1:1 volume = 54 m/o DOL). Specific con- 
ductances,  K, of 3 tool dm -3 LiBF4 were 9 x 10 -8 S c m - '  
in DOL-DME and 6 • 10 -8 S c m - '  in DOL-THF. In the 
present  systems shown in Fig. 10, the profiles of the 
concentrat ion dependence  were similar to each other. 
The molar conductivi ty in the low concentrat ion range 
did not linearly vary with a square root of LiBF4 concen- 
tration. That is, the conductivi ty variation did not follow 
the Onsager equation as shown in strong electrolytes. 
LiBF4 in  these solvents acted as a weak electrolyte, and 
accurate estimates of Ao were impossible. In  every case, 
a m a x i m u m  of the molar conductivi ty appeared in the 
high concentrat ion range of 1.0-1.5 tool dm -8. Similar 
variations in molar conductivi ty have been reported in 
sodium te t rabutyla luminate  (NaA1Bu4)/THF (35) and 
L iBFJTHF (36). These phenomena  might be interpreted 
by some changes in the conduct ion mechanism from 
high concentrat ion to low concentration. On the basis of 
molecular  weights of the solvents and densit ies of the 
solutions, the concentrat ion of solvent in  the 
1 mol dm -3 LiBF4 solution was estimated to be 10-15 
mol din-3. This means that the molar ratio of the solvent 
molecule to Li § ion in the 3 tool dm -3 LiBF4 solution 
would be about 4-5:1. 

In  the NaA1BuJTHF solution,, the following equilib- 
r ium has been proposed (35) 

[Na �9 THF] + + 3THF ~ [Na �9 4THF] + [3] 

At low Na § concentration,  Na § ion is solvated by four 
THF molecules and forms a stable 1:4 complex. The 
fraction of the 1:1 complex increases with increasing 
Na § concentrat ion because of lowering in the relative con- 
centrat ion of free THF. Similar equilibria would be pres- 
ent in  the L iBFJTHF system (37). If the solvation num-  
ber at low concentrat ion is different from that at high 
concentrat ion,  the ionic mobil i ty should be markedly 
influenced by the electrolyte concentration. On the 
other hand,  it is believed that equilibria between 
nonconduc t ing  ion pairs and conductive ion triplets, 
such as Eq. [4], are present  in solvents of relative permit- 
tivity below 10 (36, 38). 

M_A+ M ~ ~ M~A ~ [4a] 

MA + A- ~ IVIA~- [4b] 

James (36) suggested that the max imum at 1.0-1.5 mol 
dm -3 in molar conduct ivi ty  of L iBFJTHF was associ- 
ated with these equil ibria and with the sharply in- 
creased solution viscosity at high concentration. Conse- 
quently,  it is possible that two above-mentioned effects, 
i.e., change in solvation of Li § ion and conversion of ion 
pairs to ion triplets,  exist in the present  mixed ether 
systems. 

Temperature  dependence  of the molar conductivi ty 
was measured in the range of 20~176 Typical 
Arrhenius  plots are shown in  Fig. 11. The conductivit ies 
increased normally with increasing temperature in the 
solutions of high LiBF4 concentrat ion (1.5 tool dm-~). At 
low LiBF4 concentrat ion (0.01 tool dm-3), however, the 
slopes of the plots had opposite sign. This means that 
the conductivit ies of the low concentrat ion solutions 
have negative activation energies. The apparent  activa- 
t ion energies for conduct ion  were calculated from the 
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Fig. 9. Molar conductivity (A) of the mixed solution containing 1 

real dm -3 LiBF 4 at -20~ 

slopes of the log A vs. T -~ plots for the LiBF4 concentra- 
t ion of 0.01, 0.05, 1.0, and 1.5 mol dm -8. Reasonable 
values from the viewpoint  of ionic motion were obtained 
in 1.5 mol solutions [4.16 kJ  mol -~ for THF, 4.77 kJ 
m o l - '  for DME, 4.43 kJ mol -~ for DOL-THF(I:I),  4.48 kJ 
mol - '  for DOL-DME(I: 1)]. The activation energy tended 
to decrease with decreasing LiBF4 concentration.  At 0.05 
and 0.01 mol dm -8, the calculations gave negative acti- 
vation energies. It was impossible to interpret  the nega- 
tive energies quantitatively,  but  the drops in the activa- 
t ion energy with lowering salt concentrat ion were 
probably due to the equil ibria for the Li * ion solvation 
and/or for the ion pair-ion triplet conversion. It was 
thought  that  ion conduct ion  occurred mainly  in  the 
forms of the 1:1 complex, [Li �9 THF] ~, and/or of the ion 
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THF (1:1 volume = 54 m/o DOL). e: DOL-DME (1:1 volume = 60 
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t r iplets ,  [Li2BF4] 4 and [Li(BF~h]-, in the solut ions of high 
LiBF4 concentrat ion.  At lower concentrat ions,  the  
equi l ibr ia  should be displaced,  so that  the  components  
of 1:4 complex  and/or the  ion pairs  increased with de- 
creasing LiBF4 concentrat ion.  Thus, it  was considered 
that  the  negative act ivat ion energies appeared  since the 
equi l ibr ia  are dependen t  on temperature .  

The 1H NMR spect ra  of the mixed  ether solut ions were 
measured,  so as to obta in  fur ther  informat ion on the so- 
lut ion structure.  Typical  spectra  of the mixed  solvents 
and the effects of LiBF4 concentrat ion On the spectra  are 
shown in Fig. 12 and 13 for DOL-DME and DOL-THF, 
respect ively.  The spectra  shifted to the  lower field 
(higher ~ values) at high LiBF4 concentra t ion (1.5 tool 
dm-3). Similar  results  have been  repor ted  in the  case of 
the spect ra  of LiB(CH~)4 (0.5-2.2 tool dm-3)/DOL system 
(14). These changes in the proton chemical  shifts to the 
lower magnet ic  field show that  the increase in electro- 
lyte concentra t ion increases  the number  of the solvated 
e ther  molecules  where  the  electron dens i ty  a round the 
proton is reduced  by  the solvation or the complex  for- 
mation.  The changes in the chemical  shifts of DME were 
larger  than those of DOL in DOL-DME. The shift  of 
a-proton in THF (c in Fig. 13) changed most  r emarkab ly  
in DOL-THF. It  is p re sumed  that  DME or THF solvates 
to Li ~ ion more s t rongly than DOL does, though the 
magni tude  of the  change in the chemical  shift  does not 
quant i ta t ively  cor respond to the s t rength  of the 
coordinat ion bond.  These resul ts  are consis tent  with the 
previous  discussion based  on the donici t ies  and ac- 
ceptor  numbers  of the solvents.  I t  is thought  that  the 
cont r ibut ion  of the solvation or the ion-solvent  interac- 
t ions to the conduct iv i ty  p lay  a large par t  in the  ether- 
based  electrolyte  l ike the  present  systems. However,  fur- 
ther  informat ion concerning their  solvation chemis t ry  is 
required.  

Summary 
Electrolytic conduct ivi ty and other physicochemical  

propert ies  were measured for LiBF4 solutions of DOL- 
THF and DOL-DME mixed systems. The results obtained 
are summarized below. 

1. In spite of low permit t ivi t ies  of the solvents, the 
conductivit ies of the solutions were moderately high. 
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ume = 60 m/o DOL). (A): a typical spectrum of the solvent. (B): LiBF4 
concentration dependence of the proton chemical shifts in DOL-DME. 

2. The maximum conductivit ies were obtained in the 
solutions consisting of the mixed solvents (about 1:1 by 
volume). 

3. The salt concentration dependence  and the tempera- 
ture dependence  of the molar  conductivity suggested that  
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concentration dependence of the proton chemical shifts in DOL-THF. 
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the solvation of Li § ion and/or the ion-pair formation 
varied with salt concentration. 

4. The changes in the proton chemical  shifts which 
were probably  caused by the coordination of the solvents 
to Li ~ ion were observed in the solutions of high LiBF4 
concentration. 
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Electrode Kinetics of Fuel Oxidation at Copper in Molten 
Carbonate 

S. H. Lu* and J. R. Selman** 

Department of Chemical Engineering, Illinois Institute of Technology, Chicago, Illinois 60616 

ABSTRACT 

Copper  appears  to be a promising anode material  for the molten carbonate fuel cell, as an alternative to nickel. 
Therefore, polarization data have been obtained for oxidation of fuel gases on a fully immersed  copper rod. The elec- 
trode-kinetic parameters  have been determined using the potential-step technique. The reaction mechanism on copper  
appears  to be similar to that  on nickel, and the exchange current  densi ty only slightly less than that  on nickel. The im- 
portance of a correct extrapolat ion technique to obtain the time-zero current  response is emphasized. 

In  molten carbonate fuel cell (MCFC) development,  ex- 
plorat ion of suitable materials  for the electrode is a per- 
sistent effort. A good electrode material  must  be cheap, 
stable, durable,  and compat ible  with other cell compo- 
nents. After testing, many  materials in terms of perform- 
ance and stability, and surveying the availabili ty and cost 
of each prospective material  for commercialization, the 

*Electrochemical Society Student Member. 
**Electrochemical Society Active Member. 

conclusion is that  no one material  shows definite superi- 
ority over the others in all respects. The decision is a 
tradeoff  and depends  on what is critical with respect  to its 
use: whether  high catalytic activity is necessary; whether  
the cost of material  is a pr imary consideration; whether  
the worldwide supply/demand is the first concern; etc. 

The currently used anode material  is porous sintered 
nickel, stabilized with 2-10 weight  percent  (w/o) chro- 
mium to inhibit  sintering. These nickel anodes exhibi t  
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good, stable electrochemical performance. However, 
nickel-based anodes are relatively high cost components. 
In  addition, .questions arise regarding the availability of 
nickel in the quantities required for commercialization of 
MCFC power plants. Exploratory polarization data for hy- 
drogen oxidation have shown relatively little dependence 
on the nature of the metal (1, 2). 

Copper is presently being considered as an alternative 
anode material based upon its greater domestic availabil- 
ity, significantly lower cost, and expected chemical sta- 
bility in the fuel cell anode environment.  The objective of 
this work was to ascertain the electrode-kinetic suitability 
of copper as an alternative anode material. Since exten- 
sive data were available for nickel (3), a comparative 
study was made of copper and nickel, using the same 
techniques and procedures in both cases. 

Apparatus and Procedure 
The experiments were conducted in a hermetically 

sealed cylindrical closed-end alumina tube (AD-998, nom- 
inally 99.8% recrystallized A1203), containing an alumina 
crucible (Coors Porcelain Company, Golden, Colorado) of 
250 ml capacity. The crucible was hung on Pt-Pd hooks 
from alumina supports fitted with pierced baffles to 
minimize temperature gradients. ,The whole assembly 
was suspended from a metal header attached to a leveling 
table and placed in a vertical tubular furnace. After as- 
sembly, the crucible rested on a piece of alumina 
firebrick placed at the bottom of the outer alumina 
jacket. The most important  feature of the apparatus was 
its vacuum tightness; otherwise, the gas composition 
above the melt, and consequently the electrode poten- 
tials, would become inaccurate, owing to effects such as 
the diffusion of air from outside, as well as thermal disso- 
ciation of the molten carbonates. The apparatus was ren- 
dered vacuum tight by means of O-rings between the alu- 
mina jacket and the stainless steel header. Similarly, the 
outer sheaths of the working and reference electrodes, 
and the gas bubbler  tube were sealed by O-rings. 

The configuration of the cell is shown in Fig. 1. The 
working electrodes were made of pure nickel and copper 
rods. The nickel and copper were Marz grade with purity 
of 99.995% and 99.999%, respectively (Materials Research 
Corporation, Orangeburg, New York). The dimensions of 
the electrodes were measured by micrometer to within 
• mm. The surface area was 4.25 • 0.05 cm 2. The rod 
was threaded at the center and screwed to a lead wire of 
the same material, which was sheathed in an alumina 
tube constructed in such a way as to prevent meniscus ef- 
fects. The working electrode was completely immersed in 
the melt which was about 5 cm deep. The counterelec- 
trode was a gold sheet fitted as an inner  liner of the alu- 
mina crucible so as to surround entirely the working elec- 
trode and, thus, ensure uniform current distribution. A 
gold wire in equilibrium with a 33.3% O.2-66.7% CO.2 gas 
mixture inside an alumina tube served as the reference 
electrode. Electrolyte in the tube communicated with the 
bulk melt through a t iny hole (0.038 cm diam) at the bot- 
tom of the tube. Since the tube was pressed against the 
flat bottom of the crucible, diffusive and convective 
mixing between the reference and the bulk electrolyte 
was restricted. The end of the gold wire was ca. 2.5 cm 
above the bottom of the tube; this location was found to 
be very important to ensure stable potential readings. The 
reference gas mixture was supplied through the inner  alu- 
mina tube (which also carried the gold wire) and escaped 
through the annulus  between the inner and outer tubes of 
the electrode. The flow rate was kept at 2 mYmin. Two 
reference electrodes with separate gas supplies were used 
as an insurance against accidental occurrence of plugging 
and instability. Under normal conditions, their readings 
were within 2 mV of each other. 

Electrolyte mixtures were prepared from Li.~CO3 and 
K2CO3 (Fisher analytical reagent). The composition used 
in this study was 62 mole percent (m/o) Li~CO3, 38 m]o 
K2CO3. The melting point of this eutectic mixture is 761 K 
(488~ Fuel gas mixtures were purchased premixed from 

Fig. 1. Configuration of cell 

Matheson Gas Company (Joliet, Illinois); the gas compo- 
sitions were verified by gas chromatographic analysis. 
The fuel flow rate was kept at 50 mYmin, adjusted by 
pressure regulators and capillary flowmeters. Humidifi- 
cation of the inlet gas was performed by passing it 
through a column of water in a large tube, and from there 
to the gas bubbler  in the working electrode compartment. 
The saturator efficiency was checked by gas-chromato- 
graphic analysis of the humidified gas, as reported previ- 
ously (3). The gas line from the humidifier to the bubbler  
was kept at 403 K (130~ to prevent condensation of 
water. A long nickel wire was inserted in the gas line to 
facilitate the water-gas shift reaction. 

The whole apparatus was heated up slowly (100~ 
Because of the tendency of the melt to creep along the 
surfaces in direct contact with the molten carbonate, care 
was taken to turn on the reference and fuel gases before 
the melting point was reached; if this was not done, plug- 
ging of the tubes was likely to occur. A Universal Pro- 
grammer (Model 175,  Princeton Applied Research, 
Princeton, New Jersey) was used to control the potentio- 
stat (Wenking, Model ST72, Gerhard Bank Elektronik, 
Germany). The output voltage was monitored by a Fluke 
Type 8020A Digital Voltmeter (John Fluke Company, 
Seattle, Washington). Steady-state currents were recorded 
on an Omnigraphic 2000 X-Y recorder (Houston Instru- 
ment, Austin, Texas). The transient response following a 
potential step was displayed on a Nicolet Explorer II Dig- 
ital Oscilloscope (Nicolet Ins t rument  Company, Madison, 
Wisconsin), which has a risetime of 50 ns or less with 5 tLV 
resolution. 

Feed Gases and Their Equilibrium Potentials 
In accordance with the envisaged application of the 

molten carbonate fuel cell, five typical fuel gases (4) were 
chosen for these experiments, ranging from high Btu to 
very low Btu. These feed gases were produced from 
various initially dry mixtures by saturation with water at 
different dewpoints. Dewpoints were chosen in such a 
way as to prevent carbon formation at lower temperatures 
encountered by the gas during heating to cell tempera- 
ture. 

Two reactions are involved in establishing the equilib- 
r ium compositions of these gas mixtures: the water-gas 
shift reaction 

K~ 
HzO+ CO ~- H2+CO.2 [1] 

and the steam reforming reaction 
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Km 
C H 4 + H ~ O  ~ C O + 3 H 2  

T h e i r  e q u i l i b r i u m  c o n s t a n t s  

a n d  

PH.z Pco'z 
K s  - _ _  

Pco Ps~o 

[2] 

Pco Paz a 
g ~  - [3] 

Pc~4 PH~o 

can  b e  f o u n d  in t he  l i t e r a tu re  [K~ = 1.96, K~ = 2.68 at  
923 K (650~ (5). T he  c o m p o s i t i o n s  of  t h e  d ry  gas  mix-  
tu res ,  t he  c o m p o s i t i o n s  c o r r e s p o n d i n g  to c o m p l e t e  sh i f t  
e q u i l i b r i u m  a n d  t h o s e  c o r r e s p o n d i n g  to s i m u l t a n e o u s  
e q u i l i b r i u m  of  t he  sh i f t  a n d  t he  s t e a m  r e f o r m i n g  reac-  
t ions ,  are  l i s ted  in  Tab le  I. T he  open-c i r cu i t  po t en t i a l s  
b a s e d  on  t h e s e  gas  c o m p o s i t i o n s ,  as wel l  as t h e  exper i -  
m e n t a l l y  m e a s u r e d  open - c i r cu i t  po t en t i a l s  are  s h o w n  in  
T a b l e  II. The  o b s e r v e d  open - c i r cu i t  p o t e n t i a l s  are  in  good  
a g r e e m e n t  w i t h  t he  t heo r e t i c a l  va lues  ob t a ined ,  a s s u m i n g  
s i m u l t a n e o u s  e q u i l i b r i u m  of  the  sh i f t  a n d  t he  s t e a m  re- 
f o r m i n g  r eac t ions  (6). 

Steady-State Results 
Steady - s t a t e  po la r i za t ion  c u r v e s  for  h i g h  B t u  fuel  gas at  

n i cke l  a n d  at c o p p e r  in  Li..,COJK.~CO3 eu tec t i c  at  923 K 
(650~ are  s h o w n  in  Fig. 2 a n d  3, respec t ive ly .  In  t h e s e  
f igures ,  m e a s u r e m e n t s  m a d e  u n d e r  c o n d i t i o n s  of  con t in -  
u o u s  b u b b l i n g  (50 m] /min)  are  c o m p a r e d  to t h o s e  m a d e  in  
t he  q u i e s c e n t  melt .  N icke l  s u p p o r t s  a h i g h e r  c u r r e n t  den-  
s i ty  t h a n  c o p p e r  at  t h e  s a m e  polar iza t ion.  In  b o t h  cases,  
m u c h  h i g h e r  c u r r e n t  dens i t i e s  are  o b t a i n e d  w i t h  t he  m e l t  
s u b j e c t e d  to c o n t i n u o u s  b u b b l i n g .  T he  d i f f e rence  is obvi-  
ous  e v e n  in  t h e  l ow  po la r i za t i on  r eg ion  (20 mV).  Th i s  
d e m o n s t r a t e s  t h a t  t h e  e l e c t r o d e  p r oce s s  is u n d e r  par t i a l  
d i f fus ion  (mixed)  cont ro l .  T h e  p e r s i s t e n t  p r e s e n c e  of  dif- 
f u s i o n  con t ro l  in  t h e  a n o d e  p r oce s s  c a n  b e  e x p l a i n e d  ei- 
t h e r  b y  d e p l e t i o n  of  t he  r e a c t a n t  (H2) or  b u i l d u p  of  t he  re- 

Table I. Gas composition before and after equilibrium, 
assuming steam reforming and/or gas shift reactions 

H2 H20 CO CO2 CH4 N2 

Initially dry gas 
High Btu (53~ * 0.80 - -  - -  0.20 - -  - -  

Intermediate (71~ 0.74 - -  - -  0.26 - -  - -  
Low Btu 1 (71~ 0.213 - -  0.193 0.104 0.011 0.479 
Low Btu 2 (60~ 0.402 - -  - -  0.399 - -  0.199 
Very low Btu (60~ 0.202 - -  - -  0.196 - -  0.602 

Shift equilibrium 
High Btu 0.5914 0.2366 0.0964 0.0756 - -  - -  
Intermediate 0.4385 0.3845 0.0651 0.1119 - -  - -  
Low 1 0.2147 0.2497 0.0616 0.1405 0.0075 0.3260 
Low 2 0.2305 0.2884 0.0930 0.2281 - -  0.1600 
Very low 0.1277 0.2303 0.0348 0.1229 - -  0.4843 

Shift and steam reforming 
High Btu 0.5546 0.2667 0.0819 0.0772 0.0196 - -  
Intermediate 0.4278 0.3937 0.0621 0.1119 0.0046 - -  
Low 1 0.2300 0.2409 0.0674 0.1384 0.0013 0.3220 
Low 2 0.2273 0.2903 0.0915 0.2290 0.0014 0.1606 
Very low 0.1274 0.2304 0.0347 0.1229 0.0001 0.4845 

* Temperatures in parentheses are humidification temperatures. 

Table II. Open-circuit potentials for various feed gases 
with respect to 33% 0~-67% CO~ reference electrode (mV) 

Shift and 
Gas Experimental Shift only methane 

High Btu -1116 -+ 3 -1121.5 -1113.3 
Intermediate Btu -1071 -4- 2 -1074.6 -1072.7 
Low Btu 1 -1062 -+ 3 -1054.3 -1059.1 
Low Btu 2 -1030 -+ 2 -1032.2 -1031.2 
Very low Btu -1040 -+ 3 -1042.2 -1042.1 
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ac t ion  p r o d u c t s  (H20 a n d  CO2) n e a r  t he  e l ec t rode  surface ,  
or bo th .  E q u a t i n g  a c t i v a t i o n  o v e r p o t e n t i a l s  to  s t eady-s t a t e  
p o t e n t i o s t a t i c  m e a s u r e m e n t s  w o u l d  give too low a va lue  
for t he  e x c h a n g e  c u r r e n t  dens i ty .  N e a r - e q u i l i b r i u m  resist-  
a n c e s  (7), c o m p o s e d  of  k ine t i c  a n d  m a s s - t r a n s f e r  e f fec ts  i f  
o h m i c  po t en t i a l  d r o p  is neg lec t ed ,  c an  b e  ca l cu l a t ed  f rom 
the  c u r r e n t  dens i t i e s  at  a to ta l  po la r i za t ion  of  20 m V  un-  
de r  iden t i ca l  c o n d i t i o n s  of  c o n t i n u o u s  b u b b l i n g  

A T 
RN~ - 1.4 x 10"-' 12-cm'-' h i  

A T 
Rcu - 3.3 • 102 12-cm'-' 

h i  

The  r e s i s t a n c e  for  n i cke l  is lower  t h a n  t h a t  of copper .  
U n d e r  t he  s a m e  h y d r o d y n a m i c  cond i t ions ,  t he  .mass- 
t r a n s f e r  c o n t r i b u t i o n s  to t h e s e  r e s i s t ance s  are  e q u a l  
(RT/nFi,~). C o m p a r i n g  t h e  a b o v e  re s i s t ances ,  n i cke l  ap- 
pears  to  s u p p o r t  a l a rger  e x c h a n g e  c u r r e n t  d e n s i t y  t h a n  
copper .  

Potential-Step Transient 
Technique and interpretation.--The p o t e n t i a l  s t ep  tech-  

n i q u e  w i t h  a p p r o p r i a t e  I R  c o m p e n s a t i o n  h a s  b e e n  p r o v e n  
to b e  va l id  for  s e p a r a t i n g  a c t i v a t i o n  (kinet ic)  a n d  mass -  
t r a n s f e r  e f fec ts  u n d e r  m i x e d  con t ro l  c o n d i t i o n s  (3). In  t he  
cell  con f igu ra t ion  u s e d  here ,  a n  a p p r e c i a b l e  d i s t a n c e  sep- 
a ra t e s  t h e  r e f e r ence  a n d  w o r k i n g  e l ec t rodes  (Fig. 1). The  
o h m i c  r e s i s t a n c e  ( typical ly  512) causes  a p o t e n t i a l  d r o p  
w h i c h  c o n t r i b u t e s  s ign i f i can t ly  to  t he  c o n t r o l l e d  po ten-  
tial. In  o rde r  to  con t ro l  the  po t en t i a l  d r o p  across  the  
w o r k i n g  e l ec t rode / so lu t i on  in t e r f ace  accura te ly ,  one  m u s t  
r e so r t  to an  I R - c o m p e n s a t i o n  t e c h n i q u e .  A n  e x t e r n a l  vol- 
t age  d iv ide r  was  u s e d  to p i c k  u p  pa r t  of  t he  vo l t age  at  t he  
c u r r e n t  r e c o r d i n g  t e r m i n a l  of  the  po ten t io s t a t ,  a n d  feed 
th i s  b a c k  in to  one  of  t he  p o t e n t i o s t a t  con t ro l  i npu t s .  The  
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positive feedback voltage was then adjusted until  the sys- 
tem became almost unstable. This resulted in a maximum 
obtainable compensation of the ohmic resistance, which 
was confirmed by the current interruption technique. A 
typical oscilloscope trace obtained using this technique is 
shown in Fig. 4. The effect of positive feedback can be 
seen, where the upper trace is with compensation, and 
the lower one without. With appropriate IR compensa- 
tion, the capacitive current can be clearly distinguished 
from the faradaic current; it has become negligible at 0.2 
ms (Fig. 4). 

Determination of the kinetic parameters of an electrode 
reaction by the potential step technique generally in- 
volves two difficulties, namely (i) superposition of activa- 
tion and diffusion polarization in the presence of a 
double-layer charging current, and (it) occurrence of a 
multistep reaction mechanism. 

Upon application of a potential step to the working 
electrode, direct observation of the faradaic current is at 
first prevented by the double-layer charging current 
which, however, as noted above, decays rapidly. There- 
fore, if one only uses data points obtained after a period 
of time long enough for the charging current to become 
negligible, and makes a plot of current density vs. some 
appropriate function of time, then the activation current, 
free from the effects of mass transfer, may be obtained by 
backextrapolation of the transient current to time zero. 

The second difficulty cannot be overcome by experi- 
mental means, and will be discussed in some detail be- 
low. First, however, an important aspect of the treatment 
of potential-step data needs to be considered. 

An analytical solution is available only for first-order 
kinetics involving a single reacting species and product 
(8). The current-time relationship for the reaction 

Sr ~- So + ze -  [4] 

is, as shown by Gerischer and Vielstich 

i = i(0) exp (~2t) erfc (),V~) [5] 

Here i(0) is the "kinetic" current density corresponding to 
the potential step, 7, and the expression for ~ can be 
found in Ref. (8). For small time periods, this solution can 
be linearized 

i = i ( O ) ( 1 - ~ k ~ / } )  for )~X/t < 1 [6] 

Thus, the current density is a linear function of x/t for 
small time periods, and Vt appears to be the appropriate 
simple function of time for backextrapolation to i(0). Sev- 
eral papers discuss the criteria of satisfactory extrapola- 
tion, and possible improvements (9, 10). However, in the 
literature, two other techniques of extrapolation are 
found. They were devised either for ease of use, or for as- 
sumed high precision. These techniques are: (i) linear ex- 
trapolation. This technique, adopted by Ang and Sam- 

mells, (3) is the easiest way to process the data. The 
near-linear initial section of the oscillogram following de- 
cay of capacitive current is selected and extrapolated 
back to time zero, which yields i(0). (it) Analysis in 
Laplace space. Some authors have analyzed their experi- 
mental  data in Laplace space (11). This has certain advan- 
tages of accuracy and versatility, as it utilizes the entire 
t ime span of the transient and avoids approximation (12). 
It should be especially useful in cases where the inverse 
Laplace transformation cannot be performed, or where 
the inverse form can only be handled by approximation. 

To compare the results obtained by these techniques 
with the simple X/t extrapolation, the time variation of 
current density following a potential perturbation of + 100 
mV from the rest potential, is treated by each of the three 
methods. Figure 5 shows the oscillogram of the current 
density and the results of linear and V~ extrapolation. 
The kinetic current, i(0), is obtained by extrapolating cur- 
rents between 0.3 and 0.5 ms to time zero. The trace of the 
V~ extrapolation, bending up near t = 0, yields a higher 
kinetic current than does linear extrapolation. In this par- 
ticular case, the results are 100.5 and 76.4 mA/cm 2, respec- 
tively. 

In the case of Laplace-space analysis, although the data 
span the entire period of 0-1s, the first charging-free da- 
tum point is at t = 0.8 ms. Since the current density is 
weighted by an exponential  function in the Laplace trans- 
formation, neglecting the initial portion of the transient 
will cause a significant error. Although analysis in La- 
place space utilizes more points in the transient, the pre- 
cision of this approach is limited by the double layer 
charging period. To remedy this problem, currents before 
0.8 ms were generated by X/t extrapolation and included 
in the integration. The results are shown in Fig. 6. The ki- 
netic currents for three time intervals are 47.9, 104.7, and 
291.0 mA/cm 2, respectively. Linearity is satisfied for all 
cases, but  the kinetic currents are very sensitive to the 
time interval used for extrapolation. Comparing methods 
of reducing potential-step data, we conclude that: (i) Ex- 
trapolation vs. t (linear) yields too low a value of i(0), (it) 
extrapolation vs. X/t (theory) yields satisfactory values of 
i(0) if the time interval is 0.3-0.5 ms, and (iii) Laplace- 
transform taken over 0.2-1000 ms yields i(0) identical with 
extrapolation vs. X/t, but  including data at less than 0.2 
ms yields too high a value of i(0). 

Appl ica t ion  to nonl inear  k inet ics . - -Str ic t ly  speaking, 
the procedures described above are valid only for a gener- 
alized redox reaction Eq. [4]. Although such a reaction 
can take place in any number  of chemical and electro- 
chemical elementary steps, one of these is assumed to be 
rate determining so that the current is determined solely 
by semi-infinite linear diffusion of the reactant and prod- 
uct of this step, and by the first-order kinetics of the step. 
It is also assumed that: (i) none of the species taking part 
in the reaction sequence is strongly adsorbed on the elec- 
trode surface, and (it) the intermediates are not diffusing 
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into the  bulk  solution. However ,  m a n y  react ions  involve  
mul t ip l e  componen t s  and mul t i s t ep  charge  transfers.  
These  kinet ic  compl ica t ions  f requent ly  genera te  frac- 
t ional  react ion orders  for reactants  and p roduc t s  (3). 
Clearly, the  prev ious  p rocedures  are not  i p so  f a c t o  appli- 
cable  direct ly  to potent ia l  step data for such  a case. A 
more  ex tens ive  analysis  should  be  made.  This analysis 
may  wel l  lead to a di f ferent  bu t  more  appropr ia te  tech- 
n ique  for data  t r e a t m e n t  t echn ique ;  or, on the  o ther  hand,  
i t  m a y  show that  the  basic  features  of  the  Ger ischer-  
Viels t ich analysis (8) are  applicable.  

To inves t iga te  the  effect  of  fract ional  react ion o rder  on 
the  cur ren t - t ime  behavior ,  cons ider  a genera l  e lec t rode  
reac t ion  

pSr  ~ qSo + n e -  [7] 

whe re  p and q are reac t ion  orders  for Sr and So, respec- 
tively. At t -- 0, a potent ia l  step is appl ied  to the  work ing  
electrode.  Fo l lowing  the  same p rocedures  as N e w m a n  
(13), the  bounda ry  va lue  p r o b l e m  can be descr ibed  by the 
fo l lowing equa t ions  

OCo 02Co OC~ O'zCr 
Ot - Do - -  - D~ ~ [8a, 8b] OX 2 ' Ot OX 2 

with  the  boundary  and init ial  condi t ions  

Co(X, O) = Co, C~(x, O) = Cr [9a, 9b] 

C~(% t) = Co, C,(% t) = C,. [10a, 10b] 

OCo t + 0Or ( L0 0 [11] 

F [ Cr ~ p ( otnF .O) 
i : io L[-~) exp  \ ~  

_ ( C_o'~ q - a ) n F  
\ C o /  e x p (  (1 R T  7 ) ]  [12] 

Here  x is the  d is tance  f rom the  e lec t rode  surface, Co and 
Cr are  the  initial concen t ra t ions  of  the subs tances  So and 
S~, respect ively ,  Do and Dr are the  respec t ive  di f fus ion co- 
efficients,  and a is the  s y m m e t r y  factor. ~7 is the  overall  
overpotent ia l  wh ich  consis ts  of  surface (~s) and concen-  
t ra t ion  (~%) overpotent ia ls ,  io is the  e x c h a n g e  cur ren t  den-  
sity at the  bulk  concentra t ion.  

Equa t ions  [8]-[12] have  been  solved numer ica l ly  assum- 
ing  the  fo l lowing set of  pa ramete rs  for i l lus t ra t ion pur- 
poses  

Dr = Do -- 1.0 • 10 -5 cmVs, Cr = 1.0 x 10 -5 mol/cm~-atm 

Co = 4.0 • 10 -8 moYcm3-atm, ~? = 0.1V, Yo = 10 mAJcm 2 

T = 9 2 3 K ,  n =  1 

The  fo l lowing p rocedure  is used  to ob ta in  the  sys temat ic  
errors  caused by the  l inear  and the square-root-of- t ime 
extrapola t ions .  Data  points  (i-t  pairs) are genera ted  by 
solv ing  Eq. [8]-[12] for the t ime  span 0.3-0.5 ms. The  initial 
cur ren t  (current  at t = 0) is t hen  obta ined  f rom these  data  
points  by e i ther  l inear  or  ~dt extrapolat ion.  The  t rue  and 
ex t rapo la ted  initial cur rents  are compared  to obta in  the  
sys temat ic  errors. 

The  numer ica l  m e t h o d  which  was e m p l o y e d  in solving 
Eq. [8]-[12] has been  desc r ibed  by Fe ldbe rg  (14). The  accu- 
racy of  this numer ica l  approach  was demons t r a t ed  by 
c o m p a r i n g  the  numer ica l  resul ts  wi th  the  analyt ical  solu- 
t ions in the  case of  p = q = 1, and the resul ts  di f fered by 
less than  0.02%. The sys temat ic  errors caused  by the  two 
ex t rapola t ion  p rocedures  for var ious  values  of  p and q are 
eva lua ted  and l is ted in Table  III. The  m a x i m u m  error  
found  for square-root-of- t ime ext rapola t ion  is about  3%. 
However ,  the  va lue  es t imated  by l inear  ex t rapola t ion  is 
more  than  10% lower  than  the  exac t  value.  This resul t  is 
not  surprising;  in the  conven t iona l  t r ia l -funct ion expan-  
s ion m e t h o d  for solving the  different ial  equat ions ,  the 
k n o w n  solut ion of  a s implif ied p rob lem is of ten used  as a 
first app rox ima t ion  (15), s ince it usual ly  has s imilar  be- 
havior  in a l imi ted  range. In  the  p resen t  case, s ince the  
l inear ized form (Eq. [6]) is a good approx ima t ion  for the  
first-order reaction,  it is reasonable  to a s sume  that  the  
same  funct ional  form (Vt  dependence  at short  t imes) is 
appl icable  to the  case of  fract ional  react ion orders.  

Table III. Numerical solutions for various values of fractional reaction order p, 
assuming p = q, and relative errors caused by two extrapolation procedures 

~ / p  --~ 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

0.30 1.31735 1.29889 1.27574 1.24829 1.21699 1.18234 1.14486 1.10506 
0.32 1.31657 1.29753 1.27367 1.24541 1.21323 1.17764 1.13920 1.09845 
0.34 1.31581 1.29621 1.27167 1.24263 1.20960 1.17311 1.13376 1.09211 
0.36 1.31507 1.29493 1.26973 1.23994 1.20609 1.16874 1.12852 1.08601 
0.38 1.31435 1.29369 1.26785 1.23733 1.20269 1.16452 1.12346 1.08012 
0.40 1.31366 1.29248 1.26602 1.23480 1.19939 1.16043 1.11856 1.07445 
0.42 1.31298 1.29131 1.26425 1.23234 1.19619 1.15646 1.11382 1.06895 
0.44 1.31232 1.29016 1.26252 1.22995 1.19308 1.15261 1.10922 1.06363 
0.46 1.31167 1.28904 1.26083 1.22761 1.19006 1.14886 1.10476 1.05847 
0.48 1.31104 1.28795 1.25918 1.22534 1.18711 1.14522 1.10042 1.05347 
0.50 1.31042 1.28688 1.25757 1.22312 1.18423 1.14166 1.09620 1.04860 

Exact value 
i(0) 1.34152 1.34137 1.34117 1.34092 1.34063 1.34030 1.33992 1.33950 

V t -  Extrapolation and relative error 
i(0) 1.34116 1.34015 1.33814 1.33471 1.32945 1.32191 1.31176 1.29862 

(0.03%) (0.09%) (0.23%) (0.46%) (0.83%) (1.37%) (2.10%) (3.05%) 
t - -  Extrapolation and relative error 

frO) 1.32758 1.31661 1.30252 1.28537 1.26523 1.24217 1.21637 1.18795 
(1.04%) (1.85%) (2.88%) (4.14%) (5.62%) (7.32%) (9.22%) (11.31%) 

i(0) = Initial current density (10 -2 hJcm'-'). 
t = Time (ms). 
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Thi s  inves t iga t ion ,  the re fore ,  leads  to t he  c o n c l u s i o n  
t h a t  t he  squa re  roo t  of  t i m e  is a n  a p p r o p r i a t e  f o r m  for 
s h o r t  t i m e  ex t r apo la t ion ,  e v e n  in  t h e  case  of  f rac t iona l  re- 
ac t ion  orders .  The  va lue  o b t a i n e d  by  t he  l inea r  ex t rapo la -  
t ion  is l ikely to b e  too  low. T he  conc l u s i ons  of  th i s  analy-  
sis are app l i ed  in t h e  fo l lowing  sect ions .  

Results.--Kinetic p a r a m e t e r s  for  t h e  h y d r o g e n -  
ox ida t i on  r eac t i on  on  n i c k e l  h a v e  b e e n  r e p o r t e d  previ-  
ous ly  by  A n g  a n d  S a m m e l l s  (3). S o m e  of  the i r  measu re -  
m e n t s  were  r e p e a t e d  in  t h i s  work,  u s i n g  t he  same  
p r o c e d u r e  as t h e s e  au tho r s ,  for  a m o r e  d i rec t  c o m p a r i s o n  
w i t h  t he  da ta  at  copper .  E x c h a n g e  c u r r e n t  dens i t i e s  for  
h i g h  a n d  i n t e r m e d i a t e - B t u  gases  at  n i cke l  e l ec t rode  were  
m e a s u r e d .  The  k ine t i c  cu r r en t ,  i(0), was  o b t a i n e d  by  lin- 
ear  e x t r a p o l a t i o n  of  t he  c u r r e n t  b e t w e e n  0.3 a n d  0.5 ms,  to 
t i m e  0. In  th i s  m a n n e r ,  t h e  ac t i va t i on  po l a r i za t i on  c u r v e  
was  o b t a i n e d  in  t h e  - 1 0 0  to  +100 m V  o v e r p o t e n t i a l  re- 
gion;  f rom this ,  t he  A l l en -Hick l i ng  p lo t  was  c o n s t r u c t e d  
a n d  t he  e x c h a n g e  c u r r e n t  dens i t y  ca lcu la ted .  At  leas t  
t h r e e  m e a s u r e m e n t s  were  t a k e n  at  e a c h  overpo ten t i a l ,  
a n d  suf f ic ien t  t i m e  was  a l lowed  to le t  t he  open-c i r cu i t  
p o t e n t i a l  r e t u r n  to n o r m a l  (usual ly  15 min) .  T he  measu re -  
m e n t s  we re  t a k e n  in  t h e  a b s e n c e  of  gas  b u b b l i n g .  The  
r aw  da ta  we re  fed  in to  a r e g r e s s i o n  ana lys i s  p r o g r a m  to 
ge{ t h e  m e a n  v a l u e  a n d  t h e  s t a n d a r d  dev ia t ion .  E x c h a n g e  
c u r r e n t  dens i t i e s  for  h i g h  a n d  i n t e r m e d i a t e - B t u  fuel  gas  
were  37 a n d  44 m A / c m  e, respec t ive ly .  T h e s e  va lues  com-  
pa re  wel l  w i t h  t h o s e  of  A n g  a n d  Sammel l s ,  w h o  o b t a i n e d  
35 a n d  42 m A / c m  e, r espec t ive ly ,  u n d e r  t he  s a m e  exper i -  
m e n t a l  c o n d i t i o n s  a n d  u s i n g  t he  s ame  po t en t i a l - s t ep  tech-  
n ique .  
However, if the dependence of current density is as- 

sumed to be with the square root of time, in agreement 
with the theory, the extrapolation leads to higher values 
of io at nickel than given by Ang and Sammells. The ex- 
change current densities at nickel are 51 and 59.5 mA/cm e 
for high and intermediate Btu gases. The corresponding 
Allen-Hickling plot for intermediate Btu fuel at nickel is 
shown in Fig. 7. 
The true (activation) polarization curve and Allen- 

Hickling plot at copper in the Li/K eutectic at 923 K 
(650~ using intermediate Btu fuel, are shown in Fig. 8 
and 9, respectively. For this gas composition, the i o value 
at copper was found to he 28.7 mA/cm e. Five different gas 
compositions ranging from high Btu to very low Btu fuel 
gas were thus measured. The corresponding i o values are 
tabulated in Table IV. 
From the known values of the exchange current density 

for the five different gas compositions, the dependence 
of the exchange current density, io, on fuel composition 
can be determined. Since equilibrium conditions exist in 
the melt, the CO content can be determined from the re- 
spective concentrations of He, CO2, and H20, using the 
equilibrium constants. The dependence of exchange cur- 
rent density on gas composition is assumed to be 
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Fig. 7. Allen-Hickling plot for nickel electrode in Li/K eutectic with 
intermediate Btu fuel (42 .8% He). Assumed: oc~ + ~ = 2. 
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Fig. 8. Activation polarization forcopperin Li/K eutectic with inter- 
mediate Btu fuel (42 .8% He) at 9 2 3  K (65ff'C). 
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Fig. 9. Allen-Hickling plot for copper in Li/K eutectic  with intermedi- 
ate Btu fuel (42.8% He)_ at 923 K (650~ Assumed: c~_+ c~o= 2. 

io = io ~ [H2] ~ [CO~] ~ [H20] c [13] 

w h e r e  io ~ is t he  s t a n d a r d  e x c h a n g e  c u r r e n t  d e n s i t y  
( m A / c m  ~) a t  1 a rm  pa r t i a l  p r e s s u r e  of  e a c h  reac tan t .  

U s i n g  t he  io v a l u e s  at  c o p p e r  o b t a i n e d  w i t h  fuel  gas 
c o m p o s i t i o n s  c o r r e s p o n d i n g  to h igh ,  i n t e r m e d i a t e ,  low, 
a n d  ve ry  low Btu,  a n d  a s s u m i n g  sh i f t  e q u i l i b r i u m ,  Eq.  
[13] h a s  the  p a r a m e t e r s  

io ~ = 69.50 -+ 2.28 m A / c m  e, a = 0.34 -+ 0.01 
[14] 

b = 0.13 -+ 0.01 , c = 0.31 - 0.02 

I f  b o t h  s t e a m  r e f o r m i n g  a n d  sh i f t  equ i l i b r i a  are  as- 
s u m e d ,  one  f inds  

io ~ = 71.12 -+ 2.14 m A / c m  e, a = 0.33 _+ 0.01 
[15] 

b = 0.14 -+ 0.01 , c = 0.33 -+ 0.02 

The  d i f f e rence  is no t  s igni f icant ,  as is to  b e  e x p e c t e d  for  
one  a t m o s p h e r e  p r e s s u r e  data.  A n g  a n d  S a m m e l l s  re- 
p o r t e d  for  t he  n i cke l  e l ec t rode  

io ~  1 0 4 . 7 m A / c m  e , a = 0 . 2 6 , b = 0 . 2 8 , c = 0 . 1 8  [16] 

Table IV. Exchange current densities, io, and 
transfer coefficient, ac, for copper in Li/K melt 

at 923 K (650~ using various feed gases 

Feed gas io (mA/cm9 ar 

High Btu 26.6 • 0.41 1.31 
Intermediate Btu 29.2 • 0.37 1.31 
Low Btu 1 21.1 • 0.23 1.33 
Low Btu 2 23.4 _+ 0.23 1.30 
Very low Btu 16.6 -+ 0.24 1.27 
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The s tandard exchange current  densi ty  for copper  is 
lower than that for nickel. However, if  one corrects the 
data of Refi (3) for the underest imat ion caused by linear 
extrapolation, the actual  value of the s tandard exchange 
current  densi ty at nickel  may be as high as 138 mA/cm 2 at 
923 K (650~ 

The kinetic results at both nickel and copper  indicate 
that  the anodic activation polarization of anode is very 
small in the molten carbonate fuel cells; also, the elec- 
t rode metal  has little effect on the polarization. These re- 
sults are consistent  wi th  the low anode polarization of 
lab-scale (3 cm 2) cells using a porous copper  anode 
[fabricated by Gould laboratories and stabilized at IGT 
(16)]. 

Discussion and Conclusions 
The exchange current  densi ty at copper  measured in 

this s tudy is very encouraging from a practical  point  of 
view. The s tandard value (io ~ of 71.1 mA/cm 2 at 923 K 
(650~ is of the same order of magni tude as, but  some- 
what  lower than, that  for nickel. The previously deter- 
mined value of io ~ at nickel  appears to underes t imate  the 
actual value due to an inappropriate  extrapolat ion tech- 
nique; it  may be as large as 138 mA]cm 2 at 923 K (650~ 

This s tudy confirms the electrode-kinetic suitabil i ty of 
copper  as an alternative anode material  to nickel. Per- 
formance studies of porous copper  anodes in small  cells 
at IGT have led to the same conclusion. 

Several  reaction mechanisms have been considered to 
interpret  the dependence  of io on gas composi t ion (17). 
Ang and Sammells  suggest  that  a good representat ion of 
their  exper imental  results, Eq. [16], is given by 

H.~ + 2M ~ 2MH [17] 

MH + CO~ 2- m O H -  + CO2 + M + e -  [18] 

MH + O H -  ~- H20 + M + e -  [19] 

In deriving the theoretical  expression for the current, 
they assume that  Eq. [18] is the rate-determining step, and 
thus the preceding and following steps are in 
quasiequil ibrium. It should be noted that the proposed 
mechanism also assumes that  the reaction steps must  
take place consecutively and that the intermediates  do 
not  diffuse toward or away from the electrode surface. 
Since the intermediate  hydroxide  ions are quite stable in 
mol ten  carbonate, their  concentrat ion may be determined 
from the hydrolysis  equi l ibr ium 

CO3 ~- + H20 ~ 2 OH-  + CO., [20] 

The hydrolysis  constant  of reaction [20] is repor ted to be 
Kh = 1.79 • 10 -4 for 923 K (650~ (18). Because of the ex- 
istence of an appreciable  amount  of O H -  ions in the melt, 
the rate of reaction [19] is not l imited by the rate of supply  
of O H -  ions from reaction [18]. Under  the circumstances,  
a more rigorous analysis of the anodic process requires 
the t rea tment  of reactions [18] and [19] as s imultaneous 
reactions rather than as consecutive steps of a s imple re- 
action. Also, separate conservation equations must  be set 
up for each species to account  for their diffusion, and pos- 
sibly convection. I f  reaction [18] occurs rather slowly, 
most  of the OH-  ions consumed in reaction [19] are pro- 
duced by  reaction [20] and the reaction rate, i.e., the cur- 
rent  density, will have a strong dependence  on H~O par- 
tial pressure.  As observed exper imental ly  (see Eq. [15]), 

the exchange current  densi ty is more sensitive to H~O 
than to COs. 

Equation [7] represents  a general overall reaction on the 
electrode. This simplified form was used to show the ap- 
plicabil i ty of the extrapolat ion scheme to fractional kinet- 
ics. As a matter  of fact, an electrode kinetic analysis must  
consider  the overall reaction in terms of several elemen- 
tary steps. Such an analysis is complicated by the need to 
account for the t ransport  process and kinetics for each 
step. This rigorous approach, in which complicat ions 
from the mult is tep .mechanism and the diffusion of multi- 
ple components  are taken into consideration, will be dis- 
cussed in a follow-up paper  (19). 
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ABSTRACT 

A bench scale exper iment  with a 50A cell equipped with a Nation membrane has been conducted. Electrolyte is a 
mixture of HC1 and CuC12. Chlorine is generated at the graphite anode, and cupric chloro-complex ions are reduced at 
the graphite cathode. The catholyte effluent is sent to the packed tower, where the cuprous ions are oxidized by chlo- 
rine in the waste gas. The cost evaluation for chlorine production in full-scale plants of various sizes is also described. 

It is estimated that 2-3% of the chlorine produced by 
brine electrolysis is being wasted by the liquefaction unit 
as a dilute gas because the cell gas contains a small 
amount  of oxygen, nitrogen, hydrogen, and others, de- 
pending on the cell design and the operating conditions 
of the electrolyzers and the liquefaction plant. Although 
most waste gas is treated by caustic soda solution to con- 
vert it into hypochlorite, it would be profitable if concen- 
trated chlorine could be recovered. Hooker has developed 
an adsorption-desorption process using pressurized 
water, whereas Diamond Shamrock uses chlorinated sol- 
vents such as carbon tetrachloride (1, 2). 

Hine et al. has studied electrolysis of the mixed solu- 
tion of CuC12 and HC1 where chlorine is liberated from the 
anode and cupric chloro-complex ions are reduced at the 
cathode. The catholyte leaving the cell is oxidized in a 
separate reactor by waste chlorine and recycled to the 
electrolytic cell (3, 4). This process consumes a relatively 
small amount of electricity because the decomposition 
voltage and the anodic and cathodic overvoltages are 
small. The chemical reactions involved in this process are 
relatively simple and have already been clarified (5-8). 

This paper deals with a bench scale experiment  of the 
electrolytic process with a 50A cell. The cost estimation 
for 0.5-5.0 ton-C1Jday units is also discussed. 

Outline of the Process 
The electrolytic cell is equipped with the graphite an- 

ode and cathode, and a Nation membrane is located be- 
tween them. The electrolytic solution consists of a mix- 
ture of 6M HC1 and 1.5M CuC12, in which cupric ions may 
form chloro-complex CuCI,, -('-~). The chloride ions are 
oxidized at the anode (reaction [1]), and cupric chloro- 
complex ions can also discharge as a side reaction (reac- 
tion [2]) 

2C1- = CI~ + 2e- [1] 

CuCI,, -(m-~) = C12 + CuCl , , , - 2  -(m-4) + 2e- [2] 

At the cathode, cupric ions are reduced into cuprous 

CuCl,, -(m-2) + e -  = CuClm -("-1) [3] 

where m is the coordination number  of C1- with respect 
to a cupric ion, its possible number in 6M HC1 being 3. 
Tetrachloro-complex is a stable form of cuprous ions (5). 
Consequently, reactions [2] and [3] are foUowed by the ho- 
mogeneous reactions [4] and [5] in the anode and cathode 
compartments,  respectively 

CuCI,,_~ -(m-4) + 2C1- = CuClm -(m-2) [4] 

and 

CuCI,, (m-l) + pC1- = CuClm+p -(m+~-l) or CuCI,, -('-') 
[5] 

where n is the coordination number  of C1- with respect to 
a cuprous ion. 

*Electrochemical Society Active Member. 

Although the Nation membrane rejects the anions, H § 
can pass through the membrane  from the anode side to 
the cathode side. It causes depletion of HC1 in the anode 
compartment,  whereas the HC1 concentration in the cath- 
ode compartment  increases during electrolysis. 

The catholyte liquor leaving the cell is sent to the oxi- 
dation tower, and it reacts with the waste gas containing 
chlorine. A possible reaction is 

CuC1,j(,_~ ) + 1 CI,, = CuCI,, -('-~) + C1- [6] 

CuCI, -(n-i) + q CI- = CuCl,,+q -(n+q-2) o r  CuClm -(m-i) 

[7] 

Also, reaction [8] may take place because the waste gas 
contains air or oxygen, as well as chlorine (7) 

1 1 
CuCIn -(n-l) + H + + -~- 02 = CuCI~ -(~-~) + -~ H20 [8] 

Polarization Studies 
It is well known that an oxide-coated Ti anode such as 

DSA is the best selection for chlor-alkali cells because of 
its low chlorine overvoltage and corrosion resistance in 
concentrated NaC1 solutions. An oxide-coated Ti anode 
composed of 1 part RuO~ and 2 parts TiO2 in mole ratio 
(OCTA, hereafter) was prepared and electrolyzed in a 
mixed solution of 6M HC1 and 1.5M CuCI~ at 100 AIdm ~. 
The chlorine overvoltage remained low for about 3 
months, then after 6 months the oxide layer degraded and 
the overvoltage increased considerably. The service life 
was extended somewhat by addition of a third element 
such as Ir. 

However, the graphite anode was resistant to concen- 
trated HC1, and its chlorine overvoltage was acceptably 
low, e.g., about 0.1V at 20 AJcm 2. Also, the chlorine 
overvoltage was lowered by addition of cupric ions in 
concentrated HC1 solutions, as shown in Fig. 1, though its 
mechanism was unclear. Consequently, graphite was 
used as the anode material. The Ti screen and/or perfora- 
ted electrodes coated with noble metal oxide were also 
examined in some cases for the convenience of the cell 
design. 

The main reaction at the cathode was the conversion of 
cupric chloro-complex ions into cuprous ions, as shown 
by reaction [3]. However, copper deposition could have 
taken place and been troublesome if the cathode was po- 
larized more negative than 0V vs, SCE. The cathodic po- 
larization curves of various materials are shown in Fig. 2. 
The rotating-disk electrode was used because the ca- 
thodic process under consideration was diffusion-con- 
trolled. Because an undivided cell was employed, a part 
of the chlorine generated from the anode was reduced at 
the Pt cathode at the potentials more negative than 0.5V 
vs. SCE and was also controlled by diffusion. The ca- 
thodic reduction of cupric chloro-complex ions (reaction 
[3] took place at the same potential range. This reaction 
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tioned to determine the current distribution along the 
electrode. The anode was also sectioned for convenience 
of preparation and fabrication. 

The catholyte oxidizer was a Lucite resin column of 10 
cm diam and 100 cm height packed with Raschig rings of 
1 cm diam and 1 cm height. The total height of the pack- 
ings was about 60 cm. It was excessively large in capacity, 
compared with the cell capacity for convenience of exper- 
iment. 

A beaker-shaped cell of 89 mm id and 145 mm height 
was used to investigate absorption of chlorine into the 
electrolytic solution (Fig. 3). The solution level was 80 
mm. The solution and the gas in the test cell were agi- 
tated by their respective paddles. The mixed gas of N~ 
and C12 was sent to the cell at a given flow rate, and the 
tail gas was washed out by caustic liquor. The solution 
was pipetted out and titrated intermittently to obtain the 
absorption rate. 

Results and Discussion 
The chlorine evolution reaction is stimulated by Cu 2~, 

as described above (see Fig. 1). An example of the polari- 
zation curves of the graphite anode positioned in a verti- 
cal cell is shown in Fig. 4. The anode overvoltage is al- 
most independent  of the location along the vertical 
electrode. The Tafel slope of the anodic polarization 
curve is about 130 mV/decade in the range of 0.2-65.0 
AJdm2,.suggesting that the main reaction is C1--to-C12 oxi- 
dation controlled by charge transfer. (In reaction [2], it is 
accompanied with the chlorine evolution from cupric 
chloro-complex ions to some extent.) 

was limited by mass transfer. Further polarization would 
have caused copper deposition on the cathode. 

A fresh oxide-coated Ti electrode showed almost the 
same behavior as the Pt  cathode, but  the oxide coating 
was degraded gradually by cathodic reduction. Other me- 
tallic specimens such as Cu, Ti, and Hastelloy C were cor- 
roded, even when they were polarized cathodically from 
their static potential in the solution under  "discussion. 

Graphite was, of course, corrosion resistant, and its ca- 
thodic polarization was the same as that of the Pt  cath- 
ode. Consequently, a graphite cathode was considered to 
be the best selection. 

Bench Scale Experiment 
The flowsheet of the bench scale experiment  with a 

50A cell was almost the same as that of the fullscale plant 
illustrated in Fig. 11, with some exceptions. The electro- 
lytic solution was pumped to the anode and cathode com- 
partments. The catholyte effluent was sent back to the 
reservoir. However, chlorine gas was separated from the 
anolyte before return to the electrolytic reservoir. A part 
of the electrolytic solution was circulated between the 
reservoir and the oxidation tower. The dilute gas was sent 
to the bottom of the tower, and its tail gas was brought to 
the wash tower to remove traces of acid mist and chlo- 
rine. The dilute gas was prepared with chlorine generated 
at the anode; hence, a very small amount of chlorine from 
the cylinder (an additional source) was required during 
the experiment. 

The electrolytic cell made of Lucite resin was 50 mm 
wide and 515 mm high and had a flange 30 mm wide. The 
cell was equipped with a pair of graphite electrodes with 
a Nation membrane between them. The cathode was sec- 

SOL 

Fig. 3. Setup for gas absorption 
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cm/sec; catholyte = 3] cm/sec. 

The Tafel slope of the cathode process is about 120 
mV/decade in the potential range of up to 0.3V vs. SCE 
and, hence, charge transfer of cupric ions to cuprous ions 
is assured. However, the diffusion limiting current den- 
sity appears when the cathode potential becomes more 
negative than 0.3V. The limiting current density depends 
on its distance from the catholyte inlet or the location of 
the catholyte inlet, probably due to change in thickness of 
the diffusion layer along the vertical electrode. 

The current density at a given potential is a linear func- 
tion of the flow rate, as shown in Fig. 5. The results of 
previous work with a small electrode of 4 cm diam and 5 
cm height are also illustrated; they represent very large 
current densities created by a rapid flow of catholyte in a 
small cell (4). A rotating-disk cathode enables the limiting 
current density to increase to more than 90 A/din 2, as 
shown in Fig. 2. These results show that designing the 
cathode compartment so that it yields sufficient flow is 
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Fig. 5. Current density vs. flow rote curves in ~ HCI + ].SM 
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necessary in operating the cell, without trouble of copper 
deposition, in high ranges of current density. 

Further experiments have been conducted to obtain de- 
sign data such as limiting current density and solution 
conductivity. The summary of the results is as follows. 
First, the higher the solution temperature, the larger the 
current density at a given potential. For example, at 
-0.2Vvs. SCE, the current density is 20 A/dm 2 at 51~ and 
31 A/dm 2 at 70~ Second, the current density increases 
with the increase of the Cu ~* concentration up to the solu- 
bility of CuC1.2 in HC1 solution. The solubility of CuC12 in 
6M HC1 at room temperature is about 1.5M. Third, the HC1 
solution of about 6M in concentration shows the maxi- 
mum conductivity, depending on the solution tempera- 
ture. The electrical conductivity of the mixed solution of 
HC1 and CuC12 decreases almost linearly with the increase 
of the CuCl., concentration (7, 8). 

The voltage drop through the Nation membrane in the 
mixed solution of HC1 and CuC12 is low, compared with 
that in the solutions composed of alkali metal chloride, as 
shown in Fig. 6; this is due to a large permeability of H* 
through the membrane. The Nation membranes do not 
allow any anion to pass through. Accordingly, the current 
efficiencies for the anode and cathode processes are suf- 
ficiently high. 

Figure 7 shows an example of the V-A curves. The vol- 
tage balances at both 20 and 40 A]dm 2 are as follows 

At 20AJcm 2 At 40 A/dm 2 

Decomposition voltage 0.60 0.60 
Anode overvoltage 0.20 0.35 
Cathode overvoltage 0.10 0.20 
Solution IR-drop 0.10 0.20 
Membrane IR-drop 0.15 0.30 
Bubble effect 0.05 0.10 

Terminal voltage 1.20V 1.75V 

Along with the decomposition voltage, the membrane IR- 
drop and the anode overvoltage are major factors. The 
slope of the V-A curve becomes large when the current 
density exceeds 50 A/dm 2, due to delay of the cathode 
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solution. The Hatta number  ~ (see Eq. [19]) is 1.7 at 1 atm 
of chlorine partial pressure and is 5.6 at 0.2 arm. 

Levenspie] et al. (9) classifies the processes of gas ab- 
sorption with chemical reaction into eight types and de- 
scribes the experimental method for evaluating the re- 
gime of the process. 

The features of chlorine absorption into the mixture of 
HCI and CuC1 are as follows: t he  process is fast because 
gas absorption is associated with chemical reaction [6]; 
the absorption rate is almost linear with chlorine partial 
pressure; the absorption rate is almost independent  of the 
volume of liquid and the flow rate of gas; however, ab- 
sorption of chlorine is stimulated by agitation of liquid. 
Consequently, it is assured that the reaction is instantane- 
ous, occurring within the liquid-side boundary layer, and 
that the process is diffusion controlled (i.e., Regime A of 
Levenspiel 's classification). 

Figure 9 illustrates the gas-solution interface under  dis- 
cussion. Assume that Henry's law 

C = H p [9] 

is applicable in this case. The rate equation for the 
reaction 

A + bB = P [10] 

is thus represented as follows 

DG 
v = ~ (p - p~) (gas) [11] 

process. The chlorine current efficiency is in the range of 
92-98%, with an average of 95%. Almost all the electrolytic 
current is carried by H +, and the remainder (about 1%) are 
covered by Cu 2+. The water transport is 2 tool for 1F. 

Experiments on the gas absorption are conducted with 
a Lucite cell having a paddle agitator (shown in Fig. 3). 
The area of the gas-solution interface is 62.2 cm 2, and the 
solution volume ~s 500 cm ~. The size of the paddles lo- 
cated in the gas and solution phases is varied to estimate 
the absorption characteristics at the interface. 

The chlorine absorption rate is unchanged during a 30 
min  period, as shown in Fig. 8, and is a function of the 
chlorine partial pressure and the paddle size in the solu- 
tion. However, the paddle size in the gas phase is a small 
factor in the absorption rate. Consequently, the chlorine 
absorption in the mixture of HC1 and CuCI~ is controlled 
by mass transfer through the liquid-side boundary layer 
at the gas-solution interface. Absorption of chlorine into 
the solution containing cuprous ions is associated with 
chemical reaction [6], and its rate is large compared with 
the rate of physical absorption of chlorine in HC1 single. 

DL 
- - -  Ci (A in solution) [12] 

/~XL 

where 

aDL CB 
(B in solution) [13] 

(1 - fl)XL b 

DL I 
a - [14] 

DL 

Substi tut ing Eq. [9] into Eq. [11] and applying the addi- 
tion theorem for fractional equations, we have 

aCB 
Hp + - -  

b 
v [15] 

H X  G X L 

DG DL 

Since the first term of the denominator in Eq. [15] is 
negligible compared with the second term, the equation 
can be simplified 

/ 
/ GAS PHASE 

0 I0 20 30 

TIME (rain) 
b XG 

Fig. 8. Chlorine concentration vs. time curves in (~H HCI with and 
without CuCI (O.]M). Rotating speed = 200 rpm. 
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Fig. 9. Profile of the gas-solution interface 
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where 

and 

aCB / 
v =  KL C* 1 + bC* / 

[16] ::1 ~=: : : : : : : : : : ;  . . . . . . . . . .  i ~ , o o , o  
, SEPARATORS 

oc POWER SOORCE._ ___11~1 i i i i i 1"1~____,1~ 

DL 
KL - [17] 

XL 

C* = H p [18] 

The bracketed term on the right side of Eq. [16] is the 
Hatta number  7, which represents the acceleration of gas 
absorption with chemical reaction 

~C~ 
y = 1 + -  [19] 

bC* 

The Hatta number  can be obtained as a ratio of the slope 
of the absorption vs. time curve for the mixed solution to 
that for the single solution of HC1. From the data plotted 
in Fig. 8, ~ is estimated to be 5.6 at 0.2 atm of chlorine par- 
tial pressure and 1.7 at 1 atm. 

The experiment is conducted with a mixed solution of 
6M HC1 and 0.1M CuC1 under  various pressures of chlo- 
rine, and the results shown in Fig. 10 are obtained. The 
absorption rate is proportional to (C* + ~CB/b) and, hence, 
Eq. [16] is valid. 

A P t  rotating-disk cathode is operated to obtain the dif- 
fusion coefficient DL of dissolved chlorine in HC1 solu- 
tion. The Levich equation (10) 

i = 0.62 n F DL 2/3 p-l/6 a~]/2 (Ca - Cs) [20] 

is used, where i is the current density, n is the number  of 
charge transfer, and F is the Faraday constant. An esti- 
mated DL is 1.9 • 10 -~ cm2/s. With T = 5.6 at Pc,2 = 0.2 atm, 
Ccucl = 0.1 M/I, and H = 4.6 • 10 -5 moYcm ~ atm, the ratio 
of diffusion coefficients, a, is evaluated to be 0.85. There- 
fore, the diffusion coefficient of cuprous ion Dd is 1.6 • 
10 -~ cm~/s. Since y is significantly larger than uni ty  un- 
der the conditions employed here, the chlorine partial 
pressure is a small factor in the absorption rate. Also, the 
absorption rate is almost independent  of the CuC12 and 
HC1 concentrations and the solution temperature. These 
experimental results are useful for designing the chlorine 
absorption tower. 
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Figure 11 shows the flowsheet of the process. The 
electrolyzer consists of 22 bipolar cells of 1.5 kA in a 
series connection, and the capacity is i ton of chlorine per 
day. The nominal  current density is low (15-20 A/dm 2) to 
lower the cell voltage, i.e., 1.1-1.3V for each cell or 25-30V 
terminal voltage. The system is composed of an adequate 
number  of these stacks. For example, 3 stacks are in- 
stalled as a 3 ton-ClJday plant. 

The electrolytic solution is pumped to the anode and 
cathode compartments. Chlorine gas generated at the an- 
ode is separated from the anolyte and cooled. The anolyte 
and the catholyte are sent back to the reservoir. A part of 
the electrolytic solution is pumped to the absorption 
tower, where cuprous chloride is oxidized to cupric chlo- 
ride by chlorine in the waste gas. The inert gas leaving 
the chlorine absorption tower is washed with water prior 
to purge. The system has been designed to be operated in 
the temperature range of 50-70~ However, the higher the 
temperature is, the lower the cell voltage is, and the water 
balance in the system varies with the operating tempera- 
ture. The overall chlorine current efficiency is assumed 
to be an average of 95%. The dc electric power consump- 
tion is 890-950 kWh/ton-C12, depending on the current 
density, the cell voltage, and the operating temperature. 
Also, additional ac power is required for pumping and gas 
blowing. 

Because the system is small and the terminal voltage of 
the rectifier is low compared to a modern chlor-alkali cell 
plant, the conversion efficiency of the rectifier is some- 
what low. Assuming that the overall efficiency of the 
power supply system, including rectifier, transformer, 
and auxiliaries, is 85-87%, the ac power consumption for 
electrolysis is estimated to be 1050-1120 kWh/ton-C12. 

Cost  Est imat ion 
The investment cost and the operating cost of the full- 

scale plant (shown in Fig. 11) in the range of 0.5-5.0 
ton-C12/day Capacity have been evaluated on a Japanese 
money basis. The calculation for two plants, 1 ton/day 
and 3 ton/day, have been conducted in detail. The speci- 
fications employed are as follows 

Plant  capacity 
Flowsheet 

Electrolyzer 
Electrodes 
Separators 
Number  of cells 
Capacity of each stack 
Amperage 
Terminal voltage 
Current efficiency 

0.5-5.0 ton-C1Jday 
shown in Fig. 11 with some ex- 
ceptions 
filterpress, bipolar type, plastic 
graphite anode and cathode 
Nation 315 
22 cells/stack 
1 ton-ClJday 
1.5 kA 
26.5V 
95% 

An appropriate number  of stacks are installed in a plant 
having a capacity of more than 1 ton]day. These stacks 
can be operated in parallel or in series, depending on the 
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plant situation and other factors. For a small plant, such 
as 0.5 ton/day, a half-size electrolyzer composed of 11 cells 
is used. The capacity can also be controlled by changing 
the amperage in a range of 1-2 kA. 

It is well known that the investment J for an electro- 
chemical process plant of capacity P is represented as fol- 
lows (11) 

j = jo pa i b [21] 

where Jo is the investment  cost for a plant having unit  ca- 
pacity, i is the current density, a is the Williams coeffi- 
cient, and b is also a coefficient. It is clear that the fixed 
charge in the manufacturing cost is decreased with in- 
creased current density because the coefficient b is nega- 
tive, but  the cell voltage and, hence, the electric power 
cost are increased. Consequently, there is an opt imum 
current density which depends on investment,  price of 
electricity, and other factors such as cell design and 
operating conditions other than current density. Under 
the present situation, an opt imum current density is esti- 
mated to be about 20 AJdm 2. 

The Williams coefficient for the cell room area includ- 
ing electrolyzers, rectifiers, and the busbar  system is 
0.83-0.84, which is significantly larger than the approxi- 
mate 0.6 for the nonelectrochemical processes. In other 
words, the scale merit of an electrochemical process plant 
is relatively small (11). However, the coefficient for the 
total investment  of the electrolytic chlorine recovery pro- 
cess under  discussion is also small, 0.51-0.53, as shown in 
Fig. 12, because the installation, aside from the electro- 
lyzers and the power supply, is large and is a weak func: 
tion of the plant size. 

The manufacturing cost of 1 ton of chlorine has been 
calculated with several assumptions in mind 

Depreciation On the fixed instalment method for 
7 years 

Life of membranes 2 years 
Maintenance cost 10% of the fixed charge 
Price of electricity 15 yen/kWh 

The fixed charge and the manufacturing cost per unit  
ton of chlorine are shown in Fig. 13 as functions of the 
plant size in ton-C1Jday. Other costs such as overhead 
and laboratory must  be added if required. Since replace- 
ment  of the membranes is a large factor, extension of the 
service life must  be considered to reduce the manufactur- 
ing cost of chlorine. 

The estimated cost is 53,000 yen ($214) and 43,000 yen 
($174) per ton of chlorine in the 1 ton/day and 3 ton/day 
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plants, respectively, which would be competitive with the 
brine electrolysis. A very small plant, such as 0.5 ton/day 
or less, is not economical and, hence, the waste gas 
should be washed out by caustic soda solution and the 
chlorine recovered as hypochlorite. Although the manu- 
facturing cost decreases with increase in plant capacity, 
the cell configuration and the plant layout must  be re- 
considered for further reduction of the fixed charge 
when the plant size is larger than 5 tons per day. 
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Electrochemical Evidence of a Possible Route for the Metabolism of 
Oltipraz 5-(2-Pyrazinyl)-4-Methyi- 1,2-Dithiole-3-Thione 

J. Moiroux and S. Deycard 
Laboratoire Chimie Analyt ique,  Facult~ Pharmacie,  Universit~ Ren~ Descartes (Paris V) 75270 Paris Cedex 06, France 

ABSTRACT 

The presence of the 5-pyrazinyl substituent induces some noticeable changes in the reaction pathways accompa- 
nying the electrochemical reduction of oltipraz compared with the behavior of dithiole-thiones, which do not possess 
such a substituent and are not endowed with antischistosomal activity. First, electrochemical techniques ascertain the 
transient formation of the radical anion resulting from the reversible addition of one electron to oltipraz in aprotic me- 
dia. Second, the electrochemical two-electron reduction, under anaerobic conditions, yields a mixture of dianionic iso- 
mers which can be protonated one, two, and even three times. In the protonated species which also exist in isomeric 
forms and are not starting materials for the regeneration of oltipraz through oxidation, both the dithiole-thione and 
pyrazinyl rings are reduced. In the presence of air or methylating reagent, the two-electron reduction products are trans- 
formed into oyrrolo [1,2-a] pyrazine derivatives, which are some of the major metabolites of oltipraz. 

In a previous paper (1), we reported a detailed analysis 
of the electrochemical behavior of 1,2-dithiole-3-thiones 
(1,2-dithio-4-cyclopentene-3-thiones) variously substituted 
at positions 4 and 5 

s - - s  w i t h  R4 : R5 : CH~, compound I 
I I 

R s ) ~ s  or R4 = CH3 and R5 = C6H~, compound II 

R4 or R4 = H and R~ = C~H+, compound III 

The polarographic behavior of those dithiole-thiones 
noted A in N,N-dimethyl-formamide (DMF) depends on 
the nature of substituent R4. When R4 is a methyl group, a 
two-electron (2e) cathodic wave is observed. When R4 is 
H, two, apparently le, cathodic waves are observed. The 
first can be ascribed to a reversible monoelectronic re- 
duction yielding an organomercurial. The second, in 
fact, corresponds to the occurrence of the same 2e ca- 
thodic process as observed when R4 is a methyl group. 
The 2e process occurs at ca. -1050 mV vs. aqueous SCE 1, 
and this potential does not markedly depend on the na- 
ture of R4 and/or Rs. The 2e reduction product is either a 
cyclic dianion noted (A 2-) when R4 is H and R~ a phenyl 
group, or a mixture of (A s-) and the open form of the di- 
anion noted A 2- when R4 and/or R~ is a methyl  group. The 
redox couple (A2-)/A exhibits reversible behavior at the 
mercury electrode. 

S - - S  S - - S  

R 4 R 4 

A (A 2- ) 

S -  S- 

R~J~s 
R 4 

A 2 -  

The three dithiole-thiones, I, II, and III, mentioned 
above are of no remarkable pharmaceutical interest, but 
oltipraz [5-(2-pyrazinyl)-4-methyl-l,2-dithiole-3-thione, i.e., 
with R4 = CH3 and R5 = 2-pyrazinyl] has a well- 
established antischistosomal activity (2-4). As an evalua- 
tion of a limited number  of oltipraz analogs, including 
compound II, revealed among dithiole-thiones rather 
stringent structural requirements for antischistosomal ac- 
tivity (4), we examined the electrochemical behavior of 
oltipraz in order to see if changes in the electrochemical 
behavior could be related to structural changes and 
antischistosomal effects. 

The present paper deals with the electrochemical re- 
duction of oltipraz, 5-(2-pyrazinyl)-l,2-dithiole-3-thione, 
i.e., the oltipraz analog in which R4 = H instead of CH3 
and 5-(2-pyrazinyl)-4-methyl-l,2-dithiole-3-one, which is 
the ketone analog of oltipraz. The working electrode was 
a platinum electrode and the solvent was either DMF or 
acetonitrile (ACN). The excitation and measurement  tech- 
niques used included electrochemical ones such as volt- 

In this paper, all potentials are referred to the potential of the 
aqueous saturated KC1 calomel electrode (SCE). 

ammetry at the rotating or stationary disk electrode (RDE 
or SDE, respectively) and potential step chrono- 
amperometry and spectroscopic techniques such as UV- 
visible and IR absorption spectrophotometries and ~H 
NMR spectrometry. 

The analysis of the reduction pathways may be of phar- 
maceutical interest since the primary metabolite of olti- 
praz is a product resulting from the reduction of the drug 
(5). 

Experimental 
Materials.--Oltipraz and its two analogs were gener- 

ously provided by Rh6ne-Poulenc-Sante and used with- 
out further purification. DMF, ACN, and deuterated sol- 
vents were obtained from Merck and used as received 
unless otherwise specified. Tetraethylammonium bro- 
mide (TEAB) from J. T. Baker was recrystallized twice 
from tert-butanol. A stock solution of 0.1M tetrabutylam- 
monium hydroxide (TBAH) in isopropanol was obtained 
from Fluka and stored under nitrogen. For dehydration of 
solvents prior to electrochemical measurements we fol- 
lowed a procedure given in the literature (6) using neutral 
alumina (Merck 90, 0.063-0.200 mm). Thin layers or col- 
umns of Silicagel 60 from Merck have been used for 
chromatographic separations, the eluent being (v/v) 
toluene/acetone (95/5). Other reagent-grade chemicals 
were obtained from Prolabo. 

Electrodes.--For voltammetry and potential step chro- 
noamperometry,  the working electrode was the platinum 
disk of a Tacussel EDI rotating electrode connected to a 
Tacussel CONTROVIT servocontrol electronic amplifier. 
For controlled potential electrolysis, the working elec- 
trode was a large platinum disk (8 cm diam). 

For polarography, the working dropping mercury elec- 
trode was obtained with a Tacussel CMT 10/24 capillary. 
The drop-time was controlled by a Tacussel MPO 3 
drop-knocker.. 

The counterelectrode was a platinum Tacussel Pt 33/88 
electrode for vol tammetry and chronoamperometry and a 
platinum foil for controlled-potential electrolysis. 

The potentials were measured against an aqueous SCE 
using a two-part salt bridge. 

Apparatus . - -We used a three-compartment water- 
jacketed cell whose counter and reference electrode com- 
partments were filled with the background solution 
(0.1M TEAB in DMF or ACN) and whose temperature was 
25oc. 

Electrochemical measurements  were made with a 
Tacussel PRG 5 multipurpose polarograph, with a 
built-in iR drop compensation device, which was also 
used simply as a rapid-response potentiostat working un- 
der the control of a Tacussel GSTP function generator for 
cyclic voltammetry and potential step chronoamperom- 
etry. Current-potential curves were recorded on a 
Tacussel EPL 2 recorder or a Tektronix 5111 storage os- 
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cilloscope with voltage-amplifier 5 A 15 N and time-base 
5 B 10 N (for current-time curves) plug-ins. A Tacussel 
PRT 30-01 potentiostat, a Tacussel IG 5 N electronic inte- 
grator, and a general purpose mill iammeter were used for 
controlled potential electrolysis. 

UV-visible and IR absorption spectra were obtained 
with a Varian DMS 90 (plus a Sefram TGM 164 X-Y re- 
corder) UV-visible spectrophotometer  and a Perkin 
Elmer 167 IR spectrophotometer.  

In order to avoid the contact of electrolyzed solutions 
with air during spectrophotometric measurements,  a cell 
for circulation (optical path length 0.1 cm) located in the 
spectrophotometer  communicated with the electrochem- 
ical cell through a Teflon hose on the one side and with a 
vacuum pump on the other side, and the electrolyzed so- 
lution was sucked up into the spectrophotometric cell. 

'H NMR spectra were obtained with a Bruker Spectro- 
spin 270 MHz spectrometer thanks to the skills of M. 
Belleney. 

Results and Discussion 
V o l t a m m e t r y  a t  the  R D E . - - A  well-defined cathodic 

wave corresponding to the reduction of oltipraz appears 
in the vol tammogram in the 0 to -1300 mV potential re- 
gion, the solvent being either DMF or ACN and the rota- 
tion frequency N of the RDE being 10 Hz. A plot of E (po- 
tential) vs .  log [i/(il - i)], where i, is the limiting plateau 
current and i the current at potential E, is linear with a 
slope of -62  mV (DMF and ACN) almost as expected the- 
oretically for a reversible le transfer. The value of i, com- 
pared with that of the first cathodic wave of 9-fluo- 
renone under the same experimental  conditions 
confirms the occurrence of a monoelectronic transfer. 
The value of the ratio i i /N '~2 does not depend on N as long 
as N is higher than 4 Hz in DMF or 7 rps in ACN, but in- 
creases with decreasing N when N becomes lower than 
4(DMF) or 7(ACN) Hz. 

C y c l i c  v o l t a m m e t r y  a t  the  S D E . - - W h e n  oltipraz is dis- 
solved in DMF the cyclic vol tammogram is as expected 
theoretically for a reversible le transfer even when the po- 
tential sweep rate v is as low as 0.1 V s - ' .  When the sol- 
vent  is ACN, such a behavior is observed only when v is 
higher than 4 V s- ' .  The ratio ip,c/V "2 increases with de- 
creasing v when v is lower than 4 V s - '  (i,.c being the peak 
height of the cathodic peak) and the chemical reversibil- 
ity of the system diminishes accordingly. 

O c c u r r e n c e  o f  E C E  m e c h a n i s m . - - T h e  observed increase 
in ip.Jv "2 with decreasing v as well as the increase in i , /N '12 
with decreasing N mentioned above strongly suggests the 
occurrence of an ECE mechanism in which the radical an- 
ion resulting from the first electron addition can be in- 
volved in a chemical  step yielding a species more reduci- 
ble than oltipraz (7, 8). We also used potential step 
chronoamperometry at the SDE for the study of the ki- 
netics of this process. In the following, ik designs the mea- 
sured value of the current and id the value of the current 
corresponding to the occurrence of a le reversible and 
diffusion-controlled transfer under the same experimen- 
tal conditions whatever  the technique is, i.e., the notation 
ik is used in place of ip,c or i~. 

Potential step chronoamperometry of a DMF solution 
of 9-fluorenone was used as a means of determination of 
the effective electrode area A, the estimation of the diffu- 
sion coefficient of 9-fluorenone in DMF being 6.9 x 10 -6 
cm 2 s -1 (9). In the case of oltipraz, the plot of ik VS. t-1~2 is 
reproduced in Fig. la, t being the time elapsed since the 
potential was stepped from a value at which oltipraz is 
not reduced to a value corresponding to the plateau of the 
cathodic wave in the RDE voltammogram, ik is propor- 
tional to t - '~  at short times, i.e., when the process is 
monoelectronic, and then the diffusion coefficient D of 
oltipraz can be determined with the help of the Cottrell 
equation. The knowledge of A and D enables us to com- 
pute id for SDE cyclic vol tammetry and RDE voltam- 
metry, the kinematic viscosities of DMF and ACN being 
taken as 0.84 and 0.44 cS, respectively (10). 
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Fig. 1. Reduction of oltipraz. Variations of iJid as observed by means 
of potential step chronaemperometry (a) and cyclic voltarnmetry (b) at 
the SDE, and RDE voltammetry (c). Oltipraz concentration C = 1 mM in 
either DMF (continuous lines) or ACN (discontinuous). For b, id = 268 
AD'J2vll2C (13) and for c, id is given by the Levitch equation. 

Besides the ik-t  -112 plot, plots of ik/id VS. log V or log N-1 
are reproduced in Fig. 1 (b and c). All these plots can be 
readily compared to the working curves given in the liter- 
ature (8, 11, 12) for each technique in the case of an ECE 
mechanism when the chemical step consists of a first- (or 
pseudo-first) order irreversible reaction. Assuming that 
the preceding condition is fulfilled, the rate constant k of 
the chemical reaction can be determined. We obtained 
data which are gathered in Table I. As can be seen, there 
is no significant dependence of k upon the oltipraz con- 
centration C, a result which justifies the assumption con- 
cerning the order of the chemical reaction. It also appears 
that the three different techniques give comparable 
values for k. 

Altogether, several results suggest that the intermediate 
chemical reaction is almost certainly the protonation of 
the radical anion. The proton donor is probably the resid- 
ual water, the amount of which is roughly equivalent in 
commercial  DMF and ACN, and it has already been re- 
ported that, under such conditions, ACN behaves as a 
more acidic medium than DMF (14). Addition of water up 
to 10% does not modify the kinetics of the reaction but 
cyclic voltammetric reversibility is obtained even at v as 
low as 0.1 V s - '  when the commercial  ACN is dehy_drated 
with neutral alumina prior to electrochemical measure- 
ment. Besides, addition of one electron to the oltipraz 
analog in which R4 = H (see Appendix A) produces a radi- 
cal anion which is less basic and then the rate of the inter- 
mediate chemical reaction is much slower. It has not been 
possible to check out that addition of protons actually in- 
creases the rate of the chemical reaction since such an ad- 
dition causes the occurrence of catalytic hydrogen dis- 
charge giving rise to signals which superimpose upon the 
one due to the reduction of oltipraz thus hampering 
meaningful measurements.  An ECE mechanism con- 
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Table I. Reduction of ohiproz. Data obtained by means of $DE potential step chronoomperometry and cyclic voltommetry, and RDE voltammetry 
(effective electrode area: A = 4.0 • 10 -2 cm 2) 

DMF ACN 
E l o  a D b k r k r Ep a D b kc,d kc,e 

Techniques (rnV) (cm~s-9 (s-9 (s-l) (mV) (cm2s-9 (s-9 (s-9 

Potential step 7.5 x 10 -~ 0.10 0.08 18.0 x 10 -6 1.0 0.8 
chronoamperometry 

Cyclic voltarnmetry - 925 - 1000 1.4 1.2 
RDE voltammetry -915 0.15 0.10 -1000 0.9 1.0 

a Precision _+ 5 inV. 
b Precision -+ 0.5 x 10 -~ (DMF) and 10 -4 (ACN). 
r Precision +- 0.03 (DMF), +- 0.3 (ACN). 
d Oltipraz concentration C = 1 raM. 
eC = 0.2 rnM. 

s i s t ing  of  t he  fo l lowing  s teps ,  d e n o t e d  [1], [2], a n d  [3], 
s e e m s  l ike ly  

S --S S~S 

< 7 " '  e - O "  I " 

El ~ can  be  d e t e r m i n e d  b y  m e a n s  of  S D E  cycl ic  vo l t am-  
m e t r y  a n d  RDE v o l t a m m e t r y  w h e n  v a n d  N, respec t ive ly ,  
are l a rge  e n o u g h  to o v e r r u n  t he  p r o t o n a t i o n  of  t he  rad ica l  
a n i o n  a n d  n u m e r i c a l  da ta  a re  r e p o r t e d  in  T a b l e  I. 

The  rad ica l  a n i o n  can  ex i s t  in  m a n y  r e s o n a n t  fo rms  
s ince  the  de loca l i za t ion  of  the  nega t ive  c h a r g e  a n d  the  
u n p a i r e d  e l ec t ron  c a n  be  e x t e n d e d  to t h e  py raz ine  r ing.  
T h a t  is p r o b a b l y  t he  r e a s o n  w h y  s u c h  a rad ica l  a n i o n  is 
m u c h  m o r e  s t ab l e  t h a n  t he  one  r e su l t i ng  f rom t h e  l e  re- 
d u c t i o n  of a d i t h io l e - th ione  b e a r i n g  a 5 -methy l  or  
5 -pheny l  s u b s t i t u e n t .  In  t h e  l a t t e r  case, d i r ec t  2e t r a n s f e r  
was  o b s e r v e d  a n d  we f o u n d  no  e l e c t r o c h e m i c a l  e v i d e n c e  
of  t r a n s i e n t  f o r m a t i o n  of  a rad ica l  a n i o n  (1). 

S - - - S  S--S 

.. a a  
+" 1 s. 

The  b a c k w a r d  r e a c t i o n  o f  the  a b o v e  e q u i l i b r i u m  is 
p r o b a b l y  slow, s ince  it  imp l i e s  t he  he te ro ly t i c  c l eavage  of 
t he  N-H b o n d  a n d  it c an  a c c o u n t  for  the  i r r eve r s ib l e  be- 
h a v i o r  a p p e a r i n g  a t  low v in  t he  cyclic v o l t a m m o g r a m s  
w h e n  t h e  so lven t  is ACN. 
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Disproportionation of  t he  p r o t o n a t e d  rad ica l  c an  ac tua l ly  
occu r  i n s t ead  of  r eac t i on  [3] as l ong  as s u c h  a d i sp ropor -  
t i o n a t i o n  is fas te r  t h a n - r e a c t i o n  [2], w h i c h  m u s t  r e m a i n  
t h e  r a t e - d e t e r m i n i n g  s t ep  s ince  t he  overa l l  p roces s  o b e y s  
f i r s t -order  k inet ics .  

The  2e r e d u c t i o n  p r o d u c t  c an  ex is t  in  va r ious  r e s o n a n t  
fo rms  a n d  t a u t o m e r s .  Th i s  p o i n t  wil l  be  d i s c u s s e d  la ter  in  
t he  sec t ion  a s s i g n e d  to t h e  cha rac t e r i za t i on  of  t he  2e re- 
d u c t i o n  p roduc t s .  

Controlled-potential electrolysis.--An e x h a u s t i v e  r educ-  
t ion  of  o l t ipraz  b y  m e a n s  of  e lec t ro lys is  at  a con t ro l l ed  po- 
t en t i a l  c o r r e s p o n d i n g  to t he  p l a t eau  of  t he  ca thod i c  wave  
a p p e a r i n g  in t h e  R D E  v o l t a m m o g r a m  invo lves  n = 2.10 -+ 
0.05 e p e r  m o l e c u l e  of  ol t ipraz.  S u c h  a r e su l t  con f i rms  t he  
effect  of  the  t i m e  scale  u p o n  t he  n a t u r e  of  the  e lectro-  
c h e m i c a l  p rocess ,  s ince  t he  r e d u c t i o n  p r o c e e d s  a c c o r d i n g  
to a 2e p roce s s  at  t he  t i m e  scale  of  an  e x h a u s t i v e  electrol-  
ysis,  w h i l e  on ly  a le p r oce s s  is o b s e r v e d  by  m e a n s  of  RDE 
a n d  S D E  v o l t a m m e t r i e s ,  at  l eas t  w h e n  N a n d  v are no t  too  
small .  

A t  t h e  b e g i n n i n g  of  t he  e lect rolys is ,  t h e  so lu t ion  t u r n s  
v e r y  d a r k  d u e  to t he  t r a n s i e n t  p r o d u c t i o n  of  t he  rad ica l  
an ion .  We h a v e  n o t  b e e n  ab l e  to  p e r f o r m  suf f ic ien t ly  fas t  

s p e c t r o p h o t o m e t r i c  m e a s u r e m e n t s  so as  to  r e c o r d  t h e  
UV-v i s ib l e  a b s o r p t i o n  s p e c t r u m  of  t h e  r ad ica l  a n i o n  
whose  half-l ife t i m e  is a b o u t  7s in  D M F  a n d  0.7s in  ACN, 
a c c o r d i n g  to t he  va lues  of  k g i v e n  in  T a b l e  I. We h a v e  
on ly  e s t a b l i s h e d  t h a t  t h e  s p e c t r u m  of t he  rad ica l  a n i o n  in  
D M F  e x h i b i t s  a n  a b s o r p t i o n  m a x i m u m  a r o u n d  450 n m  
w i t h  a m o l a r  a b s o r p t i v i t y  g r ea t e r  t h a n  t h a t  of  o l t ipraz  at  
t he  s ame  w a v e l e n g t h .  However ,  t he  a b s o r p t i o n  s p e c t r u m  
of  t he  rad ica l  a n i o n  of  o l t ipraz  p r o b a b l y  does  n o t  differ 
m a r k e d l y  f rom t h a t  of t h e  rad ica l  a n i o n  of 5-(2-pyrazinyl)- 
1,2-di thiole-3-thione,  w h i c h  is m u c h  less  ba s i c  a n d  c a n  b e  
p r e p a r e d  and  c h a r a c t e r i z e d  easily (see A p p e n d i x  A). The  
UV-v i s ib le  a b s o r p t i o n  s p e c t r u m  of  t h e  l a t t e r  is repro-  
d u c e d  in  Fig. 2. 

S l igh t ly  d i f fe ren t  r e su l t s  we re  o b t a i n e d  in  D M F  a n d  
ACN. In  t he  fol lowing,  D M F  so lu t ions  wil l  b e  c o n s i d e r e d  
first, b u t  be fore  d o i n g  so it  m u s t  b e  said t h a t  t he  r e su l t s  
d id  no t  d e p e n d  on  t he  n a t u r e  of  the  w o r k i n g  e lec t rode .  
Fo r  example ,  we c h e c k e d  ou t  t h a t  e x h a u s t i v e  e lec t ro lys i s  
at  a m e r c u r y  poo l  gave  t he  s a m e  p r o d u c t s  as w h e n  t he  
w o r k i n g  e l ec t rode  was  a p l a t i n u m  disk.  I n  t h e  p r e s e n t  pa- 
per,  we  do no t  r epo r t  t he  r e su l t s  o b t a i n e d  at t h e  d r o p p i n g  
m e r c u r y  e l ec t rode  (po l a rog rapy  a n d  cycl ic  v o l t a m m e t r y ) ,  
b e c a u s e  t he  s ignals  we re  t h e n  ve ry  c o m p l e x  a n d  poor ly  
def ined,  owing  to t he  o c c u r r e n c e  of  ca ta ly t ic  d i scha rges  
r e l a t ed  to sur face  reac t ions ,  w h i c h  we re  s t rong ly  po t en t i a l  
d e p e n d e n t .  

Characterizations and reactivities of the 2e reduction 
products of oltipraz.--When t h e  e x h a u s t i v e  e lec t ro lys i s  is 
ca r r i ed  ou t  in  DMF,  t h e  a b s o r p t i o n  s p e c t r u m  of o l t ipraz  

V", f \  
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Fig. 2. UV-visible absorption spectra of oltiproz and its 2e reduction 

products in DMF. Curve o ( ): oltiproz. Curve b ( . . . .  ): absorption 
spectrum of the exhaustively electrolyzed solution, 2e per molecule of 
oltiproz having been transfered. ( - - - - ) :  Radical onion resulting from the 
]e reduction of 5-(2-pyrozinyl)-],2-dithiole-3-thione. OItiproz concen- 
tration C = ] mM, cell thickness: 0.1 cm; background: O.|M TEAB in 
DMF. 
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(curve a in Fig. 2) is replaced by the absorption spectrum 
noted b in Fig. 2. Spectrum b is stable as long as the solu- 
tion is not put in contact with air. 

After injection of concentrated perchloric acid into the 
exhaustively electrolyzed solution, the absorption spec- 
t rum becomes analogous to spectrum c (Fig. 3) provided 
that the total concentration of added acid is 2C or more in 
the bulk, C being the initial concentration of oltipraz. 
When the concentration of added perchloric acid is lower 
than 2C, the absorption spectrum is a mixture of spectra 
b and c, i.e., no spectrum is observable which could be as- 
cribed to the formation of a monoprotonated species. 
Once the solution has been acidified, it is not possible to 
reobtain, spectrum b upon addition of an excess of a base 
as strong as TBAH. A spectrum similar to spectrum d 
(Fig. 3) is obtained instead. Moreover shifting from spec- 
t rum c to spectrum d, and vice versa, can easily be made 
by adding base or acid to the solution. Such a result as- 
certains that spectra c and d are the absorption spectra of 
an acid and its conjugated base, respectively. In that pro- 
cess, isosbestic points appear at 335, 380, and 470 nm (Fig. 
3), and quantitative additions of strong acid and base 
show that the acid-base reaction involves the transfer of 
only one proton. 

When the solutions corresponding to spectra c and d 
are left in contact with air, they undergo slow transforma- 
tions, the half-reaction time being 100h for the acidic solu- 
tion and 5h for the basic solution. In both cases, the ulti- 
mate products are identical. This common final product 
does not absorb appreciably at wavelengths greater than 
420 n m  but  exhibits a flat absorption band around 350 
nm ( ~  being ca. 5500 M - '  cm- ' )  and a shoulder at 310 
nm preceding a large increase in the absorbance at 
shorter wavelenghts. In the following, the spectrum of 
this product will be called spectrum e (not shown in the 
figures). Besides, it is not possible to oxidize electro- 
chemically the acidic and basic compounds whose ab- 
sorption spectra are spectra c and d. However, the polaro- 
grams (dropping mercury electrode) of these solutions 
exhibit anodic waves which are typical of the oxidation of 
mercury in the presence of thiol or thiolate groups. The 
heights of such waves decrease markedly when the solu- 
tions are left in contact with air till their absorption spec- 
tra become like spectrum e. 

When the solution corresponding to spectrum b is left 
in contact with air, the sharp absorption bands at 345 and 
405-425 nm disappear as fast as oxygen diffuses through 
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Fig. 3. UV-visible absorption spectra of the 2e reduction products of 

oltipraz in ACN depending on the amounts of perchloric acid or TBAH 
which have been added to the exhaustively electrolyzed solution. Same 
conditions as in Fig. 2. Curve c ( ): the total concentration of added 
acid is 2C. Curve d ( - -  - - ) :  after addition of TBAH at a total concentra- 
tion ~ C to the solution whose spectrum is curve c. Curve f ( - - - - ) :  after 
addition of perchloric acid at a total concentration _>- C to the solution 
whose spectrum is curve c. A: Isosbestic points appearing during the 
change from spectrum c to spectrum d. O: Isosbestic points appearing 
during the change from spectrum c to spectrum f. 

the solution. In the end the absorption spectrum is a lin- 
ear combination of spectra a (around 40%) and e (around 
60%). Electrochemical reoxidation of the solution whose 
absorption spectrum is spectrum b can be performed at a 
controlled potential of -700 mV at the mercury pool elec- 
trode or at -100 mV (i.e., with an overpotential of ca. 900 
mV) at the large pla t inum disk. Then the oxidation prod- 
uct is oltipraz. 

Controlled-potential electrolysis carried out in ACN 
yields very similar results except for the following points: 
(i) spectrum d is obtained directly after exhaustive elec- 
trolysis, i.e., spectrum b is never recorded, at least when 
we operate under  the same experimental conditions as 
when DMF is the solvent, particularly when the initial 
oltipraz concentration C is 1 raM. If C is greater than 5 
raM, sharp absorption bands characteristic of spectrum b 
are superimposed O n spectrum d in the spectrum of the 
exhaustively electrolyzed solution. (ii) When C is greater 
than 1 raM, the compound, whose absorption spectrum is 
c (Fig. 3), partially precipitates. Then, the crystalline red 
solid can be isolated by filtration, washed with ACN, 
dried and used for chemical analysis and 'H NMR spec- 
troscopy after dissolution in deuterated solvents (DMF, 
DMSO, and pyridine). (iii) While spectrum c can be ob- 
tained as in the case of a DMF solution, a new species is 
formed in ACN when perchloric is added at a concentra- 
tion higher than 2C. Spectrum f (Fig. 3) is recorded when 
the bulk concentration of added perchloric acid is 3C or 
more. Shifting from spectrum c to spectrum f (either way) 
can be made easily by adding one equivalent of strong 
acid or base, isosbestic points appearing at 280, 365, and 
430 nm (Fig. 3). 

Methylation of the 2e reduction product of oltipraz can 
be achieved in DMF or ACN by adding pure methyliodide 
(or dimethylsulfate) to the exhaustively electrolyzed solu- 
tion. In both cases, the methylation is total when the con- 
centration of methyliodide introduced amounts to 2C or 
more. The UV-visible absorption spectrum of the methyl- 
ated solution exhibits a band at ~'max = 350 nm ( e ~  = 5500 
M- '  cm- ' )  and two maxima of equal heights at 302 and 
312 nm (e = .5700 M - '  cm- ') .  This spectrum is similar to 
spectrum e, but  most of all it is strikingly identical with 
that of the primary metabolite of oltipraz (5, 15). That the 
methylation of the 2e reduction product of oltipraz pro- 
duces metabolites of the drug is confirmed by the isola- 
tion of the methylated products and 'H NMR and mass 
spectroscopy (see Appendix B). 

React ion p a t h w a y s . - - I n  order to justify the spectropho- 
tometric changes which accompany the additions of 
strong acid or base to the exhaustively electrolyzed solu- 
tion, it seems reasonable to assume that spectra b (Fig. 2) 
c, d, and f (Fig. 3) are the absorption spectra of dianionic, 
neutral (diprotonated), monoanionic (monoprotonated), 
and cationic (triprotonated) species, respectively. 

As the structure of the diprotonated product (noted 
PHi) can be established by means of ~H NMR spectros- 
copy (see Appendix B), the most probable structures of 
the monoprotonated (PH- )  and triprotonated (PH, +) prod- 
ucts are as follows 

s s I i sH 

PH 2 

The formation of the thione tautomeric form of PH3 + is 
likely since it can justify correctly the 100 nm hypso- 
chromic shift which results from the protonation of PH.~ 
(Fig. 3). As PH2 (see Appendix B), P H - ,  and PHa § can ex- 
ist in isomeric (z, e) forms. TBAH is too weak a base, in ei- 
ther DM:F or ACN, to deprotonate P H - .  
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Therefore, we can consider that the electrochemical re- 
duction of 1 mM oltipraz in  ACN proceeds as follows 

S - - S  

I . 

o r  

/N S. ~ I ~ S~S ~ ~ P H- + Oltipraz + H + 

~N N 

[3'] 

and depending on addition of perchloric acid 

P H -  + H e ~ PH~ [4] 

PH2 + H + ~ PH~ + [5] 

A solution of P H -  is obtained only when the amount  of 
available protons is sufficient. It is not the case when the 
solvent is DMF, since DMF is less acidic than ACN as al- 
ready noticed apropos of the kinetics of radical anion 
protonation, and it is no more the case when the initial 
concentration of oltipraz is higher than 5 mM in ACN. Un- 
der the latter circumstances, the basicity of the medium 
increases significantly as the electolysis progresses to- 
wards completion and exhaustive electrolysis produces 
dianionic species. When the experiment is carried out in 
DMF, the dianionic species predominate markedly (spec- 
t rum b of Fig. 2). 

The strong absorption band which appears at 345 nm in 
spectrum b is characteristic of the open form denoted p2- 
of the dianion (1), while the twin bands at 405-425 nm are 

probably due to the production of the cyclic form noted 
(p2-) of the dianion. 

S--S S- S- S- 

(p_2-) p2? z pZ. e 

The absorbance appearing at 500 nm and above in spec- 
t rum b of Fig. 2 can also be ascribed to the presence of 
P~- (1). Similar equilibria between the cyclic and open 
forms of the dianionic 2e reduction products of 4,5-di- 
methyl-l,2-dithiole-3-thione and 4-methyl-5-phenyl-l,2- 
dithiole-3-thione have been described in a previous paper 
(1). We also showed that the dianionic 2e reduction prod- 
ucts could be electrochemically oxidized at the mercury 
electrode at potentials no more positive than -700 mY, 
the oxidation yielding the original dithiole-thione, while 
the electrochemical oxidation is less easy at the plat inum 
electrode, owing to large overpotential. However, when 
the dianionic 2e reduction products of oltipraz are left in 
contact with air, only a partial regeneration of oltipraz is 
obtained, its extent corresponds roughly to the amount  of 
(p2-) existing at the equil ibrium before oxidation. In the 
cases of 4,5-dimethyl-l,2-dithiole-3-thione and 4-methyl-5- 
phenyl-l,2-dithiole-3-thione, the regeneration of the origi- 
nal dithiole-thiones through air oxidation were practically 
total. When left in contact with air, the open dianionic 2e 
reduction product of oltipraz yields the compound de- 
noted (P'H)2, whose absorption spectrum is spectrum e. 

As mentioned in the previous section of this paper re- 
lated to the reactivities of the 2e reduction products, (p2-), 
p2-, or P H -  can be methylated, and most of the methyl- 
ated derivatives are metabolites of oltipraz denoted 
(P'CH~),2 (65%) and P'(CH~)2 (25%) (see also Appendix B). 

(P'H) 2 + S 

S ~ S  

,~N ~ - E o 

S - - S  

IIH (+), k 

H S ~ S  

- 

s o) o 
s 

S ~ S  

N- fl,[-)1~.. 

I IH(+) (p2- )  

I[I S ~ S  

P H -  
I~ H(+) 

H S ~ S  

i S H  ,qY 
II He+) PH2 

s - - s  

H PH~ 

T O~ 

S (-) S 

~ - N ~  ' p 2 -  

I CH31 

P'(CH3)2 + S 
§ 

(P 'CH3)  2 + (CH3)~,S 2 

Fig. 4. Reaction path for the electrochemical reduction of oltipraz and possible transformations of the 2e reduction products in the presence of 
protons, oxygen and/or methylating reagent. Most of the compounds can exist in resonant and/or isomeric forms. The structures of the pyrrolo(1,2- 
a)pyrazine derivatives denoted (P'H)~, P'(CH3)~ and (P'CH~)2 are given in the text. 
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The following mechanism for the obtention of these de- 
rivatives is likely 

or P H- L SCH~ 

SCH= SCH, 

S. + "SCH~ SCH~ + S 

P'(CH!)~ 25% 

CH3SSCH~ + unsymmetrical d~sulfides 

12% 

(P'CH~) ~ 65% 

The methylation is the driving force for such a process. A 
similar driving force is oxygen, since P~-, (PC-), and P H -  
are ultimately transformed into (P'H).,_ when left in con- 
tact with air. 

N SH  

As shown in Appendix B, (P'H)2 has the same pyrrolo(1,2- 
a)pyrazine structure as (P'CH~).2, thiol substituents 
replacing the methylthio groups at positions 8, 8'. 

Conclusion 
Figure 4, then, represents the state-of-the-art knowledge 

concerning the electrochemical reduction of oltipraz and 
the reactivity of its 2e reduction products in the presence 
of protons, oxygen, and/or methylating reagent. 

In  comparison with the electrochemical behavior of 
other dithiolethiones, which was reported in a previous 
paper (1), it appears that the influence of the pyrazinyl 
subst i tuent  is twofold. 

1. The lifetime of the radical anion produced by the ad- 
dition of one electron is considerably increased, a result 
which may be of biological interest if the anti- 
schistosomal activity is relevant to a radical mechanism. 

2. The 2e reduction product can undergo complex 
transformations which involve the pyrazinyl ring and can- 
not occur when the latter is not present. It is particularly 
interesting to observe that these transformations yield the 
ultimate products noted (P'H)2, P'(CH3).,., or (P'CH3).~, 
which have been found among the metabolites of o]tipraz 
isolated according to the procedures described in Ref. (5). 

Before the electrochemical study was carried out, the 
latter result was far from evident, since the production of 
P'(CH3).~, for instance, could be considered at first glance 
as implying a 4e process like the following one 

S- -S  S- S- S ~ 

I/s_ ~ S_ 
S ~ +S 2 -  

3. The presence of the methyl substi tuent at position 4 
of the dithiole ring is not decisive since the reduction re- 
action pathway at the plat inum electrode is not modified 
when it is replaced by a hydrogen, the only changes con- 
sisting in the lower basicity of the radical anion and the 
predominance of the cyclic form of the dianionic 2e re- 
duction product (see Appendix B). However, 5-(2-pyra- 
zinyl)-4-methyl-l,2-dithiole-3-one is reduced electrochemi- 
cally according to a reaction pathway which differs 
markedly from that of oltipraz but  is similar to those of 
dithiole-thiones (or one) having no pyrazinyl substi tuent 
(Appendix A). Resides, it is interesting to notice that 

5-(2-pyrazinyl)-l,2-dithiole-3-one is not endowed with any 
antischistosomal activity, even though it is one of the me- 
tabolites of oltipraz (5). 
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APPENDIX A 

Electrochemical Behavior of 5-(2-Pyrazinyl)- 1,2-Dithiole-3-Thione 
At the pla t inum electrode, the reduct ion of this olti- 

praz analog proceeds according to a pattern entirely sim- 
ilar to that of oltipraz. 2e reduct ion products having the 
same structures are obtained before and after addition 
of various amounts  of perchloric acid to the exhaust- 
ively electrolyzed solution. Methylation or air-oxidation 
yield the compounds  with pyrrolo [1,2-a] pyrazine skele- 
tons analogous to P'(CH3)2 and (P'H)2. Since the electron 
donat ing effect of the methyl-4 subs t i tuent  is missing, 
the radical anion produced upon le reduct ion is much 
less basic than in the case of oltipraz. As a result, its rate 
of protonation in DMF or ACN is so slow that preparing 
a solution of radical anion is possible when the 
controlled-potential electrolysis is stopped after transfer 
of a quant i ty  of electricity amount ing  to le equivalent  
per molecule of the parent  compound.  The UV-visible 
absorption spectrum of the le reduced solution is repro- 
duced in Fig. 2. Electrochemical or air oxidations of this 
radical anion regenerate the original oltipraz analog. 

At the mercury electrode, the po]arographic behavior 
of 5-(2-pyrazinyl)-l,2-dithiole-3-thione is identical to that 
of 5-phenyl-l,2-dithiole-3-thione, a dithiole-thione not 
subst i tuted at the C-4 posit ion of the dithiole ring. Such 
a behavior has been described and analyzed in a previ- 
ous paper (1). The first monoelectronic cathodic wave 
occurring at -675 mV corresponds to the product ion of 
an organomercurial  which can be prepared by means of 
controlled-potential electrolysis and has the same char- 
acteristics as the one obtained in the case of 5-phenyl- 
1,2-dithiole-3-thione (1). The second cathodic wave, at 
-1070 mV, corresponds to the 2e reduction, i.e., to the 
production of a mixture  of the analogs of (p2-) and p2-. 
The suppression of the electron donat ing effect of the 
4-methyl subst i tuent  renders the cyclic form markedly 
predominant  (90%), as observed previously with other 
dithiole-thiones (1). 

Electrochemical Behavior of 
5-(2-Pyrazinyl)-4-Methyl- 1,2-Dithiale-3-One 

The electrochemical behavior of this o]tipraz analog is 
identical with that of 5-phenyl-l,2-dithiole-3-one, which 
has been already reported (1). At the p la t inum electrode, 
only the 2e reduction is observable and it requires an 
overpotential of ca. -120 inV. The 2e reduction product 
prepared by means of controlled potential electrolysis is 
the following cyclic dithiole dianion 

CH 3 CH 
s - - s  ~ ~ 3 

whose methylat ion results in ring opening. The methyl- 
ated 2e reduction product  has been isolated and its 
structure confirmed by means of 1H NMR spectroscopy. 
No evolution yielding the formation of a pyrrolo[1,2- 
a]pyrazine skeleton can be obtained. 

At the mercury electrode, the reversible 2e reduction 
occurs at -1080 inV. A I e  reduction producing an 
organomercurial  is observable at -860 mV. However, 
the absence of the characteristic absorption band at ca. 
400 nm in the UV-visible absorption spectrum (1) shows 
that it is not the carbon atom at position 5 of the dithiole 
ring which is bound to mercury, as occurred in the case 
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of 5-phenyl-l,2-dithiole-3-one. Thus, the structure of the 
organomercuria] is probably 

S--S S S 

H I--I 

A P P E N D I X  B 
The derivatives result ing from the methylat ion of the 

2e reduct ion products can be isolated as follows. After 
stoichiometric methylat ion of the exhaust ively electro- 
lyzed solution of oltipraz in ACN, ACN is evaporated un- 
der vacuum. The remaining solid is washed with ace- 
tone, in which the solubility of TEAB is very low. 
Acetone is removed under  vacuum from the solution 
containing the methylated derivatives, and the re- 
maining solid is recrystallized twice in water and dried 
under  vacuum. The signals appearing in the 1H NMR 
spect rum are identical with those given in the l i terature 
(5) for the metaboli te  of oltipraz which has the same 
structure and formula as P'(CHD.~, the solvent being 
deuterated DMSO, i.e.: 2.20 ppm [S, -SCH3~s)]; 2.23 ppm 
[S, -SCH3(6~]; 2.40 ppm [S, -CH3~7)]; 7.75 ppm [D, J = 5.2 
Hz, -H(3~]; 8.37 ppm [D.D., J = 1.5 and J = 5.2 Hz, -H~4)]; 
8.92 ppm [D, J = 1.5 Hz, -H( , ] ;  where S and D stand for 
singlet and doublet, respectively. However,  the result  of 
chemical  analysis is: (experimentally found) C: 50.5%, N: 
12.7%, S: 29.8%; (calculated) C: 53.5%, N: 12.5%, S: 28.6%. 
The disagreement  be tween  calculated and observed ele- 
mental  analysis concerning particularly the carbon per- 
centage suggests that the isolated solid is actually a mix- 
ture of compounds  having similar spectral characteris- 
tics. This assumption can be confirmed by means of 
thin layer chromatography,  and two major products  can 
be separated by means of column chromatography. 
Then, chemical  analysis gives for the first one (25%); C: 
53.5%; N: 12.5%; S: 28.6%; and for the second one (65%); 
C: 51.7%; N: 13.4%; S: 30.6%. The preceding results indi- 
cate that the production of P'(CH3)~ amounts to only 
25%. The elemental analysis of the second compound is 
in good agreement with the formula of (P'CH3)~, and its 
obtention is confirmed by the determination of a molec- 
ular weight of 418 by means of mass spectroscopy. The 
remaining products (10%), which have not been isolated, 
are probably unsymmetrical disulfides. 
Isolation of PH., has been described in the text. There 

are many tautomers which can be considered as possible 
structures for PHi. However, all those containing a 
thione group are to be rejected for a number of reasons: 
a thione would be reducible at a not too negative poten- 
tial, but no corresponding polarographic wave is ob- 
served, while the anodic wave characteristic of a thiol 
group appears in the polarogram, as already mentioned 
in the text. The band due to C=S vibration (16) cannot 
be found in the IR absorption spectrum. Besides, the 
persistency of a strong absorption band at ca. 500 nm 
(spectrum c, Fig. 3) indicates that the dithiole ring is not 
destroyed (I). When all the preceding arguments are 
taken into consideration, it is possible to make the fol- 
lowing assignments concerning the 'H NMR spectrum 
of PHi, which has been dissolved successively in 
deuterated ACN, DMF, DMSO and pyridine: [2.13 DPm 
S, -CH:~(4.~,]; 2.34 ppm [S, -CH3~4,~]; 7.23 ppm [D, J = 5.2 
Hz, -H,6,.~]; 7.29 ppm [D, J = 5.5 Hz, -H(6,.,,]; 7.48 ppm 
[S, -H,:~,~,]; 8.04 ppm [D, J = 5.2 Hz, -H,~,~ and/or e)]; 8.3 
ppm IS, -H~:~,.~]; where the subscripts z and e indicate the 

type of isomeric z or e form concerned. According to the 
integration trace, the amount of z isomer is roughly twice 
that of e isomer. A broad peak which can be ascribed to 
the proton bound to a nitrogen atom appears at ca. 11.7 
ppm. The result of chemical analysis is: (experimental) C: 
41.8%; N: 11.8%; S: 35.8%; (calculated) C: 41.6%; N: 11.6%; 
S: 38.4%. 

PH.,_ which has been isolated can be dissolved again in 
ACN, the PH._, concentration being 1 mM or less, and 
acidified stoichiometrically with perchloric acid in or- 
der to produce PH3 ~. The crystalline salt PH34, CIO4- can 
be gathered up after evaporation of the solvent under 
vacuum. The protonation (quaternarization) of a nitro- 
gen atom, which causes the hypsochromic shift of the 
main visible absorption band from 475 to 400 nm (from 
spectrum d to spectrum f in Fig. 3), is corroborated by 
the IR absorption spectrum of the crystal dispersed into 
KBr since absorption bands appear in this spectrum at 
ca. 2800 and 1100 cm -1, which are characteristic of 
-N+H.., (17) and C104-, respectively. 

When the solution of PH.,. in deuterated DMF has been 
left in contact with air for one week, PH., is totally trans- 
formed into (P'H)~, which still bears thiol substi tuents 
according to its polarographic behavior. The structure 
proposed in the text  for (P'H)2 is in agreement  with the 
following assignments concerning its 'H NMR spec- 
trum: 1 ppm [S, -CH3(s)]; 8.22 ppm [D, J = 5.0 Hz, -H(3)]; 
8.72 ppm [D, J = 5.0 Hz, -H~4~]; 9.27 ppm [S, -H(,~]. The 
decrease in the chemical  shift of -CH3(s) of (P'H)~ com- 
pared with that of -CH3~8) of P'(CH3),,_ results from the 
formation of the disulfide bond (5). The formation of a 
sulfoxide would provoke an increase in the chemical  
shift of -CH3(8) (5). 
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ABSTRACT 

We report an electrochemical and in situ optical study of doping processes in polyacetylene. Electrochemical vol- 
tage spectroscopy (EVS) is used to characterize the energies of charge injection and removal, as well as the kinetics of 
these processes. In situ optical spectroscopy provides complementary information on the energy of the electronic states 
where charge is stored (after injection). The EVS results provide a measurement  of the energy gap; from these electro- 
chemical data, we infer E~ ~ 1.5 eV, in good agreement with that obtained by other methods. The observation of hystere- 
sis in the electrochemical cycle, and the associated increase in the midgap optical absorption upon doping, are both in- 
dicative of the formation of states in the bandgap. The resolution available with the EVS technique allows precise deter- 
mination of both the energy and number  of these states. The results demonstrate that the injected charge is stored in the 
form of charged solitons (chemical potential Eg/~r, with respect to midgap) and not a random distribution of impurity 
states throughout the gap, nor polaron states near the bandedge. The observation of 300 ppm charge removal precisely 
at midgap provides a detailed verification of Kivelson's model of charge transport via intersoliton electron hopping. Ki- 
netics studies performed both at low and high dopant levels reveal that ionic diffusion rates under  load (current carrying 
conditions) are two orders of magnitude faster than free ionic-diffusion rates. This anomaly is explained in terms of elec- 
tric field enhancement  of the ionic diffusion in (CH).~. 

The discovery of rechargeable storage batteries (1, 2) 
made from synthetic metals such as polyacetylene has 
stimulated detailed experimental studies of these materi- 
als using electrochemical techniques (3-8). The precise 
control of dopant levels available through electrochemis- 
try and the ability to reversibly dope and undope the 
polymer offer unique advantages to fundamental  scien- 
tific studies and to material characterization from a 
technological point of view. 

Owing to the simplicity of its structure, polyacetylene is 
often considered the prototype conducting polymer (9). In 
electrochemical studies, experiments employing (CH)x as 
the active electrode demonstrated the utility of con- 
ducting polymers as an electroactive class of materials 
(1-8). By applying an external voltage to an electrochem- 
ical cell with (CH)x as one electrode, the chemical poten- 
tial of the polymer can be shifted across the bandgap, and 
the polymer can be electrochemically oxidized or reduced 
(4). Microscopically, the (CH)~ fibrils expand to admit the 
dopant ions between polymer chains, and charge transfer 
occurs without damage to the structure (10). Both oxida- 
tion and reduction are reversible even at fairly high con- 
centrations (above 4%). Though the morphology (9) of 
(CHL. may differ in detail from that of other conducting 
polymers, the electrochemical techniques and concepts 
developed in studies of polyacetylene may be universally 
applied to this whole class of new materials. 

In this paper, we report an electrochemical and in situ 
optical study of doping processes in polyacetylene. Elec- 
trochemical voltage spectroscopy (11) (EVS) is used to 
characterize the energies of charge injection and removal, 
as well as the kinetics of these processes. At low doping 
levels, the results demonstrate a unique hysteresis in the 
cell voltage vs. charge relation, which we interpret as 
charge injection via polarons and charge removal via 
solitons. At higher doping levels, the voltage vs. charge 
shows a change in slope, and the hysteresis vanishes for 
rapid charge cycles. Kinetics studies performed at both 
low and high dopant levels reveal that ionic diffusion 
rates under  load (current carrying conditions) are two or- 
ders of magnitude faster than free-diffusion rates. This 
anomaly is explained in terms of electric field enhance- 
ment  of ionic diffusion in (CH).,. 

Experimental Techniques 
Electrochemical voltage spectroscopy (EVS).--Com- 

puter-controlled electrochemical voltage spectroscopy is 
a convenient  method for precise V vs. Q measurements of 
an electrochemical cell at quasiequilibrium (4) (see Fig. 1). 
The external power supply serves to vary the electro- 
chemical potential difference between the (CH)~ electrode 
and the li thium electrode. When carrying out an experi- 
ment, the cell first is allowed to equilibrate at some ini- 

tial voltage Vo, measured with respect to the li thium refer- 
ence electrode. After stepping the voltage by an amount  
dV, the cell current (ie) is monitored by the voltage drop 
across a series resistor (R) and decreases with time as the 
cell approaches equilibrium. When iv falls below a preset 
min imum value, ic rain, (chosen to be small enough to in- 
sure quasiequilibrium conditions), the current is inte- 
grated, yielding the charge dQ that flowed on raising.the 
cell voltage from Vo to (Vo + dV). This procedure is re- 
peated until  a preset maximum voltage is reached. The 
sign of dV is then reversed, and the voltage is stepped 
back to Vo. At each voltage, the differential charge that 
flowed (dQj) at the voltage Vj = Vo + jdV and the deriva- 
tive dQ/dV are stored on disk. The derivative may be in- 
tegrated to obtain a plot of V vs. Q, which in turn may be 
integrated to find the energy density of the cell. The de- 
rivative dQ/dV is the incremental  charge capacitance of 
the battery. 

The information obtained from EVS is very similar to 
that obtained from cyclic voltammetry (12). Both the de- 
rivative dQ/dV vs. V (from EVS) and i vs. V (from cyclic 
voltammetry) measure the number  of charges transferred 
as a function of energy. There are, however, some impor- 
tant differences. The min imum current in the EVS 
method can be made arbitrarily small so that the entire 
system is in diffusion equilibrium. In cyclic voltammetry, 
the electrode reactants and products are considered to be 
in equilibrium if the kinetics of charge transfer are rapid 
compared to mass-transport rates (12). The method, there- 
fore, probes the surface of the polymer where concentra- 
tions are related to cell voltage by the Nernst equation. 
Since the total charge accommodated on the surface [of a 
(CH)x fibril, for example] is orders of magnitude less than 
the charge capacity of the bulk, the resolution of the cyc- 
lic voltammetry method is orders of magnitude less than 
EVS. By sacrificing speed, features corresponding to 
parts per million of charge can routinely be resolved with 
EVS. The integrated EVS data, V vs. Q, is equivalent to a 
constant current charge discharge at ic = ie rain. However, 
s i n c e  ic av~ > >  ic rain, data collection is much faster than the 
corresponding constant current method. In summary, 
(fast) cyclic voltammetry probes surface only, whereas 
(slow) EVS more truly reflects the response of the total 
polymer structure (interior plus surface). Thus, EVS rep- 
resents a probe of the thermodynamics of the charge- 
discharge process. 

Nonequil ibrium effects such as FR loss and 
overpotentials do not contribute to the EVS data for con- 
ducting polymer electrodes. The unimportance of FR loss 
follows directly from the fact that all data are acquired at 
ic min, which can be made arbitrarily small. The absence of 
overpotential effects in the EVS data of conducting poly- 
mers follows from an examination of the electrochemical 
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Fig. 1. Schematic diagram of computer-controlled instrumentation for 
electrochemical voltage spectroscopy (EVS); V = V1 - V._,, i = VJR. 

I 
z ELECTRODES 

A N D  SEPARATORS 

Li + Noph-  

~- DRIED L iClO 4 

Fig. 2. Three-armed apparatus used for construction of rigorously 
clean electrochemical cells. This construction allowed extensive wash- 
ing of the cell electrodes (and separators) while under vacuum. 

reactions. In a conventional electrochemical cell with two 
metal electrodes, the equilibrium cell voltage, Ve, is deter- 
mined by the difference in chemical potentials of the met- 
als. A double layer of ions at each electrode generates a 
potential barrier for each half-cell reaction. In equilib- 
rium, at each electrode 

M ~ M + + e  - 

and no current flows in the cell. When an overpotential 
hV = Va,, - Ve is applied, the barrier heights at each elec- 
trode change and the half-cell reactions proceed at a rate 
determined by the activation energies at the barriers. The 
current through the cell as a function of applied overpo- 
tential is described by the Butler-Volmer equation (12). In 
such a cell (where the chemical potentials of the two 
metal electrodes do not change during charge or dis- 
charge), the current does not decay with time so EVS 
would not be a useful technique. In the case of a polymer 
electrode, however, the material dopes as current flows, 
and the chemical potential of the polymer changes until 
the equilibrium potential reaches the applied potential. 
At this point (where the EVS data are taken), the overpo- 
tential is rigorously zero. The double-layer barrier and all 
other contributions to the activation energy (e.g., ionic 
diffusion) determine the rate at which the polymer 
reaches equilibrium, but since all measurements  are 
made arbitrarily close to equilibrium, they do not affect 
the EVS data. 

Cell construction.---A battery cell is constructed by 
pressing (CH)x film (0.1 mm thick • 1 cm2; 3 mg) onto 
platinum mesh to act as the working electrode. Lithium 
metal (surface scraped clean and then embedded in 
nickel mesh) acts as the counterelectrode and is separated 
from the (CH)x by a kiln-dried piece of glass filter paper. 
A second (identical) l i thium electrode is used as the refer- 
ence electrode. Basic activated alumina serves to scav- 
enge impurities. One molar (1M) LiClO~-tetrahydrofuran 
is added as the electrolyte-solvent system for n-type 
doping, while 1M LiC104-propylene carbonate is used for 
p-type doping. Prior to use, the LiCIO4 is melted under 
dynamic vacuum. Tetrahydrofuran (Fisher Scientific 
Company) is kept in sodium benzophenone, while propyl- 
ene carbonate (Aldrich Chemical Company) is spin-band 
distilled and stored over l i thium chips. The cell is en- 
cased in rectangular ~glass and sealed under vacuum 
across platinum wires, which are spot welded to the 
electrodes. 

Although resolution at the ppm level is routinely availa- 
ble with the EVS technique, cell purity at this level is 
difficult to achieve. For example, impurities can lead to 
side reactions causing charge flow at cell voltages within 
the energy gap of  trans-(CH)~.. In this case, the intrinsic 
charge-transfer processes might be masked. 

When more rigorous cleaning procedures were re- 
quired, a special three-armed apparatus was constructed 

(Fig. 2), which allowed washing of the cell electrodes (and 
separators) while under vacuum. The first arm, made of 
rectangular glass, contains the electrodes and leads. The 
second arm contains dried LiC104, and the third arm con- 
tains purified THF with Li ~ Napth-  in solution. The ap- 
paratus was first evacuated, and then pure THF was vac- 
uum distilled into the electrode arm. After washing, the 
THF was poured back into the arm containing the Li § 
Napth-  solution (which serves to scavenge any impurities 
taken out in the washing step). This process was repeated 
a number  of times. Pure THF was then vacuum distilled 
into the arm containing LiC104, and the electrolyte was 
transferred into the electrode arm. The rectangular glass 
was then twice sealed across the wire leads, and the 
sealed electrochemical cell removed from the apparatus. 

Experimental  Results: Charge Injection into the 
Electronic Band Structure 

Figure 3 shows dQ/dV vs. V as obtained from EVS data. 
The derivative dQ/dV is plotted vs. V for injection of n- 
and p-type dopants. The integrated EVS data (i.e., V vs. Q) 
for charge injection and removal (p-type) is shown in Fig. 
4. These data were obtained with 0.02V steps at ic m~n = 1 
~A/mg. A threshold for n-type charge injection is ob- 
served at 1.75 -+ 0.05V (referenced to lithium). Hysteresis 
is evident; final charge removal occurs at 2.40 -+ 0.05V. 
The threshold for p-type injection occurs at 3.05 -+ 0.05V, 
and again final charge removal is at 2.40 -+ 0.05V. 

The thresholds for charge injection can be understood 
in terms of the band structure of trans-(CH)~. 
Polyacetylene in its undoped state is a semiconductor 
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Fig. 3. dQ/dV vs. V as obtained from EVS data; injection n- (reducing) 

and p-type (oxidizing) dopants are shown. 
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Fig. 4. V vs. y for charge injection and removal using p-type dopant 

with scale expanded to show ppm resolution. 

with the electronic chemical potential at midgap. By ap- 
plying an external potential between the (CH)~ working 
electrode and a Li counterelectrode in an electrochemical 
cell, it is possible to counterbalance the difference in 
chemical potential between (CH)x and Li to allow injec- 
tion into the available states of the polymer (see Fig. 5). If  
there are no localized states in the bandgap, no charge 
will flow until the chemical potential is at an energy 
equal to a bandedge of trans-(CH)x where states are avail- 
able. Thus, the band structure of (CHL. determines the 
threshold for charge injection (n- or p-type). At an applied 
voltage V, ~ holes are injected into the (CH)~ electrode. 
Similarly, at a lower applied voltage V~ ~ electrons are in- 
jected into the (CH)~ electrode. Structural relaxation 
around the injected charges will lead to polaron bound 
states (13, 14) below the bandedge and, thereby, an appar- 
ent energy gap (for charge injection) that is somewhat 
smaller than that determined by optical absorption (9, 15). 
The formation of a structural distortion is not a novel 
phenomenon in the context of charge injection into mole- 
cules. Structural relaxation after oxidation or reduction 
lowers the free energy of the molecule (or macromole- 
cule) and is, therefore, thermodynamically favorable. 
Similarly, in semiconducting polymers, charge injection 
is expected to be followed by a localized structural distor- 
tion, i.e., a polaron. 

~ ( L i )  

/APP 

C.B. I 

~(CH)x------ ~ .... 

I V . B .  I 
Fig. 5. Schematic band diagram relating injection threshold voltages 

to valance and conduction bandedges of trans-(CH),,. 

The difference between injection energies for electron 
or hole creation is defined to be equal to the electronic 
energy gap Eg ~- 2h, assuming a rigid band picture for the 
electronic structure. From optical absorption of the un- 
doped polymer, one finds Eg = 2h - 1.5 eV. Allowing for 
structural relaxation around the injected charge to form 
polarons, one would predict 

V, ~ - Vn ~ = 2Ep = (4~/2/Tr)A ~ 1.34 eV [1] 

Experimentally, one finds (see Fig. 3) 

(V, ~ - Vn ~ = 1.3 eV 

in good agreement with~Eq. [1]. The implied value for the 
energy gap, Eg ~ 1.5 eV, is therefore consistent with that 
obtained from optical-absorption measurements.  

Though injection occurs near the bandedge, charge re- 
moval occurs at lower energy. The observed hysteresis is 
independent  of set voltage limits and step size (though 
smaller step size increases resolution). Figure 6 shows the 
EVS data for n-type charge injection (curve B) and charge 
removal (curve A). The small amount of charge injected 
in the shoulder between 2 and 1.75V is due to residual im- 
purities or defects; curve C shows the injection data from 
a cell with an even cleaner injection edge for comparison. 
This same "impurity shoulder" is evident in the charge 
removal data as well. 

In order to clearly observe the important features of 
Fig. 6, it is essential to have a cell construction which is 
rigorously clean. An example of the kind of data obtained 
under more routine conditions is shown in Fig. 7. In this 
case, the cell was constructed in a controlled atmosphere 
dry box, but the rigorous cleaning procedures were not 
carried out. In the initial cycle, charge flow begins even 
at midgap. On subsequent cycles, the injection curves 
clean up somewhat, with a more clearly defined edge ap- 
pearing below 2V. The successive behavior (first cycle 
through fourteenth cycle) implies that impurities can be 
at least partially cleaned up in the cell through side reac- 
tions. However, after many cycles, both the injection edge 
and the midgap peak become broadened and more diffi- 
cult to detect, suggesting that electrochemical cycling in- 
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Fig. 6. dQ/dv vs. V showing hysteresis in voltages for n-type charge 
removal (curve A) and charge injection (curve B). Curve C shows the in- 
jection data from a cell with an even cleaner edge for comparison. The 
data are plotted as dy/dV, where y is the dopant concentration in the 
(CH)~ electrode. 
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Fig. 7. dQ/dV vs. V for an electrochemical cell showing the effect of 
impurities. The numbers (1, 4, 9, 14) refer to the number of cycles. Suc- 
cessive oxidation and reduction removes impurity effects (through side 
reactions) leading to a relatively clean injection below 2 eV (see text). 

duces significant disorder in t rans - (CH)~ .  By extensive 
experimental  studies on many cells, we have been able to 
sort out the impurity or imperfection related features (i.e., 
extrinsic) such as the weak shoulder near 2.0V in Fig. 6. 

Ignoring the impurity shoulder, we observe a single 
process for charge injection which occurs at about 1.75V. 
Note in particular that there is no detectable injection at 
midgap (2.4V). There are, however, two distinct modes for 
charge removal. Most of the charge is removed in the 
large peak which extends up to about 1.9V. A second 
peak at 2.4V (relative to Li) corresponds quantitatively to 
the removal of the final 300 ppm of charge at midgap. 

The temperature dependence of the hysteresis has also 
been measured. Between T = 21~ and T = 44~ the hys- 
teresis was found to be independent  of temperature for 
I ~" - 2 /~A/mg and below. Since Fickian diffusion rates 
are inversely proportional to temperature, the observed 
independence is a good indication of diffusion equilib- 
r ium below the metal-insulator transition (9). The ionic 
mobility is given by 

I~ = eT /M = eDo/kBT [2] 

where M is the mass of the ion. Therefore 

= M D o / k T  [3] 

A 20~ change in temperature would result in a signifi- 
cant change in r. Since the current is exponentially de- 
pendent  on temperature, so is the concentration 

c = f j ( t )  d t  ~ Coe tl~ 

If the system were diffusion limited, at each voltage step 
one would have t <<  ~. Then e -"~ - 1 + t /~  + . . . .  A 10% 
change in T would, therefore, result in a 10% change in 
concentration at a given voltage. Alternatively, since the 
voltage vs .  charge relation can be approximated by a 
power law (10) 

V - A + B c  ~ [4] 

For ~ ~ 2/3, a 10% change in r (from AT of 20~ ignoring 
any temperature dependence of Do) would result in an 8% 
change in voltage or approximately 16% increase in hyste- 
resis on lowering the temperature by 23 K. This is cer- 
tainly a lower limit, since typically one expects Do to be 

activated and thus strongly temperature dependent. The 
corresponding change in apparent concentration would 
certainly show up in the electrochemical-voltage spectro- 
graph. Since no change of this magnitude is evident, it 
follows that t > T and that the system is in diffusion equi- 
librium. 

Discussion of Charge Injection and Removal Energies 
S u e t  al.  (16) demonstrated that the lowest energy- 

charge configuration for a polyacetylene chain is a collec- 
tion of soliton-antisoliton pairs corresponding to bond-al- 
ternation domain walls in the (CH).~ crystal lattice. Since 
in polyacetylene there is one ~r electron per carbon atom, 
each domain wall has associated with it a nonbonding lo- 
calized state which by symmetry lies at the center of the 
energy gap (Fig. 8). Since this electronic state can hold 
zero, one, or two electrons, the soliton (electronic state 
plus structural distortion) can have charge 0 or -+le, 
where e is the electron charge. 

The soliton-antisoliton pairs that are created by doping 
store an energy equal to the soliton-creation energy 
(16-19), E~ = (2hr)A, where 2A -= Eg is the energy gap. Thus 
upon adding a pair of electrons !reduction) the charge is 
accommodated in two negative solitons and the increase 
in free energy is (2hr)h per negative soliton. Consequently, 
in n-doped (reduced) t rans-(CH)~,  at dilute concentrations, 
the chemical potential is at/~,1 = +(2/~r)h with respect to 
midgap. Similarly, by a completely symmetrical  argu- 
ment, for p-doped (oxidized) trans-(CH)~,  the chemical po- 
tential is at -(2/~r)A with respect to midgap. At higher 
concentrations, additional contributions arise from 
charge-charge interactions and from the change in elec- 
tronic structure when the energy gap closes to form a true 
metal ( -  5 mole percent [m/o]) (10, 29). This analysis of the 
chemical potential in the dilute regime ignores a variety 
of additional contributions (see Appendix A) and it ig- 
nores the contribution from the configurational entropy; 
S = kB In W, where W describes the number  of indepen- 
dent ways in which N~ solitons can be arranged on a chain 
of N carbon atoms (see Appendix B). These additional 
contributions are small in magnitude (and independent  of 
concentration), so that they are not important to the inter- 
pretation of the EVS data. 

Id addition to these "doping induced" soliton pairs, 
polyacetylene contains approximately -300 ppm of per- 
manent  defects which originate during isomerization (9). 
These states can become charged; again, the associated 
defect levels would reside at midgap. Since the defect 
corresponding to the isomerization-induced neutral soli- 
ton is permanent, the charged soliton stores no energy. 
Consequently, the last -300 ppm of charge should come 
out at a cell voltage corresponding to placing the chemi- 
cal potential of the Li counter at the neutral point, i.e., 
2.4V (see next section). 

These experiments establish the open-circuit voltage of 
neutral trans-(CH).~ vs .  Li to be 2.4V. This value is consist- 
ent with the measured difference in work functions. From 
photoemission studies (20) of t rans - (CH)~ ,  the work func- 
tion was found to be 4.5 eV, whereas the handbook value 
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Fig. 8. Schematic diagram of positive and negative bond alternation 
domain walls (solitons) in trans-(CH).,.. Each domain wall has associated 
with it a nonbonding state at the center of the energy gap. The soliton is 
positive if this state is empty, and negative if this state is doubly 
occupied. The diagram is schematic; the actual domain wall in trans- 
(CH)~. is spread over about 12-15 carbon atoms. 
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for l i thium metal is about 2.4 eV. Additional contributions 
are discussed in Appendix  B. 

Charge injection into the polymer is necessarily a non- 
equil ibrium process since injection via the lower energy 
soliton state cannot take place. Injection directly into 
solitons is inhibited by a topological constraint: solitons 
must be made in pairs (16-19), whereas electrons (or holes) 
are injected at the electrode singly and in an uncorrelated 
manner. Moreover, even in the event of a fluctuation 
with simultaneous injection of a pair of electrons (or 
holes), the direct process is exponentially small since it 
requires a significant lattice distortion simultaneous with 
the electronic transition below the bandedge (21). Pre- 
cisely the same features have been shown to dominate the 
photogeneration of solitons in polyacetylene (22). Thus, 
charge is injected into the band states (or associated 
polaron states) of the polymer, and the injection threshold 
should occur near the bandedge. After injection, the lat- 
tice distortions which lead to soliton formation take place 
through the reaction 

P + P - ~ S + S  

where P denotes polaron and S and S denote soliton and 
antisoliton, respectively. The injected charge is stored in 
the midgap soliton states. This has been proved experi- 
mentally through in situ optoelectrochemical spectros- 
copy (10) and through photoinduced absorption (23). 
Charge removal, on the other hand, takes place from the 
doped polymer in which the chemical potential is deter- 
mined by the charged solitons, as defined above. The es- 
sential point is that once formed, the solitons can exist in 
any one of the three charged states (positive, neutral, or 
negative) (16-19), so that charge can be removed from the 
solitons one at a time. Thus, one expects charge injection 
(electrons) to occur at approximately the polaron energy 
(13, 14), Ep = ~/2 (2hr)h (see Eq. [1]), charge removal to oc- 
cur at the chemical potential, ~. = Es = (2/~r)A. For hole in- 
jection and removal, the argument is the same: injection 
at -~/2(2/~)h and removal at ~p = -(2hr)h (note that all en- 
ergies are measured with respect to midgap). This hyste- 
resis is evident in the data of Fig. 4 and 6. Moreover, the 
same hysteresis has been observed in the intensity of the 
midgap transition as a function of applied voltage during 
in situ optical studies (10). Thus, both the EVS data (4) 
and the optoelectrochemical data (10) indicate charge in- 
jection near the bandedge, but charge storage and re- 
moval from the states at midgap. 

Integration of the data from Fig. 6 (curve A) yields the 
voltage as a function of charge (Fig. 9). The dashed lines 
in the figure represent idealized charge injection (via 
polarons at energy Ep) and charge removal (via solitons at 
energy Es = (2/~)h). From Fig. 6 and 9, we infer E, m 0.65 
eV (i.e., the difference between midgap, 2.4V, and charge 
injection, 1.75V). From the observed hysteresis in the 
main charge injection-removal edge, AV on Fig.6, we find 
E, - E~ m 0.1-0.15 eV, implying E, m 0.5-0.55 eV. E, = 
(2hr)A, this value leads to 2A = 1.6-1.8 eV, in close agree- 
ment  with the ld  energy gap as obtained from studies of 
the pressure dependence of the optical absorption (15). 
Note that although most of the charge comes out at about 
0.5-0.6V above (or below) midgap, the final -+300 ppm of 
charge is removed precisely at midgap. This final charge 
removal is due to the neutral soliton defects and is dis- 
cussed in detail in the next section. 

The principal quantitative uncertainty in the above 
analysis is the role of three-dimensional effects resulting 
from interchain coupling (15,24). Although relatively 
small, studies of the pressure dependence (15) of the 
interband absorption edge have shown that the energy 
gap is reduced from the ld  value by about 0.2-0.4 eV. 
Thus, although the soliton level remains rigorously at 
midgap in the presence of relatively weak interchain cou- 
pling, the injection threshold will be sensitive to inter- 
chain interaction. Consequently, the value inferred above 
for Ep 'd may be too small by about 0.1 eV. 

The interpretation of soliton states as the source of hys- 
teresis in polyacetylene electrochemical cells requires an 
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Fig. 9. Q vs. V during charge removal (the integral of carve A in Fig. 6). 
The dashed lines represent idealized charge injection (at the polaron en- 
ergy, Ep) and charge removal (at the solition energy, Es). The final 300 
ppm will come out (from the soliton defects) at midgap, as predicted by 
the Kivelson mechanism. The inset shows a full cycle (n-type) to higher 
doping levels. 

understanding (and dismissal) of other energy loss pro- 
cesses. Dissipation of energy through the cell internal re- 
sistance is eliminated through the use of a reference elec- 
trode (through which no current flows) and arbitrarily 
small minimum currents. Since the cell internal resist- 
ance is typically -100~2, and since measurements  were 
taken at ic m~" - 10-6A, the voltage difference on charging 
and discharging would be hV - 10-4V, truly negligible. 
The fact that data have been obtained with 100% 
coulombic efficiency rules out irreversible chemical reac- 
tions. Finally, factors limiting mass-transport rates were 
considered. Detailed measurements made of ionic diffu- 
sion rates will be discussed in the "Optical Spectroscopy" 
section below. The results demonstrated electric field en- 
hancement  of ionic diffusion greater than 2 orders of 
magnitude. By insuring that the resting t ime at each vol- 
tage step was longer than the measured ion-transport 
rate, diffusion equilibrium was achieved. The hysteresis, 
therefore, can only be due to relaxation of the charged 
polymer state into a lower energy state after charge injec- 
tion. The formation of soliton-antisoliton pairs seems to 
be the only relaxation mode with sufficient energy to ac- 
count f o r  the observed hysteresis in the main charge- 
removal peak (Fig. 6). 

Charge Transport at Dilute Levels: the Kivelson 
Mechanism 

The data of Fig. 6 show that -300 ppm are removed in a 
narrow range about midgap (the charge removal peak in 
Fig. 6 has a full width of about 0.2V, centered at 2.4V). 
This deraonstration of the removal of 300 ppm of charge 
precisely at midgap is important in understanding-trans- 
port phenomena in lightly doped polyacetylene. Kivelson 
(25) proposed that, in lightly doped trans-(CH)~, phonon- 
assisted electron hopping among soliton midgap states 
could be the dominant  mechanism of charge transport. A 
key feature of the Kivelson mechanism (which distin- 
guishes it from other hopping models that do not involve 
solitons) is that transport of charge occurs through ener- 
getically equivalent levels which are at gapcenter. This is 
to be contrasted, for example, with polaron hopping mod- 
els, which involve excitation from localized states near 
the bandedge into band states. A critical test of the trans- 
port in trans-(CH)x, therefore, is to establish the energy of 
the localized states that dominate the transport in the di- 
lute regime (5). The EVS data (Fig. 6) give a direct mea- 
sure of this energy and establish it to be precisely at 
midgap, as predicted by the Kivelson mechanism. 

The EVS data, dQ/dV vs. V, may be thought of as an 
infinitely slow cyclic vol tammogram (see the "Experi- 
mental Technique" section). Although the principal 
charge removal peak is observed in cyclic vol tammetry 
experiments,  the smaller midgap peak has never been re- 
ported. This is due to the small amount of charge re- 
moved at midgap and to the nonequil ibrium effects inher- 
ent in cyclic vol tammetry when ionic diffusion rates 



2852 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  December  1984 

become very slow. Since the EVS method has the resolu- 
tion to detect parts per million of charge, and since the 
measurements can be made arbitrarily close to diffusion 
equilibrium, the data are not diffusion limited. 

The removal of -300 ppm of charge at midgap (see the 
previous section) follows directly from the Kivelson 
mechanism. We note, however, that charge injection di- 
rectly into these neutral solitons is not observed, even 
though they exist in the neutral polymer. The Kivelson 
mechanism requires electron hopping between energetic- 
ally equivalent states. Therefore, in the process of charge 
injection, the neutral soliton midgap states in the bulk of 
the (CH)x electrode are not accessible since there are no 
Li + ions in the bulk material. As a result, electron hopping 
through the "midgap" states is inhibited by the inequiva- 
lence of the site energies. Thus, these levels will become 
charged at midgap only after initial charge injection (at 
the surface) into a band (or polaron) state with the charge 
subsequently migrating to and falling into the lower en- 
ergy midgap state, as described in detail in the previous 
section. During charge removal, since the Li + ions are dis- 
tributed into the polymer, electronic charge can hop be- 
tween the equivalent midgap states, diffusing to the con- 
tact where it can be removed at midgap. The Li § ions will, 
of course, follow and return into the electrolyte. There- 
fore, the injection and transport of electronic charge into 
the neutral soliton defect states is inhibited by the site 
inequivalenee, whereas the transport and subsequent re- 
moval of charge from these states proceeds via the 
Kivelson mechanism. The charge removal peak at 2.4V 
and the hysteresis are evident in Fig. 6. 

Ionic Di f fusion in trans-(CH)x: Field Enhancement  
A detailed study of mass transport in polyacetylene was 

conducted to determine its contribution (if any) to the ob- 
served hysteresis, as well as to study field-enhancement 
phenomena (26). By modifying the EVS experiment  to 
store the current vs. t ime information (as opposed to just 
the integrated charge), the ionic diffusion rate can be 
measured as a function of energy and dopant concentra- 
tion (under current carrying conditions). Alternatively, by 
measuring the recovery of the open-circuit voltage after a 
period of constant current charging (or discharging), the 
free diffusion rate can be measured (6, 27). In both experi- 
ments, the signal (after a short transient) is found to decay 
exponentially with time, indicating that the diffusion 

obeys Fick's law. An example of the EVS current decay is 
shown in the inset to Fig. 10. 

F igu re  10 shows the diffusion time constant (~) as a 
function of voltage for charging (removal of Li ions). The 
time constant is observed to rise from -250s at 1V to 
-1000s at the bandedge. In the bandgap, r rapidly in- 
creases to -3000s. These values are to be compared with 
the measured free diffusion rates of -12h  (40,000s). As- 
suming cylindrical geometry for the (CH)x fibrils, the dif- 
fusion constant can be obtained from the  exponential  de- 
cay time (28) 

Do = roV[(2.405) 2 ~o] [5] 

where ro is the fibril radius -100A. From this expression, 
a time constant of 12h corresponds to a diffusion constant 
Do - 4 • 10 -'s cm2/s. A time constant -400s corresponds 
to Do -- 4 x I0 -~ cm21s. 

The apparent paradox between free-diffusion rates of 
40,000s and rates -~400s under current carrying conditions 
was resolved in a publication by Kaufman et al. (26). The 
presence of a small driving potential (or a load) causes 
current to flow and generates a large electric field within 
the fibrils. This field dramatically increases the ion- 
transport rate when the electronic screening length is on 
the order of a fibril radius. Under current carrying condi- 
tions, this theory accounts for the observed enhancement 
of two orders of magnitude or more. 
Since the minimum current in the EVS method can be 

made arbitrarily small, it is possible to wait at each vol- 
tage step a time much longer than the field-enhanced dif- 
fusion time. By measuring the diffusion rate, one can ad- 
just the minimum current so that the cell is always in 
diffusion equilibrium when measurements are made. 
However, above some doping level (yo), the polymer be- 
comes sufficiently highly conducting that the electronic 
screening length may become much less than a fibril ra- 
dius. At this point, field enhancement  would cease to be 
effective, and the time required to achieve diffusion equi- 
librium would increase toward its unenhanced value. In 
this regime, a film uniformly doped to Yo would exhibit  
"metallic" behavior; there would be no electric field in 
the fibril, and charge transfer would occur at the surface. 
The V vs. Q relation should resemble that of an electro- 
lytic capacitor exhibiting linear behavior with no hystere- 
sis. Since charge transfer above yo occurs primarily at the 
surface, diffusion times (as measured by the decay of the 
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magnitude faster than free diffusion. The inset shows the exponential decay of the cell current (over - 3 orders) after a 0.10V change in applied 
voltage. 
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cell current) would represent surface diffusion rates only 
and should decrease in the highly conducting regime. If 
the polymer were doped nonuniformly (by a "fast" cycle, 
for example), the surface of a fibril could become highly 
conducting be fo re the  bulk. It would, therefore, be possi- 
ble to observe pseudometal]ic behavior at a concentration 
even less than Yo- 

A series of experiments were performed to investigate 
the effects of electronic screening length on diffusion as 
discussed above. Figures 11 and 12 show the time con- 
stant T and the voltage V plotted together as a function of 
dopant concentration y (at Imin = 2~A/mg). The voltage vs. 
charge relation in Fig. 11 shows a change in slope (kink) 
at y - 2%. At the same concentration, the time constant 
decreases. Figure 12 shows a voltage kink at y - 1% and a 
corresponding decrease in r. Though the voltage kink and 
decreases in �9 occur at different doping concentrations in 
the two cycles, both features occur at the same voltage (V 

1.25V). Figure 13 shows an EVS cycle taken at voltages 
V < 1.25V (y > Yo). This short (and comparatively fast) cy- 
cle demonstrates vanishingly small hysteresis and linear 
V vs. Q relation past the 1.25V kink. All these effects are 
consistent with retarding of ionic diffusion rates in the 
highly conducting regime. The absence of hysteresis for 
fast cycles and the decrease in r indicate charge transfer 
at the fibril surface. Slow cycles, even in the highly con- 
ducting material, would involve free diffusion (without 
field enhancement) of the dopants into the polymer, 
driven by concentration gradients. We note that this inter- 
pretation of the change in kinetics is associated with the 
loss of electric-field enhancement  (when the electrical 
conductivity becomes sufficiently high that the screen- 
ing length is less than a typical fibril dimension). This ap- 
pears to occur at a concentration somewhat below that re- 
quired for the microscopic electronic structure transition, 
as evidenced by closure of the energy gap and the onset 
of Pauli susceptibility. The latter takes place at y ~ 5 rn/o 
(29, 30). 

As is evident in Fig. 11 and 12, the concentration above 
which the change in kinetics occurs is sample dependent. 
However, the onset of this behavior occurs at the same 
voltage ( -  1.25V). Since voltage is uniquely related to 
dopant concentration on the fibril surface (where contact 
is made to the polymer), the actual concentration at 
which the change in kinetics is observed appears to be 
unique for a uniformly doped film. There are a number  
of possible explanations for the sample dependence of 
the concentration. Different sample preparations may re- 
sult in different characteristic fibril diameters, and differ- 
ent isomerization conditions may effect the conductivity 
of the doped polymer. Variations in cell construction re- 
sult in different internal resistances, which, in turn, can 
effect doping kinetics. The primary effect, however, is 
probably polymer degradation after multiple cycling. As 
the electrochemical cell is repeatedly cycled to high 
dopant levels (which is necessary to "clean up" impurities 
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so 100% coulombic efficiency is achieved) disorder oc- 
curs in the (CH)j. chains. This results in a decrease in the 
effective mass of crystalline polymer in the cell. Initial cy- 
cles which sometimes exhibit  -60% charge loss may indi- 
cate polymer mass loss on the same order. If the calcu- 
lated mass is twice the actual mass in a particular cell, 
doping levels computed from coulombs transferred 
would be reduced by a factor of two. 

Opt ica l  Spectroscopy of Doped (CH)x :  C h a r g e  Storage 
in M i d g a p  States 

As shown in the "Discussion of Charge Injection" sec- 
tion, charge is injected near the bandedge and stored in 
the midgap electronic states associated with the bond- 
alternation domain walls. In situ optoelectrochemical ex- 
periments have been previously reported (10), which 
demonstrated the charge storage in the midgap states 
through doping induced optical transitions between the 
midgap state and the bandedge (see Fig. 14). In these 
earlier in situ experiments,  the doping was p-type, using 
C104- as the counterion. As doping proceeds, the midgap 
absorption appears, centered near 0.65-0.75 eV with an in- 
tensity which increases monotonically in proportion to 
the dopant concentration. We show here that these spec- 
troscopic features are independent  of dopant species and 
independent  of whether  the doping is p-type (oxidation) 
or n-type (reduction). 

Figure 14 shows optical absorption spectra for poly- 
acetylene doped with different species (Na, Li, Bu4N, 
C100 at y - 1%. The Na samples were chemically doped, 
the others electrochemically (using in situ opto-EVS tech- 
nique). The similarity between these data proves conclu- 
sively that the optical spectra of trans-(CH)x depends only 
on the properties of the doped polymer, and not on the 
particular dopant species. 

The midgap optical absorption provides direct evidence 
for charged soliton states in doped polyacetylene. Inde- 
pendent  evidence has been obtained from the doping in- 
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Fig. ] 3. V vs. Q exhibits no hysteresis in highly conducting regime (see 
text). 
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duced modes (31) which appear in the midinfrared associ- 
ated with the local vibrational modes of the charged 
bond-alternation domain wall. Again, these mid-IR modes 
are independent  of dopant (9) and show characteristic 
shifts after deuteration (32): (CDb compared to (CHb. 
That all of these spectroscopic features are associated 
with charged solitons has been unambiguously proven 
through a series of photoinduced absorption (22, 23, 33) 
and photoinduced ESR measurements  (34). 

The remarkable oscillator strength associated with 
these doping induced spectroscopic features arises di- 
rectly from the spatial extent of the charge-storage state. 
Whereas one might anticipate that the ratio of oscillator 
strengths would be equal to the dopant concentration, a 
detailed theoretical analysis shows that for dilute concen- 
trations the midgap transition is enhanced by a factor of 
about (2l), where (2la) is the full width of the bond- 
alternation domain wall and a is the carbon-carbon spac- 
ing along the (CH)~ chain (10). Since (2/) = 14, this en- 
hancement  of the soliton transition makes it observable 
even at highly dilute dopant concentrations. A complete 
analysis of the strength of the midgap transition is in- 
cluded in the work of Feldblum e t a l .  (10), who find the 
results to be in good quantitative agreement with theory. 

Conclusion 
The combined application of optical and electrochem- 

ical methods to the study of polyacetylene demonstrates 
an important technique for studying conducting poly- 
mers in general. By providing complementary informa- 
tion on the transition energies and joint density of states 
(from optical absorption) and the energies at which these 
(bandgap) states are created, transported, and destroyed 
(through EVS techniques), it is possible to study many 
properties not directly accessible by other methods. In 
the case of polyacety]ene, we have been able to use the 
EVS technique to measure the energy gap. The resulting 
value, Eg ~ 1.5eV, is in good agreement with that obtained 
by other methods. The subsequent observation of hyste- 
resis in the electrochemical cycle, and an increase in the 
midgap optical absorption upon doping, are both indica- 
tive of the creation of bandgap states. The resolution 
available in the EVS technique allowed precise determi- 
nation of both the energy and number  of these states. The 
results demonstrated that the injected charge was stored 
in the form of charged solitons [chemical potential (2hr)A] 
and not some random distribution of impurity states 
throughout  the gap or polaron states near the bandedge. 

The demonstration that 300 ppm of charge is removed 
precisely at midgap provided a detailed verification of 
Kivelson's model of charge transport via intersoliton elec- 
tron hopping. 

Finally, kinetics studies (~ vs. y) were used to quantify 
the anomaly between slow free-diffusion rates and drama- 
tically enhanced diffusion under conditions of current 
flow (i.e., high current and power densities). With precise 
data available, a theory was developed to explain the ob- 
served enhancement  quantitatively. The local maximum 
in r vs. y, the change in slope of V vs. y, and the vanishing 
of the hysteresis - -  all occurring at a common concentra- 
tion - -  provided insight into ionic transport in the highly 
conducting regime. All the above effects follow directly 
from a reduced screening length and vanishing electric 
field in the fibrils. Since this "metallic" behavior (and 
the slow free diffusion) allow greater dopant concentra- 
tion near the surface, the large current levels obtainable 
from highly doped polyacetylene electrochemical cells is 
also understood. 
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APPENDIX A 
Corrections to the Electronic Free Energies 

In the discussion and analysis of the "Charge Trans- 
port" section, w/e assumed that the measured EVS injec- 
tion and removal voltages are determined only by the dif- 
ferences in electrochemical potentials for electrons in Li 
and trans-(CHb. There are, however, many contributions 
to the free energy of charge injection and removal in an 
electrochemical cell. In particular, one must  include the 
free-energy change associated with removing a Li atom 
from the metal electrode and taking it into solution, and 
the free-energy change between dopant ions in solution 
and in the oxidized or reduced polymer. The true chemi- 
cal potential, t~ = OF/ON, must include all such solution 
energies. 

Such contributions to the free energy can be accounted 
for by consideration of each half-cell reaction. The chemi- 
cal potential of Li is the sum of the single electron contri- 
bution (/~u9 and the solution energy for Li ions (Eu+~u). 

~Li = ~Li e ~- EU+~Li [A-l] 

Similarly, the chemical potential of (CH)x is wTitten as a 
sum of electronic and solvation contributions. For p-type 
doping 

/~(CH~3 'd = /%.i h + EA- s~176 [A-2] 

where/~,,h is the electronic energy for hole injection into 
the valence band and EA so~-poJ is the energy change on 
taking the negative dopant ion A -  (in our case, C104-) 
from the electrolyte into the polymer. For p-type undop- 
ing 

~(cmff "u = /~,,r h + EA- ~~176 [A-3] 

where/~p.r ~ is the electronic energy for the removal (elec- 
tron injection) from the soliton levels in the gap. Simi- 
larly, for n-type doping and undoping 

~J~(CH)x n'i = t~n,i e ~- ED +sOl-p~ [A-4] 

/~cH)~ ",u = # . / +  ED+ ~~176 [A-5] 

where ED+ ~~176 is the energy change on taking the positive 
dopant ion D * (in our case, Li +) from the electrolyte into 
the polymer. The electronic contributions are defined as 
follows: /~.f is the electronic energy from electron injec- 
tion into the conduction band, and /~,r ~ is the electronic 
energy for electron removal from the soliton levels in the 
gap. The complexity of equations arises because the elec- 
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t ron ic  c h e m i c a l  potent ia l ,  of  trans-(CH)~ c a n  b e  m o v e d  
across  t he  gap  b y  dop ing .  T he  va r ious  specif ic  e l ec t ron ic  
ene rg i e s  are s u m m a r i z e d  in  Tab le  A-I. 

The  a b o v e  e q u a t i o n s  can  b e  c o m b i n e d  to p r ed i c t  t he  
vo l t age  for  cha rge  i n j e c t i o n  a n d  r e m o v a l  in  t he  d i lu te  re- 
g ime  (where  d o p a n t - d o p a n t  i n t e r ac t i ons  are u n i m p o r -  
tant) .  Fo r  p - type  d o p i n g  o x i d a t i o n  occurs  a t  (see Tab le  
A-I) 

-eVio~ p = (Ew + Eclo4 -~~176 - (~u ~ + EL~+~Li) [A-6] 

The  vo l t age  at  w h i c h  the  p - d o p e d  m a t e r i a l  is r e d u c e d  to 
n e u t r a l  

--eV, rr (gSo + E c l o 4  s~176 - (t/-Li e + ELi+~Li) [A-7] 

F o r  n - type  dop ing ,  r e d u c t i o n  occu r s  at  

--eVr n = (EcB + ELi +s~176 - -  (~s e + Eti+~ai) [A-8] 

a n d  final  o x i d a t i o n  of  n - d o p e d  ma te r i a l  to n e u t r a l  occurs  
at  

-eV(o• = (/~o + ELi +~~176 -- (~Lf + E~q-k,) [A-9] 

Note  t h a t  t h e  re la t ive  s ign of  the  so lva t ion  ene rg i e s  does  
no t  c h a n g e  on  s w i t c h i n g  f rom ox ida t i on  to r e d u c t i o n  be- 
cause  t he  p roces s  ( so lva t ion)  is r eve r s ib l e  a n d  c o n s e r v e s  
energy.  

I n  t he  " E x p e r i m e n t a l  T e c h n i q u e s "  sec t ion ,  we  ident i -  
fied t he  d i f fe rence  b e t w e e n  e l ec t ron  i n j e c t i o n  a n d  hole  
i n j e c t i o n  ene rg i e s  w i t h  t he  e n e r g y  gap.  F r o m  Eq.  [A-6] 
a n d  [A-8], we f ind 

--e(Veed, n -- Ycox) p) = (Ecs - EVB) + (EL1 +s~176 

- -  Eclo4- s~176 = Eg + (EL? ~176 -- Eclo4 -s~176 [A-10] 

Th i s  d i f f e rence  gives  t h e  e n e r g y  gap  on ly  i f  t he  d i f f e rence  
in  so lva t i on  energ ies ,  (Eu+ ~~176 - Ec~o_~~176 is negl ig ib le .  
Th i s  q u a n t i t y  c an  b e  o b t a i n e d  d i rec t ly  f rom e x p e r i m e n t ;  
u s i n g  Eq.  [A-7] a n d  [A-9] 

-e(V~ox)" - V(red)  p) = ELi  §176176 -- Ec lo4  -s~176 [A-11] 

As  s h o w n  in  t he  " E x p e r i m e n t a l  T e c h n i q u e s "  sect ion,  
f inal  c h a r g e  r e m o v a l  for  b o t h  n- a n d  p - type  d o p i n g  oc- 
curs  a t  t he  s ame  vo l t age  (2.4V) to a n  a c c u r a c y  of  b e t t e r  
t h a n  0.05V. Thus ,  (ELi~ sol-pol _ Eclo4_SOl-pol) ~ 0.05V a n d  

--e(Y~red) n -- Vcox) p) ~ ECB -- E w  =- Eg [A-12] 

The  fac t  t h a t  t h e  d i f f e rence  in  so lva t ion  ene rg ies  (Eq. 
[A-11]) is v a n i s h i n g l y  smal l  c an  b e  r a t iona l i zed  on  ve ry  
gene ra l  g rounds .  T he  a b s o l u t e  e n e r g y  d i f f e rence  b e t w e e n  
a n  ion  s c r e e n e d  in  a c o n d u c t i n g  e lec t ro ly te  a n d  a n  ion  
s c r e e n e d  in  a c o n d u c t i n g  p o l y m e r  d e p e n d s  on  t he  dielec-  
t r ic  c o n s t a n t s  of  t he  p o l y m e r  a n d  e lec t ro ly te  a n d  o n  t he  
c h a r g e  d i s t r i b u t i o n s  a r o u n d  t he  ion  in  t he  two env i ron -  
m e n t s .  S ince  t he  d ie lec t r ic  c o n s t a n t s  are  s imi la r  a n d  s ince  
t he  s c r e e n i n g  c h a r g e  d i s t r i b u t i o n  are s imilar ,  t h e  energ ies ,  
ELi+ ~~176 a n d  Echo -~~176 are b o t h  smal l  a n d  of  t he  s a m e  mag-  
n i tude .  T h u s  t he  d i f f e rence  (Eq. [A-11]) is negl ig ib le .  

S i n c e  in  our  e x p e r i m e n t s  n- a n d  p - d o p i n g  e x p e r i m e n t s  
we re  ca r r i ed  ou t  in  d i f f e ren t  so lven t s  ( T H F  a n d  PC, re- 
spec t ive ly)  the  v a l u e  of  t he  Li  so lva t ion  e n e r g y  ELr 
w o u l d  differ  in  t he  two cases.  The  d i f f e rence  e q u a t i o n s  
s h o u l d  t h e r e f o r e  i nc l ude  a t e r m  (EL~_Li  THF --  ELff .LiPC) .  This  
d i f f e rence  is also e x p e c t e d  to b e  smal l  for  t he  s a m e  rea- 
sons  o u t l i n e d  above .  S ince  Eq. [A-12] is emp i r i ca l l y  zero 
(to w i t h i n  t he  r e s o l u t i o n  of  t h e  expe r imen t ) ,  t h e  i n c l u s i o n  
of  th i s  a n d  any  o the r  h i g h e r - o r d e r  t e r m  does  no t  af fec t  t he  

Table A-I. Electronic chemical potentials of polyacetylene 
(taking midgap as the zero of energy) 

final resul t .  We t h e r e f o r e  c o n c l u d e  t h a t  t he  d i f f e rence  in  
i n j e c t i o n  ene rg ies  p r o v i d e s  a d i rec t  m e a s u r e  of  t he  e n e r g y  
gap  ( r educed  b y  t he  p o l a r o n  l a t t i ce - re laxa t ion  energy) .  

APPENDIX B 
Contribution of the Configurational Entropy 

The  conf igu ra t iona l  e n t r o p y  assoc ia ted  w i t h  p l ac ing  N~ 
ion  so l i ton  pa i rs  in  p o l y a c e t y l e n e  m a y  sh i f t  t he  c h e m i c a l  
p o t e n t i a l  of  t he  d o p e d  p o l y m e r  as m e a s u r e d  b y  EVS.  The  
m a g n i t u d e  of  th i s  sh i f t  c an  be  c o m p u t e d  analyt ical ly .  

The  n u m b e r  of  d i s t i n g u i s h a b l e  ways  to p u t  N~ ions  in  a 
p o l y m e r  w i t h  N ava i l ab le  s i tes  is 

~on = ( 
N 

Fo r  a g iven  con f igu ra t ion  of  ions,  t h e r e  is on ly  one  dis- 
t i n g u i s h a b l e  way_to p lace  N~ solitio_ns nea r  Ns ions  on  a 
g i v e n  cha in :  s s s s .... w i t h  e a c h  s or s a s soc ia t ed  w i t h  one  
of  the  ions.  A l t h o u g h  t h e r e  are  two  types  of  cha ins ,  t he  
s y s t e m  is a s s u m e d  to b e  e i t h e r  in  t h e  A p h a s e  or  t he  B 
p h a s e  b e c a u s e  of  t he  b r o k e n  s y m m e t r y .  So, t h e  to ta l  
n u m b e r  of  ways  to p lace  N~ so l i ton- ion  pa i rs  in  t h e  poly- 
m e r  is 

N ) [B-I] 
~ c o n f i g  ~ ( Ns 

Th i s  c o n t r i b u t i o n  to t he  c h e m i c a l  p o t e n t i a l  (us ing  
S t i r l ing ' s  a p p r o x i m a t i o n )  is 

~o~f~ = kT(d In ~/dN~) = kT  In (c/[1 - c]) [B-2] 

w h e r e  c is t h e  c o n c e n t r a t i o n  of  ions  (so]irons) a n d  k T  
1/40 eV at  r o o m  t e m p e r a t u r e .  

I t  is poss ib le  to m o d i f y  Eq. [B-l]  to i n c l u d e  t he  finite 
w i d t h  (1) of  t he  N~ sol i t ions .  The  co r rec t  c o m b i n a t o r i a l  ex- 
p r e s s i o n  in  the  d i sc re t e  l imi t  [ appropr i a t e  to a t rans- (CHb 
cha in]  is 

12~o~f,g = l~ ~ - ( Nil ~ [B-3] 
N~ ] 

w h e r e  (Nil Ns) is t he  n u m b e r  of  ways  to p lace  N~ rods  
(wi th  f ixed or igin)  of  l e n g t h  la on  a cha in  of  l e n g t h  Na; 
a n d  l N~ is the  n u m b e r  of  ways  to fix a n  or ig in  on  N~ rods  
of  l e n g t h  la. Thi s  e x p r e s s i o n  for  12~o,f~g also g ives  a cont r i -  
b u t i o n  to the  c h e m i c a l  p o t e n t i a l  of  the  f o r m  of  Eq.  [B-2]. 

Th i s  p r o b l e m  can  also b e  so lved  in  t h e  c o n t i n u u m  l imi t  
(1 < <  N~ < N) b y  c o n s i d e r i n g  t he  so l i tons  to  be  so]id 
b e a d s  o n  a r ing  (per iodic  b o u n d a r y  condi t ions) .  T h e  to ta l  
n u m b e r  of con f igu ra t ions  for  N~ b e a d s  of  l e n g t h  la on  a 
r ing  of  c i r c u m f e r e n c e  Na (where  a is t he  la t t ice  spac ing)  
is t he  s u m  (or in tegra l )  of  t he  poss ib l e  con f igu ra t i ons  of  
e a c h  of  t he  beads ,  i.e. 

neo,, 0 = f fdx, dXNs 
bead " ' ' bead a ' ' ' a 

Ns I 

w h e r e  x~ is the  pos i t i on  of  t he  i th bead .  The  first  b e a d  can  
b e  p l a c e d  f rom the  or igin,  0, to t he  end  of  t he  s e c o n d  b e a d  
x2 (less one  b e a d  l e n g t h  la). T h e n  

fyo 

f ~3_~ x _ la dx,  (X:~ a2la-)=' 

~,, a 2 2! 

~fs e = Eel I ~ A. 
Z, , /  - (2Dr) ------ ~ -  for sol i ton genera ted  by charge t ransfe r  

(reduction). 
~,l,r ~ = 0 ~ uso for the 300 ppm soliton defects in the as-grown 

polymer. 
~..r h = 0 -= ~s ~ for the 300 ppm soliton defects in the as-grown 

polymer. 
~..h = _(2Dr)A __-- ~+ for solitons generated by charge transfer 

(oxidation). 
~.,? = Ew =- -A. 

In the above, we have for simplicity ignored the polaron contribu- 
tion to the electron and hole injection energies (see "Experimental 
Techniques" section). 

f x4 la 

21a 

etc. The re fo re  

~ c o n f i g  

dx:~ 
2! a 3! 

f a 
INs- I)a 

(N~ - IN) 'v~ 
~r~con fig - -  

Ns! 

dXN s 
[B-4] 

a 
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Note that the results given in Eq. [3] and [4] are equiva- 
lent so long as 1Ns << N, i.e., so long as the concentration 
is low enough to avoid significant overlap. 

Conwell (35) deduced a slightly different expression for 
~eonfig; she found 

lNs( N 1 - ~ - -  1)!2 

~'~c~ N 21 Ns') '2 ( - ~ )  !2 . [B-5] 

which for l = 1 is identical to the expression found by 
Baughman and Moss (36) 

1 ( N / 2 )  2 [B-6] 
~config = ~ NJ2 

However, the factor 2Ns -~ is not correct. Since solitons (or 
antiso]itons) can be centered on any site, even or odd (37), 
the correct counting procedure is given by Eq. [B-l] and 
[B-3]. 

To understand how the logarithmic dependence of 
/*co,f~g (see Eq. [B-2]) affects the electrochemical potential 
as measured by EVS, we must  first note that "neutral" 
(CH)x has a charge carrier concentration (presumably 
charged solitons) on the order of 10 is cm -3 (i.e., ~ 10 -4 per 
carbon atom) due presumably to impurities which arise 
during synthesis. The most probable source of these car- 
riers is from reaction of the (CH)x chain with residual cat- 
alyst. With the inclusion of a concentration Co of such 
"ions," the configuration contribution to the chemical 
potential can be written 

/s = kT In {(c + Co)/[1 - (c + Co)]} 
kT In {c + Co} 

where Co - 10 -~. This lifts the divergence at c = 0 (where 
Stirling's approximation is invalid anyway). The maxi- 
mum value of/*co.~g occurs at c = 0, where the configura- 
tional contribution to the chemical potential is - 0.25V. 
However, since/Zconfig depends only on soliton number  (or 
concentration) and is independent  of sign, the shift of the 
electrochemical potential is in the same direction for n- 
and p-type dopants. The injection thresholds are 

/%0 = Ao + /Zconfig = ho + kT In (c + co) 

and 

/zn ~ = -ho + /Zeo~f~g = - h  o + kT In (c + Co) 

The difference in injection thresholds is still 

/zo _ /~o = 2Ao 

At low dopant concentrations, the logarithmic concentra- 
tion dependence of/Zco~fig may affect the shape of the V vs. 
Q curves (for n- and p-type dopants), but it in no way af- 
fects the injection thresholds as measured by EVS. 

In the above discussion, changes in solvent concentra- 
tion were neglected. For n-type doping, this is certainly 
valid, as the change in solvent concentration is rigorously 
zero. Then 

I* = dF/dN = 0 (dN = O) 

For p doping there is a slight concentration dependence. 
One can estimate this by considering the chemical poten- 
tial of Ni ions in a solvent with N "available sites." The so- 
lution may be found in Landau and Lifschitz's "Statistical 
Physics." The result is 

/~oiv ~ kT[ln (cl) - ct] 

where c~ is the ion concentration in solution. On removing 
N~ of the NI ions from the solution and transferring them 
to the polymer, the chemical potential of the solution 
changes by an amount  

8~Zsolv = kT[1/ci) - 1] 8c~ 

where 8c~ = NJ~7. For a solution containing 10 ~* ions, re- 
moving 1019 ions to dope a 1 mg film to ~ 10% results in a 
change in chemical potential of the solution of 3 • 10 -4 
eV; truly a negligible effect. 
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ABSTRACT 

The primary current distribution and the resistance of a cell containing a slotted electrode were calculated using nu- 
merical methods coupled with the Schwarz-Christoffel transformation. Results are presented and compared to asymp- 
totic solutions. An approximate analytic expression for the cell resistance is presented. 

Primary current and potential distributions apply when 
the surface overpotential can be neglected and the solu- 
tion adjacent to the electrode can be taken to be an equi- 
potential surface. Calculation of a primary current distri- 
bution and resistance represents a first step toward 
analyzing an d optimizing an electrochemical system. The 
cell resistance calculated can be coupled with calcula- 
tions including mass-transfer and kinetic effects to opti- 
mize approximately a given cell configuration. The ob- 
jective of this work is to calculate the primary current 
distribution and resistance of a cell containing a slotted 
electrode. 

Calculation of the primary current and potential distri- 
butions involves solution of Laplace's equation, V2q ~ = 0, 
which is not trivial, even for relatively simple geometries. 
The method of images (1), separation of variables (2), and 
superposition (3, 4) have been used to solve Laplace's 
equation for a number  of systems. A review of analytic so- 
lutions has been presented by Fleck (5). 

The Schwarz-Christoffel transformation (6-8) is a pow- 
erful tool for the solution of Laplace's equation in sys- 
tems with planar boundaries. This method was used by 
Moulton (9) to derive the current distribution for two elec- 
trodes placed arbitrarily on the boundary of a rectangle. 
Hine et al. (10) used this method to describe the primary 
current distribution for two plane electrodes of infinite 
length and finite width confined between two infinite 
insulating planes, perpendicular  to but not touching the 
electrodes. Wagner (11) presented the primary and sec- 
ondary current distribution for a two-dimensional slot in 
a planar electrode. Newman (12) has presented the pri- 
mary current distribution for two plane electrodes oppo- 
site each other in the walls of a flow channel. These solu- 
tions made use of the Schwarz-Christoffel transformation. 

Application of the Schwarz-Christoffel transformation 
is generally limited by the ability to generate solutions to 
the resulting integrals. Analytic solutions allow calcula- 
tion of the primary current and potential distribution 
throughout the cell but are possible for a limited number  
of system geometries. Numerical  evaluation of these inte- 
grals allows calculation of both the primary current distri- 
bution along the electrodes and the cell resistance. 

Cell Geometry 
A cell geometry is presented in Fig. 1 which may be 

well suited for photoelectrochemical applications. This 
cell contains a slotted semiconductor with the semi- 
conductor-electrolyte interface open to illumination. A 
glass cover plate protects the cell. Sunlight passes 
through the cover plate and the electrolyte to illuminate 
the semiconductor surface. Electrical current flows from 
the semiconductor  surface to the counterelectrode 
through the slots of the semiconductor. This configura- 
tion has the advantages that no shadows are cast upon the 
semiconductor,  reaction products can be separated, ab- 
sorption of light by the electrolyte can be minimized, and 

*Electrochemical Society Student Member. 
**Electrochemical Society Active Member. 
1Present address: Department of Chemical Engineering, Uni- 

versity of Virginia, Charlottesville, Virginia 22901. 

an enhanced-surface-area counterelectrode (perhaps a po- 
rous electrode) can be used. 

The slotted electrode cell can be sectioned and, under 
the assumption that the cell width W (in the direction per- 
pendicular to the plane of the paper in Fig. lb) is large as 
compared to the spacing between slots, has the electro- 
chemical characteristics of the two-dimensional cell pre- 
sented in Fig. 2a. Here, the cell has been turned from Fig. 
lb so that illumination now comes from the right in Fig. 
2a; the semiconductor electrode is represented by AB,  the 
counterelectrode by EF, and all other boundaries of the 
cell are considered to be insulators. The lines DE and BC 
and FG represent two planes of symmetry in the cell in 
Fig. lb; one plane bisects the semiconductor electrode, 
and the other bisects the slot. 

The coordinate system of Fig. 2a is transformed 
through an intermediate half-plane t (see Fig. 2b) to a co- 
ordinate system (Fig. 2c) in which Laplace's equation can 
be solved easily. 

Theoretical Development 
The primary current distribution along the electrodes 

and the cell resistance can be calculated through applica- 
tion of the Schwarz-Christoffel transformation. Complex 
coordinate systems are used; thus 

z = Zr + jzi 

The cell was assumed to be symmetric about zr = 0. The 
approach presented below, however, could be easily ex- 
tended to relax this assumption. 

The z coordinate system is related to the t coordinate 
system of Fig. 2b by 

fo  (a2s - t2) 1/'-' 
z = (52 _ t 2 ) , j ~ -  _- t2 -~d  2 _ t2) ~'2 dt [1] 

Gl~ ~ , ~  

(a) 

GEoss t 
Semiconductor-..~ 

Current Co,lector-/~J ~ ~ [~ 
Electrolyte 

Counterelectrode -~ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ ~  

(b) 
Fig. 1. Schematic diagram of the slatted-semiconductor photovoltaic cell 
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Fig. 2. Schematic diagram of the sectioned cell with coordinate sys- 
tems: (a) z = Zr + jzi ,  (b) t = t , .  + j t i ,  end (c) X = Xr + Jxi. 

where  a, b, c, and d are the  va lues  of  t co r respond ing  to z 
va lues  of A, B, C, and D, respect ively.  Th rough  the  as- 
sumpt ion  of  s y m m e t r y  about  Zr = 0, the  va lues  - a ,  - b ,  
- c ,  and - d  cor respond  to z va lues  of  H, G, F, and E, re- 
spectively.  The  e lec t rodes  A B  and E F  cor respond  to a b  
and - c  - d  in the  t plane. Along the  e lec t rode  A B  (ab), this 
t r ans format ion  can be expres sed  by 

dzr ,,b 
dti  = j f ( tr)  [2a] 

where  

(a  2 - t;'-),~ 
f(tr) = [2b] 

(b'2 _ t"-)~l~(c ~ - tr2)~/~(d -~ _ t 2)~J~ 

These  equa t ions  will  be used  to calculate  the  der ivat ive  
of  the  potent ia l  at the  e lect rodes;  z~ is the  d i rec t ion  nor- 
mal  to the  e lec t rode  in the  z plane, and t~ is the  di rect ion 
normal  to the  e lec t rode  in the  t plane. 

The  var iable  X (see Fig. 2c) is related to the  t p lane  by 
the  Schwarz-Chris toffe l  t ransformat ion  

f ,  1 X = (t - a)~'"-(b - t ) ' " - ( - c  - t ) ~ ' 2 ( - d  - t )  ~'2 d t  [3] 

Along  the  e lec t rode  ab ,  Eq. [3] can be expressed  as 

dxi  ,,b = g(tr) [4a] 
dti  

where  

1 
g(tr) = [4b] 

(t~ - a)'"-(b - t~)'~2(c + t~)'"-(d + t,.) ~j2 

Equa t ions  [2] and [4] are also val id at the  e lec t rode  E F  
( - c  -d) .  The var iable  X~ is normal  to the  e lec t rode  in X 
space, and tt is, as above,  normal  to the  e lec t rode  in t 
space. 

The  potent ia l  in the  X sys tem is 

(i) = Xi V [5] 
Xi,max 

where  V is the cell  potent ia l  difference and Xi.max is the 
separa t ion  be tween  e lec t rodes  in X space. The  current  
dens i ty  is re la ted to the  potent ia l  der ivat ive  at the  elec- 
trodes.  In the X system, this der ivat ive  is g iven  by 

0(P - c - d -  0cP a ~ - - - - 1  V [6] 
OX] OXi Xi,max 

The potent ia l  der ivat ive  at the  e lec t rode  a b  in the  t sys- 
t em is 

OcP ~b Od) ~b OXi a~ 
c~ti = ~Xi  ~ - i  IV] 

and the potent ia l  der ivat ive  in the  z sys tem is g iven  by 

O(b ~b c ~  Oti ~b 

OZr : ~ - - i  c,b ~ [8] 

Subs t i tu t ion  of  Eq. [2a], [4a], [6], and [7] into Eq.  [8] and 
similar  manipula t ions  for the  - c  - d  e lec t rode  yield the 
potent ia l  der ivat ive a long the  e lect rodes  a b  and - c  - d  in 
the  original  z coord ina te  sys tem as funct ions  of  tr 

0(I) ab g(tr) V [9a] 
Oz,. f( tr)  Xi . . . .  

and 

0(P _ g(tr) V [9b] 
azr -c-a f(tr) Xi.max 

respect ively .  
The cur ren t  d is t r ibut ion  along the  e lec t rode  A B  is 

therefore  g iven by 

i(zi) g(tr) 
[10] 

f 8  g(tr) iavg f(tr) .4 ~ - -  dz,  

A similar  express ion  resul ts  for the  e lec t rode  EF.  The di- 
mens ion less  pr imary  cell  res is tance is 

W K R  - Xi ...... [11] 

f 8 g(tr) dz ,  
~ ~ -  " 

where  R is the  actual  cell resistance.  The  pr imary  cur- 
rent  d is t r ibut ion  and the cell  res is tance for this sys tem 
are funct ions  of  only three  geomet r ic  ratios and were  ob- 
ta ined numerical ly .  Values of  A ,  B ,  C, and D in the  z p lane  
co r respond ing  to a, b, c, and d in the  t p lane  were  ob- 
ta ined th rough  numer ica l  in tegra t ion of  Eq.  [1] (13). The 
va lue  of XJ ...... was ob ta ined  th rough  numer i ca l  in tegra t ion  
of  Eq. [3] be tween  the  l imits  of  a and - d .  The  values  of tr 
eo r respond ing  to g iven  va lues  of  z were  calculated 
th rough  numer ica l  in tegra t ion  of  Eq. [1] and were  used  to 
calculate  the values  off(t,.) and g(tr). 

Results 
The calculated p r imary  cur ren t  d is t r ibut ion  is pre- 

sen ted  be low and compared  to current  d is t r ibut ions  ob- 
ta ined f rom asympto t ic  solut ions of Laplace ' s  equat ion.  
The  resul t  mos t  useful  for cell  design, however ,  is the  cell 
resistance.  

P r i m a r y  c u r r e n t  d i s t r i b u t i o n . - - T h e  pr imary  current  
d is t r ibut ions  on the  A B  and E F  elec t rodes  are p resen ted  
in Fig. 3.. This d is t r ibut ion  is character ized by three  geo- 
met r ic  ratios, chosen  here  to be  t / G  = 0.25, h / G  = 1, and 
L / h  = 2.5, where  L is the  l eng th  of  the  A B  electrode,  t is 
the  th ickness  of  the  p ro t rud ing  e lec t rode  assembly,  G is 
the  gap be tween  the  front  edge  of  the A B  e lec t rode  and 
the  insula t ing wall, and h is the separat ion be tween  the  
l ines A B  and C D  (and, by symmet ry ,  E F  and G H )  (see Fig. 
2a). The  current  d is t r ibut ions  of  the  two e lec t rodes  have  
been  super imposed .  The  cur ren t  dens i ty  is infinite at A 
and is finite at B, E, and F. 

Asympto t i c  forms of  the current  d is t r ibut ion  can be de- 
r ived and compared  to the  calculated cur ren t  distr ibu- 
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Fig. 3. Current distribution along the AB and EF electrodes for L/h = 
2.5, t/G = 0.25, and h/G = 1. 

t ion.  The  c u r r e n t  d i s t r i b u t i o n  c lose  to t he  edge  of an  elec- 
t r o d e  a d j o i n i n g  a n  i n s u l a t o r  w i t h  a n  ang le  a is 

i(zi) ~r 
iavg - const .  ~ -  (Q - zi) ~/~-1 [12] 

w h e r e  Q is t he  p o i n t  of i n t e r s e c t i o n  of the  e l ec t rode  a n d  
insu la to r .  A t  A, w h e r e  a is 3~r/2, t he  c u r r e n t  d e n s i t y  is pro- 
p o r t i o n a l  to (A - zi) -2~3, a n d  at B, E, a n d  F, t he  c u r r e n t  
dens i t y  is i n d e p e n d e n t  of  (Q - zi). T he  c u r r e n t  d e n s i t y  is 
s een  in  Fig. 3 to  a p p r o a c h  a c o n s t a n t  v a l u e  at  b o t h  edges  
of  the  EF e lec t rode  a n d  at  t he  far  edge  of  the  AB elec- 
t rode .  The  c u r r e n t  d i s t r i b u t i o n  a long  t h e  AB e l ec t rode  is 
p r e s e n t e d  in a log-log f o r m a t  in  Fig. 4. T h e  b e h a v i o r  close 
to t he  edge  is e m p h a s i z e d ,  a n d  t he  e x p e c t e d  -2 /3  p o w e r  
d e p e n d e n c e  on  (A - z~) is obse rved .  

F a r  f rom the  gap,  t h e  a s y m p t o t i c  f o rm for  t he  c u r r e n t  
d i s t r i b u t i o n  is 

3 
1 0 2 {  ~ I I I I 

. .~ 

3 ,o - \ 

iO -Z I I i i 
IO "3 IO -2 IO "1 I IO IO 2 

D is tance  Along Electrode,  (A-zi . )  

Fig. 4. Current distribution along the AB electrode compared to the 
asymptotic solution for L/h = 2.5, t/G = 0.25, and h/G = 1. 

i(zi) 
- - .  = const .  , c o s h  [v (zi - zi ..... )] [13] 

i a v g  

w h e r e  
~T 

12 - -  
2h 

The  ca lcu la ted  c u r r e n t  d i s t r i b u t i o n s  for t he  AB a n d  the  
EF e lec t rodes  p r e s e n t e d  in  Fig. 3 s h o w  a g r e e m e n t  w i t h  
t h i s  f o rm  for  va lues  of  E - z~ g rea t e r  t h a n  a b o u t  7.5. The  
c u r v e s  h a v e  t he  s a m e  s h a p e  in  th i s  r eg ion  b u t  are  dis- 
p l a c e d  ver t ical ly ,  a t t e s t i ng  to t h e  n e e d  for a d i f f e ren t  coef- 
f ic ient  ("const ." )  for t h e  two e lec t rodes .  

Primary  cell resistance.--The p r i m a r y  cell  r e s i s t a n c e  R 
can  be  e x p r e s s e d  in  t e r m s  of  a d i m e n s i o n l e s s  g r o u p  WKR. 
The  d i m e n s i o n l e s s  p r i m a r y  cell  r e s i s t a n c e  for  th i s  s y s t e m  
is a f u n c t i o n  of  t h r e e  g e o m e t r i c  rat ios,  as d e s c r i b e d  in  t he  
p r e v i o u s  sect ion.  In  t h e  l imi t  t h a t  t h e  t h i c k n e s s  t ap- 
p r o a c h e s  zero, t he  r e s i s t a n c e  a p p r o a c h e s  a va lue  t h a t  is 
i n d e p e n d e n t  of  t/G. The  cell  r e s i s t a n c e  can  t h e r e f o r e  be  
e x p r e s s e d  as t he  s u m  of  t h e  r e s i s t ance  for  t /G e q u a l  to 0, 
WKRo,. a n d  a d i m e n s i o n l e s s  co r r ec t i on  t e rm,  h 

WKR = WKRo + A [14] 

The  r e s i s t ance  WKRo is p r e s e n t e d  in  Fig. 5 as a f u n c t i o n  of  
L/h  w i t h  h/G as a p a r a m e t e r .  Fo r  all va lues  of  h/G, t h e  di- 
m e n s i o n l e s s  r e s i s t a n c e  in  Fig. 5 a p p r o a c h e s  a c o n s t a n t  
va lue  as L/h b e c o m e s  g rea t e r  t h a n  2. The  a d d i t i o n a l  elec- 
t r ode  l e n g t h  is re la t ive ly  i nacce s s ib l e  a n d  does  no t  con-  
t r i b u t e  m u c h  to c u r r e n t  f low (see Fig. 3). F o r  all va lues  of  
h/G, t h e  r e s i s t ance  a p p r o a c h e s  inf in i ty  w i t h  I - l / I t  in  
(L/h)] as L/h  a p p r o a c h e s  zero. The  r e s i s t a n c e  inc reases  
w i t h  h at  c o n s t a n t  L a n d  G b e c a u s e  t he  d i s t a n c e  b e t w e e n  
t he  e l ec t rodes  AB a n d  EF inc reases .  

The  r e s i s t ance  c o r r e c t i o n  te rm,  A, c an  be  c o n s i d e r e d  to 
b e  the  add i t i ona l  r e s i s t a n c e  due  to a f inite (nonzero)  elec- 
t r ode  t h i c k n e s s  t. A is p r e s e n t e d  in  Fig. 6 as a f u n c t i o n  of  
t /G w i t h  L/h as a p a r a m e t e r .  This  t e r m  is i n d e p e n d e n t  of  
h/G a n d  is on ly  a v e r y  w e a k  f u n c t i o n  of  L/h. The  correc-  
t i on  t e r m  is g iven  by  t he  u p p e r  l ine  in  Fig. 6 for  L/h  > 1 
a n d  b y  Che lower  l ine in  Fig. 6 for  L/h < 0.01. The  s lope  
for  t /G > 0.5 has  t he  va lue  1, as a n t i c i p a t e d  f r o m  the  as- 
y m p t o t i c  so lu t ions  for  t /G a p p r o a c h i n g  infini ty.  

The  cell  r e s i s t a n c e  for  a g iven  con f igu ra t ion  can  be  ob- 
t a i n e d  f rom Fig. 5 a n d  6 w i t h  Eq.  [14]. The  cell  r e s i s t a n c e  
is sma l l e s t  w h e n  t h e  gap  (G) is large, t h e  h e i g h t  (h) is 
small ,  a n d  the  e l ec t rode  l e n g t h  (L) is large.  A n  approx i -  
m a t e  ana ly t ic  e x p r e s s i o n  for  t he  cell  r e s i s t a n c e  can  be  ob- 
t a i n e d  by  i n t e r p o l a t i o n  of  a s y m p t o t i c  so lu t ions  to Eq. [11]. 
The  co r r ec t i on  t e r m  for  a f ini te  e l ec t rode  t h i c k n e s s  c an  
be  e x p r e s s e d  by  

h = t /G + hi [15] 

The  r e s i s t ance  of t he  cell  w i t h  a zero e l ec t rode  t h i c k n e s s  
is g i v e n  by  

O 2 5  

0 I I I I 
I 0  -3 I 0  - z  I 0  - i  I I 0  

L / h  

Fig. 5. Dimensionless cell resistance witht/G equal to zero as a func- 
tion of L/h with h/G as a parameter. 
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Fig. 6. Dimensionless correction to the cell resistance as a function of 
t /G with L/h as a parameter. 
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Fig. 8. Dimensionless correction to Eq. [15] for the contribution oft/G 
to the cell resistance. 

where 

and 

4 COS 

X = 

16(1+@) (32- +A~ [16] 

b_tanh{_ _[ 4 

(1 

~r h 
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Fig. 7. Dimensionless correction to Eq. [16] for a resistance of a cell 
with t /G = O. 

The term h o in Eq. [16] is presented in Fig. 7 as a function 
of L/h. This term amounts to less than 5% and approaches 
a constant value as L/h  approaches infinity and as L/h 
approaches zero. The term hi in Eq. [15] is presented in 
Fig. 8. 

The effect of the cell resistance in the photoelectro- 
chemical cell proposed ,in the "Cell Geometry" section 
must  be balanced with the need for a large semiconductor 
area open to illumination. Optimal design of this cell re- 
quires a large number of narrow slots (13, 14). The resist- 
ance of such a cell with h/G = i0, L/h = 0.5, and t/G = 20, 
can be expressed in terms of Eq. [14], [15], and [16] as 

WKR = WKRo + 4o + t/G + hi 
[19] 

WKR = 2.9891 + 0.0148 + 20. + 0.2 

The error in neglecting the correction terms, 4o and hi, is 
O.93%. 

Conc lus ions  

The primary resistance of a slotted-electrode cell was 
obtained by numerical  integration coupled with the 
Schwarz-Christoffei transformation. An approximate ana- 
lytic expression is also presented for the cell resistance. 
The slotted-electrode cell design may be well suited for 
photoelectrochemical devices for solar energy conver- 
sion. For optimal solar cell designs, the cell resistance can 
be expressed as the sum of WKRo (given by Eq. [16]) and 
the simple parallel-plate term t/G. 
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LIST OF SYMBOLS 

G distance between edge of AB electrode and the cen- 
ter of the gap (cm) 

h separation between electrode AB and cover plate 
CD (cm) 
cur__rent density (mA/cm 2) 
~y-1 
half-length of AB electrode (cm) 
ceil resistance (~) 
thickness of AB electrode assembly (cm) 
cell potential (V) 
cell width in direction with no variations (cm) 

i 
J 
L 
R 
t 
V 
W 
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Greek characters 

a angle at corner of electrode and insulating wall 
(radians) 

h cell resistance correction associated with a finite 
value of t /G 

Ao error term in Eq. [16] 
A, error term in Eq. [15] 
K conductivity (mho/cm) 
q~ electrical potential (V) 

Subscripts 

avg average 
i imaginary 
o value with t/G = 0 
r real 
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Photodissolution Kinetics of n-GaAs in 1M KOH and Calculation of 
the Stabilization by Se 2- 

Effect of the Ru 3§ Surface Treatment 

P. AIIongue and H. Cachet 
Groupe de Recherche no. 4 du CNRS, "Physique des Liquides et Electrochimie," associd r I'Universit~ Pierre et Marie 

Curie, 75230 Paris Cedex 05, France 

ABSTRACT 

We present a method for obtaining the photodissolution kinetics of n-GaAs in 1M KOH. It is based upon the simulta- 
neous measurement  of photocurrent and impedance. It is shown that an accurate determination of the band bending is 
absolutely necessary to obtain the actual kinetic constants. In fact, the semiconductor bandedges shift toward positive 
potentials when i l lumination is increased. In addition, a potential-dependent surface charge variation is responsible for 
another voltage drop in  the Helmholtz layer which modifies the band bending. This is shown by the surface-state capac- 
itance Css (V), which presents sharp variations in applied potential. According to the current expression, Jcor~ = kr p2, a 
value of kr = 5.7 x 10 -27 mA cm 4 is found to be independent  of the photon flux, the surface orientation, and the ruthe- 
n ium treatment. This value is used to estimate the stabilization coefficient s of the n-GaAs/1M (Se 2-/Se22-) + 1M KOH 
junction. A value of s close to 1{10% is found. We then discuss the ru thenium treatment in selenide solution, where ener- 
getic conditions for charge transfer are changed through surface-charge modifications. Our calculations show an im- 
provement  of both cell performances and stability, as expected, when the electrode is Ru treated. Moreover, the effect of 
Ru ~+ cations upon the impedance data suggests that the flatband potential shift is l inked to chemical surface modifica- 
tions, prior to corrosion. This is confirmed by the fact that kco~ is not photon-flux dependent.  Finally, we examine 
whether the bonds (GaAs) with one electron might be responsible for the bandedge shift and the Css (V) behavior of the 
n-GaAs/1M KOH junction.  The case of the Se 2- stabilized junct ion is also discussed. 

For many years, the photocorrosion process at illumi- 
nated n-type III-V semiconductor electrodes in contact 
with aqueous electrolytes has been extensively studied in 
view of possible photoelectrochemical (PEC) application 
for solar energy conversion. A n u m b e r  of articles deal 
with the corrosion mechanism itself (1, 2) or with the 
competition between the photocorrosion of the semicon- 
ductor and the oxidation of a redox couple in solution 
(3-5). Until now, very little, to our knowledge, has been 
done to estimate the photocorrosion kinetic constants (6, 
7). 

At first, it was stated that for all n-type semiconductor 
electrodes, except Ge, holes are entirely responsible for 
the photocorrosion reaction (1). For example, for GaAs, 
six charges per molecule of GaAs are consumed. It is 
shown also for III-V semiconductors that the stabilization 
coefficient, defined as the fraction of the photocurrent 
associated with the oxidation of the redox couple over the 
total photocurrent, is light-intensity dependent  (3, 4). This 
very important  result led workers to study the different 
mechanisms for explaining the competition between the 
semiconductor and redox couple photo-oxidations (1-5). 
These studies show that the corrosion process can be de- 

scribed by a two-step reaction, each one involving a hole. 
The first one is rate l imiting while the second one is con- 
sidered as very fast. Cardon et al. (3) developed a very 
general kinetic scheme assuming the first corrosion step 
can be reversible or not, the transfer upon the redox cou- 
ple direct or indirect, and the intermediates mobile or mo- 
tionless. These assumptions lead, for III-V semiconduc- 
tors, to s = j~y/j) or s = j~y2/j) relationships, where y is the 
redox concentration and j the total photocurrent. Unfor- 
tunately, it seems difficult to connect unambiguously ex- 
perimental facts to these resulting equations. If a mecha- 
nism may be deduced from such equations, the number  
of parameters does not reasonably allow one to reach a ki- 
netic constant for the corrosion. This quite extensive 
analysis was applied to n-GaP and n-InP electrodes (3). 
However, Frese and co-workers (4) and, more recently, 
Gerischer (5) presented very similar models for the 
corrosion-stabilization mechanism of n-GaAs and n-GaP, 
respectively. 

In  fact, all these models can be reduced to a mechanism 
that focuses on the breaking of a single surface bond, 
involving two electrons, as the one of Frese et al., al- 
though it is known that six holes are consumed per mole- 
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cule of GaAs. It means that when a surface bond is com- 
pletely broken, the corresponding atoms are more weakly 
linked to the semiconductor lattice and are attacked 
much faster than those having their three complete 
bonds. Thus, the breaking of the two last bonds is im- 
plicit and the first breaking is the rate-limiting mecha- 
nism of photocorrosion. 

We retain the model of Frese et al., which is appropriate 
to determine a kinetic constant, because parameters are 
very few and have a physical meaning. As it is necessary 
for the discussion, we briefly summarize the main points 
of this model and the signification of the involved rate 
constants. The photodissolution process is described by 
the two following reactions, where A and B denote the 
two compounds of the semiconductor 

(A : B) + h 4 ,.k_~ (A. B) [1] 
1 

(A " B) + h § ~'2 products [2] 

In Eq. [1], a photogenerated hole h § is captured by a 
two-electron surface bond (A : B) leading to the creation 
of a radical like (A. B). This step is supposed reversible. 
This means that the complete bond may be regenerated 
by the capture of an electron. The second reaction is as- 
sumed irreversible and fast because the bonding energy 
EsR associated with the radical is very weak compared to 
the lattice bond energy. The first step is an activated hole 
capture between the top of the valence band Ev and the 
energy EsB of a two-electron surface bond (Fig. 1). The 
rate constant k~ is given by 

k ~ = < q ~ , v d > ( A : B )  e x p (  (Ev ~_/sB) ) [3] 

where q is the electronic charge (q > 0), (r, the capture 
cross section for holes, v the thermal velocity for holes 
(1.7 x 107 cm/s), d a reaction length, and (A : B) the vol- 
ume density of the two-electron surface bonds, which are 
likely to undergo corrosion. The reverse reaction is a hole 
exchange between the valence band and the energy level 
EsB. IfEsB is close to Ev, one gets for the rate constant k_, 

k_l  = <qo-,vd> Nv [4] 

where Nv is the valence-band-state density. 
The second step is responsible for the corrosion current 

corresponding to the release of Ga ~§ and As s+ ions to solu- 
tion (2b). This is only indicative of the oxidation state of 
gallium and arsenic atoms, whereas the actual chemical 
entities may involve solvated ions or oxide or hydroxide 
compounds. This last step is a simple hole capture by the 
surface state connected with the radical (A �9 B). The cor- 
responding energy of a one-electron bond is expected to 
be much weaker than a two-electron bond, which is why 
EsR is higher in the bandgap than EsB (Fig. 1). The capture 
rate constant k2 is 

k,z = <q(r.2vd> [5] 

Under stationary conditions, d(A �9 B)/dt = 0, and assum- 
ing first-order kinetics for all reactive species, one gets 
the corrosion current Jcor~ which arises from the transfer 
of Ga 3+ and As s+ to solution 

Jcorr = ,  k,PsZ/(k-/k.,- + Ps) [6] 

where p~ is the hole concentration at the surface. 
As mentioned above, kinetic constant investigations for 

photocorrosion has been neglected, while the stabiliza- 
tion coefficient was extensively studied, mainly by 
rotating ring-disk electrode. The aim of this paper is to es- 
timate the photocorrosion rate constants for n-GaAs in 
1M KOH. We intend to compare our results for photodis- 
solution to the previous kinetics determination we made 
for n-GaAs in 1M KOH + tM (Se2-/Se22-) (8). Through sta- 
bilization coefficient calculations, we show that our ex- 
perimental method, based upon simultaneous impedance 

/ 

/ 

-E c 

l _EsR 

k2 E5 B 
~l~k-~E v 

Fig. I. Energy diagram of an n-type III-V semiconductor/electrolyte 
PEC junction. The energy levels EsR and EsB associated with (A. B) and 
(A : B} bonds are reported. The currents associated with Eq. [1] and [2] 
are represented. 

and current measurements in order to determine the ac- 
tual band bending at any bias, is self-consistent. Further- 
more, the effect of the ruthenium treatment is studied 
and discussed in terms of surface modifications. At last 
we try to see if the model of Frese et al. can be used to in- 
terpret impedance results for corrosion and for the stabil- 
ized junction. 

Experimental and Analysis Procedure 
Undoped n-type (2.3 x 10 '6 cm-3; <100> orientation) 

and (1.4 x 10 ~6 cm-S; <111> orientation) GaAs single crys- 
tals are purchased from MCP Limited and RTC, respec- 
tively. After polishing, semiconductor electrodes are 
etched with a (H2SO4; H202; H~O) (2V; 1V; 1V) mixture. All 
measurements are made in a classical three-electrode 
electrochemical cell. All potentials refer to the saturated 
calomel reference (SCE). Ruthenium treatment is per- 
formed as follows: the freshly etched electrode is dipped 
in IM KOH + IM (Se2-/Se22-) electrolyte for a few min- 
utes, rinsed with water, then dipped in an acidic 0.1M HCI 
+ 10-2M RuCl3 solution for a few minutes, and water 
rinsed before being employed for photoelectrochemical 
experiments (9). A 100W quartz-halogen lamp is used for 
illumination and light intensity is changed with neutral 
filters and measured with a MACAM TR 3010 radiome- 
ter. The given light intensities, in the following, are mea- 
sured before the light flux comes into the PEC cell. Sta- 
tionary I-V curves and impedance measurements are 
performed under potentiostatic conditions. Impedance 
analysis has been presented elsewhwere (8), but as it is 
important for kinetics studies, we emphasize the band 
bending determination in the next paragraph. 

We will not describe once again the way impedances 
are analyzed; one should refer to our previous paper for 
the significance of Cs~ (V) and C~c (8); C~c is the space- 
charge capacitance, and C~s (V) is associated with surface- 
charge variations. The main point is that these capaci- 
tances are Cn dependent,  CH being the Helmholtz 
capacitance. According to the equivalent electrical 
scheme we use (8), two cases may exist: (i) when Css << 
Cs c, as it is the case in the linear part of the Mott-Schottky 
plot, the series combination of C~ and C~ is measured. (ii) 
When Cs~ is much greater than C~c, the series combination 
of C~ and CH is measured. This happens under  illumina- 
tion for potentials close to - 1.25 V/SCE (see Fig. 5). 

Consequently, the slope fl of the experimental Mott- 
Schottky plot (C~r = flVb) and the C~s (V) curve are C~ de- 
pendent.  The aim is to determine the real band bending 
Vb of the semiconductor at each potential V, for a given 
CH. 
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From capacitance measurements,  the band bending Vb 
can be derived from the following differential equation 
(10) 

d V b / d V  = Cu/(Csr + Cs~ + C , )  [7] 

If we integrate this equation between two potentials 
close to each other, one gets the variation 8Vb i of the band 
bending when V varies from V ~ to V ~ + 8VL 8Vb ~ and ~V ~ are 
no longer infinitesimal, but  are now finite variations, 
and the following relation holds 

~Vb ~ = 8V ~ " CHI(CH + C~o ~ + C j )  [8] 

where C~r ~ and C~ i are the space-charge and the surface- 
state capacitances, respectively, at the potential VL If we 
repeat this procedure for each potential V ~, one may reach 
the total variation of Vb for any variation of the applied 
potential. Thus Vu ~ is known with respect to an additive 
constant Vb ~ 

Yb i : Vb O Jr ~ 8Vb j [9] 
j=l  

where Vb t is the effective band bending of the semicon- 
ductor at the potential V *, and Vb ~ the additive constant 
corresponding to the band bending at V = V ~ 

We then compare, for a given Vb ~ at each potential, the 
experimental  C~c -2 value and the quantity fiVb (V), fl being 
the experimental slope of the Mott-Schottky plot, and Vb 
defined by Eq. [7]. Doing this, we may: (i) check that Eq. 
[7] is valid, and (ii) determine Vb ~ and then Vb (V) at each 
potential. 

Using this procedure for I-V curve analysis of n-GaAs/- 
selenide junctions,  we found that CH should take a value 
close to 2.8 t,F/cm 2 to obtain the best fit between experi- 
mental  and calculated I-V characteristics (11). In the case 
of the n-GaAs/1M KOH interface, CH represents the series 
combinat ion of the Helmholtz and the oxide overlayer ca- 
pacitances. In fact, in IM KOH electrolyte, the surface is 
covered by a very thin AszOa layer that does not exist 
when K, Se is put in solution (Fig. 2) (12). Moreover, direct 
observation of nuclear reactions allowed us to estimate 
the O~ quantity at the surface (13). It appears that the 
As2Oa thickness is about 10-20J~ (12). Taking e ~ 10 and a 
thickness of 10A, one gets Co~ = 8.8/*F/cm 2, Cox being the 
surface-oxide capacitance. 

For calculations, we take CR = 2 izF/cm 2. This value is 
obtained by the same procedure as for n-GaAs/selenide 
junctions.  Note that this value is close to the series combi- 
nation of Cox = 8.8/*F/cm 2 and C~ = 2.8/,F/em 2. 

Results 
Figure 3 presents C~c-2-V Mott-Schottky plots for an 

n-GaAs(100)/1 M KOH PEC junct ion in the dark and under  
various illuminations. As for n-GaAs/selenide junct ions 
(8, 11), these curves are straight lines, almost parallel, and 
shifted toward positive potentials as light intensity is in- 

C_2/cm4, ~ x~014 I I 
sc ~ "7 ) (a).//./(c)(~ 

.~(b) (el 
--2 

--1 

J 
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/ "  I I I 
- I .5 -I.0 V/5.C.E. 

Fig. 3. Mott-Schottky plots for the n-GaAs/1M KOH junction in the 
dark and under the various illuminations. Curve (a): in dark. Curve (b): in 
dark, after a photocorrosion current flowing through the junction (I = 1 
mA/cm 2 for l h). Curves (c), (d), and (e); under 1, 5, 20 mW/cm 2 
illumination. 

creased. In the dark, the flatband potential V~B = -1.85 
V/SCE, is independent  of the surface orientation. This re- 
sult is in good agreement with other publications (14). For 
potentials anodic of -1.2 V/SCE, the semiconductor 
bands are pinned and a pseudo-fiatband potential VFB* 
under  i l lumination can be defined as the intercept of the 
Csc-2-V straight line with the V axis. Moreover, this shift is 
reversible. The bandedges return to their initial positions 
when light is cut off, although the slope of the Mott- 
Schottky plot is slightly changed (Fig. 3, curve b). This 
latter point may be the consequence of a change of the ge- 
ometrical surface due to surface corrosion. Under  illumi- 
nation and for potentials cathodic of -1.2 V/SCE, all the 
curves slightly deviate from their linear part; the same be- 
havior is observed in the dark around -1.5 V/SCE. The 
variations of the flatband potential shift AVFB = VFB* -- 
V~B as a function of the saturation current density is re- 
ported in Fig. 4. It can be seen that AVrB presents a step 
for very low il lumination and then a regular variation 
with light intensity. Furthermore, hVFB tends to an as- 
ymptotic value of - 0.380V, similar to the one found for 
n-GaAs/selenide junct ions (11 ). 

Surface charge variations are evidenced by the surface- 
state capacitance Cs, (V) curves under  i l lumination (Fig. 
5). These data are characterized by a sharp peak located 
around -1.25 V/SCE, and its height increases with in- 
creasing light intensity. In the dark, the peak disappears. 
This behavior recalls the one of n-GaAs/selenide junc- 
tions. Note that measurements are not performed for po- 
tentials cathodic of -1.35 V/SCE to avoid any chemical 
modification of the surface: our surface observations 
show that the As2Oa oxide layer, which results from the 

Fig. 2. RHEED observations of an n-GaAs surface in contact with 1M KOH. a(left) Freshly etched electrode; points represent the single-crystal 
diffraction pattern, b(right): The same electrode after photodissolution for 2h (V = - 1.0 V/SCE; I = 1 mMcm2); the rings have been identified to those 
of As2Oa (12). 
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Fig. 4. Flatband potential shift &Vr~ = V~B -- V~B* as a function of the 
saturation current density. (O):  n(100) orientation. (/~): n(111) 
orientation. 

photocorrosion process, can be reduced by hydrogen evo- 
lution (12). 

In Fig. 4, the flatband potential shift AV~B for an n ( l l l )  
GaAs electrode is also reported. This value is almost on 
the curve corresponding to the (100) electrode, showing 
no particular effect of the orientation. In addition, this pa- 
rameter is not crucial for the photocorrosion process of 
n-GaAs. This fact is confirmed by Fig. 6, which presents 
very similar I-V curves for n(100) (curve a) and n ( l l l )  
(curve d) GaAs in the same pure photocorrosion condi- 
tions in 1M KOH under  20 mW/cm 2. 

The ruthenium treatment is only sensitive over the 
flatband potential in the dark, which is now VFB = --1.78 
V/SCE. This value is slightly more positive than that of 
the untreated electrode, indicating that the surface has 
gained positive charges as Ru 3+. However, the I-V curves 
and the VFB* are independent  of this treatment (Fig. 6, 
curves e and f). On the contrary, this treatment is quite 
important for n(100) GaAs/setenide junctions,  as is re- 
vealed by our preliminary results. The I-V characteristics, 
Mett-Schottky plots and surface-state capacitance are 
modified. As repo~vt~ by Parkinson et at. (9>, it is 
confirmed that the fill factor is greater for treated elec- 
trodes (Fig. 7), while the open-circuit voltage remains lit- 
tle changed~ This is to be connected to capacitance mea- 
surements. In the dark, the. flatband potential is VFB = 
--1.91" V/SCE, while under  22 mW/cm 2 the pseudo- 
flatband potential becomes VFB* = --1.85 V/SCE (Fig. 8). 
As a result, the bandedge shift AVFB = 0.06V is much 
smaller for treated electrodes. For untreated ones the 
values are, respectively: V~B = -2.06 V/SCE, VFB* = --1.79 
V/SCE, and hVrB = 0.270V. Correlatively, the peak in C~ 
(V) keeps almost the same location but  it is lowered (Fig. 
9). 

C•ss(n F/c m2) "1 [ - 7  

.1000 ; (a) 
(b) 

- I . 5  - I . 0  V/S.C.E . 
Fig. S. Surface-state capacitance Css (Y) curve of an n-GaAs/1M KOH 

junction under various illuminations. Curve (a): 20  mW/cm 2. Curve (b): 5 
mW/cm 2. Curve (c): 1 mW/cm 2. 
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Fig. 6. Experimental and calculated I-V characteristics of n-GaAs/1M 
KOH junctions under various levels of illumination and for various elec- 
trodes. (O) ,  (A) ,  ( �9  (~ ) :  Experimental data. ( ): Calculated 
curves according to the complete model. (O):  n(100) orientation, 
untreated electrode. Parameters are: a = 26 ,000  cm-1; VFB = -- 1.85 
WSCE;L = 0.2/~m;T = 1.45 10-1~ = 2.3 • 1016 cm-S;Crl = o~ 2 = 
10 -15 cm 2 (with these values k_~ = 2.72 • 10 -12 mA cm). Curves (a), 
(b) and (c): keorr = 5.7 x 10 -27 mAcm 4 (kl = 5 • 10 -s mA cm). (~) :  
n(11 !)  orientation, untreated electrode. Parameters are those of curve 
(a), except: L = 0.25/~m; T = 2.42 X 10-1~ ND = 1.4 X t 0  TM cm -s. 
Curve (d): kco= = 8.0 • I 0  -2~ mA cm 4 (kl = 7 • 10 -3 mA cm). ( A )  and 
( �9 untreated and ruthenium treated n(100) electrodes, respectively. 
Curve (e): Parameters are those of curves {a), (b), and (c), except kcorr = 
0 .8  x 10 -27 mA cm 4 (kl = 7 • 10 -6  mA cm). VFB* = -- 1.50 V/SCE. 
Curve (f): Parameters are those of curve (e), except: VFB = - -1 .78  
V/SCE, keorr = 1.14 • 10 -=7 mA cm 4 (kl = 1 x 10 -3 mA cm), VFB* = 
-- 1 3 0  V/SCE. 
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Fig. 7. I -V characteristics of an n-GaAs/(Se2-/Se22-) junction under 
30 mW/cm 2 illumination. (O):  Experimental data. ( ): Calculated 

curves according to the model of Ref. (8). Curve (a): ruthenium-treated 
electrode. Parameters are: c~ = 26 ,000  cm-~; L = 0.2/~m; T = 1.45 X 
10-1~ ND = 2.3 • 1016 cm-3; VFB = - 1 . 9 1  V/SCE; VrB* = - -1 .85  
V/SCE; ~ = 1 eV; Vredox = -- 0 .96 V/SCE; Voc = 0.62V; FF = 0.64. Curve 
(b): untreated electrode. Parameters are those of curve (a), except: VFB 
= - -2 .06  V/SCE; VFB* = - 1 . 7 9  V/SCE; Voc = 0.62V; FF = 0.52. 



V o l .  1 3 1 , N o .  12 P H O T O D I S S O L U T I O N  K I N E T I C S  O F  n - G a A s  2865 

I . I I ' 
_2 cm ~ 14 �9 / 

- 

( d )  

_ I .  / /  

,-1" / / , - ~ ' /  I I 
-2.0 - I . 5  -O.S Vt S.C.E. 

Fig. 8. Mott-Schottky plots for an n-GaAs/(Se 2-/Se22-) junction in the 
dark and under ~ 30 mW/cm ~ illumination. Curves (a) and (d): untreated 
electrode in dark and under illumination, respectively; AVFB = 0.270V. 
Curves (b) and (c): ruthenium-treated electrode in the dark and under 
illumination, respectively; ~VFB = 0.06V. 

Discussion 

In a previous paper, we dealt with the detailed analysis 
of the photoresponse of a n-type semiconductor/electro- 
lyte liquid junction, assuming a direct hole transfer upon 
the reduced species in solution (8). The transfer rate con- 
stant being defined, we calculated the surface hole con- 
centrat ion through the balance between photogenerated 
holes and holes which disappear because of recombin- 
ation (at the surface and in the space-charge region) or be- 
cause they cross the interface towards solution. In this pa- 
per, the same method is used. We only have to change the 
hole-transfer current upon the redox couple J ,  (8) by the 
expression of the photocorrosion current Jr (Eq. [6]) in 
Eq. [24] of Ref. (8). The other currents only concern the 

' i ' I i '  " 

CSS( n F/cm2 ) 

( b )  

_ 1 0 0 0  r 
(a)  

_ I 0 0  

- 1 . 7  -1 .S V /S .C .E .  

i I I I I 
Fig. 9. Surface-state capacitance Css (V) curves for n-GaAs/- 

(Se~-/Se22-) liquid junctions under ~ 30 mW/cm 2 illumination. Curve 
(a): ruthenium-treated electrode. Curve (b): untreated electrode. 

semiconductor itself and thus have not to be modified, 
except the surface recombination current. For this latter, 
the complete analogy of the surface-state capacitance C~ 
(V) results between the two systems, stabilized or not, al- 
lows one to think that this current is negligible. In the fol- 
lowing, we do not take it into account. 

K~net ic  rate  cons tan t  d e t e r m i n a t i o n . - - A s  before, all pa- 
rameters (VFB, Vb (V), . . .) are predetermined by imped- 
ance and current measurements (8), except for the ratio 
klk2/k_:, which is the only adjustable parameter in the 
present analysis of the photocorrosion I-V curves. In  fact, 
according to the model of Frese et al., it appears that 
k_:/k:  = Nv~/~2 >> ps at any bias for the i l lumination 
range we use. Thus J .... reduces to Eq. [t0] 

klk2 
d .... - ps 2 = kco~rps 2 [10] 

k_] 

In the following, we will attempt to discuss the differ- 
ent constants that are included in kco, within the frame- 
work of our impedance results. For the moment,  we as- 
sume that Eq. [10] is valid and that keorr is an adjustable 
parameter. 

Under various illuminations, we try to fit, in the best 
way, the calculated I-V curve to the experimental  one. Of 
course, in this analysis, we take into account the band- 
edge shift (Fig. 3) to estimate the band bending Vb of the 
semiconductor. Taking the pseudo-flatband potential 
VFB* as the reference for Vb, e.g., Vb = V - VFB*, where V is 
the applied potential, we obtain a good match (Fig. 10, 
curve a). But under  illumination, for potentials close to 
-1.25 V/SCE, the Mott-Schottky plots present a slight de- 
viation with respect to their linear part (Fig. 3). This ex- 
perimental fact can be interpreted by a slower variation of 
Vb with respect to the applied potential V, owing to sur- 
face-charge variations (Eq. [7]). Calculating Vb with all the 
capacitances of the equivalent circuit, we find a better 
fit between calculated and experimental I-V curves, and 
we are also able to represent the Mott-Schottky plots. The 
calculated photocurrent rise is less abrupt  and more rep- 
resentative of the observed behmAor (Fig. 10, curve b). 
Moreover, the value of k~or~ is found to be much smaller 
than in the case of the simple analysis (Fig. 10). In the fol- 
lowing, the complete analysis is performed to determine 
the actual Vb at each potential. 

mAlcm ~ 

_1. 

J 

I . . . . . . . . . . . . . . . . .  i . . . . . . .  

[a) 

I I 
-I.0 - 0.5 V/5.C.E. 

Fig. 10. Comparison between calculated and experimental I-Y curves 
for the n-GaAs/1M KOH junction under 20 mW/cm 2 illumination. (O): 
Experimental data. ( ): Calculated curves according to the model of 
Frese et al. Different methods to calculate V b are considered. Parame- 
ters are: a = 26,000 cm-~; L = 0.2 #m; "r = 1.45 x 10-1~ VFB = 
-- 1.85 V/SCE; Curve (a): VFB* = -- 1 .SO V/SCE. Vb is taken as: V b = V - 
VFB*. kcorr = 1.1 X 10 -25 mA cm 4. Curve (b): The complete calculation 
of the band bending Vb is performed at every potential, keorr = 5.7 • 
10 -27 mA cm 4. 
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For  an  n - type  GaAs  (100) e lec t rode ,  we o b t a i n  k~o~ = 5.7 
x 10 -27 m A  c m  4 u n d e r  a n y  i l l u m i n a t i o n  (Fig. 6, c u r v e s  a, 
b, c). In  fact,  d u r i n g  t h e  p h o t o d i s s o l u t i o n  process ,  cha rges  
are t r a n s f e r r e d  to a t o m s  of  t h e  s e m i c o n d u c t o r  itself. T h u s  
the  re la t ive  b a n d e d g e  pos i t i on  w i th  r e s p e c t  to a r e f e r ence  
in so lu t ion  does  no t  p lay  any  role  u p o n  t he  k ine t i c  con-  
s t an t  k c o r r .  Th is  p o i n t  is wel l  ver i f ied  expe r imen t a l l y .  The  
co r ro s ion  mode l ,  i ts  q u a d r a t i c  d e p e n d e n c e  in  p~ a n d  our  
b a n d  b e n d i n g  ana lys i s  are  t h e n  f o u n d  to b e  jus t i f ied.  
C o n s e q u e n t l y ,  all s t ud i e s  b a s e d  on ly  u p o n  c a p a c i t a n c e  
da ta  in  t he  d a r k  are  e r roneous .  The  la t te r  w o u l d  lead  to a 
l igh t  i n t e n s i t y - d e p e n d e n t  c o n s t a n t  k ..... a n d  t he  r e su l t i ng  
va lues  w o u l d  be  m u c h  sma l l e r  t h a n  ours.  The  stabi l iza-  
t i on  coeff ic ient  ca l cu la t ion  f u r t h e r  r e in fo rces  ou r  analy-  
sis. 

Phys ica l ly ,  t he  p o t e n t i a l  for  the  onse t  of t he  pho to co r ro -  
s ion ho le  c u r r e n t  is t he  p o t e n t i a l  w h e r e  a cr i t ica l  sur face  
ho le  c o n c e n t r a t i o n  is r eached .  F o r  a g i v e n  p~, t he  r e q u i r e d  
Vb b e c o m e s  smal l e r  w h e n  t he  i l l u m i n a t i o n  increases .  
Thus ,  t he  f l a tband  p o t e n t i a l  sh i f t  w i t h  i l l u m i n a t i o n  
m a k e s  k .... i n d e p e n d e n t  of  t he  p h o t o n  flux. Th i s  r e m a r k  
l e a d s  us  to  be l i eve  t h a t  t he  b a n d e d g e  sh i f t  cou ld  be  
l i n k e d  to s teps  t h a t  p r e c e d e  co r ros ion  itself.  The  las t  s tep  
(corrosion)  does  no t  occu r  i f  t he  ho le  t r a n s f e r  u p o n  t h e  
r e d o x  spec ies  is m o r e  favorable ,  as i t  is t h e  case  w i t h  Se 2- 
e lec t ro ly tes  (8, 11). T h e s e  i n t e r m e d i a t e  s teps  "should be  
t h e n  u n d e r s t o o d  as c h e m i c a l  modi f i ca t ions  at  t he  sur face  
t h r o u g h  i n t e r a c t i o n s  b e t w e e n  ho les  t r a p p e d  in  sur face  
b o n d s  a n d  t he  so lven t  (11, 15). 

I n  t he  case  of  n ( l l l )  GaAs  e lec t rodes ,  we f o u n d  k .... = 
8.0 • 10 -~7 m A  c m t  This  v a l u e  is ve ry  s imi la r  to  t h e  one  
o b t a i n e d  for  n(100) e l ec t rodes  a n d  con f i rms  t h a t  pho to -  
co r ros ion  p rocess  in  1M K O H  is no t  s t rong ly  a f fec ted  by  
sur face  or ien ta t ion .  However ,  t he  sur face  m o r p h o l o g y  of  
a p h o t o c o r r o d e d  n - G a A s  (100) e l ec t rode  in  1M K O H  
shows  a s l ight  v a r i a t i o n  in  co r ros ion  ra te  for  d i f fe ren t  
c ry s t a l l og raph ic  p l anes  (Fig. 11) (12, 16). A d i f f e rence  of  a 
few p e r c e n t  is suf f ic ien t  to p r o d u c e  s u c h  a pa t t e rn .  

Last ,  t h e  case  of  n(100) r u t h e n i u m - t r e a t e d  e l ec t rodes  
ha s  b e e n  e x a m i n e d .  We find kco~r = 1.14 • 10 -~7 m A  c m  4 
a n d  0.8 • 10 -~  m A  c m  4 for  t he  t r ea t ed  a n d  u n t r e a t e d  elec- 
t rodes  (Fig. 6, c u r v e s  e a n d  f). T h e s e  la t te r  va lues  are  close 
to each  o the r  a n d  con f i rm  the  p r ev ious  d e t e r m i n a t i o n  of  
kcor,. In fact,  if  we  c o n s i d e r  t h e  e x t r e m e  sens i t iv i ty  of  kco, 
w i t h  r e spec t  to t he  b a n d  b e n d i n g  es t imate ,  i t  c an  be  con- 
c l u d e d  t h a t  t he  r u t h e n i u m  t r e a t m e n t  a n d  t he  sur face  ori- 
e n t a t i o n  have  no  s ign i f i can t  in f luence  u p o n  t h e  pho to -  
d i s so lu t i on  ra te  of GaAs  in  1M KOH. I t  is w o r t h  n o t i n g  
t h a t  a 10 m V  c h a n g e  in  t he  d e t e r m i n a t i o n  of  Vb m a y  mod-  
ify k~o, b y  a fac tor  2. In  t he  dark,  f l a tband  p o t e n t i a l  mea-  
s u r e m e n t s  give VrB = -1 .85  a n d  -1 .78  V/SCE for  t h e  
u n t r e a t e d  a n d  t he  t r e a t ed  e lec t rodes ,  respec t ive ly .  These  

v a l u e s  i nd i ca t e  t h e  sur face  h a s  ga ined  R u  3+ c h e m i s o r b e d  
ions.  I t  is wel l  knox~n t h a t  Ru  3+ ions  are  i n c o r p o r a t e d  at  
t h e  sur face  defec t s  (9). In  sp i te  of  th i s  r emark ,  o u r  analy-  
sis s h o w s  t h a t  the  r u t h e n i u m  t r e a t m e n t  h a s  no  i n f l uence  
u p o n  t h e  p h o t o c o r r o s i o n  k ine t i c s  of  GaAs.  Th i s  m a y  b e  
e x p l a i n e d  by  t h e  o b s e r v e d  genera l i zed  a t t ack  (4, 12) (Fig. 
11). T h e  in i t ia l  R u  3+ de fec t  p a s s i v a t i o n  is n o t  suff ic ient  to 
p r e v e n t  co r ros ion  b e c a u s e  t h e  defec ts  are  n o t  p re fe r r ed  
s i tes  for  corros ion.  U n d e r  h e a v y  p h o t o c o r r o s i o n  condi-  
t ions ,  R u  3+ ions  are  r e m o v e d  f rom the  e lec t rode .  Th i s  is 
c o n f i r m e d  by  t h e  iden t i ca l  va lues  of  VrB* f o u n d  for  
t r e a t e d  a n d  u n t r e a t e d  e l ec t rodes  (Fig. 6, c u r v e s  e a n d  f). 

Stabi l izat ion coefficient (case o f  untreated 
electrodes).--Evaluation of t h e  ra tes  of  t h e  r eac t i ons  of 
p h o t o d i s s o l u t i o n  of  the  s e m i c o n d u c t o r  a n d  pho to -ox ida -  
t i on  of  t h e  r e d o x  coup le  a l lows  one  to e s t i m a t e  t h e  stabil i-  
za t ion  coeff ic ient  of  t h e  n-GaAs/(Se2-/Se2 ~-) j unc t i on .  
T h e  p a r a m e t e r s  we  u s e  in  o u r  ca lcu la t ions  are t h o s e  of 
t h e  s tab i l ized  j u n c t i o n  (par t i cu la r ly  b a n d e d g e  posi t ions) .  
As  above ,  the  c u r r e n t  Jp of  Ref. (8) is r e p l a c e d  b y  J ,  + J~o, 
in  Eq.  [24] of  Ref. (8). T h e  s tab i l i za t ion  coeff ic ient  is t h e n  
s =JJ(J,  + J~o,). W h e n  a r r iv ing  at  the  surface,  a ho le  m a y  
b e  t r a n s f e r r e d  to so lu t i on  e i t he r  d i rec t ly  to  b e  r e d u c e d  
spec ies  (Se 2-) or t h r o u g h  Ga  3+ a n d  As 3~ ions  as t h e s e  leave  
the  sur face  u p o n  p h o t o co r ro s i o n .  In  t h e  s e c o n d  case,  t h e  
ho le  c u r r e n t  c rosses  t h e  sur face  s ta te  EsR. 

Ca lcu la t ions  h a v e  b e e n  p e r f o r m e d  w i t h  t h e  da ta  of  t he  
n-GaAs/(Se2-/Se22-) cell  g i v e n  in  Ref. (11) for  v a r i o us  lev- 
els of  i l l umina t ion .  Wi th  k . . . .  : 5.7 • 10 -27 m A  c m  4, ou r  
l a rges t  a n d  leas t  f a v o r a b l e  va lue ,  we  o b t a i n  a s tab i l i za t ion  
coeff ic ient  s > 95% (see T a b l e  I). Th i s  m e a n s  t h a t  less  
t h a n  5% of  t h e  to ta l  p h o t o c u r r e n t  is a co r ros ion  cu r ren t .  
Moreover ,  i t  is f o u n d  t h a t  s i nc r ea se s  w h e n  t h e  l igh t  in- 
t en s i t y  is l owered  or w h e n  t h e  c u r r e n t  is r e d u c e d  t h r o u g h  
t h e  app l i ed  p o t e n t i a l  a t  a g i v e n  i l l u m i n a t i o n  (Fig. 12), as 
e x p e c t e d  f rom t h e o r y  (3): s va r i e s  b e t w e e n  95% a n d  b e t t e r  
t h a n  97% w h e n  t h e  i l l u m i n a t i o n  dec rea se s  f rom 50 to 1.5 
m W / c m  2 (see Tab le  I). I t  is  w o r t h  n o t i n g  t h a t  w i t h  a va lue  
of  k .... d e d u c e d  f rom c u r v e s  e a n d  f (Fig. 6), s w o u l d  be  
a b o u t  99%. In  sp i te  of  t h e  e x t r e m e  sens i t iv i ty  of  k~orr to  Vb, 
o u r  f i nd ing  o f s  is c lose to b e i n g  100% a n d  is a ve ry  posi- 
t ive  r e su l t  t h a t  s u p p o r t s  o u r  cu r ren t -  a n d  i m p e d a n c e -  
b a s e d  analysis .  Th i s  r e s u l t  also agrees  w i t h  t h e  one  of  
C h a n g  et al., w h o  p e r f o r m e d  w e i g h t  loss e x p e r i m e n t s  for  
t h e  s a m e  cell (17): t h e y  f o u n d  s = 99.9% for t he  
n-GaAs/(Se2-/Se~ 2-) j u n c t i o n  u n d e r  70 m W / c m  2 so lar  illu- 
m ina t i on .  T h e  s l igh t  d i f f e rence  b e t w e e n  t h e  two resu l t s  
m a y  c o m e  f rom t h e  sur face  p r e p a r a t i o n  (4) or  f rom the  
Se  2- c o n c e n t r a t i o n  (17). W h e n  t h e  r e g e n e r a t i o n  of  the  
(A .  B) b o n d  by  t h e  r e d o x  spec ies  (3) is cons ide red ,  t he  
ca l cu la t ed  s tab i l i za t ion  is on ly  i m p r o v e d  of  a few t e n t h s  
of a pe rcen t .  F i g u r e  13 s h o w s  t h e  e l ec t rode  sur face  af ter  

Table I. Stabilization coefficients calculated for various electrodes in 
contact with (Se2-/Se22-) under various illuminations 

(V,e~ox = - 0 .96 V/SCE) 

Light s a s a 
intensity ~ I b k c o r r  = 5.7 x 10 .27 kco. = 10 .27 
(mW/cm ~) (mA/cm 2) mA cm 4 mA cm 4 

50 c 4.310 0.940 0.987 
22 c 1.845 0.950 0.989 

9 ~ 0.723 0.968 0.993 
1.5 c 0.113 0.970 0.994 
30 d 2.458 0.975 0.994 

Fig. 11. SEM picture of the surface of the electrode of I'ig. 2b. The 
entire surface is attacked, but the rate of attack depends slightly on the 
crystallographic planes. 

" s = Jr](Jp + Jco,,) is calculated under short-circuit conditions (i.e., 
V = Vredox). Calculations have been performed for two values ofkco, 
corresponding to the extreme values obtained for all the studied 
samples. 

b I is the current density crossing the junction n-GaAs/(Se 2-/Se22 -) 
at V = Vredox. 

c Untreated electrode [parameters are those of Fig. 2a, curves a, b, 
c, and d of Ref. (11)]. 

d Ruthenium-treated electrode (parameters are those of Fig. 7, 
curve a). 

e Light intensity is measured before the flux enters into the PEC 
cell. 
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Fig. 12. Evolution of the calculated stabilization coefficients with po- 
tential for an n-GaAs/(Se2-/Se22-) junction under 22 mW/cm 2 (kco~r = 
5.7 • 10 -2~ mA cm 4 is used in calculation). 

passage of photocurrent  through the n-GaAs/(Se2-/Se~ 2-) 
interface. The surface remains smooth, showing again 
that Se ~- is very efficient in stabilizing the GaAs in 1M 
KOH. 

Ruthenium-treated electrodes in contact with K~Se.-- 
Heller et al. showed that there is an improvement  of the 
solar energy conversion efficiency of the n-GaAs/- 
(Se~-/Se2 ~-) PEC cell when the electrode is ruthenium 
treated. Figure 7 confirms this fact: the fill factor is in- 
creased and the I-V characteristics are improved. A re- 
duction of the surface recombination velocity by Ru treat- 
ment  has been stated by Nelson et al. (18). The fact that 
C,, (V) capacitances are lowered for treated electrodes 
might  be further evidence for this phenomenon (Fig. 9). 
However, we do not think that this result explains all of 
the improvement  in cell performance. 

Our calculations, for untreated electrodes as well as for 
treated ones, show that the recombination current at the 
very surface is much smaller than the photocurrent  as 
soon as the potential is positive of -1.55 V/SCE. Thus it 
appears that surface recombinations have little influence 
upon the I-V characteristics of our PEC cell. According to 
our model for the photocurrent,  the Ru treatment mainly 
increases the exchange current Jp~ [see Ref. (8)] through 
modifications of the energetic conditions of the charge 
transfer: V~B* = -1.85 V/SCE is found instead of -1.78 
V/SCE for untreated electrodes (Fig. 8). One may then 
think that ruthenium has two effects; a newly discovered 
catalytic effect upon the hole transfer kinetics, and the re- 
ported reduction of the surface recombination (9, 18). 
Thus, the stabilization is better than for untreated elec- 
trodes under a given illumination (see Table I). This 

agrees with exper iment  (19). The fact that the Ru-treat- 
ment  is persistent (9) requires, however, explanation. We 
also observe that the I-V curves and the Mott-Schottky 
plots (V~B*) remain stable for hours, i.e., that the surface 
concentration in Ru 3§ ions is constant with time. This 
means that Ru g§ ions are either able to form quickly new 
bonds with the lattice atoms to saturate their own reac- 
tive bonds (formed by corrosion) or that they chemisorb 
again as soon as they are removed from the surface. In 
both cases, the main idea is the ability of Ru g+ ions to 
move laterally on the surface if the corrosion rate is 
sufficiently reduced (this is not possible under rapid 
photocorrosion). 

Our impedance results show that the Ru chemisorption 
reduces both fast and slow surface-state densities at the 
n-GaAs/(Se2-/Se2 ~-) interface: the surface-state capaci- 
tances C~ (V) (fast states) are lower, and AVrB (slow states) 
is smaller than for untreated electrodes (Fig. 9 and 8, re- 
spectively) (11). These states may originate in chemical in- 
teractions between the solvent and the semiconductor,  as 
is the case between GaAs and a metal in Schottky barri- 
ers (20-22). The pH dependence of V~B for GaAs (23) sug- 
gests that OH groups in solution are involved in such in- 
teractions. Surface atoms which are likely to form these 
chemical bonds with OH groups are "isolated" from solu- 
tion by the Ru treatment, because the reactive bonds are 
saturated. Thus, the state densities are smaller. Finally, 
the correlation between the experimental  improvement  of 
the stabilization by Ru and the smaller observed AV~B 
seems to confirm that AVF, is l inked to the formation of  
corrosion intermediates (see the above discussion about 
corrosion). 

The model.--According to the model of Frese et al., we 
obtained kr = 5.7 • 10 -2~ mA cm 4, thus kl = 5 • 10 -2 mA 
cm with ~ = ~ = 10 -'5 cm ~ (Nv = 8.7 • 10 's cm -3 for 
GaAs). Knowing that corrosion is generalized, i.e., (A : B) 

10 ~5 cm -~, one gets EsB = Ev + 0.075 eV (Eq. [3]). This 
value is very close to the top of the valence band at the 
surface and is in good agreement with the fact that intrin- 
sic surface states which are moved out of the bandgap 
then move back when surface agents are present (20, 21). 

We have tried to see if this model is able to interpret our 
impedance results [AVFB and C~ (V)]. As reaction [1] is a 
surface hole trapping, it is interesting to examine if the 
one-electron (A . B) surface bond formation could give 
rise to the C,~ (V) peak and AVFB. 

Kinetic analysis only gives information about kcorr. But, 
k .... may be written (Eq. [4], [5], and [10]) 

kl ~r2 
k .... - - -  [8] 

Nv or, 

Moreover, at stationary conditions, one gets 

k l  
(A.  B) = - ~ v  p~ [9] 

Fig. 13. SEM picture of the surface of an n(100) electrode after 
passing a 3 mA/cm 2 photocurrent for 2h through the n-GaAs/1M 
(Se2-/Se22-) junction. Vredox = --0.95 V/SCE. 

Without changing kco~r and thus p,, it is possible to mod- 
ify the calculated (A.  B) concentration, by multiplying kl 
by a given factor and dividing o-.2]~1 by the same one. Fig- 
ure 14 presents our results when kl = 5 x 10 -~ mA cm and 
~176 : 1 0 - - 2  (O"1 = 10-15 cm~; ~2 = 10 -'* era2). The C,s (V) 
curve in 1M KOH is well accounted for by this calcula- 
tion, and EsB is slightly changed. However, as for 
n-GaAs/(Se2-/Se22-) cells, the entire surface charge varia- 
tion is insufficient to promote the whole AVFB. 

If  nOW we take these values of o-1, (r~, and kl to estimate 
the stabilization coefficient on the n-GaAs/(Se2-/Se22-) 
junction, we find that: (i) s is unchanged because k .... re- 
mains equal to 5.7 • 10 -27 mA cm4; (ii) under  these condi- 
tions, calculations show that (A �9 B) is divided by about 
10. Correspondingly, the surface-charge relaxation, owing 
to the variations of the concentration (A �9 B) gives too 
small a contribution to represent the experimental  Css (V) 
curve. This mechanism does not explain either AV~B or 
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Fig. 14. Calculated surface-state capacitance Css (V) curve, assuming 
that the variations of the surface bonds (A �9 B) are responsible for the 
surface charge relaxation at the n-GaAs/IM KOH interface. ( - � 9  Ex- 
perimental data. ( - - - - ) :  Calculated curve. Parameters are those of Fig. 
5, curve a, except: k~ = 5 x 10 -~ mA cm; o- I = 10 -'~ cm2; ~2 = 10 - '7 
cm 2 (keorr remains unchanged at 5.7 x 10 -~7 mA cm4). 

the Css (V) peak in the case of the selenide-stabilized junc- 
tion. The origin of these states remains to be found. 

Conclusion 
The present study shows the following points. 
1. Self-consistent results are obtained for the photocor- 

rosion and the stabilization of the studied junction. Our 
band bending calculations appear to be sufficiently pre- 
cise and realistic to yield the real rate constants, as well as 
the stabilization coefficient. 

2. The results on the Ru-treated electrodes confirm 
that reaction intermediates are responsible for the 
flatband potential shift under illumination. These inter- 
mediates are not formed when Ru 3§ is chemisorbed, i.e., 
after the reactive semiconductor bonds are saturated with 
Ru 3+. 

3. The model for the photocorrosion allows one to ob- 
tain the right stabilization coefficient of the n-GaAs/sele- 
nide junction,, but does not account for all our impedance 
data. Under rapid photodissolution conditions, the unsat- 
urated surface bond concentration (A . B) may account 
for the Css (V) peak. This latter hypothesis does not apply 
for the stabilized junction, where we invoke other states 
(11). 

Our study describes, tor the first time, that Ru 3~ ions 
have a double role: they improve the photoresponse and 
stability of the n-GaAs/(Se 2-/Se.22-) PEC cell, not only by 
reducing the surface-state density, but also by improving 
the transfer kinetics upon the redox species in solution. 
The latter point appears to be the most important. 
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Annealed Single-Crystal Cadmium Selenide Electrodes in Liquid 
Junction Solar Cells 

S. Wessel, A. Mackintosh, and K. Colbow 
Department of Physics, Simon Fraser University, Burnaby, British Columbia, Canada V5A 1S6 

ABSTRACT 

I-V characteristics, voltage dependence of the quantum efficiency, and spectral response were compared for an- 
nealed single-crystal CdSe photoanodes. Annealing in cadmium atmosphere improved the overall solar response con- 
siderably, while annealing under  vacuum revealed a poor response for photon energies larger than 1.8 eV and a high 
quan tum efficiency for near-bandgap energies. This behavior may be attributed to electron-hole pair generation from 
interbandgap states and a large density of minority carrier recombination centers near the crystal surface, owing to a 
high nonstoichiometry and a selenium layer at the surface. Annealing in selenium atmosphere resulted in very poor so- 
lar response caused by compensation. Simultaneous il lumination of the electrodes with a He-Ne laser strongly enhanced 
the quantum efficiency for vacuum-annealed crystals for near-bandgap photons. We attribute this to electron trapping 
in the selenium-rich surface, with a resulting increase in depletion-layer width in the cadmium selenide. 

The quantum efficiency spectral response of an ideal 
semiconductor photoelectrochemical solar cell will ex- 
hibit a flat behavior for photon energies moderately 
larger than the bandgap, independent  of i l lumination in- 
tensity. Recombination centers within the bulk of the 
semiconductor and at its surface can substantially reduce 
the photocurrent and thus the quantum efficiency in a 
nonlinear  fashion, while photogenerated carrier losses in 
the depletion region are usually small (1, 2). For highly 
doped semiconductors (> 10 '8 cm-3), the space-charge re- 
gion becomes smaller than the absorption length for near- 
bandgap photon energies, which will thus lead to genera- 
tion of minority carriers (holes for n-CdSe) in the bulk of 
the semiconductor with increased probability of loss by 
recombination (3). Carriers photogenerated by high en- 
ergy photons will originate near the surface, where large 
losses of photocurrent may arise from a high density of 
surface recombination centers. In  a two-beam experiment 
using a He-Ne laser (6328~) as a dc pumping source, it 
was found that the spectral dependence of the quantum 
efficiency obtained with a weak, modulated measuring 
beam was very sensitive to the presence of carrier recom- 
bination centers (1). 

We analyzed and compared various annealed crystals 
by single- and double-beam photocurrent spectroscopy. 
In  this paper, we present data for vacuum-, cadmium-, 
and selenium-annealed single-crystal CdSe and give a 
possible explanation for the large change in spectral re- 
sponse of the vacuum-annealed crystals. 

Experimental 
Precut and polished C-plate single-crystal CdSe (batch 

A) and a raw ingot of CdSe (batch B) were obtained from 
Cleveland Crystals, Cleveland, Ohio. The conductivities 
of batch A and B were 0.3 12 cm and 2 Ml~ cm, respec- 
tively. The ingot was cut and polished into C-plates. The 
crystals were annealed for 6h at 600~ under  vacuum, or 
in sealed evacuated quartz tubes in the presence of sele- 
n ium or cadmium. The crystals were then mounted on a 
copper disk with an In-Ga (25:75) eutectic and silver dag 
for ohmic contact and sealed in a plexiglass disk with 
Devcon epoxy. 

Prior to testing, all samples were etched for 1 min in a 
50% H20~ and glacial acetic acid solution in the ratio of 
1:3. Light entered the test cell through a quartz bottom 
window, allowing - 3 mm of electrolyte between the 
window and the CdSe electrode, which was faced by a 
large Pt  counterelectrode ring (25 cm2). In  all cases, the 
sulfide/polysulfide redox electrolyte was unstirred and 
consisted of 1M NaOH, 2M Na.2S, 1M S, and 0.01M Se. N2 
gas continuously flushed the system since the electrolyte 
is sensi t iveto  oxygen. The spectral response of the elec- 
trodes was obtained under  short-circuit conditions using 
a 100W tungsten halogen lamp, the output of which was 
chopped at 20 Hz, followed by a Jarrel-Ash grating 

monoehromator with 8 nm resolution, and a Princeton 
Applied Research lock-in amplifier (Model HR-8). The il- 
luminat ion intensities were corrected for electrolyte ab- 
sorption and at the crystal surface they were measured to 
be 20-40 ~W cm -~. In the two-beam experiment, a He-Ne 
laser (Spectra Physics Model 133) served as an intense 
pumping source, with a weak, modulated probing beam 
obtained from the monochromator. The irradiance on 
CdSe from the laser was 1 mW cm-5. 

The current-voltage (I-V) characteristics of the elec- 
trodes were determined in the dark and under  100 mW 
cm -2 white light i l lumination from a 100W tungsten halo- 
gen lamp by adjusting the bias voltage. The change in 
quan tum efficiency (~) with forward bias voltage was 
measured using the lock-in amplifier and a Spectra- 
Physics Model 125 He-Ne laser source (14 mW cm-2). 

Anodization of the electrodes was achieved in saturated 
KC1 by 30 min white light i l lumination (i00 mW cm-2), 
while connected through a 100fl load. 

Results and Discussion 
It is known that annealing of polycrystalline CdSe un- 

der vacuum liberates selenium from the surface, leaving a 
cadmium-rich sample behind (4, 5). While in polycrystal- 
line samples selenium would escape via grain boundaries, 
it is plausible that in single crystals the selenium diffuses 
through the crystal surface, resulting in a selenium-rich 
surface layer over a nonstoichiometric CdSe crystal, 
which is indicated by a reddish color. This gives rise to 
bulk defects and a surface barrier associated with a high 
density of surface states. The polysulfide redox electro- 
lyte would readily dissolve the Se ~ surface layer; however, 
the rate of dissolution is strongly reduced by the addition 
of 0.01M Se ~ to our electrolySe. 

Figure 1 presents the current-voltage characteristics of 
cadmium and vacuum-annealed single-crystal CdSe. 
While the total current of the two different samples are 
similar, the dark currents (Fig. lb) show very different be- 
havior: the dark current increases rapidly at approxi- 
mately 1500 rnV forward bias for vacuum-annealed single 
crystals and between 500 and 600 mV for cadmium-an- 
nealed samples. This may be accounted for by the pres- 
ence of a surface barrier to electron flow arising from the 
selenium-rich surface which breaks down at high forward 
bias. This is in agreement with a model proposed by 
Frese (6-8) for anodized single-crystal surfaces. 

It can be seen in Fig. la  that the decrease in current 
density O f the cadmium-annealed crystals is primarily de- 
termined by its dark current, while the vacuum-annealed 
samples do not depend on dark current. For both 
samples, the decrease in current density for low forward 
bias indicates a blocking barrier for holes at the surface 
(9). 

E1 Guibaly et al. (9) associated this behavior with sur- 
face states acting as hole trapping sites and becoming ion- 
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Cd-annealed samples, which may result from larger band 
bending or a different shift of the bandedges, consistent 
with electron-hole pair generation within the Se-rich sur- 
face and immobilization of electrons in the selenium layer 
(6-8). 

Figure 2 shows the behavior of the quantum efficiency 
at 632.8 nm with applied forward bias. The current direc- 
tion of the vacuum-annealed single crystal (Fig. 2b) re- 
verses for voltages larger than the open-circuit voltage. A 
possible explanation is that as the bands of the CdSe 
flatten at large forward bias, additional photogenerated 
holes in the selenium may accumulate at the CdSe/Se in- 
terface and are injected into the CdSe crystal, where they 
recombine with electrons; thus, more e-h pairs recombine 
than were photogenerated in CdSe. 

The cadmium-annealed sample gave the same "normal" 
spectral response (Fig. 3) as an untreated single cl~r 
tal (3) (not shown), but with a six-fold increase in quan- 
tum efficiency (see Table I), with and without laser 
pumping. However, vacuum annealing of the CdSe crys- 
tals did not improve the overall solar response; in fact, it 

Table I. Quantum efficiencies at 2.00 eV and at the peak 
response ( ~  1.7 eV} with and without laser 

pumping for variously treated single crystals of CdSe 

Laser off Laser on 
Quantum Quantum 

Crystal efficiency (%) efficiency (%) 
batch Treatment 2.00 eV 1.71 eV 2.00 eV 1.66 eV 

A Etched 4 4 
Cd-annealed 

etched 24 24 
anodized 30 30 
24h later 37 37 

Vacuum-annealed 
etched 3 3 0.1 21 
anodized 5 6 0.1 21 
24h later 12 11 0.1 94 

B Etched 16 16 
Cd-annealed 50 50 
Vacuum-annealed 0 1 0 47 
Se-annealed O. 1 O. 1 
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showed a rather unusual  spectral  behavior, which became 
more pronounced with laser pumping:  a double peak in 
the photocurrent  spectrum at 1.66 and 1.71 eV near  the 
bandedge  of CdSe, and a lower, nearly constant  response 
for photon energies larger than 1.8 eV. With laser 
pumping,  the efficiencies near the bandgap increase sub- 
stantially, while the  efficiency decreases and reaches a 
low value for high energy photons. Heller et al. (2) ob- 
served similar, but  much less pronounced,  behavior  for 

single-crystal CdSe with peaks at 1.64 and 1.69 eV. They 
ascribed these peaks to states within the bandgap owing 
to imperfections near the semiconductor  surface acting as 
carrier traps and recombinat ion centers, which would 
lead to changes in the photoresponse,  part icularly for 
l ight absorbed near the semiconductor  surface. I t  seems 
plausible that  the  observed peaks arise from photon ab- 
sorpt ion and electron-hole generation involving inter- 
bandgap states. Photons  of energy larger than 1.8 eV are 
s trongly absorbed near  the surface, result ing in a reduced 
quantum efficiency due to recombinat ion via the large 
densi ty of surface states. Laser pumping  would result  in 
the filling of traps near the CdSe/selenium interface and 
an increased quantum efficiency. Amorphous  selenium 
has a bandgap of 2.05 eV (10) jus t  above the laser energy 
of 1.96 eV. Amorphous  selenium at the surface with a 
large concentration of cadmium will l ikely show strong 
absorpt ion at the laser energy. If  electrons are t rapped in 
the selenium-rich surface layer, while the light generated 
holes diffuse away (6-8), a larger band bending  will be 
produced in the CdSe and thus a larger deplet ion width. 
The increased number  of electrons near the surface will 
decrease the quantum efficiency for electron-hole pairs 
generated by high energy photons, owing to increased 
recombinat ion probabil i ty,  and the increased deplet ion 
width  will give an increased quantum efficiency for holes 
generated by near-bandgap photons, which create hole- 
electron pairs deeper  into the crystal. This would then 
also explain  why carrier generation from the 1.66 eV im- 
puri ty levels becomes more efficient with increasing 
laser intensity (Fig. 4). At a laser intensi ty of ~ 0.7 mW 
cm -2 the photocurrent  saturates , giving rise to the same 
response as for 1 mW cm -2 laser pumping,  consistent  
with a slow transfer velocity of holes to the electrolyte 
(9, 11) with resulting photocorrosion. 

Figure  5 shows the spectral  response of anodized, Cd- 
and vacuum-annealed CdSe. The grown Se layer was 
found to be - 0.27 /~m thick for both samples as calcu- 
lated from integrated photocurrent  measurements  (6-8). 
While the Cd-annealed samples  again reveal the same be- 
havior with and without  laser pumping  (Fig. 5a), the 
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vacuum-annealed anodized crystals (Fig. 5b, 5c) show a 
similar response as etched vacuum-annealed crystals. The 
overall increase in  quan tum efficiency of anodized 
samples is most likely caused by improved surface condi- 
tion due to photoetching. Similar results were obtained 
by Frese (8), showing an increased quantum efficiency 
near the bandedge for anodized CdSe electrodes. For sele- 
n ium thicknesses of 0.24 and 0.36 tLm, the response sub- 
stantially decreased for wavelengths smaller than 630 nm 
(1.96 eV) and was associated with photon absorption in 
the selenium layer. Our results show a smaller decrease in 
quantum efficiency for the high energy photons, indicat- 
ing that our selenium layer may in fact be thinner  than 
calculated, or porous (12). 

Leaving the anodized samples for 24h in redox electro- 
lyte under  short-circuit conditions improves the quantum 
efficiency, which indicates that the selenium layer dis- 
solves, thus leaving a photoetched CdSe surface behind. 
The double-peak feature of the vacuum-annealed sample 
(Fig. 5b) disappears upon anodizing, and only the 1.71 eV 
peak remains visible. Upon laser pumping (Fig. 5c), the 
quantum efficiency peak shifts again to 1.66 eV. This 
would indicate that the 1.66 eV peak is due to a deep in- 
terband state which is essentially not affected by photo- 
etching. 

Figure 6 presents various heat-treatments for batch B 
single-crystal CdSe. Again, the spectral response of the 
quantum efficiency is considerably improved for Cd-an- 
nealed samples compared to untreated single crystals 
(Fig. 6a). They show a "normal" spectral response and re- 
veal identical results with and without laser pumping. 
The untreated crystals show some band tailing, which 
seems to disappear upon Cd annealing. The vacuum-an- 
nealed single crystals (Fig. 6b) show one peak only at 1.71 
eV with very low quantum efficiency. Photons with en- 
ergy larger than - 1.8 eV do not show any measurable 
photoresponse, indicating a strong absorption in the 
selenium-rich surface layer of the crystal and/or a larger 
density of hole trapping sites at and near the surface. 
Upon laser pumping, again only one peak is observed 
which shows strong band tailing and a large 50-fold in- 
creased quantum efficiency at 1.66 eV. Figure 6c presents 

selenium-annealed CdSe crystals. While the quantum ef- 
ficiency is extremely small, the crystals show a "normal" 
behavior, with a bandgap of 1.74 eV. With laser pumping,  
the bandedge shifts towards lower energies, giving rise to 
a small peak at 1.74 eV. Annealing in selenium atmos- 
phere may compensate the semiconductor, since sele- 
n ium would act as an electron acceptor, resulting in a low 
effective donor density and a large number  of carrier 
traps. 

Table I summarizes and compares the observed quan- 
tum efficiencies for highly energetic photons (2.0 eV) and 
the observed peak efficiency at 1.71 eV (without laser 
pumping) and 1.66 eV (with laser pumping) for the un- 
treated and annealed CdSe single crystals. 

Conclus ions  
A satisfactory model to account for our data as well as 

previous work suggests that vacuum annealing of CdSe 
single crystals produces a selenium-rich surface and a 
large density of bulk defect states, probably due to sele- 
n ium interstitials. This results in an unusual  spectral re- 
sponse: namely, high quan tum efficiency in two distinct 
bands below the CdSe absorption edge (1.74 eV) and de- 
creased efficiency for highly absorbed light due to large 
recombination near the semiconductor surface. Simulta- 
neous pumping with a strong He-Ne laser enhances these 
unusual  spectral characteristics, which may be accounted 
for by assuming that the laser light is strongly absorbed 
in the larger bandgap selenium surface, where electron 
trapping leads to a larger band bending and thus increase 
of the depletion layer in the CdSe. This, as well as hole in- 
jection from the CdSe/selenium interface, would lead to 
an improved quantum efficiency for below bandgap pho- 
ton energies. 

One may be tempted to attribute the laser enhancement  
to a photoconductivity effect, that is, a lowering of the 
series resistance by penetrating light (~ 745 nm), which 
does indeed occur for the high resistance vacuum-an- 
nealed samples. However, the observed photoconductiv- 
ity reduced the series resistance by ~ 40%; this is not suf- 
ficient to account for our data. 
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ABSTRACT 

Semiconductor/liquid junct ions derived from 0.5 ~m thick films of amorphous hydrogenated silicon, a-Si:H, have 
been investigated in CH3OH solvent. The a-Si:H films consist of a weakly doped n-type layer over a 200]~ n~-a-Si:H layer 
on a stainless-steel substrate. The low series resistance and high ratio of minority carrier collection length to film thick- 
ness in this arrangement allows a study of the properties of semiconductor/liquid interfaces with minimal interference 
from bulk resistance losses. We find that a-Si:H anodes in 0.02M ferrocene, FeCpJ0.5 mM FeCp2Yl.5M LiC1OJCH3OH so- 
lutions exhibit poor short-circuit quantum yields and low fill factors with 632.8 nm irradiation, but that these junct ions 
display internal quan tum yields of close to uni ty and high fill factors with short wavelength (~ < 450 nm) irradiation. 
Photons absorbed within a distance comparable to the minority carrier collection length are efficiently callected, and 
the fill factors and quan tum yields under  such conditions are insensitive to increases in photocurrent density over a 
range of 0.1-2 mA]cm 2. Solar-simulated irradiation (88 mW/cm ~) from a ELH-type tungsten-halogen lamp in the 
a-Si:H]0.02M FeCpJ0.5 mM FeCp2§ LiC1OJCH~OH system yields open-circuit photovoltages of 0.75-0.85V, short- 
circuit photocurrents of 6-7 mA/cm ~, and photoelectrode efficiencies for conversion of light to electricity of 2.7%-3.3%. 
Photovoltages with .the acetylferrocene ~~ redox system are among the highest reported for any a-Si:H surface barrier 
system, and can exceed 0.85V under  AM1 il lumination conditions. Variation in the redox potential of the solution leads 
to changes in open-circuit photovoltage in accord with theory, and does not yield evidence for pinning of the a-Si:H 
Fermi level by interface states or by surface oxides 'over the potential range investigated. The  observed 
photoelectrochemical behavior of these a-Si:H films is consistent with documented bulk transport and carrier collec- 
t ion properties of a-Si:H, and does not show evidence for series resistance losses, unusual  spectral response characteris- 
tics, or recombination sites at the semiconductor/liquid junction. Manipulation of the electronic properties of the a-Si:H 
films can thus lead to improved energy conversion parameters and a clearer picture of the chemistry at the a-Si:H/liquid 
interface. 

To elucidate the fundamental  chemistry at the 
semiconductor/liquid interface, we have studied 
photoelectrodes having liquid contacts derived from 
nonaqueous solvents. Nonaqueous solvents largely cir- 
cumvent  the photocorrosion and photopassivation pro- 
cesses prevalent in aqueous solution (1-4), and thus pro- 
vide media which are suitable for reproducible, 
controlled investigations of the semiconductor/liquid in- 
terface. Unfortunately, most semiconductor/liquid combi- 
nations in nonaqueous solvents have been reported to ex- 
hibit low solar energy conversion efficiencies and 
generally rather poor interface properties (3-9). The major 
cause of this behavior has been assigned to interface 
states at the semiconductor/liquid junct ion (10-14). These 

* Electrochemical Society Active Member. 

states can act as recombination sites, and thereby lead to 
low quantum efficiencies and fill factors. Also, these 
states may serve to pin the surface Fermi level and lead to 
less than ideal photovoltages at the semiconductor/liquid 
interface (13, 14). 

Of major concern, however, must  be the correct aSsign- 
ment  of properties to the semiconductor/liquid interface 
as distinguished from those that are simply electronic 
properties of the semiconductor itself or artifacts of the 
method of measurement  of current-voltage characteris- 
tics. Recent investigations on common semiconductor 
substrates, such as n-type Si (15) and n-type GaAs (16), 
have demonstrated that proper attention to bulk elec- 
trode properties and control of interfacial chemistry can 
lead to efficient nonaqueous semiconductor/liquid junc- 
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tion systems. We have thus turned our at tention to thin 
film materials, such as amorphous hydrogenated silicon 
(a-Si:H), in an a t tempt  to extend these principles to a 
wider class of semiconductor  materials. 

We report  herein new data on the photoelectrochem- 
istry of a-Si:H/liquid junct ions  in nonaqueous solvents. 
Notably, our results demonstra te  that such interfaces ex- 
hibit  little evidence of recombinat ion sites at the 
semiconductor/ l iquid interface which would act to de- 
crease the short-circuit quantum efficiency or to produce 
unusual  wavelength response characteristics. We find 
that  inefficiencies can be ascribed pr imari ly  to t ransport  
propert ies  in the semiconductor  material itself. Control of 
these parameters  can thus lead to improvements  in the 
propert ies  of a-Si:H/liquid junctions.  We observe that 
properly designed semiconductor/ l iquid combinat ions 
with a-Si:H can exhibi t  internal quantum yields for elec- 
t ron flow which are close to unity over a substantial  
port ion of the solar spectrum. In addition, we observe 
open-circuit  photovoltages a n d -  photoelectrode effi- 
ciencies for conversion of visible light to electricity which 
are comparable to the best  reported values for any surface 
barrier  device fabricated with similar a-Si:H material. An 
important  conclusion of our study is that  substantial  
progress in improving the photocurrent  response of 
a-Si:H/liquid junct ions will require improvements  in elec- 
tronic- propert ies of the bulk material itself rather than 
improvements  in the propert ies  of the semicon- 
ductor/l iquid interface. 

Electronic Properties of a-Si:H 
Amorphous  hydrogenated silicon, a-Si:H, has been the 

subject  of intense study for applicat ion in terrestrial  pho- 
tovoltaic and photoelectrochemical  devices (!7-20). This 
material  can be produced by a number  of methods  (21-23) 
which yield thin films which are either p-type, "intrin- 
sic,'~ or n-type, In contrast  to single-crystal silicon, a-Si:H 

films possess a strong optical absorption resembling that 
of a direct gap semiconductor  having a bandgap at 1.7 eV 
(25). The overlap of the absorption spectrum of a-Si:H 
with the solar spectrum, as well as the ease of deposit ion 
of the material  itself, are attractive features of these 
films. An especially critical proper ty  in a-Si:H is the rela- 
tively short  hole-diffusion length. Doping of the film has 
generally been found to decrease the hole-diffusion 
length substantial ly (25-26); thus the preferred structure 
for photoanode applicat ions consists of a relatively thin, 
heavily doped n-type layer followed by a thicker "intrin- 
sic" layer (usually weakly  n-type), as shown in Scheme I. 

Another  important  proper ty  of a-Si:H is that  over 2 ~m 
of the material  is required to absorb essentially all visible 
light with energy greater than 1.7 eV. However, film 
thicknesses significantly below this value are employed 
in practical solar cells at present. This is because of the 
low value of the hole-diffusion length, which is typically 
0.2-0.7 ~m in intrinsic a-Si:H films of the highest  quality 
current ly available (27). Thicker films would absorb 
more light, but  electron-hole pairs created at depths large 
compared  to the collection length (at most the sum of the 
diffusion length and the deplet ion width) would not be 
collected and would recombine in the bulk material. Also, 
the increased series resistance of relatively thick a-Si:H 
films could produce poor fill factors. Thus, use of rela- 
t ively thick films would require a detai led analysis of 
bulk-transport  propert ies in order to isolate those features 
originating from the semiconductor/ l iquid interface. 

In  this study, we have employed 0.5-0.6 ~m thick a-Si:H 
films which have been plasma deposi ted on a reflecting 
substrate,  stainless steel. The film thickness is on the or- 
der of the minority-carrier collection length, Lc, and the 
reflection of light by the substrate provides an addit ional  
pass for light of long wavelengths,  effecting increased car- 
rier creation within a distance Lr of the interface. Series 
resistance losses due to excess bulk thickness have been 
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Scheme I. Left: Representation of the thin film a-Si:H photoelectrode structure. The contact to the stainless steel substrate is provided by a 
200~, thick n~a-Si:H film, followed by a 0.5-0.6 ~m thick layer doped weakly n-type. The situation will result in photoanode behavior qualita- 
tively similar to conventional single-crystal photoanodes. Right: Interface energetics for two different light intensities at a-Si:H/liquid interfaces. 
The collection length, Lc, is the sum of the minority carrier diffusion length, Lp, plus the depletion region thickness, W. Contraction of the deple- 
tion width in a-Si:H with increasing light intensity (- - -)  leads to a decrease in Lc at a fixed voltage bias, and yields poor charge collection for 
light which penetrates deeply into the a-Si:H film. The fill factor and short-circuit quantum yield of these interfaces is thus sensitive to both the 
intensity and wavelength of light incident on the o-Si:H film. 
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minimized without  sacrifice of light absorpt ion within a 
distance Lc of the surface. Our films provide an opportu- 
nity for detailed examinat ion of the propert ies  of the 
semiconductor/ l iquid junction. Information concerning 
the significance of recombinat ion sites at the semicon- 
ductor/l iquid interface has been obtained from suitable 
variations in incident  light wavelength and intensity, as 
well as from photocurrent-voltage properties.  

Experimental  
Experimental  techniques and procedures have been de- 

scribed previously (15). CH3OH was distil led from Mg 
prior  to use; no other precautions concerning exclusion of 
air or water were found necessary to obtain reproducible  
photocurrent-voltage characteristics. All current-voltage 
curves were obtained under  potentiostatic control of the 
working electrode vs. a Pt  reference electrode, and thus 
represent  photoelectrode efficiencies which measure the 
propert ies  of the a-Si:H photoanode.  These values cannot 
be compared directly with two electrode solar cell 
efficiencies without  actual fabrication of such devices. 

The a-Si:H films were prepared by RF decomposi t ion 
of silane, and were all prepared at HT Products  by H. 
Wiesmann. The stainless-steel substrate was maintained 
at 220~ with a deposi t ion rate of 1.5 ~/s. A 200A thick 
n-doped layer was deposi ted from silane with 1% phos- 
phine, and was then followed by a nominally intrinsic 
0.5-0.6 ~m layer of a-Si:H. Infrared absorpt ion measure- 
ments  indicate that  film deposit ion under  these condi- 
t ions yields a-Si:H with 15% hydrogen content; thus the 
s toichiometry of our material  does not differ substantial ly 
from samples used in previous liquid junct ion studies (9). 
Slight composit ional  differences between these samples 
and previous results (9) do not  affect an interpretat ion of 
our results, because we obtained excellent  agreement  
with previous data when our a-Si:H samples  were tested 
under  exper imental  condit ions identical to those de- 
scr ibed in other studies. 

Photoanodes  were fabricated by bonding the stainless- 
steel substrate  to a coil of Cu wire with Ag paint. Insula- 
tion from the l iquid was obtained with ordinary epoxy 
resin. Typical photoelectrode areas exposed to the elec- 

trolyte were 0.1-0.4 cmL All electrodes were etched for 10s 
in 5% aqueous HF and washed with CH3OH immedia te ly  
before use. Reflectance spectra were obtained by use of 
spectral  response apparatus  previously descr ibed (15), 
with reflected light de termined by a calibrated Si de- 
tector from United Detector Technologies, Incorporated.  
Spectral  response and Schot tky barrier  measurements  
were performed using apparatus  at SERA Solar, and all 
other data was collected at Stanford using techniques de- 
scribed previously (15, 16). 

Open-C i rcu i t  Photovoltage Measurements  to Probe 
Inter face Kinetics 

We have performed cyclic vol tammetry  and steady- 
state current-voltage exper iments  with outer-sphere 
redox couples in order to establish t rends in photo- 
voltages for the a-Si:H/CH3OH interface. The data are 
summarized in Fig. 1, which indicates the photovoltages,  
Voc, obtained for a-Si:H films in contact  with various 
redox couples, A§ At sufficiently negative potentials,  
as in the cyclic vol tammetry  for (N,N'-dimethyl-4,4'- 
bipyridinium) +'~~ (Fig. la), we observe dark oxidat ions and 
dark reductions near the formal potential  of the redox 
couple, indicating no appreciable  photovoltage for this 
system (10). The (N,N'-dimethyl-4,4'-bipyridinium) *+/+' 
redox system does exhibi t  anodic photocurrent ,  and the 
photovoltage [as determined by the difference in anodic 
peak potential  between an a-Si:H photoanode and a P t  
electrode (3, 10)] is 0.2V under  100 mW/cm ~ of tungsten- 
halogen irradiation. The dark reductions at a-Si:H films 
"have not been reported in other n0naqueous solvents, and 
indicate substantial  room temperature  dark conductivi ty 
in this part icular  sample of a-Si:H material  (likely owing 
to tailing of phosphorus  dopant  into the intrinsic layer). 
Accurate  values of the conduct ion band edge posit ion 
would require measurement  of the barrier  height, n o t  the 
photovoltage (28, 29); however, the data do allow us to 
conclude that EcB is more negative than -0.TV vs. SCE in 
CH3OH solvent. 

We have also employed steady-state photocurrent-  
voltage techniques to complement  the cyclic voltam- 
metry Voc measurements .  All exper iments  were per- 
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Fig. 1. (a) Cyclic voltammetry (100 mV/s) of a-Si:H films in 1.0M KCI/CH~OH with 2.0 mM N,N'-dimethyl-4,4'-bipyridinium (MV ~§ dichloride 
added. Irradiation is 100 mW/cm 2 provided from a tungsten-halogen lamp, and is expanded uniformly over the entire electrode surface. The 
MV ~§ couple exhibits enhanced oxidation currents in the light, while MV §176 shows both oxidation and reduction currents in the dark. Cathodic 
peaks at a Pt foil electrode under the same conditions are at -O.SOV vs .  SCE for MV ~+j§ and -1 .00V  vs .  SCE for MV §176 Substantial room tem- 
perature conduction in a-Si:H can be obtained due to tailing of phosphorus dopant from the n § layer into the undoped region of the film. (b) 
Open-circuit photovoltage for the a-Si:H/CH30H interface as a function of solution redox potential. Cell potentials, including redox couples, with 
E(A~/A) in V vs .  SCE, are as follows: N,N'-dimethyl-4~4'-bipyridinium +/~ ( -0 .95V);  N,N'-dimethyl-4,4'-bipyridinium 2+i+. ( - 0 . 4 5 V ) ;  [T/~- 
Cs(CH~)~]~Fe ~/~ ( -0 .21V);  N,N,N',N'-tetrametbylphenylenediamine +/~ ( -0 .11V);  1,1'-dimethylferrecene §176 (+0.10V); ferrocene § (+0.20V); 
acetylferrocene ~/~ (+0.39V}. All determinations were in 1.0M LiCI04 except for the N,N'-dimethyl-4,4'-bipyridinium system, which required 1.0M 
KCI for solubility. Measurements are the result of several independent determinations for a number of anodes. 
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formed with irradiation from a tungsten-halogen lamp, 
and the solutions contained sufficiently high concentra- 
tions of electroactive material to preclude significant 
photodecomposit ion processes on the time scale of the 
measurement. In each cell, the light intensity was ad- 
justed to yield typical AM1 short-circuit photocurrent 
densities for this a-Si:H of 6-7 mA]cm 2. Voc values ob- 
tained through a high impedance vol tmeter  or from the 
onset of anodic photocurrent  in a steady-state current- 
voltage scan were in excellent  agreement. We observe a 
linear dependence of Vor vs. E(A+/A) over a wide (1.0V) po- 
tential range, with a slope of Vo, vs. E(A§ of 1.0 -+ 0.2 
(Fig. lb). The data are thus in accord with the ideal model 
for the semiconductor/liquid interface (30), and do not 
yield evidence for gap states which pin the surface Fermi 
level to yield a relatively low photovoltage. While the Vo, 
values do seem to level off at very positive potentials, 
photoanodic decomposition processes prevented further 
variation in the solution potential. For A-acetyl ferrocene, 
the Vo, of 0.88-0.91V at light levels equivalent to 6-7 
mA/cm 2 photocurrent densities for A = acetylferrocene 
are among the highest values of Vo~ reported for any 
a-Si:H surface barrier device (17, 19, 31). 

Cyclic voltammetry measurements of a-Si:H anodes in 
C2H5OH solvent are reported to yield nonideal behavior of 
Vor vs. E(A+/A) (9). Photoanodic decomposition processes 
at low concentrations of redox couples and relatively high 
water content can lead to low values of Vo, in cyclic 
voltammetric experiments,  and this is responsible for the 
discrepancy between our new dependence of Vo~ vs. 
E(AYA) and a previous study of a-Si:H in C2H~OH solvent. 
Cyclic voltammetric scans with our a-Si:H samples yield 
excellent agreement with previously reported data (9) in 
C2H5OH and yield similar data in CH3OH solvent. How- 
ever, a direct interpretation of these experiments is hind- 
ered by concurrent decomposit ion processes, as is evi- 
denced by the disparity between cyclic voltammetric  Vo~ 
(0.57V) and steady-state Vo, photocurrent-voltage data 
(0.75V) for the ferrocene +r~ system in previous studies (9). 
The high concentrations of electroactive reagents and 
minimal faradaic currents in the direct open-circuit 
photovoltage determinations (Fig. 1) minimize these com- 
plications, and yield an internally consistent set of data 
which indicate a substantially different dependence of Vo, 
vs. E(A+/A). 

Our new data also modify the basic interpretation of the 
causes of junction nonideality in the a-Si:H system. We 
note that a slope of only 0.42 for Vo~ vs. E(A+/A) has been 
found by cyclic vol tammetry for p-i a-Si:H cathodes in 
aqueous solution (32). In addition, metal/semiconductor 
Schottky barriers with a-Si:H have been reported to yield 
a slope of Voc vs. metal work function of 0.52 (33). This 
slope in Schottky systems has been attributed to the pres- 
ence of interface states with a density of 10 '3 cm-~eV - '  

Table I. Photocurrent-voltage parameters vs.  photon wavelength 
for the a-Si:H/CH3OH interface 

Input 
~, (nm)a (mW/cm ~) r Voc Vpmax c ~ (%)d 

632.8 5.46 0.18 0.69 0.54 3.4 
632.8 11.9 0.16 0.73 0.56 3.2 
632.8 25.1 0.16 0.77 0.54 3.2 
514.5 1.86 0.46 0.64 0.50 6.8 
514.5 3.27 0.47 0.66 0.52 7.6 
514.5 5.30 0.44 0.68 0.52 7.1 

a Input at 632.8 nm is from a beam expanded He/Ne laser; input at 
514.5 is from a beam expanded Ar ion laser. 

b Quantum yield for electron flow at short circuit. 
c Voltage at the maximum power point. 
d Maximum energy conversion efficiency for monochromatic 

light to electricity, uncorrected for cell reflection losses or solution 
absorption. Data are for one particular a-Si:H sample, and were ob- 
tained in a stirred 5.0 mM FeCpJ0.5 mM FeCp.2~/1.0M LiC1OJCH8OH 
solution. The potential of the cell was measured as + 0.20V vs. SCE. 
Efficiencies at other wavelengths are a compromise between varia- 
tions in quantum yield and fill factor, as depicted in Fig. 2 and 3. 

(33). Within this framework, it has been proposed (32) that 
the native a-Si:H surface oxide is the source of interface 
states, and that this oxide results in nonideal behavior at 
all of these a-Si:H interfaces. Our data (Fig. lb) indicate 
ideal behavior [slope of V0c vs. E(A+/A) = 1.0 +- 0.2] for 
a-Si:H/CH3OH interfaces, and demonstrate that systems 
with surface oxides present can indeed exhibit ideal junc- 
tion behavior in the proper system. 

(bur a-~i:i-l/ilquld junct ion ideality data can be easily ra- 
tionalized within the framework of past direct compari- 
sons of liquid interfaces to Schottky systems. We have 
previously demonstrated that the chemistry of the 
semiconductor/contact junction can play a large role in 
determining interface kinetics, and that under identical il- 
lumination conditions, semiconductor/liquid interfaces. 
with n-Si, n-GaAsl-~Px (0 < x < 1), and n-GaAs exhibit 
higher values of Voc than do direct Schottky contacts with 
metals such as Pt  or Au (15, 16, 34). Surfaces which ex- 
hibit a high density of gap states at metal contacts may 
not possess similar interface states at l iquid junctions. 
For example, surface pinning in Si Schottky systems can 
be related to metal-silicide formation (35), and pinning in 
n-GaAs systems can be assigned to formation of GaJmetal 
alloys or formation of surface defects upon deposition of 
the metal barrier (36). There would appear to be few docu- 
mented examples where the behavior of Schottky con- 
tacts successfully correlates with the behavior of liquid 
junctions. Consistently, immersion of a-Si:H in liquid sys- 
tems (Fig. lb) can yield ideal Voc vs. E(A+/A) behavior and 
large photovoltages with no direct relation to Schottky 
barrier data. 

Photocurrent-Yeltage Characteristics of a-Si:H/CH3OH 
Interfaces 

We observe several novel effects in the photocurrent- 
voltage behavior of our a-Si:H films. These effects should 
be general for low Lc material, and have been observed 
for metal/semiconductor barriers with a-Si:H (37), but 
have not been previously noted for a-Si:H in contact with 
a liquid electrolyte. Previous work (9) on the a-Si:H/liquid 
interface has suggested that a source of inefficiency may 
be the use of relatively thick a-Si:H layers, and concur- 
rently suggests that thinner samples may yield improved 
quantum efficiencies and fill factors since the field 
could extend across the entire material. Within the frame- 
work of Scheme I, it is apparent that if bulk collection 
difficulties are indeed the sole source of inefficiency, the 
use of shorter wavelength irradiation should yield im- 
proved cell behavior for any thickness of sample. How- 
ever, substantial wavelength effects on the fill factor and 
short-circuit quantum efficiency, which would confirm 
the proposed suggestion, were not observed (9). In fact, 
exactly the opposite behavior was found, and 454.4 or 
514.5 nm light gives lower observed quantum yields than 
does 632.8 nm light. Furthermore,  no improvements  in 
fill factor were observed with white light irradiation as 
compared to 632.8 nm irradiation, and little or no im- 
provement  in efficiency was observed with shorter 
wavelength excitation sources. 

In contrast, we observe here substantial improvements 
in the photocurrent-voltage characteristics of the 
semiconductor/liquid interface with decreases in the 
wavelength of the excitation light source. Our data indi- 
cate that measurements of the photocurrent-voltage prop- 
erties of a-Si:H at a single wavelength of light, especially 
light with energy near the absorption edge, are 
insufficient to identify the nature of the kinetics at the 
a-Si:H/liquid interface. We assign the previous declines in 
fill factor and quantum efficiency with decreasing pho- 
ton wavelength not to a fundamental  property of the 
a-Si:H/liquid interface, but rather to a combination of 
series resistance losses and to solution absorption of light. 
If  these losses are minimized, the behavior of a-Si:H/alco- 
hol interfaces can be consistently understood within the 
framework of the known bulk properties of a-Si:H. 

Figure 2 displays the photocurrent-voltage characteris- 
tics as a function of the excitation wavelength of a-Si:H 
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Fig. 2. Photocurrent-voltage properties of a-Si:H films (0.35 cm 2) in 
contact with stirred 10 rnht FeCp2/O.5 rnht FeCp2~/I.0M LiCIO4/- 
CH30H solution. The optical path length through the solution is 2 
ram. The photocurrent-voltage curves are scanned at 50 mY/s, and po- 
tentials were measured vs. a Pt reference electrode poised at the cell 
potential through a 0.2 mm od Luggin capillary. (a) Photocurrent- 
voltage properties with irradiation of k < 450 nm obtained from a 
200W Hg lamp equipped with a short pass filter. Curves b and c were 
obtained with neutral density filters transmitting 50% and 25% of the 
light intensity available in curve a. (b) Photocurrent-voltage properties 
under identical cell conditions as in Fig. 2a, but irradiation is for k > 
600 nm from a ELH-type tungsten halogen lamp equipped with a 600 
nm long pass colored-glass filter. Curves c and d were obtained with 
50% and 25% transmittance neutral density filters from the irradia- 
tion level in curve b; curve a has the light intensity adjusted to pro- 
vide similar photocurrent density to curve a in Fig. 2a. Note the pro- 
nounced decline in fill factor in Fig. 2b relative to the collection 
properties displayed in Fig. 2a. 

films in contact with a 1.0M LiC104/10.0 mM ferrocene 
(FeCp2)/0.5 mM FeCp2~/CH~OH solution. With excitation 
of k > 600 nm (Fig. 2b, Table I), we observe low short- 
circuit quantum yields which decline with increasing 
light intensity. In addition, the fill factor is 0.50 at very 
low current density and shows a decline with increasing 
light intensity. Higher values of photocurrent density 
than displayed in Fig. 2b, as obtained with ~ > 600 nm 
from a filtered tungsten-halogen lamp, yield even poorer 
fill factors and quantum efficiencies. These photo- 
current-voltage characteristics generally resemble those 
reported previously for a-Si:H films in C~H5OH solution 
with 632.8 nm excitation (9), except that the lower series 
resistance of the CH:~OH/1.0M LiC104 electrolyte (15) and 
the lower bulk resistance in the 0.5/~m film leads to bet- 
ter fill factors in our system. 

In  contrast, Fig. 2a displays the photocurrent-~zoltage 
behavior of the a-Si:H/10.0 mM FeCpJ0.5 mM 
FeCp~§ interface when irradiated with light of ~ < 
450 nm (obtained from a 200W Hg lamp equipped with a 
450 nm short pass filter). We observe significantly higher 
fill factors, which do not degrade even at photocurrent 
densities threefold higher than the onset of decline with 
the ~ > 600 nm light. In addition, with minimal  solution 
absorption, the quan tum efficiency for carrier collection 
with 450 nm light is over twice the value obtained at 632.8 
nm (vide infra). Thus, both the short-circuit quantum 
yield and fill factor of these a-Si:H/liquid junct ions are 
dependent  upon incident  photon energy. 

Previous studies have speculated that a decline in fill 
factor with increasing photocurrent density observed 
with 632.8 nm irradiation might be due to surface 
recombination sites at the a-Si:H/liquid interface, or per- 
haps due to series resistance losses associated with the 
photoconductivity property of the a-Si:H films (9, 32). 

The improvements in our photocurrent-voltage responses 
with excitation by higher energy photons rule out both of 
these possibilities in our system. We find that our obser- 
vations are consistent with the transport and absorption 
properties of a-Si:H, and we conclude that the behavior of 
a-Si:H/liquid junctions is dominated by these processes. 

In a-Si:H films irradiated with sufficiently short 
wavelengths, such that the penetration depth tKh)-' is on 
the order of 100 nm or less (24), essentially all of the 
photogenerated holes will be collected at the junction, re- 
sulting in high short-circuit quantum efficiencies. In ad- 
dition, fill factors should be high, provided that series re- 
sistance losses from the use of excessively thick a-Si:H 
films and highly resistive electrolytes are minimal. As de- 
picted in Fig. 2a, these expectations are in excellent 
agreement with the photocurrent-voltage characteristics 
for irradiation of the a-Si:H/CH3OH/FeCp2+/FeCp2 inter- 
face with light of wavelength less than 450 nm~ 

The situation for 632.8 nm excitation is substantially 
different. The ~(k)-' in a-Si:H of 632.8 nm light is typically 
1-2/~m (24); thus, low quantum efficiencies should be ex- 
pected, since only a fraction of the carriers will be created 
within a collection length of the interface. Use of material 
with thicknesses greater than Lc may lead to increased 
light absorption, but  will not necessarily produce sub- 
stantial increases in photocurrent flow. Quantum yields 
with 632.8 nm light are rather modest even with our film 
geometry (Table I), and we conclude that increases in 
quantum efficiency at this wavelength will require fabri- 
cation of material with larger collection lengths, rather 
than passivation of surface states. 

We have noted above that the fill factor at a specific 
photocurrent density is dependent  on the wavelength of 
the incident photons (31). This can be understood by con- 
sidering the factors which determine the fill factor of a 
semiconductor/liquid junction,  with emphasis upon the 
particular electronic properties of a-Si:H. The hole- 
collection length usually is the depletion width, W, plus 
the diffusion length, L,; thus, only holes produced at 
depths comparable to Lp + W will diffuse to the depletion 
region where the built-in field can sweep them to the 
junction. '  a-Si:H differs from its crystalline counterparts 
in that L, is on the order of, and sometimes less than, W 
(25-29). Application of an external potential to bias the 
cell from open circuit toxyards short circuit will serve to 
increase the field-assisted drift, and thus will lead to col- 
lection lengths, and hence photocurrents, which are a 
strong function of applied voltage. Additionally, in a-Si:H, 
Lc is known to decrease with increasing light intensity, 
due to a contraction of the depletion region under  illumi- 
nation (38). Thus, the fill factor should be dependent  
upon both the light intensity and the penetration depth of 
the light as compared to L, + W, with shorter wavelengths 
of light yielding improved photocurrent-voltage charac- 
teristics (Fig. 2, 3; Table I). 

Clearly, a complete description of the a-Si:H/liquid in- 
terface must  take these bulk effects into account in order 
to interpret the photocurrent-voltage data. Quantitative 
descriptions of the light intensity and potential depen- 
dence of the fill factors are being developed, and should 
yield information concerning carrier transport in a-Si:H 
similar to that produced by the established surface 
photovoltage technique. The stability of a-Si:H films in 
the nonaqueous FeCp2+/FeCp2/CH~OH solvent should pro- 
vide a distinct advantage over the aqueous redox system 
presently used for these surface photovoltage measure- 
ments (38). In this regard, the study of liquid junctions 
may aid in developing improved techniques for charac- 
terizing a-Si:H films, as well as a-Si:H interface proper- 
ties. 

' In our discussion of collection lengths, we have implicitly as- 
sumed that the hole mobility is sufficiently large that all carri- 
ers created in the depletion region are collected. Under this con- 
dition, Lc = Lp + W. However, if the hole mobility is sufficiently 
small, drift alone will dictate the collection length, and Lr may 
then only be a fraction of W. Our data can be accommodated 
within the framework of either of these two conditions. 
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Fig. 3. (a) Short-circuit quantum yield vs .  photon wavelength for the 
a-Si:H/5.0 mM FeCpJ0.5 mM FeCp~§ LiCIO4/CH3OH interface. 
Optical path length through the solution is 1 ram, and the light inten- 
sity is approximately 1 mW/cm ~. (b) Reflectivity spectrum at an air in- 
terface of an a-Si:H film on a Pd-coated n-Si substrate. The interfer- 
ence fringes for k > 600 nm arise from the 0.5/~m film thickness. 

Spectral Response Characterist ics of a-Si :H/Liquid 
Junctions 

The spectral response of short-circuit photocurrent vs. 
photon wavelength lends further credence to the notion 
that the electronic properties of a-Si:H dominate the pho- 
toelectrochemical behavior. The spectral response data 
for a-Si:H/CH3OH/5.0 mM FeCpJ0.5 mM FeCp~ + are de- 
picted in Fig. 3. In addition, a reflectivity spectrum of a 
similar a-Si:H film on a substrate of Pd-coated single- 
crystal silicon is displayed for reference in Fig. 3b. The 
spectral response data have been obtained at short-circuit 
conditions (1 mm optical path length through the solu- 
tion), with an average light intensity of 1 mW/cm -~. As dis- 
cussed above, the quan tum yields obtained for long 
wavelength excitation at these light intensities will be 
somewhat higher than differential quantum yields under  
solar photon fluxes. The measurement  in Fig. 3a is based 
upon light incident upon the photoelectrochemical cell, 
and is not corrected for solution absorption or optical 
reflection losses. For excitation with short-wavelength 
photons, we observe high quantum yields for electron 
flow, >0.55. Reference to the reflectivity spectrum at the 
a-Si:H/air interface (Fig. 3b) indicates that the effective in- 
dex of refraction of this a-Si:H film at 450 nm is 4.8 (39). 
Using a value for the index of refraction of 1.0M 
LiC1OJCH3OH of 1.35 (40), we calculate that reflective 
losses from the air/glass/solvent]a-Si:H interfaces will 
amount  to approximately 30% of the incident light. Thus, 
quantum yields corrected for reflection are greater than 
0.8, and would approach unity if corrections for solution 
absorption were also included. 

The effect of small carrier collection lengths in a-Si:H is 
demonstrated by a comparison of the spectral response 
curves in the 600-700 nm region to the reflectivity data. 
In this wavelength region, the absence of interference 
fringes and the known increase in absorption coefficient 
with wavelength indicate increasing absorption by the 

a-Si:H film; however, in the same wavelength region, the 
short-circuit quantum yield declines noticeably. Long 
wavelength photons penetrate too deeply into the film to 
be efficiently collected because of the modest collection 
lengths of these particular samples of a-Si:H. Thus, low 
short-circuit quantum yields and low fill factors for exci- 
tation of a-Si:H with 632.8 nm light do not necessarily re- 
sult from recombination sites at the semiconductor/liquid 
interface, but can be assigned to carrier transport and 
optical-absorption properties of the material itself. 

We note that typical p-i-n solid-state devices show a de- 
cline in short-circuit quantum efficiency with short- 
wavelength excitation because of high recombination 
rates in the doped layers near the surface (25). However, 
liquid junctions should benefit from the efficient collec- 
tion of carriers generated near the interface, and need not 
possess the surface dead layer present in p-i-n-type sys- 
tems. In  addition, a liquid junction may not exhibit 
metal]semiconductor interfacial stress, which can induce 
recombination sites and cause declines in the spectral re- 
sponse for short-wavelength excitation. Ideal semicon- 
ductor/liquid junct ions should not show a decline in 
short-circuit quantum efficiency with high energy excita- 
tion unless bulk resistivity effects influence majority- 
carrier collection. Previous investigations of n~-i-a-Si:H 
films in C2H5OH/FeCp~ liquid junctions indicate that the 
short-circuit quantum yield decreases when the excita- 
tion wavelength is changed from 632.8 nm to 514 or 454 
nm (9). Recent work on p-i type a-Si:H films in liquid 
junct ions also reveals this effect, and the assumption of 
low series resistance in these films has led to the sugges- 
tion that a decline in short-wavelength response is an in- 
trinsic property of the a-Si:H/liquid interface (32). Differ- 
ent preparations of a-Si:H films could produce different 
interface properties; however, reference to the spectral re- 
sponse characteristics in Fig. 3 demonstrates that 
a-Si:H/liquid junctions can exhibit internal quantum 
yields near unity, and that a decline in spectral response 
characteristics at short wavelengths is not apparent with 
our a-Si:H samples under  these conditions. 

Excessive series resistance losses, especially for major- 
ity carriers in p-i a-Si:H films, can lead to decreases in 
short-circuit quantum yield at short-excitation wave- 
lengths. With excitation of ~ < 500 nm, we can assign re- 
duced quantum efficiencies in our low resistance n~-i 
a-Si:H/liquid junctions to solution absorption of light, and 
not to recombination at the semiconductor/liquid inter- 
face or to the a-Si:H material itself. Figure 4 depicts the 
spectral response parameters of a-Si:H films as a func- 
tion of the concentration of FeCp~ in CH3OH solvent. We 
observe that the quantum yield declines severely at short 
wavelengths, owing to excessive solution absorption, 
even at relatively modest levels of FeCp2 and with rela- 
tively short optical path lengths through the solution 
(0.5-1.0 mm). Addition of small amounts of the highly ab- 
sorbing FeCp~ ~ makes the effect more pronounced. Ab- 
sorption spectra indicate that O.070M FeCp~ in C~H~OH in 
a 2.0 mm thickness absorbs 43% of the light at 514 nm and 
97% at 454 nm, and that accurate quan tum yields based 
on photons incident on the a-Si:H electrode surface in 
these solutions would require extremely short path 
lengths. Minimization of these losses dbes not yield evi- 
dence for low quantum efficiencies, and yields improved 
behavior for the a-Si:H/liquid junctions. 

Efficiency Parameters for the 
a -S i :H /FeCpJFeCp~§  System 

The photocurrent-voltage characteristics under  simu- 
lated solar i l lumination of a-Si:H films in 20.0 mM 
FeCp..,/0.5 mM FeCp..,§ LiC1OJCH~OH are depicted in 
Fig. 5. Even with the relatively poor long wavelength re- 
sponse of our particular a-Si:H samples and substantial 
solution absorption for X < 500 nm, at 88 mW/cm ~ of ELH- 
type tungsten-halogen irradiation, we observe a short- 
circuit photocurrent density of 7-8 mA]cm'-'. Under these 
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Fig. 4. Short-circuit quantum yield vs. photon wavelength for 
a-Si:H/CH3OH junctions at varying concentrations of FeCp~. The op- 
tical path length through the solution is 1.5 mm, and the electrode is 
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concentration is 0.5 ~ I ;  curve (a) has 5.0 ~ FeCp~. In curve (b), 
13.3 mM FeCp~ is present, in (c) 25.4 mM FeCp2, in (d) 43.4 mM 
FeCp2, and (e) contains 40.0 ~ 1  FeCp2 with 2.0 n~t FeCp~ ~ in 
solution. 
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conditions, we observe open-circit photovoltages of 
0.75-0.85V and fill factors of 0.5-0.6, with typical 
photoelectrode efficiencies for conversion of optical en- 
ergy to electricity of 2.7%-3.3%. On identical samples of 
a-St:H, Schottky barriers fabricated with nominally 50~ 
thick Pt  films yield short-circuit currents of 5-7 mA/cm 2 
and efficiencies of 1%-2%. We attribute the variation in 
short-circuit current to differences in transmittance of 
Schottky barriers and liquid junctions,  while the lower 
efficiency of the Schottky contacts arises from a lower 
Voc. Open-circuit photovoltages on the best surface barrier 
devices with high quality a-Si:H can be 0.85V (31) at AM1 
irradiation levels, which is comparable to the value we 
observe with the acetylferrocene ~~ redox system in our 
unoptimized liquid junctions. We note that an improve- 
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Fig. 5. Photocurrent-voltage characteristics of (50 mV/s) of an 
o-Si:H film in 20.0 rnM FeCpJ0.5 ~kt FeCp=?/1.~ LiCIO4/CH:~OH 
solution. The solution is stirred, and potentials are measured vs. a Pt 

reference electrode at the cell potential (+0.18V vs. SCE). Irradia- 
tion is 88 mW/cm ~ from an ELH-type tungsten-halogen source, and 
optical path length through the solution is minimized in order to ovoid 
substantial light absorption losses (Fig. 4). 

ment in material quality of our a-Si:H samples would yield 
substantial increases in photocurrent owing to improved 
quan tum efficiencies in the 600-700 nm region of the 
spectrum. In addition, the fill factor under  ELH irradia- 
tion is a combination of the relatively poor long-wave- 
length response and the good short-wavelength parame- 
ters, and is also expected to improve with better elec- 
tronic transport properties in the a-Si:H. With a collection 
length of 1.0 ~m and fill factors similar to those 
depicted in Fig. 2a, we calculate that a-Si:Hfhquid junc- 
tion cells would yield photoelectrode efficiencies for con- 
version of sunlight to electricity of over 5% without fur- 
ther optimization of the system. These values are 
comparable to efficiencies obtained with a-Si:H surface- 
barrier-type systems, and would compare favorably to the 
highest efficiencies obtained for single-crystal silicon 
semiconductor/liquid junctions under  solar conditions 
(15). It would thus appear that the a-Si:H]liquid interface 
is not the limiting factor in development of efficient 
a-Si:H]liquid junctions,  but  that control and improvement 
of the electronic properties of the a-Si:H films are the 
dominant  factors at present. 

The high quality of the a-St:H/liquid interface observed 
in this study is consistent with other recent descriptions 
of photoelectrodes in nonaqueous solvents (15, 16, 34), 
and implies that systematic design and study of efficient 
photoelectrochemical systems in nonaqueous solvents 
may be possible with a variety of materials. We have dem- 
onstrated that a-Si:H/CH3OH/FeCpJFeCp2 + junct ions can 
exhibit high quantum efficiencies for electron flow, 
large photovoltages, and excellent photocurrent-voltage 
characteristics under  the proper conditions. Successes 
with properly prepared single-crystal photoelectrode sub- 
strates strongly suggest that future challenges in the area 
will arise from the chemistry of grain boundaries and 
recombination sites in polycrystalline materials at liquid 
junctions,  where the unique chemistry at 
semiconductor/liquid interfaces should allow manipula- 
tion of recombination sites through simple chemical 
processes. 
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Blockage of the Active Sites of a Platinum Electrode 

Influence of Dissolved Molecular Oxygen on the Time Dependence of Blockage in the 
Methanol/Electrolyte/Rotating Disk Electrode System 

Albert Marie de Ficquelmont and May Marie de Ficquelmont-Lo'izos I 
Institut de Topoligie et de Dynamique des Syst~mes, Universit~ Paris VII, associ~ au CNRS, 75005 Paris, France 

ABSTRACT 

The MeOH/0.1M NaC1OJPt system is investigated in aerated and deaerated medium, by analyzing the I(t) output sig- 
nals for a single gating input  potential signal [SII(t)] and for a sequence of two isochronic gating input signals [DII(t)] 
separated by a varying time ~r in open circuit, under  the same conditions (U = +750 mV/SCE; co = 12.5 rps; 0 = 25~ 
electrode pretreatment = polishing plus sonication). Analysis (in In / - In t coordinates) of the I(t) signals resulting from 
an SII(t) of 600s shows that the current decays to I = 0 as a function of time through three nearly linear sections, much 
more slowly in aerated medium. For DH(t), the current increases as a function of hr up to a plateau. These results are in- 
terpreted in terms of two types of adsorption: a hard one (species strongly bound to the substrate), and a soft one 
(weakly bound species). Dissolved O,~ is shown to act as a blockage inhibitor through a mechanism based on the follow- 
ing hypotheses: (i) competition between MeOH and 02 adsorptions leading to sites occupied by oxygen admolecules, (ii) 
dissociative chemisorption of MeOH, on bare Pt sites and on Pt(Ad-O~) sites without segregation, with the same stepwise 
dehydrogenation mechanism. With these hypotheses, the blocking adsorbates, whatever their nature, are more labile on 
Pt(Ad-O2) sites, due to a higher oxidation state of the carbon atom therein, thus explaining the two types of adsorption 
observed. 

The interest of methanol as a solvent (in organic chem- 
istry, chemical kinetics, or electro-organic synthesis) and. 
as a fuel in fuel cells is no longer to be demonstrated. 
From this last point of view, methanol electro-oxidation 
in acidic or alkaline aqueous media, i.e., the 
water/methanol + electrolyte/electrode system, has been 
widely investigated. However, only few studies deal di- 
rectly with the methanol]electrolyte/electrode system (1-3) 
and the role of the blockage of the electrode active sites 
therein. The latter is known to exist in methanol oxida- 
tion in acidic medium (4), in contrast with alkaline me- 
dium (5), and constitutes a very important obstacle to the 
development of methanol-air fuel cells (6). It is important 
to specify that blockage means, in general, any decrease 
in the number  or the reactivity of the active sites. 

We present here a study on the blockage of the active 
sites for the simple system MeOH/NaC1OJPt. We shall 
also show the role of dissolved molecular oxygen, which 
has a marked influence on the interface topography 

~Present address: CNRS, E.R. 248, "Instrumentation et 
Dynamique Cardiovasculaire," H6pital Broussais, 75674 Paris 
Cedex 14, France. 

(number and nonrandom distribution, at the atomic level, 
of the active sites), as was shown for metal systems (tita- 
n ium or iron) in sulfuric acid (7, 8). To our knowledge, the 
role of dissolved oxygen on the behavior of the electrode 
in methanol has not  previously been investigated; only 
deaerated media have been considered. 

We study here the response of a rotating disk electrode 
to a potential pulse input. This response depends on the 
interface topography, i.e., (i) on parameters inherent in 
the electrode itself (nature, structure, shape, pretreatment 
etc.), (ii) on parameters inherent  in the medium (concen- 
tration, temperature, viscosity, hydrodynamic conditions, 
diffusion phenomena, etc.), and (iii) on the type of reac- 
tion mechanisms taking place at the interface (8, 9). 

Experimental 
The supporting electrolyte (0.1M) was sodium perchlo- 

rate (Merck proanalysi), dried at 150~ under  vacuum. 
Methanol (Baker Absolute) was distilled over Prolabo 
99.8% magnesium turnings in order to eliminate water 
and metallic impurities. Measurements performed with 
undistilled solvent have indeed shown blockage occur- 
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ring more rapidly. The solutions were aerated by dry at- 
mospheric air in tlSermodynamic equilibrium with metha- 
nol without bubbling. Deaeration was performed by 
argon bubbl ing (Air-Liquide N55) saturated with metha- 
nol of cell composition. During the measurements,  in or- 
der to avoid a perturbation of the fluid flow and bubbles 
at the electrode surface, bubbl ing  was stopped, but  an 
overpressure of methanol-saturated argon was main- 
tained over the solution. Under  these conditions, solvent 
evaporation was negligible. Between two measurements,  
argon bubbl ing was maintained. The efficiency of 
deaeration was regularly verified through the current 
variation of oxygen reduction from aerated to deaerated 
medium (e.g., at -0.6V, from 300 ~A to less than 3/~A on 
the average at a rotation speed e = 0). The currents de- 
pend of course on the atmospheric pressure. Note that ox- 
ygen is far more soluble in methanol than in water, lead- 
ing to more important currents (current densities ten 
times higher). 

Measurements were performed, at +25~ -+ 0.1~ using 
a classical three-electrode system and a hemispherical 
one-compartment and double-wall cell (solution volume 
= 125 ml). The working electrode was the cross section of 
a plat inum cylinder (0.5 cm diam) inserted in a Teflon 
thermoshrinkable sheath (overall diameter of the elec- 
trode = 1 cm). The counterelectrode was a large, hemi- 
spherical iridium-coated plat inum grid. The reference 
electrode was a removable double-compartment calomel 
electrode in saturated KCI(MeOH). I(t) curves were re- 
corded potentiostatically (home-built potentiostat, solid 
or mercury contactor according to the range of co), and 
I(U) curves under  potential sweep conditions. The elec- 
trode rotation speed was measured to -+1% photoelec- 
trically (home-built frequency meter). The rotating disk 
electrode (RDE) was mirror polished with 3 #m diamond 
paste for 150s then sonicated for 450s in methanol of cell 
composition. The RDE and the glassware were rinsed 
with the distilled methanol. 

Results 

The RDE behavior has been examined through the cur- 
rent-time I(t) curves recorded, in laminar flow (10), at dif- 
ferent values of the potential U and of the rotation speed 
oJ (ranging from 6.25 to 100 rps), both in aerated and in 
deaerated medium. This behavior is exemplified here by 
the results relative to U = +750 mV/SCE and c~ = 12.5 rps. 
Since any change in the initial and boundary conditions 
is liable to lead to a different mathematical expression of 
the output signal, we have always operated as follows: 
after pretreatment (polishing and sonication), the RDE 
was rotated in the solution before the counterelectrode 
circuit was closed. 

The potential of + 750 mV/SCE corresponds (Fig. 1) to a 
range between oxygen reduction and an oxidation step 
(prewave at an average value of 1.2 V/SCE). The initial 
forward trace is very reproducible with a polished RDE, 
but is affected by blockage during consecutive sweeps, as 
is the case in sulfuric acid (4). On the contrary, the back- 
ward trace markedly varies with the experimental condi- 
tions. The prewave at 1.2V is to be compared with the one 
observed for NaC104-MeOH under other experimental 
conditions, which was attributed to the oxidation of the 
solvent and not to that of the supporting electrolyte (3). 
The cathodic processes correspond to the reduction of 
dissolved O~ and Na + [solvated in MeOH (11)]. 

The I(t) output signal corresponds to the following con- 
ditions: on circuit closure, the potential is held at a fixed 
value over a time interval T and is zero before and after T 
(open circuit). Further information on the RDE behavior 
was provided by the I(t) curves recorded after open- 
circuit exposure. To this end, two isochronic I(t) signals 
recorded at a given U and separated by a time hr on open 
circuit (U = 0) were compared (Fig. 2). The RDE was pre- 
treated for the first signal only; the hydrodynamic condi- 
tions were held all over (RDE immersed and rotated at 
the same ~); Ar was varied from some fractions of a sec- 
ond to 1 or 2h. The input  signals are obviously of the 
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Fig. 1. Linear sweep voltammogram for 0.1M NaCl04 in aerated 
methanol, icu = O; sweep rate = 600 mV/min; RDE treatment: 3 ~m 
diamond paste polishing (1SOs) + sonication (450s); ~" = 25~ ch 
RDE = 0.5 cm]. Scale: 1 unity = 200/~A or 200 inV. 

gating pulse type, and will be denoted hereafter, for the 
sake of convenience, as S1](t) for the single and DII(t) for 
the double gating pulse. 

Experimental I(t) curves for an SI](t) input 
s ignaL--The experimental  I(t) curves exhibit  (Fig. 2) in 
both media a very important  impulse (D~) followed by a 
rapid and continuous decrease down to a zero or at least a 
very low current value, when t --> ~ (fall of 99% even at U's 
at which I is important  on the I(U) curve). The shape of 
the signal is different from the one given, for example, by 
the oxidation of the methanol residue on platinized plati- 
num in sulfuric acid (12). The fact that no stationary cur- 
rent is reached and the very fast decay of I are indicative 
of blocking phenomena taking place very rapidly at the 
RDE surface. 

The part of the signal at very short times is the conse- 
quence of the circuit closure, the charge of the double- 
layer capacitance, the transfer function of the device, and 
the mass transfer of species arriving at the electrode un- 
der the influence of the electric field (although the hy- 
drodynamic steady state was attained before circuit clo- 
sure, since the RDE was rotated before U was applied). 

I FFDI " 

500 . . . .  

0 ~ .... ~-]--~-~----AT--F~ ......... I---F-IT 
50 100 500 0 50 

Fig. 2. Experimental I( t) output signal recorded after RDE treatment 
[StF[(t) input signal] and after open-circuit exposure during o time &T 
[DH(t)  input signal] for 0.1M NaCI04 in aerated methanol. [U = + 
750 mV/SCE; ~ = 12.5 rps; 8 = 25~ ~b RDE = 0.5 cm; T = 600s.] 
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The ascending part of the impulse reaches a maximum 
value at 0.18-0.20s after circuit closure and is therefore lo- 
cated within the t ime range for mass transfer. 

The descending part of I(t) is not a simple exponential  
over the duration T of the input signal, since the In t vs. t 
curve is similar to l(t), i.e., in I nonlinear vs. t. Its analysis 
in in I - l n  t coordinates reveals the existence of three 
nearly linear sections, both in aerated and deaerated me- 
dium (Fig. 3, curves A and B), as was observed in the case 
of the formation of oxide layers on iridium from sulfuric 
acid (13). The number  of sections (three) is relative to a 
time T of 600s, but another number  may be revealed 
when the observation time is varied. In deaerated me- 
dium, the second section is less extended, the instant 
value of I is lower, the slopes are higher, and the transi- 
tion times (defined at the intersections of the tangents) 
are shorter. In Fig. 3, the ratios of the slopes are 2.5 for the 
first and 1.1 for the second and third sections; the ratios 
of the transition times are 1.2 for the first to the second 
section and 1.5 for the second to the third section. 

Exper imenta l  I(t) curves for  a DII(t) s i gna l . - -By  in- 
creasing hr (Fig. 2), a sharp increase of I followed by a pla- 
teau is observed, as shown by the values D2 of the maxi- 
mum in the second I(t) signal (Fig. 4). This behavior is 
revealed in both media, whatever the value of % but the 
height of the plateau is markedly lower in the absence of 
dissolved molecular oxygen (5% instead of 30% in aerated 
medium). Owing to our procedure, the values of DI and 
D2 are obviously coupled, and therefore the ratio DJD~ 
has been plotted in order to take account of this coupling. 

In aerated medium, analysis of the second I(t) curve 
leads to two linear sections only at low Ar values (Fig. 5, 
curve 1 for hr = 1.95s). When 5r is increased, the shape of 
the curves becomes more and more similar to that of the 
initial curve (three sections), i.e., the one with the pre- 
treated RDE (curve 0). In deaerated medium, the behavior 

_ x 

\ \ \  \ x  

t , , i i x i - ,  
5 

tnt 
Fig. 3. Comparison between aerated (A) and deaerated (B) medium 

on the I(t) curves ,  e x p r e s s e d  in In I - I n  t coordinates ,  recorded for an 
sH(t) input signal, for 0,1M NaCIO4 in methanol. [U = + 7 5 0  mY/ 
SCE; o~ = 12 .5  rps: 0 = 25~ q5 RDE = 0 . 5  cm; T = 6 0 0 s . ]  

observed shows similarities but also differences, since 
low hr values do lead to two sections only (Fig. 6, curve 1) 
whereas the third section starts to appear at higher 
values, but not as clearly as in aerated medium. In addi- 
tion, the gap between curve 0 and the other curves is far 
more important in deaerated medium for a given AT, as 
shown by curve 4 in Fig. 5, curve 2 in Fig. 6 (AT = ca. 30s 
in both cases), and Fig. 7 (L~T = ca. 60s). 

Influence of  the RDE pre t rea tment . - -The  results pre- 
sented here are relative to average current values, be- 
cause of a scattering over a Gaussian curve (shown up on 
the values of DI). This scattering can be due partly to the 
pretreatment of the RDE. It is indeed known that a 
change in the pretreatment of the electrode (chemical, 
thermal, physical, electrochemical methods, or combina- 
tions of these) gives rise to different results on adsorption 
phenomena (14). Moreover, a simple change in the grade 
of the abrasive paper used in mechanical polishing also 
leads to marked differences in the blockage (8). More ex- 
pectedly, a change in the potential sequence during an 
electrochemical treatment leads to significant modifica- 
tions of the adsorption process and the oxidation of the 
resulting adsorbates in MeOH-H.,SO4 medium (15, 16). 

In the present case, using always the same type of 
pretreatment and the same grade of diamond paste, we 
have shown that certain parameters characterizing our 
technique play an important part in the current mea- 
sured, even if the overall shape of the curves remains 
unchanged. Thus, the polishing time tp of the RDE has a 
marked influence, as shown by D2 values (Fig. 8), and a 
correlation can be established between DI, D..,, and tp ac- 
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Fig. 4. Influence of the open-circuit exposure time (AT) on the height of the second impulse (D2) in DH(t) for aerated (A) and deaerated (B) 
0.1M NaCIO4-methanol solution. [U = + 7 5 0  mV/SCE; ~ = 12.5 rps; ~ = 25~ ~b RDE = 0.5 cm; T = 600s.] 
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t n t  
Fig. 5. Modification of the second I(t) signal in DI I ( t )  after open- 

circuit exposure over a time AT for 0.1M NaCIO4 in aerated metha- 
nol. [U = + 7 5 0  mV/SCE; co = 12.5 rps; 0 = 25~ ~b RDE = 0.5 cm; 
T = 600s.] Curves: 0: initial curve (first signal); 1: Ar (s) = 1.95; 2: 
A~" = 6.18: 3: AT = 19.97; 4: Ar = 31.51; 5: AT = 40.63. 

tn 

5 
tnt 

Fig. 6. Modification of the second I(t) signal in DH(t) after open- 
circuit exposure over a time Ar for 0.1M NaCI04 in deaerated metha- 
nol. [U = + 7 5 0  mV/SCE; co = 12.5 rps; 0 = 25~ ~b RDE = 0.5 cm; 
T = 600s.] Curves: O: initial curve (first signal); 1: AT (s) = 3.24; 2: 
AT = 30.32; 3: AT = 60.19. 

A 

[n t 
Fig. 7. Comparison between aerated (A) and deaerated (B) medium 

through the In t-:In t curves for the second signal in DII(t) after open- 
circuit exposure over a time AT of 60s, for 0.1M NaCIO4 in methanol. 
[U = +750 MWSCE; r = 12.5 rps; e = 25~ ~b RDE = 0.5 cm; r = 
600s.] 

cording to the working time of the RDE (Fig. 9). This may 
be due to the fact that successive polishings can assign 
different weights, during time, to the planes (100), (110), 
and (111) of the polycrystalline surface constituting the 
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Fig. 8. Influence of the RDE polishing time (~ = 0.5 cm) on the 

value of the second impulse in DH(t)  for 0.1M NaCIO4 in aerated 
methanol, as a function of the time At in open-circuit [U = + 7 5 0  
mV/SCE; co = 12.5 rps; 0 = 25~ T = 600s.] 
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Fig. 9. Relationship between the values of the first (DI) and the 
second (D2) impulse in DR(t) and the RDE polishing time ('h = 0.5 
cm) for 0.1M NaCIO4 in aerated methanol. (The working time of the 
RDE increases from point 1 to point 10.) [U = + 7 5 0  mV/SCE; co = 
12.5 rps; e = 25~ T = 600s.] Polishing time tp (point) (s): 150(1); 
10(2); 10(3); 10(4); 30(5); 30(6); 30(7); 0(8); 30(9); 60(10); 60(11); 
120(12); 130(13); 130(14). 

RDE, and to the fact that methanol adsorption may de- 
pend on this weight. The latter indeed takes place differ- 
ently in H2504 (4) but  similarly in NaOH medium (5). But 
this interpretation is to be ruled out, since, not only the 
medium is neutral here, but  also the size of the grains of 
the Pt employed is such that the distribution of the crys- 
tal orientations remains unchanged whatever the polish- 
ing plane. Therefore, this combined influence of tp and 
the working time can be explained by the existence of 
adsorbates strongly bound to the substrate which cannot 
be entirely eliminated after a certain working time by suc- 
cessive polishings with the same tp (e.g., 150s). 

Discussion 
In the literature, methanol electro-oxidation on plati- 

num has been investigated over two directions mainly 
(separate study of MeOH electroadsorption and electro- 
oxidation of the residue or simultaneous study of the 
adsorption-oxidation). In general, unstirred and deaerated 
media were investigated, and different types of working 
electrodes were used (poly- or monocrystalline, wire, 
plate, and, more seldomly, rotating disk), as well as 
various electrochemical conditions and different elec- 
trode pretreatments. The nature of the intermediates in 
water has been shown to depend on the experimental 
conditions, i.e., the pH, the MeOH concentration, the 
structure of Pt, and, more particularly, the potential 
(15, 17-20). The adsorbed intermediates acceptedly 
formed up in aqueous methanol through stepwise dehy- 
drogenation can be: *CH~OH; ~CHOH; *COH; *C = O, 
*C --- O (16, 18, 19, 21), in addition to OHads (22). The spe- 
cies which admittedly poisons the electrode is *COH [see, 
e.g., Ref. (6, 18, 23)] bound to three Pt sites through carbon 
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(6, 24) or *CHO bound to a single Pt  (25). However, an in 
s i tu IR investigation has shown, under certain conditions, 
the presence of *C --- O and *C ~- O to the exclusion of 
*COH (21). In addition, multimolecular layers have been 
assumed to form (12, 16, 26), and the existence of a weakly 
bound species has long been subject to discussion (12, 27, 
28). 

The MeOH/NaCIOJPt  s t irred medium:  exis tence of  two 
types o f  adsorpt ion . - - In  the present work, the hydrody- 
namic conditions established by the RDE ensure (i) a con- 
tinuous contact of the solid-liquid interface with the bulk 
of the fluid, (ii) a constant renewal of the fluid adjacent 
to the RDE surface, and (iii) shearing stresses and a flux 
density more important than in unstirred medium. Tak- 
ing account of the recirculations that can exist even in 
laminar flow (29), the organization of the fluid within the 
Levich layer is higher at the interface than in the solution 
bulk or in unstirred medium. The increased flux density 
(and, hence, shorter intermolecular distances) enhances 
the possibility of physical adsorption. Adsorption phe- 
nomena will be more organized, especially as the fluid 
can penetrate into the stagnant viscous layer of Lewis (30) 
as organized aggregates coming from the bulk of the flow 
(31,32). Subsequently, when the potential is applied, 
electroadsorption and]or electro-oxidation will be gener- 
ated, possibly in several steps as is the case in water, lead- 
ing to the blockage of active sites. 

In addition, owing to the continuous mass supply (and 
departure) maintained by stirring, various types of 
bondings, more or less strong, between the substrate and 
the adsorbates can be expected. This is supported by our 
results on the behavior in open circuit of a previously 
blocked RDE, i.e., the fact that the current (D2) increases 
but only up to a limit which always remains lower than 
the value (D,) measured with a pretreated RDE (Fig. 4). 
This is indicative of the existence of two types of adsorp- 
tion: a "hard" one (species strongly bound to the sub- 
strate) and a "soft" one (weakly bound species). In that 
case, one (or several) of the blocking species seems to be 
removed, partly or totally, by circuit opening, and the 
other (or the others) remains adsorbed, even if the RDE is 
withdrawn from the solution after blockage. The current 
decrease at very high Ar's can be explained by a further 
adsorption in open. circuit (Fig. 4, at 480-1800s). The dual 
character of the adsorption is also confirmed (Fig. 5 and 
6) by the In I vs .  In t curves for the second I(t) signal in 
DII(t). At low hr values, the curves exhibit two linear sec- 
tions only; now, considering our procedure, they still cor- 
respond to a nearly total blockage of the active sites. 
When Ar is more and more increased, the weakly bound 
species are eliminated under open circuit, thus liberating 
active sites on which the phenomenon relative to curve 0 
(presence of three sections) can again take place, at least 
partly, since the RDE is not entirely regenerated (curves 
always under curve 0). 

The MeOH/NaCIOJPt  s t irred medium:  influence o f  dis- 
solved molecular o x y g e m - - I n  pure methanol, the species 
liable to adsorb and lead to blockage phenomena are the 
entities initially present in the medium (and species, de- 
rived from them subsequently): (i) CH3OH (neutral me- 
dium here); (ii) C104- [analogy with anion adsorption dur- 
ing methanol oxidation in aqueous medium (33)]; Na § 
should not interfere at the anodic potential used; (iii) re- 
sidual H20 [its initial concentration is low (less than 1%) 
with respect to the critical threshold determined for the 
influence of water (or at least its detection) as a function 
of the supporting electrolyte (1, 2)]; (iv) dissolved O~ in 
aerated or residual O.~ in deaerated medium. In what fol- 
lows, we shall consider CH3OH and O.., only, given the 
significant differences observed between the two media, 
and shall not take account of the possible influence of 
the other entities (C104- and H~O), since their initial con- 
centrations are the same i n b o t h  media. 

The existence of three sections in the In I vs. In t curves 
traduces changes in the regime of the system, each of 
them being related to a different adsorption regime tak- 

ing place with a different kinetic law. It is, however, 
difficult to establish a direct relationship between the 
number  of species involved and the presence of three 
nearly linear sections. As a matter of fact, the complexity 
of the I(t) curve in various coordinates (no linear part in In 
I vs. t among others) is indicative of a complex adsorption 
process (of order other than 0 or 1), in which would inter- 
vene several species in each section, for instance, and]or 
isotherms other than the Langmuir  isotherm. In addition, 
an interaction between adsorption kinetics and mass 
transfer was shown here, since the slopes and the transi- 
tion times for the three sections depend on ~ (see Table I). 

Deaerated m e d i u m . - - S i n c e  the amount of residual 02 is 
very low (residual current at -600 mV/SCE about 100 
times lower than in aerated medium), the results ob- 
served are mainly due to MeOH. We can assume that the 
latter forms (i) first, weak bondings (of the physical ad- 
sorption type) with the substrate, which are favored by 
stirring, thus leading to a structure we denote by 
(MeOH),ds, and (ii) then stronger bondings (of the strong 
chemisorption type), thus leading to irreversible (17) de- 
hydrogenation and/or electro-oxidation steps. As in water, 
we can assume a stepwise mechanism through the forma- 
tion of several adsorbates or groups of adsorbates ( I0~ 
(Eq. [1]) 

MeOH + Pt  1 (MeOH),d~ 2 (I,)a~, 

3 (I~)~d~ 4 (I3)~d, . (I,),~ - - ~  . . [1] 

In Eq. [1], three possible structures, (I), (II), or (III), can 
be considered for (MeOH)ads. These will undergo dissocia- 
tive chemisorption depending on the energies involved, 
i.e., on the bond energies and the energies of formation of 
adsorbate-substrate bondings relatively to the value of 
the potential. For instance, at certain U values, (II) and 
(III) can be more favored than (I), since the O--H bond is 
more difficult to break than C--H or C--O, assuming that 
the bond energies in Pt-H and Pt-C are similar. 

c/HH H H 

s-- o / \ C/----H 

/ p t ~ f ~  / ' ' / ' ' 
(1) (II) (III) 

In reaction [1], the number, nature, and subsequent  evo- 
lution of the adsorbates will depend on the experimental  
conditions as is the case in water. Therefore, various spe- 
cies can arise from side-reactions and adsorb and/or react 
according to their environment,  i.e., to the neighboring 
species adsorbed at the RDE surface or the bulk species. 
For example, depending on the starting structure of 
(MeOH)ad, (I,)ad~ can be 

(I,)ad~ --- P t - -H + Pt---OCH3 (starting from (I)) [2] 

(I,)ad~ -= P t - -OH + Pt--CH3 (starting from (II)) [3] 

(I,)a~s -= P t - -H  + Pt--CH~OH (starting from (III)) [4] 

Table I. Influence of mass transfer on the slopes 
and the transition times from one section to another 

for an SH(t) input signal in 0.1M NaCI04 
in aerated methanol. 

U = + 7 5 0  mV/SCE; 0 = 25~ ~b RDE = 0.5 cm 

oJ (rps) 

Slopes in the In I - ln  t curves Transition time (s) 
First ~ Second --* 

First Second Third second third 
section section section section section 

16 
25 
49 
81 

100 

-0.45 -1.07 -0.75 2.72 21.3 
--  -1.06 -0.67 --  27.1 

-0.25 -0.82 -0.55 1.43 40.0 
-0.28 -0.89 -0.65 1.16 50.4 
-0.22 -0.77 -0.59 0.70 60.3 
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Another example is given by adsorbed hydrogen, which 
can be more or less strongly bound to the substrate as in 
the case of Fe or Ti in acidic aqueous medium (7, 34) and 
react with other entities adsorbed at the surface or com- 
ing from the solution bulk on account of the conditions 
for constant renewal of the interface. In this last case, 
P t - -H would react with CH3OH or with CH30-, solvated 
by five solvent molecules (11), arising from the 
autoprotolytic equil ibrium of methanol in neutral me- 
dium. Therefore, the current observed can result from 
one (or all) of the possible reactions for the elimination of 
adsorbed hydrogen atoms, i.e. 

Pt- -H ~ H + + Pt + e [5] 

Pt - -H + CH3OH ~ CH3OH2 § + Pt  + e [6] 

P t - -H + CH30- ~ CH3OH + Pt + e [7] 

Reaction [5] is invoked in aqueous medium where atomic 
hydrogen can adsorb at coverage fractions almost as im- 
portant as those of methanol (35-38). Side reactions can 
take place between P t - -H and adsorbed species, e.g., 
Pt--CH3, Pt--OH, Pt--CH~OH, Pt--H, (CH~OH)a~s, etc., 
thus liberating plat inum sites without current production. 

Starting from (It)ads, dissociative chemisorption (steps 2, 
3, 4, . . . )  will proceed provided the various energies in- 
volved be at the adequate level. In (I1)ads mainly will be 
implied the carbon containing species Pt--OCH3, 
Pt--CH~, and Pt--CH~OH. Thus, among the (I~)~'s, may 
exist: (Pt)~--CHOH; among (I3)~d~: (Pt)3--COH; among 
(I4)ads: (Pt)~--CO--Pt, which can evolve to give (Pt)2---C 
= O, then Pt--C ---- O. 

The foregoing shows that it is very difficult to deter- 
mine which species are formed up under  our conditions 
and block the RDE, but  it can be accepted that they are 
directly bound to the substrate (Pt), in contrast to the aer- 
ated medium. 

Aera ted  m e d i u m . - - S i n c e  the same experimental condi- 
tions are used, the blockage inhibition, the RDE regenera- 
tion, and the differences in the In I vs. in t curves must  be 
caused by the presence of dissolved molecular oxygen. It 
is known that oxygen can bring modifications to the 
bulk solvent and to the interface. The presence of a gas 
can indeed modify the order and hence the structure of 
methanol with respect to degassed medium (39). Rigor- 
ously speaking, the deaerated medium here is not de- 
gassed (due to argon bubbling), but  it is probable that 
methanol is modified differently by two gases of differ- 
ent natures (air and argon). Such a difference is also ob- 
served in the case of the effect of supporting electrolytes 
on methanol structure (40). At the level of the interface, 
adsorption of oxygen (molecular or atomic) is expected to 
bring changes in: (i) the plat inum surface as was shown 
for solid-gas (41) and for solid-liquid interfaces (42-45); (ii) 
the interface topography (8, 9); and (iii) the adsorption- 
desorption kinetics of other species without changing the 
overall mechanism (46). 

The structure of adsorbed (molecular or atomic) oxygen 
is influenced by the experimental conditions. Several 
types of plat inum oxide arising from water dissociation 
have been considered in aqueous medium (47), particu- 
larly during the dynamic aging of oxygen containing 
electrosorbed layers in acidic (48, 49) or alkaline (50) me- 
dium. In the case of O~ adsorption at the solid-gas inter- 
face, the existence of two types of surface oxygen on 
Pt(100) has been shown: chemisorbed oxygen and a plati- 
num oxide (41, 51). In  addition, the structure of the oxy- 
gen adlayer depends on the method of formation of the 
substrate (41). 

Considering our results, we shall assume that dissolved 
molecular oxygen does adsorb at the anodic potential 
used. Taking account of the electron structure of oxygen 
and platinum, O2 adsorption would take place on two 
neighboring plat inum atoms through the unpaired elec- 
trons in the =* ant ibonding molecular orbitals of oxygen 
and the unpaired electron in the 5d orbital of platinum, 
thus leading to (IV) and (V). Such a bonding requires a 

lower energy than does the complete dissociation of the 
02 molecule. 

. o - -  o~ 

/ , , I  ---, / 
I , 

(iv) (v) 

Structure (V), denoted hereafter by Ad--O2, corre- 
sponds stoichiometrically to a Pt202 platinum oxide in 
which the O/Pt ratio is the same as in PtO (one of the pos- 
sible forms of adsorbed oxygen from water) or Pt--O (ad- 
sorbed oxygen atoms). We shall make no assumptions on 
the thickness of the oxygen adlayer which can exceed 
one monolayer (50, 52), the possible diffusion of 02 into 
the metal lattice, the anisotropy of the crystal planes of 
plat inum towards the adsorption of simple molecules (53), 
or the mobility of surface plat inum atoms under  the 
influence of oxygen (54, 55). 

Accepting oxygen adsorption under  our conditions, we 
can reasonably consider that there is a competition be- 
tween 02 and MeOH adsorptions. At this stage, arises the 
question on methanol adsorption at a surface partaken 
between bare substrate [Pt (subs)] and Ad--O2 sites. Two 
cases can be distinguished: (i) methanol adsorbs both on 
Pt(subs) and Ad--O~, and (ii) methanol adsorbs on 
Pt(subs) only. 

First  case: no segregation between Pt(subs)  and Ad---0.2 
s i tes . - - In  this case, the dissociative chemisorption of 
CH3OH also proceeds on Ad--O..,, hence on a partially 
modified RDE, .according to a stepwise mechanism, i.e., 
through a sequence of dehydrogenation steps similar to 
reaction [1] proposed for the deaerated medium or for 
aqueous media in the literature. For example, starting 
from (III), the first step is 

H H 
H .___kiC//OH 
i 

/T-T -- / t r  
(VI) (VII) 

Since other Ad--O~ sites are liable to be present in the 
vicinity of Pt--O--CH2OH [at the solid-gas interface, oxy- 
gen adsorbs on P t ( l l l )  in islands (56)], the following steps 
can be considered 

Ad-O 2 + HCH20H ~ Pt-O-CH2OH + PtOH 

~ +Ad-O 2 

(Pro) 2-CHOH + PtOH 

~ +Ad-O 2 

(Pro) 3-COH + PtOH 

~ + H + + PtO + e 

Ad--O 2 + CO Ad-O 2 + CO 2 + 2Pt + H20 

[8] 

As in deaerated medium, the (li)a~s's can undergo sev- 
eral side reactions with neighboring groups such as 
Pt--OH, I~--H [resulting from the adsorption of MeOH 
on Pt(subs)], etc., thus liberating active sites. It is to be 
noted that decarboxylation can occur at any stage of the 
various steps, e.g. 

Pt + H + + (PtO)-COOH + e 

,, ) PtO + CO 2 + + e I H + 

( P tO ) 2-CHOH 

~ .  .......~PtH + CO 2 

(PtO)-COH + H + + PtO + e 

Pt + H + + CO 2 + e 
[9] 

In that way, the mechanism is to be compared with the 
one proposed for formaldehyde electro-oxidation on oxy- 
gen adsorbing adatoms on Pt in aqueous medium 
through a parallel path without obstruction by the COH 
poison (57). 
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In reaction [8], ~COH is fixed on three PtO sites, but 
other possibilities can be considered according to the en- 
vironment  [presence of Pt(subs) or Ad--O~ sites] in the 
steps leading * to *COH 

o n  Pt(subs) sites : (Pt)3-COH 

(Pt) 2 Pt 
On oxygen-containing sites: ~COH ; \COH ; (PtO)3-COH 

(Pro) / (Pro)2 / 

From the foregoing, it may be concluded that the 
higher currents observed in aerated medium result from 
several concomitant facts, listed below. 

1. In all adsorbates on PtO (from Ad--O2), the carbon 
atom is in an oxidation state, as defined in Ref. (58), 
higher than in the corresponding adsorbates on Pt(subs) 
and is hence more labile. For example, taking a value -1  
for each bond to H and Pt, and +1 for each bond to O, as 
for C atoms covalently bonded in organic molecules, the 
carbon atom in PtO--CH2OH is in an oxidation state two 
units higher than in Pt--CH2OH. In the various struc- 
tures for *COH, the oxidation state varies from - 2  to +4; 
therefore, the same adsorbate (e.g., .~COH, *C -= O), or 
*C ~ O) can undergo different subsequent reactions, de- 
pending on its environment  and the experimental condi- 
tions. Similarly, a higher oxidation state is reached more 
rapidly in aerated medium. 

2. The Pt--OH adsorbate, which is thought to be indis- 
pensable for the electro-oxidation in aqueous medium 
[e.g., Ref. (6)], is formed simultaneously to (PtO)3--COH, 
whereas in deaerated methanol, it can only be formed 
through the dissociative chemisorption of (II), hence less 
easily. 

3. The oxidizing effect of Pt--OH is more readily per- 
formed on species such as (PtO)3--COH than on 
(Pt)3--COH, owing to the oxidation states of C in such en- 
tities. Consequently, Pt and PtO sites will be liberated 
more easily in aerated medium. 

As for the dual character of the adsorption, whether the 
poison is the same or not on Pt(subs) and on PtO and 
whatever its nature, it becomes a hard adsorbate when 
fixed on Pt(subs) and a soft one when fixed on PtO(via 
Ad--O2), owing to the difference of the oxidation states. 
In the stepwise mechanism, a part of the Ad--O2 sites 
would be recovered, and, therefore, 02 can be considered 
as playing a double role, i.e., as a catalyst and as an oxidi- 
zer. However, this does not prevent the RDE from being 
blocked, since the sites liberated are in turn subjected to 
the MeOI-t/O.2 competition, and their number  continues 
thereby to decrease with time. This interpretation also 
holds for the deaerated medium, owing to the presence of 
residual O~ and of air-oxygen adsorbed during the pre- 
treatment of  the RDE. 

Second case: segregation between Pt(subs) and Ad--02 
sites.--If such a segregation is assumed, i.e., MeOH ad- 
sorption on Pt(subs) only, then the mechanism on 
Pt(subs) would be reaction [1], but with the possibility of 
oxidation by oxygen at any step. For example, consider- 
ing an island-type topography (56), the (Pt)3--COH poison 
could be oxidized at the island boundaries by oxygen ad- 
sorbed on neighboring Pt(subs) sites as follows 

(Pt).~--COH + Ad--O2 ~ CO2 + H § + 4Pt + PtO + e [10] 

This process is to be compared with the mechanism 
proposed in the case of oxygen adsorbing adatoms on Pt 
which enhance methanol or formaldehyde electro-oxida- 
tion (38, 57). Such a mechanism would, of course, account 
for the higher current values in aerated medium, but  
would explain less readily the existence of two types of 
adsorption, and should, therefore, be ruled out in the 
present case. 
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ABSTRACT 

Mixtures of l-methyl-3-ethylimidazolium chloride (MEICI) and aluminum chloride are molten salts at room tempera- 
ture and below. Acidic melts, which contain AICl3 mole fraction (N) greater than 0.5, can be used as catholytes, with ba- 
sic melts (N < 0.5) as anolytes, in a concentration cell using Al plate electrodes and a microporous polypropylene separa- 
tor. Gravimetric analysis of electrodes indicates that the anode reaction is 

Al + 4Cl- -~ AIC14- + 3e- 

and the cathode reaction is 

4A12C17- + 3e- ~ A1 + 7A1C14- 

The open-circuit potential for the cell 

AllA1C1, (N = 0.37), MEIClllA1C13 (N = O.6O), MEICllA1 

is 1.38V, and the voltage remains above 1.0V at constant current discharge of 1-3 mA for 6 cm 2 A1 electrodes. Coulometry 
is combined with gravimetric and compositional analysis (using NMR spectroscopy) of the electrolytes to estimate trans- 
port numbers. 

Researchers at the Frank J. Seiler Research Laboratory 
have discovered a chloroaluminate salt which is liquid at 
room temperature and below (1). This salt is formed by 
mixing 1-methyl-3-ethylimidazolium chloride (MEIC1) 
with A1C13, with both solids at room temperature, as 
shown by 

~=~ CI- 
N + N + A1C1, 

/<<:2", 
CH3 C2H5 

(MEICl) 

significantly lower vapor pressure (due to A1C13) than 
NaC1/A1C13 melts at the same temperatures, it can be as- 
sumed that K1 and/(2  for the MEICI/A1CI~ melts are even 
larger than for the NaC1/A1C13 melts. The anion mole frac- 
tion of each ion as a function of N is shown in Fig. 1. 

N + N + A1Ch- , Kl >> 1 [1] 
/ , ,k2' \ 

CH3 C~H5 
(MEI § 

When A1C13 is added to MEIC1 in less than stoichiomet- 
ric amount  (i.e., N in the melt is less than 0.5), the anions 
in the melt  are A1C14- and C1-. Such mixtures are basic 
because C1- acts as a Lewis base in these melts. When N 
> 0.5, the process 

A1C13 + A1C14- ~ A12C17- , K~ >>  1 [2] 

occurs, and the anions are A1C14- and AI~C17-. Such melts 
are acidic because A12C17- acts as a Lewis acid. K, and K2 
have not been measured yet for these melts. However, the 
values of K1 and K2 for the analogous system, NaCYA1C13, 
have been determined to be 3.2 x 10 -1, and 3 x 104, re- 
spectively, at 175~ (2). Because preliminary studies in 
our laboratory show that the MEIC1/A1C13 melts have 

*Electrochemical Society Active Member. 

These curves are calculated from the stoichiometry of Eq. 
[1] and [2]. These dependencies are similar to those for 
n-butyl pyridinium chloride/aluminum chloride (3) and to 
a lesser extent to those for alkali metal chloride/alumi- 
num chloride melts at elevated temperature (2). 

The acid-base properties of chloroaluminate melts are 
best understood in terms of the equilibrium 

AI~C17- + C1- ~ 2A1C14- , K3 >> 1 [3] 

Since K for this reaction is large, about 10 TM (4), acid 
melts and basic melts can be combined as catholytes and 
anolytes in concentration cells with relatively high poten- 
tials, using aluminum electrodes and an appropriate sepa- 
rator. A schematic of such a cell, in which the electrolytes 
are N = 0.33 and N = 0.60 melts, is shown in Fig. 2. The 
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Fig. 1. Mole fractions of anions in melts vs. mole fraction of AICI 3 
in melt. 

species in the dashed boxes are shown with coefficients 
that indicate their relative amounts in these melts. These 
coefficients represent the stoichiometric amounts re- 
quired to generate three equivalents of electrons if the 
cell discharges according to the anode and cathode reac- 
tions shown in Eq. [4] and [5] 

A1 + 4C1- --> A1C14- + 3e- [4] 

4A12C17- + 3e- --, A1 + 7A1C14- [5] 

Directions of transport of charge by MEI § A1CI~-, and 
A12C17- are indicated by the dashed arrows in Fig. 2. 

Three aspects of concentration cell performance are in- 
vestigated to determine if the picture of the basic cell 
electrochemistry shown in Fig. 2 is valid. Gravimetric 
analysis of the electrodes is correlated to measured 
charge passed, cell open-circuit potential is compared to 
the predicted potentials based on previous obtained cy- 
clic voltammograms (5), and measured specific energies 
are compared to values obtained from calculations based 
on the Fig. 2 model (6). Knowledge of the quantities of 
MEI § in the anolyte before and after discharge of a mea- 
sured number  of coulombs also allows us to estimate the 
external (relative to the separator) transport numbers  for 
MEI ~, A1C14-, and A12C17-. 

Experimental  
All melts were prepared as reported previously (1). All 

operations described below were done in an Ar-atmos- 
phere dry box. The concentration cells were constructed 
by sandwiching each component  - -  anode, separator, and 
cathode - -  between Teflon gasket/spacers and clamping 
the package together. Electrodes (0.25 mm-thick 99.999% 

A1 [Alfa Products] with about 6 cm 2 active area) were 
abraded with carborundum paper to remove oxides, 
rinsed with acetonitrile, dried, and weighed before cell as- 
sembly. The separator, Celgard | 4510 microporous 
polypropylene film, was also preweighed. The electrodes 
were 1.0 cm apart in the assembled cell, which was 
weighed before and after each electrolyte was added 
(about 2.5g [-2.0 ml] anolyte, N = 0.37, and 3.5g [-2.8 ml] 
catholyte, N = 0.60). A Mettler AE163 electronic balance 
in the dry box was used for all weighing. Within a few 
minutes of assembly, the cell was connected to a PAR 173 
Potentiostat/Galvanostat with a PAR 179 Coulometer. 
The cells were discharged at controlled current, and the 
voltage was recorded on a chart recorder connected to the 
PAR 173 summing amplifier output. At various times 
during discharge, voltage/current behavior was recorded 
by varying the constant current. Following discharge, 
which is usually to about 0.5V from a load voltage of over 
1.0V, the electrolytes were removed (this included wiping 
parts of the cell in contact with them) to determine final 
anolyte and catholyte masses. The final mole fractions of 
the anolyte samples were determined using an NMR tech- 
nique (7). Final electrode masses were obtained after they 
were rinsed with acetonitrile and blotted dry. The final 
separator mass was also recorded. Because we observed 
that acidic melts wetted the separator much more effec- 
tively than basic melts, the gain in separator mass was 
added to the final catholyte mass. To insure this was the 
case, the separator was positioned so that its rougher, 
more porous surface faced the catholyte; the smoother 
side faced the anolyte. 

Resul ts  

Cell discharges.--Cyclic voltammograms of A1 in acid 
melts and in basic melts are shown in Fig. 3. The differ- 
ence in potential between reduction to A1 in N = 0.60 melt 
[a reversible process (8)] and oxidation of A1 in N = 0.40 
melt (an irreversible process) lies between 1.2 - 1.5V. The 
open and circuit potentials of our cells fall in this range, 
as indicated by the discharge curves in Fig. 4. Thus, re- 
duction and oxidation of A1 appear to be the dominant  
electrode processes in the concentration cell, as expected. 

The fairly long time (about 10-15h) required for the cell 
to achieve maximum voltage under  load is due to the 
slow rate at which a dry separator is wetted by the melt. 
This process can be accelerated by discharging at low 
currents during the first several minutes after the cell is 
connected. When a separator wetted with melt (from use 
in an earlier run) is used in the cell, the maximum load 
voltage is achieved in about 30 min. The slopes of V vs. I 
plots at various times during discharge are plotted against 
the charge, Q, in Fig. 5 for some representative cells. 
Comparison of the plots for the discharges using dry and 
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Fig. 2. Schematic diagram of concentration cell 
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Fig. 3. Cyclic voltammograms of AI in acid melts and in basic melts 
[reproduced from Ref. (5)]. 
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prewetted separators demonstrates the effect of the sepa- 
rator resistance on the load voltage. 

Electrode analysis.--That A1 oxidation and deposition 
are the electrode reactions is confirmed by the gravimet- 
ric analysis of the cell electrodes shown in Table I. Values 
for the predicted charge, Q~,~, based on Eq. [4] and [5] are 
calculated from the mass changes in the anode and cath- 
ode. The averages of the two calculated values, Avg Q~r 
are in reasonably good agreement with the measured 
values, Q ..... In each cell, the reason for the lack of exact 
agreement is that the loss in mass of each of the elec- 
trodes is slightly more than can be attributed to the elec- 
trode reactions shown in Eq. [4] and [5]. If  we assume that 
a certain amount  of corrosion of both anode and cathode 
occurs during discharge, we can obtain Qr162 values that 
equal Q~,,~. These deduced corrosion losses are listed in 
Table I. This is probably a good assumption, in view of 
the results of a separate gravimetric analysis of A1 c o r r o -  

sion in N = 0.37 melts and in N = 0.60 melts, as shown in 
Fig. 6. Several strips of A1 with areas equal to our elec- 
trode areas (in contact with electrolyte) are either abraded 
or etched with 15% HF in 5% HNO3. These are submersed 
in melts for various times and then rinsed with acetoni- 
trite, blotted dry, and reweighed. Each point in Fig. 6, ex- 
cept for the first in each run, is the average of weighings 
of more than one strip (up to 10 for the last points); hence, 
the initial increase in mass observed in some runs is real, 
if  unexplained at this point. While this indicates that fur- 
ther studies are required to understand the effect of im- 
purities and other initial reactions on the A1 surface, it is 
clear that the deduced corrosion losses of the concentra- 
tion cells are similar to the corrosion losses measured for 
the A1 strips which are simply submersed in the melts. 
Molten chloroaluminate salts are very sensitive to mois- 
ture (9), so the initial high corrosion rate in these sub- 
mersed strips is probably due to impurities caused by 
water contamination. The much slower steady-state cor- 
rosion rate of a luminum in acidic melts and in basic melts 
is equivalent to 0.2 ~A/cm 2. These steady-state rates are 
obtained from the averages of the slopes of linear fits of 
points after 200h (the solid lines in Fig. 6). Thus, it ap- 
pears that virtually all of the corrosion loss in the concen- 
tration cells is due to reactions of A1 with impurities in 
the melts. 

Scanning electron micrographs of the a luminum anode 
and cathode surface are shown in Fig. 7. It appears that 
a luminum is etched uniformly and with minimal pitting. 
The deposited aluminum is crystalline and uniform, with 
no evidence of dendritic growths,  and it adheres strongly 
to the electrode surface. This strong adherence of A1 de- 
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Table I. Gravimetric analysis of concentration cell electrodes Table II. Specific energies in concentration cells 

QJM-ALY SPEC ENE 
Cell [C/g] [Whlkg] 

Cell 

Avg Deduced corrosion 
Am, g (-+0.00010) Qc~,o. Q ..... loss, mg (-+0.10) 

Anode Cathode C (-+1) C (-+0.5) Anode Cathode 

C-7 -0.02185 0.02116 231 228.5 0.55 0.14 
C-8 -0.02326 0.02318 249 243.6 0.04 0.04 
C-9 -0.01879 0.01760 195 189.1 1.16 0.03 
C-10 -0.02810 0.02694 295 289.0 1.16 0.00 
C-13 -0.02273 0.02132 236 231.9 1.12 0.29 
C-14 -0.01932 0.01818 201 199.2 0.75 0.38 
C-18 -0.02846 0.02526 288 289.9 1.44 1.76 
C-19 -0.01003 0.00935 104 105.3 0.22 0.46 
C-20 -0.01187 0.01095 122 123.7 0.34 0.58 
C-21 -0.01322 0.01227 137 139.7 0.20 0.75 

C-7 90.57 11.71 
C-8 92.24 11.71 
C-9 95.65 11.57 
C-10 96.33 12.94 
C-13 90.03 12.81 
C-14 87.20 10.39 
C-18 92.4~ 12.58 
C-19 93.16 10.07 
C-20 100.11 11.65 
C-21 107.59 9.71 

Average: 11.51 
Std, dev.: 1.07 

pos i t ed  f rom acidic  m e l t s  h a s  also b e e n  o b s e r v e d  to occur  
on  A1, C, W, Fe, a n d  P t  at  r a t e s  of u p  to 20 m A ] c m  ~ (8). 

Specific energies.--Specific energ ies  of  t he  cells  are 
ca l cu l a t ed  f rom the  fo l lowing  e q u a t i o n  

S P  E N  (W-hikg) = 

(V) (Q, eq) (26.8 A-h/eq)  
[6] 

[mass  ano ly te  + m a s s  ca tho ly t e  + h m a s s  anode]  (kg) 

w h e r e  V is t he  ave rage  load  vol tage  a n d  Q is t h e  to ta l  
m e a s u r e d  cha rge  in  equ iva l en t s .  The  re su l t s  f r o m  t h e  10 
cells  w h i c h  are ana lyzed  are p r e s e n t e d  in  Tab le  II, a long  
w i t h  t he  ca lcu la ted  specif ic  energies .  F ive  cells  w i t h  
capac i t i e s  (in t e r m s  of  to ta l  c h a r g e  p a s s e d  pe r  g r a m s  ano-  

lyte, Q/M-ALY, in  T a b l e  II) less t h a n  85 C/g we re  dis- 
carded ,  genera l ly  b e c a u s e  e lec t ro ly te  h a d  l e a k e d  t h r o u g h  
t h e  Tef lon  seals.  T h e  av e rag e  load  vo l tage  in  t he  dis- 
c h a r g e  of  t h e s e  cells  is 1.1V, a n d  t h e  ave rage  ra t io  of  m a s s  
ca tho ly t e  to  m a s s  ano ly t e  is 1.5. Theore t i ca l  specif ic  ener-  
gies ( b a s e d  on  t h e  Fig. 2 mode l )  are ca l cu la t ed  (6) for  the  
case  of  cells  w i t h  N = 0.37 m e l t s  a n d  N = 0.60 mel t s ,  1.1V 
load  vol tages ,  a n d  1.5 e lec t ro ly te  mass  ra t ios  for va r ious  
t r a n s p o r t  n u m b e r s .  T h e  r e su l t s  of  t h e s e  ca l cu la t ions  are 
c o m p a r e d  in Fig. 8 to  t h e  e x p e r i m e n t a l  r e su l t s  for  t he  t en  
cells. 

Transport numbers.--Transport n u m b e r s  are  ca lcu la ted  
f rom t h e  m e a s u r e d  c h a r g e  a n d  m e a s u r e d  c h a n g e s  in  ano-  
ly te  m a s s  a n d  N. T h e  n u m b e r  of  mo le s  o f M E I  § in  t h e  ano-  
lyte  c an  b e  ca l cu la t ed  f r o m  b o t h  N a n d  t h e  m a s s  of  t he  an- 
olyte,  w h i c h  are  m e a s u r e d  be fo re  an d  af ter  t h e  d i scharge .  

Fig. 7. Scanning electron micrographs of aluminum anodes and cathodes from concentration cells 
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numbers, t§ of concentration cells (from Table II); calculated values 
for cell with N = 0.37 and N = 0.60 melts and load voltage of 1.1V. 

The change in moles of MEI + in the anolyte can thus be 
calculated, then divided by the equivalents of charge 
passed, to give an estimate of t~. Since t+ + t_4 + t_7 = 1, 
where t_4 and t_7 are the transport numbers  for A1C14- 
and AI~CI~-, respectively, we can get t_4 from the change 
in mass of the anolyte as follows 

Am (anolyte) - - -  
Q (meas) 

[ - t ,  MW(MEI ~) + t_4 MW(A1C14-) 
96,487 

+ (1 - t~ - t_4)MW(AI~C17-)] [7] 

where the MW's are the molecular weights of the species 
designated in parentheses. Then t_7 is obtained as (1 - t, 
- t_4). The transport numbers  calculated in this way are 
listed in Table III. 

We can also calculate transport numbers from the 
change in C1- content in the anolyte, a value which is also 
determined from both the initial and final mass and N of 
the anolyte. In each discharge, the loss of C1- is larger 
than that calculated from the measured charge using the 
assumed anode reaction (Eq. [4]). The excess loss in C1- is 
assumed to be due to the reaction shown in Eq. [3], where 
the A12C17- is transported into the anolyte. Thus, the A 
mol C1- (excess) is equated to mol A1..,C17- transporting 
charge. This is divided by the measured charge, giving 
t_7. Then t_4 can be obtained from 

Q (meas) 
Am (anolyte) 

96,487 
[ - ( 1  - t - 7  - t - 4 )  M W  ( M E I  +) 

+ t - 4  M W  (A1C14-)'+ t-7 M W  (AI~C17-)] [8] 

The transport numbers obtained in this way are virtually 
identical to those obtained from A mol MEI ~ and Eq. [7]. 

Table III. Transport numbers in concentration cells 

Cell t~ t_4 t -7 

C-7 0.67 0.08 
C-8 0.90 -0.30 
C-9 0.85 0.10 
C-10 0.95 -0.29 
C-13 0.68 -0.04 
C-14 0.75 -0.29 
C-18 0.87 -0.11 
C-19 0.76 0.14 
C-20 0.82 -0.01 
C-21 0.77 0.21 

Average: 0.80 -0.05 
Std. dev.: 0.09 0.18 

Discussion 
The acid-base cell described here appears to behave ac- 

cording to the simple model  shown in Fig. 2. The reversi- 
ble deposition of a luminum from acidic (A1C13 rich) 
catholyte proceeds by a 3e- A1 process that is 
coulometrically balanced by irreversible dissolution of 
the a luminum negative electrode in basic (MEIC1 rich) an- 
olyte. Delivered specific energies are close to those 
calculated (based on the model) for complete discharge to 
neutral melt. 

Minor deviations in electrode mass changes are ade- 
quately explained by small corrosion losses. Long term 
corrosion rates, after removal of impurities, appear to be 
slow and about equal in acid melts and in bas ic  melts. 
Further  studies are required to determine if the steady- 
state corrosion rates obtained in the submersed strip ex- 
periments may be influenced by formation of passivating 
surfaces on the aluminum. Variability of corrosion rates 
in acid melts may be due to variations in contamination 
by trace amounts of water. Corrosion in basic melts may 
be related to irreversible reduction of the imidazolium 
cation by aluminum metal (8). 

The majority of ionic conduction in the melt is accom- 
plished by the organic cation, MEI § The transport num- 
ber for the acidic anionic species, AI~C17-, appears to be 
larger than the number  for the neutral anionic species, 
A1C14-. The transport  number  for MEI ~ of 0.80 -+ 0.09 cal- 
culated from electrode and electrolyte composi t ional  
changes in the concentrat ion cells, is in reasonable 
agreement  with the values of 0.72 -+ 0.03 obtained by 
Hussey and Dye (10). Hussey and 0ye  also find that the 
transport numbers for the anions depend on the acidity of 
the melts, with AI~C17- dominating in more acidic melts 
and A1C14- dominating at near-neutral melts in approxi- 
mately direct relation to their concentrations. Further 
work has shown that t, (MEI +) is 0.70 -+ 0.03, in basic and 
neutral melts, with C1- and A1C14- sharing in the trans- 
port of the remaining charge (11). 

Acidic melts react slowly with the microporous poly- 
propylene.separator used in these experiments.  The ex- 
tent and nature of melt  diffusion through the separator is 
unknown. However, based on the relative consistency of 
our results and on agreement with the expected model, it 
is probably a minor effect. Reactivity of polypropylene 
with acidic melts may be dependent on impurities such 
as water in the melt or separator. This may account in 
part for the large standard deviations observed for anion 
transport numbers, as small errors in the electrolyte 
weighing give rise to fairly large errors in the anion trans- 
port numbers. It must also be noted that we have calcu- 
lated these transport numbers as if they were indepen- 
dent of concentration. While this appears to be valid for 
the MEI + based on other studies (10, 11), it is probably not 
true for the anionic species. Lacking the strict control of 
concentrations required in traditional methods for 
determining transport numbers, the data from the con- 
centration cells give, at best, rough estimates of "average" 
transport numbers for the anions in the concentration 
range spanned during cell discharge. 

Variable amounts of impurities (especially those de- 
rived from reactions with H20) in the melts probably ac- 
count for the scatter in the observed aluminum electrode 
weight changes. Th~  is indmated by the fact that the de- 
duced corrosion losse~ (Table I) are variable and not  cor- 
related with the charge passed. 

Conclusions 0.25 
0 .40  Low-specific-energy, a luminum acid-base concentra- 
0.05 tion cells using ambient-temperature chloroaluminate 
0.35 ionic liquids have been discharged close to their theoreti- 0.36 
0.53 cal limits. Relatively flat constant-current discharge 
0.24 curves at current densities of up to 0.5 mA/cm=' have been 
0.10 obtained at 1.0-1.3V. Analysis of electrode mass changes 
0.20 0.02 and electrolyte compositional changes accompanying dis- 
0.25 charge show that a luminum is reduced from acidic melts 
0.15 and oxidized in basic melts, by a 3e- process. Transport 
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numbers  determined by these experiments show that the 
MEI § cation is the principal charge carrying species. 

Acknowledgments 
The authors wish to acknowledge support from Mr. 

Lloyd Pflug, FJSRL, in the NMR analysis; Ms. Katherine 
Ciemiecki, AT&T Bell Labs, in providing the SEM pho- 
tos of the electrodes; Lt. Col. Armand A. Fannin,  Jr., 
FJSRL, in the development of programs used in the cal- 
culations and data handling; and John Wilkes, Fred Reyn- 
olds, and Lowell King, FJSRL, in many helpful discus- 
sions of the results. 

Manuscript submitted May 14, 1984; revised manuscript  
received July 13, 1984. 

The United States Air Force Academy assisted in meet- 
ing the publication costs of this article. 

REFERENCES 
1. J. S. Wilkes, J. A. Levisky, R. A. Wilson, and C.L. 

Hussey, lnorg. Chem., 21, 1263 (1982). 
2. R. J. Gale and R. A. Osteryoung, ibid., 18, 1603 (1979). 
3. A. A. Fannin,  Jr., L. A. King, and D. W. Seegmiller, 

This Journal, 119, 801 (1972). 

4. R.A. Osteryoung, Paper 781 presented at The Electro- 
chemical Society Meeting, San Francisco, CA, May 
8-14, 1983. 

5. B. J. Piersma and J. S. Wilkes, "Electrochemical Sur- 
vey of Selected Cations and Electrode Materials in 
Dialkylimidazolium Chloroaluminate Melts," 
FJSRL-TR-82-0004, Frank J. Seiler Research Labo- 
ratory, USAF Academy, CO 80840, September, 1982. 

6. C. J. Dymek, Jr., "Specific Energies of Concentration 
Cells Using Room Temperature Chloroaluminate 
Molten Salts," FJSRL-TR-83-0013, Frank J. Seller 
Research Laboratory, USAF Academy, CO 80840, 
November, 1983. 

7. J. S. Wilkes, J. A. Levisky, J. L. Pflug, C. L. Hussey, 
and T. B. Scheffler, Anal. Chem., 54, 2378 (1982). 

8. J. A. Wilkes and J. J. Auborn, Abstract 242, The Elec- 
trochemical Society Extended Abstracts, Vol. 83-2, 
Washington, DC, Oct. 9-14, 1983. 

9. C. R. Boston, in "Advances in Molten Salt Chemis- 
try," J. Braunstein, G. Mamantov, and G. P. Smith, 
Editors, Chap. 3, P lenum Press, New York (1971). 

10. C. L. Hussey and H. Oye, This Journal, 131, 1621 
(1984). 

11. C. J. Dymek, Jr. and L. A. King, 35th Meeting of the 
International Society of Electrochemistry, Berk- 
eley, CA, Aug. 5-10, 1984. 

The Electrochemistry of Colloidal Semiconductor Particles 
Theory 

W. John AIbery,* Philip N. Bartlett, and John D. Porter .1 
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ABSTRACT 

The distribution of majority carriers in a collection of colloidal semiconductor particles is calculated. The kinetics of 
electron transfer from such particles to a macroscopic electrode are considered. Although each particle may have hun- 
dreds of electrons, the kinetics are shown to obey the simple equations of classical electrochemistry, such as the Tafel 
relation. The effect of i l luminating the particles and photogenerating majority carriers is also considered. Again, the 
classical results for the photoelectrochemistry on a transparent rotating disk electrode are obtained, providing that ac- 
count is taken of the much slower diffusion of the particles. 

Colloidal semiconductors have attracted considerable 
attention (1, 2) as possible systems for utilizing solar en- 
ergy. Their advantages include good adsorption of the so- 
lar energy and a large surface area for carrying out chemi- 
cal reactions. To trap the energy, electron-transfer 
reactions have to take place on the surface of the particle 
for both the minority and majority carriers. An under- 
standing, therefore, of electron-transfer processes at the 
surface of these particles is important for the design, 
characterization, and optimization of these systems. In 
this paper, we first discuss the distribution of electrons 
among a system of colloidal particles. Unlike a simple 
ionic reactant, where the charge is the same on each ion, a 
collection of colloidal particles will contain different 
numbers  of electrons. It is interesting to explore this dis- 
tr ibution function and to find out the dispersion about 
the mean number  of electrons per particle. Second, we re- 
port theoretical results for electron transfer from colloidal 
particles to a macroscopic electrode. A new theoretical 
description is necessary because when the colloidal 
particle reaches the surface of the electrode, several hun- 
dred electrons may be transferred. We prove that, al- 
though these particles, containing large numbers  of 
reactant electrons, are very different from normal one- 
electron species, nevertheless, many of the results of clas- 
sical electrode kinetics, such as the Tafel relation, are 
found to hold. Having described the kinetics at the elec- 
trode surface, we next combine these results with the 
convective diffusion equation for mass transfer to derive 

*Electrochemical Society Active Member. 
1Present address: AT&T Bell Laboratories, Murray Hill, New 

Jersey 07974. 

expressions for the current at a rotating disk electrode. 
We show that the classical Koutecky-Levich equation 
applies to the system. Experimentally, the system has 
been investigated using the optical rotating disk electrode 
(ORDE), and again we show that the rotation speed de- 
pendence of the photocurrent is similar to that for clas- 
sical systems. In the subsequent  paper (3), the theoretical 
model and results will be tested using results from n-type 
colloidal TiO~ and CdS. Throughout this paper, therefore, 
we will consider n-type particles. 

Distribution of the Number of Majority Carriers 
Between the Particles 

In the subsequent  paper (3), we will show that the num- 
ber of majority carriers (electrons in our case) per particle 
may vary from three or four up to several hundred. With 
these small numbers,  the number  of electrons per particle 
will not be the same for every particle; there will be a dis- 
tr ibution about some mean number.  We start by calcula- 
ting that distribution. We assume first that majority carri- 
ers are generated by thermal and/or photonic processes 
with a rate constant kJs -~ and, second, that the loss of 
majority carriers, described by the rate constant k, is first 
order in the number  of majority carriers per particle. This 
second assumption is particularly appropriate for small 
particles ( -  50s where field effects are small; for larger 
particles, complications may arise from the space charge. 
In the steady state, the flux generating a particle with, 
say, m electrons in it from a particle with m - 1 electrons 
must  balance the loss of an electron from the particle 
with m electrons to form a particle with m - 1 electrons. 
Writing the concentration of particles with m electrons as 
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c,, and similar ly c,,_, for the  par t ic le  wi th  m - 1 electrons,  
we  have  

k g c , ,  = kmcm 

Apply ing  this r ecu r r ence  relat ion success ively ,  we 
obta in  

co(kg/k)" 
c . ,  - - -  [ 1 ]  

m! 

The concen t ra t ion  Co is f ixed by s u m m i n g  all the  c~ to 
give the  total  concen t ra t ion  of  part icles  in the  system, cp 

c, = ~ c,, = co exp  (kg/k) [2] 
0 

We can also find the  average  n u m b e r  of  e lec t rons  per  
part icle,  n 

n = cp -J L mc, ,  = (kg/k) exp  ( -kg /k )  
o 

• ( k J k ) " - V ( m  - 1)! = (kdk)  [3] 
m = l  

Subs t i tu t ion  of  Eq.  [2] and [3] in Eq.  [1] gives 

c~ (n) m exp  ( - n )  
- [4] 

c, m! 

wh ich  is the  Po i s son  d is t r ibu t ion  (4)._Inspection s h o w s  
that  c~ is at a m a x i m u m  w h e n  m = n. For  va lues  of  n 
greater  than  10, we  can  use  the  ful ler  form of St i r l ing 's  
app rox ima t ion  

In (m!) = m In m - m + 1/2 In (2~rm) 

to give 

whe re  

c,,, exp  [-~(X In x + 1 - X)] 
co (2TrY'X)'/2 

[5] 

X = m / n  [6] 

Compar i son  of  the  resul ts  f rom Eq.  [4] and  [_5] shows  that  
the  app rox ima t ion  holds  to wi th in  1% for n ~> 10. As in 
Eq.  [4], c~/cp has  a m a x i m u m  va lue  w h e n  m = n or  • = 1 

(C,, , Ic,)max = (21rn) -lj2 [7] 

F o r  n g rea ter  t han  500, Eq.  [5] reduces to  a Gauss ian  dis- 
t r i b u t i o n .  It  is in te res t ing  to calculate  the  w id th  of  the  dis- 
t r ibu t ion  in t e rms  of  m or its normal ized  coun te rpa r t  X 
(Eq. [6]) at half-height.  Fo r  the  range 10 ~< n ~< 1000, we  
find that  to wi th in  1% 

(Am),/2 = 2.36 (n) '/2 [8] 

and 

(hX),~ = 2.36 (~)-,l~ [9] 

In  v iew of Eq. [7], these  resul ts  are not  surpr is ing;  in 
fact, the  p roduc t  (hm),r~ (C,,/C,)max = 0.94, wh ich  is close to 
unity.  F igure  1 shows plots  of  (Am),~= and (hX),r., as a func- 
t ion of  n. The  d is t r ibu t ion  func t ion  (c,,/c~,) is also shown 
for ~ = 10, 100, and 1000. I t  can be  seen that  as ~ increases  
the  abso lu te  w id th  of  the dis tr ibut ion,  (hm),t=, increases  
bu t  that  the  normal ized  pa rame te r  (hX),/2 decreases ,  g iv ing  
a sharper  peak. 

These  resul ts  hold  for bo th  the  dark and w h e n  the  par- 
t icles are i l luminated.  We are  always deal ing  wi th  a distri- 
bu t ion  of  par t ic les  wi th  di f ferent  n u m b e r s  of  major i ty  
carriers. 

Electrode Kinetics 
Turn ing  n e x t  to t he  e lec t rode  kinetics,  the  crucial  dif- 

f e rence  be tween  the  e l ec t rochemis t ry  of  a col loidal  par- 
t icle  and an ord inary  species  is that  the  n u m b e r  of  elec- 
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{Am}11 ~ 
I0 
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~ 1 / 2  
0.1 

cmt,...,.. V ......,. 
o.1 

n 10 

10 100 1000 m 

n=1ooo 

J 

=:-'- . . . . . . . . .  

10" 100 1000 M 

Fig. . Distribution functions calculated from Eq. [15] for the num- 
ber of electrons per particle, m. Each curve is labeled with 
the average number of electrons per particle, ~. The 
broken line shows the locus of the maximum as calculated from Eq. 
[7]. The widths of the distribution peaks at half-height are plotted ac- 
cording to Eq. [8] and [9] in the lower half of the diagram. 

t rons t ransferred f rom each  par t ic le  to the  e lec t rode  may  
be  large and will  d e p e n d  u p o n  the  potent ia l  of  the  elec- 
trode. In  Fig. 2, we  depic t  the  mode l  for an  encoun te r  of  a 
par t ic le  w i th  an  e lectrode.  We descr ibe  the  t ranspor t  of  
the  par t ic le  to the  e lec t rode  wi th  the  mass- t ransfer  coeffi- 
c ient  kD' (5) where  

kD' = DJXD 

Dp is the  diffusion coeff ic ient  of  the part icle,  and XD is 
the  diffusion layer th ickness  of  the e lectrode.  Fo r  a ro- 
ta t ing  disk electrode,  the  Lev ich  equa t ion  gives (6, 7) 

Xo = 0.643Dp'ISv'~6W-'J2 [10] 

whe re  v is the  k inemat ic  v iscos i ty  and W is the  rota t ion 
speed  in Hz. Hence,  the  flux of  par t ic les  ar r iv ing at the  
e lec t rode  is g iven  by 

j,, = k d  c ,  

For  the  momen t ,  we  a s sume  that  each par t ic le  has  n elec- 
t rons (majori ty carriers) in the  conduc t ion  band;  we  will  
re turn  to the  effects  of  the  d is t r ibut ion  func t ion  below. 
We fur ther  a s sume  that  the  rate cons tan t  for the  t ransfer  
of  an e lec t ron f rom the  par t ic le  to the  e lec t rode  is propor-  
t ional  to the  n u m b e r  of  e lect rons  in the  conduc t ion  band  

k,, '  = k,' (n  - m + 1) 

where  k,' descr ibes  the  t ransfer  of  the  last e lec t ron  f rom 
the  conduc t ion  band  of  the  par t ic le  at this par t icular  elec- 
t rode  potential .  We fur ther  a s sume  that  the  potent ia l  dis- 
t r ibu t ion  b e t w e e n  the  par t ic le  and the  e lec t rode  and 
wi th in  the  par t ic le  is no t  ef fec ted  by the  success ive  elec- 
t ron transfers.  Our p rev ious  w o r k  showed  (8) that ,  in 
m a n y  cases, part icles  are so smal l  that  field effects  are 
smal l  and, often, a cons tan t  potent ia l  d i s t r ibu t ion  is found 
wi th in  the  particle.  
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Fig. 2. Kinetic scheme for the successive transfer of electrons from 
a colloidal particle to a macroscopic electrode, 

come together in one big particle or each comes sepa- 
rately on its own little ion. Hence, although the electrons 
will be distributed among the particles as shown in Fig. 1, 
there will be no complications in the observed kinetics 
arising from this effect. We can also conclude that for this 
model  the Tafel relation and the Koutecky-Levich equa- 
tion should hold. The limiting current iL, for large values 
of k,' is given by 

iL = n F A k D ' c ~  [15] 

Under  these conditions all the electrons in the conduction 
band are removed, and the current is l imited by the ar- 
rival of the particles at the electrode surface. 

Although the electrode kinetics of the particles give 
similar equations to those for simple ions, it is interesting 
to use Eq. [11] to explore the details of the cascade pro- 
cess depicted in Fig. 2. For this purpose, we use the varia- 
bles y and X, which describe the flux of electrons com- 
pared to the limiting flux and the number  of electrons 
compared to the total number  in the conduction band 

Y = j e / jon  

and 
X = m / n  

Then from Eq. [11] considering the contribution, 6y ,  from 
each successive transfer, we have 

By,,  = 6y~_~ [1 + ~/(n  - m + 1)]-' [16] 

Next  we assume that n is a reasonably large number, so 
that 

8X = n - '  <<  1 

Then, providing m is not too close to n, we can write from 
Eq. [16] 

ay,,, ,1By,,, ~ 1 + X/(n  - m )  ~ [1 + (n - m)- ' ]  ~ 

- [ n z ( - m - - 1 ) ]  ~ n - m  [17] 

With these assumptions, we consider the cascade pro- 
cess depicted in Fig. 2. Summing the transfer of electrons 
for each partition, we obtain for the total flux of electrons 

Je _ 1 - S,, [11] 
jo ~ l-[ 1 + X l ( n  - 1) t t l= l  I=0 

where X = kD'/k , ' .  T h e  successive terms ~t/(n - 1) describe 
the partition between leaving the surface and transferring 
another electron. 

The series may be summed up by the method of induc- 
tion. We assume that the sum S,, is given by 

S,, = n/ (1  + X) [12] 

Then 

A )-1 
S,+,= 1 + - -  (1+S,,)  [13] 

n + l  

Substitution of Eq. [12] in Eq. [13] gives 

S,,+, = (n + 1)/(1 + A) 

For n = 1 

S~ = 1/1(1 + A) 

and hence Eq. [12] holds for all values of n. We therefore 
obtain the gratifyingly simple result that 

JJJo = n/(1  + ko ' / k , ' )  [14] 

This equation has exactly the same form as the current 
voltage curve for a single-electron transfer. This is be- 
cause in our model  each electron has the chance kl'/(k,' + 
kD') of being transferred at the electrode. As long as k,' is 
independent  of the number  of electrons in the conduction 
band, it makes no difference whether  the electrons all 

when m ~ 1, 6yo ~ l / n ,  corresponding to the transfer of a 
single electron at the first encounter. 

Hence, we find that to satisfy Eq. [17] 

6 y ~  ~ n - '  (1 - m / n )  ~ 

= ax (1 - x) ~ 

o r  

d y / d x  ~ (1 - X) ~ [18] 

It is satisfactory that integration of this equation with re- 
spect to • from X = 0 (no electrons transferred) to X = 1 (all 
the electrons transferred) gives, for the total flux of elec- 
trons described by y 

y =(1 +X)- '  = S d n  

This result agrees with Eq. [14] and justifies the approxi- 
mation used in deriving Eq. [17]. (It is interesting that 
there is no error in the approximation for the particular 
case of ~. = 1.) Figure 3 shows plots of Eq. [18] for different 
values of X. The curves describe the fraction of particles 
that survive to deliver the mth electron in the cascade 
process. Thus for low values of )t, corresponding to fast 
electrode kinetics, most particles survive to the bitter end 
and lose all their electrons. However, for large values of X, 
few electrons are transferred before the particles diffuse 
back into the solution. 

Differentiation of Eq. [18] gives a distribution function, 
f ,  for the number of electrons delivered by the particles 

f = - d 2 y / d x  z = X(1 - X) ~-' [19] 

Again, it is satisfactory that integration by parts of this 
equation shows that the total flux of electrons is given by 

fo l X f d x  = (1 + ~t)-'  = S d n  
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dy ~ o.I 
d• 
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0.0 
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Fig. 3. Curves calculated from Eq. [18] showing the fraction of 
particles that remain at the electrode to deliver the mth electron 
where X = m/n. Each curve is labeled with its value of ~, which in Eq. 
[11] compares the transport and electrode kinetics. 

Curves for the function, f, given by Eq. [19] for differ- 
ent values of ~ are shown in Fig. 4. For large values of 
(slow electrode kinetics), the particles transfer few elec- 
trons, while for small values of ~ (fast electrode kinetics), 
many particles lose all their conduction-band electrons. It 
is interesting that for X = 1 a completely flat distribution 
is found, so that some particles lose no electrons, while an 
equal number  lose all their electrons. This distribution 

f \5 10 

4.0- / 

3.0- 

2.o-...~ 

1.0 t_._._~o 

as 

0.0 0.5 1.0 
X 

Fig. 4. Distribution curves, calo,lated from Eq. [ |9] ,  showing the 
fraction of the electrons in the conduction band delivered by the 
particles to the electrode. Each curve is labeled with its value of ,~. 

imposed by the irreversible reaction is very different from 
the peaked distribution of the unperturbed system (Fig. 
1). 

The  Convect ive Diffusion Equation 
While the section above considers the electrode reac- 

tion, we now consider the convective diffusion equation 
for the system of particles as they diffuse towards a 
rotating disk electrode. 

We can write a convective diffusion equation for a 
particle containing m electrons in the conduction band of 
concentration cm 

Tr(cm) + kgc,,_~ - k m c , ,  + k ( m  + 1)cm+, - kgcm = 0 [20] 

In this equation the operator Tr describes the diffusion 
and convection terms for a rotating disk electrode 

T r = D , ~ +  C x  z -  [21] 
Ox 

where x is the distance normal to the electrode and (9) 

C = 8.0W~/~-v-'/2 [22] 

As described above, the first-order rate constant kg de- 
scribes electron promotion either by thermal or by pho- 
tonic processes, and the rate constant k describes the loss 
of electrons from the conduction band by a process which 
is first order in the electron concentration. There will be 
an equation similar to Eq. [20] for each value of m. We 
now multiply each equation by its value of m and sum the 
set of equations to obtain the simple result that 

Tr(ce) + kgc~, - kc~ = 0 [23] 

where c~, the total concentration of electrons in the con- 
duction band, is given by 

Ce = ~ mc,,, 
tn=O 

and where, as in Eq. [2], cp is the concentration of par- 
ticles. 

This result shows that the transport of the whole sys- 
tem of particles may be treated by the usual convective 
diffusion equation using ce as the variable. For an irre- 
versible reaction, the boundary condition at the electrode 
surface is given by 

I OCe 1 
Je = Dp L-~-x _io = k'ce 

where k' is an electrochemical rate constant. This result 
again confirms the analysis from the cascade model; the 
simple Tafel and Levich relations will apply to the system 
of particles. 

In  Eq. [20], when one uses the ORDE, the generating 
rate constant kg can be made up of a thermal contribution, 
kT, and a photonic contribution 

kg = kT + (I0]~p) exp ( - x / X O  [24] 

where Io is the irradiance at the electrode surface 

X~ = (~p c,)- '  

and % is the molar extinction coefficient (in natural loga- 
rithms) of the particles treated as a species in solution of 
concentration c,. 

In  terms of bulk properties 

X, ~ (eB c~u V)-' 

where eB is the extinction coefficient of the bulk material, 
cmu is the concentration of formula units, and V is the mo- 
lar volume. Just as kg is split in Eq. [24] into two contribu- 
tions, so c can be split into the thermal contribution (c~)T, 
giving rise to the dark current and the photogenerated 
contribution (Ce)hv giving rise to the photocurrent. The 
variable (Ce)hv obeys the. same differential equation as a 
photogenerated product, such as leucothionine, and so all 
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of the results we have previously deduced for the ORDE 
can be applied to the colloidal system (10-12). 

In particular, when the absorbtion length, X~, is much 
longer than the thickness of the diffusion layer, so that 
the diffusion layer is uniformly illuminated, and when the 
photogenerated electrons are stable with respect to their 
passage across the diffusion layer, we obtain (10) the fol- 
lowing result for the limiting photocurrent 

(ihv)L = r [25] 

Finally, we summarize our conclusions below. 
1. The distribution of majority carriers in a system of 

colloidal particles obeys the Poisson distribution (see Fig. 
1). 

2. A collection of particles, each with n electrons, will 
transfer electrons to an electrode as shown in Fig. 2, giv- 
ing distribution functions shown in Fig. 3 and 4. 

3. Despite the complex behavior in conclusions (1) and 
(2), providing that the electrochemical rate constant is in- 
dependent  of the number  of electrons in the conduction 
band, the Tafel relation will be obeyed. 

4. The rotating disk convective diffusion equation for a 
system of particles can be solved and the Koutecky- 
Levich relation will be obeyed. 

5. Similarly, a system of il luminated particles obeys the 
simple equations for the optical rotating disk electrode. 

In the subsequent  paper, these theoretical results will 
be tested using experimental results from n-type TiO2 and 
CdS. 

Acknowledgments 
We thank the 1851 Commissioners and NSERC (Can- 

ada) for Research Fellowships for P. N. B. and J. D. P., re- 

spectively. This is a contribution from the Oxford Impe- 
rial Energy Group. 

Manuscript submitted Feb. 21, 1984; revised manuscript  
received Aug. 3, 1984. 

A T& T Bell Laboratories assisted in meeting the publica- 
tion costs of this article. 

REFERENCES 
1. K. Kalyanasundaram, E. Borgarello, and M. Gr~tzel, 

Helv. Chim. Acta, 64, 362 (1981). 
2. D. Duonghong, J. Ramsden, and M. Gr~tzel, J. Am. 

Chem. Soc.. 104, 2977 (1982). 
3. W. J. Albery, P. N. Bartlett, and J. D. Porter, This 

Journal, 130, 2896 (1984). 
4. H. Margenau and G. M. Murphy, "The Mathematics of 

Physics and Chemistry," p. 438, Van Nostrand, 
Princeton, NJ (1968). 

5. W. J. Albery, "Electrode Kinetics," p. 58, Clarendon 
Press, Oxford, England (1975). 

6. W. J. Albery, "Electrode Kinetics," p. 53, Clarendon 
Press, Oxford, England (1975). 

7. V. G. Levich, "Physicochemical Hydrodynamics," p. 
68, Prentice Hall, Englewood Cliffs, NJ (1962). 

8. W. J. Albery and P. N. Bartlett, This Journal, To be 
published. 

9. W. J. Albery and M. L. Hitchman, "Ring-Disc Elec- 
trodes," p. 12, Clarendon Press, Oxford, England 
(1971). 

10. W. J. Albery, M. D. Archer, and R. G. Egdell, J. 
EIectroanal. Chem., 82, 199 (1977). 

11. W. J. Albery, W. R. B0wen, F. S. Fisher, and A. D. 
Turner, ibid., 107, 1 (1980). 

12. W. J. Albery, P. N. Bartlett, W. R. Bowen, F. S. Fisher, 
and A. W. Foulds, ibid., 107, 23 (1980). 

The Electrochemistry of Colloidal Semiconductor Particles 
Experiments on CdS and TiO2 
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ABSTRACT 

Results are presented for the dark electrochemistry and photoelectrochemistry of CdS and TiO2 colloidal particles 
studied with the optical rotating disk electrode (ORDE). The electron-transfer reactions between the particles and the 
electrode are found to be irreversible. However, in agreement with theoretical predictions, the kinetics obey both the 
Tafel and Levich relations. Several hundred electrons may be transferred on each encounter  between a particle and the 
ORDE. Added halide ions are shown to be good scavengers for photogenerated holes. Results for the quantum effi- 
ciencies for the photogeneration of majority carriers are reported. 

In the previous paper (1), we derived various theoretical 
relations for the electrochemistry and photoelectro- 
chemistry of colloidal particles of semiconductors such as 
TiO2 and CdS. In this paper, we report experimental re- 
sults designed to test the model presented and the rela- 
tions derived. These results were obtained using the op- 
tical rotating disk electrode (ORDE) (2-4). This electrode 
consists of a quartz rod, the end of which is coated with 
tin oxide to form a transparent electrode. Light is shone 
down the rod through the electrode and then into the so- 
lution. The rotation of the electrode imposes known 
transportby convection and diffusion on the species re- 
acting on the electrode. In this case, the species are the 
colloidal semiconductor particles. We report results on 
the dark electrochemistry of the particles and on the 
photocurrents observed when the particles are illumi- 
nated. Experiments have also been carried out in the 
presence of different halide ions, which scavenge the 
photogenerated holes. The kinetics of this process are 
shown to obey the Stern-Volmer quenching law. 

*Electrochemical Society Active Member. 
IPresent address: AT&T Bell Laboratories, Murray Hill, New 

Jersey 07974. 

Experimental 
The apparatus and ORDE have been described previ- 

ously (5). The radius of the electrode used in this work 
was 2.03 mm. The light source was a Thorn 250W quartz 
halogen slide projector lamp. Because of the small cur- 
rents involved ( -  nA), a special potentiostat was con- 
structed, which used commutating operational ampli- 
fiers, and which was powered by dry cells. 

All chemicals were of analytical reagent grade. The 
TiO~ colloids were made by the method of Heng]ein (6), 
which involves the hydrolysis of t i tanium tetraisopro- 
poxide. We made two modifications to the method. First, 
we carried out the hydrolysis in 0.05 tool dm-3 HC104 un- 
der nitrogen, rather than in HC1 under air; this was to 
avoid the incorporation of C1- or oxygen into the 
particles. Second, the isopropanol, formed by the hydrol- 
ysis, was removed as an aqueous azeotrope by a three- 
stage rotary evaporation. The particles were used without 
the addition of any support material, such as polyvinylal- 
cohol. The CdS colloids were made by the method of 
Gr~tzel (7), which involves the reaction of Cd(NO3)2 with 
H2S. For the same reasons as discussed above, in our 
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method, we dissolved CdO in HC104 and performed the 
reaction with H~S under nitrogen. For both colloids the 
size of the particles was determined by light scattering 
using a Cary 14 spectrophotometer.  The diameters of the 
TiO~ and CdS particles were 2.5 and 8.0 nm, respectively. 30 
In addition, transmission electron microscopy was per- 
formed on the TiO~ particles, and a mean diameter of less 
than 6 nm was found. 

All potentials were measured and are reported with re- 
spect to the saturated calomel electrode (SCE). All experi- 
ments were carried out at 25~ Experiments  with TiO~ 
particles were carried out in 0.05M dm -s HC104; the con- 20 
centration of TiO~ was 10 mM dm -~. Experiments  with 
CdS particles were carried out in a solution containing 10 
mM dm -~ KC104 and 10 mM dm -s sodium hexametaphos- 
phate; the concentration of CdS was 5 mM dm -3. 

Results and Discussion 
Dark  electrochemistry . - -Typical  current voltage curves 

for the transfer of electrons from the conduction band of 10 
TiO~ and of CdS to a macroscopic electrode in the dark 
are shown in Fig. 1. Because the currents were so small, 
the vol tammograms were obtained point by point. It is 
clear that the electron-transfer reactions are very irrevers- 
ible. The flatband potentials for TiO~ and CdS may be es- 
t imated from their bulk values (8) to be approximately 
-0.6 and -0.8V, respectively. Hence, overvoltages of 
some 800-1000 mV are required to drive the electron- 0 
transfer reaction to the macroscopic electrode. 

Next, we consider the variation of the limiting current, 
iL, from the particles with the rotation speed of the elec- 
trode. Equation [15] of our previous paper (1) shows that 
these currents should obey the Levich equation 

iL = nFADpWU2cp]Xo,w=l [1] 

where n is the number  of electrons in the conduction 
band, A is the area of the electrode, D, is the diffusion 
coefficient of the particles, W is the rotation speed (Hz), c, 
is the concentration of the particles, and XD.w=, is the 
thickness of the diffusion layer for W = 1 Hz. From the 
Levich equation (9) 

Xo.w=, = 0.643vU6Dp '/s [2] 

Figure 2 shows typical results for CdS, and it can be seen 
that the limiting currents vary linearly with the square 
root of the rotation speed. The intercept probably arises 
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Fig. 1. Typical current voltage curves in the dark for CdS (o) and 
Ti02 (o) colloids 
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Fig. 2. Limiting dark currents for CdS plotted according to Eq. [ 1 ]  
against the square root of rotation speed (W'/2). 

from background currents or offset currents from the am- 
plifiers. From the Stokes-Einstein equation (10), and the 
radius of the particles, we estimate that 

D,/cm2s - '  = 4 x 10 -7 [3] 

From the bulk density (11) and the radius, we find that 
each particle contains about 5 x 103 atoms of Cd; hence, 
in our solution 

cJt~M dm -3 = 0.9 

Using this value, the value of D in Eq. [3], the gradient of 
the plot in Fig. 2, and Eq. [1], we find that the number  of 
electrons in the conduction band of a single particle is 

n = 4  

This corresponds to a doping density of 1.6 x 10 TM cm -3, 
which seems reasonable, considering that the particles 
were prepared in the absence of halide and oxygen. Simi- 
lar results were found for the TiO.z particles. 

Next, we turn to the irreversible electrode kinetics on 
the rising part of the current voltage curve in Fig. 1. Equa- 
tion [14] or our previous paper (1) shows that 

i~li = 1 + kD'/k,' [4] 

where 

kD' = DpWl12/XD,w=I 

and k,' is the electrochemical rate constant for the trans- 
fer of a single electron from the conduction band of a 
particle to the macroscopic electrode. Equation [4] can be 
rearranged to give 

In (iL/i -- 1) = In (kD'/k,.L._o') - a E  [5] 

where E is the potential of the macroscopic electrode. 
Figure 3 shows a typical plot of Eq. [5] for CdS in the 

dark. A reasonably straight line is obtained, showing that 
the electrode kinetics of the colloidal particles obey the 
Tafel relation. Similar results are found for TiO~. How- 
ever, the values of the transfer coefficient, a, are some- 
what smaller than usual, being 0.40 and 0.34 for TiO~ and 
CdS, respectively. It might be thought that these results, 
coupled with the irreversibility of the reaction, are those 
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Fig. 3. Corrected Tafel plots (Eq. [5]) for CdS in the dark (o) and 

under illumination (o). 

that would be expected for such a reaction being driven 
hard by the electrode potential (12). However, solvent re- 
organization will not be relevant to this type of transfer 
between two massive entities, and the traditional Marcus 
picture (13) is not applicable�9 With negligible solvent reor- 
ganization, one might have expected instead that the 
electron-transfer reactions would have been very rapid�9 
The observed irreversibility may arise from the mutual  
repulsion of the double layers, so that the transfer of the 
electron resembles that in a metal insulator semicon- 
ductor junction. 

Photoelectrochemistry.--Having characterized the dark 
electrochemistry, we now report what happens when the 
ORDE is illuminated. Figure 4 shows typical results ob- 
tained with CdS. It can be seen that the photocurrent vol- 
tage curve has a similar shape to the dark current voltage 
curve. This is in agreement with the theoretical model, 
where all the conduction band electrons have the same 
electrode kinetics. The rising part of the photocurrent 
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voltage curve can be plotted according to the Tafel rela- 
tion given in Eq. [5]; the results are shown in Fig. 3. Simi- 
lar values of the electrochemical rate constant and of 
are found. 

Turning to the limiting photocurrent, we find that 
these currents decrease with increasing rotation speed. 
This behavior is to be expected if the photogenerated 
electrons are kinetically stable in their passage across the 
diffusion layer (1). Under these conditions, the photo- 
generated electrons are either transferred to the electrode 
or are lost to the bulk of the solution as the particles are 
swept on their way by the radial convection. Equation 
[25] of our previous paper (1) states that 

(ihv)L = FA~blo(XD,w=I/X,) W -112 [6] 

where ~ is the quantum efficiency for the photogenera- 
tion of holes that leave the particle giving stable conduc- 
tion band electrons, I0 is the irradiance at the electrode 
surface, and X, is the absorbance length (3), describing 
the Beer-Lambert profile of the incoming light (1) 

X, = (Epc,) -~ [7] 

Figure 5 shows typical results for the limiting photocur- 
rents for CdS plotted, according to Eq. [6] against W-'-". A 
good straight line is obtained. The small intercept is 
caused by photocurrents generated at the electrode sur- 
face. Thus, these results again confirm the theoretical re- 
sults of our previous paper. 

From the gradient, we find that the value of ~b, the 
quan tum efficiency, is 2 x 10-E Hence, we may conclude 
that under  these conditions, where there is no scavenger 
for photogenerated holes in the solution, the main pro- 
cess is recombination of the holes and electrons inside 
the particle. The photogenerated electrons that survive to 
reach the electrode do so because the holes have been re- 
moved, and then they are safe in their t iny particle�9 We 
cannot identify the reaction that removes the holes; it 
may be corrosion or it may be reaction with trace electron 
donors. However, it is clear that this value of ~b sets an up- 
per limit on the corrosion rate. 

Comparing the size of the photocurrent to that of the 
dark current, we can estimate a typical number  of con- 
duction band electrons which are transferred per particle 
in the light. For a rotation speed of 1 Hz, the number  is 20. 
Under these conditions the particles take about a second 
to cross the diffusion layer, where they are in the light. 
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Fig. 4. Typical current voltage curves for a CdS colloid in the dark 

(o) and under illumination (o). 
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Fig. 5. Limiting photocurrents for CdS plotted according to Eq. [6] 
against W -1/~. 
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Fig. 6. Stern-Volmer analysis according to Eq. [8] of the scavenging of photogenerated holes in CdS by Br-. Note the scale on the y axis, which 

means that an intercept of unity is indistinguishable from zero. 

During this passage they are hit by a photon every 0.1 ms, 
which with cb equal to 2 • 10 -3, generates the 20 photo- 
electrons that finally reach the macroscopic electrode. 

We have also measured the action spectrum of the pho- 
tocurrent and have found it to be identical to the absorp- 
tion spectrum of bulk CdS. 

For TiO~, the photocurrents were smaller by an order of 
magnitude, and so less t ime was spent on this system. 
However, the limiting photocurrents did decrease with in- 
creasing rotation speed, and the general behavior was 
similar to CdS. 

Effect of  added halide ions.--We found that the photo- 
currents for CdS could be dramatically increased by 
adding Br- .  The rotation speed dependence was similar 
to that in Fig. 5. We therefore conclude that the action of 
the B r -  is to increase ~ by scavenging the photogenerated 
holes out of the particles, before they recombine with the 
electrons. If this is the case, then the usual Stern-Volmer 
equation should apply, and we can write, as shown in the 
Appendix  

(~ - ~0) -1 = 1 + kR/ks[Br-] [8] 

where ~b0 is the quantum efficiency in the absence of Br- ,  
ks describes the scavenging of a hole by Br- ,  and kR de- 

Table I. Scavenging of holes from CdS particles 

Halide ion (ks/kR)/dm ~ mol -l 

C1- 0.074 -+ 0.011 
Br- 5.2 _+ 0.1 
I-  0.093 +- 0.009 

scribes the recombination of a hole inside the particle. 
Figure 6 shows that this modified Stern-Volmer relation 
is indeed obeyed. Similar plots were found for C1- and I- .  
Results for the ratios of rate constants are collected in 
Table I. It can be seen that B r -  is a much more efficient 
scavenger than either Cl-  or I - .  These results suggest 
that B r -  systems are to be preferred for solar energy con- 
version. At the largest concentration of B r -  used in this 
work (4.5 mM dm-3), ~ was 0.022, and 270 electrons were 
being transferred on each encounter  of a particle with the 
macroscopic electrode. 

The study of the electrochemistry of colloidal particles 
with the ORDE can therefore determine the number  of 
electrons in the conduction band, the quantum efficiency 
of their generation, and their lifetime. All of these param- 
eters are fundamental  to an understanding of the behav- 
ior of such systems and their possible application to solar 
energy conversion. 
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APPENDIX 

In this Appendix, we derive the modified Stern-Vol- 
mer relation in Eq. [8]. We assume that a photogenerated 
hole may recombine with a rate constant, kR, or it may be 
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lost from the particle with a rate constant ko + ks [Br-], 
where ko describes the processes in the absence of B r -  
and ks describes the scavenging by Br- .  We then find 
that 

ko + ks [Br-] r  
kR + ko + ks [Br-] 

and 

~o = ko/(kR + ko) 

1 k0 + kR [ k.o § kR] 
~b - ~b--------~ - k ~  1 + ks [Br-]J [9] 

Now ~b0 <<  1 and so ko <<  kR. With this assumption,  Eq. 
[9] simplifies to give Eq. [8]. 
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ABSTRACT 

Different aspects of the breakdown phenomena observed during the growth of anodic films on zirconium metal in 
aqueous solutions have been investigated. Two different mechanisms of breakdown are suggested as a result of the ex- 
perimental  observations. A mechanical breakdown, which is dependent  upon the logarithm of the anodizing current 
density, has been observed in carbonate and sulfate solutions at low concentrations of salt or acid and/or low anodizing 
current densities. The appearance of small fissures in the ZrO2 films is related to this type of breakdown. An electrical 
breakdown was observed in sulfamic acid solutions as well as in sulfate and carbonate solutions at high salt or acid con- 
centrations and/or high current densities. In  the case of electrical breakdown, the first spark voltage showed a 
significant dependence upon the value of current density only in carbonate and sulfate anion containing solutions. A 
possible explanation for this dependence is suggested in agreement with Christov's model, taking into account also the 
incorporation of anions into the films. The different influences of the electrolytic solutions upon both types of break- 
down are presented and discussed. 

Breakdown phenomena in solids have been the subject 
of research for many years (1, 2) because of the practical 
importance of solid dielectrics (2). In the case of dry sys- 
tems, a reasonable agreement exists on the possible ex- 
planations of the breakdown phenomena (1-4). In wet sys- 
tems, and particularly in MOE (metal-oxide-electrolyte) 
systems, further complications arise from the electrolyte 
interface. In this case, besides the influence of the dielec- 
tric thickness and magnitude of electric field, it is neces- 
sary to take into account other variables such as: (i) na- 
ture of the solutions and their resistivity; (ii) anodizing 
current density; (iii) incorporation of electrolytic species 
into the oxide films; (iv) parasitic side reactions at the 
oxide/electrolyte interface; and (v) existence of mechani- 
cal stresses during the growth of the films. 

Owing the possible influence of all these parameters in 
determining the breakdown phenomena in a MOE sys- 
tem, it has been very difficult to develop a theoretical 
model which could explain the general behavior of the 
breakdown for different MOE systems. In the case of the 
growth of anodic films on valve metals two different 
types of breakdown can be envisaged, according to the 
different experimental findings and the interpretative 
models proposed by different authors (5-16). 

A mechanical breakdown has been suggested in those 
cases where a mechanical  failure due to stress is the cause 
of the arrest of growth of the films. In this case, although 
the existence of stresses during the growth of the films is 
widely accepted (5-13), the agreement about the source of 
these stresses is less general. It has been attributed to: (i) 
hydration and dehydration of the films (5-6); (ii) presence 
of impurities (7) and flaws (8-10); (iii) a Pilling-Bedworth 
ratio (molar volume of the oxide/molar volume of the 
metal) higher than unity, or, more generally, changes in 
volume due to the conversion of metal to oxide (11-12); 
and (iv) electrostrictive effects (13). The influence of the 
electrolytic solution on this last type of breakdown has 
been predicted theoretically by Sato (13). 

An electrical breakdown has been proposed in those 
cases where the arrest of growth process seems related to 

the onset of phenomena of electronic conduction in the 
films with consequent light emission phenomena and/or 
gas evolution at the oxide/electrolyte interface. 

Previous studies (14, 15) have excluded for breakdown 
possible mechanisms such as crystallization and thermal 
heating due to the Joule effect. On the contrary, it has 
been suggested that crystallization is a result of the break- 
down. The hypothesis (16) that only solid-state properties 
of the oxide films control the breakdown phenomena has 
been definitely discarded, while it has been suggested 
that the main source of electrons is the oxide/electrolyte 
interface (14, 17, 18, 22). 

In  this work, we present some experimental results on 
the breakdown phenomena observed during the growth 
of ZrO~ anodic films in different solutions and at various 
current densities. 

In particular, we will show how the different kinds of 
breakdown observed on ZrO2 films follow different 
phenomenological relationships. The influence of the 
anodizing parameters on both types of breakdown will be 
discussed on the basis of the available theories of break- 
down in MOE systems. 

Experimental 
Zirconium of purity 99.8%+ (Goodfellow Metals, Cam- 

bridge, England) was used. Rods were sealed to Teflon 
cylinders with epoxy resin (TorrSeal, Varian Associates) 
or forced into heated Teflon cylinders (4.5 mm id). The 
area exposed to the electrolytic solution was 0.196 cm'-'. 
The surface exposed to the solution was mechanically 
polished before each experiment with very fine abrasive 
papers, ultrasonically cleaned in distilled water, and then 
chemically etched. The chemical etching was in 
HF:H20:HNO3 mixture (1:4:2 in volume) (8). During the 
etching, the electrode was rotated at constant rotation 
speed so that a better finish of the electrode surface was 
obtained. 

The electrodes were anodized galvanostatically by us- 
ing a Keithley Model 227 constant current generator. The 
cell voltages were measured by a digital mult imeter  and 
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the Vce, vs. time curves (V-t curves) were recorded on a X, 
Y, t recorder. Surface inspection, before and after the 
anodization, was made with a scanning electron 
microscope. 

The counterelectrode was a Pt wire or a Zr foil. Solu- 
tions were prepared from analytical-grade reagents. All 
experiments were carried out at room temperature. 

E x p e r i m e n t a l  Resul ts  

The different types of breakdown phenomena were 
classified on the basis of the galvanostatic growth curves 
as well as of the morphological analysis performed by 
electron microscopy. In Fig. 1, we show three typical an- 
odic growth curves, which display the different behavior 
observed during the anodization of zirconium electrodes 
in various electrolytes and in a range of current densities 
between 2 and 32 mA cm -2. The slope of the growth 
curves changed with the c.d., with the electrolytic solu- 
tions, and with the film thickness, as reported in previ- 
ous work (19). Curves la  and lb  were typical of anodiza- 
tion processes performed, respectively, in NH~SO~H 
(0.1-1.5M) and in lN H2SO4 solutions at any current den- 
sity of anodization. 

By decreasing the concentration of the anion and the 
anodizing current density in sulfate containing solutions 
the shapes of the growth curves became similar to that of 
curve lc. The behavior depicted in Fig. lc  was typical of 
films grown in 0.1M Na~CO3 solution at any c.d. In 0.5M 
carbonate solution, the growth curves showed a behavior 
similar to that depicted in Fig. lb  at high anodizing cur- 
rent densities (i -> 8 mA cm-2), while the behavior dis- 
played in Fig. lc  was observed at low c.d. 

The main difference between curves a, b, and c of Fig. 1 
is the appearance in the last one of a shoulder well below 
the onset of sparking phenomena. The appearance of the 
shoulder also marked the beginning of a second straight- 
line behavior in the growth curve having a lower slope. It 
must  be mentioned that the slope of the growth curves 
after the shoulder was related to the anodizing current 
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Fig. 1. Growth curves for films grown on zirconium metal at i = 8 
mA cm -2 in different solutions: (a) 1M NH2SO3H; (b) 1N H2SO4; (c) 
0.1N H2SO4. The arrows mark the first spark occurrence. 

density. In particular, the second slope was about one- 
half of the initial one in both solutions. 

Using electron microscopy it was possible to associate 
the appearance of the shoulder in the V-t curves with the 
presence in the anodic films of very small fissures as 
shown in Fig. 2 (see also Fig. 5). 

The presence of these fissures did not stop the growth 
of the films. The subsequent  decrease of slope in the 
growth curves is interpreted in terms of the onset of a 
mechanical breakdown in the films well before the start 
of the sparking phenomenon.  The cell voltage at which 
this phenomenon appears is defined as "mechanical  
breakdown voltage" (Vmb). The Vmb values were found to 
follow a relationship 

Vmb = Arab + Bmb log i [1] 

where Arab and Bmb are constants which depend on the 
electrolytic solution. As reported in Fig. 3, the coeffic- 
ients Amb and Bmb depend mainly upon the kind of anion 
in the solution, while the pH of electrolytic solution 
seems to have a negligible effect on both coefficients. A 
deviat{on from the behavior depicted in Eq. [1] was ob- 
served at high current densities in 0.1N H~SO~ solution. 

In order to get more information on different aspects of 
the mechanical breakdown some experiments were fo- 
cused on the dependence of Vmb upon the film thickness 
in various solutions. 

For carbonate solutions, a nearly constant film thick- 
ness was calculated at the breakdown voltages both from 
the interference colors and by using the kinetic parame- 
ters of Fromhold 's  theory previously obtained for 0.5M 
Na2CO~ solutions (19). 

In the range of c.d. reported in Fig. 3a, the film thick- 
ness at the different Vmb values was equal to about 4000A. 
In the case of sulfate anion containing solutions the film 
thickness at the breakdown voltages generally increases 
with c.d., as reported in Table I. 

An exception to this was the films formed in 0.1N 
H~SO4 solution for i i> 8 mA cm -~. For these films, a 
nearly constant critical thickness of about 3500• was esti- 
mated on the basis of the interference colors of the films. 

In Fig. 4, we show an electron micrograph typical of 
films with anodic growth curves similar to curves la  and 
lb  in Fig. 1. Anodizing processes producing these curves 
showed all the features typical of the sparking phenom- 
ena (light emission, cell-voltage oscillations, noise) al- 
ready described in the literature for different MOE sys- 
tems [Ref. (17) and references therein]. As shown in Fig. 4, 
the surfaces of the electrodes are free of fracture, but in 
some areas a certain texture can be observed. Anodic 
films grown in similar conditions did not show such tex- 
tured regions if the anodization process was stopped be- 

Fig. 2. SEM micrograph of a film grown in 0.1N Na~CO3 at i = 16 
mA cm -2 after the appearance of shoulder in the growth curve. 
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Fig. 3. Voltage of mechanical breakdown vs .  anodizing current den- 

sity for films grown in various solutions: (a) 0.1M Na2CO3; (b) H2SO4 
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fore the  onset  of  sparking.  X-ray analysis,  p e r f o r m e d  on 
foils no t  chemica l ly  e t ched  bu t  anodized in the  s a m e  solu- 
t ions,  showed  clear  ev idence  of  crystal l izat ion only after 
p ro longed  sparking.  We th ink  the  t ex tu re  identifies 
th icker  crystal l ine areas. These  resul ts  m u s t  be  t aken  
wi th  caution,  because  it is k n o w n  f rom the  l i tera ture  that  
the  crystal l izat ion of  ZrO2 films is s t rongly affected by 
the  na ture  of the  solution,  the  anodizat ion t echn ique ,  the  
t h i c k n e s s  of  the  film, and the  ini t ial  sur face  t r e a t m e n t  
(12, 20). 

Table I. Film thickness values at the breakdown voltage calculated by 
means of Fromhold theory (26) (L~calc), and estimated on the basis of the 

interference colors (LceX~), for films grown in different solutions at 
various c.d.'s. A mean refractive index equal to 2.2 was assumed for the 

estimation of Lc exp 

H,SO4 0.05N K.,SO4 0.1N 
i (mA cm-'-') Lc~xP-(A) L~ ca'c* (;~) Lc ~Xp i~) Lc r162 (]~) 

24 4000 3970 3900 4006 
16 3750 3820 3700 3800 
12 3600 3630 - -  - -  
8 3250 3380 3300 3420 
6 3150 3210 - -  - -  
4 2800 2830 2700 2760 

* The kinetic parameters are assumed equal to those already pub- 
lished for 0.1N H._,SO4 solution (19). 

The  sparking p h e n o m e n o n  could  be  observed  also in 
the  case of  f rac tured  films as shown in Fig. 5. In  this 
case, the  spark ing  seems to occur  preferent ia l ly  a long the  
edges  of  the  fissures. 

The  va lues  of  the  cell  vol tage  at wh ich  spark ing  began  
(Vrs) were  ident i f ied e i ther  by visual  inspec t ion  or  f rom 
the  first osci l lat ion r ecorded  in the  galvanosta t ic  V-t 
curves  (see Fig. 1). This  Vrs va lue  was reproducib le ,  and 
the  VFs values  used  here  are the  average  for di f ferent  ex- 
pe r imen t s  pe r fo rmed  u n d e r  s imilar  condi t ions  (a very  
smal l  inf luence of the surface finish was observed) .  

In  Fig. 6, we  repor t  the  d e p e n d e n c e  of Vrs on the  va lue  
of cur ren t  dens i ty  for d i f ferent  e lectrolyt ic  solut ions.  A 
cons tancy  in the  VFs va lue  is observed  in sul famic  acid 
solut ions,  whi le  a l inear  d e p e n d e n c e  on c.d. va lue  i s  ob- 
se rved  for carbonate  and sulfate solutions.  Moreover ,  the  
l inear  d e p e n d e n c e  is valid,  regardless  of  the  k ind  of  an- 
odic  g rowth  curves  obtained,  that  is, types  a, b, c in Fig. 1. 

In  Fig. 7, is r epor ted  the  d e p e n d e n c e  of  V~s on the  resis- 
t ivi ty of  the  e lectrolyt ic  solutions.  As repor ted  for o ther  
MOE sys tems (21-24) the  expe r imen ta l  va lues  (at a f ixed 
i) fol low a re la t ionship  

VFs = a +  b l o g p  [2] 

where  a and b are cons tants  and p is the  res is t iv i ty  of  the 
e lec t ro ly t ic  solution.  Fo r  fi lms g rown  in NH2SO3H solu- 
tions, the  a and b va lues  are i n d e p e n d e n t  of  the  anodiz ing  
cur ren t  dens i ty  va lues  accord ing  to the  resul ts  of  Fig. 6. 
In  the  case of  sulfate con ta in ing  solutions,  the  a and b 
cons tants  are d e p e n d e n t  on the  anodiz ing cur ren t  as re- 
por ted  in Table  II. 

In  Table  III, we  repor t  the  es t imated  film th icknesses  
and the  average electr ic  fields at the  first spark  vol tages  
for di f ferent  sul famic  acid solut ions  at var ious  c.d.'s. 

Fig. 4. SEM micrograph of a film grown in 1M NH2SO3H at i = 16 Fig. 5. SEM micrograph of a film grown in 0.1N H.2SO4 at /  = 8 mA 
mA cm -2 above the first spark voltage, cm -2 above the first spark voltage. 
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1M NH~SO~H; (~') 1N K~SO4; (O) 1N H2SO4. 

Discussion 
The experimental  results outlined here for the 

Zr/ZrOJelectrolyte system provide new information on 
the breakdown of anodic oxide films grown in various 
electrolytic solutions. We stress the fact that two different 
kinds of phenomena are involved in the breakdown of the 
system. They are not mutually exclusive, but these two 
phenomena are governed by experimental  parameters in 
different ways. 

In the solutions where mechanical breakdown occurs, 
the most important parameter in determining the V~b 
value seems to be the anodizing current density. This in- 
fluence can be explained by assuming that mechanical 
failure of the films occurs when a critical thickness, Lc, is 
reached at which the internal stresses exceed the 

3 0 0  
' ' ' ' ' ' ' ' 1  ' ' ' ' ' ' ' ' ' !  

2 0 0  

1 0 0  

| t . , . J , , I  m , I I i i i i l l  
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~) , o h m . c m  
Fig. 7. First spare voltage vs. electrolyte resistivity for films grown 

in: {O) H2SO4 at i = 16 mA cm-2; ( I )  K~SO4 at i = ] 6 mA cm-2; (A) 
NH2SO~H at 2 --- i < 32 mA cm -2. 

Table II. Values of the a and b constants of Eq. [2] for films grown in 
sulphate and sulphamate containing solutions at different current 

densities 

Electrolyte i (mA cm--') a (V) b (V) 

H2SO4 32 71 102 
H~SO4 24 74.3 104.5 
H~SO4 16 66.5 122.6 
H~SO4 8 58.5 137 
H~SO4 6 54.7 140 
H~SO4 4 60 140.6 
K2SO4 32 5.2 120.1 
K~SO4 24 15.7 122 
K~SO4 16 -6.3 143.4 
K~SO4 8 -15.1 154 
K~SO4 6 -8.3 153.5 

NH~SO~H 2-32 81 90 

Table III. Thickness of film and "average" electric fields, calculated by 
means of Fromhold theory (26) at the first spark voltage, for films grown 
in NH2SO3H solutions. The kinetic data, Eo and E*, were those reported 
in Ref. (19) for the 0.1M solution, while in the case of 1M solution, they 

were calculated in the same manner as in Ref.(19). 

E = V ~ D ~ s  
Electrolyte i (mA cm-'-') DFs(/~) (MV cm-') 

0.1M NH~SO3H 32 3950 5.79 
0.1M NH~SO3H 16 4020 5.69 
0.1M NH~SO3H 8 4100 5.58 
0.1M NH~SO3H 4 4380 5.22 
1M NH~SO3H 32 2910 5.97 
1M NH2SO3H 16 3000 5.79 
1M NH.,SO3H 8 3120 5.58 

mechanical  strength of the film. The critical thickness is 
related to the breakdown voltage by 

Ymb = E '  Lo [3] 

where E is the average anodizing electric field strength. 
According to this hypothesis, the internal stresses must 

increase With the film thickness. This appears in conflict 
with the results of Leach and co-workers (8, 12), which 
show nearly constant stresses in ZrO~ films formed on 
chemically etched Zr anodized above 80V in ammonium 
borate as well as in carbonate solutions. Moreover, they 
have shown that the stresses measured at different c.d.'s 
decrease with increasing c.d. in a range of current densi- 
ties analogous to that exploited in our measurements.  It 
must  be stressed, however, that in our experimental  con- 
ditions bending was biaxial rather than uniaxial (8, 12). 

If  the results obtained by Leach and co-workers are rep- 
resentative of the behavior of ZrO2 films grown in our 
conditions, an explanation is needed for the mechanical 
breakdown of ZrO2 films in the presence of a constant 
compressive stress. We suggest that the stress distribu- 
tion normal to the surface of the film is not uniform, but 
rather changes with thickness in such a way that the aver- 
age value remains constant. 

In this frame, the results obtained in sulfate solutions 
are quite well explained by saying that, according to 
Leach e t  a l . ,  greater mean stresses and anodizing ratios 
(AD/AI0 combine to lower the Vmb values at low c.d.'s. 

In the case of breakdown at constant film thickness 
(0.1N H2SO4 solution at i ~> 8 mA cm -2 and carbonate solu- 
tion), the interpretation of the mechanical breakdown re- 
quires further hypothesis about the effect of anion 
incorporation on the mechanical properties of ZrO~ films 
grown in these solutions. We suggest that the level of 
impurity content into the films lowers the mechanical 
strength of these films. This suggestion is based on the 
following findings: (i) in sulfamic acid solutions, where 
the incorporation phenomenon has been supposed to be 
absent (19), higher film thicknesses were reached with- 
out appearance of mechanical breakdown (compare 
Tables I and III), ( i t )  according to Leach and Pearson [see 
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Fig. 5 and 6 of Ref. (12)], lower compressive stresses are 
observed in carbonate solution in a range of c.d. where 
higher anion incorporation occurs (27); as reported in Fig. 
5 of Ref. (12), the compressive stress measured in carbon- 
ate solution at the critical thickness is halved by increas- 
ing c.d. from 6 to 10 mA cm -2, and (iii) according to our 
results, the mechanical breakdown occurs in carbonate 
solution at constant thickness (Lc ~ 4000~) for films 
grown at i ~> 6 mA cm -2, which is the range of c.d. where 
a steep increase of carbonate incorporation has been ob- 
served (27). 

The same interpretative hypothesis could explain the 
experimental  findings in 0.1N H~SO4 solution at i t> 8 mA 
cm -2, if the dependence of internal stresses upon c.d. is 
supposed to be analogous to that observed in ammonium 
borate and carbonate solutions. Further investigations on 
these aspects are necessary before reaching a firm con- 
clusion. 

The different values of Arab and Bmb obtained for films 
grown in different electrolytic solutions should reflect 
the complex role played by the electrolyte in the kinetics 
of growth as well as in the mechanical properties of the 
films due to the incorporation of anions. A more 
quantitative analysis of the experimental data should 
need a knowledge of the laws of variation of internal 
stresses with oxide thickness in each solution at each cur- 
rent density. 

At this point, it is important to note that the observed 
absence of any influence of the resistivity of the electro- 
lytic solution on Vmb values suggests that no direct effect 
should be assigned to the solution in determining the me- 
chanical breakdown of ZrO2 anodic films, although an in- 
direct effect can arise through the anion incorporation 
phenomenon (27, 28). By taking into account all of these 
findings, it would appear that the most likely source of 
stresses during the growth of these films at the metal] ox- 
ide interface is the volume change accompanying oxide 
formation. A Pilling-Bedworth ratio higher than unity 

Zr02 Zr [ V m o l a  r / V m o l a  r = 1.56 (29)] and a very low transport num- 
ber of cation (30) suggest the existence of compressive 
stresses inside the films. The increase, with increasing 
film thickness, of local stresses to a critical value which 
should be dependent  only on the bulk properties of ZrO2 
films, then causes the mechanical failure of the films. In 
fact, the above-mentioned absence of influence of the so- 
lution resistivity seems to exclude any effect of the inter- 
facial tension on the mechanical breakdown of the inves- 
tigated systems. 

For the sparking phenomena,  the experimental results 
fail into one of two groups, according to the nature of the 
electrolytic solution: (i) nonincorporating solutions [sul- 
famic acid solutions (19, 31)] in which there is no 
influence of the anodizing current density on the V~s 
values, and (ii) incorporating solutions [sulfate and car- 
bonate containing solutions (27)] which show a clear 
influence of the anodizing current density on VFs values. 

A linear dependence of VFs on the logarithm of the solu- 
tion resistivity was found experimentally for both kinds 
of solutions. 

According to the electron ionization avalanche mecha- 
nism, an increase of the internal electric field and/or the 
dielectric film thickness enhances the multiplication of 
electrons which are injected at the cathode (in MOE sys- 
tems, the oxide/electrolyte interface). This is in qualita- 
tive agreement with the results in sulfamic acid solutions, 
where sparking occurred with thinner  films in the pres- 
ence of a higher anodizing electric field (see Table III). 

The strong influence on the Vrs values of the electro- 
lytic solution, which is reflected in the V~s vs. log p rela- 
tionship, suggests that the electron injection levels at the 
oxide/electrolyte interface affect the sparking phenome- 
non. A quantitative analysis of sparking phenomena re- 
quires a knowledge of the laws governing electronic in- 
jection at this interface for each MOE system. However, a 
preliminary analysis on the basis of Ikonopisov's model 
(17) of electrical breakdown for MOE systems shows that 

present experimental results are in agreement with the 
essential features of this model. In fact, both the nearly 
constant values of VFs with the ionic current density and 
the Vrs vs. log p relationship agree with the theoretical 
predictions of the model. However, the discrepancies be- 
tween the model and the experimental results obtained in 
sulfate and carbonate containing solutions (chiefly the 
strong dependency of Ves on the anodizing current) could 
be associated with the incorporation of sulfate and car- 
bonate anions (27, 28) which could modify the solid-state 
properties of the anodic films. 

It has been reported that: (i) the amount  of anion incor- 
poration in ZrO2 anodic films is strongly dependent  on 
the c.d. and the local pH of solution (12, 27); (ii) the value 
of dielectric constant decreases with increasing anion in- 
corporation (19, 33, 34). 

These facts help explain the results in Fig. 6 for carbon- 
ate and sulfate solutions if we recall that according to 
Ikonopisov's model (17) the electron injection level at the 
oxide/electrolyte interface controls the V~s value. More- 
over, in the model recently proposed by Christov (18) the 
electronic current injected at this interface can be written 

iel io exp ~ ( ~ )  1''-' = [4] 

where io and ~ are constants which depend only on the 
temperature and on the oxide/electrolyte interface and e1 
is the dielectric constant of the film. 

Perhaps the main effect of anion incorporation is to de- 
crease e, and hence increase the electron injection level at 
the oxide/electrolyte interface in such a way as to make 
the dependence of V~s on the applied current density 
more pronounced. According to this, the results of Fig. 6 
suggest that the influence of c.d. on anion incorporation 
should be stronger in more dilute acidic solutions (0.1N 
H.2SO4) as well as in concentrated neutral solutions of car- 
bonate. In this last case, a very strong influence of the 
c.d. on the incorporation phenomenon has been reported 
(27). 

Conclusions 
The results of this work illustrate the complex nature of 

the breakdown processes in MOE systems. It has been 
shown that both "mechanical" and "electrical" break- 
down can occur during the anodization process. Each 
type of breakdown occurs in a different way and depends 
on the anodizing parameters in a different way. In  the 
case of ZrO.,/electrolyte systems, it has been shown that 
the conditions favoring electrical breakdown are high c.d. 
and/or low electrolytic resistivity. The appearance of elec- 
trical breakdown is always associated with a rapid end to 
film growth. In the case of mechanical breakdown, al- 
though the rate of film growth is decreased, a second lin- 
ear but  slower dV/d t  relationship is observed, until  
sparking eventually puts an end to film growth. 

The phenomenon of mechanical breakdown suggest 
fracture brought about by critically large internal 
stresses, associated with the volume increase when metal 
is converted to oxide. 

The incorporation of anion, which affects mechanical 
breakdown through a mechanism of relaxation of internal 
stresses (11) and by changing the mechanical strength of 
the films, is thought to influence the electrical break- 
down of the films in such a manner  as to increase the 
electronic injection current at the oxide/electrolyte 
interface. 

A better knowledge of the electron injection process at 
this interface during the film growth seems necessary for 
improving the quantitative agreement between 
experimental data and theoretical analysis of the sparking 
phenomena. 
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Plasma Etching of Oxygen Containing Titanium Silicide Films 
F.Y. Robb* 

Motorola, Incorporated, Process Technology Laboratory, SRDL, Phoenix, Arizona 85008 

ABSTRACT 

Anisotropic etching of t i tanium silicide is essential if its low resistivity gate properties are to be utilized on scaled 
MOS devices. CC14 and CF4 plasmas, as well as ion milling, were used to etch composite t i tanium silicide/polysilicon 
films, with each displaying definite drawbacks. CC14 plasmas yielded rough etching and etch residue, presumably due 
to the high oxygen content of the silicide film and the relatively high selectivity (low oxide etch rate) of the etch. CF4 re- 
active ion etching and ion milling produced smooth etching but  lacked the selectivity to stop on thin underlying gate 
oxides. A combination of these processes, however, provided successful anisotropic patterning of such structures. A 
nonselective, smooth etching CF4 reactive ion etch was used to etch through the silicide layer, followed by a higher se- 
lectivity C12 plasma etch through the underlying polysilicon down to the thin gate oxide. 

Anisotropic etching of t i tanium silicide is essential if its 
low resistivity is to be utilized on scaled MOS devices. 

Increases in packing density and complexity of MOS 
devices have increased the importance of the intercon- 
nect technology (1, 2). With the sheet resistance of even 
the most heavily doped polysilicon greater than 15 ~/[], 
the advantages of further scaling will soon be offset by 
the interconnect resistance at the gate level. The selection 
of a lower resistivity gate material, together with the 
shortening of interconnect lengths by circuit designers, 
is essential in order to take advantage of the higher 
switching speeds of scaled down devices. 

The low resistivity refractory metal silicides, with sheet 
resistances over an order of magnitude lower than polysil- 
icon (3, 4), offer an attractive alternative. Replacing 
polysilicon entirely with the silicide, however, entails ma- 
jor changes in device design and processing and, perhaps 
most importantly, introduces an interface at the gate ox- 
ide of questionable stability. Thus, the more conservative 
approach has been to replace enough of the doped 
polysilicon with the silicide to achieve the desired resist- 
ance goal, but  not so much as to cause a change in the ef- 

* Electrochemical Society Active Member. 

fective metal-semiconductor work function (and thereby 
gate threshold voltage). 

Since t i tanium silicide (TiSi2) has one of the lowest 
resistivities of the refractory metal silicides, very low re- 
sistivity t i tanium polycide gates can be achieved. In  fact, 
a t i tanium polycide structure of 1500~ of silicide over 
1500~ of polysilicon has a composite resistance of 1 to 2 
t~/D (5), more than an order of magnitude lower than 
straight doped polysilicon. 

The etchability of t i tanium silicide is, o~ course, one of 
the prime processing considerations. Anisotropic etching 
is essential in order to produce the fine patterns required 
for scaled MOS devices. 

Little information is available on the etching of tita- 
n ium silicide. Wang et al. (6) have reported the successful 
use of chlorine plasma etching for the patterning of com- 
posite TiSiJpolysilicon gate structures, but  found an ex- 
treme sensitivity to contamination in the film and re- 
quired that the oxygen level in the film be less than 0.5%. 
In  practice, obtaining such a low oxygen content in tita- 
n ium silicide films is difficult and perhaps unnecessary, 
as resistances as low as 1 ~/[] have been obtained on 
films containing 5% oxygen (5). 
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The plasma-etch characteristics of oxygen containing 
t i tanium silicide films is the subject of the present study. 
CC14 and CF~ reactive ion etching, as well as ion milling, 
will be detailed and contrasted. Successful anisotropic 
etching could not be accomplished in any one-step etch; 
it required two etch steps. The first step used a low 
silicon-to-oxide etch-rate ratio to etch smoothly through 
the oxygen containing silicide. The second step, in con- 
trast, utilized a high silicon-to-oxide etch-rate ratio to pat- 
tern the underlying polysilicon and stop on the thin gate 
oxide. 

Experimental 
Etch systems.--Several different etch systems were used 

in this study. 
CCI4 plasma etching was studied in a single-wafer 

planar reactor. The top electrode was powered (13.56 
MHz), while the etching wafer was placed on the lower 
grounded electrode. An upper-to-lower electrode-area ra- 
tio of 2 to 1 was utilized. All surfaces exposed to the 
plasma were passivated with an anodized aluminum coat- 
ing. Wafer cooling was provided by a cold (10~ plate 
physically affixed to the lower electrode. A gas mixture 
of 8 sccm CCI4, 7 scem Ar, 8 sccm N~, and 3 sccm H2, at 
300 ~m with 1 W/cm 2 was used. This process was devel- 
oped for anisotropic etching of N ~ polysilicon. 

CF4 etching was performed in two reactors. 
Initial CF4 studies utilized a laboratory-scale diode 

configured reactor. The wafers were positioned on the 
smaller powered (13.56 MHz) electrode, while the outer 
chamber walls acted as the grounded anode. The chilled 
(10~ cathode, which held nine 3 in. substrates, was cov- 
ered with a thin silicon plate to minimize metallic con- 
tamination. A flow rate of 7 sccm CF4, with a 100 ~m 
pressure, and 0.55 W/cm 2 was used. 

The temperature dependence of CF4 etching was mea- 
sured in a Perkin-Elmer Omni-Etch Cornerstone single- 
wafer etcher, where the wafers were physically clamped 
to a temperature-controlled lower electrode. The system 
had a powered (200 kHz) porous graphite top electrode. A 
flow rate of 50 sccm CF4, with a 800 ~m pressure, and 1.5 
W/cm 2 was used. 

The Cornerstone was also used for low frequency C12 
plasma etching of polysilicon in the second step of the 
two-step polycide etch process. Process conditions used 
were 100 sccm C12, 800 ~m pressure, 0.7 W/cm 2, and a 5~ 
lower electrode. No undercutt ing of even highly doped N § 
polysilicon was observed. 

All plasma-etch systems used standard rotary pumps 
and maintained base pressures of between 20 and 40 ~m. 
Mass flowmeters were used to monitor gas flow and 
pressure was measured with capacitance manometers.  

Ion milling was performed in the Veeco Microetch sys- 
tem, which utilized a 10 in. diffusion pump and a 
Kaufman-type ion gun. Typical milling conditions were 
0.4 mA/cm 2, 600V, and 9.0 x 10 -4 torr argon pressure. Mill- 
ing angles between 0 ~ and 15 ~ were studied. 

Sample preparation and analysis.--Titanlum silicide 
films were cosputtered in a Sputtered Films, Incorpora- 
ted, Research System with a Ti:Si ratio of 1:2.2. At this 
composition, the resistivity after anneal was about 17 ~g~ �9 
c m .  

Auger electron spectroscopy (AES), in conjunction with 
sputter profiling, was used to analyze the samples as a 
function of depth. As shown in Fig. 1, deposited films 
were uniform, incorporated an atomic oxygen concentra- 
tion of about 5%, and had a native oxide thickness of be- 
tween 50 and 100k. After anneal, the bulk oxygen content  
decreased slightly, as apparently some of the oxygen dif- 
fused to the surface to react with Ti or Si. The surface ox- 
ide thickness after anneal was about twice that of the 
nonannealed films. 

Unannealed pure t i tanium films, sputter-deposited in 
the same system, were etched for comparison. AES 
profiling showed a similar oxygen content and native ox- 
ide as for the unannealed silicide. 
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Fig. I. Auger depth profi'le of on as-deposited TiSi2. ~ film. This film 
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The TiSi~ film was typically 1500-2000~ thick and de- 
posited directly on a 2000A thick polysilicon film. Under- 
lying the polysilicon was gate oxide. The polysilicon was 
phosphorus doped via either standard ion-implantation 
techniques or by 950~ PH~ diffusions. In most cases, no 
annealing of the TiSiJpoly was done prior to etch, al- 
though where specified a 950~ 30 min NJH2 anneal was 
utilized. On these samples, a 1000~ CVD oxide cap was 
deposited on top of the silicide to stop out-diffusion of 
phosphorus from the underlying polysilicon. The cap was 
removed via CHF3 reactive ion etching after photoresist 
masking but before subsequent  polycide etching. 

KTI II and AZ-1350J positive photoresists, as well as 
trilevel (7, 8) plasma oxide/HPR-204 masks, were used to 
produce patterned samples. 

AnaLytical techniques.--Silicide and resist rates were 
calculated from etch depth measurements  made on the 
Tencor 10-0020 Alpha Step. Polysilicon and oxide rates 
were calculated from thickness measurements  made on 
an IBM 7840 Film Thickness Analyzer. 

The surface roughness as a function of the etch tech- 
nique was quantified with reflectance data from the 
IBM 7840. The reflectance of each sample was measured 
and plotted as a function of wavelength from 4300 to 
7000~. In order to simplify data reporting, an "average" 
reflectivity was calculated from the max imum and mini- 
mum reflectances, as shown below 

Rmax + Rmin 
R 

2 

All reflectivities are reported as a percentage of an evapo- 
rated aluminum standard measured at the same time. 

Cross-sectional scanning electron micrographs (SEM's) 
of patterned samples were utilized to determine etch 
anisotropy. 

AES was used to analyze the cleanliness of etched 
surfaces. 

Results and Discussion 
CCI4 etching.--Table I summarizes the etch data from 

the single-wafer etcher. The unannealed silicide etched at 
about the same rate as polysilicon, whereas the annealed 
silicide etched about 20% more slowly. In addition, the 
pure ti tanium etch rate was considerably higher than that 
of either polysilicon or the silicide. The fast t i tanium rate 
was unexpected,  considering the reported volatilities of 
the expected etch products. SIC14, the more volatile prod- 
uct, has a vapor pressure of 1 torr at -63.4~ while TIC14 
has a similar vapor pressure at -13.9~ (9). 

A simple evaporation model  allows an estimate of the 
max imum TiSi,., etch rate achievable from evaporation 
only. The model assumes thermal equilibrium, so that the 
number  of molecules condensing must equal the number  
evaporating. From simple kinetic theory, the number  
condensing is assumed to be 1/4 n~-, where n is the num- 
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Table I. CCI 4 plasma etch data from the single-wafer etcher with 8 sccm 
CCI4, 7 sccm argon, 8 sccm N2, and 3 sccm H2, a 300/~m pressure and 1 

W/cm ~ 

Etch rate Etch Anisotropy* 
Film (/~/min) residue (with resist mask) 

Titanium silicide 
Unannealed 2300 Dense Good 
Annealed 1800 Moderate Good 

Polysilicon 2200 None Excellent 
(undoped) 

Good (N + poly) 
Titanium 3400 Dense Good 
T h e r m a l  S i O 2  3 5 0  - -  - -  

Positive resist 800 --  --  

* "Excellent" means zero undercut with 50% overetch. "Good" 
means zero undercut with 10% overetch and slight notching with 
50% overetch. "Fair" means very slight undercut with 10% overetch. 

ber of molecules per cubic centimeter and ~ is the average 
molecular speed. Using this model and the above vapor- 
pressure data, a max imum TiSi2 etch rate of 107 }~/min is 
calculated. The poor agreement with the measured etch 
rate of 2300 ~/min indicates that evaporation is not the 
rate-limiting step of the etch mechanism. 

Figure 2 shows composite ti tanium silicide/polysilicon 
films etched in the CCL process. The anisotropy of the 
CC14 etch was good, with no undercutt ing observed for a 
10% overetch and only very slight notching with a 50% 
overetch. Etch residue, however, plagued the etch. The 

residue was presumed to be simply unetched polysllicon, 
since Auger analysis of etched surfaces found only sili- 
con, oxygen, and carbon. Because N + poly was used for 
the polycide gate, the residue provided conductive paths 
and was therefore unacceptable. Although longer 
overetches somewhat reduced the residue height and 
density, the thin underlying gate oxide prohibited this. 

The etch residue was attributed to rough etching of the 
TiSi2 layer. Reflectivity, which provides a quantitative 
measure of the roughness is plotted as a function of etch 
depth in Fig. 3. Within experimental  error, no differences 
can be seen between the unannealed silicide and pure ti- 
tanium films. Both became extremely rough as etching 
proceeded. This roughness, which was then replicated 
into the underlying polysllicon layer, resulted in the etch 
residue. The annealed silicide, surprisingly, etched much 
more smoothly. In addition, the reflectivity of virgin 
polysilicon as a function of depth is also plotted for com- 
parison and shows that polysilicon films by themselves 
etched quite smoothly. 

The rough etching was attributed to both the presence 
of a native oxide and to the relatively high oxygen con- 
tent of titanium containing films. Auger analysis re- 
vealed that all the t i tanium containing films had more 
than an order of magnitude more oxygen than 
polysilicon. In addition, although the thickness of the na- 
tive oxide on both polysilicon and unannealed TiSi~ 
films was comparable (50/0, the oxide on the silicide con- 
tained titanium. The "toughness" of ti tanium oxide is 
well known to ion millers (10), as it is reported to have 
one of the lowest known milling rates. 

The relatively low oxide etch rate of the CC14 process 
meant  submicron sized "oxide" inclusions in/on the film 
would act as micromasks, blocking etching of the under- 
lying material. Rough etching, and ultimately etch resi- 
due, would result. 

The role of the bulk v s .  surface oxide was separated by 
comparing the two samples shown in Fig. 2. The annealed 
sample, which was given a CHF3 pre-etch to remove its 
CVD oxide cap (and would also remove any native oxide), 
showed a much cleaner etched surface than the 
unannealed sample. A similar CItF3 pre-etch of 
unannealed films also produced cleaner etching. Since 
both films still yielded etch residues even after native ox- 

Fig. 2. Composite 2 k~ titanium silicide/2 I ~  polysilicon films 
etched in the CCI 4 process. The bottom film was annealed and etched 
in CHF3 to remove its CVD oxide cap, before the CCI4 etch. Both 
samples were given a 10% overetch. The resist mask remains to dem- 
onstrate anisotropy. 
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Fig. 3. Reflectivity as o function of etch depth for the CCI 4 plasma 
etch. The silicide films were 2 I ~  titanium silicide/2 I ~  poiysilicon. 
The polysilicon and pure titanium films were 4 ]rJ~ and deposited di- 
rectly on ] I~  gate oxide. 



Vol. 131, No. 12 T I T A N I U M  S I L I C I D E  F I L M S  2909 

ide removal, however, bulk oxides as well as surface ox- 
ides contribute. 

The use of lower selectivity etches (those with higher 
oxide etch rates) to eliminate the rough etching and etch 
residues is expanded below. Both ion milling, with 
silicon-to-oxide selectivities on the order of 1/1, and CF4 
reactive ion etching, where the selectivity was even less 
than 1/1, are considered. 

Ion milling.--Argon ion milling was investigated as a 
function of the incidence angle as it was varied from 0 ~ to 
15 ~ . Within experimental  error, the etch rates of titanium 
silicide, silicon dioxide, and positive resist did not vary 
with angle in this range and were 170, 200, and 125 ~/min, 
respectively. In addition, the silicide rate did not depend 
on whether the film was annealed prior to etch. 

The low selectivity ion milling produced much 
smoother etching than with CC14, as evidenced by a com- 
parison of Fig. 3 and 4. Unlike the CC14 etch, however, an- 
nealed silicides etched more roughly then unannealed sil- 
icides. This rougher etching was attributed to the already 
rougher surface of the annealed silicide before etch. The 
well-known milling rate dependence on angle (10) would 
cause a rough surface to further roughen as etching 
proceeds. 

Trenching and shadowing during the milling of actual 
t i tanium silicide features prohibited its successful use, 
despite its much smoother etching in open areas. A 0 ~ in- 
cidence angle produced severe trenching along etched 
features. As the angle was raised from 0 ~ to 15 ~ the sever- 
ity of the trenching decreased, with trenching only pres- 
ent around isolated features at 15 ~ . Shadowing, or slower 
etching between closely spaced features, however, ap- 
peared with increasing intensity as the angle was in- 
creased from 5 ~ to 15 ~ . Thus samples milled at 15 ~ showed 
both shadowing and trenching depending on the 
geometry/pitch of the etching features. In short, an opti- 
mum set of conditions, one where neither trenching nor 
shadowing occurred, could not be found. 

CF4 etching.--Reactive ion etching with fluorine con- 
taining gases was also studied as a means of reducing the 
silicon-to-oxide selectivity in order to produce smooth 
etching of titanium containing films. Both CHF3 and CF4 
plasmas were characterized, but since the trends/results 
of each were similar, only the CF4 data will be discussed 
here. 

Table II lists the etch rates, surface smoothness during 
etch, and the anisotropy obtained when utilizing a C F  4 

reactant in the diode-configured reactor. The silicide 
etched at the same rate as polysilicon but faster than pure 
titanium. In addition, both thermal oxide and positive 
photoresist etched faster than titanium silicide and 
polysilicon, limiting any practical application. 
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Fig. 4. Reflectivity as a function of etch depth for argon ion milling 
of 2 kA titanium silicide/2 k~ polysilicon. The reflectivity was inde- 
pendent of milling angle, within the 0~ ~ range studied. 

Table II. CF4 etch data from the laboratory-scale diode reactor with 7 
sccm CF4, 100 ~m pressure and 0.55 W/cm 2 

Etch rate Etch Anisotropy* 
Film (~/min) texture (with resist mask) 

Titanium silicide 
Unannealed 120 Smooth Excellent 
Annealed 130 Rough Excellent 

Polysilicon 125 Smooth Good-Fair 
Titanium 60 Smooth Excellent 
Thermal SiO2 445 --  --  
Positive resist 250 -- --  

* See Table I for anisotropy definitions. 

The anisotropy of t i tanium containing films etched in 
CF4 was excellent. No undercutt ing was ever seen for tita- 
nium silicide, while polysilicon films were undercut  
somewhat during extended overetches. This lower reac- 
tivity of titanium films in CF4 is attributed to the low vol- 
atility of the expected product, TiF4. No vapor pressure 
data is available on TiF4, as it is reported in the literature 
simply as a white solid having a density of 2.8 g/ml which 
sublimes at 284~ (11). 

This low volatility is, however, evidenced by the strong 
temperature dependence of the CF4 etch rate of titanium 
silicide. Figure 5 shows data collected in the single-wafer 
CF4 plasma etch. No measurable etching occurred with the 
wafer clamped to a 5~ electrode, while-the etch rate in- 
creased from 950 to 1350 •/min as the temperature was in- 
creased from 25 ~ to 60~ 

The reflectivity as a function of etch depth for CF4 
etching in the diode-configured reactor is shown in Fig. 
6. The unannealed silicide and pure t i tanium films 
i t ched  very smoothly, as evidenced by the flat 
reflectivity. The annealed silicide, however, etched quite 
roughly. This trend is similar to, although more dramatic 
than, that observed for ion milling (see Fig. 4). The reason 
for the rough etching after annealing is not clear, but may 
be simply that, as for ion milling, the rougher surface on 
annealed films "facets" during etching due to an angle 
dependence of the etch rate. 

Figure 7 compares the surface roughness of partially 
etched annealed and unannealed polycide samples. In ad- 
dition to the obvious differences in surface texture, the 
SEM inspection showed no undercutt ing of the silicide or 
any problems such as trenching or shadowing. 

The reverse selectivity of the fluorine-based processes 
makes them unsuitable for complete etching of a polycide 
structure. Calculations show that polysilicon-to-oxide 
selectivities of a least 10/1 are needed for successful etch- 
ing over thin (150~) gate oxide. Etches with selectivities 
that high, however, produced rough etching of oxygen 
containing TiSi2. The solution is a two-step etch. The 
first step requires a low selectivity to oxide to etch 
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etching. The silicide films were 2 k~ titanium silicide/2 k~ poly- 
silicon. The titanium film was 4 k~ and deposited directly on gate 
oxide. 

smoothly through the silicide, the second a high selectiv- 
ity to oxide to stop at the thin underlying gate oxide. 

Fig. 7. Composite 2 k~ titanium silicide/2 I~  polysilicon films par- 
tially etched (stopped in the poly layer) in CF4 in the laboratory scale 
diode reactor. The bottom film was annealed before etch. The photo- 
resist remains on both samples. 

Fig, 8. Unannealed 2 kA titanium silicide/2 k~ polysilicon film 
etched via a two-step process. Step one uti{ized a CF4 reactive ion 
etch through the silicide. Step two was a CI~ plasma polysilicon etch. 
The photoresist remains to demonstrate anisotropy. 

Two-step etching.--This section details a specific two- 
step etch of unannealed t i tanium polycides. The first 
step was a CF4 reactive ion etch through the silicide, stop- 
ping in the polysilicon. The second step was a low fre- 
quency C12 plasma etch of the underlying polysilicon. Fig- 
ure 8 shows a sample etched via this process. Anisotropic 
etching with very little etch residue resulted. 

The two-step etch, however, also had drawbacks. The 
first was simply that it was a two-step two-reactor pro- 
cess. A successful one-step process would certainly be 
more desirable. The second was that the etch selectivity 
with respect to photoresist was extremely poor, owing to 
the CF4 etch, where resist was removed at more than 
twice the rate of the silicide. Trilevel resist processing (7, 
8) was utilized, however, to produce the very thick sub- 
micron-sized resist patterns needed to mask this two-step 
process. In this manner,  t i tanium polycide gates as small 
as 0.5/~m have been produced. 

Certainly other two-step etch processes should work 
equally well. Chlorine-based plasmas produced smooth 
etching of oxygen containing TiSi., when the silicon-to- 
oxide selectivity was reduced to less than 2/1. Higher 
power densities, lower pressures, and hydrogen addition 
were combined to produce the low selectivity needed for 
the first step in a two-step, one-reactor etch. In  addition, 
the resist-removal rate in the "all-chlorine" etch was sub- 
stantially less than with CF4. 

Conclusions 
Successful anisotropic etching of oxygen containing ti- 

tanium silicide/polysilicon films could not be achieved in 
conventional one-step plasma etches. Selective, aniso- 
tropic chlorine-based plasmas produced unacceptably 
rough etching of the t i tanium silicide, presumably be- 
cause "oxide" micromasks in/on the silicide block etch- 
ing of the underlying material. Although the low selectiv- 
ity of either CF4 reactive ion etching or ion milling 
enabled smooth etching of unannealed silicide, the inabil- 
ity to stop on underlying gate oxide limited any practical 
application. A two-step etch, utilizing a low selectivity 
etch to smoothly "mill" through the silicide, followed by 
a high selectivity etch of the polysilicon down to the thin 
gate oxide, produced residue-free anisotropic etching of 
oxygen containing t i tanium polycide films. 
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Thermal Diffusion Effects in Chemical Vapor Deposition Reactors 

Joel P. Jenkinson and Richard Pollard* 

Department of Chemical Engineering, University of Houston, Houston, Texas 77004 

ABSTRACT 

A mathematical model that describes the behavior of chemical vapor deposition reactors with well-defined hydro- 
dynamics has been extended to include the effects of mult icomponent  thermal diffusion. The influence of thermal dif- 
fusion on the deposition rate is dependent  on the deposition system and on the operating conditions of the reactor. For 
production of silicon by reduction of silicon tetrachloride in excess hydrogen, deposition rates are typically lowered by 
15-20%. However, for deposition of boron from boron trichloride and hydrogen, thermal diffusion can raise growth rates 
by approximately 7% when concentrated inlet gas mixtures are used. 

Chemical vapor deposition (CVD) processes are widely 
used in the manufacture of electronic materials and in the 
formation of surface coatings. Several theoretical descrip- 
tions of CVD systems have been proposed (1-15). How- 
ever, the complex nature of the coupled mult icomponent  
transport phenomena and reaction kinetics has necessi- 
tated the incorporation of many assumptions into these 
models. As a result, the physical factors that control the 
behavior of CVD reactors are only partially understood. 
In particular, the role and relative importance of thermal 
diffusion in CVD processes is a subject of controversy. 
Some workers feel that it can be neglected (12), whereas 
others state that it needs to be considered because tem- 
perature gradients are large and because there are sub- 
stantial differences in the molecular weights of the 
reactants (13). An approximate model based on constant 
binary thermal diffusion ratios indicates that deposition 
rates could be altered significantly (15, 16). However, an 
order of magnitude analysis suggests that the opposite is 
true (12). A detailed investigation is needed to clarify the 
specific effects of thermal diffusion on the behavior of 
CVD processes. 

In  this paper, a previous analysis (10, 15) of CVD reac- 
tors is extended to include mult icomponent  thermal dif- 
fusion. Comparisons of simulations with and without 
thermal diffusion terms in the heat and mass transport 
equations are used to illustrate the effects of thermal dif- 
fusion on the performance of CVD reactors. Quantitative 
results are obtained for two representative CVD systems: 
deposition of silicon at a rotating disk, using SIC14 in ex- 
cess hydrogen (17); and deposition of boron from BCI~ 
and hydrogen, using an impinging jet apparatus (18). 

Analysis 
A steady-state model for CVD systems with an arbitrary 

number  of chemical species has been developed previ- 
ously (10, 15). The analysis includes mult icomponent  
transport phenomena, variable physical properties, finite 
interfacial velocity, and simultaneous homogeneous and 
heterogeneous reactions. The governing equations are 
summarized in Table I. For laminar flow in geometries 
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such as the rotating disk or impinging jet, Eq. [5] and [6] 
can be transformed into a set of ordinary differential 
equations, and the problem becomes one-dimensional. 
Also, at atmospheric pressure, it is reasonable to neglect 
pressure variations across the diffusion layer (10) and, 
hence, to use only two Navier-Stokes relations (Eq. [5]). 
Boundary conditions for the velocity components  vr and 
ve are dependent  on the flow system (10, 15). However, 
the axial velocity vz at the substrate surface is determined 
by the heterogeneous reaction rates, as indicated by Eq. 
[11]. Surface compositions are obtained with Eq. [1] and 
[3]. Far from the substrate, the inlet gas is assumed to be 
at equilibrium at the inlet gas temperature. 

When thermal diffusion is included in the analysis, the 
mult icomponent  diffusion equation for an isobaric sys- 
tem becomes (19) 

ei Ck 
c, V~ti = RT ~ cT ~k  

+ 

The last term on the right-hand side of Eq. [12] repre- 
sents the contribution of the temperature gradient to 
mass transport. The method for calculating values of the 
mult icomponent  thermal diffusion coefficients Di T is 
given in the Appendix. If gas behavior is ideal, Eq. [12] 
may be rewritten in dimensionless form as 

V x i -  ki v V l n T =  ~ (xiJk-xaJ~) [13] 
k-/i Dik 

where Dik is a dimensionless diffusion coefficient for bi- 
nary interactions defined by 

Dik = c T ' ~ / c ~  [14] 

and ki v is a dimensionless mult icomponent  thermal diffu- 
sion ratio given by 

( x i M i D k  w - X k M k D i  T) 

k:r 
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Table I. Governing equations for CVD processes (1 O, 15). Description of steady-state equations for system with n species in gas phase: [1] 
multicomponent diffusion eq uation; [2] material balance; [5] Navier- Stokes equation of motion for Newtonian fluid; [6] continuity equation; [7] ideal 
gas equation of state; [9] thermal energy equation; I~ 10] law of mass action to predict homogeneous production rates (equation used to eliminate R1 in 

Eq. [2] and [9]); [11] boundary condition for axial velocity at surface due to heterogeneous reactions. 

Number of Equation 
Variable Equation equations number 

J i  x i  V/s  P k § C T ~ i k  

x~ V �9 Ji = R1 - CTV " V X i  -~ CiV ' V in  M n - 1 [2] 

- y ~  x~ = I 1 [3] 
i 

- -  E M i J -  i = 0 1 [4] 
i 

I 2 ] Vr,VO, Vz pV " VV = - - V p  ~- p g  ~- V �9 [ZVV Jr /Z (VV)  T --  --~ ~ts I V �9 V 3 [ 5 ]  

p V - ( p v )  = 0 1 [6] 

c p = cTRT 1 [7] 

p p = M e  T 1 [ 8 ]  

T CTC,V " VT = V" (kVT) + v .  Vp - ~ (J~. VH~ + H~ R~) 1 [9] 
i ,h( ) 

= vii klf H k~h n [10] 
1= 1 i i 

/ ] i l >  0 ~il < 0 

(Vz)  (Vz)  = - E  E M,s,1 k,, H x,,,,, - I I  x, Ov,", i [11] 
�9 1=1 i i 

su > 0 Si~ < 0 

Fo r  a t w o - c o m p o n e n t  sys tem,  Eq. [15] r e d u c e s  to  t h e  bi- 
n a r y  t h e r m a l  d i f fus ion  ra t io  (20), k T = (P/cT2M,M2)(D1T/~,,2). 
The  s u m  of  kj ~ or D~ v over  all t he  species  is zero, i.e. 

E DiT= E kiT= 0 [16] 
i i 

C o n s e q u e n t l y ,  for  a s y s t e m  w i t h  n species ,  t h e r e  are 
n - 1 i n d e p e n d e n t  va lues  of  D1T or  ki T. 

The  s teady-s ta te  t h e r m a l  ene rgy  e q u a t i o n  also n e e d s  to 
be  mod i f i ed  to a c c o u n t  for the  t e m p e r a t u r e  c h a n g e s  in- 
d u c e d  b y  t h e r m a l  d i f fus ion  of  t he  species .  Fo r  a n  idea] 
gas  m i x t u r e  in  w h i c h  v i scous  e n e r g y  d i s s i pa t i on  can  b e  
neg lec ted ,  Eq. [9] b e c o m e s  

CTC,V' VT = V.  (kVT) - ~ (_Ji" V/It* + /{~*Ri) - V .  q(x, 
i 

[17] 

for  a n  i sobar ic  sys tem.  T he  D u f o u r  e n e r g y  f lux q,X) is 
g i v e n  b y  

q~x) = _ ~. DiTp, c~V~I = - RT  ~. D~Tpi Vxi [18] 

F o r  t he  e x a m p l e s  of  CVD of s i l icon a n d  b o r o n  cons id-  
e r ed  here ,  the  c h e m i c a l  r eac t i ons  are t a k e n  to be  

R e a c t i o n  I: ACl~ + H~ ~ AHCI~ , + HC1 [19] 

R e a c t i o n  II: AHC1,_, --~ ACI~_2 + HC1 [20] 

R e a c t i o n  III: 

A C L 2 +  ( - ~ ) H . , ~ A ( s ) + ( y - 2 )  HC1 [21] 

w h e r e  A r e p r e s e n t s  e i t h e r  s i l icon (y = 4) or b o r o n  (y = 3). 
R e a c t i o n s  I a n d  II c an  occu r  in  t he  gas p h a s e  as wel l  as at  
t he  s u b s t r a t e  surface.  In  e a c h  example ,  five gas -phase  
spec ies  are  p re sen t :  H2, HC1, ACI,, AHC] ,  ,, a n d  AC1,_2. 
T h e r m a l  d i f fus ion  is a c c o u n t e d  for b y  r ep l ac ing  Eq.  [1] 

a n d  [9] in  Tab le  I w i t h  Eq.  [13] a n d  [17], respec t ive ly .  The  
g o v e r n i n g  e q u a t i o n s  are  so lved  n u m e r i c a l l y  b y  a f inite 
d i f f e rence  t e c h n i q u e  (19). 

Results and Discussion 
In  general ,  t h e r m a l  d i f fus ion  effects  are  d i r ec t ly  re la ted  

to t he  t e m p e r a t u r e  g r a d i e n t  a n d  to t he  re la t ive  magn i -  
t u d e s  of  the  m o l e c u l a r  w e i g h t s  of the  spec ies  in  t he  sys- 
t em.  Mot ion  t o w a r d  t he  h o t  s u b s t r a t e  sur face  is e n h a n c e d  
for  sma l l e r  mo lecu l e s  a n d  r e t a r d e d  for la rger  molecu les .  
C o n s e q u e n t l y ,  local  c o m p o s i t i o n s  a n d  r eac t i on  ra tes  are 
a l tered.  The  in f luence  of  t h e r m a l  d i f fus ion  o n  t he  b e h a v -  
ior  of  two CVD s y s t e m s  is d e s c r i b e d  below.  In  b o t h  cases,  
t he  D u f o u r  t e r m  in  Eq. [17] is a lways  severa l  o rde r s  of  
m a g n i t u d e  smal l e r  t h a n  t he  o the r  t e r m s  in  t he  e q u a t i o n  
a n d  ha s  a neg l ig ib le  ef fec t  on  t h e  resul ts .  

Silicon deposit ion at a rotat ing d i sk . - -The  p r o d u c t i o n  
of  s i l i con  f rom s i l icon ha l ides  a n d  h y d r o g e n  is a n  exam-  
pie of  a CVD proces s  t h a t  genera l ly  u se s  exces s  r e d u c i n g  
agent .  The  re su l t s  p r e s e n t e d  he re  are for a n  in le t  gas  mix-  
t u r e  w i t h  1 mo le  p e r c e n t  (m/o) SIC14. 

F i g u r e  1 i l lus t ra tes  t he  p r e d i c t e d  ef fec ts  of  t h e r m a l  dif- 
fus ion  on  s t eady-s t a t e  c o m p o s i t i o n  v a r i a t i o n s  ac ross  t h e  
m a s s - t r a n s f e r  b o u n d a r y  layer ,  a d j a c e n t  to t he  s u b s t r a t e  
surface.  I f  t h e r m a l  d i f fus ion  is i n c l u d e d  in t he  analysis ,  
s i l icon c o m p o u n d s  r e a c h  t he  sur face  less  easi ly  a n d  
t r a n s p o r t  of HC1 f rom t h e  sur face  is faci l i ta ted.  As a re- 
sult ,  t h e  sur face  c o m p o s i t i o n s  of  t he se  species  are  re- 
duced .  Away  f rom the  subs t r a t e ,  t he se  c o m p o s i t i o n s  are 
i n c r e a s e d  and  the  d i f fus ion  layer  t h i c k n e s s  b e c o m e s  
s l igh t ly  larger.  The  m a x i m a  for  t he  i n t e r m e d i a t e s  SiHC13 
a n d  SiCI~ are sh i f t ed  to l a rge r  va lues  of  ~. Also,  a smal l  
m a x i m u m  for Xsic14 is s h o w n  nea r  ~ = 12. In  th i s  region,  
m o v e m e n t  of SIC14 t o w a r d  t he  d i sk  is r e s t r i c t ed  by  
t h e r m a l  d i f fus ion,  b u t  t he  local  t e m p e r a t u r e  is too low for 
h o m o g e n e o u s  d e c o m p o s i t i o n  of  SIC14 to occur.  

E q u a t i o n  [16] i nd i ca t e s  t h a t  t h e r m a l  d i f fus ion  c a n n o t  
m o v e  all mo lecu le s  in  t h e  s a m e  di rect ion.  There fore ,  t he  
effects  on  the  ch lo r ide  c o m p o u n d s  are b a l a n c e d  by  t he  ef- 
fects  on  t he  h y d r o g e n ,  w h i c h  m o v e s  to the  d i sk  m o r e  eas- 
ily. C o m p o s i t i o n  prof i les  for  h y d r o g e n  are  no t  s h o w n  in  



T H E R M A L  D I F F U S I O N  E F F E C T S  Vol. 131, No. 12 

10 -2 
s ic I ,  20 

16 

~.- 1 0 - 3  

I 

v r = r  ,~F 

V e = r ~ G  

Vz= ~ - =  9. H 

2913 

10 -4 

0 4 8 12 16 20  24  

Fig. 1. Composition profiles, with and without thermal diffusion ef- 
fects (solid lines and broken lines, respectively), in diffusion layer ad- 
jacent to substrate surface for CVD of silicon at a rotating disk. T s = 
1473 K, T~ = 298 K, p= = 1.013 • 10 ~ N/m 2 Xsicl ~ = 0.01, ~ = 

. '  . 4 

12.57 rod/s, 8~1 = 1. Kinetic parameters are as m F,g. I of Ref. (10). 

Fig. 1 because it is present in excess and mole fraction 
variations are small. However, the surface composition 
x~ 2 is raised by thermal diffusion and, in order to satisfy 
Eq. [3], it slightly exceeds the inlet value of 0.99. Also, the 
hydrogen profile shows a small min imum near ~ = 12, 
where the compositions of the other species are larger. 

For the operating conditions used in Fig. 1, the varia- 
tions of some physical properties are shown in Fig. 2. 
Small but noticeable changes occur when thermal diffu- 
sion is included in the analysis. These changes can be at- 
tributed to the modifications in the composition profiles 
because the temperature profile is essentially unchanged 
by thermal diffusion. Figure 3 indicates that the changes 
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Fig. 2. Dependence of viscosity and density on distance from sur- 
face, in rotating disk system for silicon CVD with and without thermal 
diffusion effects (solid lines and broken lines, respectively). Parameter 
values are as in Fig. 1 . / ~  = 9 .602 • 10 -~ g/cm s;p~ = 1 . 5 3 6 x  
10 -4 g/cm 3. 
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Fig. 3. Velocity profiles for silicon deposition at a rotating disk with 
and without thermal diffusion effects (solid lines end broken lines, re- 
spectively). Parameter values are as in Fig. 1. 

in the local density and viscosity of the fluid reduce the 
min imum in the dimensionless axial velocity H but  do 
not alter the radial or angular velocity profiles. 

The effects of thermal diffusion on the dimensionless 
silicon deposition rate S are illustrated in Fig. 4. The ki- 
netic parameters used in the simulations are chosen to 
match the shape of the experimentally observed tempera- 
ture dependence of the deposition rate (10, 17). The model 
predicts that, for the range of surface temperatures con- 
sidered, thermal diffusion does not alter the shape of the 
curve significantly, but S is lowered by approximately 
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Fig. 4. Temperature dependence of dimensionless deposition rates 
for deposition of silicon at a rotating disk with and without thermal 
diffusion effects (solid lines end broken lines, respectively). Parameter 
values are as in Fig. 1. Curves marked L are thermodynamic-mass- 
transfer limits, 
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15%-20%. The lower HC1 mole fraction near the surface 
(see Fig. 1) favors a higher deposition rate. However, this 
is overshadowed by the lower surface compositions of the 
silicon halides which reduce the forward rates of the 
reactions. 

Dimensionless surface fluxes N~' are related to local di- 
mensionless reaction rates r,' by 

10 -1 

i i i i 

x-x 

10 -4 

Ni' = - ~ si[ri' [22] 
l 

For the reaction mechanism considered here (Eq. 
[19]-[21]), the dimensionless deposition rate S is given by 
- Z Nk', where the sum k is over the silicon compounds. 

k 

In this example, the rate of heterogeneous reaction II 
(Eq. [20]) is negligible (10) and, hence, the deposition rate 
simplifies to -Ns' ,  where the subscript 5 represents SiCl~. 
For an inlet gas mixture with 1 m/o SiCI~, the use of bi- 
nary transport equations gives results that are typically 
within 7% of those obtained with the mult icomponent  dif- 
fusion relations (21). Therefore, the deposition rate can be 
approximated by 

S = D5,~.2 x~(V in x5 + ~T V In T)+ 
XsCTHs 

C ~  
[23] 

where aT is a binary thermodiffusion factor (22) and H, is 
the axial velocity at the substrate surface 

c= ~ MiNi' 
H~ - i [24] 

With a substrate temperature of 1473 K, the surface value 
of a ~ is 1.2, and inclusion of  the second term on the 
right-hand side Of Eq. [23] reduces S by approximately 
8%. The deposition rate changes by a larger percentage 
(see Fig. 4) because the SIC12 composition gradient at the 
surface becomes slightly less positive when thermal diffu- 
sion is incorporated into the analysis (see Fig. 1). 

Also shown in Fig. 4 are two curves representing the 
thermodynamic-mass-transfer limits (10) with and with- 
out the inclusion of thermal diffusion effects. These limits 
represent maximum dimensionless deposition rates ob- 
tained as the reaction rate constants approach infinity 
and the local gas compositions approach their equilib- 
r ium values. The effects of thermal diffusion under these 
conditions are similar to those obtained with finite ki- 
netic parameters: motion of reactants to the substrate is 
retarded and the deposition rate is reduced. The changeis  
greater at higher surface temperatures because the tem- 
perature gradient is larger. 

Simulations were repeated with different values of t-he 
bulk gas temperature T~ in the range of 20~176 As T+ is 
increased, the thermal boundary layer thickness de- 
creases; but the temperature gradient near the surface 
and the role of thermal diffusion, do not change 
appreciably. 

Boron deposition v ia  an  imping ing  je~.--Chemical 
vapor deposition of boron represents an example where 
relatively concentrated mixtures of the gaseous reactants 
are used. The mole fraction of BCI~ in the BCI3/H~ inlet 
gas is usually between 0.1 and 0.6 (18). As a result, the 
mole fractions of the intermediate species are higher than 
in CVD of silicon and the mult icomponent  nature of the 
system is more evident. 

Composition profiles for typical reaction conditions are 
shown in Fig. 5. With thermal diffusion terms included in 
the model, mole fractions of the chlorides are lower at the 
surface. Further from the substrate, compositions are pre- 
dicted to be higher and, hence, species diffusion layers 
are thicker. With XBcl3 ~ = 0.4, values of ki v are positive for 
all species except  hydrogen. However, thermal diffusion 
coefficients D~ r for the lighter chlorides, HC1 and BC1, are 
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Fig. 5. Composition profiles, with and without thermal diffusion ef- 
fects (solid lines and broken lines, respectively), in diffusion layer ad- 
jacent to reaction surface for boron deposition in the impinging jet 
system. T+ = 1 3 7 3  K, T~  = 298 K,p~ = 1.013 x 105 N/m+-,xBcl3 ~ = 
0.40, a = 417 s- ' .  Kinetic parameters are as in Fig. 2 of Ref. (15). 

negative (see Fig. A-2). This is in contrast to the silicon 
deposition example, where ki T and Di T have the same sign. 
This difference in the effect of thermal diffusion on the 
motion of intermediate size molecules can be associated 
with the relative numbers of large and small species in 
the gas phase and the balancing constraint of Eq. [16]. 

Physical property variations across the boundary layer 
are modified by thermal diffusion, and the temperature 
gradient near the surface is slightly reduced. Also, the ax- 
ial velocity at a given location in the impinging jet  system 
is lower, but the radial velocity component  is not changed 
notic+eably. 

The influence of thermal diffusion on dimensionless 
boron deposition rate is illustrated in Fig. 6 and 7. Figure 
6 indicates that, with xBc,3 ~ = 0.4, the deposition rate is 
generally raised by thermal diffusion. With the sequence 
of reactions given by Eq. [19]-[21], each value for - S  can 
be equated to the sum of the dimensionless surface 
fluxes Ni' of the l~oron compounds. The absolute magni- 
tude of the BHCI~ flux is largest because the composition 
of BC1 is very low near the substrate and because signifi- 
cant homogeneous decomposit ion of BC13 takes place 
(15). Inversion of the Stefan-Maxwel] equations shows 
that, for a concentrated gas mixture, the flux of BHC12 
cannot be determined from the composition gradient of 
BHCl~ alone. However, the increase in deposition rate 
with thermal diffusion is consistent with the less negative 
surface mole fraction gradient for BHCl~ shown in Fig. 5. 
At high je t  mass flow rates (large values of a) and high 
surface temperatures, thermal diffusion increases the 
deposition rate less and, in extreme cases, lower values 
for S are predicted. 

Figure 7 shows the influence of inlet gas composition 
on S for a specific jet mass flow rate. With large values of 
XBCI3 ~ thermal diffusion raises the dimensionless deposi- 
tion rate by 6%-8%. As the inlet composition of BC13 is re- 
duced, the direction of the thermally induced motion of 
HC1 and BC1 is altered. The signs of Di T for HC1 and BC1 
change at XBcl~ ~ values of approximately 0.28 and 0.33, re- 
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Fig. 6. Dependence of dimensionless boron deposition rate on sub- 
strate temperature, with and without thermal diffusion effects (solid 
lines and broken lines, respectively). Experimental data (18): �9 - a 
= 310 s -1, �9 - a = 417 s- ' ,  �9 - a = 626 s -1, with other parame- 
ters as in Fig. 5. Curves marked L are thermodynamic-mass-transfer 
limits. 

spectively. At lower inlet compositions, the deposition 
process is more closely analogous to CVD of silicon: 
thermal diffusion retards the motion of all boron com- 
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Fig. 7. Dependence of dimensionless boron deposition rate on inlet 
gas composition, with and without thermal diffusion effects (solid 
lines and broken lines, respectively). Parameter values are as in Fig. 
5. Experimental data (18): �9 - a = 102 s- '  at X%c13 = 0.4. Curves 
marked L are thermodynamic-mass-transfer limits. 

pounds toward the heated substrate, and it is predicted 
that thermal diffusion will lower the deposition rate. 

The match of the data given by the lower dashed curve 
in Fig. 7 uses a Langmuir-Hinshelwood model  with ad- 
sorption of BCI~ to represent the heterogeneous kinetics 
(15). With thermal diffusion, local compositions are 
modified; this can affect the fraction of vacant adsorp- 
tion sites available, as well as the forward and backward 
terms in the rate expression. However, the change in 
shape of the curve for the thermodynamic-mass-transport  
limit is similar to the change predicted for the case with 
finite kinetic parameters. T h i s  suggests that the influ- 
ence of thermal diffusion is dictated primarily by the 
transport processes, rather than by effects associated with 
the reaction kinetics. 

The changes in the shapes of the theoretical curves 
caused by incorporation of thermal diffusion into the 
analysis have implications concerning the identification 
of rate-limiting steps in the process. In Fig. 6 and 7, 
modified kinetic parameters or rate equations would be 
needed to provide a satisfactory match between the ex- 
perimental data and the theoretical predictions that in- 
clude thermal diffusion effects. For the boron deposition 
example, it is anticipated that adsorption terms in the rate 
expressions may be modified but that the relative impor- 
tance of homogeneous and heterogeneous reactions will 
not be changed significantly. 

Conc lus ions  

A one-dimensional model that describes the coupled 
transport phenomena and reaction kinetics of CVD reac- 
tors has been extended to include the effects of multi- 
component  thermal diffusion. The role of thermal diffu- 
sion in CVD processes has been elucidated by studies of 
two systems: silicon deposition at a rotating disk and bo- 
ron deposition using an impinging jet apparatus. The 
model predicts that numerical changes in the deposition 
rate associated with thermal diffusion are different in the 
two cases. For growth of silicon from a dilute mixture of 1 
m/o SIC14 in hydrogen, deposition rates are lowered by 
15%-20%. In contrast, thermal diffusion can raise the bo- 
ron deposition rate by approximately 7% if high inlet 
compositions of BC13 are used. However, with larger 
quantities of hydrogen in the feed stream, the boron dep- 
osition rate is lowered and the system behavior becomes 
more analogous to the silicon deposition example. The 
analysis also shows that the Dufour energy flux in the 
thermal energy equation is not important in CVD reac- 
tors. 
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A P P E N D I X  

Calculation of Thermal Diffusion Coefficients 

Multicomponent thermal diffusion coefficients may be 
calculated using the Chapman-Enskog kinetic theory of 
gases. The method presented here, based on the Lennard- 
Jones potential function, is adapted from the book by 
Hirschfelder et al. (23). 

The second-order approximation 1 for the multicompo- 
nent thermal diffusion coefficient for species i is given 
by 

~The first-order approximation, which uses only the first 
term in the Sonine polynomial expansion, results in zero-valued 
thermal diffusion coefficients. For this reason, thermal diffu- 
sion is often referred to as a second-order effect. 
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where  n is the n u m b e r  of  species in the  system. The ele- 
ments  of  the de te rminan t s  are g iven  by 

n 

Q OO = 8 ~ ,  XkMk [ x i M i ( ~ i J  - -  ~Jk) 
k=i ~/MiMj (Mi + Mj) 

- xjMj(1 - 6ik)] ~,k (' " [A-2] 
n 

Q~j = - 8  k Mj / = (M~ + Mk) ~ (6,~ -- ~k~) 

[~k(,,~ ) 5 ~2 (1 i)] --~ ~k ' j [A-3] 

n (M, 3/2 
Q~j'~ = (M-~) Q~j~ 

XiXkMk 

[A-4] 

[ 5  (6MjZ + 5M,"-)aik(',')--5Mk~ 1','2' 

] l 
+ Mk2~ik tl'3)j + (3i~ + 61k) 2MjMk~ik (221I [A-5] 

15 
R,m = ~ m l  - ~ - -  X i  ~ / M i  [A-6] 

6ij = 1 i = j 
= 0 i ~ j [A-7] 

The  coll is ion integrals  ~k  (t's) for the Lenna rd - Jones  (6-12) 
potent ia l  func t ion  are re la ted to d imens ion less  integrals  
~~ by (20-24) 

D, ik (1'~) ~/21rmikNA/kT 
tl,k"'~)* = [A-8] 

T(s+l)! 1 -y  . ~ + ~  -/j~,2 
where  o-,k is the col l is ion d iamete r  and mik is the  r educed  
mass, g iven  by 

MiMk 
mik [A-9] Mi + Mk 

Values  for ~ik (l,~)* have  been  tabula ted  as a func t ion  of  
kT&ik (20, 23, 25, 26). 

The  equat ions  above  indica te  that  the  the rmal  diffusion 
coeff icients  are d e p e n d e n t  on the  compos i t ions  and mo- 
lecular  weights  of  the species and on the  tempera ture .  
F igures  A-1 and A-2 show typical  values  of  local the rmal  
di f fus ion coefficients  for CVD of sil icon and boron,  re- 
spect ively.  Compar i son  of these  figures wi th  the corre- 
spond ing  compos i t ion  profiles (Fig. 1 and 5) i l lustrates 
the  s t rong compos i t ion  d e p e n d e n c e  of the  the rmal  diffu- 
sion coefficients.  It  should be  noted  that  for a di lute  sys- 
t em (i.e., si l icon deposi t ion)  va lues  of  D~V/pi for the  minor  
species  are app rox ima te ly  equal ,  and the  func t ion  DiV/piT 
varies  by less than  an order  of  magn i tude  across the  diffu- 
sion layer. 
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, Fig. A-]. Typical absolute values of thermal diffusion coefficients 
in the diffusion layer adjacent to the reaction surface for silicon depo- 
sition in the rotating disk system. Minus sign denotes negative ther- 
mal diffusion coefficient for that species. Parameter values are as in 
Fig. 1. 
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Fig. A-2. Typical absolute values of thermal diffusion coefficients 
in the diffusion layer adjacent to the reaction surface for boron depo- 
sition in the impinging jet system. Minus signs denote negative ther- 
mal diffusion coefficients for those species. Parameter values are as in 
Fig. 5. 
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LIST OF SYMBOLS 

hydrodynamic constant in impinging jet system 
(proportional to mass flow rate of jet stream) (s-') 
concentration of species i (mol/cm 3) 
total concentration (mol/cm 3) 
bulk total concentration (mol/cm 3) 
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Cp = E x~Cpi, molar heat capacity of mixture (J/mol K) 
i 

Cpi molar heat capacity of species i (J/mol K) 
@~k diffusion coefficient for binary interactions (cm-~/s) 
D~k dimensionless diffusion coefficient for binary 

interactions 
Di ~' thermal diffusion coefficient for species i (g/cm s) 
F dimensionless radial velocity 
G dimensionless angular velocity 
H dimensionless axial velocity 

partial molar enthalpy of species i (J/mol) 
- -  

Hi* molar enthalpy of ideal gas (J/mol) 
I unit  matrix 
Ji flux of species i relative to mass average velocity 
- (moYcm ~ s) 

Ji = Ji/c~ ~/v~k, dimensionless flux 
k B ~ t z m a n n  constant (used in Appendix) (1.3806 • 

10 J-~ J/K) 
k thermal conductivity (W/cm K) 
k~ thermal conductivity of species i (W/cm K) 
k,f forward rate constant for reaction 1 
kib backward rate constant for reaction 1 
k T dimensionless binary thermal diffusion ratio 
k~ ~ dimensionless mult icomponent  thermal diffusion 

ratio for species i, defined by Eq. [15] 
lh number  of homogeneous reactions 
ls number  of surface reactions 
m~k reduced mass as defined by Eq. [A-9] 
Mi molecular weight of species i 
~4 = Z Mix~, average molecular weight 

i 

n number  of species in gas phase 
ni exponent  for 0vi in surface reaction 1 
N~ flux of species i (moYcm z s) 
Ni' N,/c~ ~x/~, dimensionless flux of species i 
NA Avogadro's number  (6.023 • 1023 per g mol) 
p gas pressure (N/m 2) 
Pr Prandtl  number  
q(• Dufour energy flux, defined by Eq. [18] (J/cm 2 s) 
Q~m~, parameters defined by Eq. [A-2]-[A-5] 
r radial distance (cm) 
r{ dimensionless rate of reaction 1 
R universal gas constant (8.3143 J/mol K) 
Rim parameters defined by Eq. [A-6] 
Ri rate of homogeneous production of species i 

(moYcm ~ s) 
sii stoichiometric coefficient for species i in heteroge- 

neous reaction 1 (positive for reactants, negative for 
products) 

S ~ actual deposition r a t e / c ~ ,  dimensionless 
deposition rate 

T temperature (K) 
v mass average velocity (cm/s) 
~,, radial velocity (cm/s) 
vo angular velocity (cm/s) 
v~ axial velocity (era/s) 
(v~)~ axial velocity at surface given by Eq. [11] (crrgs) 
xi mole fraction of s!oecies i 
z axial distance from surface 

Greek Symbols 

~ij Kronecker delta defined by Eq. [A-7] 
eij maximum energy of attraction between molecules i 

and j (J) 
= z ~/~/~, dimensionless axial distance 

0k dimensionless kinetic parameters for boron deposi- 
tion (k = 1-5) 

0~ adsorption/desorption parameter for surface reac- 
tion 1, see Ref. (15) 

X hydrodynamic parameter (corresponds to rotation 

rate 12 for rotating disk system and to parameter a 
for impinging jet apparatus) (s- ') 

/z fluid viscosity (g/cm s) 
~i chemical potential of species i (J/mol) 
~il stoichiometric coefficient for species i in homoge- 

neous reaction 1 (positive for reactants, negative for 
products) 

v~ bulk kinematic viscosity (cm2/s) 
p fluid density (g/em 3) 
~k collision diameter for Lennard-Jones potential (cm) 

rotation rate of disk (rad/s) 
~ik (''~) collision integral 
gtik('.~)*dimensionless collision integral 

Superscripts 

* ideal gas 
dimensionless quantity 

- partial molar quantity 
T transpose (in Eq. [5]) 

Subscripts 

s at surface 
in bulk 
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Prediction of Spatial Patterns of Oxygen Precipitation in Silicon 
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ABSTRACT 

This work demonstrates a correlation between the initial resistivity pattern and the final precipitation pattern in sil- 
icon wafers. The correlation allows prediction of the final precipitation pattern by measuring of the initial resistivity 
pattern prior to any thermal donor annihilation by thermal processing. By using a simple change in the form of the 
thermal cycle, this precipitation pattern can be forced into a positive or negative image of the initial resistivity pattern. 
Time domain refiectometry and cathodic hydrogen generation ("bubble test") are two nondestructive methods used to 
characterize the state of the electrically active donor complexes; both methods are described here. 

Oxygen precipitation in silicon wafers during device 
fabrication is an important factor in final product yields. 
The role of oxygen begins during crystal growth and 
plays a key part through all phases of processing. It can 
act as a getterer of heavy rnetal ions, thereby increasing 
product yield, or it can cause device killing defects. Usu- 
ally oxygen effects are measured after one or more heat 
cycles. However, oxygen effects can be monitored, pre- 
dicted, and therefore controlled before being exposed to 
any heat cycles. 

This paper describes how to predict the oxygen precipi- 
tation pattern found after thermally processing silicon 
wafers. Prediction is made by measuring the wafer resis- 
tivity before any heat-treatment and by comparing the re- 
sistivity pattern to the infrared absorbance pattern after 
heat-treatment. Also, the nondestructive detection 
schemes and heat-treatment conditions are described; we 
show how they reinforce each other's being able to pre- 
dict where oxygen will precipitate in wafers after heat- 
treatment. 

Materials and Equipment 
100 mm diam wafers are processed from boron-doped 

crystals of 11-24 ~-cm resistivity. The wafers have an ori- 
entation of [100], are 675 /~m thick, and are chem-mech 
polished on both sides. These samples are taken from in- 
gots grown in Czochralski-type crystal pullers. 

Thermal Donor Determination 
Kaiser and Keck (1) have shown that oxygen can be in- 

troduced into p-type silicon during growth. This oxygen 
can be incorporated in two forms during growth: one is 
the solid solution interstitial oxygen; the other is the elec- 
trically active formed donor complex. In p-type silicon, 
the latter form tends to compensate the intended boron 
dopant. It is possible to convert  large areas of the silicon 
to n-type, depending on the relative concentrations of bo- 
ron and oxygen thermal donors (2). The net effect of the 
electrical activity of these interactions can be measured 
by resistivity techniques (3). Two nondestructive meth- 
ods are used to obtain this information. Most of the avail- 
able techniques require some contact with the sample 
and are likely to damage the sample. 

The first technique is t ime domain reflectometry 
[TDR] (4). Essentially, this method uses a miniature 
radarlike set, with the wafer surface acting as a reflecting 
target. By analyzing the magnitude, shape, and duration 
of the reflected 2.3 GHz signal, the impedance of the tar- 
get can be determined. Through a novel modification of 
capacitively coupling the signal source to the wafer, this 
device becomes a contactless toot suitable for point-to- 
point measurements on a wafer. This technique is called 
capacitively coupled t ime domain reflectometry 
[CCTDR] (5) and is schematically shown in Fig. 1. 
CCTDR has its limitations. In this experiment,  the equip- 
ment  was reasonably accurate over a limited range of 
5-500 s This limitation is acceptable. A comparison of 

*Electrochemical Society Active Member. 
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a CCTDR scan and a stepped four-point probe scan on 
the same sample reveals that the CCTDR captures all of 
the salient features (see Fig. 2). 

It should be emphasized that this study is strictly 
phenomenological.  Thus, the CCTDR is adequate, and, 
most importantly, it avoids introducing damage which, in 
subsequent  processing, might propagate and influence 
oxygen precipitation. 

The second method is the cathodic generation of hydro- 
gen, referred to as "the bubble test." First reported by 
Markovits (6), this technique is described here. A silicon 
wafer is reverse-biased at 5V in a cell that allows the back 
side of the wafer to be the cathode and the front side to be 
the anode. Figure 3 shows that the wafer's front side con- 
tacts the anode through an electrolyte of 2% H2SO4. The 
wafer back side is vacuum sealed, and it contacts the 
cathode by carbon impregnated wool. 

The silicon (wafer) acts as a catalyst while the water 
molecule and its associated hydrogen ion reduce and pro- 
vide the extra electron to free the hydrogen gas, as in 

2H30 ~ + 2e-  -~ 2H20 + H ~  

At any place there is a higher probability of electron 
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Fig. 2. CCTDR scan (a) and stepped four-point probe scan (b) on same sample. 

transfer from the semiconductor to the electrolyte, hydro- 
gen is formed at a proportionately higher rate. This can 
occur as a result of p-n junctions, damage, dirt, excessive 
light. 

An ohmic contact exists between the dilute sulfuric 
acid and the n-type regions df the wafer. In contrast, the 
p-type regions produce a condition like that of a reverse- 
biased junction. The resulting current variation across the 
sample reflects the change in conductivity from p to n. 
This variation in current density is reflected by varia- 
tions in hydrogen production at the silicon surface. Hy- 
drogen bubbles adhere to the silicon surface by surface 

tension. When il luminated obliquely, they can be photo- 
graphed to provide a record of the conductivity changes 

Graphite Sponge 

O-Ring Seal ~ 

\ 

Cell 

Cathode 

- Electrolyte Level 

-Wafer 

Anode 

L- Base of Standard Vacuum Chuck Fig. 4. Hydrogen bubble pattern (top) and CCTDR pattern for crystal 
Fig. 3. Apparatus used for wafer "bubble test" seed end (bottom). 
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across the wafer. For a totally p-type wafer, visible hydro- 
gen bubbles are absent. 

The conductivity-type changes revealed by the cathod- 
ically generated hydrogen pattern are checked in two 
ways: the first is with a hot probe (7), which confirms 
that it is only the n-type regions that generate the visible 
amounts of hydrogen; the second check is made with a 
copper stain, which preferentially plates out on n-type re- 
gions. This essentially confirms the results of the other 
two methods. It also is applied to a beveled sample to 
confirm that the surface conductivity-type pattern is con- 
tinuous through the bulk. 

Interstitial oxygen concentration measurement.--The 
interstitial oxygen concentration is determined by the in- 
frared absorption method. Absorption due to an 1107 
cm -1 interstitial oxygen wave number  peak is measured, 
at the sample location, on the double-side polished wa- 
fers, using a Fourier transform spectrometer with a beam 
spot size of less than 6 mm in diameter. The silicon lattice 
contribution is removed by using an oxygen-free float- 
ing-zone wafer reference. The concentration of oxygen is 
calculated from these measurements using a calibration 
plot generated from three similar wafers that are accu- 
rately measured for oxygen content by the ASTM method 
(8). Because oxygen precipitates also generate absorption 
peaks quite close to the 1107 cm -1 interstitial oxygen 
peaks (9), we use a point-to-point subtraction method to 
determine the contribution of interstitial oxygen to the 
composite spectrum. The resolution used for most  of the 
measurements i s 8  cm- ' .  The time of measurement  is 

chosen so that the standard deviation for the precision of 
the measurement  is about 0.5 ppma of oxygen. The de- 
crease in interstitial oxygen is solely attributed to its 
precipitating to form SiO~ complexes of various kinds. As 
precipitation progresses, absorption traces of the differ- 
ent spectra are made so that it is possible to monitor de- 
velopment  of different oxygen precipitate forms (9). 

Thermal treatment of our samples occurs in a Thermco 
Brute American furnace equipped with a Tylan GP481 
flow controller. A quartz liner and polysilicon boats are 
used. Experimental  samples are sandwiched in the center 
of a group of 20 dummy wafers. This is done to further 
ensure that the thermal environment of all experimental  
samples will be identical, even during heat-up and cool- 
down phases of the cycle. The ambient for our thermal 
cycles is nitrogen. 
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Fig. 7. Schematic summary of raw wafer characteristics 

E x p e r i m e n t  and  Resul ts  

Initial characterization.--Two broad classes of wafers 
exist, according to their initial resistivity and conductiv- 
ity-type patterns. The group exhibit ing conductivity-type 
patterns is referred to as the character group; the remain- 
der is referred to as the characterless group. There is also 
a correlation between the character/characterless conduc- 
tivity groups before heat-treatment and the charac- 
ter/characterless precipitation groups after heat- 
treatment. Examples of the character and characterless 
patterns are shown in Fig. 4 and 5. Simple patterns, as in 
Fig. 4, are typical for the first 20-30% of most crystals. 
This is the seed end of the crystal, and it usually contains 
the greatest oxygen concentration. However, it is not oxy- 
gen concentration alone that determines whether or not 
the conductivity-type patterns will exist. For the last 70- 
80% of the crystal, we find no conductivity-type patterns. 
The thermal donor concentration is always less than the 
intended boron dopant; it is not invariant across the 
sample. Figure 5 shows the result of the cathodic genera- 
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Fig. 8. (a) Isothermal anneal cycle, and (b) totally ramped cycle 

tion test for such wafers. The CCTDR traces correspond- 
ing to the bubble test are also shown in Fig. 4 and 5. 

In contrast to the initial resistivity patterns, the initial 
interstitial oxygen concentration is uniform. In most 
samples, the concentration varies by only one or two 
parts per million until within approximately 6 mm from 
the edge, at which point it decreases more drastically in 
some of the seed end samples. An example of typical ini- 
tial oxygen concentration profiles is given in Fig. 6. 

The overall oxygen range, as determined by center 
readings on each sample, is 24-43 ppm. The group of 
samples with initial resistivity character span a range of 
34-43 ppm, while the characterless group has a range of 
24-38 ppm. This overlap of oxygen concentration demon- 
strates that the initial resistivity character is a function of 
more than the oxygen concentration. This is further sup- 
ported in later experiments where lower oxygen content 
crystals are found to extend the range of the character 
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group down to 27 ppm. It appears that the dominant fac- 
tor is the axial position within a crystal and, therefore, the 
thermal history during crystal growth, rather than abso- 
lute oxygen level. 

A schematic summary of the raw wafer characteristics 
is presented in Fig. 7. In the as-grown material, the 
thermal donor concentration varies from seed to tail. This 
results in producing annular conductivity-type patterns 
in the first third or less of the crystal. 

Post Thermal Processing 
Isothermal anneals.--Samples are divided into groups 

and subjected to two different thermal cycles. The first 
cycle is isothermally annealed to 1000~ in nitrogen for a 
period of 15h. Insertion and withdrawal times are done 
within 20s for each cycle. The second cycle form is 
ramped up and down from an end cap temperature to a 

peak of 950~ The peak temperature is maintained for a 
period of 90 min. Details of the two cycles are shown in 
Fig. 8. Each thermal cycle form is populated with wafers 
from both the character and characterless groups, as de- 
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Fig. 1 1. Interstitial oxygen precipitation vs.  crystal radius for charac- 
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Fig. 12. Pattern obtained by cathodic generation of hydrogen on a 
seed-end wafer. Areas (bottom) covered by hydrogen bubbles are of 
n-type conductivity. 
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mum precipitation occurs in the intrinsic ring, with rela- 
tively less in the central disk, we now find the central 
disk to be the more heavily precipitated region. 

Samples 270-6 and 270-3 are subjected to seven thermal 
cycles of the ramped form; they represent a character and 
a characterless sample, respectively. The hydrogen bub- 
ble pattern and CCTDR trace of sample 270-6 before heat- 
t reatment appear the same as shown in Fig. 4. The initial 
and final oxygen concentrations vs. radius are plotted in 
Fig. 11. Both thermal cycle types are populated with 
samples from the same crystals. What we discover is that 
a wafer with initial resistivity character can be forced to 
precipitate in either the disk or the ring by proper selec- 
tion of the thermal cycle form. 

These experiments are repeated with similar results on 
material from five other crystals. In all cases, a correla- 
tion exists in form between the initial resistivity pattern 
and the final precipitation pattern. The causes and ef- 
fects of these heat cycles are the subject of Hearn et al. 
(10) and are omitted here. 

Other examples of variation of the theme of simple pat- 
terns (Fig. 4) are shown in Fig. 12 and 13. Multiple rings 
spaced by alternating intrinsic regions (n-i-p-i-n) result in 
a typical swirl pattern, as seen by the bubble test before 
heat-treatment (Fig. 12). Noncentrosymmetric rings are 
also seen in the bubble test before heat-treatment. Again, 
these same patterns remain after heat-treatment, as de- 
tected by x-ray topography, etching, and infrared absor- 
bance measurements.  

The measured initial oxygen concentration in some of 
these complex samples lacks a corresponding variation in 
oxygen concentration, which is sometimes used to ex- 
plain the patterns. However, the initial oxygen concentra- 
tion is always uniform within a few parts per million until 
it is within a few millimeters of the sample edge. 

Fig. 13. Examples of complex nonsymmetric patterns before heat- 
treatment. 

termined by initial resistivity patterns. The ambient in all 
cases is nitrogen. 

Sample numbers 270-5 and 270-21 in Fig. 9 come from 
the character and characterless groups, respectively. Fig- 
ure 9 contains the respective CCTDR traces before the 
isothermal heat-treatment. Sample 270-5 displays the sim- 
ple annular pattern, i.e., an n-type central disk sur- 
rounded by an intrinsic ring which is surrounded by a 
p-type ring. 

Figure 10 is a plot of the amount  of precipitated oxygen 
vs. radius. It is obtained by subtracting the post thermal 
processing measurements  from the initial raw wafer mea- 
surements. A ring of precipitation occurs in sample 270-5. 
The little precipitation that occurs in sample 270-21 is 
quite uniform. 

Ramped heat cycles.--Resu]ts for samples subjected to 
ramped thermal cycling are consistent, yet quite differ- 
ent. They are similar, in that the group with initial resis- 
tivity character also has character in its final precipita- 
tion pattern, whereas the initially characterless group 
does not. The results are quite different from those of the 
isothermal experiment  because the "sign" of the correla- 
tion has inverted. Where earlier we find that the maxi- 

Summary 
This work demonstrates a correlation between the ini- 

tial resistivity pattern and the final oxygen precipitation 
pattern in silicon wafers. This correlation enables one to 
predict the final oxygen precipitation pattern by simply 
measuring the initial resistivity pattern prior to any 
thermal donor annihilation by thermal processing. 

A complex relationship between oxygen thermal do- 
nors, the intended acceptors, and the final precipitation 
sites is suggested. This is demonstrated by using a simple 
change in the thermal cycle form to force an oxygen pre- 
cipitation pattern into either a positive or negative image 
of the initial resistivity pattern. 
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Interaction of with Si(111) and (100) 
Critical Conditions for the Growth of SiO2 
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ABSTRACT 

The reactions of H20 with the clean S i ( l l l )  and (100) surfaces have been studied at high temperatures (890~176 
for H~O pressures between 7 • 10 -5 and 4 • 10-' torr. The critical conditions involving H~O pressure and substrate tem- 
perature which are necessary for the growth of SiO., have been determined, and are consistent with a thermodynamic 
model modified to include effects due to H20 dissociation and SiO desorption. In addition to clean (active) and SiO~- 
covered (passive) surface regions, an intermediate region is observed and is proposed to be related to a thin, nonpassi- 
vating Si~O,~H~ film on the Si surface. 

Passivating films of SiOz can be grown on Si via the re- 
action of H20 with the clean Si surface at high tempera- 
ture (1-3). The SiO2 layers grown via the H~O + Si reaction 
are more protective and can be grown more rapidly than 
those prepared via the comparable O~ + Si reaction (3). In- 
formation concerning the critical conditions for growth of 
SiO~ via the reaction of H~O with Si is thus of considera- 
ble technological interest, as well as being important for 
aiding in our understanding of gas-surface interactions 
and thin film growth processes. 

Our previous study (4) of the O~ + Si reaction has indi~ 
cated that the processes of O~ dissociation on and SiO 
desorption from the Si surface are crucial for determining 
the critical conditions for the growth of SiO~. Analogous 
processes will influence the H~O reaction, with the addi- 
tional factor of the presence of hydrogen on the surface to 
be considered. 

We report here on a study of the reactions of H~O with 
the clean Si(111) and (100) surfaces, which has been un- 
dertaken to determine the critical conditions for growth 
of SiO~. We will first summarize some previous studies 
both of the growth of thick SiO2 films via the H~O + Si 
reaction and of the adsorption and dissociation of H20 on 
St. Experimental  details are then presented, followed by 
the results of this study for the critical growth conditions, 
SiO~ growth features, and parameters characterizing the 
dissociation of H~O and desorption of SiO. These results 
will be discussed in terms of a thermodynamic model 
modified to take into account H.,O dissociation and SiO 
desorption. Finally, the presence of a thin, nonpassivating 
SilO,H: layer on the Si surface under certain experimen- 
tal conditions is proposed. 

Background 
Growth rates of films of SiO., produced via the reaction 

of Si with H~O have been analyzed in terms of the linear- 
parabolic model (5), with rate constants for both the linear 
and parabolic regimes observed to be at least an order of 
magnitude larger than those observed far the correspon- 
ding O~ + Si reaction. The linear rate constant kuN 
reflects the reaction occurring between the oxidizing 
species and Si at the Si-SiO~ interface. In the case of H~O 
(and H20 + 02) oxidation, the enhancement  of kiln has 
been proposed to be due to the "catalytic" effect of hydro- 
gen on the oxidation reaction (1, 6). One possible mecha- 
nism for this "catalytic" effect is the weakening of St-St 
bonds at the interface for those Si atoms bonded to H, 
thus facilitating oxygen atom insertion. Hydrogen may 
play an analogous role in the initial stages of the interac- 
tion of H20 with the clean Si surface, which would then 
be an important factor for determining the critical condi- 
tions for the growth of SiO.~. 

The initial adsorption of H20 on Si at room temperature 
has been the topic of several recent experimental  investi- 
gations (7-10). It seems clear that the H20 molecule is ad- 
sorbed on Si with the oxygen atom bonding to the surface 
Si (7, 8). The removal of gap states (associated with the 

~Present address: SGS, Agrate Brianza, Milano, Italy. 

dangling bonds at the surface) is readily achieved via H20 
adsorption on St, indicating a strong interaction. Whether 
the adsorption is initially molecular or dissociative at 
room temperature appears to depend critically on the 
structure of the Si surface (8-10). It has been found (9) that 
the sticking coefficient at room temperature for adsorp- 
tion and decomposition of H~O is unity on St(100) and 
about 10 -2 on St(ill)-(7 • 7). In the same work, evidence 
has been seen for Si l l  and SiOH groups on the Si surface 
at room temperature, with ftirther dissociation leading to 
the reaction SiOH ~ St-O-St + Sill by 150~ and finally 
H2 desorption by 330~ Other workers claim that H~O ad- 
sorbs molecularly at room temperature if the surface is 
smooth, but dissociates if the surface is disordered (8). 
Dissociative adsorption of H20 on Si at room temperature 
has recently been predicted theoretically (I i). 

A study of the critical conditions for the oxidation of Si 
~?ia the H20 + Si(lll) reaction has been carried out by 
Maguire and Augustus (12) for P(H20) < 8 • 10 -4 torr and 
T~ < 1000~ They used Auger electron spectroscopy to 
detect the presence of oxygen bound to the Si surface at 
room temperature following the high temperature H~O + 
Si reaction. Their results will be discussed in more detail 
below. 

Experimental 
These reactions of H.,O with Si(111) and (100) have been 

carried out in the UHV system described previously (4), 
using the same experimental  procedures for determining 
the critical growth conditions. Briefly, the Si substrates 
studied were supported in Mo clamps in the UHV cham- 
ber and cleaned thermally in situ via treatment at 1350~ 
The H20 used was distilled, deionized, and further 
purified via repeated freezing in liquid nitrogen and sub- 
sequent evacuation in order to remove volatile impurity 
gases. The HzO was stored in a glass cylinder and admit- 
ted to the UHV chamber via a bakeable leak valve. P(H20) 
was measured above 10 -~ torr via a Pirani gauge, while 
below 10 -3 torr an ionization gauge was used. 
By varying both P(H~O) and the substrate temperature 

T~, different regions of etching via SiO production (active 
surface) and SiO~ growth (passive surface) on the Si sur- 
face were observed using an optical pyrometer. The py- 
rometer also served to measure Ts at the boundaries be- 
tween the different regions which are present at the same 
time on the Si surface due to the temperature gradient 
along the sample. It was determined that in addition to re- 
gions of clean surface (region I, etching) and SiO., growth 
(region III), there existed on the Si surface an intermedi- 
ate region II which was still active but which had a differ- 
ent emissivity and "grainier" appearance than the clean 
Si surface of region I. Details of these three regions are 
presented below. 

Following the reactions, the samples were examined 
using optical and scanning electron microscopy. The 
boundary on the Si surface between regions II and III 
was quite sharp and showed growth features similar to 
those observed for the 02 + Si reaction. The boundary" be- 
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tween regions I and II was much less distinct and showed 
no distinctive growth or etching features. Nevertheless, it 
was observed reproducibly i n  s i t u  for several different 
samples via the optical pyrometer. 

Resul ts  
In Fig. 1 are presented our results for the critical condi- 

tions for growth of SiO~ via the reaction of H~O with both 
the Si(111) and (100) surfaces. At the highest values of 
P(H~O) and lowest values of T,  the surface is covered 
with SiO., (region III in Fig. 1), while at the lowest P(H~O) 
and highest T~, the surface remains clean via the produc- 
tion of SiO and H~ (region I). Unlike the case of the O2 + 
Si reaction, where only regions analogous to I and III 
were observed, for H20 + Si we observe an intermediate 
region with surface structure and emissivity differing 
from the other regions. In this intermediate region, etch- 
ing continues as SiO and H~ are still produced via the re- 
action of H~O with the Si surface. We will discuss this in- 
termediate region in more detail below. The dashed line 
in Fig. 1 labeled P~(O2) represents our previous results (4) 
for 02 + Si, where only a single boundary was observed. 

In Fig. 2 are shown SiO~ growth features in the shape of 
pyramids whose square bases are rotated by 45 ~ with re- 
spect to the [100] axes of the Si(100) substrate. This type 
of growth feature has previously been observed (4) for the 
O.., + Si(100) reaction, and has been proposed to be the re- 
sult of the epitaxial growth of the high temperature cubic 
form of SiO2, ~-cristobalite, specifically on Si(100), where 
there is only a 7% lattice constant mismatch when the two 
lattices are rotated by 45 ~ as observed in Fig. 2. We note 
that the growth features shown in Fig. 2 consist of only a 
thin [estimated (4) thickness of about 100~,], passivating 
layer of SiO2 protecting the Si core of the pyramid. One 
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Fig. 1. The critical conditions for the growth of SiO~ via the reac- 
tion of H20 with Si(111) and (100). P(H~O), water vapor pressure; Ts, 
substrate temperature. Previous results obtained for the O~ + Si reac- 
tion are indicated by Pc(O~). 

Fig. 2. SEM micrograph of SiO~ growth features formed via the re- 
action of H~O with Si(lO0) at P(H~O) = 0.15 tort and Ts = 1085~ 
The growth features, pyramids whose square bases are rotated by 45 ~ 
with respect to the Si [100] axes, sit in depressions whose sides are 
parallel to the [100] axes. 

new result observed for H,_,O + Si(100), and also illustrated 
in Fig. 2, is the association of the pyramidal growth fea- 
tures with square depressions whose sides are parallel to 
the Si[100] axes. No such depressions were observed for 
the 02 + Si(100) case. 

As for 02 + Si and several other reactions previously 
studied [e.g., C..,H4 + Si (13), C2H2 + Si (14), NH~ + Si (14)], 
the observed boundaries between different surface re- 
gions indicated in Fig. 1 can be expressed in terms of a 
critical pressure via 

Pc(H._,O, %) = Po exp ( - hE /kBTs )  [1] 

For the H20 + Si(100) reaction, we find Po = 2.3 • 10 '3 
torr and hE = 3.9 eV from the straight line drawn for the 
upper boundary in Fig. 1, while for the lower boundary 
we find Po = 5.6 x 107 torr and h E  = 3.0 eV. Our results 
for H~O + Si ( l l l )  are consistent with the above Si(100) re- 
sults, but are not as complete and are somewhat more 
scattered. For P(H~O) < 1 • 10 -3 torr (or Ts < 950~ we 
note that the boundary between regions II and III falls 
below the straight line drawn in Fig. 1. This result will be 
discussed below. 

The reaction of H20 in regions I and II of Fig. 1 leads to 
rapid etching of the Si surface via the production of vola- 
tile SiO molecules. An important parameter influencing 
the critical growth conditions is S(H=,O ~ SiO), which 
gives the probability that an incident H._,O molecule ad- 
sorbs on the Si surface, dissociates, and reacts to form an 
SiO molecule, which eventually desorbs. The incoming 
flux of H~O is determined from the H20 pressure via the 
kinetic theory expression 

R(H.,O) = P(H.,O)NJ(2~rM(H.,O)RT~) 1~2 [2] 

where No is Avogadro's number,  M(H20) = 18, R is the gas 
constant, and Tg = 300 K. The outgoing flux of SiO mole- 
cules is given by R(SiO) = vep (Si), where Ve is the experi- 
mentally measured etching velocity and p(Si) is the 
atomic density of Si. Values of S(H~O ~ SiO) = 
R(SiO)/R(H. ,O)  determined from P(H20) and ve are given 
in Table I for three groups of samples: samples at the up- 
per boundary between regions II and III; samples near 
the lower boundary; and samples in region II. We note 
that the highest values of S(H20 ~ SiO), 0.016-0.029, are 
observed in region II. 

Further  evidence for the dramatic effects of etching via 
SiO production can be seen when the oxidant pressure 
falls below the critical value for the growth of SiO~. The 
etching process then dominates and the pyramidal SiO2- 
covered growth features can be undercut  (see Fig. 3). 
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Table I. Parameters for the reaction of H~O with Si 

P (H~O) S (H~O 
Sample no. (torr) T~ (K) v~ (~/s) SiO) Ss~o 

At upper boundary 

5 (100) 6.4 • 10 -4 1215 16 0.027 
6 (111) 1.6 • 10 -3 1215 14 0.0093 
6 (100) 4.7 • 10 -~ 1323 370 0.0084 

14 (I00) 5.5 • I0 -~ 1333 500 0.0096 
2 (100) 8.4 x 10 -~ 1355 480 0.0061 
8 ( I i i )  2.2 • I 0 - '  1399 740 0.0036 

At lower boundary  

38 (i00) 6.0 • 10 -3 1630 19 0.0034 
15 (I00) 8.1 • 10 -3 1538 54 0.0071 
16 (I00) 3.2 • i0 -2 1503 180 0.0059 

In region II 

39 (100) 6.0 • 10 -3 1424 88 0.016 
25 (100) 7.0 • 10 -a 1352 190 0.029 

Discussion 

0.081 
0.071 
0.13 
0.13 
0.078 
0.048 

In  order  to under s t and  the upper  boundary  of  Fig. 1, 
separa t ing  the  in t e rmed ia t e  region II f rom reg ion  III  of 
SiO~ growth  at h igher  va lues  of  P(H=,O), we  will  first con- 
s ider  the  t h e r m o d y n a m i c s  of  the  react ions involved.  The  

Fig. 3. SEM micrograph of a pyramidal SiOs growth feature formed 
via the reaction of 0.2 with Si(lO0) at P(Os) = 1.8 • 10 -s torr and T~ 
= 1090~ The pyramid is undercut at its base via the etching reac- 
tion producing SiO. 

net  react ions which  are impor tan t  for the  in teract ion of  
H20 wi th  Si unde r  our  expe r imen ta l  condi t ions  are 

H~O(g) + Si(s) <--* SiO(g) + H.,(g). [3] 

2H~O(g) + Si(s) <--> SiO._,(s) + 2H=,(g) [4] 

Si(s) + SiO..,(s) ~ 2SiO(g) [5] 

Reac t ions  [3] and [4] p roceed  to the  r ight  unde r  our  exper-  
imenta l  condit ions,  wi th  free energy  changes  AG3 and hG4 
bo th  less than  zero. Reac t ion  [3] domina tes  in regions  I 
and II, whi le  react ion [4] domina tes  in region III  of  Fig. 1. 

Not ing  that  2AG3 - AG4 = hGs, we find that  react ions [3] 
and [4] will  p roceed  at the  same rate, pe r  inc ident  H~O 
molecule ,  w h e n  react ion [5] is in equi l ibr ium,  i.e., w h e n  
hG5 = 0. The equ i l ib r ium SiO vapor  pressure  Peq(SiO, Ts) 
for react ion [5], measu red  for hG5 = 0, also de te rmines  the 
m a x i m u m  rate at wh ich  SiO can be p r o d u c e d  by react ion 
[3]. This  m a x i m u m  rate is g iven  by 

Rmax(SiO, Ts) = SsioPeq(SiO, Ts)NJ(2~rM(SiO)RTs) 1~2 [6] 

Here  Ssio is the vapor iza t ion  coefficient  for SiO on Si at 
t empera tu re  Ts (15). The cri t ical  condi t ions  for g rowth  of  
SiO~ via the  H20 + Si react ion are a t ta ined w h e n  S(H20 
SiO)R(H~O), the  rate at wh ich  H~O molecu les  react  to form 
SiO, is equal  to Rmax(SiO, T~). The  critical va lue  for P(H20) 
is thus  given, us ing  Eq. [2] and [6], by 

Pc(H~O, T~) = ( Ssio M(H~O)Tg 
S(H20 ~ SiO) ) ( Pe,(SiO, T~) 

1/2  

% 

[7] 
Apar t  f rom a factor  of  1/2, this is equ iva len t  to the  ex- 

press ion  previous ly  der ived  (4) for the 02 + Si case. Us ing  
Pe,(SiO, Ts) = (3.08 x 101, torr) exp  (-3.54 eV/kBT~) mea- 
sured exper imen ta l ly  (16) and our  measu red  values  of  
S(H~O ~ SiO) g iven  in Table  I, we  as sume  Eq. [7] to be  
correct  and thus obta in  the  values  of  Ssio also l is ted in 
Table  I f rom our  measu red  resul ts  for P~(H20, T~). Once 
again, as for the case of  02 + Si, we find Ss~o < 1, indicat-  
ing  that  the  vapor iza t ion  of  SiO from the  Si surface is 
s o m e w h a t  retarded.  
weT~e curvature,  or bend ing  down,  of the bounda ry  be- 

t n regions  II and III, wh ich  is ev iden t  in Fig. 1 for 
P(H20) < 1 • 10 -3 torr  and T~ < 950~ can be seen f rom 
the  resul ts  p resen ted  in Table  I to be consis tent  wi th  both  
an increase in S(H.,O ~ SiO) and a decrease  in Ss~o in this 
region.  This  bend ing  down  of  the  boundary  cor responds  
to an e n h a n c e m e n t  of region III  of  SiO2 p roduc t ion  and 
l ikely resul ts  f rom an increased  coverage  of  the surface 
wi th  adsorbed  SiO molecu les  which  wou ld  cause react ion 
[5] to tend  to p roceed  in the  reverse  direct ion,  i.e., 
2SiO(ads) --+ SiO2(s) + Si(s). Alternat ively,  a lower  va lue  of 
Ss~o impl ies  that  the  SiO molecu les  r emain  on the  surface 
longer  before  desorpt ion,  thus  increas ing the  probabi l i ty  
of  their  be ing  fur ther  oxid ized  by i ncoming  H20 mole-  
cules via the react ion H.20(g) + SiO(ads) ~ SiO~(s) + H,2(g). 
The  increased  coverage  by adsorbed  SiO molecu les  re- 
sults bo th  f rom the  increased  rate of H~O react ion (i.e., 
higher  S(H=,O --> SiO) and f rom the  decreased  vapor iza t ion  
of  SiO from the surface (i.e., lower  Ss~o). It is not  clear  w h y  
SiO molecu les  r emain  on the  Si surface longer  for T~ < 
950~ but  it may  be  re la ted to an increased  coverage  of  
the surface by hydrogen.  The  react ion 2H(ads) ~ H2(g) is 
an ac t iva ted  one  and if it goes  more  s lowly for T < 950~ 
then  preferred sites for SiO desorp t ion  m a y  be b locked  
by adsorbed  hydrogen.  

Thus we conc lude  that  the  t h e r m o d y n a m i c  m o d e l  for 
P,(H..,O, T~), Eq. [7], as modif ied  to inc lude  effects  due  to 
H20 dissociat ion and SiO desorpt ion,  adequa te ly  repre-  
sents  the  critical condi t ions  for g rowth  of SiO.2 via the  
H~O + Si react ion wi th  the parameters  S(H~O ~ SiO) and 
Ss~o l is ted in Table  I. That  this s t a tement  also holds  for 
the  case of  the  O~ + Si react ion was not  so clear previ- 
ous ly  (4), w h e n  average  va lues  of  S(O., ~ SiO) and Ss~o 
were  used  instead of  the  observed  pressure-  and temper-  
a tu re -dependen t  ones. The  kinet ic  g rowth  e tch ing  mode l  
p resen ted  previous ly  (4) to descr ibe  the d e v e l o p m e n t  of  
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the SiO2 growth features is still valid, but  should not be 
considered to be an improvement  on the thermodynamic 
model. 

As mentioned previously, Maguire and Augustus (12) 
have also studied the initial interaction of H~O with Si at 
high T~ (up to 1000~ and low P(H~O), up to 8 • 10 -4 torr. 
Our results for P~(H~O~ T,) agree qualitatively with theirs, 
although they did not observe three regions of interac- 
tion, such as we have indicated in Fig. 1. Their results for 
Pr T~) show more scatter than ours and lie between 
our lower and upper boundaries, with a slope, or activa- 
tion energy, of 2.5 eV, as compared with our result of 3.9 
eV for the upper boundary. For P(H20) approaching 1 x 
10 -4 torr, our results merge with those of Maguire and 
Augustus. From a study of pumping  speed, they deter- 
mined the initial sticking probability of H~O on Si to be 
about 10-3, somewhat lower than our result, S(H~O ~ SiO) 
= 0.0034-0.029. 

We note from Fig. 1, which includes our previous re- 
sults for P~(O~, T~) for the O~ + Si reaction, that for a given 
oxidant pressure, SiO~ is stable on the Si surface for 
higher values of T~ for the O~ + Si reaction than for the 
H~O + Si reaction. In  other words, Po(O~, T~) is less than 
Pr T~) for T~ > 950~ It is apparent that this results 
from the fact that S(O.., --* SiO) is greater than S(H~O 
SiO), (0.027-0.061) for O2 as compared with (0.0034-0.029) 
for H~O. We note that Ss~o values are comparable for the 
two reactions, (0.059-0.19) for O2 and (0.048-0.13) for H20. 
Thus, per incident molecule, more SiO is produced on the 
Si surface for the O2 + Si case, increasing the likelihood 
of further oxidation to SiO~. The lower value of S(H~O --~ 
SiO) as compared to S(O2 ~ SiO) may result from the 
fact that two bonds in the case of the H20 molecule must 
be broken before an oxygen atom is available to form an 
St-O-St bridging bond, where in the case of O., the break- 
ing of a single bond generates two reactive oxygen atoms. 
We note that O------O and H--OH bonds are of essentially 
equal strength (17), 5.0 eV. 

From Table I, it can be seen that S(H20 --> SiO) is gener- 
ally a decreasing function of P(H~O), an effect which may 
be related to the increasing coverage of the Si surface by 
SiOH and Si l l  groups, which could block further adsorp- 
tion of incident H20 molecules. 

Our results indicate that the Si surface is more reactive 
to O~ than to H20 as far as the production of SiO and the 
initial growth of SiO~ are concerned, in contrast to the ob- 
served more rapid growth of thick SiO~ films in H,,O. The 
existence of region II, extending down to the lower 
boundary in Fig. 1, apparently does signal a type of en- 
hanced reactivity of H20 with St. The existence of three 
surface regions for H20 + St, as compared with only two 
for O2 + Si seems likely to be due to the presence of hy- 
drogen on the surface in SiOH and SiH groups in the 
former case. We will now discuss the possibility of a thin, 
nonpassivating Si~O~H: layer on the Si surface in region 
II. 

In  region I, when incident H20 molecules dissociate on 
the Si surface, SiOH and Sil l  groups are formed initially. 
If P(H20) is low enough and Ts high enough, the SiOH 
groups will be unstable and the following reaction 

SiOH(ads) + Sill(ads) ~ SiO(g) + H~(g) + St(s) [8] 

will proceed readily, leading to rapid etching and the 
maintenance of a clean Si surface. As P(H20) increases or 
T~ decreases, the coverage of the Si surface by SiOH and 
Sil l  groups will increase. A "catalytic" effect,of hydrogen 
in this situation could be the weakening of St-St back 
bonds to the extent that an Si~O,Hz layer, with O atoms in 
both bridging and nonbridging configurations, could 
form on the Si surface well before the generation of SiO 
has reached its maximum value given by Eq. [6]. Also, it 
has been stated (18) previously that an SiOH group on the 
Si surface can stabilize a neighboring St-O-St bond. This 
effect may also aid in the formation of an Si/O~H~ layer. 
Thus, a thin, nonpassivating Si~O~H~ ]ayer could exist for 
values of P(H~O) lower than those which would lead to 
the formation of a passivating SiO~ layer. 

The continuing (nonuniform) etching of the underlying 
Si through this SixO~H~ layer via the production of SiO 
could lead to the rougher, "grainier" surface observed in 
region II. The possible existence of this SL.O~H~ layer has 
been inferred from the fact that the emissivity observed 
in region II differs from that of the SiO2 layer and of the 
clean Si surface. An analogous situation has recently been 
reported (19) for the case of an amorphous Si~Hz layer ob- 
served using similar procedures on the surface of Si dur- 
ing Sill4 CVD. A semipassive surface layer has also previ- 
ously been inferred (20) to exist on the  surface of SiC 
during reaction with oxygen atoms and molecules. 

The Si~O~H~ layer proposed here for region II is not ex- 
pected to be stable, but  rather to exist on the Si surface 
only in semiequilibrium both with the underlying Si and 
the incoming flux of H~O. For lower P(HzO) or higher % 
(i.e., region I), the layer would disappear via a reduction 
reaction 

StrOpHe(s) + (y - x)Si(s) ~ ySiO(g) + (z/2)H2(g) [9] 

while for higher P(H~O) or lower T,, approaching region 
III, oxidation to SiO._, would occur 

SixO~H~(s) + (2x - y)H20(g) 

xSiO2(s) + 1/2(z + 4x - 2y)H~(g) [10] 

Unfortunately, thermochemical data for such an SixO~H~ 
layer are not available, and the kinetics of its formation 
are not clear, so that a model for the critical P(H20) for the 
lower boundary, separating regions I and II, does not 
seem possible at this time. 

The square depressions in which the pyramidal SiO~ 
growth features are found (see Fig. 2) are likely to be 
caused by enhanced etching of the Si substrate in this re- 
gion. The mechanism for this enhanced etching is not 
clear, although one possibility may be that H~O molecules 
incident on the SiO,-covered pyramid which stick and 
dissociate cannot all be consumed by the reaction pro- 
ducing SiO~ (typical SiO.2 film growth rates are only on 
the order of 0.1 A/s (1), compared to etching velocities v~, 
which are typically (10-1000) A/s, see Table I). Thus, there 
may be a considerable flux of OH groups (or even H~O 
molecules) diffusing down the sides of the pyramids to 
the Si substrate. Such a flux should result in an enhance- 
ment  of the etching via SiO production, thus explaining 
the presence of the square depressions surrounding the 
pyramids. This effect could be negligible for the O2(g) + 
St(s) reaction because of the smaller diffusion velocity of 
02 (or O) on the SiO2 layer and the lower sticking coeffi- 
cient on SiO~ (21). Enhanced etching due to SiH~ (x = 1-4) 
production is very unlikely on thermodynamic grounds. 

Conclusions 
We have determined experimentally the critical condi- 

tions for growth of SiO~ on the clean S i ( l l l )  and (100) sur- 
faces for values of T~ between 890 ~ and 1350~ and P(H~O) 
between 7 • 10 -5 and 4 x 10 -~ torr. These results are con- 
sistent with a thermodynamic model for SiO~ growth, 
which has been modified to account for the dissociation 
of H~O on and desorption of SiO from the Si surface. The 
presence on the Si surface for certain values of P(H~O) 
and Ts of a thin, nonpassivating Si~O~H~ film has been 
inferred. Further experiments are required to confirm 
the presence of this Si~O~H~ film. 

Acknowledgments 
We wish to thank Dr. J. Osinchak and Mr. J. Downey 

for taking the SEM micrographs. Thanks also to Dr. E. A. 
Irene for many helpful discussions. The support of the 
U.S. Department of Energy under Contract no. DE- 
AC02-79ER10438 is greatly appreciated. 

Manuscript received May 9, 1984. 

City College of New York assisted in meeting the publi- 
cation costs of this article. 



2928 J. E Iec t rochem.  Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  D e c e m b e r  1984 

REFERENCES 

1. T. Nakayama and F. C. Collins, This Journal, 113, 706 
(1966). 

2. W. A. Pliskin, IBM J. Res. Dev., 10, 198 (1966). 
3. E. A. Irene, This Journal, 125, 1708 (1978). 
4. F. W. Smith and G. Ghidini, ibid., 129, 1300 (1982). 
5. B. E. Deal and A. S. Grove, J. Appl. Phys., 36, 3770 

(1965). 
6. E. A. Irene, This Journal, 121, 1613 (1974). 
7. K. Fujiwara, Surf. Sci., 108, 124 (1981); J. Chem. Phys., 

75, 5172 (1981). 
8. D. Schmeisser, F. J. Himpsel, and G. Hollinger, Phys. 

Rev. B, 27, 7813 (1983); D. Schmeisser, Surf. Sci., 
137, 197 (1984). 

9. H. Ibach, H. Wagner, and D. Bruchmann, Solid-State 
Commun., 42, 457 (1982). 

10. Y. J. Chabal, Phys. Rev. B, 29, 3677 (1984). 
11. S. Ciraci and H. Wagner, ibid., 27, 5180 (1983). 
12. H. G. Maguire and P. D. Augustus, Phys. Status Solidi 

A, 17, 101, (1973). 
13. F. W. Smith, Surf. Sci., 8{) 388 (1979). 
14. F. W. Smith, and B. Meyerson, Thin Solid Films, 60, 

227 (1979). 
15. For a definition and discussion of the physical mean- 

ing of the vaporization coefficient, see: G. M. 
Rosenblatt, in "Treatise on Solid State Chemistry," 
Vo]. 3, N. Hannay, Editor, Plenum Press, New York 
(1976). 

16. O. Kubachewski and T. G. Chart, J. Chem. Thermo- 
dyn., 6, 467 (1974). 

17. "Handbook of Chemistry and Physics," R. C. Weast, 
Editor, pp. F-177, F-183, The Chemical Rubber Co., 
Cleveland, OH (1971). 

18. A. G. Revesz, This Journal, 126, 122 (1979). 
19. A. M. Beers and J. Bloem, Appl. Phys. Lett., 41, 153 

(1982). 
20. D. E. Rosner and H. D. Allendorf, J. Phys. Chem., 74, 

1829 (1970). 
21. R. S. McDonald, J. Am. Chem. Soc., 79, 850 (1957). 

Properties of Magnetron-Sputtered Silicon Nitride Films 
T. Serikawa and A. Okamoto 

Nippon Telegraph and Telephone Public Corporation, Musashino Electrical Communication Laboratory, Midoricho, 
Musashino~shi, Tokyo, 180 Japan 

ABSTRACT 

Films 100-200 nm thick have been deposited at 200~ by reactive sputtering of a silicon target in nitrogen-argon mix- 
tures using an RF planar magnetron system. Film properties were examined in reference to nitrogen partial pressure 
and sputtering gas pressure. At nitrogen partial pressure higher than a certain pressure, silicon nitride films are depos- 
ited. Properties of silicon nitride films are remarkably dependent on sputtering gas pressure. By controlling the pres- 
sure, silicon nitride films have been synthesized with 1.7-200 nm/min etching rate in buffered HF, 2.97-2.28 g/cm * den- 
sity, 1.97-1.82 refractive index, 5 • 109-1 • 109 dyne/cm 2 compressive intrinsic stress and 5.5 • 106-3.5 • 106 V/cm break- 
down voltage. High density, low etching rate films deposited under optimized sputter conditions act as an efficient bar- 
rier to oxygen diffusion in oxygen atmospheres at high temperature. In addition, it was demonstrated from MOS device 
characteristics that the silicon nitride films are free from contaminants and can be successfully applied to device 
fabrication. 

Silicon nitride films are very important in semicon- 
ductor device fabrication because they afford a good 
moisture and contamination barrier (1, 2). Great effort has 
been made to investigate the formation and characteriza- 
tion of the film (2). For formation of silicon nitride films, 
chemical vapor deposition (CVD) has most widely been in 
use (2, 3). The methbd, however, has a disadvantage in re- 
gard to its high substrate temperature. Certain process 
schemes in device fabrication require that silicon nitride 
films be deposited at low substrate temperature. To meet 
this requirement, a plasma-assisted CVD has been re- 
cently developed (3-5). This method uses mixtures of SiH~ 
and NH3 in the same manner as the CVD method. As a re- 
sult, the silicon nitride films are contaminated with hy- 
drogen, which degrades device characteristics (6, 7). How- 
ever, in sputtering, films are deposited at low substrate 
temperature and are free from hydrogen contamination. 
These advantages make sputtering a potentially attractive 
method to deposit silicon nitride films. 

Sputtered silicon nitride films have commonly been 
deposited in nitrogen mixed gases using a diode-type sys- 
tem (8-11). This system has the disadvantage of small dep- 
osition rate and substrate heating due to plasma expo- 
sure. However, in the recently developed magnetron 
system, lower substrate temperatures are still obtainable, 
even when deposition rates are significantly higher (3). 
This combination of higher rates and lower temperature 
can improve sputter deposition economics. However, 
there have been only a few reports on silicon nitride film 
deposition by magnetron sputtering. Moreover, the mag- 
netron system is different from the diode-type system in 
some respects (12). 

This paper describes the preparation and properties of 
silicon nitride films made by reactive sputtering, using 

an RF planar magnetron apparatus in reference to sputter 
conditions. Also, it was demonstrated that the film de- 
posited under optimized conditions is applicable as an 
oxidization mask in a wet oxygen atmosphere at high 
temperature for 1VIOS device fabrication. 

Experimental 
Sputtering apparatus and film deposition.~Film dep- 

ositions were carried out with a 13.56 MHz RF magnetron 
sputtering apparatus, shown in Fig. 1 (13). An RF elec- 
trode is mounted in a bell jar so that the target materials 
are sputtered onto a barrel-type rotatable substrate 
holder. The 5 • 15 in. silicon target (99.999% pure), 0.25 in. 
thick was mechanically clamped to a water-cooled RF 
electrode. The minimum spacing between the target and 
the substrate holder was 50 ram. The target could be cov- 
ered with a movable shutter mounted approximately 25 
mm in front of the target. The bell jar was made of stain- 
less steel, but the holder and shutter were made of tita- 
nium. 

The sputtering system was evacuated to less than 
2 • 10 -4 Pa before a baffle valve above the diffusion 
pump was throttled. Nitrogen-argon mixtures were ad- 
mitted to the system. After presputtering was carried out 
for 10 rain, the shutter was removed to deposit films 
ranging in thickness from 100 to 200 nm on 3 in. diam sili- 
con and aluminum substrates. The main deposition pa- 
rameters were nitrogen partial pressure and sputtering 
gas pressure. The sputtering conditions are listed in 
Table I. 

Measurements.--Films were evaluated on the basis of 
infrared absorption spectra, film composition, etching 
rate, film density, surface texture, refractive index, resis- 
tivity, breakdown voltage, and film stress. In addition, 
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Fig. 1. The RF planar magnetron sputtering apparatus 1~3 
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the rmal ly  oxid ized  films were  analyzed by Auge r  elec- 
t ron spec t roscopy  (AES) to de t e rmine  dep th  profiles. 

F i lm  compos i t ions  were  measu red  us ing  x-ray micro-  
analysis  and the  Loren tz -Lorenz  relat ionship.  F i lm  densi- 
t ies were  measu red  by a g rav imet r ic  t echn ique .  E tch ing  
rates were  calcula ted f rom e tch ing  dep th  in 30~ buffered  
hydrof luor ic  acid [100 ml  (50% HF) + 860 ml  (40% NH4F)] 
and e tch ing  t ime. The  e t ched  depths  were  m e a s u r e d  by a 
roughness  tes ter  (TalystepTM). Surface  t ex tu res  of  as- 
depos i t ed  and s l ight ly e t ched  in 30~ buf fered  hydro-  
fluoric acid for 5s were  observed  by t r ansmiss ion  elec- 
t ron mic roscopy  of  a ca rbon  replica. Resis t ivi t ies  and 
b r e a k d o w n  vol tages  were  measu red  us ing  an MIS capaci- 
tor, wh ich  had a 500 t~m d iam a l u m i n u m  elect rode-s i l icon 
n i t r ide  f i lm-si l icon subst ra te  structure.  F i lm  stresses 
were  ca lcula ted  f rom si l icon subst ra te  cu rva tu re  mea- 
sured  by  the  Newton- r ing  m e t h o d  (14). 

MOS device fabrication.--MOS t ransis tors  and capaci- 
tors were  fabr icated us ing  the  react ive ly  spu t t e red  sil icon 
n i t r ide  films as a local ox ida t ion  (LOCOS) mask  on sili- 
con subst ra tes  (15). The  sil icon substra tes  used  were  
bo ron-doped  p- types wi th  a (100) or ienta t ion and 4 t2-cm 
resist ivi ty.  SiO~ films 60 n m  thick were  the rmal ly  g rown  
on the  substrates.  Next ,  150 n m  thick si l icon ni t r ide  films 
were  depos i ted  on SiO=, films. After  pa t t e rn ing  si l icon ni- 
t r ide  films and SiOe films, th ick  SiO= films were  fo rmed  
for field isolat ion by the rma l  oxidizat ion for 370 min  in 
wet  oxygen  a tmosphe re  at 1000~ After  r e m o v i n g  the  sili- 
con n i t r ide  film pat te rns  and under ly ing  SiO2 films, gate  
SiO2 films were  the rmal ly  g rown  to 60 n m  thick.  MOS de- 
vices  were  c o m p l e t e d  th rough  addi t ional  fabr icat ion 
steps: gate  e lect rodes  for poly-Si  film, source /dra in  elec- 
t rodes,  i n t e rmed ia t e  SiO~ films, and a l u m i n u m  intercon-  
nect ions.  Finally,  all dev ices  were  annea led  in fo rming  
gas for 20 min  at 450~ 

Results and Discussions 
Preparation and properties.--Nitrogen partial pressure 

effect.--Figure 2 shows changes  in depos i t ion  rate  and 
film compos i t ion  as a func t ion  of  n i t rogen  part ial  pres- 
sure. In the  pressure  range  lower  than  0.12 Pa, decrease  in 
depos i t ion  rate is small,  bu t  depos i t ion  rate decreases  ab- 
rup t ly  near  0.15 Pa. Ni t rogen  concen t ra t ion  saturates  at a 
p ressure  h igher  than  0.1 Pa. The  infrared absorp t ion  spec- 
t r u m  for film depos i ted  at 0.28 Pa n i t rogen  part ial  pres- 
sure  is shown  in Fig. 3. Absorp t ions  at 840 and 460 c m - '  
are pecul iar  to si l icon n i t r ide  (2, 6), and are represen ta t ive  

Table I. Sputtering conditions 

Sputtering power 
Substrate temperature 
Sputtering gas pressure 
Sputtering gas flow rate 
Substrate holder rotation rate 
Background pressure 

3.0 kW 
200~ 
0.3 - 6.7 Pa 
100 seem 
10 rpm 
< 2 • 10 -4 Pa 

4 

II > 

r  

8 
E 
Lr_ 

--j'/ ~ it" i i t 
0 o.o2 0.05 o.t 0.2 0.5 

Nitrogen Partial Pressure (Po) 
Fig. 2. Changes in deposition rate and film composition by nitrogen 

partial pressure. Sputtering gas pressure was 0.56 Pa. Film compositions 
for films deposited on aluminum substrates were measured by x-ray 
microanalysis. 

of  all films depos i t ed  at h igher  than  0.1 Pa  part ial  pres- 
sures. No addi t ional  peaks  were  obse rved  b e t w e e n  400 
and 2000 c m - L  

In react ive  spu t te r ing  of  targets  l ike silicon, th ree  possi- 
ble n i t rogen  react ion si tes can be  cons idered:  (i) at the  tar- 
get  surface,  (ii) on the  substrate ,  and (iii) dur ing  t ransfer  
f rom target  to subs t ra te  (16). The  last can be  neg lec ted  be- 
cause  si l icon n i t r ide  films are depos i ted  even  at 0.12 Pa  
n i t rogen  part ial  p ressure  at wh ich  col l is ion wi th  n i t rogen  
is unity.  In  the  m a g n e t r o n  system, the  d ischarge  in tens i ty  
is local ized close to the  target  so that  the subst ra tes  are lo- 
ca ted  in a less chemica l ly  react ive  e n v i r o n m e n t  (17). At  
low ni t rogen part ial  pressure ,  insuff icient  n i t rogen  is 
avai lable  to form a si l icon ni t r ide  on the  target  surface. 

T 

8 

2 o o d  ' ' ' , s b o  . . . .  J o ' o 6  ' ' ' s 6 o  

Wave Number (cnT l) 
Fig. 3. Infrared absorption spectrum for film deposited at 0.28 Pa ni- 

trogen partial pressure, where sputtering gas pressure was 0.56 Pa. 
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Fig. 4. Change in etching rate as a function of sputtering gas pressure. 

Sputtering gas composition was 50% nitrogen-50% argon. 

Only when nitrogen partial pressure reaches a value near 
0.15 Pa is sufficient nitrogen available to form silicon ni- 
tride on the target (17, 18). This formation on the target re- 
duces deposition rate, since the sputtering rate for silicon 
nitride is less than that for silicon. Moreover, silicon ni- 
tride films are obtained, as shown in Fig. 2 and 3. 

S p u t t e r i n g  gas  pressure  e f f e c t . - - E t c h i n g  rate in buffered 
HF showed a marked dependence on sputtering gas pres- 
sure, as seen in Fig. 4. Etching rate is smallest near 0.6 Pa 
and increases drastically at 1.2 Pa. Figure 5 shows 
changes in film density, refractive index, and film com- 
position at different sputtering gas pressures. Film com- 
positions were calculated from measured film density 
and refractive index using Lorentz-Lorenz correlation 
(19). At 0.56 Pa, film density and refractive index reach 
maximums of 2.97 g/cm 3 and 1.97, respectively. Film com- 
position N/St changes from 1.42 to 1.15 as a result of in- 
creasing sputtering gas pressure. Figure 6 shows surface 
textures of as-deposited and slightly etched films at 0.3, 
0.56, and 6.7 Pa sputtering gas pressure. In the 6.7 Pa as- 
deposited films, 100 nm diam irregularities are observed 
and many microvoids a few nanometers in diameter are 
observed. In contrast to the relatively smooth surfaces of 
as-deposited films, the slightly etched film surfaces are 
markedly different. The film at 0.56 Pa is the smoothest. 
In the film at 6.7 Pa. the surface becomes very irregular. 

Figure 7 illustrates typical current-voltage characteris- 
tics for films deposited at 0.3, 0.56, and 6.7 Pa. Films at 
0.3 and 0.56 Pa exhibit  linear in I vs. V 1~2 plots indicative 
of a Poole-Frenkel conduction mechanism, whereas In I - 
V "2 data for the films at 6.7 Pa invariably exhibit  curva- 
ture when plotted in the same manner. Arrows in the 
figure indicate breakdowns of the films. High density 
films at 0.56 Pa show high breakdown voltage. Films at 
0.3 Pa have low breakdown voltage, In spite of a linear In 
I vs. V "2 relationship. 

Silicon nitrides formed on target are sputtered with an 
energy spectrum having a strong peak at a few electron 
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Fig. 5. Changes in film density, refractive index, and film composition 
by sputtering gas pressure. Sputtering gas composition was 50% 
nitrogen-S0% argon. 

volts (20). Sputtered materials lose their energies and di- 
rections through collisions with argon and nitrogen, and 
are finally thermalized to the average gas energy (21). Be- 
fore thermalization, the materials travel normal to the tar- 
get surface. However, after thermalization, oblique and 
horizontal incident components  are mixed in an incident 
angular distribution of sputtered materials (22). As shown 
in Fig. 4, etching rates change drastically at 1.2 Pa. At 1.2 
Pa, the thermalization distances, which the sputtered ma- 
terials travel before thermalization, are 40 and 65 mm at 
initial energies of 5 and 1000 eV, respectively (21). There- 
fore, thermalized materials are in the majority on a sub- 
strate 50 mm from the target. 

Reducing sputtered material energy results in the atten- 
uation of (i) surface mobility of deposited atoms and (it) 
re-emission of weakly bound atoms, which are in unfavor- 
able positions for achieving opt imum density (3, 11). Also, 
after thermalization, oblique and horizontal components 
increase in incident angular distribution (21, 22). Sput- 
tered materials with oblique and horizontal components 
are shadowed by irregularities on substrate and growing 
film (22, 23). Because surface mobility and re-emission 
are attenuated, the areas shadowed by the components  re- 
main, resulting in microvoid formation, as shown in Fig. 
6. Consequently, at a sputtering gas pressure higher than 
1.2 Pa, silicon nitride films with microvoids are depos- 
ited, resulting in abnormal etching rates, low resistivity, 
and low breakdown voltage. 

By decreasing sputtering gas pressure from 0.56 Pa, 
etching rate increases and film surface texture becomes 
irregular again, as seen in Fig. 4 and 6. Substrate surfaces 
are negatively self-biased against plasma in RF sputtering 
(3). The self-biased potential increases with decreasing 
pressure (3). In the magnetron sputtering system used in 
this study, the potential was nearly constant at - 8 V  for 
pressures higher than 1 Pa, but increased markedly for 
low pressure and reached -20V at 0.4 Pa. Consequently, 
at lower pressures, growing film surfaces are bombarded 
by argon and nitrogen positive ions with higher energies. 
These energetic ion bombardments enhance re-emission 
and surface diffusion of depositing atoms. However, the 
bombardments lead to surface irregularities. The irregu- 
larities on growing film promotes the self-shadowing ef- 



Vol. 131, No. 12 S I L I C O N  N I T R I D E  F I L M S  2931 

Fig. 6. Transmission electron micrographs of as-deposited and slightly etched films deposited at 0.3, 0.56, and 6.7 Pa sputtering gas pressures. 

fect. The self-shadowing effect overshadows enhanced re- 
emission and surface diffusion. Consequently, silicon 
nitride films are deposited with high etching rates and 

E 
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I--4 

c 

-*--  0.3 PQ / 
Io -4 - o -  0.56F~ ,o, ~ 

i x -  6.7 Pa ~, ~, ~ r  

ir 
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Io 

i.o 1:5 2'.o 2.5 

J-E- ( 10 3 V I/~ cm-112 ) 
Fig. 7. Current-voltage characteristics for silicon nitride films depos- 

ited at 0.3, 0.56, and 6.7 Pa. 

low refractive index. Degradation for film property de- 
posited at low pressure results from energetic argon and 
nitrogen ion bombardments.  This fact is clarified further 
by application of RF biases to the substrate through a ca- 
pacitor. The dc self-biased potential was adjusted to 
-20V. In the entire sputtering gas pressure range, the 
etching rate for films deposited under RF bias is greater 
than that for films deposited in the absence of applied 
bias. For example, silicon nitride films deposited at 0.56 

Fig. 8. Transmission electron micrograph of film deposited under RF 
bias at 0.56 Pa. 
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pressure. 

Pa under an RF bias show 5.0 nm/min, which is greater 
than 1.7 nm/min in films without bias. In addition, as 
shown in Fig. 8, the electron mierograph reveals that 
biased sputtered films are more irregular than film with- 
out bias. Growing films are bombarded by argon and ni- 
trogen ions accelerated due to dc self-biased potential, re- 
sulting in film property degradation. It was anticipated, 
on the basis of surface irregularities and the self- 
shadowing effect, that films deposited at low pressure 
and biased sputtered films exhibit poor film properties. 
For surface irregularization by energetic ion bombard- 
ments, the mechanisms assumed to be responsible are ei- 
ther nonuniform re-emission or etching by the bombard- 
ments. More work is needed to clarify this. 

Intrinsic stresses are indicated as compressive for all 
silicon nitride films. The stress decreases with increasing 
sputtering gas pressure. 

Properties of silicon nitride films deposited at 0.56 and 
6.7 Pa are summarized in Table II. 

Application to MOS device fabrication.--Figure 9 i n d i -  
c a t e s  m a s k  e f f i c i e n c y  fo r  s i l i c o n  n i t r i d e  f i l m s  d e p o s i t e d  
a t  v a r i o u s  s p u t t e r i n g  g a s  p r e s s u r e s .  T h e  m a s k  e f f i c i e n c y  
w a s  d e f i n e d  as  D/d ,  a s  s h o w n  i n  t h e  i n s e t  i n  t h e  f igure ,  
where d and D are thermally oxidized thicknesses on sili- 
con nitride and (I00) oriented silicon substrate, respec- 

Table II. Silicon nitride film properties 

0.56 Pa  6.7 Pa  

Fi lm densi ty  2.97 g/cm ~ 2.28 g/crn 3 
Refract ive index  1.97 1.82 
Fi lm composi t ion  1.42 1.15 

N/Si 
Infrared abso12~tion 840 cm- ' ,  900 cm -' ,  

peak  460 cm -1 460 cm -1 
Etch ing  rate 1.7 nm/min  200 nm/min  

(30~ BHF) 
Breakdowr~ vol tage 5.5 • 10 ~ V/crn 3.5 x 10 (~ V/cm 
Resis t iv i ty  3 • 101~ ~ .  cm 3 • 10 TM ~ . cm 

(E: 3 • 10" V/cm) 5 • 100 dyne/cm'-' 1 • 100 dyne/cm ~ 
Stress (Compressive) (Compressive) 
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Fig. 10. Auger electron spectrum peak profile for thermally oxidized 

silicon nitride films for 370 min at 1000~ in wet oxygen atmosphere. 
Film was deposited at 0.56 Pa. 

tively. Thermal oxidization was carried out for 370 rain in 
a wet oxygen atmosphere at 1000~ where D was about 1 
t~m. Mask efficiency markedly depends on sputtering gas 
pressure in the same manner, as shown in Fig. 4 and 5. 
Moreover, mask efficiency reaches a maximum at 0.56 
Pa, where high density and low etching rate films are de- 
posited. Figure i0 shows Auger depth profile after film 
oxidization, when film was deposited at 0.56 Pa. An oxy- 
gen peak is observed only at less than 25 rain etching 
time. 

Owing to high density in film deposited at 0.56 Pa, the 
film acts as an effective barrier against oxygen, as seen in 
Fig. I0. Moreover, mask efficiency is as great as 35. How- 
ever, low density films are easily oxidized, showing low 
mask efficiency (Fig. 9). 

Figure Ii shows breakdown voltage characteristics for 
gate SiO~ films 60 nm thick. The characteristic distribu- 
tion has a peak at 7.8 MV/cm and high breakdown volt- 
age. In Fig. 12, change in threshold voltage in an MOS 
transistor is shown as a function of substrate voltage. The 
calculated curve uses 3.5 • 1015 I/cm 3 acceptor-type boron 
concentration and -0.gv as work function difference be- 
tween the poly-Si electrode and the silicon substrate 
(24, 25). Threshold voltages agree with calculations. Also, 
field effect mobility in the transistor in Fig. 12 is greater 
than 700 cm~/V-s. The MOS transistor characteristics 
mean that neither oxide charge in gate SiO2 films nor 
surface state at Si-SiO2 interface are generated when 
magnetron-sputtered silicon nitride films are used. Fig- 
ures 9, II, and 12 show that silicon nitride film deposited 
under optimized condition is successfully applicable to 
MOS device fabrication without contamination and deg- 
radation in MOS device. 

Conclusions 
Silicon nitride films were deposited at 200~ by reac- 

tive sputtering of a silicon target in a nitrogen-argon mix- 
ture using an RF planar magnetron system. Films proper- 
ties, composition, etching rate, film density, stress, and 
breakdown voltage, were measured. Experiments demon- 
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Fig. 11. Breakdown voltage characteristics for gate Si02 film 60 nm thick 

strated that film properties displayed remarkable de- 
pendence on sputtering gas pressure. Under proper sput- 
tering conditions, good quality silicon nitride films with 
high density and low etching rate can be deposited. More- 
over, it was demonstrated that the silicon nitride films 
act as an efficient barrier to oxygen diffusion and are 
successfully applicable to MOS device fabrication. How- 
ever, by adjusting sputtering conditions, films with 
microvoids are deposited. The film formation mecha- 
nism was discussed on the basis of self-shadowing of de- 
posited atoms owing to irregularities on growing film 
surfaces. 
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Interaction Between Ti and SiO  

C. Y. T ing ,  M.  W i t t m e r , *  S. S. lyer , *  and S. B. Brodsky 

IBM T. J. Watson Research Center, Yorktown Heights, New York 10598 

ABSTRACT 

We have investigated the interaction between Ti and SiO~ in the temperature range of 400 ~ to about 1000~ The reac- 
tion proceeds in a layer-by-layer fashion and consists of SiO2 reduction followed by the formation of a Ti-rich silicide at 
the interface. At higher temperatures, a Ti-rich oxide is formed near the surface. The reaction starts at approximately 
400~ and the loss of SiO~ becomes significant above 500~ A strong interaction between Ti and SiO~ takes place at 
700~ and above. The thicker the SiO~, the higher resistance it has to degradation due to elevated temperature effects. 

The performance and density of today's MOS inte- 
grated circuits are further improved by scaling down the 
physical dimensions of the individual circuit elements. It 
follows from the MOS scaling laws that the miniaturiza- 
tion process reduces the length of interconnect lines by 
the scaling factor and their cross-sectional area by the 
square of that factor. Consequently, the resistance of 
polycrystalline silicon lines increases with the scaling fac- 
tor. However, the area of ohmic contacts is reduced by 
the square of the scaling factor, which results in an in- 
crease of the contact resistance by the square of that fac- 
tor. The above resistance increases give rise to excessive 
RC time constants and IR voltage drops which may offset 
the speed advantages gained by scaling the MOS technol- 
ogy to smaller feature sizes. 

Recently, refractory metals and their silicides have 
found an increased interest as means to reduce both the 
contact resistance and the high resistance of poly-Si lines 
and diffusion layers. Specifically, VLSI technology 
makes use of Ti in contact structures (1, 2) and self- 
aligned TiSi2 in both source/drain and gate areas (3, 4). If 
Ti is employed in oxide windows for ohmic contacts and 
Schottky diodes, it is likely to be in connection with the 
field oxide as well. However, any reaction between Ti 
and SiO2 during postmetal annealing at 400~176 could 
degrade the device performance. However, self-aligned 
TiSi~ over poly-Si lines and diffusion layers is formed at 
higher temperatures, around 600~176 The unreacted Ti 
over the field oxide is removed in a subsequent step. Any 
residue on the oxide as a result of the interaction of Ti 
with SiO,, during self-aligned TiSi2 formation presents a 
potential hazard to the performance of the device. There- 
fore, the Ti/SiO2 interaction has to be minimized. For this 
purpose, it is imperative to study the interaction between 
Ti and. SIO2. 

The reactions of thin films of Ti, V, and Nb with SiO~ 
substrates was first investigated by Kr~utle et al. (5). 
They found that, upon annealing a Ti film on _SiO~ at 
800~ for 2h in vacuum, a bilayer structure is formed, con- 
sisting of a surface layer of Ti with about 50% oxygen and 
a layer beneath of mostly Si and Ti in the ratio Si:Ti = 
0.62. They were unable to identify the compounds 
formed. Our goal was to study in detail the interaction be- 
tween Ti and SiO=, in order to determine its implications 
on device performance. For that purpose, we carried out 
both thin film analysis and electrical measurements  on 
MOS capacitors. The results of this paper extend very 
well those of two recent photoelectron spectroscopy stud- 
ies on low coverages of Ti and SiO,, to the case of thin 
films, as they are used in integrated circuits. 

Exper imenta l  
The Si substrates used in this work were <100> ori- 

ented and p-type doped. A 1000A thick SiO~ layer was 
grown on 10 1-1 cm Si substrates in a dry-wet-dry oxida- 
tion sequence at 1000~ with HC1 addition to the oxygen 
gas. Thinner SiO., layers up to 350)~ were grown on 2 ~2 cm 
material in dry oxygen with HC1 addition. Blanket layers 
of 1000A Ti were evaporated in a diffusion-pumped sys- 
tem from a resistively heated source. The base pressure 
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prior to evaporation was better than 2 • 10 -7 torr, and the 
evaporation rate was 10 ~/s. During evaporation, the sub- 
strates were maintained at a temperature of 150~ Tita- 
nium MOS capacitors were prepared by evaporating cir- 
cular Ti dots of 0.8 mm diam through a metal mask. 

Samples of the blanket-deposited wafer as well as of the 
MOS capacitors were subsequently annealed for various 
times at temperatures ranging from 400 ~ to about 1000~ 
in Ar. The Ar gas was purified in a hot Ti sponge filter 
prior to purging of the annealing furnace. The thin films 
were analyzed with Rutherford backscattering spectrom- 
etry (RBS) (6) and glancing angle x-ray diffractometry. 
Both leakage current and C-V measurements were used 
in the investigation of the Ti-MOS capacitors. 

Other samples of the blanket-deposited wafer were 
first annealed at temperatures between 500 ~ and 800~ 
and then stripped of the unreacted Ti in an etching solu- 
tion which attacks neither titanium silicide nor SiO2 (3). 
The thickness of the remaining SiO~ layer was then mea- 
sured with optical interferometry. Finally, SIMS analysis 
was used to determine a possible Ti diffusion into the 
SiO~. 

Results 
Thin film analysis.--A set of samples with 1000~ Ti on 

1000A SiO., was annealed for 30 rain in 100~ steps from 
400 ~ to about 1000~ The RBS spectra of these samples 
are summarized in Fig. 1. From this figure, it is clearly 
seen that the Ti signal is well separated from the Si sig- 
nal, whereas the oxygen signal is superimposed on the Si 
signal. This is due to the difference in atomic mass of 
these elements. The energies for scattering of the 4He+ 
particles from surface positions of the elements are indi- 
cated by the vertical arrows marked Ti, Si, and O. 

The spectra for the as-deposited sample and the 
samples annealed up to 600~ are practically identical and 
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Si02 annealed under various conditions. The vertical arrows mark the 
surface position of the corresponding elements. 
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represented by the solid line in Fig. 1. The oxygen and sil- 
icon signals of the SiO2 layer are displaced to energies be- 
low their corresponding surface position because of the 
energy loss of the ~He + particles in the overlaying Ti film. 
Diffusion of Ti into the SiO~ is not observed under these 
annealing conditions. Upon annealing at 700~ two 
changes in the RBS spectrum (open circles) can be dis- 
cerned. First, the height of the Ti signal has dropped and 
a second oxygen peak near the surface position of oxygen 
has appeared. This indicates that a significant amount  of 
oxygen has dissolved in the Ti film. Second, the width of 
the Ti signal has increased and the Si signal extends now 
to higher energies. This signifies that Ti and Si at the 
original Ti]SiO~ interface have reacted with each other 
and formed a mixed layer. Heat-treatments at 800~ and 
higher yield RBS spectra typical of the one represented 
by the filled triangles in Fig. 1. It is clearly seen that most 
of the oxygen from the SiO~ layer is now distributed in 
the Ti layer and that the Ti and the Si have mixed exten- 
sively. Finally, we find from Fig. 1 that within the accu- 
racy of RBS the area under  the oxygen peaks is pre- 
served, indicating that the oxygen in the Ti layer 
originates mainly from the decomposed SiO2 layer. 

Strong interactions occur between the Ti and the SiO2 
at high temperatures. This is demonstrated in Fig. 2, 
which shows the RBS spectrum of a sample annealed at 
900~ for 30 min. It is apparent fore the step in the Ti sig- 
nal at 1.7 MeV in Fig. 2 that the original SiOJTi structure 
has been transformed into a different bilayer structure. 
The uppermost  layer contains Ti and O2 in the ratio Ti:O 
= 2:3. This can be inferred from the heights of the Ti and 
O~ signals near their surface positions. In a similar fash- 
ion, we can determine the composition of the layer be- 
neath. It consists mostly of Ti and Si in the ratio of Ti:Si 
= 5:3. A thin interfacial layer of the original SiO., remains 
between the Ti-Si mixed layer and the Si substrate, as in- 
dicated in Fig. 2. The drop of the oxygen signal between 
the surface position "s" and interface position "i" indi- 
cates that the Ti-Si mixed layer Contains only a small 
amount  of oxygen. 

We used glancing angle x-ray diffraction to identify the 
compounds formed in the interaction between Ti and 
SiO2. Figure 3 shows the diffraction spectrum of a sample 
which has been annealed at 800~ for 30 rain. Most of the 
diffraction lines can be ascribed to two compounds,  TisSi3 
or TisSi4, with the exception of one line which can only be 
identified as the (121) diffraction of TisSi3. Thus, we con- 
clude from the x-ray analysis that the compound formed 
is the metal-rich silicide TisSi3. This result is in-excellent 
agreement  with the composition of the compound deter- 
mined by RBS. The result is also in good agreement with 
the atomic ratio of Si and Ti reported by Kr~utle et al. (5). 
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The broad diffraction peaks in Fig. 3 are artifacts of the 
x-ray equipment.  

We cannot identify the Ti-oxide phase from the x-ray 
spectra of Fig. 3. The number  of diffraction lines we ob- 
tained from this as well as other samples is insufficient to 
determine which of the many possible Ti-oxide com- 
pounds are formed. From RBS analysis alone one would 
speculate that Ti~O3 is the compound in question. How- 
ever, we believe that in this temperature range rutile TiO~ 
is formed in the presence of some unreacted Ti. 

MOS capacitor measurements.--The breakdown voltage 
of the Ti-MOS capacitors prepared with a 1000h thick 
Ti layer was measured before and after various heat- 
treatments. We defined the breakdown voltage as the vol- 
tage at which the leakage current surpassed 50 tzA. The 
histograms of the capacitors as a function of breakdown 
voltage for oxide thicknesses of 100, 200, and 350h are 
shown in Fig. 4. Histograms are shown before any heat- 
t reatment of the capacitors and after a max imum permis- 
sible t ime-temperature cycle that the capacitors were able 
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voltage for oxide thicknesses of 100, 200, and 350~. Distributions ore 
shown before and after a heat-treatment at 400 ~ and 500~ 
respectively. 
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to withstand: namely, 10 rain at 400~ for 100A SiO2, 4h at 
400~ for 200}~ SiO~, and 30 rain at 500~ for 350A SiO.~. 
Two features are apparent from Fig. 4. First, the width of 
the distributions is small and is not altered in a marked 
way by the annealing process. This indicates that the in- 
tegrity of the MOS structure is maintained..Second, the 
breakdown voltage is shifted to lower voltages after the 
annealing process. This points to either a thinning of the 
SiO~ layer and/or increase of the dielectric constant of 
SiO2. We could not measure the breakdown voltage for 
thicker oxide layers because the voltage was too high for 
our instrumentation. In this case, we measured only the 
leakage current. 

The leakage current of Ti-MOS capacitors with 1000~ 
thick oxide layer is stable for heat-treatments of 30 min 
up to 600~ This is shown in Fig. 5, which illustrates the 
dependence of the leakage current of a typical capacitor 
on applied bias. The small peak at 0 V is due to charging 
of the capacitor. After a heat-treatment of 30 rain at 700~ 
a pronounced increase in leakage current is observed on 
some of the capacitors. The I-V characteristic differed 
strongly from one capacitor to another upon annealing at 
700~ An example is shown in Fig. 5. It seems that the ca- 
pacitor is about to fail at that temperature. However, after 
annealing the capacitors for 30 rain at 800~ and above 
the I-V characteristics turned out to be consistent among 
the capacitors investigated. A typical example is shown in 
Fig. 5. The asymmetry of the leakage current on the polar- 
ity of the applied bias is remarkable and is indicative of a 
rectifying behavior. We believe that in this temperature 
range the Ti has completely decomposed the oxide layer, 
thereby destroying the MOS capacitor an d forming a low 
barrier Schottky diode with the Si substrate. Titanium- 
MOS capacitors prepared on 350A thick oxide layers were 
destroyed after a heat-treatment at 600~ for 30 min. 

We have also investigated the Ti-MOS capacitors with 
C-V measurements. The high frequency (1 MHz) C-V 
characteristics of capacitors with a 350A thick oxide layer 
are shown in Fig. 6. The C-V characteristics are well be- 
haved for as-deposited capacitors and capacitors which 
have been annealed for 30 min up to 500~ However, it is 
obvious from Fig. 6 that the capacitance in accumulation 
increases with increasing annealing temperature. In addi- 
tion, a reduction in flatband voltage is noticeable in Fig. 
6 upon annealing of the capacitors, in accordance with 
the increase in accumulation capacitance. Both effects 
can be explained by a thinning of the oxide layer due to 
Ti-SiO~ interaction and/or an increase of the dielectric 
constant of the SiO~. Diffusion of Ti into the SiO2 is not 
expected to increase the dielectric constant because Ti in 
SiO~ will be bound to oxygen, forming a semiconducting 
titanium oxide. Therefore, the above effects are likely to 
be due to a thinning of the oxide layer. Finally, Fig. 6 indi- 
cates that heat-treatments of 600~ and higher essentially 
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Fig. 5. Leakage current v s  bias for Ti-MOS capacitors with a 1000/~ 
thick oxide layer following heat-treatments for 30 min at various tem- 
peratures. Note the asymmetry of the I-V characteristic on the polarity of 
the applied bias. 
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short the MOS capacitors prepared with a 350~ thick ox- 
ide layer. For MOS capacitors prepared with a 1000~ thick 
SiO~, shorting occurred during heat-treatments at 700~ 

Investigations of the oxide layer.--So far, it seems that 
the electrical properties of the oxide layer beneath the ti- 
tanium silicide are not altered by the Ti-SiO~ interaction. 
The steep trailing edges of the Ti signals in the RBS spec- 
tra of Fig. 1 and 2 indicate that the silicide-oxide interface 
is sharp. In addition, a noticeable Ti diffusion into the 
SiO~ has not been observed with RBS. To further sub- 
stantiate these facts, we have investigated the properties 
of the oxide layer beneath the reaction interface in detail. 

First, we measured the thickness of the SiO~ layer after 
the interaction between Ti and SiO~. For that purpose, we 
annealed Ti films on SiO.2 at temperatures between 500 ~ 
and 800~ The unreacted Ti was then etched away (3), 
and the thickness of the remaining oxide was measured 
with optical interferometry. Table I lists the amount of 
oxide consumed by the Ti-SiO.., interaction for various an- 
nealing conditions. It is clear from Table I that the 
amount of SiO2 lost depends on both annealing tempera- 
ture and time. The amount of SiO2 lost during the 500~ 
heat-treatment corresponds to the increase of the accu- 
mulation capacitance at 500~ as shown in Fig. 6. For an- 
nealing temperatures of 700~ and above, the SiO~ surface 
acquires a metallic luster and the measurement of the loss 
of SiO., with optical interferometry became difficult. We 
tried to analyze the nature of the metallic luster with 
ESCA, but were unable to detect foreign elements within 
its resolution limit. However, a SEM investigation re- 
vealed tiny residues on the surface of the SiO~, as shown 
in the micrograph of Fig. 7. The spherically shaped resi- 
dues are about 300~ diam and cover only about 0.5% of 
the SiO2 surface. Therefore, ESCA could not detect them. 
We were not able to determine the composition of the res- 

Table I. Loss of oxide during the reaction 
between Ti and SiO2 in argon ambient 

Heat-treatment Loss of oxide 
Temperature (~ Time (rain) (~) 

500 30 55 
550 30 90 
550 60 105 
550 90 II0 
550 120 115 
600 30 150 
700 30 * 
800 30 * 

* Sample surface exhibits metallic luster. 
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Fig. 7. SEM micrograph of a Si/1000/~ SiOJ300;~ Ti sample fallowing 
a heat-treatment for 30 min at 800~ and stripping of the Ti-silicide on 
unreacted Ti. A thin Au layer has been evaporated to prevent charging 
up of the SiO2 Layer. 

idues. It is possible that they consist of a metal-rich tita- 
n ium silicide such as Ti~Si3 because they were not re- 
moved by the selective etching solution. 

The loss of SiO~ during interaction between Ti and SiO2 
is consistent with the RBS profiles of oxygen shown in 
Fig. 1 and the increase of the accumulation capacitance 
observed in Fig. 6. These facts rule out Ti diffusion into 
the SiO2. We also performed SIMS analysis of the SiO~ 
layer after stripping of the Ti-silicide to further support 
the absence of Ti diffusion. The analysis revealed that a 
possible Ti concentration in the SiO~ must  be below the 
sensitivity of SIMS for Ti (< 10 ~ cm-3). 

Finally, we have prepared A1-MOS capacitors on 1000~ 
thick SiO2 layers which had been reacted with the Ti at 
700~ for 30 rain and subsequently stripped of the silicide 
and any unreacted Ti. For comparison, we have also pre- 
pared A1-MOS capacitors on unreacted SiO2 layers. The 
thickness of the A1 dots was 7000A. The high frequency (1 
MHz) C-V characteristics of the capacitors, which are 
shown in Fig. 8, are well behaved in both cases, irrespec- 
tive of the 700~ heat-treatment. The accumulation capac- 
itance for the capacitors on reacted SiO~ is 50 pF higher 
than for those on unreacted SiO~. This corresponds to a 
reduction of the oxide thickness of about 200A, which is 
in good agreement with the observed oxide loss given in 
Table I. Thus, we are confident to rule out Ti diffusion 
into the SiO~ during the heat-treatments. 

Discussion 

It is observed in general that the interactions between 
thin films of refractory metals and plain Si substrates 
yield silicon-rich silicides. In the case of Ti films on Si, 
the formation of the monosilicide TiSi is observed around 
500~ and the disilicide TiSi~ is formed at 600~ or higher 
temperatures (7). This is in contrast to the present results 
of the interaction between Ti and SiO~. Here, a metal-rich 
silicide, Ti~Si3, is formed at the Ti-SiO~ interface. The sili- 
con needed for the silicide formation originates from 
SiO~, which is decomposed by the Ti-SiO~ interaction. 
The oxygen which is freed by this interaction is dissolved 
in the Ti and at higher temperatures reacts with the Ti to 
form an oxide layer near the surface. The oxide layer is 
metal rich and consists presumably of TiO~ and unreacted 
Ti. 

These conclusions are in basic agreement with those 
presented by Kr~utle et al. (5). However, our investigation 
of Ti-MOS capacitors revealed the onset of the Ti-SiO2 in- 
teraction at 400~ which is below the temperature for 
conventional Ti-silicide formation. Kr~iutle et al. (5) 
claimed that refractory metals react with SiO.~ at tempera- 
tures which are about 200~ higher than the temperature 
to form the corresponding silicide with Si. This discrep- 
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Fig. 8. High-frequency (1 MHz) C-V characteristics of AI-MOS capac- 
itors fabricated on etched Si/SiOJTi substrates. Two cases are shown, 
one for substrates with Ti stripped after evaporation and one for sub- 
strates with Ti stripped after reaction with SiO~ at 700~ for 30 min. 

ancy is not surprising because their methods of analysis 
were restricted to RBS and x-ray diffraction. As shown in 
Fig. 1, RBS does not detect any interaction between Ti 
and SiO~ below 600~ There is also a remarkable analogy 
between the interaction of Ti and SiO.., and that of Ti and 
Si3N4. Borisov et al. (18) reported that mixtures of Ti and 
Si3N4 powders reacted at temperatures below 1330~ to 
form TisSi3 and TiN compounds. 

It seems that the Ti-SiO_, interface is a very reactive one. 
Titanium atoms at the interface have a strong tendency to 
reduce neighboring Si-O bonds and to form new Ti-O and 
Ti-Si bonds. At this point, it is instructive to compare our 
results with the findings of two recent photoelectron 
spectroscopy investigations of the Ti/SiO~ interface (9, 10). 
It is reported that the presence of SiO~ at the Si surface 
has a significant effect on the reaction of Ti and Si, and, 
more important, that the thickness of the SiO~ determines 
the end products of the reaction. The evaporation of Ti 
onto thin layers (< 20A) of SiO~ at room temperature was 
found to break Si-O bonds and to rebond the free oxygen 
atoms to Ti atoms (10). This reactivity of the Ti is 
reflected in its excellent adhesion to insulators, in partic- 
ular SiO2 and Si3N4. The formation of silicides is not ob- 
served during evaporation of Ti onto SiO_,. Annealing at 
moderate temperatures (300~176 changes the bonding 
of the Ti from Ti-O to Ti-Si and produces a stable silicide 
phase. For thin oxide layers, the silicide is similar to that 
formed with a clean Si substrate (9, 10). 

It is the combination of both processes, the reduction of 
SiO.., and the low temperature interfacial reaction with Si, 
which mark the reliability of Schottky barriers and the 
low resistivity of ohmic contacts prepared with Ti. How- 
eve.r, the reactivity of the Ti/SiO~ interface is a disadvan- 
tage when the preservation of thin SiO2 layers is impor- 
tant. This is specially the case for gate oxides and regions 
of thinner field oxide around device oxide windows. 
Heat-treatments above 400~ cause a noticeable reduction 
of the oxide thickness, owing to the Ti-SiO2 interaction. 
The excess oxygen probably forms a solid solution with 
the unreacted Ti. As the Ti-SiO=, reaction proceeds during 
extended or higher temperature heat-treatments, the oxy- 
gen concentration in the Ti increases. When it exceeds 
the solid solubility limit, a Ti-rich oxide forms, in agree- 
ment  with the photoelectron spectroscopy results of Ti on 
thick SiO., layers (9). 

We have not found any indication of Ti diffusion into 
the SiO.2 during heat-treatments up to 800~176 The 
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photoelectron spectroscopy studies of the Ti/SiO2 inter- 
face (9, 10) were also unable  to detect diffusion of Ti be- 
yond the mixed interfacial layer amounting to a few mon- 
olayers. Thus, we conclude that the diffusivity of Ti in 
SiO~ is very low. This is also expected from the fact that 
Ti is very reactive and reduces quickly many oxide com- 
pounds. As a consequence, the interface between evapo- 
rated Ti and SiO2 is very sharp and stays relatively sharp 
during subsequent  heat-treatments up to 700~ This is 
beneficial to the application of Ti in the manufacture of 
integrated-circuit elements. 

Conclusions 
We have studied the interaction between Ti and SiO~ 

during thermal annealing in the temperature range of 400 ~ 
to about 1000~ The results show that Ti reacts in a lim- 
ited fashion with SiO2 at temperatures of 700~ and be- 
low, but strong interactions take place at higher tempera- 
tures. At high temperatures, the reaction mechanisms 
consist of the decomposition of SiO~ by the Ti metal and 
the formation of a Ti-rich silicide, Ti~Si3, at the interface 
and a Ti-rich oxide, presumably a mixture of Ti and TiO~, 
near the surface. Below 700~ the reaction results in a net 
loss of the SiO~ and exhibits a sharp interface, character- 
istic of a layer-by-layer growth process. However, we have 
not observed diffusion of Ti into the SiO~ during the in- 
teraction. 

The application of a Ti-based metallurgy to silicon de- 
vices requires special attention. The use of Ti or Ti sili- 
cides in contact structures and interconnects should be of 
no concern as long as the oxide thickness is greater than 
350~ and the post-metal heat-treatment is performed at a 
temperature not exceeding 400~176 However, in the 
case of self-aligned TiSi2, the formation temperature of 
the silicide should be kept below 700~ in order to pre- 
vent excessive Ti-SiO~ interactions. Also, the field oxide 
should have a thickness of at least 1000A. Besides these 

restrictions, which are not severe at all, there is no reason 
why the full advantage of the application of Ti or Ti- 
silicide metallurgies to device manufacturing cannot be 
taken. 

Manuscript submitted May 2, 1984; revised manuscript  
received July 12, 1984. This was Paper 77 presented at the 
Cincinnati, Ohio, Meeting of the Society, May 6-11, 1984. 
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Low Energy Proton Beam Lithography with a Thin Oxygen-Etch 
Barrier Layer 

H. Hiraoka* 

IBM Research Laboratory, San Jose, California 95193 

ABSTRACT 

Low energy protons in the several keV energy range have very limited penetration depths into polymer films. This 
limitation necessitates the use of very thin oxygen-etch barrier layers and of dry image development by oxygen reactive 
ion etching. For negative tone images, the etch-barrier layers were deposited patternwise by proton-beam-induced po- 
lymerizations of organo-metallic compounds, followed with dry image development by oxygen reactive ion etching. For 
positive tone images, the etch-barrier layers were deposited (prior to patternwise exposure to proton beams) on top of 
polymer films by plasma polymerizations o~ organ0-metallic compounds, or by evaporation or sputtering of certain 
metals. Hydrogen atoms and/or protons react with metal atoms in the etch barrier layers to yield volatile metal hydrides, 
making the exposed areas more vulnerable to oxygen reactive ion etching, and providing positive tone images after im- 
age development. Sub-keV electrons can replace low energy protons for fabrications of positive-tone polymer images. In 
these processes, almost any kind of carbonaceous polymer film can be used as the imaged material. With a bright ion 
gun available, the exposure times could be less than a second, yielding high aspect ratio and high resolution polymer 
patterns. 

Ion beam lithography does not suffer from the proxim- 
ity effect, which is one of the most serious problem of 
electron beam lithography with electron energy of 20-30 
keV (1). The very limited penetration depths of ions, how- 
ever, require high acceleration energies of ions (for exam- 
ple, 150 keV proton beams), to be useful for lithographic 
applications (2). Associated with high energy ion beams, 
there are many problems to be considered. With the use 
of very thin oxygen etch barrier layers deposited from the 
vapor phase, as in plasma polymerization or by sputtering 

*Electrochemical Society Active Member. 

or evaporation, a few keV proton beams can be utilized 
successfully to delineate high resolution positive-tone 
polymer images, as described later. 

Shallow ion implantation [gallium ion (3), indium ion 
(4), silicon ion (5)] into resist films has been reported to 
fabricate negative-tone polymer images. An organic semi- 
conductor film was used to avoid charge buildup with 
scanning indium ion (4). In all these shallow ion implanta- 
tions for reducing oxygen plasma etch rates, high doses 
of ion beams (1 • 10 '~ Si iorgcm 2) are required to obtain 
reasonably thick polymer images. In a similar way as in 
ion implantations, thin oxygen-etch barrier layers can be 
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deposited patternwise in ion-beam-induced polymeriza- 
tion onto the exposed surfaces of polymer films during 
proton-beam exposures. As opposed to the ion-implanta- 
tion method, no charge build-up problem appears and 
high sensitivity is possible. 

Experimental 
Proton-beam exposures.--Proton-beam exposures were 

carried out through a stencil mask with a cold cathode 
ion source, a 2-30 Magmiller ion gun from Commonweal th  
Scientific Company. At a typical hydrogen pressure of 4 
• 10 -5 torr, the proton-beam current density was 1.5 • 
10 -7 A/cm 2 at 4 keV, resulting in a dose of 5 x 10-4 C/cm 2 
for a 60 min exposure period. The stencil masks used are 
the same ones reported for electron-beam proximity 
printing (6). The spacings between the mask and resist 
layers are about 200/~m. 

Electron-beam exposures.--Sub-keV electron-beam ex- 
posures were carried out through a stencil mask with a 
Varian scanning Auger electron gun operating in a raster 
scan mode. With a beam current of 25 /~A, the electron 
dose was about 1 x 10 -4 C/cm 2 for an exposure period of 
60 min. 

Dry image development.--Polymer images were devel- 
oped by oxygen reactive ion etching. After proton- or 
electron-beam exposures, wafers with polymer films 
were placed in a reactive ion etching system, which was a 
parallel-plate diode system with a cathode of 12 in. diam. 
Under  typ ica lexper imenta l  conditions, images were de- 
veloped at an oxygen pressure of 0.12 torr with a power 
density of 0.34 W/cm ~- at a bias potential of -300V. Image 
development  times varied from 15 to 60 min, depending 
upon a film thickness and a kind of polymer films; 
PMMA films without oxygen etch barrier layers have an 
etch rate of 1/~m/10 min. 

Negative-Tone Polymer Patterns 
For fabrication of negative-tone images, thin oxygen- 

etch barrier layers were deposited through a stencil mask 
in ion-beam-induced polymerizations during proton- 
beam exposures on top of polymer films; images are de- 
veloped afterwards by oxygen reactive ion etching. Fig- 
ure 1 shows the process. The thickness of the deposited 
oxygen-etch barrier layers is not so critical as in the case 
for positive-tone polymer images; the thickness could be 
as thick as 1000~, but there is a lower limit of about 150A, 
as discussed below for the fabrication of positive-tone 
images. 

Many organo-silicon compounds and organo-tin com- 
pounds can be used as the etch-barrier forming materials 
as long as they have sufficient vapor pressure; for exam- 
ple, tetravinylsilane, hexamethyldisiloxane, hexamethyl- 

1. Polymer film deposition; 
cure prior to the next | 
step for polyimides: L 

disilazane, tetramethyltin. Halogenated aromatic com- 
pounds like hexafluorobenzene can also be deposited as 
an etch-barrier layer on top of PMMA films. The etch- 
barrier layers made of hexafluorobenzene deposited in 
proton-beam-induced polymerization has a graphitic 
polymer structure, based on its ESCA data, which ex- 
plains the relatively high etch resistance under our RIE 
conditions. 

The monomer  vapor inlet tube was located 12 in. away 
from the ion source, about 2 in. above the mask and 
resist/wafer assembly. Because polymer deposition on top 
of the stencil mask cannot be avoided, it is essential to re- 
move deposited polymer films from the mask surface 
after certain times of deposition; this cleaning has been 
carried out in a CFJoxygen plasma without any deteriora- 
tion of  the mask. 

A typical example of the results obtained by this 
method is shown in Fig. 2. Polyamic acid films were de- 
posited on a silicon wafer from vapors of 1,2,4,5-benzene- 
tetracarboxylic anhydride (PMDA) and of 4-aminophenyl 
ether (ODA) (7). After curing the polyamic acid films at 
250~ for 30 rain in air, the polyimide films formed were 
subjected to patternwise exposures of proton beams 
through the mask, as described earlier. During the 
proton-beam exposure, tetravinylsilane vapor was intro- 
duced through the inlet tube located above the mask- 
polyimide film assembly; the partial pressure of the 
silane was 2 • 10 -5 torr as measured at a distant location, 
and the hydrogen pressure was 3 • 10 -5 torr. The expo- 
sure period was 60 min, corresponding to 5.4 • 10 -4 C/cm ~ 
with 1.5 x 10 -7 A/cm 2 ion density. After patternwise depo- 
sition of the etch-barrier layer, the mask was removed 
from the mask-polyimide film assembly. Polymer images 
were developed by oxygen reactive ion etching: develop- 
ment  t ime was 15 min at an oxygen pressure of 0.12 torr, 
with power density of 0.34 W/cm ~ and a bias potential of 
-300V. SEM pictures of the poIyimide patterns are shown 
in Fig. 2 together with a partial image of the mask used. 
The thickness of the oxygen etch barrier layer deposited 
was 0.1 /~m. Figure 3 shows the thermal stability of the 
polyimide patterns; (a) polymer images prior to Heating, 
and (b) and (c) polyimide patterns after heat-treatment at 
450~ for 30 rain in vacuum, revealing no thermal flow of 
a half- or a quarter-micron-sized polyimide images. In a 
similar way as described for polyimide images, we have 
been successful in obtaining negative tone high resolu- 
tion and high aspect ratio polymer patterns made of 
PMMA, cresol-formaldehyde novolac resins, and poly(p- 
hydroxystyrene). 

Positive-Tone Polymer Images 
The positive tone polymer pattern fabrications consist 

of three processes: first, deposition of very thin oxygen 
etch barrier layers on top of polymer films; second, 

2. Patternwise exposures to 
H § beams in presence of 
vaporous organo-metal l ic 
compounds at pressures 
less than 5 x 10 -5 torr: 

. . . . .  

i i i 

J 
3, Image developments by 

oxygen RIE: 

I l l  
/ X 

Fig. 1. Negative-tone pattern fabrication by proton beam induced 
polymer deposition of organo-metallic compounds. 

Fig. 2. Negative-tone polyimide (PMDA-ODA) made by the process 
outlined in Fig. 1. (o): A part of a stencil mask. (b) and (c): The 
.polyimide .patterns obtained. 
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Fig. 3. Thermal stability of dry processed-polyimide patterns. (a): 
Prior to heat-treatment. (b) and (c): After heat-treatment at 450~C for 
30 min in vacuum after dry development. 

patternwise exposure of polymer films with thin etch 
barrier layers to proton beams; and third, image develop- 
ments in oxygen reactive ion etching, as shown in Fig. 4. 

Thin oxygen-etch barrier layers were deposited from 
the vapor phase on top of polymer films in plasma po- 
lymerizations of organo-metallic compounds. Another 
method used was evaporation or sputtering of certain 
metals. In either case, the control of the thickness of the 
etch barrier is extremely important. This control was real- 
ized with a quartz crystal microbalance (8). Assuming unit 
density of the etch barrier layers, the thickness must  be in 
the range of 150-250s With thinner barrier layers, the 
thinning of unexposed areas appears, yielding poor qual- 
ity polymer patterns. With thicker etch barriers, the im- 
ages cannot be developed, even after prolonged oxygen 
reactive ion etching. 

Plasma polymerized organo-metal films.--The same 
kind of organo-silicon and organo-tin compounds de- 
scribed in the preceding section have been used in 
plasma polymerization to form oxygen etch barrier lay- 
ers: tetraviny]silane, hexamethyldisilazane, hexamethyl- 
disiloxane, and tetramethyltin. A monomer  vapor was in- 
troduced into the tail end of an argon or helium glow 
discharge, and thin plasma polymerized organo-metal 
films were deposited onto polymer surfaces on silicon 
substrates located about 5 in. away from the monomer  in- 
let. The deposition was usually completed within 30-60s 
at about 0.5 torr total pressure, while the amount  of de- 
posited films was carefully monitored with a microbal- 
ance to a film thickness of 150-250~. 

Polymer films with thin oxygen-etch barrier layers 
were then exposed to 3-5 keV proton beams through a 
stencil mask with a beam dose ranging from 2 • 10-4 to 1 
• 10 -3 C/cm 2. With the present Magmiller ion gun, these 
doses corresponded to 20-80 min exposure periods. With a 

brighter ion source which is now commonly available, 
this exposure time should be less than ls. During proton 
exposures, protons and/or hydrogen atoms reacted with 
silicon or tin to yield volatile metal hydrides, as discussed 
later. 

After proton-beam exposures, faint color changes ap- 
peared in the exposed areas, but the thickness loss never 
exceeded a few hundred angstroms. Polymer images 
were then developed by oxygen reactive ion etching; RIE 
conditions were as already described. 

Typical examples of the polymer patterns obtained are 
shown in Fig. 5. Figure 5a consists of positive-tone 
polyimide patterns with plasma-polymerized thin tetra- 
vinylsilane layers as the oxygen-etch barrier. These 
polyimide films were made from vapor-deposited 
polyamic acid, as previously described. A narrow line (1.5 
t~m) was delineated completely with vertical wall profiles 
on 1.3 tLm thick polyimide film. The present technique 
successfully provides fine lines narrower than 1.5 tLm, 
with high resolution in an all dry process. 

A charge buildup trouble appeared, however, in the de- 
lineation of larger-sized patterns. It was difficult to de- 
velop the inner areas of larger images completely, and 
sometimes the images were developed in the form of a 
ring like a doughnut, as shown in Fig. 5b and 5c. Figure 
5b is a PMMA pattern with plasma-polymerized tetra- 
vinylsilane film as an oxygen etch barrier; 4 keV protnn 
beams impinged onto the silane film through the stencil 
mask used for images shown in Fig. 2a. As opposed to the 
other cases, however, island bars with vertical wall 
profiles were formed inside the developed areas. A 3 ~m 

1. Poly~mer film deposition 
by spin-coating or vapor J 
deposition: / / / / / / / / / /  

2. Very thin organo-metallic 
film deposition by plasma 
polymerization: L,,,,,J, 

3, Patternwise exposures to H + 
or low energy e~ectron beams. 

Fig. 4. Positive-tone polymer patterns fabricated by low energy pro- 
ton beams with the use of thin oxygen-etch barrier layers made of 
organo-metallic films. 

Fig. 5. Positive-tone images of polyimides (a) and (c), or PMMA (b) 
imaged by 5 keV proton-beam exposures onto polymer films with thin 
oxygen-etch barrier layers made of plasma polymerized tetravinyl- 
silane, and subsequently developed by oxygen reactive ion etching. 
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Fig. 6. Trapped charge mechanism for doughnut-shaped pattern 
formation. 

wide mask image appeared as a 5 ~m wide rectangular 
hole with a 2.3 ~m wide island bar. Figure 5c shows 
positive-tone polyimide images of a circular hole, which 
was made by impinging 4 keV proton beams onto plasma- 
polymerized tetravinylsilane film and subsequent  oxy- 
gen reactive ion etching for image developments.  The in- 
side island should not appear if there were no charge 
buildup. The height of the inside island depends upon the 
degree of charge buildup, which was in turn determined 
by proton-beam dose, proton energy, substrate tempera- 
ture, and film thickness. The 1.5 ~m wide channel deline- 
ated by polymer films was completely developed by oxy- 
gen reactive ion etching with surrounding vertical wails. 
Figure 6 illustrates schematically how these doughnut- 
shaped patterns were formed by proton charge trapped in 
the films. Although the polarity should be opposite, low 
energy electron beams of 800-1000 eV energy generated 
similar patterns from trapped electrons, as described 
below. 

Sub-keV electron beam exposures.--Low energy elec- 
tron beam lithography has been reported with focused 
scanning electron beams with an electron energy below 5 
keV (9). Either thin polymer films like PMM_A or inor- 
ganic resist films have been used; troubles associated 
with trapped low energy electrons have never been re- 
ported. In low energy scanning electron microscopy, no 
metal coatings are required because of the rapid dissipa- 
tion of impinging electrons via surfaces. However, as 
shown in Fig. 7, electrons with 5 keY energy were trapped 
more efficiently in polymer films than those of 15 or 25 
keV energies. In Fig. 7, electrons were scanned on poly- 
mer surfaces with equal doses ( -5  • 10 -~ C/cm 2) at 5, 15, 
and 25 keV. Although there were no images seen optically 
as shown in Fig. 7b, traces of scanned electrons were seen 
in SEM pictures of Fig. 7a taken with 25 keV scanning 
electrons for the same area, particularly the clear traces of 
5 keV electrons because of their trapped charge. These 
images disappeared in heating, or on standing for long 
times in air, by charge leakage via surfaces and/or 
through media. 

After PMMA films bearing thin oxygen etch barriers 
were exposed to 5 keV scanning electron beams, attempts 
were made to develop images by oxygen reactive ion 
etching. Hollow images were formed, however, in these 
conditions, as shown in Fig. 8b and 8c, indicating that the 
electron energy was deposited inside the film, but 
not very much in the etch barrier layers. With electrons of 
lower energies of 800-1000 eV, images were developed 
"from top to bottom" by oxygen reactive ion etching, as 
shown in Fig. 8a. With such a low energy as 800 eV, how- 
ever, the doughnut-shaped patterns reported in the prece- 
ding section on proton beam exposures were obtained, as 

Fig. 7. Images of trapped law energy electrons in PMMA. (a): 25 
keV SEM picture of trapped electrons. (b): Optical picture of the ex- 
act same areas of (a). 

Fig. 8. Positive-tone images of PMMA by 800 eV electron beams 
(a) or by 5 keV scanning electron beams (b) and (c). 
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shown in Fig. 9 for large area delineation. The charge 
buildup is again responsible to these images. In these 
electron-beam exposures of PMMA films, considerable 
amounts of hydrogen atoms were formed (10), and these 
hydrogen atoms are expected to react with silicon atoms 
to make the exposed areas more vulnerable to oxygen re- 
active ion etching. 

Thin metal f i lms . - -The  charge buildup problem en- 
countered in the delineation of large patterns in polymer 
films with insulating plasma polymerized organo-metal 
films could be avoided in several ways. One way is the 
use of neutralizing thermal electrons flooding polymer 
surfaces during proton-beam exposures; most ion sources 
available have a built-in neutralizer. Another way is to use 
conducting oxygen etch barrier layers, as reported here. 
High energy proton beams do not cause this charge 
buildup problem. Certain metal hydrides are well known 
for their volatility; for example, Sill4, SnH4, A1H3, Ga2H6, 
and Ge~H6. When low energy proton beams impinged 
onto thin metal films, metal films were removed by for- 
mation of metal hydrides such as Sill4 or SnH~. Preferen- 
tial removal of Si atoms or Sn atoms from organo-metal 
films have been demonstrated with ESCA, as discussed 
later. 

Thin metal films, such as aluminum, bismuth, tin, or 
other volatile hydride forming metals, were deposited by 
evaporation or by sputtering onto polymer surfaces; the 
thickness is critical and must be in the range described 
above. Subsequent processes are exactly the same as the 
ones in the preceding section. During image development 
by oxygen reactive ion etching, the metal films in unex- 
posed areas were converted to metal oxides, which were 
readily removed in a mild acidic solution. 

Fig. 9. Positive-tone images of PMMA generated by 800 eV elec- 
tron-beam exposures. The polymer films have thin oxygen-etch barrier 
layers made of plasma-deposited tetravinylsilane. 

Fig. 10. Thin bismuth films on top of PMMA were exposed to 4 keV 
proton beams through a stencil mask, followed by oxygen reactive ion 
etching for positive-tone image development. 

Figure 10 shows 5 ~m thick positive tone PMMA pat- 
terns. The images were made with thin bismuth films de- 
posited on top of the polymer films, exposed to 4 keV 
proton beams through a stencil mask, then developed by 
oxygen reactive ion etching. The bismuth oxide was dis- 
solved in a mild hydrochloric acid. Even the presence of 
thin bismuth metal films could not prevent a small 
amount of degradation of PMMA during the oxygen re- 
active ion etching, resulting in somewhat rough surfaces 
of PMMA patterns after development. The roughness ex- 
tended about a few thousand angstroms into 5 ~m thick 
polymer films. With other polymer films, such as 
polyimide or novolac resin films, this kind of surface 
degradation never took place during image development. 
The polymer patterns with 0.5 ~m wide and 5 ~m high 
vertical-wall profiles are obtained in this way without 
any charge buildup, as shown in Fig. 10. 

Hydrogen reactive ion etching li thography.--In the pre- 
ceding sections, proton beams with 3-5 keV energy have 
been used to delineate polymer images by impinging onto 
thin oxygen-etch barrier layers and making the impinged 
areas vulnerable to oxygen reactive ion etching. We do 
not know exactly how deep these protons penetrate 
through to the polymer films, although a Monte Carlo 
calculation predicted about 1000~ with 4 keV proton. 
However, our result that the etch barrier has to be less 
than 250~ to obtain developable images indicates the 
proton-penetration depth could be less than the calcu- 
lated extent (11). We also do not know that the active spe- 
cies is a proton or a neutral hydrogen atom, or both. We 
learned, however, that the etch resistance of the oxygen- 
etch barrier layers was markedly diminished once the 
barrier layers were e x p o s e d  to hydrogen reactive ion 
etching even for a short period. In our RIE conditions of 
0.15 torr and -300V bias potential, neutral hydrogen may 
play a significant role. PMMA films bearing plasma 
polymerized tetravinylsilane layers were exposed to hy- 
drogen reactive ion etching for a short period (1 rain) 
through a stencil mask, as had been done with proton 
beams, followed by image development by oxygen reac- 
tive ion etching. The resulting polymer patterns are 
shown in Fig. 11. In contrast to the images shown in Fig. 
5, no doughnut-shaped patterns are obtained in this case, 
although the same oxygen-etch barrier layer was em- 
ployed. The difference may have originated from the con- 
tribution of neutral hydrogen atoms (hydrogen pressure: 
5 • 10 -~ torr vs. 0.1 torr in RIE), or because of the differ- 
ent proton energies (4 keV vs. 0.3 keV in RIE). The very 
shallow penetration of 300 eV protons may help charge 
leakage via surfaces. The polymer patterns obtained have 
vertical wall profiles with 6 ~m high, but fine images 
could not be fabricated, probably because of the poor 
directionality of the proton beams under our RIE 
conditions. 

Discussion 
The results described in the preceding sections clearly 

demonstrate feasibility of thick submicron polymer pat- 
tern fabrications with high aspect ratios using low energy 
proton beams. The present processes depend upon the 
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Fig. 11. Positive-tone images of PMMA generated by hydrogen re- 
active ion etching. 

use of thin oxygen-etch barrier layers; the images were 
made in this thin oxygen-etch barrier layer, and oxygen 
reactive ion etching extended the thickness of patterned 
images. This mechanism for micropattern generations is 
different from the "top down" development mode for ni- 
trocellulose resist films, which is a sensitive, self- 
developing resist under  low energy argon ions beams or 
pulsed UV laser radiations (12). Our technique for micro- 
pattern generation does not depend upon the nature of 
the imaged films, as shown in the examples of PMMA 
and polyimide, but  the role of thin oxygen etch barrier 
layers is very important. The thickness of the barrier lay- 
ers is related with the penetration depth of low energy 
proton beams. The reactivity of a proton and/or a hydro- 
gen atom with a metal atom of the etch-barrier layers de- 
termines a proton dose required for image development. 

The selective removal of metal atoms from plasma poly- 
merized organo-metal films by proton beams or by hy- 
drogen reactive ion etching is shown in Fig. 12. The 
ESCA data of the plasma polymerized tetramethyltin 
films has the core level signals of Sn3D3/~ and Sn3o~/~ at 494 
and 495 eV, respectively, and the Cis core level signal at 
284 eV. After 20 min  exposure of the Plasma polymerized 
films to hydrogen RIE, the Sn3D signals diminished to 
10% of their original intensities, whereas the C~s core level 
signal intensity did not change at all, indicating the initial 
preferential removal of tin atoms. Further exposure to the 
hydrogen reactive ion etching removed the carbon signal 
along with the Sn signals; the immediate increase of the 
oxygen signal after the hydrogen RIE was caused by oxy- 
gen attachment to the exposed polymer surfaces, and a 
signal at 308 eV may arise from an inorganic substrate 
material. Similarly, silicon and other metal atoms were re- 
moved from thin oxygen-etch barrier layers by proton 
beams, leaving the exposed areas vulnerable to oxygen 
RIE. 

The penetration depth of low energy proton beams is 
limited from a few hundred angstroms to 1000~. An ex- 
tension of the Monte Carlo calculation indicates about 
1000A as the projected range of 4 keV proton beams in 
PMMA. Although the range of proton beams inside 
organo-metal films is not known, our experimental re- 
quirement  that the etch barrier thickness must  be within 
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"Ill ......... ,,.:...~%1\.,.,,....~.......,:.,~.,,..,-,,: .............. .,',.~..,.,...,<...,:.. ......... :.~ ............ ,. ~,,,..l \,,;.~,. ,_j. ~ 

I 
�9 ) , i  ........... .,:. ........... )S.=...,![..,.=,EO=.,,IrE,E.h:]?...=zn.=....';I:.., ........ A:.:..,.....:.., 

532 

Fig. 12. Removal of Sn from plasma polymerized tetramethyltin 
films by hydrogen reactive ion etching. 

C1 s 

(a) No exposure to hydrogen RIE ~I~', 
I I 

Binding Energy, eV 284 

250~ to get developable images indicates that the penetra- 
tion depth of the proton beams must  be far shallower in 
the etch-barrier layers than expected from the projected 
range in PMMA. 

After the proton-beam exposures, there are only faint 
color changes in the exposed areas, but the th inning in 
the exposed areas was so shallow that the measurement  
was very difficult, probably within 100A. The only way to 
develop images after patternwise removal of the etch- 
barrier layer by proton beams is oxygen reactive ion etch- 
ing, which does not erode unexposed areas of the oxygen- 
etch barrier. 

Summary 
Low energy proton beams in several keV energy 

ranges, which are readily available for ion milling and 
other processes, have been used successfully for the fabri- 
cation of high resolution polymer patterns in both nega- 
tive and positive tones. The proton exposures were 
carried out through a stencil mask used for the proximity 
electron printing process. Very thin oxygen etch barrier 
layers are required because of the limited penetration 
depths of proton beams. For negative-tone images, etch 
barriers are deposited in H~-beam-induced polymeriza- 
tion of organo-metal compounds. For positive-tone im- 
ages, etch barriers are deposited by plasma polymeriza- 
tion or by sputtering or evaporation of certain metals 
prior to patternwise exposures. Charge buildup, which 
appeared in large pattern delineation, can be avoided by 
the use of thin metal films as etch barriers, or possibly by 
flooding the polymer surfaces with thermal electrons. 
Images are developed by oxygen reactive ion etching, and 
almost any kind of carbonaceous polymer films can be 
used as the imaged materials. 
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Internal Gettering in Bipolar Process 
Effect on Circuit Performance and Relationship to Oxygen Precipitation Kinetics 

L. Jastrzebski,* R. Soydan, B. Goldsmith, 1 and J. T. McGinn 
RCA Laboratories, Princeton, New Jersey 08540 

ABSTRACT 

The effect of internal gettering on circuit performance has been studied for PL and linear logic bipolar circuits. The 
gettering has been introduced by controlled precipitation of oxygen in silicon wafers during processing, and its effect 
has been measured as reduction of circuit leakage current, which has been reflected in yield improvement. The effi- 
ciency of internal gettering has been found to be a strong function of the amount  of precipitated oxygen and precipi- 
tate's morphology. It has also been found that the same factors affect the mechanical strength (warpage) of silicon wa- 
fers. The best gettering and yield improvement was obtained for relatively low amounts of precipitated oxygen (about 10 
ppm), which resulted in the desired precipitate's morphology. An increase in the amount  of precipitated oxygen de- 
creased the gettering efficiency and also reduced the mechanical strength of the silicon wafers. The present work 
showed that, in addition to well-known factors, such as the interstitial oxygen concentration in virgin wafers, oxygen- 
precipitation kinetics during bipolar processing is strongly affected by other factors, such as concentration of nucleation 
centers for oxygen precipitation. They control the rate of oxygen precipitation and precipitate's morphology. Since the 
concentration of these centers is related to the crystal-growth conditions, differences in precipitation kinetics are found 
in the wafers provided by various commercial suppliers. This can lead to unusual  results. For instance, lower amounts 
of precipitated oxygen have been found in wafers with an initial oxygen concentration of 40 ppm than in wafers with 28 
or 31 ppm coming from different suppliers. We believe that our results clearly demonstrate that internal gettering after 
optimization can be used to improve circuit yield in bipolar processing lines. 

The one most important material problem associated 
with the use of silicon wafers in LSI and VLSI circuits is 
control of crystallographic defects formation, which is 
closely related to the oxygen-precipitation kinetics during 
processing (1-3). Defects present in the device active area, 
especially those decorated by heavy metals (4, 5), would 
give dark current generation sites, which could cause 
functionality failure or excessive leakage in integrated 
circuits (1). However, defects present in the bulk of a sili- 
con wafer would have a beneficial effect on circuit per- 
formance by acting as a gettering site for contamination, 
which otherwise would precipitate in the active area of 
the circuit leading to defect formation and/or decoration 
(1-3, 6-8). 

Oxygen present in silicon affects the formation of oxy- 
gen precipitates, stacking faults, dislocations, and 
thermal donors (1, 2). During the defect-generation pro- 
cess, oxygen can play a positive (dislocation pinning and 
internal gettering) or a negative (thermal donor genera- 
tion, poorer mechanical strength, and precipitates in the 
device active area) role (1). Even in the same state and at 
the same point in processing, oxygen can be both an asset 
and a liability, as in the case of SiO2 precipitates that in- 
troduce sites for internal gettering but also lower the me- 
chanical strength, resistance to warpage, of silicon wafers 
(9). 

In  order to be able to use internal gettering successfully 
on production lines, it is essential to balance the amount  
of oxygen in different states during the circuit-fabrication 
process in such a way that will simultaneously result in 
efficient internal gettering and good mechanical strength 
of the silicon wafers. This can be achieved by controlling 
the oxygen-precipitation process. 

*Electrochemical Society Active Member. 
~Present address: RCA Solid State Division, Findlay, Ohio 

45840. 

In addition to the amount  of precipitated oxygen, the 
morphology of the precipitates has the strong influence 
on the efficiency of internal gettering. Conditions exist 
under which an efficient gettering action and an excel- 
lent mechanical strength, resistance to warpage, of silicon 
wafers in the presence of a relatively low density of oxy- 
gen precipitates can be achieved (6). To obtain the desired 
density and morphology of oxygen precipitates in pro- 
cessed wafers, control of the oxygen-precipitation kinet- 
ics during bipolar processing and the relationship of ki- 
netics to the as-grown wafer characteristics become im- 
portant issues. 

It has been well documented that the oxygen- 
precipitation kinetics are controlled by the interstitial ox- 
ygen concentration in the as-grown wafers (1O). Two mod- 
els of nucleation and growth, homogeneous and 
heterogeneous (1), for oxygen precipitation have been 
proposed. The homogeneous precipitation model (ii, 12) 
assumes that the driving force for oxygen precipitation is 
oxygen supersaturation in the crystal during processing, 
which is a function of the interstitial oxygen concentra- 
tion. The homogeneous precipitation process is spontane- 
ous. If precipitation is homogeneous, it should be similar 
in different crystals with different contents of impurities 
or point defects but the same oxygen content and thermal 
history. It has been shown that the presence of carbon at 
high levels (10 '7 cm -:~) (13), and variations in the cooling 
schedule of the crystal after the crystal growth (14), affect 
oxygen precipitation kinetics during subsequent pro- 
cessing. These data indicate that the oxygen precipitation 
process can also be heterogeneous (i.e., precipitation of 
oxygen driven by oxygen supersaturation; nucleation oc- 
curs not spontaneously but around nucleation sites al- 
ready present in the crystals). Heterogeneous nucleation 
occurs during the growth of the silicon crystal or during 
the postgrowth process. In addition to foreign impurities, 
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nuclea t ion  sites can be fo rmed  by c o m p l e x e s  of  poin t  de- 
fects (15). The  format ion  of these  sites dur ing  the  crystal- 
g rowth  process  is not  wel l  unders tood  and is control led,  
usually,  on a semi-empir ica l  basis. It  wou ld  appear  that  
the  ex ten t  to wh ich  oxygen-prec ip i ta t ion  kinet ics  will  be  
h o m o g e n e o u s  or he t e rogeneous  in nature  dur ing  pro- 
cess ing  depends  on the  concen t ra t ion  of the nuc lea t ion  
sites for oxygen  prec ip i ta tes  in the  sil icon crystal  (1). 

Because of the differences in equipment and growth 
procedures used, one can expect that the concentration of 
nucleation sites in silicon wafers can. significantly differ 
in material obtained from various, commercial, silicon 
wafer suppliers. Therefore, large differences in the oxy- 
gen-precipitation kinetics could be expected in wafers 
with similar oxygen and carbon concentration coming 
from different suppliers. This work has been aimed to- 
wards providing a link between oxygen-precipitation ki- 
netics, which has been observed during bipolar device 
processing, and characteristics of virgin wafers. In addi- 
tion, the goal of this work is to present the relationships 
which exist between the density and morphology of pre- 
cipitated oxygen, and (i) the efficiency of internal get- 
tering and (ii) the mechanical strength of the silicon wafer 
during bipolar processing. 

Experimental Procedure 
(100) si l icon wafers  (3 in. diam) were  bough t  f rom five 

commerc i a l  suppliers .  The  wafers  were  p- type (boron- 
doped) 4-11 12 cm and 500 ~m + 50 ~m thick.  They  have  
b e e n  d iv ided  into n ine  categories,  accord ing  to supplier ,  
interst i t ia l  oxygen  concentra t ion,  degree  of back-s ide  
damage  (group 5), and the dens i ty  of  nuc lea t ion  centers  
(group 1). Pa ramete r s  of  d i f ferent  g roups  of  wafers  are 
compared  in Table  I. Wafers f rom each group covered  ap- 
p rox ima te ly  5 p p m  range of  oxygen  concentra t ion.  In  
mos t  instances,  two groups  of  wafers  w i th  s imilar  o x y g e n  
concent ra t ions ,  bu t  c o m i n g  from different  suppliers ,  were  
available.  In addi t ion  to interst i t ia l  o x y g e n  concen t ra t ion  
in v i rg in  wafers,  ca rbon  concen t ra t ion  and the  concentra-  
t ion of noninters t i t ia l  oxygen  have  also b e e n  de t e rmined  
(16). To s tudy  the  effect  of  carbon on the  oxygen-pre-  
c ipi ta t ion process,  the  wafers  f rom group 3 have  been  di- 
v ided  into two subgroups  conta in ing  different  carbon 
concentra t ions ,  less than  0.5 p p m  and b e t w e e n  1 and 2 
ppm.  S o m e  wafers  f rom each  group have  b e e n  exposed  to 
p reannea l ing  at 800~ for 16h in N._, prior  to p rocess ing  to 
enhance  the  prec ip i ta t ion  process.  Subsequen t ly ,  wafers  
have  been  in t roduced  into two bipolar  fabr icat ion pro- 
cesses  used  to m a k e  l inear  bipolar  logic circui ts  and F L  
circuits.  The  t ime / t empera tu re  schedules  are p resen ted  in 
Fig. 1. In  the  init ial  stage, the  processes  differ  for the  
P L  and l inear  b ipolar  c ircui ts  in the  dura t ion  of  the  
pocke t  depos i t ion  (a V2h vs. l h  at 1250~ respectively) .  
The  nex t  s ignif icant  d i f ference  be tween  these  two pro- 
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Fig. 1. Temperature/time of FL and analog processes 

cesses  takes  place after  about  10h of  h igh  t empera tu re  
p rocess ing  dur ing  base diffusion. At  this t ime,  the  l inear 
b ipolar  circuits  are exposed  to a h igher  t e m p e r a t u r e  than  
the  F L  circuits.  Also, the  P L  process  is about  5h longer  
than  the  l inear bipolar.  

The  interst i t ial  o x y g e n  and carbon  concen t ra t ion  for 
each group of  wafers  have  been  measu red  after each  h igh  
t empera tu re  step. The  a m o u n t  of o x y g e n  prec ip i ta ted  
dur ing  process ing  in each group of  wafers  has been  deter- 
m i n e d  by compar ing  the  interst i t ial  o x y g e n  concen t ra t ion  
in the  processed  b lank  wafers  (which did not  rece ive  dif- 
fusions) to the  a m o u n t  of  interst i t ia l  o x y g e n  in the  v i rg in  
wafers.  The  morpho logy  of  the oxygen  precip i ta tes  has 
b e e n  s tud ied  by Nomarsk i  mic roscopy  after Wright  etch- 
ing  of  c leaved  wafers.  It  has been  verif ied that  the  b lank  
wafers  and the wafers  wi th  circui ts  had  s imilar  defect  
morphology .  Bulk  defects  in some  of the wafers  were  also 
e x a m i n e d  us ing  TEM. 

The mechan ica l  s t reng th  of  the  wafers  has  been  deter- 
mined by measuring their bow during and after comple- 
tion of processing. Statistically, wafers from different 
groups have been exposed to identical stress forces dur- 
ing processing; therefore, one can assume that their bow 
will be a good qualitative indication of resistance to 
deformation/mechanical strength of silicon. About 3000 
wafers have been processed. 

Results 
Circui t  per formance . - -To  easily separa te  the  effect  of 

in ternal  ge t ter ing  on circui t  per formance ,  the  circui t  
types  chosen  for this s tudy  were  such that  pr in t ing  of  crit- 
ical pho to l i thograph ic  d imens ions  have  not  been  l imi ted  
by wafer  warpage.  Usua l ly  slip has been  local ized to the 
regions  at the edge  of the  si l icon wafer  wh ich  did no t  con- 
tain work ing  circuits.  It was thus  felt  that  the  ci rcui t  yield 
was not  affected by the  slip. 

Table I. Parameters of as-grown wafers 

Group a 
l 

2O 

Interstitial oxygen (ppm) Noninterstitial oxygen 

30 40 in as-grown (ppm) 

Carbon concentration 

(ppm) 

1_1 b [ I  [ None 
1-2 I ' [ ~1.5 
2-1 [.L[ None 
2-2 I [" I None 
3-1 I I I ~2 
3-2 ]_L] ~3 
4 I I I None 
5 -1~ ]-H None 
5-2 I~-[ None 

1-3.5 
1-3.5 

None 
0.3-0.6 
0.6-L0 

< 2 e 
0.3-0.8 
None 
None 

First number corresponds to supplier. 
b According to supplier 1, group 1-2 had higher precipitation rate than 1-1. 
e Two subgroups: (i) carbon less than 0.5 ppm, and (ii) carbon 1-2 ppm. 
d Group 5-1 had 3 ~rn back-side damage, group 5-2 had 10 ~m back-side damage. 
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The effectiveness of internal gettering has been mea- 
sured directly by its impact  on circuit yield. The observed 
yield increase caused by internal gettering has been 
traced directly to the improvement  of leakage current dis- 
tribution (soft junct ion leakage) in the analog bipolar cir- 
cuits. This is shown in Fig. 2, where the leakage current 
distribution for two types of wafers, internally gettered 
wafers (group 1-2 and 1-1) and wafers without intentional 
internal gettering (standard), are compared. Owing to get- 
tering action of the oxygen precipitates in the wafer inte- 
rior, impurities are removed from the device active area, 
which decreases the probability of defect formation (e.g., 
iron needles which cause emitter collector pipes) and the 
decoration of already present crystallographic defects 
(e.g., edge dislocation). As a result of the reduction of the 
density of electrically active defects, the statistical distri- 
bution of leakage current is improved. Excessive leakage 
current in the analog circuits is the major mechanism lim- 
iting yield, and, therefore, internal gettering resulted in 
yield improvement.  As a result of the improved statistical 
distribution of leakage current, variations of the yield 
from wafer to wafer in the lots of processed wafers has 
been also improved. In the I2L circuit, a relationship be- 
tween leakage current and yield is not as straightforward 
as for the analog circuit, and had to be established on a 
statistical basis. In this case, the most likely cause of cir- 
cuit performance degradation is functionality failure 
caused by excessive leakage current of individual small 
transistors. This is probably related to the presence of 
collector-emitter pipes. Figure 3 presents a relationship 
between yield (arbitrary units) and the percentage of de- 
vices in which total leakage exceeds 3.0 mA level. Al- 
though a one-to-one correlation does not exist as for the 
analog circuits, a trend can be clearly observed. 

The yield improvement  observed for various groups of 
wafers in the PL circuits and the analog circuits has been 
measured through extended periods of time, during 
which the contamination level in the processing line 
showed significant fluctuations. The yield improvement,  
which is presented in Table II, is measured by two fac- 
tors: (i) a ratio of yield loss due to an excessive leakage in 
the internally gettered vs. standard wafers (CZ wafers 
with oxygen concentration between 25-40 ppm which did 
not have any intentional internal gettering) which were 
processed at the same time (the lowest values correspond 
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Fig. 2. Leakage distribution for anolog circuits made on standard ond 
internally gettered wofers (1-1-1, ]-2). 

to the best improvement), which measures the improve- 
ment  caused by gettering for a given contamination level 
in the line, and (it) normalized yield loss, which is the ra- 
tio between observed yield loss for a given group of wa- 
fers to the lowest yield loss observed in gettered silicon 
during the time of the experiment,  and which gives a cer- 
tain base line to which the efficiency of internal gettering 
can be referred (the most efficient gettering for group 4 
has the normalized yield of one). The normalized yield 
should be used essentially as a measure of gettering effi- 
ciency, while the ratio of yield loss shows how much yield 
improvement  can be expected over the wafers which do 
not have any intentional internal gettering. This ratio.is 
also a good measurement  of contamination level in the 
line. For high level of contamination this ratio will be 
small; for a clean line, this ratio will be close to one. In or- 
der to estimate the effect of internal gettering on the yield 
of bipolar circuits, the normalized yield and the ratio of 
yield losses should both be considered since the impact 
of internal gettering on circuit performance can depend 
on the contamination level present in the processing line. 
For instance, for low levels of contamination (lot 1-1-II) 
internal gettering in wafers 1-1 have been sufficient to re- 
move defects from the active area, achieving a normalized 

Table II. Efficiency of internal gettering; yield improvement (see text) and the amount of precipitated oxygen during I~1. and analog processes 

Yield loss due to leakage 
Analog 

Preheat- Initial % Experiment Normalized to I~L Precipitated 
treatment interstitial lowest loss Normalized to oxygen 

Group Yes No oxygen (PiVIMA) % Standard observed lowest loss Analog I-'L 

X 0.46 2.7 1.12 19 19 1-1-I 30-34 X 021 1.8 20 22 

1-l-II X 30-34 0.93 1.15 

X 0.6 3.5 21 21 1-2 30-35 X 1.1 6.1 22 24 

X 1.1 2.0 2 6 2-1 22-25 X 9 10 

X 1.4 2.7 3 5 2-2 24-28 X 14 16 

X 1.4 2.5 1.46 6 11 3-1 22-26 X 3.4 11 14 

X 0.83 1.6 1.22 15 18 3-2 27-29 X 0.73 1.3 3.1 15 18 

X 0.54 1.0 1.0 10 8 4 37-42 X 1.2 2.2 23 23 

X 0.84 1.3 8 12 5-1 30-33" X 16 19 

X 1.05 1.65 1.25 13 11 
5-2 X 30-32 16 17 
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Fig. 3.12L circuit yield vs. percentage of highly leaky circuits (exceed- 
ing 3 mA). 

yield loss of 1.15, which is close to the best values ob- 
tained, although the improvement  over standards was rel- 
atively low (ratio of yield loss 0.93). When the contamina- 
tion level increased, the gettering action was not strong 
enough to remove the majority of contamination from the 
circuit area, and, therefore, the significant yield reduc- 
tion took place (normalized yield loss 2.7). A large im- 
provement  over standard product has, however, been ob- 
served in this case (ratio of yield loss: 0.46). An 
enhancement  of gettering action in these wafers due to 
preannealing (group 1-1-I) resulted in a significant in- 
crease in the yield (normalized yield loss: 1.8) and the 
larger difference vs. the standard wafers (ratio of yield 
loss: 0.31 vs. 0.46). For group 4, the best results were ob- 
tained for all contamination levels. The value 0.54 given 
for the yield loss is an average of the values obtained over 
an extended period of time when contamination level 
showed significant fluctuations, ranging from low (time 
at which 1-1-I was being processed) to high (1-1-II being 
processed). For FL circuits which have been processed 
through shorter periods of time, with all wafers encoun- 
tering similar levels of contamination, only the normal- 
ized yield loss has been given in Table II. 

It is apparent that large differences in the efficiency of 
internal gettering have been observed between the differ- 
ent groups. The similar trends in the efficiency of inter- 
nal gettering for the different groups of wafers are visible 
for PL as well as for analog circuits. The effect of 
preannealing on the efficiency of internal gettering is not 
straightforward: for group 1-1 and 3-2, a beneficial effect 
was observed, while for group 4, a detrimental effect 
occurred. It has to be pointed out that carbon tor group 
3-2 does not influence gettering efficiency. T w o  sub- 
groups of wafers, one with carbon concentration between 
1-2 ppm and other less than 0.5 ppm, showed similar get- 
tering efficiency. Also, the effect of back-side damage is 
not clear. Wafers with 10 /~m back-side damage (group 
5-2) showed slightly less efficient gettering than the same 
wafers with 3/~m back-side damage (group 5-1). As will be 
discussed later, these differences are most  likely attrib- 
uted to differences in the oxygen-precipitation kinetics 
observed in these wafers, and not to differences in get- 
tering caused by the back-side damage. 

For a given circuit type, the efficiency of internal get- 
tering is related to the density of precipitated oxygen and 
the precipitate morphology. The amount of precipitated 
oxygen during the two processes, together with the inter- 
stitial oxygen concentration in the as-grown wafers for 
different groups of wafers, is also presented in Table II. 
The gettering efficiency for analog circuits (normalized 
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Fig. 4. Normalized yield loss (see test) as a function of amount of pre- 
cipitated oxygen after completion of the analog process (wafers without 
preannealing) O: Group 1. • Group 2. A: Group 3. I1: Group 4. ,&: 
Group 5. 

yield) is plotted in Fig. 4 as a function of the amount  of 
precipitated oxygen present after processing. The most 
efficient gettering takes place around 10 ppm of precipi- 
tated oxygen (group 4). When the amount of the precipi- 
tated oxygen increases beyond this point, the efficiency 
of gettering decreases. As it will be discussed later, this 
phenomena is most likely related to the effect of precipi- 
tate's morphology on gettering action. It has to be pointed 
out that the denuded-zone depth is very similar for all 
groups of wafers. As shown on Table III, it seems that 
preannealing does not significantly alter the depth of de- 
nuded zone. The effect of preannealing on the efficiency 
of internal gettering is not straightforward. It seems that, 
for the groups 3-2 and 1-1, preannealing improves yield in 
the analog circuits, while it deteriorates yield in the wa- 
fers from group 1-2 during the analog process and groups 
3-I and 3-2 during the PL process. The deterioration of 
the yield after the preannealing was attributed to an in- 
crease of the number of defects in the denuded zone, 
which propagated through the epilayers to device active 
regions, causing functionality failures. 

The two typical types of bulk defects observed in the 
wafer's interior after completion of the analog circuits are 
shown in Fig. 5. It is quite apparent that the morphology 
of oxygen precipitates is different for these two groups. 
The wafers in which the amount of precipitated oxygen 
after processing does not exceed ii ppm (groups 2, 4, 5) 
usually have a low density of large, bulk stacking faults 
(see Fig. 5c). The wafers with the higher amount of pre- 
cipitated oxygen (groups 1 and 3) have a high density of 
small stacking faults and precipitates (see Fig. 5a). It has 
been observed that if the preannealing does not signifi- 
cantly change the concentration of precipitated oxygen in 
a wafer (groups 1 and 3-2), no change in the precipitate 
morphology will occur during preannealing (Fig. 5a and 
5b). In the wafers in which preannealing significantly in- 
creases the concentration of precipitated oxygen (all 
other groups), a significant change in precipitate mor- 
phology is apparent (Fig. 5c and 5d). Preannealing causes 
the formation of a high density of the small bulk precipi- 

Table III. Denuded zone width after analog processing (~m) 

Supplier No preheat-treatment Preheat-treated 

1-1 54 59 
1-2 54 60 
2-1 70 50 
2-2 50 60 
3-1 45 55 
3-2 50 50 
4 50 50 
5-1 54 50 
5-2 58 45 
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Fig. 5. Morphology of oxygen precipitates after completion of the pro- 
cessing for groups 4 and 3-2 (a and c, no preannealing, b and d, 
preannealed). 

tates (Fig. 5d) which are not present in the nonprean- 
nealed wafers with low amounts of precipitated oxygen 
(Fig. 5c) and are similar to those observed in pre- (Fig. 5a) 
and nonpreannealed (Fig. 5b) wafers with the higher 
amounts of precipitated oxygen. An increase of the 
amount  of precipitates and a change of their morphology 
in the preannealed wafers has detrimental effects upon 
the efficiency of internal gettering. An example  is seen in 
group 4, where the preannealing deteriorated the normal- 
ized yield loss from 1 to 2.2 while the amount  of precipi- 
tated oxygen increased from 10 to 20 ppm. The increase 
in the efficiency of internal gettering in the case of 
preannealing for groups 1-1 and 3-2 analog process should 
probably be attributed to the stronger gettering action 
(higher concentration of precipitated oxygen) during the 
initial processing steps (see below). Although the amount 
of precipitated oxygen differs slightly for the PL and the 
analog process, the morphology of precipitates for each 
group, subjected to these two processes, is similar. 

Warpage/mechanical strength.--The histogram of the 
warpage distribution in the wafers from group 1-1, 4, 3-1, 
and 3-2 after the completion of the analog processing is 
presented in Fig. 6. The best mechanical properties have 
been observed in wafers from group 4, which have the 
highest interstitial oxygen concentration in both the as- 
grown states (40 ppm) and after completion of processing 
(29 ppm). Preannealing of these wafers significantly in- 
creases the amount of precipitated oxygen, changes the 
precipitate morphology, and catastrophically decreases 
resistance to warpage (see dashed line). 

It seems that mechanical properties are different for the 
two different ranges of precipitated oxygen. When the 
amount  of precipitated oxygen is relatively low (below 
10-12 ppm), the observed variations in the mechanical 
strength between the different groups of wafers could be 
explained by the larger relative changes in the interstitial 
oxygen concentration. For about 10 ppm of precipitated 
oxygen, wafers with 29 ppm of interstitial oxygen warped 
less than wafers with 13 ppm of interstitial oxygen (com- 
pare group 4 and 3-1). It seems that for low concentrations 
of precipitated oxygen (not exceeding 10-12 ppm), a 
small change in the amount of precipitated oxygen does 
not significantly affect the mechanical strength of the sil- 
icon wafer. In the group 3-1, a change of oxygen concen- 
tration due to preannealing by about 5 ppm was not re- 
flected in a noticeable change of warpage. 

3-2 

7% 
WARPAGE (ARBITRARY UNITS ) 

Fig. 6. Histogram of warpage in the wafers from different groups after 
completion of analog process. 

For the high range, when the amount of precipitated 
oxygen exceeds 10 ppm, a small change in the amount of 
precipitated oxygen does affect the mechanical strength. 
For wafers with 12-13 ppm of interstitial oxygen, mechan- 
ical strength is reduced when the amount  of precipitated 
oxygen increases from 15 to 20 ppm (compare 3-2 and 
1-1). At the present stage, it is not clear why the small 
change in the high concentration of precipitated oxygen 
has such a dramatic effect upon warpage while the same 
change for a low concentration of precipitated oxygen has 
far less noticeable effect. It seems that for the case of the 
high amount  of precipitated oxygen, change in the inter- 
stitial oxygen concentration has less effect on mechanical 
properties than do changes in the amount  of precipitated 
oxygen. A comparison of mechanical properties of group 
1-1 (12 ppm of interstitial oxygen, 20 ppm of precipitated 
oxygen) to group 4 after preannealing (17 ppm of intersti- 
tial and 23 precipitated oxygen) shows that an improve- 
ment  in the mechanical  strength due to 5 ppm increase in 
the interstitial oxygen concentration can be totally offset 
by 3 ppm increase in the amount  of precipitated oxygen. 
These data clearly indicate that the mechanical  strength 
of silicon wafers is related to the amount of precipitated 
and interstitial oxygen, although the observed relation is 
not straightforward. 

It seems that there are two ranges of precipitated oxy- 
gen which influence mechanical strength differently dur- 
ing bipolar process. In the low range (up to 10-12 ppm of 
precipitated oxygen), changes in the amount  of precipi- 
tated oxygen do not significantly influence wafer warp- 
age. For the high range, a slight increase in the amount  of 
precipitated oxygen significantly decreases the mechani- 
cal strength. This effect is probably related to the change 
of the oxygen-precipitated morphology. For the low 
range, a significant amount  of the defects are long 
stacking faults often reaching 10 ~m in length, which do 
not seem to have a strong effect upon mechanical 
strength. In the high range, in addition to small stacking 
faults, a much higher density of oxygen precipitates re- 
sulting in small etch pits is also present. These defects 
seem to significantly deteriorate mechanical properties. 

The beneficial effect of oxygen on mechanical strength 
of silicon has been attributed usually to dislocation pin- 
ning by oxygen in the form of complexes (17, 18) or at in- 
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terstitial positions (19). However, oxygen precipitates 
which act as sources of dislocation loops were shown to 
deteriorate the mechanical strength of silicon (1). It seems 
that, for high concentrations of precipitated oxygen 
(above 11 ppm), the deteriorating mechanical properties 
correlate well with the amount  of precipitated oxygen. It 
also would appear that the extent of dislocation pinning 
is well characterized by the measure of interstitial oxy- 
gen. It has to be pointed out that the present analysis is 
simplified since it discusses only the effects of two varia- 
bles, the concentration of precipitated and interstitial ox- 
ygen, and is not able to distinguish between the effects 
which oxygen in complexes or different forms of precipi- 
tates would have on the mechanical properties. 

Precipitation kinetics.--One can expect that the differ- 
ences in the internal gettering observed for different 
groups of wafers are related to the differences in the oxy- 
gen-precipitation kinetics which took place during pro- 
cessing. Figures 7-11 present the interstitial oxygen con- 
centration measured in the processed wafers after each 
high temperature step during PL bipolar process. The re- 
duction in the interstitial oxygen concentration is plotted 
as a function of processing steps. 

Micrographs of typical defects observed in the wafer in- 
terior after initial oxidation and completion of the process 
are also included in Fig. 7-11. The samples have been 
classified by the supplier, and each plot includes wafers 
which also received preheat-treatment prior to pro- 
cessing. Figures 7-11 show two types of trends: (i) a grad- 
ual decrease in the concentration of the interstitial oxy- 
gen through practically all processing steps (groups 2, 4, 
5) or (ii) a sharp decrease in the interstitial oxygen con- 
centration during the few initial processing steps (prior to 
isolation deposition and drive). This was observed in all 
the preannealed wafers and the wafers from groups 1 and 
3. It has to be pointed out that the initial interstitial con- 
centration of oxygen in silicon wafers will not determine 
which type of precipitation kinetics will be observed dur- 
ing processing and, therefore, will not determine the total 
amount  of precipitated oxygen after completion of the 
process. The slow kinetics has been observed for all inter- 
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Fig. 8. a: Change in the interstitial oxygen concentration during PL 
processing observed in the wafers from groups 2-1 and 2-2 (2-1,2-2,  no 
preannealing; 2-1A, 2-2A, after preannealing), b, d: Precipitate mor- 
phology after initial oxidation in groups 2-1 (b) and 2-2 (d). c, e: Precipi- 
tate morphology after completion of process in groups 2-1 (c) and 2-2 
(e). 

stitial oxygen concentrations [i.e., in the wafers with the 
highest (group 4) as well as the lowest (group 2-1) concen- 
tration of the interstitial oxygen], while the rapid precipi- 

Fig. 7a: Change in the interstitial oxygen concentration during 12L pro- 
cessing observed in the wafers from groups 1-1 and I -2  (1-1, 1-2 no 
preannealing; 1-1A, 1-2A, after preannealing), b, d: Precipitates mor- 
phology after initial oxidation in groups 1-1 (b) and 1-2 (d). c, e: Precipi- 
tate morphology after completion of the process in groups 1-1 (c) and 1-2 
(e). 

Fig. 9. a: Change in the interstitial oxygen concentration during I~L 
processing observed in the wafers from groups 3-1 and 3-2 (3-1, 3-2 no 
preannealing; 3-1A, 3-2A, after preannealing), b, d: Precipitate mor- 
phology after initial oxidation in groups 3-1 (b) and 3-2 (d). c, e: Precipi- 
tate morphology after completion of process in groups 3-1 (c) and 3-2 
(e). 
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Fig. 10. a: Change in the interstitial oxygen concentration during 12L 
processing observed in the wafers from group 4 (4, no preannealing; 4A, 
after preannealing), b: Precipitate morphology after initial oxidation in 
group 4. c: Precipitate morphology after completion of processing in 
group 4. 

tation has been observed mostly in the wafers which ini- 
tially had certain trace amounts of the oxygen in a nonin- 
terstitial form (see Table I). 

The amount of oxygen precipitation which takes place 
during the analog and I2L processes for different groups 
of wafers is compared in Table II. The amount  of precipi- 
tated oxygen during these two processes is very similar, 
although the amount  of oxygen precipitated during FL 
process is slightly higher (about 2 ppm). For the wafers 
with the lowest oxygen content (groups 2-1 and 3-1), the 
difference in the amount  of precipitated oxygen during 
these two processes is the largest. 

The morphology of oxygen precipitates after the initial 
steps and completion of the process is quite different for 
different groups of wafers (Fig. 7-11). The observed differ- 
ences in morphology correspond to the differences in the 
rate of oxygen precipitation for the various groups of wa- 
fers. It seems that the slower precipitation kinetics results 
in a relatively low density of large oxygen precipitates 
and stacking faults, while the rapid precipitation process 
gives a high density of small precipitates and stacking 
faults. As has been discussed before, preannealing 
changes the oxygen precipitation kinetics from slow to 
rapid; the amount and morphology of bulk precipitates 
will also change (see groups 2, 4, 5). For wafers with rapid 
precipitation kinetics, preannealing does not have a pro- 
nounced effect on the amount and morphology of bulk 
precipitates. The morphology of the precipitates after 
completion of the process was usually similar to the mor- 
phology observed after the initial processing steps. Only 
wafers with the highest oxygen concentration (group 4) 
were an exception; their defect morphology at the begin- 
ning of the process was similar to that of groups 1 and 3, 
and to groups 2 and 5 after completion of the process. 

The amount of precipitated oxygen and precipitate 
morphology have been affected by the degree of mechani- 
cal damage present on the back of the wafers. The wafers 
with 10 ~m damage had more precipitated oxygen during 
analog process than 3 ~m damaged wafers. This indicates 
that mechanical damages accelerate the precipitation pro- 
cess in group 5. 

Fig. 1 I. a: Change in the interstitial oxygen concentration during 1"21. 
processing observed in the wafers from groups 5-1 and 5-2 (5-1, 5-2, no 
preannealing; 5-1A and 5-2A, with preanneal), b, d: Precipitate mor- 
phology after initial oxidation in groups 5-1 (b) and 5-2 (d).c, e: Precipi- 
tate morphology after completion of process in groups 5-1 (c) and 5-2 
(e). 

A comparison of the precipitates in the wafers from 
group 3 with various carbon levels did not show any sub- 
stantial differences. From this, it appears that, for the 
rapid kinetics (group 3), carbon at the level up to 2 ppm 
does not influence the oxygen-precipitation process. 

Some variations in the amount  of precipitated oxygen 
and precipitate morphology have been observed in the 
wafers belonging to the same group as well as across indi- 
vidual wafers. In the latter case, the most noticeable dif- 
ferences were in precipitation density and morphology 
between the edges and center of the wafer or a striation- 
type distribution of precipitates in the wafer. In most in- 
stances, these differences in precipitate's density were 
not related to the differences in the oxygen or carbon con- 
centrations across the wafer. Because oxygen and carbon 
concentration did not show any appreciable variations, it 
was assumed that the observed changes in the precipi- 
tate's density were caused by nonuniform distribution of 
nucleation centers for oxygen precipitation (1) in the 
wafers. 

Microcharacterization of defects.--The etching study 
provides quantitative information about the defect den- 
sity and their distribution in the wafers, but does not eval- 
uate the microscopic defect structure. To investigate dif- 
ferences in the microdefect structure in the wafers with 
slow and rapid precipitation kinetics, samples from group 
4 and group 3-2 were examined using TEM. The prelimi- 
nary results showed large differences in the microscopic 
nature of stacking faults in these two groups of wafers 
(Fig. 12). As is shown in Fig. 12a, stacking faults in the wa- 
fers from group 3-2 are usually not decorated with precip- 
itates, while those from group 4 showed more complex 
structures (Fig. 12b). The stacking faults from group 4 has 
several distinguishing characteristics: (i) the stacking 
faults appear in segmented form, (it) dislocations are ob- 
served at numerous locations along the fault, and (iii) nu- 
merous precipitates decorate the fault. 

The segmentation of the stacking fault, shown in Fig. 
12b, is a result of the formation of additional stacking 
faults along slip planes parallel to the original fault. As 
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Fig. 12. Comparison of typical defects observed by TEM in groups 3-2 (a) and group 4 (b) 

the electron beam passes through successive, closely 
spaced faults, it undergoes a phase shift of -+ 2~r/3 at each 
fault (20). If the electron beam passes through 3n stacking 
faults each resulting in the same sign of the phase shift, 
the characteristic fringe structure of the fault will be ab- 
sent. Stacking faults are bounded by partial dislocations. 
In overlapping faults, a partial dislocation will then delin- 
eate the boundary across which a phase shift will occur. A 
total phase shift of zero will occur every two dislocations 
if the signs of the shifts at the dislocations are opposite or 
every third dislocation, if the signs are the same. Both of 
these occur in Fig. 12b. 

A total of seven precipitates may be seen along the 
various segments of the stacking fault in Fig. 12b, while 
the bulk of the silicon is relatively free of such defects. 
The high density of precipitates along the fault clearly in- 
dicates that their nucleation occurred preferentially after 
the formation of the initial stacking fault. What is not 
clear is whether or not the formation of the additional 
overlapping faults and associated dislocations (those 
other than initial fault and bounding dislocation) pre- 
ceded or followed the nucleation of precipitates. The 
presence of numerous precipitates situated along the 
stacking fault indicates that the precipitation process 
took place after the stacking fault was formed. It is not 
clear at the present stage why the microstructure of the 
stacking faults in Fig. 12 differs. These differences can be 
caused by fundamental  differences in the stacking faults' 
nucleation process in the two groups of wafers or be re- 
lated to the time during processing when stacking faults 
have been generated in these two groups of wafers. Ac- 
cording to data on the oxygen precipitation, it seems that 
the stacking faults' formation process in group 4 was 

gradual, while in group 3-2 it took place abruptly during a 
few initial processing steps. 

In addition to precipitates which have formed on 
stacking faults, larger faceted precipitates (see Fig. 13) 
have been observed away from stacking faults. Microdif- 
fraction from the regions containing the faceted precipi- 
tates shows only silicon matrix spots. This suggests that 
the precipitates are either amorphous or coherent with 
the silicon matrix. Ponce et al. (21) have examined similar 
precipitates using high resolution lattice imaging tech- 
niques. Their results indicate that these precipitates are 
amorphous and the faceting is a consequence of matrix 
effects within the silicon crystal. 

Energy dispersive x-ray spectroscopy performed with a 
windowless detector showed that the precipitates formed 
outside the stacking faults contained only oxygen and sil- 
icon, when precipitates formed at the stacking faults of- 
ten have heavy metals (see Fig. 14) associated with them. 
This result indicates that the gettering of contaminations 
during internal gettering is carried out by stacking faults; 
other defects play a secondary role in the gettering 
process. 

Discussion 
Oxygen precipitation kinetics and gettering.--Sur- 

prising differences have been observed when the oxygen 
precipitation kinetics between various groups of wafers 
have been compared. Two types of precipitation kinetics 
have been observed during the bipolar processes: a slow, 
gradual decrease in the interstitial oxygen concentration 
through all processing steps (groups 2, 4, and 5), and a 
sharp, fast change during the few initial processing steps 
(prior to the isolation drive) (groups 1, 3, and all the 
preannealed wafers). 
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Fig. 13. Large-faced precipitates found away from stacking faults 

Oxygen supersaturation during processing is not the 
main factor controlling precipitation kinetics in various 
groups of wafers. For instance, group 4 with the initial ox- 
ygen concentration of 40 ppm exhibits slow precipitation 
kinetics, giving about 10 ppm of precipitated oxygen, 
while for the same process for a lower oxygen concentra- 
tions, of 28 ppm group 3-2, a faster precipitation kinetics 
resulted in 18 ppm of precipitated oxygen. Therefore, the 
specification of the oxygen content in as-grown wafers is 
not sufficient to predict the wafer behavior during pro- 
cessing. The differences for the two types of precipitation 
kinetics have been reflected in the character of the oxy- 
gen precipitate's morphology, and the amount  of precipi- 
tated oxygen; (e.g., compare wafers from group 5 and 1 
with apparently identical initial characteristics in terms of 
interstitial oxygen concentration but visible differences 
in precipitates' morphology). These differences are visible 
after the initial processing steps and are preserved 
through the entire process. 

It seems that one of the factors affecting the mechanism 
of oxygen precipitation is the amount of oxygen in nonin- 
terstitial state in the virgin wafers. The rapid kinetic oc- 
curs if oxygen is present in noninterstitial sites in the as- 
grown wafers, while slower kinetic is typical for wafers 
with interstitial oxygen. Group 3-1 and 2-1 had similar ini- 
tial oxygen concentration (24 ppm), but the amounts of 
precipitated oxygen after completion of the PL process 
were 11 and 6 ppm, respectively. Initially, the wafers from 
group 3-1 had about 2 ppm of oxygen in noninterstitial 
sites, while the wafers from group 2-1 had none. These 
data indicate that silicon crystals which have the same 
grown-in interstitial oxygen concentration can behave 
differently during processing if different growth proce- 
dures, giving different levels of noninterstitial oxygen, 
were used during the crystal-growth process. 

Preannealing seems to convert  a slow precipitation 
mechanism into a rapid mechanism, by introducing oxy- 
gen into noninterstitial state. However, preannealing does 
not significantly influence the precipitation character in 
wafers in which precipitation would have otherwise 
undergone the rapid process. Nucleation centers in these 
wafers are already provided by noninterstitial oxygen in- 
t roduced  during the crystal-growth process. In the case 
when the oxygen-precipitation process occurs rapidly, a 
carbon concentration of up to 2 ppm does not affect the 
precipitation kinetics (group 3 wafers). 

Mechanical damage on the back side of the wafers can 
influence the precipitation process, as demonstrated for 
group 5. For the slow precipitation process, mechanical 
damages slightly accelerate oxygen precipitation. 

Noticeable differences in precipitation kinetics have 
been observed for two bipolar processes which differ 
slightly in temperature but significantly in the time dura- 
tion of high temperature steps (see Fig. 1). The differ- 
ences were largest for the wafers with the lowest oxygen 
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Fig. 14. Energy dispersive spectra (EDS) taken from (a) faceted 

precipitate--notice only oxygen and silicon signal--and (b) precipitate 
found on a stacking fault. Heavy metal is clearly associated with 
precipitate. 

concentration (lowest supersaturation). The higher 
amounts of precipitates usually observed during the FL 
process than during the analog process can be explained 
by the longer processing t ime during the PL process. At 
these longer times, more oxygen was able to diffuse to the 
precipitates, thus contributing to their growth. 

Differences in the precipitation kinetics observed in the 
wafers belonging to the same group are most likely re- 
lated to the differences in the concentration of nucleation 
centers for oxygen precipitation, which were introduced 
by point defect complexes (15) during the crystal-growth 
process. 

The bulk oxygen precipitates and stacking faults gener- 
ated during the bipolar process have been used success- 
fully to reduce defect density which results in a reduction 
of leakage current and, therefore, a yield improvement  of 
bipolar circuits. The efficiency of internal gettering is not 
only dependent  on the total amount  of precipitated oxy- 
gen during processing, but is also strongly affected by the 
precipitate morphology. The most efficient gettering for 
various contamination levels in the processing line has 
been achieved by about 10 ppm of postprocessing, precip- 
itated oxygen, which formed large stacking faults. Any at- 
tempt to increase the amount  of precipitated oxygen 
above this value results in the reduction of the gettering 
efficiency. It seems that the increase in the amount of 
precipitated oxygen results always in change of defect 
morphology from low density, large, bulk stacking faults 
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and precipitates to high density, small stacking faults and 
precipitates. The preliminary TEM data indicate that the 
microstructures of these bulk defects are also quite differ- 
ent, with large stacking faults acting as good gettering 
sink for heavy metals. In addition to the adverse effect on 
the gettering efficiency, the increase in the amount  of 
precipitated oxygen seems to adversely effect the me- 
chanical strength of silicon wafers. 

It is remarkable that the best efficiency of internal get- 
tering and resistance to warpage has been observed for 
the same wafers (group 4). These wafers had the highest 
initial interstitial oxygen concentration and exhibit the 
slow oxygen-precipitation kinetics during the bipolar pro- 
cess. This resulted in about 10 ppm of the precipitated ox- 
ygen forming large, precipitate decorated stacking faults. 
It seems that this morphology and density of precipitated 
oxygen is small enough not to cause Serious degradation 
of the wafer strength but sufficiently large to provide 
efficient gettering. 

Summary 
We believe that our results clearly demonstrate that in- 

ternal gettering can be used to improve circuit yield in bi- 
polar processing lines. The oxygen-precipitation process 
has to be carefully adjusted to obtain the desirable mor- 
phology and the opt imum density of precipitates to pro- 
vide an efficient gettering action. Simultaneously, the 
amount  of oxygen in a state which results in dislocation 
pinning and ensures good mechanical strength and resis- 
tance to warpage of silicon wafers must  be achieved. 
These results can only be accomplished with a well-con- 
trolled oxygen-precipitation process. 

The present work shows that, in addition to the well- 
known factors, such as the interstitial oxygen concentra- 
tion in virgin wafers, oxygen-precipitation kinetics during 
bipolar processing is also strongly affected by an addi- 
tional factor which could be related to the concentration 
of nucleation centers. These centers are generated by the 
oxygen in noninterstitial sites or point-defect complexes 
present in virgin wafers. The concentration of these cen- 
ters is related to the crystal-growth conditions, and is dif- 
ferent in silicon from various commercial suppliers. It 
should be pointed out that the nature and formation of 
these centers is not well understood. The development of 
the more complete unders tanding will require an exten- 
sive basic study of the relationship betweenformat ion  of 
nucleation centers and the phenomena taking place dur- 
ing crystal growth. For practical application, a reproduci- 
ble and controllable precipitation rate is required, which 
implies that in addition to oxygen content the concentra- 
tion and the nature of the nucleation centers must  be pre- 
cisely controlled. In most instances, only the concentra- 
tion of interstitial oxygen, and sometimes carbon, is 
specified in commercial silicon wafers. Therefore, one 
has to realize that to achieve controllable precipitation ki- 
netics during bipolar processing the density of nucleation 
sites in silicon also has to be controlled on a reproducible 
basis by the crystal growers. Only then will processing 

engineers be able to take full advantage of the benefits of 
internal gettering in production lines. 
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Analysis and Thermodynamics of the Vapor Phase over Liquid InTe 
at 1106 - 2 K 

Raman S. Srinivasa* and Jimmie G. Edwards** 

Department of Chemistry, University of Toledo, Toledo, Ohio 43606 

ABSTRACT 

The vapor phase over InTe(1) at 1106 -+ 2 K was analyzed by an isothermal total exhaustion experiment with a 
Knudsen-cell mass spectrometer. In ~, In., +, Te +, Te~ +, InTe +, In2Te +, InTe~ +, and In~Te~ § were observed. The appearance 
potentials of In +, In~ +, Te +, InTe § In~Te +, InTe2 +, and In2Te2 ~ were 7.7, 9.6, 9.9, 8.6, 8.3, 8.2, and 7.6V, respectively, with an 
uncertainty of 6.3V. The fragment ions and their precursors were identified in three ways: (i) their appearance poten- 
tials were compared with those in the literature; (ii) the slopes of the plots of ionic intensities vs. time were compared; 
and (iii) all ions were assumed to be parents; hypothetical equilibrium constants for several vapor-phase reactions 
involving the hypothesized gaseous precursors were checked for time-dependent trends and, where possible, compared 
with literature data. From these three tests, we found that almost all of In +, In,, +, Te +, InTe +, and In~Te + came from 
In~Te(g), almost all of Te~ + came from Te.2(g), and almost all of InTe~ + and In~Te2 § came from In.,Te~(g). Thus, it was found 
that the vapor phase was composed of Te~(g), In2Te(g), and In2Te.2(g). The mass spectrometer was calibrated with inte- 
grated ion intensities and the analysis of the fragmentation processes. Partial pressures of the vapor species were de- 
rived from ionic intensities. The equilibrium constant for the reaction 

2In~Te(g) + Te2(g) = 2In.,Te2(g) 

was found to be (1.81 -+ 0.I0) x 10 -3 Pa-'. The standard enthalpy of the above reaction at 298 K was -310.9 + 0.5 kJ. 

The s tudy of  i nd ium te l lur ide  is of  in teres t  because  of 
its appl icat ion in solid-state devices:  nuc lear  radiat ion de- 
tectors  (1), pho toconduc to r s  (2), and he te ro junc t ion  de- 
vices  (3-4). K n o w l e d g e  of  the chemis t ry  and the rmody-  
namics  of  the  gas phase  over  ind ium te l lur ides  will  be 
useful  in the prepara t ion  of  such devices  by vapor-phase  
growth.  In this paper,  we repor t  our  analysis of  the  vapor  
phase  over  InTe(1) at 1106 -+ 2 K and t h e r m o d y n a m i c s  of  
the  react ion 

2In2Te(g) + Te~(g) = 2In~Te~(g) [1] 

Colin and Drowar t  (5) s tud ied  the  gas-phase equi l ibr ia  
a m o n g  ind ium te l lur ides  by mass spec t romet ry  in the  
t empera tu re  range  1093-1234 K wi th  a single K n u d s e n  cell 
and in the  range 1198-1557 K wi th  a double  cell  in a dou- 
ble oven. They obse rved  Te +, Te2 +, In +, InTe  +, In2Te +, 
InTe._, +, and In._,Te2 +. They  measu red  the appea rance  poten-  
tials of  these  ions. On the  basis of  the appea rance  poten-  
tials, they  conc luded  that  i n  their  single-cell  expe r imen t s  
In  + and Te + were  c o m p o s e d  of both  paren t  and f ragment  
ions. All o ther  ions were  paren t  ions. They  took the  vapor  
phase  over  l iquid  In2Te3 to be composed  of  In(g), Te(g), 
Te~(g), InTe(g), In~Te(g), InTe2(g), and In~Te2(g) and calcu- 
lated part ial  pressures  f rom the  ion intensit ies.  

We carr ied out  an i so thermal  total exhaus t ion  experi-  
m e n t  on InTe(1). F r o m  the  re la t ionships  b e t w e e n  ion in- 
tensi t ies  as funct ions  of  t ime  and f rom the  appearance  po- 
tentials,  we  could  ident i fy  the  f ragment  ions and their  
paren t  ions. On the  basis of  our  unde r s t and ing  of the frag- 
men ta t ion  processes  in this system, we  found  that  the  
vapor  phase  over  InTe(1) consis ts  of  Te.,(g), In2Te(g), and 
In2Te~(g) and analyzed the t h e r m o d y n a m i c s  of  the gas- 
phase  react ion [1]. 

Experimental 
InTe(s) was p repared  by heat ing  the  h igh-pur i ty  ele- 

ments  in vacuum-sea led  Vycor  tubes.  A Nuc l ide  12-90 H T  
Knudsen-ce l l  mass  spec t rome te r  was used  to analyze the  
vapor  f rom the K n u d s e n  cell. A movab le  shut ter  was used  
to focus the  molecu la r  b e a m  from the K n u d s e n  cell  into 
the  ionizat ion c h a m b e r  of  the mass  spec t rome te r  and to 
d i sc r imina te  against  backg round  gases. The  K n u d s e n  cell  
was hea ted  by radia t ion  f rom electr ical ly hea ted  tungs ten  
fi laments.  The cell  and the f i laments  were  su r rounded  
by t an ta lum radiat ion shields. The  t empe ra tu r e  of the 
sample  was measu red  wi th  a Leeds  and Nor thrup ,  disap- 
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pear ing  filament,  opt ical  py rome te r  focused on a black- 
body hole  in the  bo t tom of the  K n u d s e n  cell. 

A sample  of  9.39 --_ 0.05 m g  of InTe(s) was evapora ted  
comple te ly  at 1106 -+ 2 K, whi le  the intensi t ies  of  the  ions 
were  measu red  as func t ions  of  time. The sample  was con- 
ta ined in a graphi te  K n u d s e n  cell  whose  effect ive  orifice 
area was 1.08 -+ 0.03 ram'-'. In tens i ty  m e a s u r e m e n t s  were  
m a d e  at m/e values  of  115 (In+), 130 (Te+), 230 (In2+), 241 
(InTe+), 256 (Te.,+), 360 (In.,Te+), 371 (InTe2+), and 486 
(In._,Te2+). The e lec t ron mul t ip l ie r  gain at m/e of 202 (Hg +) 
was measu red  at r o o m  t empera tu re  before  the  evapora-  
t ion of  the  sample.  

In  separate  expe r imen t s  wi th  samples  of  InTe(s) f rom 
the  same prepara t ion  batch,  ionizat ion eff ic iency curves  
were  obta ined  for all ions whose  p recursors  or iginated 
f rom the  Knudsen  cell and for Hg +, CO2 +, and H20 +, wh ich  
were  background  ions. The  appearance  potent ia ls  of  the 
backg round  ions above  and that  of  Te., + were  used  to cali- 
brate the  vol tage axis. Weighted  least squares  analysis 
was carr ied out  to ob ta in  the  cal ibrat ion curves.  Dur ing  
the same exper iments ,  the  e lec t ron mul t ip l ie r  gains of all 
ions, inc lud ing  2~ were  measured .  

Part ial  pressures  in the K n u d s e n  cell were  related to 
ion intensi t ies  wi th  the  equa t ion  

= kT ~ I,/ 
c%~fi [2] P~ 

in which  Pi is the  partial  p ressure  of i t h  precursor ,  I j  is 
the ion  intensi ty  o f j t h  f r agment  of  i th  precursor ,  ~r~ is the 
ionizat ion cross sect ion of  i th  p recursor  leading to j t h  
f ragment ,  y~ is the  e lec t ron mul t ip l ie r  gain of  j t h  ion, fi is 
the  isotopic  fract ion of the  observed  ion, T is the  tempera-  
ture, and k is the  i n s t rumen t  t ransmiss ion  factor  

k : g - -  2 j -  

where  g is the mass  of  the sample,  M~ is the  molecu la r  
we igh t  of i th precursor ,  t is the  t ime, t '  is the  t ime  at 
wh ich  the  sample  was comple te ly  vapor ized,  A is the  area 
of  the  orifice, and W is its t ransmiss ion  probabi l i ty .  

The  a tomic  ionizat ion cross sect ions are those  of  Mann  
(6). Ionizat ion cross sect ions of  In.,, Te.,, InTe,  In2Te, and 
InTe~ were  taken  to be  0.8 t imes  the  sum of the  ionizat ion 
cross sect ions of  the atoms.  Ionizat ion cross sect ion of  
In2Te2 was taken  to be 0.8 t imes  that  of InTe.  Lack ing  de- 
pendab le  values  of  ioniza.tion cross sect ions for the  
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va r ious  f r a g m e n t a t i o n  p rocesses ,  we  a s s u m e d  t he  ioniza-  10.6 
tion cross section of the precursor to be independent of 
the subsequent fragmentation events. This assumption 
had the effect of removing the subscript j from ~r 0 in Eq. 
[2] a n d  [3]. 

The  f r a g m e n t a t i o n  p r o c e s s e s  in  th i s  s y s t e m  were  ana-  
lyzed  in  t h r e e  ways.  In  t h e  f irst  m e t h o d ,  ionic  i n t ens i t i e s  10.7 
were  p lo t t ed  as f u n c t i o n s  of  t ime,  a n d  t h e i r  s ]opes  were  
c o m p a r e d  to i den t i fy  t h o s e  ions  w i t h  a c o m m o n  precur -  
sor. In  t h e  s e c o n d  m e t h o d ,  t h e  a p p e a r a n c e  p o t e n t i a l s  of  
t he  ions  we re  ana lyzed  to f ind the  f r a g m e n t  ions  a n d  t he  
p a r e n t  ions.  In  t he  t h i r d  m e t h o d ,  we a s s u m e d  t h a t  all  ions  
we re  p a r e n t s  a n d  ion i n t ens i t i e s  were  u s e d  to ca lcu la te  
par t i a l  p r e s s u r e s  of  the  h y p o t h e t i c a l  gaseous  p r e c u r s o r s  E 10"8 
w i t h  Eq.  [2] a n d  [3]. Th i s  a s s u m p t i o n  h a d  the  ef fec t  of F~ 
r e m o v i n g  s u m m a t i o n s  over  j ,  t h e r e  b e i n g  b u t  one  ion  
f r o m  each  p recurso r .  Wi th  t h e s e  h y p o t h e t i c a l  pa r t i a l  pres-  
sures ,  e q u i l i b r i u m  c o n s t a n t s  were  ca l cu la t ed  for  t he  fol- 
l o w i n g  h y p o t h e t i c a l  r e a c t i o n s  

10-9 
In(so ln)  = In(g) [4] 

2In(g) = In.,(g) [5] 

2Te(soln)  = Te2(g) [6] 

2Te(g) = Te2(g) [7] 10.10 
3In2Te~(g) = 2In2Te(g) + 2InTe2(g) [8] 

a n d  for  r eac t ion  [1]. T he  r e a c t i o n  q u o t i e n t s  were  c h e c k e d  
for  t h e i r  t r e n d s  w i t h  t i m e  and,  w h e r e  poss ib le ,  c o m p a r e d  
w i t h  e q u i l i b r i u m  c o n s t a n t s  f r o m  t he  l i t e ra ture .  

The  s t a n d a r d  e n t h a l p y  of  the  v a p o r - p h a s e  r e a c t i o n  [1] 
was  ca lcu la ted  f rom par t i a l  p re s su res ,  t e m p e r a t u r e ,  a n d  
G i b b s  e n e r g y  f u n c t i o n s  ~b~ w i t h  the  e q u a t i o n  (8) 

AH~ K) = R T  [A~~ + In (K, • Pa)  + 11.526] 
[9] 

w h e r e  K, is the  e q u i l i b r i u m  c o n s t a n t ,  i n  u n i t s  of  P a  -~, for  
r e a c t i o n  [1], a n d  the  las t  t e r m  a c c o u n t s  for  t h e  fac t  t h a t  
t h e  s t a n d a r d  p r e s s u r e  is 1 a tm.  G i b b s  e n e r g y  f u n c t i o n s  of  
In=,Te~(g) a n d  In2Te(g) w e r e  t h o s e  of Col in  a n d  D r o w a r t  
(5), a n d  t h a t  of Te2(g) was  t a k e n  f rom H u l t g r e n  et al. (10). 

Results  

In  +, In., +, Te +, Te2 § I n T e  +, In~Te +, InTe2 +, a n d  In~Te2 + 
were  obse rved .  T h e i r  i n t e n s i t i e s  m e a s u r e d  as e l ec t ron  
c u r r e n t s  at  t he  e l ec t ron  m u l t i p l i e r  ou tpu t ,  a n d  co r r ec t ed  
for  t he  i so top ic  f rac t ion,  d u r i n g  t he  to ta l  e x h a u s t i o n  ex- 
p e r i m e n t  are s h o w n  in  Fig. 1. In  th i s  figure,  r eg ion  I cor- 
r e s p o n d s  to a p e r i o d  d u r i n g  w h i c h  t he  t e m p e r a t u r e  of  t he  
K n u d s e n  cell  was  r a i sed  s h a r p l y  to a s t eady- s t a t e  v a l u e  of  
1106 - 2 K. Reg ions  II  a n d  I I I  c o r r e s p o n d  to a p e r i o d  dur-  
ing  w h i c h  t he  K n u d s e n  cel l  was  at  c o n s t a n t  t e m p e r a t u r e .  
I n  r eg ion  II, t he  ion  i n t e n s i t i e s  va r i ed  c o n t i n u o u s l y  w i t h  
t i m e  ti l l  a p o i n t  of d i s c o n t i n u i t y  o c c u r r e d  at  75.5 -+ 0.5 
m i n  f r o m  the  b e g i n n i n g  of  hea t ing .  At  t h i s  po in t  of  dis- 
con t inu i ty ,  In  + i n t e n s i t y  d r o p p e d  by  a fac to r  of  ~15,  Te + 
i n t e n s i t y  b y  a fac to r  of  ~60,  In,,Te + i n t e n s i t y  b y  a fac to r  of  
~100, a n d  Ins + i n t e n s i t y  b y  a fac to r  of  ~15. T he  i n t ens i t i e s  
of  Te~ +, i n T e S ,  a n d  In~Te~ + d r o p p e d  b e l o w  t h e  sens i t iv i ty  
of  t he  i n s t r u m e n t .  T he  v a r i a t i o n  of ion  i n t e n s i t i e s  in  re- 
g ion  II fell in to  t h r e e  d i s t i nc t  g roups .  T he  c u r v e s  w h i c h  Ion 
r e p r e s e n t e d  t he  v a r i a t i o n  of  In  +, In._~ +, Te § I n T e  +, a n d  
In2Te § we re  paral le l ,  a n d  t h o s e  of  InTe~ § a n d  In2Te~ + were  Te§ 
paral le l .  The  c u r v e  w h i c h  r e p r e s e n t e d  the  v a r i a t i o n  of 
Te~ ~ with time was unique. In region III, In + and Te + con- Te § 
t i n u o u s l y  d e c r e a s e d  to a v a l u e  of  a b o u t  a t h o u s a n d t h  of  In~ 
the i r  m a x i m u m  in tens i t i e s .  At  this .  s tage,  t he  v a r i a t i o n  of  In.: ~ 
ion  i n t ens i t i e s  w i t h  t he  s h u t t e r  pos i t i on  s u g g e s t e d  t h a t  
t h e  gaseous  p r e c u r s o r s  were  o r ig ina t i ng  f rom t h e  radia-  InTe § 
t ion  sh ie lds  a n d  n o t  f rom t he  K n u d s e n  cell. In2 Te~ 

Tab le  I g ives  the  a p p e a r a n c e  po ten t ia l s ,  e l e c t r o n  mul t i -  InTe2~ In~Te.z + 
plier gains, and cross sections of the ions. Column 1 gives 
the list of ions observed, column 2 the appearance poten- 
tials from this work, and column 3 the appearance poten- 
tials of these ions from the literature. The literature 
values are those reported for parent ions. Column 4 gives 

�9 In + 

�9 Te + 

�9 In2Te + 
A InTe + 

10"11 
20 40 60 80 100 120 140 

TIME IMinutes} 

Fig. 1. Variation of ion intensities, measured as the electron cur- 
rents at the electron multiplier output, and corrected for the isotopic 
fractions, with time. 

t he  e l ec t ron  m u l t i p l i e r  ga ins  of  the  ions.  The  e l ec t ron  
m u l t i p l i e r  ga in  for  ~~ r e m a i n e d  c o n s t a n t  b e t w e e n  ex- 
p e r i m e n t s .  C o l u m n  5 gives  t he  ion iza t ion  cross  sec t ions  of  
t he  ions.  

I o n  i n t ens i t i e s  r ead  f rom Fig. 1 at  r egu la r  i n t e rva l s  are 
g i v e n  in  Tab le  IL C o l u m n  1 g ives  t he  t i m e s  a n d  c o l u m n s  
2-9 give the  ion  i n t ens i t i e s  of  Te~ +, Te +, In  ~, In.?, I n T e  +, 
In2Te +, InTe2 +, a n d  In..,Te~ +, respec t ive ly .  

The  i n s t r u m e n t  t r a n s m i s s i o n  fac tor  ca l cu la t ed  w i t h  Eq.  
[3] a n d  t he  a s s u m p t i o n  t h a t  all ions  were  p a r e n t s  was  9.88 
• 1 0 - "  P a  m -~ A - '  K -1. Tab le  I I I  gives t h e  h y p o t h e t i c a l  
e q u i l i b r i u m  c o n s t a n t s  for  r eac t i ons  [4]-[8] a n d  [1]. C o l u m n  
1 g ives  t he  t ime.  C o l u m n s  2 a n d  4 give t he  par t ia l  pres-  
sures  of  In(g) a n d  Te2(g), respec t ive ly .  C o l u m n s  3 a n d  5 
give t he  e q u i l i b r i u m  c o n s t a n t s  for  t he  d i m e r i z a t i o n  of  
In(g) a n d  Te(g), r espec t ive ly .  C o l u m n  6 gives  t he  equi l ib-  

Table I. Appearance potentials, electron multiplier gains, 
and ionization cross sections 

Appearance potentials (V) Ionization 
Electron cross 

This multiplier section 
work ~ Literature b gain (x 102'~/m '-') 

8.8 (5) 1.62 • 10 ~ 11.7 
8.7 -+ 0.5 (12) 

9.9 9.00 -+ 0:01 (11) 1.59 • 10 '~ 7.31 
7.7 5.8 (5) 1.82 • 105 6.74 

5.786 -+ 0.01 (11) 
9.6 5.8 (5) 1.19 x 105 10.8 

5.8 -+ O.3 (11) 
8.6 7.6 (5) 1.34 x l0 s 11.5 
8.3 7.1 (5) 1.62 • 10 ~ 16.6 
8.2 8.9 (5) 9.84 • 104 17.1 
7.6 7.2 (5) 2.80 • 105 18.4 

a Uncertainty in this work is estimated to be 0.3V. 
h Literature values given are those reported for parent ions. In Ref. 

(5), uncertainty in AP is 0.5V. 
Te~ + was used as a calibrant. 
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Table II. Ion intensities a as functions of time 

Electron current (nA) 
Time 
(min) Te~ + Te + In § In2 + InTe § In2Te ~ InTe2 § In=,Te2 + 

10 57.4 - -  - -  1 . 9 2  7.91 2.52 - -  - -  
20 12.1 65.5 108 3.53 11.6 17.6 1.31 0.716 
30 4.39 50.5 114 3.73 10.4 24.7 0.766 0.413 
40 1.86 39.3 106 3.03 7 . 8 7  21.7 0.448 0.237 
50 0.886 31.3 85.7 2 . 3 1  6 . 2 5  1 7 . 2  0.262 0.136 
60 0.464 24.2 68.5 1 . 8 1  4.84 1 3 . 1  0.156 0.078 
70 0.242 19.2 55.4 1 . 4 1  3.78 1 0 . 6  0.094 0.044 
75.5 0.172 16.2 48.4 1 . 2 6  3.35 9.04 0.069 0.032 
80 - -  0.282 2.77 0.08 - -  0.05 - -  - -  
99 - -  0.146 1.41 . . . . .  
100 - -  0.081 0.79 . . . . .  
110 - -  0.071 0.42 . . . . .  
120 - -  0.067 0.22 . . . . .  
130 - -  0.063 0.14 . . . . .  
140 - -  0.060 0.11 . . . . .  

a Ion intensities are those measured as electron currents at the 
electron multiplier output  and corrected for the isotopic fractions. 

r i u m  c o n s t a n t  for  r e a c t i o n  [8]. C o l u m n  7 g ive s  t h e  equ i l ib -  
r i u m  c o n s t a n t  fo r  r e a c t i o n  [1]. T h e  b o t t o m  t w o  r o w s  give  
the  e q u i l i b r i u m  c o n s t a n t s  f r o m  t h e  l i t e r a tu r e  a n d  t he i r  
s o u r c e .  T h e  l i t e r a t u r e  v a l u e s  o f  t h e  equ i l ib r ium"  c o n s t a n t s  
o f  r e a c t i o n s  [4] a n d  [6] are  t h e  v a p o r  p r e s s u r e s  o f  p u r e  in- 
d i u m  a n d  p u r e  t e l l u r i u m  b e c a u s e  the  s o l u t i o n  l a w s  a n d  
c o n c e n t r a t i o n s  of  t h e  s y s t e m  are  u n k n o w n .  

T h e  i n s t r u m e n t  t r a n s m i s s i o n  factor ,  k, c a l c u l a t e d  w i t h  
the  h y p o t h e s e s  t h a t  all I n  § Te  § Ine § I n T e  +, a n d  IneTe § 
c a m e  f r o m  In~Te(g), all In2Te~ § a n d  InTee  § c a m e  f r o m  
In2Tee(g), a n d  all Te~ + c a m e  f r o m  Te,,(g), w a s  1.27 • 10 -1~ 
P a  m s A - '  K -1. T h e r m o d y n a m i c s  of  r e a c t i o n  [1] d e r i v e d  
o n  t h e  b a s i s  of  t he  a b o v e  h y p o t h e s e s  are  in  T a b l e  IV.  Col 
u m n  1 g ives  t he  t ime ,  a n d  c o l u m n s  2 to  4 g ive  t h e  par t i a l  
p r e s s u r e s  o f  Tee(g), IneTe(g),  a n d  IneTe2(g), r e spec t ive ly .  
C o l u m n  5 g ives  t h e  e q u i l i b r i u m  c o n s t a n t  o f  r e a c t i o n  [1], 
a n d  c o l u m n  6 g ives  t h e  AH ~ (298 K) for  t h i s  r e a c t i o n  de- 
r ived  b y  t h e  t h i r d - l a w  m e t h o d .  T h e  a v e r a g e  AH ~ (298 K) 
w a s  -310 .9  -+ 0.5 k J .  

Discussion 
We r e a c h e d  five c o n c l u s i o n s :  (i) t h e  c h e m i c a l  s y s t e m  

w e  s t u d i e d  c a n  b e  t h o u g h t  o f  as  a s o l u t i o n  o f  t e l l u r i u m  in 
a n  i n d i u m - r i c h  l iqu id ;  (ii) t h e  v a p o r i z a t i o n  of  t h i s  l i qu id  is 
i n c o n g r u e n t ;  (iii) a l m o s t  all of  I n  § Ine § Te*, I n T e  § a n d  
IneTe  § c a m e  f r o m  a s ing le  p r e c u r s o r ,  IneTe(g);  (iv) a l m o s t  
all o f  Tee + c a m e  f r o m  Te2(g); a n d  (v) a l m o s t  all o f  I n 2 T e ;  
a n d  InTe. ,  + c a m e  f r o m  a c o m m o n  p r e c u r s o r ,  In=,Te_,(g). 

T h e  s t a n d a r d  e n t h a ] p y  o f  r e a c t i o n  [1] at 298 K f r o m  th i s  
w o r k  is  -310 .9  -+ 0.5 kJ .  T h e  u n c e r t a i n t y  in  o u r  da ta  is t he  
s t a n d a r d  d e v i a t i o n  o f  t h e  m e a n .  T h e  overa l l  u n c e r t a i n t y  is 
e s t i m a t e d  to be  less  t h a n  10 kJ .  F r o m  t h e  r e s u l t s  o f  Col in  
a n d  D r o w a r t ,  w e  c a l c u l a t e d  - 2 9 8  -+ 33 k J  fo r  t h e  s a m e  
reac t ion .  

T h e  v a r i a t i o n  o f  ionic  i n t e n s i t i e s  w i t h  t i m e  in  Fig.  1 for  
t h e  t h r e e  g r o u p s  o f  i ons  w e r e  d i f f e ren t  a n d  i n d i c a t e d  t ha t  
t h e  v a p o r - p h a s e  c o m p o s i t i o n  w a s  c h a n g i n g  d u r i n g  ev ap o -  
ra t ion .  H e n c e ,  t h e  v a p o r i z a t i o n  w a s  i n c o n g r u e n t .  I n  a two-  
c o m p o n e n t  s y s t e m  w i t h  a c h a n g i n g  v a p o r  c o m p o s i t i o n ,  
t h e r e  s h o u l d  b e  b u t  o n e  c o n d e n s e d  p h a s e .  We t o o k  th i s  
p h a s e  to be  a s o l u t i o n  of  t e l l u r i u m  in  a n  i n d i u m - r i c h  liq- 
u id .  D u r i n g  t h e  v a p o r i z a t i o n  o f  s u c h  a l iqu id ,  t h e  ac t iv i ty  
o f  t e l l u r i u m  s h o u l d  be  d e c r e a s i n g ,  w h i l e  t h e  ac t iv i ty  o f  in- 
d i u m  s h o u l d  be  i n c r e a s i n g .  We o b s e r v e d  t h a t  t h e  in ten-  
s i ty  o f  Te2 § w a s  fa l l ing  m o r e  r a p i d l y  t h a n  t h o s e  o f  t he  in- 
d i u m  c o n t a i n i n g  i o n s  a n d  of  Te  § T h e  s l o w  d e c r e a s e  in  t h e  
i n t e n s i t i e s  o f  i n d i u m  c o n t a i n i n g  ions  w a s  a t t r i b u t e d  to t h e  
d e c r e a s i n g  s u r f a c e  a r ea  of  t h e  s amp le .  

T h e  t h r e e  g r o u p s  o f  c u r v e s  in t he  p lo t s  o f  ion ic  in ten-  
s i ty  vs. t i m e  i n d i c a t e d  t h a t  t h e r e  w e r e  t h r e e  m o l e c u l a r  
p r e c u r s o r s  in t h i s  s y s t e m .  E a c h  p r e c u r s o r  g ives  r i se  to 
o n e  g r o u p  o f  ions .  T h e  c u r v e s  fo r  I n  § Ine § Te  § I n T e  +, a n d  
IneTe  § w e r e  para l le l  a n d  i n d i c a t e d  t h a t  t h e s e  i o n s  h a d  a 
c o m m o n  p r e c u r s o r .  T h i s  c o m m o n  p r e c u r s o r  c a n  b e  
t h o u g h t  o f  as  a s p e c i e s  p r e s e n t  in  t h e  g a s e o u s  p h a s e  or  
t h e  c o n d e n s e d  p h a s e .  I f  t he  p r e c u r s o r  w e r e  to  be  p r e s e n t  
in  t he  g a s e o u s  p h a s e ,  a n d  if w e  a s s u m e  t h a t  w e  o b s e r v e d  
all p a r e n t  ions ,  t h e n  IneTe(g)  w o u l d  b e  t h e  c o m m o n  pre-  
c u r s o r  o f  I n  § In2 § Te  § I n T e  § a n d  IneTe +. I f  t h e  p r e c u r s o r  
w e r e  to b e  p r e s e n t  in  t h e  c o n d e n s e d  p h a s e ,  t h e n  th i s  pre-  
c u r s o r  d u r i n g  v a p o r i z a t i o n  s h o u l d  p r o d u c e  In(g) ,  In2(g), 
Te(g), InTe(g) ,  a n d  In._,Te(g), a n d  these ,  in  t u r n ,  s h o u l d  
p r o d u c e  t h e  c o r r e s p o n d i n g  ions .  We r u l e d  o u t  t h i s  poss i -  
b i l i ty  b y  t e s t s  d e s c r i b e d  la ter  in  t h i s  sec t ion .  

T h e  c u r v e s  for  InaTee § a n d  InTe2 § w e r e  para l le l  a n d  in- 
d i c a t e d  t h a t  In._,Te.e(g) w o u l d  b e  the  c o m m o n  p r e c u r s o r .  
T h e  c u r v e  for  Te., + w a s  u n i q u e  a n d  i n d i c a t e d  t h a t  Te~(g) 
w o u l d  be  i ts  p r e c u r s o r .  

A p p e a r a n c e  p o t e n t i a l s  p r o v i d e d  a d d i t i o n a l  s u p p o r t  to  
t h e  h y p o t h e s i s  of  t h r e e  g a s e o u s  p r e c u r s o r s  o v e r  InTe(1). 
T h e  a p p e a r a n c e  p o t e n t i a l  o f  In2Tee § a g r e e d  w i t h  t h a t  in  
t h e  l i t e r a tu r e  for  t h e  p a r e n t  ion,  w i t h i n  t h e  u n c e r t a i n t y  
l imi ts .  T h e  a p p e a r a n c e  p o t e n t i a l  o f  InTee  + w a s  l o w e r  t h a n  
t h a t  in  t h e  l i t e ra tu re ,  b u t  h i g h e r  t h a n  t h e  a p p e a r a n c e  po-  
t en t i a l  o f  In2Te., § T h e  a p p e a r a n c e  p o t e n t i a l  o f  I n  +, In., § 
Te  § I n T e  § a n d  In.eTe § w e r e  h i g h e r  t h a n  t h e  o n e s  in t h e  lit- 
e r a t u r e  for  p a r e n t  ions .  T h e  a p p e a r a n c e  p o t e n t i a l s  of  In~ +, 

Table Ill. Hypothetical equilibrium constants and literature values 

Time (min) K J P a  KJPa ' KJPa  KT/ Pa-'  KJPa K,/Pa-'  

20 9.62 • 10-' 3.24 x 10 -2 6.98 • 10 -2 1.84 • 10 ~' 9.94 • 10' 6.76 • 10 -a 
30 1.02 • 10 o 3.04 x 10 -2 2.53 x 10 -e 1.12 • 10-' 3.45 x 102 3.16 • 10 -a 
40 9.44 • 10-' 2.89 • 10 -2 1.07 • 10-'-' 7.86 • 10 -2 4.85 • 102 3.17 x 10 -a 
50 7.63 • 10 ' 3.36 • 10 -2 5.11 • 10 -3 5.91 • 10 -2 5.50 • 102 3.48 • 10 -:3 
60 6.10 x 10-' 4.14 x 10 -2 2.68 • 10 -a 5.15 • 10 2 5.98 x 102 3.76 • 10 -a 
70 4.94 • 10-' 4.92 x 10 -2 1.40 x 10 -a 4.27 • 10 -2 7.96 x 10'-' 3.49 • 10 -a 
75.5 4.31 x 10-' 5.76 • 10 2 9.92 • 10 -4 4.08 • 10 -2 8.09 • 10 z 3.61 • 10 -a 
Literature 1.51 • 10-' 3.06 • 10 -~ 2.00 x 104 2.73 x 10 ̀) - -  - -  

value 
Refi (10) (13) (10) (10) - -  - -  

Table IV. Thermodynamics of reaction [1] 

Partial pressure (Pa) 

Time (min) Tee(g) In2Te(g) In._,Te2(g) K, • Pa hH~ K)/kJ 

20 8.97 x 10 "-' 1.04 • 10 ~ 1.24 x 10 -a 1.58 • 10 -a -309.8 
30 3.25 • 10 z 1.06 • 10" 7.23 • 10 -a 1.43 • 10 -:1 -308.9 
40 1.38 • 10 -e 8.89 • 10-' 4.21 x 10 -a 1_63 • 10 -a -310.1 
50 6.57 • 10 -a 7.11 • 10 -2 2.46 • 10 -a 1.82 • 10 -a -311.1 
60 3.44 • 10 a 5.59 • 10-' 1.45 • 10 -a 1.96 x 10 a -3118  
70 1.79 • 10-:' 4.49 • 10-' 8.68 • 10 -4 2.09 • 10 -a -312.4 
75.5 1.27 • 10-:' 3.90 • 10-' 6.36 x 10 -4 2.09 • 10 -a -312.4 
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Te § and InTe ~ were higher than that of In~Te + and indica- 
ted that these three ions could be the fragments of In~Te% 
The appearance potential of In  + was lower than that of 
In~Te § and indicated that a part of In + came from a differ- 
ent source. 

The various gaseous species inside the Knudsen  cell 
should be at equilibrium. The equilibrium constants for 
vapor-phase reactions should be independent  of the time 
at which the partial pressures were measured, and the 
values should be comparable to literature data. The reac- 
tion quotients of reactions [5], [7], and [8] failed these 
tests. The reaction quotients for the incongruent  vapori- 
zation of indium and tellurium from the homogenous 
condensed phase showed variations with time because of 
variations in their activities and sample surface area. The 
partial pressure of In(g) over liquid InTe was about seven 
times that over pure indium and showed that the major 
source of In + was fragmentation processes. The partial 
pressure of We2 + at its maximum value was lower than 
that over pure tellurium, as expected. The equilibrium 
constant for the dimerization of indium showed varia- 
tions with time, and its value was higher than the litera- 
ture value by four orders of magnitude. The dimerization 
constant for Te(g) showed large variations with time. 
Large variations in the equilibrium constant for reaction 
[8] showed that such an equil ibrium did not exist in the 
Knudsen  cell. The hypothetical equilibrium constant for 
reaction [1] remained constant. These tests with reaction 
quotients provided additional support in the identifica- 
tion of fragment ions and the ruling out of the possibility 
that all ions are parents and the precursor is the con- 
densed phase. The fact that the reaction quotient of reac- 
tion [1] remained constant, (1.81 +- 0.10) • 10 -8 Pa -1, in 
spite of large variations in the partial pressures of Te~(g), 
In..,Te(g), and In~Te~(g) confirmed conclusions (iii)-(v) 
above. 
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Process Modeling of n-Type Doping in Gallium Arsenide 
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California 90024 

ABSTRACT 

Empirical models have been developed for predicting the carrier distributions after ion implantation and annealing 
process steps used in GaAs device fabrication. The present models predict the carrier distributions for n-type GaAs 
using Si and Se as the dopants. The simulation is done by using the atomic profile and activation efficiency models de- 
veloped in this study. These models are based on SIMS and measured carrier concentration profile studies reported in 
the literature. The model for atomic distribution provides a gaussian profile for Si and a joined half-gaussian one for Se 
using the projected range and standard deviation parameters obtained from SIMS studies. The effect of radiation en- 
hanced diffusion is taken into account. Impuri ty diffusion during annealing for temperatures up to 920~ for Si and 
1000~ for Se is neglected. Volumetric concentration has been properly chosen as a canonical parameter for obtaining 
activation efficiency. The universal activation efficiency plots for each dopant species give percentage activation effi- 
ciency as a function of atomic concentration (cm-3) at different annealing temperatures. 

GaAs is rapidly emerging as an important alternative 
material in high speed digital and microwave monolithic 
integrated-circuit applications (1, 2). The rapidly improv- 
ing technology of GaAs FET's is making a major impact 
on a wide range of microwave power and digital circuits. 
Direct ion implantation into bulk-grown semi-insulating 
GaAs with or without an epitaxially grown buffer layer 
has become a mainstream technology for GaAs FET fab- 
rication. The characteristics of GaAs devices strongly de- 
pend on the carrier concentration profile which results 
from ion implantation and subsequent  annealing. There- 
fore, a model for predicting carrier concentration profiles 
is needed to facilitate the processing of GaAs devices. 
Most of the experimental work using Cr-doped HB mate- 

*Electrochemical Society Active Member. 

rial reported so far does not give consistent results in the 
low doping range. This is because of the strong depen- 
dence of the doping on the initial Cr content in the sub- 
strate material (3). Moreover, the experimental data avail- 
able in the literature are not systematic enough for the 
purpose of constructing a theoretical model. The decision 
was, therefore, made to develop empirical models based 
on the available experimental data. These models will 
give a first-order estimate of the carrier concentration 
profile and will serve the needs for all practical purposes. 

In GaAs device processing, ion implantation is nor- 
mally used to dope the channel, and the source and drain 
regions of MESFET's where n-type dopants such as sili- 
con (group IV) and selenium (group VI) have been most 
extensively used. Owing to the limited availability of ex- 
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perimental  data for other species, this study models Si 
and Se impurities only. 

Approach 
The basic approach taken for modeling the ion implan- 

tation and annealing steps of GaAs device processing for 
obtaining the carrier distribution is to generate the impu- 
rity atomic profile first. Then the activation efficiency 
plots as a function of atomic concentration (N) are con- 
structed, as it has been widely found that activation effi- 
ciency is a function of N, the volumetric concentration 
(cm-3), rather than the integrated quantity, fluence. 
Other important process variables that will be considered 
are categorized as follows: (i) ion-implantation variables: 
energy (E), fluence (~), and implantation temperature 
(Ti); (ii) thermal annealing variables: capped or controlled 
atmospheric  technique (CAT), annealing temperature  
(T~); type of substrate materials used: Cr-doped HB, 
VPE, LEC, LPE. 

It has been assumed that the electrical activation effi- 
ciency (~) is a function of impurity atomic concentration 
(cm -~) and not of any other implantation variables such 
as ion energy and fluence separately. The volumetric 
concentration thus becomes a canonical parameter for 
computing ~. Activation efficiency (~?) is defined as the 
fraction of implanted impurity atoms, which shows elec- 
trical activation, i.e., the ratio of carrier concentration n 
(cm-~) to atomic concentration N (cm-3). 

Development of Basic Empirical Models 
Model for atomic profile.~According to the LSS 

theory, the atomic impurity profile for an amorphous 
GaAs substrate is gaussian (49). Its parameters, i.e., proj- 
ected range (Rp) and standard deviation (hRp), are only a 
function of energy of the implanted impurity. However, 
in practice, these parameters can be a function of other 
implantation variables such as implantation temperature. 
Owing to the complicated functional dependence of these 
parameters on the implantation conditions, the experi- 
mental data from secondary ion mass spectrometry 
(SIMS) studies rather than theoretical values were used to 
obtain the distribution parameters for calculating atomic 
distributions of Si and Se impurities. 

Silicon atomic profile.--The dependence of Rp and hRp 
on implant energy (E) for Si obtained from SIMS studies 
(4-8) has been found to be independent  of substrate mate- 
rial, implant temperature up to 400~ and annealing pro- 
cedures with temperatures up to 920~ for 20 rain. These 
parameters are tabulated in Tables I and II and plotted as 
a function of implant energy in Fig. 1. The relationships 
between R,, ARp, and E are fitted with empirical mathe- 
matical formulas, which in turn are used to generate 
atomic profiles. The least squares spline fit of cubic 
polynomials obtained in different ranges of energy gives 
the relationships of Rp and hRp with E. The atomic profile 

Table I. Projected range (/~m) at different implant energies 
(keV) taken from different studies 

Ref. 
Energy (keV) (7) (5) (6) 

40 0.0396 
50 
60 0.0691 

100 
120 0.1216 
150 
200 0.1807 
25O 
280 0.2587 
3OO 
400 0.3945 
500 0.5272 
600 0.6560 
7O0 0.7477 
800 0.8308 
900 0.9000 

1000 0.9743 
1200 1.0972 

0.040 0.0485 

0.088 

0.140 0.1464 
0.1778 
0.2202 

0.280 0.2836 
0.375 0.3871 

0.5203 

Table II. Projected standard deviation (/~m) at different 
implant energies (keV) taken from different studies 

Res 
Energy (keV) (7) (5) (6) 

40 0.0218 
50 0.026 0.0277 

60 0.0442 
100 
120 0.06422 
150 
200 0.1000 
250 
280 0.1202 
3OO 
4OO 
5OO 
600 0.1747 
700 0.1863 
800 0.1901 
9O0 0.1954 

1000 0.2000 
1200 0.2220 

0.0680 

0.0490 

0.0709 
0.0869 
0.1052 

0.1180 0.1253 
0.1330 0.1321 

0.1652 

is assumed to be gaussian for E < 700 keV and a joined 
half-gaussian or Pearson's distribution for E > 700 keV 
based on the results of SIMS study (7). 

Selenium atomic profile.--After reviewing the SIMS re- 
sults for Se implants, the following conclusions were 
arrived at: (i) atomic profile is independent  of substrate 
material type, annealing methods used, and annealing 
temperature up to 1000~ for a period of 15 min (9-11), (ii) 
diffusion length (~/Dt) during implantation is a complex 
function of implant energy, fluence, and temperature due 
to radiation-enhanced diffusion (9-13), and (iii) use of a 
joined half-gaussian distribution rather than a normal 
gaussian better approximates the deeper side of the as- 
implanted profile (14). 

Based on the above-mentioned facts, the following pro- 
cedure has been adopted for modeling the atomic distri- 
bution. A two-dimensional diffusion equation can be 
solved using a finite element method. By knowing the 
implant time (t) and using a half-gaussian distribution (49) 
as the initial condition, the diffusion coefficient (D) can 
be obtained. However, if the product Dt is small, the re- 
sulting profile due to radiation-enhanced diffusion can 
be approximated simply by another joined half-gaussian 
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Fig. 1. Projected range (Rp) and standard deviation (ARe) as a func- 
tion of energy from LSS theory and the empirical fit of experimental 
(SIMS) data from Ref. (5-7). 
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having a lower peak as given by Eq. [1]. Therefore, the 
diffusion length (x/D0 may be calculated from the peak of 
the as-implanted profile (Nmax) by using Eq. [2]. 

and 

(x - R,) = 
N(x) = [2~(ARp2 + 2Dt)]'=' exp 2(ARp 2 + 2Dr) [1] 

l i  I ( ;] D t = - ~ -  ~ ~ - ARp [2] 

In Eq. [2], the description of the broadening of the distri- 
bution function using diffusion length ~/Dt (cm) is valid 
because it is found to be almost independent  of implant 
t ime with a given fluence (10). 

In addition to the available SIMS data, published car- 
rier concentration profile results (28, 34, 35, 37, 53) were 
used to obtain Dt for the range of implant energy in 
which SIMS data are lacking. In the latter case, only car- 
rier profiles having peak carrier concentration between 
2E17 and 3E17 cm -3 obtained from high purity epitaxial 
samples were utilized. In this doping range, the effect of 
thermal conversion, if any, is very small. Furthermore, 
the activation efficiency in this doping range is indepen- 
dent of the annealing temperature and is known to be ap- 
proximately 94%-97%. Thus, the atomic distributions can 
be obtained directly from the measured carrier profiles. 
This approach appears to provide correct Dt as a function 
of energy for those cases in which the corresponding 
SIMS data are not available. 

The data from the SIMS and carrier concentration stud- 
ies done at T~ _>_ 150~ are used to evaluate Dt data and the 
results are plotted in Fig. 2. Based on our procedure of 
using the peak of the diffused profile, Dt is found to be 
independent  of fluence but increases as E increases. The 
atomic profile can then be generated from the factor 
(AR, ~ + 2Dt) "2, knowing the peak value and assuming that 
the profile remains half-gaussian after diffusion. This 
procedure has led to a program step for obtaining the as- 
implanted Se atomic profile. 

Model for  electrical activation efficiency.--Activation 
efficiency (V) can be obtained if both the carrier and 
atomic concentration profiles are available. Most of the 
work published to date provides only the carrier profiles. 
However, in such cases the atomic profile of Si and Se 
can be generated for the work that reported only carrier 
profiles using the procedure to be described in the subse- 
quent  section. The carrier concentration data used in this 
study were taken from the results of either C(V) measure- 
ments or a series of etching and Hall measurements:  

In principle, ~ should be obtained as a function of N for 
the entire range of the distribution. Owing to the steep na- 
ture of the gaussian profile, an accurate alignment of the 
peaks of atomic and carrier profiles is essential for cor- 
rectly obtaining ~ in the tail portion of the distribution, 
where a small shift of the gaussian peak position can re- 
sult in a large difference in ~. It is difficult to determine 
the actual peak position of the carrier profile accurately 
because its apparent peak position may not be the true 
one. This difficulty in determining the peak position may 
be due to the thermal conversion of the substrate, error in 
measurements,  or smearing of the peak that can be 
caused by decreasing activation near the peak concentra- 
tion regions. Additionally, the thermal conversion can af- 
fect the carrier concentration profile markedly in the 
lower concentration regions. In order to avoid any sig- 
nificant error caused by the above-mentioned sources, 
only one data point per carrier profile corresponding to 
the max imum carrier concentrat ion (nm~• used and 
the ~ was calculated as the ratio of n,,,~x to Nmax. 

Some experimental  studies which reported only the 
conductivity measurements of the implanted samples 
were also utilized in our study. In such cases, sheet car- 
rier concentration (N~) cm -2 was obtained from the mea- 
sured conductivity (~) and sheet mobility (#~) of the im- 
planted samples from (~r, = q#sNs). The effective electrical 
activation efficiency (~)  obtained as the ratio of N~ to 
the implant  fluence has been plotted against the peak 
atomic concentrat ion (N.,a,). However, ~ obtained this 
way is lower than the true T~ because of the steep nature 
of the gaussian profile (15). The problem of evaluating 
the appropriate correction for each v~ data point is 
nontrivial. These uncorrected data points were, there- 
fore, used for providing some simple guidelines in the 
regions where volumetr ic  activation data are not availa- 
ble. These data points have been shown moved up with 
arrows in Fig. 3 and 4. 

In order to obtain the activation efficiency, only repro- 
ducible data were used. These data were obtained from 
the work including the use of various substrate materials 
(VPE, LEC, Cr-doped HB). No distinction was made for 
using different annealing methods, i.e., Si3N4 or A1N cap- 
ping, or controlled atmospheric technique. 

Silicon activation eff iciency.--The activation efficiency 
of Si impurity was found to be independent  of implant 
temperature (12, 17) and therefore the data for low and 
high implant temperatures were both used together. Sim- 
ilarly, annealing t ime and annealing method (capped or 
CAT) for Si implantat ion (43, 54) were not considered as 
variables. The resulting activation data were compiled 
and plotted in Fig. 3, on which the points with an up- 
arrow distinguish the values of V~ from ~ according to the 
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Fig. 2. Plot of diffusion len9th square (Dt)  vs. fluence (4) of Se in 
GaAs as a function of implant energy obtained from atomic and car- 
rier profile studies. Numbers within parentheses are the implant en- 
ergy (keV). 

1 2 5  ' ' ' '1 ' ' ' 4 1  ' ' L= I  ' ' ' LI ' ' ~ ' 

o - -  - 90o ~ c 
[3 -- -- 85O ~ c 

5 ~ ~ 10075 - , ~ , ~ %  A ......... 800"c  

< ...~-~-;-~_ 
ae 

01016 1017 10  TM 10  l s  1 0 2 0  1021 

A T O M I C  C O N C .  N ( c m  - 3 )  

Fig. 3. Universal activation plots for Si impurity in GaAs annealing 
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Fig. 4. Universal activation plots for Se impurity in GaAs annealed 
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N = (30); B, E = (31); F = (32); G, Q = (36); H, J, R, P,, U, X, Z = 
(12); I = (21, 41); K, O, Y = (38); M = (26); T = (53); V = (11); i 
= (34); e = (35); g = (39); h = (17). Low activation for K, Y, O is 
due to low annealing time used. 

different calculating procedures described in the previous 
section. A 100% activation in the low doping concentra- 
tion region is not obtained from Cr-doped HB material. 
The scattering of the data in the low doping region (N < 
3 z 10 '7 cm -3) is indicative of possible doping compensa- 
tion or thermal conversion arising from the redistribution 
of Cr or Mn. For high purity VPE material, another study 
(5) shows an actual 100% activation in the low doping con- 
centration. As the doping level increases beyond 1E17 
cm-:~, ~? decreases, probably because of the combined ef- 
fect of defects generated, amphoteric property of doping, 
and the solid solubility limitations. 

The activation efficiency, v, of St, in general, appears 
to be independent  of annealing temperature, TA, in the 
low doping region (N ~< 3 • 10 '7 cm-3). However, V be- 
comes increasingly dependent  on annealing temperature 
and time as the implant dose increases, i.e., as the im- 
planted region approaches the amorphous phase. Analyt- 
ical expression was used to fit these empirical data be- 
tween V and N for different TA used. 

Selenium activation efficiency.=The ~ of Se was found 
to depend markedly on implant temperature (12, 13, 
16-22). The data for all implant temperature greater than 
150~ were used together because of insufficient number 
of data points available for each temperature and because 
of the small dependence of V on T~ in the temperature re- 
gion. The annealing method and time (19) were not con- 
sidered as variables. The activation data were plotted in 
Fig. 4 similar to the Si case. Again, some scattering of 
data for N < 3 • 10 ~7 cm -3 is indicative of thermal conver- 
sion of the Cr-doped material used. In this doping level, 
decreases for similar reasons as for the Si case (22). The 
of Se is again independent  of TA in the low doping region 
(N ~< 3 x 10 ~ cm-3). However, ~? becomes increasingly 
dependent  on TA as N increases. A higher activation effi- 
ciency is generally observed fo~ Se as compared to the Si 
case for the same doping level. This increase in V for Se 
may be attributed to the lack of amphoteric behavior of 
Se impurity. Solid solubility at different temperatures is 
used to limit the maximum value of the calculated carrier 
concentration when exceeded. The data of solid solubility 
used are the average from the two studies (24, 36), being 
7.75E18 and 1.64E19 (cm -3) for 900 ~ and 950~ respec- 
tively. For 850~ annealing, the value is 2.56E18 cm -:~ 
from another study (24). 

The least squares spline fit of cubic polynominals was 
used as for the Si case to represent the relationship of 
and N for different TA. 

G e n e r a t i o n  of C a r r i e r  D is t r ibut ion  

A c o m p u t e r  p rog ram was deve loped fo r  generat ing the 
carrier profiles resulting from Si or Se impurity implan- 
tation. The details follow. 

Silicon carrier distribution.--The program generates an 
atomic profile using Eq. [1] when an implant energy (E) 
and a fluence (~) are given. In Eq. [1], D = 0 is assumed, 
while R, and hRp are calculated for a given E from the em- 
pirical equation discussed in the "Silicon atomic profile" 
section. By using the activation efficiency vs. N relation- 
ship described in the "Silicon activation efficiency" sec- 
tion, the carrier concentration n (cm -3) as a function of 
depth (/~m) can be computed. An example is illustrated in 
Fig. 5. 

Selenium carrier distribution.--The as-implanted 
atomic profile is assumed half-gaussian (see the "Sele- 
nium atomic profile" section) and its m ax im um  value 
calculated by knowing the factor (AR, 2 + 2Dt) ~ The Dt 
can be obtained from Fig. 2, in which a linear interpola- 
tion between the available experimental  data point is ap- 
plied. The Rp and hRp are obtained from the LSS theory 
(49). Since the diffusion of Se impurity during annealing 
is negligible, the as-implanted profile is identical to the 
final impurity profile. By knowing ~7 as a function of N 
(see the "Selenium activation efficiency" section), the re- 
sulting carrier distribution can be calculated as a function 
of depth. 

App l icab i l i t y  of  the  Present  M o d e l s  

In order to achieve a good activation and reproducibil- 
ity of the doping process, the substrate material used in 
the direct ion-implantation step should meet  certain re- 
quirements. Different qualification criteria of the sub- 
strate material have been employed from time to time 
(26, 27). 

The present process model should only be applied to 
the qualified substrate material in the following range of 
the process variables: (i) annealing method: cap (Si3N4, 
A1N), CA, ACCA having PATH3 ~ 3 torr; (it) annealing 
tempera ture  used: < 920~ for Si and < 1000~ for Se; 
(iii) annealing time: 10-30 rain; (iv) implant  temperature:  
->- 150~ for Se impurity. 

The model  is a simplified one, owing to the complex 
nature of the problem and lack of enough data for the 
large number  of process variables. If the above conditions 
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are not met by the process variables, the present  model  
has to be modified. 

Conclusion 
Empirical  models  have been developed for simulating 

the implantat ion and annealing steps used for doping 
GaAs with Si and Se. The model ing efforts in the present  
research has led to the recognit ion of important  process 
variables which affect the atomic distr ibution and the ac- 
t ivation efficiency of the implanted  impurities.  The first- 
order effect of radiat ion-enhanced diffusion for Se has 
been modeled.  The diffusion effect due to high annealing 
temperatures  normally employed can be neglected. The 
compilat ion of the activation data has led to the establish- 
ment  of universal  plots  for each dopant  which are differ- 
ent  for each anneal ing temperature .  

The empirical  models  can be updated  from t ime to t ime 
with the availabili ty of more exper imental  data. The 
deeper  side of the profile will be better  approximated  by 
using Pearson's  dis tr ibut ion as more exper imental  SIMS 
data become available. Other more exact  formulat ion of 
radiat ion-enhanced diffusion and the diffusion of impu- 
rity during annealing can be incorporated in the future. 
The effect of other process variables, i.e., annealing time, 
detailed effect of  the ambient  used for annealing can be 
modeled in future. 

In  essence, the present  s tudy will serve as a foundation 
for future development  of more realistic and comprehen- 
sive process models. 
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Boltzmann-Matano Analysis of Boron Profiles in Silicon 
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ABSTRACT 

Boltzmann-Matano analysis of the boron profiles in silicon diffused from the boron-excess BN film was carried out, 
and the boron diffusivity was obtained as a function of the local concentration. Boron diffusivity in silicon can be de- 
scribed by the diffusion model, which considers both effects of the charged monovacancy-impurity interaction and the 
internal electric field. The prefactors in the simplified expressions of xj, Q, and R~ as a function of the surface concen- 
tration normalized to the intrinsic carrier concentration at the diffusion temperature were obtained by the numerical 
analysis of the diffusion equation, including the concentration-dependent diffusivity. 

A general theory of impurity diffusion in silicon was 
proposed by Hu and Schmidt (i). They formulated the 
concentration dependent diffusivity involving both ef- 
fects of the impurity-vacancy interaction and the internal 
electric field. The arsenic diffusivity reported by Fair and 
Tsai (2) is in good agreement with the theoretical predic- 
tion, and the arsenic profiles are coincident with the ap- 
proximate solution of diffusion equation with the concen- 
tration-dependent diffusivity. 

For the case of boron, Fair summarized ,the diffusivity 
data obtained from BN disk and B203 box source diffu- 
sions and concluded that the boron diffusion was domi- 
nated only by the interaction of charged monovacancy 
and boron ion, without the electric field effect (3). How- 
ever, the effect of internal electric field is clearly ap- 
parent in the diffusivity data by Matsumoto et al., who 
employed boron-doped oxide as the diffusion source (4). 
It seems that the diffusivity data reported are not yet suf- 
ficient to discuss the mechanism of boron diffusion in 
silicon. 

Boron-excess BN film deposited on a silicon surface 
and encapsulated with thin SijN4 film acts as a boron- 
diffusion source. The surface concentration is kept con- 
stant during the diffusion heat-treatment and can be con- 
trolled in the high concentration from 2 x i0 ~s cm -3 to the 
solid solubility as a function of deposition temperature of 
the BN film (5). It has also been confirmed that silicon 
boride is not formed at the interface of silicon and BN 
film (6). By using the boron-excess BN film as a diffu- 
sion source, Boltzmann-Matano technique (7) can be em- 
ployed for the analysis of boron profile over a wide range 
of the surface concentration. 

This paper describes the boron diffusivity as a function 
of the boron concentration. The prefactors in the simpli- 
fied expressions of x~, Q, and Rs of boron-diffused layer 
in silicon will be discussed. 

Experimental 
Substrates used in the experiment  were mirror-fin- 

ished n-type silicon having a resistivity of 4-5 ~-cm and 
(100) orientation. The boron-excess BN films as the bo- 
ron source were deposited on the silicon wafers by use of 
the experimental  apparatus schematically described in 
Ref. (8) and a quartz tube with the internal width 35 mm, 
height 25 ram, and length 400 ram. The gaseous flow con- 
ditions were 50 cmJ/min of 1% B2H6 in N2, 70 cmS/min of 
NHj, and 2000 cmJ/min of N~, and the deposition tempera- 
ture was in the range of 440~176 The SiaN4 film was 
successively deposited on the BN film, under the gase- 
ous flow conditions of 20 cmJ/min of 5% Sill4 in N.2, 70 
cmJ/min of NHj, and 2000 cm~/min of N~ at 720~ Result- 
ant thicknesses of the BN and the SijN4 films were 50 
and 30 nm, respectively. Heat-treatment for boron diffu- 
sion was carried out at the temperature range of 
990~176 in a nitrogen atmosphere. After the heat- 
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treatment, the SijN4 and the BN films were removed by 
etching in HF and in HjPO4, respectively. 

An analyzed spreading resistance profile is in good 
agreement with the incremental  sheet resistivity profile 
except  near the surface, and the difference between the 
junction depth obtained from spreading resistance pro- 
files and that determined with drilling and staining tech- 
nique is within the range of -+ 5% (9). In this investigation, 
we have mainly employed spreading resistance method in 
order to determine the boron profiles in terms of the car- 
rier concentrations. In addition, incremental sheet resist- 
ance technique was used to correct the profiles near the 
surface. The four-point probe method and the spherical 
drilling and staining technique were used for measure- 
ments of the sheet resistance and the depth of diffused 
layers. 

Results and Discussion 
Profiles and d i f f u s i v i t y . - -By  using a concentration fac- 

tor a introduced by Hu and Schmidt (1), the diffusion 
equation can be written as, in one-dimensional form 

Oc~ _ 8 {D(oO tg-~x } 
cgt 8x [1] 

where a = C/2n~, C is the local concentration of boron, 
and n~ is the intrinsic carrier concentration at the diffu- 
sion temperature, given in Ref. (10) as 

(_ 121  
hi'-' = 1.5 • 103s T 3 exp k T  / [2] 

D(a) in Eq. [1] is the concentration-dependent diffusivity 
expressed as 

1 + f i ( a +  V ~  2 + 1) 
D(a) = Di (1 + a / ~  + 1) [3] 

l + f i  

where fl is the phenomenological  coefficient in the value 
of 19 for boron (11), and Di is the intrinsic diffusivity at 
the diffusion temperature. 

Figure 1 shows the boron profiles in silicon. The local 
concentration C is normalized by the surface concentra- 
tion C~, and the distance from surface is by (4Dit)'/2. - The 
solid lines correspond to the numerical solutions of Eq. 
[1], with the normalized surface concentration by the in- 
trinsic carrier concentration Cdn~ ranging from 0.4 to 12.0. 
The boron profile with the normalized surface concentra- 
tion Cs/n~ of 0.4 fits on the theoretical curve for C/C~ > 
0.01, but the profile at the diffusion front is retarded from 
the theory. The retardation of boron diffusion is observed 
only when the surface concentration C~ is lower than the 
intrinsic carrier concentration n~ (9). For CJn, > 1, the bo- 
ron profiles agree well with the theoretical curves, and 
the shape becomes steeper with increasing CJn,  

The boron diffusivity obtained as the results of Boltz- 
mann-Matano analysis on the profiles is described in Fig. 
2 and 3 as a function of the local concentration. The sur- 
face concentration C~ is in the range of 4 x 10 '9 -2.4 • 102o 
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Fig. 1. Normalized boron profiles in silicon. The normalized surface 
concentration CJni is (a) 0.4, (b) 2.8, (c) 4.4, (d) 8.2, and (e) 12.0. 
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Fig. 2. Boron diffusivity at 1200~ as a function of the local 
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cm-3. The relationship of the boron diffusivity and the lo- 
cal concentration agrees very closely with the theoretical 
relation of Eq. [3], shown as the solid curves in the figure, 
and is independent  of the surface concentration in the 
given range. The diffusivity is coincident with the intrin- 
sic value Di at C << n~ and is proportional to 2CD~/n~ for C 
> ni. The boron diffusivity at the temperature range of 
990~176 is shown as a function of the local boron con- 
centration in Fig. 3. An excellent  agreement of the experi- 
mental values on the theoretical curves is found at the 
given temperature range. 
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Fig. 3. Boron diffusivity in temperature range of 990~176 as a 
function of the local concentration. 

From the experimental  results shown in Fig. 1-3, it can 
be concluded that the boron diffusion in silicon is clearly 
described with the diffusion theory proposed by Hu and 
Schmidt,  except  the diffusion front with the surface con- 
centration C~ is lower than the intrinsic carrier concentra- 
tion n~. 

Prefactors of x~, Q, and R~.---Approximate solutions of 
Eq. [1] have been driven in polynomial form by Guo (12) 
and Wang and Lo (13), and a fitting function of the exper- 
imental boron profiles has been proposed by Fair (3). 
Their works are commonly based upon the assumption 
that the boron profiles would be independent  of the sur- 
face concentration and could be uniquely described as a 
function of the distance from" surface normalized by the 
diffusion depth taken at C(xj) = 0.01C~. By use of the ap- 
proximate profiles, they gave also simplified expres- 
sions of the diffusion depth xj, the total diffused boron Q, 
and the sheet resistance R, in the following form 

x~ = K~ ~ [4] 

and 

Q = K~Csxj  [5] 

R~ = B:;(c~xj) [6] 

where the surface diffusivity D~ = 2DICJni for Cs > ni, and 
the hole mobility in diffused layer was approximated as 
55 cmVVs in derivation of Eq. [6]. The prefactors Kj, Kq, 
and Kr are given as the constant in their reports, where Kj 
and Kq are dimensionless. 

Figure 4 shows the numerical solutions of Eq. [1] in 
terms of the normalized profile. The diffusion depth was 
taken at C(xj) = 10 -~ C~, because the range of background 
concentration is 10's-10 's cm -3 in the conventional CMOS 
and bipolar IC fabrication. The normalized profiles are 
clearly dependent  on the normalized surface concentra- 
tion Cjn~ for the values tess than 10, even though they are 
almost independent  of Cjn~ for larger than 10. In order to 
obtain xj, Q, and R~ in the whole range of the surface con- 
centration between the intrinsic carrier concentration and 
the sold-solubility, their prefactors must be described as a 
function of the normalized surface concentration. 

The prefactors obtained as the results of numerical 
analysis of Eq. [1] are shown as the solid curves in Fig. 5. 
In the calculation of K~, the hole mobility was fixed as a 
constant of 55 cm2/Vs. For CJnj < 10, the prefactors de- 
pend strongly on the normalized surface concentration 
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Fig. 4. Numerical solutions of diffusion equation with concentration- 
dependent diffusivity. The normalized surface concentration Cs/ni is (a) 
O, (b) 1.6, (c) 3.8, (d) S.6, (e) 11.1, and (f) 16.6. 
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CJn~, where Kr and K~ decrease and Kq increases with the 
increase of CJm. For CJni > 10,. all prefactors depend line- 
arly and weakly on the normalized surface concentration. 
Experimentally obtained values of Kj, Kq, and Kr are also 
plotted in the same figure and fit well with the solid 
curves. 

In Fig. 5, the values of prefactors reported in the previ- 
ous papers are also indicated 0n the  scales. The prefactors 
reported by Guo and also by Wang and Lo are compara- 
ble with those of the work only for CJni >~ 20. This means 
that their expression of the profile and the prefactors are 
in good approximation only for the solid-solubility boron 
diffusion. In order to determine the prefactors, Fair has 
used the experimental data where the surface concentra- 
tion distributed in a wide range, and attempted to express 
the data with a universal relationship. Therefore, the pre- 
factors by Fair might be considered as a mean value for 
the adopted data. 

Conclusions 
Boltzmann-Matano analysis was carried out on the bo- 

ron profiles in silicon diffused from the boron-excess BN 
film, and the boron diffusivity was obtained as a function 
of the local concentration. For the boron diffusion with 
the surface concentration higher than the intrinsic carrier 
concentration at the diffusion temperature, the diffusivity 
can be described by the diffusion model which considers 
both effects of the charged vacancy-impurity interaction 
and the internal electric field. The prefactors in the sire- 
plified expressions of xj, Q, and Rs were given by the nu- 
merical analysis of the diffusion equation including the 
concentration-dependent diffusivity and described as a 
function of the surface concentration normalized by the 
intrinsic carrier concentration. 
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ABSTRACT 

The behavior of metal impurities (Cu, Fe, Cr, and Ni) near the SiO_,-Si interface during dry O~ and OJHC1 oxidation 
was studied by means of defect etching and secondary ion mass spectroscopy methods using intentionally metal-con- 
taminated silicon wafers. Redistribution of metal impurities resulting from a thermal oxidation is different for each 
metal. Copper diffused into the silicon, showing concentration peaks 0.3-1.2 tLm from the interface, and tended to be re- 
jected by the silicon dioxide. Iron accumulated at the interface, while chromium tended to accumulate in the oxide hav- 
ing a lower concentration in silicon. Gettering ability using OJHC1 oxidations was excellent for copper, but poor for iron 
and chromium impurities. '  Copper and iron impurities precipitate in the silicon near the interface, but  chromium and 
nickel impurities do not. 

The dielectric-breakdown strength of silicon dioxide is 
directly related to the reliability of MOS LSI devices be- 
cause of the thin oxide layers t h e y  use. Breakdown 
strength was reported to be reduced by metal-decorated 
stacking faults in the silicon substrate at the SiO2-Si inter- 
face (1). The authors reported that stacking faults did not 
reduce the breakdown strength, but  metal precipitates in 
the silicon substrate did (2, 3). Gettering of metals (Cu, Fe, 
and Au) in the silicon substrate by annealing in ambients 
with HC1 was studied by Green et al. (4). Gettering of met- 
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als (Cu, Fe, Cr, Co, and Ni) through silicon dioxide was 
also performed by annealing in dry oxygen with 1% HC1 
using a 950~176 ramp cycle (5). The redistribution of 
gold during the growth of an oxide was reported on con- 
taminated silicon wafers (6). However, it is necessary to 
understand the behavior of metals near the SiO=,-Si inter- 
face during thermal oxidation to fabricate highly reliable 
devices. In this study, we intentionally c,-~taminated sili- 
con wafers by ion implantation of Cu, Fe, Cr, and Ni. The 
behavior of these metals near the SiO~-Si interface during 
oxidation was studied on the wafers by defect etching 
and secondary-ion mass spectroscopy (SIMS) methods. 
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Fig. 1. Depth profiles of etch pits in silicon substrates from the Si02-Si interface. The samples are Cu § doses of 10 '4 and 10 '5 cm -2, and are oxidized 
in dry 02 (Dry) and in OJHCI {HCI). 
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Fig. 2. SIMS depth profiles of Cu in the samples of (a) 10 '4 cm-2 and (b) 10 '5 cm-2 Cu § implanted, then oxidized in dry O~ (Dry) and in OJHCI (HCI). 

The profile of a control (Nondosed) sample is shown for reference. 
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Exper imenta l  
B o r o n - d o p e d ,  10 l l - cm (100), Czoch ra l sk i -g rown  s i l icon 

wafers ,  500 ~ m  th ick ,  were  u s e d  for th i s  e x p e r i m e n t .  Cu r, 
Fe  § Cr ~, a n d  Ni § ions  were  i m p l a n t e d  in  t h e  wafe r s  u s i n g  
100 k e V  t h r o u g h  50 n m  dry  ox ide  films. The  doses  were  
10 '3, 10 '4, and  10 '~ c m  -2 for  Cu § a n d  Fe  ~ ions,  a n d  10 TM a n d  
10 ~4 c m  -2 for Cr ~ a n d  Ni § ions.  Af ter  r e m o v i n g  t h e  filter 
ox ide  films, gate  ox ides  we re  g r o w n  in  dry  O.., (24 n m  
th ick)  a n d  in OJHC1 (30 n m  th ick)  at  1050~ t h e n  an- 
n e a l e d  in  N~ at l l00~ for 20 rain.  P o r t i o n s  of  the  s a m p l e  
we re  Secco  e t c h e d  (7) for  1 ra in  to  o b s e r v e  a n y  c rys ta l  de- 
fects  in  the  s i l icon at  t he  SiO~-Si in terface.  O the r  po r t i ons  
were  e t c h e d  w i t h  HF-HNO3 (1-20), t h e n  Secco  e t c h e d  to 
o b s e r v e  the  d e p t h  profi le  of  c rys ta l  defects .  

The  p r i m a r y  ion  160~§ was  u s e d  for s e c o n d a r y  ion  mass  
s p e c t r o s c o p y  (SIMS) m e a s u r e m e n t s .  P rof i l ing  was  initi-  
a t ed  f r o m  the  ox ide  sur face  a n d  c o n t i n u e d  across  t h e  in- 
te r face  in to  the  si l icon.  The  s e c o n d a r y  ~Cu  ~, 56Fe4, "~2Cr§ 
or ~SNi+ ions  were  m o n i t o r e d  at  t he  s low Si s p u t t e r  ra te  of  
0.115-0.225 nm/s .  ' 6 0 -  a n d  ~B § we re  m o n i t o r e d  at  t h e  
s ame  t ime.  The  d e p t h  r e s o l u t i o n  was a b o u t  20 nm.  The  
m e t a l  da ta  were  r e d u c e d  to c o n c e n t r a t i o n  b y  c o m p a r i s o n  
w i th  d o p e d  s t a n d a r d s  (me ta l  i o n - i m p l a n t e d  silicon). The  
r e d i s t r i b u t i o n  of  m e t a l  i m p u r i t i e s  n e a r  t he  SiO2-Si inter-  
face was  d e t e r m i n e d .  The  s e c o n d a r y  63Cu+ ions  we re  also 
m o n i t o r e d  at  a fas t  Si s p u t t e r  ra te  of  2.84 n m / s  in to  t h e  sil- 
i con  to a d e p t h  of 5 ~m.  The  r e d i s t r i b u t i o n  of  Cu impur i -  
t ies  in  t he  s i l icon was  d e t e r m i n e d .  

Results and Discussion 
Cu impurities.--Figure 1 s h o w s  t he  d e p t h  profi les  of  

e t ch  p i t s  in  s i l icon subs t r a t e .  The  s a m p l e s  are  for  Cu + 
doses  of 1014 and  10 '~ c m  -~, w h i c h  were  ox id ized  in  d ry  O~ 
(Dry) a n d  in OJHC1 (HC1). No defec ts  were  o b s e r v e d  in  
the  s a m p l e s  of  10 '~ c m  -~ dose,  a n d  t he  s a m p l e s  are  no t  
s h o w n  in  t he  figure.  No pi ts  or on ly  t r aces  of p i t s  were  
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the SiO~-Si interface for samples of 10 '5 cm -~ Cu doses and Dry oxida- 
tion. (d) is a copper profile for a control (Nondosed, Dry) sample. 

Fig. 4. Depth profiles of etch pits in silicon from the SiO~Si interface. The samples are Fe + doses of 10 TM and 10 '5 cm -2, and are oxidized in dry 0~ 
(Dry) and in O jHCI  (HCI). 
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Fig. 5. SIMS depth profiles of Fe in the samples oxidized in dry 02 (a) 

Dry and in OJHCI (b)HCI for Fe + doses of 1014 and 1015 cm -2. 

obse rved  at the  dep th  of  13 ~m, but  black-l ine and S pits  
(8, 9) on a rough backg round  were  observed  near  the  
SiO2-Si interface. The  rough  background  was due  to 
s tacking  faults genera ted  by  implan ta t ion  damage  and 
ox ida t ion  (2). The black-l ine pit  is a Cu prec ip i ta te  colony 
and is a long <110> direct ions  (2). The l ine pits  are 3-8 ~m 
long and  8 • 105 cm -2 in  dens i ty  for samples  (g) and (h), 
and are shorter  than  the  2 ~m 3 • 106 cm-2 pits  in samples  
(a) and (j). S pit  densi t ies  are 106 cm -2 in sample  (b), 8 '• 
105 cm -2 for sample  (e), 2 • 10 ~ cm -2 for sample  (h), and 2 
• 106 cm --~ for sample  (k). The  difference caused  by the  
ox ida t ion  me thods  is clear: there  are larger  Cu precipi-  
tates in the  dry samples ,  bu t  smal ler  ones  or  S pits  in the 
HC1 samples.  This  suggests  ge t ter ing  of  Cu due to HC1 
oxidat ion.  

F igures  2(a) and 2(b) shows SIMS dep th  profiles of  Cu 
for samples  (a) 1014 c m  -2 and (b) 10 ~ cm -2 CW-implan ted  
and fol lowed by dry 02 (Dry) and O,fl-IC1 (HC1) oxidations.  
The  profi le of  control  sample  is shown for re ference  in 
Fig. 2(b). The  level  indica ted  by a cha in  l ine is the  solid 
solubi l i ty  at l l00~ (10), wh ich  is the last and h ighes t  an- 
nea l ing  tempera ture .  The  dep th  profile of Cu in the  im- 
p lan ted  state shows a sharp peak  jus t  lef t  of 0.1 ~m, indi- 
ca ted  by an arrow in the  figure. The  sharp d is t r ibut ion  is 
red is t r ibu ted  by ox ida t ion  at 1050~ and subsequen t  an- 
nea l ing  at l l00~ to yield the  dep th  profiles seen  in Fig. 
2(a) and 2(b). The  profi les of  Fig. 2 are ve ry  different:  (a) 
be tween  dry and HC1 oxidat ion,  and (b) b e t w e e n  1014 and 
10 I~ cm -~ dose. The  HC1 oxida t ion  red is t r ibu tes  Cu 
shal lower  in si l icon than  the  dry  oxidat ion.  HC1 ox ida t ion  
lowers  the  Cu concent ra t ion ,  as shown in Fig. 2(~). The  
h igher  dose dis t r ibutes  Cu wide r  and deeper  in silicon. 
The  first resul t  clearly shows a ge t te r ing  of  Cu from the  

Fig. 6. Depth profiles of etch pits in silicon from the SiO2-Si interface. The samples are Cr § or Ni ~ dose of 1014 cm -2, and oxidized in dry 02 (Dry), and 
in OJHCI (HCI). 
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surface due to HCI oxidation. The second result shows re- 
distribution of Cu is not caused by simple diffusion dur- 
ing the oxidation and subsequent annealing. We must 
take into account the effects of copper impurities: (i) 
outdiffusion through the oxide layer, (ii) segregation at 
the SiO~-Si interface resulting from thermal oxidation, 
and (iii) interaction With the crystal defects. 

Figure 3 shows SIMS depth profiles of (a) copper, (b) 
oxygen, and (c) boron near the SiO2-Si interface. The 
sample had 1015 cm-'-' Cu ~ implanted followed by dry O~ 
oxidation. The profile for copper in the control sample is 
also shown for reference in (d). The position SiO2-Si inter- 
face was estimated relative to an oxide thickness of 24 
nm, and is indicated as a chain line in the figure. A segre- 
gation of copper impurities at the interface is shown in 
Fig. 3(a), and the one for boron is shown in Fig. 3(c). Cop- 
per is rejected from the oxide and accumulates near the 
interface about 30 nm in the silicon. Using segregation 
coefficient m, the ratio of equilibrium concentration in 
the silicon to that of silicon dioxide (II), m for copper is 
larger than I. Boron migrates into the oxide as shown in 
Fig. 3(c). This tendency is consistent with other reports 
(12, 13). 

Fe impurities.--The dep th  profiles of  e tch pits in sili- 
con substra te  are shown in Fig. 4. The samples  are for Fe  + 
doses  of  10 ~4 and 10 '~ cm -2, wh ich  were  oxid ized  in dry O~ 
and in O._,/HC1. No defects  were  observed  for samples  of  
10 '3 cm -2 dose. As shown in the  figure, no pits were  ob- 
se rved  at the  dep th  of  6 /~m. Black  pits on rough  back- 
g rounds  were  observed  near  the  SiO2-Si in terface  in Fig. 
4(g), 4(h), and 4(j) for 10 '5 cm -2 dose. In  Fig. 4(h) of  10 '~ 

cm -2 and the  Dry sample,  faint  l ine pits a long <110> di- 
rect ions  were  also observed.  These  black and l ine pits 
were  conf i rmed to be  Fe  precipi ta tes  by t ransmiss ion  
e lec t ron  mic roscopy  and energy  dispers ive  x-ray spec- 
t roscopy  (14). S pits  are seen  in Fig. 4(g), 4(h), 4(j), and 4(k) 
of  10 '~ cm -2 implan ted  samples ,  bu t  less than  those  in Fig. 
4(a), 4(b), 4(d), and 4(e) of  1014 cm -~ implan ted  samples.  
The  defect  genera t ion  is d i f ferent  b e t w e e n  1014 and 10 '5 
cm -2 dose, but  the  d i f ference  due  to ox ida t ion  me thods  
Dry and HCI is small. This  suggests  that  i ron impur i t ies  
are not  get tered by HC1 oxidat ion.  

F igures  5(a) anct 5(b) show SIMS dep th  profiles for Fe  
impur i t i es  near  the  SiO~-Si interface.  F igure  5(a) is the 
sample  oxidized in dry O2 (Dry), and Fig. 5(b) that  oxi- 
dized in O.,/HC1 (HC1) for Fe  § doses  of  10 ~4 and i0 ~ cm -2. 
The  interfaces were  es t imated  f rom the  oxide  th ickness  
of  24 n m  (Dry) and 30 n m  (HC1), and are indica ted  by the 
chain  l ine in the figure. The  character is t ics  of  Fe  profiles 
are as follows: (i) the  peak  concent ra t ion  increases  f rom 
1-2 • 10 TM to 1-2 • 10 -~9 cm -~ propor t ional ly  to doses  of  
10~4-1015 cm-2; (ii) the  i ron impur i t ies  do not  diffuse into 
silicon, bu t  accumula te  up at the  interface. The  peak  posi- 
t ion is at the  in terface  for Dry  [Fig. 5(a)] samples ,  and at 
10-15 n m  deep into SiO~ from the  interface  for HC1 
samples  [Fig. 5(b)]; (iii) oxida t ion  in O.~/HC1 apparent ly  
does not  lower  peak  concent ra t ion ,  rather,  it sharpens  the  
profile. I ron impur i t ies  could  have  a ha rmfu l  effect  on 
device  reliability, because  they  t end  to accumula t e  in the 
act ive  region of the  devices  (15). 

Cr and Ni impurities.--The depth  profiles of  etch-pits  
in si l icon substrate  are shown in Fig. 6 for samples  of Cr ~ 
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and Ni + doses of 10 '4 cm -2 oxidized in dry 02 (Dry) or 
O~/HC1 (HC1). No defects were observed for the 10 '3 cm -2 
dose samples. The depth profiles for Cr +- and Ni~-im- 
planted samples resemble each other, but  are very differ- 
ent from those for the Cu +- and Fe~-implanted samples 
(Fig. 1 and 4). Metal precipitates and S pits were not ob- 
served in the Cr § and Ni§ samples in Fig. 6. 
The stacking faults were observed only near the SiO~-Si 
interface. The stacking faults are about 2 tLm long and 2 • 
107 cm -~ in density in Fig. 6(a) Cr Dry, smaller than 0.5 
~m and 6 • 107 cm -z in Fig. 6(d) Cr HC], 1-2 tLm long and 9 
• 106 cm -2 in Fig. 6(g) Ni Dry, and smaller than 1 ~m and 
107 cm -2 in Fig. 6(j) Ni HC1. The rough backgrounds ob- 
served in Fig. 1 and 4 were not observed in Fig. 6 because 
of the low stacking fault density. The stacking fault is 
smaller and higher in the HCI, than in the Dry. Because of 
metal (Cr or Ni) decoration, the stacking faults are thick 
at the interface in Fig. 6(a) and 6(g). 

Figures 7(a) and 7(b) show SIMS depth profiles of Cr 
impurities and oxygen near the SiO~-Si interface. Figure 
7(a) shows the samples oxidized in dry O5 (Dry), and Fig. 
7(b) those oxidized in OJHC1 (ItC1) for Cr § doses of 10 I4 
cm -2. The interface was estimated from the oxide thick- 
ness, and is indicated as a chain line. The characteristics 
of Cr profiles are as follows: (i) chromium segregates out 
of the silicon and accumulates in the silicon dioxide; this 
suggests that the segregation coefficient resulting from 
thermal oxidation is larger than 1; (ii) the difference be- 
tween Dry [Fig. 7(a)] and HC1 [Fig. 7(b)] oxidation is very 
small. This suggests that the HC1 oxidation cannot getter 
Cr impurities. 

Summary 
The behavior of metal impurities (Cu, Fe, Cr, and Ni) 

near the SiO~-Si interface during dry O2 and O_,/HC1 oxida- 
tions was studied by means of etching and SIMS methods 
using intentionally metal-contaminated wafers. Copper 
and iron impurities precipitate in the silicon near the in- 
terface, but  chromium and nickel impurities do not. Re- 
distribution of the metal impurities resulting from the 
thermal oxidation is different for each metal. Copper dif- 
fuses deep into the silicon and shows concentration peaks 

at a depth of 0.3-1.2 tLm from the interface, and tends to be 
rejected by the silicon dioxide. Iron accumulates up at 
the interface. Chromium tends to accumulate in the oxide 
and has a low concentration in silicon. Gettering ability 
due to O2/HC1 oxidation is very different for each metal. 
The ability is excellent for copper, but poor for iron and 
chromium impurities. 
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ABSTRACT 

The lattice strain in  highly boron-doped, highly germanium-doped, and simultaneously boron-and-germanium- 
doped epitaxial layers was investigated by means of x-ray techniques. The lattice-contraction coefficient was deter- 
mined for both impurities, and was found to be 5 • 10 -~4 cm3/atom for boron and -6.2 x 10 -~s cm3/atom for germanium 
doping. A simple linear superposition of calculated or experimentally determined lattice-contraction coefficients ob- 
tained for layers doped with boron vs. those doped with germanium does not yield satisfactory results in estimating the 
germanium concentration necessary for strain compensation in highly boron-doped layers. Strain-compensated disloca- 
tion-free epitaxial layers were fabricated with a boron concentration of 1 • 10 ~~ atom]cm 3, using a germanium concentra- 
tion of 1 • 105' atom]cm 3. 

Highly boron-doped layers are becoming increasingly 
important in the fabrication of three-dimensional struc- 
tures in silicon, such as micromechanical devices, sen- 
sors, or masks for x-ray as well as ion-beam lithography 
(1-3). Since silicon layers with boron concentrations 

higher than 1 • 102o atom/cm ~ have extremely low etch 
rates with certain anisotropic selective etchants, these 
layers are very useful for accurate control of the etching 
process, taking advantage of their etch stopping proper- 
ties (4). The most widely used etchants providing these 
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features  are solutions of  KOH and water  or 
e thy lenediamine ,  pyrocatechol ,  and water.  

The incorpora t ion  of  boron  at such concen t ra t ion  levels  
causes a s ignif icant  lat t ice mi sma tch  b e t w e e n  the  doped  
layer and the u n d o p e d  substrate ,  resul t ing  f rom the  
smal ler  covalent  radius  of boron  compared  to that  of  sili- 
con. This latt ice m i s m a t c h  induces  h igh  strain and, in 
th icker  layers, misfit  d is locat ions  as wel l  (5). In s o m e  ap- 
plications,  such as for l i thography  masks,  a cer ta in  tens i le  
strain is often des i red to avoid  out-of-plane dis tor t ions 
due  to the rmal  effects  (3); however ,  s train is disadvanta-  
geous  in s t ructures  such  as pressure  sensors,  owing  to the 
s ignif icantly r educed  sensi t iv i ty  (6). In bo th  cases, films 
wi th  well-defined strain levels  are desirable,  whi le  crystal  
defects  such  as dis locat ions  are general ly  undesi rable .  

In  order  to e l iminate  strain as well  as d is locat ion gener- 
at ion in h ighly  boron-doped  si l icon films, codop ing  wi th  
a strain coun te rba lanc ing  e l emen t  of a larger  cova len t  ra- 
dius has been  p roposed  (7, 8). G e r m a n i u m  was found  to 
be a sui table  e lement ,  owing  to its advan tageous  proper-  
ties, such as h igh  solubi l i ty  and electr ical  inactivity.  How- 
ever,  quant i ta t ive  expe r imen ta l  data concern ing  the  de- 
gree  of  strain compensa t ion  w h e n  us ing g e r m a n i u m  as a 
codopan t  have  not  been  avai lable up to now. 

In  this  work,  the  concen t ra t ion  d e p e n d e n c e  of  the  
strain in sil icon layers doped  wi th  boron,  ge rman ium,  or 
bo th  s imul taneously ,  has been  invest igated.  The  goal was 
to fabr icate  h ighly  boron-doped,  s t ra in-compensated ,  
dis locat ion-free layers wi th  the  help  of  these  data. 

Lattice Mismatch and Lattice-Contraction Coefficient 
The incorpora t ion  of  dopants  in a si l icon epi taxia l  layer 

contracts  or expands  the  lat t ice of the layer  re la t ive  to 
that  of  the  undoped  si l icon substrate.  This  lat t ice mis- 
ma tch  is expressed  as 

ha  7 -  
asi 

where  as, is the  latt ice cons tan t  of si l icon and ha  is the  
change  in latt ice cons tan t  induced  by the  dopant .  It  has 
been  de te rmined  that  th in  films, or  layers wi th  smal l  mis- 
match,  are s t rained in a pure ly  elastic m a n n e r  to ma tch  
the  substrate  lattice. With increas ing  latt ice disregistry,  
the  film strain ef increases  unt i l  a "cr i t ical  m i s m a t c h "  is 
reached,  the va lue  of wh ich  depends  on the film thick-  
ness. Beyond  this value,  the  film strain ef decreases ,  since 
the  genera t ion  of  misfit  dis locat ions becomes  the  domi- 
nant  process  in the  a c c o m m o d a t i o n  of  the  lat t ice mis- 
ma tch  (9, 10). This means  that  in the subcr i t ical  range,  the  
film strain ef is equa l  to the  mi sma tch  value  7, whereas  
beyond  the critical value,  the  film strain is lower  than  the  
m i s m a t c h  value. 

In  the range of pure ly  elastic accommoda t ion ,  the  film 
strain ef depends  l inearly on the  dopant  concen t ra t ion  C 
(11) 

Ef = ~ C  [1] 

where  fl is the  la t t ice-contract ion coefficient.  Obviously,  
w h e n  misfit  dis locat ions par t ic ipate  in m i s m a t c h  accom- 
modat ion,  Eq. [1] is no longer  valid. Two dif ferent  equa- 
t ions for calcula t ing fl exist ,  based on a l inear  m o d e l  and a 
vo lumet r i c  model ,  (12, 13) 

fl~= [ 1 - r d ~  ~j [2] 

~ = ~- - ~ - / J  [3] 

where  rdo, and rs~ are the cova len t  radii  of the  dopan t  and 
si l icon atoms,  respect ively ,  and N is the dens i ty  of  latt ice 
sites in silicon. 

Subs t i tu t ion  of  Paul ing ' s  covalent  radii  (14) (rsi = 1.17~, 
rB = 0.88~, and r ~  = 1.22A) yields the  fo l lowing  resul ts  for 
/], and fl~ 

Boron  G e r m a n i u m  
fi, [cm3/atom] 4.96 x 10 -24 -8.55 • 10 -23 
fly [cm3/atom] 3.83 • 10 -24 -8.92 • 10 -25 

These  values  can be inser ted  into Eq. [1] in order  to calcu- 
late the ge rman ium- to -boron  concen t ra t ion  ratio neces-  
sary to ma tch  the  lat t ices of  the epi taxial  layer and the 
u n d o p e d  substrate.  One obtains  5.8:1 or 4.4:1 for this ra- 
tio, depend ing  on whe the r  Eq.  [2] or  Eq.  [3] is used. 

Experimental Techniques 
Sil icon wafers wi th  (100) orientat ion,  a d iamete r  of  3 in, 

and 1-10 ~ cm resis t ivi ty  were  used  for the  exper iments .  
Thei r  nomina l  th ickness  was 380 ~m; however ,  the  pre- 
cise th ickness  of  each wafer  was measu red  pr ior  to depo- 
sition. The  epi taxial  layers were  depos i ted  in a barrel- type 
ver t ical  reactor  (AMC-7000, m a d e  by App l i ed  Materials), 
e m p l o y i n g  the  SiH~CI.,-B~H6-GeH4-H., chemica l  system. 
The g rowth  t empera tu re  and the  growth  rate were  1080~ 
and 0.9 ~m/min,  respect ively .  The final th ickness  of the 
epi taxia l  layers was 5 -+ 0.2 ~m. 

The boron  concen t ra t ion  of  the depos i ted  layers was 
measu red  by de t e rmin ing  the  wave leng th  of  the plasma- 
resonance  m i n i m u m  in the  infrared spec t rum (15). The 
compos i t ion  of  the  g e r m a n i u m - d o p e d  layers was deter- 
mined by the methods of backscattering and channeling 
with helium ions (16). 

Measurement Techniques 
X-ray topography and curvature measurement.--A 

s t ra ined film on a substrate  causes  bend ing  of  the wafer.  
The  s t ra in- induced curva ture  of a si l icon wafer  can be 
measu red  wi th  h igh  accuracy  us ing  x-ray diffract ion (17). 
We e m p l o y e d  a L a n g  t ransmiss ion  camera  wi th  Mo-K~ ra- 
diation, as descr ibed  in Ref. (10). 

The  re la t ionship b e t w e e n  the  measu red  curva ture  k, the  
latt ice film strain el, the  th ickness  of  the  epi taxia l  layer tf, 
and  that  of  the  substra te  t~, is g iven  by the  equa t ion  

k = 6e tf f t--~., [4] 

a s suming  thin  layer  (tf ~< ~< t~) and equal  elastic cons tants  
of  film and substra te  (18, 19). Us ing  Eq. [4], the  film 
strain ef can be obta ined  f rom the curva ture  k as a func- 
t ion of  the  dopant  concentra t ion.  

As m e n t i o n e d  above,  Eq.  [1] is only val id  w h e n  misfit  
dis locat ions do not  cont r ibu te  to the a c c o m m o d a t i o n  of  
lat t ice mismatch .  X-ray t ransmiss ion  t opography  mea- 
su remen t s  were  carr ied out  (with the same Lang  camera  
as for the  curva ture  measurements )  on all wafers  to deter- 
mine  the  p resence  of  misfi t  dislocations.  

Rocking curves.--Small differences b e t w e e n  the latt ice 
cons tants  of the epi taxia l  layers and the substra te  can be 
measu red  with  h igh  accuracy  by means  of  x-ray rocking-  
curve  analysis, where  two reflect ions at different  Bragg 
angles  are obtained,  one  f rom the  substrate,  the  o ther  
f rom the  layer. In order  to ver i fy  and s u p p l e m e n t  the re- 
sults of the curvature  measu remen t s ,  rock ing  curves  were  
t aken  f rom samples  where  plast ic re laxa t ion  t h rough  
misfit  dis locat ions had not  occurred.  As a consequence ,  
the  mi sma tch  va lue  7 is expec t ed  to be equa l  to the  elas- 
t ic film strain. For  this analysis,  a double-crysta l  diffrac- 
t ome te r  in the ( + , - )  m o d e  wi th  Cu-Ka radia t ion was em- 
ployed.  As the  monochroma to r ,  a (100)-oriented sil icon 
crystal  in the (422) R set t ing was used  (20), and rock ing  
curves  f rom the spec imen  crystals were  t aken  us ing  dif- 
ferent  (hkl) ref lect ing planes.  However ,  in order  to deter- 
mine  the  latt ice cons tan t  of  the  layer in the  re laxed  state, 
the  te t ragonal  dis tor t ion of  the  epi taxial  lat t ice has to be 
t aken  into account  (21-23). Because  of  this te t ragonal  dis- 
tort ion,  two Bragg-angle  spli t t ings hO, and A02 can be re- 
corded  w h e n  x-rays are diffracted on one set of incl ined 
(hkl) p lanes  under  two s p e c i m e n  posi t ions re la t ive  to the  
x-ray path. In order  to de te rmine  the  latt ice m i s m a t c h  as 
a func t ion  of angle  dif ference in the  rocking  curves,  the  
ca lcula t ion p rocedure  g iven  in  detail  by Hal l iwel l  (23) was 
used. 
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Fig. 1. Results of x-ray measurements on an epitaxial silicon layer 
with a boron concentration of 5 • 10 TM atom/cm 3. Diagram a (left) 
yields a curvature radius of 19.1m. Rocking curves for the two reflec- 
tions on the same (115) crystal plane for the same sample are shown 
in diagram b (right). 

Results and Discussion 

Boron-doped layers.--The i n v e s t i g a t e d  ep i t ax ia l  layers  
h a d  a b o r o n  c o n c e n t r a t i o n  b e t w e e n  2 • 10 TM a n d  1.5 • 10 ~~ 
a t o m ] c m  3. As a typ ica l  resul t ,  a c u r v a t u r e  m e a s u r e m e n t  
(Fig. la)  a n d  a se t  of r o c k i n g  c u r v e s  (Fig. lb )  are  s h o w n  
for  a wa fe r  cove red  w i t h  a 5 • 10 TM a t o m / c m  3 b o r o n - d o p e d  
ep i t ax i a l  layer.  As e x p e c t e d ,  t h e  wafe r  is u n d e r  t ens i l e  
s t ress ,  a n d  e x h i b i t s  s p h e r i c a l  cu rva tu re .  The  ca l cu la t ed  
e las t ic  f i lm s t r a ins  e~ o b t a i n e d  b y  b o t h  m e t h o d s  are  in  ex- 
ce l l en t  a g r e e m e n t ,  a n d  i n d i c a t e  a va lue  of  2.5 • 10-fi T h e  
f i lm s t r a i n  q as a f u n c t i o n  of  t he  b o r o n  c o n c e n t r a t i o n  is 
s h o w n  in  Fig. 2. U p  to t he  "c r i t i ca l  s t r a in"  va lue ,  t h e  fi lm 
s t r a i n  i nc r ea se s  l inear ly  w i t h  i n c r e a s i n g  b o r o n  c o n c e n t r a -  
t ion.  F o r  ep i t ax ia l  layers  w i t h  a t h i c k n e s s  of  5 ~m,  t h e  
cr i t ica l  s t r a in  a m o u n t s  to  5.5 • 10 -4, c o r r e s p o n d i n g  to a 
b o r o n  c o n c e n t r a t i o n  of  1.1 • 10 ~~ a t o m / c m  3. A b o v e  th i s  
cr i t ica l  va lue ,  a r ap id  i nc r ea se  in  t h e  dens i t y  of  misf i t  dis- 
l oca t ions  occurs ,  a n d  q d r o p s  cons ide rab ly .  Th i s  is 
c o n f i r m e d  b y  x-ray t o p o g r a p h s ,  as s h o w n  in  Fig. 3. Be- 
l ow  t h e  cr i t ical  s t ra in ,  no,  or on ly  a few, mis f i t  dis loca-  
t ions  are f o u n d  (Fig. 3a a n d  3b); howeve r ,  a d e n s e  n e t  of  

xlO -4 v curvature rneosurernent 

6 o rocking curve analysis 

. /  \ \ 
iT_ 

layer thickness 5[Jm 

0 
O 5 1'0 15 x 1019 

Boron concentration I; B (otarns/cm 3) 

Fig. 2. Film strain ef as a function of the boron concentration C~, 
obtained by curvature measurements and rocking-curve analysis. 

Fig. 3. X-roy transmission topogrophs of epitaxiol layers with boron 
concentrations of S • 10 TM atom/cm 3 (a), 8 • 10 TM atom/cm 3 (b), and 
1.5 x 10 ~~ atom/cm 3 (c). 

misf i t  d i s loca t ions  is o b s e r v e d  in t h e  r eg ion  a b o v e  t he  
cr i t ical  s t r a in  (Fig. 3c). T h e  b l u r r e d  ho r i zon ta l  l ines  are ar- 
t i fac ts  of t h e  m e a s u r e m e n t  t e c h n i q u e ,  a n d  do n o t  repre-  
sen t  ac tua l  c rys ta l  defects .  T h e  s lope of  the  s t r a igh t  l ine  
in  Fig. 2, w h e r e  t h e  s t r a i n  is on ly  e las t ica l ly  a c c o m m o -  
da ted ,  c o r r e s p o n d s  to a l a t t i c e - con t r ac t i on  coeff ic ient  of 
fB = 5 • 10 -24 cm3/atom. Th i s  va lue  agrees  wel l  w i t h  the  
r e su l t s  r e p o r t e d  b y  M c Q u h a e  a n d  B r o w n  (5.2 • 10 -~4 
cm3/atom) (12) a n d  b y  H o r n  (5.6 x 10 -24 cm3/atom) (24), b u t  
is h i g h e r  t h a n  t h a t  r e p o r t e d  by  P e a r s o n  a n d  B a r d e e n  
(2.5 x 10 -24 cm3/atom) (25) or b y  C o h e n  (2.3 • 10 -24 
cm3/atom) (11). 

Germanium-doped layers.--The x-ray ana lys i s  of  the  
g e r m a n i u m - d o p e d  layers  was  ca r r ied  ou t  t h e  s ame  as t h a t  
for  bo ron .  The  g e r m a n i u m  c o n c e n t r a t i o n  was  d e t e r m i n e d  
in  all s a m p l e s  by  m e a n s  of  t h e  R u t h e r f o r d  b a c k s c a t t e r i n g  
a n d  c h a n n e l i n g - t e c h n i q u e s .  La t t i ce - loca t ion  e x p e r i m e n t s  
s u c h  as t h a t  s h o w n  in  Fig. 4 i nd i ca t ed  t h a t  t h e  g e r m a n i u m  
a t o m s  are  s i tua ted  on  s u b s t i t u t i o n a l  sites, e v e n  at  concen-  
t r a t i ons  a r o u n d  1 • 10 ~' a t o m / c m  3. In  Fig. 5, t h e  r e su l t  of a 
c u r v a t u r e  m e a s u r e m e n t  a n d  a set  of r o c k i n g  c u r v e s  are 
s h o w n  for  a wa fe r  w i t h  a g e r m a n i u m  c o n c e n t r a t i o n  of 4 • 
10'-'" a t o m / c m  3. T h e  d e p e n d e n c e  of the  fi lm s t r a in  ef o n  t he  
g e r m a n i u m  c o n t e n t  for  a layer  t h i c k n e s s  of  5 ~ m  is s h o w n  
in  Fig. 6. As e x p e c t e d ,  t h e  f i lms are  u n d e r  c o m p r e s s i o n .  
In  th i s  case  too, t h e r e  is a n  in i t ia l  r eg ion  of  l inear ly  in- 
c r eas ing  film s t r a in  w i t h  i n c r e a s i n g  g e r m a n i u m  concen-  
t ra t ion ,  fo l lowed by  p r e d o m i n a n t  r e l a x a t i o n  of  la t t ice  mis-  
m a t c h  t h r o u g h  misf i t  d i s loca t ions .  This  b e h a v i o r  is also 
c o n f i r m e d  by  t h e  x- ray  t o p o g r a p h s ,  w h i c h  a p p e a r  ve ry  
s imi la r  to  t hose  o b t a i n e d  for  b o r o n - d o p e d  wafers .  F o r  t he  
5 ~ m  t h i c k  layers,  t h e  cr i t ica l  s t r a in  a m o u n t s  to  - 5  x 10 -4, 



2972 J. Electrochem. Soc.: SOLID-STATE SCIENCE A N D  TECHNOLOGY December 1984 

6000 

5000 

Lf) 

~000 ~-- 

CD 
L) 

2 3000- 

c~  
c "~ 2000- 

f,,f) 

1000- 

t# t t t t t t  f t r  ett t i t � 9  Qt t t t t t t t  t t  e i t t t t t t t t t t , t t  t i t  t t t t  l i t  e 

Rondom ""'. 

<100> Si 
2.2MeV ~He 

6e concentrotion 
1.2 x 10 z~ etoms/cm 

......... I:honneled 

- - ' ~  ~ I i ' 1 | 0 0.8 .0 12 1.4 1.6 1.8 2 
Energy (NeV) 
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cor respond ing  to a g e r m a n i u m  concent ra t ion  of  8 x 10 ~0 
a tom/cm 3. The  slope of the s t raight  por t ion  of  the  curve  in 
Fig. 6 yields a cont rac t ion  coefficient  of fiG�9 = -6 .2  x 
10 -25 cm3/atom. This  expe r imen ta l ly  de t e rmined  value  is 
cons iderab ly  smal ler  than  the  la t t ice-contract ion coeff i -  
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Fig. 5. Results of x-ray measurements on an epitaxial silicon layer 
with a germanium concentration of 4 x 102~ atom/cm 3. Diagram a 
(left) yields a curvature radius of - 2 0 . 2 m .  Rocking curves for the two 
reflections on the same (11S) crystal plane for the same sample are 
shown in diagram b (right). 

cient  calculated by means  of  Eq. [2] and [3]. This  behav ior  
m a y  be part ly exp la inab le  in te rms  of  a devia t ion  f rom 
Vegard ' s  law in ge rman ium-s i l i con  solid solutions,  as re- 
por ted  by D i smukes  et al. (26). 

Boron~germanium codoped layers.--For the  invest iga-  
t ion of  the s t ra in -compensa t ion  effect,  the  boron- 
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CGe, obtained by curvature measurements and rock curving analysis. 
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concen t ra t ion  level  in the  5/~m thick layers was he ld  con- 
stant  at CB = 1 X 102o atom/cm'% The film strain ef was 
measu red  for several  g e r m a n i u m  concent ra t ions  ranging  
f rom 2 to 10 x 102o a tom /cm 3. The  solid l ine in Fig. 7 
shows the  film strain, ob ta ined  by curva ture  measure-  
men t s  and rock ing-curve  analysis,  as a func t ion  of  the  
g e r m a n i u m  concentra t ion.  As expected ,  the  film strain 
decreases  wi th  increas ing  g e r m a n i u m  codoping ,  indicat-  
ing  tha t  strain compensa t i on  takes  place. F r o m  the  exper-  
imen ta l  curve  in Fig. 7, the  g e r m a n i u m  concen t ra t ion  for 
a s train-free layer con ta in ing  1 x 10 ~~ a tom/cm 3 boron  is 
found to be -1 .1  x 10 ~-' a tom/cm 3. For  the  above  boron  
concent ra t ion ,  Eq.  [2] and [3] predic t  comple te  strain com- 
pensa t ion  at g e r m a n i u m  doping  levels  of  4.4 x 10 ~~ 
a tomJcm 3 or  5.8 • 10 -~~ a tom/cm 3, respect ively ,  as indica ted  
by the  dashed  l ines a and b in Fig. 7. A l inear  superposi -  
t ion of the  expe r imen ta l  la t t ice-contract ion coeff icients  
fib and flce obta ined  for layers doped  wi th  only one  ele- 
m e n t  predic ts  a r equ i red  g e r m a n i u m  concen t ra t ion  of  
8 x 10 ~~ a tom/cm 3 for a strain-free layer (line c in Fig. 7), 
wh ich  is s l ightly above  the  va lue  used  by Black  et al. (6). 
This  devia t ion  f rom the  exper imen ta l ly  ob ta ined  va lue  
for codoped  layers (1.1 • 1020 a tom/cm ~) indica tes  that  
changes  in latt ice cons tan t  induced  by s imul taneous  
dop ing  wi th  the  two e l emen t s  are no t  i n d e p e n d e n t  of 
each other,  and that  a l inear  superpos i t ion  is not  
al lowable.  

X-ray topographs  t aken  f rom wafers  wi th  di f ferent  lev- 
els of  g e r m a n i u m  codop ing  are shown in Fig. 8. S o m e  
misfi t  d is locat ions  are still observable  in Fig. 8a and 8b, 
wi th  a decrease  in dens i ty  corre la ted wi th  increas ing  ger- 
m a n i u m  concentra t ion.  The  epi taxia l  layers in Fig. 8a and 
8b have  g e r m a n i u m  concen t ra t ions  of 2 • 102o a tom/cm ~ 
and 6 x 105~ a tom/cm 3, respect ively .  Above  a g e r m a n i u m  
codop ing  level  of  7 x 10 ~-0 a tom/cm 3, the wafers  are com- 
ple te ly  free of misfit  dis locat ions.  F igure  8c shows a 
t o p o g r a p h  of  a wafe r  close to the  poin t  of  comple t e  strain 
compensa t ion ,  w i th  a g e r m a n i u m  concen t ra t ion  of  9.8 x 
10 ~0 a tom/cm 3. 

Conc lus ions  

Measuremen t s  of dop ing  induced  lat t ice strain and mis- 
fit d is locat ions  by means  of x-ray diffraction,  for h ighly  
boron-doped  and h igh ly  g e r m a n i u m - d o p e d  epi taxia l  sili- 
con layers,  y ie lded the  fo l lowing results.  

The  la t t ice-contract ion coeff ic ient /3  was found  to be 5 
• 10 -~4 cm3/atom for bo ron  and -6 .2  • 10 -25 cm3/atom for 
g e r m a n i u m  s ingle-doped layers. The expe r imen ta l  resul t  
for bo ron  dop ing  shows a very  good ag reemen t  wi th  pre- 
v ious ly  repor ted  va lues  (12, 23), as wel l  as wi th  the  l inear  
ca lcula t ion model .  The  g e r m a n i u m  coefficient,  however ,  

x106~{ [boron c0ncentrehon: ] ~curvaturemeesurement 
const =lxlOZOot0ms/cm 3 o rock;ng curve analysis 

\ \ "-., % 
) z~ ~ ~ 1'0 xlD z~ 
Germanium concentroh0n C6e 0lores/era 3 ) 

Fig. 7. Film strain ef of boron-and-germanium-codaped epitaxial 
layers as a function o} the germanium concentration. The boron con- 
centration is kept constant at 1 • 10 ~c~ atam/cm 3. The solid line shows 
the experimental results. The broken lines indicate the strain compen- 
sation, calculated by a linear superpositien of experimental (line c) 
and theoretical (lines a and b) lattice-contraction coefficients for 
single-doped layers. 

Fig. 8. X-ray topographs of epitaxial layers doped simultaneously 
with boron and germanium. The boron concentration is kept constant 
at a level of 1 • 10 2~ atom/cm 3. The germanium concentration varies 
from 2 • 10 2~ atom/cm 3 (a), over 6 • 10 2~ atom/cm 3 (b), to 1 • 10 ~' 
atom/cm 3 (c). 

deviates  f rom the  values  calcula ted by the  l inear  and vol- 
umet r ic  models .  

The va lue  of cri t ical  m i s m a t c h  in epi taxia l  layers 5/~m 
thick is 5.5 x 10 -4 in the  case of  boron  and 5 x 10 -~ in the 
case of g e r m a n i u m  doping,  co r respond ing  to concentra-  
t ion levels  of 1.1 x 102o and 8 x 10 ~~ atom/cm% respec-  
tively. When the  dopan t  concen t ra t ion  is inc reased  to a 
level  above  the  crit ical  mismatch ,  the  film strain de- 
creases  and the  actual  lat t ice mi sma tch  is a c c o m m o d a t e d  
main ly  by misfit  dis locat ions.  Be low this cri t ical  mis- 
match,  there  are no, or only a few, misfit  d is locat ions ,  

The  boron- induced  film strain can be  r educed  by 
codop ing  wi th  ge rman ium.  Surpr i s ingly  enough,  how- 
ever,  it was found that  strain compensa t ion  in codoped  
layers is not  ob ta ined  at the  concen t ra t ion  p red ic ted  by 
l inear  superpos i t ion  of  the  resul ts  for boron  and germa-  
n i u m  s ingle-doped layers. 

Us ing  the  expe r imen ta l  data g iven  in this paper,  it is 
not  only  possible  to compensa t e  the strain in h ighly  
boron-doped  epi taxia l  layers,  bu t  also to adjust  it to a cer- 
ta in des i red  level.  

Two p rob lems  remain  to be clarified. First ,  the  experi-  
men ta l  la t t ice-contract ion coeff icient  of g e r m a n i u m  in 
s i l icon is cons iderably  lower  than  the  ca lcula ted  value.  
Second,  the  strain p red ic ted  by l inear  superpos i t ion  of  
the  expe r imen ta l ly  de t e rmined  la t t ice-contract ion coeffi- 
c ients  for s ingle-doped epi taxia l  layers does  not  agree 
wi th  the  resul ts  for codoped  layers. 
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ABSTRACT 

Photoluminescence spectra of chemical bath deposited CdS films have been taken. It is shown that the emission 
line reaching from 0.8 to 2.4 eV depends on the stoichiometry of the films. The stoichiometry is controlled either by 
changing the pH of the working solution during the deposition process or by carrying out a thermal annealing in air on 
the films. The most stoichiometric CdS films present a green edge emission line which persists even at room tempera- 
ture. This line is identified as a radiative transition between a Cd complex and an S vacancy. 

Current interest in direct energy conversion devices has 
led to renewed research on different fabrication tech- 
niques in order to elaborate a simple, low cost, low energy 
consumption technology for fabricating such devices. Re- 
cently, there has been a great deal of interest in studying 
the optical properties of spray-pyrolyzed CdS (i). How- 
ever, the chemical bath deposition technique, which has 
many of the advantages claimed for the better known 
spray deposition technique (2), should offer the prospect 
of better control over the preparation process because of 
the slower rate of formation of the film (3). It is the aim of 
this work to report that this material has a photolumi- 
nescence spectrum which depends strongly on the fabri- 
cation parameters in the chemical bath and that the most 
stoichiometric films display photoluminescence spectra 
reported in single crystal CdS material (4). 

Experimental 
The CdS films were fabricated by the chemical bath 

deposition technique (CBD) suggested by Kaur et al. (3). 
Briefly, it consisted of preparing thin CdS films by de- 
composing thiourea [(NH2)2CS] in an alkaline solution of 
salt of the corresponding cation. This process, which in- 
volves a controllable chemical reaction at a low rate by 
adjusting the pH and the temperature of the working so- 

1Present address: Department of Electrical Engineering, Uni- 
versity of Arizona, Tucson, Arizona 85721. 

2Present address: Sektion Physik, Technical Universitaet 
Dresden, 8027 Dresden, Germany. 

lution, allows maintaining the stoichiometry constant for 
any ratio of anions and cations. The working solution 
consisted of preparing three aqueous solutions, thiourea 
(1M), Cd sulfide (1M), and ammonium hydroxide 
(0.7-15.0M), in deionized water (DI). We prepared several 
thin film CdS samples on Corning glass substrates; each 
was prepared with different molar concentrations of am- 
monium hydroxide. In Table I, we show the amounts  of 
NH4OH employed in the solutions and the resulting pH 
measured for each prepared sample. Half a slice of each 
sample was subjected to thermal annealing in air at 350~ 
for 20-60s. Spectra of the photoluminescence of the "as- 
prepared" and annealed samples were taken by mount ing 
them on a cold finger of a Displex system and were held 
at temperatures ranging from 10 to 300 K. These samples 
were photoexcited by the 488 nm line of a Spectra Phys- 
ics cw Ar ion laser. Luminescence spectra were analyzed 
by a Zeiss SPZ monochromator and recorded by a lock-in 
technique in a HP X-Y plotter. 

Results 
The stability plots of ion concentration vs. pH of the de- 

positing reactants in the working solution are obtained by 
the method reported by Martinez (5). These results are 
shown in Fig. 1. From this, we can distinguish two re- 
gions: one in which the amount  of S -~ ions exceeds the 
amount  of Cd +~ ions in =the prepared films (region I) and 
in which the corresponding pit values are <11.5; and an- 
other in which films are prepared with pH values of 
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Table I. pH of working solution as function of the 
molority (M) of (NH4)OH in H20 

Molarity of 
Sample no. (NH~)OH pH measured 

1 0.5 9.4 
2 1.0 10.1 
3 1.5 10.4 
4 3.0 11.3 
5 4.5 11.5 
6 6.0 11.5 
7 7.5 11.7 
8 9.0 11.5 
9 10.5 11.9 

10 12.0 11.9 
11 13.5 11.9 
12 15.0 11.9 

>11.5 (region II). The  excess  of  Cd ~2 ions is easi ly seen 
f rom Fig. 1. In  films whose  pH  is approx ima te ly  the  cal- 
cu la ted  va lue  of  p H  11.5, one  could  e x p e c t  to get  the  mos t  
s to ichiometr ic  films. The  measu red  values  of  pH  for the  
samples  prepared  wi th  the  m e t h o d  m e n t i o n e d  above are 
shown in Table  I. 

The  l uminescence  spectra  of  three di f ferent  samples  
he ld  at 10 K are shown in Fig. 2. The  samples  prepared  
wi th  character is t ics  shown  in region I of  Fig. 1 (pH < 11.5, 
sample  1) show a character is t ic  spec t rum consis t ing  of  a 
broad l ine (640 meV,  half-width) cen tered  a round 1.68 eV 
(curve  A, Fig. 2). A s imilar  broad s p e c t r u m  is r ecorded  for 
t h o s e  CdS films d isp lay ing  the  character is t ics  of region 2 
(pH > 11.5, sample  11). This  Fig. 1 spec t rum is cen te red  
a round  1.70 eV and is a l i t t le b roader  t hen  that  in Fig. 2 
(720 meV,  curve  C). However ,  films whose  prepara t ion  
m e t h o d  was at pH  ~ 11.5 show dis t inct  spectra,  compared  
to those  m e n t i o n e d  above  (sample 4). These  spectra  con- 
sist of  a s imilar  featureless  broad line ("red"),  cen te red  
also at 1.68 eV, wi th  a hal f -width  of  620 m e V  and an addi- 
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Fig. 2. Luminescence spectra for samples | (A), 4 (B), and ] ] (C) 

under Ar laser excitation (488 nm), held at 10 K. 

t ional  "g reen"  edge  l ine cen te red  at 2.255 eV wi th  a nar- 
row half-width of  180 m e V  (curve B, Fig. 2). 

In  Fig. 3a and 3b, the  t empe ra tu r e  d e p e n d e n c e  be tween  
10 K and 300 K of the  peak  energy  posi t ion and the  char- 
acter is t ic  green l u m i n e s c e n c e  l ine in tens i ty  are shown.  
The  g reen  l ine in tens i ty  is r educed  by a factor  of  10, but  it 
does not  vanish  at 300 K. The  peak  posit ion,  on the  o ther  
hand,  shows a clear m a x i m u m  at about  80 K (2.265 eV at 
80 K, compared  to 2.255 eV at 10 K and 150 K). In  Fig. 4, 
we  show log (intensity) vs. lIT d e p e n d e n c e  of  the  green  
radia t ive  transit ion.  Two s o m e w h a t  clear regions  of  dif- 
ferent  inc l ina t ion  are apparent ,  the  one  in the  h igh  tern- 
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perature region resulting in an activation energy of 6.19 
meV and the other resulting in an activation energy of 
0.103 meV. We have assumed that this calculation con- 
tains an exp (E/KT) dependence of the green lumines- 
cence peak with temperature. 

For comparison, we display in Fig. 5a and 5b the tem- 
perature behavior of the red luminescence band intensity 
and the peak position of sample 4 for the same region of 
temperature. We also include samples 1 and 11, which do 
not present the green line. A similar run is found for all 
samples below 200 K, but whereas the peak energy de- 
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sion for samples 1 (0), 4 (0),  and 11 (11), with a 488' nm excitation 
line; (b, bottom) luminescence red peak energy value vs.  temperature 
for samples 1 (11), 4 (e),  and 11 (0). 

creases continuously for samples 1 and 11 with increasing 
temperature,  the peak energy position of sample 4 in- 
creases above 200 K. Also, in Fig. 6 we show the spectra 
lines of sample 2 "as-prepared" with a 30s annealing in air 
at 400~ Both show the red broad line, but a green small 
line tends to appear for the annealed sample. 

Discussion 

Broad photo.luminescence at 1.65 eV has been reported 
in surface-damaged and electron-irradiated single-crystal 
CdS and identified with a complex sulfur interstitial (4). 
In our CBD CdS samples, one would expect  to find simi- 
lar defects and luminescence sites in dislocations and 
stacking faults of polycrystalline films. It is found that 
CBD generates films with numerous stacking faults (6). 
We believe that this situation helps cause radiative 
recombination channels in our CBD films whose method 
of preparation has almost no influence over the broad 
red emission line. Samples prepared with pH around 11.5, 
on the other hand, show characteristic green edge emis- 
sion lines (the most stoichiometric films); the behavior of 
the red line is modified only for the case of this type of 
sample, e.g., sample 4. A high energetic recombination 
channel underlying the broad red emission line starts 
gaining efficiency at 200 K, causing a blue shifting of the 
overall peak position of the line (see Fig. 5a). A similar ar- 
gument  holds for the abrupt decrease of the peak energy 
position of sample 11 at 300 K. 

For the ease of"as-prepared" and annealed samples, we 
detect a modification in the spectra of the films. 
Samples whose preparation was at pH < 11.5 are able to 
show an increase in a green emission band after thermal 
annealing. The opposite is true for samples whose pH is > 
11.5; they do not show any modification of the overall in- 
tensity line and the peak energy position. It is known that 
thermal annealing of CBD films in air evaporates the ex- 
cess sulfur ions in the films because of their high vapor 
pressure (compared with the Cd ions). Thus, samples 
with concentrations of S-ions greater than that of Cd ions 
during preparation are thermally "annealed," and they 
present a modification of the spectra emission line. The 
samples whose Cd ion concentration is greater than S ion 
concentration during preparation are thermally annealed 
and do not show any change in the spectral emission line. 
There seems to exist two ways of achieving films which 
present a green emission line: selecting a pH whose Cd 
ion and S ion concentrations are equal; or selecting ther- 
mally annealed samples whose S ion concentration ex- 
ceeds the Cd ion concentration. Only for these cases have 
we found the green emission line which has been related 
to a complex transition between cadmium and sulfur va- 
cancies present in dislocated single CdS crystals (7). 

The overall room temperature photoluminescence of 
the CBD CdS films grown with pH 11.5 is higher than 
that of single crystal CdS. The same behavior has been re- 
ported by Feldman and Dusiman (1) for spray pyrolyzed 
CdS, with no explanation for it. From our point of view, 
such behavior might be possible when taking into ac- 
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Fig. 6. Luminescence spectra for sample 2, held at 80 K for as- 

prepared (A) and annealed-in-air at 400~ for 30s (B). 
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count existing electric fields between microcrystallites of 
optically excited films, which cause an acceleration of 
the radiative recombination process, as compared with 
the nonradiative processes always present in single and 
polycrystalline material. A detailed experimental  study of 
this behavior is still in progress, and electroluminescence 
excitation seems the appropriate means. At the same 
time, it should be possible to make clear whether  the 
large room temperature green photoluminescence is a 
sufficient indication of a high efficient electrolumines- 
cence device. 

Summary 
In this work, we have shown that CBD CdS films pre- 

pared with approximately equal amounts of Cd and S 
ions give films whose green emission persists up to room 
temperature. There are two ways to achieve this situation: 
by preparing films whose pH value of the working solu- 
tion corresponds to equal amounts of Cd and S ion con- 
centrations; or by thermally annealing samples whose S 
ion concentration exceeds the Cd ion concentration. The 
mechanism for red luminescence is not affected by these 
processes. The green emission line is strongly influenced 

Cds  F I L M S  2977 

by this situation. We have tried to identify the green emis- 
sion line with a complex transition between Cd and S ion 
vacancies present in dislocated films. 
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Photoelectric Properties of ITO/CdS/Surfactant Aluminum 
Phthalocyanine/Au Solar Cells 

M. F. Lawrence, J. P. Dodelet,* and L. H. Dao* 

Insti tut  National de la Recherche Scientifique-Energie, Varennes, Quebec, Canada JOL 2PO 

ABSTRACT 

A heterojunction solar cell made by sequential electrodeposition of CdS and a surfactant aluminum phthalocyanine, 
(SA1Pc), onto ITO (Nesatron) conductive glass, has been analyzed. Barrier formation occurs upon light absorption and is 
related to "doping" of the organic pigment by trapped electrons. When the cell is i l luminated with white light, all the 
band bending occurs in the phthalocyanine, and two mechanisms are at work in relation to current production. The op- 
t imum thickness for the CdS and SA1Pc layers was found to be 4000 and 2500•, respectively. The photovoltaic charac- 
teristics of the optimized cell, under an illumination of 50 mW cm -2, were: Jsc = 0.33 mA cm -2, Voc = 0.46V, ff = 0:3, and 
= 0.09%. From capacitance measurements  a density of N z- 3 • 1017 charge carriers/cm 3 was calculated, and the barrier 
parameters were: Wo - 300~ and Vo - 0.5V. To illustrate how the junction changes with "doping" of the organic layer by 
photogenerated electrons, an energy level diagram of the proposed model  is presented. 

For years now, solar cell research has been primarily 
concerned with finding efficient devices that are easily 
fabricated, utilizing low cost durable materials. This task 
has led to the consideration of, among other things, the 
possibility of employing organic semiconductors as a sub- 
stitute for some of the more expensive inorganic materi- 
als. With this in mind, determining the electrical and 
photoelectrical characteristics of the most promising or- 
ganic molecules (phthalocyanines, merocyanines, porphy- 
rines, squaryliums, etc.), became a major priority in the 
hope of discovering one with all the right qualities. 

These organic pigments exhibit  p-type conductivity 
(1-4), and the first devices fabricated with them were of 
the Schottky barrier type, using metals such as alumi- 
num, indium, or chromium to establish a blocking con- 
tact. Lately, cells incorporating an organic-inorganic 
heterojunction have attracted attention in regard to their 
potential for eventual use in energy conversion. Phthalo- 
cyanine-type molecules, because of their environmental  
stability, their high absorption in the visible region, and 
their relatively good photoconductive properties, have 
emerged as one of the main organic substances to be used 
conjointly with inorganic n-type semiconductors like CdS 
and ZnO (5) to form heterojunctions. 

Hor et al. (6) have developed a CdS/trivalent metal- 
phthalocyanine device with a conversion efficiency of 
0.22% under AM2 illumination of 75 mW cm-'-', which is 

*Electrochemical Society Active Member. 

one of the largest values obtained for devices using or- 
ganic photoconductors at high light intensity. A conver- 
sion efficiency of 0.5% has also been attained with a 
CdS/polyacetylene photovoltaic cell under AM1 irradia- 
tion (7). These results are quite modest compared to the 
> 9% conversion efficiency obtained with the CdS/Cu~S 
cell (8), but, nevertheless, many aspects of organic- 
inorganic systems remain to be clarified; they deserve 
further investigation. 

In our own effort, we have undertaken the fabrication 
and analysis of a heterojunction cell built up by sequen- 
tial electrodeposition of CdS and a surfactant a luminum 
phthalocyanine (SA1Pc) onto Nesatron conductive glass. 
This metal-phthalocyanine, unlike those commonly used 
(MgPc, CuPc, ZnPc, H2Pc, etc.) and usually deposited by 
vacuum sublimation, has the interesting property of 
forming a positively charged colloid when put in an iso- 
octane + n-butanol mixture, permitting its electrodeposi- 
tion on top of the CdS layer. This practical deposition 
technique of organic compounds was first performed by 
Tang and Albrecht (9) using microcrystalline Chl a, which 
forms a positively charged colloid in 3-methylpentane or 
iso-octane. Dodelet et al. (10) have subsequently applied 
the method to SA1Pc in making an A1/SA1Pc/Ag photovol- 
talc cell, where stability and conversion efficiency were 
found to be seriously hampered by the accumulation of 
electrons trapped in A1~O3 at the A1/SA1Pc interface. Be- 
sides providing a simple and rapid way of film deposi- 
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tion, this technique allows the coverage of large surfaces, 
making it particularly well suited for an eventual practi- 
cal application. 

The main goal of this article is to describe our cell's be- 
havior and to report on its characteristics and its optimi- 
zation through variation of the semiconductor layer thick- 
nesses. The experiments show that, when the cell is 
i l luminated with white light, all the banc tbending  occurs 
in the phthalocyanine and two mechanisms are at work in 
relation to current production. The information gained 
sheds more light on the organic and inorganic semicon- 
ductors separate functions, on how they combine to pro- 
duce power, and provides a deeper understanding of the 
model proposed for organic-inorganic heterojunction de- 
vices (11). 

Experimental 
The CdS was deposited electrochemically onto Nesa- 

tron conductive glass of 82% transparency (indium-tin- 
oxide coating, P.P.G. Industries), according to the 
method described by Baranski and Fawcett (12). The cad- 
mium chloride, elemental sulfur, and dimethylsulfoxide 
were reagent grade and used without further purifica- 
tion. The procedures by which the surfactant a luminum 
phthalocyanine (SA1Pc) shown in Fig. 1 was synthesized 
and electrodeposited have been described previously (10). 
The SA1Pc film thickness was varied from - 400 to 
3700~, depending on the amount  of SA1Pc in the iso- 
octane + n-butanol mixture, and the CdS layer was varied 
from - 1000 to 5500~, depending on the electrodeposition 
time. Figure 2A shows a picture of a 2000~ thick CdS 
film and Fig. 2B is a 2500~ SA1Pc film taken with an 
ETEC Autoscan scanning electron microscope. The CdS 
films have surfaces that are quite smooth up to thick- 
nesses of about 6000A, above which the layer becomes 
cracked by the appearance of numerous crevices. The 
SA1Pc films are less smooth and gradually become 
rougher as they get thinner. Nevertheless, reasonable 
films are obtainable down to about 400~ (13). Film thick- 
nesses were measured with a Dek-Tak surface profile 
measuring system (Sloan). The heterojunction cells were 
completed by the evaporation under  vacuum (~< 5 • 10 -7 
torr, Varian Cryostack 8) of a gold collecting (0.5 cm 2) and 
guard electrode (99.9% pure from Alfa). 

The cells are installed in a Faraday cage, where they 
could be irradiated through the Nesatron with monochro- 
matic light from a 650W tungsten-halogen lamp (Schoef- 
fel) passing through a Kratos monochromator (Schoeffel), 
or/and with white light from a Kodak Ektagraphic slide 
projector (300W tungsten-halogen lamp). Because of the 
detrimental effect oxygen has on cell performance (see 
"Results and Discussion" section), the cells were ana- 
lyzed while under  N._, atmosphere. The light intensity was 

SAI Pc 

N ~ ! O _ i _  OH . 

0Cl6H33 

H20 

Fig. 1. SAtPc molecular structure 

Fig. 2. SEM photographs af (A) a 2000~ thick electrodeposited CdS 
layer and (B) a 2500/~ thick electrodeposited SAIPc layer. 

varied by interposing neutral density filters (Oriel Corpo- 
ration) and measured with a United Detector Technology 
21A power meter equipped with a Radiometric filter. The 
intensities reported correspond to light incident on CdS. 
Filters (Oriel Corporation) having different cut-on and 
cut-off wavelengths were used in order to il luminate the 
cells with isolated parts (blue light or red light only) of the 
visible spectrum emanating from the slide projector. Cur- 
rents and voltages generated by the cells were measured 
with a Keithley Mode] 616 electrometer. Capacitance mea- 
surements were performed according to the discharge 
method using a setup similar to the one described by 
Popovic (14). The absorption spectra were obtained with 
a Hitachi Model 100-60 spectrophotometer. 

Results and Discussion 
J-V characteristics. Figure 3 shows the J-V curves of a 

typical CdS/SA]Pc cell, corresponding to three important 
stages of measurement  in which cell behavior is found to 
be different. The first curve is obtained by measuring the 
dark J-V characteristics of a freshly prepared cell, not yet 
exposed to light. At this stage, all of the cells exhibit very 
little rectification and their behavior is mostly resistive. 
The second stage (curve 2), involving the J-V measure- 
ment under  white light illumination, clearly demonstrates 
that the rectifying properties appear as a result of light 
absorption. In the third stage, the J-V curve is taken in 
the dark, immediately after illumination, and the 
rectifying qualities of the cell are still present but have al- 
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cm-2). Curve 3: third stage, in the dark, after illumination. 

ready begun to decay. Now, if after illumination, the cells 
are kept in the dark long enough (from 8h to 5 days, de- 
pending on the SA1Pc film thickness), they gradually re- 
gain their initial resistive behavior. From that point, put- 
ting them again through the same three respective steps 
yields the same result. Wagner and Loutfy (11) obtained 
an identical result with a NESA/CdS/MgPc/Au cell before 
and during illumination, but the behavior of the device, in 
the dark after illumination, was not mentioned. 

Figure 4A shows the semilogarithmic plots of the for- 
ward dark current vs .  applied voltage (curves 1 and 3 of 
Fig. 3) and provides additional information concerning 
the state of the cell before and after illumination. The J-V 
data of a cell in the first stage (before illumination and 
very little rectification) cannot be fitted to the modified 
Schottky equation (15) 

J = Jo [exp e ( V  - J R s ) / n k T  - 1] + (V  - JRs)/Rsh [1] 

where Jo, n, Rs, Rsh, and e are the reverse saturation cur- 
rent, the diode quality factor, the series resistance, the 
shunt resistance, and the electronic charge, respectively. 
J is the measured dark current, and V the forward applied 
voltage (positive potential on gold electrode). Rectifica- 
tion's being practically absent implies that the device at 
this point is not a diode, or that, at most, it is a very poor 
one and therefore Eq. [1] is not suited for its description. 
The data, however, fit reasonably well to an ohmic rela- 
tion 

V 
J - [2] 

R 

which is more appropriate for the description of an es- 
sentially resistive device. Curve 1 of Fig. 4A (left axis) was 
calculated with Eq. [2] taking R = 0.16 M~. The J-V data 
of the same cell in the third stage (immediately after illu- 
mination, with rectification) can be fitted quite well to 
Eq. [1] using values OfJo = 8.2 • 10 -s A cm -2, n = 2.85, Rs 

= 415 ~, and R~h = 1 M~ (curve 3 of Fig. 4A, right axis). Rsh 
= 1 M~ was calculated from the slope of the reverse bias 
characteristics. Figure 4B illustrates how the open-circuit 
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voltage Voc and the short-circuit current J~r at light inten- 
sities ranging from 0.7 to 18 mW cm --~ (second stage) fol- 
low the relation 

nkT in ( Jsc  + 1~ Voc [3] 
e \ Jo / 

From the plot of log J~c vs. Voc, we find n = 2.2 and Jo = 
2.7 • 10 -~ A c m  -2. Comparing these parameters with 
those obtained for the same cell immediately after illumi- 
nation (curve 3, Fig. 4A) shows that the diode is at its best 
in the presence of light. 

The J-V characteristics indicate the following: when the 
CdS and SA1Pc are first brought together to form a 
heterojunction, the amount  of free carriers in SA1Pc is too 
little at this stage, and the result is a diode with poor recti- 
fication. Light absorption in SA1Pc causes the formation 
of excitons that dissociate into electron-hole pairs. Be- 
cause some of the electrons are rapidly trapped in SA1Pc, 
mobile holes are left for conduction. Consequently, the 
pigment takes on a p-type semiconducting behavior, 
which permits, in the presence of nearly degenerate elec- 
trodeposited CdS (16), the formation of a nonideal 
Schottky barrier diode. The voltage developed at the bar- 
rier, therefore, corresponds to the difference between the 
Fermi levels of CdS and SA1Pc when the system is illumi- 
nated and not to the difference between their respective 
Fermi levels when both materials are at equilibrium in 
the dark. Immediately after illumination (third stage), the 
captured electrons start escaping from their traps only to 
recombine with the holes present at that point in the 
SA1Pc layer. This has the effect of transforming the or- 
ganic pigment from its light-induced semiconducting 
character back to its initial, more insulating state, and 
causes the gradual decrease of the diode's rectifying capa- 
bility. This mechanism, involving "doping" of the pig- 
ment by trapped electrons has also been mentioned in the 
case of chlorophyll a (17, 18). At the end of this article, an 
energy band diagram is presented to give a more detailed 
description of the barrier formation upon illumination. 

Action and absorption spectra.--Figure 5A presents the 
absorption spectra of CdS (broken line) and SA1Pc (solid 
line). Figure 5B shows the action spectra of three cells 
having different thicknesses of CdS for which the SA1Pc 
film thickness has been kept constant at 2000A. In the 
red part of the action spectrum (520 to 800 nm), where the 
absorption is due to SA1Pc, the action spectra for all three 
cells are identical and correspond to the absorption spec- 
trum of SA1Pc. In the blue region, however (400 to 520 
nm), the absorption by CdS has a marked effect on the re- 
sulting action spectrum. We have also noticed that when 
the cells are il luminated with red light only (/> 600 nm), 
the photocurrent  decreases quite rapidly and continues to 
do so unless a certain amount of blue light (430 rim) is 
added. This noteworthy observation, and what occurs in 
the blue region of Fig. 5B, can be explained by assuming 
the existence of two mechanisms responsible for current 
production. 

Under white light illumination, electron-hole pairs are 
formed simultaneously in both semiconductors. The ma- 
jor  mechanism at work for current production involves 
the recombination, at the junction, of electrons from the 
SA1Pc conduction band with holes from the CdS valence 
band, leaving extra electrons in the CdS and extra holes 
in SA1Pc to be recuperated. Blue light is essential, be- 
cause the holes it generates in CdS are needed to balance 
the photocurrent. When the photocurrent produced with 
red light only (/> 600 nm) is balanced with just the right 
amount of added blue light (430 rim), we find 

N(e) 
- 0.7 -+ 0.1 [ 4 ]  

N(ph) 

where N~ is the total number  of electrons collected per 
second and N~,h~ is the total number  of blue photons ab- 
sorbed in the CdS within a distance from the phthalocya- 
nine not exceeding the diffusion length of holes in CdS 

I 0 -  

m 

a 8 -  
E 
r 

~1" 6 -  
O 

X 

~ ' *  4 - -  

O 

_ 

O 

I O O  - 

8 0 -  

6 0 -  

4 0 -  

2 0 -  

0 

I I I 
A 

8 _ 

I 

I I I 

4 0 0  6 0 0  8 0 0  

~. (nm}  
Fig. 5. A: Absorption spectra of $AIPc (full line) and CdS (broken 

line). B: Normolized action spectra of three cells having different Cd$ 
thicknesses. Curve 1: 1100~. Curve 2: 2300~. Curve 3: 4400~. 
SAIPc thickness is 2000~. 

(vide infra). N~JN~p~ represents an efficiency for the con- 
version of minority carriers from SA1Pc to majority carri- 
ers in CdS. 

In Fig. 5B, the effect CdS thickness has on the photo- 
current generated in the blue part of the action spectra 
provides us with evidence for a second mechanism in re- 
lation to current production. It is important here to note 
that the action spectra are given as a percentage normal- 
ized at the maximum in the red (634 nm). If we assume 
that the CdS acts only as a filter for blue light, it is possi- 
ble to calculate for each CdS thickness (taking ifito con- 
sideration the absorption coefficients of both semicon- 
ductors) what the action spectra would be from 400 to 520 
rim, if the phtha]ocyanine was the only one to contribute 
currentwise. Subtracting these calculated action spectra 
from their corresponding spectra in Fig. 5B, we find that 
the CdS layer is responsible for 70% -+ 10% (independent 
of its thickness) of the overall photocurrent measured in 
the region where it absorbs. This would imply another 
mechanism o f  current production, however secondary, 
involving a direct injection of  holes from the CdS valence 
band into the SA1Pc valence band. 

In an additional experiment,  we have measured the cell 
Vo~ when irradiated with red light only (/> 600 nm), there- 
fore, giving the voltage developed uniquely in the SA1Pc. 
If the cell is i l luminated with a red light intensity at 
which the maximum Voc is obtained from SAIPc, the sub- 
sequent addition of blue or white light does not increase 
the measured potential, indicating that the band bending 
is entirely located on the phthalocyanine side of the junc- 
tion. These results agree with findings already reported 
in the literature (11, 19), and they are expected since the 
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e l e c t r o d e p o s i t e d  CdS  is a nea r ly  d e g e n e r a t e  s e m i c o n d u c -  
tor.  

The  i n f o r m a t i o n  g a i n e d  b y  p r o b i n g  t he  h e t e r o j u n c t i o n  
w i t h  i so la ted  pa r t s  of  the  v i s ib le  s p e c t r u m  (b lue  or r ed  
l ight)  p e r m i t s  us  to  d e t e r m i n e  h o w  b o t h  s e m i c o n d u c t o r s  
pa r t i c ipa t e  in  th i s  cell. U n l i k e  c o m p l e t e l y  i n o r g a n i c  de- 
v ices  (20), h e t e r o j u n c t i o n s  of  th i s  t ype  b e h a v e  r a t h e r  l ike 
S c h o t t k y  ba r r i e r  cells  w h e r e  t h e  o rgan ic  layer  ac ts  as 
a b s o r b e r - g e n e r a t o r  a n d  s i m u l t a n e o u s l y  c o n t a i n s  t h e  
bu i l t - i n  vo l t age  r eg ion  w h i c h  a l lows  t h e  g e n e r a t e d  m i n o r -  
i ty car r ie rs  to  b e  co l l ec ted  a n d  c o n v e r t e d  to ma jo r i t y  car- 
r ie rs  in  t he  i n o r g a n i c  layer.  T he  CdS, in  th i s  case,  se rves  
as a b l o c k i n g  c o n t a c t  a n d  also c o n t r i b u t e s  d i rec t ly  to  t he  
p h o t o c u r r e n t .  

The  ac t ion  spec t r a  in  Fig. 5B were  o b t a i n e d  for  a con-  
s t a n t  p h o t o n  flux, w i t h  a m a x i m u m  e n e r g y  of  0.2 m W  
cm --~ incident on the CdS layer at 634 mm. Quantum 
efficiencies at the maximum in the red (634 nm) vary be- 
tween 6% and 11%, calculated according to 

100 J~eh~ 
6(%) - [5] 

eI 
w h e r e  hv is t he  p h o t o n  e n e r g y  at  634 n m  a n d  I is t he  634 
n m  l ight  i n t e n s i t y  i n c i d e n t  on  t h e  CdS  layer.  C o n s i d e r i n g  
on ly  t he  m a j o r  m e c h a n i s m  for c u r r e n t  p r o d u c t i o n  de- 
s c r ibed  p rev ious ly ,  the  r e q u i r e m e n t  of  b a l a n c e d  e lec t ron-  
ho le  pa i r  p r o d u c t i o n  in  b o t h  ha lves  of  t h e  j u n c t i o n  m e a n s ,  
in  fact,  t h a t  t he  m a x i m u m  q u a n t u m  eff ic iency of  th i s  sys- 
t e m  is 50%. 

Cell optimization . - - I n  a n  a t t e m p t  t o w a r d s  cell  
op t imiza t ion ,  t he  s e m i c o n d u c t o r  layers  we re  va r i ed  in 
t h i c k n e s s  s t a r t i ng  w i t h  CdS. F i g u r e  6 shows  t he  v a r i a t i o n  
of  c u r r e n t  dens i t y  as a f u n c t i o n  of CdS  t h i c k n e s s  u n d e r  
w h i t e  l igh t  i l l u m i n a t i o n  (8 m W  c m  '-'). T he  o p t i m u m  
t h i c k n e s s ,  w h i c h  c o r r e s p o n d s  to t he  d i f fus ion  l e n g t h  of  
ho les  in  t he  e l e c t r o d e p o s i t e d  CdS,  was  f o u n d  e x p e r i m e n -  
ta l ly  to  b e  - 4000]~. T h e  ful l  l ine  in  Fig. 6 ( r ight  axis)  is t h e  
fraction of light, F, absorbed in CdS within a distance 
from the SAIPc not exceeding the hole diffusion length. F 
is calculated taking into account the absorption of light in 
CdS at a specific wavelength (400 nm) and using 4000A as 
the diffusion length of holes in the inorganic semicon- 
ductor. For CdS thicknesses < 4000A, we have 

F = [I - exp (-ad)] [6] 

and for thicknesses > 4000~ 

F = [1 - exp  ( - ~ d ) ]  - [1 - exp  { - ~ ( d  - Ah)}] 
= exp  ( - ~ d )  • [exp (~Ah) - 1] [7] 
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Fig. 6. Short-circuit current density, Jsc,  vs. CdS thickness (left 
axis). Fraction of light, F, absorbed in CdS within a distance from 
SAIPc not exceeding the hole diffusion length (A n = 4000/~) vs. CdS 
thickness (right axis). Also indicated are the maximum and minimum 
experimental values obtained. 

2 9 8 1  

w h e r e  a is the  a b s o r p t i o n  coeff ic ient  for CdS  at  400 n m  
(see Fig. 5A), w h i c h  we h a v e  f o u n d  to b e  9.7 • 104 c m - '  
(2.30259 • 4.2 • 104 c m - ' ) ,  d is t he  to ta l  CdS  layer  th ick-  
ness ,  a n d  Ah = 4000A, t h e  ho le  d i f fus ion  l e n g t h  in t he  CdS. 
W a g n e r  a n d  Lou t fy  (11), t a k i n g  a - 105 c m - ' ,  a t  520 n m  
( w h i c h  s e e m s  la rge  for CdS  at  t h a t  wave l eng th ) ,  e s t i m a t e d  
a A~ of  1000~. The  fit of  the  ca l cu l a t ed  c u r v e  to t he  exper -  
i m e n t a l  p o i n t s  u s i n g  Ah = 4000s is reasonab_ly~good. 

F i g u r e  7 i l lus t ra tes  t h e  va r i a t i on  of  cell  eff iciency,  ~, vs. 
t h e  o rgan ic  l ayer  t h i c k n e s s  m e a s u r e d  u n d e r  w h i t e  l igh t  il- 
l u m i n a t i o n  of 20 m W  cm-'-'. T h e  CdS  layer  of  t h e s e  cells 
was  k e p t  at  t he  o p t i m u m  t h i c k n e s s  of  ~ 4000}~. Cell effi- 
c i e n c y  is ca l cu la t ed  w i t h  t he  e x p r e s s i o n  

100 J~cYoJf 
, (%)  - [ 8 ]  

IT 

w h e r e  ff  is the  cell  fill f ac to r  a n d  Iv is t he  w h i t e  l igh t  in- 
t en s i t y  i n c i d e n t  on  CdS. Typ ica l  va lues  of  ff  we re  f o u n d  
to be  - 0.3. A m a x i m u m  eff ic iency of  - 0.1% was  at- 
t a i n e d  at  a SA1Pc t h i c k n e s s  of  - 2500•. 

The  a b s o r p t i o n  of  v i s ib l e  l igh t  by  the  o rgan ic  p i g m e n t  
r e su l t s  in  exc i t on  fo rma t ion .  The  exc i t ons  are c a p a b l e  of 
d i f fus ing  a ce r t a in  l e n g t h  (A) across  t he  SA1Pc layer  be- 
fore  t h e y  decay  or  d i s soc ia t e  in to  c h a r g e  car r ie rs  w h i c h  
can  be  co l lec ted  readi ly ,  i f  t hey  are  f o r m e d  in  t h e  space-  
c h a r g e  region,  or i f  t he  e x c i t o n s  fo rm ou t s i de  at  a d i s t a n c e  
< A a n d  d i f fuse  in to  t he  space -cha rge  region.  The  w i d t h  
of  t h e  d e p l e t i o n  r eg ion  at  zero app l i ed  b ias  b e i n g  Wo, the  
ac t ive  r eg ion  e x t e n d s  over  a d i s t ance  of Wo + A. In  
p h o t o e l e c t r o c h e m i c a l  cells u s i n g  SAIPc  (13), a m a x i m u m  
va lue  of  - 250~ was  f o u n d  for  A, w h i c h  ag rees  w i t h  A 
300-500~ o b t a i n e d  for  x-H2Pc (21, 22). 

F i g u r e  8 s h o w s  the  ef f ic iency va r i a t ion  ( r ight  axis), 
open -c i r cu i t  vo l tage  a n d  shor t - c i r cu i t  c u r r e n t  d e n s i t y  var-  
i a t ion  (left axis) w i t h  IT for a n  op t imized  cell. T h e  l igh t  ex-  
ponen t ,  7, a p p e a r i n g  in  t h e  e x p r e s s i o n  

J~r ~ I~ ~ [9] 

ha s  a va lue  of  - 0.9. T h e  s u b l i n e a r  d e p e n d e n c e  of J~c on  IT 
is r e l a t ed  to t he  d i s t r i b u t i o n  of t r aps  for  ho les  in  t he  
p h t h a l o c y a n i n e  (23). Th i s  effect,  c o m b i n e d  w i t h  t he  fact  
t h a t  Voc r eaches  a c o n s t a n t  va lue  at  - 20 m W  c m  -2, causes  
t he  eff ic iency to d e c r e a s e  at  g r ea t e r  in tens i t i es .  A n  
ef f ic iency of  - 0.09% at  a 50 m W  cm -2 w h i t e  l igh t  i l lumi-  
n a t i o n  c o m p a r e s  wel l  to , = 0.10% o b t a i n e d  w i t h  
I T O / C d S / Z n P c / A u  a n d  , = 0.066% for I T O / C d S / M g P c / A u  
at  t h e  s ame  l igh t  i n t e n s i t y  (24). The  b e s t  r e su l t  for  
h e t e r o j u n c t i o n  dev ices  of  th i s  type,  howeve r ,  was  r e a c h e d  
w i t h  a n  ITO/CdS/C1A1Pc/Au cell  h a v i n g  a c o n v e r s i o n  
ef f ic iency of  0.22% at  a n  AM2 i l l u m i n a t i o n  of  75 m W  
c m  -'2 (6). 
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Fig. 7. Power conversion efficiency, , ,  vs. SAIPc thickness. Also in- 
dicated are the maximum and minimum experimental values obtained. 
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C a p a c i t a n c e  m e a s u r e m e n t s . - - T h e  capacitor discharge 
technique consists in measuring the total accumulated 
charge, Qj, after the cell has been biased with a voltage V. 
The result is 

Ci = Qi/V [1O] 

where C~ is the integral capacitance. The accumulated 
charge, when external voltage V is applied to an ideal or 
MIS Schottky barrier, can be expressed by (14) 

Q~ = 1 + Qo - Qo [11] 

where Qo = AeNwo = A(2e�9149 ~2 is the amount  of 
charge accumulated in the barrier at zero bias, A the 
sample area, e the electronic charge, �9 the SA1Pc dielec- 
tric constant, �9 the vacuum permittivity, N the density of 
majority carriers, and Vo and Wo are the built-in voltage 
and barrier width at zero applied bias. Since the 
CdS/SA1Pc heterojunction behaves like a Schottky bar- 
rier (while under illumination or immediately after), we 
assume the application of the present theory to be 
justified. Equation [ii] can be rewritten in the more con- 
venient form 

1 1 2 
- - -  Qi + - -  [12] 

Ci CoQo Co 

where Co = Qo/Vo. From the slope, 1/CoQo, and the inter- 
cept, 2/Co, obtained by plotting 1/C, vs. Q,, the different 
barrier parameters Vo, Wo, and N can be estimated. Substi- 
tuting Eq. [11] in the definition of the integral capaci- 
tance (Eq. [10]), we obtain 

V '~'-~_ 1] [13] 
Co J 

For small applied biases (V << "do), Eq. [13] becomes 

Ci = 1/2 Co [14] 

and under this condition, determining Q~ permits (when 

Vo and N are known) the direct evaluation of Wo, the bar- 
rier width at zero applied bias. 

As was the case in the J-V experiments,  capacitance 
measurements  performed before and after illumination 
provide valuable results. For a freshly prepared device, 
not yet exposed to light (or a cell kept in the dark long 
enough after illumination), the capacitance dependence 
on applied voltage does not resemble the typical depend- 
ence of depletion layer capacitance on applied voltage for 
p-n junctions and Schottky barriers (25). At this stage, the 
values found for Wo when Q~ is measured at V << Vo 
(0.01V), correspond quite closely to the thickness of the 
SA1Pc layer of the cell, if �9 = 4.3 is assumed for SA1Pc. A 
dielectric 'constant of 4.25 has been reported for ~-H2Pc 
(26). This indicates that, before illumination, the density 
of mobile charge carriers in the organic layer must be 
quite low and, because of the high resistivity of phthalo- 
cyanines compared to CdS, the cell behaves like a simple 
capacitor with the SA1Pc as dielectric. A similar behavior 
was observed by Skotheim et al. (19) for an Au/merocya- 
nine/TiO~ sandwich cell in the dark. 

Furthermore,  to obtain a suitable plot of 1/C~ vs.  Q~ (Fig. 
9), it was necessary to illuminate the cells before each 
measurement  of Qi in the dark at a specific reverse ap- 
plied V. This is consistent with the behavior indicated by 
the J-V results. The significant band bending at the p-n 
junction appears with the onset of light, and measuring Q~ 
at V << v 0 immediately after i l luminating the cell with 
white light, yields the barrier width at zero applied bias, 
Wo. By determining C~ at V = 0.01V, we found Wo to be in- 
dependent  of the CdS thickness and to vary only with 
SA1Pc thickness. This helps in confirming a model  with 
virtual absence of band bending in CdS, and where all of 
the built-in potential develops across the phthalocyanine 
film. From the 1/C~ vs. Q~ plots (as described by Eq. [12]), 
typical values of N - 3 x 10 '7 cm -3, Wo - 300•, and Vo 
0.5V were obtained for the optimized cells (CdS - 40001~ 
and SA1Pc - 2506A). These results are in accordance with 
N - 10 's cm -3, Wo - 200-250/t, and Vo - 0.6V found by 
Ghosh et al. for an AYMgPc/Ag Schottky barrier cell (1). 
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If the collected charges are the result of excitons disso- 
ciating in Wo only, the active region of the cell would 
therefore correspond to wo + A ~ 550~. Figure 7 shows, 
however, that the efficiency increases up to a SAIPc 
thickness of at least 2000~, leaving ~ 1500~ in excess of 
Wo + A unaccounted for, which also contributes to the to- 
tal efficiency. A possible explanation would be that the 
minority carriers created in the bulk of SA]Pc might be 
capable of migrating towards the space-charge region 
over a distance of ~ 1500/~, or a participation by triplet 
excitons may be involved. 

ITO/CdS/SA1Pc/Au cells are much more stable than the 
AVA12OJSA1Pc/Ag cells already investigated (10), but 
their photovoltaic properties still decrease slowly during 
illumination. Under  90 mW cm -2 white light, J~ typically 
drops to ~> 70% of its initial value after 10h of irradiation. 
A smaller drop is observed if the irradiation power is re- 
duced. 

Water vapor and atmospheric gases also have an influ- 
ence on the cell characteristics. J,~ (and Vow) decreases 
when atmospheric air is replaced by dry air, but increases 
when atmospheric air or dry air is replaced by dry N~. J~ 
decreases also by wetting N2. This indicates, first of all, 
that water vapor has a positive influence on J,~ only in 
the presence of O=, and, second, that O~ by itself has a neg- 
ative effect on J,~. 

The conjugated effect of water vapor and O~ on J~ has 
already been mentioned for AYAl.,OJchlorophyll a/Ag 
cells (27), but the dry N~ effect is quite puzzling. O=, is 
known to reversibly adsorb on phthalocyanines (28). The 
decrease of Jsr when O~ is present could be explained by 
the formation of surface states on SA1Pc, through which 
the photogenerated electrons and holes could recombine. 
This reaction would be in competit ion with the main 
mechanism for current production in the cell. The effect 
of O~ could also be explained by again assuming the par- 
ticipation of triplet excitons in photocurrent generation. 
These excitons would be quenched by O._,, therefore re- 
ducing the overall photoactivity of the cells. 

The.influence of water vapor and gases was not investi- 
gated further, and, as indicated in the experimental  sec- 
tion, a l l the  measurements  were performed in dry N~ envi- 
ronment. 

Energy band diagram for barrier formation.--Figure 10 
shows the energy band diagram of the opt imum ITO/CdS/ 
SAIPc/Au cell in the dark, before (or in the dark long 
enough to be at equilibrium) and immediately after illu- 
mination. For CdS, the value of E~ is at 4.50 eV below the 
vacuum level and Eg = 2.42 eV (29). Being a nearly degen- 
erate semiconductor with N = i018 cm -3 (16), electrode- 
posited CdS has a Fermi level located at - 0.06 eV below 
E~ (4.56 eV below vacuum). With experiments described 
elsewhere (13), using photoelectrochemical cells having a 
SAIPc/Fe(CN)~ 314- electrolyte junction, a value of EFB 
= 5.05 eV vs. vacuum was found for the flatband energy 
of SAIPc, which corresponds to the Fermi level's loca- 
tion immediately after "doping by illumination. The 
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Fig. 10. Energy band diagram of the optimum ITO/CdS/SAIPc/Au 
cell in the dark. The solid line represents SAIPc band bending immedi- 
ately after illumination; the dash-dotted line represents SAIPc band 
bending before the first illumination or in the dark long enough after 
illumination to be at equilibrium. 

equalization of the CdS and SA1Pc Fermi levels, there- 
fore, results in a built-in potential of 5.05 - 4.56 = 0.49V. 
This is in good agreement with Vo = 0.50 obtained from 
the capacitance-voltage measurements. In order to posi- 
tion the SAIPc valence band relative to its Fermi level, we 
have used a value reported by Loutfy (30) for metal-free 
phthalocyanine. With studies of current-voltage varia- 
tions, Loutfy found that the H2Pc Fermi level lies at 0.65 
eV above the valence band. For the bandgap of SAIPc, 
the value of 1.8 eV reported for AIPc ~ (31) is employed. 
The ITO and Au energy level positions appearing in Fig. 
i0 were obtained from Ref. (32) and (33), respectively. The 
energy diagram, of course, is only accurate to the extent 
of how well the physical quantities borrowed from the lit- 
erature for H2Pc and AiPc + apply to SAIPc. 

When the cell is left long enough in the dark after illu- 
mination, the depletion width increases from its mini- 
mum length of 300~ until it eventually attains the SAIPc 
film thickness (2500]~ in optimum cells). This increase re- 
sults from the recombination of electrons with mobile 
holes, which causes N in SAIPc to diminish. Nf, the major- 
ity charge-carrier density when the system has returned 
to equilibrium, can be estimated in the following manner. 
In the dark, immediately after light-induced doping, 
SA1Pc contains Ni = 3 x 101~ cm -3 majority carriers and 
the cell at this stage has a series resistance Rsi = 415~. 
After having been in the dark for a few days, the cell's 
series resistance increases to Rs~ = 160 k~. If it is assumed 
that SAIPc is mostly responsible for R, and that the mo- 
bility of majority carriers stays constant, we may write 

pi e~Nf Rs~ 
- -  [15] 

pf e~Ni Rsf 

where p is the resistivity of the sample, /~ is the mobility 
and N is the density of majority charge carriers, Rs is the 
series resistance, and the index i and f refer, respectively, 
to the initial (immediately after illumination) and final (at 
equil ibrium) stage in the dark. From Eq. [15], we obtain 
Nf = 8 x 10 TM cm-:L This decrease of N implies that the 
Fermi level moves from its posit ion at -0.65 eV above 
the valence band towards the middle of the forbid- 
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den bandgap. At most, the Fermi level of SAIPc can move 
from 5.05 eV to 1/2 (Ec + Ev) = 4.80 eV below vacuum, 
which yields a Vo of 14.80 - 4.561 = 0.24V. This change is 
represented in the diagram of Fig. 10. 

Conclusion 
We have presented evidence that, for this CdS/SAIPc 

heterojunction solar cell, the mechanism related to bar- 
rier formation is initiated by light absorption in the or- 
ganic layer. Subsequently, the trapping of electrons 
dopes the organic pigment and transforms it into a p-type 
semiconductor, which, in the presence of CdS, permits 
the formation of a Schottky barrier. Even though all of 
the band bending occurs in the phthalocyanine, the CdS, 
nevertheless, contributes directly to the overall 
photocurrent. The presence of these electron traps in 
SAlPc is of primary importance. Without them, the pig- 
ment  could not behave as a semiconductor. This is also 
the case with other organic materials, such as chloro- 
phylls, for example. 

Future work on this subject will be directed towards 
the determination of the energy levels associated with the 
"doping" electron traps in SA1Pc and the description of 
their nature. Future work will also be concerned with the 
enhancement  of power conversion efficiency by select- 
ively doping each of the materials with appropriate elec- 
tron donors (for CdS) and acceptors (for SA1Pc). The tech- 
nique of film deposition presently in use seems well 
suited for the accomplishment of this task because it per- 
mits the simultaneous electrodeposition of the semicon- 
ductor and the dopant. 

Acknowledgments 
This work was supported by an FCAC and a CRSNG 

grant. Technical assistance of A. Joly from IREQ for the 
electron microscopy is greatly appreciated. 

Manuscript submitted Jan. 3, 1984; revised manuscript  
received July 31, 1984. This was Paper 365 presented at 
the Washington, DC, Meeting of the Society, Oct. 9-14, 
1983. 

The Institut National de la Recherche Scientifique- 
Energie assisted in meeting the publication costs of this 
article. 

REFERENCES 
1. A. K. Ghosh, D. L. Morel, T. Feng, R. F. Shaw, and 

C. A. Rowe, Jr., J. Appl. Phys., 45, 230 (1974). 
2. A. K. Ghosh and T. Feng, ibid., 49, 5982 (1978). 
3. F. J. Kampas and M. Gouterman, J. Phys. Chem., 81, 

69O (1977). 

4. V. Y. Merritt and H. J. Hovel, Appl. Phys. Lett., 29, 414 
(1976). 

5. H. J. Wagner and R. O. Loutfy, Solar Cells, 5, 331 
(1982). 

6. A. M. Hor, R. O. Loutfy, and C. K. Hsiao, AppI. Phys. 
Lett., 42, 165 (1983). 

7. M. Cadene, M. Rolland, M. Aldissi, and M. Badie, 
Comm. Eur. Communities [Rep] EUR 8042, 848 
(1982). 

8. J. A. Bragagnolo, A. M. Barnett, J. E. Phillips, R. B. 
Hall, A. Rothwarf, and J. D. Meakin, IEEE Trans. 
Electron Devices, ed-27, 645 (1980). 

9. C. W. Tang and A. C. Albrecht, Mol. Cryst. Liq. Cryst., 
25, 53 (1974). 

10. J. P. Dodelet, H. P. Pommier, and M. Ringuet, J. 
Appl. Phys., 53, 4270 (1982). 

11. H. J. Wagner and R. O. Loutfy, J. Vac. Sci. Technol., 
20, 300 (1982). 

12. A. S. Baranski and W. R. Fawcett, This Journal, 127, 
766 (1980). 

13. D. B~langer, J. P. Dodelet, L. H. Dao, and B. A. 
Lombos, J. Phys. Chem., 88, 4288 (1984). 

14. Z. Popovic, Appl. Phys. Lett., 34, 694 (1979). 
15. M. Bujatti, Proc. IEEE, 53, 397 (1965). 
16. A. S. Baranski, M. S. Bennett,  and W. R. Fawcett, J. 

Appl. Phys., 54, 6390 (1983). 
17. G. A. Gorker and I. LundstrSm, ibid., 49, 686 (1978). 
18. I. Lundstr6m, G. A. Corker, and M. Stenberg, ibid., 

49, 701 (1978). 
19. T. Skotheim, J. M. Yang, J. Otvos, and M. P. Klein, J. 

Chem. Phys., 77, 6144 (1982). 
20. A. M. Barnett and A. Rothwarf, IEEE Trans. Electron. 

Devices, ed-27, 615 (1980). 
21. E. R. Menzel and R. O. Loutfy, Chem. Phys. Lett., 72, 

522 (/980). 
22. R. O. Loutfy, C. K, Hsiao, and R. Ho, Can. J. Phys., 61, 

1416 (1983). 
~3. H. Meier "Organic Semiconductors," p. 321, Verlag 

Chemie, Weinheim, Germany (1974). 
24. A. M. Hor and R. O. Loutfy, Can. J. Chem., 61, 901 

(1983). 
25. S. M. Sze "Physics of Semiconductor Devices," p. 370, 

Wiley-Interscience, New York (1969). 
26. M. A. Abkowitz and A. I. Lakatos, J. Chem. Phys., 57, 

5033 (1972). 
27. J. P. DodeIet, J. Le Brech, and R. M. Leblanc, 

Photochem. Photobiol., 29, 1135 (1979). 
28. S. C. Dahlberg, Appl. Surf. Sci., 14, 47 (1982-1983). 
29. A. L. Fahrenbuch and R. H. Bube, "Fundamentals  of 

Solar Cells," p. 427, Academic Press, New York 
(1983). 

30. R. O. Loutfy, Phys. Status Solidi A, 65, 659 (1981). 
31. A. Giraudeau, F. R. F. Fan, and A. J. Bard, J. Am. 

Chem. Soc., 102, 5137 (1980). 
32. F. Decker, J. Melsheimer, and H. Gerisher, Isr. J. 

Chem., 22, 195 (1982). 
33. "Handbook of Chemistry and Physics," 58th Ed., R. 

C. Weast, Editor, CRC Press, Cleveland, OH 
(1977-1978). 



Chemical Reactions Involved in the Initiation of Hot Corrosion of 
IN-7381 

G. C. Fryburg, F. J. Kohl, and C. A. Stearns 
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ABSTRACT 

Sodium-sulfate-induced hot corrosion of preoxidized IN-738 was studied at 975~ with emphasis on processes oc- 
curring during the long induction period. Thermogravimetric tests were run for predetermined periods of time, after 
which one set of specimens was washed with water to give information about water-soluble metal salts and residual sul- 
fate. A second set of samples was cross-sectioned dry and polished in a nonaqueous medium. Element distributions 
within the oxide scale were obtained from electron microprobe x-ray micrographs. Evolution of SOs was monitored 
throughout the thermogravimetric tests. Kinetic studies were performed for several pertinent processes, and rate con- 
stants were obtained for the following chemical reactions 

CrsO3 + 2NasSO4(1) + 3/20s ~ 2Na2CrO4(1) + 2SO~(g) 
nTiO2 + Na.,SO4(1) -> Na20(TiOs),, + SO3(g) 

nTiOs + Na~CrO4(1) ~ NasO(TiOs),, + CrO3(g) 

Recently, we reported on the chemical reactions in- 
volved in the initiation of Na~SOrinduced hot corrosion 
of the nickel-base alloys B-1900 and NASA-TRW VIA (1), 
which derive their oxidation resistance from the forma- 
tion of a thin continuous oxide layer composed largely of 
a-A1203. It was shown that, after an induction period, hot 
corrosion was initiated by basic fluxing of the protective 
AlsO3 layer by the liquid NasSO4 deposit. This was fol- 
lowed by a catastrophic attack resulting from acidic flux- 
ing of the remaining oxide layer by a Na2MoOrMoO~ mol- 
ten phase that had formed underneath the oxide layer. 

Unlike B-1900 and VIA, the alloy IN-738 derives its oxi- 
dation resistance from a protective layer composed 
largely of Cr203. This superalloy is of special interest be- 
cause of its widespread use, both coated and uncoated, in 
gas turbine engines (2, 3). This position of prominence is 
due not only to its good mechanical properties, but also to 
its superior hot corrosion resistance. 

The NasSO4-induced hot corrosion of IN-738 between 
825 ~ and 1000~ had been studied by several investigators 
(3:13). Depending on test conditions, either the alloy had 
not displayed hot corrosion, or hot corrosion had been 
preceded by a long induction period, during which the 
corrosion rate was similar to that in simple oxidation. 
Most of these studies had emphasized hot corrosion ki- 
netics or the morphology of the corrosion scale. Less ef- 
fort had been devoted to the important processes occur- 
ring during the long induction period. These processes 
were emphasized in this study. We used the same tech- 
niques employed in our studies of B-1900 and VIA and, in 
addition, performed rate studies on several of the simple 
processes thought to be important in the hot corrosion of 
IN-738. This work complemented recent research on the 
effects of temperature and oxide scale thickness on the 
hot corrosion of IN-738 (13). 

Experimental  
Specimens of alloy IN-738 were obtained from commer- 

cial sources and given conventional heat-treatments. The 
composit ion was nominal for IN-738 (weight percent 
(w/o): Cr, 16.0; A1, 3.4; Ti, 3.4; Co, 8.5; Mo, 1.7; W, 2.6; Ta, 
1.7; Nb, 0.9; Zr, 0.1; C, 0.17; Ni, balance) (7). Test samples' 
dimensions were 0.3 x 1.0 • 2.5 cm. All surfaces were 
glass-bead blas ted to give a uniform matte finish and 
were scrupulously cleaned. 

All samples were preoxidized at 975~ in 1 atm of 
slowly flowing oxygen for 24h. Hot corrosion was in- 
duced by coating the preoxidized samples with about 3 
mg cm -s of NasSO4; this was followed by isothermal oxi- 
dation at 975~ in a vertical tube furnace. Oxygen flowed 
downward at 126 cm ra in- '  (620 ml min- ' )  in the 2.5 cm 

1A more detailed account of this work can be found in NASA 
TP-2319 (1984). 

diam quartz furnace tube. Continuous weight change 
measurements were made with a Cahn R-100 microbal- 
ance and corrected for flow and buoyancy effects. The 
concentration of product SOs was measured continuously 
with a Thermoelectron-Pulsed Fluorescent Analyzer 
specific to SOs whose detection capability extended from 
0.01 to 50.0 ppm. 

One set of reacted samples was cross-sectioned for mor- 
phological examination of the corrosion scale by light mi- 
croscopy and electron microprobe techniques. Reaction 
products were identified from elemental x-ray micro- 
graphs and x-ray diffraction analyses, as reported previ- 
ously (7). A second set of samples was washed with hot 
water to extract soluble species, and the wash solutions 
were analyzed for metal cations and/or anions by atomic 
absorption techniques. Residual sulfate was determined 
by ion chromatography. 

Results and Discussion 
A typical weight gain curve for IN-738 during preoxida- 

tion at 975~ showing typical parabolic kinetics, is pre- 
sented in Fig. 1. Elemental  x-ray micrographs of a typical 
oxidized sample (Fig. 2), preoxidized for 24h, show that 
the compact  oxide is about 10 ~m thick and is composed 
primarily of Cr2Os, with considerable amounts of TiO2. 
Tentacle-like internal oxides of AlsO3 are observed below 
the CrsO3 layer, extending 30 ~m into the substrate. Tan- 
talum and, possibly, niobium oxides are found beneath 
the CrsOs-TiOs layer. Titanium and chromium have deple- 
tion zones about 30 ~m thick. Little or no nickel or mo- 
lybdenum appear in the oxide layer. In situ high tempera- 
ture x-ray diffraction (15) was performed to identify the 

x 
g o 

- 0 .50__  

I I I I - o  
0 25 50 75 i00 

TIME, h r 
Fig. 1. Typical specific weight gain for isothermal oxidation of 

IN-738 at 975~ in flowing oxygen and for real fraction of Cr20a end 
TiOs in scale, as a function of time. 
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Fig. 2. Secondary electron and x-ray rnicrographs of IN-738 specimen preoxidized at 975~ for 24h in flowing oxygen 

oxides formed during isothermal oxidation and to 
roughly calculate their relative amounts. The results for 
Cr203 and TiO., presented in Fig. 1 show that the oxide 
layer formed in 24h is about 75 mole percent (m/o) Cr~O3 
and 25 m/o TiO2. 

Thermogravimetric analysis.~A typical hot corrosion 
curve for preoxidized IN-738 is shown in Fig. 3a. The hot 
corrosion process for this alloy is characterized by a 
rather long induction period. The duration of this period 
is a function of alloy composition, preoxidation treat- 
ment, test temperature, and amount of Na~SO4 applied (7). 
An examination of Fig. 3a indicates that the induction pe- 
riod is about 55h and that the corresponding specific 
weight gain is 5 mg cm -2. If the specific weight gain dur- 
ing the latter part of the induction period is plotted on an 
expanded scale, it is seen that the specimen corrodes at a 
linear rate from 15 to 55h, an indication that the oxide 
formed is not protective in the usual sense. The linear 
corrosion rate is 0.14 mg cm -z h-', about four times the 
oxidation rate at 24h during preoxidation. 

The induction period is followed by a period of rapidly 
accelerating corrosion until, at about 60h, attack becomes 
catastrophic and rapid linear weight gain which contin- 
ues until about 75h is displayed. By this time, most of the 
specimen is consumed and is covered with a voluminous, 
porous, greenish-black oxide (Fig. 4). Most of the attack 
occurs on the bottom half of the specimen, owing to 
"slumping" of the liquid Na2SO4. 

Sulfur dioxide evolution.--Sulfur dioxide evolution re- 
sults are shown in Fig. 3b for a typical specimen. The SO2 
product concentration rises rapidly when beginning a run 
to about 3.4 -+ 0.25 ppm cm -2 (25 ppm), generally within 
the first 5-10 rain of reaction, then it decreases to about 
0.27 ppm cm -~ (2 ppm) at 4h and to <0.0027 ppm cm --~ 
(<0.02 ppm) at 20h. No further SO2 is detected until the 
specimen starts corroding catastrophically. Then, the SO., 

level rises slowly to about 0.014 ppm cm -2 (0.1 ppm) at 
80h and decreases to 0.02 ppm at l l0h.  

Analysis of water soluble elements.--Water-soluble com- 
pounds are extracted from reacted specimens for chemi- 
cal analysis. Tests times ranging from 5 min to 100h are 
normalized to the weight-gain time scale by matching 
each individual weight gain with the curve given in Fig. 
3a. The quantities of various species, reported in Fig. 3c, 
are normalized to the initial quantity of Na~SO4 of 0.168 
retool. The S-"- concentrations in the specimens are also 
shown in Fig. 3c as a function of time. 

The amount of SO4 -~- recovered drops rapidly to 10% of 
its original value in 12.5h and to - 0  after 25h. The applied 
sodium (1/2 Na +) is completely recovered for times of up 
to about 5h, after which it rapidly decreases to -30% of its 
original value at 30h, persists to -40h, rises to 0.07 mmol 
at 75h, then falls sharply and levels out at -0.01 mmol. A 
large quantity (0.11 mmol) of soluble chromium (CrO4 -2) 
is formed. The soluble chromium rises rapidly to a peak 
at -10h,  then falls in a nearly linear manner until about 
30h, subsequently decreasing slowly to a small value after 
about 60h. Soluble molybdenum (MOO4-2), which is as- 
sumed to come from Na~MO4, appears at -10h  and in- 
creases linearly through the induction period to >0.02 
mmol at 55h. It increases more rapidly during cata- 
strophic corrosion, peaks at 0.06 mmol  at 75h, and de- 
creases rapidly to 0.01 tool at 90h. Soluble tungsten 
(WO4 --~) is detected at about the same t ime as the soluble 
molybdenum, but increases more slowly than molybde- 
num and peaks at 40h. 

The solutions are also analyzed for soluble aluminum, 
titanium, tantalum, niobium, and nickel. Soluble alumi- 
num, an important feature in the hot corrosion of B-1900 
and VIA, is not detected here. Only soluble nickel is 
found, at levels less than 0.01 mmol, during the period of 
catastrophic corrosion. Sulfur is found in the 5 and 1Oh 
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Fig. 3. Preoxidized IN-738 corroded with 3 mg cm -2 Na~S04 at 

975~ in slowly flowing oxygen: (a) typical specific weight change; 
(b) concentration of SO~ evolved as a function of time; and (c) quan- 
tity of water soluble species found remaining. 

specimens at 0.004 mmol. The value rises to 0.01 m m o l  at 
20h, remains constant until after 60h, and decreases to 0 
at 100h. 

If the loss of sulfate is due to reaction with Cr.~O3 and 
TiO~ in the scale, there should be a direct proportionality 
between the SOs evolved and the sulfate reacted, as 
shown by the reactions 

Cr..,O~ + 2Na2SO4(1) + 1/2 02 --* 2Na~CrO4(1) + 2SO2 [1] 

nTiO2 + Na~SO4(1) ~ Na~O(TiO2),, + SO~ + 1/2 O2 [2] 

Cumulatively evolved SO2 quantities are obtained by nu- 
merically integrating the concentrations over time. These 
values are compared with the sulfate reacted in Fig. 5. A 
direct relationship does exist between the two quantities, 
but the quantity of SO2 evolved is only about 35% of the 
quantity of sulfate reacted. This discrepancy arises be- 
cause some SO2 is converted to SO~ in and below the reac- 
tion zone. Since the SOdSO2 ratio is characteristic of a 
temperature lower than that in the reaction zone, accurate 
theoretical correction for its presence is precluded. The 

Fig. 4. Typical IN-738 specimen after corrosion with 3 mg cm -2 
Na~S04 for lOOh at 975~ in slowly flowing oxygen (edge view with 
oxide scale intact). 

direct relationship between evolved SO2 and the reacted 
sulfate lends credence to the occurrence of reactions [1] 
and/or [2] in the early part of the hot corrosion process. 

Microprobe analysis.--Samples from specimens tested 
for 5 min-90h are prepared for microprobe examination. 
All of the samples are examined carefully in several dif- 
ferent areas, and only the most pertinent micrographs 
will be discussed. 

The appearance of the 5 min sample is similar to that of 
the preoxidized sample (Fig. 2), but radical changes occur 
in 5h (Fig. 6). Most of the original continuous Cr203-TiO2 
layer is removed, and islands of the alloy, with most of 
the Cr, A1, and Ti leached out, protrude along the surface. 
The outer oxide layer is still primarily Cr~O3 and TiO~, but 
is no longer continuous, and depletion of chromium in 
the alloy is more pronounced. Sodium seems to be associ- 
ated with the chromium and/or the titanium. X-ray micro- 
graphic observations in 5 and 10h samples are compli- 
cated by formation of a void that encircles most of the 
sample cross section between the oxide layer and the cop- 
per coating. It is believed that the void develops during 
polishing by removal of a large drop of Na~CrO4 which is 
observed visually on the specimens after testing. The 
chromium micrograph in Fig. 6 indicates the presence of 
chromium in the void and an almost continuous Cr203 
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Fig. 5. Relationship between cumulative quantity of SO._, evolved 
and quantity of sulfate reacted during hot corrosion of IN-738 at 
975~ 
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Fig. 6. Secondary electron and x-ray micrographs of preoxidized IN-738 specimen corroded at 975~ with 3 mg cm -2 Na~SO~ for 5h 

layer on the sample, though the secondary electron mi- 
crograph clearly shows a noncontinuous Cr20~. layer. 
Light micrographs are not affected by the presence of the 
void, and they show the discontinuous Cr203-TiO2 layer 
unambiguously (Fig. 7). Micrographs of the 10h sample 
resemble those of the 5h sample. 

For the 20h sample, the micrographs (Fig. 8) show re- 
forming of a 20-30 ~m thick oxide scale. The oxide ad- 
vances into the region of A]~O3 tentacles and is primarily 
Cr~O3 and TiO2, with scattered NiO and engulfed Al.~O3. 
The depletion zones for Cr and Ti are wider and more de- 
pleted. Chromium sulfides appear near the bottom of the 
depletion zone and probably in the upper portion, as well. 
Sodium remains associated with Cr and Ti along the 
outer edge of the sample. Some areas of sodium within 
the scale are associated with tantalum and/or niobium 
and are probably either NaTaO3 or NaNbO3, formed from 
the original Ta and Nb carbides. Sodium is also associa- 
ted with tantalum and niobium oxides found along the 
bottom edge of the scale. Molybdenum and tungsten are 
associated with the isolated Ni-Co islands between the 
Al~O3 tentacles in the scale. 

The micrographs of the 30h sample (Fig. 9) show con- 
tinued growth of the Cr203-TiO.2-A1203-NiO scale. 
"Ghosts" of the Al203 tentacles appear near the bottom of 
the scale. Nickel oxide becomes more prominent  along 
the outer edge of the oxide layer. Sodium is still distrib- 
uted in the scale and associated with tantalum and nio- 
bium. Sulfur is at the bottom of the depletion zone and on 
grain boundaries; it is associated primarily with titanium. 
An area of MoO3-WO3 appears at the bottom of the scale 
near the left side. 

In the 40h sample, the oxide is about 30-35 tLm thick, 
with some areas up to 60 t~m thick (Fig. 10). It appears 
that the leached Ni-Co islands oxidize. At the lower edge 
of the oxidized islands are isolated areas of MoO3-WO3, 
which must have originated from the Mo and W in solu- 
tion in the Ni-Co islands. The composition of the scale is 
similar to that of the 30h sample, but the sodium seems to 

be tied up as NaTaO3/NaNbO3, and little or no sulfur is in 
evidence. 

In the 48h sample, a large fraction of the oxide is 60 t~m 
thick (Fig. 11) and has a morphology similar to that of the 
thick area of the 40h sample. The MoO3-WO3 areas on the 
bottom edge of the scale are still discrete, but so numer- 
ous as to be virtually continuous. Although some sodium 
is combined with the Ta and Nb, some is also associated 
with the MoO3-WO3 areas, probably as Na2MoO4 and/or 
Na~WO4. Sulfur occurs in small concentrations in the 
MoO3-WO3 areas. NiO is observed in the oxidized islands 
and along the outer edge of the scale. 

Most of the oxide layer in the 56h sample is similar to 
the 48h sample presented in Fig. 11. In two locations, 
MoO~-WO3 areas merge to form a molten phase, probably 
composed of MoO3-WO~ and Na2MoO4-Na2WO4 (Fig. 12). 
The sulfides are engulfed by the molten phase, and so- 
dium is distributed throughout the entire oxide layer and 
the molten phase. The oxide scale is 80-90 tLm thick and is 
composed of all the metallic components of the alloy, ex- 
cept molybdenum and tungsten. The striated or layered 
structure is characteristic of that found when acidic 
fluxing occurs (reaction [1]; Fig. 14). The 62, 68, and 77h 
samples all show an increasing occurrence of areas simi- 
lar to those in the 56h sample. 

In the 90h sample, the molten phase under the scale de- 
creases in prominence. In some areas, the molten MoO3- 
WOJNa2MoO4-Na2WO4 is converted to solid NiMoO4- 
NiWO4, as identified by x-ray diffraction (Fig. 13). Most of 
the thick oxide scale peels off the sample, revealing the 
NiMoO~-NiWO4 layer. This layer exhibits a great deal of 
cracking because of the NiMoO4 phase transformation or 
cooling. Sodium is no longer observed with the molyb- 
date; it diffuses deep into the alloy where it combines 
with tantalum and niobium located in internal carbides. 

Rate determinations of pertinent processes.--To inter- 
pret the above results, measurements of the rates of sev- 
eral pertinent physical and chemical processes are re- 
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Fig. 7. Light micrographs of IN-738 specimens: (a) preoxidized for 
24h at 975~ and (b) preoxidized for 24h and corroded at 975~ 
with 3 mg cm -~ Na~SO~ for 5h. 

quired. Some of these processes have been investigated, 
and they allow reasonable conclusions to be drawn re- 
garding the hot corrosion of IN-738. 

Evaporation of Na2SO, and Na~CrO,.--3 mg cm -~ de- 
posits of Na~SO~ or Na~CrO~ are air brushed onto coupons 
the same size as the oxidation specimens. Gold coupons 
are used for Na~SO, (16), and platinum is used for 
Na~CrO,. The weight loss at 975~ is determined under 
the same experimental  conditions as in the hot corrosion 
tests. Weight losses are monitored for periods of up to 
100h and are linear in time. After the tests, the cooled cou- 
pons are water-washed, and the resulting solutions are an- 
alyzed for sodium and either SO, -~ or CrO, -~. The analy- 
ses agree well with the measured weight losses. In 
addition, the pH's of the wash solutions are measured and 
are found to agree well with pH values of prepared solu- 
tions o f t h e  respective salts. This agreement of pH values 
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indicates that no dissociative vaporization occurs. The 
bare coupons have no weight loss, showing that no reac- 
tions occur between them and the salts. The rates of evap- 
oration are given in Table I, where it is seen that Na~CrO4 
evaporates about 1.5 times more rapidly than Na2SO4. 

Rate of reaction of Na2S04 with the pure oxides Cry03 
and TiO2.--To. measure the individual rates of reactions 
[1] and [2], pure Cr2Os and TiO2 layers are reacted using 
the same experimental  conditions as for hot corrosion of 
IN-738. The Cr..,Os sample is made by preoxidizing a cou- 
pon of pure chromium at 975~ The TiO2 sample is made 
by plasma spraying high purity TiO~ onto a platinum cou- 
pon and annealing in oxygen at 975~ for 2h. The 
amounts  of TiO~ and Cr2Os are more than are required for 
complete reaction with Na2SO~. 

Results for a Cr2Os specimen, tested for 2.5h, are shown 
in Fig. 14. The specific weight increases initially, fol- 
lowed by a loss during the period when SO.., and SOs are 
being evolved rapidly. Finally, a slow increase occurs be- 
cause of further oxidation of the Cr coupon. The concen- 
tration of evolved SO~ rises rapidly to 4.3 ppm cm -~ and 
then falls at a fast, though decreasing rate. Based on the 
results of Fig. 5, the low value for the concentration of 
SO.2 at the end of the exper iment  indicates that the reac- 
tion between Cr203 and Na2SO4 is mostly completed. This 
conclusion is supported by the chemical analyses of the 
water-wash solutions (Table II), which show that 94% of 
the SO4 -2 reacts during the experiment.  The quantity of 
CrO4-2 formed equals the quantity of SO4-2 reacted, as ex- 
pected (Table II, column 7). The ratio of SO~ evolved to 
SO4 -2 reacted is 0.40, similar to (but slightly larger than) 
that obtained in the hot corrosion experiments (Fig. 5). 

To calculate a rate constant for reaction [1] from the 
data shown in Fig. 14, we have assumed that the reaction 
is first order with respect to the concentration of SO4 -2. 
Therefore, the kinetics should be described by the equa- 
tion 

log (CJC) = k~Y2.303 [3] 

where k, is the first-order rate constant, C is the concen- 
tration of SO4 -2 at t ime t, and Co is the initial concentra- 
tion of SO4--t The concentration of SO4-2 can be obtained 
from the cumulative SO2 at any time using the relation-. 
ship shown in Fig. 5. From the values of residual SO4-2 so 
obtained, a plot of log C vs. t is constructed (Fig. 15). The 
data follow a straightline relationship reasonably well for 
the first 2h, during which 95% of the sulfate is reacted. 
The first-order rate constant is k~ = 1.55h-' (Table I). 

The specific weight of the TiO~ sample falls at a con- 
stant rate throughout the experiment  after an initial 4h 
period (Fig. 16) and levels off at 24h, at which t ime virtu- 
ally all of the Na2SO4 has reacted. The concentration of 
SO2 evolved is approximately constant throughout  the ex- 
periment, with an average value of 0.145 ppm cm -2. The 
observed weight loss can be correlated with the expected 
evolution of SOs during the experiment,  as indicated by 
reaction [2]. There should also be a weight  gain of the 
TiO~-Pt coupon resulting from the formation of 
Na20(TiO2),,. The results presented in the last line of 
Table II correlate well with the behavior predicted by re- 
action [2]. Analysis of the water-wash solution indicates 
that all of the SO4 -2 applied has reacted (Table II, col- 
umns 3, 4, and 6). The ratio of SO2 evolved to SO4 -~ re- 

Table I. Rates of pertinent processes 

System 
Evaporation rate 
(retool cm-'-' h-') 

First-order rate 
constant, k, 

(h-') 

Zero-order rate 
constant, k~ 

(mmol cm -~ h-') 

NazSO4(1) --* Na~SO~(g) 
Na~CrO4(1) --* Na~CrO4(g) 
Cr.,O~ + 2Na~SO4(1) + 3/2 O., 

2Na~CrO4(1) + 2SO:3(g) 
nTiOz + Na~SO4(l) --* Na~O(TiO2),~ + SO~(g) 
nTiO~ + Na~CrO4(1) -~ Na~O(TiO2), + CrO~(g) 

1.0 ~< 10 -4 
1.5 • 10 -4 

1.55 

1.25 • 10 -3 
5.9 x 10 -4 
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Fig. 8. Secondary electron and x-ray micrographs of preoxidized IN-738 specimen corroded at 975~ with 3 mg cm -2 Na~SO4 for 20h 

acted is 0.335 (Table II, column 9). The total weight loss 
expected from SOs + SO3 evolution during the experi- 
ment  agrees with the exper imental  value given in column 
11. The expected overall weight gain of the coupon after 
the experiment,  resulting from Na20(TiO~),, formation 

(column 12), agrees well with the exper imental  value 
given in column 13. After the experiment,  the coupon is 
examined by x-ray diffraction. Unreacted TiO~ and the 
compound Na2Ti50,,, the most  stable form of sodium ti- 
tanate, are identified. 

Fig. 9. Back-scattered electron and x-ray micrographs of preoxidized IN-738 specimen corroded at 975~ with 3 mg cm -~ Na2SO4 for 30h 
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Fig. 10. Back-scattered electron and x-ray micrographs of preoxidized IN-738 specimen corroded at 97S~ with 3 mg cm -2 Na~S04 for 40h 

The  k ine t i c s  of  r e a c t i o n  [2] are  cha rac t e r i s t i c  of  a zero- 
o rde r  reac t ion ,  for  w h i c h  

Co - C = kot [4] 

w h e r e  k0 is the  ze ro-order  r a t e  cons t an t ,  C is t he  concen -  
t r a t i o n  of  su l fa te  at  t i m e  t, a n d  Co is t he  in i t ia l  c o n c e n t r a -  

t ion  of  sulfate.  B e c a u s e  t h e  w e i g h t  loss of  t h e  s a m p l e  is 
e q u i v a l e n t  to  t h e  SO~-'-' r eac ted ,  Fig. 16 is a p lo t  of  C vs .  t, 
a n d  t h e  s lope  of  t h e  s t r i gh t  l ine  g ives  ko = 5.9 • 10 -4 
m m o l  c m  -~ h -~ (Tab le  I). 

The  ra te  c o n s t a n t s  in  T a b l e  I can  b e  u s e d  to ca lcu la te  
t h e  re la t ive  ra tes  of Na2SO4 reac t ions  w i t h  Cr203 a n d  TiO2 

Fig. 11. Back-scattered electron and x-ray micrographs of preoxidized IN-738 specimen corroded at 975~ with 3 mg cm -2 Na~S04 for 48h 
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Fig. 12. Back-scattered electron and x-ray micrographs of preoxidized IN-738 specimen corroded at 975~ with 3 mg cm -2 No,SO4 for 56h 

during hot corrosion. The rate of reaction [1] can be deter- 
mined using the SO4 -2 curve in Fig. 3c. The zero-order 
rate constant for reaction [4] is multiplied by 7.5 cm 2, a 
typical area for the IN-738 specimens. 

Results of these calculations in Table III show that the 
Na..,SO4 should react much more rapidly with Cr~O3 than 
with TiO2 on IN-738. The Cr203 reaction rate is initially 30 
times faster than the TiO~ rate, and when the SO4-'-' is half 

Fig. 13. Back-scattered electron and x-ray micrographs of preoxidized IN-738 specimen corroded at 975~ with 3 mg cm -~ No, SO4 for 90h 
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Table II. Mass balance results of oxide-Na=,SO~ reactions 

1 2 3 4 5 6 7 8 9 10 11 12 13 

Ratio of 
Test SO4 -~ SO4-'-' SO4 -~ Fraction CrO4-=' SO., SO~ evolved Calc'd Expt'l Calc'd Expt'l 

Reactant duration applied recovered reacted SO4 -~ analysis evolved to SO4-=' -hWs% -AW AWNa20 AW 
system (h) (mrnol) (mmol) (mmol) reacted (mmol) (mmol) reacted (mg) (mg) (rag) (rag) 

Cr~O.~ on Cr 2.5 0 . 0 6 5 6  0.00385 0.0617 0 .94 0 .0 6 1 5  0.0247 0.40 NA NA NA NA 
TiO, on Pt 29.0 0.169 0 0.169 1.0 NA 0.057 0.335 13.5 14.3 10.5 10.1 

Table III. Relative reaction rates of Na2SO~ with Cr~O~ 
and TiO~ at various times during the 

hot corrosion of IN-738 

Time (h) 

Residual Fraction R(Cr=,O~) R(TiO~) ~ R(Cr._,O~) 
SO~-:' residual (mmol (mmol 

(retool) SO4 -~ rain ') min -~) R(TiO~) 

0.0 0.168 1.0 4.4 • 10 -3 1.5 • 10 -4 29 
0.5 0.135 0.80 3.5 x 10 -3 1.5 • 10 -4 23 
1.0 0.117 0.70 3.0 • 10 -3 1.5 • 10 -4 20 
2.0 0.092 0.55 2.4 x 10 -3 1.5 • 10 -4 16 
2.5 0.085 0.50 2.2 • 10 -3 1.5 x 10 -4 15 
5.0 0.054 0.32 1.5 x i0  -3 1.5 x i0  -4 i0  
7.5 0.035 0.21 9.1 • 10 -4 1.5 x 10 -4 6.1 

10.0 0.025 0.15 6.5 • 10 -~ 1.5 • 10 -~ 4.3 
12.5 0.017 0.10 4.4 • 10 -~ 1.5 • 10 -4 2.9 

Calculated for a specimen area of 7.5 cm 2. 

gone  af ter  2.5h, the  factor  is still 15. The ra tes  do no t  be- 
c o m e  c o m p a r a b l e  unt i l  vir tual ly  all of  the  SO4 -2 has  re- 
acted.  Thus,  m o s t  of the  Na..,SO4 app l ied  to t he  IN-738 
s p e c i m e n s  shou ld  react  p r imar i ly  w i t h  the  Cr~O~ in the  
p r eox id i zed  scale. 

Rate of reaction of Na2Cr04 with TiO2.--Considerable 
Na2CrO4 is f o rm ed  in the  initial  s tage of  ho t  corros ion,  
w h i c h  can evapora te  and /or  react  w i th  o the r  ox ides  pres-  
en t  on the  p reox id i zed  IN-738 spec imens .  The  ra te  of  the  
reac t ion  

nTi02 + Na2CrO4(1) --> Na20(TiO2), + CrO3(g) [5] 

is s tudied .  
The ox ide  CrO3 shou ld  volati l ize rap id ly  at 975~ (17). 

However ,  because  of  b o u n d a r y  layer  cons ide ra t ions ,  
s o m e  f rac t ion may  back-ref lec t  to the  ho t  s p e c i m e n  (18), 
d e c o m p o s i n g  on con tac t  and  resu l t ing  in r edepos i t i on  of  
Cr~O3. Fo r  these  molecu les ,  the  net  reac t ion  is 

nTiO=, + Na2CrO4(1) --> Na~O(TiO~). + 1/2 Cr~O3 + 3/40~ 
[6] 

The s p e c i m e n s  used  are m a d e  by  p l a sma  spray in~  TiO~ 
onto  P t  c o u p o n s  a n d  annea l ing  in o x y g e n  for  2h at 975~ 
The  Na2CrO4 at 3 m g / c m  ~ is a i r -b rushed  onto  the  speci-  

1.0- -  - -  5 

0.8 - - 4  E 

z__ 
0.6 3 ~_ 
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Fig. 14. Specific weight gain and concentration of SO2 evolved per 
unit specimen area as a function of time for preoxidized chromium 
corroded at 975~ in flowing oxygen with 3 mg cm -2 Na.,SO4 (sample 
area = 2.9 cm2). 

mens .  E x p e r i m e n t a l  m e t h o d s  similar  to t hose  u s e d  in the  
ho t  cor ros ion  e x p e r i m e n t  are used.  

S a m p l e s  t e s t ed  up  to 14h exh ib i t  a s teady,  co n s t an t  de- 
c rease  in specific weight ,  s imilar  to tha t  e x h i b i t e d  in  Fig. 
16 for the  reac t ion  of  TiO~ wi th  Na~SO4. The  rate  of we igh t  
loss  is ca lcula ted  to be  4.1 • 10 -~ m g / c m  -~ h - ' ,  co r rec ted  
for  Na..,CrO4 evapora t ion .  The co n s t an t  rate  of w e i gh t  loss 
ind ica tes  tha t  the  reac t ion  of  TiO2 wi th  Na..,CrO4 is of  zero 
order .  

The overall  rate  c o n s t a n t  of  reac t ion  of  Na2CrO4 wi th  
TiO2 can  be  ca lcula ted  f rom the  resul ts  o f  the  c h r o m i u m  
ana lyses  of the  w a t e r - w a s h  solut ions.  These  data  give a 
va lue  for the  rate co n s t an t  ko of  9.55 x 10 -2 mg  c m  -2 h - '  
or 5.9 • 10 -4 m m o ]  cm -2 h - ' ,  b o t h  co r rec ted  for Na2CrO4 
evapora t ion .  This  va lue  is g iven  in Table  I for c o m p a r i s o n  
w i t h  t he  rate  co n s t an t  f rom reac t ion  [4]. U s i n g  the  value 
of  9.55 • 10 -2 mg  Na2CrO4 cm -2 h - '  for the  reac t ion  and  
us ing  the  e x p e r i m e n t a l  va]ue for the  rate  of  w e i g h t  loss,  
4.1 x 10 -~ m g  cm -~ h - ' ,  we  d e d u c e  tha t  60% of  the  
Na2CrO4 reac ts  by  reac t ion  [5] and  tha t  40% reac t s  by  reac- 
t ion  [6]. The overall  w e i g h t  gain of  the  c o u p o n  
resu l t ing  f rom Na~O(TiO2),~ fo rma t ion  co r robora te s  t hese  
pe rcen tages .  As in the  reac t ion  wi th  TiO~ and  Na2SO4, 
x-ray di f f ract ion analys is  s h o w s  the  p r e s e n c e  of Na~Ti50,, 
on the  co u p o n s  af ter  the  e x p e r i m e n t ,  and  the  wa te r -wash  
so lu t ions  yield so luble  s o d i u m  equ iva len t  to the  
u n r e a c t e d  Na2CrO4. 
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Fig. 15. First-order reaction rate plot for preoxidized chromium 
at 975~ in flowing oxygen with 3 mg cm -2 
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Fig. 16. Specific weight change and concentration of SO~ evolved 
per unit specimen area as a function of time for plasma-sprayed TiO~ 
corroded at 975~ in flowing oxygen with 3 mg cm --~ Na~SO~ (sample 
area = 5.8 cm~). 

C h e m i c a l  Mechanisms 

The resul ts  ob ta ined  in the  present  s tudies  of  Na~SO4- 
induced  ho t  cor ros ion  of IN-738 can be  exp la ined  in 
t e rms  of  the  sequence  of  react ions  p resen ted  in Table  IV. 
The t ime  per iods  l i s ted in this table  are def ined in Fig. 
3a. 

The  initial ox ide  f luxing react ions  are genera l ly  dis- 
cussed wi th  re ference  to t h e r m o d y n a m i c  stabil i ty dia- 
grams such  as those  for the  Cr-O-S, Ti-O-S, Mo-O-S, and 
W-O-S systems shown supe r imposed  on a d iagram for the  
Na-O-S sys tem at a t empe ra tu r e  of  975~ (Fig. 17a, b, c, 
and d). The  d iagrams are cons t ruc ted  by us ing  the  F A C T  
c o m p u t e r  p rogram (19), and they  show the  phases  that  are 
in equ i l ib r ium wi th  gas mix tu res  hav ing  specif ied pres- 
sures  of  O~ and SO~. The dashed  ver t ical  l ine in the  dia- 
grams is the bounda ry  where  log a ~ o  = log  Pso~ in 
Na~SO~, and it is represen ta t ive  of "neu t ra l "  Na~SO~ at 
975~ 

Examina t i on  of Fig. 17 shows that  the  ox ides  of  all four  
e l emen t s  should  be conver ted  to the  appropr ia te  sod ium 
salts in neutra l  Na~SO4 unde r  1 arm of  o x y g e n  and that  
the  mos t  stable sod ium salts unde r  h igh  SO~ pressure  (or 
low ox ide  ion activities) are Na~MoO~ and Na~WO~. 

Al though  these  d iagrams have  been  used  ex tens ive ly  to 
in terpre t  hot  corros ion behav ior  in te rms  of  the  chemica l  
react ions  involved,  the i r  usefu lness  is l imi ted  because  

they  give no kinet ic  informat ion .  The  in te rpre ta t ion  of  
our  resul ts  will  be based largely on the  resul ts  of  the  ki- 
net ic  s tudies descr ibed  in a previous  section. 

Induction period, region of weight loss (O-lOh). - - I m m e -  
diately upon  br ing ing  the  test  spec imens  to tempera ture ,  
the  Na~SO~ mel t s  and reacts  wi th  the  Cr~O~ to form 
Na~CrO~ and SOz ([a], Table  IV). The early occur rence  of  
this react ion is subs tan t ia ted  by the  evolu t ion  of  SO~ (Fig. 
3b), the  appearance  of water -soluble  c h r o m i u m  (Fig. 3c), 
and the  rapid drop in res idual  SO4 -~ (Fig. 3c). This  behav-  
ior is p red ic ted  by  the  stabil i ty d iagram for c h r o m i u m  
(Fig. 17a), and kinet ic  s tudies  of  [a], Table  IV, indicate  
that  Cr~O~ and Na~SO4 should  react  rapid ly  unti l  all 
Na=,SO4 is consumed.  The  0.11 m m o l  of  Na~SO~ that  re- 
ac ted  wi th  the  Cr~Os in the  first 10h of  ho t  cor ros ion  is 
equ iva len t  to remova l  of  all o f  the  Cr~Oz f rom the  bo t tom 
2/5 of  the spec imen;  this agrees wi th  observa t ions  of  
" s l ump ing"  of  the  l iquid  reactants .  

Af te r  an incuba t ion  per iod of  about  5h, the TiO~ on the 
s p e c i m e n  begins  to react  wi th  the  Na~SO~ and forms 
water - insoluble  Na~O(TiO~),,, ([b], Table  IV), as ev idenced  
by the drop in soluble  sod ium beg inn ing  at this  t ime  (Fig. 
3c). This behavior  is also p red ic ted  by the  stabil i ty dia- 
g ram for t i t an ium (Fig. 17b). Our kinet ic  s tudies  also dem- 
onstra te  that  [b], Table  IV, should  occur,  t hough  at a 
m u c h  s lower  rate than  the Na~SO~-Cr~O~ reaction.  

Compar i son  of  the SO.~ concent ra t ions  in Fig. 3b for 
IN-738 and in Fig. 14 for Cr~O, indicates  that  the  react ion 
wi th  the  alloy cont inues  for 20-25h; the  reac t ion  wi th  
Cr._,O~ is ef fec t ively  c o m p l e t e d  in 2.5h. The  lowered  activ- 
i ty of  the  Cr~O~ in the  ox ide  mix tu re  re la t ive  to that  of 
pure  Cr.~O~ may  accoun t  for the  difference.  This  differ- 
ence  prec ludes  quant i ta t ive  in terpre ta t ion  of  the  IN-738 
kinet ic  data, and it appears  that  kinet ic  data for react ions 
of  Na~SO~ wi th  k n o w n  mix tu res  of  Cr.,Oz and TiO.~ are 
required.  

In  the  first 10h of  cor ros ion  of  IN-738, NasSO~ is mos t ly  
c o n s u m e d  by react ion wi th  the  pro tec t ive  ox ide  scale on 
the  alloy. The  Cr~O~-TiO~ scale is r emoved  f rom the  bot- 
t om half  of  the s p e c i m e n  by this basic f luxing (Fig. 6). 
The  we igh t  loss obse rved  dur ing  this per iod  resul ts  f rom 
evo lu t ion  of  SO~ + SO., f rom the  sample  as a resul t  of  the 
reactions.  

Induction period, region of slow linear oxidation 
(10-55h).--A resul t  of the  react ion b e t w e e n  Cr~O~ and 
Na~SO~ dur ing  the  first 10h of  corrosion is the  format ion  
of  Na~CrO~ (Fig. 3c). The  Na~CrO~ is l iquid  at 975~ and it 
covers  the surface of the specimen.  E x a m i n a t i o n  of  Fig. 

Table IV. Corrosion mechanism 

Induction period (0-55h) 
Region of weight loss (0-10h) - -  basic fluxing by Na2SO4 

[a] Cr~Os + 2Na=,SO4(1) + 3/20~ --* 2Na~CrO4(1) + 2SO3(g) 
[b] nTiO._, + Na._,SO4(1) --~ Na~O(TiO_,), + SO3(g) 

Region of slow linear oxidation (10-55h) 
[c] Na~CrO4(1) ~ Na~CrO4(g) 
[d] nTiO~ + Na=,CrO4(1) --~ Na~O(Ti02),, + CrOjg) 
[el 1. 2Cr + 3/2 O~ ~ Cr._,O:~ 

2. Ti + O~ ~ TiO~ 
3. Ni + 1/2 O=, ~ NiO 
4. Mo + 3/2 O~ ~ MoO:~ 
5. W + 3/2 O~ --* WO:, 

[f] Na=,CrO4(1) + MOO:,(1) (and WO:~) -~ Na~MoO4(1) (and Na._,WO4(I)) + 1/2 Cr~O:~ + 3/40~ 
[g] 1. Na..,O(TiO,), + MOO:,(1) (and WO:~) ~ Na~MoO4(1) (and Na~WO4(1)) + nTiOs 
[i] Na~WO4(1) + MOO:3(1) --* Na~MoO4(1 ) + WO:3 

Acceleration period (55-60h) 
[g] 2. Na~O(TiO.,),, + MOO:3(1) --+ Na~MoO4(1) + nTiO~ 
Ill Na=,WO4(1) + MoO.~(1) --* Na=,MoO4(1) + WO:~ 

Period of rapid linear oxidation (60-75h) - -  acidic fluxing 
[j] 1. Cr~O:~ + 3MoO3(]) ~ 2Cr +:~ + 3MOO4-'-' 

2. AI~O:, + 3MOO:,(1) -+ 2AI +:~ + 3MoO4-2 
[k] 1. Ni + MoO:~(1) ~ NiO + MoO~ 

2. Co + MoO3(I) -~ CoO + MoO~ 
[rn] 1. 2Cr + 3MoO:~(]) -* Cr~O:~ + 3MoO~ 

2. 2A1 + 3MoO:~(]) ~ Al~O:~ + 3MOO., 
In] MoO~ + 1/20~ -) 1VIoO:,(I) 

Deceleration period (75h to end) 
[p] NiO + Na._,MoO4(1) ~ NiMoO4 + Na~O 
[q] NiO + MoO:~(1) (and WO:~) ~ NiMoO4 (and NiWO4) 
[r] Na._,O + Ta=,O.~ (and Nb~O~) ~ 2NaTaO:~ (and NaNbO:~) 
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Fig. 17. Thermodynamic phase stability diagrams at 975~ The Cr-, Ti-, Mo-, and W-O-S diagrams are superimposed on the Na-O-S diagram. 
The dashed line is drawn where log aNa~o = log Pso3(g). 

3c shows that soluble chromium and soluble sodium dis- 
appear rather rapidly between 15 and 30h. We can calcu- 
late a linear disappearance rate for these species of 7.7 • 
10 -4 mmol  cm -2 h - ' .  

The soluble sodium and chromium can be lost by evap- 
oration of Na~CrO4 and/or reaction with TiO~ ([d], Table 
IV). The sum of the rates of these two processes (Table I) 
is 7.4 x 10 -4 mmol  cm -2 h -1, which agrees with the rates 
of disappearance of soluble sodium and chromium. We 
may conclude that the loss of Na2CrO4 depicted in Fig. 3c 
can mostly be accounted for, 20% by vaporization and 
80% by reaction with TiO2. 

The rapid reaction between Cr203 and Na~SO4 during 
the first 10h of corrosion results in the removal of most of 
the protective oxide scale. The alloy then begins a slow 
reoxidation that lasts until the end of the induction pe- 
riod ([el]-[e5], Table IV). This is verified by the nearly lin- 
ear weight gain displayed in Fig. 3a for this t ime period 
and by the growth of the oxide layer observed in Fig. 8-12. 
The reformed oxide is not protective in the usual sense, 
though the rate of oxidation is relatively slow; this is indi- 
cated by the fact that the weight increase is linear rather 
than parabolic. The inability of the alloy to produce a pro- 
tective oxide scale probably results from the large deple- 
tion of chromium resulting from preoxidation, reoxida- 
tion, and sulfide formation near the bottom of the 
depletion zone (20). 

The most important development  during the reoxida- 
tion period is the gradual growth of areas of MoO3-WO.~ 
along the lower edge of the oxide layer. Soluble Mo and 

W arise from reaction between MoO3-WO~ and Na~CrO4 
([f], Table IV). As the Na2CrO4 is converted to Na~O(TiO~), 
by [d], Table IV, soluble Mo and W arise from reaction of 
the oxides with Na~O(TiO2), ([gl], Table IV). Some of the 
recovery of soluble sodium after 40h is probably due to 
this reaction. The micrographs of Fig. 10 and 11 show 
how the MoO3-WO3 areas develop. After the reformed ox- 
ide layer reaches a thickness of about 30/~m, the underly- 
ing isolated Ni-Co islands are leached of  all active ele- 
ments, except molybdenum and tungsten.. Fur ther  
oxidation of the specimen oxidizes these islands. The mo- 
lybdenum and tungsten dissolved in the islands also oxi- 
dize and are found on the interface between the oxidized 
islands and the alloy. The presence of sodium, often 
found in the MO3-WO3 areas, effects a lowering of the 
melting point of MoO,-WO~ by formation of Na~MoO4- 
Na~WO4 and also reduces the effective vapor pressure (1). 
Toward the latter part of this period, the soluble tungsten 
starts to decrease, probably by [i], Table IV, as a result of 
the slightly greater thermodynamic stability of  Na2MoO4, 
as compared with Na~WO4 (Fig. 17c and d). 

The period from 10h to the end of the induction period, 
55h, is a time in which the alloy slowly reoxidizes to form 
an oxide scale about 60 ~m thick. This oxide is 
nonprotective, and numerous discrete areas of  MoO3- 
WOgNazMoO4-Na~WO4 are formed along the lower edge. 

Acceleration period (55-60h).--The corrosion process 
begins to accelerate at about 55h (Fig. 3a), and the amount 
of soluble molybdenum increases markedly (Fig. 3c). This 
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results from an increase in the rate of formation of 
Na~MoO4 by [g2] and [i], Table IV, probably because of 
the considerable quanti ty of MoO3 that accumulates along 
the oxide scale. This amount  of Na.,MoO4 effects melting 
of some discrete MoO3-WO3/Na~MoO4-Na2WO4 areas into a 
large molten phase (21). In Fig. 12, the molten oxide phase 
can be seen migrating across the sample, disrupting and 
fluxing the scale above it. The oxide above the MOO,*- 
WOJNa~MoO4-Na2WO4 is striated and layered, typical of 
acidic fluxing. Most of the oxide layer is still similar to 
that shown in Fig. 11, with discrete areas of 
MoO3-WO3/Na.2MoO4-Na~WO4. 

Period of rapid linear oxidation (60-75h).--Beyond 60h, 
the quantity of Na~MoO4 increases rapidly (Fig. 3c) as 
more of the discrete oxide areas merge into large molten 
masses below the oxide scale. Finally, in the 77h sample, 
the large molten phase of MoO3-WO.4Na.2MoO4 has be- 
come the major feature of the scale. This development 
promotes acidic fluxing of the oxide scale by [jl] and [j2], 
Table IV. Bornstein et al. (22) have shown that Al~O3 ex- 
hibits an extremely rapid rate of dissolution in molten 
MOO., at 900~ A major breakup of large areas of the ox- 
ide scale occurs and exposes the alloy surface. Rapid oxi- 
dation of the alloy ensues and produces a large porous ox- 
ide scale, as shown in Fig. 4. The rate of oxidation is 
nearly 3 mg cm -~ h -1, about 20 times larger than the rate 
observed in the induction period. The molten oxide phase 
appears to attack the alloy itself, possibly by [k] and  [m], 
Table IV, which have been calculated to be thermody- 
namically favored. Reactions such as these have first 
been suggested by Leslie and Fontana (23) and have been 
discussed more recently by Peters, Whittle, and Stringer 
(24). 

The acidic fluxing is self-sustaining, and it accounts for 
the linear nature of the attack. The self-sustaining feature 
may have resulted from the cyclic operation of [jl] and 
[j2], Table IV, and their reverse reactions. After solution 
of the oxides in the molten MoO3-WOJNa~MoO4 phase, 
the metal cations diffuse to the outer zone of the melt, 
where they reoxidize by the higher oxygen potential. The 
cycle repeats as the alloy is consumed. The cyclic behav- 
ior of acidic fluxing can be explained more quantita- 
tively by the Rapp-Goto model (25), in which attack is ex- 
plained in terms of a negative solubility gradient of the 
corrosion product across the molten phase. The striated 
appearance of the oxide (Fig. 12) is a result of the cyclic 
nature of the attack. Table IV, [k] and [m], are also capa- 
ble of exhibiting cyclic behavior through reoxidation of 
MoO2 at the outer zone of the melt ([n], Table IV). 

The small amount  of SO~ observed during this period 
must  have resulted from oxidation of the sulfur in the 
molten oxide phase. This conclusion is supported by the 
observation that the sulfur content of the test specimens 
drops from the 50h sample to the 75h sample. 

Deceleration period (75h to end).---At -75h,  a decelera- 
tion of the corrosion rate is observed (Fig. 3a); it results 
from conversion of the molten MoO~-WO~/Na~MoO~ to 
solid NiMoO~-NiWO~ by [p] and [q], Table IV, and is 
accompanied by a rapid decrease in both the soluble mo- 
lybdenum and sodium (Fig. 3c). The formation of these 
stable nickel compounds eliminates the molten oxide 
phase that causes acid fluxing. Figure 3c shows that the 
Na,*MoO4 is reduced at 90h to a value below the one at 
which the catastrophic attack begins at 55h. An area 
where the transformation to NiMoO4-NiWO~ occurs is 
shown in Fig. 13. Here, NiMoO~-NiWO~ is found along the 
oxide alloy interface, and no evidence of a molten phase 
is present. 

Other aspects.--The formation of sulfides has not been 
included in Table IV, though sulfides certainly form 
early in the corrosion process (Fig. 3c and 8). Although 
this sulfide formation leads to degradation of the alloy, it 
is considered to be of secondary importance in the overall 
mechanism. It does contribute to the depletion of chro- 
mium and to the resulting inability of the alloy to form a 

protective oxide scale during the induction period. 
Finally, the formation of NaTaO,* and NaNbO~ ([r], Table 
IV) has not been discussed. This is an important reaction 
in some alloys, as discussed previously (26), because 
NaTaO3 seems to act as a sink for Na~O and, thus, it inhib- 
its the formation of Na2MoO4. However, it has not been ef- 
fective in IN-738 because of the low concentration of tan- 
talum and niobium. 

Concluding Remarks 
We have shown that the induced hot corrosion of 

IN-738 is initiated by basic fluxing of the protective 
Cr~O3-TiO., scale and that the fluxing reaction continues 
as long as Na2SO4 is available. Reoxidation of the alloy is 
not able to produce a protective scale because chromium 
is depleted from the exterior surfaces. A slow linear oxi- 
dation ensues, during which MoO~-WO3 builds up along 
the oxide-alloy interface. Gradually, MoO3 reacts with 
Na.,CrO4 and Na~O(TiO.2)~ to form Na..,MoO4, which lowers 
the melting point of the MoO~-WO3 areas. Large areas of 
the molten phase MoO3-WO~/Na~MoO4 are formed, and 
these areas effect acidic fluxing of the oxide scale and re- 
sult in catastrophic attack of the alloy. The attack eventu- 
ally slows down as Na~MoO4 and MoO~-WO3 are converted 
to their corresponding nickel salts, but the alloy specimen 
is largely destroyed by this time. 

The Na.2SO4 has two main effects in this mechanism of 
hot corrosion: it removes the protective Cr.zO3-TiO~ scale; 
and it supplies sodium that eventually forms Na~MoO4, 
which initiates melting of the MoO3-WO3 areas. Therefore, 
any method of removing the scale should cause hot corro- 
sion if sodium is available. In contrast, if sodium is ex- 
tracted after scale removal, no hot corrosion should oc- 
cur. With reference to the first effect, Bourhis and St. 
John (6) find that, in Na2SO4-induced hot corrosion tests 
at 900~ alloys forming a protective Cr203 layer are not 
susceptible to accelerated attack. However, if the oxide 
scale is removed by abrasion, heavy corrosion occurs. We 
have performed tests in which the preoxidation scale is 
removed by water quenching and the specimen is coated 
with 2 mg cm -2 of Na2CrO4 to supply a source of sodium. 
The specimen is oxidized at 975~ and catastrophic hot 
corrosion occurs in 60h, a time not much different from 
our normal induction period. With reference to the sec- 
ond effect, a normal hot corrosion test is stopped after 
10h, by which time the protective oxide scale has been 
largely fluxed. The specimen is cooled and water- 
washed. This removes the Na2CrO4 that has formed and 
any Na2SO4 that has not reacted. The oxidation is then 
reinitiated and continued for times of up to 200h. Al- 
though a long period of reoxidation ensues, no cata- 
strophic hot corrosion occurs. 

The corrosion mechanism postulated here includes sev- 
eral new ideas and new processes. We have demonstrated 
that the Na2SO4 fluxes the Cr203-TiO2 scale until  all of the 
Na.2SO4 is consumed. Generally, it has been believed that 
reaction [1] results in the Na2SO4 becoming so "acidic" 
that the Cr203 becomes stable in the Na2SO4 and the reac- 
tion ceases (27). We have shown that Na2CrO4 reacts with 
TiO, to form Na~Ti50,, and that both of these compounds 
react with MoO3-WO~ to form the low-melting-point com- 
pounds Na2MoO4 and Na2WO4. We have also shown that 
acidic fluxing is caused by a molten MoO3-WO,* oxide 
phase containing Na2MoO4, instead of a molten Na.,SO4 
phase "acidified" by dissolved MoO3-WO3 (28). In addi- 
tion, we have suggested that the molten MoO3- 
WOJNa2MoO4 phase can attack the components of the al- 
loy itself by a form of basic fluxing involving MOO,* and 
MoO,~. 

Two methods of preventing hot corrosion of the alloys 
which principally form Cr~O,* protective scales are sug- 
gested by this research: increasing the chromium content 
of the alloy; and replacing the molybdenum and, possi- 
bly, the tungsten with tantalum or niobium. This latter 
suggestion has been made previously (1, 26). It appears 
that in IN-738, in which there is a small initial amount  of 
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molybdenum, catastrophic corrosion can be eliminated 
by this replacement. 

Application of the corrosion mechanism postulated 
here to the problem of hot corrosion of IN-738 in gas tur- 
bine engines is complicated by the widely different envi- 
ronmental  conditions encountered in service. Although 
the mechanism is based on laboratory results, we feel the 
same processes are involved in practice, but  the relative 
importance of the various processes may be quite differ- 
ent. The rate of evaporation of Na2CrO4 will be considera- 
bly higher in the high-velocity flow environment  of a gas 
turbine. As compared with our tests, this should decrease 
the formation of Na~MoO4 and lengthen the induction pe- 
riod for catastrophic corrosion. However, repeated engine 
cycling and attendant spallation would accelerate chro- 
mium depletion and probably shorten the induction pe- 
riod. Possibly, the overriding factor is that in an operating 
gas turbine, the Na2SO4 is deposited more or less continu- 
ously. If the salt level is high, as in a marine environment,  
the Na~SO4 will probably effect catastrophic hot corro- 
sion. But if the salt level is low, as in a power generating 
turbine, the high rate of vaporization of Na2CrO4 and 
MoO3 may prevent catastrophic hot corrosion entirely. A 
quantitative evaluation of these many complex processes 
is not possible at this time. 

It is necessary to stress the importance of using kinetic 
data when interpreting hot corrosion processes. Until 
now, interpretation has been based on thermochemical 
Pourbaix diagrams. Such diagrams have been invaluable, 
but  their usefulness is limited because they give no ki- 
netic information. In addition, the environment  in a gas 
turbine is hardly an equil ibrium system. Even if the SO3 
pressure is maintained at some constant value, SO3 is 
only one of the products being evolved in the reaction be- 
tween Na~SO4 and Cr~O3. The Na2CrO4 also evaporates, as 
we have shown, at the rate of 1.5 • 10 -4 mmol cm -~ h -1. 
In  the high-velocity environment  of a gas turbine, this 
rate would be increased markedly. 

Unfortunately, little kinetic data are available for reac- 
tions of the type involved in hot corrosion. We have stud- 
ied three such reactions ([a], [b], and [d], Table IV), but 
our investigation has been limited. The need for more ex- 
tensive information of this type is imperative in the 
proper interpretation of hot corrosion phenomena. 
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Gaseous Sulfidation of Pure Molybdenum at 700~176 
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ABSTRACT 

The kinetics and mechanism of sulfide scale growth on pure molybdenum have been investigated in an elemental 
sulfur (S~) atmosphere and in an H~S/H2 gas mixture over the temperature range of 700~176 Below about 800~ linear 
kinetics were observed, and at higher temperatures the kinetics were parabolic. The surface orientation of the metal af- 
fected the sulfidation mode and rate, and the MoS~ scale showed a strong epitaxial relationship with the metal at all 
temperatures. For the low temperature linear kinetics, a sulfide crystal nucleation step is believed to be rate limiting. In 
the high temperature parabolic regime, the diffusion of sulfur ions through the scale is the rate-limiting step. After the 
scale reaches some critical thickness, Mo._,S3 crystals form beneath the MoS2 scale, which slows the reaction somewhat. 
The parabolic rate constants for sulfidation in H2S/H~ gas mixtures at high temperatures were about one order of magni- 
tude higher than those in elemental sulfur at the same sulfur activity. 

The practical importance of the sulfidation of metals 
and alloys has become apparent because of the increasing 
utilization of metals at high temperatures in industrial at- 
mospheres containing sulfur and its compounds. The in- 
creased use and conversion of low-grade .fossil fuels and 
the introduction of sodium-sulfur batteries, etc., have 
made high temperature sulfidation problems even more 
frequent. 

Many investigators have studied the sulfidation resist- 
ance of the metals iron, nickel, cobalt, and copper, as well 
as their alloys with chromium. In each case, the high con- 
centrations and mobilities of point defects in the sulfide 
scales yield relatively high scaling rates. However, some 
previous studies of molybdenum sulfidation which re- 
ported slow scaling rates (1-3) in either $2 or H.,S have 
been limited to narrow ranges of temperatures and sulfur 
activity or H2S/H._, gas ratios, and a comprehensive mecha- 
nistic study is not available. 

Duirizac (1) investigated the thermogravimetric kinetics 
of the sulfidation of Mo in pure sulfur vapor for sulfur 
pressures ranging from 0.03 to 300 torr. Dutrizac obtained 
linear kinetic curves for the temperature range 415~176 
for Ps2 > 20 torr. At lower Ps2, parabolic kinetics were ob- 
tained for approximately half the experiments.  Dutrizac 
concluded that the linear sulfidation kinetics of Mo are 
controlled by some reaction step occurring at either the 
MoSJgas or the Mo/MoS2 interface. The kinetic rate was 
insensitive to changes in sulfur pressures in excess of 20 
torr, but the sulfidation rate decreased at lower sulfur 
pressures. The mechanism of scale growth was not de- 
tailed, and hexagonal MoS2 was reported as the only reac- 
tion product formed under all conditions. 

Gerlach and Hamel (2) obtained parabolic sulfidation 
curves for reactions in H~S/H~ gas mixtures at 900~176 
Gold markers were used, and it was concluded that the 
inward diffusion rate of the sulfur ion is higher than the 
outward diffusion rate of the Mo ion in MoS~, which was 
the only corrosion product reported. To calculate the acti- 
vation energy for sulfidation, they used a constant 
H~S/H2 ratio for each temperature rather than a constant 
sulfur activity (Psi). Slope changes were observed in para- 
bolic plots of weight change vs. time, but the authors did 
not elaborate. 

Fueki  et al. (3) studied the sulfidation of Mo in HJH2S 
gas mixtures at 800~176 They obtained parabolic ki- 
netic curves, but  the rate constants differed from those of 
Gerlach and Hame] (2). Again, a constant H~S/H~ gas ratio 
(1:1) was used for each temperature to calculate the acti- 
vation energy for sulfidation. 

The objectives of this research were to determine ki- 
netic information for the sulfidation of pure Mo over a 
wide range of sulfur activities and temperatures and to 
clarify the mechanisms of sulfidation. The experiments 
were conducted in elemental sulfur vapor and in H2S/H~ 
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gas mixtures. Kinetic results from these two environ- 
ments were compared for the same sulfur activity (Ps2). 

Thermodynamics of Mo-S system.--Several sets of ther- 
modynamic data are available for the Mo-S system. The 
data of Larson and Elliott (4) for hGf ~ (MoS~) in combina- 
tion with those of Hager and Elliott (5) for hGfo (Mo~S3) 
would indicate that Mo~S3 is not stable at temperatures 
below 1400~ However, Young et al. (6) reported the for- 
mation of Mo~S3 on a Ni-Mo alloy at 700~ The data of 
Stubbles and Richardson (7) show the existence of Mo~S3 
in the phase stability diagram of Fig. 1. Suzuki et al. (8) 
also confirmed a narrow band of Mo~S~ stability. 

Experimental Apparatus, Materials, and Procedure 
A quartz-spring 2 TGA balance system shown in Fig. 2 

was used for kinetic measurements  of molybdenum sul- 
fidation. The total length of the reaction tube was about 
150 cm; the lower part of the tube was connected to an 
isothermal reservoir of  pure liquid sulfur, which was 
heated to generate the desired sulfur vapor pressure. The 
silicone-greased standard taper joint connection was 
heated about 30~ higher than the sulfur reservoir to 
avoid sulfur condensation. A cathetometer outside the re- 
action chamber was u s e d  to monitor the weight gain of 
the specimen by measuring the elongation of the quartz 

~Worden Quartz, Houston, Texas. Sensitivity: 40 ~g/0.01 ram. 
Maximum load: 2g. 

~ )  
n 

E~ 
0 

- 2.0 I 

- 4 .0  I 

- 6 . 0  

N 

- 8 . 0  

- I 0 . 0  

- 12.0 

I I I I 

tO00 =C 7 0 0 0 C  

PHS /PH = l  
, . ~ 2 "  2 Ps = I torr 

'. - -  . . . . . . . . . . . . . .  Z.O3tor r 

MoS2 

B 

Mo S2/Mo 2 S 3 

Mo 

Mo/MoS 2 

Mo/Mo2S 3 

I I J I I 
7.0 8 . 0  9 . 0  I 0 . 0  I1.0 

I / T x  104 (K  -I)  

Fig. 1. Phase stability diagram for Mo-S system 
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I Quartz Reaction Tube 
2 Quartz Spring 
3 Quartz Rod 
4 Pyrex Rod 
5 Cothefometer 
6 Furnace 
7 Cooling Fan 
8 Specimen 
9 Quartz Fiber 
]0 Heat ing Tape 
II Cold Trap 
12 Thermocouple 
13 Aluminum Thermal 

Block 
14 QuaHz Reservoir 
15 Quartz Cylinder 
16 Glass Fiber Insulation 
17 Sulfur Reservoir 

o ~ ~ v o c u u ~  
H 2 + H2S 

13 ~ 

Fig. 2. Schematic drawing of experimental setup for molybdenum 
sulfidation study. 

spring. A Pyrex rod was used to lower or raise the speci- 
men. 

For initial experiments in H~S/H2 gas mixtures, convec- 
tion caused severe fluctuations in the spring because  of 
the large temperature gradient between the spring col- 
umn (200~ and the main furnace (800~176 This noise 
problem was reduced significantly by inserting several 
quartz cylinders inside the reaction chamber (not shown 
in Fig. 2) to induce downward flow of gas around the 
specimen and to increase the resistance to the gas flow. 

Sublimed sulfur (Mallinckrodt) was u s e d  to generate 
sulfur vapor. Prepurified H2 gas (NCG Industrial Gas) 
and HzS gas (Matheson) were used. Thin (0.25 mm) cold- 
rolled sheet of 99.97% Mo with 3 /~m average grain size 
from Alfa Chemical Company was cut into 2 • 3 cm spec- 
imens for elemental sulfur experiments and 1 • 5 cm for 
H2S/H2 gas experiments.  Molybdenum sheet with 
equiaxed grains, 5 /xm average grain size, was received 
from Climax Molybdenum Company. The purity of this 
annealed molybdenum sheet was about 99.97%, with im- 
purities of about 70 ppm C, 80 ppm O, 48 ppm St, and 23 
ppm A1. 

For some experiments,  the shiny as-received (as-rolled) 
surface was degreased with a detergent and  warm water; 
for other experiments,  specimens were ground to 600 grit 
paper, polished with 3/~m alumina, and washed with de- 
tergent and warm water. To investigate the effects of sur- 
face finish and grain size on the reaction kinetics, four 
different surfaces were studied: as-rolled coupons (Alfa 
Products) and annealed specimens (Climax) were used in 
the as-received condition or with a ground and polished 
surface. 

During kinetic runs, the thermally insulated tube sur- 
rounding the spring was heated to a constant temperature 
above the dew point for the sulfur vapor. The spring con- 
stant was calibrated to be 39.9/xg/0.01 mm for a tube tem- 
perature of 25~ and 42 /~g/0.01 mm for a tube tempera- 
ture of 200~ To avoid oxide formation on the specimen 
during its residence in the tube prior to the experiment,  
the system was evacuated to about 10 -2 torr while the sul- 
fur reservoir was brought to temperature. Then the speci- 
men was lowered into the hot zone. A quartz specimen 
submitted to the same procedure did not indicate any 
weight  gain in 2h. 

In the elemental sulfur experiments,  gaseous sulfur 
consisted mainly of $2 species at the experimental  tern- 

peratures (700~176 These experiments were con- 
ducted in the viscous pressure regime so that the pres- 
sure inside the chamber was uniform throughout. The 
total vapor pressure above the liquid sulfur was calcu- 
lated using the equation obtained by Meisen and Bennet  
(9). For the experiments in H2S/H2 gas mixtures, the gas 
ratio was adjusted to provide an equivalent Ps2 of 1 torr at 
each temperature. 

Results and Discussion 
Elemental sulfur experiments at 700~176 3 is 

a plot of the sulfidation kinetics for the annealed Climax 
Mo specimen at 750~ Ps2 = 0.03 torr, which shows repre- 
sentative kinetic behavior for the lower temperatures. 
The most important characteristic of  the kinetics is that 
the sulfidation rate of Mo is low, < 0.3 mg/cm'-' over many 
hours reaction time. The curve is initially linear, but after 
about 0.15 mg/cm ~ weight gain (scale thickness: - 0.6/~m), 
much slower approximately parabolic period II kinetics 
are initiated. Period III is comprised of repeated para- 
bolic weight gains and interruptions. During period III, a 
vibration of the spring was detected occasionally, which 
may indicate sudden release of stress by scale fracture. 
This kinetic behavior was common for studies in the tem- 
perature range 700~176 as shown also in Fig. 4 and 5. 

Figure 6 is an Arrhenius plot of the initial linear sulfi- 
dation rate constants for four different specimens. The as- 
rolled Alfa specimen exhibited apparent parabolic behav- 
ior at 800~ and the linear rate constant was calculated 
from the first five data points; the resulting point on Fig. 
6 falls between the two lines. The activation energy for 
linear sulfidation calculated from this plot is 103 -+ 21 
k J/tool, which is identical with the 103 - 13 kJ/mol ob- 
tained by Dutrizac (1), who established linear scaling 
rates for S.~ reactions at 415~176 As seen in Fig. 6, the 
as-received Alfa specimens have the highest linear kinetic 
rates, and the other specimens react more slowly. 

X-ray diffraction patterns were made from unreacted 
Mo surfaces to identify any differences which might  re- 
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Fig. 3. Sulfidation kinetics for annealed Climax Mo specimen at 
750~ Ps= = 0.03 torr. 
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late grain orientation to the observed kinetics. For the as- 
rolled Alfa specimen, the {110} peak which is expected to 
exhibit  the highest intensity was very weak, and the {200} 
and {211} peaks were very strong. Thus, the surface of this 
specimen exhibited a strong rolled texture with {100} and 
{211} planes predominantly normal to the surface. The as- 
received surface of the Climax specimens showed a 
strong {110} peak, and indicated a lesser degree of pre- 
ferred orientation. A ground and polished Alfa specimen 
showed the strongest peak from {110} planes, so that this 
surface preparation removed the outermost oriented 
grains. This information and the kinetic results in Fig. 6 
show that the orientation of the Mo surface grains affects 
the sulfidation rate. This will be discussed in detail later. 

As shown in Fig. 6, polished Alfa and Climax speci- 
mens of different grain sizes exhibited the same sulfida- 
tion rate. Figure 7 shows a cross section of a specimen 
sulfidized at 800~ The thickness of the fine-grained co- 
lumnar scale is uniform, and the grain boundaries of the 
metal do not show any preferential attack, which is con- 
sistent with the independence of rate on grain size. 

Scale morphology.--According to the x-ray diffraction 
patterns, MoSs was the only product phase formed at 
lower temperatures. The scale morphology changed as 
the reaction temperature was increased, but the scale al- 

Fig. 7. MoS~ scale on ground and polished Mo surface of fractured 
Climax Mo specimen. T = 800~ and Ps~ = 0.03 torr. 

ways exhibited a uniform thickness with small columnar 
aggregate grains, as shown in Fig. 8, where the scale was 
fractured intentionally to show its cross section. The 
MoSs scale was always tightly adherent, and no spalling 
occurred. 

Scratches on the initial metal surface remained evident 
at the surface of the scale after sulfidation. This feature 
represents evidence that sulfur is the mobile species in 
the scale (inward diffusion), so that new scale forms at the 
metal/scale interface. Further  evidence for inward diffu- 
sion of sulfur is shown in Fig. 9, where the eccentric cor- 
ner morphology shown is characteristic of inward diffu- 
sion for the oxidant and scale formation at the metal/scale 
interface. For example, this morphology is commonly ob- 
served in the high temperature oxidation of the refractory 
metals niobium and tantalum. 

A marker experiment  was also conducted by evaporat- 
ing gold onto the surface of a molybdenum specimen be- 
fore reaction. After the su]fidation, the particulate gold 
markers remained at the scale/gas interface, providing 
further evidence for the inward diffusion of sulfur. 

Orientation of sulfide crystals.--An x-ray diffractom- 
eter pattern was made from a specimen after sulfidation 
at 800~ in Ps~ = 0.03 torr for 66h. The MoS2 pattern 
should exhibit  the highest peak for {001} at 14.75 ~ (28), but 
this peak was absent. Instead, the {101} and {100} MoS~ 
planes from the pyramidal and prism planes, respectively, 

Fig. 8. MoS2 scale on as-rolled Mo specimen sulfidized at T = 
800~ and Ps~ = 0.03 torr. 
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Fig. 9. Edge of the sulfidized Alfa Mo specimen, T = 800~ and Ps2 
= 0.03 torr 14h. 

showed strong peaks. The absence of the {001} peak in the 
diffraction pattern is caused by the preferred orientation 
of MoS2 crystals; in this case, the basal {001}Mos2 planes are 
preferentially oriented normal to the Mo grains with {100} 
preferred texture as drawn schematically in Fig. 10. This 
epitaxial relation is described by {100}MoS2[[{100}Mo and 
<001>MoS~--<100>Mo. This arrangement is favored, be- 
cause the lattice parameter "a" of MoS2 is an excellent 
match with that for Mo, and the lattice parameter "c" of 
MoS~ is almost exactly four times that of "a" for Mo. 
Clearly, there are two equivalent, but  incompatible, 
epitaxial MoS._, orientations on Mo. 

Another x-ray diffraction pattern was made from the 
back side of the scale (metaYscale interface) by removing 
the scale using adhesive tape, and again the peak from 
the basal planes for MoS~, {001}M0s~, was absent. A sample 
of the scale was scraped from a reacted specimen and 
powdered; in this case, the expected {001}MoS., peak ap- 
peared. 

The size of the individual sulfide crystallites of the low 
temperature MoS., scale ranged from 0.1 to 0.2 /zm as 
shown in Fig. l la .  Thus, the columnar scale observed in 
surface and cross-sectional views does not represent indi- 
vidual grains, but  rather the columns are comprised of 
thousands of small crystallites, as shown in the schematic 
diagram of Fig. l lb .  

Dependence of  scaling kinetics on Ps2.--For 750~ the 
plot of log kl vs. log Ps2 showed a slope of 0.06, so that the 
sulfidation rate is essentially independent  of the sulfur 
activity within the range of Ps~ studied (0.03 - 0.06 torr). 
At 750~ for Ps~ = 1 torr, the kinetics were not linear, but 
approximately parabolic. As will be explained later, the 
kinetics at 750~ in Ps., = 1 torr fit the high temperature 
mechanism. 

Proposed mechanism.--From the kinetic studies and 
the epitaxial microcrystalline nature of the MoS~ sulfide 
scale, a mechanism for low temperature molybdenum sul- 

- / 

Fig. 10. Schematic diagram of the MoS2 growing epitaxially on the 
{100} surface of Mo. 
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Fig. 11. a (top): MoS~ scale formed on as-rolled Alfa Mo specimen 
reacted at T = 800~ and Ps~ = 0.03 torr for 14h. b (bottom): Sche- 
matic diagram of the columnar MoSs scale. 

fidation can be suggested. As demonstrated by the Au 
markers and the retention of surface markings, sulfur is 
transported through the MoS_, scale to form new crystals 
at the Mo/MoS._, interface. 

When one {100} grain of Mo reacts with sulfur at the 
Mo/MoS~ interface, MoS~ grains of two equivalent, but  in- 
compatible, epitaxial orientations can be formed, as 
shown in Fig. 10. Because of the impossibility for inter- 
growth between adjoining MoS2 crystals of equivalent but 
incompatible epitaxial orientations on the same Mo grain, 
MoS~ grain growth is very restricted as basal planes of 
some grains impinge on prism planes of others. This 
grain impingement  results in a very fine MoS~ grain size 
and the requirement for continuous nucleation at the 
metal/scale interface. The MoSs nucleation rate, N, can be 
calculated in terms of the linear gravimetric rate con- 
stants kl, plotted in Fig. 6. Let us assume that the scale is 
comprised of cubic MoS2 grains with a side length equal 
to 8. Then the nucleation rate is given by 

/(/= kl 17MoS..,/64 83 [1] 

where l?Mos~ is the molar volume of MoS2. For a kl value of 
3 x 10 -8 (g/cm~s), 8 equal to 10 -5 cm, and 17Mos 2 = 33.3 
cm3/mol;/V equals 1.6 • 107 #/cm~s. 

With emphasis on the importance of sulfide nucleation 
at the metal]scale interface, the rate-limiting step(s) for 
each of the three periods in Fig. 3 will be discussed. 

Period I, init ial linear kinet ics .--The Pilling-Bedworth 
ratio (ITMos~/VMo) in Mo sulfidation is about 3.5. Thus, for a 
MoS2 crystal to form, or for an existing crystal to grow 
at the metal/scale interface, the previously formed sulfide 
crystallites must be pushed out or extruded toward the 
surface, a deformation which should introduce micro- 
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cracks in the scale. These microcracks are presumably 
generated almost continuously, so that even the inner- 
most scale can be considered faulted. The mismatch be- 
tween two adjoining crystallites of equivalent epitaxy but 
differing orientation maintains a microcrystalline grain 
size. 

To form new crystallites at the Mo/MoS2 interface, or to 
grow existing sulfide crystals, the steps illustrated in  Fig. 
12 should be involved. It is assumed that the MoS2 scale 
contains microcracks everywhere. Because the arrival 
flux of S~ molecules in the gas phase is adequate to sup- 
port the observed kinetics, one of the steps 1 to 5 in Fig. 
12 should be the rate-limiting step: (1) the transport of sul- 
fur molecules along the microcracks of the scale, (2) the 
dissociation of diatomic sulfur molecules to form ad- 
sorbed atomic sulfur, (3) the reduction of internally ad- 
sorbed atomic sulfur, (4) the diffusion of S 2- through one 
or several MoS2 crystals near the metaYscale interface, 
and (5) the nucleation of new crystallites after crystalline 
impingement  has locally halted crystallite growth. 

If the rate-limiting step were step 1, the dissociation of 
the molecular gas ($2), the sulfidation rate should in- 
crease with the square root of the gas pressure. But the 
linear kinetic rate constant was virtually independent  of 
Psi. In the much more rapid sulfidation of other transi- 
tion metals (Fe, Ni, Co, Cr, etc.) at the same temperatures, 
the dissociation of molecular sulfur and the reduction 
step offer trivial hindrance to the rapid scaling kinetics, 
so the steps 2 and 3 should not be limiting here. The lin- 
ear rate extends to the start of the reaction when the ini- 
tially formed scale is quite thin and easily fractured; then 
the diffusion of S ~- should not be rate limiting either. 
Thus, sulfide nucleation at the metal/scale interface, as 
affected by the two epitaxial orientations of the sulfide to 
the substrate, must  be the rate-limiting step for the initial 
linear sulfidation kinetics. This difficult nucleation step 
can be envisioned as requiring a significant local rear- 
rangement  of the metal]scale interface with a resultant 
large strain energy requirement for a relatively small 
Gibbs energy driving force. 

Period I/ .--After a weight gain of 0.13-0.16 mg/cm 2 (scale 
thickness: 0.5-0.7 t~m), the sulfidation kinetics are no 
longer linear, but  change to slower parabolic kinetics. As 
a scale increases in thickness, its mechanical strength 
should increase, at least by the sintering of adjacent MoS~ 
crystallites: Thus, after some critical thickness of the 
scale is reached, it becomes more difficult to fracture the 
scale, so that the diffusion of sulfur ions through the com- 
pact inner  scale becomes important in limiting the sulfi- 
dation rate. 

However, sometimes period II also exhibits linear ki- 
netics with a rate which is lower than that for period I. 

With the realization that very small weight changes are 
being measured, and with the presence of gross edge and 
corner heterogeneities (Fig. 9), a precise explanation may 
not be justified. However, the period II is a transition pe- 
riod from linear I to parabolic III kinetics. 

Period III .--Period II is concluded by a cracking of the 
scale, which is followed by clearly parabolic kinetic be- 
havior. In period III, a compact inner scale forms at the 
interface of Mo and MoS~, and the diffusion of sulfur ions 
through the inner scale becomes the rate-limiting step. As 
a result, period III shows parabolic behavior until the in- 
creased thickness and the decreased plasticity of the 
MoS2 scale prevents further plastic deformation, so that 
scale fracturing occurs again and the cycle repeats. Such 
a mechanism is also observed in the oxidation of nio- 
bium, i.e., at steady state, parabolic kinetic segments have 
been correlated to the repeated cracking of a compact in- 
ner scale (I0). Because of the hexagonal layered structure 
of MoS2, sulfide ion diffusion can only occur between 
{001} layers, not normal to them. But for the low tempera- 
tures and fine grain sizes of this study, grain boundary 
diffusion may be more important than lattice diffusion 
anyway. 

Elemental sulfur experiments  at higher temperatures 
(850~176 temperatures higher than 
850~ and at 750~ for Ps2 = 1 torr, the scaling behavior 
was clearly parabolic with time. Initially, the plots of 
Am/A vs. t I/2 showed straight lines; then, after the scales 
reached some thickness, the slope changed to lower 
values. After that stage, the scaling behavior was de- 
scribed by sequences of weight gains and interruptions, 
as was the case for period III of the low temperature 
curves. 

Figures 13-15 show representative kinetic results for 
different temperatures and values of Ps2. Figure 16 is an 
Arrhenius plot for the parabolic sulfidation of Alfa as- 
rolled Mo specimens. The activation energy for sulfida- 
tion was 147 k J/tool (35.2 kcaYmol). The results from 
H2S/H2 gas mixture experiments noted in Fig. 16 will be 
discussed later. 

Morphology and scale composition.--The scale morphol- 
ogy at the scale/gas interface at higher temperatures dif- 
fers significantly from that observed at lower tempera- 
ture. As shown in Fig. 17, the scale appears to be compact 
and not fractured. When scales formed with linear kinet- 
ics at temperatures lower than 800~ were spalled by 
bending the specimens, bare metal with metallic color 
was revealed. However, when the scales formed at higher 
temperatures were similarly detached, the underlying 
metal was not bare, but  showed a very thin layer of gray 
color with a slight gold tone. Upon bending the sulfi- 
dized specimen, the outermost layer (MoS2) cracked eas- 
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Fig. 12. Illustration of series reaction steps for the MoS~ scale growth 
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ily and could be removed. However, the innermost  layer 
was tightly adherent to the metal. 

Figure 18 shows the fractured cross section of a scale 
formed at 950~ in Ps~ = 0.05 torr. The outer scale exhibits 
a laminated or layered structure, while the inner scale ex- 
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Fig. 16. Arrhenius plot for the parabolic sulfidation of Mo in ele- 
mental sulfur and in HJH.~S gas mixtures. 

Fig. 17. MoS2 scale of Alfo Mo specimen reacted at 900~ in Ps~ = 
0.11 torr. 

hibits a blocky equiaxed structure. Adhesive tape was ap- 
plied to the surface of the MoS.~ scale, and the specimen 
was bent several times; the MoS2 scale was successfully 
removed, leaving only the inner scale adherent to the 
metal, as shown in Fig. 19. An x-ray diffraction pattern 
was made from the inner layer using Cu K~ radiation and 
a Ni filter, and this phase was identified as Mo~S~. Refer 
to Ref. (11) for more details. 

Previous investigators have not reported the existence 
of an Mo2S3 inner scale beneath the MoS~ scale in sulfida- 
tion, but the formation of Mo~S~ is not surprising. As 
shown in the phase stability diagram in Fig. 1, for all tem- 
peratures, there exists a narrow regime of log Ps~ where 
Mo~S3 is stable. At 945~ and a sulfur pressure of 0.0076 
torr, only Mo~S3 was formed. For these conditions, a 
marker experiment  was conducted with the Au evapora- 
tion technique previously described, and the gold mark- 
ers remained on the surface of Mo~S3, indicating inward 
diffusion of sulfur in this phase. 

The dependence of the parabolic rate constant on Ps=,.--As 
shown in Fig. 13-15, high temperature sulfidation in S~ 
vapor obeyed parabolic kinetics. Figure 20 is a. plot of kp 
vs. in Ps~ for three different temperatures, 850 ~ 900 ~ and 
950~ The parabolic rate shows a small dependence on 
Ps2 at low sulfur activities, but becomes independent  of 
Ps2 above Ps~ = 1 torr. 

Mechanism of high temperature sulfidation of Mo in S.~ 
vapor.--The slope of the plot of hm/A vs. t "2 decreases 

Fig. 18. Cross section of a scale formed on as-rolled Mo specimen 
reacted at 950~ in P ~  = 0.05 torr for 21h. 
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somewhat after some scale has formed, as shown in Fig. 
13-15. This phenomenon was als0 observed by Gerlach 
and Hamel (2) and Fueki et al.  (3), but was not explained. 
From the results of the current study, it seems this slope 
change is caused by the formation of Mo~S3. The growth 
rate of Mo2Ss was found to be slower than that for MoS~ 
(11), so that the formation of an Mo2S~ inner layer should 
reduce the overall sulfidation rate. 

At the beginning of a high temperature sulfidation ex- 
periment, e.g., at Ps2 = 0.03 torr, MoS2 forms initially. As 
the parabolic sulfidation progresses, the Mo/MoS2 inter- 
face should maintain a local metastable equil ibrium with 
a Ps2 value higher than the equilibrium Ps2 for Mo/Mo~S3 
coexistence. But after the MoS~ scale grows to some criti- 
cal thickness, Mo~S~ is nucleated at the Mo/MoSz inter- 
face. 

Gerlach and Hamel 's  results (2) showed a reduction in 
parabolic kinetics after ~30 rain at 951~ in 0.10 H2S/0.90 
H~, while the slope did not change up to ~90 min in 0.50 
H2S/0.50 H~ at 953~ In terms of the present hypothesis, 
the critical MoS2 scale thickness for the formation of 
Mo2S3 must be larger for a higher Ps2, i.e., for a higher 
MoS2 growth rate. 

The parabolic kinetics for sulfidation of pure molybde- 
num at temperatures above 850~ indicate that the diffu- 
sion of sulfur ions through a compact sulfide scale is the 
rate-limiting step. Indeed, parabolic kinetics are also ex- 
pected for the diffusion-limited growth of a layered scale 
comprised of two phases (12). The question remains 
whether bulk diffusion or grain boundary diffusion (for 
pure or doped compounds) through the inner compact 
scale is rate limiting. 

Suzuki et al.  (8) have recently reported on the composi- 
tions of MoS~.8 equilibrated in H.~S/H~ mixtures at 750 ~ and 
950~ Each sulfide is sulfur deficient; point defects are 
associated with the nonstoichiometry in Mo2Ss, but no de- 
fect was proposed for MoS2. Especially for the layered 
hexagonal MoS~ lattice, the intercalation (doping) for hy- 
drogen ions between the layers must be considered. 
Frivaz and Mooser (13) reported that MoSz is an n-type 
semiconductor,  but the temperature range of experimen- 
tation only reached 700 K and the specimens were not 
equilibrated to any sulfur activity. The exact modes of 
sulfur ion diffusion and electrical conduction remain 
uncertain. 

In the oxidation of metals to form a pure, compact 
n-type semiconducting oxide scale whose growth is lim- 
ited by volume diffusion, the ideal Wagnerian parabolic 
scale growth rate is predicted to be nearly independent  of 
the oxidant gas pressure. This theoretical expectation re- 
sults because the equil ibrium concentration of anion va- 
cancies in the scale at the metal/scale interface is many 
orders of magnitude higher than that in equilibrium with 

the gas phase when a large Gibbs energy change is in- 
volved for forming a highly stable oxide. Then in that 
case, e.g., for ideal parabolic oxidation of refractory met- 
als, the change in defect concentration gradient resulting 
from a change in the oxidant activity is negligible, and 
thus kp is predicted to be virtually independent  of 
imposed Po2. 

This independence of the parabolic rate on oxidant 
pressure is valid only when the ambient oxidant pressure 
is several orders of magnitude higher than the equilib- 
r ium oxidant activity at the metal]scale interface. As 
shown in Fig. 1, for the sulfidation of pure Mo, a gaseous 
$2 pressure of 0.03 torr is only about two orders of magni- 
tude higher than the MoS#Mo..,S3 equilibrium sulfur activ- 
ity at 950~ so the change in the point defect concentra- 
tion gradient caused by a change in Ps~ should not be 
negligible here. 

Let us assume a simple and ideal point defect model 3 
applicable for both MoS2 and Mo..,S3 

SsX ~ Vs  + 1/2 S.,. + 2e' [2] 

K = [Vs] (Ps~)l~'-'[e'] '-'/[Ss x] [3] 

where, for electrical neutrality 

[e'] = 2[Vs] [4] 

The incorporation of the constant [Ss x] into K provides 

K = 4[Vs] 3 (Ps.,) '~'-' [5] 

so that 

[Vs] = K' (Ps._,)-"" [6] 

For low concentrations of Vs,  the ionic conductivity, 
Gion, or the diffusivity, Ds, should be proportional to [Vs"]. 
Then 

Gion ~ Ds ~ K'Ps -,/,~ [7] ,'2 

Wagner's rational rate constant becomes 

k ~ k, ~ K'{(Ps,.)) -'~6 - ( P s 2 ~  - ' / 6 }  [8] 

where Ps~ ~ and Ps~ ~ are the equilibrium Ps~ values at the 
metaYscale and scale/gas interfaces, respectively. 

If we plot k ,  vs.  In Ps~ ~ the slope will be 

dkp d 
- -  - - -  K '  s ~ p  i'~-,/,~ _ ( D  o ~ - , / 6 /  [ 9 ]  

( \  S 2 I ~ S .  2 I J d In Ps., ~ d In Ps~ ~ 

- Ps'-'~ K'{(Ps.)) . . . . .  (Psi~ -''~} [10] 
dPs O . _ 

K '  
= 6 {(Ps'-'~ [11] 

3The defect notation of Kr6ger and Vink (14) has been used to 
denote doubly ionized anion vacancies, Vs", and excess elec- 
trons, e'. 
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The slopes of the curves for three temperatures in Fig. 
20 are indeed in rather good agreement with the predic- 
tion of Eq. [11]. As the external Ps=, ~ increases, the slope 
decreases; as the temperature increases, the slope in- 
creases because K'  of Eq. [6] increases at higher tempera- 
tures. The dependence of kp on the ambient Ps.., ~ is con- 
sistent with a change in the point defect concentrat ion 
gradient in response to a change in Ps.,". 

If  grain boundary sulfur diffusion were the rate limiting 
diffusion step, the diffusivity of sulfur through grain 
boundaries also would depend on Ps., ~ but no prediction 
of mathematical  dependence is possible. The slope of the 
kp vs. in Ps.., ~ plot might also be valid for grain boundary 
diffusion. Since the melting point for MoS2 is reported as 
1185~ temperatures of 850~176 would seem suffi- 
ciently high for bulk diffusion in the sulfides to dominate 
the transport step. However, the very fine grain size of 
the scale would favor grain boundary diffusion. After 
weighing these factors, volume diffusion of sulfur ions 
over anion vacancies is suggested to be the rate-limiting 
step for the parabolic sulfidation of Mo. 

Sulfidation of pure Mo in H2S/H., gas mix ture . - -To  test 
further the conclusion that the growth of the two-layered 
Mo2S3/MoS~ scale at high temperatures occurs according 
to a classical Wagnerian sulfur ion diffusion-limited 
mechanism, a few experiments  were conducted in H2S/H~ 
gas mixtures, as summarized in Fig. 16. For temperatures 
of 850 ~ 900 ~ and 950~ the H..,S/H~ ratio was adjusted so 
that the equilibrium activity of $2 was held constant at 1 
torr. In the absence of extraneous effects, such as the hy- 
drogen doping of the sulfide scale, classical parabolic ox- 
idation theory involving local equilibrium at the scale/gas 
interface would predict that the kinetics should depend 
only on the sulfur activity in the gas phase, not on the na- 
ture of the molecular oxidant species. However, the para- 
bolic sulfidation rates for H,.,S/H~ runs reported in Fig. 16 
are about a factor of ten higher than those for the molecu- 
lar S.., experiments  at 850 ~ and 900~ and a factor of five 
higher at 950~ However, for H~S/H., experiments  at 940 ~ 
and 950~ a dark green deposit  accumulated in the cool 
section of the reaction tube. X-ray diffraction provided a 
peak corresponding to the principal MoS2 peak. Thus, 
some evaporation of the MoS.., scale (probably as MoS3 
vapor) may have reduced the rate constant reported for 
950~ The parabolic rate constant for 950~ for Fueki et 
al .  (3) was lower than that from this work, probably be- 
cause they used a different gas mixture (PH~ = PH..,s = 20 
torr, Ps2 = 2 torr) in a closed system, while in this study, 
the PH2S/H~ w a s  adjusted to achieve Ps~ = 1 torr in a flow- 
ing system, with P~.~ = 0.575 and PH~s = 0.425. 

The more rapid sulfidation rates in H.2S/H2 gases can- 
not be explained by an easier molecular dissociation of 
H~S compared to $2 because the kinetics are parabolic, 
demonstrating diffusion-limited kinetics. A reasonable 
explanation for higher rates in H2S/H~ compared to those 
in S~ at the same sulfur activity is that the sulfide scale 
was doped by hydrogen. Stoltz and Wagner (15) discussed 
the possible doping of oxides with hydrogen (and water 
vapor) both as H § and as H -  species. Zelouf and Simko- 
vich (16) explained an increased sulfidation rate for Fe to 
form FeS in terms of an increase in cation vacancy con- 
centration with dissolved interstitial protons for variable 
PH2 at fixed PH2s/Pu2. No previous defect studies for MoS2 
and Mo~S3 are available to interpret a possibility or mech- 
anism for hydrogen doping. But the open-layered struc- 
ture of MoS2 suggests that some intercalation or substitu- 
tion of solutes is possible. For an increase in the bulk 
anion vacancy concentration of Mo sulfides, a dopant hy- 
drogen ion would need a negative net charge, e.g., either 
as an interstitial Hi' or as a substitutional ion at an anion 
site Hs'. Because of the very large size of the negative hy- 
drogen ion (R = 2.08A for six-fold coordination), the sub- 
stitutional ion would be favored. This model should lead 
to an electrical neutrality condition of[Hs'] = 2[Vs] when 
the dopant content exceeds the concentration of native 
defects in the pure sulfides. Support  for this interpreta- 

tion must await further experimentation, preferably by 
electrical conductivity measurements.  From Fig. 16, the 
higher sulfidation rate at 900~ for Ps2 = 1 torr with PH2 = 
380 torr from this study compared to Ps~ = 1 torr with P~=, 
= 20 torr from Fueki  et al. (3) is also consistent with hy- 
drogen doping. Likewise, the relative drop in the hydro- 
gen doping effect for 950~ compared to the extrapolation 
of the 850 ~ and 900~ behavior would suggest that the na- 
tive defects at 950~ are not exceeded to the same extent  
by dopant-generated defects as the temperature is in- 
creased. 

Summary and Conclusions 
The kinetics and mechanism of sulfide scale growth on 

pure molybdenum have been investigated in an elemental 
sulfur ($2) atmosphere and in H,~S/H~ gas mixtures for the 
temperature range of 700~176 

The following conclusions were reached: 
1. Below about 750~ t ime-independent (linear) kinetics 

were observed; the linear scaling rate was on the order of 
10 -8 g/cm2s. The activation energy for the linear sulfida- 
tion kinetics is 103.4_+ 21.2 k J/gin tool. 

2. For temperatures of 850~ and higher, parabolic scal- 
ing behavior was observed, with rate constants on the or- 
der of 10 -11 g2/cm4s. The activation energy for the para- 
bolic sulfidation kinetics is about 148 k J/tool. 

3. For all experimental  temperatures, the sulfide scales 
had a uniform thickness and a columnar morphology. 
The MoS2 crystals have a strong epitaxial relationship 
with the metal. The surface orientation of the metal af- 
fected the su]fidation rate. 

4. For the linear kinetics, a sulfide crystal nucleation 
step is believed to be rate limiting. The microcrystalline 
nature of the scale caused by the two equivalent but in- 
compatible epitaxial orientations of MoS~ crystals on Mo 
introduces scale porosity. 

5. For parabolic behavior, a bulk diffusion process of 
sulfur ions is the rate-limiting step. After the scale 
reaches some thickness, Mo.2S3 crystals form beneath the 
MoS2 scale and the kinetics are reduced somewhat. 

6. The parabolic rate constants of sulfidation in H~S/I-I._, 
gas mixtures were about one order of magnitude higher 
than those for elemental  sulfur, possibly because of hy- 
drogen doping (intercalation or substitution) of the MoS., 
scale. 
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A B S T R A C T  

The ind ium act ivi ty  in l iquid  In-Sb solut ions is measu red  in the  fo l lowing h igh  t empera tu re  solid-state galvanic  cells 

Pt[C]InxSb,_x(1), In~O~(c)[feszIICO(g) , CO~(g)lPt [I] 

and 

PtlClIn~Sb, A1), In203(c)l[CSZHIn(1), In~O3(c)[CIPt [II] 

The  m e a s u r e m e n t s  indica te  a modera t e  nega t ive  deviat ion f rom ideal  solut ion behavior  and are in close a g r e e m e n t  wi th  
prev ious  studies. The  resul ts  are compared  wi th  the  avai lable ca lor imetr ic  and phase-d iagram de te rmina t ions  and are 
found  to be cons is ten t  wi th  them.  An express ion  for the s tandard  Gibbs  energy  of  fo rmat ion  of  solid InSb  is p resen ted  
that  is cons is tent  wi th  the  direct  EMF measurement s ,  ca lor imetr ic  studies,  repor ted  phase  diagram, and resul ts  of  this 
study. The  n o n r a n d o m  two- l iquid  theory  is found  to adequa te ly  rep resen t  the  l iquid  mix tu r e  t h e r m o d y n a m i c  data. 

I n d i u m  an t imon ide  is the only exis t ing  in termeta l l ic  
c o m p o u n d  in the  In-Sb system; it exhib i t s  a h igh  electron 
mobi l i ty  and presents  the  lowes t  bandgap  energy  of  the  
group III-V semiconduc t ing  c o m p o u n d s  (1-3). The  pure  
c o m p o u n d  and m i x e d  crystals  conta in ing I n S b  are of  cur- 
ren t  in teres t  as host  mater ia ls  for a var ie ty  of  solid-state 
e lec t ronic  devices  (4-7). As the  chemica l  p rocess ing  of  
these  materials  often involves  the  mel t  and the  analysis of  
such  processes  f requen t ly  assigns an equ i l ib r ium bound-  
ary condit ion,  k n o w l e d g e  of  the  sol id- l iquid phase  dia- 
g r a m  is impor tant .  Fur the rmore ,  the  phase  fields for 
un inves t iga ted  m u l t i c o m p o n e n t  sys tems can  be esti- 
ma ted  f rom cons idera t ion  of  the  binary l imits  alone. The 
in terpola t ion  of  the  m u l t i c o m p o n e n t  phase  d iagrams be- 
tween  the  binary edges  general ly  involves  use of a solu- 
t ion mode l  to desc r ibe  the  compos i t ion  and t empera tu re  
dependence  of  the  excess  Gibbs  energy.  The  success  of  a 
m o d e l  should  be  de t e rmined  by its abil i ty to represen t  
not  only  the  b inary-phase  diagram, bu t  also the  mix tu re  
en tha lpy  and entropy.  With this objec t ive  in mind,  solid- 
state e lec t rochemica l  m e a s u r e m e n t s  of  the In  act ivi ty  in 
In-Sb melts  are repor ted  and an analysis of  the  avai lable 
phase-d iagram and t h e r m o c h e m i c a l  in format ion  for both  
the mix tu re  and pure  c o m p o u n d  is presented.  

A cons iderab le  n u m b e r  of  expe r imen ta l  characteriza- 
t ions of  the  t h e r m o d y n a m i c  proper t ies  for the In-Sb sys- 
t em have  been  reported.  P re sen ted  in Table  I is the  melt -  
ing t empera tu re  of  InSb,  %[InSb], as de te rmined  by sev- 
eral invest igators .  It  is no ted  that  InSb  is the  only III-V 
c o m p o u n d  having  Tf be low that  of a c o m p o n e n t  e l emen t  
[Sb]. Also shown in Table  I is a summary  of  the  en tha lpy  
of  fus ion of  InSb,  AHf"[InSb]. As can be seen, there  exists  
a m a x i m u m  dif ference of  13.3 k J  �9 m o l - '  in the  repor ted  
values  of  AHf"[InSb]. The  mix ing  of  pure  In and pure  Sb 
p roduces  a nega t ive  en tha lpy  change as de t e rmined  calor- 
imetr ica l ly  by several  invest igators  (15, 23-28). The  differ- 
en t  measu remen t s  are in good agreement ,  wi th  the  pub- 
l i shed range for the  m a x i m u m  exo the rmic  en tha lpy  of  
mixing,  AH ~', of  2345-3725 k J  - tool - '  for t empera tu res  in 
the  range  of  910-1184 K. The  entha lpy  of  mix ing  is not  a 
symmet r i c  func t ion  of  composi t ion;  the  m a x i m u m  exo- 
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t he rmic  AH ~' is located in the repor ted  range Xin = 

0.55-0.61. The  more  recent  resul ts  of  Rosa et al. (28), ob- 
ta ined  at five t empera tu res  in the  same calor imeter ,  indi- 
cate that  the m a x i m u m  AH M shifts to a lower  magn i tude  
at increased  Sb con ten t  as the  t empera tu re  is increased.  
The phase  d iagram for the  In-Sb sys tem has been  re- 
por ted  by several  invest igators  (15, 19, 22, 29) who  found a 
s imple  eutect ic  on the  Sb-r ich side of  the  c o m p o u n d  at a 
compos i t ion  of  x ~  = 0.682 and a t empera tu re  of  767 K. 
The In- InSb eutec t ic  is pract ical ly  degenera te ,  hav ing  a 
me l t i ng  t empera tu re  app rox ima te ly  1 K be low that  of  
pure  In at a compos i t ion  xs~, = 0.007. 

Of p r imary  impor tance  in the  unde r s t and ing  of  solid- 
l iquid  phase  equi l ibr ia  in III-V c o m p o u n d s  and solid so- 
lut ions is an accurate  descr ip t ion  of  the  l iqu id-phase  solu- 
t ion behavior .  The  m u l t i c o m p o n e n t  solid solut ions  are 
often near ly  ideal, but  the  l iquid  phase  for mos t  III-V sys- 
t ems  shows negat ive  devia t ions  f rom ideal behavior .  The 
calculat ion of  l iquidus  t empera tu res  proves  to be sensi- 
t ive  to the  mode]  emp loyed  for the  l iqu id-phase  thermo-  
dynamics .  As these  mode l s  are general ly  based on a for- 
mula t ion  of  the  excess  Gibbs  energy of  the mixture ,  a 
direct  de te rmina t ion  of the compos i t ion  d e p e n d e n c e  of 

Table I. Comparison of the reported melting temperature 
and enthalpy of fusion of InSb 

Tf[InSb]/K AHfr �9 mol- '  Ref. 

798 _+ 3 37.7 • 12.6 (8) 
- -  46.9 (9) 
- -  46.9 _+ 1.7 (10) 

797 ~- 1 47.8 • 0.8 (11) 
800 _+ 3 48.1 • 1.7 (12) 
803 48.5 (13) 

- -  48.5 • 2.9 (14) 
- -  48.7 • 1.0 (15) 
- -  49.4 • 1.7 (16) 
- -  5 1 . 0  • 2 . 1  ( 1 7 )  

798 51.0 (18) 
798 - -  (19) 
798.4 _+ 0.3 - -  (20) 
809 - -  (21) 
813 - -  (22) 
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the Gibbs energy of mixing, AGM, would aid in the assess- 
ment  of various proposed models. To date, there have 
been three experimental  determinations of component  
activities in liquid In-Sb solutions. Terpilowski (30) mea- 
sured In activities in an electrochemical cell using a dou- 
ble bromide salt and found negative deviations through- 
out the entire composition range. Similarly, Hoshino et  at.  
(31), using a double iodide salt concentration cell, mea- 
sured In activities that were in fair agreement with the re- 
sults of Terpilowski. As is often the case with this 
method, the excess enthalpies and entropies reported in 
these two studies were quite different, and further dis- 
crepancies are found when compared to calorimetric 
data. Furthermore, Terpilowski (30) and Hoshino and 
co-workers (31) assumed that the In ions transported in 
the fused salt electrolytes were monovalent; this assump- 
tion directly affects the activity calculated from the mea- 
sured cell EMF. 

The possible uncertainty in the In oxidation state for 
these cells prompted Chatterji and Smi th  (32) to investi- 
gate the activity of In with a galvanic cell using a solid ox- 
ide electrolyte in which In ions are known to be trivalent 
and the transported oxygen ion divalent. Four composi- 
tions were studied, all of which were in the In-rich 
portion of the phase field, where this technique is not as 
reliable. In addition, Chatterji and Smith (32) used air as 
the reference electrode, thus requiring knowledge of the 
Gibbs energy of forming indium sesquioxide from the el- 
ements. Therefore, a second electrochemical cell was 
evaluated using a mixture of pure In metal and indium 
sesquioxide as the working electrode and air as the refer- 
ence electrode. The resulting logarithm of the indium ac- 
tivity is then proportional to the difference in the mea- 
sured EMF of the above two types of cells. This 
difference is small in value (6.5-37 mV for the composi- 
tions studied) compared to the measured EMF's of the 
two individual cells (920-1160 mV) and includes the 
uncertainties of two experiments,  though the possible er- 
rors are probably systematic and cancel. A third-law anal- 
ysis indicated the expression for Gf"[In.,O:~] of Chatterji 
and Smith (33) to be inconsistent with other available 
thermodynamic data (34). 

For these reasons, the following solid-state electro- 
chemical cells were investigated 

PtlCIIn~Sb, x(1), In203(c)IICSZ[ICO(g), CO2(g)lPt [I] 

Pt]C}In~Sb,_.~(1), In203(c)llCSZllIn(1), In~O3(c)lCIPt [II] 

In both cells, the working electrode consisted of the mix- 
ture of a liquid In-Sb alloy at the composition of interest 
and the most stable oxide, indium sesquioxide. In the 
first cell type, the reference oxygen partial pressure was 
established with a mixture of CO + CO2 of known compo- 
sition, while the second cell type utilized pure liquid in- 
dium and its stable oxide as the reference electrode. The 
open-circuit potential, E, of concentration cell [I] can be 
related to the indium activity, a,,, by the following ex- 
pression 

a~n = (P(.,,.,/pc.~,) -:~'-' exp { 3 F E / R T  
- 3AG"[CO-CO._.]/2RT + z~G('[In=,O:~]/2RT} [1] 

where P(.o.,/P,.o is the ratio of the partial pressure of CO~ to 
that of CO in the reference gas mixture, AG"[CO-CO~] is 
the standard Gibbs energy change for the reaction 

1 
CO + ~ O~ = CO2 [2] 

and AGf~ is the standard Gibbs energy change for 
the formation of 1 mol of indium sesquioxide. 

Cell type II gives the simple relationship between the 
measured cell voltage and temperature to the indium 
activity 

In ain = - 3 F E / R T  [3] 

The first cell is advantageous in that the gaseous refer- 
ence electrode provides a more reversible electrode and 

generally serves as a better buffer for oxygen. Thus, tem- 
perature coefficients of these cells were found to be in 
closer agreement with calorimetric values, though the cal- 
culated activities are subject to uncertainty in not only 
the temperature and measured voltage but also in 
PcoJPco, AG~ and hGf~ In addition, the 
use of the CO-CO2 reference electrode is superior to air 
since the O2 partial pressure can be adjusted to closely 
match that established in the working electrode. How- 
ever, the use of pure In-IntO3 as a reference electrode is 
advantageous in that the only errors involved are those 
associated with the measurement  of the voltage and tem- 
perature. Thus, in this study, indium activities were mea- 
sured in liquid solutions with antimony by means of the 
oxygen-ion conducting solid electrolyte, calcia-stabilized 
zirconia. Both the investigation of solutions throughout 
the entire composition range and the use of a solid oxide 
electrolyte should eliminate possible ambiguities in the 
oxidation state of the In ion that was assumed by earlier 
workers employing a halide-based concentration cell. 

Experimental 
A complete description of the experimental  design and 

procedure has been given previously (34-36). Extreme 
care was taken to minimize the oxygen content of the in- 
ert gas blanket. Data acquisition was automated with a 
microcomputer  system. The alloys were formed by mix- 
ing powdered InSb (Orion Chemical Company, 325 mesh, 
99.999% purity) with either pure antimony (Cominco 
American, high purity, lot EM 2139) or pure indium 
(Orion Chemical Company, 325 mesh, 99.999% purity, lot 
no. 2449) to obtain the desired composition. Indium 
sesquioxide (Alia Inorganics, 99.999% purity) was placed 
on top of the alloy or the pure indium in each cell. The 
CO-CO,~ reference gas mixture  (22.169 -+ 0.02% CO2, 2.349 
_+ 0.02% CO, and balance Ar) was a primary standard pro- 
cured from Matheson Gas Products. 

When a new alloy composit ion was formed by adding 
pure elemental material to a previously studied composi- 
tion, it was found to give inconsistent results. This incon- 
sistency was apparent in a changing EMF temperature co- 
efficient as the temperature was cycled and was probably 
due to incomplete mixing. Thus, for each composition 
studied, an alloy was synthesized from the pure elements. 

Results 
The open-circuit equil ibrium potential for cells [I] and 

[II] was measured throughout a predetermined tempera- 
ture range, and the results are plotted in Fig. 1 and 2. The 
EMF measured for cells using the CO-COx gaseous mix- 
ture as the reference electrode is shown in Fig. 1, while 
Fig. 2 depicts the more direct measurements employing 
the pure metal reference electrode. Only the measure- 
ments made in the final temperature cycle are shown. It 
was found that several cycles were required before repro- 
ducible EMF temperature variations were obtained. As 
can be seen, the measured potentials are linear in temper- 
ature over the range investigated. 

The activity of indium was calculated with Eq. [1] or [3] 
at 973 K using linear regression coefficients for the 
straight lines shown in Fig. 1 and 2. These results are 
given in Table II, along with the antimony activity 
calculated by integration of the Gibbs-Duhem equation. 
Also listed in Table II are the corresponding activity 
coefficients, ~i, and the resulting molar Gibbs energy of 
mixing, AG M. The partial molar enthalpy of In calculated 
from the temperature dependence of the cell potential ex- 
hibited considerable scatter, particularly with use of the 
pure metal/metal oxide reference electrode, s imilar  scat- 
ter was observed in the results for the gallium activity in 
Ga-Sb melts (36). This inconsistency is common in these 
types of measurements and does not reflect on the pri- 
mary results of EMF measurements-Gibbs energy 
changes. The results of  the activity measurements  are 
graphically shown in Fig. 3 and depict a negative devia- 
tion from ideal solution behavior. Shown for comparison 
are the molten salt electrolyte results of Terpilowski (30) 



3008 J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  December  1984 

I ; I ; I i I I I ; I i 
126 

125 Xzn = 0.890 

121 
120 X"rn = 0.787 

.EE 130 XT n = 0.703 

120 (D n = 0.656 
"m I10 

0.260 
60 

(,3 

52 __~"O'- , .~ . .~. , ,~  Xin = 0.202 

45' 
Xin = 0.145 

40  

35 I I I I ~ I i 
900 940 980 1020 1060 I100 1140 II 80 

T/K 

Fig. 1. Experimental cell voltoges as o function of temperature for 
cell type [I] .  Least squares line shown. 

at  923 K a n d  of  H o s h i n o  et al. (31) at  900 K a n d  also t he  
solid ox ide  e lec t ro ly te  r e su l t s  of Cha t t e r j i  a n d  S m i t h  (32) 
at  973 K. As can  be  seen,  t he  r e su l t s  of  all four  inves t iga-  
t ions  are in  re la t ive ly  good  ag reemen t .  T he  re su l t s  of  t he  
m o l t e n  sal t  e lec t ro ly te  w o r k  shows  a s l ight ly  m o r e  nega-  
t ive  dev i a t i on  in  c o m p o n e n t - r i c h  so lu t ions  t h a n  th i s  
work ,  t h o u g h  t he  d i f f e rence  is w i t h i n  t he  e x p e r i m e n t a l  er- 
ror  invo lved .  

The  s m o o t h e d  va lues  for the  i n d i u m  a n d  a n t i m o n y  ac- 
t iv i t ies  are  i n d i c a t e d  b y  t he  solid l ines  in  Fig. 3 a n d  are 
c o m b i n e d  t o g i v e  h G  "~, w h i c h  is p lo t t ed  as a f u n c t i o n  of  
c o m p o s i t i o n  in Fig. 4. Also s u m m a r i z e d  in  Fig. 4 is t he  ex- 
p e r i m e n t a l  e n t h a l p y  of  m i x i n g  as m e a s u r e d  b y  severa l  in- 
ves t iga to r s  (23-26). The  p r i m a r y  resu l t s  of  th i s  work  can  
be  c o m b i n e d  w i t h  t he  primaI3z resu l t s  of  the  ca lo r ime t r i c  
i nves t i ga to r s  to p r o d u c e  the  e n t r o p y  of  mix ing ,  AS M. 
S h o w n  in  Fig. 4 is AS M ca lcu la t ed  f rom AG M p r e s e n t e d  
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Fig. 2. Experimental cell voltages as a function of temperature for 
cell type [11]. Least squares line shown. 

Table II. Summary of thermodynamic data for In-Sb liquid alloys 
derived from EMF measurements at 973  K 

-AG M 
Cell x,, a,~ 7In ash 7sb (kJ .  mol -l) 

[I] 0.145 0.051 0.352 0.828 0.968 9.59 
[I] 0.202 0 . 0 7 2  0.356 0 . 7 4 1  0.929 12.47 
[I] 0.260 0.106 0.408 0.659 0.890 14.43 
[I] 0.656 0.435 0.663 0.158 0.459 19.11 
[I] 0.703 0.544 0.774 0.107 0.360 17.66 
[I] 0.787 0.760 0.966 0 . 0 4 3  0.197 14.34 
[I] 0.890 0.915 1.028 0.012 0.110 9.15 

[II] 0.398 0 . 1 4 2  0.357 0.475 0.789 19.82 
[tI] 0.500 0.265 0.530 0.343 0.685 19.40 
[II] 0.500 0 . 2 6 1  0.522 0.343 0.685 19.52 
[II] 0.600 0.364 0 . 6 0 7  0.218 0.544 19.67 
[II] 0.647 0.418 0.646 0.166 0.471 19.39 

he re  a n d  f rom two of  t he  AH M d e t e r m i n a t i o n s .  For  com- 
par i son ,  the  ideal  e n t r o p y  of  m i x i n g  is p lo t t ed ;  t he  excess  
e n t r o p y  of  m i x i n g  c a n  be  s een  to be  nea r ly  zero in  the  
c o m p o s i t i o n  r a n g e  0.0 < xi, < 0.4 and  pos i t ive  in  more  
i n d i u m - r i c h  so lu t ions .  

D i s c u s s i o n  

Calculation of the phase diagram.--The I n - S b  b ina ry  
p h a s e  d i a g r a m  is wel l  k n o w n ,  a n d  t h u s  a c o n v e n i e n t  
c h e c k  of  t he  c o n s i s t e n c y  of  t he  ava i l ab le  so lu t ion  t h e r m o -  
d y n a m i c  da ta  is a ca l cu l a t i on  of  the  l iqu idus .  The  condi-  
t ions  of so l id- l iquid  e q u i l i b r i u m  s t ipu la te  e q u i v a l e n c e  of 
t he  t e m p e r a t u r e ,  p ressu re ,  a n d  c o m p o n e n t  c h e m i c a l  po- 
t en t ia l s  in  b o t h  phases ,  s u b j e c t  to t he  c o n s t r a i n t  of a n  
e q u a l  n u m b e r  of  la t t ice  s i tes  for  In  a n d  S b  in  t he  sol id 
c o m p o u n d .  Neg lec t i ng  any  p re s su re  d e p e n d e n c e ,  t he  
c o m b i n a t i o n  of  t h e s e  r e q u i r e m e n t s  r e su l t s  in  t he  follow- 
ing  s i m p l e  r e l a t i o n s h i p  b e t w e e n  t he  l i qu idus  compos i -  
t ion,  x~n, a n d  t e m p e r a t u r e ,  Tl 

x,n(1 - xi,) = exp  [VgZnsb(Tl)]]F,nsb (XIn, T,) [4] 

The  #insb t e r m  is the  r e d u c e d  r e fe rence  s ta te  c h e m i c a l  po- 
t en t i a l  c h a n g e  a n d  is de f ined  by  

#,ns,~ = (/X~ - -  I X " , n  - -  I x % , , ) / R T  [5] 

where /x~  is  t h e  s t a n d a r d  s ta te  c h e m i c a l  p o t e n t i a l  f o r  t h e  
sol id c o m p o u n d  I n S b  oi" t he  l iqu id  c o m p o n e n t s  In  and  
Sb.  T h e  q u a n t i t y  F.,sb is a m e a s u r e  of t he  dev i a t i on  of the  
l iqu id  so lu t ion  f rom ideal  b e h a v i o r  at  t he  l i qu idus  tem-  
p e r a t u r e  a n d  c o m p o s i t i o n  of  i n t e r e s t  a n d  is s i m p l y  the  
p r o d u c t  of t he  l i q u i d - p h a s e  c o m p o n e n t  ac t iv i ty  coeffi- 
c ients ,  % 

F,.sb = ~/,.~Sb [6] 

C h o o s i n g  the  s t a n d a r d  s ta te  for  all spec ies  to  be  the  
p u r e  c o m p o n e n t  at  t he  t e m p e r a t u r e ,  p ressu re ,  a n d  s ta te  of 
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Fig. 3. The activity of indium and antimony in the liquid mixture: 
( ) 973 K, smoothed, this study; ( I )  this study, gas reference 
electrode; ( I )  this work, metal reference electrode; ( �9  Chatterji and 
Smith (32); (X) Hoshino et al. (31); (A )  Terpilowski (30). 
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Fig. 4. Gibbs energy, enthatpy and entropy of mixing for In-Sb liq- 
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[ 
V%,sb = tAG/'[InSb,T] - ASf[Sb][Tf[Sb] - T] 

_ f f~,s~ ~C,[Sb] dT"-}mT [9] 
, r  T 

Here AGf~ T] is the standard Gibbs energy of for- 
mation of InSb at the temperature of interest and AC,[Sb] 
is the heat capacity difference between liquid and solid 
Sb. Substi tuting this expression for O~nsb into Eq. [4], 
while again neglecting the AC,[Sb] term [ACp[Sb] = 0.42 J 
- real -~ . K -1 at Tf[Sb] (39)], yields the alternative expres- 
sion for the liquidus temperature 

T~ = hH/ ' [ InSb]  - hHfc[Sb] - kH~,[x] - h/~sb[X ] [10] 
AS/'[InSb] - AS/[Sb] - A S I ~ [ X  ] - ~ S . ~ b [ x ]  

In this relationship hHf~ and hSf~ represent 
the standard enthalpy and entropy of formation of InSb, 
respectively. Comparing Eq. [8] and [10], it is evident that 
the "formation" expression (Eq. [10]) is a more critical test 
of the consistency between the solution properties and 
the measured liquidus, as the liquid mixture information 
required in Eq. [10] is relative to the pure components, 
while, in Eq. [8], it is relative to the stoichiometric liquid. 
However, the enthalpy of fusion and melting temperature 
required in Eq. [8] are directly measurable, whereas 
the standard enthalpy and entropy of formation are 
generally obtained from the temperature dependence of 
AG~~ and thus subject to more uncertainty. 

The InSb phase diagram shows simple eutectic behav- 
ior in the Sb-rich portion. Equating the chemical poten- 
tial of Sb in the liquid mixture to that of pure solid Sb, 
and using the same sequence developed in Eq. [7] to de- 
termine the reduced standard state chemical potential 
change but  applied to solid Sb, results in 

aggregation of interest, #I,Sb is simply the molar Gibbs en- 
ergy difference between the solid compound and the pure 
liquid elements and is made dimensionless upon division 
by RT.  Several paths of state change can be formulated to 
estimate this molar Gibbs energy change, each requiring 
a different data base. One such sequence, first proposed 
by Wagner (37) and later applied to IH-V binary systems 
by Vieland (38), is to change the temperature of the pure 
compound from the one of interest, T, to Tf[InSb], melt 
the compound, subcool the resulting equimolar mixture 
to T, and separate the solution into the pure elements. 
The resulting expression for ~ sb  is 

[ Tin[T,x = 0.5]~sb[T,x = 0.5].] /Sfc[InSb] 
0hsb In 

L 4 J R 

(Tf[InSb] ) 1 f [rf,l,SbJ AC,  d T  2 [7] 
T 1 + ~ - ~  - r  T 

Here, AC, is the molar heat capacity difference between 
the stoichiometric liquid and the compound. Substi tuting 
this relationship into Eq. [4], neglecting the hCp term [AC, 
= 5.52 J �9 mol -~ �9 K -~ at Tf[InSb] (11)], and explicitly indi- 
cating the principal temperature dependence of the activ- 
ity in terms of the relative partial molar enthalpy, iHi, 
and entropy, iSi, results in the following equation for the 
liquidus temperature 

AHfc[Sb] + hI~sb[x] 

T, = AS?'[Sb] + hSsb[X] [11] 

As in Eq. [10], t he /C , [Sb]  term is assumed to be negligi- 
ble. 

Given in Table III are the results of calculating the 
liquidus temperatures with either the "fusion" (Eq. [8]) or 
"formatlon" (Eq. [10]) expressions. The partial molar 
enthalpies of the components were obtained from the cal- 
orimetric enthalpy of mixing investigations of Yazawa et 
al. (24), and the partial molar entropies of the components 
were calculated from the measured component activities 
from this work. The smoothed values of the component 
activities used in these calculations are also listed in 
Table III. A melting temperature for InSb of 800 K was 
used in conjunction with the experimental enthalpies of 
fusion listed in Table I to calculate the liquidus tempera- 
tures with the "fusion" equation. The values of hHf[InSb] 
used were the smallest (8) and largest (18) experimental 
determinations, along with the selected value of 49.4 kJ - 
mo]-' (16). There are four EMF studies of the standard 
Gibbs energy of formation of solid InSb available in the 
literature (40-43). The standard enthalpy and entropy of 
formation of InSb, required in the "formation" equation, 
can be determined from the temperature dependence of 
these measurements. The value for AHfc[Sb] was taken 
from Hultgren etal. (39) as 19,870 J - real -', and Tf[Sb] 

= AHr('[InSb] + i/~,n[X] + h/4s~>[X] - AH,,[x = 0.5] - A/4s,>[x = 0.5] 

ASr('[InSb] + hSin[x] + ASsh ix] - A~'~o[x = 0.5] - hSs,,[x - 0.5 ] 
[8] 

A second expression for the reduced standard state 
chemical potential difference represents the molar Gibbs 
energy change of the following process: solid InSb is re- 
duced to the natural elements at the temperature of inter- 
est (the reverse formation reaction), followed by a thermal 
sequence similar to that used in the previous analysis but  
applied to Sb since the melting temperature of Sb, Tf[Sb], 
is above that of InSb. The expression for Ol,Sb is 

was assumed to be 904 K. Table IV gives the liquidus 
temperatures determined from Eq. [11], using the 
smoothed activity measurements of this work and also of 
Terpilowski (30) and  Hoshino e t a l .  (31). Also found in 
Tables III and IV are the liquidus temperatures deter- 
mined by assuming that the solutions exhibit ideal behav- 
ior. Finally, these results are compared with the experi- 
mental liquidus temperatures as determined by Liu and 
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Table III. Comparison of the liquidus temperatures, T] (K), in the In-Sb system 

xsb 0.1 0.2 0.3 0.4 0.5 0.6 0.7 Ref. 

Smoothed 
a,,(973 K) 0.915 0.785 0.538 0.378 0.262 0.180 0.112 AHf~(InSb) 

Smoothed 
ash(973 K) 0.010 0.048 0.114 0.218 0.335 0.470 0.605 or 

Method T,(K) AG}(InSb) 

Fusion 541.4 676.9 747.2 790.2 800.0 794.0 761.9 (8) 
Fusion 596.9 707.5 760.5 792.7 800.0 795.6 771.7 (18) 
Fusion 591.3 704.5 759.4 792.5 800.0 795.5 770.7 (16) 
Formation 576.6 687.3 741.6 774.3 781.7 777.2 752.8 (40) 
Formation 582.3 697.8 754.4 788.5 796.3 791.6 766.1 (41) 
Formation 585. t 698.4 653.6 786.9 794.5 789.9 765.0 (42) 
Formation 597.2 705.9 758.1 789.5 796.6 792.3 768.9 (43) 
Ideal 701.8 753.0 779.9 793.8 798.2 793.8 - -  - -  
Experimental 607.2 699.3 756.9 787.6 798.2 788.6 774.3 (19) 

Table IV. Comparison of the liquidus temperatures, Tl (K), 
in the In-Sb system rich in Sb 

xsb 0.7 0.8 0.9 Ref. 

Smoothed a~n(973 K) 0.112 0.062 0.021 
Smoothed ash(973 K) 0.605 0.754 0.884 ain 

Method Tj(K) 

Eq. [11] 755.2 815.6 863.6 This work 
Eq. [11] 730.5 797.0 860.1 (30) 
Eq. [11] 765.7 819.5 866.5 (31) 
Ideal 796.6 833.6 869.4 - -  
Experimental 774.3 825.1 867.7 (19) 

Peretti (19). The results of these calculations using the 
"fusion" equation in conjunction with the smoothed ac- 
tivity measurements of this study, hHfr = 49.4 kJ �9 
mol-' (16), and the enthalpy of mixing of Yazawa et al. 
(24) are graphically displayed in Fig. 5. For comparison, 
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Fig. 5. Liquidus temperatures for the In-Sb system calculated from 
Eq. [8] and [11]. (o): This study. (/~): Terpilowski (30). ([]): Hoshino 
et al. (31). ( ): Experimental results of Liu and Peretti (19). 

Fig. 5 also shows the liquidus temperatures calculated 
from the actual activity measurements of Terpilowski (30) 
and the smoothed values of Hoshino et al. (31). The re- 
sults of Chatterji and Smith (32) were obtained over an 
insufficient composition range to be compared. 

Several conclusions can be made from these calcula- 
tions. First, the negative deviation observed in the various 
EMF measurements is supported by these calculations, as 
is seen by comparing the calculated liquidus tempera- 
tures with the ideal temperatures. The enthalpy of fusion 
reported as 37.7 kJ �9 mo]-' (8) appears to be too low, and 
the use of the experimental hHf c [InSb] range of 46.9-51.0 
kJ �9 real-' give liquidus temperatures consistent within 
the experimental error for at least one of the three activity 
measurements. The results of this study tend to support a 
higher value of AHfC[InSb]; the results of Terpilowski sup- 
por t  t h e  lower  AH~[InSb]  va lues .  I t  is n o t e d  t h a t  t he  u se  
of  d i f f e ren t  e n t h a l p y  of  m i x i n g  da ta  h a s  a neg l ig ib l e  effect  
on  t he  ca l cu la t ed  t e m p e r a t u r e s .  Final ly ,  t he  r e su l t s  in  t he  
a n t i m o n y - r i c h  r eg ion  i nd i ca t e  t h a t  the  ac t iv i t ies  of  th i s  
w o r k  a n d  of  H o s h i n o  et al. (31) are in  c lose  a g r e e m e n t ,  
w h i l e  t he  w o r k  of  Te rp i l owsk i  (30) y ie lds  c o n s i d e r a b l y  
lower  l i qu idus  t e m p e r a t u r e s .  

A m o r e  s t r i n g e n t  t e s t  of t he  t h e r m o d y n a m i c  cons is t -  
ency  of  t he  va r ious  da ta  is f o u n d  in  u s i n g  t he  f o r m a t i o n  
equa t ion .  F igu re  6 s h o w s  t he  l i qu idus  t e m p e r a t u r e s  cal- 
cu l a t ed  u s i n g  t he  r e su l t s  of  S i ro ta  a n d  Y u s h k e v i c h  (42), 
A b b a s o v  a n d  M a m e d o v  (40), a n d  Te rp i lowsk i  a n d  Trze- 
b i a t o w s k i  (43) for  t he  s t a n d a r d  e n t h a l p y  a n d  e n t r o p y  of  
f o r m a t i o n  and  t he  s m o o t h e d  ac t iv i t ies  of  th i s  work.  Of the  
four  e x p e r i m e n t a l  va lues  for /Hr~  a n d  ASf~ 
avai lable ,  t he  va lues  g iven  b y  N i k o r s k a y a  et al. (41) and  
S i ro ta  a n d  Y u s h k e v i c h  (42) are  in  good  a g r e e m e n t .  As can  
b e  seen,  fair ly close a g r e e m e n t  is obse rved ,  t h o u g h  t he  
use  of  t he  va lues  of A b b a s o v  a n d  M a m e d o v  (40) y ie lded  
s ign i f i can t ly  lower  t e m p e r a t u r e s .  Aga in  for  c o m p a r i s o n ,  
t he  f o r m a t i o n  l i qu idus  t e m p e r a t u r e s  were  ca lcu la ted  w i t h  
t he  m o l t e n  sal t  E M F  ac t iv i ty  m e a s u r e m e n t s .  F igu re  7 de- 
p ic t s  t he  r e su l t s  of u s i n g  e i t h e r  t he  r e su l t s  of  Te rp i lowsk i  
(30) or  H o s h i n o  et al. (31) in  c o n j u n c t i o n  w i t h  t he  
e x t r e m u m  for AHf~ a n d  hSf~ (40, 43). The  re- 
su l t s  of  Te rp i lowsk i  (30) s h o w  c o n s i d e r a b l e  d i s c r e p a n c y  
w i t h  t he  r e p o r t e d  p h a s e  d iag ram,  wh i l e  good  c o n s i s t e n c y  
is f o u n d  w i th  t he  r e su l t s  of  t h i s  s t u d y  or of  H o s h i n o  et al. 
(31) a n d  w i t h  u se  of  the  l o w e s t  va lues  o f / H f ~  and  
AS~[InSb] (43). 

Gibbs energy of formation of InSb(c).--An a l t e rna te  ex- 
p r e s s i o n  for  AGf~ can  be  de r ived  u s i n g  t he  r e su l t s  of  
th i s  s t u d y  as follows. C o n s i d e r  the  fo l lowing  r eac t ion  
s c h e m e  

In(l) + Sb(1) = 2In,j.sSbu.5(1) [12] 

2In,~.sSb,,.~(1) = InSb(c)  [13] 

Sb(c)  = Sb(1) [14] 
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Fig. 6. Liquidus temperatures for the In-Sb system calculated from 
Eq. [10] and the results of this study. The standard enthalpy and en- 
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Fig. 7. Liquidus temperatures for the In-Sb system calculated from 
Eq. [10] and the EMF activity measurements of: (o) Terpilowski (30), 
(E~) Hoshino et aL (31). The standard enthalpy and entropy of forma- 
tion of InSb taken from: open, Terpilowski and Trzebiatowski (42); 
closed, Abbasov and Mamedov (40). The solid line represents the ex- 
perimental results of Liu and Peretti (19). 

The  G i b b s  e n e r g y  c h a n g e  for  t he  first  r e ac t i on  is s im- 
p ly  t he  G i b b s  e n e r g y  c h a n g e  u p o n  m i x i n g  equa l  mo le s  of 
In  a n d  Sb.  The  G i b b s  e n e r g y  c h a n g e  for  r eac t i ons  [13] 
a n d  [14] c an  b e  a p p r o x i m a t e d  b y  

AG~ = -AHfc[InSb]{1 - T/Tf[InSb]}  [15] 

AG~ = AHfc[Sb]{1 - T/Tf[Sb]} [16] 

w h e r e  t he  smal l  t e m p e r a t u r e  d e p e n d e n c e  of t h e  e n t h a l p y  
a n d  e n t r o p y  of  fu s ion  of  I n S b  a n d  S b  h a s  b e e n  neg lec ted .  
U p o n  s u m m a t i o n  of  t h e  a b o v e  reac t ions ,  t he  overa l l  reac- 
t i on  is f o u n d  to b e  t h e  des i r ed  f o r m a t i o n  reac t ion ,  a n d  t he  
s t a n d a r d  e n t h a l p y  a n d  e n t r o p y  of  f o r m a t i o n  are  g i v e n  b y  

hHf~ = 2AHM[x = 0.5] + AH~~ - AHfc[InSb] 
[17] 

a n d  

ASf~ = 2ASM[x = 0.5] 

+ AH~[Sb]/Tf[Sb] - AH[[InSb] /Tf[ InSb]  [18] 

By  u s i n g  t he  r e su l t s  of  Yazawa  et al. (24) for  AHM[x = 0.5], 
t he  e n t h a l p y  of  fu s ion  as g iven  b y  B l a c h n i k  a n d  
S c h n e i d e r  (16), t h e  r e su l t s  of  th i s  s t u d y  to d e t e r m i n e  
ASM[x = 0.5], a n d  b y  t a k i n g  hHfc[Sb], Tf[Sb], a n d  Tf[InSb] 
as g iven  prev ious ly ,  t h e  fo l lowing  e q u a t i o n  is de r i ved  for  
AGf~ 

AGf~ = -35 ,220  + 25.54(T/K) J .  mo1-1 [19] 

T a b l e  V s u m m a r i z e s  t h e  va r ious  resu l t s  r e p o r t e d  for t he  
s t a n d a r d  e n t h a l p y  a n d  e n t r o p y  of  f o r m a t i o n  of  sol id  InSb .  
The  va lues  d e t e r m i n e d  by  m o l t e n  sa l t  E M F  s t ud i e s  are 
g i v e n  for t he  ave rage  t e m p e r a t u r e  of  t h o s e  m e a s u r e -  
m e n t s .  A l so  l i s ted  are t w o  h i g h  t e m p e r a t u r e  ca lo r ime t r i c  
i n ves t i ga t i ons  of  t he  s t a n d a r d  f o r m a t i o n  e n t h a l p y  w h i c h  
are  in  e x c e l l e n t  a g r e e m e n t  w i t h  Eq. [19]. Fo r  c o m p a r i s o n ,  
t h e  s t a n d a r d  e n t r o p y  d e r i v e d  f rom t h e  e q u i m o l a r  ac t iv i ty  
r e su l t s  of  t h e  two m o l t e n  sal t  s tud ies  (30, 31) is also given.  

T h e r e  are  severa l  d i f f e ren t  ways  to tes t  t he  c o n s i s t e n c y  
of  t h e s e  va r ious  resul ts .  The  p r i m a r y  r e s u l t  of  t he  E M F  
f o r m a t i o n  w o r k  is t he  G i b b s  e n e r g y  of  f o r m a t i o n  of  InSb .  
T h u s  t he  de r ived  e x p r e s s i o n s  s h o u l d  p r o d u c e  AG~[InSb]  
va lues  in  close a g r e e m e n t  w i t h  t he  E M F  values .  Tab le  VI 
l is ts  two  va lues  o f / G f ~  ca lcu la ted  f rom the  de r ived  

/ , 

e q u a t i o n s  a n d  are c o m p a r e d  to t h e  m e a s u r e d  resul ts .  As 
can  b e  seen,  t he  e q u a t i o n s  de r i ved  u s i n g  t h e  ac t iv i ty  mea-  
s u r e m e n t s  of  t h i s  w o r k  a n d  of  H o s h i n o  et al. (31) are 
w i t h i n  t he  r a n g e  of  e x p e r i m e n t a l  e r ro r  for  t he  E M F  re- 
su l t s  a n d  t he  r ange  p r o d u c e d  by  v a r y i n g  t he  e n t h a ] p y  of 
fu s ion  of  I n S b  a n d  e n t h a l p y  of  mix ing .  The  r e su l t  f o u n d  

Table V. Summary of results for the standard enthalpy and entropy 
of formation of InSb 

- hHf~ T 
Method (kJ �9 mol -~) (K) Ref. 

EMF 34.17 703 (40) 
EMF 33.30 +- 1.67 703 (41) 
EMF 37.66 -+ 1.76 703 (43) 
EMF 34.39 703 (42) 
Calorimetric 36.15 -+ 0.17 723 (44) 
Mass spectroscopic 34.31 798 (45, 16) 
Calorimetric 35.42 -+ 0.84 750 (13) 
Eq. [19] 35.22 - -  (This work, 

16, 24, 39) 

-/Sf~ T 
Method (J �9 mo1-1 �9 K -1) (K) Ref. 

EMF 25.48 703 (40) 
EMF 23.26 -+ 2.09 703 (41) 
EMF 28.70 _+ 1.67 703 (43) 
EMF 24.77 703 (42) 
Eq. [19] 25.54 - -  (This work, 

16, 24, 39) 
Derived 22.32 - -  (30, I6, 24, 39) 
Derived 26.11 - -  (31, 16, 24, 39) 
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Table VI. Summary of the Gibbs energy of formation of InSb 

-~G~[InSb] 
Method (kJ �9 tool -1) Ref. 

643 K 763 K 
Eq. [19] 18.80 15.73 This work 
Derived 20.87 18.19 (30) 
Derived 18.43 15.30 (31) 
EMF 17.78 14.73 (40) 
EMF 18.34 15.56 (41) 
EMF 18.47 15.50 (42) 
EMF 19.20 15.76 (43) 

Table VII.  Summary of the standard enthalpy of formation 
of lnSb at 298 .15  or 273 K 

-5Gfo[InSb] 
Method (kJ �9 tool -~) Ref. 

Tin solution calorimetry 29.04 -+ 0.59 273 K (18) 
Tin solution calorimetry 30.64 -+ 0.84 273 K (13) 
Calculated 30.54 273 K (48, 49) 
Calorimetry 28.45 -+ 2.51 298 K (50) 
Calorimetry 32.55 -+ 0.33 298 K (51) 
Calculated 30.96 _+ 0.84 298 K (11, 12) 

in us ing  the act ivi ty  s tudies  of  Terp i lowski  (30) gives 
Gibbs  energies  which  are too low. 

A second cons i s tency  tes t  involves  a th i rd  law calcula- 
t ion of  AH?[InSb] f rom the fo l lowing re la t ionship  

AHf~ 298.15 K] 

zXGf~ } [20] 
+ T 

The first t e rm on the lef t  is the  free energy  func t ion  and 
can be calculated f rom 

_ [ hGf~ - hHf~ 298.15 K].] 

= AS,~ 298.15 K] + Af~ - S[298.15 K]] 

- Ar~ - H[298.15 K]]/T [21] 

Thus,  the  free energy  function,  calculated f rom bo th  
low and high t empera tu re  heat  capacit ies,  can  be com- 
b ined  wi th  the  Gibbs  energy  of fo rmat ion  of InSb  f rom 
the  var ious  sources  to give a calculated va lue  of  
AHt~ 298.15 K]. The  calculated resul t  can  then  be 
c o m p a r e d  to that  measu red  i ndependen t ly  by calori- 
metry.  Taking the  h igh  t empera tu re  hea t  capaci ty  of  In 
f rom Hul tg ren  et al. (39), for Sb f rom Glassner  (46), and 
for InSb  f rom L u n d i n  e t a l .  (13) and the  absolu te  en t ropy  
for the  e lements  f rom Hul tg ren  et al. (39) and for InSb  
from Renner (47), and combining this with the values of 
hGf~ yield the results shown in Fig. 8. The results 
using measurements of the four EM_F formation studies 
are given by the solid lines and are compared with the 

value  selected by Hul tg ren  et al. (12) t hough  the  direct  
m e a s u r e m e n t s  avai lable  in the l i terature show considera-  
ble scat ter  as summar i zed  in Table  VII. 

A l though  the  resul ts  of  these  calculat ions  are not  defin- 
itive, the  der ived express ion  for AGf~ us ing the  data 
of  Terpi lowski  (30) gives va lues  which  are low. It  is noted 
that  the  express ion  der ived  wi th  the  resul ts  of  this work  
give cons tant  va lues  of  the  calculated hHf~ 298.15 K] 
as required.  

As a final compar ison ,  the  phase  d iagram for In-Sb is 
again calculated us ing  the  s tandard  en tha lpy  and en t ropy  
g iven  b~" Eq. [19]. These  resul ts  are p resen ted  in Fig. 9, 
and it is found that  the act ivi ty  m e a s u r e m e n t s  of this 
work  and of  Hoshino  e t a l .  (31) give exce l len t  ag reemen t  
b e t w e e n  the  calcula ted and expe r imen ta l  phase  diagram. 
The l iquidus  t empera tu res  calculated wi th  the  data  of 
Terp i lowski  (30) are low. It  should  be  noted tha t  this 
method requires the melting temperature of the com- 
pound to be predicted exactly. Similar liquidus tempera- 
ture calculations with the other derived equations again 
gave excellent agreement, thus supporting the composi- 
tion dependence commonly reported for the activity. In 
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Fig. 8. Standard enthalpy of formation of InSb at 2 9 8 . 1 5 K  ob- 
tained by a third-law analysis with AGf ~ [InSb, T] of: a, Abbasov and 
Mamedov (40): b, Nikol'skaya et al. (41); c, Sirota and Yushkevich 
(42); d, Terpilowski and Trzebiatowski (43). ( . . . .  ): Eq. [19]. (.....): 
Derived, Terpilowski (30). ( - - -  ): Derived, Hoshino et al. 
(31). e: Selected value of AHf ~ [InSb, 298.15 K], Hultgren et al. (12). 
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et al. (31). The solid line represents the experimental results of Liu 
and Peretti (19). 
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summary, it can be concluded that the expression for 
AG~~ derived here, Eq. [19], is consistent with other 
available Gibbs energy determinations, with calorimetric 
results, and with the reported phase diagram. 

A solution model for  representing the results .--An 
equimolar liquid solution of In and Sb exhibits unusual 
properties near. the melting temperature. These proper- 
ties include anomalous values for the heat capacity (11), 
viscosity (52), and velocity of sound (53) for temperatures 
up to 20 K above the melting temperature. Direct x-ray 
scattering curves for liquid InSb have been measured at 
813 K (54, 55) and result in a radial distribution function 
having a first maximum at 3.2~, with a corresponding 
coordination number  of 5.7. Crystalline InSb, on the other 
hand, exhibits a max imum at 2.80A and has a coordina- 
tion number  of 4, thus indicating that the zinc-blende 
structure is not retained upon melting. In addition, an ex- 
amination of the radius of the first coordination sphere 
for both the pure liquid elements and the liquid solution 
establishes that the nearest neighbors in InSb are atoms 
of different kinds. Thus, the atoms in liquid InSb tend to 
form unlike pairs and may even form covalent clusters in 
a small temperature range above Tf[InSb]. 

These considerations suggest that any solution model 
to be used for the description of the liquid-phase non- 
idealities of In-Sb mixtures must account quantitatively 
for the effects of nonrandomness of the thermochemical  
properties. In addition, the model should adequately rep- 
resent not just a particular quantity but all of the perti- 
nent data, in this case, the measured component  activities 
along with the reported binary-phase diagram and en- 
thalpy of mixing. The ability of several solution models to 
meet these criteria has been examined; the details of this 
comparison are provided elsewhere (56). With the use of a 
data base consisting of the liquidus measurements  of Liu 
and Peretti  (19), the enthalpy of mixing data of Rosa et al. 
(28), and the In activity measurements  of this work along 
with those of Hoshino et al. (31) and Chatterji and Smith 
(32), it was shown that the nonrandom two-liquid (NRTL) 
equation (57) provided the most consistent representation 
of the In-Sb liquid phase. The activity coefficient of In as 
given by the NRTL equation is 

in "~In = X S b  2 T21 XIn + XSb exp (-~12r.,1) 

exp (-~12r1~) 1 
+ %.2 (Xsb + x~n exp [-a12r,~])=' 

[22] 

The numerical values of the adjustable parameters were 
determined by a max imum likelihood algorithm (58) and 
found to be r,~ = 3.039 • IO:V(T/K) + 0.913, ~._,, = 
-839.6/(T/K) -1.823, and ~,._, = 0.315. The standard devia- 
tions as estimated by the algorithm were o-7.~ = 4.8 K, ~H,11 
= 134 J �9 tool- ' ,  ~,~,o = 0.016, and o-,.,n - 0.008. 

Conclusions 
Component  activities in liquid solutions containing In 

and Sb were measured with a solid-state galvanic cell and 
were found to give moderate negative deviations from 
ideal behavior. The measured activities showed close 
agreement with other reported EMF activity measure- 
ments and support the~ assumption that the indium ion is 
monovalent  in the fused salt electrolytes used in previous 
studies. The system exhibited a negative enthalpy of 
mixing having a max imum near xsb = 0.42. The combina- 
tion of these results showed a significant positive excess 
entropy of mixing. Comparison of the reported phase dia- 
gram (19) with various thermodynamic results indicated 
that the results of Hoshino et al. (31) and of this work 
were consistent, whereas the work of Terpilowski (30) 
showed marked discrepancies. Furthermore, these calcu- 
lations supported a value of the enthalpy of fusion of 
InSb of 49.4 kJ  �9 mol -~. A new expression for the 
standard Gibbs energy of formation of solid InSb was de- 
rived, with the standard enthalpy and entropy given by 

-35.22 kJ  �9 mo l - '  and -25.54 J �9 tool -j �9 K, respectively. 
This result was shown to be consistent with the available 
AGf~ determinations, the calorimetric investiga- 
tions, the reported phase diagram, and the activity mea- 
surements of this study. Liquid-phase x-ray scattering in- 
vestigations suggested the tendency of pairing between 
In and Sb atoms. This observation was quantified with 
the aid of the nonrandom two-liquid theory. Thus, it can 
be concluded that the high temperature thermodynamic 
properties for the solid and liquid In-Sb system are exper- 
imentally well defined and consistent. 
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Thermal Stresses in Heteroepitaxial Beta Silicon Carbide Thin 
Films Grown on Silicon Substrates 

H. P. Liaw *'1 and R. F. Davis 

Department of Materials Engineering, North Carolina State University, Raleigh, North Carolina 27695 

ABSTRACT 

Microcracks were observed in epitaxial fl-SiC thin films grown on (111) Si substrates by chemical vapor deposition 
(CVD) from Sill4 and C.2H4 entrained in H~. A one-step process and a more commonly used two-step process were em- 
ployed. The latter was comprised of an initial chemical conversion of the Si surface, via the deposition of C alone and a 
subsequent  deposition of both C and Si to form the fl-SiC film. In contrast, no cracks were revealed in the/3-SIC film 
grown on (100) Si by using either process. However, the growth of high quality, reproducible films occurred only when 
the two-step technique was used. The resulting thermal stresses in the B-SiC films deposited on both (111) and (100) Si 
substrates were calculated. The tensile strength of the deposited single-crystal films was estimated to be in the range of 
1.88 • 10s-3.36 • 108 N/m 2. Possible solutions to minimize crack initiation and growth will be discussed. 

The achievement of epitaxial growth of single crystal 
thin films depends as critically on the substrate material 
as it does on the growth technique or environment  em- 
ployed during the growth. The ideal substrate for the 
vapor-phase epitaxial growth of the cubic (zinc blende 
structure) fl-SiC films is obviously a single crystal of the 
same material, primarily because of the exact matching of 
the lattice constant and the coefficient of thermal expan- 
sion. However, the few fl-SiC single crystals currently 
available (usually obtained from the reaction of molten Si 
with its graphite container) are very small in size, irregu- 
lar in shape, and highly twinned. Nominally hexagonal 
a-SiC single crystals have been successfully employed as 
substrates in CVD processes below 1873 K (1, 2). However, 
they are uncommon (usually obtained from a commercial 
Acheson furnace), small in size, irregular in shape, and, 
most importantly, they normally contain significant 
quantities of Al and/or N, which are electrically active in 
SiC. If the deposition temperatures exceed 1873 K, a-SiC 
becomes the predominant  phase which grows on these 
crystals (1, 2). Therefore, in order to obtain electronic 
quality fl-SiC single-crystal thin films of larger area, it is 
presently necessary to employ foreign substrates. 

In choosing foreign substrates for heteroepitaxial film 
growth, one must  carefully consider the physical and 
chemical compatibility between the deposited film and 
the substrate. Differences in crystalline nature, lattice 
constant, melting point, vapor pressure, and coefficient 
of thermal expansion are all of vital importance in the at- 

*Electrochemical Society Active Member. 
1Present address: Advanced Micro Devices, Incorporated, 

Sunnyvale, California 94086. 

ta inment  of an epitaxial film. To meet these require- 
ments, the number  of potential substrate materials is nor- 
mally very limited. 

Silicon, although not a perfect candidate material, is the 
next logical choice as a substrate for the epitaxial growth 
of fl-SiC films. It has been employed in this capacity by a 
number  of workers (3-21) because it is chemically compat- 
ible with SiC and can be obtained in single-crystal form 
in ultrahigh purities at reasonable cost. It has also been 
used in the fl-SiC deposition research described herein. 
However, it does have some major limitations which must  
be surmounted in order to grow these films in single- 
crystal form. 

One of the constraints associated with the use of Si for 
the growth of SiC is the maximum deposition tempera- 
ture's being limited by the melting temperature of Si 
(~ 1693K). Another problem is the thermal tensile 
stresses introduced into the film upon cooling from the 
high deposition temperature. Thermal stresses and result- 
ant fracture have also been observed in several other 
heteroepitaxial film and substrate combinations, e.g., Si 
or A1N on sapphire (22, 23) and Si on spinel (24). The fol- 
lowing paragraphs discuss the results of the characteriza- 
tion and calculations of the residual stresses present in 
the fl-SiC filnYSi substrate combination after cooling to 
room temperature. 

Film Growth 
The single-crystal Si substrates employed in this re- 

search were n-type and p-type, with reported resistivities 
in the range of 37-420 12-cm and 10-50 ~l-cm, respectively. 
All were 1 ~ or 6 ~ off axis from the (100) plane and 2 ~ or 4 ~ 
off axis from the (111) plane. 
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A cold~wall, RF~heated,  ba r r e l - t ype  CVD s y s t e m  con-  
t a i n i n g  a S iC-coa ted  g r a p h i t e  s u s c e p t o r  was  e m p l o y e d  for 
t he  depos i t ion .  The  c h a m b e r  p ressu re ,  gas  f low rates ,  
a n d  t e m p e r a t u r e  we re  i n d e p e n d e n t l y  a n d  e lec t ron ica l ly  
c o n t r o l l e d  to p r e v e n t  f l uc tua t ions  in  n u c l e a t i o n  rate.  Re- 
p r o d u c i b l e  E-SiC fi lms were  o b t a i n e d  b y  a two- s t ep  pro- 
cess.  Ini t ial ly,  C was  d e p o s i t e d  on  a n d  r eac t ed  w i t h  t h e  Si 
s u b s t r a t e  to  f o r m  a n  a p p r o x i m a t e l y  15 n m  t h i c k  c h e m i -  
cally c o n v e r t e d  l aye r  c o n t a i n i n g  Si a n d  C in  p rog re s s ive ly  
v a r y i n g  ra t ios  as a f u n c t i o n  of  dep th .  2 Th i s  was  fo l lowed  
by  t he  d e p o s i t i o n  of  b o t h  Si a n d  C to f o r m  t h e  E-SiC 
films. Th i s  p r o c e d u r e  a l lowed  ep i t axy  of  the  f i lms on  t h e  
off-axis o r i e n t e d  (111) and  (100) Si subs t r a t e s .  

The  c h e m i c a l  c o n v e r s i o n  n o t e d  a b o v e  was  c o n d u c t e d  
f rom r o o m  t e m p e r a t u r e  to  a t e m p e r a t u r e  a b o v e  1523 K 3, 
u s i n g  a 1 s c c m  flow of  C2H4 (e thylene)  in  a 3000 s c c m  
flow of  H~ u n d e r  a t o t a l  p r e s s u r e  of  0.1 MPa.  The  E-SiC 
d e p o s i t i o n  was  c o n d u c t e d  w i t h i n  t he  t e m p e r a t u r e  r a n g e  
of  1590-1610 K, u s i n g  2, 1, a n d  3000 s c c m  flow ra tes  for  
Sill4, C2H4, a n d  H2, respec t ive ly ,  u n d e r  a to ta l  p r e s s u r e  of  
0.1 M P a  4. The  final  t h i c k n e s s  of  t h e  d e p o s i t e d  E-SiC 
f i lms was  in t he  r a n g e  of  1.0-7.5 • 10-6m, d e p e n d i n g  on  
t h e  d u r a t i o n  of  t h e  depos i t ion .  

The  e x i s t e n c e  of  t he  ep i t ax ia l  g r o w t h  of E-SiC as t h e  
on ly  SiC p o l y t y p e  a n d  t he  s ingle  c rys ta l l in i ty  of  t h e s e  de- 
pos i t ed  f i lms we re  d e t e r m i n e d  b y  Laue  t r a n s m i s s i o n  a n d  
po le  f igure  x-ray d i f f rac t ion  p rocedure s ,  as wel l  as 
re f lec t ion  a n d  t r a n s m i s s i o n  e l ec t ron  d i f f rac t ion .  T h e  
c h a r a c t e r i z a t i o n  of  t he  sur faces  a n d  t he  r e su l t s  of  t h e  frac- 
t u r e  p roce s s  c a u s e d  b y  t h e r m a l  s t resses  d u r i n g  coo l ing  
we re  c o n d u c t e d  u s i n g  opt ica l  a n d  s c a n n i n g  e l ec t ron  mi-  
c r o s c o p y  t e c h n i q u e s .  Deta i l s  of  t he  e q u i p m e n t ,  ins t ru -  
m e n t a t i o n ,  a n d  e m p l o y m e n t  of  t he se  p r o c e d u r e s  are  pre-  
s e n t e d  in  Ref. (25). 

Results 
At  t he  ou t se t  of t h i s  r e sea rch ,  d e p o s i t i o n  of E-SiC o n  

(111) a n d  (100) Si was  c o n d u c t e d  w i t h o u t  t he  in i t ia l  c h e m -  
ical  c o n v e r s i o n  process .  A l t h o u g h  t he  r e s u l t i n g  f i lms 
were  u sua l ly  m o n o c r y s t a l l i n e ,  espec ia l ly  i f  d e p o s i t e d  at  
t he  h i g h e r  g r o w t h  t e m p e r a t u r e s ,  t he  sur faces  of  t h e  f i lms 
were  f r e q u e n t l y  u n a c c e p t a b l e  in  t e r m s  of  g r o w t h  p i t  den-  
s i ty  a n d  r o u g h n e s s  a n d  were  n o n r e p r o d u c i b l e .  Th i s  was  
espec ia l ly  t rue  of f i lms g r o w n  on (100) Si. A d d i t i o n a l  
p r o b l e m s  were  p r e v a l e n t  in  t he  (111) films. 

As t h e  c o n d i t i o n s  for t he  o c c u r r e n c e  of ep i t axy  a n d  
s ingle  c rys t a l l i n i ty  of  the  E-SiC f i lms g r o w n  on (111) Si 
were  i m p r o v e d  b y  j ud i c ious  c h a n g e s  in  t he  d e p o s i t i o n  pa-  
r ame te r s ,  m i c r o c r a c k s  b e g a n  to be  o b s e r v e d  in  t h e  films, 
as s h o w n  in Fig. 1. The  p r e s e n c e  of  a c o n v e r t e d  (111) layer  
o f t en  m i t i g a t e d  t he  sever i ty  a n d  d e p t h  of t he  f r ac tu re  pro- 
cess,  b u t  d id  no t  p r e v e n t  it. T h e s e  c r acks  were  deter -  
m i n e d  to b e  a long  t he  <110>  a n d  to b e  para l le l  to two  of  
the  s ides  of  t he  t r iangles ,  w h i c h  f o r m e d  in  t he  Si su r face  
at  t he  i n i t i a t i on  of the  d e p o s i t i o n  a n d  w h i c h  f r e q u e n t l y  
m i g r a t e d  t h r o u g h  t he  film. Crack  l ines  were  s e l d o m  
f o u n d  in  t he  t h i r d  d i rec t ion .  Th i s  c r a c k i n g  in  t h e  f i lms 
was  also f r e q u e n t l y  s een  to e x t e n d  in to  t he  Si subs t r a t e ,  
as r evea l ed  in  Fig. 2. At  no  t i m e  was  c r ack  f o r m a t i o n  ob- 
s e rved  in  t he  E-SiC fi lms g r o w n  on  (100) Si subs t ra t e s ,  re- 
ga rd less  of  the  p roce s s  m e t h o d  employed .  However ,  t h e  
on ly  r e p r o d u c i b l e  fi lms of  suf f ic ien t  qua l i ty  for  
m i c r o e l e c t r o n i c  p u r p o s e s  were  g r o w n  on  c h e m i c a l l y  con-  
v e r t e d  (100) Si, as d e s c r i b e d  in  Ref. (25). 

F i g u r e  3 c o n t a i n s  a n  S E M  m i c r o g r a p h  of  t he  f r ac tu r ed  
cross  s ec t i on  of  t h e  E-SiC film a n d  t h e  (111) Si  subs t ra t e .  
T h e  f r ac tu re  l ines  s h o w n  in  t h e  Si w e r e  rea l ized  as a re- 
su l t  of t he  f r ac tu re  p r o c e s s  u s e d  to p r e p a r e  t h e  S E M  

~An extensive characterization study of this converted layer is 
now ongoing and will be reported in the near future. 

3The temperature of chemical conversion varies with t ime be- 
cause the susceptor is heated rapidly from room temperature 
and does not reach equilibrium during the conversion process. 

4Although it is common, especially in the commercial deposi- 
tion of polycrystalline SiC, to use a methylchlorosilane as the in- 
put  gas, these gases decompose into C and Si containing gases 
which decompose at different rates in the temperature range 
employed in the present research. As a result, SiC and free Si or 
free C are normally produced. 

Fig. I. Crack lines on the top surface of a (111) E-SiC thin film 
grown on a (111) Si substrate using the two-step process. (a) reveals 
the density of the crack lines, and (b) shows that the crack lines are 
parallel to the sides of the triangular surface defects. 

Fig. 2. An example of a crack generated during cooling as a result 
of thermal stresses at the (111) fl-SiC/(111) Si interface. Note the 
extension of this fracture through the fitm, as well as into the sub- 
strafe. 

Fig. 3. SEM micrograph of a fracture cross-section of the (111) 
fl-SiC grown on (111) Si substrate. Note the increasing curvature of 
the Si fracture lines resulting from the increasing compressive stresses 
in this material as one gets nearer the Si/SiC interface. Similar results 
are found in (100) Si substrates. 

sample ;  howeve r ,  t h e i r  c u r v a t u r e  is i nd i ca t i ve  of  the  re- 
s idua l  c o m p r e s s i v e  s t r e s ses  p r e s e n t  at  r o o m  t e m p e r a t u r e  
in  th i s  mater ia l ,  e spec ia l ly  n e a r  t h e  Si /SiC in ter face .  Addi-  
t iona l  h i g h e r  m a g n i f i c a t i o n  S E M  p i c t u r e s  t a k e n  in  cross  
s ec t ion  f r o m  t h e  lef t  (Fig. 4a) a n d  r i gh t  (Fig. 4b) s ides  of  
the  s ame  s a m p l e  s h o w  t h e  c o n s i d e r a b l e  b u t  oppos i t e  cur-  
v a t u r e  of  t h e  f r ac tu r e  l ines  r e s u l t i n g  f rom t h e  t ens i l e  
s t r e s ses  in  t h e  (111) fl-SiC film. T h e  d e g r e e  of  b e n d i n g  of  
t h e  f r ac tu re  l ines  is a n  i n d i c a t i o n  of  t h e  re la t ive  magn i -  
t u d e s  of  t h e  s t r e s ses  in  t h e  fi lm a n d  in t h e  subs t ra t e .  

A n o t h e r  i n d i c a t i o n  of t h e  s t ress  w h i c h  t h e  SiC film ex- 
p e r i e n c e s  af te r  coo l ing  is r evea l ed  by  t h e  sa te l l i te  spo ts  
a long  t h e  zone  axes  in  t h e  t r a n s m i s s i o n  L a u e  p a t t e r n  
s h o w n  in Fig. 5 a n d  6. The~ s amp l e s  for  L a u e  s tud ies  were  
p r e p a r e d  b y  se lec t ive ly  e t c h i n g  a 0.01m d i a m e t e r  c e n t e r  
area  of  t h e  Si subs t r a t e ,  u s i n g  a m i x t u r e  of  H F  a n d  HNO3. 
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Fig. 4. The top surface and the fracture cross section of an epi- 
taxial fl-SiC thin film grown on a (111) Si substrate. (a) is taken from 
the left-hand side of the sample, and (b) is taken from the right-hond 
side of the same sample. Similar but less curved fracture lines are 
found in (100) Si and (100)fl-SiC substrates and films. Bar = I 0 p,m. 

Fig. 5. (a) x-ray transmission Laue pattern and (b) the indexes of 
the resulting spots of an epitaxial fl-SiC film grown on a (111) Si sub- 
strate. 

c rys t a l log raph ic  p l anes  as a r e su l t  of r e s idua l  s t r e s ses  
causes  s t reaks  a long  t h e  zone  axis. However ,  b e c a u s e  a 
Cu t a rge t  was  u s e d  to p r o d u c e  the  " w h i t e "  rad ia t ion ,  
w h e r e v e r  t h e  ref lec t ion  f rom t h e  cha rac t e r i s t i c  r ad ia t ion  
sa t is f ied Bragg ' s  law, a spo t  occu r r ed  ins tead .  Thus ,  
t he se  sa te l l i te  spo t s  n o t e  t h e  e x i s t e n c e  of  r e s idua l  s t r e s ses  
in  the  g r o w n  (111) film. 

T h e  (100) p a t t e r n  also c o n t a i n e d  ex t ra  spo ts  ve ry  close 
to the  (221) spots .  In  th i s  case,  i t  was  d e t e r m i n e d  t h a t  the  
ex t r a  spo ts  were  on  two zone  axes  a n d  on  two r ings  
w h i c h  c o r r e s p o n d e d  to t h e  (220) fl-SiC re f lec t ions  f rom 
the  K~ a n d  K~ cha rac t e r i s t i c  r ad i a t i ons  of the  Cu target .  
Again ,  th i s  i n d i c a t e d  the  e x i s t e n c e  of c u r v e d  p lanes ,  
w h i c h  f o r m e d  as a r e s u l t  of s t resses  in  t h e  (100) fl-SiC 
films. 

Discussion 
In  c h o o s i n g  a s u b s t r a t e  for  t h i n  fi lm g rowth ,  it is desir-  

ab le  to  h a v e  one  w h i c h  c o n t r a c t s  t h e  s a m e  as or  m o r e  
t h a n  t h e  fi lm af ter  cool ing  f rom the  d e p o s i t i o n  t e m p e r a -  
ture.  Th i s  will  n o r m a l l y  p r e v e n t  c r a c k i n g  b e c a u s e  the  
f i lm is e i the r  u n s t r e s s e d  or in  c o m p r e s s i o n .  Unfo r tu -  
na te ly ,  as s h o w n  in  Tab le  I, t h e  t h e r m a l  e x p a n s i o n  coef- 
f ic ient  of fi-SiC is g rea te r  t h a n  t h a t  of Si; t hus ,  u p o n  cool- 
ing, t h e  r e s u l t i n g  fi lm wil l  b e  in  t ens ion ,  as n o t e d  above,  
w h i c h  is t h e  s t ress  s ta te  w h i c h  leads  to e x t e n d e d  c rack  
f o r m a t i o n  in  b r i t t l e  mate r ia l s ,  as s h o w n  in  Fig. 1 a n d  2. In 
t h e  p r e s e n t  sys tem,  t h i s  is c o m p o u n d e d  b y  t h e  fact  t h a t  
t h e  e x p a n s i o n  coeff ic ient  for  fi-SiC inc rea se s  w i t h  tem-  
p e r a t u r e  to a g rea te r  e x t e n t  t h a n  Si. 

As  also s h o w n  in  Tab le  I, t h e r e  is a n  add i t i ona l  ve ry  
large la t t ice  m i s m a t c h  of ~ 25% b e t w e e n  B-SiC a n d  Si. 
Th i s  m a y  be  a c c o m m o d a t e d  b y  the  c r ea t ion  of  a large  
n u m b e r  of  misf i t  d i s loca t ions  at  t h e  in ter face .  However ,  
t he  p i le-up of t he se  d i s loca t ions  can  r e su l t  in  t h e  a c c u m u -  
l a t ion  of  ex t r a  ha l f -p lanes  a n d  t h e  f o r m a t i o n  of add i t iona l  
mic roc racks .  

T h e  t h e r m a l  s t ress  (o-~) in  t h e  CVD film c a n  be  calcu- 
l a ted  u s i n g  the  fo l lowing  e q u a t i o n  (28) 

Fig. 6 (a) x-ray transmission Laue pattern and (b) the indexes of the 
resulting spots of on epitaxiol fl-SiC film grown on o (100) Si sub- 
strate. 

The  r e m a i n d e r  of t he  s u b s t r a t e  was  cove red  in  a n  acid in- 
so lub le  m o u n t i n g  wax  w h i c h  cou ld  be  r e m o v e d  w i t h  ace- 
tone.  A res idua l  s t ress  was  m a i n t a i n e d  in t he  film, as 
s h o w n  in  the  Laue  pa t t e rns .  The  fi lms were  f o u n d  to b e  
t r a n s p a r e n t ,  w i t h  a l igh t  ye l lowish  color  typ ica l  of  h i g h  
pt~rity c rys ta ls  a n d  fi lms of  t h i s  mater ia l .  

I t  is obv ious  t h a t  t h e  Laue  spots  for the  ( i l l )  a n d  (100) 
fl-SiC f i lms h a v e  t he  cha rac t e r i s t i c  3-fold a n d  4-fold sym- 
met r ies ,  respec t ive ly .  B e c a u s e  of  the  di f f icul ty  of  pr in t -  
ing  t h e  en t i r e  pa t t e rns ,  t he  add i t i ona l  b u t  w e a k e r  spots ,  
p lo t t ed  f rom the  x- ray  nega t ive ,  are  s h o w n  in  Fig. 5b a n d  
6b. Mos t  of the  spo ts  cou ld  h a v e  b e e n  r o u t i n e l y  i ndexed .  
Howeve r ,  t he  (111) p a t t e r n  c o n t a i n e d  twe lve  spots ,  in  
t h r e e  g r o u p s  of  four  w h i c h  were  ve ry  close to t h e  (111) 
spo t s  w h i c h  were  m o r e  diff icul t  to ident i fy .  F u r t h e r  in- 
v e s t i g a t i o n s  s h o w e d  t h a t  t h e s e  satel l i te- l ike spots  were  on  
t h r e e  zone  axes  a n d  on  two  r ings  w h i c h  c o r r e s p o n d e d  to 
t he  (111) fl-SiC re f lec t ions  f rom the  K~ a n d  K ,  cha rac te r -  
is t ic  r ad i a t i ons  of the  Cu target .  Normal ly ,  b e n d i n g  of  

w h e r e  h a  is the  d i f f e rence  in  the  coeff ic ient  of t h e r m a l  
e x p a n s i o n  b e t w e e n  the  film an d  the  subs t r a t e ,  A T  is the  
d i f f e rence  b e t w e e n  t h e  g r o w t h  t e m p e r a t u r e  a n d  the  r o o m  
t e m p e r a t u r e ,  E is the  Y o u n g ' s  m o d u l u s  of  t h e  film, a n d  
is t h e  P o s s i o n ' s  ra t io  of t h e  film. 

I t  h a s  b e e n  p r o v e n  by  B r a n t l e y  (29) t h a t  t h e  ef fec t ive  
e las t ic  cons t an t s ,  E/(1 - ~), are  i n v a r i a n t  for  all d i r ec t ions  
w i t h i n  the  (100) a n d  the  (111) p lanes .  T h e y  can  b e  ex- 
p r e s s e d  as 

a n d  

( E )  6 
~ -  v c,,,, = 4S1, + 8Sr2 + $44 [2] 

~1oo~ S .  + S~2 [3] 

Table I, Lattice constant and the coefficient of 
thermal expansion for fl-SiC (26) and Si (27) 

Properties fl-SiC Si 

Lattice 0.4359 0.5430 
constant 
(nm) 

Coefficient of 3.8 x 10-~ at 473 K 2.5 x 10 -" at 300 K 
thermal 4.3 x 10 -~ at 673 K 3.1 x 10 -s at 400 K 
expansion 4.8 x 10 -~ at 873 K 3.5 x 10 -~ at 500 K 
(cm/cm K) 5.2 x 10-~ at 1073 K 3.8 x 10 -~ at 600 K 

5.8 x 10 -~ at 1273 K 4.1 x 10 -~ at 700 K 
5.5 • 10-~ at 1673-2073 K 4.3 x 10 -,~ at 800 K 
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where S~ are the values of the elastic compliance. Some- 
times, the elastic stiffness values (C~j) are readily available 
instead of S~j values for certain materials. The conversion 
of the C~ values to the S~ values can be achieved accord- 
ing to the following equations 

Ca1 + C12 
Six = [4] 

(Cu - Cv,_)(Cu + 2Cr_,) 

--el2 
S,~ = [5] 

(CH - C,~)(Cu + 2C,2) 

and 

1 
$44 - [6] 

C44 

Table II provides the values of elastic stiffness and com- 
pliance for both fi-SiC (26) and Si (29). The invariant 
values of El(1 - v) for directions within the (111) and (100) 
planes are summarized in Table III. Values for Si are also 
listed for reference in Table III. 

If  we take the average coefficient of thermal expansion 
of fl-SiC in the temperature range of 293-1673 K to be 4.9 
x 10 -s K - '  and that of Si to be 3.9 • 10 -s K- ' ,  the esti- 
mated thermal stress using the above equations, in the 
fl-SiC film will be 3.36 x 10 s N/m 2 on a (111) Si substrate 
and 1.88 • l0 s N/m s on a (100) Si subs~rate, assuming the 
growth temperature is 1603 K. It is clear that using a (100) 
Si substrate instead of a (111) Si substrate will reduce the 
thermal stress in a fl-SiC film by almost half. Because the 
fl-SiC films on a (111) Si substrate contain cracks and 
those on a (100) Si substrate do not, the tensile strength of 
the deposited single crystal fi-SiC thin films is estimated 
to be in the range of 1.88 • 10s-3.36 • 10 s N/mh Further- 
more, it has been reported by Bradt et al. (30) that the ten- 
sile strength for NC 203 hot-pressed polycrystalline SiC 5 
is approximately 3.10 • l0 s N/m 2. Although possibly for- 
tuitous, this is in agreement  with the calculated range of 
values for the parameter for the pure fl-SiC single-crystal 
films grown in this research. 

The off-axis orientation of the (111) Si substrates may 
also affect the magnitude of the resulting thermal stresses 
in the fi-SiC film. It has been found in this study that Si 
wafers sliced at an angle of 4 ~ off the (111) orientation 
have less cracks than similar wafers at an angle of 2 ~ off 
this orientation. The exact reason for this phenomenon is 

5Norton Company, Worcester, MA. This material contains ap- 
proximately 1.5% A1203 as a sintering aid, 2.5%W from the com- 
mution process, and -<0.05% each of Ti, Co, Ca, and Mg. It frac- 
tures in a transgranular mode. 

Table II. Values of elastic stiffness a and compliance b 
for both fl-SiC and Si 

fl-SiC Si 

C,1 2.89 1.657 
C,2 2.34 0.639 
C~ 0.554 0.7956 
$11 1.256 0.768 
S,~ -0.562 -0.214 
$44 1.805 1.26 

a In units of 10" N/m 2. 
h In units of 10-" N/m s. 

Table III. Calculated values for the effective elastic constant ~ 
E/ (1  - v )  for both fi-SiC and Si 

(E/l-v) (111) (E/l-v) (100) 

B-SiC 2.572 1.441 
Si 2.290 1.805 

a In units of 10" N/m~. 

not  known at this time. However, it may be related to the 
fact that Young's modulus has the largest value along the 
(111) direction. 

The use of long cooling times (up to 3.6 x 103s) after 
deposition does not solve the problem of cracking. The 
use of thinner Si substrates has also been recognized as a 
possible solution because thermal stresses can be par- 
tially relieved by warping of the entire substrate/film 
combination. However, it proves experimentally difficult 
to obtain a sufficiently thin substrate (estimated to be the 
same order of the grown film) which can be handled to 
conduct the additional processing steps necessary for de- 
vice fabrication. Moreover, a slight pressure from the 
back side of the deposited sample will tend to break the 
film. Therefore, the use of very thin substrates is not a 
desirable approach to solving the problem of crack initia- 
tion in this system. 

Deleterious lattice misfit effects can often be reduced 
by using compositionally graded layers (31) to change the 
lattice constant, in either small abrupt steps or in a con- 
tinuous manner, from its initial value (which typically 
matches the substrate) to that of its final value. This 
method necessitates the existence of a wide range of solid 
solutions among the various components in the substrate 
and the thin film system. It has been used extensively in 
depositing III-V semiconductor  materials. Unfortunately, 
no solid solution between Si and C exists which could be 
used to produce a graded layer for this purpose. Further- 
more, it has been reported (32) that in order to grow a 
truly crack-free structure which is under tension (e.g., 
GaAss.sP0.4 on GaAs), it is necessary to use a graded re- 
gion about 30 ~tm in thickness. This is impractical be- 
cause the total thickness of the desired epitaxial film is 
usually much less than 30 ~m and is difficult in our RF- 
heated system because the temperature of the growth sur- 
face decreases as the film thickness increases. 

As inferred above, if a foreign substrate must be em- 
ployed, the most viable solution for the crack initiation 
problem in the present research should be the use of a 
substrate with a coefficient of thermal expansion equal 
to or larger than that of fl-SiC to ensure that the film will 
be unstressed or under only slight compression after cool- 
ing. Sapphire (Al.,O3) is one material which falls into this 
category, with the coefficient of thermal expansion being 
8.40 • 10 -s (~ -1) at 25~176 (33). However, Al203 tends 
to decompose slightly at the temperatures normally em- 
ployed for the epitaxial growth of f~-SiC, and it may result 
in autodoping of the growing film (A1 is a p-type dopant 
in SIC). Thus, its usefulness may be limited. 

Summary 
Single-crystal thin films of fl-SiC have been success- 

fully grown on (100) Si using a two-step process of initial 
chemical conversion of the Si surface via a Si-C reaction 
and subsequent deposition of both Si and C from Sill4 
and C~H4, respectively, carried in H~. Similar procedures 
using (111) Si substrates result in microcracking forma- 
tion in the films after cooling. Characterization by optical 
microscopy and SEM x-ray diffraction techniques reveal 
the extent  of microcracking and residual stress in the 
substrate/thin film system. Subsequent  thermal stress 
calculations reveal that the stress in the (100) fl-SiC films 
is approximately half that in the (111) films. Further- 
more, because of the absence of microcracking in the 
(100) films, the tensile strength of these films is esti- 
mated to be between 1.88 and 3.36 > 108 N/m'-'. 
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Technical Note 

Densified Deposited Oxide Films for Surface Passivation 

Wendell  D. Eades, Anthony M. McCarthy , *  and Richard M. Swanson** 

Stanford Electronics Laboratories, Stanford University, Stanford, California 94305 

Deposited silicon dioxide films have been investigated 
as an alternative to thermal oxide for passivation of the 
silicon surface. These films are of interest in the fabrica- 
tion of solar cells and integrated circuits because they of- 
fer decreased junct ion movement and good interface 
properties without thickness constraints (1, 2). We have 
investigated the possibility of hybrid deposited-thermal 
silicon dioxide films, and we have compared them to Sample 
both solely thermal and solely deposited oxide films. 

1 Samples were fabricated from a quartered n-type 2 
Czochralski-grown < 100> silicon wafer with a doping of 6 
x 10 '4 cm -3. A back-side predeposition of phosphorous 3 
was performed to ensure good ohmic contact for electri- 4 
cal measurements. All samples were given an RCA clean 
(3), including a 50:1 HF dip immediately preceding the 
final rinse, prior to the first deposition or oxidation. 
Sample 1 was thermally oxidized at 1000~ for 90 min in 
02 with a 2% HC1 ambient  derived from trichloroethane 
(4), and annealed in argon at that temperature immedi- 
ately afterwards. Sample 2 was oxidized at 1000~ for 20 
min in a low partial pressure oxygen ambient  (2% O~, 0 .5% Sample 
HC1 in argon). After an anneal in argon at the oxidation 
temperature, it was brought to 850~ and pulled slowly. 

1 The thermal oxide thickness was 100k. Silicon dioxide 2 
was then deposited in an Applied Materials AMS-2600 

* Electrochemical Society Student Member. 
** Electrochemical Society Active Member. 

Table I. Oxide thickness, flotband voltage, and midgap interface 
state densities for the four types of oxide investigated 

Oxide type 

Midgap 
interface 

Oxide trap Flatband 
thickness density voltage 

(~) (cm -~ eV-') (V) 

Thermal 905 1.1 • 109 -0.03 
Deposited on 910 1.0 • 109 -0.01 

thermal 
Deposited 830 1.4 • 109 0.14 
Thermal under 1060 1.2 • 109 0.00 

deposited 

Table II. Generation lifetime summary for the 
four types of oxide investigated 

Oxide type 

Average 
lifetime Standard 

(t~s) deviation 

Thermal 318 14 
Deposited on 197 23 

thermal 
Deposited 660 149 
Thermal under 528 33 

deposited 
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Fig. 1. Oxide breakdown field values for thermal oxide grown at 
1000~ in O2 with 2% HCI. 
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Fig. 3. Oxide breakdown field values for oxide deposited onto a 
bare silicon surface and densified in argon at 1000~ 
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Fig. 2. Oxide breakdown field values for oxide deposited on top of 
a previously grown 100~ film and then densified in argon at 1000~ 
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Fig. 4. Oxide breakdown field values for thermal oxide grown at 
1000~ in 02 with 2% HCI underneath a previously deposited oxide 
film. 

Silox Reactor at a temperature of 450~ and atmospheric 
pressure. Flow rates used were 90 liter/rain N2, 350 
cm3/min O~, and 35 cm3/min Sill4. This oxide was then 
densified (1) in argon for 20 min at 1000~ For sample 3, 
about 1200~ of oxide was deposited onto bare silicon and 
later densified at 1000~ in argon for 20 min. Sample 4 
also received 1200~ of deposited oxide onto a bare sur- 
face, but was densified and thermal oxide grown under- 
neath it simultaneously. The densification/oxidation was 
performed at 1000~ for 15 rain in O~ with a 2% HC1 ambi- 
ent. An anneal in argon followed. At the conclusion of 
each sample's argon anneal, it was cooled to 650~ 
(3~176 in argon and pulled slowly to avoid the possi- 
bility of quenched-in defects (5). Following removal of 
any oxide on the back sides of the samples, 1 ~m of alu- 
minum was deposited on both sides of the wafers by 
E-beam evaporation. Capacitol:s of area 0.0036 cm 2 were 
defined photolithographically following a postmetalliza- 
tion anneal in forming gas. 

Oxide thickness, flatband voltage, and the density of 
interface traps were measured using the high-low fre- 
quency capacitance method (6). The results for typical ca- 
pacitors are presented in Table I. The densified depos- 
ited oxide has slightly less positive fixed charge than the 
other samples, all of which have a thermally grown oxide 
right at the interface. Interface trap densities for all 
samples were in the 1-2 x 109 cm -~ eV -1 range. Using the 
error analysis of Nicollian and Brews (6), we estimate er- 
ror bars of 1 • 109 cm -~ e V - '  for the midgap interface 
state densities. Hence, the densities measured here must 
be considered equal to within the accuracy of the method. 

Measurements of the generation lifetime of the samples 
were made using the modified linear sweep method (7), 
as implemented in the program GLiP4 (8). No correction 
was made for the perimeter  current contributions. Aver- 

age values and standard deviations for the lifetime are 
given in Table II. The deposited oxide sample shows the 
greatest mean lifetime, but it also has the poorest uni- 
formity. Comparison of the oxide preparation conditions 
suggests the presence of HC1 is a critical factor in uni- 
formity. With regard to average lifetime, we note the 
samples receiving a th i ck -depos i t ed  oxide initially 
(samples 3 and samples 4) had a higher value than those 
thermally oxidized initially (1 and 2). 

Oxide breakdown measurements were also performed 
on all samples. The voltage was increased at a rate of 
50 V/s, and the breakdown voltage was defined to be the 
bias at which the leakage current first exceeded 2 tzA. 
Fifty capacitors spaced over a 1 cm 2 area in the center of 
each wafer were probed in order to obtain a distribution 
of values. To compare the intrinsic breakdown strength 
of each form of oxide, we discarded the five worst values 
on each sample and calculated the average breakdown 
field and standard deviation, ~. The thermal oxide was 
found to have both the greatest average breakdown field 
(8.9 MV/cm) and the tightest distribution ((r = 0.2 MV/cm) 
and the densified deposited oxide the poorest average 
(8.4 MV/cm) and worst scatter (a = 0.4 MV/cm). Both hy- 
brid oxide samples had averages of 8.6 MV/cm and 
standard deviations of 0.3 MV/cm. Histograms of all mea- 
sured data are presented in Fig. 1-4. 

Based on the results presented here, we conclude that 
the growth of a thin layer of thermal oxide underneath a 
previously deposited oxide film is a promising alterna- 
tive to thermal oxide for thick film high lifetime applica- 
tions. Furthermore, improved uniformity and higher 
throughput  could likely be achieved using low pressure 
rather than atmospheric deposited oxide, and merits in- 
vestigation. 
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The Equilibrium Constant for the Reaction H2S + 3H20 
+ (I-io.66Ko.34)C03 ~ -  4H2 + C02 + (I-io.GGKo.34)S04 at 

Elevated Temperature 
S. w. Smith and S. M. Kapelner 
(pp. 405-407, Vol. 130, no. 2) 

David A. Shores and Mary L. Orfield: 1 The subject pa- 
per has described an experimental  study of the sulfation 
of molten 62%Li~CO3-38%K2CO3 by reaction with H2S (in 
the ppm range) in a mixture of H,,-H~O-CO-CO~. The com- 
positions of both the gas and the salt were analyzed. From 
these data, along with thermodynamic data from the liter- 
ature, the authors have calculated the Gibbs energy of 
formation of 0.66Li.,SO4-0.3K~SO4. However, their results 
and the calculated values of Gibbs energy may be ques- 
tioned on two issues: (i) the gas compositions reported in 
their Table II do not correspond to equilibrium mixtures, 
and (it) mole fractions have been used to represent activi- 
ties in the molten salt mixtures. 

In their experimental  arrangement, the authors at- 
tempted to ensure that the gas equilibrated with the salt 
and that the gas itself reach equilibrium. The predomi- 
nant species in the gas are H~-H~O-CO-CO2; i .e. ,  the con- 
centration of other species, such as HzS, reaction prod- 
ucts from HeS, or vaporized salt species, are quite small in 
comparison with the major species. Therefore, the 
equil ibrium represented by the water-gas-shift reaction. 

H2+ C O 2 = H ~ O +  CO 

may be used to check approximately whether  the mea- 
sured gas compositions correspond to equil ibrium at the 
temperature of the gas-salt reaction. Values of the equilib- 
r ium constant  for the above reaction were calculated from 
well-established thermodynamic data 2 at the tempera- 
tures of the gas-salt reaction. They are shown in Table I. 
Also listed in Table I are values of the equil ibrium con- 
stant calculated from the experimental  gas compositions 
in Table II of Smith and Kapelner 's paper. The experi- 
mental equilibrium constants are significantly different 
from the expected values. The former correspond to equi- 
l ibrium at temperatures far below the temperatures of the 

~Corrosion Research Center, University of Minnesota, Minnea- 
polis, Minnesota, 55455. 

2E. T. Turkdogan, "Physical Chemistry of High Temperature 
Technology,". Chap. 1, Academic Press, New York (1980). 

Table I. Equilibrium constants for the water-gas-shift reaction 

Run Temp. ( ~  Calculated Keq Measured K~q 

1 1096 0.324 2.15 • 10 -3 
2 1200 0.434 5.74 x 10 -3 
3 1200 0.434 5.74 x 10 -3 
4 1200 0.434 6.63 x 10 -3 
5 1200 0.434 6.07 • I0 -~ 
6 1306 0.564 2.32 • 10 -~ 

gas-salt reactions (in the range 300~176 One possible 
explanation is that in withdrawing samples of gas for 
analysis the water-gas-shift reaction continued within the 
nickel tube as the gas cooled down to room temperature. 
In any case, the gas compositions listed in Smith and 
Kapelner 's  Table II are not appropriate to the reaction be- 
ing studied, but appear to have been used to calculate the 
equilibrium constant listed in Table I. 

The existence of compounds in the binary phase dia- 
grams of K2CO~-Li~COs and K~CO3-K2SO4 suggest that ac- 
tivity coefficients in the salt mixtures under  considera- 
tion will not be unity. However, the authors have used 
mole fractions to represent activities in the equilibrium 
constants listed in Table I. Indeed, from the work of 
Pelton e t  a l . ,  3 one can estimate the activity coefficient of 
K~CO3 for the melt  in run 3 (Table I) to be 0.033. Using 
such data, 3 one can also calculate the Gibbs energy of for- 
mation for the liquid mixture 0.66Li~SO4-0.34K2SO4, tak- 
ing activity coefficients into account. To cite one exam- 
ple, the value obtained at 649~ (1200~ 252,200 caYmol, 
is significantly smaller than the comparable value, 
272,700 caYmo], reported in Smith and Kapelner's Table 
III. In view of these criticisms, the derived values of the 
Gibbs energy of formation of 0.66Li~SO4-0.34K2SO4 are 
questionable. The values calculated from the data of 
Pelton e t  a l .  3 appear to be more reliable. 

S. W. Smith  and S. M. Kapelner:  4 In the discussion of 
Shores and Orfield above, the calculated values of the 
Gibbs free energy are questioned on the bases that the 
gas compositions do not correspond to equilibrium mix- 
tures and that mole fractions were used in place of activi- 
ties. Some comment  on each of these questions is in 
order. 

The gas mixtures indeed were not in equilibrium, and 
no attempt was made to reach equilibrium. On the con- 
trary, the experimental  apparatus was designed to mini- 
mize the shift reaction by keeping the stainless steel inlet 
tube as short as practicable. It had been shown earlier by 
Vogel 5 that several feet of tubing is needed to reach equi- 
l ibrium in this temperature region. Additionally, it was 
expected that poisoning by adsorbed H~S on the surface 
of the tube would further reduce the amount  of shift. The 
measured compositions indicated that the max imum shift 
was only a few percent, as expected. Gas samples were 
taken through 99.98% AI~O:~ tubes as well as the Ni tubing 
reported in the paper without altering the results. It was 
on this basis that the measured gas compositions (essen- 

~A. D. Pelton, C. W. Bale, and P. L. Lin, "Calculation of Thermo- 
dynamic Equilibria in the Carbonate Fuel Cell," Vol. 1, Final re- 
port to the U. S. Department of Energy, Contract no. DE- 
AC02-79ET15416, May 1981. 

4United Technologies Corporation, Power Systems Division, 
South Windsor, Connecticut 06074. 

5W. M. Vogel and C. D. Iacovangelo, This  Journa l ,  124, 305 
(1977); W. M. Vogel, Personal communication. 
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tially the same as the input compositions) were used to 
calculate the values reported in our Table III. 

With respect to the use of mole fractions to represent 
activities in the calculation of the equilibrium constants, 
there is no doubt that when reliable values for activities 
are available they should be used to calculate thermody- 
namic constants. If  the activities are sufficiently well 
known over the range of the experiment,  it would be ap- 
propriate to use them to recalculate the tabulated equilib- 
rium constants. It should be pointed out, however, that 
the practical use of data of this type is usually to calculate 
the sulfate/carbonate composition for a given set of exper- 
imental conditions. If K~act ) is known, the composition 
may be calculated over any range where the activities are 
available. If K(mo~) is known, the correct composit ion may 
also be calculated, but one is at hazard if attempting to 
extend the range much beyond the original data. 

Pore Size Distr ibut ion in Porous Si l icon Studied by 
Adsorpt ion  Isotherms 

G. Bomchil, R. Herino, K. Barla, and J. C. Pfister 
(pp. 1161-1164, Vol. 130, no. 7) 

V. P. B o n d a r e n k o ,  A. M. Dorofeev ,  6 and  L. V. Tabul ina :  7 
In the paper under discussion, the adsorption isotherms 
method was used to investigate porous silicon. Interest- 
ing experimental  data on specific surface and pore size 
distribution are presented. However, the interpretation of 
these results is ambiguous; therefore, it is necessary to 
make some remarks. 

The BJH method s was used by the authors to deter- 
mine pore size distribution in the porous silicon. By this 
method, the distribution is obtained from the desorption 
isotherms, a technique valid only for cylindrical pores2 
For porous silicon, interpretation of the experimental  re- 
sults is difficult, owing to the complex, noncylindrical 
shape of pores. In fact, as shown in their Fig. 2, the 
desorption isotherm (for example, for a porous silicon 
sample, corresponding to a forming current density of 80 
mA/cm 2) is sharper than the adsorption one. Isotherms of 
this shape are typical for pores with narrow regions2 ,1~ 
Analyzing the experimental  data, 1' we can infer that the 
above-mentioned narrow regions are located near the sur- 
face of the porous silicon layer, e.g., the pores are bottle- 
like. In our opinion, the decrease of the apparent density 
of porous silicon through the thickness (their Fig. 5) is an 
additional argument for bottle-like shaped pores. 

We have found that plasma etching of porous silicon up 
to the depth of 1 ~m helps to achieve the equilibrium 
pressure value more rapidly during the isotherm proce- 
dure. Obviously, it may be explained by the removal of 
the subsurface dense layer of porous silicon. 

Considering the facts above, we can assume that the 
pore size distribution shown in their Fig. 4 yields reliable 
information for the subsurface layer, but not for the entire 
volume of the porous silicon. 

Another point concerns the electrolyte composit ion for 
silicon anodic treatment. Ethanol-aqueous hydrofluoric 
solution was used as electrolyte rather than the conven- 
tional aqueous solutions. Actually, the use of an alcoholic 
electrolyte results in a better homogeneity of the porous 
silicon layer. However, the results of our experience lead 
us to assert that the proposed electrolyte is not suitable 
for long-term use. Analysis allows us to conclude that 
electrolyte which has volatile solvents change in time be- 

~Department of Microelectronics, Minsk Radioengineering In- 
stitute, 220069 Minsk, USSR. 

7Institute of General and Inorganic Chemistry, Byelorussian 
Academy of Sciences, 220073 Minsk, USSR. 

SE. P. Barrett, L. G. Joyner, and P. P. Halenda, J. Am. Chem. 
Soc,, 73, 373 (1951). 

9S. Gregg and K. Sing, "Adsorption, Specific Surface, Poros- 
ity," Mir, Moscow (1970). 

I~ M. Barrer, N. McKenzie, and J. S. S. Reay, J. Colloid. Sci., 
11, 479 (1956). 

I~T. Unagami, This Journal, 127, 476 (1980); V. A. Labunov, I. L. 
Baranov, and V. P. Bondarenko, Thin Solid Films, 64, 479 (1979); 
Y. Arita, Proc. Int. Conf. Thin Solid Films, Nagoya, 222 (1978). 

cause of evaporation. Moreover, gas evolution and the in- 
crease of electrolyte temperature at high forming current 
density result in enhanced alcohol evaporation. 

The last point is connected with the specific surface 
value of porous silicon samples. As seen in their Fig. 2, 
the adsorption isotherm of the porous silicon sample, cor- 
responding to the forming current density of 240 mAJcm 2, 
is located higher than the one of 80 mAdcm 2. However, the 
higher adsorption corresponds to the higher specific sur- 
face2 It contradicts the data of their Table I, where the 
specific surface 205 m2/cm 2 for the sample treated at j = 
240 mA/cm 2 and 225 m2/cm 2 for j = 80 mA/cm 2 are 
presented. 

G. B o m c h i l ,  R. Herino,  12 and  J. L. Ginox:  ~3 The com- 
ments by Boudarenko, Dorofeev, and Tabulina (BDT) on 
our paper are much appreciated. In particular, the contra- 
diction that they point out between the results in Table I 
and isotherms presented in our Fig. 2 allow us to realize 
that a normalization error in the plot of the adsorbed ni- 
trogen volumes VN2 was present, so that the adsorbed gas 
scales were not the same for each curve. Exact quantita- 
tive results are obtained when all plotted values of VN,z/Vp 
are multiplied by a factor (the sample weight), which is 
1.19 for the sample formed at 80 mA]cm 2 (full line) and 
1.75 for the sample formed at 80 mA/cm 2 (dotted line). 
Corrected curves are shown on Fig. 1, and are in agree- 
ment  with data presented in Table I and Table II in the 
original paper. 

The main point of the BDT remarks concerns the rela- 
tion between the isotherm shape and the geometrical 
pore shapes. Let us briefly recall that in the classical 
classification, TM type A isotherms correspond to cylin- 
drical pores (radius rn) open at both ends. However, tubu- 
lar tubes containing widened parts where radius rw is less 

1-~CNET-CNS, 38243 Meylan Cedex, France. 
~3Laboratoire d'Adsorption et de R6action de Gaz sur Solides, 

Institut National Polytechnique de Grenoble, 38402 St. Martin 
d'Heres, France. 

~4S. J. Gregg and K. S. W. Sing, "Adsorption, Surface Area and 
Porosity," p. 117, Academic Press, New York (1982). 
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Fig. 1. Adsorption isotherms of two porous silicon samples, corre- 
sponding to a forming current density of 240 mA/cm 2 (full line) and 
80 mA/cm ~ (dotted line). Adsorbed gas volume VN2 (c m~) are plotted 
relative to the geometrical volume of porous material (cm3). 
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than 2xr,  or complex pores system consisting of ran- 
domly connected tubes of various diameters will exhibit 
the same shape of isotherm. On the other hand, type E is 
characteristic of ink-bottle-shaped pores, with rn < 2rw. 
For type A isotherms, the  desorption branch is commonly 
used for the determination of the pore radius distribution. 
For type E isotherms, Everett  '5 concludes that the adsorp- 
tion branch is to be preferred. In the case of porous sili- 
con, the obtained isotherms present an intermediate 
shape between type A and E; this suggests that We are in 
presence of neither perfect cylindrical pores, nor ink- 
bottle-shaped pores. Anyway, referring to Mikhall and 
Robens, '6 it is very difficult to classify an actual pore sys- 
tem on the only basis of the theoretical isotherm shapes. 

As stated in our paper, the pore radius distributions 
were obtained from the desorption branch of the iso- 
therm by using the B J H  analysis. The same calculations 
were performed using the adsorption branch, but results 
were not plotted as this analysis leads to pore sizes 
smaller just by 10% and presents the same relative behav- 
ior for the radius distribution of the different samples. 
From a practical point of view, the use of the adsorption 
or desorption branch of the isotherm leads to the same 
classification of porous silicon samples prepared in dif- 
ferent electrochemical conditions. 

Coming back to the ac tua lpore  shapes, we believe that 
our porous silicon samples consist in a complex system of 
interconnected tubular pores, with a few proportions of 
widened parts where rw > 2r,. Two arguments can sup- 
port this description. First, it appears that the radius cor- 
responding to the max imum of the distribution curves is 
only 15-30% less than the value of the most frequent pore 
radius defined by r = 2VJSBET, where Vs is the porous vol- 
ume and SBET the surface area of the sample. This indi- 
cates that our samples are mostly formed by cylindrical 
pores with similar radius. In addition, the presence of 
hysteresis loops in our isotherms indicates that these tu- 
bular pores are interconnected. A second argument is 
given by transmission electron microscopy (TEM) cross- 
sectional photographs of porous layers that we have re- 
cently obtained.'L An example is shown Fig. 2, where de- 
tails of the sample structure can be seen, with empty 
spaces appearing black in the porous structure. The 
sample, prepared at a current density of 80 mA/cm 2, pres- 
ents pores with a mean orientation perpendicular to the 
surface and to the interface with bulk silicon. Pore di- 
mensions are quite uniform along the whole thickness of 
the layer. This is confirmed by other observations near 
the surface or in other parts of the sample which present 
the same pore dimensions. The structure is not formed by 
perfect silicon rods and cylindrical holes, but presents a 
distribution of lateral branches. The length of these 
branches is no more than a few times the pore diameter. 
Only from TEM observations, a quite narrow pore size 
distribution can be expected, with diameters ranging be- 
tween 50 and 100k, which is in excellent agreement with 
the value determined by adsorption isotherms. 

BDT description of porous silicon appears quite differ- 
ent from ours, as they assume the presence of very nar- 
row necks located near the surface of the layer. As such 
surface sublayer cannot be seen by TEM or inferred from 
isotherms, we have performed plasma etching of porous 
samples in the same way as reported by BDT. Porous sili- 
con samples 20 ~m thick were prepared in exactly the 
same electrochemical conditions, and then etched in a 
SiF6 plasma down to 1.6 and 6.6 ~m. After analysis in the 
same conditions, no difference can be seen in the iso- 
therms obtained for etched and unetched samples: the ra- 

'~D. H. Everett, in "Characterization of Porous Solids," S. J. 
Gregg, K. S. W. Sing, and H. F. Stoeckli, Editors, p. 229, Soc. 
Chem. Ind., London (1979). 

'~R. S. Mikhail, and E. Robens, "Microstructure and Thermal 
Analysis of Solid Surfaces," John Wiley and Sons, New York 
(1963). 

'TR. Herino, A. Perio, K. Barla, and G. Bomchil, Mater. Lett., To 
be published. 

~SK. Barla, R. Herino, G. Bomchil, J. C. Pfister, and A. Freund, 
J. Cryst. Growth, To be published. 
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Fig. 2. TEM dark field crass-sectional photograph of the porous sili- 
con film (I)  and the silicon substrate (2). 

dius distribution does not change with depth. Moreover, 
we did not observe any differences in kinetics and time 
required to reach the equilibrium pressure. Conse- 
quently, the results presented in our paper do yield relia- 
ble information for the whole volume of the porous layer. 
The assumption of ink-bottle-shaped pores in our 
samples can be rejected. The slight decrease with depth 
in the porous silicon density which was observed only in 
the case of the lowest current density (10 mA/cm ~) cannot 
be related to drastic changes in the pore dimensions. 

Consequently, it seems that the differences between 
our measurements and that of BDT have to be related to 
the preparing conditions of the samples. The porous lay- 
ers obtained in alcoholic electrolytes present much better 
homogeneity and crystalline quality than layers prelaared 
in conventional aqueous electrolytes. '8 Conversely to 
BDT experience, we have found no difficulties using al- 
coholic electrolytes, providing that elementary precau- 
tions are taken: the cell is covered, the electrolyte is 
changed for each sample, the solution is carefully stirred. 
A crude calculation indicates that gas evolution during 
electrolysis cannot evaporate noticeable quantities of eth- 
anol, even if the gas is saturated. However, at the highest 
current density, the electrolysis times are quite short, and 
the slight increase of the electrolyte temperature which 
occurs does not provoke drastic changes in the electrolyte 
composition. In our opinion, there are only advantages in 
using alcoholic solutions in the preparation of porous sili- 
con layers. 

Electrochemistry of Coal Slurries 

II .  Studies on Various Experimental Parameters 
Affecting Oxidation of Coal Slurries 

Patrick M. Dhooge and Su-Moon Park 
(pp. 1029-1036, Vol. 130, no. 5) 

H. G. Linge: ~9 Dhooge and Park have analyzed the kinet- 
ics of coal oxidation from the anode current (i) of slurried 
coal in ferric sulfate or ceric sulfate anolytes (total metal 

'gcsIRO Division of Mineral Chemistry, Perth Laboratories at 
W.A.I.T., Bentley 6102, Australia. 
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ion concen t ra t ion  C). Their  analysis and conc lus ion  are 
invalid,  since the  coal ox ida t ion  is a med ia ted  electrolysis  
react ion in these  anolytes3 ~ The anode  current  is there- 
fore pr imar i ly  de te rmined  by the  anolyte  concent ra t ion  
(Cr) of  Fe(II) or  Ce(III) 

i = F k a A e r  [1] 

where  F is the Faraday  constant ,  k, a f irst-order rate con- 
stant, and A the  anode  area. For  a l imi ted  t ime  interval,  
the  rate of coal  oxida t ion  (Ro) is d e p e n d e n t  only on coal 
character is t ics  and the  anolyte  redox  potent ia l  -~~ 

Ro = R ~ w  (Co/Cr) ~ [2] 

where  R~ is a coal character is t ic ,  w the  coal weight ,  Co the  
anolyte  concen t ra t ion  of  Fe(III)  or Ce(IV), and the frac- 
t ion fl is an apparen t  charge- t ransfer  coefficient.  The  an- 
ode  cur ren t  is a d i f ferent  func t ion  than  Ro of the  system 
parameters ,  even  at s teady state w h e n  Ro = F-~i. This  is 
seen by c o m b i n i n g  Eq. [1] and [2] wi th  C = Co + Cr, pro- 
v id ing  the  general  re la t ionships  

i = Z ( (I - i ) / i )  ~ [3] 
Z = F R ~ w  
I = F k ~ A C  

where  Z is a coal character is t ic  and I a sys tem character-  
istic. I equa ls  the  m a x i m u m  i va lue  a t ta inable  w h e n  all 
anolyte  iron (cerium) is p resen t  as Fe(II) and Ce ( I I I )bu t  is 
not  di rect ly  d e p e n d e n t  on the coal propert ies .  

S impl i f ied  analytical  solut ions  to Eq. [3] are poss ible  
for (i) h igh  and (it)  low coal react ivi t ies  in the  anolyte.  

By h igh  coal reactivity,  we  m e a n  that  suff icient  to l imit  
any bui ldup  of  ox idan t  f rom the e lec t rode  reaction.  
Hence,  Cr ~ C, i ~ I in Eq. [3] and, therefore  

i = I(1 - [ I /Z]  "~) [4] 

val id for Z > 1, wh ich  p rov ides  a more  expl ic i t  defini t ion 
of  " reac t ive"  coal. 

By low coal react ivi ty,  we mean  that  enab l ing  signifi- 
cant  bu i ldup  of  ox idan t  unt i l  Co ~ C, i.e., i < I in Eq. [5]. 
Therefore  

i = Z '~§  ~1~§ [5] 

val id  for Z < I, wh ich  provides  a more  expl ic i t  defini t ion 
of  "unreac t ive"  coal. 

In spec t ion  of Eq.  [4] reveals  immed ia t e ly  that  i is practi- 
cally i n d e p e n d e n t  of  Z for react ive coals, especial ly  for 
small  fl values.  Coal type and weigh t  have  then  lit t le 
inf luence on the anode  response,  but  i is a lmos t  propor-  
t ional  to anode  area and anolyte  meta l  concent ra t ion;  i 
can also be sensi t ive to the slurry st irr ing rate at h igh an- 
ode  potent ials  w h e n  anodic  mass- t ranspor t  control  pre- 
vails. Evident ly ,  these  dependences  p rov ide  false infor- 
mat ion  on the  coal ox ida t ion  kinetics,  s ince Eq. [2] is not  
direct ly  d e p e n d e n t  on any of  these  terms.  

Equa t ion  [5] shows that  the coal proper t ies  have  a 
s ignif icant  inf luence on i for low coal react ivi t ies  (Z < / ) ,  
but  the  expe r imen ta l  d e p e n d e n c e  of  i on coal we igh t  here  
is a t t enua ted  and less sensi t ive  than  in Eq. [2]. This  ex- 
plains w h y  i "sa tura tes"  wi th  increas ing slurry dens i ty  for 
some  coals (Dhooge and Park),  even  though  Ro is always 
direct ly  propor t iona l  to w (see Eq. [2]). i is also still de- 
penden t  on I. Again,  s ignif icant  increases  in i can resul t  
f rom this term, e v e n  though  the  coal ox ida t ion  kinet ics  
are not  di rect ly  affected. However ,  compared  to Eq.  [4], 
the  inf luence of  A and C is a t tenuated  via  the  fract ional  
power  B/(fl + 1), and the effect  of increas ing  these  varia- 
bles  d iminishes  progressively.  

For  any given coal, Eq. [4] mus t  u l t imate ly  break down,  
because  I can be arbi t rar i ly  increased at least  threefold,  
e .g . ,  by changing  C f rom 10 -:~ to 1M. The condi t ion  Z > I 
reverses  when  C > R r  and Eq. [5] is therefore  the  
more  general  solut ion of Eq. [3], val id for a w ide  range of 

~~ A. J. Swinkels et  al., NERDDC Research Report, Contract 
no. 80/0210, B. H. P. Central Research Laboratories, Shortland, 
N.S.W., 2307, Australia (July 1981, April 1982, January 1984). 

'-'~K. E. Anthony and H. G. Linge, This  Journa l ,  130, 2217 (I983). 

coal react ivi t ies  in sufficiently concen t ra ted  anolytes. 
This  is the  reason why  the  i -C  curves  for react ive  coals 
t end  to be l inear only in di lute  anolytes,  bu t  this experi-  
menta l  t r end  cannot  be  used  to jus t i fy  a first-order mech-  
an i sm for the  coal ox ida t ion  reaction.  Similar ly,  consider-  
able  caut ion  has to be exerc i sed  in the  mechanis t ic  
in te rpre ta t ion  of the  expe r imen ta l  anode-cur ren t  activa- 
t ion energy.  

Su-Moon Park and David E. Sti lwell:  ~2 The c o m m e n t s  
offered by Dr. L inge  are based on his mi sconcep t ions  in 
us ing  e lec t rochemica l  relat ionships.  We wou ld  l ike to 
poin t  out  that  his c o m m e n t s  refer  more  to our  first paper  
on the  subject,  23 than  that  wh ich  he  cited. 

First,  Linge stated that  our  analysis was inval id  since 
the  coal oxida t ion  is a med ia t ed  electrolysis  reaction.  We 
wish  to poin t  out  that  we were  the  first to reach  the  con- 
c lus ion that  coal ox ida t ion  is a med ia ted  or catalyt ic pro- 
cess, based on our  ex tens ive  expe r imen ta l  data. ~3 
E lec t rochemis t s  have  been  k n o w n  to call  them: redox,  
e lec t ron shuttle,  catalytic,  or media ted  react ion mecha-  
nisms,  but  these  all refer  to the  same p h e n o m e n o n .  This 
is a ra ther  minor  point ,  and we  wish to m a k e  it clear that  
our  analysis  and conc lus ions  cannot  be  inval id  s imply  be- 
cause we did not  use  the  same t e rmino logy  as he  did. 

Our more  impor tan t  c o m m e n t s  per ta in  to the  inval id i ty  
of  the equat ions  evoked  by Linge.  First  of  all, Eq. [1] in 
his c o m m e n t  is only  val id in the  mass- t ransfer  l imi t ing re- 
gion where  ka should  be more  proper ly  rep laced  by too, 
the  mass- t ransfer  coefficient.  At  smaller  overpotent ia ls ,  
the  wel l -known But le r -Volmer  equa t ion  m u s t  be  em- 
p loyed  wi th  s implif icat ion only possible  after reasonable  
a s sumpt ions  have  been  m a d e  regarding overpoten t ia l  and 
mass- t ransfer  considerat ions ,  i .e.  

i = i ~ [ Co~o.o [ - ~ n F  ~ CR{o,o [ ( 1  - ~)nF ~] 
~ exp 

where  i ~ is the exchange  current ,  Co and CR are concen-  
t rat ions of  the  ox idant  and reductant ,  respect ively ,  at the 
e lec t rode  surface at any t ime,  t, and in the  bulk,  ex- 
pressed  by subscr ip t  (O, t) and superscript*,  respect ively ,  

is t he  overpotent ial ,  and  a is the t ransfer  coefficient.  Of  
course,  i ~ is related to the  charge- t ransfer  coefficient,  k ~ 
by a relation, i ~ = n F A k ~  1-%CR) ~. 

Since  L inge  did not  specify any condi t ions,  we can only 
a s sume  that  Eq.  [1] refers to a mass- t ransfer  l imi t ing cur- 
rent.  If  not, then  this a lone causes  us to ques t ion  any sub- 
s equen t  equat ions  that  are  based on its use. U n d e r  mass- 
t ranspor t -cont ro l led  condi t ions,  Eq. [1] can  be used  to 
es t imate  the concen t ra t ion  of  e lec t roact ive  reductant ,  i .e . ,  
Fe  2~ or  Ce 3~ in this case. Here,  k ~ is the  he te rogeneous  
s tandard  rate cons tan t  for charge t ransfer  in cen t imeters  
per  second.  

Equa t ion  [2] in his c o m m e n t s  does no t  appear  in one of 
the references  ci ted by L inge  for its source; 21 we  have  no 
ready  access to his o ther  reference.  -~~ One can  wri te  down 
a relat ion as Eq. [2] p rov ided  that  coal par t ic les  are re- 
garded  as e lec t rodes  to t ransfer  e lectrons to the  solut ion 
species,  i.e., Fe  3~ or Ce 4~ in this case. T h e n  Rc should  con- 
tain parameters  re la ted to the exchange  cur ren t  be tween  
coal and the  solut ion species.  One should,  however ,  in- 
c lude  the  reverse  current  t e rm as shown in the  above  
But le r -Volmer  equat ion ,  unless  it is a s sumed  that  the po- 
larizat ion control led by the  ratio of  Co/CR is in the  Tafel  
region. Yet, An thony  and Linge  ~ ran thei r  expe r imen t s  
near  the  equ i l ib r ium potential ,  the  conc lus ion  of  which  
b e c a m e  the basis of  Linge ' s  cur ren t  comment s .  Equa t ions  
[1] and [2] cannot  be combined ,  since they  are based on 
dif ferent  assumpt ions  and also they  are not  correct.  

We therefore  wish  to poin t  out  that  one can der ive  any 
equat ions ,  but  they  may  not  have any physical  mean ing  

'~Department of Chemistry, University of New Mexico, Albu- 
querque, New Mexico 8713-1. 

23p. M. Dhooge, D. E. Stilwe]l, and S.-M. Park, This  Journa l ,  129, 
I719 (1982). 
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unless assumptions made are met in the experiments.  
Take Eq. [3] in Linge's comment.  The equation appears 
perfectly valid algebraically, but it has absolutely no 
physical meaning. Consider, for example, that at constant 
Z and I, the right-hand side of the equation decreases 
with increasing i, while the left-hand side increases. This 
necessitates chariges in supposedly constants, Z and I. 
Any discussions based on this equation would, therefore, 
be invalid. 

In summary, we are pointing out two reasons for inva- 
lidity of Eq. [3] in Linge's comment.  First, Eq. [1] and [2] 
are valid only under the experimental  conditions speci- 
fied above. Second, these two equations cannot be com- 
bined to obtain Eq. [3]. The major confusion in deriving 
Eq. [3] came from the indiscriminate use of rate con- 
stants; charge-transfer rate (k~ first-order reaction rate 
(ka here?), and mass-transfer rate (mo) are all different 
from each other. We have seen how Eq. [3], resulting from 
this combination, does not carry any physical signifi- 
cance. We welcome Dr. Linge's sending any litera- 
ture/documents/data that detail the derivation of equa- 
tions used in his comments.  Our points made in this reply 

can be found in any standard textbooks of electrochem- 
istry. ~4~25 

Finally, we wish to make comments  concerning our 
analysis and conclusions based on our data. Our tech- 
niques for obtaining kinetic' data were based either on the 
current-time profile of Fe ~* oxidation at controlled poten- 
tials in a stirred solution before and after pertubation by 
coal or on a steady-state approximation. Here, we as- 
sumed that rates of reaction between coal slurries and an 
oxidant are rate limiting, and thus the rate of Fe 2§ genera- 
tion, monitored by the anodic current in the mass-transfer 
region, should approximate the rate of reactions between 
Fe ~+ and coal. 

In conjunction with these comments, we request that 
authors in This Journal cite, whenever possible, only lit- 
erature that is readily available and that editors and refer- 
ees see to it that this is observed. Also, when a mathemat- 
ical relation is used, "conventional" symbols should be 
used and assumptions made should be fully specified. 

~-4A. J. Bard and L. R. Faulkner, "Electrochemical Methods," 
Chap. 3, John Wiley and Sons, New York (1981). 

2~j. O'M. Bockris and A. K. N. Reddy, "Modern Electrochem- 
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Surface Phenomena in Composite Electroless Coatings Containing 
Polycrystalline Diamond 

N. Feldstein* and T. S. Lancsek 

Surface Technology, Inc., Princeton, New Jersey 08540 

Composite electroless coatings 
have been accepted as commercial coat- 
ings primarily due to the resulting 
outstanding wear characteristics. A 
survey of the state of the art and its 
evolution was recently published (1). 

Due to the autocatalytic nature of 
electroless plating compositions it 
has been stipulated (2) that the 
particles which are to be dispersed 
within the electroless plating bath 
and then codeposited must be non- 
catalytic and inert in order to pre- 
vent the homogeneous decomposition of 
the electroless plating compositions. 
Examination (i) of composite electro- 
less coating generally reveals a uni- 
form dispersion of the particulate 
matter within the metallic matrix, 
with some particles exposed from the 
outer surface of the composite. 

There does not appear to be any 
specific orientation in the exposure 
of the particles, nor does there 
appear to be any orderly fashion as to 
the degree by which these particles 
are exposed above the surface. 

In an extensive examination of 
particulate matter for potential com- 
posite electroless coatings, Christini 
et al (3) noted that diamond, partic- 
ularly polycrystalline diamond, has 
a tendency to form metallic sites onto 
exposed diamond particles in isolated 
regions. The degree of this tendency 
was found (3) to be dependent upon 
plating conditions and the nature of 
the plating bath chosen (e.g., nickel- 
boron vs. nickel-phosphorous). 

Though diamond exists in various 
forms, polycrystalline diamond pro- 
duced by a shock synthesis method (4) 
has found several commercial applica- 
tions as applied in composite electro- 
less coatings, stemming from several 
unique characteristics achieved with 
this form of diamond in comparison to 
others. The successful commercial 
adaptation of this specific form of 
*Electrochemical Society Active Member. 
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diamond has resulted in additional 
interest as to the non-catalytic 
properties and inertness of this poly- 
crystalline form of diamond when used 
along with electroless plating baths. 

The present method provides a new 
approach to the examination of dis- 
crete polycrystalline diamond exposed 
from the metallic matrix. This new 
method appears to be effective even 
though the number of exposed diamond 
particles has been reduced due to 
commercial practices. The new method 
is based upon the interaction of 
previously prepared composites with 
electroless plating baths which are 
free of any particles, and observa- 
tion of the resulting surface rough- 
ness. 

EXPERIMENTAL PROCEDURE 

Miscellaneous coated substrates 
with exposed particles of polycryst- 
alline diamond in an electroless 
nickel matrix were used as a test ve- 
hicle. These substrates were contact- 
ed with an electroless nickel plating 
bath (nickel-phosphorous type). The 
degree of overcoat thickness was 
varied by varying the plating time; 
the resulting surface roughnesses 
were monitored. Roughness measure- 
ments were conducted using a Surf- 
Indicator, product of Gould, Inc., E1 
Monte, California. Fig. 1 represents 
the resulting roughness measurements. 
In all cases, the initial roughness 
increased, leading to a leveling-off 
phenomenon. The electroless plating 
baths chosen for use in this study 
were all commercially available baths, 
and their use was in accordance with 
the specification of the supplier. 

Table I demonstrates the results 
of applying the overcoat onto two 
plated discs, both containing an 
electroless nickel composite poly- 
crystalline diamond. Disc A is a 
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commercial product which was smoothed 
subsequent to the plating 
step; in so doing, a significant 
amount of the outer diamonds result- 
ing from the plating operation were 
removed. Disc B is a labaoratory- 
prepared disc, also containg the 
polycrystalline form of diamond with 
a smoothing operation subsequent to 
the plating. The diamond size (4 
micron) chosen for Disc B in Table I 
is the same as that chosen in the 
substrate preparation for Fig. i. It 
should be noted that 10 minutes of 
overcoating results in about 3.5 
microns of thickness. 

Though the smoothing operation 
removes a significant amount of ex- 
posed particles and also lowers the 
surface roughness, a few particles 
are still present and exposed from 
the outer surface (Ref. I, Fig. 8). 

Examination of the results for 
Disc A in Table I shows a slight tend- 
ency for the initial roughness to 
increase with no major effect there- 
after up to about 5 minutes of over- 
coat. A similar trend appears to take 
place for Disc B. In none of the 
cases examined is there any initial 
tendency for the roughness to decrease 
with overcoat variations. Therefore, 
it is believed that the observed tend- 
ency demonstrates that the diamond 
used (polycrystalline diamond) is, in 
fact, catalytic and not inert, probably 
due to sites which lead to the dep- 
osition of electroless nickel onto 
them. These sites are of catalytic 
nature, and it is these sites that may 
have partially contributed to Christini 
et al's (3) observation as to the 
phenomenon of nucleation bonding. In 
any event, the presence of such cata- 
lytic sites would lead to the random 
metallic build-up. 

SUMMARY AND CONCLUSIONS 

Based upon roughness measurements 
with varied coating thicknesses of 
electroless nickel composition, it has 
been demonstrated that the exposed 
particles (polycrystalline diamond) 
provide catalytic tendency which re- 
sults in the plating of the diamonds. 
At times the plating onto the diamond 

particles is in preferential rate to 
the plating onto the nickel matrix, 
thereby resulting in an increase in 
the initial surface roughness. No 

change in surface roughness corre- 
sponds to a precise replication of 
the composite surface with the elec- 
toless layer free of the particulate 
matter. In either case, no initial 
decrease in surface roughness has 
been observed which would account for 
a selective "fill-in" by the second- 
ary layer between exposed particles. 
Selective "fill-in" could only take 
place if the exposed polycrystalline 
diamond particles are truly non- 
catalytic and inert. It is conceiv- 
able that the catalytic sites asso- 
ciated with the polycrystalline dia- 
mond may be due to its unique mor- 
phology and/or residual transition 
metals used in its synthesis (5,6). 
The present observations and conclu- 
sion are further supported by pre- 
vious observations that diamond, 
particularly the polycrystalline form, 
has the tendency to decompose elec- 
troless plating baths (2,3,7). 

Table I. Roughness Measurements of 
Composite Coatings 
Previously Smoothed 

Roughness 
Disc A Disc B 

Control (no overcoat) 16.6 AA 14.7 AA 
2 min. overcoat 19.3 AA 14.9 AA 
5 min. overcoat 16.2 AA 14.2 AA 
10 min. overcoat 14.9 AA 14.3 AA 

0 BATH A 

I OVERCOAT TIME (MINUTES) 
270 2 4 6 8 10 12 14 16 
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Molecular Beam Epitaxial Growth on Radiation-Heated Substrates 

S. C. Palmateer, B. R. lee, and J. C. M. Hwang* 
General Electric Company, Electronics Laboratory, Syracuse, New York 13221 

Growth of epitaxial  l ayers  on GaAs sub-  
s t r a t e s  without indium-mounting is essent ial  
fo r  improvements in t h r o u g h p u t  of a molecular 
beam ep i t axy  (MBE) system.  The  elimination 
of indium-mounting will also improve backs ide  
morphology and avoid any indium incorpora t ion  
in GaAs/A1GaAs l aye r s  dur ing  molecular beam 
epitaxial  g rowth .  

We have succeeded in growing GaAs epi- 
l aye r s  on 2" wafers by  radiat ion heat ing of the  
s u b s t r a t e .  A coating of Ti/W (~3000A thick)  is 
s p u t t e r e d  on the backside  of the GaAs wafer  
p r io r  to epitaxial  growth .  The  wafer  is loosely 
held in a r i ng - shaped  holder  with molybdenum 
cl ips .  F igure  1 i l lus t ra tes  the s u b s t r a t e  hold-  
e r  a r r angemen t .  The  t empera tu re  var ia t ion 
across  a 2" wafer  is-+ 15~ as shown in F igure  
2. The  t empera tu re  response  of the wafer is 
excel lent  compared to heat ing th rough  a 2" 
molybdenum block using indium mount ing.  
Th is  fast  t empera tu re  r e sponse  is important  
fo r  the growth of h e t e r o s t r u c t u r e s  containing 
bo th  GaAs and AiGaAs l ayers ;  the t empera tu re  
of the wafer can be ramped from 600~ ( for  
GaAs growth) to 700~ ( for  AIGaAs growth) 
within 3 seconds .  The morphology of epi layers  
grown on radiat ion heated wafers is comparable 
to the morphology of epi layers  grown on 
sub s t r a t e s  mounted with indium. 

F igure  3 shows a plot of t heo r e t i c a l ( i )  
and exper imental  77K mobility for  n - t y p e  (Si- 

doped) GaAs. Solid circles r e p r e s e n t  epilay- 
e r s  grown on indium mounted wafers ,  while 
open circles are mobilities measured on radia-  
tion heated wafers .  Comparable 300K and 77K 
mobilities are  obtained using both heat ing 
t echn iques .  Hall measurements  done across  a 
2" wafer show excel lent  uni formi ty  (-+5%) in 
c a r r i e r  concent ra t ion  and mobility. 4K photo-  
luminescence measurements  across  a wafer are 
uniform and comparable in i n t ens i t y  to wafers 
grown on indium mounted s u b s t r a t e s .  

F igure  4 shows a plot of four  e lectrochemi-  
cal prof i les  done across  a 2" wafer .  These  
measurements  exhibi t  excel lent  doping (d) and 
th ickness  ( t)  uni formi ty  (-+ 2%) across  a 2" 
wafer .  

Field effect  t r an s i s t o r s  are being processed  
to compare uniformity  of device cha r ac t e r i s -  
tics; the resu l t s  will be r epo r t ed  e lsewhere .  
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Fig.  3. Plot of theoretical and experimental  
77K mobility versus car r ie r  concentrat ion for 
n - t y p e  (S i -doped)  GaAs. Solid points - -  
indium-mounted wafers.  Open points - -  
radiation heated wafers.  

Fig. 2. Tempera ture  uni formity  plot.  
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F ig. 4. Doping concentrat ion as a function 
of depth from the surface of a GaAs layer 
grown with the substrate  rotated at 4 RPM. 
Four traces were measured on d i f fe rent  spots of 
the wafer  as indicated.  T h e  s t ruc ture  consisted 
of a 1 micron undoped GaAs buf fe r ,  a 0.36 
micron N I . 5 x 1 0  17 at lcm Si-doped layer and a 
0.20 micron ~2 x 10 18 at /cm grown on a semi- 
insulating Si substrate .  The  Si cell was ramped 
between the two doped regions. 



Heterojunction by Photoelectrochemical Surface Transformation: 
n:CulnSeJp-CulSe Se ~ 
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Heterojunction formation by photoelectro- 
chemical alteration of semiconductor surfaces 
is reported. Growth of a new semiconducting 
phase at the n-CulnSe2/I--I2-Cu + interface is 
achieved by controlling electrochemical para- 
meters. The interfacial layer is identified as 
CulSe3Se ~ and exhibits p-type conductivity. 
Under Illumination the interphase mediates 
efficient charge transfer between CulnSe 2 and 
the 1-/12 redox couple while inhibiting semi- 
conductor dissolution. 

Current interest in CulnSe 2 systems from 
its exceptional optoelectronic properties, re- 
sulting in the devolopment of efficient solid 
state (I) and photoelectrochemical (2) solar 
cells�9 Performance of the latter pivots on the 
growth of an interfacial layer induced by spe- 
cific electrolyte composition, resulting in a 
substrate-film-electrolyte structure. In this 
note we explore the location of the photoac- 
tive junction and the circumstances leading to 
the CuInSe 2 surface transformation�9 

Interfacial films were grown on back ohmic 
contacted, epoxy insulated and etched (112) 
faces of n-CulnSe2 by operation as photoanodes 
in an electrolyte consisting of I M 1-,0.05 M 
12, 0.02 M Cui and 2 M HI. This involved, cy- 
clic polarization of the electrode between the 
potential limits of short circuit and open 
circuit or leaving it at the maximum power 
point. Film quality was monitored by the pho- 
tocurrent-voltage output�9 Generally 3 - 4 
intermediary etches were required to optimize 
the film performance. 

Scanning electron micrographs of the elec- 
trochemically treated CuInSe 2 electrodes show 
that a polycrystalline film consisting of 
randomly oriented, flat, hexagonal crystallites 
is grown on the CulnSe 2 substrate (3). Crys- 
tallite sizes rang~ between 2 - 5 microns. A 

cross-section of a cleaved electrode evidences 
that the film does not penetrate deeper than 
2 microns into the substrate even after pro- 

key Words: Semiconductor Interfaces, Solar 
Energy, Photoelectrochemistry 

longed o.eration (5 weeks) in a solar cell, 
but appears to completely cover the substrate 
growing into micros, ~pic cavities. 

The distinct crystallite geometry suggests 
that a chemically well efined compound is 
grown at the CuinSe2/electrolyte interface. 
X-ray diffraction analysis of the crystallites 
identifies the new phase as consisting of 
mainly CuISe 3 and ~'p to 30 % elemental Se. No 
evidence for formation of po!ycrystalline Cul 
was found. 

Chemicalreactions of illuminated CulnSe 2 
with the electrolyte constituents obviously 
transform the semiconductor surface to gene- 
rate the CulSe3-Se ~ phase. In the absence of 
Cu + in the electrolyte, elemental Se ~ and tri- 
angular crystallites of Cul have been detected 
on photocorroded CulnSe 2 surfaces (3). Cul is 
partly soluble in iodide solution forming 
Cul2. Addition of Cu + to the solution probably 
raises the surface concentration of Cul~ to a 
critical value required to initiate CuISe 3 
film growth. CuISe 3 crystals have been previ- 
ously prepared by reacting stoichiometric mix- 
tures of CuI and Se in HI medium under hydro- 
thermal conditions (4). The reactants employed 
in the hydrothermal synthesis of CuISe 3 are 
thus provided by the electrolyte and the semi- 
conductor components in our cell while the re- 
action enthalpy is probably supplied by the 
photopotential. 

Fig. I compares UPS energy distribution 
curves, N(E) of the untreated CulnSe 2 single 
crystal and the CuInSe~CulSe3-Se ~ structure, 
with the Fermi levels E~ aligned to the edges 

n A, 

�9 v 
of the valence band E and E fort the two 
samples differ by 0.65 eV.[Ev-EF[ is 0.85 eV 
for CuInSe 2 and 0.2 eV for the film. With a 
bandgap, E~ of 2 eV for CulSe 3 (5) and for 
Se (6), the ~ilm is thus a p-type semiconduc- 
tor. Measurement of the relative work func- 
tions, @, of the two samples with the vacuum 
levels aligned also indicate that the EF'S 
differ by 0.65 V. Hence E~(CuInSe2)=E~(film). 
Adding the electron affinity, X n of 4.58 eV 
(7) to the E n of I eV for CulnSe 3 the abso- 
lute value o~ E~ is estimated to be 5.58 eV. 
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The energetics of the structure are given 
in Fig. 2. Experimental and literature values 
for various electronic parameters indicated 
with superscripts n and p refer to n-CulnSe 2 
and p-CulSe3-Se~ , respectively. An estimate 
for the work function of the I--12-Cu+-HI 
electrolyte of @e=5.1 eV is obtained by adding 
the measured redox potential of +0.2 V (SCE) 
to the more recent value of (NHE)=4.7 eV (8). 
Comparison of E~, E~ and ce yields a potential 
of at least 0.65 eV at the substrate/film 
junction and of 0.2 eV(Ar at the film/electro- 
lyte interface. This implies a p-n junction 
between the solids and a rectifying junction 
at the electrolyte contact. The spectral res- 
ponse and the anodic photocurrent, however, 
attest the light absorption and photogenera- 
tion of h + in the n-CulnSe 2 (2,3). A barrier 
at the film/electrolyte interface would impede 
h + transfer to I-. The high quantum efficiency 
and the photovoltage of 0.42 V (2) argue 
against such a barrier and suggest that the 
principal potential drop occurs in the p-n 
junction with the electrolyte providing an 
ohmic contact. Interactions between the semi- 
conductor ~nd electrolyte upon immersion may 
account for the energetic difference,A@,as the 
scheme in Fig. 2 disregards the effects of pH 
and specific adsorption. 
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Adsorption of Thiourea on Passivated Iron 

An Infrared Spectroscopy and Radiotracer Study 

J. O'M. Bockris,* M. A. Habib,* and J. L. Carbajal 
Department of Chemistry, Texas A&M University, College Station, Texas 77843 

Since adsorption of thiourea markedly 
influences the inhibition of electrochemical 
corrosion (i), it is important to know the 
extent and variation of thiourea adsorption 
with potential of the corroding object. We 
report here the adsorption of thiourea on iron 
as measured by the in-situ Fourier Transform 
Infrared Spectroscopy and by parallel measure- 
ments by means of radiotracers. 

An iron rod (99.9995%) of 0.6 cm diameter 
clad with heat shrinkable teflon tube was used 
as the electrode for the IR study. The elec- 
trode surface exposed to a solution film of 
about ID thick was of 0.6 cm diameter. A 
Digilab FTS-20E spectrometer system was used. 
Detailed optical arrangements and experimental 
procedures are reported elsewhere (2). The 
counter and reference electrodes were a Pt 
coil and a calomel electrode, respectively. 

For the radiotracer technique, a glass 
scintillator NE901 of 3 mm thick and 3 cm 
diameter with a 3000 ~ thick vacuum deposited 
layer of iron was used as a working electrode. 
C I~ labeled thiourea obtained from ICN radio- 
chemicals, was used in a buffer borate solu- 
tion of pH = 8.4. 

A cathodic pretreatment for the iron at 
-0.74 V (NHE) for 30 minutes was followed by 
a potential step to 0.3 V where the passive 
film was grown for 50 minutes (3). The pas- 
sive film was about 20-30 ~ thick. 

The electrode was potentiostatically 
polarized in the region of -0.2 V to i.i V NHE 
at an interval of 200 mv and IR spectra were 
recorded at each potential. The spectra 
reported here were obtained by subtracting 
from the spectra at various potentials, the 
reference spectra at -0.2 V; the spectra are 
thus termed differential spectra. 

For the radiotracer measurements, the 
radioactive signal from C 14 of adsorbed 
thiourea is guided by a light pipe placed 
behind the scintillator to a photomultiplier 
(EMI 9635QB) connected to a multichannel 

analyzer (EG&G 7100). The number of counts 
detected by the multichannel analyzer was 
recorded as a function of potential and was 
converted to surface excess (4). 

In Fig. i, the differential IR spectra 
of adsorbed thiourea at various potentials 
are shown. IR peaks at 1652, 1616, 1506, 
1458, and 1385 cm -I are found to vary with 
electrode potential. The peak at 1652 and the 
broad band at 1616 cm -I correspond to the 
N-H scissoring (bending) vibration (5). The 
peak observed at 1506 cm -I corresponds to the 
N-C-N stretching vibration (5). This peak is 
shifted from 1407 cm -I in free thiourea to 
1506 cm -I in adsorbed state due to an in- 
creased double bond character of the carbon 
to nitrogen bond (5) as the thiourea molecule 
is expected to adsorb with its sulfur end 
toward the metal (6), 

H2 N+ 
( ~ c  - s - M ) .  

H2N 

The p e a k  a t  1458 cm -1  a l s o  c o r r e s p o n d s  to  t h e  
1417 cm -1  band o f  f r e e  t h i o u r e a  and t h u s  can 
be  a s s i g n e d  to  t h e  NH 2 r o c k i n g  v i b r a t i o n  and 
N-C-N and C=S s t r e t c h i n g  v i b r a t i o n  ( 5 ) .  The 
nature of vibrations is changed slightly on 
adsorption through the sulfur atom. 

The area under the peaks corresponds to 
the amount of adsorbed thiourea on the 
electrode. The integrated peak areas are 
plotted as a function of potential in Fig. 2. 
Areas under all the above mentioned peaks 
except the broad band at 1616 cm -I are found 
to increase to a maximum at 0.9 V with 
increase of potential in the anodic direction. 
With further increase of potential above 0.9V, 
the peak areas except that of 1616 cm -I 
increase with increase of anodic potential 
and becomes constant above i.i V. This sig- 
nifies adsorbed thiourea molecules. 

In the active region, i.e., at potentials 
lower than -0.2 V, due to corrosion of iron, 
no regular or reproducible spectra were 
obtained. 
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From the radiotracer measurements, the 
adsorption of thiourea on passive iron is also 
found to pass through a maximum at 0.9 V 
(Fig. 2). The maximum area of the IR peaks 
for the electrode at 0.9 V are normalized with 
respect to the maximum coverage determined by 
the radiotracer method at 0.9 V. Variations 
of the adsorption of thiourea with electrode 
potential as determined by the FTIR and radio- 
tracer method are in reasonable agreement above 
0.4 V. The discrepancy at potentials < 400 mv 
may be due to the difference in the strength 
of (NH2)2CS-Fe interaction with potential. It 
is well known that amplitude of the observed 
absorption band will vary with the molecular 
orientation, being zero when the dipole 
derivative is parallel to the surface and 
giving a maximum value when it is perpendicu- 
lar (7). Thus, the orientation of the adsorbed 
thiourea at the potential (0.9 V) where the IR 
absorption bands are normalized to surface 
excess value by the radiotracer, will change 
and hence affect the integrated area of the 
absorption band as the potential of the elec- 
trode is changed. The radiotracer method, of 
course, is insensitive to these orientational 
changes. The area of the peak at 1616 cm -I, 
unlike other peak areas, does not decrease 
with increase of potential above 0.9 V, and 
the radiotracer measurements show a decrease 
beyond 0.9 V; but when all the peak areas are 
added together and plotted as a function of 
potential, a net decrease beyond 0.9 V is 
observed. 

In-situ FTIR spectroscopic method com- 
bined with radiotracer measurements allow 
quantitative determination of the potential 
dependent adsorption of thiourea on passivated 
iron from an aqueous solution. 
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